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Integrated machine and AGYV scheduling in flexible job shops with
battery swapping constraints

WU Bin', ZHANG Hanwen, CHEN Ren-sheng

(1. School of Economics and Management, Nanjing Tech University, Nanjing 211816, China; 2. School of
Management, Huazhong University of Science and Technology, Wuhan 430074)

Abstract: With the deep transformation of manufacturing toward green and intelligent production, automated guided
vehicles (AGVs) are increasingly used in flexible job shops, and the integrated scheduling of AGVs and machines has
become a research hotspot. However, existing studies largely ignore equipment idle time and resource contention
caused by battery replacement (swapping) in actual production. To this end, this paper investigates the integrated
scheduling problem of machines and AGVs under limited battery resources. A green integrated scheduling model is
constructed with the objectives of minimizing makespan and total system energy consumption. To address the resource
contention and queueing deadlock arising from the limited number of spare batteries in battery swapping stations, a
state-aware dynamic battery swapping and queueing collaborative scheduling strategy is proposed. For the solution
algorithm, the non-dominated sorting genetic algorithm II (NSGA-II) is improved by designing a three-segment
encoding scheme tailored to the problem, introducing a Tent chaotic map to generate a high-quality initial population,
and embedding an adaptive large neighborhood search mechanism to enhance local search capability. Finally,
simulation experiments validate the effectiveness of the proposed improvement strategies, and the results show that the
improved algorithm is an efficient method for solving this problem.

Keywords: flexible job shop; AGV; battery swapping mode; improved NSGA-II algorithm; adaptive large
neighborhood search
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24 RXZREME

FEASCH, Jett ik i T gm i (OS). ML 88 g hL
(MS) 1 AGV 4atidh (AS) =4 H ik &1 5%t 6 —gmtd
B 2 AR M 5 AT AT MR R, A Bl i E T A XU
PR LR AR R R Ay 1 A0 B 7 S mT 474k

XIT OS B, H A4 5 7 51 3 7= TR B T
7, HA VR B R A T A IR B b 20 5 L T
P E— 2. RER B POX A2 X (POX, Precedence
Operation Crossover), POX A& X H[J /& 3 F Tt o
NG P A8 X BB R

W Py P A SR G ik, JE i POX A8 X
AR O AN ARG A T, LT, BARAIR IR

Step 1 K¢ B TAFREALRI 5 A 4R 25 1) B
JFFE, AL NG, FGy;

Step 2 T TR, REXARPLHETG B
BT A AR SR, IR e AR A7 B A % T 7R
Jo, FREOREA SR P E T G BT A2 R R
R B AL

Step 3 EFXFART, HRIR IS EEE AL, FREL
R P, E T Gy 0 TR, H e AI7E P )
JRAT 56 Ja WU AR ISR 78 5 BEXT TR T, 2 A AR
P ET Gy I TR, 42 5LAE Py (9 5 A I i
U TR T R 750

XFF M S B, HR R T &£ 1047 n T
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2 POX N2k

() TC M 20 3R EA 45 A AR SR 19 5358 X (Uniform
Crossover, UC) X} H AT H#AE, BARDIRIT:

Step 1 Bl AL IEFE P 26 ARG a4k PRI P, FF
HITEA IS 5 A R B 1) 2 3 7 AR a2 J,
Ja;

Step 2 FHALE G T B H A B R 545
B LT AT, B ARG Lot AL B i £ [
W AR PAE A [RI A B B 2 R (RP R B Py Ay 2k
R); [FIEE, AR T, RS Lot RiA B B R AR B B
AP,

Step 3 AT X HARIANE R AL AT K H
A7 B AR P AR X AT B JE PR AT 7, R BE, 1
AR T, B2 A B AR PR XS N B 2 R iR T 3E
7.
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J2 |34 |1 |4|2]|2|3]|1]|1]2
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Step 1 FEALA B — A5 9 A5 A FE AR R 1 0/1
IF] & Random, HoH 1 om0t B Az B 5 R4 72 AL
AT AT A 4, 0 RN IR FFEAE AL

Step 2 i [J 55 A G 4k P1AN P21 & > 2k
KL, # Randoml[i] = 1, WIAZ ¥ — 3 750 B i 1) 3
FME; # Randoml[i] = 0, W LRFFZAL B 12 FE A
Az

Step 3 FEPIIZHIS TR NG, BEAE RN A
TR AR T LA T2,

AT X AN [R] iR me R AN [R] 14 3% e 7 =K,

J1 2111112141354 (2|4

t t + t t
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TR Z IS AR S B e AR [ B EE. X T OS gt 2R
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e REREHLIZ RGOk EPIANAS R AL B W 2R R AT B
e, XFF MS G b o B ARAIE AR IE TP X REIE A AL
IRE R SRS AR AL E 2, AN sciZ hn THL4%
Ak NS BRI, X T AS gwhdhfEA
SRR R 1Z L7 W AGV AT, KA BENL ik
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B NSGA-IL FEAE % H AR AL R I 7+,
HAE AL P IMAS-BS 1X B A B A 21K 1) NP Ak 1]
S, AT G BN RS B . ik, AR SOt — st
1 B & N OK AR 3k 2 2 (Improved Adaptive Large
Neighborhood Search, I-ALNS) 1 A J& & 4 2 5 1.
IR T IR 2R KW (Search Depth Strategy)
L4 K (Simulated Annealing, SA) #2252 #E U], i8
i H & R R T LA A AGV AR T, 7"
K58 TS 1) e /N 5 s B FE "2 T8) <3 3K B 4 (1) °F
5. A& 48 VNS FLIF R H [ 58 I 4 FH <03, B = &
XFPE . T-ALNS X A #& £ W HL #] (Roulette Wheel
Selection) R4 571 P S R M AL FHA 5185
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AR, IR TR
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Zjeﬂ wj’t‘
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B0 S I R A 1) LR R A, PR BE AR
BNARAE A AR . AR SC 51 N IR FE A B AL | DAY o
FAEWTE R B ). 45+ op, Bk i, BEIRA R
AT — BN, T RISLIAT D IRRER (A SCHE T
SIG N R (AL 73 1T, BOE D = 5).

FERFUGRIR T, 0 1T S HEAT AR IRAT e A= Bl i
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{exp( )19

o
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FERT I 3R IR BUR L, Count % H - 1E 2411 4
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3.2 I-ALNS EEHRR

N T WAIE A SR L ALNS SE0g AR T4 4848
SRR R (VNS) [PERE, AT T L se. 7E4R
FF A5 (NSGA-ID) HEZE, FhEERISAIL. 58 AR S5
T RSB BRI R, /T R AR Ak
NSGA-II-ALNS: R FH A= SCHE Hi 1) ALNS Heng, H 4%
L 3E A E BT TR A R AL AR K 2
. NSGA-II-VNS: K Hbr#fE VNS g, HyEaL
RSB, AR ] 5 3 AR R AT, HLE IR B &R
SR S AL, AN 52 S L AR, D T BRE A S
] ALNS ZEBEAHXT T45 48 VNS [Tk Re, EL 7 =4
ANAFBE I S (10 x 6 x 3, 15 x 8 x 4, 20 x 10
x5) BEAT X ELI. PE 4R R K H HV(Hypervolume,
EAAFR) A1 IGD (Inverted Generational Distance, /< {H:
FREEES), Horb HV 7 G AR AR USSR AN 2 R 1, K
FOREELG A MRS AT, IGD 1152 252 Pareto F ¥}
AR AR AR B 2 0 AR ST AR AR 2 1) i BN TR B
2, IGD {H /N R R HEIR M o8 A Ve RS T . R IE R 2
Ry F Eb S 86 45 S, 7E = RS R B SL] F, AR SCHE

) NSGA-II-ALNS 5 £ 7E HV F1 IGD 48 #5 -3 &
F T AL 5 1 NSGA-II-VNS #7%. ALNS SEIEAMY
KIEFEF T RS E56 P&, T HAE B AR K
I, IR BECRFFIAR Y IGD 18, B iRk TG 1k
FE R o] R 1 e SR T B AR B . 3K 78 43 B E
T A HHE ALNS B Rk

*2 WHEEMRENRERIILL

HV IGD
Al NSGA-II-  NSGA-II- NSGA-II-  NSGA-II-
ALNS VNS ALNS VNS
10%6x3 0.8495 0.5942 0.0264 0.0949
15%8x4 0.8976 0.5364 0.03650 0.1741
20%10x5 0.9103 0.6315 0.042 86 0.2454

3.3 IMAS-BS MR

N T % Y VR Al SO BV NSGA-T-IMP (1) £
WRCR, AR T =R BA AR Z B
VAR N X PEBE Y. 2353l A2 DASZBC AL 9 A% 0
(1) NSGA-II. % T3 fift 5K % () MOEA/D LA 28 # 11
HEVR N RE 5L9% MOPSO. 7EXS LL s it % %2 H ARl
WHEIR G S EOE S % 1 I FRis E AL STUR
5 F M 22 1) R P (BB 2 v STHR Y, I & A e
TR I LR 24 TR 5 FIARE, J8 e 22 K T S AR gk AT R AR
BRI ZHO B N PR 100, AR N
200. R & EIE TR S BOAR, 7 0w E S 40
NSGA-II &2 X # % A 0.85, 4 = K K 0.15;
MOEA/D 238 K /N B 9 0.045N; MOPSO 15 1
TN 04, MEEIH TR 2, BREART N 2. %
A EE ANk 3 Bow, N T E A 2 AR TR,
AR SCAEH HV F1IGD 8 br R VP BE M RE. S T
IMAS-BS [l # 1] 52 < P, B 521 Pareto BV 7E 5K
B o DUORE R SREX. Sk, ASCR R H 2 H Frfitib
STUIE ) A HE VTN HE T, R B R B SRR AE 22 OMST.
SHG AR A R AR SCRC AR ATV B Tk, R
(1) 4E 25 fift 5 ¥4 2 i ALl Pareto A ¥t (Approximate
Pareto Frontier, APF). ¥4 LAt APF 8275 FE ik, %
WVl 25 VA ARSI 5 o A v W25 A R e

F 3 KFHESE R OR, NSGA-II-IMP 7£ HV 5 IGD
PTG bR IR L ) M RE AL B 7R HV fR bR
D51, ARSI N 1.1718, 5 HoAl = Fhxt b 5
A LFETE T 60% LA b, bt Z AR B 420 0]
TR ESRES RSB, £
IGD f&br 75 T, Frie 5L mME 80.0014, 5 HAh =
btk B B A B A T 90% A, R W BT IR S A
% B SRS FE 5 Pareto ATVTIEILRE . 7 5
8 HI10 x 6 x 3F MU Sk M £& J% Pareto 43 i idf —
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#F3 TRMEEHTEE LRSI
o HV IGD
NSGA-II-IMP NSGA-IT MOEA/D MOPSO NSGA-II-IMP NSGA-II MOEA/D MOPSO
10x6x3 1.2075 0.5570 0.6613 0.0699 0 0.5141 0.4192 1.1765
10x6x4 1.1655 0.6695 0.8048 0.0618 0.0007 0.3979 0.2952 1.1835
10x6x5 1.1269 0.6736 0.7767 0.0841 0 0.3826 0.2998 1.1305
15x8x%3 1.1369 0.7290 0.6811 0.0352 0.0032 0.3499 0.3754 1.2713
15x8x4 1.1093 0.7354 0.7170 0.0462 0 0.3483 0.3538 1.2384
15%8%5 1.0594 0.6737 0.704 1 0.0390 0 0.3888 0.3596 1.2810
20x10x3 1.2038 0.7493 0.6156 0.0301 0.009 0.3319 0.4268 1.2870
20%10x4 1.2064 0.6560 0.5908 0.0344 0 0.4026 0.4542 1.2504
20x10x5 1.2071 0.7647 0.6297 0.0380 0 0.3301 0.4226 1.2631
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HWE 1.1718 0.7048 0.6708 0.0475 0.0014 0.3750 0.3978 1.2420
HIIF T EiRS58, F ] NSGA-II-IMP [y St 72
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BN AR, SRAF I K ST L AR AR 40 AT B a2 1. 2 Nomm
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140 T o i
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X ’ °
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