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Fuzzy classification pre-selection based surrogate-assisted multi-objective
evolutionary algorithm

LI Er-chaot, WU Yu

(College of Electrical and Information Engineering, Lanzhou University of Technology, Lanzhou 730050, China)

Abstract: The demand for solving expensive high-dimensional multi-objective optimization problems is gradually
increasing. When traditional regression models are used to tackle such issues, cumulative error and computational
complexity tend to surge significantly. To enhance the search efficiency of agent-assisted evolutionary algorithms and
strike a balance between convergence and diversity in high-dimensional multi-objective problems, this paper introduces
a fuzzy classification pre-selection based surrogate-assisted multi-objective evolutionary algorithm (FCPSEA). Firstly,
the population is initialized and evaluated, and two training sample sets are constructed using non-dominated
relationships and congestion degree. Then, the training samples and a double-archive operator guide the classifier to
categorize more accurately. Finally, a model management strategy is proposed based on fuzzy classification
pre-selection, which is set according to the predicted double-archive class labels and membership degrees. To validate
the performance of the proposed algorithm, comparative experiments are conducted with classical algorithms in recent
years on two groups of test problems encompassing various features. The experimental results demonstrate that the
algorithm exhibits strong competitiveness in solving expensive high-dimensional multi-objective optimization
problems.

Keywords:  surrogate-assisted evolutionary algorithm; expensive many-objective optimization; classification
preselection; classification surrogate model; model management; evolutionary algorithm
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A FH i AL 3E SCE X FR G v Ta) R PR 2 ) T e
PEREAAL 15] R, # B R B0 Bt 22 H AR A0AL 6] . B
X FEEMOPs, H7E B SCVT Al OECA BRI 5 00~ AR
155750 48 Bl i3k 4k 85719 (surrogate-assisted evolutionary
algorithms, SAEASs) & 3K fif 1X 2 n] @A R — 3%
SRV 38 X SR ARV T A 2 B 1 AR B AR AR SR
ABA T S R ML, PP R 2 A 3 SR 10 B/ 50 43 it A
A BRI B ST AR kA A TT 1),

T BE AR, R SR S Bt 22 B bR AR 18] T BT
AR Wk e B R 8oy 435 1) g or Bl AR A
K5 B A [ 1R A0 A B SR . Song Z517 4 tH KTA2,
— PN T E S H BN A0 R m 4R S 2 H AR
] IR 5925 2) K B T FUIE (pre-selection), 12 5 1] LA
X 3 25 Mt (1) 53 R A A A ARER AR AL, L an 2k T 402
FIAER A B) 2 B bRkt 7 CSEAR), J@ I 1 15t pf 48
WX 2% (feedforward neural network, FNN) Tl i i i 5
SR 2 [ IS R R, H AR AR A Y $E L 1
AN 8 A7 S5 R ) W 3k G I S5 R AR 2R AT S VT A
Zhang VB H T — PR T SR AT SO 1 4 S Tk
HE AL B VL HE 4L CPS-MOEA, AR 4% 4k 3 it 3¢ 208 Al i
G NANEE G, 3 AF At T i R I, I 25 90 S 28 )
BANRIEAT 4325, 3) AR AR A @ I R RE VR

F A%, i1 SMS-EMOA. 4) FIIAE — X fift 2 7] 5% & 4K
R 4 REMOUO By, 3 ST 1] ) AN P14 55040 1) 73
FRA%, I HH PBI 7 ¥4 B 7 51 IRl 6, PR AUE 1E SR A AH X
S

1E SAEAs H, 36 HU (19 I 25 FF AR 5 4 4 1 45
HYUZ) 2 B e BR B4 R, Wt A I E
KA R B B A B2 S A (R dEAE . 2019 4F, —
Fh 43 S P00 1R 3k A AT A SR B S ot 4 1 1% 07 S 0
SR T bR HOK A B % 00 A P 0 B (R BNF TE R — R
AR AR B AR R, H 0 AR 1S B BE BRI A 2
I 8t AME AR VR A R 1 .

1ER i = 4E 2 B bR AL [ #U4) (many-objective
optimization problem, MaOPs) i, =i 2| 11 5 5 J B
B, T34 R g PR A A M R — A T R AR
B B> A R S T 1k, R AT v R PR 4 B 5 O
BT FH A AR A B SR SR A ) R (Lt 5 S B ] 7
o AR S (A 4E BRI TR SR S R 4EFE R S 2, — IR 2
H F5 A V% AR HME 1 47 b A 1 AL S5 R 22 R
DRI Wb, 306 380 A B v 4 22 s i) R 1) 3 A SRV, T
Sh6 G 18 I A SRS Y IR AT SR X Fh A 38 4 Bk
A BV A SR v 4 ) S 2 5 B AN 1) SR A
SRUSY LT b, A SR — b B T ASOR 43 SIS LIk (1)
AR B 5 Bh 3t 46 598 (fuzzy classification pre-selection

based surrogate-assisted multi-objective evolutionary
algorithm, FCPSEA), F T 3K fiff &1 5t =i 4E 2 H Fr Ak
i .

AL FEZE DTN T

1) $& th R FH AR 23 R B AR B A 117 R
A fifp ) B ) FE L) R LRI A IR 4 2 R e i i
S Z RN, A 2 B N SR i s L.

2) $E i oidt Two Arch2 H1, FIHH T 5 T b5
BRI TTERAE 5] T4 KA R

3) H&H P AL T 23 S Tl SR M IR HE AR A
1R U], 3 BB AT USSP A 22 R M L ELASHA S FE R A
PRHEAT B B I S P4k
1 MXRIHE
11 B5RZ BRI

e ot 2 H AR AL 1) R i 75 2 S AR
e ot [ — 28 2 B AR AL iF) 7. EMOPs 1) A0 Gk & e
SCEIFERT LA MOPs [/ AH G E SRR . Pl /M i)
BB, F LA 2 H BRI M & 51 2 H Rk
i 2

min £ () = (/@) (o)

L)' (1)
Hriz € R, A2 RRYEE; f1(2), ..., fm(z) & BHAR
T ELEFE N m Ak B bR g —fem /AN T 55T
3, BN HARTEAL L m KT 3 I, FRON e 4E %
HARRAL 0] R Pareto S AE B Ax 2 8] HR I BERE AR 9
Pareto il #} (Pareto front, PF).
1.2 =M A

TR 4 KA R R G R RTINS H 2 —.
R K el 4810 (fuzzy K -nearest neighbor, FKNN)
& — P& B BRI B0

% J5) HB A O] K 5 48 (multi-local power
means fuzzy K -nearest neighbor, MLPM-FKNN) %32
AU — Pk T FKNN K (1) 73 2K 28, 48 H 2 )5 5k
A 1) T RN T2, I FH AR s i 24 4 1
KU H AR ICFEAR SRR, ISR p /et KA
BT AR RN IR A EL SR 8 RN

K
D s (1/[lp— 2] *0")
j=1

ui(p) = —¢ : 2
> 1/ lp =)

j=1
ot RNGETE i KB § MR RS,
m RS R B 2R G I A SR 8 R g, N
WERFEAR 2, 33 K AN 48, SN Ron b o 115k

s.t.x = (a1, ..
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0.51 + (n;/K) x 0.49, j =i,
ij(@;) = .
(n;/K) x0.49, j # 1.
Hoin, RoNME R E T2 j B FE R 24,
Tay ..., Ty T HIEL, p & —NSHL WRIIE (M)
Al L LR

n
Iz »=0;
— =1

=4,
p
(*E xf’) , p#0.
n

i=1

1.3 ETEM o L TE R RS

H T H5OR 43 28 1) T35 O W (fuzzy classification
based pre-selection, FCPS) . FH 75 78 14 5. 7% A i L 4k
AR BN WM M pop = {x',2%,. ..,
oY, PR TR B Lk S A W A, T 2
IR I o A, DK 45 2 31 e 0 e 1 >4 BT R EAE
FEAE LEHE . ARG N x € pop /L — 1K
PR € {1, 41} Hod p1RR “UF7 FEAR, 1%
IR CFET R BT UREARERE { (2, 17),1 = 1,2,
ooy N R AR O3 AR AL, AR MR o 7 A A 3 AR
Y = {y' 3 .. yN s AR R R IE R Y, 15 2
e (SR B FEE AL, 1B H “ B S v St B me K ke
il AE R Ja A 5 Fo AR B 0 v P2 A, P ik SCARig
o FGEACAE B B NN — AL ISR IS BE S AE AN
7 BT S R 08 B FE AR S L HI W AR AL 2,
A R IR () LSV R, 3X R0 TP
SRAE & 51 2 H b ] R A B EE (Y. BT FCPS 35
W SENELR N ] 1 .

| wwss |

3)

4)

AL 2R e

a

A 4

BT
| Efehric 5k
HEEEET I
i

1 ETFCPSHYRILEAIESE
1.4 Two_Arch2: BUHHINIE R % BirtA L EE
Two_Arch2!"8 553k ) 3 2 AR AR AL R 11

IR R GRS A A F 1R % CA 5 DAL WA RS
AN [ e B S 0, R 6T I 1 R e An 1R
Ve CA FIBRAE, BEDE Y IR SO RE, 7E L1 2 FEVE Y
JTHHA RAFRI. A AR Bs:

I (21,22) =

min. (fi(z1) — e < fi(z2),1 <i<m), (5)

Flz)) = Z oLt (@2,21)/0.05 (6)

22 P\{z1}
R I it 7 — R 3T L, S0 H 2R T 4

75 ZAF 9 DA 13k % 75 2, L, P58 7E i 4 25 [\ o
P AT % L RE A [R] I S UL ST R 2 R
Two_Arch2 IR AR U1 2 .
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1k 5115 FCPSEA. 592 B MLPM-FKNN 1E Jy 4% P 4%
A, U Two_ Arch2 BEAF N RAL B+, IR T 45 %5
WITIER G T a2 e AR R 5K,
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B HIAEA INZRRE AR I ZRA A
T SECFE R AL NI 08 4% 5 30 73 2L K.

1) Hlaa A, R T S5 AR A RN N
FIRRRE P, 3047 B BT UTAh, K AR IEON Arc.

2) FESLINGRbe AR Sl AR 0 ST R R S BE
JEERE AL 3 P R I R A A 2.

3) IR B A I R A 55 XU 51 32
R 30 5 A SR 5002 R50H 7 28 2, AT BT Aok 5
Hrordas.

4) $H 7 R UE D). AR S5 S 2% T ) DRSS
25 SRR B R R VR AR A S R & T Q, TR
S Jm BE R HEFr . SR HC A PN I SR Are, “ R
S ANANHA 52 1 K IRV E N — AU — &2

5) FREEE R, AT R TR AR 2 B bR HEAG Sk
BEAT IR Bk £, e R 7 TR Py e fE il 5 P
CRRFIANERE MER SRS AR RE. H52) ~ 5
5)Bir Brgx A AT, 18 B PPAG 1 5 R U 4 B3
IFHith Arc.

2.1 Bu#Two Arch2 WASEF

AICH Two_ Arch2 SR EHE S 51, J& —Fil
REWE BV RG HE Sl S RUZ 70 KA 0 R E 7. CA%E
Hh i R A B E 513 S8 AR 40 28 USSR L )
filt, DAEEI & 75 5] T3 2585 70 Kt ZAEIE BT il

ek Two_ Arch2 SRS S (1D 3R T

step 1: WAL CA K FITE PASINE| CASE;

step 2: H12X (5) MR I+ S /N B, BE BT 30 A b 1)
I+ 1H;

step 3: H.2I CA #1453 [& 72 B = I

step 4: VIUA 4L DA KA EE PR INEI DA ZE,

step 5: R H A B KB /N H AR E 34 BN
DA;

step 6: K L, (p < 1) B0 B AE N AHALRE B2 &, 44
FAALEE B/ INHI AR TR N 2 DA

step 7: EL2| DA R4S 208 1 i

step 8: while w <= Wpay;

step 9: ¥ CA 5 DA Z [A]BEAT A8 SCHRAE, o A%
CA BT RASEAE, T O;

step 10: K FhHE P B o  O, 73 5l i % CA
L DA 1, 3847 step 2 5 step 6, H EI3Rk1F 2 G5 11

stepll: w =w+1;

step 12: end while;

step 13: BEHLA CA F1DA H 541 H 3 MR AE NS
UnyE N

K — I A OB R T & ok
JEARTCH o AR TR I ZE K. Two-Arch2 % 5
BURS - 25 K AL, AN [F) 2 A 7E T2 1) W 3 5 2 1
AN T, RS B 7 5 1 51 4K, 2) Two-Arch2 592 Hok
DAE e Ja i, 32 28 T — 8 /0 W Sl SRS 51
i 785> FI F CA 55 DA, T4 i 73 S48 TilRS FiE.

2.2 WEMLPM-FKNN#&#!

7= MLPM-FKNN B AT 55 173 2K 8% (C1) R
TR AR WS SIUPE, 28 2/ 73 B 48 (Co) TRFFAR 1) 2 FF
PE, BB TE S — /> B S BC R R 5 I B O i
S NGRPEARER. X T O, i T A 10 A 3E 3D g
(IE2%) 5 SCRL AR (F128). 0T Co, F il bric N A 8¢
RSO (IE28) 5 H AR M (5125).

DA bR SRS BRI SRR AR, P e A AEAN R 2R 2
(6] 73 A AN ¥ ) (15 0. TR 44 2 MLPM-FKNN 1) B
(147 A A5 P ) 350 350 1 e 1) Sk P R RE A AR (1 5 2, A
TR AR 2 R A i 2 1R T I 25 SR AN 2.

Fy% MLPM-FKNN 22 B840

step 11 THELUIZRREAR { X} ey SRR RE A g 2 1)
(IRR L ELAS 70 &, S35 AT T HE T F g 1k
NI A nn® W E nn®(q) = {X;, Ci},.

step 2: M kAN BRI A0 SR 15 R IR R I AE TR A
{My,r¥_ . FERIn*(q) : {w- 1,1 <t < T.

step3: THH ¢ 5 {M,,r}_, Z AR L 158
H.AE BT RE ) A wg B erisp 7, 38 AL R
Bk R IRE A {w,. .

step 4: ¥4 ¢ 73R B 5 HH A B SR g BEAE B
% (w*).

2.3 ETFRMS ETEE R SRR

7E SABAs 1, B B H SR S B Re W ik F @& &
{1 A Sk BB AR R, 3K 0 %8 O B B AR SO T AR Y A
THERHE, RGN T RR 43 28 Tl 8 SR WK (1A% 0 FEAE, 42
7 — bk TSR S S R 5 bR A I A A SR SR
F1 2R bR 255 S I B B B2 07 02 LR (A5 PP IR AN AN
EAF VP B, TC 7548 9% 2 A2 10 B STUT Al AT b
LSPGO, b g — AR 2 3k B S 4 A 2 B
P L 1D e SR S8 A Y TN (10 A5G T B, 9D A A AR,
7 B A, 2 1 EAS T 5 B K P e SR 4 v AR BRABE R ) 4
J K B, /b 3k FR AL I RS

B SR R P A AR Pnevar 28 1A BEASE Y TR0 73
B, RV IR Puneva 5 S5 AR G0 Q, PSR IV SR
B 5 4 S AR N I B 17 HE 7, S 28 o R 2. 7R BT
il “O0” AR EERTARERA A, DUBE I . “ R EFITAR
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B VR A R, CLZEAT PR R, RERG$ v BVE (1 v
FARE. BRICZAh, 38 2 1 R R FEAE 0.5 22 A AL
AN SE VE R B, 38 Se B N R BB e . 220 KRS 4
S8, AR EHE Y SRl I 5 % N (N R 2 AR/
FRIARAREE SOOI A, ) I 50 % N HOMEZ “ K7,
ZJ55 % N HIfR = BA A YR . IR PPAh
“OU7 . R AR T IRAR 0 2 H AR AL SR AT
B IEFE.

3 DiRER SRS
3.1 MiKE@m S EE

9T BUE AR U SR e 51 2 H AR ) A
A, 1 PR AN LA 32 1 22 B A A i @i ek 4
MaFU! T WFGRO, i WEG il 12 il 51 ) 42 2% i )
B e, A R B LA Bk, BRI ER AL R A AN K
PSR VP A5 A A SR AE & AN [R] ) R ) 2 A 1 e
A%k F REMOUY,  CPS-MOEAP],  MOEA/D-
EGORY, MCEA/DP?, Two_ Arch2USME g} b &k,
5 FCPSEA #4714 H X L5256

T4 S2 56 6t Eb# 3E F PIatEMO 1 5. S 56 45 IR
w2 P IR AR R oR A, T AT A R T
AR T T R = RN U RV 2
HEERT BEASTMRAREZRTAIHM
FCPSEA 5.7k
3.2 BHRESMEEIER

FCPSEA HiEH IS HL BN F.

1) AR SCHR [17] 19 2 508 e AR & S50, B
MLPM-FKNN /1] K A 7, W 5E p Mm 1AE N 3 F12.

2) B A IEAIK I wimax = 5, BIB KB w = 1.

A 255050 S H B S YRR bR T

1) FEER/NA 100, £ HEAE RN I ] 7
SLIBAT 20 K. RARIUE A, BT A 0 L SESR 1R e 5
Ko B A G JE G SCER P ) R L

2) MaF1 ~ MaF6 5 WFG1 ~ WFG9 % 51|l i& B
BB R ) H AR R SR AR BT R 1
IR 2 Frow. BN B4 1 26 A2 08 B i K VPAS IR
H, FEmax N 500, HARECH M, 5 2 1N 0N D.

F1 MaF RINK R EFHER HSHORE

test function feature M D

MaF1 Linear 3,4,6,8,10 M +9

Concave. MaF3 Convex
Multi-modal. MaF4
Multi-modal. MaF5

Biased. MaF6 Degenerate

MaF2 ~ MaF6 3,4,6,8,10 M +9

F2 WFGARIINRRBIFIERHSHIRE

test function feature M D
WFG1 Irregular PF and Preferred 3,4,6,8,10 M + 9
WFG2 Convex. Discontinuous  3,4,6,8,10 M + 9

WFG3 Linear. Degenerate 3,4,6,8,10 M +9

Concave. WFG4
Multimodal. WFG5
Deceptive. WFG6
Inseparable. WFG7
Preferred. WFGS8
Inseparable Preferred.
WFG9 Multimodal
Preferred

WFG4 ~ WFG9 3,4,6,8,10 M +9

3) % H AR EE 2 IGDI (inverted generational
distance) 1 & F1 HV2* (hypervolume) E 4 4% 3C 1)
PERETEPR.

3.3 SRS
3.3.1 FEMaFiREE EH% R R &t

% 3 72 6 M BV AE MaF 1 ~ MaF6 il it 1] # - 3
A7 20 AL IZ AT B 3R A5 1 IGD % Lh &5 5.tk 3 1]
UL th: FCPSEA /£ B [ %% PF [f] MaF 1. Z 21
MaF4 F175 ffi 7] 14 1 MaF 5 () 54N 4 B - R B0 A2 B
P, E4 BRI T 6 M RVETE R R 6 B Ax A
10 H b5 MaF5 5] {5 _E (1) IGD 284k, W85t kK 4(a) 5
Kl 4(b) 1] LUF H, 7EAN [A] B AR 4ERE T, FCPSEA [ 1GD
TR At AR R IGD R A5 /). 1 FCPSEA 7
ANFIYEFE T, KA D ] P 14D 1] RN B 4% — e I 38
477,

26 = REMO ~ CPS-MOEA
+ MOEA/D-EGO
MCEA/D =+ Two-Arch2

22 b \.\‘-\f FCPSEA
A —
o .
18
14 . . :
100 200 300 400 500
number of evaluations
(a) 6 H¥z
500 = REMO = CPS-MOEA
400 | + MOEA/D-EGO
MCEA/D + Two-Arch2
~ 300} + FCPSEA
©

200 k.
100 |

O L L L
100 200 300 400 500

number of evaluations

(b) 10 Hbx
4 REEFEREEMaF5 Q8RR IGD T4k,
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xR 3 6HESEEAELE B A MaF N )8 _E 3R SR IGD FIEMIREE
o /@i M D REMO CPS-MOEA MOEA-D/EGO MCEA/D Two_Arch2 FCPSEA
3 12 1.5868e-1(1.07e-1)— 3.5558e-1(3.08e-2)— 3.4689e-1(3.75e-2)— 1.104 6e-1(2.46e-2)— 2.7600e-1(4.87e-2)— 7.982 3e-2(1.01e-2)
4 13 2.1062e-1(3.48¢-2)= 5.1399¢-1(7.08¢-2)— 4.693 8e-1(6.96e-2)— 2.2954e-1(2.66e-2)— 3.790 5e-1(5.72e-2)— 1.529 Te-1(1.95¢-2)
MaF1 6 15 3.6465e-1(6.63e-2)— 6.6757e-1(7.59¢-2)— 6.985 5e-1(7.36e-2)— 4.1764e-1(4.53e-2)— 5.7750e-1(6.98e-2)— 2.663 9e-1(3.61e-2)

8 17 4.8394e-1(7.64e-2)=
10 19 5.008 3e-1(7.79e-2)=

8.1317e-1(1.01e-1)—
9.066 Se-1(1.18e-1)—

8.158 0e-1(8.77e-2)—
9.006 7e-1(8.34e-2)—

4.974 8¢-1(4.48e-2)—
5.132 le-1(4.75¢-2)—

7487 2e-1(7.37e-2)—
7.662 3e-1(1.14e-1)—

3.532 4e-1(3.89¢-2)
4.322 8e-1(5.19¢-2)

3 12 4.7205¢-2(2.23¢-3)+
4 13 7.3139e-2(1.59¢-3)+
MaF2 6 15 2.0915e-1(2.33e-2)+
8 17 2.841 5e-1(1.70e-2)+
10 19 3.432 9¢-1(1.76¢-2)+

9.071 4e-1(5.26e-3)—
1.740 7e-1(4.10e-3)—
2.582 5e-1(1.63e-2)=
3.6118e-1(2.31e-2)=
4.735 5¢-1(4.09¢-2)+

9.2413e-2(2.58¢-3)—
1.279 9e-1(1.99e-3)—
2.910 0e-1(2.56e-2)—
4.518 6e-1(4.73e-2)=
5.716 de-1(4.68¢-2)=

4.117 3e-2(2.57e-3)+
8.3653e-2(3.76e-3)+
2.235 le-1(2.52e-2)=
2.945 4e-1(2.56e-2)+
3.843 2e-1(3.58-2)+

6.634 le-2(3.25¢-3)—
1.026 6e-1(2.52¢-3)=
2.096 le-1(1.92e-2)=
2.619 1e-1(2.05¢-2)+
3.005 8e-1(2.18e-2)+

5.358 8¢-2(3.48¢-3)
1.002 8e-1(3.34¢-3)
2.460 6e-1(2.5%-2)
4.4127¢-1(4.55¢-2)
5.689 7e-1(4.78¢-2)

3 128.235 le+4(6.28e+4)+ 1.569 3e+5(5.96e+4)= 4.143 Te+5(3.32e+5)— 2.713 6e+4(2.dde+d)+ 1.301 Te+6(4.66e+6)— 2.075 Te+5(8.06e+4)
4 131.2377e+5(9.99¢+4)+ 1.856 2e+5(7.06e+4)+ 4.830 8e+5(2.80e+5)— 2.828 6e-+4(2.25¢+4)+ 1.681 8e+7(4.97e+7)— 3.207 8e+5(1.88e+5)
6 15 1.986 0e+5(1.69e+5)+ 2.825 1e+5(9.32e+4)+ 5.347 le+5(3.21e+5)= 2.047 2e+4(1.91e+4)+ 6.245 0e+8(2.06e+9) — 6.677 6e+5(2.76e+5)
8 172.990 66+5(3.266+5)+ 4.683 1e+5(1.92e+5)+ 5.102 5e+5(2.82e+5)+ 2.450 Se+4(2.16e+4)+ 1.269 4e+9(3.84e+9)— 8.175 8e+5(4.20e+5)
10 192.675 Te+5(4.31e+5)= 4.881 9e+5(1.75¢+5) — 5.504 6e+5(2.67e+5)— 3.662 Te-+4(1.80¢e+4)+ 7.317 3¢+8(1.95¢+9)— 3.671 8e+5(2.16e+5)

MaF3

3 124.639 6e+2(1.00e+2) — 2.883 4e+2(4.82¢+1)= 3.073 6e+2(6.19¢+1)— 5.890 6e+2(2.61e+2) — 1.000 2¢+3(1.89¢+2)— 2.708 1e+2(4.04e+1)
4 131.0362e+3(1.87e+2)— 3.877 4e+2(6.89e+1)= 3.749 2e+2(2.96e+1)= 7.537 6e+2(5.17e+2)— 2.145 9e+3(4.88e+2) — 3.626 8e+2(8.03¢+1)
MaF4 6 153.5229¢+3(5.266+2)— 5.564 5¢+2(8.70e+1)= 5.704 3¢+2(9.18e+1)— 2.926 4e+3(2.40e+3)— 9.598 7e+3(3.03¢+3)— 5.141 1e+2(1.28¢+2)
8 17 1.442 0e+4(4.03e+3)— 7.426 0e+2(1.16e+2)— 6.173 8e+2(1.56e+2)= 1.385 3e-+4(8.89e+3)— 3.842 6e+4(1.16e+4)— 5.990 Se+2(1.07e+2)
10 195.223 le+4(2.05e+4)— 8.120 Se+2(1.51e+2) — 8.074 Te+2(1.93e+2)— 1.020 6e+5(3.93¢+4)— 1.646 1e+5(3.98¢+4)— 7.041 6e+2(1.70e+2)

3 12 7.303 1e-1(8.65e-2)— 6.2160e-1(5.32¢-2)—
4 13 1.958 3e+0(3.19e-1)— 7.269 Oe-1(4.17e-2)=

MaF5 6 158.708 3e+0(1.98e+0)— 8.407 le-1(3.87e-2)—

6.9332e-1(6.67e-2)— 3.157 2e+0(1.71e+0)— 3.232 6e+0(1.63e+0)— 4.709 Te-1(2.21e-1)
7.289 9e-1(4.13e-2)— 6.076 1e+0(3.06e+0)— 6.400 2e+0(3.30e+0)— 6.866 3e-1(1.14e-1)
9.0818e-1(5.79e-2)— 1.481 4e+1(1.92e+0)— 1.409 5e+1(1.68e+0)— 7.643 3e-1(8.93¢-2)

8 173.2313e+1(4.55¢+0)— 9.125 de-1(2.60e-2)—
10 19 1.105 6e+2(2.79¢+1)— 9.943 Oe-1(3.32¢-2)—

9.922 1e-1(3.92e-2)— 4.616 4e+1(6.09e+0)— 4.785 8e+1(9.55¢+0)— 8.243 Se-1(1.10e-1)
1.054 1e+0(4.59¢-2)— 2.631 1e+2(1.94e+2)— 1.603 7e+2(2.03e+1)— 8.366 8e-1(6.98¢-2)

3 12 1.513 8e+0(7.15e-1)— 2.022 6e+1(5.95e+0)— 1.029 9e+1(3.08e+0)— 5.446 9e-1(1.94e-1)+ 1.145 3e+1(3.41e+0)— 1.010 2e-+0(5.65¢-1)
4 131.941 3e+0(1.25¢+0)— 2.251 2e+1(7.40e+0) — 1.094 6e+1(3.55¢+0)— 4.554 Se-1(1.06e-1)- 9.340 0e+0(2.88e+0)— 1.529 le-+0(4.80¢-1)
MaF6 6 15 1.451 6e+0(7.62e-1)= 2.216 2e+1(6.64e+0)— 1.349 8e+1(4.77e+0)— 4.539 Te-1(1.31e-1)+ 1.417 3e+1(6.28¢+0)— 2.803 7e+0(1.25¢+0)
8 17 1.864 8e+0(9.68e-1)+ 3.096 3e+1(1.00e+1)— 1.466 Oe+1(4.54e+0)— 8.938 9e-1(3.03e-1)-+ 1.607 9e+1(6.08e+0)— 1.308 2e+1(1.04e+1)
10 19 1.588 7e+0(1.28e+0) 2.924 2e+1(9.94e+0)— 1.351 9e+1(4.48e+0)= 3.3383e+0(2.32e+0)+ 1.478 3e+1(6.61e+0)= 1.806 0e+1(8.91¢+0)
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FCPSEA & vk 75 B AR ME ge b i) R I & 1, Lk 2 R 42 6 FhEVELE WFGL ~ WFGY Wit 7] J5 i3k
MCEA/D 5.3k, 3t — D IGAE 1 3 T 43 R C H#E 4 B 1720 R A ST 384T AT 3759 1) IGD %o Bb &5 5. 2% 4 1K) 5K
B SEAE SR AR IX 2 1) R 11 5 4 7. U584 2 B : FCPSEA TE H #5 N 3. 4. 6. 8. 10 3Lt
T4 CHTESRAENELHESA WFGR o8 _E 3RSV IGD AT EE
B M D REMO CPS-MOEA MOEA/D-EGO MCEA/D Two_Arch2 FCPSEA
3 12 1.508 7e+0(5.20e-2)— 8.5014e-1(1.25¢-2)— 8.2109e-1(3.90e-2)— 2.024 7e+0(9.07¢-2)— 2.190 1e+0(1.24e-1)— 7.476 4e-1(2.62¢-2)
4 13 1.778 2e+0(7.56e-2)— 9.123 6e-1(1.57e-2)— 8.999 7e-1(5.61e-2)— 2.459 1e+0(6.90e-2)— 2.409 1e+0(9.93e-2)— 8.062 1e-1(2.87e-2)
WFG1 6 152.2210e+0(1.40e-1)— 9.3355e-1(2.22e-2)= 9.037 9e-1(5.50e-2)= 2.672 5¢+0(8.19¢-2)— 2.740 6e+0(7.75e-2)— 8.472 1e-1(3.49¢-2)
8 17 2.5754e+0(1.24e-1)— 9.1720e-1(1.86e-2)= 9.1182e-1(5.64e-2)— 3.097 7e+0(9.17e-2)— 3.061 3e+0(6.74e-2)— 8.1753e-1(3.02¢-2)
10 19 2.931 8¢+0(9.61e-2)— 9.1512e-1(1.78e-2)— 8.849 0e-1(6.68¢-2)— 3.447 3¢+0(9.01e-2)— 3.396 1e+0(3.87¢-2)— 8.134 3e-1(4.19¢-2)
3 12 6.268 5¢-1(1.78¢-1)— 2.313 5¢-1(1.59¢-2)= 2.1205¢-1(1.50e-2)= 5.2629¢-1(5.73¢-2)— 6.966 6e-1(1.16e-1)— 1.152 2e-1(1.29¢-2)
4 13 7.5160e-1(1.65e-1)— 2.622 8e-1(1.43e-2)— 2.423 2e-1(2.60e-2)— 8.4628e-1(1.14e-1)— 9.766 0e-1(1.62e-1)— 1.385 Se-1(1.66e-2)
WFG2 6 151.279 5e+0(4.19¢-1)— 3.007 0e-1(2.21e-2)— 2.6443e-1(3.51e-2)— 1.4108e+0(2.70e-1)— 1.746 3e+0(4.10e-1)— 1.695 0e-1(2.25e-2)
8 17 1.877 6e+0(7.11e-1)— 3.1702e-1(2.58e-2)— 2.9102e-1(3.86e-2)— 2.3124e+0(5.23e-1)— 2.561 7e+0(6.69¢-1)— 1.893 4e-1(2.25¢-2)
10 19 2.493 2¢+0(6.14e-1)— 3.372 1e-1(3.75e-2)— 2.917 Oe-1(4.64e-2)= 4.044 0e+0(8.49¢-1)— 3.713 6e+0(1.01e+0)— 2.105 3e-1(3.25¢-2)
3 12 4.3755¢-1(3.84e-2)— 2.8172e-1(2.44e-2)— 2.9793e¢-1(1.18¢-2)— 4.5023e-1(7.42e-2)— 5.8770e-1(5.26e-2)— 1.552 5e-1(2.95¢-2)
4 13 5.160 1e-1(6.29e-2)— 5.450 6e-1(4.92e-2)— 5.019 1e-1(4.73e-2)— 6.4223e-1(8.92e-2)— 7.5719e-1(6.08e-2)— 3.192 2e-1(5.11e-2)
WFG3 6 15 7.353 4e-1(7.93e-2)+ 2.384 3e+0(2.53e-1)— 1.969 0e+0(3.53e-1)— 7.607 7e-1(6.38e-2)= 1.134 1e+0(7.03e-2)= 1.222 4e+0(2.81e-1)
8 17 8.980 6e-1(1.48e-1)+ 9.5802e+0(1.62e+0)— 7.817 0e+0(8.06e-1)— 9.086 6e-1(7.88e-2)+ 1.454 Te+0(7.63e-2)= 4.537 0e+0(1.06e+0)
10 19 1.065 9e+0(1.71e-1)+ 3.813 4e+1(4.56e+0)— 3.510 2e+1(3.80e+0)+ 1.155 0e+0(1.66e-1)+ 1.784 4e+0(1.00e-1)+ 1.835 9e+1(3.91¢+0)
3 12 3.9578e-1(2.59¢-2)— 1.4655e-1(5.14e-3)— 1.496 6¢-1(5.68¢-3)— 4.455 8e-1(4.56e-2)— 5.756 6e-1(5.53¢-2)— 8.139 8e-2(5.46€-3)
4 13 7.4057¢-1(1.08¢-1)— 2.2312¢-1(5.60e-3)— 2.081 le-1(8.73¢-3)— 9.9472¢-1(7.82¢-2)— 1.2149¢+0(1.24e-1)— 1.373 5e-1(6.55¢-3)
WFG4 6 152.0094e+0(2.09¢-1)— 3.6449e-1(1.07e-2)= 3.3364e-1(1.66e-2)+ 2.067 1e+0(8.54e-2)— 3.2809e+0(2.85¢e-1)— 3.477 7e-1(4.91e-2)
8 17 4.787 6e+0(8.85e-1)— 4.943 9e-1(1.32e-2)= 4.586 8e-1(4.59¢-2)+ 3.5953e+0(1.43e-1)— 5.999 2e+0(3.59¢-1)— 6.0452e-1(3.71e-2)
10 197.240 7e+0(1.08e+0)— 5.927 2e-1(1.94e-2)+ 5.651 6e-1(7.48e-2)+ 5.957 6e+0(4.24e-1)— 8.918 2e+0(6.06e-1)— 7.140 3e-1(3.32¢-2)
3 12 4.3359¢-1(3.64¢-2)— 1.5253¢-1(7.93¢-3)— 1.430 le-1(7.82¢-3)= 3.657 le-1(4.17e-2)— 6.8022¢-1(3.12e-2)— 1.1222¢-1(9.33¢-3)
4 13 7.6324¢-1(2.44e-2)— 2.380 le-1(8.82e-3)— 2.036 le-1(1.38e-2)= 8.696 7e-1(7.18¢-2)— 1.211 7e+0(5.75¢-2)— 1.716 Te-1(8.16e-3)
WFGS5 6 15 1.8528e+0(1.43¢e-1)— 3.799 5e-1(6.91e-3)— 3.423 8e-1(2.56e-2)— 2.097 1le+0(7.52¢-2)— 2.8314e+0(1.84e-1)— 2.8459e-1(1.41e-2)
8 17 3.8519e+0(2.79¢-1)— 5.1609e-1(1.09¢-2)= 4.9054e-1(2.41e-2)= 4.356 3e+0(2.75e-1)— 4.9149¢+0(2.90e-1)— 5.0504e-1(3.54¢-2)
10 19 6.1212e+0(6.93¢-1)= 5.9269¢-1(1.22¢-2)= 5.819 0e-1(2.01e-2)+ 7.469 Te+0(4.24e-1)— 7.167 6e+0(4.42¢-1)— 6.081 Oc-1(2.64¢-2)
3 12 7.1953e-1(3.62¢-2)— 2.383 3e-1(7.20e-3)— 2.023 7e-1(8.24e-3)— 6.5564¢-1(9.13e-2)— 7.771 7e-1(3.99¢-2)— 1.472 Te-1(1.76e-2)
413 9.7576e-1(3.11e-2)— 3.1613e-1(1.05e-2)— 2.5142¢-1(8.41e-3)— 1.208 3¢+0(8.72¢-2)— 1.358 8e+0(1.16e-1)— 2.040 9e-1(1.54¢-2)
WFG6 6 152.0072e+0(9.41e-2)— 4.4180e-1(1.32e-2)— 3.5529e-1(1.28e-2)= 2.403 2e+0(1.49¢e-1)— 2.9559e+0(2.05¢e-1)— 3.247 7e-1(1.60e-2)

8 17 3.799 3e+0(3.24e-1)— 5.653 Oe-1(1.11e-2)— 4.565 3e-1(1.98e-2)+ 4.573 4e+0(3.77e-1)— 5.221 5e+0(2.07e-1)— 5.063 6e-1(3.70e-2)
10 19 5.868 9¢+0(4.68e-1)— 6.3489¢-1(1.27e-2)= 5.2202e-1(3.01e-2)+ 7.2114e+0(6.35¢-1)— 7.503 8e+0(4.14e-1)— 6.032 5e-1(2.47¢-2)

3 12 5.3569e-1(4.89e-2)— 1.7862e-1(5.50e-3)— 1.8252e-1(5.87e-3)— 4.797 0e-1(3.23e-2)— 6.405 9e-1(3.60e-2)— 9.424 8e-2(8.70e-3)
4 13 8.5058¢-1(8.36e-2)— 2.5755e-1(6.01e-3)— 2.3269e-1(6.20e-3)— 1.029 Se+0(1.15e-1)— 1.175 8e+0(5.67e-2)— 1.524 1e-1(9.22¢-3)
6 151.9113e+0(1.31e-1)— 4.0310e-1(1.29¢-2)— 3.7513e-1(1.98¢-2)— 2.390 0e+0(2.46e-1)— 2.804 0e+0(1.40e-1)— 2.773 Oe-1(2.46e-2)
8 17 3.640 4e+0(3.05¢-1)— 5.467 Se-1(1.85¢-2)— 5.5364e-1(3.30e-2)— 5.163 6e+0(5.43e-1)— 5.273 1e+0(3.60e-1)— 5.008 2e-1(4.34e-2)
10 19 6.066 1e+0(3.85¢-1)— 6.327 6¢-1(2.00e-2)— 6.220 6e-1(4.30e-2)= 8.560 0e+0(1.27e+0)— 7.896 8e+0(5.21e-1)— 5.835 Oe-1(3.14e-2)

WEG7

3 12 6.863 7e-1(4.00e-2)— 2.3499e-1(9.25¢-3)— 2.4129e-1(7.69e-3)— 7.3927e-1(7.15¢-2)— 8.2853e-1(4.21e-2)— 1.589 5e-1(1.00e-2)
4 13 1.090 7e+0(1.00e-1)— 3.308 7e-1(1.17e-2)— 2.991 1e-1(5.28e-3)— 1.3262e+0(9.97e-2)— 1.404 1e+0(3.68¢-2)— 2.295 Oe-1(7.35¢-3)
6 152.3154e+0(1.35e-1)— 4.6893e-1(9.46e-3)— 4.1819e-1(1.17e-2)— 2.583 1e+0(2.85¢-1)— 3.166 8e+0(1.34e-1)— 3.783 2e-1(1.89¢-2)
8 17 4.465 6e+0(3.76e-1)— 6.000 le-1(1.77e-2)— 5.488 de-1(1.89¢-2)+ 5.189 6e+0(6.56e-1)— 5.531 6e+0(2.38e-1)— 5.623 Oe-1(1.79¢-2)
10 19 6.574 6e+0(2.68e-1)— 6.596 6e-1(1.23e-2)= 5.967 Te-1(2.72e-2)+ 7.753 Te-+0(9.58e-1)— 7.842 0e+0(4.14e-1)— 6.5322e-1(2.13e-2)

WEG8

3 12 5.860 6e-1(7.63e-2)— 2.0909e-1(1.26e-2)— 2.173 5e-1(1.76e-2)— 5.0827e-1(8.22¢-2)— 6.9754e-1(4.92¢-2)— 9.956 8e-2(1.45¢-2)
4 13 9.8464e-1(1.06e-1)— 3.0052e-1(1.59¢-2)— 2.839 Se-1(1.58e-2)— 1.020 1e+0(8.01e-2)— 1.358 6e+0(1.05¢-1)— 1.615 9e-1(1.59¢-2)
6 152.5145¢+0(3.68¢-1)— 4.4802e-1(1.30e-2)— 4.318 0e-1(2.37e-2)— 2.111 5e+0(1.05e-1)— 3.046 2e+0(1.80e-1)— 3.034 9e-1(1.61e-2)
8 17 4.453 7e+0(5.95e-1)— 5.965 le-1(1.55e-2)— 5.697 de-1(2.93e-2)— 4.146 0e+0(4.79¢-1)— 5.4128e+0(3.15¢-1)— 5.015 8e-1(4.05¢-2)
10 19 6.634 7e+0(6.93e-1)— 6.544 6e-1(1.17e-2)— 6.4309e-1(3.55e-2)= 7.508 1e+0(7.10e-1)— 7.731 3e+0(6.42e-1)— 6.053 6e-1(1.86e-2)

WEG9
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