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Abstract: This paper presents a fundamentally different framework for uncovering the intricate properties of
evolutionary networks. Contrary to static snapshots methods, this paper first traces the timelines of the networks.
Then, based on extracted smooth segments from the timelines, a graph approximation algorithm is applied to
capture the frequent characteristics of the network and reduce the noise of interactions. Moreover, by employing the
relationship among multi-attributes, an innovative community detection algorithm is proposed for a detailed
analysis on the approximate graphs. To track these dynamic communities, this paper also introduces a community
correlation and evaluation method. Finally, by applying this novel framework to several real-world networks, this
paper demonstrates the critical relationship between event and social evolution, and reveals meaningful properties
in actual dynamic behaviors.
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Fig.1 Event-Based social network evolution analysis framework
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Symbol Definition
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det i (v) Distance of v between time t and t+1

TE X 1(graph distance, EIZEET). FIEE B Ot t+1) FH kAT 5 94 &1 22 3 i K/ e R
s(tt+1)=D(g" 1 g“?) (2)
Horp, D@ (| g AR AR I 2 SL VRN A SCKEAE 55 3 1 45 A 4 5 T Ak I 4% Gl 2 5(2) 175
B TLAT 52 5 8 B2 1) (0 BB 2 St e 73 31 G 0 BT 25 )3 911 8(1,2), 8(2,3), ..., a(n—1,n) 3. A ST Hp I o B B 25 )5
BB FR A timeline.
E X 2(graph segment, 4R ET). %45 B2 48 tHIZESE n AN W25 DL 04 1 F B 5 D 4R e UK
SO=fg@® g@D gy 3)
Horpn=2,t b i% M 44 BoAE BT 48 BT IS VL S A s = o
R X 2,3 g G SnT LRt R gl

© HEBEERAET hipd/ www, jos. org. cn



iR F AT EHGHRARNLENSMAER 1491

G={s®,s@ .3} (4)
T X 3(approximate graph, T 5L ). 75l TO [l B SO o P we S R4 B T SO rp 84N B () HE 5 1k 5k,
[ A A 25 A T L e e g s
R 3 Je kiR (4), 0 T8 T M4 PRI 70 A 2% G ¥ g 4tk ok tn 1 g K
G:{T(l),T(z),...} (5)

T I AR A A ) R R U b A

IR XA A 50 ] e AR T HESeth S A ZUE Ak, dn SR A B (R L o A P A NI A T
WFS, UL 7 b B T L
2.2 HEXER

AFLRT 40 80 755 2 FH SR AT 1 AN 3 A1 2 0D PR R 0 AR SR 0 27 v I PR AR A L PR o) i B8 H s L

E X 5(relative entropy, HE3F 1), PANME R 55 B R B p() AT q(x) 2 8] F)AH X6 (3% Kullback-Leibler) &
D(pIl9)= 3 P00 1oy ((X; plog% ©)

TEX 6(type, BL). JFH Xy, Xa,... X L P(BRE B MEA A3 A0 ) 2 X PSR AR A% 81 b R AR Ll
B AT 1 aeX,P(a)=N(alx)/n, 3L i N(alx) &=~ 7“5 a 75741 xe X" T H LI IR ).

AN HRENLAL B X(v),ve V(G) KA i 1 45 rp i AN 44 187 B L X (V) B WA A 72 3057 [ 3 A7 19 .. d).
g i ARSI TR 9O X(v)7E 3L b AR st XO(v) (75 22350 I 0 AN R X x 34 ve g ).l i B A
I TR € A e+ (K 25 S PRI AR RS D)), B T AT LA SR A5 A P () FT B 185 (e, t+-2). A S Fp w23 3 (6) #E AT
TRy et

3 HEZEFER

3.1 Timeline4 f%

I T AR SR Y P HE S T timeline, Jir LA 223 v —Foft 15 BRI o 24 1) 2B B 3%, LA timeline R il 4 2%
AL R 5 R B AL A T ) A

Timeline & e HIEAE T 17— KN A ws B 2l & 14 R 52 22 46 £ (change sport) i ] 1% 2% 1) 32 46 [ 2 755 4

—ANKAN 8 I Bl L B AR AR A A AN DAY (R Y ), S 0 AR AR A A B

NP B R ON R R0, B I € i AR AR A T 4 R B P 3 (RS 0 ), e P 8 AR AR — I 0 HH B
T AR (P Y ). A IR ANt IS 2 L IR 22, 1 5% AR A e S b 1) A R, LA 2R 0 Y R NPT
R FIRSURE 9 R K AR IR R T O M A4 o, et BRI o B /0N, O LR A 1o 255 (1035 A 7™ 26 1) 52 i L 5218,
T LA L2200 T BLAE AR A A A P 7 A () S ) AT SR AR N 2 AR U d (V)

(t)
,Og%, VeV (BT )
Gt V) = |Ogm 2 veV (AMTT R (1)
dOw) | |, adi®w) nadi? )| ~
lo +{lo ,veV %%IHEW/E'\
g d(Hl)(V)‘ 9 adj® (v) U adj (V)‘ eV( 43)

© HEBEERAET hipd/ www, jos. org. cn



1492 Journal of Software #4434k Vol.22, No.7, July 2011

Window (size=8)

t _ 43 t+4 7|
. e o o
E: | ® . s ol ® | A
Change spot

Fig.2 Moving window with size=8
K2 —A KAk 8 miga)E -

A7) AT LAFE HERF T N D4 R P e, B 2 18 L R ) AR A T T AR Y R S R T L
(Fn HLTE R B AR AL, X35 8 T LA 8 R BE) AR 0. 275 5 T8I 3 Bl il BN 28 Mt I 0 3 e+ 20 11 AR
ot t+1)5E XN

z d’(t,1+1) (V)+ Z d’(1,1+1)(v)+ z d’(t,1+l) (V)

__ VveV (dead) wveV (born) VeV (stable)
o= V(@) oV (g)] ©

9 T 3Gt T B RN St LY R I R, 28 S(8) AE RS 3 B M ARG AE d, (V) BEAT RIS BRLA T t
AU t+1 B 20 B0 Y A5 R A K N B A 3K (8), K I AN I 4% r R A R AR TSR A ) B R R T AL R ) Al b 4
{(t, S +1)) P B T 3 AN X 45 11 timeline. ] 3(a) % T VAST 8 £ (U6 BH 1 WL 26 4.1 35) 1) timeline. n] L& H,
D) 5 AR Ak 1) g5 K AE A &(7,8), RIS 1) 7 FH IS %1 8 22 1] W 26 e A2 T R I A (8 4k). €] 3(b) %11 T~ Enron Email
H P 45 00 9 2435 4K timeline, AT DU HY 50 in &2 24 A S AL 1 2.

16 Challenge eventline (ws=1) 32 Enron timeline (ws=4)
. 3.0\. Baxter—CEO,
15¢ 1 i found shot todeath |
14 Social 2.8 Enron
—_ change _ 26 collapsed
?_. 1.3 71\ E 24 1”
pEy / \ py . 1 b
2 12} - & 22 flr tﬂ|l, IR AL,
. | 200 A g AN AR
1.1+ —~ —t \ ' H M 'l "il‘“| It 1l
v 184 | J|H"I 1'?' I.“:[I 1 ! T|f ¥ [ |
1.0} 1 1.6‘-|| :\ M r’ln il Wlu 2 o ] 2
Vet o
0.9 1.4 '*."‘.'1 :lff |
0.8 i g i i L L L " It L . L F L
1 2 3 4 5 6 7 8 9 10 30 50 70 90 110
t t
(a) Timeline of VAST (b) Timeline of Enron E-mail
(a) VAST %4l 4E 1) timeline (b) Enron E-mail %4 4E 1) timeline
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Fig.4 Automatic segmentation using Bollinger Bands
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Fig.5 Process of graph approximation on S“*~*®) in Fig.3(c)
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B FUBE IR 0. R ok, S B rp AT 1A I 1) 4R 2% P 4 4% B 3% 21 O(log (JE(SM)))).
3.4 #HEAXM

AR G 10 B TR B R AK (0 AR 53 7 kB e i A e A I 2R AN IR £ SR AR AN P T 22 4 R
B A5 9 285 T IE AN 10 45, 1 T A 30 % 2% R O 248 445 Ay ) T e AT Ol S B 00— 3 3 X — T A 2 TR L
RIS I T 1 AT 22 Yk BE 0 U8 PRI U Bl A T k-clique 4k & BRELI BTl k-clique, & — AN k A1
PR 58 4 7 B A SR A k-clique 15 A 351 k=1 A1 81 IBA XA k-clique # 1A A 2 AHAB 1. — A k-clique 4
A& — AT E A k-clique M4ES k-clique - H 11 8355 52 =S MRV AN [ R A 4L ) Maese 28 5%
L I 2 1) A5 0 R 78 o5 3/ 16 2% ).CPM(clique percolation method)!™ )& —Flgl )2 1 A (1 4 B % B0 &% 43
Bkl a0 — AN T keclique B4 I b RE AR T £ SE B BT P ST A BB L) thTILeE
HEAT clique & JF AT EE 27 clique [ IR I OE R (2 15 A k=1 A2 3L 7)), 1T 3 Fh o R (W 37 75 ZEET £ 9K clique
] R LG8 B o clique 4540480 2 FLOCIDRR S5 4 B, 25 IR b 56 Wi 12 BV IR R0 65(2) 7 AR A K clique R ) 6
EWNFEI a2 i iR c

H T SR R AR AT R RO T clique & IF AL B & BLST v ——CBCD(clique- based
community detection).i% 55 BENSIT clique 5 )N A 52 2% B . CPM 119 O(nlog?n)# i 21 O(nlogn). 14, 1+
CBCD R 37 B & F Sems, it LSt 2 () FF 85 1 L Ase /N B AT 75, CBCD 4303kl i 1 38 A 4 1 2D 3%

(1) ¥4 e UL TO A8 SCHR[16] T4 S5k I A clique. AT R A7 24 JE 2T clique, T 3L 2
A BGE BB clique H /N —A clique [ size—1, I8 4 X A clique sttt 4T & . 1% 0 ik iz iT 5 &
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(2) LB, 1 AP EA EERE N TARHEE S P, T 20 E S 0 SR 45 I 3R AN L a7
RV FTALIIAEE O {C,C L 3 5 v 3L rh AN AL A B R i S R

w(v,CV) = > wO(v,u) (10)
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uev (ciY)
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T HRE, LAFI BT e TR HEAT A 9F. 24 clique i H LLER KIS X Ah 530 77 X ) 250 28 UG SE B vh FRATIR A T inverted
index 7%, 9 BEAN s S H T OCHE R clique, XA L T A TS A P clique HEAT LU & I AR b s T
SRR N HEANBLVE I S R B SR B T A AT n AN SR TG 1] 18], Rossmant ™ HE ] T clique i IS ) 53 2%
BERI R 59 (0. 5238 [ 2 6 T K 22 Boah 2o 0 28 K U, oh 1 3L B HL AT (0 i i R 8 A B % 34 B A R ALk
B AR AL 22 19 2% il K-clique IRk F —fcHX 3~6 2 1] T LA F-— AN K/ A n g 19 4%, clique POl — A g4 5
O(n) 42 2% B St FHh B H 1K m A clique, N FAE4L T 18 CPM 53 2B 1 clique 44 B A B[R] 52 2% B > O(mlogm).
TR L= A AL AN B8 |, il SRR (1) 20 35 2 RD 3R 3 [ & 4% % 43 51k O (1) AT O(n), 3w J& — 25 4 O(llogl).
IPHEA VLR YE, E 24 A O(n+n+l+mlogm-+llogl). % T % & &, A n>m>1 5T DL, 3 AN 5035 16 1 1) 55 2% B 4
O(nlogn).

3% CBCD.

N E LR TO;

i CO, .. COY.

wO(C®,cl) = sw®(Cc”,c) = (11)

1. MR SCRR[L6]H T4 1 k4 2 TO T4 clique, {CO,...,CY}; %1
2. FORi=1TOn-1

3 FOR j=i+1TOn

4 IFCORICY Z )y A3 s %] min(v (CP) v (CP) -1

5. e A CY

6. FOR ifiv A& DO 155 2
7 e A 23 R (L0)E B K I AE T €, € = O{v HHAE v A Ab AL PR v W B

8. FOR #:HI5MH™5 £i v DO 15 3
9 FOR {C" |vis adjacentto C{}

10, HEEWOW.CY)

11, ¢l =c{P ufvp b, cO A wO(v,C{") F K

12. REPEAT 125 4
13.  FOR #t@Ic? fic” DO

14. IF w®(c?,c)=Q, si# w(Cl,c”)=Qq, THEN Cc=c?ucl;

15. UNTIL E&IFRAE;
RETURN {CQ,...c}

3.5 #HEIE
Aok TAT5 e T B 958 e 20 AT ) — A T P 0 R AN (] IR 220 S U F A AT, 2 T 4 AT S DR A (B 2 38 2 — I
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ZTZ AL T BT 21 k)2 0 ] S BT ek PR T A 13 RV 1 TR, 0 AR T IR R A T 2R A e W ke U X
S8 SO0 A R R S A 1 A P A AT S A W (1) U Y, B S A I 2 1 4k 2 )
A T PR A B M, A A K A A P AR AR G 3R (2) A A AR K 1 s W o g VR A AE — 5
() A5k o T 0, 3K LR — Rl £ A TS A S BB P 5 S, BV IS P A I 20 i A AN AR 1T € 5 ) 2 ]l S Bk
k = max(NCor(C",C{*")x ECor(C?,C{"*)) (12)
Horfr, NCor(C, C{™)RIECor(C,C{) 43 il 5 SCh BIAN AL AT R 1 Jaccard AL I, 24 50 (12) A e
Rk NCor(C,C{*)aECor (C, C{"™) e KA, T A2 A8 1 A1 5034 31— AN 45 B A U FiC L
T VP A 199 2 S A TR A DT R e sl P, AR SR b A 1T 0 s S P AR S A o R o i 1 A I 21
4 2 e TR 3 R/ 3 B g O g, 53 0T m R n AN T 8 3 WA B2 T (g Ak ORI B 5

(t)
ccorttn = ¥ | INEOL s Neorco,cemecor(c o) (13)
o | IN(@™) | i
1<i<m Zj<n
A 2 2 (13), B3 CRIu(g®,g™Y)se Xk
CFlu®t*Y=1_ccor®+V (14)

U AR, ] 2 et 0 A AN P R A LA T S IO A AR PR, e s I e v i
A 5 SR A P S A S, A S A [ 4 A R R R 4R ) — i PP A B v, LA T F 4 [ 5 R R A 2
ERR WK 6 A Bl T — Mg C(&1h A ARER A AU EE) 47 1 2 — /MR R /N R 58 42
P LA 4% 000 (PR TR A 20 a0 A LB AR 1 2/n(n—1). 5% LA PP &5 i 4R 0 1 6 2o IR AL VP4 4544, 4 std(C).
XA C SRuE VR T E
EaC)=DC stdC)= 3  |log (W) / EC)] (15)
vweeede)|  Waae) (VaU)
A(15)BEE 18 T #1145 0 19 % F2 B[R] W AT 1 T Ak T P 8 4% R 2 DD BT 40 A I 34 S R B JL (B R
ALA K24 C 5 std(C) 2= Bl ax AN 8 A B SR 7 A4k B 45 W 5 A 2 TR oG &

Fig.6 Community and its corresponding complete structure
K6 Ak RIS R 1 ) PRA 45 44

4 LIEKITL

41 BURENSE

VAST #(#li 8ok H IEEE VAST 2008, 72 — NI 35 38 0 B 1 o 26 & ds T — 41w ¢ 400 N &A1 10
RIBIEHIE, CAERX 10 R ZAN AL S 450 kA T — kA28 % Enron Email 373 45K 1 Enron 2 7
PR 8 P IS 2 B 2R D 8%, 145 T T K 24 150 44 FH 7 K8k 28 ) v J2 . LI [ i85 152 0 111 74 (1999/12~2002/03). 75 3 B st
BN,V 2 bR S R A P FE CEO AR S) . A Al 1% 7= %%.Cond-mat 3K [ Cornell e-Print Cond-mat %44
B, IF )5 B 2 70 J81(2001/03~2006/12) 7R XA Hl & b i A il sk AR RSO EHE A E R R Calls A & B
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Yok A A — AN 2 w0 PO 53 0 AR 3 U 209 (BE LS 58 5 T b B 45 A 7 5 J2), A 5 T 187 K (2005~2006),B 1% i
T 152 K(2007~2008).7% B B [A] B, i%x A |l KA T — S m 81 NS 00, G HOE 5 24003 142 F).Calls C ok
B 318 S R AR — T 2005~2006 [ G I 5%, 0 S A T EL VSN 1 15 5 R W@ TE I K TS XU 1
R BAE T RW AR 4% Calls AB,C 3X 3 4G B2k A W N 5 — B 3ia i 1 F 275 IR O T OR9
FA P (0 B A, 3 ML ASE PR %) i A 0 1% 5000 (1 B 05 5 A 4 B — b — AR AR 1D B B 46 L TOURHE T AR HEAS S5 XA
UNGEDRE

R 2 TIX 6 MR — LA BN p 0] LU W T — AN ) P R AL 2 3R 8, AT I8 A5 X
B A A o S T P R (B 6 AN H i A ), T A7 S ARk 4 1R

Table 2 Datasets

Fz2 B

Datasets IV(G)] [E(G)]| V(g™ IE(g™)| . Time span
VAST 400 9,834 372 983 2.64 10 (d)
Enron 150 24k 60 219 3.34 111 (w)
Calls A 265 113k 167 812 4.83 118 (d)
Calls B 352 54k 196 436 2.23 102 (d)
Cond-mat 52k 280k 1k 4k 3.95 117 (m)
Calls C 64k 1,090k 7.4k 10.8k 1.5 174 (d)

p - Ratio of edge and vertices, |E(g(i))|/|V(g(i))|; Time span: d—day, w—week, m—month
42 MEELBER

B ASCEE RN Timeline A IRE%, ol LAPRHO A 2045 21 6 A 19 4% 1) 35 22 i A4 F A s 5 70 ] 3(a)
IRB DB BN 7 R 8 R W] RARASEBR b FEIX YR P XA P45 Jr itk 1wk 2 5 i A T KR 4
X} T Enron Email, &l 3(b) 1R 8 Bt R T — Lo Em TN I %), a0 A FEI . 5T CEO B RS 4. B 8 G 4 v)
PUF tH,Calls AB,C ¥4 S I H HE A o ST 0k, HL R S B DR 24 2 7.8 a8 R T, 3¢ 1 e T 4 1) Dt DT A ATIHE I
AE TR 8 2R 1A 3158 X0 R 1EAT 29 7 7 B30 IR AN () X6 8O P 45— Jg 30 P 1) A1 5 R T 4B T DA R B
B WAL S A B AR R E DL R U AR (B 7(c) IR, AU RE M Al 4R C i IR XA ER
% NE 7(d) ) BUE Y, Cond-mat BHIIFE 4 B 52 T ) — A B b T R 384 e R #A 3K 3R W) A T A
(condensed matter)7F: 2 ¥ & &, H W 5| T Bk 2 (MR LR

B T-LLE Timeline 4l 45 53X BN - AN B A 42 58 3.2 9 A I 7 VA REAT AR Bt B, o 45 &6 R L3k
3(H T VAST s 55048 A 187 L AN IS T 507 23 2 T B, I LR T 470 1Y ). B T 3k 0P A3 B, B F 0025 2 vl LA gk

P 3RAF AL
Table 3 Segmentation
Rz3 MLKBHIE

Enron Cond-mat CallsA CallsB CallsC
1{s™3| 12 15 18 18 16
Avg.|sY| 4 4 5 4 5

[{S}: The number of smooth segmentations
Avg.|S”|: The average number of snapshots in each smooth segment
BRI T IR T A 5 003 AL PR PR B 1 008 5 TR T A S ) o 5% 7 2 ) S i), X LT T B 2 S SR R
PEH 5 199 2% 1) ~F A8 B AU o 18 W i I Timeline A 3 IR S04 J afy oK (10 0 &4 45 R 1) BT S AR A0 6 T VAST Hid
A IX HLIBUHY T IR 8] 07 R/ J5 PSP AR BOR B P 9 2 2 45 K (1] 8(a)« & 8(b) s ). At il i L S B 723X 4> i 4y
RN RAET BRI A5, 5 2 4005 A 200 28462 T 300, FLAEAG H T2 450 1 B A8 A4 T A58 £y
TR AR LT T2 AT R AR i, S AT T B R BRI A2 6.6 Enron B K iF, 181 8(c). &1 8(d) s
TAEFAT 5 96(H1 2001/12/2,Enron 2w i 4™ OR 37 R ) A1 LU R 32 S S5 R A 2 22 BT Louise
Kitchen 2424 w] CEO(UIE 8(c) T, fr T+t R (b th), FE AN 38 A i 24wl op )2 A A2 22 s LR Louise
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Kitchen {34k 24 2~ 7 CEO,{H LA B A &) v 2 40, 88 7 — 2 At A 52,40 Rick Buy(JEHLALBEFR ] 3 4),Mark
Haedicke (V2 230 1) = 457 ) F1— S8 i 463X 1] LM I A — AN 2 TR B2 &1 R AR (R A AL g 4k bk Ak 30 00 1 A 1 i
i R 5 Timeline ARBLR 8 AL Fa 3. 401 B 9(a) BT -, M Cond-mat 3T 8L B K/ i AR fk 3] LG Y, Holsi b th 2
B A ETFR R 6T Calls C SR (I B 9(b) i), Hoisith i F 8P R fd 22— Mol A2 TO 3 —BEd
T3 A7 B 3, r] CAHE B, e T Ak T B o AT JE A N 2 D I TR TR R I AR B A D BT LI AN 35 B I 1 K/
S S5 /N A T A R S B B 4 3 T B TR A9 A X 4% AT 4 B ot e P R Bk AT I AL AN BB ik Y
LA AR N S 1 B TE . T AR AR #1405 3 6o i e o 19 00 30 A P o LR 0 R I O e A o)

AP % 7= A ) R T
Calls A (ws=4
2.7 _(W )_ 26
25+ 2.4}
. 23} 22
— i —
& #4
= 21 =
5S¢ 5S¢
19
1.7 : : 1.6
0 20 40 60 80 100 120
t
(a) Calls A (b) Calls B
Calls C (ws=6
0.47 lis C (w5360 4.0
0.46
0.44 38
: Spring
: Lantern 3.6
- 043 | National Week festival festival ~
T 042  day S 34
5 041 5 3.2
0.40 |1
0.39 " 301
o3gli. . . . I e 28
0 28 56 84 112 140 168 0 10 20 30
t
(c) CallsC (d) Cond-Mat
Fig.7 Timelines
K 7 Timelines
g T 282 o B f-,,n:‘m
T 1= Fe) m" g - o G
o W - 3 e U asghin
£ a8 3 ] ' g xrm’ Loy May. - —— L
L -] £ - e [
163 388 § = in Arcty Zpw
— 0] o L 18 ey Sramia Dot Showy f Trensts. -
. £ . 151 167 5 |“|H . =
m - - fig 2t m’l; 'Ll,:”mls . u“ = A - cm i
o e LU ] M My o= o o ™ m:u f— =, —
L o ! ] oy L g = R —
® F i = LT TP - o x; i By
[} 3 \nﬁ b m:«i‘ 1o 4"‘m"' m ™ L —
= W i T gy R e
mn:lsn“ m:r'”m _M?“:n

Calls B (ws=4)

2.0_: M\J |
18 ]
0 20 40 60 8 100

t

Cond-Mat (ws=8)

(a) Before the event in VAST
(2) VAST Hu4i% 4 21411

(b) After the event in VAST
(b) VAST Hdls S i1k J5

(c) Before the event in Enron

(c) Enron $4ls £ 4117

Fig.8 Tracking the main structure of the network
Pl 8 Xl 0% 0y A5 R ) B

(d) After the event in Enron
(d) Enron H¥i 4 di 1t J5

BT
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10000 10000 [
8000 ¢ 1 8000 |
e | ; 2 e R T S
= 6000/ Y = 6000 X i
- . e & 5 . v S
S 400045 . s [/ T & 4000
[%p] | et e | [%p] |
2000 ¢ 1 2000 |
0 ol
2 4 6 8 10 12 14 2 4 6 8 10 12 14 16
i i
(a) Cond-Mat (b) Calls C

Fig.9 Size of approximate graphs (T%)
9 IELE TORK AN

43 #HHEARXMRENLEER

B 77 0] BEA 100 235 A0 1K) 2 A, A DTS A 20 W A 52 s 12 T o A A S ) SO — R AR T A B e AR 3
HE S, 53 HT A (A1 P98 A 5 1L

T 5 A b e MUY B, 2 4 N AN T T A L T 3 AN G 4 A A A e T A AL 1] ) A [ i L5 A (CBCD:
clique-based community detection, B 55 3.4 528 i 4k [ & I 573051247 28 k=3,Q,=0.6;3 4 H <" K IRIZ{T
¥R 4 Intel Xeon CPU 2.60GHz XU#%,2G WAE. i1 T CPM Sk AAL# & clique fI-4 Jf, 5T LL CBCD i 3% I )
AFGEE 3.4 FTEVERGAR TP IR). B T ACSCER I HEZR 1) T2 32 H (12 S I AL 9 45 (1 sh A RF4iE, T DLAS S
EH PR P A I R0 O A i 9 4 9 K o 2 N 3R T LUt CBCD 3 AT 19 21 (04 TR R R /N2 1
FOAb PP S0 NABAT 204K UF,CBCD (32 AT I ) 23 /- GN 59k, 55 FAST SEEA . A3 BRI (1 A R U,
T LA DX 8% A [T 0 35— AN B AR S AR A B — 22 0 2 () A A RO T A o 446 1 ek AT A R 1% L AT
/I CFIu A (BBCA A CCor ). A3 4 Jt )i — 41l LA t,CBCD f¥) CCor %2 W {1 HoAly o o 550925 3 15 W) L
I3 PR A 1T 5 g S o 5 L

Table 4 Results of community detection algorithms on call graphs
x4 UL R BLE R H AL

Name | {TOY Alg. {CYY | V(C®) | Avg.Time (s)* | Avg.CCor
GNPI 13 13 4.3 0.019
Calls A 18 FAST4 1 16 0.10 0.015
CBCD 10 13 0.46 0.037
GN 14 11 15 0.016
Calls B 18 FAST 23 8 0.13 0.015
CBCD 7 10 0.35 0.017
GN 356 10 59.3 0.031
CallsC 16 FAST 221 12 1.8 0.031
CBCD 106 9 1.9 0.037

U0 LA P (1 512 B 2 SO D, 4 2 I 28w (10 4 P 7 2% T fi e B AT £ R AT e 1) B AR o 2 K I 4% K
F (0 Calls CYAR XESE UF & T K41 7 1) 7 B (B A AL 25 2% 11 BE R+ R s 53 1A 57 7] 5 P (homogeneity,
WARL AR RS . AR R . AT 7 B0 AN 548 HH A [ & BT 0 S22 X HLXE Calls C© $dfi b 3% 1
FAST 1 CBCD W 52 T sk A3 AL R S A 3047 7 VA0 . 1 10(a)ifid T L2 Py i 52 4168 1) 38 5 22 BB K, 3 W
FE A B PR A 22 TR ] LA Y 6T CBCD SLIk I A I IA) A 141 45 4 ) 03 4F 18 22 ) B2 /N T FAST 41k
FITA B F0 45 S B T 4168 0 M AU i LA AR, A 1 ok 3 35 LA ARADL B i 8535 50 50 PRI L B 10(b) ik T 4k P ke 53 3%
2y b 355 0 A AU JE (O ok FL T 43T 17 i i £ R R A, AR B O, 330 P A R B 1) ) b R AR ALL), v DA HE A
CBCD L3R (¥4 P B 52 110 35 0 b 35 50 Jon A B, £ 25 A AL BB TA 3] 0.9(FAST Si 3R A3 1) 45 HL AT kA 2AH
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(a) Age deviation within community
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07
0.6 g CBCD
5. 05 el FAST
= 04
@ 1
e 03 2
a Ly -
0.2 M, T
0.1 e "
e, 1
0.0 =
0.1 03 05 0.7 0.9

Age similarity within community

(b) Mobility similarity within community
(b) A HAAAREE A7 E IR AH AL

Fig.10 Community evaluation
K10 #LHTEG

TR BLAL 25 W 45 timeline T A2 L35 1 A& 110, BRIV A 19 45 (1 £ P55 1R o 2 IR 486 J3 3 < A4 X B timeeliine
AN S e — et o Wk A, A AATIAE JR 2R o 4 [T 38 R0 R 7 P I 2 A o ) o 135 A K 1) A [0 77 2% 0 P9 8% 1) J) 3
0T LA 4L i 30 2 B Sk R B A (0 v AL T 10 @) i 7R T TR — 2 ) A 1 B AN [R] B 0 L A 10 3 3 78 A 17 o, 3G
HR RO AR R IX AN A | A 1 BN Y A 54k (Calls A,2005/10~2006/03), 1) LAE H Lk sh— H 2 — AN iR
SR B R AR R I A A FIAE SR 2 B 3 4 FA e 1k (Calls B,2007/12~2008/04). 1] LA W B M 5 21— B s )
W BIX 3(80~100). 5L br b, A FIAEXBR R AE T — &5, SRS ASEY).

1.4

' ‘Change |
1.2+ --B-CallsA period L
Lol --EF-Calls B L (CEO left) |
Fluttn A AN |
“ost /R 4 N q
| [ A _\E_rd_u. a—a._ 2 E"qu"-
06 / d Al ¥
0.4 I-"I‘ W {
02l - . . s -
0 25 50 75 100 125 150

t

(a) Fluctuation of communities in Calls A and Calls B
(a) Calls A FiI Calls B H #L |13 A4 ) 3 B 5 5L

60 & <10
== <

<) 50 --B- =10
40
j? 30 ‘

20 | ——

10

1 2 3 4
Eva (C)

(b) Community evolution of Cond-mat
(b) XF Cond-mat =4k |41 )38 44 73 A

100

90 --Br- <10
% 80 _'_E-_ =10
2 70
> ]
< 60! S

50| s =~

2 6 10 14 18
Eva (C)

(c) Community evolution of Calls C
() *t Calls C thik [ iy 3844 H7

Fig.11 Analysis on community evolution
Bl 11 A EE AT
Wi 7 D% B A 0l A DTS A £ 56 000 LA, AT SR R A ] 7ol 65 A R AIE 1O A T BE A8 3045 BE G0 T 20
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P &5 g 5 5 A 7 i (LD A 1T i s A B A O RE ) R O AR X HL N 28 3.5 4 482 81 9 A AT DF i 7 2%, B o0
Cond-mat A1 Calls C K4 S HEAT 20 #7161 11(b) AT 11(c)dtiid T4k [ (¥ ~F 34 745 #ir A1 D(C,std(C)) Z [ K &,
o B 1R e AR A T B e (8 (1 R AR /A L wT U AE D(Cstd(C))ELEU/IN IS O T, K AL i) 1
HAT AR A5 i [ I B84 D(C,std(C)) R85 I, 24358 25— )a U A7 dmfe St 2 1 B P & T PR mx) T/
At 141,D(C,std (C)) X e 75 i K9 52 Wi JU) LU A /AN G 3o 6] A8 PR A3 iy (180 25 58 A Bk DR P, S SRR AT — AN S5 10 A
SRFR, I IRl A 5% 28 A TR L A4 2 (B A [T A FS A (A g G AL B2 A ) I, FE8E A B NS 3% 49 5
RTINS T AN BAT IR (1 A AR/ (4 A SR F, S A B 5 AN 1)

5 HitRRE

b2 W A5 FT RO DS, 0 NATTIFFUBL S AR o NSRIASAEAT o4t 1A R TR RSTS84k Hh A 38
Tl A (A2 0 % 2 AT HE S, FH K 53T 3 245 199 6% 110 B T R o R0 358 A A AN [ 4 5 1) T 3 2 1 b 1) e 1)
AL T A SCE SE M timeline Sk & T I 44 FAO35 A0k 35, O T A1 AT 0 26 3 B, el o ik X )P s £
B PRI AL, A 30 45 3 EG 445 ) PO A AL ST T AR 0T I 5% 1435 e 3 T At A 88 oxok I 30 AL ST )3 B 2 A XA AR AN A
RE M5 7 4k 2047, 170 L BEA A7 20t B ALK R 7 17 SR ) S M A SR B 17 T3 fBL BT it e [T Rl 23 3B 3T vk, Tl el %)
2N FLS AR 2 W2 10 20 AT B E T AR SO 8 20 A T PR A S A S L A A RS 1) A B T DL B
A A G4 55 LT3 i AT A B IR S B b AT S B 5 SR K47 DA 6 2 i -2 B /b AR ST Y 10 75 T R A 2]
(45 18 F2 A 25 W 2 3840 (1 A BEEAT T — AT PRI ER R T — 28 AR R0 I 9 2% At P o ok s AR AT
FUANATIEAR AT 2 MU Bl [ (R i 5 50 B B U1 PR 58 st A A A R AR B Tl e — A SRR ) I ) e e B A
2 JLAB TR 3R 2 S WA A 1T A5 A A 5, 0] T B PRI SR A 20 M7t R R — 20 AR RO

Bugh R A AR NS T AR ST B WL B A TR A A I Al 5RO AR SN AN S 6 B A ) SEE A
High.

References:

[1] Sun JM, Faloutsos C, Papadimitriou S, Yu PS. GraphScope: Parameter-Free mining of large time-evolving graphs. In: Proc. of the
KDD 2007. 2007. 687-696. http://www.sigkdd.org/kdd2007/

[2] Asur S, Parthasarathy S, Ucar D. An event-based framework for characterizing the evolutionary behavior of interaction graphs. In:
Proc. of the KDD 2007. 2007. 913-921. http://www.sigkdd.org/kdd2007/ [doi: 10.1145/1281192.1281290]

[3] Girvan M, Newman MEJ. Community structure in social and biological networks. Proc. of the National Academy of Sciences of the
United States of America, 2002, 99(12):7821-7826. [doi: 10.1073/pnas.122653799]

[4] Hopcroft J, Khan O, Kulis B, Selman B. Tracking evolving communities in large linked networks. Proc. of the National Academy
of Sciences, 2004,101(Suppl. 1):5249-5253. [doi: 10.1073/pnas.0307750100]

[5] Palla G, Barabési AL, Vicsek T. Quantifying social group evolution. Nature, 2007,446(7136):664—667. [doi:10.1038/nature05670]

[6] Berger-Wolf TY, Saia J. A framework for analysis of dynamic social networks. In: Proc. of the KDD 2006. 2006. 523-528.
http://www.sigkdd.org/kdd2006/ [10.1145/1150402.1150462]

[71 Jure L, Jon MK, Christos F. Graphs over time: Densification laws, shrinking diameters and possible explanations. In: Proc. of the
KDD 2005. 2005. 177-187. http://www.sigkdd.org/kdd2005/ [doi: 10.1145/1081870.1081893]

[8] Lin YR, Chi Y, Zhu SH, Sundaram H, Tseng BL. Facetnet: A framework for analyzing communities and their evolutions in
dynamic networks. In: Huai JP, Chen R, eds. Proc. of the WWW 2008. New York: ACM Press, 2008. 685-694. [doi: 10.1145/
1367497.1367590]

[91 Long B, Xu XY, Zhang ZF, Yu PS. Community learning by graph approximation. In: Proc. of the ICDM 2007. 2007. 232-241.
http://www.ist.unomaha.edu/icdm2007/ [doi: 10.1109/ICDM.2007.42]

[10] Backstrom L, Huttenlocher D, Kleinberg J, Lan XY. Group formation in large social networks: Membership, growth, and evolution.
In: Proc. of the KDD 2006. 2006. 44-54. http://www.sigkdd.org/kdd2006/ [doi: 10.1145/1150402.1150412]

© HEBEERAET hipd/ www, jos. org. cn



1502 Journal of Software #f+% 4k Vol.22, No.7, July 2011

[11] Jin EM, Girvan M, Newman MEJ. Structure of growing social networks. Physical Review E, 2001,64(4):046132. [doi: 10.1103/
PhysRevE.64.046132]

[12] Tantipathananandh C, Berger-Wolf TY, Kempe D. A framework for community identification in dynamic social networks. In: Proc.
of the KDD 2007. 2007. 717-726. http://www.sigkdd.org/kdd2007/ [doi: 10.1145/1281192.1281269]

[13] Tong HH, Papadimitriou S, Sun JM, Yu PS, Christos F. Colibri: Fast mining of large static and dynamic graphs. In: Proc. of the
KDD 2008. 2008. 686—694. http://www.sigkdd.org/kdd2008/ [doi: 10.1145/1401890.1401973]

[14] Newman MEJ. Fast algorithm for detecting community structure in networks. Physical Review E, 2004,69(6):066133. [doi:
10.1103/PhysReVvE.69.066133]

[15] Dérenyi I, Palla G, Vicsek T. Clique percolation in random networks. Physical Review Letters, 2005,94(16):160202. [doi: 10.1103/
PhysRevLett.94.160202]

[16] Tomita E, Tanaka A, Takahashi H. The worst-case time complexity for generating all maximal cliques and computational
experiments. Theoretical Computer Science, 2006,363(1):28—42. [doi: 10.1016/j.tcs.2006.06.015]

[17] Gonzalez MC, Hidalgo CA, Barabasi AL. Understanding individual human mobility patterns. Nature, 2008,453(7196):779-782.
[d0i:10.1038/nature06958]

[18] Bollinger JA. Bollinger on Bollinger Bands. New York: McGraw-Hill, 2001.

[19] Rossman B. On the constant-depth complexity of k-clique. In: Dwork C, ed. Proc. of the 40th Annual ACM Symp. on Theory of
Computing. Victoria: ACM Press, 2008. 721-730.

R (1969 —), 5 W B K Vb N R # BREF (1984 —), U5 il -2, 1 BRI ST 400K
$2,CCF migl 4 0y, 3 TEA 50 AU A S 4is h BRI AL 2 T 2% 4 HT
VB, A M 4 R R . Ll -

F (1962 —), %, @ & B Lk
Jill,CCF 2R 2% b4, L 2B 5 U A 43 A7 oK
TSR B,

© HEBEERAET hipd/ www, jos. org. cn



