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Abstract: Many-Objective optimization is a difficulty for classical multi-objective evolutionary algorithm and has gained great attention
during the past few years. In this paper, a dominance relation named bipolar preferences dominance is proposed for addressing
many-objective problem. The proposed dominance relation considers the decision maker’s positive preference and negative preference
simultaneously and creates a strict dominance relation among the non-dominated solutions, which has ability to reduce the proportion of
non-dominated solutions in population and lead the race to the Pareto optimal area, which is close to the positive preference and far away
from negative preference. To demonstrate its effectiveness, the proposed approach was integrated into NSGA-II to be a new algorithm

denoted by 2p-NSGA-II and tested on a benchmark of two to fifteen-objective test problems. Good results were obtained. The proposed
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dominance relation was also compared to g-dominance and r-dominance which was the most recently proposed dominance relation, the
results of comparative experiment showed 2p-NSGA-II was superior to g-NSGA-II and »~-NSGA-II on a whole, no matter the accuracy of
obtained solutions or the efficiency of algorithm.

Key words: many-objective optimization; bipolar preference; Pareto dominance; evolutionary algorithm

2 FUARR A 1] RS i 75 2 [R) I A JU AN A EL b 5 B AR IR ) 78, )32 A A0 T B0 S AR 36 FURE 27 5 v 3K S )
RO 2R 3 AT — 2 T R ) AR AT AR ME — SR AU AR N A RCR AR X K ) R, N AR T 4K T 5 (evolutionary
computation, & X EC)[ £ H s ik ik L1 20 24+, £ H ki kb 5 7% (multi-objective  evolutionary
algorithm, 4 8 MOEA)TE MR ¥ 2 H Ar A0 A i) 0 HUAS T 4 A8 H R AR Deb 55 A2 H
NSGA-II', Zitzler % AN $2 1) SPEA2P), Knowles %5 A4 Hi ) PAESP AR T, iX 46 26 g SV e s 47 2k 78 2 %)
3 bR A i) 70 B 5 e 24 500 485 22 R B v 10 =1 S P AR B X S 98 o, B M B 2 U B

H T AT ROR A e e B RS ) L2 A T 4 MOEA HEAT T ik, A W m i N MOEA IR ik
(¥) Pareto ' Pt 5C F A2k A A AT 27 V6 AE S i MOEA 5T 77 11, Fleming 25 A4 H— B 38 1M 4 (1) 77 V&P 1% 07 vk
T8 S AT R R o b PSR A A T B (4 A S R 4 /N 4 3R DX, AT T AL T SR AR IR B . Deb 55\ 43l 2
HHZ% 0L 20710 SRR R 5 F R gL S I i A5 R, I EKE LN 1) NSGA-IL 24 7h 13k it
T4 bR ) B Thiele 25 A3 Y A8 JE T F5 b5 (1 HEAL STVE IBEA) P b il N e S5 M 4 1) 0 k0L 3 e 05 e — 5
FRAE LFRK T MOEA Ab# v 4 H Fr A0 Ak 1] 801 X B s 2 A 75 18 T WSk 8 1 Al S P 1 400 265 T S s 1), o 556
5 REA AR I I O 2 R0 970 AR 175 100, Waang 258 A 1 R 45 HE R SOURR A - 2 40 £ 22 1 okt BRE SR 121 42 5 14X
T T KR A A5 JEh 2 TR PR R X B 8 B0 SR A &5 SRR I — T AN 1k

1E Pareto 7 A0CER Mt [, Drechlser 556 A48 H i b b ff 2 1) H AR E 19 5 PLFRE B LA — 2P i r 4R =2
T A 55 5 (1 77 7513, Laumanns 25 A H — Rl 0 B K10 ety D1 4,32 o 00 DG SR A1 Dy — ol 3 ol 1 S 65, s 0% )
B (R P2 S (TSI 22 Bk Sato 45 N H HH S8 Sk TR 1 o D DX ke 344 51 At 22 1) f) 326 4% 1 771 Molina. % A
FEH Bl g A PRV YL R A 22 a5 R R 448 2R A 1), A AR R A SR HE R I R Said S A KE T i B
o DRI, 2 e S A TR ST Tl R O BRI D7 9k 1 A B AR T R SGR SR 1Y) Pareto (R
R FR BRAR A 4 FbR 1) R AR (0 R SCRCAR L A9, B s T S50k IR 88 16 00, IR 550325 ] Pareto 17 WG I A 26

A S4B R S R AT A5 R e B Pareto o A JELVAR AR H — T 2R OURRE AR 47 o AR AL, O RN 2
NSGA-II 1,8 il —Fl 2p-NSGA-IT 5323, FH T b 2w 4 H b DAk v 78032 o5 DR AL 61 [R] ) 2% 12 e 555 38 1) Ll 46 R 47
T A5 208 F 22 S R4 1 RS 4R HE - 20 A TOPSIS v B AR 78 2l S e fif 2 1) 5 37 B8 Sy 7™ % B4 i P
IR Z D PR b A STIC R BT o 1R B A AT E LR AIE S50V SR AR 6 I il b, 5 P 1) ST L i L [+ B2 125 £
i 4F 1) Pareto 5 J0HIT Ay DX I3E A0 12 07 VA bR HE DN B 20 A L2 g SRR o o A0 D7 3 B P AT Bl S,
gl AR I 1% 7 T AE AL P v 4 E bR ) MR R AT

1 BEERREX

1.1 Z BfRfiERE
AN e F e 1) 75459 LA e 2N Al A 181 e R T i) AT o 7 5 1) 77 2R A O B /A Tl LR T E e SRR
WS kA FRR R BRI m AL G AT LR S A ) RS g RO
Minimize y = f(x)=(f, (x),fz(x),...,fk(x))}
Subject to e(x) = (g,(x),e,(x),...,e, (x)) <0
Ho x=(x1,%2,....X,) EX =012, .. Vn) € Y. 0 (D) x R P SE 0] i,y Fois H b 1) i, X 75 P S ) B x T J AR o
HAENLY FoR HFR i y TE R H AR 25 0], 4 WA AT e(x)<<O Affi 72 v SR 1) 8 1) AT AT R AR 3
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FEX 2(Pareto )" W T A& a.b, 5k a L 5,249 HALY:
Vi=1.2,.. hf{(@)<f(b)ATi=12,.. .k f(a)<f(b) 3)
WA a=b, BTN a XL b.
TE X 3(Pareto R HEAR)". 4 FHEG AcX, k3K 7 it xeX, N Pareto S tufif >4 HAL 4:
ﬂaeA:aﬁc 4
E X 4(3EF E AT % AXp(A)h A PR REM B E GRS p(ADFRA A BAES S AN H
B ) 2 B Ap(A))VRA A4 1 ARDS i v,
1.2 ghREX
WE NS 5 geR M weR flag (w)iE L U
L ifw<g,Vi=l..p
ﬂagg(w) =41, ifg,<w,Vi=L..,p %)
0, otherwise
EX 5(g &), X TWA S ww eR R w i g b w/ s R N ib &k 2 — ar:
1) flagg(w)>flagy(w');
2) W flag (w)y=flag (W) ALHE w, < wl (Vi=1,....p), LB DAEAE—A i 113w, <.
1.3 TOPSISH %

TOPSIS(technique for order preference by similarity to an ideal solution) /7 12:PM g — F i@ I #F AR i 77 92, 3
F B TEARUR A AT AT Jy 28 PR 38 UG A0 L AR 1 [ B S gt 2 A BARUAR 1) 7 S A Ay S A R U R E
T AGE ST IEBAR AR SR BARAR ST N AT B AR AR AR S, L5 I S AR 1) B2 R IR e el A
df M d; J7 5 S; BOARR I w24 5 (6) 4.
d;
T ©
FHX ST 2 C; K, 3R 7 2 gk 29 1 BIAR A R, [ B oz 2 7 KR AR WA L KT 2, B Dy i 4%
e 5E B DRTT S AN 1) BT i i Bk B 28 (R e AT e

i il e

\\
)
*

Z AL i

;

-
7" Pareto AL RTHY

A/di Pareto L ATV
i‘ F
7 B AR i
(a) TOPSIS J51% (b) BURK A 4 o5 e

Fig.1 Illustration of TOPSIS method and bipolar preferences dominance
Bl 1 TOPSIS J5 i XU A & oy £ s i )

2 ETRMMmIF SRR SYE BRI E X

2.1 WARMEIF SR E X RE R
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x BB I oL DR A# p(IC AT x=op), MR N IR 42— BRar:

1) flag . (x)> flag . (»);

2) W flag . (x) = flag . () x {E Pareto F 3 E 5 1E y;

3) SR RTINS A A AN AL x TR OIS K T y AR W B (C > C).

Horh B AR flag RS A N (G)BAT T, e H LA EREF R AE D AXG) T B I 2% 55
SR R T I T B2 AR A1 2 2K (6) AT F B, 1R S 2 (1 1 A7 (i 46 B 29 TOPSIS Jy ¥ v ) 1 A BR AR % T4 1)IK)
SEIL, SR SCRR[16 ] WU 7 ¥ A0 B MG B A flag {824 O FRAR I3E BB AR 2EAT & 55 O £ — AN KW
HUH), AL ARAE T flag fH 4 1 IS AR flag (50 0 I

WA s B AT LU JUR e M

B AAAE— D FIRE PAMA x,p,z€P.

TER 1. SR 5 OUAE RN RE P2 AR A S .

iE ¥ VxeP, xAgpX.

45— x, A

1) flag . (x) = flag . (x) ;

2) x 3E Pareto 5L & ;

3) AT BEE C=C..

AN R XU A 2 o5 DR PR 2% 1, ERL B X, B (P,=) A2 E I O

TR 2. SRR I T ARAERIRE P AEX R .

i B :Vx,ye P, Ui R x-<2py,|J_1'J YApX.

IR 2R X<, 0, I A AT TR SR A 10 2 — I

1) flag . (x)> flag . (y);

2) flag . (x)= flag . (y) xPareto (1L y;

3) flag . (x)= flag . (y) x 5 y 8. Pareto £, C>C,.

PINE SR

1) flag . (y) < flag . (x);

2) flag . (v) = flag . (x) .y B xPareto (i fIL;

3) flag . (v) = flag . (x) .y 5 x HH. Pareto 3L, C,<C..

PLE 3 PG SLI AL y U AR L A6 x 145 A, DALy, BT (P, =) 2 AE X FRIF. O

TERR 3. XU o o LRI RE P A% .

HE W :Vx,y,ze PR x<0,0,0<0,2, ) x<5, 2.

B3PS} x'<2py,Y'<2pZ,}n~'Jﬁ3

) Wk flag . (x)> flag . (v) = flag . (2) W flag . (x)> flag . (2) ,JALE x<y2;

2) Wk flag . (x)= flag , (v)> flag . (z) W flag ., (x) > flag, (2) It x<o,2;

3) Wk flag , (x) = flag. (v) = flag . (z) xPareto (7 fL y, WA Pareto 7 L) 13 5C &R, 18 yPareto (1 2
A2 AH B2 [A] Pareto JESCHC,x 33 Pareto d7 {1t z, M x<,,z;

4) Wk flag . (x) = flag . (v) = flag . (2) x.y,z Z [ Pareto AE3AL, C>C>C M C>Cu R =<2,

25 b (P =) RALIB I O

PERT 4. XU LE TARAERNEE P boE SCT — P A AR 7 OC &R

UE WA A SR AR BF L SRR P LR B i AR RRIA L A% 326 1, R e, XA A 47 o AR AE R P b X
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T — B AR T G R O

WE 1(b) 7R, 6 N kf# 4,B,C.D.E F F I fi# 4,B,C M E (] flag (634} 1,4 F1 B A 5. Pareto FE 7ML,
1H A BIAHST T BE A KT B A S W3 B2 {E,4,8 [ Pareto e C F1 E,CPareto 1R E:ft D M F ) flag 1t
i 0,DPareto AL F. IR AR U AR B o7 D0 (1) 7 S a5 2418 J5 G817 A<,B<,C=apE=0,F=a,D.

2.2 2p-NSGA-NIE %

Shy 36 IE T B R A 2 o A B AT R AR SR SUR A 4 o R RN B NSGA-IL JE B — BB B8k
2p-NSGA-I1.2p-NSGA-IT 55 Ji5idfi NSGA-IT HVEHIAS AR, GLHE RN AR IF 1) % 8 PREFAR SR 2 0 1 1) oFa ) 3R
WS FUBUR AR A 7 8 B RS BCHE X 3 AN 5T
22,1 XUAR ARG B 1) 8

AL LA S 2% I RO R R B 1 45 B AR RS R BEA B IE RS % A LS MR

JELEH I IE S 25 R T AT DO, A R R SR JE WU IE 225 iR AL T Pareto F Y 1, I SVA 18 R 45
RO IR BNZ AT R S TT 58577 WL S0 K A R B 25 1E 2 25 b, JF) I R 1 47 2 2% 1) Pareto iV X381
St v S 2%
222 SEEIHNG

N T P B A Ak B 1) 2 R, 45 5 1B 80 S0 RS R AR SCRETE 17— Fob oF 1 SR 21X NSGA-TT 53 R
RO B B 80 SRS . 542 o) S FX) S ACL AR PR B 80 5 189 ST AR EL A S IC A R A X W 3 2 R AT EU A I SR P 2
ZE U E/IN T A5 T 6 U W IS T [R]— DI, DU B ALE B At 4 FL AR I 3 B o — AN IME (B 0),
4G A B (K SR B A B4 S84 0 T e UK SF7 1 SR ILSVE 1.

87  W et i3

1: Input: each front of non-dominated solutions /% A\ [F]—JESZBCHEF 2 R V17

2: fori=1,....p-1 do /X[l —AESZBCAE G P ISR PP REAT ELIR p 2o ] — A SCE A5 2 1A 4> 2

3 if similarity C#0 then 1700 SR 24 AR P AE O IO T R PN Sy Oy ke e B 5 LL %)

4: for j=i+1,...,p do

5: if (absolute(C—C))< & then //PJ MR WAL LR/ ZEAH A2 75 /N 145 T 51H

6: Set similarity C;=0 T/ M A g e HARDRE WS FEAEBEA 0

7 end if

8 end for

9: endif

10: end for

11: Output: solutions with new similarities /i 25AH X} W53 B J5 P ARt 45
223 XUMRAGS AR SCRCHE

U - o DA S HE P TR

AR R BT T S flag {ELARAR VT SEPT AT flag (E RS RN flag {H 0 0 BOAR BEAT 455, LLERIE BT

H flag H N 1 B OCTA flag (5 0 [1IfiE.
R 2 MUHEAIR 1 R Bl HEAT AR S A SR HE Y 55 NSGA-IU SR H (¥ 43 2 Uk 17

P8
AVBR 3. VST A AR I AL [R] — AR SICHE R J2 T R g ST o1 ] SR, I 1 AR R I R KK
N HES.

P HE PR FE I H A TAERREE D flag {524 1. Pareto JF S Ft G T 5 8 K 1R AN 1k RE A 4 At S ik
T 25 AR HE e R WS 2.
BOE 2. XU A 4 o Al SO HE P R,
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1: Calculate each solution’s flag value //tHE T MMER flag 14

2: Penalize the solutions whose flag value is zero /%] flag {64 0 A ARREAT1E 1]

3: Standard non-dominated-sorting: F=non-dominated-sort (R ) //5} JZ U AESZHLHEY

4:  for each front F,, i=1,...,m do 1R R — AN FE AL E R m KRR S 2 I3
5: for each solution S, i=1,...,p do

6 compute similarity Cj IV SEEAS AR IR ARG I T FE A

7 end for

8 implement & control strategy 117553 it S¥E ) S s

9:  sort solutions in descending order using Cg /132 FEFE S W 30T B8 4R /N B HE

10: end for

2.2.4 2p-NSGA-II H.i%

TE R A 3 o7 D0 HE S WO HE 7 A0 o1 il SR B4 1) B Al B .2p-NSGA-TT [R5 IR 1

B 1 WEVIA S RIS (W1 51575 11508 oF HISREE 1 STE KN RN N BL B KA,

TGP,

IR 2. X AR BEIEAT B 0 28 ORI £ 0 A S VU A R

B3, GG SR RER R e RS 595 2 0 VRS R AT A SO HE AR AT T 4 SR B S A SR R

HRR 4. FIWT R AT 1k B B KA K U 2 0% HE 22 i SSPREAE 5 26 SR il 4 L 15 L3 D U 2).

Zid BRI TR 2 RIE A, 2p-NSGA-IL HIEREM 5| SR 0] Pareto HIVE FHENT 1 fh 4 5] I 328 15 67 4R e 11
DX S B R LB 3.

B3E 3. 2p-NSGA-II BLVER L.

1: Initialization /#1145 4k

2:for i=1,....Tdo //HRIAARE Z Wi AT

3:  generate offspring population by performing simulated binary crossover

and polynomial mutation operator for parent population Ve S ik e
4 Combine parent and offspring population 11856 SO AN F Tl
5:  bipolar preferences dominance based non-dominated-sorting /X% fi 45 15 L SC AL HE 7
6:  select parent population IE BB
7: end for
8: Output 175 e A R

3 (AEXR

7 BL S I LS SV AT ROk RO Pk BT L 5 8 4 BT S 56 5F 5 4 :Intel(R) Core(TM) iS5 CPU 760@2.80GHz,
4.0GB RAM,Fif5 f 754 Matlab7.0.1 FRAS 13847, SE 50 R T SEAEL 4 A ) NSGA-TT RRA Bip Fi A 40—
HEIAE SR 22 350 AR S 7 (R A A B 8 20,58 SURE p AR 09,78 % p,, BN Un(erfn hgesiAR &
FRIAN B0, Bl RE R /Nl 100, 556 K HEAL AR Bl 500.

3.1 BEABAYIERR

TEHX 3 AN RIS B H b5 6 50 ZDT1,ZDT2 Fl ZDT3 Yk ok Y, LA K v 4 J B4 3% H b7 %0 H 1 DTLZ2
IR b %522, LIRSV (P K DTLZ2 AR o8 050 5309 0 3,5,10 AT 15 H b, DU S 1 2 4 H bntifb
B8 AT DR R A JE M AR 1,36 T R B8 Dk SR s /ML B TS AR 4 R IE 5 S N TR i S
A A TR AT DS, T THT (45 0 5256 mp o A AN WU R 50, AR SO ER Bl LE A7 B 2 2 A A e B
A7,

4 e S I M IR 7R K B 2L ZDT1 45 7€ 1IE 57 15(0.7,0.8), 51 2% 55 5(0.5,0. DM IE LR, 4 il i
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& 6=0.0001,0.0005,0.001 F1 0.01 HEAT 1 KL SEH T 3R AR 5=0.0001 X 45 B3 Pareto B #Y, 0% T H A I
(1% Al S AH LS N5 (i B2 ) 1Y) Pareto T AT, 401 ] 2(a) o T s, B A6 SFELFF 8 K, 7 45 Ak 4 310 TR b A 2 384 DK AF e K
BRI ATHY b flag (B4 1 B9k PS8 3 0] LUARF5 L A 2 R0 52 o 1) R0 3 % 65 0 1) OfEL. M THI IR SE 36 R B
6=0.0001 1 A AR MRS VE ) 2 .

Table 1 Test problems

Fz1 MR
Problem Objective functions Constraint Front feature
ZDTI [0 =53 4,0 =1-{1/ g:g =149 x, /(m 1) m=30;0<x,<1 A2l
i=1
ZDT2 L@ = x5 L) =1=(£/2)* g =149 %, [(m~1) m=30;0<x,<1 s
i=1
ZDT3 ﬁ(x):xl;fz(x):l—ﬂlfl'/g—(ﬁ/g)sin(lOnﬁ);g:1+9Zx, (m=1) | m=30,0<x;<1 ANIEL:
i=1
Si(x) =1+ g(X,,))cos(x;m/2)...co8(x,,_,m/2)cos(x,, m/2)
£ (x) =1+ g(X,,))cos(x;m/2)...cos(x,,_,m/2)sin(x,,_m/2)
f,(x) =1+ g(X,,))cos(x;n/2)...sin(x,,_,m/2)
DTLZ2 0<x,<I S =1
Ju () =(1+g(X,))sin(x7/2)
gX,)= Y (x-05)
xeXy

0.8

0.6

S

0.4

0.2

0.0

(a) SEHIHNE{E ZDT1 |

2R

- Pareto optimal front

* Positive reference front
® Negative reference front .

+ 2p-NSGA-II

0.6
N
(c) Mk % ZDT2

0.2 0.4

0.8 1

S

1.0
: - Pareto optimal front |
4 * Positive reference front
0.8 ® Negative reference front
*  +2p-NSGA-II
0.6 .
0.4
0.2 .
*
0.0 ‘ ‘ ‘ R
0 0.2 0.4 0.6 0.8 1
S
(b) Wik % ZDT1
1.0
0.8 \
0.6 ‘
0.4 "'--i *
0.2 i
0.0 o’
\
—0.2 - Pareto optimal front
04l * Positive reference front .

"'| ®Negative reference front B
—0.67 +2p-NSGA-II * __
0.8 L L L L L LN

0 0.2 0.4 0.6 0.8
Ji

(d) M pa% ZDT3

Fig.2 Preferred solutions by 2p-NSGA-II on bi-objective problems ZDT1, ZDT2, ZDT3

Kl 2 2p-NSGA-TI 1t 2 HAmMR % ZDT1,ZDT2 Al ZDT3 b7 A ()4 I i £
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3.1 2 HERIAR o %

2 HFRINR p& B AR SO L T 3 AN AR F T USSR K ZDT1,ZDT2 Al ZDT3 26 5, i 595 (K b B A% 3. ZDT1
B AN 30, 7T TR R JE 4 S 86 o 4y Sl 1 B IE 2 2% 05 AT IX 35 450(0.3,0.7),(0.4,0.6) A AT AT X 35 41
(0.6,0.1),(0.8,0.2), 7 3K filt 42 A1 W iy L 1K) 43 A 5 DL 4 P& 2(b) 7. AT B2 S50 45 R T AT IR i AR S 67 T 5 IE 2
o5 TR e I 5 67 2 2% KR L, 3R P A B AR B E S )L ZDT2 AR AN EUN 30,9 TR Ok i 4L M.
WA AT AT X I8 1F 2 2% 15.(0.5,0.6)« 153 15(0.4,0.7) AT 4T X I8 1 2 2% £(0.9,0.5). 153 15(0.8,0.2) P #i i
DUHEAT 07 20,07 BLSE 00 25 a1 2(c) s AT LS00 85 R A I A ER A T 5830 1 2 % s R I 8 5 5 2%
RLIRTHT Y b R W AT 6 O A BRI 2V ) L ZD T3 (AR AN E 30,00 U S BT S 11 DX k. S 5, 40 ik
AT AT X8 1 5% 15(0.55,0.4) . 1155 4(0.4,0) IR AT AT IX I 1E B 2% 14(0.6,-0.6) 115 15(0.8,—0.4) B 4T 1)
B EL S0 45 BN 2(d) BT A7 L S 6 4 SR 38 W S0 e 0 A B T AN 34 48 1 )
3.1.2 3 HARW K 2L

3 AFFINARR % DTLZ2 AR AECh 12, 0 TR AR ™ S5 b 1k £ 1E 2 % 11(0.5,0.8,0.8) . H1 5%
(0.4,0.2,0.8)F1 1E 2% 15(0.3,0.3,0.2) 7122 15(0.4,0.2,0.8) % 21 5 55 A7 2L S 06 45 SR 41 €] 3(a) MK 3(b) i 7w, 52 iy
GERLW T FVEAE 3 H bR 1) 8L fAT 2%k
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Fig.3 Preferred solutions by 2p-NSGA-II on tri-objective and five-objective problem DTLZ2
K3 2p-NSGA-II £ 3 HARA 5 HARI R # DTLZ2 b7 Az 1) i 4 Ak £

3.1.3 5 Hiwdllik a2k
5 HARMAR A2 DTLZ2 (AR 2400 14,DTLZ2 W33 p& 20T v 6 A2
PR )
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EZ% 1 £,=0.4,i=1,2,...,5, 1 5% 5 1,=0.8,i=1,2,...,5;
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1) IEZ%#15(0.3,0.3,0.2,0.8,0.3), 113 % 1.(0.4,0.2,0.8,0.6,0.5).
2) KB AT R AR TP I AR 3 4 o S (T)REAT VR AL 15 B B AR AR X 1R 43 53 M [1.0114,1.1195]1F1[1.0406,1.2257], 3K
WS T SRR AR SE 1T Pareto TTHT. PR IX 0 5L S50 45 R WK 3(c)F1E 3(d)FT 7.
3.1.4 10 HFRIK 4L

1) IEZ% 4 £,=0.2,i=1,2,...,10,51 5% 4 £,=0.8,i=1,2,...,10;

2) IE3%15(0.3,0.3,0.4,0.1,0.3,0.45,0.35,0.3,0.25,0.45), %1% % 15(0.6,0.7,0.2,0.7,0.1,0.8,0.7,0.2,0.8,0.2).

N PR IR S 565 P 49 AR R i 4 A (D IEAT VB AR AR X 1) 430 29 [1.0775,1.1166]F1[1.5955,1.6391],3% B £3%
T SRR EE 521 H 5K Pareto BTV, 40 & 4(a)F1E 4(b) 7R,

Objective value

Objective value

0.4

0.2

0.0

=== Positive reference front
Negative reference front
— 2p-NSGA-II

Objective index

(a) 10 H#% DTLZ2 5 1 AN &% 5
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(c) 15 H#% DTLZ2 %5 1 NS 45
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(b) 10 H#R DTLZ2 % 2 N &% 5

0.8}

0.6

0.4f

02+,

0.0

=== Positive reference front
Negative reference front
— 2p-NSGA-II
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(d) 15 HA% DTLZ2 %5 2 M3 5

Fig.4 Preferred solutions by 2p-NSGA-II on ten-objective and fifteen-objective problem DTLZ2
4 2p-NSGA-TI 7£ 10 HAxA 15 HERMR K DTLZ2 7= A ¥ i - i 42

3.1.5 15 HFRMK B 4L
15 HFR IR A 2L DTLZ2 (AR AN 24,509 E 0 2 2 2X(7). 28 BHERUE 122 5
1) IEZ% 1 £,=0.1,i=1,2,..,15,51 5% 4 £,=0.8,i=1,2,...,15;
2) 1IE3 % £1(0.1,0.3,0.25,0.3,0.15,0.15,0.2,0.25,0.3,0.1,0.2,0.25,0.3,0.2,0.1), 41 5 % 4.(0.6,0.5,0.8,0.4,0.5,0.4,
0.3,0.45,0.36,0.75,0.45,0.85,0.58,0.6,0.4).

(7%

Pt

RAUNFE 4(c)RIEL 4(d) T B DT A9 58 0 g 422 12 s(T) HEAT o S5 A AR IX 8] 70 3042 [ 1.0617,1.1494]

F1[2.7490,3.2404].5%F T2 1 AN 1E 1S3 51, TR ARAE X 7] K P AR AR 52T Pareto T HY, WEWHHVEAE & 15 BARI
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A Ab il AT B AT 25 SR A e X T3 2 AN IE S f B Tk R T SE T HTVE I E 2 25 s S A B )
T DX A ) 25 /I8 386 00 7 S5 (4 R M B T SR A A RS P TR R — D4R i e B R DR R — S 1 e, T 1
SRR R AR B SE 1 — 20 o BV 0 SR ARG

3.2 EHiEMaext b

Molina 25 A2 HK) g HrARUTOURT Said 258 AR H # ATV H T2 H AR kA6 AT SET R H 1 A R T
PHLHILARTR T A OE AL e 37 R 5 SR, AR SO BT B8 A A 4 o A0 55 LB AT Pk R oA T B 3 v (AL I
AR5 ,3 B b LA R 2 B3 B8 NSGA-IL 4G & J5 501543 2 4 2p-NSGA-11,g-NSGA-IL Fl -NSGA-I1.
TEHUIAA o 2 DTLZ2 40 M & 2,4,6,8,10 AN HARXS 3 b B 1P B EAT 0] Le S PE g xS Lu A A 56 17 3
A5 HI:

1) Bk sk i A I sk vk

2) vk 3 R bR

3) BILIBAT R ).

SR T, 43 ) 3 BRI B i R S BV R PR R 22 Ry AT 0 LG 3L P 2p-NSGA-IT 1 (#1525 s Bk
g-NSGA-II #l -NSGA-II H 2% i Fr A MK R E N 5 2% R 2.2p-NSGA-IL H H T §l iR &£ otk =
415=0.0001;-NSGA-IT i B 1] 12 B8 0 3 5] 1] 12, iR 4R 70 A 1 S 40 5=0.1 (55 2p-NSGA-IT 1 ¥ 5% SURTR], T
0.1 J& R T AT AN AR AR AR AT R A A ). 3 R ERIE RN N B 100,55 KIS TR E N
500.53 8,0 T 9D VR BB AL 45 5 Ll S0 7 SR BN R R W g — R SRR AST B AT 20 U0 20 SEER 1T
EAE b 55 i B0 43 BT A 3.

Table 2 Reference points used in comparative experiment

R2 SR HBINS S A

Reference points 2DTLZ2 4DTLZ2 6DTLZ2 SDTLZ2 10DTLZ2
Positive reference (0.2,0.2,0.2, (0.2,0.2,0.2,0.2, (0.2,0.2,0.2,0.2,0.2,
points for Case 1 | (02,07) | (02,02,020.2) | 50505 | 02.0.2.0.2.0.2) 0.2,0.2,0.2,0.2,0.2)

2p-NSGA-II
(reference points
for g-NSGA-II
and -NSGA-II)

(0.4,0.7,0.3, | (0.25,0.2,0.3,0.35, (0.3,0.3,0.4,0.1,0.3,

Case2 | (1.0,0.4) | (0.65,0.5,0.55,0.5) 0.3,0.3,0.1) 0.45,0.4,0.3,0.3) 0.45,0.35,0.3,0.25,0.45)

) 0.8,0.8,0.8, | (0.8,0.8,0.8,0.8, (0.8,0.8,0.8,0.8,0.8,
Negative reference | Case 1 | (0.6,0.6) (0.8,0.8,0.8,0.8) (

poins for 020308 T 06080106 T 0607020701

Zp-NSGA-II Case2 | (0.90.) | (0.8,0.7.0.1,0.2) | 557 7) 0.7,0.6,0.2,0.5) 0.8,0.7,0.2,0.8,0.2)

3.2.1  fESEWSERT

KT DTLZ2 Z 5B bR 50, I a0 i v 423 2 2 37, AT b MR A 573k i R g il 2 2 (7)) R T LA
W7 FC S AR SCARAE A (7T 3 B B9 T R A 2 00 I W 8 2 e 75 S S A0 Wi, O B 22 A S AR AR
WIMHEE 3 ARV 3 PSR AR 25, W38 3R R kL £ 9 75 {8, R [RD).

TE S 10 Bl 5L I A IX — B K 2p-NSGA-I1 78 6 P50 i % B ft 4 ,g-NSGA-IT R #F 1 s il ~
RIULIUF -NSGA-TT 48 3 Fiif ol N R I LF MR L IX — 1K F,2p-NSGA-TT 5 T 5 MMEF5{H,g-NSGA-TI
AT 1AM AL -NSGA-IL 88 T 4 AR F5 1810 E S 1 AT G vk 7 K 38X — 41 F,2p-NSGA-IL 45 T 7
AT AE,g-NSGA-IT H 48 1 AMEFE,--NSGA-IL 45 T 2 AN F5 8. R e, MRS 15K 2p-NSGA-TT JIT 3K fi#
SE BT 0 H AT oA P R SR AR I B R 1E 2 H AR R 55 b, 3 S50 T SR e 2 I e A 25 A K 3 BB AR
U Hh i 3T Pareto S5 P B VES T AE 4 H bR LA F 1R s 4 ) b ,g-NSGA-IL Tt N IERE 28 KT 1, B H ARk 3
H 3 2 (B B AH R R, 3K B g-NSGA-IT AN IE A T 3K M i 4 B AR AL 10 281 2p-NSGA-IT # -NSGA-11 i b}
I FRE S SEIE 1,30 W) T SR i AR 523 Pareto FLSCHITUY, H. 2p-NSGA-II LE ~-NSGA-IT 7E# 44 b 5 52T Hij vl
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Table 3 Statistical data for seris of DTLZ2
#* 3 DTLZ2 RAIKE S ME

M 2 Worst Best Mean
U =1 2p g r 2p g r 2p g r
2DTLZ2 Case 1 1.0397 1.1650 1.0050 | 1.0044 1.0019 1.0037 | 1.0060 1.0051 1.004 3
Case 2 1.033 5 1.004 7 1.048 7 1.004 3 1.0027 1.0019 | 1.0063 1.003 4 1.004 2
4DTLZ2 Case 1 1.107 8 73321 1.1077 | 1.0277 2.0252 1.0407 | 1.0453 3.7241 1.0717
Case2 | 1.114 8 5.065 5 1.1935 | 1.0646 19386 1.0995 | 1.0927 29807 1.141 9
6DTLZ2 Case 1 1.0808 10.2883 1.1494 | 1.0109 3.1068 1.0478 | 1.0401 6.3439 1.0953
Case2 | 1.1858 9.097 6 1.258 1 1.0952 34650 1.0821 1.1077 6.663 6 1.147 9
SDTLZ2 Case 1 1.0574 10.2229 1.1942 | 1.0177 29057 1.0417 | 1.0345 6.7066 1.1158
Case2 | 1.213 4 9.553 9 1.2579 1.1056 42402 1.0673 | 1.1196 7.3260 1.171 2
10DTLZ2 Case 1 1.065 1 9.534 1 1.3158 | 1.0163 3.4945 1.0899 | 1.0355 7.0619 1.184 3
Case 2 1.936 3 9.545 8 1.549 2 1.736 6 53466 1.1726 | 1.8000 7.6894 1.3633

X IR BRI AR T g-NSGA-IU BRI T i 27 DX 330 A FR) A% o 00 Al i 27 DX 380100 58 SCARNS T () g T O
B DXk P (AR ATI R SR Pareto o5 A8, 75 55036 I 0, 8 4 ) A S TC 8 B 0475 SR 280 O, DR b, 70 Ak 8 vy 24 T A i 80
Eji 8 2 AU AL B30 — RETE e 2R R 96510 2p-NSGA-TT A1 »-NSGA-IT S 45 35 32 Be il b i ST 58 7™ h& 1 5 A %
2, 0] DU 280l 0 B 0 AR SCRC AR L A8 38 & TSR AR =y 2 B AR LA a0 53 46, Bh T~ 2p-NSGA-IT [A] I 2% fE e 3k
HE S5 B AR G ~-NSGA-TT 2% 18 P 5 35 1 A 1f A5 S, 3 — P4 i 7 SR AR 4R 1) SR ARG 1.
3.2.2 vk ik e bRt

i bl ebehn i Zitzler S5 A HEH, AT T EUB MR AR 2 AR5

T ik i PR AT S B AMBRLE 4 T BKs ELAE Ty i N AT 43 8 — X4 (1, 1p), 2o v,

I,=1(4,B)=Inf{vz"eB,3z'ed:z' < 7%},

ceR
I,=1,,(B,A)=Inf{vz* e 4,3:' e B: 7' <, 7°}.

cedN

b B T SR g /M T T e>0,24 HAUCU VI <i<n(n N HAREHE) A 2} <e+27 U 2'<,.2°
et 2) 0 T8 (L<0,0,50), %78 A4 KA T By(L>0,05>0)% 7~ A Rl B 22 [8) o3 LU AH S U0 R <1,
LA A 398 T BRI HL AR A (1, <1p<<0), H. 1,<I5, Wik 4 3590T B.

XS LS8 1 AR SCH B P,G F R SR B ZR7R 3 FhELE 2p-NSGA-11L,g-NSGA-II Fll -NSGA-II =4 [ fif
£ 0 3 TR R WK 448 2p-NSGA-TI 5 g-NSGA-TI X tbrh 76 2 HArMR ek F,28 1 RS G
(I(P,G)<0,I(G,P)<0) H. I(G,P)<I(P,G), W] g-NSGA-II Fi=RFEETIRT 2p-NSGA-IT FrsRARLE;ZE 2 MifE I T
(I(P,G)>0,I(G,P)<0),& W] g-NSGA-II i sKMAEM T 2p-NSGA-II FisKE4E;7E 4 HEbr~10 H b4kl o £,
JA HI1E DL (I(P,G)<0,I(G,P)>0), % B 2p-NSGA-II 7EAbEE =4 H #5081 E B BAE T g-NSGA-IT Jit sKARAE.
7E 2p-NSGA-11 5 r-NSGA-II X LE o, -NSGA-IT = A= (4 7E 2 H AR 2R 10 B bRl ek 20 58 2
FiAE GLOL T 3350 T 2p-NSGA-IT 7= A= W fif £, T 75 He A 1% 30 T, 2p-NSGA-IT 7= A= H fif SR 3940 T 3L g9 4 T
r-NSGA-IT = 4 (1 fi 4.

Table 4 Values of additive binary s-indicator
Fz4 kT BERIRbRE

Additive binary &-indicator 2DTLZ2 4DTLZ2 6DTLZ2 8DTLZ2 10DTLZ2
I(P,G) | —-6.20E-04 —-0.1604 -0.2475 -0.1711 —-0.108 7
I(G,P) | -2.02E-02  0.396 5 0.6157 0.6350 0.627 2
I(P,G) | 430E-04 -0.1570 —0.3133 —0.2428 -0.0855
1I(G,P) —0.014 8 0.242 8 0.701 8 0.629 7 0.665 4
I(P,R) | —1.38E-05 0.193 2 0.1233 0.053 0 0.077 1
IR,P) | -1.40E-02  0.1941 0.1325 0.079 6 0.116 9
I(P,R) 0.180 7 —-0.009 1 0.004 0 0.047 7 0.206 7
I(R,P) —0.082 8 0.009 7 0.030 3 0.048 6 4E-05

2p-NSGA-II Case 1
versus
g-NSGA-II | Case?2

2p-NSGA-II | Case 1
versus
r-NSGA-II Case 2
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gi b ik =3k e bR AE 10 Eb 45 A5 1, 2p-NSGA-IT 7=/ A48 U H R AE T 4 H bn At 4k 1o 80 24
T g-NSGA-II Fl r-NSGA-II /= 2E [ fif 4.
3.2.3  HIEBATI AR

HENEAT AR R — A EIR S I BB hr b B 3 FEVE IS AT RUR, AR LA T T 20 1k 3 Fha%
7£ 2 HF5~10 H b5 DTLZ2 WA oR £ I 47 2 500 A58 2 (1 1) (8], 3 BP9 E S, 0% 5N AR FF, --NSGA-IT
FRZ AT ] ) 382 5k 2 KT A 9 b S0 (038 47 1 1) 2p-NSGA-IT F1 g-NSGA-IT £ Jif 43 Ik e %5 _E 1) V- Y38 47 1)
B £ 24 100s, 1] r-NSGA-II ] 3538 17 I A £E 5005~750s 2 [, 15t ] 2p-NSGA-IT F1 g-NSGA-IT #2455 1 & 175 2 %)
52 2 AT R 43 1 75 Y BRE AT A00CE 1 B0V D HE 3 R0 T A T K IR Al A FRARE o 40 35 o, ~-NSGA-TT R
(VT 55 50 7 AR O 8 2 vk SN T ) A0 B LAk B AR B H (M3 22 ,g-NSGA-IT Al »-NSGA-II 13247 N A] &2
A b B I A A T AR SCHR IR 2p-NSGA-IT [RIZ AT B IS IR RETAR AN S B 5 DAk H AR 50 (4 3% 0 i 0 3%
M A RIBAT AR IR T 2p-NSGA-IT H G HFff 4R 22 0k 1) 5 28 8T 0ot 1 o 1l 5 s, 5832 BT FH 21 1
15 8 A 1T O 28 U S5 0 1% A R W0 30 B AL, A H A 80 IR 388 om0 8500k 0% 1 52 8% /ST g-NSGA-IT
P-NSGA-IT 2K I HF P 28 S 05 06 2 A - ST i R) B E AR50 E AR 384 Jon i 3 348

Table 5 Runtime of three algorithms (s)

RS HIEIEATI ()
Running rime 2DTLZ2 4DTLZ2 6DTLZ2 8DTLZ2 10DTLZ2
Casel | 93.722  111.003  103.466  99.078 103.719
PNSGAIL L o ion | 96878 109.659  102.138 102791 103.589
NSGAl | Case 1] 88888 114734 119610 124325  129.609
g Case2 | 91.494  130.103  116.531  119.619  125.062
Case | | 572463 610240  665.567  722.056  749.769

r-NSGA-II

Case2 | 525.056  508.156  618.269  679.753 721.500

324 AfLLscEh g R

PA_E 3 ANFER AR b 45 526 B, A ST 3 HE 1 2p-NSGA-IT R SRFERS JB LL b S0k (38 AT 2R 484k 940 T
g-NSGA-II Fil -NSGA-I1.g-NSGA-II 7 =y 2 H 75 ] 5 1 S A b 3k LA KB B AR HT W, T -NSGA-IT [ B k12 4T
BRGNS FEE WSt DT P AR e DX sl S AR 25 v TR I ) 52 R B 2 b, FLSRAERS BE B 72 T 2p-NSGA-IL

4 B %5

S B YR E IR UT (s BNt Pareto v A0 SEVAR AR SCHRE T — 0 RONCHR f 4 o DEATL AR T A B v 4 H b
DA ), % v DR AL 7E SE S C AR R 438 57 T 58 ™ 1)y Lok R BB 8 se RIS K Pareto (AR SV BE A 1k
H AR 2 B4 2 4 v AR SORC AR LA b KT 5 S0E A A5 s AN T 7D v 3380 K B 4 XUR Ak 47 o7 DG RN 1) NSGA-TT 1,
T 7k 2p-NSGA-IL{J B 5L 56 45 B3R W], VR AE AL BE 2 AS~15 A H An b HE IR b8 250 i _E v RE K i, Hoas 4k
PEREAL T g-NSGA-IT F1 r-NSGA-TI P Fh 3% 1 S o i) 781, e 556 38 Bl 1 ) e 2 438 1 60 0 20 ., a3 17 e e 0
PR R A R . AR R BT SR T T DA R PR A5 A B v %) A A A ) R AR SR — 2D R S e N P % B R
P EASE IR RIS EF
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