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Optimization of the Selective Maintenance under Plural Systems
Considering Shortage of Spare Parts and Cannibalization

Jangwon Lee * Suhwan Kim'

Department of Defense Science, Korea National Defense University

This paper addresses the maintenance optimization problem in multi-component systems in which parts are connected in series,

carrying out several missions interspersed with scheduled finite breaks. Due to limited time or resources, maintenance actions

can be only carried out on a limited set of components. The decision maker then has to decide which components to maintain

to ensure a pre-specified performance level during next mission. Most of the existing models in the literature usually assume

only one system and enough spare parts. However, there are situations in which maintenance is required for multiple systems

of the same type. To overcome this restrictive assumption, this study optimizes the maintenance problem considering the lack

of repair parts and cannibalism for many identical systems. This study presents two optimization models with different objectives

to solve the problem and analyzes the results so that the decision maker can decide. The results of this study are expected

to be used for the maintenance of multiple systems of the same type, such as swarm drones.
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<Table 2> Parameters for Experiment-1(2/2)

193

oy I
Ei
&,

71¢} EHRAES AHEEt Bskslen, 2
2®o] 379 BE5S TRALCE H7|etd, 3/ Al
NE TRAECE B9t 1, 3 Al2=H

= 7)1 F =9 0.5 o]4<l 0.738, 0.573
A2l 2 (3) a2 7.3100/ch 7k ]
| & BT ARESsith BH-19)

N
oo
=

il

Sl

43 ME-1 2Y-2 AEAT
i 5 5 5
my -
t2 18 16 17 2o AEAIE= <Table 4>9F 2u)
age i 4 3 10
my
i 15 12 17 . .
= <Table 4> Modeling-2 Experiment-1 Results
i 12 11 19
my -
iy 12 10 10 i s s
7 J2 Js By | Ry | k| ke | Ry | Ry
i 1 0 1
my 5 0 0 0 - 1 Y
state,,; m i 0 0 0 state,; b2 v v Yy
g 1 1 1 i
. m
my i 1 0 ! ’ t2 v’ v v
A 0 1 0 .
i Yy
. ms3 :
. - i y v y
<Table 2>°1 A F4 849 =35 (age,,. )= 59141 199] .

gl ME 2t AL
5 A= ylell A 17H0)
ownz Ayl el A4 %

o] gnl A Ael(state,,, ;)

2 O

%o rir
offt
EL
rr
>,
[
o
Mo
g2
Au

e

<Table 3> Modeling-1 Experiment-1 Results

J1 Ja2 Js
ky ky ky ky ky ky
Gl Y
m
1
) Y Y Y
state,,; -
“
My - ,
iy v v v
“ Y
m.-
3 )
iy v v v

* Maintenance method : y(replaced with new), wv(replaced with
used), v’ (cannibalized)
<Table 3> A Hi= nfe} 7Fo] AH| S F35}
zgle Bpahelth ARA Auy

* Maintenance method :
used), v’ (cannibalized)

y(replaced with new), v(replaced with

<Table 4> A W= e} o] Rl AP} g
A=Azl w13} o) 1, 3 A AES Byl Ay
A Au o s 2.3 o] AFuA ¢ sFehs y
7F ABA 2B 12 270, AEAAE 28 3R BE off

TEFEE ARG F5E oSS SR
o 8= AHEstel Btetl o, Rl1 19 A1~
HE B AFo R wAlg vk, 2ellos 1 3 A
el AFuA Y} FRAELE B AHEste] B A
& RIS ¢ olTk o2l Aupgrge] Apold o) 7t A
22gle] 2H AR EE 0.645, 061022 B8 A 2F]
o 25 A EE 219 a3 ges 40T 5 9l
o welpo] A AQL 4 (14)9] F2 06090, -2
At 2o AR B} )5k of 4027 225 30

44 2Y-13} IH-20| DIZtE HA

x5S VNFANH (R R yEHS BH-19] 544 4 (3)
o go] w13} waae] Askg vust] s @ )
o] =g ARg-eto] <Figure 2> EA AT



194 Jangwon Lee - Suhwan Kim

obj func value of Model-1

Z _— ptl
Loy — & »
7.31 = —) pt2
: I |
I I :
‘ ! FY s =1
3.88 i)
I I I
| : | |
I 1 1 ~
0 0505730609 oss > R0

<Figure 2> Sensitivity Analysis on Model 1,2

<Figure 2>l A] pt1> B2-19] g2trEQd 7|54l
S} ZA ol mE Ao, pr2e -2 RS VI
AFof m1of st d-19] Akl whE Aotk
1o Alz=glnh B8k A(Y e, =1) 71 s

e

| W& Bd-19] SA5E wehdd o A

t

2
ol
on

1

>
[
uist)
o
i
-
O
rlr
o
o
g
&
[l
K
rlr
N
oo
e
1A
r>~
[0 o

>
$
32
T

LBl T8 S priolw], B
23

27}
Lo]
& 5 Ak A E 3] Al
& wEes Az $7139(Ne, =

715 3ll(infeasible solution)©] =L = <F1gure

=
)
s
o
o
o
o
N
N
29
)
k1
=
=
Ach

T
W5

o

=

P
tjo
o

o

ERR =

12 32
&+
.

NV o2 i o o ke o
flo |o

AU
o BN
e

E: =2
k1o ©
>,

[~
juist)
=}
I
-
Qﬂ

X
&2
rlr
k)

o
i
>,
o
il
B
_VJ_
ok '
o Ay 1l

o
[o 1

o e 2
ol rio

s

FN

24

o)

b

Ko

o 1o Rl oox

 FE s
o
I

_12i

1>

1>

ke

o,

k1

o

frtl

>

[

o

o,

4

il

ok
S

fd

Bl e
ng. E
)
flo 4
2
>

44 4 (3)0] BAZRE Ahstalr] ¢
<Figure 2> W3} 8habol] ) =,
FAHE 05 ololA EAge A @
. 109 244 4] (14)9] 2A%E Hrjsie})
918 BAsHs Wk <Figure 2>9) She S 8
‘jr }_ﬁ% ! Z:g]_l‘:, /\]}\Eﬂq :‘,:7]_ 2°] Z:r;:}/\ﬂ Al oﬂod

j_
)
o

2
oD
)
-0,
N

f O
rﬂ‘.
=)
o
Y‘_‘-‘,
[N}
Lo,
1

*ﬁﬂ Sk},
e A AE7E AT Aol BE 1L (.1650] 1,
900 00352, R0 An) A wdwo Al xE 7h

1920 F(Dr,) 2 AF 8L 45T Aoz oddt
= B Alade] Fehar & g glon, o] g R
131 A 2= 1252 H4dht) o] & <Figure 2>

J_THE]_Z'O/] % 3l l %}((R[))Q‘ UH] 14 Al (12)4 J].ﬂ_
of Za-19] 5424 4 3)= 7t Rl
1

o} vke ghol 3.25(pt2) = sketsle A

5.1 &&-2 mlZln|g =

1614 A4 HE F ) E

v et A,

rir

W7

ot
1=
I

<Table 5> Parameters for Experiment-2(1/2)

271 4 T aint 20
Ry 0.5 3
E E =5 FE =5

<Table 5> A Hi= nlo} o] A 2Elo] =5 472 =
WA oH, AuAE 2 o FEREe 5 ST

. Agas] dEte 2r)e o)t

<Table 6> Parameters for Experiment-2(2/2)

J1 J2 J3

age 1 7 9 1
my

i 19 12 5

J1 J2 J3

state,,; 1 1 0 0
my

i 1 0 1

<Table 6>01 4 |2 Z=7}g A|2~Ele] 1A Q ko
»J—((lg(im”)ﬂ' FGH] XJ }\]‘EH(Sfatemu)‘—‘ O]‘/]‘/] %}\% Zjl
At

o

-
a-
€

Bd.19] A¥AE= <Table 7> 2t

<Table 7>9A] B+ vi9} o] AH|E &35}
AZHE HF AL By
y7F ABA 28 132 B 57H?L

g

~HS i A
SRS BE of &
YREL AT FEF o FFY RS BRAY|9)
FRASE A8a0 BTos0m, 20 AR 19



Optimization of the Selective Maintenance under Plural Systems Considering Shortage of Spare Parts and Cannibalization 195

2 H7]8e, 3 AlxdEe ¥E 30E
ST 1, 3, 4 Al 2=Ele] 2R 4]
1 0.5 o]4+el 0.738, 0.687, 0.761°] 1,
2 (3) 2 14.1860°|t} 7} An] Y
71208 Anj e 1818, A g 2E9
galgith wd-19] A AQATHE oF 9AI7F 425
34,921 %7} A5 )

Ju
)
o

N
o
fitl
FE I—ﬂ _L] 10

J ey
>,
DA

fr e e
2

e B e

L
lo,

Eo

re U rlo fo X oft o
o 9
(N
oxl
=

{Table 7> Modeling—-1 Experiment-2 Results

J1 Ja J3
ky ky ky ks ky ky
i Y
my
5] Y Y Y
iy
state,,; my - , ; ;
iy v v v
i Y y
my
Ty v v v
iy Y y
my
) Y Y

* Maintenance method :
used), v’ (cannibalized)

y(replaced with new), wv(replaced with

{Table 8> Modeling-2 Experiment-2 Results

J1 Ja Js
ky ky ky ky ky ky
h Y
my
ty y Y Yy
Ll
state,,; my - ;
iy v v v
! Y y
my
iy Y v v
2 Y y
my
) Y v

*  Maintenance method:
used), v’ (cannibalized)

y(replaced with new), wv(replaced with

<Table 8> 4] B.i= nle} o] Beloo] A Ay} w3t
HAsE w13 o] 1, 3, 49 A|~FlS H7SigiTh
A Avd oz BElja} gho] 4 %—ﬂﬂPﬂ 6}1“‘6}—5 y

=

49 A|2dlo)] SFAES AFEEY B AS &%
T ATk o]t AujubH el zfolof o3| ZF AjxEle] 27
B AFEE(0.738, 0712, 07345 B4E A A~Ee] AR
AFEE gd o] gAY 2L g2l & 9t md.o]
Zaalel A (14)9] S 0.7120]1W, Ee29] AAF AL A
re wd o vlE #e ok 531%7F 225

o

4 BY-12} BY-20| BIZE

_E_kl

M
x5S 7ERAEE(R)E yFHS EE-19 542 4 (3)
o sto] Rd.13 el AE Hlulaty] Sl gk 7Y
o] Y EE ARSI <Figure 3>Z X ASITH
obj func value of Model-1
Tp=3 pid 4
14.186 L : Pt
1
=2
9.705, : er
| R = |
4.862 ; ; %‘r’”‘
0 0.5 0.6870.712 0.8430.862 L

<Figure 3> Sensitivity Analysis on Model 1,2

<Figure 3> A pt3-2 2d-19] g} 7EAF =
oF BA o] wE HolH, pd= Rd-29] HHZRL VE
NH Lo} o] s Fats Ld-19] EFgho] wkE Holu},
1] Alz="lgh B5ks A9 e, =1) 713 E
of g Rul1o] RAZe w0 R EAESIT 20
o] A2ES Behs AN, =2)% T dxom

A 3019 Al2RlS Bete A e, =3)E
st Ao BN AdolA s 4] Al ="ls
gEoy, 2us wEske Al2Fe F7F 49
Oz, =4) 99 AP E 758l (infeasible solution)©] =
2 <Figure 3>°| YE}A]

o)1
ST,

1] Alz=Egk B8l 49 2d19 A 4
B)s A 5E 24T gk v, 20 E HAehe
B EAGE VEAIE Rt dgle] 8 o)l ks 2t
3, 108 238 4 §loh 3uE Esks 45 7eE =
o} Adagle] 12 o]e] #he 2, 155 234 + gl
kA 7]EAE R o] o R e Al~gle] grof upef
22 2 (3)9] gho] AFH R FiEEo], H424 2] (3)
of SEgiR A2"e] FE HUgsle ASs IR0
Atk



196 Jangwon Lee -

e 20 HA QY a7 2" FH(R,)E 12 A
o] HA G 7|FEAE R 0.86201W, 22 A A= 7]
A EE 08439 {GE et

el Al ~ERE A Ee] Ho] Apol= -1 0.074
ola, Rel2& 00262, RE-22 Ay A] ZE- 1K} A]
2§l 7 s rdskAl gulstsith Wi, Al 2Ele]
ZAF AR F(Y )& 9F TS 45T o=
et it Alagle] Fehal & ¢ lom, o] g B
.18 2.186tholl A REloE 2184 & Al o]
<Figure 3> X% Rd.29] H42 FHR)S EE-19] 2
(12)9] g g gd=ste] X 19 542 4 3)& T
& mdl o] 7kl 14.186(pt3)Eth WS 7o) 14.184(ptd)

2 et AoRE @ & 9

)

e
2L o

=
& o o ko mm ok o )

ool o o W
~ ok
> N

uled

N
Mo
—_rd’l
N
HN
[
)
b
il
B
o T

o > 4ol o

v
ol
=
2
ot
E =

N oE > Ay >
AN ol o [ L

> o o
5
N

A
i
ez
=
a
[\S]
V
o
A
o]
ged
=
a
wo
\
=
o
N
HN
r
)
Jl
=
il
E
>

ol 2
=
= -
z
o

o
o i B oo

il
i)
N
rlr
o
o
Bis)
o,
2‘_'4
2
£
ok
>
=2
>
i H
N
FN
i rz
it}
H
9

10 w =

oA 1617k 78
oE 7Hga
2 2% 5

ole 3t 7]
EERAEN
2 Azgo] 4
e A2g

o] 9]

tlo

u, 7|EAZEE 0.7

f
S
ku
ol
2 oot
e

>§: o,

-~ m[o

= >
FTF
o
_>|~I_,
o,
ol
e
tlo o

r %0, ot
>

X olo
b
2
=
ot
= 1o
>
>
il
ox,
lo
o,
e
1o &L AT WE ox OF

Loy
o o

re
rJ
)
o r
0 E]
Lt

M L

i g
g

i)

pL

4 L
wo (o
T on
leo
N
HN
[

>

<, O
=S
2y ox
Ly
ROM
>,
jatit)

1o
EL AN
-4

o
-

> b
ol Moo= M (o |4

e oty

g

fll
ot
ot
o
H
foofr R

f
ofd
N
5 M
flo
>
|
@,
o
N
MN
r

o

fitl

o
o
HIE)
il

v
"
A
poc)
o, d

no32
rrorot

o,
=
it
it
o
-
2
™
=
o
ot
we e "
o T
4;[1 r
ol c{_j J@
fh,
i o
i g
of
o
ol

M
2

)

ol
>
oft
Hu

S, F

¢

N

=

N

AN

X

2,

SE

o

2

ox

=

ol

e

iy ofo

ol o 2
=

b1
&
ot
Ach

Suhwan Kim

oM.
o
i)

5 AT AR, AH5 /ge] wale)
Aol 27k B8 A ol T3

-
o &
e
-
= r:l_’
o
n
e ﬁ
e

M
(e
re
-
=2
2
o
Sl
N
=
1o,
-
o,
ko
B
il
A
Ir
>
[>
lo 1o = g2 4
£ 43 © b

N
NS
(9S)
=
ro,
>
feicc)
ro,
>
jeisi)
o
ox

o, n
o
o,

o
o
P
N

- -

b’
td
i,
32 i

o
[

Sk S u A2 w7 s B 24
© AH9 g ATHNTA e ey
& wAsA) Rafriehe 4A gnagelA A
©5 hga Azl B8 AFeE Fosy wd

3ttt

> >

12 A Mo
o o
B

f
oo
i)

BN
e ¥ i
fo ¥o o o

o

=

Qulapelol £AE e
St o2 Bof B Qe
RESS ] e

"E = =
Fu7k Bas,
=
=

o,
o

2 2 =
> g
ap =
o b
o g
of s

s

o o
= %
> 2y
=L 3o o

Folo

N
=
o

e
lo

- OHH
ol
re

N e
Sl
2
ol
I
2
e
N

ot
o

e
=
v

A
1o
4
o
X
>
m_l
L
tot,

32,
K

ot

o

u

>

N

© G
Mo o
to
O b
L ke
L

N
N
off
ot
4=
iR

o |o

fru

S

EL

97

2

o,
Ir

0y
incd
©
%0,
o
o
M o ¥
Gt
e o
ko 2

o

References

[1] Aggrawal, K.K., Redundancy optimization in general
systems, [EEE Transactions on Reliability, 1976, Vol.
25, pp. 330-332.

[2] Cassady, C.R., Pohl, E.A., and Murdock, W.P., Selective
maintenance modeling forindustrial systems, Journal of
Quality in Maintenance Engineering, 2001, Vol. 7, No.
2, pp. 104-117.

[3] Chen, C., Meng, M.H., and Zuo, M.J., Selective main-
tenance optimization for multi-state systems, In Proc
of the IEEE Canadian Conference on Electrical and
Computer Engineering, 1999, Edmonton, Canada.

[4] Dao, C.D. and Zuo, M.J., Optimal selective maintenance
for multi-state systems in variable loading conditions,
Reliability Engineering & System Safety, 2017, Vol. 166,
pp. 171-180.

[5] Dao, C.D. and Zuo, M.J., Selective maintenance for mul-
ti-state series systems with s-dependent components,
IEEE Transactions on Reliability, 2016, Vol. 65, No.
2, pp. 525-539.

[6] Diallo, C., Venkatadri, U., Khatab, A., and Liu, Z.,



[11]

[14]

[15]

[16]

Optimization of the Selective Maintenance under Plural Systems Considering Shortage of Spare Parts and Cannibalization

Optimal selective maintenance decisions for large serial
k-out-of-n: G systems under imperfect maintenance,
Reliability Engineering & System Safety, 2018, Vol. 175,
pp. 234-245.

Duan, C., Deng, C., Gharaei, A., Wu, J., and Wang,
B., Selective maintenance scheduling under stochastic
maintenance quality with multiple maintenance actions,
International Journal of Production Research, 2018, Vol.
56, No. 23, 7160-7178.

GAMS official site, https://www.gams.com/latest/docs/
S BARON.htmI#BARON INTRODUCTION.

Gopal, K., Aggrawal, K K., and Gupta, J.S., An improved
algorithm for reliability optimization, /EEE Transactions
on Reliability, 1978, Vol. 27, pp. 325-328.

Khatab, A. and Aghezzaf, E.H., Selective maintenance
optimization when quality ofimperfect maintenance ac-
tions are stochastic, Reliability Engineering & System
Safety, 2016, Vol. 150, pp. 182-189.

Khatab, A., Aghezzaf, E.H., Djelloul, 1., and Sari, Z.,
Selective maintenance optimization for series-parallel
systems alternating missions and scheduled breaks with
stochastic durations, International Journal of Production
Research, Vol. 55, No. 10, pp. 3008-3024.

Khatab, A., Aghezzaf, E.H., Djelloul, ., and Sari, Z.,
Selective maintenance optimization for systems operating
missions and scheduled breaks with stochastic durations,
Journal of Manufacturing Systems, Vol. 43. pp. 168-177.
Khatab, A. and Ait-Kadi, D., Selective maintenance poli-
cy for multi-mission multistate series-parallel systems,
In 4th International conference on advances in mechan-
ical engineering and mechanics (ICAMEM2008), 2008,
Tunisia.

Khatab, A., Ait-Kadi, D., and Nourelfath, M., Heuristic-
based methods for solving the selective maintenance
problem for series-parallel systems, In International con-
ference on industrial engineering and systems manage-
ment, 2007, Beijing, China.

Khatab, A., Dahane, M., and Ait-Kadi, D., Genetic algo-
rithm for selective maintenance optimization of mul-
ti-mission oriented systems, In Annual European safety
and reliability (ESREL) conference, 2013, Amsterdam,
Netherlands.

Khatab, A., Diallo, C., Venkatadri, U., Liu, Z., and
Aghezzaf, E.H., Optimization of the joint selective main-
tenance and repairperson assignment problem under im-

perfect maintenance, Computers & Industrial Engineer-

[17

[18

[19

[21

[22

[25

126

[28

]

]

—

—_

—_—

—_

—_

—

—_

197

ing, 2018, Vol. 125, pp. 413-422.

Lin, D., Zuo, M.J., and Yam, R.C., General sequential
imperfect preventive maintenance models, International
Journal of Reliability Quality and Safety Engineering,
2000, Vol. 7, No. 3, pp. 253-266.

Liu, Y., Chen, Y., and Jiang, T., On sequence planning
for selective maintenance of multi-state systems under
stochastic maintenance durations, European Journal of
Operational Research, 2018, Vol. 268, pp. 113-127.
Liu, Y. and Huang, H-Z., Optimal selective maintenance
strategy for multi-state systems under imperfect main-
tenance, IEEE Transactions on Reliability, 2010, Vol.
59, No. 2, pp. 356-367.

Lust, T., Roux, O., and Riane, F., Exact and heuristic
methods for the selective maintenance problem, Euro-
pean Journal of Operational Research, 2009, Vol. 197,
pp. 1166-1177.

Maaroufi, G., Chelbi, A., and Rezg, N., Optimal selective
renewal for systems subject to propoagated failures with
global effect and failure isolation phenomena, Reliability
Engineering and System Safety, 2013, Vol. 114, pp. 61-
70.

Maillart, L.M., Cassady, C.R., Rainwater, C., and
Schneider, K., Selective maintenance decision-making
over extended planning horizons, IEEE Transactions on
Reliability, 2009, Vol. 58, No. 3, pp. 462-469.
Malik, M., Reliable preventive maintenance scheduling,
AIIE Transactions, 1979, Vol. 11, No. 3, pp. 221-228.
Panday, M., Zuo, M.J., Moghaddass, R., and Tiwari,
M .K., Selective maintenance for binary systems under
imperfect repair, Reliability Engineering and System
Safety, 2013, Vol. 113, pp. 42-51.

Pandey, M., Zuo, M.J., and Moghaddass, R., Selective
maintenance modeling for multistate system with multi-
state components under imperfect maintenance, IIE
Transcations, 2016, Vol. 45, pp. 1221-1234.
Rajagopalan, R. and Cassady, C.R., An improved se-
lective maintenance solution approach, Journal of Quality
in Maintenance Engineering, 2006, Vol. 12, No. 2, 172-
185.

Rice, W.F., Cassady, C.R., and Nachlas, J., Optimal
maintenance plans under limited maintenance time, In
Proceedings of industrial engineering conference, 1998,
Banff, BC, Canada.

Schneider, K. and Cassady, C.R., Evaluation and compar-

ison of alternative fleetlevel selective maintenance mod-



198

[29]

[30]

Jangwon Lee -

els, Reliability Engineering and System Safety, 2015,
Vol. 134, pp. 178-187.

Sharma, J. and Venkateswaran, K.V., redundancy opti-
mization in general systems, IEEE Transactions on
Reliability, 1971, Vol. 20, pp. 256-259.

Zhao, J. and Zeng, J.C., Maintenance strategy for stochas-
tic selective maintenance of a two-state system,
International Journal of Wireless and Mobile Computing,
2016, Vol. 11, No. 4, pp. 302-308.

Suhwan Kim

[31] Zhu, H., Liu, F., Shao, X., Liu, Q., and Deng, Y., A
cost-based selective maintenance decision-making meth-
od for machining line, Quality and Reliability Engineer-
ing International, 2011, Vol. 27, pp. 191-201.

ORCID
Jangwon Lee | http://orcid.org/0000-0002-3822-403X
Suhwan Kim | http://orcid.org/0000-0003-4916-1713



