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ABSTRACT In this paper, we investigate an imperfect maintenance optimization problem for a multi-
state, Markovian deterioration system with obvious failures under repair restriction based on those non-
periodically collected sensor information. Our aim is to adaptively schedule observations and other
maintenance actions with taking imperfect maintenance effect into consideration. Different from most
existing works, imperfect maintenance here means that repair action can not only restore the system to a less
deteriorated level instead of the good-as-new state but also accelerate the deterioration process so that the
system can be repaired only a limited number of times before it must be replaced with a new one. Assuming
that the system’s deterioration state evolves as a discrete-time Markov chain with a finite state space, and
then choosing the information state together with the number of completed repair times as state variable,
we formulate the problem as a Markov decision process over an infinite time horizon. In order to increase
the computational efficiency, several key structural properties are developed by minimizing the long-run
average cost per unit time. Then, special algorithms are proposed to find the optimal maintenance policies.
Finally, a numerical example is given to illustrate the effectiveness of the proposed algorithms.

INDEX TERMS Condition-based maintenance, deteriorating system, imperfect maintenance, Markov

decision process, repair restriction.

I. INTRODUCTION
Most complex engineering systems are always subject to
deterioration due to their age and everyday operations, and
eventually fail unless some intervention is taken. As a useful
approach, maintenance has been introduced to keep the sys-
tem reliability above a satisfactory level. Maintenance opti-
mization mainly focuses on finding an optimal maintenance
policy to make the balance between the costs and benefits
of performing the maintenance actions on the complex sys-
tem subject to performance degradation. In the past decades,
maintenance policies for repairable systems have been exten-
sively studied, e.g. [1]-[6] and the references therein.

As an efficient maintenance approach, condition-based
maintenance (CBM) utilizes the information gathered
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through condition monitoring to recommend appropriate
maintenance actions, and has captured more and more peo-
ple’s attention. Jardin et al. [3] summarized those work about
CBM appearing before 2006. However, research in this area
still grows rapidly. A large amount of papers associated with
CBM have appeared during the past several years [7]-[10].
In the area of CBM, several important aspects should be
carefully examined. One is the cost associated with collecting
the condition information used for decision making. Most
works on CBM consider that information can be periodically
obtained based on the assumption that the sampling cost can
be neglected, e.g. [7]-[9], [11], [12]. However, in many real
applications, the deterioration state is very expensive or hard
to collect. Hence, it is necessary to determine when to collect
the condition information and how to utilize that information
to make the optimal maintenance policy together. Another
important aspect is whether the obtained information is
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perfect or not. Perfect information can exactly reveal the true
state of the system, while the imperfect information is only
stochastically related to the underlying state. Therefore, it is
very interesting to study the problem of joint optimization
of sampling and maintenance with imperfect information.
As early as in 1968, Eckles [13] studied partially observable
systems with imperfect information under a very general
setting. Other classical works include [14], [15]. However,
few structural properties have been reported in these papers.
Fortunately, Maillart [16], [17] considered maintenance sys-
tems with perfect and imperfect information and developed
structural properties for perfect information which is then
used to motivate heuristic policies for the information case.
Recently, Kim and Makis [18] studied the similar problem
with the main difference in that the system state process was
modelled in continuous time. They proved that the optimal
maintenance policy could be represented as a control chart
with three critical thresholds. In addition, maintenance effect
is also an important aspect which should be carefully con-
sidered in CBM. Maintenance effect has been considered
in many papers, e.g. [19]-[21]. Imperfect maintenance here
means that repair action can only restore the system to a less
deteriorated level instead of the good-as-new state (Imperfect
maintenance 1, IM1), or that the system can be repaired
only a limited number of times before they must be replaced
with a new one due to physical, safety, technological and/or
economical restrictions (Imperfect maintenance 2, IM2). The
former case can be easily understood and has been studied
by many researchers. While the latter case means that a
system subject to IM2 becomes more prone to deterioration as
the number of performed repair actions increases [22]-[25].
And such case can also be found in many engineering and
service applications [11]. For example, aircraft engine turbine
blades always suffer from degradation of fatigue strength
for the reason that they operate at high temperatures and
experience centrifugal stresses. They can be reworked only
a limited number of times followed by a replacement action
to ensure flight safety. As such, Kurt ef al. [11] studied the
maintenance problem for a Markovian deteriorating system
based on IM2. They formulated the problem as an infinite-
horizon Markov decision process, and derived key structural
properties of the optimal cost function to develop a more
efficient computational algorithm. But the system considered
in [11] is periodically inspected and completely observable.
Therefore, in this paper we try to combine the first and
last aspects together into one maintenance model. Specially,
we study the imperfect maintenance decision problem for a
multi-state system with non-periodical perfect observations
under the constraint that only a limited number of imper-
fect preventive repair actions can be performed between two
successive preventive replacements. That is, both IM1 and
IM2 are considered in this paper. As far as we know,
there exist few works on the above-mentioned problem.
Fan et al. [25] considered the similar problem of optimally
maintaining a multi-state system only based on IM2, and
no observation was used to make the maintenance decision.
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Chen et al. [28] improved the work in [25] through taking
IM1 into consideration. However, IM1 was only considered
in maintenance modelling. The structural properties were
obtained still based on perfect maintenance. Hence, our work
can be viewed as an extension of the works of [25], [28].

The remainder is organized as follows. The next section
formulates the problem and constructs the optimality equa-
tions. In Section 3 we analyze the structural properties of
the optimal value function based on which an algorithm to
determine the optimal maintenance policies is developed in
Section 4. A numerical example is then given to show the
effectiveness of the proposed algorithm. The last section
draws up our conclusions and shows the future work.

Il. MODEL DESCRIPTION AND FORMULATION

In this paper, a repairable system subject to continuous dete-
rioration in time is considered. In order to keep the system
health, maintenance decisions are made at discrete equidis-
tant times t, = nA, where n € Ny = N U {0} and A is the
decision interval. The system deterioration at #, is character-
ized by a random variable X;, = X(#,) whose value should
be chosen from the set S = {1, ..., m + 1} with a natural
order on its elements. That is, the numbers are arranged in
order of increasing deterioration level. Level 1 denotes the
best health condition meaning that the system is as good as
new, m denotes the most deteriorated condition, and m + 1
shows that the system has failed. Furthermore, {X,, n € Ny}
is assumed to be a discrete time Markov chain (DTMC)
on the state space S. Although X;, can describe the system
deterioration condition, its realization, i.e. the system true
deterioration state, can’t always be obtained at #,, except when
the observation action is performed on the system. Therefore,
information state # = [m, w2, -+ , Tpt1] € 2 is adopted
to describe the belief over the actual deteriorated condition,
where Q = {x : 'ﬁ m; = 1} and m; represents the
probablhty that the system is now in the deterioration level i,

i = 1,...,m + 1. Since the system failure is obvious,
there exist 1 = O if the system is still working, oth-
erwise, m+1 = 1. As mentioned in the previous section,

the system in this paper is subject to IM2, that is, it can
only be repaired for a limited number of times, which means
that each repair action will affect the deterioration process,
thus it is reasonable to assume that the transition probability
matrix is influnced by completed repair times. Furthermore,
letPy = [pl]](m+1)x(m+1) denote transition probablhty matrix
when the system has been repaired k times, where p is one-
step transition probability from deterioration state i to Js pl
P{X,+1 =jlX, =i, N(t,) = k}. Here, N(¢) is the number of
performed repairs up to time ¢ and satisfies 0 < N(¢) < K,
where K is the maximal number of available repairs. For
simplification, let £ = {0, 1, ..., K} and K’ = K\{K}.

At the beginning of each decision epoch, if N(r) € K,
there are three available maintenance actions: no action (NA),
taking an observation (OB), and preventive mainte-
nance (PM). However, the system cannot be repaired any
more after the Kth performed repair action, the available
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maintenance actions for N(t#) = K become NA, OB, and
preventive replacement (PR). It should be noted that the
OB action sometimes is so complicated that it cannot reveal
the true state immediately. Hence, in this paper we make
an assumption that only one action can be chosen at the
beginning of each decision epoch. In summary, given that
the current system information state is  and the system has
been repaired k times, the action space A(r, k) is

NA, OB, PM},
A, k) = { )
{NA, OB, PR},

fork e K';
fork =K.

The four actions are explained in detail as follows.

o NA: let the system continue to operate without any
intervention. If this action is adopted, the system will
still be operable after the next transition with probability
Ri(m)=1— Z:": 1 n,-pffm i1 and the current information
state r will transit to state 7' (7, k) at the begining of the
next decision period. Particularly, the new information
state /(7 , k) can be obtained through

k
it Tipj;
Ry ()
0, j=m+1.

7Tj/(7[,k): s J=1L2,0m (1

But, if the system fails with probability 1 — R (i), it will
be replaced with a new one at cost ¢y, and then the new
information state is e+, wheree; = [0, ..., 1,...,0]
is an (m + 1) x 1 dimensional row vector with a 1 in the
i-th position, and 0 elsewhere.

o PM: preventively maintain the system at cost cpp.
PM action is imperfect in the sense that it can only
restore the system to a less deteriorated level j,j < i
with probability g;; if the current deterioration level is i,
where Z}:l g; = 1,0 < gj < 1,qg1 = 0,i <
Il <m+1,i € & = S8\ {m+ 1}. Since the failure
is obvious and each failure replacement will restore
the system to the level 1, we define ¢(,4+1y1 = 1 and
qm+1) = 0,j € &' The matrix Q = [gijlmn+1)xm+1)
is called maintenance effect matrix in this paper. Thus,
after PM, the current system deterioration state becomes
JG = 1,...,m) with probability } " 7;q; based on
the assumption that the PM action is performed instan-
taneously, and then the information state at the cur-
rent time becomes [7{(x, k), ..., 7, (, k), 0], where
nj/(n', k) = Zf":j migij,j = 1,2,..., m. As mentioned
previously, the PM action can be considered only when
keKk'.

« PR:restore the system deterioration condition to the best
level 1 with negligible time at cost ¢y (cpm < Cpr <
¢fr < 00). After PR, the information state at the current
time becomes e . This action can be available only when
k=K.

« OB: evaluate the exact deterioration level at cost ¢, (c, +
¢pr < cfr). After OB, the true deterioration state can be
obtained, and the information state becomes e;.
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Considering that OB actions are performed non-
periodically, we can formulate the maintenance problem
as a partially observed Markov decision process (POMDP)
model. However, through introducing an ordered pair
(m,k) € Q x K as the state of the decision process,
the problem can then be reformulated as a Markov decision
process (MDP) model. At first, we consider the maintenance
problem over a finite time horizon. Let V, (i, k) denote the
expected total cost over the remaining n decision periods
when the system has been repaired k times and the current
information state is & € 2. In this paper, we consider main-
tenance decisions are made frequently, hence the discount
rate is approximately equal to 1. Therefore, the optimality
equation can be written as

Vu(m, k) = min{NA,(x, k), PX,(x, k), OB, (x,k)} (2)
where

NAp(m, k) = (¢cfr + Va—1(e1, 0)(1 — Ri (7))

+ Vn—l(n/(nv k)v k)Rk(n)’ k € IC! (3)
m
OBu(m. k) = co+ »_miValei k). keK, )
i=1
PMy(r, k), k ek,
PX,(m. k) = (ER e )
PR,(m, k), k=K,
PMy(, k) = cpm+ Y i »_qiiVale k+1),  (6)
i=1 =1
PR,(m, K) = ¢pr + Viler, 0). ©)

Eq. (3) represents the expected cost incurred by NA. The
first term in right hand side (r.h.s.) of Eq. (3) is the cost
incurred when a failure happens with probability 1 — Ry (r).
Since the failure replacement action makes the state of MDP
revert to (e, 0), the failure associated cost is calculated
through adding failure replacement cost ¢y to the cost-to-go
during the remaining n— 1 periods V,,_1(e1, 0). While the sec-
ond term in r.h.s. of Eq. (3) is the cost incurred when the
system is still operable with probability Ry (i) at the begining
of the next decision period. In this case, the information state
is updated to 7’ (r, k), and the number of completed repairs is
still equal to k. Therefore, the new state of the MDP becomes
(' (, k), k), and the cost-to-go during the remaining n — 1
periodsis V,_1(x/(x, k), k). Eq. (4) shows that OB will cause
observation cost ¢, as well as the cost-to-go associated with
starting in the state revealed through perfect observation.
Eq. (6) calculates the expected cost incurred by PM. The
first term in r.h.s. of Eq. (6) is the instantaneous cost cpy,
while the second term is the cost-to-go during the remaining n
periods. As previously mentioned, the information state after
PM becomes e; with probability m;g;, i = 1,...,m,j =
1,...,i, and the number of performed PM action increases
by 1, thus the updated state of the MDP becomes (¢;, k + 1)
with probability m;g;;, based on which the second term in
r.h.s. of Eq. (6) can be obtained. Finally, Eq. (7) reflects the
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fact that PR incurs cost ¢y, plus the cost-to-go associated with
starting in the state (e, 0).

Because both failure replacement and preventive replace-
ment can renew the system, it is possible that the model is
unichain [17]. Hence, for each (x, k) € Q x I, according to
the theory of MDP [29], there exists the following equation

lim V,(x, k) =ng+ b(x, k) ®)
n—od
where g is the minimum expected cost per unit time, and
b(m, k) is the relative cost of starting in state (&, k) under the

optimal policy. Thus, making » in Eq. (2) tend to infinity, and
then using Eq. (8), we can have

b(r, k) = min{bya(r, k), bpx (, k), bop(w, k)}  (9)
where

bna(r, k)=(csr + b(er, 0)(1 — Ri(rr))

+b(x'(m, k), K)Re(t) — g, k€K, (10)
m
bos(m. ky=c, + Y _mible; k). k € K, (11)
i=1
bpu(m, k), kelk,
bpx(m, k)= 12
px (7T, k) bpr(r. k). k = K. (12)
m i
bpu (. K)=cpm + Y 7 Y _ qiblej. k + 1), (13)
=1 j=1
bpr(T, K)=cpr + ble1, 0). (14)

After constructing the above optimality equation, the
remaining work is to solve it. If the state space is finite,
traditional policy or value iteration algorithm can be adopted
to obtain the optimal maintenance policy [29]. However,
in this paper, belief state space 2 is continuous and infinite.
In order to overcome the difficulty, the concept of sample
path is introduced at first. Suppose that the system initial
belief state is & and then goes without any intervention, all
the information states it would occupy will form a sequence
of information states over time which is called a sample path
emating from x. Assuming that the system has been repaired
k times, let Q% = {m,n7,..., mhoo } denote the sample
path emanating from & where nf( = n’(nf(_],k),l > 2,
and n,l{ = x. In addition, if the Markov chain is acyclic,
the sample path converges to the absorbing state which is
defined as né", where L; = min Ll; ||]l’5(+1 — ni || < et with
any & > 0 [17]. In this paper, both perfect OB and imperfect
PM only can make the process restarting from state e;, i =
1, ..., m. Furthermore, we assume the deterioration state at
time O is known. That is, initial information state is one of
the states eq, ..., e,. Hence, we can confine the belief state
space t0 (V) = U, cy rex 25 which is finite, where W =
{e1, ..., ey} After approximating Q as Q'(¥), traditional
policy or value iteration algorithm can be directly applied for
solving the optimality equation. However, in order to develop
a more efficient and effective algorithm, it is still meaningful
to derive some key structural properties which is discussed in
the next section.
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IlIl. STRUCTURAL RESULTS

In this section, we establish several structural properties of
the optimal value function to reduce the computation time
cost in solving Eq. (9). At first, some useful definitions are
introduced. After that, several preliminary results are given
to provide the basis for deriving useful structural properties
of the optimal value function.

A. PRELIMINARY RESULTS AND MAIN ASSUMPTIONS
Although the following definitions are widely used in
POMDP related literature, e.g. [17], [26]-[28], [30], we still
introduce them here to keep the integrity of the paper.
At first, we give two definitions about how to compare two
information states.

Definition 1: The information state 7 is stochastically less
than the information state 7, denoted as @ <g 7, if and only
I i < )iy Aiforalll.

Definition 2: The information state  is less in likelihood
than the information state 7, denoted as & < &, if w;7; >
w7 for all j > i.

Both of the above two definitions mean that if one infor-
mation state is stochastically less than another one, then the
system in the smaller information state is less deteriorated.
But, the condition of Definition 2 is more stringent than
that of Definition 1. Next, two definitions on the probability
transition matrix P are also provided.

Definition 3: A probability transition matrix P has an
Increasing Failure Rate (IFR) if ijlp,-,j < ijlp,v’j for
i <i andVl.

Definition 4: A probability transition matrix P is Totally
Positive of order 2 (TP2) if pypiy > pijpiy, Yi' > i, > J.

The condition of definition 3 implies that the system is
more prone to deteriorate further and fail when the system
is now in the stochastically larger information state. Defi-
nition 4 implies the same meaning, but in a stronger sense,
which is illustrated in the following proposition.

Proposition 1 [30]: (a) If T < T, then T <g 7. (b) If P
is TP2, P is IFR.

To proceed the discussion, we make the following three
assumptions about the probability transition matrix Py based
on the above definitions.

Assumption 1: Py is TP2. That is, p{f: < pjl.": fori < j,
where pff . denotes the ith row vector of Py with k € K.

Assumption 2: If ky < kp, then pi}' > pz.z forj < i, while
forj > i, pg.l < pg?, and furthermore pﬁ{ <ir pfz wherei € S
and k 1, k2 c K.

Assumption 3: q;, . <y ¢, . holds for iy < i, where g, .
and g;, . denote the i;th row vector and the izth row vector of
Q respectively, i1, ip € S'.

Assumption 1 shows that the system in larger deterioration
level j is more prone to deteriorate further than the one in
smaller deterioration level i (i < j) when the they have
the same cumulative completed repairs. Like Assumption 1,
Assumption 2 implies that, given two systems in the same
deterioration level, the system with more completed repair
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times is more likely to get worse than the other one with
less completed repair times. Assumption 3 relates the mainte-
nance effect with the system’s deterioration level. After main-
tenance action, the system at smaller deterioration level i is
more likely to become less deteriorated than the other. That is,
the larger the system deterioration level is, the harder people
can repair it.

Before providing our results, we introduce another
well-known result in the following proposition.

Proposition 2 [31]: For any column vector v such that
Vi <Vvixl, Vi, if T <y T, then Ty < 7.

According to the above Proposition 2, we can obtain the
results about the reliability of the system.

Proposition 3: (a) Suppose Assumption 1 is satisfied.
If Tt <y 7, then Ry () > Ry (7) for allk € K. (b) If Assump-
tion 2 is satisfied, then Ry (1) is non-increasing in k € K for
V€ Q.

Proof: The proof of part (a) is similar to that in [17].
We focus on the proof of part (b). According to Assumption 2,
wehavep}! | <pi2 . forki <kyandi=1,2,...,m+1.
Then,

m m
k k
Ry () =1-— E TP = 1 — E TP i1 = Rip (1),
i=1 =1

which implies that Ry () is non-increasing in k € . ]

Proposition 3 is consistent with our intuition in that a less
deteriorated system has a higher reliability and the system
repaired more times has the lower ability to perform the
required functions.

Proposition 4: (a) If Assumption 1 is satisfied, then for
T <y 7w, 1w (m, k) <, w' (L, k) forall k € K. (b) If Assump-
tions 1 and 2 are both satisfied, then w'(x, ki) < ©'(7, ko)
fork) <kyandm € Q.

Proof: The proof of the case when k is fixed is the same
as that of Proposition 4 in [17] and omitted here. More atten-
tion is paid on proving part (b). For k| < k> and [/ > i, accord-
: : ki k> k>
ing to Assumptions 1 and 2, we have p;. <i p;. <ir Py’

which implies that pg.‘ p]l;?, > pi;.} p];jz forj > j.
Hence,
m m
0< 3> mmplrg — rip)

i=1 I=1
m m m

m
=" wmplpg = Y Yy p)

i=1 I=1 i=1 I=1
m m m m
_ ky ko ky ko
=Y mpy Y mpg— ) mpy Y mpy)
i=1 =1 =1 =1

Since the failure is obvious, the reliability of the system in
service is not equal to 0, i.e. Ry, (r) # 0 and Ry, () # 0.
Then we have

K K K K
- Dl TPy D ”lpzﬁ 2 Tipy 2 mpyf
B Ry ()R, () Ry, ()R, ()

= mj(n, k) (., ko) — 7 (k)i (w, ko),
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which means that ’(x, k1) < &'(w, ky) for k; < ko and
m e Q. [ |

This proposition shows that the <;.-ordered information
states retain their order after the state transition.

According to Proposition 4, a sample path emanating from
any state has the following property for & <; w’'(r, k).

Proposition 5: Suppose Assumptions I and 2 are both sat-
isfied. If ® <j w'(m k) for Vm € Q, then w = m} <

- < né" holds for the sample path starting from the
information state &t € Q.

The proof of this proposition can be easily obtained accord-
ing to part (a) of Proposition 4 and is omitted here.

Lemma 1: Suppose Assumptions I and 3 are satisfied. (a)
b(m, K) is nondecreasing in <. (b) If bley, k) < cp +
b(e1, 0), then b(w, k) is nondecreasing in <y for any fixed
kek.

Proof: In the following, the proofs of part (a) and part (b)
are provided together. From Eq. (8), we know that b(x, k)
can be obtained by taking the limits of V, (&, k). Hence,
it is sufficient to show that V, (&, k) is nondecreasing in <j,
forall n = 1,2,... and k € K. Furthermore, since the
minimum of nondecreasing functions is still nodecreasing,
it suffices to show that NA,(x, k), PX,(x, k) and OB, (x, k)
are nondecreasing in <, foralln = 1,2,...and k € K,
which is achieved through the induction method. Without loss
of generality, we firstly suppose that Vy(x, k) = 0 for all
€ Q, k € K. Next, as the induction hypothesis, assume that
Vu—1(x, k) is nondecreasing in <, for all fixed k € IC. Our
aim is to show V,,(r, k) is also nondecreasing in <;,.. Firstly,
the monotonicity of NA,(r, k) in & is discussed. Suppose
w1 <5 wo. If kK = K, then according to Proposition 3 and
Proposition 4, there exists

NA, (1, k) = (¢ + Vi—1(e1, 0))(1 — Ri(m 1))

+ Va1 (' (1, k), k)R (1)

< (¢fr + Vu—1(e1, 0))(1 — Ry (7w 1))
+ Va1 (' (w2, k), k)R (1 1) (15)

= (¢fr + Va—1(e1,0) + (Vi1 (' (2, k), k)
—¢fr — Vn—1(e1, 0)Ry (1)

< (¢ + Va-1(e1,0)) + (Vo1 (' (w2, k), k)
—¢fr — Vu—1(e1, 0)Ry ()

= (¢ + Vi—1(e1, 0)(1 — R (m2))
+ Va1 (2, k), k)R (7 2)

= NA, (>, k), (16)

which implies that NA, (rr, K) is nondecreasing in & . Inequal-
ity (15) follows from the induction hypothesis and Propo-
sition 4, and holds for all £ € K. Inequality (16) follows
from Proposition 3 and the fact that V,,_(x' (2, K), K) <
cpr + Vuo1(e1,0) < ¢ + Vy—1(e1, 0). However, for k € K,
according to the induction hypothesis, V,—1(x'(72, k), k) <
Vu—1(em, k). Hence, if V,_1(em, k) < cp + Vi—i(er,0),
then we have V,_1(n'(m2, k), k) < cp + Viu—i(er,0)
which makes inequality (16) holds. Thus, NA,(r,k) is
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nondecreasing in & for any fixed k € K’ if V,_1(e;, k) <
¢fr + Vp—1(e1,0). Secondly, we examine the monotonic-
ity of PX,(m, k). Obviously, PR,(x,K) is constant and
nondecreasing in m. Hence, we only needs to study the
monotonicity of PM,(x, k), k € K'. To begin with, we study
the monotonicity of V,(e;, K) in i. According to Eq. (4),
OB(ej, k) = co, + Vy(ei, k) > Vy,(e;, k) which implies
that V,(e;, k) = min{NA,(e;, k), PX,(e;, k)}. Since we have
already established that NA,(r, K) is nondecreasing in &
and PR, (x, K) is constant, it is clear that V,,(e;, K) is non-
decreasing in i. Then, according to the Proposition 2 and
Assumption 3, we can conclude that ZJ’": 19 Valej, K) <
> i1 4irjVn(ej, K) holds for ij < i>, which further implies
that PM,(x(,K — 1) < PM,(n>,K — 1) for m| < m>.
Thus, the value function V,(e;, K — 1) is nondecreasing in
iif Vy_1(em, K — 1) < c¢p + Vy—1(er, 0). Analogically,
we can successively obtain that PM,, (i, k) and V,(e;, k), k =
K —2,...,1 are all nondecreasing in <;, if V,,_1(e;,, k) <
¢fr + Vu—1(e1, 0). From the above analysis, it can be con-
cluded that PR, (x, K) is nondecreasing in & and PM,(r, k)
is nondecreasing in & if V,,—1(e, k) < ¢ + Vy—1(eq, 0) for
any fixed k € K'. Furthermore, once given that V,(e;, k)
is nondecreasing in i, then according to Proposition 2,
there exists OBu(mw1,k) = co + Y oy 71,iVulei k) <
Co + ity 2,iValei, k) = OByu(wa, k) which shows that
OB, (m, k) is nondecreasing in <j-. As a result, V,(;r, K) is
nondecreasing in <, for all n by induction, and the claim (a)
holds, while for k € K', if V,_i(en, k) < ci + Va—1(e1, 0)
holds for all n, V,,(r, K) is nondecreasing in <, for all n by
induction, which implies claim (b) holds. [ |

Lemma 1 shows that the optimal expected total cost does
not decrease when the system with the same repair times gets
more deteriorated.

B. ACTION BOUNDARY EXPRESSIONS

Based on the above conclusions, we further study the closed
expressions for the optimal preventive repair region and other
structural properties. Let a*(s, k) denote the optimal mainte-
nance action at the state (7, k).

Lemma 2: Define the bias value vector by = [b(ey, k), ...,
blems1, K for k € K, Quupy = {3 (€' Qbry1 — ¢ +
cpm — bler, DR () < wQbry1 — cfr + cpm — bley, 0) + g}
fork € K. (a) If £ € QN _py, then a*(m, k) # PM.
(b) Suppose Assumptions 1 and 3 are satisfied. If Rx () >
1 —g/(cfr —cpr), a*(m, K) # PR; otherwise, a*(m, K) # NA
form < mw'(w, k).

Proof: Firstly, we compare by (r, k) to bpx(w, k) as
follows. If k € K, there exists

bya(m, k) — bpy (m, k)
=(cp + bler, 0))(1 — R(m)) + b(x'(m, k), k)R ()

m 1
—g—Com— Y i ) qyblej k+1)

i=1 j=1
=(cp + bler, 0) — cpm — TQby11) (1 — Ry ()
— g+ (b(r'(mw, k), k) — cpm — wQby )Rk (1)
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=(cfr — cpm + bler, 0) — wQby41) (1 — Re())
— g+ (b(x'(z, k), k) — cpm — ' Qb 1Rk ()
+ (7' Qby+1 — wQby11)Ri (1)
=(cpr — cpm + ble1, 0)) (1 — Re ()
— wQbj+1 (1 — Ri(m)) — g
+ (b(x'(z, k), k) = cpm — 7' Qb4 1Rk ()
+ (7' Qby 11 — wQby11)Ri (1)
=(cfr — cpm + ble1,0)) (1 — Ry(m)) — wQbyy g
+ 7' Qb 41 Ry () — ¢
+(b(x' (1, k), k) = cpm — 7' Qb 1Ry ()
=(Cfr — Ccpm + b(ey,0) — nQbk.H) —-g
+ R () (' Qbr+1 — ¢ + cpm — bley, 0))
+ (b(r'(m, k), k) = cpm — ' Qbj4-1)R ()
From Eq. (9), we conclude that b(z'(w, k), k) < cpm +
7'Qby11. Thus, bya(, k) < bpy(m, k) if (¢ — cpm +
b(e1,0) — wQbyt1) — & + Re(m)(®X' Qb1 — ¢ + Cpm —
b(e1,0)) < 0, i.e. doing nothing is preferred to preventive
maintenance action.
For the special case that k = K, there exists
bya(w, K) — bpr(n, K)
=(cfr + b(er, 0))(1 — Rk (1))
+ b(x'(m, K), K)Rg () — g — cpr — bler, 0)
=(cpr — cpr) (1 = Rx(m)) — g + (b(x'(x, K), K)
— ¢pr — b(er, 0)Rk ()
Clearly, b(rt'(, K), K) < cpr+Db(ey, 0). Soif (¢ —cpr)(1 —
Rk (m)) — g < 0, or equivalently, Rg () > 1 — g/(cp — cpr),
then bya(, K) < bpr(m, K). For the situation that Rx (1) <
1 — g/(cfr — cpr), suppose a*(m, K) = NA, then we have
b(x'(x,K), K) — b(rr, K)
=b(r'(r, K), K) — (cfr + ble1, 0))(1 — R ()
— b(x'(m, K), K)Rg () + ¢
=(b(x'(, K), K) — cpr — ble1, 0))(1 — Rk (7))
— (efr — cpr)(1 — Rk () + &
<0

which contradicts the fact that b(zx' (%, K), K) > b(x, K) for
x <jr 7'(x, K). Therefore, the optimal action cannot be NA
when Rx () > 1 — g/(cp — cpr) and w <, 7' (7, K). [ |

Corollary 1: Suppose Assumptions 1 and 3 are satisfied,
and cpp + blem, k) < ¢ + b(ey, 0) for any fixed k € K'.
If Ri(m) = (cr + ble1,0) — cpm — wQbis1 — 9)/(cpr +
b(e1, 0) — cpm — 7' Qbyy1) then a*(w, k) # PM; otherwise,
if Ri(m) < 1 — g/(cyr + bler,0) — cpm — ' Qbyy 1), then
a*(m, k) # NA for m < «t'(w, k).

Proof: Based on the assumption of this corollary,
we have b(ey, k) < cpy + blen, k) < cf + b(ey, 0), then
according to Lemma 1, there exists ¢, + 7' Qb < Cpm +
emekJr] = Cpm + Z]mzl Qmjb(ej’ k+1) < Cpm + blem, k +
1) < cf-+b(eyq, 0). Therefore, the former part of this corollary
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can be obtained directly according to Lemma 2, while for the
case that Ry () < 1 — g/(csr + b(ey, 0) — cpm — ' Qbyy1),
suppose a*(;, k) = NA, then we have

b('(w, k), k) — b(x, k)
=b(n'(r, k), k) — (¢ + bler, 0))(1 — Ri(7))
— b(r'(z, k), k)R (1) + g
=(b(n'(m, k), k) — cpm — 7' Qbyy1)(1 — Ry ()
— (¢fr + bler, 0) — cpm — ' Qbry1)(1 — Ri(m)) + 8
<0

which contradicts the fact that b(x’(x, k), k) > b(x, k) for
<y 7'(;, k). Therefore, the optimal action cannot be NA
when Ry () < 1 — g/(cp + ble1,0) — cp — T'Qbg41). M
Lemma 3: (a) Let QI({)B<PM = {m; wbr — Qby11) <
com — Coh k € K. If w € Qbp_pyy, then a x (. k) # PM;
otherwise, ax (m, k) # OB. (b) If tbg < c, + b(ey, 0) — co,
then a x (x, K) # PR; otherwise, a x (x, K) # OB.
Proof: We first compae bop(r, k) with bpx(r, k) for
each k € K’ when the state is (, k).

m
bog(m, k) — bpy (1, k)=c, + Zﬂib(b’i, k) — cpm
i=1

m i
— > mi Y qublej k+1)

i=1 j=1
=Co — Cpm + by — w Qb1
=Co — Cpm + (b — Qbjiy1)

Hence, if m(by — Qbiy1) < cpm — Co, then bop(m, k) <
bpy (1, k), otherwise bog(m, k) > bpy (7, k).

Then, compare bop(w, K) with bpr(w, K) for the state
(r,K). Clearly, bop(x,K) — bpr(x,K) = ¢, +
Yo mibei, K)—cpr —b(eq, 0) = mbg +co —cpr — bley, 0).
Thus,if tbg < cpr+b(eq, 0)—c,, then OB is preferred to PR,
otherwise, PR is preferred to OB. [ |

According to Lemmas 2 and 3, the following corollary can
be obtained to specify the sufficient conditions for NA and
OB to be optimal respectively.

Corollary 2: Suppose Assumptions 1 and 3 are satisfied.
(a)If m € (W pyy N g py). k € K/, or if Rg(m) >
1 — g/(cfr — cpr) and whg > cpr + b(e1, 0) — ¢, are both
satisfied, then a*(m, k) = NA. (b) If Rg () < 1—g/(cfr—cpr)
and wbg < cpr+b(e1,0)—c,, a*(w, K) = OB form <, '.

Furthermore, for the case ¢y, + b(em, k) < ¢ + b(eq, 0)
for any fixed k € K’, the following corollary is provided
to specify the sufficient condition for PM to be optimal
according to Corollary 1 and Lemma 3.

Corollary 3: Suppose Assumptions 1 and 3 are satisfied,
and cpm~+b(en, k) < cfr+b(er, 0) foranyfixedk € K'. Ifw €
Qop<py and Ri(w) < 1—g/(cpr+bler, 0)—cpm—1'Qbr1),
then a*(m, k) = PM for mw <y n'(x, k).

Particularly, for the special case k = K, we can get several
beautiful structural properties. According to Lemmas 2 and 3,
we can conclude that if Rg(x) < 1 — g/(cp — cpr), and
nbg > cpr + bley,0) — ¢, for mw <y, 7' (rr, K), the optimal
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policy is PR. Furthermore, from the facts that bpp(x, K) is
nondecreasing in <. ordering, and bpr(r, K) is constant,
the control limit for PR can be derived in closed form. The
following Theorem 1 summarizes the sufficient and neces-
sary condition of the existence of the control limit for PR.

Theorem 1: Suppose Assumptions 1 and 3 are satisfied.
(a) For & < n'(x, K), the region where the optimal policy
is PR is defined by Q¥, = {m;Rx(m) < 1 — g/(csr —
cpr), thx > cpr + bler,0) — c,), whereas PR cannot be
optimal for & Q’;R. (b) Furthermore, if a*(x,K) = PR,
a*(#,K) = PR form <, .

The Theorem 1 points out that there exists a control limit
for PR when k = K due to bpg(w, K) is constant. However,
for the case k € K, the similar structural properties cannot be
obtained for the reason that bpys (i, k) varies along with .

Finally, let us compare bya (7, k) with bop(rr, k) to obtain
the sufficient condisions under which NA is preferred to OB.

Lemma 4: Let Q]X/A<03 = {m : (co + 'by — ¢ —
bler, )RL(T) < g + Co + why — ¢y — bler, 0)} for any
fixedk € K'. (a) If © € Q,_op then a*(z, k) # OB for
k € K'.(b) If Rg () > (cp +b(e1,0) —c, — bk — g)/(cir +
b(e1,0) — ¢, — w'by), then a*(x, K) # OB.

Proof:

bna(r, k) — bop(w, k)
=(cpr + bler, 0))(1 — Re(m)) + b(r'(r, k), k)R ()
—g—cy—mhy
=(cfr + ble1,0) — ¢y — whp)(1 — Ri(x)) — g
+ (b(x'(m, k), k) — ¢, — )Ry ()
=(cfr + ble1,0) — ¢y — whp)(1 — Ri(x)) — g
+ (b(x' (1, k), k) — c, — 'y + t'by — bRy ()
=(cfr + ble1,0) — ¢y — whp)(1 — R(x)) — g
+ (b(x'(m, k), k) — co — 7'bp)Ri ()
+ ('by — why )Ry (1)

Since b(x'(, k), k) < ¢, + 7'by, if (cj + bler,0) — ¢, —
by )(1—Ry (1)) —g+(m'by — b )R, () < 0, or equivalently
T € Qyu_op = T : (co+ m'by — ciy — bler, )R () <
g+ co+ mhy — cp — b(ey, 0)}, then bya(m, k) < bop(w, k).
In detail, if ¢ + bler,0) —c, < 7'by, then bya(m, k) <
bop(m, k) satisfies under the condition that Ry(wr) < 1 —
(t'by — by — g)/(co + w'by — ¢f — b(eq, 0)). On the other
side, if cp-+b(e1, 0)—c, > by, then bya(r, k) < bop(m, k)
satisfies under the condition that Ry () > 1 — ('by — why —
8)/(co + 1t'by — c5 — b(ey, 0)).

For the case k = K, there exists b(e;, k) < cpr + b(e1, 0).
Thus, ¢, + 7'bi < ¢, + cpr +b(e1, 0) < ci + b(ey, 0) based
on the assumption that ¢, + ¢y < cf-. Therefore, part (b) can
be obtained based on the proof of part (a). [ ]

The following corollary specifies the sufficient condition
under which NA is optimal; its proof follows directly from
Lemma 3 and Lemma 4, and is omitted here.

Corollary 4: Suppose Assumptions 1-3 are all satisfied.
fr e (o5 N Qs py) k € K, orif Rp(m) >
maX{l - g/(cfr - Cpr)v (Cfr +b(e1,0)—co— whyg — g)/(cfr +
b(e1,0) — ¢, — w'bg))}, then a*(x, K) = NA.
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From the above-mentioned analysis, we can find that there
are many good properties for the special case k = K. The
detailed results are discussed in the following.

According to Lemma 3, it can be easily obtained that
the action space for any order pair (w,K) € Q x K is
represented as

{NA, OB},
{NA, PR},

whg < cpr + bley, 0) — co;

A(r,K) =
(n ) an Zcpr +b(31, 0)_Cu~

Thus, for the fixed repair number K, the region { &
nbg > cpr — co + b(ey, 0) } can be divided into two parts in
terms of the threshold 1—g/(cs —¢pr) according to Lemma 2
and Theorem 1. One is QgR, the other is doing nothing region.
However, for the region { & : whx < cpr — ¢, + b(ey,0) },
if 1 —g/(cp —cpr) = (cpr +ble1, 0) —co — g — g)/(cfr +
b(e1,0) — ¢, — m'bg), it can also be be divided into two
parts in terms of the threshold 1 — g/(cs — ¢pr) according
to Corollary 2 and Corollary 4; otherwise, the bound distin-
guishing NA from OB cannot be determined exactly.

C. THE MONOTONIC AT-MOST-FOUR-REGION

POLICY FOR k = K

To speed the computation time, the AM4R policy has been
studied in several previous studies, eg. [17], [32], [33].
A monotonic AM4R structure means that the state space can
be divided at most four regions, and the action corresponding
to each region occurs with a certain order. In this paper,
the similar results can also be established for the special
case k = K. Specially, the monotonic AM4R policy for
our maintenance model means that along any straight line of
<-ordered information states 7, o, ... there are at most
three numbers 0 < nj < nj < n§ to divide the optimal region
as follows.

NA, n<njorn; <n<nj,
a*(n,. K)= | OB, n’<n<n. (17)
PR, n>nj.

Furthermore, as n increases, the action corresponding to each
region occurs with the order NA, OB, NA, PR.

In order to obtain this AM4R structure for the special case
k = K, the following lemma is provided firstly.

Lemma 5: b(x, k) given by Equation (9) is piecewise-
linear concave for any fixed k € IC.

Proof: According to Equation (8), it can be found that
b(m, k) is piecewise-linear concave if V,,(r, k) is piecewise-
linear concave for all n. Obviously, OB, (r, k) and PX,,(x, k)
are both linear concave functions of m for any fixed
k € K. Considering the fact that the minimum of piecewise-
linear concave functions is still piecewise-linear concave,
we only need to show NA, (&, k) is piecewise-linear concave.
To achieve this aim, induction technique is adopted here.
Suppose Vy(r,k) = O for Vr without loss of generality.
NA(m, k) = cf(1 — Ry (mr)) is linear in . Now, suppose that
NA,(x, k) is piecewise-linear concave, which implies that
Vu(, k) = min{x -u,{; u, € Uy} whereuisal x (m+ 1)
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dimensional row vector. After that, the piecewise-linear con-
cavity of NA,11(m, k) is examined. Clearly, the first term of
NA,+1(;, k), thatis, (¢ + Vi (r, k))(1 =Ry () is linear in ..
Therefore, we only need to consider the second term which
is V(' (7, k), k)Ry (7). There exists
Va(rt' (7, k), k)R (1)

=min{x'(r, k), k) -ul; u, € U,}R (%)

m ok m ok
=min { [Zl_l lpll e, Zl—l lplm’ O A uz‘ Rk(n)

Ry(m) Ri(m)
m m m

=min { |:Z nip;‘], Z nipf-‘z, e, Z nipfm, Oj| . uZ}
i=1 i=1 i=1

=min{m - u} ;i1 € Uppr} (18)

which is piecewise-linear concave. Thus, NA,ti(x, k) is
also piecewise-linear concave. As a result, V,1(, k) is
piecewise-linear concave and the claims holds for all n by
induction. [ ]

According to the above Lemma 5, the following Theorem 2
can be obtained to show that the optimal maintenance policy
for the case k = K in our problem is characterized by the
monotonic AMA4R structure along a <--increasing line.

Theorem 2: If Pk is TP2, the optimal policy for k = K
has the monotonic AM4R structure along any straight line of
information states in <--increasing order.

Proof: Let Q;‘VA, Q@B and Q]}X denote the set of infor-
mation states corresponding to a*(x, k) = NA, a*(r, k) =
OB and a*(w, k) = PX, respectively. Since both bpp(r, k)
and bpy (m, k) are hyperplanes, Q];,X and Qko g are convex sub-
sets of 2 according to Lemma 5 in this paper and Lemma 1
in [15]. While, bya (1, k) is not a hyperplane but a piecewise-
linear function in 7w, hence Qf‘VA is not a convex subset.
Furthermore, for k = K, once an information state &7 which
increases along a <;.-increasing line enters into QﬁR, it will
not leave QgR due to the fact that bpg(w, K) is constant
and b(x, K) is nondecreasing in <;,-increasing order. Hence,
there are at most two NA regions, and then the action changes
in the order NA — OB — NA — PR along any <;,-ordered
straight line of information states, which implies the claim
holds. [ ]

Unfortunately, we cannot obtain the monotonic AM4R for
any fixed k € K’ due to that bpy(r, k) is not constant.
In this situtaion, only the conclusion that Q"OB and Q’IZM are
both convex subsets of €2 can be achieved, which implies that
either OB or PM action appears at most one times.

IV. ALGORITHMS

In this section, we use the structural properties obtained in the
previous section to develop a more efficient and computation-
ally tractable algorithm to determine the optimal maintenance
action for each state (i, k) € Q x K.

Parameters such as the cost c¢f-, ¢, ¢o, the transition prob-
ability matrix Py and the maximal number of repair actions K
are specified at first. From the analysis of the structural prop-
erties of the optimal policy, we should calculate the biases
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b(ej, k),i € S, k € K. As far as we know, policy iteration
and value iteration algorithms are widely used algorithms to
solve the Markov decision problems [29]. Hence, we first use
value iteration to obtain b(e;, k)(i € S, k € K) based on the
sample path emanating from e;, i € S’. The details of the
value iteration algorithm can be found in [29] and omitted
here. Then for each state (;r, k) € Q x K, the following
algorithms are developed based on the structural properties
provided in the previous section to obtain the optimal policy.

Algorithm 1 k € K’

1) Suppose m € Q’(‘)BEPM. If m € Q;‘VAEOB, then
a*(m, k) = NA; otherwise, go to setp 4).

2) Suppose m ¢ QkOBspM and cpm + bley, k) < cp +
bler,0). If Re(w) < 1 — g/(csr + bler.0) — com —
7'Qby1), then a*(;, k) = PM; otherwise, if Ry () >
(Cfr + b(e1,0) — Cpm — Qb1 — g)/(cfr + b(ey, 0) —
Com — 7' Qb1 1), then a*(x, k) = NA; otherwise, go to
setp 4).

3) Suppose m ¢ QkOBgPM and cpm + bley, k) > ci +
ble1,0). If T € Qy_pyy> then a*(w, k) = NA; other-
wise, go to setp 4).

4) The following steps are used to decide the optimal
policy for the remaining information states.

a) Setl=1,m, =m.

b) Compute nf{ = n/(nf{_l, k) according to Eq. (1).

¢) If com + blem. k) < cpr + bley, 0) and Ry(w) <
1 — g/(cr + ble1,0) — cpm — 7' Qb 1),
or if cpm + blew, k) > ¢ + bler,0) and
T ¢ (Quoop U Quepy) then bl k) =
min{bog(rl, k), bpy (xt',, k)} which can be easily
obtained through (11) and (13). Then apply the
recursive set of (9) backward to get b(x'~', k),
..., b(m, k). Otherwise, go to setp d).

d) If |t — whll < e then let Tix(x) = n}
and replace both ® and w'(m,k) in Eq. (10)
with Tl () to obtain bys(ITx(x), k). Similarly,
we can obtain bop(Ty (), k) and bpp (T (1), k)
according to (11) and (13) respectively. Thus,
b(I(;), k) can be calculated through compar-
ing the previous three terms. Finally, step back-
wards recursively along the sample path to get
b(nL"’l, k), ...,b(x, k) and the optimal main-
tenance action for the current state (1t , k). Other-
wise, set | =1+ 1 and go back to the Step b).

The above algorithm is constructed according to the action
boundary expressions and can be used to find an optimal
maintenance policy. Step 1), Step 2) and Step 3) are pro-
vided based on Corollary 2, Corollary 3 and Corollary 4
respectively. The optimal maintenance policy for those states
which don’t satisfy the conditions of Step 1)- Step 3) needs
to be determined based on the sample path as Step a)-Step d)
shows. Step c) means that there is no need to proceed until
the sample path converges at a stationary state Ili(mw) if
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wh ¢ QK _op UK, ) for com+D(en, k) > cp+b(ey, 0)
or R() < 1—g/(cpr +ber, 0) — cpm — ' Qby11) for cpm +
b(em, k) < ¢ + b(ey, 0) satisfies. Clearly, the optimal main-
tenance action is not NA in this case. Hence, b(ni, k) can
be obtained through comparing bog(ni, k) with bpy (7 i k).
Then we can step backwards through (9) to get b(x, k) with
its corresponding maintenance action. Otherwise, proceed to
Step d). bya (I (r), k) can then be calculated through replac-
ing both  and x’(7, k) in Eq. (10) with [T (;r) based on the
fact that b(e;, k),i = 1,...,m, k € K’ and the average cost
g which have been obtained. In the same way, bop(I1k (), k)
and bpy (I (), k) can also be easily computed through
(11) and (13) respectively. As a result, b(ITx(x), k) can be
determined. Finally, step backwards to & to determine the
optimal policy.

Algorithm 2 k = K

1) If a*(m,K) = PR, then a*(w,K) = PR for any &
subject to ® <y .

2) Suppose Rig(m) < 1 — g/(cp — cpr). If mbg <
cpr + ble1,0) — c,, then a*(m, k) = OB. Otherwise,
a*(m, k) = PR.

3) Suppose Ric(m) = 1 — g/(cyr — cpr). If Whx = cpr +
b(e1, 0)—co, orif Rg () > (cp+bler, 0)—co—mbg —
8)/(cp + b(e1, 0) — ¢, — m'bi), then a*(m, k) = NA.

4) Suppose 1 —g/(cfr —cpr) < Rx () < (cfr +b(er, 0) —
co—mbyx —g)/(csr +b(e1,0)—c, —'by) and whg >
cpr + b(er, 0) — co. Then the following steps are used
to obtain the optimal maintenance policy instead of the
pure recursive technique.

a) Setl =1, n}( =7.

b) Calculate Jl’lK = n’(n?l , K) according to (1).

) IfRx(mh) <1 —g/(cpr — cpr), then b(nl,, K) =
min{bOB(n%, K), pr(né(, K)} which can be eas-
ily obtained through (11) and (13). Then apply the
recursive set of (9) backward to get b(m'~!, K),
..., b(m, K). Otherwise, go to setp d).

d) If |zt — 7b | < e then let Tig(w) = nk
and replace both w and n'(n, K) in Eq. (10) with
Ik (1) to obtain bys (I (), K). Then we obtain
b(Ilk (), K) through comparing bys(Ilg (1), K)
and bop(Ilg(x), K). After that, step backwards
recursively along the sample path through com-
paring bNA(n%, K) and bOB(n'lK, K) to get
b(r, K) and the optimal maintenance action for
the current state (rr, K). Otherwise, setl =1+ 1
and go back to the Step b).

This algorithm is developed for the case k = K. In this
situation, the recursive method can only be used for those
states satisfying 1 —g/(c —cpr) < Rg () < (csr+b(e1, 0)—
co — whx — g)/(csr + ble1,0) — ¢, — n'bg) and whg >
¢pr + bley, 0) — c,. Even that, we also don’t need to proceed
until the sample path converges. Once the state which varies
along the sample path satisfies Rg (nﬁ() < 1—g/(crr — cpr),
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we can obtain b(n%, K) through comparing bOB(n%, K) and
pr(Jl’lK, K) according to the part (b) of Lemma 2.

V. A NUMERICAL EXAMPLE

Since maintenance for the system with repair time limit is
scarcely considered in the practical life, there exists few
real data to generate the probability transition matrix. Thus,
in this section, a numerical example is studied to illustrate the
effectiveness of the optimal maintenance decision algorithms
proposed in the previous section. Assume that the deteriora-
tion condition can be categorized 5 levels, i.e. m = 4, and the
maximal number of available repairs K is 8. As done in [11],
we introduce the functions g(i) = 0.05 4+ 0.005(i — 1) for
i €8, hk) =1+ 0.04k for k € K and a stochastic matrix
D = [djlaxas,i,] € S’ in order to define the probability
transition matrix, where

0895 0.1 0 0.005
0 0.9  0.01  0.09

D=1y 0 0.9 01 |- U9
0 0 0 1

Then we define the probability transition matrix Py as
follows:

g(DHh(k), forieS,j=m+1,k € K;

(1 — g()h(k))d;;, fori,je S andk € K;
pi=1"""% o ThIe (20)

1, fori=j=m+1,k € Kk;

0, otherwise.

By choosing appropriate D, we can guarantee the probabil-
ity transition matrix Py, k € IC satisfies Assumptions 1-3.
In addition, maintenance costs are given as follows: ¢, = 1,
cpm = 30, ¢pr = 120 and ¢ = 500.

Finally, according to the definition of the maintenance
effect matrix and the Assumption 3, the matrix Q is chosen
as follows:

1 0 0 0 0
095  0.05 0 0 0
Q=109 0075 0025 0 0l. @n
0.8 0.1 005 005 0
1 0 0 0 0

To begin with, value iteration algorithm is adopted to get
the biases b(e;, k),i € S, k € K and average cost g. In this
example, the cost per unit time g is 28.4116. Fig. 1 shows
the evolution of the bias value of b(e;, k) as a function of
i € & for a fixed k € K. From Fig. 1, we can find that
the bias b(e;, k) is increasing in i for a fixed k, which is in
accordance with Lemma 1. Furthermore, it is obvious that
b(es4,8) < b(esq, 6), which implies that the monotonity of
b(e;, k) in k for the fixed e; cannot be obtained always.

Due to space limitation, only the optimal maintenance
policies for k = 0 and 8 are provided in Figs. 2 and 3
respectively for the purpose of illustration. For clarification,
we manually set 71 = 0, which doesn’t affect the correctness
of the result, and obtain the optimal maintenance policies for
each k € K shown in Fig. 4. Through examining Figs. 2-4,
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FIGURE 1. b(ej, k) versus k € IC.
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FIGURE 2. Optimal maintenance decision rules for k = 0.

k=8

FIGURE 3. Optimal maintenance decision rules for k = 0.

we can find that if the repaired times k(0 < k < 7) gest
larger, the region corresponding to NA gets smaller, while
the region corresponding to OB or PM gets larger. This is
because the system subject to more repair times is more
likely to get worse, and naturally needs more observation
actions to reveal the true deterioration level for making proper
maintenance actions. However, for the case k = 8, the region
corresponding to NA looks larger than that for the case k = 7,
which is due to the fact that the PR costs are larger than the
PM costs.

Figs. 5 and 6 superimposed the action boundaries devel-
oped in Section III-B on the optimal maintenance decision
rules for the system repaired k = 6 and K times respectively.
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FIGURE 4. Optimal maintenance decision rules with taking maintenance effect into consideration.
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FIGURE 5. Action boundaries superimposed on the optimal policy
when k = 6.
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FIGURE 6. Action boundaries superimposed on the optimal policy
when k = 8.

It should be noted that, we also only select two typical cases
for illustration. For k = 6, since ¢, + b(es, 6) = 96.5403 <
¢fr + b(er, 0) = 440.0324, two lines can be obtained accord-
ing to Corollary 1 to depict the preference of NA to PM, or
vice versa. The two lines are shown in in Fig. 5 as Line 1 and

72800

Line 2, where Line 1 defines the region where NA is preferred
to PM with Ry(m) = (¢ + ble1,0) — cpm — mQbiy1 —
8)/(cp + bler, 0) — cpm — ' Qby41), while Line 2 depicts
the preference of PM to NA with Ry(m) = 1 — g/(cp +
b(e1, 0) — cpm — m'Qbi41). However, for k = K, only one
line is needed to depict the preference of NA to PM, or vice
versa. That line is shown as Line 1 in Fig. 6, and obtained
with Rg () = 1—g/(cfr — cpr). Line 3 in Fig. 5 and Line 2 in
Fig. 6 are obtained through comparison of bpp and bpx with
7w (by — Qby11) = cpm — co and whg = ¢ + bley, 0) — ¢y,
respectively. Finally, Line 4 in Fig. 5 and Line 3 in Fig. 6
depict the preference of NA to OB with (¢, + m'by — Cfr —
b(e1, 0)Ry () = g+co +mby —cp — b(ey, 0) and Rg () =
(cfr +b(e1, 0) —co — bk — g)/(cfr +b(ey, 0) — co — w'bi),
respectively.

For the purpose of comparison, we study the optimal main-
tenance policies without taking the maintenance effect into
consideration. In this case, the matrix Q is chosen as follows:

1 0 0 0 0
1 0 0 0 0

Q=|1 o o o of. (22)
1 0 0 0 0
1 0 0 0 0

The average cost g in this case is 27.9564 which is smaller
than that in the case with taking maintenance effect into con-
sideration. Similarly, we manually set 71 = 0 and obtain the
optimal maintenance decision rules without considering the
maintenance effect shown in Fig. 7. It can be found that Fig. 7
is very similar to Fig. 4(a) in [17], which partially verifies the
correctness of our results. Obviously, the optimal decision
rules with or without maintenance effect are different. For
example, if k = 0 and we further set 7, = 0, the optimal
maintenance action with maintenance effect changes from
PM to NA when the system gets worse, but vice versa in
the case without maintenance effect. This difference can be
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FIGURE 7. Optimal maintenance decision rules without taking maintenance effect into consideration.
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FIGURE 8. The bias value versus x5 with or without maintenance effect for k = 0. (a) Bias value versus =5 with
maintenance effect. (b) Bias value versus =3 without maintenance effect.

clearly illustrated in Fig. 8 which is a plot of bya(w, k),
bop(m, k), bpy (7, k) and b(x, k) as a function of the value of
w3 using k = 0, m; = mp = 0 with or without maintenance
effect. The major reason for the difference is composed of
two aspects. One is that we have set 11 = mp = 0 which
means the system suffers from more deteriorated condition.
The other is that the PM cost is constant for the case without
maintenance effect, while increasing in & for the case with
maintenance effect. Fig. 8 also shows that b(rr3, 0) with or
without maintenance effect is a concave function which is
consistent with Lemma 5.

VI. CONCLUSION AND THE FUTURE WORK

In this paper, we consider the problem of optimally main-
taining a multi-state system under the constraint that only
a limited number of imperfect repairs can be performed.

VOLUME 7, 2019

Since the observation action is perfect but non-periodical,
the problem can be modeled as a POMDP to adaptively
schedule observation and preventive maintenance actions,
which is different from the work [11]. After combining the
information state together with the completed repair number
as the state variable, the problem is reformulated as a Markov
decision process. In order to increase the computational effi-
ciency, several structural properties are developed, and then
the related maintenance algorithms are developed. Finally,
a numerical example is provided to validate the claims in our
paper as well as the effectiveness of the proposed algorithms.

In the future, we will proceed the work from the fol-
lowing aspects. First, due to the widely use of sensors,
focus on condition-based maintenance grows more rapidly in
recent years. Furthermore, the collected sensor information
is always imperfect. Therefore, it is necessary to introduce
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the effect of imperfect observation into the proposed main-
tenance model proposed in this paper. In addition, the sen-
sitivity analysis of probability transition matrix should be
included in the future work.
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