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Expensive multi-objective optimization based on multi-criteria parallel
sampling

QIN Shu-fen, SUN Chao-li'

(College of Computer Science and Technology, Taiyuan University of Science and Technology, Taiyuan 030024,
China)

Abstract: In practice, multi-objective optimization problems are constructed via computer simulations, and function
evaluation is quite costly. It is a popular method for training surrogate models based on historical data to help multi-
objective optimization algorithms solve computationally expensive multi-objective problems. However, when the
number of optimized objectives increases, it will become more difficult to choose individuals to enhance model quality
in model management. To this end, this paper proposes three sampling criteria containing the linear combination
confidence lower bound function, the adaptive performance balance criteria, and the scalar deviation matrix to select
several individuals to infill the sample set to improve the efficiency of the model-guided multi-objective optimization
algorithm for finding the optimal solution from three aspects: the balance between multiple objective estimations and
their reliability, the adaptive balance of convergence and diversity of solutions, and current sample distribution,
respectively. Meanwhile, non-dominated samples are adopted to drive the current population search, which speeds up
searching for the most promising region. Finally, compared with five advanced algorithms, the proposed algorithm is
effective on two classical multi-objective test suites and two optimization instances.

Keywords: expensive multi-objective optimization; surrogate model-assisted evolutionary search; multi-criteria

parallel sampling; performance balance; scalar deviation matrix
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1. Fe = |TS|;

2. Flag = 0;
3. while Fe < Fe,.

4. MOy = Train(X,Y);
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5. ifFlag =0

6 P =TS;

7. else

8 P = NdsortRandom(TS);
9. endif

10. g=0;

11. while g < g
12. g=g+1;
13. P, = Generation(P);
14. F, = Evaluation(PJ P, );
15. (P, P,) = Selection(F,);
16. end while
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18.  LCB,—it&E (2);

19. end for

20. Pop,, <= (3);

21. )}%Normalization(Y); /2327

22. fori=1to |TS|

23, d (X))« @),

24, dy(X;) <K (5);

25, L(X,)<=(6);

26. end for

27. &R (8) EHFEAMEPop,,;
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Pop,,;//2.3.3 Bt

29. Pop,, = {Pop,,,Pop.,, Pop_, };

30. EBrPop,, A KBS RO

31.  Fe=Fe+ |Pop,,l|;

32. TS«—TSJPop,..;

33. Flag = 1;
34. end while
35. ¥irth TS 1 A 3E S L i
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8  7.689 7e+0 (3.93¢+0)— 4.360 4e+0 (1.92¢+0)— 6.955 5¢+0 (2.64¢+0)—
10 2.751 8e-1(1.73e-1)—  2.5852e-1 (1.23e-1)—  2.133 9e-1 (9.46e-2)=
3 8.059 le-2 (1.46e-2)—  1.510 6e-1 (2.66e-2)—  9.070 Oe-2 (2.70e-2)—
Do 5 1.835 8e-1 (1.41e-2)—  2.487 le-1 (3.16e-2)—  1.763 Oe-1 (2.40e-2)—
8  2.2872e-1(9.4le-3)— 3.848 3e-1(2.55¢-2)—  2.310 9e-1 (1.53e-2)—
10 2.3989e-1(1.18e-2)=  4.151 le-1 (1.75¢-2)— = 2.064 7e-1 (7.89e-3)+
3 2.4853et2 (5.74e+1)— 1.558 9e+2 (3.46e+1)= 2.332 3e+2 (5.27et+1)-
D3 5 1.3912et+2(3.93et+1)— 7.852 3e+1 (2.44e+1)= 1.378 4et+2 (3.75¢+1)—
8 2.5843e¢+1(1.12¢e+1)— 1.432 9e+1 (7.18e+0)= 1.949 le+1 (1.08e+1)=
10 9.287 8e-1 (4.5%-1)— = 6.664 2¢-1 (2.21e-1)=  7.859 2e-1 (3.93e-1)=
3 2192 6¢-1(8.14e-2)—  2.386 Te-1 (9.26e-2)—  2.688 6e-1 (9.49¢-2)—
D4 5 3.028 3e-1(8.34e-2)— = 2.185 le-1 (3.56e-2)=  3.109 4e-1 (6.16e-2)—
8 | 2.7379e-1 (3.83e-2)= 2.808 2¢-1(2.78¢-2)—  3.041 4e-1 (5.11e-2)-
10 © 2.653 Oe-1 (2.04e-2)=  2.797 8e-1 (2.05e-2)—  2.990 3e-1 (3.17e-2)—
3 6.8554e-2(2.16e-2)—  8.846 6e-2 (2.54e-2)—  6.827 Te-2 (2.92e-2)—
DS 5 3.0804e-2 (9.79e-3)=  8.030 8e-2 (2.76e-2)—  3.100 e-2 (1.06e-2)=
8  1.4659¢-2 (4.67¢-3)= 2.681 4e-2 (1.01e-2)— = 1.175 9e-2 (3.73e-3)+
10 6.419 7e-3 (1.09¢-3)+  7.233 2¢-3 (8.05¢-4)= = 5.161 1e-3 (9.24e-4)+
3 3.1450et0 (4.37e-1)—  5.099 2e+0 (5.50e-1)— 3.613 7e+0 (4.77e-1)—
D6 5 1.873 5¢+0 (3.45¢-1)—  3.942 0e+0 (5.27e-1)— 2.267 0e+0 (5.01e-1)—
8 4.287 4e-1 (2.30e-1)=  1.436 0e+0 (4.03e-1)—  5.488 3e-1 (2.57e-1)—
10 2.958 1e-2 (1.04e-2)=  1.000 le-1 (1.83e-1)=  1.168 2¢-1 (9.87¢-2)—
3 1.0209e-1 (3.62e-2)—  1.428 3¢+0 (4.04e-1)—  1.446 2e-1 (1.49¢-1)—
o7 5 3.9900e-1(1.10e-1)~  3.274 9¢+0 (6.53e-1)—  9.860 3e-1 (3.23¢-1)—
8  6.2353e-1 (L.1le-1)+ 6.214 0e+0 (2.64c+0)— 1.614 8c+0 (4.48¢-1)=
10 9.2822¢-1 (6.86e-2)+ 1.868 8¢+0 (4.33e-1)—  1.240 7e+0 (1.80e-1)+

2.082 2e-1 (2.47e-1)=
3.502 4e-1 (1.50e-1)=
6.698 8e-1 (1.01e-1)+
1.160 2e+0 (2.28¢-1)+

3.124 2e-1 (2.10e-1)~
4.614 4e-1 (2.52e-1)-
7.029 Te-1 (8.44e-2)+
8.790 Se-1 (6.98¢-2)+

4.841 5¢-2 (4.55¢-3)
3.100 2e-1 (1.17¢-1)
1.493 3e+0 (3.27¢-1)
1.549 9¢+0 (3.69¢-1)

/=

3/18/7

0/19/9

4/19/5

6/15/7

7/15/6
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*x R £40%

K-RVEA"", CSEA™. ABSAEA™. KTA2"", ESF-
RVEA™ BE4T H#. CSEA Skl Il 2553 25 22 F
TG, HAR I A GP A AL BL R 7] 3, 4K
8 — A v 3 B A T AR BT A T BT B R
ESF-RVEA 45 fif 52 2 A Mok UH 78 M.

KT LMK S EOR B, FTE B0 Fh R R
N¥J&E R 100, LAk B brdE M = {3,5,8, 10},
22 ) B WA NN 91, 85, 72, 65, VoA & 4
[ D = 10. HHT, AT 5o VF B 55OR B8 B EOT A o8k
Fe,... 8 #5300, ¥I46FE A% & N, = 100, &%
KTA2" i Y JE Sc B8 A 100, oA EEEE 9 11
D — 1. s, 3T A A A 5] S8 R

AR AR A IS A R E g, = 10. A I35
SLIE AT 20 K, I R B AS 48 i PE B 4R bR IGD ™Y
A HVE SR 5 10 A S A4 5 B, L IGD
ANl o AR NS~ R G o T N 7 S
i Wilcoxon FkFIAG 38 TV, Guit 1656 Frie 2k 3k 15
i AR AR T X LU BEE R R A B E = R,
BB kg RIRF 5 47 “7 =7 L RIAEXT T
Hk R Z BT T it % EMOEA-MPS.
3.2 WA REERT LA

F MR 2 5 FIH T A R EEVELE 3.5,
8,10 MH#x DTLZ1 ~ DTLZ7 (D1~ D7) f1 WEG1 ~
WEG9 (W1 ~ WO) ik 1] _I- 3R A3 A A 1 1IGD™

AN E EE WFG(W1-W9) i ()55 & B9 IGD Zeit 45 5

KTA2

ESF-RVEA

EMOEA-MPS

1.810 2e+0 (1.62¢-1)=
2.209 4e+0 (1.06e-1)=
2.587 2e+0 (1.39¢-1)=
2.587 3e+0 (4.91e-1)=

1.791 1e+0 (1.14e-1)—
2.213 5e+0 (7.12e-2)=
2.671 6e+0 (7.00e-2)—
2.853 2e+0 (7.03e-2)~

1.735 6e+0 (1.07e-1)
2.168 9e+0 (6.31e-2)
2.569 8e+0 (1.56e-1)
2.516 6e+0 (4.76e-1)

2.086 8e-1 (4.39¢-2)=
4.056 3e-1 (7.24e-2)—
6.943 0e-1 (1.53e-1)~
7.873 7e-1 (2.20e-1)~

2.498 le-1 (2.79¢-2)~
4.638 5¢-1 (3.91e-1)~
5.391 Oe-1 (1.50e-1)=
7.081 3e-1 (1.98e-1)—

1.905 8e-1 (2.40¢-2)
2.395 Se-1 (2.49¢-2)
6.099 9e-1 (2.07¢-1)
6.225 4e-1 (3.59%-1)

3.006 9e-1 (6.64e-2)—
5.977 4e-1 (8.09¢-2)~
8.777 Oe-1 (7.25¢-2)—
8.039 le-1 (9.44-2)—

3.546 le-1 (9.93e-2)—
6.348 6e-1 (8.20e-2)—
8.938 9¢-1 (1.35¢-1)—
6.838 9e-1 (9.98e-2)—

2.157 7e-1 (3.21e-2)
2.407 Le-1 (5.66¢-2)
3.181 9e-1 (4.64e-2)
2.594 2e-1 (7.52¢-2)

3.544 8e-1 (2.01e-2)~
9.092 3e-1 (1.53e-1)~
2.117 9e+0 (3.43e-1)+
3.556 Se+0 (5.34e-1)=

3.307 4e-1 (2.88e-2)—
7.360 Se-1 (3.57e-2)—
2.106 0e+0 (4.24e-1)+
3.620 3e+0 (7.72e-1)=

3.090 8e-1 (2.53¢-2)
6.816 Oe-1 (3.60e-2)
2.408 7e+0 (4.03e-1)
3.660 9¢+0 (5.23¢-1)

2.259 8e-1 (6.15e-2)+
8.445 Oc-1 (5.96e-2)—
2.789 6e+0 (4.54e-1)—
3.110 4e+0 (4.51e-1)—

3.150 9e-1 (5.38e-2)=
7.918 4e-1 (8.53e-2)~
1.666 8e+0 (1.26e-1)+
2.275 1e+0 (7.16e-1)=

3.006 Se-1 (7.11e-2)
7.155 Le-1 (7.80e-2)
1.992 1e+0 (3.80e-1)
2.130 5e+0 (3.33e-1)

5.529 Oe-1 (8.22¢-2)=
1.143 Le+0 (7.37¢-2)—
2.554 4e+0 (2.28e-1)—
3.581 5e+0 (4.77e-1)—

5.306 Se-1 (7.89¢-2)=
9.674 4e-1 (9.69¢-2)—
1.448 0e+0 (1.76e-1)—
1.278 8e+0 (7.94e-2)+

5.420 4e-1 (1.20e-1)
8.962 2e-1 (1.09¢-1)
1.262 4e+0 (1.44e-1)
1.679 3e+0 (4.54e-1)

4.872 8e-1 (2.78¢-2)—
9.940 2e-1 (6.58e-2)~
2.408 6e+0 (2.84e-1)~
3.501 9e+0 (3.08¢-1)—

3.986 de-1 (2.74e-2)=
7.912 le-1 (7.00e-2)=
2.207 9e+0 (3.74e-1)~
3.294 2¢+0 (4.29¢-1)—

4.057 9e-1 (2.92¢-2)
7.634 Te-1 (5.14¢-2)
1.884 5e+0 (2.86e-1)
3.023 9e+0 (2.75¢-1)

4.811 4e-1 (5.26e-2)+
1.383 0e+0 (5.29¢-2)—
3.213 5e+0 (1.96e-1)+
4.872 5¢+0 (6.45¢-1)~

5.125 le-1 (3.07e-2)+
1.296 1e+0 (4.30e-2)=
2.473 8e+0 (2.12¢-1)+
2.037 9e+0 (5.28e-1)+

5.428 4e-1 (4.37¢-2)
1.289 Se+0 (5.40e-2)
3.948 5e+0 (8.07¢-1)
3.107 3e+0 (1.30e+0)

5.375 6e-1 (7.17e-2)~
1.168 7e+0 (1.83¢-1)—
2.906 2e+0 (4.94¢-1)~
3.789 9e+0 (7.91e-1)—

5.312 Oe-1 (1.24e-1)—
1.333 1e+0 (2.86e-1)—
2.938 1e+0 (6.68¢-1)=
4.798 5¢+0 (1.17e+0)—

4.028 7e-1 (8.97¢-2)
9.283 Ge-1 (1.78¢-1)
2.538 1e+0 (3.25¢-1)
2.980 6e+0 (3.26e-1)

=2
P M K-RVEA CSEA ABSAEA
3 1.728 8e+0 (8.73e2)= 1.703 1e+0 (6.75e-2)= 1.773 Te+0 (1.50e-1)=
Wi 5 2173 6e+0 (9.12e-2)= 2.152 9e+0 (7.55¢-2)= 2.224 Te+0 (8.11e-2)—
8 2.640 1e+0 (8.46e-2)= 2.661 8¢+0 (6.73e-2)—  2.680 9e+0 (6.44e-2)—
10 2.800 8e+0 (1.10e-1)—  2.726 3e+0 (1.42e-1)= 2.850 7e+0 (1.05¢-1)—
3 3.060 3e-1 (3.72e-2)—  5.013 9e-1(7.95¢-2)—  3.239 6e-1 (9.80e-2)—
Wa 5 3.443 8e-1 (3.89¢-2)—  7.292 8e-1 (2.73¢-1)—  4.294 5e-1 (1.75e-1)—
8  3.8533e-1 (1.06e-1)+ 1.882 0e+0 (8.01e-1)—  5.148 4e-1 (1.74e-1)=
10 4.102 3e-1 (1.47e-1)+ 2.509 3e+0 (1.19¢+0)— 4.646 9e-1 (1.23e-1)=
3 4.0166e-1(5.78¢-2)— 4.7428e-1 (5.11e-2)—  3.673 le-1 (7.78e-2)—
w3 5 4.690 le-1(9.17¢-2)~  5.367 6e-1 (9.72e-2)—  4.395 9¢-1 (6.60e-2)—
8 7914 Se-1 (1.46e-1)—  7.108 2e-1 (1.22e-1)—  6.888 4e-1 (1.08e-1)—
10 5.5114e-1(7.62e-2)— 5.607 2e-1 (1.14e-1)—  4.636 3e-1 (1.11e-1)—
3 3772 0e-1(2.23e-2)—  3.305 6e-1 (3.18e-2)—  3.469 6e-1 (1.80e-2)—
- 5 7.9327e-1(5.57e-2)~ 1.474 7et0 (3.69e-1)-  7.535 8e-1 (8.70¢-2)—
8 2.142 6e+0 (6.17e-1)+ 5.178 1e+0 (6.28e-1)—  1.783 3e+0 (3.69e-1)+
10 3.834 de+0 (1.17e+0)= 7.716 4e+0 (7.46e-1)— 3.564 4e+0 (1.35¢+0)=
3 3.399 6e-1(5.43e-2)—  3.979 3e-1(5.42e-2)—  3.560 3e-1 (6.79¢-2)—
W5 5 7.776 2e-1 (7.20e-2)—  1.105 3e+0 (2.18e-1)—  7.697 3e-1 (7.41e-2)—
8  1.664 7e+0 (2.78e-1)+ 4.183 9¢+0 (5.33e-1)—  1.923 4e+0 (3.38e-1)=
10 2.318 7e+0 (7.65e-1)=  6.173 5¢+0 (3.82¢-1)—  2.382 2e+0 (5.66e-1)=
3 6.663 le-1(5.94e-2)— 5.687 6e-1 (4.13e-2)=  6.483 Oe-1 (4.08e-2)—
5 1.188 6e+0 (9.62e-2)— 1312 0e+0 (2.02e-1)—  1.419 3e+0 (1.40e-1)—
we 8 1.4963e+0 (1.51e-1)~ 4.059 4e+0 (5.84e-1)~  2.815 2e+0 (4.02¢-1)—
10 1.289 8e+0 (4.42e-2)+ 5.625 7e+0 (1.00e+0)— 2.467 3e+0 (4.93¢-1)—
3 4799 2e-1 (2.24e-2)—  4.427 2e-1 (3.64e-2)—  4.337 le-1 (2.91e-2)—
W7 5 8.591 4e-1(6.88e-2)— 1321 0e+0 (2.53e-1)—  1.125 8e+0 (1.19e-1)—
8  2.2713e+0(3.55e-1)— 4.694 6e+0 (4.87e-1)~  3.360 2¢+0 (2.78e-1)—
10 3.3852e+0 (5.06e-1)—  6.969 8e+0 (5.60e-1)—  4.879 6e+0 (4.37e-1)—
3 6.9730e-1(4.22e-2)—  6.376 2e-1 (4.90e-2)—  6.243 Te-1 (5.46e-2)—
ws 5 1.470 7e+0 (8.45e2)— 1.878 2¢+0 (1.71e-1)~ 1.700 5¢+0 (1.23e-1)—
8 2.245 0e+0 (2.68e-1)+ 5.132 0e+0 (3.32e-1)— 3.955 5e¢+0 (3.15¢e-1)=
10 1.432 5e+0 (2.38e-1)+ 6.949 4e+0 (5.64e-1)— 4.739 1e+0 (5.66¢-1)—
3 5.464 5e-1(6.61e-2)—  6.150 9e-1 (8.59e-2)—  5.468 6e-1 (9.71e-2)—
Wwo 5 1.175 4e+0 (2.16e-1)-  1.671 0e+0 (2.06e-1)—  1.124 0e+0 (2.20e-1)—
8 3.008 let+0 (6.94e-1)— 4.780 7e+0 (5.30e-1)—  2.844 6e+0 (5.16e-1)—
10 4.298 0e+0 (9.44e-1)—  6.702 5e+0 (5.34e-1)— 4.185 2e+0 (1.05¢+0)—
+/—=/= 7/24/5 0/32/4 1/28/7

4/25/7

6/20/10
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YA S S H AR 2.

%1 v, Tt EMOEA-MPS 7£ 21 4 DTLZ
W e & b, 43 ) 2 3 8 it T K-RVEA. CSEA.
ABSAEA. KTA2. ESF-RVEA %% 18, 19, 19, 15.
15 A e % SR, £E 384> DTLZ2. DTLZS o8 % L
F KTA2. ESF-RVEA Fl ABSAEA 5y, H 5 [K 7]
RS2, AR ) DTLZ2 %k, &% EMOEA-
MPS 5 T 18] B (1K) 225 ) 5 73 fid A0 380 BLA8 e BE B 1)
R ITEPRBRMMAE R Z R, X T HbR
OB DTLZS, £ T [ 2 2 2% W & 5 ff 7 1%,
7 B br 2 B 2 = AR B 25 ) &, 5 8I0% Bk
AR KPR B A0 L 38 AR b5 P BE S, M USRS SR |
S PF [ AR Al 4E.

[FIRE, 2w, FTER BV AE 48K 2 50 WFG Il
o] jRE3RAS T R AL, AUAE A WFG2, WEFGS.
WFGS B E R I A 2. X+ PF IR A EL: K
WFG2, 24 H b2 8. 10 i, 5% EMOEA-MPS Jif
B2, fE DTLZT LA R, 55, 4 H
PR EIE 20, T 24 H e B (R 22 R AR, 1
B REER R 2, T BORAS I B AR R AR AE = 4E B bR
R [ o AR . AR, B % EMOEA-
MPS 7EALBETHE A A BRI 2 B As il i) /i, B
LRI,
3.3 ARASEBINR AT

SEES R FHVR R S B = AR A BT (CCD) AL 73
P ¥t (LTLCL) B 4k il 82, 0k b e B 4 9%
EMOEA-MPS Fl 5 4% bR HERE. Hodr: CCD &

TN HAREREA 11 ANYREARE, LTLCL ¥ & 10
AN HARERER 13 MR, L 3AMT 6 MiLEE
TEB MRS 3R1S e R R AR I HV 3 {45 5L A0
PERESE = B 2 e T, 19 3P4 7% EMOEA-MPS 7£
XS SEBR ) R E 53R T R 45 R, HAE CCD
o) 7 PERERR S T AT 10 % ~ 40 %, £ LTLCL E$2
219 % ~ 20 %.

R3 6 MEEESS LR HY BERMERSE S

Problem CCD I,/ % LTLCL I,/ %

CSEA  1.001 8e-2 (7.87e-4)~ 11.17 5.714 Se-1(9.85¢-3)— 9.21
K-RVEA  7.4253e-3 (4.25¢-4)— 34.16 5.194 de-1(2.81e-2)— 17.47
ABSAEA  8.182 0e-3 (7.53e-4)— 27.45 5.108 le-1 (5.75¢-3)— 18.84

KTA2 8914 4e-3 (2.82e-4)— 20.96 6.113 0c-1 (1.83¢-2)~ 2.88

ESF-RVEA  6.422 3¢-3 (4.96e-4)— 43.05 5304 Se-1 (7.75¢-3)~ 15.72

EMOEA-MPS 1.127 8e-2 (8.48¢-4) —  6.294 le-1 (2.19¢-2) —

3.4 SRR T

1 28 T Ari 5% EMOEA-MPS fll 5 4~ %}
LU SV LE bR 2L PF R N1 ™ 2R B A 1
e . 24 DTLZ7. WFG2 ~ WFG4. WFG9 |
AT 20 P A RS . BIACRE, Bk
EMOEA-MPS 1 FL 552 b 200FAN I 20k B 2 200 B
IGD 18 A W1 & N F#, HAH 535 K-RVEA. ABSEA,
ESF-RVEA ¥t $4idt & 6 bk, 5% CSEA il siiia
AEARECN NS, KTA2 7EH LT A S e i, J5 1A
& TF2%, R T Fri % EMOEA-MPS H 3 4
THAT RAEHE N BE AT BOP A LAY (R R AT R BE 71,
IH 5 FRATIELR = TR,

9 1.2 1
= sl 0.4 a 0.8 T ﬁ lx L
o) ) o)
g 3 g 02 8 ol +M w b
4 — ot $ % — Y. >9§
1 P
. , , ) , -0.21 . , , , 0 , , , ,
100 140 180 220 260 300 265 275 285 295 100 140 180 220 260 300
BRI KL BRI L BRI UK
(a) 3m-DTLZ7 (b) KEl(a) BREHK () 3m-WFG2
07 ;,: i 8';
O O ©
=03 = = 4}

0.1 . - - .
100 140 180 220 260 300
BR VPN TR
(d) 3m-WFG3

0.2 . . . .

100 140 180 220 260 300
BR B PP KL
(e) 3m-WFG4

2 1 1 1 1

100 140 180 220 260 300
BRELTE L

(f) 10m-WFG9

+ K-RVEA < CSEA —+ ABSAEA +KTA2 - ESFRVEA -= EMOEA-MPS
Bl FAMUEETE 5 AR RBEHER IR TR IGD 45 RULSE
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A i SR T I 22 £ 3 A A B R AR BB 2, 4
H AR AL B TR I R e, ASCHR T 26
4 LCB N, JFPERE VA7 I IR FE bR v BT
s 22 L B TR SRS, FRAT IR B R 2 3 MM
TS H AR bR BN BB AR B A, T 5 F 2
MACE LIPS R, @it 5 5 Ak
L2, 36 3iF T EMOEA-MPS 7E K #5422 H F5 1L
R RSE S . AR, A R @ R
AR 2R T3, NP 5] S 5L SR, DARE AT HL
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