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Table 1 Test results for different sized problem instances
NxSXU, 1en o & T/
IMOMA NSGA-II ISLFA INSGA-TI IMOMA NSGA-II ISLFA INSGA-1I
20%x3x4 0 1 525.20 1 362. 10 1 335.00 338. 00 2 059.10 1 827.00 1 673.00 67.59
20%x3x5 0 1941.10 1 553.00 2 174.40 109. 00 2 050. 00 1 709. 00 3 267.00 63. 86
20x4x4 84. 51 3 010.90 332.43 3 046. 80 255.20 3.496. 30 583.20 3 566. 90 74.08
20%x4x5 0 3 166. 30 524. 61 2 720. 60 129. 80 3443.70 653. 62 3 170. 80 76.33
40x3x4 346. 12 1 620. 60 629.72 1 .306.50 1 857.20 4 731.00 1 693.20 3 698. 80 175. 34
40%x3x5 2 798.70 3 060. 10 2 695. 10 589. 00 3399.00 3 815.00 3 284.00 179.53
40x4x4 4.55 4 595.30 412.63 4 889.10 851. 20 5987.10 1 256. 00 6 417.70 167. 45
40%x4x5 6 889.70 1 485. 30 6 816.50 376. 00 8 059.90 1 861.20 7 435.30 156. 41
60x3x4 295. 20 5 705.10 2 574.10 5873.30 1 208.40 6 831. 60 2 896. 80 6 940. 80 197. 96
60%x3x5 5 100. 60 1 789.30 5150.30 1 398.00 7 815. 80 2 948. 00 7 571. 60 178. 03
60x4x4 5 179. 40 440. 39 3749.40 1722.40 7 401. 00 2 122.40 5 590. 30 210. 42
60x4x5 8 026.90 1725.10 7 949. 50 644. 00 9 019. 80 2 369. 00 9 333.40 219. 66
80x3x4 5 897.90 792. 28 6 974. 10 672. 00 6 842.50 1 464.20 8 379.30 248. 65
80x3x%5 83.31 6 432.50 1 303. 10 5 881.90 343.21 7 806. 80 1 649. 00 6 497. 40 242.19
80x4x4 129. 86 8 097.90 489.29 7 308.60 1 305.40 9 784.90 1 504.00 8 897.70 264.23
80x4x5 46. 67 6 887. 10 68. 26 6 741.90 1 587.00 8 738. 60 1 468. 30 8 707. 60 272.95
100x3x4 3.65 7 029. 00 1152.30 6979.40 1 051.80 8 748. 60 2 171.20 8 596. 10 294.78
100x3x%x5 151.43 8 767.70 1762. 40 7282.60 1 070.00 10 121. 00 2 379.40 8 415.70 291.75
100x4x4 0 8 272.50 1 866. 10 7792.80 1139.00 10 042.00 2 990. 20 9 589. 40 348. 25
100x4x5 0 9 717.10 1952.10 9717.10 1075.30 12 090. 00 3027.40 11 410.00 371.39
120x3x4 4.08 7 495.20 1 443.70 8 383.00 867. 67 8 550. 50 2 311.40 9 972.50 400. 36
120x3%5 0 8 936. 30 2 326.00 8 649.40 1027.00 10 799.00 3353.00 10 843.00 374.50
120x4x4 0 12 075. 00 1 688.30 11 399.00 419.00 12 779.00 2 107.10 13 171.00 455.52
120x4x5 0 10 088. 00 3124.50 10 733.00 538.33 11 131.00 3662.80 11 658.00 458.98
Sy 47.89 6 219.00 1410.71 6 064. 55 857.25 7 572.01 2 159.27 7 420. 30 241. 26
£2 BEHER 100 XML R
Table 2 Test results of algorithms for 100 iterations
NXSxU IGD SP BATHIIE] /s
" IMOMA NSGA-II ISLFA INSGA-I IMOMA NSGA-II ISLFA INSGA-II IMOMA NSGA-II ISLFA INSGA-I
40x3x5 106.1 3 401.5 82.0 3556.2 250.0 3642.4 165.3 3885.4 136.6 92.5 171.8 104.0
60x3x5 0 5417.1 222.0 5156.1 63.0 5705.8 285.0 51279.5 173.0 138.0 229.2 137.9
80x3x5 18.5 7 154.2 1074.6 6990.2 868.3 8877.1 1942.7 8296.8 209.6 160.9 251.3 162. 8
100x3x5 36.9 9604.7 2088.5 9284.7 721.3 10803.2 3009.8 10604.0 280.0 193.9 343.9  203.5
Ty 40.4 6394.4 866.8 6246.8 475.7 7257.1 1350.7 7016.4 199.8 146.3 249. 1 152.0
S FIWR S B 2 ) R ARG T R B#%,
2200, AR 3R 2 By AN (W] SE 4 0 O Rk i fE 1T SPSS F 3 Wilcoxon FSHRKBER
Statistics 21 #E4T Wilcoxon 44 2 Bk K 16 , sEEANE 3 Table 3 Wilcoxon sign rank test results
PRt 3 T A 5% i VK E TP (< o H P
0.5, UL F 16D 1 SP 5 b7, IMOMA 55 3 0t 1o H: fen op
S 3 FE B LAY TE PR G 5 IMOMA F1 NSGA-II 0.000 018 0. 000 018
. . N o RN IMOMA 1 ISLFA 0. 000 018 0. 000 027
o BEEL AR BT R i ORI ] L 80 IMOMA Al INSGA- II 0. 000 018 0.000 018

3x5 R Hil,4 FhEELMHLIZE T 1 RIS Pareto
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Pareto BiftT. A& 6 AJ 1, 78 APF 0 6 R, A
54 B IMOMA 5 3], 1 4~ fi th ISLFA 45 2], i
NSGA- I Fil INSGA- 11 15 2| () Pareto fif 45 Jit &2 #H X

[ s, AR T oAt 3 Fh X HE 59k, IMOMA fir 75
fifp 55 T 42 3T T AL Pareto R YT, HL A B 4 AU S
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B EIAPERE
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solving the 80x3x5 case
4 it

AR SCHRGE T A 77 B B ) 4 A 0 R 2% ol 1 B 2 75
Tl AS ) o 18] 28 oh 2 56 HFSP, D) fe /b fe K 58 T
B[] FBL &% S REAE D H AR 57 T MOHFESP-CBC 1y
BRI A B —Ff IMOMA B35 5K g 1% 1)
R, N T Tent TR T WS 04 TR & %0 1R 16 5 W& 2B A
W ta M A2, 2 R AR AL F 51 A NSGA- 1T 2R I 5&
TS H00 A I8 8 AL 50 X 58 SUAE SR AR S A R
TR R g a4 R B R RS A S N 3 B4R
SRR 2 B AR BLR R 1R R e IF 45 A Il
R T 4 Fh S8 B8 R 45 1T T4 O R IR R

3 o AN (6] (] R AR Y B g, 5 3 Ml R
kA Xt I B UE T IMOMA 723K fif MOHFESP-CBC
VR RE A S R R

AR R R IR Tl B R — K, Kokl
Uk S TR AT T RE FI 22 T 48 b 19 25 6 6 22 () 8 2 40
S 1) I AR5 5 38 ] 2% P& A B 22 1 S PR AR 7 20 R
Ph K Al 20 4 v (8] 22 v 29 SR HEFSP; 75 MR R B
e 1) 2 A B T =X A R TR ik DR 12 25 i) ST O v 2K T
BB RO ET 2R E S,

S E 3k
[1] RIAHI V, KHORRAMIZADEH M, HAKIM NEWTON M
A, et al. Scatter search for mixed blocking flowshop

scheduling[ J]. Expert Systems with Applications, 2017,
79: 20-32.

(2] ERYF, EMsl, FHE. Wt sl 2 i B R R
KA RPE AT ], M Rz 24l (T ki), 2017,
38(5): 86-90.

WANG J Y, WANG X Y, XUAN H. Multi-stage flexible

flowshop scheduling with batching machines[ J]. Journal

of Zhengzhou University ( Engineering Science), 2017,
38(5): 86-90.

[3] QINHX, HANY Y, WANG Y T, et al. Intelligent opti-
mization under blocking constraints; a novel iterated
greedy algorithm for the hybrid flow shop group scheduling
problem[ J]. Knowledge-Based Systems, 2022, 258 109962.

[4] MISSAOUI A, BOUJELBENE Y. An effective iterated
greedy algorithm for blocking hybrid flow shop problem
with due date window[ J]. RAIRO-Operations Research,
2021, 55(3) . 1603-1616.

[5] #i%, ®EY, 8. RTHREERENG O RS
XKL BE[T]. RGe0 H ¥, 2021, 33(6):
1384-1396.

HU R, DONG Y M, QIAN B. Pathfinder algorithm for
green pipeline scheduling with limited buffers[ J]. Jour-
nal of System Simulation, 2021, 33(6) : 1384-1396.

[6] LINCC, LIUW Y, CHEN Y H. Considering stockers in
reentrant hybrid flow shop scheduling with limited buffer
capacity[ J]. Computers & Industrial Engineering, 2020,
139 106154.

(7] 3/, BKER. B BRGSO 808 5 0K i 5 55 15

WK REBE R[], AL U R g, 2021,
27(3) . 815-827.
PEI X B, LI Y Z. New hybrid improved genetic algorithm
for solving no-wait flow shop scheduling problem [ J].
Computer Integrated Manufacturing Systems, 2021, 27
(3). 815-827.

[8] AZAIEZ M N, GHARBI A, KACEM I, et al. Two-stage
no-wait hybrid flow shop with inter-stage flexibility for op-
erating room scheduling[ J]. Computers & Industrial En-
gineering, 2022, 168 108040.

[9] WANG Y M, LIX P, RUIZ R, et al. An iterated greedy
heuristic for mixed no-wait flowshop problems[J]. TEEE
Transactions on Cybernetics, 2018, 48(5) ; 1553-1566.

[10] #h#es, 30, A%, & ER[HLRGES

PR SR SRR AL R BE AR [T ] THEE LR Il s R 4,
2022, 28(11): 3421-3432.
ZHONG L C, LI W F, HE L J, et al. Optimization of
mixed no-idle flexible flow scheduling in container termi-
nal [ J].
2022, 28(11) . 3421-3432.

[11] $F4e, AP, 220k, TR A& BB TR IL W
REFFHFRERAKEROMAIRI]. T TRES
&P, 2023, 28(1) : 170-180.

XUAN H, FU X B, LI B. Research on optimization of

Computer Integrated Manufacturing Systems,

mixed zero-wait flexible flowshop based on hybrid discrete
artificial bee colony algorithm[ J]. Industrial Engineering
and Management, 2023, 28(1) . 170-180.

[12] ZHUANG Z L, ZHANG Z L, TENG H, et al. Optimiza-



513 B AG I ATUR 2 HARR S KT BE R 25

tion for integrated scheduling of intelligent handling sequence setting time[ J]. Operations Research and Man-

equipment with bidirectional flows and limited buffers at agement Science, 2020, 29(12) . 215-221.

automated container terminals[ J]. Computers and Opera- [15] skiltss, BRAR, k&H. WAHFIRN LB BIR

tions Research, 2022, 145: 105863. A UK G E] R B IR A AE [ D], PR UM SE K A A 4R
[13] ZE—uit, & D&, f, & &Fodt kw7 (ERPBIZER) , 2021, 38(1): 87-95.

ERENZ BARF AR A R (1], b E L ZHANG H L, XU G J, ZHANG J C. Research on multi-

MR, 2022, 33(21): 2564-2577. stage hybrid flow shop scheduling problem with learning

JIANG Y X, JI W X, HE X, et al. Low-carbon schedu- effect[ J]. Journal of Chongqing Normal University ( Nat-

ling of multi-objective flexible job-shop based on improved ural Science) , 2021, 38(1) . 87-95.

NSGA-T [J]. China Mechanical Engineering, 2022, 33 [16] Em#H, 5, HE €, 5. £ iR kMR

(21): 2564-2577. WAER BT S 4R (1], TR AL, 2021, 44(8):
[14] B, A8 TPk, B8 )F 58 8 A A9 IR 4 K 1590-1619.

2 B EEMR )], BZ 5% 8, 2020, 29 WANG L P, REN Y, QIU Q C, et al. Survey on per-

(12): 215-221. formance indicators for multi-objective evolutionary algo-

HUANG H, LI M X, YAN Y. Research on multi-objec- rithms [ J]. Chinese Journal of Computers, 2021, 44

tive scheduling of hybrid flow production shop considering (8): 1590-1619.

Multi-objective Hybrid Flowline Energy-saving Scheduling with Combined

Buffer Constraints

XUAN Hua, GENG Zhuxin, LI Bing

(School of Management, Zhengzhou University, Zhengzhou 450001, China)

Abstract: To solve the hybrid flowline energy-saving scheduling problem with two intermediate buffer constraints,
infinite buffer and blocking, between production stages, a mathematical model was formulated by considering the
uncorrelated parallel machines and multiple time constraints. Taking into account the characteristics of the prob-
lem, an improved multi-objective memetic algorithm (IMOMA ) was proposed to minimize simultaneously makespan
and total energy consumption of the machines. The algorithm adopted a matrix encoding method based on uncorre-
lated machine assignment. Using a hybrid initialization strategy based on Tent chaotic map to generate the initial
cell array, an non-dominated sorting genetic algorithm improved by parameter-based adaptive genetic strategy was
applied for the global optimization operator, and a search strategy integrating adaptive selection neighborhood search
and multi-objective simulated annealing was designed for the locally enhanced search operator to improve the algo-
rithm’s search capability. The effectiveness and superiority of the proposed algorithm were verified through case ex-
periments with 24 problem scales. The experimental results showed that the average IGD value of 47. 89 and the av-
erage SP value of 857. 25 obtained by IMOMA within the average running time of 241. 26 s were lower than the oth-
er three comparison algorithms. So the solution set obtained by IMOMA had better convergence, diversity and dis-
tributivity.

Keywords: hybrid flowline; improved multi-objective memetic algorithm; combined buffer constraints; unrelated

parallel machine; multi-objective optimization; energy-saving scheduling





