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Generative adversarial networks-based deadlock-free scheduling
algorithm for fuzzy distributed assembly flowshops
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Electronics and Control Engineering, Chang’an University, Xi’an 710064, China)

Abstract: With the continuous development of globalization and customization demands, the distributed assembly
flowshop scheduling problem (DAFSP) has received widespread attention. To add the practicality, this paper further
considers the constraints of fuzzy processing time and production deadlock caused by finite assembly buffer in the
DAFSP, and therefore a novel fuzzy distributed assembly flowshop deadlock-free scheduling problem (FDAFDSP) is
studied. To address this problem, the calculational model is first developed to minimize the maximum fuzzy completion
time. Secondly, a Petri nets-based deadlock detection and repair algorithm is proposed to avoid system deadlock. Then,
based on deadlock avoidance algorithms and generative adversarial networks (GANs), a GANs-based deadlock-free
scheduling algorithm (GAN-DSA) is established for the FDAFDSP, which can avoid deadlocks and achieve efficient
scheduling. Finally, the effectiveness of the GAN-DSA for solving the FDAFDSP is experimentally validated by
comparing it with related algorithms on 32 test instances.

Keywords: distributed assembly flowshops; limited buffers; fuzzy time; Petri net; deadlock-free scheduling;
generative adversarial networks
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1(c) ATz~ B IR My = PL, + PL,, ifi 2 #3E A
1(b) AT/~ (B BR & M, = P, + P, + Py + P
+P; + Pj, MOZEA— N AT R

222 FEBTARRIHIBT

T = MNAAATIRT = { Ty T }» SLAEBUE A
S TR IR o R JE N2 O 22 b X B, pH T 2%
TC o R 1) R 2 o IX 7% e B, TE R i IX 2% 1 i
B EAT — 7= S BRI A BT E TR, 220
FICHE VR RR, ST LR 5 R R
GUALAN. FHUL T, AR R AR I, W A TR
B o FH 22 B2, SR AS S AR IR DG . AR SO X 20
AR G B E L G BTG TRV R IR A E SN
BEAR T A T A N P 2 o X (R0 2 7 R
SE I, 5 REAERR 1R ., 5 B0z i X BE 2E (15T
BT A, S AR T A R S 8 T A 1R O U AT
A ER R R, BT R PR 22 b X 35 FEIRAS, TR
RGN P47V, IR BIZEE TR IR R,

step 1: M RGHEH )5, Petri W HE NFEBILIRES M, .
FEZARAS N, AL Petri W AR Z2 3 [X % B2 BT P!
FITREA (194 R, TRU) HY 22 i 5 ZE TR 2 O 22 v X HR 1
TAF.

step 2: % H ., T I0RF 4 2 4 T 4 i i8R L
S0 X A A S NS LR R X I .
— AN TN MK, &5 — AN, i Y
7 20 T 2 o X o8 A o B RO B, ] N B, R
€ TAERTIE =, GEiTTE 280 22 i X Hp 20 3% il % 7=
iR A TSR, AN P,. 4 Bs > P, iZ T
A CAHENZE X A, 3% A N AESE TAF, J5 I 1)
TAEAS P EEAT 4 .

W 1(b) fis: TAH{ s, Ju, Jo 38 FETE 250 2%
X, {Py, Py, P}iX 3 ANPE ¥ & Fef — A4,
RGBT TCVESERC. 15 %6, T4k 3 NP X,
b — AN T, B X R R ALE N 2, 18 B
=2. THF 3BT 77 2, BB H ™ it 2 IEFHFE 2 4
TAF, WEANP, =2, iBs > P, I, iz TAF A LA
RIG, TH 4N RZMWIXE, & H— A%,
ZUXFAMEN1,IENBs = 1. T 4 )8 T77
1, R L IEFEE 2 AT, AP, =2, Y
Bs < P,0, TAF 4 A0] DL NGB 22 v X, T4
4 NACEE T A,

223 FEBiBE

ALV P T AR AR ISR B e B T,
RE A8 72500 T B TR OB N A AT AT e A vl 47
i, ST — NAATIRT = { Moy, T }» 1EE S BRUN
.

step 1: 2 RGP NFLBIHS, Petri WY FEBURAS
M., IRYEEE 2.2.2 15 T8 HBEB AR 732, H
Wr 2% o X o B AR A, SRE TARAE 7, R e
J . oo LT FRBH T A HY B A N AESEB AT, i
HDi, = {Taeq(1), Mo (2), + -+ Taeg(Ja) }

step 2: HIWr D, B TR BT JE 7= o, H it didk
FSC it BT 7 SR LA AR S B R A AR A
HERDHRIEAEEN R, HE 2 mh®
Pl LA SR A > BAH ], I BE AL £ Herp — A
i ENIBEE X R,

step 3: BIEAE B0 57 W K 7 R AR AT 54,
MAZEE A HBELIE R — A TAF, 7B 508 T4
A YRR T TS S RS F

step 4: MRIE 55 2.2.1 19 i th 5 ik FI Wi o, e 15
AT, RETS € BRATA 7 dh SR C. & B8 52 A, W7l
FMEZWITATRE, 750, A step 1 ~ step 4, HHEH
TEE N AAT .

23 ETF GANs &REER

GANs /& — Fft IR & 22 2 8L, iy 2B s
(Generator, G) Fl1 5 #% (Discriminator, D) Ml £
WX 255 25 i, 18 3 3 AN I 0BT RN 2 3T ok SR 1) R
SRR, AR SR T GANs (4 R R
T, B il AR AR 5 A ) R I AN BT BT R GANs
AT YR, ARG R N5 )5 1 AR s AR A —
= EA =S TR
2.3.1  GANs IIZRbLH]

GANs 1l 255 04T epochs X, AR I ZR L
HIAE 2 PR, B 56, 910 GANs Hl T AP 55
TE SR R, AN B B A FEAH A 0 A 1n) A ) S
BB T . 1S GANs RS A R4 2% > F ) i
RS ) A R A, AR SRR S o B R A S AR
T AT A 7 AHS N one-hot FEF%E, F#4 one-hot 4 ff
VEREFEARIN 2 H 0 E8 AT ISR, 2wt A 0-
1 5 BRI 7, oA BRAT R — AN T 5, 5551
RARHAEM LA R E, WNTORE T TR HE
FIMUFAE B Bl 3 A T B one-hot £ B g i 7
. SR 5, AE A FRUSC bR A T 7 23 A BE LR 1S
BB N —4EFEHLM: 5 1a) &, it NV x N1
SCHOMEZRSE [, X AT R R — A TARERTA I L
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xR E41%

(A B iiof o1 S TP SN U A R = N B £ 5
E, 43 2] — X R one-hot A B, BIVAf 52 A8 26 J B4
FAT RN, B KB E R E N 1, HRAE R
E N 0. #41% one-hot F FFEAF N EREA S N 25 45,
[l I, PRAIE T4 3 &5 ) SRR A 5 BURE AR TE 4L
P b — 2k, & 3 v — M HE 2 one-hot
TR B (R ). 558, A0 45 0 B AR AR A i
A7 HII, IF R =705 OB R R B AR E.
Ja , AR 5 % AR s 1 A 9 DADIE A A ol 2 A0 41 ) 5% 1)
RS

B LI 75

Horfx

I

WA
&2 GANs BIIZHH

ARG

Bnnag

i G5
+ \4
0 1 0 0 0.3110.54(0.23]0.11
= NI
1 0 0 0 szﬂéit% 0.6710.3210.14(0.12
<
0 0 0 1 0.2410.4510.34(0.78
0 0 1 0 0.45(0.03]0.69]0.23
one-hot % N 6 88
[El3 GANs HY one-hot %Ef&4RHT
232 ETAERBRFAEER

fE GANs I 2558 i, HE 38 B 6 0% 1 9F
E ARG SEA R b AR R B L TR AR R AR S 43
S S, SEUN SR 73 A0 1 B Ui, BT 2R A
A AL T AN AR ) B AR R o, BT NE
oA B BEALR R, 15 2K 8 T 80E NI —
YERENL I ), K NS VI GRS 1A s, AR R
—/NNx N FIREZAERE LT 28 2.3.1 554k
N — A~ one-hot i [, 1K HI & 3 o B9 M 2]

one-hot R I # A, ZERE— > TAFFF 9l meg; SRS,
BEALA A TP 5 e, 15 oo AL B R B — 38
MET = {Teq, Trac }- T3 BIERIE, TR A B
MR REAFAESERN, T 23150 2.2 WP At
ATAEBA AN E 2B AR A G RE AN B 4 .

| IR R G |
v

[ %0 6 ) 4 e A one-hot 4
1B
| HAH,, |

v

[ wHRWAEEL, |

v

| e R, RENER T,

SR AME

B4 ETH B

24 REHER

X} T FDAFDSP, 1% 4t () 1. [8] 4 A 5 58 4 #
TE, LRI PN 5 28 e B A FRRE H, (H 20X
S (R BAT BRI s M, B BEER IR A ) mT AT 4,
TR BB T L A R X e g R N A T
FDAFDSP, M| 24 Zi 3t AT K & I FE SR I A& 5, A
BN 7 5 E, bk, A SCHE H B R T
FDAFDSP ] 44 2 He s, 75 AR T 47 P 1 i
PR, TR R A ERE, NI TH F L ik
P RE.

FIT 3 H B A 1 S04 2 5 s R G 08 S i 4 R
TN KB AT J7 2, FERRAH, SRS SEAMAFIHT
A B TP A R R PR R A &, DL R EE
Bt R S . Stk — B BT AR T B, TEASBE IR AR
AT HE R RTER T, KRG 2R PAT oS08 R 4% R
SR, AT S35 o R R 3R AR B, o Ak ik
(RS AR 5 AP BE G I, T 0 SR i 1)
AN, KRR — AR B EE.

241 WIRHRBER

B o B4 R A 4 R T oG8 T AR
7. 75 FDAFDSP 1, S8 T 1R S 406 1 gk 1)
Trooq MV EE, BT 12 ) B P ) B S — AN TR 0 98 2 B
FERUIN L LA, 458 m, B LA BC R L)
%, RUH B Z MR oesE ). 4 MRS T
T

Ny: WREE T BEMLAE — A T, JANE K
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BT R EALE, I R TR B

Ny WICHE T BEALIE PR AN TAF, HAHRE e
P, I HHRIE TS UE &,

Ny: BEALERE— N ECEE T, WG T
BELIEE— A T, 3N AR T, 350 B it
IR SF

Ny WOREE T A — A T % e —A4
A, A A B IR AT BB B

AR AR R AT I PAT IR T

step 1: FIUAIER T H S gen = 0, H A5 &AL
it =1, i€ R R IR LS.

step 2: Hgen < LS I, B E AT step 3 1 step 4.

step 3: FRHE AT MEUE (1, 2, 3, 4), K KIAT 5T
i AR T N, ~ Ny, 24 BUH R IE AT P8 e
5, BRI T AT M

step 4: & HAAL T 24w, Bk A 2R, IR [H] 24
AT AR, B, & gen + +, t + +. 24t > 4, 4t
=1.
242 FERHRFEE
TC Ao 348 2R A FH R AR T, BLpR A A
R

Ny BEALZE B — 77 dh, MRS 2% 77 28 f it %)
[ TAF, BN LR A IEAE 7 P A B,

N BEWLIE#E 7o, I — A AR, RIRAL B 7,
HZ AR B IG T), JEH3E N FE M /MK T

H 3 P R AR 3 B N S B IR AR 0 wT AT, TG
FRAT IS E R 1E. ARSI R E T AT
MRS RS RE TR E, R H
NN SRR T, HART RN R,

2.5 GAN-DSA HiERHRE

BT Bk, GAN-DSA HIEERFEIE 5 fr
IR, BENLYIAR LA B Ps (T LG R, St
FAN A IE B FEE A 07 3 HEASE o FRORS SR BE, I7
RIIPs — w MR B FIRE; SR, KRG DEFPBEE N
FAREAHIR N4 GANs, DT 4 =48 2, 3k
PR AT AN R BAT B IR P R A R, T TR
A, A SRR B B AR R IAT B R SR 348 R AR
FEB R ¥4 2R, 13 B SO JE RS DR R R, BT
AP SR TORh S O B RIS I, XA IR R
HEAT ARG ANME 5, 56138 BB 077 i HH e 1)
Ps NMAELE T — AR B, SO R WG, B2
JE& IS

Frt ik, TR An, RSB E
H, ANRSE B VEAG R 4 FE N O (n); 2B ARk 44 2= %t

BENLTAR LR
<€
it TR B AR

v v
BEroansiaRg| | wrtRmng |
v v
| wwnRmez || oemsng |
v v
| wmm || coemvoem |
v v

| Fomee g, BEBUE RS T (R fe—

E5 GAN-DSA 12

MEPAT O (n) IRAIBHRAE, BRI E 22BN O(n),
IO (n?); GANs FIIZRE 2% B A [ g Fh iR
B NO(n?), RILEEE 2 ENO(n?).
3 BT
31 LHRE

NI IE T $ B VE GAN-DSA FIA #chE, St
i 32 AN £ 1 B RREES 4, Hrbn,
o mANLSy BT R T AR, T HLES A i i B
S 32 B4 A AR AN 0 Ak BT 2 ) AR
[1,99]F11.2 x [1,99] N, HHRMIIE) 500, B4 i
L 2EEL TR AP, BEATLAE i, 152 B0 PR AN 7=
BOH A TAE. b X By & K/ E X (8]
[b, 1.5b] B MLk 52, H b = max{|AP,.|,c € L}, &J
FORBEICTE R A AT 508 2 107 it I 7 2 00 AR 2

HH.

®1 BHIMRRE

THn TIf Hlagm P nx fxmxl
15, 20 2,4 6,8 3,4 2Xx2x2x%x2=16
80, 100 8, 10 10, 12 8, 10 2X2x2x2=16

NSRRI, BT SRR A EAR N O iE 4T
10 %, B RIS AT 1) 2% 115 18] 4 Timelimit = nx fx
mx IxC, ZF KR FC =90ms. LI IHIE A,
CPU N ¥ 45 /K 15-13400F@2.5 GHz, W 1%~ 16 GB,
Fi 45 58 7F Python3.12.1 (3R 8E N HE4T 4w FE. BT
PR EE SRR 1ICAY A EABCY 34T HLAL, X
LV B S HORYE % B Sk i) e B TR &



1184 ¥ % 5 & K H41%
FYETF Fe bR AR XS B 20 LR Z (RPE), WF R3 HEWHER
B, BN EIEAE AN FEAB) N PALIE4T 10 IR &t - GAN-DSA EABC ICA

RPE (bRPE) T RPE (aRPE) 44 B icl 2, fF 0¥
NN RFRIN T2 % (=Y 7
RPE = (falgorithm - fbest)/ Srest X 100%. 9)

oA fogorionn A AR SHE XS — AN AR
Joest NPT SEIE AR [R] S50 AT 1 e L &5
3.2 HRE

Fri B, S0 53 PR, 439l GANs
) 2 B Bk 1 2 8. GANs 18 2 Uik 40
CAM ALY, JEit 2 AL Rma H R E.
TE A 5 1, GANs #5284 R H Pytorch J2# S B 45,
e A R ) 25 350 SR P A T A 2 I 4 R AT A
GANs H IS AFE A WK ZH . S HEZE M
WO R A 2 2] & IROR/N. 3R 2 AR GANs
HSHE.

=2 GANs BHIEE

bRPE  aRPE bRPE  aRPE bRPE  aRPE

15 0.00 23.35 0.57 23.88 0.29 25.88
20 0.00 14.31 1.94 16.51 1.81 16.08

80 0.00 9.88 1.43 11.34 1.43 11.34
100 0.00 8.15 0.37 9.71 0.71 9.30
2 0.00 21.83 1.29 23.76 0.81 25.94
/ 4 0.00 21.80 0.43 22.72 0.14 22.09

8 0.00 7.70 3.57 10.03 2.25 9.15
10 0.00 8.30 2.65 10.00 0.71 9.19

6 0.00 11.90 0.57 13.29 0.29 15.15

8 0.00 9.15 1.06 10.35 0.95 10.11
m

10 0.00 7.10 1.43 8.71 1.43 8.25
12 0.00 6.48 1.77 8.27 1.77 7.86
3 0.00 13.82 0.57 15.43 0.29 15.21
4 0.00 13.60 1.25 14.69 0.08 16.23
! 8 0.00 7.89 1.43 10.11 1.43 9.42

10 0.00 4.14 0.17 5.35 0.17 5.16

SR SR
) ) A% B 2
A AR R 2 2
) 53] 45 2 YR R LeakyRelu
A I R T R A LeakyRelu
S 5 25 R R Sigmoid
A R i RO R A Tanh
SRS 0.0002
LKA 32

7t GAN-DSA B iEHAEAE 4 NS5, 43 0l o Fd
B Ps. A JE A BE R w S 348 R RS LS AN
GANs HJYIZRIKEL epochs, K Taguchi ¥ iS4 77
EN Sk E S HUE. RIS E NPs = 50, w
= 20, LS = 350, epochs = 400.
3.3 5ERRBEREN AT

1T E AT B 70RO 2 A 2R L /K 2R 1)
SO B ) AR BV, 8T Bt GAN-DSA [ RE,
3 EC A ol SR AR 43 AT 2 I It 7K 28 [ 38 3 1) A [
AR N BB G, gl A B X SE F R
ACA)!"™ A58 0 N TS RESVE (EABO)! Y, JR 4292
P 2 FE AR 1) R, TE A R B R 1T SR AR
SERIRIRTEE T, K BT ER o SRR WU A B TR RN
2 EERIfERD ISR, DASEELTC AR AR BE. T g R
% 3 fioR.

3% 3 A4 75 32 M5 GAN-DSA [ bRPE
UHEA 0, T A FLAE BT OB MR S 383 38 T
AT F AL A% ; GAN-DSA 7E aRPE F1 bRPE 1 i 45 b5

¥R I B 2 L %, GAN-DSA 1 °7- 14 aRPE A
11.84%, tH#EL T EABC 1) 13.38% 5 ICA 1 13.52%,
IR T 1.54% A1 1.68%.

TE LA En A\ 15 38 % 100 13 2 7, GAN-
DSA [¥) aRPE [% % i& %] 15.2%, ft T~ EABC [y
14.17%, BEARIEAK T ICA 1 16.58%, {H & TEn > 80
& TE T, GAN-DSA [ 7% 2 % 2 4% il 75 1.73% LA
W, 3% /N EABC 5 ICA, £W 7 GAN-DSA 7£ K
FUBL ) LA TE R B e

B3t T s 81k, GAN-DSA TE f A 2 4™
JE 4 10 ik FEH, aRPE R T 13.53%, fi T EABC
HICA, [N AE f = 875 T, H aRPE fUH 7.70%,
3% % T EABC 5 ICA 11 10.03%. 9.15%. T.) %k
Bl %, e K, GAN-DSA 7E 5 4 5 2% fil 25 7]
rh 5 R R R R

BE & 7= A= M 3 3G 0 & 10, GAN-DSA 1)
aRPE H 13.82% £ [ £ 2 4.14%, FF1RIE 70.0%,
B AT EABC 5 ICA. $FAl21EL = SFIl = 101
7 % 4, GAN-DSA ] bRPE & 2R {5 K 0, % B
GAN-DSA £ Z 7= i 2 J 3 50~ HAG w80 i FE g
71N S U R

2% I, GAN-DSA 7EA A R B T 2
EYEREILE, THEEZHRE LR T, %H
IR T B AR ), SR TR, £ T
]S PR RERIA PR A 5T AR G 3 5.

4 4 ®

ASCHEFE T A ORI () R0 PR 2 i 22 v X 1)

A3 AT B L IR 7K 25 18] 18 B2 1) @, T R G AR B A7



F 457

TKHE S KT A RSt 0B AR X EBLIR K £ A L B8 R H ok

1185

TE, 38U L Be e B HE A % ) . g
T Petri WX SRR DU FIAZ 5T S0k L JE T A2 OGN
AR RE T AN 5 R IEBEI R R
T, ARSCHE T — P 3 2R RO T 285 1 TG SR8 oK
fift 515 GAN-DSA. 5256 45 5. % 1], GAN-DSA 7£ 3K
i FITIIE 95 10 RIS, e B A T A BBk, T —
A TAE ¥ B SRR GAN-DSA HIIZmLE], LT
RSN ZR I A2 8 PE RN SR AR, 5] B 5k A 4 g B
77 3, 15 GAN-DSA 7 DA[RJ B 27 2] 1) 43 Be A
TP, SRR E G SO EN IR IR 2 ) g
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