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#F 1 DTLZ 1 MaF % %1 i3z (5] &5 B4 43 1iE

Table 1  Features of DTLZ and MaF series test problems
38 ) R FHAE

Test problem Features

DTLZ1 Linear, multi-modal

DTLZ2 Concave

DTLZ3 Concave, multi-modal

DTLZ4 Concave, biased

MaF1 Linear

MaF2 Concave

MaF3 Convex, multi-modal

MaF4 Concave, multi-modal
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Table 2 Mean and standard deviation of IGD obtained by six algorithms on DTLZ1 — DTLZ4 with 3-, 5-, 8-, 10-,and 15-objective

M HbRgH

Test Objective NSGA-1II RVEA 0 -DEA MOEA/D -M2M RPD -NSGA- I MOEA/I
problem number

DTLZI 3 7.4545e¢+0 1.0341e+1 6.6101e+0 5.2731le+1 1.3899¢+1 5.5663e+0

- (2.47e+0) — (3.91e+0) — (2.56e+0) = (1.72¢+ 1) — (5.10e+0) — (1.80e+0)

5 3.7111e+1 1.8799¢+ 1 1.7645e+1 7.1589%e¢+1 1.8462e+1 8.3161e+ 0

(1.06e+ 1) — (5.66e+0) — (4.68e+0) — (1.30e+1) - (7.39e+0) - (2.44e+0)
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Continued table

WX FE  HAngH

Test Objective NSGA-II RVEA 0 -DEA MOEA/D -M2M  RPD -NSGA-1I MOEA/I ¢,
problem number

8 2.4805e+1 9.1055e+0 8.7720e+0 6.4727¢+ 1 1.7052e+1 4.0488e+ 0

(7.78e+0) — (4.24e+0) — (3.35e+0) — (1.52e+1) — (6.56e+0) — (7.96e-1)

10 4.5351le+1 1. 2646e+ 1 1.4366e+1 6.6837e+1 2.1388e+1 4.8230e+0

(1.35e+1) — (3.40e+0) — (4.21e+0) — (1.42¢+ 1) - (5.55e+0) — (1.33e+0)

15 1.2979¢+1 1.5074e+0 2.8831le+0 1.0043e+ 2 1. 0450e+ 1 1.0534e+0

(5.31e+0) — (8.26e—1) — (1.21e+0) — (1.15e+1) — (3.51e+0) — (4.22¢-1)

DTLZ2 3 5.4478e—- 2 5.4487e—-2 5.4473e-2 1.7708e -1 8.4958e -2 5.4679¢ -2

- (4.39¢-6) + (5.09e-5) + (3.11e-6) + (6.74e—-3) — (6.07¢—-3) — (2.27e—4)

5 1.6712¢—1 1.6621e—1 1.6602e - 1 5.4951e—1 1.9131le—1 1. 6656e — 1

(3.63e—4) — (2.50e—4) + (1.70e-4) + (1.97e—-2) — (3.31e—3) — (2.26e—4)

8 3.7086e -1 3.1761e-1 3.1924e-1 8.5874e—-1 4.3396e—-1 3.1802e -1

(9.6le—2) — (3.77e-4) = (8.70e—4) — (1.92e—2) — (1.46e—2) — (7.96e—4)

10 5.1846e -1 4.2995e—-1 4.3607e—1 8.6580e—1 4.7178e—1 4.2765¢-1

(8.17¢—2) — (2.27e—3) — (2.16e—3) — (1.99¢—-2) — (1.19e—-2) — (2.46e-3)

15 7.5905e—-1 6.2878e—1 6.2840e—1 1.2914e+0 7.5995e—-1 6.2524e-1

(5.27e-2) - (6.65e—3) — (1.45e-3) — (2.28e—-1) — (2.21e—-2) — (9.43e-4)

DTLZ3 3 2.0628e+1 3.6360e+1 2.1227e+1 1.5005e + 2 3.4214e+1 1.6019e + 1

(7.3le+0) — (9.89%¢+0) — (7.22¢+0) - (4.73e+1) — (9.83e+0) - (4.97e+0)

5 9.5911le+1 7.8262e+ 1 6.1138e+1 2.3218e+2 5.6769e¢+1 2.8617e+1

(2.63e+1) — (2.15e+ 1) — (1.43e+ 1) — (4.10e+ 1) — (1.80e+1) — (7.48¢+0)

3 1.2298e + 2 3.593% +1 3.6386e+1 2.1109e + 2 6.4598e + 1 1.1277e+ 1

(3.3le+ 1) — (1.09e+ 1) — (1.12¢+ 1) — (4.66e+1) — (1.90e+ 1) — (4.33e+0)

10 2.5056e+ 2 5.9076e+ 1 7.4363e+1 2.0937e+2 6.1859¢+1 2.0963e+ 1

(1.02e+2) — (1.75e+ 1) — (2.10e+ 1) — (3.78e+1) — (1.72e+ 1) — (6.13e+0)

15 2.5746e+2 1.2915e+1 1.4142e+1 3.4878e+2 5.0703e+1 1.6737e+0

(8.43e+ 1) — (6.36e+0) — (5.92¢+0) - (4.30e+1) - (1.66e+1) — (9.17e-1)

DTLZ4 3 1.6813e—1 7.0716e -2 2.6067¢—1 1.2314e—-1 8.2820e—2 1.9842¢ -1

B (2.10e—1) + (8.90e-2) + (2.92e-1) = (8.53e—3) + (4.99e—-3) + (2.51le—1)

5 1.6818e—1 1.6618e -1 1.7447¢ -1 5.8214e—-1 1.9221e—-1 1.8252¢—-1

(7.75e—4) + (2.68e-4) + (4.54e—2) + (1.97e—-2) — (4.98¢—-3) — (6.11e—2)

8 4.0708e—1 3.2779¢—-1 3.2315e-1 9.4490e—1 4.1564e—1 3.5119e—-1

(1.0le—1) — (2.78e—2) = (1.18¢-3) = (3.67e—2) — (1.0le—2) — (5.79¢—-2)

10 4.7962¢ -1 4.4065e -1 4.4973e—1 1.0154e+0 4.6492¢ -1 4.4004e -1

(3.3le—2) - (3.00e-3) = (2.17e-3) = (4.22e—-2) — (7.09¢-3) - (2.56e-3)

15 7.1571e—1 6.3020e—1 6.2857e-1 2.1270e+0 7.1887¢—1 6.4095¢—1

(4.09e—-2) - (6.76e—3) + (2.91e-4) + (3.72¢e—1) — (2.14e—-2) — (1.66e—2)

+/-/= 3/17/0 5/12/3 4/13/3 1/19/0 1/19/0 /

Note: where the best result on each test instance is shown in bold

F3HHT 6 FATELE 3-.5-.8-.10-F1 15-H bz
MaF1 — MaF4 W 55 1) 1 3RA3 19 1IGD 448 5 77 22,
Hrp ,MOEA/I o, B4R T 12 AN fER 1GD
i, NSGA-1I. 0 -DEA, RVEA, RPD-NSGA- Il .
MOEA/D-M2M 3K 15 £ % 1GD {8 9 % H 41~
4,3,1,0 A1 0, M 31 Wilcoxon Bk FIH 5 45 5 (55
R —17) K MOEA/I o, 535 M X T NSGA-
Il.RVEA, 0 - DEA, MOEA/D - M2M H1 RPD -

NSGA- I 0¥ 45 2 47 518 9,14,10,20,14, f ik
Al WL MOEA /Iy, TER i MaF 2 41 [n] 850 22 3 2%
THA X b8 2. SRR, MOEA/T ¢, B3R H
ey BNAS A FPRE 4 AR I W SrE 5 2061 A R
THEBAR F RIS B0 i RO s A Bl TR
R FH Bl 285 B A A 1A T 5 1) SR A X Rl R St R
R 5 T A B T A () R TR AT AR AT A A A O e
SRR MOEA/I ¢y o
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Table 3 Mean and standard deviation of IGD obtained by six algorithms on MaF1 — MaF4 with 3-,5-,8-,10-,and 15-objective

WL mE HAR R H

Test Objective NSGA-1II RVEA 0 -DEA MOEA/D-M2M RPD-NSGA-1I MOEA/I
problem number
MaF1 3 6.5979e -2 8.4145¢—2 7.6460e — 2 1.8420e—-1 1.0667e—1 7.0286e¢— 2
¢ (1.54e-3) + (4,35e—3) — (2.34e-3) — (1.02e—2) — (1.50e—2) — (5.57e—4)
5 1.9552e¢ -1 2.9148e-1 2.1915e—-1 3.7667e—1 2.0436e-1 1.7488e -1
(1.20e—2) — (2.16e—-2) — (2.17e-2) - (1.20e—2) — (1.95e—2) — (1.53e-3)
8 3.0018e—1 5.0982¢—1 3.0963e—1 4.1329¢—-1 4.5483e—1 3.0765e¢—1
(1.95e—-2) = (5.44e—-2) — (1.66e—2) = (1.53e—2) — (5.80e—2) — (3.61le—3)
10 2.9271e-1 5.5991e—-1 3.1698e—1 4.2019e-1 4.7158e -1 3.0960e—1
(1.58e-2) + (7.20e—-2) — (1.10e—-2) — (3.08e—2) — (6.86e—2) — (2.86e—3)
15 3.5068e - 1 6.1635¢—1 3.5196e—1 4.7726e—1 6.2192¢—1 3.5718e—1
(1.36e-2) + (6.84e—2) — (1.39e¢—-2) + (4.83e—2) — (6.05e—2) — (4.40e-3)
MaF2 3 4.0696e — 2 4.9010e— 2 4.0047e-2 1.5399e -1 6.1936e — 2 7.4935e -2
(1.22e—-3) + (2.05e—-3) + (5.03¢e-4) + (9.93e—-3) - (5.95¢—-3) + (4.86e—4)
5 1.1653e—1 1.1494e- 1 1.2615e—1 2.4922¢—-1 1.2374e-1 1.5438e—1
(2.98¢—-3) + (1.71e-3) + (2.74e—3) + (9.56e—3) — (4.90e—3) + (1.95¢-3)
8 2.5162e—1 4.1987¢—-1 2.0078e—-1 2.3484e—-1 2.1163e—1 1.608%¢ -1
(7.15e—-2) — (1.68e—1) — (1.30e—-2) — (4.12e-3) — (1.07e = 2) — (1.96e-3)
10 2.2341e—1 4.3166e—1 2.0559¢—1 2.108%e -1 2.1574e-1 1.6704e -1
(2.39¢—-2) - (1.52¢—1) — (7.95¢—-3) — (2.30e—3) - (7.70e—3) — (1.28e-3)
15 2.6410e—1 7.3576e—1 3.2595e—1 2.5400e—-1 2.1509e—-1 2.0087e-1
(6.65e—2) — (9.39¢-2) — (4.40e-2) — (9.24e-3) — (5.39e—-3) — (2.00e-3)
MaF3 3 3.8598e +2 9. 5666e + 3 3.7297e+2 5.6365e + 4 3.7295e+4 1.2295e+2
(3.02¢ +2) - (3.80e+4) - (3.12¢+2) — (2.56e+4) — (9.48e+4) — (7.34e+1)
5 2.2778e+4 7.3262e¢+3 4.1012e+3 9.6377e+4 9. 0486e+ 5 1.3591e+3
(4.27e+4) — (3.42e¢+3) — (3.02e+3) — (3.43e+4) - (1.97¢+6) — (8.03e+2)
3 3.7591e+7 3.1551e+3 1.6325e¢+3 7.7039e+4 4.3048e+ 6 1.9881e+2
(8.92¢+7) — (1.76e+3) — (8.29¢+2) - (2.82e+4) — (1.43e+7) — (2.26e+2)
10 1.4822e¢+9 6.8989%¢+ 3 8.2338e+3 5.6802e+4 1.1579¢+ 6 1.1429e+3
(4.27e+9) - (2.72e+3) — (6.69e+3) — (1.99e+4) — (1.18e+6) — (8.63e+2)
15 2.7447e+7 2.6404e+2 3.8706e+3 1.3420e+5 1.2338e+6 4.4572e¢+0
(5.39¢+7) - (2.08e+2) — (7.57e+3) - (3.21et+4) — (2.55e+6) — (8.37e+0)
MaF4 3 7.7987¢+1 6.1600e + 1 5.7416e+1 8.0470e+2 1.128le+2 2.9838e+1
‘ (3.34e+1) — (2.28e+1) — (2.3le+ 1) — (2.08e+2) — (5.36e+ 1) — (1.07e+ 1)
5 9. 5565e + 2 6.2472¢+ 2 4.1842¢+ 2 3. 8006e + 3 5.0424e+2 3.5451e+2
(2.38e+2) - (2.00e+2) - (1.21e+2) - (9.11e+2) — (1.90e+2) — (9.63e+1)
8 4.8076e+3 2.1262¢+3 1.7980e+3 2.6115e+4 2.6135e+3 8.1744e+2
(1.91e+3) — (1.05e+3) — (7.51e+2) - (8.19e+3) — (1.55e+3) — (3.77e+2)
10 2.8219e+4 9.5076e+ 3 8.4051e+3 1.0224e+5 9.2182e+3 9.2364e+3
(8.23e+3) — (5.21e+3) = (2.55e+3) = (2.86e+4) - (3.96e+3) = (3.97¢+3)
15 1.4214e+5 2.5685e+4 1.2330e+4 2.2401e+6 4.1230e+4 1.9898e + 4
(9.05e+4) — (1.94e+4) = (1.05e+4) + (1.23e+6) — (3.63e+4) = (3.42¢+3)
+/-/= 5/14/1 2/16/2 4/14/2 0/20/0 2/16/2 /

Note: where the best result on each test instance is shown in bold
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Fig. 4 Approximate solution sets obtained by six algo-

rithms on DTLZ2(15) test instance
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MOEA/I o, : A Many-objective Evolutionary Algorithm Based on
Fitness Index I

XIE Chengwang'”" " ,WEI Wei' ,GUO Hua',ZHOU Hui’

(1. School of Computer and Information Engineering, Nanning Normal University, Nanning, Guangxi, 530000, China; 2. School of
Data Science & Engineering, South China Normal University, Shanwei, Guangdong, 516600, China; 3. School of Business, South
China Normal University, Shanwei, Guangdong,516600, China)

Abstract; The existing Many-Objective Evolutionary Algorithms based on reference points (reference vectors)
or scalar utility functions have shortcomings in solving Many-objective Optimization Problems. Based on this,
a novel fitness index I, that dynamically measured the comprehensive performance of individual convergence
and diversity was proposed in this article. This index adaptively adjusted the proportion of convergence and
diversity of population individuals as the evolutionary process progressed, that was, I, emphasized the con-
vergence in the early stage.and in the later stage,it focused on the diversity to balance the convergence and
diversity of high-dimensional multi-objective populations and obtained high-quality solution sets. Further-
more,the I, was embedded into the NSGA- ]| algorithm framework to design a Many-Objective Evolution-
ary Algorithm based on Ip,which was MOEA/I . Finally,Inverted Generational Distance (IGD) perform-
ance tests were carried out on DTLZ and MaF series test problems with the new algorithm and five repre-
sentative algorithms. The experimental results show that compared with the five comparison algorithms,
MOEA/ I, has significantly better convergence and diversity. Therefore, MOEA/I, is a promising Many-
Objective Evolutionary Algorithm (MaOEA).

Key words: Many-Objective Optimization Problems;evolutionary algorithm;convergence;diversity;fitness in-
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