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Table 1. Comparison of the diameter D and the cluster-
ing coefficient C' of the actor network, the power grid,
and the C. elegance neural network with those for cor-
responding random networks with the same numbers of
nodes and links.

2 D, c C,
Actor network 3.65 2.99 0.79 0.0027
Power grid 18.7 12.4 0.090 0.005
C. elegance 2.65 2.25 0.28 0.05
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9 e AP ATE 9UE 27 ohnh AE-goj=
YA E dB4e] PFS AL Q] W] 22T
% gle wEEo] AR Gk WA T w5 7
P77 Guhh H g Tae A JUA B
Ho Fe ohth B# Ael 199 At Y=-gho]
= 99 74 A@Ae] 2 S FASD A4
o) oW FWFOE B Z 4 drke A4 sl 7
3 F wsge F7AY, F A2 A AHIth Fu
2 A=-sfol= Ao FAYASE 1~ 0065 ol th.
2. QIE{L

19999 FF 4~ 3P A £ Ao sk HEHT
ZE5 ATt [41]. AHUNA =25 B A 44

tonomous system(AS)olgta F 2+ Zld A& &9
S o Rol B Agdstne E S9E A
o duol shupel 712Ael Gsk Hol F wER B
@Rtk Azei Bop ge-shol= Y3k gl Ay
SolAE AZA0] Psros B 4 dopw A7t
sS4 ok BE dAA 0z Papol g Au AL &
= (bandwidth) 7 2 W4 o Qekn B2 4 9
W EAE AT BE] A PR Al S22
Gl

o A ZEAE AAA QAU 2+ v]=72] Oregon o
sty =3 S8 U EYI AT 4 ¢4 (National Labora-
tory for Applied Network Research)ojl 4] v & z}etsl1
it} o] B+ http://moat.nlanr.net | A T} 2 =3}
o B 4 Utk o] AHU AS Fxo tist FH = 1997
d 11 45 g AFET dok FFRLAS FATE =
A3t A7 A e
FEELEE e

i
o
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v 215~ 22 8= 20 o gl
B9Et mEvkH e YEY I AddSe A%
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N(t) = N(0)exp(ait) &2 .
olth. & AZMF= L(t) = L(0)exp(azt) & F7Foh=
H, 4z ~ 0.034(2) oIt} Weka] AZAS I} e =] 1)
afo] W) AR eE S AR =N 0|t AE Y 7
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3. FaHS UES

Qe MEN T B WEADY o= B
A7-9) T o] H 3 gleh 229 Yol HES o0 ¥
o Go} SEZ P of ATk [9.44,45]. GBS
E9at GEue 150 A JoIt A 28

¢

o o]RF=HESIoth o HEYIE= F 57 (A FH
B3)Y =52 FAHA Uth A ¥ =52 J3|l
$E°]2 B Y EE2 43 T 22 7
LES2 AR JdZEA 24, tE /Y ==E5718
T AZeA "t o™ 15% 3E o]% & (bipartite)
WES I st o]y s F /7Y =5 7 U E
HFAA & FTHUY =5 7 U EHIZ A3t
EHHeR 53] 2ol A2 2 JFol AT I35
W52 A2 25 A5 o] dota A7zt 2ol
(F =3By Lo JdFHAYPY =8 EF A4
o] gtk sk Zlolth) [10] ol #A +49 Ao
Shaf > U EQ Zoltt o] Jul- HEY IS A4
T 22T B8] 9 E a1 YA = g
3 ol & A3t ATt T B G Ete|
29T 5 gl7] WiEolth olHst A2 AU EYA
o] dnkd EAolgta & 4 ok AT A4TFrH

g 5 -121-
O Zraste RS ME I viadd A5}
AoAer g2 =7t EAsE % -2 (fat-tail)
A4g Kol Jrka & 4 Yk A3l e V= aE
AR 2RSS AP £ 2 FF ALE 9
U3t A k= $71 B, bl quq % &st7) ul &
ot} I KA A7t ~ 0.208 = 9] ZHS W elth

o] EYIAAE =7} =Fo] Hr} A g =5
Bele =25 A83A =9 A gl =04 B &

[*]
=

T SER R vte A2 %ol F5AT S Wl
Ae MEYFZ7L A} st = B2 =Fo] LobA 1t
L3 gong o EHIE = 7 AAH YA
& Agste MEAZ7 Ak AE Hojues =82
71E8 =28 A& Aok meEbA dddeTE g2
SEE 2dd =29 AYS AL A4+ Ak
o] & JdG MEYPIE d=-go]= o] A=l
Ef ks Aol 27457 dell dl=v7) 19989 =&
A& S5 2APsto] w87 Aol [46]. 1+ 1981
HE 1997'd 6L 7HA] IST =818 MAS AL,

B 19943 7}A] 9] Physical Review D 9] =& 9]
AFSFATE oW =Fo] kWl ole® WE
]']'QJ’]’Pin( ) ~ k3 o) A3 A
Pareto 2]of 9t30] B IST of tjj 3
2.9, Physical Review D ©f tld|A & v =~ 2.6
g osEoreh [47]. 2Bk 7} “H 2 FdolA

E@?% 4ol

,_.
©

oo

N L o~
-111

22 DOl ook

13

o
>“ l‘N
al

s IS
=}
2~
<

VRS
—~

o 8 gy e

>
m\l
rlo

N

1_]_— L=
? 5 et MERas e
ETH5E s 3 oo @ 24 2

fr > Lo
I 4
s
4 e Mg o r{m

o o
i)
ﬂ?‘J

kAo AR IS azr JH = A

2 3}ebg e 258 ¥Vl F&3kth [49). A HAF
Hk-S 4] E 9] = (metabolic reaction network)+= A A 71

Aolrbe o BB AUAE FFIH/ A3 Azgol
A AgSHE R S AU S V=
YAz £AF Aotk E Sol Fig. (1a)9h 22 3
shukg ol QIrka 319w, olo] T e V=Y IE Fig.
(Ib)sh 2ol 18 & ek oY & HEADE o) F R
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(a)
1 G6P + 1 NADP+ 24y 1 6PGL + 1 NADPH
16PGL + 1 H,0 2% 1 6PG
16PG + 1 NADP*+ 229 | R5P + 1 NADPH
1 R5P <25 X5P

(b

)
[GeP| [NADPH]

[6PGL] [NADPH
@ X5P

Fig. 1. A few stoichiometric equations for metabolic re-
actions (a) and their corresponding network representa-
tion (b). Rectangle represents metabolite and circle does
enzyme.

SH(bipartite) L] Z o]t} 3t FFO == 5}5hik-go
Fol st 3}3HE (metabolite) o] a1, T2 3 T/ ==
£ gahukgo] FAD Sl ol d AAYA Y=
Ao A B2 A/t g ES e 2
A A A 39 FFAFA[50], 22]ar gt A
B1joloith 4 52 43 7hx)e) A g, uteejo}, A9
AEAA dojue= AAHAF HEHN TS A2 F20]
et A7 s st rgles 4= dee Ao

£ ¥ A7 g# AU} 2
Asrhe Fuze 2RE Aok Tt A2 A7
A7}o] o8, ATP, NADP 9} 2-& A1) A} 980 A
FEA O Foloht B4 HPBEL A% MES
2g FAE, T AR BRADE =T S 9%
Stk Aol ME AT [52).

6. EHT ASHS YEYS

B s Ae eI ojE ATE B o
o gtk A date] HEA o Guie] ool
BEAER AW Aot ARA e B 4
5248 YES =0 gate] Bl Aok A 4B
oA Bl 77te] 7%5e APshe ARchs th
A5l AAF o dosle A4 ADE olslalolok
drhe Swo] 22H 1 ik webA thld AT 48
HES =] B@ a7t BeAl I Ytk S8 A
=eAE [53)2 A5t §AAe] 47] Ado] wHA W
A, ol @7 Aol F25E 3 AAA B 72

3t=&2|5+3] A “Af&E]”, Volume 48, Number 2, 2004'd 24

E F5A H ATt [54]. G 3 Y LR+ O
AATAEE o= 83 4TS 37 Ak A2
ol 7o) A5 AE o RE dushe o]F dtolH
2l o] dE o] B dlA 7ho] Ao g o i
£ 39 5 Ao [55,56]. 7 EE 44 s,
dFo] EElgtoA 7] B3] H 27} 2] E. Coli
2} & E (yeast)o] thet @l F5 2§ UELF o
st A7t A2 AESTAL B TANA FFE AT
oo thate] AT H 7| Z st Th o] ~Ed] thEt o] F o
olHE = Wy E o]go Tl F oo ot A
= 1999 d Uetz 5ol o=l 3= At [57]. 271+

6000 1 7)) o] AE Tl Fol| oF 1000 of 72 T
wHe] Aol thte] A7 gLk o] F To Sl 93
o & ¥ we A S g 4T AL A7) 3
Tk [58,59]. 1 ©]F F Zoj& DIP ¢ MIPS 59| to|
B H o] 2 0]l 3= 5000 o 7] &) Tl A 7] 33 zH-gof o gk
ol B 7 %15 o] At} [60,61]. B A

—_

| 3}
HAZNA e @i do] =E7F H 1 F o] A= A
SAES 3 A dZdAlo] Jdvia 7pA gt

olFA FAHE o] 2E i A4S AE Y EY I E
e o2 2ok AA, o]2E gid F5 g vE
H=e AT X e diAdd "3 E S
Pareto &, 4 (2)& W&t} Uetz 59 HolHE 7]
o 2 Sh= ol A Ao g Y E I A= dlolH 7}

A7) W 2ol A5G AL (cutoff)o] Yt HFS B
olehs Aok (625 YOk H ol Pareto Aol w}
Asloltt 28], A, o]AE ©

2ohe o] AnAQ

Azol A ABAFI B DL
=

o} [62]. Aol mEw
70 % ZH7ke] Arke o] @A Atk o714 AAF
S ol I T o] A A HYE wf o] 2ETL AYE
7k ol Yl S-S A u| 3 A, o] 2E o
AL BE 725 /AL Ik 22 7lse 7ML 9
€ PSS HEHJIAA Aoz 2o gl &2
ES @t o webA, ARAs 7 Rl 2 A
olty. C=0.13. 2§ F42 2RAF2 259 2
T Ck)E T & =+ Aok C(k) = k7 &2 B-fel<
AL Aggola k7b 2 Beole Ok) ~ k71 2 ZFad
o [29]. A, AZAFTF AL 2= A2AFTH Y
< =553 AdH ] Atk ko] AdASE THA L 9
ExEY o =59 H AT (kun)(k) € k7F
ST E Faste #dads 44 2dd [64]. 5
Al AR e A4 ry & —0.16 <0 ©] Tk
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ol st A5 7kA] B2 R ol &
A et 2 & T2 R A RS s = 8t

AL Qe EN 7} o BA AL F =0 )
ko] upehulAl-dW E(BA)x ot 22 RYS 40
319tk 45, o] YL T kA F23 248 THI
T ek AR, o] YL s vEY Itk = |

of A iE%

m7e] AANE

A i A A o] ohit 1 412t
of 23t 74 =x o] AAMG vl st A8 HT)
o]E AT A Ojé(preferentlal attachment) olgtx st}
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2 FolAth AN ki(t) = ANZ o i 2= dFAA
Folth olH 3t AZA M5 W E A o7 V&Y

=mll; = me=——= 13
ot Zj k;(t) (13)
1ok >k = 2mt B 1S o] g3},
ok k;
Bt 2t (14)
O] \l A Al H}i kl(t) — m(t/t )1/2 01 0217]}\1 t “‘f

P(ki(t) < k) = Py(t; > m*t/k?). (15)

a8y 99 A7 S0k 3 e wEs Y EYI] Ao}

9B P(t) = 1/(mo + 1) o1tk A7 mg & Z 7]
EASHE = Sl e, 4 (15) o $ue
Pt; > m2t/k?) =1— __mit (16)

k2(t + mo)

- 7E 5 -123-
aYaz AZAGF REJS Fik) €
OP(k;(t) <k) 2m?t 1
P;(k) = = 1

(k) ok mo +t k3 (17)

wEbA, t — oo o Ao, Py(k) ~ 2m2k~3 o]t} o]

BA 232 T2 Wjlogx s Ad fE 7+ 5 I

Lo, ol g Sol =2 uAlZe} 18] BEATA (6552
O 8k Al (master equation) BHH S AR 3o

2m(m + 1
Py(k) = ( ) (18)

k(k+ 1)(k +2)

2 Falow, 2o zaso 10 BEATA [T &
= 2l (rate equation)S AFE-3lo] 4] (18) & AU}

BA &2 ua—a S O]H]—Q.ﬁ‘]__‘: ;\]:7} 0]—,«01231:]- /HE;Q 2l
de v &E A (12) A 1L = (ki +ma)/ >, (ki +
ma) 2 FolAt Aol AAMS A%t v =344
Folzck [63]. o] F9]5fo] o}
Mg REFLA 7} 2
2 Zlo] A7|A "tk Aolth &
fere 47 wEel A7E Aol A w
ool AZ1e G 1337
i =K/ 3k (y#1)

. 1T
o A= A7H e AT HEL FIED 67 &

r

niki

II; = (19)

Zj n;k;
AN n; =i =7} 2= A A (fitness) o] T} [68,69].
o] APAL =7t Ejojd wiRE] Rt A0 E o
W B2EE p(n)E WETh o] W i =& AAAT Ky
o] AJZkel Tt ®ishe the i} 22 B shA o 9s)A

==

8/@ 7’]1]%
= 20
ot Zj n;k; (20)
A7IA Qe AAAF Bxses A U £x
sk p(n) ol Bo] o &8ttt vk p(n) XL} (0,1]
Abolo| A FL8HAl R o] = AFoll= dZ2AAFT &
E P(k) ~ k=% /log(k) oIt} &, p(n) = exp(-n)
Ao 2R A 48 gt o] AT P2
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€; = —k’BTIOgTh (kB %Z pul
#3to] 4 (20) & ThA 2|

Ok;

efei/k‘BTki
ot =" Zy

(21)

2 2 5 e, oA Zy = YN e/ Ty = 3
3 FA sk A

2l g9l 2L Zol Ak Y 43

FoE A4 ¢ & AT 9 mEE

1
n(e) - ele—w)/ksT _ 1 (22)
2 Foldnk 74 pe A=,
eH/koT — iy AZN) (23)
N—oo mt
2 Zojdth 4 (22) & 2 2eld Wz BAG gL
Aow AFAM] WP 2 ==, & oA co] Ze
o] B QMo AAsE AL AT AL
B (state) ol B B2 927 Aol 5 AT 2L o
fohn @ 4+ 90

FTH T} 28 FFE AR obthn| X (HA)= BA 23
e v BEE 2T 8] HA 2o 2 7
of 3 TE9 A5 N(t) = A7l thato] A4
Aoz Z7tstt) & N(t) = N(0) exp(anat) ©1Tth Al Z}
tolld =i o ABATF ki(t) & v Al t+1 04

A7NM go; £ =i Y ABAFY SUHES An e
o] Azl o] EB1A] oL, &(t) &

T (&) () = 08 0r.00i5 ©1Tk ATNA of

3l=2E 283 2] “A|E2]”, Volume 48, Number 2, 2004\ 2¥

i o EsHA ket BZbegith 28W ¢ =
ki=ko o)A Nt t=to+7ll ki =k Q 24
Po(k, 7| ko) & th&3 Zo] FojXth

L o] k) — gerr)?
N 2077

iy > B orr Lo

ol

Py(k, 7| ko) =

f
gett O 02 £ T 22 A
03/2 3 ol ~ of [70].
ol 7 & 7
exp(—apaT) ©]

T X o] A~u
EEY e R
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in:)

ki

rr

=

Ny

i (g

=
.l
Pa(k) ~ / drp(r)Palle, | ko) ~ k=, (27)

o 714,
Geft Y ggff + 2aHAo—§ff
Y= 1-— 5 + B) . (28)
Octt O
1

B2 ADAF A5 7 £ gerr & oenr ol oA 2A
| 292 712o= 3tef ABl dtdy

2HE 22 ERS| FA9 VEHA 25 FH o
Rkekek 2o ® JFEYo] ofyth. S ER EYPAH A
SHEE N Ao =/t EAF T = =EEL2i=1---N2&
2 BNE 2 220w, =i o AFAE RAB
th. o] ZAE Aol wek AdAAe]l AFATh & P F
N == (,7) € pij =77 L Om A B
EE AT Wk I F A9 =ES Abelo] AZ2A
of EASHH, HA HE F Y =EE 4 kE9 THF
A9 Foll WEskE SE2 AdEste] ddds A=
olF Wom ALK A 27 L 79 dEA
o] 2 wWi7}A] AZZh wheF ozt Gl o] B2 7}
SAZF e 97k S v, o] Zle] HhZ ER 23] Atk
°of B2 et I FFATAL [T1] a7 s en, A
& 27158 9S vl BA 283 fAEE e 9
3 L=mN(m & Ad5)e] 4925 AzstAnt. o] 72
S NS wEEL BE AAHY, AAMS] BHEF
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T HESE w2 Ak Tof ojej] AT -AAME
FASE B3 o] A Qi) [72]

AdMs XTS5 AAs BA w= 7 dF
A k5 M BFES pai(k)et TESH, pai(k) ~
(k)* exp(— (k) k! 2 2 % e, o] AL it -
Tt AdEg s oo HlgstAnt A8 Frge] B
EHolng Folf X E waA @ ZHolth 13y,
(ki) = K(L)i=® ot} 47]1A K(L) = (k1) = 2L/(n|c]
olm (n(z) =, 77" olth. dAAS BE e

1 N

Py(k) = N ;pd i(k) = ck™ (29)
A71A e~ (y=D[K(L)]™/N e|8, y=1+1/a 7} &
ST o s 2EqFeEZN ADAF A5y 7t v
AU ERIE ©E & Utk o] 2EjE ¥ &
BEBARP)2<y<3A ARk 72 dHNA A
ARG BE F7 B Zoa Heljuhs 4A e 9
£ W, o] 2EE B L k7 2 JGelAE dBAS
B2 g4t 9 o F 2 FHE /A2 Aok
webA, A= QPE-UEN T oA et £AE AlE
gleojdst7] s ¢4 MEAIE Weolok ste 4%

2> oAl o] Bl o] 71 {83t
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5. %g D

Qo Al A3 E BA By o} 2EHE RYPAE AZ
Aol w=of det A= I A4 HIA| etk 1
Hu AUl 22 AA YE A
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P FEZ VEY EF F =S o 7
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S Agste] FZof| & == F9 b 1A o
2 Zo gt Lo dZAS wodl T e =
= A eiet. ol Al A& mA w3k (i)
l-p—q9 FEZ NEL =2 YEYI g A
713 o] xERHE mY AANL 7|29 mAY =

EENECEREES RS EELLAE

- 7d = -125-
Eofl Az A A4 el wet ddA I ol # 3 g
of me} B Y EY A= Pareto P IvtA A H
o e wEA Ao o) ddAd AeE WM p,
g ol SlEsHA At A ZF2 o] et A4
T ATE AT Atk FHo] ey iAo
HEae 724 54, & d2Ad5 19 JadA

oA & (i) AZAo] A 2h= =04 HBo]A B =
T EERE AZEYES W, B2 A2 k7TA =
Tz AAMAF k, BT} AT 20 E USAI|EE 3
= Aojth o] B =7t A bt A 284
= E=o17] A et ofoltjol 7 GAQITE 18 A ¢
o =V dAFoR AHujEE 287t §l7] diEol
th th2 A NA A ZE) BH == 7F A ko] 2 ol u}
gt o] v A HERE o 2 4o AHFsirta
2 55tk A3 BYolAE o)d 84F 18 A
ot I, B EE A =59 o] 2oA TETE ZAL
FolatA =, o] AL AU SoAe} o] A9 H
© 2 MELR A o] e AF I Fopxl FF o
2 AQujgol o] Fo A& AL oA At

o]# e HZ AVt H7HE AujE FAo] xoHE =
P2 AU 2o AA EAE UEHIY L2 F
A 54, & ZAAFASF 3ol AEA, &I AZATE
7HA k2ot B AZAAFLE /MR =27 dd9gs
59 54 USA b, A5 d o] HE33A U
Ef I AEe] ot A ¢ 5 Aok

on e So) 2% BRS AR 4. 2
2 9d A5 MEYIE FAss 7EFA
3 7HA MAUSES v 2ol AAFSAH. (i) &
Al (duplication): ¥9]9] = (Th )5 Aeste] A
AR w27k BAH o wef wER T ohlgh T s
of A" RE ddAde] BAAY. & BAl == 2
0 wes Q4R BE off LEED A2, o
Al 22 @A A3te 782 AR ANA v EH
th= A Zbofl A A8t (ii) oFH &(divergence): (i) <
AA S Sl B Al =9 B =27t HES
A S ed ol E2L F e W] £tk ¥
T Atk olH% FEAFS 5ty Al HA =20 A
4d 478 2L dpin Bhe FEE A AT (i)
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Fig. 2. Evolution steps of the protein interaction net-
work model. (i) duplication: The new node (heavy dot%
duplicates the 3 links between the target node (shaded
and its neighbors (dashed), (ii) divergence: but among
them, one of the links is removed with probability dpin.
(iii) mutation: The new node also attaches to any other
network nodes (dotted) with probability opin.
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Fig. 3. Plot of the density of eigenvalues of the adjacency
matrix A versus eigenvalues for system size N = 5,000
averaged over 40 configurations for the BA model. Left
inset: Semi-logarithmic plot of the density versus eigen-
values to show the exponential decay for small |A|s. Right
inset: Double logarithmic plot of the density versus
eigenvalues to show the power-law decay at spectrum
edge.
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Fig. 4. The definitions of the load (a) and the BC (b). In
(a), the load at each vertex due to a unit packet transfer

from the vertex s to the vertex ¢, £(5=%) is shown. In the

parentheses, £(!%) is also shown for the packet transport
from ¢ to s for comparison. In (b), the BC at each vertex

due to a packet transfer between s and ¢, () is shown.
The BC b is equal to b(+*).
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Fig. 5. The load distributions for the coauthorship net-
work, the yeast protein interaction network, and the
metabolic network of eukaryotes in (a), and the world-
wide web and the Internet at the autonomous system
l(ex;el in (b). The slope § =~ 2.2(1) in (a) and § = 2.0 in
b).
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Fig. 6. The mass-distance relation for prototypical SF
networks, the yeast protein interaction network (a), the
metabolic network of eukaryote (b), the autonomous sys-
tem (c), and the world-wide web.
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Fig. 7. Plot of {(kun)(k) (o) and (€n,)(¢) (e) for (a) the Internet on the level of autonomous systems (dissortative),
(b) the non-degenerate configuration model with v = 3 (neutral), and (c) the coauthorship network in the field of
neuroscience (assortative). All data are obtained from a single configuration.
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Fig. 8. Plot of the degree-load relation for (a) the Internet on the level of autonomous systems (dissortative), (b) the
non-degenerate configuration model with v = 3 (neutral), and (c) the coauthorship network in the field of neuroscience
(assortative).
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Fig. 9. Normalized histogram of the diameter changes
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in log-log scale for A > 0. Dashed line is a fit line having
a slope —2.2. Data points are logarithmically binned.
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Recently, complex network has drawn considerable attentions as a basic tool to help us to under-
stand a variety of phenomena in interdisciplinary fields such as biology, computer science, economics,
mathematics, physics, and sociology. One of the empirical facts commonly appeared in empirical
data of diverse fields is the heterogeneity in the connectivity distribution of each node, following a
power-law distribution. This behavior is attractive as a new emerging behavior in complex systems.
Here we review developments during last 3-4 years in this field, including structural properties of
real-world networks and artificial models, the evolution of network topologies, dynamic problems
on such complex networks.
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