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TEOPUNA TPAPOB

* PoxageHnem Teopuu rpadooB NPUHATO cUMTaTb
1736 rog, korna JleoHapa dunep (1707-1783),
XUBLLUMI N paboTaBluni Toraa B [eTepbypre,
peLlunn N3BeCcTHy nNpobemy ceMu MOCTOB B
cTapom KeHurcbepre




TEOPUA CNTYYAVMHbBIX TPA®OB

Paul Erdos,

1913-1996

 Alfréd Renyi,

* 1921-1970



EVOLUTION OF A RANDOM NETWORK

disconnected nodes => NETWORK.
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How does this transition happen?



CNYYAVHbBIE TPA®DI

* Heb60o/1bLLOW KOSULIMEHT
Knactepusauunm

* HebosblLLOE cpeaHee MexXy3/10B0e
paccTosiHue
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Regular Lattices

Two-dimensional lattice:

f \ Average path-length: [~L~ N2

Degree distribution: P(k)=0(k-6)

6

\ Clustering coefficient: C=—
15

D-dimensional lattice:

The average path-length varies as I» NP

Constant degree P(k)=0(k-k,)

Constant clustering coefficient C=C,

oLy Ju



AmepukaHcknm coumonor Stanly Milgram (1933-1984)

* BnepBble n3yynn peHOMeH «TeCHOro
Mupa» Hay4Ho.

* Milgram S. The small world problem.
* Psychology Today. 1967, 2: 60-67



Stanley Milgram

OH pa3oc/ian nucbMa CJIy4arHo
BbIOpaHHbIM Jt0/isiM B CIITA. B aTux
MMCbMax CO00II[as0Ch, YTO 3TH NKMCbMa
JIO/DKHBI IOCTUTHYTh B KOHEUHOM UTOTe
orpeie/IeHHOr0 yesioBeka B bocToHe.
[Ipu 5TOM JTFOAM [1O/IXKHBI
TIepeHarpaBJ/iATh 3TU MUCbMa TOJIbKO
CBOUM 3HAaKOMbIM, KOTOpbIe, 110 UX
MHEHUI0, HeCKOJIbKO O/1Ke K KOHeUHOM
LIeJIN.

OTOT 3KCIIEPUMEHT CUYMTAETCS IEPBBIM
SMITUPUYECKUM [J0Ka3aTeIbCTBOM
SIBJIEHUS] «TECHOT'O MHpa» WU/IU KaK ero
elrje Ha3bIBAkOT

IIECTh CTYIIEHEUN PA3JEJIEHNS




SIX DEGREES 1929: Frigyes Kartinthy

- 1929: Story: Min masképpen van (Everything is
~ Different)

Book: Lang3zemek (Chains)

BNepBble NPeAnonoXusa, 4YTo B COBPEMEHHOM
MUPE «PaCCTOsIHME» Mexay /bbiMi  ABYMS
MOAbMU HE A0/HKHO NPEBbIWAaTb NATU CTyNEHE

"The worker knows the manager in the shop, who knows Ford;
Ford is on friendly terms with the general director of Hearst
Publications, who last year became good friends with Arpad
Pasztor, someone | not only know, but to the best of my
knowledge a good friend of mine. So | could easily ask him to
send a telegram via the general director telling Ford that he
should talk to the manager and have the worker in the shop
quickly hammer together a car for me, as | happen to need one."

Frigyes Karinthy (1887-1938)
Hungarian Writer



Milgram’s Six Degrees .

SIX DEGREES




Stanley Milgram

B 1967 rogy counonor 13
[[apBapAcKoro yHMBepcuteTa
C.Munrpawm (Stanley Milgram) caenan
yAMBVBLUEE MHOINX YyTBEPXAEHME:
KaDK0ro yesioBeka Ha 3eMHOM Luape
MOXHO CBSA3aTb C /1I00bLIM ApYTUM
4e/I0BEKOM LLENOYKOM N3 LWECTU
3HaKoMbIX. Takum 06pa3om, HeECMOTPS
Ha TO, YTO Ha 3em/ie Xnset 6osee
LecT MunNuapaos nwogen, Mmp
AencteuTenibHO TeceH («small world”).
STO CBOWCTBO COLMA/IbHOM
KOMMYHMKauUumM noay4ymno ewle
Ha3BaHMe «LeCTb CTyrneHeun
pasfeneHns» - No Ha3BaHuio
O6poABENCKON NbECHI, a 3aTeEM U
domnbma (“Six degrees of separation”).

296 BOJIOHTEPOB

196 MNCEM N3 OMAXM
(HEBEPACKA)

100 MUCEM U3 BUHCTOHA
69 MVNCEM JOCTUIIO LESN (29%)
B CPEJHEM 6.2 CTYMNEHW



e 36 fIET CNyCcTH Obl/1 OCYLLECTB/IEH IKCNEPUMEHT
B 00/1bLLUEM MacLlTabe c Ucnosb3oBaHNEM
3/IEKTPOHHON NOoYTbl. BbiNo BbI6GpaHO 24163
No6poBo/ibLA, KOTOPbIE Nocann 3/1eKTPOHHbIE
NMCbMa CBOUM 3HaKOMbIM. KOHEYHbIMU
nonyyarensamu 61711 18 yenosek U3 13 cTpaH.
3aBepLUeHHbIMKY oKa3a/incb To/1bKO 384 (1)
LLeMoYKK, YTO YKa3blBaeT Ha TO, YTO coUMaslbHbIE
CeTn Ha rnobasibHOM YPOBHE N0BOJ/IbHO CU/IbHO
paspexeHbl. OHaKO cpeaHas aAsinHa nyTu
OoKa3aslaCb OKOJI0 YEThbIPEX CTENEHEN
pasgeneHns, To ecTb Aae MeHblUe, YeMm
«LLIeCTb CTyNneHen»



SIX DEGREES 1991: John Guare

-

| SixDegreesof |
" Separgtion
|

A ||' iy h-',
| John Guar J

"Everybody on this planet is separated by only six other people.
Six degrees of separation. Between us and everybody else on
this planet. The president of the United States. A gondolier in
Venice.... It's not just the big names. It's anyone. A native in a
rain forest. A Tierra del Fuegan. An Eskimo. | am bound to
everyone on this planet by a trail of six people. It's a profound
thought. How every person is a new door, opening up into other

worlds."




Six Degrees of Separation

Movie
“ “LAN A SEARTNG SOCIAL COMMENTARY ALSD RE
SIX DEGREES OF UPRONRIDLSEY FUNSY2 YES =RUN 10 SEE THES MOVIE"

SEPARATION” " INZZLER! SELDOM 1) WE GET FIIMS

: "-‘IJIIEIEI!I ||"||i"{|ﬂ:|:'l|.||.. <3
[epounHs 3TOro huaibMa roBopuT: s

***£
A AC-TO HNTa/Ia, 4TO KOKAbIV Ha “ONE OF THOSE I XTING MONTES YOU CANT GET
Hawlen rnjaaHeTe otgesieH ot g msiira DU OEYOUR MISTE
APYyroro 4esioBeka 10/1bKO WECTbH0 “ELEGANTEY HILARIRS COMETY mumm
noabmun. LecTb cTyneHen TR MO

THWRAIR IS, W) MRARE R TS

oTAeneHus... Mexay Hamu n
NOObIM APYTMM Ha MNJ1aHeTe.
[Mpe3ngeHToMm CoeANHEHHbIX
LLITaToB. FOHOONLEPOM B
BeHeuumn. ....He ob6azarensHoO
N3BECTHbIe nMeHa. C /1l06bIM.
MOXHO HaTX POBHO LLIECTb
noaen, 4Tobbl yCTaHOBUTL CBA3b.
Ty3emueM B [PKYHIIAX. DBty b
SCcKUmMocom. ...Kaxkaada nepcoHa T Wy
Kak HoBas [Bepb, pacnaxHytas B

oCTa/IbHOM MUP.




Steven Strogatz and Duncan
Waltts
* B cepegmnHe 1990 rogos C.

Ctporary (Steven Strogatz) n ero
acnupaHT . BotTc (Duncan
Watts) n3 KopHesibckoro
yHuBepcuteTa B VTake (wirar
Hbto-lopK) pewwmnu nsyunTb
CBOWCTBa CeTew, KOTOpble
ob6/1agaroT CBOMCTBOM “TECHOIO
Mupa”. KoMmnbloTepHoe
MoeIMpoBaHue pas/inyHbIX
TUMNOB CeTeln nokasasno, 4Yto
CBOMCTBaMWN «TECHOrO Mupa»
06/1a0at0T CETU C BbICOKOW
CTeneHblo Knacrepusaummn u
MaJioi cpefHen ASIMHON My Tu
Mexay ysnamu,




CETUN «TECHOIO MUPA>»
(small-world networks)

 CeTb 00/1agaeT CBOMCTBAMUN KTECHOIO
MuUpa», ecnu

e 1. ee KO3AOPUNLIMEHT KlacTepusaumn
3HA4YUTESIbHO Bbllle YeM KO3IPUUNEHT
Knactepusauun cayvyanHoro rpadga

e 2. KOPOTKMWN NYTb B TAKOW CETU MPUMEPHO
coBnagaeT C AJ/INHOW KOPOTKOro nyTu B
c/lydyanHoMm rpadoe.




CETU «TECHOI' O MUPA»



lllecTb cTyneHen KeBnHa benkoHa

JTlobon aktep Nonnueyna
oTAesieH ot Ntboro Apyroro
akTepa ['onnneyaa
LLlenoykon He 6os1ee yem B
Tpu 3BeHa. Hapnn HannmHa
MOXXHO CBA3aTb C aKTepoM
KeBnHOM BakoHOM TpemA
3BeHbAMU: YannuH
CHUMasIca B ounibMe
«['paprHsa n3 NOHKOHra» C
MapnoHom bpaHao,
KOTOPbIN B CBOK Oo4epeib
CHMMasicAa B ounbme
«ANOKa/INMCUC CerogHa» C
JlopeHcoMPULLIBYpPHOM, a
nocnenHun cHsncs c K.
BakoHOM B B chubme
«PTYyTb».




Empirical data for real networks
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Laszlo Barabasi and Reka
Albert

e

* B 1999 roay domsunk n3 yHnsepcuteta Hotp Aam (CLLA)
Jl.bapabaiun (Laszlo Barabasi) BMmecTe co cBoei
acnupaHTkon P.AnbbepT (Reka Albert) pelunnu
nccnegoBaTth 3aKOH pacnpeneneHns y3fioB HEKOTOPbIX
peasibHbIX CETEN MO YNC/TY CBA3EN.



WORLD WIDE WEB

Nodes: WWW documents
Links: URL links

Over 3 billion documents

ROBOT: collects all URL’s
found in a document and
follows them recursively
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R. Albert, H. Jeong, A-L Barabasi, Nature, 401 130 (1999).
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Number of nodes with k links

Bell Curve Power Law Distribution

$ )
_g ¢
£ |
= 11 Very many nodes
Most nodes have < |y with only a few links
the same number of links -5 |\,
-y \.
2 |4
No highl A few hubs with
conne?:tefl nodes g ! (> large number of links
S
| £
=
Z

Reprinted from Linked: The New Science of Networks by Albert-Laszlo Barabasi




Scale-free networks: Definition

Definition:

Networks with a power law tail in their degree distribution are called
‘scale-free networks’

Where does the name come from?

Critical Phenomena and scale-invariance
(a detour)

Slides after Dante R. Chialvo



FERROMAGNETIC MATERIALS

Im

m: “order parameter”

1
E=—2 g J;i8:8; — Zh‘-&
1.7 i

T,
order disorder

M(T —T.,0) ~ (T. — T)”

5 ~ |T — TC|_V

interacting elementary magnets
(spins) sitting in a lattice.

Neighboring spins like to be point
in the same direction

If the temperature T is high this
attraction is not sufficiently strong—
there is no net magnetization.

If the temperature is low, the
ferromagnetic order sets in. There
is a phase transition at T..




~ T —T.|"

At T = Tc: correlation length diverges

Fluctuatlons emerge at all scales: scale-free behavior



km g+1
(m_g_|_1> min ‘mm

DIVERGENCE OF THE HIGHER MOMENTS
s 1M — g—1 m—A (g_1> g—1
(k™>=(g—1)KY f k™ dk = K

For a fixed A this means all moments m>y-1 diverge.

MNetwork Size (kY K - Tin
W 32571 4.51 ar 245 2
WWW 4010 7 238 21
W 2u 1 7.3 w0h 272 2
WO sile 260 (0K 1.4
Internet, domain®*  3015-4380 342-3.76 30-40 21-22 21-22 Most degree eXponentS are smaller
[nternet, router™ 3R8R 257 30 2.4% 2.4% than 3
[ateroel, router™ 150 (MK 2eh L] 2.4 2.4
Movie actor™ 212250 258.78 a0} 23 23 . . —
Co-authors, SPIRES®  S6627 173 1100 12 12 > <k?> diverges in the N->co limit!!!
Co-authors, neure.® 209293 11.54 400 21 21
Co-awthors, math.” THaTs 30 130 2.5 2.5
Sexual contacts® 2810 34 34
hiciabolic, £ eolf T | 110 2.2 2.2
Protein, 5. ceren® 1870 239 2.4 2.4
Yihan estuary™® 134 8.7 35 108 108
Silwood Park™® 154 4.75 27 1.13 1.13
Catatann TRI3M BA7 !
Phone call §3ax10° 3.16 2.1 21
Words, co-occurrenee™ bl W12 .13 2.3 bl

Words, synoayms® 2231 13.48 28 28




What is the meaning of the observed divergence?

Most degree exponents are smaller than 3 &>  <k?> diverges!!!

1/2

What does it mean? sk:(<k2>—<k>2) — ¥

k=<k>isk

Metwork Size (kY u y - ¥in
A 35T d.51 a0} 245 21 . -
WWW 410 7 238 21 WWW: <k>=7 to
WY 2x1 a3 {00 272 21
WA site 200 (X 1.4
Internet, domsain® 154380 3.42-376 3040 21-22 X1-:r3 _
[nternel, router™ 3RLR 157 30 248 248 Internet: <k> = 3.5 *o
[ateroel, router™ 150 (M) 266 il 2.4 2.4
hovie actors™ 212 250 2878 SN 2.3 2.5
Co-autloss, SPIRES® SGEEAT 173 110K 1.2 1.2
Co-authors, aeuro® 203 11.54 Al 21 21
Co-authors, math,™ 0975 39 120 25 25 Metabolic: <k>=7.4 +
Sexual contacts™ 2810 34 34
hetabolic, £ colf TiR T 116 2.2 2.2
Protein, 5. cerev® 1870 239 24 24
Yihan estoary™ 134 8.7 I 105 108 Phone call: <k>=13.16 *+
Silwood Park™® 154 475 £ 1.13 1.13
Catatson TR G334 BT 3
Phone call $3x10° 118 21 2.1
Words, co-occurrence™  4B0 912 .13 2.7 27
Words, synoavms® 22311 13.4% 28 28

The average values are not meaningful, as fluctuations are too large!



DISTANCES IN SCALE-FREE NETWORKS

1
— g-1
Kmax_KminN

( const _ 2 Size of the biggest hub is of order O(N). Most nodes can be connected within two layers
) }/ - of it, thus the average path length will be independent of the system size.
The average path length increases slower than logarithmically. In a random network all
1 1 N nodes have comparable degree, thus most paths will have comparable length. In a
Ultra nin scale-free network the vast majority of the path go through the few high degree hubs,
Small 2< Y < 3 reducing the distances between nodes.
World h](}/ - 1)
< [ SA 9 Some key models produce y=3, so the result is of particular importance for them. This
was first derived by Bollobas and collaborators for the network diameter in the context of
lnN a dynamical model, but it holds for the average path length as well.
h'lh'lN The second moment of the distribution is finite, thus in many ways the network behaves
as a random network. Hence the average path length follows the result that we derived
Small for the random network model earlier.
ma
World lnN '}/ > 3

Cohen, Havlin Phys. Rev. Lett. 90, 58701(2003); Cohen, Havlin and ben-Avraham, in Handbook of Graphs and Networks, Eds. Bornholdt and
Shuster (Willy-VCH, NY, 2002) Chap. 4; Confirmed also by: Dorogovtsev et al (2002), Chung and Lu (2002); (Bollobas, Riordan, 2002; Bollobas,
1985; Newman, 2001



EMPIRICAL DATA FOR REAL NETWORKS
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Nodes: papers
Links:citations

1736 PRL papers (1988)

(S. Redner, 1998)

1234 . . . . .578..



ONLINE COMMUNITIES

Nodes: online user
Links: email contact

Kiel University log files
112 days, N=59,912 nodes

100000

10000 F
1000 E
100 F
10 E
.

0.1 E

|:‘|.|:|"I -| 1 a1 1l I 1ol 1 L1111
1 10 100 1000
Cegree k

Ebel, Mielsch, Bornholdtz, PRE 2002.



METABOLIC NETWORK

: 11 IIIIII| 11 ||||||| 1 IIIIII: E 1 |||||||| 1 |||||||| | ||||I% E: T IIIIIIII I-.[.IE"]I-IIIIII | |||||'f
_ L, oUT—&—3 [\ oUuT —&— -
10° F A fulgzidus 4 F 4 L ]
].D_EI BRI R TIT R EEET BT R TIT EE R T T T
10° 10! 10% 10°10Y 10' 10® 10° 10 10' 10% 10°
b k b
Archaea Bacteria Eukaryotes

~2.2
Organisms from all three P in(k)Nk
domains of life are scale-free! P, (k)~ k22

H. Jeong, B. Tombor, R. Albert, Z.N. Oltvai, and A.L. Barabasi, Nature, 407 651 (2000)



ACTOR NETWORK

Nodes: actors
Links: cast jointly

Days of Thunder (1990)
Far and Away (1992)
Eyes Wide Shut (1999)

10

N = 212,250 actors 10° |

10

k) = 28.78
P(k) ~k-y 10° |
y=2.3 o8 |

Pk)

10



SWEDISH SE-WEB

Nodes: people (Females; Males)
Links: sexual relationships

10 F© Femuales
& Vales

0 10 10° 10
Total number of partners. k_,

4781 Swedes; 18-74;
59% response rate.

Liljeros et al. Nature 2001




SCALE-FREE NETWORKS

Many real world networks have a similar architecture:

Scale-free networks

WWW, Internet (routers and domains), electronic circuits, computer software, movie
actors, coauthorship networks, sexual web, instant messaging, email web, citations,
phone calls, metabolic, protein interaction, protein domains, brain function web,
linguistic networks, comic book characters, international trade, bank system,
encryption trust net, energy landscapes, earthquakes, astrophysical network...



UNIVERSALITY AGAIN

Meltwork

R
B
B
WWW, site
Itesnet, domam®
Iaternel, router™
[aternet, router™
hMovie actors™
Co-authors, SPIRES™
Co-authors, neuro*
Co-authors, math.™
Sexual contacis®
hMetabolic, £ coli
Protein, 5 ceren™
Yihan estuary™
Silwood Park®
Citation
Phone call
Words, co-occurrenos™
Words, synoavms®

Size (k) x - ¥in
RETN 4.51 () 245 21
410 7 2.38 21
2 10° 735 000 272 21
260 000 1.94

0154380 3.42-376 30-40 21-22 21-22

e 157 i 248 248
150 000 2 66 &0 2.4 2.4
212250 2878 a0 2.3 23
SH627 173 1100 1.2 1.2
200 203 11.54 400 2.1 21
0975 39 120 2.5 2.5
2810 34 3.4

778 74 110 2.2 2.2

1870 230 24 24

134 8.7 35 1.05 1.05

154 4.75 27 1.13 1.13
TR 534 BT 3
£ 10" 116 2.1 21
sefd 02 T0.13 2.7 27
22311 13.48 2.8 28

Critical phenomena:

Universality means that the exponents
are the same for different systems...
they are independent of details.

Networks:

The exponents vary from system to
system.

Most are between 2 and 3

Universality:

the emergence of common features
across different networks. Like the
scale-free property.




COMMON MISCONCEPTIONS

IoWration Common Misconceptions

A

-if there is a low-k saturation, it is not scale-free

-if there is a high-k cutoff, it is not scale-free

Most real networks:

P(K) ~ (k+ko)Yexp(-kik,)

High-k cutoff
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THE TOOLS OF MODERN NETWORK THEORY

> Graph theory

> Social network theory

> Statistical physics

> Computer science
> Biology

> Statistics



T

A router




Peym (K)

I/I HTEP H ET. HECMOTpFI Ha O4eHb ANHaAMWYHYHIO

npupoay NHTEPHETA nokasatesnb CTeneHn nocTtogaHeH BO

BpeMeHM
[ —
2
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WWW

* A) pacnpeneneHue
BbIXO4Hble CBA3WU A1

325729 y3noB

* B) pacnpepneneHue

WORLD-WIDE WEB

HOME

PAGE
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The not so subtle financial networks: 2011

I
More Worrisomeg ——

Germany France

Britain Japan

United States



KOPPENAUNN B CETAX

ACCOPTATNBHOCTb
/1
OANCCOPTATBHOCTb



ACCOTATUBHOCTDb

Birds of Feather — nTuubl 0AHOrO noJsieTa.

OTO 0603HaYeHne aBneHnsa «noaobHoe
CTPEMUTCA K NOJA0OHOMY>» B COLMaSIbHOWN
cucteme

XEHUVTbBA

Rich Club Phenomenon — gaBneHue
3IUTAPHOro Knyba



MULTIPOINT DEGREE CORRELATIONS

P(k): not enough to characterize a network

Large degree nodes tend to connect to large
degree nodes
Ex: social networks
Large degree nodes tend to connect to small
degree nodes

\‘. Ex: technological networks




PeasibHble CeTH

METPO?

NMEPCOHAXbl POMAHOB?

Social networks  Biology coauthorship (a)

are assortative Mathematics coauthorship (b)

Netwaork " ¥
Physics coauthorship (a) 329049 0.363
1520251 0.127
253339 0.120
Film actor collaborations (c) 449913 0208
Company directors (d) 1673 0.276
Internet (e} 10697 — (1L 189
World-Wide Web (f) 269 504 —(.065 Biological,
Protein interactions (g) 2115 —(. 156 technological
Neural network (h) 307 —0.163 networks are
Marine food web (1) 134 —().247 disassortative
Freshwater food web (j) 92 —-0.276
Random graph (u) 0
Callaway et al (v) af(l + 24)
Barabdsi and Albert (w) 0

r>0: assortative network:
Hubs tend to connect to other hubs.

r<0: disassortative network:

Hubs tend to connect to small nodes.
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Fig. 3. Communities in the giant component of the worldwide air transportation network. Each node represents a location, and each color corresponds to a
community.
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Ln Number of Occurences

S. Derrible, C. Kennedy / Physica A 389 (2010) 3678-3691
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Fig. 3. Log-log frequency distribution of line attribute for 33 metro networks.
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Degree Centrality

Which are the most important or CENTRAL
vertices in a network?

There are many possible definitions of
Importance, and correspondingly many centrality
measures for networks.

The simplest centrality measure in a network is
just the degree of a vertex, the number of edges
connected to it: DEGREE CENTRALITY



Betweenness Centrality — Harpyska
y3na

* Betweenness centrality measures the
extend to which a vertex lies on path
between other vertices.
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Menuum, Ko3umo (Crapiumi)

JlaTa poxjaeHus: )
MecTo poxxaeHuUs: Hara
CMepTH: ) (74 ropa)

Mecto cmepTH: DopeHLus

CtparepH Ilon. Meguuu. KpectHbie
oTubl PeHeccanca. M., 2010
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CTaHIM1 MOCKOBCKOT'O METPO

Ne Crannug Betweenness centrality
1 | KneBckas 2919.18
2 | OxTadprckad 2678.03
3 | Kypcrad/UkanoBckas 2647.69
4 | bappukanHasg/KpacHoIpecHeHCKAs 2420.67
5 | Tarasckag/MapkcHCTCKAL 2382.95
6 | [Tapk KyneTypEl 216647
7 | TpeTpakoBckas/HoBOKY3HEIKAA 1956.88
8 | IlaBemenkas 1823.54
9 | Menneneesckad/HoBocnoGoackad 1722.70
10 | OxotHsd pan/TearpansHad/IInomans Pepomonnn | 1607.79




CLOSENESS CENTRALITY

Eme OTHEM MOKa3aTeTeM BAKHOCTH V31a MOKET CTYKHTh IOKA3aTelh
closeness cenfrality («6am30CTh»). XapaKTePH3VIOIIMI CPEIHION OIM30CTH K
TaHHOMY V3Iy BCEX OCTAMBHEIX V310B. @DopMambHOE OMpelelcHHE 3TOT0
MOKa3aTeld CeayIomee:

«bmm3ocTey (closeness centrality) C, y3ma i ecTh BETHUHHA

¥4,

(, . J.J#i

N -1

rie N - ofmee 4mcIo y3710B, d, - WHCIO CB3eil MO KpaTdaiileMy MapmpyTy

MEXKIY V3IaMH [ H J .



Closeness Centrality gna ctaHuum
MOCKOBCKOIo MeTpo

No Cramimig Closeness cenfrality
1 OxoTHui pagTeatpaneaaa Inonane Pegomonun | 576
2 Tpetrmoeckad/HoBokysHenKan 2,78
] Hezceckaa/llymenackaa Teeporad 5,89
4 EvperaaTranoecrkan 5.80
3 TaranckaaMlaprcHoToKan 5.94
& OprabpecEad 0,99
! Furaf-ropog 6,08
) EappurapnaaFpacHonpecnencran .08
9 ITapk Kynetypm f.13
10 EopoennkaaBubnnorera um. JlennHa £.14




CeTb aBTOOYCHbIX MapLUPYTOB MOCKBbI

Number of nodes: 644
Number of edges: 6338
Average clustering: 0.66

Average shortest path length: 4.6
Assortativity: 0.345




CeTb aBTOOYCHbIX MapLLUPYTOB MOCKBbI




TponnenbycHble MapLUPyThI
MOCKBbI
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A directed network of Greek and Roman mythology
Yeon-Mu Choia, Hyun-Joo Kim

Physica A 382 (2007) 665-671
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Characters in Les Miserables, centred on the main

character Valjean. CETU TEPOEB JIMTEPATYPHBIX
[TPOM3BEIEHNI HE SIBJISIFOTCSI COLIMAJIbHBIMU CETSIMU!! !
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Complex network structure of musical compositions: Algorithmic
cgeneration of appealing music

¥iao Fan Liu®*, Chi K. Tse, Michael Small

Department of Elecronic and Information Enginearing The Hong K ong Palytedhmic University, Hung Hom, Kowloon, Hong Kong

[TapTHTYpa My3BIKANTBHOTO MPOH3BEIeHHA JerKo npeodpasyer-
Cd B CETeBYID CTPVETYDY, €C/IH B KauyecTBe y3J0B Takoil ceTH B3ATh
MY3bIKATbBHEIE HOTHI BCEX BO3AMOXHEIX MMHTenbHOCTel. Hetpvano
MOOCYHTATL, YTO YHCIO VINOB B TakKOH ceTH He OVIST NMpeBRIATE
1800). B camom nene, yHcao EJapvineil v posanra pasHo 88 M, YMHO-
#asA 3T0 uncno Ha 20 — uMcno ATUTenkHOCTeH HOTE (MONOBHHHEE,
YeTBepPTH, BOCEMBIE H T. 0.), momydaem 1760. CeAsH Mexmy yanamH
(HOTaMM) B CETH YCTAHABTHBAIOTCA M0 XPOHOIOTHUECKOMY NPHHLIH-
my: ecli HOTa { HaYHHAeT 3BY4YaTh B MOMeHT BpemMeHH T, a HoTta J
B 3TOT MOMEHT 3aKaHYHBAST CBOE 3BYUaHHEe, TO MeXIOy COOTBETCTEY-
IOHNIHMH V3TaMH CeTH HMeeT MeCcTO CEA3b.



. Length of composition, T.

L

Complex network structure of musical compositions: Algorithmic
generation of appealing music

Xiao Fan Liu®, Chi K. Tse, Michael Small

Department of Electronic and Information Enginearing The Hong Kong Palytechnic University, Hung Hom, Kowloon, Hong Kong
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Toral number of nodes, N.
Total number of edges, 3 k.

Mean degree, k. i
Mean shortest distance between nodes, d.
Metwork diameter, d gy .

Clustering coefficient, C.

Centrality coefficient, £.

Power-law exponent of

o cdgeweight distribution, V.

o Node degree distribution, yy4,

o Node strength distribution, ¥epw.




Complex network structure of musical compositions: Algorithmic
generation of appealing music

¥iao Fan Liu®, Chi K. Tse, Michael Small

XF. L et al./ Physicad 289 (2010) 126-132
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Piet Mondrian (1872 -1944)




Piet Mondrian (1872 -1944)
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Piet Mondrian (1872 -1944)
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A SIMPLE STORY (1)

The fate of Saddam and network science
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Network Science: Introduction 2012



THE ROLE OF NETWORKS

Behind each complex
system there Is a network,
that defines the Interactions
between the component.
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Vcrionb3ysi MeToZ, MarHUTHO-Pe30HaHCHOTO 1M300pakeHUs1, U3Mepsiziach
aKTMBHOCTb MO3ra TIPH OCYILECTBJIEHUM TIPOCTOT0 MOTOPHOTO JeNCTBUS (CTYK
TaJibl[eM TI0 CTOJIy) Ha KaXKZJOM BDEMEHHOM UHTEpPBaJie B 2,5 CEeKYH/Ibl Ha
npotsbkeHnu 400 TakuxX MUHTepBasoB. M3yuanachk 06/1acTh MO3ra pa3Mepom
36x64%64 1poCTpaHCTBEHHBIX SA4eeK C pa3MepOM KaKI0u ssuerku 3%3,475%3,475
MMS,



e Kaxable ABe A4Yeiikn byaem cuntaTb YHKLUMOHATbHO
CBSI3aHHbIMW MeXay cob0ii, ecnmn 3HavyeHne
MPOCTPAHCTBEHHO-BPEMEHHO KOPPENAUNN Mexay
HUMM NPEBbILLAET HEKOTOPbIN NOpPOr .



PyHKUMOHa/IbHAsA CETb MO3ra YesnoBeKa

*  O@yHKUMOHasIbHaA ceTb Mo3ra
yesioBeka npw BbINO/IHEHUN UM
MPOCTOro MOTOPHOIO
nencteuna. lNokasaH qoparmeHT
Takoun ceTu.

* P(K)=k ¥, y=2




NPYIME MNPUNOXEHUSA
TEOPU CNOYXHbIX CETEW

1. PACNPOCTPAHEHNE MHOEKLIMOHHbIX
SABOJIEBAHIW (6uonornyeckux u
KOMMbIOTEPHbLIX BUPYCOB) B CETAX

2. COTPYAHWNYECTBO B CETAX
3. CUHXPOHU3AUNA B CETAX

4. "MNONCK N COKPbITE NHPOPMALUINW B
CETAX . HABT"'ALUWNA.
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