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Abstract:  Constrained optimization problems (COPs) are mathematical programming problems frequently
encountered in the disciplines of science and engineering application. Solving COPs has become an important
research area of evolutionary computation in recent years. In this paper, the state-of-the-art of constrained
optimization evolutionary algorithms (COEAs) is surveyed from two basic aspects of COEAs (i.e.,
constraint-handling techniques and evolutionary algorithms). In addition, this paper discusses some important issues
of COEAs. More specifically, several typical algorithms are analyzed in detail. Based on the analyses, it concluded
that to obtain competitive results, a proper constraint-handling technique needs to be considered in conjunction with
an appropriate search algorithm. Finally, the open research issues in this field are also pointed out.
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FEEZNZES: TP18 X EkFRINAD: A

|23

LI AL 4] i (constrained optimization problems, [ #% COPs) A& — 2] 12 AF AL T 52 BR T FE P H S48 K it
(A7 r) 28, PR 6F FEAIF 9 E A 0 T S ) e R0 S B m S H T, SRAR 20 SR AL n) 8 SR AR 2, 4 B TR AR
AT 53 Ry P 28 i o P D S92 R B LA 1 B0 A o e ) 2 0 5 S TR T R O R, I B BV . TR B
FEE . AN S W AR ST e B0 Lagrangian VAR P81 R BRIV S5 3K 48 07 V2 A7 A1 1) 32 82 ) 700, o A 7 2
BB ARG WA R 7 2R B BE P A5 R, AT AT F . AT AR . AR A WA ks %
) TG g A 7, i HL SR A5 10 22 2 JR 8 d 0 . BE AL 1) 459k 3 A H5 3E 4k 57 (evolutionary  algorithms, fij #
EAs). B4R ‘K (simulated annealing, fijF% SA)Hi% . 252 %R (tabu search, & Ak TS)55. HEAL S & — Pl A

BL oA 4 v A A 110 3 Y. 2SS H0LR K BV R e vk 0 2 v ) SR Ko AR 5 0 A e SR A ) A AL, SR
Metropolis 4352 1 | 3 > 458 il &£ 110 o dd R S I ASEADLIR Ak, AT I8 21 SR Al 4 SR A A, Tl it (1) H 1) 48 R R
SN R AR I R — A g, 2 — A R IE A SRR R AR 7 e B A S RN A O GO A
T A48 2, R FH S A0 DA TBORA 225 i SR s 5 1 o P AR A 7 VA L, 1B A SR 2 — R B i B AL () 3 fig
PEA T, B 3G A T SR AL A A ) /. b Ah, 5 BEATL I IR DAL T ik (SR K 0% 28 i R 5 AH LG AL 5
R TR R B, R SRR WRAE R AN R s S A

T 10 458, F FH BE A SFE SR AR LI R AAL 08 A VF 2 28 AT 1) 2 0TS0, OF B3R th 7 KRE KA R
HEL 532 (constrained optimization evolutionary algorithms, f#jFk COEAs)! 4% 5l £59 — 42 (1) 52,2006 £~2008 4E,
HEAbTH 5 E B K4 (IEEE Congress on Evolutionary Computation)&:2E 4] i 2 kA4 4575 T Special Session.

A SHEAE LT RAA TR R (R e S B B e T EUR LA 2R 3R

(1) MEAFIE A TERRI 2 A SO AN S — A PR R, X ATAS & RE W LU 3 6 31 42 )= de DL i

(2) AL P 0AK ) 8 ) e fIE AN RBURS

(3) MEWHIEARAE AT L.

AR T 29 AR AT BT T TR N2 SRAL BB AR R AL S0 P A BE AR 7 1T H R 6 29 sRA
AR TS BT S ik e b AT 1 20l e Ah AR SO 29 AL 13E A S50k o 1 1 B S ) R AT TR B
AT T S5 BB IR Y T A3 — PSR 7 1)

1 HRMALEBEREHEIEX
AR, AN AT ) ] A 2 i A

minimize £ (X¥) X =(x,X,,...,x,) € #" (1) #(1))
subjectto  g;(¥)<0,;=1,..../
h(3¥)=0,j=I+1,....p
X, ¥e QoS AR N, QA TS A PRFET . B, S A9 P n KO RI()<xi<u @), 1), u(i)
NHELi=1,.. 0. f(X), g;(X), hy(X) B4 9 L1 n TCREL, £(3) A HARREL g,(X) <0 N5 j D AEX AR EAT,

h; (%) =0 3585 j ADNERA KRG 1 LR AL LR GFAF N B p—1 Fon 5 AR A AL
EX 1. QN 1) (1)) A 471k (feasible region)™4 HAY 24
Q={7eS|g,(®)<0,j=1.Lh(5)=0,j=I+1,... p} (1)
Q A5 S AN A e (1) AN AT AT 3 ] AT 38 PR AAEPR A P AT e, AN T AT S e R A PR A AN AT AT A 1 1 45
THRAN S AT 7w B AERAEE — DAFEX LR L g,(X) =0Ge{l,....0[}), WK g ,(X) 7E ¥
AL ER (active). AR T A HOAE UG by (X) (=11, p)Xf T ] AT SR AOAT 5 R i R,
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Fig.1 Search space S and its feasible region £2
Bl 1 FAs ) S ST

R AR S 8 S ) — S 2 oAb 37702 56T 2 B AR AR EOR 1), 0 LU T 45 th T 22 B BRI Ak in) &8 1) A5 5
FR N2 AR i 4 AN EESE SCAK — Bk, B LU B n DR E N m A H R 80 2 H brfitib
i) i (multi-objective optimization problems, f&j # MOPs):

min 3= f(3) = (£ f @) £,(3) (I (2))
Hrp, X =(x,x,,...x,) € X < H" JYSR I E X PSRN, yeY < %" A HbsmH &Y R HFr=5 (AL

FEX 2(Pareto {8 (Pareto dominance)). {3 [ & X, € X Pareto LK M E X, e X ,id A X, <%, , 4 H
EF

D Vie{l,...m}H 2 fi(R,) < fi(%,) ;

2) Fe{l,..mpHi L f;()< f,(F,).

BB B FR YLK ] 1 X, Pareto %5 1~ (dominated by)#k 3 /] 12 X, A5 YLK (7]
% 2, R e AT 14E 4 (non-dominated).

TE X 3(Pareto 5 {fLfi#(Pareto optimality)). ¥ [ X, € X F°4 X L1 Pareto UM, 2 HA Y —3x, e X
fff3 %, <%, .

EX 4(Pareto TR EE (Pareto optimal set)). % 455 (1% HFRILIL FIEE £ (), Pareto Sl i (0") i X
Hp ={% eX|-I eX,X, <X,}.

Pareto S LA EE T I AMA AR R AE N4,

EX 5(Pareto H:5(Pareto front)). X -4 % HFRUAL M f(X) 1 Pareto FiRf#4E(p ), Pareto FHY
VES pf =li=]G)5, <P’}

AR Pareto HIHY A& Pareto SrAARAEAE H br 23 (0] (144

2 ETHUBEZMNARDES K

EAC S ) N TSR A il L AR iy, FEAE E (R 3 IR 2 B e T AN R 3R

1) JEALSARIBEHLIERE;

2) AT RE DI T ) A R K5 0 DA 3 AL bR K, DR DAy 36 AL R i m] AR 3R 1) 35 45 B0 DX St A T

2P 1) AT 20 SR AR IR A bR B8 480 DA T T (L R K A A5 A 0 DR T 1 SR 3 A e AN X
FEVPH AR IR IR, 3 8 3R FC 5 1 R s 1) o AT S R B R

YA AT VF 2 G MERAR A S5 SURANAE U2 ARG AF I, L SR o R4 A2 49 500 &2 2% B A
T, BEAC VLR S — Bl OSSR A ZE AR, DA 0 = WA 14 2 R Ak BEL I, JX A A RIE 5 T A AN (] (R 7 vk R Ak B
LI IRAT . PR A, AL HEA S rp &5 B A AR AR BEROR 2 45 Bk ok — LR A1 ¥ 2 K, IX 28 S 401 3k DG 7 e
FIE D€ T DA Wb, BE v AT B0 P RE ) 20 ARAR B AR S 45300 O HE 2L,

ORI T A I AT AL BEBCAAG SR LA G A3 TR ANAE AL R i b 2, 1)

|h(x)[-6<0 @)

Forp, o0 5 SN AR A (10 7 AL, — BRI 1) TE R0 55 QA R R A e O AN S5 R R R A AR B 1) A1) s
W p MAERL A

X, 5k & X, AFAE Pareto 1L
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R EANE X R § ARG A s

L _ | max{0,g,(x)}, 1<j<l
Gﬂx)_immﬂuhﬂfﬂ—§h I+1<j<p 3)
|
G(x) = Zle G, (%) @

RN MAR 3 38 S n) L) T AT 29 AR IR RE BE AR s e T AMA X FEREAAR AN I AT .

A3 B I, BT 2 RS 2 TR (PR AIE 2 5, 6 20 R 45 AR AT RE XA 1 29 Ui I FE P G(X) g e 1k
IAE FH BBy, Tl I A 7R SR~ S8 6 A e AN 20 RS A A0 Fm AL TR v e e A AR AR AN 2
KA KE G (j e {l,...., p}) :

G = max (G,(%)), j&{l...p} ©)

FCrn N AR BUASE, RIVRE A4 o i B 5 1R AN A B ) T I8 G T DUBR HEAL AN A8 X, 44> 29 A PRI 3 S A8, B
TR X, (EsHEAC A HOE R G, (X)) 38 Oz RS 20 O SObR AL IR 2 {E:

’ x max
G, (x)= jzle(x,-)/Gj ’

ie{l,.,N} (6)

R T 4 SR S T 1A I I 20 SRR BB AR AT S 3 A SR e TR BL R 3 28001 1 e B0
2) Z HApik;3) HAhrik.
2.1 ESRBUE
i1 bR ERE DR AT 7 B i A3 2 Tz R Y 3 B RALUE S a0 H AR e () 30 A S p(x) K
1138 WAH PR EL fitness (X) A4 L0 RARAR 1) U 45k o2 AL ] /EEA T AL 2.
IRy
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[ApERIS
AT PR g 368 30 6 B T AR S Y AT IR T G(x) A I 28 S I T 2 ke S T 240 o B0 1K 28 2 4
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N

=7
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HE A 1A AR 1) e 111 A, WX 2R T VR R A B A1 T BRI SCRR[S T4 Y 1 4n s A 28 110 VAR pR 2
jMaﬂ@:f@ﬁ{OVZiﬁﬂ@ ®)
b RIEARELC, o, R T ER LI B 5L
Le Riche 25 NETE T — Bl B4 500, & B w851 R 501X A E 1 R30S e K5 b/ i 4 1)
18] SE AP AR B R 7 VE W SR RN AR 2m RATGR I A B G I A A T RO A 1
11 38 VAL BR Z5 B AR R R A AN AR 43 ) JE s A A 51 0 AL BR ESCEA T PR, IX A A5 21 AN T I8 AR P R AR S
X PR AN A1 2 H ) R 3 AR 2 0 e, e i AR P AN HE I 5 1R 92, I KRASE K9 2m TRTRREAA 328 1R S5 2 (1) m AN A
R — AR
HEAE SVEU VI S5 15 B E I3 ™ D5 A8 1 R B0, B R AR AN AT AT A, AR FH AT AT A B 43 AROAT Al £ B AR ST A8
P o AN TTAT M ) A D18 NVAR E SO O W06 A AN 35 T AT M I, A T R g o 4 s, BT R R4 o ) i
A AL ATRH [R) PR 2 510 5 I AL, MM IS e 2 T A ) G B A DR DSOS & T nI AT O M BT AT A R
[) LU A R TR 2 AR ARk ) .
Huang 25 NP H T — bl [0 Ah 125, 1207 R B A BEAR 58 1 AN AR TR (A AR s 18 510 2R 308,58 2 AN
PR AR 7R e S AR 25 1 AN ERA 28 T R BT UGS 2 ANREAR o R, [RTINE, 28 2 AN A P i A
PR DL SR IESEES 1 AN b 14 2 51 2R 250 38 o Bl 1) 0 A 3 19 S TR AR 125 AR &85 AR IS mT A 281936 72 P i 5 2
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— R UL, 1 3 N A 5 pR B0 O B e A AR R, R Dk B R A e R 0 R A R B A
24 Rasheed!" i H T —Fft (535 1V 48 1) R $0 . 12 05 1 AE W AR M BEEL A B/ IR A8 T R B0 IR AT DAL IR B A
2R ) 7850 SRAE AL A I R 2% 7 VAR B AAOTR 2 11 3 0 R s 189 o sy /> 2 ) R 2 a7 SCR[ 12111
JLAl I Farmani Al Wright! 48 17— (1438 NS W AE R 7R 92, 1207 I8 15 5000 0 AN BO-A T 45 1 AR ST By
BT AT A4 o 55 22 IR AN o AT il LA PO A4 o g L e T vy R 56 110 2 D0 AAELL B0 2 AN T Bl A e A b B
FERANTIAT At (R A 038 AR A5 T A mh 5 AT K H s e 0L P A8 PR A 0 {1
X RE ST pR R, B AT LUT s B
I AML 4 {17 A TR R T IR 95 KIR A, E CUAF BR ST
L(s,X)= f(X)+sG(X) 9)
o s ARSI RHLA X, AT L(s, %) BUR/MEL U FEF {7, 1 A5 B R A 10 A1) P e A A
R E B, s— ool L(s, X) M/ MES £(X) i/ IMESED.
FEAR AT R B0 A S SR 2 A ) SN S R D9 AR AT AR AR A — o I e g 3L rp dge ol =
(R R B A2 2 T R BRI & B T 00 2 2% AT AT 5 20 IS0 SR AN Wi b A7 4 0 R B A X AN AT AT AR )
T TR R o K i /)N PR A 0 P T A AR T SR Rt oA DR M Ty SR 0 R B e R AR DU P ) e
J5E JE N AT AT 35k, 1 B 2008 T 565 AN BT AT S8 (R 8 AR TSR IX R T B LA T T A7 s S B mT AT I AN I 3 1R 2 R
DAY, 1) 50 SRS 2 8 I IR A g — 77 T, T SR ) R P o /N AR 11 A 1 3 AR T 22 el H B eR B E I IS
A REAEAN AT AT 50 AR s B I 5, T EAACR AR MEE N T AT 3, 21 28 W el Sl - AN Wl AT Ml
Richardson 2 AUt 4 4] #4936 A28 557 o 02 1 T LA S i 2 g4 U
1) BETANMAIE I 2o 45 A R oy 3 1 A8 100 pR 0 LU S T M3 T 20 ARG AR B30y 3 1 A ) ek 25 HL A B 4
IPERE;
2) T HEAB DL P G R D TTAT I LT R ) 7 SR A I, T AN R ) 29 R AR AR AN Bk A i
F 1 oR 0, AN AT ek 21 de i
3) WP AE T BB N % A A 1 R SR i B K 58 5 £ 9l (maximum  completion cost) FilHIEE 5¢ 24 1€ 9l
(expected completion cost). 5¢ £ £ 9 s i MMATE AT RS AF I RESE.
4)  FETINAZFET IS AL O (E R AN REAIE MG T8 5 2, F 0 ok A, 15 280 P f0 1740 Jo i e
0 3 BR AL TR AN AR 1 28 0 3 S AR B H b eR ZORN A 510 30 7] B e, P DAAE D1 S AR AE $1 38 AR Y, B AR R
HORAE §1 UEAT — 52 (1 3 i 55 & . Runarsson A1 Yaol Ry, 4 §1} bR Bidu ik B 8 H b bR HORAE 11 100 3R 38— A
(1)1 47 (trade-off). 75 SCHER[16] 7, ARAT TR A 1 2R 5005 45 4 i B — A5 BRI G 51 R 2L rp, T H R GEHL AT T A6 VF
BRI g GRT 520 H B R Z5ORTAE T2 [R) PR SO0 0% 2R 2 S B 00T AN AR, S A7 AR FE A DX TR [, 0], 845324
re<ry W AMRTE $T I8 BAE IR FEAR 58 4 tH HARBREL f(X) TRIE; ™ rg>ry I, AT T8 WY AR ) LG 58 4 Hh 48 ] 00
P(X) TRIE ;™ ro€ [ry,ra] I AR ST AR IR AR B H AR B AR () S50 p(x) L R Yo (A5 2, 28
ry F ro (RIS HAAR (R AAAT O, DRT T 2 AR fE 1 1) R 1.
IR, Yu 2 U0 L B B L Bh 2 1k 148 511 R B0, %5 T A R 4 R e il 55 LA 20 oR 461 I 1) 4 JR e
DEAAAH PEAR 328 1) e R, FLARA IR A AN P AR 47
2.2 ZBERE

I3 AT R BGEAAE A LB, AR R, T 9 P8 R 20 SRAIC A i) RS 35 22 F R DIE A 1) AR A B A S
R+ LI AR 5500 PSR X 03 aTAT il 5 AN el AT A AN 2 H AR
22,1 XA S A wATINE

DX 73 ATAT g5 AN R AT 38 RS 2 R IR 1) LR 5 D AT B A F R (¥ 2 H AR DAL 10— ok i, b —
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PR BEAL T RE TR ORI AT i 5 AN T AT A DX R A DX 2 AT AT fif 55 AN W AT ffds 5 75 1 R BOE I AR i Xl /E 1, 5 1
PEA AR IS 7 1 2% & AN A (1) B b oR E5E 0 20 A0 S R 2, DR 1 75 08 ek 7 1 R Al H b ek £ R £ A0 S 72
£ B AT AH R BB (order), SR 117, 5T A7 £ 10 AR FH H A R 00 8004 R0 R BER LA AN LU A 4 ) LRh g2
RV
Powell F1 Skolnick! *:Kf R 47 it 138 I3 AR e 5 28] X1 (o0, 1), 465 AN R 4788 FR03EE 9 (1L W0 B 380 X ) (1, +00), 1 75 7]
AP S TR Al 47 A Powell A1 Skolnick {5 i 1 R iIAN A pEA 7 X
fiiness(F) = { f(X), if feasible (10)

1+rG(X), otherwise

Forb, £(0) BRI X 8] (=00, 1), G(X) iR DX TA] (1,+00),r AL

Deb!" 2 HY T —Fi IS £ 5T (U il 2 5 U LA xR M), R LR U B

1) HERAS LB AR A, — AR RTAT R, 53 50— AR AN TIAT Ny B 6 mT AT i

2) P LLER AR IS Ay AT AT I 3248 H AR R BUE /MR AN

3) P EEER IAMA Y S AN AT AT I 3 485 AT AR SRR BE /MR AN

b3 EE R D (1) 3 2 5k o A A DL R HE AN TAT AR TR A FH A ) 2 A R 48 DR 0 AN A X A AT AT I A
BIAT AR MERE AR A T ORFERFAA I 2 FEIE 2SO B T — i faf iy MRS EOR.

Jiménez Fl Verdegay”"'$i i T — R AT 2 H A Ak i 4 I 9 min-max 8o J7 ¥4 1207 07 (0 A1 El s vt
U2 ABLT Deb! AT H R4 A B2 v

1) 24— AR AT, 3 A0 — AR AN TTAT AR I, T AT S 2 A T AN TTAT i

2) PRI A ATAT RIS, H bR R A MR S

3) AR A ASTTAT AN AN A R LA RS T B R TR 2 R s R ,E}??pr.f(’?)’ HAT e /N e RATIR
i SO FE IR AN A

FESCHR[ 191 60 _F Mezura-Montes il Coello Coello™ 4 Hi 7 —Fft fi 8L 1) 22 FEPE4R VE %48 1 L — & 1 Ak
R 0.03) 57 453 4 A4 o 5 2 (AN P AT i v LAk &8 A A7 A A9 3 B IR IX R 2 FEMENL I B A+ o0 F VR A,
FEA A A R AL T AT AT S 5 L

PRI 25 NP2V 36 AR 22 2 R0 Ak i S (1 g DA AN T P A7 4 S AR o8 4 1 7 — b B I AR R B A A T
A7 LOAT TR SRS, IR HE 5 SCBR[19]H A A EL B HE I 55 2 >R 45 21 T —ASHT AR LU e )«

1) PR X, A X, #CRTAT IS, B e AT B AR e 33UEL, B AR R ZUE /NN A

2) UPANAME X H X, FAS ATAT IS BE BT T S A AR AR A I R PE 38 I 2 R AR B /N AN

3) 4 X AIATI X, ANTAT I AR G(X,) <&, LWBCEATI H Ax o& 20, H AR e& BUE /S 1A D015 W, X
dr .

R T REANTTAT A IR A9 ORAE AE — AN ] 3 (R 2K, SCHR 2206 eEAT T 1 38 WY IR 2.

Runarsson F1 Yao!' Mty 7 BHALHE 12, € H Al ek 46 S 10 35 T L SVE (0 20 A B R % 7 1R 5
B pr RORAEAS AT S AT H AR B8 R LG AN AR IR A3, gl 2 3, >4 BT 9 A 208 R AN AR IR, 25 PR A A4
FIAT i, U LGB EATT H AR s B 2 1,70 W, 250 pfs the o 215 R E A R Bl 2 oo SR ok LA A AR 5
e RR Y, p=0.45 W, BEHLHE P 0] LU= AR AR A IR U0 R8RS B 02, p=0.45 RS MR [ (1) LA
B 22 MRS 1240 SR I SRR E o, A (A 4 4 2 S i R AT T i,

U0 ] (12, SCHR[197 70 1A Ak EL Ao T m ] R0 4 B HLHE P2 1K) —ANRE . R R 24 p=0 IR B BILHE 35325 0 1)
AN EC A D B SCERT 19T AN EU B AE T 6 42 25

Takahama F1 Sakail*$ ! T o) ik 1% 07 V2K FH 20 i /KT u(R) R mAMAE X 3 2 20 R AR (R REFE .
AT SR X I R KT w(X) AT ENMAR X XA LT S A R AR K B A PR X i 2 KA
B R AT T 0T X R SCT gy (X) Ak, (X) 173 B P R K BE AN LU RS T D n s FR 2 7K P
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1, it g,(x)<0
My (X)=11-g,(X)/b;, if 0<g,(x)<b, (11)
0, otherwise
I-|h,(X)|/b,, if |h (X)[<D,
H : :{ , o otherv:ise j (2
FEr by il b; 9 1E S IB I AL AL KT g1, (3) R g1, (3) A X LA AT () 58 X
H(X) = mind g, (X), 4, (X)) (13)

1158 AR L) HO L 7K 5, SCER[24 15K H arKF EEAL R A <o) 2K UMD . 2 fifs Rl pn 53 R TRA
A4 %, A0 %, (1) H bR R BT 20500 A2 7K1, oK1 FEB E n T
h<fo i pum2a
h<fo i p=m (14)
M > 1, otherwise
Horh 0<a<1.7E3CHR[24]H, af T EUAR R 43 B ek 25042 . 38 5 SR FH oK ST B A0 46308 705 1) LGS HE U, e/ S ) sk
iR I 240 oA ) RO ) SR A 0 D SR A 20 RATCA i) L) S92
222 ZHAE

2 HER AR SRR 52 2 1 BRI SR, e 2 By

1) KR AL e 0 2 HARLAL ),

2) AU 2 HAR AL A AL B 0 1) 1] e

FERE LY ARAA 1) L 45 Dy 22 H R DUAL 1) I 38 0 A A5 PR 2SR 1 iy SOR 2o A il LA 0 A
AP H AR 2 H ARG R AE S 20 by e, LR ALAL 1) F bR R B8O 20 2R 55 A 3 A D AN TR H bn
FEXSTER 1 MO 1A H AR RS H SR %L (%), 58 2 A HAS MRS AR R G(Y) 4
S =(f (), G)) ML AT EARI 2 B AR BOARRS () BEATRAR X T8 2 ROy =035 10 2 B bt fe i)
AR R p+1 A HEER, I p O s 2 AR A B RS B T AR 1 A AR
F(X)=(f(X), f,()ere £, ) LI [, (R, £, (0) D9 S )L PR 249 RS AE, BRI T R 22 H B PEAL BRI F () ik
173K

KU, LT 3 B2 H R BORZE HrAg Y Ak B 5 (1 i) AL

1) f#i ] Pareto fLHEA y— Rl i EAE N

2) i/ Pareto /¥ (ranking)>K i LA AIE WA

3) KRR A A T REAR, 7R PP A B I T H B R, B T TR AR A XML RR
e NI PIRF

A LR Y R SR

SurryfRadcliffe 4t} T COMOGA (constrained optimization by multi-objective genetic algorithm) /5 . 7
TR 2 AU 1) R AW 29 AR AL 1) A IS 249 AR Il A Ak B >4 2 SR ALK 1 78 A 40 DA 20 S A2 1) A
IF, F b R 500 200, B I, A4 2 T] ) L 265 £ Pareto £l YR E  Paretodll 7 2k T 20 Ui Sk g 3L 24 29 RAAK 1) 7
A TG 2 SRR A T RN, 243 TR4% At 220 S B, A 2 1) U A2 10 D A i 80 52 o o VA a4 S0 POV
K, SCHR[251R N B Hp o 58 FE T H AR bR BUE PRI T 38 o DY S8 peosd B 72 110 51 5 1R — 2 ) 8, 1%
T3 R I A (R AT AT A v H RS LU R B2 B TR 5 pose 91 Q1 AR BEHE AR TR W AT 1K) H bR LU R =0.1,45 24
BIPACHEAA R R P AT At LA B AT 530, 1, U S AH B T 5 peoss.

Camponogara f1 Talukdar>")JA Pareto & vH AN A (1 243k J7 17, Pareto B4 £ H b bR $IUR £ 500E R J3E
JEIF 2 ST 2 R, % RIS Pareto 4 S, 15 S MBI ME S, 5 %, 30 19, €5, %, €5, , % <%, it
PRANANAR, AT DAAS 2 4 1 et g i)

(fio14) <, (fos ) <
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d=(X—X)/|%—X| (15)
AR it T 1) A T MR R, T B B AN S (A X 45 X A I Pareto DU X, AT X, .
VL S Coello CoelloP¥ 42 Hh T — it 5
‘\ “: Pareto FE /7 id B2 (1) ik st A1)
\ \ 5 2R (rank). X T B A R IR AR S A 4K
. d“ % X (i=1,..,N),ZimiEEid AR06) 5
O i L

x; rank(X;) = count(x;) +1 (16)
o count(X,) MR4E LA R AEN K v 52 4]
> G U5 4E count(X,) =0, X; 55 REA A ) LA

Fig.2  Search direction obtained by individual ¥; €S, and x; €S, AMEF (j=1,, N, j#i E—HEATHH

i SR, (7=, ; :
2 AKX, e S AT, e S, RRNIRTEET T 1) R R, kA AT A

count(X;) TrRIFFAAL;

2)  WR X ANTATHR, X, AT count(X;) = count(X,;) +1;

3)  WER X AN X, BIOAATIATRAH X, L X 3 ROE 2 A HRGAE, W count(X,) = count(X,) +1;

4) WA XN X, AN EAT R, HOEATTHE RO AN SO AR AR E X B X BAT R I AR SR, U
count(x;) = count(x;)+1.

XA AR 85 4% 2 s T)REAT A2

rank(X;) ={ - . (17)
1/rank(%,), otherwise

EAFVE R L, fitness(X,) Ty L8 1k — € (K AL BEL, DLAE A3 v AT A (0 A5 0 0 2 i T AN AT AT i 0 45 20 Xk 5 A
FIAT AR EE, AT AT S S kN R AR

JiE N5 PR Pareto 30 A S AMASEAT HEFFIE AR Pareto 3R EEAF & Sl F:

TE X 6(Pareto 58 F1H). ¥ X; WA P — A S(X)R 7R EEAR T Pareto 51 X, (MR B ELAR N X,
[BRBEQ, B S(F, =#{ %, |, eP H 5 <X, ) L R A 03R4,

Pareto 5 5 (S W T AN RLEEAR P () i 55 R 15 . Pareto 55 {EER K, /R BE A Pareto 25 1% MA I AN 1
2 MAZ AR A T 1% 7 IR AE LU RIS, B 56 BURCAS AR 1) Pareto 55 32 (B, Pareto 5 AR IR AMA R 18, 25 A4
I HAT AR Pareto 5 EAEL I BE AL EAT T e QYR A PF I RE L, 1 I 2R S AR R L /NI AMA A i i B L
BITVE T VAR REAR P AR REAT HE P A AR ARAE 58 I 5 2SR IE % Pareto 9B B KIS MR [ 4
AR /AR R IR BEA R — AR

Cai Fl Wang #2117 CW HIEPY.CW Sy Se 40 AR ¢ b T A 10 A5 AN, AR 5 BE LB — A~ A
M, IFHZAR G A PR BEHUER it SCACTE A 1) — A 5 TR (W R 25 T MR AEAE). AR i BRI g2 T Ff
ANEIAT A A AV HAL T, B A2 | SRR DU e 7] AT AT W& 3 A A 2, SRR A T 2R A A A A
et AN AR AT G0 B AR R 214 Jay de fIL i

Venkatraman I Yen"* 4 t1 T — AN I 1 HESE SR AL AR AL ] 1, I AE AL G BTN BL AR 1 B BOIS 2ok
DA ] R DAy 20 o AL () RUHEA T AR BE, G H Ak 22 DR AN RTAT RO T S BLEAS H bR R T 4 i e
JEBEAT HE P A5 T A o B R AT il DU 2 N85 2 N B B SRR, 3L B RR O R 314 R e LA 55 2 AN B[] I8 2% 5 H bk
BRSO 24 SR SRR B S BEAEAT A S5 HE L A0, 55 2 AN B B SR FH /N A 25 S SR AR5 R 11 22 R 4

Wang 25 NP Ay 249 AR A4 100 R A2 ) A BRCE - o] A 28 35785 I b o 5080 20 RS SR 88 4R 1 T — A
3 R 3 M R AZ AR AR RE AR AL 20 O 3 BRI R 1) BEA R U & el AT 52) A 1 AT i S AN nTAT IR S
A;3) R AL B AN AT T AR R EEA TS T Bevt T AN ) A A LG B0 28 6 9 DU A AR AL 15 1 ity
JEREFE T — Bl 2 ARG AN AR L], H AOAE T 51 SRR AN [R]85 1) 5 T A7 3l 3 > AR A T2 2

fitness(%,), if X, is feasible
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R R INE i T — ol B N A e AN A H s oR B D3R, H IR T & Y b 1 S A T R AT R S AN R AT iR
(R ECAG AR AL 128 3 B T I, A A 22 18] 1R B A e 8 2 BEAORT- H b o £ {1

Coello Coello™ 13 i) s PFAiti 5t A4 SR OR AR £ SR Ak il B A6 — VAR BRI R 0 b p+1 AN A
AHAE R AR, L p R AR SAF AN B %7 g — A T REAARRE H bR R 507 D 3 B AR ek Ok PR A
A A, A% 1R 1 A AR K A TR 249 T S5 AT DAy o IYAEL B 5 R PEAN AN A4, 0 H IR AR TR 1 A B R 21000 YT
AH I LT ARG (R AT AT fidd, 38 3ok I 5 3 48 1 FE AR, 12 07 25 ] LU BIRE I 1 BT A7 L0 A S5 IR T AT i R TR A R4 A

A5 D 3 AR R B 5 FREAAR, A2 55 1 T R DA SO (R 38 AL 2R g5 (R) < 0 I AR E X g () 5 75

YU, 2R v 0, )T AR AE SR 35 W 3E AR E SO f () 3, g, (3) A T2 j+1 AN T REA I 2T R A1 o2

TR S AT HRSAT BB A% ) T2 SR AR (RS B S B L0 AR AR IR B 5 e M3 o e 4k ey
T8 A 7 BRI RS A AR AT

Coello Coello F1 Mezura-Montes®O42 ! T —Fh 2540 T Pareto /M= At S BT K £ oAb B R Pareto />
AR BAL TS —Fh 2 HAR UL 518, e R FE T Pareto AL I RFEIE BN AR 11T 5 SCRR[3 71 A, 1% 5 1EAS
A /NE S HEOR S0 I G FEER S, RIE BRI Z e R AL HME R S, 3508 TRHMATIZ LU 4 MUENEAT EE
AR LA 1) 2PN AR A AT AT N, LR A e AT I H A o8 B, B AR B /DN AR ;2) AT R
DT ANTIATAR3) A MRS R AN TTAT IR IS 27— DA T, 0 0 — DR IES HE S AN 0;4) A
AR R ASTIAT A BRI 3545 5055 I, 34 S 20 ARG AF R B /N IR A oy A A B AN 4R 5 1 a0 R S5, 2 ik
ZAMR SRR TR TG BOE 10— M ASEREAT EURM A5 210 1R AR A4 o 1) LA i o 2% D7 VA A T 1B 4.

Ray I Liew! il B4 41217 4 ok A H L SRAR AR 1) 81 3% J7 VL4 T — Pt £5-3C W (society-civilization)
B S i AN AL S A B A S B O T, X e 3 B T | 3 H AR R R Ak e b, <4 3 m] LA
AT B A A A IX AR R TR 4 A [A) B R AU R R R I vk e T o g <4
FHRENLE) W SRR T B AT S M A REE R 1 AR I A RSN 1 Rz AR
55,2) U SR T (R BT AN AR A PTAT A <45 Tk H PR EEGN TR 35 H BRI AN

AguirreZ AP H T —FPIS-PAES (inverted-shrinkable Pareto archived evolutionary strategy)iz:,i% Jj ik 31
Paretof7 A4 E Ak Sl OV IS-PAES R FH [ 3 7 190 48 A7 A 300 Aok R m 0 110 o A o, D P 1 358 7 ) A i — P A
ZREPEYERFROR 27— AN BN AR IS Pareto il FH T~ EUBOZAMAE S & N A% s AMA IR 55t 41, IS-PAES
AR T M el DB R AR A T R Bt A 0] B LA T AT S R AN S T S R 3 2R DX ORE AN
i A k.

F T V-G 2 HAREALEE AL 8, Mezura-Montes FiI Coello Coellot! 5t I 4 Fhigi it (1 78647 7132
(1) S B W50 S 5 45 3R B, Pareto DL HE I BEUE NI AE 48 L Pareto HE /3 FH 3% T~ B A4 1 7 1A 43 B TE &f (1) 25 1)
i, Mezura-Montes 11 Coello Coello i $i Hi, WAZIUR A4 AL (Gn 22 BEVE AR SR el b ax 288 5 v 1A Rk
23 HitwE%

B T ER R AL BEOR BLAN BF 9T ik 52t T VF 2 ANA AR Sk 2R 7 VA B, PRy 3 28 AR T
T B 2 AL PR AR B AN A B G (R A A 1 i, Bl 3 P A AR A, B DAAS SRR AT O FA 550025, O B HE A
AR UM ST 1 .

1991 4£ Michalewicz 1 Janikow!*?#2 ! T GENOCOP(genetic algorithm for numerical optimization for
constrained problems)i%, 1% H1E 0 ik B RE ARG PTAT A LS 21 0T AT 800 L. GENOCOP A IE & T 261 1)
PR GAE I H TG EAYILR TIAT IR N T s 0K LB [#,1994 4F Michalewicz I Attial 1y T —FlR & 046 J7 ik
GENOCOPII 3K 4k 38 FT] i) -l e 14 0 & ) . )5 2K, Mlichalewicz Fil Nazhiyatht ik 5 5h AN 17 M ) 45 45 bip il
3R T BT 5% GENOCOPIIL

1A R IR AR T T3R0S 0 Y7 5 AR [=1,11" 22 TR0 37 BRSO 3R, K 2 AR il R 4k To 24 A Ak

SF B o TR AR WA D0 w2, AN BRI (0 B A A ORFF AR 1 vl A7, AN T BE VP AN T AT R, vl LA A Ay S8 Y
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(A ST AT 5 Ay B 02, 24 T ATl 7 B 055 1 S5 % o 52 2, T EL S 7 B 06 o AT A
4T Lagrangian v ] B 2 RARAL 1) U AL R min-max o) @HEAT K% 489 Lagrangian bR EGE ¥ € LA
LG, i Ap) = fE)+ D Gty )+ Ah(E) + oY L B () (18)
P p HIESIHRE, i 9 1 (T 1, 4 h(p-D)x1 (e 111 4 p; 124 (1958 X
w,g, (X + pel (), if g(@)2-u/2p

bi (';éhui’p) = ) ~ (19)
— i’ [4p, if g, ()<-x/2p
I 38 Lagrangian pRI %L, 2 RALAL 0] 8 A A6 4 40 R min-max [7] B
minmax L(¥, 4, 1, p) (20)
x A
Subjectto x>0, i=1,.,/ (21
420, i=l+1..p (22)

B, () 5 AR X5 min-max FBRG (47,47) W2 Kuhn-Tucker PRI, (37, 47, A7) Bk A )

LG aAp)SLG AL p)SL G L p) 23)
M min-max 7] @B AT # S PROA zero-sum 1
G )R 2R AL ) FBUE L 39 ) Lagrangian VA%%
" 9 5, 2 min-max [ @ 5 ) T EAT 5545 T 5K fi# zero-sum
0 2R 8 9. 2 SR (23)FR W E (i, A) AN
BN, 5 LG A, p) TG LR SR A i 57
F AAERA RN S PR HAATEL AR

FAF
Fig.3 A mapping 7 from a convex feasible region F'to Kim F1 Myung ™42t 7 — R i i B 1 ik 4

asawre LI g ik s 2 BRI Lagrangian i

K3 AT TOASIEITPELIT e 60 MOKRVE 0/ Y Lagrangian 78

T (fi,4) (G0 0 = (g, A) )R P K13 Lagrangian ¥ 532 A8 16 58 37 566 W Sk 64T 58 Tahk il Sun®”
Feth 7 —H A3 Lagrangian 7735 % ikt 2E40 BAT AH I B AR AN BEARR SR B zero-sum 1825 n] 451

(e 35 1) 5 X I, 55 2 ANBEAR P, 11 Lagrangian e 7 [f)  6 (R FEAAS S EAL 45 2 ANBEIK P, P11 Lagrangian
Fe vt O N 1 ANBER Py RIS B ¥ ARSI AN AR P [ i Ak, 0 g 3 A R BRI
X5 1 AR AN X 38 AR R EUE LR

fitness(x) = max L, (%, i, 4, p) 24
X5 2 MBHAFIIAME 6 38 AL PR EGE XA
fitness(0) = rpiPn L, (X, i, 4, p) (25)

3], Krohling F1 Coelho™ th SR I A 5 32 A b BR L) SR AR AL: ) 1.
3 HUEZE

48 AL A4S 3 A 120 3 vtk Bk (genetic algorithm). 3L 5 i (evolutionary strategy) A1 IEAL Fi
¥ll(evolutionary programming).

Y oh AR SR IR — A B0, 1 R 3k A0 S W A Ak PR 2 A A, T IR 52 1) TR OK (R EE AR 6 e, AT AR
PN TR 1) BAT R T 5 SCHFRE AL SRS 8 2) R4k SR 1) 11 38 AL A0S G Ak 3 24 TR R 23 ) AT — 5 IO 35
BHU00 szl gl SRS WA A I (10 240 AR A B R R P A S s VR I A b i W S AR st R i



1§ FAHRMABHE L 2!

RilEr 3 AN AT BA (KA A BL A 7B ), Mezura-Montes  F11 Coello Coello! %} J1 A AN [7] fr1 14K, 55 0 (4,35 (1e+1)-ES
(1", A)-ES FIAH AL 53t (1", A)-ES)HEAT T SE 50 LA 25 R B 0T HoAT sy B3 R 23 R) L AR 1k 55 X 2 o 4% AR 11
T2 R £, R FH E A4 SR AN REAS B4R 1 1 45 SR [R) I 3 N 32 2 28], b A0 SR A B A7 A1 — ANl B, BT AE 0k £ SR s vh
AE SERAEATAT Bl 20 AR AL AR LA 0] RBLIT 35, AT A 55 A AT fift A — 6 HE () DXk AT A8 S0 1 #3814 Jm) e
DEARARAT T By, 5 0 2 24 B U 1 AT AT 832 B sk RV A 1 A SR ot m DA T AT SR AR (e TR) A8 L
RS )P AR AR R A8 012347 B — SRR B AR R 20 FH T Ak B 24 SREAJ A 1) A

UK BT REAL AL (partial swarm optimization)?, 22 53 4k (differential evolution)™ . Ak 5%k (cultural
algorithm) M4t 3 ] -1 4k B 25 sk A4k 6] 8 RE 1 BEA AL /& i1 Eberhart AT Kennedy!?J- 1995 454 ! S fty — b it
TR R ) A T SRR R RO AL BE AL A A 7 Adjust
WIAE I T BN K1 — AN B3 B AE CAT R R KL 11 '__!
P BB AR R A B AR 3 1 AN B R T A S
%’ﬁé @J E@%ﬁ?ﬁ@,ﬁ 2 4\1:&{E%ﬂ]ﬁﬁ€ ?U%%ﬁ?ﬁ@ﬁﬁl&{% 5} Acceptance Influence
Storn Al Price™ - 1907 42— R, FRACHO LS uncton
2 e AR PV s B g i, T8 1S A ARAN AR R R A4 b L ra __ e
AT T A SRR TR, b g L S T )
SURAME. Reynolds® T 1994 442 H1 T SCLST I, L EBAE  selection
T o 4 U A e R R 0 s i R R Sk R IR A R SO Variation
VEHE SRy EAA 22 1] (population space) A5 25 25 W] (belief space) Fig4  Framework of cultural algorithm
B> AL, ) 4 I s AR 2 1) A A 5 T il (A A A R A — 4 SCHBETRHER
MG BAF A, AR AT LK JEZ 5047 it 3047 3207 18] v 48 T A A 552 5 A 23 TR) 05 78 25 1) 38 e 3£ 1 3L (497)
acceptance PRAELF influence PR%0)I%E &5 k.

4 MARMUELEZMLSITE
4.1 (%) 5—mZ BIrILEIRER X 5]

F2 b R LA A T e 5 D 22 E AR DGR Tr) ROk A B 2 S (R O T 3 A AT A 5 e B, DR R T R
Kb (02 B B BN 2% BAR N AR 1) AT DU — AN XU H AL i)l f () AR AR B SR 2.2.2 79),

s (RS2, F() 55— % B ARIRAL B 98 B A AR b
/ N F0 X530 ST X 07T, 0k — A0 % BB Ak Bl L 5, 6 s e H £
L ¢ By T 45— AMA A0 Pareto SR R4 T £() ZEAT AN

SR — A B H BsEAL S £(3) (B G(X) = 0), 1XH, I el
Pareto front FEATS SR A — AN R BRTTOR f(R) 10 5, AT T8 A L B0 4 Ry S
Global Opﬁmu{ [R5 A 15 0. RT3 78 SR R B IR A SE AU A 2.2.2
WA AR LUE B 1 2 B AR A KA S XS 2 H bRk

» -ik(multi-objective evolutionary algorithms)/f] A PR R .
Fig.5 Gfaph representation for f (X)G X TR GLR Rlobal optimum)). < § Fih /() 1%
' B Jo B AR R, 4 AL M G =0 H —3%, Y4 GE)=0 I, {f 13

K5 f3) Rz . —
S f(x).

FEFS AT R AREIG 4 A AR FE) MR R 5 BTR AL 5 h Pareto B ARAR S

Wi 3] Pareto WY A Pareto Ay LA [ X k.
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42 FEHEMHEEENX

FE2 A AR BEAC S IR oB 10 B AT A AR S8 50T S5 0, it ELARE 4w (10 AR 25 A AR AT AH 7] 10 <5 2. 491 A,
FESCHR[33]H0, AR MR FE AR 0 1,48 SCHR[S8]H, AR AR ISR B 0 AE LT b AR5 AMRAERE fA
A LA 6(a) ke T AR5 AR REAR T BT o 1R 3 A7 0 i BEAR R AT 3 N AR AR, MBI eqep A
e3 Bon AR, MK ey Ron B (T AT I, MK e ROR LI AGE PR L 50/ AN AT IR, S AE e R BAT B/ H b
BRAICAEL 1) AN T AT g R, AR b e B B S AR AR A AR SCRR[301IA A AMA e A Sie A4, 1A
EHAT BRI Pareto 305 AEL R, SCRR[321A A AMA eq 24 ity ZEAFAS BRGS0, DX R e O BAT Jee /s A b e A0
(KT RIAT AR AR, AK e B e DUN AR MR8 ).

A S A f A
1 * Y .
° * .
* ° y * Goe ® °
e ° ° * ° °
° ° e ® e
.ez ° e e e [ )
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> > >
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(c) Nondominated individuals in a

(a) Nondominated individuals in a
population consist of a combination
of feasible and infeasible solutions
(individuals ej, e, and e3)

(a) TEAR TP YIRS AN b ATAT AN
Kﬂﬂﬁﬁéﬂ)ﬁi(’l\% €1,€2 fﬂ 63)

(b) Nondominated individuals in a
population consist of one feasible

solution (individual e;)

(b) FEAT ARG A d—A
AATARALR(ME e1)

population consist of infeasible

solutions (individuals e, e; and e3)

() AT AERA R R Z A
ANTTATFRAL (A e1,e0 F e3)

Fig.6
Kl 6

AL HAT AR JUA B ZE R AE (I 8 DAL F F H b ek B —— BRI R 1 20 ):

EE 2. —MRNAES A B2 A — AN AT

E B (ROUEVE) AR A k(> 1) AN W AT A AL T — AN AR I AE S A b IR I & AN b B e H br ek 3L
B £(3) BI/MALLSR Pareto PLEEIX & A 1 AR ANA X 53X &k DNMAMEL R AL AEAH T TG, O

SEHE 2 R AN R AR )T 5 ARG A AR R e AT R 4 R g (&1 5 BT R).

MR 1 A AR RE H— AT IR 6(b)FT7R)s A EIATECTEL 6(c) T 7m) B 43 I AT fil 5 AN nl AT fi
(anEl 6(a) 7 )4 k.

PERR 2. FAEERAES AN TR I T AT 0T LA Pareto D08 ACARHEAA (1) T AT fifg AN o] AT i (R A
AR AN AT i L RE Pareto AR SR TEAR 1 (RN W] 47 figt.

PEJT 2 W H Pareto JUHE M) a2 X EL B9 3.

EIE 3. A TAHER MRS AR A I B AN ol AT Adg 2, D) ARBEAA Mt 438 el AN m AT i 4 .

B (SR8 B8 MR (ARG AR At AN AT AT M 4k 5 ML 55 aTAT i K A AS AT AT i AN BE Pareto L
BIAT A, BT LA IS, ML B AR S5 AN A vt SR A R AT A, P IR, B 2 T O

EIR 4. 47 FACEEAR M AN TTAT MR AL M e 3 I 20 R4 E B N AN ATAT i b R M TR AR AN b
YIRS AT BN AN I AT il

RO X MO R AR AT NN AT AT A ) -3 e MY A 7 < R IE, X B E T MIEHES A
P, T A M AR A o ) 2R S A e NI A v AT il O
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43 Parctoff BEFR 5 5% 2 Hlsrts
BRI Pareto fR8 X 3R LB, W AT RE AR HLt 4 RS ACPE, T BIE ).
R S I B4R A AT LR B 7 B A 7 o B T R A2 ) 1 e
e B R e A A7 A, 2 — 5 VRS KR 5 AR e 0 2 I 478, (LA L Pareto
R 3R, BT, A 5 B o 804 R 0 47 A8 AT 556 AR (R L 7 o FL R SR 7 DL ), S48,
RPN 5 LR T Pareto T8 7 LB P, B PR 1 A 4 AR PR, VRS L 4 4 J S

Objective function

x i

Search space
Feasible region

Fig.7 Schematic diagram of the search space, feasible region and objective function
K7 $RAZE AIATECR H bR e s 5 K

4.4 FEHHEFZ5 % BRMILE

BHHLHE 7R V2 E T 20 A S ek 28 (¥ — P VR G 1 BELAHE PP, R SR R U 43 AT L
U2 52 A 5, R T, % B LI Parcto HRYE,1) #52Lrh /MM Parcto ARABSS Mk, M A 1
ISR 5 G 75 0, R A X, 19 X, AFAE Pareto AR 5C AR, 2) WK rand<p LCEPTASAMA R H bx ek 2 fE, H AR B8
BAE NIV WER rand2py, ORI AN AN ARIE S 20 R 5% A IR 8, 338 e 20 R 2 AR 8 /s B A4 v 4. 7T BLIE
] 3% Bl A v DU 5 BRI vk S5 A A 2, DA L3 B A o U LA S I S 2 At L HE v iR AT WL U Y
PIAN AN Pareto 55 I8, 28 p, A v DUREE HAE HL AT W, A BT EREHLAE LS 2 R OUERAT — 5@ IAH G PE.

5 ARMUEMEZMERE LB S REFHFIRAY 5 R

51 ARMACFHACE L ERELLE
AT VS A RARA B L 4 R A bR e B B b —BER T 13 AN AR v (benchmark) IR B8 £ (g01~g13) K
HEAT SIZBGAE T GIRR bR 00 AL SCRR[167). 3 L6 3 R B0 1 3= AR EAE SR 1 P ah .
Table 1 Characteristics of 13 benchmark test functions
Rz 13 bR R BB AE

Function n Type of f p (%) LI NE NI a
g01 13 Quadratic 0.000 3 9 0 0 6
g02 20 Nonlinear 99.996 5 1 0 1 1
g03 10 Nonlinear 0.000 0 0 1 0 1
g04 5 Quadratic 26.9356 0 0 6 2
g05 4 Nonlinear 0.000 0 2 3 0 3
206 2 Nonlinear 0.006 4 0 0 2 2
g07 10 Quadratic 0.000 3 3 0 5 6
g08 2 Nonlinear 0.864 0 0 0 2 0
209 7 Nonlinear 0.5256 0 0 4 2
g10 8 Linear 0.000 5 3 0 3 3
gll 2 Quadratic 0.000 0 0 1 0 1
gl2 3 Quadratic 0.019 7 0 0 9? 0
g13 5 Nonlinear 0.000 0 0 3 0 3

Herbon R SAR R AL HENEAFE XL ARG AN ELNE H AR T L A A BLNT AR AN
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AR A1 B 0 FRon AL T MR AL I BR (10 20 46 A (A B, p 2 7m wl AT 380 48R A= ) (1 b ), el o A
AN AR
p=I<2/1S]
Ferp SRR RS ] S BATLIZE H A PR K [ 7RI H RSN A v (18 AT gt 1428, — ] SI=1000000.
R24IT T R BB I L R A S0 13 A B v U R B 11 S50 45 SR, 3 o & SR8 S Sl

(26)

EXCEI

Table 2 Comparison of results provided by 7 algorithms on 13 benchmark test functions (NA=not available)
F2 7 AEEXS 13 ARG R H ) I SR LU (VA R ISR A 1R SR SR

Function/ Status Methods
optimal SAFF!"] SMES"™"! N IRY™ aSimplex*" CDE"™ cwt!
Best ~15.000 ~15.000 ~15.000 ~15.000 ~15.000 ~15.000 ~15.000
201/ Mean ~15.000 ~15.000 ~15.000 ~15.000 ~15.000 ~15.000 ~15.000
~15.000 Worst ~15.000 ~15.000 ~15.000 ~15.000 ~15.000 ~15.000 ~15.000
st. dev 0 0 0.0E+00 1.3E-13 6.4E-06 2.0E-06 1.3E-14
Best ~ —0.80297  —0.803601  —0.803515  —0.803619  —-0.803619  —0.803619  —0.803 619
202/ Mean ~ -0.790 10 ~ —0.785238  —0.781975  —0.772078  -0.784 187  —0.724886  —0.803 220
-0.803619  Worst ~ —0.76043  —0.751322  —0.726288  —0.683055  —0.754259  —0.590908  —0.792 608
st. dev 1.2E-02 1.7E-02 2.0E-02 2.6E-02 1.3E-02 7.0E-02 2.0E-03
Best ~1.000 ~1.000 ~1.000 ~1.001 ~1.001 -0.995 ~1.000
203/ Mean ~1.000 ~1.000 ~1.000 ~1.001 ~1.001 ~0.789 ~1.000
~1.000 Worst ~1.000 ~1.000 ~1.000 -1.001 -1.001 ~0.640 ~1.000
st.dev  7.5B-05 2.1E-04 1.9E-04 6.0E-09 8.5E-14 1.1IE-01 2.8E-16
Best  -30665.50 —30665.539 —30665.539 —30665.539 —30665.539  —30665.539  —30 665.539
204/ Mean  -3066520 —30665.539 —30665.539 30 665.539 —30665.539  —30665.539  —30 665.539
-30665.539  Worst  —30663.30  —30665.539  —30665.539 30 665.539 30 665.539  —30 665.539  —30 665.539
st.dev 4.9E-01 0 2.0E-05 2.2E-11 4.2E-11 0 8.0E-12
Best 5126989  5126.599 5126.497 5126.497 5126.497 5126.571 5126.498
205/ Mean ~ 5432.080 5 174.492 5128.881 5126.497 5126.497 5207.411 5126.498
5126498  Worst  6089.430  5304.167 5142.472 5126.497 5126.497 5327.391 5126.498
st.dev  3.9E+03 5.0E+01 3.5E+00 6.2E-12 3.5E-11 6.9E+01 1.SE-12
Best  —6961.800 —6961.814  —6961.814  —6961.814  —6961.814  —6961.814  —6961.814
206/ Mean -6 961.800 —6961.284  —6875.940  —6961.814  —6961.814  —6961.814  —6961.814
—6961.814  Worst  —6961.800 6952482  —6350262  —6961.814  —6961.814  —6961.814  —6961.814
st. dev 0 1.9E+00 1.6E+02 6.4E-12 1.3E-10 0 1.8E-12
Best 24.48 24.327 24.307 24.306 24.306 24.306 24.306
207/ Mean 26.58 24.475 24.374 24.306 24.306 24.306 24.306
24.306 Worst 28.40 24.843 24.642 24.308 24.307 24.306 24.306
st.dev. 1.IE+00 1.3E-01 6.6E-02 2.7E-04 1.3E-04 1.0E-06 5.7E-12
Best  —0.095825  —0.095825  —0.095825  —0.095825  —0.095825  —0.095825  —0.095 825
208/ Mean  —0.095825  —0.095825  —0.095825  -0.095825  —0.095825  —0.095825  —0.095 825
—0.095825  Worst  —0.095825  —0.095825  —0.095825  -0.095825  —0.095825  —0.095825  —0.095 825
st. dev 0 0 2.6E-17 4.2E-17 3.8E-13 0 3.2E-17
Best 680.64 680.632 680.630 680.630 680.630 680.630 680.630
209/ Mean 680.72 680.643 680.656 680.630 680.630 680.630 680.630
680.630 Worst 630.87 680.719 680.763 680.630 680.630 680.630 680.630
st.dev  5.9E-02 1.6E-02 3.4E-02 4.6E-13 2.9E-10 0 4.7E-13
Best 7061.34 7051.903 7054.316 7049.248 7 049.248 7049.248 7 049.248
gl0/ Mean 7627.89 7253.047 7559.192 7049.249 7 049.248 7 049.248 7 049.248
7049.248  Worst  8288.79 7 638.366 8 835.655 7049.296 7 049.248 7049.248 7 049.248
st.dev  3.7E+02 1.4E+02 5.3E+02 4.9E-03 4.7E-06 1.7E-04 4.0E-09
Best 0.750 0.75 0.750 0.750 0.750 0.750 0.750
gll/ Mean 0.750 0.75 0.750 0.750 0.750 0.758 0.750
0.750 Worst 0.750 0.75 0.750 0.750 0.750 0.796 0.750
st. dev 0 1.5E-04 8.0E-05 1.8E-15 4.9E-16 1.7E-02 0.0E+00
Best ~1.000 ~1.000 ~1.000 ~1.000 ~1.000 ~1.000 ~1.000
gl2/ Mean ~1.000 ~1.000 ~1.000 ~1.000 ~1.000 ~1.000 ~1.000
~1.000 Worst ~1.000 ~1.000 ~1.000 ~1.000 ~1.000 ~1.000 ~1.000
st. dev 0 0 0.0E+00 9.6E-10 3.9E-10 0 0.0E+00
Best NA 0.053 986 0.053 957 0.053942  0.0539415  0.056180  0.053 949 8
gl3/ Mean NA 0.166 385 0.067 543 0.096276  0.0667702  0.288324  0.053 949 8
0.0539498  Worst NA 0.468 294 0.216 915 0438803 04388026 0392100  0.053 949 8
st. dev NA 1.8E-01 3.1E-02 1.2E-01 6.9E-02 1.7E-01 6.5E-17
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2 M RESE bR AL EE B i 45 SR (best) . P H4 45 R (mean) . i 22 45 S (worst) R K A 11E 75 2 (St.dev). L A1, 7
Bl 25 AL 4k 8E 1k 5 9% 4> Wl b SAFF(self-adaptive fitness formulation)!*, SMES(simple multimembered
evolutionary strategy)*'),RY (Runarsson and Yao’s algorithm)'®) IRY (improved Runarsson and Yao’s algorithm)**,
aSimplex**, CDE(cultured differential evolution)>*fil CW(Cai and Wang’s algorithm)™",

(EAFE R, 78 13 AP0 o 25, 3K R B 902 T2 3225 b ALV IR R 6 0, X8 0 H s o B 4 508 v
HAR NG ARH 2 2% I R 4 203,805,811 A g13 225 2 AR AL B GE Ay, DA O e 1 R AT S8R S 4 A At by
B EE R R A SR Re ).

MR 2, 0] BUNEEAR F o A R A HEAL SR IO PR REAT — A EE A I (0 AR IX A B 1 S AT e 1 iR 4
RACREA AL, IF 120 R I R L — S i i i o () 1) A 2 R T LA Y, SAFE,SMES 1 RY fEHEAL
SN2 AL B P 7 1 S AFAE G A IRY FH arSimplex = SEAEREA S5 7 1R A7 A6 G I3, CDE 32 27 24 A b 5 [HI
FAAEBRIECW A B i AU OR, IX R (TR T i AR A SRR 0K 2 SRR BEHOR, -5 3 1 8 4
A PGS A R, LIRS0 45 R 78 70 Ul B, A [ I A 43 24 AROAL BB HE AL S 1 4 T, A R A B SRR A
REH A LIS IIROCR.

5.2 ERFERRIR B (E)RE

BARARARESTIE LIS T € ISR, (B R 2 ) s g e S b AR BLAE LU LA

(1) AbHEEE LA G AT O T S AT AT, BUAT 10 BRI HRs 552U AR A e o NS5 SR SR 2% A ol Ak 2
(W22 Q)AL AFE R, LR AL A w AT K 40 41 58 e 28 T A2 Ak, i FLIX R AR AL ST HUE AT R, 4R, 4
AIAT SRR AR AR AN 4 SRy B DGR P 3 A A AR A AT T L e 3 0 05 1) 1 R K 28] P ik £ R 2 A7 7 A BB )
S AR, W R BAT 3 e 0 s SHELAR /NI 03 AT 2 2% 55 A A I L9 R AL Tl i, BE AL SR AR M 4k 21
APAT AR D T b 1 A 4 20 SRR R ORI 5 i, SCRR (21 1Bt A A CHS IR 389 om0 28 bl 0, SCRR[S O THE A A
MR RTAT A 0 T 23 LR Y 6, SCRR[6014R Y 17— Fh Ak T 1 20 BU (10 25 B (EL VR 1 SR AL ] A7 25 h v B S 4 o)
T AMEAFRABT I i 7L

(2) BAGTE. P EER 1 SR T B IR A F0R 1) 58 35 R, 55 TC A AR F AR EA SR K B T A L,
LR AR AR AL VR (K BRI ST 6 5 BLAR Mezura-Montes™ X 24 SR Ak 14K S92 IR SIOEAE T 9020 11 2%
U AE R o i 8, 11y HLA 2 A5 IR B 1R rPous 29 SR A - B0 7™ 46 7% 18, DAL T 2 ] UE WY 249 SR AL 08 A 5025 1)
BCSACE TR NI LA B T2 SRATE A3 P 05 1 WA S A 12 A g — A T,

(3) VRAME T L SR il T 40K TR A5 S 70 (memetic algorithms ) @ ik il 5 J= 348 2R WL, 1 o b
oSt T AR S LA ORI A R RS (D0 R 1 R RO AR v, 10 HLA & & T A 5 2% 22 U el
S 2 SR ), o VR R LA R A AR A VR I AR A PR R — A A T2 R0 1o 700,

(4) PRV SEIT RS 0 T AL LTS ) 8, V55 s R B RN 249 SR e 7 AR e PR ST AT i, 2 o o
b o0 HIORD 24 SR I 10 VP A AR 95 e 00— AR A 2 ORI IE R A 36 18 20 B0 i R T 4R 1 T — %%
AR R.

(5) Z A% 28 DX A DA 2 R AT A i) L FR) 4 S a DL PR o7 mJ A0 s 57w oy 0, P LAAE JE A I v 8 g A T 3k
120 S AR R 2R DX IO e B s DU JL P-4 35 By AT i m AR 9 B0 A (8 A 175 FE2 ) 450 28 DX Il R4 4 ik LA il 2>
AN b BRI ZR, B i S (RS0 FEE . SRR (65,66 1418 H 17 A2 [ AR 268 A S92 SR A 24 AL A T 78, 3K 4 ok 75 925 1 0
VA LEEZE NN NN L - P AN

(6) AT Ak VT SV 3 A i D R0 2 B A v ST 7 1 4 7 T N 1 SR A 2 SRR A )
T2 H AR ) B FRA9 3 T 400 1) G SR AR AR 29 0 A i) e (3 B 3t o AR T AE 5 4.1 45 ep A1
oI, 2R AR AL 1) 42 )R B LA 62 T Pareto HiTT 5 nI AT I K A F Ak JXA¥ AE BEALIE R Hh, l LA 23 A it o
S A AR AN W BT ALL Pareto BV, 7 BEAL 4SS AN Pareto B vy 55 A AT 48 ) 52 A0 BT Ay i 880 Py B LA H 17, 3X
J7 RIS IEAE JE T
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XSS (R PR AT D ST I A R (R R R i L. 5 s il L2 2 22 R ML (B AN S B S B I 20 R AT AR )
ARG T LI AR AAL 1n) 5 BT AT Ry k. DR I, 92— S AR Js I SIZ B 240 AR A i A8 AR AR P A 4 00 3K R K, 2 1%
AU T EE S (¥ — A 2 1) J Michalewicz 55 AT EVAR BT T — A 120 SR A 0 00358 o 250 A 25 (R i 3
BEVE R (1 I b Kt X A

(8) ) 1k 5 F H AR DLAL ) LA [F) (¥ 2, 2 F Rn I A il LI S DIE AR 30 3 D — S A X RRAS [R] el R 1 L
TR0 W 2 A AT (1 LA DU AT S DR 23 A1 (1 2 S I SR 8 0 5 R L BT 5 1 1) — 2R 471 ) i, o 24 SR AR BEBOR
212 HERL R AL A A 2

6 & it

AR SRR 20 AR AL AL BEAL SR =2 R AL BB AR+ S T SRR SR R, 0 29 AR A 1E A 505 i i 5 2k e
BEAT TURENIF LA 41, B4 3 5 29 AL A BEAR SR R T AT T e, 0 A T A R A AL RE AL SR kA
figt e 1) i L, i B JFCOROR W] B (1R A R g T G Ao SR A 249 SRAIC A i) B BEAL T B0 AN R BRI S, AT+
G T (1 RS AN S B T S IR A Z T S8 I B B 1 i /AR 22 A SCAN W] RE T T AH 21, 7 B e gl 21— Il ag 5| T
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