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Improved ensemble learning classification based surrogate-assisted
evolutionary algorithm

GU Qing-hua', ZHANG Xiao-yue, CHEN Lu

(1. School of Management, Xi’an University of Architecture and Technology, Xi’an 710055, China; 2. Xi’an Key
Laboratory of Smart Industry Perception Computing and Decision Making, Xi’an 710055, China)

Abstract: When using surrogate-assisted evolutionary algorithm to solve the expensive many-objective optimization
problems, the surrogate is usually used to approximate the expensive fitness function. However, with the increase of
the number of objectives, the approximation error will accumulate gradually and the amount of calculation will increase
sharply. In order to solve this problem, we propose an improved ensemble learning classification based surrogate-assisted
evolutionary algorithm, which uses an improved bagging ensemble as the surrogate. Firstly, a set of classification
boundary individuals are selected from the individuals evaluated by the expensive fitness function, and the individuals are
divided into two groups. Then, these individuals with the group labels are used to train a classifier to predict the groups
of the candidate individuals. Finally, the promising individuals are selected to be evaluated by the expensive fitness
function. The experimental results show that the proposed surrogate in the algorithm effectively improves the ability
of the classification based surrogate-assisted evolutionary algorithm to solve the expensive many-objective optimization
problems, and compared with the current popular surrogate-assisted evolutionary algorithms, the proposed improved
ensemble learning classification based surrogate-assisted evolutionary algorithm is more competitive.

Keywords: expensive many-objective optimization; surrogate-assisted evolutionary algorithm; surrogate; ensemble
learning; bagging; classifier
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RVF 22 SEBR B i 4E A AL 0] R, anfin s wer el 24
YT OALIH I 3 B FE VEAN R B AR R L
PRLIX S T AR DL 7 v A A A R 5] AN
TR 3K Ao J7 V24 Pk A AR B A B 3k 40 57 (surrogate-
assisted evolutionary algorithm, SAEA) 13-, 4R #i& {2
B AN R DB, KB SAEAs 70 N 2171,

55 125 SAEAS =& ff AR A5 2 Sk iz el g a6 A ¢
FRYE B PRI, 21 H Ao L, O RE R T
AT IR RARHEAE Y B4 22 T R H AR (polynomial
regression) 1%, 5 B G4 A (Kriging) ! 4 25 [ 2%
FEE AUV Z5 {5 G, SCAR [13] 48 FH o 25 0 2 A5 280 4ty By i
A, SCHR [ 14145 FH 5 5L AR Y SR Al s A1 1) R ) H
b BRI L. {H 241X 28 SAEAs FI Sk K il 5 51 =i 4 2 H b
P Ak o) RN, A B 22 4 Bl e H s i 1 3G 0 T 8
o EA T E R TURIE N, 58 2 98 SAEAs K H 4y
A AE AT ASE Y Sk e Ui Ak e A A R 2 MR,
(AT SAEAs A] LAAN 75 22 48 37 FH T3 U EEAN H b 2R 25
(RS it A QR ABE U TIST 2 Sy A s 4 1 AR B ABE AR 3
I, 753 21 1A P2 — A FAR R B AR, T R & — A
1 LRI PR 28, FH T 40 B /S 4 B 4F 3R, 1X 5 SAEAs &
T REAR S ISR — > 73 SR8 RT3 7= A AR EAT 43
K. 2015 4, SCHER (151 32 T —FhJE T4 28 A0 i R 4T
SCEC 2 H AR % (CPS-MOEA), 7E CPS-MOEA
o AMERE S RS, S AR IO IE S B AR5, R
73[R IH ¥ (classification and regression tree, CART)
X7 A BCH) JE ARRR 2 3E AT TR0, DA ysk 2D P 1 AR
I REL. 2018 4F, STHR [16] $2 tH 1 — M T 73 K 94K
4 B 3k A0 530 (CSEA), 12 502 A8 FH Hi 15t 4 48 19 2%
(feedforward neural network, FNN) TR i ik 44 5 2
M2 (R SCIE IR &R, (AN 25 R8 B BEAR Y 7y S 45
RWIATENE, R T — Pl ] {5 BEAS = 772K 4 1 e
o gt AR B AR R 75 V. X R 3 T 73 R 1 SAEAS
FH T SR 1a) R, A 4T R S — MBS LR A
AN 18] 1 3D 9% 2R, AH EE T 28 1 28 SAEASs, KR kb
TREIERTHEA.

B IR PR SAEAs S 1) 43 2 (B E AR AN T
T2 28 A1, LA 3 28 48 10 AL 45 SCRFIA] 241 (support
vector machine, SVM) 71, 1% ] 3 p& 4 X 4% (radial
basis function network, RBF) 8145 #R1fiy, F T 2 374X
HRASE A I Bl = s sk HL B A BE AL Y, S B0
FAE ST IR A A Y PR EEARAIG, 2 T A 45 VR 2R
Gy WS R B 77 e sl NATARME & %2 — N & & 1 4
ARG EE R B — R . Rk, — AN
SRR B 2 MR A & 78—, LUORTREE

AL AR B R (1 3 SRR U200 SR [21] £
T OB ERLA Bl £ W [RDRE R A SR, A —
A BB A R AR RURT — AN 2 R AR R A A ok
TR ZA AR, S8R YIS A 2 R
RRISRAG ARG AP e T o, A SR — A T
O3k B A 2T 40 S AR 3 4 B gk 4 B0 (improved
ensemble learning classification based surrogate-assisted
evolutionary algorithm, IECSEA) H T 3K fift & o /= 4
%2 B AR A 1] R, SR8 5 — e ash ) e AR 4 i 7 vk
SR AR, FEAR A 7 SR 45 R P A5 B, 7R
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1 AR
L1 &pF>

e B 21 W] DAL & — AL 55 00 2R 4%, L o —
Ao 7p e ds. B R 21 7 0 CARIE WA LR AE B I A B
PR T B B — RO BT A2 S THE (boosting) 1231 Al
4 4815 (bagging) P4 72 A BUAR OSSR R 7 A 7
. AR P AL i AR, Sl R i i — A g5 2K
A TR B R A B SR AL 5 — A 55 70 FAS R
VE T DR A, TR W] BEMLAZ IEIX SRR, J5
il I IR AT 1 JEAR, B 85 73 SR 48 M I 2R R AT EAT, 45 0E
N m AR A SE A 46 FE AR, A T A e R
FETT iR NI FEAS B h B L 35— DR R 5 f
SEMFIREA TR FEA SR T, DUEAE T —UCRFE
PIIRAT LA FAZFEA. IXHFE, 78 m IRBENLIIRE 2 5,
AR & m MEAR I FEA L, 15220 565
m AN WEREAR I T A FEASE, T AFEAR 7 I 25
TAG597 00, FRROR L g5 0 R an it AT 4 &
12 BEMIEFEREE
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ATy Mk Fe b R s

() = fml). )

Horr:e(x) NPTA HAREEA, M 98 Hbr A5
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d(x;) = (di(xi), ..., dig|(x:)), i =1,...,|Q|, (2) N AAMER L.
dj(z;) =1—cosb,;, j=1,...,|Q|, 3) 1=
cosb;; = I=tr oo
M 0.5 = |
D (fmlws) = 2) - (fn(25) = 23.) T |
m=1 ’ (4) R1 |I
0 tr 0.5 1-tr 1

J D fmlwi) =z, - J (fim (@) = 27)?

r = i m\Li), 5
Z, gggf () (5)

Hrdj(z) Na; 5 oy Z TEIEE 85, AR 5% AL R H
PR A 1) B 22 [A) ) AR SRR Al S E TR AR LS. 4
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A ) B A T LR, RGXARLE N 0. TE ik 1]
(4E SR 2 b, R P2 AR FYE Bl AR [0,1]. Rk, 4%
5L AR A 38 FH 3R v 4 s (] o AR (A AL
TN R S, AT AZE R R B —H B R4
LS AN o3 A7 M 1R AR, BLTH SRR /N
1.3 "EEREREZE
SCHR (161384 7 —Fh T {5 FEAS = 5 i, Bl TR R

BN R 3% 3, 1207 VE A P IS SR DAl 2 T 40 28
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B BN SR, AT A0 B IR B TR SE GRS 435 0 4
B B 148 T IECSEA [f) 2 SRR,

(oI T BEP ¥ PR RO R A R |

v
[AM$*@%~mﬁ%w#¢%
v

mgf | KL AT T A 1K
L TP AR * e

@%g By P RO |

v 1k A

FARER LR || AR

ISR F— et o 4

18, @ifa
v XA S

sFe g | A

g 4 kA 1

R

ClARIEAD

2 IECSEA RIZHER

®3%k1 IECSEAHIL.

B N FRRE RN N, 73 R T AR EL K, B B
JEVEAN KB FE e, 1A R BT BT 14 85 K 00 2
Gmax-

step 1: K LT ML J7 K AE A2 Al R /N N
HIRTARFIRE P, I 32EAT B3 D& N PP

step 2: F M LR M HE P 23 5 N VARG 4R Ay R A,
s

step 3: W E T IRELFE = N;

step4: while FE < FEax;

step 5: 1 i 3B AL 15 SREBE A Ap Tk R kAN 2K
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step 6: 38 1L 73 330 FEAN 73 v A A, o A4
I B

step 7: 4 73 B R A AR 70 A I AR AN I A

step 8: 141 FH Il R B2 I 5 e adk () 48 il 2 ST B A

step 9: {3 FH WX Hdhs 73 7 o 55 24> 44 73 2K
AR ZE My vmo;

step 10: HIWr 55 P (i, mo) 7T AT FEHS J&) 1 1)
XA

step 114 AP, — ik 1) 52 SO 22 T 5038 7 A B
THAMEQ;

step 12: %4 = 0;

step 13: while ¢ < Gax;

step 14 f FIAQER A A ) W70 MR 531

step 15: 8T i = i + |k|;

step 16: EFEA HTIE I kA4,

step 17: end while

step 18: 15 FH & 5 138 . 52 R HOPPAY

step 19: BEHT Ay Fll Ao RS EE;

step 20: BT FE = FE + k;

step 21: end while

step 22: % th: A; JHAR44E.

SR L A R TR S SRR AR O AT R
WG T EE P, I 6 W6 R P EAT B0 5 38 N R VR AT,
B EATBNVIRYEE Ay A Ay . 76 FAEFR A, 8 6
Ao IR EE I ke NMRAE Dy 73 2RI 5 4 Ao T
ANA G Ry 2E, TG 53 B 2H AR R 301 1 B A Kl
I3 N UNZRREALE AN A A, A FH IR A SR I 25
Ui PR R 2 21 43 R s R AR R AT 3 9 R
J&, A5 PR A £ T B 40 S A iR 22, R I 24
PR 1R 3 NI RT {5 E S JR) U7 5 10k A I Ig B At
A7 B B I N E VPN BT, BEBT Ay R A ARSER, I
AR EE Ay BEAT YES, 5115k 25 Ak, AT 22 e AR R AR 284 It
. EHE BRI, BB R R
21 FEOFEFRSHAEN

Iy RV FEBERI T 1T TR AR BA
M FE M NANRE P b afe B — 414 &, 2 5K 0E BENS
AR B b P 1457 ey 248 H A 2 B) o AR B SOE S 2 4
. ik 58 B A AR 1 i BT SCIC AL ST o R
8 Ay IR I AR (A4 FUORfRAE (BA). 7
FMEN A R AP 53 A FEA R SR A 1
ARGy g A 0, KRR 73Dy B 4. 73 2R HE N 40
IR 2 iR,

BiE2  opRuE.

BN VAR SR Ao, 53 FIL T k.

stepl: A=9,B =g,

step2:fori =1: |As;

step3:x = Az(i);

step 4: if = #% k H MR SCAC,

step5: B = B ;

step 6: else

step7: A=A x;

step 8: end if

step 9: end for

step 10:fi i A B.

FESER 2, 0 Ay VARG SR i B AN AT 388 g, %
AN I 121 SR AR SRS AR TN S A s 15 0
FZMETNE S B, 250t AFI BISMES.
2.2 BUHAMEEF S HER

AR SCHR Y — Tl e R e SR 1 21 Ay S Rx
TARAMEIEAT 7328, FR AR I 50 3 .

BRI SRR ) o R A

i N AR RN T, B A RS K Q, SRR I
FEAAES.

step 1: TH 5L P4 5] (0 BR R ER 25 d;

step 2: 14 d 4 BRIG VI RFEAREE S 73R S, (i =
1,2,...,T);

step3: S/ =5-5;(i=1,2,...,T);

step 4: i A TRERFERAR M S] ol o; FEAS;

step5: D; = S; + ¢y;

step 6: 18 FH D; NIk T4~ 55 77 254,

step 7: {5 FH A% R 3k B S AN T A 55 43 S 8% ik
O

step 8: K Q 55 KA 45 kT4 A

step 9: i tH 58 77 K45

SCHR (27148 H, BRI R 4R v (A T o] BORE o 2
ARAHLE, MR A B A B A%, JCH 2 & dE
LR PPN AL AT SR n I R SR B I, R I 2R
A3 P A BT 3R TR Y SRR B o e ek AR
FAF ST HAR T SRR FH STHR (271 R A1 RO RE AR 3 T
AT DAS BN A BA 2R AACERYE R NI A T
B O AR R IR BRI N SRR A R 3 N AR
THE AR TR IR A IS 5 73 A A2 BE A FEA 23 1]
Hh FLR, T A TR RAE T R A TR AT SRR
BRI 2 A, 75 55 70 28 & 45 6 2RI FH A Y 30k 35 S s,
N 3 T 2R AR A R 1 S Jo . S 0 S AR AR o
2173 AR 3 .
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T BRI EE B I RE ARSI C . AR FEARH A B
RIYINZREARLE AR S5 G
1) F5 T BRI R 8 I FE A 20 L. R4 B SR RE A
L SIVALS R TR < S a i o Nl 11 SO = o Nl ST 0]
PREE B8 AT DA R RAET B RE A (1) 73 A1, WM AR 22 T] )RR
PR B B R, A 2 ] 11 22 b K. B B s N 2 B
9 S, R HEAE A ] R RR G PE B 4 F S Rl v T AT 48
Si,Sa, ..., Sr BN TEIFEARH I S 3 A AE AT
A7 A .
2) A BB R A T A TR R AR AR A S] A
WUREAS ¢, S1 AN @, T 2
SI=8-8,i=102,...T )
1Si + @il =151, )
Horpr| - [REEE KA.
NFEARMH A, T BRI HE B 2 BC AT sk A8 A A
5 T8UBERAE FrR A B RE AAH N B 9 2 G A AR, B
D; = Si + ¢r. (10)

4) BRI Zx. AT FE A AL 5 3RS K 57
B0 HINZRT > RBF 5573 25 4.

5) AL 5. 38 SCHR (28] AR, 25 R ST
YRR/ T 100 I, 73 K B2 I 25 2 RCASE ) 388 KT
. ART, 2458 BB — 2D 1 KN A L EA— 5
Ak SR v X AR, A AR R U B SR 2 A7 B T AEA
B AR AR R 73 S FE IR AR DL T AR AR L. SRR
PR 380 AR M RIS TTR 2, N T 5570 K45
TP TTRAR ZE RO/ Q A BT IR R = TR A A
N
> &

RMSE = ;
i

ot d, N B 55 925 (A i 22

6) B £ 5. SR FF 49V s 1 Q A5 4 2
ST A 73 B3R 4 25 T 3R 00 2K30 TAR
AL 42K

; an

23 WAEEEIRREE

T B SR AR 4 Bl gk Ak Sk i St IR e AR
PRAB R T &, BV R R OSUA R 4R 7 B SR, 8 B IR
AT TE R IT R B Ay AT Ao 5T IR B Ay BRI
AN A 5 AR B SN AT JESCRCHE 7 )5 IR B A
VZ A, AR AR & 55, 0T A ITRSER, dn i
FIT AT B0 B B 36 N B A A FH SR R AR B ASE R, DU )1 2%
(A B A DR RS A T 4 o A S ASE A 1] 5k ) B (1],
BN Ay RS AT 4 B A, W MR R IRE R
N, ARG S AR S KT NI, SR FH SCRR [29]
() & IME SRR TTVEXS Ay ARG AR AT 4R 4P, It % 07
EHRAT N A RE PO, KA R R R ok
I A H.
3 ESERKRERII
3.1 Wiel @ S 1 REE R

126 HUDTLZBO AT MaFB ! i F il X 45 1 Ry 5256
A 1P R, 20 A E ) 3 4 64 8+ 10 H AR
EMRREE T RE. BB AR BN 10, X T DTLZ
AT MaF b4 AN I (7] 25, A3 AN SR #0347 20 P57
Z 5. K B AS N 0.05 1) Wilcoxon F& AT 56 7 1
ATV “ 47 FoR I R GRE B PERE L T IECSEA;
“ =7 FoRPTHEEITEBEANINIECSEA; “="3&0R
Bt LGRS R R o 925 2 ) 3% B 3 22 5

SIS XF B R A B M RE AR AR 2 =t AR PR
(inverted generation distance, IGD), IGD & k7N, &7
HL e LF. ik P tH RFERTIETI B —4

Z dis(z, £2)
* zeP*

1GD(P*, ) = *5
Hrpdis(z, 2) x5 QPRI SRR ICEEE.
& 1 IGDAE A, S5 A% F 55 2 AN 1t R di b 2
AR TR FE B (hypervolume, HV). HV {H i &1, L 45
GrPEREBR LT, BV B NS 8 i 4 Q 1 E A5 2 ]

—HTE X275 i P P8 5 M X, A

HV(02, P*) = A(H (2, P¥)). (13)

(12)

Hor
H(2,P*) =
{z€Z|JzePIreP : flz)<z<r} (14
M) DU 2, B
AH (2, P*)) = jp* lgo.r(2)dz,  (15)
Li(o,p) A H (82, P*) IHRFE R L
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32 XEEEE

SEOG e 4 Fh Y% 5 IECSEA HEAT X L, BT ik 1) 4
Fpowt Lo S TR EE AN 2 U R

1) NSGA-TIT3?: NSGA-IIT (& T 1 ] NSGA-II ]

NSGA-IIT A & — AN 3 4 Bl i A B0, 5 R AR AR 5K
56 e g FH R S5 AR ER A Bhdt AL B2t b, T
TEA BR B PR UBU T , SAEAs 5 4% G5 34k 5101 B
HARHPTAE.

2) MOEA/D-EGO!"*: MOEA/D-EGO ¥ % H FrAft
Ak e /53 il R 22 A B B bR )1 1) 78, P R A )
AL — MR,

3) CPS-MOEA!'S): CPS-MOEA f2& — fh % T 73 2%
{100 A 2 B B A B e A R R S AR B A RS I 5
Gy AR, SRS A o 28 BT AR Iok 358 T 2B R Bk A
s, RAR B IE A

4) CSEA!S): CSEA /& — i Ik T 73 28 () A 2
Bl idt Ab S92, e A F NN AR A4 ASS 2R R 0 4k i
AR5 2 AR 22 8] SCRE OC F. )R S0 e i A
Tff 7 PR SR A HII& 1)/, I B DI R eR 2
BTV
33 LWBHEE

T X BT R AT AT L SR A A A
PERE, X BE A L SO S H Ok E. B
ABBLLT

1) BAE AR A8 X AR HEH n, 1 20, 48 57 73 AT
faHn,, W 920,78 HEH p. BN 1.0, 5 p,,,
N1/d, HA d R BN

2) PR R : 9 T E AR, S5 Hf CPS-MOEA
CSEA MIIECSEA BB B N 11d—1, d RPE
A AN 4T NSGA-IILFIMOEA/D-EGO, & 1 41 H
TS (p1,po) M E, T AAFE K B b4 %
BAZIT 11d — 1R AR RIURE, Forb py A py RIS HIVEE
M SR FEAT I I R N BCE B S

& 1 NSGA-IIIF#IMOEA/D-EGO H 1%
T1ld — 1 FEENSEIRES

obj. parameter(p1 , p2) population size(IV)
3 (12,0) 105
4 6,0 84
6 (3,2) 77
8 2,2) 72
10 2,1) 65

3) S 28 1R 25 0 T BT A T e e, 2% 0k 2% A
NFEs (B REH . f T T b i 1) @2 &) 52 ), FEs

{1 f K3 H 418 2 400.

4) B HHE A SR B X T CSEA, 2 % fif 1)
AN 9 6 1, FNN H G50 22 70 AN 803 104
X T IECSEA, 73 il SRR B B 1 B N 8, Bl )
PR KN T = 2000, R BRI RECNQ =
100.

34 IWERSHH
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problem M IECSEA-C IECSEA-F IECSEA-S IECSEA-R IECSEA
3 6.3873e+1 (1.90e+1) — 6.087 6e+1 (1.54e+1) = 6.3123e+1 (1.94e+1) — 6.0704e+1 (1.20e+1) = 5.837 3e+1 (1.02e+1)
4 4.3549e+1 (1.29e+1) — 3.8106e+1 (1.44e+1)= 3.7948e+1 (1.47e+1) = 4.2057e+1 (1.03e+1) — 3.677 2e+1 (9.11e+0)
DTLZ1 6 3.4652e+1 (6.5le+0) — 2.1002e+1 (6.21e+0) = 3.0832e+1 (4.91e+0) — 1.897 4e+1 (5.28e+0) = 2.041 Se+1 (5.41e+0)
8  3.6598e+0 (2.04e+0) = 4.0338e+0 (1.15e+0) — 4.5722e+0 (2.33e+0) — 3.9449e+0 (2.02e+0) — 3.615 8e+0 (2.39¢+0)
10 2.3396e-1(6.89¢-2) + 2.8283c-1(3.85¢-2) =  2.536le-1(7.82e-2) +  2.9263e-1 (1.00e-1)=  2.960 8e-1 (3.56¢-2)
3 23701le-1(231e-2) — 1.8205e-1(2.58¢-2) — 2.3680e-1(2.76e-2) — 2.0910e-1 (2.50e-2) — 1.5143e-1 (2.04e-2)
4 2.5575e-1(2.13e-2) — 2.5784e-1(1.78e-2) — 2.7959e-1 (3.34e-2) — 2.7973e-1 (2.05¢-2) — 2.067 2e-1 (1.27e-2)
DTLZ2 6 3.677 2e-1 (3.06e-2) =  4.049 6e-1 (2.25e-2) =  3.9775e-1 (3.28e-2) =  4.053 7e-1 (3.28e-2) =  3.761 le-1 (4.70e-2)
8  6.6389e-1(4.62e-2) — 5.9249-1(2.13e-2) — 6.0624e-1(3.89¢-2) —  6.1924e-1 (2.98¢-2) —  5.244 2e-1 (4.45e-2)
10 5.9540e-1(4.96e-2) =  6.027 le-1 (6.16e-2) =  6.5239¢-1 (4.15¢-2) —  5.450 6e-1 (3.80e-2) +  5.857 8e-1 (4.33e-2)
3 1.5520e+2 (5.12e+1) — 1.3907e+2 (1.80e+1) = 1.954 6e+2 (3.18e+1) — 1.6229e+2 (5.41e+1) — 1.1917e+2 (4.79e+1)
4 3.0533e+2 (2.97e+1) — 2.008 1e+2 (3.30e+1) — 1.3315e+2 (3.0le+1) = 1.177 0e+2 (2.76e+1) = 1.2214e+2 (1.49¢e+1)
DTLZ3 6 6.2639e+1 (1.07e+1)= 5.1536e+1 (1.45e+1) + 6.978 7e+1 (1.87e+1) — 5.966 6e+1 (1.37e+1) + 6.4963e+1 (1.88e+1)
8  9.364 1e+0 (5.40e+0) + 7.077 5e+0 (6.25e+0) + 1.2650e+1 (7.10e+0) + 1.9409e+1 (1.05e+1) = 1.883 4e+1 (1.86e+1)
10 7.7208e-1 (2.81e-2) = 8.2191e-1(2.51e-2) — 1.1001e+0 (3.19e-1) — 9.089 5e-1 (1.95e-1) —  7.923 3e-1 (3.16e-1)
3 4.5173e-1(1.04e-1) — 4.4464e-1(1.96e-1) — 3.6028e-1 (9.61e-2) — 4.3480e-1 (1.27e-1) — 2.8017e-1 (1.64e-2)
4 4.6335e-1(8.62e-2) — 3.8259e-1 (1.04e-1) — 3.9364e-1(4.98¢-2) — 3.784 5e-1 (9.06e-2) —  3.283 7e-1 (1.09e-2)
DTLZ4 6 6.2699%-1(2.99¢-2) — 5.1754e-1(6.95¢-2) = 6.3179e-1 (5.42e-2) — 5.5741e-1 (4.21e-2)= 5.3999e-1 (2.21e-2)
8  6.6204e-1(5.49¢-2) — 5.9859%-1(7.02e-2) — 6.7720e-1 (4.02¢-2) —  5.4761e-1 (4.56e-2) =  5.439 8e-1 (8.50e-2)
10 6.9284e-1(3.43e-2) =  6.1823e-1 (2.01e-2) + 7.3160e-1 (2.74e-2) —  6.5277e-1 (2.96e-2) =  6.718 le-1 (2.09¢-3)
3 7.8395e-2(2.75¢-2) =  7.5644e-2 (2.40e-2) + 1.0033e-1 (2.48e-2) — 9.5797e-2 (2.62e-2) — 8.007 le-2 (1.07e-2)
4 27663e-1(2.53e-2) — 1.8534e-1(2.16e-2) — 1.7578e-1 (1.45e-2) — 1.8235e-1 (1.92e-2) — 1.1315e-1 (2.49¢-2)
DTLZ5 6 5.2918e-2(2.27e-2) — 4.5057e-2(1.14e-2)=  5.1209e-2 (1.75e-2) — 5.2404e-2 (1.02¢-2) — 4.456 3e-2 (4.97¢-3)
8  3.9815e-2(9.78¢-3) — 3.0876e-2 (4.37e-3) —  2.6784e-2 (6.72e-3) =  3.0276e-2 (1.01e-2) —  2.6024e-2 (7.09¢-3)
10 1.5415e-2 (1.56e-3) —  1.2756e-2 (1.50e-3) =  2.1047e-2 (9.14e-4) —  1.390 le-2 (9.45¢-4) =  1.133 2e-2 (1.48e-3)
+/— /= 2/16/7 4/11/10 2/19/4 2/13/10
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problem M NSGA-IIT CPS-MOEA MOEA/D-EGO CSEA IECSEA
3 6.8039e+1 (1.11e+1) — 6.6790e+1 (8.89e+0) — 8.7778e+1 (1.43e+1) —  5.0150e+1 (2.12e+1) + 5.8373e+1 (1.02e+1)
4 53314e+l (1.41le+l) — 5.1808e+1 (1.07e+1) — 5.2979e+1 (5.48¢+0) — 3.9620e+1 (6.85¢+0) —  3.677 2e+1 (9.11e+0)
DTLZ1 6 2.7244e+1 (5.45e+0) — 2.7180e+1 (2.13e+0) — 2.969 6e+1 (8.63e+0) —  2.124 3e+1 (9.16e-1) =  2.041 Se+1 (5.41e+0)
8  8.8550e+0 (1.71e+0) —  9.4092e+0 (2.77e+0) — 1.1702e+1 (2.17e+0) —  3.906 6e+0 (2.65¢+0) —  3.615 8e+0 (2.39e+0)
10 3.9735e-1(9.20e-2) —  3.478le-1 (5.08¢-2) —  3.6794e-1(9.68e-2) —  2.7695e-1 (1.22e-2) =  2.960 8e-1 (3.56e-2)
3 2.6404e-1(1.84e-2) —  2.7442e-1(3.54e2) — 3.4270e-1(3.73e-2) —  1.8914e-1 (2.11e-2) —  1.5143e-1 (2.0de-2)
4 3.2534e-1(246e-2) —  3.693%-1(1.41e-2) —  3.7291e-1(1.53e-2) —  2.8257e-1(2.85e-2) —  2.067 2e-1 (1.27e-2)
DTLZ2 6 4.4310e-1(5.18¢-2) — 5.2669e-1 (1.56e-2) —  4.4887c-1 (2.48e-2) —  4.4135e-1(6.51e-2) —  3.761 1e-1 (4.70e-2)
8  6.1341e-1(442e2) —  5.9276e-1(1.55e-2) —  5.0017e-1(1.92e-2) =  6.226%-1 (2.39e-2) —  5.2442e-1 (4.45¢-2)
10 6.2994e-1 (4.3%-2) —  6.1598e-1(1.89e-2) =  5.0048e-1(9.40e-3) +  6.9834e-1(1.90e-2) —  5.8578e-1 (4.33e-2)
3 2.5852e+2 (2.8le+l) — 1.617 le+2 (4.26e+1) — 1.9130e+2 (1.0le+1) —  1.020 6e+2 (2.02e+1) + 1.191 7e+2 (4.79e+1)
4 1.6345e+2(6.59%+1) — 1.4519e+2 (2.63e+1) — 1.684 6e+2 (6.66e+0) — 8.9712e+1 (1.07e+1) + 1.2214e+2 (1.49e+1)
DTLZ3 6 6.9704e+1 (3.1le+1)= 8.3468e+1 (2.10e+1) — 8.8124e+1 (1.18e+1) —  4.8299e+1 (1.02e+1) +  6.496 3e+1 (1.88e+1)
8  2.7594e+1 (1.0le+1) — 4.0729e+1 (9.42e+0) — 3.2425e+1 (1.05e+1) —  6.8745e+0 (4.10e+0) + 1.8834e+1 (1.86e+1)
10 1.5292e+0 (5.23e-1) —  3.8327e+0 (4.47e+0) —  1.1440e+0 (1.63e-1) —  1.0013e+0 (2.57e-1) —  7.923 3e-1 (3.16e-1)
3 5.8498e-1(3.54e-2) —  5.3369e-1(2.94e-2) — 5987 le-1(7.81e-2) —  3.6426e-1 (1.35e-1) —  2.8017e-1 (1.64e-2)
4 6.5576e-1(7.46e-2) —  5.9642e-1(2.46e-2) — 6478 1e-1(3.52e-2) —  3.9757e-1(1.31e-1) —  3.2837e-1 (1.0%¢-2)
DTLZ4 6  6.8658¢-1(7.45¢-2) — 6.3029%-1(1.02¢-2) —  6.8801e-1 (2.06e-2) —  5.2075e-1 (1.21e-1)=  5.3999e-1 (2.21e-2)
8  7.5466e-1(9.33e-2) —  6.1909e-1 (1.37e-2) —  6.3851e-1(1.06e-2) —  5.5725e-1(3.20e-2) =  5.439 8e-1 (8.50e-2)
10 7.5140e-1(6.5%¢-2) —  6.4355e-1(5.62e-3) = 6.2662¢-1 (1.87e-2) +  6.3563e-1(3.16e-2) +  6.718 le-1 (2.09%-3)
3 2.0414e-1(291e2) — 1.9760e-1(6.81e-3) —  2.6096e-1 (3.94e-2) —  7.7041e-2 (2.84e-2) =  8.007 le-2 (1.07e-2)
4 1.7737e-1 (3.66e-2) —  1.7018e-1(3.0le-2) —  1.9213e-1(3.38e-2) —  1.863 6e-1 (2.44e-2) —  1.1315e-1 (2.49¢-2)
DTLZ5 6  1.1764e-1(1.89e-2) —  1.6559%-1(3.65¢-2) —  1.6119e-1(3.33e-2) —  4.2944e-2 (1.13e-2) =  4.4563e-2 (4.97¢-3)
8  8.3760e-2 (1.94e-2) —  9.1978e-2(2.22e-2) —  7.7315e-2 (1.00e-2) —  3.3030e-2 (4.74e-3) —  2.602 de-2 (7.09¢-3)
10 6.4288e-2(1.85e-2) —  3.5260e-2 (6.05e-3) —  2.0439e-2(2.03e-3) —  1.2792e-2(1.81e-3)=  1.1332e-2 (1.48e-3)
+/— /= 0/24/1 0/23/2 2/22/1 6/12/7
F4 BWILEAEDTLZEE ERHV AR
problem M NSGA-III CPS-MOEA MOEA/D-EGO CSEA IECSEA
3 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 Oe+0 (0.00e+0)
4 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 Oe+0 (0.00e+0)
DTLZ1 6  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 Oe+0 (0.00e+0)
8 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 Oe+0 (0.00e+0)
10 2.9273¢-1(2.83¢e-1) —  3.5313e-1(1.20e-1) — 2.8391le-1 (1.84e-1) —  7.6005e-1 (1.21e-1) +  5.8892¢-1 (1.39%-1)
3 1.8895e-1(2.04e-2) — 1.9396e-1(3.74e-2) —  1.3989e-1(6.36e-2) —  3.6406e-1(5.25¢-2) —  4.098 2e-1 (2.62¢-2)
4 2.5310e-1(3.78e-2) — 2.0054e-1(3.11e-2) —  2.1990e-1 (2.54e-2) —  3.9640e-1 (6.26e-2) —  5.289 Se-1 (3.19¢-2)
DTLZ2 6 3.7110e-1 (4.76e-2) — 2.0648e-1 (2.33¢-2) — 4.1331le-1 (4.26e-2) — 4.9303e-1 (1.0le-1) —  6.0819¢-1 (4.95¢-2)
8  4.2128e-1(1.84e-2) — 3.5868e-1(3.37e-2) —  6.091 le-1 (2.88e-2) —  5.1695e-1(3.08¢-2) —  6.647 8e-1 (3.85¢-2)
10 5.8058e-1(2.17e-2) —  5.6526e-1 (3.54e-2) —  8.5346e-1 (1.0de-2) +  5.9306e-1 (4.65e-2) —  7.3324e-1(2.54¢-2)
3 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)
4 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)
DTLZ3 6  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 Oe+0 (0.00e+0)
8  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)
10 8.3510e-2 (1.16e-1) —  1.1855e-2 (2.12e-2) —  6.5922e-2 (7.75¢-2) —  3.1332e-1 (1.97e-1) =  2.8353e-1 (1.00e-1)
3 1.5054e-2 (1.80e-2) —  2.1220e-2 (1.69e-2) —  2.5240e-2 (4.60e-2) —  2.5293e-1(3.16e-3) —  3.1749e-1 (8.12¢-2)
4 9.8596e-2(4.99-2) — 5.2981e-2 (2.14e-2) —  1.0670e-2 (1.14e-2) —  3.0050e-1 (2.45¢-2) —  4.793 9e-1 (8.62¢-2)
DTLZ4 6  2.2830e-1(6.24e-2) — 1.4566e-1(4.58e-2) — 8.1138e-2(2.52e-2) —  5.7831e-1(8.07e-2) =  5.759Oe-1 (1.80e-2)
8  2.9670e-1(6.17e-2) —  4.6589e-1 (6.88e-2) —  3.3898e-1(6.97e-2) —  7.477 6e-1 (2.13e-2) +  7.005 le-1 (7.40e-2)
10 6.1403e-1(8.08¢-2) —  7.5593e-1(1.82e-2) =  8.1388e-1(4.20e-2) +  7.7675e-1 (3.62e-2) =  7.7564e-1 (2.57¢-3)
3 2.9200e-2(7.13e-3) —  3.2611e-2(9.90e-3) —  2.1338e-2(1.59¢-2) —  1.4101e-1 (1.46e-2) =  1.219 le-1 (1.25¢-2)
4 2.0014e-2(8.93e-3) — 3.0017e-2(2.37e-2) — 55107e-2 (2.64e-2) —  7.8439-2 (1.41e-2) —  9.648de-2 (1.96e-2)
DTLZ5 6 4.9764e-2 (2.98¢e-2) — 4.3076e-2 (1.34e-2) — 5.1046e-2 (2.87e-2) —  9.7356e-2 (4.97¢-3) +  8.9317e-2 (1.43e-2)
8 6.0663e-2(1.34e-2) — 69187e-2(1.79¢-2) —  8.6552¢-2 (6.30e-3) —  9.9093e-2 (2.00e-3) =  9.933 2¢-2 (4.36e-3)
10 8.5083e-2(7.90e-3) —  9.8629e-2 (1.35e-4) = 9.7004e-2 (5.49¢-4) —  9.536 le-2 (4.55e-4) —  1.004 6e-1 (5.12e-4)
+/—/= 0/17/8 0/15/10 2/15/8 3/9/13
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1.5

value

(a4) IECSEA

value

dimension no.

(b3) CSEA

(b) 8 Hr
Bl 5 4MSAEAs7E3 B#RDTLZ1 @8 _EAYIGD BT R AYIE S BLfE &% 72 8 E#RDTLZ2 [a) 35 b #9F4T 4 FRE

£ X EE B S 7 MaF [8]85 _E B9 IGD M BE1E 4R

2 3 4 5 6 7
dimension no.

(b4) IECSEA

problem

M

NSGA-III

CPS-MOEA

MOEA/D-EGO

CSEA

IECSEA

MaF 1

2.7003e-1 (3.12¢-3) —
3.0417e-1 (7.14e-2) —
3.4882¢-1 (2.05¢-3) —
3.907 Se-1 (2.00e-2) —
4.0807¢-1 (2.41e-2) —

2.6729-1 (1.62e-2) —
3.1914e-1 (1.11e-2) —
3.3443e-1 (1.93e-2) —
3.975 6e-1 (4.94¢-3) —
3.4672e-1 (3.56e-2) —

2.5297e-1 (1.15¢-2) —
3.3593e-1 (2.09¢-2) —
4.072 1e-1 (2.96e-2) —
4.2314e-1 (3.45¢-2) —
3.489 Oe-1 (5.40e-3) —

1.458 6¢-1 (3.64¢-2) —
1.8983¢-1 (2.94e-3) —
2747 5e-1 (5.79¢-2) =
2.364 0e-1 (1.46e-2) +
2.537 1e-1 (7.38¢-3) =

1.032 2e-1 (1.60e-2)
1.558 Se-1 (1.92e-2)
2.632 0e-1 (2.30e-2)
3.369 Oe-1 (3.68e-2)
2.5814e-1 (8.87e-3)

MaF2

5.6616¢-2 (2.61e-3) —
9.5147e-2 (1.46¢-3) —
2.030 6e-1 (1.29¢-2) =
2.9437e-1 (7.09¢-3) =
2.865 Se-1 (3.68¢-2) +

6.016 5¢-2 (3.20e-3) —
9.764 0c-2 (5.78¢-4) —
1.494 1e-1 (2.22¢-3) +
2.2753e-1 (1.10e-2) +
2.347 0e-1 (2.51e-2) +

5.3662¢-2 (3.02e-3) —
7.8024e-2 (9.52¢-4) —
1.848 0c-1 (2.09¢-2) =
2.6989e-1 (1.12¢-2) =
2.9864e-1 (7.51e-3) +

5.090 1e-2 (2.83¢-3) —
7.693 8e-2 (2.30e-4) —
2.1392¢-1 (7.08¢-3) =
2.6587e-1 (4.71e-3) =
3221 0e-1 (3.25¢-3) =

4.2613e-2 (8.39¢-4)
6.686 9e-2 (4.88¢-4)
2.079 5e-1 (1.23¢-2)
2.8183¢-1 (4.89¢-3)
3.398 Oe-1 (2.50e-4)

MaF 3

2.468 6¢+5 (2.59¢+5) —
1.265 2¢+5 (1.07e+5) —
9.739 le+4 (5.71e+4) —
7.493 1e+2 (5.05¢+3) +
2.8247e-1 (1.64e+0) +

7.105 6e+4 (4.23e+4) —
5.918 8c+4 (3.77e+4) —
5.153 4e+4 (2.07e+4) —
5.8583e+3 (6.01e+3) —
2.8703¢+1 (4.10e+1) —

9.882 Oc+4 (1.69e+4) —
1.972 5¢+5 (4.41e+4) —
4.9322e+4 (4.92e+4) —
3.1354e+3 (5.75¢+3) —
5.2397¢-1 (2.05¢+1) +

1.459 6e+4 (7.14e+3) +
4.856 1e+3 (3.47e+4) +
4.9959e+3 (2.84e+3) —
6.737 8e+2 (2.14e+3) +
2.086 1e-1 (1.79e-1) +

4,622 8e+4 (3.31e+4)
2552 0e+4 (6.76e+4)
3.1352e+3 (1.50e+4)
1.286 6e+3 (1.31e+2)
9.8999¢-1 (2.48¢-1)

MaF 4

9.614 5¢+2 (2.09¢+2) —
1.8719e+3 (2.71e+2) —
2.987 5e+3 (1.97e+3) —
3.2699e+3 (1.15¢+3) —
7.777 9e+2 (1.29¢+3) —

8.105 5e+2 (1.33e+2) —
1.784.0e+3 (2.29e+2) —
2.264 0e+3 (3.06e+2) =
3.843 Te+3 (1.05¢+3) —
3.5857e+2 (2.09¢+2) —

6.163 0e+2 (1.57e+2) —
1.6904e+3 (3.14e+2) —
3.398 le+3 (3.22e+2) —
4498 4e+3 (2.21e+3) —
1735 3e+2 (1.62e+3) +

7.124 2e+2 (6.74e+1) —
8.4402e+2 (2.53e+2) —
1.070 3e+3 (2.85e+2) +
8.568 3e+2 (2.54e+2) +
2.441 Se+2 (3.86e+1) +

2.786 4e+2 (1.83e+1)
3.983 6e+2 (1.25e+2)
2.426 le+3 (2.85¢+2)
1.499 8¢+3 (3.24¢+2)
2.9469¢+2 (7.58¢+1)

MaF5

—_
(=)

2.3837e+0 (7.25¢-1) —
4.2188¢+0 (5.15¢-1) —
1.286 6¢+1 (8.36¢-1) —
3.454 5e+1 (4.20e+0) —
1.220 5e+2 (1.58¢+1) =

2.2270e+0 (6.78e-1) —
4.2612e+0 (4.04e-1) —
1.2923¢+1 (5.20e-1) —
3.683 le+1 (2.35¢+0) —
1.1527e+2 (7.79e+0) =

2.4338e+0 (4.25¢-1) —
4.766 8¢+0 (3.49¢-1) —
1.203 8e+1 (7.43¢-1) —
2.9584e+1 (4.26e+0) —
9.8118e+1 (3.92e+1) +

2245 8e+0 (6.23¢-1) —
2.1554e+0 (5.12¢-1) +
9.452 0e+0 (1.73¢+0) —
3.7383e+1 (6.15¢-1) —
1.060 2e+2 (2.70e+1) =

1.331 6e+0 (3.68¢+0)
2754 4¢+0 (2.13¢+0)
6.6848¢+0 (1.99¢+0)
2.143 1e+1 (2.57e+0)
1.053 3e+2 (2.46¢+1)

+/~ /=

3/19/3

3/20/2

4/19/2

9/10/6

8
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0, TECSEA 53545 21 1) fif 1) 3 [ B HAth 3 o 045
S 1 iR 13 B 2K, B IECSEA 52092 110 fift H AT 58 411
SrAtE. 5 DTLZ2 A 7] U b, DTLZA M o) 7521
M 5T B MM RFTATH LA A B R SR I i, 75
DTLZ4 il ik, jv] 5 v, IECSEA 5595 3% 9 i i, HL 2
CSEA 53, 31X 2 B 2k T 43 R AR 4l B g A B0
AT DAPRIH E A7 - X 3. 44 FT PR B, MOEA/D-
EGO 5.:4F 8+ 10 H ¥# {1 DTLZ2 A1 DTLZA i ] 751
EFU R AF, X N MOEA/D-EGO #3257 1 1 3
T RFRIL B A0S, A B T FEE & 4 B Ar 23 (8] A
R AT PE IR

DTLZ5 Wl 7] 75 PR B A 3R Ak 1) 4 5T - B0
TR AEWS 8K, TECSEA HV2: B 8 1R 4 Hb A 11X IR AL i)
. EARIECSEA 5% A & LEFT A 1 DTLZ Ml 17
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AR TIRRII TS ).
343 MaFllRELER 55

TSR T SR EREAE MaF IR A B5_E (1) IGD
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