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Abstract: To solve the problems of low production efficiency and high production energy consumption
of cell manufacturing systems under multiple flexible routes, a multi-objective model was established
that considered the completion time, total production energy consumption, and the number of intercell
transportations from the perspective of optimizing the number of intercell transportations. According to
the characteristics of the model, a variable neighborhood non-dominated sorting genetic algorithm was
proposed for solving this model. Based on the combination of global and random solution generation

methods, individuals with fewer intercell transportations were selected as the initial solutions. A
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decoding method based on intercell transportation was designed, and three variable neighborhood

operators were integrated to reduce the impact of transportation and idle time on processing. Then, the

crossover and mutation non-dominated sorting methods were improved to achieve a high-quality

evolutionary process. Finally, the rationality of the improved algorithm was demonstrated through

simulation examples. In the case study section, it was shown that balancing the number of intercell

transportations helps coordinate and optimize the two objectives of completion time and total energy

consumption, further demonstrating the superiority of the established model.

Keywords: production energy consumption; intercell scheduling; intercell transportation times; non-

dominated sorting genetic algorithm
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TUARES BT IEL, D 2 5 R S TR S s
], AR AL 58 A R) 5 REAFE

b. AREEEH VS I EAL . B3 T4k
/D BB T B BN T R R, R G T
Fe . DMRTHRTT S BeAs 8] B A

. SBIREEH VS 52 KA TPk, A5
H R i E — 18 TP 58 T[], i i % H
N TR TC R A LA 4 45 K 58 A )

HxpEmmgat kg § 2R
JCATEL” FEPE, Vs R T R(7) BB TR EUE
SC, VS EET AU (14) ~ (16) 1Y 28 PR I (] 52 2 5
S, VS TFR(18) ~ (19) Wy S BB AR PRI . 45
B TP TEZ OTE A& (B ] o BePE, Se B sh g

Al . AR G O A A . TR R
o, b PR Z ool i s TR, Fear
RAFRFNEREAR VW1

3 HESLWEMSH

3.1 EFIHEFIEN ISR

MR TG HEMER IR T IESCFR, B, &
3% B Brandimarte 55 51 4& 1 (1) MKO1~ MKO8 L)
K Hurink B FH i) LA16 F1 LA26 Ry 5Eal, MRE
ik [4] B & oo R o 07 6 BB T AN [R] 9 BR T A
S BEAEIEITATHL. IR BRI 20k, BpE
HAARNFRITME S E . AL IESRORE,
WEREAEIS B IRA AL T REFE ex € [10,20],
HAT 25 R RE FE ex € [1,4], TG [B] 057 32 i g
ewr €[5,10], AEBUHIE G SH N 1 R

x1 HEIEFER

Tab.1 Example information

B TR TFEC TR E]/min AR ST 8k A /min

MKOI-2 10 [5,6] [1,6] 6 2 8
MK02:3 10 [5,7] [1,6] 6 3 8,10
MKO03-3 15  [5.8] [1,6] 8 3 20,30
MKO04-2 15  [5.8] [3.19] 8 4 20,25,30
MKO05-2 15 [7.10] [3.19] 4 2 20
MKO06-4 10  [9,10]  [32.96] 15 4 30,40,50
MK07-3 20  [8,10]  [19,52] 10 3 20,25
MKO08-4 20 [8,10]  [19.52] 10 4 15,20,25
LAl6-4 20 [9,12]  [3595] 10 4 20,25,30
LA26-5 20 [9,2]  [35.95] 10 5 20,25,30

KXFHIGD (ZHIHCHES ) . B Fo) -
T Fagg ) R 20 ( F ) %0 P RERE 17T
fo P RS HSR AR I, Fug RO p R 2
NN L I
VB 9% (MK U1 5T 3 A T R A B 2 A
1GD R4 & B e W B 5 40 A b F 4,
FIr AR (27) R, FCRTRUIN, B AR AR %
I A T TS0 BB R

IDG (F,F*) = |F—1|82 mindsisy  (27)
R, PR I BT TR
87 LS 0 BT AT R , ARSCd AT i
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15 B S L2 RAE N RIS AT b, PR R Tk
FRENWEE— I BACATI#, d(S 1,8 )20 RICHT
il FRN P A A AR I B R BRGSO AN
PIEAE AR AE BV WL A M RE

3.2 HikMEsExTLt

AP NSGA-IT F ik . TCGA( =)= g hth ist
)™, IWOA R RE R ) " 1 g X He 3 vk
Hrr, TCGA T K fif 5 B oC I FE [a] 81, TWOA
S A R B (R EUR R . SRR R A
PERE, TVNSGA-IT (55 Ak AR SR Al S il st 1%
k) FINSGA-IT H LRSS X py BEE R 0.9, 728
F R P BB H 0.1, TCGA MR IF SCRALBUL, 52
M FpH 085, B5Hp,H 0.01, HILLE RN
0.05. TWOA 11 B0 e AR SCHR [19], o7 ) o
SiRE ok 420, MEGRARK b=1, EBEMERN 0.6, N
1B A 43 9 0.9 F 0.5, AL E SR 0.3
0.7, TR IE I ACAR PP BE IR 5 5 200, T
TGRS ], B S HLASE (%) B3 497 T g o B R 3%
RUCB LA 0 B 5 Pareto fif, R, N &R
BT R EARR S AN & 20018, TR
BEBEE N 300 48, KABIRE Hy 450 1. BB
FRRLE M7 32T 20 YR, 3t IGD AR 2 545 1) 34
HIEACIRE AT AT, RIMENH B R, 25
Fhnge 2 s,

H 3 2 AJ 40, 7F MKO1-2. MKO02-3 45 /)N 1 5
A, IWOA 1 IGD /i, IVNSGA-II 5% 4%
LSS R, UL TR D B AR SO IR AR B
AN X RS (TR 1S, TPk 75~
120), IVNSGA-II i IGD & % T HAb & 3, Ik

SOk 5 4 A Mk R AL 5 o 7E MKO06-4 31X 25 15 45
BE T TAR08 G, IVNSGA-II 1Y IGD &k
AL E$ET TCGA 5 INSGA-II, W I otz
ARG IIEGS , A5 WA XA T S . i
£ LA16-4, LA26-5 %5 KA, IVNSGA-II
(% IGD #43E T 0, 0L Fxf ik, uiif it
Pareto fift 4 1300 ELSCHIVE, 2R ibaE S d o

*2 FHIGD
Tab.2 Average IGD

[1] {58 Fse IVNSGA-II NSGA-II TCGA IWOA
MKO1-2  10x6x2 0.2346 02541 02500 0
MK02-3  10x6x3 0.0641 0.0851  0.1810 0
MKO03-3  15x8x3 0.0833 0.1395 03521  0.6096
MKO04-2  15x8x4 0.0976 03660 02297 0.5163
MKO05-2  15x4x2 0.0995 0.6286 02800 0.7810
MKO06-4  10x15x4 0.1643 0.2048  0.1581 0.6936
MKO07-3  20x10x3 0.1015 0.7239 02612 0.7796
MKO08-4  20x10x4 0.0857 0.6408 02565 0.8261
LA16-4  20x10x4 0.0917 0.5714 03225 0.8078
LA26-5  20x10%5 0.0258 0.6357 02898  0.9310

2 3 2o 4 B PR B v R RS B8] (3R 3
K 12) S, TVNSGA-II fE5¢ T A] . EAERE 55
HITIRBE ZE0E S0 TR T HA A, HAE
KA S ) v 2 T b . R AR ES T
WH S BOREFRE 7 i, IVNSGA-II W B £ T 2 Al
NSGA-II, BiE T 5k stk A st S5 25 G e Re i
#, RefE A ROKM IESCFR [,

*3 MKO3 70 LAl6 EHIER
Tab.3 Example results of MK03 and LA16

IVNSGA-II NSGA-II TCGA IWOA
I =
Frax Fayg Frin Frax Fayg Frin Finax Favg Fiin Finax Favg Fuin

MKO03-3 T'max 223.00 211.68  206.00 245.00  218.42  209.00 227.00  214.11  207.00 261.00  243.00  234.00
Eiotal 33442 32940  327.58 339.81 33584 33223 34040 33538  329.49 368.65 34790  337.52

R 32.00 30.26 28.00 38.00 35.63 35.00 36.00 32.00 33.31 35.00 31.47 30.00

Tmax 1078.00 103526 1023.00 1189.00 1127.63 1090.00 1118.00 1067.52 1044.00 1213.00 1173.26 1146.00

LA16-4 Eotal 171485 166531 1646.07 1820.04 1777.70 1736.65 1819.69 1765.13 1732.69 189535 1864.66 1843.51
R 31.00 27.57 28.00 41.00 37.15 33.00 37.00 33.15 32.00 45.00 42.26 38.00

4 Z=BISH

N Tt RAEAR SCHR A 22 H bR A R 52

PRS0 A R, R] I i5d B 15 R 5T i e ] 45 H
Hb A BE H AR AARSENME, MRS STER [20-22] FRAEASFR
BT 7 e (A S A X 52, R 2 ) 0 R
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Fig.12 Box plots for algorithm performance comparison
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Tab.4 Intercell distance and equipment placement data

&R 5 Pareto BIiGFRBER

Tab.5 Pareto frontier solution target

B R ‘
A FEHTT &R
U, U, U, U,
U, 0 — — — M. Mg
U, 10 1] — — My, M3
U 6 16 0 @ — My, My
Uy 22 24 30 0 Ms. Mg. Mg, Mjg

ot TR AR G AR, Hasfiad 2 2 il 1 4
Jnzs PR ]S e B REFE . IR OC R, A is
F IVNSGA-II XJ 5L Flis 47 10 ¥k, 43t AS [\ 5 50
BT £ F8hn B YRR G, 5 RNl 14 iR .
M RO, B T IRERE 16~40 BN, 5E T
B[] B S R R e, L 36~ 40 YR ] B I
OB 10~ 13 IREE, S8 TRFEIE L8, #
A 4 38 vk BT A B T4 46 o8 TR, ERE
FETE 19~40 U DX [H] P B Y£R8/ 1o 25 I, i e
10~ 18 WX [A] AR fb 2%, 15 B L At 3 i REAEAS
FREMBERTES, MT 55 NEER N E K.
25 RN ) ZE VB R 10~ 14 WRIE BT LT, R i
JE 5 B 5T ] P B T b R SR A ) 2 PR A B
B, AR,

s 5% K [8]/min SAREFE/AW 5 HRICIREL
1 49.15 74.15 12
2 51.56 72.97 12
3 49.18 74.67 11
4 50.41 74.68 10
5 50.65 73.83 11
6 53.50 73.57 13
7 52.75 74.50 14

gi b, BT — o X TH] N B ARA AT
Ak 5¢ ToF ] . BVREAE S 25 IR [H] ;. IR 2,
iz i e AR R 5 5 A R AR, X At AR S e
Ko HERAE R I 5 A HoAb 45 b5 i kG AR
T SCR 256 PR B0 0y TR B gk — 2P B
Wi 15 fiR .

AT R BT, I8 B R OCE E AT 7R g AR S
[B] &) 52 B0 M7 . B 15, p(10,8)=2.81 F /R &S
1038 TP £ % 8 L T.7% % 2.81 min, T.J¥
10-8 {RF T 7 10 fE¥EA 8 BN T, FRFEREG
SERCA T PR 10-8. 24 T % 10-8 #f I i B 45 N %
%8, BSHH 5SS TF 10-7 840085 P ocis b

&R 6 FfFIn T EIFN N TREFE

Tab.6 Processing time and energy consumption of parts

JIn TRt 8] /min 524 BEAE /KW

TH  IF
M, M, M3 My Mp M7 Mg My Mo
0, 3.38.8 3.21.14 — 2.52.5.5 4.31.9.5 — — 243,12 — i
0, — 4.61.14 5.06,10 — 2.90.10.75 2.90.11.75 — — 3.83.11
Ji
07 2.96.8 — 4.61.10 3.48.5.5 2.52.10.75 3.87.11.75 3.34.12 — —
0 3.99.8 4.70.14 2.02.10 — 3.88.9.5 3.03.10.75 4.84.11.75 — — —
[0 — 3.03.14 — — 2.51.10.75 4.70.11.75 4.90.12 — 3.65.11
J7
O¢ — 5.95.14 3.02.10 — 3.04.9.5 4.46.10.75 5.11.11.75 3.29.12 — —
0 3.07.8 5.82.14 4.93.10 — 3.80.9.5 3.98.10.75 — 241,12 — _
0, — 5.47.14 — — 2.45.9.5 3.87.10.75 — — 4.53.8.75 3.86.11
Jig
Os — — 2.27.10 2.30.5.5 2.49.9.5 — — 2.05.12 — —
0, — — — — — 4.93.11.75 3.13.12 5.19.8.75 —
Jis : : : ; : : : : : : :
O¢ — 4.30.14 — 2.02.5.5 2.40.9.5 4.43.10.75 2.29.11.75 _— _ i
07 2.43.8 — 5.96.10 — 3.19.9.5 — 2.34.11.75 4.08.12 _ _
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Fig.14 Correlation between intercell transportation times and other indicators
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Tab.7 Comparison of the solution values of two models

oo
B
3
H

Bl

,,,,,,,,

[ p(9.4)-3.03 | |p(15.5)-4.57 |p(15,s)=s.95 |

1(8.2)-3.03 p(2.4)-2.94

| 9(9.9)=3.81 |

|p(5.6]:5,49 |

0

SE k-

[1] KRISHNAMOORTHY B, KAMATH M. Scheduling in a
cellular manufacturing environment: a review of recent

research[J]. Engineering Valuation and Cost Analysis,

IESCFRALAY XUH By 2000, 2(5): 409—423.
Trax/min ~ Eoa /KW R Trmax/min~ Eotal /KW R (2] LI D N, WANG Y, XIAO G X, et al. Dynamic parts
50.37 73.12 1 5716 74.50 14 scheduling in multiple job shop cells considering intercell

moves and flexible routes[J]. Computers & Operations
Research, 2013, 40(5): 1207—-1223.

5 _Q_E -L/b\ [3] SUBHAA R, JAWAHAR N, PONNAMBALAM S G. An
improved design for cellular manufacturing system

. iating scheduling decisions[J]. Sadhana, 2019, 44(7):
X4 TCHil & R GE 2 R BRAR I A5 40 FF asmoei
i ﬁ@ggfﬁﬂ$i %ﬂ;ﬁ££;ﬁg >
fic, 4 RCE B, %:/\‘ 3% [4] FENG H X, XIA T B, DA W, et al. Concurrent design of
j -+ N S N N S oy F AR A
P15 RS 2 o 10 B I 1202 T 1 22 < A S e cell formation and scheduling with consideration of

B R SR A, TFEs B S B, RAFINT duplicate machines and alternative process routings[J].
5 osis R 5 AR PR AR REFEZ AN INTE G Journal of Intelligent Manufacturing, 2019, 30(1):


https://doi.org/10.1007/s10845-016-1245-7

252 o B TR 2 2 R

2026 4 5 48 &

275-289.

[5] DELIKTAS D, TORKUL O, USTUN O. A flexible job
shop cell scheduling with sequence-dependent family setup
times and intercellular transportation times using conic
scalarization method[J]. International Transactions in
Operational Research, 2019, 26(6): 2410—2431.

[6] FENG Y L, LI G, SETHI S P. A three-layer chromosome
genetic algorithm for multi-cell scheduling with flexible
routes and machine sharing[J]. International Journal of
Production Economics, 2018, 196: 269-283.

[7] KESEN S E, GUNG6R Z. How important is the batch

splitting activity in scheduling of virtual manufacturing

cells (VMCs)?[J].

Research, 2011, 49(6): 1645—1667.

AR, X35, T 55 TG/ M RS B Y M 2% 34

BN ROTIRE (0], THRALEE I 1 R S, 2019, 25(8):

1991-1999.

(9] ThAF s, . I T 5 (0 3R 28 AR A 25 B T 8] JiE i) el
Pl 1], HHABLRIBESE, 2021, 38(9): 2651-2656.

[10] RENNA P, MATERI S. Switch off policies in job-shop

manufacturing systems including workload evaluation[J].

International Journal of Production

(8

[}

International Journal Science and
Engineering Management, 2021, 16(4): 254—263.

[11] BARAK S, MOGHDANI R, MAGHSOUDLOU H.
Energy-efficient multi-objective flexible manufacturing
scheduling[J]. Journal of Cleaner Production, 2021, 283:

124610.

of Management

[12] skitas, e, iR K, 4‘; %FE?T%‘%E’JXX{%%?TM’E
b TR Y RE M E 4t )i H 2F 4R, 2023, 35(4):

734-746.
(131 FRARWT. WL EREE T T 1A iR 19 85 SoC I BE A Ak [D]. 54

DL AR R, 2018,

(14] PRFLE, PRI 1 1) 2 B vho o BT A 2 o w5 K 1Y
RV AT (7], B TR0, 2020, 42(4):
404-410.

(15] duddidd, SR B3, B A2, S5 T m) fin TR i) o] 428 ) 2 1
VRl T 55 R 9 B2 [ U [0, T HEE LR B il i R &2
2019, 25(5)' 1062—1074.

[16] KULSE, RN, B, 45, %5 s fin i ) (14 234 e 1k
ﬁfikzﬁllﬂéiéﬁr“ 1 EMLR TR, 2022, 33(21):
2554-2563.

(171 RAFHR. SR A 2 H BRI G /K 22 18] 9 B2 9 0k NSGA-
1L [J]. LR R 2R 4, 2022, 28(6): 1777-1789.

(18] E UK, TRELHE, S84, A 3 N A9 AF SCAC HE P st A2 50k
[J]. #5505, 2018, 33(12): 2191-2196.

[19] 287K, ZEIRIR, SRASoR, 45 SKAFAERAIK 4= 7] i J32 ) 25t 14 24
PEE ST (7] HUBRRE 5HOR, 2020, 39(5): 721-728.

[20] DELIKTAs D, 6ZCAN E, USTUN O, et al. Evolutionary
algorithms for multi-objective flexible job shop cell
scheduling[J]. Applied Soft Computing, 2021, 113:
107890.

[21] HAN Y Y, CHEN X H, XU M M, et al. A multi-objective
flexible job-shop cell scheduling problem with sequence-
dependent family setup times and intercellular
transportation by improved NSGA-II[J]. Proceedings of the
Institution of Mechanical Engineers, Part B: Journal of
Engineering Manufacture, 2022, 236(5): 540—556.

[22] skitse, B, T 2. A sh S BA T A R
VRV ZE 818 BE [R5 (9], 2L R4l (B SRR
220, 2024, 41(5): 573-582.

(4. TLZ)


https://doi.org/10.1111/itor.12407
https://doi.org/10.1111/itor.12407
https://doi.org/10.1080/00207541003610254
https://doi.org/10.1080/00207541003610254
https://doi.org/10.13196/j.cims.2019.08.013
https://doi.org/10.1080/17509653.2021.1941369
https://doi.org/10.1080/17509653.2021.1941369
https://doi.org/10.1016/j.jclepro.2020.124610
https://doi.org/10.16182/j.issn1004731x.joss.21-1306
https://doi.org/10.13255/j.cnki.jusst.20190722012
https://doi.org/10.13196/j.cims.2019.05.004
https://doi.org/10.3969/j.issn.1004-132X.2022.21.005
https://doi.org/10.13196/j.cims.2022.06.016
https://doi.org/10.3969/j.issn.1006-2343.2013.02.018
https://doi.org/10.1016/j.asoc.2021.107890
https://doi.org/10.1177/09544054211044660
https://doi.org/10.1177/09544054211044660
https://doi.org/10.1177/09544054211044660
https://doi.org/10.12415/j.issn.1671-7872.24008
https://doi.org/10.12415/j.issn.1671-7872.24008
https://doi.org/10.12415/j.issn.1671-7872.24008
https://doi.org/10.12415/j.issn.1671-7872.24008
https://doi.org/10.12415/j.issn.1671-7872.24008
https://doi.org/10.12415/j.issn.1671-7872.24008

	1 问题描述与数学模型
	1.1 模型建立
	1.2 模型建立与参数

	2 算法设计
	2.1 初始解生成
	2.2 编　码
	2.3 解　码
	2.4 交叉和变异
	2.5 改进精英保留策略
	2.6 变邻域搜索算子

	3 数值实验和分析
	3.1 算例构造和评价指标分析
	3.2 算法性能对比

	4 案例分析
	4.1 Pareto解集分布
	4.2 跨单元次数相关性分析
	4.3 模型对比

	5 结　论
	参考文献

