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Abstract

This Master thesis presents a model description and optimization procedure for the design
of a logistic support system for capital goods. Given the high down-time costs of capital
goods, in general they are repaired by replacement, meaning that upon failure a so-called Line
Replaceable Unit (lru) is replaced from the system by a spare part. The failed lru is then
repaired or discarded somewhere in the repair network. In the case that the lru is repaired,
this is done by replacing child components, which are called Shop Repairable Units (srus). It
could be that repair capabilities such as repair-tools, test-tools and knowledge are required to
repair lrus and srus. In order to achieve a certain availability of the installed base, spare
parts may be put on stock. Furthermore, spare system could be required to achieve the target
availability. The decision which components to replace from the system upon failure is called
the lru-definition. The decision as whether to repair or discard components, and where to
this in the repair network is called Level Of Repair Analysis (lora). We propose a Mixed
Integer Program (mip) to solve the joint problem of lru-definition and lora. Furthermore,
we extend the literature on spare parts stocking by measuring the operational availability and
by making the number of spare systems a decision variable. We present an iterative optimiza-
tion procedure to solve the joint problem of lru-definition, lora, and spare parts stocking
integrally. Finally, we use our model to solve two business cases from nedtrain and gain
managerial insight on the design of a logistic support system.

Keywords Maintenance, Supply chain management, Line replaceable unit-definition, Level
of repair analysis, Spare parts, Spare systems, Mixed integer programming.
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Executive Summary

nedtrain b.v. is a 100% subsidiary of the ns group. The core business of nedtrain is
maintaining, cleaning and overhauling railway rolling stock in the Netherlands. Since 2005,
the ns group acquired two new train series, namely the Sprinter Light Train (slt) and a high-
speed train called the v. Both train series are acquired from system integrators. Previous
generation train series were designed in-house, and therefore the construction was aligned with
the logistic support system of nedtrain. The construction of previous generation trains was
such that accessability of components was high. Thus, exchanging subsystems, such as bogies
and modules was relatively fast. Hence, subsystems were defined as so-called Line Replaceable
Units (lrus), meaning that upon failure of the system a subsystem (lru) was replaced by
a spare part. Next, the failed subsystem is disassembled and the failed sub-components, the
so-called Shop Repairable Units (srus), are repaired in the repair facility of nedtrain.

The new train series acquired from system integrators have a different construction compared
to previous generation trains maintained by nedtrain. Therefore, nedtrain is wondering
whether it should adapts it logistic support system given the construction of a certain train
series. The strategical decisions that service companies, such as nedtrain are facing while
designing their logistic support system are:

1. Whether a component should be defined as either, lru, sru, or structure part.

2. Where to execute the repair and maintenance process for the installed base within the
repair network.

3. Where to place capabilities such as repair tools, testing tools and knowledge.

4. Whether a component should be repaired or discarded upon failure.

The tactical question that service companies, such as nedtrain, are facing while designing
the logistic support system is:

5. Where to place spare parts on stock and how many.

The five decisions summed up above and the ambition of nedtrain to make decision from a
life cycle cost perspective have led to the following problem definition:

How should the logistic support system of a service company, such as nedtrain, be designed,
in such a way that a certain target operational availability is satisfied and the life cycle costs

are minimized?
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In this thesis we present a model formulation capable of designing a logistic support system,
hereby covering all five decisions. Decisions 2 till 4 are already covered in literature on level
of repair analysis (lora). In addition to the literature on lora, we included the decision
whether a component should be defined as either, lru, sru, or structure part (decision 1).
The tactical question deals with where and how many spare parts to place on stock, and is
extensively discussed in literature. However, in addition to the literature we introduce the
possibility to install spare systems and measure the operational availability. The life cycle
costs taken into account are: repair, transport, discard, capability, spare parts holding, and
spare systems holding costs.

By using our optimization procedure, we solve two business cases from nedtrain. The first
business case concerns a high-speed train with 4 indenture levels, consisting out of more than
1,500 component, a target availability of 16 systems, and a serial three-echelon repair net-
work. The data used in this first business case is from the v high-speed train operated
by ns hispeed. The second business case concerns a commuter train with 4 indenture levels,
consisting out of more than 1,500 components, a target availability of 121 systems, and a
divergent three-echelon repair network. The data used in the second business case is from the
slt commuter train operated by ns reizigers, however a significant amount of data is taken
from the v because not all data of the slt is present yet. Besides, in some cases when data
was present the lack of structure in this data made it hard to use it as input for the business
case.

The results from the business cases indicate that the current paradigm to replace first inden-
ture components upon failure of a system is far from optimal. Instead, the highest indenture
components should be replaced, resulting in 54% lower costs. The cost reduction is realized
by lower spare parts holding costs, because the highest indenture components are significantly
cheaper than first indenture components. Furthermore, the results of the business cases show
that a significant amount of components (about 37%) should be discarded upon failure. As
a result, these components and their child-components do not have to be transported to the
repair facility but instead are replaced by a new one at the first echelon. Regarding spare
parts stocking and the installation of spare systems, the business cases show that taking
into account the holding costs associated with them while performing an lru-definition and
lora, on average results in 3.5% lower costs. Furthermore, by comparing the current set-
tings regarding spare parts and spare systems of the v with our high-speed train business
case, we show that potential savings of 40% on holding costs are possible by using our solution.

In summary our recommendations to nedtrain are:

• Define deliverables regarding the supply of data to system integrators.

• Do not define the first indenture components as lru, instead define the highest indenture
components as lru.

• For each lru and sru investigate whether it should be discarded.

• Use our method to solve the joint problem of lru-definition, lora, and spare parts
stocking integrally, such that efficient solutions for the design of a logistic support system
can be found within hours.
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Chapter 1

Introduction

This Master thesis presents the results of a study that is performed at nedtrain. nedtrain
is a maintenance company for rolling stock and is a subsidiary of the ns (the Netherlands
Railways). nedtrain is responsible for the maintenance of almost all passenger rolling stock
in the Netherlands, which has the following main characteristics:

• High price: approximately e10 million for a commuter train and e20 million for a high
speed train

• High downtime costs: when rolling stock is unavailable, while the customers of ned-
train need it in their transportation process, significant costs are incurred, due to, for
example rescheduling of fleet and staff, acquisition of other transport modalities, and
redemptions to customers.

• Technical complexity: about 2,500 modules, components, and sub-components per train,
of which a large number can be defined as high-tech (i.e. hydraulic, electronic and
computerized)

• Long life cycle: about 25–35 years

Given these four characteristics, it is extremely important to nedtrain to design the logistic
support system such that the Life Cycle Costs (lcc) are minimized, while a certain availability
requirement is met. In general, service companies define Service Level Agreements (sla) in
which the minimal availability of the installed base is contracted. In the case of nedtrain,
a sla with its customers ns reizigers (nsr) and ns hispeed (nsh) states, that at least a
certain amount of rolling stock needs to be available during the rush hours.

The four characteristics of the rolling stock maintained by nedtrain, are applicable to most
advanced capital goods. During their exploitation, capital goods such as mri-scanners, air-
planes, lithography machines, and trains, are subject to failure. Preventive maintenance is
frequently used to keep the capital good in an operational state. Both preventive and correc-
tive maintenance actions require resources such as facilities, tools, knowledge, and engineers.
In addition, spare parts and spare systems are required in order to guarantee availability of
the installed base. In this thesis, we will focus on the trade-offs present in maintenance or-
ganizations, such as nedtrain, regarding replacing, repairing, purchasing, and stocking of
maintenance significant components. We develop a mathematical model that represents these

1



1.1. NedTrain 2

trade-offs, and which can be used by maintenance organizations, such as nedtrain to mini-
mize the lcc of the installed base.

This chapter gives an introduction to this Master thesis. It starts with a description of
nedtrain in Section 1.1, describing its business structure, the services provided by nedtrain
and a description of its service supply chain. Then, in Section 1.2, the problem situation
and motivation behind this Master thesis is discussed. Based upon the problem situation, a
problem definition is presented in Section 1.3. Next, in Section 1.4 the scope of this thesis
project is defined, and in Section 1.5 the outline of this report is presented.

1.1 NedTrain

This Master thesis is the result of a project conducted at nedtrain at the department main-
tenance development which is part of the business unit fleet services. In this section,
a company description of nedtrain is presented.

1.1.1 Company description

nedtrain b.v., headquartered in Utrecht, is a 100% subsidiary of the ns group. nedtrain
has existed for more than 150 years, but operates under the name nedtrain since 1999.
The core business of nedtrain is maintaining railway rolling stock in the Netherlands. In
Figure 1.1 the business structure of the ns group is depicted. The mission of the NS GROUP

is: “transporting more passengers safely, punctually and comfortably via attractive stations”
(ns, 2010). The segment Passenger services comprises domestic passenger services provided by
ns reiziger (nsr), international and domestic passenger services provided by ns hispeed,
passenger services abroad provided by abbelio and rolling stock maintenance carried out by
nedtrain. ns financial services ltd. (nsfsc), is the main supporting company of the

NS Group

Passenger services

NS Reizigers

NS Hispeed

Abellio

NedTrain

Hub development and operation

NS Poort

Supporting companies and 

participations

Figure 1.1: Business structure of ns group (ns, 2010)

ns group. It is the owner of most of the rolling stock that is used by nsr and maintained
by nedtrain. As the structure implies, the business units of the segment passenger services
are working together intensively. However, every business unit operates on an individual basis

2



3 Chapter 1

(profit center) and each unit has its own objectives. nedtrain also has external customers,
which are not a member of the ns group. Some key figures about nedtrain are (Arts and
Driessen, 2011):

• Number of full time employees: 3,400 fte

• Turnover: e475 million/year

• Kilometric performance: 15,500 million/year

• Installed base: > 2,850 coaches (>250,000 seats)

1.1.2 Services

nedtrain is responsible for maintaining, cleaning and revision of rolling stock. There are five
types of services (maintenance actions) provided by nedtrain:

First line service (24-48 hrs) On a daily basis, rolling stock is inspected, repaired, and
cleaned.

Short cyclical periodic maintenance (2-3 months) Short cyclical periodic maintenance
is carried out after a certain mileage or period of time. During short cyclical periodic
maintenance, the focus is on checking and cleaning the components. These inspections
ensure the safety, quality and reliability of rolling stock in line with the specific contrac-
tual agreements made with nedtrains customers.

Long term maintenance (5 years) During long term maintenance, major alterations to
train sets, interior upgrades, and overhauling or replacement of worn parts are executed.

Failures (failure-based) When a failure occurs during the usage of the rolling stock, the
criticality of that part is considered. When a part is critical, the rolling stock is trans-
ported to a repair facility. In case of a part which is not critical, it is replaced during
the next short cyclical periodic maintenance.

Damage repair (accident-based) After inspection of the damaged rolling stock, which
is caused by an accident, nedtrain estimates repair costs and advices customers on
whether to repair the damaged rolling stock (either by nedtrain or other parties) or
to discard it. In case that the damage repair is performed by nedtrain, the damaged
train is transformed in the same condition as before the accident.

On a more conceptual level, the deliverables of nedtrain are availability, capability and
reliability of the rolling stock. Availability is expressed in the number of seats available, or in
the percentage of fleet available to the customer. Availability is delivered by, or in other terms
depending on, all services provided by nedtrain. Capability can be defined as the tangible
configuration provided by nedtrain, which enables customers to provide services themselves.
Capability is delivered mainly by long term maintenance, during this type of maintenance;
modifications are made to the configuration. Reliability is the ability to perform the required
functions when needed. In case of nedtrain, reliability can be expressed as the percentage
of time the planned operational fleet is performing the required functions when needed. The
value of nedtrain for its customers is equal to the cumulative value of these three deliverables.
In Figure 1.2 the value of the maintenance concept of nedtrain is depicted in a graph. The

3
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Figure 1.2: Value Maintenance Concept

value of the maintenance concept of nedtrain, is equal to the difference between the value
of the deliverables of nedtrain from a customer perspective, and the costs made to realize
these deliverables.

1.1.3 Objectives

According to the ns annual report of 2010 (ns, 2010), nedtrain in cooperation with nsr
and ns hispeed should be able to produce overall savings of at least e50 million a year for
the ns group (no term is mentioned). The primary focus of nedtrain over the next three
years is to achieve operational excellence in its current activities. In other terms, the objective
of nedtrain is to increase the value of the maintenance concept. This can be achieved by
increasing the value of the three deliverables (capability, reliability and availability). Or by
bringing down the costs, obviously these two actions are not mutually exclusive. Of the three
deliverables, the availability is within scope of this Master thesis. The most important perfor-
mance indicator regarding the availability is the number of (un)available coaches. In Figure
1.3 the historical performance on unavailability, is represented by a graph. The objective
of nedtrain is that only 200 of the 2,850 coaches are unavailable, hence the target system
availability is 93%.

1.1.4 Installed base

The installed base nedtrain maintains, consist of 2,850 coaches. They can be characterized
by a multi-indenture structure, as depicted in Figure 1.4a. The indenture level is the level in the
system structure. Given the high downtime costs of capital goods, in general they are repaired
by replacement. Meaning that a defective component is replaced by a component from stock,
so that the capital good can be used again after a relatively simple replacement. The defective
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component is then repaired some where in the repair network. The parts which are exchanged
during maintenance, are called Line Replaceable Units (lru). The term lru originates from
the defense sector, the United States Department of Defense (1996, mil-prf-) provides
the following definition: An lru is an essential support item which is removed and replaced at
the field level to restore the end item to an operational ready condition. Conversely, a non-lru
is a part, component, or assembly used in the repair of an lru, when the lru has failed and
has been removed from the end item for repair. Muckstadt (1973) mentions the so-called Shop
Repairable Units (srus). An sru is a component or assembly which can be removed from the
lru and can be repaired in a repair shop. Hence, in terms of United States Department of
Defense (1996) an sru is a non-lru. In addition, nedtrain uses the term ‘structure part’ to
identify parts that are neither lru nor sru. From Basten (2009) we know that this term is
also used at thales. Hence, we use the term structure part to indicate a part that is not prone
to failure and furthermore is not replaced. In Figure 1.4b an example of an lru-definition is
presented using our naming convention.

1.1.5 Repair Network

The repair network of nedtrain consists of four echelons. It is schematically depicted in
Figure 1.5.

Echelon 1: Service Points (sb’s) (Service Bedrijven in Dutch) are executing first line ser-
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vices, such as cleaning and direct repair of defective systems. Direct repair means that
no components are replaced. Instead, components are repaired while still being mounted
on the train (e.g. resetting a system). As a result no components need to be stocked at
the sb’s.

Echelon 2: Maintenance Companies (ob’s) (Onderhouds Bedrijven in Dutch) at the main-
tenance companies, both preventive maintenance, such as short cyclical maintenance,
and corrective maintenance are executed. Maintenance is performed using a repair by
replacement strategy. At the ob’s only lrus are exchanged. Therefore only lrus need
to be stocked.

Echelon 3: Central Warehouse (rdc) (Regionaal Distributie Centrum in Dutch) a facil-
ity where lrus and srus are kept on stock. The rdc is supplied by the various Original
Equipment Manufactures (oems), a component repair shop from nedtrain (cbt), and
a revision company of nedtrain (rbh).

Echelon 4: Component Repair Shop (cbt) (Componenten Bedrijf Tilburg in Dutch)
repairs failed components, such as transformers and dampers.

Echelon 4: Revision Company (rbh) (Revisie Bedrijf Haarlem in Dutch) overhauls main
components such as bogies and complete coaches.

1.2 Problem situation and motivation

Since 2005, the ns group acquired two new train series, namely the Sprinter Light Train
(slt) which is a train used for commuter trajectories and a high speed train called the v.
In Figure 1.6 the slt (a) and the v (b) are depicted. Both train series are acquired from
system integrators, the slt from the consortium bombardier & siemens and the v from
ansaldobreda. Previous generation train series where designed in-house, and therefore the
construction was aligned with the logistic support system of nedtrain. Compared to rolling
stock abroad, the design of previous generation rolling stock of nedtrain deviates. The
design of rolling stock maintained by nedtrain was such that accessability of components
was high. Thus, exchanging subsystems, such as bogies and modules was relatively fast. As
a result, both subsystems and their modules were defined as lru, meaning that upon failure
either the subsystem or the module could be replaced directly1. The decision whether to replace
the subsystem is made in the repair shop. In case that the failed system can be repaired by

1In the spare part literature the assumptions is made that the failure of a system is caused by one lru only.
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(a) slt (b) v

Figure 1.6: Pictures of the new train series

replacing the module, the module becomes the lru. When the failed component is not an
offspring component of the module the entire subsystem is replaced.

Due to the fast exchange of components, there is less need to consolidate maintenance tasks.
The advantage of this maintenance concept is that the lifetime of all components is fully
exploited, because a component is not replaced due to a shorter lifetime of other compo-
nents. Maintenance organizations abroad focus more on clustering maintenance activities
since exchanging components is more time-consuming, because of the construction. Hence,
the life-time of the components is only partially exploited. Further, there is a tendency to
define subsystems as lru, because multiple modules are in the same cluster.

As mentioned in Section 1.1.3, nedtrain in cooperation with nsr and ns hispeed should
produce operational savings of at least e50 million per year. Therefore, nedtrain is seeking
models to asses whether its current configuration of the logistic support system can be im-
proved. In addition, as a result from the acquisition of rolling stock from system integrators,
the construction differs from previously in-house designed train series. Therefore nedtrain
is wondering how it should design their logistic support system, given a specific train series,
and its construction. The design of a logistic support system is highly complex because of the
interaction between decisions, the enormous solution space and the large set of costs. There-
fore nedtrain is seeking for a Decision Support System (DSS) which enables nedtrain to
minimize the lcc by designing the logistic support system, while meeting the sla contracted
with its customer. The decisions regarding the design of the logistic support system can be
decomposed in strategic, tactical and operational decisions. Since the focus is on the design,
only strategic and tactical decisions will be within scope. The strategical decisions that service
companies, such as nedtrain are facing while designing their logistic support system are:

1. Whether a component should be defined as either, lru, sru, or structure
part.

2. Where to execute the repair and maintenance process for the installed base
within the repair network. This repair network is fixed, and thus decisions to open or
close facilities is not within scope of this decision. In the case of nedtrain, the decision
seems to be straightforward since nedtrain already has a repair network which is
capable of maintaining an installed base of 2,850 coaches. However, within this service
network a certain degree of freedom exists on where to physically execute the repair and
maintenance process.

7
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3. Where to place capabilities such as repair tools, testing tools and knowledge.
These resources which will be referred to as capabilities in the remainder of this report,
enable certain repair actions and maintenance processes. These capabilities are capital
intensive; therefore this strategic decision is crucial for service companies.

4. Whether a component should be repaired or discarded upon failure. In terms
of nedtrain, the decision is whether a component should be classified as consumable or
repairable. This question is related to the previous two decisions (i.e. when a component
is discarded upon failure no repair capabilities and repair facilities are needed).

The tactical question that service companies, such as nedtrain, are facing while designing
the logistic support system is:

5. Where to place spare parts on stock and how many.

Given the ambition of nedtrain to make decisions from an lcc-perspective, nedtrain is
seeking for a dss which addresses the stated strategic and tactical questions, and can be
used to minimize the lcc, by (re)designing the logistic support system. In summary, the dss
should:

i Create awareness not only within nedtrain, but within the entire ns group such that
the lcc of the fleet of the ns group is minimized from an enterprise perspective.

ii Determine which parameters are most relevant while designing the logistic support system.

iii Optimize the logistic support system of nedtrain, thereby improving the return on in-
vestment, which is the main objective of the ns group.

1.3 Problem definition

The problem situation described in Section 1.2 leads to the following problem definition:

How should the logistic support system of a service company, such as nedtrain, be designed,
in such a way that a certain target operational availability is satisfied and the life cycle

costs are minimized?

1.3.1 Operational availability

The operational availability is a constraint defined by the customers of nedtrain, and it is
defined in the sla. In the case of the slt the customer is nsr, and for the v the customer
is ns hispeed. The operational availability for both nsr and ns hispeed is expressed in the
number of passengers. This number is then converted to the number of trains which should
be available. For the v the operational availability must at least be 16 trains, where there
are 19 trains acquired by the ns hispeed (i.e. one train is considered as work in process at
nedtrain, and the other two are used as standbys). For the slt the operational availability
must at least be 121 where 131 trains are acquired by the nsr.

8
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1.3.2 Life cycle costs

The objective is to minimize the life cycle costs. The life cycle costs within scope are:

• Operational Expenses (opex)

– Repair Expenses: material and labor costs associated with the repair of components

– Transportation Expenses: cost of transporting components

– Discarding Expenses: material costs for components which are discarded

• Capital Expenses (capex)

– Rolling Stock (including spare systems): the annual depreciation of the initial
investment in systems

– Spare parts: the annual depreciation of the initial investment in spare parts

– Repair tools: the annual depreciation of the initial investment in repair tools

– Testing tools: the annual depreciation of the initial investment in testing tools

Not all capex are on the balance sheet of nedtrain. The rolling stock is on the balance
sheet of nsfsc, and some of the spare parts are on the balance sheet of nsr and ns hispeed.
Although not present on the balance sheets, we also take into account the investment in
knowledge which is necessary to conduct replacement and repair of components.

1.4 Scope

The Master thesis is focused on the design of a logistic support system, given the construction
of a system. Hence, we do not take into account constructional decisions. The design of a
logistic support system is covered by the five decisions stated in Section 1.3. Hereby, the opex
and capex as defined in Section 1.3.2 are within scope.

From a maintenance perspective, both preventive and corrective maintenance are within scope.
However, only maintenance using repair by replacement is within scope, thereby not taking
into account direct repairs. In terms of nedtrain, the short cyclical periodic maintenance
and failure-based maintenance is within scope. The clustering of maintenance activities, which
can be done in case of preventive maintenance, is out of scope. Furthermore, as is common in
the service part literature, we assume uncapacitated repair capabilities. The reasoning behind
these assumptions will be explained in Chapter 3.

From the perspective of nedtrain, two train series are within scope, namely the slt and
the v. The four echelon levels, out of which the repair network of nedtrain exists are
within scope, thereby the complete repair network of nedtrain is within scope. Hereby, we
aggregate on echelon level, and do not consider the locations individually, which is a strategic
decision of nedtrain to prevent internal competition.

9



1.5. Outline of the thesis 10

1.5 Outline of the thesis

The remainder of this report is organized in the following way. In Chapter 2, we discuss the
relevant literature and identify gaps within the literature. Furthermore, elaborating on these
gaps, research questions and objectives are stated. In Chapter 3, the problem description for
the joint problem of lru-definition, lora, and spare parts stocking and the corresponding
notation will be discussed. Next, in Chapter 4 the optimization procedure to solve the joint
problem is discussed. In Chapter 5, we discuss two business cases from nedtrain, which we
solve using our mathematical model and optimization procedure. Finally, in Chapter 6 we
end the thesis with conclusions and recommendations.

10



Chapter 2

Literature review, research objective
and questions

In section 1.2, we identified the following decisions regarding the design of a logistic support
system:

(i) Whether a component should be defined as either, lru, sru, or structure part.

(ii) Whether to repair or discard upon failure

(iii) Where to install capabilities

(iv) Where to repair failed components

(v) Where to place spare parts and how many

Decision (i) is the called lru-definition, representing the decision what components to replace
from the system during maintenance. Decisions (ii)-(iv) are addressed in the literature on
Level Of Repair Analysis (lora). The final decision (v) is known in the literature as the spare
parts stocking problem. In this chapter, first a literature review is presented in Section 2.1,
where the subjects lru-definition, lora, and spare parts stocking are discussed. Within the
literature review, gaps are identified between the needs present in practice and the literature.
These gaps form the foundation of the research objective and questions, which are stated
in Section 2.2. Then, in Section 2.3, the methodology which is used to solve the research
questions is discussed, followed with a discussion on the contribution of this thesis to both
literature and practice in Section 2.4.

2.1 Literature review

In this section we will discuss the three subjects mentioned above: lora in Section 2.1.1,
spare part stocking in Section 2.1.2, and finally the integral problem of lora and spare parts
stocking in Section 2.1.3. The lru-definition is not addressed from an economical perspective
in any literature we are aware of, and therefore is not further discussed in this section.

11
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2.1.1 Level Of Repair Analysis

The lora is typically performed in the design phase of a capital good, to get insight into the
Life Cycle costs (lcc). However, it can also be performed after the design phase to further
improve the logistic support system. lora is an analytical methodology which addresses the
following decisions: (i) whether a component should be repaired or discarded upon failure,
(ii) where to repair a failed component (if it is repaired) and (iii) where to install capabilities
such as test-equipment and tools. The objective of lora is to minimize the lcc.

The first paper on lora is by Barros (1998). She presents an Integer Programming (ip)
formulation to solve multi-echelon, multi-indenture level problems. The model, which is also
used by Barros and Riley (2001), includes fixed and variable costs. The fixed costs are inde-
pendent of the number of failures (repairs and discards) whereas the variable costs increase
with the number of failures. Fixed costs for discarding components are assumed to be zero,
the variable cost for discarding a component are equal at all echelon levels. Variable costs
are incurred on component level, while fixed costs are incurred on indenture level. This latter
assumption is not valid for most real-life cases, because fixed cost are usually associated with
one or multiple components, possibly at multiple indenture levels. Saranga and Dinesh Kumar
(2006) present an ip formulation similar to Barros (1998). However, in the former model fixed
costs are incurred at component level. Barros (1998) solves the lora using a commercial
solver (lindo), Barros and Riley (2001) solve it using a branch and bound procedure, and
Saranga and Dinesh Kumar (2006) solve it using genetic algorithms.

Basten et al. (2009c) generalize the two models formulating the lora such that fewer restric-
tions on resource-component relation exist. Using a commercial solver (cplex), Basten et al.
(2009c) show that large instances can be solved using their formulation. The use of meta-
heuristic as opted by Barros and Riley (2001) and Saranga and Dinesh Kumar (2006) becomes
even more otiose, through the minimum cost flow model with side constraints as presented by
Basten et al. (2011a). The minimum cost flow model is based upon the ip model from Basten
et al. (2009c), however formulating it as a minimum cost flow model reduces computation
time significantly (the minimum cost flow model is an ip in itself, however for the sake of
simplicity we refer to it as minimum cost flow). Another advantage of the minimum cost flow
formulation compared to the ip formulation is that it models the network exactly, where it
is aggregated on echelon level in the case of the ip formulation. Basten et al. (2011a), show
that costs can be reduced with up to 7% at maximum by modeling the exact network instead
of the aggregated network in case of an unbalanced network. An unbalanced network can be
defined as a network in which parents have a different number of children. In the case of a
balanced network, modeling the exact network only reduces costs with 1.2% at maximum.
Furthermore, Basten et al. (2011b) present practical extension to the minimum cost flow for-
mulation of Basten et al. (2011a). The extension consist out of the probability of unsuccessful
repair, the probability of no-fault found, finite resource capacities, multiple failure modes per
component and the option of outsourcing repair.

Brick and Uchoa (2009) combine the capacitated facility location problem with the lora
problem. They assume a single-echelon repair network and two-indenture system structure.
Where the repair network is modeled as an exact network. The combination of the facility
location problem and the lora is not relevant for us, so we will base our work on the model
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of Basten et al. (2009c).

2.1.2 Spare parts stocking problem

The spare parts stocking problem for capital goods is discussed in literature extensively. In
this literature review, we discuss the so-called Multi-Echelon Techniques for Recoverable Item
Control (metric) stream of literature on the spare parts stocking problem.

The paper by Sherbrooke (1968) on metric, is considered as the seminal paper on the spare
parts stocking problem for capital goods. Sherbrooke (1968) presents a multi-item, single-
indenture inventory model for a two-echelon system consisting of a number of operating sites
and a central depot. The target of metric is to find the most cost effective allocation of spare
parts in a network, such that a target availability of the installed base is achieved. Hereby,
metric uses the number of expected backorders to approximate the availability. A backorder
occurs when a spare part is requested but not available. When referring to availability in
metric, the supply availability is meant: mtbm

mtbm+msd , where mtbm is the mean time between
maintenance and msd is the mean supply delay. Since an lru backorder at the operating sites
results in an unavailable system, Sherbrooke (2004) defines the supply availability as follows:

A = 100
∏

c∈ω

(
1− EBOc(sc)

NZc

)Zc

(2.1)

where A is the availability expressed in percentage of time, ω is the set of lrus, N is the
number of systems, Zc is the number of occurrences of lru c in a system, and EBOc(sc) is
the number of expected backorders for lru c given that sc spare parts are put on stock.

As shown by Sherbrooke (2004, p. 40) maximizing the availability is approximately equivalent
to minimizing the number of expected backorders. As a result of minimizing the number of
expected backorders, the problem can be decomposed into subproblems per lru. The sub-
problems are solved using the marginal approach, also known as the greedy procedure in the
literature. Using marginal analysis, an ebo-curve of spare parts costs versus expected backo-
rders is constructed. The idea behind marginal analysis is that the “biggest bang for the buck”
is selected, when putting a spare part on stock at each iteration. Hence, at each iteration the
decrease in backorders per holding costs is computed: EBOc(sc−1)−EBOc(sc)

hcc
, for all lrus, and

the highest marginal value is selected, were hcc denotes the holding costs of component c. As
soon as the expected number of backorders is such that the target availability is achieved,
the construction of the ebo-curve is stopped. The marginal approach results in an ebo-curve
with a convex set of efficient points. Because this ebo-curve is not a continuous function,
the achieved availability in generally is somewhat higher than the target availability, which is
called overshoot.

A key assumption of metric is that the failures at the operating sites follows a Poisson pro-
ces. Therefore, the demand at higher echelon levels also follows a Poisson process. Hence,
the number of components in repair is Poisson distributed for the locations where repairs
are performed, because leadtimes are i.i.d. and Palm’s theorem. However, the number of
backorders is not Poisson distributed, as a result of which the computation of the number
of components in the pipeline becomes complicated. The components in the pipeline are the
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components that are sent to a higher echelon level for repair, and are not replaced by a func-
tioning component yet. In metric (Sherbrooke, 1968) the number of components in resupply
is approximated by a Poisson distribution. Muckstadt (1973) presents mod-metric an exten-
sion of metric with multi-indenture formulation. The development of vari-metric (Slay,
1980; Graves, 1985; Sherbrooke, 1986) results in a more accurate approximation, compared
to metric and mod-metric, due to a two-moment fit on the number of components in the
pipeline, using a negative binomial distribution. The number of components in the pipeline
can also be determined exactly (Graves, 1985; Rustenburg et al., 2003). However, computing
the number of components in resupply is computational intensive, and furthermore the vari-
metric approximation leads to almost the same solution (Wong et al., 2007).

The optimization procedure for general cases with multi-item, multi-indenture, and multi-
echelon settings is somewhat less discussed in literature. For a two-echelon, two-indenture
setting Sherbrooke (2004) provides an optimization procedure. Muckstadt (2005, pp. 104–
105) is the first to describe an optimization procedure for general cases, only assuming two-
indentures. Furthermore, Basten et al. (2009b, appendix A) uses the idea from Muckstadt
(2005) and explain it in a more extensive way, meanwhile allowing for a multi-indenture
setting. In our model we use the optimization procedure of Basten et al. (2009b) which will
be discussed in Section 4.2.1.

2.1.3 Integral problem

Alfredsson (1997) was the first to integrate the decision on where to repair and where and
how many spare parts to put on stock. Alfredsson (1997) assumes a two-echelon network and
single-indenture product structure. Repairing a certain component requires a specific tester,
however also a multi-tester is available. These multi-testers can be used for different compo-
nents and can be upgraded at additional cost to test more items. Alfredsson (1997) further
assumes that components sharing the same tester are repaired at the same echelon level. The
lead time consists of a constant transportation time, repair facility turnaround time, waiting
time and test time. Alfredsson (1997) uses a M/M/s-queue (i.e. resources are capacitated) to
determine the waiting times. The backorder probabilities are then computed using a metric
approach. The lcc consists of operating costs, investment in spare parts and testers and
upgrading costs of the multi-testers. Alfredsson (1997) decomposes the non-linear problem
into sub-problems for which an efficient solution is obtained. Marginal analysis is used to
determine the optimal stock quantities.

Basten et al. (2009b) present an optimal approach for the joint lora and spare parts stocking
problem. The model from Basten et al. (2009b) is based upon the lora model from Basten
et al. (2009c) and vari-metric. Compared with Alfredsson (1997), the model from Basten
et al. (2009b) allows for multi-indenture, and multi-echelon settings. Furthermore, the later
model is less restrictive on the component resource relation. Similar to Alfredsson (1997), the
optimal algorithm of Basten et al. (2009b) is based upon decomposition of the problem.

Basten et al. (2009a) present an iterative algorithm which is based upon the lora model
of Basten et al. (2009c), and vari-metric. The model allows for a multi-echelon network
and multi-indenture structure. The procedure of the iterative algorithm is, to first run the
lora without taking into account the holding costs. Next, given the repair/discard decision
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from the lora, the spare parts stocking problem is solved using vari-metric. The holding
costs associated with the optimal stock quantities are then discounted to the variable costs
used in the lora. Then a second iteration is executed, as a result of the increased variable
costs associated with the previously made repair/discard options, it is reasonable that other
repair/discard options will be chosen. After the lora, again a vari-metric is executed. This
iterative procedure is repeated until the stopping criterion is met. The costs obtained by the
iterative procedure on average are 2.73% lower than the sequential approach (i.e. performing
a lora and vari-metric sequentially and only one iteration) with a maximum of almost 35%.

The optimal algorithm from Basten et al. (2009b) provides an average cost reduction of 0.26%
compared to the iterative algorithm from Basten et al. (2009a). Hence, the quality of the
iterative algorithm (heuristic) from Basten et al. (2009a) is considered as good. Therefore, in
our models we use the iterative procedure by Basten et al. (2009a) to solve the joint problem
of lora and spare parts stocking.

2.1.4 Conclusion

From the five decisions regarding the design of a logistic support system, as stated in the
introduction of this chapter, four are discussed in the literature. Literature on lru-definition
is lacking, and in both literature on lora and spare part stocking, implicitly the assumption
is made that the lrus are defined a-priori. Furthermore, the replacement time is not taken
into account in both literature on lora and spare parts stocking.

lora is a relatively new topic in the literature. However, in the last years model formula-
tions on lora are developed which meet the requirements from practice. The ip formulation
from Basten et al. (2009c) has the least number of restrictions regarding component-resource
constraints. Basten et al. (2011a) present a minimum cost flow model with side constraints,
based upon the ip formulation from Basten et al. (2009c). In addition to the ip formulation,
the minimum cost flow model models the repair network exactly. Since there is no need to
model the network exact (we aggregate on echelon level) and because extension of the ip is
more straightforward, we opt for using the model formulation from Basten et al. (2009c).

A huge amount of literature exists on the spare parts stocking problem, initiated by metric.
Furthermore, extensions of metric, such as mod-metric and vari-metric, resulted in an
accurate and widely applicable spare parts stocking problem formulation. Therefore, we opt
to use vari-metric. The optimization procedure of Basten et al. (2009b) is used to solve the
spare parts stocking problem.

We are aware of three papers that discuss the integral problem of lora and spare parts
stocking. The first paper on the integral problem is from Alfredsson (1997), however this
model does not meet the requirement from practice. Both the optimal approach and iterative
approach from Basten et al. (2009b) and Basten et al. (2009a) respectively, are based upon
the lora model from Basten et al. (2009c) and the spare parts stocking model vari-metric.
Since the iterative procedure is close to optimal and extension of the iterative procedure is
more straightforward than the optimal approach, we opt for the use of the iterative procedure
in our model.
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2.2 Research objectives and questions

Level Of Repair Analysis Spare parts stocking

Line Replaceable Unit definition

Replacement time

1

2

3

4

Figure 2.1: Venn diagram literature

Based upon the literature review, the gaps within the literature are identified. In Figure 2.1,
a Venn diagram is depicted, containing three sets which represent the subjects of this Master
thesis. Both lora and the spare parts stocking problem are discussed in the literature, as
well as the joint problem (subset 2) of these two subjects. The economical tradeoff in lru-
definition is not covered in the literature. As a result, subsets 1, 3, and 4 are also not covered
in the literature. Hereby the gaps in the literature are identified, and correspondingly the
research objectives in Section 2.2.1 and questions in Section 2.2.2 are stated.

2.2.1 Research objective

Based upon the business case and the gaps in the literature the following research objective
is stated:

Develop a mathematical model that can be used by maintenance organizations, such as
nedtrain, to analyse and optimize the joint problem of line replaceable unit definition, level

of repair analysis and spare part stocking.

2.2.2 Research questions

The first research question is already answered in the literature review discussed in Section 2.1:

1. Which models are available in the literature on the joint problem of lru-
definition, level of repair analysis and spare parts stocking, which could be
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used by maintenance organizations, such as nedtrain?

As discussed in the literature review, the literature does not take into account the replacement
time. Furthermore the lru-definition is not covered in the literature. Therefore the following
research questions are defined:

2. How can we extend the current models found in the literature, in such a
way that the lru-definition is incorporated into the joint problem of level of
repair analysis and spare parts stocking?

3. How can we extend the current models found in the literature, in such a way
that they take into account replacement times?

The final research question aggregates previous questions. The ultimate goal is to be able
to solve large instances with assumptions applicable to maintenance organizations such as
nedtrain.

4. How can we incorporate lru-definition, research question 2, and replacement
time, research question 3, into the joint problem of level of repair analysis
and spare parts stocking, and thereby design the logistic support system of
a maintenance organization such as nedtrain?

2.3 Methodology

The research questions are answered while using the methodology of Mitroff et al. (1974).
In Figure 2.2 the research model from Mitroff et al. (1974) is depicted. We explain our

Reality,Problem 

Situation

Conceptual model

Solution

Scientific model

Model solving

Modelling
Conceptualizatio

n

Implementation

Validation

Feedback

(Narrow Sense)

Figure 2.2: Research model Mitroff et al. (1974)

methodology using the four phases defined by Mitroff et al. (1974):

Conceptualization During the conceptualization phase, a conceptual model of the problem
situation is made. The structure of the problem is identified and a decision on which
aspects are relevant and irrelevant is taken. The conceptual model represents a further
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2.4. Contribution 18

degree of abstraction from reality and will be capable of generating one or more scientific
models (Sagasti, 1973). At the end of the conceptualization phase, research question 1
will be answered. Furthermore, the data required in the solution phase is gathered.

Modelling In the modelling phase the actual mathematical model is developed. This model
will be partly based on existing models from literature, however extension are required in
order to meet the research objective. The scientific model is a formalized representation
of both reality and the conceptual model, and its correspondence to them is the most
critical link of the Operation Research process (Sagasti, 1973). The modelling phase is
the most extensive phase, afterwards research questions 2, 3, and 4 will be answered.

Model solving After modelling the conceptualized problem situation, the model can be used
to solve instances. In our case, instances for nedtrain will be solved, in order to
gain managerial insights. Hence, also we validate our model solving these nedtrain
instances.

Implementation During the implementation phase, knowledge and managerial insights re-
garding the research questions will be reported and presented to various stakeholders.

2.4 Contribution

In the literature review, a number of gaps within the literature regarding the design of a
logistic support system were identified. In this Master thesis, we will fill these gaps, and
thereby contribute to the literature in the following way:

• Because no literature exists on the incorporation of the lru-definition and the associated
replacement time into lora and the spare parts stocking problem, our model contributes
to the economical trade-off present in defining lrus.

• Our model contributes to the spare parts stocking literature by measuring the system
availability in number of systems instead of percentage, and by measuring the operational
availability instead of the supply availability.

• Furthermore, we contribute to the spare parts literature by making the number of sys-
tems installed a decision variable.

In summary the contribution of this Master thesis to the literature can be stated as follows:

• By integrating the lora and spare parts stocking problem and incorporating both lru-
definition, replacement time, and spare systems, we introduce a trade-off in repair costs,
replace costs, capability costs, spare parts costs, and spare system costs (while taking
into account the replacement time).

The contribution of this Master thesis to maintenance organizations such as nedtrain is as
follows:

• Our mathematical model identifies all relevant decisions and associated costs concerning
the design of a logistic support system. Thereby, providing structure in the decision
making process of designing a logistic support system.

18
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• As a result of our experiments, we gained new insights on which components to replace
upon failure of a system.

• By conducting a sensitivity analysis, using our mathematical model, the relevant param-
eters for the design of a logistic system are identified. Furthermore, insights on the costs
associated with parameters which are estimated incorrectly are gathered. As a result
maintenance organizations such as nedtrain, are able to asses the priority of gathering
data to determine the parameters correctly.

• As a result of the incorporation of lru-definition, we provide criteria for defining lrus,
srus, and structure parts.

The contribution of the Master thesis to nedtrain can be described as follows:

• The managerial insights obtained by the high-speed and commuter train business cases
can be used to design the logistic support system of the v and slt.

• By showing the potential improvement by using our model, awareness is created within
the ns group.

• The implementation model built can be used as a prototype of a decision support system
for designing logistic support systems.

• Main characteristics of both the repair network and installed based are determined.
These characteristics can be used in all kinds of business cases.
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Chapter 3

Model description and notation

In this chapter, the joint problem of lru-definition, lora, and spare parts stocking will be
described and notation will be introduced. In Section 3.1 the breakdown structure and failure
behavior of a capital good will be discussed. Next, in Section 3.2 the lru-definition is described
and explained using examples. The lora is discussed in Section 3.3. Furthermore, the spare
parts stocking problem and the relevant costs factors are discussed in Sections 3.4 and 3.5,
respectively. This chapter ends with a summary of the most important model assumptions in
Section 3.6.

3.1 Breakdown structure and failure behavior

In general, prior to the delivery of capital goods, system integrators provide a so-called break-
down structure. Based upon this breakdown structure, the maintenance organization of the
capital good designs the logistic support system. A breakdown-structure is a Bill Of Material
(bom), containing all maintenance significant components c ∈ C of the system (capital good).
The system is denoted by c = 0 and the components by c > 0. The breakdown structure is a
multi-indenture structure showing the parent-child relationship between components. Where
a parent component is a holonymy of child components (i.e. the child components are parts of
the parent component). Let I = {0, . . . , imax} be the set of indenture levels of the indenture
structure, with the system being at the lowest indenture level i = 0. In Figure 3.1 a multi-
indenture structure is depicted. The components at indenture level i are denoted by Ci ⊂ C.

System

SubsystemSubsystem Subsystem

ModuleModule Module

PartPart Part

Ind. 0

Ind. 1

Ind. 2

Ind. 3

Figure 3.1: Indenture structure

We assume that each component has one unique parent, and thus we exclude the possibility

20



21 Chapter 3

of commonality. As a result, the indenture structure is a tree. The number of occurrences
of component c in the system is denoted by Zc ≥ 1. The set of direct child components of a
component c is denoted by Γc. At the highest indenture level (imax) this set is empty (Γc = ∅).
The set of offspring components of a component c is denoted by Φc, obviously also this set
is empty (Φc = ∅) at the highest indenture level. Note that Γc ⊂ Φc, and for all c ∈ Ci with
i ≥ imax − 1 it holds that Γc = Φc.

We assume that all components within the indenture structure (including the system itself)
can fail, and that the failed components can always be isolated. Hence, we assume that
a component can fail individually and cannot be repaired by replacing one of its offspring
components. Failures occur according to a Poisson process, and the individual failure rate of
the entire installed base for component c is denoted by mc ≥ 0. In the case that a component
c is childless (Γc = ∅) the individual failure rate is greater than zero (mc > 0), otherwise
modeling this component does not make sense.

Remark 3.1 Assumption spare parts stocking
The assumption that components fail individually and thus cannot be repaired by replacing a
child component deviates from the assumption made in the literature on spare parts stocking,
e.g. vari-metric. In vari-metric it is assumed that a component with child components
fails due to one of these child components . The conditional probability that a component c
being repaired will result in a fault isolation of components b ∈ Γc, in vari-metric, is denoted
by qc,b. In vari-metric it is assumed that

∑
b∈Γc

qc,b = 1, because only components at the
highest indenture level fail individually. Where under our assumption that components at all
indenture level could fail individually,

∑
b∈Γc

qc,b ≤ 1. �

3.2 Line Replaceable Unit-definition

We assume that a repair by replacement policy is used to maintain the system. This means
that upon failure, a component is replaced by a spare part. The components replaced from
the system are called Line Replaceable Units (lrus). The failed lrus can be repaired by
replacing its failed sub-components, which are called Shop Repairable Units (srus). When a
component fails individually it is repaired directly, without replacing offspring components.
For each component, one of the following three possible lru-definitions is made (i.e. mutually
exclusive):

• lru: component c is defined as Line Replaceable Unit: component c is replaced from the
system when component c fails, or possibly when one of its offspring sru components
fails.

• sru: component c is defined as Shop Repairable Unit: one of the ancestors of c is defined
as lru and c is replaced from its corresponding lru or sru parent upon failure.

• Structure Part: component c is not replaced or repaired, hence the individual failure
rate should be zero (mc = 0).

The lru-definition is represented by defining g ∈ G for all c ∈ C where G = {lru, sru,
structure part}. It is assumed that a component defined as structure part only has lru
children. Since failures may occur at multiple indenture levels, possibly component c is defined
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3.2. Line Replaceable Unit-definition 22

as lru while one of its offspring components Φc is also defined as lru. Note that we allow
that the system itself can also be defined as lru, since the system is also part of the indenture
structure. We require the following decision variables for the lru-definition:

Zc,g =

{
1 if for component c definition g is made;
0 otherwise.

The set of components defined as lru {c ∈ C | Zc,lru=1} is denoted by ω.

Based upon the lru-definition Zc,g and the individual annual failure rate mc the annual
replacement rate λc can be determined. The annual replacement rate is the rate with which
a component is repaired by replacement, either as lru or sru. However, in the case that
the component is the highest indenture sru, it is repaired directly. The annual replacement
rate for components defined as lru or sru can be computed recursively, starting with the
components at the highest indenture level:

λc = mc +
∑

b∈Γc

λb · Zb,sru, ∀c ∈ C | Zc,lru + Zc,sru ≥ 1 (3.1)

The intuition behind Equation 3.1 is that a component is replaced when failing individually
(mc), and furthermore is replaced when one of its sru child components (b ∈ Γc | Zb,sru=1)
fails (λb). Obviously, the annual replacement rate of structure parts is zero.

We further explain the relationship between the lru-definition, the individual annual failure
rate, the cumulative annual failure rate, and the annual replacement rate using Example 3.1.

Example 3.1 Replacement rate, two lru-definitions
A system consists of eight relevant components spread at four indentures levels, as depicted in
Figure 3.2. The individual annual failure rate mc, the lru-definition Zc,lru, and accordingly
the annual replacement rate λc for these components are depicted in Table 3.1.

We distinguish two lru-definitions, namely (a) and (b). As a result of the different lru-
definitions, the annual replacement rates (λc) for components B2 and C differ. lru-definition
(a) is such that all components failing individually are defined as lru. As a result the an-
nual replacement rate for each component is equal to the the individual annual failure rate.
lru-definition (b) is such that all components on indenture level 1 are defined as lru. As a
result, upon failure of components ΦB2 = {C,D1, D2, D3}, first component B2 is replaced in
case of lru-definition (b). The annual replacement rate of component B2 = mB2 +λC , where
λC = mC + λD1 + λD2 + λD3 = 1 + 1 + 3 + 1 = 6 and thus λB2 = 0 + 6 = 6.

The indenture structure obtained by omitting the structure parts from the breakdown struc-
ture as a result from the lru-definition, is called lru-structure. In Figure 3.3 the lru-
structure for both lru-definition (a) and (b) are depicted. In case of lru-definition (a) both
A and B2 are omitted from the breakdowns structure because they are defined as structure
parts. The remaining components are all defined as lru, as a result the lru-structure of
lru-definition (a) becomes single-indenture. In case of lru-definition (b) only structure part
A is omitted from the breakdown structure. �
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A

B2B1 B3

C

D2D1 D3

Ind. 1

Ind. 0

Ind. 2

Ind. 3

Figure 3.2: Example Indenture structure

Table 3.1: Example calculation annual replacement and repair rate for lru-definitions (a)
and (b)

(a) (b) (a) (b) (a) (b)
Component mc Zc,lru Zc,lru Zc,sru Zc,sru λc λc

A 0 0 0 0 0 0 0
B1 1 1 1 0 0 1 1
B2 0 0 1 0 0 0 6
B3 2 1 1 0 0 2 2
C 1 1 0 0 1 1 6
D1 1 1 0 0 1 1 1
D2 3 1 0 0 1 3 3
D3 1 1 0 0 1 1 1

3.3 Level Of Repair Analysis

We consider a multi-echelon repair network, such as depicted in Figure 3.4. Let E = {1, . . . ,
emax} be the set of echelon levels in the repair network, with the operating sites being at
the lowest echelon level e = 1 and the Original Equipment Manufacturer (oem) being at the
highest echelon level, emax. The locations are denoted by l ∈ L, where l ∈ Le denotes the
location(s) at echelon level e. The set of child locations of location l is denoted by m ∈ Πl.
Furthermore, the set of operating sites supplied by location l, either directly or via offspring
locations is denotes by m ∈ Θl. It is assumed that the repair network is symmetric, meaning
that all locations at a certain echelon level have the same number of child locations and iden-

B2B1 B3 D1 D2 D3lru

(a) lru-definition (a)

B2B1 B3

CModule Module

D2D1 D3

lru

sru

sru

(b) lru-definition (b)

Figure 3.3: lru-structure
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3.3. Level Of Repair Analysis 24

tical demand processes. Furthermore, it is assumed that the repair network is fixed, and thus
no possibility to open or close locations exist.

In general, maintenance organizations use uniform decisions regarding lora for locations on
the same echelon level. The most important reason is that the locations at a certain echelon
level have the same characteristics, in particular the same demand intensities. In addition,
making decisions on echelon level instead of location level, is a well founded choice because
it prevents unwanted internal competition between locations at the same echelon level. Since
maintenance organizations use uniform decisions for locations at the same echelon level, we
aggregate the lora decisions on echelon level. In Figure 3.5 an aggregated repair network is
depicted.

OEM

Central
Depot

Intermediate
Depot

Intermediate
Depot

Intermediate
Depot

Operating
Site

Operating
Site

Operating
Site

Ech.1

Ech.2

Ech.3

Ech.4

Figure 3.4: Multi-echelon repair net-
work

Central
Depot

Intermediate
Depots

Operating
Sites

OEMEch. 4

Ech. 3

Ech. 2

Ech. 1

Figure 3.5: Echelon levels aggregated

The total number of systems installed at the operating sites is denoted by T . The number
of systems installed at a operating site l ∈ L1 is denoted by Tl. Upon failure of a system,
the lru associated with the failure is exchanged at one of the operating sites. Note, that the
annual replacement rate and thus the arrival rate at the operating sites depends on the lru-
definition. The assumption is made that replacing lrus is not clustered, and thus exchange
of lrus is performed sequentially.

The replaced lru is repaired by replacing its failed sru somewhere in the repair network or
is discarded. When the lru is repaired by replacing its failed sru, also this sru can be either
repaired or discarded. The replacement lead time associated with replacing an lru at the
operating sites is denoted by Kc ≥ 0. Both the replacement lead time and repair lead time
are i.i.d. random variables and include the time to isolate the failure. The probability of
successful repair is assumed to be 100%. Furthermore, it is assumed that failed components
are only moved stream-upwards (i.e. from echelon level e to echelon level e+1). Possibly, lrus
and srus are discarded upon failure, as a result a new component should be acquired. The
replenishment lead times associated with discarding components are i.i.d. random variables.
In summary, upon exchange of a component, one of three possible decisions d ∈ D can be
made:

• Discard: component c is scrapped and a new one is acquired.

• Repair: component c is repaired at echelon e by replacing its defective child b ∈ Γc with
an operating one (or by repairing c directly). Again, one of the possible decisions d ∈ D
should be made for component b at the same echelon level e.
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• Move: component c is moved to echelon level e + 1. At echelon level e + 1, a decision
needs to be taken. Note that the ‘move’ option does not exist at the highest echelon
level (emax).

The set De consist of all decisions available at echelon e. For all e ∈ E with e 6= emax:
De = D = {discard, repair, move}. Furthermore, Demax = {discard, repair}. We define:

Xc,e,d =

{
1 if for component c ∈ C at echelon e ∈ E decision d ∈ D is taken;
0 otherwise.

The capabilities that are required to replace or repair components are defined by r ∈ R. The
capabilities are assumed to be uncapacitated. The set maintenance tasks is denoted by j ∈ J ,
where J = {repair,replace}. Let Ωr be the set of tuples (c, j), such that (c, j) ∈ Ωr if and only
if component c ∈ C requires capabilities r ∈ R in order to perform maintenance task j ∈ J .
We define:

Yr,e =

{
1 if capability r ∈ R is installed at echelon level e ∈ E;
0 otherwise.

3.4 Spare parts stocking

In order to satisfy the average target availability of T systems, both components defined as
lru or sru may be put on stock (stocking structure parts is useless since no demand to these
components exist). We assume that a continuous review, one-for-one replenishment (S− 1,S)
base stock policy is used at all locations. Furthermore, at the operating sites spare systems can
be put on stock, such that upon failure of a system, a spare system becomes operational and
replaces the failed system (cold-redundancy). The assumption is made that the demand rate
is independent of the number of spare systems acquired. We introduce the decision variable
Sc,l which is defined as follows:

Sc,l = the number of spare parts/systems of component c ∈ C, located at location l ∈ L.

Remember that components (spare parts) are represented by c > 0 and (spare) systems are
denoted by c = 0. The number of backorders at location l ∈ L1 as a function of the number
of spare parts/systems is denoted by BOc,l(Sc,l) and correspondingly the expected number
of backorders is denoted by EBOc,l(Sc,l). The operational availability in number of systems
at location l ∈ L1 is denoted by Âl, and the operational availability in number of systems of
the entire installed base Â is the weighted average of the availabilities at the operating sites
(based on the number of systems installed):

Â =
∑

l∈L1

Tl
T
· Âl (3.2)

Given the decision where to repair or discard components, the relevant locations to stock
spare parts can be determined. We assume that a component is always repaired or discarded
at one echelon level only. As a result, for some components the demand at some locations will
be zero. When, for example, a component is replaced at location le, and repaired/discarded
at location lr, then there will be one path between these locations, and only stocking the
component at that path, including locations le and lr is relevant (Basten et al., 2009b).
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The annual replacement rate and thus the demand to spare parts depends on the lru-definition
and lora decisions made. The assumption is made that demand of lrus at the operating
sites is spread over the operating sites based on the number of systems installed at a location.
Hence, the annual replacement rate for lrus at the operating sites is:

λc,l =
Tl
T
· λc, ∀c ∈ ω, ∀l ∈ L1 (3.3)

The demand arising out of the exchange of lrus to lrus at the higher echelon levels e ∈ E =
{2 . . . emax} is calculated recursively starting at the second echelon level:

λc,l =
∑

m∈Πl

λc,m ·
∑

d∈D
Xc,e,d, ∀c ∈ ω, ∀l ∈ Le | e ≥ 2 (3.4)

The demand arising out of the exchange of lrus to srus throughout the repair network, also
depends on the repair decisions made in the lora and is equally spread over the locations
based upon the annual replacement rate at the corresponding operating sites:

λb,l =

∑
m∈Θl

λc,m

λc
· λb ·

∑

d∈D
Xc,e,d, ∀b ∈ Φc | c ∈ ω, ∀l ∈ L (3.5)

As a result of the symmetry in the annual replacement rate at location level, maximizing the
target average availability T of the entire installed base implies maximizing the target average
availability Tl at the operating sites l ∈ L1.

3.5 Cost factors

Our objective is to minimize the lcc of the installed base while meeting the target average
availability of T operational systems. The lcc consist of four costs types:

• Variable cost vcc,e,d > 0 which are incurred when taking decision d ∈ D for component
c ∈ C at echelon level e ∈ E. The variable costs represent, for example, the labor and
material cost to repair components, the transport costs to move components, and the
costs to acquire a new component.

• Fixed cost fcr,e > 0 for installing resource r ∈ R at echelon level e ∈ E. The fixed costs
represent, for example, the costs associated with the investment in knowledge and tools
to be able to repair components.

• Replacement cost rcc > 0 which are incurred when component c ∈ C is replaced (i.e.
when component c ∈ C is defined as lru). The replacement costs represent, for example,
the labor costs associated with replacing a component.

• Spare parts and system holding cost hcc,l > 0, which are incurred when putting a part
or system c ∈ C on stock at location l ∈ L. The holding costs represent, for example,
the investment in spare parts and spare systems and the costs associated with the risk
and space required to stock them.
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3.6 Assumptions

In summary the most important assumptions are:

• Components have one unique parent, thereby excluding the possibility of commonality.

• Components fail according to a Poisson process with constant rate.

• It is possible that a component fails while no subcomponent fails.

• Components are repaired by replacement, and the repairs are performed sequentially
(i.e. no clustering) and are always successful.

• Failed components are only moved stream-upwards (i.e. from echelon level e to echelon
level e+ 1).

• The replacement and repair times are i.i.d. random variables and include the time to
isolate the failure.

• The replacement and repair capabilities are uncapacitated.

• A continuous review, one-for-one replenishment (S − 1,S) base stock policy is used at
all locations.

• The spare systems are cold-redundant, hence the demand rate is independent of the
number of spare systems installed.
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Chapter 4

Optimization

In the previous chapter the problem description and notation of the joint problem of lru-
definition, lora, and spare parts stocking is discussed. In this chapter we discuss how this
problem can be solved. The joint problem cannot be solved as an integral problem because of
non-linear spare parts stocking constraints. Therefore, we decompose it into two subproblems.
The first subproblem is the joint problem of lru-definition and lora, which we discuss in
Section 4.1. After solving the first subproblem, the spare parts stocking problem is solved,
which we discuss in Section 4.2. Next, the output of the second subproblem is used to get
an improved solution from the first problem; and so on. In Figure 4.1 the resulting iterative
procedure is schematically depicted. The idea behind this procedure, based upon Basten
et al. (2009a), is that by iteratively solving the two subproblems and providing holding costs
estimates to the lru-definition and lora subproblem, the problem is integrally solved. In
Section 4.3 the iterative procedure is discussed in more detail.

Perform
lora

Perform
spare parts
stocking

Adapt lora
inputs

Figure 4.1: Iterative procedure (from: Basten, 2009)

4.1 Line Replaceable Unit-definition and lora

The joint problem of lru-definition and lora is formulated as an Mixed Integer Program
(mip) and can be solved using a commercial mip solver, e.g. cplex. The lora formulation
we use is from Basten et al. (2009c), however in addition to their formulation we incorporate
the lru-definition. In Section 4.1.1 the model formulation of the lru-definition and lora is
presented.
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4.1.1 Model formulation

The mathematical model of the integral problem of lru-definition and lora is defined as
follows:

min
∑

c∈C

∑

e∈E

∑

d∈D
vcc,e,d · λc ·Xc,e,d +

∑

r∈R

∑

e∈E
fcr,e · Yr,e +

∑

c∈C
rcc · λc · Zc,lru (4.1)

subject to:

Zc,lru + Zc,sru = 1, ∀c ∈ C | mc > 0 (4.2)

Zc,lru + Zc,sru ≤ 1, ∀c ∈ C (4.3)

Zb,sru ≤ Zc,lru + Zc,sru, ∀c ∈ C, ∀b ∈ Γc (4.4)

Zc,sru = 0, ∀c ∈ C0 (4.5)

mc ≤ Zc,lru · λc + Zc,sru · λc, ∀c ∈ C (4.6)

λc = mc +
∑

b∈Γc

λb · Zb,sru, ∀c ∈ C (4.7)

∑

d∈D
Xc,1,d ≥ Zc,lru, ∀c ∈ C (4.8)

Xc,e,move =
∑

d∈De+1

Xc,e+1,d, ∀c ∈ C1, ∀e ∈ E \ emax (4.9)

Xc,1,repair =
∑

d∈D1

Xb,1,d, ∀c ∈ C|Γc 6= ∅, ∀b ∈ Γc (4.10)

Xc,e+1,repair +Xb,e,move =
∑

d∈De+1

Xb,e+1,d, ∀c ∈ C|Γc 6= ∅, ∀b ∈ Γc, ∀e ∈ E \ emax (4.11)

Xc,e,d ≤ Yr,e,∀r ∈ R, ∀(c, repair) ∈ Ωr, ∀e ∈ E (4.12)

Zc,lru ≤ Yr,1, ∀r ∈ R, ∀(c, replace) ∈ Ωr (4.13)

Xc,e,d, Yr,e,d, Zc,lru, Zc,sru ∈ {0, 1}, ∀c ∈ C, ∀e ∈ E, ∀d ∈ D, ∀r ∈ R (4.14)

The objective function minimizes the annual sum of variable, fixed, and replacement costs.
The first and third term of the objective function and Equation 4.6 are non-linear, because
of the lru-definition. However, these terms can be linearized by adding two variables and
some constraints as shown in Appendix B. For the sake of readability we omit the required
additional notation in this section.

Constraints (4.2)-(4.6) represent the lru-definition. Constraint 4.2 guarantees that each com-
ponent failing individually is defined as either lru or sru. Constraint 4.3 ensures that com-
ponents are defined as either lru or sru. In the case that a child component b ∈ Γc is defined
as sru, Constraint 4.4 assures that its parent component c is either defined as lru or sru.
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Constraint 4.5 assures that the system itself can only be defined as either lru or structure
part. If component c ∈ C fails individually (mc > 0), Constraint 4.6 assures that component
c ∈ C is either defined as lru or sru. Constraint 4.7 defines the repair and replacement rate.

The lora is represented by Constraints (4.8)-(4.13). Constraint 4.8 guarantees that a decision
d ∈ D is made for a component when it is defined as lru. Constraint 4.9 assures that when
moving a component from echelon level e, a decision is taken for that component at the
next higher echelon level e + 1. Constraint 4.10 assures that when repairing component
c ∈ C at echelon level 1, also a decision for its child component(s) is taken at echelon level
1. Constraint 4.11 assures that a repair decision is taken for component b when its is either
moved from a lower echelon level, or in case that its parent component c is repaired at the
same echelon level. Constraint 4.12 and 4.13 assure that the required capabilities are installed
for the corresponding repair and replacement maintenance actions respectively.

4.2 Spare parts stocking

In Section 3.4 the model description and notation of the spare parts stocking problem has been
discussed. Given the decisions made by the lru-definition and lora we solve the spare parts
stocking problem using vari-metric. The decisions from the lru-definition and lora are
made on echelon level. In contrast, the decisions regarding the spare parts stocking are made
on location level. The exact network is used because we want to take into account the pooling
effect. Assuming that the repair network is divergent, stocking components at a higher eche-
lon level pools the variance of the demand at the various locations at the lower echelon level.
When not modeling the exact network, but instead aggregating on echelon level, the repair
network is modeled as a serial network and all locations at one echelon level are represented
by a single location. Hence, by aggregating on echelon level demand is pooled while in reality
this is not the case because of a divergent repair network with multiple operating sites.

Since vari-metric is extensively explained in the literature (e.g Sherbrooke, 2004; Muck-
stadt, 2005), in this section we will focus on the extensions required to mathematically rep-
resent the model description. The solution procedure we use to solve vari-metric is the
marginal approach as presented by Basten et al. (2009b), which we discuss for the sake of
self-containedness in Section 4.2.1. The first extension required to vari-metric is the incor-
poration of replacement time, which we discuss in Section 4.2.2.1. Compared to the system
approach from vari-metric, which determines where and how many spare parts to put on
stock, our approach also determines the number of systems to be installed. Therefore, we call
our spare parts stocking problem the installed base approach. In Section 4.2.2.2 we present
our installed base approach.

4.2.1 Marginal analysis

The target of vari-metric is to find the most cost effective allocation of spare parts in a
network, such that a target availability of the installed base is achieved. As explained in
Section 2.1.2, maximizing the availability is approximately equivalent to minimizing the sum
of ebos from lrus at the operating sites (see, e.g., Sherbrooke, 2004, pp. 33–40). Marginal
analysis is used to produce a convex trade-off curve of spares investment costs versus expected
lru backorders at the operating sites, the so-called ebo-curves. In this section, for the sake of
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self containedness, we present the explanation of the marginal analysis based on Basten et al.
(2009b):

Figure 3: Multiple EBO-curves
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spare takes zero time, a capital good is unavailable only if no spare part is available at that
operating site. In that case, a backorder arises. The expected number of backorders (ebo) is:∑∞

x=s+1 P (PI = x), with s being the number of spare parts that is initially located at the
operating site and PI being the pipeline, so the number of spare parts in repair at the oper-
ating site or requested but not received yet from a location at the next higher echelon level.
The availability at the operating site is:

∏c∈C1(1 − eboc(sc)/(N · Zc))
Zc , with N being the

number of capital goods at the operating site and Zc being the number of occurrences of LRU c
in each capital good. As an approximation, the number of lru backorders at operating sites
equals the number of systems that are down waiting for a spare part. Therefore, maximizing
the expected availability of the installed base is approximately equivalent to minimizing the
expected backorders (ebo) of lrus at operating sites (see, e.g., Sherbrooke, 2004, pp. 39–40).
vari-metric generates a convex trade-off curve of spares investment costs versus the expected
lru backorders at the operating sites, a so-called ebo-curve.

We define an LRU family as an lru including all its subcomponents at any indenture level.
Since our objective is to minimize the summation of the ebos for all lrus at the operating sites,
the overall spare parts stocking problem is separable in subproblems per lru family, assuming
that subcomponents are not shared between lru families, i.e., there is no commonality.

Backorders at higher indenture levels in the lru family or at higher echelon levels influence
the availability of the installed base only in an indirect way, since they influence the throughput
times of requests for lrus at operating sites: the repair time may be increased due to subcom-
ponents being backordered and supplies from the location at the next higher echelon level may
be delayed due to backorders at that location. The vari-metric model provides expressions for
the mean and variance of the number of items in the pipeline (spares that are requested, but
not received yet, e.g., due to transportation times and backorders) and fits a negative binomial
distribution to these first two moments. Generally, this is an accurate approximation for the
true distribution of the pipeline.

For a single component, vari-metric works as follows. Starting at an initial stock (usually
zero), we add spare parts to stock one-by-one. A spare part is added to stock at that location
that yields the highest reduction of total expected backorders at the operating sites. If there
are multiple echelon levels, we first add spare parts one-by-one at the highest echelon level.
Then, for each number of spare parts at the highest echelon level, spare parts are added at
the next lower echelon level, resulting in multiple ebo-curves. This is done recursively if there
are more than two echelon levels. The key idea is now to determine the lower envelope of the
resulting curves and remove all non-convex points so that one convex ebo-curve results. The
lower envelope of a set of functions fi(x) is the function f(x) given by their pointwise minimum
f(x) = mini fi(x). Figure 3 gives an example of a number of ebo-curves. Figure 4 shows the
same curves, including the lower envelope, and Figure 5 also shows the convexification of the
lower envelope (points are removed such that a convex function remains). Notice that going
from one point to the next on the convexificated lower envelope, does not mean that one spare
part is added. Each point represents a certain number of spare parts located throughout the
repair network.

8

Figure 4.2: Multiple ebo-curves (Basten et al., 2009b)

As a result of minimizing the sum of lru backorders, the problem can be decomposed in
subproblems per lru family, where an lru family is an lru including its offspring. The
construction of an ebo-curve for a single component works as follows. We start with an initial
stock (usually zero), from which spare parts are added one-by-one. Hereby, a spare part is
added to stock at the location that yields the highest reduction of total expected backorders
at the operating sites. In case of multi-echelon, we first construct an ebo-curve for the highest
echelon level. Then, for each number of spare parts at the highest echelon level, spare parts
are added at the next lower echelon level, resulting in multiple ebo-curves, as depicted in
Figure 4.2. Now, the lower envelope of the resulting curves should be determined and all
non-convex points should be removed, so that one convex ebo-curve remains. The lower
envelope of a set of functions fi(x) is the function f(x) given by their pointwise minimum
f(x) = minifi(x). In Figure 4.3 the lower enveloppe of a number of ebo-curves is depicted,
and Figure 4.4 shows the convexification of the lower envelope. In the case of a multi-indenture
system, first for each component on the highest indenture level an ebo-curve is constructed.
These curves are then merged using marginal analysis, where points of the individual curve
are concurrently added to the overall curve. The criteria used is the ratio of decrease in
expected backorders as experienced by the parent component to increase in costs. Because,
all individual ebo-curves are convexified, the overall ebo-curve is convex too. After that, for
each lru family an ebo-curve is constructed, again marginal analysis is used to merge these
curves. Hence, we obtain a single ebo-curve which represents the optimal backorder level for
a certain investment. In Figure 4.5 as an example two ebo-curves are depicted and Figure 4.6
shows the results of applying marginal analysis.

4.2.2 Extensions

In this section the extensions on the spare parts stocking required to represent the model
description from Section 3.1 will be presented. First in Section 4.2.2.1 the incorporation of
replacement times into the spare parts stocking problem is discussed. Next, in Section 4.2.2.2
our installed base approach is discussed.
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Figure 4: Multiple EBO-curves, including lower envelope
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Lower envelope

Figure 5: Multiple EBO-curves, including convexification of lower envelope
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Figure 6: Two EBO-curves for two SRUs: a number next to a line segments shows the EBO
reduction per dollar
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For a multi-indenture component, we construct an ebo-curve for each of the components at
the highest indenture level as described above. We merge the results using marginal analysis.
That is, we successively add points from the individual curves to the overall curve. We choose
the first point from that curve that yields the highest ratio of decrease in expected backorders
as experienced by the parent-component to increase in costs. Since these curves are convex,
we may look ahead one step per curve only and the resulting overall curve will be convex too.
Figure 6 gives an example of ebo-curves for two srus and Figure 7 shows the result of applying
marginal analysis.

For each of the points on the curve for the child-components, we construct an ebo-curve for

9

Figure 4.3: Multiple ebo-curves including lower envelope (Basten et al., 2009b)
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Figure 5: Multiple EBO-curves, including convexification of lower envelope
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Figure 6: Two EBO-curves for two SRUs: a number next to a line segments shows the EBO
reduction per dollar
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For a multi-indenture component, we construct an ebo-curve for each of the components at
the highest indenture level as described above. We merge the results using marginal analysis.
That is, we successively add points from the individual curves to the overall curve. We choose
the first point from that curve that yields the highest ratio of decrease in expected backorders
as experienced by the parent-component to increase in costs. Since these curves are convex,
we may look ahead one step per curve only and the resulting overall curve will be convex too.
Figure 6 gives an example of ebo-curves for two srus and Figure 7 shows the result of applying
marginal analysis.

For each of the points on the curve for the child-components, we construct an ebo-curve for

9

Figure 4.4: Multiple ebo-curves including convexification of lower envelope (Basten et al.,
2009b)
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Figure 5: Multiple EBO-curves, including convexification of lower envelope
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Figure 6: Two EBO-curves for two SRUs: a number next to a line segments shows the EBO
reduction per dollar
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For a multi-indenture component, we construct an ebo-curve for each of the components at
the highest indenture level as described above. We merge the results using marginal analysis.
That is, we successively add points from the individual curves to the overall curve. We choose
the first point from that curve that yields the highest ratio of decrease in expected backorders
as experienced by the parent-component to increase in costs. Since these curves are convex,
we may look ahead one step per curve only and the resulting overall curve will be convex too.
Figure 6 gives an example of ebo-curves for two srus and Figure 7 shows the result of applying
marginal analysis.

For each of the points on the curve for the child-components, we construct an ebo-curve for

9

Figure 4.5: Two ebo-curves for two srus: a number next to the line segment shows the
ebo reduction per dollar (Basten et al., 2009b)
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Figure 7: One EBO-curve for two SRUs: a number next to a line segment shows the EBO
reduction per dollar
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the parent-component in the same way as described above, taking the backorders that result
from the child-components into account. This results in a number of ebo-curves, which means
that we have to determine the lower envelope of these curves. If there are multiple indenture
levels, we recursively merge results of child-components using marginal analysis and use the
resulting curve to construct new curves for the parent-component.

Finally, if we have one convex ebo-curve for each lru-family, we use marginal analysis
to get one convex trade-off curve of spares investment costs (resulting from components at
all indenture levels) versus the expected lru backorders at the operating sites. A point on
this curve represents an optimal backorder level for a certain investment level (except for the
approximation errors that result from using the first two moments of the distribution of the
pipeline only).

There are two further things to notice:

• the availability is not necessarily optimal for a given investment level, since maximiza-
tion of the availability is only approximated by minimization of the summation of lru
backorders; and

• the ebo-curve is not a continuous curve, but consists of a number of points only. As a
result, the achieved availability may be higher than the target availability, which is called
overshoot. However, due to the number of points on the curve, this overshoot is usually
small. The overshoot issue may be reduced further using the following heuristic. Account
for the increase in availability upto the target availability only in the marginal analysis
approach, since any additional increase in availability is ‘useless’, see also Kranenburg
(2006, p.26). However, the resulting solutions do not represent optimal backorder levels
for a given investment level, which is why we do not use this heuristic in our algorithm.

5 Algorithm

Section 5.1 describes the general idea of our algorithm. In Section 5.2, we show how this al-
gorithm is used if all components in one lru family together require at most one resource.
Section 5.3 discusses the general case, in which any number of resources may be required.

5.1 General idea

In Section 4, we have shown how to determine spare parts stocks, given repair/discard decisions.
A straightforward approach to solve the joint problem of lora and spare parts stocking is to
consider all combinations of repair/discard decisions for all components, stock spare parts for
each combination, and determine the convexification of the lower envelope. Due to the number
of possible combinations to consider, this approach is realistic for very small problem instances
only. However, we can decompose the problem into subproblems, using an algorithm that is
inspired by that of Alfredsson (1997). We use the same two types of decomposing the problem
into subproblems, described in Section 2.3:

10

Figure 4.6: One ebo-curve for two srus: a number next to the line segment shows the ebo
reduction per dollar (Basten et al., 2009b)

4.2.2.1 Replacement time

The objective of vari-metric is to maximize the supply availability: 100 · mtbm
mtbm+msd , where

mtbm is the mean time between maintenance and msd is the mean supply delay. The supply
availability Al at the operating sites l ∈ L1 can be calculated as follows:

Al(Sc,l) = 100 ·
(∏

c∈ω

(
1− EBOc,l(Sc,l)

TlZc

)Zc
)

(4.15)

Obviously A(Sc,l) = 0 when EBOc,l(Sc,l) > Tl·Zc for any c ∈ ω. In the remainder of this report
we omit the location index l in the availability function A(Sc,l) for notational convenience.

Remark 4.1 Concavity of A(Sc) in Sc for any c > 0
As a result of the convexification of the ebo-curves in the marginal analysis, we observed
in our experiments that A(Sc) is concave in Sc for any c > 0. Therefore, we know that the
availability increase per dollar becomes smaller at each subsequent point on the availability
curve A(Sc) for c > 0.

In contrast to vari-metric, our objective is to maximize the operational availability:
100 · mtbm

mtbm+msd+mrt , where mrt is the mean replacement time. Compared to vari-metric,
we consider not only the time waiting for spares, but also the replacement time (see Research
Questions 2). Remember from Section 3.3 that replacing lrus is not clustered, and thus
exchange of lrus is assumed to be performed sequentially. Hence, we state the operational
availability as follows:

A(Sc) = 100 ·
((∏

c∈ω

(
1− EBOc(Sc)

TZc

)Zc
)
−
∑

c∈ωKcλc

T

)
(4.16)

Instead of focusing on the percentage availability, many maintenance organizations define
operational availabilities in number of systems. The operational availability expressed in
number of systems Â can be calculated as follows:

Â(Sc) = T ·
(∏

c∈ω

(
1− EBOc(Sc)

TZc

)Zc
)
−
∑

c∈ω
Kcλc (4.17)
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As a consequence of the addition of the replacement time, it is possible that a target availability
of T systems cannot be achieved by putting more spare parts on stock. Availabilities close to
T are required in practice. Therefore, we introduce the option to install spare systems, where
the number of spare systems is denoted by S0. As a consequence of the addition of spare
systems, target mean availabilities of T systems can be satisfied. The availability expressed
in number of systems, can now be expressed as follows:

Â(Sc) = (T + S0) ·
(∏

c∈ω

(
1− EBOc(Sc)

(T + S0)Zc

)Zc
)
−
∑

c∈ω
Kcλc (4.18)

where S0 is the number of spare systems put on stock. The intuition behind Equation 4.18
is that the expected number of backorders EBOc(Sc) is independent of the number of spare
systems, and that the expected number of backorders are spread over T + S0 (spare) systems
with equal probability. Note that this is an approximation, because of the probability that
the number of failed systems is higher than the number of spare systems. However, the ap-
proximation error will be very small, since the sum of expected backorders

∑
c∈ω EBOc is

relatively low at the points we are interested in (i.e. Â = T ).

The probability that the target availability is satisfied can be approximated by fitting a distri-
bution to the expected backorders and the variance of backorders (see for example de Smidt-
Destombes et al., 2010), the number of systems in repair, and the number of spare system:

P
(
Â ≥ T | Sc

)
≈ P

(∑

c∈ω
BOc + λc ·Kc ≤ S0 | Sc

)
(4.19)

However, as indicated this is a approximation, due to the probability that multiple backorders
are associated with one system.

Remark 4.2 Convexity of A(Sc) in Sc for c = 0
From numerical analysis we know that A(S0) is convex and increasing in S0. Therefore, we
know that the availability increase per dollar becomes larger at each subsequent point on the
availability curve A(S0).

4.2.2.2 Installed Base Approach

In the previous section we introduced the term spare systems. In addition to the number
of spare systems required due to the replacement time, it could be that acquiring a spare
system results in a higher availability increase per invested capital, than acquiring a spare
part. Hence, we introduce the term installed base approach, which refers to our approach
which in addition to the system approach from vari-metric, also has degree of freedom on
the number of systems which should be acquired (T + S0).

The main idea behind the installed base approach is that the availability-increase per dollar
of putting spare parts on stock (∆Sc∀c ∈ C \ 0) are compared with the availability-increase
per dollar of installing a spare system (∆S0). We know that once the availability-increase per
dollar of putting spares on stock is lower than the availability-increase per dollar of putting
a spare system on stock, from that point on it is always more cost efficient to put a spare
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Figure 4.7: Availability curve: Installed Base versus System Approach

system on stock. Hence, when ∆S0 > ∆Sc for all c ∈ ω, the installed base approach instals
spare systems.

In Figure 4.7 the availability curves for both the system approach and the installed base ap-
proach are depicted. To the point with which cost of 63.780 are associated, both the system
and installed base approach obtain the same availabilities. However, because the availability-
increase per dollar of the efficient points from the system approach availability curve becomes
smaller than the availability-increase per dollar of installing spare systems, afterwards better
solutions are obtained by the installed base approach. In this case, for example, the costs as-
sociated with an availability of 8 systems costs 98.780 when using an installed base approach
and 132.060 (A = 7, 99) when using a system approach. Hence, in this case using the installed
base approach leads to a cost reduction of 25.2% compared to using the system approach.

When the target availability is indeed 8 systems, there is a significant overshoot when using
the installed base approach. In general the overshoot of the installed base approach is larger
then using the system approach, since typically installing systems becomes efficient close to
the target availability. Furthermore, the availability increase associated with installing spare
systems is close to one. Therefore, when the overshoot of the optimal solution obtained
by the installed base approach is large, this overshoot can be reduced by repeating the whole
optimization procedure while using initial spare system quantities equal to the optimal solution
obtained before. Sherbrooke (2004) discusses a similar approach for instances where the
overshoot obtained by the system approach is large, due to stocking expensive components at
the last iteration of the marginal approach.

Remark 4.3 Installed base approach
When constructing an availability curve using marginal analysis, we obtain a curve with
efficient points p ∈ P = {1, . . . , q, . . . , |P |}. From the point q that installing a spare system
yields a higher availability per dollar increase compared to putting a spare part on stock, for
each subsequent point installing a spare system will always yield a higher availability. This
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follows directly from our observation that A(Sc) is concave and increasing in Sc for c > 0
(Remark 4.1), and that A(Sc) is convex and increasing in S0 (Remark 4.2).

4.3 Solving the joint problem iteratively

In Sections 4.1 and 4.2, we discussed the lru-definition and lora subproblem and the spare
parts stocking subproblem, respectively. In practice, the two subproblems are solved sequen-
tially. Meaning that first the lru-definition is made then given the lru-definition the lora is
performed, and finally given the lru-definition and the lora decisions the spare parts stock-
ing problem is solved. Hence, the sequential procedure used in practice consists of three steps.
Given that we solve the joint problem of lru-definition and lora as an integral problem, our
sequential procedure consists of two steps.

In addition to the sequential procedure, in this section we present an iterative procedure that
is based on the iterative procedure of Basten et al. (2009a). The idea behind the iterative
procedure is that first the lru-definition and lora building block is solved. Next, given the
lru-definition and lora decisions the spare parts stocking problem is solved. Afterwards,
using a feedback loop spare part costs estimates are fed back to the lru-definition and lora.
As a result, while conducting the lru-definition and lora for the second time, the spare part
costs are taken into account and the problem is implicitly solved jointly. This procedure is
continued until the spare part costs estimates are accurate enough or until no better solution
is found anymore. The algorithm used to solve the joint problem of lru-definition, lora,
and spare part stocking iteratively consists of the following parts:

• The lru-definition and lora building block, discussed in Section 4.1.

• The spare parts building block vari-metric, discussed in Section 4.2.

• A feedback loop.

• The stopping criteria.

We propose two heuristics, both heuristics use the same lru-definition, lora, and vari-
metric building blocks. However, the feedback loops used by them are different. In Sec-
tion 4.3.1 we present the first heuristic, and in Section 4.3.2 we present the second heuristic.
The stopping criteria is discussed in Section 4.3.3.

4.3.1 Heuristic 1

The basic idea of the feedback loop used in heuristic 1 is that the costs obtained by solving the
spare parts stocking problem can be decomposed into costs resulting from the lru-definition
and costs resulting from the lora. The logic behind this decomposition is, that the number
of spare systems required (and thus the spare system cost) are mainly determined by the lru-
definition as a result of the replacement time associated with this definition. Therefore, the
spare system costs are fed back to the replacement costs. Furthermore, since the repair/dis-
card decision made by the lora mainly determine the spare parts required, the spare part
holding costs are fed back to the variable costs.

36



37 Chapter 4

Given the annual replacement time obtained by solving the lru-definition and lora, a lower
bound on the number of spare systems, SLB

0,l is calculated in the spare part stocking problem.
The lower bound on the number of spare system is: SLB

0 ≥ d∑c∈C λc,lKce. Furthermore, as
a result of our installed base approach, it is possible that more spare systems than the lower
bound are installed. Because, only components defined as lru result in replacement time,
the spare system costs are decomposed to these lrus. At the end of iteration j, we set the
replacement costs feedback variable rcsc,j for which Zc,lru · λc > 0 to rcsc,j =

∑
l∈L hc0,lS0∑

c∈C λc
. By

iteratively updating the replacement costs the spare system costs, as a result of defining a
component as lru are taken into account by means of the estimates provided by rcsc,j .

As proposed by Basten et al. (2009a), the spare part costs are fed back to the variable cost
of the lora. The idea is that as a result of this feedback loop the spare part costs are taken
into account when performing the lora. Thus, the feedback variable vcsc,e,d,j represents an
estimate of the spare part costs associated with taking decision d for component c at echelon
level e. After each iteration j we set the variable cost feedback variable vcsc,e,d,j for each tuple

(c, e, d) with d ∈ {repair,discard} for which Xc,e,d > 0 Xc,e,d > 0: vcsc,e,d,j =
∑

l∈Le
hcc,lSc

λc
. For

all other repair and discard decisions, we set vcsc,e,d,j = vcc,e,d,j−1.

4.3.2 Heuristic 2

Compared to heuristic 1, heuristic 2 already takes into account the required number of spare
systems in the lru-definition and lora. Therefore, the system costs associated with the lower
bound on the number of systems:

∑
l∈L s

LB
0,l · hc0,l are added to the objective function in the

lru-definition and lora building block.

After performing the lru-definition and lora, the spare part stocking problem is solved. The
resulting spare part costs obtained by solving the spare parts stocking problem are fed back to
the variable cost of the lora. Also the spare parts system costs associated with the systems
installed on top of the lower bound are fed back to the variable cost of lora. The reasoning
behind this mechanism, is that the spare systems in addition to the lower bound are installed
because it is more efficient compared to spare parts. Therefore, we consider them as spare
part costs.

After each iteration j we set the variable cost feedback variable vcsc,e,d,j for each tuple (c, e, d)

with d ∈ {repair,discard} for which Xc,e,d > 0 and Xc,e,d > 0: vcc,e,d,j =
∑

c∈ω
∑

l∈Le
hcc,lSc

λc
+∑

l∈Le
hc0,l(s∗0,l−s

LB
0,l )∑

c∈ω
∑

l∈L λc,l
, where s∗0 is the optimal number of spare systems installed (based upon the

installed base approach). For all other repair and discard decisions, we set vcsc,e,d,j = vcc,e,d,j−1.

The stopping criterion used is discussed in Section 4.4.

4.3.3 Stopping criterion

We use the same stop criterion as Basten et al. (2009a). For the sake of self-containdness, we
will discuss it briefly in this section. In the stopping criterion the following two conditions
should both be satisfied:
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1. After each iteration, we store the solution if it is better than the best we have found thus
far. We may stop our algorithm if we did not find a better solution during j1 iterations.

2. In each iteration, we update the spare parts holding costs estimates that we add to the
replacement costs in the lru-definition inputs and to the variable costs in the lora
inputs. We assume that these estimates are accurate enough if the total spares parts
holding costs that is part of the lru-definition and lora solution (rcsc,e,d,j · λc · Zc,g +
vcsc,e,d,j · λc · Xc,e,d) deviates less than p% from the spare parts holding costs that is
calculated in the spare parts stocking problem after the lru-definition and lora are
solved (

∑
c∈C

∑
l∈L hcc · Sc,l). We may stop calculations j2 iterations afterwards.

We choose j1 = j2 = 10 and p = 1% because Basten et al. (2009a) empirically found that
these values result in a good stop criterion.

4.4 Implementation and validation

All models and algorithms discussed in this chapter are implemented, tested, and validated.
Given the large size of the implementation models, in this section we will only discuss the most
essential and crucial elements of it. In Section 4.4.1 the implementation of the lru-definition
and lora mathematical model as presented in Section 4.1 is discussed. Next, in Section 4.4.2
the data structure used to solve the spare part stocking problem as presented in Section 4.2
is discussed. Furthermore, in Section 4.4.3 the implementation of the integral problem is
discussed. The validation of the implementation models is discussed in Section 4.4.4. Finally,
a discussion on the extension of our implementation model to a more comprehensive dss is
held in Section 4.4.5.

4.4.1 lru-definition and lora

The lru-definition and lora are implemented in cplex ., using the callable library in
c++. The main reasons for using the cplex solver are that the problem is np-hard (e.g.
see Basten et al., 2009c) and therefore a powerful solver is needed. Furthermore, within the
ns group licences of cplex are available. To be able to solve large instances, instead of
using the default cplex parameters values the parameters are set according to Table 4.1. The
Integrated Development Environment (ide) used is Microsoft Visual 2010 Ultimate, however
the tool set used to compile the code originates from Microsoft Visual 20081.

4.4.2 Spare parts problem

The spare parts stocking problem is programmed in c++, again the ide used is Microsoft
Visual 2010 Ultimate. The implementation model is programmed such that it is capable of
solving large instances (e.g. our business case, see Chapter 5). Our implementation algorithm
is based upon the marginal analysis as discussed in Section 4.2.1. The ebo-curves from the
marginal analysis are represented by double linked lists in the implementation model. The
data-points constructed in the linked list only contain a minimal amount of data. Otherwise,
it would be impossible to solve large instances in a 32-bits Windows environment where the
maximum ram allocated to the algorithm is 2 Gb. In Appendix C an uml-diagram and the
corresponding double linked list are depicted together with an explanation.

1cplex . is not compatible with Microsoft Visual 2010 Ultimate
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Table 4.1: cplex non-default parameters

cplex parameter Value Comment
MemoryEmphasis True To prevent out of memory problems, the memory

emphasis option is enabled.
WorkMem 120 To prevent out of memory problems, the maxi-

mum amount of central memory, in megabytes,
that cplex may use before swapping to disk files
is set to 120 megabyte.

NodeFileInd 3 Node file on disk and compressed.
TimeLimit 600 The time limit is set to 600 seconds, when no op-

timal solution is found within the time limit the
best integer solution is taken2.

4.4.3 Integral problem

Like the lru-definition, lora, and spare parts stocking problem, also the integral problem
is implemented in c++. The integral problem consist of an lru-definition and lora object,
and a spare parts problem object, which are iteratively created. The integral problem stores
the solution of the two building blocks, and updates the feedback variables. The results are
stored in text-files, which makes it easy to analyze the solutions using a spreadsheet.

4.4.4 Validation

To validate the lru-definition and lora implementation, various instances are created using
an instance generator. Next, these instances are solved by our implementation model, the
solutions are then checked upon feasibility and optimality. The spare parts stocking problem is
validated in two ways. First, we validate the pipeline calculations with tables from Sherbrooke
(2004). Next, the optimization procedure is validated by numerically checking all values using
a spreadsheet.

4.4.5 Decision Support System

As a result of implementing the mathematical model in c++, nedtrain is able to implement
it as a dss. The only part missing between the tool delivered and a dss, is a Graphical
User Interface (gui). However, this gui is crucial for the degree of acceptance, because
the understandability of the solution provided by the mathematical model will be increased.
Therefore, upon implementation of a dss first a gui should be developed.

2As a result of some experiments we know that cplex just before the time limit does something ‘smart’
and finds the optimal solution in most cases (also see Kalvelagen, 2011).

39



Chapter 5

Business Case

Two new train series were acquired by the ns group in the past years. In 2008 a new com-
muter train, the slt, was introduced by nsr and in 2011 a new high speed train, the v,
will be introduced by ns hispeed. Both the slt and the v are or will be maintained
by nedtrain. Given that the construction of both train series deviate from previously im-
plemented train series, nedtrain wants to review its logistic support system. Hereby, the
objective of nedtrain is to minimize the lcc of both train series, while meeting the slas
defined in contracts with nsr and ns hispeed. In this chapter, the mathematical model as
described in Chapter 3 is applied to two business cases of nedtrain. The business cases are
solved by the iterative procedure from Chapter 4. Thereby managerial insights are generated
for nedtrain, regarding the design of their logistic support system.

In Section 5.1 the current way of designing the logistic support system at nedtrain is de-
scribed. Next, in Section 5.2 the non-economical variant of lru-definition, lora, and spare
parts stocking will be discussed. Then, in Section 5.3 the characteristics of the installed base
and the repair network of nedtrain are discussed, in Section 5.4 the assumptions of our
mathematical model are validated. The characteristics of nedtrain are used by the instance
generator to generated representative instances, the instance generator is discussed in Sec-
tion 5.5. In Section 5.6 the setup and results of the experiments are discussed. The chapter
is ended with managerial insights derived from this business case in Section 5.7.

5.1 Current way of working at nedtrain

As mentioned in Section 1.2, both the slt and v are acquired from system integrators.
The slt is acquired from the consortium bombardier & siemens, and the v is acquired
from ansaldobreda. The system integrator is responsible for the design of the train, and
the integration of products and systems. Prior to the design, the ns group and the system
integrator define deliverables in terms of Reliability, Availability, Maintainability, and Safety
(rams), which are included in a contract. In addition, an upper bound for the lcc is de-
fined, including maintenance costs (e.g. material consumption and labor costs) and energy
consumption. Upon the introduction of new train series, nedtrain received a large amount
of documentation and data, such as maintenance programs and breakdown structures. Using
this information, maintenance engineers from nedtrain design the logistic support system
for a particular train series. In contrast to the model presented in Chapter 3, the design of
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the logistic support system does not deal with the strategic question where to execute the
maintenance and repair of systems and components. This decision is made prior, and is not
reconsidered when introducing a new train series.

During the design of the logistic support system, maintenance engineers are facing problems
regarding information and data supply. Recommendations to solve the problems regarding
data and information are made in Section 5.7.1. Although the supply of the required infor-
mation and data is contracted with the system integrator, not all required data is provided.
As a result, educated guesses are needed to overcome the lack of information and data. The
acquisition of information and data is such a troublesome process because of all the different
stakeholders involved and their interests. The system integrator, for example, needs to acquire
all data from the oem. Because the oem is not willing to provide technical details about the
system provided, the system integrator can not gather all data requested by nedtrain. One
of the most important reasons to not share technical data, is that the oem is interested in
being the service company for the systems supplied by them.

While gathering data for the business case, the current way of designing a logistic support
system was reviewed. The most important finding is that no standard framework is used by
the maintenance engineers. Decisions are mainly taken based upon experience and intuition of
the maintenance engineer. The decision, where and how much spare parts to put on stock, is
made in consultation with the maintenance engineers, procurement experts and a logistic ex-
pert. The logistic experts calculates the required amount of stock, these calculations however
are made using an item-approach thereby not explicitly taking into account the component
costs. However, implicitly the component costs are taken into account in the consultation
between the three parties, since the component costs are one of the grounds upon which the
final decision is taken.

The resulting deliverables of the design of a logistic support system at nedtrain, are:

• lru-definition, in the spare part list the lru-definition is incorporated by defining for
each component whether it is an lru or not.

• Consumable repairable definitions, where a consumable is a component being discarded
upon failure and a repairable a component being repaired upon failure.

• (Initial) spare part list, a list that contains all maintenance significant components and
strategic components, and the amount that should be put on stock.

• Make or buy reports, in these reports which are made by specialized project-teams from
nedtrain, the decision as whether to outsource or insource is discussed and accordingly
an advise is presented.

5.2 Non-economic lru-definition lora, and spare parts stock-
ing

Prior to conducting the lru-definition, lora, and spare parts stocking optimization from
an economical perspective, a so-called non-economical variant should be executed. In a non-
economical lru-definition and lora, the degree of freedom of the economical variant is de-
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termined. Basten (2009, pp. 110-111), identifies a number of criteria that are used in a
non-economic lora in practice by an oem. However, the criteria mentioned by Basten (2009)
are not relevant to a maintenance organization such as nedtrain. Based upon our observa-
tions at nedtrain we define one criteria for the lru-definition and three for the lora that
could be used in the non-economic variant from a maintenance organization perspective:

• Detection, is it possible to detect failure of the component. If not, the component should
not be included in the indenture structure, thereby making it impossible to define the
component as lru or sru.

• Knowledge, is the knowledge present to repair the component. If not, the repair option
should be excluded in the lora.

• Quality, is it possible to repair/overhaul the component to the level quality level ‘as
new’. If not, the repair option should be excluded in the lora

• Regulation, is it possible to install capabilities at a certain location given the regulation.
If not, installing the capabilities should be excluded in the lora

The latter criterion, is one that is specific to nedtrain. The service points (the lowest echelon
level) are not owned by nedtrain. In addition, the geographical positions is such that strict
regulations makes it impossible to install capabilities to repair components. Therefore the
option to repair components at the first echelon level should be excluded in the economical
optimization.

The non-economical spare part stocking, consist of the identification of strategic spare parts.
These strategic spare parts are required, when for example a system is damaged by accidents.
As a result of such accidents parts fail individually and therefore should be replaced in totality.
Hence, some strategic spare parts need to be stocked.

5.3 Characteristics of nedtrain

The business case exist out of two train series, namely a high-speed train such as the v, and
a commuter train such as the slt. The business case is represented by various experiments that
are generated by an instance generator. This instance generator represents the characteristics
of nedtrain, which we present in this section. In Section 5.3.1, the characteristics of the
repair network are discussed, and in Section 5.3.2, the characteristics of the installed base are
discussed. Most of the characteristics are based on data from the v and slt.

5.3.1 Repair network

In this section, the characteristics of the repair network of nedtrain will be discussed: the
echelon structure, location structure, capabilities, and the repair times and costs.

5.3.1.1 Echelon structure

As discussed in the company description (Section 1.1.5), nedtrain has a repair network
consisting of four echelon levels. For both the high-speed train and commuter train the
echelon structure is the same. Since the first echelon of these four echelons is limited in its
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capabilities due to regulations, we leave this echelon level out of scope in our business case.
Hence, three echelon levels remain representing the ob’s (first echelon), rdc (second echelon),
cbt, rbh and the oem (third echelon).

5.3.1.2 Location structure

The location structure of the repair network of nedtrain is depicted in Table 5.1. We
distinguish two cases, the first case is a repair network for a commuter train, typically these
trains are used in the urban agglomeration (multiple sections) and therefore commuter trains
have a medium size repair network. The second case is a repair network for a high-speed
train, which is used on one section only, therefore typically the high-speed train has a small
repair network. The shipment times presented are applicable to both cases, and represent
the shipment time from the echelon level where they are stated to one echelon level upwards.
The number of locations and the shipment times that are stated in Table 5.1 are estimates
provided by logistic experts from nedtrain.

Table 5.1: Characteristics repair network: number of locations and shipment times (in work-
ing days)

Echelon # Loc. (commuter) # Loc. (high-speed) Shipment times
1 2 1 2 days
2 1 1 2 day
3 1 1 -

5.3.1.3 Capabilities

The relevant echelon levels and their capabilities for the commuter and high-speed train cases
are:

• First echelon level: Maintenance companies (ob’s), which have the capability to
exchange lrus.

• Second echelon level: Central warehouse (rdc), where spare parts can be stored.

• Third echelon level: Repair (cbt) and overhauling (rbh) companies, which have
capabilities to repair/overhaul lrus and srus.

Since tools regarding exchange of components in general are supplied together with the trains,
we only consider capabilities to repair components. The cost associated with the capabilities
to repair components are e35 million per location. This amount is an estimate provided by
experts from nedtrain.

5.3.1.4 Lead times suppliers

In Figure 5.1, a histogram of the planned lead times across skus (in working days) from the
suppliers is depicted. The average supplier lead time is 67.1 working days (13 weeks) and the
standard deviation is 41.9 working days (8 weeks). The histogram is based upon a data set
containing all lead times from maintenance significant items from external suppliers. Hence,
the histogram is both applicable to the commuter and high-speed train cases.
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Figure 5.1: Histogram lead time suppliers: µ = 67.1 days, σ = 41.9 working days

5.3.1.5 Repair lead times and costs

The data of the repair lead times and costs, originates from the repair facility from ned-
train (cbt) and includes data regarding components being repaired in the upcoming year.
Hence, this data does not include components for either the v or slt, however the data
is representative for both the high-speed and commuter train cases. The data regarding the
repair lead time consist out planned lead times (that are based upon historical lead times).
In Figure 5.2, a histogram of the planned lead times (in working days) from the repair facility
at the third echelon is depicted. The average repair lead time is 21.82 working days (4 weeks)
and the standard deviation is 25.18 working days (5 weeks). The characteristics of the repair
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Figure 5.2: Histogram lead time repair facility: µ = 21.82 working days, σ = 25.18 working
days

costs are determined by computing the fraction of the repair cost compared to the new price
of the components. The mean of this fraction is 0.45, meaning that repairing a component
on average does costs 0.45 of the new price of that component. Furthermore, the standard
deviation of the fraction is 0.35 (i.e. for some components repairing is more expensive than
discarding). Note that the repair costs as a function of the new price, does not include the
costs to move the component to the repair facility nor does it included the associated holding
costs.
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Table 5.2: Breakdown structure: number of components per indenture level

Indenture level # Components # Childless components
1 81 9
2 738 365
3 589 272
4 94 94

Total 1,502

5.3.2 Installed Base

In this section, the characteristics of the installed base are discussed: the breakdown structure,
component price, failure rate, tools, and replacement times.

5.3.2.1 Breakdown structure

Since the breakdown structure for the v, provided by the system integrator is the most
complete and detailed available, this breakdown structure is used to determine the characteris-
tics of both a high-speed train and commuter train. In Table 5.2 a summary of the breakdown
structure of the v is depicted, in total 1,502 maintenance significant items are identified for
the v. In Table 5.3, the average number of occurrence of components for each indenture
level is depicted.

Table 5.3: Breakdown structure: Number of occurrences of a component

Ind. Avg. number of occurrences
1 5.36
2 5.15
3 4.99
4 7.48

5.3.2.2 Component price

To determine the characteristics of the component price of the installed base, the breakdown
structure of the v is used and coupled to the price information provided by the system
integrator. For about 41% of the maintenance significant components a price was given by
the system integrator. In Table 5.4 the average component price, the Coefficient of Variance
(CV), the minimum price, and the maximum price are depicted. As one would expect the
average component price decreases along the indenture level. However, indenture level 4 is
an exception. The higher average component price for this indenture level is caused by the
high price of a lateral bumpstop which has a component price of e27.500 and does not have
a parent component for which a price is given.

5.3.2.3 Failure rate

The characteristics of the failure rate are based on the fmeca of the v, provided by the
system integrator. The rcm provided by the system integrator is not used, since maintenance
tasks are not coupled to components. However, since the fmeca is the most important source
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Table 5.4: Component price per indenture level (in euros)

Indenture level Avg. comp. price CV Minimum Maximum
1 35,000 1.9 40 325,000
2 3,000 3.0 40 110,000
3 500 4.7 40 30,000
4 2,000 3.4 10 27,500

for making the rcm, the failure intensity can be determined by the fmeca. The failure
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Figure 5.3: Histogram failure rate (based upon fmeca v) µ = 0.3 failures a year, σ =
0.38 failures a year

rates in the fmeca are defined for the highest-indenture components only, hereby the system
integrator assumes that a module never fails individually. In Figure 5.3, a histogram of the
failure rates for the highest-indenture components, is depicted. Only components that fail at
least once every ten years are taken into account. Maintenance engineers at nedtrain are
aware of the possibility that modules/components fail individually, as a result of accidents.
Therefore, they explicitly put them on the initial spare parts list, if applicable. Based on
an internal report from nedtrain, which investigates the probability of accidents for the
v, the probability that a complete component fails is determined. The probability that a
component(with subcomponents) fails individually is not significant. Therefore we do not take
it into account. The average failure rate for the components is 0.3 failures per year, meaning
that the mtbm is about 3.3 year.

5.3.2.4 Replacement time

The replacement time includes the time to isolate a failure and to exchange the corresponding
lru. The characteristics of the replacement times are based upon the v. The average
exchange times are determined based on the rcm, and estimates provided by maintenance
engineers from nedtrain. The average fault isolation time is an assumption based upon the
breakdown structure. In Table 5.5 the average replacement times in hours as a result of the
summation of the exchange and fault isolation time, are depicted. Given the construction
of rolling stock, it is possible that exchanging a component on indenture level i + 1, means
that first its corresponding parent component on indenture level i needs to be disassembled.
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To determine the probability that first a lower indenture module/component needs to be
disassembled, estimates are made by maintenance engineers from nedtrain. For the slt the
probability that a lower indenture component needs to be disassembled first is 0.1, and for the
v the probability that a lower indenture component needs to be disassembled is 0.2.

Table 5.5: Replacement times per indenture level (in hours)

Ind. Avg. replacement Avg. exchange Avg. fault isolation
1 2.09 2.09 0
2 0.76 0.26 0.5
3 2.05 0.05 2
4 4.08 0.08 4

5.4 Assumption validation

In this section the correspondence of the characteristics of nedtrain and the model presented
in Chapter 3, is discussed. We validate our model by checking whether the most critical
assumptions are in correspondence with the situation at nedtrain:

• Commonality: Commonality regarding components is present in both the v and
slt, however only for small non-maintenance significant components which are out of
scope anyway. Therefore, the assumption made by our model that there is no common-
ality, holds.

• Failure behavior: It is assumed that components fail according to a Poisson process
with a constant rate. Altough nedtrain mainly replaces components preventively,
the replacement of a specific component is unplanned because it is inspection based,
therefore it is unknown a-priori which parts need to be replaced. Furthermore, Ozkan
(2010, p. 7) shows that the majority of unplanned demand at nedtrain has a Poisson
distribution. Hence, the assumption that failures occur according to a Poisson process
is justified.

• Repair by replacement: A repair by replacement strategy is used by nedtrain at
the echelon levels within scope.

• Shipments: It is assumed that failed components are only moved stream upwards. This
assumption holds in the case of nedtrain without any exception. The assumptions that
no lateral transhipment or emergency shipments are performed is not true in the case of
nedtrain. However, both lateral and emergency shipments are rare and therefore the
influence of our assumption is negligible.

• Repair times: According to experts at nedtrain the assumption that repair times
are i.i.d. random variables is justified. Furthermore, data suggests that the repair times
are also independent from other characteristics.

• Planned lead times: Our assumption that repair lead times are planned is justified,
because nedtrain uses a planned lead time concept.
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• Base stock policy For the maintenance significant items within scope a base stock
policy is used by nedtrain. However, nedtrain does not always use an one-for-
one replenishment strategy instead for each component the economic order quantity is
determined (which could differ from one).

• Cold-redundant spare systems: The assumption that spare systems are cold-redundant
is valid in the case of nedtrain, because only systems that are required (i.e. the target
availability) are used.

5.5 Instance Generator

Using the characteristics of nedtrain shown in Section 5.3, instances are generated such that
the real-life situation at nedtrain is approximated. We present two instance generators. One
representing the repair network and installed base of a commuter train, such as the slt. The
other representing a high-speed line such as the v. However, most of the parameters of
the two types of instances are generated in the same way. Therefore, we will present it as one
instance generator and highlight the differences between the two instances.

The instance generator consist of both random and deterministic parts. For example, the
echelon and location structure are generated deterministically. The repair lead time is an
example of a randomly generated parameter. The random parameters are generated indepen-
dently from each other (e.g. when generating the failure rate, the instance generator does
not take into account the cost price of that component). This is justified, because almost no
correlation is found between the different parameters in the data.

In Table 5.6 an overview of the most important deterministic parameters for the two busi-
ness cases, is given. Because, the same indenture structure is used for the high-speed and
commuter train instance, both instances have the same number of components and indenture
levels. Furthermore, the number of echelon levels is the same, however the location structure
deviates, since the commuter train has two locations on the first echelon level. The target
availability for the high-speed train instance is 16 trains and 121 trains for the commuter train
instance. For all components with children the annual individual failure rate is set to zero.
The holding costs are set to 20% of the discard costs (new price) of a component.

Table 5.6: Deterministic parameters

Deterministic parameters High-speed train Commuter train
|C| 1503 1503
|I| 4 4
|E| 3 3
|Le| 1;1;1 1;1;2
T 16 121

mc, ∀c ∈ C | Γc 6= ∅ 0 0
hcc vcc,1,discard · 0.2 vcc,1,discard · 0.2

The random parameters are generated based on pdfs which are obtained by fitting distribu-
tions on the data. The goodness of fit criterion X 2 is used to select the distributions. The
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possible distributions are: the exponential, gamma, triangular, uniform and weibull distribu-
tions. In Table 5.7 the random parameters and their fitted distributions are presented.

Table 5.7: Random parameters

Random parameter High-speed train Commuter train
vcc,1,discard exp(34,596) exp(11,532)
vcc,e,repair Γ(1.94; 0.24) · vcc,1,discard Γ(1.94; 0.24) · vcc,1,discard

mc, ∀c ∈ C | Γc = ∅ Γ(1.85; 0.17) Γ(1.85; 0.17)
Kc [indenture level] (hrs.) exp([2.09;0.76;2.05;4.08]) exp([2.09;0.76;2.05;4.08])

vcc,e,move U(5; 45) U(5; 45)
Repair lead time (days) exp(21.82) exp(21.82)
Supplier lead time (days) Γ(2.16; 31.08) Γ(2.16; 31.08)

Furthermore, a sensitivity analysis is performed by varying the random parameters. Instead
of changing the parameters directly we scale the pdfs. In Table 5.8 the parameters we vary
by scaling them are depicted.

Table 5.8: Experimental settings: Varied parameters (the default values are marked with
an ∗)

Factors Values
Frepair costs 0.8; 1∗; 1.2
Fsystem cost 0.8; 1.5∗; 2
Ffailure rate 0.5; 1∗; 2

Fcomponent costs 0.8; 1∗; 1.2
Ftransport costs 0.5; 1∗; 2
Frepair capabilities 0; 1∗

Fholding costs 0.5; 1∗; 2;

The parameters are generated as follows:

• Echelons and locations: The repair network is not randomly generated, instead we
use the echelon structure as presented in Section 5.3.1. For an overview of the number
of locations see Table 5.1. Recall, that the locations structure for the high-speed and
commuter instance deviate.

• Capabilities: For 90% of all components capabilities are required to repair them. We
randomly assign repair capabilities to components based upon a probability of 0.9.
Therefore we consider one repair capability, for which the fixed costs of installing it
is set to e35 million per location for locations at the first and second echelon. In the
case of the commuter train repair network this means that installing repair capabilities
at the first echelon costs e70 million, because of the two locations present at this echelon
level. In the sensitivity analysis the factor Frepair capabilities is set to 0, representing the
case that no capabilities are required.

• Breakdown structure: Based upon the number of components per indenture level,
as shown in Table 5.2, we generate a breakdown structure. Regarding the indenture
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structure no significant differences between a commuter train and high speed train exists.
Therefore, for both instances the breakdown structure mentioned is used. The number
of occurrences of a component are generated based on exponential distributions as a
function of the indenture level. In Table 5.3 the mean value for each indenture level we
use to generated random numbers is depicted.

• Component prices: Since, components within the breakdown structure have a parent-
child relationship, their component costs can not be generated as an i.i.d. random vari-
able. Therefore, we only use the distribution of component prices for the first indenture
level. The fitted exponential distribution on component prices for the first indenture
level is depicted in Figure E.1 in Appendix E. The mean parameter of the exponential
distribution turns out to be e34,596 (note that this value is the same as the average
component price depicted in Table 5.4 although the latter is rounded). As can be seen
in the figure, a small number of components has a price higher than e150,000. Typ-
ically these are the main transformer, the trailer bogie, and the motor bogie. Since
these components are always present, we explicitly take these components into account
when generating the instance. Hence, the component prices for these components are
not randomly generated. In the sensitivity analysis the component prices are linearly
scaled by the factor Fcomponent costs, where a higher factor means higher component costs.
For the commuter train, we assume that the maintenance significant sub-systems (first
indenture components) represent a value of e5 million per system. For the high-speed
train, we assume that the maintenance significant sub-systems represent a value of e15
million per system. The system costs for both instances are generated by computing
the sum of all maintenance significant sub-system costs and multiplying them with a
factor Fsystem cost = 1.5. Hence, we assume that the commuter train costs e7.5 million
and the high-speed train costs e22.5 million. As a result of the system cost factor, the
non-maintenance significant components are also taken into account. In the sensitivity
analysis the factor Fsystem cost is set to 0.8 to represent the case that it is cheaper to ac-
quire a complete system compared to acquiring all maintenance significant components.
Vice versa, by setting the factor Fsystem cost to 2 we represent the case that acquiring
a system is twice the price of all maintenance significant components. The component
costs for the second and higher indenture levels are determined recursively. Starting at
the second indenture level, the cost of the parent component is decomposed to the child
components. Hereby three options exists:

(i) The sum of child components costs is equal to the cost of the corresponding parent,
with a probability of 0.5. Hence, the average child component price is computed
directly by dividing the parent component cost by the number of children.

(ii) The sum of child components costs is higher (with a factor between 1.05 and 1.15)
than the cost of the corresponding parent, with probability of 0.25. As a result,
we compute the average child component price but multiply this with a random
number from the uniform distribution U(1.05; 1.15).

(iii) The sum of child components costs is lower (with a factor between 1.05 and 1.15)
than the cost of the corresponding parent, with probability of 0.25. As a result, we
compute the average child component price but divided this with a random number
from the uniform distribution U(1.05; 1.15).
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Next, using a random number generator based upon the pdf of an exponential distribu-
tion, with a mean set to the average component price, component prices are randomly
generated.

• Failure rate: As mentioned in Section 5.3.2.3, it is assumed that only highest indenture
components fail. Using the data presented in Figure 5.3, a gamma distribution is fitted
on the failure rates. The fitted distribution is depicted in Appendix E in Figure E.2.
The gamma distribution turns out to have the following parameters: Γ(1.85; 0.17). Each
components failure rate is randomly drawn from this distribution. In the sensitivity
analysis the failure rate is linearly scaled with factor Ffailure rate, where setting this factor
to 2 represent the case that the failure rate is double the default rate and vice versa
setting this factor to 0.5 represents the case that the failure rate is halve the default
rate.

• Replacement time: The replacement times are generated as a function of the indenture
level. An exponential distribution is fitted to the replacement time as a function of the
indenture level. The mean values of the replacement time for each indenture level are
given in Table 5.5. Using a random number generator based upon the pdf of the
exponential distribution for a specific indenture level, replacement times are randomly
generated. Furthermore, for components with an indenture level higher than one, we
randomly add the replacement time of its corresponding parent on the first indenture
level, based on a probability. The probability for the commuter train instances is 0.1
and for the high speed instances this probability is 0.2.

• Repair costs and times: The repair costs characteristic is determined by means of the
fraction of the new price. Repair costs for childless components are randomly generated
by multiplying the new price of a component by this fraction. A gamma distribution is
fitted to the repair costs fraction, which is depicted in Figure E.3 in Appendix E. The
gamma distribution turns out to have the following parameters: Γ(1.94; 0.24) (i.e. the
fraction can be higher than 1, meaning that repairing a component is more expensive
than discarding it). The repair costs for other components is set equal to the weighted
average (based on the arrival rate) of the replace costs of its children: vcc,e,repair =∑

b∈Γc

λb
λc
· rcb ·Frepair costs. Where, the variable Frepair costs is set to 1 in the default case,

thereby assuming that the repair and replacement path have the same costs. In the
sensitivity analysis the factor Frepair costs is set to 0.8 to represent the case that repairing
a component by replacing its failed child in the repair shop is cheaper than replacing
this failed child from the system directly. Vice versa, by setting the factor Frepair costs
to 1.2 we represent the case that its more efficient to replace the failed child component
from the system compared to repairing its parent by replacing the child in a repair shop.
The mean repair times for the childless components are randomly generated based on
an exponential distribution, which is fitted on nedtrains repair shop lead times. The
fitted exponential distribution is depicted in Appendix E in Figure E.4, and turns out
to have a mean value of 21.82 days.

• Supplier lead times: Based upon the histogram depicted in Figure 5.1, a gamma
distribution is fitted, which is depicted in Appendix E in Figure E.5. The gamma
distribution turns out to have the following parameters: Γ(2.16; 31.88).
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• Holding costs: Based upon the component price and an interest rate of 20%, for
each component the holding costs are computed. The holding costs are the same at
each location. The interest rate of 20% represents the depreciation of the spare parts
(capex) and the cost to store the spare parts (opex). In the sensitivity analysis the
factor Fholding costs is used to linearly scale the holding costs, where a higher factor means
higher holding costs.

• Transport costs: The transport costs are randomly generated for each component
based upon an uniform distribution with parameters: U(5; 45). In the sensitivity anal-
ysis, the transport costs are linearly scaled by the factor Ftransport costs, where a higher
factor means higher transport costs.

5.6 Experiments

In this section, we discuss the experiments conducted using our instance generator and math-
ematical model, thereby solving the business case from nedtrain. The motivation behind
the experiments is twofold: (a) we want to asses the performance of the two heuristics (Sec-
tion 4.3), and (b) we want to solve the business case of nedtrain and gain managerial insights.
Regarding the performance of the two heuristics, we want to examine:

(i) How the iterative procedure performs in case of heuristic 1 compared to the sequential
procedure.

(ii) How the iterative procedure performs in case of heuristic 2 compared to the sequential
procedure.

(iii) How the first heuristic performs compared to the second heuristic.

Regarding the business case we want to gain insights on:

(iv) How the logistic support system of a high-speed train should be designed.

(v) How the logistic support system of a commuter train should be designed.

(vi) Which parameters are crucial while designing the logistic support system.

In Section 5.6.1, first the experimental settings are discussed. Next, in Section 5.6.2 the results
of the experiments are presented.

5.6.1 Experimental settings

In order to determine the performance of the heuristics, all experiments are solved using
heuristic 1 and heuristic 2. All instances are solved by the iterative procedure, and thus also
the sequential solution for each instance is known (i.e. the first iteration in the iterative pro-
cedure is also the sequential solution). As a result of this experimental setup, we are able to
answer questions (i)-(iii).

To solve the business case and in order to gain managerial insights, experiments are generated
using our instance generator discussed in Section 5.5. In addition to the default scenario we
perform a sensitivity analysis by scaling (see Table 5.8) certain parameters. For each scenario,
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we randomly generated five different instances. We use the same five seeds for our random
number generator for each scenario. As a result we are able to compare instances from differ-
ent scenarios directly.

In Table 5.9, the scenarios, their factors, and the number of instances generated and solved for
both the high-speed and commuter train experiments is presented. For the high-speed train
all instances are solved. However, for the commuter train it was not possible to solve all 70
instances. The scenario that the failure rate is twice the default cannot be solved at all for
the commuter train, because the spare parts stocking problem requires more memory than
allowed in a 32-bits Windows environment. Although, in all other cases always a sequential
solution is found, in some sensitivity scenarios for the commuter train, cplex was not capable
of solving the lru-definition and lora in the iterative procedure. However, for all scenarios
except the scenario that the failure rate factor is 2, at least two instances are solved. As a
result we are still able to draw conclusions for these scenarios in our sensitivity analysis.

Table 5.9: Experiment scenarios (number of instances solved/number of instances)

Scenario Factor High-speed train Commuter train
Default - 5/5 5/5

Repair costs 0.8 5/5 5/5
Repair costs 1.2 5/5 5/5
System costs 0.8 5/5 5/5
System costs 2 5/5 4/5
Failure rate 0.5 5/5 5/5
Failure rate 2 5/5 0/5

Component costs 0.8 5/5 5/5
Component costs 1.2 5/5 5/5
Transport costs 0.5 5/5 5/5
Transport costs 2 5/5 4/5

Repair capabilities - 5/5 5/5
Holding costs 0.5 5/5 4/5
Holding costs 2 5/5 2/5

Total 70/70 59/70

5.6.2 Results

In this section we present the results of our experiments. First, we discuss the performance of
the heuristics, and next we discuss the results regarding the business case.

Remark 5.1 Higher and lower lru-definition
When discussing the results regarding lru-definition, we will use the terms higher and lower
lru-definition. With a higher lru-definition is meant that higher indenture components
are defined as lru. Vice versa, with a lower lru-definition is meant that lower indenture
components are defined as lru.

5.6.2.1 Performance heuristics

In this section we present our findings on the performance of the two heuristics:
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• Sequential versus iterative: In 60% of the default instances the sequential solution
already results in the best solution found. In other terms, the iterative procedure in 40%
of the default instances finds a better solution compared to the sequential procedure.
Remarkably, the sequential solution always finds the best solution in the high-speed train
business case, and thus the iterative procedure does not further improve the solution
obtained by the sequential procedure. In case of the commuter train instance, in 80% of
all instances the iterative procedure finds a better solution than the sequential procedure,
with an average cost reduction of 8.8% and a maximum reduction of 23.03%. The
sequential performs good, because based upon the replacement and repair costs, almost
the highest indenture components are defined as lru in the lru-definition and lora.
Defining the highest indenture components as lru does result in the lowest possible
spare parts holding costs, because of the low holding costs of these components. In the
commuter train instances the iterative procedure finds a higher lru-definition compared
to the sequential procedure, resulting in lower spare parts holding costs. Furthermore,
in one instance the most efficient solution found has a lower lru-definition resulting in
a reduction of spare systems. As a result of taking into account holding costs in the
lru-definition and lora, the iterative procedure finds 3.5% lower costs on average.

• Solutions: In all default instances, heuristic 1 finds the most efficient solution. In Ta-
ble 5.10 the average costs obtained by heuristic 1 and 2 in the high-speed and commuter
train instances is given. Because the sequential procedure obtains the best solution in
the high-speed train instances, and because taking into account the number of spare sys-
tems in the lru-definition and lora as done by heuristic 2 does not result in a different
solution, heuristic 1 and 2 have the same objective value. However, in the commuter
train case the iterative procedure obtains better solutions than the sequential procedure.
Heuristic 1 and 2 find different solutions, since they update their variables differently
in the iterative procedure. On average heuristic 1 finds 2.3% lower costs compared to
heuristic 2 in the commuter train instances. The solution from the iterative procedure
in case of heuristic 1 has a slightly higher lru-definition resulting in lower spare part
costs compared to the sequential solution. In the scenario where the repair capabilities
are left out, in case of the commuter train, heuristic 2 is performing better than heuristic
1. However, in all other instances heuristic 1 is performing significantly better, because
heuristic 1 also updates the replacement costs where heuristic 1 does not. By adding
the spare systems holding costs to the replacement costs, other lru-definition become
more interesting, therefore heuristic 1 in the iterative procedure does find more different
and efficient lru-definitions.

• Computation time: Although heuristic 1 more often finds a beter solution in the
iterative procedure than heuristic 2. On average both heuristics require the same amount
of iterations, because heuristic 2 requires more iterations in case that it finds its best
solution in the iterative procedure. Solving the lru-definition and lora problem for
the default high-speed instances with cplex, on average takes 5.5 seconds in the first
iteration for heuristic 1, and 6.02 seconds for heuristic 2 in the first iteration. For the
default commuter instances, it on average takes cplex 4.2 seconds to solve in the first
iteration for heuristic 1 and 6.0 seconds in the first iteration for the heuristic 2. The
computation time is dominated by the spare parts stocking problem. For the high-speed
train case where the cumulative failure rate of the system is 1000 it takes about 10
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minutes to solve the spare part stocking problem in the first iteration. In the case of
the commuter train where the cumulative failure rate of the system is 7,563 it takes
about 25 minutes to solve the spare part stocking problem in the first iteration. In
iterations two and higher, the computation time of the lru-definition and lora, and
the spare parts stocking problem vary. In Figure 5.4, the computation time for multiple
iterations for a single commuter-train instance required by cplex to solve the lru-
definition and lora is depicted. Remarkably, after the first iteration heuristic 1 requires
more computation time than heuristic 2. For the same commuter-train instance, in
Figure 5.5 the computation time of the spare parts stocking problem is depicted. The
computation time in the spare parts stocking problem for heuristic 1 is stable, where
this is not the case for heuristic 2. The higher computation time of heuristic 2 is caused
by a lower lru-definition leading to more indenture levels compared to the higher lru-
definition of heuristic 1. All computation times are obtained using an Intel Core2Duo
E6550 @ 2.33 Ghz processor and 4.0 Gb. of ram, running on Windows 7.

• Solvability lru-definition and lora: As a consequence of the iterative procedure
parameters used by the lru-definition and lora are updated at the end of each iteration.
Updating these parameters does not mean that at each subsequent iteration lower costs
are obtained (i.e. the heuristics do not have to converge). Considering that the problem
is np-hard, updating parameters and increasing them did result in instances (in the
commuter train sensitivity analysis) which could not be solved by cplex because of
memory problems.

• Memory spare parts stocking problem: The memory required for the spare parts
stocking problem is mainly determined by the number of ebo-curves and points on
the curve that need to be constructed. The number of points on an ebo-curve for
a certain component is mainly determined by the demand and repair lead time. In
case of a multi-echelon instances for each convex point on an ebo-curve for a certain
echelon level, another complete ebo-curve needs to be constructed at a lower echelon
level. Furthermore, for each convex point on an ebo-curve for a certain indenture level,
another complete ebo-curve needs to be constructed at a lower indenture level. Hence,
the memory requirements of the spare parts problem does dramatically increase with
the number of echelons and indenture levels. Even tough our implementation model is
such that the memory requirements are minimized (see Appendix C), in the commuter
train instance (with an installed base of 121 train) our implementation model almost
needed the maximum memory possible.

Table 5.10: Best solution heuristic 1 versus heuristic 2 (in euros)

Heuristic 1 Heuristic 2
High-speed train 10,965,491 10,965,491
Commuter train 15,027,357 15,374,995

5.6.2.2 Business case: High-speed train

In Table 5.11 the cost results from the best solutions found for the high-speed train busi-
ness case are depicted. We distinguish a case in which lrus are freely defined and a case
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Figure 5.4: Computation time cplex, iterative procedure
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Figure 5.5: Computation time spare parts stocking problem, iterative procedure

in which all first indenture components are defined as lru. In case that the lru-definition

Table 5.11: Best solution high-speed train logistic support system (in euros)

Cost Factor Free 1st indenture
Repair 2,695,583 2,974,991

Replace 191,707 102,367
Resource - 3,500,000

Spare parts 4,645,218 15,650,277
Spare systems 3,432,984 3,432,984

Total 10,965,491 25,660,619

is free, the annual costs are e10,972,646 mainly existing out of e2,695,583 repair costs and
e8,085,356 holding costs. When defining all first indenture components as lru the annual
costs are e25,660,619. Hence, defining lrus freely decreases costs with 57% compared to
defining first indenture components as lru. The holding costs in case of defining first inden-
ture components as lru are e19,083,261. The holding costs are high because first indenture
components are expensive compared to the highest indenture components. Furthermore upon
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failure of a system, a first indenture component (lru) is replaced from the system, and next,
the second indenture component (sru) is replaced from the first indenture component, and
so on until the fourth indenture component is repaired directly. As a result of defining first
indenture components as lru, the annual replacement rate is larger than zero for all compo-
nents. Therefore, significantly more components need to be stocked. Defining first indenture
components as lru does result in significant higher total costs, and therefore this option is
not further discussed in this section.

• lru-definition and repair/discard-decision: In Table 5.12 the average and standard
deviation of the number components defined as structure part, lru and sru are shown.
Of the 1,503 component present in the indenture structure, 332 components are defined
as structure part. Obviously no repair/discard-decision is made for the structure parts.
On average 1,000 components are defined as lru, and 141 components are defined as sru.
Because of the lru-definition the lru-indenture structure almost is single-indenture.

Table 5.12: lru-definition and repair/discard decision high-speed train, average number of
components and (standard deviation)

Amount Repaired Discarded
Structure parts 332 (13.6) - -

lrus 1000.4 (15.7) 686.4 (13.3) 314 (12.53)
srus 14.4 (4.3) 7.8 (3.3) 6.6 (2.6)
Total 1503 694.2 (17.6) 320.6 (12.8)

• Level of repair: In Table 5.13 the number of repairs and discards on echelon level are
given. Of the 994 components that are repaired 600 (86%) are repaired at the third
echelon level, and 94 components (14%) are repaired at the first echelon. This later
group of components does not require repair capabilities. If a component is discarded
this done at the first echelon. Meaning that no components are shipped to the third
echelon to be discarded, which is logically since the costs to discard a component is equal
at all echelon levels. However, it could be that a component with child components is
shipped to the third echelon to be repaired, and that one of its child components is
discarded at the third echelon. Since, the lru-definition is such that the lru-structure
is almost single-indenture, a solution where child components are discarded at the third
echelon is not observed in any of our instances.

• Spare parts: In Table 5.14 the annual holding costs associated with the spare parts
for lrus and srus on location level is presented. Most lrus are stocked at location
3 (59%), and furthermore a significant amount of lrus is put on stock at location 1
(41%). Given that there are only 14 maintenance significant srus, almost no srus are
stocked. Some srus are stocked at the first echelon because they do not require repair
capabilities. In Figure 5.6 the availability curve for five high-speed train instances is

1According to te lru-definition there are 171 srus, however 156 of these srus are not repaired or discarded
because their parent component is already discarded
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Table 5.13: Level of repair/discard high-speed train, average number and (standard devia-
tion)

Ech. Repaired Discarded
1 94.4 (6) 320.6 (13.5)
2 0 (0) 0 (0)
3 599.8 (16.1) 0 (0)

depicted. The differences between the instances are caused by different failure rates and
component prices. Instance 1, for example, has the highest annual cumulative failure
rate of all instances, and therefore more spare parts are required compared to other
instances. The overshoot obtained by the marginal analysis of the average availability
is 0.15%.

Table 5.14: Annual spare part stocking holding costs high-speed train (in euros)

Location 1 (ech. 3) Location 2 (ech. 2) Location 3 (ech. 1)
lrus 1,884,506 1,849 2,719,707
srus 760 0 6,978
Total 1,885,266 1,849 2,726,685

• Spare systems: Remarkably, only one system is required even though the lru-definition
is such that the replacement lead times are high compared to defining all first indenture
components as lru.
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Figure 5.6: Availability curve: installed base approach high-speed train (s0 = 1)
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5.6.2.3 Business case: Commuter train

In Table 5.15 the cost results from the best solutions found for the commuter train business
case are shown. We distinguish a case in which lrus are freely defined and a case in which
all first indenture components are defined as lru. In case that the lru-definition is free, the

Table 5.15: Best solution commuter train logistic support system (in euros)

Cost Factor Free 1st indenture
Repair 8,062,996 10,488,789
Replace 1,498,424 837,365

Resource - -
Spare parts 1,368,695 15,935,227

Spare systems 4,097,242 3,720,936
Total 15,027,357 30,982,317

annual costs are e15,027,357 mainly existing out of e8,062,996 repair costs and e4,097,242
spare systems holding costs. Although, defining all first indenture components as lru requires
less spare systems, the total annual costs are e30,982,317. Hence, defining lrus freely results
in a cost reduction of 52% compared to defining first indenture components as lru. The high
costs of defining first indenture components as lru are mainly caused by the high spare parts
holding costs. When defining first indenture components as lru, there will be demand to
all components in the indenture structure and more spare parts are required. Furthermore,
first indenture components are relatively expensive to put on stock. Clearly, defining first
indenture components as lru does result in significant higher costs, and therefore this option
is not further discussed in this section.

• lru-definition and repair/discard-decision: Table 5.16 shows the lru-definition
and repair/discard-decision of the best solutions found. Of the 1,503 component present
in the indenture structure, 522 components are defined as structure part. Obviously
no repair/discard-decision is made for the structure parts. On average 978 components
are defined as lru, and 32 as sru. Of the 978 lrus 556 (56.8%) are repaired and 443
(43.2%) are discarded. Given that there are only 3 srus on average, the lru-indenture
structure is almost single indenture. In the iterative procedure both a higher and lower
lru-definition are made compared to the sequential procedure. A lower lru-definition
in one of the five default instances led to a decrease of the number of spare systems,
resulting in annual costs savings of e4,274,903 (23%). In three out of five instances,
a higher lru-definition was made compared to the sequential solution by the iterative
procedure. The higher lru-definition on average led to a decrease of spare parts holding
costs resulting in annual costs savings of e208,903 (1.6%).

• Level of repair: In Table 5.17 the number of repairs and discards on echelon level
are given. Of the 557 components that are repaired 473 (85%) are repaired at the third
echelon level, 8 components (1%) are repaired at the second echelon, and 76 components

2According to the lru-definition there are 181 srus, however 178 of these srusare not repaired or discarded
because their parent component is already discarded.
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Table 5.16: lru-definition and repair/discard decision commuter train, average number of
components and (standard deviation)

Amount Repaired Discarded
Structure parts 521.5 (42.9) - -

lrus 978.25 (45.5) 555.75 (21.7) 422.5 (36.1)
srus 3.25 (4.6) 1.5 (3) 1.75 (1.7)
Total 1503 557.25 (21) 424.25 (34.7)

(14%) are repaired at the first echelon. The later two groups of components do not
require repair capabilities. Repairing 8 components at the second echelon is not optimal,
but as a result of our iterative procedure such a solution may be the best one found. Of
the 424 components being discarded, 393 components (92%) are discarded at the first
echelon, 22 components (5%) are discarded at the second echelon, and 10 components
(2%) are discarded at the third echelon. Discarding components at the second and third
echelon level does not make sense, with the exception that the parent component is
repaired at these echelon levels. However, this is not the case in any of our instances.
Again, the iterative procedure is the cause of these counterintuitive results and discarding
these components at the first echelon level would reduce the annual costs (i.e. the
transport costs of these 32 components are eliminated).

Table 5.17: Level of repair/discard commuter train, average number and (standard devia-
tion)

Ech. Repaired Discarded
1 76 (15) 392.5 (53)
2 8 (5.6) 22.25 (13)
3 473.25 (15.2) 9.5 (6.5)

• Spare parts: In Table 5.18 the annual holding costs associated with the spare parts
for lrus and srus on location level is presented. Most lrus are stocked at echelon 1
(65.6%), and furthermore a significant amount of lrus is put on stock at location 1
(23.82%). Given that there are only 3 maintenance significant srus, almost no srus
are stocked. In Figure 5.7 the availability curve for five commuter train instances is
depicted. The overshoot obtained by the marginal analysis of the average availability is
0.0035%.

Table 5.18: Spare part stocking holding costs commuter train (in euros)

Loc. 1 (ech. 3) Loc. 2 (ech. 2) Loc. 3 (ech. 1) Loc. 4 (ech. 1)
lrus 326,016 51,790 449,064 448,789
srus - - - 24
Total 326,016 51,790 449,064 541,825

• Spare systems: In all instances the most efficient solution is to install two spare systems
at both operating sites. The two spare systems on each operating site is also the lower
bound on spare systems required.
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Figure 5.7: Availability curve: installed base approach commuter train (s0 = 2, ∀l ∈ L1)

5.6.2.4 Sensitivity analysis

In this section we present our findings from the sensitivity analysis performed on the high-
speed train and commuter train experiments.

• Repair costs: Setting the repair costs factor to 1.2 does not change any decision
significantly for both the high-speed and commuter train instances. Also, setting the
repair factor to 0.8 does not change any decision significantly for the high-speed train
instances. The lru-definition of the commuter train becomes slightly lower when the
repair factor is set to 0.8 compared to the default.

• System cost: There is no change in decisions due to a higher or lower system cost
value.

• Failure rate: When the failure rate factor is set to 0.5 or to 2, decisions regarding
lru-definition and lora do not change compared to the default factor of 1. However,
the required number of spare parts increases with 14%3 in case of a failure rate factor
of 2, and decreases with 21% in case of a failure rate factor of 0.5.

• Component cost: Virtually no decisions are changed when changing the component
cost factor. Remind that the repair and discard costs are both coupled to the compo-
nent costs, therefore it is logical that no decision regarding the repair/discard decisions
change.

• Transport costs: In case of the high-speed train business case, when doubling the
transport costs, the number of components which is moved from the first to third echelon
level (in order to be repaired) is reduced with 9.6%. This reduction is realized by a

3For the commuter train instances it was impossible to set the failure rate factor to two, because of memory
limitations. Therefore, the 14% is based upon the high-speed instances only
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slightly different lru-definition, but mainly by discarding 19% more components. Since,
the replenishment lead times in general are higher than the repair lead times, slightly
more spare parts are required as a result of discarding more components. The total
annual costs as a result of double transport costs only increase with 0.6%. When the the
transport costs are halved in the high-speed business case, the lru definition stays the
same, but 9% less lrus are discarded. As a result also 9% more lrus are shipped to the
third echelon where they are repaired. The costs only decrease with 0.1% as a result of
halving the transport costs. In the commuter train instance, doubling the transport costs
leads to a reduction of 15% of components shipped to the third echelon. This reduction
is realized by defining lower indenture components as lru thereby reducing the number
of lrus. Furthermore, the number of components being repaired is decreased with 12%
and the number of components being discarded is increased with 14%. The costs only
increase 0.27% as a result of doubling the transport costs. When halving the transport
costs in the commuter business case, the lru-definition becomes higher, resulting in
more lrus. The number of components shipped to the third echelon level is increased
with 16%. In total 13% more components are repaired and 14% less components are
discarded. The costs decrease 1.3% as a result of halving the transport costs.

• Repair capabilities: In case of the high-speed business case, when leaving out the
repair capabilities almost all repairs are performed at the first echelon. As a result of
the iterative procedure in two out of five instances, a solution is found where also repairs
are performed at the third echelon. Obviously this is not optimal, however it is the
most efficient solution found by the iterative procedure. As a result of leaving out the
repair capabilities 9% more components are repaired. Furthermore, spare part costs are
reduced with 13% as a result of repairing at the first echelon because of no shipment
(lead times) and because repair lead times are shorter than replenishment lead times
(i.e. fewer components are discarded). As a result of leaving out the repair capabilities,
the total costs for the high-speed train instance decrease with e533,858 (4.7%), which is
significantly less than the repair capability costs of e3.5 million. When leaving out the
repair capabilities in the commuter train instance, a somewhat lower lru-definition is
made compared with the default case, resulting in a 2% decrease of lrus. Furthermore,
14.7% more components are repaired and 26.6% fewer components are discarded. As
a result the total costs decrease with e1,701,573 (11.3%), caused by a reduction of the
repair costs of 20% and a reduction of 13.4% on spare parts costs. Obviously, installing
repair capabilities in the commuter train case is not optimal given the annual cost of e7
million and cost reduction of only e1,701,573.

• Holding costs: Setting the holding costs factor to 2 or to 0.5, does not result in
a different lru-definition or lora decision in case of the high-speed train (i.e. the
sequential solution is the best solution found). In case of the commuter train, setting
the holding costs factor to 0.5 results in a slightly lower lru-definition, and setting the
holding costs factor to 2 does result in a slightly higher lru-definition. Obviously the
spare parts stocking solution is not influenced by the holding costs factor, since the
holding costs for all components are increased with the same factor.
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5.7 Managerial insights

In this section, we will discuss the insights we gained during the business case from a man-
agerial perspective.

5.7.1 Data and information

As mentioned in Section 5.1, gathering the required data is a troublesome process, because of
the large number of stakeholders involved. However, for both the slt and the v a large
amount of data was provided by the system integrators. The data provided by the system
integrators for the slt and v are:

• Breakdown structure

• Failure Mode and Criticality Analysis (fmeca)

• Reliability Centered Maintenance (rcm)

In general there is no coupling between the breakdown structure, fmeca, and rcm. This
means that there is no (unique) component identification in both the fmeca, and rcm so
that the failure mode/maintenance task can be related to a component. The relationship be-
tween a failuremode/maintenance task now has to be made via textual information or expert
knowledge, hence this is a complex and time consuming process. Furthermore, the data of the
slt is not at system level but at subsystem level (oem-level). As a result, the gathering and
coupling of data becomes even more complex and time consuming. In the defense industry,
logistic and logistic related data is stored in a so-called Logistic Support Analysis Record
(lsar) (Jones, 2006). In Figure 5.8 the structure of a lsar, which is a relational database, is
depicted. The starting point of a lsar is a Computer Aided Design (cad), combining the cad
with a reliability prediction, an fmeca is generated. Based upon this fmeca, a preventive
maintenance program (rcm) is defined. The maintainability prediction, fmeca, and rcm,
are the sources of the lsar. Compared to the situation of nedtrain, the lsar-framework
explicitly couples the different entities. The relationships between the different logistic and
logistic related data results in a relational database, where such relational database is not used
by either the system integrator nor by nedtrain. Furthermore, the lsar contains all data
from the physical support analysis process. Hence, data such as repair-times, exchange-times
and required capabilities is present, where in the case of nedtrain, this data is only present
at a high abstract level.

Note that in contrast to what the lsar-framework from Jones (2006) implies, in our model,
the lora and spare parts problem are solved as an integral problem. The results of the lora
and spare part stocking optimization are stored in the lsar. As a result the required spare
parts, tools & support equipment, facilities can be determined. Furthermore, the lcc can be
computed based on all the data stored in the lsar. In the case of nedtrain, the lcc are
calculated using information of the fmeca, and the rcm, hereby the spare part costs, the
tools & equipment costs, and facilities costs are not taken into account.

5.7.2 lru-definition

Based on the results from our experiments, the current paradigm to define first indenture
components as lru is not cost optimal. Instead, we obtain lru-definitions such that mainly
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Figure 5.8: lsar common-source database (Jones, 2006)

highest indenture components are defined as lru. Compared to defining first indenture compo-
nents as lru the lru-definition obtained by our mathematical model result in 54% lower costs.

Given that the downtime costs for capital goods are high, the replacement time is one of the
criteria to define lru. In our business case we found out that the time to replace a component
decreases along the indenture level from the first indenture level to the highest indenture level
(i.e. replacing a sub-subsystem occupies more time than replacing a part). However, the
time to isolate a failure increases along the indenture level. In Figure 5.9 a graph is depicted
showing the relationship between the indenture levels and mean replacement time. Obviously,
based on the replacement time one would define second indenture components as lru such
that the replacement time and costs are minimized.

In our experiments it became clear that even tough the replacement costs for second indenture
components are more than 80% lower than for fourth indenture components and the replace-
ment costs of third indenture components are more than 50% lower than for fourth indenture
components, still defining fourth indenture components as lru is more cost efficient. When
defining fourth indenture components as lru, the components only need to be replaced and
can be directly repaired somewhere in the repair network afterwards. Where in case of defining
second/third indenture components as lru, first the second/third indenture lru components
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Figure 5.9: Replacement time components as a function of the indenture level (in hours)

need to be replaced from the system and accordingly the failed sru components need to be re-
placed from the lru afterwards. Hence, the repair costs are higher when defining second/third
indenture components as lru compared to defining fourth indenture components as lru. Be-
sides, when taking into account the number of spare systems that need to be installed as a
result of the lru-definition, defining fourth indenture components in most cases is an efficient
solution. However, in some cases it could be that a slightly lower lru-definition (defining
some third indenture components as lru) reduces the number of spare systems required.

The spare parts holding costs also play an important role in defining lrus. When defining
first indenture components as lru, these relatively expensive components and all of their sru
subcomponents should be put on stock, resulting in high spare parts holding costs. When
defining the highest indenture components as lru only these relatively cheap components
need to be put on stock, resulting in low spare parts holding costs. Although our mathe-
matical model (via an iterative procedure) also takes into account the holding costs when
defining lrus, in the high-speed train business case the holding costs were not required to
obtain an efficient lru-definition. Instead, defining lrus based on replacement and repair
costs already resulted in an efficient lru-definition, and taking the spare parts holding costs
into account in the lru-definition did not change the lru-definition. This is the result of the
replacement and repair costs characteristics of the high-speed train that imply that defining
the highest indenture components as lru is efficient. Given the serial repair network of the
high-speed train, such lru-definition is also optimal from a spare parts perspective. In case
of the commuter train, the iterative procedure does result in better solutions compared to
the sequential procedure. Both higher and lower lru-definitions are found by the iterative
procedure compared to the sequential procedure. Where a lower lru-definition leads to lower
spare systems holding costs, and a higher lru-definition to lower spare parts holding costs.
On average taking into account the holding costs in the lru-definition results in 3.5% lower
costs compared to when not taking them into account.

Also the transport costs are an important factor in defining lrus. When the transport costs
are relatively high, it becomes more efficient to define lower indenture components as lru.
Defining lower indenture components means that there are fewer lrus that need to be shipped
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to a repair facility.

In summary, the most important managerial insights regarding lru-definition are:

• The paradigm to replace first indenture components upon failure of a system is far from
optimal and results in high replacement, repair and spare part holding costs.

• By taking into account the spare parts holding costs in the lru-definition on average
the total costs are 3.5% lower.

• In case of relatively high transport costs it is efficient to define lower indenture compo-
nents as lru such that the number of shipments is decreased.

5.7.3 Level Of Repair Analysis

Given the high investment required to install repair capabilities at a location (e3.5 million
annually) in both business cases it was found that repairing components at the third echelon
as currently is the practice at nedtrain is optimal. Installing capabilities at the first echelon
for the high-speed train, results in costs savings of e533,858 caused by a reduction of spare
parts holding costs, which is significantly lower than the investment required. In case of the
commuter train, installing capabilities results in costs saving of e1,701,573 caused by a re-
duction of repair and spare parts holding costs. However, given that there are two operating
sites for the commuter train, annual costs for having repair capabilities at the operating sites
are e7 million. Obviously, the current repair network of nedtrain is cost optimal.

Although on average repairing a component only costs 45% of discarding a component (ex-
cluding costs to move the component to the repair facility), on average 31.5% and 43.2% of the
components are discarded upon failure for the high-speed and commuter train respectively.
Noteworthy, almost all lrus with child components defined as sru are discarded upon failure,
such that almost no srus remain. For the commuter train more components are discarded
compared to the high-speed train, because the commuter train discard costs are lower com-
pared to the transport costs (remind that the repair and discard costs ratio is the same for
both business cases). When doubling the transport costs, on average 37.4% and 49.6% of the
components are discarded for the high-speed and commuter train respectively. In the case that
the transport cost are halve the default value, on average 26.2% and 36.4% of the components
for the high-speed and commuter train are discarded.

Discarding components leads to higher spare parts holding costs, since the average replenish-
ment lead time is higher than the average repair lead time. In the high-speed train business
case however, taking into account the spare parts holding costs in the lru-definition and lora
did not result in a better solution compared to not taking into account these costs. However,
in the commuter train business case taking into account the spare parts holding costs did
result in better solutions.

In summary, the most important managerial insights regarding lru-definition are:

• Given the high costs associated with installing repair capabilities, installing them at the
first or second echelon will not result in a decrease of costs.
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• On average 37% of the lru and sru components are discarded, hence taking into account
the discard option is relevant.

• The transport costs are an important cost factor while making the repair/discard deci-
sion.

5.7.4 Spare parts stocking and spare systems

As a result of the lru-definition and lora almost only lrus need to be put on stock, since
there are almost no srus.

For the high-speed train (v), the initial spare parts list of nedtrain implies that the an-
nual spare part holding costs will be around e3.5 million. Furthermore, three spare systems
are installed at the operating site, resulting in annual spare systems holding costs of e10.2
million. Hence, the total annual holding costs obtained by nedtrain are e13.7 million. Our
mathematical model (based upon vari-metric) finds a different solution than the engineers
and logistic experts from nedtrain. Only one spare system is installed at the operating site,
resulting in annual spare systems holding costs of e3.4 million. Compared to the solution
from nedtrain more spare parts are required, namely e4.7 million. Hence, we obtain total
annual holding costs of e8.1 million, which is e5.6 million fewer compared to the solution of
nedtrain.

For the commuter train (slt), our most efficient solution is to install two spare systems at
both operating sites, where six spare systems more are installed by nedtrain. The spare
parts stocking solution is such that the annual spare parts holding costs are only e1,392,020.
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Conclusion and recommendations

This project covers the design of a logistic support system for capital goods. In addition to
the literature we include lru-definition, replacement time and spare systems. This is done by
developing a mathematical model for the lru-definition, coupling this to the existing lora
formulation of Basten et al. (2009c), and extending vari-metric. The mathematical models
are implemented, and used to solve business cases of nedtrain, thereby gaining managerial
insights. In this chapter we draw conclusions and make recommendations from both a scientific
and practical perspective. First in Section 6.1 the conclusions are discussed and in Section 6.2
recommendations are made for both researchers and practitioners.

6.1 Conclusions

The conclusions based upon our research are:

• lru-definition: Based upon the results from our experiments, we have shown that the
addition of lru-definition (research question 2) and thus replacement time (research
question 3) leads to a new vision on which components to replace upon failure of a
system. From our experiments becomes clear that the current paradigm to define first
indenture components as lru is not the optimal policy and that defining the highest
indenture components results in 54% lower costs. Compared to defining the first in-
denture components as lru defining the highest indenture components as lru leads to
significantly lower spare parts holding costs.

• Level Of Repair Analysis: From the lora results, we conclude that the current de-
sign is determinative on where to repair components. This is due to the huge investment
required to install repair capabilities. Furthermore, our experiments suggest that about
37% of the components upon failure should be discarded.

• Spare parts stocking and spare systems: Instead of the supply availability, we
measure the operational availability (research question 3) in number of systems. Fur-
thermore, the introduction of the installed base, leads to more efficient solutions com-
pared to the system approach. The spare parts and spare systems holding costs should
be taken into account while defining lrus, because on average this results in 3.5% lower
costs with a maximum of 23%.
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• Large instances: Using our mathematical model and optimization procedure we have
solved two business cases. Both business cases can be classified as large instances. Hence,
we have shown that our model is capable of solving real-life large instances (research
question 4).

6.2 Recommendations

First in Section 6.2.1 we discuss the recommendations from a practitioners perspective. Next,
in Section 6.2.2 the recommendations from a scientific perspective are discussed.

6.2.1 Practitioner Recommendations

The recommendations made in this section, are for maintenance organizations in general and
sometimes are specific to nedtrain.

• Logistic Support Analysis Record: Currently, upon acquisition of new rolling stock,
data such as breakdown structures, fmecas, and rcms are delivered by the system inte-
grator to nedtrain. The data provided by the system integrators are detailed, however
the data-structure used is not optimal. Therefore, we recommend nedtrain to define
deliverables regarding the supply of data to the system integrators. As a framework the
lsar (e.g Jones, 2006) could be used. The essence of the lsar is that it is a relational
database where keys are used to explicitly model the relationship between components
and maintenance activities. As a result our model can be directly applied and deliver
cost efficient solutions regarding lru-definition, lora, and spare part stocking within
hours.

• lru-definition and lora: The current paradigm to define first indenture components
as lru is far from optimal, given the results of our experiments. Therefore, we recom-
mend nedtrain to define the highest indenture components as lru. Furthermore, we
recommend maintenance organizations to use our model to define lrus. Crucial param-
eters for the lru-definition are: the replacement, repair, discard, and transport costs.
Based upon these parameters an lru-definition and lora can be performed. To fur-
ther improve the lru-definition and lora decisions, one could also take into account
the spare parts and spare systems holding costs while performing an lru-definition and
lora.

• Spare part stocking: In general the decision on how many systems to install and how
many spare parts to stock is made separately. As a result of our work, it is possible to
solve these two subproblems in one, thereby minimizing the sum of spare parts and spare
systems holding costs. Therefore, we recommend maintenance organizations of capital
goods, to use our installed base approach instead of using an item or system approach.

6.2.2 Scientific Recommendations

In this section we present some recommendations for further research:

• Structure parts: We assume that the repair path between an lru and the highest
indenture component exist of srus only. As a result, lrus and srus need to be disas-
sembled step by step, while in reality it could be interesting to skip indenture levels and
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directly replace the highest indenture component from the lru. To represent the case
that indenture levels are ‘skipped’ while repairing an lru, we recommend to extend our
model such that components between the lru and highest indenture component may be
defined as structure part.

• Divergent network: Although we also dealt with a divergent network in the business
case, it could be that a broader divergent network (i.e. more than two locations on
the first echelon level) leads to a different lru-definition because of spare parts pooling
effects. In case of a larger number of operating sites it very well could be that by
defining lower indenture components as lru and stocking them centrally, the demand
to spare parts is pooled both from a component and location perspective. Therefore, we
recommend to use our model to solve instances with more locations on the first echelon
level with only one location at the second echelon level.

• Capacitated capabilities: In our model we assume that repair lead times are planned.
Although, maintenance companies such as nedtrain use planned repair lead time con-
cepts, other maintenance companies do not use planned lead times and therefore our
assumption could be invalid to them. Therefore, we recommend to extend our model
such that it takes into account capacitated capabilities. We know that regarding lora,
Basten et al. (2011b) allows for capacitated capabilities, and that regarding the spare
parts stocking problem also literature is available (e.g. Sleptchenko et al., 2002 and
Avşar and Zijm, 2000) on capacitated capabilities.

• Clustering: Given, that the repair by replacement strategy at nedtrain is such that
replacing multiple lrus is not clustered, we did not take clustering into account. How-
ever, extending our model with the option that it takes into account clustering, would
make it more general. Hence, we recommend to extend our model with the option to
cluster the replacement of multiple lru.

• Replacement at higher echelon levels: Currently, our model assumes that the
replacement of lrus is performed at the first echelon only. However, it could be that
because of expensive capabilities required to replace lrus, it is more efficient to replace
them more central at a higher echelon level.
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Notation

Input Type Meaning
C Set Components
Ci ⊂ C Set Components at indenture level i
Zc Integer Number of occurrences of component c in the system,

where Zi ≥ 1
Γc Set Direct subcomponents of component c
Φc Set Offspring of component c
I = {0, . . . , imax} Set Indenture levels, where imax > 0
E = {1, . . . , emax} Set Echelon levels, where emax > 0
L Set Locations
Le Set Locations at echelon level e
R Set Resources
Πl Set Child locations of location l
Ωr Set Set of all tuples (c, j)
Θl Set of operating sites supplied by location l either directly

or via offspring locations
Kc Real Replacement time (in years) of component c, whereKc ≥

0
mc Real Annual number of direct failures of component c, where

mc ≥ 0 for all components, and for the childless compo-
nents mc > 0

Tl Integer Target availability at location l (in number of systems)
T Integer Target availability entire installed base (in number of

systems)
vcc,e,d Real Variable costs if decision d is made at echelon level e for

component c, where vcc,e,d > 0
fcr,e Real Fixed costs for installing resource r at echelon level e,

where fcr,e > 0
rcc Real Replacement costs, where rcc > 0
hcc Real Annual costs of holding a spare part (c > 0) or spare

system (c = 0), where hcc > 0
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Auxiliary Type Meaning
D = {discard,repair,move} Set lora decisions
De Set Possible lora decisions at echelon level e
G = {lru, sru, structure part} Set lru-definition
J = {repair,replace} Set Maintenance tasks

Output Type Meaning
λc Real Annual replacement rate of component c (the rate with which

c and its offspring is replaced or repaired)
Zc,g Binary 1, if for component lru-definition g is chosen, 0 otherwise
ρc,g Real The rate with which component c is replaced (g = lru) or

repaired (g = sru)
Xc,e,d Binary 1, if for component c at echelon level e decision d is chosen, 0

otherwise
πc,e,d Real The rate with which for component c decision d is performed

at echelon level e
Yr,e Binary 1, if capability r is installed at echelon level e, 0 otherwise
Sc,l Integer The number of spare parts (c > 0) and spare systems (c = 0)

stocked at location l
ω Set The set of components defined as lru
BOc,l Real Number of back orders of component c at location l
EBOc,l Real Expected number of back orders of component c at location l
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Linearization IP

The objective function 4.1 contains two non-linear expressions. The first one is the multiplica-
tion of the individual arrival rate λc with Xc,e,d. The second expression which is non-linear is
the multiplication of λc with Zc,g. In both expressions, λc is a variable and Xc,e,d and Zc,g are
both decision variables. Hence, multiplication of these variables leads to a non-linear expres-
sion. To overcome this issue, we introduce two new variable, πc,e,d and ρc,g, where the former
is replacing the first non-linear expression and the latter is replacing the second non-linear
expression. Now the objective function becomes:

min
∑

c∈C

∑

e∈E

∑

d∈D
vcc,e,d · πc,e,d +

∑

r∈R

∑

e∈E
fcr,e · Yr,e +

∑

c∈C
rcc · ρc,lru (B.1)

Accordingly the following constraints are added:

πc,e,d ≤ λ′c ·Xc,e,d, ∀c ∈ C, ∀e ∈ E, ∀d ∈ D (B.2)

πc,e,d ≤ λc,∀c ∈ C, ∀e ∈ E, ∀d ∈ D (B.3)

πc,e,d ≥ λc − λ′c · (1−Xc,e,d), ∀c ∈ C, ∀e ∈ E, ∀d ∈ D (B.4)

πc,e,d ≥ 0,∀c ∈ C, ∀e ∈ E, ∀d ∈ D (B.5)

ρc,g ≤ λ′c · Zc,g, ∀c ∈ C, ∀g ∈ G (B.6)

ρc,g ≤ λc, ∀c ∈ C, ∀g ∈ G (B.7)

ρc,g ≥ λc − λ′c · (1− Zc,g), ∀c ∈ C, ∀g ∈ G (B.8)

ρc,g ≥ 0, ∀c ∈ C, ∀g ∈ G (B.9)

Now, Constraint 4.6 can be linearized as follows:

λ′c ≤ ρc,lru + πc,sru, ∀c ∈ C (B.10)
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Implementation ebo-curves using a
double linked list

The ebo-curves (see Section 4.2.1 for a description) in the implementation model are repre-
sented by two classes: point and curve. In Figure C.1, the two classes and their attributes
are depicted. Note that both the class point and curve contain pointers and form a double
linked list. In the case of the point class these pointers are used to connect the various effi-

POINT

-int component

-int location

-int EBO[]

-int VBO[]

-POINT* pHead

-POINT* pTail

-POINT* psecHead

-POINT* psecTail

CURVE

-int curveno

-POINT* pFirstPoint

-POINT* pLastPoint

-CURVE* pNextCurve

-CURVE* pPreviousCurve

* 1

Figure C.1: uml-diagram point and curve: representing the ebo-curves generated by
vari-metric using the marginal approach

cient points from the ebo-curve.

In Figure C.2 an example double linked list is depicted. The arrows indicated the pointers
pHead (pointing from left to right) and pTail (pointing from right to left). Using the pointers,
one can obtain the stock values without having to store an array with stock quantities for
each point. The second data-point, for example, represents putting one component on stock
at both location 2 and 3. The latest point represents the case that two components are put
on stock at location 3, and one component is put on stock at both location 1 and 2.

The pointers psecHead and psecTail are used to connect the efficient points from the different
ebo-curves in the marginal analysis. In Figure C.3 an example double linked list representing
an ebo-curve after marginal analysis is depicted. Note that points on the ebo-curve after
marginal analysis do not have to mean that one component is put on stock compared to the
previous point. To determine the stock allocation for a certain point on the ebo-curve after
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l = 3 l = 2 l = 1 l = 3

pHead

pTail

Figure C.2: Double linked list: representing a single ebo-curve

marginal analysis, one should start at that point by first iterating trough the linked list using
the pHead pointer, and then proceed to the following efficient point by following the pointer
psecHead.

c = 1

l = 1

c = 2

l = 2

c = 2

l = 2

c = 3

l = 1

psecHead

psecTail

c = 1

l = 1

pHead
pTail

Figure C.3: Double linked list, after marginal analysis: representing two ebo-curve
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Characteristics distributions
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Figure D.1: Histogram of component price per indenture level: the percentage depicted
represents the relative number for the corresponding indenture level, which is
in the bin of the component price (in total three first indenture components
have a higher price than e80k)
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Figure D.2: Histogram of replacement times per indenture level: the percentages depicted
in the figure represent the relative number of components which are in the bin
of the replacement time
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Distributions fitting

Figure E.1: Distribution fit on component price first indenture; Exponential with parameter
λ = 34.596 and a goodness of fit X 2 = 18.11
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Figure E.2: Distribution fit on the annual failure rate; Gamma distribution with parame-
ters: Γ(1.85; 0.17) and a goodness of fit X 2 = 63.6

Figure E.3: Distribution fit on the fraction of repair costs divided by the new price; Gamma
distribution with parameters: Γ(1.94; 0.24) and a goodness of fit X 2 = 1639.3
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Figure E.4: Distribution fit on the repair lead time; Exponential distribution with param-
eter λ = 21.82 and a goodness of fit X 2 = 15307.1

Figure E.5: Distribution fit on lead time suppliers; Gamma distribution with parameters
Γ(2.16; 31.08) and X 2 = 1158.2
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