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Sampling based on mean value of ranking on approximation uncertainties
for expensive many-objective evolutionary algorithm

WANG Hao', SUN Chao-li¥t, ZHANG Guo-chen?

(1. Department of Electronic Information Engineering, Taiyuan University of Science and Technology,
Taiyuan 030024, China; 2. Department of Computer Science and Technology, Taiyuan University of Science and
Technology, Taiyuan 030024, China)

Abstract: Model management, especially the selection of samples for model training and the infill sampling criterion,
plays a significant role in the expensive many-objective optimization. Therefore, a number of good solutions will be
selected from the database and used as samples to train surrogate models of objectives. The optimal non-dominated
solutions of the surrogate models will be searched by the reference vector based evolutionary algorithm, among which two
solutions will be selected for exact objective evaluation. The sampling criterion is proposed based on the mean value of the
ranking on the approximation uncertainty (SaMVRAU). To evaluate the performance of the proposed method, a number
of experiments are conducted on DTLZ and WFG many-objective optimization test problems, as well as two real-world
applications. The experimental results show that the proposed method is efficient to solve expensive many-objective
problems.
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P AH 5 KA fie /N AR AT FOSe vk B A2 %0 7
1, Py A1 Ps R e AT FLSE A H AR B B

P, 267
P, 233
P,

P | 317
P, 2.00
P, 483

4 BRMMBEPSrves BAHEEHIFFY

3 LUt

N T BE A SR H ) SaMVRAU HUETE K fif &
Bt 4t 2 H AR AL 0] R b A v, AR AN AR
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BT AR R A B 1K 225 [ B 5] S I BEAL SRR (a
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algorithm, KRVEA!'7), B - 73 28 £ 21 458 284 43 By 1)
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R SRS AT AR 78 SR AR SR F) 5 B

3.1 BHIRE

1) A& SCAEH 3,6,8,10, 124 H #7 i DTLZS F1
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S, IR, SaMVRAU 1E 55 51 i 4k 2 H AR A 4L ) 5t
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3.3.1 fEDTLZ WA REE ESLi g R
#2457 SaMVRAU 5 5 4%} L 832 7 7 7E
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problem M ABSAEA CSEA EDNARMOEA KRVEA KTA2 SaMVRAU

3 7.977le+1 (1.99e+1) =~ 5.8628e+1 (1.34e+1) + 1.0223e+2 (2.22e+1) — 8.0100e+1 (2.05e+1) ~ 4.819 7e+1 (1.41e+1) + 8.459 le+1 (1.87e+1)

6 2.1882e+1 (8.76e+0) ~ 1.6789e+1 (5.63e+0) + 3.0763e+1 (6.08e+0) — 2.702 8e+1 (9.35e+0) ~ 1.470 8e+1 (5.22e+0) + 2.343 9e+1 (6.49¢+0)

DTLZ1 8 6.1716e+0 (3.19¢+0) ~ 4.0319e+0 (2.37e+0) ~ 9.9852e+0 (2.81e+0) — 7.006 7e+0 (2.75e+0) ~ 5.878 4e+0 (2.25e+0) ~ 5.5204e+0 (2.78e+0)
10 2.4197e-1(6.79e-2) ~ 2.8168e-1 (8.40e-2) =~ 4.1940e-1 (1.28e-1) — 3.4675e-1 (1.06e-1) — 3.236 le-1(8.38¢e-2) — 2.443 Se-1 (4.53e-2)
12 1.016 Se+1 (4.01e+0) ~ 9.2241e+0 (4.09¢+0) ~ 2.1153e+1 (7.24e+0) — 1.343 3e+1 (6.51e+0) ~ 1.588 Se+1 (6.69¢+0) ~ 1.181 1e+1 (5.93e+0)
3 1.1074e-1 (1.84e-2) — 2.3671le-1(3.31e-2) — 3.1175e-1(2.28¢-2) — 1.2278e-1(1.83e-2) — 6.4847e-2 (4.08e-3) + 7.558 8e-2 (3.15¢e-3)
6 3.2668e-1(1.92e-2) ~ 4.8562¢-1(3.17e-2) — 4.1997e-1(1.58e-2) — 3.4426¢-1(2.08¢-2) — 2.9517e-1(1.16e-2) + 3.2904e-1 (2.22¢-2)
DTLZ2 8 4.1315e-1(8.65¢-3) + 6.1233e-1(3.33e-2) — 4.4502¢-1 (1.04e-2) — 4.4913e-1(1.46e-2) — 4.0115e-1(8.47e-3) + 4.217 le-1 (8.47¢e-3)
10 4.8724e-1(1.64e-2) = 6.7663e-1(2.30e-2) — 4.8235e-1 (2.15e-2) + 5.2487e-1 (1.92e-2) — 4.359 3e-1 (7.90e-3) + 4.922 6e-1 (1.50e-2)
12 6.1341e-1(3.69¢-2) = 8.2096e-1(2.73e-2) — 7.0751e-1(3.37e-2) — 6.8629¢-1 (4.08e-2) — 6.056 6e-1 (2.06e-2) + 6.344 2e-1 (4.57e-2)

3 1.980 le+2 (5.83e+1) ~ 1.5608e+2 (3.60e+1) + 3.1472e+2 (8.16e+1) — 2.2294e+2 (6.94e+1) ~ 1.2253e+2 (4.87e+1) + 2.179 5e+2 (6.27e+1)

6 7.6353e+1 (1.90e+1) & 5.9657e+1 (1.60e+1) + 1.2588e+2 (3.07e+1) — 8.7234e+1 (2.18e+1) ~ 5.016de+1 (1.57e+1) + 7.5559e+1 (2.03e+1)

DTLZ3 8 1.7113e+1 (8.38e+0) ~ 1.4558e+1 (5.04e+0) ~ 3.0679e+1 (1.18e+1) — 2.818 Oe+1 (8.22e+0) — 1.6355S5e+1 (1.02e+1) ~ 2.014 0e+1 (1.05e+1)

10 9.1759e-1 (2.19¢-1) = 9.6904e-1 (1.27e-1) — 1.4249e+0 (4.86e-1) — 1.1094e+0 (3.08e-1) — 1.1251e+0 (3.67e-1) — 9.076 6e-1 (1.67e-1)

12 3.6715e+1 (2.10e+1) ~ 3.514 5e+1 (1.48e+1) & 7.1248e+1 (1.62e+1) — 3.9652e+1 (1.6de+1) = 5.400 6e+1 (1.86e+1) — 3.485de+1 (1.96e+1)

3 32090e-1 (8.65¢-2) & 4.5205¢-1(1.60e-1) ~ 2.7154e-1 (1.05e-1) + 2.8204e-1 (7.78¢-2) + 3.4258¢-1 (2.57e-1) & 3.7500c-1 (1.32e-1)
6 5.4275e-1(5.90e2) &~ 4.7019%-1 (4.66e-2) + 5.0365¢-1 (4.13e-2) + 5.1555¢-1 (5.84e-2) &~ 5.5366e-1 (1.02e-1) &  5.481 2e-1 (4.89¢-2)
DTLZ4 8 6.0336e-1(4.09¢-2)~ 5.7706¢-1 (4.64e-2) ~ 5.2939-1(3.27e-2) + 5.650le-1(3.69¢-2) + 5.8830c-1(8.09¢-2) &~ 6.048 2e-1 (5.03¢-2)
10 6.7196e-1 (2.94e-2) + 6.4064e-1 (2.85e-2) + 5.6248e-1 (1.48e-2) + 6.4674e-1(2.23¢-2) + 5.9165¢-1 (4.09¢-2) + 6.905 8e-1 (3.22¢-2)
12 82708e-1(2.87e-2) & 7.6199-1 (2.48¢-2) + 7.9078e-1 (1.78e-2) &~ 8.0676e-1 (3.22¢-2)  7.0964e-1 (3.54e-2) + 8.1004e-1 (3.41e-2)
3 6.9020e-2 (1.71e2) — 1.2942¢-1 (3.15e-2) — 1.7118e-1(2.33e-2) — 7.7118e-2 (1.50e-2) — 1.077 le-2 (2.88e-3) + 2.787 0c-2 (4.86¢-3)
6 3.3130e-2 (1.28e-2) ~ 8.0593e-2(2.01e-2) — 1.1910e-1 (1.68e-2) — 3.9185e-2 (1.17e-2) &~ 6.7885¢-2 (1.91e-2) —  3.304 4e-2 (9.29¢-3)
DTLZ5 8 2.2908e-2(9.63e-3) ~ 4.6798¢-2(9.28¢-3) — 5.6392e-2 (7.90e-3) — 2.3321e-2 (4.33e-3) & 6.3113e-2(1.37e-2) — 2.1178e-2 (6.13e-3)
10 7.8200e-3 (1.17e-3) + 1.4367e-2 (1.34e-3) — 1.4409e-2 (1.76e-3) — 1.1780e-2 (1.38¢-3) & 1.9667e-2 (3.37e-3) —  1.163 8e-2 (1.54e-3)
12 4.6777e-2 (1.59%-2) ~ 7.1636e-2 (7.84e-3) — 9.0976e-2 (1.14e-2) — 5.6260e-2 (8.15¢-3) —  9.4772e-2 (9.39%-3) — 4.344 1e-2 (1.20e-2)
3 3.0362e+0 (5.48e-1) — 5.8560e+0 (4.79%-1) — 5.6710e+0 (3.35e-1) — 2.7390e+0 (5.07e-1) — 1.7679e+0 (5.03e-1) ~ 1.6862¢+0 (5.51e-1)
6 1.7534e+0 (3.56e-1) — 3.0565¢+0 (4.92e-1) — 3.316 Ie+0 (3.37e-1) — 1412 1e+0 (3.50e-1) — 1.4152e+0 (5.07e-1) — 7.849 6e-1 (1.62e-1)
DTLZ6 8 8.3268e-1(2.44e-1) — 1.2984e+0 (4.49-1) — 1.8454e+0 (2.23¢-1) — 4279 le-1 (1.68¢-1) — 9.9739¢-1 (4.33e-1) — 3.083 Ge-1 (8.44e-2)
10 1.6655¢-1(1.02¢-1) — 1.869 8e-1 (2.40e-1) &~ 3.2200e-1 (1.22e-1) — 1.0307e-1 (4.09¢-2) — 9.6057e-2 (3.86¢-2) —  6.940 le-2 (4.54e-2)
12 1.7400e+0 (5.47e-1) — 2.1398e+0 (3.79-1) — 2.7939¢+0 (1.37e-1) — 1.3741e+0 (4.29e-1) ~ 2.8864e+0 (1.81e-1) — 1.2839e+0 (4.4de-1)
3 2.8028e-1 (2.35e-1) — 1.5504e+0 (5.02¢-1) — 1.310 Ie+0 (4.77e-1) — 1111 6e-1 (2.04e-2) ~ 4.2266e-1 (2.78¢-1) ~  2.2227e-1 (2.32¢-1)
6 1.2213e+0 (3.70e-1) — 8.4836e+0 (2.38¢+0) — 1.9879e+0 (8.40¢-1) — 5.393 6e-1 (5.07e-2) ~ 6.7099e-1 (2.09-1) =~  6.405 8e-1 (2.09¢-1)
DTLZ7 8 1.5847e+0 (2.97e-1) — 7.8746e+0 (2.96e+0) — 1.8750e+0 (5.74e-1) — 8.5305e-1 (3.66e-2) + 1.0837e+0 (3.42e-1) & 1.207 2e+0 (2.99¢-1)
10 1.4837e+0 (2.26e-1) — 2.1027e+0 (2.98¢-1) — 1.475 le+0 (2.42e-1) — 1.0203e+0 (3.77e-2) + 1.3457e+0 (341e-1) — 1.1210e+0 (1.11e-1)
12 1.9633e+0 (4.43e-1) & 1.5059%+1 (4.75e+0) — 2.7000e+0 (8.09¢-1) & 1.550 8e+0 (2.07e-1) + 7.2740e+0 (2.35e+0) — 2.3568e+0 (8.16e-1)
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problem M ABSAEA CSEA EDNARMOEA KRVEA KTA2 SaMVRAU
8  2.6366e+0 (8.28e-2) ~ 2.6172e+0 (2.30e-1) — 2.7135e+0 (2.99e-2) — 2.680 le+0 (7.95¢-2) — 2.5638e+0 (1.61e-1) == 2.601 5e+0 (8.23e-2)
WFGI 10 2.6969¢+0 (5.08¢e-1) — 2.8036e+0 (1.19¢e-1) — 2.9142¢+0 (4.90e-2) — 2.7532e+0 (4.64e-1) — 2.1730e+0 (8.13e-1) ~ 2.446 7e+0 (6.28e-1)
12 3.2740e+0 (6.17e-2) — 3.2577e+0 (1.55e-1) — 3.304 3e+0 (2.64e-2) — 3.287 5e+0 (5.00e-2) — 3.184 5e+0 (5.15e-2) ~ 3.190 8e+0 (5.59¢-2)
8 4.8464e-1(1.48e-1) — 1.9951e+0 (9.78e-1) — 1.2993e+0 (2.64e-1) — 3.7912e-1(7.63e-2) — 7.3632e-1(5.66e-1) — 2.390 3e-1 (4.19¢-2)
WEG2 10 4.0135e-1 (1.19e-1) — 3.0369e+0 (1.06e+0) — 1.479 0e+0 (4.73e-1) — 3.5388e-1 (1.39e-1) — 6.1706e-1 (1.81e-1) — 2.749 9e-1 (9.56e-2)
12 1.0147e+0 (4.31e-1) — 4.1025e+0 (1.20e+0) — 3.080 0e+0 (8.71e-1) — 8.8614e-1 (2.69e-1) — 1.9220e+0 (3.53e-1) — 3.606 Oe-1 (1.34e-1)
8 5.9568e-1(9.55e-2) + 7.2324e-1(9.24e-2) ~ 1.0034e+0 (8.02e-2) — 7.4708e-1 (1.05e-1) — 6.3772e-1(1.32e-1) = 6.667 7e-1 (1.01e-1)
WFG3 10 5.3435e-1 (1.48e-1) =~ 5.3409¢-1 (1.13e-1) — 6.388 5e-1 (9.77e-2) — 6.5435e-1 (1.13e-1) — 5.1847e-1 (1.03e-1) =~ 4.611 2e-1 (6.45¢-2)
12 1.1296e+0 (1.69e-1) — 9.9825e-1(7.59¢-2) — 1.2800e+0 (1.01e-1) — 1.1793e+0 (1.43e-1) — 1.0340e+0 (1.36e-1) — 8.602 1e-1 (1.89e-1)

8 2.0697e+0 (8.76e-1) — 5.2964e+0 (6.73e-1) —

WFG4 10 3.9613e+0 (1.42e+0) ~ 7.808 5e+0 (9.96e-1) —

12 7.162 3e+0 (8.66e-1) ~ 1.068 6e+1 (5.55e-1) —

2.542 4e+0 (2.09%e-1) —

4.3154e+0 (3.16e-1) —

1.8504e+0 (5.09¢-1) — 2.1502e+0 (4.84e-1) — 1.399 9e+0 (6.99¢-1)

3.929 8e+0 (9.44e-1) =~ 3.196 2e+0 (5.18e-1) ~ 3.783 Se+0 (1.17e+0)

7.6793e+0 (3.68e-1) — 7.7024e+0 (1.05¢+0) ~ 7.403 2e+0 (6.02¢-1) ~ 7.083 6e+0 (1.13e+0)

8 1.7173e+0 (3.31e-1) &~ 4.040 1e+0 (4.03e-1) —

WFG5 10 2.7134e+0 (1.12e+0) ~ 6.167 de+0 (4.24e-1) —

12 4.9352e+0 (1.01e+0) — 8.766 6e+0 (5.23¢-1) —

2.826 1e+0 (2.39%-1) —
3.9403e+0 (3.37e-1) —

6.977 6e+0 (4.13¢-1) —

1.6177e+0 (3.71e-1) &~ 1.8577e+0 (2.06e-1) — 1.769 3e+0 (5.49¢-1)

2.133 6e+0 (6.83e-1) ~ 2.624 8e+0 (4.28e-1) ~ 2.613 6e+0 (1.17e+0)

5.1382e+0 (1.19e+0) — 5.6224e+0 (4.09¢e-1) — 4.038 0e+0 (1.29e+0)

8 2.0780e+0 (2.90e-1) — 4.4619e+0 (4.85e-1) —

WFG6 10 2.920 1e+0 (6.18e-1) — 5.5513e+0 (6.35e-1) —

12 6.5694e+0 (1.09¢+0) — 9.089 4e+0 (6.65¢-1) —

2.2837e+0 (2.29-1) —
3.149 4e+0 (4.62e-1) —

5.290 8e+0 (3.82e-1) —

1.400 8e+0 (2.50e-1) — 2.0958e+0 (2.42e-1) — 1.273 5e+0 (2.93e-1)

1.2429e+0 (8.95e-2) — 2.8225e+0 (5.07e-1) — 1.083 e+0 (2.37e-2)

2.4439e+0 (6.3%-1) — 5.7152e+0 (2.85¢-1) — 1.648 9e+0 (1.7de-1)

8 3.4323e+0 (4.68e-1) — 4.8699e+0 (5.71e-1) —

WFG7 10 4.9396e+0 (7.18e-1) — 7.001 4e+0 (5.50e-1) —

12 7.5486e+0 (9.11e-1) — 9.860 6e+0 (4.93e-1) —

2.755 5e+0 (8.95¢-2) —
4.016 1e+0 (1.98e-1) —

6.3127e+0 (4.34e-1) —

1.9863e+0 (1.70e-1) — 2.2348e+0 (2.91e-1) — 1.400 8e+0 (2.18e-1)

3.5638e+0 (7.17e-1) — 3.4178e+0 (3.27e-1) — 3.301 7e+0 (9.96e-1)

5.788 6e+0 (1.14e+0) — 6.4579e+0 (3.97e-1) — 3.6315e+0 (3.25¢-1)

8 3.2907e+0 (5.26e-1) — 5.203 1e+0 (3.22e-1) —

WFG8 10 4.6140e+0 (8.01e-1) — 7.358 6e+0 (3.74e-1) —

12 7.3338e+0 (8.65¢-1) — 9.7554e+0 (4.11e-1) —

3.085 4e+0 (1.94e-1) —
4.361 6e+0 (3.73e-1) —

6.433 1e+0 (6.66e-1) —

1.966 6e+0 (2.04e-1) + 3.096 8e+0 (2.25e-1) — 2.0619e+0 (1.57e-1)

1.809 1e+0 (5.01e-1) =~ 3.7354e+0 (6.37e-1) — 1.694 0e+0 (2.96e-1)

4.6916e+0 (8.66e-1) — 6.4407e+0 (3.44e-1) — 2.612 8e+0 (5.47e-1)

8 2.7189e+0 (5.54e-1) ~ 4.643 6e+0 (5.44e-1) —

WFGY 10 4.0972e+0 (1.18e+0) ~ 6.6052e+0 (5.71e-1) —

12 7.1722e+0 (1.04e+0) =~ 9.443 1e+0 (7.78e-1) —

3.4158e+0 (3.39%-1) —

8.189 1e+0 (5.67e-1) — 7.7882e+0 (1.05e+0) —

2.8928e+0 (6.29¢-1) ~ 2.8158e+0 (5.61e-1) =~ 2.7294e+0 (7.10e-1)

4.9849e+0 (4.16e-1) =~ 4.754 7e+0 (1.02e+0) ~ 3.7027e+0 (6.00e-1) + 4.912 1e+0 (1.13e+0)

6.614 3e+0 (8.97e-1) =~ 6.676 2e+0 (9.50e-1)
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SaMVRAU O(MN3) O(MNE + MN?)
O(M(N2 + O(M(N2 +2(0.75N2)) +
KTA2

2(0.75N2))) max((Nlog" =2 N), (MN?)))

EDNARMOEA O(TJK D) O(TJKD + MN?®)

CSEA O(TLD)

XPRRBPEAT FIRE R, B R LK.

a4, M NHWREHN N E DN
o A (8] 4k B N, Ol 25 FF R $ &, 78 KRVEA,
SaMVRAU #, N, = 11 x D — 1,fE ABSAEA 1, N, =

O(TLD + MN?)

11 x D+ 24; N,, NAT Gl Bt S sEA S, T
N 25 B AL I 1A L 7F EDNARMOEA Fil CSEA 1
TN 8 x 103 F1500; J, k, LERLITCAE, T =
k =40, L = 10.
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P, AR SCAE VR 45 2 == A0 Ak 130 i) R0 A OE T AR
1) RS 1 kAT T s ae Ak, O S A Sk T
Xof b VR 4R 2 T s A A 1) R A 11 A R SR AR B R
94 H b, JE IR AL ) BEL B 34N B bR R FORT 114>
PR B IR S s IS Gk 45 T LUE H,
SaMVRAU A DA R i e — 28 52 R B A A AR AL
e R, A AR R R 45 R I B B R
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problem s R Tl
ABSAEA 3.1502e-3 (2.86e-4) — 1.6839e-1 (2.37e-3) —
CSEA 3.8120e-3 (3.57e-4) =~ 1.7104e-1 (1.50e-3) —

EDNARMOEA 3.1963e-3 (2.19¢-4) — 1.7125e-1 (1.42e-3) —

KRVEA 2.9451e-3 (2.43e-4) — 1.7225e-1 (8.87e-4) —
KTA2 3.947 7e-3(2.26e-4)~ 1.694 Oe-1 (2.65¢-3) —
SaMVRAU 3.961 5e-3 (2.92¢-4) 1.732 3e-1 (9.14e-4)
4 & #

ARICHEH T — P TS AE AN € B HE P 35
ERABE M B B s g 2 H bR A Bk, sl x4 H
P E B, A 255 ) & 51 5 1) A0 RV R B
ARG, FE A B br 10 A i 82 3047 05 18 A i
JE FEWHET, FEHMEE — MR EH AT 7 5 11
153, e BRI B KR fe /N B AR IEAT B 1) H A R EO0F
fr. 7£ DTLZ A1 WFG Wl i o% £ b 1) S 46 25 SR B, A
SCHEH I 7 1 b A R4 HE A 5 R A S AR B A B (1)
AR R R B St s 4E 2 HAnfift i @ L RA
UF ISR AR BE ), Re 8 IR AR B U ) B AR AR AR SR, 7E 5K
o (40 S FH 1) 838 A SR A — SR A ) AN E b bR B0F
i & B, 1 B A KER AL &, 380 2B 3 FERT
IR, b, i FE AR Y B AR RS A B AN E T,
AL IR T 7] 2 I A e 542 2 ) 248 32 P 348 o v Rt 34
K, WA J5 44 25 R FH LA AR A B 4 HE A0 P Ay
EAE BT T E
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