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GENERAL INTRODUCTION

Maintenance is a vital component that holds significant value in all areas of life, ranging
from personal health to material possessions such as cars, homes, or industrial equipment.
It encompasses the regular upkeep and care of something to prevent damage, breakdowns,
or even more significant problems. Overlooking maintenance can lead to costly repairs,
decrease in performance, or complete failure of the equipment. By regularly maintaining
something, one can ensure its longevity, safety, and optimal functioning. Maintenance also
helps to identify potential problems before they become critical, saving time, money, and
stress in the long run. Moreover, maintenance activities are also often required to meet
regulatory standards.

The importance of maintenance has led to significant research interest, with scholars
investigating various aspects of the practice. Research in this area has explored different
models, frameworks, and tools aimed at improving the efficiency and effectiveness of
maintenance activities. The increasing complexity of industrial machines and equipment
has also led to a more sophisticated approach to maintenance, with a focus on strategies
that, rather than correcting and minimizing the consequences of a failure (that, depending
on the application, can be particularly severe), allow to predict and prevent failures from
happening in the first place. To achieve this, it can be useful to subject the system under
study to condition monitoring and regular maintenance interventions.

Considering also that in many practical applications monitoring the state of the sys-
tem and/or performing a repair/replacement may require specially trained personnel or
special equipment, it might be needed to schedule maintenance interventions well in ad-
vance. Ideally, there would be a mathematical function that, given a certain system in
input, returns the exact time at which it will fail, so that maintenance activities will be
scheduled accordingly. In reality, this is of course not possible, but the closest thing to
this hypothetical function is a model that provides a prediction of the failure time of a
system, given all the information available on its state.

As a rule of thumb, if maintenance interventions are carried out regularly and fre-
quently, the risk of failure is vastly mitigated. However, each maintenance action may

entail lengthy interruptions of operation and frequent replacements, which may result in



General introduction

a lower utilization of the equipment over its lifetime. This generates an underlying con-
trast in maintenance optimization, where the objective is, on the one hand, to intervene
on the equipment as little as possible and maximize its utilization, and on the other hand
keeping the risk of failure as low as possible.

The classical approach to formulate such a model resorts to lifetime distributions. A life-
time distribution is essentially a random variable that, to each given input (that is usually
time, or some other measure of operating lifetime, such as rotating cycles for a drilling
rig) associates the probability that the system under study will be in working order at
that input. This kind of models are usually calibrated with ad hoc estimation procedures
that generally take into account failure time data only. The specific distribution is then
chosen from a limited list of pre-packaged black-box models, with model selection being
performed via goodness of fit tests and possibly some physics-based considerations about
the aging characteristics of the system. However, relying on failure data only presents sev-
eral problems. Firstly, failure data are often scarce, as running equipment until failure can
be expensive and/or time consuming, particularly in the case of highly reliable systems.
Historical failure data can be useful in this case, but the records can often be inaccurate,
incomplete, and are likely to be significantly right-censored if preventive maintenance
actions are performed. Moreover, an approach based on lifetime models is not able to
capitalize on all pieces of information that might be available in a practical application,
such as degradation measurements.

To overcome these limitations, numerous alternative approaches have been proposed
in the literature. One avenue being explored is the integration of artificial intelligence (AI)
techniques, such as machine learning and deep learning. These approaches leverage the
analysis of large datasets to provide accurate diagnoses of system degradation and are
particularly adept at identifying subtle indications of potential failures ("weak signals").
However, one drawback of these methods is their limited predictive capability, which
diminishes their effectiveness in maintenance optimization. Moreover, training Al-based
approaches requires large amounts of data, which are not always easy to obtain.

Another avenue focuses on the use of stochastic processes. Indeed, a stochastic process,
differently than a lifetime distribution, for any given input not only returns the probability
of the system being in working order at that input, but also a random variable that
describes the distribution of its predicted degradation level. Its use allows, at the same

time:
— to formulate models that can incorporate the technological information available
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General introduction

on the degradation/failure causing mechanism (which can be converted in specific

features of the stochastic models),

— to use historical degradation data to calibrate the models and evaluate their fitting

abilities even without directly observing any failures, and

— to use degradation data collected in real time (via condition monitoring) to update

and implement condition-based maintenance strategies.

Objectives of the research activity

The main goal of this research activity is to (i) formulate stochastic degradation pro-

cesses that accurately model the degradation of the system under study and (ii) leverage
their use in ad-hoc developed maintenance strategies.
These models should perform accurate prediction of the failure time of the system, taking
into account as much uncertainty as possible and capitalizing on all available pieces of
information, while having a simple mathematical structure and effective estimation pro-
cedures. In fact, uncertainty on the estimation process and on the prediction abilities of
a model can be caused by several sources. Some can be endogenous (such as random-
ness of the environment, which induces differences in the evolution of the degradation of
nominally identical systems), some others can be exogenous (such as the presence of mea-
surement error). Accounting for these kind of uncertainties may lead to the loss of some
particularly convenient mathematical properties that can exacerbate not only modeling
and inferential problems, but also the use of well-established maintenance strategies. For
example, the presence of measurement error requires appropriate modeling solution and
very computational- and time-intensive estimation algorithms. Moreover, it prevents from
observing the true degradation state of the system, which complicates the use of several
maintenance strategies that rely on direct degradation measurements.

Therefore, attention will be focused on developing stochastic degradation processes
that can properly take into account all these sources of uncertainty. Secondly, advanced
maintenance strategies that exploit the use of these models should also be devised. Nev-
ertheless, the contribution of this manuscript with respect to the maintenance strategies
will not be limited at this latter aspect. Indeed, as already mentioned, one of the core
issues in maintenance optimization is the contrast between maximum utilization of the
system and managing the risk of unexpected breakdowns. In the very recent literature

some new maintenance paradigms, such as prescriptive maintenance, have been proposed

11
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as a new way of dealing with this issue. Prescriptive maintenance aims to develop an inte-

grated decision-making framework where all functionalities of a system (i.e., not only the

strictly maintenance-related aspects but also economic and operational considerations)

are taken into account simultaneously to achieve a more affordable global trade-off. Part

of the contribution of this research activity is consecrated to exploring this new research

avenue.

The rest of this manuscript is organized as follows:

Chapter 1 is devoted to a general introduction of the study of maintenance. The
general concepts and definitions are laid out. The different types of maintenance
actions and strategy are introduced, along with some examples of rigorous perfor-

mance criteria that can be adopted to optimize said strategies;

Chapter 2 focuses on the stochastic degradation processes adopted in this
manuscript. After a brief introduction of the mathematical background, the spe-
cific stochastic processes proposed and adopted in the remainder of the manuscript
are illustrated in detail. Moreover, several mathematical tools and numerical algo-

rithms, necessary to perform model calibration and predictions, are discussed;

Chapter 3 presents two examples of application of a newly developed stochastic pro-
cess that is able to simultaneously account for several forms of uncertainty, showing
(in some experimental scenarios) its superiority to more classical approaches. This
chapter is based on the results published in Esposito, Mele, et al. (2022);

Chapter 4 reports the results of a large misspecification study where the issue of
model selection between two stochastic degradation processes with similar charac-
teristics is analyzed, investigating also how measurement error impacts this issue.
This chapter is based on the results published in Castanier, Esposito, Giorgio, et
al. (2020), Esposito, Mele, et al. (2021b), and Esposito, Mele, et al. (2023b);

Chapter 5 is devoted to presenting three new maintenance policies that take ad-
vantage of the new stochastic processes proposed in Chapter 2. Some example of
application of the new policies are developed. Moreover, the misspecification study
of Chapter 4 is expanded to investigate its effect on maintenance optimization. This
chapter is based on the results published in Esposito, Mele, et al. (2021a), Espos-
ito, Castanier, and Giorgio (2022b), Esposito, Mele, et al. (2023a), and Esposito,
Castanier, Giorgio, et al. (2022);

In Chapter 6 the concept of prescriptive maintenance is tackled. After a brief dis-

12
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cussion about its definition, the proposition of two newly developed examples of
prescriptive maintenance strategies follows. This chapter is based on the results
published in Esposito, Castanier, and Giorgio (2022a) and Esposito, Castanier, and
Giorgio (2023);

Chapter 7 deals with a preliminary application of prescriptive maintenance to the
case of a production system. This chapter is based on the results published in Espos-
ito, Castanier, and Giorgio (2022d) and Esposito, Castanier, and Giorgio (2022c).

13






CHAPTER 1

INTRODUCTION TO MAINTENANCE

1.1 Introduction

According to the "Association Frangaise de Normalisation” AFNOR (the french Stan-
dardization Association), maintenance is the "combination of all technical, administrative
and managerial actions during the life cycle of an item intended to retain it in, or restore

it to, a state in which it can perform the required function".

Within the industrial landscape, in the search for performance optimization and en-
hancing organizational competitiveness, the role of maintenance has transformed, expand-
ing to encompass all facets of a system’s operation, spanning equipment selection, design,
and performance monitoring. To execute maintenance effectively, a combination of tech-
nical prowess and organizational capabilities, including resource management and task
scheduling, is indispensable. The selection and implementation of a maintenance strat-
egy necessitates careful consideration of numerous factors, with a clear understanding
of the long-term implications on the overall performance of the system being of utmost

importance.

Moreover, maintenance is also a balancing act between two competing goals. On the
one hand, frequent interventions and an overall less aggressive utilization of the system
can reduce the occurrences of unexpected breakdowns, but can also entail frequent inter-
ruption of operations and lower exploitation of the system. On the other hand, infrequent
interventions and aggressive usage can extract more economic value from the system at

the expense of a higher probability of unexpected breakdowns.

In the remainder of this chapter, some general concepts regarding maintenance will be

laid out.
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Chapter 1 — Introduction to maintenance

1.2 (eneral concepts

1.2.1 The state of the system and its failure

A key concept in maintenance is the definition of the state of the system under analysis
and what it means for it to fail. Both concepts are linked to the aptitude of a system to
accomplish a certain function (the intended mission) under certain operating conditions,
with satisfactory performances.

A system is in a working state when it is in a state that allows it to carry out the intended
mission. The new (also nitial) state is a working state. If the system is in a degraded
state, but it is still able to complete the intended mission, than also that degraded state
is a working state.

The system is in a failed state when it can no longer complete the intended mission.
The failure of a system is the event of transitioning from a working state to a failed state.
The failure can be hard if the system transitions abruptly from the new state to a failed
state, or it can be soft if there exist some intermediate states between the new state and
the failed state.

Failure may be self-announcing, meaning that the transition from a working state to
the failed state is marked by some signal. For example, the failure of a lightbulb which
suddenly blows out and stops working can be envisaged as self-announcing. Alternatively,
failure can be not self-announcing (e.g., see Bautista, Castro, and Landesa (2022) and
Bismut, Pandey, and Straub (2022)) if no signals of its occurrence are given beforehand.
In this case, the only way to detect a failure is by means of an ad-hoc inspection revealing
the state of the system. This is often the case when failure is defined by the system being
deemed too degraded to continue functioning in a safe and effective manner. For instance,
a car tyre may be declared as failed and replaced when the treads have eroded more than a
preassigned value (that can be defined by the manufacturer or by some regulatory body).
This kind of failure is not self-announcing, because it is impossible to detect it unless the

thickness of the treads is specifically measured via an appropriate inspection method.

1.2.2 Maintenance actions

A maintenance action is an intervention that can be carried out on the system with
the intent of maintaining it. A clear distinction can be made between monitoring actions

and curative actions.
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1.2. General concepts

Monitoring actions

A monitoring action, also referred to as inspection, is a maintenance action that has
the aim of assessing the state of the system.

Inspections can differ on several characteristics, such as their quality (perfect or imperfect)
and frequency (continuous or periodic).

An inspection is perfect when the information that it allows to obtain can be thought
of as representing exactly and without error the current state of the system. Conversely, it
is imperfect when the obtained information is affected by measurement error, or when the
state of the system cannot be directly observed and only partial information is available.
To properly account for the information gathered by means of an imperfect inspections,
appropriate tools must be put in place, such as a filtering procedure, or a model of the
system that integrates measurement error.

Inspections are continuous when information about the state of the system is available
at all times. While continuously inspecting a system may be useful to promptly detect
failures, the cost of such procedure can also be quite hefty. Moreover, dealing with a con-
tinuous stream of data is not a trivial task. If, on the other hand, monitoring information
is only available at some specified times, then inspections are periodic.

In addition, inspections can be destructive if performing one alters the state of the
system in some way, or non-destructive if they do not. Finally, if an inspection can be
carried out in a time length that is negligible with respect to the lifetime of the system,

it is said to be instantaneous.

Curative actions

A curative action is an action that has the goal of improving the state of the system.
Curative actions can be separated between replacement and repair. A repair is an inter-
vention on the system that improves its state without changing any other characteristic
(i.e., the behavior of the system is the same before and after the repair). Repairs can come

in different types:

— A total repair (also perfect repair) restores the system to the new state. This is also

called "As Good As New (AGAN)" state;

— A partial repair (also imperfect repair) restores the system to an intermediate state

between the failed one and the new one;

— A minimal repair is a partial repair where the system is restored to the working state

17



Chapter 1 — Introduction to maintenance

it was in immediately before failing. This is also called "As Bad As Old (ABAO)'
state. Replacing only a small part of a complex system (for example, replacing a
faulty pipe on a car engine) could be assimilated to a minimal repair, if the impact
of this replacement is negligible onto the whole system’s reliability metrics, such as

the failure rate;

— A worse repair is a repair where the system post-repair is in a worse state than
pre-repair. This situation can arise when a poorly-executed repair is carried out
and the state of the system is not directly observable after the intervention (either
because it is not actually possible to obtain a measurement or because it is affected

by error).

A replacement is a curative action where the system is substituted by an equivalent system
that has the exact same performances and characteristics. This replacing system can be in
the new state or in some other degraded state. Depending on the particular application,
it is also possible that the replacing system is already in a failed state (replacing a flat
car tyre, only to discover that the spare one is flat as well, can be an example of this).

Replacements can be total (the entire system is replaced) or partial (only some part of it

is replaced).

1.2.3 Performance criterion

In order to effectively find the optimal trade-off between maintenance’s competing
goals, it is necessary to define a rigorous performance criterion. The optimal maintenance
strategy will then be the one that optimizes this criterion. In the literature, we can dis-

tinguish between three widely used criteria: economic, availability, and safety/reliability.

Economic criterion

The economic criterion is the most widely used. It is based on the notion that every
maintenance action performed on the system entails some direct and some indirect costs,
which the criterion should take into account. The evaluation of the cost of each mainte-
nance action is complex and dependent on various factors such as the type of maintenance
action (inspection, repair, replacement), its quality (perfect or imperfect), its duration,
and the state of the system at the time when the maintenance action is carried out (for
example, replacing a failed system is usually more expensive than replacing a system that

is still in a working state). Then, depending on the application, there might also be other

18



1.3. Types of maintenance policies

costs involved, such as a logistic cost (that can include the cost of setting up maintenance
equipment, transporting maintenance crew on site, among others).

Finally, performing a maintenance action can also entail some indirect costs, such as
a lost production (in case operations need to be halted while maintenance is carried out),
or a missed opportunity cost (for example, replacing a system that is still in a working

state means wasting, by definition, at least some fraction of its operational life).

Availability criterion

If assessing the economic impact of a given maintenance action is particularly difficult,
it might be useful to resort to a different performance criterion, optimizing the availability.
According to the AFNOR, availability is "the ability of an item to be in a state to perform
a required function under given conditions at a given instant of time or during a given
time interval, assuming that the required external resources are provided."

Optimizing availability means minimizing the time that a system spends in a non-
operational condition, be it planned downtime (such as when the system is under main-

tenance) or unplanned downtime (such as when the system is in a failed state).

Safety /Reliability criterion

When tight safety regulations are put in place by some regulatory body (such as in
the aeronautics industry, or in the space launch industry), or when the consequences of
failure are catastrophic and avoidance of failure is of the utmost importance (such as
in the nuclear industry), it can be more fruitful to develop a maintenance strategy that
prioritizes safety. Primary focus would be, in this case, to optimize reliability, even if this

might come at a higher economic cost.

1.3 Types of maintenance policies

1.3.1 Corrective maintenance

Corrective Maintenance (CM) refers to the collection of maintenance actions carried
out when the system is already in a failed state (also reactive maintenance or run-to-failure
maintenance). CM is very easy to implement in practice, but, by its own definition, can-

not avoid failures. This means that the useful lifetime of the system is systematically
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exploited to the fullest, but also that failures will systematically happen. Since mainte-
nance activities are not pre-planned, there is no risk of over-maintaining (i.e., intervening
on the system too frequently). However, depending on the complexity on the curative
action to be implemented there might be long periods of time where the system is offline
awaiting maintenance actions to be carried out (for example waiting for spare parts to
be acquired), which results in high maintenance costs. Systematically observing failures
might also result in a higher risk of other nearby systems failing (for example, the failure
of a pump in a pumping station may put additional load on the other pumps and increase
the risk of them failing too). CM is best suited in practical applications where the conse-
quences of failure are very mild and/or replacing/repairing items is a relatively quick and
inexpensive process.

For example, household lightbulbs are commonly maintained adopting a corrective
approach and are usually replaced only when they go out. In this specific application, a
corrective approach can be convenient as the consequences of failure are very mild and

replacing a household lightbulb is a quick process that requires limited technical abilities.

1.3.2 Preventive maintenance

Preventive maintenance (PM) refers to the collection of maintenance actions taken on

a system that has not yet failed. The main advantage of PM is that the occurrences of
failure can be reduced. On the other hand, this also means that some portion of the useful
lifetime of the system will not be exploited.
When the consequences of failure are particularly severe, avoiding them might be an in-
teresting proposition. The safety of personnel, other equipment, and the environment can
be improved by reducing the number of observed failures. PM is built on the underlying
assumption that the failure of the system can somehow be predicted via some model of
its state, such as a lifetime distribution or a stochastic process.

The main difference between CM and PM is that the former is a reactive approach
while the latter is proactive. However, no proactive approach can prevent all failures.
Therefore, even in a nominally preventive strategy, some corrective maintenance actions
are to be expected. Maintenance can then become a matter of compromising between
frequent interventions (which allow to prevent failures, but can also be very expensive)
and maximizing equipment utilization (which can be more economically profitable, but
also incurs a higher risk of failure).

Preventive maintenance can be carried out in several ways. In increasing order of
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complexity, systematic, condition-based, and predictive.

Systematic maintenance

Systematic (also time-based or age-based) maintenance is an approach where mainte-
nance actions are performed based on a predetermined intervention calendar. This cal-
endar can be redacted in terms of time, age of the unit, or some other more appropriate
measure of the lifetime of the system, such as rotating cycles or items produced. Optimiz-
ing this kind of approach boils down to finding the optimal interval between successive

maintenance interventions.

Condition-based maintenance

An approach where maintenance interventions are determined based on some infor-
mation about the state of the system is called condition-based maintenance (CBM). This
information can be, for example, a measurement of degradation such as the wall thickness
of a corroding pipeline or the percentage loss luminescence of an LED light.

Obviously, a condition-monitoring scheme, with appropriate inspection procedures, must
be put in place. In addition, also a model of the state of the system that is able to ac-
commodate real-time state updates, such as a stochastic process-based model, should be
adopted. Condition-based approaches, under the right circumstances, can be very advan-
tageous from an economic point of view, albeit the implementation can be more complex

with respect to systematic maintenance.

Predictive maintenance

Building on condition-based maintenance, if the interventions can be dynamically
scheduled taking into account some prediction of the lifetime of the system, the approach

is called predictive maintenance.

1.4 Conclusions

The constant evolution of industrial maintenance, transitioning from a simple repair
of malfunctioning equipment to a proactive approach focused on anticipation and predic-
tion of failures, reflects a profound shift in how we approach the management of complex

systems. This evolution is driven by the desire to better control the operation of industrial

21



Chapter 1 — Introduction to maintenance

systems, optimize resources, minimize unexpected downtime, and, most importantly, gain
competitiveness in an increasingly demanding global market.

One of the main challenges in this endeavor is uncertainty. Uncertainty in maintenance
manifest in various forms, such as data-related uncertainty, environmental-related uncer-
tainty, and model-related uncertainty. These uncertainties are often difficult to quantify
and effectively manage in practice.

It is worth to emphasize that, even in the presence of uncertainty, decisions must be made
to maintain the availability and reliability of industrial systems and that the potential
consequences of poor maintenance decisions can be significant, ranging from financial
costs to safety concerns.

Thus, to analyze and enhance the performance of maintenance strategies, it can be
useful to rely on stochastic models of the relevant system, capable of capturing its ran-
dom behavior and inherent uncertainty. However, developing and selecting appropriate
stochastic models is only the first step. Equally crucial is the need to develop relevant
decision rules (i.e., maintenance policies) that can be rigorously evaluated to ensure their
effectiveness and their ability to optimize maintenance performance.

In the following chapters, we will delve into detail on some stochastic processes that can be
used to model some sources of uncertainty (tackling the data-related and environmental-
related uncertainty), investigate the risk and consequences of potential errors in the model
selection process (tackling the model-related uncertainty), and then explore new policies
that can integrate the aforementioned processes within the framework of maintenance

optimization.
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CHAPTER 2

MATHEMATICAL FRAMEWORK FOR
PERTURBED STOCHASTIC PROCESSES

2.1 Introduction

As remarked in Chapter 1, a cornerstone of the success of the application of advanced
maintenance strategies is the idea that the failure of the system under analysis can be
predicted or estimated. Historically, this has been achieved by adopting lifetime distri-
butions that directly provide, for each instant of the operational life of the system, the
probability that failure will occur before or after this instant.

A more powerful and detailed approach can be obtained by adopting stochastic pro-
cesses. Under this approach, the probability of failure of the system is estimated by mod-
eling its degradation process. In this context, failure is usually defined by the first passage
time of the aforementioned degradation process to a preassigned threshold. It follows that
the successful implementation of this approach is based on the ability of the stochastic
process to accurately describe the degradation phenomenon under analysis.

A common drawback of the use of stochastic processes is the mathematical complexity
that can quickly arise. In fact, formulating and calibrating these models often relies on
computationally-heavy and time-intensive procedures that can easily run into convergence
problems.

A substantial amount of literature has been devoted to the study of the application
of stochastic processes in the field of degradation modeling and maintenance (see, for
example, the extensive review in Van Noortwijk (2009)). In the remainder of this chapter,
we will focus our attention on the particular stochastic processes that will be adopted
in the rest of the thesis, as well as the procedures developed and adopted to calibrate
the considered degradation models and perform failure-time predictions on the basis of
real-time data. In particular, Chapter 2.2 gives some general background on stochastic

processes, Chapter 2.3 introduces a gamma and a new inverse Gaussian processes that can
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both account for measurement error, and Chapter 2.4 presents a new gamma process that,
in addition to measurement error, also takes into account unit-to-unit variability. Then,
the different numerical algorithms adopted to calibrate and perform predictions with the
aforementioned processes are illustrated in Chapters 2.5, 2.6, 2.7, and 2.8: respectively,
the formulation of the likelihood function, the remaining useful life, the EM algorithm,

and the particle filter algorithm.

2.2 Background

Stochastic processes are a mathematical object extensively used to model a broad

variety of phenomena characterized by randomness and uncertainty. They find application
in numerous fields ranging from finance, physics, biology, and engineering. The term
"random function" is also used to refer to this objects.
A stochastic process {W(t);t > 0} is defined as a collection of random variables indexed
by a parameter ¢t € T'. The index ¢ is often (but not necessarily, although it will be for the
rest of the manuscript) interpreted as time. The set T is called the index set of the process.
If the index set is a countable set, then the stochastic process is said to be a discrete-time
process, whereas if T' is some interval of the real number line, then {W(t);¢ > 0} is said
to be a continuous-time process. For any given value of the index ¢ € T, W (t) is a random
variable and is referred to as the state of the process at that time. The set of all possible
values that the state W (t) can assume is called the state space. If the state space is a
discrete (continuous) set, then {W(¢);¢t > 0} is called a discrete-state (continuous-state)
stochastic process.

Therefore, a stochastic process can be envisaged as a function that, to any time t € T,
associates a random variable that describes the state of the system under analysis at that
time.

An increment of a stochastic process is the amount by which it changes between two
time inputs. A realization is the function {w(y),y < t} that describes the outcome (i.e.,
the observed trajectory, or observed path) of the process until time ¢, where y,t € T. A
classical example of a discrete-time, discrete-state process would be the process describing
the earnings of a gambler that wins (loses) one when a fair coin is flipped heads (tails). In
this case, the index set would be the set of non-negative integers, with ¢ being the number
of coin flips, whereas the state space would be the set of all rational numbers Z. The

state W (t) would describe the current (i.e., after ¢ coin flips) gambler’s earnings. In the
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remainder of this manuscript, we will focus out attention on continuous-time, continuous-

state stochastic processes.

The function Fy ) (w) = P[W(t) < w] is called the cumulative distribution function
of W(t), and the set {Fy«)(w),t € T} is the collection of one-dimensional cumulative
distribution functions. The derivative of Fy)(w), fwe(w), (if it exists) is called the
one-dimensional probability density function of W (t). Assigning the set {Fy ) (w),t €
T} does not suffice to completely define a stochastic process probabilistically. Indeed,
the joint (n-dimensional) distribution function of all the n-tuple of random variables
W(ty), W(ts),...,Wi(t,), with n = 1,2,... and t; < ty < ... < t, is required. Denot-
ing by W(t,) the set W(¢t,) = {W(t1), W(t2),...,W(t,)} and by w, the set w, =

{wy, ws, ..., w,}, the joint (n-dimensional) distribution function can be expressed as:
i=1
The n-order derivative of Eq. (2.1):
f (wy,) = 0 F (wy,w wy,) (2.2)
W Qundw, g, R ) T |
if it exists, is called the n-order probability density function of {W (t);t > 0}.
The mean function of a stochastic process can be expressed as:
pvio = BIW(O)} = [ w- fy(w) - du (23)
where S' is the state space, while its variance is:
2 2
ow(t) = E {(W(t) - MW(t)) } = /S (w - MW(t)) : fW(t) (w) ~dw (2-4)
Eq. (2.2) can also be expressed in terms of conditional distributions as:
Sw e (Wn) = fwa) (w1) - fwiywe) (welwi) - - fwa)wit,) (Wnlwn_1)  (2.5)

Direct assignment of the distributions in Eq. (2.1) is often impossible in practice. Indeed,
it requires a very detailed knowledge of the underlying physical mechanisms that cause
the degradation process. Nevertheless, in many applications some simplifying assumption

make the task much easier, such as the Markov property, homogeneity, or independence
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of increments.

Markov property
The Markov property consists in assuming that the future evolution of the state of the
process only depends on its state at the current time. Formally, denoting the history up
tot H = {W(y),0 <y <t} the Markov property consists in assuming that the state
W (t + At) of the process at time t + At depends on the past history only through the
value of its state at ¢.
In other words, a stochastic process is a Markov process if one can make prediction on
its future state based solely on its current state W(¢) and discarding the past history
Hi- ={W(y),0 <y <t}
The Markov property can also be expressed by this equality of probabilities:

PW(t+At) € S|H, = hy) = P[W(t + At) € S|Hy- = he, W (t) = w]
= P[W(t+ At) € S|W(t) = u] (2.6)

where h; = {w(y),0 <y < t} is the realization of H; and h;- = {w(y),0 < y < t} is the
realization of H;-. Noting that Eq. (2.6) can also be expressed as:

W)W (tn) (Wa|Wn-1) = fw ) witn_ 1) (Wn|wWn-1),

under a Markov process, the joint pdf in Eq. (2.2) can be simplified to:

Tw)(Wn) = fww) - fwaa)wn)(Walwi) - o e )W (tn_s) (Wn—1]|Wn—2) X

X fw )W (tn_1) (Wnlwn—1) (2.7)

Homogeneity
Let AW (t,t + At) = W(t + At) — W(t) denote the increment of a stochastic process.
Then, a Markov process is called homogeneous if the conditional pdf faw e+aew ) (d|w)
of the increment AW (¢,t + At) given W (t) = w; depends solely on the value of At and
not on the specific value of ¢. This is equivalent to assuming that faw,eranwe (6lwy) =

Jwo,anw ) (6|we). A process that does not satisfy this property is called non-homogeneous.

Independence of increments
A stochastic process has independent increments if the conditional distribution

fawi+anwe (0|w,) of the increment AW(t,t + At) coincides with the unconditional
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one faw(ti+ar(6). If this property is satisfied, then the pdf in Eq. (2.2) simplifies to:

fW(tn)(wn) = fW(t1)(61> : fAW(tLtQ)((SQ) et fAW(tn—Q,tn—1)(6n—1) : fAW(tn—Ltn)((Sn) (28)

Conceptually, this means that the distribution of the increment between time t and ¢+ At

is not influenced by the value of the process at time t.

2.2.1 Definition of a perturbed stochastic process

In the experimental scenarios where measurements are collected via in-service, non-
destructive, or even indirect inspection methods, it is common to obtain measurements
which are contaminated by random errors. Consequently, adopting a degradation process
that is able to also take these errors into account may lead to better modeling performance.
In the literature, this situation is commonly tackled with a perturbed stochastic process,
denoted by {Z(t);t > 0} and formulated as:

{Z(t) = W(t) +e(t); t =0}, (2.9)

where {W (t);t > 0} is the hidden (also actual, or true) degradation process and e(t)
is a perturbing (also error) term, here intended as measurement error. To completely
define the stochastic process {Z(t);t > 0} it is necessary to specify the hidden process
{W(t);t > 0}, the perturbing term &(¢) and their mutual stochastic relationship.

In the overwhelming majority of the literature, the perturbing term is assumed to be
Gaussian-distributed and independent of the hidden degradation process (e.g., see Lu,
Pandey, and W.-C. Xie (2013), Le Son, Fouladirad, and Barros (2016), Bordes, Paroissin,
and Salami (2016), S. Hao, J. Yang, and Bérenguer (2019b), X. Chen et al. (2019), Kallen
and Van Noortwijk (2005), Whitmore (1995)), which usually leads to more easily mathe-
matically tractable formulations. Some other authors (Zhai and Ye (2017) have also exper-
imented with non-Gaussian based (but still independent of the hidden process) formula-
tions. However, in some applications it might be interesting to assume that measurement
error is stochastically dependent on the actual degradation. To this aim, Pulcini (2016)
modeled measurement error via a state-dependent Gaussian random variables. Similar so-
lutions are also used by Sun et al. (2021) and Oumouni and Schoefs (2021). Finally, some
non-Gaussian state-dependent formulations, such as in Giorgio, Mele, and Pulcini (2019)

have also been investigated.
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While considering non-Gaussian and/or state-dependent solutions can lead to more accu-
rate modeling, it also leads to increased mathematical complexity and the need for ad-hoc

model calibration algorithms.

In the remainder of this manuscript, the following (common) assumption will be made

regarding the relationship between (t) and W (t):

— for any n > 1, the measurement error £(¢;), given W (t;), is conditionally independent
both of e(t) and W (tx) Vk # 7 (j,k =1,...,n). Thus, equivalently, the perturbed
observation Z(t;) given W (t;) is conditionally independent both of Z(t;) and W ()

Vi3, (G k=1,...,n).

2.3 The perturbed gamma and the perturbed inverse

Gaussian processes

In this manuscript, the perturbed gamma and perturbed inverse Gaussian processes
are formulated as (see also Esposito, Mele, et al. (2023b)):

{Z(t) =W(t)+e(t); t >0}. (2.10)
where:

(i) the hidden process might be either a gamma process or an inverse Gaussian one.
Both processes have independent increments and hence can be fully defined by an
initial condition (here W (0) = 0) and the probability density function (pdf) of its
generic increment AW (t,t + At) = W(t + At) — W(t). In the case of the gamma
process, the pdf of AW (¢,t + At) can be expressed as:

§AN(tE+An-1
Jawi+an(0) = T[AR(E,E + A)] - GAnera0

>

s, 0>0, (2.11)

where I'(y) = [;° u®!- e “du is the complete gamma function, 6 (§ > 0) is the scale
parameter, 7(t) is a non-negative monotonic increasing function, here referred to as
the age function, and An(t,t + At) = n(t + At) — n(t).

Whereas in the case of the inverse Gaussian process, the pdf of AW (¢,t + At) can
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be expressed by using the following special parameterization:

An(t,t + At (6—6-An(t,t+A1))>
faw(ti+a)(6) = U — ) -e 2s , 0 >0, (2.12)
V2-m-07t.63

which can be easily obtained from the classical functional form of the pdf of the

increment of the inverse Gaussian process C.-Y. Peng (2015):

w- [AQE+ AP _wlimpaneiran?
fawiran(0) = \/ [ éﬂ53 ) -€ 225 (2.13)

where ()(t) is a non-negative monotonic increasing function, AQ(t, t + At) = Q(t +
At) — Q(t), and pu and w are positive valued parameters, by setting y?/w = 6 and
p- AQ(t t + At) = An(t,t + At). The main advantage of adopting the special form
in Eq. (2.12) is that it allows the hidden gamma and the hidden inverse Gaussian
process to share the same parameters and the same functional form of the mean
V{W(t)} and variance V {Z(t)} functions. These latter functions can be formulated

as:

E{W ()} =
Viw ()} =

(t)-0 (2.14)
(t) - 62 (2.15)

whereas under the classical parameterization of Eq. (2.13) the mean and vari-

ance functions of the hidden inverse Gaussian process would have been equal to

VW) = pu- AQ(t t + At) and V{W (1)} = [ - AQ(¢, t + At)]?/w, respectively.
From Eq. (2.11) the cumulative distribution function (cdf) of the increment

AW (t,t + At) of the hidden gamma process is:

0l [An(t, t+ At), g}
FAW(t,t-}—At)((S) = F[An(t t+ At)] )

5> 0. (2.16)

where 7(-) is the lower incomplete gamma function. Similarly, from (2.12), under
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the hidden inverse Gaussian process the cdf can be expressed as:

5—0.An(t.t+ At
Fawi+at(6) = @ l )]

VO -6
4 P nEAY g [_5 +0 - An(t,t + At)

Vo5

(2.17)

where ®(-) is the standard normal cdf.
To complete the definition of the hidden models it is necessary to provide the func-
tional form of the age function. In the remainder of this manuscript, the very flexible

and largely adopted power-law expression n(t) = (t/a)® is used.

(ii) To model the perturbing term £(¢), in this manuscript two options are considered:

1) following Giorgio, Mele, and Pulcini (2019), £(¢) is assumed to depend, in
stochastic sense, on the hidden degradation level W (t) and that, given W(t),
is conditionally distributed as an inverse gamma random variable whose pdf

can be expressed as:

Bw) . BT
Fenio (elw) = 242 F(B(?J))w) HE e ow (218)

where S(w) = ¢ - w?™ +2, p > 0,—00 < v < 00, and a(w) = (B(w) — 1) - w.
This modeling option ensures that the resulting perturbed measurement Z(t) =
W (t) + e(t) is non-negative (indeed, this feature that the hidden gamma and
inverse Gaussian processes possess is preserved also in the perturbed mod-
els) and enables to model scenarios where the measurement error depends (in
stochastic sense) on the measured degradation level.

Under this setting, the conditional mean and variance of ¢(t), given W(t) = w,

can be formulated as:

E{e()|W(t) = w} = 650()“)_1 —w=0, (2.19)
(o w”

VEOIWED - - o SE e

Therefore, from Eq. (2.10) the observed perturbed measurement Z(t), given
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W (t) = w, has conditional pdf:

Bw) , ,—B(w)—1 wlw
Tzew (e|lw) = (a(w))F(ﬁ(wj) e s(+w), 2 >0, (2.21)

conditional mean:
E{Z®)|W(t) =w} = E{e(t)]W(t) = w} +w = w, (2.22)

and conditional variance:
VIZWO|W () = w} = VI{e®)|W(t) = w} = “:0. (2.23)

inspired by Pulcini (2016), (t) is assumed to be Gaussian-distributed, with
zero mean and variance that depends on W (t). In this case, the conditional

pdf of £(¢) can be expressed as:

1 _1._e2
frowe (Elw) = ———=—=-¢ * W), —00 < € < 400, (2.24)
2.1 0%(w)

where o%(w) = w"” /¢, ¢ > 0, and —o0 < v < +00.
Consequently, under option 2) £(t), given W (t) = w, has the same conditional

mean and variance as under option 1):

E{e(t)|W(t) = w} =0, (2.25)

V{e®)|W () = w) = o*(w) = —. (2.26)

Hence, from Eq. (2.10) the observed perturbed measurement Z(t), given
W (t) = w, has conditional pdf:

(z—w)?

1 _1.
fZ(t)|W(t)(z|w) = . ¢ 2 oi(w) , —00 < z < 400, (2.27)
2.1 0%(w)
conditional mean:
E{Z)|W(t) =w} = E{e(t)|W(t) = w} +w = w, (2.28)
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and conditional variance:

V{Z(t)|W(t) =w} =V{et)|W(t) =w} = e (2.29)
This specific formulation has been chosen so that £(t) and Z(t), given W (t) =
w, have the same conditional mean and variance that they have under option
1). A perturbed gamma process that adopts this modeling solution for the
perturbing term has been proposed in Pulcini (2016). Sun et al. (2021) adopted

it to formulate a perturbed inverse Gaussian process.

Under these assumptions, from Eqgs. (2.14), (2.19), (2.22), (2.25), and (2.28), via the law
of total mean, the marginal means of £(t) and Z(t), under all considered processes (i.e.,
under both hidden processes and under both error modeling options 1) and 2)), can be

expressed as:

E{e(t)} = E{E{e(t)W()}} = E{0} =0, (2.30)

and:
E{Z(t)} = E{E{Z(O)|W(t)}} = E{W(t)} =6 - n(D). (2.31)

Similarly, by using the law of total variance, from Egs. (2.15), (2.20), (2.22), (2.23), (2.26),
(2.28), and (2.29), under both modeling option 1) and 2), the marginal variances of &(t)
and Z(t) are equal to:

V{e(t)}) = VIEEOIW0}) + EV{0W ()} = Vo) + E{(fo“ (2.32)
and:
V{Z(0) = VIELZOW O} + EVZOIW0)) =V {WH) + E{(”;W (2.33)

where the fractal moment E{(W (¢))"} (in general) depends on the hidden process. In the
case of the gamma process it can be expressed as;
E{W ()"} = 0" (2.34)
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whereas in the case of the inverse Gaussian process it is given by this integral:

[w—6-n(t)]2

E{(W ()"} = \/% : /DOO w3 e dw (2.35)

that (in general) is not available in closed form. Nevertheless, in case v = 0, 1, or 2,
V{e(t)} and V {Z(t)} have simple expressions and do not depend on the hidden model.
Specifically, if v = 0 it is, under both processes:

1
Ve =
and: .
VA{Z(t)y =0 n(t) - o
Likewise, if v =1 it is: "
_0-n(t
V{e(t)} = ,
and: 2 6. 0(t)
VA{Z(t)} =67 -n(t) + o

In addition, in this case the ratio between V {Z(¢)} and V {W (¢)} does not depend on t:

vizwy 0o+
RO T )

(2.36)

Again, by using similar arguments, if v = 2, noting that under the considered special
parameterization the two hidden processes share the same mean and variance functions

(and hence second moment) it is:

E{(W(1)*} =0 n(t) - (n(t) + 1)

and therefore:
+1)

¥

and:
n(t) - (n(t) +1)
¥

vz =6 [na) ;
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Under the current setup, it is also possible to express the distribution of Fyy,)(w:) con-
ditional to W (ts) = ws, where t; and ty be two generic reference times, with ¢; < t5. In

fact, being:

Foy ) 1w (t2) (w1 |w2) / Twanw ) (w|ws) - dw

_ /““ Jwa)w )y (We|w) - fw @y (w) dw
Twits) (w2)
_ /w1 Jaw (i i)w( tl)( —wlw) - fW(t1)<w) - dw
fW (t2) (wQ)
from Egs. (2.11) and (2.12), under the gamma process it is:
w
Fy ey i) (wi|wz) = B (wl n(t1), An(t, tz)) (2.37)
2

whereas under the inverse Gaussian it can be computed by numerically solving the inte-

gral:

FW(tl)IW(tg)(w1|w2)

3 2
_ / P An(ty, ) - n(t) |6 l w2 ] e TR . dw. (2.38)
0 tl) w1 ( )

2.7 (W — W

Finally, it is worth to remark that, under the considered settings:

— the perturbed process {Z(t);t > 0} is non-Markovian.

— under error model 1), when v = 0, despite the conditional mean and variance of
(t) not depending on W (t), (¢) still stochastically depends on W (t) because its
support depends on it (indeed, from Eq. (2.21), it must be £ > —w).

— under error model 2), when v = 0, ¢(t) is stochastically independent of W ().
Hence, in this case, error model 2) reduces to the classical model adopted in the
bulk of existing literature on perturbed degradation modeling (see Lu, Pandey,
and W.-C. Xie (2013), Le Son, Fouladirad, and Barros (2016), Bordes, Paroissin,
and Salami (2016), S. Hao, J. Yang, and Bérenguer (2019a), S. Hao, J. Yang, and
Bérenguer (2019b), and X. Chen et al. (2019)).
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2.4 The perturbed gamma process with random ef-

fect

The considered perturbed gamma process with random effect is formulated as (see
also Esposito, Mele, et al. (2022)):

(Z(t) = W(t) +e(t);t > 0} (2.39)

where:

(i)

{W(t);t > 0} is the non-homogeneous gamma process with random effect originally
suggested in Lawless and Crowder (2004). As in Giorgio, Mele, and Pulcini (2019),
given a unit randomly chosen from a heterogeneous population, its hidden degra-
dation process is described by a gamma process. Yet, Lawless and Crowder (2004)
assume that the rate parameter of the unit-specific gamma process varies randomly
from unit to unit.

Given the (unknown) value A of the rate parameter A, the pdf of the degradation
increment AW (t,t + At) = W(t + At) — W(t) of a generic unit is expressed as:

NAN(LE+AL) | ARt E+AD)—1

= R >
Jaw+ana(9[N) NIREY) e ™, §>0. (2.40)

The rate parameter A is assumed to have the gamma pdf:

Cd . )\d—l \
AN)=—5—-€° Ace,d>0 241
gA( ) F(d) € ) e ( )
The perturbing term is modeled by adopting the inverse gamma random variable
presented in Eq. (2.18).
In addition, it is assumed that £(t), given W (¢) is conditionally independent on the

parameter A. Under this setup, the conditional mean of £(t) is:

a(w
Ele®)W(t)=w}=——"——-—w=0
{e®)W(t) = w} Bw) — 1
and conditional variance equal to:
(or(w))? w”

VAWV =wh = G e _
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Chapter 2 — Mathematical framework for perturbed stochastic processes

One of the main advantages of this model is that the hidden marginal process
{W(t);t > 0} is still Markovian and that the conditional pdf of its increment can be
expressed in closed form. In fact, the conditional pdfs of AW (t;,t, + At) and A, given
W(t1) = wy,...,W(t;) = w;, can be expressed as in Eqgs. (2.42)-(2.43), respectively:

Jaw (20w ). w ) (0w, ... wy)
_Jo Fawnrania(O]A) - oy Fawe,_yapya(w; — wij—|X) - ga(X) - dA
f()oo Hé‘:l fAW(tj_l,thA(wj - wj—1|A) ' gA<>\) ' dA

2.42
Jwan,..we) (Wi, ..., wy) (242)
_ 157 faw @ arana(0A) - gawer),...we) (Mw, - wi) - fwen,owen (Wi, - wp) - dA
fW(tl) ..... W(tl)(wla e ,wz)
:/o Taw @t ana(0]A) - gaw ). ww) (Awi, - .. wp) - dA,
AW () )(/\|w1 wl) o Hé’:l fAW(tj,l,tj)m (wj - wj—1|)‘) 'QA(/\)
t1)yeeey t PR —  roo
' l Jo° Tl fawt;—ypia (wy — w1 |A) - ga(A) - dX
o)y ()T iy
_ j=1 NUCEEN) ' C T T@ €
o )\n(tjfl,tj).(w._w__ )’V](tjfl,tj)*l s cdpd—1
Jo~ Ilj= T 10y remMm T g s emed - d)
\n(t)+d-1 | g (wi+0)A
IS VORI TR
n(t)+d . \n(t)+d=1 | o—(wi+c)-A
_ (c+uwy) e (243)
Ln(t) + d]
where tg = wy = 0, t; < ... < t;, and w; < ... < w;. Eq. (2.42) also shows

that AW (t;,¢, + At) depends on the history Hy = {W(t1),...,W(t;)} only through
AW (t1),...w () (A|lwr, ... wp), which, in turn (as shown by Eq. (2.43)), depends on H,
only through the value of W (t;). Therefore, it is clear that, given the value W (¢;) of the
degradation at time ¢;, the distribution of the increment AW (;, ¢, + At) is conditionally
independent of the past history H;- = {W(t1),...,W(t;—1)}. It is worth noticing that
Eq. (2.43) also shows that, given W (t;) = w;, A is still conditionally gamma distributed,

with rate parameter w; + ¢ and shape parameter 7(t;) + d.
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2.4. The perturbed gamma process with random effect

Consequently, from Eqgs. (2.40), (2.42), and (2.43), the conditional pdf of the increment
AW (t,t + At), given W (t) = w, can be expressed as:

fawt+anwe (0lw) = /0 Jawi+a0a(6|N) - gapw e (Aw) - dA
/oo )\An(t,t—l—At) _5An(t,t+At)—1 Lo~ (w + C)n(t)+d . )\n(t)-i-d—l . e—(w—i—c)-)\
0

T [An(t,t + At)] ' T [n(t) + d]
_ (w + C)n(t)+d . §AN(tE+AL)~1 ' /oo \I+AY AT (koA | gy
Lln(t)] - T'[d] 0

-dA

1 (w + C)n(t)+d . §An(tt+AL) -1
" B [An(t,t+ At)an@) T d] : (w o+ C)n(t+At)+d

(2.44)

Then, from Eq. (2.44), the conditional cdf of AW (¢,t + At), given W(t) = w, can be

expressed as:

)
Fawiranwe(dlw) =B [5+w+c; An(t,t + At),n(t) +d (2.45)
where: .
y
B(y: _ / ol (] — )81 . ¢ 2.4
e B)= gy o 0w (246
is the regularized beta function and:
['(e) -T'(5)
B — T\

is the beta function.

Eq. (2.44), together with the initial condition (here W (0) = 0) and the functional form of
the age function (the power-law function n(t) = (t/a)?) fully specifies the hidden model
{W(t);t > 0}. From Egs. (2.44) and (2.45) it also follows that the conditional pdf and
cdf of AW (t,t + At), given W (t) = w, can be expressed as:

1
t,t+ At),n(t) +d
(w + C)n(t)er (w + ) — w]An(t,tJrAt)fl
(w+ 8 + ¢)nt+An+d

Jwaraow @ +wlw) = Zro

(2.47)
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Chapter 2 — Mathematical framework for perturbed stochastic processes

and:

BT =W At A () + d|. (2.48)

Fyw v anwe (0 +wlw) = ((SJF—w)JrC

Finally, from Eq. (2.43), it results that {IW(¢);t > 0} has marginal pdf:

@ (-1
fwwy(w) = Bo@.d) (ot gV >0, (2.49)
marginal cdf:
Fyp(w) =B (wi C;n(t),d> , w>0, (2.50)
mean (that exists for d > 1):
() = <1, (251)

and variance (that exists for d > 2):

)l +d-1
VAV == "1 a =)

(2.52)

Let t; and t5 be two generic reference times, with ¢; < t5. Under the current setup, it
is also possible to express in closed form the distribution of Fyy,)(w;) conditional to
W (ts) = ws. In fact, being

Fyw (1) w (1) (W1 |w2) / Jw @) w e) (w|w2) - dw
_/wl Jwa)w ) (We|w) - fw @y (w)

fW (t2) (w2)
w1 fAW(t1,t2)|W(t1)(w2 w‘w) : fW(t1)<w)
0 fW(t2)(w2)

- dw

-dw
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2.4. The perturbed gamma process with random effect

from Eqgs. (2.46), (2.47), and (2.49):

Ew @w o) (wi|wz) =
(w+c)n(t1)+d.(w2,w)An(t1»t2>71 cdqn(t)—1

_ " B@An(tyta) n(t)+d) (wa+) "D F " B(n(t),d)-(wtc) 1P - dw
) Cd,wg(tz)—l

B(n(ta),d)-(wo+c)n(t2)+d
B(U(t2), d) /w1 (w2 — w)AT](tl,tz)fl A wn(tl)—l
— B(An(ty, ta),n(tr) + d) - B(n(tr),d) Jo wy !

1 w1 /g \ M@)—1 w \ Anltit2)-1 1
_ / ) .(1_) o dw
B(n(tl), A?’](tl, tg) 0 W2 Wao ()

1 w1 /w2 B B
= ) /0 gt =1 (1— y)An(tl,tz) Lody

B(n(tl)a AT}
=B (), dn(tita)) . (253)

2

- dw

Concerning the perturbed process, from Egs. (2.40) and (2.21), by variable transforma-
tion, Z(t), given W (t) = w, is distributed as an inverse gamma random variable with

conditional pdf:

(&(w))ﬂ(w) . yBw)-1 (o)

fzawe(zlw) = () e, 220, (2.54)

conditional cdf:
t 2 (zlw) = I' (B(w), a(w)/2) >0 (2.55)
z()w @\ #|w T (B(w)) ) z 20, )

conditional mean:
E{Z(t)|W(t) =w} = E{e(t)|IW(t) = w} + w = w, (2.56)
and conditional variance:
wV

V{ZWOIW(t) = w} = V{e()|W(t) = w} = o (2.57)

where T'(+, ) is the upper incomplete gamma function. The marginal distribution of Z(t)

is not available in closed form. However, from Egs. (2.49), (2.54), and (2.55), the marginal
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Chapter 2 — Mathematical framework for perturbed stochastic processes

pdf and cdf of Z(t) can be numerically computed via the following integrals:

fzw(z / fzwwe )-fw(t)(w) - dw

). w1, o=l e =1
- / I'(B(w)) "B(n(t),d) - (w+ c)r+d

- dw, (2.58)

/ Fz \W(t w) - fW(t)( w) - dw

_ [Tt >/z>, w0t
o Tw)  Bl).d) (wt o

Moreover, from Egs. (2.51), (2.52), (2.56), and (2.57), by using the laws of total expecta-

tion and total variance, the marginal mean of Z(t) (that exists for d > 1 can be expressed

(2.59)

as:

E{Z(1) = E{E{ZOW 1)) = E(w()} = 520 (2:60)

and its conditional variance:

ViZ(t)} = VIERZ(O)IW (1))} + E{V{Z(t)\W(t)}}

vy {0} _ 00 ) BP0
where the term E{(W (t))"}, that exists for d > v, is equal to:
E{(W ()"} = ¢ -T'(d—v) T(n(t)+ 1/)' (2.62)

rd)  T{)

Finally, it is worth to remark that, under the considered setup:

— the perturbed process {Z(t);t > 0} is not a Markov process.

— the marginal hidden process {W(t);t > 0} is age and state dependent. This feature
is also preserved in the particular case where the temporal variability of the unit-
specific paths is described by homogeneous gamma processes (see Giorgio and Pul-
cini (2018)). Indeed, the dependence on the state arises from the existence within
the population of units whose degradation rate evolve over time at diverse paces
(i.e., units with elevated degradation levels are anticipated to experience heightened

future deterioration, reflecting their inherent weakness). This distinction between
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2.5. Formulation of the likelihood function

weaker and stronger units hinges on the recognition and comprehension of this in-

terdependence.

2.5 Formulation of the likelihood function

Let us consider m identical units operating under homogeneous conditions and suppose
that the degradation level of the unit ¢ (i = 1,...,m) is measured at times ¢;1,...,%; 5,
and that measurements are contaminated by random errors. Finally, let us denote by
Z;j = Z(t;;) the perturbed degradation level of the unit ¢ at the measurement time ¢, ;,
by z; ; its realization, and by & the vector of model parameters. Then, under these setting,

the likelihood function of the considered processes can be formulated as:

m ng
L& z) =111 f2.,12.,. (2i42i5-1) (2.63)

i=1 j=1
where z = {21, .- -, Zmn,, | 1S the realization of the whole set of available noisy measure-
ments Z = {Z1,,-- s Zmnn}> Zij = {Zi1,...,Z;i;} is the set of perturbed measure-
ments of the degradation state of the unit i collected up to time ¢; ;, 2, ; = {zi1,..., 2}

is the realization of Z; j, t;0 = 0, Z; o and z;p are the empty set, and fz, |z, ,(2i1|2i0) =
fZi,l(Zm).

Given that, under all considered processes, {Z(t);t > 0} is not a Markov process, Eq.
(2.63) cannot be expressed in closed form and its computation is very demanding. Never-
theless, the needed pdfs can be efficiently computed, foranyi=1,...,mand j =1,...,n;,,

by using the recursive equations:

wi,
fWi,j\Zi,jﬂ (wi,j |zi7j*1) - 0 fAWi,j\Wi,jfl (Awivj ‘wm*l) X

X fwi 12— (Wij1]2ij1) - dw;j (2.64)
o0
fz.02.,.(zijlzi5-1) = /0 fzi 3w, (Ziglwig) - fw, 1z, (Wiglzij-1) - dw;; — (2.65)

fZ- i|\W; v(Zij‘wZ'j) . fW \Zi '—1(wij’zijfl)
f .. . w"' Z'7' = ©J ©J > ? 2,714 > P
Wz,J|Zz,] ( 2,] ’ (3 ]) fZi’j‘Ziy]__l (ZZ-J |z7:’j71>

(2.66)

where W; ; = W (t; ;) denotes the hidden (true) degradation level of the unit ¢ at time ¢, ;,
AW, ; = AW (t; j-1,ti ;) = W, j — W, j_1 is the hidden (true) degradation increment of the
unit ¢ in the interval (ti,j—lvti,j)a Wy 5 is the realization of Wi,j7 and A’LUZ‘J' = W;j; — Wi j-1

is the realization of AW, ;.
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Chapter 2 — Mathematical framework for perturbed stochastic processes

In fact, Eq. (2.64) can be derived as:

W j
fWi,j|Zi,j—1 (wi,j’zi,jfl) - 0 fWi,j’Wi,j—llzi,j—l(wivj7 wi:jflyzivj) ) dwivj’1

W j
= /0 fwi s wi sz (Wiglwi g, zig1) - fw, iz, (Wig—a|zijo1) - dw; i

wiyj
= /0 Jwiwi o (Wiglwig 1) - fw, 1z, (Wig—1|2ij-1) - dw; i,

where the last equality is possible because {W(t);t > 0} is Markovian and hence the
state W, ;, given W ;_y, is conditionally independent on the perturbed measurements
Z; i1 collected up to and including time ¢; ;_;.
Eq. (2.65) can be derived as follows:

oo

[z, 50254 (715]7i5-1) :/0 f2,, w1025 (Zig, Wig|Zi) - dwi
o
= /0 fzi51wi 5,205 (Ziglwig, Zi5) - fw, g1z, (Wiglzig-1) - dwi

oo
:/O fZi,j|Wi,j (Zi7j|wi,j) ’ fWi,j‘Zi,j—l(wi,j

Zij-1) - dwj,

where the last equality holds due to the assumption laid out in Chapter 2.2.1. Similarly,
Eq. (2.66) can be obtained through the following chain of equalities:
Fov ., (gg) = T2 (i i) _ Fay i G W 20m0) - Sy (2im1)
fz.,(2i;) f2: 502,51 (zij|zij-1)  fz,; (Zij-1)
_ Sz, Wi01205-1(Zig, Wil Zi-1)
fz. 50252 (75171 5-1)
_ [z w5205 0 (Ziglwig, zig—1) - w1z, 0 (Wil Zi-1)
12512, 5174 Zi 1)
_ fZi,j|Wi,j(Zi,j|wz‘,j) ) fWi,j\Zi,j,l(wz‘,j|zz‘,j—1)

Zij-1)

fZi’j|Zi,j71 (Z%]

Under the perturbed processes adopted in this manuscript, the likelihood function cannot
be computed in closed form. Indeed, it is computed numerically via the particle filter
described in Chapter 2.8, which takes advantage of Eqgs. (2.64)-(2.66). The value of £ that
maximizes (over the parameter space) the likelihood function 2.63 is by definition the
Maximum Likelihood (ML) estimate € of &. However, the direct numerical maximization
of this function carries a particularly heavy computational burden and also poses serious

convergence issues. Therefore, in this manuscript the ML estimates of model parame-
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2.6. Cdf of RUL

ters are retrieved by using the new expectation-maximization particle filter algorithm

described in Chapter 2.7 that massively alleviates these issues.

2.6 Cdf of RUL

A unit is assumed to fail when its true degradation level passes a preassigned failure
threshold wj;. Hence, the lifetime X of the unit is defined as the first passage time of the
hidden degradation process to the threshold wy;:

X =inf{x: W(zx) > wy}.
Accordingly, its remaining useful life RUL(t) at time ¢ is defined as:
RUL(t) = maz{0, X —t}.

In this manuscript, it is assumed that:

— Failures are not self-announcing (Bautista, Castro, and Landesa (2022), Bismut,
Pandey, and Straub (2022)) and that a failed unit may continue to operate, albeit

with (possibly) reduced performance.
— Available measurements only consist of perturbed measurements.

Consequently, even conditional to the available data, it is not possible to assess with cer-
tainty whether a unit is failed or not. Under these assumptions, and given also that under
all considered perturbed processes, the hidden processes are all monotonic increasing, the
conditional cdf Frypuzw (7|2(t)) of the RUL(t) given Z(t) = z(t), is formulated as:

Frurwyze (T]2(t)) = P[RUL(t) < 7|Z(t) = 2(t)] = P[W(t + 7) > wu|Z(t) = 2(t)]

wM
= L= Fw (i) zo(wm|2(1) = 1- /0 Faw(teamyw o (war —wlw) - fw )z (w]z(t)) - dw
(2.67)
where Z(t) = {Z(t;); 7 > 1,t; < t} denotes the set of measurements gathered up to and
included the time ¢ and z(t) = {z(t;);j > 1,t; <t} is its realization.

Coherently with the previous assumptions, because measurement error is present and

failures are not self-announcing, it results Fryr«)(0/2(t)) > 0. It is worth noticing that,
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Chapter 2 — Mathematical framework for perturbed stochastic processes

if the set Z(t) contains [ perturbed measurements, Eq. (2.67) is fully equivalent to

FRUL(t)\Z(t) (T’Z(Zf)) =P [RUL(tl) S T+t — tl’Z(tl) = Z(tl)]
= PW({t+71)>wulZ(t) = 2(t)] =1 = Fwainzm) (wulz(t))

(Vs
=1 —/O Fawpmwe)(wa — wilwy) - fweyza) (w|z(t)) - dw;  (2.68)

where Z(t;) = {Z(t1),...,Z(t;)} is the set of perturbed measurements made on the
considered unit up to the time t;, 2(t;) = {z1, ..., 2} is its realization, ¢, is the epoch of the
Ith measurements, and Fyy 47w ,)(-|w:) is the conditional cdf of the actual degradation
level at ¢ + 7 given W(¢;) = w;. Hence, before the first measurement is taken (i.e., for
t < t1) Z(t) should be intended as the empty set so that, in this case, Fiy 111z (war|2(1))
coincides with Fyy(4-)(war). From Eq. (2.67), given Z(t) = z(t), the conditional mean of
the RUL(t), here intended as the conditional mean E{RUL(t)|Z(t) = z(t)} and denoted
as MRUL (t|Z(t) = z(t)), can be computed as:

MRUL{UZ(t) = 2(1) = [~ (1= Frvroizo (rl2(1) - dr

= |7 vtz (wnl=(t) - dr. (2:69)

Unfortunately, under all the considered models, the cdf Fyy (42 (war|2(t)) is not avail-
able in closed form. Hence, both the cdf of RUL(t) in Eq. (2.67) and the related condi-
tional mean M RUL(t|Z(t) = z(t)) in Eq. (2.69) are computed by using the particle filter
algorithm illustrated in Chapter 2.8.

Further results which involve the lifetime X are derived here (these will be important
for the computations of maintenance costs in Chapter 5). Let fx|w ) (x|w;) denote the
conditional pdf of the lifetime X given W (7) = w,, where 7 is a generic reference time,
and w, is the true value of the degradation level at time 7. Then, it is possible to readily

obtain the conditional cdf of X given W (7) = w,, in the cases where w, < wy;, as:

Fxywn(z|w,) = PIX < 2|W(r) = w,| = P[W(x) > wy|W(1) = w,]
0, wy < wpy, TLT

{ 1- FAW(T,:):)|W(T)(wM - wT|wT)7 wy < Wy, T2T

(2.70)

where the first equality can be explained by observing that, since (under all stochastic

processes considered in this manuscript) the process {W(¢);¢ > 0} is monotone increasing,
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2.7. The EM algorithm

the event {X < x} is equivalent to the event {W(x) > wy,}.
Differently, in the cases where w, > wjs the conditional cdf of X given W (1) = w, can

be expressed as:

Fxwin(elws) = PIX < alW(r) = w,] = P[W(2) > wn|W(r) = w,]

{ 1 — Fw@ywe(waplws),  wr >wy, <7 (2.71)

1, Wy > Whp, T > T.

Then, the conditional mean of X, given W(7) = w,, can be expressed as:

E{X|W(r) = w,} = [+ frwin(aler) - do
= {—x : (1 - FX|W(7-) (ZE|U)T>>}; + /OT (1 - FX\W(T)(x|w7)) ~dx (2.72)
= /OT (1 - FX|W(T)(CU|IU7—)> -dz.

Finally, when w, < wyy, given W (1) = w,, the conditional mean of the variable g(X)

defined by the following transformation:

TH+AT—X, X <717+4+A7T

(2.73)
0, X >17+ AT

9(X) = {
where A7 > 0, can be computed as:

Elg()W () == [ (74 A=) frwin ) - d

T+AT T+AT
— / (1 — FX\W(T) (x|wT)> -dz

= {—(T + AT —x) - (1 — FX\W(T)<I|w’F))}

T

T+AT
= AT — / Faw (ra)w ) (W — we|wy) - da.

(2.74)

2.7 The EM algorithm

The EM algorithm (Dempster, Laird, and Rubin (1977)) is a general approach broadly

adopted to iteratively compute the ML estimates in the presence of missing values and/or
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Chapter 2 — Mathematical framework for perturbed stochastic processes

incomplete observations. It consists of a two-step sequence, an Expectation step (E-step)
and a Maximization step (M-step), iterated until a given convergence condition is attained.
To apply the procedure, it is necessary to select the values that one intends to treat as
"observed data" and the ones that should be intended as "missing data'. At the (h+ 1)th

iteration, the E-step consists in evaluating the conditional mean Q(&|€™):

Q(E1E™) = B{U(E Y mis: Yuva) | Yavar €™} (2.75)

of the complete log-likelihood 1(&; Y 1nis, Yupa) (i-€-, the logarithm of the likelihood formu-
lated considering all data, available and missing) with respect to the missing data Y ;s
given the available data y,,, and the current tentative estimate of model parameters (i.e.,
the estimate of the parameter vector available after the hth iteration, denoted by & (h)).

The corresponding M-step consists in maximizing the function Q(&|€ (h)) with respect
to &. The value of & that maximizes Q(£|€™) is, by definition, the new tentative estimate
gD,

The convergence condition is satisfied when the absolute difference:

In(L(€™; z))
In(L(g"Y; 2))

—1 (2.76)

drops below a predetermined, fixed value. If the convergence condition is attained at the
hth iteration, then E(h+1) is assumed to be the ML estimate of the parameter vector &.
Otherwise, the search continues with another two-step sequence. At the first iteration,
the algorithm is initialized by assigning a tentative estimate, say & ©),

In this manuscript, we adopted the EM algorithm to compute ML estimates under the
three perturbed degradation processes presented above. In the following, the implemen-
tation of the EM will be particularized for the case of the perturbed gamma and inverse
Gaussian processes in Chapter 2.7.1, and for the case of the perturbed gamma process
with random effect in Chapter 2.7.2.

2.7.1 Perturbed gamma and inverse Gaussian processes

In the case of the perturbed gamma and inverse Gaussian processes, the realiza-
tions z = {21, ..., 2, } of the related perturbed measurements Z = {Z, ..., Z,,} (where
z; ={%i1, .. Zin, } 18 the realization of Z; = {Z; 1, ..., Z; »,}) will constitute the observed

data whereas the missing data consist in the (unknown) values w = {wy, ..., w,,} of the

46



2.7. The EM algorithm

(unobservable) true degradation levels W = {W, ..., W, } of the m units at the mea-
surement times, where w; = {w 1, ..., w; », } is the realization of W, = {W,1,...., W, .. }.
Therefore, Eq. (2.75) becomes:

QEIE™) = B{I(¢;2,W)|Z = 2,7}

where the complete log-likelihood can be formulated as:

m n,; m n;

L& z,w) = [ 11 fz,w., (ziglwig) - TT 11 faw; (Awi;)

i=1j=1 i=1j=1

and the corresponding log-likelihood function as:

m Ny m  n;

& z,w) = [[ ]I [fz., 0w, (ziglwi )] - TTTT I [ faw,, (Awj)] -
i=1j=1 i=1j=1
In the case of the considered processes, the benefit of the EM procedure mainly lie in the
M-step. Indeed, the conditional expectation Q(£|£(h)) =Q(a,b,0, ¢, V]E(h)) splits into the
sum of the functions Q4 (a, b, 9|£(h)) and ), (gp, I/|€(h)), where:

m  n;

Qu (a,6,016™) =35 E{in (faw.,(AW:))) |Z; = 2z, €M} |

i=1j=1

given & (h), depends only on the parameters of the hidden model, and @), (gp, v|€ (h))

m 'z

Q. (2. v€") =33 E{in (fz. 1w, (2151Wi)) | 2i = 21, €™}

i=1j=1

depends only on the parameters of the perturbing term.

Obviously, the functional form of @, (a, b, 9|£(h)) and Q. (gp, V|£(h)) also depends on the
model adopted to describe the error term and the hidden process, respectively.

In fact, when the error term is modeled by using the inverse gamma random variable
described in Eq. (2.18), Q. (go, v|€ (h)) reduces to (for the sake of clarity, here the functions
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a(-) and B(-) are denoted as a(-, ¢, v) and B(-, ,V)):

3

i K {Oz(Wi,j§ e, v)|Z; = zi’é(h)}
1

Zij

Q! (p,v|€"M) = )
=1

3

a
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whereas, when the error term is modeled by using the Gaussian distribution in Eq. (2.24),
Qg (907 V|€(h)> l"educes tO:

m ng
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where the superscripts 1 and 2 in Q! (gp,u|£(h)) and Q? (gp,u|£(h)) indicate the option
adopted to model the error term, in agreement with the symbols introduced in Chapter
2.3.

Similarly, from Eq. (2.11), under the gamma process, the function @ (a, 679]5(}”)

reduces to:
m — (h)
G w _ e E{Win | Zi = 2z, £}
Qff (a,b,016™) b
m n; ti,' b ti,'—l b
+Z}JZ‘1 [(aj) N (;) 1 CE{n(AW,)|Z: = 26N} (219)

-w0- 5 () -2 2m|r (%) - ()]

48



2.7. The EM algorithm

whereas, from Eq. (2.12), under the inverse Gaussian process Q (a, b, G\S(h)> becomes:

1 (a,b,0/6") = — % In(2- ) + % -In(f) — n, - b-In(a)
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where n; = 3./, n; and the superscripts G and IG in Q% (a, b, 9|§'(h)) and Q¢ (a, b, 9|£(h)>
indicate that the hidden process used to compute Q) (a, b, 9\€(h)> are the gamma and the
inverse Gaussian, respectively. In both Eqs. (2.79) and (2.80) the age function is modeled

as 7)(t) = (t/a)".

For the sake of maximizing them in the M-step, the expressions in Eqs. (2.78), (2.79),
and (2.80) can be further simplified. Indeed, from Eq. (2.78), by solving with respect to
© the equation:

Q2 (0, v1€™)

Op =0

the explicit form:

Uz

p(rg™) = -
i1 Z?LE {M’Z = Zuf( )}

(2.81)

is obtained for the value @(v[€™) that maximizes Eq. (2.81) with respect to ¢ when v is
set to the values indicated in the parentheses on the left side of the equation. By exploiting

this result, "1 can be obtained by numerically maximizing this 1-parameter function:

Q2 (17, V€M) = = In(2m) + 2 - n(g) - ;i;ZlE{ln |2 = g} -

1 (2.82)

Then, ¢V can be obtained from Eq. (2.81) by setting v = v+,
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Chapter 2 — Mathematical framework for perturbed stochastic processes

Similarly, from Eq. (2.79), by solving with respect to 6 the equation:

0QS; (a,b,0/6™)

o0 =0

the explicit form:
P E{Win|Zi = 2,67}

m ti,ni b
i=1\ "o

is obtained for the value A(a,b) that maximizes Eq. (2.83) with respect to # when a and

é(a’b|£(h)) =

(2.83)

b are set to the values indicated in the parentheses on the left side of the equation. By
exploiting this result, a1 and b+ (i.e., the components of £ can be obtained by

numerically maximizing this two-parameter function:

o€ == 335w o (42 - (“2)')]

m  n; tz’,jfl b B )
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Then, §"+1) can be obtained from (2.83) by setting a = a"*V and b = b(r+1).

Conversely, in the case of the inverse Gaussian process, from Eq. (2.80), by solving

with respect to 6 and a the system of equations:

0Qif (a,b,01™)

90 =0
0Qif (a.0,016"™)
oa N
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2.7. The EM algorithm

the following explicit forms are obtained:
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for the values 6(b) and a(b) of ¢ and a that (jointly) maximize Qi (a,b,6/6") when
the parameter b is set to the value reported in the parentheses. By exploiting these re-
sults, b"*1) can be obtained by numerically maximizing the 1-parameter function that
is obtained by setting 6 and a in Eq. (2.80) to 6(b) and a(b) (the resulting function is
not reported here for the sake of readability). Then, ("*1) and a**!) can be obtained by
evaluating Eqs. (2.85) and (2.86) at b = b("+1).

Therefore, when the error term is modeled according to the option 1), the M-step results
in maximizing (numerically) two 2-parameter functions in the case of the gamma process,
and one 2-parameter function and one 1-parameter function in the case of the inverse
Gaussian. Whereas, when the error term is modeled by using the option 2), the M-step
results in maximizing (numerically) one 2-parameter function and one 1-parameter func-
tion in the case of the gamma process, and two 1-parameter functions in the case of the

inverse Gaussian process.

2.7.2 The perturbed gamma process with random effects

In the case of the perturbed gamma process with random effects, the observed data
will still be the realizations z = {z1, ..., 2, } of the related perturbed measurements Z =
{Z,,....Z,,} (where z; = {z;1, ..., Zin, } is the realization of Z; = {Z; 1, ..., Z; », }), whereas

the missing data are the (unknown) values w = {w, ..., w,,} of the (unobservable) true
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Chapter 2 — Mathematical framework for perturbed stochastic processes

degradation levels W = {W ... W} together with the set of unknown true values
A ={\,..., A} of the random rate parameters A = {Ay, ..., A,,} of the m units.
Therefore, Eq. (2.75) becomes:

Q(&|eM) = E{I(&;2,W)|Z = z,6M}

Therefore, considering also that, given W = w, Z is conditionally independent of A, the
complete likelihood (i.e., the one formulated considering all data, available and missing)

can be formulated as:

m

L& z,w, A) =[] fzaw, (zi|lws) - fwya, (wilN) - ga, (M),
i=1
where:
n: —B(w;, ;)—1 alws
(@) ) o fD T st
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| LT famwin(Bgb = T =677
(2.87)
and: PR
C ')\ii —Cc\;
g8 (N) = g (2.83)
Thus, the complete likelihood function can be expressed as:
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2.7. The EM algorithm

and the corresponding log-likelihood function can be written as:

1(&z,w,A)=m-d-In(c) —m-W[[(d)] =Y N+ (Win; +¢)+ > _[n(tin;) +d—1]-In(N)
i=1 i1
+ZZ[An(ti,j—1>ti,j)_1] In( sz] Zzln [An(t i,j— 17tw)])
i=1j=1 i=1 j=1
m  n; OzU)Z m  n;
-2 ) +>2 Blwiy) - In(a(w,))
i=1 j=1 Ziyj =1 j=1
—Zi B(w; ;) -In(z; ) Ziln Bw; ;)] . (2.90)
i=1j=1 i=1j=1

Under the considered perturbed gamma process with random effect, the conditional
pdf of W given Z = 2z is not available in closed form. However, the conditional
pdf of A given W et Z = 2z is available in closed form. Indeed, considered that
A is conditionally independent of Z given W and that A; is independent both of
Wi, Wiy, Wi, ..., Wyooand Ay, o0 A1, Ay, ..., Ay, and being:

Swia, (Wil Ai) - ga, (A)

gaw; (Ailw;i) = (2.91)

fWi (wl) 7
with (from Eqgs. (2.87) and (2.88)):
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Chapter 2 — Mathematical framework for perturbed stochastic processes

Consequently, the conditional pdf of A given W and Z = z is:

grjzw (A z, w) = HgAi\Wi’ni()\Awi’ni)
=1
(Wi, + C)n(tivni)+d ) )\’?(ti,ni)+d—1

-1 T[7(tim) + d) -

2

=i (Wi,n,; +c) (295)

and, in particular:

U(ti,m ) +d

E{AZ = 2, W} = E{MWin} = 75

(2.96)
and:
E{ln(\;)|Z = z, W} = E{In(\;))[Win,} = ¥[n(tin,) + d] — In(W;,, + ¢), (2.97)

where ¥(y) = dIn[l'(z)]/dz = I'"(z)/T'(z) is the digamma function. By exploiting these
latter results, to perform the E-step it is firstly formulated the conditional mean of the
log-likelihood with respect to A given W and Z = z, E{l(&;z, W ,A)|Z = z, W,E(h)},
which can be expressed in closed form. Then, we obtain E{l(§;z, W ,A)|Z = z, £(h)} by
computing the conditional mean of E{l(¢; 2, W,A)|Z = z, W,£™} with respect to W

given Z = z.

In fact, by the law of total expectation it is:

E{l(&2,W,A)|Z = z,£M} =
B{B{I(&: % W A2 = 2 W €V1Z = 2,67} (2.99)

Under the proposed model, the expectation of E{l(&;z, W, A)|Z = z,W,£(h)} with
respect to W given Z = z cannot be computed in closed form and is performed via the
particle filter described in Chapter 2.8.

The benefit of adopting the EM algorithm are most evident in the M-step, because the
conditional mean Q(&|€™) splits into the sum of the functions Q, (¢, d|€™), Q.(p, v|€™),
and Q, (a, b|€™), which (given £ ) depend only on the parameters (c, d), (¢, v), and (a, b),
respectively. For the sake of clarity, here the age function is denoted as n(-;a,b), 5(-) as
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2.7. The EM algorithm

6(';907 I/)v and Oé() as a(';90> l/):

mnlE VI/ZJ ) Z’L: I3 (R)
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=1 _]:1 2y
+§:ZE{ﬁ 1]7(107 ) ln[a<Wi7j;307V)] Zi:ziaﬁ(h)}
o (2.99)
ZZE{B ijr PV ’Z _zzyg(h }'ln(zz}j)
i=1j5=1
=353 B {in (0 B0V ) |2 = 2%}
=1j=1
Qy (a,b]g") =
S (o .09+ 49] o (Vi 97 2,6}
=1
+§:§: An 15— 17 i.j 1)] E{ln(AWw|ZZ:zZ,E(h))}
=1 j=1
- f: i In(I'(An(tij-1,ti;50,b))), (2.100)
i=1j=1

Qx (c, d\é(h)) =m-d-In(c) —m-In(I'(d))

Wi,ni + c(h)

. wi’m

Z; = Zi,f(h)}

+(d = 1) 3 { [n(tin; a®,6®) +d®] — E{In (Wi, + M| Z; = 2,67}
T (i3 a®),500) + d®
c ;E{

Z; = zi,ﬁ(h)} . (2.101)

The maximization of Eq. (2.101) can be further simplified. Indeed, being:

{77 (ti,ni; ah, b(h)) +d®

0
5. (e

Z;, = zi,ﬁ(h)} . (2.102)

equating this to 0 and solving with respect to c it is possible to express c as a function of
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Chapter 2 — Mathematical framework for perturbed stochastic processes

d and &W:
-d
é<d‘€(h)> - - . (2.103)
m tingsa(M) b)) d(h)
i B {’7( W,L-,ni+c<h2 Z, =z, §(h)}

Hence, from Eq. (2.101), by replacing ¢ with the expression on the right side of Eq. (2.103),
the following function of d and £€™ is obtained:

Q3 (a1g™) =
w1 (tins a®, B0 4 d®)
od- .d) — T ()
m-d (ln(m d) —In (;E{ Won & o Z;=2z;§
—m - In(T'(d))

m

+(d=1) - 3 {w [n(tin;: ™, 00) + dP] = E {In (Wi, +¢?)|Z; = 2,,6W) }}

i=1
yr]” (tin: ™6™ + d®
i=1 VVi,ni + C(h)

Z;, = zi,ﬁ(h)} . (2.104)

Therefore, denoting by d"*V) the value of d that maximizes Eq. (2.104), the value c"*1)

that, given d"*1) maximizes Eq. (2.101) is readily obtained by evaluating Eq. (2.103) at
d= d(h+1).

2.8 The particle filter

In this manuscript, the particle filter algorithm (Doucet, Johansen, et al. (2009)) is
used to generate random samples from the (joint) conditional distribution of W' given
Z = z. The data generated by using this procedure are then used to compute (empirically)
the likelihood function in Eq. (2.63), the distribution of the RUL, and the conditional ex-
pectations requested in the M-step of the EM algorithm described in Chapter 2.7.

The procedure described below allows to obtain N pseudorandom realizations of W
given Z; = z; . Thus, to generate pseudorandom realizations of W, given Z,; = z; it is
necessary to replicate its use for any ¢ = 1,...,m.

The method consists of a two-step sequence: a prediction step and an update step, that
is iterated n; times. To apply the procedure, it is necessary to assign a value to the pa-

rameter vector &.
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2.8. The particle filter

The particle filter is a very flexible approach that is able to handle all the perturbed pro-
cesses adopted in this manuscript with only minor changes. Specifically, the conditional
pdf of AW (¢;;_1,t:;) given W(t; ;_1), in case the stochastic process under analysis is
the gamma process with random effect described in Chapter 2.4 is the pdf in Eq. (2.49),
whereas in the case of the gamma process and the inverse Gaussian process illustrated in
Chapter 2.3 (given that both have independent increments) coincides with the (uncondi-
tional) one in Eq. (2.11) or in Eq. (2.12), respectively.

Similarly, the conditional pdf fz, ,jw,(-|-) is the one in Eq. (2.21) if the model adopted
for the error term is the inverse gamma or the one in Eq. (2.24) if it is the Gaussian (i.e.,

option 1) or 2) using the notation introduced in Chapter 2.3).

— Step 1 (prediction step), jth iteration:
for any k = 1,..., N, generate a pseudorandom realization ;Aw, ; of AW (t; ;_1,t; ;)
given W (t;;_1) =7 jw;;_1, where ’“w; ;_; is the kth pseudorandom realization of
Wi(tij—1) given Z, ;_1 = z; j_1 generated at the (j — 1)th iteration of this algorithm.
Then, compute the term j_,iwi,j = Aw; ; + j_,iwi,j,l and append it to the particle
vector 7 w1, .. .,” jw; ;1 defined at the (j — 1)th iteration.

The output of this prediction step is a set of N vectors:

j—1 j—1 j—1
1wi,1a R 1wi,j—17 1wi,j

j—1 j—1 j—1
NWily.ooy” yWij-1," yWij

that we will refer to as particles.

— Step 2 (update step), jth iteration:
for any k =1,..., N, compute the importance weight of the kth particle as:

fZi,j\Wi,j(Zi,j\ T pwig)

ki = SN . ’
D=1 fZi’j‘Wi,j(Zi,jljiiwiaj)

o7



Chapter 2 — Mathematical framework for perturbed stochastic processes

Hence, resample the set of particles:

Jj-1 Jj-1 Jj—1
1wi,1, N 1’wi’j_17 1w,-7j

Jj-1 Jj-1 Jj-1
Nwm, N Nwi,j_l, NUJ,‘J‘

according to their importance weights and rename the new particles (i.e., the vec-

tors) as:

{wz‘,h .. 7{102',]'—1, {wi,j

J J J
NWil, -y yWij—1, yWij5-

For j = 1, to initialize the algorithm, in the first prediction step draw a pseudorandom
sample of size N from W (t;1), denote its elements as jw;;,..., yw;; and define the

particles as:

0 _
1 Wi1 = Wi 1

0 _
NWi1 = yWia1-

The particle  Jw;1, ..., pwi j_1,” sw;; should be intended as a pseudorandom realiza-
tion of W,y given Z; ;1 = z;;-1, and iwm, . ,iwiﬁj_l, iwm should be intended as a
pseudorandom realization of W, ; given Z, ; = z; ;, where W, ; = {W(t;1),...,W(t:;)},
Z,;=4Z(ti1),.... Z(ti;)}, and z; ; = {2(t;i1),. .., 2(t; ;) } is the realization of Z, ;.

The conditional pdfs that are needed to compute the likelihood function in Eq. (2.63) can

be approximated as:

N Jj—1
Zkzl fZi,jIWi,j (Zidl kwl}j)

N

I

fz.502:5.(zi4lzi5-1)

- _ . i1 -1 i—1
where 7~ w; ; is the last component of the particle vector ' jw;1,...,” jwij_1,” ywi;

generated at the jth prediction step. Likewise, for example, the conditional mean of a
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2.9. Conclusions

function g(W;) of W given Z; = z; and &, can be computed as:

leﬂvzl g ("jw;)

E{gW)|Z; = z;,£} = N

where "jw; is the particle "jw;1,...,"\w; ;_1, "jw;; generated at the n;th update step,
under a perturbed model whose parameter vector is set to €. Obviously, the quality of
these approximations improves with N.

This particle filter algorithm is also used to compute the ML estimate of the cdf of
RUL(t) Frurw)zw (T|2(t)) (2.67) and the ML estimate of the M RUL(t) (2.69). In fact,
more specifically, by using the notations introduced in Chapter 2.6, if ¢, < t < 44,
so that the set z(t) = {Z(¢;);j > z,t; < t} contains [ perturbed measurements of the
degradation level of a certain (selected) unit, given a pseudorandom sample of size N from
W ()| Z(t) = z(t), say {w, ..., yw;, the ML estimate of the cdf Fryp)(7|2(t)) (2.67) can

be computed as:

S Fweeniwie (i fwn)

Fropw(T]2(t) =1 N ,

where both the parameters of the perturbed model used to generate the particles and the

parameters of the conditional cdf Fyy(¢4r)w ) (+|-) are set to their ML estimates. Similarly,

the ML estimate of the M RUL(t) (2.69) is computed as:

MRUL(t) = Skt oo Fweniwe) (Wil gwy) - dr _ /°° Yot Fwamw (W] fun) dr
0

N N ’

where the integral is calculated numerically.

2.9 Conclusions

Stochastic processes can be a powerful tool for the successful implementation of ad-
vanced maintenance strategies. In this chapter, three stochastic process-based degradation
models have been introduced. Specifically, the perturbed gamma process (formulated as
in Giorgio, Mele, and Pulcini (2019)), and the new perturbed inverse Gaussian process
and perturbed gamma process with random effect. Given that all of these processes can
account for measurement error, ad-hoc formulations of the likelihood function and of the

remaining useful life, based on noisy data alone, have been provided.
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Chapter 2 — Mathematical framework for perturbed stochastic processes

Obviously, the presence of measurement error complicates the already difficult en-
deavor of calibrating a degradation model. To address this issue, a new EM algorithm
(with the corresponding implementation for all considered processes) has been proposed.
All of these algorithm (i.e., formulating the likelihood, the remaining useful life, and using
the EM algorithm) rely on an effective filtering procedure for their successful implemen-
tation. To this end, the adopted implementation of the particle filter has been described.

In the following chapters, the effectiveness of these stochastic processes as degradation
models will be demonstrated. Moreover, maintenance policies that take advantage of their

use will be presented.
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CHAPTER 3

RELIABILITY APPLICATION OF THE NEW
GAMMA DEGRADATION PROCESS WITH
RANDOM EFFECT AND
STATE-DEPENDENT MEASUREMENT
ERROR

3.1 Introduction

The gamma process has shown its effectiveness in describing a wide range of degrada-
tion phenomena. It is commonly used when degradation progresses gradually over time
through small non-negative increments. However, it is widely acknowledged that the basic
form of the gamma process only accounts for the inherent variability associated with the
temporal progression of degradation in a specific unit, referred to as temporal variability.
In practical settings, degradation paths of technological units often exhibit other forms of
variability. For instance, degradation data collected through in-service and non-destructive
inspection methods are frequently affected by measurement errors, which hinder the ac-
curate observation of the actual degradation level. Additionally, even nominally identical
units may display degradation patterns that differ due to the influence of several factors,
both exogenous and endogenous, with values that can vary across units. In this chapter,
we focus on experimental situations where both measurement errors and unit-to-unit vari-
ability are present. Specifically, we consider the case where the heterogeneity between the
observed degradation paths of different units cannot be attributed to any specific cause.
This form of variability is generally known as random effect and is typically modeled

by assuming that one or more parameters of the underlying degradation process vary
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and state-dependent measurement error

randomly from unit to unit.

In order to address the presence of measurement errors many perturbed degradation
models have been proposed in the literature. However, the existing gamma-based per-
turbed degradation models found in the literature are often not mathematically tractable.
Computationally intensive methods are required to both estimate model parameters from

perturbed data and perform predictions based on the observed data.

The main goal of this chapter is to illustrate the results of some examples of application

of the gamma-based perturbed degradation model presented in Chapter 2.4. Obviously,
perturbed models that incorporate random effects are inherently more complex than those
that only account for temporal variability. Therefore, it is crucial to strike a balance be-
tween model accuracy and computational complexity in order to facilitate their practical
use. Indeed, the driving idea of this chapter is to develop this extension without signifi-
cantly increasing the computational burden of the original model or imposing additional
restrictive constraints.
To describe the underlying degradation process in the new model, we adopt the math-
ematically tractable gamma process with random effect, initially introduced by Lawless
and Crowder (2004) which has proven to be flexible and effective in previous studies (e.g.,
see Xiao Wang (2008), Elsayed and Liao (2004), Tsai, Tseng, and Balakrishnan (2012),
Y.-J. Yang et al. (2014), and H. Hao, Su, C. Li, et al. (2015)). A key characteristic
of the proposed model, that is shared with the one suggested in Giorgio, Mele, and
Pulcini (2019), is that the model construction assumes that the measurement error is
stochastically dependent on the actual degradation level and that, given the actual degra-
dation level, it is conditionally distributed as a three-parameter inverse gamma random
variable. This particular setup, extensively discussed and justified in Giorgio, Mele, and
Pulcini (2019), distinguishes the proposed model from other perturbed degradation mod-
els found in the literature, which typically assume normally distributed errors and/or
treat them as statistically independent of the underlying degradation process (see Lu,
Pandey, and W.-C. Xie (2013), Kallen and Van Noortwijk (2005), Le Son, Fouladirad,
and Barros (2016), Bordes, Paroissin, and Salami (2016), Whitmore (1995), C.-Y. Peng
and Tseng (2009), R. Zhou, Gebraeel, and Serban (2012), Si et al. (2014), S. Hao, J. Yang,
and Bérenguer (2019a), S. Hao, J. Yang, and Bérenguer (2019b)).

To demonstrate the affordability of the proposed approach, two practical examples
are developed to showcase the effectiveness of the proposed model, based on perturbed

degradation measurements of carbon-film resistors (the first) and on fuel cell membranes
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(the second).

For the sake of clarity, the remainder of this chapter only reports the results of the
mentioned application examples. Indeed, the detailed mathematical description of the
model is presented in Chapter 2.4, the formulation of the likelihood function is discussed in
Chapter 2.5, the cumulative distribution function of the remaining useful life is presented
in Chapter 2.6, while the EM algorithm and the particle filter are presented in Chapters
2.7 and 2.8, respectively.

3.2 Applicative example I

In this section, the proposed model is applied to the degradation data of carbon-film
resistors tested at 173° , given in Meeker and Escobar (1998). These data consist of m = 10
degradation paths, each one with n, = 4 measurements, for a total of 40 measurements.
Measurement times are the same for all units (¢;,; =t;, Vi =1,...,m). The degradation
measures the percent increase in resistance (with respect to the initial value). When the
resistance of a resistor increases by more than 8% (i.e., the degradation level passes the
threshold value wy; = 8) then it is declared as failed.

The data are reported in Table 3.1, and present a direct clue of the presence of measure-
ment error under the form of a negative increment (specifically, in the case of path #T7).
This prevents from using a gamma process without measurement error, as well as any
other degradation process with intrinsically non-negative increments.

Moreover, the data also show empirical evidence of positive correlation between observed
increments (specifically, five out of six empirical estimates of the correlation coefficient
between increments are positive), which might suggest the presence of random effect.

The MLEs of the six parameters of the proposed perturbed process (here referred
to as model M1) are reported in the first column of Table 3.2, together with the cor-
responding value of the log-likelihood function and the value of the Akaike Information
Criterion (AIC) (see Akaike (1974)). For the sake of comparison, the second column of the
same table reports the MLEs of the parameters, the value of the log-likelihood function
at the MLEs of model parameter, and the value of the AIC index obtained under the
five-parameter perturbed (fixed effect) gamma process proposed in Giorgio, Mele, and
Pulcini (2019) (here referred to as model M2).

The values of the AIC index obtained under the competing models indicate that the

proposed gamma process with random effect (M1) fits the considered carbon-film data
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better than the (fixed effect) gamma model (M2). Actually, given that in the absence
of random effect model M1 reduces to model M2, as remarked in Giorgio, Guida, and
Pulcini (2018), model M2 can be considered as asymptotically nested into model MI.
Hence, the null hypothesis (Hy), that the considered data follow the (simpler) model M2,
can also be (more formally) checked against the alternative hypothesis (H;) that they
follow model M1, by using the likelihood ratio test. The test statistic is defined as LR =
—2 - [In(Ly) — In(Ly)], where Ly and L; denote the MLEs of the log-likelihood functions
obtained under models M2 and M1, respectively. The null hypothesis is rejected for large
values of LR. In the considered case, when Hj holds, the test statistic is approximately
distributed as a x? random variable with 1 degree of freedom. From Table 3.2, it results
LR = 20.52. Thus, by comparing the observed value 20.52 with the quantiles of the y?
distribution with one degree of freedom, it is apparent that the null hypothesis can be

rejected at any plausible significance level.

Resistor Measurement times (h)
number 452 1030 4341 8084

1 0.87 1.29 2.62 4.44
2 1.25 188 354 5123
3 264 378 7.01 11.12
4 098 1.36 2.66 4.42
) 1.62 234 382 6.14
6 1.59 241 346 6.75
7 229 224 630 834
8 098 1.37 247 3.74
9 1.04 154 277 4.16
10 1.19 159 3.03 4.52

Table 3.1 — Degradation data of carbon-film resistors at 173°.

Figure 3.1 shows the (perturbed) degradation paths of the considered carbon-film
resistors and the empirical estimates of the mean of the perturbed degradation process
at the measurement times together with the MLE of E{Z(¢)} (i.e., the mean function of
the perturbed process evaluated at the MLESs of the model parameters). The same figure
shows the MLEs of the 0.90 probability bands of Z(t). Note that the MLE of E{Z(t)}
coincides with the MLE of E{W(t)} (see Eq. (2.60)).

Figure 3.2 shows the empirical estimates of the variance of Z(t) at the measurement
times and the MLEs of the variance of Z(t) and W (t) obtained under models M1 and

64



3.2. Applicative example I

Model
M1 M2
MLE
a 0.0636  2.78
b 0.466  0.455
A / 0.136
¢ 0.255 /
d 11.1 /
% 542 842
% 352  4.07
AIC 36.02  44.27

In (L (E, z)) 24.01 -34.27

Table 3.2 — MLEs of the parameters, AIC index, and log-likelihood under models M1 and
M2.

M2.

Figures 3.1 and 3.2 show that model M1 fits the considered data satisfactorily. In fact,
both the MLEs of E{Z(t)} and V {Z(t)} obtained under model M1 are very close to
the corresponding empirical estimates. Likewise, the probability bands contain a fraction
of experimental points that is coherent with their nominal probability content (indeed,
by chance, it is 36/40 = 0.9). The figures also give evidence that model M1 outperforms
model M2 in terms of fitting ability, as it was already concluded by adopting the AIC

criterion and the likelihood ratio test.

In order to investigate the influence of the presence of random effect on the estimates of
the RUL(t), as well as to evaluate the effect of neglecting its presence, let us consider the
MLEs of the ccdf of the RUL (i.e., of the residual reliability function, the complementary
of the cdf in Eq. (2.67)) reported in Figure 3.3. The curves represented in the figure are
the MLEs of the ccdf of RUL(8084) of resistors #5, #7, and #8. These ccdf are computed
as in equation (2.67), by setting the model parameters at the corresponding MLEs. In
particular, from (2.67) and related comments, the ccdf of RUL(8084) of the resistor #i
can be denoted by Fryrsoss)z..(T12i4) = 1 — Frupsoss)|z,.(T|Zi4).

The paths of the considered resistors are represented in Figure 3.4, where the solid
dots indicate the empirical estimates of the mean function at the measurement times.
From Figure 3.3, it is apparent that the MLE of the ccdf F RUL(8084)|Z+.4 (T|27,4) obtained
under model M2 for the resistor #7, whose path (see Figure 3.4) is entirely above the
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Figure 3.1 — Observed degradation paths of the carbon-film resistors (empty dots con-
nected by thin solid lines), empirical estimate of E{Z(t)} at measurement times (solid
dots), MLEs of E{W(t)} = E{Z(t)} obtained under model M1 (solid line) and M2
(dashed line), and MLE of 0.90 probability bands of Z(t) obtained under model M1 (dot-
ted lines).

empirical mean, is much more optimistic than the corresponding estimate obtained under
(the more appropriate) model M1. In a specular way, it is also apparent that the MLE
of the ccdf FRUL(8084)| 2s.4(T|2s4) obtained under model M2 for resistor #8, whose path
is below the empirical mean, is much more pessimistic than the one obtained under (the
more appropriate) model M1. Indeed, the difference between the estimates provided by
models M1 and M2 for a given resistor increases with the distance existing between its
(observed) degradation path and the empirical mean. In fact, for example, Figure 3.3 also
shows that the MLEs of the ccdf FRUL(8084)|2574 (T]25.4) of the resistor #5 (see Figure 3.4)
obtained under models M1 and M2 are relatively close one to the other.

This behavior is confirmed by the MLEs of the M RU L(8084) of resistors reported in
Table 3.3, that are computed as in Eq. (2.69), by setting the model parameters at the
corresponding MLEs. In fact, from the table, it is apparent that the MLEs of the mean
remaining useful life obtained under model M2 are larger than those obtained under
model M1 in the case of resistors whose degradation progresses faster than the mean,

being smaller in the case of those whose degradation progresses slower. At the same time,
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Figure 3.2 — Empirical estimates of V {Z(¢)} at measurement times (solid dots) together
with the MLEs of V {Z(t)} and V {W(t)} obtained under model M1 (bold and thin solid
lines) and M2 (bold and thin dotted lines).

Resistor #
1 2 3 4 5 6 7 8 9 10

M1 32,165 14,861 3.85 29,774 7,927 7,904 1,419 35,867 27,465 22,207
M2 19,698 14,613 2,815 19,537 11,909 11,535 6,672 2,209 19,719 17,858

Table 3.3 — MLEs of the MRUL of the carbon-film resistors evaluated under model M1
and M2 at £, = 8084.

the difference between the estimates obtained under the considered models for a specified
resistor is relatively small if its degradation path is close to the mean. From the values
reported in Table 3.3, it is also apparent that the MRUL estimates obtained under model
M1 vary from resistor to resistor more than those obtained under model M2.

Indeed, the difference existing among the MLEs of MRUL (and/or among those of
the ccdf of RUL) obtained for different resistors under a given model, depends both on
the actual state of the resistors (i.e., on the gap existing between their true degradation
level and the threshold limit) and on the rapidity with which their degradation level is
expected to progress over future time. Under the considered perturbed models, all the

information available at time ¢4, about the current true degradation state of the resistor
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Figure 3.3 — MLEs of the conditional cedf of RU L(8084) of carbon-film resistors #5, #7,
and #8 under models M1 (solid lines) and M2 (dashed lines), given the past perturbed
measurements available for each resistor at time ¢, = 8084.

#i and its future degradation growth is contained in the conditional pdfs fy () z, ,(w|2i4)
and fAw (t4,t4+A0)| zi,4(Aw|zi74), respectively. Hence, to better understand how the presence
of random effect impacts on the MLEs of the mean and ccdf of the remaining useful life,
it is worth to see how it influences the MLEs of these pdfs. Figure 3.5 shows the MLEs
of the conditional pdfs fi () zs.(W|254), fw(ts)zr.(W|274), and fuw () zs.(w|zs4) of the
degradation state of resistors #5, #7, and #8 at t, = 8084, obtained under models M1
and M2. The figure shows that the MLEs of these pdfs obtained under the model M1 differ
(one from the others) more than those obtained under model M2. This result was expected
because the (fixed effect) model M2 is less prone than model M1 to tolerate differences
among the (hidden) degradation levels of the resistors. In fact, as it is shown in Figure 3.2,
the MLE of V{W (%)} obtained under model M2 is much smaller than the one obtained
under model M1. Furthermore, it also results that the pdfs estimated under model M2 are
more dispersed (in terms of coefficient of variation) than the corresponding ones obtained
under model M1. This latter result can be intuitively understood by considering that,
to explain the substantial difference existing between the empirical estimate of V{Z(t)}
and the MLE of V{W(¢)} (see Figure 3.2), model M2 overestimates the variance of the

measurement error.
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Figure 3.4 — Degradation paths of resistors #5, #7, and #8 and empirical estimates of
E{W (t)} at the measurement times.
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Figure 3.5 — MLEs of the conditional pdfs of the degradation state of the resistors #b5,
#7, and #8 at t; = 8084, given the perturbed measurements available at t, obtained
under models M1 (solid lines) and M2 (dashed lines).
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Figure 3.6 — MLEs of the conditional pdfs of the degradation increments W (8084, 8084 +
4000) of the resistors #5, #7, and #8, obtained under models M1 (solid lines) and M2
(dashed line), given the perturbed measurements available at ¢, = 8084.

Figure 3.6 shows the MLEs of the conditional pdfs faw(tstatae)zs.(Aw|zs4),
Jaw o taran)|z,(Aw|zra), and faw (e i+ae)zs. (Aw|2zs4) of the degradation increment
AW (ty,t4+ At) of the resistors #5, #7, and #8, over the future time interval (¢4, t4+ At),
where ¢, = 8084 and (without loss of generality) At = 4000. Note that, under model M2,
given that the hidden process has independent increments, the estimated pdfs of different

resistors (dashed line) coincide with each other.

The figure confirms that the increments predicted under model M1 are larger or smaller
with respect to those predicted under model M2 depending on the resistor. In fact, in the
presence of unit to unit variability, the degradation process of resistor #7, whose observed
path is above the empirical mean, is expected to progress faster than the degradation
process of resistor #8, whose path is below the mean. Furthermore, it is also worth to
note that the conditional pdf of the increment obtained for resistor #5 under the model
M2 is very similar to the one obtained for the same resistor under the model M1. In fact,

the path of the resistor #5 is close to the empirical mean.
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3.3 Applicative example 2

The second example is developed by applying the proposed model to the microcrack
growth data reported in Table 3.4. This dataset, given in Elsayed (2021), consists of
the microcrack propagation paths of 10 fuel cell membranes. Measurements are taken at
six different measurement times. The microcrack size is expressed in 107¢ in (inches).
The measurement unit of time is not specified. The membranes are considered failed
when the size of the microcrack exceeds the threshold 10,000 x 107° in. By following
Elsayed (2021), we assume that the microcrack propagation is monotone increasing and

that data are affected by measurement error.

Fuel cell Measurement times (h)
membrane # 5 10 15 20 25 30
1 200 647 1507 1190 1651 1980
2 270 605 933 2738 4091 2444
3 137 566 1641 2332 1518 1499
4 179 1508 1127 719 1630 1080
5 282 640 799 2585 1424 1570
6 147 873 831 2520 1730 3125
7 19 1308 744 677 1767 1090
8 322 952 846 1662 4724 5727
9 286 1669 755 490 2537 1779

—
o

137 799 917 1856 2485 1566

Table 3.4 — Microcrack growth of fuel cell membranes.

The MLEs of the parameters of the proposed model (M1) and for the perturbed gamma
model without random effect (M2) are reported in the first and second column of Table
3.5, respectively, together with the corresponding values of the log-likelihood function and
the values of the AIC index.

The values of the AIC index reported in Table 3.5 shows that in this case the Akaike
information criterion leads to prefer model M2. This conclusion is confirmed by the like-
lihood ratio test. In fact, from the results reported in the same table, it is easy to verify
that in this case the test statistic LR = —2 - [In(Lg) — In(Ly)], where Lo and L; denote
the MLEs of the log-likelihood functions obtained under models M2 and M1, is equal to
0.49, a value that does not allow to reject the null hypothesis (that the considered data
follow model M2) at any plausible level of significance. Figures 3.7 and 3.8 make apparent
that both models M1 and M2 fit the considered data satisfactorily and also that, in this

71



Chapter 3 — Reliability application of the new gamma degradation process with random effect
and state-dependent measurement error

Model
M1 M2

MLE

a 1.27 1.32

b 1.16 1.16

A / 67.3

¢ 2274 /

d 35.89 /

% 0.0509  0.0731

D 1.42 1.47
AIC 935.76  933.26

In (L (€)) ~461.89 -461.63

Table 3.5 — MLEs of the parameters, AIC index, and log-likelihood under the considered
competing models.

case, their fitting abilities are comparable, confirming that model M1 provides a better
trade-off between fitting ability and model complexity than model M2, for these data.
From Figure 3.10 and Table 3.6, it is apparent that the MLEs of the ccdf and mean of
RUL(30) obtained under models M1 and M2 for membranes #1, #4, and #8 (see Figure
3.10) are much more similar to each other than the MLEs of the ccdf of RUL(8084) and
MRUL(8084) of resistors #5, #7, and #8 shown in Figure 3.3 and Table 3.3, respec-
tively. Indeed, the estimates obtained for the resistors vary both from unit to unit (given
the model) and from one model to the other (given the unit) much more than those ob-

tained for the membranes. Similarly, Figures 3.11 and 3.12 show that, in this case, also

Resistor #
1 2 3 4 5 6 7 8 9 10

M1 69.1 59.2 715 79.5 719 63.1 834 556 76.5 68.6
M2 689 668 694 71.6 69.8 67.7 73.0 65.1 70.8 68.9

Table 3.6 — MLEs of the MRUL of the fuel cell membranes evaluated under model M1
and M2 at tg = 30.

the MLEs of the conditional pdfs fiy ()2, s(W|216), fw(te)Zas(W|Za6): fvie)zss(W]2s86),

fAW(tG,t(;#»At)‘ZLG (Aw|zl,6)7 fAW(ts,t6+At)‘Z4’6 (A’UJ|Z4,6), and fAW(t67t6+At)|Z8’6 (Aw|z876)7 Ob_
tained under model M1 and M2 are much more similar to each other than the correspond-

ing estimates represented in Figures 3.5 and 3.6.

72



3.4. Conclusions

6000 T T T
—M1
- = M2
® Empirical mean
5000 | cunee. Probability bands
—o— Perturbed measurements

+
o
o
o
.
R
0
o
.
o
0y

degradation level

Figure 3.7 — Observed paths of fuel cell membranes (empty dots connected by thin
solid lines), empirical estimate of E{Z(t)} at measurement times (solid dots), MLEs
of E{W(t)} = E{Z(t)} obtained under model M1 (solid line) and M2 (dashed line), and
MLE of 0.90 probability bands of Z(t) obtained under model M1 (dotted lines).

Obviously, this result is also due to the circumstance that the paths of membranes
#1, #4, and #8 represented in Figure 10 are more similar (one to the others) than the
paths of resistors #5, #7, and #8, represented in Figure 3.4. On the other hand, as it is
apparent from Figure 3.9 in this application there are no paths that are completely above
or completely below the mean function. In fact, this is exactly the reason why according
to the Akaike information criterion and the likelihood ratio test, in this application, there

is not a significant presence of random effect.

3.4 Conclusions

In this chapter, the new degradation model described in Chapter 2.4, that accounts
for the joint presence of measurement error and random effect, has been applied. Under
this model, the degradation path of a specific unit is modeled as a gamma process. The
presence of random effect is accounted for by assuming that the rate parameter of the unit
specific gamma process varies randomly from unit to unit. In fact, the rate parameters of

different units are assumed to be (unobservable) realizations of independent and identi-
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Figure 3.8 — Empirical estimates of V{Z(t)} at measurement times (solid dots) together
with the MLEs of V{Z(t)} and V{W(t)} obtained under model M1 (bold and thin solid
lines) and M2 (bold and thin dotted lines).

cally distributed gamma random variables. Finally, to complete the model, it is assumed
that the measurement error depends on the hidden measured degradation level, and that,
given the actual degradation level, it is conditionally distributed as a three-parameter
inverse gamma random variable.

Under this setting, directly maximizing the likelihood function has proven to be a
challenging task (especially in terms of computational time) and therefore a procedure that
combines a particle filter and an expectation-maximization algorithm has been suggested,
that allows to solve this numerical issues. Moreover, a simple algorithm based on the same
particle filter has been also adopted to compute (perturbed measurement-based) estimates
of functions of the model parameters, such as the cumulative distribution function of
the remaining useful life and the conditional (perturbed measurement-based) probability
density functions of the true (hidden) degradation level. To demonstrate the affordability
of the proposed estimation procedure, two applicative examples have been developed on
the basis of two sets of degradation measurements of carbon-film resistors and fuel cell
membranes, respectively.

In the first example, the presence of a random effect was found to be statistically

significant, whereas in the second example it was not. The results obtained indicate that
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Figure 3.9 — Degradation paths of membranes #1, #4, and #8 and empirical estimates
of E{W(¢)} at the measurement times.

the proposed model fits the first dataset significantly better than the perturbed gamma
process suggested in Giorgio, Mele, and Pulcini (2019). On the other hand, both models
adequately fit the second dataset, with the fixed effect model offering a better balance
between fitting ability and complexity. The fitting ability of the two competing models was
evaluated using the Akaike information criterion and likelihood ratio test. By comparing
the estimates of cumulative distribution function and mean of the remaining useful life
under the two models, we observed that while the estimates provided by the competing
models were quite similar for the second dataset, the fixed effect model yielded noticeably
poorer estimates than the proposed perturbed gamma model with random effect for the
first dataset.

These examples show that neglecting the presence of random effect in the cases where
it is significant can lead to significantly poorer prediction performances. In the context
of maintenance decision-making then, intuition would suggest that when random effect is
thought to be present, developing an ad-hoc maintenance strategy that directly takes it

into account can lead to better results. Some examples of such strategies will be illustrated
in Chapter 5.
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Figure 3.10 — MLEs of the conditional ccdf of RUL(30) of fuel cell membranes #1, #4,
and #8 under models M1 (solid lines) and M2 (dashed lines), given the past perturbed
measurements available for each resistor at time tg = 30.
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Figure 3.11 — MLEs of the conditional pdfs of the degradation state of the membranes
#1, #4, and #8at ts = 30,0btained under models M1 (solid lines) and M2 (dashed lines).
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CHAPTER 4

MISSPECIFICATION ANALYSIS OF
GAMMA- AND INVERSE GAUSSIAN-
BASED PERTURBED DEGRADATION

PROCESSES

4.1 Introduction

In the previous chapters, we tackled the problem of the joint presence of tempo-
ral variability, unit-to-unit variability and measurement errors, which can all be seen as
forms of aleatory uncertainty. In this chapter, we will focus our attention on what could
be seen as epistemic uncertainty. In fact, the goal of this chapter is to investigate the
misspecification issue of two stochastic processes that present very similar statistical fea-
tures, the gamma and inverse Gaussian process. Both are widely applied in engineering
and reliability, offering natural choices for modeling monotonic degradation phenomena
(e.g., see Abdel-Hameed (1975), Van Noortwijk (2009), Wu et al. (2018), Xiaofei Wang
et al. (2021), Wasan (1968), Xiao Wang and Xu (2010), Ye and N. Chen (2014), C.-Y.
Peng (2015), L. A. Rodriguez-Picén, A. P. Rodriguez-Picon, and Alvarado-Iniesta (2019),
Morita et al. (2021), Ye and M. Xie (2015), Kahle, Mercier, and Paroissin (2016)). Despite
not being fully equivalent, they are often treated as such.

This situation makes the model misspecification issue of gamma and inverse Gaussian
processes interesting and important. However, distinguishing between these models can
be challenging, especially in practical applications where only noisy data can be gathered
(as it often is when in-service and non-destructive inspections methods are implemented,
e.g., Lu, Pandey, and W.-C. Xie (2013)).

Indeed, when measurement error is present, it can hinder the direct evaluation of a model’s

ability to describe the underlying degradation process, crucial in reliability and mainte-
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nance applications. However, despite its importance, this misspecification problem has
received limited attention in the literature, particularly when addressing situations with
measurement errors. The basic issue (i.e., without measurement error) has been addressed
in Zhang and Revie (2016) and Tseng and Yao (2017), but, to the best of our knowledge, no
papers are available in the literature that tackle the misspecification issue in the presence

of measurement error.

To address this gap, we conducted a comprehensive Monte Carlo study focusing on
how the presence of measurement error impacts the misspecification issue of gamma and
inverse Gaussian processes. The study has been carried out considered as competing mod-
els the perturbed Gamma process proposed by Giorgio, Mele, and Pulcini (2019) and a
new perturbed inverse Gaussian process. Both competing models share the same model-
ing solution for the measurement error. Moreover, in order to facilitate the comparative
analysis, the inverse Gaussian process has been reparameterized such that the considered
competing models share the same parameters and the same functional forms of the mean

and variance functions.

As in Giorgio, Mele, and Pulcini (2019), the error term is supposed to depend (in
stochastic sense) on the hidden degradation level and, conditionally to the degradation
level, is modeled as a 3 parameter inverse gamma random variable. This modeling solution
distinguishes the considered models from other perturbed degradation models suggested
in the literature, where the error is modeled by using a Gaussian distribution and/or is
assumed to be stochastically independent of the hidden degradation process (e.g., Lu,
Pandey, and W.-C. Xie (2013), Le Son, Fouladirad, and Barros (2016), Bordes, Paroissin,
and Salami (2016), S. Hao, J. Yang, and Bérenguer (2019a), X. Chen et al. (2019)).
Moreover, it ensures that the perturbed measurement is non negative, a result that is not
guaranteed in the case where the error term is described by using the Gaussian model,
especially when the magnitude of the standard deviation of the error term is comparable
to that of the measured degradation level. Nonetheless, for the sake of generality, as an
alternative modeling solution, we have also examined the case where the error term is
modeled by using a Gaussian distribution. Also in this second case, by following Pul-
cini (2016), we have assumed that the measurement error depends in stochastic sense
on the measured degradation level. Yet, as a special case under the proposed model, we
have also considered the classical assumption where the error is independent of the hid-
den degradation process. For the sake of readability, the detailed formulation of these

processes is not illustrated in this Chapter, but is available in Chapter 2.3.
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Both the misspecification of a perturbed gamma process with a perturbed inverse
Gaussian one and the symmetric case of the misspecification of a perturbed inverse Gaus-
sian process with a perturbed gamma one are considered. Model parameters are estimated
from perturbed data by using the maximum likelihood (ML) method.

The fitting ability of the considered competing perturbed models is evaluated by using
the Akaike information criterion (AIC) (see, e.g., Akaike (1974)). The risk of incurring
in a misspecification is evaluated as percentage of times the AIC leads to select the
wrong model. The severity of a misspecification is evaluated in terms of its impact on
ML estimates of reliability and mean remaining useful life. The impact of the presence
of measurement error on risk and consequences of incurring in a misspecification is eval-
uated by comparing the obtained results with those obtained by carrying out the same

misspecification analysis in the absence of measurement errors.

Unfortunately, as it also occurs in the case of other gamma and inverse Gaussian based
perturbed degradation models, computing the likelihood functions, which are not available
in closed form, requires intensive numerical methods that, at the same time, increase
the computational burden and exacerbate convergence issues of numerical optimization
algorithms used to retrieve the ML estimates. Indeed, mainly due to numerical problems
and long computational times, the performance of ML estimators of parameters of the
gamma and inverse Gaussian based perturbed degradation processes, and/or functions
thereof, are typically investigated by using a relatively small number of synthetic datasets,
a situation that does not allow to obtain results characterized by an adequate degree of

accuracy.

In order to overcome this limitation, we suggest and adopt a new sequential Monte
Carlo Expectation Maximization (EM) algorithm, which allows to drastically simplify
the estimation task and (consequently) to find a better tradeoff between precision and
computational affordability of the Monte Carlo study (again for the sake of clarity, the
mathematical details about this procedure is not illustrated here but can be found in
Chapter 2.7). In fact, the use of this algorithm allows us to perform a Monte Carlo study
where each index of interest is evaluated on the basis of 2,000 simulated datasets.
Nevertheless, the misspecification study is still a very time-consuming task, even when
using this new algorithm. This is mainly because to correctly apply the Akaike information
criterion a very accurate evaluation of the ML estimates of the 5-parameter log-likelihood
function is required. In the considered misspecification analysis, we observed that in about

6% of cases the likelihood function of the competing models differ only in the fourth
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significant figure and more rarely (in less than 1% of cases) only in the fifth significant
figure. Obtaining this accuracy demands (in the considered setup) a very high number of

particles (say, 500,000 or more), which significantly affects the computational burden.

4.2 Misspecification analysis

We address two misspecification issues: namely, the misspecification of a perturbed
gamma process (PGP) with a perturbed inverse Gaussian process (PIGP) and the sym-
metric case of the misspecification of a PIGP with a PGP. To this aim, we have developed
a large Monte Carlo study where three realistic experimental scenarios are simulated by
using the setups described in Table 4.1. As already mentioned in Chapter 2.3, the age
function is modeled by using the widely adopted power law function n(t) = (t/a)’.

Setup a b 0 w v
A 1.25 1 125 8 1
B 1 1 1 10 1
C 05 1 05 20 1

Table 4.1 — Setups A, B, and C used to generate the datasets.

In particular, this specific choice of the parameters ¢ and v allows (see Eq. (2.36)) to
calibrate the error term so that the ratio between the variance of the perturbed and hidden
processes (i.e., V{Z(t)} /V {W(t)}) is time independent and equal to 1+1/(6-¢) = 1.10,
under all the considered setups. This means that the variance of the error term depends
on the magnitude of the measurement degradation level and that, due to the presence
of measurement errors, (V¢ > 0) the variance of Z(t) is 10% higher than the variance of
W(t).

We have firstly investigated the case where the error term is modeled by using option
1). Under each setup, we have used the true model (i.e., either the PGP or the PIGP,
depending on the misspecification issue of concern) to generate N; = 2000 synthetic
datasets. Each dataset consists of m = 6 degrading paths, which simulate the evolution of
the perturbed degradation levels of as many degrading units. Each path consists of n; = 6
perturbed measurements, taken at equally spaced inspection times (t; = 1, ty = 2, t3 = 3,
ty = 4, ts = 5, and tg = 6, expressed in time units) that are the same for all the units
(thatis: t;; =t; =7,V4,7,i=1,...,mand j =1,...,6). Together with each perturbed

measurement we also kept the value of the measured (hidden) degradation level, which is
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generated (as an intermediate result) by the algorithm that we have adopted to generate
the perturbed data. The true values of the hidden (i.e., measured) degradation levels are

used to perform comparative analyses.

Note that, under all the considered settings the hidden processes are homogeneous
(i.e., the parameter b is always set to 1). Hence, given that they also have independent in-
crements, and that measurement times are equally spaced, the hidden increments W (t;),
AW (t1,t3), ..., AW (ts, tg) (where W (t;) = AW (tg,t1)) of any considered degradation
path are always independent and identically distributed. Moreover, as remarked in Chap-
ter 2.3, given the setup, the mean and variance of these increments do not depend on
the considered (i.e., either gamma or inverse Gaussian) hidden model. These convenient
settings allow to create, without loss of generality, a direct and easily interpretable link

between the risk of misspecification and the parameter a of the age function.

In fact, considered that, both in the case of the PGP and the PIGP, as An(t;_1,t;)
increases, due to the central limit theorem, the increment AW (¢;_1,t;) tends in distribu-
tion to a Gaussian random variable, it is reasonable to expect that, under the considered
settings, the similarity between the distributions of the mentioned increments, and con-
sequently the risk of incurring in a misspecification, increases with An(¢;_1,¢;) and thus,
being An(t;_1,t;) = a~ ', decreases with a. Indeed, An(t;_1,t;) is equal to 0.8 under the
setup A, to 1 under the setup B, and to 2 under the setup C. This situation is clearly
highlighted in Figure 4.1, where the solid lines (in red) are the pdfs of the mentioned in-
crements under the PGP and the dashed lines (in blue) are the corresponding pdfs under
the PIGP. From Figure 4.1 it is evident that the similarity between the two increments
increases moving from setup A to setup C.

In fact, the setups in Table 4.1 have been specially designed to simulate scenarios with
increasing (i.e., from A to C) risk of incurring in a model misspecification. The values of 6
have been calibrated so that the mean function of the PGP and PIGP (as well as the mean
function of the corresponding hidden models) is the same under all considered setups. The
variance of Z(t) and W (t), for any given t > 0, decreases moving from setup A to setup
C. Each dataset has been used to perform ML estimates of the parameters (a, b, 0, ¢, v) of
both the PGP and PIGP. Then, dataset by dataset, the AIC has been used to select the
model that provides the best fit for that dataset. A misspecification is assumed to occur
when the AIC leads to select the wrong model (that is, the PIGP in the case of a dataset
generated by using the PGP and the PGP in the case of a dataset generated by using the

PIGP). Under each considered setup, results obtained by performing these analyses have
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Figure 4.1 — Pdf of the increments AW (t;_;,t;) of the considered hidden competing
processes under the adopted setups.

been used to evaluate the percent risk of misspecification as:

rn% = (]]VVT) 100, (4.1)
where N,, indicates the number of datasets where a misspecification occurred and N; is
the total number of datasets (i.e., 2000) used to conduct the analyses. For the index 7,
we have computed six values, three values from the datasets generated under the PGP
process and three from those generated under the PIGP, which provide (under each setup)
the risk of incurring in a misspecification of a PGP with a PIGP and the risk of incurring
in the misspecification of a PIGP with a PGP, respectively.

The consequences of incurring in a misspecification have been evaluated in terms of its

impact on the estimate of the remaining useful life measured by the root mean square
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error (RMSE) of the ML estimators of the M RUL(6) as:

Ny & (MRUL(6)yk; — MRUL(6)s;)

RMSEp 4 = J > By

k=11i=1
where:

— The subscript d of RMSE,; 4 specifies which are the Ny datasets used to compute
the index. In particular, d = ¢ indicates that RMSE) 4 is calculated by using all
the N, datasets, d = m indicates that it is calculated by using only the N datasets
that did not lead to a misspecification, and d = m indicates that it is calculated by

considering only the NN, datasets that led to a misspecification.

— The subscript M of RMSE) 4 specifies which is the model used to estimate the
MRUL(6). In particular, M = PGP indicated that the estimates are obtained by
using the PGP while M = PIGP indicates that the estimates are obtained by using
the PIGP.

— MRUL(6)y,; is the true value of the M RUL of the unit whose degradation path,
up to tg = 6, is described by the ith path (: = 1,...,m) of the kth dataset (k =
1,...,Ny). In fact, MRUL(6), is computed, path by path, under the true model

(i.e., the same model used to simulate the data) as:

MRUL(6)k; = MRUL (t{W(6)k,; = w(6))
= | Bvesnmwon, (DIW ) = w(®)) - dr

_ /0 Fawesn (D — w(6):) - dr (4.3)

where Faw(i14)(+) is either the (2.16) or the (2.17) depending on the true model
(i.e., PGP or PIGP, respectively), with parameters set to the values reported in
Table 4.1 (according to the considered setup), and w(6)y; is the true (hidden) value
of the degradation level of the ith unit of the kth dataset at ¢t = 6 (i.e., the true
value of W(6),), which in this simulation study is known. From each dataset six

values of MRUL(6)y.;

— MRU, L(6)prk, is the ML estimate of the M RU L of the unit whose observed degra-
dation history, up to t¢ = 6, is described by the ¢th perturbed path of the kth
dataset, here denoted as Z(6)g ;. ]\@L(@M’k’i is computed as in (2.69), by us-
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ing the model M (i.e., either M = PGP or M = PIGP) with parameters set to
the corresponding ML estimates obtained, under the same model M, from the kth
dataset. In this case the distribution of the RUL used to compute the MRUL is con-
ditional to Z(6); = z(6)x,. This estimate depends on the dataset, on the model
M, and on the (whole) perturbed degradation path of the considered unit (note
that both the PGP and PIGP are non-Markovian). From each dataset are obtained
twelve values of ]\@ L(6) ki six under the PGP and six under the PIGP. Hence,
m L(6)pk,; differs from the true value M RUL(6),; because it is conditional to
the perturbed measurements instead than on the true (hidden) degradation level and
because model parameters are estimated. Moreover, it is worth to underline that,
when MRU L(6)px, is computed by using the wrong model, the ML estimates of

model parameters are obtained by using the wrong model;

Next, we have repeated the same analyses by modeling the error term according to option
2).

Furthermore, under both the error models 1) and 2), we have also considered the case
where v = 0. In this latter case, the simulated data used to conduct the Monte Carlo
study have been generated by using the setups described in Table 4.2, which differ from

those given in Table 4.1 for the parameters of the error term only. In particular, differently

Setup a b 60 v v
A 125 1 125 8/3 0
B 1 1 1 10/3 0
C 05 1 05 20/3 0

Table 4.2 — Setups A, B, and Cused to generate the datasets when v = 0.

than under the setups reported in Table 4.1, in this case the ratio between the variance of
the perturbed and hidden processes (i.e., V{Z(t)} /V {W (t)}) is not time independent.
In fact, under each setup (i.e., A, B, and C, respectively), here the value of the parameter
¢ has been selected to set the variance of the error term (that is equal to V {e(t)} = 1/¢)
to the value that V {e(¢)} assumes at ¢t = 3, when ¢ and v are those given in Table 4.1.
Note that, under the setups given in Table 4.1, V {e(¢)} increases linearly from ¢ = 0,
where it is null, to ¢ = 6, where it is equal to 6/¢. Thus, adopting the setups given in
Table 4.2 allows to set V {(¢)} to the value that the same variance assumes in mean over
the time interval (0, 6) under the setups given in Table 4.1. Accordingly, under the setups
given in Table 4.2, given that V {&(¢)} does not depend on ¢, the ratio V {Z(¢t)} /V {W(t)}
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decreases at t increases.

It is worth to remark again that, under option 2) when v = 0, the adopted modeling
solution reduces to the classical case where the error term is Gaussian distributed and
independent of the measured degradation level.

Here, for the convenience of the readers we report a scheme of the step-by-step procedure
we have used to evaluate the risk and consequences of model misspecification under a

given setup and a given true model:

1. Select the true model (i.e., either PGP or the PIGP with a given error model) and
a setup (i.e., either A, B, or C) from Table 4.1 or Table 4.2, depending on v;

2. Repeat steps 3-6 N; = 2000 times;

3. Under the true model, simulate a synthetic dataset. At this step the true hidden
degradation values, generated at an intermediate step of the simulation, are also

kept;

4. Use the EM algorithm and the particle filter described in Chapters 2.7 and 2.8
to compute the ML estimates of the parameters of both the PGP and the PIGP.
This step defines the “estimated processes” (i.e., the perturbed gamma and per-
turbed inverse Gaussian processes calibrated by using the ML estimates of model

parameters);

5. Use the AIC to select the best model. In case of incorrect diagnosis (i.e., if the
selected model is not the one used to generate the dataset) a misspecification is

assumed to have occurred;

6. Path by path (i.e., for any & = 1,2,...,2000 and ¢ = 1,2,...,6) compute
MRUL(6)g; under the model used to generate the data and the WL(G)MW
both under the (estimated) PGP and the PIGP;

7. Use the results obtained by these 2000 iterations to compute the indices (4.1) and
(4.2).

For the sake of comparison, the same analysis has also been performed in the absence of
measurement errors (i.e., by assuming that measurements provide exact values of mea-
sured degradation levels). In this latter case the competing models are the gamma process
(GP) and the inverse Gaussian process (IGP) (i.e., the hidden processes) and the datasets
used to perform the Monte Carlo study have been generated under the hidden models

with parameters (i.e., a, b, and @) set to the values given in Table 4.1 (which, as mentioned
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above, coincide with those given in Table 4.2). The results of the mentioned analyses are
reported in Chapters 4.2.1 and 4.2.2.

4.2.1 Risk of incurring in a misspecification

Table 4.3 reports the values of the percent risk of incurring in a misspecification both
when the true model is the PGP and when the true model is the PIGP (i.e., in the
symmetric case). The index r,,(%) is evaluated as in Eq. (4.1). This Table refers to the
case where the error term is modeled by using option 1). The setups used to generate
the data are those given in Table 4.1. As mentioned above, N;, Nz, and N,, indicate the
total number of datasets used to perform the analysis, the number of datasets that did
not lead to a misspecification, and the number of datasets that led to a misspecification,
respectively.

Tables 4.4 reports, by using the same notation, the results of the same analyses in the

absence of measurement errors. Table 4.3 shows that, under all setups, the risk of incurring

True process Setup Ny  Nm  Npo (%)
A 2000 1362 638 31.9

PGP B 2000 1252 748 374
C 2000 1065 935 46.8
A 2000 1484 516 25.8
PIGP B 2000 1470 530  26.5
C 2000 1368 632 31.6

Table 4.3 — Risk of misspecification when the error term is modeled by using option 1).

True process Setup Ny Nm  Npo (%)
A 2000 1888 112 5.6

GP B 2000 1806 194 9.7
C 2000 1541 459 229
A 2000 1843 157 7.85
IGP B 2000 1814 186 9.30
C 2000 1665 335 16.7

Table 4.4 — Risk of misspecification in the absence of measurement error.

in a misspecification of a PGP with a PIGP is about 5 — 10% higher than the one of
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misspecifying a PIGP with a PGP. As expected, in both cases the risk increases moving
from setup A to setup C. In the worst-case scenario, represented by the setup C, the risk
of a wrong diagnosis when the true model is the PGP is close to 50%, whereas in case it
is the PIGP it is close to 30%.

Results reported in Table 4.3 also show that the risk of misspecification depends on
the setup more when the true model is the PGP than when the true model is the PIGP.
An intuitive explanation for this is that passing from the setup A to the setup C the
shape of the pdf of the increments of the hidden inverse Gaussian process depicted in
Figure 4.1 changes less than the shape of the pdf of the increments of the gamma process.
Moreover, it seems that, under every setup, when the true process is the PIGP, it is often
possible to find a PGP that fits the simulated data in an acceptable manner, while the
PIGP more rarely allows to adequately fit PGP data generated under the setups A and B,
where the increments W (t1), AW (t1,t2), ..., AW (t5,ts) of the hidden process are gamma
distributed with shape parameter (i.e., An(t1), An(t,ts),. .., An(ts, tg)) smaller than 1.
In fact, from Figure 4.1, it is apparent that while the pdf of the increment of the gamma
process obtained under the setup C is relatively similar to the pdfs of the increment of the
inverse Gaussian process obtained under the setups A, B, and C, none of pdfs obtained
under the inverse Gaussian process is similar to the pdf of the increment of the gamma
process obtained under the setups .4 and B).

The comparison with the results reported in Table 4.4 shows that, under all the setups,
the presence of measurement errors increases the risk of incurring in a misspecification.
Table 4.4 also shows that in the absence of measurement errors the risk of misspecifying
a GP with an IGP is close to the one of misspecifying an IGP with a GP. Nonetheless, it
seems again that the risk of misspecifying an IGP with a GP depends on the setup less
than the risk of misspecifying GP with an IGP. Table 4.5 reports the value of the percent

True process Setup N,  Nm Ny rn(%)

A 2000 1376 624 31.2
PGP B 2000 1256 744  37.2
C 2000 1067 933  46.7
A 2000 1296 704  35.2
PIGP B 2000 1292 708 35.4
C 2000 1334 666  33.3

Table 4.5 — Risk of misspecification when the error term is modeled by using option 2).
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risk of incurring in a misspecification in the case the error term is modeled according to
option 2). The index r,,(%) is evaluated as in Eq. (4.1). The setups used to generate the
data are again those given in Table 4.1.

Results reported in Tables 4.5 and 4.3 show that the risk of misspecifying a PGP with
a PIGP does not significantly depend on the option adopted to model the error term.
Moreover, they also show that, when the true model is the PIGP, results obtained by
adopting the error term 2) differ from, and are closer to each other than, those obtained
by adopting the error term 1). In fact, it seems that modeling the error term according
to option 2) increases the risk of misspecifying a PIGP with a PGP and reduces the
sensitivity of the mentioned risk on the setup. Indeed, somewhat surprisingly, Table 4.5
also shows that the risk of misspecifying a PIGP with a PGP under the setup C is very
close to (and even slightly smaller than) the corresponding risk computed under the setups
A and B. We have carefully checked and confirmed these latter results in various ways,
yet we do not have an intuitive explanation for them. In fact, we cannot exclude that
the value obtained for r,,(%) under the setup C is smaller than those obtained under the
other setups only for a matter of numerical accuracy. Indeed, the log-likelihood functions
computed under the PIGP and PGP (i.e., those used to calculate the AIC index) in about
6% of cases differ only in the fourth significant figure and in less than 1% of cases only
in the fifth significant figure, which the (time-demanding) numerical procedure used to
compute the log-likelihood does not always allow to calculate in a sufficiently accurate
manner.

As we have already mentioned above, the error term 2) allows the perturbed measurement
to assume negative values, a result that in many applications can be unrealistic. About
this point, we note that, in the case of the datasets used to produce the results reported
in Table 4.5, when the true model is the PGP, we have obtained 989 out of 72,000
negative perturbed measurements under Setup A, 607 out of 72,000 negative perturbed
measurements under Setup B, and 69 out of 72,000 negative perturbed measurements
under Setup C. While, when the true model is the PIGP, we have obtained 443 negative
perturbed measurements under Setup A, 227 under Setup B, and 17 under Setup C.

Finally, Tables 4.6 and 4.7 report the values of the percent risk of incurring in a
misspecification in the cases where the error term is modeled by using the setups reported
in Table 2 (i.e., in the case v = 0). In particular, Table 4.6 refers to the cases where the
error term is modeled by using option 1), while Table 4.7 reports the results obtained by

using option 2).
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Here, in the case of the datasets used to produce the results reported in Table 4.7 we have

True process Setup Ny  Nm  Np 7(%)

A 2000 1307 693 34.6
PGP B 2000 1278 722 36.1
2000 1157 843 422

C
A 2000 1459 541 27.1
B
C

PIGP 2000 1439 561 28.1

2000 1326 674  33.7

Table 4.6 — Risk of misspecification when the error term is modeled by using option 1)
with v = 0.

True process Setup Ny  Nm Ny 7(%)

A 2000 1247 753 377
PGP B 2000 1242 758  37.9
2000 1139 861 43.1

C
A 2000 1216 784  39.2
B
C

PIGP 2000 1195 805 40.3

2000 1185 815 40.7

Table 4.7 — Risk of misspecification when the true processes is the PGP and the error
term is modeled by using option 2) with v = 0.

obtained 3390 negative perturbed measurements under Setup A, 2687 negative perturbed
measurements under Setup B, and 990 negative perturbed measurements under Setup C
when the true model is the PGP. Similarly, when the true model is the PIGP, we have
obtained 2643 negative perturbed measurements under Setup A, 2016 under Setup B, and
718 under Setup C.
In general, by comparing Tables 4.3 and 4.5 with Tables 4.6 and 4.7, it seems that, when
v = 0 the risk of misspecifying a PGP with a PIGP is similar to the one computed when
v = 1. Yet it also seems that, when v = 0 the mentioned risk depends on the setup less
than when v = 1, especially when the error term is modeled by using option 2). The same
effect is also observed when the true model is the PIGP. However, from the same tables,
it also seems that the risk of misspecifiying the PIGP with a PGP under the setups given
in Table 4.2 is higher than under those given in Table 4.1.

It should be emphasized that, strictly speaking, the results obtained by setting v = 0

and v = 1 are not entirely comparable to each other because, as mentioned before, while
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under the setups reported in Table 4.1 the variance of the error term, £(t), is proportional
to the measured degradation level W (¢) under the setups given in Table 4.2 the variance of
e(t) does not depend on W (t). However, a possible intuitive explanation of the difference
existing between the results obtained when ¥ = 0 and when v = 1 can be given by focusing
on the importance of the measurement obtained at the first measurement epoch. Indeed,
as shown in Figure 4.1, the shapes of the pdfs of the increments of the hidden gamma and
inverse Gaussian processes mainly differ in the left tail. The same figure also shows that
the difference diminishes as 7(t) increases (i.e., moving from the setup A to the setup C).
For the same reasons the considered shapes become more and more similar as ¢ increases,
because 7)(t) increases with ¢ and both the gamma and the inverse Gaussian random
variables as n(t) increases tend in distribution to a Gaussian random variable (i.e., to
the same Gaussian random variable, because the considered competing hidden processes
have identical mean and variance functions). Based on this reasoning, it is reasonable to
expect that the first perturbed measurements are the most useful to identify the hidden
processes. Consequently, given that V {¢(¢)} at ¢ = 1 is larger when v = 0 than when
v = 1, it results that the perturbed measurements performed at t = 1 when v = 0 are
less useful to identify the hidden model than the corresponding measurements performed

when v = 1.

4.2.2 Consequences of incurring in a misspecification

Table 4.8 reports the value of the index RMSE);, computed when the error term
is modeled according to option 1). To assess the prognostic abilities of the competing
models on a short, medium, and long timespan, we used three different values of the
threshold: namely, wy; = 7.5, wy; = 9, and wy; = 12. For the sake of simplicity, this piece
of information is not included in the notation of the RMSE, but is directly provided in the
headings of the tables. The first column of Table 4.8 specifies which is the true model. The
second columns indicates the setup under which the RMSE is computed. Details about
these setups are given in Table 4.1. The third column specifies the model used to compute
MRU, L(6) k4, which is also the one used to obtain the MLEs of model parameters.
Finally, the fourth column specifies the datasets used to compute the index. With the
same notations as Tables 4.3-4.7, the subscripts ¢t,m, and m indicate that the RMSE is
evaluated by using all the N; datasets, only the NN,, datasets where a misspecification
occurred, and only the Nz datasets where a misspecification did not occur, respectively.
So, for example, the values reported in the fourth row of Table 4.8 are the RMSEs of the
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ML estimator of M RU L(6), computed as in Eq. (2.69), for all the considered thresholds,
by using a PIGP with model parameters set to their ML estimates obtained from the
N,, datasets generated unter a PGP (calibrated according to the setup A) that led to a
misspecification. Tables 4.8 shows that the prognostic abilities of the considered competing
perturbed models are quite similar both when the true model is the PGP and when the
true model is the PIGP. In addition, as expected, obtained results also show that the
difference between the RMSESs obtained under the considered perturbed models decreases
moving from the setup A to the setup C. In fact, this is a direct consequence of the
circumstance that (as shown by Figure 4.1) passing from the setup A to the setup C the

difference between the hidden processes diminishes.

Table 4.9 reports the results obtained by performing the same analyses in the absence
of measurement errors. The comparison between the results reported in Table 4.8 and
those reported in Table 4.9 show how the presence of measurement errors impacts on
the estimation of the M RUL(6). In fact, it is evident that if by one side the presence of
measurement errors negatively affects the performances of the ML estimator of M RU L(6)
constructed under the right perturbed model (i.e., for example, by using the PGP when
the data are generated under a PGP), on the other side it also allows to mitigate the effect
of using the wrong model. This is especially clear if one compares the results obtained in
the first half of Table 4.8, where the true model is the PGP, whit those reported in the
first half of Table 4.9, where the true model is the GP. In fact, for example, while the
results reported in the fifth and sixth row of Table 4.9 (obtained under the setup .4 under
the right GP) differ by several orders of magnitude from the RMSEs reported in the sixth
row of the same table (obtained under the setup A, by using the wrong IGP), the RMSEs
reported in the fifth and sixth row of Table 4.8 (obtained under the right PGP and the
wrong PIGP, respectively) are very close to each others. A similar situation is highlighted
by the results reported in the eleventh and twelfth rows of the same tables (i.e., in the

case of the setup B).

Indeed, even more specifically, the results reported in Table 4.9 also show that, even in
the absence of measurement error, the use of a good model selection criterion (such as the
AIC) allows to greatly mitigate the consequences of adopting the wrong model. In fact,
the results reported in the third and fourth row of Table 4.9 show that the ML estimators
constructed under the wrong and right models in the case of the datasets, generated under
the setup 4, that led to a misspecification (that is, those for which the AIC suggests the

use of the wrong model) behave in a very similar manner. This conclusion is further
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strengthened by the results reported in the first and second row of Table 4.9 (i.e., those
obtained by using the datasets for which the AIC leads to select the right model) which
as those reported in the fifth and sixth row of the same table, differ from each others by
several orders of magnitude. In other words, from the results obtained under the setup A,
when the true model is the GP (i.e., in the absence of measurement error) it appears that
the huge difference existing between the RMSEs computed on the basis of the estimates
of the MRUL obtained from all the datasets by using the right GP and the wrong IGP
(i.e., the difference existing between the results reported in the fifth row and in the sixth
row of Table 4.9) is due to the (poor) estimates of the MRUL obtained under the wrong
IGP from the datasets that do not cause a misspecification. The results reported in the
seventh, eighth, ninth, and tenth rows of Table 4.9 show that the same situation unfolds

also in the case of setup B.

It is also interesting to note that, as shown by the results reported in the second half of
Table 4.9, when the true model is the IGP the performances of the estimators constructed
under the GP and the IGP seem to have very similar performances, regardless of whether
a misspecification has occurred or not. As we have already remarked by commenting on
the results in Tables 4.3, even in the absence of measurement error, the differences existing
between the results obtained when the true process is the GP and when it is the IGP are
probably due to the circumstance that when the true process is the IGP, under all the
setups, it is possible to find a PGP that fits the simulated data in an acceptable manner,
whereas the IGP more rarely allows to adequately fit PGP data generated under the
setups A and B. In fact, as shown in Figure 4.1, while the gamma pdf can assume shapes
that are similar to those of all the inverse Gaussian pdf depicted in that figure, the inverse
Gaussian pdf cannot assume shapes just as similar to the gamma pdfs corresponding to
setups A and B.

Table 4.10 reports the values of the index RM SE); 4, computed when the error term is
modeled according to option 2). The RM SE); 4 computed in these cases are very similar
to those reported in Tables 4.8. That is, it seems that the shape of the distribution of the
error term does not significantly affect the properties of the ML estimator of the MRUL.

Finally, Tables 4.11 and 4.12 report the values of the index RMSE); 4 computed when
v = 0 and the error term is modeled according to option 1) and option 2), respectively.
The RMSE)yq computed in these cases are very similar to those reported in Tables 4.8
and 4.10. That is, it seems that also this specific feature of the distribution of the error

term (i.e., setting v = 0 or ¥ = 1) does not significantly affect the properties of the ML
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estimator of the MRUL.

4.3 Conclusions

This chapter has investigated the risk and the consequences of the misspecification
of a perturbed gamma process with a perturbed inverse Gaussian one and the symmet-
rical misspecification problem of a perturbed inverse Gaussian process with a perturbed
gamma one. Two different models are used to describe the error term.

To facilitate the misspecification study, the (hidden) inverse Gaussian process is formu-
lated by using a new parameterization that allows the considered competing models to
share the same parameters and the same functional forms of mean and variance functions.

To conduct the analyses we have carried out a large Monte Carlo study where six
realistic experimental scenarios, characterized by different misspecification risk, are sim-
ulated by using as many model setups. A setup defines the true model, which is either
a perturbed gamma process or a perturbed inverse Gaussian process, depending on the
misspecification issue of concern. Hence, with six setups, two hidden models, and two
choices for the distribution of the error term, we have defined 24 true models, 12 per-
turbed gamma and 12 perturbed inverse Gaussian. Each true model has been used to
generate 2000 synthetic datasets, each one consisting of the degradation path of six units.
Together with each perturbed measurement we also kept the value of the measured (hid-
den) degradation level, which is generated at an intermediate step of the algorithm that
we have adopted to generate the perturbed data. The true values of the hidden degrada-
tion level are used in the analysis for comparative purposes. From each dataset, we have
estimated the parameters of both the competing perturbed processes by using the ML
method. Hence, path by path we have estimated the mean remaining useful life by using
the model estimated from the dataset which contains the considered path.

The ML estimation of the parameters of the competing perturbed models has been
performed by using a new expectation maximization particle filter algorithm. Dataset
by dataset the model selection is performed by using the Akaike information criterion. A
misspecification has been assumed to occur when the Akaike information criterion has led
to select the wrong model (i.e., for example, if it has led to select the perturbed gamma
process on a dataset that had been generated under the perturbed inverse Gaussian pro-
cess).

All the estimates have been used to compute the risk of incurring in a misspecification
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and to evaluate its effect on the ML estimates of the mean remaining useful life. Finally,
for the sake of comparison, the same study has also been repeated in the absence of mea-
surement errors (that is, by considering as competing models a gamma process and an

inverse Gaussian process).

Obtained results demonstrate that, when the error term is modeled by adopting op-

tion 1) (i.e., by using the 3-parameter inverse gamma distribution) the risk of incurring
in a misspecification (as expected) is significantly influenced by the value of the shape
parameter of the degradation increment of the hidden process (be it gamma or inverse
Gaussian) defined between successive measurement times. Furthermore, and more specifi-
cally, it also seems that the risk of misspecifying a PGP with a PIGP depends on the setup
more than the risk of misspecifying a PIGP with a PGP. In fact, while the PGP often
allows to fit PIGP data in an acceptable manner independently of the setup, the PIGP
more rarely allows to adequately fit PGP data generated under the setups A and B (i.e.,
cases where the increments of the hidden process between successive inspection epochs
are gamma distributed with shape parameter smaller than or equal to 1). The results
obtained by modeling the error term according to option 2) (i.e., by using a Gaussian
distribution) indicate that the shape of the error term does not significantly influence the
risk of misspecifying a PGP with a PIGP. Contrarily, it seems that modeling the error
term according to option 2) increases the risk of misspecifying a PIGP with a PGP and
reduces the sensitivity of the mentioned risk on the setup.
Finally, the results obtained by setting v = 0 indicate that also this modeling option does
not significantly affect the risk of misspecifying a PGP with a PIGP. Yet, it also seems
that, when v = 0 the mentioned risk depends on the setup less than when v = 1, espe-
cially when the error term is modeled by using option 2). The same effect is also observed
when the true model is the PIGP. However, in this case, it also seems that when v = 0
the risk of misspecifiying the PIGP with a PGP is higher than when v = 1.

Obtained results also clearly show that the presence of measurement errors significantly
increases the risk of selecting the wrong model. Obviously, this result was expected, since
perturbed data do not allow to directly check whether the selected model is actually able
to adequately fit the real (hidden) degradation process, being only useful to check the
ability of the perturbed model to fit the perturbed measurements.

With respect to the consequences produced by a misspecification, obtained results show
that the maximum likelihood estimators of the (perturbed measurement-based) remaining

useful life constructed under the competing perturbed processes, irrespectively of the
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model used to describe the error term, have very similar performances, regardless of
whether a misspecification has occurred.

Moreover, the comparison of the results obtained in the presence of measurement errors
with those obtained in its absence shows that if on one side the presence of measurement
errors negatively affects the performances of the maximum likelihood estimator of the
mean remaining useful life constructed under the right perturbed model, it also mitigates
(with respect to the case where measurement errors are absent) the consequences of using
the wrong model, especially when the true hidden process is the gamma. However, the
results obtained in the absence of measurement errors also show that, when the true
model is the gamma, even in experimental situations where the consequences of the use
of the wrong model could be extremely severe, adopting an appropriate model selection
procedure (such as the Akaike information criterion), allows to hugely mitigate the effect
of a misspecification.

Finally, it is worth remarking that the analysis performed in this chapter, while being
thorough and in-depth, is limited in its scope by only being focused on the consequences
of a misspecification in terms of the remaining useful life. Indeed, in practical applica-
tions, it could also be interesting to assess the effects of a potential misspecification on
maintenance costs. To this aim, in the next chapter (specifically, in Chapter 5.5), a second

misspecification study, focused on its impact on maintenance costs, will be presented.
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RMSE)4

True process Setup M d wy=75 wy=9 wy=12
PGP m 1.67 2.34 3.99
PIGP m 1.53 2.13 3.60
A PGP m 1.89 2.64 4.44
PIGP m 1.94 2.69 4.46
PGP ¢ 1.74 2.44 4.14
PIGP ¢ 1.67 2.32 3.89
PGP m 1.38 1.92 3.21
PIGP m 1.32 1.84 3.09
PGP m 1.37 1.91 3.20
PGP b PIGP m 1.33 1.85 3.07
PGP ¢ 1.38 1.92 3.20
PIGP ¢ 1.32 1.84 3.08
PGP m 0.76 1.09 1.89
PIGP m 0.74 1.07 1.85
C PGP m 0.78 1.12 1.92
PIGP m 0.78 1.11 1.91
PGP ¢ 0.77 1.10 1.90
PIGP ¢ 0.76 1.09 1.88
PGP m 1.56 2.20 3.72
PIGP m 1.52 2.14 3.60
A PGP m 1.54 2.17 3.64
PIGP m 1.38 1.91 3.14
PGP ¢ 1.56 2.19 3.70
PIGP t 1.49 2.08 3.49
PGP m 1.26 1.77 2.98
PIGP m 1.21 1.69 2.83
PGP m 1.29 1.84 3.15
PIGP = PIGP m 1.20 1.69 2.87
PGP ¢t 1.27 1.79 3.03
PIGP ¢ 1.21 1.69 2.84
PGP m 0.74 1.04 1.77
PIGP m 0.73 1.02 1.74
% PGP m 0.77 1.10 1.90
PIGP m 0.75 1.06 1.83
PGP ¢t 0.75 1.06 1.81
PIGP ¢ 0.73 1.04 1.77

Table 4.8 = RM SE); 4 of the ML estimators of M RUL(6) when the error term is modeled
by using option 1).



Table 4.9 — RM SE); 4 of the ML estimators of M RUL(6) in the absence of measurement

error.

RMSEy4

True process Setup M d wy=75 wy=9 wy = 12
PGP m 1.24 1.79 3.08
PIGP m 4.01-10" 1.70-102 1.70-10'3
A PGP m 0.94 1.36 2.34
PIGP m 2.03 2.75 4.38
PGP ¢ 1.23 1.76 3.04
PIGP t 3.90-10"" 1.66-10% 1.62-10"
PGP m 0.96 1.41 2.47
PIGP m 2.92-10% 2.10-10" 3.79-10'6
PGP m 0.75 1.09 1.90
GP B PIGP m 1.22 1.73 2.92
PGP t 0.94 1.39 2.43
PIGP t 2.77-10% 1.99-10" 3.60-10'6
PGP m 0.51 0.81 1.53
PIGP m 1.63 2.54 4.98
c PGP m 0.50 0.80 1.50
PIGP m 0.60 0.93 1.73
PGP t 0.51 0.81 1.53
PIGP t 1.46 2.28 4.45
PGP m 0.96 1.47 2.67
PIGP m 1.07 1.61 2.89
A PGP m 0.81 1.21 2.12
PIGP m 0.85 1.25 2.17
PGP t 0.83 1.23 2.16
PIGP t 0.87 1.28 2.24
PGP m 0.71 1.12 2.08
PIGP m 0.73 1.13 2.08
PGP m 0.70 1.06 1.91
IGP B PIGP m 1.73 1.09 1.95
PGP t 0.70 1.07 1.93
PIGP t 0.73 1.10 1.96
PGP m 0.37 0.62 1.20
PIGP m 0.38 0.63 1.22
c PGP m 0.43 0.69 1.32
PIGP m 0.43 0.69 1.30
PGP t 0.42 0.68 1.30
PIGP ¢ 0.42 0.68 1.29




RMSE)4

True process Setup M d wy=75 wy=9 wy=12

PGP m 1.73 2.44 4.15

PIGP m 1.70 2.36 3.94

A PGP m 2.04 2.85 4.81
PIGP m 2.02 2.79 4.64

PGP ¢ 1.83 2.57 4.37

PIGP ¢ 1.80 2.50 4.17

PGP m 1.33 1.85 3.12

PIGP m 1.29 1.80 3.02

PGP m 1.50 2.14 3.67

PGP B PIGP m 1.51 2.14 3.68
PGP ¢ 1.39 1.96 3.33

PIGP ¢ 1.37 1.93 3.28

PGP m 0.76 1.08 1.86

PIGP m 0.75 1.08 1.85

C PGP m 0.75 1.06 1.82
PIGP m 0.75 1.07 1.84

PGP ¢ 0.75 1.07 1.84

PIGP ¢ 0.75 1.07 1.84

PGP m 1.59 2.21 3.70

PIGP m 1.49 2.07 3.45

A PGP m 1.51 2.14 3.69
PIGP m 1.46 2.05 3.50

PGP ¢ 1.56 2.18 3.70

PIGP t 1.48 2.06 3.46

PGP m 1.27 1.78 2.99

PIGP m 1.18 1.64 2.74

PGP m 1.32 1.88 3.26

PIGP = PIGP m 1.26 1.78 3.03
PGP ¢ 1.29 1.82 3.08

PIGP ¢ 1.21 1.69 2.84

PGP m 0.76 1.08 1.86

PIGP m 0.73 1.04 1.79

% PGP m 0.77 1.10 1.92
PIGP m 0.74 1.06 1.83

PGP ¢t 0.76 1.09 1.88

PIGP ¢ 0.74 1.05 1.80

Table 4.10 — RM SE); 4 of the ML estimators of M RU L(6) when the error term is modeled
by using option 2).



RMSEy4

True process Setup M d wy=75 wy=9 wy=12

PGP m 1.42 1.97 3.29

PIGP m 1.28 1.77 2.93

A PGP m 1.64 2.31 3.95
PIGP m 1.71 2.42 4.17

PGP ¢ 1.50 2.09 3.53

PIGP ¢ 1.45 2.02 3.41

PGP m 1.27 1.80 3.07

PIGP m 1.16 1.64 2.81

PGP m 1.34 1.88 3.16

PGP B PIGP m 1.21 1.68 2.81
PGP ¢ 1.30 1.83 3.10

PIGP ¢ 1.18 1.66 2.81

PGP m 0.73 1.07 1.92

PIGP m 0.72 1.05 1.89

C PGP m 0.74 1.07 1.89
PIGP m 0.73 1.07 1.88

PGP ¢ 0.73 1.07 1.90

PIGP ¢ 0.72 1.06 1.89

PGP m 1.36 1.90 3.21

PIGP m 1.25 1.74 2.91

A PGP m 1.83 2.64 4.61
PIGP m 1.61 2.31 3.99

PGP ¢ 1.50 2.13 3.65

PIGP ¢ 1.36 1.91 3.24

PGP m 1.11 1.56 2.66

PIGP m 1.04 1.45 2.46

PGP m 1.40 2.04 3.64

PIGP B PIGP m 1.24 1.79 3.13
PGP ¢ 1.20 1.71 2.97

PIGP ¢ 1.10 1.56 2.67

PGP m 0.66 0.96 1.70

PIGP m 0.63 0.92 1.62

% PGP m 0.72 1.07 1.94
PIGP m 0.69 1.02 1.82

PGP ¢t 0.68 1.00 1.78

PIGP ¢ 0.65 0.95 1.69

Table 4.11 — RM SE); 4 of the ML estimators of M RU L(6) when the error term is modeled
by using option 1) with v = 0.



RMSEy 4
Setup M d wy =75 wy=9 wy=12

PGP m 1.76 2.48 4.23

PIGP m 1.77 2.46 4.14

A PGP m 2.03 2.95 5.27
PIGP m 2.13 3.08 5.49

PGP t 1.87 2.67 4.65

PIGP t 1.91 2.71 4.70

PGP m 1.36 1.93 3.29

PIGP m 1.31 1.84 3.12

PGP m 1.39 1.99 3.49

PGP B PIGP m 1.38 1.98 3.46
PGP t 1.37 1.95 3.36

PIGP t 1.33 1.90 3.25

PGP m 0.71 1.03 1.82

PIGP m 0.69 1.02 1.79

c PGP m 0.65 0.95 1.70
PIGP m 0.64 1.94 1.69

PGP t 0.68 1.00 1.77

PIGP t 0.67 0.98 1.75

PGP m 1.59 2.24 3.85

PIGP m 1.47 2.08 3.55

A PGP m 1.61 2.31 4.07
PIGP m 1.54 2.21 3.86

PGP t 1.59 2.27 3.94

PIGP t 1.50 2.13 3.67

PGP m 1.21 1.71 2.94

PIGP m 1.13 1.60 2.73

PGP m 1.33 1.92 3.39

PIGP B PIGP m 1.26 1.82 3.20
PGP t 1.26 1.80 3.13

PIGP t 1.19 1.69 2.93

PGP m 0.68 0.99 1.79

PIGP m 0.66 0.96 1.73

c PGP m 0.71 1.05 1.87
PIGP m 0.68 1.00 1.79

PGP t 0.69 1.02 1.82

PIGP t 0.67 0.98 1.75

Table 4.12 — RM SE); 4 of the ML estimators of M RU L(6) when the error term is modeled
by using option 2) with v = 0.



CHAPTER 5

PROPOSITION OF NEW MAINTENANCE
POLICIES IN THE PRESENCE OF RANDOM
EFFECT AND MEASUREMENT ERROR

5.1 Introduction

Maintenance activities for degrading units are typically scheduled by using either age-
based or condition-based strategies (e.g., see Ahmad and Kamaruddin (2012) and Alaswad
and Xiang (2017)). These approaches have typically the goal of optimizing some kind of
objective function, such as the long-run average maintenance cost rate (H. Wang, Pham,
et al. (2006), I. B. Gertsbakh (2000), Finkelstein, Shafiee, and Kotchap (2016), and Cha,
Finkelstein, and Levitin (2017)).

Condition-based maintenance (CBM) strategies generally offer benefits over age-
based maintenance (ABM) approaches, leading to reduced occurrence of failures and
extended utilization of units throughout their operational lifespan. Jonge, R. Teunter,
and Tinga (2017) provides an extensive discussion of the comparison between CBM and
ABM.

In this chapter, attention is focused on cases where the degradation phenomenon un-
der analysis can be modeled by a gamma process-based model. The performances of CBM
approaches applied to gamma deteriorating units has been extensively investigated in the
literature (reviews can be found in Van Noortwijk (2009) and Alaswad and Xiang (2017)).
A potential limitation of several strategies proposed in the literature (e.g., see Grall,
Bérenguer, and Dieulle (2002), Castanier, Bérenguer, and Grall (2003), Castanier, Grall,
and Bérenguer (2005), Fouladirad and Grall (2011), Huynh, Barros, et al. (2011), Cholette
et al. (2019)) is that it is usually assumed that inspections provide an exact measurement
of the degradation level. However, especially when the degradation level is measured via

in-service, non-destructive inspection methods (Lu, Pandey, and W.-C. Xie (2013)), the
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measurements are often contaminated by random errors that can undermine the perfor-
mances of CBM approaches. An example of a simple CBM policy for gamma deteriorating
units that takes into account the presence of measurement error can be found in Kallen
and Van Noortwijk (2005). More recently, some authors (Nguyen et al. (2019)) proposed
an approach where the quality of the inspection procedure itself is a design parameter
of the maintenance model. Similarly, S. Hao, J. Yang, and Bérenguer (2020) proposed a
gamma process-based CBM policy where a perfect and an imperfect inspection procedures

can be used in a combined manner.

An additional possible drawback found in numerous current CBM policies is their
implicit connection between preventive replacements and inspection intervals. In fact,
CBM policies often assume that such replacements are exclusively carried out during
scheduled inspection epochs (see Y. Wang and Pham (2013) and Huynh, Grall, and
Bérenguer (2019)). Nonetheless, considering the potentially hefty costs associated with
inspections, it can be reasonable to presume that maintenance strategies enabling the
avoidance of numerous inspections, especially when they are expected to give rise to fore-
gone decisions, could yield economic benefits (e.g., see Fauriat and Zio (2020), Yuan,
Higo, and Pandey (2021), and S. Kim, Choi, and N. H. Kim (2022)). Based on this gen-
eral idea, Huynh, Grall, and Bérenguer (2019) introduced a novel maintenance strategy
that separates decisions and scheduling for repairs/replacements and inspections, demon-
strating its potential advantages in terms of long-term average maintenance cost rate.
The degradation phenomenon, as described in their study, employs a standard homoge-
neous gamma process, which may pose limitations in practical applications. It is worth
noting that this idea has been explored both before and after the work of Huynh, Grall,
and Bérenguer (2019). Indeed, Crowder and Lawless (2007) had previously developed a
maintenance scheme that utilizes degradation measurements to determine whether an
immediate replacement is necessary or if scheduling a future replacement time is more
suitable. Their work also discusses, for illustrative purposes, a scenario involving a single
inspection in detail. Nonetheless, they also contemplate the option of enhancing the policy
by incorporating a second inspection at the planned replacement time instead of opting
for an automatic replacement. More recently, this general idea has also been exploited
by Finkelstein, Cha, and Levitin (2020), Cha, Finkelstein, and Levitin (2022), and Cha,
Finkelstein, and Levitin (2021), who proposed policies built on the stronger assumption
that only one inspection is allowed over a maintenance cycle (i.e., between two consec-

utive repairs/replacements) and that the future replacement time is a design parameter
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whose value is defined a priori, regardless of the measured degradation level. This partic-
ular maintenance approach is highly applicable to assets where continuous degradation
monitoring is unfeasible. Examples include buried pipelines within the oil and gas sector,
reformer tubes in ammonia plants, and drilling rigs (e.g., see Alaswad and Xiang (2017)).
These assets necessitate costly and specialized inspections that often disrupt operations

or require plant shutdowns for assessment.

With respect to the degradation modeling approaches, Crowder and Lawless (2007)
adopt the gamma process with random effect firstly presented in Lawless and Crow-
der (2004). In Finkelstein, Cha, and Levitin (2020) the degradation process is modeled
by using a non-homogeneous gamma process. In Cha, Finkelstein, and Levitin (2021) it
is described by using a transformed gamma process (Giorgio, Guida, and Pulcini (2015)),
whereas in Cha, Finkelstein, and Levitin (2022) it is considered the case of a mixed pop-

ulation composed of two different (i.e., strong and weak) gamma degrading items.

The main goal of this chapter is to illustrate three novel maintenance policies based
on the driving ideas highlighted in this discussion, in Chapters 5.2, 5.3, and 5.4. Inspired
by Finkelstein, Cha, and Levitin (2020), Cha, Finkelstein, and Levitin (2021), and Cha,
Finkelstein, and Levitin (2022), all three policies are built on the assumption that only
one inspection, performed at a predetermined time, is allowed during the life cycle of the
unit. The outcome of this inspection will then inform subsequent decision-making.
Another common element between the three proposed policies, which also constitutes
the main novelty with respect to Finkelstein, Cha, and Levitin (2020), Cha, Finkelstein,
and Levitin (2021), and Cha, Finkelstein, and Levitin (2022), is that they assume that
the degrading units under study are subjected to the joint presence of three forms of
variability: temporal variability, unit-to-unit variability (random effect), and measurement
error (see also Chapter 3.1). Indeed, a heterogeneous population of degrading units where
the observed degradation process can be described by the perturbed process with random
effect introduced in Chapter 2.4 and thoroughly discussed in Chapter 3 is considered.

Maintenance activities refer to a generic unit randomly selected from this population.

Yet another common element, which also differentiates the three proposed policies from
the aforementioned literature works, is that failures are assumed to be not self-announcing
(see Chapter 1.2.1 and Chapter 2.6 for a detailed description of a not self-announcing
failure behavior). Consequently, it is also assumed that failed units may continue operating
past their failure point. The time elapsing between the failure of a unit and its eventual

replacement is denoted as downtime, and additional costs due to reduced performance are
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incurred during this time.
Lastly, for the sake of readability, some more assumptions, common across all three policies

(and in the literature) are laid out here:
— inspections are instantaneous and non-destructive;

— any replacement (i.e., both corrective and preventive) restore the unit to an "as good
as new' state. Consequently, the time between two successive replacements defines

the cycle of a renewal process;

— the performance criterion adopted to optimize a policy is the long-run average
maintenance cost rate, computed by adopting the renewal-reward theorem (e.g.,
see Ross (1983)).

The core concept of these policies involves utilizing information gathered during the in-
spection to promptly detect and replace units that have already failed or are on the verge
of failure. Meanwhile, units with degradation levels comfortably below the failure thresh-
old will have their replacement deferred to a later time. It is rational to believe that,
particularly in scenarios where random effects is present, the inspection can differenti-
ate between weak (i.e., units whose degradation progresses faster) and strong (i.e., units
whose degradation progresses slower) units (see also Cha, Finkelstein, and Levitin (2022))
and schedule replacements accordingly.
Moreover, as remarked in Chapter 2.4, given that the adopted gamma process with ran-
dom effect is an age and state dependent process, the probability that a failure occurs
in a future time interval directly depends on the failure threshold, on the current degra-
dation level of the unit, and on its current age. This feature also differentiates the con-
sidered scenario from the case of other failure threshold models built by using the ba-
sic homogeneous gamma process (e.g., Grall, Bérenguer, and Dieulle (2002), Castanier,
Bérenguer, and Grall (2003), Castanier, Grall, and Bérenguer (2005), and Huynh, Grall,
and Bérenguer (2019)), where the same probability only depends on the gap existing be-
tween the current degradation level of the unit and the failure threshold.
Therefore, the proposed approaches have the potential to outperform traditional condition-
based and age-based policies by achieving a globally more advantageous trade-off among
the costs of inspections, corrective replacements, and preventive replacements.

In addition to the three aforementioned policies, in Chapter 5.5 the results of a mis-
specification study focused on its impacts on maintenance costs computed under one of

the proposed policies.
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5.2 A hybrid maintenance policy for a deteriorating
unit in the presence of random effect and mea-

surement error

5.2.1 Description of the policy

This policy (see also Esposito, Mele, et al. (2021a)) consists in performing a single
inspection at a predetermined time 7 aimed at measuring the perturbed degradation level
of the unit, and in adopting a condition-based rule to decide whether to immediately
replace the unit or to delay its replacement of another predetermined interval of length
Ar. In case of postponement, no further inspection will be carried out at time 7+ A7 and
the unit will be replaced no matter its state. Moreover, a second scenario, where a perfect
measurement instead of the perturbed one is carried out, is also considered. Table 5.1
summarizes the condition-based rule adopted in the first scenario, where z; denotes the
observed value of the perturbed degradation level Z(7) measured at the inspection time
7 and Ly is a maintenance threshold level. Table 5.2, where w, denotes the value of the
measured degradation level W (7) and Ly is a maintenance threshold level, reports the

same rule in the second scenario. Tables 5.3 and 5.4 summarize all possible experimental

Measurement at 7 Decision
zr > Ly Replacement at 7
2z < Ly Replacement at 7 + A7

Table 5.1 — Condition-based rule in the presence of measurement error.

Measurement at 7 Decision
wy > Ly Replacement at 7
zr < Ly Replacement at 7 + A7

Table 5.2 — Condition-based rule in the absence of measurement error.

scenarios and, for each one of them, report the maintenance actions to be taken and
the corresponding length of a maintenance cycle, in the presence and in the absence of
measurement error, respectively. In Tables 5.3 and 5.4 w, A, denotes the true value of the
degradation level W (7 + A7) at time 7+ A7, wy is the failure threshold, and the length
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of the maintenance cycle is denoted as ;T'(z;, w,) (when measurement error is present)
and ,7'(w-) (when it is not).

The vectors £, = {Ly, 7, A7} and &y, = {Lw, 7, AT} represent the design parameters
in the case with and without measurement error, respectively. It is worth to remark that
I (zr, w;) (41 (w,)) functionally depends on the design parameter vector £, (&), despite
the adopted notation not highlighting it.

Experimental Maintenance Cycle length
scenario action T (27, w-)
Preventive
zr > Ly and w, < w T
T d T="M replacement at 7
zr > Ly and w, > w Corrective T
T Z T M replacement at 7
Preventive
z; < Lz and w <w T+ AT
T="7 THAT = UM peplacement at 7 + AT +
zr < Ly, w,; < wyy, Corrective LAy
and wyar < Wiy replacement at 7 + A7t
zr < Lz, w; > wyy, Corrective 4 Ar
and Wy ar > Wy replacement at 7 + ATt

Table 5.3 — Possible scenarios and corresponding maintenance actions and cycle lengths
in the presence of measurement error.

5.2.2 The cost model

Maintenance costs are determined by assuming that the cost of a corrective replace-
ment is c., the cost of a preventive replacement is c,, the cost of an inspection is ¢;,
and the logistic cost (which is incurred each time a maintenance action, be it a repair
or an inspection, is taken) is ¢;. Moreover, a downtime cost is considered, computed as
the product of a fixed cost rate ¢4 and the time spent in a failed state (i.e., the time
elapsing between the possible failure of the unit and its (corrective) replacement). This
cost accounts for the loss of utility (i.e, reduced performances and/or loss of production)
resulting from operating the unit in a failed state.

Table 5.5 reports the maintenance cost ;C'(2,, w,, X) associated to each maintenance
action described in Table 5.3, whereas Table 5.6 reports the maintenance cost ,C'(w,, X)
associated to the actions described in Table 5.4. In both tables, X denotes the lifetime
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Experimental Maintenance Cycle length
scenario action o1 (w)
Preventive
Ly <w, <w
W =M replacement at 7 4
w. < w Corrective .
T="M replacement at 7
Preventive
wy; < Ly and w <w T+ AT
T="W THAT =M peplacement at 7 + AT +
Corrective
w; < Ly and wrqar < wyy T+ AT

replacement at 7 + A7

Table 5.4 — Possible scenarios and corresponding maintenance actions and cycle lengths
in the absence of measurement error.

of the unit. Coherently with the assumption of not self-announcing failures, X is always
denoted with the capital letter (even when z, of w, are known), to remark that, even in
these special cases, the lifetime of the unit should be regarded as a random variable. Note
that, as | T'(z,, w,) and ,T'(w;), the cost functions ,C(z,, w,, X) and ,C(w,, X') function-
ally depend on the vectors of design parameters £, and &y;,. Yet again for simplicity, the

adopted notation does not explicitly indicate this dependency.

Experimental Maintenance cost
scenario 1Czr,wr, X)
zr > Ly and w, < wy a+c+ce
zr > Lz and w,; > wy a+citetcg (1—X)
2y < Lz and wyar < wypy 2-cq+c+c

Zr S LvaT Sva

2. 4 (r+AT—X
and w5, > Wy atcit+cetceq (T+ AT )

2r < Lz, w; > wyy,

and W, aA; > Wiy 2.+ ci+cetcqgr (T+ AT —X)

Table 5.5 — Possible scenarios and corresponding maintenance cost in the presence of
measurement error.
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Experimental Maintenance cost
scenario ,C(w,, X)
Ly <w; <wy aq+c+ce
Wy > Wy atcitetcg(t1—X)
w, < Ly and wrya, < wy 2-a+tc+tce

wy < Ly and wyoar >wy 2+ +coteqg (T+HAT = X)

Table 5.6 — Possible scenarios and corresponding maintenance cost in the absence of
measurement error.

5.2.3 Formulation of the long-run average maintenance cost rate

In the presence of measurement error the long-run average maintenance cost rate
10 (&) can be formulated as:
_ E {10(2(7—)7 W(T)7 X)}

) = T . W) oy

where expectations have to be taken with respect to all the variables that are within
the square brackets. Note that, in this case, the adopted notation explicitly shows that
the long-run average maintenance cost rate depends on the design parameters vector.
Similarly, in the absence of measurement error the long-run average maintenance cost
rate oCy (&) can be expressed as:

_ E{L,C(W(r), X)}

o) =T Ty o

The expected values in Eqgs. (5.1) and (5.2) cannot be expressed in closed form. However,
they can be numerically computed via Egs. (5.3)-(5.6). Deriving these formulas is rather

cumbersome, despite being conceptually simple. More details about their derivation can
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be found in Appendix A.
E{LCZ(m),W(r),X)}=ca+ci+cp+ [(cc—¢p) +ca- 7] [1 = Firy(war)]
+(atea- A7)+ [T Frowin(Lalw,) - fiven(w,) - du,
W
+(cc—¢p) - /O [1 = Faw(rrranwn (wy — wrlw,)]
X Fzmywir)(Lzlwr) - fw(w:) - dw;

—cq- /wM/O EFw @) wn (wum|wr) - fw (wr) - de - dw,

wyr THAT
—ca /0 / Eaw ey w i) (W = wrlwr) - Fpywin (Lzlw:) - fw e (wr) - de - dw,

(5.3)
B(T(Z(0). W)} =7+ A7 [~ Fawin (Lzlw,) - o (wn) -dwr (5.4
ELCW(r),X)}=a+ci+cp+ (a+ci AT) - Fiyy(Lw)
+(cc—¢p) /0 o 1= Fawrrranwi (wy — wolw,)| - five (wr) - dw,
+ (e —¢p) +ca- 7] [L = Fwry(wi)] (5.5)
—aa [ [ B () - e () - do - du,
e [ Fawawio o — webun) - S () - di - duw,
E{,T(W(r))} =7+ A7 Fivr)(Lw) (5.6)

where the expressions of the pdfs and cdfs included in these formulas are the ones given
in Chapter 2.4.

5.2.4 Sensitivity analysis and comparison

This section provides the results of a small sensitivity analysis and a (simple) demon-
strative example that shows how to select the best maintenance strategy when it is possi-
ble to choose between different (possibly imperfect) measurement procedures. Just to fix
the ideas, we have considered an hypothetical application of the proposed approach to a
pipeline subjected to corrosion. The unitary costs ¢, ¢;, ¢,, and c. (expressed in mone-
tary units) and the downtime cost rate ¢; (expressed in monetary units/year) have been

set as in Table 5.7, by using as rough reference the values provided in Dey (2004). The
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values of the parameters used to calibrate the degradation process are given in Table 5.8.
The considered settings have been loosely inspired by those given in Mahmoodian and
Alani (2014) and Ellingwood and Mori (1993). Specifically, in this example, we assume
that the shape parameter of the age function of the gamma process is equal to 1, a value
that has been found appropriate for modeling the effect of corrosion. Nonetheless, based
on Ellingwood and Mori (1993), other values of the parameter b can be possibly used to
simulate degradation phenomena of different kinds (e.g., diffusion-controlled aging, rein-
forcement corrosion, etc.).

The pipelines are assumed to fail when their degradation level exceeds the threshold limit

wy = 35 mm. The optimal values L7, 7*, and A7* of the design parameters and the

C| C; Cp Cc Cd

02 05 1 6 0.2

Table 5.7 — Parameters of the cost model.

alyears] b c[mm] d @ [mm™] v

5.88 1 2 4.7 1 1

Table 5.8 — Values used to calibrate the degradation process.

corresponding (minimum) long-run average maintenance cost rate ; C (€") determined by
using the proposed maintenance policy, in the presence of measurement error, are given
in Table 5.9. These values have been obtained by using Egs. (5.1), (5.3), and (5.4).

Figure 5.1 shows the behavior of the long-run average maintenance cost rate ;Cu(£")

C(&) ™ ATt L3
0.0092 134 190 10.8

Table 5.9 — Optimal values of the design parameters and corresponding (minimum) long-
run average maintenance cost rate under the setup defined in Tables 5.7 and 5.8.

in the proximity of the optimum. The figure confirms that the vector £*, whose values
are reported in Table 5.9, constitutes a minimum for ;C,(£*). Figure 5.2 displays the
percent contribution of corrective and downtime costs to the (minimim) long-run average
maintenance cost rate as a function of unitary corrective (c.) and preventive (c,) costs. As

¢. and ¢, vary, the other parameters have been kept to the values given in Tables 5.7 and
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Figure 5.1 — Behavior of the long-run average maintenance cost rate as a function of 7
(panel A), A1 (panel B), and Ly (panel C), given the optimal values of the other decision
variables.

5.8. Results obtained in the absence of measurement error are qualitatevely analogous to
those reported in Table 5.9, Figure 5.1, and Figure 5.2, with obvious difference in the op-
timal values of design parameters €7, = {7*, A7*, L}, }, and long-run average maintenance
cost rate ,Cx (&} ), that can be determined by using Egs. (5.2), (5.5), and (5.6).

In fact, Figure 5.3 reports and compares the behavior of the (minimum) long-run av-

erage maintenance cost rate as a function of the inspection cost ¢; in the presence (solid
line) and in the absence (dashed line) of measurement error. For the sake of simplicity,
the curves depicted in Figure 5.3 have been obtained by assuming that while ¢; changes
the other parameters of the model are kept to the values given in Tables 5.7 and 5.8.
As expected, the figure shows that (under the considered setup) the presence of measure-
ment error increases the long-run average maintenance cost rate. Moreover, for example,
the same figure shows that under the considered setting, if (as assumed in Table 5.7) the
cost of the imperfect inspection is 0.5, resorting to a perfect measurement procedure (if
this option exists) is convenient only if the corresponding inspection cost is smaller than
0.76.
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Figure 5.2 — Percent contribution of corrective and downtime costs to the long-run average
maintenance cost rate as a function of ¢, and c,.

5.3 An adaptive hybrid maintenance policy for a
gamma deteriorating unit in the presence of ran-

dom effect

5.3.1 Description of the policy

We here suggest a new adaptive maintenance policy that generalizes the one proposed
in Chapter 5.2, by allowing for the use of unit-specific condition-based replacement times
(see also Esposito, Castanier, and Giorgio (2022b)). Indeed, here the future replacement
time is defined by using a multilevel control limit decision rule that shares some features
of the one adopted in Grall, Bérenguer, and Dieulle (2002).

Also in this case the policy is developed considering that a single inspection at a pre-
determined time 7 is performed, and based on the outcome of this inspection a condition-
based rule is adopted to decide whether to immediately replace the unit or to postpone its
replacement to a later time 7+ A7. Yet, differently than in Chapter 5.2, here the length of
the interval A7 will be determined based on the measured value of the degradation level at

7. Moreover, here we focus our attention only on the simplified case where measurement
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Figure 5.3 — Percent contribution of corrective and downtime costs to the long-run average
maintenance cost rate as a function of ¢, and c,.

error is absent, although the proposed strategy can be adapted to also handle measure-
ment error without excessive additional difficulties. Anyhow, the degradation process of
the unit is still assumed to be modeled by the gamma process presented in Chapter 2.4,
but neglecting the presence of measurement error (it is worth remarking that, in this case,
this model reduces to the one firstly proposed by Lawless and Crowder (2004)).

Table  5.10  summarizes the  adaptive  condition-based  rule,  where
Li<Ly<---<Lp<wy and Amy > Ay > -+ > ATy,

Measurement at 7 Decision

wy > Ly, Immediate replacement at 7

Li_1 <w, <L, Postpone replacement to 7 + A7y

Ly <w, <Lg Postpone replacement to 7 + Ay

w, < Iy Postpone replacement to 7 + A1y

Table 5.10 — Condition-based rule in the presence of measurement error.

The variables 7, Ly < Lo < -+ < L and A > A > -+ > A1,
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are treated as design parameters, and the set of design parameters is denoted by
E={r,Ly,..., Ly, Am,..., A7 }. The performance of the policy improves as k increases.
On the other side, also the computational burden increases with k. To define the value of
k, the minimization procedure is repeated by using increasing values of k, up to keep a
satisfactory compromise between simplicity and effectiveness.

The optimal maintenance policy is defined as the one that (given the selected value of
k) minimizes the long-run average maintenance cost rate, computed by using the renewal
reward theorem. Note that this policy generalizes the one proposed in Chapter 5.2, which

is obtained as a special case of this when k = 1. Table 5.11, where w; ;A,, denotes the state

Experimental Maintenance Cycle length
scenario action T(w,)
Preventive
Ly <w, <w T
k T—= "M replacement at 7
WS w Corrective .
T M replacement at 7
Ly 1 <w, <L Preventive
T+ ATy,
and w,ya-,, < wy  replacement at T + A7y
L1 <w, <Ly Corrective
T+ ATy
and w,yar, > wy  replacement at 7 + A7y
w, < Ly Preventive
T+ An
and wyyar, < wy  replacement at 7 4+ A7y
w, < L Corrective
T =k T+ A’Tl

and w,4a; > wy  replacement at 7+ Ay

Table 5.11 — Possible scenarios and corresponding maintenance actions and cycle lengths.

at 7+ A1; and w), is the failure threshold, lists all the different experimental scenarios
and reports for each one of them the maintenance action to be taken and the length of the
maintenance cycle T'(w,). Note that T'(w, ), despite the adopted notation not highlighting
it, depends on &.

Table 5.12 reports the maintenance cost C(w,, X) for each possible scenario, as a
function of the measured degradation level w, and of the unit lifetime X. In this table
the cost factors are denoted by using the same notation as in Chapter 5.2.

Note that, due to the assumption of not self-announcing failure, X cannot be directly
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Experimental Maintenance cost
scenario C(w,, X)

L, <w, <wy a+c+ ¢
wr > Wy a+c+cetca (1—X)

Ly <w; < Ly

2-q+c+c
and Wriar, < wy P

Ly <w, < Ly

andwT+ATk>wM 2.Cl+ci+cc+cd'(T—|—A7‘k_X)

w,; < L; and
WriAr S Wy
w, < Ly and
WrpAr > Wy

2-q+c+c

2.+ cot et (T+An —X)

Table 5.12 — Possible scenarios and corresponding maintenance costs.

observed. Hence, in the cost function, it should be intended as a random variable even
conditional to W (1) = w, (i.e., the state of the unit at the inspection time). To remark
this aspect, the lifetime is denoted by using the capital letter. It is also worth to note that,
as T'(w,), the cost function C(w,, X) also depends on &, although the adopted notation

does not explicitly indicate this dependency.

5.3.2 Formulation of long-run average maintenance cost rate

By the renewal-reward theorem (e.g., see Ross (1983)), the long-run average mainte-

nance cost rate Cw (&) can be formulated as:

 B{C(W(r). X)}
C=l) = "mr o)

(5.7)

where expectations have to be taken with respect to all the variables that are within the
parentheses. Note that, in this case, the adopted notation gives evidence that the long-run

average maintenance cost rate depends on the set of design parameters .
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The expected value E{T(W (7))} at the denominator of Eq. (5.7) can be computed as:

N 2_:1 /Li1 T(wr) - fwir)(we) - dw- + N T(w;) - fw(r)(wr) - dw,

Ly

which, from Table 5.11, can be rewritten as:

E{T(W }—Z / (1 + A7) - fweny(wy) -dwr + [ 7+ fny(wy) - dw,

Ly

=7+ Z AT; - [Fiw (L) — Fywry(Lj-1)]. (5.8)

7j=1

The expected value E{C(W(7), X)} at the numerator of Eq. (5.7) can be computed as:

E{C(W(7), X)}

- /0 0 C(U)T,CL’) : fX\W(T)(x|wT) : fW(T)(wT) ~dx - dw;

L; T AT]
:Z/ /T+ w7'7 ) fX|W(T (‘T’w‘f') fW(T)<wT) dx - dw"'

7j=1 Lj

L oo .
_]z::l/L o C(wr, z) - fxwe(zlw:) - fwe(w,) - do - dw,
et Bl -

+/U,M/o Clwr, 2) - fxywe (lwr) - fwin (wr) - da - dw,.
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From Table 5.12, after a few simple (yet cumbersome) manipulations, E{C (W (7), X)}

becomes:
E{CW(r),X)}=a+ci+cp+c- Fwe(Ly)+ (cc —¢cp+ca-7) - [1 — Fony (war)]
k
+car Yy AT [Fwny (L) — Fwe (L))
j=1

Z/ 1 — Faw (ryrsam))\wir) (War — wT\wT)} - fwry(w-) - dw,

T+AT;
—Ca- Z/ / Faw (rayw i (war — welw:) + fir (wy) - de - dw,

—Cq- FW(x)|W(T)(wM|wT) Sfw(ws) - dr - dw,
wpr JO
(5.9)

where the expressions of fw)(-), Fw(r)(); Faw(rriarwn (), and Fwaywe (-|) are
the ones given in Chapter 2.4. Under the considered degradation model, both the expected
values in Egs. (5.9) and (5.8) do not allow for a closed form solution, but can be easily

computed by using numerical procedures.

5.3.3 Example of application

In order to demonstrate the effectiveness and affordability of the proposed policy, we
consider an hypothetical application to the case of a corroding pipeline. Tables 5.13 and
5.14 report the values of the parameters used to calibrate the degradation process and
the cost model, respectively. As in Chapter 5.2, these values have been set by using as
rough reference the values provided by Mahmoodian and Alani (2014), Ellingwood and
Mori (1993), and Dey (2004). The pipelines are assumed to fail when their degradation

level exceeds the threshold limit wy, = 35 mm. Let C% ;. be the optimal long-run average

alyears] b c[mm] d

0.88 1 50 21.25

Table 5.13 — Values used to calibrate the degradation process.

maintenance cost rate computed, under the proposed policy, where the number of classes
has been set to k. Then, let PRD(k) denote the percent relative difference between C%_
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C] C; Cp Cc Cdq

02 05 1 6 02

Table 5.14 — Parameters of the cost model.

and C* defined as:

00,k
Ccr - C
PRD(k) = —=L__—k 100, (5.10)

*
00,1

It is worth to remark again that, as mentioned before, when k = 1 the proposed policy
reduces to the one presented in Chapter 5.2. Hence, a positive value of the quantity in
Eq. (5.10) should be seen as the percent reduction in the optimal cost computed with k
classes compared with the optimal cost computed under the policy illustrated in Chapter
5.2.

k * PRD(k)

o0,k
1 0.03806 0%

10 0.03653 4.017 %
25 0.03650 4.098 %

Table 5.15 — Values of C%_, and PRD(k) for k = 1,10, 25.

Table 5.15 reports the values of C% , and PRD(k) for k = 1, k = 10, and k = 25,
while Figure 5.4 depicts PRD(k) as a function of the number of classes k.

Obtained results show that the proposed policy outperforms the one presented in
Chapter 5.2. In fact, as k increases, (% , and PRD(k) monotonically decreases and
increases, respectively, albeit less and less markedly, so that the values obtained when
k = 10 are very close to those obtained for larger values of k. The step function represented
(with the solid line) in Figure 5.5 shows the optimal value of A7, denoted as At*, varies
as a function of the measured degradation level w,. This function has been obtained by
setting k = 25. The dashed curve is the analog function obtained in the case k = 1.
Note that, for the sake of facilitating the comparison, in this latter case A7* has been
determined by solving a constrained minimization problem where the inspection time
T is set to the value that is optimal for k£ = 25. These two figures clearly show the
effectiveness of the proposed approach and give clear evidence of how the replacement
times defined under the proposed adaptive maintenance policy could differ (depending on

the unit specific degradation measure) from those planned under the less flexible policy
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4.5 T T

Figure 5.4 — Percent relative difference between the optimal cost computed under the
current policy and the one computed as in chapter 5.2.

suggested in Chapter 5.2. Let .C% 1, ,C% 1, iC% 1, 1Ok and ,C7 . be the contribution
to the optimal long-run average maintenance cost rate of corrective, downtime, inspection,
logistic, and preventive costs, respectively, when the number of classes is set to &k (i.e., it
is Ol = Ol T aCon +iCk +1C%k + pChok)-

The bar chart in Figure 5.6 shows the values of the aforementioned contributions for the

case of k = 25 (in blue) and k£ =1 (in red).

While the contribution of the considered terms to C7_ , is very similar, it is clear that
the proposed generalized policy yields a smaller value for every cost factor, except for the
logistic cost. This can be explained by the fact that when k = 25, as depicted in Figure
5.4, the policy is more likely to reschedule the replacement than when £ = 1, and hence
the last two scenarios of Table 5.12 (in which the logistic cost is sustained twice) are more
likely.
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Figure 5.5 — Optimal value A7* of A7 as a function of the degradation level at the
inspection w, for k =1 (in red) and k£ = 25 (in blue).

5.4 A hybrid maintenance policy for a deteriorating

unit in the presence of three forms of variability

5.4.1 Description of the policy

This policy (see also Esposito, Mele, et al. (2023a)) consists in performing a single
inspection at a predetermined inspection time 7 aimed at measuring the perturbed degra-
dation level of the unit. Then, based on the outcome of this inspection, a condition-based
rule is used to decide on whether to immediately replace the unit, to postpone the replace-
ment to a later (also predetermined) time 7 + A7, where the unit will be systematically
replaced without any additional inspection, or to perform (at the same time 7) a second
inspection, this time aimed at measuring the true degradation level. In case the second in-
spection is performed, the decision on the replacement will be taken based on the outcome
of this perfect inspection.

Table 5.16, where z, denotes the observed value of the perturbed degradation measure-

ment Z(7) at the inspection time 7, w, is the true value of the actual degradation level
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W (r) at time 7, and L;, L,, and Ly are (maintenance) threshold levels, summarizes the

condition-based rule adopted to make the decision. The key idea of this policy is to exploit

Measurement at 7

Perturbed Perfect Decision
zr > L, Replacement at 7
Ly<z <L, w,>Ly Replacement at 7
Ly <z <L, w, <Ly Replacement at 7+ A7t
zr < I Replacement at 7 + A7

Table 5.16 — Condition-based rule.

the information gathered via the perturbed inspection to timely identify and replaced the
units which are already failed or close to failing, while postponing the replacement of units
whose perturbed degradation level is safely below the threshold. In addition, in case it
is believed that measuring also the exact degradation level can help decision-making, the
perfect inspection can be additionally performed. Obviously, the presence of measurement

error and the possibility of adopting two different measurement procedures complicates
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decision-making. On the one hand, solely adopting the perturbed procedure saves main-
tenance costs, but on the other hand paying for the perfect inspection not only allows to
reveal the potential failure of the unit, but also allows for better-informed decision-making.

Table 5.17 summarizes all possible experimental scenarios and reports for each of
them the maintenance action to be taken and the resulting length of a maintenance cycle,
denoted by T'(z,,w,). In this table, w,,a, indicates the true value of the degradation
level W(r + A7) at 7 + A7 and w), the failure threshold.

Measurement at 7

I Maint le length
Perturbed Perfect Lifetime am gnance Cycle leng
action T(zr,w,)
zr > Ly, X<rT Corrective at 7 T
z; > L, X>T Preventive at 7 T
L <z <L, Wy > Wy X<rT Corrective at 7 T
Ly <z <L, Lyw<w,<wpy Preventive at 7 T
Ly<z <L wy < L T<X<T+AT Corrective at T+ AT
l T > Loy T > Lw = T+ AT
Preventive at
L <z <L, wy < Ly X>7+ AT 4 Ar T+ AT
P ti t
. <L X>r4Ar reventive a 4 Ar
T+ AT
Corrective at
<
zr < L T<X<T+AT i Ay T+ AT
ti t
zr < I X<T Corrective a T+ AT

T+ AT

Table 5.17 — Maintenance actions and corresponding cycle lengths

The parameter 7, A7, L;, L,, and Ly should be intended as design parameters of
the considered policy. Hereinafter, the vector of design parameters will be denoted by
& = {r,Ar,L;,L,, Lw}. The optimal value of &, which defines the optimal policy is
denoted as £* and should be set a priori with the aim of minimizing the long-run average
maintenance cost rate.

The cost model is summarized in Table 5.18 where the cost factors are denoted by using
the same notation as in the previous chapters (with the only exception of the inspection

cost that is not denoted by ¢; anymore, but by ¢, in the case of an imperfect inspection
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and by ¢, in the case of a perfect one). Finally, C(z,, w,, X) is the maintenance cost per

cycle formulated, scenario by scenario, for given values of the arguments z,, w,, and X.

Measurement at 7

Perturbed Perfect State at T Lifetime Maintenance cost
c+c,+c.
L X
#r > L Wr > WM <7 +ca - (1= X)
zr > L, wy < Wy aqg+c.+c¢
Cr+ cy + cy + Ce
<
Li <z < Ly Wr > Wy X< tcq- (1= X)
Liy<z, <L, Lyw<uw,<wy qgtc.+coyto
2-c4+c,+cy +ce
< < <
Ly<z <L, w, < Ly T<X<TH4+AT beg- (4 Ar— X)
L <z <L, w, < Ly X>7+AT 2-q+c,t+cyto
zr < I X>7+Ar 2-q+c,+c
2-c4c,+ce
< < <
zr < I wy <wy T<X<THAT beg- (T4 Ar— X)
2- z c
zr < I, Wy > Wy X<rT Gtctc

+cg - (T+AT - X)

Table 5.18 — Maintenance costs

It is worth to emphasize that, coherently with the assumption of not self-announcing
failure, in Table 5.18 the lifetime X is always denoted with the capital letter to intend
that, even in the special case of z, and w, being known, X should be regarded as a
random variable. It is also worth to remark that, although T'(z;,w,) and C(z;,w,, X)
functionally depend on &, for economy of notation the adopted symbols do not highlight
this dependency.

5.4.2 Formulation of the long-run average maintenance cost rate

By using the renewal/reward theorem (e.g., see Ross (1983)), the long-run average

maintenance cost rate Coo (&) can be formulated as:

| B{CZ(). W), X))
O &) = "5z W)

(5.11)
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where the expectations have been taken with respect to Z(7), W(7), and X. The expec-
tations in Eq. (5.11) do not allow for closed form expressions, but can be numerically

computed by using the (5.12) and (5.13), respectively.

E{C(Z(r),W(r), X)} = c1+ cz + & + (o — ¢+ Ca7) - [1 = Fiyr) (war)]
+cw - /OOO [ Fomwe) (Lulwr) = Faeoywin (Lilwn)| - fuie) (wr) - dw,
+ (1 +ca- AT) - /OOO Ezmywn(Lilws) - fw ) (w;) - dw,
+ (a4 ca- AT) - /OLW | Fzirywiny (Lulws) = Faywin (Lilw:)] - fw e (w:) - duw,
+(cc—¢p) - / [1 — Faw(rrsanw@ Wy — lewT):|
X [FZ (W) (Lulwr) = Fzamyw (Lz!wf)} - fwin (wr) - dws
+ (cc —¢p) - /OwM {1 — Faw (rrtanw) (Wi — wr’wT)}
X Fyoywe (Lilws) - fwen (wr) - dw,

wy  pTHAT
—cq- /0 / Faw raywn Wy — wrlwr) - Fzeyw (Lilwr) - fwn(w;) - dw; - dx

LW ’7’+A’T
—Cq - /0 / (my2)|W (T )(wM - w’7'|w7')

X [FZ(T)|W(T)(Lu’wT) — Fynywir (Ll]wT)] ‘fW(T)(’wr) sdw; - dx
S / / Fyy @y wn) (warlwr) - fw ) (wr) - dw, - dz,

wn

(5.12)

B{T(Z(r),W(r)} =7+ A7+ [~ Faywiny (Lihwr) - fuvee) () - duy
Lw
+Ar'/0 Patmmwin (Lalwr) = Famywn (Lilw,)] - i (wr) - dw,. (5.13)

Details about the derivations of Eqs. (5.12) and (5.13) can be found in Appendix B.1

5.4.3 Application example

To demonstrate its effectiveness, we have applied the proposed policy to a real-world
inspired case of a corroding pipeline. Pipelines are often buried underground, offshore, or

in general in places that are difficult to access, so inspections are usually very costly and
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failures (e.g., the considered soft failure consisting in excess of corrosion) and/or small
leaks are difficult to detect unless specific inspections are performed.

The application has been developed by considering eight realistic experimental sce-
narios, which have been defined by adopting the setups described in Table 5.19. The
cost parameters reported in the table have been inspired by Dey (2004). Without loss
of generality, in this example, it is assumed that the unit-specific gamma processes are
homogeneous with age function n(t) = a-t, an assumption that was found to be appropri-
ate for modeling the effect of corrosion (e.g., see Ellingwood and Mori (1993)). However,
other modeling solutions can be adopted to describe degradation phenomena of different
kinds (e.g., aging, reinforcement corrosion, etc.) without serious additional difficulties.

The parameter ¢ has been calibrated to define two groups of experimental scenarios
where the measurement errors have different magnitude. Specifically, subscript 1 identifies
the scenarios where the measurement errors are moderate (in this case it is ¢ = 0.001)
while subscript 2 identifies those where the measurement errors are severe (in this case
it is ¢ = 0.005). The setups, such as A; and A, that are indicated by the same letter
with a different subscript only differ in the magnitude of the measurement errors. The
logistic cost ¢; is always equal to 0.2. The cost of the preventive replacement c, is always
equal to 2. The cost of the corrective replacement c. is always equal to 6. The values of
the other cost parameters vary according to the letter (i.e., A, B, C, D) used to identify
the setup. The units are considered failed when their degradation level exceeds the value

wyr = 35 mm. The parameters of the hidden degradation process are set to the values

C Cy Cw Cp Ce ca__ @ [mm~Y]
m 02 02 1 2 6 06 %
giﬁﬁﬁg; 02 02 08 2 6 06 %
ggtzgé 02 02 04 2 6 06 %
m 02 08 12 2 6 01 %

Table 5.19 — Setups used to evaluate the performance of the proposed policy

reported in Table 5.20, which have been selected by using as rough reference those reported
in Mahmoodian and Alani (2014). Without loss of generality, the value of the parameter v
is always set equal to 1. The results obtained by applying the suggested policy, hereinafter
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a [years| c¢[mm] d v

0.17 d 2125 1

Table 5.20 — Values of the parameters of the hidden degradation process.

indicated as Py, are compared to those obtained by adopting three alternative policies,
indicated by Py, Po, and Ps. The policies P; and P, are defined by assuming that, at the
inspection time, only the perturbed and only the perfect measurement procedures can be
adopted, respectively. The policy Pj is a classical (pure) age-based maintenance policy,
which assumes that the unit is replaced at 7 regardless of its state and without performing
any inspection. It is worth to remark that the policies P;, P, and P3 can be obtained as

special cases from the policy Py by imposing the following constraints:

— P1 (which uses only the imperfect measurement procedure) is obtained from Py by
setting L; = Ly;
— Py (which uses only the perfect measurement procedure) is obtained from Py by
setting L; =0, L, = +o0, and ¢, = 0;
— P53 (which does not use any measurement procedure) is obtained from Py by setting
Ly=L,=0andc, =0.
All the policies have been applied to determine, under each setup, the optimal set of design
parameters and the corresponding optimal long-run average maintenance cost rate.

Setup by setup, to compare the performances of the policy Py with those of the policies
Py, Ps, and P3 the percent relative difference PRD(k) (k = 1,2, 3) has been evaluated:

PRD(k) = 100, (5.14)

where kC’OO(ké*) denotes the long-run average maintenance cost rate obtained by adopt-
ing the policy Py (kK = 0,...,3) and *¢* indicates the corresponding optimal set of
design parameters, being °¢ = {°7,°A7,°L;,°L,, Ly}, ‘¢ = {'r,'Ar,'L; = 'L},
2¢ = {27,2A7,%Ly}, and 3¢ = {37}, Thus, *C.("¢*) is the long-run average mainte-
nance cost rate given in Eq. (5.12), whereas the expressions for *Cy ("¢*) under policies
P1, P2, and P53 are provided in Appendix B.2.

Table 5.21 reports the optimal long-run average maintenance cost rate and the cor-
responding optimal values of the design parameters obtained under all the considered
policies in the case of the setups A; and A,. Tables 5.22, 5.23, and 5.24 report the same
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quantities in the cases of the setups B; and By, C; and Cs, and D; and Ds, respectively.
Obviously, the results obtained under the policies P, and Pz, which do not use the im-
perfect measurement procedure, are not affected by the magnitude of the measurement
errors. Thus, these results do not change passing from the left to the right side of the
mentioned tables. For similar reasons, the results obtained under the policy P; do not
depend on ¢, those obtained under the policy Py do not depend on c,, and those obtained

under the policy P3 depend neither on ¢, nor on c,. Table 5.21 shows that, under the

Setup "Co(*¢") PRD(k) *r *Ar Fry Ly FLy,
P, 0.1005 222 439 3.76 7.81 10.3
1 P, 0.1022 1.62% 21.0 396 5.02 5.02
! Py 0.1062 558 % 24.6 48.7 10.5
Py 01276 269 % 32.0
P, 0.1009 222 442 355 7.72 10.3
1 P, 01027  1.83% 209 397 481 4.81
2 P, 01062 520% 24.6 48.7 10.5

Py 0.1276 264 % 320

Table 5.21 — Optimal values of the design parameters, of the long-run average maintenance
cost rate, and of PRD(-) under all the considered policies in the case of setups .A; and

As.

setups A; and A,, the policy which yields the lowest long-run average maintenance cost
rate (i.e., the best policy) is Py. It also shows that, under these setups, P; outperforms Ps,
which in turn performs better than Ps. In fact, for example, under the setup A; the use
of the policies Py, Ps, and Ps, in place of the policy Py, leads to percent increases of the
long-run average maintenance cost rate equal to 1.62%, 5.58%, and 26.9%, respectively.

The setups B; and B, differ from A; and Ay only for the value of ¢,, which is 0.8
instead of 1. Table 5.22 shows that under the setups B; and B; the policies Py and P35 are
still the best and the worst one, respectively. On the other hand, due to the reduced value
of ¢,,, which incentivizes the use of the perfect inspection, in these cases P, outperforms
P1. In fact, for example, in the case of the setup B;, using the policies Py, Po, and Ps,
instead of Py produces a percent increase of the long-run average maintenance cost rate
equal to 2.94%, 2.77%, and 28.5%, respectively.

The setups C; and C, differ from the setups Ay, B; and A,, B; in the value of ¢,, only,
which is smaller than in the other mentioned cases. These setups reflect an experimental

scenario in which the perfect measurement procedure is only slightly more expensive than
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Setup "Co(*¢") PRD(k) *r *Ar Fry Ly FLy,

Py 0.0993 224 446 341 942 10.2
g Puo 01022 204% 210 396 502 5.02
boPy 01020 277% 240 479 10.3

Py 01276 285% 320

Py 0.0996 224 448 323 935 10.2
g Pro 01027 322% 209 397 481 481
Py 01020 247% 246 479 10.3

P 0.1276 264 % 32.0

Table 5.22 — Optimal values of the design parameters, of the long-run average maintenance
cost rate, and of PRD(-) under all the considered policies in the case of setups B; and
Bs.

Setup "Co("¢") PRD(k) *r *Ar Fry FLr Ly
Py 0.0954 225 451 268 16.85 10.0
e P 0102 7.09% 210 396 5.02 5.02
Yy 00934 -206% 228 46.0 9.83
Py 01276 337% 320
Py 0.0956 225 452 255 17.0 9.96
o, Puo 01027 754% 209 307 481 481
Py 00934 -219% 228 46.0 9.83

Ps 0.1276 33.5% 320

Table 5.23 — Optimal values of the design parameters, of the long-run average maintenance
cost rate, and of PRD(-) under all the considered policies in the case of setups C; and Cs.

the imperfect one. Table 5.23 shows that, under C; and Cs, the best policy is P,, which
uses the perfect measurement procedure only. The same table also shows that Py, which
allows for the optional use of the perfect measurement procedure, performs better than P .
As in the cases of the setups Ay, A, B;, and By, the policies Py, P;, and Py outperform
the (pure) age-based policy Ps. In fact, for example, under the setup C; the use of P; in
place of Py leads to a percent reduction of the long-run average maintenance cost rate
equal to 2.06%, while P; and P53 provide long-run average maintenance cost rates that are
7.09% and 33.7% higher than the one provided by Py. With respect to the other setups,
D; and D, depict scenarios characterized by higher inspection costs ¢,, and ¢, and smaller
downtime cost rate c;. Table 5.24 shows that, under these setups, the best policy is Ps,
followed by P, and Py, which performs slightly better than P;.
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Setup "Co(*¢") PRD(k) *r* *Ar FLy FLr L
P, 0.0809 475 935 7.73 10.57 15.9
. P, 0.0810 0.20% 46.6 90.7 9.15 9.15
! P, 0.0792 -2.06% 445 92.1 15.2
Py 00772 -455% 757
P, 0.0812 48.0 943 7.33 103 16.0
. P, 0.0813  0.23% 47.0 909 886 8.86
2 P, 0.0792  -240% 445 92.1 15.2

Py 0.0772 -4.87 % T5.7

Table 5.24 — Optimal values of the design parameters, of the long-run average maintenance
cost rate, and of PRD(-) under all the considered policies in the case of setups D; and
D,.

The results obtained under these latter setups show that, when the inspection costs are
high with respect to other maintenance costs, performing inspections does not necessarily
give economic advantages in the long run. Tables 5.21-5.24 also show that the magnitude
of the measurement error (within the considered range) does not significantly influence the
discussed results. Hence, the comments provided above apply both when measurements
are moderately and severely perturbed. In fact, the value of ¢ only influences the long-
run average maintenance cost rate under the policies Py and Py, which in general slightly
increases as ¢ decreases. Consequently, also the percent relative difference PRD(-) slightly

changes passing from the case where the error is moderate to the one when it is severe.

The severity of the measurement error can be expressed in terms of the ratio
V{Z(t)} /V{W(t)}. Unfortunately, both the variance of W(t) and Z(t) (see Egs. (2.52)
and (2.61)), as well as V {Z(t)} /V {W(t)} depend on t. Hence, it is not possible to quan-
tify the ratio V {Z(t)} /V {W(t)} by a unique number. However, it can be useful to note
that, for example, in the case of the setup A; at °7* = 22.2 it is V{Z(°7*)}/V{W (°7*)} =
1.57 while under the setup Ay at 7" = 22.2 it is V{Z(°7*)}/V{W (°*)} = 2.15. Simi-
larly, under the setup D; at °7* = 47.5 it is V{Z(°7*)}/V{W (°t*)} = 1.30 while under
the setup D, at "7* = 48.0 it is V{Z(°7*)}/V{W (°r*)} = 1.61.

To deepen and better understand how the results provided by the considered policies
change with the setup, it is useful to investigate how the long-run average maintenance
cost rate *C () splits into the components *Ci (), 5O (+), 50 (), f)COO(-), kCo(), and
*C(+), that denote the contributions to *Cy.(-) of corrective replacement, downtime,

logistic, preventive replacement, perfect inspection, and perturbed inspection costs, re-
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spectively. The expressions of these cost rates are given in Appendix B.3. Obviously, it is
kCoo() = ]ZCOO() +ZCOO<') +I§Coo('> +§COO(') +£COO(') +];Coo(')- Figure 5.7 and Figure 5.8
show how in the case of setups A; and Dy, respectively, the (minimum) long-run average
maintenance cost rate splits into the aforementioned contributions. The setup D; differs
from the setup A; for the values of ¢, c., and ¢y, which pass from 0.8, 0.2, and 0.6 under

setup A; to 1.2, 0.8, and 0.1 under setup D;, respectively.
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Figure 5.7 — Values of *C..(+), *C.(-), 5Cs ("), f)C’OO(~), kCo (), and *C.(-) under each of
the considered policies in the case of the setup Aj;.

From Figure 5.7 it is apparent that in the case of the setup .A; the main contribution,
under all the policies, is f)C’OO(-), followed by %C..(-) and *C..(+). This shows that, under
this setup, the maintenance cycle ends preferentially with a preventive replacement, hence
units are generally replaced when they are not yet failed. In fact, replacing failed units
implies not only a higher (compared to the preventive one) corrective replacement cost
but also a downtime cost that, depending on the setup, can be quite hefty.

Conversely, in the case of the setup D;, where the downtime cost rate c¢; is lower than
under the other setups, the consequences of failures are milder. Hence, the setup D;, com-
pared to the setup Ay, leads all of the considered policies to incentivize more corrective

replacements, by increasing the probability of failure in the maintenance cycle. This sit-
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Figure 5.8 — Values of *Cso(+), 5Cu(+), 1Cox (), 5C(+), wCo(+), and 5Cs(-) under each of

the considered policies in the case of the setup D;.

uation is clearly shown in Figure 5.8, where it is apparent that (under all the considered
policies) the dominant contribution is now *C.(-). Tables 5.21 and 5.24 show that this
result is primarily accomplished by lengthening the maintenance cycle. In fact, from these
tables, it is immediate to verify that the values of *7* and *A7r* obtained under the setup

D, are all higher than the corresponding values obtained under the setup A;.

5.5 Impact on maintenance decision-making of mis-
specification of gamma with inverse (Gaussian pro-

cess

Expanding on the analysis performed in Chapter 4, here we investigate how the mis-
specification issue of gamma and inverse Gaussian processes impacts on maintenance costs
(see also Esposito, Castanier, Giorgio, et al. (2022)). However, here we focus solely on the

consequences of the misspecification of a gamma process with an inverse Gaussian process
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(i.e., we consider neither measurement error nor the symmetric case of the misspecification
of an inverse Gaussian process with a gamma one). The processes adopted in this analysis
are still the ones presented in Chapter 2.3, though only the hidden processes should be
considered here. Maintenance costs are computed under the simple condition-based policy
presented in Chapter 5.2 (obviously, the case where measurement error is absent should

be considered).

Similarly to Chapter 4, to perform the analysis we have generated 3 sets of 1000
synthetic datasets under 3 different gamma degradation processes. As first step, dataset
by dataset, the gamma and inverse Gaussian models are fitted to data by means of ML
estimation. Hence, all the estimated processes are used to optimize the considered main-
tenance policy. A misspecification is assumed to occur if the Akaike information criterion
leads to prefer the inverse Gaussian process. The effect of a misspecification is evaluated

in terms of long-run average maintenance cost rate.

Neglecting the presence of measurement error hugely simplifies the estimation task.
Indeed, there is no need here for the EM algorithm and classical ML estimation can be
performed. Details about the formulation of the likelihood function under the considered
setup can be found in Chapter 5.5.1. Then, the results of the misspecification analysis are
illustrated in Chapter 5.5.2.

5.5.1 Maximum likelihood estimation of model parameters

Let us consider m identical units operating under homogeneous conditions, suppose
that the degradation level of the unit ¢ (i = 1,...,m) is measured at times ¢;1,...,%; ;.
and denote by W; ; = W (t; ;) the degradation level of the unit ¢ at the measurement time
tij, by w;; its realization, and by & the vector of model parameters. Then, under these
setting, the likelihood function of the considered competing processes can be formulated

as:

m Ny

L& w) = [T I1 faw., (Awy;), (5.15)

i=1j=1
where w = {le, ...7w17n1, ...,U)m71, ...,U}mmm}, ti70 = O, Wi o = 0, AVV@J = VVZ'J — Wi,j—la

Aw; ; = w; ; — w; j_1. Therefore, the log-likelihood function [(£; w) can be formulated as:

m  n;

(& w) = In[L(&w)] =D In | faw,, (Awi )] . (5.16)

i=1j=1

134



5.5. Impact on maintenance decision-making of misspecification of gamma with inverse
Gaussian process

The maximum likelihood estimate (MLE) of the parameter vector € is the value of £ that
maximizes [(§, w), given w. In the case of the considered gamma process, £ = {a,b,0}

and, from Eq. (2.11), the log-likelihood function in Eq. (5.16) can be expressed as:

lgsw) = - Z““’”wii“ ) = () ] i

=1 a

m e b mom b D (5.17)
o3 () - e () - ()
=1 i=17=1 a
Then, by solving with respect to 6 the equation:
ol(&w)  0Jl(a,b,0;w) 0
o0 00 B
the explicit form:
f(a,b) = Dizy Wi, (5.18)

m ti,ni b
=1 a

is obtained for the value A(a,b) that maximizes the log-likelihood function (5.17) with
respect to @ when a and b are set to the values indicated in the parentheses. Exploiting
this result, the MLEs a and b of a and b can be conveniently retrieved by numerically
maximizing, with respect to a and b, the two parameter profile log-likelihood 1,(a, b; w)
that is obtained by replacing 0(a, b) to 6 in the log-likelihood in Eq. (5.17). Once a and b
are available, the MLE 6 of 6 can be readily computed from Eq. (5.18) as § = 0(a, b).

Whereas in the case of the inverse Gaussian process, from Eq. (2.12), the log-likelihood

function (5.16) becomes:

l(ﬁ;w):—%-IH(Q-W)—F%-IH(H)—nt-b In(a S > lnAw”

2 i=1j5=1
2
1 Uil m (tfg_ti)j 1)

— . - 5.19
9.0 ;wl,m a“ Zz;]z:l Aw%] ( )
1 m m n;

+$.2t2 —|—le1111( ” 1)

1= 1=1j

where n;, = >, n;. Then, from Eq. (5.17), by solving with respect to 6 and a the following
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system of equations:

a0 a0
ol(§w) _ Ol(abbiw) _

da da

{ ol(&w) _ Ol(a,b,0;w) -0

we get the explicit forms:

" win \ 2 (b )
_ (szfmlqug :Z> DI 2?1:1 () Auﬁf_’;l) - z'; Wi,
6(b) = =1 , (5.20)

Uz

1
5 1
M m 4 M_ m b '

I e T R i
i(b) = | = (5.21)

Uz

for the values 0(b) and a(b) of 6 and a that (jointly) maximize the log-likelihood function
(5.19) when the parameter b is set to the value reported in the parentheses.

By using these results, the MLE b of b can be conveniently retrieved by numerically
maximizing the one-parameter profile log-likelihood [,(b; w), that is obtained by replacing
0(b) and a(b) to A and a in the log-likelihood (5.19). Once b is available the MLEs § and
a of @ and a can be then readily obtained from Eqs. (5.20) and (5.21) as § = 6(b) and
a = a(b).

5.5.2 Results of the misspecification analysis

The misspecification analysis has been developed by considering a real-world inspired
application where the degrading unit under study is a pipeline subjected to corrosion.
The degradation process of the pipeline is described by using three different (alternative)
gamma processes, hereinafter referred to as the true processes. The shape parameter b
of the age function n(t) = (t/a)® of the true processes is always assumed to be equal
to 1. The other parameters of the true gamma degradation processes (i.e., a and )
have been calibrated by using as rough reference the values provided in Mahmoodian
and Alani (2014). The complete description of the adopted setups (i.e., A, B, and C,
respectively) is provided in Table 5.25.

The true gamma processes have been used to generate 3 sets of N, = 1000 synthetic
datasets (i.e., one for each setup). Each dataset consists of m = 6 degrading paths, which
simulate the evolution of the degradation levels of as many units. Each path consists of

n; = 6 measurements, taken at equally spaced inspection times (¢; = 30, to = 60, t3 = 90,
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Setup a [years] b 6 [mm]
A 40 1 8
B 30 1 6
C 15 1 3

Table 5.25 — Setups A, B, and C used to generate the datasets.

ty = 120, t5 = 150, and ¢ = 180, expressed in time units) that are the same for all the
units (that is: ¢, ; =1¢;,Vi,7,i=1,...,mand j=1,...,6).

These datasets have been used to estimate, dataset by dataset, the parameters of the
gamma and inverse Gaussian processes via the maximum likelihood method described
in Chapter 5.5.1. Dataset by dataset, the misspecification is assumed to occur if the
Akaike information criterion (e.g., see Akaike (1974)) leads to prefer the (wrong) inverse
Gaussian process instead of the (right) gamma process. The results of the misspecification
analysis are reported in Table 5.26, where N, is the total number of datasets used for the
analysis, V,, is the number of times a misspecification has occurred, Ny is the number
of times a misspecification has not occurred, and r,, is the percent risk of incurring in a

misspecification, that is evaluated as:

Np,
% = (2m) 100,
T 70 (Nt> 00

These results give evidence that the risk of incurring in a misspecification increases

Setup Ny Nm Npo (%)

A 1000 945 55 5.5
B 1000 909 91 9.1
C 1000 868 232  23.2

Table 5.26 — Results of the misspecification analysis.

moving from the setup A to the setup C. Actually, as in Chapter 4, these setups have
been specially conceived with the aim of representing three possible experimental scenarios
that, while sharing the same mean function, are characterized by increasing risk (i.e., from
A to C) of incurring in a misspecification. For the sake of brevity, here we will not repeat
the explanation as to why this is the case (see Chapter 4.2.1 for more details).

The impact of a misspecification on the performances of the considered maintenance

policy is evaluated in terms of long-run average maintenance cost rate. The cost model is
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formulated by setting the unitary costs ¢, ¢,, ¢;, and ¢; (expressed in monetary units) and
the downtime cost rate ¢4 (expressed in monetary units/year) to the values given in Table
5.27, that have been loosely inspired to the values provided in Dey (2004). The pipelines

are assumed to fail when their degradation level exceeds the threshold limit w,; = 35 mm.

Cc Cp C; ] Cq

6 1 05 02 0.2

Table 5.27 — Parameters of the cost model

The effect of a misspecification is evaluated, dataset by dataset, by computing the
optimal value of the design parameter vector and the corresponding minimum long-run
average maintenance cost rate under each estimated model. Moreover, the same design
parameter vector (i.e., the one obtained under both the estimated models) is used to
compute the corresponding true long-run average maintenance cost rate, by using the
true gamma model. Finally, the true gamma model is used to determine the true optimal
value of the design parameters and the corresponding true minimum long-run average

maintenance cost rate. Obtained results have been used to compute the following indices:

Ny Coo(Cari)—Coo(C¥)

MRD{), = == =) (5.22)
’ Nd
o~k 2
Ny [ CooCrr)=Coo(¢) (1)
(1) k=1 O (C7) MED)q

Ny ’
where:

— C4(+) is the true value of the long-run average maintenance cost rate. This is com-

puted as in Eq. (5.2) by using the true gamma process);

— ¢" = (7", A7*,L*) is the true optimal value of the vector of design parameters
¢ = (1, AT, L) (i.e., the value of ¢ that minimizes C(());

— Cx(¢") is the true minimum long-run average maintenance cost rate;

— AOO,M,;C(-) is the long-run average maintenance cost rate computed by using the
model M with a, b, and 6 set at their MLEs obtained (under the model M) from the
k-th dataset (the hat «"» indicates that Ci arx(-) can be intended as an estimate

of Cs(+));
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— ijk = (Tare ijk, E}‘Vlk) is the value of ¢ = (7, A7, L) that minimizes Cio 37%()

(the hat «"» indicates that Z’Lk can be intended as an estimate of ¢*);

— Aoo, Mk(&j\“) is the (estimated) minimum long-run average maintenance cost rate
computed by using the model M with a, b, and 6 set at their MLE obtained (under
the model M) from the k-th dataset;

— COO(ZLk) is the true long-run average maintenance cost rate obtained by setting

¢ = ijk (this cost is evaluated by using the true gamma process).

The subscript M on the left sides of Eqgs. (5.22) and (5.23) serves to identify the model
used to compute awk, with M = GP standing for the gamma process and M = IGP
standing for the inverse Gaussian process. The subscript d indicates the datasets used
to compute the index. Specifically, d = t indicates that the index is computed by using
all the V; datasets, d = m indicates that it is computed by using only the N,, datasets
that lead to a misspecification, and d = m indicates that it is computed by using only the

datasets that do not lead to a misspecification. The index (5.22) is the mean of the relative

MRDYY,
M d Setup A Setup B Setup C
GP m 0.042 0.043 0.042
IGP m 0.43 0.20 0.046
GP m 0.043 0.039 0.046
IGP m  0.044 0.033 0.039
GP t 0.042 0.043 0.043
IGP t 0.41 0.18 0.044

Table 5.28 — Results of the study: index M RD](\})’d.

difference [C'OO(Z’*Mk) —C(€")]/Cs (™). Hence, for example, the value MRD(Glﬁ)m = 0.043,
reported in the first row of Table 5.28 in the column relative to the setup B, indicates that
using the design parameter vector é’;k (i.e., the one determined by minimizing 6’007 mi(*))
in place of ¢* (i.e., the one determined by minimizing C(-)) results in a long-run average
maintenance cost rate that (in mean) is 4.3% higher than the true minimum long-run
average maintenance cost rate C(¢*). Thus, roughly speaking, this means that under
the setup B, using the estimated gamma process in place of the true one in the cases where
a misspecification has not occurred, causes (in mean) a 4.3% increase of the maintenance

cost. This difference, when M = GP, is only due to the circumstance that the MLEs of
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SDRD\},
M d Setup A Setup B Setup C

GP m  0.069 0.076 0.067
IGP m 0.92 0.59 0.045
GP m  0.058 0.061 0.074
IGP m  0.047 0.036 0.049
GP ¢ 0.068 0.075 0.069
IGP t 0.90 0.57 0.046

Table 5.29 — Results of the study: index S DRD](\?;d.

the model parameters do not coincide with the true values. Differently, when M = IGP
the cost increase depends both on the use of a wrong model and on the fact that its
parameters are estimated, with the aggravating circumstance that the estimates of the

parameters are obtained under the wrong model.

Table 5.28 shows that, under all the setups, the results obtained when M = IGP
and d = m are very similar to those obtained when M = GP and d = m. This means
that using the inverse Gaussian process in place of the true gamma one, when its use is
suggested by the AIC, determines a negligible effect on the long-run average maintenance
cost rate. On the other side, the results obtained when M = IGP and d = m give
clear evidence that using the inverse Gaussian model when the AIC leads to prefer the
gamma process can produce severe consequences, especially when the risk of incurring in

a misspecification is low (i.e., setup A).

The index (5.23) is the standard deviation of the relative difference [C’OO(Z”Lk) -
Cx(€")]/Cx(€"). This index serves to understand how the considered relative difference
varies from dataset to dataset with respect to its mean value reported in Table 5.29. The
observed differences are due to the circumstance that the estimates of model parameters
(obviously) vary from dataset to dataset. Obtained results show that, in all the considered
cases, the (quadratic) mean of the difference between the values obtained from the generic

dataset and the mean reported in Table 5.28 is about 1.5 times greater than the mean.

Finally, the results of the Monte Carlo study have been also used to compute the
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indices:

Ng Coo, M k(Cprk)—Coo(Car, k)

k=1 o
MRD®, = ;:“M$) , (5.24)
~ A~k Ak 2
o Z]kvzdl Coo,M,Ic(CCOJ\:,(%l_C)OO(CM,k) o MRD](\Z),d
SDRD;/, = “&, : (5.25)
d

The results obtained for these indices are reported in Tables 5.30 and 5.31.
The indices (5.24) and (5.25) are the mean and the standard deviation of the relative

MRDY),

M d Setup A Setup B Setup C
GP m -0.0053  -0-056  -0.046
IGP m -0.0076 0.18 0.17
GP m -0.11 -0.074 -0.066
IGP m 0.12 0.14 0.066
GP t -0.056 -0.057 -0.050
IGP t -0.00079 0.17 0.15

Table 5.30 — Results of the study: index M RD](\?’d.

SDRDSY,
M d Setup A Setup B Setup C
GP m 0.25 0.23 0.17
IGP m 0.34 0.29 0.21
GP m 0.25 0.21 0.17
IGP m 0.24 0.24 0.19
GP t 0.25 0.23 0.17
IGP ¢ 0.34 0.29 0.21

Table 5.31 — Results of the study: index S RDRgé)’d.

difference [@ka(ZLk) - COO(ZLk)]/COO(ZLk) A positive (negative) value of the in-
dex M RD](\Z?d indicates that the estimates of the long-run average maintenance cost rate
Che, Mk:(awzg) assume (dataset by dataset) values that in mean are greater (smaller) than

the corresponding true long-run average maintenance cost rate COO(E*Mk) More specif-
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ically, for example, the value M RD(Ci)m reported in the first row of Table 5.30, in the
column relative to the setup B, indicates that the long-run average maintenance cost rate
calculated under the estimated gamma process, in the cases where the misspecification
has not occurred, are in mean 5.6% smaller than the corresponding true values. It is inter-
esting to note that the use of the gamma process leads to underestimate the true long-run
average maintenance cost rate, while the inverse Gaussian process leads (in almost all
cases) to overestimate it. However, in all cases, the values obtained for the M RDﬁd are
rather small. The values of the index SDRDE\Z reported in Table 5.31 show how the
estimates of the relative difference [C, Mk(z*Mk) - C’OO(Zij)] / COO(Ej\Jk) obtained from
the considered N, synthetic datasets fluctuate around the corresponding mean reported
in Table 5.31.

5.6 Conclusions

In this chapter, three new maintenance policies have been proposed for units whose
degradation path is affected by unit-to-unit variability in the form of random effect. The
proposed policies consists in performing, at a predefined epoch, an inspection aimed at
measuring the degradation level of the unit and in using the outcome of this measurement
to inform subsequent decision-making via a condition-based rule.

In Chapter 5.2 the basic decision-making scheme is presented, showing its effectiveness
and how measurement error impacts on maintenance costs. The policy there illustrated
takes advantage of the heterogeneity present in the population by using the inspection to
timely distinguish between weak and strong units. Indeed, the inspection can be envisaged
as a classifier, casting all units in a "weak' class (immediately replacing them) and a
"strong" class (postponing their replacement).

The adaptive policy presented in Chapter 5.3 takes the same general idea one step
further. In fact, whereas in case of the non-adaptive policy of Chapter 5.2 all units cast
into the "strong" class are replaced at the same time, in this case the replacement time
will be adaptively scheduled based on the measured degradation level at the inspection
time. Indeed, here the inspection classifies units into several "strong" classes, and to each
one of them assigns an ad-hoc replacement time. Obtained results show that, under the
considered setup, noticeable savings can be achieved by adopting this adaptive strategy
over the non-adaptive one.

On the other hand, the policy presented in Chapter 5.4 expands on the simple scheme
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of Chapter 5.2 by integrating different measurement procedure at the inspection time.
Indeed, in this case the measurement is initially performed by using an imperfect proce-
dure that provides a perturbed measurement of the true degradation level. Based on the
outcome of this first measurement procedure, a condition-based rule is then used to decide
whether to immediately replace the unit, to postpone its replacement to a (also prede-
fined) later time, or to use second perfect measurement procedure, which has an extra
cost. In this latter case, based on the outcome of this second measurement procedure it
is finally decided whether to immediately replace the unit or to postpone its replacement
to a predefined future time.

The key idea of the policy, in this case, is to use the perturbed inspection to timely
identify the units that are safely below the failure threshold and those that are close to
failure or even already failed, for which the maintenance decision is unambiguous. Then,
an additional (perfect) measurement can be performed to further assess the true state of
the remaining unit and inform further decision-making.

The performances of this latter policy have been compared with those of three alternative
policies obtained by assuming that only one (either the perturbed one or the perfect one,
respectively) or none of the considered measurement procedures is adopted. The com-
parative study has been developed by considering eight setups that differ in the values of
some of the cost parameters and/or in the magnitude of the measurement error. Obtained
results have shown that, depending on the relative values of the cost parameters, adopting

the more flexible scheme can be very advantageous.

Overall, comparing the three policies has shown that, when inspection costs are high,
restricting the policy to a single inspection can be a viable strategy. However, it has also
shown that, for some particular setting of the cost model (i.e., high inspection costs, low

consequences of undetected failure) even a single inspection is already superfluous.

Finally, this chapter also presented the results of a misspecification study investigating
the impact on maintenance costs of misspecifying a gamma process with an inverse Gaus-
sian process. As it was already observed in the larger misspecification study presenter in
Chapter 4, also in this case it seems that, in the experimental situations when the risk of
a wrong diagnosis is higher, its consequences are milder. Conversely, when the risk of a
misspecification is lower, the consequences can be severe. Nevertheless, if model selection
is performed by using an appropriate statistical criterion (such as the adopted AIC) then

the performances of the two models are very similar.

In this chapter, the proposed policies are built only considering inspections and re-
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placements are available maintenance actions. In the next chapter, we will prioritize main-
tenance actions that we will refer to as "prescriptive", in the sense that the scope of these
actions is not limited to the strictly maintenance domain, but tap also into the more
general operational and economical aspects of the system. In conjunction with the more
classical maintenance actions, the prescriptive actions might provide an overall better

coordinated response between economical profitability and maintenance cost control.
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CHAPTER 6

A NEW PARADIGM: PRESCRIPTIVE
MAINTENANCE

6.1 Introduction

The main role of maintenance planning in industrial applications is to guarantee reli-

able and safe functioning of equipment. However, given that it often entails disruption to
normal operations (for example, to perform in-depth inspections) it is typically perceived
as a time-intensive and costly task. As touched upon also in some previous chapters, this
situation often generates a conflict between the commercial incentive to maximum uti-
lization of equipment and ensuring its safe operation through regular maintenance.
On the other hand, maintenance is also an activity that could create opportunities for
improvement. In the search for maximum operational efficiency, modern maintenance
strategies such as prescriptive maintenance (PsM) have been proposed as a potentially
effective tool.

Indeed, a PsM framework does not see maintenance-related decisions and operational-
related decisions are separated and conflicting, but rather considers them as two sides of
the same coin (see Pinciroli, Baraldi, and Zio (2023)). Therefore, maintenance recommen-
dations (i.e., the prescriptions) should be defined by taking into account all functionalities
of a system (see Tung (2019)). These prescriptions go beyond describing what, when, and
how to perform maintenance, but also provide precise operative instructions on how to
adjust the system operating conditions to reach a desired outcome (see Longhitano et
al. (2021a)).

Although an increasing number or papers dealing with this new paradigm have been pre-
sented in the recent literature, a formal definition of PsM is still missing. To the best
of the author’s knowledge, the most serious attempt at a definition has been made by

Longhitano et al. (2021b). In that paper, the authors argue that a PsM approach should:

— use failure predictions, or data-driven degradation models, to quantitatively assess
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the best course of action;
— as Tung (2019) suggests, account for all functionalities of a system;

— adopt a detailed model of the system under study, which should capture the effects

of prescriptive actions;

— given that the prescriptions will also influence the future failure behavior of the
system, said model should also have a closed-loop structure and be able to integrate

real-time data to correct the course of action.

The same authors also propose an example of application of PsM in Longhitano et
al. (2021b) and Longhitano et al. (2021a), where they model the degradation of a critical
component, the brake pad, of a fleet of vehicles. The goal of their PsM solution is to
provide the best mission schedule for the fleet and decide maintenance dates, considering
the effect one has on the other. They aim to maximize the utilization of the component
while minimizing workshop visits (especially the extra ones with respect to the prear-
ranged calendar), assigning different missions to different vehicles in order to manage the
degradation of their brake pads.

The idea of using prescriptive actions to influence the degradation and the operating
lifetime, with the goal of conforming to a predetermined maintenance calendar, is a re-
curring theme in the PsM literature, also touched upon by other authors, such as Dirkes
et al. (2023). In this manuscript, we will also explore a similar scenario.

Drawing inspiration from modern prescriptive maintenance ideas, in this chapter we
propose two prescriptive policies inspired by the one presented in Chapter 5.2. In fact,
both policies assume that, due to its high cost, a single inspection can be performed
during the life cycle of the unit and use the information gathered by means of this in-
spection to decide, via a condition-based rule, whether to immediately replace the unit
or to postpone its replacement to a future time. The main difference with respect to the
policy of Chapter 5.2 is that, here, we suppose that it is possible to manipulate the usage
rate of the unit according to economic considerations. Moreover, we also assume that the
time at which maintenance operations can be carried out are supposed to be subjected
to significant constraints (for example, limited maintenance personnel availability, con-
tractual clauses, etc...). The driving idea behind these policies is to investigate whether
introducing another degree of freedom (in the form of adjusting the usage rate), in a
scenario where maintenance dates are constrained, can provide a better trade-off between

preventive replacement, corrective replacement, inspection, and operational costs.
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A change in the usage rate is supposed to affect both the future evolution of the degra-
dation and operational costs. Indeed, one of the main challenge of prescriptive maintenance
is accounting for and quantifying how prescriptive actions (such as manipulating the us-
age rate) impact the degradation of the unit, and even more developing a comprehensive
cost model that captures their effects on maintenance and operational costs.

The prescriptive policies presented in this chapter are developed based on the following

assumptions:
— a single degrading unit is considered;
— failure occurs when the degradation level of the unit passes an assigned threshold
War;
— failures are not self announcing and the unit keeps operating past its failure point,

but with reduced performance/additional costs;

— any replacement (i.e., both corrective and preventive) restores the unit to an "as
good as new" state. Therefore, the time elapsing between two successive replacement

times defines the cycle of a renewal process;

— at the start of each cycle the usage rate is set to ug, where i < g < Umaz, Umin
is the minimum usage rate, and ,,q,; is the maximum usage rate;
— it is possible to change the usage rate only at the inspection time.

The performance measure adopted to define the optimal policy is the long-run average

maintenance utility rate.

6.2 A prescriptive maintenance policy for a gamma

deteriorating unit

6.2.1 Description of the policy

This prescriptive maintenance policy (see also Esposito, Castanier, and Giorgio (2022a))
is developed starting from the simple decision scheme proposed in Chapter 5.2. In fact, it
consists in performing a single inspection at an age-based time 7 and deciding whether to
immediately replace the unit or to postpone its replacement to time 7 + A7, by using a
condition-based rule. The main novelty with respect to the policy illustrated in Chapter
5.2 is that here the condition-based rule includes the possibility of adjusting the usage

rate of the unit.
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The policy suits particularly well the cases in which the time intervals between suc-
cessive inspections/replacements are subjected to constraints. In fact, for simplicity (yet
without loss of generality), the proposed maintenance policy is formulated by assuming
that times between successive inspections/replacements are constrained to be equal (i.e.,
it is assumed that A7 = 7).

The condition based rule adopted to take the decision at 7 is summarized in Table 6.1,
where w, is the measured degradation level at time 7, L (L < wyy) is the preventive main-

tenance threshold, and w,;;, < 4, < Upqe,. The components of the vector & = {7, L, ug, u, }

Measurement at 7 Decision
wy > L Replacement at 7
wy < L Replacement at 27, set usage rate to u,

Table 6.1 — Condition-based rule adopted to decide the replacement time and the usage
rate.

should be intended as design parameters. The value of £ that maximizes the long-run
average maintenance reward rate (and hence defines the optimal policy) is denoted by
& = {7, L* ug, u;} Table 6.2, where wy, is the degradation level at time 27, lists all the
possible scenarios, along with the corresponding maintenance actions to be taken and the

length of a maintenance cycle T'(w; ). It is worth to note that, although the notation does

Experimental Maintenance
. . Cycle length T'(w
Scenario action ¥ & (w-)
Preventive
L <w, <w T
=M replacement at 7
W > w Corrective .
T M replacement at 7
Preventive
<L < 2
Wr = &y Wor = W replacement at 7 T
Corrective
w, < L, wor > wy 2T

replacement at 7

Table 6.2 — Possible scenarios and corresponding maintenance actions and cycle lengths.

not highlight it, 7'(w,) functionally depends on &.
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6.2.2 Degradation model

The gamma process {Y (¢);t > 0} is a monotonic increasing process with independent
and gamma distributed increments. Thus, given an initial condition (here Y (0) = 0), it is
fully defined by the (pdf) of its generic increment AY (¢, t5), with t5 > ¢; > 0:

5 §An(tita) _
fAY(tl,tQ)( ) = 9An(t17t2) . I_‘ (A’r/(tl’t2)) .

_s
0

e

or by the corresponding cdf:

Y (An(tb t2)7 g)
I' (An(ti,t2))

FAY(tl,t2)(5) =

where 6 (6 > 0) is the scale parameter, 7(f) is a non-negative, monotone increasing
function (referred to as the age function), An(t1,t2) = n(te) — n(t1), I'(+) is the complete
gamma function, and ~(-) is the lower incomplete gamma function. In this chapter, it
is assumed that, given the history of the usage rate u; = {u(y),0 <y < t} up to and
including the time ¢, the degradation process {W (t);t > 0;u;} of the generic unit can be
described by using a gamma process, whose increment AW (¢, ¢ + dt) over the elementary

time interval (¢,t + dt) is gamma distributed with conditional pdf:

577' (tu(t))dt—1 e*%

~ 00T () (tu(t)) i)’

fAW(t,t+dt)(5; Ut) = fAW(t,t+dt) (5§ U(t)) (6-1)

Note that the pdf (6.1) also implies that given wu(¢):

— the degradation increment AW (¢, ¢+ dt) is assumed to be independent of W (t) and
of the past history of the usage rate u;- = {u(y),0 <y < t};

— as in Tseng, Balakrishnan, and Tsai (2009), the pdf of AW (¢,t + dt) is assumed to
depend on u(t) only through the value of its shape parameter ' (¢; u(t)) - dt (in fact,

the scale parameter 6 is assumed to be independent of the usage rate).

The function 7' (¢; u(t)) must be positive and integrable with respect to ¢. In this chapter,
the power-law expression 7' (t;u(t)) = a (u(t)) - b- t*~! is adopted.

Therefore, under the proposed maintenance policy, the degradation level W (¢) at time
t, for any ¢t < 7 and given ug (i.e., at any time before the inspection, given the value of

the usage rate between t = 0 and ¢ = 7), is distributed as a gamma random variable with
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pdf:
§n(tiuo)—1 5
fwo(0510) = Gty T intue)) ¢ 02
and cdf: )
Fw @) (65 u0) = m (6.3)
where:

t t -
n(tsw) = [ o (u() -dy = [ a(u(w)) 6oy - dy = alu) 1"

Similarly, the degradation increment AW(r,t) for any ¢ > 7 and given u, (i.e., at any

time after the inspection and given the value of the usage rate between ¢t = 7 and t = 27)

is gamma distributed with conditional pdf:

6ATI(T:t§Up)*1
T 6) =
Fawen(0i) = xmiy T (An(T,t;up))

Sa[e%)

(6.4)

- €

and conditional cdf:
v (An(r,tuy); )
I' (An(7,t;up))

Faw () (6;up) = (6.5)

where:

t

Nl tiu) = [0 (sue) - dy = [ alu(w)) b dy = aluy) - (0 = )

T

The adopted notations give evidence that the pdfs fu ) (d;uo) and faw(r2-)(0;u,) and
the cdfs Fyy)(6;uo) and Faw(r2-)(;u,) depend on the usage rate (i.e., on ug and wu,,
according to the time window). Conversely, for the sake of notation simplicity, they do
not explicitly highlight that faw (¢ (6; up) and Faw () (6; up) are conditional distributions

(i.e., are formulated given wuy).

Finally, it is not hard to verify that, under the same assumptions, for ¢ < 7, the

conditional cdf of W (t) given W (7) can be expressed as:

w
Fw@yw i (wewr; up) =B <wt, n(t; uo), An(t, 7; U0)> (6.6)

T

where An(t, 7;ug) = n(7;u0) — n(t;up), and B(z; «, ) is the regularized beta function:

B(z; a, ) [a + B)) ./OZ 27 (1 —2) 7 - da.

" I(a) - T(3
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6.2.3 The cost model and formulation of the long-run average

maintenance reward rate

Under the proposed policy, the cost model is developed considering the cost of a
preventive replacement c,, the cost of a corrective replacement c. (¢, < ¢,), the inspection
cost ¢;, which is incurred only when an ad hoc inspection is done, and the logistic cost
¢;, which is incurred each time an inspection or a replacement (even in the absence of an
inspection) are performed.

The usage rate is assumed to impact the cost model through a reward term and
a penalty term. Specifically, we assume that the reward earned by operating the unit at
usage rate u can be computed as the product of a reward rate r(u) and the operating time
of the unit, while the penalty cost can be expressed as the product of a penalty rate cpe, ()
and the downtime of the unit (i.e., the time elapsing from the potential failure of the unit
until its eventual replacement). This penalty cost is sustained only in case of failure of the
unit and is supposed to capture the effect of the reduced performances/additional costs
resulting from operating the unit past its failure time.

Table 5.12 summarizes the utility U(w,, X) for each possible scenario, as a function
of the degradation level w, and the lifetime of the unit X. As T'(w,), also U(w,, X)
functionally depends on &, despite the adopted notation not highlighting it.

Experimental scenario Utility U(w,, X)
L<w, <wy —— ¢ —cp+r(ug) - T
—c— ¢ —co+r(ug) -7
wy; > w
Y —Cpen (Uo) - (1 — X))
wy < Lywe, <wpy =2 —ci—cp+r(ug) T +7r(uy) T

—2-c—c¢;i—cotr(ug) - THr(uy) T
—Cpen(Up) - (27 — X)

Wr S L, War > Wir

Table 6.3 — Possible scenarios and corresponding utility.

By the renewal-reward theorem (see Ross (1983)), the long-run average maintenance

reward rate function U, (&) is defined as:

_ B{UW (), X)}}

O =Ty 67

where expectations have to be taken with respect to all the variables that are within the
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parentheses.

The expected values in Eq. (6.7) can be computed via Eqgs. (6.8)-(6.9).

E{UW(7), X)} =
= /L /27 U(wy,x) - fX|W(T)($|wT;Up) ) fW(T)(wT;UO) dz - dw,
+/ /zT (wr, ) - fxpwn (@|wes; wp) - furery (e ug) - da - duws
* /wM/ (wr, @) - fxwn (@|lwes up) - fw ey (Wrsug) - do - dw-
* /wM/o (w7, ) - fxjw ) (T|wr; wo) - fw ) (wes ug) - da - dw;,

= —a = ¢ =+ r(uo) - T+ [r(up) = Cpen(up)] - T Fir)(L; uo)
— 1 Py (L) — L6 = € + pon(t0) 7]+ [1 = Fivoy (s )]

(6.8)

L
— (cc — Cp) : /0 [1 - FAW(T,27)<wM — Wr; up)] : fW(r) (wr;up) - dw,

L r27
+ Cpen(“p) ) /0 i FAW(T,LE) (wM — Wr; up) ’ fW(T) (wT7 UO) dw - dwT

+ Cpen (o) - /oo

/0 Fw (@) w(r) (warwrs ug) - fW(T) (wr; ug) - dx - dw,
Wi

E{T(W(r))} = / (wy) - fw ) (wrs o) - dwT—l—/ wy) - fw ) (wrsug) - dw,

=27 /0 fW(T)(wT§ UO) cdw, + T - /L fW('r)(wT; UO) ~dwr =7 - [1 + FW(T)(L; uO)] (6'9)

6.2.4 Example of application

We consider a hypothetical application of the proposed approach to a corroding
pipeline, assuming that it is possible to control flow velocity according to convenience.
In fact, pipelines are often buried underground, or offshore, and only periodic inspections
can be performed (Alaswad and Xiang (2017)). Moreover, it has been observed that flow
velocity can influence the rate of corrosion (Utanohara and Murase (2019), Yoneda et
al. (2016)). Following Utanohara and Murase (2019) and Yoneda et al. (2016), we assume

that the corrosion rate is affected by flow velocity via a power-law function. In particular,
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we suppose that it affects the scale parameter of the age function:

a(u) =a- (usam>d.

In this preliminary analysis, without loss of generality, it is assumed that the reward rate

r(u) depends linearly on flow velocity:

u

r(u)=r-
() umaz

and that the penalty cost rate is a fixed fraction of the reward rate:
Cpen (W) = Cpen - T(W), (6.10)

where 1,4, is the maximum allowable flow velocity, and a, r, and ¢y, are the correspond-
ing maximum degradation rate, reward rate, and penalty cost rate, respectively (i.e.,
a = a(Upmaz), T = T(Umaz); A0d Cpen = Cpen(Umaz)). Depending on the practical scenario
under study, ¢,e, might be greater or smaller than r (that is, operating a failed unit may
incur in a penalty that is greater than the corresponding reward). In this case, we set
cpen = 0.8, to investigate the case where the penalty is relevant but does not exceed the
reward. The values of the parameters used to calibrate the degradation process have been
inspired by those provided in Mahmoodian and Alani (2014) and are reported in Table 6.4.
The same table also report the values of the unitary costs c., ¢, ¢;, ¢, and cpey, inspired
by those found in Dey (2004). The pipelines are assumed to fail when their degradation
level exceeds the threshold wy; = 35 mm. The maximum and minimum allowable usage

rates have been set to g, = 1 and u,;, = 0.

alyears] b 0 [mm] ¢, ¢ ¢ G Cpen

0.17 1 235 1 6 05 02 08

Table 6.4 — Parameters used to calibrate the degradation process and the cost model.

Let P, be the proposed policy. For the sake of investigating the effect of changing
the usage rate, we compare the performance of P; with three special cases obtained by

considering the following constraints:
— Par ug = ups;

- Pgi Up = Up;
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— Py up = up = up.
We consider four experimental scenarios that differ in the values of r and d, and are

summarized in Table 6.5. Table 6.6 reports the optimal values of the design parameters

Scenario d r
A 1.3 0.2
B 2.3 0.2
C 1.3 0.05
D 2.3 0.05

Table 6.5 — Considered setups.

and the corresponding optimal long-run average maintenance reward rate computed under
the four aforementioned policies, in the case of the scenario A. Tables 6.7, 6.8, and 6.9

report the same results obtained under the scenarios B, C, and D. Tables 6.6-6.9 give

T* L* wug u;'; Uz
P, 342 161 1 1 0.1636
P, 342 161 1 1 0.1636
Py 342 161 1 1 0.1636
P, 342 161 1 1 0.1636

Table 6.6 — Optimal values of the design parameters and corresponding long-run average
maintenance reward rate obtained under the scenario A.

T* L*  uf u;‘, Uz,
Py 504 115 1 0.91 0.1643
P, 504 115 1 0.91 0.1643
Ps 342 161 1 1 0.1636
P, 342 161 1 1 0.1636

Table 6.7 — Optimal values of the design parameters and corresponding long-run average
maintenance reward rate obtained under the scenario B.

evidence that, depending on the particular scenario, it is more or less advantageous to
adopt P, instead of the less flexible Py, P3, and Pj.

The effect of changing the usage rate is especially apparent in the case of the scenarios
C and D. In fact, for example, in the case of scenario D, P; allows to obtain a long-run

average maintenance reward rate that is 22% greater than the one obtained under P3 and
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T* L* u; Uz,
P, 52.6 152 0.65 2.027-1072

1
P, 526 152 1 0.65 2.027-1072
Py 352 164 1 1 1.432-1072
Py 352 164 1 1 1.432-1072

Table 6.8 — Optimal values of the design parameters and corresponding long-run average
maintenance reward rate obtained under the scenario C.

T* L* uy u;’; Uz
P, 612 162 0.95 0.71 2.355-1072
P, 545 16.4 1 0.74 2.348 -1072
P 83.7 164 0.68 0.68 1.924-102

P, 352 164 1 1 1.423-1072

Table 6.9 — Optimal values of the design parameters and corresponding long-run average
maintenance reward rate obtained under the scenario D.

65% greater than the one obtained under Py, where Pj is the policy that does not allow for
the possibility of modifying the usage rate on the basis of the degradation measurement
performed at 7 and Py is the one that sets both uy and wu, to the maximum allowable

value Up,qz-

6.3 An adaptive prescriptive maintenance policy for

a gamma deteriorating unit

6.3.1 Description of the policy

This prescriptive policy (see also Esposito, Castanier, and Giorgio (2023)) extends the
one presented in Chapter 6.2. Also in this case the policy consists in performing a single
inspection at a predetermined inspection time 7 whose outcome is a measurement of the
current degradation level of the unit (hereinafter denoted as w;). This measurement is
then used to decide, via a condition-based rule, whether to immediately replace the unit
or to postpone its replacement to time 27 (no additional inspection will be performed
at 27). In case the replacement is postponed, if it is deemed economically convenient,
the usage rate for the remainder of the operating life of the unit can be changed within

predetermined limits, according to convenience, influencing both the future evolution of
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the degradation process and the operating costs.

The main novelty of this approach with respect to the one suggested in Chapter 6.2
is that, here, in case the replacement is postponed the new usage rate is determined
based on the adaptive rule described in Table 6.10, where L; < Lo < --- < L < wyy,
uy > ug > - -+ > uy denote the usage rates that (based on w, ) are used in the time interval

(1,27), and Ly is the preventive replacement threshold.

Measurement at 7 Decision

wy > Ly, Replacement at 7
L1 <w, <L, Replacement at 27, set usage rate to uy

Ly <w, <Ly Replacement at 27, set usage rate to us
wy < Iy Replacement at 27, set usage rate to u,

Table 6.10 — Adaptive condition-based rule adopted to perform decision-making.

At the beginning of the maintenance cycle the usage rate is set to ug and its value is also
a design parameter which should should be set on the basis of economic considerations.
The components of the vector & = {L1, ..., Ly, ug, u1, . . ., ux } should be intended as design
parameters. The value of & which maximizes the long-run average maintenance reward
rate and defines the optimal policy is denoted by &" = {L7,..., L}, uj, ui,. .., up}.

The number of classes k should be envisaged as a "hyperparameter" that must be set
a priori with the aim of finding a satisfactory trade-off between performance of the policy
and computational burden, which both increase with k.

It is worth remarking that, when £ = 1, the proposed policy coincides with the one
suggested in Chapter 6.2. Table 6.11, where wy, is the degradation level at time 27, lists
all the possible scenarios along with the corresponding maintenance actions to be taken
and the length of a maintenance cycle T'(w, ). Note that, despite not highlighting it, 7'(w,)
functionally depends on &.

6.3.2 The cost model and formulation of the long-run average

maintenance reward rate

The cost model is developed under the same assumptions (and notation) of Chapter

6.2. Table 6.12 lists, for each possible scenario, the corresponding utility U (w,, X) as a
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Experimental Maintenance
P . . Cycle length T'(w,)
scenario action
Preventive
L, <w, <w T
F =M replacement at 7
W > w Corrective -
T M replacement at 7
Preventive
wr < L and wy, < w 2T
T =k 21 ="M replacement at 27
Corrective
w, < L and we, > wyy 2T

replacement at 27

Table 6.11 — Possible experimental scenarios and corresponding maintenance action and
cycle length.

function of the degradation level at the inspection time w, and of the lifetime of the unit
X.

The long-run average maintenance reward rate Uy (&) is computed via the renewal-
reward theorem (see Ross (1983)) as

E{UW (1), X)}
{T(W (7))}

where expectations have to be taken with respect to both W (7) and X. The optimal value
Uso(€7) obtained when & = £" is denoted as UZ.
The expected values in Eq. (6.11) are not available in closed form but can be computed

via Egs. (6.12)-(6.13).

Ux(§) = (6.11)

E{UW(7), X)} =
B Z /Lh . /TQT Ulwr, 2) - e (xlwrs un) - f i (wrs wo) - do - dwy

+ Z I wT7 fX|W (:p|w7, uh) ' fW(‘r)(wTa UO) ~dw - dwT
h—1

/ wT7 fX|W(T (mle, UO) fW(T)(wT; UO) ~dx - 'dwT
+/ /O (wr, ) - fxyw ) (T|wrs uo) - fw ) (wesuo) - do - dwy
wn
=—¢—¢—¢y—c - Fyey (L ug) +r(ug) - 7
— [ce = 5+ Cpen(tio) - 7]+ |1 = Fiw(r) (war; uo) |
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E i |
xperlme.znta Utility U(w,, X)
scenario
Ly < w, <wy —2-q—c¢—cp+r(ug) -7

—2-¢—c¢—ce+r(ug) - 7
r = ~Cpen(ug) - (1 — X)

Ly <w, < Lgyand wy, <wpy —2-¢—¢—cp+r(ug) - 7+r(ug) -7
—2-¢—c¢;—ce+r(ug) - THr(ug) T
L1 <w, <L and wy, > w
o = S e and > ~Cen() - (27 = X)
Ly <w, < Lyand wy, <wpr  —2-¢ — cp—i—r(uo) T+7r(ug) -7
-2 Cl—Cz—Cch?“(uo) T+ 7r(ug) - T
Li <w; < Ly and wy, > w
L s Do and e =y ~pen() - (27— X)
wy < Ly and we, < wyy —2-c—ci—cp+r(ug) - TH+r(u) T
—2-¢—c¢—ce+r(ug) - THr(uy) T

<L d >
Wr S L and war w M Cpen<u1) ( T )

Table 6.12 — Possible scenarios and corresponding utility.

[ (un) = Cpen(un)] - [ Fwr) (Ln; o) = Fiw(r)(Ln-1; to)]

Mw

>
Il

Z /L 1 = Faw(r2n Wy — wr; “h)} *fwir) (wr; uo) - dwy
h—1

2T
+Z/ / Cpen uh) FAW(TI)(U)M wﬂuh) fW (U)T,Uo) dzx - dw‘r
h—1YT

L

+ Cpen(uo)/ /0 Fy 2y jw () (War|we; wo) - fovr (W ug) - da - dw, (6.12)
W

E{T } - Z/ wT fW T)<w7'7u0> dwT +/ ) : fW(T)(wT;UO) : dw‘l’

k Ly, 0o
=27 Z fW(T)(wTaUO) 'dwT+T' fW(T)(wTauO) 'dwT
h=1 thl Lk
=7 {1 + Fy (o) (L uo)}
(6.13)

Also under this policy, the degradation model is the gamma-based process described in
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Chapter 6.2.2, where the expressions of the pdfs and cdf included in Egs. (6.12) and (6.13)

can be found.

6.3.3 Example of application

As in Chapter 6.2, the proposed adaptive policy is applied to a real-world inspired
case of corroding pipelines. Under the same notation, we have adopted the following

expressions for the age function, reward rate, and penalty cost rate:

a(u):a-< “ )d, (6.14)

umaI
u
— . 6.15
rwy=r (6.1
Cpen (W) = Cpen, - T(10). (6.16)

The parameters of the degradation model and of the cost model are reported in Tables
6.13. The failure threshold wj; has been set to 35 mm, while the maximum and minimum

allowable usage rates have been set to .. = 1 and w,,;, = 0.

alyears] b 6 mm] d ¢, ¢ ¢ ¢ Cpen T

0.24 1 23 2 1 6 05 02 08 0.12

Table 6.13 — Parameters used to calibrate the degradation process and the cost model.

For the sake of comparison, let Py(k) be the proposed policy and P; be the special
case of Py(k) where £ = 1 and wy = uy. Essentially, P; is a condition-based policy
where the usage rate is set a priori to a fixed value that does not change during the
maintenance cycle. Figure 6.1 depicts the optimal long-run average maintenance utility
rate as a function of the inspection time 7 under Py(k) (for £ = 1,3, and 5) and under
P1. This figure shows that, under the considered setup, adopting the more flexible policy
Po(k) can provide noticeable improvements in the long-run average maintenance utility
rate. To understand how these performances are achieved, it is necessary to investigate
how Py(k) adaptively assigns the usage rate.

Figure 6.2 depicts the optimal values of the usage rates u assigned by the considered
policies in case 7 = 35, as a function of w,. Here, the preventive replacement threshold
Ly, coincides with the smallest value of w, where the assigned usage rate is 0. Figure

6.2 shows that, under policy Py, to a unit that is barely degraded at 7 = 35 it will be
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Figure 6.1 — Optimal long-run average maintenance reward rate as a function of the
inspection time 7 under the considered policies.

assigned a higher value of the usage rate, while to more degraded units it will be assigned
a progressively lower usage rate. Moreover, the same figure also shows that, due to the
lack of flexibility, policy P; must be more conservative than Py(k). Indeed, under Py (k)
the preventive replacement threshold is higher than under Py, increasing the probability
that the replacement is postponed, which in turn prolongs the operating life of the unit.
As the number of classes k increases, this effect is further accentuated.

Let U%,, Uk, UL, UL, and ., U% be the contributions to the optimal long-run
average maintenance reward rate UZ of corrective, inspection, logistic, preventive, and
penalty costs, respectively, and ,U%_ be the contribution to UZ of the reward term (ob-
viously, it is U%, + UL, + Uy + UL + U+, UL, = U, The bar chart in Figure
6.3 shows (in black) the values of these contributions under policy P; and (in grey) un-
der policy Py(5) (i.e., Py with k = 5). The same values are also reported in Table 6.14,
together with the total utility U_.

Figure 6.3 and Table 6.14 show that the reward earned under P; is greater than the
one earned under Py(5) (i.e., the contribution of the reward term ,U% is higher under

P, than under Py(5)). However, this is compensated by the contributions of all the other
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Figure 6.2 — Optimal values of the usage rate in (7,27) as a function of w, at 7 = 35
under Py(k) (with & = 1,3, and 5) and P;.

(negative) cost factors, which are all smaller than under Py(5). These results show that,
by adaptively assigning a usage rate tailored to the actual degradation level of the unit,
the policy Py(5) is able to prolong the useful life of the unit while carefully managing the

risk of failure.

6.4 Conclusions

In this chapter, two maintenance policy inspired by concepts of modern prescriptive
maintenance have been proposed. Similarly to the ones discussed in Chapter 5, these
policies rely on a single inspection performed at a predetermined time and, based on
the outcome of this inspection, adopt a condition-based decision-making rule. Yet, with
respect to the policies presented in Chapter 5, where the intervals between successive
maintenance actions could be set freely by the policy based on economic considerations,
here significant constraints regarding them are assumed to be in place, a situation that

is commonly encountered in practice. Indeed, the driving idea behind the two prescrip-
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tive policies is that, especially in these cases where maintenance times are subjected to
constraints, introducing another degree of freedom in the form of adjusting the usage
rate can help in reaching a better global trade-off between inspection, replacement, and

operational costs.

Obviously, changing the usage rate of a unit has an impact both on the degradation
evolution and on operational costs. Therefore, a comprehensive cost model that can ac-
count for these effects should be developed. Indeed, this is currently one of the main
challenges of the implementation of prescriptive maintenance. In Chapter 6.2 the basic
decision-making scheme is presented. Similarly to the policy of Chapter 5.2, at the in-
spection time it is decided whether to immediately replace the unit or to postpone its
replacement and, if deemed economically convenient, change its usage rate.

Then, the adaptive policy presented in Chapter 6.3 expands on the aforementioned basic
scheme by assuming that, in case the replacement is postponed, an ad-hoc usage rate can
be assigned to different units based on the measured degradation level at the inspection

time.

Obtained results show that, depending on the relative values of parameters of the
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Po(5) Py

U —0.0068 —0.0076

U5 —0.0108 —0.0076

Us —0.0057 —0.0076

Uno —0.0205 —0.0076

LU —0.1144 —0.0076
penUse  —5.49-107%  —6.64-107*

Uz, —0.0068 —0.0076

Table 6.14 — Values of U%,, UL, UL, UL, UL, ,enUs, and U, obtained under Py

and under Py(5).

degradation and cost model, adjusting the usage rate can be an economically advantageous
strategy. Indeed, comparing the performances of the proposed prescriptive policy with
simpler condition-based ones (obtained from the suggested policy by constraining the
usage rate), manipulating the usage rate seems to allow the prescriptive policy to prolong
and better exploit the operational life of the unit while carefully managing the risk of

failure.
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CHAPTER 7

A PRELIMINARY ANALYSIS OF A
PRESCRIPTIVE BLOCK REPLACEMENT
POLICY FOR A DEGRADING PRODUCTION
SYSTEM

7.1 Introduction

In industrial production processes, maintenance and production planning play a crucial
role in ensuring smooth operation of the system. Maintenance is responsible for oversee-
ing the reliability and availability of equipment, while production planning focuses on
maximizing the efficiency of the production process.

Even though the underlying goal for both is the maximization of production, their
requirements can often be conflicting with each other. Indeed, production planning prior-
itizes the maximization of output, which may lead to a push for increased utilization of
equipment, deferring or neglecting crucial maintenance actions, which might potentially
result in unexpected breakdowns and overall lower production efficiency. On the other
hand, maintenance is focused on ensuring the reliability and longevity of the equipment
regardless of production constraints, which may require frequent interruption of opera-
tions for inspections, repairs, and replacement, in order to minimize downtime due to
potential failures.

For these reasons, maintenance is typically considered a capacity-consuming activity
and often results in compromising between minimizing disruption to production while
guaranteeing reliable performance at the lowest cost (e.g., see Bajestani, Banjevic, and
Beck (2014), Hajej and Rezg (2020), Lai, Z. Chen, and Bidanda (2019), Nasr, Salameh,
and Moussawi-Haidar (2017)).

Taking advantage of the recent improvements in sensors and monitoring technologies,
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maintenance strategies that incorporate the real-time information about the state of the
equipment, such as Condition-Based Maintenance (CBM) have been extensively studied
in the literature (e.g., see Van Noortwijk (2009) and Alaswad and Xiang (2017)). Within
the context of production processes, Jafari and Makis (2015) developed a maintenance
policy where the production facility is regularly inspected and the decision about whether
to perform maintenance or to continue production is made based on the outcome of the
inspection. By using a semi-Markov decision process, the authors solve the problem of the
joint optimization of lot sizing and preventive maintenance and show that this approach
can be significantly advantageous with respect to the traditional age-based policy in terms

of long-run average maintenance cost rate.

The same authors also deal with a similar problem, but in the case of a partially
observable facility (using a hidden Markov process) in Jafari and Makis (2016b). They
extend the analysis also in the case of a two-unit system where the condition of most
expensive unit is monitored and only age information is available for the other one in Jafari
and Makis (2016a). Other papers studying the effects of CBM on production planning can
be found in H. Peng and Houtum (2016), Cheng, B. H. Zhou, and L. Li (2017), Cheng,
B. H. Zhou, and L. Li (2018), Khatab et al. (2019), and Zheng et al. (2021). From these
papers we can remark that the main advantage of CBM lies in the fact that maintenance
decisions can be taken on the basis on the degradation measures collected on the system

under analysis during its operating life.

Another interesting area of research is the study of how production decisions, specifi-
cally modifications in the production rate, impact on the risk of failure. In some papers,
such as Martinelli (2010), or Tan (2019), it is assumed that higher production rates entail
higher failure risks but have no permanent effect on the degradation of the system. Other
articles, such as Ruifeng and Subramaniam (2012), Ayed, Sofiene, and Nidhal (2012),
Cheng, B. H. Zhou, and L. Li (2016), Zied, Sofiene, and Nidhal (2011), and Majdouline
et al. (2022), assume that the degradation is dependent on the production rate, but do
not take into account direct condition monitoring (instead, they use other tools, such as,

for example, virtual age).

Some other authors have also considered the possibility of changing the production
rate of a system based on its real-time state with the aim of influencing its degradation
rate. Specifically, Broek, R. H. Teunter, Jonge, et al. (2020) analyze a single-unit produc-
tion system subjected to regular condition monitoring where the gathered degradation

measures are used to dynamically adjust the production rate with the aim of maximizing
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production revenues and minimizing maintenance costs. A similar analysis, but in the case
of a two-unit system with economic dependencies, is performed in Broek, R. H. Teunter,
De Jonge, et al. (2021b).

Broek, R. H. Teunter, De Jonge, et al. (2021a) compare the performances of condition-
based maintenance policies (i.e., policies where maintenance decisions are taken based
on the measurements) against those of condition-based production policies (i.e., policies
where production decisions are taken based on the measurements).

On the other hand, new maintenance paradigms, such as prescriptive maintenance, are
getting increased attention in the very recent literature (see also Chapter 6) as a poten-
tially useful tool to solve the conflict between maintenance and production planning.

In this chapter, we aim to apply concepts of modern prescriptive maintenance to
develop a prescriptive block replacement maintenance policy for a production system
undergoing stochastic degradation. The proposed policy consists in performing regular
inspections aimed at measuring the degradation level of the production system. Based on
the outcome of the inspections, it is decided whether to immediately replace the system
or to continue operation. If deemed economically convenient, the production rate can be
adjusted (either increased or decreased). Any change in the production rate should have
an effect both on the future evolution of the degradation of the system and on its operating
costs. Moreover, the policy must also take into account a production requirement, with
the global objective being to maximize production revenue while minimizing downtime.

It is worth to emphasize that, the fact that in a prescriptive maintenance context,
maintenance decisions and degradation influence each other generates serious mathemat-
ical complexity, both in the degradation modeling and (even more) in the optimization

process. This work should therefore be seen as exploratory in this domain.

7.2 Description of the policy

The proposed policy relies on the following assumptions:
— A single production system, producing one-type items is considered;

— The processing time (i.e., the time it takes for the production system to produce a

single item) is deterministic;

— The production horizon is divided in equally spaced Production Periods (PP) of
length 7;
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— Let Ng(7) be the number of items produced in a PP of length 7. In each PP the

system is expected to meet a production requirement of Ni(7) > n, items;

— The system is subjected to a gradual deterioration process that can be described

via a gamma-based process;

— Failure is defined by the first passage time of the degradation process to a fixed
threshold, say wjy;. When failure occurs, production is halted immediately, and the

system is inoperative until maintenance is performed;

— Both preventive and corrective replacements restore the system to an "as good as

new" state and are performed in negligible time.
Based on this assumptions, the policy can be seen as a combination of three decision rules:

— A block replacement rule: preventive and corrective replacements, as well as inspec-
tions, can only be performed at predefined, periodic inspection times. Specifically,
here it is supposed that inspections and replacements can only be performed at the
end of each PP;

— A condition-based rule: based on the outcome of the inspection, the preventive
and corrective replacement actions might be triggered. Specifically, if at the end
of the kth PP (k = 1,...,00), the inspection reveals that the system is failed it
is correctively replaced, whereas if the system is still in a working state but its
degradation level has already passed a preventive threshold, say L, it is deemed

too degraded and is preventively replaced. Otherwise, production continues in the

(k + 1)th PP;

— A prescriptive rule: it is possible, only once within each PP, to change the Production
Rate (PR) of the system. The PR can be either increased or decreased and can be
changed at any time within the PP, with the only constraint that it cannot be
changed while an item is being produced. However, it can be changed from its
nominal value (denoted by .y, ) after g items are produced in the kth PP to a
new value (denoted by wuy) which will be kept for the remainder of the PP. The PR
will be reset to the nominal value at the start of the next PP. The decision about
if, how, and when to change the PR during the kth PP will be taken based on the
degradation level measured at the end of the (kK — 1)th PP. A change in the PR
will have an effect both on the future degradation evolution of the system and on
operating costs. In the following, a pair (g, u) will be referred to as a “prescriptive

decision”.
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Therefore, the decision parameters of the proposed policy are the preventive threshold L,

and the vectors uy and q,, where wy = {uy, us,us,...} and g, = {q1,,¢s, - - .}

7.3 The degradation process

The gamma process {Y (t);t > 0} is a monotonic increasing process with independent
and gamma distributed increments. Hence, it can be completely defined by an initial
condition (here Y (0) = 0) and by either the probability density function (pdf) or the
cumulative distribution function (cdf) of its generic increment AY(¢,t + At) = Y (¢t +
At) — Y (t), given by, respectively:

An(tt+At)—1
y n( ) B

Javieerany) = gageran Ao 1)
and:
) Favossan () — LA+ A1./6) -
PR T (At £+ A1) |

where 0 (6 > 0) is the scale parameter, I'(-) and (-) are the complete and lower incomplete
gamma functions, respectively, An(t,t + At) = n(t + At) — n(t), and n(t) = a - t* is the
age function. For the sake of simplicity, yet without loss of generality, in this chapter we
assume that the considered gamma process is homogeneous (i.e., b = 1).

Following Tseng, Balakrishnan, and Tsai (2009), we assume that the PR influences
the degradation process only through the age function (i.e., the scale parameter 6 is
independent of the PR). Specifically, we suppose that increasing the production rate will
reduce the processing time of an item (e.g., items will be produced faster), but at the
same time it also increases the mean degradation rate by increasing the parameter a of
the age function. Under these assumptions, a system producing one item at PR u will

sustain a degradation increment AW (0, d(u)) that has the following pdf:

Awa(u)~6(u)—1 Aw
Aw) = e .
Jawos)(A) = G5y T agay o) ¢ 73)

where 6(u) is a monotonic decreasing function of u that measures the processing time of
one item at PR w, and a(u) is a monotonic increasing function of u that captures the

effect of the PR on the mean degradation rate.

Hereinafter, to highlight the influence of the prescriptive decisions on the degradation
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evolution of the system, the degradation increment within the k&th PP will be denoted by
AWy (2z) (where 0 < z < 7), whereas the cumulated degradation level after & PP will be
denoted by W (kT; q,., ur) (where q, = {q;,i =1,...,k} and wp = {u;,i = 1,...,k} keep
track of the entire history of prescriptive decisions up to the kth PP). The pdf of AWj(2)

can be expressed as:
Awnk(z)fl Aw

fAWk(Z)(Aw> - o) . T (ﬁk(Z)) e 0 (74)

where:

2z + a(Upom) Z < i - 6(Unom)

nk(Z) - { di - 5(unom) : a(unom) + (Z — gk - 5(unom)) : a(uk) Z > Q- 5(unom) 7 (7.5>

then, being W (k7;q,,ur) = 2F  AW;(7), thanks to the reproductive property of the

gamma random variable, the pdf of W (k7; g, ur) can be expressed as:

kT;q5,up)—1
wzf_ k ) Wikt

Lo 7.6
kriawur) - T (n(k7; q, wy)) © o

fW(kT;qk,uk)(wkTQ qy, uk) = 9

and its cdf:
v (n(kT; qp, ur), wir /0)

I (n(k7; @y, w))
where 1(k7; q), ur) = S8, m(7) captures the effect of the entire history of prescriptive
decisions up to the kth PP.

(7.7)

FW(kT;qk,uk)<wkT; qy, uk) -

Egs. (7.4) and (7.5) give clear evidence of the fact that the degradation increment
within the kth PP only depends on the prescriptive decision made in the kth PP itself
(i.e., the pair (gg,uy)). Conversely, Eqgs. (7.6) and (7.7) show that the degradation level
after k£ PPs is affected by the entire history of prescriptive decisions (g, uy). As already
mentioned, the production system is assumed to fail when its degradation process passes
for the first time a fixed threshold w,,;. Given that inspections will be regularly performed
at the end of each PP, we can suppose that the degradation value at the end of the
(k — 1)th PP, wg—1),, will always be known before starting the kth PP (note that this
also implies that a failed system would be systematically detected and will not start
production already failed). Consequently, we can express the "local" (i.e., measured in the
kth PP) lifetime X as:

X, = an{l‘k : AWk(LU) > Wy — w(k_l)T}. (78)
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That is, 25 (0 < z, < 7) is the first passage time, measured between 0 and 7, when the
degradation process exceeds the failure threshold in the kth PP (obviously, x; # tau in
the sole PP when failure occurs). In this sense, the "calendar" (i.e., measured from the

start of the life cycle) lifetime will be:
X =Y X,
k=1

7.4 Cost formulation

The cost model is developed by considering the cost of an inspection ¢;, the cost
of a preventive replacement c,, and the cost of a corrective replacement c.. Moreover,
we assume that a reward r, is earned for each item produced in the kth PP until the
production requirement n, is met. Any additional item produced in the same period
beyond the requirement yields a reward ry < r, (due to storage costs, for example).
Conversely, if the requirement is not met and fewer than n, items will be produced, then
a penalty cost ¢, for each non-produced item is incurred.

The reward earned in the kth PP, scenario by scenario, is summarized in Table 7.1, where
wg, 1s the degradation level of the system at the kth inspection (i.e., at the end of the
kth PP), and Ny is the number of items produced in the kth PP.

Measured degradation level Ny, Reward Ry (wg,, xx)
Wiy > Wiy Ni > n. Ny T+ (N —ng) - 15 — Ce
Wir > Wy Ny <n. Ni(1)-1 — (np — Ni) - Cip — €
L <wpr <wy Ne>n.  n.-r+ (Npg—ng) 15— ¢
L <wp <wpy Ny <n, Ng-1p—(n:— Ng)-cp—¢
Wiy < L Ni >n, Ne - Tn+ (N —ng) -7
Wrr < L N <n. Nk~7“n—(n7——Nk)'Clp

Table 7.1 — Reward earned in the kth PP.

The number of produced items Ni(7) in the kth PP can be computed as:

$k/5(unom) T < (- 5(unom)

Ny = (7.9)
{ qk + (xk — gk - 5<unom))/5(uk) Ty Z qk - 6(un0m)

From Eq. (7.9) it is clear that, given the prescriptive decision in the kth interval (g, uy)

the only other relevant quantity to compute Ny is the value of the local lifetime xy.
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The adopted performance measure is the long-run average maintenance reward rate, for-

mulated via the renewal/reward theorem (e.g., see Ross (1983)):

E {570 Ri(wir, @

(7.10)

where MTBR is the mean time between two replacements (i.e., the length of the main-

tenance cycle) given by:

MTBR=71-Y PW(kt;quur) <L) =7 Fwrguu) (L) (7.11)
k=0 k=0
The optimal values of L, q, and w, which define the optimal policy, are the values L*, g*,
and w* that maximize Eq. (7.10). The corresponding optimal long-run average mainte-
nance reward rate is denoted by R_.

For simplicity of notation, Eq. (7.10) does not highlight that both the expected reward
per cycle (at the numerator) and the MTBR depend on the design variables L, q, and
u. Conversely, it gives evidence that the expected reward explicitly depends on the whole
sequence of measured degradation values at the end of every PP (i.e., wy, VE =1,..., 00).
This, combined with the fact that (in general) the production horizon is infinite, and that
the maintenance decision taken in each PP will influence the degradation level at its end,
which in turn influences the prescriptive decisions in the following PPs, leads to complexity
in determining the optimal values ¢* and u* over an infinite horizon. Here, the long-run
average maintenance reward rate is computed by means of Monte Carlo simulations. It is
worth to remark that the considered degradation process is still Markovian and therefore

only the degradation level at the start of a PP is relevant to decide if, when and how to
change the PR during the PP.

7.5 Application example

We here illustrate an example of application of the proposed policy. The values of the
parameters of the degradation model and of the cost model are reported in Table 7.2.
For the sake of simplicity, we assume that the production rate can be selected from a
set of three values: the nominal value 0, the maximum value u,,,, (that represents an
accelerated PR) and the minimum value w,,;, (which represents a reduced PR). Table 7.3

reports the values of §(u) and a(u) for the considered production rates. Let Pol be the
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wy 0 T T Ts Cp  Ce cp Ny

10 0.2 100 5 3 4 2000 500 90

Table 7.2 — Values of the parameter of the degradation model and of the cost model.

Umin  Unom  Umax

S(u) 06 1 14
a(u) 1.2 1 0.6

Table 7.3 — Effect of the production rate on é(u) and a(u).

proposed policy. Then, let Pol(tunom), Pol(tmin), and Pol(uy,,) be the special cases of
Pol where the PR is constrained to u = Upom, U = Umin, and U = Upqs, respectively. Table
7.4 reports the results obtained by optimizing all of the considered policies. It is worth

to remark that the parameter L here is not optimized, but it is set to L = 8.5. Obtained

Policy = MTBR E{N.} per cycle R

Pol 564 166.67 5.50
Pol(Upin) 754 89.95 3.76
Pol(Unom) 668 99.05 3.49
Pol(tmaz) 575 164.24 5.30

Table 7.4 — MTBR, expected number of produced items per cycle, and long-run average
maintenance reward rate under all of the considered policies.

results show that the more flexible Pol provides the best performance in terms of long-
run average maintenance reward rate. Table 7.5 shows the optimal sequence of decisions
on a randomly selected cycle (this is obtained by means of Monte Carlo simulation),
under policy Pol. We can observe that, during the first 5 PPs, when the degradation is
relatively low, the optimal decision is to set the PR to ., for the entire PP. Then,
when the degradation level gets closer to the preventive threshold, in the 6th period,
the optimal decision shifts to slowing down the PR after having produced gs = 65 items
(note that, even with the slowdown, in this PP the production target is still attained, as
Ng =90 = n,).

Subsequently, in the 7th PP, when the measured degradation at its start (i.e., wg, = 8.39)
is only slightly smaller than the preventive threshold (i.e.,L. = 8.5), the PR is slowed
down relatively quickly, after only ¢; = 10 items. In this period only N; = 74 items are
produced, which yields a gross reward of N7 - r,, = 370. After accounting for the penalty

173



Chapter 7 — A preliminary analysis of a prescriptive block replacement policy for a degrading
production system

(n; — N7) - ¢, = 64 and the cost of a preventive replacement ¢, = 500, this period yields
a (negative) reward Ry = —194.

Therefore, we can conclude that, in this particular cycle, Pol opted to accelerate the PR
as much as possible at the start, then slow down in the 6th PP (while still respecting the
production target) so that the preventive replacement can be deferred to the 7th PP. In
this latter period, production is slowed down considerably to minimize the probability of
failure. This shows that, in this example, the prescriptive policy Pol is able to prolong

the operational lifetime of the system while still managing the probability of failure.

PP (k) W(k—1)r Uy, q Ni Ry,

1 0 Umaz 0 166 678
2 1.5 Umaz 0 166 678
3 3.06  Upmer, 0 166 678
4 491 Upmer 0O 166 678
) .99 Umee 0 166 678
6 788  Umin 65 90 450
7 839  Upin 10 74 -194

Table 7.5 — A one-cycle production example ending with a preventive replacement.

For the sake of understanding how Pol achieves this performances, let us now focus on
a single PP, with an initial degradation level relatively close to the threshold. Indeed, as
observed in Table 7.5, it is in these cases that we can expect the policy to carefully manip-
ulate the PR. Moreover, since the considered degradation process is state-independent, it
will behave in the same way regardless of the initial degradation level. To perform this
analysis, we conducted two constrained optimization problems, under policy Pol, where
the prescriptive decision is constrained to (Umaz,q) and (Umin, q), respectively. In other
words, we will analyze the evolution of a single prescriptive decision, in a single PP, as a
function of the measured degradation level at the start of the interval.

Figure 7.1 reports the result of this analysis, in red for the case of an acceleration and
in blue for the case of a deceleration. Specifically, the x-axis reports the degradation level
at the start of the PP, denoted by w, whereas the y-axis reports the value of ¢ (i.e., the
number of items produced before a change in the PR).

Figure 7.1 shows that, until w = 7.8, it is more convenient to accelerate the PR right
away. As w increases further, an acceleration becomes less and less advantageous, and
after w = 8.1 the acceleration is relegated to the end of the PP (let us remind that in

this specific example the optimization is constrained, hence the acceleration is forced even
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Figure 7.1 — Evolution of the optimal number of produced items before an acceleration
(red line) or a deceleration (blue line) of the PR as a function of the initial degradation.

though it may not be the overall optimal decision).

Figure 7.1 also shows that, until a value of w = 7.9, it is only convenient to slow down the
PR after 65 items have been produced. We can suspect that the specific value of 65 has
been selected because, under the considered setup, producing 65 items at the nominal PR
and subsequently decelerating guarantees that N, = n, = 90 items will be produced in
the PP, hence respecting the production target. Then, as w increases further, it is more

convenient to decelerate earlier and earlier.

7.6 Conclusions

The question of the integration of maintenance in the production planning process re-
mains a largely open subject. Due to its inherent random behavior, maintenance strategies
are often optimized by using long-term average criterion, which can usually lead to very
conservative recommendations that are sometimes difficult to accept from the operational

point of view.
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In this chapter, we carried out a preliminary analysis of the use of prescriptive mainte-
nance on a simplified production problem. To this aim, we proposed a maintenance policy
that can be seen as a combination of three decision rule: an age-based rule (i.e., main-
tenance interventions can be carried out only at regular and predetermined intervals),
a condition-based rule (i.e., replacements are triggered by direct degradation measure-
ments), and a prescriptive rule (i.e., the production rate can be adjusted based on the
gathered measurements and economic considerations).

The rationale behind this policy is that manipulating the production rate can offer
more flexibility and simultaneously maximize production while managing the probability
of unexpected failures.

Despite the simplifying assumptions we made, the fact that prescriptive decisions influence
the future evolution of the degradation, and vice versa, quickly gives rise to mathemat-
ical complexity in optimizing the considered strategy. Nevertheless, we can retain from
this chapter that a prescriptive policy might be an effective approach to maintaining a

production system.
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GENERAL CONCLUSIONS

In this manuscript, we embarked on a journey to unravel the complexities of degrada-
tion modeling and maintenance optimization, seeking to address practical challenges in
this field. In this concluding chapter, we aim to summarize this research journey, synthe-
size its main contributions, and provide some ideas about future perspectives.

The main contributions of this PhD program have been oriented along two main axes:
(i) studying, developing, proposing, and comparing stochastic processes that can be used
to model the evolution of the degradation of real systems, and (ii) developing maintenance

strategies that can take advantage of the use of these degradation models.

With respect to the first axis, attention has been focused on developing stochastic
processes that can account for different sources of variability. Specifically, a new per-
turbed gamma degradation process that can simultaneously take into account temporal
variability, unit-to-unit variability and measurement error has been proposed. As it is
commonly observed in the literature, introducing more model complexity often leads to
mathematically intractable solutions, especially when it comes to calibrate a model and
perform predictions with it. To overcome this issues, a new expectation-maximization
(EM) algorithm, which also takes advantage of a particle filter, has been developed that
allows to efficiently estimate model parameters. The same particle filter is then used also
to perform predictions.

The same EM algorithm has then also been used to carry out a large misspecification
study, investigating the model selection issue of perturbed gamma and perturbed inverse
Gaussian degradation models. In fact, these two models exhibit very similar characteristics
and are often treated as equal to each other. Due mainly to the long computational times
involved in the parameter estimation procedures, the misspecification studies presented
in the current literature have always been limited to a relatively small number of datasets
(which hinders the generalizability of the results) and have not considered the impacts
of measurement error. By taking advantage of the aforementioned EM algorithm, we
managed to reduce the computational times enough so that a large study, considering
different measurement error distribution and involving several thousands of estimations

could be carried out.

177



Then, a small exploratory extension of the misspecification study has also been carried out
to evaluate its impact on maintenance costs, a matter that has seldom received attention
in the literature.

Obtained results have shown that, in the absence of measurement error, the consequences
of using a wrong model selection can be severe, both in terms of remaining useful lifetime
and of maintenance costs. On the other hand, if by one side the presence of measurement
error massively complicates the estimation procedure, it also seems to equally reduce the
consequences of a wrong diagnosis. However, regardless of the presence of measurement
error, if model selection is performed by adopting a rigorous statistical criterion, then the

performances of the considered models are quite similar.

With respect to the second axis, focus has mainly been directed to developing condition-
based maintenance policies that can exploit the newly developed perturbed gamma pro-
cess with random effects. Indeed, we proposed three maintenance policies based on the
assumption that a single inspection can be performed during the life cycle of the system
under study, with the core issue being how to better exploit the information gathered at
a single time point in the presence of a heterogeneous population. After proposing a basic
decision-making scheme, we investigated how an adaptive rule and considering inspections
of different quality can influence the performance of the policy.

The comparative analysis carried out showed that, when inspection costs are high, a pol-
icy based on a single inspection can be a fruitful strategy. Moreover, in some particular
scenarios where inspection costs and the consequences of an undetected failure are par-
ticularly high and mild, respectively, it can even be more economically advantageous to

resort to simpler purely systematic maintenance approaches.

The same basic maintenance decision-making scheme, with the restriction on the num-
ber of inspections, has also been extended by integrating elements from modern pre-
scriptive maintenance. Prescriptive maintenance is a new concept that has been gaining
increased attention from researcher in the field of maintenance optimization. By simulta-
neously considering all aspects of a system in a holistic framework, including commercial
and operational aspects, prescriptive maintenance might help alleviate the structural con-
flict in maintenance optimization between maximum commercial utilization of a system
and ensuring its safe operation.

Specifically, we investigated how, in an experimental scenario where maintenance interven-
tions cannot be scheduled according to convenience, adding one more degree of freedom

(in the form of manipulating the usage rate of the system, or the production rate of a
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production system) affects maintenance and operational costs.

Perspectives

Based on the insights gathered during this research journey, we believe that this ac-

tivity opens these research directions:

— all of the stochastic processes adopted in this manuscript assume a monotonic in-
creasing degradation rate function (here intended as the derivative of the mean
function), as it is also commonly done in most of the literature (e.g., see Abdel-
Hameed (1975), Whitmore (1995), Kahle, Mercier, and Paroissin (2016)). However,
real-world degradation processes often exhibit bathtub-shaped, three-phases behav-
ior (I. Gertsbakh and Kordonskiy (1969)), corresponding to a S-shaped degradation
rate function: an accommodation phase, a steady-state phase, and a degenerative
phase. Models with monotonic increasing degradation rate can only account for two
of these three phases, but a degradation process that can model all three phases
might provide better prognostic performances. We already took some preliminary
steps in this direction (this has not been detailed in the manuscript). Specifically, in
Piscopo et al. (2023), we proposed a gamma-based process built around a bathtub-
shaped degradation rate which also integrates random effect and measurement er-
ror. The main potential of this new model is its ability to perform accurate lifetime
prediction based on early data alone (i.e., predict the degradation behavior in the
second and third phase by only observing data from the first phase). This latter fea-
ture can have interesting properties in maintenance optimization: indeed, in some
applications different phases may need different actions to be performed (e.g., see
El Hajj et al. (2023));

— Both policies presented in Chapter 6 investigate how to manipulate the usage rate
in an experimental scenario where maintenance intervention dates are subjected to
constraints, in the case of a single unit. With the same reasoning, it is easy to imagine
how, in a scenario with multiple units working together (such as a pumping station
with several pumps), adjusting some usage rate-like measure (such as the volume
of water being pumped by a specific pump) can be used to control the probability
of failure and synchronize the optimal maintenance dates of all units to a common
calendar in a block maintenance scheme. This idea, also known as “load sharing”

is not a new concept in the maintenance literature (e.g., see Broek, R. H. Teunter,
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De Jonge, et al. (2021b)) and has also received some attention in the prescriptive
literature (e.g., see Longhitano et al. (2021a)). A scheme like this would of course
introduce strong dependency between the degradation processes of the considered

units, increasing the complexity of the required modeling solution;

Again with respect to the prescriptive policies, one of the cornerstones of their
conception is the fact that inspections are supposed to be very expensive due to
difficulty in accessing the equipment and/or requiring interruption of service and
specialized maintenance personnel. Similarly, it is also supposed that carrying out
any other maintenance action (such as a replacement, regardless of whether an
inspection is performed) entails a logistic cost. However, a prescriptive action, such
as changing the usage rate, is much less invasive than other action and might not
even require on-site personnel to be performed. Similarly, sensors producing cheap
low quality measurements can be installed and remotely operated. In this scenario,
we can imagine an extension of the decision-making scheme proposed in Chapter
6 where, in between the already scheduled maintenance times, some low-quality
measurements can be carried out, which would then inform a potential adjustment

in the usage rate, if deemed convenient.
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Each of these five integrals represents one of the scenarios in Table 5.3. Thus, substituting

from the same Table:
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0o L T

—I—cd-/ / ’ [T—FAT—/ T fxywen(@lw,) -dx}
wpr J0 0
X fz@win) (2 |wr) - fwe) (wr) - dzr - dw,

+cd~/u: /LOZO {T—/[)Tﬂf‘fxw(r)(ﬂwﬁ'dx}

X fzmw) (2 |wr) - fwr (wr) - dzr - dw;,

Which, by using results given in Chapters 2.4 and 2.6, and after a few additional ma-
nipulations, provides the expression in Eq. (5.3). Egs. (5.4)-(5.6) can be derived using a

similar approach.
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APPENDIX B
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B.1

Eq. (5.12) can be derived starting as follows:

—~

(7), X)}

C(zr, wr,

7),

Il
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3
c %

+

s
S

Lw w THAT

—i—/ / / C(zr,wr,
0 Ly JT
LW Lu o

+ [T cten,
0 L; JT+AT
ws Ly oo

+/ / / C(zr, wr,
Lw JL
oo u

—i—/ / C (27, Wy,
wpr J L 0
wpr 1 ’T-‘rAT

+ [ // (zrywy,
0 0
wpyr rLp poo

[ Clrwna
0 0 Jr+AT
oo

+ /
wpr J0

) - fxiwir
z) - fxywn

) - fxiwr
) - fX\W (1)

L,
/ Z-,-,’U)T, ) ' fX|W(T)(:U’wT) ' fZ(T)|W(

(z|lws) - fzmw
(w|ws) - fzmw

) - fxiwen (@lwe) - fzeyw e (zlwe) - fwe
(@|wr) - fz(r)
)(@wr) - fz()
) - fxiwen (@|w:) - 2w (zrlwe) - fwr

) fxiwer
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(7) (ZT |w7') . fW(T)

wn (zrlws) - fwen

() (@wr) - fzmywir) (2-lwr) - fw

W(r) (ZT |'UJ7—) : fW(T)

W(T) (ZT|wT) : fW’T

y(@|ws) - fzmywe (zlws) - fwe

(

(
(

(
(

(

»(zrlwe) - fwin)(wr)

w,)
() (zrlwr) - fwry (wr) - dw,
w,)
w,)
()
w,)
w,)
()
w,)

cdw; - dz;

- dw;
- dw,

cdw; - dz;

cdw; - dz,
-dw; - dz,

cdw; - dz,

~dx
~dz, - dx
~dz, - dx
~dz, - dx
- dx

dw; - dz, - dz
dw, - dz, - dx
- dx
~dx

~dx
(B.1)



Hence, from Eq. (B.1), replacing C(z,,w,,z) (integral by integral) with the appropriate
expression specified in Table 5.18, Eq. (B.2) is readily obtained:

E{C(Z(7), W(7), X)}

wpr OO OO
= / / / (¢4 ¢+ ¢p)
0 Ly, J1

X fxiwiny(@lwe) - fzeywe) (2rlwr) - fwir)(wr) - dw; - dz - dx
+/ / /[cl+ci+cc+cd-(7'—w)]
wpy J Ly /0O
X fxiwiny(@lws) - fzeywe) (2rlwr) - fwir)(wr) - dw; - dzr - dx
Lw Ly r7+AT
—i—/o /L / 2-cq+c,+ey+eetcei (T+ AT —12))
A T
X fX|W(T) (ZL’|U}7—) : fZ(T)|W(T)(ZT|wT) : fW(T) (wT) : dwT . dZT dz
Lw Ly fpoo
+/ / / (2-q+c,+cptcy)
0 L, T+AT
X fX|W(7') (‘T’wT> : fZ(T)lW(T)(ZT|wT> : fW(T) (wT) : dwr : dZT ~dx
wpyr Ly poo
+ / / (e +cs+cw+cp) (B.2)
LW Ll T
X fX|W(T) (x’wr) : fZ(T)|W(T)(Z7‘|wT) : fW(T) (wr) . dwT : dZT -dx
0o Loy T
—l—/ / /[cl+cz—|—cw+cc+cd~(7—x)]
w N Ll 0
X fX|W('r) (ZL”U)7—> . fZ(T)IW(T)(ZT|wT) : fW(T) (wT) . dwT . dZT dz
wyr Ly pTHAT
—I—/D /0 / 2-aq+c,+ce+cg (T+AT— 1))
X fX|W(7') ('T’w7'> : fZ(T)|W(T)<ZT|wT> : fW(T) (wT) : dwr : d’ZT ~dx
wy Ly oo
—i—/ / / (2-q+c+c)
0 0 T+AT
X fX|W('r) (’r’wT) : fZ(T)|W(T)(ZT|wT) : fW(T) (wT) : dwT : dZT ~dz

(9] Ly o1
—I—/ / /[Q-Cl+CZ+CC+Cd-(T+AT—ZE)]
wpr J0O 0

X fX|W(T) (x’wT) : fZ(T)|W(T)(ZT|wT) : fW(T) (wT) . dw‘r : dz‘r ~dx
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where:

wn (e} oo
/0 /L / (@ + e+ ) fxwe (@) - fzawem(zlw:) - fwe(w:) - dwr - dzr - d

w N o0
- /o /L (a+ e+ ) famwen (zlwr) - fwe(wr) - dw- - dz;

and:

W L, 0o
/L /L / (Cl+cz+cw+cp) fXIW(T)('leT)fZ(T)IW(T)(ZT|wT) fW(T)(wT)dwTdZde
w l T

w M

Ly
/L (Cl +c+cCy+ Cp) : fZ(T)lW(T)(ZT‘wT) ’ fW(T) (w‘r) : dwT : dZT
1

= .
Eq. (B.2) can be then rewritten as:
E{C(Z(r),W(7),X)}
=+ Ct e+ cw [Fzery(Lu) — Fziy (L) + (ce+¢p +ca-7) - [1 = Fiyy(war)]
Lw
e Fpe (L) + e /0 Pz (Lulwr) = Fzmwe (Lilwr)] - fwe (w,) - dw,
LW T+AT
+(cc—¢) - /0 /T {FZ(T)|W(T)(Lu|wT) - FZ(T)‘W(T)(Lllw’T)}
X [xiwen (@|wr) - fwn(wr) - dw, - dx
wyr THAT
+(cc—¢p) - /O /T fxw (@|wr) - Fzeywin) (Lilw:) - fwr(wr) - dw; - dz

+cq AT - / Fa@we (Lilws) - fw)(w:) - dw;

wpm
wy pTHAT
+cCq - /0 / fX‘W(T)(I'|’LUT) . FZ(T)|W(T)<LZ|w7—) . fW(T) (wT) . dwT . dx
Lw T+AT
+cq- /0 [/ (T 4+ AT — ) - fxjw(z|w,) - dx}
X | Fzmwin) (Lulwr) = Fzmywin (Lalw:)| - fuwer(w:) - duw,

—cd'/ /0 - fxiw (@) - fwe)(w:) - dw, - de
wpg
(B.3)

Hence, from Eq. (B.3), by exploiting the results given in Eqs. (2.70), (2.72), and (2.74),
the expression in Eq. (5.12) is obtained.
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Eq. (5.13) can be more easily derived by following the scheme given in Table 5.17:

E{T(Z(1),W (7))} =7 [1 = Fyr)(Ly)| + (T + AT) - Fzy(La)
0o Loy
+7- /LW /[:l fZ(T)|W(T)(ZT|wT) . fW(T)(wT) . dw.,. . dZT
Lw (Lu
+r+ A [ [ i ) - f () - duw - d, (B-4)
=7+ AT- FZ(T)(LZ)

Lw
+ AT /0 [ Fzirywiny (Lulws) = Pz (Lilw:)] - fw e (w,) - dw,

B.2

Under the policy Py (k = 1,2,3) the long-run average maintenance cost rate is com-

puted as:
E{*C(2(r), W(r),X)}

E{*T(2(r),W(r))}

where {kC(Z(T), W(r), X)} and F {kT<Z(T), W(T))} are obtained as special cases from
Egs. (5.12) and (5.13), respectively, by imposing the constraint relative to policy Py. Thus,
in the case of policy P;, by imposing the constraint L; = L,,, Eq. (5.12) simplifies to:

E{'C(Z(r),W(r),X)} =ci+c.+ et (cc— ¢+ ca-7) - |1 = Fingry(wnr))]
+ (e +ca AT) /o Frmyw e (Lilws) - fw(r(wr) - dw,
wn
+ (Cc - cp) : /0 {1 - FAW(T,T+AT)|W(T) (wM - w’r|w7')}
X Fa@w e (Llw:) - fwe (wr) - dw,
w N T-‘rAT
—Cd- /0 /T Eawraywin) Wy = wrlwr) - Fpywin (Laws) - fw) (wr) - dw, - dx

—cq- /wM /0 Fw@iw @ (wmlw:) - fw i (w,) - dw, - de,
(B.5)

and Eq. (5.13) reduces to:
E{'T(Z(r),W(r))} =7+ Ar- /O Faimmwn (Lalws) « fur (w,) - dw,. (B.6)
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Similarly, in the case of policy Ps, by imposing L; = 0, L, = 400, and ¢, = 0, it is:

E{?C(2(r),W(r), X)} = a1+ ey + ¢+ (cc = ¢+ ca-7) - [1 = Fiwiry(wn)]
+(a+ci- AT) - /OLW fw(wr) - dw;

Flee—e)- |
LW T+A’7’
—Cq- /o /T Faw (rayw ) (wn — wrlwr) - fw ) (wr) - dw; - dx

_Cd'/ /0 Fw@we) (walwe) - fw e (wy) - dw - d,
w Mz

Lw
[1 — FAaw(rrtanwm) (Wa — wr|’w7)} fwe (we) - dw- (B.7)

E{T(Z(r),W(r)} =7+ Ar /0 iy (ws) - duw,. (B.8)
Finally, in che case of policy Ps, by imposing L; = L, = 0, and ¢, = 0 it results:
E{*}C(Z(r),W (1), X)} =i+ ¢+ (ce— ¢y +ca-7) - [I = Fiiry(wa)]

—cq- Fy @y wn (wa|w:) - fw (w-) - dw- - da,
w N 0

E{*T(Z(r),W(r)} =T (B.10)

B.3

The long-run average maintenance cost rate *C () can be intended as the sum of the
contributions of corrective replacement costs, preventive replacement costs, perturbed
inspection costs, perfect inspection costs, logistic costs, and downtime costs. These con-

tributions can be expressed as:

()
E{"T(Z(r),W(r))}

IZCOO<'> = 7"-12000(') =
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where £ {kT(Z (1), W(T))} is the expected length of a maintenance cycle under policy Py

and the numerators, from Eq. (5.12), can be expressed as:

IZOU = Cc- [1 - FW(T)(U)M):|
Lw
+ce- /0 [1 - FAW(T,T—FAT)\W(T) (U}M - wT|wT):|
X [FZ(T)IW(T)(LuWT) — Fziywr (Ll|wr)} - fwiry(wr) - dw, (B.11)
wym
+Ce - /0 [1 - FAW(T,T+A7—)\W(7—) (U)M - wT‘wT):|

X Fz@ywin (Lilwr) - fwr)(wr) - dw,
ZCO =Cq-T- {1 - FW(T) (’LUM)]
+Cd'AT'/O Fzywin) (Lilwr) - fwe(wr) - dw-

Lw
+ea AT / | Patmwin (Lalwr) = Famywin (Lilw,)] - fwin (wr) - du,

WL T+AT
—Car / / (ra) W (r) (War — wrwr)

(B.12)
X Fyryw (Lilwr) - fw @ (w;) - dw; - dx
Ly p7+AT
—Cad- /0 /T Faw(rayw i (wy — wr|w;)
X [FZ(T)IW(T)(LUWT) — Fzmywir (Ll!wr)} fw (w;) - dw, - dz
— Cd / /0 Fy @yw (walwr) - fw (we) - dw, - de,
wn
k Lw
PO == /0 {1 — FAaw(rrtanwn Wy — wT|wT)}
X {FZ(T)IW(T)(LuWT) — Fzmwir (Ll|w7)} - Sfwy(w,) - dw, (B.13)
wn .
G /0 1 = Faw(rrsanwin (war — wrlw,)]
X Fyeyw (Lilw:) - fw (wr) - dw;
) =ata / Fazyw e Lalwr) - fwm (wr) - dw,
0
L (B.14)
w
ta /0 [FZMIW ) (Lulwr) = Fyoywis (Lzlwrﬂ - fwe (wr) - dw,
wC() = e /0 [Pomywe (Lulwr) = Faieywn (Lilws)| - furee (wr) - dw, (B.15)
0(0) = (B.16)
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As remarked in Chapter 5.4.3, under Py it is L; = I, (hence it results | C(-) = 0), under
Py it is Ly = 0, L, = 400, and ¢, = 0 (hence it results iC() = 0, and under Pjs it is
Ly=1L,=0and ¢, = ¢, = 0 (hence it results >C(-) = >C(-) = 0).
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