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Abstract

This master thesis project has been conducted at the Royal Netherlands Navy (RNLN) in Den Helder
and it presents a quantitative comparison of two obsolescence strategies for electrotechnical
systems. Obsolescence is the phenomenon where the budgeted lifespan of the whole system
exceeds the lifespan of a particular component. In order to mitigate the negative effects,
obsolescence management is important. In this thesis, the Last Time Buy (LTB) and the modification
strategy are examined. The LTB strategy mitigates the effects by placing a final order in order to
maintain the system in the future, whereas the modification strategy installs a new version of the
obsolete component. The total relevant cost and availability level are used as performance indicators
for the comparison. Stochastic dynamic programming in combination with an evaluation method is
used in order to quantify the LTB strategy, whereas renewal reward theory is used for the
modification strategy. Subsequently, both models are combined and programmed into a tool what
determines the optimal timing of modification. The model has been implemented in a case study at
the RNLN, for which the brake chopper in the propulsion system of the Zr. Mr. Rotterdam is chosen.
By considering the LTB strategy as a relevant option, a cost reduction of more than 5% can be
obtained. Finally, a sensitivity analysis is performed in order to provide managerial insights.
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Executive summary

This report is the result of a master thesis project that has been conducted at the Royal Netherlands
Navy (RNLN) in Den Helder. It is conducted at the Groot Grijs department, which is responsible for
the maintenance on the RNLN’s three largest vessels. Furthermore, the project is part of the
Maintenance and Service Logistics Concepts for Maritime Assets (MaSelMa) project. MaSelMa’s goal
is to develop innovative concepts in order to improve the predictability of failure behavior and to
optimize supply chain management in order to increase efficiency. One important aspect is to
develop and compare effective obsolescence strategies for management. Obsolescence is defined as
the phenomenon where the budgeted lifespan of the whole system exceeds the lifespan of a
particular component.
Many obsolescence strategies are described in literature and models have been developed in order
to mathematically represent reality. However, no mathematical model is available at the RNLN that
compares different obsolescence strategies. The RNLN has an enormous amount of systems installed
on board of its vessels, which can be classified into categories. For this project, a model is developed
for the electrotechnical systems because the RNLN is in particular interested in this category. Finally,
it is important for the RNLN to demonstrate the practical applicability of the developed model
because the RNLN is planning to continue with it. These combined elements are considered in the
main research question:
How to efficiently compare different obsolescence strategies for electrotechnical systems in the
maritime sector?
In this thesis, two obsolescence strategies are incorporated, the Last Time Buy (LTB) strategy and the
modification strategy. In order to quantitatively compare the obtained solution, the total relevant
cost and availability level are used as performance indicators. In addition, mission types are
incorporated into the LTB strategy in order to make the model maritime specific.
LTB + repair model
In the LTB strategy, the original equipment manufacturer allows the asset owner or service provider
to place a final order before discontinuing the production of a specific component. The optimization
problem in the LTB strategy is determining the last time buy quantity. In order to represent the
situation realistically and to reduce cost, the repair option is also incorporated into the model. This
means that failed parts from the field are repaired and re-used as spare parts. We model it as a
discrete time optimization problem and use Stochastic Dynamic Programming (SDP) as a solution
method in order to determine the optimal order-up-to levels. Subsequently, the total cost for a given
LTB quantity is determined by evaluating the incurred cost components. The LTB quantity is
optimized by a numerical search over a range of LTB quantities. The developed algorithm can be
divided into five steps which eventually result in the near-optimal solution. The objective of this
model is to minimize the total expected discounted cost. However, a second version of the model is
developed with the objective to maximize availability within the assigned budget. In addition, the
model is extended by incorporating mission types.
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Modification model
The modification strategy is currently widely applied at the RNLN. The strategy dictates that the
system in consideration is slightly modified in order to replace the obsolete component with a new,
more sophisticated, technology. By modifying the system, one avoids making difficult decisions
regarding LTB quantities since it is assumed that spare parts of the new technology are widely
available. In addition, it is often the case that the new technology is superior with respect to the
obsolete component in terms of e.g. failure rate, energy consumption or functionalities. We model
the modification strategy with the renewal reward theory. By dividing the expected cycle cost by the
expected cycle length, the expected cost per time unit is calculated. Subsequently, the total cost of
modification is calculated by adding the discounted incurred cost until the end of the planning
horizon to the initial investment. In addition, the availability level is determined as a second
performance indicator.
Combination model
The timing of modification is the decision variable in the combination model between the LTB and
modification strategy. By varying the timing of modification and keeping track of the corresponding
LTB and modification cost, the minimal cost solution is determined. However, it can occur that the
old technology is too outdated at some point in time. A modification is then inevitable and has to be
executed. Therefore, this model is extended with the possibility to assign a maximum period length
for which the LTB strategy is allowed.
Analysis
The developed models have been applied on a case at the RNLN and are used in a sensitivity analysis
in order to generate managerial insights. The case study focusses on the brake chopper which is part
of the propulsion system of the Zr. Ms. Rotterdam. The optimal obsolescence strategy has been
determined from different perspectives. In the sensitivity analysis, the influence of several input
variables on the optimal obsolescence strategy has been examined by varying one input variable and
keeping the rest fixed. The key managerial insight obtained from the sensitivity analysis is that there
often exists a clear turning point in the optimal strategy. Therefore, a combination of the two
strategies is rarely optimal.
Conclusions
The optimal timing of modification can often be classified into two categories, modifying as soon as
possible or continuing as long as allowed with the LTB strategy. This indicates that a clear turning
point exists between the LTB and modification strategy. However, sometimes there exists an
extremely small range in which a combination is preferred. The obtained benefits of such
combination are usually low compared to implementing one of two defined solution categories.
Considering the uncertainty in the quantification of the input variables, it is best to investigate which
variable causes that the optimal timing is in between the two extremes. By emphasizing the
quantification of that specific critical variable, the solution will turn to one of the two defined
solution categories. The total cost of both strategies behaves in opposite direction when the timing
of modification is varied. As expected, the cost of the LTB strategy increases along with the timing of
modification due to the fact that more time intervals are covered with this strategy. The opposite
reasoning is applicable to the modification strategy.
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In the brake chopper case, the total relevant cost is decreasing, which means that the LTB strategy is
preferred over the modification strategy. However, a ‘wave movement’ can be observed where the
total cost slightly increases. Every time when the LTB strategy is on the edge of purchasing an
additional spare part, this phenomenon occurs. The increase in the cost of the LTB strategy
outweighs the obtained cost reduction of delaying modification. Therefore, the total cost slightly
increases. Subsequently, the total cost decreases further along with the timing of modification after
which this process is iterated at the next turning point. The case study indicates that due to this
iterative process, the optimal timing is sometimes in between both extremes. In general, we can
state that this ‘wave movement’ only occurs if the increase in the LTB strategy is significant
compared to the decrease in delaying modification.
Based on the performed sensitivity analysis, the demand rate has a great influence on the total cost
and timing of modification. If the demand rate of both strategies doubles, the expected total cost
increases by approximately 30% to 50%. In addition, the timing of modification can shift because the
cost of the LTB strategy increases harder due to higher inventory levels. If the demand rate of the
modification strategy decreases, e.g. when a more advanced technology is installed, the modification
strategy becomes more interesting. The fraction of successful repairs has exactly the opposite
influence. If it increases, the LTB strategy is preferred due to lower LTB cost. However, its influence
on the total cost is limited for the relatively low percentages because then the modification strategy
is preferred. For the high percentages, our numerical experiment shows that the total cost will
decrease with approximately 2.5% if the fraction of successful repairs increases with 10 percentage
points. The required initial investment for the modification strategy influences the modification cost
linearly. For every extra required euro, the modification cost increases with the corresponding
discount factor. The back ordering cost should not influence the timing of modification since it is
assumed that the back ordering cost is equal for both strategies. However, the availability level of the
LTB strategy varies over time, whereas it remains constant for the modification strategy. This means
that for every modification timing the obtained LTB availability is different. Therefore, the back
ordering cost has more influence on the LTB strategy.
Recommendations
The case study of the brake chopper showed that the optimal solution is to continue as long as
allowed with the LTB strategy. Therefore we recommend to modify the brake chopper after four
years. By considering the LTB strategy as a relevant option, a cost reduction of more than 5% can be
obtained. The LTB strategy is thus, especially for components with a low demand rate, an interesting
option. However, in order to implement this strategy, one should have information about possible
obsolescence problems in the near future. Therefore, we would recommend to maintain a good
relationship with the suppliers. Composing service contracts might be a relevant option in order to
secure information about upcoming obsolescence problems. In addition, it would be interesting to
develop models in order to predict obsolescence. From literature, the models of Van Jaarsveld and
Dekker (2011) and Li et al. (2016) might be useful as starting point. Further, we would recommend to
substantiate obsolescence decisions in the future with the developed models. Currently, this kind of
decisions is made by experienced engineers based on a small business evaluation. By utilizing this
model, obsolescence decisions can be supported by a quantitative analysis of the possible strategies.
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1. Introduction
This report contains the results of a master thesis research conducted in the field of obsolescence
management. The research is part of the Integrated Maintenance and Service Logistics Concepts for
Maritime Assets (MaSelMa) project and is executed at the Royal Netherlands Navy (RNLN) in
collaboration with Alewijnse. This chapter starts with an introduction of the RNLN, Alewijnse, and
MaSelMa. Subsequently, in section 1.4, obsolescence is briefly explained as well as the current
obsolescence strategies that the RNLN and Alewijnse use. Finally, the layout of this report is
discussed in section 1.5.

1.1

The Royal Netherlands Navy

The 8th of January 1488, was the first moment from which the Netherlands officially has an
organized navy. However, it took more than three centuries before it obtained the royal status,
which occurred in 1813. The operations of the RNLN can be divided into three main tasks: (i) crisis
management, (ii) humanitarian assistance, and (iii) assistance with disasters. The RNLN is capable of
executing these operations independently, but also in collaboration with other organizations such as
the army, air force, NATO, and other foreign allies. In this way, the RNLN secures the international
trade routes, supplies operations, collects information and helps to build a peaceful future. The
organization of the RNLN can be divided into three main departments: the Material and Sustainment
department, the Operations department, and the Personnel and Organization department. This
research is conducted within the Material and Sustainment department which is responsible for the
maintenance of the assets. In order to maintain the assets properly, repairs can be executed on
board or in the dock, where highly trained technicians perform the maintenance using advanced
equipment. However, maintenance activities that demand specialized technology, equipment, or
knowledge can also be outsourced to an external party.

1.2

Alewijnse

Alewijnse is a family owned company which was founded by Cornelis Alewijnse in 1900 after a
previously founded company with two other companions failed. Over the years the company was
taken over from father to son and nowadays the fourth generation of Alewijnse is CEO of the
company. At its foundation, the company was quite small and specialized in the installation of
electrotechnical systems, but nowadays it is far more than that. Alewijnse designs, delivers, and
integrates electrical engineering systems and delivers total solutions in four different sectors:
maritime sector, industry, retail, and other relevant sectors. Each sector is linked to a specialized
department within Alewijnse. Cooperation has always been a dominant factor in the company and
forms the basis of how Alewijnse conducts their business. Contact is maintained with the maritime
department because it best suits the subject of this master thesis.

1.3

MaSelMa

MaSelMa is a research program that focuses on improving the service logistics and cooperation of
the whole supply chain of the maritime sector, where the supply chain consist of three parties:
Original Equipment Manufacturer (OEM), service provider, and asset owner. The logistic support and
maintenance constitute a major part of the total exploitation cost of a maritime asset. The aim of
MaSelMa is to develop innovative concepts in order to improve the predictability of failure behavior
and to optimize supply chain cooperation in order to increase the efficiency of the whole supply
1

chain. Participants of the research program are companies from the commercial sector, defense, and
universities. In order to provide useful insights, the project is divided into three Work Packages
(WP’s). In WP1 the focus is on the technological aspects of the assets in consideration and the
predictability of failures, whereas WP2 approaches the problem from a management perspective.
WP3 is mainly focused on the collaboration between the participant and manages the organizational
aspects. A master thesis project is formulated about obsolescence which falls within WP2. The goal
of this project is to define a way to cope with obsolescence from the RNLN’s perspective without
ignoring Alewijnse’s perspective. Within MaSelMa there are more companies interested in this topic,
but for this master thesis, our scope is limited to these two parties.

1.4

Obsolescence

Obsolescence is the phenomenon where the budgeted lifespan of the whole system exceeds the
lifespan of a particular component. The reason that a component becomes obsolete can be
categorized into three main causes: (i) Diminishing Manufacturing Sources (DMS) triggered by rapid
progress in technology. (ii) the useful life of capital assets that is far beyond the useful life of its
embedded components (iii) planned obsolescence by manufacturers in order to force consumers to
replace their systems (Kumar & Saranga, 2010). Defense systems such as aircraft and battleships are
often subject to obsolescence caused by categories (i) & (ii).
In order to cope with obsolescence, several strategies known from literature can be applied, from
which the most commonly used are briefly described in this section. The most extensively described
obsolescence strategy is the Last Time Buy (LTB) strategy, in which the OEM allows the asset owner
or service provider to place a final order before discontinuing the production of a specific
component. By forecasting the future demand for spare parts, the optimal final order quantity can be
determined which is in this model the decision variable. In addition, the repair option is very often
included in the LTB strategy. By taking the repair option into consideration, an extra supply of spare
parts can be obtained in the future, because returned parts from the field are repaired and
subsequently reused as spare parts. This strategy has been analyzed by, among others, Teunter &
Fortuin (1999), Van der Heijden & Iskandar (2013), Behfard et al. (2015), and Van Kooten & Tan
(2009) for several model variants.
A second strategy that is broadly described in the literature and widely applied at the RNLN is called
the modification strategy. In this strategy, the asset in consideration is slightly modified in order to
replace the obsolete component with a new technology. This new technology will perform the same
task as the obsolete component but is more advanced in terms of e.g. failure rate, energy
consumption, or functionalities. By modifying the system, one avoids making difficult decisions
regarding LTB quantities. However, the timing of modification is essential and therefore that is the
decision variable. This strategy has been analyzed by, among others, Kumar & Saranga (2010),
Mercier & Labeau (2004), and Clavareau & Labeau (2009) for several model variants.
Thirdly, the combination between the two above described strategies can be used. Instead of directly
modifying the system, a last time buy decision is made in order to maintain the system for the first x
periods. Note that the repair option is often included and serves as extra supply. Hereafter, the
system is modified and the obsolete component replaced with the new technology. The decision
variables are therefore the LTB quantity and the timing of modification. Kumar & Saranga (2010)
developed a deterministic model for this strategy based on the total cost of ownership.
2

The repair option is already mentioned as a valuable obsolescence strategy in order to generate an
extra supply of spare parts after a component becomes obsolete. Another strategy that generates
extra supply is the phase-out strategy. In this strategy, abandoned systems from customers who
already have replaced the old system by a new technology, are purchased. By buying back these old
systems, useful parts can be reused as additional supply for the obsolete part. This strategy is often
used by service providers since they maintain multiple systems simultaneously at different
customers. Since the timing of replacement is decided by the customer, the service provider can
benefit from the variety. Krikke & van der Laan (2011), as well as Pourakbar et al. (2014), developed a
model for this strategy.
Finally, there exists a third option to obtain an additional supply of spare parts: extra production. The
extra production can be set up either in-house or by an external supplier. Note that the lead time is
considerably high due to set up time and that this option is not flexible due to the requirement of
minimum batch production. A few spare parts can be produced, but this is due to high set-up costs
not economically beneficial. In the article of Inderfurth & Kleber (2013) a model is proposed which
evaluates this strategy in combination with the LTB and repair option. In addition, 3D-printing might
be a valuable option in the future in order to generate extra production.
The obsolescence strategy of RNLN should be incorporated within its maintenance organization
because obsolescence influences maintenance cost enormously when assets are expensive and
budgeted over a long life span. However, it is not specifically documented in the Integrated Logistic
Support (ILS) manual of the RNLN, which is a file where all guidelines and requirements are
documented in order to make substantiated decisions regarding maintenance. The objective of the
ILS is to operate with the required availability against the lowest possible total lifetime cost. The
lifetime is subsequently divided into three phases: purchase, exploitation, and decommissioning. The
exploitation phase is for this research the most interesting phase because it refers to the system
during operation. Requirements and guidelines regarding all different kinds of maintenance are
extensively described, but obsolescence is not included. Usually, when obsolescence occurs, a
decision is made after a business evaluation where expected costs and availability of different
strategies are compared. The most common result of such evaluation is a modification of the
obsolete component or replacement of the whole system. A last time buy of the old technology is
often not possible since it is not common that the supplier sends a notification when a specific part is
taken out of production. Most of the time, the RNLN discovers obsolescence when a failure occurs.
Therefore, there is often little time to decide which strategy is optimal. Experienced engineers make
the decisions based on their practical knowledge and the business case, which leads mostly to the
modification or replacement strategy. Note that, quotations are obtained from at least three
companies in order to meet governmental requirements.
Approaching the problem from Alewijnse’s perspective, we observe that Alewijnse conduct a similar
strategy regarding obsolescence. Since obsolescence management is fairly new to Alewijnse, they
neither have documented requirements nor guidelines in order to properly cope with it. Usually,
when obsolescence occurs, Alewijnse gathers information from their suppliers about options to cope
with it. Those options are subsequently outlined to their customers who eventually make the
decision. The most common implementation is a modification of the obsolete part, but replacement
of the whole system does also occur when it is not too expensive. In this setting, Alewijnse is an
intermediary between the OEM and the asset owner and provides the service of system installation.
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At the moment there does not exist a service contract between Alewijnse and the RNLN regarding
maintenance after installation. However, service contracts is definitely something Alewijnse is
interested in.

1.5

Layout of report

The master thesis report consist of seven consecutive chapters and each chapter starts with an
introduction of its content. In chapter 2, the research framework of the thesis is discussed. First, the
problem description and research objective are outlined after which the main research question with
corresponding sub-questions are formulated. The chapter concludes with a formulation of the
relevance. In chapter 3 the mathematical models are developed. It basically is divided into three
sections, where the first section focusses on the LTB strategy. The model is described first after which
a detailed mathematical analysis is performed which clarifies the algorithm. Subsequently, the LTB
model is extended with incorporating mission types in the second section. This chapter is concluded
by describing and formulating an optimization algorithm for the modification strategy. The case
study is performed in chapter 4 and starts with a description of the vessel and the component in
consideration. Subsequently, the required input variables are quantified in the second section. This
input is used in order to obtain the results, which are presented in the applications section. Chapter 5
continues with the sensitivity analysis in order to investigate the influence of several input variables.
Each section in this chapter discusses the effect of a changing input variable on the optimal solution.
In chapter 6, an overview of the conclusions is given in the first section. Subsequently, the
recommendation and implementation are formulated. The chapter concludes with discussing the
limitations and formulating possible directions for future research. Finally, chapter 7 provides an
overview of the used references. In addition, appendices are presented which support the research.
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2. Project design
This chapter describes the project design. Section 2.1 presents the problem description and research
objective. Subsequently, the research question is formulated based on this objective. In addition, the
project approach is described in section 2.3 after which the relevance of this master thesis to science
as well as to the RNLN and Alewijnse is discussed in section 2.4.

2.1

Problem description and research objective

This section describes the problem description and the research objective. As mentioned in section
1.3, this master thesis is positioned within WP2 of MaSelMa and focuses on gathering managerial
insights regarding obsolescence. No specific experimental field has been selected yet, therefore no
specific system or component is described in this stage of the thesis.
2.1.1 Problem description
As described in section 1.4, neither the RNLN nor Alewijnse has a general strategy or guideline which
can be followed when obsolescence occurs. Decisions are made based on experience, a small
business evaluation, or recommendations are obtained from suppliers. However, the decision is
never verified by a mathematical model or sophisticated cost analysis. Therefore, both the RNLN as
Alewijnse is interested in obtaining more insights into the existing options regarding obsolescence.
Which option is optimal during specific conditions and how does availability influence total relevant
cost? Both companies’ objective is to operate at maximum availability within a certain budget.
Especially for the RNLN, who saw its budget shrink due to the economic crisis of the last decade, it is
important to maintain its fleet against lowest cost possible. Managerial insights regarding the tradeoff between availability and total relevant cost remain critical in order to select the best strategy.
Management of the RNLN is interested whether an increase in budget would result in a substantial
increase in availability and vice versa. In other words, which obsolescence strategy is worth investing
in.
In order to be able to compare the different options, a model needs to be developed that represents
this situation. First of all, the term component is defined as the smallest repairable part of a system.
A corrective maintenance policy is subsequently assumed to be suitable for electrotechnical
components because other policies are hardly ever used. As already mentioned in section 1.4,
obsolescence is usually discovered at the time of a corrective maintenance action. A certain
component breaks down which results in a system failure. When engineers from the RNLN try to
order new components, they observe that it is unavailable. However, MaSelMa intends to optimize
the whole supply chain in the maritime sector and in our perspective communication is one aspect of
it. So, for the remaining part of this report, it is assumed that the supplier of the obsolete component
informs the RNLN in time, which allows the RNLN to explore all options. So in conclusion, the main
problem is the lack of an effective tool that compares different obsolescence strategies.
2.1.2 Research objective
Based on the literature review, which was executed in the preparation phase of this master thesis,
and discussions with the RNLN, we decided to include two obsolescence strategies: the LTB and
modification strategy, where the LTB strategy is combined with the repair option. Therefore, the
objective of this research is to develop a general model that evaluates and compares the expected
performance of these two options. The optimal strategy is selected based on the relationship
between the performance indicators which are the total relevant cost and availability level. This
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means that the outcome should not be represented by a single number, but has to visualize how
these two outcomes react to one another. Together it quantifies the performance of the strategy.
Furthermore, the model has to be developed for electrotechnical systems, because the RNLN is in
particular interested in this type of systems. Obsolescence also occurs in other categories, but focus
has been put on this category. In addition, the term “general model” refers to the fact that the
objective is to develop a model that is not only suitable for one specific component. So in conclusion,
the research objective is to develop a model that compares the performance of the LTB strategy in
combination with the repair option and the modification strategy.

2.2

Research questions

This section formulates the research questions that are drafted based on the problem description
and research objective. Basically, the main problem is the lack of a proper quantitative analysis
regarding obsolescence. In addition, the RNLN values an extensive case study which lays out the
possible solutions and managerial insights of a specific system. Therefore, the research question is
formulated as:
How to efficiently compare different obsolescence strategies for electrotechnical systems in the
maritime sector?
In order to formulate a substantiated answer to this research question, sub-questions are
formulated. First of all, a mathematical model needs to be developed for the LTB strategy in
combination with the repair option in order to obtain the optimal value for the decision variable, the
LTB quantity. Therefore, the first sub-question is defined as:
(i)

How can the last time buy strategy in combination with the repair option be
mathematically formulated and optimized?

Subsequently, the modification strategy should be added to the existing model. In this strategy, the
timing of modification is essential and therefore defined as the decision variable. This leads to the
following sub-question:
(ii)

How can the optimal order quantity and the modification timing be determined when the
last time buy and modification strategy are used in combination?

Till now on, it is assumed that the input variables are stationary. However, certain input variables
might change due to environmental factors. Therefore, it would be interesting to include mission
types:
(iii)

How can different mission types be incorporated into the LTB model?

Finally, the mathematical model is translated into a tool in order to apply it easily on a case at the
RNLN. The goal is to obtain managerial insights regarding the two obsolescence strategies. This leads
to the last sub-question:
(iv)

How can the developed model be applied on a case at the Royal Netherlands Navy?
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In order to answer the first sub-question, the LTB model in combination with the repair option is
developed in section 3.1. Subsequently, it is extended with the incorporation of mission types in
section 3.2 in order to answer the third sub-question. A model for the combination of the LTB and
the modification strategy is developed in section 3.3, which answers the second sub-question.
Finally, the last sub-question is answered by performing a case study in chapter 4.

2.3

Project approach

This section describes the project approach which is shown in Figure 2.1. As can be seen in the figure,
it basically consists out of four phases. In the first phase, conceptualization, the problem is
formulated, scoped down, research questions are formulated, and research methods are proposed.
This all leads to a research proposal which has been conducted in the preparation phase of this
master thesis. The obtained results are summarized in this section. The remaining phases are defined
as follows:
Modeling: A quantitative model is built during the modeling phase. Existing models from literature
are applied, but in addition, adjustments are made in order to fit this specific situation. Subsequently,
the developed mathematical models are converted into a tool which automates the necessary
calculations. In addition, an interesting obsolescence case at the RNLN is selected for which data
needs to be obtained. This data, as well as the developed tool, will serve as input for the third phase.
Analysis: A case study will be performed during the analysis phase whereby the developed tool will
be applied. Furthermore, a sensitivity analysis is conducted in order to obtain managerial insights.
Conclusion: The obtained results are summarized and conclusions are drawn in the last phase of the
project. In addition, recommendations and limitations of the developed tool are discussed and
possible future research directions are formulated.
Conceptualization

Modeling

Analysis

Obtain data

Case study

Develop tool

Run the model

Conclusion

LTB + repair option
Develop
mathematical
models

Interviews with
RNLN employees

Include mission
types

Sensitivity analysis

Conclusions,
recommendations,
limitations, and
future research

Modification +
repair option
Literature review

Research proposal

Evaluate
obsolescence
strategies

RNLN
documentation

Identify comparison
factors

Figure 2-1: Project approach

2.4

Relevance

The relevance of this research for the RNLN is represented by two outcomes. First of all, more insight
into obsolescence management is given. An extensive literature review is performed, from which the
most relevant strategies are deeper outlined in this master thesis. Where the RNLN did not have any
documented strategy regarding obsolescence in the past, they do have it now. In addition, a tool is
developed which can be used more generally than the case study. In this way, the RNLN can use the
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tool in the future for electrotechnical systems suffering from obsolescence. Especially, the
managerial insights that can be obtained from the graphical visualization of expected total relevant
cost and availably are valuable. Based on these results, the RNLN can make a substantiated prognosis
about the impact of changing variables. The general contribution to the existing literature is that the
objective function of the LTB model maximizes availability under a budget constraint. Most models
from the literature are cost-based, which means that the objective is to minimize total cost.
However, the RNLN is part of the government and therefore they are obligated to operate within a
predetermined budget. In addition, the developed model will include mission types. By including this
maritime specific variable a new model is created which, to the best of our knowledge, does not exist
in the literature. Lastly, most literature focusses on only one strategy: or the LTB strategy or the
modification strategy. In this master thesis project, a stochastic model is developed that
quantitatively compares the combination between the two strategies, which is unique. From
Alewijnse’s perspective, this master thesis is also relevant because as a service provider they cope
with obsolescence from their suppliers. In addition, Alewijnse wants to offer service contracts to
their customers in the future. The developed tool can then serve as verification of the maintenance
cost versus the service contract price. In the remaining part of this master thesis, emphasize has
been put on the relevance for the RNLN.
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3. Mathematical models
This chapter presents the mathematical models that are developed in order to answer the first three
sub-questions formulated in section 2.2. Section 3.1 extensively describes the LTB strategy in
combination with the repair option. Subsequently, a mathematical algorithm is developed. Section
3.2 answers sub-question three, so the LTB model is extended with mission types. The chapter
concludes with section 3.3, where a mathematical model for the modification strategy is developed
after which a comparison with the LTB strategy is formulated. Based on these models, an
optimization tool is developed which: 1) optimizes the final order quantity when repair is possible, 2)
optimizes the final order quantity under a budget constraint, 3) optimizes the timing of modification
in combination with the LTB strategy and 4) optimizes the LTB quantity when mission types are taken
into consideration.

3.1

LTB + repair option

The LTB strategy is extensively studied in the literature. Basically, the customer is allowed to place a
final order in order to maintain its system until the end of its planning horizon. The main issue in the
LTB strategy is determining the LTB quantity, which depends on forecasts of future demand and cost
parameters. Furthermore, the repair option often comes together with the LTB strategy. The repair
option dictates that defective components returned from the field are repaired with a certain success
rate and subsequently re-used as spare parts. By using the repair option in combination with the LTB
strategy, the LTB quantity can be lower due to the extra supply of spare parts in the future. The
supply of repaired parts is stochastic because it depends on the demand and the repair rate. Several
model variants are described in the literature, but in this thesis, we formulate the model in a general
way which makes the model applicable for asset owner and service provider. In addition, the model
has to present more than just the optimal cost based solution. Interaction between the total cost and
obtained availability level should be visualized. First, the model description with the assumptions is
given. Subsequently, the optimization algorithm is outlined.
3.1.1 Model description and assumptions
We consider a single stock point and one critical component for which the LTB decision has to be
made. The planning horizon is divided into T equal time intervals representing e.g. a month or a
quarter. This interval lenght also corresponds to the review period. Whenever the operational part in
the installation fails, demand is observed and, if possible, immediately satisfied from stock. If the
inventory of ready-to-use parts is not sufficient in order to satisfy the demand, it is backordered. The
system will then be out of operation until a new spare part arrives from the repair shop. In the repair
shop, failed components from the field are repaired. However, a repair yield is introduced which
represents the probability of success, resulting in imperfect repairs. Note that repairs can also be
outsourced to an external party. The repair cost of a failed component is often high, therefore it is
reasonable to delay the repairs as long as possible. In each time interval, a number of repairs are
initiated in order to reach a target level, i.e., an order-up-to level. The order-up-to levels for each
time interval are the first type of decision variables. The time between initiating a repair and the
actual completion of it is modeled as a deterministic repair lead time. Due to mathematical reasons,
the length of the repair lead time is set equal to one time interval. If the repair lead time is greater,
the state space increases what results in an exponential increase in computation time. The objective
of the model is to minimize total cost from the moment that the component becomes obsolete until
the end of the planning horizon. The total cost consists of five cost components which are the
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purchase cost of new components (initial LTB quantity), holding cost of ready-to-use components,
back ordering cost at the end of each time interval, repair cost for successful and unsuccessful
repairs, and salvage value of excessive inventory at the end the planning horizon. In addition, the
time dependent availability levels are obtained in order to quantify, besides total cost, the
performance of the system. Availability is defined throughout this report as the probability of no
stock-out. By modeling the LTB strategy in this way, two performance indicators are determined:
total cost and availability level. There exists a trade-off between these performance indicators which
management can balance to its satisfaction. The decision variables of the developed model consist of
the initial LTB quantity and the order-up-to levels in each time interval. Further, an extension is
developed with the objective to maximize availability within an assigned budget. For a
predetermined LTB quantity, the sequence of events is presented by:
I.
II.
III.
IV.

At the beginning of each time interval, we first observe the arrival of successfully repaired
components and ready-to-repair components.
At the beginning of each time interval, we make a repair decision.
During the time interval, we observe that replacements are immediately executed when a
failure occurs.
At the end of each time interval, we compute the holding, back ordering, and the repair cost.

In addition to the model description, several assumptions are formulated which the component in
consideration have to satisfy:
I.

II.

III.

IV.
V.
VI.

Demand follows a Poisson distribution. This is reasonable since we focus on electrotechnical
parts. In literature, the Poisson distribution is often assumed because the memoryless
property of the inter arrival times is suitable for electronic components.
Repair yield is constant over time. Every engineer at the repair shop of the RNLN is
responsible for his own portfolio of components. Therefore, repair is always conducted by
the same specialized employee whereby we assume a constant success rate. If repair is outsourced, we expect that the involved company has enough expertise to operate at a constant
success rate. In addition, the probability of success is determined based on the Binomial
distribution.
Parts are as good as new after repair. At the RNLN, the failure of electronic components is
often caused by the failure of a minor non-repairable sub-component. By replacing this subcomponent, the component in consideration becomes available again. Therefore, it will
operate against the same conditions as a new part.
Replacement times are negligible.
It is assumed that repair cost are lower than purchasing a new component, 𝑐𝑟 < 𝑐𝑝 , because
otherwise repairing parts would not be financially beneficial.
Repair lead time is constant over time and equal to one time interval due to mathematical
reasons.

3.1.2 Optimization algorithm
In this section, an algorithm for the LTB strategy in combination with the repair option is developed.
First, the overall algorithm is outlined after which each step is formulated in more detail. In addition,
the model is extended with a budget constraint. The developed model is based on the model
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developed by Behfard et al. (2015). Therefore, the differences between the two models are
explained after the mission type extension performed in section 3.2.
The LTB strategy in combination with the repair option consists of two decision variables: the initial
LTB quantity and the order-up-to levels at the beginning of each time interval. An exact solution can
be obtained by using Stochastic Dynamic Programming (SDP). The optimal repair decision at the
beginning of each time interval can then be determined based on the state variables what eventually
will lead to the optimal LTB quantity. However, the state space of such SDP model would be
extremely large, and the computation time long. Therefore, the problem is divided into two separate
problems. First, an approximation solution is formulated in order to find the optimal order-up-to
levels per time interval assuming a 100% success rate. SDP is used in order to determine the optimal
order-up-to levels with respect to only one state variable, which is the current inventory position 𝐼𝑡 .
This result in a matrix filled with optimal order-up-to levels for every possible inventory position in
every time interval. The difference between the inventory position and optimal order-up-to level
determines the repair amount that is required to be successful. Stochastic dynamic programming is a
technique that in general solves optimization problems that involve making a sequence of decisions
when outcomes are uncertain. The stochastic dynamic program consist of decision epochs, states,
actions, rewards or cost, and transition probabilities. Choosing an action in a state generates a
reward or cost and determines the state at the next decision epoch (Puterman, 2014). The decision
made in each time interval is only based on the current state of the system and should result in the
optimal cost or reward. A key characteristic of SDP is that the past does not influence the decision
that has to be made at a specific point in time. The dynamic program is solved by backward recursion
starting at the last time interval. This characteristic is based on Bellman’s principle of optimality
which is stated as, an optimal policy has the property that, whatever the initial state and initial
decisions are, the remaining decisions must constitute an optimal policy with regard to the state
resulting from the first decision (Sniedovich, 1986).
Stochastic dynamic programming is an appropriate method because it allows the demand to be a
stochastic process. In addition, reality is represented by abstract mathematical formulas which allow
the model to be generally applicable. Furthermore, the problem is scoped by a finite horizon due to
the planned horizon of the asset in consideration which is supported by the method. This represents
a realistic situation because the LTB strategy cannot be applied to infinity due to degradation of the
technology. We divide the problem into subproblems that are sequentially optimized, which is
essential for the optimization of the order-up-to levels. In each time interval, the order-up-to level is
varied and the cost is evaluated in order to select the minimum cost. Finally, the method is not
limited to any distribution or linearity assumption which means that it is suitable for the Poisson
distribution. On the other hand, SDP has some disadvantages. The biggest disadvantage is
dimensionality because the higher the number of state variables the longer the computation time
will be. Since the RNLN wants to use the tool for generating insights in the obsolescence problem, it
should compute the optimal strategy within a reasonable time. Decisions regarding an obsolescence
problem are considered to be tactical, so the tool does not have to be extremely fast. This means
that the number of state variables should be kept limited, but it should still be comprehensive
enough to make substantiated decisions in each time interval.
Second, the total cost is calculated under imperfect repair. For given order-up-to levels, the number
of repairs started at the beginning of each time interval with corresponding cost is determined based
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on two state variables, the current inventory position 𝐼𝑡 and the current number of available readyto-repair parts 𝑁𝑡 . In addition, the expected holding and back ordering cost are determined based on
𝐼𝑡 . The initial purchased LTB quantity is referred to as the inventory position in time interval one. By
applying a simple numerical search over a range of LTB quantities, the optimal cost solution is found.
Finally, the availability level is determined based on the transition probabilities. The algorithm is
based on the model of Behfard et al. (2015) and can be summarized into the following five steps:
1. Initialize the LTB quantity (Q) to zero and the Total Relevant Cost (TRC) to infinite.
2. Determine the optimal order-up-to levels at the beginning of each time interval based on 𝐼𝑡
with SDP assuming perfect repairs.
3. Compute 𝑇𝑅𝐶new for a given LTB quantity represented by 𝑄 with imperfect repairs.
4. Compare both values of TRC. If 𝑇𝑅𝐶𝑛𝑒𝑤 < 𝑇𝑅𝐶, the new near-optimal LTB quantity is equal
to 𝑄 and 𝑇𝑅𝐶 = 𝑇𝑅𝐶𝑛𝑒𝑤 . Continue by going back to step 2 with 𝑄 = 𝑄 + 1 until a range of
LTB quantities is evaluated.
5. Compute the average availability for the optimal LTB quantity.
By dividing the problem into two separate parts and optimizing it separately, a near-optimal solution
is obtained. After the five steps of the algorithm are explained in detail, it is extended with a budget
constraint. The differences between the model of Behfard et al. (2015) and our model are outlined
after the mission type extension performed in section 3.2.
Step 1: Initializing Q and TRC
In the first step, the LTB quantity and the TRC are initialized to respectively zero and infinite in order
to start the algorithm. It is necessary in order to support the comparison in the fourth step because
otherwise the new TRC value cannot be compared to a previous value. After the first TRC calculation,
the algorithm iterates back to step 2 because initializing is unnecessary.
Step 2: Order-up-to levels with perfect repair
In this step, we assume an infinite supply of repairable parts what means that no restriction is put on
the initiated amount of repairs. In addition, we assume that repairs are always successfully executed.
A decision has to be made in each time interval regarding the order-up-to level. The number of
ready-to-repair parts actually going into repair is equal to the order-up-to level minus inventory
position at the beginning of the interval: {𝑠𝑡,𝐼𝑡 − 𝐼𝑡 , 0}. This means that the inventory position is
defined as state variable. The value function in interval {𝑡, … , 𝑇 + 1}, defined as 𝐻𝑡 (𝐼𝑡 ), consists of
repair cost, holding and back ordering cost denoted by 𝐿𝑡 (𝐼𝑡 ), and the minimum expected cost from
interval 𝑡 + 1 and onwards. The optimal values for the order-up-to levels can be found by minimizing
𝐻𝑡 (𝐼𝑡 ). Since the lead time is equal to one time interval, 𝑇 − 1 is the last time interval where a repair
order can be placed. In addition, no repairs can be initiated in time interval one, because we assume
zero initial ready-to-repair stock. Therefore, optimal order-up-to levels are determined for time
interval [2, 𝑇 − 1] by using backward recursion. For a given inventory position, the total cost are
minimized by determining the optimal order-up-to levels. This SDP algorithm is given by Equations
(1) to (6).
Input variables:
𝑡 = 𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟, 𝑡  {1,2, … , 𝑇} 𝑤𝑖𝑡ℎ 𝑇 𝑖𝑠 𝑡ℎ𝑒 𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙𝑠
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ℎ = ℎ𝑜𝑙𝑑𝑖𝑛𝑔 𝑐𝑜𝑠𝑡 𝑝𝑒𝑟 𝑟𝑒𝑎𝑑𝑦 𝑡𝑜 𝑢𝑠𝑒 𝑝𝑎𝑟𝑡 𝑎𝑡 𝑡ℎ𝑒 𝑒𝑛𝑑 𝑜𝑓 𝑡ℎ𝑒 𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙
𝑐𝑟 = 𝑟𝑒𝑝𝑎𝑖𝑟 𝑐𝑜𝑠𝑡 𝑝𝑒𝑟 𝑖𝑡𝑒𝑚
𝑣 = 𝑠𝑎𝑙𝑣𝑎𝑔𝑒 𝑣𝑎𝑙𝑢𝑒 𝑝𝑒𝑟 𝑟𝑒𝑎𝑑𝑦 𝑡𝑜 𝑢𝑠𝑒 𝑝𝑎𝑟𝑡 𝑎𝑡 𝑡ℎ𝑒 𝑒𝑛𝑑 𝑜𝑓 𝑡ℎ𝑒 𝑝𝑙𝑎𝑛𝑛𝑖𝑛𝑔 ℎ𝑜𝑟𝑖𝑧𝑜𝑛
𝑐𝑏 = 𝑏𝑎𝑐𝑘 𝑜𝑟𝑑𝑒𝑟𝑖𝑛𝑔 𝑐𝑜𝑠𝑡 𝑝𝑒𝑟 𝑟𝑒𝑎𝑑𝑦 𝑡𝑜 𝑢𝑠𝑒 𝑝𝑎𝑟𝑡 𝑎𝑡 𝑡ℎ𝑒 𝑒𝑛𝑑 𝑜𝑓 𝑡ℎ𝑒 𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙
𝑖𝑟 = 𝑖𝑛𝑡𝑒𝑟𝑒𝑠𝑡 𝑟𝑎𝑡𝑒
State variable:
𝐼𝑡 = 𝑖𝑛𝑣𝑒𝑛𝑡𝑜𝑟𝑦 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑜𝑓 𝑟𝑒𝑎𝑑𝑦 𝑡𝑜 𝑢𝑠𝑒 𝑝𝑎𝑟𝑡𝑠 𝑏𝑒𝑓𝑜𝑟𝑒 𝑡ℎ𝑒 𝑟𝑒𝑝𝑎𝑖𝑟 𝑑𝑒𝑐𝑖𝑠𝑖𝑜𝑛, 𝑏𝑢𝑡 𝑎𝑓𝑡𝑒𝑟 𝑎𝑟𝑟𝑖𝑣𝑎𝑙
𝑜𝑓 𝑟𝑒𝑝𝑎𝑖𝑟𝑒𝑑 𝑝𝑎𝑟𝑡𝑠 𝑎𝑡 𝑡ℎ𝑒 𝑏𝑒𝑔𝑖𝑛𝑛𝑖𝑛𝑔 𝑜𝑓 𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙 𝑡
Decision variable:
𝑠𝑡,𝐼𝑡 = 𝑜𝑟𝑑𝑒𝑟 𝑢𝑝 𝑡𝑜 𝑙𝑒𝑣𝑒𝑙 𝑜𝑓 𝑟𝑒𝑎𝑑𝑦 𝑡𝑜 𝑢𝑠𝑒 𝑝𝑎𝑟𝑡𝑠 𝑎𝑡 𝑡ℎ𝑒 𝑏𝑒𝑔𝑖𝑛𝑛𝑖𝑛𝑔 𝑜𝑓 𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙 𝑡. 𝐷𝑒𝑓𝑖𝑛𝑒𝑑
𝑤𝑖𝑡ℎ𝑖𝑛 𝑟𝑎𝑛𝑔𝑒 [0, 𝑄]
∗
𝑠 ∗ = 𝑚𝑎𝑡𝑟𝑖𝑥 𝑤𝑖𝑡ℎ 𝑜𝑝𝑡𝑖𝑚𝑎𝑙 𝑜𝑟𝑑𝑒𝑟 𝑢𝑝 𝑡𝑜 𝑙𝑒𝑣𝑒𝑙𝑠 𝑤ℎ𝑒𝑟𝑒 𝑎 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑖𝑠 𝑟𝑒𝑓𝑒𝑟𝑟𝑒𝑑 𝑡𝑜 𝑎𝑠 𝑠𝑡,𝐼
𝑡

The objective is to minimize the relevant costs in order to obtain the optimal order-up-to levels per
inventory position per time interval. Note that the inventory position and order-up-to level in the
first and last time interval are equal because no repairs can be executed due to respectively no initial
ready-to-repair stock and repair lead time. Further, 𝛽 is defined as the discount factor and is included
in order to take the time value of money into account.
𝑚𝑖𝑛𝑖𝑚𝑖𝑧𝑒𝑠𝑡,𝐼 𝐻𝑡 (𝐼𝑡 ) = 𝑐𝑟 𝑠𝑡,𝐼𝑡 + 𝐿𝑡 (𝐼𝑡 ) + 𝛽 ∗ 𝐸[𝑉𝑡+1 (𝑠𝑡,𝐼𝑡 − 𝐷𝑡 )]
𝑡

(1)

Where,
𝐿𝑡 (𝐼𝑡 ) = 𝐸[ℎ(𝐼𝑡 − 𝐷𝑡 )+ + 𝑐𝑏 (𝐷𝑡 − 𝐼𝑡 )+ ]

(2)

𝑉𝑡 (𝐼𝑡 ) = −𝐼𝑡 𝑐𝑟 + 𝑚𝑖𝑛𝑠𝑡,𝐼 {𝐻𝑡 (𝐼𝑡 ): 𝑠𝑡,𝐼𝑡 ≥ 𝐼𝑡 }

(3)

𝑉𝑇+1 (𝐼𝑇+1 ) = −𝑣 ∗ 𝐼𝑇+1

(4)

𝑡

𝛽=

1
1 + 𝑖𝑟

𝑠1,𝐼1 = 𝐼1 = 𝑄,

𝑠𝑇,𝐼𝑇 = 𝐼𝑇

(5)

(6)

By starting from stage T − 1 and moving backward in time, an optimal order-up-to level is obtained
for each specific inventory position in each time interval. It results in a matrix in which positions are
∗
referred to as 𝑠𝑡,𝐼
. A fictive example is given in Appendix G. From this numerical example, we
𝑡
observe that the current inventory position does not influence the optimal order-up-to level. It
remains stationary per time interval, what implies that the order-up-to levels are only time
dependent. The repair decision can thus be described by an ordinary base-stock policy. Behfard et al.
(2015) also use this approximation method for the repair decision and conclude that it yields in a
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maximum error of 0.9%. From now on, we refer to the optimal order-up-to levels as base-stock levels
represented by 𝑠𝑡∗ . This result is subsequently used as input for the next step in which the repair
decision is made with imperfect repairs.
Step 3: TRC calculation with imperfect repair
The goal of step 3 is to determine the TRC of the LTB strategy. As mentioned in the model
description, the TRC consist of five cost components which need to be quantified in each time
interval. However, first the overall total cost function is given in order to clarify the main goal of this
step. Similar to step 2, a value function for interval {𝑡, … , 𝑇} is formulated which is solved by
backward recursion. This time, the TRC is minimized by performing a numerical search over a range
of LTB quantities. The value function consists of the expected holding, back ordering, and repair cost
of interval t and the expected cost from interval 𝑡 + 1 and onwards. In addition, the initial ordering
cost and salvage value are incorporated. In contrast to the value function formulated in step 2, two
state variables are used in order to represent the state of the system, the inventory position 𝐼𝑡 and
the ready-to-repair stock 𝑁𝑡 . Further, the transition to the next state depends, besides the demand
rate, on the repair decision which is supported by the optimal base-stock levels obtained in step 2.
For a given optimal base-stock level, the repair decision can be divided into three situations:
I.
II.

III.

𝐼𝑡 ≥ 𝑠𝑡∗ The current inventory position is equal to or higher than the optimal base-stock
level, which means that no repairs are initiated.
𝐼𝑡 + 𝑁𝑡 ≥ 𝑠𝑡∗ The supply of ready-to-repair parts is sufficient in order to reach the base-stock
level. This means that repairs are needed, but that the supply of ready-to-repair parts is not
always fully used. In addition, it can occur that all repairs are needed and the base-stock
level is still not reached due to uncertainty in repair rate.
𝐼𝑡 + 𝑁𝑡 < 𝑠𝑡∗ Even if all available ready-to-repair parts are successfully repaired, the optimal
base-stock level is not reached, which means that all possible repairs are initiated.

Because the transition to a future state is divided into these three situations, the value function is
divided as well into these three situations. So for a given base-stock level, inventory position, and
ready-to-repair stock, the TRC is determined by Equations (7), (8), and (9). Note, that at this point no
decision needs to be optimized. The only decision is about the number of initiated repairs at the
beginning of each time interval, which is classified in three situations. Therefore, it might be better to
refer to this method as evaluation of the TRC.
𝑇𝑅𝐶𝑡 (𝐼𝑡 , 𝑁𝑡 ) = 𝐶𝑡 (𝐼𝑡 , 𝑁𝑡 ) + 𝛽 ∗ 𝐸𝐷𝑡 [𝑇𝑅𝐶𝑡+1 (𝐼𝑡 − 𝐷𝑡 , 𝑁𝑡 + 𝐷𝑡 )],

𝐼𝑡 ≥ 𝑠𝑡∗

(7)

𝑇𝑅𝐶𝑡 (𝐼𝑡 , 𝑁𝑡 ) = 𝐶𝑡 (𝐼𝑡 , 𝑁𝑡 ) + 𝛽 ∗ 𝐸𝐷𝑡 ,𝑛𝑡,𝑘𝑡 [𝑇𝑅𝐶𝑡+1 (𝐼𝑡 + 𝑘𝑡 − 𝐷𝑡 , 𝑁𝑡 − 𝑛𝑡 + 𝐷𝑡 )], 𝐼𝑡 + 𝑁𝑡 ≥ 𝑠𝑡∗

(8)

𝐼𝑡 + 𝑁𝑡 < 𝑠𝑡∗

(9)

𝑇𝑅𝐶𝑡 (𝐼𝑡 , 𝑁𝑡 ) = 𝐶𝑡 (𝐼𝑡 , 𝑁𝑡 ) + 𝛽 ∗ 𝐸𝐷𝑡 ,𝑘𝑡 [𝑇𝑅𝐶𝑡+1 (𝐼𝑡 + 𝑘𝑡 − 𝐷𝑡 , 𝐷𝑡 )],

As can be seen in the above formulated equations, the transition to a future state is highly
dependent on the state variables, the demand rate, and the repair rate. In order to indicate in
situation II that not all ready-to-repair inventory is required in order to reach the optimal base-stock
level, variable 𝑛𝑡 is introduced. It represents the amount of repairs that is actually used and
therefore is within range [𝑠𝑡∗ − 𝐼𝑡 , 𝑁𝑡 ]. In situation II and III, variable 𝑘𝑡 is introduced in order to
indicate the amount of successfully executed repairs. Since the optimal base-stock level cannot be
exceeded and not more repairs can be initiated than the ready-to-repair inventory, it is within range
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[0, 𝑚𝑖𝑛{𝑠𝑡∗ − 𝐼𝑡 , 𝑁𝑡 }]. As mentioned in the formulated assumptions in section 3.1.1, the probability of
success is determined by the Binomial distribution and the demand by the Poisson distribution. This
means that the transition probabilities are given by these two distributions, but first the 𝐶𝑡 (𝐼𝑡 , 𝑁𝑡 ) is
defined. It represents the expected cost of the current time interval and consists of five cost
components given in Equation (10).
𝑄 ∗ 𝑐𝑝 + 𝐸[𝑂𝐻𝑡 (𝑄)] ∗ ℎ + 𝐸[𝐵𝑂𝑡 (𝑄)] ∗ 𝑐𝑏
𝐶𝑡 (𝐼𝑡 , 𝑁𝑡 ) = { 𝐸[𝑂𝐻𝑡 (𝐼𝑡 )] ∗ ℎ + 𝐸[𝐵𝑂𝑡 (𝐼𝑡 )] ∗ 𝑐𝑏 + 𝐸[𝑅𝑡 (𝐼𝑡 , 𝑁𝑡 )] ∗ 𝑐𝑟
𝐸[𝑂𝐻𝑡 (𝐼𝑡 )] ∗ ℎ + 𝐸[𝐵𝑂𝑡 (𝐼𝑡 )] ∗ 𝑐𝑏 − 𝐸[𝑂𝐻𝑡 (𝐼𝑡 )] ∗ 𝑣

, 𝑖𝑓 𝑡 = 1
, 𝑖𝑓 1 < 𝑡 > 𝑇
, 𝑖𝑓 𝑡 = 𝑇

(10)

The procurement costs only occur at the beginning of the first time interval. As mentioned in the
second step of the algorithm, Q is defined as the ready-to-use inventory level at the beginning of
time interval 𝑡 = 1. However, it is required to purchase this stock level first. So, the procurement
cost is equal to the multiplication of the ready-to-use stock level at the beginning of time interval
𝑡 = 1 and the procurement cost. This can also be interpreted as the LTB acquisition. The salvage cost
can easily be determined because it only depends on the expected inventory on hand at the end of
the planning horizon, E[OHt (𝐼𝑇 )]. The excessive inventory is sold or dissembled against the salvage
value, which means that it can be positive as well as negative. Further on in Equation (15), it is
explained how the inventory on hand can be calculated. The expected holding (ℎ) and backordering
cost (𝑐𝑏 ) are determined for each time interval, whereas the expected repair cost (𝑐𝑟 ) only incurs in
time intervals [2, 𝑇 − 1].
The expected inventory on hand, number of back orders, and number of initiated repairs is
determined in order to quantify the cost components in Equation (10). The assumption of an infinite
supply of ready-to-repair parts is relaxed by introducing the ready-to-repair inventory 𝑁𝑡 . In addition,
repairs are not always successfully executed what is represented by the repair yield, 𝑦𝑟𝑒𝑝 . The
equations are formulated below, but first, on overview of the used variables is given:
Input variables:
𝑦𝑟𝑒𝑝 = 𝑟𝑒𝑝𝑎𝑖𝑟 𝑦𝑖𝑒𝑙𝑑

 = 𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑 𝑑𝑒𝑚𝑎𝑛𝑑 𝑝𝑒𝑟 𝑡𝑖𝑚𝑒 𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙
State variables:
𝐼𝑡 = 𝑖𝑛𝑣𝑒𝑛𝑡𝑜𝑟𝑦 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑜𝑓 𝑟𝑒𝑎𝑑𝑦 𝑡𝑜 𝑢𝑠𝑒 𝑝𝑎𝑟𝑡𝑠 𝑏𝑒𝑓𝑜𝑟𝑒 𝑡ℎ𝑒 𝑟𝑒𝑝𝑎𝑖𝑟 𝑑𝑒𝑐𝑖𝑠𝑖𝑜𝑛, 𝑏𝑢𝑡 𝑎𝑓𝑡𝑒𝑟 𝑎𝑟𝑟𝑖𝑣𝑎𝑙
𝑜𝑓 𝑟𝑒𝑝𝑎𝑖𝑟𝑒𝑑 𝑝𝑎𝑟𝑡𝑠 𝑎𝑡 𝑡ℎ𝑒 𝑏𝑒𝑔𝑖𝑛𝑛𝑖𝑛𝑔 𝑜𝑓 𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙 𝑡
𝑁𝑡 = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑟𝑒𝑎𝑑𝑦 𝑡𝑜 𝑟𝑒𝑝𝑎𝑖𝑟 𝑝𝑎𝑟𝑡𝑠 𝑎𝑡 𝑡ℎ𝑒 𝑏𝑒𝑔𝑖𝑛𝑛𝑖𝑛𝑔 𝑜𝑓 𝑡𝑖𝑚𝑒 𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙 𝑡. 𝐷𝑒𝑓𝑖𝑛𝑒𝑑 𝑤𝑖𝑡ℎ𝑖𝑛
𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙 [0, 𝑄]
Auxiliary variables:
𝑅𝑡 (𝐼𝑡 , 𝑁𝑡 ) = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑟𝑒𝑝𝑎𝑖𝑟𝑠 𝑖𝑛𝑖𝑡𝑖𝑎𝑡𝑒𝑑 𝑎𝑡 𝑡ℎ𝑒 𝑏𝑒𝑔𝑖𝑛𝑛𝑖𝑛𝑔 𝑜𝑓 𝑡𝑖𝑚𝑒 𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙 𝑡. 𝐷𝑒𝑓𝑖𝑛𝑒𝑑
𝑤𝑖𝑡ℎ𝑖𝑛 𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙 [0, 𝑁𝑡 ]
𝑂𝐻𝑡 (𝐼𝑡 ) = 𝑜𝑛 ℎ𝑎𝑛𝑑 𝑖𝑛𝑣𝑒𝑛𝑡𝑜𝑟𝑦 𝑜𝑓 𝑟𝑒𝑎𝑑𝑦 𝑡𝑜 𝑢𝑠𝑒 𝑝𝑎𝑟𝑡𝑠 𝑎𝑡 𝑡ℎ𝑒 𝑒𝑛𝑑 𝑜𝑓 𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙 𝑡
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𝐵𝑂𝑡 (𝐼𝑡 ) = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑏𝑎𝑐𝑘 𝑜𝑟𝑑𝑒𝑟𝑠 𝑎𝑡 𝑡ℎ𝑒 𝑒𝑛𝑑 𝑜𝑓 𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙 𝑡
𝑋 = 𝑡𝑟𝑢𝑛𝑐𝑎𝑡𝑖𝑜𝑛 𝑣𝑎𝑙𝑢𝑒 𝑓𝑜𝑟 𝑑𝑒𝑚𝑎𝑛𝑑
The model has two state variables: inventory position and the number of ready-to-repair parts. The
decision regarding the number of repairs initiated in each interval is evaluated based on these state
variables in combination with the optimal base-stock level. The difference between the optimal basestock level and the current inventory position, [𝑠𝑡∗ − 𝐼𝑡 ], is equal to number of required successful
repairs. Note that negatives values are not allowed, so whenever the current inventory position is
higher than the optimal base-stock level, zero items are repaired. Subsequently, the required number
of repairs is compared to the second state variable which is the number of available ready-to-repair
parts 𝑁𝑡 . The maximum number of ready-to-repair parts is obviously equal to the LTB acquisition,
because failed components from the field are repaired. These sequential repair decisions are made
for every possible combination between the two state variables. Basically, the repair decision can be
categorized into the three different situations which are already discussed in the value function. So,
in the first situation, the inventory position is equal or higher than the optimal base-stock level. The
number of repairs initiated in such case is equal to zero:
𝑅𝑡 (𝐼𝑡 , 𝑁𝑡 ) = 0,

𝑖𝑓

𝑠𝑡∗ − 𝐼𝑡 ≤ 0

(11)

The second situation represents the situation where the supply of ready-to-repair parts is sufficient
in order to reach the optimal base-stock level. This means that repairs are needed, but that the
supply of ready-to-repair parts is not always fully used. However, due to the uncertainty in repair
yield, we can reach the bae-stock level only in expectation. Therefore, the number of repairs initiated
varies between the required number of successful repairs [st∗ − It ] and the number of repairs
available Nt . Note, that the optimal base-stock level is not always reached. If the number of
successfully executed repairs is lower than the required number of repairs, it is not reached. In this
model, we use the Binomial distribution where for a given success rate, which is equal to the repair
yield, the probability of having k successful repairs out of n attempts can be calculated. In the first
part of Equation (12), n is equal to the number of attempts made in order to reach the optimal basestock level. Note that the Binomial probability is multiplied by the fraction

s∗t −It
,
nt

because the

distribution presents the probability of having k successful repairs out of n attempts in every possible
sequence. In order to clarify what is meant a small example is given. Assume a situation where three
repairs are needed out of the four possible repairs that are available. The Binomial distribution
returns the probability for having each possible sequence which results in three successful repairs
which are in this case: 1110, 1101, 1011, 0111. Note that in this example a zero represents an
unsuccessful repair and a one represents a successful repair. The first possibility is not realistic
because in a case where the first three attempts are successful, one would not initiate a fourth try.
Therefore, the calculated probability should be divided by the number of possible repairs and
subsequently multiplied by the number of repairs needed in order to determine the probability
accurately. In the second part of Equation (12), the number of successful repairs is lower than the
required number in order to reach the base-stock level. The Binomial probability does not have to be
adjusted because no unrealistic repairs are initiated. Therefore, the expected number of repairs
initiated is given as:
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𝑁𝑡

𝐸[𝑅𝑡 (𝐼𝑡 , 𝑁𝑡 )] =

∑

𝑛𝑡 ∗ ((

𝑛𝑡 =𝑠𝑡∗ −𝐼𝑡

𝑛𝑡
𝑠 ∗ − 𝐼𝑡
𝑠𝑡∗ −𝐼𝑡
(𝑛𝑡 −(𝑠𝑡∗ −𝐼𝑡 )) ) ∗ 𝑡
∗
𝑦
∗
(1
−
𝑦
)
)
𝑟𝑒𝑝
𝑟𝑒𝑝
𝑠𝑡∗ − 𝐼𝑡
𝑛𝑡
(12)

𝑠𝑡∗ −𝐼𝑡 −1

𝑁𝑡
+ ∑ 𝑁𝑡 ∗ (( ) ∗ 𝑦𝑟𝑒𝑝 𝑘𝑡 ∗ (1 − 𝑦𝑟𝑒𝑝 )(𝑁𝑡 −𝑘𝑡) ) ,
𝑘𝑡

𝑖𝑓 𝑠𝑡∗ − 𝐼𝑡 ≤ 𝑁𝑡

𝑘𝑡 =0

In the third and last situation, the required number of successful repairs is higher than the number of
ready-to-repair parts. Even when the maximum number of ready-to-repair parts are actually going to
be repaired, the base-stock level is not reached.
𝑖𝑓 𝑁𝑡 ≤ 𝑠𝑡∗ − 𝐼𝑡

𝑅𝑡 (𝐼𝑡 , 𝑁𝑡 ) = 𝑁𝑡 ,

(13)

Note that repairs can only be initiated during time intervals between two and 𝑇 − 1 due to the one
period lead time. This means that in the remaining time intervals the expected number of initiated
repairs is equal to zero, what Equation (10) already implies.
The expected on hand inventory and number of back orders depend on the demand, which behaves
according to the Poisson distribution. In order to bound the calculations, a truncation value is
determined for the maximum observed demand. The probability of having a demand that is larger
than the truncation value is extremely small and therefore, its influence on the TRC negligible. It is
required because otherwise, demand needs to be varied till infinity. The truncation value is equal to
the smallest value for X that satisfies the following inequality:
∞

𝑒

−

∗∑
𝑋=0

𝑋
𝑋!

> 1 − 10−15

(14)

This means that given an average demand , the cumulative Poisson distribution should be greater
than 1 − 10−15 . This value for X is subsequently the truncation value to work with. This inequality is
formulated based on a trial and error approach. Assuming that critical electrotechnical components
have relatively small demand rates, it proves to be effective. Whenever the demand rate increases,
to e.g. four failures per time interval, the inequality needs to be adjusted in order to remain effective.
While being in a certain time interval and inventory position, the expected holding cost can be
determined by varying the demand. Holding cost only occur when the inventory position minus the
demand is positive. Otherwise, there would be back orders. Therefore, the expected on hand
inventory can be defined as:
𝑋

E[OHt (𝐼𝑡 )] = ∑ min{(𝐼𝑡 − 𝑖), 0} ∗
𝑖=0

𝑖 ∗ 𝑒 −
𝑖!

(15)

By multiplying the expected on hand inventory with the corresponding holding cost per ready-to-use
part per time interval, the expected holding cost are calculated. The expected number of back orders
is subsequently calculated in a similar way as. It also dependents on the current inventory position
and expected demand, but it is the exact opposite:
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𝑋

E[BOt (𝐼𝑡 )] = ∑ min{(𝑖 − 𝐼𝑡 ), 0} ∗

𝑖 ∗ 𝑒 −

𝑖=0

(16)

𝑖!

The expected number of back orders is subsequently multiplied with the corresponding back
ordering cost per ready-to-use part per time interval. This concludes the explanation of the cost
components incorporated in Equation (10). Finally, the transition probabilities are formulated in
order to determine the expected TRC in the next time interval. The value function is divided into
three situations, Equations (7), (8), and (9), in each situation the transition probability is different. In
Equation (7), no repairs are required. Therefore, the transition probability only depends on the
demand rate and is given by the following formula:
𝑋

𝐸𝐷𝑡 [𝑇𝑅𝐶𝑡+1 (𝐼𝑡 − 𝐷𝑡 , 𝑁𝑡 + 𝐷𝑡 )] = ∑ 𝑇𝑅𝐶𝑡+1 (𝐼𝑡 − 𝐷𝑡 , 𝑁𝑡 + 𝐷𝑡 ) ∗

𝐷𝑡 ∗ 𝑒 −

𝐷𝑡 =0

𝐷𝑡 !

(17)

In Equation (8), the transition probability depends, besides the demand rate, on the repair rate. The
required number of successful repairs is available, so the optimal base-stock level can be reached.
Therefore, the attempts needed in order to obtain the required number of repairs is varied which
results in the first summation presented in Equation (18). Again, the Binomial distribution is adjusted
with the same fraction presents in Equation (12). In addition, it can occur that even though all readyto-repair parts are going into repair, the number of successfully executed repairs is not sufficient in
order to reach the base-stock level. This is presented in the second summation in Equation (18).
𝐸𝐷𝑡 ,𝑛𝑡,𝑘𝑡 [𝑇𝑅𝐶𝑡+1 (𝐼𝑡 + 𝑘𝑡 − 𝐷𝑡 , 𝑁𝑡 − 𝑛𝑡 + 𝐷𝑡 )]
𝑁𝑡

=

∑

𝑋

∑ 𝑇𝑅𝐶𝑡+1 (𝑠𝑡∗ − 𝐷𝑡 , 𝑁𝑡 − 𝑛𝑡 + 𝐷𝑡 ) ∗

𝐷𝑡 ∗ 𝑒 −

𝑛𝑡 =𝑠𝑡 −𝐼𝑡 𝐷𝑡 =0

∗ ((

𝑛𝑡
𝑠𝑡∗ − 𝐼𝑡
(𝑛𝑡 −(𝑠𝑡∗ −𝐼𝑡 ))
𝑠𝑡∗ −𝐼𝑡
∗
𝑦
∗
−
𝑦
)
∗
)
(1
)
𝑟𝑒𝑝
𝑟𝑒𝑝
𝑠𝑡∗ − 𝐼𝑡
𝑛𝑡

𝑠𝑡∗ −𝐼𝑡 −1 𝑋

∑ ∑ 𝑇𝑅𝐶𝑡+1 (𝐼𝑡 + 𝑘𝑡 − 𝐷𝑡 , 𝐷𝑡 ) ∗

+

𝑘𝑡 =0 𝐷𝑡=0

∗ ((

𝐷𝑡 !

(18)

𝐷𝑡 ∗ 𝑒 −
𝐷𝑡 !

𝑁𝑡
(𝑁 −𝑘 )
) ∗ 𝑦𝑟𝑒𝑝 𝑘𝑡 ∗ (1 − 𝑦𝑟𝑒𝑝 ) 𝑡 𝑡 )
𝑘𝑡

Finally, the transition probability of the last situation is determined by the demand rate and the
number of successfully executed repairs. Since the optimal base-stock level cannot be reached, all
available ready-to-repair parts are actually going into repair. Subsequently, the number of
successfully executed repairs is varied which results in the following formula. Note, that this
transition probability is exactly the same as the second part of Equation (18).
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𝐸𝐷𝑡 ,𝑘𝑡 [𝑇𝑅𝐶𝑡+1 (𝐼𝑡 + 𝑘𝑡 − 𝐷𝑡 , 𝐷𝑡 )]
𝑁𝑡

𝑋

= ∑ ∑ 𝑇𝑅𝐶𝑡+1 (𝐼𝑡 + 𝑘𝑡 − 𝐷𝑡 , 𝐷𝑡 ) ∗

𝐷𝑡 ∗ 𝑒 −

𝑘𝑡 =0 𝐷𝑡 =0

𝐷𝑡 !

(19)

𝑁𝑡
∗ (( ) ∗ 𝑦𝑟𝑒𝑝 𝑘𝑡 ∗ (1 − 𝑦𝑟𝑒𝑝 )(𝑁𝑡 −𝑘𝑡) )
𝑘𝑡
By making use of backward recursion starting in interval T, the TRC for every combination of the two
state variables per time interval is determined until time interval two. In each position of the matrix,
the TRC is presented which includes the cost of that specific time interval until the end of the
planning horizon. Eventually, for a given LTB quantity the TRC is determined for the first time interval
which presents the cost of the LTB strategy with that specific LTB quantity. A fictive example is given
in Appendix H. Note that there is no cost involved in holding ready-to-repair parts and that we
assume no initial ready-to-use and ready-to-repair inventory. Incorporation of this holding cost
would be an easy extension but is not included in this master thesis, because the RNLN does not
incur cost for holding defective parts.
Step 4: Enumeration
In the fourth step of the algorithm, the near-optimal LTB quantity is determined by a numerical
search over a range of LTB quantities. For a given LTB quantity, the TRC can be calculated by using
step 2 and 3. Since there is no evidence regarding the convexity of the TRC formula, the algorithm is
not terminated whenever the TRC of a specific Q is higher than its predecessor. It iterates back to
step 2 until it truncates. Subsequently, the minimum TRC value with corresponding Q is chosen as the
near-optimal LTB solution. Because the LTB quantity is highly influenced by the average demand and
number of time intervals, the truncation value is set equal to 𝑇 ∗  . We believe that a LTB quantity
equal to 𝑇 ∗  is never optimal due to the fact that extra supply of spare parts is generated by
executing repairs with a relatively high success rate. Tests with a larger range has been executed in
order to verify this approach, which resulted in the exact same solutions.
Step 5: Availability level
Finally, in the last step of the algorithm the probability of no stock-out in a specific time interval, 𝐴t ,
is determined. For the RNLN 𝐴t is a suitable service level indicator, because a system is not
operational when a critical component fails and there is no inventory, regardless of the number of
failures. The calculation of this availability level consists of two parts. First, for a given inventory
position, no stock-out will occur whenever the demand is smaller or equal to the inventory position.
𝐼𝑡

αt (𝐼𝑡 ) = P{𝐼t − Dt ≥ 0} = 𝑃{𝐼𝑡 ≥ 𝐷𝑡 } = 𝑒

−

∗∑
𝑖=0

𝑖
𝑖!

(20)

Subsequently, this probability is multiplied by the probability of being in that specific situation in
order to obtain the probability of having no stock-out in a specific time interval. The probability of
being in a certain situation is determined by the initial LTB acquisition in combination with the
demand (Poisson distribution) and repair rate (Binomial distribution). These probabilities are very
similar to the transition probabilities defined in step 3 but formulated the other way around. Instead
of solving this problem by backward recursion, it is now solved by forward recursion. So for a given
LTB quantity, the probability of being in a certain state can be calculated. Again, the formula can be
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divided into three situations. In the first situation, no repairs are needed in order to reach the
optimal base-stock level.
𝑋

𝑃𝑟𝑜𝑏𝑡 (𝐼𝑡 , 𝑁𝑡 ) = [ ∑ 𝑃𝑟𝑜𝑏𝑡−1 (𝐼𝑡 + 𝐷𝑡 , 𝑁𝑡 − 𝐷𝑡 ) ∗

𝐷𝑡 ∗ 𝑒 −

𝐷𝑡 =0

𝐷𝑡 !

∗
𝑖𝑓 𝑠𝑡−1
≤ 𝐼𝑡−1

],

(21)

In addition, it can occur that the supply of ready-to-repair parts is sufficient in order to reach the
optimal base-stock level. This means that repairs are needed, but that the supply of ready-to-repair
parts is not always fully used.
∗ −1
𝑠𝑡−1

𝑄

𝑃𝑟𝑜𝑏𝑡 (𝐼𝑡 , 𝑁𝑡 ) = [ ∑
𝑖=0

∗

∗
𝑃𝑟𝑜𝑏𝑡−1 (𝑖, 𝑁𝑡 + 𝑛𝑡 − (𝑠𝑡−1
− 𝐼𝑡 )) ∗

∑
∗ −𝑖
𝑛𝑡 =𝑠𝑡−1

(𝑠𝑡−1−𝐼𝑡 ) ∗ 𝑒 −
∗
(𝑠𝑡−1
− 𝐼𝑡 )!

∗
∗
𝑛𝑡
𝑠𝑡−1
−𝑖
∗ −𝑖
−𝑖))
(𝑛𝑡 −(𝑠𝑡−1
𝑠𝑡−1
∗ (( ∗
∗ (1 − 𝑦𝑟𝑒𝑝 )
)∗
) ∗ 𝑦𝑟𝑒𝑝
]
𝑠𝑡−1 − 𝑖
𝑛𝑡
𝑄

+[

∗ −𝐼
𝑠𝑡−1
𝑡−1 −1

∑

∑

∗ −𝐼
𝑖=𝑠𝑡−1
𝑡−1

𝑘=0

𝑃𝑟𝑜𝑏𝑡−1 (𝐼𝑡 − 𝑘 + 𝑁𝑡 , 𝑖) ∗

𝑁𝑡 ∗ 𝑒 −

(22)

𝑁𝑡 !

𝑖
(𝑖−𝑘)
∗ (( ) ∗ 𝑦𝑟𝑒𝑝 𝑘 ∗ (1 − 𝑦𝑟𝑒𝑝 )
)],
𝑘
∗
𝑖𝑓 𝑠𝑡−1
− 𝐼𝑡−1 < 𝑁𝑡−1

Lastly, it can occur that the optimal base-stock level cannot be reached even when all the ready-torepair inventory is put into repair:
∗
𝑠𝑡−1
−𝐼𝑡−1 −1 𝑖

𝑃𝑟𝑜𝑏𝑡 (𝐼𝑡 , 𝑁𝑡 ) = [

∑

∑ 𝑃𝑟𝑜𝑏𝑡−1 (𝐼𝑡 − 𝑘 + 𝑁𝑡 , 𝑖) ∗

𝑖=0

𝑘=0

𝑁𝑡 ∗ 𝑒 −
𝑁𝑡 !
(23)

𝑖
(𝑖−𝑘)
∗ (( ) ∗ 𝑦𝑟𝑒𝑝 𝑘 ∗ (1 − 𝑦𝑟𝑒𝑝 )
)] ,
𝑘

∗
𝑖𝑓 𝐼𝑡−1 + 𝑁𝑡−1 < 𝑠𝑡−1

The probability of being in a certain state dependents on the demand rate, repair rate, base-stock
level and the probability of being in a certain situation in the previous time interval. Because the
inventory position of the first time interval is equal to the LTB acquisition, all the other states can be
calculated. Similar as before, the state of the system can be in categorized into three different
situations. This will lead to one big matrix where positions are referred to by 𝑃𝑟𝑜𝑏𝑡 (𝐼𝑡 , 𝑁𝑡 ). A fictive
example is given in Appendix I. Subsequently, the probabilities of having no stock-out in a specific
time interval are multiplied with the probability of being in that specific state, which results in the
overall availability of that time interval At . Note that the inventory position cannot be negative,
because then there is an out of stock situation.
𝑄

𝑄

𝐴𝑡 = ∑ ∑ 𝛼𝑡 (𝐼𝑡 ) ∗ 𝑃𝑟𝑜𝑏𝑡 (𝐼𝑡 , 𝑁𝑡 )

(24)

𝑁𝑡 =0 𝐼𝑡 =0
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Finally, these overall availabilities are summed and divided by the number of time intervals. This
result in the average availability for the system:
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =

∑𝑇𝑖=1 At
𝑇

(25)

The corresponding VBA code of the LTB model is explained in Appendix A.
Budget constraint
The objective of the developed model is to find the near-optimal LTB quantity in order to minimize
the TRC. However, at the RNLN the objective is sometimes to maximize the availability within a
certain budget instead of minimizing cost. Therefore, a second model can be easily developed by
some minor adjustments in order to make it more maritime specific. First of all, step four in the
algorithm needs to be adjusted because in this step the TRC is minimized. The probability of having
no stock-out calculated in step five is a good indicator of availability. Therefore, the objective should
be to maximize this probability within a certain budget. This budget is obviously an input variable
which should be defined by the user of the tool. Step four changes into:
4. Compare the TRC with assigned budget. If TRC < budget and 𝐴𝑛𝑒𝑤 > 𝐴, the new near-optimal
availability level is equal to 𝐴𝑛𝑒𝑤 . Continue by going back to step two of the algorithm with
𝑄 = 𝑄 + 1 until 𝑄 is truncated.
Note that in order to implement this model, step 5 should be performed prior to step 4, because the
availability level is required in order to compare the performance of each LTB quantity. In addition,
the TRC initialization in step 1 can be skipped because the TRC is compared with the assigned budget.

3.2

Mission types

In this section mission types are incorporated into the existing LTB in combination with the repair
option model, developed in section 3.1. Relating this section to the research questions formulated in
section 2.2, it represents the third sub-question. With the inclusion of mission types, we relax the
assumption that the input variables are stationary. It can, for example, occur that input variables,
such as the demand rate, increases when the asset is in more extreme circumstances. Therefore, we
define three possible mission types where the asset can be in: in the harbor, on a humanitarian
mission, or on piracy mission. The user of the tool can assign values to the input variables
accordingly. The only difference regarding the formulated LTB model in section 3.1 is that the
demand rate is now time dependent with respect to the planned mission schedule. This means that
the mission schedule is a fixed input variable in this model extension. In addition, the degradation of
a component can be incorporated by increasing the demand rate as the component becomes older.
When an LTB strategy is executed on a certain component, it is often observed that the demand rate
increases due to the fact that the technology becomes older and knowledge scarce. By increasing the
demand rate, this phenomenon can be taken into account. However, this section focusses on the
incorporation of the three defined mission types. Finally, it concludes with describing the differences
between the model of Behfard et al. (2015) and our model.
3.2.1 Optimization algorithm
In this section, a mathematical analysis of the mission type incorporation is performed. As already
clarified in section 3.2, it will be an extension of the developed LTB model in section 3.1. The demand
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rate will become time-dependent which means that several equations will change in comparison
with the original model. The second step of the algorithm, which is used in order to determine the
optimal base-stock levels, remains the same since the demand parameter is already time dependent.
Where the expected demand was assumed to be stationary at first, we can now just assign different
time dependent values to this variable. Mathematically, however, a new variable needs to be
introduced in order to assign mission types to the time intervals. Therefore, 𝑀𝑡 is defined as the
mission type in time interval t and can be equal to one, two or three. The mission types are defined
as:
I.
II.
III.

Mission type one represents that the asset is in a harbor.
Mission type two represents that the asset is on a humanitarian mission.
Mission type three represents that the asset is on a piracy mission.

No distinction is made between the location of the harbor, so foreign harbors are also part of mission
type one. In addition, we assume that major maintenance actions are executed in a harbor, what is
classified by mission type one. If an emergency maintenance action is performed on board, it
obviously belongs to mission type two or three. Furthermore, transportation time is assumed to be
part of the mission. A different demand rate is assigned to every mission type and therefore, the
demand in Equations (1) and (2) is equal to:

1

𝑡 = { 2
3

𝑖𝑓 𝑀𝑡 = 1
𝑖𝑓 𝑀𝑡 = 2
𝑖𝑓 𝑀𝑡 = 3

(26)

In the remaining steps of the algorithm, where eventually the LTB quantity is optimized based on the
TRC, several formulas are required to be changed. Basically, every formula where a lambda is used in
order to indicate the expected Poisson demand needs to be made time dependent. Therefore
Equations (14) to (23) will change. In order to realize this change, the mission type variable 𝑀𝑡 is used
again in the same way as in the first step of the algorithm. This means that every lambda in those
formulas behaves according to the same principles as explained in Equation (26). The truncation
value calculated in Equation (14), however, will be determined based on the highest value of the
demand rates. In this way, there is guaranteed that the truncation value is high enough to cover all
demand within the defined boundary of the cumulative distribution.
Differences with Behfard et al. (2015)
First, the model developed by Behfard et al. (2015) is briefly introduced, since this model is used as
starting point from which our model is developed. In addition, the differences between the two
models are outlined.
Behfard et al. (2015) present a single component model subject to obsolescence where the LTB
strategy in combination with the repair option is used in order to maintain the system for the rest of
the planning horizon. A heuristic is formulated in order to determine the near-optimal last order
quantity in the presence of imperfect repair of returned parts. Every single period a trade-off purely
based on costs is made about the timing and quantity of repairs with respect to the last order
quantity. In addition, the return and repair rate are taken into consideration because it represents
that not every failure is suitable for repair and that not every repair is successfully executed.
Subsequently, two service rates are calculated to indicate performance namely: fill rate and the
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probability of running out of stock. This information can be relevant for managers in order to make
substantiated decisions between different obsolescence strategies. A base-stock policy is used in
order to maintain stock levels for repaired parts. The base-stock levels are time-dependent due to
non-stationary demand and thus may vary over time. Usually, the base-stock policy is optimal when
repairs are always successfully executed, but since repair yields are in practice really high it is
considered to be a good approximation (Behfard at al., 2015). By making use of SDP, the optimal LTB
quantity and repair policy can be determined. However, the computing time is extremely long due to
the large state space. Therefore, Behfard et al. (2015) developed an efficient approximation method
where the base-stock policy is assumed for repair decisions. Verified with a numerical experiment,
the maximum error of the outcomes is 0.9 percent.
However, some adjustments are made in order to make it suitable for the RNLN. One of the most
important adjustments is that in contrast with the model of Behfard et al. (2015) only one repair
yield is used in order to include imperfect repairs. In addition, the repair lead time is equal to one
period. By formulating the LTB problem in this way, we are able to develop a relatively fast SDP
because the state variables are limited. As a result, we obtain a matrix of optimal order-up-to levels
whereas Behfard et al. (2015) obtain time dependent solutions. In addition, Behfard et al. (2015)
assume a base-stock policy, where we investigate the influence of the current inventory position.
However, our numerical example shows that the base-stock policy is indeed a good approximation. A
third difference between the two models is the way the number of repairs is calculated. Behfard et
al. (2015) determine the number of repairs by an approximating method. If the difference between
the optimal base-stock level in the previous period and the current inventory position is smaller than
the observed demand, spare parts are repaired. We replace that with a Binomial distribution where
for a given success rate, which is equal to the repair yield, the probability of having k successful
repairs out of n attempts can be calculated. The reason to adjust this calculation is that we believe
that the Binomial distribution represents the situation more realistically because it is based on the
ready-to-repair inventory, the current inventory position, and the optimal base-stock level. The
fourth difference between the model of Behfard et al. (2015) and the developed model in this master
thesis is the objective function. Instead of only determining the optimal cost effective LTB quantity,
we also include a budget constraint. Since the RNLN often operates within a budget restriction, we
believe that this is a valuable extension. In addition, the LTB model is in this section extended with
mission types in order to make it more maritime specific. Finally, the total cost is discounted in order
to include the time value of money.

3.3

Modification

In this section, the modification strategy is described, formulated, and translated into a suitable
model. This section answers thus research question two formulated in section 2.2. The modification
strategy is mentioned and briefly described for the first time in section 1.4 and is currently widely
applied at the RNLN. As described in section 1.4, the asset in consideration is slightly modified in
order to replace the obsolete component with a new technology. This new technology will perform
the same task as the obsolete component but is more advanced in terms of e.g. failure rate, energy
consumption, or functionalities. By modifying the system, one avoids making difficult decisions
regarding LTB quantities since spare parts of the new technology will be widely available. In order to
assess this strategy in combination with the LTB strategy, the timing of modification is of major
importance. For some systems, it might be better to first maintain the system with the LTB strategy
after which it will be modified. Therefore, the goal is to optimize the timing of modification. After T
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time intervals, final order parts expire since the system must be modified for technological reasons.
Therefore, from zero to T we have the option to modify or to use the final order parts but after T the
modification should be performed if it is not performed earlier. Basically, three situations can occur:
I.
II.
III.

The optimal timing is equal to one what means that no LTB acquisition is required
The optimal timing is higher than the maximum period length for which the LTB strategy is
allowed T, meaning that the system will be modified at time T+1.
The optimal timing is between zero and T+1 which means that a combination of LTB and
modification is optimal in order to maintain the system.

We formulate the model in a general way which allows the tool to be relevant for asset owner and
service provider. First, the model description is given for the modification strategy in section 3.3.1.
Subsequently, the optimization algorithm is outlined in section 3.3.2.
3.3.1 Model description
The optimization problem regarding the combination between the LTB strategy and the modification
strategy is the timing of modification. However, in order to assess this combination, a mathematical
model for the modification strategy should be developed first. After modifying the system, which will
come with an initial investment, the system should be maintained until the rest of its planning
horizon. Due to many uncertainties, it is hard to estimate these cost, but holding, back ordering, and
maintenance cost should be incorporated in order to make a fair comparison with the LTB strategy.
The renewal theory counts the number of failures during a specified interval in order to determine
the maintenance cost per cycle. Assumed is that after modification, the system has to be operational
for a sufficiently long time in order to make this model justifiable. Assumed is that the time between
failures is independently and identically distributed. In Figure 3.1, 𝑋𝑖 is defined as the time between
the (𝑖 − 1) and 𝑖’𝑡ℎ failure and 𝑆𝑖 represents the time until the 𝑖’𝑡ℎ failure. The number of failures is
subsequently counted by 𝑁(𝑡).

Figure 3-1: Renewal process (Arts, 2015)

If we now assume that with each renewal event a reward or cost is involved, we can determine the
total reward or cost up until a specific time. For the modification strategy, it is obvious that with each
renewal event cost incur, so the total cost 𝑌(𝑡) up until time 𝑡 is the sum of the cost per renewal 𝑊𝑖 .
𝑁(𝑡)

𝑌(𝑡) = ∑ 𝑊𝑖

(27)

𝑖=1
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The expected maintenance, holding, and back ordering cost per time unit can be determined by
using the renewal theory. In the article of Ross (1996), a theory is lined out which proofs that the
average cost per time unit of a renewal process satisfies the following equality:
𝐸[𝑊𝑖 ] 𝐸𝐶𝐶
=
𝐸[𝑋𝑖 ] 𝐸𝐶𝐿

(28)

In other words, the Expected Cycle Cost (ECC) is divided by the Expected Cycle Length (ECL). The
proof of this equality is extremely technical so it is left out of this report. This theory is applied to the
modification strategy in order to determine the maintenance cost per time interval, assuming an
infinite horizon. The value of both variables is highly dependent on the maintenance policy that is
being used. In this master thesis, the failure based and age based maintenance policy are
incorporated because both policies are widely used in the RNLN. Other maintenance policies can also
be incorporated as well but are considered to be out of scope and can be considered as an extension
for future research. In the article of Elwany & Gebraeel (2008), a traditional approach for
determining optimal replacement times and inventory policies is described based on renewals. A
single component is taken into consideration just as with the developed model for the LTB strategy.
According to the age based policy, preventive and corrective maintenance actions are executed with
different cost components. The objective is to minimize the system’s expected cost by determining
the optimal preventive replacement and spare parts ordering time. For a given failure distribution
the optimal planned replacement time can be found by minimizing the cost of replacement per time
interval. Subsequently, the holding and back ordering cost are minimized by determining the optimal
order time for a predetermined replacement time. In this model, we assume a constant lead time.
This described model was originally developed by Armstrong & Atkins (1996). Since this method is
also based on the renewal reward theory the same calculation holds in order to determine the
expected long run inventory and back ordering cost. The expected incurred cost of holding spare
parts plus the expected back ordering cost per cycle is divided by the expected cycle length. Based on
this age based replacement policy the formula’s for the failure based policy are determined. By
combining the three cost components, the total relevant cost of modifying a system can be
determined. It results in the following formula:
𝑇𝑚𝑎𝑥

𝑇𝑅𝐶𝑚𝑜𝑑 (𝑇𝑚𝑜𝑑 , 𝑇𝑚𝑎𝑥 ) = 𝛽 𝑇𝑚𝑜𝑑 ∗ 𝑍 + ∑ 𝛽 𝑖 ∗
𝑖=𝑇𝑚𝑜𝑑

𝐸𝐶𝐶
𝐸𝐶𝐿

(29)

In Equation (29), 𝑍 is defined as the required initial investment in order to replace the old component
with the new technology. The expected cost per time unit as well as the initial investment is
multiplied with the discount factor in order to take time value of money into account, which is again
defined as, 𝛽 =

1
1+𝑖𝑟

. For a given modification timing, represented by 𝑇𝑚𝑜𝑑 , the TRC of the

modification strategy is computed. Note that the timing of modification is element of [0, 𝑇 + 1],
because T represents the maximum period length for which the LTB strategy is allowed.
Furthermore, we assume that at most one failure can occur during lead time, which is in this case
realistic because the component´s lifetime is expected to be relatively long. The boundary of the
summation in Equation (29), 𝑇𝑚𝑎𝑥 , is defined as the end of the planning horizon for the whole
system. This value should be relatively high in order to satisfy the assumption made at the beginning
of this section, which dictates that the system has to be operational for sufficiently long time. Note,
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that the repair option is not incorporated into the modification model. We decided to exclude this
option because the lead time and the repair cost would probably be very high due to inexperienced
engineers. In addition, the repair option was initially introduced in the LTB model to serve as extra
supply. Since, the new technology is still widely available this is usually no longer required. Especially,
when there is assumed that the repair cost might approach the initial purchase price. In addition,
mission types are not incorporated into the modification model because this is very complicated due
to the renewal reward theory. It is required to express the expected cost per cycle, which is difficult
when the demand rate is supposed to be time dependent. An average can be assumed but it might
be inaccurate. The same reasoning holds for the expected cost calculation which is also dependent
on the demand rate. In addition, historical data in order to quantify the different demand rates for
the mission types is difficult to obtain. Especially, when a brand new technology is installed, this
information would probably be unavailable. Therefore, mission type incorporation into the
modification model is assumed to be out of the scope of this thesis. It would, however, be a good
extension for some cases.
3.3.2 Optimization algorithm
In this section, a mathematical analysis of the modification strategy is performed in order to clarify
the described model. The renewal reward theory will be used in order to solve the optimization
problem. In addition, two modification models will be developed. One assuming a failure based
maintenance policy and one assuming an age-based maintenance policy. Finally, the mathematical
model of the LTB strategy in combination with the modification strategy is formulated.
Failure based maintenance
As the name already suggests, the failure based policy replaces a component every time it fails. It is a
very straightforward method and is also referred to in the literature as corrective maintenance. The
direct maintenance cost up to time t for this policy constitute a renewal reward process (Arts, 2015).
Therefore, the expected maintenance cost per time unit can be determined by dividing the expected
cycle cost (ECC) by the expected cycle length (ECL). The expected cycle cost is represented by 𝑐𝑢 ,
which is defined as the cost of performing an unplanned replacement. In addition, the expected
holding and back ordering cost need to be determined. The article by Elwany & Gebraeel (2008)
describes the expected holding and back ordering cost based on the age based maintenance policy
with the renewal reward theory. The principle of dividing the expected cycle cost by the expected
cycle length remains the same for the failure based policy, but the formulas will change. The
probability of having back ordering cost is defined as the probability that the component will fail
between time zero and the arrival of the spare part. Holding cost, on the other hand, is defined as
the probability that the component fails after the arrival of the spare part. These probabilities are
subsequently multiplied by the corresponding cycle length. The expected cycle length is just the
mean time to failure. In addition, the expected waiting time needs to be added to the cycle length
because it can occur that the component fails before a new spare part arrives. Therefore, the
incurred cost of modification can be formulated as:
𝑡𝑜 +𝑙

𝐸𝐶𝐶 𝑐𝑢 + 𝑏 ∗ ∫0
=
𝐸𝐶𝐿

∞
(𝑡
𝑜 +𝑙

(𝑡𝑜 + 𝑙 − 𝑡)𝑓(𝑡)𝑑𝑡 + ℎ ∗ ∫𝑡

∞
∫𝑡 +𝑙 𝑡𝑓(𝑡)𝑑𝑡
𝑜

+

𝑡𝑜 +𝑙
∫0 (𝑡

− 𝑡𝑜 − 𝑙)𝑓(𝑡)𝑑𝑡

+ 𝑙)𝑓(𝑡) 𝑑𝑡

(30)

f(t) is defined as the Probability Density Function (PDF) of the failure time and is in this case equal to
the Exponential distribution. After reformulating Equation (30), the optimal re-order time can be
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determined which is defined as 𝑡𝑜 . In order to obtain this result, the first derivative should be
determined and set equal to zero. In addition, the second derivative is required to be positive in
order to prove that it is indeed a minimum. Solving this equation will result in the total cost per time
interval for the failure based maintenance policy. Appendix B represents this result in case of an
Exponential distribution. However, note that Equation (30) can be used for any failure time
distribution. Now the expected maintenance, holding, and back ordering cost are formulated, the
total modification cost is determined by discounting the obtained cost with the following formula:
𝑇𝑅𝐶𝑚𝑜𝑑 (𝑇𝑚𝑜𝑑 , 𝑇𝑚𝑎𝑥 ) = 𝛽 𝑇𝑚𝑜𝑑 ∗ 𝑍 +

𝐸𝐶𝐶 1 − (1 + 𝑖𝑟)−𝑇𝑚𝑎𝑥 1 − (1 + 𝑖𝑟)−𝑇𝑚𝑜𝑑
∗[
−
]
𝐸𝐶𝐿
𝑖𝑟
𝑖𝑟

(31)

The last part of Equation (31) is just a simplification of the expected cost per time interval after the
initial investment has been made. Especially if the horizon time is expected to be long, the future
cost calculation requires quite some time. Therefore, it is simplified by this ordinary annuity
formulation. In addition, the availability level for the modification strategy needs to be determined.
Since availability is defined as the probability of getting out of stock in a certain time interval in the
LTB strategy, we consider the same definition for the modification strategy. The availability is
therefore equal to the probability that a component fails before the spare parts arrive, which is
similar to the way back ordering cost are calculated in Equation (30). However, the cumulative failure
time distribution is now required in order to compute this probability. Since we assume an
Exponential failure time distribution the availability level is defined as follows in Equation (32). In
each time interval, the same availability level is reached because the demand rate, lead time, and
ordering time are constant over time. Note that the ordering time is optimized by minimizing the
incurred cycle cost. One can achieve an increase in availability at the expense of an increase in total
cost by ordering sooner.
𝐴𝑣𝑎𝑖𝑙𝑎𝑏𝑖𝑙𝑖𝑡𝑦 = 1 − (1 − 𝑒 −∗(𝑡𝑜 +𝑙) ) = 𝑒 −∗(𝑡𝑜 +𝑙)

(32)

Age based maintenance
The age based maintenance policy, on the other hand, preventively replaces a component every 𝜏
periods or upon failure, where 𝑡𝑜 + 𝑙 ≤ 𝜏. We approach this problem again as a renewal reward
process based on the notes written by (Arts, 2015). In contrast to the failure based policy, the
expected direct maintenance cost per cycle consists besides unplanned maintenance also of planned
maintenance cost. The unplanned maintenance cost is defined as 𝑐𝑢 , planned maintenance cost as 𝑐𝑝
and 𝑐𝑢 > 𝑐𝑝 . The CDF of the failure time is subsequently used in order to determine the probability
of both events. The failure time distribution in the age base policy is probably different than the
Exponential distribution. Otherwise, planned maintenance does not make sense. The expected cycle
cost consists, besides maintenance costs, of holding and back ordering cost. These cost components
are calculated in the same way as in the failure based policy. The expected cycle length, in contrast,
depends on the order of events. In other words, what is the probability that preventive maintenance
is executed and what is the probability that a failure occurs before replacement time 𝜏. The ECL is
determined based on the PDF. In addition, the expected waiting time needs to be added to the cycle
length because it can occur that the component fails before a new spare part arrives. Therefore, the
expected cycle cost per time interval is equal to:
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𝐸𝐶𝐶
𝐸𝐶𝐿
𝑡 +𝑙
𝜏
[𝐹(𝜏) ∗ 𝑐𝑢 + (1 − 𝐹(𝜏)) ∗ 𝑐𝑝 ] + [𝑏 ∗ ∫0 𝑜 (𝑡𝑜 + 𝑙 − 𝑡)𝑓(𝑡)𝑑𝑡 + ℎ ∗ ∫𝑡 +𝑙(𝑡 − 𝑡𝑜 − 𝑙)𝑓(𝑡)𝑑𝑡] (33)
𝑜
=
𝜏
𝑡𝑜 +𝑙
∫𝑡 +𝑙 𝑥 ∗ 𝑓(𝑥)𝑑𝑥 + 𝜏 ∗ (1 − 𝐹(𝜏)) + ∫0 (𝑡 + 𝑙)𝑓(𝑡) 𝑑𝑡
𝑜

The article of Elwany & Gebraeel (2008) suggests a sequential optimization method in order to
minimize the expected cost with the renewal reward theory. In order to apply it, Equation (33) is
divided into two smaller parts: the maintenance cost, and the holding & back ordering cost. First, the
optimal replacement time, 𝜏, is optimized based on the maintenance cost given in Equation (30):
𝑀𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒 𝑐𝑜𝑠𝑡 =

𝐹(𝜏) ∗ 𝑐𝑢 + (1 − 𝐹(𝜏)) ∗ 𝑐𝑝

𝜏
∫𝑡 +𝑙 𝑥
𝑜

(34)

∗ 𝑓(𝑥)𝑑𝑥 + 𝜏 ∗ (1 − 𝐹(𝜏))

For a given failure time distribution, the optimal replacement time can be obtained by setting the
first derivative equal to zero and solve for 𝜏. Also the second derivative needs to be calculated in
order to prove convexity. Where we assumed an Exponential distribution in the failure based policy,
we do not assumed a certain distribution over here. The age based maintenance policy is most
suitable for failure time distribution that has an Increasing Failure rate (IFR). Since we are dealing
with electrotechnical components this is unlikely. However, in order to show that multiple
maintenance policies can be incorporated, this policy is included.
In addition, the holding and back ordering cost in the second part are optimized in a similar way. The
optimal value 𝜏 ∗ is already determined in the maintenance cost calculation, what means that
Equation (35) can be solved by optimizing the re-order point. This can again be achieved by setting
the first derivative equal to zero and solve for 𝑡𝑜 .
𝑡 +𝑙

𝐻𝑜𝑙𝑑𝑖𝑛𝑔 & 𝑏𝑎𝑐𝑘 𝑜𝑟𝑑𝑒𝑟𝑖𝑛𝑔 𝑐𝑜𝑠𝑡 =

𝜏∗
(𝑡 − 𝑡𝑜
𝑜 +𝑙
𝑡 +𝑙
𝐹(𝜏 ∗ )) + ∫0 𝑜 (𝑡

𝑏 ∗ ∫0 𝑜 (𝑡𝑜 + 𝑙 − 𝑡)𝑓(𝑡)𝑑𝑡 + ℎ ∗ ∫𝑡
𝜏∗

∫𝑡

𝑜

𝑥 ∗ 𝑓(𝑥)𝑑𝑥 + 𝜏 ∗ ∗ (1 −
+𝑙

− 𝑙)𝑓(𝑡)𝑑𝑡
+ 𝑙)𝑓(𝑡) 𝑑𝑡

(35)

Now the replacement time, as well as the re-ordering time, is optimized with this sequential method,
the expected average total cost per time interval can be determined based on Equation (33).
Subsequently, the cost of modification is calculated with Equation (31) and the availability level with
Equation (32). The calculation of the availability level is equal to the calculation performed in the
failure based policy because the probability of getting out of stock remains the same since we
assume that 𝑡𝑜 + 𝑙 ≤ 𝜏.
Combination LTB and modification strategy
A trade-off purely based on cost can be made between the LTB and the modification strategy. By
varying the timing of modification, using the formulated LTB model in section 3.1 and the formulated
modification strategy in this section, this result can be obtained. The formula in order to calculate the
total relevant cost for the combination of the two strategies is then defined as:
𝑇+1

𝐶(𝑗, 𝑇) = ∑[𝑇𝑅𝐶𝐿𝑇𝐵 (𝑗 − 1) + 𝑇𝑅𝐶𝑚𝑜𝑑 (𝑗, 𝑇𝑚𝑎𝑥 )]

(36)

𝑗=1

The first term, 𝑇𝑅𝐶𝐿𝑇𝐵 (𝑗 − 1), refers to the first 𝑗 − 1 periods where the systems is maintained with
spare parts purchased by the LTB acquisition. In the LTB algorithm, (𝑗 − 1) represents thus the
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planning horizon which is in this comparison model defined as decision variable. Subsequently, the
system is modified after which it is maintained with the chosen maintenance policy until the rest of
the planning horizon, represented by 𝑇𝑅𝐶𝑚𝑜𝑑 (𝑗, 𝑇𝑚𝑎𝑥 ). This method is inspired by the deterministic
comparison made by Kumar & Saranga (2010). The timing of modification, represented by j, is varied
in order to obtain the optimal combination between the two strategies.
A big difference between the LTB and modification strategy is the planning horizon. Where the LTB
strategy approaches the problem from a finite horizon perspective, the modification strategy
assumes an infinite horizon. The finite horizon approach perfectly fits the LTB strategy, because we
assume that modification is at some point in time inevitable. This means that the LTB strategy is used
for a finite number of time intervals. On the other hand, the modification strategy is approached
from an infinite horizon because it is assumed that the new technology will be operational for
sufficiently long time. Even after the planning horizon of the asset, the modified component can be in
good condition. However, in order to quantify the incurred maintenance cost, the calculation are
bounded by the planning horizon 𝑇𝑚𝑎𝑥 . However, 𝑇𝑚𝑎𝑥 does not influence the optimal solution
because after time interval 𝑇 + 1 these cost are always equal. The decision that is optimized is the
timing of modification which is in range [0, 𝑇 + 1] and 𝑇 + 1 ≪ 𝑇𝑚𝑎𝑥 .
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4. Case study
This chapter presents the case study, which is used in order to validate the developed models and to
demonstrate how the tool can be used. In addition, it generates useful insights for an upcoming
obsolescence case at the RNLN. Relating this chapter to the research questions formulated in section
2.2, it represents the fourth and last sub-question. In the case study, the models are applied to the
propulsion system of the Zr. Ms. Rotterdam. The specific component in consideration is the brake
chopper, which is part of the frequency converter. In section 4.1, this component, as well as the
vessel, is further introduced. Subsequently, the gathered data in order to quantify the input variables
is discussed in section 4.2. The application of our models is presented in section 4.3.

4.1

Brake chopper

The case study focusses on the Zr. Ms. Rotterdam (Figure 4.1) which is one of the three largest
vessels of the RNLN. The vessel has a length of 166 meters and is 27-meter width. The main purpose
of the Zr. Ms. Rotterdam is to assist by amphibious operations on the border between land and sea.
Since the loading dock at the backside of the vessel can drop down up to four meters, it can unload
goods and people without actually docking to a harbor. The internal dock of the Zr. Ms. Rotterdam
will be filled up with water whereby a Landing Craft Utility (LCU) or a Landing Craft Vehicle and
Personnel (LCVP) can transport the goods further to land. This means that the Zr Ms. Rotterdam has
an enormous transport capacity which allows them to transport a battalion up to 610 marines
including materials and supplies for ten days. Furthermore, it is equipped with a helicopter deck on
which two helicopters can land simultaneously. The Zr. Ms. Rotterdam has several weapon systems
on board which are only used for self-protection and it is equipped with hospital facilities including
operation tables, intensive care, and treatment rooms. Since the Zr. Ms. Rotterdam became
operational in 1998 it served several missions to, among others, Albania, Eritrea, Ethiopia, Liberia,
and Somalia.

Figure 4-1: Zr. Ms. Rotterdam

The component in consideration is called the brake chopper and is part of the propulsion system of
the Zr. Ms. Rotterdam. In order to clarify the interaction between all the subsystems within the
propulsion system, a brief overview is given. On board of the vessel, four in parallel positioned
installations are placed, what together is called the propulsion system. Each installation consists of
four in series positioned sub-systems. The first subsystem in each line is the diesel engine with an
electric generator. Together, they are responsible for generating the required electric energy for the
propulsion (6k6 volt). This voltage is way too high for the propulsion system and has large starting
current surges. Therefore, a transformer reduces the starting voltage by means of a star-delta switch
into Alternating Current (AC), which flows into the converter. There, the energy is converted back to
direct voltage equal to approximately 2,500 to 2,600 volt. In addition, the frequency converter
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determines the rotation speed of the propulsion motor which eventually drives the bow thruster. A
schematic representation of the propulsion system of the Zr. Ms. Rotterdam is presented in
Appendix C. The component in consideration for the case study is the brake chopper which is part of
the frequency converter. Basically, it has two functions: 1) the brake chopper needs to capture the
recuperative energy that is released from the rotation system when it brakes. This energy is
subsequently transformed into heat and 2) it has to capture surges, which is more a safety function.
In other words, whenever the print board in the frequency converter measures a higher voltage than
2,700 volt, the brake chopper needs to capture the excessive energy. The electrical circuit of the
brake chopper is presented in Appendix D and a picture of the actual brake chopper on board of the
Zr. Ms. Rotterdam is presented in Figure 4.2. The brake chopper is chosen as case study because the
RNLN expects that this component will become obsolete in the near future. Moreover, obsolescence
options are currently being explored by means of a business evaluation in order to mitigate the
negative effects.

Figure 4-2: Brake chopper

4.2

Data input variables

In the developed models in chapter 3, several input variables are defined which need to be
quantified in order to determine the optimal solution. In this section, these input variables are
further outlined. In addition, it is explained how the required data is gathered in order to quantify
realistic values to these input variables.
The RNLN utilizes Systeme Anwendungen und Produkte (SAP), which is a software program where all
the data is stored regarding their components. From purchase price to current inventory level and
from planned maintenance to unplanned maintenance actions. By entering the article number into
the SAP software, information from the last two years can be gathered. For the LTB model, ten input
variables need to be quantified, from which six can be directly extracted from SAP. The repair cost
and salvage value are determined in SAP as a percentage of the purchase price of respectively 40%
and 10%. Since the purchase price is given at approximately € 14,899.-, these input variables can
easily be quantified. Furthermore, the expected demand rate can be extracted from SAP since every
maintenance action is documented. In the last two years, three maintenance actions were executed
on the brake chopper. However, a document with all the repairs executed by Brush in the last twelve
years indicates a lower demand rate. Brush is the company that is responsible for the repair of the
brake chopper and according to that document, the brake chopper has been repaired six times,
which is an average of one failure every two years. In addition, time indications are linked to each
maintenance action which allows us to determine the repair lead time which is in this case between
six weeks and four months. For simplicity, we assume a stationary repair lead time equal to three
months. Distinction is made between replacement and repair actions, so the fraction of successful
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repairs is also determined by information from SAP. The repair ratio for the brake chopper is five out
of six. The remaining four input variables, holding cost, back ordering cost, planning period, an
interest rate cannot be determined based on the information in SAP. Therefore, we need to assume
values for these variables. For the holding cost, we assume a certain percentage of the purchase
price, which is a straightforward but commonly used method in practice. In this case, we assume
fifteen percent per year. The back ordering cost, on the other hand, is a lot harder to determine. In
order to quantify it, we have to evaluate the consequences of being out of stock. If the brake
chopper fails, the recuperative energy that is released from the rotation system cannot be captured
anymore. This means that it is too dangerous to operate with this part of the propulsion system. As a
result, the top speed of the vessel decreases and the brake distance increases, especially with a crash
stop. Moreover, the vessel is in most cases not allowed to go on a mission when the propulsion
system is not fully operational. In particular, when it has to transport heavy load, it is required that all
four lines work properly. Note, that the mission is usually completed with three rotations motors
when a failure occurs during the mission. Despite this information, it is still quite hard to quantify the
involved cost of being not operational. In the business evaluation, the RNLN performed in order to
determine the best obsolescence strategy for the brake chopper, a back ordering cost of fifty
thousand euro per year is assumed. No mathematical explanation is given, but for this case study, we
assume the same value. Finally, the planning period is defined as the length of the remaining
operational life. The Zr. Ms. Rotterdam became operational in 1998. Assuming an expected lifetime
of thirty years, the planning period is equal to eleven years. In addition, the interest rate is defined as
an input variable in order to calculate the discount factor. We assume that the yearly interest rate is
equal to five percent. Equation (39) can be used for the interest calculation per specified time
interval. Note that the developed LTB model in section 3.1 assumes a one period lead time, which
means that all the input variables are defined accordingly.
(

𝐼𝑛𝑡𝑒𝑟𝑒𝑠𝑡 𝑟𝑎𝑡𝑒(𝑛) = (1 + 𝑖𝑟)

𝑛
)
12

−1

(37)

In Equation (39), n represents the specified time interval in months. The input variables for the LTB
strategy are summarized in Table 4-1. Note that each time interval is equal to three months and that
all variables are quantified accordingly.
Input variables
Holding cost per time unit
Repair cost per item
Salvage value per item
Back ordering cost per time unit
Repair lead time in time units
Expected demand per time unit
Planning period in time units
Fraction successful repairs
Purchase price per item
interest rate per time unit

Value
€ 558.71
€ 5,959.59
€ 1,489.90
€ 12,500.1
0.125
44
0.833333333
€ 14,898.97
1.23%

Table 4-1: Input variables LTB strategy with a 3-month time interval

Considering the component, there is a possibility to replace the brake chopper with a more advanced
and still available technology. For this modification option, six more input variables need to be
32

quantified of which three are similar to the LTB input variables: demand rate, holding cost, and back
ordering cost. In case of a modification, the demand rate can change due to the installation of a new,
more sophisticated technology. In general, the demand rate remains equal or decreases as a result of
a modification. For now, we assume an equal demand rate for the modification model. In the
sensitivity analysis, performed in the next chapter, this variable is varied in order to obtain its
influence on the eventual optimal solution. The holding cost is defined equally as in the LTB model,
which means that it is determined based on a percentage of fifteen percent of the purchase price.
The back ordering cost also remains the same, since the cost of not being operational does not
change due to this modification. The maintenance cost is defined as the cost of performing an
unplanned maintenance action. Besides the purchase price of the spare part, engineering cost is
normally incorporated. However, in the LTB model, the engineering cost are neglected. In order to
make a fair comparison, the maintenance cost is defined as the purchase price of the spare part.
According to RNLN’s engineers, the new version of the brake chopper comes with approximately the
same price. Therefore, the maintenance cost is assumed to be €15,000.-. The fifth input variable is
the lead time. In contrast to the LTB model, spare parts are still available. Therefore, lead time is
defined as the time between placing an order at the supplier and the actual arrival of the spare part.
The RNLN operates with a standard lead time of three months. Finally, the initial investment which is
required to perform the modification needs to be quantified. It is hard to determine the investment
cost of a modification, especially if the component that needs to be replaced is physically hard to
reach. However, as a starting point for the brake chopper an initial investment of €100,000.- is
assumed. In the sensitivity analysis, this variable is also varied in order to gain insights into its
influence. The input variables for the modification strategy are summarized in Table 4-2 with a three
month interval length.
Input variables
Expected demand per time unit
Maintenance cost
Holding cost per time unit
Back ordering cost per time unit
Lead time in time units
Initial investment

Value
0.125
€ 15,000.€ 562.50
€ 12,500.1
€ 100,000.-

Table 4-2: Input variables modification strategy with a 3-month time interval

4.3

Applications

Based on the developed models in chapter 3 and the quantified input variables in section 4.2, the
near-optimal solution is calculated under different objectives. First, the LTB model is applied to the
case study which presents the cost effective solution as well as the optimal solution under a budget
constraint. Subsequently, the LTB strategy is combined with the modification option under the
assumption that a LTB strategy is finite. After a pre-determined time period, the component in
consideration has to be modified. Finally, mission types are incorporated into the LTB model.
4.3.1 LTB + repair option
A quantitative analysis regarding the brake chopper is made for the LTB strategy in combination with
the repair option. By varying the decision variable in this model, which is the LTB quantity, the
minimal cost including the corresponding availability level is obtained. In addition, by assigning a
maintenance budget to the brake chopper, the availability level can be maximized.
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LTB quantity
0
1
2
3
4
5
6
7
8
9
10
11
12

Expected TRC
€ 1,086,260.21
€ 156,227.29
€ 96,020.77
€ 97,569.46
€ 114,144.15
€ 136,504.73
€ 162,358.80
€ 190,750.39
€ 220,939.43
€ 252,298.76
€ 284,351.69
€ 316,779.47
€ 349,392.83

Average Availability
17.00%
80.03%
93.90%
97.52%
98.61%
99.10%
99.43%
99.66%
99.81%
99.90%
99.95%
99.98%
99.99%

Table 4-3: Overview LTB solution

In Table 4-3, the first row represents the LTB quantity. Subsequently, the corresponding expected
cost and availability level are displayed in respectively column two and three. As expected, the total
cost decreases enormously as the LTB quantity increases from zero to one, due to the fact that the
back ordering cost is significantly higher than the holding cost. By purchasing a higher initial LTB
quantity, the probability of having back orders decreases, which result in lower overall back ordering
cost. Simultaneously, the ordering cost increases as well as the holding cost due to more inventory.
However, the decrease in back ordering cost is significantly higher than the increase in holding cost
and initial ordering cost, resulting in lower total cost. By increasing the LTB quantity further, the
trade-off between the cost components becomes more interesting. Eventually, the extra holding and
ordering cost outweighs the benefits of increasing the initial LTB quantity. At that point, increasing
the LTB quantity is no longer financially beneficial, which is in the brake chopper case equal to a LTB
quantity of two spare parts. The expected total cost is minimized at this point. Subsequently, the
total cost will increase along with the LTB quantity. The results are visualized in Figure 4-3.

TRC vs LTB quantity
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Figure 4-3: TRC versus LTB quantity
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The availability level, on the other hand, always increases along with the LTB quantity. Due to the
decreasing probability of getting out of stock, the availability level will increase enormously if the LTB
quantity increases from zero to one. Subsequently, if the LTB quantity is increased further, the
availability level will increase along. However, the steepness of the line becomes smaller. Eventually,
the availability level will approach 100% if the LTB quantity goes to infinity. The results are visualized
in Figure 4-4. The optimal LTB quantity will always be at the point of cost minimization or beyond
because prior to that point, an increase in the LTB quantity will lead to lower total cost and higher
availability. From there on, it is a trade-off between cost and availability. Management should decide
based on these results if an increase in budget can be justified by the increase in availability.

Availability vs LTB quantity
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Figure 4-4: Availability level versus LTB quantity

4.3.2 Modification versus LTB
A quantitative comparison for the brake chopper is made between the LTB and the modification
strategy, where a combination of the two strategies is examined. The timing of modification is
therefore varied between one and the maximum allowed period length of the LTB strategy, T+1.
Where one indicates that the component is modified immediately and a modification timing after the
T indicates that the system is maintained with the LTB strategy as long as possible. Calculating the
expected LTB and modification cost, we observe that the trend is perfectly normal. As can be
observed in Figure 4-5, the LTB cost increases along with the timing of modification. This can be
explained by the fact that the LTB strategy needs to cover more time intervals which obviously
results in more demand, more repairs, and higher ordering, holding and back ordering cost. At the
same time, the steepness in which the TRC increases, becomes smaller, which indicates that there is
a horizontal asymptote. The cost of modification behaves in exactly the opposite direction. As the
timing of modification increases, the TRC decreases because fewer time intervals need to be covered
with the modification strategy. Due to the time value of money, the horizontal asymptote of the
modification strategy is equal to zero if the timing of modification approaches infinity. In figure 4-5,
the cost of the LTB and modification strategy are presented against the timing of modification in
order to visualize this opposite behavior.
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TRC versus modification timing
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Figure 4-5: TRC versus timing of modification

The near-optimal solution for the brake chopper resulting from this case study depends on the
period length for which the LTB strategy is allowed. As mentioned in the introduction of this chapter,
it can occur that the old technology will be too outdated at some point in time. A modification is
inevitable and has to be executed. For the brake chopper case, we randomly assume a period length
of four years, which is equal to sixteen time intervals of three months. Running the tool with this
extra input variable, it generates the results presented in Table 4-4. The timing of modification is
presented in the first column. Subsequently, the corresponding LTB (with optimal LTB quantity) and
modification cost are presented, after which these costs are summed in the last column. Looking at
the total cost, we observe in general a decreasing trend which has a minimum in the last row. This
indicates that the optimal strategy for the brake chopper is to maintain the component with the LTB
strategy for the first sixteen time intervals after which it is required to modify. The modification
strategy will maintain the component from then on until the end of the planning horizon. Zooming in
on the first six time intervals, the behavior of the total cost is remarkable. The total cost decreases
first for three time intervals after which it increases. Subsequently, it decreases again from time
interval six till seventeen. However, the steepness of the decrease becomes smaller whenever the
timing of modification increases further. A possible explanation for the cost behavior in the first six
time intervals can be found in the LTB strategy. As can be observed, the strategy is making a trade-off
between the cost and benefits of purchasing an extra spare part. Apparently, the decrease of back
ordering cost does not outweigh the increase in ordering and holding cost due to the extra spare
part. Therefore, the probability of getting out of stock increases when the timing of modification
increases, which justifies the increase in the total LTB cost. At a certain point (in this case at time
interval six), the trade-off turns around and the purchase of an extra spare part is financially
beneficial for the LTB strategy, which causes an increase due to the high purchase price. However,
the increase is relatively small compared to purchasing no additional part. If the timing of
modification is increased further, the whole process iterates. This means that every time the LTB
strategy is on the edge of turning over to a higher LTB quantity, the LTB cost increases harder. The
decrease in modification cost is in these turn over points outweighed by the increase in LTB cost,
which means that the total cost can slightly increase. The steepness of the cost increase regarding
the LTB strategy is lower (see also Figure 4-5) after each turnover point. The behavior of the
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modification cost is more constant, but that can be explained by the fact that the expected cost per
time unit is the same for all time intervals due to the renewal reward theory. All the combinations
are presented in Table 4-4.
TM
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

TRC LTB
€ 0.00
€ 1,543.56
€ 4,593.24
€ 9,112.32
€ 15,064.70
€ 19,524.53
€ 21,299.59
€ 23,147.37
€ 25,071.32
€ 27,074.60
€ 29,160.06
€ 31,330.31
€ 33,587.66
€ 35,934.23
€ 38,371.85
€ 40,902.18
€ 43,526.65

Q
0
0
0
0
1
1
1
1
1
1
1
1
1
1
1
1

TRC MOD
€ 181,005.25
€ 177,407.63
€ 173,853.62
€ 170,342.69
€ 166,874.33
€ 163,448.02
€ 160,063.25
€ 156,719.51
€ 153,416.31
€ 150,153.16
€ 146,929.56
€ 143,745.05
€ 140,599.15
€ 137,491.38
€ 134,421.29
€ 131,388.43
€ 128,392.33

Total
€ 181,005.25
€ 178,951.18
€ 178,446.86
€ 179,455.01
€ 181,939.03
€ 182,972.55
€ 181,362.84
€ 179,866.88
€ 178,487.64
€ 177,227.76
€ 176,089.63
€ 175,075.36
€ 174,186.81
€ 173,425.61
€ 172,793.15
€ 172,290.61
€ 171,918.97

Table 4-4: Overview LTB versus modification solution

This phenomenon is also visualized in Figure 4-6. The optimal solution for the brake chopper case
seems obvious. Modify the component at time interval seventeen in order to operate at the
minimum expected cost. In comparison with modifying immediately, which is the most commonly
applied obsolescence strategy at the moment at the RNLN, a cost reduction of more than 5% can be
obtained. The reduction is equal to the difference between modifying immediately and operating at
the optimal solution. However, the input variables for the modification strategy are very difficult to
estimate. A lot of assumptions were required in order to quantify the six input variables. If for
instance, the expected demand for the modified component is lower due to technological
innovations, the optimal solution might change. The same reasoning holds for the initial investment,
a small change can result in a different solution. At the same time, the TRC of the LTB strategy is
determined by minimizing the cost. At the RNLN, availability is often considered to be equally
important as cost. Therefore, the TRC of the LTB strategy will be higher if a certain availability level is
desired. In order to obtain that desired level, the LTB quantity needs to be increased. The sensitivity
analysis performed in chapter 5 is of major importance in order to explore these underlying relations.
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Total cost
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Figure 4-6: Total cost

We can demand that the availability level for both strategies has to be equal in order to make this
comparison fairer. We use the modification strategy as a starting point, which operates under an
availability level of 93.53% for these given input variables (use Equation (32)). By making use of the
LTB + repair model, which we also used in section 4.3.1, and play with the budget constraint we
obtain the results presented in Table 4-5. As can be observed, the TRC of the LTB strategy changes
for six modification timing points. Therefore, the optimal solution changes into modifying in time
interval fourteen, which means that the LTB strategy is used for the first thirty-nine months. This
example demonstrates that a small change in input assumptions or objective can result in a
completely different solution.
TM
TRC LTB
Q
TRC MOD
Total
1
€ 0.00
€ 181,005.25
€ 181,005.25
2
€ 1,543.56
0
€ 177,407.63
€ 178,951.18
3
€14,941.60
1
€ 173,853.62
€ 188,795.22
4
€ 16,177.22
1
€ 170,342.69
€ 186,519.91
5
€ 17,818.44
1
€ 166,874.33
€ 184,629.77
6
€ 19,524.53
1
€ 163,448.02
€ 182,972.55
7
€ 21,299.59
1
€ 160,063.25
€ 181,362.84
8
€ 23,147.37
1
€ 156,719.51
€ 179,866.88
9
€ 25,071.32
1
€ 153,416.31
€ 178,487.64
10
€ 27,074.60
1
€ 150,153.16
€ 177,227.76
11
€ 29,160.06
1
€ 146,929.56
€ 176,089.63
12
€ 31,330.31
1
€ 143,745.05
€ 175,075.36
13
€ 33,587.66
1
€ 140,599.15
€ 174,186.81
14
€ 35,934.23
1
€ 137,491.38
€ 173,425.61
15
€ 44,661.24
2
€ 134,421.29
€ 179,082.53
16
€ 46,101.86
2
€ 131,388.43
€ 177,490.29
17
€ 47,557.22
2
€ 128,392.33
€ 175,949.55
Table 4-5: Overview LTB versus modification solution with availability constraint
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5. Sensitivity analysis
This chapter presents the sensitivity analysis which is performed on the mathematical models
developed in chapter 3. Such analysis explores underlying relations and results in managerial insights.
Each section in this chapter discusses the effect of a changing input variable on the optimal solution.
First, two input variables of the LTB strategy, the fraction of successful repairs and the back ordering
cost, are evaluated. Subsequently, the demand rate for the modification and LTB strategy is varied
and analyzed. A sensitivity analysis on the initial investment and mission types is also performed, but
presented in Appendix F. The input variables are quantified according to the case study performed in
chapter 4. Finally, mission types are shortly discussed.

5.1

Fraction successful repairs

The fraction of successful repairs influences the LTB decision and has been changed over an interval
of 0% to 100%. A success rate equal to 0% represents the situation were no repairs are successfully
performed, which means that maintenance completely depends on the LTB acquisition. Note, that
this situation is unrealistic. The model is programmed in such way, that returned parts from the field
are going into repair if needed. Whenever the success rate is equal to 0% one would never initiate
repairs, because it will lead to unnecessary repair cost. A decrease in the success rate of repairs can
occur due to many reasons e.g. scarcity of technologic knowledge. The influence of the success rate
on the LTB decision is presented in Table 5-1.
Success rate
10%
20%
30%
40%
50%
60%
70%
80%
90%
100%

TRC LTB
€ 70,388.40
€ 65,571.57
€ 61,289.09
€ 57,550.56
€ 54,359.76
€ 51,713.03
€ 49,597.28
€ 45,323.94
€ 40,185.67
€ 35,851.57

Q
2
2
2
2
2
2
2
1
1
1

Table 5-1: LTB solution with varying success rate

As can be observed from Table 5-1, the total cost decreases as the success rate increases. This trend
can be explained by the fact that with an increasing success rate a larger part will be repaired. Since
the repair cost is lower than purchasing a new spare part, the total cost will decrease.
Simultaneously, the LTB quantity decreases which result in lower initial ordering cost. Implementing
the changing success rate into the comparison between the LTB and modification strategy, we
observe that the success rate also has an influence on the optimal solution. As can be observed from
Table 5-2, the influence of the success rate can be categorized into three areas. In the first area,
which is in this case equal to a success rate up to 67%, the optimal solution is to modify in time
interval three which means that the obtained benefits of delaying modification with two time
intervals outweigh the expected back ordering cost. Since no LTB quantity is purchased, the total cost
is equal for each percentage. The second area, which is in this case beyond 78%, the optimal solution
is to maintain the component as long as possible with the LTB strategy. This means that the
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component is modified in time interval seventeen. The third and most interesting area is between a
success rate of 68% and 78% because the optimal solution is a combination of the two strategies. We
expected to observe that the timing of modification would slowly increase to seventeen as the
success rate increases as well. However, as can be seen in Table 5-2, the timing of modification
makes immediately a jump to seventeen after which it behaves as expected. A possible explanation
can again be found in the ‘wave movement’ the LTB strategy makes every time it is on the edge of
turning over to a higher LTB quantity. Apparently, the peak of this increase is for the percentages
below seventy higher than continuing with the LTB strategy and modify after 4 years. The three areas
are specified for this case study, but in general, these areas can probably be determined. In addition,
the total cost decreases as the success rate increases.
Success rate
40.00%
50.00%
60.00%
65.00%
67.00%
68.00%
69.00%
70.00%
71.00%
72.00%
73.00%
74.00%
75.00%
76.00%
77.00%
78.00%
79.00%
80.00%
90.00%
100.00%

TM
3
3
3
3
3
17
17
13
13
14
14
14
15
15
16
16
17
17
17
17

TRC LTB
€ 4,593.24
€ 4,593.24
€ 4,593.24
€ 4,593.24
€ 4,593.24
€ 49,978.96
€ 49,785.57
€ 37,281.29
€ 36,986.53
€ 39,747.32
€ 39,391.54
€ 39,039.41
€ 41,696.68
€ 41,280.16
€ 43,869.43
€ 43,385.00
€ 45,879.03
€ 45,323.94
€ 40,185.67
€ 35,851.57

Q
0
0
0
0
0
2
2
1
1
1
1
1
1
1
1
1
1
1
1
1

TRC MOD
€ 173,853.62
€ 173,853.62
€ 173,853.62
€ 173,853.62
€ 173,853.62
€ 128,392.33
€ 128,392.33
€ 140,599.15
€ 140,599.15
€ 137,491.38
€ 137,491.38
€ 137,491.38
€ 134,421.29
€ 134,421.29
€ 131,388.43
€ 131,388.43
€ 128,392.33
€ 128,392.33
€ 128,392.33
€ 128,392.33

Total
€ 178,446.86
€ 178,446.86
€ 178,446.86
€ 178,446.86
€ 178,446.86
€ 178,371.28
€ 178,177.90
€ 177,880.44
€ 177,585.68
€ 177,238.70
€ 176,882.92
€ 176,530.79
€ 176,117.97
€ 175,701.45
€ 175,257.86
€ 174,773.42
€ 174,271.35
€ 173,716.27
€ 168,577.99
€ 164,243.89

Table 5-2: Modification timing with varying success rate

5.2

Back ordering cost

In the case study performed in chapter 4, the back ordering cost is assumed to be €50,000.- per year.
This value is assumed based on documentation of the RNLN but is never substantiated. Therefore,
the back ordering cost is varied over an interval of €7,500.- to €125,000.- in order to examine its
influence. Note that these values are applied to the case study, which means that it represents the
back ordering cost per three months. The yearly back ordering cost is, therefore, varied up to
€500,000.-. The reason why it is difficult to quantify the back ordering cost is due to the fact that the
main goal of the Zr. Mr. Rotterdam is to assist in amphibious operations. No economic benefit is
obtained by such mission, which makes it hard to quantify it. The influence of the back ordering cost
on the LTB strategy is visualized in Figure 5-1.
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TRC versus back ordering cost
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Back ordering cost
Figure 5-1: LTB cost with varying back ordering cost

As can be observed from Figure 5-1, the TRC of the LTB strategy increases along with the back
ordering cost. This trend makes sense because the probability of having back orders remains the
same if the LTB quantity remains equal. However, at a certain point in time, the LTB quantity
increases as well. Apparently, the decrease in back ordering cost outweighs the increase in ordering
and holding cost. That point is equal to €17,500.- in this case. As can be observed in Figure 5-1, the
slope of total cost line is smaller from then on due to the fact that the probability of having back
orders decreases. This phenomenon is iterated every time it is beneficial to increase the LTB
quantity. The increase of the total cost, however, for each interval with the same LTB quantity, looks
linear. This can be explained by the fact that the probability of having back orders is equal, but the
incurred cost higher. Implementing a varying back ordering cost into the comparison between the
LTB and modification strategy we obtain the results given in Table 5-3. Note that we have assumed
that the back ordering cost for both strategies are equal in section 4.2, which means that both values
vary along. As can be observed from Table 5-3, the back ordering cost does have an influence on the
solution. If the back ordering cost is equal to or lower than €67,500.- the optimal solution is to
modify at time interval seventeen. Hereafter, the optimal solution dictates that the component
should be modified immediately. We expected that the optimal solution would remain constant
because the back ordering cost for both strategies is equal. However, this statement is only true
when both strategies operate under the same availability level. We concluded during the case study,
performed in section 4.3.2, that the availability level of the LTB strategy is, in general, lower than the
availability level of the modification strategy. This explains the switch in the results because the
probability of having back orders is higher in the LTB strategy. Therefore, higher back ordering cost
influences the LTB strategy more than the modification strategy. This means that there has to be a
critical point in which the solution turns around. Apparently, this point is equal to €67,500.- for the
brake chopper case. In addition, the total cost increases along with the back ordering cost.
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Back ordering cost
€ 10,000.00
€ 20,000.00
€ 30,000.00
€ 40,000.00
€ 50,000.00
€ 60,000.00
€ 65,000.00
€ 67,500.00
€ 70,000.00
€ 72,500.00
€ 75,000.00
€ 80,000.00
€ 90,000.00
€ 100,000.00

TM
17
17
17
17
17
17
17
17
1
1
1
1
1
1

TRC LTB
€ 40,306.19
€ 49,835.28
€ 52,539.87
€ 54,324.47
€ 55,922.90
€ 57,403.54
€ 58,099.53
€ 58,447.53
€ 0.00
€ 0.00
€ 0.00
€ 0.00
€ 0.00
€ 0.00

Q
1
2
2
2
2
2
2
2
-

TRC MOD
€ 128,034.08
€ 129,467.07
€ 130,900.07
€ 132,333.07
€ 133,766.06
€ 135,199.06
€ 135,915.56
€ 136,273.80
€ 195,382.55
€ 196,007.65
€ 196,632.75
€ 197,882.95
€ 200,383.35
€ 202,883.75

Total
€ 168,340.27
€ 179,302.35
€ 183,439.94
€ 186,657.54
€ 189,688.96
€ 192,602.60
€ 194,015.09
€ 194,721.34
€ 195,382.55
€ 196,007.65
€ 196,632.75
€ 197,882.95
€ 200,383.35
€ 202,883.75

Table 5-3: Modification timing with varying back ordering cost

5.3

Demand rate

As mentioned in section 4.2, the demand rate of a new, more sophisticated technology might be
lower than the demand rate of the old component. Therefore, it would be interesting to see, what
the optimal solution would become if the demand rate of the modification strategy is lower. First,
the expected demand is varied over an interval of 0.125 to 0.02 in order to examine its influence on
the modification cost. This means that the demand rate is varied between a failure once every two
years to once every twelve and a half years. The analysis is performed on the case study with the
assumption that the component has to be operational for forty-four time intervals after modification.
The obtained result is visualized in Figure 5-2.

TRC versus expected demand
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Figure 5-2: Modification cost with varying demand rate
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As can be observed in Figure 5-2, the cost of modification decreases almost linearly as the demand
rate decreases. Looking at the absolute numbers, we observe that the negative slope slightly
decreases which means that the cost line is decreasing faster as the expected demand decreases.
However, this effect is minimal. The influence the demand rate has on the modification cost is
approximately equal to a ratio of three to one. If the demand rate decreases, for instance, twelve
percent, the expected cost decreases approximately four percent. Implementing a varying demand
rate into the comparison between the LTB and modification strategy we obtain the results given in
Table 5-4. As can be observed, three areas can be identified. In the first area, the interval between
0.125 to 0.0975, the optimal solution is to continue as long as possible with the LTB strategy. The
difference between the demand rate of the two strategies is still limited and the obtained benefits of
a lower demand rate do not outweigh the extra cost of the initial investment. In the second area, a
demand rate under 0.09, the optimal solution dictates to modify the component in time interval two.
This means that the LTB strategy is only used for the first time interval. From this point, and beyond,
the demand rate of the modification strategy is significantly lower than in the LTB strategy which
results in lower total cost. Note that modifying in the second time interval is probably preferred over
modifying in the first time interval due to the low demand rate. The optimal LTB quantity is equal to
zero, which indicates that the probability of having back orders is relatively low. In between the first
two areas, there is a small range in which it is optimal to modify in time interval sixteen. This means
that the optimal solution is on the edge of flipping over to the modification strategy. However, the
cost difference of modifying in time interval sixteen versus another point in time is extremely small.
Therefore, we believe that there is a quick turnover in the optimal strategy.
Expected demand
0.125
0.120
0.115
0.110
0.105
0.100
0.0975
0.095
0.0925
0.09
0.085
0.08
0.075
0.070

TM
17
17
17
17
17
17
17
16
16
2
2
2
2
2

TRC LTB
€ 43,526.65
€ 43,526.65
€ 43,526.65
€ 43,526.65
€ 43,526.65
€ 43,526.65
€ 43,526.65
€ 40,902.18
€ 40,902.18
€ 1,543.56
€ 1,543.56
€ 1,543.56
€ 1,543.56
€ 1,543.56

Q
1
1
1
1
1
1
1
1
1
0
0
0
0
0

TRC MOD
€ 128,392.33
€ 126,918.87
€ 125,445.89
€ 123,973.59
€ 122,502.15
€ 121,031.80
€ 120,297.09
€ 122,184.29
€ 121,419.16
€ 159,964.79
€ 157,481.67
€ 155,001.78
€ 152,525.50
€ 150,053.19

Total
€ 171,918.97
€ 170,445.52
€ 168,972.54
€ 167,500.23
€ 166,028.80
€ 164,558.44
€ 163,823.73
€ 163,086.47
€ 162,321.35
€ 161,508.35
€ 159,025.22
€ 156,545.34
€ 154,069.06
€ 151,596.74

Table 5-4: Modification timing with varying demand rate for the modification strategy

Further, it is interesting to investigate the influence of higher demand rates on the optimal timing of
modification. Therefore, the demand rate is varied up to two failures per time interval under the
assumption that the demand rate of both strategies are equal. The results are visualized in Table 5-5.
As can be observed, the total cost increases approximately 30% to 50% if the demand rate doubles.
The fact that the total cost increases is perfectly normal since more spare parts are needed in order
to maintain the system which leads to higher ordering, holding, and repair cost. In addition, the
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timing of modification is influenced by the demand rate. For the relatively high demand rates, the
modification strategy is preferred over the LTB strategy. This can be explained by the higher holding
cost of the LTB strategy. Since spare parts can only be purchased at the beginning of the first time
interval in the LTB strategy, the LTB quantity needs to be stocked for the whole planning horizon
which leads to high holding cost. In the modification strategy, on the other hand, spare parts can be
ordered at the beginning of each time interval, resulting in much lower inventory levels. Since for
higher demand rates a higher LTB quantity is required, the cost of the LTB strategy increases faster
than the modification cost. In addition, the ordering cost of the modification strategy is discounted
according to its ordering period, whereas the initial LTB procurement is not discounted. So based on
this numerical example we can say that the modification strategy will be preferred over the LTB
strategy for relatively high demand rates.
Expected demand
0.125
0.25
0.375
0.5
0.625
0.75
0.875
1
1.5
2

TM
17
17
17
17
17
17
17
2
1
1

TRC LTB
€ 43,526.65
€ 67,120.89
€ 91,024.06
€ 112,675.28
€ 133,359.64
€ 155,622.08
€ 174,810.55
€ 12,348.46
€ 0.00
€ 0.00

Q
1
2
3
3
4
5
5
0
-

TRC MOD
€ 128,392.33
€ 164,861.70
€ 199,148.05
€ 229,934.85
€ 256,810.10
€ 279,922.88
€ 299,694.22
€ 496,271.30
€ 593,685.36
€ 647,686.22

Total
€ 171,918.97
€ 231,982.59
€ 290,172.10
€ 342,610.14
€ 390,169.74
€ 435,544.96
€ 474,504.77
€ 508,619.76
€ 593,685.36
€ 647,686.22

Table 5-5: Modification timing with varying demand rate for both strategies

In addition, the influence of the initial investment on the timing of modification is investigated in a
similar way. Since the obtained results are quite straightforward, it is presented in Appendix F.
Finally, the influence of the mission types on the LTB cost is examined. By varying the demand rates
of the defined mission types, conclusions can be drawn about the LTB cost. However, the obtained
results are similar to the one obtained by varying the demand rate. Therefore, these results are also
presented in Appendix F.

44

6. Conclusions, Recommendations, Implementation, limitations,
and future research
In determining the optimal obsolescence strategy, most literature and models approach it from only
one perspective and one strategy. It is common to combine an alternative sourcing option with the
examined obsolescence strategy, but the strategies are rarely compared. In practice, it is often more
valuable to compare and combine these strategies simultaneously in one general model. In addition,
approaching obsolescence management from a different perspective is valuable for organizations.
Especially, for organizations as the RNLN because availability is often considered as a key factor. In
this master thesis project, a realistic cost comparison model of the two most applicable strategies is
developed. In addition, the availability level is incorporated into the models. Emphasis had been
placed on the LTB strategy since the availability level of the modification strategy is assumed to be
high due to widely available spare parts. Furthermore, the model is made maritime specific by
incorporating mission types. This extension might also be useful to other industries such as e. g. the
Air Force, but focus has been put on the maritime sector in this report. The results obtained by the
case study and sensitivity analysis provided useful managerial insights. In the first section, an
overview of the conclusions is given. Subsequently, the recommendations and implementation are
formulated, after which the limitations are discussed and possible directions for future research are
formulated.

6.1

Conclusions

The primary objective of this master thesis is to develop a general tool to compare different
obsolescence strategies for electrotechnical systems. By defining the required input variables, a
quantitative cost comparison is made between the LTB and modification strategy. The conclusions
are presented in two sections. First, the conclusions drawn based on the LTB model are outlined.
Subsequently, the conclusions based on the comparison between the LTB and modification strategy
are presented.
6.1.1 The LTB strategy
The LTB strategy is currently rarely used at the RNLN because obsolescence is often discovered in a
later phase. However, by assuming that obsolescence information is provided by the supplier, the
LTB strategy can be beneficial. Especially if the planning horizon is relatively short and the demand
rate low, the LTB strategy becomes interesting.
For a given time interval, the optimal order-up-to levels are determined with SDP. In our numerical
study, it appeared that the order-up-to levels are independent of the current inventory position,
which means that it can be approached with an ordinary base-stock policy. Even the influence of the
time interval is limited. For the first x time intervals, where x depends on the cost parameters and
demand rate, the optimal base-stock levels are the same. Towards the end, the optimal base-stock
level decreases in some cases in order to limit the probability of excessive inventory and unnecessary
repairs. The TRC of the LTB strategy strongly depends on the LTB quantity. By increasing the LTB
quantity, the TRC will decrease at first due to the fact that the back ordering cost decreases
enormously. However, at some point in time, the TRC increases because the increase in holding and
ordering cost outweighs the decrease in back ordering cost. The total incurred cost is minimized right
before the point where the TRC begins to increase. If the objective is to maximize availability within a
certain budget constraint, the cost minimization model is also useful. The optimal cost solution can
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be used as starting point since a lower budget will result in an infeasible solution. The availability
level, on the other hand, increases along with the LTB quantity. It has a horizontal asymptote equal
to 100% if the LTB quantity goes to infinite. In addition, we observe that the increase in availability
just after the point of cost minimization is often relatively high compared to the increase in TRC. If
operating at a high availability level is important, it indicates that increasing the LTB quantity might
be beneficial. However, management should balance the trade-off between cost and availability to
its satisfaction.
The sensitivity analysis has shown that the fraction of successful repairs does influence the LTB
decision. As expected, the LTB quantity decreases as the success rate increases. After all, if the
probability of success increases, less spare parts are required in order to maintain the system. The
TRC decreases as well if the success rate increases. This can be explained by the fact that on average
fewer attempts are needed in order to repair the same quantity, which results in lower repair cost. In
addition, the LTB quantity is lower what results in lower ordering cost. Another result from the
sensitivity analysis states that the TRC increases along with the back ordering cost. This increase can
be described by a piece-wise linear process. For every range with the same LTB quantity, the
probability of having back orders is exactly the same, which means that the TRC increases linearly.
6.1.2 Timing of modification
Combining the LTB and modifications strategy in one model, the decision variable is the timing of
modification. From the case study, we observe that the total cost of both strategies behaves in
opposite direction. As the timing of modification increases, more time intervals are maintained with
the LTB strategy which results in higher LTB cost. The exact opposite reasoning holds for the
modification strategy which causes a decrease in modification cost. By summing these separate cost,
the total incurred cost for each modification timing is determined for a given planning horizon.
Analyzing the total cost line, we conclude that there is an iterative 'wavy movement’. Every time the
optimal solution of the LTB strategy is on the edge of buying an extra initial spare part, the total cost
increases. This can be explained by the fact that the LTB cost increases harder towards this turn-over
point. Therefore, it outweighs the decrease in modification cost which together results in higher total
cost. After each turnover point, the steepness of the increase in LTB cost becomes smaller. In
general, we can state that this ‘wave movement’ only occurs if the increase in the LTB strategy is
significant compared to the decrease in delaying modification.
Based on the performed sensitivity analysis, the demand rate has a great influence on the total cost
and timing of modification. If the demand rate of both strategies doubles, the expected total cost
increases by approximately 30% to 50%. In addition, the timing of modification can shift because the
cost of the LTB strategy increases harder due to higher inventory levels. If only the demand rate of
the modification strategy decreases, e.g. when a more advanced technology is installed, the
modification strategy becomes more interesting. The fraction of successful repairs and the required
initial investment have exactly the opposite influence. If these variables increase, the LTB strategy is
preferred due to respectively lower LTB cost and higher modification cost. In our numerical study,
the relatively low success rates have no influence on the total cost because then the modification
strategy is preferred. For the high percentages, the total cost decreases with approximately 2.5% if
the fraction of successful repairs increases with 10 percentage points. The required initial investment
influences the total cost linearly if the timing of modification remains equal. For every extra required
euro, the total cost increases with the corresponding discount factor. However, the optimal
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modification timing shifts towards the LTB strategy as the required investment becomes relatively
high. The back ordering cost should not influence the timing of modification since it is assumed that
the back ordering cost is equal for both strategies. However, the availability level of the LTB strategy
varies over time, whereas it remains constant for the modification strategy. This means that for every
modification timing the obtained LTB availability is different. Therefore, the back ordering cost has
more influence on the LTB strategy.
The optimal timing of modification can often be classified into two categories, modifying as soon as
possible or continuing as long as allowed with the LTB strategy. This indicates that a clear turning
point exists between the LTB and modification strategy. Sometimes, there exists an extremely small
range in which a combination is preferred. However, the obtained benefits of such combination are
usually low compared to implementing one of two defined solution categories. Finally, the optimal
timing of modification is in our numerical study often equal to time interval two if the modification is
preferred over the LTB strategy. This is the result of a low demand rate, for which it is beneficial to
maintain the first time interval with the LTB strategy but without an initial purchase of spare parts.
This can result in back ordering cost, but since the probability of having demand is low and the
modification cost are discounted for an extra time interval, it can be financially beneficial.

6.2

Recommendations and implementation

This section formulates the recommendations and implementation for the RNLN. This master thesis
presents several models which can be used in order to select the best obsolescence strategy for a
specific situation. Furthermore, the case study has proven that the tool can be useful in order to
analyze the performance of these different strategies. Recommendations are formulated in order to
improve the use and relevance of these tools. In addition, the implementation section describes how
the developed tool can be effectively used.
6.2.1 Recommendations
The case study of the brake chopper showed that the optimal solution is to continue as long as
allowed with the LTB strategy. Therefore we recommend to modify the brake chopper after four
years. By considering the LTB strategy as a relevant option, a cost reduction of more than 5% can be
obtained. However, the LTB strategy relies on one big assumption: the supplier or OEM notifies the
customer whenever the component in consideration will be taken out of production. Without this
assumption, this strategy is irrelevant because no last order can be placed. This means that forecasts
of possible obsolescence in the near-future is important. There are two ways in order to detect
obsolescence in an early stage. Maintain a good relationship with the suppliers and make
arrangements for sharing information. A service contract might be useful. It would guarantee the
supplier to execute the necessary maintenance of the system, but simultaneously the supplier is
obligated to inform the RNLN about upcoming obsolescence. Another way to receive information
about upcoming obsolescence problems is by developing a model that predicts it. From literature,
the models of Van Jaarsveld and Dekker (2011) and Li et al. (2016) might be useful as starting point.
From the MaSelMa project, the work at Fokker Services might be relevant.
The sensitivity analyses show that the optimal modification timing can roughly be classified into two
categories: modifying as soon as possible and continuing as long as allowed with the LTB strategy.
The range in which a different modification timing is optimal, is often extremely small. In addition,
the gained benefits of modifying at a different point in time are low. Therefore, we would
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recommend to maintain the component in consideration with one of the two extreme solutions. If
the optimal solution is not presented by one of the two categories, it means that one or more
variables are on the edge of turning over towards one of the strategies. By means of a sensitivity
analysis, these input variables can be identified. Emphasize should then be put on the quantification
of these variables because a slight change can result in a different optimal solution.
A third recommendation is about the way data is stored. In big data, a lot of interesting and valuable
information is hidden. In order to gain insights into processes such as obsolescence, data is required
in order support the developed models. The process of gathering data required a lot of time during
this master thesis project because its accessibility is low and the amount of data limited. The main
reason is the transition from the old software program to SAP, which causes an enormous loss of
data and knowledge. Therefore, it was difficult to assign realistic values to the required input
variables of the models. We would recommend to store the valuable information about critical
components in a structured manner, in order to substantiate important decision. Especially, data
regarding failure behavior is of major importance since it has a great influence on the optimal
solution. After all, the more accurate the input variables are quantified the more accurate the
optimal solution is.
6.2.2 Implementation
This chapter describes how the developed models can be implemented into the current maintenance
organization. As explained in section 1.4, the RNLN does not have a quantified obsolescence strategy.
Whenever it occurs, experienced engineers perform a small business evaluation after which a
decision is made. The developed models in chapter 3 are programmed into an Excel tool which can
be used in order to substantiate this kind of decisions. After an obsolescence problem is identified
the following steps must be followed in order to use the tool properly:
1) If the objective is to minimize the TRC of the LTB strategy, the ten input variables of this
strategy need to be quantified. It is important that all variables are quantified in the same
interval length. This interval length is equal to the repair lead time since we assumed a one
repair lead time interval in section 3.1.1. Several input variables can be directly extracted
from SAP, or determined based on a percentage of the initial purchase price. Back ordering
cost, on the other hand, is one of the hardest variables to determine. An example is given in
the case study performed in chapter 4. Subsequently, the minimal LTB cost with
corresponding LTB quantity and availability level can be determined by running the code. The
availability level is given per time interval, as well as an average.
2) If the obtained availability level in step 1 does not satisfy the user of the tool, the LTB model
with budget constraint can be used. In this model, one additional variable needs to be
quantified with respect to the regular LTB model which is the assigned budget. The obtained
solution is step 1 can be used as starting point since the total cost cannot be lower. By
increasing the assigned budget, the obtained availability level will also increase. The user of
the tool can ´play´ with the assigned budget until he is satisfied with total cost – availability
relation.
3) If the objective is to optimize the timing of modification, seven more input variables need to
be quantified with respect to step 1. As mentioned in section 4.2, it is hard to quantify the
input variables of the modification strategy due to a lot of uncertainties. However, most
variables are equal to the one defined in the LTB strategy, so the assumptions made in order
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to quantify them remain in full force. The new variable is the timing of modification. The user
of the tool needs to quantify the maximum interval length for which he allows the LTB
strategy. After all input variables are quantified, the optimal re-order time for the
modification strategy needs to be determined. This calculation can be executed by the goalseek option in Excel. Subsequently, the optimal modification timing, within the allowed
range, is determined by running the code.
4) Finally, different demand rates can be quantified for the three mission types in an extension
of the LTB strategy. Currently, this information is hard to obtain at the RNLN, but if this data
becomes available in the future, the LTB model with mission type incorporation model can
be used. In addition, the planned schedule of the vessel is required to be filled out. Note,
that this extension is implemented into the model in step 1 and 2.
If the LTB strategy is chosen, a decision has to be made about the number of initiated repairs, based
on the state variables, at the beginning of each time interval. Looking at the developed formulas, we
can conclude that this decision can be divided into three areas:
I.

∗
𝐼𝑡 ≥ 𝑆𝑡,𝐼
The current inventory position is equal to or higher than the optimal base𝑡

II.

stock level, which means that no repairs are initiated.
∗
𝐼𝑡 + 𝑁𝑡 ≥ 𝑆𝑡,𝐼
The supply of ready to repair parts is sufficient in order to reach the
𝑡

III.

base-stock level. This means that repairs are needed, but that the supply of ready to
repair parts is not always fully used.
∗
𝐼𝑡 + 𝑁𝑡 < 𝑆𝑡,𝐼
Even if all available ready to repairs parts are successfully repaired, the
𝑡
optimal base-stock level is not reached, which means that all possible repairs are
initiated.

By evaluating the current situation by considering the obtained optimal base-stock level, the repair
decision is fairly simple. Some knowledge and training are required in order to realistically quantify
the input variables. But once the input variables are quantified, no further knowledge of the Excel
tool is required in order to use it. The tool can be applied to every component that fulfills the
assumptions formulated in section 3.1.1. Extending the developed models in order to relax some of
these assumptions or to improve the model, does require mathematical and VBA knowledge. Also if
another maintenance policy than the failure based policy is used after modification the code needs
to be adjusted. The VBA code is programmed in such way that the interface is user-friendly. No
clarifying comments are written in the code, but in Appendix A the main points are explained.

6.3

Limitations and future research

This section discusses the limitations of the developed models. Due to several reasons, assumptions
are made in order to represent the situation. However, some of these assumptions can be relaxed in
order to make the models more realistic. Subsequently, several limitations are translated into future
research directions formulated further on.
6.3.1 Limitations
Due to time restrictions and mathematical complexity, not all factors that influence the comparison
between the two obsolescence strategy are incorporated. One of the biggest limitations is that the
repair lead time equals one time interval in the LTB strategy. Because of this assumption, the time
interval length is fixed and might result in unrealistic decision moments since it also equals the
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review period. Decisions regarding initiating repairs can only be made at the beginning of each time
interval which is restrictive if the repair lead time is long. In addition, the repair lead time might
increase over time due to the scarcity of knowledge which is in the current model not possible.
Besides that, the Poisson distribution is assumed for the demand rate, because the model is
developed for electrotechnical systems. However, it limits the model to only one distribution where
for some components a different distribution might be more suitable.
A second limitation is that there is no clear comparison between the LTB and modification strategy
based on availability. Emphasize has been put on the LTB strategy, where the availability level can be
optimized by assigning a feasible budget. For the modification model, the availability level is assumed
to be relatively high and constant over time because spare parts are still widely available. The
availability level is calculated but can be increased by ordering sooner. However, incorporating this
extra feature into the tool would result in extremely high computation times.
A third limitation of the model is that the scale of modification is limited to component level. If we
consider the brake chopper case, we observe from documentation of the RNLN that there exist two
more possibilities to modify the component. The whole converter can be replaced with a new version
or the converter and transformer can be replaced with a new technology. These kind of modification
options are on a completely different scale than just the brake chopper, which makes it hard to
compare it to the LTB strategy. So, this model is developed in such way that it optimize the
obsolescence strategy for only one component. While it is perhaps financially beneficial to modify
the whole system when, for instance, multiple components are likely to become obsolete in the near
future.
Finally, the capacity of the tool is limited due to the fact that it is programmed into VBA. Especially,
when the demand rate and/or the planning horizon increases, computation times becomes
exceptionally long. The tool was initially developed for critical electronic components, which are in
general slow movers. But for the rare cases where the demand rate is relatively high, the tool might
be inapplicable. The same holds for an extremely long planning horizon.
6.3.2 Future research
The developed models in this master thesis emphasize on the reaction to obsolescence. Assumed is
that the component in consideration becomes obsolete in the near future and that a decision needs
to be made in order to mitigate the effects. This is a realistic, but very reactive approach. If
obsolescence can be predicted before it actually occurs, a proactive strategy can be outlined which
probably result in lower cost. For a future research direction, it would be interesting to investigate
the main factors that cause obsolescence. In addition, variables should be defined accordingly such
that obsolescence can be predicted. In addition, research needs to be conducted in order to
formulate possible proactive obsolescence strategies and for which kind of components it is
beneficial. From literature, the models of Van Jaarsveld and Dekker (2011) and Li et al. (2016) might
be useful as starting point.
As described in the limitation section, the demand rate is assumed to be Poisson distributed. This
assumption is for electrotechnical systems legit, but not for mechanical systems. Since a lot of
mechanical systems are installed on the vessels of the RNLN, it would be a valuable to support this
system as well in the model. However, research needs to be conducted on the failure rate of such
installations. Where the memoryless property of the Exponential distribution is convenient for
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electrotechnical systems, it is probably not suitable for mechanical systems. Degradation, due to
operative hours in the past, would probably affect the failure rate at a specific point in time. In
addition, the failure based maintenance policy, which is used in this project, would not be optimal.
Age based maintenance of Condition Based Maintenance (CBM) might be more suitable.
One of the assumptions is that maintenance can always directly be performed if spare parts are
available. In order to make the developed model more realistic, this assumption can be relaxed. If the
vessel in consideration is for example on a mission when the component fails, maintenance can only
be executed if the spare parts and the required knowledge in on board. Otherwise, it cannot be
repaired immediately which leads to more downtime cost. For a future research direction, it would
be interesting to investigate the optimal allocation of spare parts and knowledge, in order to operate
at the required availability level within the assigned budget.
In this master thesis project, obsolescence is approached on component level. As described in the
limitation section, modification options often include replacements of complete (sub)systems with a
new technology, instead of just modifying one component. Therefore, it would be interesting to
approach it on a system level in a future research. In addition, components are often incorporated
into multiple systems or even multiple vessels, which makes demand pooling interesting. Inventory
levels can be lower due to a decrease in variability. So extending the scope of the research would
generate a new perspective on the obsolescence problem.
Finally, as mentioned in limitation section, the computation time increases exponentially if demand
rates and/or planning horizon increases. Therefore, it is suggested to explore possibilities to
increases the computational efficiency of the developed tool. This can be achieved in three ways: 1)
investigate the VBA code and try to improve its efficiency. 2) make use of human perception. Limit
the range of possible optimal solutions by including an additional input variable. Here, the user of the
tool can quantify the range on which, for instance, the initial LTB quantity is varied. 3) Transform the
VBA code into a different software language. Excel’s VBA is a relatively slow programming language.
Java or C++ might generate the optimal solution faster.
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Appendix A: Explanation VBA code
This appendix describes the way the developed models are programmed into VBA. First the VBA code
of the LTB strategy in combination with the repair option is explained. Subsequently, comments are
given on the modification code.
LTB strategy + repair
The model described in section 3.1 is programmed into Microsoft Excel. By making use of Visual
Basics for Applications (VBA), the calculations are automated and the optimal LTB quantity with the
corresponding cost are found. The excel sheet consist of four tabs named: Input variables, Cost,
Base-stock levels, Cost matrix LTB. As the tab title of the first tab explains, the user of the tool has to
fill out the input variables in the first sheet. After running the code, the results will be extensively
represented in the other tabs, which will eventually lead to the optimal solution presented alongside
the input variables in the first tab.
Looking deeper into the VBA program, we observe that there are two modules in order to support
the calculations. Starting with the LTB and Repair module, we observe that the first sub is responsible
for all calculations since it refers to the other seven subs present in this module. The goal of this sub
is to vary the value of the last time quantity and keep track of the corresponding cost by iterating the
whole process. In order to do so, the required input variables are initialized first corresponding to
the given input. In addition, the truncation value of the Poisson distribution is calculated for a given
mean. Whenever the cumulative summation of the probabilities is higher than 1 − 10−15 , the
calculation is terminated. Subsequently, two matrices are introduced. The first matrix is a cost matrix
and corresponds to the cost faced while being in a certain situation. The number of time intervals is
represented by the number of rows and the columns represent the inventory position at the
beginning of the time interval. The number of rows is determined by the user of the tool since the
number of time intervals till the end of the planning horizon is defined as an input variable. The
number of columns is determined by the truncation value and the LTB quantity. As will be described
further on, the LTB quantity varies in order to obtain the optimal value. The lowest possible value for
the LTB quantity is obviously equal to zero, so in order to cover all demand based on the truncation
value, the matrix should have 𝑡𝑟𝑢𝑐𝑎𝑡𝑖𝑜𝑛 𝑣𝑎𝑙𝑢𝑒 + 1 columns. The last column represents in such case
an inventory position equal to zero. Whenever the LTB quantity increases, the matrix should expand
as well. Therefore, the number of columns is equal to the 𝑡𝑟𝑢𝑐𝑎𝑡𝑖𝑜𝑛 𝑣𝑎𝑙𝑢𝑒 + 𝐿𝑇𝐵 𝑞𝑢𝑎𝑛𝑡𝑖𝑡𝑦 + 1.
Backwards recursion is used in order to calculate the cost matrix, so the cost in the last time interval,
T, is calculated first. Each position in the last row of the matrix is determined by SDP, so the cost
presented in this matrix represents the cost you face in that specific situation and onwards. By
calculating the probabilities of facing a certain demand, these cost are determined. In the last time
interval, the cost of interest are holding, backorder and salvage cost and are calculated by the sub
Initializing cost T. Subsequently, the cost for being in each specific inventory position in time interval
𝑇 − 1 is determined by varying the order-up-to level. The order-up-to level that results in the lowest
expected cost is considered to be optimal and filled out in at the same position in the order-up-to
level matrix. Note that future cost are also included by calculating the probability of facing a certain
demand. This process is continued until both matrices are completely filled out. This calculation is
performed in the sub Calculation cost and order-up-to matrix. As can be seen in the code in, the
calculation is not terminated when the cost of a specific order-up-to level is higher than its
predecessor. Due to the fact that convexity is not proven, we are not allowed to terminate the
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calculate here. Therefore, it is continued until an order-up-to level equal to the LTB quantity, since it
can never be higher than this value. Subsequently, the lowest cost with corresponding order-up-to
level is visualized in the two matrixes. The Initializing cost T and Calculation cost and base-stock
matrix sub refers to the second step of the algorithm described in section 3.1.
Subsequently, the optimal LTB quantity needs to be determined based on the optimal order-up-to
levels determined in the previous step. The method that is used is quite similar to the method used
before. Q, the LTB quantity, is the variable that is varied. By keeping track of the corresponding cost,
the optimal Q can be determined. In order to do so, a third matrix is introduced which entails
imperfect repairs. In contrast with the two matrixes introduced in the first step, this matrix has an
extra state variable which represents the number of ready-to-repair parts. The number of columns is
determined in exactly the same way as in the cost and order-up-to level matrix and is given by
𝑡𝑟𝑢𝑐𝑎𝑡𝑖𝑜𝑛 𝑣𝑎𝑙𝑢𝑒 + 𝐿𝑇𝐵 𝑞𝑢𝑎𝑛𝑡𝑖𝑡𝑦 + 1. The number of rows, on the other hand, is larger since for
every inventory position you can have a different quantity of ready-to-repair parts. The maximum
number of repairs is equal to the LTB quantity. Therefore, we have to vary the number of ready-torepair parts in every time interval from zero to Q, which corresponds to (𝑄 + 1) ∗ (𝑇 − 1) + 1 rows.
Because in the first time interval it is not possible to have any ready-to-repair parts. This matrix
contains the TRC one face while being in a certain situation and onwards. Backwards recursion is
used again in order to solve it. The sub named Initializing cost T imperfect repair is responsible for
initializing the cost in the last time interval. In this last time interval, three cost parameters are
included: holding, backorder and salvage cost. The number of ready-to-repair parts has in this time
interval has no influence, since we assume that they are not subject to holding or salvage cost.
Therefore, the faced cost of being in a certain situation are equal for each column. In addition, the
cost are exactly the same as calculated before in the cost matrix with perfect repair. Subsequently,
the Calculation cost matrix imperfect repair sub determines the TRC one face in every possible
situation form time interval 𝑇 − 1 till time interval 2. The biggest difference with the cost matrix
introduced before in order to determine the optimal order-up-to levels is that repairs are limited and
not always successfully executed. Again, the holding and backorder cost for that specific time interval
are included, but in addition the repair and future cost are taken into consideration. As introduced in
chapter 3.1, the Binomial distribution is used in order to calculate the probability of having k
successful repairs out of n attempts. By multiplying this probability with the probability of facing a
certain demand, the probability of being in a situation in the next time interval is determined. The
cost of being in that situation is already known, because we use backward recursion which allows use
to multiply the combined probability with the corresponding cost. By varying the number of
successful repairs and demand over all possibilities, the repair and future cost are determined. Note
that two auxiliary variables are introduced in this piece of code: repairs needed and possible repairs.
This procedure is iterated for every possible combination between the two state variables inventory
position and ready to repair parts for every time interval till time interval two. Hereafter, the TRC for
a given LTB quantity is calculated in the Total cost LTB sub. Besides holding, backorder and future
cost also ordering cost is incorporated because the initial inventory position needs to be purchased
as LTB quantity. Note that the repair cost do not influence the cost in the first time interval. These
combined three subs refers to step three of the mathematical model. Comparing cost and varying
the LTB quantity, as described in step 4, is computed in the first sub. Convexity of the cost formula is
again not proven, so the calculation is not terminated when the TRC is higher than its predecessor,
but it continues. The length on which Q is varied depends on the average demand and the number of
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time intervals. Therefore, these two variables are multiplied. Eventually, this optimal LTB quantity
with the corresponding cost are given in the first tab of the Excel sheet. In the other tabs, the three
discussed matrixed are displayed of which the last sub named Visualizing is responsible for. In
addition, the availability level is calculated based on the transition probabilities calculated in step 3 of
the algorithm. Along with the TRC it will indicate the performance of the examined LTB quantity.
Looking at the results for any given input, two interesting observations stand out. In the order-up-to
level matrix, the optimal order-up-to level is equal to the inventory position when the optimal
solution is to not order up. This might look strange, but can be explained by the VBA code since there
is no difference in cost for every order-up-to level below the inventory position. The main conclusion
also remains the same, repair nothing. The second interesting thing can be found in the second cost
matrix which represents the cost for the LTB strategy with imperfect repairs. At the top-left corner of
the matrix, the total relevant cost decreases as the number of back orders increase. This is, of course,
unrealistic but is explicable by the fact that the future cost is estimated too low since we can only
refer to a few future situations. However, this error is not of major importance since it does not
influence the eventual optimal solution. Another result of this error is that the TRC may increase first
after which it will decrease.
Mission type extension
In the mission type extension, the demand rate becomes non-stationary. It depends on the assigned
demand rate per mission type and a pre-determined schedule. In order to make the demand rate
non-stationary, it is programmed as a vector. In addition, a new variable named ‘Mission Type’ is
introduced which is time-dependent. In every time interval, the mission type is linked with the
corresponding demand rate to work with. In this way, mission types are included into the existing
LTB model.
Modification + LTB strategy
In order to investigate the optimal timing of modification, the mathematical modification model
developed in section 3.3 needs to be programmed into VBA. After quantifying the input variables, the
first thing to do is optimizing the re-order time. Since no closed form expression exists for the failure
based policy, the goal-seek function in Excel is needed in order to solve it. There might be a way to
program and automate this calculation in Excel’s VBA, but unfortunately that is unknown to me.
Therefore, this action needs to be performed by the user of the tool. Subsequently, the total cost per
time interval is determined in two subs. The input variables are initialized in the first sub, after which
the actual calculation is performed in the second sub. Equation (30) is simplified by solving the
integrals and subsequently solved by filling out the input variables. Further, the total modification
cost is calculated by adding the discounted interval cost until the end of the planning horizon to the
required initial investment. In addition, the availability level is calculated. Both performance
indicators are presented in the first tab of the Excel sheet next to the input variables.
In the combination model of the LTB and modification strategy the timing of modification is varied. In
other words, the planning horizon becomes a decision variable instead of an input variable. The
timing of modification, 𝑇𝑚𝑜𝑑 , is varied over interval [0, 𝑇 + 1] because T is defined as the maximum
allowed planning horizon for the LTB strategy. Subsequently, the modification strategy is used for the
remaining time intervals until 𝑇𝑚𝑎𝑥 . The developed VBA code for both strategies is used in this
combination model. All possible modification timing points are visualized as output, with
corresponding LTB cost and LTB quantity, modification cost, and total cost.
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Appendix B: Modification cost with Exponential distribution
𝑡𝑜 +𝑙

𝐸𝐶𝐶 𝑐𝑢 + 𝑏 ∗ ∫0
=
𝐸𝐶𝐿

∞
(𝑡
𝑜 +𝑙

(𝑡𝑜 + 𝑙 − 𝑡)𝑓(𝑡)𝑑𝑡 + ℎ ∗ ∫𝑡
∞

𝑡𝑜 +𝑙

∫𝑡𝑜 +𝑙 𝑡𝑓(𝑡)𝑑𝑡 + ∫0

− 𝑡𝑜 − 𝑙)𝑓(𝑡)𝑑𝑡

(𝑡 + 𝑙)𝑓(𝑡) 𝑑𝑡

Reformulate the equation by solving the integrals with partial integration:
𝑡𝑜 +𝑙

𝑐𝑢 + 𝑏 ∗ [[(𝑡𝑜 + 𝑙 − 𝑡) ∗ −𝑒 −𝑡 ]0

𝑡𝑜 +𝑙
∞
∞
1
1
− [−  𝑒 −𝑡 ]
] + ℎ ∗ [[(𝑡 − 𝑡𝑜 − 𝑙) ∗ −𝑒 −𝑡 ]𝑡 +𝑙 − [ 𝑒 −𝑡 ]
]
0

1 −𝑡
[𝑡 ∗ −𝑒 −𝑡 ]∞
]
𝑡𝑜 +𝑙 − [ 𝑒



∞

𝑡 +𝑙

𝑡𝑜 +𝑙

𝑡𝑜 +𝑙

𝑜
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𝑡𝑜+𝑙

1
− [ 𝑒 −𝑡 ]



0

1 −(𝑡𝑜 +𝑙)
1
+ 𝑏 (𝑡𝑜 + 𝑙 − )
𝐸𝐶𝐶 cu + (𝑏 + ℎ)  𝑒
=
1
𝐸𝐶𝐿
𝑙 + − 𝑙 ∗ 𝑒 −(𝑡𝑜 +𝑙)



Optimize 𝑡𝑜 by setting the first derivative equal to zero:
𝐸𝐶𝐶
𝑑 ( 𝐸𝐶𝐿 )
𝑑𝑡𝑜

=

1
1
1
[𝑙 +  − 𝑙 ∗ 𝑒 −(𝑡𝑜+𝑙) ] ∗ [[−(𝑏 + ℎ)𝑒 −(𝑡𝑜 +𝑙) ] + 𝑏] − [𝑐𝑢 + (𝑏 + ℎ)  𝑒 −(𝑡𝑜 +𝑙) + 𝑏 (𝑡𝑜 + 𝑙 − )] ∗ [𝑙𝑒 −(𝑡𝑜 +𝑙) ]
2
1
[𝑙 +  − 𝑙 ∗ 𝑒 −(𝑡𝑜 +𝑙) ]

𝐸𝐶𝐶
𝑏+ℎ
𝑏
𝑑(
) 𝑒 −(𝑡𝑜 +𝑙) ∗ [−𝑙 ∗ [ℎ + 𝑏 + 𝑐𝑢  + 𝑏𝑡𝑜 + 𝑏𝑙] −
𝐸𝐶𝐿 =
 ] +  + 𝑙𝑏
2
𝑑𝑡𝑜
1
[𝑙 +  − 𝑙 ∗ 𝑒 −(𝑡𝑜 +𝑙) ]
𝐸𝐶𝐶
𝑑 ( 𝐸𝐶𝐿 )
𝑑𝑡𝑜

= 0 <=> 𝑒 −(𝑡𝑜 +𝑙) ∗ [−𝑙 ∗ [ℎ + 𝑏 + 𝑐𝑢  + 𝑏𝑡𝑜 + 𝑏𝑙] −
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𝑏



+ 𝑙𝑏 = 0

Determine the second derivative in order to prove convexity:
𝐸𝐶𝐶
𝑑2 ( 𝐸𝐶𝐿 )
𝑑2 𝑡𝑜

2
1
𝑏+ℎ
[𝑙 +  − 𝑙 ∗ 𝑒 −(𝑡𝑜 +𝑙) ] ∗ [𝑒 −(𝑡𝑜 +𝑙) ∗ [𝑙 ∗ [ℎ + 𝑏 + 𝑐𝑢  + 𝑏𝑡𝑜 + 𝑏𝑙] +  ] − [𝑙𝑏𝑒 −(𝑡𝑜 +𝑙) ]] −

[𝑒 −(𝑡𝑜 +𝑙) ∗ [−𝑙 ∗ [ℎ + 𝑏 + 𝑐𝑢  + 𝑏𝑡𝑜 + 𝑏𝑙] −
=

𝑏+ℎ

𝑏

1

−(𝑡𝑜 +𝑙)
] ∗ [𝑙𝑒 −(𝑡𝑜 +𝑙) ]]
 ] +  + 𝑙𝑏] ∗ [2 ∗ [𝑙 +  − 𝑙𝑒

4
1
[𝑙 +  − 𝑙 ∗ 𝑒 −(𝑡𝑜 +𝑙) ]

If the second derivative is greater than zero, it is proven to be a minimum. It hard to see if that is the
case at the moment, since it depends on the input variables and optimal order time.
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Appendix C: Diesel electric propulsion system

Figure C-1: Schematic overview diesel electric propulsion system
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Appendix D: Electrical circuit brake chopper

Figure D-1: Electrical circuit brake chopper
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Appendix E: Mission schedule
Time interval Mission type
1
1
2
1
3
1
4
2
5
1
6
1
7
3
8
3
9
1
10
1
11
2
12
2
13
1
14
1
15
3
16
1
Table E-1: Fictive mission schedule
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Appendix F: Sensitivity analysis initial investment & mission types
The initial investment covers a major part of the total cost of modification and a slight change can
result in a different optimal solution. In addition, it is difficult to estimate this input variable due to
uncertainties as purchase price and installation cost. The initial investment has been changed over an
interval of €25,000.- to €500,000.- in order to examine its effect on the cost of modification. The
results are visualized in Figure 5-3. As can be observed, the relation between the total cost of
modification and the initial investment is perfectly linear. Looking at Equation (29), the initial
investment is added to the total cost and discounted by the year of modification. This causes the
linear relationship. The influence of the initial investment on the modification cost strongly
dependents on the timing of modification. The sooner the component is modified, the more
influence the initial investment cost has on the total cost of modification due to the discount factor.

TRC versus Initial investment
€ 600.000,00
€ 500.000,00
TRC

€ 400.000,00
€ 300.000,00
€ 200.000,00
€ 25.000,00
€ 50.000,00
€ 75.000,00
€ 100.000,00
€ 125.000,00
€ 150.000,00
€ 175.000,00
€ 200.000,00
€ 225.000,00
€ 250.000,00
€ 275.000,00
€ 300.000,00
€ 325.000,00
€ 350.000,00
€ 375.000,00
€ 400.000,00
€ 425.000,00
€ 450.000,00
€ 475.000,00
€ 500.000,00

€ 100.000,00

Initial investment
Figure F-1: Modification cost with varying initial investment

Implementing a varying initial investment into the comparison between the LTB and modification
strategy we obtain the results given in Table 5-5. Similar as with the demand rate, three areas can be
identified. With an initial investment under €57,000.- the optimal solution is to modify in time
interval two. It is beneficial to modify as soon as possible since the required investment is lower than
the incurred extra holding cost with the LTB strategy. However, the demand rate is relatively low
which means that no initial LTB quantity is needed if the LTB strategy is used for just one time
interval. Therefore it is financially beneficial to delay the modification one time interval, because the
initial investment will be discounted. In the second area, beyond an initial investment of €62,000.-,
the optimal strategy is to modify in time interval seventeen. The initial investment is relatively high,
so modification is delayed as long as possible. In between the first two specified areas, there exist a
small range in which it is optimal to modify the component in time interval sixteen. Similar to a
varying demand rate, this range is extremely small and the obtained benefits compared to modifying
at a different point in time low. So in general, the optimal solution can be stated by roughly two
options. The total cost is increasing along with the initial investment.
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Initial Investment
€ 25,000.00
€ 50,000.00
€ 55,000.00
€ 56,000.00
€ 57,000.00
€ 58,000.00
€ 59,000.00
€ 60,000.00
€ 62,000.00
€ 63,000.00
€ 65,000.00
€ 75,000.00
€ 100,000.00
€ 150,000.00

TM
2
2
2
2
16
16
16
16
16
17
17
17
17
17

TRC LTB
€ 1,543.56
€ 1,543.56
€ 1,543.56
€ 1,543.56
€ 40,902.18
€ 40,902.18
€ 40,902.18
€ 40,902.18
€ 40,902.18
€ 43,526.65
€ 43,526.65
€ 43,526.65
€ 43,526.65
€ 43,526.65

Q
0
0
0
0
1
1
1
1
1
1
1
1
1
1

TRC MOD
€ 104,215.12
€ 128,612.62
€ 133,492.12
€ 134,468.02
€ 96,012.22
€ 96,834.92
€ 97,657.62
€ 98,480.33
€ 100,125.73
€ 98,321.37
€ 99,946.83
€ 108,074.11
€ 128,392.33
€ 169,028.75

Total
€ 105,758.68
€ 130,156.18
€ 135,035.68
€ 136,011.58
€ 136,914.40
€ 137,737.11
€ 138,559.81
€ 139,382.51
€ 141,027.92
€ 141,848.02
€ 143,473.47
€ 151,600.76
€ 171,918.97
€ 212,555.40

Table F-1: Modification timing with varying initial investment

Mission types
In section 3.2, the LTB model was extended with the incorporation of mission types. Different
demand rates can be quantified for the three mission types. Subsequently, the near-optimal LTB
solution for a given mission schedule can be calculated. In order to examine the influence of mission
types on the total LTB solution, we vary the demand rate for the three mission types. If the demand
rate is exactly the same for each mission type, the solution would be equal to the solution given by
the normal LTB model. Therefore, we assume that there exists a difference in demand rate per
mission type. Again, we use the same input variables as in the brake chopper case and that
modification is performed in time interval seventeen. If the mission schedule in Appendix E is
followed, the obtained results are given in Table 5-6. As can be observed, the total LTB cost increases
as the demand rate increases. This is perfectly normal, since the ordering cost increases due to a
higher initial LTB quantity, the repair cost increases due to more executed repairs and higher optimal
base-stock levels, and the holding cost increases due to more inventory. So, if mission types are
incorporated into the LTB model, the total cost increases as well as the LTB quantity (if the difference
in demand rates is big enough). In general, the optimal base-stock levels also increases in the time
intervals where the demand rate is higher. However, note that this is not the case for the last few
time intervals before the end of the planning horizon. The remaining period length is then relatively
short, which causes a decrease in the optimal base-stock level.
Demand rate 1
0.125
0.125
0.125
0.125
0.125
0.125
0.125

Demand rate 2
0.25
0.375
0.5
0.625
0.75
0.875
1

Demand rate 3
0.375
0.5
0.625
0.75
0.875
1
1.125

TRC LTB
€ 58,930.60
€ 67,600.29
€ 78,958.64
€ 88,646.98
€ 97,338.64
€ 106,576.53
€ 117,996.10

Q
2
2
2
3
3
3
3

Table F-2: LTB solution with varying demand rate for the mission types
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Appendix G: Optimal order-up-to level matrix LTB strategy
t/I(t)
1
2
3
4
5
6
7
8
9
10
11
12

-5
0
7
7
7
7
7
7
7
7
7
5
0

-4
0
7
7
7
7
7
7
7
7
7
5
0

-3
0
7
7
7
7
7
7
7
7
7
5
0

-2
0
7
7
7
7
7
7
7
7
7
5
0

-1
0
7
7
7
7
7
7
7
7
7
5
0

0
0
7
7
7
7
7
7
7
7
7
5
0

1
0
7
7
7
7
7
7
7
7
7
5
0

2
0
7
7
7
7
7
7
7
7
7
5
0

3
0
7
7
7
7
7
7
7
7
7
5
0

4
0
7
7
7
7
7
7
7
7
7
5
0

5
0
7
7
7
7
7
7
7
7
7
5
0

6
0
7
7
7
7
7
7
7
7
7
6
0

7
0
7
7
7
7
7
7
7
7
7
7
0

8
0
8
8
8
8
8
8
8
8
8
8
0

9
0
9
9
9
9
9
9
9
9
9
9
0

Table G-1: Optimal order-up-to level matrix LTB strategy

For a fictive component, the optimal order-up-to level matrix is presented. The optimal LTB quantity is in this case equal to 9. In the first and last time
interval no optimal order-up-to levels are calculated, because it is unnecessary. In the first time interval there are no ready-to-repair parts available, since
there has not been any demand. In the last time interval there are no repairs initiated because the lead time of one period is too long to finish them on
time. Note, that when the current inventory position is higher than the optimal order-up-to level, the optimal order-up-to level is given by the current
inventory position. Take for example the order-up-to level in time interval two with a current inventory position equal to eight. The sequence suggest that
the optimal base-stock level should be seven, but is given at eight. This is due to the way the model is programmed in VBA. It truncates when the cost of a
higher order-up-to level increases. Since, there is no cost difference between an optimal order-up-to level of seven or eight. It truncates at eight. However,
the conclusion remains the same. Initiate no repair, because the inventory position is equal to the optimal order-up-to level. The presented matrix shows a
minimum inventory level equal to minus five, but in reality it reaches until the truncation value which is in this case equal to minus twenty-one.
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Appendix H: Total cost matrix LTB strategy
t
1
2

3

4

N(t)/I(t)
0
0
1
2
3
4
5
6
7
8
9
0
1
2
3
4
5
6
7
8
9
0
1
2
3
4
5
6
7
8
9

-5
€
€ 1.671.476,94
€ 1.563.255,03
€ 1.455.016,08
€ 1.346.769,69
€ 1.238.520,10
€ 1.130.269,13
€ 1.022.260,22
€ 915.398,16
€ 811.498,94
€ 713.132,76
€ 1.453.590,57
€ 1.358.990,18
€ 1.264.383,05
€ 1.169.773,09
€ 1.075.161,96
€ 980.550,34
€ 886.168,07
€ 792.867,40
€ 702.348,49
€ 616.995,08
€ 1.250.304,52
€ 1.168.687,06
€ 1.087.067,19
€ 1.005.446,36
€ 923.825,15
€ 842.203,78
€ 760.798,68
€ 680.408,36
€ 602.612,77
€ 529.600,76

-4
€
€ 1.513.297,06
€ 1.405.053,85
€ 1.296.805,60
€ 1.188.555,20
€ 1.080.303,90
€ 972.355,50
€ 865.780,15
€ 762.621,64
€ 665.638,73
€ 577.712,56
€ 1.313.528,18
€ 1.218.919,37
€ 1.124.308,70
€ 1.029.697,27
€ 935.085,54
€ 840.760,61
€ 747.730,33
€ 657.906,86
€ 573.844,82
€ 498.169,12
€ 1.127.509,45
€ 1.045.888,99
€ 964.267,92
€ 882.646,60
€ 801.025,20
€ 719.674,16
€ 639.537,55
€ 562.390,64
€ 490.574,52
€ 426.446,81

-3
€
€ 1.355.090,56
€ 1.246.841,05
€ 1.138.590,11
€ 1.030.338,58
€ 922.465,91
€ 816.233,82
€ 713.929,52
€ 618.490,50
€ 532.828,52
€ 459.185,06
€ 1.173.455,26
€ 1.078.844,13
€ 984.232,52
€ 889.620,70
€ 795.367,47
€ 702.660,87
€ 613.639,09
€ 531.017,41
€ 457.438,29
€ 394.866,40
€ 1.004.710,64
€ 923.089,41
€ 841.468,04
€ 759.846,61
€ 678.563,17
€ 598.730,16
€ 522.330,67
€ 451.847,25
€ 389.641,65
€ 337.395,04

-2
€
€ 1.196.876,17
€ 1.088.624,88
€ 980.373,20
€ 872.595,24
€ 766.773,30
€ 665.450,95
€ 571.728,26
€ 488.510,53
€ 417.871,70
€ 360.732,36
€ 1.033.379,45
€ 938.767,71
€ 844.155,85
€ 749.992,27
€ 657.672,32
€ 569.571,75
€ 488.550,10
€ 417.231,61
€ 357.411,53
€ 309.776,47
€ 881.910,87
€ 800.289,46
€ 718.668,01
€ 637.469,07
€ 557.998,67
€ 482.457,56
€ 413.453,16
€ 353.317,01
€ 303.560,15
€ 264.641,11

-1
€
€ 1.038.659,56
€ 930.407,79
€ 822.748,26
€ 717.415,32
€ 617.217,87
€ 525.395,09
€ 444.803,60
€ 377.309,49
€ 323.545,03
€ 282.819,15
€ 893.302,88
€ 798.690,99
€ 704.639,47
€ 612.780,43
€ 525.734,71
€ 446.482,78
€ 377.590,09
€ 320.644,61
€ 276.055,81
€ 243.004,05
€ 759.110,87
€ 677.489,41
€ 596.396,10
€ 517.357,83
€ 442.799,05
€ 375.428,82
€ 317.509,73
€ 270.347,69
€ 234.138,11
€ 207.954,79

0
€ 1.719.840,50
€ 880.442,35
€ 772.930,88
€ 668.179,59
€ 569.266,01
€ 479.536,90
€ 401.753,24
€ 337.533,47
€ 287.201,43
€ 249.735,19
€ 223.154,98
€ 753.226,11
€ 659.314,69
€ 568.003,77
€ 482.161,37
€ 404.857,91
€ 338.555,02
€ 284.596,34
€ 243.096,71
€ 212.929,21
€ 192.124,92
€ 636.310,81
€ 555.349,54
€ 476.825,02
€ 403.386,12
€ 337.813,03
€ 282.256,72
€ 237.783,95
€ 204.312,48
€ 180.635,72
€ 164.831,35

1
€ 1.441.468,55
€ 725.777,44
€ 621.716,18
€ 524.262,04
€ 436.829,04
€ 362.031,74
€ 301.202,95
€ 254.342,84
€ 220.093,05
€ 196.234,35
€
€ 616.526,76
€ 525.865,97
€ 441.390,70
€ 366.221,96
€ 302.669,23
€ 251.796,60
€ 213.411,73
€ 186.077,26
€ 167.613,77
€
€ 516.718,67
€ 438.803,35
€ 366.635,85
€ 303.029,20
€ 249.977,10
€ 208.275,20
€ 177.554,07
€ 156.325,98
€ 142.489,71
€
-

2
€ 997.977,50
€ 580.679,13
€ 484.876,76
€ 399.949,05
€ 328.310,67
€ 270.974,01
€ 227.606,06
€ 196.508,86
€ 175.247,93
€
€
€ 488.894,34
€ 405.965,46
€ 333.123,35
€ 272.474,62
€ 224.772,01
€ 189.509,09
€ 164.937,22
€ 148.691,47
€
€
€ 405.699,35
€ 334.968,81
€ 273.502,38
€ 223.088,90
€ 184.224,57
€ 156.248,62
€ 137.393,79
€ 125.405,48
€
€
-

3
€ 689.067,92
€ 451.158,25
€ 368.949,21
€ 300.633,17
€ 246.871,93
€ 206.996,16
€ 178.966,65
€ 160.164,78
€
€
€
€ 375.930,46
€ 305.610,05
€ 248.009,66
€ 203.543,59
€ 171.390,58
€ 149.491,48
€ 135.327,26
€
€
€
€ 308.426,39
€ 249.275,98
€ 201.625,75
€ 165.648,70
€ 140.394,85
€ 123.820,30
€ 113.548,62
€
€
€
-

4
€ 500.333,00
€ 342.131,59
€ 277.288,80
€ 227.166,26
€ 190.761,86
€ 165.693,91
€ 149.198,96
€
€
€
€
€ 282.062,94
€ 227.642,55
€ 186.460,06
€ 157.385,32
€ 138.049,70
€ 125.819,20
€
€
€
€
€ 228.805,52
€ 184.030,33
€ 150.971,57
€ 128.398,52
€ 113.993,80
€ 105.297,83
€
€
€
€
-

5
€ 386.628,58
€ 256.564,02
€ 210.121,55
€ 177.146,68
€ 154.912,85
€ 140.561,14
€
€
€
€
€
€ 209.738,33
€ 171.865,31
€ 145.817,51
€ 128.916,66
€ 118.462,45
€
€
€
€
€
€ 168.742,12
€ 138.612,47
€ 118.660,85
€ 106.298,22
€ 99.029,43
€
€
€
€
€
-

6
€ 318.242,81
€ 194.697,36
€ 165.089,39
€ 145.540,82
€ 133.159,64
€
€
€
€
€
€
€ 158.765,09
€ 135.673,59
€ 121.059,48
€ 112.216,92
€
€
€
€
€
€
€ 127.621,04
€ 110.213,92
€ 99.748,54
€ 93.753,21
€
€
€
€
€
€
-

7
€ 279.701,96
€ 154.107,33
€ 137.073,61
€ 126.484,28
€
€
€
€
€
€
€
€ 126.491,12
€ 113.996,37
€ 106.596,70
€
€
€
€
€
€
€
€ 102.614,92
€ 93.884,97
€ 89.007,16
€
€
€
€
€
€
€
-

8
€ 261.623,01
€
€ 120.846,10
€
€
€
€
€
€
€
€
€
€ 101.905,51
€
€
€
€
€
€
€
€
€
€ 85.088,11
€
€
€
€
€
€
€
€
-

9
€ 256.887,16
€ 116.441,58
€
€
€
€
€
€
€
€
€
€ 98.321,72
€
€
€
€
€
€
€
€
€
€ 82.159,11
€
€
€
€
€
€
€
€
€
-

Table H-1: Total cost matrix LTB strategy

For a fictive component, the cost matrix of the first four time intervals is presented. The optimal LTB quantity is in this case equal to 9. In the first time
interval the current inventory cannot be negative, since we assume zero initial stock. Furthermore, the number of ready to repair parts can never be higher
than the LTB quantity. The presented matrix shows a minimum inventory level equal to minus five, but in reality it reaches until the truncation value which
is in this case equal to minus twenty-one. For every time interval a comparable matrix is computed, which are calculated by backwards recursion.
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Appendix I: Probability matrix LTB strategy
t
1
2

3

4

N(t)/I(t)
0
0
1
2
3
4
5
6
7
8
9
0
1
2
3
4
5
6
7
8
9
0
1
2
3
4
5
6
7
8
9

-5
0
0
0
0
0
0
0
0
0
0
2,54E-08
6,5E-14
1,09E-12
8,71E-12
4,37E-11
1,55E-10
4,11E-10
8,73E-10
1,74E-09
4,18E-09
8,18E-07
4,25E-12
6,23E-11
4,34E-10
1,94E-09
6,39E-09
1,71E-08
4E-08
8,44E-08
1,57E-07
1,81E-06

-4
0
0
0
0
0
0
0
0
0
0
1,78E-07
5,47E-13
8,71E-12
6,55E-11
3,09E-10
1,03E-09
2,62E-09
6,1E-09
1,67E-08
5,16E-08
4,82E-06
3,11E-11
4,34E-10
2,91E-09
1,28E-08
4,28E-08
1,2E-07
2,95E-07
6,27E-07
1,09E-06
9,01E-06

-3
-2
-1
0
1
2
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0,003437
0
0
0
0
0,000859
0
1,16E-06 6,94E-06 3,82E-05 0,000191
0
0
4,35E-12 3,28E-11 2,32E-10 1,54E-09 9,83E-09 6,86E-08
6,55E-11 4,64E-10 3,08E-09 1,97E-08 1,37E-07 1,32E-06
4,64E-10 3,08E-09 1,97E-08 1,37E-07 1,32E-06 1,62E-05
2,06E-09 1,31E-08 9,15E-08 8,78E-07 1,08E-05 0,00013
6,55E-09 4,57E-08 4,39E-07 5,41E-06 6,5E-05 0,000645
1,83E-08 1,76E-07 2,17E-06 2,6E-05 0,000258 0,000723
5,86E-08 7,22E-07 8,66E-06 8,61E-05 0,000241 0,002471
2,06E-07 2,47E-06 2,46E-05 6,88E-05 0,000824 0,021678
6,19E-07 6,15E-06 1,72E-05 0,000235 0,007032
0
2,58E-05 0,000123 0,000543 0,001969
0
0
2,17E-10 1,46E-09 9,59E-09 6,41E-08 4,5E-07 3,32E-06
2,91E-09 1,92E-08 1,28E-07 9,01E-07 6,65E-06 4,94E-05
1,92E-08 1,28E-07 9,01E-07 6,65E-06 4,94E-05 0,000344
8,55E-08
6E-07
4,43E-06 3,29E-05 0,00023 0,001397
3E-07
2,22E-06 1,65E-05 0,000115 0,000698 0,003464
8,86E-07 6,58E-06 4,59E-05 0,000279 0,001386 0,002918
2,19E-06 1,53E-05 9,31E-05 0,000462 0,000973 0,007152
4,37E-06 2,66E-05 0,000132 0,000278 0,002384 0,02194
6,65E-06 3,3E-05 6,95E-05 0,000681 0,007266
0
4,07E-05 0,000167 0,000685 0,002066
0
0

3
0
0
0
0
0
0
0
0,01203
0
0
0
6,59E-07
1,62E-05
0,000195
0,001291
0,001807
0,006176
0,056289
0
0
0
2,47E-05
0,000344
0,002095
0,006929
0,007295
0,01788
0,055354
0
0
0

4
0
0
0
0
0
0
0,036089
0
0
0
0
8,12E-06
0,000195
0,001936
0,003614
0,012353
0,11909
0
0
0
0
0,000172
0,002095
0,010393
0,014589
0,03576
0,112251
0
0
0
0

5
0
0
0
0
0
0,090224
0
0
0
0
0
9,74E-05
0,001936
0,005422
0,018529
0,195729
0
0
0
0
0
0,001048
0,010393
0,021884
0,05364
0,172342
0
0
0
0
0

6
0
0
0
0
0,180447
0
0
0
0
0
0
0,000968
0,005422
0,018529
0,23236
0
0
0
0
0
0
0,005197
0,021884
0,05364
0,180605
0
0
0
0
0
0

7
8
9
0
0
1
0
0
0,135335
0
0,270671
0
0,270671
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0,002711
0
0,018316
0,009265 0,073263
0
0,177232
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0,010942
0
0,002479
0,02682 0,014873
0
0,103522
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

Table I-1: Probability matrix LTB strategy

For a fictive component, the probability matrix for the first four time intervals is presented. The optimal LTB quantity is in this case equal to 9, therefore the
probability of having an initial inventory position equal to nine is 100% . Subsequently, the probability of jumping to a state in the next time interval is based
on the state variables, optimal base-stock level, and demand and success rate. For each time interval a comparable matrix is calculated. Based on this
matrix, the availability level is determined.
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