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Fundamental Statistics of Weighted Networks

YAO Zun-giang, SHANG Ke-ke, XU Xiao-ke

(School of Commumnication and Electronic Engineering , Qingdao Technological University, Qingdao 266520 , China )

Abstract: At the present time,all kinds of statistics of weighted networks have not a unified defi-
nition and their physical significances are not very clear. Therefore, many researchers turn to dis-
card link weights using the threshold method and study the unweighted version of complex sys-
tems. In the paper, fundamental statistics of weighted networks were reviewed and their applica-
tions in real-life complex systems were introduced. The study is helpful to clarify the definition of
fundamental statistics of weighted networks, which can be used to analyze and characterize complex
systems. Especially, understanding the intrinsic relationships and application backgrounds of these
fundamental statistics is the foundation for developing more effective statistics of weighted net-
works. Several shuffling methods for weighted networks were presented, giving reference and com-
parison to study a real-life weighted complex network.

Key words: complex network ; weighted network ; statistical physics; complex system

A 20 22 90 440K Watts Al Barabgasi 20|42 HGl L EER . T2 W T 24038 2FRE. 20t [H
H/IMEE S FITCPREE M 252 5 2 BE . ANEEARRISE T LRI AU LS T 40 A

rFS HEE: 20120131
MBEES: BXARBFEL RN H (61004104,61104143) ; IL R4 A SR} 2= 34 98 B30 H (ZR2011FQV08)
YEE B I Bhsm (1987 —) . 5 WL oA . iF9d T ) - B2 22 2% . E-mail : yaozungiang@163. com

VRN (BRI L BIZER. W57 ) - A2 M4 5 2 42 2 40 . E-mail : xiaokeeie(@ gmail. com



H1

RS SR L S5 IR 0 2% 14 GE T 19

FURARS O AHY R BRI T W 25 SCEE T B RITTE XS 52
A PRSI » R JEF N FA Y TCA R 45 - 19 R
Z RIS A AR B A BN (HA D A TCE
HUE R 0) G TR M2 T AL T S2bn RIS A
A BT FA TR AN 22 5% R A 2R R G I HIX R i £k
TEARZ I B ST E T RGEAIAS FRFALE . (H 22 0 kE
] ARZ R GERR T AR 2 A3 MR o CHn 3 A 9 1
BREERFPEAE) o o H2 10 580 R85 8 25 TR R L
SRR A SRR SR B S B PR A R
SR ARG e B ERHAE BN AL 2 R 25 R g A
IR R 55 P RN R4 1T LK IR 4 Y D E
FWERTRAIREIGE . TR 25 e A R R ) 25
HOR B T R BE A 220 WA K Z AR LA A Y
UG S BT s e B AR ) B A P A e
ANHYEI R s BB I 2% TP R
(AR ELVE R SRR s 22 W 25 v AN TR 22 e
R TR SRR R 5 LB as 100 2% v 4 2 i
LBk & PR AN R .

TSI 2 F B 4 25 0 AR AT — A B R 5
JEE AR RAEL D 52 205 R 45 v 1Y i 22 M) ) 56 28 AR A
FHAR AT S 2n 2 iy 20 ) - Be. B L K A 2%
W25 PR s ML) BE 7 A EE 22 W A B T AT TR
PR 5 % ZR SRR DRI JIAS R 2 2 2280
SZAMZEIT T — DB 20 3. 40 Barrat 2848 H T
15 L2 i g i) BBV & K15, Thadakamalla 45 B 5%
TR 2 LR R g0 L Filippo 2842 T
U2 v f £5 JEL 2o D B A B8 Bk L L S A
oK [ N2 WA TR Z AR AR T OR - W4 ST
FE T AL 00 255 1 B £ B [ S AR 2047 T
UE 3 A X0 T R 28 AR 2 R SO AIVE S
SEOMHT T ACTE IR S T A A AR o 2 AL 02
Lu 854307 T IR 19 26 v i [ A5 e 21 T ) 3
FIJEIRIF T T B I FUI v 583 e He i A P

SR+ RERT T JCA R 5 B9F 5 (14 280 » A R 45 1)
B S BR bJ2 RE B A A AT R e
S o 2 L T 119 2 R R A — > FAR RO, — B2
ANHH IR AR R 26 B 28 R GE T LU T3
ARMEFEI L2 Wy B SCL I Bl PACE R 51 A
SECT AR b5 R OB A S —.
DRI AR 202 L T4t R 2% PP 3 A Y S LS L il
=T TR I R 2848y A JCA M 48 Je PRt A T
B AER SRS 1] BR 0 fif 328 RO Ry — > B 2 ]
AL ST AR SO 23R 1A 2% LR TR SEi
T [R]85 | A S PR AR o 4%

R L S B S i o B T PSR I 4%
REALAE B AL T %

HIFFEINAS I 25 15 5 st 2 e AR 1) I3 0 5K
B 9 265 A 13 ol 2 75 AL 1) 7 X AR UL A A A
SR AR I A OB 27 1Y i Z ) 5%
BRI B BOR O Rl BR 28 B R 2 (B] 1Y
PR FEAn AR AR S AER N B A RbA K
Er VR URERR 2 o AR DA I A R gl R0 A S
PR T3 2 B AT i AR 1 1 22 ) B A
HOHBOR % AR WUBT L 5 BB 6 R WUBOR . A
SCHE R T IR P T R A AR GE — S AR 3
TEAS o 0 265 HL T AR w0 BB [0, 00, i A]
PIA—AE2I[0, 1] 2R wy =0, FRT 8 @ fj Z
[A]AN 42 BT ELEEAH LA . BeSh, B I8 B4 1 i
BRI ) 5 A e B 20 T 52 A F B A3
PHE R T EXRIE TR AL 2 (HJE AR Z TR
AIGETH R 0 9™ & )5 X A 1 AR 2% 2
SELDR

1 MBI E AEitE

L1 T 58 EHFIE

TIASL 9 48 5 ¢ HE DR L e 4 20 ) (L e
14 BB 57 BV 2 I AR G A% a3 22 18 B AR
255 JE RIS AR AR B 4R T 5 858
THRAIE A 2SR L () np o A A F b 22 18] A AR A 5%
PEt MEIX R R G R R AR B T B AMILA
(1001 200 10 P 25 9 4 ) B R R N BT LA L R
290 Y P 25 ph R AT S JBORRL Y A AT O Y
3§ 2 6 A LA R A B S 2R R 4 Bl ST
KBUR 2 25 B0 4 S T A B AR Y 5k
H TR 0 D O 4% R B R G A R AR T
. RGREE A p Cs) JER T RSRIEY s B
FCERBEST p o) AU pCw) —if .
FRATIE AR 28 S it 7 Z A . L anTeAT 28 K]
2eeb W RGBS p () LA A p Qo) R 5
ARG IR R AT AR

TEALE W28 R i B9 RE ks T LR A SR st
TR R BRI s HE SO

S; = Zw,ﬁ @9)

Jex;
A N B Im I RS

MO LA, SR E s 8E T W R &
A AR R w5 PR 7 THTAFALE 5 S 19 i SRy Ja



20 S8 N N S

2012 4 5 34 %

R —FhZE A FRIE T K.
PR BCE SR AE T S R BB, s
I 1A Y RS AR A Hog SR
Si
w; = IZ 2)
AR R A A TE A
B PN 5 B PR A AR [R] B  FEAN TG X AN
B B 5 B AR S5 A A A R S LT
A] B2 A 25 1 AN EE #P G T AR w, 4K
{85 B MR FOA D BG4 1 AL 5 (e 3. 4 5
ANFEBON ko GRIEEN s BYLA T AR A fi
FIZE ST LR Gei e v ok B, Hog SO
yw:E[ﬂﬂz (3)

jeN; = Si

YRR T R MR 23 A ) R BOREE L ELIAL
W9 8 1 BYEE ks AR BT A RAEE A 25 R
KNy 5755 R BE k5 BEIBUSE s A B An2RAY
A— B ERESERN v, =1. TPk
W0 28 v LA i 0 Y 5 5 RT REFERAEAE PR 3l
LA BEAE R ke Y S y (k) 25
RARES G K B, 5 R I ACE Iy A AR AR P
B HEZRERZEANZ, Wy (o) BMEZ N 1/ k. i
TN 2RA R 2280 rd b R AR 22 S PEAR R B A
A— AN AR T R T H e #EL Ny (k) =1.
e mpiE UL I y oSy TREE k.
1.2 SNEMEIEEHXR

20 0 285 v B 2 T RO T AN AR ) L AR A 2R3t
WF9E 25 3 B8 00 TE A 4 D 2 18] J2 75 47 75 AH 5%
PE. YA S M 28 i b A A TE e, BEAE N k
T SRR R b 2RI I

s(k) ~ Ak? ~ (w)k (4)

Ao Cw) PR AL B N FRHILG R ER

D FIRIEVIAEE S L 4 MRFAE (U1 s
JEAED Z RIS AR T 25 A 5 2% R i
FHSCHERT LR B4 B=11H A~ w, B4 BFL.

WeAb 3B A 55 A 2T LU R A W i A
342 30 T A it 1 P 22 ) 5 LA A S

<LUU>’\/(k'gkj)€ (5)
Ao, Cw ) I WG B FETAR ks ke AHIF]
ARG .

SO i 1 322 10 ASLH R 1 30 71 S s ) B O
RUZ AR A ARSI R L BE i A MR LA T30
ASCHE MR 45 04 A5 R 1) S IR . o SR AR 0 744 32 i
A B BE S B AR B ST A U 0~=0.

1.3 [MCE4EiE
1.3.1 VLECREK
TETCAL 45w, e iy FH A A0 1 o B DC C A
FIGE R DB R B0 Y I R BUE X
Mk, k(,—[M’lzé(kﬁk‘,-) K
r= (6)
AFZ%%%%%MFE}%h+kQW

2H L M Ay P4 v i ) ARG ke R K M —
FIE I i 1P BE R

TSRVCTC A =0, WIFR ) 45 52 [R) L 1 5 R
10, WFR 28 J2 57 BC A - R I T IR R0 2%, HE A
INGESCIIVG 3

HYD wiki ky —[H' D) 1 wy (ki +k;)]?
ra= 2 D
IFE%MMM@ﬂFE%mMﬁMP

b, H S W28 v i 3% 0 0 BT 5 o o0 Siig 50K
A R A

5 v MR, v BESEAE -1 F1 1 2002 ra
= N, T LA A e AU Y A A ) T A A TR
TEANZI T R B 2 v <<v B, AT B
B 1 AR T BEAH 22 AR R A5 s 2 ). 48
7 W CREPRUE S I A A B AR RS v = 7,
B 3R ORI G DS R B )3 SO —
ZERN . v FAE R A M 45 1 B DL C R IS 4 AR
VETE ZREUN 32 AR 19 4 15 5 32 198 DG 5 A M (40 )
TIERIR AT AHR, ra 8 XA iR A
AR DX o PR 1k T DA 22 320K A VG e ZR 850 SR

M'>)s:s; - [M*Zi(si +s)
Ty = 2 &
M’lzé(szﬁsﬁ){M’lZ %(sﬁsj) ¥

s s 5 s ;43 3R — 4% 300 1 A it A R R
AR AL VCIE R EL 72 =0, WIFR AL ) 28 2 7]
Tc F4) o AP A1 B P85 TR 0 S0 i) 3 9 5 A 2
Pz <0, VBRI 199 45 2 S5 1 » Db Bk o578 3 A 22 4R
KRBT s Z ) FAREIE R R A
1.3.2 SRR AR
FETCAL R 26 v, 41 I S 249 B S 5 Ah—Fp
iy o R 24 R DT i ARk A O ) HE SO
Ko = Alfjgjkj (9
kijeNZ-
T e SUPROA T A5, 0 BRI T s ARS8 B 2
A 1A SRR AT




414

RS SR L S5 IR 0 2% 14 GE T 21

TR ST B A AR s T RS2
NG RGNS S Z B2 AT —
ARSI DG 3R o Jof PRI P 2% 1) BE DR FC AR T 1 ke
ORI k 75 S0 ko P2 0EL 0 2R R0 45 02
[FIECHT U Ko, CROBEAE K 835 000100 165 0005 AH B2, 20
R F B s ko, CROBEE Kk 3G 22 /1. Xf
VA 1E A E SN0 = $ I B e & N DR S
DLsE S ggliaea2]

Kouni = iZLvéikj (10)
SijEN,;

AR E QO J& d A — AR w /s 75 2
18 i T 8 R P 289 B 8 SRy S A 2 X AT
S L2 A P 45 114 [+ 288 DG I A0 S 2R D PRl R4
XPFHE—T 5 M Y R EAE wi A e T
EMREN JZE A ko = ks 704
Ko << ke - 3R 4 S B AH AR A RN,
R, BERRE T 100 55 R R B B39 AR B 4 O 15
DL AL U 2R A FH R Ko, (RO R E SCHIT A E
Nk R ke BEL IR A B Z TR R4 1Y
TS ) e P 0 S e A
1.4 REREKE

RS KB — D HE R MR iR — 7
TR A 2 SR T /M R 28 ) — N ST
L. A R R — AR R R TR
1967 4R K52 B 45 N5 N Z a7 BE 73 B9 7 B
FE T B R R M % FHEE ST
e PR U O e B BT ) A RO R R T
X 265 HEL T 47 5 2 IR ) e J i A

TETCHL R 45 F i R B AR I E AR X T 5 LU
Gyt MR AN i Z ) EE A E BT Z A A
FEBARI N 1 QRIS O H AR I . T E AT
A —A e w4 BRI Rt e 1. DLtk
e R TAUE L8 T 5 AR IRE A 1330 DRI M 1 B
TERCE AN A . 10 7E ] 1)y Hr, 2715 5 A
B Z[AIALE J2 A Fl C Z [ALE P, X R
A HI B HfpY AR A A C Z 2. P,
FAXS T C T E X EWRE A W RES A E 2 rE R
() 25 B. S2br b AR TE — T B S5
TR TE 28 P A A o R AT 114 T B i A 4 1) B 2R
SR I 3 A2 BRI AR BRI R A
C Z[8] FR e JoT e A28 BRAR B AT] 2 M) 1 L 4 2 4 1 AL
HO 1L HZ a1 5 B A EEERA IR RE
R R 5 BB o a7 1 B 4% Al E 1L
EATTZ 8] B A B

B B
2 3 1/2 1/3
A c A C

(a) ABBIAL P 2% (b) AL 45

B B
2/2 3/2 1 2/3
A c 4 C

(o) LEH—SE (d) ARAUBUH—AL J5
FRIARALUASL 199 4% FRIAH AP 2%

1 #E 34T KRN
Fig.1 Weighted network with three nodes

Dijstra 7£ 1959 448 H T —AMAPORIT R E R
L NIE el S N R AN O S e ) I B
GPS(REKERL RS0 AT LA X AR TR 4 B
— AR B AR T I AL T SORE A T AR S R S R AL 2%
EF e/ NP AR . [RIAE 3N T DU A 25 2%
431 LTI Newman 7£ 2001 45 F 53R W5 )27
FANEM P RR2E R 2 (B 1 FR 08— SR ) AN
BN LARIGH AR B B n BB VEH Z AL
FIN 1/ 0™ TG  FEAF B A A DA
DA » AT LASH 28 BB Ty A5 2105 AR AU A R
(B 1) g 4 st 25 18] 1) AR RIS P A R L £
UG L) s PRIZAE ST 5 2 RE R
ARG TR AR K X R st R i
22 1) B 2% A T R 2 HL 59 4 2 1T A 2% PRI, 17
JH Dijstra k5, AT UKL A il C Z Al RN
1.0 A fil C Z a2t B ik 0.83 (1/2+1/3).
PRI AR RS, A L C 22 Bl E B e
R B .

SR Dijstra 57 2% BEF 2 TR0 22 19 fe J
B4R SR, A A1 C Z [8) 1) fe J B AR B & 0. 83 3R
T2 33X BLEROME PR L I L 3 = SO AR AN B A
R TR AR B AR SR A B LAS B L
FLE T L — 1> B3 AT 1 7 2 A AN AR A1 - 3
AT — AR5, 33 B 13 » % 40 DL 0 40 UL
PIALEE AN & 1 (o) BF7R . $2 45 fd A Dijstra 53 Fi A
1D HIH— b J5 AR A 40 gt mT DAAS 345 5 =2 1]
1) foc e A . DRSS A RN C 22 [ 1 o e B A2 K B Oy
1.67 (1+2/3)  iXAMMERERE X AT i 2 B 1 R
Bk 1.67 25 LA O SE R 5 v] LUARAS A ) 45 rp



22 S8 N N S

2012 4 5 34 %

AT T VP 1 T 14 e LI 5 L o A o) 45 1 S 44 e e
A T H 2 Y 4 SRy S T AR Ay
B A mT AR IR e S I A 1Y 3 ey b HEAT T
A AT — 5 2% (A G A 2 AN AU B i 1 4
T SCEE TG 38 T Ok L 5 S ] 0 45 ) S ) e i
PRAR AL B33 28 X 2 f A R Y LA AN R 11
1.6 BERH
1.5.1 @RBRAK

FETCAE 1 — A W 45 L 2 RO M
AT R R LY B A IR U . —Fh
RERBRFE, —MRRIERER 2 REER
B SCH R R HoE SO

Cr= 2o/ D) 1D
A, Do WG A ZMIEBEMN 352 «
Sy 2 R SCER = SR ECH

EJRRIRA OB T AR R 25 B A
WA W m] BEE . 7EACEE R 25 L A i) 22 )
BB IR QD TR SCH™

Cip = LL/ELO (12)
K ELL ﬁﬂfﬁ*lﬂ SIS 2w

Hf%qﬂaéﬂaé RV SAE.
1.5.2 JRlERERE

TETCAL N 2% v, Watts fill Strogatz #2 H R 25 &
B 3 AT S5 12 SO FHBTE FETEE ™3z . th
TAZAE AT HIR A A1 SO FRF MR » Rt SO
PR SR SR 28 R A 1 s R R S R A e T
I ELRAR SR Z (R AR AT BT, — N 5 4R
Z A AR B 2T R R R B AR A
IR R e S

2t;

(i) = —— 27+ 1
L TR (1%
At RS STW=AEH k (k- 1)/2
LA S b = g

AR B R AR B B AR R 45 2%, A
BT FF AT A 14 A B S et S TR MR AR
BT 1] T R = AT AU DARTE SRR
FRBEA 5 RIS 265 Hh A7 6408 e 45 a3 LU
AVHETEEL O TR R A ) Barrat S5 5E ST AL
RIMACRZE R

1 Wy + Wi
2 v ! Qi Qg Ay (14)

siki —D5 2
ZREXZET =M 2 ZUARE w; f

Jk SN EF‘ alj ’ a]k ﬂ:‘[] akz%é/j—‘ 3 /I\%‘;I\J_\:’;ZI\ETJ E‘JE?}%%

CZw(i) =

F.siChky =D RHA—ALHA T LU IR 0<<C,, ()<<
LR A A AR A 2 o b 3 J5UA 5 A5 1 JEAY
W25 I B R B (13) . RN . ER ARk
FREEEIE T 5 ARG =MIEA L XEE
T RBADS A QR Cop > Co s RN 28 R A &
14 SR = T2 B Al B8 Fh AR i A 2 2L A A S A
R Co, << Co IR ZE A FA MR A 32 B2 i AR
RAIILIE WU - 725 — R OL T - b T8 AR 23 B AH
HAF T G TR BBCR B 398 R A ARSI =TT
AN AR S 28 AT B i SR A X I 45 4 HES
AR/NIIFE R -

LA Onnela SRR T A7 4 ) B INAL 9 265 BF
FE Ol 3R 53 AN SRR 28 R B 72 X

Cyu (i) = 2 (15)

kiCk; —1>2

BEXFE T =ML 3 ahl_l’m‘l A2 3
DY 2 2. Beoh. LA Py 3 AR I

—ABJE IR U wy = wy/max wa . HiF max wy
FEN A 2% BT I A AN TR wa 1B R SEF5 |,
DL CEEAR 28 00 T 7 H 58 1 SRy 3 i AR R 2
FBURARNR B AE RS R I L T A DX 50
1.6 EAERRBESK

NS A 5 i A B2 B2 I A
HIE AR A B FR A 5 AR AR AR 22 S B )
2 PERAFAE S B MRS BL A . e An7E Internet (I
IBE IR Hhy BE R A G 19 D) Z HE A iR 2
TE B4 PR 2 - 1 2 Bl A R L o T R R 453X
—HiFMERT, Zhou S5 5| AGETHR @, HowE Lk

2E-,
o(k) = N—>k(N>k D (16)

KN HEERT kT S m 8 B hyix st
T ) L R A

B KZEIN T AR o CkOFEZE k38 Jin i 14
T AT RATA Ry 90 4 w7 A B NARSR BB . SR 1M
WE—20 W 5E & B, R /2 Erdos-Renyi ¥ 4% %5 i
ML AR, o] L= A @ CkOBEE K 590 34 in
M4 . [, Colizza 2542 H H A 24 50 B W 45 11 &
MNMEIRTRREL @ Clo) KT HX R i BEHLAL P 25 1) &=
INAEIREBREL o CRO B AR RA L E e (k)
KT 1B, A 6BIN K W% p A7 7E & AR IR &8
PGt

)i W kW ke

e(k)
gpnull(k)

o(k) = an



H1

RS SR L S5 IR 0 2% 14 GE T 23

Bl 2() 15 SR/ NE T BT R %31
e E T AR AR . fE R A 5 Ay
MELARRID) Z A 6 JREHIAE Z 0 145 &
2(h) F IR 6 SRE R A TATAE Sy
21. I IL A3 BB (0 EL (AN 14/21=2/399,

R
hos 2
o
2
1
2
3
4
'35 ?
2
1
2 P \
3
4 \ \Y
(b) EELMREE

1,2, 3, 450 RFE L I E
2 NEMENENERTRE
Fig.2 Rich-club coefficient for the weighted network

Xt FIAS I 28 5 AR AR AR o 2R 2 T
PRI TE 18 A e KA R A7 A6 T B e K
%75 5. Z [ Opsahl 4545 th 1 L

E_,
k) = W) DT Wi (18)
=1

A Wi 95 U AP R % 1 AL EE (L
XA BRI RN « B 5 SO AR
JERTF— (B M o B2 AL SRR T3 X 2
R Z (B B A 3 0 o 8 2 A B B Ay W
AR5 TR R B0 AN i R 3 YA 2 Ol

S W e B TSR T 0660 . 0 ST
SR I e He A F T8 2 ) IR 4 5
I AR 1. — AL T 9 AR BT AT AR LS K
H e B A T T4 A2 ) DR 3 B — Tt
AN 1 AR A B — a0 i s 4
B/ R T FLAR SRRSO T il Hofge
AR 1 45 B WL 150 240 5 B 19 2 77
ST ECAEL o, (RO JE AR RT 1A AR R AR ) 2
A B R R4

¢w<k)
w(k) =
p ¢w.,nul](k)

a9

s b wnan ) S SE B W 288 BEATLAL 5 A9 INAR i AR

2 MM BRI ERLE

AT SE PR IA R 48 £ R G B L AR Z R AR
ME AN E R B A 25 AT = I AR PR L3 H e
PR 45 R IRt 3R . 1, — AN 4% B RIS R AL
S 0.2, M R i S ARWE 7 7ESEFRm F b AR AR
BRI AL ST B G S i — A H s g
FRUEAR Z it AE 1A B G T -REUN DT e 22 500 B
AT OGR4 S B I 6% ) 245 SR L
BEIL L X285 1 45 SRAH B LS A 2 Y, LT
IR R SR R O 2 — R B i )
WLV, SEPRINZS I Gei T AR R EE) ik
JEAR T B ARAULE © 43 HE T BE R A
IR NN N O DA W = w i X e S =R
FNPIAEXTEE R S DR 1A R 45 e 1t 114 [ B AR AT A2
BT AR 2 AR A LA B AL
2.1 ZEHREHL %

TE 2 5% W 45 TR 5% 2458 LA T » 45 Ff Bt HIL 0 265 ) ik
FURC AR T L - A 25 FH ) BREATL I 28 B
Sk 2 MLEHL R0 45 B0 . 25 i BEATL IR 45 (R ARE 2R 43 A —
FREA S 2850 43 A B R TR 3 A 1 RS X
25 L 245 455 0 76 AR 22 BIF T TP 8 2 VR O B A X
G ELIX BB B 20 T AR 22 A8 RS 1 160 A A7 245
BRI S I AE A FBIF I & BIAR 22 592 ) 245 1) 35 4 A
TR KRR N ERE NS A
— SRR R A, BRI R LS 45 11
SER R TN 2 BB AL 25 SR AN R . R 34
Sk LA AR R R W R A R A
Barabassi-Albert 5 %™ 75 AR 22 i e i o Eb 55 1 Xt
G2 M S TR IR 245 A st 0 1 45 % R 1) 458 LA )
Barabasi-Albert W& AH L %¢ .

2.2 $EEILEE

R T SRS B X £ 28 BB ML R 45 22 0] (14 22 57
PE S PRFSE R 45 5 22 5 A REAILAE 2 12 ok
— 25T R RN SR 9 285 EL AT R TR) A ) B AL
W 2% 33 ol A BB ATL A D90 4% g 3ot R O S 5 2 3 5 i

G R0 45 0 52 . HUTR L R0 S B I 4% 1 3 0 A D
AT AL D 285, Al T B ) 45 A AR Al R S
W IO 246 35 3 A3 LA B AN EE A IS AR ) (4 B AL P 5%

T3 ATy R D L 0 4% 3 5 B LA L%

B2k A BT BB HLIR 260490 . 3 b BE LG 1 2ok A R T



24 S8 N N S

2012 4 5 34 %

B ERAE R A5 AT 4 A 50 AniE 3 (a) JatR )
Ry Rl A I B A%, C F1 D A . BEYLIL EELL
Ja A M C %, B A D HE . AR 4 . E KL AT FIE SL
JE B8 AR L » A9 5 B BE AR PR AN AL A L ]
ST R AR S A T U (8 3(b)) . i i A I FE
A AL R WURE T A — AR A AR LR 2%
G BENLAC AT RIA . X T M 4 1 o AL EAE R %
P ELAR R EA T IS e v B LLS » 4%
(3 DAS AL RIS T YRR R AR i A T 78 (ELUE
R0 245 119 2 A3 AL 73 A B2 AN AR )

______________________________

| A : A 1
1 v I
B 2 ¢ B C'
D . 2o p
@ BN (b) G B L5 o P 2%

B3 FEEMEERAREEILEL—SEILEHIME
Fig.3 Original network and the shuffled network using
the link shuffling method

2.3 MEEIEE

R BB AL REAR I ] AR A X )
AN SR R REALAL . X TAUE [ 45 4 [ 45 B AL
Ry RS ] AAN A P9 285 R A A5 A4 o iy R BE AL i
MR S SRR AT LA BRI MR L AT )
£ R ASU R R S IO 208 P T L LR T B AL
Pt RE N TE] 4 Fros s B oA R 2% T i 4 1Y
T A MB ZEAEN 1, C D ZE AL E N 2,
BEMLACE L UG AN BCAE 4 A4S 2 [ i i 4 56
Z o IR P A% i 42 A B R AT 5240 L A A
B ZIAMAE D 2. C D Z A AACE D 1.

______________________________

A A

1 P2 o
B 2 ¢ B 1
D D

-

(a) JRURMI2Z% (b) BUEEELE K45
B4 FamEnERANEEIEEZ—SEILEHMNE
Fig.4 Original network and the shuffled network using
the weight shuffling method

2.4 BRMNEEILHEZE

TR IR T7 AL E L 28 B 2t B — 1R
RO SRR SR T I A 2 FITE B LR A
BLE A AEAR KA. SR AEGRAIE A1 s P A i

FRAS R 22 FIAE B AL PR ANAE S IR A0 T T A
P28 R LR FH 0 B 75 v R T L AR 2 ) 2% v
B A BB R AR A SSHX P AR i
AR . SRR S0 i 3 1 2 A 11 PO AU R 2R T R4
T SRR 1277 At 14 iy AASCERL Ayt AT B B 7
. PR3 — Bl B L R AR e A i1y il s
PR ANRR LI B LT vk A 5 B X T
T4 FERLEAG B0 T R LSS B WU A T
285 SRIE PR 07 AT ALY L A B
AR T R Al RBER BEHLE SLINAL M 2%
(EPRF

_______________

(a) Ras R 2%

B5 FEHEMEMEARINEEBILEEZ-—SEIBHNME
Fig.5 Original network and the shuffled network using
the local weight shuffling method

3 HIESRE

AR T VB2 L3 ST E 5 8
A T BB RO XL W A A T
IO OB B B LB S B 195
BRI 53 T T LA BRSO BB 4R
R RILEL. LIRS 4y 1 5 2 4 15
ELEESGIE T 1 JUAF S APAF AL A S 4 AT
19 SR I 5K T 7R 5640 2 A (LI 2
W EBEREHURER) PR 2 35 T 15 42 I T AF
(B B SRR S VU A 4953 7 L5 1
5k TN AR A A S 20 . I
ORBER B JIAE Sy KBRS 45 TR HUCRE 22 0
A NS TSR BE 5 LSRR PR i
TR SR 4 RO RO G AU B0

TR AL T HLB A PR
GE T SR L4 (O P 50 0
T SR TR RBE ST T TR A1
IV 44 10 SR P AT B B 0T O 5%
A A B RR OS2 P10 L3065 I 47
VLI 40 6 0 R RS B8 A SO %
B T AL B T LA R0 B 9B 13 T A
FHR T ERES ) LA A PO A FRE



H1

RS SR L S5 IR 0 2% 14 GE T 25

SR ARG R AR WA S TE A J5 I AT
RIS H AR A 3 AT AR SR R AR 9. 165 Ja T T

Fr,—

ANH R B PRARE AP RE 5 HAE PR35 5 1)

AN RCRE X =38 45 A » I T B i 25 2 A A
FATCAEANTE ) 25 0 S 2% R 5

S 3k

(1]

[2]

£3]

[4]

[5]

[6]

L7]

(8]

L9]

[10]

[11]

[12]

[13]

[14]

Watts D J, Strogatz S H. Collective dynamics of “small-
world” networks [ J ]. Nature, 1998, 393 (6684 ): 440
—442.

Barabasi A L, Albert R. Emergence of scaling in random
networks| J . Science, 1999,286(5439) . 509 — 512.

Albert R, Barabasi A L. Statistical
complex networks [ J ]. Review of Modern Physics,
2002,74(1) .47 - 97.

Newman M E J, The structure and function of complex
networks[ J |. SIAM Review,2003,45(2) : 167 — 256.
Boccaletti S, Latora V, Moreno Y, et al. Complex

mechanics of

networks: structure and dynamics [ J ]. Physics
Reports,2006,424(4/5) :175 — 308.

S RS R B NG RMARLT]. ¥
#,2005,34(1):31 - 36.

Newman M E J. Analysis of weighted networks[ ] ].
Physical Review E,2004,70(5) :056131.

RV 5K X /INAE S 45 52 2% D90 28 i M 1) 8 1
PR LRk [T, b T K% %41k 2011, 33(5)
425 —-432.

Granovetter M'S. The strength of weak ties [J]. The
American Journal of Sociology,1973,78 (6) ;1360 — 1380.
Onnela J P,Saramaki J, Hyvonen J, et al. Structure and tie
strengths
Proceedings of the National Academy of Sciences of the
United States of America,2007,104(18) :7332 — 7336.

Newman M E ]. Scientific collaboration networks: II

in mobile communication networks [ J .

shortest paths, weighted networks, and centrality[ ] ].
Physical Review E,2001,64(1).016132.

Almaas E, Kovacs B, Vicsek T, et al. Global organi-
zation of metabolic fluxes in the bacterium Escherichia
coli[ J]. Nature, 2004,427(6977) . 839 — 843.
Nornlund C. Identifying regular blocks in valued
networks: a heuristic applied to the St. Marks carbon
flow data, and international trade in cereal products
[J]. Social Networks,2007,29(1) :59 — 69.

Barrat A, Barthelemy M, Pastor-Satorras R, et al. The
architecture of complex weighted networks| J |. Proceedings
of the National Academy of Sciences of the United States of
America,2004,101(11) : 3747 — 3752.

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

Barrat A, Barthelemy M, Vespignani A. Modeling the
evolution of weighted networks[ J]. Physical Review
E,2004,70(6) .1 - 13.

Thadakmalla H P, Albert R, Kumara S R T. Search in
weighted complex networks[ ] ]. Physical Review E,
2005,72(6) :066128.
Radicchi F,Ramasco J J,
filtering in complex weighted networks|[J ]. Physical
Review E,2011,83(4) :046101.

Yan G, Zhou T, Wang J. et al. Epidemic spread in

Fortunato S. Information

weighted scale-free networks [ J ]. Chinese Physics
Letters,2005,2(2) :510 — 513.

PRV 2K 8 T, S AL A o TS 28 5880 32 11 52 )
LJ]. PB4, 2011,60(2) 028901

Wang W X, Wang B H.Hu B, et al. General dynamics
of topology and traffic on weighted technological
networks [ J |. Physical Review Letters, 2005, 94
(18):188702.

VRS £, Ji W . A B sl i) S AL 2 LT . 4
#,2006,35(2) :227 — 233.

Lu X B, Wang X F, Li X, et al. Synchronization in
weighted complex networks: heterogeneity and
synchronizability[ J ]. Physica A, 2006, 370 (2) . 381
- 389.

Lv L, Zhou T. Link prediction in weighted networks:
the role of weak ties[ ] |. Europhysics Letters,2010,89
(1):18001.

Costa L I, Rodrigues F A, Travieso G. et al. Characteri-
zation of complex networks: a survey of measurements| J ].
Advances in Physics,2007,56(1) ;167 — 242.

Fan Y, Li M, Chen J. et al. Network of econophy-
sicists; aweighted network to investigate the
development of econophysics[ J]. International Journal
of Modern Physics B, 2004, 18 (17/18/19) . 2505
—2511.

Li M, Fan Y. Chen J, et al. Weighted networks of
scientific communication:
topological role of weight[J]. Physica A.2005,350(2/
3/4) :643 — 656.

SN KGN NGE T B S A M A E o [T ]
Yy BiE kR, 2004,24(1) .18 - 46.

Li C, Chen G. A comprehensive weighted evolving
network model[ J]. Physica A,2004,343.:288 — 294.
ZEHE T AU 2 I 2% vp A % ) LA W 52D . 75 %2
PO 3 TR %, 2008.

Newman M E J. Assortative mixing in networks[]].
Physical Review Letters,2002,89(20) ;:208701.
Newman M E J. Mixing patterns in networks [ ] ].

the measurement and



26

S8 N N S

2012 4 5 34 %

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

Physical Review E,2003,67(2) :026126.

Leung C C, Chau H F. Weighted assortative and
disassortative networks model [ J ]. Physica A, 2007,
378(2) :591 - 602.

Pastor-Satorras R, Vazquez A, Vespignani A. Dyna-
mical and correlation properties of the Internet[]].
Physical Review Letters,2001,87(25) :258701.
Milgram S. The small world problem[ ] ]. Psychology
Today,1967,2(1) .60 — 67.

Freeman L. Centrality in social networks:
clarification J]. Social Networks,1979,1(3) ;215 — 239.
Dijkstra E W. A note on two problems in connexion with
graphs[ J ]. Numerische Mathematik,1959,1:269 — 271.
Opsahl T, Agneessens F, Skvoretz J. Node centrality in

conceptual

weighted networks: generalizing degree and shortest
paths[ J]. Social Networks,2010,32 (3):245— 251.
Wasserman S, Faust K. Social network analysis:
methods and applications[ M ]. Cambridge: Cambridge
University Press,1994.

Opsahl T, Panzarasa P. Clustering in weighted net-
works[ J]. Social Networks,2009,31(2) ;155 - 163.
Onnela J P, Saramaki J, Kertesz J, et al. Intensity and
coherence of motifs in weighted complex networks
[J]. Physical Review E,2005,71(6) :065103.

Zhou S,Mondragon R J. The rich-club phenomenon in
the Internet topology [ J]. IEEE Communications
Letters,2004,8(3) :180 — 182.

Colizza V,Flammini A, Serrano M A, et al. Detecting
rich-club ordering in complex networks[ ] ]. Nature
Physics,2006,2(2) ;110 — 115.

Opsahl T, Colizza V, Panzarasa P, et al. Prominence
and control: the weighted rich-club effect[ J]. Physical
Review Letters,2008,101(6) :168702.

Serrano M A. Rich-club vs
phenomena in weighted networks[ J]. Physical Review
E.2008,8(2) :026101.

Amaral L AN, Guimera R. Lies, damned lies and
statistics[ J]. Nature Physics,2006,2(2) ;75— 76.
Erdos P, Renyi A. On random graphs I [J].
Publicationes Mathematicae,1959,6:290 — 297.
Newman M E ], Strogatz S H, Watts D J. Random graphs

with arbitrary degree distributions and their applications

rich-multipolarization

[48]

[49]

[50]

[51]

[52]

(53]

[54]

[55]

[56]

[57]

(58]

[59]

[60]

[J]. Physical Review E,2001,64(2) :026118.

Snijders T A B. The statistical evaluation of social
network dynamics [ J ]. Sociological Methodology,
2001,31(1) :361 — 395.

Maslov S, Sneppen K. Specificity and stability in
topology of protein networks|[ J]. Science, 2002, 296
(5569):910 — 913.

Ansmann G, Lehnertz K. Constrained randomization of
weighted networks [ J ]. Physical Review E, 2011, 84
(2).:026103.

TR B TE /N v ] A T 0 I 2% SR
LI BRARG 52 5. 2008,5(4) :66 — 74.
Onnela J P, Saramaki J,Hyvonen J,et al. Analysis of a
large-scale weighted network of one-to-one human
communication[ J ]. New Journal of Physics, 2007, 9
(6):179.

Serrano M A, Boguna M, Vespignani A. Extracting the
multiscale backbone of complex weighted networks[ J].
Proceedings of the National Academy of Sciences of the
United States of America,2010,106(6) ;6483 — 6488.
Chen D, Shang M, Lv Z, et al. Detecting overlapping
communities of weighted networks via a local
algorithm([ J . Physica A,389(19):4177 — 4187.

Lou X,Suykens J A K. Finding communities in weigh-
ted networks through synchronization [ J]. Chaos,
2011,21(4) :043116.

Zhang J,Xu X K, Li P,et al. Node importance for dynamical
process on networks: a multiscale characterization [ J].
Chaos,2011,21(1) :016107.

Kovanen L, Saramaki J,Kaski K. Reciprocity of mobile
phone calls[ ] ]. Dynamics of Socio-Economic Systems,
2011,2(2).138 - 151.

Peruani F, Tabourier L. Directedness of information
flow in mobile phone communication networks[J].
PLoS ONE,2011,6(112) . ¢28860.

Wu Y, Zhou C, Xiao J, et al. Evidence for a bimodal
distribution in human communication[ J]. Proceedings
of the National Academy of Sciences of the United
States of America.2010,107(44) .18803 — 18808.
Miritello G, Moro E, Lara R. Dynamical strength of
social ties in information spreading [ J ]. Physical
Review E.2011,83(4) :045102.





