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Abstract: Community structure is one of the most important topological properties in complex networks. The
network clustering problem (NCP) refers to the detection of network community structures, and many practical
problems can be modeled as NCPs. So far, lots of network clustering algorithms have been proposed. However,
further improvements in the clustering accuracy, especially when discovering reasonable community structure
without prior knowledge, still constitute an open problem. Building on Markov random walks, the paper addresses
this problem with a novel ant colony optimization strategy, named as RWACO, which improves prior results on the
NCPs and does not require knowledge of the number of communities present on a given network. The framework of
ant colony optimization is taken as the basic framework in the RWACO algorithm. In each iteration, a Markov
random walk model is taken as heuristic rule. All of the ants’ local solutions are aggregated to a global one through
clustering ensemble, which then will be used to update a pheromone matrix. The strategy relies on the progressive
strengthening of within-community links and the weakening of between-community links. Gradually, this converges
to a solution where the underlying community structure of the complex network will become clearly visible. The
performance of algorithm RWACO was tested against a set of benchmark computer-generated networks, and as well
on real-world network data sets. Experimental results confirm the validity and improvements of this approach.
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RS EIRER P ATHERRNERELFAAE BMOA TS MEREF FHIRDL fadofTit—F R G EE
M R RALEA oo dm iR (do W 455 AN ) 69 1 ST oA K IA- 32 6 W 2855 45 M) AR - — AN R BEARIT IR ik 4 AR
AEat i P AR AR D RV K R A B8 69 B K T AT A AR KRB — Ay M RE ik —— A T HALFA
84 B BE Bk RWACO. % Bk Y 8B Bk 9 HE - AE 5 RWACO 89 B AAEZR 37 F & — X, A I RT K AL A AZA A
A B KRNI T B G 3 B 5B B 3R ek e A B iR ST R L EATE B 4B A AT IR0 E M iR 4R B9 1L
A ) S I — A SRR Ak P AR S M IR AT M B I R R0 ROR I xt — e SR g3 AU AR, K %A AL SR W 4
% R AR BUE A HAR M E P 2869 SR R R A B — B R Fok A B A RSO R E.

IR A AP MR K SR My AU A SRR ) B Sk

HPEZESES: TP18 SCERARIRED: A

Pl AP e 2 RGNS ML B . Web 924525 AR B FR B 2% W 4%, 58 2% I 4% 0 24 i 2
(¥ 2 2 A URF ST AT 2. — O3 gttt SRk T O A 4 PPV A 5 o e A 5 1), 0 440 7 4 2 52 2% X 4% e
e 1 5 T L ()4 b 8 A B Y AT [ A 4 R T A L S A R T B L 1 e a5 B A e N 4 BR
25 ) RN 2 BB 7S SR % I 4 v B SIS AE T () T 4% K 4 L AT A AR 22 S B . Il 0 Sl A Ay ) 4% 2 K i)
WAL SR R BT BE TN . BT R AR A2 (pathway) T . Web i DX 20 . 2 i 4 4 141,

L% W4 SR U0 20 W7 S 2% A 408 (R0 P A by . BRI 2 (R I R UL B2 2% A 4% vl DI R A A 7
WAL A% P 2847 A 45 BB B = SR iz I AT, B g | T AR RS AR 2 FRE H A O A2 & A
YR 14 I 8% 58 S B A B TR SR [S AR M A5, AT 00 DK 22 0T A T T SR 190 6 AR SRR A2 ST s U1 4 O 7 K
T 7 150 ) e X2

BTG 7 vE 32 B4 FN(fast newman) 57328, GA(guimera-amaral) 571, EO(extremal optimization)
#3:8 FUA(fast unfolding algorithm)$2: PRI ITS(iterated tabu search) 5k 0045

Jit 9% X J7 ¥ 3 %45 :GN(girvan-newman) 57:P) . CPM(clique percolation method) % M FI LPA(label
propagation algorithm) %M & H gk (1314928 37 e, 6 1 JR W] BEAILIE 8 FRAE 10 e SR AR S ms th ) 32 1
FH T I 4% 58 24 i) 03 5 T ORI 9% T 4F 5 #545:2000 48, Dongent™ M2t T Markov 32553 MCL, %5 vk 1L 78
I JRAT A e 5 2 A AR R A, S T X B4 1) 148 %11 4352006 4 Pons 2 DT G $HH T — Rl I T
WL HE (10 190 2% 25 st 1) AR AL (10 5 k7 vk, 3 1T 40— AN THT 1) MR 190 8% 14 1k 2 BB 2K 515, 2007 4, Gunes 25 A
B BEHLITAE ALY agent J7 kAN 454, H agents T8k B LT AE # 7 SR 9 4% % 45 )45 15,2008 4F Rosvall %
N8I o 2% e i KL T A2 160 A 25 0 0 A B0 S 2R 6 vl 1) £ JEL U 30 3o s 4 G 4 O 48 A g I 4% 9 R RS ;2008
4, Weinan 25 A K 4 it £ SR AT R (A5 10 4% Bl g 2 R AR G IBE) (K U0 A6 TN R T 4 Ak K )
;2007 45, Yang 25 N POVef i 4455 0 44 58 24 i B30 (A 475 1E H7BCAEL 1A 0 48 )4 1 17 66 T 1 JR T B AL 90 A2 A8 284 11 3
R IAF 5 W 4% TS EL I FEC; 2008 4, Yang 25 NP S 43 Mt 1 52 2% 190 4% 15 445 #) R 2 2 ] G Bt WL 2 A 00 50 ) 27
P16 N ZETER BB T 36 T K 22 BRAR B2t 7 43 A W 4% A 48 40 1) 0 7 1.

R H BT CAR R VF 2 2 48 T U5 AR W) g — 2D 4R Ry 2R NS A R 7 R B P S8 AR UK 1B L T
Qre] 2 -G BT 10X 205 97 45 0 AT A — A 2R BB AR L Ak ok 1190 ¥ R T o) 3K — i) T, AR SCAE SR [201 0 S it B3 il 17—
b B ML AE 1R SRR 5905 (RWACO), FH 408 0 ) 4% 7% 45 A0 7T 12 B0 v ) 0 DL i AT 3B 1 8 B8 2R A M i
) AR L T A 10 28 15 AR A T T A 30 e 28 % A 22 A 204 e, O PR L BT 4 B B 2 R i 8
BSF, T T 3o 2 W7 £ S 3% R A 3 Y 4 R R 45 IR

1 &% RWACO
1.1 EFEEME
4

& N=(V.E)yE&m —ANRIEMAE NV N8kt E il s N 1A kR0 SO0 7={Ny,...,N,
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Ny Ne 2 [ Ng=NGRE () N =@ RAZ R 5 BAT [ iR 45 A T B AR . SR AR 44 U LI B it 11 R

1<i<k 1<i<k
P FR 24 P45 N R — A RS54,

e —A~ agent #Y P28 N b AT BEALIEE T4 B 5k — 0 2 AT ZEAR R e MR 1 e - — D B3
KA E B 1% agent MHTAL T 45 m i, NP RIIAAR R4 R | B MARN py, B EE N IR0 A FE
A=(@ij) s, WA

a
Py = Z a, (1)
ki
FEAE R BE K 7R, 15 D=diag(dy,...,d,), 3L, d, =Z].a1-j FonEs mU T I WA R MEZE B P=(pij)na N
P=DA @

MBS 2R AT SR BEATLBE 10 f0 A 2R U, 24 52 % ) 45 B AT 1 45 AR P I AR — > agent AT R &5 5t R EAT A T
A BEALIEAE , 0 R 20 BOE 2 110, 8 A 2 W0 A7 T 55 AT — &5 kIR B3R R SR A T A0 &5 R KR, it DALV
RWACO i B (154 15 agent 2 AN [ f17) LABE AL AE 1R 7 A 2 A DA i e R I gl 5, o B S 2 £ 5 7%
MRS B R MXESR P2 N LS5 A QRSB R UGS D A Ui iT 3 20 i il HURR T s i1 5
TSV 0 AL T 48 1 T 50 T A W SR 68 2 I B g S T Bl A A R SC L PR AR R TR ) BB A R R
Wl Ao A5 S 28 R B 2 A A T T W I B 2 SR A R R R AR R T SR T A AR T A R R
F1Ry 28 TR ) L BEAT 7 503 A BRIV A S X 52 24k ) 5% 10 2R

IE MR 7 LR A AR 5 AN B R 45 e R R AT AR A R (K R 4 N BB T I U 2% 9 2% By
' H I BEHUICAT; I ELA0 s B A A= i J8 30, 24 BT 0 080 A= iy 485 50 el 2 7 25 0T IR — AR IsURE A4 ZE T LR Y
BN F3A S B3 B R R ARR, U ol T 52 100 48 i 45 1) 110 240 DR A8 4 0 S 8 R O B TR MR 2K T+
HRAZ B R 263X I (R M ISR BEATLUEAE 1Y) agent B4 X5 Bl 25 I 10 BT A AR IS R 3% AR B A R T 48 1
P32 b A TR BBk A R ) PR A R SR AR B AR A 3 S A 1 A R R P A1) A A P T AN A
FFAZAR (S5t R R W 55 e 28, 2 1 B B AR BRSO SO i E AR TG 31 T &% N (1) SR SIS 4 R R i B9
RWACO i 2 18 Ik 5 A fi% PN 322 482, 59 1 7% T e 0 O 5% fE 20 ) S 7t 522 300 14 oK

UEAh, T A RWACO KB HILIIE AE 1) 7 Mk 23 A1 DA 4 ) J R =R, i LA A AN AR BR T8 1)
ToRL 48, EX TAT 1)« IR 45t [F) R 3 .
1.2 ik
1.2.1 5 RWACO

H% RWACO A 73 A R0 B BRI 3 2B B 348 4 AR B B Rl o SO 506 B0 AT M 88U 15 2 S B R
A 5 3 24 B BT 3 0 2 A IR 38 R R 1D 40 T 7 A I 4 (0 B A RIS 45 T R AT 4t R Y B B AR VA AE
Lo A — R0 A R RS one_ant FEAR 1.2.2 T TR 2 BB R4 VR AN 48 S0 R R R Rl i
Matlab PhARAG IR JE g o A8 T B, Sk o) Matlab 1) —SSRe R AR5 25 tH T 1 R%.

Procedure Exploration_Phase

Input: AT,S,p /*A RRPILEMAREAFET N Bk AIRELS by B S AN S, ook B 84 5L 28 54 B B

B>,

Output: B /*3 7R SRS 45 JE 23 4 B, B BT A W A IS il 5 1) e 2 5 11

Begin

1 B<—ones(n,n)*n;  *YILUA A B2 AR

2 fori=1:T

3 solution«—zeros(n,n);

4 for j=1:S

5 solution<solution+one_ant(A,B); /*one_ant & [0]— F & = Az (f) fig*/
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end /e T AT A IR SRl AR AR A 4 R T
7 B<«p*B+solution; /* 58 {5 H 2 M/
end

End O

A LA Y 2 S R AORS 2 B P AT R 0™ A 1) SRl AR AR ik — > R O G SR R A B A 5 B R
FERE B A 4 iz 5 A5 D, DA B A 1t — AR SO A B A SR A3 AT A5 B 3% R O 4 kA, e 45 0 AR
A R R HES P, AV A% P TRAT T A 2 125 122 18 P 3t ok ) A8 e 246 WU S5 0045 JE 358 R e el v DA 5 A
S BE TR T AR T A I B T 4 R

IR AR B > H 2Ok RWACO AT AR o — AN SRR B th T A R B R 4R 3 i 5E 5 — A
e T AT SR R 0 4 R R R AT SR BEATL U AE T A R FRATT T DK FLAT A e 0 ) A AR 1 R R A R AR B
HESLR SR AR ARG 24 i A% B R DR 45 R UEAT B 5, AR i T JL SR 5 R R R A £ B 3R R B S A i 3
AR AR BT AR BB R R R ST LA s S A ) — AR SR i) SRR 4 L 32— A FL AR Bt R 7 A
XM EER BT RWACO AT 1 R AL A — A i A A S (10 SR SRR O A, € A o WBUHE ST AE g AN 8
TR0 SRR 5 B A A — A kG T AR SRR 4 2R

N b 2 AT R WL SR PR A S SRR R REAT 20 BT, A TTAS 1) 1 5% 0 S S 5 Ry T SR SRV A W SR AR
JEEE R A A A A A WD PR, P RASC R SR T 1R R 2 SR T VAR AT B R M BEE RWACO (173 3R
By BT Stk R

Procedure Divide_Phase

Input: B /*SEVEICSAUE HOAR R A I/

Output: C  /* M4 2% [ e 5 i/

Begin

1 WENMA WA el MR/ IR, SR E 1072/

2 WCB SR LAT RAE KT et I 2% 45 AR o — A%,

3 ¥4 B A i h 45 kORI AT SN ER, R B AN 4E ,GOTO step 2;

4 JR[A] A AR B 9 2% SRR 4R C;

End O

AT LA ot ] A e 3 3 SR BESEVE, i DN B B Sk R WAC SRR R 23 AN T 8 R kg R S 32 £ TR DM i O
ST LAAT TS 25 00 0 % 8 4 R e v e A B SR, 3 FLAZ R B v BT A TR A &5 % B 19 4T 470 2 FE A AR TR 1, R

BT AT, H I — AN BN IE B e FLHEAT 23 2400 v] 459 21— AN g0 o b W28 2.3 719
1.2.2 — FUAmsl =2 ) i

FEWORE ST — LM A il 58 AR — AN T LK o 4% 558 2J% ) R0 ) 2 A 0 A gl I 1% 2 B2 2% R 2% F) — A
RREER.

5 ¥ — FS AR 26 N F AT 5 BERLIEE 19 agent AN, 45 2 — 2 2 i AL TE % R AL RS HE 5 TR 222 5|
EREITE S AL N EREHE R A=@i)nm 15 BB FFER B=(bij)nxn, R B IZI WS 7O, T 45 50,8 F—F
Uy il 45 050§ INEER my WA bR 23 2K (3) T, I8 A 122 S 114 U i) Ak 2R R 8 B0 T SRR A M=) e (EL TS 1 13X
Ui R MEZABE M 558 11 1 R MER A B PRSI BE M 25 8 8] 715 B 3550 SR IW 2 m, J LU ik
TR HH 110 A7 G2 AR A 2 A8 15 ok V75

ayy
=S 2,

BAT RIS e A A s, JLTCAT D BN 1,V R U t(e<<1)2D U il MR 23 A1 )t 2L, V) () &
ARG s R SR B IRAT IR AR T4 AN AR AR 4K, V0 =(0,...,0,1,0,...,0), 3L H1, VO (s) =1 . 7E AR
BEM W48 ST,V RInTRR AN

(©)
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VY =V,"M 4

HI T I O DU R B A 2 A U, JFAE (5 B R IR & R R AR A R 46 N L JeAT i ib $

|32, HORAT |28 2 J L T AR T 4 1 (KO MR 308 18 12K T80 T AR A T 45 s R B T LA, V) L3000
A2 (B), M P, Co RTRIB IR 45 1L s ITAE IR0 I SUIRAT A 550 | 1RV 48 2 BT L) 5.

v C{Vs' () >V, (i)} ()

ieCq j#Cs
ZIBBNGATE t D)5 WO Bk e iR a7 8 BT LARRATTE R D A Jo o Ve (s) B R 1 M n 1
A St 38 A T AN 2 A I RS S0 4 R W %R R AR A R S A R B V) KT R 2
) 99 2% % 45 ) (e 7% M 25 ) RIS A5 JEL 3% 1K) T T 56 M) -2 b 30 52 38 4 82 A AN Y-8 1) 57T 5 o A1 el o 9, T 2R
FE 48 RO BEARR RIS & AN FIR AR &5 5 s 76 [F) — 1 9, 19 128 U7 1) B3t mT BB AROR . JRAT TR 4 R D7 VR R i B
AR A = 3 ey ERORH RN E R LI T 0 2 AT BRI A SR(6) X VAT I 3K
RETE A (K0 V) T LA SR G 52 4% 1o 4% v 5 8 1) T 3 A T ot oK (16 56 6, AT it 85 B 47t ik 2 24 30 (5).
vy (6)
d;
AE 13 T IR T R BE AL & BRI A 1 45 VT SAT R S | 25 U 1) MRS 40 A 17 V) SRV
Procedure Produce_V
Input: s /W5 HH & A B,
A [ AR R
B /i ACHIAE B SR AR/,
| U uSOReAT 1) 25 5,
Output: V. /*iZU UL (K) 135 i In) BEZR 43 A1 1) /.
Begin
V<«zeros(1,n);
M<«A.*B;
Dv<«—sum(M,1);
Ds«diag(Dv);
M<«inv(Ds)*M;  /*inv 7R FE B IS H*/
fori=1:1
V(s)«1;
V& V*M;
end
10 V& V./Dy;
End O
SRV SRS A U ) A S A ) V5 VR A S T SCHR[20] P SV FEC () 3 2 UL AR e 014 36 A R 1Y
AT B 9 FEC SVEHEH 1 H I &5 AORTE SR 1) B V) (B 5 1000 S g 11 et 2 QR ) 2 AR 538 (¥, JT LA
SO TR G A ROR T S ) A A R R I T i LB AT B R R 1 V] AR R
SR A 56 A AN TR (). 5 A BRAVTAE S AR R 1) 02 V) I 52 5 1 1 IO 8% 3 41 4 W R0 224 i R 36 A i IR 3, 9F FL I
H S EAR YB3 I, A R 1 V) ok e i 28 S(B); T AHVE FEC U R B T I 4t b S R A5 R T
PLes £330 Vv, BRIl 2 A R (5).
FEVEEE I VS 33 Sk IR ) 02 - e A2, U gt 4R ) L 2 I 5 1) — A SR 4 L AH — SU s L i
e e 2 LA R 5 e G P 70 2R AR A 1R 4 0, O AN BE U6 W 0 1) AR AR ) &5 sl — s e g — R A T LA, — JU i
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SRE DAL Ry F 0 2 e 308 P A R A% 10 JF AN 5 2855 B AR 45 ) 73 A5 DL

Shy e HH A AT AE () 5, B ATT SR A ¥ v e W PTG s R RV, B A 2048 RUF A ix,
o HIZ I WAL A6 45 5 s AE ix HPOIT o (A7 B cutd. DR A i B O £ R A SR 25 B 5 SRR AR 45 1, T B ix IRAR A
1BAN 0 B R EAN S /N T cutL AR e TS ix RO AT P 4 D7 T AR AR 22 6 A% 22 (i f K I A cut2,
BN S 5 il MR AL o s bR A0 8 102 A B e A i PR A A b 20 38 it e I3 Y 20 R e R AB AR DA 45
a1 ix 1) 23 28 05, 1 ix AR IZ 0 R R 2T IR T AT 5 R S S I AE (K A AH L3 3 TR A R T R e i
VIR R T A T 43 2% BB 199 % 11 5 () 4 1 &5/ 1 45 5L

2004 4, Newman % \PVER - 9 46 K I R H 7 190 26 S B P P AR bR 0 (U FR Q1 880). % 58 b H
EHR 2 EWE T T 8 (B WUR T Q pA A b L R 7 R4 fiF 9] ix S AN RTAT 1, R A 2 i i) 1K i A7
W 4% 25 R4 93 D P ORI, T T i RS 1 b 1 380 i S S0P A B . S PP SR AR U iR G T b B i 5 4R
3 28 pU TR 14 JR 3 DX ) [eutd, cut2]. i A cut>cut2, WK cutd £ 24 S5m0 41 ix () 5 26 43 28 1 757 W 78 12 Jm) 3 X 1)
W AER Q PREUE T KM AL E AN ix Wm0 R i, il ix HPAE %7 R BT I BT A 46 mi b it i i
JITE B e X R A VAN FE 43 2 1 T U7 Il MR 1) & VIO LG8 25 B8 T I 4 1 5 4 4 S 45 R T LI R 3
(K1 A% ARAERA IR 1] 1 BEXTBEAL I 45 RN(4,32,16,8) 45 1 NEDW IS A, B 1(a) A&l 1(b) 70 AN T 50ikis 4T
LR YR R DL L, = M TEROR G TS ix R 2 R AT

0.12 0.08
0.10 \ 0.07 7
0.06
0.08 / 008 SN
2 006 3 004
S S
S / < 003
& 0.04 % & 0-02 /
0.02 f ©-Vatie-seqrence ’ L |o-vallie sequence
/ —+—|Source node as cut posit on 0.01 —F—|Source node as cu ition
0.00 —o— |Max gifference as cut position 0.00 Max difference as cut pogiti
-0.02 —=—|Localmax g as cut position ~0.01 —=—|Local Imax Q as cut position
0 200 40 60 80 100 120 140 0 20 40 60 80 100 120 140
Cut position of sorted nodes Cut position of sorted nodes
(@) (b)

Fig.1 Two typical scenes of computing cut position of ix against random network RN(4,32,16,8)
Bl 1 BFXTBEHLI 2 RN(4,32,16,8), TH L4 w741 ix 43 28 mU ) PO AT LAY 45700

THECH VY R 4 R I R SR T

Procedure Divide_V

Input: VRIS | 25 U ) 26 43 AT ) %,
S UL K AL

Output: solution  /*iZ45 B[] fig*/.

Begin

[sorted_V,ix]«—sort(V,‘descend’);

cut_posl«find(ix=s);

diff_V«—diff(sorted_V);

[temp,cut_pos2]«—max(diff_V);

cut_pos«—max_Q(cut_posl:cut_pos2);

o OB W N

cluster<«ix(1:cut_pos);
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7 solution<zeros(n,n);

8 solution(cluster,cluster)<«1;

9 l«eye(cut_pos,cut_pos);  /*/= i BA L7 i B/

10  solution(cluster,cluster)<—solution(cluster,cluster)—I;

End O
13 BHSHEE

Hik RWACO FIEARE T WU S, 5 B R Ao, FFE S>3 5L IRAE AN BURAT (1224 |
S5 ANSHL I T 3 A SR S 1 €, SCH K FL 43 39 BEE AT 1 20,8 B 25 45 £85I n, X 0.6, 11 T ZE BRI B
BOISCRE S5 (7 R ZR AR ) W S5, BT LAY 2 B e 2 5 B0 — AN 5070 110 1 250 R0 mT s B0 5 JRL 2 R B 100 20 31, S IR
=102 XA S H AN T S WA 2.3 AR, FRATXT 250 | A0 B8 A AR e A0, R b e 7 B ORE T B
(9 125 Ui Il R 4 A 11 82 V)L 2 3 (5). AR A 0 6 4 FRO V) BT B PP e 1 45 AU 81 i rh, SRR AR 4 R s
T[] — 75 P R 45 NI e e e i T FR AT 78 A I, 2 45 e ) i WSO (AN P R 2R AR L), el RE S AR A
i A2 LR SR B e AR ST T ) Wi 5 R 4 xR ISR LSRR A 8 S 1 IR IR R R ix AN R AR AR A, TR 4
S TCAT 45 o ST &5 SRR B, 46 s 41 ix AR RS Sl H— A S 50 2.

1.4 BIE)EHRE ST

oAy TAE T B AR, S rp SEVE IR RE R T 105 BEAT R A 52 A 9 2 — 5k A i P 1T B0 RWACO b i 22
VEFEASZ W 250 ) B FE R B0 AR, T LA T FRAIGING ) 52 2% J82 2% B0 S B b @ SR T A 3 T 2R S B IR AN 8 1 245 v
HI&5 B n B0 mUT TR RE RWACO | I [R] & 2% BEIEAT 23 4T

W56, BATIHE — Hod i 2B i i &2 24 Mk o Produce VAP IR A 2 2% BE B i 0D BN 56 8 b i AR EE M
ho i 6 O T DA G SR B R R R, e 2 i O(Im). Divide _V I Ta) 5 2% ) e s IR BROA 28 1 48 (8 K HEF
FAE), LB 24 O(nlog(n)), it LA— FOME S A= Bl fil () 16 (8] 2% 8 8 2 O(nlog(n)+Im).

A8 TR o i A T, SRR P 26 Rk S IR, Exploration_Phase H ) 52 2% 15 g% 5 (K120 BN R 56 5 4,
=M O(TS(nlog(n)+Im)). B T~ 3 2 4 3 il W B4 T=20,5=n,1<<50, 3 H T~ 5L 2% M 2% 0 A i & (LD
m=kxn, 2k 4 %), 5T LA Exploration_Phase (1952 24Pt a5k O(nlog(n)). 7 53 i F2 v 577k Divide_
Phase - A ifq B EL [0 B R B RIAT 212647 I gk, T S5 K T A 455 I B3R £R0 4T 27044 B 1 1 O L AT A 77 b4 i 5.
LA LTI E A n AT RS ) C R, C O BRSS9t LA, Divide_V ({15 241l O(n?+Cn).
e 2 10 RWACO I8 2%k BT a) %75 O(n*log(n)).

2 X B

h T E RS RWACO [ i, JoAl 1 TN A i R 288 0 34 52 {5 X 4 ot S rp B9 kAT AR, O 48
B ENT VRSB PR B Jy Ab B 2% Intel (R)Core(TM)2 4400 2.0GHz, N 17 2G i £ 160G, #:4E % 4 Windows
XP,4n 215 5 4 Matlab 7.3.

2.1 TEM AR W%

SCHR SR FH 0 45 A PR B AL 9 285 (Newman A5 ) IR 5070 RWACO SR 28RS B, 14 S 36 7 VR AR 5 T AR
2R, C R R 52 A% I 4 50 8 S e i A — i e iy R B0, L 2 45 M RO BB I 4% 5E S RN(C,8,d,Zowe),
o ,C RARM IR AL, s RN RA T 45 AN B d Fom W4 iR 45 R L Zou RN BN 45 5 5 7541
45 RN TR /T LA B Zoue MY K, D00 235 15 45 ) R BRASTR) [0 IF 10 45 099 8% R S R0V Ay ok T B ke Bk T Bk
%A A HE, 2 2ou>8 I, DA B AL N 28 AN FLAT R 54 . th AN [R) 945 B 1 28 SR AU AN R 1), A 06 S5 F I 4% 1) L
SRS AT IR ST 10 K LS 0 0 4 S — D A 4y A AR S o T LS M 4 Ry R — 2 SCHR 24100 A,
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Fig.2 Testing performance of RWACO against random networks
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Table 1 Comparing RWACO with GN, FN, FEC, MCL, LPA, EO, and FUA
on three real-world networks with known community structure
F LG 3G AN ELSE M 4%, 5% RWACO 55775 GN,FN,FEC,MCL,LPA,EO,FUA [fJLL 4

Algorithms Karate network Dolphin network Football network
NMI (%) FVCC (%) Cluster number [NMI (%) FVCC (%) Cluster number [NMI (%) FVCC (%) Cluster number
GN 57.98 97.06 5 44.17 98.39 13 87.89 83.48 10
FN 69.25 97.06 3 50.89 96.77 5 75.71 63.48 7
FEC 69.49 97.06 3 52.93 96.77 4 80.27 77.39 9
RWACO 100 100 2 88.88 98.39 2 92.69 93.04 12
MCL 100 100 2 42.39 100 13 93.45 95.65 16
LPA 67.75 96.47 3.78 52.29 97.06 6.5 89.20 87.51 11.22
FUA 58.66 97.06 4 63.63 100 4 89.03 86.96 10
EO 58.66 97.06 4 57.92 98.39 4 88.49 86.26 10
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Fig.3 Clustering results of RWACO against three real-world networks with known community structure
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network) 2 (1 Krebs #3719, W4 2%t 0 45 5 AR % 7 138 9 35 )ik (Amazon.com) S H 17 56 35 [F UG 1 18135,
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musicians network)E%J¢: Gleiser il Danon H i — A B SR W FOHCHE 178 8 57 14 SR DA M I, 0 2% 405 198 AN IR
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Table 2 Comparing RWACO with GN, FN, FEC, MCL, LPA, EO, and FUA
on five real-world networks in term of function Q
F 2 L Q RN B R RRUE B B AN ELSE R 4%, 59 RWACO 5
$: GN,FN,FEC,MCL,LPA,EO,FUA [/ EL%&

Q-Value  Karate network  Dolphin network  Polbooks network  Football network  Jazz network

GN 0.4013 0.470 6 0.516 8 0.599 6 0.4051
FN 0.252 8 0.3715 0.502 0 0.454 9 0.4030
FEC 0.374 4 0.497 6 0.490 4 0.569 7 0.444 0
RWACO 0.3715 0.377 4 0.456 9 0.601 0 0.4133
MCL 0.3715 0.4390 0.508 9 0.582 8 0
LPA 0.370 5 0.480 6 0.504 2 0.588 4 0.368 4
FUA 0.4188 0.526 8 0.498 6 0.604 6 0.4431
EO 0.418 8 0.526 9 0.526 2 0.601 5 0.436 7
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B2 5 2 L 200 46 s 2 510 0 pol=1 B 20 25 U508 g, 38 4 y(l)=nnz(p-q), 2L H ,nnz(v) AR bl 1) # v FEEER G
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Fig.4 Sensitivity analysis of ant’s step number |
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—*—RWACO on karate network
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