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Abstract: Core difficulty of process optimization in heat treatment processes (such as quenching) lies in the conflict between maximizing
hardness and minimizing energy consumption. The traditional non dominated sorting genetic algorithm (NSGA-II) faces the problems of pre-
mature convergence and uneven distribution of solution sets when dealing with this problem, which makes it difficult to meet the requirements
of solution set diversity, global search ability, and real-time decision—-making in the field. To this end, an improved algorithm called NSGA-
SA is proposed, which integrates simulated annealing (SA) mechanism. Firstly, the temperature decay mechanism of SA and the Metropolis

probability acceptance criterion are embedded into the evolutionary process of NSGA-II, enabling the model to conduct extensive global explo-
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ration in the high temperature stage and accelerate local convergence in the low temperature stage , thereby improving the diversity and conver-

gence accuracy of the solution set; Secondly, an adaptive temperature scheduling strategy, mixed selection, and out of bounds reflection cor-

rection mechanism are introduced to achieve a balance between global exploration and local fine optimization. Experiments have shown that in

standard test functions and heat treatment process optimization cases, NSGA—SA significantly outperforms the original NSGA-II and decompo-

sition based multi-objective evolutionary algorithm (MOEA/D) in core performance indicators such as hypervolume (HV), generation dis-

tance (GD), and set entropy (SE). The uniformly distributed Pareto solution set obtained can be directly applied to manufacturing execution

systems (MES) or digital twin platforms, providing effective support for multi—objective process decision—making.

Key Words: multi-objective optimization; NSGA-II; simulated annealing; probability acceptance mechanism; heat treatment process opti-

mization ; algorithm fusion; solution diversity
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Fig.1 Quenching process curve
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Table 1 Key factors of process and physics
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NSGA-SA Pareto Front (NSGA-SAIRZRIEAIE)
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Fig. 4 NSGA-SA Pareto front
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Table 5 Solution set sampling (first 25 solutions and last 25 solutions)

®5 MBEXRME(RI2SNHERE251HE)

¥ Objectivel(f,) Objective2(f,) Position ({3 # )

1 0.000 118 067 0.996 543 024 Front (R7EL)
2 0.002 193 445 0.976 482 32 Front (fijE%)
3 0.002 492 509 0.956 640 072 Front (%)
4 0.004 975 494 0.936 897 207 Front (7ijE¢)
5 0.008 254 509 0.915 733 109 Front (7ijE%)
6 0.012 723 382 0.894 075 031 Front (FTE¢)
7 0.016 605 169 0.879 602 859 Front (HiiE)
8 0.022 238 172 0.856 180 692 Front (FiEL)
9 0.026 479 051 0.845 288 822 Front (AijE¢)
10 0.034 4897 0.820 252 461 Front (FiE¢)
11 0.045 619 053 0.793 788 339 Front (FijE%)
12 0.046 492 054 0.793 168 146 Front (7i7E%)
13 0.053 250 462 0.778 824 622 Front (7ijE%)
14 0.062 257 696 0.756 439 137 Front (HiE)
15 0.076 958 504 0.728 295 714 Front (i F%)
16 0.087 477 278 0.710 953 845 Front (AijE¢)
17 0.095 697 918 0.697 759 15 Front (fifE%)
18 0.107 410 392 0.689 321 303 Front (FijE%)
19 0.111 750 663 0.674 090 207 Front (7ijE%)
20 0.118 978 185 0.661 202 339 Front (7ijE%)
21 0.121 989 629 0.656 498 88 Front (HiiE)
22 0.121 989 629 0.656 498 88 Front (ATEL)
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gk S, UNE S TR . AT, NSGA-SA T fif 4 15 5 1 i
5 Objectivel (f,) Objective2(f,) Position ({3 &) =R A R REE YA T A T B kRS
23 0.140 938 667 0.629 866 493 Front (FiB%) N N
24 0.157 881 676 0.617 127 611 Front (FiEk) Il 42 e R e I A
25 0.182 088 702 0.578 879 375 Front (FEf) Earetol Front Compsrison (R ERIiE)
26 e b " o
27 0.703 671 37 0.165 318 052 End U5 B) "
28 0.727 980 227 0.150 926 428 End U E) g
29 0.728 311 217 0.150 212 648 End UFE) Lo
30 0.742 461 559 0.142 985 206 End U5 E) j a8
31 0.753 757 813 0.135 946 157 End (5B 8
32 0.769 131 857 0.127 989 042 End (5 B) *
3 0.769 902 192 0.126 637 675 End (B o .
34 0.783 251 722 0.118 668 054 End U5 B) & Objective 1 (BH5EEY) * b
3 0.793 089 252 0-113 005 067 End (R B Fig. 5 Pareto front of three algorithms
36 0.817 921 931 0.101 462 943 End U5 B) e
37 0.827 406 761 0.094 636 916 End U B) ) . IR e
38 0.832 659 258 0.091 577 611 End U5 E) J&*%,ﬁﬂl@6%’f¢ﬁ§%?ﬁ@ {%?{%Eﬁ?&ﬁ%%{gm
39 0.851 338 688 0.084 006 676 End (JFED) KIPHT, LAIR B NSGA-SA 75 F s oR 2508 (BB JIT 2R 31 119
40 0.852 109 023 0.081 192 377 End 5 E) TS PERE A AR I R SRR R P RS eIl sk . 456
41 0.873720 167 0.069 093 108 End (7 B) 10 1 7R B >R A i 5040 PT35I i O 8¢ 3] : NSGA-SA TE £, . f,
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B OISO 009696933 End (R SR SR TSR AR R PR . [, 2%
44 0.909 501 409 0.049 285 641 End (ﬁ%) 6 15 20 4 ST RE A B — SEIE T L 3RZE 8  NSGA—
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47 0.955 781 868 0.025 936 044 End U5 E) 0.004 221.MOEA/D 9 0.023 983, H.f, ) fELH T M fe L2t
48 0.977 983 438 0.014 822 407 End (5 E) 1, R T NSCGA-SA FE LR UE Z A PR R B, A O 75
49 0.988 336 57 0.010 206 488 End U5 E) E A ZILRE 1, BEA BT 2 H AR Ak [n] 250 i D3l 3 i
50 0.999 936 492 0.003 545 321 End (5 E) g
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Fig. 6 Pareto front end data analysis
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TEMRSE ST L BB S T4 Re R UE MR SR AE H bR 2s [l g )
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Table 6 Pareto front solution set sampling points (last 20) for NSGA-SA ,NSGA-II,and MOEA/D

&6 NSGA-SA.NSGA-II.MOEA/D Byl RITHiAMRERES(F201)

(=RES NSGA-SA_f1 NSGA-SA_f2 NSGA-II_f1 NSGA-1I_f2 MOEA/D_f1 MOEA/D_f2
1 0.753 757 81 0.135946 16 0.780 133 23 0.123 700 13 0.731 816 49 0.171 668 82

2 0.769 131 86 0.127 989 04 0.798 995 94 0.112 263 26 0.739 150 16 0.161 631 07
3 0.769 902 19 0.126 637 68 0.824 986 24 0.107 219 69 0.753 165 45 0.154 953 04
4 0.783 25172 0.118 668 05 0.830 502 58 0.095 449 15 0.768 596 21 0.143 788 81
5 0.793 089 25 0.113 005 07 0.855 220 08 0.084 337 51 0.786 391 71 0.133 428 43
6 0.817 92193 0.101 462 94 0.864 606 84 0.076 169 36 0.798 347 47 0.129 907 21
7 0.827 406 76 0.094 636 92 0.873 264 48 0.070 645 77 0.813 153 24 0.122 041 21

8 0.832 659 26 0.091 577 61 0.889 385 88 0.061 605 14 0.829 918 20 0.111 750 31

9 0.851 338 69 0.084 006 68 0.894 074 54 0.059 828 05 0.842 71124 0.104 175 09
10 0.852 109 02 0.081 192 38 0.908 270 40 0.053 073 66 0.862 222 07 0.095296 11
11 0.873 720 17 0.069 093 11 0.919 213 02 0.044 821 64 0.872 944 75 0.086 043 17
12 0.884 796 56 0.063 937 54 0.923 337 10 0.044 293 23 0.894 067 16 0.072 528 51
13 0.895 883 98 0.059 696 95 0.937 500 24 0.041 442 20 0.907 258 09 0.067 846 12
14 0.909 501 41 0.049 285 64 0.947 452 69 0.039 31592 0.926 143 05 0.058 194 33
15 0.925 367 31 0.041 583 51 0.953 449 58 0.029 374 29 0.946 318 55 0.049 538 61
16 0.938 277 90 0.034 874 64 0.967 408 09 0.021 229 17 0.972 869 84 0.039 727 94
17 0.955 781 87 0.025 936 04 0.975 284 52 0.017 768 64 0.980 498 77 0.027 959 84
18 0.977 983 44 0.014 822 41 0.986 479 14 0.011 340 80 0.994 422 84 0.025 597 88
19 0.988 336 57 0.010 206 49 0.999 559 33 0.004 221 46 0.994 422 84 0.023 983 42
20 0.999 936 49 0.003 545 32 0.999 559 33 0.004 221 46 0.994 422 84 0.023 983 42
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Hypervolume Convergence (fBIAFRIKENHRLE)
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Fig.7 Supervolume convergence curves of NSGA-SA, NSGA-II and
MOEA/D
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Fig. 8 Polar coordinate circular bar chart of generation distance for
NSGA-SA, NSGA-II and MOEA/D
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Fig. 9 Distribution of solution set entropy for NSGA-SA , NSGA-II,
and MOEA/D
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Fig. 10 Comparison of calculation time for NSGA-SA, NSGA-II
and MOEA/D
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Table 7 Performance indicators of NSGA—-SA , NSGA-II and

MOEA/D
#7 NSGA-SA.NSGA-II.MOEA/D Ky REIE+R
T ]
s Hk LU A W AV EV A 1 ) (T 2
1 NSGA-SA  0.8653 00061 34126 4.160 8
2 NSGA-II 0.864 6 0.006 8 3.366 2 3.950 1
3 MOEA/D 0.8369 0.0227 33111 5.548 3
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Fig. 11 Optimization curve of quenching process parameters for 45 # steel
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NSGA-SA Dominance Regions (NSGA-SA{K A )
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Fig. 12 Optimization effects of three algorithms on hardness devia-
tion and energy consumption
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