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ARTICLE INFO ABSTRACT

Keywords: We develop a model of a maintenance policy in which inspections are partly opportunistic and partly scheduled.
Mai.nten-ance Opportunities for inspection occur at random, and the system is inspected at such an opportunity only if the
Reliability system is aged at least S. Further, once the system reaches age T, an emergency inspection is performed. The
Replacement £i Lo d . hether th is in the defecti hich .

Inspection purpose of inspection is to determine whether the system is in the defective state, which acts as a warning stage
Opportunistic prior to failure. The policy represents a reality in which flexible inspections prioritise production or missions or
Water convenience, subject to statutory or safety regulations. The model is a generalization of the delay time model.

Inspection of pumps at groundwater well-heads, which are geographically remote, motivates the model. Main-
tenance interventions at other nearby installations are opportunities. Policy outcomes (cost-rate, mean time
between operational failures) are studied numerically for a range of values of the parameters of the model. The
model is useful for practice because it quantifies the benefit and disbenefit of flexibility in the inspection policy.
We show that in some circumstances making better use of opportunities can simultaneously reduce cost and

increase reliability.

1. Introduction

Remoteness is a key factor in the maintenance of critical systems for
water supply, energy production, and telecommunications in many
countries. This remoteness means that the transportation of resources
(personnel, equipment, spares) is time-consuming and costly. For
example, groundwater well-heads are geographically remote and crit-
ical equipment located there (pumps, valves, switches) require regular
maintenance checks [41]. Consequently, flexible planning of mainte-
nance interventions is desirable, but it must also accommodate statutory
or safety regulations that specify a maximum allowable time between
inspections of such systems. Telecommunications networks [16] and
power systems [23] in sparsely populated areas with poor transportation
links face the same issue. Further, the installation of such technologies is
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increasingly penetrating remote regions [12,51], in consequence of
rural development policy [29,62]. Therefore, the demand for mainte-
nance for these systems will continue to grow, and the development of
engineering services solutions (maintenance, spare-parts, personnel) for
geographically dispersed micro-facilities is a pressing issue. Thus,
studying the cost and reliability of policies that are flexible and feasible
is important (e.g. [25,74]).

In this paper, we develop a new model of an opportunistic inspection
policy that is partly flexible and partly fixed. The model is a general-
ization of the delay time model [17]. The state of the system is described
by a semi-Markov process with three states: good, defective or failed.
The system operates when it is in the good or defective states. The sys-
tem does not operate in the failed state, which is immediately revealed
by, for example, loss of water supply. A failed system requires immediate
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replacement; this is our definition of a critical, non-repairable system.
The defective state is a warning state prior to failure, and a defect is
revealed only by inspection. Sojourns in the good and defective states
are random variables. At a positive inspection (defect found) the system
is replaced. Events that are external to the system provide opportunities
for inspection, and in our model opportunities arise according to a
Poisson process with rate 1. For well-heads in remote locations, these
events are typically visits by maintainers to neighbouring systems,
whence personnel and equipment may be relatively close but time and
spare-parts may be limited.

The policy that we model is not purely opportunistic. It is a modified-
opportunistic policy in which the time since the last inspection or
replacement of the system determines whether an opportunity is used or
not: an opportunity is used for inspection if and only if this time is at
least S; and when this time reaches T the system is inspected. Thus, the
system waits at least S but not more than T to be inspected. Inspection at
time T is termed an emergency inspection. In this way, the policy differs
from the delay time model because the inspection interval is random
while in the delay time model the inspection interval (typically denoted
by A) is a constant. We use the term “modified” in the same sense that
Berg and Epstein [7] used to modify block-replacement. Dekker and
Plasmeijer [22] use the same modification of age-replacement of a
two-state system (good or failed). The cost of an emergency inspection is
much more than the cost of an opportunistic inspection, and the cost of
replacement on failure (corrective replacement) is much more than the
cost of replacement at a positive inspection (preventive replacement),
regardless of whether the inspection was opportunistic or an emergency.
We assume that replacement renews the system and that a negative
inspection (no defect found) has no influence on the system state or the
sojourn in the good state, noting that an inspection is negative if and
only if the system is good. We use the terms “{S, T}-opportunistic in-
spection” and “{S,T}-policy” interchangeably with the term “mod-
ified-opportunistic inspection”.

The {S,T}-policy has a number of established policies as special
cases. Inspection is periodic when S = T. This is the classic delay-time
model [17]. When S = 0 and T—o0, we obtain the pure opportunistic
(random) inspection policy of Scarf et al. [54]. When A = 0 and T— o,
there is no inspection, and replacement is carried if and only if the
system is failed (failure-based maintenance). Opportunistic inspection in
the delay-time framework was first studied by Christer and Wang [19],
and has been extended by others (e.g. [10,27,48,56,73,76]). Jiang [30]
also considers the notion of a flexible inspection plan, but inspections
are not opportunistic. On the other hand, random inspection of stand-by
systems [39,43,80,81] or protection systems [14] is a different model
because such systems can persist in the failed state; this is the charac-
teristic of a stand-by or protection system (as opposed to a critical sys-
tem), wherein the purpose of inspection is to determine whether the
system is failed or not. The hard and soft-failure modeling framework of
Taghipour and Banjevic [61] is also different. Indeed, many models with
random inspections have been studied in this dual failure-mode frame-
work (e.g. [28,49,69,78,79]). Inspections are also used to determine the
performance of multi-state systems and random inspections have been
modeled in this context (e.g. [50,75]). Waiting until S to use opportu-
nities shares some of the characteristics of postponement [9,63].
Nonetheless, the model developed in our paper is novel.

Works on opportunistic maintenance policies, considering opportu-
nistic maintenance as a topic that includes opportunistic inspection as a
subset, are increasingly appearing in the literature. Typically, these
consider particular industries, e.g. aerospace [31,66], manufacturing
[58], railways (e.g. [6,341), wind energy [35,37,42,72], or configura-
tions, e.g. two units [11,67,82], auxiliary, standby units [57],
multi-component systems [45,65,68], or concepts, e.g. grouping of
maintenance activities [40,64]. Some of these post-date the recent re-
view of maintenance optimization models in De Jonge and Scarf [20].
Most closely related to our work is Zhang and Yang [77], which uses a
window-type policy but for opportunistic replacement of a unit that has
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been identified as defective. Nonetheless, our perspective is different to
these works. We aim to provide quantitative decision-support for the
maintainer of a fleet of systems that is geographically dispersed (e.g.
[24,38,44,46]). We suppose that the maintainer seeks a flexible main-
tenance plan that meets either statutory/safety regulations or an oper-
ational reliability requirement [55]. We compare the cost-benefit of our
new policy relative to periodic inspection, pure opportunistic inspection
(random inspections), and failure-based replacement. We do this for a
range of plausible cases (scenarios), quantified by the unit costs of in-
spections and replacements, and the parameters of the distributions of
the sojourns in the good and defective states. Data for the parameters in
the base-case come from the groundwater well case-study. We aim to use
a comprehensive set of cases and parameter values and model assump-
tions that cover a wide range of plausible realities.
In summary, the contribution of the paper lies in:

The development of a new model for which published opportunistic
inspection models are special cases. The new model is motivated by a
real problem—groundwater well-head equipment.

Crucially, we think, the new model of inspection provides a neat
solution to a practical problem in maintenance management that is
more realistic—closer to the reality—than the solutions provided by
existing models, particularly for geographically dispersed systems.
In this way, this paper and our solution bridges the gap between
theoretical developments in academia and industry needs. In respect
of this gap, we present the model and the results in the paper in a way
that is accessible to the engineering community.

Finally, and importantly, as the demand grows for e.g. energy and
telecommunications in remote regions, our maintenance planning
solution is provident.

The structure of the paper is as follows. Next, we define our model
and present the assumptions and notation. We then derive the cost-rate
(long run cost per unit time) and the operational reliability (mean time
between operational failures), our decision criteria, in two cases: for an
exponential sojourn in the good state (Section 3.1), and for fixed so-
journs in the good and defective states (Section 3.2). We discuss by do
not solve the finite-horizon decision problem in Section 3.3. The case
study is presented in Section 4.1 and the extended numerical study
follows that in Section 4.2. The paper finishes with a discussion in
Section 5.

2. Mathematical model of modified-opportunistic inspection

Conceptually, we regard the system as a component that when
located in a socket performs an operational function [4], and that the
system is one part of system or fleet of systems wherein opportunities are
generated.

The system can be in one of three states: good (G), defective (D), and
failed (F). The system operates in the good and defective states and does
not operate when failed. The failed state is immediately revealed. This is
our definition of a critical system. The state D is revealed only by in-
spection. When a defect is found (positive inspection), replacement is
immediate and instantaneous. We call a replacement at a positive in-
spection a preventive replacement. On failure, replacement is also im-
mediate and instantaneous. Replacements are renewals of the system.

The sojourn in state G is a random variable X with distribution F,
survival function F, and density function f. The sojourn in state D is a
random variable H with distribution G, survival function G, and density
function g X and H are statistically independent.

The sojourns between opportunities are exponentially distributed
with mean 1/4, a constant, so that opportunities arise as a Poisson
process with rate 1.

The inspection policy is such that the system is inspected (provided it
survives): at an opportunity if the time since last inspection or
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replacement is at least S; at time T since the last inspection or replace-
ment if no opportunity arises beforehand. The types of inspection (at S or
at T) differ in their cost only (costs are defined below). Inspections are
perfect, so that there are no misclassifications (false positives or false
negatives) or defect introductions [8], no postponement or defaulting
[3,33,71]. Spare parts are assumed always available at an inspection.
The assumptions about availability of spares and no defaulting are
natural because necessarily an opportunity cannot exist if there are no
resources (spare parts or time) for replacement if inspection demands it.

Randomness of opportunities is justified when maintenance is
somewhat reactive, so that maintenance of a system is triggered by a
production stop or maintenance of another co-dependant system [60].
Nonetheless, opportunities can be periodic in other circumstances [15].

The unit costs are as follows: ¢ is the cost of an opportunistic in-
spection; ¢; is the cost of an (emergency) inspection at T; cp is the cost of
a preventive replacement; cr is the cost of failure (corrective)
replacement.

Our decision criterion is the long-run cost per unit time, or cost-rate
for short, in a renewal-reward formulation of the model. We also
calculate the mean time between operational failures in order to quan-
tify the reliability of the system under the maintenance policy.

Principally, our analysis below assumes the sojourn in state G is
exponentially distributed. This allows for a tractable analysis because a
negative inspection is a renewal. This assumption is justified when the
sojourns (lifetimes) of components are heterogeneous, either because
among a fleet of the systems age and operating conditions vary or
because an individual system may be weak or strong so that its lifetime is
a mixture [53]. We also consider the case of fixed sojourns, at the other
extreme, noting that there still exists randomness because opportunities
are random.

3. Derivation of the cost-rate

We start by determining the distribution of the time from renewal to
the next notional inspection, which we denote by Z. This inspection is
notional because the system may or may not survive to reach it. If the
latter (failure), then there is no inspection in the renewal cycle. Thus,
this next notional inspection may be the scheduled, emergency inspec-
tion (at T), or an opportunistic one at a random time, or may not occur at
all because failure intervenes. Necessarily Z > S because opportunities
that arise before S are ignored. Then, Z has an improper exponential
distribution with density

0, z< S
@) =1 279 S<z<T, €h)
674(173)7 7=T.

This is because opportunities arise according to a Poisson process
with rate A. Therefore, the excess time, Z— S, beyond S to the next op-
portunity is exponentially distributed (by the lack of memory property)
provided Z < T. Further, Z =T with probability exp{ — A(T — S)},
because a non-opportunistic inspection occurs at T if no opportunity
arises in [S, T).

3.1. Exponential sojourn in the good state

In this section, we shall suppose that the sojourn in the good state is
exponentially distributed. Then, a negative inspection (system in state
G—no defect found) at an opportunity is a renewal point due to the lack
of memory property of the exponential distribution. We denote the
length of a renewal cycle by V and the total cost in a renewal cycle by U.

Note, in the classic delay-time model [17], sojourns in both the good
and defective states are exponential, but nonetheless there exists a finite
optimum inspection interval (subject to conditions about unit costs of
inspection and failure). This is because, even though a defect arises at
random, inspection is cost-effective because failure is not immediate.
Indeed, it is the nature of the sojourn in the defective state that largely
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determines the extent to which inspection is effective.
We first condition on the event Z = gz, that is, the next inspection
occurs at time z. Then, we have

E(V]z) = ¢o + ¢(2),

where
S S—x
= , 2
o= [ [ nacnarc @
which does not depend on z, and
) = e mAG () [ e maGm ,
0@ = [ [ Gemacmare + [ [ wrmacmere +:

x / Glz—x)dF(x) + 2F(2). 3)
0
which does depend on z. Here, we use dG(h) and dF(x) as shorthand for
g(h)dh and f(x)dx. The double integral in Eq. (2) corresponds to failure
before S (case 1 in Fig. 1). The first term in Eq. (3) corresponds to a
defect before S and subsequent failure after S but before z (case 2, Fig. 1).
Further terms then correspond to: a defect after S and subsequent failure
before z (case 3, Fig. 1); a defect arising and surviving to z (case 4,
Fig. 1); no defect arising before z (case 5, Fig. 1).

Unconditionally, with the distribution of Z given by Eq. (1), we have

.
E(V) = ¢, + / d(2)Ae Az + p(T)e 79, (@)
N

Cases 1, 2 and 3 (Fig. 1) are failures so that the associated unit cost is
cr. Case 4 is a positive inspection (system in state D) with cost that de-
pends on z. If z < T then the unit cost is cp + co (preventive replacement
plus opportunistic inspection). If z = T then the cost is ¢p + ¢; (preven-
tive replacement plus non-opportunistic inspection). Case 5 is a negative
inspection (system in state G) with cost co when z < T and ¢; when z =
T. Then, similarly to Eq. (4), we have

E(U) =y, + /Y ' y(2)de Iz +y(T)e

where

P /0 ’ /0 " G,

and

W) = /0 ’ /S 7 AG(h)AF(x) + cp /5 : /O  AG(h)dF ()

+ (cp+co) /03 G(z —x)dF(x) + coF (2),

I 0 S z
> S |
300 | % |

5.0 1 I

Fig. 1. Exhaustive and disjoint cases, conditional on next available inspection
at time 2. Defect arrival o and subsequent failure @.
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and

S T—x T T—
= CF/ / dG(h)dF(x) +cp/ /
0 S—x N 0
T — —
+ (cp-‘rcl)/ G(T — x)dF (x) + e F(T).
0
Then, our optimization criterion is the cost-rate, Q(S, T) =

E(U)/E(V).

We can also determine the mean time between operational failures

pF:/OS /OHdG(h)dF(xH/ST{/OS /S:XdG R)dF(x) +
L e [

(MTBOF). This is just E(V)/pr [55], where p is the probability that a
renewal cycle ends in failure:

The three terms in this expression correspond to failure before S,
failure in [S, T] but before the first opportunity conditional on at least
one opportunity, and failure in [S, T| conditional on no opportunities
arising, respectively.

Note, in the special case when T—oo, we have

S—x
Evf// (x+h)dG(h)dF (x /¢ YAe =9 dz,
0

and

U) = cr /“ ’ /0 G AF () +

and
S S—x 00 S Z—X Z
pF:// dGhde+/ {// dG(h)dF(x)+/
o Jo s 0 Js—x s

x / - dG(h)dF(x)}/le"(z’”dz,
0

/ w(z)de5dz,
N

and further when S = 0 we get pure opportunistic inspection with
- / { / / (x+ h)AG(R)AF(x) + 2
0 0 0
x / Gz —)dF(x) +zi7(z)}le’“dz,
0
and
E(U) = / {CF / ) / AG(h)AF(x)
Jo 0 0
+ (cp+co) / G(z — x)dF (x) + coF (2) }Ae”“dz,
0

and

pr = /0 ) /0 /O e dG(h)dF (x)dz.

3.2. Non-exponential sojourns

The formulae above apply when G, the distribution of the delay-time,
is not exponential. However, when F, the distribution of the time in the
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good state, is not exponential, a negative inspection (no defect found) is
not a renewal point and the formulae do not apply. Instead, one has to
allow for any number of negative inspections prior to any renewal event
(positive inspection, failure). These negative inspections can be at op-
portunities or at an emergency inspection. We think this case is intrac-
table. Nonetheless, some general insights could be gained via
simulation, but this would be a different study.

However, a much simpler case is both tractable and informative. This
is when both X and H are deterministic (fixed). We can think of this as
the other end of the spectrum for sojourns. In reality, sojourns are

/ ’ / " 4G(aF() }M“”) o

neither purely random (exponential) nor deterministic, and so studying
these two ends of the spectrum will be informative. Note, in this special
case, inspections are not required to reveal the state of the system
because this is always known. Instead, inspections are opportunities to
replace the system before it fails.

Now if X = x and H = h fixed, then one might obviously set S =T =
X + h so that an emergency inspection is scheduled just-in-time. How-
ever, if co < ¢; one might prefer to take an opportunity to inspect before
X + h but certainly not before x. On the other hand, emergency inspec-
tion at x + h would utilise the system fully. So, one can consider the cost-
rate over the range x <S < T = x+ h. Note, we assume here that if
inspection and failure occur at the same instant, inspection precedes
failure. This implies that for x <S < T = x + h there are no failures
(pr = 0) and the MTBOF is not finite, and likewise for periodic inspec-
tion but not opportunistic inspection (S = 0,T = o0).

The system is replaced at a positive inspection that occurs either at
an opportunity or at T. In the former case, V = z (the time of the first
opportunity) and U = c¢o + ¢p, and in the latter V=T =x+hand U =
cr + cp. It follows that

T
E(U) = (co +CP)/ de = dz + (a1 +CP)€7MT75)
N

=c¢p+co+(a— co)e”l(T’S)7 (5)

and
,

E(V):/ dze ) dz 4 Te =9 fs+(1fe”s>)//1. (6)
N

Notice Eq. (5) is valid when ¢ < ¢;, otherwise one would not inspect
opportunistically. Also, we can see that E(V)—T as 1—0 (no opportu-
nities) and E(V)—S as 1—o (infinitely frequent opportunities).

For a periodic inspection policy with fixed sojourns, the optimum
policy inspects just-in-time (at A = x+ h), so that the cost-rate is (¢; +
cp)/(x + h).

For the pure opportunistic policy, similarly to Egs. (5) and (6), we
have that

E(U) = (co+cp)(1—e™) +cpe ™ +ﬂico, 7)

and
E(V)=x+ (1-e™)/a

In Eq. (7), the first term corresponds to a positive inspection at an
opportunity, the second to failure, and the third is the expected cost of
additional opportunistic inspections while the system is in state G.
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3.3. Finite-horizon opportunistic inspection

We can conceptualize opportunistic inspection with a finite planning
horizon. Let us suppose that the finite planning horizon extends from the
decision point until the time at which the functionality of the system is
no longer required. Then, for a purely opportunistic inspection policy,
decision points naturally arise at opportunities and not elsewhere. In this
case, suppose an opportunity arises (at time t = 0). The maintainer must
decide whether to inspect the system at the opportunity or not. At this
decision-point, let the time since last inspection or replacement be 7 and
let the time from now until the end of the horizon be L. Then, the
maintainer should compare the expected total cost over [0,L], Cy, under
the two alternatives: inspect at the opportunity (Y); do not inspect at the
opportunity (N).

If the decision is Y, then if the inspection is positive (defect found),
the system is subsequently G and aged 0 (because it is replaced), or if the
inspection is negative (no defect found), the system is G and aged at least
7. If the decision is N (ignore opportunity), then system is either G or D
and aged at least 7. Regarding the costs under the two alternatives, C;|Y
and Ci|N, when X is exponentially distributed, the decision point is a
renewal point and calculation of the costs would proceed similarly to
that in Scarf et al. [54]. However, when X is not exponentially distrib-
uted, C;|N appears to be intractable. This is because future negative
inspections are not renewals. We might posit that only a small number of
future inspections might arise (because the horizon is finite and pre-
sumably short, otherwise the decision maker would use an infinite ho-
rizon) and we could condition on the outcomes of these inspections. This
would allow us to calculate an approximation to C;|N, but this would be
conditional on 7, the system age at the decision point. Then, to calculate
C;|N unconditionally, we would have to integrate over all possible his-
tories (of the state of the system) for which the system age at the decision
point is 7. This is intractable. Furthermore, a simulation approach to find
C1|N looks difficult.

Modifying this policy, by introducing the possibility of an emergency
inspection, presents a further difficulty because every instant is then a
decision point. That is, continuously, the maintainer must decide
whether or not to perform an emergency inspection. There would be no
notion of an age-limit for emergency inspection as in the infinite-horizon
model because at every instant t, the best choice (among Y and N) de-
pends on 7 and L. There is also no notion of S, the age-threshold for using
an opportunity, because using an opportunity for inspection or other-
wise also depends on 7 and L. Nonetheless, at each instant, the cost
calculations would proceed as above.

In practice, if statutory regulation determines T, then the finite-
horizon case is irrelevant for the modified policy because post-
ponement of an emergency inspection to the point of functional obso-
lescence would not be permitted. If, on the other hand, T is chosen by the
maintainer, then it would be useful to determine some heuristics for
inspection planning as a system nears the point of functional obsoles-
cence. However, this is beyond the scope of the current paper.

4. Results

We present the results in four parts. We begin with the description of
the case study that motivates the model. We then present a limited set of
results for this specific case. We then study the behaviour of the policy
more generally, for a wider range of the parameter values, firstly for
exponential sojourns in the good and defective states (random failure
model) and then secondly for fixed sojourns (deterministic failure
model). In all cases, opportunities are arising at random.

The purpose of studying these two restricted cases is to demonstrate
behaviour across the spectrum of uncertainty about the lifetime of the
system. Note, when sojourns are exponential, in the classic delay time
model there exists a finite optimum inspection interval (subject to
conditions on the unit costs), so the cost-rate in our policy is not indif-
ferent to S or T. Further, when sojourns are fixed, an inspection is not
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revealing the state of the system (because this is known); instead, in-
spection is an opportunity to replace the system before it fails, and since
inspections arise at random a missed opportunity could be costly.

4.1. Case study description

Groundwater is an important resource [1], and extraction from deep
wells is increasing [52]. Deep wells require large pumps and pumps
require maintenance [41], and the well-heads where pumps are located
are often geographically remote [2]. Maintenance resources are often
stretched and new, better management practices are sought [21]. The
case study in this paper is about maintenance of such pumps for water
extraction from deep wells in a large, remote, semi-arid region.

The location and exact details of the pumps are anonymised. The
design-life of well-head equipment is typically 30 years. The most
frequent failure mode is the loss of pumping capacity, typically due to
pump failure as a result of build-up of solids in the intake. Other failure
modes arise in components such as the pump motor, “turbine” assembly
(Fig. 2), and control panel (not shown). A typical well is 300m deep,
with a dynamic water level (height water must be pumped) of 60m and a
submersible pump (~ 7000 USD) delivering 1500m® per day.

A large part of maintenance is reactive (corrective maintenance on
failure) although inspection, to establish both the state of the equipment
and the quality of the water output, is state-regulated. The period be-
tween planned inspections varies according to local regulations,
although typically it is one or two years. Water quality can interfere with
the ageing of the equipment, e.g. through nitrate contamination, and
furthermore the greater is the age of the well-head, the greater is the
chance of equipment being subject to severe conditions. There is also
interdependence between wells, so that a new well may change the
characteristics of water in a neighbouring well [13].

Since well heads are in remote locations, the transportation of
personnel, special equipment, such as cranes and winches, and spare
parts is costly. Therefore, it is desirable to inspect well-heads opportu-
nistically. The purpose of the case study was to quantify the benefit of
opportunistic inspection and to identify a target for the rate of occur-
rence of opportunities. The latter was important because the maintainer
has some control over this rate: for example, a wider definition of
neighbour and the routine transportation of a broader and larger set of
spares would increase the rate. Conversely, for example, when the
maintainer visits well-head A with only a spare pump for A and the spare
is not used (negative inspection), then there is no opportunity to replace
a pump at a neighbouring well-head B if the pumps at A and B are
different. The maintainer can also increase the chance to do
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Fig. 2. Components in a typical well.
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opportunistic maintenance by having more slack in the transportation
and personnel schedule.

The purpose of inspection itself is to prevent interruption of water
supply, to reduce electricity consumption (operation of degraded pumps
increases costs), and to meet statutory requirements. Therefore, we
sought to model opportunities to carry out inspections, as long as the
time since the last inspection is not too large (T in our model) or the time
since last inspection is not so small as to incur unnecessary costs from
over-inspection (S in our model).

We obtained subjective estimates of the parameters in the model
(Table 1) by consulting engineers who manage the maintenance of the
pumps. Subjective estimation in reliability analysis has a long tradition,
see for example Singpurwalla and Song [59] and Kiiciiker and Yet [32],
so we consider such an approach to be justified. Also, it has been argued
that maintenance decisions are robust to variability in estimates of
model parameters [5,26]. Of the cost parameters, some were well known
to the engineers, e.g. costs of spares and transportation, although these
varied depending on location and equipment specification of the
well-head. Lifetime parameters (of sojourns) were not well known. We
simplified the analysis so that we study a typical pump at a typical
location, in arbitrary unit of cost. The unit of time is one year. We use the
cost of a replacement of a pump, including parts and labour, as the unit
of cost. The cost of transportation is approximately half a unit; this is the
cost of taking equipment and personnel to and from the well-head, and
includes the cost of personnel (wages). We equate this cost with the cost
of inspection since once at the well-head an inspection uses negligible
resource. Failure incurs costs for all three (transport, wages, spares) plus
an additional “penalty cost” [18] that is difficult to quantify.

Mean sojourns were difficult to quantify, so we try to present an
analysis that accounts for this uncertainty through sensitivity analysis.
For brevity, the results presented in Section 4.2 illustrate the case-study
analysis rather than present comprehensive analyses of scenarios. A
fuller sensitivity analysis follows in Section 4.3. for a more general
context.

The inspection interval was state-regulated. Therefore, we fix T.
Then the policy is a special case of the general {S, T}-policy presented in
Section 3.

4.2. Case study results

Here we simply indicate what would be a good time threshold for
using an opportunity (S) when the maximum interval between in-
spections (T) is regulated (fixed). Fig. 3 shows the cost-rate and MTBOF
for different values of the cost of opportunistic inspection and the mean
time between opportunities. The results here can be interpreted in
various ways and our aim at this stage is to demonstrate how the analysis
can be used for decision support. A fully discussion of the behaviour of
the policy follows in the next two sub-sections.

In simple terms, one can see what is an optimal S and how the
minimum cost-rate depends on the frequency and cost of opportunities.
A less obvious interpretation is as follows. Suppose the maintainer seeks
to increase the frequency of opportunities by carrying more spares and
introducing more slack in the transportation schedule. Suppose halving

Reliability Engineering and System Safety 237 (2023) 109389

Cost-rate

=}
EGD‘
5.5
5.0
1.1
45
1. 4 v
%0 0.2 0.4 0.6 0.8 1.0 %0 02 0.4 0.6 0.8 1.0
s s

Cost-rate

Fig. 3. For modified-opportunistic inspection, cost-rate (left) and mean time
between operational failures (right) as a function of S for fixed T = 2. y, = 0.5
(top), pz =1 (bottom); co = 0 (solid line), co = 0.1 (dotted line), and c¢o = 0.2
(dashed line). Exponential sojourns. Other parameter values: py = 2, py = 1,
g =05,¢cp =1,cg =5.

the mean time between opportunities (from y, = 1 to i, = 0.5) doubles
the cost of opportunistic inspection (from co = 0.1 to cp = 0.2) then one
can see that the cost-rate does not increase if S is held at 0.2 but the
MTBOF does. So, one can increase the reliability at no additional cost
overall. Or, by optimising S in both cases, the cost-rate can be reduced
and the reliability increased, but to a smaller extent. This is persuasive
argument for influencing the behaviour of a maintainer who might
naturally neglect opportunities.

4.3. Numerical study with exponential sojourns

For analysis of general properties of the policy, we use values that are
to an extent motivated by the well-head case-study. Thus, we use yiy, = 2
and yy = 1 in an arbitrary unit of time, and consider a range of values of
the rate of opportunities: relatively more frequent than defects (u, =
0.5), the same frequency as defects (u, = 1), and relatively less
frequently than defects (u;, = 2). For the unit costs, we set cp = 1, and
¢ = 0.5. We consider a range of values of cr and of co.

Moderate values of c¢o and p, define the base case (Table 2). In
Table 2 in particular, we compare the cost-rate of the modified-
opportunistic policy with other policies that are special cases.

A number of interesting observations can be made. Firstly, when the
cost of an opportunistic inspection is zero, S* is zero, as expected. If
opportunities are frequent (case 1), emergency inspections are not
required (T—), but as the frequency of opportunities decreases it be-
comes optimal to do more expensive emergency inspections when
required. Secondly, emergency inspections are performed when the age
of the system is similar to its sojourn in the good state. Thirdly, the {S, T}-
policy (modified-opportunistic inspection) is always cheaper than the
comparator policies for these parameter values. This point is further
demonstrated in Fig. 4 (right-hand plots). Note, the optimum compar-
ator policies of course do not vary with u, and co. Also, in the periodic

Table 1
Model parameters; costs in an arbitrary unit; time in years.
value range comment
cp 1 - cost of replacing a pump (parts plus wages); well known; the unit of cost
C 0.5 - cost of transportation; well known; includes personnel time (wages)
co 0.1 0-0.3 cost of an opportunity; transportation and labour; not well known
Cpen 3.5 3.5-85 penalty cost of a failure (e.g. damage or loss of water supply); not well known
CF 5 5-10 CF = €1+ Cp + Cpen
% 2 - mean time in good state; not well known
Hy 1 0.5-2 mean time in defective state (delay time); not well known
Hy 1 0.5-2 mean time between opportunities; controllable to some extent
T 2 1-2 inspection interval; fixed by statutory regulation
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Table 2
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Optimal policy for exponential sojourns for various values of y; = 1/4 (mean time between opportunities), and co (cost of inspection at an opportunity). Other
parameter values: yy =2, uy =1, ¢; = 0.5, ¢cg =5, cp = 1. ygp is the MTBOF. *base case.

modified-opportunistic inspection

opportunistic inspection

Periodic inspection replacement on failure

case Hy co S* T* cost-rate Hor cost-rate Hor A* cost-rate Hor cost-rate Hor
1 0.5 0 0 © 1.000 7.00 1.000 7.0 1.386 1.500 5.0 1.667 3.0
2 0.5 0.1 0.194 oo 1.167 6.65 1.200 7.0 1.386 1.500 5.0 1.667 3.0
3 0.5 0.2 0.388 oo 1.288 6.07 1.400 7.0 1.386 1.500 5.0 1.667 3.0
4 0.5 0.3 0.593 o 1.382 5.53 1.600 7.0 1.386 1.500 5.0 1.667 3.0
5 1 0 0 2171 1.195 5.35 1.200 5.0 1.386 1.500 5.0 1.667 3.0
6 1 0.1 0.150 2.126 1.287 5.31 1.300 5.0 1.386 1.500 5.0 1.667 3.0
*7 1 0.2 0.316 2.004 1.363 5.22 1.400 5.0 1.386 1.500 5.0 1.667 3.0
8 1 0.3 0.507 1.832 1.425 5.13 1.500 5.0 1.386 1.500 5.0 1.667 3.0
9 2 0 0 1.677 1.336 5.06 1.375 4.0 1.386 1.500 5.0 1.667 3.0
10 2 0.1 0.128 1.666 1.383 5.06 1.425 4.0 1.386 1.500 5.0 1.667 3.0
11 2 0.2 0.278 1.632 1.424 5.05 1.475 4.0 1.386 1.500 5.0 1.667 3.0
12 2 0.3 0.462 1.576 1.459 5.03 1.525 4.0 1.386 1.500 5.0 1.667 3.0
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Fig. 4. Optimal policy as a function of cost of failure, cg, for co = 0(top row),
¢o = 0.2 (middle) and co = 0.3 (bottom). Left column: optimal values of deci-
sion variables for modified-opportunistic policy, S* (dashed) and T* (solid).
Right column: optimum cost-rates for modified-opportunistic inspection (solid
line), opportunistic inspection (dotted line), and replacement on failure (dashed
line). Other parameter values as base case: yy =2, uy =1, 4, =1,¢1 =0.5,¢p
= 1. Sojourns are exponentially distributed.

inspection policy, inspections are always costed as emergency
inspections.

Fig. 4 also shows that there is a range of values of the cost of failure cg
for which the modified-opportunistic inspection is sensible. Broadly, if
cr < 4, then emergency inspection is not required, and if cg < 2 in-
spection, opportunistic or emergency, is not required.

Fig. 5 is a similar policy comparison but now the mean time between
opportunities varies. The more frequent the opportunities, the more
desirable is the flexibility to miss opportunities (action of S) and the less
is the need for emergency inspections (at T). The relative cost-saving of
modified-opportunistic inspection over periodic inspection is practically
significant—of the order of 20% for moderate values of the cost of
failure and opportunity frequency (Fig. 6).

Fig. 7 provides a comprehensive policy comparison for a range of
values of the parameters associated with opportunities (cost and rate).

o
w

Relative cost saving
° °
g Y

Relative cost saving

o
¢
°

05 1.0 15 2.0 0'%.0 0.5 1.0 15 2.0

Hz Hz
Fig. 6. Cost-saving of modified-opportunistic inspection over periodic inspec-
tion, {C*(u, = ) — C*(u,)}/C*(u, = ), as a function of mean time between
opportunities, y,. Note, C*(u, = o) = C*(A). cg =5 (left), cp =10 (right).
co = 0 (solid line), co = 0.2 (dashed line), and co = 0.3 (dotted line). Other
parameters as base case: yy =2, uy =1, ¢, =0.5,¢cp = 1.

Modified-opportunistic inspection always has a lower cost than oppor-
tunistic inspection. Logically, this must be so. The practical significance
of the cost divergence is the important factor, and we can see that there
is little divergence when opportunities are relatively infrequent (large
Uz). When the cost of opportunistic inspection is zero, the cost-rates of
the two policies almost coincide (column 1). We can see that when the
cost of opportunistic inspection is non-zero, opportunistic inspection can
be costly if opportunities are frequent (small p,). In this case, the
modification (inspect only if the system age is at least S) is a sensible
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Fig. 8. MTBOF as a function of mean time between opportunities, y,, for
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opportunity, co. Modified-opportunistic inspection (solid line), opportunistic

inspection (dotted line), and replacement on failure (dashed line). Other

parameter values as base case: yy =2, ¢, =0.5,cp =1, cp =5.

action. Thus, some randomness in the inspection policy is sensible,
within the limits that S and T provide, but following a purely random
inspection policy could be very costly. On the other hand, a policy
preferred on a cost basis would not be preferred on the basis of reliability
(mean time between operational failures, MTBOF), see Fig. 8. Thus,
when the cost of opportunistic inspection is non-zero, cost and reliability
must be traded-off.

Table 3

Optimal policy for fixed sojourns (x = 2, h = 1) and fixed T (T = x+ h) for
various values of y, = 1/4 (mean time between opportunities), and co (cost of
inspection at an opportunity). Other parameter values: ¢; =0.5,cg =5,¢cp = 1.

*base case.

modified- periodic opportunistic
opportunistic inspection inspection
inspection

case  fiy co S* cost-rate cost-rate cost-rate

1 05 0 2.390 0.418 0.500 0.634

2 0.5 0.1 2484 0.443 0.500 0.834

3 0.5 0.2 2585 0.464 0.500 1.034

4 0.5 03 2698 0.482 0.500 1.234

5 1 0 2.247  0.445 0.500 0.939

6 1 0.1 2377 0.463 0.500 1.039

*7 1 0.2 2513 0.478 0.500 1.139

8 1 0.3 2657 0.489 0.500 1.239

9 2 0 2.142  0.467 0.500 1.229

10 2 0.1 2301 0.478 0.500 1.279

11 2 0.2 2463 0.487 0.500 1.329

12 2 0.3 2631 0.494 0.500 1.379

4.4. Numerical study with fixed sojourns

For this study, we consider the same cases (Table 1). For the

modified-opportunistic inspection policy T is chosen so that emergency
inspection is “just in time” (T = x+ h) and the policy has a single de-
cision variable S. For the comparator policy, period inspection, in-
spections are also scheduled “just in time” (A = x+ h). We only study
the cost-rate as the MTBOF is not finite for both modified-opportunistic
inspection and periodic inspection.

Broadly, we observe (Table 3) for the cases studied that the {S, T}-
policy (modified-opportunistic inspection) has a much lower cost than



N.M. Alotaibi et al.

%0 05 10 15 20 *%o 05 10 15 2.0
#z Hz

=
3
|
N
Cost-rate
o

%% 05 10 15 20 %% 05 10 15 2.0

Fig. 9. Optimal cost-rate as a function of mean time between opportunities, i,
for extreme cases of y; and co. Modified-opportunistic inspection (solid line),
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Fig. 10. Cost-saving of modified-opportunistic inspection over periodic in-
spection as a function of mean time between opportunities, y,. co = 0 (solid
line), co = 0.2 (dashed line), and co = 0.3 (dotted line). Other parameters as
base case: yy =2,y =1,¢4 =0.5,¢cp =1,¢cp =5.

opportunistic inspection. The cost difference varies with the parameter
values (Fig. 9). Thus, we can tentatively conclude that the more pre-
dictable is the lifetime of the system the more beneficial it is to control
the times between inspection. This conclusion is reinforced when we
compare the modified policy with periodic inspection (Fig. 10), using
the same comparison when lifetimes are uncertain (Fig. 6) as a point of
reference. That is, modified-opportunistic is preferable to periodic in-
spection to a greater extent when lifetimes are uncertain than when they
are not.

5. Discussion

We develop a new model for planning inspections of a critical, non-
repairable system in which opportunities for inspection arise at random.
These opportunities are used in a flexible way. If they too frequent they
are filtered. If they are too infrequent, planned inspection is triggered.
The model generalises the classic delay-time model of inspection
maintenance and a pure opportunistic inspection policy.

The policy is motivated by a case study of inspection of pumps for
groundwater extraction. These systems are geographically remote.
Transportation cost is high, and a visit to one asset is an opportunity, if
resources permit, to visit other neighbouring assets. The model is simple
to implement and therefore has the potential to provide cost-savings for
maintainers of such systems. The model has potential for application to
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other fleets of systems (e.g. power generating and telecommunication
systems) in which inspection is opportunistic because production or
missions, say, have priority over maintenance.

For the parameter values we study, the proposed policy (the {S,T}-
policy) has significant cost-saving potential relative to both the pure
opportunistic and the periodic inspection policies. Furthermore, for the
maintainer of the well-heads in the case-study, the analysis provides a
quantified, rational basis for changing policy regarding opportunistic
inspections, transportation of spares for neighbouring well-heads, and
the introduction of more slack into the transportation schedule. With the
latter, the notion here is that if visits were longer, fewer would be
needed while still meeting regulatory requirements. Furthermore, an
upper limit for the time between inspections is generally a good thing.
On the other hand, if operational reliability is the priority of the system
maintainer, then there is little to be gained from ignoring early
opportunities.

The expressions for the cost-rate and mean time between operational
failures that we develop are not completely general. This is a limitation
of our study. Nonetheless, we consider best-case (known lifetime) and
worst-case (exponential lifetime) scenarios so that our conclusions are
robust.

A further limitation is that inspections are solely age-based. The
model does not account for the operational history of the system. Such
an approach would be relevant when a system operates in a dynamic
environment [36,70]. While operational history (relating to e.g. shocks,
heterogeneous usage, etc.), if available, might be combined, using a
suitable method of information fusion (e.g. [47]), to specify an “effective
age” measure, such a measure would distort the time scale at which
opportunities arise. Then, opportunities might be modeled with a Pois-
son process that is homogeneous on the age scale and non-homogeneous
on the effective-age scale, by using the history of the system to modify
the intensity dynamically. Then, {S,T} would be updated as the history
of the system develops. This would make an interesting study, although
we suspect a simulation approach would be required.

We study a one-component system. There is scope to extend the
model to multi-component systems. This would add an additional
dimension to the decision-problem regarding which components to
inspect at an opportunity. This would be interesting to develop in future
work. Simulation could be used to study the case of a non-exponential
sojourn in the good state. The model might be extended to handle in-
spection classification errors (false negatives and false positives), mini-
mal repairs, and postponement of replacement in the event that an
inspection is positive but no resources (time, spares) are immediately
available for replacement. There is also scope to develop a similar model
for inspection of a stand-by (protection) system with two states (good,
failed) and failure only revealed on-demand or at inspection. Finally, it
would be interesting to study a finite-horizon version of the model and
to develop heuristics for inspection planning when a system is close to
functionally obsolete.
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