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Identifying Overlapping Communities and Structural Holes
Between Communities in Complex Networks

LIU Shi-chao,ZHU Fu-xi, FENG Xi
( Computer School of Wuhan University , Wuhan , Hubei 430072 , China)

Abstract; Many researchers focus on how to detect overlapping communities effectively and accurately when coping
with large-scale networks in recent years. This paper proposes a novel overlapping community detection algorithm based on a
multiple label propagation strategy,called MLPS algorithm. Firstly , MLPS selects a set of nodes as initial seeds by using In-
fluence Maximization Model ,each of which is assigned a unique label ; Inspired by strategy based on similarity and influence
diffusion ,MLPS incorporates with these two strategies to guide the process of label propagation ; Finally ,nodes with the same
tag are divided into one community after propagation. Experimental results on synthetic datasets and real networks illustrate
that MLPS has both high accuracy and modularity at the same time. In addition, another algorithm named Structural Holes
between Communities Detection Algorithm ( SHCDA) is presented on the basis of the output of MLPS. SHCDA computes
the scores of overlapping nodes who serve as structural holes by analyzing the overlapping structure and position feature of
overlapping nodes,and then selects top-k structural holes as the output. Experimental results on different datasets show that
SHCDA gets the best accuracy.
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old. x—1{1};

FOR EACH vertex y in N(x)
FOR EACH (¢,b,) in old. y
Compute P, < formula(8) ;
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ELSE new. x — new.xU { (c¢,P,)};
brax— 03
FOR EACH(c,b) in new. x
10. IFb>b,,
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15. Normalize(new. x) ;
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1. score < {} joutput < | | ;sh _ candidate < ON;

2.  FOR EACH vertex i in ON

3 IF V vertex p,q in NB;, 3 (p,q) in E

4. OR VY vertex p in NB;, 3p in ON

5 sh _ candidate < sh _ candidate — i

6.  FOR EACH sh in sh _ candidate

7 Compute score, «— formaula(10) ;

8 score <— score Uscore , ;

9. Count =0;

10. WHILE Count < k

11. output «— output Umax ( score) ;

12. score <— score — max ( score) ;

13. Count = Count + 1

— Bk BUE AL/, PRI R 52 2 B O (d
o) Mo d O E AL R, r R AL R A
B AERBAE TR 48 PRI, d F r BB, B DL
TEREAEAT R AL PR HUASE 100 245,

5 LIS

5.1 MLPS 323§

MLPS Fi35 192 K p BOEAR 48 K008 4 1 A [w) i A2
e s Bl D, A SCE SCp FELO, T TVER A LA K
0. 05 $85:, Ul #5530 05 il i 45 2R dse DG A {ELA D R0 A
Witk D ESEL

5.1.1 M AE

NMI( Normalized Mutual Information) " J~32 i Fi T
TS KRR (1 92 560 vh, NMI {8 B 32 50 1 18 B 44 1
HE ) 25 SRR 3 LS A . X T B 28 B A7 A
P Ak DX R 43 235 2R, T R 40 78 2 S 19 4% 5 A A
HERY AR, IR UL SE R FIBEBE Q,, R MW ST AE 2L
SE 24 H B AT IRICR.
5.1.2 B ML

LFR 45> S acd B 4BUAS ) A5 2k 1) U S2 19 4%, T A
ZAFEEMR L M PE e, SR BE I LFR 2% 1 =4~
S (om o Fl on/N) FIGAER I (1) NMI R, Hot om 2y
L RN PR B RoR 2 i AL XA AR 2
TERMERE  BHE w (E3 R, 45 s AL XA IRk 43 &2
ECE U 2% 25 R S A5 TN A %, A X B A M E
Bl Z 3810 5 on/ N 7R T B 45 13 5 2845 sy e il 24 5%
B LI rp RS HOB AR, HA S BOR 2. SER s A an
K3 (a) 3(b) 3(c) firzs, MLPS B35 1) NMI (R Al , 3%
B} MLPS 550 7 A0 RS [m] 45 14 1) 1) 2465 ) R 6% TS 4
AOMERTEE. [ 3 (d) 4307 T = Fh B AE P 4% 1 SO 10°
R 10° BB A TR0, 45 R T X =R Ak Hf R
A I LA B I ) 5 A
5.1.3 EXMKIW

AR T DA LR 2%, ank 1 s, Horp
C-DBLP1 F1 C-DBLP2 J& )\ WAMDM 5Z I 28 $ 4 i % 4
JE HP O B B T A R R B 22 B A . KT
i 1 MLPS MLPA il COPRA B3k U AL S 50m 19 °F
VR Q,, A5 22 Std. |, 25 3L B R A U4 Y iy MLPS
SR B AT RO,

F1 =MHEZEEIME HETHRRELLR

Network MLPS MLPA COPRA

N,E
Reference| p | Qn |Sd. | p | @, [Std. Q,, | Std.

Karate'” 34,78 0.95/0.754 | 0.000 | 0.65 |0.744 |0.002 0.459 1 0.140

Dolphins** 62,159 0.95/0.774 {0.000 | 0.7 [0.775 |0.006 0.677 | 0.058

Football*’ 115,613 0.8 10.769 |0.000 | 0.45 |0.701 [0.000 |3 |0.699 | 0.025

C-DBLPI | 2207,3899 | 0.5 [0.870 [0.006 | 0.45 |0.852 |0.002 0.797 | 0.012

C-DBLP2 | 8257,19683 |0.65|0.755 [ 0.000 | 0.5 |0.720 |0.002 0.740 | 0.006

v
3
4
3
Netscience ™| 379,914 0.5 (0.853|0.000 | 0.45 [0.840 [0.004 |6 [0.816 |0.016
6
7
6

Cond-mat'””| 16264 ,47594 | 0. 35| 0.69 |0.000 |0.678 | 0.68 |0.000 0.656 | 0.045

; 1 1 350
0693 0.9 0.9 ., 300
e 038 08 gzso
= 08 30_7 EO.? ll'—‘zoo
Z0.76 Z06 Z06 £ 150
071« COPRA 0.5 -+ COPRA 05/ ——COPRA & 100 .
0.65; ——MLPA —MLPA —MLPA B 4 —MLPA
06} ——MLPS 0.4 _ MLPS 04— MLPS 501 e ——MLPS
0'552 3 4 5 6 7 8 0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5 OO i 2 4. 6 8 10
om H on/N x10°
(a) om HX[2,8] FINMI{ELT Eh (b) #E2[0.05,0.5 IINMUEXS L (c) on/NEL[0,0.5]FRINMIE X Er (d) BLEEPAT )

FE3 MLPSTELFRA M4 LI S2 i 44



2604 i, F

¥4k 2016 4

5.2 SHCDA 3%

AT HAL E Coauthor S I F T R 134 [ 52 5. Co-
author %5 4 421 77 75 W] %) Ll i 52 5 45 S, fE 0% 561
SHCDA B33 A HEAf B 5 BT VR R S 4 38 2o IC e 78 4
B, — AR FH P TR IO e 3R A A i v 2 B
B O S R B R P, 9 LA BE A S i SR s
PEFR T , i 2 3 63,641 AN P & 1,391,718
SRR H 5 27,759 St R OCR.

5.2.1 Coauthor 3£If

Coauthor B A 7 28 A THA MR &1, W
KSR IR, 402 2 . A S AR A — 4R
P22 G2 B 0Y, FRATTIA Ay AN [) 0 45k () 14) 3 ) 2% 63 25
7 Ry B g [A] 1) 45 R, 2B SR AL 1718 2
B, A AT 107 S5 H40.

HRAE 348 7S A 43485 1) AH S M, AR S 0= %) 43k

SrMr, npE 4 S AP 6 R A SCHE ) SHCDA 5
EAE top-30 Z i AP RE BT e dF RO, T H A =4~
Hn] A B, PageRank e A B 245 R R HR 70 #0A 2
SRR , D A5 AR £ ) 2% ] fE R — Sl 2 A

Hn R RO R A
%2  Coauthor #B&E
sk K (ORI

LICAI, AAAI, ICML, UAI,
UMAP,NIPS, AAMAS

VLDB, SIGMOD, PODS, IC-
DE,ICDT,EDBT

Al | Artificial Intelligence

DB | Databases

DM | Data Mining SIGKDD, ICDM

PPoPP, PACT, IPDPS, ICPP,

DP | Distributed Parallel Computing Furo-Par

GV | Graphics, Vision and HCI SIGGRAPH,CVPR,ICCV

SIGCOMM, PERFORMANCE,

Networks Communications
N 5 i — NC ) SIGMETRICS,
(AI-DM,DB-DM #i DP-NC) ﬂég/ﬁﬂEﬁff H@{EE@E IEJEM‘ and Performance INFOCOM , MOBICOM
S PageRank ™ COPRA F1 MLPA 347 % L
1 1 1
—<+—PageRank —<— PageRank —<—PageRank
08 —COPRA | o3 —=—COPRA 08 —-—COPRA |
—+—MLPA —— MLPA —+— MLPA
—e—SHCDA —o—SHCDA —°—SHCDA
5 o8 1 goe 5 06
g 04 § 0.4 §0_4
0.2 | o2 y 02 \
0 W o ) ) ) ) 0 ‘ . ‘ ‘
10 20 30 40 50 10 20 30 40 50 10 20 30 40 50
top-k top-% top-k
El4  DUFhHEIEFEAI-DMSURIZ I Es5 DYFEEEDB-DMARIZHE El6 IFHIEEDP-NCHUIRIZH
top-k &5 1R I HER top-k 45 1R I HE T top-1 5 H R i AR BE
5.2.2 FREEER o IN(E)|
s ) st e . X e Precision = ————— (11)
TERLIE  Twitter SE4E2E W 28 v, 4 X (8] 14 45 #4) 1 S IN, (k)1

ANFEBEARSEAT(E BRI R, — B AF1E T i 3%
g AR R I, A S0 X Precision 3R 5 . SHCDA

S HERR I -
1 T
—<— PageRank
—4—COPRA
08¢ —— MLPA
—©—SHCDA
= 06 4
i)
3 SN
2
- °““N
X
02 ww
0 L L . L
100 200 300 400 500

top-k

B7 DA EIATE SIS SR 4R - 12 top-k 45 HI IR (O HER BE

Horp N, (k) #7n SHCDA 53 %y th (4 top-k Z5 K,
N, (k) I N, (k) HAFAERE R AT M 25 A 5 SE
SERINIE T B, s AR SR A SHCDA S35 Ui
T IR HERGYE , REAS A RO 2 4t A DX TE] A 45 A4 7.

30

PageRank
P COPRA
q B8 MLPA
SHCDA
20 +
215

N
N
N
N
N
N
N
N
NH
NE
NE
NE
NE
NE
N
N
N
N
N
N
N
N

N

N

N §
N N
N# N
N N
N N
N&: N
N¥: N
N N
N N
AR
N N

NE N# NS N NE
50 100 150 200 250 300 350 400 450 500
top-k

B8 g AR RAT AIS RN K5



%1

X + 52 % 9 245 114 B 8 e X B DX ) A 45 4 1 3031 2605

ARG EE T S5 KB B T B X A X R {5 B AT
e sZ R, BB Y top-k Z5 R, i L Rg FoR
TE 858 K T ARG AT R IR 25 R X BB

Rg=IN,(k+C)1 = IN,(k)I (12)
Horr € IR A LB € B 50. JAE 8 ]
DAt SHCDA 5375 7F top-200 Hij A7 P 0 14 W&, 1 J5
T RE , 10 2R R I A5 R T B A T AT A X
(B ()15 B AR | 3 X +E 2 W 45 1) 4 8 A% & HIL I AF 58 A
B s B W 5 5 L

6 Zit

H B AR FRHE R T Bkl X 4 B I AR, A S
2k 55 TR0 £ 38 05 W £ 38 MR 7 28, 41
T T AR (R 7 21 T AL X & U (MLPS)
S IE T B v BT T B A e g, L
FUA BT 4 M (RO 1 8 TR R, 36 F MLPS 57 19
B L A SRR T A R AT A0 L S T X )
LR IF 05 35 (SHCDA ) , 7 7 ) 5k K00 4 1 5
Ko SR T RIS M

S7%5 3k

[1] Girvan M,Newman M E J. Community structure in social
and biological networks[ J]. Proceedings of the National A-
cademy of Sciences,2002,99(12) ;7821 —7826.

[2] Palla G,Derényi I, Farkas I, et al. Uncovering the overlap-
ping community structure of complex networks in nature
and society[ J]. Nature 2005 ,435(7043) .814 -818.

[3] Shi C,Cai Y,Fu D, et al. A link clustering based overlap-
ping community detection algorithm [ J ]. Data & Knowl-
edge Engineering,2013,87:394 —404.

[4] Whang J J,Gleich D F,Dhillon I S. Overlapping communi-
ty detection using seed set expansion [ A |. CIKM 2013
[C]. San Francisco,CA,USA,ACM,2013.2099 —-2108.

[5] Burt R S. Structural Holes: The Social Structure of Compe-
tition[ M ]. MA ,Harvard University Press,1992.

[6] Kleinberg J, Suri S, Tardos €, et al. Strategic network for-
mation with structural holes [ A |. Proceedings of the 9th
ACM Conference on Electronic Commerce|[ C ]. Chicago,
Tllinois,, USA , ACM,2008. 284 —293.

[7] Buskens V,Van de Rijt A. Dynamics of networks if every-
one strives for structural holes[ J]. American Journal of So-
ciology,2008,114(2) :371 —407.

(8] ZETANE , 55, He T b iy i B A IX R A IX A1) 25 44y ] 11

. HL T4 ,2014,42(1) .62 - 69.
Li H B, et al. Identification of overlapping communities and
structural holes between communities based on topological
potential[ J]. Acta Electronica Sinica,2014,42(1):62 -
69. (in Chinese)

[9] Lou T,Tang J. Mining structural hole spanners through in-
formation diffusion in social networks [ A]. WWW 2013
[ C]. Rio de Janeiro,Brazil , International World Wide Web
Conferences Steering Committee ,2013. 825 — 836.

[10] Raghavan U N, Albert R, Kumara S. Near linear time al-
gorithm to detect community structures in large-scale net-
works[ J]. Physical Review E,2007,76(3) :036106.

[11] Barber M J,Clark J W. Detecting network communities by
propagating labels under constraints[ J ]. Physical Review
E,2009,80(2) :026129.

[12] Liu X, Murata T. Advanced modularity-specialized label
propagation algorithm for detecting communities in net-
works[ J]. Physica A ;Statistical Mechanics and its Appli-
cations,2010,389(7) :1493 — 1500.

[13] Xie J, Szymanski B K. Community detection using a
neighborhood strength driven label propagation algorithm

[A].NSW 2011[ C]. New York, USA, IEEE,2011. 188
-195.

[14] Gregory S. Finding overlapping communities in networks

[

by label propagation[ J]. New Journal of Physics, 2010,
12(10) :103018.

[15] Wu Z H,Lin Y F, Gregory S, et al. Balanced multi-label
propagation for overlapping community detection in social
networks[ J]. Journal of Computer Science and Technolo-
2y,2012,27(3) .468 -479.

[16] Xie J, Szymanski B K, Liu X. Slpa: Uncovering overlap-
ping communities in social networks via a speaker-listener
interaction dynamic process [ A ]. ICDMW 2011 [ C].
Vancouver, BC, Canada,IEEE ,2011. 344 - 349.

[17] Dai Q,Guo M, Liu Y,et al. MLPA ; Detecting overlapping
communities by multi-label propagation approach [ A ].
CEC 2013[ C]. Cancun,Mexico,IEEE,2013. 681 —688.

[18] Aral S, Walker D. Identifying influential and susceptible
members of social networks [ J ]. Science, 2012, 337
(6092) :337 -341.

[19] Li Q,et al. Identifying influential spreaders by weighted
LeaderRank[ J ]. Physica A Statistical Mechanics and its
Applications 2014 ,404 .47 -55.

[20] Wang Y,Feng X. A Potential-Based Node Selection Strat-
egy for Influence Maximization in a Social Network[ M ].
Advanced Data Mining and Applications. Springer Berlin
Heidelberg,2009. 350 - 361.

[21 ] Lancichinetti A, Fortunato S, Radicchi F. Benchmark
graphs for testing community detection algorithms [ J].
Physical Review E,2008,78(4) .046110.

[22] Nicosia V,Mangioni G, Carchiolo V,et al. Extending the
definition of modularity to directed graphs with overlap-
ping communities [ J |. Journal of Statistical Mechanics
Theory and Experiment,2009,2009(03) :P03024.



2606 TR S 2016 4

[23] Zachary W. An information flow model for conflict and 1EE= N

fission in small groupsl [ J]. Journal of anthropological X 55,1989 4F 2 il A, R A A
research,1977,33(4) :452 —473. N RN BE 2 BF 587 17 Ry it
[24] Lusseau D, Schneider K, Boisseau O J, et al. The bottle- . SR ST Web BHRAZ 4.

nose dolphin community of Doubtful Sound features a E-mail :nani@ whu. edu. cn

large proportion of long-lasting associations [ J |. Behav-
ioral Ecology and Sociobiology,2003,54(4) :396 —405.

[25] Girvan M,Newman M E J. Community structure in social

L

-
-

and biological networks[ J]. Proceedings of the National
Academy of Sciences,2002,99(12) .7821 —-7826.

[26] Newman M E J. Finding community structure in networks -

KEE(ERIEE) 55,1957 447 A,
WIALRBUN. BB R A B 3R
SO, ERNIE AT RER Web Bi 2 4.

using the eigenvectors of matrices[ J]. Physical review E, E-mail ; fxzhu@ whu. edu. cn

2006,74(3) :036104. ,
[27] Newman M E J. The structure of scientific collaboration . ‘d.

networks [ J ]. Proceedings of the National Academy of

Sciences,2001,98(2) ;404 —409.

[28] Page L,Brin S, Motwani R, et al. The PageRank citation
ranking ; Bringing order to the web[ R]. Stanford InfoLab,
1999 - 66.

BB %, 1991 AF 11 A A BRPE P
N RBURZFH LA B L A, IFEJ7 18] otk
ECE il Gt

E-mail ; fengxiwhu@ outlook. com




