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[ Abstract ]

durations. To address this issue, an improved nondominated sorting genetic algorithm IT ( NSGA-II) was proposed for a re-entrant

In practical production processes, equipment performance gradually degrades over time, leading to extended processing

hybrid flow-shop scheduling problem that considers deterioration effects. Firstly, a mathematical model was formulated with the
optimization objectives of minimizing makespan and reducing processing energy consumption. Secondly, a job-sequence-based encoding
method was employed, and an energy-efficient scheduling decoding method that accounts for deterioration effects was designed.
Additionally, to enhance population diversity, various mutation operators were introduced, and algorithm parameters were adaptively
adjusted to prevent convergence to local optima. A variable neighborhood search strategy was also integrated to reinforce the local
search capability of the algorithm. Finally, comparative experiments with other algorithms on ten different scale test instances
demonstrated that the proposed algorithm delivers superior solution quality, along with better diversity and convergence properties.

[Keywords| equipment performance; deterioration effect; improved nondominated sorting genetic algorithm IT ( INSGA-IT) ; re-

entrant hybrid flow-shop; energy-efficient scheduling
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Table 3 Orthogonal test results
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1 0.9 0.1 0.984 4
2 0.9 0.2 0.907 3
3 0.9 0.3 0.976 9
4 0.8 0.1 0.970 8
5 0.8 0.2 0.976 0
6 0.8 0.3 0.970 4
7 0.7 0.1 0.975 7
8 0.7 0.2 0.976 4
9 0.7 0.3 0.974 2
K, 0.975 4 0.977 0
K, 0.972 4 0.953 2
K, 0. 956 2 0.973 8
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Table 4 HYV, GD and value of the algorithm

E=R N =R INSGA-II  NSGA-II IGA HADE
pl 0.0052 0.0440 0.0796  0.0629

p2 0.0003 0.2808 0.0807 0.5740

p3 0.0168 0.2029 0.0795 0.2858

p4 0.0963 0.9512 0.3548 0.6716

p5 0.0017 0.0183 0.1620 0.4177

v p6 0.0471 0.2801 0.1183 0.0866
p7 0.0297 0.1973 0.1427 0.1656

p8 0.0001 0.7133 0.3136  0.008 5

P9 0.0002 0.0004 0.0019 0.8578

pl0 0.0051 0.1274 0.2747  0.0507

pl 0.5988 0.6223  0.6192  0.847 1

p2 0.5159 0.8135 0.7452 1.0193

p3 0.3848 0.5637 0.5052 1.0327

p4 0.3112 1.0452  0.7074  1.0330

. p5 0.4169 0.3459  0.8013 0.7972
po6 0.6546 0.7294 0.7543  0.866 1

p7 0.4782 0.6701 0.4311 0.8520

p8 0.2524 1.1499 0.3145 0.5399

p9 0.0945 0.2357 0.1523  1.2273

pl0 0.3803 0.3798 0.8552 0.7191

pl 0.7309 0.7598 0.7469  1.0842

p2 0.5785 1.1104 0.9650 1.3830

p3 0.4195 0.7746 0.6810 1.4046

p4 0.3112 1.3348 0.8727 1.3823

Ob{IGD p5 0.4709 0.3922 1.0361 1.0351
p6 0.7171 0.8925 0.9820 1.092 4

p7 0.5572 0.8982 0.5764 1.0829

p8 0.2848 1.5990 0.3370 0.6748

p9 0.4007 1.5296 0.8875 0.757 3

pl0 0.4390 0.4850 1.0340 0.9182

TE RSO FRR BOR IR 4T

5 Fa M 1k . www. stae. com. cn



2025,25(8)

JRV U, 45« 2 T A AN, Y % (5 7T TR A U K 4 17 R B 3169

ObjIGD MM/ FR LB BN ES SS % A
Z B 22 BN B A P RE

MFE 4 0] LLE H X HV  GD , ObjIGD 4§ #r,
INSGA- Il 57k I 2 i A 3, ot 2 INSGA- 1T 78 | ik

© INSGA 1875 © INSGA
1855+ NSGA NSGA
« IGA 1870+ «IGA
18500 HADE N HADE
* 1865}
T 1845} = * %
z * e Z 1860} oe R
W® 1840} ° ° ® ¢
) . 35 18551 *
1835 * e ° :
o 1850
®e
1830 o .
o o 1845+
o L ]
1825, . . . . . . . . , . . .
590 595 600 605 610 615 620 625 710 720 730 740 750
it 18] /min i 1) /min
(a) E41 (b) Efi2
1 705.0
® INSGA 1458 F © INSGA
1702.5+ NSGA NSGA
* IGA 1456 F * IGA
1700.0f HADE HADE
14541
16975} _
= ) Z 1452}
§ 1695.0F © i "
¥ P 1450
z’is 1692.5} g
* 1448
1690.0F e * .
1446
1687.5F
o 1444
1685.0F ® o *
510 520 530 540 550 560 570 580 430 435 440 445 450 455
Fif 1] /min Fif 18] /min
(c) 543 (d) 5404
1615k * ® INSGA 12051 ® INSGA
NSGA NSGA
. «IGA «IGA
HADE 1290 HADE
1610F
—_ ~ 1285} * *
= * = o
2 o 2
< 1605} <
S 1280 F
® 8
m am °
1 275 B fad *
1600F o *
e °
. 1270+
L ]
*
1595+ s 1265+ °
550 560 570 580 590 600 610 465 470 475 480 485 490 495 500 505
Fit 18] /min i 18] /min
(e) EHIs (f) Hlo
© INSGA 18201 o INSGA
NSGA NSGA
1850 « IGA « IGA
HADE 1800 HADE
= 1845+ =
= < 1780}
=4 <
< . <
g 1840} %
1760 F
° ° L4 .
1835 . o
1740 F
1830} o 3 * .
470 480 490 500 510 520 530 570 580 590 600 610 620 630
FiF 1] /min Fif 18] /min
(¢) BHl7 (h) HHI8

¥ im M. www. stae. com. cn



L,
£

B
3170

B A 5 L #

Science Technology and Engineering

2025,25(8)

1570+ © INSGA
NSGA
IGA
1560 HADE
= 1550F
=
<
»\g 15401
29
=
15301
1520F °
°
1510k L L . . . . .
480 485 490 495 500 505 510
] /min
(i) #l9

AEFE/(kW-h)

19451 INSGA
NSGA
1940 1IGA
HADE
1935+
1930+
1925
1920+
1915+
1910
540 550 560 570 580 590
IHA]/min
QE:LII

F12 4 Bk A AR SCIE A% 4R X L

Fig. 12 Comparison of the non-dominant solution sets of the four algorithms
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