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ABSTRACT The mission for a type of transportation system is to complete a certain transportation volume
within a predetermined period, during which maintenance is also performed. In such a system, any unit
selected to be maintained is often connected to the system to participate in the system operation immediately
after its maintenance, and its participation in the system operation at different moments has different effects.
Based on this consideration, this paper proposes a new selective maintenance model for a multi-state
system wherein the maintenance sequence arrangement is considered. In this selective maintenance problem,
to maximise the system reliability, a sub-set of all desired maintenance activities is selected, and the
sequence of the selected maintenance activities to be performed is arranged, with the transportation volume
requirement and the limited budget considered. An ant colony optimisation algorithm is tailored for the
resulting optimisation problem. Two example analyses are presented to illustrate the effectiveness of the
tailored ant colony optimisation algorithm and the effect of the proposed selective maintenance. The results
show that the tailored ant colony optimisation algorithm is effective for the proposed selective maintenance
model. This selective maintenance can significantly improve the system reliability when the predetermined
period is relatively short, and this maintenance effect of improving the system reliability gradually weakens
as the predetermined period becomes longer. Increasing the budget and decreasing the transportation volume
requirement can slow this weakening of the maintenance effect.

INDEX TERMS Ant colony optimisation algorithm, maintenance sequence arrangement, multi-state system,

selective maintenance.

I. INTRODUCTION
The inevitable deterioration and even failure of engineering
systems during their operation make maintenance increas-
ingly important to improve system reliability and pro-
long system life [1]. Based on this consideration, various
maintenance optimisation models have been investigated,
aiming at maximising system reliability or minimising main-
tenance costs [2], [3]. In some industrial environments, not
all desired maintenance activities can be completed due to
limited resources. A sub-set of the desired maintenance activ-
ities is therefore selected to be performed to meet the relevant
requirements. This is termed selective maintenance [4].
When selective maintenance was originally proposed,
it was applied to a parallel-series system with only the
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replacement policy being considered [5]. Subsequently,
a general framework for selective maintenance was built [6].
Furthermore, selective maintenance was applied to a fleet for
improving the mission reliability by combining simulation
and optimisation [7] Heuristic methods for selective main-
tenance problems were investigated and the best methods in
various situations were evaluated [8]. In addition, selective
maintenance was applied to a manufacturing system, aiming
at minimising maintenance cost and production loss within
limited maintenance time [9].

The systems investigated in the afore-mentioned works
are all binary-state (perfect function or complete failure).
In practice, however, engineering systems can work at some
intermediate states between perfect function and complete
failure, exhibiting a multi-state property [10]. Such sys-
tems are called multi-state systems (MSSs). In the last
decade, selective maintenance with respect to MSSs has been
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FIGURE 1. Workflow of this study.

studied extensively. The selective maintenance models of
MSSs composed of binary-state components and multi-state
components were proposed [4], [11]. Three types of depen-
dence were respectively considered in the selective mainte-
nance of MSSs [12]-[14]. The load distribution problem has
been considered in selective maintenance modelling. Static
loads were optimally distributed for MSSs under a selective
maintenance strategy [15]. Based on this, a selective mainte-
nance strategy for MSSs with dynamic load distribution was
studied [16].

In most of the previous studies on selective maintenance,
missions and breaks alternate, and the maintenance is per-
formed only during breaks and needs to ensure the system
operation during missions.

Consider a type of transportation MSS with a mission to
complete a certain transportation volume within a predeter-
mined period, while maintenance is also performed during
this period. Considering that there is only one maintainer
who cannot maintain more than one unit simultaneously,
the units selected to be maintained should be maintained in
sequence. The transportation volume accumulating as early
as possible tends to increase its probability of meeting the
requirement. Based on this, all the units not being selected
for maintenance are connected to the system to participate in
the system operation at the beginning of the predetermined
period. The sequenced maintenance of the selected units also
starts at the beginning of the predetermined period, and each
of them, immediately after maintenance, is connected to the
system to participate in the system operation.
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Different units participating in the system operation at
different moments will result in different effects on the sys-
tem operation, and the consumable resources are limited.
Therefore, in this study, on the premise that the transportation
volume meets its requirement, a sub-set of all desired mainte-
nance activities is selected and the sequence of these selected
maintenance activities to be performed is arranged, with the
aim of maximising the system reliability within the limited
resources. This is also a type of selective maintenance, and
the decision variable is a maintenance sequence.

The cost of engineering systems considered in this
study comprises of the maintenance cost and the operating
cost [17]. The operating cost is modelled based on the Markov
reward process [18]-[20].

The main contributions of this study are as follows:

1) The selective maintenance model for a type of trans-
portation MSS is first built, in which the maintenance
sequence arrangement is considered.

2) To address the computational infeasibility of the exhaus-
tive method when the system scale is large, the ant colony
optimisation (ACO) algorithm is tailored for the proposed
selective maintenance problem.

3) The operating cost is calculated as a part of the total cost,
in contrast to the current studies where only the maintenance
cost is considered.

The remainder of this paper is organised as follows:
Section 2 describes the studied MSS and its working pro-
cess. The selective maintenance modelling is detailed in
Section 3. Sections 3.1, 3.2, and 3.3, respectively, describe
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TABLE 1. Basic parameters of units in the three-unit MSS.

Uniti Ay A A& & & n(L0)  #(1) #(20)  #(21)  x5(2)
1 0.005 0.0015 0.003 0 20 40 0.3 0.5 0.7 0.5 0.7
2 0.008 0.006 0.012 0 15 30 0.4 0.6 0.6 0.4 0.8
3 0.02 0.012 0.016 0 40 70 0.2 0.3 0.4 0.3 0.5

the modelling process of the reliability, total cost and trans-
portation quantity of the system. Section 3.4 describes the
resulting optimisation model. Section 4 details the tailored
ACO algorithm. Section 5 presents two example analyses to
show the effectiveness of the tailored ACO algorithm and
the effect of the proposed selective maintenance. Finally,
Section 6 gives the conclusions and outlines future work. The
workflow is displayed in Fig. 1.

Il. PROBLEM STATEMENTS

A. SYSTEM DESCRIPTION

The structure of the MSS investigated in this study is illus-
trated in Fig. 2. There are m sub-systems connected in series,
and sub-system j (j € {1, ..., m}) has x; units connected in

m
parallel. The number of all units is denoted asn = ) xj, and
j=1
the units are numbered 1, 2, ..., n in sequence. !

Unit i(i € {1, ..., n}) possesses K; + 1 states defined as
0,1, ..., K;, which improve from 0 to K;. States 0 and K indi-
cate complete failure and perfect function, respectively. The
respective working efficiencies are termed gé, g’i, ey gk.
The state and working efficiency of unit i are denoted as
Y; and gi, respectively; ¥; € {0,1,...,K;} and gi €
{80, 81: -+ 8k}

For the MSS, with the working efficiency denoted as G, the
structure function is expressed as follows:

G (p(gl,gz,...,g”)

X1 X1+x2 n
=min [ > . > 0 > | D)
j1=1 J2=x1+1 Jm=n—xm+1

Based on the structure function, all possible working efficien-
cies can be obtained and they are denoted as Gy, G, ..., Go,
which improve from Gy to Gg.

B. WORKING PROCESS

The duration of the predetermined period required to com-
plete the mission is denoted as 7', and the time from the begin-
ning of the predetermined period is denoted as 7 (¢ € [0, T']).
All the units not selected to be maintained are connected to
the system at ¢ 0 and start operating immediately. For
the selected units, they are maintained in sequence, and the
sequential maintenance starts at + = 0. For each selected
unit, immediately after its maintenance, it is connected to
the system and starts operating. The number of selected
units is denoted as »’, and the maintenance time of the kth
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TABLE 2. Maintenance parameters of units in the three-unit MSS.

Uniti ¢ (0,1) ¢ (0, 2) ¢ (1,2) L (0,1) 3 (0,2) L (1,2)
1 10 16 12 10 18 14
4 10 6 7 15 10
3 6 14 8 12 30 17

n

(k € {1,...,n'}) unit is denoted as Ty; thus, 3~ Ty < T.

An example of the working process is illustrateé_iﬁ Fig. 3.

As shown in Fig. 3, units 1, 3, 5 and 7 are not selected
to be maintained. They are connected to the system at t = 0
and participate in the system operation during [0, T']. Units 4,
6 and 2 are selected to be maintained. They are maintained
in sequence and their maintenance time is 71, 7> and T3,
respectively. Therefore, unit 4 is connected to the system at
t = Ti, and when ¢ T1 + T», unit 6 is connected to
the system; whereas for unit 2, it is not connected to the
system until ¢ T1 + T, + T5. Then, they participate
in the system operation during [T, T], [T1 + T2, T] and
[Ty 4+ T + T3, T, respectively.

Additionally, for uniti (i € {1, ..., n}), its state att = 0 is
denoted as Y. l.B, and at the end of its maintenance, its state is
denoted as YiA. In particular, if unit i is not selected to be
maintained, YiA is set to be equal to YiB. Thus, if unit i is
selected to be maintained, Y. iA >Y iB; otherwise, Y. iA =Y l.B.

IIl. SELECTIVE MAINTENANCE MODELLING

A. SYSTEM RELIABILITY

1) STATE PROBABILITIES OF UNITS

It is assumed that the stochastic degenerative behaviour of
each unit follows a homogeneous Markov process with con-
tinuous time and discrete states [4], [14], [21]—-[23]. The tran-

sition intensity matrix of uniti (i € {1, ..., n}) is expressed as
follows:
i i i
)\.00 )\'01 “ee OK,
L 1 1
Ei 10 11 1K; (2)
i i i
Ako Ak AKiK;
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FIGURE 3. Working process.

where X;b (a,b=0,1,...,K;) represents the transition rate 2) SYSTEM RELIABILITY

from state a to b. It is noteworthy that )»flb = 0(a <b), Based on (4), the u-function of unit i(i € {1,...,n}) is

for the reason that the state of a unit does not increase expressed as follows [24]:

during degradation. Additionally, based on the property K

of homogeneous Markov process, it can be known that ) _ ) g

My=—(Mo+. . 4 Ya=1.....K). W)= Pz ©)
With the initial state d (d € {0, 1, ..., K;}) and operating

time ¢/, the state probabilities of unit i are denoted as a vector

P W) = (b ()00 (1), -0 ()) - which can be O =B @, Ot ()

=0
Then, the u-function of the system is calculated as follows:

obtained by solving (3) [22]: K Ky Ky
=D D D PO, P2y Pa (1),
dp? (1) BT (1) h=0bL=0  [,=0
de i pP; co(g} & g;l)
K; X Z 17°02 n
d (. _ 3 [
pi(t) =1
; i ( )u — ZP(] (t)ZGq 6)
P 0)g =1,p{ (0), =0 (u #d) a=0

where ®, is the combination operator. G, and P9 (¢)

where p;i (t/ )u (u e {0,1,...,K;}) represents the probability represent the gth state and the relevant state probability,
of state u with the initial state d and operating time #'. respectively.

The state probabilities of uniti (i € {1, ..., n}) attime  are A system is often expected to perform as many missions
denoted as a vector P; (1) = (Pl- ®)o,Pi®)y,..., P (;)K.)T, as possible throughout its service life; thus, there is a require-
where P; (¢), (u € {0, 1, ..., K;}) represents the probability ment to mitigate system ageing. As for a mission, the mitiga-
of state u at time ¢. If unit { is not selected to be main- tion of system ageing can be transformed to a requirement
tained, it will start operating at ¢ = 0 with the initial state with respect to the probability of G(T) > W, in which
YB; otherwise, it will start operating immediately after its W is the lowest allowable value of G given according to
maintenance with the initial state Y/*. Therefore, P; (¢) is as experience. Therefore, the probability of G () > W is the
follows: system reliability for the mission. An indicative function of

G is defined as in (7):
f iB f iB f iB ! A B
Pt Wo.p;" Or,....p;" Ok, ) Y =Y, I, G=W
1(G) = (7
wi O, G<W
(1,0,....,0T  YA> YR 1 < > T} o L
k=1 Based on (7), the system reliability for the mission is calcu-
P;(t) = vA wi yA wi lated as in (8):
p;' (f— > Tk) . D;' (f— > Tk) ,
k=1 0 k=1 1 0
Al wi T i Rs(T)=P{G(T)=W}=)Y_ PI(D)I(G,) (8
,pt’<t—ZTk) JYAS YRS Y T =0
k=1 K; k=1

4) B SysTEM TOTAL cosT
The maintenance activity that restores unit i (i € {1, ..., n})
from state Y2 to j(je {Y®P+1,...,K;}) is denoted as

1

Y® — j, and the position of Y® — j in a maintenance

where wi represents the position of the maintenance activity
of unit 7 in the maintenance sequence.
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sequence can be represented by a binary decision variable that
is defined as follows:

1, the wth maintenance
H, i <Y,»B,j) = activity is Y® — j )

0, otherwise

The maintenance cost of unit i from state a to b(0 < a < b
< K;)is denoted as c; (a, b). Because the dependence of units
is not considered in this study, the maintenance cost of the
system for the mission is expressed as follows:

CMS=XH:ZH: i Hw,i(YiB,j).ci(YiB,j) (10)

w=1 i=1 j=Y,-B+l

For unit i, the sojourn at state a (a € {0, 1, ..., K;}) leads
to a cost per unit time to keep it operating, which is defined
as r; (a); and the cost associated with the state transition
from state a to b is defined as r; (a, b) (a, b € {0, 1, ..., K;}).
Based on this, a Markov reward model can be built for unit i
to calculate its operating cost [22], with the Markov reward
matrix of unit i expressed as follows:

ri (0) r; (0, 1) ri (0, K;)
g~ | L0 ri (1, K;) (an
7 (K 0) i (K 1) i (Ki)

Generally, a completely failed unit does not incur any
operational cost; thus, r; (0) = 0. Moreover, it is impossi-
ble for a unit to reach a higher state during a degenerative
process; thus, r; (a, b) (a < b) will be set to 0, which will
not affect the calculation of the operating cost. However, for
a unit, the state decrease during its operation can lead to
degenerative damage, which cannot be completely eliminated
by repairing it to the original state. Therefore, there exists a
depreciation cost with respect to the state decrease of a unit;
that is, r; (a, b) (a > b).

With the initial state d (d € {0, 1, ..., K;}) and operating
time ¢/, the expected accumulative operating cost of unit
i is denoted as vl?" (z’ ), which can be obtained by solv-
ing (12) [22]:

dv; (')
—g =i+ Eivi(r) (12)
T
where vector v; (1) = (V? (), v (t/)w“"’z& (t/)) and
u = (ué),ull,...,ul,(i) , in which u!, = ri(a) +

K; )
Z )Lilhri(asb) (azo,l,...,Ki)_
b=0,b#a
The expected accumulative operating cost of unit i up

to time ¢ is denoted as Vi (t). If unit i is not selected, its
operating cost will accumulate from r+ = 0 with the initial
state YiB; otherwise, its operating cost will accumulate after
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its maintenance with the initial state Yl-A. Thus, Vi (1) is as
follows:

P A B
v, (@), Y* =Y,
A B wi
Vi = 0=, t< kgl Ti (13)
YA wi wi
v (r—ZTk>, YASYB 1> Y Tk
k=1 k=1

Given that the dependence of units is not considered in this
study, the accumulative operating cost of the system denoted
as CLg is the sum of the accumulative operating costs of all
units. Thus, the expected accumulative operating cost of the
system up to time ¢ is expressed as follows:

E(CLs) () =Y Vi () (14)

i=1

Therefore, the expected accumulative operating cost of the
system for the mission is computed as follows:

E(Cis)(T) =) Vi (T) (15)
i=1

In this study, the total cost is composed of the maintenance
cost and the operating cost. Thus, based on (10) and (15), the
expected accumulative total cost of the system for the mission
is computed as:

E (Cs)(T) = Cyvs + E (Crs) (T)

_ Z":Zn: Z Hyj (YP5) e (YR))

w=l1 i=1 j=Yl-B+1

+Y Vi) (16)

i=1

C. SYSTEM TRANSPORTATION VOLUME

For the system, the decrease of its working efficiency is
stochastic because of the stochastic degeneration of each unit,
and the expectation of the working efficiency at time ¢ is
expressed as follows:

0
EG) () =) PG, a7

q=0

Regarding the transportation system, the working effi-
ciency is typically defined as the transportation volume per
unit time. Therefore, according to the property of mathe-
matical expectation, its expected accumulative transportation
quantity up to time ¢ is calculated as follows:

t
E (0s) (1) = /0 EG) (1) di

VOLUME 9, 2021



Y. Sun, Z. Sun: Selective Maintenance on a Multi-State Transportation System Considering Maintenance Sequence Arrangement

IEEE Access

node 1 node 2 node
B B B : — R.
Yo=Y, =g " oJ =8 T, Bs Tepe, R T,
nodel node2 -+ node |, node l
. . B . B .
YllB_)]l Ylf—)JZ Yl %]a }Ilb%]b::>RsT e ARST 8a%8b
a El
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0 <
S P0G wi=o E(CoM=C @
= W Y Tw<T (b)
_Jo, w>11<Y Ty w=1
B k=1 E (0s) (T) > Og (c)
; 0 w n K;
[ Y PI@)-Gydt, w>1,t>) Ty SEAY Y Hyi(YRj)<li=1,....n) (d)
kZI Ty =1 k=1 w=1j=yB4]
= n K,‘
(18) Zl ZB Hyi (YR j)<1w=1,....n) (e)
i=1j=yB+1
Based on (18), the expected accumulative transportation B - .
Hy,;(Y">,j)=1lorO(w=1 i=1,...,
quantity of the system for the mission is as follows: ! ( ! J) or0 (w i n)(z(?f;))

T
E (0s) (T) :/0 E (G) (t)dt
r @
Jo X P1(1)-Gydt,w =0
=1
= Tq 0 (19)
[w X PL@) - Gydt,w > 1

D. SELECTIVE MAINTENANCE MODEL

The maintenance time of unit i (i € {1, ..., n}) from state a
to b is denoted as ¢#; (a, b). Then, for a maintenance sequence,
the maintenance time of the wrh (w = 1, ..., n’) maintenance
activity is expressed as follows:

n K,'
To=Y > Hui(¥Pg)-u(¥P)) @0
i=1 ]=YiB+1

Based on (20), the total maintenance time is calculated as
follows:

ZTW=ZZ Z Hyi (YEJ)-u(YR4) @D

w=1 w=1i=1 j= yB_;,_]

It is known that the system aging should be mitigated
as much as possible. From this perspective, maximising the
system reliability should be the objective. In addition, the
transportation volume should meet its requirement and
the consumable resources are limited, which should be
regarded as constraints. Thus, the selective maintenance opti-
misation model is expressed as in (22) and (23).

Max Rs (T) (22)

VOLUME 9, 2021

where C’" and Oj are the budget and the transportation vol-
ume requirement, respectively, and the decision variable is
a maintenance sequence composed of optional maintenance
activities.

IV. TAILORED ACO ALGORITHM
Without considering constraints (23)(a) and (b), the number
of solutions in the search space is as follows:

LYY [T (k- ¥?) (24)
n'=1| dd=1 ieDy

where = ), is the n’ permutation of n, and Dy is the set of
selected units for the ddth permutation.

Itis observed from (24) that the search space grows rapidly
with the increase of n and K; — YiB (i=1,...,n). Thus,
if the system scale is relatively large, it is not computationally
feasible to exhaust all possible solutions. However, the main-
tenance sequence arrangement is very similar to the process
in the ACO algorithm where ants visit multiple nodes in
sequence. Based on this, the ACO algorithm is tailored for the
maintenance optimisation model described in Section II1.D,
with the constraints and the infeasible solutions addressed by
the construction of a tabu list.

The description of the tailored ACO algorithm is as
follows:

A. CONSTRUCTION OF THE SOLUTION

Each optional maintenance activity is regarded as an accessi-
ble node, and each ant has a tabu list to store its inaccessible
nodes.
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Step 1: Initialization
ite<— 0
Correspond optional maintenance activities to nodes (81 ~ SBY) ;
t(e,.65) 14,65 =1,... BY;6, 2 &3); T(£406,) < 0(, =1,...,BY) ;
Step 2: Put each ant on its initial node.
ite «—ite+1 ;
At(e,.6,) < 0(e,.6, =1,...BY 6, % &) ;

Y. Sun, Z. Sun: Selective Maintenance on a Multi-State Transportation System Considering Maintenance Sequence Arrangement

Step 3: For np=1 to NP do

Else Annotations:
Go to Step 3 ; c(&,) : Total cost of node &,
End if t( & ) : Maintenance time of node €,
End for y : j i i
End for Ry ( T)ite : Maximum Rg (T ) of the iteth iteration
Step 4: For np=1 to NP do Gm : Maximum iteration

Tabu < J ;

Add the initial node denoted as €.1 and the nodes whose units are the same as €. to Tabu ;
C'«C'—cle,): T'«T'—t(e,):

Add the nodes whose c(g.) is greater than C' or t(g.) is greater than 7' to Tabu ;

For inn=2 to n do

If C'>0(T'>0(There exist nodes not being added into Tabu. Then

Choose the next node denoted as €., according to Eq.(25), i.e.,P(é‘cnn_l »Eenn ) ;
Add €cnn and the nodes whose units are the same as €¢un to Tabu ;

Ant np move from €cpn—1 t0 Egpyy ;

C' e C' =c(ny) s T' < T'~t(e4):

Add the nodes whose C(S,) is greater than C’ or t(é‘,) is greater than 7' to Tabu ;

Evaluate £(Og)(T) of the path passed by ant np according to Eq. (19) ;
If £(O5)(T)=0s  Then
Evaluate Rg (T ) of the path passed by ant np according to Eq. (8) ;

End if
Obtain A7 (e,,¢,). (€,.6, =1,...BY;¢, #¢,) according to Eq.(27) ;

ite

End for

Obtain T(ga,gb) &,6,=1,..,BY;¢e, # gb) according to Eq.(26) ;

ite+1 (
Rs(T),, < max(Rs(T)) ;
R§(T), 0 < max(Rs (7). Rs(T), o Rs (T),,,) 3
Step 5: If ite<G, Then
. Goto Step 2 ;

End if

FIGURE 5. Pseudocode of the tailored ACO algorithm.

) B v
) For an ant, vyhen ]1; passes through node Y g causing E (Cs) (T) to exceed C' or >_ T,, to exceed T will
jliefl,....n},je{¥Y?P+1,...,K;}), all nodes of unit i ‘ ' Wi
will be put into its tabu list. Thus, it will not visit the nodes of also be put into the tabu list when the ant passes through a

units that have been maintained; i.e., the infeasible solutions node. Once all th? accessible nodes are placed in its tabu list,
that do not satisfy constraints (23)(d) and (e) can be automat- the ?nt StOPS' moving. Therefore, a path passed through by an
ically avoided. To handle constraints (23)(a) and (b), nodes ant is a feasible solution.
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B. MOVEMENT PROBABILITY

An ant selects the next node according to the pheromone
and the heuristic information [21]. There are multiple meth-
ods to integrate the two elements. In this study, the prob-

ability of moving from node ¢, to g, is defined as
follows [25], [26]:

P (eq, €p)
o B
[T (€a, €)1 [11 (4, €b)] . & ¢ Tabu
= Z [T (¢4, €)1% [ (€4s 8c)]ﬂ (25)
ec¢Tabu
0, otherwise

where Tabu is the tabu list. T (¢, &p) represents the quantity
of pheromone on the directed edge from node ¢, to &, denoted
by e, — &p, whereas n (g4, &) represents the heuristic
information of moving from node &, to &,. In addition, o and
B reflect the randomness and the certainty during path search,
respectively.

Because the objective is to maximise Rs (T'), the effec-
tiveness of the next node is quantified by the increment of
Rs (T'). The Rs (T') corresponding to a maintenance sequence
ending with ¢, is denoted as Rs (T),,. If ¢p is added after
&q, the Rs (T') will be denoted as Rs (T),, .,. Based on this,
the increment of Rg (T') denoted by ARs (T) (¢4 — ¢p) is
illustrated in Fig. 4.

It is assumed that an ant is currently at node &,. If there
exists anode ¢ (¢ ¢ Tabu) satisfying ARs (T) (¢, — ¢€) > 0,
then, Ve, ¢ Tabu,

n (a, €p)
_ JARs(T)(¢a —> €p), ARs(T)(eq — &) >0 26)
B 0, otherwise

otherwise, 1 (g4, ) (e ¢ Tabu) will be set as identical con-
stants. This may slow the optimisation process; however,
it can be maximally offset by the pheromone.

C. PHEROMONE UPDATING RULES

The number of optional maintenance activities is denoted as
n

BY = Y Ki— YRt (su, ) (car6p = 1,...,BY; 64 # &)

i=1
will be {lpdated at the end of each iteration, which is expressed
as follows:

T (&as €b)iter1 = (1 — ) T (8as €b)ite

NP
+ Y ATV (e (27)
np=1

where 7 (&4, €p);re 15 the quantity of pheromone on &, — ¢
in the iteth iteration, and p (0 < p < 1) is the evaporation rate
of the pheromone. NP is the number of ants in each iteration.
Further, At (g4, €p);;, represents the quantity of pheromone
left on &, — ¢, by the npth ant in the ifeth iteration, which is
defined as:

AT (g4, €1)ige
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(eq — €p) € path passed
by the npth ant in the iteth

= L (28)
1teration

- Rs (T)(np,ite) s

0, otherwise

where w is a positive constant, and Rs (T) (. ire) 18 the Rs (T)
corresponding to the maintenance sequence represented by
the path passed by the npth ant in the ifeth iteration. Addi-
tionally, the initial quantity of pheromone on each edge is set
as follows:
1, e &p
T (6as €b)0 = " (29)
0, ca=2¢p
Based on Steps 1-3, the search space can be explored through-
out as much as possible.

D. PSEUDO CODE OF THE TAILORED ACO ALGORITHM

The pseudocode of the tailored ACO algorithm is shown
in Fig. 5.

V. EXAMPLE ANALYSIS

In this section, a simple three-unit system is used to demon-
strate the effectiveness of the tailored ACO algorithm. The
effect of the selective maintenance proposed in this study is
analysed in terms of coping with a larger scale system.

A. EFFECTIVENESS ANALYSIS OF THE TAILORED ACO
ALGORITHM

A simple three-unit MSS is used to illustrate the effective-
ness of the tailored ACO algorithm, with its structure shown
in Fig. 6. Each unit possesses three possible states (0, 1, 2),
and the parameters of each unit are listed in Tables 1 and 2.
The initial states of the three units are YlB =0, Y2B =1,
Y3B = 0, respectively, and the optional maintenance activities
are numbered in Table 3.

TABLE 3. Optional maintenance activities of the three-unit MSS.

Uniti Maintenance activity:- number
1 Pol—1 PPo2— 2
2 w23
3 Pol—a P25

To demonstrate the impact of the sequence in which the
maintenance activities are performed, the cases where all the
units are replaced sequentially are investigated. The results
are shown in Fig. 7.

It is known that the maintenance cost of the six main-
tenance strategies are equal, and the same is true for the
maintenance time. However, as shown in Fig. 7, the sequence
in which the maintenance activities are performed has a
significant impact on system reliability, operating cost, and
transportation volume. For example, a later replacement of
unit 3 brings higher reliability, but this also leads to a
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TABLE 4. Basic parameters of pipelines in the oil transportation system.

o X g (kilotons per day) A
el gl ol el @ A A A A A
1 3 0 30 50 80 0.2 0.08 0.12  0.03 0.1 0.2
2 3 0 30 60 90 0.16 0.08 0.15  0.02 0.1 0.18
3 3 0 20 60 80 0.23 0.15 0.2 0.08 0.1 0.12
4 2 0 80 120 - 0.09 0.04 0.08 - - -
5 2 0 70 130 - 0.1 0.08 0.12 - - -
6 3 0 50 80 100  0.18 0.12 0.15 0.04 0.12 0.14
7 3 0 30 60 80 0.1 0.06 0.09 0.05 0.08 0.13
8 3 0 20 50 80 0.08 0.05 0.12 0.02 0.06 0.15
9 3 0 30 70 120 0.045 0.03 0.045 0.02 0.04 0.06
10 3 0 50 80 120  0.09 0.06 0.09 0.03 0.075 0.12
11 3 0 10 40 80 0.08 0.05 0.07 0.02 0.035 0.06
12 3 0 20 50 70 0.16 0.12 0.14 0.04 0.08 0.2
13 3 0 10 30 50 0.12 0.07 0.13  0.06 0.1 0.17
14 3 0 10 30 60 0.05 0.035 004 0.02 0.03 0.045
0.8 1000
0.6 o 800
Q =, 600
0.4 Q
FIGURE 6. Structure block diagram of the three-unit MSS. & I 400
0.2 200
higher operating cost. The transportation volumes of the two 0 0

maintenance strategies in which unit 3 is replaced last
are lower than those of the other four maintenance strate-
gies. Therefore, it is necessary to optimise the maintenance
sequence. Based on this, effectiveness analysis of the tailored
ACO algorithm is requisite.

Under three gradually strict constraint conditions, the tai-
lored ACO algorithm is compared with the exhaustive
method. The results are shown in Fig. 8.

Owing to the simple system structure, the number of ants
and iterations are set to be relatively small; that is, NP = 3
and Gy, = 10, which can better reflect the ability of the
tailored ACO algorithm. As shown in Fig. 8, under each of
the three constraint conditions, with the iteration increases,
Rs (T) initially increases, until it reaches the theoretical max-
imum Rg (T) obtained by the exhaustive method; then it
remains unchanged at this theoretical maximum Rs (7). The
increase of Rs (T') when the iteration is small demonstrates
that the probabilistic search based on the pheromone quantity
and the heuristic information are effective. Moreover, Rs (T)
can reach the theoretical maximum value, indicating that the
search space has the opportunity to be explored thoroughly.

Therefore, with the reasonable selection of the number of
ants NP and the maximum iteration Gy, the tailored ACO
algorithm is effective for the proposed selective maintenance
model.

B. EFFECT ANALYSIS OF THE PROPOSED SELECTIVE
MAINTENANCE

An oil transportation system is used as an example to inves-
tigate the effect of the selective maintenance. Its structure is
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A B CDEF
Maintenance strategy

A B CDEF
Maintenance strategy

(a) System reliability (b) System operating cost

A—1Unit 1—Unit 2—Unit 3
B—Unit 1—-Unit 3—Unit 2
C—~Unit 2—Unit 1—Unit 3
D—Unit 2—Unit 3—Unit 1
E—Unit 3—Unit 1—Unit 2
F—Unit 3—Unit 2—Unit 1

E(C, )(T)
5 2

[\
S

A BCDEF
Maintenance strategy
(c) System transportation volume

FIGURE 7. Impact of the sequence in which the maintenance activities
are performed (W = 35, T = 70).

shown in Fig. 9. It is designed to transport oil from an oil
tanker to some carriages.

The oil tanker is connected to the carriages through five
pipeline groups connected in series. Each pipeline group
consists of several pipelines of the same type in parallel.
Additionally, each pipeline is equipped with a pump to drive
the oil flow according to the current state of the pipeline.
Thus, a certain amount of electricity should be supplied per
unit of time. This is the operating cost per unit time of the
pipeline in the current state. The parameters of the pipelines
are listed in Tables 4 and 5.

The mission of the oil transportation system is to trans-
port a certain volume of oil within a predetermined period.
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08 ——m————

max

— — — Exhaustion (C =90,0,'=100)
i REEET Exhaustion (C ':80,08' =150)
_____ Exhaustion (C '=70,0_' =200)
——w—— Tailored ACO (C =90,0,'=100)
{ ———— Tailored ACO (C '=80,0' =150)
——»—— Tailored ACO (C =70,0,'=200)

0.75 ¢

0.65

0.55 ¢

045

Optimal system reliability R s (7

035t

1 2 3 4 5 6 7 8 9 10

Iteration

FIGURE 8. Iterative processes of the tailored ACO algorithm (W = 30, T = 55).

TABLE 5. Parameters of pipelines related with consumable resources in the oil transportation system.

Pipeline i 1 2 3 4 5 6 7 8 9 10 11 12 13 14
¢(@O1) 25 30 35 20 25 30 25 30 25 20 30 20 30 20
¢i(02) 45 40 50 35 45 40 40 40 40 35 45 30 40 35
. ¢(03) 50 55 60 - - 55 50 45 50 45 60 40 50 55
Maintenance cost (USD)
¢(1,2)y 35 35 45 35 45 35 20 35 35 25 35 25 35 30
¢(1,3) 50 55 60 - - 55 50 45 50 45 60 40 50 55
ci(23) 50 55 60 - - 55 50 45 50 45 60 40 50 55
t©,1) 03 04 03 02 03 04 03 05 04 03 02 05 04 02
t02) 05 06 06 11 06 05 05 2 06 05 04 1 1.8 04
. . t03) 25 26 0.7 - - 06 07 21 07 06 09 28 2 0.8
Maintenance time (day)
t(,2) 04 03 04 11 06 03 02 18 03 03 03 08 16 03
(1,3 25 26 0.7 - - 06 07 21 07 06 09 28 2 0.8
$23) 25 26 07 - - 06 07 21 07 06 09 28 2 0.8
(10 6 6 5 2 1 9 2 7 1 15 2 4 5 2
ri (1) 5 8 4 25 1.2 6 2 4 1.5 2 4 7 4 4
7 (2,0) 8 8 7 25 14 12 3 10 2 4 4 7 8 4
ri(2,1) 4 5 4 1.5 08 10 1 1.5 25 3 4 6 3
Operating cost (USD) 2 7 14 8 35 24 8 3 2 6 55 10 7 6
7 (3,0) 9 12 10 - - 15 4 14 25 6 75 13 15 8
ri(3,1) 6 9 8 - - 12 35 12 2 4 65 10 12 6.5
w32 3 4 6 - - 1 2 9 3 4 8 7 5
r; (3) 10 16 11 - - 11 4 14 25 7 7 15 18 8
TABLE 6. Initial states of pipelines and optional maintenance activities of the oil transportation system.
Pipeline i XB Maintenance activity——number Pipeline i Y,-B Maintenance activity——number
1 1 ¥Pos2—11P 53— 8 1 P —>2—9 1% 53—10
2 2 P33 9 1 Y211y os3—12
3 0 Y ol—av? 5257 53— 10 2 -
4 1 A Y p— 11 1 ¥ o2—137°>3—14
5 1 Y® 5238 12 2 Y5315
6 3 - 13 1 ¥os2—16¥8>3—17
7 3 - 14 2 Y3 >3—18
The initial states of the pipelines and the optional mainte- Based on the system design, the pipelines can be connected
nance activities are shown in Table. 6. to the oil transportation system during the system operation.
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Oil tanker | =)

mp 7 ( ! 9 0 2

S5
pump 11

S4

pump 12

=

:> = = Carriages
0

pump 3 pump 8 i 0
_3 . .

) Pipeline II L8 0 Pipeline [V

Pipeline [ Pipeline [1I 14|

Pipeline V

FIGURE 9. Structure of the oil transportation system.

Thus, the oil transportation system is consistent with the
proposed selective maintenance model.

The demand W is set to 20 kilotons per day, and the param-
eters of the tailored ACO algorithm are listed in Table 7.

The sensitivity of the optimisation result to the constraints
is shown in Fig. 10, which is used to illustrate the effect of
the variation of the proposed selective maintenance.

As shown in Fig. 10, Rs (T)ax in cases A and B is visi-
bly higher than that of case A, indicating that the proposed
selective maintenance can significantly improve the system
reliability.

Case C
With maintenance

C'=650, OS'=100

—_

0.8

06t With maintenance
C'=600, OS'=150

0.4t

N

Optimal system reliability RS(T)max

Case A
Without maintenance
0 L L 1 )
2 4 6 8 10

Duration of the predetermined period 7 (day)

FIGURE 10. Sensitivity of the optimisation result to the constraints.

Fig. 10 also shows that in case B, as T increases, Rs (T")max
initially increases until 7 = 4.5, after which it decreases
and decreases more significantly after 7 = 6.5. This reflects
the dual impacts of 7 on Rs (T)ax, Which is explained as
follows. First, the increase in T allows more pipelines to be
maintained, thus increasing Rs (T),.x (impact 1). Second,
the increase in T also prolongs the operating time of the
system, which counteracts the effect of maintenance and thus
decreases Rs (1) (impact 2). When T is relatively small,
its increase improves Rs (T)nax, indicating that impact 1 is
dominant when 7T is relatively small. When T is relatively
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TABLE 7. Parameters of the tailored ACO algorithm.

large, its increase leads to the decrease in Rs (T')ax, indi-
cating that impact 2 transforms to be dominant. Regarding
case C, a similar scenario is observed, except that when T
is relatively small, Rs (T")qx 1S high and remains almost
unchanged with the increase in 7 owing to the relaxation
of the constraints. In other words, impacts 1 and 2 of T are
almost equivalent when 7 is relatively small, and when T is
relatively large, impact 2 transforms to be dominant.

In summary, as the predetermined period gradually
becomes longer, its impact 1 weakens and its impact
2 strengthens. Thus, the proposed selective maintenance
can significantly improve the system reliability if the
predetermined period is relatively short. However, this effect
of the proposed selective maintenance gradually weakens as
the duration of the predetermined period increases owing to
the increasing dominance of impact 2.

As shown in Fig. 10, for a fixed T, Rs (T)pax in case C
is higher than that in case B. This indicates that the
increase in budget and the reduction in transportation vol-
ume requirement ( i.e. the relaxation of the constraints) can
slow the weakening of the effect of the proposed selective
maintenance.

The optimisation processes of several randomly selected
constraints are shown in Fig. 11.

As shown in Fig. 11, Rs (T') .« increases with the iterative
process until it reaches a certain value, after which it remains
unchanged. Rs (T),.x reaches that certain value before the
30¢h iteration in the cases in Figs. 11(b), (¢), (e) and (f). For
each of the cases in Figs. 11 (a) and (d), although Rs () ax
reaches the specified certain value at approximately the 50¢h
iteration, the increment of last increase in Rs (7') pax 1 small.
Therefore, the iteration processes in Fig. 11 also reflect the
effectiveness of the ACO algorithm. Thus, the maximum
value Rg (T)max reaches can be regarded as the maximum
reliability that the system can achieve.
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FIGURE 11. Optimisation process.

VI. CONCLUSION AND FUTURE WORKS

A selective maintenance model for a type of transportation
MSS is studied in which the maintenance sequence arrange-
ment is considered. Thereafter, the ACO algorithm is tailored
for this selective maintenance problem. Using two example
analyses, the effectiveness of the tailored ACO algorithm
and the effect of the proposed selective maintenance are
illustrated. The following conclusions can be drawn:

(1) The comparison with the exhaustive method and the
analysis of the iterative process demonstrate that the prob-
abilistic search based on the pheromone quantity and the
heuristic information is effective and the search space can
be explored thoroughly. Thus, the tailored ACO algorithm is
effective for the proposed selective maintenance problem.

(2) The predetermined period required to complete the mis-
sion has dual impacts on the maximum system reliability the
system can achieve. First, the increase in T can provide more
opportunities for pipeline maintenance, which can increase
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Rs (T)max (impact 1). Second, the increase in T also leads
to a longer operating time of the system, which counter-
acts the effect of maintenance and thus decreases Rs (") pax
(impact 2).

(3) As the predetermined period gradually becomes longer,
its impact 1 weakens and its impact 2 strengthens. Thus,
the proposed selective maintenance can significantly improve
the system reliability when the predetermined period is rel-
atively short. However, this effect of the proposed selec-
tive maintenance gradually weakens as the predetermined
period becomes longer owing to the increasing dominance
of impact 2. The increase in budget and the reduction in
transportation volume requirement can slow the weakening
of the effect of the proposed selective maintenance.

Nevertheless, it is assumed that there is only one maintainer
in this study. If there are multiple maintainers, maintenance
activities can be performed in a parallel mode. In the future,
this situation will be considered in this selective maintenance
model. The proposed model only applies to one MSS. Mean-
while, a type of MSS combination is quite practical and is
characterized by a redundancy [23]. Therefore, this selective
maintenance model will be developed for this type of MSS
combination.
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