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Distributed flexible systems with degenerate machines: Performance
analysis, production scheduling, and predictive maintenance
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Abstract: In the modern manufacturing environment, the production systems develop towards a flexible direction due to
the increasing of the market demands of multiple varieties and small batch-based customized products. In order to make
better use of existing resources and improve production efficiency, real-time performance evaluation and prediction of
real-time scheduling and optimization improvement based on small batch production have important research significance
in distributed flexible production systems. This paper mainly studies the performance analysis of multi-batch serial
production lines based on degenerate machines, and carries out task scheduling and predictive maintenance for the
distributed production system. Specifically, for the production system with the degenerate machine model and the finite
capacity buffer, the mathematical model is established using the Markov method firstly. Then, an accurate method is
proposed to calculate the real-time performance indexes of the system based on the model, and an algorithm is designed
to optimize the completion time index for the scheduling problem under the model. In addition, a predictive maintenance
strategy is proposed to reduce the completion time for machines with degradation models. Finally, the feasibility and
effectiveness of the mathematical model and algorithm are illustrated by numerical experiments.
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P[S(n+1)[S(n)] = 1. (7)

S(n) = (¢,D1,D1,0,0,0),

S(n+1)=(q,a,D1,0,1,0),

a € {D1, Dy, Dr},

P[S(n+1)[S(n)] = P1(Dy,a). ®)
S(n) = (q,51,1(n), 51,2(n), f1,4(n),0,0),
f(n)=1,2,...,B,—1,

s1,1(n) # Dr, s12(n) =

a € {s1,1(n),s11(n)+1,Dp},

S(n+1) = (q,a,s12(n), f14(n),0,0),

P[S(n+1)[S(n)] = PLi(Dr,a); (9a)

s11(n) = Dp, s12(n) = Dy, D, ...

a€{1,Dp},

S(n+1) = (g,a,512(n), fi,4(n),0,0),

P[S(n+1)[S(n)] = P11(DF,a). (9b)

S(n) = (q,51,1(n), s1,2(n), f1,4(n), N1,1,0),

f(n)=1,2,... By —hi1(n) — 1,

s1,1(n) # Dp, s1,2(n) # Dr,

a€{s11(n),s1,1(n)+1,Dp},

be {si12(n),s12(n)+1,Dr},

S(n+1)=(q,a,b, f14(n)+1,N;11,0),

P[S(n+1)|S(n)] =

P, 1(s1,1(n),a) - Py s(s12(n),b); (10a)

51,1(n) = Dp, s12(n) # Dp,

a € {Dy,Dr},

be {s12(n),s12(n)+1,Dp},

S(n+1)=(q,a,b, f14(n)+1,N11 —1,0),

D17D2a"'7DWaDFa

7DW7DF7

P[S(n+1)|S(n)] = Pi1(s1,2(n),b). (10¢)
S(n) = (k,s1,1(n), s1.2(n), By — h11(n), h1,1(n),0),
0 < hii(n) < Nig,

s11(n) = , Dy, Dp, 512(n) # Dp,

b€ {s12(n),s12(n) + 1, F},

D1, D, ...

S(n+1) = (g,51,1(n),b, fi,4(n), h1,1(n) —1,0),
f(n) = Bg = hia1(n) +1,

P[S(n+1)|S(n)] = P11(Dr,a); (11a)
s1,1(n) = D1, Da, -+, Dw, D, s12(n) = D,

b€ {Dy,Dr},

S(n+1) =(q,s11(n),b, By — h1,1(n),hi1(n),0),

P[S(n+1)|S(n)] = P11(Dr,a). (11b)
S(n) = (g, s11(n), s12(n), f1,4(n), h1,1(n),0),
f1.4(n) +h11(n) < By, 0 < hy1(n) < Ny,

s1,1(n) # Dp, s12(n) # Dp,

a€ {s11(n),s1,1(n)+1,Dp},

b€ {s12(n),s12(n) +1,Dp},

S(n+1) =(q,a,b, f1,4(n) +1,h11(n),0),
P[S(n+1)[S(n)] =

Py (s11(n),a) - Pra(s1,2(n),b); (12a)
s1,1(n) = Dr, s12(n) # Dr,

a € {Dy,Dr},

b€ {s12(n),s12(n) +1,Dr},

S(n+1)=(q,a,b, f1,4(n)+1,h11(n) —1,0),
P[S(n+1)|S(n)] =

P, 1(Dp,a) - Py 2(s1,2(n),b); (12b)
s1,1(n) # Dr, s12(n) = D,
a€{s11(n),s11(n)+1,F},

be{Dy,Dr},

S(n+1) =(q,a,b, f1,4(n), h11(n) +1,0),
P[S(n+1)|S(n)] =

Pyi(s11(n),a) - PLa(Dr,b); (12¢)

s1.1(n) = D, s12(n) = Dp,

(
(
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a &€ {Dl,DF}, a e {slyl(n),sl,l(n)—i-l,DF}. (16)
bE{DlaDF}v Pctk(n):

S(n+1) =(g,a,b, f1,4(n), h1,1(n),0), P(mq ofE LTI Z14b T TARIRES, 2o X

P[S(n+1)[5(n)] =

P, (Dp,a) - Py (Dp,b). (12d)
S(n) = (g,s1,1(n), s1,2(n), By, 0,0),
¢=1,2,...,Q -1,

P[S(n+1)|S(n)] = 1. (13)

P[S(n)|S(n)] = 1. (14)

VI RGURESME A X0)=[1 0 ... 0],
)2, 20 (3) 1T AT 3R — B % R GRS A 2% 4y
A0, R4 X (0) FURZSHEFE A E A, 15 31 SRS BE I (8]

AR AT, S (g = 1,2,..., Q) MRS
PERETEIR A
PRy(n) =

P o 15 SR A T TIEARZS, MK by 1 A58
Fomg o IS8 AR TAFEUNT 28 g ik TR =
Py 5(s12(n), a):
P(g, s1,1(n), s1,2(n), f1,4(n), h1,1(n),0),
s1,1(n) = D1, Ds,...,Dw,Dp, s12(n) # Dp,
a € {s12(n),s12(n)+1,Dp},
hi1(n) >0, fi4(n) < By. (15)
CR,(n) =
P(my 75 2RI 2T TARIRZS, G2 X by JET
Hom o I 58 UK TAFEUN T 28 g ik AR ) =
P, + Py;
P, = Pi1(s11(n),a)

P(g,s1,1(n), s12(n), f1,4(n), h1,1(n), 0),
s11 # Dp, s12(n) = D1,Ds,...,Dw,Dp,
a€{s11(n),s1,1(n)+1,Dp},
hi11(n) < Nii, hii(n) + fi,4(n) < By;
Py = Py(s1,1(n),a):

P(k, s11(n), s12(n), fi,4(n), N1,1,0),
s1,1(n) # Dp, s12(n) # Dr,
f1.q4(n) < By — Nia,

by LGRS 1 Homy o D058 B T A
HETH IR TS - 1) =

P, 5(s12(n),a)P(k,s11(n),s12(n), B, —1,1,0),
s11(n) = D1, Ds,...,Dw,Dp, s12(n) # Dp,

a € {s12(n), s12(n) +1,Dp},

CTl,q = Z n- Pctq (n) (17)
n=0

WIP,(n) =

N1

S b Pl S by o 7 2

h=0

TSRS h ) =

Ni1

> - P(g,s11(n), s12(n), frq(n), haa(n),0),

P(1E 4T % my o A F TARIRZS, my o 40 F

TR, G X A4 9 Ny Homg DL

e TAFEUN T35 g X LA B8 =

P(g, s1,1(n), s1,2(n), f1,4(n), N1,1,0),

s1,1(n) # D, s12(n) = Dp,

hia(n) + fra(n) < B, (19)

ST, (n) =

P(1E 4TI % my o AT IR ZS, my o 40T

TARIRES, Boh X TAFECE N0 Homg o N L

e TAFEUN T2 g X LA B8 =

P(g,s1,1(n), 51.2(n), f1,4(n),0,0),

s1,1(n) = Dp, s12(n) # Dr,

hi1(n) + fi,4(n) < By. (20)
it UL IAZ A AT 5V A RO, X R

ZHERAUR L HL B8 A 7= R G5, 4 H B AR I $ i s 49,

GBS PR, STk 3R R AR S g X B

Hr R AT X R &, T A LA IR S 4

e
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075 0 0.25

P, =

0.05 0.85 0.10]

0 0.85 015 -
080 0 0.20]
KA Py (i, w)(j = 1,2) RnE j GHLEMIRE D, 1B
WEPRE D, FIHER.

P, =

(tserup,lzl)
B=20[ |
TN =3
(tsctuP,2:3) : Pl’l Nl’] ’ Pl,2 :
B=s0[ | O O
LM by T
(tsetup,3:5)
By=10] |

El5 ZHOXBBUHE~EH

B3t BT 2 SERHLAE 72 R G, K 2.2 35 g
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2TV )RR B, R B IR B RAT BTV E S AR S i
TIEEAT XF L. SIS YE RE AR AR DAl S 56 45 SR an 1l 6 e
71, AR S PITHE RS 20 B B0 b0 AR 7= 2 1 S
PEREVEAh 25 RN SR & s, [ 2 545 1 T RgitkRe
40T JL 5 5L, 3 M= it 5 ST ] (PR A 23 B S A B 25
RInF 1 PR,

& 6 ] U B & Y, 22 /N0 &7 ot ) A 7 o
AR A RE B2 B IR B (RS

THAERM ), B ST REARN B TR A A
1.0
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PR(n)
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0
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n

(1) EUS P Ao
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CR(n)
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0
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n
(b)  ZHCRSEI R RNE R
Ele6 RS HEMEISIHTMITEESIEER

xR #38%
F1 3HERERMNEMBHOTRITEER
B Bs Bs
CT"ffk. 27.5574 69.7357 88.5700
CTj‘f"k 27.5569 69.7205 88.5598

AR . Rads oy M, BN AR RO R
LIRT A 7 T8 3 PR A ATFER N A E AR 5% 1 B I 1)
SRITEIN 58 RS TR), AT R 2 850474 55 52 B 8]
. (E R I I 21 RS A T ik, ARl 6 AT 2
AT AR 2 M 3% 05V 45 RS L, RERS IR AT
HB TR 22 GEAH AL RE.
2.3 ZHORBHWEREER X

I /N7 B AR A 1 2 O SRR A 77 2k
HIAH IR PERE, 45 1 6 B BEFE AR A TH 55738, AR SC
T R PR T IR LA AR R A SR R
A8, o0 B AL ) REUHEAT P AT 9T, 1T 2 T4 550 )
FEARE R 22 LA 7 2 AR AT AT — e 2R AR, 3
T IR R UL e A Bt — P IT.

FHXS T &, AR 3CE B B AR A g0 gk 4T 73

& 573% (GA) Tt B % 0 A 2CR 2 1) RBUAT i, £ 5057
T AR St B 2 I B 7. 2% & B T s 1R 20 A1 20X
IBAEHLAE ™ S5, BARSEELRECE 2 T
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(tsetup, K)
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B 7 SHAIGRHETEH
R RS EOE . X T K bR
FIREIN L A e gl BN K, Fo b RS e Ik L
JO B T AP e B L. N, A 3 577 4, 64l
LT (L = 3, K = 6), BAREEE b J7 ik nsk
2 .
T2 3FETERMAEMIT TR RG

B 1 B2 B3 B4 B5 BG
B 25 45 30 60 50 20
Eeetup 3 2 4 3 2 1
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A E—HAG (1 3 12 2 3], % H AT g, B
By, By fE58 1 kB 7= 2 LA 77, By, Bs TE 55 2 26 2R
4 BT By, Bo RS 3 55 AR 2 B AR AR
AR L T B [R) 75 B RS X T2 G HLAE, T
0 ) A 2 i B R ) B (K > L),
75 D, 2 T R+ T B, AT DA B R T AN 7
& B Re AT .

XF T oA A= R G, 2% B8 B A SE bR 7T =
SR TR A B, B 2 26 7 B b — I
A 56 BN P A I T o 8 B R ABLAE D 3R 8 1) 58 B
8], I LA Dy B A ek 35, A5 A 55 8 52 P 5 I 18] e A, o
O R 032 X i K 576 ST T ) 55

FREE W46 BT B0 RVE R B AR R 5 B — e i
M), 33X EEL X AT A6 e P A B AT A G HR A

1) FAE I A S A B BAAE 7 e s B e T X
B A B 2% A Bt /D I AL

2) FA A A A 7 A TR 43 TE, T g 2%
A PR AN T A S

3) BEALET AL, 45 H AT B AS R0 .

ARSI A 50 T 3 A5 A R B A K
AN, R HIAE AR RIE R A8 ) DL St A
Ba N Jed 08 B AR, 3¢ i T 328 B e IR AR IR B 15 21
IMER RSN S
3 TIPS

FEH 2T AT T 2R 2 & MR Fa r,
R 1A% SRR D o A ANV R G 1) jEL 43 5] —
AR B0 73 S R B 7 SR ARAL 58 BT R i — 8
R AT 58 JIT ), AR 5 Bt 70 5 T IR A ML A AR 1) A 77
Gt TR A S TN 4 S A A A S
W, A $E RGP AR MR BT BEAT B 44775 30, TG
i) 5 A B A TR SRS, RE S IR i AR R R
3.1 HEPEN

BT 28 117 b 8 AR R g B 3 1 K
AR RHE, RGCRES HITA Zoh X E BTG
B LA BPIR S LR, KT Jo 1042 BB A0 A S A
BN T 2T AR GRS () T 4 4 4 S 7
A, & SR LS — DN IR R P X
R A" R G, BARLES FUN 40T

D ZZMIX AT hy 1 (n) > ri,r < Nyg — 1B, %)
BBV HATHES S ZIP X hy 1 (n) < ro B 4T
F2 G AT 4E.

2) 5 1 G LA BLI FF ZYEP HPIRE s11(n) =
z1,21 € {Da,..., Dy}, 52 G I 7 L4 (1)
K& s11(n) = 23,22 € {Da,..., Dy }.

3) fbF YGRS I, AR LET HLAS A TAE.

4) Y 58 BT B0 TR 3, B4R LS IR
AN = Dy,j e {1,2},

it 1 BN A 0 A R, E DA 2 b i A
DLt /M 58 I TE) AR AR E b, 358 BOCAS 7] £ 4 370K
BE SECRN R S e i ], X B R RER 45 215
A TR
3.2 HIPEANH

BT EAE B H 1, e, 11, 2o, IRIEHE 3.1 Fi
{0 24 70 R 3 B85 4% AR R FEDIR S S, T A 1T
BEAE BEPIR S BUR N Nyppe, SR 24— 21 - Npre
HER A B (REAN R L0 B 1, 0 R s iZ B4 X B
PR S AT BT 4R, 1 Ko iZ B4l R RRS 7
HEATHEY). IX L ULES 1 G ML RI4e g R, X5 2 &
PLER 4P TR S 2 FL. IR EU 58 1 G ML s dE4T 4k
PHIARSR A R
Si(n) = (k, 1, 51,2(n), h1,1(n), f1,5(n),0),
k=1,2....K, 21 € {Ds,..., Dw),

8172(71) = DI,DQa' . '7DW7DF7

hi1(n) > 11, hi1(n) + f1x(n) < B,

K

2B, — Nyy — 711 — 3

Npre = D (W +1)(Ny g = 1) = 1’21 nes
k=1
Npre

Spre = _ Sn. 21)

n=1

MR 75 R4 (R R A TE XS N3 B 158
T A, X B Hh 1 BT AR B I PR R A A I gk AT 4
P58 AR RS R A AR R LR RS EE KA ]
Re ey BIRAS DB BE LA BRI as PP, 2 e it 1% 07
ERFAT gy fihg.

M6 E A 1 5 I TRD A Do I 52 o 5, 1 e AR 4
YIRS B R AR IR X RGUIR S e f Bt 4T
R BAOPIRIR.

1) HHTRA R AT GEAR A F FE B P2 51 B %

2) XPER 1 B HLAS YRS W42 T PR A FE RS WA
1T 5B

s1,2(n) = D1, Da, ..., Dy,

be {s12(n),s12(n) +1,Dp},

S(n+1) = (k,Dy,b, f1x(n) +1,hy1(n) —1,0),
P[S(n+1)[S(n)] = Py 2(b, s1,2(n));

s12(n) = D,

be {Dy,Dr},

S(n+1) = (k,1,b, f1x(n), h11(n),0),
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P[S(n +1)|S(n)] = Py.1(b, Dr). (22) [0.04 0.82 0.14] [0.02 0.86 0.12]

HE SRS AT A MR E ARz Pa=| 0 082018, Pro=1 0 083 0.17];
o e R — M gE IR E S A QD) THEAR S, 0.73 0 0.27] 0.78 0 0.22]
I B 2 (22) T VS IR A S B A R S AR 7 [0.05 0.79 0.16] [0.04 0.82 0.14]

SRR SR RS N TART  Paio=| 0 0.80020], Pso=| 0 0.81 0.19].
FEYES BPIRAS RO 8 A% R B S5 58 B [a]. 071 0 0.29] 0.76 0 0.24

fEUE XS T AR AT XGRS B0 A P R, A5 T
LA 1, TN 40, G20 X 25808 3, T HE IS
29 1,1 S HLES RS BN T

0.2 0.7 0.1 0.05 0.75 0.20
P;=|0 0505; Pio=1| 0 0.75 0.25
0.3 0 0.7 0.70 0 0.30

AR 5 3.1 19 AR AL LI, B30T 26 1 5 HLAS 1 5
Ja 1A TARIRESHAT 49, 52 ry = 1,21 = Dw, 1%
B T 219 RS H X T A A B GRS OIR S
B T SC o3 M AT A4S R 0 5 RN TR H % S 8 2 H0aT
K0, Bt ARG IR 25 B 390, £ D0 € RSN 8] 1 76 FEAIR.
XY T — L84 7 R G, A 4R SRS REWS B AIR 58
IS TH). (B, ZE37 7 ZEBON, 4RI BR AT 2, 16 2% th
%, R, 7 BRI S P DL % 5 BRI 4E 37 51

4 H{EER
BT UL b AR 2 MR SUR AL 4 A1 AT

A e B AN L 8 BT, A T AN 15, B35 3

FA LR, R Lt & HA R B LA K

— AN PR BB X LK.

(fserup,1=4)

B|:54D

(tsctup‘Z = 3)

32:36D

(tsetup,IS =2)

315:6OD

B8 ZHARMH AN BITELEN
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Xof b PR A R L B4 43 i 2 TR A I A
AR LA A P2 26 1. 24 3, 4ifi% A Code 2= (1,2, 3,
1,2,3,1,2,3,1,2,3,1,2,3). L2 0 K34L, 005
HER TAFTESE 1 6B 1N T, 55 6 ~ 28 10 LIk T
PELESE 2 26 A2k BN, B e SR LRSS 3 4%
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2,3,3,3,3,3). 377 20k B AF 5% A 7 48 58 B 1]
ARG R SE U TR W3R 3 TR, st &5 R o, 0
AN 2 SRR A, % T IR AR Y 1 o A UG AR
FER I 3 W D7 v AT B, R DR AR SC T 4
1) B9 SRR I T AR A B 1) 2 HE IR A 7 1 B Il L

#z 3 3MpE AR AT R ETIE]
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FERETTRE, 45 B 7S BN AE = 2R M RE FR bR )
By Rk =G 3 T — PO 4 07 A R T e
R G RE, D AR 7 () 58 RN TR o 12 i A AR Y
T PRI B T R FH d A% B I 56 Rt (], a5
H SIS IR 1 T H SRR A Rk,

st H AT AR &, A R A A = KRG
IR 2 TAESERrdE— B ot AR TR 2
BUAE 7= 2 387 2514 R 20 A il L, %o T B HA AL 258 v] ¢
PEABE R I 3 A7 A 77 R G0 SO BEARAL S T TR 2
AT AT
S E 3k (References)

(11 EE38, T, UM S RARIE A /K 26 7 8 FE )

R o3 A A TH SR 0], B i s R, 2012, 38(3):

437-443.

(Wang S Y, Wang L, Xu Y, et al. An estimation
of distribution algorithm for solving hybrid flow-shop

(2]

(31

(4]

(5]

(6]

(7]

(8]

(9]

(10]

(11]

(12]

(13]

scheduling problem[J]. Acta Automatica Sinica, 2012,
38(3): 437-443.)

Zhang G H, Xing K Y, Cao F. Scheduling distributed
flowshops with flexible assembly and set-up time
to minimise makespan[J]. International Journal of
Production Research, 2018, 56(9): 3226-3244.

Chen J C, Jia Z Y, Huang L Z, et al. Transient
performance evaluation of flexible production lines with
two bernoulli machines and dedicated buffers[C]. IEEE
16th International Conference on Automation Science
and Engineering. Hong Kong, 2020: 836-841.

JiaZ 'Y, Zhang L. Serial production lines with geometric
machines and finite production runs: Performance
analysis and system-theoretic properties[J]. International
Journal of Production Research, 2019, 57(8): 2247-2262.
Lee S, Ni J. Joint decision making for maintenance
and production scheduling of production systems[J].
The International Journal of Advanced Manufacturing
Technology, 2013, 66(5/6/7/8): 1135-1146.

Inman R R, Blumenfeld D E, Huang N J, et al. Survey
of recent advances on the interface between production
system design and quality[J]. IIE Transactions, 2013,
45(6): 557-574.

Ju F, Li J S, Xiao G X, et al. Modeling, analysis,
and improvement of integrated productivity and quality
system in battery manufacturing[J]. IIE Transactions,
2015, 47(12): 1313-1328.

Teti R, Jemielniak K, O’ Donnell G, et al. Advanced
monitoring of machining operations[J]. CIRP Annals,
2010, 59(2): 717-739.

Cholette M E, Djurdjanovic D. Degradation modeling and
monitoring of machines using operation-specific hidden
Markov models[J]. IIE Transactions, 2014, 46(10):
1107-1123.

Bian L K, Gebraeel N. Stochastic modeling and
real-time prognostics for multi-component systems with
degradation rate interactions[J]. IIE Transactions, 2014,
46(5): 470-482.

Colledani M, Tolio T. Integrated quality, production
logistics and maintenance analysis of multi-stage
asynchronous manufacturing systems with degrading
machines[J]. CIRP Annals, 2012, 61(1): 455-458.
ol R, BANE, E 2 HRBR KEVE K
FONE I FRE R (9. T HHL TR SR, 2013, 35(8):
77-88.

(LiJZ,XiaJ W, Zeng X H, et al. Survey of multi-objective
simulated annealing algorithm and its applications[J].
Computer Engineering & Science, 2013, 35(8): 77-88.)
Bhosale K C, Pawar P J. Material flow optimisation

of production planning and scheduling problem



2652

xR %38 %

[14]

[15]

[16]

[17]

[18]

[19]

[20]

¥ # 5
in flexible manufacturing system by real coded

genetic algorithm (RCGA)[J]. Flexible Services and
Manufacturing Journal, 2019, 31(2): 381-423.

2z, BN BEAU A HIR AT 7Tt (1], &
fit RGUFAR, 2016, 11(1): 27-36.

(Xia X Y, Zhou Y R. Advances in theoretical research
of ant colony optimization[J]. CAAI Transactions on
Intelligent Systems, 2016, 11(1): 27-36.)

XN PR J T T8 A R TR A RV 1 4t 17 4% 1
FEARAL []. £ 5 R 5, 2011, 26(4): 501-506.

(Liu X H, Lin J. Scheduling optimization in supply
chain based on GA-PSO hybrid algorithm[J]. Control and
Decision, 2011, 26(4): 501-506.)

Tk, XSHE, F2E58. o0 AT SRR B AL SFERT FU 4R
IR [I]. 5 SR, 2016, 31(1): 1-11.

(Wang L, Deng J, Wang S Y. Survey on optimization
algorithms for distributed shop scheduling[J]. Control and
Decision, 2016, 31(1): 1-11.)

Yazdani M, Gohari S, Naderi B. Multi-factory parallel
machine problems: Improved mathematical models and
artificial bee colony algorithm[J]. Computers & Industrial
Engineering, 2015, 81: 36-45.

Naderi B, Azab A. Modeling and heuristics for
scheduling of distributed job shops[J]. Expert Systems
with Applications, 2014, 41(17): 7754-7763.

Fe, RA, 2 g e, A5 SOdE N WA S SR i 43
At QR AR Mk 4 18] 3 2 1) AL (D). ) 55 R 3K, 2019,
34(12): 2527-2536.

(Wu R, Guo S S, Li Y B, et al. Improved artificial bee
colony algorithm for distributed and flexible job-shop
scheduling problem[J]. Control and Decision, 2019,
34(12): 2527-2536.)

Lin J, Zhang S. An effective hybrid biogeography-based
optimization algorithm for the distributed assembly
permutation  flow-shop
& Industrial

scheduling  problem[J].

Computers 2016, 97:

128-136.

Engineering,

[21] Shao W S, Pi D C, Shao Z S. A Pareto-based estimation
of distribution algorithm for solving multiobjective
distributed no-wait flow-shop scheduling problem with
sequence-dependent setup time[J]. IEEE Transactions
on Automation Science and Engineering, 2019, 16(3):
1344-1360.

[22] Wang W B. An overview of the recent advances in

delay-time-based maintenance modelling[J]. Reliability

Engineering & System Safety, 2012, 106: 165-178.

ST, TR, BT, 25 R R SO R AR

ML= 5 FRAEAE SR B L 1R AL (D). T SENLER Bl 2

4, 2019, 25(8): 1885-1896.

(Wu X L, Zhang Z Q, Zhao N, et al. Production

scheduling and preventive maintenance plan optimization

(23]

with hyper-heuristics memetic algorithm[J]. Computer
Integrated Manufacturing Systems, 2019, 25(8):
1885-1896.)

S, UK. FE TR SR 0 SOLE R 1A R (],
Y3k, 2021, 36(2): 395-402.

(Wu H, Wang B. Single-machine scheduling problem

[24]

with preventative maintenance activities[J]. Control and
Decision, 2021, 36(2): 395-402.)

Jia. Z Y, Huang L Z, Chen J C. Order-reduced
dynamic decoupling approach for performance evaluation

[25]

of multitype and small-batch-based serial lines with
adjustments and resets[J]. IEEE Systems Journal, 2021,
15(3): 3902-3912.

fEEEN

R (1996—), L, Wb A, WFHAE = KRG ERE T S
AL 5% VR IO ¢, Email: longzhu.huang @bit.edu.cn;

B2 PH (1988—), 53, Feal@IBFL i, i, NFHERE
7RG S5 B 5T, B-mail: zhiyang.jia@bit.edu.cn;

FIEA (1998—), 5, ik, WAL= RGEMER TS
1155 & B 7T, E-mail: zunjun.wang @bit.edu.cn;

H 75 5E (1999-), 2, Wit-4E, WHAEF= RGO TS
1155 & I 7T, Email: xiuxuan.tian@bit.edu.cn.



