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ABSTRACT A type of multistate system executes multiple consecutive missions over a period, and
maintenance activities are also performed sequentially during this period, to improve system reliability
during the consecutive missions. Sequential maintenance and dependence on the system state introduce
new challenges for the calculation of system reliability during consecutive missions, which makes selective
maintenance difficult to perform. In order to provide theoretical support for the selective maintenance of this
type of multistate system and obtain a reasonable and effective selective maintenance strategy, a reliability
calculation method is proposed for a multistate system that executes multiple consecutive missions under
sequential maintenance. Based on this, a new selective maintenance model for a multistate system executing
multiple consecutive missions is developed, and the ant colony optimization algorithm is customized to
address the resulting maintenance strategy optimization problem. Finally, using an oil transportation system
as an example, the accuracy and computational effectiveness of the proposed reliability calculation method
are verified by comparison with the Monte—Carlo simulation method. Moreover, the selective maintenance
strategy optimization is performed on the oil transportation system to illustrate the effectiveness of the
proposed selective maintenance model and the customized optimization method, and the results can provide
practical guidance for the reasonable adjustment of mission durations.

INDEX TERMS Maintenance strategy optimization, multistate system, selective maintenance, system
reliability.

I. INTRODUCTION

Owing to the inevitable deterioration and failure of engi-
neering systems during operation, maintenance becomes
increasingly important for improving system reliability and
prolonging system life [1]. Various maintenance strategies
have been investigated to maximize system reliability or
minimize resource consumption [2], [3]. In some industrial
environments, not all desired maintenance activities can be
completed because of limited resources. A subset of the
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desired maintenance activities is selected to be performed
to satisfy specific requirements, and this is called selective
maintenance [4].

Selective maintenance was first applied to binary—state
(perfect function or complete failure) systems. It was ini-
tially applied to a parallel-series system comprising units
with a constant failure rate, and only a replacement pol-
icy was considered [5]. Subsequently, selective maintenance
was extended to a more general case, where the lifetime of
units followed the Weibull distribution and three optional
maintenance actions existed: minimal repair, corrective
replacement, and preventive replacement [6]. Then, selective
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maintenance was applied to manufacturing lines to minimize
maintenance cost and production loss within limited main-
tenance time [7]. Additionally, the selective maintenance
problem of systems subject to propagated failures with global
effect and failure isolation phenomena was addressed [8].
However, engineering systems such as manufacturing sys-
tems [9], networked systems [10], generating systems [11],
and transportation systems [12] can operate at intermediate
states between perfect function and complete failure, exhibit-
ing a multistate characteristic.

In recent years, increasing interest has been given to the
selective maintenance of multistate systems (MSSs) [13].
A selective maintenance model for systems composed of
binary—state units was proposed, in which imperfect mainte-
nance was initially incorporated [14]. This model was further
extended to a generalized case in which systems comprise
multistate units [4]. Three selective maintenance models were
developed to address economic dependence [15], structural
dependence [16], and stochastic dependence [17], respec-
tively, among units. In a load—varying environment, a joint
optimization model for load distribution and selective main-
tenance was proposed [18], based on which load-dependent
deterioration was introduced into the selective maintenance
model [19]. With uncertainty being considered, a selective
maintenance model under stochastic maintenance durations
was developed [20], and uncertainties associated with the
operation time of each unit and the durations of future
missions were introduced into the selective maintenance
model [21]. Additionally, for a simple selective maintenance
model, the resulting optimization problem can be transformed
into mathematical programming [22] or solved by exhausting
all the maintenance strategies [23]. As selective maintenance
models become increasingly complex, advanced computa-
tional intelligence technologies such as genetic algorithms
[14] and differential evolution algorithms [4] have been
widely adopted to seek a global optimal maintenance strat-
egy in an efficient computational manner. However, in most
previous studies on selective maintenance, only one mission
was considered and maintenance was performed only during
breaks.

Further research on the selective maintenance in the con-
text of multiple missions is required. A selective maintenance
strategy optimization approach was proposed for systems
performing a sequence of identical missions with the same
durations of breaks between missions, with the aim of
integrating redundancy allocation and maintenance resource
allocation decisions [24]. For situations where failed units
can be minimally repaired immediately during a mission, the
selective maintenance problem for systems executing multi-
ple missions was addressed [25], [26]. Under the assumption
that the lifetime of components complies with exponential
distribution, the selective maintenance optimization for a
system was formulated as a stochastic dynamic programming
[27], and the approximate dynamic programming algorithm
was used to address this problem when the number of
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FIGURE 1. Series—parallel structure of the MSS studied in this paper.

components is extremely large [28]. The selective mainte-
nance strategy for systems executing multiple missions over
a finite horizon was dynamically optimized using a deep
reinforcement learning method [29], and a multi-mission
selective maintenance problem for MSSs was addressed to
minimize the total cost [30]. Nevertheless, in these stud-
ies, a break exists between any two consecutive missions.
Another scenario exists in engineering practice where MSSs
must execute multiple consecutive missions over a predeter-
mined period, during which maintenance is also performed
to ensure that the system is reliable during consecutive mis-
sions. Because maintenance is performed during missions, all
maintenance activities are performed sequentially to prevent
a temporary system breakdown. Moreover, a dependence
on the system state exists between any two consecutive
missions. Sequential maintenance and dependence on the
system state introduce new challenges for calculating the
system reliability during consecutive missions, which makes
the corresponding selective maintenance difficult to per-
form effectively. A recursive algorithm to calculate the
system reliability during consecutive missions was proposed
[31], [32], and performance sharing was introduced into
the algorithm [33]; however, sequential maintenance was
not considered. Additionally, the sequence of the selected
maintenance activities to be performed needs to be arranged.
The maintenance sequence arrangement for a predetermined
period during which only one mission existed was addressed
by customizing the ant colony optimization (ACO) algorithm
[34]. Nevertheless, the maintenance sequence arrangement
for the scenario in which multiple consecutive missions exist
during a predetermined period has not yet been explored. The
main contributions of this study are as follows:

(1) A reliability calculation method for a MSS executing
multiple consecutive missions under sequential maintenance,
considering the dependence on the system state across
consecutive missions, is proposed. (2) A new selective main-
tenance model for a MSS executing multiple consecutive
missions is developed to maximize system reliability during
consecutive missions, in which the maintenance sequence
arrangement is considered. Additionally, the ACO algorithm
is customized to address the resulting optimization problem.
These contributions would advance the state—of—the—art of
selective maintenance optimization.

The remainder of this paper is organized as follows:
Section II describes the MSS and selective maintenance
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FIGURE 2. Predetermined period studied for the selective maintenance problem and the

variation in the system efficiency in this period.

problem studied in this paper. The reliability calculation
method for a MSS executing multiple consecutive mis-
sions under sequential maintenance is described in detail in
Section III. Section IV elaborates the selective maintenance
modeling and the customized ACO algorithm. In Section V,
the accuracy and computational effectiveness of the proposed
reliability calculation method are verified using an oil trans-
portation system as an example, and the effectiveness of the
proposed selective maintenance model and the customized
ACO algorithm is illustrated by analyzing the influence of
the mission duration on the maintenance strategy optimiza-
tion results. Finally, Section VI provides the conclusions and
outlines future research.

Il. PROBLEM STATEMENTS

A. SYSTEM DESCRIPTION

As shown in Fig. 1, the MSS studied in this paper has a
series—parallel structure.

I s-independent subsystems are connected in series, and
subsystem i (i € {1, ...,1}) has J; s-independent units con-
nected in parallel. The number of all units is denoted as
J = J; + ...+ J;, and the units are numbered 1,2, ...,J
in sequence.

Unit jGe{l,...,J}) has K; + 1 states defined as
0,1,...,K;. The states improve from O to Kj, and states
0 and K; indicate complete failure and perfect function,
respectively. The respective working efficiencies are termed
gjo, &1, - - - » gjk;- The state and working efficiency of unit j
are denoted as Y; and g;, respectively; ¥; € {0,1,...,K;}
and g € {gjo. g1 - -, ngj}. For the MSS, with its working
efficiency denoted as G, its structure function is expressed as
follows:

G=(g1,---,81)
J1 Ji+> J
= min Zgj, z 8jr s Z gl
j=1 j=J1+1 j=N+, .. +H-1+1
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Based on the structure function, all the possible work-
ing efficiencies of the MSS can be calculated, and they
are denoted as Gy, Gy, ..., Go, respectively, which improve
from Gy to Go.

B. SELECTIVE MAINTENANCE PROBLEM

As shown in Fig. 2, the predetermined period consists of Z

consecutive missions, and the mission durations are succes-

sively denoted as t1, ..., taz. Owing to the continuity and

non—overlap of missions, the duration of the predetermined
4

period is D t,;, and the time from the beginning of the

z
predetermined period is denoted as | ¢ € |:0, > tazi| . The
z=1
selected units are maintained sequentially, and sequential
maintenance starts at ¢ = 0. Immediately after its main-
tenance, each selected unit is connected to the system and
begins working. The number of selected units is J/, with

the maintenance time of unit j/ (/' € {1,...,J'}) denoted
!
z

J
as Ty; thus, '/Zl Ty < > ti. The unselected units are

= z=1

always connected to the system and operating. The details
of sequential maintenance can be found in [34], where the
maintenance sequence arrangement for a MSS executing one
mission during a predetermined period was studied.

To slow the system aging, G is generally required to be
not excessively low at the end of each mission, which is
the objective of maintenance. The minimum values of G
corresponding to each mission are denoted sequentially as
Wi, ..., Wz obtained empirically. Therefore, denoted as A;,
the event that the system is reliable in the zth mission can be
formulated as

z
A=G (Dt | =W, z=1.....Z )
7=1
Meanwhile, denoted as A, the event in which the system is
reliable during consecutive missions means that the system is
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reliable in all Z missions, which can be expressed as
z
A=A 3)
z=1

In addition, the system completes a certain amount of work
per mission and incurs operating cost during consecutive
missions.

Therefore, the optimization problem is described as fol-
lows: First, maintenance must be completed within multiple
consecutive missions. Second, the work completed during
each mission must satisfy the workload requirement corre-
sponding to the associated mission. Third, the total cost (the
sum of the maintenance and operating costs [35]) should be
the budget at most. Under these three constraints, the main-
tenance sequence to be performed is determined to maximize
the reliability of the MSS executing multiple consecutive
missions under sequential maintenance.

lIl. RELIABILITY CALCULATION METHOD
When a unit selected for maintenance has not yet been con-
nected to the system, its state is equivalent to a complete
failure (state 0) from a system perspective. Based on this
consideration, any unit has two types of state: its own state
and its equivalent state. When a unit is not connected to the
system, its equivalent state is 0; otherwise, its equivalent state
is its own state.

For unit j, its state at the end of its maintenance is denoted
as Y /.A. In particular, if unit j is not selected to be maintained,

YjA is equal to Y; (0). Thus, if unit j is selected to be main-
tained, YjA > Y; (0); otherwise, YjA = Y;(0). If unit j is not
selected for maintenance, its equivalent state is always its own
state. At time ¢ = 0, its equivalent state is ¥; (0), and during

4
the period (O, > taz:| , the sample space of its equivalent
z=1

state is {0, ..., ¥; (0)}. If unit j is selected to be maintained,
with its order in the maintenance sequence denoted as wj,
wj
during the period | 0, ZJ: TJ/) its equivalent state is 0; at time
Wi =
t = > Ty, its equivalent state is YjA; and during the period
=1
Wj] z
> Ty, > ta; |, the sample space of its equivalent state is
=1 =1
0,.... YAL
The above describes the changes in the sample space of
the equivalent state for one unit. Based on this, the sample
space of the equivalent—state combination of all units also
varies during the consecutive missions, and it is represented
as a vector Yp = (¥p1, ..., Ypy), where Yp; j=1,...,J)
is the equivalent state of unit j. Meanwhile, G correspond-
ing to Yp is denoted as Gy,. Additionally, the numbers of
units selected to be maintained are recorded as j', ..., j}“,
according to the maintenance sequence, and the numbers of
units not selected are recorded as 1™, .. ., jjT ,, respectively.

VOLUME 11, 2023

Therefore, the sample space and number of samples can
be expressed in the following form at different times, as in
(4) and (5), shown at the bottom of the next page, where
Ypjmm € {O,...,ij?m] c¢=1,...,J —J during the period
te O, T+,...,+Ty]

Equations (4) and (5) show that whenever a unit is con-
nected to the system after its maintenance, the sample space
of the equivalent—state combination increases. Until the last
unit for maintenance is connected, the sample space increases
to its maximum and remains unchanged.

Because the missions are performed sequentially, based
on conditional probability theory, the reliability of a MSS
executing multiple consecutive missions under sequential
maintenance is as follows:

VA
Rus = P (A) = P(ﬂ AZ)
z=1
=P(A)PA2Ay) ---P(AzIA1N...NAz_1). (6)

According to the changes in the sample space of the
equivalent—state combination, (6) can be calculated in a recur-
sion manner, which is illustrated as in Fig. 3 and detailed as
follows.

Step 1: According to Y;(0)(j=1,...,J) and mainte-
nance sequence, all the possible values and the corresponding
occurrence probabilities of Yp at the end of the first mission
are obtained, based on which the system reliability during the
first mission is calculated.

All equivalent—state combinations of the units at the
end of the first mission, i.e., all elements in YHp (fa1),

are denoted as YE(I),...,YIID(HD(I*“)), where Yllj(h) =
(751" Y") (h € {1, ..., Hp (tz))]). Thus, the proba-

bilities of Yp being equal to Yllj(h) (h=1,...,Hp (1)) at
the end of the first mission are calculated first as follows:

J
1(h
p (YD (ta1) = YD< )) = HPqum(l)- 7
=1

her i h
whe ep]Y];;/)(l)
unit j is Yéj(h) at the end of the first mission and can be

calculated as follows:

is the probability that the equivalent state of

ijS}")(l)
P A
p;’ (fan) i Y2 =7Y;(0)
Wi
YA > Y 0) ta > D Ty
j=1 ylo j=1
Wj
L, YA >Y0) . tas DTy
j=1

®)
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A yA wj
fal — Z Tj/

Y: .
where pj’ (l‘al)Y];_(h) and pj’
)] /=1

J

) are the
1 (h)
Yp,

probabilities of unit j being in state YI; /.(h) after the operating
Wj ’

time of #,; and ty; — > Ty, respectively, and YjA is the
=

initial state. Because thé degenerative process of each unit is
frequently modeled as a homogeneous Markov process with
continuous time and discrete states [4], the two items can be
solved via the Chapman—Kolmogorov equation [36], which is
detailed in the Appendix. Meanwhile, for Y/.A > Y (0),ta <

Wi
> Ty, the equivalent state of unit j in YHp (ta1) is specific
=
J W
values 0 and YjA, respectively, when ;1 < ‘Zl Ty and 1) =
J =

wj
> Ty. Therefore, in this case, Piy!

D,

R is equal to 1.
P (1)

Based on the total probability formula, the system reliabil-
ity during the first mission is then calculated as follows:

Hp(ta1)
Pan= > p(¥o @) =Yy") (Gyw. W), ©
h=1

where I (x, ¢) is an indicative function of x defined as

I (x c)—I1
o

Even if the system is determined to be reliable during the
first mission, Yp at the beginning of the second mission
cannot be determined. However, only the occurrence prob-
abilities of the equivalent—state combinations of all units can
be determined and calculated as in (11), shown at the bottom
of page 7.

Equation (11) represents the condition that the sys-
tem is reliable during the first mission. Additionally,

>c

)

(10)

’

[YolYogm = Ve =10 = ivpp =0c=1,....0'}, 1=
A. _ _
{YD|YDj'1“:ijln»YDj?w--’YDj‘J“, —O}, t=T
A . _ vA.
{YD|YDj‘C“e{Os-nan;n}CZ1,~--ac_1,YDj'g—Yj?,Yng‘+ls'~-aYDj‘]“/—0}7
C
t=> Ty, C=2,....J -1
j=1
J/
vt () = 1 {YolYom € {0, ¥t e =10/ = Ly = A L r=>1;
j=
C C+1
A . _ _
[volvop e {o..xvple=1 . Civpp Yo =0} e (X1 DT ) c=1 01
j=1 =1
J Z
[roirn e fo..... v = YD, re (371, |
=1 z=1
@
[ 1, t=0
J=J
(Yjém—i-l)xlx...xl, t=T
c N ——— | —
C=1 J’
T c—1 c
A A _ ’ /
(ngm+1)x (Yj?,—i-l)xlx...xl, 1=>T;, C=2....J
c=1 c=1 J—C+1 Jj=
Hp ) =1 'f ®)
D)= (Z/gm+1)x1x...x1, te,T)
c=1 7
J=J' C C C+1
A A
(i) x[T(rp+1) x1xxt e[ X127 c=1...0/ =1
c=1 c=1 J—C j= j=1
J J’ zZ
[T(x*+1) = Homa, re (21> |
j=1 P p—
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> p(4)
Y
¥ ® p(YD(tal)_YD, (l)j/P(Al)
Y]g.(z) P(YD(’al)— YS (2)J/P(A1)
. (0 (ra) o Yo )= (0 () )

Probability correction

The

reliable during the first mission

iy
condition that the system is

> p(4p| 41)
v
Yéy 1) p[YD[itaz}Ylg (1)]/17(/12A1)
z=1
Yg Sz) P{Yn[éfaz]‘f’g (2)]/19(A2 | 41) 3
R TN G
Yy =l p YD(%’&]:YD == P(A2|A1)

Probability correction

-
The condition that the system is reliable
during the first two missions

v

p(Az141..47_)

Rms :P(AI)P(AZ |A1)...P(AZ | 4 ﬂ...ﬂAz_l)

FIGURE 3. Recursion mechanism of the reliability calculation for a MSS executing multiple consecutive missions under sequential maintenance.

the equivalent—state combinations of all units with an
occurrence probability greater than zero calculgteq accord-
ing to (11) are denoted as Yll), (1), e Yll)(HD(ta'))
sequence.

Step 2: For missions 2 to Z, the recursive calculation is
performed as follows.

The equivalent—state combinations of all units at the end

of the zth mission, i.e., all elements in YHp (fa1+. .. +ty;), are

VOLUME 11, 2023

YZ(HD(tal+--~+taz))
> D

sequentially denoted as Y]Z)(l), . , where
— Yz(h)

v = (v ,...,Ygg’”) (hel{l,... Hp(ta + ...+ ta)]).
Thus, under the condition that the system is reliable during
the first z-1 missions, the probabilities of ¥p being equal
to Yf)(h) (h=1,...,Hp(ta; + ...+ t3;)) at the end of the
zth mission is calculated as in (12), shown at the bottom

Z_l,(H]/)(tal"'n .‘,+l‘u171))

of the next page, where Y]Z')_ll(l), R YD
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are the equivalent—state combinations of all units with an
occurrence probability greater than zero at the end of the (z-

1)th mission under the condition that the system is reliable
z-1”(hh)
Y,

during the first z-1 missions, ij?{h)( ) is the probability that
D V4

the equivalent states of unit j are Yé;l @) and Yé;hh) at
the end of the (z-1)th and zth missions, respectively, and

are calculated as in (13), shown at the bottom of the page,
g 1 (hh) wj

(taz)Y o) and P/ (Z fay — 2. Tj’) are

1 =1 z(h)
J YD/'
z (h)

where p

the probabilities of unit j belng in state Y after the

operating time of #,; and Z tay — Z Ty with Y2 @)

/=1 =1
as the initial states, respeétively, aI{d they are solved using the
Chapman—Kolmogorov equation.
On this basis, the system reliability during the zth mission
under the condition that the system is reliable during the first

A
and Y]

z-1 missions is calculated as in (14), shown at the bottom of
the page.

Except for the Zth mission, to calculate the conditional
reliability of the system during the (z+ 1)th mission, the prob-
abilities of ¥ being Y3 (h=1,..., Hp (ta1 + - - . + o))
at the beginning of the (z + 1)th mission under the con-
dition that the system is reliable during missions 1 to
Z-1 are calculated as in (15), shown at the bottom of
the page.

Equation (15) represents the condition that the system
is reliable during the first z missions. It can be seen that

o(vo( % )-

to p (YD ( > taz/) YZ(h) |Aq... A 1), i.e., times the cor-
7=1

(o0m)

PO A1)

= YZ(h) |Ay.. is corrected with respect

rection coefficient

p (o () = 719)

1 (GYE,('”’ W1) =1 h

1(h
p (Yo @) =¥, "l4)) = P =1.....Hp(t). (11)
0, 1 (GYI(h), W]) =0
D
: H]S(ta1+.4.,+tﬂz_1) 7—1 i J Y -1"(hh)
P (Yo Zraz =Y A A = D) p Yo (Dt | = Y5 ™Ar A pr() :
=1 hh=1 7=1
(12)
le)-ll’(hh)
A UOFTR =Y (0) or ¥ > ;(0), Ztaz/ >ZT/
7=1
Y@l(hh) ; < Wi
SSER P D3R 0 IR TCND VR S o
7=1 J=1 le)_(h) Z=1
)]
1, A Y0, Ztaz/ < ZT/,
7=1
HD(tal+~~-+laz) Z "
PAJAI A= > p D | =rPAr A I(GYB_U.),WZ). (14)
h=1 =1
2 h
pYp Dt | = YR AL A
7=l
Z
p(YD(Z taz’) = Yf)(h) |A1...AZ])
/=1
: , I(GYZ(;I),WZ)zl h=1,... Hp(ta +...+1).  (I5)
D

PAA)...A)

0, 1 (GYIZD(h), Wz) =0
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Step 3: P(A1),P(A2|Ay),....,P(Az|A1N ...
are multiplied to obtain Ry according to (6).

Additionally, the pseudocode of the reliability calculation
method is provided in the Appendix.

NAz_1)

IV. SELECTIVE MAINTENANCE STRATEGY

OPTIMIZATION PROBLEM

In this paper, the total cost Cs consists of the maintenance cost
Cws and operating cost Crg. Its expected value is calculated
as follows:

E(Cs) = CMS +E (CLS)
J
= ZZ Z o (Y0 1) + 3V,
w=l1 j=1 Y;(0)+1 i=1

(16)

where clyj (o) 1s the maintenance cost of unit j from state ¥; (0)

to [, and H,,; (¥; (0), [) is a binary decision variable defined
as follows:

Hyj (Y} (0).,j)
1, the wth maintenance activity is restoring

= unit j from state ¥; (0) to [ a7

0, otherwise.

V; is the expected operating cost of unit j during consecutive
missions and is expressed as follows:

V4
YA
A
w(ZﬁJ, =10
z=1

v = E . (18)

j A
| 2= 2T YR > 10,
z=1 j=1

wj

(Z laz (Z fayy — Z Tj’
j=1

expected operatmg cost for unit j after the operating time

of Z ta; and Z fa; — Z
z=1 z=1
initial state. They can be calculated by modeling the operating

cost of unit j as a Markov reward process, as detailed in the
Appendix.

For multiple consecutive missions, the system can com-
plete a certain amount of work during each mission. Typi-
cally, the amount of work completed within a period is the
accumulation of system efficiency during this period [34].
Thus, the expected amount of work completed during the

where v and v are the

1, respectively, and Y A is the

VOLUME 11, 2023

zthmission (z =1, ...,

fal Q
/ > P(1),Gydt, z=1
(—

itaz’ 0
T D P, Gadt, z=2.....Z,

2ty q=0

=1

Z) is expressed as

E (Os;) =

19)

0
where > P (1), G, is the expectation function of the system
q=0
working efficiency.
Additionally, considering the sequential maintenance, the
maintenance time is calculated as follows:

T 3

j=1 w=l j=1 Y;(0)+1

wy (%00, l)fl'(ow (20)

where r; o)1 is the maintenance cost of unit j from state ¥; (0)
tol.

Based on this, the selective maintenance model investi-
gated in this paper can be expressed as follows:

Max Rys, (21)
E(Cs) <C’ (@)
VA
Tms < Zfaz (b)
E(OSZ);O/(z:l,...,Z) (©)
St Z Z Hyj(Y(0).1) <1G=1.....0) (d)
w=1j= y,(0)+1
J
> Z Hyj (Y0, 0) <1w=1,....J) (o)
J=1j=Y;(0)+1
Hyj (Y 0),1) =lorO(w,j=1,...,J) ),
(22)

where C’ is the budget, and O is the minimum workload
requirement for the expected amount of work completed
during the zth mission. This is similar to the case of the
single mission studied in [34]. However, the difference is
that the reliability calculation method is an innovative recur-
sive operation based on the changes in the sample space of
the equivalent—state combination and conditional probability,
rather than using UGF method which is only suitable for
the case of the single mission. Additionally, the maintenance
strategy optimization problem can be addressed by extending
the customized ACO algorithm proposed in [34]. The exten-
sions are described as follows.

Because the objective is to maximize Rys, the effective-
ness of the next node is quantified by the increment in Rys,
which is expressed as:

RMS (e4,65) — RMS(e,) (23)
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The 11th row is changed as follows:
Y4
C'«C-cleg)and T« Dty —1(e0]);
z=1
The 25~34th rows are changed as follows:
For np=1 to NP do

If E(C5)2C'NE(05)20 N..NE(Osz)2 0,

Calculate2’(.9,1,8;,)ite+1 (ga,sb =1,...,BY;¢, # gb) ;

Rytsmax € Max {RMSI seess RMSite} ;

The E(Cg) and E (0s.)(z=1,...,Z) corresponding to the path passed by the npth ant;

Calculate the Rys corresponding to the path passed by the npth ant using the proposed reliability calculation method;

Else
| Set the Ryjs corresponding to the path passed by the npth ant as 0;
End if
Calculate A7"™P (ea,gb )ite (é‘a,gb =1,...BY;¢, # Eb);
End for

Rysite < the maximum value of Ryjg corresponding to the paths passed by all the NP ants;

Then

FIGURE 4. Differences of the pseudocode of the customized ACO algorithm for multiple consecutive missions under sequential
maintenance relative to the single mission. Rysjte is the maximum value of the Rys in the iteth generation.

where Rms(e,) is the Ry corresponding to a maintenance
sequence ending with &4, and Rms(e,,¢,) 1S the Rys corre-
sponding to the above maintenance sequence in which g, is
added after ¢,. Thus, an ant is assumed to be currently at
node &,. If a node ¢, satisfies Rms(g,,e,) — RMS(e,) > 0, then
Ve ¢ Tabu,

RMS(e,,6) —RMS(e,),  BMS(e4,6) —RMS(e,) > 0
0, otherwise,

n (8613 8) = [
(24)

otherwise, 1 (g4, €) are set as identical constants. Further, the
quantity of pheromones left between ¢, and ¢, by the npth
ant in the iteth iteration is defined as

Arnp (Saa Eb)ite

wR(Mng’ite) , the path from ¢, to &, is included
_ in the path passed by the npth ant
N in the iteth iteration

0, otherwise,

(25)

. .. Jite) .
where w is a positive constant, and Rl(\l,}gl ® is the Rwis cor-

responding to the maintenance sequence represented by the
path passed by the npth ant in the iteth iteration.

The pseudocode of the customized ACO algorithm for the
selective maintenance problem studied in this paper is similar
to that of a single mission shown in Fig. 5 of [34], and its
differences are shown in Fig. 4.

V. EXAMPLE ANALYSES
With its structure shown in Fig. 5, an oil transportation
system is used as an example to verify the accuracy and
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computational effectiveness of the proposed reliability cal-
culation method and perform the selective maintenance
strategy optimization analysis. The oil transportation system
is designed to transport oil from an oil tanker to carriages. Its
working process is identical to that of the oil transportation
system in [34], except that it performs three consecutive
oil transportation missions during a predetermined period
selected for sequential maintenance. The requirements for
oil transportation volumes for different missions vary. The
pipeline parameters are listed in Tables 1-3. The cost unit is
USD and the time unit is one week.

Additionally, the initial states of the pipelines and the num-
ber of optional maintenance activities are listed in Table 4.

A. VERIFICATION OF THE RELIABILITY

CALCULATION METHOD

It is assumed that the durations of the oil transportation mis-
sions, i.e., fa1, fa2, ta3, are 1.2, 0.9, and 3 weeks, respectively.
The requirements for oil transportation efficiency at the end
of the missions, i.e., Wi, W», W3, are 45, 60, and 55 kilotons
per week, respectively. Maintenance activities 4, 2, and 7 are
performed sequentially. Based on this, the reliability calcula-
tion method is verified by comparison with the Monte—Carlo
simulation method.

With N representing the number of simulations, ten
Monte—Carlo experiments are conducted for the cases of
N = 100, N = 1000, N = 10000, and N = 20000,
respectively. Taking the case of N = 100 as an exam-
ple, one experiment, that is, 100 Monte—Carlo simulations,
is firstly conducted. The mean values of 100 simulation
results of P (A1), P (A2]A1), P (A3]A1A2), and Rys are cal-
culated, respectively. Subsequently, the same experiment was
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TABLE 1. Basic pipeline parameters in the oil transportation system.

J K; 8jo g1 82 &3 1) A0 e A0 4 X
1 3 0 20 40 60 0.008 0.006 0.008 0.002 0.004 0.006
2 3 0 30 50 65 0.012 0.008 0.01 0.004 0.007 0.013
3 2 0 25 40 - 0.008 0.005 0.007 - - -

4 2 0 20 40 - 0.007 0.004 0.01 - - -

5 2 0 15 45 - 0.012 0.004 0.009 - - -

6 3 0 10 35 60 0.007 0.004 0.009 0.001 0.006 0.01
7 3 0 20 45 60 0.013 0.01 0.012 0.005 0.008 0.011

lajb represents the transition rate of pipeline j from state a to b.
TABLE 2. Maintenance parameters of pipelines in the oil transportation system.

J ) n i ¢y cfs o33 i) {0 ffs th ty 13
1 250 350 500 300 500 500 0.5 0.75 0.9 0.4 0.9 0.9
2 200 350 450 150 450 450 0.4 0.6 1 0.3 1 1
3 350 400 - 400 - - 1 1.25 - 1.25 - -
4 200 350 - 350 - - 0.75 1.15 - 1.15 - -
5 200 450 - 450 - - 0.9 1 - 1 - -
6 200 300 400 250 400 400 0.4 0.9 1 0.75 1 1
7 250 400 600 350 600 600 04 0.7 0.85 0.6 0.85 0.85

TABLE 3. Operating cost parameters of pipelines in the oil transportation
system.

J i i 30 3| r 3 5 3 r
1 50 50 80 60 80 120 80 40 100
2 60 70 90 50 90 120 100 30 110
3 20 35 35 25 45 - - - -

4 30 40 75 40 80 - - - -

5 40 55 70 40 90 - - - -

6 30 80 65 40 100 85 60 45 120
7 30 30 40 20 40 50 45 30 50

r{fb represents the depreciation cost of pipeline j from state a to b, and

raj represents the cost per unit time required to drive oil transportation

when pipeline j is in state a.

TABLE 4. Operating cost parameters of pipelines in the oil transportation
system.

J Y; (0) Optional maintenance activities——Number
1 1 152—1 1»53——=2

2 3 -

3 0 0—>1—3 0>2—4

4 2 -

5 1 1»2——5

6 3 -

7 1 1>2——6 1>3—7

a— b represents the maintenance activity restoring the pipeline from
state a to b.

repeated nine more times. Additionally, the mean value and
standard deviation of the run time of the ten simulations are
calculated.

P (A1), P(Az]A1), P(A3]A1A3), and Rys are also calcu-
lated using the proposed calculation method, which is also
executed ten times to obtain the mean value and standard
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FIGURE 5. Schematic diagram of the series—parallel structure for the oil
transportation system.

deviation of the run time of calculation method. The com-
parison results are shown in Figs. 6 and 7.

As shown in Fig. 6, with an increase in N, the simulation
results gradually stabilize to the calculation results, indicating
that the proposed reliability calculation method is accurate.
It can be observed from Figs. 6 and 7 that when N is 100,
although the simulation time is shorter than the calculation
time, the simulation results have significant volatility, indi-
cating that the current number of simulations is not enough.
When N reaches 1000, the volatility of the simulation results
is still obvious, that is, the simulation results have not yet
reached an acceptable agreement with the calculation results;
however, the simulation time is longer than the calculation
time. When N is 10000, there is still some volatility in
the simulation results. When N reaches 20000, the simula-
tion results are almost consistent with the calculation results
and relatively stable, but the simulation time is significantly
longer than the calculation time. Additionally, the standard
deviation of the calculation method is significantly smaller
than that of the simulation method. The above analysis results
indicate that the calculation method is more computationally
efficient than the Monte—Carlo simulation method. In partic-
ular, the maintenance strategy optimization process requires
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Calculated P(Al) < Simulated P(Al)
- = =Calculated P(Az\Al) o Simulated P(A2|A 1)
.......... Calculated P(AS\A 1A2) o Simulated P(A3|A 1A2)
..... Calculated RMS A Simulated R MS
1 ) Q...90.9 1
S HeE e 3 000 o...é...o 0..0.:0..0
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54
o
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o
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Trial Trial
(c) N=10000 (d) N=20000

FIGURE 6. Results of solving the reliability using the calculation and
Monte-Carlo simulation methods.

D1—Simulation method (N=100)
D2—Simulation method (N=1000)
D3—Simulation method (N=10000)
D4—Simulation method (N=20000)
D5—Calculation method

e
/BN

0.08

&
(o)

0.06

w

0.04

Mean value of the run time (s)
o

Standard deviation of the run time (s)

DI D2 D3 D4 D5

FIGURE 7. Mean value and standard deviation of the run time for solving
the reliability by the calculation and Monte-Carlo methods.

numerous reliability calculations. Therefore, for maintenance
strategy optimization, the advantage of the proposed reliabil-
ity calculation method is more significant.

These analysis results indicate that the proposed relia-
bility calculation method is accurate and computationally
efficient.
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FIGURE 8. Influence of the mission duration on the selective
maintenance strategy optimization results.

B. OPTIMIZATION ANALYSIS OF THE SELECTIVE
MAINTENANCE STRATEGY

It is assumed that the requirements for oil transportation
efficiency at the end of the missions, i.e., Wi, W», W3, are 45,
50, and 45 kilotons per week, respectively. Based on this, the
influence of the mission duration on the optimization results
of the selective maintenance strategy are analyzed, and the
results are shown in Fig. 8. As shown in Fig. 8, when the dura-
tion of a mission is relatively short, Ryvsmax 1S 0, and the
optimization process duration is also significantly short. This
is because a short mission duration results in no maintenance
sequence satisfying the requirements of the oil transporta-
tion volume. As the mission duration increases, RyiSmax
suddenly increases to an extremely large value when the
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mission duration reaches a particular value, and the optimiza-
tion process duration also significantly increases, indicating
that feasible maintenance sequences begin to appear. Sub-
sequently, Rvsmax fluctuates as follows: In Fig. 8a, Rysmax
first increases significantly, then decreases slightly, and then
increases slightly; in Fig. 8b, Rysmax first increases slightly,
then decreases slightly, and then increases slightly; in Fig. 8c,
Ryvsmax first decreases slightly and then increases slightly.
Thus, the duration of a mission has a dual impact on Ryfsmax:
the increase in mission duration provides maintenance oppor-
tunities for more pipelines, thereby increasing Ryismax; it also
increases the working time of the system, thereby causing
more severe system degradation, with a reduced impact on
Ryismax- As the mission duration increases further, Ryvismax
gradually decreases, indicating that the second impact is
gradually dominant. When the mission duration increases
to a certain extent and exceeds a particular value, Rysmax
becomes 0 and no longer changes, and the optimization pro-
cess duration significantly decreases, indicating no feasible
maintenance sequence. This is because the mission duration
is relatively long, resulting in no maintenance sequence sat-
isfying the budget requirement.

In summary, the proposed selective maintenance model
and customized ACO algorithm are successfully applied to
the oil transportation system, which indicates the effective-
ness of them. Moreover, mission duration should be set within
a reasonable range; otherwise, the workload requirements or
the cost budget cannot be satisfied. Under the premise that it is
reasonable, when it is in the first 70% of the reasonable range,
extending it to a certain extent will not result in a significant
decrease in Rysmax, and occasionally even an increase in
Rmsmax. Therefore, this extension is feasible. If it is within
the back 30% of the reasonable range, extending it to the same
extent would result in a significant decrease in Ryismax, Which
is not feasible.

VI. CONCLUSION AND FUTURE RESEARCH
A reliability calculation method is developed for a MSS
executing multiple consecutive missions under sequential
maintenance. Based on this, the corresponding selective
maintenance model is proposed, and the ACO algorithm
is customized to address the corresponding maintenance
strategy optimization problem. As demonstrated in the illus-
trative example, the proposed reliability calculation method
is accurate and computationally effective, and the selective
maintenance model and customized optimization method
have engineering effectiveness. The optimization results
show that mission duration should be set within a reasonable
range, and under the premise that the mission duration is
reasonably set, whether extending it is reasonable depends
on its current value. These results can provide guidance for
the reasonable adjustment of mission durations in practical
engineering.

The proposed selective maintenance model and the cus-
tomized optimization method can provide theoretical sup-
port for the selective maintenance of a MSS executing
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multiple consecutive missions under sequential maintenance.
This research is helpful for enterprises to allocate resources
scientifically and improve the quality of mission comple-
tion. It provides engineers and researchers with insights for
effectively managing industrial systems. This research can
be applied to large-scale complex equipment in industrial
production, transportation and other fields. Typically, the
equipment in these fields needs to work continuously for a
long time. To ensure the smooth progress of the missions,
maintenance had to be carried out during this period.

Nevertheless, there are limitations in this work as follows:

(1) The proposed selective maintenance model and the
customized optimization method are illustrated to have a
theoretical support role. In the future, the proposed model and
optimization method will be applied to other oil transporta-
tion systems and engineering systems in other areas to further
illustrate their engineering effectiveness.

(2) The proposed reliability calculation method and cor-
responding selective maintenance apply only to one MSS.
A type of MSS combination characterized by performance
sharing is practical [11], [37], [38]. Therefore, in the future,
the proposed reliability calculation method for a MSS
executing multiple consecutive missions under sequential
maintenance and the corresponding selective maintenance
will be developed for MSSs in which performance sharing
exists.

APPENDIX

A. SOLUTION OF THE STATE TRANSITION PROBABILITY
FOR A UNIT

It is assumed that the stochastic degenerative behavior of
unit j (j € {1, ...,J}) follows a homogeneous Markov pro-
cess with continuous time and discrete states. Its transition
intensity matrix is expressed as follows:

i j j
Ko Ko oo Mg
J J J
B |0 Fuo R | 26)
s e
Xeo Mg o Kk

where Aﬂb (a, b=0,1,..., Kj) represents the transition rate
of unit j from state a to b. The state of a unit does
not increase during degradation; thus, )‘Jab = 0(a <b).
Additionally, based on the properties of the homoge-
neous Markov process, it can be known that X, =
— (Mo + M) (=1, K)).
With the initial state d (d € {0, 1, ..., K;}) and operating
time ¢/, the state probabilities of unit j are denoted as the
T
d _ d d d :

vector p; (t) = (pj (t/)o,pj (t/)l,...,pj (t/)Kj) , which
can be obtained by solving the following equations:

dp? (')

J _ T d (.
— = =E xp] (1) @7
P g =1.p"0),=0 w#d),
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1. Obtain 7q,.... Ty J and vector Y2 = [YiA yeees YJAJ according to the maintenance sequence;

2. Hppax < H(YA +1) solve the matrix YH and calculate Gy, (7 = Lo Hpy oy )5

j=1
3. In YH, find the rows where the equivalent states of the units not connected to the system at the end of the zth

mission are 0 and the equivalent states of the units that happen to be connected to the system at that moment are the
post-maintenance states, and form these rows into a new matrix denoted as YH, (z =1....Z ) ;

4. pYH < al(YH,)-dimensional vector whose elements are all 1 (Z =1,..., Z);

5. Forj<1toJ do

6. |If YA[i]>Y,(0) then
W
7. | |Tf tyy > z Ty then
j'=1
s. ||| pYH [h] < pYH, [h]p; zr [PAL)LYE B 1] (=1 leVHD)):
9. End if
10. | Else
1| | pYH[H] < p¥H, [1]p, (ta) YA ]+ LYE [, /141 (h=1.le(FH,))
12. | Endif
13. End for

le(YH,)
1 P(4)« Y pYH [ (Gyp, (i) :
h=1

15. Divide the items greater than 0 in PYH11 by P(4;) and list them as a new vectorPYH1 , and list the corresponding
rows in YH| as a new matrix YH |, ;

16. Forz<2 to Z do

17. |For h«1 to le(YH,) do

8. | | L pYH,_,;

19. For j«<1toJ do

z-1 Wi
2. It ¥A[j]==7,(0) or YA[j]> Y, (0N Yt > D Ty then

z'=1 j'=1
21. L[K] <« L[H] 7 (to [Y Lo [ JHLYH R, 1] (R =1, 1e(L)) ;
22. Elselfzf'>ZT >zt’

4

23. L[]« L[W]p, Ztazr—ZT [YH,_| o [1, j)+LYH [h,j]+1] (' =1,...le(L)):
2. End if o -

25. End for le(L)
26. PYH | [h] <« Z L(h
27. | End for = 1e(VH., )

8. | P(AMyAo ) Y pYHA[R]] (G, (1) W2 ) -

29. [If z<Z then h=1

30. Divide the items greater than 0 in PYH ;; by P (AZ |4;...A,_; )and list them as a new vector PYH ;2 , and list the
corresponding rows in YH _as a new matrixYH _, ;

31. | End if

32. End for

33. Ryis < P(4))..P(A714,...45_).

FIGURE 9. Pseudocode of the reliability calculation method for a MSS executing multiple consecutive missions under sequential
maintenance.
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where p? (r ), (u=0,1,...,K;) represents the occurrence
probabilities of state u with initial state d and operating dura-
tion ¢ for unit j. Equation (27) is the Chapman—Kolmogorov
equation.

B. SOLUTION OF THE OPERATING COST FOR A UNIT
Generally, when a unit operates in a specific state, it requires
a certain amount of cost consumption per unit of time to
support its operation. Additionally, the unit would depreciate
over time. The greater the degree of depreciation, the higher
the depreciation cost. Considering the Markov nature of unit
degradation in this paper, the unit operating cost can be estab-
lished as a Markov reward model. For unitj (j € {1, ...,J}),
the reward value matrix is expressed as follows:

Y P VA

R A

ko ki - Tk
where 7 (a=0,...,K)) represents the cost per unit time
required to support the operation of unit j in state a, and
), (a,b=0,1,..., K;) represents the depreciation cost for

transitioning unit j from state a to . A unit does not incur
any cost to ensure its operation when it is in a complete
failure state; thus, r(’) = 0. Additionally, no state improvement
would occur during the degradation process of a unit; thus,
rap (@, b =0, ...,K,a < b)isnotinvolved in this paper and
is recommended to be set to 0.

With the initial state d (d IS {0, 1,..., KJ}) and operating
time ¢/, the expected cumulative operating cost of unit j

is denoted as v;-i ('), and can be obtained by solving the

following equations:

dv; (¢
—:lt(/ ) =uj+Ej x v (') (29)
W(0)=0(d=0.....K).
_ T
where vector v; (f') = (vz(.; (l’),v} (t’),...,vf’ (t/))
and u; = (u’,u’,,u’KJ) ,in which «, = 7, +

Kj o

> kgl (@=0.1,... K)).
b=0,b#a
C. PSEUDOCODE OF THE RELIABILITY CALCULATION
METHOD FOR A MSS EXECUTING MULTIPLE CONSECUTIVE
MISSIONS UNDER SEQUENTIAL MAINTENANCE
The pseudocode for the reliability calculation method for a
MSS executing multiple consecutive missions under sequen-
tial maintenance is shown in Fig. 9.

In Fig. 9, p; (a) is the transition rate matrix of unitj passing
through the duration of a; e [1] is the uth element of vector
e; e[uy, up] is the usth element in the u;th row of matrix e;
Ge(u) represents the value of G corresponding to the uth row
of matrix e; /e(e) represents the dimension of vector e; and
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matrix YH represents YHpmax With each row being a com-
bination of elements taken from {O, R YjA} G=1,...,J),
respectively.
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