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Abstract

Condition-based maintenance (CBM) makes use of the actual condition of the component to decide
when to maintain and/or replace the component, thereby maximising the lifetime of the machine,
while minimising the number of service interventions. In this paper we combine CBM on one (mon-
itored) component, with periodic preventive maintenance (PM) and corrective maintenance (CM)
on the other components of the same machine/system. We implement two thresholds on the degrad-
ation level to decide when to service the monitored component: when the degradation level of the
monitored component surpasses a first ‘opportunistic’ threshold, the monitored component will be
serviced together with other components, for instance with a (planned) PM intervention, or upon
breakdown of another component, requiring CM. In case none of these opportunities have taken place,
and the degradation level surpasses a second ‘intervention’ threshold, an additional maintenance in-
tervention is planned for the monitored component in order to prevent a failure. Both thresholds
are optimised to minimise the total expected maintenance costs of the monitored component, or
to minimise the downtime of the machine due to maintenance on the monitored component. We
perform an extensive numerical experiment to demonstrate the potential gains of this hybrid policy
with two thresholds compared to using a traditional PM policy, and we identify its key drivers of
performance. We also benchmark our results when only one threshold is implemented. Our model

is validated and applied at an OEM in the compressed air and generator industry.
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1 Introduction and Literature Review

After-sales maintenance services are an effective way to keep manufacturing systems in good condition.
The maintenance policies that are most frequently encountered, both in academia and in practice, are
corrective maintenance, periodic maintenance, and condition-based maintenance; the latter two being
preventive maintenance policies. For an overview of maintenance policies, we refer to for instance,
Goossens and Basten [6], Tinga [16, 17], Van Horenbeek et al. [19], Wang [21].
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Under a corrective maintenance (CM) policy, a part or component is replaced when it does not fulfil
its intended purpose (properly) anymore, defined as a failure, which may lead to a reduced output or a
breakdown of the machine. We define periodic maintenance (PM) as a type of usage-based preventive
maintenance, where the total usage of a part is measured and maintenance is conducted after a certain
amount of usage (e.g., running hours). Since the usage of equipment is usually scheduled, the moment
that maintenance is performed can also be scheduled. If there is a large set-up cost associated with
maintenance, it can be beneficial to interchange several parts simultaneously, which is known as block
replacement. The period between two PM interventions is known as the maintenance interval (defined
by a number of running hours of the machine). During this maintenance interval, the component can
fail (due to its stochastic failure behaviour), at which an emergency CM intervention is performed. The
optimisation of the maintenance interval is a trade-off between the cost of planned (preventive) and
unplanned (corrective) maintenance interventions. Optimisation of a PM policy has first been treated
by Barlow and Hunter [3]; nowadays, any standard textbook on reliability engineering or maintenance
optimisation treats this topic [e.g., 10, 15].

Over the past years, many industrial companies have adopted CM and PM in their maintenance
operations. Whereas these maintenance policies have shown to perform well, they actually do not (or
at least not explicitly) take the actual state (or level of deterioration) of the components into account.
Recently, monitoring degradation levels has become cheaper, and big data analytics are progressing
rapidly, which led to condition-based maintenance (CBM) gaining interest to both practitioners as well
as researchers. CBM is a maintenance strategy that performs maintenance based on the actual condition
(degradation level) of the component. As such, CBM may improve the efficiency of the maintenance
strategy, implementing a dynamic preventive maintenance strategy that is able to reduce redundant (too
early) maintenance interventions, while at the same time reducing the number of unexpected failures (too
late). This could lead to lower maintenance costs and higher availability of the machines. We refer to
Jardine et al. [9], Peng et al. [14], and Ahmad and Kamaruddin [1] for reviews on CBM and its potential
benefits.

In the literature, there are various ways to monitor the degradation process, and various ways to
use these monitored data in the design of the maintenance policy. The most basic interpretation of
condition monitoring is to assume that failures can be foreseen in advance [e.g., as in 11, 12]. In most
cases, however, degradation is defined by a discrete number of qualitative (functional) degradation states
[5, 8, 18], a set of quantitative degradation states [13, 22, 23], or the exact (continuous) degradation
value [2, 7, 24, 25]. These monitored degradation data are then used to decide when the component
should be replaced, typically by introducing thresholds on the degradation level. The most commonly
used threshold is a ‘control limit’, to be interpreted as an intervention threshold: when the degradation
of the component surpasses this level, a maintenance intervention is scheduled to prevent breakdown of
the machine. Marseguerra et al. [13] and Barata et al. [2] apply Monte Carlo simulation to optimise
the intervention threshold, where both the monitored degradation states and deterioration values have
discrete values.

Initial research on CBM has primarily focused on single-component systems. Whereas this has
proven to be useful to understand the potential benefits of CBM, most practical settings involve multiple
components. In a multi-component setting, additional benefits can be reaped by bundling maintenance
interventions, for instance by combining a PM or CM intervention with a replacement of a monitored
component that is close to failure. This is known as opportunistic maintenance (OM). OM may reduce
the setup and/or travel costs that are needed to perform maintenance. This can be enabled by defining

an opportunistic threshold on the degradation level of the monitored component, which indicates that



the component is eligible for maintenance when there is an opportunity to combine it with maintenance
on another component.

Koochaki et al. [11, 12] implement an opportunistic threshold on three identical components, which
is defined as a time window before the exact moment of failure, assuming failures can be foreseen in
advance. de Jonge et al. [5] subdivide identical units into three functional degradation states (normal,
alert and alarm): if the alarm state is reached, maintenance will be performed after a predefined time
period, and all other components in the alert or alarm state will be maintained simultaneously. Van Der
Duyn Schouten and Vanneste [18] categorise the functional degradation states of a system of identical
components (good, doubtful, PM is due, failed); although they do not explicitly implement a threshold,
they determine the number of components that should be in the ‘doubtful’ state to replace all components,
in case one of them breaks down. Giirler and Kaya [8] extend their model with more degradation
states. Zhu et al. [26] consider a multi-component system, in which all (non-identical) components are
monitored. They propose a joint periodic maintenance interval, in which all components that have passed
the opportunistic threshold are replaced. They consider soft failures and focus on reducing the high setup
costs of maintenance. Zhu et al. [25] monitor the degradation level of one component and present a hybrid
opportunistic maintenance policy that implements CBM on one critical component, while implementing
a CM and PM policy on the other components of the machine. The CM and PM interventions on
the non-monitored components generate opportunities to maintain the monitored component. Through
renewal theory, the opportunistic threshold is optimised to minimise total maintenance costs.

The model that we present in this article is similar to and inspired by the model presented in Zhu
et al. [25]. However, there are two key differences. First, whereas Zhu et al. [25] assume that the
block replacement policy is rescheduled every time a maintenance intervention is performed on the
monitored component, in our paper we assume that the block replacement interventions remain fixed
over time. The rationale behind this assumption is that these PM interventions are scheduled to maintain
the other (non-monitored) components and are thus independent of the interventions of the monitored
component. As a result of this assumption, we can no longer rely on the same methodology as Zhu
et al. [25]. Second, whereas Zhu et al. [25] consider one (opportunistic) threshold, we introduce a
second (intervention) threshold on top of the opportunistic threshold. The second intervention threshold
triggers a maintenance intervention on the monitored component when it becomes too risky to wait for
an opportunity to bundle its maintenance, as the degradation level announces an imminent failure. The
introduction of the intervention threshold trades off the cost of an extra maintenance intervention with the
cost upon failure of the component. As we will show later in this paper, especially in environments where
the breakdown cost is high, the benefit of having this second intervention threshold can be significant.

Our paper is not the first to introduce multiple thresholds. Wang et al. [22] also define both an
opportunistic and intervention threshold. They model the deterioration process using continuous-time
Markov chains, and optimise the threshold values through Monte Carlo simulation. Wijnmalen and
Hontelez [23] define three thresholds: the first threshold allows joint maintenance with a component of
the same type (saving on both the major and minor set-up cost), the second with a component of a
different type (saving on the major set-up cost) and the last forces mandatory repair. They decompose
the multi-component problem into single-component Markov decision problems to make it tractable and
determine a stationary coordinated repair strategy for each component. Our paper differs from Wang
et al. [22] and Wijnmalen and Hontelez [23] as we consider a hybrid policy, combining CBM on one
monitored component with PM and CM on the other components of the same system. Furthermore,
whereas these papers assume a discrete number of degradation states (allowing the use of Markov decision

processes), we assume continuous degradation, which is appropriate in many settings.



We analyse a multi-component system (e.g., a compressor) and propose a hybrid opportunistic main-
tenance policy that combines condition-based maintenance on one monitored component with periodic
preventive and corrective maintenance on the other components of the same machine. A key feature
of such a hybrid policy is that allows a gradual implementation of CBM on one or a few monitored
components, while keeping the current PM strategy on the rest of the machine. We treat the service
interventions on the non-monitored components as exogenous to our policy, but we use them as oppor-
tunities to service the monitored component. In other words, we model a multi-component system, but
our goal is to minimise the maintenance costs of the monitored component. A more detailed description
of our model assumptions and objective function is given in Section 2.

Our maintenance policy works with an opportunistic and an intervention threshold on the degrad-
ation levels of the monitored component. Whereas the opportunistic threshold allows the monitored
component to be jointly maintained with the non-monitored components, the intervention threshold
triggers a maintenance intervention on the monitored component when no bundling opportunity could
be seized and a failure is imminent. We provide analytical expressions to evaluate the expected mainten-
ance costs of the monitored component and the machine downtime due to maintenance (or breakdown)
of the monitored component, and determine the optimal threshold values. We also study the impact of
each of the thresholds on the maintenance costs under CBM.

The model that we propose in this article has been validated and applied at an OEM (Original
Equipment Manufacturer) in the compressed air, generator and pump industry that seeks to leverage this
type of opportunistic maintenance. The OEM deploys a PM strategy on the majority of its components
and implements CBM on a selected number of components.

The remainder of this paper is organised as follows. In the next section, we describe our model
assumptions and introduce notations. Section 3 presents the expressions needed to evaluate the per-
formance of our proposed hybrid policy with two thresholds. In Section 4 we evaluate these expressions
when only one of the two thresholds is used. This not only serves as a benchmark for our policy with
two thresholds, it also allows to identify the economic impact of each threshold. Section 5 presents the
results of a numerical experiment to determine the gains of the proposed policy, and identify its key
drivers. Finally, Section 6 discusses an illustrative example how the thresholds can be determined when

multiple objectives are considered. Section 7 concludes.

2 Model description

Our model assumptions are inspired by the OEM with whom we collaborate. Table 1 summarises
the notations used throughout the paper. We consider a system with a large number of components.
The OEM pursues a periodic, usage-based, preventive maintenance policy on its installed base. Such
usage-based periodic maintenance based on effective running hours is common for instance for rotating
equipment, which degrades based on its effective use. Obviously, many components are not preventively
maintained at all, but only upon failure. The components that are periodically preventively maintained,
each have their own maintenance interval, dependent on its degradation rate and the costs related to
a periodic or corrective maintenance intervention. The block-replacement policy operates with a ‘base’
periodic maintenance interval, which we denote by 7, which is the minimum interval at which some
components are always replaced (e.g., air filter), and each component’s maintenance interval is a multiple
of this base maintenance interval. The reason why each component’s maintenance interval is a multiple

of the base interval is that this allows combining a component-specific maintenance interval (based on



its degradation rate), with the simultaneous replacement of some components due to the set-up cost
associated with maintenance (block-replacement). That way, fast deteriorating consumables, such as
filters, may have a higher frequency of periodic maintenance than slower deteriorating components that
are only replaced at a multiple of this maintenance interval. The analogy with car maintenance can be
made: some components are replaced every 15,000 km, whereas others only every 30,000 or 90,000 km.
The minimum ‘base’ interval is determined based on the fast deteriorating consumables. In this paper we
will treat the base PM interval 7 as an exogenous constant parameter and assume that the PM schedule

remains fixed over time, regardless of any maintenance interventions on other components.

Table 1: Nomenclature

Notation Description

Base periodic maintenance interval

Opportunistic threshold

Intervention threshold

Average time between (random) machine failure, given a certain PM policy
Preparation time to schedule an extra maintenance intervention
Maintenance cycle length

Pdf of time u until the next PM visit

Pdf of time v until the next random machine failure

Degradation function of the monitored component

Pdf of lifetime [ of the monitored component

Pdf of degradation time between replacement and degradation level &
Pdf of degradation time between degradation level £ and &

Pdf of degradation time between degradation level ¢ and failure
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When a component is maintained under CBM, that component is no longer included in the preventive
block replacement policy. Instead, we continuously monitor the degradation level of that component and
decide upon its maintenance based on the monitored degradation levels. The benefit of this hybrid policy
is that only a limited number of components need to be continuously monitored, while the conventional
block replacement policy can still be applied for the other components, and it allows a gradual imple-
mentation of CBM in the existing maintenance operations. Inspired by Zhu et al. [25], we leverage this
hybrid strategy by using opportunities to bundle maintenance interventions on the monitored component
with the PM and CM interventions on the other, non-monitored components. This allows reducing the
number of interventions and its corresponding costs.

We denote the stochastic degradation behaviour of the monitored component by 7(t), and assume
it obeys physical laws that are known — e.g. due to fatigue and corrosion — and thus can be remotely
monitored [2]. For some type of environments — e.g., if the degradation level depends on the combination
of many deterioration processes — this assumption may not hold and physical inspections are necessary
to know the condition of the equipment. We assume that the stochastic degradation behaviour is inde-
pendent of how the monitored component was maintained, as well as independent of the maintenance
interventions performed on the other non-monitored components. We express 7(t) as a percentage of the
critical degradation level at which the component fails: upon replacement, a component is considered
as-good-as-new (1(0) = 0), and a failure at the end of its lifetime [ is defined as n(l) = 1.

To maintain and replace the monitored component, we can bundle its service with a service interven-
tion of the other components, when that leads to a reduction of the setup costs. We distinguish two types
of opportunities. First, when a PM intervention is scheduled (for other, non-monitored components),

the technician may as well replace the monitored component. We denote this opportunity by Opy. As



the monitored component is no longer included in the PM policy, the schedule of the PM interventions is
not based on the monitored component, but it is set for the other (non-monitored) components. Given
that the degradation of the monitored component is independent of how it was maintained (i.e., by a
PM intervention or any other type of intervention), this means that the degradation of the monitored
component is largely independent of the PM interventions on the other, non-monitored components in
the system. Hence, at the moment that the degradation level reaches the opportunistic threshold value
(which is a random observation moment due to the stochastic degradation behaviour), the time until
the next planned PM intervention is approzimately uniformly distributed between then and 7 time later.
In Section 5.2 we provide a simulation experiment to validate this assumption that the time until the
next planned PM intervention is approximately uniformly distributed. When the probability density
function (pdf) of the time u until the next planned PM intervention can be approximated by a uniform

distribution, we have:

ifo<u<m,

g(u) = (1)

1
=
0 otherwise.

A second opportunity to bundle service of the monitored component occurs when the machine fails
(due to failures of other components), and requires CM. This opportunity is denoted by Ocy. When
observing the entire multi-component system, many components are not maintained periodically and
those that are periodically maintained, do not all have the same maintenance interval. In addition, there
could be external (unpredictable) factors that could lead to failure of the component. According to the
Palm-Khintchine theorem [4], the failure rate of a machine with a large number of components can then be
modelled by a memoryless exponential function. Indeed, when we observe one component in isolation, it
is inappropriate to model the time until the next system failure by an exponential distribution. However,
the combination of a number of non-Poisson renewal processes will still have Poisson properties. We refer
to Section 5.2 for a validation of this assumption. The pdf of the time v until the next random machine

failure can then be defined as:
h(v) = Ae Y, (2)

with A™! the average time between two failures, which also depends on the executed PM policy.

To decide when to use these opportunities, we introduce an opportunistic threshold on the degradation
level, which we denote by &, expressed as a percentage of the critical degradation level at which the
component fails. Once the condition (level of degradation) n(t) of the monitored component surpasses
this threshold value ¢, any maintenance visit for other components (i.e., a CM or scheduled PM) will
be used as an opportunity to replace the monitored component (respectively Ocy or Opn). If one of
these opportunities is used to replace the monitored component, the total number of replacements of
the component is higher compared to when only replacing as late as possible. We thus have a trade-off
between a reduction of the component’s lifetime and the reduction of a setup cost, and potential failure.
There is no additional planning time required for the maintenance on the monitored component, as the
service technician is scheduled to go on site anyhow for the CM or PM intervention.

We also introduce a second intervention threshold, denoted by e (also expressed as a percentage
of the critical degradation level). In case there has not been any opportunity to bundle maintenance,
but the monitored component is close to failure, this intervention threshold enables to schedule an extra

maintenance intervention for this component (which we denote by E) in order to avoid its failure. At this



point, the risk of waiting for an opportunistic maintenance is too high as the degradation level announces
an imminent failure. In this case, we incur a preparation time ¢, to schedule this extra maintenance
intervention in a cost-effective way. When an opportunity to bundle the intervention with a PM or CM
would occur during this planning period t,, the extra maintenance visit will be cancelled. Due to the
random degradation behaviour, the monitored component can still fail during this planning period. We
denote the corrective maintenance intervention upon failure of the monitored component by F. Recall
that the preparation period ¢, is not incurred in case of opportunistic maintenance; in that case the
technician is on site and when it performs some extra maintenance tasks for the monitored component,

no additional planning time is incurred. In Figure 1, we summarise the hybrid maintenance policy.
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Figure 1: A hybrid condition-based maintenance policy with an opportunistic and intervention threshold

The value of the pair of thresholds (€, ¢) determines the likelihood that the monitored component
will be maintained by one of the four types of service maintenance: Opn, Ocm, E, and F. Let P(Opn),
P(Ocm), P(E), and P(F) denote the respective probabilities that the monitored component will be
maintained by that type of maintenance intervention in a maintenance cycle. Low values of (£, ) generally
induce many (potentially too early) replacements on the monitored component (i.e., higher values of
P(Opm), P(Ocm) and P(E)), whereas high values of (€,¢) tend to increase the risk of failure as the
replacement may be too late (i.e., higher values of P(F)). Also, a lower value of the opportunistic
threshold ¢ allows for a higher intervention threshold ¢ to prevent the same number of failures. In the
next section we will quantify these probabilities.

Let C; with i € {O,E, F} denote the cost to service the monitored component upon an opportunistic
maintenance (O), an extra maintenance (E) or upon failure (F). The opportunistic maintenance cost
consists of the cost to replace the monitored component (i.e., the cost of the component itself and the
wrenching time). This cost is independent whether the replacement occurs together with a PM or CM
intervention on another component. The cost of an extra intervention consists of an additional travel
or setup cost, on top of the cost to replace the monitored component, as in this case an additional
intervention is scheduled for the monitored component. We define this cost as Cg = (1+ pg)Co, with pg
the relative cost increase of an extra maintenance compared to an opportunistic maintenance that is due

to the additional travel or setup. Finally, the maintenance cost upon failure consists of the replacement



cost and the travel cost, and additionally the costs related to the breakdown of the component, e.g.,
reduced output or consequential damage. We define Cr = (1 + pg + pr)Co, with pr the percentage
cost increase that is related to the costs due to the breakdown. In Section 5 we report how the optimal
threshold values and the maintenance costs are driven by the values of pg and pp.

Observe that we could also let C; denote the downtime to service the monitored component upon each
of the four possible maintenance interventions, rather than its cost. The analysis for cost or downtime is
generally the same, but it allows us to analyse both separately. In Section 6 we minimise both cost and

downtime in a bi-objective function.

We determine the optimal threshold values that minimise the long run average maintenance costs
per running hour for the monitored component, which is found by dividing the expected costs per
maintenance cycle over the expected length of a maintenance cycle, E {L.}, expressed in running hours.
A maintenance cycle is defined as the time between two replacements of the monitored component; it
depends on the degradation process as well as the type of maintenance on the monitored component
in each cycle. We can split the length of a maintenance cycle into two parts: first, the time from
replacement until the degradation level reaches the opportunistic threshold &, denoted by the stochastic
variable L¢, which is independent of the type of maintenance; and second, the degradation time from the
opportunistic threshold £ to performing one of the four types of maintenance, which we denote by L¢ (.,

which clearly does depend on the maintenance type. This results in the following objective function:

P(Opm) - Co +P(Ocm) - Co + P(E) - Cg + P(F) - Cr

minimise

E,e E {LC} ’
subject to 0<E<e<, (3)
with
E{L:} = E{L¢} +P(Opm) E{L¢opy} +P(Ocm) - E{L¢ocut +P(E) - E{L¢r}

+P(F) -E {L&F} .

The pair of threshold values (£, ¢) determines the probabilities P(-) how the monitored component is
maintained, as well as its expected maintenance length E {L.}. In the next section we derive expressions
for these probabilities.

3 Probabilities of each type of maintenance in a cycle

We determine the probabilities of each type of maintenance for the monitored component in a mainten-
ance cycle (i.e., an opportunistic maintenance with a PM or CM intervention on one of the non-monitored
components, an extra maintenance, or upon failure) as follows. Define the lifetime [ of the monitored
component by the time to degrade from 7n(0) = 0 (as-good-as-new) to n(l) = 1 (failure). In our case-
study company, the degradation levels n(t) are obtained through sensors installed in the equipment. The
degradation process can be any random process, as long as it is monotonic, e.g., a Gamma process,
compound Poisson process, inverse Gaussian process, etc. As a result of this degradation process, the
lifetime L is a random variable; we denote its probability density function by f(I). The time to failure

can be defined by any distribution function. Assuming the degradation function to be monotonic, we



can divide the lifetime L of the monitored component into three parts,
L =L¢+ Lee + LeF, (4)

where L¢ defines the time to degrade from replacement to the opportunistic threshold &; L¢ . the de-
gradation time from the opportunistic threshold £ to the intervention threshold e (in this time window,
opportunities can be seized to bundle maintenance); and L. r the degradation time from the intervention
threshold € to failure of the monitored component (in this time window, an extra maintenance interven-
tion can prevent failure if I, v > t,,, while opportunities can still be seized to bundle maintenance if they
occur before the extra maintenance intervention is executed). Denote f!(l¢), f2(l¢c) and f3(I.r) their
respective pdf.

The probabilities f1(l¢), f2(l¢.c), f2(le,r) and f(I) can be derived as follows. Either we assume a com-
pletely random degradation process, where the probabilities f1(l¢), f(l¢c), and f3(I. ) are independent
of each other. Based on the stochastic deterioration process the distribution of the time until failure
can be determined. Likewise, the distribution of the degradation time in each of the three phases of the
lifetime can be found for any given set of thresholds. These distributions change when the thresholds are
adjusted. For some specific degradation processes like for instance the Gamma process, the degradation
time can be analytically characterized [20].

An alternative approach is to assume a pre-specified distribution of the time to failure and a tractable
degradation process. This indicates that the degradation is not completely random (i.e., there are several
root causes that may lead to degradation) and implies a dependency between f!(l¢), f2(l¢.) and f2(I- r).
Indeed, suppose that the time to failure follows a pre-specified distribution, then the pdf of the time
between the second threshold until failure is dependent on the time to reach the second threshold (and
likewise the time to reach the first threshold) in order for the failure times to follow that pre-specified
distribution. This is captured in the dependence of the second probability distribution with respect to
the outcome of the first. Note however, that this does not preclude that a component first degrades
slowly and then accelerates to failure. As the time until failure is random, this changing degradation
behaviour remains possible in our model. We denote f3(I. r | l¢,c) the conditional pdf of L. g on l¢ .. As
we only need the expected value E{L¢} in our analysis (rather than f!(l¢)), there is no explicit need to

denote the conditional pdf of L¢ . and L. on .

First, we define the probability that the monitored component is maintained through an opportunistic
maintenance with a PM visit that is scheduled for other components (Opy). The probability that
this happens, corresponds to the situation that the degradation level surpassed the first opportunistic
threshold value ¢ (which implies that a timespan longer than [ has passed since replacement), but the
monitored component has not yet failed, nor it is replaced by an extra maintenance intervention, nor
there has been an opportunity to bundle with a CM intervention in case of machine failure (whichever
comes first). In other words, this opportunity happens when at I, the next PM intervention (scheduled u
time later) occurs before either the machine fails (which happens after v time), or an extra maintenance
on the monitored component is executed (after l¢ . + ¢, time), or the monitored component itself fails
(after Iz ¢ + lep time). With g(u) the pdf of the time until the next PM intervention, and h(v) the pdf
of the time until the next machine failure, the probability that the monitored component is maintained



together with a scheduled PM intervention is defined as:

lg,etleF oo
too oo J (f h(v ) wydu, ifler <t

P(Opm) = ,;ﬁ%p

le, =01, p=0 f ( f h(v ) u)du, iflep > tp

u=0

PPUer | lee)dlep f*(lee)dle e (5)

Likewise, we quantify the probability that the monitored component is maintained through an op-
portunistic maintenance with a CM intervention on any of the other components of the machine (Ocwm).
This happens when at l¢, the next machine failure (which is v time later) occurs before either executing
the next PM intervention (which happens after u time), or an extra maintenance on the monitored
component is executed (after l¢ . + ¢, time), or the monitored component itself fails (after lg . + l. ¢
time). Analogous to Eq. (5), we then define the probability of an opportunistic maintenance with a CM
intervention on any of the other components of the machine, as:

lgetleF /400
f < J g(u)du> h(v)dv, ifler <tp

Foler | lee)dlepf?(lee)dlec. (6)
f g(u > v)dv, ifl.r >tp

In case none of the above opportunities has taken place in the time window /¢ ., an extra planned main-
tenance intervention is scheduled as soon as the degradation level surpasses the intervention threshold e,
for execution at time l¢ . +t,. This extra maintenance intervention will effectively take place if the com-
ponent does not fail during the planning period ¢, and if no opportunities come along for an OM during
this planning period. In other words, this happens when at [¢, the execution of the extra maintenance
intervention (scheduled ¢ . +t, time later) occurs before either the next PM intervention (which happens
after u time), another component of the machine fails (after v time), or the monitored component itself
fails (after l¢ . + 1. r time). Thus, the probability that the monitored component is maintained by means
of an extra planned maintenance intervention, is given by:

+oo +e [, if lop <tp
P(E) = oo +eo Ylep | le,)dlep f2(lee)dlee. (7
= [ [ F swme T ore e, | S e e @

lg,e=01lg p=0 u=lg +tp v=lg o+tp

Finally, we determine the probability that the monitored component fails, which means that the
component is maintained upon its failure. This happens after the degradation surpassed the intervention
threshold €, and the component fails before the extra maintenance intervention is executed (i.e., when
le. 7 < tp), while no opportunity for OM occurred in the period l¢ . +1. 7. Hence we obtain the probability

of a failure of the monitored component as:

“+ oo + oo

D [ gwdu [ h(v)dv, ifler <t \ .
P(F) = u=le .+ p v=lg o+l F Fier | le)dle g f2(le.)dle . (8)
1515=015’F=0 0, lf lE7F > tp

Using the probabilities defined by Egs.(5-8), we can derive the average maintenance costs per cycle,
as defined in Eq. (3).

To determine the average cycle time, E{L.}, we need to multiply the probability of each type of
maintenance intervention with the cycle time from replacement until this maintenance intervention,

which is E{L¢} plus, respectively, u time for Opn, v for Ocm, lec + tp for an extra maintenance, and
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l¢  + 1o p for a failure. This yields:

E{Lc} = ]E{LE}

l{,a+la,F + oo
too oo f u fh(v)d'u g(uydu, ifl. g <tp
v

u=0

l&,e+tp “+o0o
le 2 =01, p=0 f w f h(v)dv | g(u)du, iflop > tp
@

u=0

l§,5+lE,F +oo
+oo +oo f v < f g(u)du) h(v)dv, ifl. g < tp
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(9)

We can further elaborate Eqgs. (5-9) by substituting g(u) and h(v), as defined in (1) and (2). We
relegate this derivation to Appendix A.

We are now in a position to evaluate and optimise the expected maintenance cost per running hour.
As Egs. (5-9) are analytically intractable, we rely on a numerical evaluation to determine the optimal
pair of threshold values (£*,¢*) that minimises the expected maintenance costs as follows. We first
determine the probabilities of each of the four possible types of service interventions on the monitored
component, as well as the expected maintenance cycle length, for each combination of threshold values
(&,¢), using Egs. (5-9). We use Wolfram Mathematica 9.0.1.0 for the numerical calculation, although
any other program that can numerically solve integrals can be used. Next, we use these probabilities
to evaluate the expected cost performance of each combination of thresholds (£,¢). The optimal pair
of thresholds (£*,£*) is then the combination that leads to the lowest expected costs. This second step
can be easily performed in any spreadsheet program. Although full enumeration is a time-consuming
optimisation procedure, it is noteworthy to mention that the expressions in Egs. (5-9) remain robust for
a given failure behaviour of the monitored component, independent on the assumed cost parameters C;.
This makes it convenient to perform sensitivity analyses on the cost parameters (which may depend, for
instance, on the operating circumstances) in a later phase.

Consider for instance a monitored component with a Weibull distributed failure behaviour, charac-
terised by a scale factor @ = 2,000 and shape parameter 5 = 1.5 and a linear degradation behaviour.
For each set of threshold values, Eqgs. (5-9) define the probabilities and average time to each type of
intervention. We use a full enumeration approach over the entire range of integer percentage values,
which yields 5151 combinations of threshold values for which ¢ < e. For instance, for & = 0.6 (60%
degradation) and ¢ = 0.8 (80% degradation), we have P(Opn) = 42%, P(OcMm) = 15%, P(E) = 27%,
P(F) = 16%, and the average time between two maintenance interventions with these thresholds, E {L.}
= 1,388 hours.

Suppose the cost of the monitored component is $200, the travel cost of the technician is $100, and
the additional cost in case of failure (e.g., due to consequential damage) is $500. Then, for £ = 0.6 and

e = 0.8, the long run average maintenance costs per running hour for the monitored component is given
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by (Eq. (3)):

42%($200) + 15%($200) + 27%($200 + $100) + 16% (5200 + $100 + $500)
1,388

= 0.23$. (10)
Clearly, this number will change under modified cost values. For instance, if the component cost is
only $160, we find that an average maintenance costs per running hour reduces to:

42%($160) + 15%($160) + 27%($160 + $100) + 16%($160 + $100 + $500)
1,388

= 0.208. (11)

We calculate these costs for each combination of threshold values. The optimal set of threshold val-
ues is then the combination that minimises these costs (which can be easily found in any spreadsheet
program). As Egs. (5-9) are calculated independent of the cost values, we can simply use the outcome of
this analysis and complement it with the specific cost environment to obtain the corresponding mainten-
ance costs. This approach has proven to be useful for our case study company, to whom we provided the
outcome of Egs. (5-9) for a range of failure behaviours that are commonly observed for their components.
It allows them to evaluate the cost savings potential of CBM for any given component in a variety of
cost environments.

In our example, the optimal combination is (£*,e*) = (65%, 77%) when the cost of the component is
$200, and (£*,e*) = (63%, 76%) when the cost of the component is $160 (note that these results can also
be derived from Figures 4 and 5 in our numerical section with pg = 0.5 and pr = 2.5 for a component
cost of $200, and pg = 0.625 and pr = 3.125 for a component cost of $160).

As is evident from this example, one of the benefits of a full enumeration is that the outcome of
Egs. (5-9) complemented with the specific cost environment, allows a swift computation of the optimal
set of threshold values. Instead of a full enumeration approach, we could as well use more sophisticated
search algorithms or meta-heuristics, such as for instance (as an example of an easy search procedure) the
steepest descent method. This method guarantees an optimal solution if each local optimum is a global
optimum. Although our numerical results suggest that the cost function is convex in the threshold values,

we cannot prove it and therefore a local search heuristic cannot guarantee the global optimal solution.

4 CBM with only one degradation threshold

The rationale behind using two degradation thresholds in the hybrid CBM policy is that it aims to reduce
both the setup costs for each maintenance intervention (by using opportunities to bundle maintenance
of the monitored component with maintenance on other components), as well as downtime costs (by
implementing an intervention threshold that prevents an imminent failure if no opportunities have come
across). In this section we evaluate the performance when only one of the two thresholds is implemented.
In the next section we show how this analysis helps us to identify the value of each threshold, and

understand in which setting each threshold adds most value.

4.1 Condition-based maintenance with intervention threshold only

The hybrid CBM policy with only an intervention threshold corresponds to the case where £ = ¢, which
means there is no time window specified in which the monitored component can be maintained together
with PM and CM interventions on the other components before the intervention threshold is reached:

le. = 0. As a result, we can simplify Eqs. (5-9) by setting f?(l¢,.) = 0, and use f3(l. ) instead of its
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conditional probability. We do, however, include the possibility for OM during the planning period when
an opportunity occurs. The probabilities that the monitored component will be maintained by each of

the four types of maintenance interventions then reduce to:

lE,F —+o0
=S ( J h(v)dv) g(u)du, iflp <t
P(OpMm) = / ut:po vfoté fs(l&F)dlap,
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Likewise the expression for E{L.} in (9) can be simplified in a similar way.

4.2 Condition-based maintenance with opportunistic threshold only

The hybrid CBM policy with only an opportunistic threshold corresponds to the case where € = 1, which
means that I.r = 0, and the monitored component fails if there is no opportunity for OM during the
period l¢ . = l¢ p. As such, P(E) = 0 and by setting f3(l.r | le..) = 0 in Egs. (5-9), we obtain:

+oo lg,s —+oo

pOe) = [ | [ | [ b)) gtwrdu| et

le..=0 \u=0 “=u
+oo le,e [ 400
POe) = [ [ stwdu | nw)do | £
le.=0 \v=0 \u=v
+oo +oo +oo
P(F) — / g(u)du / h(w)dv | £2 (e ) dic... (13)
lg,e=0 \u=lg v=l¢ o

It is noteworthy to highlight that this policy in fact coincides with a CBM policy without remotely
monitoring the degradation level, but where the technician physically inspects the component when doing

the maintenance on other components and then decides if it needs replacement or not.

5 Numerical analysis of the cost performance under CBM

5.1 Experimental setup

We analyse the performance of our hybrid CBM policy using reference data (of the component’s failure

behaviour and cost environment) of an OEM active in the compressed air industry, which are represent-
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ative for their aftermarket business. We set up an extensive numerical experiment to generate insight
in the potential savings that can be realised by implementing our hybrid CBM policy. This is done by
analysing the maintenance cost performance when the monitored component is maintained under CBM,
and benchmark it against the policy where the monitored component is included in the usage-based
block replacement PM policy. In this section we report our findings.

In our numerical experiment we use the Weibull distribution to model the failure behaviour, which
is commonly used to model real life data due to its flexibility in shape. The pdf of the lifetime I (i.e.,
the time to failure) is then defined by:

-2 e ] 1

with « the characteristic life or scale factor and S the shape parameter. A high a-value represents a
slow deteriorating component, and a high S-value means its lifetime can be relatively well estimated
(low variance). Examples of fast deteriorating components are consumables such as air and oil filters.
Slow deteriorating components are durable goods, such as the engine. The parameters of the Weibull
distribution are usually found using failure data of the components.

Whereas the failure behaviour determines when the component fails, it does not determine how it
degrades (from replacement until failure). In our experiment we assume a linear degradation, but it
could be extended to other degradation processes. The benefit of a tractable degradation process is
that it allows an analytical derivation of the distribution of the degradation time. In Appendix B we
provide a derivation of E{L¢}, f2(l¢.c), f3(le,r), and f3(lF | l¢,c) under a linear degradation process
and a Weibull distributed time to failure. We analysed an exponential degradation behaviour as well;
this yielded similar managerial insights, with the only notable difference in the optimal threshold values.

In our numerical experiment, we let the scale factor have values a € {1,000;2,000;...; 20,000} RH
(running hours), and the shape parameter 3 € {1.5;3}. We assume the base PM interval 7 = 1,000 RH
and the average time between (random) machine failures A= = 2,000 RH. The preparation time for an
extra maintenance intervention ¢, = 150 RH.

The cost factors pg and pg, respectively denoting the percentage cost increase of an extra maintenance
compare to an opportunistic maintenance, and the percentage cost increase of a failure compared to an
extra maintenance, can have a wide range of values, depending on the operating conditions of the
company and the component. At the OEM in the compressed air industry, we consider three types of
components that can be considered for CBM, each with its own range of pg and pr values: (1) Key
components that are usually expensive and vital to operating the machine (i.e., durable goods). These
components generally have a long lifetime. The cost of travel to maintain these components is usually
negligible compared to the cost of a failure of the component, and the cost to replace them (i.e., the cost
of the spare part and the wrenching cost). The value of pg for these components is close to zero, and
the value of pp is usually between 1 and 5. (2) Consumables, which are generally relatively cheap, but
crucial for a good functioning of the machine (e.g., filters). These components typically have a shorter
lifetime. For those components, the cost of travel is significant compared to the replacement cost of the
component, with pg between 0.5 and 4. Although the component is crucial for the functioning of the
machine, its failure will not result in a lot of consequential damage to other components and the value
of prp will be similar to that of the key component, between 1 and 5. These crucial consumables will
usually perform relatively well under a block replacement policy, and the benefits of maintaining these

components under a CBM policy are often lower. (3) Supporting consumables that are not directly
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required to operate the machine, but they support the well-functioning of it (e.g., a condensate drain).
They are relatively cheap but when they fail, the cost of consequential damage is very high. Whereas
the cost of travel pg will range between 1 and 5, the cost of failure pp can reasonably range between 5
and 30. Despite their lower unit cost, these components are good candidates for CBM to avoid expensive
failures.

We benchmark the cost performance when the monitored component is maintained under our hybrid
CBM policy against its cost performance when it is maintained under a usage-based PM policy. In the
latter case, the (optimised) maintenance interval for the monitored component is 7*, which is a multiple
of the base maintenance interval 7, indicating that the monitored component is replaced during PM
interventions every time interval 7* (and it has a CM upon failure). When the monitored component
would be maintained under a periodic PM policy, an intervention cost is incurred upon every maintenance
interval 7*, which includes the unit component cost and the wrenching time to replace the monitored
component. As the PM intervention is already scheduled for the other components, its setup (e.g. travel)
cost is not included in the maintenance costs for the monitored component. Upon failure of the monitored
component, a CM intervention is required, which includes an additional breakdown cost and travel cost
to replace the monitored component. The optimisation of the maintenance interval 7* that minimises
the corresponding maintenance costs when the monitored component is maintained under PM is then
defined by:

L Co +Cr-E{Y} .

minimise
T* 7—*

subject to T =kt kezt, (15)

with E {)}_. the expected number of failures between two subsequent PM interventions in the interval 7.
Observe that when 7" = o0, it is optimal to do only corrective maintenance for the monitored component

(replacement upon failure). The value of E{)} . can be calculated as:

T ™ (77 —t1)
EW). = [ flt)dn + ft2)dtaf(t1)dts
t1[0 t1[0 tz‘_/0
- (77 —t1) (" —=t1...—ti—1)
+ Z / / . / f(t)dts ... f(ta)dtaf(t1)dts, (16)

i:3t120 to=0 t;=0

where ¢; is the time between the PM intervention and the first failure (and thus CM intervention), ¢, is
the time between the first and second failure, etc. The intuition behind Eq. (16) is the following: its first
term defines the probability that at least one failure will occur during 7* time, the second term defines
the probability that at least two failures occur during 7* time, etc. For instance, the probability of at
least two failures during 7* time, corresponds to the situation when the first failure occurs after t; < 7*
time and the second failure occurs after to < 7% — t; time, so that the second failure occurs before 7*
time have passed, i.e., before the next PM intervention.

Due to the convexity of the cost function of a PM policy defined in Eq. (15), the optimal value of 7*
can be found using a simple search algorithm.

In what follows we first validate our solution method and our model assumptions (Section 5.2) . We
then provide the cost reductions that can be maintained when our hybrid policy with two thresholds

is implemented instead of maintaining the component using a traditional periodic maintenance policy
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(Section 5.3). Finally we show the value of having two thresholds instead of one (Section 5.4).

5.2 Validation of the solution method

We first validate our assumption that the time until the next planned PM intervention is approximately
uniformly distributed. We have simulated the environment without the assumption that the time until the
next planned PM intervention is uniformly distributed (denote this the ‘real’ environment), and optimized
its cost performance. We then evaluated how the optimised threshold values under the assumptions of
our model (i.e. assuming time until the next planned PM intervention is uniformly distributed) performs
in this ‘real’ environment. Our simulation experiment considers 10,000,000 iterations, which is equivalent
to 10,000,000 replacements of the monitored component. We perform a full enumeration approach over
the entire range of integer percentage values, which yields 5,151 combinations of threshold values for
which & <e. The simulation experiment was done in Arena 14.5 (Rockwell Automation).

Table 2 reports that the average cost performance using these threshold values is less than 1% higher,
compared to the optimized performance without that assumption. This result holds under a range of
parameter values (the table reports the setting that is mostly assumed throughout our paper: the failure
behaviour defined by o = 2,000 and 8 = 1.5, with different values for the relative travel and breakdown
cost; this setting matches with the Figures in the remainder of this section). This somehow provides a
justification of our assumptions to approximate the time until the next planned PM intervention to be

uniformly distributed.

Table 2: When optimizing the threshold values under our model assumptions, the costs are less then 1%
higher compared to the optimized performance without these assumptions (results are reported under a
failure behaviour defined by o = 2,000 and 8 = 1.5).

PF
0 1 2 5 10
0 | 0.00% 0.07% 0.01% 0.04% 0.03%
1 1003% 0.76% 0.38% 0.32% 0.29%
pe 2 | 056% 1.54% 099% 0.72% 0.37%
5 1050% 0.77% 0.61% 1.03% 0.79%
10 | 0.49% 0.35% 0.24% 0.79% 0.58%

We have also set up a numerical experiment to validate how many non-preventively maintained com-
ponents in a machine are required to assume that the time between failures of two arbitrary components
in the machine is exponentially distributed (as the non-preventively maintained components will consti-
tute the majority of the machine failures). We restricted our experiment to components with identical
failure behaviour, although we are aware as mentioned earlier in our paper, that there are a number of
additional elements that strengthen the effect of randomness of the failures, such as different operating
conditions or additional preventive maintenance interventions. In our numerical experiment we assume
that each component has the same Weibull distributed failure behaviour. We set up a Monte Carlo
simulation experiment to record the time between failures when one or more identical components fail
independently of each other. We generated results for a range of 1 to 10 identical components with
different values of the shape parameter § of the Weibull distribution (i.e., 8 € {1.5;3}), which are also
the values encountered at our case study company. The scale parameter « of the Weibull distribution has
no influence on the convergence. We considered a warm-up of 1,000,000 failures, before recording 1000
failures as a reference. We similarly generated 1000 random realisations of the exponential distribution.

When g = 1.5, we found that as of 3 components we cannot statistically differentiate between both
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samples. In case § = 3, which indicates a lower variance of the time to failure, we found this conclusion
to be true as of 4 components. This means that it suffices to have around 4 or more components that
are non-preventively maintained, to justify the use of the exponential distribution in this regard.
Finally, we have performed a simulation analysis to verify how well our model assumptions perform in
the ‘real’ environment, compared to the model assumptions made in Zhu et al. [25] when applied in the
real environment. Zhu et al. [25] make the assumption that the block replacement policy is rescheduled
after each failure. This allows to approximate the optimal threshold values using renewal theory. In
order to have a fair comparison of both models, we extended the model of Zhu et al. [25] with the extra
threshold, as Zhu et al. [25] propose only an opportunistic threshold. As can be observed in Table 3 (for
an example with failure behaviour defined by o = 2,000 and 8 = 1.5), in some cost environments our
model performs better (reported by the negative values — in our example up to 6%), whereas in other

environments their model outperforms slightly (up to 1,5% in our example).

Table 3: Cost comparison of our heuristic solution compared to the assumptions made by Zhu et al. [25],
when two thresholds are applied (failure behaviour defined by o« = 2,000 and 5 = 1.5).

PF
0 1 2 5 10
0 | 0.00% 0.07% 0.01% 0.04% 0.03%
1 ]-0.03% 0.76% -4.34% 0.32%  0.26%
pe 2 | 0.56% 1.54% -0.04% 0.60% 0.10%
5 1-027% 0.15% -0.17% -6.17% -0.54%
10 | 0.45% 0.24% 0.07% -1.93% 0.36%

Whereas this provides a comparison on the heuristic solution, the benefit of our model compared to
Zhu et al. [25] is the addition of the extra intervention threshold. Our model operates with both an
opportunistic and an intervention threshold, whereas Zhu et al. [25] only considers the opportunistic
threshold. This is also acknowledged in Zhu et al. [25], who refers to our model: “They show that the
average cost can be reduced significantly if this extra type of maintenance action is much cheaper than
the normal corrective maintenance action. Their contributions are based on a different approximate
evaluation procedure and a different degradation process”. Our two-threshold approach makes our paper
different from Zhu et al. [25], but more importantly it can result in lower costs. The extra intervention
threshold is meant to avoid expensive downtime costs in case no opportunities have come across (initiated
by the opportunistic threshold). In Figure 8 we will report the value of having this extra intervention
threshold: especially in environments where the breakdown cost is high, the benefit of having this extra

intervention threshold can be significant.

5.3 Cost performance of CBM policy with two thresholds

When CBM is implemented with two thresholds, the expected cost performance of the monitored com-
ponent per running hour is defined by Eq. (3). The comparable cost performance of the monitored
component under a PM policy is defined by Eq. (15).

Figure 2 reports the percentage reduction of the maintenance costs of the monitored component when
the hybrid CBM policy is implemented compared to the situation where the monitored component is
part of the PM interventions for one specific failure behaviour (defined by e = 2,000 and 8 = 1.5). The
cost reductions are expressed as a function of the travel cost pg and the breakdown cost pp. It illustrates
how the cost saving potential of CBM is strongly dependent on these cost ratios. These cost reductions

can be explained by the dynamics of the thresholds in response to these cost ratios:
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Figure 2: Percentage maintenance cost reduction of CBM vs. PM as a function of the breakdown cost pp
for different values of travel cost pg (failure behaviour defined by o = 2,000 and 8 = 1.5)

e In the extreme (but non-realistic) case where pg = pr = 0, the optimal policy is the CM-only policy
as there are no benefits from bundling travel or avoiding breakdown. This corresponds to 7* = oo
when the component is maintained in PM, and ¢* = ¢* = 1 when the component is maintained
under CBM (and thus CBM nor PM provide benefits over only CM interventions).

e When the breakdown cost pp increases, CBM reduces the number of failures by either reducing the
value of the optimal intervention threshold €*, which comes at the expense of an additional travel
cost; or by reducing the value of the opportunistic threshold £*, where the benefits of opportunistic
maintenance (less travel costs) are traded off against the shorter used lifetime of the component.
As both options reduce the total number of breakdowns, the benefits of CBM will always increase

with the breakdown cost pg (irrespective of the travel cost pg). This is illustrated in Figure 2.

e When the travel cost pg increases, CBM can reduce the number of travels by extending the oppor-
tunistic time window to seize more opportunities for OM. This is done by either having a lower value
of the optimal opportunistic threshold £*, or by a higher value of the intervention threshold *. A
lower value of £* shortens the lifetime of the components, which leads to more unit component and
wrenching costs per time unit. A higher value of £* increases the risk of failures. In case of a low
breakdown cost, the value of the intervention threshold £* is typically high and thus by setting a
lower value of the opportunistic threshold £*, CBM reduces the number of travels. Under these cir-
cumstances (i.e., low pp values), higher travel costs will lead to more benefits of CBM. In contrast,
in case of high breakdown cost (high pr values), both threshold values are low. A higher value
of the intervention threshold is in that case not desired, and further reducing the opportunistic
threshold shortens the lifetime of the components even more. This reduces the relative benefits of
CBM and explains why the benefits of CBM may even go down with increasing pg values when the
value of pp is high. Figure 3 provides the same information as Figure 2, but illustrates the latter
effect better.

Figures 4 and 5 illustrate the above mentioned dynamics on the optimal threshold values for the

settings described in Figures 2 and 3.
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Figure 3: Percentage maintenance cost reduction of CBM vs. PM as a function of the travel cost pg for
different values of breakdown cost pr (failure behaviour defined by a = 2,000 and 5 = 1.5)

In Figure 6 we illustrate how the failure behaviour of the monitored component impacts the benefits
of CBM. We observe higher gains for slowly degrading components (i.e., higher a-values of the Weibull
distributed failure behaviour in (14)). For slowly degrading components, there are more opportunities
for OM, and there is more time to prevent failure as soon as the intervention threshold is reached. The
gains of CBM also increase with a higher variance on the failure time (i.e., a lower S-value of the Weibull
distributed failure behaviour). When the uncertainty of failure times is high, PM is less cost-efficient as
it is hard to determine the optimal maintenance interval: maintenance can be much too early, or much
too late. In that case, the value of monitoring is higher as it helps determining the right timing of the
maintenance, which enables a longer lifetime of the components without incurring too many failures.

Although the above results are case-specific for our company case study, they do provide an order
of magnitude of the cost savings by implementing our hybrid CBM policy. As our solution procedure is
versatile to quantify the savings for any given cost environment, the strength of our methodology is that
a variety of companies can use it to calculate the potential benefit of introducing CBM in their specific

situation.

5.4 Cost performance of CBM with one threshold

In the previous section we highlighted the potential benefits of implementing a hybrid CBM policy with
two thresholds. In this section we determine how much of the gains of CBM are lost when we omit one
of the two thresholds. This information is valuable to understand which threshold adds most value in
which environments, and what the incremental value is of having two thresholds instead of one (either
the opportunistic or the intervention threshold).

In general, the opportunistic threshold has more economic value in environments where the travel
cost pg is high, because the opportunistic threshold aims to bundle maintenance interventions and reduce
total travel costs. The intervention threshold has more value when the breakdown cost pg is high, as the
intervention threshold aims to prevent a breakdown. However, we observe some interaction effects.

Figure 7 reports the percentage cost increase in the monitored component’s maintenance costs when
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Figure 4: Optimal opportunistic threshold value £* as a function of the breakdown cost pg for different
values of travel cost pg (failure behaviour defined by a = 2,000 and 5 = 1.5)

we implement CBM with only the intervention threshold, compared to the two-threshold policy (repres-
ented as iso-percentage-cost-increase curves). This means that we drop the opportunistic threshold and
we only seize opportunities of OM during the preparation period of the extra maintenance. As expec-
ted, dropping the opportunistic threshold increases the component’s maintenance costs when the travel
cost pg is high. Especially in an environment where pp is low, the maintenance costs rapidly increase
with the value of pg. We also observe that the breakdown cost pg only marginally impacts the economic
value of the opportunistic threshold, especially when the travel cost pg is low. Although not shown, we
also found in our results that the opportunistic threshold is more valuable when the average failure time
is high. In that case, there are more opportunities for OM in the presence of an opportunistic threshold.

Figure 8 reports the percentage cost increase in the monitored component’s maintenance costs when
we implement CBM with only the opportunistic threshold, compared to the costs in the two-threshold
policy. As expected, when we omit the intervention threshold, the increase in maintenance costs is higher
for high values of pp, as the intervention threshold prevents a breakdown. We also observe that for a
given value of pg, the economic value of the intervention threshold goes down when the travel cost pg
increases. Indeed, for components with a high travel cost pg, the opportunistic threshold £* is low. This
at the same time prevents a large number of failures and hence, dropping the intervention threshold has
less impact on maintenance costs. Finally, we also found in our results that the intervention threshold
has more value when the average time to failure is short (i.e., a low a-value). In that case CBM benefits
less from OM, and most gains are reaped by implementing an intervention threshold.

By combining Figures 7-8 with Figures 2-3, it can be quantified whether CBM with only one threshold
still performs better than PM. Whereas Figures 2-3 quantify the percentage cost reductions of CBM
with two thresholds compared to the PM policy, Figures 7-8 quantify how much these maintenance costs

increase again when we drop one of the two thresholds.
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Figure 5: Optimal intervention threshold value €* as a function of the breakdown cost pr for different
values of travel cost pg (failure behaviour defined by a = 2,000 and 5 = 1.5)

6 Setting CBM thresholds with multiple objectives

In the previous sections we focused on maintenance costs incurred by the OEM. Customers however are
mainly interested in the impact of a maintenance policy on the downtime of their machines. Unfortu-
nately, both points of view may be in conflict. Consider the following numerical example.

Assume the labour cost of a technician is $100 per hour and the unit cost of the monitored component
is $50. To replace the component (preventively or upon failure), it takes the technician on average two
hours to travel on site, and 30 minutes on average for the replacement itself (i.e., the wrenching time).
Upon failure, the additional downtime for the customer is on average 6 hours (which means the machine
is down for a total of 8 hours before the technician is on site), and there is an additional cost of $400
due to consequential damage on other components. Assume the failure behaviour of the monitored
component is Weibull distributed with @ = 2,000 and 8 = 1.5 and degradation is linear. We use the
solution method explained in Section 3 to determine the optimal threshold values.

When the OEM has a full service contract, he pays for the costs of the technician and the components,

— __2x8100 _ _ 9
E = $50+1/2x$100

and pp = mﬁ?% = 4. Setting the optimal thresholds based on these parameters, results in £* = 0.52

but not for costs incurred due to the downtime of the machine. That means that p

and e* = 0.78. This results in a cost reduction of 47% on the maintenance costs of the monitored
component compared to the maintenance cost in a PM policy (see also Figure 9).

The user of the equipment also benefits from implementing this CBM policy. Because the number of
breakdowns can be reduced, he will face less downtime. More specifically, the downtime costs will reduce
by 60% when the monitored component is maintained using the above CBM policy compared to a PM
policy. However, from the perspective of the user, he would prefer to reduce the downtime even more
by setting different values of the thresholds. Indeed, from his perspective, pg = 0 (there is no additional

8hours

downtime on top of the wrenching time in case of an extra maintenance) and pr = 1 Tohour — 16. That

means that from the perspective of the equipment user, the optimal thresholds should be set at £* = 0.56

and €* = 0.56 (interestingly, from the perspective of the equipment user, there is no benefit of having
an opportunistic threshold). This leads to a 74% reduction in downtime compared to the PM policy
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Figure 6: Percentage maintenance cost reduction of CBM vs. PM as a function of « (determining the avg
time to failure) for different values of 3 (related to the variance of the time to failure), with pg=pp=1

(see Figure 9), while the reduction of the maintenance costs is only 29%. This illustrates the potential
conflict.

In search of a good servitisation strategy, these multiple objectives play a role. CBM helps to reduce
the maintenance costs for the OEM, as well the downtime for the equipment user. Our analysis can
be used for both. As such the results presented in the previous section can be interpreted from the
perspective of maintenance cost reduction (which is of interest to the OEM providing the service),
or from the perspective of downtime reduction (affecting the equipment user). However, as both are
differently impacted by an extra maintenance or failure (leading to different values of pg and pr), each
stakeholder will opt for a different optimal set of threshold values. Figure 10 illustrates the impact of
different thresholds on both performance objectives. It also shows the Pareto Efficient Frontier, which
contains the optimal trade-offs between both objectives. The exact positioning on the frontier depends

on negotiations between the OEM and the equipment user.

7 Conclusions

In this paper we introduced a hybrid multi-component opportunistic maintenance policy, combining
condition-based maintenance (CBM) on one monitored component, with periodic preventive mainten-
ance (PM) and corrective maintenance (CM) on the other components. Our policy consists of two
thresholds on the level of degradation: when the degradation surpasses a first ‘opportunistic’ threshold,
the component is maintained as soon as a PM or CM occurs on the other components; once it surpasses
a second ‘intervention’ threshold, an additional maintenance intervention is planned to replace the com-
ponent in order to avoid failure. We provide analytical expressions to quantify the expected maintenance
costs for each set of thresholds. Using an enumeration procedure, we then determine the optimal set of
thresholds that minimises the expected maintenance costs per running hour.

This hybrid CBM policy has the following advantages over the PM policy. First, monitoring the
degradation helps to cope better with the uncertainty in the component’s failure behaviour, enabling

a longer used lifetime, while limiting the planned and/or unplanned maintenance interventions and the
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Figure 7: Sensitivity analysis: percentage cost increase if the opportunistic threshold is dropped (failure
behaviour defined by «=2,000; 5=1.5)

number of breakdowns. Second, by bundling the maintenance of the monitored component with other
maintenance interventions, setup costs, such as travel to the machine, can be reduced. The key drivers
of the cost reductions of our hybrid CBM policy with two thresholds are thus the cost of travel and the
cost of a breakdown, compared to the replacement cost of the component.

We find that our hybrid opportunistic maintenance has the potential to offer significant cost savings,
while offering a smooth transition to implementing CBM in the current maintenance operations. Slowly
degrading components with highly volatile failure times and high breakdown costs provide the biggest
gains of such a CBM implementation. The value of the opportunistic threshold is high in environments
where the travel costs are high. The intervention threshold is valuable in environments where the
breakdown costs are high, especially when the travel cost is low. Whereas the opportunistic threshold
has more economic value for components with a longer lifetime, the intervention threshold has more
value when the lifetime of the component is short.

Our model can be extended along the following lines. First, it could be investigated whether upon an
extra maintenance intervention the subsequent PM intervention should be advanced and combined with
this extra maintenance intervention in order to save travel costs. This begs the question whether only the
subsequent PM intervention should be rescheduled, or all of the future PM interventions. An optimal
policy could probably be obtained through for instance a dynamic programming approach. Second,
whereas our model assumes that the degradation state can be perfectly monitored, it is worthwhile to
investigate how the model would perform under misspecification errors; e.g., the monitored degradation
value may not coincide with the real degradation value (noise), or the component fails for a reason that
is not captured by the monitored degradation data. Finally, although our CBM policy with thresholds is
practical to implement, machine-learning techniques that predict upcoming failures might increase the

potential of continuous monitoring.
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Appendix

A Detailed derivation of the probability of maintenance actions

In Egs. (5-8) we define the probabilities of each type of maintenance intervention, which is needed to

determine the average cost performance per maintenance cycle and the average length of a maintenance
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cycle. In this appendix we further elaborate these formulas, by replacing g(u) and h(v) using Egs. (1-2).

The benefit of this derivation is that it simplifies the numerical calculations considerably.
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Similarly, when only the intervention threshold is used, Eq. (12) can be further simplified by replacing
g(u) and h(v) using Eqs. (1-2):
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When only the opportunistic threshold is used, Eq. (13) can be elaborated by replacing g(u) and h(v)
using Egs. (1-2):
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B Expressions under a linear degradation process and a Weil-

bull distributed time to failure

In this appendix, we derive E {L¢}, f2(le.c), f3(le¥), and f3(lr | l¢,c) as a function of the opportunistic
threshold ¢ and intervention threshold ¢ for a linear degradation behaviour 7(t). Recall that E{L¢} is
defined as the expected degradation time until it reaches the opportunistic threshold &, f?(l¢.) the pdf
of the degradation time from the opportunistic threshold ¢ to the intervention threshold e, f3(I. r) the
pdf of the degradation time from the intervention threshold ¢ until failure, and f3(l.r | l¢ ) the latter
pdf conditional on I¢ ..

Without loss of generality, we have defined 7(0) = 0 and n(I) = 1, which means that upon replacement
a component is as-good-as-new and it fails when the degradation is 100%. We assume the pdf of the
lifetime { (i.e., the degradation time between replacement and failure) to be a two-parameter Weibull
distribution f(I) = g (é)ﬂ71 exp [f (é)q , 1 >0, with « the characteristic life (scale factor) and 5 the
shape parameter.

Under a linear degradation process, l¢ . and [ p are proportional to the lifetime /. Hence, by mul-

tiplying the degree of degradation between two degradation levels with the scale parameter v (which is
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respectively (g — &) for f2(l¢.) and (1 —¢) for f3(I.r)), we can obtain the pdf of the degradation time

between these two levels:

P = o2 (¢ ljvg)a)ﬁlexp [— ((gl_fg)aﬂ el 20, a7)

fler) = (1 —ﬁs) a ((1 l—ei) a>ﬂ1 P l_ (Uljiﬁé)ﬁ] ) fer 20 (18)

The expected time to reach the opportunistic threshold under a linear degradation process is then:

1
E{Le} = ¢B{L} = ol (143 (19)
with al’ (1 + % the average of a Weibull distribution.

To determine f3(l. r | l¢.c), we assume that l¢ . and I g are perfectly correlated (although our hybrid

policy and solution methodology theoretically works without that assumption, we use this assumption

1—¢

e=¢

to provide numerical results). Under this assumption, I, p = ( ) l¢ e, which defines the proportional

relation between l¢ . and I, p.
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