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Stochastic Flexible Job-shop Scheduling Optimization Considering
Equipment Degradation: A Reinforcement Learning Approach Based on
D3QN
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(School of Automation, Beijing Institute of Technology, Beijing 100081, China)

Abstract: The manufacturing industry is rapidly evolving toward higher efficiency, lower cost, and greater flexibility.
The production of high-end equipment manufacturing workpieces is typically characterized by small batch sizes,
diverse product types, and complex processing procedures. In practical production environments where machine
degradation and random failures frequently occur, traditional deterministic flexible job shop scheduling models are
often insufficient to accurately describe real manufacturing processes. To address this issue, this paper focuses on the
stochastic flexible job shop scheduling problem (SFJSP) considering machine degradation and random failures. The
processing equipment in a flexible job shop is further modeled as a serial production unit composed of degrading
machines, thereby constructing a scheduling model that more closely reflects practical production scenarios. On this
basis, to overcome the high computational cost of traditional metaheuristic algorithms in complex and uncertain
environments, an intelligent scheduling method based on the D3QN (Dueling Double Deep Q-Network) reinforcement
learning framework is proposed. The proposed approach simultaneously optimizes multiple performance objectives,
including makespan and total production cost. Numerical experiments demonstrate that the proposed method
outperforms the compared algorithms in terms of both solution quality and computational efficiency, and can
effectively improve the operational performance of stochastic flexible job shop systems.

Keywords: stochastic flexible job shop scheduling; degrading machines; reinforcement learning; schedule

WS HHEA: 2026-03-15; EF HHA: 2026-05-08.
ESWH: BXAARREEETH (62103042).
#B{5/E# . E-mail: zhiyang jia@bit.edu.cn.


https://doi.org/10.13195/j.kzyjc.2026.0208
mailto:zhiyang.jia@bit.edu.cn

2 # % 5

*OR

optimization; random failure; transient analysis

0 51 §

il 18 M2 HE B [ 5K 22 5% R F A AR b A0 o 2
FEA, JUFAE w5 2 A 5 T A5 TR S5 R e M b
eI E K BHT R )1 5% 00 5 ) B B SCHEAE
FAM. It A R 32 b ek 1 70 28R I AR A
FVETJT e, R RE . RSB T, DA
ot RPN B2 A0 o 55 AU AN W X A 7 R G 2
A5 2R B v S 422t o e SR L R o i
e 5k BTG RS0 IRER, L A 7= A
AR SR E . T 2R 5 B SRS, 1
Z T ks BEA A R E A R E 50T, B s
A L BHRR R 2 IR, A T ok i A
Koo Az A U BRI, 51N SEEE R A PR R T
ERAE BEALBOR, C A $e T 25 M R 55 vy i 2
G RRIBAT R G55 1 R EE AL

YV ZF Ta]3JH FE 1] (Job Shop Scheduling Problem,
JSP) DA 8 HLAS N TR AR AL A 7= Ve BE TR AR N %
L, TEHE RIS R T ) 2w, ke
MbZETEIPE R (Flexible Job Shop Scheduling Problem,
FISP) 7£ JSP HJEht bk — 24 g, uvrfpiE TP (e
% G WA AT IR £, HINFE 2 b, /it
AR PR, 2 —JE LAY 1) NP-hard 414 AL 7]
AL AR, BE AR E AR T 2R T AR S
BEAR AL SR AR T 3, tiR A L 2k S skl sk
FLAT AU R A A A 1) DL R Jn R iR h 1 7 i B
PR AR 2 IO IR TR A R AR SR AR A 4 A )
Hh ) R SR A e

SR, SEBRAR = PR G o A 1R AK 5 B L e e
W AELE, FEOIN TR Sl A 7= v R &R S e
W, {81754 Gt 5 1k FISP X DA %) i 2 9237 51
I, K BEALIEN 5N EEAE Y, T8 BB AL 1A M 4
]9 & i) # (Stochastic Flexible Job Shop Scheduling
Problem, SFISP), B AT 4F K 1) 55 E2AJ 72 7 1) &t
P, O 5 #H NAF AR TR, 1R T 2
H bRt A% 5 DURIR & 2 2 3L T, IR AR
Bp it — 32 18 T BENLIN TN 8] 5 7 51 A O 1 L
) S L S PR Y, R R B RE A AL SR A 4 R 1
R A6 77 R 0] B FH 1 T T I A IR 1 R, AR
IRAEAE B FE AR B R B RO I s 45 B
RAAIEACHE Z AT 5 ) . [R 76 U R A — L6
T U IR BE 2 ) 7k 5l N A Ak ) R, E
5T Bl (IR TR, M5 U R P SR AL ST (1
AR e ST Bk ST e R L B o

SRR

3 —J7 I, 1 E A A4 G R g, A LA
FEAEAE tH 2 25 HRAT AR P2 e b [ A R, e AT 2R P2 2R AR
R AP H LR, AR HEAL 5 B s L,
B2 N T 2SR i ) o 4 e v 3 3
FSCHIF 7t L BB 8 AN A S 15 4% 1 4 e o) ™2 A PR 42
X AT RS AT DR Z 7 SR s i R 4
ST RETT. SR, A L 2 AT A= &2
REARAL, X T IR Ak B £ R 1 5 S A AR M 2 A] A FE
W 2 MG R R = REWE L. BN, fEHTT
MR Tt R R, KA S5 TA R 72 B,
Hon TR 25 5 51 R T H AR 47 5 W& Mg iR
AP M E— 25 AR 2R 7 R 45 (K ANt 5 k. B0 IR
R &N IsIT 544 A, AR T 2B
T3 2k A4 3 S s T DL R 2R AR Ak AR D5 9,
PETt R G0 ] SE I AN BRI A At [ R g
fith, SR, _FIRHF T 2 DR A 1] S 1t B AR SR A
JE&TT, 3B AN T4 R P AE 2 M A M 2 [ o 2 ) 2t
(RIS A i — AR

2k EPTR, AR SO R R KR A 5 BE L R
SR P BEATL SR M A b 25 ) 8 2 1) R (SFISP), 3d i #%
FEPEAE Y ZE 1) b R B ok — P @A IR AL
K6 S I R AT A 7 BTG, R SN 3 S B ) A
VRS LR UL IR b, A — B T R T
XZIRE Q M 4% (Double Deep Q-Network, DDQN)
(R RE TR FE J7 3%, 23 )2 PSR S5 i AR AL T
SIS SR E I AR, 7E B A A e G I BT R 5k
58 T (8] 5 42 7= A P Be FE AR 1) 2 HARER &AL
1 REGRESHRREER
L1 REGEH

BB L2 P A Ml 2 1) 8 B il i, 3 2t T Q
AT BAE KA N 26 18] vh 58 jn TR A 7= R4,
P RS A 22 08 0 1 M . AR SCHE AN A
PR ORRLEE AT N, B EEERAHZ 6
IR AL 28 B A PR G2 DX A BB HR AT AR 77 2. RTE B
/MK 5E T 8] (makespan) 8] I 4 T A2 7= 2% A
W RIRE 775 % i R R, DUZE ) AR 72 S A S
P58 T TR R4 B AR, # 5 7 — A R 2% R s by
A=) U b SFISP ARAY, 4n & 1 s, 7634
SR ER T I L, ArisRELamL
ZETa], Horr, FEAN ] 28 18] A 0 T ) 500 T A A7
1B 22 5, HOX e 7 S5 ph 6k . 28 ] R 38 B AT A2 P 26 1
BATIRES Fro g . Beah, TARAEAN R 210 2 6] 5 4% Br



x4 W2 e S H R ARAA AR AL £ TREMAL: —FPH { 53 T
FxH Tz & FRITE RN T L& R BARAEMAL: —FE T D3QN #9581 5 77k 3
WS‘ Nl 1 Nl M-1
sssss i - = Psatent <
4+<:}%m4 amw1ﬂb'_
rr—-m---" - --=-—-=-=- b |
| TR =) |
— Trans(1,2)
I+ @ @ T\ o\ 1
13 1x C,...(1,2
| # T = ¥ |: I (2
T Ty RSN . ws,
I @ JM Jz,z \\\\' . JZ'J’ I I $ : pslmez_x N2.1 NzyMil Pstater
| s < :Jm
| 3 ;\,<\\\\ o “\\ ik I——> @ b,, o —plby o
| l"’” ey 15|
| [N AN N I |: | T (20
| TR ! !
-l
| «os F— Ry R AT TR | s N, New, po.
| ______________ I N stateg | statck,] |
by, H"'_’bkﬁ{l @
' Trans(1,k)
Cian(L,Kk)

B BEHLRMAE EEEERE

FEAE RIS H I E) 5 s A B 2 e, B
B F 25 T IR B 2 3 i 2% A S R ke

BEXS I o), AR SCR F — B B R SR ARHE
R BRI, B Sent IR AT £ 40 B ) AR AT AR P 2k
HEAT B 23 AT, 0 A VT SRR A [F] 2R R AN
T R, HIRBOCEE A =S40 B 5, 76 b LAl
AT AT AR 40 E A 0 4R ],
FHFE X 2 A% 5 ik B AR AT BCE AR AL, T 3K
IS 4k W) 3 PR 55T U B U7 R (0 B I S E v v
2 HNESU, TARE I Tk e p A A B T 4
IMTEAERKSR N, R T AT REEZE®
2% FIESSE R 9, 7R AT R A, e A
AT o 3 0 75 IR 8 7 06 B RS B A N 5
ZAESE TR, i Lk 2 2B 82 R B 50
JFVERRAE. A, 12287 i il EL A R RUR 2
F) 22 S5RF R, (045 A 7= i A o 22 1 X 25 5 52 3 P A
()3 25 [A] 249 B, DT %o 7 1)t (1) 98 20 7= A B L 5
Wi DRIk, A SO 4 ) A 0 28 4 452 0 el AN Rl SE AL A%
5H RS X H R AT AE P2 2. BRI, 2N
R S5 an & 2(a) s, BLSE — & 42 m WS, N,
— AP M AR HLEE AT M — TP XA
W, Hm, REFEBUHLE, i =1,2,..., M, H
Kl 2(a) H IR R R, by  REREMX, i =1,2,...,
M — 1, HE 2(a) FTHERIR. BAZ X NEAH
— MR KRHEEN, ;.

o 2] A5 EH AR A ATL 85 440 S 1) B AT A P 2 A Y
PEGn H i

1) B2 N BT 8 EAA AR IR0 T B, DA

(b) IBAEHLERE R
E2 ZEEARRESRUNFRSEBREE

I B 7 R SRt A = i R I TR EAT B L. B &
WUEESAAERE NI T BA T Ui s 220 J5 2l 1.

2) HEBAHHREGWHE/TRE, idh
D,(w=1,2,..., W), FHIMLEG — AR S
Dy, o D RRRAAEBITIRES. JHLBRERS
D, N — UL E, 42 —ANn L T e,
W CAIE & MESRARFFLE D, BUR A B AHAR 1 2R3
D,sr, BOBMLE RS D,

3) A HLERAE R — 0 TR A AL T iR %S Dy,
3% F8 30 P9 T8 S O AR 5% A6 — AN 0 T 3
TEURIT, LA LA € Mk 2 2= i IRES D, , 8k
BARFFEMEIRES D, .

4) IR AR A B B B A 1 2(b) B, X
P TN IBEHL S BOIRES D 7 8 2IRE D, M.
M AL A T AT IR E D, 3R p + psa+
puy =1, MHLER A T S BEAR DS DI, 3 2 pry+



4 # # 5

xR Ext

Dy = 1. WM, AL B RS M2, HAE T —dn T
S {5 ORR A O RER K, B p, ;> piya . A
HLSE 5590 A4 5 103 0 M2 2 B e P, o
i=1,2,... MEREF LGP V%5, HEt
N

Pia1 P12 - DPuy
Pstate _ 0 p2’2 : p2’f
psa 0 - DPrs

5) 755 —In TR MTF a6, & B my , 7T
FF&MIX by, BTN T, Hizplasit Tis
TRED,(w=1,2,..., W), WFRZHLEFE 1Z 0 L
JAHAAL FYUHCIRAS, BB m, , AR AEDLR.

6) 76— TR W aa ), & 1B m, 1
JEHE X b, CIA I & LR N, ,, HiZAlasa T
BATIRES, RIS R % Ak T Wk, AR Z AL
AIEZ N T A A AL T BH ZEOR A, B R G L8
my v AR PR ZE.

7) SR T g EF#LE N B, . BTG 2 X
TEVIGE I 2035 8 2, 4 7= 26 58 i B, A TR T
Ja RpfE1EEAT.

1.2 MR SESST

B THI SCEANLI RGO, AR SN T )
A2 P AR AN 7 THVZ) ) 2R S (08 A HERE, SR gl N
N IREEME REFR bR

D) SELEMPC, ;. R R TR jiE T
FPAESE kA0 T4 10) 4 58 A3 AR r= ik & B, BT/ 11
hn T HH A

2) I T RAL A, o F T 2018 5 kA 0 4R 1R
I TR K

3) AT R A A, BT %0 5 kA I 4 (R
() AR K, 9 2

Ay A =, (1)
Ha > 0% %, BN T G855 AR 2 T8 [l
KR, BN TR (A, N, XN A 72 A
i (A, BOR).

T CT, ;o RANF R TAFRIE jiE T
JFAE SR kAN 26 6] A AR S 0 e ], B
CT,;x»= A PC, ;.. (2)

5) BN TR Coaigq,j s R o6 q2R TAFHIEE
JIE T, TE5 kAN 0 245 (8] 9 56 B4 30 1 = A=
256 AR, FHISAT BUA 18 AR5 1R BUAR )
H%, R

Ctntal(q,j,k) = Ae,k . (Crun(q,j,k) +Crcpair(q,j,k) +Closs(q,j,k() ))7
3

HABAT AR Coanq jny » TANTEIN TS AR A5 IEH
IBAT TP A1 88 1B H R Capain(g by TN HT
T A WA 5 BB A T AT 4R S B P AR 1) 9 B 40 0%
K Clossanginy» o7~ BT 251 B PH 28 45 [ R S 50 A4
PR R AR

6) ZE AL R ) T, (K Ky ) A AN ZE ) o
F& B ZE ) y i = AR RN ), HOR/IN 5 22 (8] 2 8] i A 3
P B8 R IB R A% R AR, R

d
ﬂraus(kz7 ky) = %7 (4)

Fob, dy, TR R, Sk, 2 IR B, v NSk
.

7) A B A Cn (B b ): T M ]
B2 1y JT 72 (A, 53 1] K 3 o 132
4603 F I EL, B

Corans(kor k) = a - T (ko k) (5)

* -t % GBS R 2 7 2, R T U
A ST G ASAT SO AT R, S 15 2
WK A L BLBE AT IR A BB 3 e 46 1056 T
R, AR 7 A I TR AR DR A
[RESE 40 SATH, B AHLE B 2 Fhg A4k L
P PR, ST 7 T ST 0 5 BOR A
% ) ARG, TSR e

A9 b R R, 331N — 5
B AT B %, ¥ G AL BT R A AL,
BT ATIE AT DL D, B A N — KA U, T
WA D, HOIZER. th TR LSS 0 T e —
(B 1 D 5 %8 J HR I A7 ARAS ), SR PR JL 0 T 4
BRI 2 BT 20 (1 3 ).

P P P,
‘ A pLz.p.ku L Pt P TN PF,! N
QL Dmp (1)

P [Py \_ W
g P, P 1p,
.

E3 BRUHFEMBEIRE

SRJA, K Z AL L RN A T R LT &
e, M _E 3 G of DX PR A L B S A T X I A B UL 2K
frfm AN, AT M — 155 R HL & RAL R R 4.
FERRFRUMLL L, RART R & 5 5 MR & B AR, 7
ARG LWL mE 5 R WL m ], R
TR AR R G2 R R (W 4 FroR). 1%L
SRAMESE CLE A # DA T AR 3 30 363E", JLd i
RS TR A T S04



% xH Tz M & FEIRERAARAEMRAE L £ BB AR B — AT D3QN a9agiesz3) rik 5
I |
P N P\ it rivry N P' AU, F22), I PI(M’FW)
LWULFY P‘v“"v""'>~ I R|V(F,+| .ml) 1 (F(i+2),1(i+2)) 1 J(FM,1M)
1L(F1,11) 1L(Fi, 1), I : }
(O *@* O
B m, m, I Jitl my
b,, by,
e e e e e e e -
Pr,(z:,,m(n): R,;.(F,.m(n) N, |<u ey (1) 5 R L (M)

O O] O

by,

=0

El4 ZHlEZiEREEE

k1 BT OM-REMZHILEE &S
PRI AL VEfil

N M WLEE%D, B,JIL&), N, (Ff X%
), P (BB RERE), Ny GEAUH H_EIR);

I:n=20

2:fori=1: M do

30 XRAHL B m,, BEFRE (D,
D }RENU, MRS A F;

4: end for

5:while n < PC,; , & KRB, do

6: n=n+1

7: fort=1:M —1do

8: P& A B WL Ly - my; — by, —
My itas

9: BT RHL L 5 A, it Em) 1
ﬂzzmggzpﬁ(m,m)(n)a R g1 (n)s

10 FEFXHLLAETHERES, HHEm] . 0
BIRFMEEEP] e (0), R 0, (0);

11: end for

12:end while
1.3 MREEMR

BT IR RGBS YRR AR b E L, AR
A E SN TR T, 5RO 2 H
PR ACAR Y DT 76 446 6 A2 7 ) 390 PR [ B A 2k s ]
A 58 LI 8] T, FE 25 28 AR AE AN [F) 42 18] 58 BN
5 T 8] 3 H i Ve A% B N AL AN AUAS: 31, T 256 B
A C N e &0 B IS AT A 1B 5 A 5 5k
FRAS LA K %5 2 )3 i B AS AR B

IEAh, SRR I N T — 8 T2 5 BHHA R, LAR
R 77 SR AT ATV B 18 TR A S VEAE — AN N
AR TA)_EPRAT 5 A 06 250 A% 42 I R 5 T 5 PP 52

FSOIA T 0 T 0P 75 3 2 4 1) 5e 7 BR il I 3k B 1]
— A B 2 AR Z I A [) 242 () 2 8] PR P R 22
min f = min{7,,., C}
s.t.

K Q Oq
maz = Z Z Z(CT‘]yjyk—i_
k=1 q=1 j=1
ﬂrans(kl,kg)) q,j,k’
K Q Oq
C = min Z Z Z(Ctotal(qjk)+
k=1 g=1 j=1

Ctralls(k]1,k2))$‘ijk;

K
qu,j,k =1,Vq,5j;
k=1

Tk < Agjny VG, Js K;

K O»

Z Z (CTq,]‘,k :Uq,j,k + 71trans(kl7 kQ)anjak) > 0’
k=1 j=01
Vg, O, <0, <0y

L5,k € {Oa 1}7 v q?jvk' (6)

2 D3QN BEMLZEIRMA T

JSRARES 174 IS E BRI BEAR AL TR R, A
SN — Fh kTR B2 SR AL 2% 2 1) D3QN(Dueling
Double Deep Q-Network) 77 7%.
2.1 D3QN EfhHELR

D3QN j&@idfil4 Double DQN 5 Dueling Network
PR PR S R AL 3, 1E B 2R AN 8 0 R 5 A Ak R
BN oR E5 B I Ak T Bl B, AT 4 T 57 2T I R 1)
e M5 T SR RS

1) fEFR#E DQN H, HAx Q {8 i % R HI A — M
25 [F] N HEAT SR £ 5 HE VAL, 5 5 3 BN E R
H) & S0P = 4l . Double DQN b 51 N\ TE £k W 45
(Online Network) 5 H #5 M %% (Target Network), $43])



6 = % 5

*OR

FxE

VEIE S M B VP4l A, L B AR E 3 AN
YT =1 +9Qu-(s, argmax Qy(s',d)),  (7)

Horf, RS R R Jih, AT, 0560~ 73508
FELR W 2% 5 H AR X 45 2 500 12 45 1 e 9% 43 203
QM IR, el Zhia g 1t &ia iR AL
], D3QN 7E W 45 2544 _F K H Dueling ZER i 1HIRZS
IMES TSR AL, /£ SECEHE R KA Double DQN
(0 HARE T SHT 20, M R AR A ) Q 2 ST HE
R 2T TRBERR T Q EM T2, SUIMR 1 S i
SIGEPZ, JCHE T BATRENLI B 5 v 4R 2 2 ]
FR A 7= 3 T AL

2) Dueling Network i K s ENME R EQ (s, a)
G RAIRES M E R BV (s) 5B REA(s, a), (£
28RS SN VR TR A B i 2, HR I
A

Q(s,a) = V(s)+(A(s,0)— — 3 A(s,a)), (®)

Al 7=,

Hrh, ARTRINEERS . ZEMIEAAE REITURBNE
AN R B 2R 22 e AN B B 1) I s, Be i W 35 4
THE A F 5z kR
TERIEE ) SFISP 54K 2% 2] ¥ 55 vh, D3QN i i
525 18] 2 40 1 Hp S50 B2 o I RE ARG, SEIN L F
S5 TR G B S R AR LR Ak, HRAE 2 B AR 2L
BRI 51 5 R )P o 58 R (8] 5 28 A A P AR SE
KHEEVERETRbR.
22 FNEESSHI KT
ASCR s 2 ST B E E o —H B TR A
(RN PR e, € {0,1,...,9}, B—&HNE
HHTRGUIRA T ] B AN AT R AT
FF-ZE TR 53 BEX (q, 4, k), TEASTR RGEH B H o Bk £
S50 1 BRI B — B @, 6 B — R E
B ER r,, , HAEARES s, B EBAE R — 0178
Bk
(00, M) = 74,(81)- 9)
DAL AN AT A A), 308 A R - % KU AL BBl 1R
s
1) BENLIEH (Random): 7E X [T A] & T P45
TR AL IE S — 18 T, HE T RS T EEAL
THFE—A.
2) Fe 58 10 ] (EFT): v 4 T4 4 W 1)
B AR HEAT 58 T (R Bt
E, ;. =max(T,,T,;) + Pgjr, (10)
Hort, T =2 Ml ik #2428 () ] IS [R], T, 5 02 30 g2

TAFI SR 518 TRl FE], p, 0 N8 7 )
I8, SR FRAEE, I/ NI A.
3) Fe P AR () (BEST): tH5H AT A /AT 415 1)
FFas 0 TR R), SR T AR R 1A S, k-
Syie =max(Ty, T, ;). (11)
4) Fe /NI LA (SCP): 3% #m T LA % /N
HE(q,7, k).
5) e /INBUAR-IF TR IIBUE (WTC): X0 T JE] 5
I RAREAT I3 — 4k, FHA BN 73 R 4R, BT
SENBALE, Hda € [0, 1) AR R 3
a)cq’—j’k.

Pq,j,k
Score, ;, = a—"= + (1 —

max Cmax

(12)

6) 5& 1 []- 4= ) S 3R 414 HUM (EFT-Load): 7E
2 8 B R 5 LI TR () TR, 51N 28 8] £ 348 7 00, 3
o Ly 2R T SR A
Score, ;n = E,;x + BLy. (13)
7) 5 LI 18] - i AW S 1 22 [A) 40 A B0 U) (EFT-LF):
MR Se e w]oin L dpe /b i) ZE 1], FRAE R EFT
T, DL G IS 1 T AE S5 BN LS.
8) T4 I 8] -f e e M 4 [A) 5 ) (EST-HF):
e S 5 )N L HOR B 2 1 2R D), IR AE b Y
FI EST #UI, DAARTHHE A4 Iin T HE R 2
9) X 5 LI A1 52 A 5 b A5V e & f5
F2550 56 1IN TA) 1R A8 Ak, 396 38 55 28 A 56 T B[] 5 T
AN R S S B N 1 e £ | DV i )
K58 LR Z:
Score, ;,, = max(T.., E, ;). (14)
10) 58 LI [E]- B A IIAUE (ECFT): 254 7% 8 1%
TLFe A 58 LI TR AN LA, 4545 4 fe /NI 25
Score, ;= E,jx+ Ay jn- (15)
23 REZHEK
N T 2B B ATIRAS, AR SO 2R A 1)
s, € RY H i RBAAESAG I TRERE BEUEA H
LK R G A B 1 2 JERRE SRR 2 A, AT A
M8 X 28524 7803 ) TR SRAK .
1) ZE[a) f A XA 2R (8] ke, A3 HE 2R R T
], HHEAT H— A BE, F T S 3 5 rh 1) £ 35 i
T

load __ Lm

S =T (16)

2) TAFHERE: X REfp LA q, GEih H O Ly
5 B TP Hcz b, DL 21 B kb hn TR B



% xH Tz EEIR A RARALE L £ A B AR A, —AP AT D3QN #93RiL3: 3 ik 7
done 2.5 D3QN EZEHE
P9 = . (17)

nZot
3) AR 8] 5 BAC L9 b s b A g, e
CL YA FE D T 8] 5 0 T AT e B R ) o L.
Pdone

time __ all
Sall - Ptot ) (18)
q
Cdonc
cost __ all
Sau = ot~ (19)
a

4) LB 25: A4 6 2Lk, St ST TR
7 HT RS A R A, T I B i %A R

U, = b;syk (20)

5) BEARIR R Sk RGRETA LA R Rk

56 LB, BT S i AT 55 I B AR HEE R
. (21)
nq

6) RAA: HLE T8 S HT AT A C 4 Beim L L
AH P T FE R B AR

7) T 56 LR 857 A G — AN 2 TR 58 L
Z, FH T 200 e 5 T[] PR SR AR AL
2.4 KRBT

RSN 58 T ] 5 s AR 1 8 AR LAk, A8 SC
ot pH B ESF 22 Jh 55 2 1k 22k 4 R 1) 43 J2 22 i ek
5 TR BEARTE U B I AR B D TR R R S Ak
PE IR R S SIS

X T B 22 J5h, %5 T A g L7 j7E 16 k b
B i (] 5 g, s ORI B ZE B (regret) T A

1111
t _ pq,j,k - pq,j

= 22)
q,5,k min ’ (
pli+e
Coin — C[!liI‘l
c _ Y5, q,j
ALLJ'JC - min ’ (23)
Gl + e
9,7

S, i 5 e A AR S BT AT A S 2o T
PO R AT 1 5 R A, <9 153 £
EMIHNER.

BV 22 il bR 8 SN
Ty = —w AL — WA (24)

Horprw, 5w, Syt 1) 5 AR E R4

FE R BE 58 RIS, B BE MR AN IR1G 28 1 22 ), BAS
Jil e A S R A E S AR 3 B T

Mbase — M Chase _ (O
= Mbase | ¢ + 7 (Qlase | ¢’
FHorr, Mbese 55 Cvese 53 53] R HUBEAL S0 T X B2
56 LI 8] 5 6 AR, M5 C 9211 S0 1) SERr 45 2R,
1. 50 W A AUEZ L

rp

(25)

ATTLERT TN BAE BT IRAS 25 8] AR S 2
il BR E et R BRI B, R T SR AR BE AL R PR
Z [ B 1) /) D3QN B2, H BAR AR an
H#:2  Dueling Double DQN for SFISP
N K(EFERER), Q(TAHER);
B o (VA FE SR B );
1: WA 2% Q, 5 B AR L% Q- ;
2: WA A58 Bt D
3: THAEFEE makespan M ese 5 A Cbase;
4: for episode =1 : N do
HEWEIFREVIERE s,
6: while KZ 1k do
7: THRE AT B E S & Apetid,
8
9

KH e-greedy i F N Ea,;
AT r,, 1920 (g0, Jis ko)
10: VA (qu, gi, ko) 3R 50405
11: TR
12: 1M (8¢, Qg 1yy S ) 2D;
13: KA /N I B

y=r,+v7Q- (St+l7 arg mgx QB(StJrlv a));

14:  &FFE 100 L [ED HARM LS,
15: end while

16:  MIANZIE2 G,

17:end for

3 SLRER
3.1 WRALH SR E

BT AT SE 58 3578 88— BB A 5 PR R 88 T 58 K,
HE KA Python 15 5 SEHL, FE7E PyCharm JF &5
TREBEFIFR 58T

b Hi SC L BB LR AR L 8] B (SFISP)
RS T AN 10 KT T A EIN L4
() ) B 431 A2 T AR B AL AR B 22 38 N T T,
ANZE 18] P93 R O AN S5 R AL 38 4 B R AT 2R 77 B
G, AZIHE SR 2 R WAL E M ZE RS A
iy 1

%5 8 B 1 % 1B A R A B B b R 5 AN AT 3
FRAE, XAPIRSHRMR T N R E: R LR
B PR FFE 2 6] 7E [0.10,0.20] 2 (8], BI AT 76 56
B[] N 4 e fe g a8 4T ) T — IR RS F R 2
WE N [0.70,0.85], ARELIB AL IS FE 1) 32 T 35 R A,
SR IR FE R [0.05,0.15], FH T %1 i AL 35 7E
AE— W Bt R 2B S Ve R o] B 1, 45— 2H B
(D DR A5 B A8 MR 2 R R R B G0 R B . [R5 RS 3R



8 # # 5 x K Fxt
NS IR 5 25 ) W 2B 7= 4 0 b 2, AR B HR Rl BESREESURER
ITREMXAERT{3,4,5,6,7}, R ARANE = i 332 Sll’rgjd 2(;‘2
P, (] B A 280 e aek R 2 v XY Sk 1Y) 2 G M) S8 i 0.90 64 0.93 78.93
o 128 0.76 65.8
J& 0] 7. 3 1.02 42.1
004 093 0O 0 003 0.0005 0.95 64 0.78 40.8
0 007 081 0 012 o oo Py
p_state, = 0 0 0.02 0.81 0.17 0.99 64 0.91 19.9
0 0 0 079 0.21 128 0.80 213
078 0 0 0 0.22 32 0.76 70.2
0.90 64 0.86 79.7
IRIEEE 147 3R H R AL A8 H AT AR = 2R e Y 13228 gz; 322
5807, WA AR TR EA F 2 H W 0.001 0.95 64 112 612
BN T AR AT 8 25 1 Be I ALV AL , 4 1T 3R A5 X B 13228 g:zg 2492"772
B0 T 1] 5 58 TRAR S5 0B 2 4. EIRPPAl 45 R 0.99 64 0.81 272
. . . . " 128 0.81 15.8
A Sy R AR TS A Jon TR TR] 0 T AR ) 2 A 4 oK 32 0.89 173
VB, N JE SRR RN 2R 5 M RE TS SR At . 0.9 16248 gzzi ‘1‘;3
3.2 BSHEEE) S 32 0.88 40.5
0.005 0.95 64 0.76 40.9
T VR B oA 27 2 1 U B Il i R R 2 B0 128 0.85 38.74
B O R A I P R T L B AR I B L 099 " o 1
HEHEA. 9 OREFTEE H D3QN W B 527 Ba L 128 0.8 838
TR b 7 B R B rp A Rk 5 AT AR A, AR SCAE %2 D3QN EEBEHEE
KB PS50 1 B8 Al b, 6 OC8EE 2 Budt AT R g ik SEATR pres) W
5% A E. %315 a 0.001
BEH2E ) oo YT T SHEE KN BIE ST Franp ¥ v 0.99
FOR R 3 = BN B T A ST R R R s o 10000
. . R N £ SN 64
H?@@i%ﬂ, ﬂﬁ&?ﬁ?ﬁﬁﬁéfi, FNEC A S b e o 100
TSI 56 A 350 2 IR i v I BRI PR R B ISR R Eatrt 1.0
TR, S SHIE T R BUNRFEME Emin 0.1
(1) o € {0.0005, 0.001, 0.005} IR AM g 05
B 2 LB % A
)+ € {0.90,0.95,0.99} )Jf’E‘Hm%(‘il)wJéi() [ A 10
IZRTET & B Episodes 1000

(3) B € {32,64,128}

TP T EIESEOT RS TR AR 1 1 2R 25 1
Wi 1 FioR. 22 3% o W 0.0005 35 11 £ 0.005 1, B
R s 16 8 BL 454 B 0% . IGD A1 Spread 5 b5t 230
TR, AR A 2] FAT LU R SR (1 B T s
B, A BT BVE AR B AT Y50 L SE T AN AR A 1 A
AT 0By 1R AR B 2 B, B y B, S e o 1
X T NI E TR P R UG SPRU N IR PR
e lal . SR, 2474101 B 5 2 2 2 A R RO, i
KI5 21K i R 7 5 BRI BB 3K,
R4 IGD # Spread F& bR A BTG 0, A=A iR
ENATRE AL 2T I I . AEHEE KN B2 7 1,
SEUG 45 BAE P LB B = 64R IS THE R B = 32
it & B = 128. IGD 7 B = 64 ik 3| & /M H,
Spread 7E & it & T 7 7 A K, AL EAERL FE A1
FI M B8 7 I BB S LI AT (K P17, R4 e A 3515

PEX LR /NI A IR 276 F B SLIn g R, nf s
AR 2 #a = 0.001. #rH0kl+~ = 0.99 L& K
/NB = 641}, B .

BAASHRE R 2 Fis. 2215, ik 145
oL ZHAEINZRIE R IR FEAAS, TR R RIS S5
BE I 25 ERE Sh A TR, DASCILER &R 5 R 147, A
T ORIEEIEE NGV 298 AR Z A1, AT
T A e N JR) S B M T N E I 5 S O A0 1Y i S s
MU RES, IR SO B, AR SR FH 2 T8 B 2tk
il e-greedy MR B HIR R Z, HieRRERE
IRAE AR Tk R FENLIE GRR) M. JI%k
WA B K e 5 LASE R IR R Be ), B I ZRHEE
B EKe, IR B R MR R MR DRRE— 2 1 BENL
P Hor, step N AT 2K EL, PO 4 AT R A
FSNE 28



% xH Tz EEIR A RARALE L £ A B AR A, —AP AT D3QN #93RiL3: 3 ik 9
t ,_\ : Mi ‘%u .
Esopr = max(0.1,1 — 5tep ep). (26) #3 ZBERMNLEEESHEE
P ik 24 Yl
D3QN SELE Y rad F2 o (1)1 351 22 5 A2 A1 15 400 A F e, 0.68
W s prs. fEIZPIH, BT IRZEMRE S, B hE . BHEE I T, 0.68
AR A B S AN [ 18 B RN, 25 i AL 98 Bl e K HL 3 Ak TR 3
N N \ N o NN L&Y 0.689343
TP Bl & I ZREC IR B 3G N, SRS 28T 27 2] B S
A \ Y e T - = + FHFERE Popsize 100
TR FEAT R, IS 0 B R BT A N _
2 XMER P, 0.8
-12 .
NSGA-III RSBEP,, 01
“lar BEEBMP, 05
= 16 B 24t 200
fﬁﬁ -18 2L WAL, 2000
-20 | — JRIAEE TR Popsize 100
“»} — AR 2 PR ArchiveSize 100
0 200 400 600 800 1000 SPEA2 TP, 0.8
I3 8 1 BREEP, 0.1
El5 D3QN HATIRMEUER WEEHk 1
= EIDQNE# 2 % 3
TENZRH 5, BE A IR ZE M0 [, Sk EJEIDQNAE I K 10
R AR B BEIa) R FH o Bk 3, 2% Jh 18 4 3 a1 4 2 IDQN A2k i 6
SR AR RIS 2SS SRR, AT T IR R SRS i IDQNA 142 2
58S 5000 B R0 75 R UE 78 - IR R I R, SEPLAR DLIDQN (G IDQNIg B 7
2k B R 2 R IDQNAFE i 58
A WS 23], DN B ¥
RJZIDQNHI N 4 7
3.3 X 556 (I IDQNHY Hh 4 JiF 9
SLoA! e VERTE RS NN R ReLU
AL FTHE H D3QN Sk AE AL AR L 4 (7]

WA B 1) R A R S AT, R T AR S 2
T B A AR 1) 70 8 R A B AT % LG 43 T,
ALFE o3k N TSRS (ABC). A e HEFF it 4%
B g (NSGA)™ i i i 26 33 16 535 (SPEA2)"
PLECKLF R AL ST (PSOY™.

WAk, o s AL 7 2] B gk — VA BT iR 7
RIS, ARSCTIN T B R BE AL A S BIEAE A
T EG, AR AR B IR TE Q W% (IDQN) B3k, fir
TR XT LU B0 B I 25N 3 3 Fros. IR e 50y e
O IR AAE 2 H AR LA S 8 BE e U S R AR 3 1)
2N, FEAE I SR 5T s 2 b o SR e o —
T T RAEE F A AR I A R e S R 1,
[Al b B A R AR M S0 HE s L

TEVERE VRN J7 1, A ik B Spread A1 Inverse
Generational Distance(IGD) I A #& A5 X A~ [7] B 7% 1)
KA R IEAT 56 VPG . Horp, Spread $8A5 A Tfif &
AR SO S AE B bR 25 8] o R 23 AT 38 20, SU{E Bk
FEN R A TR A 5] IGD F8 A ) [) B S e B9 1
W SPE 5 43 AT 1t R, AR /)N 3% B B B A M e
M. A STHEAS R SFVEAE 2 Phas AT 240 T 3RS I e Al
Ak B i 5 & IF 5 M 2 25 I R AG ATV PF* (real
Pareto Front)™™", J#4 i+ 5 &% SE M PERE TG bR, TR

BRI BESHAEE R 4 fios. W ULE R, AR
TEAE WS ST 5 4 42 2 AT 5 T A7 AE B 2 22 . o,
PSO. NSGA. SPEA2 f] IGD ~F ¥ 18 43 % 4 299.9.
467.9. 329.3, W& @ T HAM AN FE, B HARE S
S0 RAEHTIR 2 AT AR AR O BE S, B AR Stk
REARXT 8299, ABC 5L IGD “FH1H N 176.3, AT
PR BV el (BT FAAE — s Ak 2 18], AH BLEL
1M &, IDQN FH# T 4% 4t ot J3 &K NEVETE 1GD 845
O R, R S AR R R 1)
R H L 4% B 5 1Y) SR 2 ) g

R4 BEIRFHEARRTEE

HEAARR IGD AVG Spread AVG
PSO 299.9 0.90
NSGA 467.9 1.01
SPEA2 3293 1.11
ABC 136.3 0.98
IDQN 148.7 0.99
D3QN 16.1 0.97

PRI, 5 _EIRSREA B, A SCHR K D3QN ik
£ IGD R #r L EUS 1 B3 BRI SR, HAFBEA
N 16.1, AR T HAdonf BARE, R R RES A



10 = % 5

*OR

FxE

RHE T 2 RIS, B R A EE /). 1E
FRAE A3 AT 7 TH, %% 5L Spread $8 bR B AR 22 S AR X
/N, D3QN [ Spread {64 0.97, 5 HAth H AL T [
— B, R AAE IR AT AR AR AT PRI R,
S RE W LT AL G .

254 IGD 5 Spread W M8 45 1T LA H, D3QN
FIEAMN B8 A R S X S %0 BAE TR I8
I RRRE, [FI BE 08 ORI BN AR E BIMRER 70 A, DI AE
BARRAL R LRI B FR, Ble 58 7
A T AFEEE T IGD 5 Spread R EUIFE LI, N
PRUESE R Geit vl SEVE, BT A SLBQ 3B isqT 30 K,
T G4 AT o, WL AT LU W, A
) D3QN Jik7E IGD $8 b5 b & 2 T HAth %t
b B, FLAR AR AR B A, A oz T Al
1%, TR DY 23467 IX (8] 32 A 4R, 3R BH FL 7R JE /T JL 5K
Pareto R ¥/ 75 T B A 9 /5 R FE SR E k. Mtz
T, HAREEN IGD {8 B4 my, H BB B HOR,
F W AR 52 R BEALIASE T 3 AR 1S = i i HAR E 1
fif 4. 7 Spread Fa bR J7TH, D3QN J5 ik [ FE R I H 4%
PRk fe, AR S B A A BRI H A3 A 38 B, 1 A
T 13 it 42 1E Pareto AT 1 ff 40 A 58 i34 4) HLAae.
FIELZ N, HARBEN Spread 18 #44h mr, HARAEREL

RE DY B 17 il

T
250} - T i
| |
| |
200} ! E
|
S 150t T B |
— T : T AL
100} E i i
: 1 - T
==
1
0 D3QN ABC IDQN SPEA2 PSO NSGA
E6 FREIE% IGD Hfxitt
1.10 ‘
1.05} s |
-, 4 |
1.00 } | -
-T- |
= 095} 1 |
E 0.0 T |
& o%r Sl
0.85 ‘ + } !
| 1 e
0.80 E ;
|
0.75 ! -
1
0.70

D3IQN A]I3C IDQN SP]%AZ PSIO NSIGA
&7 AREEL Spread S fxfEl
N SN W B AN [R] SRR AE 22 4 (A A FE ) @t

H R BRI, AR St — D 2 T R 26 R
M SFERTHY, Wik 8 Bas. FTLAE H, SPEA2 5 NSGA
BOEBARE — e R RS Siae ), (I p 3
LB A, H 2 BN R s, M CAEm T
] 15 A5 77 AR 2 A HUAR A 38071 PSO BVATE PR IS
B0 RSO 77 T R I — @ A #A, (BT 58 I [A] (1) 4R
TRRESIAN AR, T BUB AR N T W 3% 18 K ; ABC 5
T ALE Pk /> 56 T [R] 35 73 R 30 7 AR FAth =N
TRBOR LSS, (E A0, T RO FE D s

X 10*
1.08
. e ABC
PSO
e NSGA
1.06 > e e SPEA2
s Q3QN
g % . DLIDQN
- ° °
O 1.04 :
= SN
1.02 | o

1.00 : : : : :
300 400 500 600 700 800 900
56 LI ]

El8 BIXMHRIERLARTELE

FILLZ R, AR SCHEH ) D3QN HEfE £ Hbrfl
TR PEBE LR I BE T (1 35 1 1, AN R % R0 S
JR S B A g, IS e TR) A SHE L 52 T I ) 5 48 AR P AR
ARMRAL, A B i RAT TR SN h . Lk H
T2 M RFCATHY, 780 PRI T % IR TE SRR 52 0
22 75 A8 5 v S8 7 TR P 2 55 R 34
4 RBEMEE

AR5 it AL S P 1 Ml 4 1) 3 B 1) 8 (SFISP)
TR AL, M T 5 R & B R R M A ) 4
PRI S0 22 ) PN 0 182 % SR Ay R A AL 28 44 K
(R AT AR Po 2k, 0 IR b Bt 0% A e g p kAT
PERE 7 #T, FREL T SFISP 455 A fir 55 1 0 T[] 55 58
TRRASE B VERE TR bR, JF DL 5E TR R RIZ5 A AR 7
A LA B bR, $2 T — M 2T D3QN(Dueling
Double Deep Q-Network) H 54 2% > i & 7 7%, Wik
5Z ot s & E R szag, 45 BRI AT
1) D3QN FyEAE IS RE 5 MR A o0 A U7 THI R L
BT 256 M RE, FORA 1 REC AT S N iE 5
Hf BALHTUS, T AE S 76 45 56 58 TN A) S5 AR A
J A 2 TR AR B R B S 4, ARBL T 1% 07 VR A AR
P 2 22 R X E BRI A i R A R S A

RRH TG — DR R A 2] AR ST
5 1) 0 N S et e B A R S I SRR, 1
o SRV AE R RIS 5 o) 50 ) SRR AR 5 o SRR



#xH

Tz EEIR A RARALE L £ A B AR A, —AP AT D3QN #93RiL3: 3 ik 11

{1 i 2y o ) 1 =B Y-GSV 78 S b
B Y RME DL R 2 R A7 R G4, IR THEAL X
SE B 3G 7 55 B 20 W RE A7, AT E— 20 18 9 ik
SJJTVEAE SFISP 2 H ARfL Ak a8 b i) TRE L 4.

S 3k (References)

(1]

(2]

(4]

(6]

(7]

(9]

[10]

Huang R Z, Riddle M, Graziano D, et al. Energy and
emissions saving potential of additive manufacturing:
The case of lightweight aircraft components[J]. Journal
of Cleaner Production, 2016, 135: 1559-1570.

Kim M S, Oh S C, Chang E H, et al. A dynamic
programming-based heuristic algorithm for a flexible job
shop scheduling problem of a matrix system in
automotive industry[C]. 2022 IEEE 18th International
Conference on Automation Science and Engineering.
Mexico City, 2022: 777-782.

Para J, Del Ser J, Nebro A J. Energy-aware multi-
objective job shop scheduling optimization with
metaheuristics in manufacturing industries: A critical
survey, results, and perspectives[J]. Applied Sciences,
2022, 12(3): 1491.

Villalba-Diez J, Schmidt D, Gevers R, et al. Deep
learning for industrial computer vision quality control in
the printing industry 4.0[J]. Sensors, 2019, 19(18): 3987.
Cheriyan S, Ibrahim S, Mohanan S, et al. Intelligent
sales prediction using machine learning techniques[C].
2018
Electronics & Communications Engineering (iCCECE).
Southend, 2019: 53-58.

Tian Z Q, Jiang X Y, Liu W J, et al. Dynamic energy-

International ~ Conference on  Computing,

efficient scheduling of multi-variety and small batch
flexible job-shop: A case study for the aerospace
industry[J]. Computers & Industrial Engineering, 2023,
178: 109111.

Zhou B H, Qi Y, Liu Y W. Proactive preventive
maintenance policy for buffered serial production
systems based on energy saving opportunistic
windows[J]. Journal of Cleaner Production, 2020, 253:
119791.

O, BRAAST, R K, &5 SR A AR b 4 a) 3 2
8% HAR A 0], oF LA i & & S, 2022,
28(2): 536-551.

(Huang X W, Chen S F, Zhou T Y, et al. Survey on
genetic algorithms for solving flexible job-shop
scheduling problem[J]. Computer Integrated
Manufacturing Systems, 2022, 28(2): 536-551.)

TR, T K R, TR L. A b 22 8] 3 52 0 2 PRI [ 48
AR R A S (D). THSHL AR B I &R 48, 2014,
20(8): 1930-1940.

(Zhao S K, Fang S L, Gu X J. Idle time neighborhood
search genetic algorithm for job shop scheduling[J].
Computer Integrated Manufacturing Systems, 2014,
20(8): 1930-1940.)

Xie J, Li X Y, Gao L, et al. A hybrid genetic tabu search
algorithm for distributed flexible job shop scheduling

(1]

[12]

[13]

[14]

[15]

[16]

(17]

(18]

[19]

[20]

[21]

[22]

problems[J]. Journal of Manufacturing Systems, 2023,
71: 82-94.

Luo S. Dynamic scheduling for flexible job shop with
new job insertions by deep reinforcement learning[J].
Applied Soft Computing, 2020, 91: 106208.

Lei D M. Simplified multi-objective genetic algorithms
for stochastic job shop scheduling[J]. Applied Soft
Computing, 2011, 11(8): 4991-4996.

Hao X C, Lin L, Gen M, et al. Effective estimation of
distribution algorithm for stochastic job shop scheduling
problem[J]. Procedia Computer Science, 2013, 20: 102-
107.

Boukedroun M, Duvivier D, Ait-el-Cadi A, et al. A
hybrid genetic algorithm for stochastic job-shop
scheduling problems[J]. RAIRO-Operations Research,
2023, 57(4): 1617-1645.
Ding H J, Gu X S.
optimization algorithm based novel encoding and

Improved particle swarm
decoding schemes for flexible job shop scheduling
problem[J]. Computers & Operations Research, 2020,
121: 104951.

Ghasemi A, Ashoori A, Heavey C. Evolutionary
learning based simulation optimization for stochastic job
shop scheduling problems[J]. Applied Soft Computing,
2021, 106: 107309.

Zhang R, Song S J, Wu C. A hybrid differential
evolution algorithm for job shop scheduling problems
with expected total tardiness criterion[J]. Applied Soft
Computing, 2013, 13(3): 1448-1458.

Sharma P, Jain A. Performance analysis of dispatching
rules in a stochastic dynamic job shop manufacturing
system with sequence-dependent setup times: Simulation
approach[J]. CIRP Journal of Manufacturing Science
and Technology, 2015, 10: 110-119.

WRa, THRL, BAEM. T IR A 2 S AR R
AR b A 18] 98 JEE D). T SHLAR AR 1 &R 4, 2025,
31(11): 3979-3989.

(Zeng L M, Ding L S, Guan Z L. Flexible job shop
scheduling based on deep self-learning tabu search
algorithm[J]. Computer Integrated Manufacturing
Systems, 2025, 31(11): 3979-3989.)

T, T . B TR E R o] AT A R TK
PR 6] AR AR [I]. 5w sk, 2021, 36(11): 2609-
2617.

(Wang L, Pan Z X. Scheduling optimization for flow-
shop based on deep reinforcement learning and iterative
greedy method[J]. Control and Decision, 2021, 36(11):
2609-2617.)

Chen R H, Yang B, Li S, et al. A self-learning genetic
algorithm based on reinforcement learning for flexible
job-shop scheduling problem[J]. Computers & Industrial
Engineering, 2020, 149: 106778.

Wang X H, Dai Y P, Jia Z Y. Energy-efficient on/off
control in serial production lines with Bernoulli
machines[J]. Flexible Services
Journal, 2024, 36(1): 103-128.

and Manufacturing


https://doi.org/10.1016/j.jclepro.2015.04.109
https://doi.org/10.1016/j.jclepro.2015.04.109
https://doi.org/10.3390/app12031491
https://doi.org/10.3390/s19183987
https://doi.org/10.1016/j.cie.2023.109111
https://doi.org/10.1016/j.jclepro.2019.119791
https://doi.org/10.13196/j.cims.2022.02.018
https://doi.org/10.13196/j.cims.2022.02.018
https://doi.org/10.13196/j.cims.2022.02.018
https://doi.org/10.13196/j.cims.2014.08.zhaoshikui.1930.11.20140815
https://doi.org/10.13196/j.cims.2014.08.zhaoshikui.1930.11.20140815
https://doi.org/10.1016/j.jmsy.2023.09.002
https://doi.org/10.1016/j.asoc.2020.106208
https://doi.org/10.1016/j.asoc.2011.06.001
https://doi.org/10.1016/j.asoc.2011.06.001
https://doi.org/10.1016/j.procs.2013.09.246
https://doi.org/10.1051/ro/2023067
https://doi.org/10.1051/ro/2023067
https://doi.org/10.1051/ro/2023067
https://doi.org/10.1016/j.cor.2020.104951
https://doi.org/10.1016/j.asoc.2021.107309
https://doi.org/10.1016/j.asoc.2012.02.024
https://doi.org/10.1016/j.asoc.2012.02.024
https://doi.org/10.1016/j.cirpj.2015.03.003
https://doi.org/10.1016/j.cirpj.2015.03.003
https://doi.org/10.13196/j.cims.2023.0474
https://doi.org/10.13196/j.cims.2023.0474
https://doi.org/10.13196/j.cims.2023.0474
https://doi.org/10.13195/j.kzyjc.2020.0608
https://doi.org/10.13195/j.kzyjc.2020.0608
https://doi.org/10.1016/j.cie.2020.106778
https://doi.org/10.1016/j.cie.2020.106778
https://doi.org/10.1007/s10696-022-09481-8
https://doi.org/10.1007/s10696-022-09481-8

12 # o# 5 xR Bxk
[23] Waseem M, Li C, Chang Q. Dynamic modeling and Computing, 2017, 52: 14-27.

[25]

[26]

[27]

(28]

analysis of multi-product flexible production line[J].
International ~ Journal of  Computer
Manufacturing, 2024, 37(1/2): 108-122.
Gomez-Gallegos A, Mandal P, Gonzalez D, et al.
Studies on titanium alloys for aerospace application[J].
Defect and Diffusion Forum, 2018, 385: 419-423.

Kang Y Y, Ju F. Flexible preventative maintenance for

Integrated

serial production lines with multi-stage degrading
machines and finite buffers[J]. IISE Transactions, 2019,
51(7): 777-791.

TR, B, FRR, 5 & TR SR 4y
AT R G VERE AT . AT 55 1A S T 1 4
P37, b 5 Pk, 2023, 38(9): 2641-2652.

(Huang L Z, Jia Z Y, Wang Z J, et al. Distributed
flexible systems with degenerate machines: Performance
analysis,
maintenance[J]. Control and Decision, 2023, 38(9):
2641-2652.)

Shangguan P P, Jia Z Y, Shi L. Integrated modeling and

production  scheduling, and predictive

scheduling for stochastic flexible job shops considering
machine degradation and production dynamics[J].
Expert Systems with Applications, 2026, 297: 129469.

Zhang B, Pan Q K, Gao L, et al. An effective modified
migrating birds optimization for hybrid flowshop
scheduling problem with lot streaming[J]. Applied Soft

[29]

[30]

[31]

[32]

Liu Z F, Wang J L, Zhang C X, et al. A hybrid genetic-

particle swarm algorithm based on multilevel
neighbourhood structure for flexible job shop scheduling
problem[J]. Computers & Operations Research, 2021,
135: 105431.

LiHY, Wu X L. A survival duration-guided NSGA-III
for sustainable flexible job shop scheduling problem
considering dual resources[J]. IET Collaborative
Intelligent Manufacturing, 2021, 3(2): 119-130.

Gadhvi V, Patel V. Multi-objective
optimization of vehicle passive suspension system using
NSGA-II, SPEA2 and PESA-II[J].
Technology, 2016, 23: 361-368.

Xu H, Zheng J L, Huang L X, et al. Solving dynamic

B, Savsani

Procedia

multi-objective flexible job shop scheduling problems

using a dual-level integrated deep Q-network
approach[J]. Processes, 2025, 13(2): 386.

EE "

B2 PH (1988-), 5, mIE%, 1, BT 5 WA

it KRG 0 5104k, E-mail: zhiyang.jia@bit.edu.cn;

EEWY (2001-), L, BE AR, EEWEFTT RO BENLR

P AE Mk % 18] 38 & A 4k, E-mail: panpan.shangguan@bit.edu.

cn.


https://doi.org/10.1080/0951192x.2023.2177746
https://doi.org/10.1080/0951192x.2023.2177746
https://doi.org/10.4028/www.scientific.net/DDF.385.419
https://doi.org/10.1080/24725854.2018.1562283
https://doi.org/10.13195/j.kzyjc.2021.2142
https://doi.org/10.13195/j.kzyjc.2021.2142
https://doi.org/10.1016/j.eswa.2025.129469
https://doi.org/10.1016/j.asoc.2016.12.021
https://doi.org/10.1016/j.asoc.2016.12.021
https://doi.org/10.1016/j.cor.2021.105431
https://doi.org/10.1049/cim2.12003
https://doi.org/10.1049/cim2.12003
https://doi.org/10.1016/j.protcy.2016.03.038
https://doi.org/10.1016/j.protcy.2016.03.038
https://doi.org/10.3390/pr13020386
mailto:zhiyang.jia@bit.edu.cn
mailto:panpan.shangguan@bit.edu.cn
mailto:panpan.shangguan@bit.edu.cn

	0 引　言
	1 系统建模与性能指标
	1.1 系统建模
	1.2 性能指标与暂态分析
	1.3 优化目标

	2 D3QN强化学习优化分析
	2.1 D3QN整体框架
	2.2 规则动作与参数化设计
	2.3 状态空间建模
	2.4 奖励函数设计
	2.5 D3QN算法流程

	3 实验结果
	3.1 测试实例与实验平台
	3.2 超参数设置训练
	3.3 对比实验与分析

	4 总结和展望
	参考文献

