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Flexible job shop dual resource scheduling problem considering loading
and unloading

WU Xiu-lif, XIAO Xiao, ZHAO Ning
(School of Mechanical Engineering, University of Science and Technology Beijing, Beijing 100083, China)

Abstract: To solve the problems of low utilization rate of manufacturing resources, long non-processing time and difficult
scheduling in a “research and production mixed line” workshop, a flexible job shop dual resource scheduling problem
considering fixture loading and unloading is proposed. Firstly, the mathematical optimization model of the problem is
established to minimize the makespan and setup time. Then, a non-dominated sorting genetic algorithm is proposed to
solve it. The decoding algorithm to reduce setup time is designed to balance the two objectives. The operator is randomly
selected from the crossover operator pool and the mutation operator pool, and the next generation is selected according to
the non-dominated level and the congestion degree. Finally, the results of numerical experiment show that the proposed
algorithm can solve the problem effectively.

Keywords: research and production mixed line; flexible job shop scheduling problem; dual resource scheduling;

fixture; setup time

0 5 &

SR BF T2 TR 38 A o e RO 7= 7 [ —
SRR IR A P NI “BPIRA” A=
RS2 7638 e LA 4% 20 BT I 3 . <7
PR A pe R, BRI R T4 58 A At
P ) 3 4 7] — 2% A 72 2% P s s R, T AR
THLEE. T I A, J) R A T4 e R i
T2 A, T 2 1 B T O e A B
o i B VR R P, T T SRR, IR
EAFEE, BT R WA P Ut 7 e W e e
AW, A I 0 3 B 1 A B TR, ]

Yk BEA: 2019-03-08; 1&[E HHEA: 2019-04-30.

0 3% 2 F T i R R AR . XA LT, &
] & B B AN i B i i 1 KB B AR 0 T TE]L [ B
Az 7 5 B A A W o I 3 A8 ) 5 1 1) 3 A b
Gu i3 B, il i FE A 95 9o R 1]V AR AR IR I T
P21 SR, IX LSRN T R I F AN Gt A, S i
BT BRIV 9. BRI, An e s RO B BB A
Az R T A A% 2R AR P BRI, YA AR N T TR, £ v
AR 7R RO A AR AE TR SR T 0% 5 A PR 9 1
PEAN, PR = i fh 2R 2, T2 R %, fiE
TRAEZ GFLa L, & T SR R R 2 18]
1 & 1] /1 (flexible job shop scheduling problem, FISP).

HEWME: EREARAESTE (51305024); E B AR THRITH JCKY2018209C002).

HERE: T
@EMMESE. E-mail: wuxiuli@ustb.edu.cn.



2476 EC o

5 Xk R

%35 %

I, AR SCUL IR AR A R R R ) S L B
B R 2 18 e L S B R A b 2 1) X st
] &% (flexible job shop dual resource scheduling problem
considering loading and unloading, FJSDRSP-LU).

B2 SV IS 1A] 42 HEAH SC AR TT 2 9 2 — K2 4
HH S P 25 SE I 1), B 2 0 B JB) S5 L #8 A0 o0 T L P A
Iy — R T B TG O 1) 26 0 B (), B 2 D B [RI AN 5
TR N T TR A G, B LGS AT T T e
IR 55 1 1R S N G 3 SE R B A IR

F7 B R 5% 20 SIS 1) 34 P8 7 s o b 2670, —Fir
S ENINS [A) A P S AL BT — S0 T LR A 2 1 7
AR, AR o Fedk AT T HE 7S, Heger
S 2% 18 e 41 A S 25 2 N (] R 30 28 i 7K 2 18] v A
JHI 0 285 VR 8 38 B2 R 00 2 B 60 7 0 1) R AT T oK
fif#. Benkalai 550V B AL #8 15 S5 K AR 1 25 FE Fr 41 A1
SR 3 S0 N (8] £ B 3T 7K 2 [ 8 B2 17 . Nourali 557
LT 25 BT A D% 3 B[R] %) 232 M Al 4 1) O
JEE I @ ) MITP A5 R, FEORE 3 S0 HEAT 5K . Sahin
ST FE 7 U B RO LR PR B 1 P 51 AH 5 e 1 I T]
PR o 3 C 26 1 A2 7 2. 53 — A e 41 R 5% 2 0 I
() 5 AL g S e AR ORI IR s O LT
mn ) EACTT T S LA AT IR s B R A

Bt X Fr 51 T 9% 2 VI [], Aydilek S50 £ P B B
B I] TS 5T, 25 RSP 91 J0 % I 2R s I [, 32
T T AR A RRLDUR KR SRR, I I S KIE
T EE 5 O B SRR R RO TS M 9B
SEUOTHRHY 1 AR BEAEND Sk b AT S B B YR S O 2 )
iz HEwE. Aldowaisan S5 £ 56f 2% [ 5 41) I K 344 )
IS 1) FRJAE 7K 2 1) 1 2 ) R ) e Y 2 B35 A
PRADIR K S5, UE B SO B30 U0 T o v PR 88 A% B0
AR K SV

LIRS E W & A A PR T RS
AP BTG 5% F) 2 VIS 8], 3 37 1 & ) RUASE Y
XA RS BT T AN R K 7 VR EAT SR (B ILA T
FUH, TC VR A2 T B AH G 25 1 B ) 38 2 77 371 T % 2 )
IF ), 1A A ) 2B s 1, AR 2 A AT 7 ok B 2
YA TR T e L ) 2R S 3 ol 4 T A A KB ) A N T
ISP T, 5300 2 ) 0 A 7 RCR R i 24 O A R 36 DIk, A
OB AR RN, A B R B K BB
VSR E G B, 2 2 RS SR H A A SRR ARk 2
T XS % Yt e B2 1) R
1 FJSDRSP-LU AR
11 [EJEEER

2 8 ) AR SR A A b 4 ] X8 5L ) AT
WA AT AR LA, MGl Q ik

HoJ 2T T EE, B1E Ty ibLss Ny —
AN ERE AN, HAEASFIHL A L B0 T RS [ AR
WL F N 75 2 e BB, AN A 7 ar e Ao
[7], B8 Ty a] SR By — AN s A, 2N T 2
R B 238 bl as b RN T A5 R 75 B0 B LA
R EER, e BAEAS RIAL AR L R E I TR) AN [, 3 2
b 7 2 20 R R Al b, e 50 T 0 o AL
AN B 22 HE R I 0 LU, [E) AR A 58 I T
ANAEZE I [8]. 4E S5 I ()12 5 48 DA AT — TRk 50
AT, S S o AR A0S 5 50K A i [l
B 4 B AR P ] AR SO e SO R BAEHLE: B
HEEI [A].

B iZ ) B BN T

1) 7] — I %, B S L8 R REIn T —18 T

2) [Fl— i 2, AT R B 23R e — B LA,

3) REIE T (00 T A2 6 2 1), HL 35 CUR,

4) I AR A Y, 8HE Ty — BRI T A

5) Je B ZE EII (8] A ] 2008, B I HAEA R HLAS
R 2 S B 1) AS [

6) LA I L 200 [ 22, f 18 L5 A R
il TP SE I JE A e AT e 2L L.

R TAET B, 45— A3 A3 T 5HLAS 5 3k
B, R 1ML 2 foR. R 1R 718 TP AL
CIRZERVIR o) M N TS E S5 S T =
AT 1EIEE 138 TP O, 7T AZENLES LAIHLER 2 0

*1 ITHEERFR
Bl

It IR QPSS
1 2 3 4 5

1 4 12 - — — 1,3,5
1 2 - 11 — 14 — 3

3 4 — — 6 1.4

1 5 — 9 11 3
2 2 — 9 6 —_- - 1

3 3 2 —_- - 24,5

1 —_ - 5 8 — 4,5
3 2 4 — — — 12 1,2,5

3 —_- - 9 8 — 4,5

*2 RARHER
HLER
FH

1 2 3 4 5
1 0.1/1.1  1.6/0.7 0.7/14 1.8/09 1471
2 1.1/0.5 0.7/19 08/1.1 1.1/03 0.7/0.7
3 08/04 0.2/15 1.4/2 02/04 1.4/15
4 1.8/1.9 0.7/13 05/07 1.6/08 04/13
5 02/02 1.7/1.8 0.6/12 09/13 12/1.1




#1034 RAT o A BRI 80 A A I U IR A 2477
T TS B2y A 14 F12, 01y TRA A IE R 1L Je i Hn (]2 1.6, EIER I [R] /2 0.7.
3. KASIFFHATIND, R2BENFKALEAFLE 1.2 HSEX
R 2 R ) TR RD S R ) R)L e L1 FEML AR 2 b R b B R (452 5 LN 3 TR,
#z3 HEEX
5 7E X
I THES =1,2,..., |1
M BlLEES, m=1,2,...,|M|
Q MgES. ¢ =1,2,...,|Q|
Ji PTH TR SES, G =1,2, -, |4
Oij A HER 5 I T
ET;; LF O MZ AN LI 7]
Sqm q FEIE mALEs b RIZEET ()
dgm q FeBLAE m L% E AR D Rk A )
sd;; TP O HELS I ]
e} Fr A A1 56 T )
T JIA AR A4S i i)
Tijm Tijm = 1, LIF O tEm AL LI, B, 2550 =0
Yijq Yijq = 1L, LF O F g RAFFE, BN, y;54 =0
B;jq Bijq = 1, LK Oij ] LA q%ﬂ%%,@)ﬂ\ﬂ,Bﬁq =0
N wlly = 1, mHLE LAV ¢ TR A d TR AT,
Wed o LA, 0, w, = 0
TENA TR T, B LF O, LT Ogp BIGEHSE, M 21 = —1;
= BT Ogn FILIF Oy BIEARAR M 21 = 1;
#LF Oij TR Ogn AFLE, M 2z, =0
ﬁ:;@ﬂ%}ﬁ?,%lﬁou WIH“’:OQ}L AIJEAHAR, ) 20 = —1;
25 & LF Ogn L7 O, HIEHHAE, ) 2o = 1;
#HLF O MLJF Ogp, AR, M 20 = 0
1.3 AR Lkl
o e T:min( sdi),w,j. )
TEZE A AL P2 o R 3 B T Ay SR R Ry A ; ; ’
SEHUTAT N T AR5 2 00, A B AT RO R =
B T LIRS Y R AP A e R
N, N y . &N Z] -
AT (R0 T4 Bl TR), Z0AN 6 3 AR 7 048, 2 0 B U M| 1@l
BT W =2 T it ] R 2 e TR Sy A R m
fRAL I H AT, A T MR SE T R Se BT m L. =t el
N \ N o M| Q|
{155, Zo 75 i Ja 82 TP i 2 AR S 2 HE A i FL 58 m o
o R o " s Z Z(]- - wOijOi2j2)xijmyijqdana VZ)], (3)
THINLES EEET I T AHIERE Rz EOg s m=1 q—1
[ & B 75 mT 2 MLgs b e BN TT Y, ) 75 ZE% |M] y A
TS [NESRIN . N - l’i‘m:17 iv 7
Je SR S SRR T A T, B T D 7 @
() 980>, AEL HE S ) 8] S T 39 0. AR AE “ iR [2]
Fy% 3, 7SR AR o 7 RSB 4 A7 2 i = 1, ¥ 5)
FISDRSP-LU {50545 20 41 F -
ZTijm < Aijm, V1,5, m; (6)
C = min(max(ET,;)), Vi, j; (1) o
! yijq < Bijqa V%qu; (7)



2478 #= % 5 Xk % %35 %
STij+1) = STij + tijmTijm + sdiz, Vi, j, m; ®) 22 REMRBEZX
ST, = 0, Vi, j; ) FISDRSP-LU [ { ] 73 N HLE 73 i e H o

1
(ETij — ETgh — tijm)l'ijmxghm(izl (21 + 1))+

1
(ETgh - ETU - tghm)xijm-rghm(izl(zl - 1)) 2 07

Vi, 7,9, h,m; (10)
(ET;; — ETgn — tijm)TijmYijqYghq (%22(22 + 1)) +
(ETgn — ETij — tghm)TghmYijqYgha

(3220~ 1) >0, ¥i,jg.hma: ()
Tijms Yijqs Aijms Bijgs 21, 22, why € {0,1}. (12)

(1) A1 2) AP AS H - e/ 58 T [ Al
MEHEZS ] 3R (3) & T T Oy #ESE I 18 R 1H 5 A
3, 2 1% L7 B A FH e B AR 2 285 BRF [) AR 3D 28 10 8] 22
Ay 0 @) PruERRIE T A ae e — M FLgs Bon T 50
(5) PRE—TE T R e fl F— 4 A 50(6) Zon LR
O, BT FIMLAS 0 2500 2 TAFR 2R (D AR 7 L7
O,; FT FA & B b 256 & A% m] e BBl 20 (8) & 1.
PRI L Z LR E KR, 3 (9) Ko L I 46 i [A) 0 ZiAE
0 % 2 Ji5; 2 (10)3 SRR [F] — ML 2% 7] — s 18] A e hn
T (1) Ay R — Je H R3] — B[] X g Je 4
— AT R 12) R A
2 HET MRS NSGA-TI U H ik

R Y5 42 6] 1 B2 [ #3 4 Np-hard [n] @14, — i %
FH R e S0 Feab AT SR A st A% S EUS- 100 G s B
VAT 45 FISDRSP-LU £ X0 5% Y5 ) il b 2% i 1
B2 ), SR Xk B2 5K, H FISDRSP-LU i 23t [7] IS
% 58 T AL AIEZS IS RIS A B AR, & 2 B Asti Ak i)
R PR | SR T 2 4% 5% (non-dominated sorting
genetic algorithm, NSGA-II) 7£ 3K fi# 2 H Fr A4k 7] @
[ RBL R GFUS R, 126 £ NSGA-TLRVE X ] 47
KA.
21 4w 15

AR FH FISP ) (1 28 3 g i 7 o0 — 25T T
¥ i gmts 77 2. A RIS 5 ok, B TR 28 5
TE TP, 321k 00 1) &, vl B 1 B s gt Sk H
A gmis 5 e AT 22 X S b A e AT
fiE P A

Bl1 4 g

TAFHER 3 AN e i, 7 g e a0 e 2 R
Z (AT BF [) p 2, L FEATL A B2 U5 1) v SN e B B2 IR 11
S, [ I ik BN e L 2% D I (] 25 FE AR Y. 7E S hY
R R E T TR R B, FE R E T4
SE N TALES BT F e B By DAEELE RS A2 o B
T8 T 7 3 FEALAS A JE L AR SCHE 1) BT vk 0o (i 2
it b W T Il P A B B AR ARV RE A PRI
THE 45 B8], 0 AR A B AR B9

(] B 5F v (A% O 2 B ORI 22 HE T 22 )
0 m TR B 75 12 T B AT LA B SR BT A AT A
(i) 2, B ] B P9 463 B ] 2 K 1 S5 A 25 1) 56 T B
[i) L. ] 5 By 3 2 T3 B B T A 24 i
I 1) B A R AT 00 . A A AR R BV R TE (] BRBY IR VE
(3 Ak b, 25 FEATL A8 R e HL 9% R 1 43 4% I, 78 FRIE
SE LI HTEE ~ AR e B O e v H R B pLES B
{140 T B, DA Ysk 2 e FL 1) 258 50 R 4, T8 1) B AL i 45 1) (1)
(10 B 1. B2 o 0 B0k 1) 3 S X 51 7E IR B AT )5
5 R A7 1O 1 B, T AR B YR A o 2 2
TP AT RE L (G 2. B v AR RS RV AR R G 1) 2 B
7. 20T DL AL A e L B0 IR ) 4 B T 4y v 4
P L.

B HLEE AR, B R, X T %M
I, % P R FF AR I 8] R 0, 75 B4 2 48 24w 2 A,
LA, PRI B 2 — AN e BN T AR,

1FR2 WL ARMEH, KA. & 4aihLaE
RAEH, B O, N HEF RO HEH A
(1) T, 2 48 e HL BE IR A7 14 TR B, 44 1 A 07 18] Bt
7450, AR 5 155 0L 1) B AT f e 2L 1) T b8 o e s i
2

BLAS A AL, Je B A FH AT Be A7 £ 1 3 PG 0L,
W 3 . B AL BRI (A, AR AR A HLAS, 1-2-37
Foon AR 28 278 T A e 2 3 Je ke b AT In 1. 45
AN TP — R Eh 338 43 2H B, B & L 1 285 it (), T
{149 J00 T 0 R0 S L ) S 0 B [ K ERE 3R 7R 24 BT 7R
BRI 0 7, B AE 3R 7 38 0 1 I L 2% D
). 7EB 3(a) 1, AT H SR A IO 2 -
TSR FH, L R RN () -t o A BT DA, R A I R
JEAENLAS 2 I B3, B BINLAR 1 B T A1
W56 278 T/%, 2 1 A 52 [ B 5 A i 1, e A
STENLES 1 A% FH 52 i 7 0 4, B A AE AL AR 2
. 7E B 3(b) AT 3(c) H, Je HL 378 [R] B[R] 2 R, 7
YT PEALES LT B



%10 &1

XA o F R 6 AR L F ] BRI ) AL

B3 HLa M, e B R, A LA i
I, e B A, T 5 0 22 HEAE EALES o TR
TR HEAT P, B AR &5 B A7 A A TR B AR 1

C ik )

v
Pt R AN FEN, 40 =1

; TR BT 5 / R S f2% v

/RT’EIEWE R JE L% B0 T 10 T b ot 37 L g 2 oRE

LA, HE B TF <
L2 4, e L A8 F AT B 77 78 1) 3 R L, v

VL ME TR nl I SR 4L &
WL, K F), FenFhi G,

%=1

v
——————>  EFEE AL kR |

W 4 PR, Bl 4(a) FE 4(b) T BTag L ds 1 Jo Rk B 5%
TR, v B AR Hd AT n . B (o), TR B AT IS 1
A5 AR ) P e L 3, 7 ) B B )b AL 288 4 e L 3
5 FL PR N S B0 LR AT I T, RE AR — T
JEAE L 3,28 T AN g2 ma (A1 B Ja I AT 45 i AT,
TESE RS BT L7 o 15 75 2 2k pr i A i e L1,
22 E G T pr e 2L 3.

Wiz | s
| |

B4 L A, L O 4 B LA v
FH, L TS P, D00 75 L 2 e L e U o
0 0 P D5, 45 2 e FL G RO L 8 BSR4 ¥
i P2 R 15 5 0 Sl L AT 2 L2 | j=i+1 |
.

step 11 4T VEURAL G FHLEE Am, Je RAE A f, . 0
LSt Cp ittt T 05 LI 1, LUEA T, FI T \ v
R RIIERL 15, DL M 2% I S0 e
Hm EIBAEBL, B DRI f B 2T y
i | ol |

step2: Xt ¥ LJF Oy, 81 Cp #F O, BT L7 <>N—
Fy 52 TR 1 BT 5y, 0 240 2 1 0 7 9 e ( 3 y

(], 3 2 24 B BE YR A & 8 B TR 0 N TA) £, , % B

BB ] 5,0 A ELEVBRT 6] Ly 2 HERRRHSARIE

M“ M“ MA
3| 2-122 y 212 31 212 [[123] |
2 1-1-3 % 2-2-3‘ ‘ 2 [ fi-1-3 2-2.2 2 2.z.z]
e - =
(a) M1 (b) 52 (c) T3
3 HEERFER, RAEFEH
A A A
M M M
; )|l o e
2 |1-1-3\H3-1-1| ‘ | |2-2-2 2 ] [[3a]] []z23]] 2 | [ [3-1] | 7 223] ]
1| 2:1-3 1 F 1k
- — —
(a) TEMLL (b) 1EH2 (c) TEM3

4 HERER, REKRER



2480 EC o

5 Xk R

%35 %

step 3: 3L T, MTy T 54T 24 7T STUHA A T
FILES m AR R f 3L E] T R AR5 T,

stepd: 7E T, p H 4% BRI 18] S J5 X6) [8] B adk AT 41
Wr. W45 M A0 F,, ) 1) B RT J5 53 U5 4 O, 1% IRk
FERT (] 5) 48 e5orE B e B985 AR 2B B . 24 i [R] B
CL P o R S L P 2 0 P 85 B T Ay i, 518 25U 1)
B AL R BR T AR 1] 2], > BTy, WA R

LT, > tan, LJF O 4 N 40 ] BN T
k=1 g,
m=m
k=1 =0d i
m#Fm,
A
fi= 1
=1
m,=m, .f:flzfz D
ki =0 k=0
fEL=L
m#Fm, E
C
ST=ST, .
/=
h1 ST#ST. @ o
f=1
m=m, 1%, G
k=0 S#L
B A
L#EL

I=1

m#m,

/=5
et ST #ST,

S

El5 RER
step 5: #7 T A2 250 8] B IS AN i A2 T 75 I 11,
W TP O 2 HEAE (Bl 38 m, e B ) 25 4F 7 BB )
B JE AT N T, 4
P 5 A AR 4k ) Bt B8 RG0S W A 15 7 2242 )
i I i R 2 B Y8 2 S 15 O (14 R SRARS . T8] B AT S m AL

I AN f1 R fo, ks ko RN f1 AT fy BZEEDIR
A, ks ko N 13RI H CVEIER, O 0 R e ORI
[ BR AT G f e BT fENLER 1E A my Flmag, kg ky ZR
FAEmy Mmg EHIBEEME DL, kg kg 913273 A D #
#, N0K IR IE B AR EE. m LA H B AT 5 L7 T
GRS STy A1 STy, f I B8] R AT 5 1% FF UG iy
[3C A ST3 AIST,.

U5 B, AR A B YA FH A7 0 4 B J X A A
T Ak 7R

A: FENLEE m EREHCR A T T O, ##k
A

B: TEMLEE my EIGIN B f (D EOS R, EHL A
m PR E fIINT T O, EE kA fAENLEE m,
X A f AR R

C: fENLE m EXINR H, fr B E B R, e Bk
H MR Oy, B8R B f B 5 I AL fy 14

D: ELEAEE BRI T LT 0.

E: fEHLES m EXEINJE B 7 i DB FR, 3 8ok
B N Oy, 8GR B F38 I B fo 3 aod
T FEAL 8 my B3k B f (D B0 12, ZEHL AR mo
BRI f R B A

F: [AIBEATAL &8 m 8 % fr B80S R, I T
Oy, HVERIC R f1(f 5 fL TR,

G: fENLEZE m B3 E fI T T Oy, B 5
mBLEEE 2 IH fo R (f 5 fo A1 IR).

X (BLER, SR o) 1) K P &, 3 IR i £
& H G, BRI,

step 1: e %58 LI [A] e /N AH &, T SR 4H & AN

—, MJ#E X step 2;
step 2: e B S5 I 18] e /N AL, SR A A AN
—, MIJFE X step 3;

step 3: FEMLIEFE — 1N HE.
2.3 TRFRX

NSGA-IT i85 58 3= A2 3 R R A1 A 2B R
BT G Bk DL R BR0VE: () 49 2  [A) il e AR S e
SRR R R B . AR R 7 R ) R
FEAAR TR, AT 68 4 1T A% 2R i 2 1), A8 XA
TR S . 2 A N I A R B AL IR R —
PR R Y00 AT AR, A X E I R
- ASCHR [20] ok 8. 8 XE - RFE A MR T A XS
T B ) A8 ORI T e (14 28 3. A8 e B A 4
SRS % AR e i BRI N



%10 &1

RAEM 5 FRFE G EMAE L F B F R A 2481

24 RFEXECHFFRTEITE

8 o A S5 T A A A4 TR S E R
A ARSCHC AR A8 AP AT H A W AT A SCC RO AR Hs
SCTARHORE & I e AR e o A Ak 2 8] ) S S 5%
BHE B ME ARSI RC S . P RN —F
SCHC SR A5 FAL AR 1R 23 A 1 DL, 40 6 k.

A

Ve

£
E6 MEFE

HR 4 TR (211, A& X B 55 2 crowd,; € S

T
K . .
aow¢——;;§:f®nli;>_§$§zlx (13)
k=1 max min

Forp KR ERRIANKL fSRh A K BRI R AL, £ 5
&k HAR S/ IME, FO >+ 1) R R (6 —1) 2 X0 B
X;_1 Wk HbrE.

RFRAFEA G, iR S B S A B A
L FARE FF G AP R R IR Bk NN — AR AN 4221,
AP,

step 1: e /NIESCHL &5 AR B3N R —ACFh
B, MBI T P BB, Wk N step 2; 45 MAE
B R T PR S, DU WL 6 A, TR DR AR B
RN RN EEIR IS Ao b6

setp 2: IR R AN A BE ML B AN, e 3R
SCHC S /NI AR E N — AR B, A R SO S )
AR TR, )35 B4 5 B X A g N R —AXRR A, B3
AR R AMA R = S T A E

AR SRS /N B AR R 8 OR B PO R I 32
PREAN R, 36 15 30 5 B R [ AN 4k BR A8 OR UF Tl aE 1) 22 A
PE.

3 BESER
3.1 Lt

A HJAE Intel Core i5-7200U, Windows 10
1E & 4t Al Matlab 2018b i P PR 5 T g ki i, B 5
VES ORI Num = 50, AR B Tters = 500,
TXMEP, = 0.8, RME P, =0.2.

TEZE AR Y ZE W) 2 1) 5 [ brdr 4 Brandimarte
BSR4 23V (i e ilh b 3 e BB, RS ARSI SIS B
BIMK-F 251, 3¢ LHCR AP ECEM R, Mpax N L
F7 ] P AL 88 B KB, B0 T v] A e FL AR IR A
U0, Minax] b BI85 50 A7, K 4E I B HE R LA B L
P ] e B, e BAENLAS b IR R d T [a) A0 D 2 )
T IR A [0, 2] 23 514347

R T IR IE BV A 2 R 2 0 Y SR A ol 7 TR U
PRV B T R b (SRR R, B R B SR

1) fEAD SR03 E R S 6 30 e o) b e v i ) B 92
559 2 TS ] F ) 0 Vo R e v 235 W T A R B9, B0IE
B RS S AR AL R

2) FVE X B S50 43 il A F NSGA-IL % 5
MODE 532 3R fif MK-F & 51| 5451, DL A SC 521
FRE
3.2 FRASECAMRESCIS

T I 56 L B AR AT ARV 5 4 56 T TR A Bk
R4z 1 45 I T g L B0 9%, 36 A A 4 A 0 B9 1) A &K
PE. 53 51 3 B A 4 5532 5K A MK-FO1 [ 3. 32 17 45
RInF4FR.

*4 MREEXGERXER

Pareto

P Pareto fift
R L e
- (60.8,66.8), (63.8,58), (59.8,69.2),
$4 58 TS
) (68,48.2),(67.2,53.2),
[] f A 10
) (63.6,59.8),(59.5,73), (61.1,62.2),
Bk
(67.1,54.1),(65,57.2)
N (101.2,24.7), (79.6, 34.8), (85.7,29.6),
JuE gt
) (97.5,26.8),(82.8,30.8), (81.9, 33.2),
(] f B
) (82.5,31.2),(82.4,31.4),(89.2,26.9),
Rk
(100.2,24.7),(83.5,29.6)
(58.3,45.2),(63.4,42.7), (68.8, 37.8),
R HE b 0 (70.9,36.9), (69.7,37.5),
ik (63.8,40.1),(71.5,35.5), (65.6,39.5),

(72.6,34.7),(62.6,45.2)

Pareto 45 F 77 A1 % EE AN 1 7 B s, |1 B 7 7] BA
A, B AE AR B2 SR A5 (1) Pareto fif 3 AT AL T A
Fh g A B0, PR U AR AL VA SR AR A S IE 1 4% 58 1
N ) A B BV 15 21 ) i, 76 AH R 19 58 N TA) R, B
FE b B SR A TR il 1 A 45 e [R) B /0N, 5 4 o &5 6 [A)
i i R 0T L, BR3P A 4 R B SCIC, (R 4%
GE T [ fiff 6 503 SR A (0 00) 5 I TRl . B A A
B B503 Be  AE ORAIE 58 TN 1] B[R] BN, ROK PR AR 45 B
(1], 5 22 1) B 76 DR ik B U5 R FH 28 14 [R] B 1 28058 B
TAES.




5 & K

%35 %

2482 EC o
80
o< ® S TN (A AR
o. O HELEM Al fRIY
o *  [RUERRTY
= 60 s
= s
L o40¢f * oy
" o
%,
OGD‘/
20 - -
50 70 90 110
58 IR [A]

7 FERLE K Pareto fRXTEE

N T S B AT I 3 A g A5 7 3K, 233 3 A
AL SE AT 2 ) SR T SR (B 7 A O ) JEAT X L
P8 ~ 11 73 9l 2 4 50 TN (] R S50 25 L AR HESS IS
[ A R S0 4% o VR AR R SR A9 B R S AE ML A B
R R H R AN AE S B B BT H R AL
R AR R YIS T, AR AR LA, 8 LAy e FL i)
PO R, BRZME N EN O AL, bR 5 O TS,
RSN TR I TR ) B

7

6 fET L. TEEIEIEE EE 1 E 1
SHE] T E B

4 E 1 [EENEEE _ME 1
3. EBE FE FEEE I E FE FE FEE
2
1
0

Bl s

1 S A 7= | = PR
[E BF HEEE EE CUHEEE EIREE

30 40 50 60 70
[

8 &5t T AT EIAERD H 45

0 10 20

O B O
il .
i) B0
af maalia S
FHEFERETH TLEWEEFE
D 1002 @
0 iO 46 60 éO 160 120
151
B9 Hofshm AR HE

Bl
S = N W kA L A

BEMERE—F B E f F E
I E B [ E
-HIE] EIM—E W TE
R B F B 1 EE EIE
[EIE_F _F E WX £ B3I T E
E EE (EW O E EEED
1020 30 40 50 60 70
i )
E 10 PRERBEEFE

PR
S = N W kA N2

(=]

;
of BEE—R BB [E
SEENE__F  F EEp FE E O OIE__EE)
m 4] EEF EE JE_F E I _F
3
2
1
0

BE (T Tl EEE E B H=F
- I W E [ EPT TTE
[E EEE WEETE I F

0 fo 20 30 40 50 60
i [a]
B 11 kERFEEYFE

HH P 8 W] LA 31, 4% 5¢ T I A Sk 50 5 e
HEZE I A, S8 K 2 kaE ), U HAEMLAE 3 |, 3B n
Tk FE 2, i il BT R TR B, 25 I [R] 38 . i £E B9 o,
FEAE S I A AR RS S5 1 ek D HE S5 ) TA), K P R m
A 22 HEFE O 223 ] HIR E LA B BT I L, & Ak
WLER S AP, K o TP R fENLAR 2 b, 58 T
i ()3 K. 10 o, B A AR D SR0VR AR AR IE 58 TR
[ 14 i) B JE T Rt sl 2 9 L P 2 2D TR B, PR IE 5 905 )
FIF R, AR T HESS T IR]. H Bk mT 0, AR RS STk e
8 A7 0 P AN A B AR B 112 B 10 06 R AE e
H R F R H R
3.3 BEAXTHbsng

N T VEAf NSGA-IL 5 i 1) 1 68, F 2 H br 2
g3 3k 46 5 % (multi-objective  differential ~ evolution
algorithm, MODE) 17 %} L. MODE /& — Mk T- R 44
BEAL ) B0, S I R AR SR AR R e 2 AR e
28 SCPE AR H R RE, SR 5 2 T Pareto JBUAE A T AR il
T i 5 A 0 1 AN, AT 7 AR T AR . MODE
BRI O R % B L T R A 4 R O 1K, R R R
e A A AL Bk, 22 93 A8 U7 3R F VR 5 DE/best/1 3R
% 1 DE/rand/1 5% B 1241, J A4 M i 7 52 Pareto fift 45
HH G 5, 22 1) B AAMORE T B AL 3% B P S MR T AR
F|. MODE 532 4 J&y 1% R fig ) 8ok, (H 2 J=) #4% R
RE 1 22, B A, W B 46 T 7 F B A I IR B
[Fo, 2Fy] 2 18] H & RAR A, A FAE SRR R AT L
KAH, REWE 78 77 PR 2 fife 7% 1), B 2 S AR IR B ) 3 o, B2
BT/, B e % DR B D0 1R 11 i K], 3 o e 10 A
TR, F TR A B4R

t=cxp (1 Cn =) a4

C Tters+1—C,
F = 2. (15)
Horp: Tters J& L i KIERIREL, O, 2 4 ATIEARIK
, Fo AR A a6 1.
% HARE A — S . 2R K oy A3 2
PR 3AN 2 R PEAN SR A3 R 4. W fe s 4 AR



%10 # ZAW AR F AR L & A AU R A R R AL 2483
Fx5 TWHERILEE
min(C) min(T") Hypervolume g5 Spread $8 15
2]
MODE NSGA-II MODE NSGA-TI MODE NSGA-II MODE NSGA-II
MK-FO1 60.1 56.7 385 373 0.791 0.625 2511 2.257
MK-F 02 39.6 39.1 15.7 13.7 0.676 0.57 1.715 1.433
MK-F 03 242.1 2332 98.1 953 0.825 0.815 3.647 4.981
MK-F 04 107 107.5 99.2 84.2 0.803 0.712 3434 2.822
MK-F05 2474 243.8 78.9 75.4 0.886 0.744 4.847 4.041
MK-F 06 108.9 105.6 95.2 87.7 0.865 0.813 5.386 4.265
MEK-F 07 194.7 191.9 515 36.6 0.704 0.642 5703 3.552
MK-F 08 634.4 638.3 3135 296.6 0.863 0.791 10.961 5.957
MK-F 09 459.5 4577 2183 202.9 0.904 0.839 7.033 6.786
MK-F 10 329.7 332.7 2142 191 0.805 0.779 5736 5.054
60 * S - Lol ° .
= E 25| o = & =200 %,
E 50 * = * E 120 z 0%
# S e om # 0] Cox # % ., % 100 K -
£ 4 o, € ;5 * & o M & %o
@ 00o o 100 O Ox o 20 o o
55 60 65 70 35 40 45 50 220 260 300 340 100 110 120 130 140
5 LI [A] 5 T[] 5 LI [A] 5 T[]
(a) MK-FO1 (b) MK-F02 (¢) MK-F03 (d) MK-F04
" 140 70 . 3607 T
100 % 601°* = %
= = 120 iy * = 340
E * % E [e) % E * * **** — * *&1
Z 9% * x S * = 50t o =
S os® o o [ E100p oM £ 40 R A
& *O oo ¥ 00 5 o & ° o| =300 %00y %
70 8 30
250 260 270 ?OO 110 120 130 140 190 200 210 220 230 620 640 660 680 700
5¢ LH ] 5¢ LH ] 5¢ LH ] 5¢ LH ]
(¢) MK-FO5 (f) MK-F06 (g) MK-F07 (h) MK-F08
* 260 %
2801  * O  NSGAI
= 560l o = 240 6@5&
z2° & = Og %
7 240 p 2220 3 c%*‘i t
& 20 %% « | ®a00 %o
200 ) °
460 480 500 520 540 320 340 360 380 400
¢ I 1) 5E T[]
(i) MK-F09 (j) MK-F10

12 Pareto X} EE &

21261 SHL A AR (Hypervolume) F8 A « BRAE i (i 2=« 18] b
#F 25 (Spread) 5% &%, A ST % B FR N A IE 1 1
RE 48 ARl27) ok FBE 5 P 49 W 4R, 3X B B4R AR 2 0 2
Hypervolume 547 Al Spread 5 475.

1) Hypervolume #5 #52"!: Hypervolume & ¥ P
J7 V5 H Zitzler 2, RN RE T I ME S S
% AR H bR 8] o i Bl R ) ST AR AR AR, ik
ARbR R A RS2 L RIS B ARE 7 H — 2
Ja3E4T iH 5. Hypervolume Fi8 A5 7T DA & fif 45 AR Sk
P, Hypervolume $8 45 88/)N, B2 S SA P Bk 17

2) Spread 18 47512): Spread 8 AR PFA 12 M 1 2 4%
PE B B o3 AT ¥ 21 Spread it /)N, fift 55 1) 2 FEVE
R AT AT PR . Spread THEA U T Fros:

zZ
SP = ,|(Z-1)D> (d—d;)?. (16)
=1

Hordr: Z /& Pareto iR 58 R AN, d; 72 0 55 Bl /5
IR RS, d F2 d; P 1A

MODE 514 3R £3 1) S 56 45 S 5 NSGA-TL 5K
RS0 45 R 5 FroR. RS JE/R T NSGA-ILH %
FIMODE 5ETE 10 N5 SR7F 1) s a6 45 AN PE e
Febrah B, 45 5¢ LI E] . EZ5 7] . Hypervolume 5
5 Hl Spread F8 45, B> 4545 T 72 41 & MODE .9 [
S5, 4 5172 NSGA-TT VL 45 3. %FT Hypervolume
Fe A%, NSGA-II H 7L 7E 10 4545 F #4111t F MODE &
5, %1 T Spread # kR, NSGA-I L1551 T 9 4 H451 1)
B AR A I NSGA-TLU S AE R (NSt o0 A 1
Az ¥evE B30T MODE $29%. 18 12 /& NSGA-TT 5
%5 MODE 512 10 M 545 ' %= VX Pareto fif 1) 7347 Xf
b . ozt [5 A O NSGA-TT 32 () SR i 45 51, 2
5 FUNMODE Sk [F 3R fife 45 1.



2484 EC o

5 Xk R

%35 %

H1 P& 12 0 DL 3, K50 45 1] 8 NSGA-IT B ik 3K
3 B A4 T MODE 50345 21 (1) fife, Fof S 7 s
MODE %32 5 #453 2| 1 fi, R A 7£ MK-F 05 5.,
PR AN SRR A4S () i AH B SCBC. B DA, AH EG T MODE 55
1%, NSGA-T 53 -4 58 77 8 5%, SR A3 1) A 1) Jo == 5
if.
4 4 ®

TE W=7 A = iU R, = i MR 2, i T L
2 LA IR BN W B e, A AR A R &
() TEHEAT AR 0 T3 F2, 3 sl T 98 IR TR 3% 7R Y
R ARSCHE T 2 R A ) VA M 4 TR R R
FE 10 R, LA 5 /I A 56 TR T) 0 94 &85 B ) A H s 422 57,
7 FISDRSP-LU (1] 2 H #5 % 5 LA Y. 7E NSGA-
I SRVE I REBE TR, 25 8 0] AR 1 g vl e 4 At 1) B0 vk
X6 1% ) R AT SR AR, S0 45 5 R, T HR H ) P v A
it B0V e 0 A 3550 iy 5 T I ) 0 v 45 1) 1) 9 4 H
&, NSGA-TSIE BE 5 A 2CR Al BB H (1 1) 8.

AR SCHRE H I I A BE YRR ) b R R T R BN
BLES, N T ST SEBR N T3R5, T B N 1% %R R
H TR it — 5 R T 25

S E 3k (References)

(11 HGE, 28, s ol TR avE 2R R -5 ™ iR

LA BT CI. 2012 48 [ T 25 2 2 i B
PR W, bR P ERT 2, 2012
717-726.
(Tian C, Li L. Research on management and batch
production control of aviation enterprises based on
bottleneck management[C]. Proceedings of the Academic
Exchange Meeting of the Management Science Branch of
China Aviation Society in 2012. Beijing: Chinese Society
of Aeronautics and Astronautics, 2012: 717-726.)

(2]  ZRiide. 2o a] DR 2R A b 28 T 3 2 1) R A F 7 5 AR
N D] BB RO HUR A 5 TR B,
2010.

(Li Z F. Research on job shop scheduling problems
with multi-time and its engineering application[D].
Wauhan: School of Mechanical Science and Engineering,
Huazhong University of Science and Technology, 2010.)

[3] Allahverdi A. The third comprehensive survey on
scheduling problems with setup times/costs[J]. European
Journal of Operational Research, 2015, 246(2): 345-378.

[4] Heger J, Jirgen B, Hildebrandt T, et al. Dynamic
adjustment of dispatching rule parameters in flow shops
with sequence-dependent set-up times[J]. International
Journal of Production Research, 2016, 54(22):

6812-6824.

[5] Benkalai I, Rebaine D, Gagné C, et al. Improving
the migrating birds optimization metaheuristic for the
permutation flow shop with sequence-dependent set-up
times[J]. International Journal of Production Research,
2017, 55(20): 6145-6157.

[6] Nourali S,

optimization-based algorithm for flexible assembly

Imanipour N. A particle swarm
job shop scheduling problem with sequence dependent
setup times[J]. Scientia Iranica, 2014, 21(3): 1021-1033.

[71 SahinM, Kellegdz T. Increasing production rate in U-type
assembly lines with sequence-dependent set-up times[J].
Engineering Optimization, 2016, 49(8): 1401-1419.

[8] Lee K, Lei L, Pinedo M. Production scheduling
with history-dependent setup times[J]. Naval Research
Logistics, 2012, 59(1): 58-68.

[91 Aydilek A, Aydilek H, Allahverdi A. Minimising
maximum tardiness in assembly flowshops with setup
times[J]. International Journal of Production Research,
2017, 55(24): 7541-7565.

[10] Fa7b, BB, B, B T OB B IR I o i) = 20

IS 3 I H U SR (7], $E )5 P, 2015, 30(8):
1441-1446.
(Tao S, HuZ H, Sheng Z H. Time-dependent coordination
strategies for key resource prioritized three-stage handling
operations[J]. Control and Decision, 2015, 30(8):
1441-1446.)

[11] Aldowaisan T, Allahverdi A. Total tardiness performance
in M-machine no-wait flowshops with separate setup
times[J]. Intelligent Control and Automation, 2015(6):
38-44.

[12] ZEH, FiEZ, g, &5 HUWH] S 6B n T A &
U FC (7], HUAR S HUE, 2004, 32(12): 62-64.

(LuoZ Q, Wang R X, Lei J, et al. A Study on the assistant
mechanical time quota[J], Machine Tool & Hydraulics,
2004, 32(12): 62-64.)

[13] RFFW, K&, PR, KR HOR R KX

L Sk i3 R B8 ARG B3 (D). 42 1) 5 PR $,2017, 32(9):
1583-1590.
(Wu X L, Zhang Z Q, L1J Q. A brain storm optimization
algorithm integrating diversity and discussion mechanism
for solving discrete production scheduling problem[J].
Control and Decision, 2017, 32(9): 1583-1590.)

[14] ZFmise, #uk, T2 00, & RMEY R BHIRA AL

2 38 FEE 0 73 SRR BRI A% R0 [0, b LMk oK 22
%, 2016, 34(4): 635-641.
(Li J Y, Huang Y, Wang J Q, et al. Branch population
genetic algorithm for extension dual resource constrained
job shop scheduling problem[J]. Journal of Northwestern
Polytechnical University, 2016, 34(4): 635-641.)

[15] K5, ARA, W50, % 18 2 pliAs 29 R AR L



%10 &1

XA o F R 6 AR Ak F 1] SR A R ) AL

2485

[16]

[17]

(18]

[19]

[20]

[21]

[22]

Fe 18] )3 BEUR Bh A 7 B AL (], $E ] 5 R, 2018,
33(11): 2037-2044.

(Guan Y Q,Zhu 'Y, Xie N M. Dynamic allocation model of
manufacturing resources in flexible job shop considering
multi-cost constraints[J]. Control and Decision, 2018,
33(11): 2037-2044.)

AR, IV R, TR, S5, SR XUBT R £ R 2R 1) i FE
T 5L 4 A OO AR A B335 (1. 48 5 SR, 2011,
26(12): 1761-1767.

(Li JY, Sun S D, Huang Y, et al. Double-objective
inherited genetic algorithm for dual resource constrained
job shop[J]. Control and Decision, 2011, 26(12):
1761-1767.)

TRETEL, DI, T T R. R AR 22 2 Job-shop 1
JEE I i) 22 98 e A e P SR D], 4 5 R, 2010,
25(2): 171-178.

Xu X L, Ying S Y, Wang W L. Fuzzy flexible
job-shop scheduling method based on multi-agent
immune algorithm[J]. Control and Decision, 2010, 25(2):
171-178.)

Deb K, Agrawal A fast

elitist non-dominated sorting genetic algorithm for

S, Pratap A, et al

multi-objective optimization: NSGA-II[C]. Proceedings
for the International Conference on Parallel Problem
Solving From Nature. Berlin, Heidelberg: Springer, 2000.
Wu X L, Sun Y J. A green scheduling algorithm for
flexible job shop with energy-saving measures[J]. Journal
of Cleaner Production, 2018, 172: 3249-3264.

Akay B, Yao X. Automated scheduling and planning[M].
Berlin: Springer, 2013: 191-224.

JEL A T BRI SRE HE B AR HE 2 H AR
K ZE 18]I BERIEFC [D]. T : 46 7 31 1R 2 20 2 B
2015.

(Zhou Y W. Research of multi-objective flow shop
scheduling based on fast non-dominated sorting genetic
algorithm[D]. Guangzhou: School of Mathematics,
South China University of Technology, 2015.)

FRF5E, 4B 2B & AR BRI 2 H AR RVERUK
[ 0 J3E ) 0], T SEALEE B E R 4E, 2018, 24(11):
2792-2807.

Wu X L, Cui

shop scheduling problem with renewable energy[J].

Q. Multi-objective flexible flow

Computer Integrated Manufacturing Systems, 2018,
24(11): 2792-2807.)

(23]

[24]

[25]

(26]

[27]

(28]

[29]

Brandimarte P. Routing and scheduling in a flexible job
shop by tabu search[J]. Annals of Operations Research,
1993, 41(3): 157-183.

TR, RT. B EIRGRIR (1], BRERSF
12, 2017, 12(4): 431-442.

(Ding Q F, Yin X Y. Research survey of differential
evolution algorithms[J]. CAAI Transactions on Intelligent
Systems, 2017, 12(4): 431-442.)

Frfl. 3T 2 0 A FIE 0 2 B bR 01k 1] A B
FC[D]. b AR R A5 B R S EOR R, 2016.
(Shi Q. Research on the multi-objective optimization
problem based on differential evolution algorithm[D].
School
Technology, Donghua University, 2016.)

WEHE, FRE, RAM, F. EHBNSGA-IRFH A
PR ZZ 3 X (11 25 H AR AT /K 20 VA 2 100 2 (3. WK 2
Al BAREARR, 2018, 31(1): 89-96.

(Han Y Y, Li J Q, Sang H Y, et al. Discrete NSGA-

for multi-objective lot-streaming flow shop scheduling

Shanghai: of Information Science and

problem with limited buffers[J]. Journal of Liaocheng
University: Natural Science Edition, 2018, 31(1): 89-96.)
PO, R0, TR ME . BT R BLRE R TIZ B
PROURALTTIE D], $2 415 3, 2020, 35(5): 1134-1142.
(He L J, Li W F, Zhang Y. Multi-objective optimization
method based on grey synthetic incidence analysis[J].
Control and Decision, 2020, 35(5): 1134-1142.)

Zitzler E, Thiele L. Multi-objective evolutionary
algorithms: A comparative case study and the strength
pareto approach[J]. IEEE Transactions on Evolutionary
Computation, 1999, 3(4): 257-271.
Gong M, lJiao L, Du H, et al
immune algorithm with nondominated neighbor-based

Multi-objective

selection[J]. Evolutionary Computation, 2008, 16(2):
225-255.

EEBN

KI5 (1977-), &, B, WL, WdhliEd fE e ge

HEAG I FE S Z50E ¢, E-mail: wuxiuli@ustb.edu.cn;

B8 (1995-), &, Wi A4, NFHligE Rg F IR E 51A

JEITF 5L, B-mail: xiaoxiao3marbury @163.com;

BT (1978=), 5, #dx, ML TN, NFRR ARG

H5MALZERT 58, E-mail: nickzhao@me.ustb.edu.cn.

FrAE AT I L)



