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Component System Considering Multiple Dependencies
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A large amount of contribution towards the total production cost in the industry is
associated with maintenance costs of systems. For single-unit systems, condition-based
maintenance (CBM) strategy can be successfully implemented by introducing a
deterioration threshold, upon reaching which, maintenance activity is performed on a
system. However, for complex systems involving multiple (units) components, this
strategy may not be straightforward, as several dependencies may exist between these
components, and failing to consider them may not give an optimal solution. Despite the
growing interest in CBM strategies for complex systems in both theoretical and practical
domain, it is clear from the literature that no recent effort has been made by researcher
to examine CBM policies for complex systems subject to various types of dependencies.
In this research, it is aimed to provide an extensive literature review on CBM strategies
for complex systems which incorporate all types of dependencies. The research also
aims to investigate the current research gaps and to provide a strong link between
theory and practice by empirically validating the different dependencies in different
practical applications. The objective of this study is to investigate the effect of joint

dependencies such as economic and structural dependencies with other key



dependencies between multiple components of system In this regard, a detailed
modelling approach based on discrete event simulations and analytical modelling will be
used to evaluate the performance of CBM strategy and optimize them. Furthermore,
the proposed model is extended by incorporating spare-part policy along with
maintenance policy. The proposed model is optimized using OptQuest in Arena
simulation and optimal preventive thresholds and time for performing the scheduled
maintenance activities is determined in order to optimize the system by maximizing

availability of systems and minimizing the total maintenance costs of the systems.
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Chapter 1: Introduction

1.1 Introduction

A large part of the total production cost in an industry can be associated with the
maintenance costs of systems. In the power industry, around 30 percent of the total
production cost consists of maintenance cost (Graber,2004). Whereas, in manufacturing
industries, around 60 percent of the total production cost consists of maintenance cost
and up to 30 percent of these costs are due to unnecessary maintenance or poor

maintenance policies.

To come up with the best maintenance strategy for the systems, many studies have been
published in the past. In general, maintenance activities can be divided into two main
categories: corrective and preventive (Wang and Pham, 2006). Corrective Maintenance
(CM) is the maintenance that is done when a complete system failure occurs. CM means
performing actions as a result of failure, to restore a component to a specific condition.
Preventive maintenance (PM) is the maintenance that is done when the system is still
operating. PM means performing actions in order to restore a component required
condition through systematic inspection, detection, and prevention of incipient failures.
Pure corrective maintenance (CM) strategy results in high failure costs, whereas
preventive maintenance strategy results in high (preventive) maintenance costs.
Condition-Based Maintenance (CBM) strategy not only aims to balance and minimize

these costs simultaneously but also increases availability, productivity, and safety of the



systems by minimizing the number of failures (Camci, 2009).

For single-unit systems, the CBM strategy can be successfully implemented by
introducing a deterioration threshold, upon reaching which, maintenance activity is
performed on the system. However, for complex systems involving multiple
components, this strategy may not be straightforward, as several dependencies may
exist between these components, and failing to consider them may not give close-to-
optimal solution. Nowadays, more extant of research on CBM focuses on system with
complex structures and various dependencies existing between the components. It is
evident from the literature in the past, many authors have reviewed maintenance
strategies for multi-component systems. A list of these studies can be seen in Table 1.
Earlier, researchers such as Thomas (1986), Dekker et al. (1997), and Nicolai and Dekker
(2008) introduced three types of dependencies, namely, structural, stochastic, and
economic. Structural dependence refers to the scenario where the repair or
replacement of a component requires some other components to be dismantled or
replaced as well. On the other hand, stochastic dependence represents the situation
where the deterioration process of one component is (partly statistically) dependent on
other components. Finally, economic dependence refers to the situation where the
combined and joint maintenance, including replacement and inspection actions, of
several components, leads to a mostly lower cost than maintaining each component
separately. Later on, Keizer et al. (2017) argued that the classification of the
aforementioned three dependencies is no longer sufficient and that further types of
dependencies need to be introduced. For that reason, these latter authors proposed an

additional type of dependency called resource dependence. This dependency



represents the situation where the same maintenance resources such as workers, spare
parts, and toolings are shared by all components, and the component maintenance is

initiated only if a maintenance resource is available.

Despite the growing interest in CBM strategies for complex systems in both theoretical
and practical domain, it is clear from the literature that no recent effort has been made
by researcher to examine CBM policies for complex systems subject to various types of
dependencies Therefore, in this thesis, it is aimed to provide an extensive literature
review on CBM policies for multi-component systems which incorporate the
aforementioned dependencies. It also aims to investigate the current research gaps and
to provide a strong link between theory and practice by empirically validating the

different dependencies in different practical applications.

1.2 Problem Statement

This section presents the general problem statement of the research addressed in this

thesis.

1.2.1 Maintenance policy for multiple-component system with various

dependencies

Consider a CBM model for a multiple-component system whose deterioration rate
follows Gamma process. The proposed CBM model is for a two-component system
where the deterioration rate of each component depends on both its own deterioration
rate and on the other component. Various dependencies such as stochastic, structural,

and economic dependencies are considered among the components. Inspections are



required to reveal the system’s state; however, measurement errors may occur due to
imperfect inspections thus leading toward incorrect maintenance decisions. When the
system requires maintenance, necessary actions are carried out. These actions may
restore the system to as good as new or restore it to an imperfect state in-between its
current state and the as-good-as-new state. Therefore, the proposed model takes into
account both imperfect inspections and imperfect maintenance actions. Actions are
either one of these: replace none, replace either component 1 or 2, or replace both. The
maintenance actions are decided according to a CBM plan in which preventive and
opportunistic maintenance rule is applied. The objective of the model is to obtain the
best maintenance policy which minimizes the total operating and maintenance cost of

the system.

1.2.2 Joint spare-part and Maintenance policy for multiple-component

system with various dependencies

In this section, CBM and spare-part policy are incorporated jointly. The proposed joint
spare-part and CBM model is for a two-component system where the deterioration rate
of each component depends on both its own deterioration rate and of the other
component. All the dependencies which are stochastic, structural, economic, and
resource dependencies are considered among the components. Inspection occurs at
regular time periods with inter-inspection intervals AT (decision parameter) to reveal
the deterioration level of the component as well as spare-part inventory which follows
(0,1) provisioning policy. To optimize the model, decision variables which are

maintenance threshold, spare-part ordering threshold, and inspection times are



optimized such that the total operating and maintenance cost of the system is

minimized.

1.3 Motivation for Research

The motivation behind pursing the research in this topic is as follow :

e Alarge amount of contribution towards the total production cost in an industry
are associated with maintenance costs of systems. Condition-based
maintenance is one of the maintenance strategies that aims to balance and
minimize the failure and preventive maintenance costs, and to increase
availability, productivity, and safety of the systems by minimizing the number of

failures.

e Most of the existing CBM policies do not consider complex systems such as
multiple component systems or dependencies between them. However,
systems nowadays are very complex and composed of multiple components.
These components are not independent and may have many dependencies
existing between them which can be mainly classified in four classes (discussed

later)

e Despite the growing interest for CBM strategies for complex systems in both
theoretical and practical aspect, very few papers in the literature exist on CBM
strategies  for multi-component systems subject to various types of

dependencies.



e Most of the existing CBM studies that consider more than one type of
dependencies usually center around two very common dependencies (positive
economic dependency & structural dependency) and very little attention has

been given to the combined effect of other types of dependencies.

e Therefore, an important area of research interest would be to consider joint
effects of other major dependencies along with either economic or structural
dependencies. Furthermore, the applications of these dependencies can
empirically be validated in different applied settings including windfarm or

gearbox systems.

1.4 Research Objectives

This research aims to achieve the following objectives :

e To investigate the current research gaps and to provide a strong link between
theory and practice by empirically validating the different dependencies in

different practical applications.

e To investigate the effect of joint dependencies such as economic and structural
dependencies with other key dependencies (stochastic, resource) and validate

the model in practical applications.

e To develop a condition-based maintenance policy that incorporates multi-

component systems and considers various dependencies among them.



To provide a detailed modelling approach based on an analytical model and
validate it by modelling it on a discrete event simulation system to obtain best
performance of condition-based maintenance strategy, and to identify optimal
thresholds for maintenance to optimize the system by maximizing availability

and minimizing total maintenance costs of the systems.

1.5 Contributions of this research

The main contributions of this research are as follow :

It provides an extensive literature review on CBM policies for multi-component

systems which incorporate various types of dependencies.

A condition-based maintenance policy for the multi-component system is
considered with various dependencies existing between them. The objective of
the model is to obtain optimal maintenance and operating cost of the system by
optimizing thresholds for preventive maintenance. The proposed model will also

determine the optimal time for performing the scheduled maintenance activities

on the system.

A simulation model is developed for the proposed model to measure the

accuracy of approximations made in the analytical model.

To reflect more realistic situation, Inspection and repair are considered to be

imperfect and their impact on the model is investigated.

The simulation model is further extended by incorporating spare-part policy into
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the existing model and considering all the dependencies between the
components. The objective is to obtain an optimal joint spare-part &

maintenance strategy.

e To validate the results obtained from Simulation model and to speed up the
computation and facilitate the optimization of CBM, an analytical approach

based on Markov chains is developed and modeled on Matlab

1.6 Thesis Organization

The remainder of the thesis is structured as follow. A brief literature review on
maintenance policies with various dependencies is provided in section 2. Section 3
presents the proposed maintenance policy for the multi-component system with further
extensions and incorporation of spare-part. A Numerical example is presented in section
4 along with sensitivity analysis to get various insights. An analytical model approach for
the same maintenance system is proposed in section 5. The thesis is then concluded in

section 6 along with implications and potential research directions outlined.



Chapter 2: Literature Review

This chapter provides brief literature on existing CBM policies considering various types
of dependencies. To discuss the findings of this research with the relevant body of
knowledge, this chapter first covers basic definitions in the field of maintenance and a

brief introduction of condition-based maintenance.

2.1 Types of Maintenance

Maintenance can be performed through several actions, and it is classified into several
types (Shin and Jun, 2015). As illustrated in figure 2, Maintenance is classified into two

main policies, corrective and preventive maintenance.

This broad classification of maintenance is adopted in many literatures such as Duffuaa
et al. (2001), in which CBM belongs to preventive maintenance policies. Whereas,
several studies, such as Shin and Jun (2015), classify it into three types : preventive

maintenance, corrective maintenance, and Condition-based maintenance.



Maintenance

Before a detected fault 1 After o detected fault
[ ]
Preventive Maintenance Corrective Maintenance
I
| l

Maintenance Maintenance

Condition Based ‘ Predetermined

______________________ R R .

. Scheduled, continuows, or
on request

Scheduled Deferred Immediate

Figure 1 Classification of Maintenance

Corrective Maintenance (CM) is the maintenance that is done when complete failure of
the system occurs. This maintenance means all actions performed as a result of failure,
to restore an item to a specified condition. Preventive maintenance (PM) is the
maintenance that occurs while the system is still operating. It means all actions
performed in an attempt to retain an item in a specified condition by providing
systematic inspection, detection, and prevention of incipient failures. CM policy, known
as run-to-failure, is one of the maintenance strategies that results in high failure costs,
whereas preventive maintenance strategy results in high maintenance costs. Condition-
based maintenance (CBM) is a maintenance strategy that monitors the actual condition
of a system and makes respective maintenance decisions. CBM dictates that
maintenance should only be performed when a certain degradation threshold that
indicates system deterioration is reached. This strategy not only aims to balance and
minimize failure and maintenance costs of the system simultaneously but also increases
availability, productivity, and safety of the systems by minimizing the number of failures
(Camci, 2009).
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2.2 Literature Review

The survey of existing literature on condition-based maintenance policy considering
various types of dependencies has two main objectives. The first objective is to show
the existing and recent developments in this area of research. The second objective is
to relate the proposed model to existing works in order to provide relevant
contributions, and to highlight the gaps in the current research. The focus will be on
recent CBM models, especially those models that take into account dependencies

between the components.

As mentioned earlier, Keizer et al. (2017) classified four types of dependencies that can
exist between components which are structural, stochastic, resource, and economic
dependency. This research will adopt the same classification when providing the review

of recent literature.

Structural dependency applies when maintenance action on one of the components
requires dismantling or maintenance action on other components as well (Dekker et
al,1997). According to recent literature, it can be further classified into three types:
maintenance, usage, and performance. Maintenance structural dependence exists
when performing a maintenance action on one component either requires or prohibits
maintenance on other components. For example, airplane are required to have same
thickness for all the tires, and therefore even if one tire requires maintenance, all tires
are replaced simultaneously. Similarly, usage type exists when a failure or maintenance

action on a component requires other components to be halted. Performance type
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exists because the system’s performance can be determined only by the performance
of components and the way they are configured within the system. For example,

components in a system can be connected in series and parallel configurations.

Stochastic dependency implies that the deterioration process of a component not only
depends on its own state but also on the states of the other components. This type of
dependency can occur in different ways and can be categorized into three types
accordingly: load-sharing, common-deterioration mode and failure-induced damage.
Failure-induced damage occurs when failure of one component causes major and one-
time damage to other components leading toward sudden failure or an immediate
increase in their deterioration level. The second type occurs when more than one
component share the whole load of the system and as one of them fails, systems keep
working but with an increased load on other working components to keep up the same
output level, and hence they deteriorate faster. Apart from this, component
deterioration can also increase the deterioration rate of other components, which is
referred to as degradation-based load sharing. Similarly, the third type, common-
deterioration mode, exists when several components fail or deteriorate at the same
time, e.g., due to similar working conditions. An example of this could be a windfarm

where all windmills face similar deterioration because of a heavy storm.

Economic dependency implies that joint maintenance on multiple components results
in a different cost than the sum of individual maintenance costs of these components.
It can be further classified into two types: positive and negative dependency. Positive

economic dependency occurs when performing joint maintenance results in lesser cost
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than maintaining them separately whereas negative dependency occurs when joint
maintenance results in more cost than maintaining them separately. Moreover,
resource dependency is applied when multiple components share the same set of
maintenance resources such as tools, spares, and manpower. Based on these four
dependencies, the findings of recent literature are summarized below. Table 1 depicts

all four types of dependencies and other relevant information.

Camci (2009) considers structural & resource dependency along with economic
dependency. In structural dependency, the author restricted joint maintenance of
certain components by implementing a penalty cost on them, whereas author also
implemented resource dependency by restricting the set of possible maintenance
activities and considering resources to be consumed during each maintenance activity.
Similarly, Koochaki et al. (2013) considered resource dependency besides economic &
structural dependency for a series system and studied multiple performance criteria,

which are system availability & maintenance cost
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Table 1: Contributions done in CBM considering various types of dependencies

Tvpe of Dependency

Stochastic-Dep

Economic-Dep

Structural-Dep

Rezource-Dep

Contributions

Failure-Induced
damage

Load-
Sharing

Common
Deterioratio

Positive

Maintenance

Usage

Performance

Workers

Spares

Camei (2009)

<

v

Tan et al. (2011}

Zhang et al (2011)

Foochak et al. {2011}

WVan Horenbeek and Pintelon (2013)

F.oochali et al. {2013}

Lo L N

Hong et al (2014)

Liu et al (20143

W0 (=@ || &[]

hdercier and Pham (2014)

L S R RN L LR

—
[}

MNeouyven et al. (2014)

<%

-t
—1

Fhang et al (2014)

—L
[RX]

Do et al (2015

<,

-
%)

Feng et al. (2015)

-t
Fu

Huvnh et al (2015)

—
n

MWouyen et al. (2013)

—
(a1

Shafiee and Finkelstein (2013)

L L N L Y

-
=l

Zhangz et al {2013)

-
o0

Li et al {2016)

—
i)

Olde Eeizer et al (2016)

]
=

Do et al (2018)

o A L N N N Y

[~
1

Zhang et al (2020)

[
]

Dinh et al 20207

L L N L Y

[
[0

Shen et al (2020)

[
=Y

Eabgzhi (20207

<

I
n

Olde Eeizer et al (2017)

]
o

Fhou et al (2019

LR R R %

[
-1

Dinh et al (2020)

[~J
o0

Wang et al (20207

]
1]

Hu et al (2020)

%] %

]
=

Karatas & Futanozla (20200

14




In resource dependency, Koochaki et al. considered several cases such as single-
maintenance worker resource, without worker constraints, and multiple workers with
certain response time. Similarly, Mercier and Pham (2014) considered stochastic
dependency (common deterioration mode) along with economic and structural
dependencies for a two-component system connected either in series or parallel and
aimed to optimize both inspection interval & preventive maintenance threshold. They
considered a bivariate degradation process where the degree of stochastic dependency
is explained by the correlation coefficient of the process. Similarly, Do et al (2015) also
considered stochastic dependency (load sharing ) along with both economic & structural
dependency for a two-component series system and aimed to optimize opportunistic &
preventive replacement threshold along with inspection interval. Li et al. (2016) studied
stochastic dependency (common deterioration mode ) besides economic and structural
dependencies for a parallel system and aimed toward optimizing preventive
maintenance threshold along with probability thresholds for grouping replacements
while also optimizing inspection interval for each component separately. Furthermore,
Nguyen et al.(2015) considered structural & economic dependencies for a complex
system where in structural dependence, he considered both performance and usage
types. They optimized inspection intervals along with system failure risk thresholds to

decide on maintenance initiation.

Olde Keizer et al (2017) considered a parallel system subject to stochastic dependency
(load sharing ) & economic dependency and optimized replacement decisions to obtain
minimum long-run total cost. Do et al. (2018) also proposed a condition-based
maintenance policy for a two-component series system considering stochastic and
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economic dependencies. they proposed opportunistic & preventive maintenance rules
to obtain minimum total cost and applied their model on a gear-box application.
Alrabghi (2020) presented a model for a two-component system considering all four
kinds of dependencies and used discrete simulation to optimize the maintenance policy
by minimizing the total long-run cost. Zhang et al.(2020) modelled maintenance policy
for K-out-of-N deteriorating systems considering stochastic (failure-induced damage)
and structural dependency and used simulation to obtain optimal maintenance costs.
Similarly, Dinh et al(2020) developed a cost optimization model for maintenance model
consdering economic and structural dependency and implemented it on an application
of milling machine. Shen et al. (2020) studied a system with two subsystems critical and
protective auxiliary subsystem considering stochastic dependency along with economic
dependency and obtained optimal inspection & preventive replacement threshold for

the model. They implemented their model on a boring machine tool application.

2.3 Research Gap and Proposed Work

From the extensive literature review, several notable research gaps are identified. It is
evident from the literature (see Table 1) that few dependencies are yet to be applied or
considered in CBM models, e.g., a type of structural dependency where maintenance
action on one component requires maintenance actions on other components
simultaneously has not yet investigated under any CBM policy (See Table 1). It is also
noted that, despite its practical significance, the applications of resource dependency
are scarce and have been not considered very much in the literature and hence this

provides an opportunity for further research. Few scenarios where resource
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dependency can be further investigated by considering spare parts availability for each
component in the system which in normal case are considered to be available all the
time. Furthermore, second type of economic dependency, negative dependence is also
very less incorporated in literature. Also, most of the literatures considers replacement
/ repair time to be negligible in their models, including them also provides future

research opportunity.

Another significant research gap is the fact that existing CBM studies consider more than
one type of dependencies usually center around between positive economic
dependency & structural dependency and very less attention has been given to the
combined effect of other types of dependencies like stochastic,resource etc. Therefore
an important area of research interest would be to consider joint effects of other
dependencies along with either economic or structural dependcies. Furthermore, the
applications of these depencies can empirically be validated in different applied settings

including windfarm or gearbox.

An interesting application for the future research using joint dependencies in CBM as
proposed earlier could be windpower sector. Windpower has become an important
source for generating renewable energy and produces a large amount of electricity in
many countries (Tian et al., 2011). The generation of power by wind turbine is generally
affected by turbine failures and weather conditions. 25% of total cost of wind power
accounts for operating and maintenance cost whereas around 15% of total cost of
energy is lost due to maintenance costs plus revenue loss due to downtime of wind

turbine and hence provides great potential for cost reduction by enhancing reliability of
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wind power (Rockmann, et al., 2017). From the extant literature, it is found that existing
maintenance policies presently adopted by wind turbines are mainly corrective
maintenance (CM), preventive maintenance (PM) and condition-based maintenance (

GdeNP et al. 2018).

CBM plays an important role in windpower sector now a days as new turbines usually
consist of various sensors which can be used to collect data easily. It determines
maintenance actions based on information on deterioration state which is obtained by
visual inspections,condition monitoring techonology using sensors or using online
montering system that can continously monitor components of wind turbine. There are
primarily three types of degration state information which is used to conduct condition
based maintenance activities for a turbine components:monitored degradation state,
fault diagnosis and predicton of remaining useful life.Some of the CBM methods have
been proposed in past such as Besnard and Bertling (2010) considered a mathematical
model to optimize CBM policy for wind turbine blades by classifying deterioration state
according to the severity of damage while modeling process with continous markov
chain.These conventional CBM approches were mainly focused on single wind turbine
component,means, only individual turbine components were focused instead of the
whole system.Whereas, In general, windfarm consists of many wind turbines and each
of which contains blades, gear box, generator etc. It is a multiple component system
where maintenance activities and operation are interdependent. Not all the
dependencies exist have been considered in windpower sector and only limited
literatures have considered dependencies between the turbines while considering
condition monitoring information. For example, Shafiee et al. (2015) considered a
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condition-based maintenance policy for a multi-bladed wind turbine system where they
considered the dependencies between components, but did not consider the economic

and stochastic dependency between the components.

From the above, it is therefore proposed that to investigate the joint effects of
dependencies such as economic or structural dependcies with other key dependencies

and apply it on a numerical example.

2.4 Methodology

The objective of this thesis is to investigate the effect of joint dependencies such as
economic or structural dependencies with other key dependencies and validate it in
different applied settings such as windfarm or gear box etc. In this regard, a detailed
modelling approach based on analytical modelling and validated by discrete-event
simulation will be used to obtain condition-based maintenance strategy and to identify
optimal preventive & corrective thresholds in order to optimize the system by
maximizing the availability of wind turbines and minimizing total maintenance costs of
the systems. The proposed model will also determine the optimal time for performing

the scheduled maintenance activities.

For simulation, this study will be adopting Arena simulation software. This software
provides an integrated framework for developing simulation models in a wide variety of
applications. It also allows the user to do analysis of the current system, which improves
decision-making and helps to make decisions on capital investment with minimal cost.

It also helps in identifying limitations and constraints of the system and allows to
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consider various ‘what if’ scenarios and provides system-specific quantities to measure

performance.
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Chapter 3: Model Development

The objective of this section is to develop a discrete-event simulation model for a two-
component system that follows CBM policy. Various dependencies between these
components are considered. The model is further extended by integrating spare-part

policy into the existing maintenance model.

3.1 Discrete Event Simulation Model

Simulation refers to a vast collection of applications & systems that are used to depict
the behavior of real-life systems by the use of appropriate simulation software. The
proposed two-component system is modelled using discrete-event simulation which is
nowadays a very important and effective method to model maintenance systems that
are very complex and difficult to study analytically (Alrabghi and Tiwari, 2016; Atashgar

and Abdollahzadeh, 2017) and Optquest is used to optimize the proposed system

3.2 Proposed Maintenance Policy

3.2.1 System Description

A system is considered with two components that have structural dependency between
them implying that when one or both components fail, the whole system fails. Every
component, i, undergoes incessant deterioration that adds up over time, which is
assigned a random variable X}. Once the deterioration level of component i reaches L,

failure limit, the component fails. There also exists a stochastic dependency between
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the components which implies, deterioration rate of a component not only depends on
its own deteriorate rate but also on the deterioration of the other component. Similarly,
Economic dependency is also considered between the components, that is, combining
maintenance activities on both components results in a lower cost than performing
them separately. It is assumed that a failed component is immediately detected i.e.,
self-announcing mechanism. If due to failure, a component stops functioning, the
degradation level of the other component stays unaffected for the time it does not
function i.e., until it is maintained. Since incessant examining is not possible,
components inspected at every T unit of time. The model is applied on a case study and
various scenarios are studied to obtain the best maintenance policy which minimizes the

system’s long-run annual cost.

3.2.2 Deterioration modelling

The degradation level of component i at time t + 1 can be written as expressed by Do

et al. (2019) :
X =Xxi+f(x])+axt  forj=1,2andj#1 (1)
where,

f(th) — signifies how the degradation speed of component i is affected by component

J andis the function of the degradation level of component j at time t. We suppose that

f(th) can be written as:
FOxd) = x (x)” @
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where o/ & u/ are positive real numbers that express the effect of component j on the
degradation rate of component i. In the scenario when component j does not affect the
degradation of component i, implies that 4/ = 0. The two components undergo steady
degradation independently when u! = u? = 0. And finally, the effect of component j

on the degradation of component i is independent of the degradation level of

component j i.e. f(X]) = u/.

AX' —is the random amount of degradation per time unit of the ith component when
the component is independent of the system. Gamma distribution is used a lot in the
literature to model fatigue, corrosion, and crack growth degradations. Therefore, we

also suppose that AX! follows a Gamma distribution with probability density function:

1

T(at) ('Bi)alxal_le_ﬁlxl{xzo}f

ai’Bi(x) =
where, 50y is an indicator function Ir,50y = 1if x = 0, I,50) = 0 otherwise.

When the degradation of a component reaches the defined failure threshold, the
component is assumed to be correctively maintained, and while the maintenance is
carried out for the failed component the degradation of the other component stops. The
proposed maintenance plan introduces two types of preventive maintenance plans and
takes advantage of the positive economic dependency. The decision parameters to be

optimized are also identified and formulated using the proposed maintenance plan.

23



3.2.3 Maintenance Strategy

The maintenance strategy of the system is outlined as follow:

e If component i fails before an inspection time (between Tj_q & Ty) it will be
replaced when the next inspection occurs (Ty). This is called corrective

maintenance action.

e When an inspection occurs at time T, and component i is operating then the
component will be inspected, and maintenance decision is made depending on

the inspection results.

Preventive maintenance at each component level has two types of rules:1) individual

preventive maintenance. 2) opportunistic preventive maintenance.

» Individual preventive maintenance — We assign a decision parameter m,io, which
is the preventive threshold limit. If at inspection time T, the degradation level of
component i is equal to or larger than mi, (xiTk > mé,) then the component is

instantly preventively replaced.

» Opportunistic preventive maintenance - This maintenance proposes that for
every component i, an opportunistic threshold, m. (decision parameter) is
assigned. If at inspection time T, a component j (j # i) is found to need
correctively or preventively maintenance, component i will be preventively
maintained simultaneously if its degradation is equal to or greater than the

opportunistic threshold (xiTk > mb).
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» To make an optimal selection of the maintenance tasks, the degradation of the
components is monitored periodically in a joint way for both components every

AT unit of times.

3.2.4 Cost Model Under Maintenance policy

The cost of inspection for each component i can be decomposed as follows:
Cl=c+c}
where,
e ¢? - denotes the setup cost of inspection which can be shared.

° c,i — denotes the inspection cost of a specific component i.

When corrective or preventive maintenance occurs, the cost can be expressed as

follows:
For preventive maintenance cost of a component i:
Ch=cd+ch
where,

e P —denotes the setup cost of performing preventive maintenance which can
be shared when preventive maintenance is performed on the other
component at the same time.

e cj —denotes the cost of a specific component i preventive maintenance.
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For corrective maintenance cost of a component i, the cost is decomposed as follows:
i _ 0 i
C:=c; +cg
where,

° c? — denotes the setup cost of performing corrective maintenance which
can be shared when multiple corrective actions are performed at the same
time (2 = ¢?).

° cs — denotes the cost of a specific component i corrective maintenance

Additional to the above-mentioned costs, a downtime cost of the component, ¢y, is
incurred per unit time of downtime. This cost occurs when a failed component is not

replaced immediately. c; is the downtime cost rate added per time unit.

3.2.5 Maintenance optimization plan

The decision parameters of the proposed model are: AT, m},,m?,,m},,mé, which have to
be optimized to obtain an optimal maintenance plan. A cost model can be expressed to
find the optimal values of the decision parameters. The long-run expected total cost per

unit time is defined as:

Ct(AT, m}, mZ,m}, m2)
: pr My
c=(AT, m},,mg,mé,mé) = lim

too t — taown

(3)
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where C(AT,m}, m2, m}, m2) is the cumulative total cost and t oy, is the cumulative
downtime between (0, t]. From the renewal theory stated by Ross [1996], (3) can be
expressed as:

E[CTre(AT, m}, mZ, m, mzz))]

C= (AT, mg, m§, my, m3) = E[Tre — Taown)
W

(4)

where [E is the mathematical expectation, T,, is the length of the system's first
maintenance cycle, i.e., it can be defined as the time at which all the components were
replaced. The total downtime in first maintenance cycle is known as T, .. We can
assume that T,.,, = AT.m, where m is a positive integer, leading us to:

;cn=1(Ci’;ls + Crlﬁlain) + Tdown- Cd
AT.m — Tyoun

CTre(AT, m}, mZ, ms, mf,) =

(5)
Here, c; denotes the downtime cost for each time unit of the two-component system.

Cks =%, cl+ I{u21}c,°, where u is the number of components inspected at time T},

and CX . denotes the total inspection cost.
Crain = Cp + ¢2 + ¢ if both components are preventively maintained.
CE in = czi, + cg if only component i is preventively maintained.

Cl in = cp + ¢l + ¢2 if component i is preventively maintained and j is correctively

maintained.
CE 4in = ¢t + c2 if only component i is correctively maintained.
Ck ,in is the total maintenance cost at the time Tj.

27



The decision variables (AT, mg, m3, mj, m3) are optimized using OptQuest in Rockwell

Arena simulation in order to obtain the minimum cost rate from eq (4).

3.3 Incorporating imperfect inspection and maintenance in

the system

In this section, the proposed model is extended by incorporating imperfect inspections
and maintenance to represent a more realistic situation. Inspections are necessary to
reveal the system’s state; however, in reality, measurement errors may occur due to
imperfect inspections thus leading toward incorrect maintenance decisions. Similarly,
when the system requires maintenance, necessary maintenance actions are carried out.
These actions may restore the system to as good as new or restore it to an imperfect
state in-between its current state and as good as a new state (Do et al.,2015) . The causes
of imperfect maintenance action can be due to e.g., human factors (lack of skills, lack of
attention), lack of spare parts, lack of repair time or due to the use of low-cost
maintenance policy , low quality spare parts , maintenance resources etc. Most of the
existing literature on CBM policies have considered imperfect inspections apart from
imperfect maintenance actions for single-component systems, whereas in practice,
systems are complex and may have multiple components. The proposed discrete-event
simulation-based model for a two-component system is extended by considering both
imperfect inspections and imperfect maintenance actions along with various
dependencies between the components. The model is applied on a numerical example

and decision variables were optimized to obtain the best maintenance policy which
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minimizes the system’s long-run annual cost.

3.3.1 Impact of Imperfect Maintenance on the existing model

In this section, it is considered that imperfect preventive maintenance actions lead the
system to an as good as new state or restore it to an imperfect state in-between its
current state and as good as new state. If at time T;, kth imperfect preventive action is
performed on a component, then the maintenance gain which is defined as quantity by
which deterioration level is reduced due to imperfect maintenance is described by a
continuous random variable Z¥. the value of Z* is bounded between 0 and Xr, which
is the deterioration level of component i at time t. It is assumed that Z¥ follows uniform
distribution and after every imperfect maintenance action, the deterioration level of the

component becomes
k _ k
X* = Xp, — Z%.

In real systems, the intervention gain Z* are measurable (e.g. crack length of the system

after imperfect maintenance ).

3.3.2 Impact of Imperfect Maintenance on Deterioration speed

The impact of imperfect action on the deterioration of each component is modelled by
assuming that each imperfect maintenance action affects the deterioration speed of the
component. In real systems, imperfect action may affect the deterioration speed of the
systems, e.g., welding a component may reduce its crack length but impacts other
properties of the material, removing parts improperly from the system may damage

other parts and increase their deterioration. Hence, after imperfect maintenance, the
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deterioration level of the system may reduce but it would impact the deterioration

speed and may increase it.

This impact of imperfect action can be modelled by positive continuous random-variable
ek which is described by exponential distribution with the following probability density
function :

h(x) = ye I jxs0
Yy represents a non-negative real number and the mean value of ¥ is given as E[eX] = 1 /.
If the maintenance action performed on a component is perfect (e.g. perfect preventive

maintenance or corrective), the mean deterioration speed of components per unit time

resets to

However, if the maintenance action is imperfect, then the mean deterioration speed of

the component becomes

Vp = Vg1 + ek

3.3.3 Impact on maintenance action cost

In the case of imperfect maintenance action, in general, lower maintenance costs is
incurred as compared to the perfect maintenance action. The reason behind lower

imperfect cost can be due to limitations and use of lower-quality resources such as low-
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skilled maintenance workers, low quality spare parts etc. or due to partial maintenance
action instead of replacement. In practice, high-quality maintenance actions require
more level of resources allocated to it which usually results in higher maintenance action
costs (Lie et al. ,1986 ;Liu Y et al ,2010 ).This imperfect action cost can be independent

of intervention gain ZX and bounded by perfect preventive action cost.
When imperfect preventive maintenance occurs, the cost can be expressed as follows:
Cilmp = cp + Ciyp

where Cf,, < C}

The impact of imperfect preventive cost higher than perfect PM cost is also studied (
Ciimp = C{; ) and it is found that increasing the imperfect cost has almost no impact on

the maintenance policy.

3.3.4 Impact of imperfect inspection on the existing model

Inspections are very necessary to reveal the exact state of the system; however, in
reality, measurement errors may occur due to poor quality of inspections thus leading
toward incorrect maintenance decisions. By comparing actual and inspected
degradation levels, these maintenance decisions can be classified into four types (Hao
et al. 2020) as shown in table (2 ). “Negative” implies that inspected degradation level is
less than the preventive threshold whereas “Positive” indicates that the inspected
degradation is greater than the preventive threshold. A “True Negative” implies that the
inspected degradation is observed to be less than the preventive threshold whereas, in

reality, it is less than the preventive threshold. Similarly, “False Negative” implies that
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the inspected degradation is observed to be less than the preventive threshold whereas

in reality, the system has crossed the preventive threshold.

table 2:Possible outcome for any imperfect inspection

Inspection Result Actual Degradation level
Inspected degradation level Positive Negative
Positive TP EP
Negative FN TN

The imperfect inspection is incorporated in the model by introducing an error term that
represents the measurement error at time t, £(t). So imperfectly inspected degradation
level is given as :

Z(t) = X(t) + £(t)

where, t is the inspection time, X(t) represents the actual deterioration level of the
component, and Z(t) is the inspected deterioration level, £(t) is the measurement error
at time t that follows the normal distribution N(0,02). The cost of the imperfect

inspection is lower than the perfect inspection cost and is given as
i _ .0 i
CImpI = + Clmp

where (Clppr < CP).

3.4 Simulation Model Development

Rockwell Arena software is used to implement the maintenance approach described in
the previous section. The simulation model is composed of several steps that are defined

in Figure 2. The decision variables of the system are optimized by using OptQuest which
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is a very powerful optimization tool embedded in Arena software. This optimization
engine combines Tabu search strategies along with scatter search to obtain optimal
solutions globally (Alrabghi,2020). Like any other software, OptQuest provides users
with the option to define decision variables, constraints, and objective functions. To
study the sensitivity to input parameters different scenarios were considered and their

impact on the model was studied.
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Simulate the system for T time
units

Advance simulation time to

scheduled event

Simulation
time<T

Update Degration level of each
component of system

Periodic

Inspection due
2

Update Inspection costs of the
system

Perform Maintenance on Perform Maintenance

Component 1

on Component 2

Perform Maintenance on both
components

Update System Costs

Figure 2:Steps involved in simulation model ( Adapted from Alrabghi,2020)
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Following scenarios were considered in the system:
1) Perfect Inspections and Repairs

2) Imperfect inspections and Perfect Repairs

3) Perfect inspections and Imperfect Repairs

4) Imperfect Inspections and Repairs

3.4.1 Simulation Model Assumptions

This section enlists assumptions on which simulation model for each scenario is based.

A. Perfect Inspection and Maintenance
Simulation model for the perfect inspection and maintenance system is based on

following main assumptions:
e Deterioration rate of each component follows Gamma distribution.

e |If one component stops working due to failure, whole system will stop working
and deterioration level of other component stays unchanged until the

maintenance action is performed.

e Inspection is done on both components simultaneously at discrete time periods

with inter-inspection intervals AT (decision parameter).

e At every inspection period, state of each component is observed and based on
degradation level for each component i (X%k = x%k), maintenance decision is

made.
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e Inspections are accurate and perfect, i.e. they reveal the exact deterioration level

of the component.
e Inspection time and maintenance action time is considered to be negligible.

e To perform maintenance actions, all the respective tools and materials are

assumed to be available at every inspection time.

e maintenance action is perfect i.e it sets the state of component to as good as

new.

B. Imperfect Inspection and Perfect Maintenance
The assumptions of the simulation model for the scenario when imperfect inspection

and perfect maintenance repair is considered are based on the following:
e Deterioration rate of each component follows Gamma distribution.

e |If one component stops working due to failure, whole system will stop working
and deterioration level of other component stays unchanged until the

maintenance action is performed.

e Inspection is done on both components simultaneously at discrete time periods

with inter-inspection intervals AT (decision parameter).

e At every inspection period, state of each component is observed and based on
inspected degradation level for each component i (X}k = xiTk), maintenance

decision is made.
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C.

Inspections are imperfect i.e., it doesn’t reveal the exact deterioration level of
component, instead it reveals deterioration level with certain measurement

error that follows normal distribution.

Inspection and maintenance times are considered to be negligible.

To perform maintenance actions, all the respective tools and materials are

assumed to be available at every inspection time.

Maintenance action is perfect, i.e. it sets the state of component to as good as

new.

Perfect Inspection and Imperfect Maintenance

The assumptions of the scenario where perfect inspection and imperfect maintenance

is considered are as follow:

Deterioration rate of each component follows Gamma distribution.

If one component stops working due to failure, whole system will stop working
and deterioration level of other component stays unchanged until the

maintenance action is performed.

Inspection is done on both components simultaneously at discrete time periods

with inter-inspection intervals AT (decision parameter).

At every inspection period, state of each component is observed and based on
inspected degradation level for each component i (X7i~k = xiTk), maintenance

decision is made.
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e Inspections are perfecti.e., it reveals the exact deterioration level of component.
e Inspection and maintenance times are considered to be negligible.

e To perform maintenance actions, all the respective tools and materials are

assumed to be available at every inspection time.

® |mperfect maintenance actions lead the system to a as good as new state or
restore it to an imperfect state in-between its current state and as good as new

state.

e Imperfect maintenance action have a negative impact on system which results

in increased deterioration rate of component i.e v, = vj_; + £

e Corrective maintenance actions are considered to perfect i.e system becomes as

. . . a
good as new and deterioration speed resets to zeroi.e v, = v, = EO

D. Perfect Inspection and Imperfect Maintenance
The assumptions for the scenario when both inspection and maintenance action are

considered to be imperfect are as follow:
e Deterioration rate of each component follows Gamma distribution.

e If one component stops working due to failure, whole system will stop working
and deterioration level of other component stays unchanged until the

maintenance action is performed.
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Inspection is done on both components simultaneously at discrete time periods

with inter-inspection intervals AT (decision parameter).

At every inspection period, state of each component is observed and based on
inspected degradation level for each component i (X}k = xiTk), maintenance

decision is made.

Inspections are imperfect i.e., the inspected deterioration level involve

measurement error that follows normal distribution
Inspection and maintenance times are considered to be negligible.

It is assumed that to perform maintenance actions, all the respective tools and

materials are available at every inspection time.

Imperfect maintenance actions lead the system to a as good as new state or
restore it to an imperfect state in-between its current state and as good as new

state.

Imperfect maintenance action have a negative impact on system which results

in increased deterioration rate of component i.e v, = vy_; + &

Corrective maintenance actions are considered to perfect i.e system becomes as

. . . a
good as new and deterioration speed resets to zeroi.e v, = v, = EO
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3.4.2 Model Parameters

The proposed maintenance model and its scenarios are run for 10000 atu (arbitrary time
unit) and 10 replications were done for each scenario to account for variation in the
model. Figure 3 shows settings of Run setup of the model. The Simulation program is
run on a system with AMD Ryzen 5 (3550 ) CPU @ 2.1 GHz and 16 GB of RAM. No warm-
up period is considered in the model since each component is assumed to be as good as
new and has zero deterioration level at the beginning of each simulation, so warm-up
period is not required. The deterioration of system components follows Gamma
distribution. Structural and stochastic dependencies are considered between the
components, which means, deterioration of component is not only dependent on itself,
but also on the deterioration rate of other component. In Arena, deterioration rate of

both components is modelled as shown in Figure 4.

Inspections are done at every 1 discrete time periods and depending on the quality of
inspections and deterioration rates of both components, maintenance decisions are
made, and system costs are updated accordingly. Inspection process of the system is

represented in figure 4.
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Run Speed

Run Cantrol
Reports

Project Parameters
Array Sizes

Arena Visual Designer

Establish replication-related options for the current model. Settings include the number of
simulation replications to be run, the length of the replication, the start date and time of the

simulation, warm-up time length, time units, and the type of initialization to be performed between

replications.

Replication Parameters

Mumber of Replications: |-|[:. |

Start Date and Time: |D Sunday . Aprl 11,2021 12:56:33 AM [E~ |
Warm-up Period: |[:. | Minutes w
Replication Length: |-|[:-[:.[:.[:. | Minutes ~
Hours Per Day: |24 |

Teminating Condtion: |TNow »= 10000 && EntitiesW|P{Inspections) ==

Basze Time Units: Minutes o

Parallel Replications

["1Run Replications in Parallel

Number of Parallel Processes: 1

Parallel Replication Input Data Files:

Data File Add

Edit

Remove

[] Disable Auto Generated Folder Deletion

Initialize Between Replications
Statistics
System

oK Cancel Apply

Help

Figure 3:Run Setup Parameters for model
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A. Verification and validation of the model
The model’s animation combined with dynamic statistics depicted a general view of the
system’s behavior. In order to verify the model’s accuracy and validate it, following steps

were taken.

e Simulation model is thoroughly examined to see whether the model imitates the real

system.

e Expert consultation is done to identify gaps of the model and necessary suggestions

were adapted.

e The process of validation of the simulation model is conducted by reproducing the

results of numerical examples existing in published literature for similar models.

e The simulation model is applied on a numerical problem and meaningful results were

generated.

e An analytical approach is developed using Markov chains and modelled on Matlab to

validate the results obtained from simulation.

3.5 Joint Spare-part Inventory & Maintenance Policy

3.5.1 System Description & Assumptions

In this section, we extend the previously presented maintenance model by incorporating
spare-part policy into existing maintenance policy. A system is considered with two
components which have structural dependency between them implying that when one

or both components fail, the whole system fails. Every component, i, undergoes
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incessant deterioration that adds up over time, which is assigned a random variable X;'.
Once the deterioration level of component i reaches L, failure limit, the component
fails. There also exists a stochastic dependency between the components which implies,
deterioration rate of a component not only depends on its own deteriorate rate but
also on the deterioration of other component. Similarly, Economic dependency is also
considered between the components, that is, combining maintenance activities on both
components results in lower cost than performing them separately. Moreover, Resource
dependency is also incorporated in the model implying that maintenance action on a
component is performed only if its spare part is available. Inspection occurs at regular
time periods with inter-inspection intervals AT (decision parameter) to reveal
deterioration level of component as well as spare-part inventory which follows (0,1)
provisioning policy. The inspection for maintenance and spare-part can be performed at
the same time for both simultaneously or at different times depending on the
requirement. The state of each component is observed at every inspection period and
the degradation level of component i (i = 1,2) at inspection times T, = kAT (k =
1,2,3,...) can be expressed as X%k = xiTk. Similarly, spare-part inventory is also
monitored at every inspection period which reveals the inventory level ui 1) for each
component. At each inspection period, maintenance decision is made depending on the
current deterioration level and spare-part availability. For each component i, if its spare
partis available, i.e., ui=1, a maintenance action is carried out according to maintenance
policy explained in previous sections. Once spare parts shortage occurs upon

maintenance requests, maintenance activities are carried out as follow :
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If maintenance is required only on one component i and the requirement
is CM, the system will stop working and downtime cost C; will incur per
time unit until its spare part become available and maintenance action is

carried out.

If the required maintenance action is PM and no spare-part is available,
the system will continue to operate, and maintenance action is

postponed until next inspection period.

If maintenance is required on both components and it is PM, a spare part
will be ordered on urgent basis and maintenance action will be delayed
until next inspection period. If at least one component requires CM,
system will shut down at a cost rate C; per time unit and until spare part

becomes available and maintenance is performed.

If one component requires PM/CM and other has reached opportunistic
threshold, but no spare part for it is currently available, only PM/CM
action will be carried out on thus missing the opportunity of OM for other

component.

3.5.2 Spare-part provisioning policy

At each inspection period for spare part inventory, following spare-part provisioning

policy for is applied for each component :

>

If ui=0 and degradation level of component i ( Xi) < Spare-part threshold (ms),

no spare part ordering take place
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»  If ui=0 and degradation level of component i ( Xi) > Spare-part threshold (m),
spare part is ordered on a normal basis with ordering cost OCnormal and lead
time UNIF (2,5). Once spare part is delivered, it is held in the inventory at a cost

of Ch per unit time.

»  If u=0 and degradation level of component i ( Xj) > Preventive Maintenance
threshold (mj;), the component either requires PM or CM. Therefore, an urgent
spare part order is placed with ordering cost OCyrgent and lead time UNIF(1,3).
In case of CM,since all delivered spare parts will be consumed immediately,

hence. no holding cost will incur.

3.5.3 Cost Model & Maintenance optimization plan

The decision parameters for proposed joint maintenance & spare-part policy are :
AT, ATg, mg, mg, my, mg, mg, mg which have to be optimized in order to obtain optimal
maintenance plan. A cost model can be expressed to find the optimal values of the

decision parameters. We define the long run expected total cost per unit time as:

1 2 1 2 1 2
C°°(AT, ATs, mg, mg, my, my, mg, mg )

t 1 2 1 2 1 2
C (AT,ATS, mo,mo,mp,mp,ms,ms)

= lim
too t — taown

(3)

where CY(AT,ATs,m, m2,m}, m2, mi,m? ) is the cumulative total cost and ¢gg,n is
the cumulative downtime between (0, t]. From the renewal theory stated by Ross

[1996], (3) can be expressed as:
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1 2 1 2 1 2
C°°(AT, ATs, mg, mg, my, my, mg, mg )

E[CTre(AT, ATs, mk, mZ,mb, m2, mt, m2 )]

B E[Tc - Tdown] (4)

where E is the mathematical expectation and the length of the system first life cycle is
known as T, it can also be defined as the time at which all the components were
replaced. The total downtime in first life cycle is known as Tj;,,,- We can assume that

T. = AT.m, where is a positive integer, which leads us to:

T, 1,2 1 .2 1.2
C C(AT, ATs, m;, mg, my,, my, mg, mg )

k k k
_ ;cn=1(Cins + Cflfold + Cmain + Cskpare + Cspare insp) + Tdown- Cd

AT.m — TdOWTL

)
where C; denotes the downtime cost for each time unit.

Cke =%, cl+ I{uzl}c,o, where u is the number of components inspected at time Ty

and CX . denotes the total inspection cost. Similarly, Cs"pare insp = Qi1 ct, where u is

the spare-part inspected for component i at time T, and CS’;%W insp denotes the total

spare-part inspection cost. Total maintenance cost of components is as follow:
k _ 1 2 0 . . . .

Cmain = Cp + ¢p + ¢p if both components are preventively maintained
k i 0 - .. . . .

Cinain = Cp + Cp if only component i is preventively maintained.

Cl in = cp + ¢l + ¢2 if component i is preventively maintained and j is correctively

maintained.

Ck 2in = ct + cQ if only component i is correctively maintained.
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Ck .in is the total maintenance cost at time T}.

To find the expected spare-part ordering cost, two different ordering costs are
considered, normal ordering cost OC},,.,,; & urgent ordering cost 0C1§rgent for each

component i-1,2). Therefore, total spare-part ordering cost is computed as :

i i

k — V2 i 2 i
Cspare - 4i=1 Pnormal * OCnormal + Zi:l Purgent * OCurgent

Where P!,...; represent number of parts that are ordered on normal basis for
component i and OC),,mq represents the normal ordering cost for component i.
Similarly, Plirgent represents the number of parts that are ordered urgently and
OCﬁrgent is the urgent cost of ordering spare-part for component i. Inventory holding
cost occurs for the parts which are ordered on a regular basis with lead time following
uniform distribution and are stored at inventory before they are consumed. However,
inventory cost does not occur for the parts which are ordered on an urgent since they
will be consumed as soon as they arrive. Therefore, total inventory holding cost is given

as:

2
CK 1 =z HI'x HC!
i=1

Where HI' is number of spare-parts in inventory for component i and HC' is holding

cost for component i.

3.5.4 Simulation model for Joint spare-part and maintenance policy

In this section, Simulation model was developed for joint spare-part and maintenance

policy. With the help of OptQuest, optimal values for the decision variables
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(AT, ATs, mg, mg, my, m3, mg, ms ) were identified and minimum cost of the system was

obtained.

A. Simulation Model Assumptions

The simulation model for joint spare-part and maintenance strategy is based on

following assumptions :

Each component deteriorates with gamma distribution.

If one component stops working due to failure, whole system will stop working
and deterioration level of other component stays unchanged until the

maintenance action is performed.

Inspection is done on both components simultaneously at discrete time periods

with inter-inspection intervals AT (decision parameter).

Spare parts are monitored on regular time periods and depending on the spare-
part threshold and available inventory, a spare-part provisioning decision is

made.

If spare-part shortage occurs during maintenance inspection, then it is checked
if an order is already in process, if not, an order is made on urgent basis with

higher cost than normal ordering cost.

Spare-part lead time follows uniform distribution. However, lead time for orders

made on urgent basis are shorter than normal orders.

Inspection and maintenance times are considered to be negligible.
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B.

It is assumed that to perform maintenance actions, all the respective tools and

materials are available at every inspection time.

If maintenance is required only on one component and it is CM, the system will
stop working and downtime cost Cd will incur per time unit until its spare part

become available and maintenance action is carried out.

If the required maintenance action is PM and no spare-part is available, the
system will check if the order is already made, if not, an order will be based on
normal and system will continue to operate, thus postponing the maintenance

action to next inspection period.

Spare-part provisioning is based on (0,1) policy for each component.

At beginning of simulation, there is one spare-part available for each component.

Holding cost occurs for each spare-part inventory per time unit.

Model Parameters

The proposed joint spare-part and maintenance model is run for 10000 atu (arbitrary

time unit) and 10 replications were done to account for variation in the model. No warm-

up period is considered in the model since each component is assumed to be as good as

new at the beginning of simulation and spare parts for each component are available.

All four kinds of dependencies ( structural, stochastic, economic and resource) are

considered in the model. Figure 6 and 7 illustrates the process of spare-part ordering on

normal and urgent basis respectively. Inspections for both spare parts and maintenance

are done at discrete time periods. Maintenance decisions are made according to
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availability of spare-parts and deterioration level for each component and system cost

is updated accordingly . Inspection process of the joint system is shown in figure

8.Similarly, spare-part inspection process for both components is shown in figure 9.

Spare Part Normal Production Component 1

Spare Part Normal Production Component 2

e’
]

Figure 6 : Spare-part normal ordering process for both components

Spare Part Urgent Production Component 1

| ||| »

Spare Part Urgent Production Component 2

[ sttt

—)

Figure 7: Spare-part urgent ordering process for both components
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Figure 8 :Inspection process of the joint system
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Spare Part Inspection Component 1

Figure 9:Spare-part Inspection process for both components
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Chapter 4: Numerical Example and Sensitivity Analysis

This chapter provides an application of proposed CBM policies by applying it on real-life
numerical problems obtained from existing literature . The objective is to demonstrate
the applicability and practical value of the proposed model. For the validation purpose
of simulation model , numerical example adapted from (Do et al , 2015) paper is

reproduced and similar results were obtained .

4.1 Numerical Example for Model Validation

In this section, Maintenance policy is applied on a numerical example which is adapted
from (Do et al., 2015) paper. They consider a system that is consist of two components.
The deterioration rate of every component is not only dependent to its own state but
also on the state of the other component. The data containing deterioration rates and

maintenance costs is given in table below.

Table 3:Data of two-component system

Component | o B o " Inspection PM cost cm Corrective
Cost cost [ Threshold
1 2 1 0.5 0.1 4 50 60 30
2 1 1 0.5 0.1 4 60 70 30
PM setup v Inspection Downtime
10 setup 10 2 70
cost cost setup cost Cost

The authors considered two cases, in first case, both stochastic and economic
dependencies were considered. In the second case, stochastic dependency was not

considered among the components. The same values of inter-inspection time,
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preventive and opportunistic maintenance are used in this example as adapted by (Do

et al,2015) which are given in table 4.

Table 4: Values of Decision variables used by reference paper

Component Preventive Opportunistic | Corrective threshold | Inter-inspection time
threshold threshold
7 6 30 10
18 16 30

Table 5: Total system costs (Arena-simulation vs Actual)

Cases Our Model Do et al’s Paper
Total Cost of Both dependencies considered 10.822 10.82
the system
Considering only economic dependency 12.22 12.55

Total long-run cost of the system was calculated on Arena simulation using the proposed
model and the results were compared with was (Do et al., 2015) for above mentioned
cases. From table 5, it can be observed that the proposed simulation model produced
almost exactly the same results as in the referenced paper. The total cost varied by a %
difference of 2.7 % in the 2"9 case where only economic dependency is considered.

Such difference may cause due to the use of different simulation software.

4.2 Numerical Example on Maintenance Policy

The proposed simulation model along with different scenarios is illustrated by applying
it on a case study presented by Do et al (2015) . The data values of numerical example
are slightly modified to account for extra parameters considered in the proposed

maintenance policy. The problem considers a system that consists of two components
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connected in series, so whenever one of the components fails, whole systems fail. The
deterioration rate of every component is not only dependent to its own state but also
on the state of the other component. The data containing deterioration rates and
maintenance costs is given in table 6 below. The decision variables of the problem were
optimized, and minimum long-run maintenance cost of the system for each scenario was
obtained. Moreover, to study the impact of input parameters on the model and its

scenarios, sensitivity analysis is also performed by altering input parameters.

A very large number of simulation realizations is done in order to obtain long-run cost
rates of the model. To obtain optimal cost of the system, the model was run on
OptQuest. The optimal values for decision variables (AT, mg, m3, my, mz) were

obtained along with long-run system cost for each scenario which is given in table 7.

The optimal results obtained from OptQuest are meaningful and can be explained. For
the scenario 1 when both inspections and maintenance action are perfect, long-run
system cost is = 12.967 atu. For the scenario 2 when inspection is imperfect and
maintenance actions are perfect, long-run cost is = 12.602 atu. The long-run system cost
is lower in this case because imperfect inspection cost is very less as compared to perfect
scenario and the chances of making wrong maintenance error is small since preventive

and corrective maintenance thresholds are far from each other.

Similarly, for scenario 3, when inspections are perfect but preventive maintenance
action is imperfect, long-run system cost is around 18.175 atu. The long-run cost of the
system has increased as preventive maintenance replacements are not perfect and they

do not restore the state of component to as good as new but in between the current
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and as good as new state. Also, these imperfect actions causes the deterioration speed
of the component to increase which means more system replacements. In this case, the
optimal preventive threshold is almost equal to corrective maintenance, it is because
since imperfect preventive actions have impact in terms of failures which leads toward
higher costs, it is better to replace the system correctively instead of replacing it
preventively and causing high replacement costs along with increased deterioration rate
of the components. The last scenario which represents both inspections and
maintenance actions to be imperfect, has long-run system cost =18.143 atu. The long-
run cost of the system has reduced as compared to 3™ scenario since inspection cost is
now lower than the perfect case. Similarly, all the maintenance thresholds are equal to
almost corrective thresholds for component 1,it is because when imperfect action is
performed, it increases the deterioration rate of the system thus increasing the chances
of making incorrect maintenance decisions which may result in more frequent imperfect
replacements. Therefore, it is better to replace the system whenever corrective failure

occurs since it leads toward lower cost and brings system to as good as new condition.
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Table 6:Model Parameters

Model Dataset

Parameters Description Value

D1 Deterioration rate for component 1 Gamma(2,1)

D2 Deterioration rate for component 2 Gamma(1,1)

(o Inspection Setup cost for each component i ( can be shared) 2

c Perfect inspection cost for each component i 6

Cimp!' Imperfect Inspection cost for each component i 2

(o Preventive maintenance setup cost (can be shared) 10

(o Perfect Preventive Maintenance cost for Comp 1 60

(o Perfect Preventive Maintenance cost for Comp 2 80

Cimp Imperfect Preventive Maintenance Cost Comp 1 40

Cimp? Imperfect Preventive Maintenance Cost Comp 2 50

c’ Corrective Maintenance setup cost (can be shared) 10

c! Corrective Maintenance cost Comp 1 120

c? Corrective Maintenance cost Comp 2 180

AT Time between inspections for each component 8

m,! Preventive Maintenance threshold Comp 1 8

mg?2 Preventive Maintenance threshold Comp 2 15

Cth Corrective Maintenance threshold Comp 1 & 2 30

mo? Opportunistic threshold Comp 1 8

mo? Opportunistic threshold Comp 2 10
Quantity by which deterioration level is reduced due to an imperfect

A maintenance Uniform(0,1)

€k impact of imperfect action Expo (0.2)

£(t) Imperfect inspection measurement error standard deviation 0.67

T Simulation Run time 10000
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Table 7:0ptimal Solution for All Scenarios of the model

Opt-Quest Optimal Solutions for Each Scenario

Scenario 1 : Perfect Inspection and Repair

Simulation # Long-run System Cost Feasibility OoMC1 omMcC2 PMC1 pmc2 | AT
95 12.96712 Feasible 4.011893 | 17.023435 | 21.03329 | 24.99119 | 3
Scenario 2 : Imperfect Inspection and Perfect Repair
Simulation # Long-run System Cost Feasibility OoMC1 omMcC2 PMC1 pmc2 | AT
68 12.60212 Feasible 2.756455 | 19.302107 | 21.80743 | 25.53126 | 3
Scenario 3 : Perfect Inspection and Imperfect Repair
Simulation # Long-run System Cost Feasibility oMC1 omMcC2 PMC1 pmc2 | AT
99 18.175 Feasible 20.359604 | 27.50132 30 29.42922 | 1
Scenario 4 : Imperfect Inspection and Imperfect Repair
Simulation # Long-run System Cost Feasibility oMC1 omMC2 PMC1 Ppmc2 | AT
100 18.14368 Feasible 30 21.078864 30 30 1

4.3 Sensitivity Analysis

In this section, sensitivity analysis is performed on a numerical example illustrated above
to study the impact of input parameters on the simulation model. The value of the input
parameters were changed, one at a time, while keeping all other parameters unchanged
and their impact on long-run cost of all the described scenarios were observed. This is

done for the parameters that directly affect the model. Specifically, these relevant

parameters are: Corrective maintenance cost for component 1 C!, Corrective
maintenance cost for component 2 C2, Perfect preventive maintenance cost for

component 1 Cpl, Perfect preventive maintenance cost for component 2 sz, Imperfect
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preventive maintenance cost for component 1 c,-mpl, Imperfect preventive maintenance

cost for component 2 c,-mpz, Perfect inspection cost for both components ¢ and ¢

Deterioration rate for component 1 D; and Deterioration rate for component 2 D,. The
value of each parameter was individually changed up and down by two distinct steps
between (25-50)% each. Table 5 shows the results obtained from sensitivity analysis of

model.
Sensitivity analysis reveals the following key insights of input parameters :

e As depicted in figure 10, the corrective cost for component 1 has little impact
on optimal long-run cost of the system in the scenarios when maintenance repair
is perfect. However, in scenarios where it is imperfect, change in corrective cost
has major impact on the long-run optimal cost of the system. It is due to the fact
that in the latter two scenarios, imperfect repair is avoided by the system since
it has high impact on deterioration as well as on cost. So instead of preventively
replacing the components, it is preferred to let system run until failure occurs.
This causes in more corrective replacements than preventive, thus increasing the

corrective replacement cost of the system.

e Similarly, As shown in figure 11, the corrective cost for component 2 has less
impact on the optimal long-run system cost when maintenance action is
considered to be perfect. However, when maintenance action is imperfect,
corrective cost has major impact on the long-run cost since maintenance action

is only performed when system reaches failure.

60



Table 8:Sensitivity Analysis results for all Scenarios
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Figure 12 represents the % change in optimal long-run cost of system due to
change in imperfect repair cost for component 1.1t can be seen that increasing
imperfect preventive cost has very small impact on the long-run cost. This is
because when imperfect repair scenario is considered, it is cheaper for the model
to let component run until system failure and perform only corrective

replacement on it.

Figure 13 depicts the % changes in the long-run system cost as change in
imperfect preventive cost for component 2 occurs. The parameter has no impact
on the long-run cost when only imperfect repair scenario is considered. The
reason behind it is the same as provided above. However, in other scenario, the
cost parameter has minor impact on the long-run cost. This is because imperfect
inspections result in incorrect maintenance decisions due to which unnecessary
preventive maintenance actions are performed, thus increasing the long-run cost

of the system.

Figure 14 & 15 represents the sensitivity analysis for the perfect preventive costs
for component 1 and 2 respectively. It can be seen that % change in cost
parameters increases the optimal long-run cost of the system. It is due to the
fact that since the maintenance action is perfect, so to avoid system failure, it is

replaced preventively.
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To study the impact of shape and scale parameter on the deterioration rate of
the component, values of a and B were changed in such a way that the average
deterioration rate stayed the same and their impact on the optimal long-run cost
for all the scenarios were studied. As illustrated in figure 16 and 17, changes in
these parameters for both components results in increased optimal long-run
cost of the system. However, for component 2, the % change impact of these
parameters was noted to be very high for the scenarios where perfect
maintenance action is considered. This is because increase in a and B means high
deterioration rate of the component, which results in more frequent
replacements of the system. Since maintenance actions are perfect, so more
preventive maintenance has done causing spike in the optimal long-run system

cost.
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4.4 Numerical Example on Joint Spare-part and Maintenance

policy

The proposed joint spare-part and maintenance model is illustrated by applying it on a
numerical problem. Considers a system that consists of two components connected in
series, so whenever one of the components fails, whole system fails. The spare-part
inventory for each component follows (0,1) provisioning policy. The data containing
deterioration rates for components and maintenance costs is given in table 9 below. It is
assumed that at the beginning, one spare-part is available for each component. The
decision variables of the problem were optimized, and best maintenance policy with
minimum long-run maintenance cost of the system is obtained. To obtain optimal cost
of the system, the model was run on OptQuest. The optimal values for decision variables
(AT, AT, m3, m3, my, m3, mi, m%) is obtained along with long-run system cost is given

in table 10.

Table 9 :Parameters for Joint policy

Unif( Unif(
2 1 0.5 0.1 6 50 120 6 8 30 8 20 2 2.5) 13)
Unif( Unify(
1 1 0.5 0.1 6 60 180 10 15 | 30 5 18 2 2.5) 13)
10 CM set 10 Inspset ) Down 70
cost cost Cost
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Table 10 : Optimal Cost for Joint maintenance and spare-part policy

Opt-Quest Optimal Solution

Joint Spare-Part & Maintenance Policy

Long-run
S# Cost Feasibility | OMC1 | OMC2 PMC1 PMC2 Sth1 Sth 2 AT | ATs
889 16.348 | Feasible 13.056 12.342 25.030 25.180 6.363 9.538 5 1

As illustrated in table 10, optimal long-run cost of system is obtained at 889 simulation

run which is around 16.348 atu .In the optimal case, spare-part inspection is done after

every 1-time unit and maintenance inspection is performed after every 5-time unit. The

spare-part of component 1is ordered whenever its deterioration rate reaches 6.36 value

whereas for component 2, spare-parts are ordered when its deterioration rate crosses

9.54 value. The preventive threshold for both components is almost same which is equal

to 25.

69




Chapter 5: Analytical Model Development

5.1 Introduction

The objective of this chapter is to develop an analytical model for the maintenance
strategy proposed in the previous chapter to validate the results of the model obtained
from simulation, and to provide an alternative modelling framework to speed up the

computation in the optimization.

5.2 System Description

A two-component system is considered which have structural and economic
dependency between them. Structural dependency implies that when one or both
components fail, the whole system fails. Every component, i, undergoes a continuous
deterioration that adds up over time, which is assigned a random variable X,f. Once the
deterioration level of component i reaches L}, failure limit, the component fails.
Economic dependency is also considered between the components, that is, combining
maintenance activities on both components results in a lower cost than performing

them separately. Inspections are performed at discrete times periodically.
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5.3 Maintenance Strategy

The maintenance strategy of the system is outlined as follow:

e If a component i fails before an inspection time (between Tj,_; & Ty,) it will be
replaced when the next inspection occurs (Ty).

e When an inspection occurs at time T, and component i is operating then the
component will be inspected, and maintenance decision is made depending on
the inspection results.

Preventive maintenance at each component level has two types of rules:1) individual

preventive maintenance. 2) opportunistic preventive maintenance.

» Individual preventive maintenance — We assign a decision parameter mzi,,
which is the preventive threshold limit. If at inspection time T, the
degradation level of component i is equal to or larger than m,ig (x%k > m,ig)
then the component is instantly replaced.

» Opportunistic preventive maintenance - for every component i, an
opportunistic threshold, m} (decision parameter) is assigned. If at inspection
time T, a component j (j # i) is selected to be either correctively or
preventively maintained, component i will be preventively maintained
simultaneously if the degradation level of component i is equal to or greater
than the opportunistic threshold (xiTk >m)).

To make an optimal selection of the maintenance tasks, the present condition of

components is monitored periodically every .
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5.4 Developing Analytical Model

The proposed two-component system is modelled using two approaches. First, it is
developed using a two-dimensional Markov chain to obtain the exact analytical solution,
then a heuristic method is presented in order to obtain an approximated solution for

the system.
5.4.1 Two-Dimensional Markov-Chain Approach

A. Assumptions for Two-Dimensional Markov-Chain System

The proposed two-dimensional MC system is subject to the following assumptions :

e Inspection is performed on the system periodically after every t period.
e Each inspection reveals the system deterioration state perfectly.

e Based on the current state (i,j) of the Markov chain, one of the following decisions

are made at each inspection :

> If0 < i< y,1-1and 0 < j < y,,, Nomaintenance action is taken
on both components.

> If 0 < i< y,: and y,, < j < ¥p,_1, Preventive maintenance
action is performed on component 2.

> if 0 < i< y,; and j = y.,, Corrective maintenance action is
performed on component 2.

> If yO,l <i< yp,l—l and yp,Z < ] < yp,2—1 or ]2 yC,Z , Both
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components are jointly maintained (opportunistic maintenance for
component 1).

> If yp1 < i< Yp1-1 and 0 < j < y,,_4 , Preventive maintenance
action is performed only on component 1.

> ifi=y,;and 0 < j< y,,-1, Corrective maintenance action is
performed on component 1.

> If yp1 < 1< yp1-1 OFr i = Y,1 and Yoz < J < Yp2-1, Both
components are jointly replaced (opportunistic maintenance for

component 2).

e Any Maintenance action ( preventive or corrective ) takes t time units to replace

the component.
e Downtime cost of the system is considered to be negligible.

B. Developing Two-Dimensional Markov-chain system
In this section, a two-dimensional discrete-time Markov-chain is used to model the two-
component system to obtain the closed-form solution. The Markov-chain corresponding
to CBM model is illustrated in figure 18. The 15t dimension of the Markov chain
represents component 1 degradation at an inspection whereas the 2" dimension
represents component 2 degradation at an inspection. The degradation level of each

component i at time t + 1 can be given as:
X, =Xt+AXY  forj=12andj#1 (1)

where, AX' — is the random amount of degradation per inspection time of the ith
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component. We suppose that AX® follows a Gamma probability density function:

1
I'(ait)

(ﬁi)airxair—le—ﬁixl{xzo},

fai’ﬁi(x) =
where, I{,>0) is an indicator function Iry50y = 1if x = 0, I50) = 0 otherwise.

The continuous non-decreasing deterioration process is discretized by introducing §, an
amount of degradation typically small. The result of discretization is a discrete-time
discrete-state non-decreasing deterioration process with increments in deterioration
{8(t):t € N} where N is a state space. Let AX denote the amount of deterioration

during an inspection time 1, then AX follows Gamma distribution with parameters (at,3).

The next step is to define the transition probabilities of the DTMC. The probability of a
one-step transition from state i to state i + 1 in the DTMC is given as P(6i < AY <
§(i 4+ 1)) , whereas for the last state of the state n., since it does not have any upper
bound,so it is given as P(AY = &(n.)) .Once the state probabilities are calculated for
both components, a two-dimensional transition matrix is generated. The steady-state
probabilities are calculated using the equations m = P and Z?Ll m; =1. The proposed
system is modelled in MATLAB, as shown in figure 19, and converged steady-state
probabilities were obtained for the components jointly. Since it is difficult to solve the
system with more than two components using this approach, as it will result in a Markov
chain with a large state space and transition probability matrices which makes
calculations very tedious, heuristic is proposed in the next section to obtain an

approximate solution for the model.

74



Figure 18 : Two-Dimensional Matrix for CBM system
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N =2:% .'ﬁ'JIrbLI of items ~ L[ &3 - A=reshape (stdpp2d,nc(2)+1,[]1): [
tau = 5; =] 70 - D=transpose (4); -
alpha = [2,1] : 71 - D
beta = [1,1]: 72 - [ for i=l:yctl}+l|:|
sigma =1; 77 %Cost Values
Main = 2*tau; 78 - CCl=120
vp = [5,4]: i |= CC2=180
yo = [4,3]; 80 — BCC1=60
yo = [6,5]; 81 - PCC2=80
maxnc = round (max(yc)/sigma); 82 — ICCl=¢
MM = zeros(N,maxnc+l,maxnc+l): 83 - ICCZZG
% constructing the transp proba matrices for the items 84 — Cset;pjlﬂ
nc = zeros(l,H); 85 — Psetup=10
np = zeros(l,H): 86 — InspSetup=2
no = zeros(l,N); 87 %Cost Factors
[ for i=L:N[.. | 88 - pcl=sum(D(nc(1)+1,1:nc(2)+1))
stdpp = zeros (N,max(nc(i)+1),1); 84 — pe2=sum(D(l:nc(l)+1l,nc(2)+1))
% Computing steady state proba with using pi = pi*P and pi*ones=1 which 90 — pmlgsumtsumtDtnptl}+l:nctl},l:nct2}+l}}}
% gives pi=(1,0,....,0)*inv([I-P]*), matrix [I-P]* is I-P with lst column 9] — pm2=sum(sum(D(l:nc(l)+1,np(2)+1l:nc(2))))
% equal to 1 92 — pol=sum(sum(D(no(l)+l:np(l),1l:nc(2)+1)))
[#] for i=l:N|:| 93 — pclandpec? = Dinc(l)+1l,nc(2)+1)
% steady states probakility for item 1 and 2 given in lines 94 — onlypcl = sum(D(nc(l)+1,1:n0(2)))
£Joint DTMC chains for 2 components —| 95 - onlypc2 =sum(D({l:no{l),nc(2)+1})) -
tl = zeros(nc(l)+l,nc(l)+1); 98 — onlypmcl=sum (sum(Dinp (1) +1l:nc{l),lino(2})})
tl(:,:) = MM{1l,1:inc(l)+1l,l:nc(l)+1); =| 97 - onlypmc? =sum(sum(D(l:no(l),np(2)+1l:inc(2)))) =
t2 = zeros(nc(2)+l,nc(2)+1); = @8 - pclandpo2=sum (D (nc(1)+1,na(2)+1:np(2))) =
t2(:, 1) = MM(2,1:nc(2)+1l,1l:nc(2)+1); =| 99 - pclandpm2=sum (D (nc(1)+1,np(2)+1:nc(2))) =
t2d = kron( tl , t2 ): = 100 — prlandpoZ=sum(sum(D(np(l)+l:nc(l),no(2)+l:np(2)))) =
row_el = zeros(l, (nc(l)+l)*(nc(2)+1) ); =101 - prlandpm2=sum (sum (D (np (1) +1:nc (1), np(2)+1:nc(2)))) =
row_el(l) = 1; E 102 - pcZandpol=sum (D (no(l)+l:np(l),nc(2)+1)) E
[ for k=no:1}:nptl} § 103 - pcZandpml=sum (D (np(1)+1l:nc(l),nc(2)+1)) =
[+ for k=npi(l):inc(l) - E 104 — pmZandpol=sum(sum(D(no(l)+l:np(1),np(2)+1l:nc(2)))) E
isum(transpose (t2d}) — | 105 %Cost Calculation ;
size_2d = (nc(l)+1)* (nc(2)+1); =| 106 - CM1andCMC2=(CC1+CC2+Csetup) *polandpc2 =
t2d = eye(size_2d)- t2d; ¥ I - F =107 - CMClandCMC2= (CC1l+PCC2+Csetup+ICC2+InspSetup) *polandpo2 =
t2d(:,1l) = omes(size 2d,l); %replacing first column I-P by vector of ones E 108 — CMC:LandPHCZ:tCCl+PCC2+CSel:up+ICC2+InspSetup} “pclandpm2 E
% steady state is e0*inv(I-P) =108 - CnlyCM1=(CCl4+Csetup+ICC2+InspSetup) *onlypcl -
stdpp2d = transpose (t2d)\transpose (row_el); 110 =  PMClandCMC2=(PCCl+PCC2+Psetup+InspSetup+ICC1+ICC2) *pmlandpo2
% steady state matrix 2Zdimension v 1INS FMClandPMC2= (PCC1+PCC2+Psetup+InspSetup+ICCL+ICCE) *pmlandpm?
£

Figure 19 : MATLAB Code for the Proposed Two-Dimension markov chain system
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5.4.2 Heuristic Markov-Chain approach

A. Assumptions of Proposed Heuristic Model

The proposed system is subject to the following assumptions :

Inspection is performed on the system periodically after every discrete t time.

Each inspection reveals the perfect deterioration state of the system.

Preventive maintenance action takes 1 time units to maintain the component.

Corrective maintenance action takes M. time units to replace the component.

Both preventive and corrective replacement makes the system as good as new

The deterioration rate of a component is independent of the other component

(no stochastic dependence).

The downtime cost of the system is considered to be negligible.

Failure of one component results in failure of the whole system

When failure occurs on one component, the deterioration rate of the other
component stays the same until the component is replaced and the system starts

to run.

Based on the current state i of the Markov chain for each component, one of the

following decisions are made at each inspection time:

If 0 < i < y, No maintenance action is taken.
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e Ify, < i< yp_,andmaintenance action is carried on another component (PM

or CM), Preventive maintenance action is performed on the component.

e ify, < i< Y., the componentis preventively replaced.

e Ifi > y.,system failure occurs, and component is replaced correctively.

e Ify,1<i<y,;-1and 0 < j< y,,_1, preventive maintenance action is

performed only on component 1.

B. Developing Heuristic Markov-chain model
In this section, a heuristic approach is developed to model the two-component system
in order to obtain the approximate solution. Each component is represented by a
Markov chain which has its own probability of transition from i state to other state i + j
as illustrated in figure 20. Structural Dependency is considered along with economic
dependency between the components. The deterioration rate is discretized by
introducing 6, a small amount of degradation. Let AX be the amount of deterioration
during an inspection time 1, then AX follows Gamma distribution with parameters (at,B).
Both Markov chains are independent in terms of deterioration rate of the component,
however, there exists a correlation between them due to economic dependency. In
order to consider this correlation between the two Markov chains, opportunistic states
of each component (states between opportunistic and preventive thresholds ) can either
move forward or to state 0 with certain probabilities. E.g., when component 1 is at state
[ in its opportunistic zone, the chain can either move to the next state with probability

(1 — MP,) = P; or it can move to state O ( indicates maintenance action is performed)
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with probability MP, , where P; is the probability to make a i jump to a next state and
MP, is the probability of performing maintenance action on component 2 (Preventive

or Corrective). Similarly, component 2 at state i in its opportunistic zone can either move

to the next state with probability (1 — MP;) x P; or it can move to state 0 with
probability MP;, where MP1 is the probability of performing maintenance action on

component 1 (Preventive or Corrective) .

Similarly, to consider structural dependency between two independent Markov chains,
all the transition probabilities of states of component 1 Markov chain that are between
0 and preventive threshold are updated with the probability of maintenance on
component 2. In this way, for state i of component 1 (0 < i < 1y, ) the Markov chain
can jump forward with probability (1 — PC,) = P; or it can stay at state i with probability
(PC, * P;) , where P; is the probability of moving to the next state from state i and PC;
is the probability of corrective maintenance action on component 2. Similarly, state i of
component 2 (0 < i < y,, ) can jump forward with probability (1 — PC;) * P; or it can
stay at state i with probability (PC;) * P; , where PC; represents the probability of
corrective maintenance on component 1. The transition state diagram for component 1

and 2 Markov chains is shown in figure 21 and figure 22 respectively.
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Figure 20 : Transition states of both Components

To obtain the steady state probabilities of the model incorporating both structural and

economic dependencies, the following iterative solution algorithm was developed:

Solution Algorithm

Step 1: Set MP, = MP, = 0

where MP;: the probability of maintenance action (PM or CM) on component 2 and

MP, : the probability of maintenance on component 2

Step 2: Find the initial steady-state probability of Markov chains for both components

(ml and m2)
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Step3:Set MP, =} m and MP, =} mf

where y,4, ..., ¥¢1 — 1 are the preventive states of components 1, and y.; is the failure
(last) state of component 1. Similarly, yp,,...,y.2 —1 are the preventive states of

component 2, and y., is the failure (last) state of component 2.

Step 4: Compute the new steady-state probabilities for both components (nmtl and nm2).

Step 5: Check for steady-state probabilities convergence? if yes stop, otherwise go to

step 3.

The proposed algorithm is implemented in MATLAB software (illustrated in figure 23 )

and the respective steady-state probabilities for both components were obtained.
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Figure 21:Transition state diagram of Component 1
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Figure 22:Transition state diagram of Component 2

The obtained steady-state probabilities for the two-component system considers
inspection and maintenance repair time to be same which is equal to t. Therefore, to
incorporate the actual maintenance repair time for corrective replacement in the model,
the obtained steady-state probabilities were scaled according to the given maintenance
time. Assume P; to be the obtained steady-state probability state i for any component,
then the scaled steady-state probability of state i according to given corrective

replacement time (M.) is calculated as :

P[ TPi
i =
T(Py+P1+-Po_1)+M (P;)

when 0 < i< y. 4

M, P; .
P; = — when i > vy,
T(Po+P1+:Pc—1)+M(P)
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Figure 23:Modelling of Maintenance system on Matlab Software

83




5.5 Cost Model Under Proposed Models

The cost of inspection for each component i can be decomposed as follows:
Cl=cp+ct
where,

° c? — denotes the setup cost of inspection which can be shared.

° c,i — denotes the inspection cost of a specific component i.

When corrective or preventive maintenance occurs, the cost can be expressed as follows:
For preventive maintenance cost of a component i:
Ch=cp+ch
where,

e 2 —denotes the setup cost of performing preventive maintenance which can
be shared when multiple preventive maintenance actions are performed at
the same time.

e cj —denotes the cost of a specific component i.

For corrective maintenance cost of a component i:
Cl=cd+ct

where,
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° c? - denotes the setup cost of performing corrective maintenance which
can be shared when multiple preventive maintenance actions are
performed at the same time (c? > c?).

. ck — denotes the cost of a specific component i (ck > cb).

5.6 Numerical Example

The purpose of this section is to validate the results generated from the above-
developed models by comparing them with simulation model. The numerical example
considers a system that has two components which are structurally and economically
dependent. Each component deteriorates following gamma process. The data
containing deterioration rates and maintenance costs is given in table 11 below. The long-
run cost of the system obtained from the analytical model and proposed heuristics
model is compared with the cost obtained from the simulation model and presented in

table 9.

Table 11 : Datasets for Analytical Model

21 1 6 50 120 6 8 15 10 2 10

1] 1 6 60 180 10 15 30 10 2 10
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Table 12 :Result Comparison between Methods

Long-run System

Approach Cost(per time unit)

% difference

Two-Dimensional Markov

. 16.88996 0.081839847
Chain
Heuristic Approximation 18.5877 0.010451503
Method
Simulation Model 18.39544

As presented in table 12, the long-run system costs obtained from the analytical and
heuristic approximation method are found very close to the cost obtained from the
simulation model. The minor difference in two-Dimensional model result is because of
the structural dependency which is not considered in this approach. Therefore, the
results obtained from Rockwell Arena Simulation are validated by the above-proposed

methods with a small percentage difference.
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Chapter 6: Conclusion, Implication and Future Directions

6.1 Conclusion

This work studied multi-component system problem considering condition-based
maintenance policy and various dependencies between the components. It also
provided an extensive literature review on CBM policies for multi-component systems
which incorporate various types of dependencies. In this work, a condition-based
maintenance policy for multi-component system is considered with stochastic,
structural, and economic dependencies present among them. The objective of the
model was to obtain optimal maintenance and operating cost of the system by
optimizing the thresholds of the preventive maintenance. It also determined the optimal
time for performing the scheduled maintenance activities on the system. To reflect more
realistic situation, imperfect inspections and maintenance actions were incorporated in
the model and their impact on the model was also investigated. Through numerical
example, it was shown that imperfect maintenance action has major impact on the
model and the scenarios where it is not considered yields low system costs. Therefore,
to avoid this, itis recommended to select high quality resources for maintenance actions
such as repairmen, spare parts for the components and avoid the use of low-cost
maintenance resources. Furthermore, sensitivity analysis was performed on key
parameters to investigate their effect on decision-variables and long-run system cost. It

is found that corrective maintenance cost has high impact on the system when imperfect
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maintenance action scenarios are considered. Similarly, imperfect preventive
maintenance cost has very little impact on the system cost since in imperfect
maintenance action case, run to failure policy is chosen by the system. Similarly, perfect
maintenance cost has large impact when perfect maintenance action scenario is
considered. The proposed maintenance model was further extended by incorporating
spare-part policy into it. In the joint policy, all the dependencies ( stochastic, structural,
economic and resource) were considered between the components. The objective was
to obtain an optimal joint spare-part & maintenance strategy. Furthermore,to validate
the results obtained from Simulation model and to speed up the computation time and
facilitate the optimization of CBM, an exact analytical approach and heuristics based on

Markov chains were developed and modeled on Matlab .

6.2 Research Implications and Future Research Directions

The contribution of this thesis has both practical and academic implications. Practically,
the models presented in this study can help decision makers in determining the optimal
maintenance and inventory actions for multi-component systems having various
dependencies among them. E.g., minimizing the long-run system maintenance and
inventory cost. Besides, this thesis also focuses on imperfect inspection and
maintenance action. Thus, this finding of thesis can be applied in many practical
problems. For example, to detect the crack size in railway tracks or bridges, engineers
have many options for inspection which may give accurate or inaccurate reading
depending on the quality of inspection, examples of such are ultrasonic testing, visual

inspection, and magnetic particle inspection.
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Finally, the model proposed in the thesis can also be used to take optimal decisions of
inspection and replacement intervals in an inspection-repair replacement policy, which

provides practical guidance for engineers.

The work done in this research can be further extended in following ways:

e Few dependencies that are yet to be applied or considered in CBM models can
be considered. e.g., a type of structural dependency where maintenance action
on one component requires maintenance actions on other components

simultaneously.

e Few directions of resource dependency which are not yet explored can also be
investigated such as considering shared set of tools or maintenance action on

certain component requires certain combination of tools etc.

e The proposed Joint-spare part and maintenance policy can be investigated by
extending provisioning policy to (s,S) policy. Similarly, non-periodic inspections

can also be considered in the model.

e Furthermore, crucial aspects such as random lead times and backordering can

be investigated in Joint spare-part and maintenance policy.

e A data-driven maintenance and spare-part policy can be investigated by

incorporating real-time condition monitoring data.
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e Another interesting direction for imperfect inspection and maintenance action
would be to consider different inspection and maintenance repair options each

having different cost and quality characteristic.

e This thesis considers deterioration rate of the components to follow Gamma
process. However, the proposed inventory and maintenance policies can also be
applied on other types of systems having different deterioration behaviors such
as deteriorations modeled by Wiener, random coefficient, and Markov

processes.
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This appendix describes some of the very important modules of the Arena simulation

software . These modules were used to build the Maintenance and Joint spare-partand

Maintenance policies on Rockwell Arena software . Arena software is used to mimic a
real-life system to analyze the effect of changes on it that might require large expenses
and complex redesigning of system. This software is used to study the processes
associated with logistics, supply chain, maintenance processes and manufacturing etc.
It gives a platform to analyze a system in its actual configuration as well as under
numerous possible alternatives to come up with the best system configuration and
improve it. There are three basic panels in Arena that contain the variety of modules
used in defining wide range of processes which are basic process,advanced process and
advance transfer process .Some of the very important modules of the Arena software

are described below :

1 Basic Process Modules

e Create Module: This module create entities according to a schedule or
inter-arrival time. The entities arrives from this module to initiate a
process through the system. Example such entities are
customers,materials , inspection arrivals etc depending on the type of

system that is being simulated.

e Dispose Module: This module is used to cut the process flow. Entities

arrived in the system leaves the process throught this module .

e Process Module: This module is used for performing activities on an
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entities by seizing and delaying the resources under a specific

completion time

e Decision Module: This module provides decision options during a

process flow according to a set condition or by chance.

e Assign module: This module is used for assigning new values to variables,

entity attributes, entity types, entity pictures, or other system variables

e Record Module : This module is used to collect statistics in the simulation
model. Various types of observational statistics can be recorded including
time between exits through the module, entity statistics (time, costing,

etc.)

2 Advanced Process Module

e Hold Module: This module is used to hold entities in a queue until a set

condition is met or a signal is received from another module.

e Signal Module: This module sends a signal value to the hold module to

release the entities hold in there .
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Figure 1 Symbolic Representation of Modules used in maintenance policies
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Appendix A2

Simulation Model of Maintenance Policy
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Figure 4 : Assigning Deterioration rate to Component 2
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<End of list=

0K

Cancel

Add...

Edit...

Delete

Help

Figure 4 Assigning Cost attributes to each maintenance activity
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|User Specified I

Tally
Expression . Minimum Maximum Minimum Maximum
Average Half Width Average Average Value Value
Downtime Comp 1 14.9000 317 8.0000 22.0000 0. 0000 22.0000
Downtime Comp 2 0.1000 0.23 0.00 1.0000 0.00 1.0000
Mo of CM component 1 37.1000 4.64 31.0000 50.0000 31.0000 50.0000
Mo of CM component 2 0.6000 0.50 0.00 2.0000 0.00 2.0000
Mo of PM Component 1 1195.10 6.20 1182.00 1205.00 1182.00 1205.00
Mo of PM compenent 2 826.40 5.80 815.00 839.00 815.00 839.00
System Availability 0.9985 0.00 0.9977 0.9992 0.9977 0.9992
Time Before Replacement 8.1085 0.02 8.0776 8.1634 8.0000 16.0000
Total Down. Cost of System 0.1050 0.02  0.05600000 0.1610  0.05600000 0.1610
Total Insp. Cost of System 1.7803 0.01 1.7652 1.7908 1.7652 1.7908
Total Replac. Cost of System 15.4700 0.07 15.2920 15.6440 15.2920 15.6440
Total System Cost 17.3553 0.09 17.1520 17.5644 17.1520 17.5644

Figure 5 : Cost calculation obtained from Simulation model

Optimization Running
Objective Value Status Best Simulation 5
Best Value 20.161400 Feasible Running Simulation 12
Replication 1of 1
Curment Value 33.003000 Feasible
Cortral Name Best Value Cumert Value ™ Constraint Name ~ Type Status A
OMCH 8.250000 23.318963 Constrairt 1 Mon Linear Feasible
omMC2 8.250000 16.288817 Constrairt 2 Man Linear Feasible
PMCT 8.250000 29.250940 W Constraint 3 Linear Feasible ]
£ > £ >
Objective Values
K1 === Feasible
= |nfcasible
28.4
£ 258
i
E \
§ 232 \
206 1
18
0 2 4 B 8 10 12 14 16 138 20
Simulation

Figure 5 : Simulation Model Optimization On OptQuest
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Figure 6 : Joint spare-part & Maintenance policy
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Appendix A3

Analytical Model of Maintenance Policy
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| DTMCCostl.m L+
2 - clear all ~ 34 t(:,:) = MM(i,l:nc(i)+1l,1l:nc(i)+1l); % t is transp proba matrix for item 1 ~
3 - N =2;% number of items 35 t = eye(nc(i)+l)- t; ¥ I - P
a— tau = 5; 36 t{:,1) = ee; %replacing first column I-P by vector of ones
== alpha 12,11 : 37 % steady state is eO*inv(I-P)
@= beta = [1,1]: N
7= sigma =0.1; 39 stdpp(i,l:nc(i)+l) = transpose(t)\el;
Bl= Main = l*tau; 40 end
e ¥p 8,71: 41 % steady states probability for item 1 and 2 given in lines
10 — yo = [&,5]; 42 %diffe is variable used for to compute difference between stdpp new and old
11 — yc = [15,10]: 43 diffe = 1; %initial difference
12 — maxnc = round(max(yc)/sigma); 44 error = ,00001;
13 — MM = zeros (N,maxnc+l,maxnc+l); 45 % total probability of pm and cm for all items
14 % constructing the transp proba matrices for the items 46 while (diffe>= error)
15 — nc = zeros (1,N); 47 stdpp_old = stdpp!
1 — np = zexros (1,H); ] for i=1:N
17 — no = zexos(l,H): 4% t = zeros(nc(i)+l,nc(i)+1);
8 - for i=1:N 50 t(i,:) = MM(i,l:nc(i)+l,1l:nc(i)+1l); % t 1s transp proba matrix for item 1
15 — nc (i)=round(yc (i) /sicma) ; 51 % probability that other than i item is on pm Or CIl mMaintenance
20 — np (i) =round (yp (i) /sigma) ; 52 Tort_pm cm = 0;
21 — no (i)=round (vo (i) /sigma) ; —| =3 pc2=0;
22 — PP = starting_ prok (tau,v¥c(i),sigma,alpha (i), beta(l)); %= ones(l,nc(i})}/( nc(i) ):; % 54 for 3 = 1:N
23 — MM(i,l:nc(i)+l,1l:nc(i)+1l) = Trans_prob(np(i),.nc(i),pp): 55 pcZ=pcZ+ (stdpp (j,nc(j)+1))
24 — end 56 tot_pm cm = tot_pm cm + sumistdpp(J,np(d)+l:inc(j)+1));
25 — stdpp = zeros (N,max(nc(i)+1),1): 57 e
26 % Computing steady state proba with using pi = pi*P and pi*ones=1 which 3 TOT_pm cm i = Tot_pm cm - sum(stdpp(i,np(i}+linc(i)+1l));
27 % gives pi={(1,0,....,0)%inv{[I-P]*), matrix [I-P]* is I-P with lst column 59 % updating the transition probability matrix of item i with prob of cm and pm
8 % egual to 1 &0 % the other i items
29 — for i=1:N &1 for j=no(i)+l:np (i)
30 — ee = ones(nc(i)+1,1); 62 Tii,:) = (l-tot_pm cm 1) * ©(j,:);
31 — el = zeros(nc(i)+l,1): €3 ti(j,l) = tot_pm cm i;
32 — e (1) = 1; 64 end
33 - t = zeros(nc(i)+l,nc(i)+1); w €5 %5tructural Dependency w
| DTMCCostl.m L+
| ee — pcZ=pc2-stdpp (1,0 (1) 1) ; ~ e p— =
67 — t(l:np(i),:)=(1-pc2)*t(l:np(i),:): 100 — Toma=6
8 - dd=pcZ*ones (l,nc(i)+1): 101 — Csetup=10
&9 — dd(np(i)+l:nc(i)+1l)=zeros(l,nc(i)-np(i)+1) e Pretupilo
70 — t=t+diag(dd, Q) 103 — InspSetup=2
= £ oeyelnsli)al)- o % Lo P 104 $Cost Calculation
72 — t(:,1) = ones(ngiﬁl,l] ; $replacing first column I-P by vector of ones oy 1 Pl andpcezBpe] vpoz
= * steady state 1s e0%iav(I-F) 106 — onlvpol=pcl*sum (stdppl (2, 1:no(2)))
74 — el = zeros(nc(i)+l,1): 107 — pclandpoz=pcl*po2
== =0i1) = 1. i 108 — pelandpm2=pel*pm2
76 — stdpp (i,l:nc(i)+1l) = transpose (t)\e0; | = ol andpo2Bpml *poz
77 = end
8 - diffe = max (abs (stdpp-stdpp_old)): ol I pmlandpm2zpml *pn
e |= end - 111 — onlypmcl=pml*sum (stdppl (2,1:no(2)))
80 %5Scaling of stdpp L= poZandpolgpoZ*pol
81 — eros (N, max (nc(i)+1)); ! pozandpmlipo2 pml
= N 114 — onlypc2=pc2*sum (stdppl (1,1l:no(l)))
83 — for § = l:nc(i) 115 — pmZandpol=pmZ*pol
N . . . . . . 116 — onlypme2=pnZ*sun (stdppl (1, l:no(1)))
84 — stdppl (i,3)=((tau*stdpp (i,3) )/ ( (tau* (sum(stdpp (i, 1:nc(i)})) )+ (Main*stdpp (i, nc(i)+1)))); 117 $Cost Calculation
iE= =ad . . . . ) . . . . . 118 — CMlandCMC2Z= (CCLl+CC2+Csetup) *polandpc2
86 — stdppl (i,nc(i)+1)={ (Main*stdpp (i,nc(i)+1))/ { (tau* (sum(stdpp (i, 1l:nc(i))}} )+ (Main*stdpp (i,nc(i)+1}))); s |= M1 andomczB (CC1 4 PCCZ tCaetupt ICC2 + InapSetup) *pelandpaz
25 : pcl=:::;:l (1, me(1)+1) 120 — CMClandPMC2= (CCl+PCC2+Csetup+ICC2+InspSetup) *pclandpm2
121 — CnlyCMl= (CCl+Csetup+ICC2+InspSetup) *onlypol
88 — pml=sum(stdppl (1,np(l)+1l:nc(1))) =
cm|= po2=stdppl (2,ne (2)+1) 122 — PMClandOMC2= (PCCl+PCC2+Psetup+InspSetup+ICCLl+ICCZ) *pmlandpo2
or |= pm2=sum (stdppl (2, np (2) +1:ns(2) ) ) 123 — PMClandPMC2= (PCCl+PCC2+Psetup+InspSetup+ICCLl+ICCZ) *pmlandpm2
o= pol=sum (stdppl (1, n0 (1) +1:np (1)) ) * (Do2+pm2) 124 — OnlyPMCl= (PCCl+Psetup+ICCl+ICC2+InspSetup+InspSetup) *onlypmcl
o= po2=sum (stdppl (2, no (2) +1:np (2) ) ) * (polpml) 125 — CMC2andOMCl= (CC2+Csetup+PCCLl+ICCl+InspSetup) *pcZandpol
ca $Cost Values 126 — CMC2andPMCl= (CC2+Csetup+PCCl+ICCl+InspSetup) *pcZandpml
e co1® 20 27— OnlyCM2=(CC2+Csetup+ICCl+InspSetup) *onlypc2
o ozl gg 128 — PMC2andCMC1= (PCC2+Psetup+PCCl+InspSetup+ICC1+ICC2) *pm2andpol
o pec1Bso 128 — CnlyPMC2= (PCC2+Psetup+InspSetup+InspSetup+ICC1+ICC2) *onlypmc2
o el ~ 130 — TDEalCDSE%(CMlandCMCZ + CMClandCMCZ +CMClandPMC2+ CMCZandCOMC1l +CMC2:w

Figure 6 : Matlab Code for Approximation method
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DTMC2dvl.m [+ |
- le ~ 0 33 t(:,:) = MM(i,l:nc(i)+l,1l:nc(i)+1l); % t is transp proba matrix for item 1
= clear all 34 t = eye(nc(i)+l)-t; 3 I - F
- N =2;% number of items 35 t(:,1) = ee; %replacing first column I-P by vector of ones
= taua = 5; 36 % steady state is e0*inv (I-P)
- alpha = [2,1] ; 37 stdpp (i,1l:nc(i}+1) = transpose(t)\e0:
- beta = [1,1]; 38 end
- sigma =0.1; 39 % steady states probability for item 1 and 2 given in lines
- vp = [&,7]; 10 %Joint DTMC chains for 2 components
- vo = [&,5]; a1 tl = zeros(nc(l)+l,nc(l)+1);
- yo = [15,10]: a2 tl(:,:) = MM(l,1l:nc(l)+1l,1l:nc(l)+1):
- maxnc = round(max(yc)/sigma); 43 t2 = zeros(nc(2)+l,nc(2)+1);
- MM = zeros(N,maxnc+l,maxnc+l): 44 ) = MM(2,1l:nc(2)+1l,1:nc(2)+1):
% constructing the transp proba matrices for the items 45 kron{ tl , €2 ):
- nc = zeros(l,N); 48 row_sl = zeros(l, (nc(l)+1l)*(nc(2)+1) ):
= np = zeros(l,N); 47 row_el(l) = 1;
- no = zeros(l,N); 8 for k=no(l):np(l)
- for i=1:N 49 for j=np(2)+l:nc(2)+1
- nc(i)=round(yc(i)/sigma); 50 11 = k* (nc(2)+1);
- np(i}=round(ve (i) /sigma); 51 t2d( 11+3, } = row_el;
= no(i)=round(yo(i)/sigma); 52 end
- PP = starting prob(tau,yc(i),sigma,alpha(i),beta(i)); %= ones(l,nc(i))/ (| nc 53 end
- MM(i,1:nc(i})+1,1:nc({i}+1) = Trans probinpii),nc(i),pp): 54 for k=np(l):nc(l)
= end 55 for j=no(2)+1l:np(2)
- stdpp = zeros(N,max(nc(i)+1),1); 56 11 = k* (nc(2)+1);
% Computing steady state proba with using pi = pi*P and pi*ones=1 which 57 t2d( 11+3, ) = row_el:
% gives pi=(1,0,....,0)*inv([I-P]*), matrix [I-P]* is I-P with lst column 58 end
% equal to 1 59 end
- for i=1:N &0 %sum(transpose (t2d))
- ee = ones(nc(i)+1,1): Bl size_2d = (nc(l)+1l)* (nci2)+1):
- el = zeros(nc(i)+l,1); 62 t2d = eye(size_2d)- t2d; ¥ I - F
- e0 (1) = 1; €3 t2d(:,1) = ones(size_2d,1): %replacing first column I-P by vector of ones
- t = zeros(nc(i)+l,nc(i)+l); v 64 % steady state is e0*inv(I-P)
[ DTMC2dvim | + |
- stdpp2d — transpose (t2d) \tzanspose (zow_sl) 7 ~ O g Pml=sum (sum (D (np (1) +1:nc (1), 1:nc (2} +1}) )
% steady state matrix Zdimension g9 pm2=sum(sum(D(l:nc(1)+1l,np(2)+1l:nc(2)1)))
- A=reshape (stdpp2d,nc(2)+1, [1) g0 pol=sum(sum(D(no(1)+1l:np(1),1:nc(2)+1)))
- D=transpose (&) ; g1 pclandpc2 = D(nc(l)+1,nc(2)+1)
- D 92 onlypcl = sum(D(nc(1l)+1,1:no(2)))
- for i1=l:yc(l)+1 93 onlypc2z =sum(D(1l:no(1l),nc(2)+1))
- for j=l:yc(2)+1 94 onlypmel=sum(sum(D(np(1)+1l:nc(1),1:no(2))))
95 onlypme2 =sum(sum(D(1l:no(1l),np(2)+1:nc(2))))
- end EG pclandpo2=sum(D(nc (1) +1,no(2)+1:np(2)))
- end 97 pclandpm2=sum(D(nc (1) +1,np(2) +1:nc(2)))
TCost Values RS pmlandpo2=sum(sum(D(np(1l)+l:nc(l),no(2)+1l:np(2))))
- ccl=1z0 g9 pmlandpm2=sum(sum(D(np (1) +l:nc(l),np(2)+1:nc(2))))
- ccz=1s0 100 pczandpol=sum(D(no (1) +1:np (1) ,nc(2)+1))
- PCC1l=¢€0 101 pc2andpml=sum(D(np (1) +1l:nc(l),nc(2)+1))
- PCC2=80 102 pm2andpol=sum(sum(D(no (1) +l:np(l),np(2)+l:nc(2))))
- iccl=¢ 103 %Cost Calculation
- Iccz=6 104 CMlandCMC2= (CCl+CC2+Csetup) *pelandpe2
- Csetup=10 105 CMClandOMC2= (CC1+PCC2+Csetup+ICC2+InspSetup) *peclandpo2
- Psetup=10 106 CMClandPMC2= (CC1+PCC2+Csetup+ICC2+InspSetup) *peclandpm2
- InspSetup=2 107 OnlyCHM1=(CCl+Csetup+ICC2+InspSetup) *onlypcl
FCost Factors 108 PMClandCMC2= (PCCl+PCC2+Psetup+InspSetup+ICC1+ICC2) *pmlandpo2
- pol=sum(D(nc(l)+1l,linc(2)+1)) 109 PMClandPMC2= (PCCl+PCC24Psetup+InspSetup+ICCl+ICC2) *prlandpn2
- peZ=sum(D(l:nc(l)+1l,nc(2)+1)) 110 OnlyPHMC1l= (PCCl+Psetup+ICCl+ICC2+InspSetup+InspSetup) *onlypmcl
- pml=sum(sum(D(np(l)+l:nc(l),l:inc(2)+1))) 111 CHC2andOMCl=(CC24Csetup+PCCl+ICCl+InspSetup) *poc2andpol
- pmZ=sum(sum(D(l:nc(l)+1l,np(2)+l:nc(2)))) 112 CMC2andPMC1= (CC2+Csetup+PCCl+ICCl+InspSetup) *po2andpml
- polssumsum(D(no(l)+l:np(l),linc(2)+1))) 113 OnlyCM2=(CC2+Csetup+ICCl+InspSetup) *onlypc2
- pcolandpcZ = Dinc(l)+l,nc(2)+1) 114 PMC2andCMCl= (PCC24Psetup+PCCl+InspSetup+ICCl+ICC2) *pm2andpol
- onlypel = sum(D(nc(l)+l,1:ne(2))) 115 OnlyPMC2= (PCC2+Psetup+InspSetup+InspSetup+ICCl+ICC2) *onlypmc2
- onlypcZ =sum(D(l:no(l),nc(2)+1)) 116 TotalCost= CHlandCMC2 + CHClandOMCZ +CHClandPMCZ+ CMCZandCOMCl +CMCZandPMCl+ OnlyCM1l + OnlyCMZ 4
= onlypmcl=sum(sum(D(np(l)+l:nc(l),1l:no(2)))) 117
= onlypme2 =sum(sum(D(l:no(l),np(2)+1l:nc(2)))) 118
= pclandpoz=sum(D(nc(l)+1,no(2)+1l:np(2))) > 119

Figure 6 : Matlab Code for Two-Dimensional Markov Chain method
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