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Abstract

This paper develops maintenance policies for a system under condition monitoring. We assume that a
number of defects may develop and the degradation process of each defect follows a gamma process,
respectively. The system is inspected periodically and maintenance actions are performed on the defects
present in the system. The effectiveness of the maintenance is assumed imperfect and it is modelled using a
geometric process. By performing these maintenance actions, different costs are incurred depending on the
type and the degradation levels of the defects. Furthermore, once a linear combination of the degradation
processes exceeds a pre-specified threshold, the system needs a special maintenance and an extra cost
is imposed. The system is renewed after several preventive maintenance activities have been performed.
The main concern of this paper is to optimise the time between renewals and the number of renewals.

Numerical examples are given to illustrate the results derived in the paper.
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1 Introduction

Condition-based maintenance has been extensively studied in the reliability literature due to the
emergence of advanced condition monitoring and data collection techniques. Many papers have been
published to either model the degradation processes of assets (Si, Wang, Hu, Zhou, & Pecht, 2012;
Ye & Chen, 2014; Deng, Barros, & Grall, 2016; Zhao, Liu, & Liu, 2018) or to optimise maintenance
policies (Caballé, Castro, Pérez, & Lanza-Gutiérrez, 2015; Liu, Wu, Xie, & Kuo, 2017; Zhao, Xu, &
Liu, 2018). To obtain a comprehensive view of the development in condition-based maintenance, the
reader is referred to review papers, see Jardine, Lin, and Banjevic (2006); Si, Wang, Hu, and Zhou
(2011); Alaswad and Xiang (2017), for example.

A number of degradation processes have been considered in condition-based maintenance policies.
Many authors investigate different maintenance policies, considering only one degradation process
such as the gamma process (Caballé & Castro, 2017), the Wiener process (Sun, Ye, & Chen, 2018),
the inverse Gaussian process (Chen, Ye, Xiang, & Zhang, 2015) and the Ornstein-Uhlenbeck process
(Deng et al., 2016). Some consider condition-based maintenance policies for assets suffering a number
of degradation processes. For example, Caballé et al. (2015) proposes a condition-based maintenance
strategy for a system subject to two dependent causes of failure, degradation and sudden shocks:
The internal degradation is reflected by the presence of multiple degradation processes in the system,
and degradation processes start at random times following a Non-homogeneous Poisson process and
their growths are modelled by using a gamma process. Huynh, Grall, and Bérenguer (2017) consider
maintenance policies monitored by a process of the average of a number of degradation processes.

In this paper, we consider a system on which many different types of defects develops over the
time. If a linear combination of the degradation processes exceeds a pre-specified threshold in an
inspection time, maintenance is carried out. There are many real-world examples behaving like that
in the real world. For example, in the civil engineering, several different types of defects, such as
fatigue cracking and pavement deformation, may develop simultaneously on a pavement network.
The mechanism of these defects may be different: fatigue cracking is caused by the failure of the
surface layer or base due to repeated traffic loading (fatigue), and pavement deformation is the result
of weakness in one or more layers of the pavement that has experienced movement after construction
(Adlinge & Gupta, 2013). As such, the deteriorating processes of these defects are different in the
sense that the parameters in the degradation processes may differ. Furthermore, both the approaches
to repairing these defects and the cost of repairing them differ from defect to defect. The time to
repair such a system may be the time when a linear combination of those defects exceeds a pre-
specified threshold. In the civil engineering literature, for example, Shah, Jain, Tiwari, and Jain
(2013) propose a linear combination of defects of pavement condition indexes and suggest that a
pavement needs maintenance once its combined condition index exceeds a pre-specified threshold.

It should also be noted that such deterioration might cause partial loss of system functionality. As



such, there is no need to overhaul or renew the entire system unless its combined index exceeds a
threshold that is large enough.

Inspired from the above real world example, this paper develops maintenance policies for a system
with many degradation processes. The system is inspected periodically. Following an inspection, an
imperfect repair is performed. These imperfect repairs are modelled using geometric process. Costs
of repairing different defects are different and, if the linear combination of the magnitudes of a set
of defects exceeds a pre-specified threshold, an additional cost is incurred. A replacement is carried
out once the number of inspections exceeds an optimum value.

The remainder of the paper is structured as follows. Section 2 introduces the notations and as-
sumptions that will be used in the paper. Section 3 derives distributions of hitting time and considers
random effects. Section 4 derives maintenance policies and proposes methods of optimisation. Section

5 illustrates the maintenance policies with numerical examples. Section 6 concludes the paper.

2 Assumptions

This paper makes the following assumptions.
A1). Defects of n types develop through n degradation processes on a system, respectively.
A2).
A3). The system is new at time ¢ = 0.
A4).

The system is inspected every T" time units (7 > 0).

Two types of maintenance are taken: an imperfect maintenance and a complete replacement of
the system. The imperfect maintenance restores the system to a state between a good-as-new
state (which is resulted from a replacement) and a bad-as-old state (which is resulted from a
minimal repair) and is modelled using a geometric process. The replacement completely renews
the system.

A5). On performing these maintenance actions, a sequence of costs is incurred. Repairing the k-th
(k=1,2,...,n) defect incurs two types of cost: a fixed cost, and a variable cost that depends on
the degradation level of the k-th defect. Furthermore, if the linear combination of the magnitudes
of a set of defects exceeds a pre-specified threshold, an additional cost is incurred.

A6). Imperfect maintenance actions are performed every 7 time units and preventive replacement is

performed at the time of the N-th inspection.

AT). Maintenance time is so short that it can be neglected.

3 Model development

Van Noortwijk and Klatter (1999) optimise inspection decisions for scour holes, on the basis of the
uncertainties in the process of occurrence of scour holes and, given that a scour hole has occurred,

of the process of current-induced scour erosion. The stochastic processes of scour-hole initiation and



scour-hole development was regarded as a Poisson process and a gamma process, respectively. Lawless
and Crowder (2004) construct a tractable gamma-process model incorporating a random effect and
fit the model to some data on crack growth. In the following, we make similar assumptions: The
stochastic processes of defect initiation and defect development was regarded as a Poisson process

and a gamma process, respectively.

3.1 Modelling the occurrences of the defects

Denote the successive times between occurrences of the defects by the infinite sequence of non-
negative real-valued random quantities 77, T5, .... Assume the defect initiation follows a homogeneous
Poisson process. Similar to the assumptions made in Van Noortwijk and Klatter (1999), we assume
the defect inter-occurrence times are exchangeable and they exhibit the memorylessness property.
That is, the order in which the defects occur is irrelevant and the probability distribution of the
remaining time until the occurrence of the first defect does not depend on the fact that a defect has
not yet occurred since the last replacement.

According to Van Noortwijk and Klatter (1999), the joint probability density function of T, Ts, ...., T,
is given by

o t
Py Ty, T (B, o T / H —exp (—)’f) pa(N) dA (1)

where (t1,%2,.....t,) € R}, pa(N) = ﬁu”)\*(”“)e*”ﬂl{bo}, where p and v are parameters that
can be estimated from given observations, 1oy = 1 if A > 0 and 1~y = 0 otherwise. With
the constraint 71,7, ....,T,, < T, we assume that the n defects occur during time interval (0,7).
For those defects occurring within other time intervals (KT, (k 4+ 1)T) (for k=1,2,...,), a similar joint
probability density function can be derived.

Table 1
Notation.

n  number of defect types
time between inspections
ax(t) shape parameter of the gamma distribution

Br  scale parameter of the gamma distribution

b, weight
Xi(t) degradation process
Y (t) overall degradation
f(z;.,.) probability density function of X (t)
F, (t) distribution of the first hitting time o,

cky cost of repairing the kth defect with deterioration level y




3.2 Degradation processes

We consider the situation where n types of defects may develop and their degradation processes
{Xk(t),t > 0} for k = 1,2,...,n, respectively. That is, Xy (t) is the deterioration level of the kth
degradation process at time ¢ and {Xy(t), k=1,...,n} are independent.

Assume that X (t) has the following properties:

a) Xi(0) =0;

b) the increments AXy(t) = Xi(t + At) — Xi(t) are independent of ¢;

c) AXg(t) follows a gamma distribution Gamma(ay(t + At) — ay(t), Bx) with shape parameter

ag(t + At) — oy (t) and scale parameter [i, where oy (t) is a given monotone increasing function
in ¢t and «o(0) = 0.
X (t) has probability distribution Gamma(ay(t), B;) with mean Byay(t), variance Siax(t), and its
probability density function being given by

ﬁ*ak (t)

k ag(t)=1,=2/BKq 2

f(z; 00(t), Br) =
where I'(.) is the gamma function.

Suppose that the system needs maintenance as long as a linear combination of the magnitudes of
the n defects exceeds a pre-specified threshold. In reality, for example, a section of pavement may
have more than n defects, some of which may be of the same type. The pavement needs maintenance
as long as the linear combination exceeds a pre-specified threshold.

We consider that the overall degradation of the system is represented by
Y(t)=> bXi(t), t>0, b>0, (3)

where by, (with by > 0) is the weight of defect k. Let Y3 (t) = bp Xy (t). Then Y (t) = >p_; Yi(t) and

Yi(t) has pdf f(z; o (t), biBr)-
Then the expected value of Y (¢) is given by

E(Y (1) = . bufheon(t). )
k=1
and its variance is given by
var(Y Z b B () (5)

Furthermore, the overall degradation process {Y( ), > 0} given by Eq. (3) is a stochastic process
with the following properties.

a) Y(0) = X%_; b X (0) = 0,



b) If the increment AXj(t) = Xy (t+ At) — Xi(t) is independent of ¢, then AY (t) = Y-7_; bp AXy(t)
is independent of ¢ as well,
According to Moschopoulos (1985), the density function of Y (¢) can be expressed by

—p(t)—k

< p()+k=1,-y/Po >0 6
gy kz_% + Ton i h ! , Y>>0, (6)

where fy = minj<g<,, bpBx. D(t) and p(t) are given by

ﬂ 50 Oék(t)7 (7)

k=1 k’/Bk

and .
= ay(t), t>0, (8)
k=1

respectively, and (j.1(t) (for £ =0,1,2,...) is obtained in a recursive way as

k
Cey1(t) = /{;—T—l > () Cra1—5(t),
=1

with (o(t) = 1 and nx(t) is given by

In the particular case that by, = bf for all k, then Y (t) ~ Gamma(> ;_; ax(t),b3). That is, if
bpSx = bS5 for all k, {Y'(t),t > 0} is a gamma process.

Example 1 We consider a system subject to three degradation processes { X1(t),t > 0}, {Xa(t),t > 0}
and {X3(t),t > 0}, respectively. These degradation processes start at random times according to a
homogeneous Poisson process with parameter X = 1. The degradation processes develop according
to mon-homogeneous gamma process with parameters oy = 1.1, 1 = 1.1, ag = 1.2, B = 1.2 and
asz = 1.3, B3 = 1.3. Figure 1 shows these degradation processes and the process Y (t) = ?:1 b; X, (1)
with by = 1, by = 0.8, and bg = 0.9.

3.2.1 First hitting time
To characterise the maintenance scheme of this system, the distribution of the hitting times of the
process {Y(t),t > 0} is obtained. Starting from Y (0) = 0 and for a fixed degradation level L, the
first hitting time oy, is defined as the amount of time required for the process {Y(¢),t > 0} to reach
the degradation level L, that is,
o, =inf(t >0:Y(t) > L).



Fig. 1. Degradation processes and a linear combination

The distribution of oy is obtained as

Fo (t) = P(Y(t) 2 L)

—/ gy ) (y)dy

_/ D(t ;E )( 3) D y° p(t)+k—1,— y/ﬁody

p(t)—k
)ﬁ 5 /L y (t)+k1€y/,80dy)

:D(t) (Z ()

k(t
I'(p
> Do) + k. L), 9)
p(t) + k)
where I'yi(p(t) + k, L/Bp) denotes the upper incomplete gamma function, which is given by

Luip(t) +k,L/Boy) = /L/B 2POFk=Le=2
0

We can link the probability distribution F,, (¢) with the probability distribution of the hitting times
for the processes X;(t) that composes Y (¢). That is, F,, (t) can be expressed by

Fo,(t) = D) S Gt oy (1), 120,

where F,+ (t) denotes the distribution of the first hitting time to exceed L for a gamma process with

parameters p(t) + k and [y, where p(t) is given by (8) and Sy = min; <<y, bxSx-



3.8 The process of repair cost

Cost of repairing different effects, such as fatigue cracking and pavement deformation in a pavement
network, may be different. Denote ¢, as the cost of repairing the kth defect with deterioration
level y. We assume in this section that this cost is proportional to the deterioration level, that is,
Chy = Yci, Where ¢ is the cost of repairing the kth defect per unit deterioration level. We define
U(t) = Y p_; cxbre Xk (t) as the total repair cost at time ¢. Then {U(t),t > 0} is the cost growth process
and cb, X (t) has pdf f(x; ag(t), ckbrfr). The expected value and the variance of U(t) can be obtained
by replacing by with cxby in Eq. (4) and Eq. (5), respectively. The pdf of U(t) = Y>-7_; cxbr Xk (t) can
be obtained via replacing by, with by in the pdf of Y in Eq. (6).

The covariance between Y (t) and U(t) is given by

Cov(Y (1), U(0) = 33" bubjescov(Xau(t), X, (1), (10)

k=1 j=1

Since Xy (t) for k = 1,2, ... are independent, cov(Xy(t), X;(t)) = 0 for k # j, then
Cov(Y (1), U(t)) = > cran(t)0p Bi (1) (11)
k=1

In most existing research on maintenance cost of one degradation process Y (¢), once the magnitude
of the degradation Y (¢) is given, the associated cost of repair may be ¢, Y (t), which is a fixed value
(where ¢, denotes the cost of repairing a unit of Y (¢)). This is because there are many different
combinations of Y (¢) that can be summed to obtain the same value of Y(¢). Correspondingly, the
different Y} (¢)’s incur different repair cost ¢y ,,. As such, for Y'(¢) at a given time ¢, its associated repair
cost U(t) is a random variable. This suggests that one may also develop a maintenance policy based
on the cost process. That is, once the cost process reaches a threshold, maintenance on the combined
degradation process Y'(t) is carried out. Hence, intriguing questions may include optimisation of
maintenance intervals, for example.

The next result gives the distribution of the cost of repair, conditioning that the linear combination
of the degradation processes exceeds the pre-specified value L.

Lemma 1 The conditional probability fu v (y,2) is given by

1 o o X : —a —it1y—itou
fU(t)|y(t)(y,u) (t)(y)/oo [m <H(1 —Z(tl +th2)bk/3k) k(t)> e ity —it2 dt; dt,. (12)

N 47T29y =1



Proof. The characteristic function of the bivariate vector (Y (t), U(t)) is derived by

by )0 (t1, t2) = Elexp(it, Y (t) +ityU(t))]

= Elexp(ity Z b Xy (t) + ity Z crbr Xk (t)))
k=1 k=1
Elexp/(i Z (bit1 + crbita) X ()]
= H eXp bktl + Ckbkt2)Xk( )]

= H xi () (Drt1 + cibita). (13)
Since ¢x, 1) (bet1 + cebita) = (1 — i(bpty + cibita) By 1=2® | we can obtain
fY(t)vU(t) (y, ) 4 ) / / ¢Y t),U(t) (tl, tz) —Hty—itau dtq dito
N 472 /, /, (H (0 (bits + ckbktz)> eI dty dty
= 42 / / ( 1 —i(t1 + crto)brfBr ) ak(t)) e~ y=itu ¢ (. (14)

Hence, the conditional probability fu vy« (y, ) is given by

frawm(y,u)
gyu)( )

47T gY / / < 1 — Z tl + thg)bkﬂk) ak(t) > e—itly—itgu dtl dtQ, (15)

ooy (y,u) =

where gy ) (y) is given by (6). This establishes Lemma 1. |

3.4 Incorporating random effect

It is known that random environment may affect the degradation processes of a system. For exam-
ple, the deterioration processes of the defects on a pavement network may be affected by covariates
such as the weather condition (the amount of rainfall) and traffic loading. If it is possible to collect
weather condition data (eg., the amount of rainfall in a time period) and traffic loading data, one may
incorporate co-variates in modelling. In addition, we may also consider random effects to account for
possible model misspecification and individual unit variability.

Bagdonavicius and Nikulin (2001) and Lawless and Crowder (2004) consider covariates in a gamma
process. When incorporating covariates, represented by vector z, for example, Bagdonavicius and

Nikulin (2001) incorporate ay(t) with ay(te*®) (where 27 is the transpose of z), Lawless and Crow-



der (2004) replace By, with 5x(z), in which z represents covariates and has the effect of rescaling X(t)
without changing the shape parameter of its gamma distribution. (x(z) may have a regression func-
tion expression such as fi(z) = exp(3’z), where 3’ and z are vectors of covariates and regression
coefficients, respectively. In the following, we adopt the latter method and assume a degradation
process {X/(t),t > 0}, which takes both covariates and random effects into consideration. Then,
X}.(t) has density function f,(a'; o (t), woB. ), where wy is a random effect and S, represents

Bi(2). One may assume that w = wy ' has gamma distribution Gamma(y~!,§) and density function

gy-16(w) = %w‘s_le_”w; w has mean % and variance o2 = %. If (X7, X5, ..., X/ w) has joint
density h(zy, g, ..., x,, w), then the conditional density of X7, X7, ... X! given wy = w, is

hzy, 29, ..., Ty, w)
97*1,6(1‘])

(16)

ho(zy, T2, ..., Th|w) =

For given weather conditions and traffic loading, one can regard X7, X, ..., X, as independent. That

is, X1, X}, ..., X! are conditionally independent given a third event. Then,
h(z1,22,...,Zn, w) =ho(z1,22,. .., Tp|w)gy-1 s(w)

w) H (). (17)

Bzky—ay(t) L ke
Since hy(xg|w) = sz’“(t) Te Fk if (X1, X5, ..., X]) hasjoint density function fo(x1,xo, ..., z,),

T(ag(t))
then

—+o00
fo(I1,$2,~--7In) :/0 9~— 15 H hk $k|w

ﬁ B,;]?k(t) ap(t)—=1 [ 75 S+p(t)—1 {_w (’}/ zn: 5 >} dw (18)
z,k
= /Oo b1y + Z ﬁ ik(t)xak(t)*l (19)
G P g, i Dlaw() "

B ,V(S LI 5+p(t) s n /ngk(t) o)1 2
- T(6) (7 > Bz,k) (04 p(®) kl;[l F(Oék(t))xk ' (20)

10



3.4.1 First hitting time
Next, we compute the first hitting time of the process {Y(t),¢ > 0} to exceed a degradation level
L. Let
op =inf(t >0:Y(¢t) > L).

Then the probability distribution of F,, is given by

+o00
/ / / —15(w H hi(zg|w) dw dz;y ... dx,

Zk Lo Xk (H>L

400 n Bz,k —ak(t) _ no T
/ o / / (H ) zk(t)—l) e ’wzkzl B2k 977175(20) dw dzy...dx,
0 :

S beXk(t)>L

400 n (/Bz,k>7ak(t) k(t)fl _wzn T
— R e =10k day...day, | go-1 5(w) dw. (21
/0 / / (kUl T(an(t)) * 1 gy-1,5(w) (21)

Zk 1 b Xk (t)>L

According to Moschopoulos (1985), we have

—ag(t) _ _w ST Tk [e’¢) ,
/ / ( (t» xkk(t) 1) oY Ui Pk g1 s(w) dwdxl...dzn:/L 9y () dz,

Ek 1 Ok Xk (1)<

where gy, (%) is obtained following the same reasoning as in (6), that is,

) 2 t
Dz(t) Z CZ,k(t)<6Z 0/w) o (8) P p=(t)+k—1 fwx/ﬁz’(%

gg’(t)<x> = = F( ( )+ k‘) €

and D,(t), .k, p-(t) and B, are obtained by replacing fx with £, in the definitions of D(t), (x,
p(t) and [y, respectively.

Finally, we obtain

:/0 /L 9y () (¥)gy1,5(w) dy dw

00 —pz(t)— 2 (6)+k+6

Cr(t)Bh D= oo _ x \”

=D, (t)"° : : / gP=OFR=1 | dz
O X B w50 e 7o

:Dz<t> (52707)6 i B(p C(zél)c(_?k 5) /LOO xpz(t)‘i’k*l (52707 + x)pz(t)—i-k-i—d dI, (22>
k=0 PPz ;

where B(xz,y) denotes the function beta given by

B(z,y) =

and I'(-) denotes the gamma function.

11



4 Maintenance Policies

In the reliability literature, there are many models describing the effectiveness of a maintenance
activity. Such models include modification of intensity models (Doyen & Gaudoin, 2004; Wu, 2019),
reduction of age models (Kijima, Morimura, & Suzuki, 1988; Doyen & Gaudoin, 2004; Wu, 2019),
geometric processes (Lam, 1988; Wu & Wang, 2017; Wu, 2018), etc. For a system like a section of
pavement, maintenance may remove all of the defects, the degradation processes of the defects may
therefore stop. After maintenance, new defects may develop in a faster manner than before. The
effectiveness of such maintenance may be modelled by the geometric process.

The geometric process describes a process in which the lifetime of a system becomes shorter after
each maintenance. Its definition is given by Lam (1988), and it is shown below.

Definition 1 (Lam, 1988) Given a sequence of non-negative random variables {X;,j =1,2,...}, if

they are independent and the cdf of X; is given by F(a?~txz) for j = 1,2,..., where a is a positive

constant, then {X;,j =1,2,---} is called a geometric process (GP).

The parameter a in the GP plays an important role. The lifetime described by F'(a’~'z) with a larger

a is shorter than that described by F(a’~'z) with a smaller @ with j =1,2,.. ..

e If a > 1, then {Xj,j =1,2,---} is stochastically decreasing.

o If a <1, then {Xj,j =1,2,---} is stochastically increasing.

o If a =1, then {Xj;,j=1,2,---} is a renewal process.

o If {X;,7=1,2,...}is a GP and X; follows the gamma distribution, then the shape parameter

of Xj for j =2,3,... remains the same as that of X; but its scale parameter changes.

GP has been used extensively in the reliability literature to implement the effect of imperfect repairs

on a repairable system (see Castro and Pérez-Océn (2006) and Wang and Zhang (2013), among

others).

In addition to the assumptions listed in Section 2, we make the following assumptions.

A8). Immediately after a repair, the system resets its age to 0, at which there are no defects in the
system.

A9). The initiation of the defects after the j-th imperfect repair follows a homogeneous Poisson
process with parameters \/a;(T)'~! with a,(T") > 0 and a;(T) being a non-decreasing function
inT for j=1,2,....

A10). After the j-th repair and after the arrival of the k-th defect, the k-th defect grows according to
a gamma process with shape parameter a4 () and scale parameter ay(T)7 713, with ao(T)(> 0)
being ay(7T') an increasing function in 7" for j = 1,2, .. ..

All). Each inspection implies a cost of ¢; monetary units, ¢, corresponds to the variable cost of
repairing the k-th defect with degradation level equals to y and cyj corresponds to the fixed
cost of repairing the k-th defect. Furthermore, if in an inspection time the “overall degradation”

of the system given by (23) exceeds the threshold L, an additional cost of ¢ monetary units is

12



incurred. The cost of the replacement at time NT' is equal to cg.
We explain assumptions A9) and A10), respectively, in the following.
e Assumption A9) implies that the defect arrival rate relates to the inspection interval 7', which
reflects the case that a;(7") becomes bigger and the system tends to deteriorate faster for large
T than for small T'.
e Assumption A10) implies that the degradation rate increases with the number of imperfect
repairs performed on the system. We denote by {Y}*(t),t > O} the “overall” degradation of the

maintained system after the j-th repair, and denote
Vi) = Y bXi(t), 0<t<T. (23)
k=1

where { X}, ;(t),t > 0} stands for a gamma process with parameters ay, and Sras(7)~. Similar
to the derivation process shown in previous section, we can compute the first hitting time to
exceed the threshold L for the process (23) following the same reasoning as in (6) replacing [
by Bra(T)?~1. That is,

aj(:j) = inf{t >0:Y/(t) > L},
and we denote by F the distribution of O'(Lj) .

The problem is to determine the time between inspections and the number of inspections that
minimise an objective cost function. The optimisation problem is formulated in terms of the expected
cost rate per unit time.

By a replacement cycle, we mean the time between two successive replacements of the system. In
this paper, the total replacement cycle is equal to NT. Let Qo(N,T) be the expected rate of the
total cost in a replacement cycle. Then we obtain

N n i—1
T =y 3o 2

(@),
CFfFUL (T)] +

<Cf,k + /OOO Cry f (y; an(T), Braz(T)' ™) dy>

CRr

ﬁv (24>

where f(y; ai(T), Braz(T)?71) is given by (2) and F (T)) is given by (9) replacing S by Braz(T) "

The expected variable cost per unit time in a replacement cycle is given by

vy = 1 S S I (D), sraalTy ) ay (29
j=1k=1

The optimization problem is formulated as

QO(Nopt; Top ) - NI:nll,gl, QO(N7 T) (26>

T>0

13



4.1 Special cases

In this section, we discuss Qo(NV,T") and C'V (N, T') under special cases of ¢y, a1(T"), az(T), and
ax(T), respectively.

4.1.1  Special cases of cy
Different scenarios can be envisaged depending on the variable cost function ¢y ,,.

o If ¢;,, = ¢, then the expected variable cost rate (25) in a renewal cycle is given by

(7)1
A

M=
M=

CV(N,T) = /OOO e f (y; an(T), Braa(T) 1) dy

o If ¢;, is directly proportional to the degradation level of the k-th defect in the inspection time,

that is, ¢, = ycg, then the expected variable cost (25) is equal to

CV(N,T) =N1TZZ O

j=1 k=1

~NT

o If ¢, is directly proportional to the square of the degradation level of the k-th defect in the
inspection time, that is, ¢,, = y*c. In this case, the repair cost may relate to the area of a
defect, see Van Noortwijk and Klatter (1999), for example. (25) is given by

CV(N,T) = NlT g} k}ijl al(j;)j_l /OOO ey’ f(y; an(T), Bras(T) ") dy
. i > Y (Var (X, (7)) + (B, (1))
_ NlT f; é ‘h(i)j_lck (B2n(T)ax(T)% 2 + By (T)?ax(T)%2)
o () ot i

k=1

4.1.2 Special cases of a1(T), az(T), and ay(T)
The analysis of the monotonicity of Qo(N,T) is quite tricky. To analyse it, some particular condi-

tions are imposed. We assume that ai(7) = ay, ax(T) = aq, ax(T) = ouT, and ¢y = yeg, Qo(N,T)
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given by (24) is then reduced to

N _ n
Qo(N,T) = ?I * JSTRT * (afa—1 1)Alzsz Z Crk (27)

(a1ay’ —1) &
>\N(CL16L2 —].

)(T).

UL

ANT

We suppose that N is constant and 7' is variable on (0,00). A necessary condition that a finite 7*

minimises Qo (N, 7)) given by (27) is that it satisfies

i\f: ( T)T — F(J)(T)) A N hzn: +
= CF “r AMar — 1) kzlcﬁk o

Next, we suppose that T is constant. Then a necessary condition that there exists a finite a unique
N* minimizing Qo (N, T') is that N* satisfies

QO(N + 17T) > QO(Na T)7

and
Qo(N,T) > Qo(N — 1,T).
We get that

1 " N —al) —aV +1
N+1,T) = Qo(N,T) =———
Qo(N +1,T) = Qo(N, T) )\T(al—l)kz::lcf’k N(N +1)

N+1, N+1
Skt cronBe N(ar "ay ™ — af'ay’) — afay +1

/\(a1a2 — 1) N(N + 1)
Cen SN FGTI(T) — e F)(T)
NN+1)T =" AN(N +1)T

Hence, for fixed T', Qo((N 4+ 1),T) — Qo(N,T) > 0 if and only if
cr < D(N,T),

where

" N(ad™ —al) —alV +1
1 ’ <a1—1>
]\f(ai\”rlaévJrl a¥ad) —aVad +1

/\(a1a2 — 1)

N ) ]
+ 5 (Sarmnm - rg).
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We get that, if a; > 2, then D(N,T) is non decreasing in N. Therefore, if
cr < D(l, T),

then cgp < D(N,T) for all N. We get that

a—1) & T(ajas — 1) & c
(ay >Zcf,k+<1;> ;ckakﬁkﬂL;(alFéi)(T)—Féi)(T)»

k=1

D(1,T) =

Hence, if a; > 2 and
1o
crp < (al ) Z Cf ks
A4

then Qo(N,T) is increasing in N.

An economic constraint is introduced in the optimisation problem formulated in (26) to limit the
variable cost in a replacement cycle. The introduction of constraints in the search of the optimal
maintenance strategy is not new in the literature. For example, Aven and Castro (2008) and Aven
and Castro (2009) introduced constraints related to the system safety in an optimisation problem. In
this paper, the constraint imposed in the optimisation is economic and it is related to the expected
variable cost imposing that this expected variables cost cannot exceed a threshold K.

Let €2 be the set of pairs (IV,7T) such that CV(N,T) < K, that is,

Q={(N,T): N=1,2,...,T > 0 subject to CV(N,T) < K}, (28)
and the optimisation problem is formulated in terms of the economic constraint as
Q4 (Topt, Nopt) = Inf {Qo(N,T) : (N, T) € Q}. (29)

To analyse the optimisation problem given by (29), the monotonicity of the function CV (N, T) is
studied.

4.2 Economic constraint analysis

We analyse the monotonicity of CV(N,T) in the two variables N and T" and assume that ¢, =
yf(y;ar(T), B) (i.e., variable cost proportional to the degradation level) and ao(7") > 1 and a,(T") > 1
for all T'.

Lemma 2 If o (T) is convex in T for all k with ay(0) =0 and o}, (0) < oo, then

e CV(N,T) is increasing in T for fized N, and

e CV(N,T) is increasing in N for fixed T.
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Proof. The expected variable cost rate is given by

CV(N,T) = ]i[ (Zn: Ckﬁka];(T)/T) (Z_: (al(T)ag(T))j)

k=1

1 (ay(T)ax(T))N —1 (X erBran(T))T
"N a(T)ax(T) -1 (Z - ’; >

(30)
k=1
The function a(7T)/T is increasing in T as consequence of the convexity of a(7T') along with ay,(0) =
0 and o,(0) < oo. On the one hand, since a;(7T") and as(7T) are increasing in 7', CV (N, T') is increasing
in T'. On the other hand, the function

N—

1
N )

:1

>_¢

.

is increasing in /N since

im0 ((a1(T)as(T))N — (ar(T)az(T)))

9N +1) = g(N) = NV D ,

and ay(T)ay(T) > 1, hence CV (N, T) is increasing in N. This establishes Lemma 2. |

The first consequence of Lemma 2 is that the condition

12 . (093 (T)
nglckﬁk T30 T S K7 (31>
has to be imposed. If inequality (31) is not fulfilled, then 2 = (). On the other hand, if

lim lim CV(N,T) <K, (32)

T—o00 N—oo

then Q = {T >0, N =1,2,...}, and the optimisation problem in (29) is reduced to the optimisation
problem in (26). Hence, to deal with the optimisation problem with constraints, we assume that the

following inequality

Xz_:lckﬁkilg% T <K< hm lim CV(N,T), (33)

T—o00 N—oo

is fulfilled. If (33) is fulfilled, we denote
N, = inf{N: lim CV(N,T) > K},
T—o0

and
Ny = inf{N : lim CV/(N,T) > K} .
T—0
We obtain that N; < N,.
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If N* is fixed such that N; < N* < N,, we denote T as the root of the equation
CV(N*,Ty) = K,
and the set €2 given in (28) is therefore equal to

Q:{(N,T)N:1,2,,Nl—l}U{(N,T)N:NI,N1+1,,Ng—l,TST;[} (34)

5 Discussion

Below we discuss the assumption of the degradation processes, the random environment, and the
effectiveness of repair.

Degradation process. The preceding sections assume that Xj(t) follows the gamma process. Cer-
tainly, one may choose the degradation process of Xj(t) based on the real applications: for
example, in the case of the example investigated in this paper, the propagation process of a
fatigue crack evolves monotonically only in one direction, the gamma process is a good choice.
Methodologically, however, X (¢) may be assumed to follow any other process, such as the
Wiener process (Sun et al., 2018), the inverse Gaussian process (Chen et al., 2015) and the
Ornstein-Uhlenbeck process (Deng et al., 2016). The probability distribution of >-}_; X () can
be easily derived if X (t)(k = 1,2, ...,n) follow Wiener processes. In some case, a closed form of
the distribution of Y-}_; Xx(#) may not be easily found and therefore numerical methods may
be pursued.

One may also assume that Xj(¢) may follow different degradation processes, for example, on
different k’s, some X (t)’s follow gamma processes and others follow Wiener processes.

Incorporation of dynamic environments. The system considered in this paper is operated under a
random environment. In addition to the method that incorporate the random environment with
the random effect method, one may also use other methods, for example, one may consider the ef-
fect of the dynamic environment on the system as external shocks using Poisson processes (Yang,
Zhao, Peng, & Ma, 2018), or as other stochastic processes, including continuous-time Markov
chain process (Bian, Gebraeel, & Kharoufeh, 2015), and Semi-Markov process (Kharoufeh, Solo,
& Ulukus, 2010). The reader is referred to Peng, Hong, and Ye (2017) for a discussion in detail.

Imperfect repair. In this paper, we consider the effectiveness of repair as imperfect. The justifica-
tion is as follows. If we consider a pavement network, all defects, such as fatigue cracking and
pavement deformation, disappear after repair. This does not suggest the pavement network is
repaired as good as new (i.e., perfect repair) or as bad as old (i.e., minimal repair). Instead,
it is more reasonable to assume that the repair is imperfect. In the literature, many methods

that model the effectiveness of imperfect maintenance have been developed (see the Introduc-
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tion section in Wu (2019)). For simplicity, this paper uses the geometric process introduced in
Lam (1988). Of course, one may other models such as the age-modification models (Kijima et
al., 1988; Doyen & Gaudoin, 2004), under which the optimisation process becomes much more

complicated.

6 Numerical examples

We consider a system subject to three different defects, all of which start at random times, following
a homogeneous Poisson process with rate A = 1 defects per unit time. The degradation process of
the three defects is modelled using a nonhomogeneous gamma processes with shape parameters
ap(t) = apt® with & =2, a1 = 1, as = 1, a3 = 1 and scale parameters 8; = 1, 3, = 2 and 33 = 3,
respectively. The random effect wy is modelled with w = wy ', where w follows a gamma distribution
Gamma(1,2).

The overall degradation process of the system Y is a combination linear of the three processes
Y =0.2X; +0.7Xe + 0.4X5,

and we assume that the system fails when the degradation level of Y exceeds the failure threshold
L = 20. Imperfect repairs are performed on the system every 7' time units and the effect of these
imperfect repairs is modelled by a geometric process with parameters a;(7") = 1.1(1.2—0.2 exp(—T1)))
for the time between arrivals and ay(7T) = 1.15(1.2 — 0.2exp(—T")) for the effect of the imperfect
repairs on the degradation rate of the defects. Each inspection involves a cost of ¢; = 0.05 monetary
units. Each repair involves a fixed cost of cf; = 2 monetary units for the first defect, cso = 2
monetary units for the second defect and c;3 = 2 monetary units for the third defect. Each repair
involves also a variable cost depending on the degradation of the defect. The variable cost is given by
Cly = 1Y, 2y = Ty and c3, = 7y on the three defects, respectively, where y denotes the degradation
of the defect in the time of the repair. If the overall degradation of the system exceeds L = 20 in
the repair time, an additional cost of ¢y = 100 monetary units is incurred. A complete replacement
of the system by a new one is performed at the time of the N-th imperfect repair with a cost of
cr = 1000 monetary units.

Figure 2 shows the expected cost per unit time QQo(NV,T") versus N and T'. This graphic is obtained
by simulation with 10 values for T from 1 to 7, N from 1 to 2 and 3000 simulations in each point.

By inspection, the minimal value of Qy(NV,T') are obtained for T,,; = 1.9474 and N,,x = 3 with and
optimal expected cost rate of Qo(Nopt, Topt) = 332.6066 monetary units per unit time. The economic

safety constraint is introduced in this problem and it is dependent on the variable cost given by

CV(N,T) = ;N ki cean BT Z_o (a1(T)as(T))’. (35)
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Fig. 2. Expected cost Qo(N,T') versus N and 7.
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Fig. 3. Variable cost CV(N,T) versus N and 7.

For fixed N, the function given by (35) is non-decreasing in 7'. For fixed T', we get that

" e BT V=L ((a1(T)ag(T))N — ay(T)aa(T)?
CV(N+1,T) - CV(N,T) =Y )\BTZ(( (T) (1\32N+1)() ())7

k=1 j=0

is positive. Figure 3 shows the economic safety constraint versus 7" and N. As we visually can check,
the variable cost is non-decreasing in N for fixed T" and non-decreasing in 7" for fixed N.
We assume that the variable cost cannot exceed the threshold K = 130 monetary units, that is,

the optimization of Q(N,T") given by (24) is performed on the set 2y, where
Q; ={(N,T) such that CV(N,T) < 130}.
Inequality (33) is fulfilled since

lim CV(1,T) = hm chﬁkakT&“ 1=,

T—0
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and, therefore, limy_o CV(1,T) < K, and

lim lim CV(N,T) = oo,

N—oo T—oo

hence inequality (33) is fulfilled.
Figure 4 shows the value of CV (N, T) for N < 10. The set of the points €2 that fulfils the economic

200
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§, 100 —N=2
——N=4
© ——N=5
——N=6
1)) — N=7
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N=10
N=3
0 ‘
0 1 2 3 4 5

Fig. 4. Variable cost CV(N,T') versus T’

constraint is given by
O ={(N,T),N>1;, T<Tx},

where T3 is the root of CV(N,T) = K.

The point in which the global minimum is obtained in the unconstrained problem (that is, T, =
1.9474 and N, = 3) presents a variable cost equals to CV (N, Tppr) = 147.8725 monetary units
per unit time what it implies that it is not an optimal solution for the constrained problem.

Figure 5 shows the values for the expected cost rate Qo(N,T) for T' < Ty, that is, the expected
cost rate Qo(N,T') in the subset 2. The minimum of these function is reached at point N,,; = 4 and

Topr = 1.1137 with an expected cost rate equals to Qo(Lpt, Nopt) = 344.4153 monetary units per unit

time.
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Fig. 5. Expected cost rate Qo(N,T') versus T in
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7 Discussion
This paper discussed the scenario where a linear combination of degradation processes was studied.
7.1 Rethinking of the assumptions

The above sections assumes the defect inter-occurrence times to be exchangeable and to exhibit
the lack of memory property. Nevertheless, both properties may be violated in the real world. If so,
one may assume that the defect inter-occurrence times follow a non-homogeneous Poisson process,

for example.
7.2 A r-out-of-n case

In Section 3.2, we discussed the case when the sum of the deterioration levels is monitored.
In practice, another scenario may be to monitor r-out-of-n deterioration processes. That is, if k-
out-of-n deterioration levels are greater than their pre-specified thresholds, respectively, mainte-
nance needs performing. Denote Y{1)(t), Y(3)(t), ..., Yn)(t) as by sorting the values (realisations) of
Yi(t), Ya(t), ..., Yu(t) in increasing order. For simplicity, we assume that Y (¢) are i.i.d for k =1,2,...,n
with cdf F(z, «(t),b™" ). The cumulative distribution function of Y{,(t) is given by

n

Gy, mW) =1->

k=r

n!

=yt Pl al), b7 B (F (y, alt), b7 )" (36)

First hitting time 77,. Let T, = inf(t > 0 : Y(;)(t) > L2). Then the distribution of the first

passage time 717, is given by

Fr, (t)=P
P

TL2 < t)
Yin(t) > Lo)

(1 F(Lya(t), b B)(F (L a(t), b7 8))

(
(

Il
M=

(n—r)lr!

T

r

where b, > 0 for all k.

8 Conclusions

This paper investigated the scenario where a system needs maintenance if a linear combination of
the degradation processes exceeds a pre-specified threshold. It derived the probability distribution
of the first hitting time and the process of repair cost. The paper then considered the degradation
processes that are affected by random effect and covariates. Imperfect repair is conducted when the

combined process exceeds a pre-specified threshold, where the imperfect repair is modelled with a
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geometric process. The system is replaced once the number of its repair reaches a given number.
Numerical examples were given to illustrate the maintenance policies derived in the paper.
As our future work, we may investigate the case that a system needs maintenance if k& out of n

degradation processes exceeds a pre-specified threshold.
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