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Abstract

The maintenance strategy for a complex system consisting of both non-monitored
and monitored components is analyzed in this paper. Non-monitored compo-
nents can only be maintained correctively upon failure. Monitored components
are monitored continuously and are maintained when they become too degraded,
i.e., when its degradation level hits a threshold. For this complex system, an
opportunistic maintenance strategy is implemented, meaning that a mainte-
nance intervention for a component can be used as an opportunity for preventive
maintenance of monitored components: If the degradation level of a monitored
component exceeds a preventive threshold at the time of another maintenance
intervention, this component is maintained preventively. By performing these
maintenance actions, different costs are incurred. The main purpose of this
paper is to evaluate the expected cost rate of the system. To that end, two
methods are compared: renewal and semi-regenerative techniques. Using re-

newal techniques, the evaluation of the expected cost rate of this maintenance
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strategy is time consuming, especially for a large number of monitored compo-
nents. However, using semi-regenerative techniques the required computation
time is drastically shortened: For a system with ten monitored components,
the computation time to evaluate the optimal maintenance strategy goes from
more than a day to few seconds. Numerical examples are given to illustrate the
results. The conclusion is that for a large number of monitored components,
semi-regenerative techniques are more appropriate to evaluate the expected cost
rate in terms of computation time.

Keywords: Condition-based maintenance, opportunistic maintenance,

complex systems, semi-regenerative process

1. Introduction

Condition-Based Maintenance (CBM) for complex technical systems is at-
tracting a lot of attention in recent years due to the rapid development of sen-
sor technology and the development of stochastic degradation models. Using
information collected through condition monitoring, a maintenance action is
scheduled just before a hard failure threshold is crossed [1]. This is a preven-
tive maintenance action that is executed at short term, at a moment that is
convenient for the user of the system and that avoids a hard failure and hence
unplanned downtime. Such maintenance actions are referred to as Just-In-Time
(JIT) maintenance actions.

Early work on CBM is focused on single-component systems. However, sys-
tems in practice are more and more complex, consisting of many components.
For multi-component systems, the implementation of an opportunistic mainte-
nance program along with CBM can reduce the maintenance costs. Opportunis-
tic maintenance aims to perform preventive maintenance tasks at opportunities
[2].  For example, whenever a failure happens in an offshore wind farm, the
maintenance team performs a corrective maintenance action. To reduce the to-
tal maintenance set up cost, the maintenance team takes this corrective mainte-

nance time as an opportunity to check the state of the rest of components and



to perform additional maintenance tasks if necessary [3]. In [4] the impact of
opportunistic maintenance on the effectiveness of CBM is analyzed .

In complex systems, components can be subject to different mechanisms of
failure, e.g., mechanical, hydraulic, or electronic. As a result, some components
may fail suddenly without advance warning and other components may degrade
gradually towards failure [5]. Monitoring cannot prevent the former kind of
failures and implementation of a monitoring process is not possible for all
components of this complex system [6],[7]. In case of sudden failures, a corrective
maintenance policy is the only reasonable option. Because of the different types
of failures and corresponding maintenance policies, maintenance coordination
in a complex system with heterogeneous components is extremely difficult.

In this paper, a complex system consisting of m continuously monitored
components and n non-monitored components is modelled. The monitored
components are subject to continuous degradation following a gamma process,
which is a common choice in probabilistic modeling ([8]:[10]). The monitored
components are maintained condition-based; maintenance is performed on a
component when its degradation level crosses the just-in-time threshold. The
non-monitored components are subject to a corrective policy, that is, the re-
placement of such components is performed after failures occur. Assuming n
large enough, the time between failures in the non-monitored components is ex-
ponentially distributed [6]. When maintenance is performed on a component, it
provides an opportunity for maintenance on the (other) monitored components.
If the degradation of such a monitored component exceeds a preventive thresh-
old, the component is preventively maintained. Determining the optimal main-
tenance policy that leads to the lowest total expected cost per unit time means
determining the preventive thresholds for all monitored-components. Evaluat-
ing a given policy using renewal technique is very complex and time-consuming.
To deal with this, semi-regenerative techniques are used to evaluate the ex-
pected cost rate [11] . Semi-regenerative techniques have been used for mainte-
nance optimization of systems before, mainly for single-item systems ([12]-[14])

and two-item systems ([15],[16]), and without also incorporating non-monitored



components. To the best of our knowledge, no comparison of the computation
times using renewal and semi-regenerative techniques has been made.

In other papers, systems consisting of heterogeneous components are ana-
lyzed taking into account different maintenance policies for individual compo-
nents ([6],[7],[17]). In [6] and [17], an approximate evaluation procedure has
been developed for a multi-component system with one monitoring component
and corrective maintenance (CM) on the other components of the same system.
Our paper extends the number of monitoring components to m. In [7], an exact
evaluation procedure is developed for a mix of components following condition-
based and age/usage-based maintenance policies. The difference between [7]
and our paper is that the former considers a delay time model to describe the
degradation of the condition-based components while our paper uses stochastic
processes to describe the degradation of the components.

Examples of systems consisting of heterogeneous components are found in
multiple high-tech companies. For instance, an electric power distribution sys-
tem consists of a capacitor and a transformer [18]. The capacitor is subject
to gradual degradation whereas the transformer is stopped immediately when
suffering superfluous damage. Litography systems are also examples of these
complex and heterogeneous systems. Some components of a litography system
are maintained condition-based while others are failure-based maintained [19].
Maintenance optimization of these heterogeneous systems is shown at a com-
pany that designs, builds, sells and maintains industrial printers. It is found
that some components clearly show degradation, for example certain belts that
transport paper inside the printer, or filters that slowly get clogged [20]. Oth-
ers, especially electronic components, do not give any warning in advance, or
at least the authors have not been able to recognize it. These components can
only be replaced correctively. Finally, in [17], this modelling of heterogeneous
systems with different maintenance policies was validated for a compressor.

In short, the main contributions of this paper are:

e Under the given policy structure with preventive thresholds for the moni-



tored components, an evaluation procedure for a complex system consist-
ing of multiple monitored components plus non-monitored components is

developed.

e Semi-regenerative techniques are applied and it is shown that the compu-
tation time of our evaluation procedure is very small (just a few seconds).

The computation time is linear in the number of monitored components.

e It is also shown that the computation time of our procedure is much lower
than the computation time using renewal theory. In that case, the com-
putation time appears to grow exponentially in the number of monitored

components.

This paper is organized as follows. In Section 2, the functioning of the system
is modelled. Section 3 is devoted to the evaluation of the kernel of the semi-
regenerative process used to describe the system functioning. Section 4 analyzes
the expected cost rate under a given maintenance policy. In Section 5, the speed
of our numerical evaluation procedure is investigated and comparisons with
renewal theory techniques are performed. The use of our evaluation procedure
within an optimization procedure for the preventive thresholds for all monitored

components is also demonstrated. Finally, conclusions are shown in Section 6.

2. System description

Assumptions are first given in Section 2.1 and then the degradation be-

haviour is explained in Section 2.2.

2.1. Assumptions
A complex system consisting of m monitored components and n non-monitored
components is analyzed.

1. An infinite time horizon [0, c0) is assumed.

2. The m monitored components are subject to internal degradation. The

degradation of the ¢-th component evolves according to a homogeneous



gamma process with parameters «; and g; for ¢ € I"™ where I =
{1,2,...,m}. Let X;(t) be the degradation level of component i at time
t with X;(0) = 0. For s < t, the density of X;(¢t) — X;(s) is given by
i (t—s)
fai(t—s),8:(T) = F(Ziwai(t_s)_le_ﬂ”, x>0,

Oéi(t — S))

where I'(+) denotes the gamma function given by
[(ai(t —s)) = / uit=s)=le=u gy,
0

. The monitoring process is continuous.

. Monitored components are maintained according to a condition-based
maintenance policy. When the degradation level of component i € I™
crosses a failure threshold L;, component ¢ would fail (i.e., the component
is then too degraded and works no longer properly). Just before, i.e.,
when the degradation level crosses a just-in-time threshold L; (L; < IN/Z-
and L; — L; is very small), a just-in-time maintenance action is performed
with an associated cost of Cij monetary units with ¢ € I"™.

. When a just-in-time maintenance action is performed on one monitored
component, it provides an opportunity for the other monitored compo-
nents to be maintained together. Let M; be the preventive threshold for
component i, i € I™. At the time of the just-in-time maintenance ac-
tion, the degradation levels of the rest of the monitored components are
checked. If the degradation level of a component i’ exceeds its preventive
threshold M/, this component is preventively replaced. The associated
cost of the preventive maintenance action of the i’-th monitored compo-
nent is equal to C%) monetary units. Also under a preventive maintenance
action, the component is replaced by a new or ready-for-use one. For
each component i € I"™, we assume that C¥ < Cij , because C? represents
the cost for replacing the current component only (i.e., the cost of the
visit of a repairman to the system is already included in the just-in-time

maintenance cost for another component).



6. Non-monitored components are subject to sudden failures. Let Y be the

time between sudden failures with survival function,

Fy (t) = exp(=Xt), t>0.

When a sudden failure arrives to the system, a corrective maintenance
action is immediately performed on the non-monitored component

7. A just-in-time maintenance action, a corrective maintenance action and
a preventive action mean that a repairman replaces the component by a
new or ready-for-use one.

8. A corrective maintenance action implies an associated cost of Cf monetary
units. The cost consists of the cost of a visit of the repairmen to the
system, the cost of replacing the current component by a new or ready-for-
use one, and the cost of the unplanned downtime between the occurrence
of the failure and the repair completion. This unplanned downtime is
often expensive and hence C7 is in general (much) larger than each of
the C’ij , © € I"™. The corrective maintenance action for the non-monitored
component also provides an opportunity for the monitored components. It
means that, if the degradation levels of any of these monitored components
i € I™ exceeds the preventive threshold when a sudden failure arrives to
the system, a preventive maintenance of this component is performed with

a cost of C? monetary units.

In short, the following possibilities for maintenance actions exist:
e Non-monitored components:

— A failure in a non-monitored component leads to its corrective main-

tenance.
e Monitored components:

— If a monitored component is too degraded, i.e., its degradation level
passes the just-time-threshold L;, this component is just-in-time main-

tained.



— In case of corrective maintenance of a non-monitored component or
just-in-time maintenance of a monitored component, (other) moni-
tored components that have passed the preventive threshold are op-

portunistically maintained.

2.2. Degradation behaviour

When the degradation level of component i exceeds L;, just-in-time main-
tenance is performed. Let oz, be the time for component ¢ € I"™ to reach

degradation level L;, then

The distribution function of o, is given by [21]

I'(out, LiB;)

FG’Li(t):W’ 20, +=12,...,

where T'(a;t, L; 5;) denotes the incomplete gamma function
[(at, Lif;) :/ u®t e qy.
L;Bi
Considering the threshold M; (M; < L;) the distribution of the variable o, —

o, is subsequently used. This distribution is given as [22]

P ®= [ [ oo @) s (L= w)dyda, (1)
=0 Jy=M;

where Fj,,+ 3, denotes the distribution function of a gamma process with pa-
rameters «;t and §; and f,, a; o Xi (o Mi)(x, y) denotes the joint density function of
(on,, Xi(on,)) provided in [23].

After the just-in-time or opportunistic replacement of all m monitored com-
ponents at the same maintenance time, the future evolution of the system does
not depend any more on the past. Hence, maintenance times in which all the
monitored-components are replaced are regeneration points for the process de-
scribing the evolution of the maintained system. However, describing the system
state using renewal theory is rather tricky since many different corrective, pre-

ventive and just-in-time replacements of the components can occur between
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Figure 1: The maintenance policy for m = 2 monitored components

two consecutive regeneration points. To deal with this problem, we can take
advantage of the semi-regenerative properties of the process considering each

maintenance time as a semi-regeneration point.

Example 1. Figure 1 shows the maintenance policy for m = 2 monitored com-
ponents with three maintenance cycles. The first maintenance action is a correc-
tive action on a non-monitored component. At this opportunity, the degradation
levels of components 1 and 2 are checked. The degradation level of compo-
nent 2 exceeds the preventive threshold, so a preventive maintenance action is
performed. The second maintenance action is just-in-time maintenance of com-
ponent 1. At this opportunity, component 2 is left as is. The third maintenance
action is just-in-time maintenance of component 2. At this opportunity, the
degradation level of component 1 exceeds the preventive threshold, so it is main-

tained preventively, implying that this is a regeneration point.



3. Semi-regeneration process

Let T1,T5, ..., be the maintenance times and let T,j be the instant of time
just after the maintenance time Tj. A Markov chain with continuous state space

[0, M7) x [0, M3) % ...[0, M,,) is defined as
{Zv =W(T}"), k=1,2,...}, (2)
where Zj, is given by
Zic = W(T))) = (X1(T0), Xa (T, -, Xon(T))).

Due to the assumptions of the model (in particular, due to gamma process
properties), the future evolution after T,j only depends on the system state at

time Tj. It means that {W(¢),¢ > 0} with

is a semi-regenerative process with embedded Markov chain {Zx} and state
space [0, M1) x [0, M) X ...[0, M,,).
Starting with x = (x1,x2,..., %), where x; < M; for all 7, the transition

kernel of the embedded Markov chain given in Eq. (2) is

Qu(dy) = Po(W(T}") € dy) = P(W(TY") € dy | W(0T) = 2). (3)
To compute Eq. (3), the following cases after the first maintenance time 7 are
considered:

1. Al monitored components are replaced;
2. All monitored components are left as they are;

3. Some monitored components are replaced and the rest are left as they are.

Let opnr—x and op—, be the following vectors

OM—xz — (UM1*I170M2*I27'-'aUMm*Em)

OL—=x (UL1—1170L2_127 trt O'Lm_mnl)

10



Case 1. All monitored components are replaced.
Given W(0") = (21,22, .., Zm), next maintenance is performed at time T} =

min(Y,or_z). All the components are replaced in T} if
max(op—g) <min(Y,on_z),

and this event has probability

oy, y) = [ Loty [ [ (H Py ()
i=1 i=1
[ (mw]E (w i) ) d
— 5 OL;,—a;, —OM; —x; — Ug w ),
max(u) d’LU y(w 41 Lj—=z; M;—x; w
where do(dy;) stands for the Dirac delta, max(u) = max(u1,uz, ..., un) and

Fop, . —oum, ., is given by Eq. (1) replacing M; by M; — x; and L; by L; — ;.

Case 2. All monitored components are left as they are.
Given W(0T) = (x1,72,...,2Zm), all the components are left as they are if

Y < min(oar—z). In this case, the expression for the kernel is
Qz(dyi, dya, ..., dym) = /000 fy (v) ﬁfaw,m (yi — x4)dy; dv,
i=1
with (y1,92, .-, Ym) € (0, M) x (0, M) x (0, M,,).
Case 3. Some monitored components are replaced and the rest are left as
they are.

Given W(0T) = (21,22, ..., %), some monitored components are replaced and

the rest are left as they are if
min(opr—z) <min(Y,or_z) < max(oar—z)

Let A (B) the set of indexes of the replaced (non-replaced) components at the

opportunity time

A={ielI™ op—g, <min(Y,or—z)}, B={i€I” opn—p, >min(Y,00_4)}.

11



The computation of the kernel for this case is

Quldyn, dys, .. dym) = / / / TT 0y) o, .. (1) du,

seA
/ H fakv7ﬂk( Yk — xk) dyg dv <__ <FY H FUL Cws— O M- (v— US)>>
mazx(u) keB s€A

Hence, all the cases for Q. (dy1,dya, ..., dy,) are contemplated.

4. Numerical evaluation procedure

An optimal maintenance strategy is analyzed in this section. The long-run
expected cost per unit time is chosen as objective cost function. It is given by

Cs = lim L[C(t)]

Jim ===, (4)
where C(t) denotes the cumulative cost in [0,¢]. Denoting by Ri, Ra,... the
times between regeneration points, using the renewal reward theorem we can
approximate Cy, focusing on the first cycle.

E(C(R1))

O = "E(m)

(5)

Since {W(t),t > 0} is a semi-regenerative process with semi-regeneration
times the maintenance times, the asymptotic cost given by (4) can be focused
on a single semi-regenerative cycle defined as the time between two successive
maintenance times.

Assuming that the Markov chain {Zg,k =1,2,...} comes back to the re-
generation point (0,0,...,0) almost surely, it proves the existence of a vector 7

solution of the equation [11]

My M, My,
T ):/ / / Q. ()7m(dxy,dxs, . .., dxy,),
o Jo 0

where Q,(-) stands for the kernel of the Markov chain given by Eq. (3). Vector
7 is used to approximate the long-run maintenance cost rate given by Eq. (4)

Eﬂ' [C(TI)]

Coo = ;
E. [Tl]

(6)

12



where T3 stands for the time to the first maintenance action.
Developing Eq. (6), we get that

Ex [Cp(Tl)] Ex [Cj (Tl)] Cwa [Nf (Tl)] (7)
E.[Ty] E.[Ty] E.[T1] ’

Coo(My, My, ..., My,,) =

where, given 7, E[CP(T1)], Ex[N?(T1)] and E,[N7(T1)] stands for the expected
cost due to preventive replacements, the expected cost due to just-in-time re-
placements and the expected number of sudden failures between two consecutive
maintenance times respectively.

Terms E.[CP(Ty)], E-[C?(T1)], E-[N/(T1)] of the objective cost function
given by Eq. (7) are next computed.

For fixed x = (21,22, ..., Tm), the just-in-time replacement of the i-th com-
ponent is performed if

OLi—z; < min(Y,op_g),

with expected cost

9i(T1,22, .., Ty) = Cg / for, ., (u) Fy (u) H FaLsfxs (u)du.
0 ,SF1

m
s=1

Integrating by 7 and summing the expected cost of the just-in-time replacement

of each component,

FrC= i /OMI . /OM2 e /OMm 7(x)gi (x)dasn
— /OMl dxy /OM2 dzs . . _/OM’“ 7(x)dx, /000 ;—j (ﬁ Oz'jFoeri (u)) Fy (u)du.

i=1
Between two consecutive maintenance times, the probability of a sudden failure

is given by

EA[N{(T)] = /O " /0 " e /O e ( /O h fy(v)f[Fc,Lm (v)dv).

For the calculus of E.[CP(T})], a preventive replacement is performed on the

i-th monitored component in the next maintenance time if
OM,—z, <min(er—z,Y) < 0L, _a,,

13



with expected cost

hi($17$2,...,xm) = O;D fG'Mi,zi (u)du
0
o d - m ) i
/ _% FY(’UJ) H F‘TLsﬂrS (w) F‘TLI»—M,L (w —u)dw
v s=1,s7#1

Integrating in 7 and summing for 1 <i <m

)

EL[CP(Ty)] = i /0 " /0 " e /0 e Ohs(x) i

Finally, the expected time between two consecutive maintenance times is given

by

E.|Th] = /OM1 day /0M2 dxs ... /OMm m(x) </OOO Fy (v) ﬁFULimi (’U)d’U) A2,

Hence, all the components of Eq, (refcostfunction) are analytically obtained.

The search of the optimal maintenance strategy
C(MP, MSP ... M2y,
is reduced to the following optimization problem
Coo (MPPH MPE L MOPYY = inf {Coo (M, Ma, ..., M,,)}, (8)

where Coo (M7, Ma, ..., My,) is given by Eq. (7) with 0 < M; < L; for all 4.

5. Numerical experiments

The computation times using semi-regenerative techniques and renewal tech-
niques are first compared in Section 5.1. A numerical example is given to illus-
trate how our results can be used to optimize a maintenance strategy in Section

9.2,

5.1. Comparison of computation times

A numerical example is given comparing the computation times of the ex-
pected cost rate using semi-regenerative techniques and using renewal tech-

niques. This example has been performed using a computer with Intel (R)

14



Core (TM) i5-9600K @3.70GHZ with 16GB using a single node. Table 1 shows
the computation times (in seconds) and the expected cost rate (in monetary
units per time unit) for a system with m € {1,2,...,10} monitored components
where the expected cost rate using renewal techniques and semi-regenerative
techniques is computed simulating Eq. (5) and Eq. (6), respectively.

Time between failures of the non-monitored components is modelled using
an exponential distribution with parameter A = 0.25 failures per unit time.
The following parameters for the gamma process and for the corresponding

thresholds are used
ai:L ﬂlzl, Lz:77 and MZZG,
for i € I"™ and assuming the following costs (in monetary units)

C/ =10, CP=5, andCl =15.

K2 K2

For both techniques, 5,000 simulations have been performed to compute the ex-
pected cost rate. Table 1 shows that when the number of monitored components
increases, the computation time using renewal techniques increases exponen-
tially, while the computation time using semi-regenerative techniques increases
linearly. Already for relatively small problem instances the difference becomes
huge, and it is clear that real-life problem instances with hundreds, sometimes
even thousands of components, can only be solved using semi-regenerative tech-

niques.

5.2. Optlimization of preventive maintenance thresholds

To illustrate our results, a system consisting of three monitored components
is considered. The degradation of these monitored components evolves according

to a homogeneous gamma process with parameters
o = 1, g = 11, 3 = 2, ﬂl = 101, ﬂg = 102, and ﬂg = 2.
The just-in-time thresholds for these monitored components are given by

Ll = 8, L2 = 8, and L3 =17.5.

15



Semi-regenerative approach Renewal approach

m | Cx (m.u/t.u) | Ex. Time (secs) | Cx (m.u/t.u) | Ex. Time (secs)
2 5.3209 1.1160 5.3839 7.3752
3 6.0723 1.6600 6.0553 33.2089
4 6.6064 2.1808 6.7336 129.9082
5 7.4454 2.6982 7.3671 455.2273
6 7.9805 3.2244 7.9886 1,583.2
7 8.6020 3.7690 8.5955 4,770.7
8 9.2647 4.2817 9.1933 14,225
9 9.7952 4.8054 9.7812 66,818
10 10.4973 5.8387 10.3582 127,990

Table 1: Expected cost rates and computation times using semi-regenerative and renewal

techniques

The system also contains non-monitored components. The time between failures
of the non-monitored components is given by an exponential distribution with
parameter A = 0.25 failures per unit time. The costs (in monetary units) for

this system are given by

C{=1, C}=2, andCj=2,

for the just-in-time maintenance tasks and

CY=1/3, CYy=2/3, and CY =1,

for the costs of preventive maintenance tasks. The cost of a corrective main-
tenance for the failures of the non-monitored component is equal to Cf = 5
monetary units.

For M, seven values are considered, equally spread on the interval (0, L; —
0.1], for M, six values are considered, equally spread on the interval (0, Ly —
0.1], and for Mj eight values are considered, equally spread on the interval

(0, L3 — 0.1]. This gives 7 -6 - 8 = 336 points; at each of these points 10,000

16
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Figure 2: Optimal maintenance cost versus M3

simulations are performed with the semi-regenerative technique. Figure 2 shows
the maintenance cost rate, given in Eq. (7), as a function of Ms. At each
point, the values of M; and My are used that give the lowest costs. The lowest
maintenance cost is obtained for M3 = 3.17 and is Coo (M7, M2,3.17) = 1.69
monetary units per time unit. Figure 3 shows the maintenance cost rate as a

function of M7 and My when M3 = 3.17.”

6. Conclusions and further works

This paper deals with the problem of managing different maintenance actions
for a system consisting of components under a condition-based maintenance pol-
icy and components under a corrective maintenance policy. An opportunistic
maintenance policy is implemented: when a just-in-time maintenance action on
a monitored component or when a corrective maintenance action is performed
on a non-monitored component, the maintenance team takes this opportunity to
simultaneously perform preventive maintenance on the monitored components
whose degradation levels exceed a preventive threshold. For this complex sys-
tem, an extremely fast procedure is developed to evaluate maintenance policies

using semi-regenerative techniques. Numerical examples are given to show, first,

17
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Figure 3: Optimal maintenance cost versus M7 and Ms for fixed Ms = 3.17

that our approach scales much better than approaches using commonly (renewal
techniques) and, second, how our evaluation procedure can be used to optimize
maintenance policies.

This paper is focused on an evaluation procedure, it would be interesting
future research to come up with better optimization procedures. Furthermore,
continuous monitoring is assumed in this paper, while there are also many situa-
tions in practice where monitoring happens at discrete moments only. It would
be interesting to take this into account. Finally, adding components under

usage-based or time-based maintenance would be very relevant too.

7. Acknowledgements

The research of the first author was supported by Junta de Extremadura,
Spain (Project GR18108). This research started while the first author was
visiting the Eindhoven University of Technology. She would like to acknowledge
the Eindhoven University of Technology for making her stay possible. The
research of the second and third authors is part of the project on Proactive
Service Logistics for Advanced Capital Goods — The Next Steps (ProSeLoNext;
438-15-620), which is supported by the Netherlands Organization for Scientific
Research and the Dutch Institute for Advanced Logistics.

18



References

[1]

Jardine A.K.S., Lin D., Banjevic D. A review on machinery diagnostics and
prognostics implementing condition-based maintenance, Mechanical Sys-

tem and Signal Process 2006; 20, 1483-1510.

Xia T., Fang X., Gebraeel N., Xi L., Pan E. Online analytics frame-
work of sensor-driven prognosis and opportunistic maintenance for mass
customization, Journal of Manufacturing Science and Engineering 2019;

141(5), 051011. https://doi.org/10.1115/1.4043255.

Ding F., Tian Z. Opportunistic maintenance for wind farms considering
multi-level imperfect maintenance thresholds Renewable Energy, 2012; 45,

175-182.

Koochaki J., Bokhorst J. A.C, Wortmann H., Klingenberg W. Condition
based maintenance in the context of opportunistic maintenance, Interna-

tional Journal of Production Research 2012; 50(23), 6918-6929.

Hosseini M.M., Kerr R.M., Randall R.B. A hybrid maintenance model with
imperfect inspection for a system with degradation and Poisson failure, The

Journal of the Operational Research Society 1999; 50(12), 1229-1243.

Zhu Q., Peng H., Timmermans B., van Houtum G.J. A condition-based
maintenance model for a single component in a system with scheduled and
unscheduled downs, International Journal of Production Economics 2017,

193, 365-380.

Arts J., Basten R. Design of multi-component periodic maintenance pro-
grams with single-component models, IISE Transactions 2018; 50(7), 606—
615.

Cholette M.E., Yu H., Borghuesani P., Ma L., Kent G. Degradation mod-
eling and condition-based maintenance of boiler heat exchangers using

gamma processes, Reliability Engineering & System Safety 2019; 183, 184—
196.

19



[9]

[10]

[15]

Castro I.T., Landesa L., Serna A. Modeling the energy harvested by
an RF energy harvesting system using gamma processes, Mathematical
Problems in Engineering, Volume 2019, Article ID 8763580, 12 pages.
https://doi.org/10.1155/2019/8763580.

van Noortwijk, J. M. A survey of the application of gamma processes in

maintenance. Reliability Engineering & System Safety 2009; 94(1), 2—-21.
Asmussen S. Applied Probability and Queues, Springer, 2003.

Castro I.T., Mercier S. Performance measures for a deteriorating system
subject to imperfect maintenance and delayed repairs, Proceedings of the
Institution of Mechanical Engineers, Part O: Journal of Risk and Reliability
2016; 230(4), 364-377.

Castro I.T., Landesa L. A dependent complex degrading system with non-
periodic inspection times, Computers & Industrial Engineering 2019; 133,

241-252.

Huynh K.T. Modeling past-dependent partial repairs for condition-based
maintenance of continuously deteriorating systems, European Journal of

Operational Research 2020; 280(1), 152-163.

Mercier S., Pham H.H. A condition-based imperfect replacement policy
for a periodically inspected system with two dependent wear indicators,

Applied Stochastic Models in Business and Industry 2014; 30, 766—782.

Castanier B., Grall A., Bérenguer C., A condition-based maintenance pol-
icy with non-periodic inspections for a two-unit series system, Reliability

Engineering & System Safety 2009; 87, 109-120.

Poppe J., Boute R. N., Lambrecht M. R.; A hybrid condition-based mainte-
nance policy for continuously monitored components with two degradation

thresholds, Furopean Journal of Operational Research 2018; 268, 515—532.

20



[18]

[21]

[22]

23]

Yang L., Zhao Y., Ma X. Group maintenance scheduling for two-component
systems with failure interaction, Applied Mathematicl Modelling 2019; 71,
118-137.

Timmermans B. Development and application of a decision model for syn-
chronizing condition-based maintenance at ASML (Master Thesis). Eind-

hoven University of Technology (2012).

Botman L.A. Machine failure diagnostics and prognostics using error infor-
mation and sensor data (Master Thesis). Eindhoven University of Technol-

ogy (2014).

Huynh K.T., Barros A., Bérenguer C. and Castro I.T. A periodic inspection
and replacement policy for systems subject to competing failure modes
due to degradation and traumatic events, Reliability Engineering & System

Safety 2011; 96(4), 497-508.

Caballé N., Castro I.T. Analysis of the reliability and the maintenance
cost for finite life cycle systems subject to degradation and shocks, Applied
Mathematical Modelling 2017; 52, 731-746.

Bertoin J. Lévy processes. Cambridge University Press, 1996.

21





