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FE TRRBETT 20 A5 TR L SR A S0 06 %5 4580 L A7 70 AR 22 A WA 42k o LT B AR B S ) A, 3 2 )
Bk BR M B B DAk 9] 81 (Expensive black-box optimization problem)., B R AR K 5 5 2460016 R
R RAT

min f(x)
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fCORRERN S WAl GEA AT AR i T A B ot i w QoG BATT . B, — 8 S A AT ek BUE 15
SRS AT A T 8, - HL A B AR AT RE D B bR BN (B BT R 38 ] 880 1 4 Jr) e U e i Ao 4 J) e i

HETE A £ fp 3t fb & ¥ (Evolutionary algorithm) 5 F F 5K fi# 28 44 o] 85, 40 . % /& B 3% (Genetic algorithm,
GAY™ B F BE 1 1L % ¥ (Particle swarm optimization algorithm, PSO)™! 1 2% 4% it 4k & 3 ( Differential
evolution algorithm,DE) "™ & . SR, (F A0 55 3 15 B2 E A7 AR 22 v pR B A 8 DR I R A 77 9260 0 1 SR A ) 5 B
AR RO o g 1 i B St eR B Al B R B WIS A AT B T AR L S AR R G i B AR A
9 Bh 3L 3 (Surrogate-assisted evolutionary algorithms, SAEAs) , I8 78 129548 o A v o 7 A 3 A8 70 85
ARG 5 B9 b oR 55 DRI T R RO (TS B A . R A AR A R AT 5 B 4 (Kiriging) BRALS | 22 302X iy i
AT A5 760 T 1 4% 1] L PR %R (Radial basis function, RBF)™ 45
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JEAR R4 Hh 5 26 B4 A B T Tang %8 AT 42 i — i 38 4R 38 19 b - 8 58 % (Surrogate-based particle
swarm optimization algorithm,SBPSO) ,iZ Bk H Je i T — MR & A HE R (Hybrid surrogate model, HSM)
AL Y 5 SR AR PR AR JE K 2 B FE B PSO p AT A TR VR . Regis B AR T — ORI AR FRAS B R BE AR
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Bt L2 IR T REL L B 1 (Social learning particle swarm optimization algorithm , SL-PSO) #ix A ki T BEAG AL &
VEAE SR b, D3R A TS TR A 4 Je A 00 1 L 42 v A BSR4 e A0 R SR i . Wang 28 IR T —FhE LR
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Tab.1 Basic information of test problem

4R R 2 D 4 Ry i A E FRAE
Ellipsoid [—5.12,5.127° 20.30.,50.,100 0 NS
Rosenbrock [—2.048,2.0487" 20,30.50.,100 0 FALIaEN
Ackley [—32.768,32.768]" 20.30,50,100 0 AL
Griewank [—600,600]" 20,30.,50,100 0 EAS
Shifted rotated rastrigin [—5.5]° 30,50,100 —330 B[~ A S
Rotated hybrid composition function [—5,5]° 30,50,100 10 B4 BN A S

3.1 BRZTEEEX MSAEA H#0
2R 23 (] [ 5 JR B4 R P R AR R RO S DDA O L BER R AR R KR 2 R S RIVE B K. A SO &
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Jah T 2R P B AR R RE A SRR Y 4 ARAE DL . 1. 5D 2D 2. 5D 1 3D, 4 M R ZS AVE B X MSEAE §52 i , H
WD JE R EAERE 4 FiiE B0 R MSAEA TEA [ Eaz 4y 20 A BUE 25 R B H AR 22 L3k 2.
R2 AMBERE2LANKEELHERFEZHRER

Tab. 2 Comparison of average values and standard deviation of the four cases on all test problems

1.5D 2D 2.5D 3D
FHE b ifE 22 FHE i 22 FHE b 22 FHE b e
A100  1.05E+01  2.11E—01 1.01E4+01 1.74E—01 1.05E+01 1.54E—01 1.04E+01  1.69E—01

[ 5

A20 6.29E—05 2. 13E400 7.51E—05 1. 67E+00 6. 48E—05 1. 73E+00 6. 30E—05 1. 76 E+00
A30 1. 52E+00 1. 12E+00 1. 35E+00 1. 35E+00 1. 41E+00 1. 29E+00 1. 86E+00 1. 11E4+00
A50 2. 43E+00 2. 43E+00 2. 05E+00 2. 70E+00 2. 03E+00 2.13E+00 2. 14E+00 2. 39E+00
E100 1. 13E+02 1. 13E+02 1. 19E+03 1. 19E+02 1. 74E+02 1. 06E+02 1. 11E4+02 5. 73E402
E20 3.35E—08 4. 47TE—04 6.35E—08 4.22E—05 3.46E—08 2. 7TTE—05 8. 43E—08 2.71E—05
E30 1. 75E—02 3. 70E—01 1.30E—02 3.46E—01 1.51E—02 3.58E—01 1. 19E—02 3.64E—01
E50 1. 44E+00 1. 23E+00 1. 06 E+00 1. 48E+00 1. 85E+00 1. 32E+00 1. 94E+00 1. 41E+00
G100 5.03E+01 5. 43E+00 4. 85E+01 5. 03E+00 3.82E+01 5. 20E400 4. 53E+01 5. 04E+00
G20 1. 03E—07 1. 24E—02 1. 14E—07 1. 31E—02 1. 17E—07 1.61E—02 1. 12E—07 1. 25E—02
G30 1.16E—02 4.90E—02 1. 11E—02 4.83E—02 1. 84E—02 4.58E—02 1. 32E—02 4.63E—02
G50 9.40E—01 9.42E—02 8. 47E—01 9.83E—02 1. 34E-+00 8. 97TE—02 1. 25E+00 8.71E—02
R100 5.92E+02 3. 08E+01 6. 53E402 2. 48E+01 5. 66E+02 2.56E+01 6. 26E402 2. 49E+01
R20 1.37E+01 9.16E—01 1. 39E+01 8. 04E—01 1. 41E+01 7.50E—01 1. 40E+01 5.91E—01
R30 2. 47E+01 1. 96 E-+00 2.44E+01 1. 89E+00 2.87E+01 1. 91E-+00 2.39E+01 1. 93E+00
R50 4. 74E+01 1. 75E-+00 4. 83E+01 1. 36E+00 4. 84E+01 1. 59E-+00 4.72E+01 1. 35E+00
RHC100 1.47E+03 2.59E+01 1. 44E+03 2.32E+01 1. 22E+03 2. 63E+01 1. 20E+03 2.47TE+01
RHC30 9. 38E+02 7.89E400 9.31E+02 7. 11E+00 9.40E+02 7. 04E400 9. 54E402 6. 79E+00
RHC50 9. 75E+02 2. 67E+01 9.67E+02 2. 42E+01 9. 10E+02 2.57E+01 9. 12E+02 2. 50E+01
SRR100  7.13E-+02 2.44E+01 7.02E+02 2.52E+01 7.04E+02 2. 45E+01 7.17E402 2.47TE+01
SRR30 —1.96E+02 1.65E+01 —2.08E+02 1.83E+01 —2.00E+02 1.72E+01 —2.36E+02 1.62E+01

SRR50 —1.79E+02 3.58E+01 —1.99E+02 3.35E+01 —2.13E+02 3.33E+01 —2.09E+02 3.45E+01
T = 2R T 2R i B s B A fE L T 1A

MR 2 T L B R A BEAGE BRE AR R 39 0] 345 00 3o e B e UG B AT — 8 B AL B REAS f R E 2 )
TINAE 2R S Ta] RIS SC 32 56 Jay 4 28 P AR TR F) A A i i o 2D
3.2 MSAEA 5EMELLE

NAFEIL . MSAEA 5 ESAO WS B R1F— 2. 2R EE PRI SCik[19]. F f1 C, iy
0.8, 20D H1 30D [n] {4 4) 4 FEA U8 A 100,50D F1 100D [a] 3 1) 9] s FE A s By 200, JRi 48 & 1) DE
KM DE/best/1 5, fe KAUKC N 200, F F1C, ¥4 0. 8,

4 FEEAEAS R K] B 384T 20 WA B 45 SR 2 (H Mo br e 22 L3R 3. MSAEA 7 SRR Al RHC F 4[] i
R ICHELE SRR (A8 |, K25 SRR Al RHC R4 [l 82 3k 5 52 2% 1) Z B R E, MSAEA 7£ 4 R i
RERE R B 5 ESAO AN 3% 0 A 3 N7 g e U 7 MSAEA Fip 30100 5 42 Jm 48 2% L b A i L
A JRi el o

Hodr SHPSO # A100,E100,G100 #1 R100 3% 4 A4~ [a) @ | 5 4, X /& F o MSAEA fl SHPSO & 8k #5 %
FH AL RE A HE 37 Jey S AC BRAR Y, FE 9847 S 048 R .2 MSAEA Hil SHPSO # ki 74 s XA . SHPSO H%
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I3 TR) B A e 25 3 BT ESAO Al SHPSO. Uil MSAEA W EA & # M. MF S E bR ME 2 B B IR K F
MSAEA PEREFR IR .
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Tab.3 Comparison of average values and standard deviation of the four algorithms on all test problems

OPUS SHPSO ESAO MSAEA
IF]
- fE bl 72 P ME F iz 22 - fE R 22 - fH P22

A100 1.49E+01 2.90E—01 4.11E+00 5.92E—01 1. 04E-+01 2. 11E—01 1.01E4+01 1.74E—01
A20 8.76E+00 1.30E+00 6. 86E400 3. 26E400 7.51E—05 1. 67E+00
A30 1.45E+01 4.98E-+00 1.44E+00 7.74E—01 2.52E400 8. 40E—01 1.35E+00 1. 35E-+00
A50 1.32E4+01 5.85E—01 1.84E+00 5.64E—01 1. 43E+00 4.29E—01 2.05E+00  2.70E+00
E100 3.01E+03 2.37E+02 7.61E+01 2.14E4+01 1. 28E+03 1. 34E+02 1. 19E4+03 1. 19E+02
E20 1. 71E4+01 7.58E+00 1. 81E—04 4. 68E—04 6.35E—08  4.22E—05
E30 8.35E+01 2.07E+01 2.12E—01 1.52E—01 2. 75E—02 6.96E—02 1.30E—02 3.46E—01
E50 4.83E+02 9.49E+01 4. 03E+00 2.06E400 7.40E—01 5.55E—01 1. 06E400  1.48E+00
G100 2.16E402 1.99E401 1.07E4+00 2.05E—02 5. 73E401 5. 84E4-00 4.85E+01  5.03E+00
520 7.44E400 2. 79E400 9. 72E—01 3.91E—02 1.14E—07 1.31E—02
G30 2. 14E+01 5.12E+00 9.21E—01 8.81E—02 9.53E—01 5. 04E—02 1.11E—02 4.83E—02
G50 6.53E+01 8.53E+00 9.45E—01 6.14E—02 9.40E—01 4.21E—02 8.47E—01 9.83E—02
R100 1. 40E403 1.19E+02 1.66E+02 2. 64E+01 5. 79E4-02 4. 48E+01 6.53E+02  2.48E+01
R20 8.98E+401 1.65E401 1. 52E+01 1. 63E+00 1.39E+01 8.04E—01
R30 1. 74E+02  3.47E-+01 2.86E+01 4.04E—01 2. 50E+01 1. 57E+00 2. 44E+01 1. 89E+00
R50 4.02E+02 5.10E+01 5.08E401 3.03E+00 4. 74E+01 1. 71IE+00 4. 83E+01 1.36E+00

RHC100 1.40E+03 2.33E+01 1.42E+03 3.82E+01 1.37E+03 2. 75E4+01 1.44E+03  2.32E+01
RHC30 9.71E402 7.54E400 9.40E4+02 9.02E+00 9.32E+402 8. 94E+-00 9.31E4+02 7.11E+00
RHC50 1.06E+03 2.21E+01 9.97E4+02 2.21E+01 9. 75E4+02 3. 71E+01 9.67E+02  2.42E+01
SRR100 1. 38E+03 1.70E+02 8.02E+02 7.23E+01 7.13E402 2. 65E+01 7.02E+02  2.52E+01
SRR30 —1.37E+00 1.47E401 —9.28E+01 2.25E+01 6. 33E400 2.65E+01 —2.08E+02 1.83E+01

SRR50 3. 00E+02 .73E+01 1.34E+02 3.23E+01 1. 99E+02 4.58E+01 —1.99E+02 3.35E+01

(2]
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Tab.4 Analysis of mean and standard deviation of four algorithms on 22 test problems

kAR A LA % IR AR b/ % P i 22 S A~ 2 R 22 B AR o bE/ %
MSAEA 14 63. 63 13 59. 10
ESAO 4 18.18 4 18.18
SHPSO 4 18.18 4 18.18

OPUS 0 0 1 4. 55
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Fig. 3 Progress curves of the four algorithms on the test problems
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Operations Research and Cybernetics

A Multiple Surrogates Assisted Evolutionary Algorithm for

Expensive Black-Box Optimization

ZHONG Qi', BAI Fusheng’
(1. School of Mathematical Sciences, Chongqing Normal University, Chongqing 401331 ;
2. Chongqing National Center for Applied Mathematics, Chongqing 401331, China)
Abstract: [ Purposes]To propose a multiple surrogates assisted evolutionary algorithm for solving expensive black-box optimization
problems. [ Methods|The ESAQO algorithm is improved by performing 10 generations of evolutionary operations in global search to
reduce the instability of the solution, and using the adaptive distance criterion to judge the conversion between the global search and
the local search, so as to improve the accuracy of the solution. [Findings]A new multiple surrogates assisted evolutionary algorithm
for expensive black-box optimization problems is obtained. [ Conclusions]The numerical results of the new algorithm are evaluated by
using 22 test problems. and the results show that the new algorithm has significant advantages over the ESAQO algorithm.

Keywords: expensive black-box optimization;surrogate-assisted evolutionary algorithms;radial basis function

(THERE ' B



