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Abstract: In this paper, a modified differential evolution algorithm, which is based on abstract convex lower approximation, is proposed
for multimodal optimization. First, the original bound constrained optimization problem is converted to an increasing convex along rays
(ICAR) function over a unit simplex by using the projection transformation method. Second, based on abstract convex theory, the study
builds a lower approximation to original optimization problem by using a finite subset of biased sampling points comes from the
population replacement scheme in the basic DE algorithm. Some properties of underestimation model are analyzed theoretically, and an
N-ary tree data structure have also been designed and implemented to solve them. Furthermore, considering the difference between the
original and its underestimated function values, the paper proposes a niche identify indicator based on biased DE sampling procedure, and
also design a regional phylogenetic tree replacement strategy to enhance the exploitation capacity in niche. Experimental results confirm
that the proposed algorithm can distinguish between the different attraction basins, and safeguard the consequently discovered solutions
effectively. For the given benchmark problems, the proposed algorithm can find all the global optimal solutions and some good local
minimum solutions.
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Fig.1 Underestimation curve of multimodal objective function from DE-biased sampling points
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Fig.2 Underestimation function h?(x') of f(x")=1 build from the sampling points y=[0.5,0.5]
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Fig.3 Underestimation function H’(x’) of f(x’)=1 build from the sampling points y*, k=1,2,...,7
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Fig.4 Underestimation curve of 1-D Rastrigin problem from unbiased sampling points
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Fig.5 Underestimated curve of 1-D Rastrigin problem from 5 000 Gaussian biased sampling points
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H. Niicne(x) = N, UBAT 5 0 1) BE B4R AE Xrargee™Xrrian, [T I HE Yo V00T — AN SRAF SRS 32 344 [v) 5 308 17 5E 87 &R
SEAEY ) N SO 458, LA S5 5 o 6 10 A1 Al A28 35 ) 5 7. LA Periodiic 1) B5EE81 g 91456 W] Noiene(X) FE 0% 0 200 M it
Y2 RS 0 [ U AR AL 550 40 T ARITAS (] U I AL R DR AR P A T 8 Periodlic 0] #8076 Ji £(0,0) b (0. 75 1 A4 de it
LA Je 48 A JRi BB A AR . 18] 6 45 1 T BEAA A popSize=1000, M =1000,N,=0.01,0.5,10,1000 I, $147 1% 5 37 55
AT F) 100 QI3 2 1 45 1.
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Fig.6 Population distribution in 100" generation using different niche index
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B 3% £00E MR B S50 N, BUAT DAYE — 58 B B L 35 0 2 0 22 B2 e v o6 1 A SCF 9 ) i) 80, s 36 3%
B N,~0.5~1 & — MR UF IR EYE BB 7 443 7 24 N,=0.5,57%1247 % 100 18R 1 000 A~MA (S 4% H bR M
B R BEAT F 7)) B ATT 15 F0 5 52 (5 2 T 1) 22 St 155 400 (F A vh A 4% o6 B0(E 715 $IE41)). Periodic [ @i BR 77— 4
£(0,0)=0.9 (4 Jryfe /ME Z A B HE T 48 AN AR E A 1 10 )= DL g 7T LUE HE,1 000 M4 K 2 $ L & sk 2
HRAE (0.9 F LOYMRE, H 30% AN T4 Ji e LA BT A (WSS 70% 1) N4 T- 3L A 48 AN JRIRAE BT A T 19 JRi
FAZS (WL 6(b) ). [ IF R AN RS 38 A2 e T AL B B 1 SO Ak o i T
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Fig.7 True and estimated value of 1 000 individuals’ numbers in 100" generation
7 #EfZ 100 AUHT,1 000 AN A 1 R EE A AL THE

2.3 XEHE BT E RS

DX 3 2 AR SERT SR 2 0 T 38 8N B A B FR) S AR BE ). L n=2 (1 2 B4 1) A 481 i AR B
HE T 2.2 WHEIE /N A B R b DE SRR T 5 A i RAE 5 xE 0 C X x° 4% A 3 (2)REAT e I e 4643 51
E ALY AT ATAR S 19 5 AN RAE A (EBO I 1,24 ne 1)) xe )% x® IR A S0 | Sl v il i e e o
PP 8 JIT /. E SR 1.3 W FE I o AT o Bt v, 45 0 V'L S [ BB L AR A AT X S S AR TR K R,
WV AT R S Ll AL LU R R R (T n=2, i P A4 R 2 T 3 AN T4 R

o ViVIOVIZVEE, (XL RFE R0 BB ),
o VA=V /62 (X2 SKHE A2 B K
o VBzyTIV2 (X" SR 50 B RR);
o \/O2=\BL /B2 (X" SKAE A2 R K,
o V=IOV, (X'° KA 2 K.

AT VA 13 BT 5 A RAE 2 BEA AT 8k S 73 B pk 8 A1 IX G B T T 7 45 ), ELi 2

° S:V4:V61UV82UV82UV52UV91UV92UV93UV72;

o VOEAVEZAVEAVZAVIAVZAVEAVZ=g,

S R ) 2 P A IR R 8 7R B S I PP DR A — N &5 A AR T DB 6 7 90 R m) AR 31— BRI A
W AE DX AR T AR AN 2 SRR — AN T DX, A &5 RURI T 45 i3 /s X 38l 4 (BROPR b A0 i R R — 5 L B R
FR. DXl AR AR T SR I P BRER IS N (CH+ O AR iR ):

regionUpdating(tree,target,trial depth) T 38330 A b B8 T 45 7

By SRR R tree. H B MA target. IARANMA trial. X CE 3R E depth;

iy o TORRRES status.

Step 1. subNode=FindSubRegionNode(tree,target); IR target £ F 1) 7 X 45 5 £1 subNode.

Step 2. containedStatus=IsContainedFromNode(subNode,trial); /3]l subNode /& 75 €14 trial.
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Step 3. if (containedStatus=TRUE) 11 5 subNode 87 - D3 sk 0, 25 3k A
Step 3a. target=trial; HAAT EHTHRAE.

Step 3b. status=TRUE; 1o BT HRESN TRUE.,

Step 3c. goto Step 7; 11 % Step 7,38 1.

Step 4. depth=depth-1; TR 338 I B ik 1.

Step 5. if (depth>0) /140 8t updateDepth “KF- 0.

Step 5a.  subNode=FindParentNode(subNode); 1153k subNode 42 45 .

Step 5b.  if(subNode==rootNode) goto Step 3a; 115 subNode by X3 b AR 25 A1, % &2 Step 3a.
Step 5¢.  goto step 2; I’ % Step 2.

Step 6. status=FALSE; I HHPRAS A FALSE.

Step 7. EXIT; IHEH.

VE 6: M5 @ FE 2 v %0, Step 1 7, FindSubRegionNode B 51 115 5 22 & 4 O(logy.1U), Ho P, U o S # ) w5
[ tree R0 BT A IRAR I 45 250 (R 4 A0 7 X 30200, Step 2 AR A =X (30) 14T 1 1.

o Vv

Fig.8 Schematic diagram of regional phylogenetic tree construction process (n=2)
B8 DX A i B s 5 B (n=2)
2.4 HEiEHR

HEARSIL A IR (R ME AR AR):

Step 0. STVEMIAAAL. BB BEAMAE popSize. 78 5 K F mutatorFactor. 22 X [KF crossFactor. #4(M .
ANEBEIERRBIE N IR B S depth, 201EACH geny [ @I4E%L nyWIahBEIR POP={x"X",...,
XPOPSIZOY A 1 4 B AT AT SRAS IA) S AR R n+1 MR SRS S x*=[1,0,...,01" x'*=[0,1,0,...,0]",...,
X™1=10,0,... AT AR n+1 RGBS RS 1A S R L, L2 AR AR 45 A rootNode 43
S ) BAR A tree, W1 UR 4K g=0.

Step 1. %A HARAME X eR(i=1,2, .., popSize) it F 4k 3 :

la. WH i=1;

1h. fEEIEH 3 MMALA X" x%a,b,ce{1,2,...,popSize},azb=ci};
Lo, XX X" X MR S48 40, A R S A A R

1d. X HARAMA X RIAE A R TAS SR, A R A A X
le. i=i+l;

1f. 40k i<popSize,# F L1 1b;

Step 2. i H s AN x' R B ({138 A4 X' € R" (i=1,2,...,popSize) AN ¥ 5 3 e 41::

2a. WH i=1;
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2b. W £ (X = £ (X 2L 20

2c. AR QPH X', X' e R™ B4 2 LAl 25 ) X X" e ™

2d. # R E8)HHIMIRAMA X' e R INEBIMEBEIEFE N, (X')

2e. WIR Nyge (X)) = N, B 5038 2h;

2f. $U4T status=regionUpdating(tree, x", X", depth )i #2;

29. 0 status=FALSE;#% %= 30 18 2i;

2h, PATHOFHERAE X' = X", LA X 9 (0 RAE 5 b e S 1 5t 1 IR BT tree 4544

2. i=i+l;
2j. 3 i<popSize, % 5 1% 2b;
Step 3. g=g+1;

Step 4. Wi g<gen, i % DI Step 1;

Step 5. &5 G4 B H.

VE T

1) ¥R 1c. YR 1d 7 \DE HiEAR e, A8 A5 AE W.OCHR[8]; AP 4R 2h b tree 45849 T8 37 1k 72 2 WL SCBR[35];

2) PR 2d FAPER 2f hI TR EHAT FindSubRegionNode 5 15, 78 B 44 S I oh R BT — K RIS

3)  HER2b. AR 2e FLYR 29 YoM, ST S AL T 04 i R A O PR AT O SR AR FE A
AT AFR SN I DR RF — SO A U B3 ] B 3 ] DAYR 2D S 43 ) s P 450 308 T AR AR T 1A A 22 T PR 90 .

3 KEMR

3.1 M iE] R

IR AR ST R H S I PR R AR SCEE XS 4 NS S S DA In) BUEEAT T BB A T, SR S R A A
CH+IlE 5 .4 AN 1) B AL A &5 SR 43 i ik

i) i 1:Shubert 2 %(2 4)

min f (x;,X,) = Zslicos[(i +1)x, +1]- Zslicos[(i +1)x, +1], %, X, € [-10,10] (39)

Shubert B 33— AN 22 8 H A o8 30, W7 AT S8 b A7 A8 23 AT AR AS IS 5110 760 AR AR AR, 3L v A SR A8
—186.731 [1) 18 A4 Jai die /MR Jm B A D —123.577 [¥) 18 ANRALAR, R A AE A —79.411 1) 18 IR KR A#. 2 4L
¥ & :mutatorFactor=0.5,crossFactor=0.1,gen=1000,popSize=2000,N,=0.5, M = 30000 ,depth=D X 0.2.:: 1 D ¥
T et R R AR D o B L 4 S SR B DE BV AR AR 100 (R4 s S WS B S h LA 2 R g & 9
2 H T AR BRI AT 28 1 000 AR BEAA R 20 A 1 0. I 9(a) A H T AR AR 1 X, %o € [-10, L0 - THI 43 A 15 45 oA L
WU DL, B 9(b) 45 HE T ETOR X 350 X, %o € [-3, 1119 H AR H = 4 B N ] DU H A 1 000 AR, 5095 Be f% vl 57 dh
A0 18 MEEM 2 RE UM 18 NS MRS AU DL 18 ANSEE 1 R IR S HURR BRI LLAM IE 15 B T 17
AR T2 I SR ALAR . B 9(b) 7R T JBOK D Hp 8 AN 4 JR) (B #8) e DA 1) 43 A A . 1 10 45 1 73847 22 1 000 AR I,
2 000 MAMERIESE B EMERT SOM T Sl v, 2o A% 8B FR (A T HER (BEAR A4 B AR E T
Fi) 0 HE B 9, AT LU 10 W45 H DU R 451829 62.5% M F 18 4w s i T FEAR S, 24 25% AN A4 F
18 M IRARAR BT 7E RS, 24 12.5% I AMAAL T 18 AN IRIRAR AR BT 7E MBS MRS A & T 5 H ARk —
5 LEB AN R E 3 0 B T R S T E R A BT S B i R U H BRAE, 5 BORES 73 A 1 Npicne(X) <N, X £6
AMETE G S FRATI AR AT DAL B R k.
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Fig.9 Population distribution in 1000th generation
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Fig.10 True and estimated values of 2 000 individuals’ numbers in 1000th generation

& 10 1000 fLI5,2 000 AN [ BR B fi Ao A (e

TR AR 20 AR S0 A B0 1 2l 2 DRI (10 4 JR) 56 N (exploration) i 755 fif T Ah T (R 25 4R )i FE RS 4 R LA
AWHTEE T, Be 08 SIS A 10 Jm) 5 48 25 (exploitation) B . i i S5 30 4 Ja) 800 1 Ja) 548 2 0o R 1 vl 5 D) 46k, 2
Z R RAL BV B T 2 SR I T [R] B 2 WA I A R )L BE AR DE BV I A B R R
SR T P4 4 A

(1) Nyge(X") = N, 500N 14 530 & #e(exploration replacement), WL 575 BE 25 5 2e;

(2)  Nyge(X") < N, f5 50 F ) J 3 & # (exploitation replacement), WA ¥ it 20 38 2f. 2B 3% 2g.

11 43 Jleh T SRS AT 42 1 000 AR B 0 B e R R S B 4 AR 2 A L i 5 AR

B ] LU H 7R VR IR AR 40 IR Ze A0 BRI S 4 B LIk 3] 8 000 45 AL B X Iy ek BB T -
B LA e B 5 0 D0 A T RS N 10 )0 1 22 e T g i 44 i, 1R e B R A 59, R A 200 A4 AT
P B WA AR X P T4 VA AN X Shubert 2R B RE 5 4 4 AT RN S I 22 A5 D0 A o [R] A AR AR 1 )
VAN [ A A R DR i) L

12 45 H T AR AR I R AR SR BT (0 45 5 I 4l B
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Fig.11 Comparison results of exploitation and exploration replaced numbers in 1 000 generations
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Fig.12 Size of node, leaf node and height of N-tree
K12 SCEEARFE N-XCRFR 2 . 74l il S 5

i 2:Multi-Gaussian B4 %(2 4)

min (6, %,) =~ xp(-(0 ~B)" + (o ~6)°)/87), ., €[-2.2]

Hr,a;,b;,c,,d;,i=1,2,3,4,5, W3 1.

Table 1 Data for multi-Gaussian problem

# 1 Multi-Gaussian [4] 8 25

(40)

i aj bi Ci d.
1 0.5 0.0 0.0 0.1
2 1.2 1.0 0.0 0.5
! 1.0 0.0 -0.5 0.5
4 1.0 -0.5 0.0 0.5
5 1.2 0.0 1.0 0.5

Multi-Gaussian o 507 470 P AL A 1 A4 R D0 (—1.29695) « 4 A s e DA LA K 1 AN, 1T FL 3wk
NI ey AR AR 22 1) 22 BRAR /N 2 01 B popSize=1000 Z 4t 5 & S4B EAH . 18 13 45k TR T2
1000 AN A A 1) 23 A1 15 B0, 7T LU Y, S0 4R B T B A9 1) 42 R dme e e« Ji I AR DA R B . o S A7 12.8% 14
A7 T4 Sl e DU PR BT A6 ARS8 s o A 3 DA AR 000 Y- JELIKD s e i i T, £ 12 DX o (822 00 1 s (o
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Fig.13 Population distribution in 1000th generation
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1] i 3:Periodic B %L(2 4E)
min f (X, X,) =1+sin? x, +sin® x, — 0.1exp(-xZ — x3), %,, X, € [~10,10] (41)
Periodic o ¥/ AT ATIR P AL 7 1 AN A SR B ARMR(F AR 0.9). 48 AN HARME N 1 1= i dme A .49 A4
Je (B =38 e DG AT 220 3 A 0 AN I AT 3 b S 2 40K 8 55 Multi-Gaussian ) U [F]. 1B 14 25 T Bk s 1T &
1 000 AR FEAAR 23 A G 50, 7T BLE SRR B T 1 S22 RS A AR DL 2 48 AN S84 10 Rl i A Al 48 vk om0
25% AR T A3 R S A A I AE A 25, T5% A AR A T- oAt 48 AN SR LM BT £E I B

|
104 Ce e l
|
o ° © o = o o |
5 | 10
2 c o G © ) I
|
<! 0 IS ¢ o ) 2 o | 5
|
o ) o o o o |
>
5 | 0
o 5 o c o
> o -5
—10+ h b -
T T T T T A L L ISP | 10
-10 -5 0 5 10 -10 -5 0 5 10
X1 X
() —4HLK (b) =4ERLIA

Fig.14 Population distribution in 1000th generation
Kl 14 32474 1000 AR FEA4 5 A 1 10
i) 8 4:Rastrigin BA%(10 4E)

min (X, X,,..., X;) =1On+Zn:[xi2 —10cos(2nx,)], X, €[-5.12,5.12],i=12,...,n (42)
i=1
Rastrigin e e i A7l 4 A AN A SR B DR AR (11 B 24 0), 78 3 ml 4735825 ) o 47 40 40 F AX 22 10 Js i
fift (Jay ¥ Sme AP 80 H R 460) AE 86, FRATTHK n=10, D4 % 10. 2401k # 55 Multi-Gaussian [ @A [7]. 1247 22 1 000 X
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M SRR BN T 1A R AR A S T R A A, A B 15 B (REAR R AR 3% B AR BT RS Se it 2 i
2147 33.3% (1) AR S 2 bR R D O 1) 4R B DA 2407 31.8% 1A AN AL Sl 3 2 1 AN IR A Jrd dee D A, Jm B A
4 0.994 96; 2147 13.5% I/ A ML SICE pR $UfEH 4 1.989 92 FRIAT T AN 42 Jr e DL gt He Ay 21.4% 9 AS 1443l WAe 8
R AE 4 2.984 88, 3.979 83, 4.974 79, 5.969 75, 6.964 71, 7.959 66, 8.954 6, 9.949 56, 10.944 5, 11.939 5,
12.934 4, 13.929 4, 15.919 2, 16.914 2, 17.909 2, 18.904 1, 19.899 1, 24.873 7, 25.868 7, 26.863 6, 28.853 6,

31.838 5, 33.828 3, 41.787 9 25w S WAL % .
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Fig.15 Rastrigin function values of 1 000 individuals in 1000th generation
15 i&47 % 1000 RI,1 000 A4 () & B fH
3.2 BIEIR
9 T WA ST 0] SO R S T 228 2 4y E 4K SR (ACDE) I A7 2k, 53 b R B 2 iy SGARS
FI CGAMISLINS ik 4 A ) AT Al 575 LU 45 SR 91 T34 2(30 YIE AT P35 45 3, 28 1140 H0Hh 1 000).
Table 2 Comparison results of three multimodal algorithms
R 2 B EASFILILE AR

Problem | Algorithm | Pr (%) Pa Problem Algorithm | Pr (%) Pa
Shubert ACDE 94.40 | 30.113 Multi-Gaussian ACDE 100 0.053
(18+18) SGA 76.11 | 18.275 (1+5) SGA 82.0 | 0.139
CGA 69.44 | <0.001 CGA 71.67 | 0.017
periodic ACDE 91.84 | 0.560 Rastrigiq ACDE 80.95 | 7.840
(1+48) SGA 65.31 1.276 (1+20) SGA 67.14 | 4.540
CGA 66.04 | <0.001 CGA 63.81 | 0.610
FE2R 2 1 (A+B) R s Tl T IR 75 BT AL A+B A G, L, A 4Ry S U AR B 5, B by B85 A il 8 Jmd o e

i (AN B AR SCHp BRATT TS B2 47 Shubert 2855011 18 AN 4RI LA & 18 /N IR A JR el fif, Multi-Gaussian b Y
1 2 REARRF 5 AR EAUAR LA HG 1 A% 50),Periodic R 1 2 RmACARFI 48 ANk 2 R LR,
1T Rastrigin B8 78 H T AT 30 h A2 K B4 H AR S0 B R0, Bt v e R AT 1 A2 RS LA 20 AR
L.
Pr & 75 I L A5 (peak ration)45 45, Bl
C
A+
Forh A 4558 1] A JR B R TN BBk 5 i Tl U DAy 9 T R S e LN B, C O BT B 4 R AT R
AR AR
Pa & 76 K5 B (peak accuracy) s b, Rl

Pr=

x100% (43)
B
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Pa=Y | f(c)~f(x)] (44)

Forp,C N SR B (4 R AN RS B B AR BN B, o i AN T R B X BRS¢ el AR i L F() R
X R ) g 1) R 45 H AR E

M 2 i R] DUF AR SCER H 1) ACDE A AR I LU E a5 /5 T T- SGA F1 CGA 51k 75 30 iz AT i 12
o 8 A 13 2 Shubert i) 8 (1) 18 A4 & B AL UL A& LA 3 AN ) 1 1 A48 B ALt TR I SR R 1 21 4
A I 5L R) &t K 22 B30 T SR AR A D A B T SRR A AR B T S 22 1R R A, B 2K (43) T A 7R RS FE HE bR T
MRS T oAt P v

BV PR UEACDE S35 JE TR 3L A0 S0 00 AR, RERS AT A0 I I 47— i B (0 R A A M S B T 4
JR A A 2R B P J) S 1 DR ) 1 T3 g V. AR SR P 11 DX A T S A ) DE SR BRI BRI
5 2% 0 O(10gn+1U), FEH,U by SCH% 1) 5250 B 22 115 A FRD 09 P 485 st 280 (R 2 7 X 388

4 %

FEBRARHIT TR AN b A SCH b3 T SO TR FAh o (0 22 B2 22 0 1t A S0, 8 2 SE BRI AT IS LR A
PRONFIREZS P9 1) Jo 38 18 i e R BT 98 45 R s i SR e 6 A7 RO R DU 25— 2 B0 Rl s —
W I T A T &5 5 Jay S 48 2R i, AN 9 /I S 43 1 B JHASE, o IR X A 720 T 90 K 592 I P 810 8 1 e 45 4
U 58 S s T ) SR A 53 A, %75 1234 AT LA 3 N Y B3 A% 0 WO R 28 KL IS AL S .

BUS A5k, AT R AR SO AR S T SRR U BT PR SR RIAT 27 R gt

References:
[1] Beasley D, Bull DR, Martin RR. A sequential niche technique for multimodal function optimization. Evolutionary Computation,
1993,1(2):101-125. [doi: 10.1162/evc0.1993.1.2.101]
[2] Bradley P, Misura KMS, Baker D. Toward high-resolution de novo structure prediction for small proteins. Science, 2005,309
(54742): 1868-1871. [doi: 10.1126/science.1113801]
[3] Woo DK, Choi JH, Ali M, Jung HK. A novel multimodal optimization algorithm applied to electromagnetic optimization. IEEE
Trans. on Magnetics, 2011,47(6):1667-1673. [doi: 10.1109/TMAG.2011.2106218]
[4] Fletcher R, Powell MJD. A rapidly convergent descent method for minimization. Computer Journal, 1963,6(2):163-168. [doi:
10.1093/comjnl/6.2.163]
[5] Nelder JA, Mead R. A simplex method for function minimization. Computer Journal, 1965,7(7):308-313. [doi: 10.1093/comjnl/
7.4.308]
[6] Lewis RM, Torczon V, Trosset MW. Direct search methods: Then and now. Journal of Computational and Applied Mathematics,
2000,124(1-2):191-207. [doi: 10.1016/S0377-0427(00)00423-4]
[71 Khoo KG, Suganthan PN. Structural pattern recognition using genetic algorithms with specialized operators. IEEE Trans. on
Systems, Man, and Cybernetics, 2003,33(1):156-165. [doi: 10.1109/TSMCB.2003.808185]
[8] Storn R, Price K. Differential evolution—A simple and efficient heuristic for global optimization over continuous spaces. Journal
of Global Optimization, 1997,11(4):341-359. [doi: 10.1023/A:1008202821328]
[9] Kennedy J, Eberhart, R. Particle swarm optimization. In: Proc. of the IEEE Int’l Conf. on Neural Networks. New York: IEEE Press,
1995. 1942-1948. [doi: 10.1109/ICNN.1995.488968]
[10] Rogers A, Priigel-Bennett A. Generic drift in genetic algorithm selection schemes. IEEE Trans. on Evolutionary Computation, 1999,
3(4):298-303. [doi: 10.1109/4235.797972]
[11] Mahfoud SW. Crowding and preselection revisited. In: Manner R, Manderick B, eds. Proc. of the Conf. on Parallel Problem

Solving from Nature. Amsterdam: Elsevier Science, 1992. 27-36.

© PERREERSMROT  httpy/ www. jos. org. cn



1194 Journal of Software #kfF%4% Vol.24, No.6, June 2013

[12] Mengsheol OJ, Goldberg D. Probabilistic crowding: deterministic crowding with probabilistic replacement. In: Wolfgang B, ed.
Proc. of the Genetic and Evolution Computation Conf. San Fransisco: Morgan Kaufmann Publishers, 1999. 409-416.

[13] Miller BL, Show MJ. Genetic algorithms with dynamic niche sharing for multimodal function optimization. In: Proc. of the IEEE
Int’l Conf. on Evolutionary Computation. New York: IEEE Press, 1996. 786—-791. [doi: 10.1109/ICEC.1996.542701]

[14] Lee CG, Cho DH, Jung HK. Niching genetic algorithm with restricted competition selection for multimodal function optimization.
IEEE Trans. on Magnetics, 1999,35(3):1722-1725. [doi: 10.1109/20.767361]

[15] Li JP, Balazs ME, Parks GT, Clarkson PJ. A species conserving genetic algorithm for multimodal function optimization.
Evolutionary Computation, 2002,10(3):207-234. [doi: 10.1162/106365602760234081]

[16] Shir OM, Back T. Dynamic niching in evolution strategies with covariance matrix adaptation. In: Proc. of the Conf. on Genetic and
Evolution Computation (GECCO 2005). New York: IEEE Press, 2005. 2584-2591. [doi: 10.1109/CEC.2005.1555018]

[17] Gustafson S, Burke EK. The speciating island model: An alternative parallel evolutionary algorithm. Journal of Parallel Distributed
Computing, 2006,66(8):1025-1036. [doi: 10.1016/j.jpdc.2006.04.017]

[18] Das S, Maity S, Qu BY, Suganthan PN. Real-Parameter evolutionary multimodal optimization—A survey of the state-of-the-art.
Swarm and Evolutionary Computation, 2011,1(2):71-88. [doi: 10.1016/j.swev0.2011.05.005]

[19] Yu XJ, Wang ZJ. The fitness sharing genetic algorithm with self-adaptive control of peaks radii. Acta Automatica Sinica, 2002,
28(5):816—-820 (in Chinese with English abstract).

[20] Li MQ, Kou JS. Coordinate multi-population genetic algorithms for multi-modal function optimization. Acta Automatica Sinica,
2002,28(4):497-504 (in Chinese with English abstract).

[21] Guo GQ, Yu SY. Genetic drift analysis of recombination. Ruan Jian Xue Bao/Journal of Software, 2003,14(11):1875-1881 (in
Chinese with English abstract). http://www.jos.org.cn/1000-9825/14/1875.htm

[22] Rdnkkonen J. Continuous multimodal global optimization with differential evolution based methods [Ph.D. Thesis]. Lappeenranta:
Lappeenranta University of Technology, 2009.

[23] Cioppa AD, Stefano CD, Marcelli A. Where are the niches? Dynamic fitness sharing. IEEE Trans. on Evolutionary Computation,
2007,11(4):453-465. [doi: 10.1109/TEVC.2006.882433]

[24] Wong KC, Wu CH, Mok RKP, Peng CB, Zhang ZL. Evolutionary multimodal optimization using the principle of locality.
Information Sciences, 2012,194(1):138-170. [doi: 10.1016/j.ins.2011.12.016]

[25] Li MQ, Lin D, Kou JS. A hybrid niching PSO enhanced with recombination-replacement crowding strategy for multimodal
function optimization. Applied Soft Computing, 2012,12(3):975-987. [doi: 10.1016/j.as0c.2011.11.032]

[26] Vitela JE, Castanos O. A sequential niching memetic algorithm for continuous multimodal function optimization. Applied
Mathematics and Computation, 2012,218(17):8242-8259. [doi: 10.1016/j.amc.2011.05.051]

[27] Stoean, C, Preuss M, Stoean R, Dumitrescu D. Multimodal optimization by means of a topological species conservation algorithm.
IEEE Trans. on Evolutionary Computation, 2010,14(6):842-864. [doi: 10.1109/TEVC.2010.2041668]

[28] Yao J, Kharma N, Grogono P. Bi-Objective multipopulation genetic algorithm for multimodal function optimization. IEEE Trans.
on Evolutionary Computation, 2010,14(1):80-102. [doi: 10.1109/TEVC.2009.2017517]

[29] Boyd S, Vandenberghe L. Convex Optimization. New York: Cambridge University Press, 2004. 67-112.

[30] Andramonov M, Rubinov A, Glover B. Cutting angle methods in global optimization. Applied Mathematical Letters, 1999,12(3):
95-100. [doi: 10.1016/S0893-9659(98)00179-7]

[31] Rubinov A, Andramonov M. Lipschitz programming via increasing convex-along-rays functions. Optimization Methods and
Software, 1999,10(6):763—781. [doi: 10.1080/10556789908805740]

[32] Bagirov AM, Rubinov AM. Global minimization of increasing positively homogeneous functions over the unit simplex. Annals of
Operations Research, 2000,98(1-4):171-187. [doi: 10.1023/A:1019204407420]

[33] Beliakov G. Cutting angle method—A tool for constrained global optimization. Optimization Methods and Software, 2004,19(2):
137-151. [doi: 10.1080/10556780410001647177]

[34] Batten LM, Beliakov G. Fast algorithm for the cutting angle method of global optimization. Journal of Global Optimization, 2002,
24(2):149-161. [doi: 10.1023/A:1020256900863]

© PERREERSMROT  httpy/ www. jos. org. cn



KRE F AT AL TRMEH ZES Lok 1195

[35] Beliakov G. Geometry and combinatorics of the cutting angle method. Optimization, 2003,52(4):379-394. [doi: 10.1080/02331930
310001611556]

[36] Price WL. Global optimization by controlled random search. Journal of Optimization Theory and Applications, 1983,40(3):
333-348. [doi: 10.1007/BF00933504]

[37] Ali MM, Khompatraporn C, Zabinsky ZB. A numerical evaluation of several stochastic algorithms on selected continuous global
optimization test problems. Journal of Global Optimization, 2005,31(4):635-672. [doi: 10.1007/s10898-004-9972-2]

M F 325 % SRk

[19] T-¥RA, F AR EL. [ I RV U8 0 ) 420 1D 0 AR 3 52 3 A% B0 1A 3014k 24,2002, 28 (5):816-820.

[20] Mo, i 2 . 20 WS R OO Ak 1 Wy ) 22 e AR 45 V. B 31k %4, 2002, 28(4):497-504

[21] SR -G, 25 T 21 1K) AL S RS 3 BT 3k A 27 31%,2003,14(11):1875-1881. http://www.jos.org.cn/1000-9825/14/1875.htm

KR ZE (1974 —), 5, WLV B R A 3
2, SERF T AU A RS B2 R AR
AR B A R AR BRI SR BT

E-mail: zgj@zjut.edu.cn

BT ER (1976 —), 5, 1 L @I IR, 2
G R A e L.
E-mail: fyjing@zjut.edu.cn

AEZE (1988 —), U Al -1 A, 32 B 5 Ak
I ae A,
E-mail: yjunhe@yahoo.com.cn

HERR(1970—), 59, 1l ko I Bz, 32
G e 2 ).
E-mail: xumj@zjut.edu.cn

SR 42 (1977 —), 53, 1 b W 082, R
FUAE A A T 5 TR, N A e
E-mail: guohf@zjut.edu.cn

© PEPEESESUT  httpy/www, jos. org. cn



