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Abstract:  Traditional multi-objective evolutionary algorithm (MOEA) have sound performance when solving low dimensional
continuous multi-objective optimization problems. However, as the optimization problems’ dimensions increase, the difficulty of
optimization will also increase dramatically. The main reasons are the lack of algorithms’ search ability, and the smaller selection pressure
when the dimension increases as well as the difficulty to balance convergence and distribution conflicts. In this study, after analyzing the
characteristics of the continuous multi-objective optimization problem, a directional search strategy based on decision space (DS) is
proposed to solve high dimensional multi-objective optimization problems. This strategy can be combined with the MOEASs based on the
dominating relationship. DS first samples solutions from the population and analyzes them, and obtains the controlling vectors of
convergence subspace and distribution subspace by analyzing the problem characteristics. The algorithm is divided into convergence
search stage and distribution search stage, which correspond to convergent subspace and distributive subspace respectively. In different
stages of search, sampling analysis are used results to macroscopically control the region of offspring generation. The convergence and
distribution are divided and emphasized in different stages to avoid the difficulty of balancing them. Additionally, it can also relatively
focuses the search resources on certain aspect in certain stages, which facilitates the searching ability of the algorithm. In the experiment,
NSGA-11 and SPEA2 algorithms are compared combining DS strategy with original NSGA-11 and SPEA2 algorithms, and DS-NSGA-II is
used as an example to compare it with other state-of-the-art high-dimensional algorithms, such as MOEAD-PBI, NSGA-III, Hype,
MSOPS, and LMEA. The experimental results show that the introduction of the DS strategy greatly improves the performance of
NSGA-11 and SPEA2 when addressing high dimensional multi-objective optimization problems. It is also shown that DS-NSGA-II is more
competitive when compared the existing classical high dimensional multi-objective algorithms.

Key words: high dimensional multi-objective optimization; decision space; directional search; convergence subspace; distribution
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8. EndFor

9. If sign==J then

10. V-con[i]=1,V-div[i]=0

11. Else

12. V-con[i]=0,V-div[i]=1

13. EndFor

14. return V-con[n]#1 V-div[n]
XX RE YR PSR AR BT 3 I A AR AR, e A8 B 4RO n, LR R SRR R ECN nxd 0 T-58 i 4
YA BERFEAF BN I AR, IR 3 SN O S B S DG &R URAE V-con[i]=1,V-div[i]=0; & ., WG i
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V-con[i]=0,V-div[i]=1. 5 & 15 7 25 A #1158 V-con[n],V-div[n]. 5% F 20 4 38 i 1 4% 1) % ) 1) & V-con[n],
V-div[n] SR 7% W, AL S 1.3 719 TP i i 32541
2.4 Fz(ERRET

AN (9748 2R o BEAE A R (0 25 M AT F8 R AR AL 2 23 I B a5, b T B2 PR 8 22 0 40 v o W8 05 % A
- 25 () HEAT A0S 28, 1T A8 LA (9338 A 500k rb SR P 110 256 TR 200 5 A8 A IR AR A mT e AN TE R AT 52 1) H
2 ) (SR 2 Tl o A 1k 2 ) P AR S R T AR A AR SR T R S ) P T R
FH D A7 1) e R o 20 7 AR il T AR AR 5 85— T AR 4 A A AR T A R 7 T H A 7 28 ) o AR AR S
o FRATT L AARSR T 10 2 IR 18 D7 V% K A4 s PR - AR AR ISR 38 b 7 4% i) o 26 48 ob o S50 B U5 A R 10 7 4 ) o
R A 2 BRI T W78 H bR -2 ) AR e AR A

BE 2. 78 HbR T 7% IR AR i

i APEE PRI RN N;

iy HH P Q.

1. for1toN/2

2 T VLA BE N P I H SN A T B

3 XA T B AT IR B4R AR s B AN AR BY

4. ¥ AFD BRI B WSO B A 1 A ) e AR B

5 AR B IO B Q Hp

6. End

DLEE 6 k8], 75 4 1R w35 2 i) oy 28 D O — 2 R ok, A i A 8 AT 1R 28 X8 e J 7 S B HE BRI 1
AN A A ATKE 723 T BEAT B, A5 BIAMAE A XN T ATBRARANE ABEAT 2 )R AN TR R R AL

X

W T

o X,

Fig.6 Subspace mapping
K6 1o i g

25 HiAMBEEZRSH

FESE PN DS W, JEAN 22 58 I 5 A7 S0 O] 1) 5223 B2.DS S PRI N 2 %o 5 A B30 )48 2o R AT
T BRI ATR TS5, DS S RN T2 B2 M0 1 il URAE A AR AR I R A 1 2 1) e )
FUURAE 53 BT BRI TA) B2 % FE 2 n-J(n ok 55 25 TR A 40,9 A At i A — 40 B ) SR A IR 0); H b 7 2 AT 7 b — 15
TEA IR, IEA 22 58 0 S50 ) 9] 52 2% 52 TRLE NN DS S I A 2 18 I S35 1K) I 1) 52 2% B2 4510 i ,NSG AL (1416 )
52255y O(rN?), Ui N DS SRS 1 ief i) 52 2% £ 4732 O(rN®);SPEA2 [ 1) 52 44 1 g O(rN®), MU A DS S )
IsF ) 52 2% £ AT 2 O(rN®). L vb,r Sy A il R 1) F o 4 4

3 RO

DS el n] DL 31 300 5 &R (0 SR AR 25 4, i 5 LA A 3 s ek AL s AR 43 A1 ek AR i S0 1 59 D A e 4
4, te i MOEAD,NSGA-1IILIA ) MOEAD H34) 21 A= Jl A EE [] £ . NSGA-I H (35 51 A2 1 5 2% i i se Pk 5
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F DS S0 [ 0 F e SIOPE A8 R AR AL IS R AN, DR R SO 45 NSGA-I1L,SPEA2 512 5 DS M 45 4 EAT 5 56
R G080 TR S DS SRBSI A R, B ek 4564 7 DS KE& NSGA-IIL,SPEA2 £ (DS-NSGA-I1,DS-

NSGA-II MEHL — 26 Lk 45 28 L 3 3 (1 517 MOEAD-PBI,NSGA-111,Hype, MSOPSZ L MEA 55 3: fHOv) Ly 52 56 K it
ITPERE LA K DS-NSGAN 15 #2 % H AR AL il B P (K 7k . A SR DTLZ R 511 WFG 5 412810 i)
H, 543 590 % 1 1GDE VR HVIPE bR Ot 4k 45 AT 3E4r . DTLZ,WFG F 3R Ji) B4 5 22 PR 1 A 35 4k 1 i)
BT B R TOD )R S0 UL R, Al ) A LA B AR Ak ) 412021,
31 XWBHKRE

H T AT BT BIARAR 5 AR SOR BUCHERE 1 2 BB AR A B0 L A 1 S 80Ul AR SO 2 3 I B0V R T
RN 33 R ORI 22 3 3 A R 19 7 v A I AP R I A0 o SCAR [16] P 41 14,28 S 4 BUFR A B (Ne) B4 20,
AR 52 1R 43 L FE A B (Nm) % 52 4 20,9 HAZ SCIHE A (Pe) e 32 oA 1.0,78 S W% (Pm) & 2 24 1/D, o, D & SR A it
fRiE . T 3 S 2B R BRI 43 AT 45 Pareto BT Y AL S 1 SR ] NSGA-NHERE (I RUZ 2 % i A il sp g M0 2 A4 i
)53 i it MOEA/D AU i) 5 A1 NSGA-I 15 2% p5.DS Sl SRR M 40 B I {80 8.9 {E K, KA/ #r
S FLE A, T AR 2 BRI B 8 B T LU v ff RS o 1 s 1) (6 4 0 o A S A B R [ — R
FHAH TR B R/ 01 4 4E~10 A IR il 85035 B RPN 2 120,%F 1 15 4. 20 2k 1 30k 1) 780 v B R K
/NJg 220.Hype, MSOPS,LMEA 43K JT] J5 S0k 25 1 2 $ st 5 1924 A AN Sy B Ay 0k il R 647 30 7
LT ST S0 AR ST AR B PP U D B I 4 RSk A, 38 1 R T A B 0 ) R L AR T I 1) &5 R4

Table 1 Terminate conditions
Tl GRKM

Jii) {8 DTLZ1. 3. 6 DTLZ2, 4,5.7 WFGI1-9

MPEN 4~6 % 100 000 30000 30 000
/&4 84, 10 4k 100 000 30 000 150 000
SUM 15 4. 20 4 200 000 60 000 300 000

£ DS S PANE BR B B ) I S 3 AT — 4, 3 HL IR PR VP B A e 4 R 46 1R B S 8 R B B
VPN B S SUMxr,r kg — AN Lo AR, B S R [0,1]. 24 B VFAR I USRS T SUM*r ) K e Sk v 38 2R B B 5 AR
h o A AR B B

r U Y B P34 23 10 S50 (B HC AL BE D 0.0)BE1TSE86 (r O, B AT e Sk 48 2%, AR R A F ) il
HIPLAG, BT LA LA r BU(E 0.1 S AR SR (3047 19 52 38), 91 4871 DS-NSGA-I ST1E 46 S48 r AR HUE T 19 IGD {481k
FRAE A7 FE 5T 5050 30 Wk 7 TR, ga T XS R B DTLZ3, B4k )8 DTLZ5. Ai%4: PF 4@ DTLZ7
£ 8 4k Hbs s 4 4t

rBO(E R T ZECSIOTE A 2R I B A S T S RN 7 R RT AR

e %4r=0.1H1,I1GD {H1R 5,

o B r {EIH N, IGD {8 B F D,

o M1y 0.5 IN,IGD 1 Flik i /MH;

o ZJE,FHHEE v AERIIG N, 1GD (E I KA PR H AT G .

RO PR 3 4 O Ak 22 2052 PR MG B, 75 398 0 55 22 1) o B0 0 0t AN 25 T 3 L Sl ok B0 SR ek
L S . IR e, A SOKE v (RME ¥ 24 0.5, RIS 98 2R B BERI 2 A1 M 98 2R M BESR A5 10 1 B30 W U A5 A A ).
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Fig.7 IGD means with different values of r
K7 r ICAFEMERS SR 1IGD #MiH
3.2 iFMMIEER
AT A LE A VEVEA PR bR, 50 0 & S e 1 AR B 8 1G DY TVRIE AR B 4 b5 HVIZL,
o RELAACHIES IGD R Pareto SR AE ELSE PF A (AN B 5 T SR A (10 -l S P Ak Ak 4 1) 1 g B
kR Hatk A
2.4
IGD :% 2
Jeeh, d! = ming, | j—i| %R Pareto S ARIA b H 5§ BIRAFHSEMRAE PP ity i B S5 KL LA
P 291G D /IS, 22 7 SR A5 (1) R =2 0 A 4R BE 8 05 PR IR HL 20 A3 MERR A B s R vk o5 S 0 6 B Pk
B
o EMAEREIE HV FIL R G PR SR, OO BURAT VEN e bs. 8 T AR AR AR 5 5% (e 2
R Bl 1 2 V) 1) AR AR R TR AR, SE BT MOEA 5 BRI VE I, T B A 50K
HY =AU v) ©)
Forh AR DURS I B2 v RS2 rUREESCBC AN i 1 0 R AR ;S AR ARSI 8 pi o S TP
P NN TR AR AR HY TSR TR OR AR SCR 4RI HY 1547
33 RWHERSN

AT ks S g5 R DL R TR UGS R 2 50 T TR S A AN U ZE (R 5 N Z2). TR R IR I I
g L IR i SUFR R AR S R A5 5 K 56 1) U7 1 S 50 B AT B T v A, b, B KR N
0.05,signtest {i ik />, 7 B 5325 [w) 119 S 35 Pk 2% oK T4 3 signtest 1 /T 0.05 & 0.

1) DS-NSGA-II VS NSGA-II & DS-SPEA2 VS SPEA2

DS SR T 5 36 T 32 L O¢ & 1 2 H b Ak B AH 45 & A SO RS T 32l 6 R IN & W NSGA-11 i SPEA2
5 DS SRR A S5 4 20 A5 25 DS-NSGA-I1 1 DS-SPEA2, 5% ] DTLZ Z 513013 5] A3k A7 003, 30 5 ) be 31N
DS MR 5 Bk P RERIGAE DS AT 24k NSGA-11 Al SPEA2 {EAk4E % H briitAk in) B b &k P B e, HL
DS FE R A mdE L H bR LAk i) B —Fh SR mg T LAAE T X DTLZ R B ) BIAE 4 4E~6 4k, 8 4kiX 4
AR EAT ST L SE 56 IGD AR R VAR $ 4w, S5 596 45 AR SR 2 Th 45t IGD 3B/, 3R L VA Ik BE AR F5

MR 2 ATLLE H -+ DS S 5|\ 7E DTLZ R 5K 0] 8 4, DS-NSGA-11 F1 DS-SPEA2 7 JLT- T 5 1]
RO AN [ 4 BE 1 1t RE R T NSGA-I1 F1 SPEA2, JUH A T LL R AW S ) DTLZ1,DTLZ3 [ Jl A v LUE H,
NSGAII,SPEA2 S5 5K it 45 SR B4 H bR 4E 5 (1038 I, 1GD i th 5 35 48 ;10 5 & DS Sen& 2 Ja SR 45 51 IGD
EA AR 1 LA T LB H bR R E 56 0, DS SR W0 S5 1 BB £ i (1 R B 1 8 3 NSGA-11 #1 SPEA2 18
KA 4 2 B AR AL 10 R R 0 B =, B — S B S bR 4 2500 5 0, AE SCC AR B L0 R R vh iy oy b el 2
I3 B R B TR 0 B3 T B A AR A O B 0 — A B A e R (] R G K, SR AR R K R B

=Y
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IR AE S A 2T DS SR 1 51N S 8 2R M B AR sk i 7 2 100 A A g/ 7 A1 SZIE AR 19 L, 3n T
TEPEE T3 AN [ B BEAE AN 7] 7205 0] 38 2R 6k O T WACSI0Ak AR 23 A7 e LT 100 i B b 77 TR R 08 U 3G i T Bk
M3 R HE . R, DS SRR 51N In5E T NSGA-11,SPEA2 75 K fift a4 22 B FrpiAb 1018 11k fig.
Table 2 Experimental results of DS-NSGA-II, NSGA-II, DS-SPEA2 and SPEA2 on DTLZ test problems
% 2 DS-NSGA-1I,NSGA-11,DS-SPEA2,SPEA2 7£ DTLZ R o) B 1y s 56 45 %

— i DS-NSGA-1I NSGAII DS-SPEA2 SPEA2
W3R ) — . —
Hi ¥IME Ji 7 ¥ = ¥IME 5 7% Y e
4 0.054 1 (0.000 0) 0.130 1 T (0.0184) 0.044 1 (0.0000) 23883 1 (12.920 3)
I 5 0.0747 (0.0000) 7.5352 1 (26.292 8) 0.0652 (0.0000) 52.63 T (338.17)
6 0.0899 (0.0000) 19.08 T (481.33) 0.0829 (0.0000) 112.41 T (717.09)
8 01135 (0.0000) 30.72 T (222.92) 0.1101 (0.0000) 109.86 T (1 122.64)
4 01349 (0.0000) 0.150 0 T (0.000 1) 0.120 1 (0.0000) 0.1459 T (0.000 1)
STLzs 5 0.1836 (0.0001) 0.3417 T (0.001 0) 0.184 4 (0.0002) 0.6153 1 (0.006 7)
6 0.280 1 (0.000 0) 1.0848 1 (0.0415) 0.267 1 (0.0000) 1.42071 (0.060 7)
8 0.378 1 (0.0000) 183271 (0,019 8) 0.3653 (0.0000) 2403 11 (0.001 7)
2 0.1346 (0.0000) 48T (262) 01241 (0.0001) 32 (155)
5 01842 (0.0001) 112 1 (4 148) 0.1891 (0.0003) 305 1 (7532)
DTLZ3 6 02810 (0.0000) 158 1 (6 745) 02808 (0.0000) 801 T (16 085)
8 03811 (0.0000) 304 1 (26 370) 0.396 1 (0,000 0) 1460 T (20 298)
2 0.2289 (0.0635) 0.146 8 T (0.000 1) 0.1977 (0.0164) 03237 T (0.061 5)
5 02584 (0.0128) 0.967 7 T (0.016 0) 0.2569 (0.0225) 0.6425 T (0.054 8)
DTLZ4 6 03920 (0.0340) 1.8859 1 (0.012 6) 0.3846 (0.0353) 1.4306 T (0.099 3)
8 0.7106 (0.346 0) 2.245 4 T (0.004 5) 0.6598 (0.3622) 2.3959 1 (0.002 8)
4 0.0076 (0.0000) 0.049 2 T (0.000 1) 0.0801 (0.0338) 0.118 6 1 (0.000 7)
5 0.008 L (0.000 0) 0.101 9 T (0.000 5 0.0811 (0.0347) 03786 1 (0.017 1)
DTLZ5 6 0.0083 (0.0000) 0.1912 1 (0.010 8) 0.1115 (0.0433) 1.2488 T (0.074 0)
8 0.0097 (0.0000) 0.636 7 T (0.203 9) 03137 (0.0523) 2.240 3 1 (0.168 2)
4 01011 (0.0131) 3.360 7 T (0.160 4) 0.2345 (0.2630) 2.2398 1 (0.026 1)
5 02671 (0.2390) 6.533 5 1 (0.300 3) 03316 (0.3200) 9.4765 1 (0.0227)
DTLZ6 6 06105 (0.6047) 787511 (0.231 0) 0.706 5 (0.990 7) 9.912 3 T (0.000 8)
8 08341 (0.8452) 8.657 4 T (0.186 5) 16333 (2.6542) 9.990 9 T (0.000 5)
2 02164 (0.0001) 0.217 1 1 (0.000 1) 0.1759 (0.0000) 0.186 0 T (0.001 3)
5 03532 (0.0001) 0.435 3 T (0.000 5) 0.3023 (0.0002) 0.503 0 T (0.002 1)
pTLZ7 6 05168 (0.0001) 0.725 4 T (0.001 8) 0.456 6 (0.0001) 0.842 9 1 (0.005 4)
8 0.7364 (0.000 1) 1.6069 T (0.168 8) 0.7171 (0.0001) 1.6523 1 (0.248 3)

Kl 8. & 90 4 MNEVEXT 5 4E[) DTLZ1,DTLZ3 [0 P 1h 45 5K ], ] A 74T A A v B AR B 2 H A 2 ) AN
I H bR, AR AR A2 H AR B 8. B 9 Fhnf LG H, 51\ DS 5l 5 (57548 DTLZL () & L B A ] AR 4
e #) 0~0.5 YuE N HA Atk RUF;7F DTLZ3 [a) & I, B AR{E nf LUR & B8l 0~1 ey Ho oA vk R 4F;
T JEUE % NSGA-I1 il SPEA2 TS RE M S4 [R] I BT 1t 7T LA $1,DS-SPEA2 7E DTLZ1,DTLZ3 | {143 7 1 s i
T DS-NSGA-I1iX j2 1 T SPEA2 & BT 55 ms Et NSGA-I1 [ 58 S BE B A8 20 A VA 4 B — 4 {215 37 S mg
7 BF ) 52 2% BE AR S e K A B H T DL W AR 4> B1:DS SRl (0 5| SE Ve R e 22 H b il b kR T
BT

2) HIHAE

AT EERE BRI DS SRME (17 251, UL WK e SICPE RN 43 A7 1 43 FF 25 RS K A7, 3T DL B T AN ) 2%
) MOEAS H b AT AR R M R 2 B AT 6] LE S 56 H T DS-SPEA2 1 B 7] 52 4% 5 41 Lt DS-NSGA-I1 ¥ i 7] 52
TR B R BT AAE AR P RATR A DS-NSGA-II 5 AN[A 28 8L Sy 347 13— 20 (W L4, 245 MOEAD-PBI,
NSGA-I11,Hype,MSOPS,LMEA.MOEAD /&3 T4 fift i 512:, NSGAII 2 3 T2 2% 1 Hype J& 2 T 845 /17, MSOPS
RFETH LMK R, LMEA 2 —Fh gk 548 543 F 0 KR 2 H pr 0k 5K m) BR T] DTLZ RAVIA WFG 741,
SrRAE 8 4. 10 4E. 15 4. 20 4EIX 4 NYERE O LS8 . DTLZ W BCR ) 1GD YEN 545, WFG 178K I HV
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4R, 1GD R bR BN B AL REBAL T HY SR bR BB, Rn Sk P RE M 75 3% 3 2 DTLZ R4
] B IGD FRbrlllik 45, 2% 4 & WFG R FIMIHR i) #51) HV 45 b5 45 2

(c) DS-SPEA?2 (d) SPEA2

Fig.8 Experimental results of DS-NSGA-I1I, DS-SPEA2, NSGA-1I and SPEA2 on DTLZ1 problem
8 DS-NSGA-11,DS-SPEA2,NSGA-11,SPEA2 # DTLZ1 [n] 8 I [ty 51256 45 5 K

(c) DS-SPEA2 (d) SPEA2

Fig.9 Experimental results of DS-NSGA-I1I, DS-SPEA2, NSGA-1I and SPEA2 on DTLZ3 problem
9 DS-NSGA-11,DS-SPEA2,NSGA-11,SPEA2 7 DTLZ3 [n] il I [ 512 56 45 S ]
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Table 3 Experimental results of DS-NSGA-1I, MOEAD_PBI, NSGA-III, Hype, MSOPS
and LMEA on DTLZ series test problems
% 3 DS-NSGA-1I,MOEAD_PBI,NSGA-I1l,Hype, MSOPS,LMEA £ DTLZ Z %33k ) B |- ) Sz s 25

- b DS-NSGA-Il | MOEAD-PBI | NSGA-II Hype MSOPS LMEA
s = 4% ¥E. | ME. Oz | WME. iz | WME. iz | E. E | Bl b E
o 01129 01092 113397 101167 0.127 3t 0116 17
(0.000 0) (0.000 0) (05643) | (90.7252) | (0.0000) (0.000 0)
0 01294 0.154 9 0.832 0 1.791 27 0.145 9t 0132 71
(0.000 0) (0.000 0) (03428) | (12.1146) | (0.0000) (0.000 2)
DTLZL 5 01316 0141 71 119271 0.348 0T 0.168 41 0.1605
(0.000 0) (0.000 0) (0,929 7) (0.000 6) (0.000 0) (0.000 5)
” 01456 01206 1677 2 037161 0176 3t 017567
(0.000 0) (0.000 0) (0.913 0) (0.000 4) (0.000 0) (0.000 0)
o 03805 0.451 4 0.493 37 0.734 3t 0.419 0t 03752
(0.000 0) (0.000 0) (0.000 3) (0.001 3) (0.000 0) (0.000 0)
0 04551 0.633 21 0.799 0 0.844 8t 0.497 71 0.4550
(0.000 0) (0.001 4) (0.040 3) (0.003 1) (0.000 0) (0.000 0)
DTLZ2 5 05190 0.664 0 1.078 0 1.013 0t 0627 61 0.599 47
(0.000 0) (0.000 5) (0.001 0) (0.001 2) (0.0000) | (0.00333)
20 05930 0.693 71 1.098 4t 10831t 0713 3t 0.728 O
(0.000 0) (0.001 4) (0.000 5) (0.000 7) (0.000 0) (0.007 6)
o 03805 0679 11 52.147 17277t 0.636 2t 0.3830
(0.000 0) (0.084 2) (609.45) (1567.1) (0.201 0) (0.000 0)
o 0.458 6 0.743 ot 65.067 106.857 0842 71 0.470 2
(0.000 0) (0.050 1) (2581.19) (980.67) (0.794 5) (0.000 0)
DTLZ3 % 05304 0.795 61 35391 20,88t 0630 71 06119
(0.000 0) (0.055 3) (870.25) (401.29) (0.000 1) (0.002 8)
” 06171 0.976 2 56.781 6.031 0.726 3t 0.739 2
(0.000 0) (0.083 3) (448.08) (40.26) (0.000 3) (0.010 2)
. 06441 0737 7t 0.856 61 0.729 31 04324 0.440 7
(0.224 9) (0.020 3) (0.085 5) (0.000 5) (0.000 0) (0.008 7)
0 08213 0.989 41 1.138 41 0.767 5t 05163 0.545 7
(0.437 8) (0.017 4) (0.067 3) (0.000 3) (0.000 0) (0.006 2)
DTLZ4 5 08702 0.926 2t 1387 3t 0.820 ot 0.649 1 06262
(0.530 4) (0.008 8) (0.010 7) (0.000 3) (0.000 0) (0.004 4)
2 09818 0.914 51 137891 0.883 2t 07404 06922
(0.511 4) (0.005 9) (0.011 1) (0.000 3) (0.000 0) (0.002 0)
o 00109 0.067 21 0.830 0 0.489 61 0192 9t 0.006 8
(0.000 0) (0.000 0) (0.017 7) (0.013 3) (0.000 2) (0.000 0)
0 00151 0.154 21 13393t 0585 5t 02917t 0.0075
(0.000 2) (0.000 0) (0.044 0) (0.034 1) (0.000 4) (0.000 0)
DTLZ5 5 00172 0153 71 2.308 2t 0.714 ot 0274 0t 0.0093
(0.000 7) (0.000 0) (0.008 5) (0.004 8) (0.000 5) (0.000 0)
2 0.0851 0.153 71 2.232 9 0.684 11 0275 4t 0.0357
(0.000 0) (0.000 0) (0.007 8) (0.018 9) (0.000 3) (0310 2)
o 12528 01233 9.789 41 3528 61 3.201 9t 0.005 4
(0.797 7) (0.000 3) (0.745 1) (0.315 5) (0.117 2) (0.000 0)
0 14813 01969 7636 61 4.086 71 3.105 8t 0.0059
(2.998 0) (0.000 4) (0.264 0) (0.145 5) (0.186 8) (0.000 0)
DTLZ6 5 19973 02099 9.753 3t 3.030 of 12285 0.0059
(3.075 1) (0.000 5) (0.093 4) (0.141 2) (0.023 3) (0.000 0)
2 44210 02157 98115t 3.165 61 1.649 6t 01306
(13.562) (0.000 3) (0.053 0) (0212 1) (0.069 6) (0.295 9)
o 07391 2815 11 13.937 97 4546 7t 1.329 2t 0.771 0
(0.000 2) (0.985 5) (4.975 1) (0.410 8) (0.037 1) (0.000 3)
0 09399 3.182 21 29.845 27 73749t 32433t 1.043 3t
(0.000 3) (0.910 9) (25.6582) | (0.0135) (0.068 7) (0.000 9)
pTLZ? 5 11281 6.316 1T 61212 11 8.633 81 5.280 81 2.505 57
(0.000 0) (3.298 5) (745442) | (0.0199) (0.763 1) (0.084 1)
20 14231 821157 772906t | 12.38L6t 5670 8t 3.187 8T
(0.000 1) (7.227 9) (107.788) (0.052 7) (0.935 3) (0.169 7)
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Table 4 Experimental results of DS-NSGA-1I, MOEAD_PBI, NSGA-III, Hype ,MSOPS
and LMEA on WFG series test problems
%= 4 DS-NSGA-II,MOEAD_PBI,NSGA-IIl,Hype,MSOPS,LMEA 7 WFG Z %1/ Jlli% ] B I ) Sz 46 45 5

- Hhr DS-NSGA-II | MOEAD_PBI | NSGA-III Hype MSOPS LMEA_
FATE % B, e | WM. oy | WM. e | WM. s | . e | 8. v
. 1.55E+07 159E+07T | L.02E+07T | LB9E+07 | 1.46E+07T | L37E+07T

(L15E+12) | (LO2E+12) | (L20E+11) | (3.10E+12) | (L94E+11) | (2.83E+11)

0 5.04E+09 | 4.77E+09t | 3.81E+09T | 7.32E+09 | 5.45E+09T | 4.91E+09F

(L21E+17) | (4.15E+16) | (L4BE+16) | (L35E+18) | (8.29E+16) | (9.00E+16)

WFGL s 711E+16 528E+16t | 5.00E+16t | L12E+17 | LOBE+17t | 551E+16t
(3.00E+31) | (L46E+30) | (5.08E+30) | (LO7E+32) | (8.33E+31) | (4.28E+31)

2 465E+24 | 3.23E+241 | 3.15E+241 | 6.26E+24T | 6.76E+24 | 2.73E+24t

(1.68E+47) | (5.96E+45) | (L34E+46) | (L50E+48) | (6.14E+47) | (1.22E+47)

o 333E+07 | 266E+071 | 323E+07 | 2.83E+07t | 3.10E+07f | 3.08E+07

(B.96E+12) | (3.44E+12) | (8.93E+12) | (4.03E+12) | (9.69E+12) | (2.19E+09)

0 133E+10 | LO03E+10T | 1.26E+10 | LOBE+10T | 1.29E+10f | 1.22E+10t

(11E+17) | (7.33E+17) | (L51E+18) | (LB1E+17) | (LOLE+18) | (L.16E+15)

WFG2 s 181E+17 | L47E+17t | L77E+17 | 138E+17t | L78E+17 | LG6E+17T
(L49E+32) | (8.79E+31) | (2.74E+32) | (3.19E+32) | (2.78E+32) | (3.46E+30)

2 123E+25 | LO1E+251 | 122E+25 | 8.84E+24t | 1.18E+25 | L12E+251

(T48E+47) | (5.45E+47) | (9.72E+47) | (2.30E+48) | (LA2E+48) | (4.96E+45)

. 2.12E+07 1556407t | L.65E+07t | 3.16E+061 | L.76E+071 | 2.20E+07

(2.96E+12) | (L32E+12) | (4.04E+12) | (L78E+11) | (L91E+12) | (1.69E+10)

0 823E+09 | 209E+091 | 6.38E+09T1 | LOLE+09T | 7.10E+09f | 8.08E+09

(2.89E+17) | (204E+17) | (7.80E+17) | (2.13E+16) | (2.19E+17) | (L51E+15)

WFG3 2 1.06E+17 2.05E+16t | 6.39E+16t | 9.09E+15t | 9.01E+16t | LO9E+17
(L34E+32) | (263E+30) | (L16E+32) | (2.61E+30) | (6.69E+31) | (L.17E+30)

oy 7.00E+24 14OE+24T | 4.00E+241 | 4.28E+23t | 5.02E+241 | 7.24E+24

(5.44E+47) | (4.32E+45) | (3.61E+47) | (5.42E+45) | (2.54E+47) | (8.82E+45)

. 202E+07 | 227E+07t | L71E+07t | 9.48E+061 | 2.84E+07 | 2.74E+07t

(5.24E+11) | (221E+12) | (L39E+13) | (3.91E+12) | (7.48E+11) | (LOBE+11)

10 T17E+10 | 6.69E+09t | 7.46E+09T | 3.42E+09f | L.I4E+10f | L.09E+10f

(B.O2E+16) | (L63E+18) | (8.44E+17) | (L75E+17) | (L49E+17) | (L77E+16)

WFG4 5 169E+17 | 793E+161 | 123E+17f | 431E+16T | 1.62E+17t | L50E+17t
(2.62E+31) | (L31E+32) | (L.66E+32) | (3.36E+31) | (3.91E+31) | (5.57E+30)

2 T10E+25 | 5.16E+24t | 9.49E+24T | 259E+24T | L09E+25 | 9.51E+24t

(L85E+47) | (L13E+47) | (3.88E+47) | (LAOE+47) | (2.60E+47) | (4.54E+46)

) 2.79E+07 | 240E+07f | B.01E+07 | 9.68E+06t | 2.71E+07 | 2.48E+07t

(498E+11) | (LBIE+12) | (5.84E+12) | (7.05E+12) | (4.57E+11) | (L63E+11)

0 T11E+10 | 628E+091 | 7.57E+091 | 3.01E+09f | LO09E+10 | 9.67E+09t

(9.43E+16) | (L15E+18) | (4.15E+17) | (L43E+17) | (B.0SE+16) | (2.66E+16)

WFGS 5 1.60E+17 8.08E+16T | 1B38E+17t | 3.71E+16t | LB5E+17t | L131E+17t
(2.10E+31) | (L88E+32) | (7.28E+31) | (2.59E+31) | (239E+31) | (5.24E+30)

2 T09E+25 | 489E+241 | LOLE+251 | 224E+24T | LOBE+251 | 8.21E+24t

(LO3E+47) | (5.87E+47) | (7.76E+46) | (9.64E+46) | (L20E+47) | (5.45E+45)

. 2.86E+07 1.76E+07T | 3.05E+07 | L143E+07t | 2.78E+07t | 2.65E+07T

(A77E+11) | (6.06E+12) | (9.11E+11) | (3.12E+13) | (7.75E+11) | (4.71E+11)

0 T16E+10 | 471E+091 | 8.75E+09t1 | 3.01E+09f | LI14E+10 | LOSE+10t

(LOAE+17) | (B.09E+15) | (L34E+18) | (4.22E+17) | (LBAE+17) | (3.92E+16)

WFG6 5 1.66E+17 6.47E+161 | LA7E+17t | 3.10E+16t | L61E+17t | LA6E+17t
(123E+31) | (2.20E+30) | (2.84E+32) | (6.82E+31) | (3.27E+31) | (5.66E+30)

2 115E+25 | 446E+241 | 944E+24t | 231E+24t | L12E+251 | 9.37E+247

(6.69E+46) | (L37E+46) | (3.90E+47) | (2.38E+47) | (LOLE+47) | (3.65E+45)

. 1.68E+07 1.90E+07T | 2.72E+07t | LBOE+07t | 2.95E407 | 2.81E+07

(L67E+13) | (4.82E+12) | (437E+13) | (6.82E+12) | (4.49E+11) | (6.13E+09)

0 6.49E+09 5.47E+09 776E+09 | 3.74E+09t | L18E+10 | L.I2E+10

(4.02E+18) | (6.92E+17) | (L8IE+18) | (L.18E+18) | (1.21E+17) | (L.64E+15)

WFG7 5 6.51E+16 714E+16t | L139E+17t | 3.95E+16t | 152E+17 | LB3E+17
(407E+32) | (4.24E+30) | (5.72E+31) | (3.63E+31) | (5.93E+31) | (3.15E+31)

20 375E+24 | 493E+241 | 1.08E+25 | 24564241 | 7.75E+241 | 8.91E+24

(7.30E+47) | (224E+46) | (L6TE+47) | (LA49E+47) | (4.81E+47) | (4.75E+47)
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Table 4 Experimental results of DS-NSGA-1I, MOEAD_PBI, NSGA-III, Hype ,MSOPS
and LMEA on WFG series test problems (Continued)
% 4 DS-NSGA-1I,MOEAD_PBI,NSGA-III,Hype, MSOPS,LMEA 7t WFG Z 51332k 1] 5 I (1 S &5 51 (L)

- Hhx DS-NSGA-II | MOEAD_PBI | NSGA-III Hype MSOPS LMEA_
PR iy Y. Jy 2 W, 5z | WE. 5E | WM. hE | WE. iE | BE. hE
. 1.79E+07 T.04E+07T | 145E+07T | L1B0E+07T | 2.16E+07 | 2.30E+07

(L75E+12) | (255E+13) | (B.06E+12) | (4.61E+12) | (4.01E+12) | (L54E+11)

0 6.40E+09 5.39E+09 | 751E+097 | 4.49E+091 | 7.90E+09 | B8.51E+09

(413E+17) | (L63E+19) | (7.59E+17) | (L.20E+18) | (4.40E+17) | (3.88E+16)

WFG8 s 747E+16 8.73E+16 136E+17 | 3.84E+16T | 9.43E+16T | L1.22E+17
(7.65E+31) | (4.78E+33) | (LOOE+32) | (3.89E+31) | (L.69E+32) | (L.30E+32)

2 452E+24 7.26E+24 T.02E+25 | 2.39E+241 | 6.11E+241 | 8.56E+24

(3.90E+47) | (245E+49) | (2.89E+47) | (L69E+47) | (L14E+48) | (2.61E+47)

; 1.31E+07 150E+07T | 2.56E+07 | 9.13E+061 | 2.13E+07t | 2.29E+07

(LB9E+12) | (LATE+13) | (413E+12) | (470E+12) | (2.65E+12) | (4.65E+11)

0 4.66E+09 4.03E+09 793E+09 | 3.23E+091 | 7.68E+09T | B.28E+09

(336E+17) | (240E+18) | (3.95E+17) | (7.72E+17) | (6.44E+17) | (L.8BBE+17)

WFG9 s 5.85E+16 31564161 T03E+17 | 3.92E+16f | 9.83E+16f | 1.03E+17
(5.08E+31) | (3.66E+32) | (7.80E+31) | (9.15E+31) | (L12E+32) | (2.04E+31)

2 309E+24 | 203E+241 | 8.14E+24 | 227E+241 | 537E+24T | 5.66E+24

(2.33E+47) | (3.67E+48) | (2.36E+47) | (3.25E+47) | (L16E+48) | (9.06E+46)

MW 3 FIZE 4 TR IATH] LA 1), DS-NSGA-I ANEHE DTLZ F FIIR 1) S8 S 4E WFG 2 51 1) L )
T 43 (R 1) RS LA R A IR L. DTLZ1-3 P ) 8 DS-NSGA- I 4317 Bt AN [R) R B b A - oA 57
i%,LMEA [f] IGD {H# 4515 T DS-NSGAINL{H 2 /&M 72, 1 7E DTLZ5-6 1B AL F A 1] & | LMEA R IV L (H 2
DS-NSGA-II 7EX K @t & DTLZS EH B0 T H A B A8 DTLZ7 A 52 1 il @, DS-NSGA-11 1
T HoAth 5192 48 WFG2,WFG5,WFG6 i3 [7] i I, DS-NSGA-II B B 4% T WFG3 il i, LMEA 3% 3} 5 4f —

A, ATt BE 7 #1,DS-NSGA-II £ DTLZ %I ) DTLZ4,DTLZ6 il L, % WFG R+ WFGL,
WFG7~WFG9 15 5_F (1 fig AN 2RI 56 T DS-NSGA- 5% #4303, 1) A1k f B2 2 167 Dt B, £ i ok /s 45 o
LA AR X HL 240 M — K DS-NSGA-I1 4T 4 DTLZ4,DTLZ6, WFG7~WFG9 X S8l 35 ] - 26 B A4, T2 38
R DR PR AN 5 T — 2 A S ) 3SR 93 BT 140 5 938 D D 0 ) 0 SR A AT 45 R 5 S o il 8 AT BB 45— S 1R
7= SRR 2 R P A w2 T NSGA-I SV 23 A0 ML AR L o (R AR B B A 5 A2 AE — 2 Y
TS A, DTLZA4,WFG a 3% 5532 ¥ 45 43 A 1 1) e 0 B SR A .

P 10 /& 6 ANEIALE 15 4Ef) DTLZ3 A WFG3 [ SE56 45 R I (7251 DTLZ3, 4751 ) WFG3).

3

DS-NSGA-II

Fig.10 Experimental results of DS-NSGA-II, MOEAD_PBI, NSGA-III, Hype, MSOPS
and LMEA on DTLZ3 and WFG3

{10 DS-NSGA-1I,MOEAD_PBI,NSGA-111,Hype,MSOPS,LMEA fE DTLZ3 Fl WFG3 _| [ 55 45 S K]
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Fig.10 Experimental results of DS-NSGA-1I, MOEAD_PBI, NSGA-III, Hype, MSOPS
and LMEA on DTLZ3 and WFG3 (Continued)
10 DS-NSGA-II,MOEAD_PBI,NSGA-II1,Hype,MSOPS,LMEA 7E DTLZ3 F1 WFG3 _| ff Sz i 45 5 &1 (%)
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M EATAT LA tH NSGA-111 Fil Hype 76 DTLZ3 a8 L&A g R 47 Ho i $4;DS-NSGA-11, MOEAD-PBI,
MSOPS,LMEA # 1] LA #1;DS-NSGA-I1,LMEA 4> 47 ML 44

WFG3 &t — B A 1] 580, M P R AT AT LA HE Hype 08T — i HiAth 47k S H0OR B M 84 DS-NSGA-1T 15
LMEA AALREARLF M le 8103 PRI, H 43 A 1 B e

BRI S NER ARG, 5N DS Heug BB 2 RN T g m 4 % HAn Ak i) /e vk ge B4 7
B A U T AT & L) — Se AL R AR LR, AR DS-NSGA-I FFANJE T ey 4 5T A 3 19 1) &0 b 48
AT I At 2 AR AR 26K 2 B ) R B T A B sl Pk e A 2 B T DS SRBS TSI 113 DS-NSGA-II 5
N RBATH %S B T BRI =S

4 BEERE

AL — T R T e SR ) R0 5 1) 4 2R SRS 30 5 ) DI A T R AR SRAE 23 BT, 153 Eh e S ) g A S5 42 ) 1)
SR A P ) 7 5, O I A s LA i MAE S 2 TR 23 A A TR), — 5 i SR [ I DR
SICE AN 53 A PR FRIHL Y, B S B R 23 D WSSO E SR 2R i B A 23 A1 A R 9 B, 3 0tk AL S 22 1) A 93 A1
P 23 ) BEAT L AL AL SRR R B B U TR (e S A > B LA il vl AR S R 305 PRI
FE AT PRI ZR B B, 000 T MR 110 20 A1 41, A R JSUSEREE 10 23 AT P DR LA, SRR B AL 2 ) B S 4 PRI
It 2 0 SR R e S P AT BN R A
A SCRAT LR GPE AL
(1) MAEEZ 2 H AR OUAl S R e, 0 22 H AR A3 A 1738 IR A0 A 6 b (i i SICE An o APk 247 20 B
B EE A0 A A T AR KR B2 59 A0 vt 24 22 1 b 1 SIS A0 IR oS S50 P 80 A P 2 T Y o 5%

(2) AR AERRRE A P T] 1 PE AR 7] 20 A kA A 2 T P B S5, sl ] e S5O A 4 22 T LR e o A 73X
FETT LAAE R 4 2 R ) AL A P05 26 6 I, 38 om AR 1R e 486 1 0

(3) MRS PE AL i L PR SRAE S0 W7 AL SR A AL AL o o 0 AR AP 2 AT — A R WL S, A A R 1)
(P S a6 T v 4 2 H AR DAL i) B R BE 0 AN R K ) LAY H P R R R T SR e T
FEAN W LD IHEATHR R T BN T S BEOR 2.

(] 1N, DS - SRS th 1 15— 25 i R, 20 0 08 A T A PR SRACE 2 A R 122 1) 5 1) T s 2 AR O TR B2 2 6 i) 5%
R A AN AER R, SR T AT 2R B B0 TR AT RS0 M, DA R 17 AE 1 R R R 0] ) i HEAT 22 VA 1 6 R R
FES T 0T 52 2% PS i AL AR DIk, T ] o s b 6 5 % 1), LU 8 R i T v e, 24 £ 24 TR) v A e 45

TX 2 fi) BUHL 5 A BN W) NURS g 2 — P R R AR N — P I N 7
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