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Community Detection in Complex Networks Using Immune Discrete Differential

Evolution Algorithm

ZHANG Ying-Jie! GONG Zhong-Han' CHEN Qian-Kun*

Abstract Aimed at the existing problem of community detection in complex networks, a novel immune discrete differen-
tial evolution (IDDE) is proposed in the framework of standard differential evolution. In the proposed method, the initial
population is generated through label propagation, and the discrete differential evolution strategy is utilized to ensure
the global searching ability of the IDDE; meanwhile, the high-frequency clonal selection mutation operation is applied to
excellent individuals of the population to improve the local exploitation ability and the convergence performance of the
IDDE. Artificial networks and several real networks are employed to test the performance of the IDDE, and the testing
results show that the IDDE achieves better searching ability and stronger robustness, and that it can detect the community

structure in complex networks effectively.
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Z= oy L5 (Differential evolution, DE) A
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H0 4 T (0 T A e 0 Ak 7 V08T 2 S R TR B
S ARy, B ar e N TR
TR, T34 DE 83k 322 ) Kffid
£ ol TR/ R A T TR 4 P N oo N = 2 E N
A ) LAk ) AL i B 5 4k 5 rh oA 7 22 AL ) R
LT BT IR), e HEAT R ) O | K L )
RE200 57 T I g 4 DX R IR ) AR 20 Sy ot A SRS
X REDX R I i) ) SR A, AEHEA DE SEIIHESE T,
3 )R T S 0 A S S 5 A8 S, Bevt 1 AR
N PR B 2 O3 HEAG S0

1) AR5 s 0 T B e e R —MAME, K
SCR FH B AL AR £ A0 57 S o AT AR 4420 R
PO IRAR . e WA T BEA L 6 N 46 R
SRJG NG R0 BT AT A8 e 45 U BERLIE R 5 — A
45 1, IFRZ A R PR ARG 45 11 4, X — il Fd
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Table 1 An illustration of random one-point mutation
v T Tnew
1 2 2
2 1 1
3 1 1
4 2 1
5 2 2
6 1 1

2) ACXCHMG: T ARSCR T T A H R
15 SRR r R A A EAT S B, AT - SRS Aol
HEAE AT RE AP T BEAFAE 22 AN RIS AP 2l B 6T
(7] A D) 20 F) i L 1 A BT F) R A AT SR 2
3 3 ] R A AN SCARAS PR G B (1 58— BT R R
AT A SHRAE, 0 TR DRI R B, XA Xy
AIFAFEASACA R I R AARAT bzt A% 45 14K
AR AR AL TS (KBTS, S S A AT RERRA B AT
AN COB O R AR, Kk, 4T fR1UE IDDE 5
WA SR IAT 20, SO T Tasgin 2542 1
PR CP RS SCHREME . i M LAAR S AR b H AR A
PR T gese, WARTRHRE R BEALLESE 53— AR I

M @y, FERSGERE, G, BEHLA R 45 B B
R 0, FPRPUZE AR RME oy, PIRIPTEAL
X C BLBAZAEOR Y (bR 25 SR JA, 76 H brA> kb
B PAT DA AT TAE DI S5 0T i, R X
25 R BT AL DCARRE A R N o, AT AR BAZ XA
BTN 2. HLEEAT SRS (R R AR SR I RE U1 2R
2 oK.
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Table 2 An illustration of one-way crossing over
Vv Tsre Tdest Tnew

1 2 5 2

2 1 3 3

3 1 3 3

4 2 3 2

5 2 5 2

6 3 2 2
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BEAT VRO, AR T SCARANA, e 50, A5 R B
JERAME.
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ARG I R SE BERTRE. [RIIR, SX s P A e v
Ry —ASANK, R R I AR AR B AR K R HE 44
IR (3) BEAT O Ry R, AT AR A o R A AA
nPop:

N; = round (ﬂjk + b) (3)
Horp, k < 0.2N P, j o R A A AR b £
KANHIHES, B € (0,1), b T 1, FEH TIRIEIR
IS e p A — MR AT — R 1 e B R

PR 2. 4 TLRUEREAR nPop TAMEI 2 FEPE,
XFFREAR TR REANME, BN BELLERE m A
g5 1, IR AR A PR EAE, AT X 4o 4l fis - [ —4t
DX, PEHESVECSI. SR A AR AL R K AR, By
WA 25 1 T 4 0, T SRR 06 B R BE LA = N T
TP SR MR Do, WX IZEE R REAEBEAT
BIE, mEMBRRAE. L, m e [2,n/2].
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IR 2. KRB AL B 1) 5206 FhoE b ik A4
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F7 4.

If (AN 245 N4 F) Then /* g5 4 ik 2
BEE M B KRR EL */

1) MRHEA M p,,, KA BEAL L 2R S S T
FRRE o IR RE A AR AT AL S 384, AR o) B R A
AMA;

2) MHEAE XMEH p,., KRR AT RG]
AR AN AMAIAT A SRR, AR O B R 56 44

3) KH TRAEE RS, 2 K A b A
A 15 OGP N (R RIS AN R AT S 4 LU, e B i1
EEARAARAL e TR A4

4) N 22 53 AL SR = A ) A T BT e o
B, A R — M IR [P 3,

End If

IR 5. FVRISATEH, Hin oo 52 2 ) 45 41 X 45
(R B K 73 45 SR DA SO N (R AR ER B AR
1.6 IDDE EJiREEHE 2

SEEA B 6 o8 Windows XP SP3 &4¢, Intel
Pentium (R) CPU 2.70 GHz, WAF 4.0 GB, i FL4&
25 Matlab R2011b. X} T HA n A4 i & 2
W &%, fEASC IDDE Hykrh, Bk 5 ok vk 5k i)
LN O (n?); brZAL 506 A0 51 W 1 I 1) 52 2%
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NP M REL, d W4 v g i 101 38 2 4
S Sy AL SR RS I A 2 2% B Tppe (n) A
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mazlter K 8 % B oK B AR R Aok
ToOREE RER M R R A Ta(n) N
O (mazlIter x (NP? + NP?xd x (n*+1))).
b, AR SCHEBERHE RE Th) =
Tiaper (n) + Tppr (n) + Ty (n) = O (an?® + bn + ¢),

H %, maxlter, NP Y5 d ¥ K % %,
a = maxlter x NP? x d+maxIter x NP+5NP,
b = maxlter x NP xd+maxIter x NP+5N P xd,
¢ = maxlter x NP? x d + maxzIter x NP2,

2 KWS5ERSH

Ao K AR X B A i i AL AR
4% 60 AN B S 4 A [ R A R
X IDDE 5k e sk vk fg, JF 5 Hofth 5 Fh 57k
GNERI, CNMPE2, GARY, MARY DL J LGAE
ITLERE. A, A T G ik 22, i se o L gt 3
WAFHE N AIE, RS SR IATIZAT 50 K, B
GERPT Y E AT . S Bk E . A Al
POlE - RERINER IR S (G R I e e S = B INITE 2
WE U, MAEA I IDDE Sk, R
NP %20 100, Sk KIER RS mazlter WA
100, A2 MR p,,, WA 0.5, 28 XHER p. %4 0.9,
Yo 358 b0 BE PR R ey, WA 0.2, Horr,) AR A
K p, SARESXMER p, (ERFEA S I EIL 4
WBHWE 2 —, ZAHSETY RKIEARZ b
AR R L, BRI A R R e 0T e Tl
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WM, LAFe o o B IR B SRS 1) R O K i
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X, BN A 32 Mg, #E X HR RS ST
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420, B KFEHCH 50, H.4h S EURMN w0 A1,
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I NS ECTCRR Rl 2 R A
4 FEH T E X R A 5
Ak DX &5 S 2 TR I G, MRS S u /D
T 0.5 I, WZE b #E X g o B 2, HBEE TR A
S BTG K, DX 2% R R A DX 485 ) AR A ik
ERAOR, T SO B — M A DX R ARV s DA
HH 0 28 TR AE A IR AL DX S5 A8, AT Ik 1 DX 53 AN R 4 X
RINFAE TR ARTERE I H (1.

MR A A5 JE B i SR AR, AR A X IRV 52
7% 25 PRI oy &5 5% 4% R AR AE I L SE AR X 2
) BRI X ) T Jd e ) — 4 BAF ) (Normalized mutual
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information, NMI) KHEATVFA 5. LR e
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i=1j=1
~23 % Cylog (44)

CA CB

NMI(A,B) = -

i=1 j=1
Y Cilog (%) + X Cilog (%)

(4)

4 e B MBI RR A AL X R85 2R A
B, RHEHIFE C ItER Oy Ronkilor A it
i SR B HIALIX G P HE A AR A
S HH, N RRE MR s B, ca 5
cp PNEIR A Ry B RIS A AR X HOH
C; 5 C; il FoRigEH M C 15 i 1755 5 41
45 S8 AR E NMI oK, WIEEH
B A DX ) o3 5 R I 28 R A A ) LS D%
i, BUEARI DA TEREBLT. QRS IAL XK 7 4
5 W4 P AEAE IR S AR IX S A —HE, I NMT (#1E
S 1 RIEIX VR RS, B 1 45 T IDDE 5k
5 ILART VAR Y e GN Benchmark b #EIX
RT3 HE 2 LI A R
)L
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0.71
5046-
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—»—GN
04r| —¢-CNM
—8—GA
03kl —* MA

’ —A—LGA
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Mixing parametper u

K1 IDDE & HABSEZ 1) NMI
Fig.1 Average NMI of IDDE and other algorithms

MWK 1 vJULEH, BERG S8 p MK,
IDDE SyEAN oAt 5 o b & vk i Pk se L 34
ARPFHCREI . MIRA S KT 0.35 B, BT
IDDE #3945 LGA Sk LAAk, Hifth 4 Fha vk p 4t
DX K1) 43 o B AR T Uy IR AN R R B ) T B B IR
GZH p T 0.5, Mg IX 858 AR B
P& OL T, IDDE SEAReIEMRI 5 65 % MAhIX 45
.

p T b T R I BRI, AR B OB LFR
Benchmark Mg I, K 2 {UEET CNM. GA 5
LGA =#h&y: 54 IDDE Skt rwf . WA 2

0.2

AEUEH, MIBEZSH p KT 0.05 I, {{f IDDE
HE LGA SVEREW IEMI M 45 b 46 1 24TR
HZ8 p KT 0.2 I5f, IDDE 5 LGA Pph &2
N IFEA B sh, (55 LGA #ikM L, IDDE ik
BAAFNEE; MIBGSH u KT 0.5 B, IDDE 45
LGA MR SR RETT AR LA R %, (R fE A TR
G528 p WK, IDDE Sk pvEges i T A 5
.

AAAAAA

0.9f
0.8f
0.7f
= 0.6f
>
Z 05 -

0.4r

0.3r<—TCN™M
= GA
02| -a-LGA

o IDDE
0.1

0 0.1 0.2 0.3 0.4 0.5 06 07
Mixing parameter u

2 IDDE 5 HABSILR T4 NMI
Fig.2 Average NMI of IDDE and other algorithms

[F i, o4 T % F IDDE &3k wliG b g 5
o 9% b [ 0 % R W 0T SRV 2k BB 1 5 T, 0 il 32k X
FETBEHLI UG A0 1 25 1022 oy AL 5k DDE (Ran-
dom) . H&TFR &AL 541 U5 4 1) 125 15 22 23 13k Ak SR
DDE (LP). TR HL4) 46 10 i G 2 3 122 73 AL
5% IDDE (Random + Clonal selection) LA 3T
I 25 AL 3R W46 4K 1) H 9% B 12 43 K 5% IDDE
(LP + Clonal selection) fE4™ & GN 25 k4T L
B HARECAL S & 3 .

MW 3 i LLEH, MIEEZSH p FT 0.4 B,
DDE (LP) AJ LL5g LR 09 28 A7 71 1K LS L X
g5ify, M DDE (Random) 7t p KT 0.3 Wt &
IRAE R I FL S I AL X G5 K05 2 [FIRE, MRG58
T 0.45 W), IDDE (LP + Clonal selection) 158X
B 50 B L ERM H 194 25 vh A AR 1AL X 4544, 1T DDE
(LP) sty pfifbth e & P R tstnr%n, b5
AL D0 A SN b5 G 5 v [ e HE SR B4 g Wi 2 X
5 5500% IDDE BIPERE, 1H A fo 75 v 0k 48 SR iE W
FEF Py iE 1S O AR 0, DR N e 8 TS
B IDDE 55097 I 9 28 v A 30 B ISR (1) 4 X 54

2.2 EXRHRMLE

TR SL A M 2% (Real-world networks) [
ECCE D Ak S SR = R 1RGSR A L N [ S D T i
— DI UE IDDE 50502 757 e 6 A BRI s i 5 1
ZE AL X G R, A SCIRH 6 AN ] 199 2 6 Sk b AT
DR, XL R 25 1) HARHER U1 3% 3 BT,
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[ | —»—DDE (Random)

—&—DDE (LP)
0.3F| % IDDE (Random-+Clonal selection)
@ IDDE (LP+Clonal selection)

0 0.1 02 0.3 0.4 0.5
Mixing parameter g

3 IDDE AN[FHRAL FEms s Sk R 5

Fig.3 Effects on algorithm performance of different

0.2

optimized policies

®3 ORISR

Table 3  Real-world networks
Networks Number of nodes Number of edges
Karate 34 78

Dolphins 62 159
Polbooks 105 441
Football 115 613

SFI 118 200

Jazz 198 2742

BEE B LSt A 4 R A Q 1
N EEPEREIVEAN R AR, 4 IDDE 535 A 5k
HEATHORL. HARSE Rngk 4 FioR.

Wilcoxon Bk 56 AE Ky — Fhph 57 FE AR JE S 50
G R a6 7RO AW 6 RPAILLE 50 RiE
AT I P SR AT R B AR FE A 53X 6 Fp AR sk
3 A B (B 2 1] 1) 2 0 2 A LA Ge vt 24 L. AE
0.05 B EACER, n FAS 5 25 R AE /N T 0.05,
4 F B, £ IDDE 50955k 1510 45 R AEAT A
THOL R A B AT Gt 2 ). BRI 45 R n 3k
5 Jian, Horht NA R AT R ()P0 AN BT FE A L
Foe a5

M 4 FIZE 5 W LUEH, 78 6 AN FLSE SRR 4%
w1, IDDE SykrtEReIL T GN, CNM DL GA
X=F577%. 5 DDE #itk, IDDE 573257 R 15 Ak
SRR T Karate M4, A58 T DDE $i4%;
5 MA L, IDDE Sk R AL (BT 6
AN FAE AW 2 R T MA, {H & NGE 2
ik, IDDE #:AV 4 Dolphins M4, Football
#55 Jazz MEIX 3 MR IR S MA Bt
KAWL R MM ENREEG SR IM%E L. 5 LGA
HMLL, 7F Karate M%%5 Football M5+, IDDE 4.
PRI R S LGA M24; 7€ Dolphins M 4% 5

SFI M %, IDDE HikM e 2L T LGA; 7
Jazz W%, IDDE &k RIrERE X T LGA; MfE
Polbooks M5, IDDE 5 LGA Frsk &3 HAEE &
BEARSE, (HNGETh 2 A BEK U, LGA PRSIk T
IDDE &¥:. X1 MA. LGA 5 IDDE X =%
1, AL R SAE T ARSI T R IR R LA, Kk
PR Rrtir, H5H7 = MREEAH G, B8 T8O
P LA K 2 WTLUE H, B 25 2 Pk i 1
1, MA ANFER, 11 IDDE S35 AHxHT LGA 4k
ABHTIE . SRR UL, A SR AR L S S R 2% 41 X
KL R, IDDE ST 2 AT — e .

T 38 sk P A A X R ) g 4 R
IDDE St 58 5 A 40 143 #7.

1) Karate M%7, %M 48 36+ 3 E— ik
2P S T AR R R A ) R R DG R TR R,
SE IR, RN Z AN R AR, JE R TR
SRR k5 BE A 2 (AR R A B, B RN
P PUAL [ SR8, IDDE S AE % M 2% 1 — Kbl
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Fig.4 Community structure identified by IDDE

algorithm on Karate network
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#* 4 IDDE 5IHLAMSIAR T IR
Table 4  Average modularity of IDDE and other algorithms

Networks GN CNM GA MA LGA DDE IDDE
Karate 0.4013 0.3807 0.4067 0.4194 0.4198 0.4198 0.4198
Dolphins 0.5194 0.4955 0.5216 0.5261 0.5280 0.5275 0.5282
Polbooks 0.5100 0.5020 0.5222 0.5270 0.5272 0.5267 0.5272
Football 0.5995 0.5773 0.5911 0.6009 0.6046 0.6044 0.6046
SFI 0.7112 0.7335 0.7157 0.7505 0.7496 0.7473 0.7506
Jazz 0.3905 0.4389 0.4439 0.4444 0.4449 0.444 0.4448

#* 5 IDDE HHARSLK Wilcoxon FRATKK:
Table 5  Wilcoxon rank sum test of IDDE and other algorithms

Networks GN CNM GA MA LGA DDE IDDE
Karate 2.63E—-23 2.63E—-23 1.44E—-08 0.3271 NA NA NA
Dolphins 6.80E—-21 6.80E—-21 5.98E—16 3.72E—-10 3.87TE—-04 2.92E—-09 NA
Polbooks 1.55E—22 1.55E—22 6.43E—16 0.0751 0.1429 8.55E—19 NA
Football 2.63E—-03 2.63E—-23 3.31E-20 2.15E—-14 NA 2.63E—-23 NA
SFI 4.27E-23 4.27TE—-23 4.73E—-20 0.3004 2.23E-08 1.03E—22 NA
Jazz 1.02E—20 1.02E—20 3.60E—14 3.24E—-05 NA 2.08E—17 7.39E—-04
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Fig.5 Community structure identified by IDDE algorithm on Dolphins network

BEHLIZAT 50 WK ISR MR B 08 15 P A BE B 4 PR SRR BERE AT s SR 18 30 % ) 2 )
514 0.5285 15 0.5282, B TR F RS g SRR AKEGE, BN A8 5 AT Y
P BLIUSEAR 0.3722, Bl T IDDE SHRMIAEDCTS g g 4 i e S wis A e DR AR S5 08 o 0 8 A

HTERE. A4 328 T W R PRARAE, LAAE IR R — ORI, L3kt
5 g R840 R AT T B IS 20 AL BT I 1 4 SR 2

55 92 v e U 1R S 1) R BRI R A ), AR T
AR R B S B B T ok BRI RE. D7 BUSRI A5 AR W] AR Y

53 0 2% 1 R I L %k el b b 45 IDDE SR AT BORM SIUEE T S &, Rt



756

H Zl)

(4

{4 41 %

BRI T S B 190 20 B B St 3 9 48 v A A [ A
DX &, AL DR 7 ot b A Al A BAT—
SE [PEF.

10

11

References

Girvan M, Newman M E J. Community structure in so-
cial and biological networks. Proceedings of the National
Academy of Sciences of the United States of America, 2002,
99(12): 78217826

Newman M E J, Girvan M. Finding and evaluating commu-
nity structure in networks. Physical Review E, 2004, 69(2):
026113

Zhang S H, Wang R S, Zhang X S. Identification of overlap-
ping community structure in complex networks using fuzzy
means clustering. Physica A: Statistical Mechanics and Its
Applications, 2007, 374(1): 483—490

Huang Fa-Liang, Huang Ming-Xuan, Yuan Chang-An, Yao
Zhi-Qiang. Spectral clustering ensemble algorithm for dis-
covering overlapping communities in social networks. Con-
trol and Decision, 2014, 29(4): 713—718
(KRR, Ak, JUE%, g, MRS IR RN
Bk RS YOk, 2014, 29 (4): T13-718)

Raghavan U N, Albert R, Kumara S. Near linear time algo-
rithm to detect community structures in large-scale network.
Physical Review E, 2007, 76(3): 036106

Jin Di, Liu Jie, Yang Bo, He Dong-Xiao, Liu Da-You. Ge-
netic algorithm with local search for community detection
in large-scale complex networks. Acta Automatica Sinica,
2011, 37(7): 873—882

(2, XU, B, FTARIE, XK. R R Sie Hk g S 1R
RS e W 2 A DCERIN. A 36 274R, 2011, 37(7): 873—882)

Shang R H, Bai J, Jiao L C, Jin C. Community detection
based on modularity and an improved genetic algorithm.
Physica A: Statistical Mechanics and Its Applications, 2013,
392(5): 12151231

Huang Fa-Liang, Zhang Shi-Chao, Zhu Xiao-Feng. Discover-
ing network community based on multi-objective optimiza-
tion. Journal of Software, 2013, 24(9): 2062—2077

(BRI, TRIMH, Rwek. JET 2 HARUAL I P2t ORI 5. )
fEE4R, 2013, 24(9): 2062—2077)

Gong M G, Cai Q, Chen X W, Ma L J. Complex network
clustering by multiobjective discrete particle swarm opti-
mization based on decomposition. IEEE Transactions on
Evolutionary Computation, 2014, 18(1): 82—97

Luo Zhi-Gang, Ding Fan, Jiang Xiao-Zhou, Shi Jin-Long.
New progress on community detection in complex networks.
Journal of National University of Defense Technology, 2011,
33(1): 47—-52

(B&EN, T, BBy, Fid e, 522 W 244k R DU 0 508 iE
J&. EFIRERAE R, 2011, 33(1): 47—52)

Brandes U, Delling D, Gaertler M, Goerke R, Hoefer M,
Nikoloski Z, Wagner D. Maximizing modularity is hard.
arXiv: physics/0608255, 2006.

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Guimera R, Sales-Pardo M, Amaral L A N. Modularity from
fluctuations in random graphs and complex network. Phys-
ical Review E, 2004, 70(2): 025101

Huang Fa-Liang, Xjao Nan-Feng. Particle-swarm-
optimization algorithm to discover network community.
Control Theory and Application, 2011, 28(9): 1135—1140
(BRI, M rg g, P2k DR ILIORL T REOL A0 0. i B 5 Y
M, 2011, 28(9): 1135—1140)

Jia G B, Cai Z X, Musolesi M, Wang Y, Tennant D A,
Weber R J, Heath J K, He S. Community detection in so-
cial and biological networks using differential evolution. In:
Proceedings of the 6th International Conference on Learn-
ing and Intelligent Optimization Conference LION6. Heidel-
berg: Springer, 2012. 71—-85

Wolpert D H, Macready W G. No free lunch theorems for
optimization. IEEE Transaction on Evolutionary Computa-
tion, 1997, 2(1): 62—87

Santo F. Community detection in graphs. Physics Reports,
2010, 486(3—5): 75—174

Fortunato S, Barthelemy M. Resolution limit in community
detection. Proceedings of the National Academy of Sciences
of the United States of America, 2007, 104(1): 36—41

Storn R, Price K. Differential evolution: a simple and
efficient heuristic for global optimization over continu-
ous spaces. Journal of Global Optimization, 1997, 11(4):
341-359

Karabulut K, Tasgetiren M F. A discrete artificial bee colony
algorithm for the traveling salesman problem with time win-
dows. In: Proceedings of the 2012 IEEE Congress Evolution-
ary Computation. Piscataway, NJ: IEEE, 2012. 1-7

Pan Q K, Mehmet F T, Liang Y C. A discrete differential
evolution algorithm for the permutation flowshop scheduling
problem. Computers & Industrial Engineering, 2008, 55(4):
795—-816

Tasgin M, Herdagdelen A, Bingol H. Community detec-
tion in complex networks using genetic algorithms. arXiv:
0711.0491, 2007.

Clauset A, Newman M E J, Moore C. Finding community
structure in very large networks. Physical Review E, 2004,
70(6): 066111

Gong M G, Fu B, Jiao L C, Du H F. Memetic algorithm for
community detection in networks. Physical Review E, 2011,
84(5): 056101

Lancichinetti A, Fortunato S, Radicchi F. Benchmark
graphs for testing community detection algorithms. Phys-
ical Review E, 2008, 78(4): 046110

Danon L, Diaz-Guilera A, Duch J, Arenas A. Compar-
ing community structure identification. Journal of Statis-
tical Mechanics: Theory and Experiment, 2005, 2005 (09):
P09008



43 TR T T e B U 70 AL SR (K B 2R M 2t Ak DRI 757

26 Derrac J, Garcia S, Molina D, Herrera F. A practical tutorial
on the use of nonparametric statistical tests as a methodol-
ogy for comparing evolutionary and swarm intelligence algo-
rithms. Swarm and Evolutionary Computation, 2011, 1(1):
3—18

27 Zachary W W. An information flow model for conflict and
fission in small groups. Journal of Anthropological Research,
1997, 83(4): 452473

28 Lusseau D, Schneider K, Boisseau O J, Haase P, Slooten E,
Dawson S M. The bottlenose dolphin community of doubt-
ful sound features a large proportion of long-lasting associ-
ations. Behavioral Ecology and Sociobiology, 2003, 54(4):
396—405

SRIAR WA B Rk S TR B
R 2HZ. 2005 EFRAF I IR A4 B iG
L TR 2. BT A
BREFE N, VHELR BRI RE IR . A
SCEEAER.

E-mail: zhangyj@hnu.edu.cn
(ZHANG Ying-Jie Associate pro-
fessor at the College of Information Sci-

ence and Engineering, Hunan University. He received his
Ph.D. degree in control theory and control engineering
from Hunan University in 2005. His research interest covers

intelligent control, computational intelligence, and energy-
optimized control. Corresponding author of this paper.)

I IR A BREE S TR B
i WFFTA. 2011 SEFRAFII K05 B
BhoE 5 TR RS LA, Ry
1) by A SR B A2 4

E-mail: hncl18@hnu.edu.cn

(GONG Zhong-Han
dent at the College of Information Sci-
ence and Engineering, Hunan Univer-

Master stu-

sity. He received his bachelor degree from Hunan University
in 2011. His research interest covers evolutionary compu-
tation and data mining.)

PREZHR IR A5 BB S TRE S B
WL WU, 2012 AE3RAG W R RHE R
TR 5 ) ) TR e 2. EEwT
FUIT ) h Ak 2 vk 55

E-mail: s1210w103@hnu.edu.cn
(CHEN Qian-Kun Master student
at the College of Information Science
and Engineering, Hunan University. He
received his bachelor degree from Henan University of Sci-
ence and Technology in 2012. His research interest covers
social computing.)



