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A weak association-based adaptive evolutionary algorithm for many-
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Abstract: This paper proposes a weak association-based adaptive evolutionary algorithm (WAEA) on many-objective
optimization by improving the previous decomposition approaches. Firstly, an association strategy has been presented
based on the angle subspace, which can make a solution associated with multiple reference vectors. Then, the idea of
weak association has been employed to design a bimodal scalar function which improves the capability of dealing with
the complex PF problem. Moreover, through the detection of the number of solutions in the reference vector subspace,
the proposed algorithm is capable of doing self-adaption to adjust the size of penalty parameters to efficiently deal with
multi-type issue on many-objective optimization. Finally, the proposed WAEA is compared with eight representative
many-objective based algorithms, respectively. The results show that the WAEA has the capability of gaining better
balance of the Pareto optimum in convergence and diversity while dealing with high-dimensional many-objective
problems.
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[ H AR MOPs I, & 5 23 18 FIR K Pk, X 2510
A Farina 58 N i % 4 & 48 2 B A5 046 1) @ (many-
objective problems, MaOPs)*31. Hir#i &% HHL A
R A5 LSRR R DR AR s A0 AT AT 5 Ak B
MaOPs CL 28 it A H ik A 040 A ek s B Bk i i 7258
z 1

MaOPs 515 4111 2 B An it R E R 7 B RHE
A, I FG A I 6 36 ST TR ) P B, 5 1A e RAE
T Pareto 3 e 1) 126 % 5 W& 7F MaOPs |- 2k &%, & 25
R AR AL H FRiks 23/~ BB I, JE SR AR 1) #c DA
O R NE G G, M DU Rt 23 7 g A 25 96 &,
KKK T BRI FERE. 52N AMEE T 2R
(R AE+F, 72 MaOPs [ H 45 7% 6] b A1 AT R Wi 1, 1R
HMEAE A B HAR R B 5 5 | kSl R B 56 SRl
TH AR B AR ABM . 55 3, 28 53 521 W e 7 MaOPs |2k 2%
VER, BRUATE 4t B bR 2 8] v 5 ARR] RS B XK.

B0y N3 K. 1 RNB AL G Pareto SCAC T, &
AT738 I 243 Pareto SCIC 9% 2 Ok 1k B 18 R & £ )
0 AR A9 2 R X A SR 55 R [ e-MOEADP! Al
GrEAP, L 7 3 T2 7% i) & 3 it K & 1 -DEAU). 25
2R HE T BE AR bR 1 VR, X SR R i T E R
FEAE SRR RE AR bR b 008K 4 BB e 1) 0 25, 3 T 2k
FhoaE b B A s L 1 B 4B AR AE (0TI — 38 40 A 491
FH#B R FH (hyper volume, HV)®! & b A itk £ bx v 1
HypEP! 532, F| F J 1) tH AR EE & (inverse generational
distance, IGD)!'% #5 #1 ) MaOEA/IGDU 1 &Ly 55 3 28
DNEET o3 il ) R X SR AR FH 40 v 1) AR, R
2% ) B R AT IR 2 H bw ] oy il 2 N
9 87 L) 1) @R AT SR . 3L A B AR M Lk
A Zhang 512§ H 1) MOEA/D. H T % F i 1L 4t
Pareto ST 5% £ 0K X 7 il 1 o3 &, 2 T 20 i i) gk AL B
EARIBAT ORGSR E B 7 B R 3, FF HAE
H A5 2 8] 1 35 &) 43 A1 10 2 2% ) A0 B TR FE AP
RAF I 2 AR, SR, B DA in) @ H b of HE e 1
R B H bR ) R R A, B H AR 4L
% . Pareto Hif #{§ (pareto front, PF) 2 IR &2 4% ¥4 55, T
X IX A 0] R, A5 FH 25 T 03 fife ) SRR AL BRATI SR A7 AE — 28
k. 1) 22 ) B A 18 5 HAH SRR g 10045 2,
(R FEF A R R AN BT 1225 n) A
5 HAHRER, AT BEAAAEAE /- A AN SIS L. A %
% [n) B G R BR A, TO I R I8 HRS DA, SR ERE PN 2
FEME 7 RAR R I BR AR, 2) T 0 i (0 SR A A i
BRIECKE 2 A B ARE AL B H AR AL 19] RS A, A R
AL S5, SHO0 K MEAT BRI R V7

Y. AFIZEALK MOPs, il 2 AR £S5, A
B S B e ™ B R R MR BE. 0T E B B B
B TE BT A S B E O BT AR L) ]

BEOT B 0] R, A SO0 A R 4 i D7 0 EAT 2
B, $E Y — R 55 5 B B & Bk AL 5 i (weak
association-based adaptive evolutionary algorithm,
WAEA). 15 %, T UME — Mg R BEREE— DS H 1A
IR PRE, $2 Y — B T A 2 ) 10 QBB SRS, DA
6 B8 7 S 24 457 R ORE 20 R ks LUK, 42 HH 99 SR IR & O
FET MR S BT B OO S b R e B, AT SR RE S T
U b A B2 2% P[] 7L, P MORE (10 22 1 S5 St
G, W & N S 3 R 1 T 280 R,
AFIT IsR SR G . K WAEA B 5 8 F R
(P E 4t 2 B bR R AT FURL, S i & R W] fE AL HE
7% Pareto B #T I =i 4E 2 H AR AL A RBUN,, WAEA 55
1% AE 5 31117 Pareto sRALAR MUY PE 5 241, T
X AN TRV R B DA I Rt e R B L R R PE .

1 AHRIAE

BT o RV oy fR SRS FEEH DL R 4 DR
MR 1) A S ) & 2) M b R S I 225 )
A R IK; 3) b i R 280RE T 2 2 () 0] HLOC IBG fig
AT VA 4) e T VP4 &5 S 07 126 HA b o 1) o Jo A A
TRE T k. 27 [ 2 AR & R E B8 R B I F
W5 30 8, 6 SEE M e e AR R s, B DAFE X O3
T HL5) IR 35150 2 ) B I AR BT VAN B R A0
T4,

11 BEEEBEMSZE

9 T WA R BT A A 1 22 A A2, 7 SR DA A i 2715
B HL T, Das S 2 H I RGO VE 2 AT
BT ot SR RS S NS LA
A MOAH ORI PR AR — AN BOR B PR, 2
KW EZ % m U, 2% 55 NI = AR
2 A TTE R TR N 25 0] 226 3CHR [7,14].

1.2 PBIfFE&EH

P R A & 225 R 2 B AR N S H AR
MeAb v R K A, H R LE = 4E 2 B bR A s iz Af
FH 2 18 3110 542 X% (penalty boundary intersection
approach, PBI)!?).

PBLtH i 15 11 ok HOR My & AR S ek B (R V=
{vi,v, ..., o} A XS FH W E S AR+ — A4
fig. Z* = {27, 25, ..., 25 ML RSN HAR f
RS MBI R, 6 9 TE T 20, W PBI SR 4R bR £ HL 44
CIE %57

minfYB(s||V, Z*) = dy + 0ds,. (1)
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|(f(s) = Z2*)V|
VI ’

dy = @)

@:Hﬂﬁ—Z”—miaw. 3)

PBI A W2 FE 55, d) ARSI, Fo@ it i+ 5 B dr s
8] R f(s) — Z* fESH M7 A R 2 1
B dy REFE LR T HINE f(s) — Z* RS H R &
(13 B 5. PBIVA I S & il it 250 0 1935 dy Fl dy
{1 Bl B, DUIK S1SP R e A WSS R0 22 FEE I H 19, 0
(RN BN MR SR R O L IR R
2 WAEAE®ET

AT A 4 WAEA 5358 10 S AR HEZE, SR
J& 53 BT AR R % 08 4y T B 5 TR ) R Bk
NS R EPRITRITE = R €= $virt s 55 1 < = Prig A
(AT S50, S Ja it B Ik AT S 2R B i
2.1 WAEABERARIESR

B3E1 WAEABIEM R ARHESL,

BN RV B t e, FREFER /N N

i KRR P

step 1: WIEAAL, BEHLAE B N AN R VI EA R E P,
ESHFRBEEV = {Vi,Va,...,Vn ks

tep2: = medi i Vi, Vi) ks
PO A R e dB eV V)

step 3: while ¢ < tyax dO

step4: Qy =X XFER (P,);

step5: (P) = P, Qs

step 6: H bR [HIH—1k (P,);

step 7: KELHEEAE (V, P, );

step 8: for each V; € V; /[N M &,
THRAFAMRAE1Z 2% ) & b i B

step9: s* = BT §RIKHI S [ E 15 SR
& (Vi, Py);

step10: Py = P UJs™;

step 11: end for

stepl2:t =t +1;

step 13: end while

FE TRA T P42 1) WAEA 9% 1) EAE 48,
WAEA i HJ 1.1 715 BT $2 th 1) 77 v 42 sy &) 23 A 1 2
F AR RN, FRE 2 52 S(SBX) M2 T
AR EUSUA BRFARAE. WAEA 3 1 A 5% [n) &, 4
222 ) B I\ G BT AR k£ — A SR AT
FARAE.
22 ETHREFTENXEKRE

N T RCER E bR A bR 22 i R e E 4E 2 B AR
T, 7875 (8] R 23 22 Wi, H bR 28 1) o B A e AR 4l 1AL

AR R A B B AR SRR 22 s AT VA — LR A

EX1 TRBAEBME RV, V..., Vy}
N NN, L T2 RS A NS S
2 T ) i /N e A B L, B

a = median { min
i€{1,2,....N} je{1,2,....N}

EX2 MEFARARE{V, Vo, ... ,VN}AN
MRS W &', o N T2 AR AE, R —1
S [ 8 V; AT B A T 25 8] SN

C; = {a € R™|(0,V;) = %,w c 1,2,...,N}. (5)
Hor o N A JE TS A&, (o, Vi) N A7 23 (8]
155 AL A 2 TR B A

EX3 KEf:AE B IR R s S %
w8 V; W+ S A5 B C; 9, W s B R 225 W) &V, 1)
KEKSE. ZH &V, FIRBAESEIL N Py,.

MR e X2, v DI =5 (8 BH — 40 5 19 B br
73 B DR SO0 . S A F O o AT
— AN s, s A AR A B TR, AR 2 T
A LA TAE, 1 Wang 5061 2 H i #E A2 2 (1], 2R
MBI B S E RV, BT 2 [T, &
IR V5 R BT 25 W w1 A U
R, A KNS REBW, AR S HE HESE
FSAS TR K /N7 25 [ T AR SC ) - 25 () 100 A 2 a1
HBASE N EE S WS M EICAE, B REE
RF AT, HIMAE e, 723 B O/ AR .

~SH[ R
F 2 [ TFEILS
o xif

it
o RESCHK

arccos(V;, Vi) . (4)

E1 —HBiREhTFEEER

TS [ B IR P OB 2 Al E, SR
B S el 121 = St o T el 21 541 7
BIERANSH R EMA T KD — B0 A6
F 2% [ = BRAM), 6 B N IR 5 1% 255 2T R
— PP OGRS,

DAFE (1) SR B S M A 41 2 2 R R B B H ik 1 2
2 n) 5T HORERES Sk. il &M 2255 n) 5 EE R
I, S R EEAE A T A7 2. 4 W NSGA-TII!
J7iA T B PR B RVEAUT By Adi H 7 A I
KT HE MRS % s R NI A. BT IR 2 A AR
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T— MR G5 —A 2% ) B A K. XM =A% 1)
RERHHG, 25 5 F RGN 73 2 7% m B L KRB I A,
AN T K LR IR .

AR S T AR B R R G B SR, T N S
2 [ B 1) ) 12 1) PN PO B A% 5 5% 1) 0 ) SR BB
fift. BT AR 5 1) W] Re A A 25 ) 0 L 22 28 1) 1 L,
URAFAE T 125 (8] B XA 1A T [F A 2 A4S
% ) B 1) R HRAR. W2 TR, iR A B [FIRT{E 2% 1)
BV, Ve T2 YEH A, BT L AR BREZ V) 2 Vs
() SCHR A, 1X b 22 G 20, (A5 R RE A% 5 B (1 2
NS [ EACEE, KRR & 1 255 a2 345 R AR
(IR, G ) T 58 m e R 2 B PE. I B, A SUE A
1) SR S A L 2 T 10 77 92 8 ] B i A

A * FEL
f 7 LIRS
2 i B VORISR
/ ESNIS
/
H v,
!
1
I
I
/’ ° [ ) *A. v,
/’ *B
a
/ a u
!
/
/
z¥* f o

B2 Z#BirzEP % KERE

23 ETHEXEMNSEEERSIEFRE

5 RVEA L 2% n) 845 I £ R IE KA,
2% ) & 2 VP Gk BERE S il Dy T A Hh IS B
TEE R EOL AT, A SO M 2 2% n 218 T4
SRS AR LA AT T ROR I e B 55 OGN
&, PSR T 55 R T & B0 T XU A b 2 R
231 FHREES

TE T 1B B, ik B Aw 25 8] K 29, 2w Rh
M5 & A2 2% n B REAE — . NS H R EH
Y HTRPRE R 23 R S Bk AR S AN A OB AR PR A 4y
oK RN S W B, S W U TR R R
JER AT WAL BRAE. Dy 1 T S 3k R R 1K 2 FEVE IR
FR X BAE T —Fh 5 O EL B A, H A A AR
TR HR R A R 1R S ) 2 1) 1S B
AR, 508 e R SR IR It A T A B3 DR AP i Tt

S5 ORBRIE RIS K 7 2% ) & 1 i B G
FE. DLAE A0 #8 SR BE 225 1) & X VPAN DG IEAA, A
6B HORG DA 55 DC BRI B SR MK AR I BRI BB B, T
N2 [a) & (A IS PPN B b BT PR A, G DR A 1) 1 4
0 AN FOAE. UIRTE VP I A v, 0 T G TEA,
ST IE YR AR BRI, DL4ER IR AL SR 35

232 JUESIRERE
TEFET 0 il R B0 P A i R B P R 22
FEE RIS SR Dy T R EENER. N T 4
b I T 55 ORI I 4 JR3 G 6 SRS, A SO R T 55 Ok
MRS BT T DU A 2 bR AL
EX4 AEHERTFREV, 9 Z2F N &E, o
NT WM AETME s AR — M s 5V 2
I [ 3 i1 (B A7) A Angle(s, V), A8 4 ff1 FE LU AR AT
R(s, V;) & X0 R:
f(s) - %)
1 ()]l
)

1, Angle(s,V;) < «;
R(s, Vi) = Angle(s, V;)

Angle(s, V;) = arccos (

(6)

, Angle(s,V;) > «
(7
E X5 XUHEZ by & R % (bimodal scalarizing
function, BSF): % H #5401 [F] &, F1| 1) BSF b $0Rf 1
AN B ARRAL IR R ) VAT
min F'(s,V;) =

(67

(8)
(con(s) + 0ds(s,V;))R(s, V;),

Hrp

con(s) + 0dy(s,V;), s € Py;;
S ¢ PV1

con(s) = Z fi(s), )

con(s) N s FAYEE I HERMEZ T do (s, Vi) N s B
K V; MBS, i 3) Frs. REARI R1E N
LAEKRBR D RIESTME S H a5 45
£ RS LGARL O~ AR, R AE SR o — 58, T LA 5 5
2 [ B AR, R K. e con Sk B i 1A I
SR, 3 PR S do AR P LU B IR 7 RO SR A A 1
Z ARV, BT 2500 F RV TSI AN 22 5 1 1) -1
ARSCAE R T LE N T BRR T EST R

FE. 38 £ A 3 LI R A 5 I S, A % TR U

e 24 7 A R R ) 22 R

55 PBI A 5 bR 50R L, AR b 22 bR 30 K I i adt 7
Tl EEYSCSICME 75 3 S5 DL RO R SCBR AR A T
B 2 AR MEE STALE. PRI & — AN A Sl i d i
THE MR 2 2% 17 B I BERSBE B8 dy, (H & AR SO H 1
S AR IR PR NS, T B RN B AR S
) B B USSR, TR dy 22 BE B 225 1) B AN [T R
AR, GRS dy 22 IR s TEREAN S5 1 &= Rk
SRRE R T A A (1) 225 ) URCORBE AR 22 R S 00, TE vk
A i 167 2 A 1) OSSR FEE . TG 8 P com(s) DU 38 B 1O
FRELG. 55 #h BSF X 3F S I M 3 FH X0 E 22 A PR 46 1
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BLEL 55 1 2 FE R TT R BB do, 55 2 N
FUAE R R. by & bR AU SR 6 75 18 2 B EE & A R X
IR Z FEPERR R, X HE IR AL T 1 50 4% B AN A
1K B LR AR BT N OCIRAR 1 H (1.

BSF ifi % 55 PBI iR % 11 55 w5y 42 0F b6 o & 3
71N, BSF 55 15y 28 & H OC B AA 5 AF DS IR A P B 4 Ak, 76
£ FE 25 1] A 1Y) DR TG At 1) 45 v 4 ¥ R 26 LL PBIL ) B
K, A B R B ST X3 D TR AR B K, B R T R B
HLAR PF; 106 T 7 25 (A 70 1 AR G AR, B T4 FH X
T T B S8 At PR AUE 1 22 BE 1, 5887 IX 51 X b PBT
FE /)N, AT DL B BT A A A [ R T, R R T A
Z R, R OR, 5 PBIAH L, {3 F XU 25 b 12 bR
X R AR B AW, ot S SR TEC A B A 25 R 12

A

1, P REEEEE BSF 452k
. ;| PBI%mELk

1.00 / v
0.75
0.50

025"

025 050 075 100 /i
E 3 BSFMPBIFSZTtEL
2.3.3 5RVEAKX S
1) W FEVE AR A SO 5 T 99 Rk 2%
) B4R 5 SR (WEVE 2), 17 K S 2% [ ) T A,
1M RVEA (1127 [) AV Ja) B T~ A ST v ok 43t
A5 TER.
BiR2 BT I9REKNS A B T £,
BN FRE P, B EV;
Bt RS AR s
step 1: for each s € P,

step 2:
step 3:
step 4:
step 5:
step 6:
step 7:
step 8:

5 Angle(s, Vi); 1157%35(6)
5 R(s, Vi) 1% 30(7)
end for

0 =ZHH &R (R(s, V;));
for each s € P,
HHF(s, Vi) 153%3(8)

end for

step9: s* = argmax F(s,V;),s € Py; /I NFRiEIE
PRI N B BRI AMA s+

step 10: R(s*,V;) = inf; /PR AMIER, DL ER
LHE.

w4 TR, Vi REkR { A, B, C, D}V, TREk
fife, THDRFSX A 43 A7 AN 2 50 1) 15 5018 F RVEA 1R 4%
FME, Vi i % CAE JNE S/, Vs BT T0 R IR TG 2

175 34 HH A B A 1 55 DR I RIS 225 1) i TG R KA,
(IR R— A5 5 ) B A AE 25 SRS PhBE, AT B —
A2 2% ) A e A\ P e 5 HH I L B B e R AE R
K Sefife. LAV I $% C, Vo i #% B, N B & Vs, diilT,
B LEUSC S AN D AECR T S A s e RERh R £ 1
P, BB BIE RS LR

3
e
i
’ v,
i
/ /.
’ 3
s
// o #
, A ’ 1%
’ (14
/ e/ @B
¢/ D7
’ Ia -
/ 3 e
’ 7 g
4 - e
e L
L <
I/ o
A
i Ll
*
z .
Ji

4 MESHAHEER

FER R IR, i T2 ML 2% ) & e R Bk A
(15 0L, 6 HI RVEA H (12 2% /) & 45 3 18 5 50, O
RIKAFR 1)2 %5 [r) B TCVA 13 RS St A% 1R — A,
SR AE R 4 BB, To ik CRAE MR O AR 52
PE. BT 59 KBRS 75 7] B4R - 00 % RS e A2 1 1
FREFCSE S Z RIS DU R, PREFRN R A AR

2) bR E RO [F). RVEA SRS Y M R AR ST R
APD {1y by o £, #5147 5 22 FEPEIN, APD A F A%
522 A 5 2 ARSI AR dE, T BSF H Bk
S P P ) 228 ) ) T ELRE S o SR R AR 1) 2
i, 27 AR RIRAR I 5 1575 18 dp 1S

A0 &L S T 73R, TR 3 A UST SSCAS T 48 1A 1 O, A
APD by b0 5 L VRN N, B8 B RGeSkt i R T
A BRHT BSR®EV ZIEIFJMEK, 41 APD
P BRI BRSBTS (M 2 AR AR, IR BTG
SiFEAE T RE AN AL X A BNIRE VB RERAR
I, A SR 4 BSE Al HI 2 BB 25 d SR Al S 1) 2
FEVE. HT do 2 IR DA AR PR WA S P T T2, AR AL S
o, 8 AM B 52 % [ & I RMARE,HZ B A
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Ve
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S SK, T BLEE B dy 4 A1 do p AHSE, AR B T2 31 1)
ZREIEE AR, BT LA B 13E M E BT A,
PR R B SO B, OB S A 2 o 5 BB HE S 35 40
AT S AW 22 (0 A, S L s SRP IR SIPE BE IR
Ak, B AR SR A e 22 H AR R SR
24 BHENETTSH
o T &S 2800 %5 5 R SV O VERE, O T Ab R
ANRIRAY 1 e 2 H b 1], AR SE B TE R ) 4
i =8
EX6 HHEABEV, AZHNE C NV
11 FE 123 18], ) V; 1R A2 B2 88 erowd; A F 25 18] C 3 Fl
PR RO B, o R
crowd; = count({z|z € S;}), i € {1,2,...,N}.
(10)
EXT HEMNMWESNSHEBEV, VR S%
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% 1 4ASEIS #E DTLZ1 ~ DTLZ4, WFG1 ~ WEGY MK 8] 85 _E3R B HV B4R AIEMFRES)

problem M

NSGA-III

0-DEA

MOEADD RVEA

WAEAS

WAEA

5

8
DTLZ1

10

15

9.6157e-1 (7.11e-2)=
6.539 0c-1 (3.16e-1)—
8.0843e-1 (2.61e-1)—
4.693 5¢-1 (3.79¢-1)+

9.601 0e-1 (4.04e-2)=
9.704 de-1 (3.86e-2)+
9.908 7e-1 (2.40e-2)—
6.8513e-1 (3.02e-1)+

9.7727e-1 (1.21e-3)+
9.721 Oe-1 (5.18e-2)+
9.916 7e-1 (1.19e-2)—
9.575 Oe-1 (6.03e-2)+

9.4904e-1 (2.52e-2)+
9.798 Se-1 (5.67e-2)=
9.9627e-1 (1.82¢-3)—
9.700 3e-1 (5.15e-2)+

9.4359e-1 (1.05e-1)=
5.904 6e-1 (3.87e-1)—
5.999 8e-1 (4.20e-1)—
9.408 7e-2 (1.72e-2)=

9.488 5¢-1 (8.11¢-2)
9.5252e-1 (1.67e-1)
9.988 9¢-1 (2.01e-3)
9.463 8e-2 (2.07¢-2)

5

DTLZ2

8.0859e-1 (7.16e-4)—
9.0604e-1 (3.12e-2)—
9.402 6e-1 (3.13e-2)—
9.291 8e-1 (2.81e-2)—

8.106 0e-1 (5.10e-4)—
9.198 4e-1 (9.30e-4)—
9.670 5e-1 (5.03e-4)—
9.884 0e-1 (5.32¢-4)+

8.1028e-1 (4.41e-4)—
9.196 Oe-1 (8.00e-4)—
9.670 8e-1 (4.67e-4)—
9.8524e-1 (1.99¢-3)—

8.1022e-1 (4.74e-4)—
9.2109e-1 (5.88¢-4)—
9.6760e-1 (3.98¢-4)—
9.8167¢-1 (2.97e-2)=

8.105 7e-1 (6.33e-4)=
9.256 7e-1 (6.96e-4)+
9.704 9e-1 (2.67e-4)+
9.703 3e-1 (1.89e-2)—

8.109 0e-1 (5.29¢-4)
9.249 8e-1 (6.42¢-4)
9.696 8e-1 (3.06¢-4)
9.8707e-1 (2.08e-3)

DTLZ3

2.769 3e-3 (1.52e-2)—

0.000 0e+0 (0.00e+0)— 0.000 0Oe+0 (0.00e+0)—

0.000 0e+0 (0.00e+0)—

0.000 0e+0 (0.00e+0)— 0.000 0Oe+0 (0.00e+0)—

1.316 le-1 (2.38e-1)—

7.275 6e-4 (3.61e-3)—

2.961 Oe-2 (1.07e-1)—
2.583 6e-3 (1.41e-2)—
1.918 7e-1 (3.14e-1)—

2.2623e-2 (1.04e-1)—
1.483 7e-2 (8.13e-2)—
2.040 8e-2 (1.09e-1)—

0.000 0e+0 (0.00e+0)— 0.000 0e+0 (0.00e+0)—

3.9139-1 (2.5le-1)=
3.2848e-1 (3.79¢-1)+
7.6528¢-1 (2.51e-1)—
4.537 8e-2 (3.62e-2)=

4.479 2e-1 (2.58e-1)
1.997 6e-1 (3.21e-1)
8.506 9e-1 (2.32¢-1)
4.3373e-2 (3.72e-2)

DTLZ 4
10

15

8.084 Oe-1 (8.56e-4)—
8.9325e-1 (4.29¢-2)—
9.6150e-1 (1.72e-2)—
9.623 2e-1 (2.77e-2)—

8.107 le-1 (3.85e-4)—
9.200 5e-1 (9.46e-3)—
9.695 6e-1 (3.28e-4)—
9.906 0e-1 (1.03e-4)+

8.108 Oe-1 (4.26e-4)—
9.2212e-1 (6.36e-4)—
9.690 0e-1 (3.41e-4)—
9.893 9¢-1 (1.88¢-3)=

8.107 3e-1 (6.30e-4)—
9.2229-1 (4.21e-3)—
9.697 Oe-1 (2.24e-4)—
9.895 Se-1 (1.86e-3)=

8.112 le-1 (4.75e-4)=
9.287 Se-1 (7.35e-4)+
9.726 6e-1 (2.09e-4)+
9.9009e-1 (1.12e-3)=

8.114 0e-1 (5.11e-4)
9.277 3e-1 (5.73¢-4)
9.720 2e-1 (2.34e-4)
9.904 le-1 (1.30e-4)

WFG 1

5.4108e-1 (4.11e-2)—
4.3639-1 (3.67e-2)—
4.2508e-1 (4.05e-2)—
4.900 le-1 (7.56e-2)—

6.4524e-1 (4.01e-2)—
6.209 8¢-1 (5.80e-2)—
7.007 2e-1 (6.37e-2)—
8.073 8e-1 (7.29¢-2)—

4.5109e-1 (4.44e-2)—
2.7239-1 (2.10e-2)—
4.7364e-1 (5.23e-2)—
3.1508e-1 (5.32e-2)—

6.126 3e-1 (5.58¢-2)—
5.064 2e-1 (5.89e-2)—
6.3609e-1 (7.22e-2)—
6.4309¢-1 (8.37e-2)—

7.447 3e-1 (4.68e-2)=
8.453 2¢-1 (8.81e-2)=
9.707 7e-1 (2.09¢-2)=
8.6253e-1 (9.51e-2)=

7.243 4e-1 (6.95e-2)
8.093 Se-1 (8.38¢e-2)
9.535 8e-1 (4.26e-2)
8.970 3e-1 (7.70e-2)

WEFG2

9.818 6e-1 (3.53e-3)+-
9.8457e-1 (6.76e-3)+-
9.929 Se-1 (5.55e-3)+
9.800 0e-1 (8.58e-3)+

9.818 4e-1 (2.57e-3)+
9.769 6e-1 (6.34e-3)=
9.853 8e-1 (4.96e-3)=
8.541 5e-1 (7.38e-2)—

9.596 Oe-1 (4.96e-3)—
9.460 7e-1 (1.09e-2)—
9.578 le-1 (1.03e-2)—
9.523 Oe-1 (1.35e-2)=

9.7752e-1 (3.71e-3)+
9.5758e-1 (8.37e-3)—
9.702 6e-1 (4.89¢-3)—
9.402 8¢-1 (3.49¢-2)=

9.795 6e-1 (2.68e-3)+
9.754 1e-1 (4.65¢e-3)—
9.8454e-1 (2.35¢-3)—
8.119 1e-1 (7.46e-2)—

9.748 5e-1 (3.27e-3)
9.781 6e-1 (3.85e-3)
9.868 2e-1 (2.81e-3)
8.887 4e-1 (8.30e-2)

WFG 3

1.3107e-1 (1.64e-2)—
3.2844e-3 (7.47e-3)—

0.000 0e+0 (0.00e+0)— 0.000 Oe+0 (0.00e+0)—
0.000 0e+0 (0.00e+0)= 0.000 0e+0 (0.00e+0)=

1.5237e-1 (1.67e-2)—
1.2929¢-2 (1.25¢-2)—

6.7063¢-2 (2.30e-2)— 1.0532¢-1 (2.38¢-2)—

0.000 0e+0 (0.00e+0)— 0.000 0e+0 (0.00e+0)—
0.000 0e+0 (0.00e+0)— 0.000 0e+0 (0.00e+0)—

2.070 8e-1 (1.03e-2)+
1.2569¢-1 (1.04e-2)—
9.422 8e-2 (1.66e-2)—

1.9660¢-1 (1.31e-2)
1.503 3e-1 (9.90e-3)
1.189 Oe-1 (1.83e-2)

0.000 0e+0 (0.00e+0)= 0.000 0e+0 (0.00e+0)= 0.000 0Oe+0 (0.00e+0)= 0.000 0Oe+0 (0.00e+0)

WFG 4

7.7439-1 (4.29¢-3)—
8.598 Oe-1 (7.36e-3)—
9.005 4e-1 (9.11e-3)—
8.948 Oe-1 (1.83e-2)—

7.7858¢-1 (2.41e-3)—
8.6533¢-1 (5.57e-3)—
9.088 3e-1 (5.19¢-3)—
9.261 6e-1 (8.23e-3)—

7.5590e-1 (3.21e-3)—
7748 7e-1 (1.18e-2)—
7.6779-1 (2.02e-2)—
8.604 3e-1 (6.92e-2)—

7.771 3e-1 (3.55¢-3)—
8.401 2e-1 (1.25¢-2)—
8.8417e-1 (1.07e-2)—
8.690 Se-1 (3.70e-2)—

7.850 5e-1 (2.75e-3)—
8.906 7e-1 (4.13e-3)—
9.395 Se-1 (4.04e-3)+
6.894 6e-1 (1.50e-1)—

7.882 2e-1 (2.62¢-3)
8.9297e-1 (3.40e-3)
9.351 2e-1 (4.84¢-3)
9.577 le-1 (1.73e-2)

WFEG 5

7.4730e-1 (2.21e-3)—
8.3297e-1 (3.23e-3)—
8.716 6e-1 (3.38e-3)—
8.664 0c-1 (7.85¢-3)—

7.502 le-1 (2.12e-3)—
8.367 5e-1 (2.88e-3)—
8.762 le-1 (2.47e-3)—
8.744 de-1 (5.69¢-3)—

7.197 0e-1 (3.25¢-3)—
7.313 le-1 (1.30e-2)—
7.120 0e-1 (1.75e-2)—
5.809 le-1 (4.60e-2)—

7.469 le-1 (2.25¢-3)—
8.2183e-1 (7.03e-3)—
8.6138e-1 (5.59-3)—
8.4437e-1 (1.72e-2)—

7.4957e-1 (2.98e-3)—
8.5190e-1 (1.40e-3)=
8.930 5e-1 (1.36e-3)+
8.218 le-1 (5.32e-2)—

7.521 0e-1 (2.65e-3)
8.5227e-1 (1.63¢-3)
8.920 le-1 (9.86e-4)
8.967 8e-1 (4.37e-3)

WEFG 6

7.1304e-1 (1.28e-2)—
8.070 8e-1 (2.46e-2)—
8.427 le-1 (1.71e-2)—
8.298 Se-1 (3.43e-2)—

7.2133e-1 (1.15e-2)—
8.021 2e-1 (1.46e-2)—
8.4473e-1 (1.66e-2)—
8.6110e-1 (1.96e-2)=

6.941 2e-1 (1.81e-2)—
7.068 8e-1 (3.03e-2)—
7.196 8e-1 (2.67e-2)—
6.734 1e-1 (8.17e-2)—

7.218 6e-1 (1.63e-2)—
7.6749e-1 (4.39¢-2)—
7.978 6e-1 (2.77e-2)—
5.994 6e-1 (7.69e-2)—

7.267 2e-1 (1.88e-2)=
8.2664e-1 (1.81e-2)=
8.707 8e-1 (1.34e-2)=
7.3669e-1 (1.11e-1)—

7.3197e-1 (1.20e-2)
8.2799e-1 (1.92e-2)
8.689 8e-1 (1.51e-2)
8.744 3e-1 (2.78e-2)

WFG7

7.811 le-1 (3.46e-3)—
8.6630c-1 (6.41e-3)—
9.2377e-1 (1.04e-2)—
9.290 8e-1 (1.60e-2)—

7.9169e-1 (2.42¢-3)—
8.8237e-1 (6.25¢-3)—
9.2849¢-1 (4.89¢-3)—
9.481 5e-1 (7.82e-3)—

7.5534e-1 (7.37e-3)—
8.114 8e-1 (1.34e-2)—
8.324 0c-1 (1.83e-2)—
8.7544e-1 (2.12e-2)—

7.8743e-1 (3.21e-3)—
8.4419¢-1 (9.42¢-3)—
9.005 5e-1 (7.29¢-3)—
7.1400e-1 (1.84e-1)—

7.9829e-1 (1.48e-3)—
9.080 8e-1 (2.55¢-3)=
9.543 8e-1 (1.85e-3)=
8.6416e-1 (1.51e-1)—

8.023 4e-1 (1.05e-3)
9.086 1e-1 (2.43e-3)
9.533 2e-1 (2.45e-3)
9.646 3e-1 (8.79¢-3)

WFG 8

6.640 Oe-1 (3.73e-3)—
7.329 2e-1 (1.57e-2)—
8.091 6e-1 (1.16e-2)—
7.797 Oe-1 (5.04e-2)—

6.6599-1 (3.18¢-3)—
7.262 6e-1 (9.72¢-3)—
8.023 le-1 (1.10e-2)—
8.4272e-1 (2.01e-2)—

6.478 5e-1 (1.23e-2)—
6.884 7e-1 (2.98e-2)—
6.980 8e-1 (5.82e-2)—
8.1370e-1 (6.18e-2)—

6.648 4e-1 (4.41e-3)—
6.253 7e-1 (6.65e-2)—
6.897 6e-1 (7.78e-2)—
5.3234e-1 (1.36e-1)—

6.799 8e-1 (2.56e-3)=
7.682 5e-1 (7.86e-3)=
8.3907e-1 (5.85e-3)=
7.720 5e-1 (1.06e-1)—

6.813 6e-1 (3.28e-3)
7.660 3e-1 (6.98e-3)
8.433 8e-1 (1.09e-2)
8.752 0e-1 (8.26e-3)

WFG9

7.2347e-1 (1.02e-2)—
7.3569e-1 (4.82e-2)—
8.2999¢-1 (3.51e-2)—
7.8122e-1 (5.81e-2)—

7.4153e-1 (9.82¢-3)—
7.908 8e-1 (2.57e-2)—
8.410 le-1 (1.49e-2)—
8.0927e-1 (3.44e-2)—

6.872 8e-1 (1.54e-2)—
6.217 Te-1 (4.06e-2)—
6.301 4e-1 (3.49e-2)—
6.026 2e-1 (7.60e-2)—

7.2752e-1 (1.12e-2)—
7.466 le-1 (3.64e-2)—
7.973 6e-1 (2.39¢-2)—
6.967 0e-1 (5.53e-2)—

7.447 Oe-1 (2.46e-2)—
8.226 9e-1 (1.87e-2)=
8.6824e-1 (1.83e-2)=
7.456 le-1 (1.24e-1)—

7.544 0e-1 (4.56€-3)
8.191 0e-1 (2.47e-2)
8.719 5e-1 (9.24e-3)
8.647 2e-1 (5.59¢-2)
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*R3 HF2ESTWADTLZI ~ DTLZ4, WFG1 ~ WEGY IR i8] 8 L3R 1SR HV ESHER AEMIREE)
Problem M NSGAIISDR onebyoneEA PICEA-g NMPSO WAEA
DTLZ1 8 9.393 8e-1 (2.46e-2)— 9.761 9e-1 (3.56€-3)+ 8.6650e-1 (1.47e-1)— 7.698 7e-1 (3.13e-1)— 9.5252e-1 (1.67e-1)
15 9.436 le-1 (9.00e-2)+ 9.497 Oe-1 (4.79¢-2)+ 7.3334e-1 (1.23e-1)+ 2.702 4e-2 (1.05e-1)— 9.463 8e-2 (2.07e-2)
orLzy b 88307e1©O55e2)— 903921 (374e3)— 900531 (2482~ 92701e1 2.36e-3)+  9.2498e-1 (6.42e-4)
15 9.690 3e-1 (1.81e-2)— 9.455 1le-1 (1.14e-2)— 8.137 8e-1 (6.23e-2)— 9.2314e-1 (2.92e-2)— 9.8707e-1 (2.08e-3)
DTLZ3 8 5.058 4e-1 (4.00e-1)-+ 2.1395e-1 (3.34e-1)= 2.237 le-2 (6.21e-2)= 0.000 0e+0 (0.00e+0)— 1.997 6e-1 (3.21e-1)
15 3.8125e-1 (449%-1)= 676892 (2.19-1)+  2.2607e-3 (6.21e-3)—  0.0000e+0 (0.00e+0)—  4.3373e-2 (3.72¢-2)
Driza S 39790e1(774e—  9.1405e-1(140e2)— 887091 (238eD)—  9.1782e-1 (L74e )= 9.2773e-1(573e-d)
15 7.452 8e-1 (2.81e-2)— 9.778 2e-1 (3.35e-3)— 9.395 1e-1 (1.31e-2)— 9.649 Se-1 (7.93e-2)— 9.904 1e-1 (1.30e-4)
wig1 6.5318e-1(5.35¢-2)—  4.6869e-1(5.00e-2)—  8.9195e-1 (3.80e-2)+  4.7168e-1(8.23¢-2)—  8.093 Se-1 (8.38¢-2)
15 8.7340e-1(7.0le2)=  4.0134e-1(6.02e2)—  9.7128e-1 (4.74e-2)+  4.9333e-1(7.10e-2)—  8.9703e-1 (7.70e-2)
WEG2 8 9.689 7e-1 (4.75e-3)— 9.753 8e-1 (5.14e-3)— 9.942 5e-1 (1.68e-3)+ 9.844 9e-1 (7.06e-3)+ 9.781 6e-1 (3.85e-3)
15 9.798 8e-1 (5.75¢-3)+ 9.682 le-1 (1.53e-2)+ 9.858 le-1 (1.49e-2)+ 9.917 1e-1 (5.81e-3)+ 8.887 4e-1 (8.30e-2)
WiGs 8 72094e3(122e:2)—  0.0000e+0 (0.00e+0)— 1.5585e-1 (8.27e-3)+  0.0000e+0 (0.00e+0)—  1.503 3e-1 (9.90e-3)
15 0.0000e+0 (0.00e+0)=  0.000 0e+0 (0.00e+0)= 0.000 0e+0 (0.00e+0)=  0.000 0e+0 (0.00e+0)= 0.000 0e+0 (0.00e+0)
WEG4 8 8.8589e-1 (5.57¢-3)— 7.142 3e-1 (1.93e-2)— 7.927 6e-1 (5.54e-2)— 8.647 Oe-1 (5.95¢-3)— 8.929 7e-1 (3.40e-3)
15  9.0473e-1(1.05e-1)—  7.561 le-1(1.88e-2)—  7.1507e-1 (6.27e-2)—  8.642 1le-1(2.02¢-2)—  9.577 le-1 (1.73e-2)
WEGS 8 8.440 8e-1 (4.97e-3)— 6.753 3e-1 (1.52e-2)— 8.264 8e-1 (1.10e-2)— 8.324 5e-1 (2.93e-3)— 8.5227e-1 (1.63e-3)
5 8.995 6e-1 (3.55¢-3)+ 7.162 7e-1 (1.20e-2)— 6.666 8e-1 (2.90e-2)— 8.313 6e-1 (1.62e-2)— 8.967 8e-1 (4.37e-3)
wige 8.2928e-1 (1.71e-2)=  5.6419-1(2.77e-2)—  8.1305e-1 (1.94e-2)—  7.2238e-1(1.52e-3)—  8.2799e-1 (1.92e-2)
15 85576e-1(7.50e2)=  5.3417e-1(540e2)—  7.0495e-1 (4.35e-2)—  7.3473e-1(1.21e-2)—  8.7443e-1 (2.78¢-2)
WEG7 8 9.055 6e-1 (4.64e-3)— 6.834 5e-1 (1.48e-2)— 8.933 5e-1 (5.63¢-3)— 8.969 4e-1 (4.83e-3)— 9.086 1e-1 (2.43e-3)
15  82616e-1(1.07e-1)—  7.4660e-1 (4.00e-2)—  7.949 le-1 (5.55¢-2)—  9.4517e-1 (1.50e-2)—  9.646 3e-1 (8.79¢-3)
WEGS 8 7.770 3e-1 (1.40e-2)+ 3.9852e-1 (5.86e-2)— 7.494 Oe-1 (4.70e-3)— 7.796 2e-1 (5.31e-3)+ 7.660 3e-1 (6.98e-3)
15 7.946 9e-1 (9.19¢-2)— 3.964 4e-1 (1.20e-1)— 7.3619e-1 (4.81e-2)— 8.875 2e-1 (1.10e-2)+ 8.752 0e-1 (8.26e-3)
wiGo 8 8.4517e-1(6.36e-3)+  6.4133e-1 (3.54e-2)—  8.037 le-1 (3.30e-2)—  7.5419¢-1 (6.80e-2)—  8.1910e-1 (2.47¢-2)
15 84822e-1(7.38e2)=  62375e-1(3.78e-2)—  6.8270e-1(2.89e-2)—  7.0999e-1 (7.84e-2)—  8.647 2e-1 (5.59%-2)
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