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Improved NSGA-III Based on Kriging Model for Expensive Many-objective Optimization Problems

GENG Huantong, SONG Feifei,ZHOU Zhengli and XU Xiaohan

School of Computer Science, Nanjing University of Information Science & Technology, Nanjing 210044, China
Abstract In many real world multi-objective optimization problems(MOP) , the cost of physical experiments or numerical simula-
tions for fitness evaluation is very expensive, which poses a great challenge to most existing multi-objective evolutionary algorith-
mEAs). Therefore, this paper proposes an improved reference point guided evolution optimization algorithm assisted by Kriging
model to solve expensive many-objective optimization. Specifically,according to the distribution characteristics of the target spatial
population, the reference points are selected to guide the evolution of the population to reach the balance of exploration and ex-
ploitation. The proposed surrogate-assisted evolution algorithm(SAEA) uses Kriging method to approximate each objective func-
tion without the need for the original expensive function evaluation to reduce computational cost. In model management,an infill
sampling criterion is adopted to improve population convergence and algorithm optimization efficiency by evaluating convergence
and diversity indexes to determine the appropriate sampling strategy for re-evaluation with expensive objective functions. The ef-
fectiveness and superiority of the proposed algorithm are proved by the empirical research on the benchmark problems with more
than three objectives.

Keywords Expensive and time-consuming problems, Evolutionary algorithm, Surrogate-assisted multi-objective optimization,

Kriging model, Model management
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Table 2 IGD mean and standard deviation of each algorithm on DTLZ test set

Problem M ABSAEA CSEA EDNARMOEA KRVEA HeEMOEA CDKARNSGAIIT
5 8.3514x1071! 5.5467x1071 1.0214%1072 9.2636x107"! 1.0911x107%2 5.4926x 10!

’ (2.24x101M1H)— (1.40x1011) = (2.10x10M1H — (1.87x1011) — (2.21x10" 1) — (1.93x 10"

X 5.7834X107! 4.2827x10%! 7.4630X107"! 6.4371x107"! 7.4602x107"! 4.9933x 1071
(1.37x10FH1H) — (1.09x10%") + (1.62x10+1) — (1.46x 1011 — (1.43x 1011 — (1.14x 10+

DTLZL 6 2.6605x10"! 1.8800x 10*! 3.8403x1011 3.3797x10"1 3.4897x 1011 2.8110x10*"!

- (8.58) = (4.29) + (9.04)— (7.49)— (1.40X 1071 (9.94)
+1

8 6.4587(3.51) = 4.4600(2.57) + 9.9094(3.37) — 1'0(1‘%32;170 7.2775(3.62) — 5.9351(3.12)

10 2.4806x 107" 3.1458 10 ! 4.4499x10 1 3.8193x10 ! 3.9258X10 ! 3.3446X10" !
(6.78%x1072) + (6.73X1072) = (1.62X10 1) — (1.13x10° 1) = (1.10x10" 1) = (1.20x10° 1)
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Problem M ABSAEA CSEA EDNARMOEA KRVEA HeEMOEA CDKARNSGAIIT
3 1.3239x 107! 2.2052X10"1 3.0474X1071 1.6897x10! 1.7427X1071 5.9987x 1072
(3.08X1072) — (2.88X1072) — (3.19%1072) — (4.14X1072) — (1.09X102) — (4.27x1073)
A 2.0715x1071 2.9238X10 ! 3.6322x10 ! 2.4095X101 2.4042X10°1 1.4880%x 107"
(3.10xX1072)— (2.70X1072)— (1.57X1072) — (5.03X1072)— (1.91X10 2)— (8.53x1073)
DTLZ2 6 3.2674X10 ! 4.5596>10 ! 4.1975x10 ! 3.4299x10 ! 4.2875x10 ! 3.0812x 107!
(1.65X10 %) — (3.55X1072)— (1.32X1072)— (2.08X107 %) — (1.81X10 %) — (1.63x1072)
s 3.8762x10"! 5.8737x10"! 4.5530x10"1 4.1699x10" 1 5.8345X10! 3.7034%x 107"
(9.58X107%) — (3.19%1072) — (1.54X1072) — (2.89X107 %) — (2.27X107%) — (1.01x1072)
10 4.6641x1071 6.7750x10 ! 4.5798x 101 5.6361x10 ! 6.5220X10" ! 4.3366x 107"
(1.04X10 %) — (2.47X10 %) — (1.18X10 %) — (3.47X10 %) — (1.98X10 %) — (6.12x1073)
5 2.3844 X102 1.6413X1072 3.2257X10712 2.2734X107F2 3.1346x1072 1.5026 % 10%2
(6.28x10"1) — (4.01x1071) = (5.32Xx10"1) — (4.23%1071) — (5.49X 1071 — (5.38x10%")
X 1.6922x10"2 1.3538x 1012 2.4745Xx107"2 1.8432x 1012 2.2613x10"2 1.3272%x10%2
(4.78X1011) — (3.53x1011) = (6.26x1011) — (2.87x1011)— (5.29x 10" 1) — (5.50x 10" ")
D123 6 7.4078%1071 5.6883x 10! 1.3290x107"2 9.0161x10"1! 1.1056x 1012 8.3195x10"1
(2.71x10"M1) = (2.10x10%") + (3.59x10M1) — (2.86x10"1) = (3.14x1011H) — (3.59x10"1)
s 2.0592x1071 1.9038x10 "1 3.5230x107"! 3.1809x10"! 2.8330x1071 1.8792x 10*!
(1.20x1071) = (7.88) = (1.06X10"1) — (1.40x 101 — (1.12x 10T — (1.25x10%")

1o 9.7722x 107! 1.0550 1.4065 1.3506 1.2137 1.2977
(2.26x107 ") + (2.84%1071) = (4.41x107 1) = (4.09x1071) = (2.89x107 1) + (5.94x107 1)
5 3.4284X107! 4.7034X101 2.2598x 107" 4.2161Xx101 8.0333x101 3.4928x107 !
(8.90X10 %) = (1.16X10 1) — (9.58x1072) + (9.05X10 %) — (7.55X10 %) — (9.92X102)
. 4.1217x107" 4.6648x10 ! 4.4148%10 ! 4.9060>10 ! 8.7212x10 ! 4.3569Xx10" 1
(8.67%x1072) = (1.07xX10" 1) = (1.09X10° 1) = (7.60X107 %) — (8.54X10 %) — (9.15X10°2)
DTLZ4 6 5.7425X10 ! 4.9326x 107" 4.9825x10 1 5.4277X10! 8.6781x10 1 5.4434X101
(6.32X1072) = (5.38x1072) + (4.05X1072) + (4.79X1072) = (6.27X102)— (5.60X102)
s 5.7909x10! 5.7918Xx1071 5.1134%x 1071 5.7581 X101 8.1032Xx 101 5.4654X1071
(3.87X10 %) — (2.56X10 %) — (1.95x1072) + (2.99X10 %) — (3.88X10 %) — (5.04X102)
1o 6.3828x10 ! 6.3460>10 ! 5.3472%x 1071 5.9091x10! 7.8380x107! 5.6309X10 !
(2.68X107%)— (2.94X107%) — (1.33x1072) + (2.73X107 %) — (2.33X1072)— (2.95X107%)
3 8.6638x10 2 1.0438x 10! 1.6534x10 ! 1.1510x10 ! 1.1964>x10 ! 1.1967 % 1072
' (2.01X1072)— (2.08X1072)— (3.13X1072) — (4.42X1072) — (1.78X 107 %) — (1.60x1073)
. 8.4901X10 2 1.2250x107 ! 1.6625x10 ! 8.1133x10 2 1.0489x 107! 3.1097x 1072
(2.57X1072)— (1.94X1072) — (2.43X1072)— (3.29X1072)— (1.95X102)— (6.50x1073)
DTLZs 6 4.2749X10 7.6261x10 2 1.1984 <10 ! 3.2379%x 1072 7.5365X10 2 4.0825X1072
(1.44%1072) = (2.05X107%) — (1.78X1072) — (7.25%1073%) + (7.77X10 %) — (8.39X10%)
s 1.8156x 1072 4.2363x10 2 5.7352x10 2 2.1309x10 2 1.4662X10 2 4.0774X10 2
(4.09%x1073%) + (8.85X107%) = (6.68X10 %) — (6.18X1073) + (7.18X1073) = (8.77X1073)
1o 9.4060x 1073 1.4221X10 2 1.5290X 102 1.0979X 102 1.2613x10 2 1.9381X10 2
(1.77%x1073%) + (1.24X107%) + (1.96X1073) + (1.74X1073) + (1.89X1073) + (2.91X107%)

5 3.3802 5.0604 5.4167 3.2697 6.7031 2.9900
(3.33x10" 1) — (7.13x10° 1) — (4.41x10) — (3.43x10° 1) = (1.06X 10 1) — (5.87x10™ ")

. 2.5507 5.0279 4.9774 2.3055 5.8241 2.8778
(4.61Xx10° 1) + (4.21X10 1) — (3.05%10 1) — (3.46x107") + (8.82X10 2)— (4.43X10° 1)

1.8545 3.1003 3.4121 1.2695 4.1092 2.3914

DTLZ6 6 - - - _ _ _
(3.06X107 1) + (5.74X107 1) — (3.18x107 1) — (3.61x107 ") + (9.59X10 %) — (3.90x107 1)

s 8.2822x10 ! 1.5992 1.7996 5.3812x 107! 2.3941 1.1686
(2.10X107 1) + (3.64%10" 1) — (2.16X10" 1) — (2.21x107 1) + (7.84X1072)— (2.97x10" 1)
10 1.8617x10! 1.0433x 10! 3.0928x10 1 5.4949x 1072 7.1088x1071 1.0536>x10!
(9.63X1072)— (7.84X1072) = (121107 1) — (2.24x1072) + (3.64X1072)— (3.84X1072)
3 2.7078%x10 ! 1.6892 1.2316 1.3369%x 107! 5.3946 3.0283X1071
(2.08x10° 1) = (5.95X107 1) — (4.60xX107 1) — (1.39%x1072) = (5.44 X107 1) — (2.69%x10 1)
4 7.3347X1071 2.88176 1‘5283 3.0705%x 107! 7.2109(1. 08) — 5.9737x1071
(2.71x10 1) — (6.81x107 1) — (4.95%107 1) — (3.57%1072) + (2.52x10" 1

1.3632 5.4606 1.5263 6.2061%x 107! 1.1235
prLZT 6 (3.36X 10" 1) — (2. 14X 1070) — (5.21%10" 1) — (4.69%1072) + 9.0065(1.5D (4.91X101)

N 1.79970 6.6641 ) 1'757f 8.6816x 10! 0 0552(2.90) 1.63257
(6.43X107 1) = (2.50x1010) — (5.43X10° 1) = (7.36x1072) + (3.20x107 1)

1 1.4868 2.0881 1.3306 1.1518 2.2584 1.7458
(2.31X107 1) + (4.08X107 1) — (1.25%10° 1) + (5.18x1072) + (4.22X10" 1) — (2.77X107 1)

+/—/= 8/17/10 6/20/9 6/26/3 11/18/6 2/31/2

F 2B T /A YA DTLZ A8 1 B LB 45 51 N E R MU T DTLZ2 FE AR 25 20 MO8l 10 B AR 55 2 R
Al VA AR 35 A~ DTLZ i /] & | , CDK-ARNSGAIII HU 4% AT AW 3] A SCE A AE DTLZ2 W )8 1 LT SR BUAS T 4
T 13 WAL S Ky KRVEALVEUR T 11 WL RME (E455% . DTLZ4 J&— A BUskin) 8, FAR Xk 35 45 40 A7 35 50 4
MAKZEEAR K, DTLZL # DTLZ3 th T HA £ W8, 5 I ZREE . DTLZ5-7 A AN Y Pareto A i , X X £ 4%
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Table 3 IGD mean and standard deviation of each algorithm on WFG test set

Problem M ABSAEA CSEA EDNARMOEA KRVEA HeEMOEA CDKARNSGAIII

1.8069 1.7387 1.9270 1.8153 2.3688 1.9347
3 (1.18x107 1) + (7.79%1072) + (5.59X107%) = (1.23x10° 1) + (5.67X102)— (1.21x10™ 1)

2.0931 1.9835 2.1515 2.1188 2.5430 2.1829
! (9.81X1072) + (8.19%x1072) + (4.73X1072) = (9.00X1072) = (4.33X1072)— (1.48x107 1)

— 6 2.4701 2.4218 2.5147 2.4896 2.8634 2.4188
(1.02x107 1) = (1.25%10° 1) = (3.42X1072) — (5.42X1072) = (3.49X 10" %) — (1.41x10™1H)

2.8216 2.6609 2.8598 2.8152 3.2090 2.6089
8 (1.43x107 1) — (2.95x107 1) = (6.19X1072)— (8.25X102)— (5.61X107 %) — (2.25x10™1)

0 3.1467 2.9171 3.1956 3.1005 3.4553 2.7196
(2.04x10 1) — (3.40X10 1) — (9.38X10 2)— (2.49X10 1) — (3.78X10 %) — (2.89x10™ 1)
3 3.5848X10 ! 5.7401X10 1 6.5641x10 ! 3.8578X10 ! 8.3097x10 ! 2.5474%x 107"
’ (6.09%X1072)— (7.98X1072)— (5.22X107 %) — (5.85X102)— (6.57X102)— (3.32x1072)
1 5.8000x10! 7.6951x107! 9.0539X1071 5.5484x10 ! 1.2691 4,1057%x 107!
(1.03x10" 1) — (1.17x107 1) — (7.74X1072) — (7.67X1072)— (1.54X10 1) — (3.53%1072)
WEG2 6 6.7135x10 ! 1.2435 1.1156 6.8132x10 1 2.2679 6.4395%x 10!
(5.94X10 2)— (4.20X107 1) — (1.60X107 1) — (7.68X10 %) — (3.71X107 1) — (4.67%X1072)

1.0519 1.9494 1.2944 9.9845x 10! 3.3762 1.0220
8 (2.97x1071) = (7.18%107 1) — (1.18x10~ 1) — (5.95%1072) = (5.32X10" 1) — (2.97x107 1)

o 1.2497 2.7433 1.7208 1.2486 4.5109 1.2486
(9.18X1072) = (8.18X 10" 1) — (2.00X10 1) — (1.07x10° 1) = (7.28%10" 1) — (9.28x1072)
5 3.5656X10 1 4.9348X10 1 6.1465x10 ! 5.2276X10! 4.2887X101 2.5915x 107!
' (5.39X10 %) — (6.03X10 %) — (2.91X10 %) — (5.34X10 %) — (2.19X10 %) — (3.73x1072)
A 4.9490x10" 1 6.0320x10"! 7.6285x10" 1 6.5614>x10 ! 5.3664X10! 4.3469%x 107!
(8.42X1072)— (7.43X107 %) — (3.19%X1072)— (6.59X102)— (2.28X107 %) — (7.10%x1072)
WFG3 6 4.6520x10"1 5.6397x10" 1 8.6749x10 1 4.6934x10"1 6.7894X1071 4.2295%x 107"
(7.73X1072) — (1.13x107 1) — (6.30X1072)— (1.17x107 1) = (4.27X1072) — (6.97%x1072)
s 5.1386>10 ! 4.5460x10 ! 6.8226x10 ! 4.7258x10 1 6.1867x10 ! 4,4495%x 107!
(8.92X1072) — (7.63X1072) = (7.39%1072) — (8.08X107 %) = (7.31X107 %) — (8.15%x1072)
1o 5.7920x10" ! 5.9639x10" ! 8.4869x10 ! 6.0680X10"1 7.1309X1071 4,8209%x 107!
(8.84X10" %) — (1.08x10" 1) — (8.81X10°%)— (1.04x10" 1) — (9.42X10 %) — (7.29%x1072)
3 4.2304%x 107" 4.6590x10"! 5.1317x10! 4.9470x10 1 7.4110X107! 4.5382x10"1
(2.03x1072) + (3.51X1072) = (1.72X1072) — (2.16 X107 %) — (7.16 X107 %) — (2.47X107%)
X 7.4921x10 ! 9.1842x10 ! 8.7944x10 ! 8.1599x10 ! 1.5088 7.1214x107!
(2.53X107%)— (1.06X107 1) — (2.91X1072)— (2.87X1072%)— (9.31X10 2)— (2.42%x1072)

1.7861 2.8886 1.8650 1.8242 3.9968 1.6727
WEG4 6 —2 —1 —2 —1 —1 -2
(3.73X1072) (3.44x10°1) (5.19%X1072) (1.31x10"1) (2.66X10"1) (7.39%x1072)

3.4204 5.6953 3.2476 3.5033 7.2870 3.0871
8 (2.89%107 1) — (5.43%107 1) — (1.26X107 1) — (2.52x107 1) — (3.30x10" 1) — (1.16x10™ 1)

10 5.3306 8.7587 5.1589 5.7120 1.0189e ™! 4.7773
(4.64X107 1) — (6.83X10" 1) — (2.06X10" 1) — (5.50X 10" 1) — (5.30X107 1) — (2.76x10™ D)
3 4.4653X10 ! 5.3650x10 ! 5.5014x10 ! 3.6281%x 1071 7.4901X10 ! 3.8424X10 !
(7.25X10°2) — (3.20X10°2) — (3.30X102)— (3.69%1072) = (1.55X 10 2) — (1.51x10" 1)
. 7.7334X10 ! 8.7824x10 ! 9.1788x 10! 7.3515%x 107! 1.0978 7.8938X107!
(4.93X107%) = (3.53X107 %) — (2.31X1072)— (2.85x1072) + (2.79X107 %) — (1.15%10" 1)

WFGS 6 1.7516 2.3851 1.9341 1.7452 2.2097 1.7450
(4.25X107%) = (2.04%107 1) — (7.98%107%)— (9.21X10°%) = (7.48X107 %) — (1.13x10™ ")

3.1478 1.6415 3.4094 3.2744 3.8993 3.0971
8 (1.06X10" 1) — (3.30x10" 1) — (9.37X107%) — (2.42X107 1) — (1.27x10" 1) — (1.57x10™ ")

4.7511 7.1052 5.2454 5.0256 5.6758 4.5004
10 (3.79X10 1) — (3.63X10 1) — (2.13X10 1) — (5.92X10 1) — (2.24X10 1) — (1.21x10™ ")
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(8:4%)
Problem M ABSAEA CSEA EDNARMOEA KRVEA HeEMOEA CDKARNSGAIIT
5 7.0231x10°1 7.0873x10"1 8.1339x10 ! 7.1358x10"1 7.8912x10! 5.8598x 10!
(4.53%X1072)— (3.86X1072)— (2.97X107%)— (3.81X1072)— (2. 44X 107 2) — (9.89x1072)
. 1.1631 1.0821 1.1471 1.0396 1.3485 8.8007%x 107!
(4.94X10 %) — (5.51X10 2)— (2.33X102)— (2.13X10 %) — (4.51X10 %) — (9.51x1072)
2.2727 2.4783 2.0849 2.1579 3.1116 1.7689
WFG6 6 - - N - _ _
(1.28%10" 1) — (2.47%1071H — (4.08%1072)— (9.21X1072)— (1.43%10° 1) — (4.74%1072)
g 3.7702 4.8605 3.4115 3.4066 5.7390 2.9903
(1.54X107 1) — (5.02X107 1) — (5.86X1072)— (9.65X1072)— (3.40X 1071 — (5.00x1072)
10 5.5258 7.0177 4.9551 4.9860 8.1555 4.5346
(3.54X10"1H— (6.71X10" 1) — (1.28X10 1 — (1.99X107 1) — (3.68X 10" 1) — (7.56%x1072)
3 5.5804%x 107" 5.7243X107! 6.5695x10! 6.5023X10! 6.0831x10! 5.8533X10 !
(4.47x1072) + (4.17X107%) = (1.49X107 %) — (2.56 X107 %) — (2.27X107 %) — (2.92X107%)
. 8.4403 X101 9.8250x107! 1.0006 9.8921x107! 1.2022 8.3388x 107!
(3.95X107%) = (7.28X1072) — (1.53X107%) — (2.56X107%) — (6.41X107 %) — (3.55x1072)
2.1436 2.6091 2.0200 2.0698 3.1499 1.7251
WFG7 6 - - _ = _ _
(1.31X10"1H— (3.13X10"1H— (3.56X1072)— (9.98X1072)— (1.85X 10" 1) — (5.45%x1072)
s 3.9912 5.3872 3.5164 3.8864 5.9492 3.2208
(2.81x10" 1) — 4. 77x107 1 — (6.56X1072)— (3.17x10"1H — (3.29%10" 1) — (7.83%x1072)
1 6.3857 8.0520 5.1612 6.5564 8.6087 4,7337
(6.34X107 1) — (4.95%X107 1) — (1.30X10" 1) — (6.95%107 1) — (3.95X10" 1 — (1.13x10™1H)
3 6.4333x10! 7.5347x107! 7.9913X 107! 6.6734x10! 8.7565X 10! 5.0910x 107!
(5.61X102)— (4.90X1072) — (2.68X10° %) — (3.50X10° %) — (3.43X10° ) — (4.49%1072)
. 1.2388 1.2348 1.2266 1.0980 1.4900 9.1259x 10!
(5.29%107%)— (4.33X1072)— (3.34X1072) — (3.64X1072)— (5.15X 107 %) — (5.06%1072)
2.6327 2.9747 2.2914 2.4185 3.4388 2.0345
WFGS 6 - - B - - _
(1.70X107 1) — (2.16X107 1) — (4.67X107%)— (9.84X1072) — (1.73X10"1H— (3.25x1072)
N 4.5146 5.5159 3.7808 4,0391 6.1208 3.3952
(2.98%107 1) — (3.87X10 1) — (8.72X107 %) — (2.11x1071H— (2.69x10" 1) — (1.06x10™ 1)
1 6.1334 8.1326 5.3184 6.1309 8.3978 4,8536
(3.96X10" 1) — (3.13x10"1H— (9.05X1072) — (5.16X10" 1) — (3.58x10 1) — (1.61x10™ ")
3 5.9669% 107! 6.6025>x10 ! 7.6093>X10"! 6.9212X10"! 7.0151x107! 6.5122X10" !
’ (6.39%x1072) + (8.81X1072) = (5.89X1072)— (5.56X107%) = (4.13X1072) — (8.62X1072)
. 1.0121 1.1162 1.1192 1.1329 1.1610 1.0768
(1.00x 107" + (1.02x1071) = (5.76 X107 %) — (9.46X1072) — (6.15X107 %) — (9.24X1072)
WEFGo 6 2.0499 2.7962 2.2046 2.2401 2.6736 2.2087
(1.38x107 ") + (2.10x10" 1 — (1.50x107 1) = (1.73x10° 1) = (1.39X10" 1) — (2.27%107 1)
g 3.5869 5.2934 3.6474 4.2604 4,8051 3.7086
(3.96x107 1) = (3.99%10 1) — (2.62x10 1) = (5.47x10" 1) — (2.71x10 1) — (3.65X10 1)
" 5.8567 7.8619 5.8187 6.3387 6.9535 5.4647
(7.84%1071) = (4.85X107 1) — (4.52X10" 1 — (5.90x10" 1) — (2.91x10" 1) — (5.43x107 1)
+/—/= 7/30/8 2/36/7 0/41/4 2/33/10 0/45/0
6 6
5 5
4 4
3 3
2 2
1 1
0 0 0
1
-
6 4 6
5 ; 5
4 4 4
3 ] 3
2 ] 2
1 ; 1
0 < 0

(D KRVEA (e) HeEMOEA (f) CDK-ARNSGA-III

& 2 KR ILAE WEGS [al/8 I 1 53 #i 1% L
Fig. 2 Distribution of each algorithm on WFGS test problem
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Table 4 Average computational time of all six algorithms
CHA :s)
M ABSAEA CSEA EDN-ARMOEA KRVEA HeE-MOEA CDK-ARNSGAIII
3 2.16x10"1 7.49% 1011 3.55x101?2 3.69X 101! 2.00x 101! 2.65X 101!
4 2.76x1011 1.85X 1011 3.71x1012 4.61x107! 2.05x10"! 3.20x 1011
6 2.81x1071 7.32 3.75x1072 4,99x107! 2.08x 1071 3.57x107!
8 3.02x10*! 5.53 3.45x 1012 5.28x 1071 2.29x10"! 3.96 <1011
10 3.86x1071! 5.23 3.11x1072 7.89X 107! 2.36X 1071 5.79X 107!
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Table 5

S50 B35 1GD Fl HV 48 45 UL B 500 (8] - 35 HE 44
Average rankings of HV,IGD and CPU time of each

algorithm by nonparametric statistic Wilcoxon test

o 1GD HV CPU time
Ranking Ranking Ranking

ABSAEA 2.6445 2.5538 2.7428
CSEA 3.8318 3.7231 1.5428
EDNARMOEA 4.3889 4.5231 6.0000
K-RVEA 2.9841 2.8769 4.6571
HeEMOEA 5.3603 5.5384 1.9429
CDKARNSGAITII 1.8000 1.7846 4.0000
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Fig.4 Box plots of HV metric values of each algorithm on 12 functions
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