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Chapter One
Introduction

IJIABA ITEPBAA.
BCTYIUIEHHUE.

Networks are everywhere.

CeTH ecTh BE3E.

From the Internet and its close cousin the
World Wide Web to networks in economics,
networks of disease transmission, and even
terrorist networks, the imagery of the network
pervades modern culture.

Ot HUHaTepHeTa u ero 6JU3KOro poJICTBEHHUKA
- BcemupHO#ll mayTHHBI O 3KOHOMHYECKHX
CeTe, ceTell mepenayn 3a00JIeBaHUN U Jaxe
TEPPOPUCTUYECKUX ceTell - 00pa3bl CceTH
[IPOHU3BIBAIOT COBPEMEHHYIO KYIbTYpPY.

What exactly do we mean by a network?

YT0 IMEHHO MBI nmoapasyMeEBacM 1oOJ CEThIO?

What different kinds of networks are there?

Kakue cyiecTByroT pa3jin4yHblie TUIbI CETEN?

And how does their presence affect the way
that events play out?

N xak #WX TPUCYTCTBHE BIMAECT HA XOJ
COOBITUI?

In the past few years, a diverse group of
scientists, including mathematicians,
physicists, computer scientists, sociologists,
and biologists, have been actively pursuing
these questions and building in the process the
new research field of network theory, or

the "science of networks" (Barabasi 2002;
Buchanan 2002; Watts 2003).

B mocimegHne HECKOIBKO JIET pas3jInvdHbIC

IPYIIBl  yYEHBIX, BKIIOYass MaTEMaTUKOB,
(GU3HUKOB, BBIYUCIUTENEH, COLMUOJIOTOB U
OMOJIOTOB, AaKTHBHO 3aHUMAIOTCA 3THUMHU

BOIIpOCAMHM U B MPOIECCE CO3JaHUSI HOBOM
00J1aCTH UCCIEeIOBaHUN - TEOPUU CeTeH, UiH
«cereBoil  Hayku»  (bapaGamm  2002;
berokenan 2002; Bartc 2003).

Although it is still in a period of rapid
development and papers are appearing

daily, a significant literature has already
accumulated in this new field, and it there-
fore seems appropriate to summarize it in a
way that is accessible to researchers unfamiliar
with the topic.

XoTs OHaA BCe e€lIe HAXOAUTCI B CTaIuH
OypHOrO pa3BUTHSI W CTaThbU MOSBISIOTCS
€KEHEBHO, B O3TON HOBOM oOjacTu yxe
HaKOIUIEHAa 3HAuMTellbHas JIUTepaTypa, H
MOATOMY TIPEACTABIISIETCS  11€71eCO00Pa3HbIM
MOJBITOXKUTH €€ TaKUM 00pa3oM, YTOOBI OHa
OblTa JOCTymHA JUIsl HCClenoBaTeseil, He
3HAKOMBIX C 3TOM TEMOM.

That is the purpose of this book.

B sTom u 3akirogaeTcs 1eb dTOM KHUTH.

We begin by sketching in this introductory
chapter a brief history of the study of networks,
whose beginnings lie in mathematics and more
recently sociology.

B 210l BBOHO I'I1aBE MBI HAYHEM € KPATKOTO
ONMCAHUSI UCTOPUU W3YUEHHS CETEW, UCTOKHU
KOTOPBIX JIE)KAT B MAaTEMAaTUKE, a B ITOCIIEIHEE
BpEMS - B COLIMOJIOTHH.

We then place the "new" science of networks
in context by describing a number af features
that distinguish it from what has gone before
and explain why these features are important.

3areM MBI PacCMOTPHM «HOBYHO» HAyKy O
CCTAX B KOHTCKCTC OITNUCaHUs prI[a
0COOEHHOCTEH, OTIMYAIOLIUX €€ OT TOro, 4TO
OblI0O paHee, M OOBSACHUM, TOYEMY OTH
0COOCHHOCTHU Ba)KHBI.

At the end of the chapter we give a short
outline of the remainder of the book

B KOHIC TJaBbl MbI IIPUBOJUM KpPaTKOC
OIMMCaHHUE OCTABIICHCS YaCTH KHUTH.

1.1 A BRIEF HISTORY OF THE STUDY
OF NETWORKS

1.1 KPATKAS HCTOPHSI H3YYEHHUHA
CETEH

The study of networks has had a long history
in mathematics and the sciences.

N3ydenune cetell MMEET JOITYH0 HCTOPHIO B
MAaTEMaTUKE U €CTECTBEHHBIX HAyKaX.

In 1736, the great mathematician Leonard
Euler became interested in a mathematical
riddle called the Konigsberg Bridge Problem.

B 1736 rony Benukuii MareMmaruk Jleonapn
Olnep 3auMHTEPECOBANICS MaTeMaTH4YECKOU
3arajJakon oJ Ha3BaHHUEM «3agaua
Kenurcoeprckoro Mocray.




The city of Konigsberg was built on the banks
of the Pregel River in what was then Prussia,
and on two islands that lie in midstream.

I'opon Kenurcbepr ObuT MOCTpOeH Ha Oeperax
pexu Ilperens Ha TEPPUTOPUM TOIAAIIHEH
[Ipyccun, a Takke Ha JBYX OCTpPOBaXx,
PacroI0XKEHHBIX B CPEAHEM TEUEHUH.

Seven bridges connected the land massed, as
shown in Figure 1. 1. (There are many more
than that today.)

CeMb MOCTOB COCITUHSIIA MACCHBBI 36MJTH, KaK
nokazaHo Ha Pucynke 1. 1. (Ceromns ux
ropasJio 00JbIIIe.)

A popular brainteaser of the time asked,
"Does there exist any single path that crosses
all seven bridges exactly once each?"

ITonysspHBII MO3rOBOM TH3€p TOTO BPEMEHU
ciopocus, «CylecTByeT M KakoH-HUOYIb
OIMH IIyTh, KOTOPBIM IIEPECEKAET BCE CEMb
MOCTOB POBHO 10 OJTHOMY pa3y?»

Legend has it that the people of Konigsberg
spent many fruitless hours trying to find such
a path before Euler proved the impossibility of
its existence.

Jlerenna rnacut, utro >xurenu KenurcOepra
MOTPATWJIM ~ MHOTO  OCCIUIOJHBIX  YacoB,
MBITAACh HAWTH TaKOW MYTh, MPEKIE YEM
Dillep  JOKazal  HEBO3MOXKHOCTh ero
CYIIECTBOBAHUS.

The proof, which perhaps seems rather trivial
to us now, but which apparently wasn't
obvious in 1736, makes use of a graph- a
mathematical object consisting of points, also
called vertices or nodes, and lines, also called
edges or links, which abstracts away all the
details of the original problem except for its
connectivity.

I[OKaSaTeJ'ILCTBO, KOTOpOC, BO3MOXXHO,
Ka)KeTCsl HaM ceiiuac IOBOJILHO TPUBHUAJIBHBIM,
HO KOTOpPOC, BUAUMO, HC OBLIO O4YCBUAHBIM B

1736 roay, UCIIOJIb3YET rpad -
MaTeMaTHYECKUH OOBEKT, COCTOSIIUN W3
TOYCK, Ha3bIBAEMBbIMHU BEpIIMHAMU NN

y3J1aMH, W JIMHUNA, Ha3bIBaeMbIMU peOpamu
WU CBS3SIMH, KOTOpBIH abcTparupyer Bce
JeTaly  WCXOJHOM  3aJauyd, Kpome ee
CBSI3HOCTH.

Figure 1.1. A map of eighteenth-century

Pucynok 1.1 Kapma Kenuzcoepza XVIII ¢exa

Konigsberg, with its seven  Dbridges | ¢ éstoenennvimu cemuvio mocmamu.
highlighted
In this graph there are four vertices | Ha sTom rpaduke NpencTaBICHBI YeThIpe

representing the four land masses and seven
edges joining them in the pattern of the
Konigsberg bridges (Figure 1.2).

BEPILIUHEI, MPEICTaBIISIONIHE YeThIpe
CYXOITYTHBIX MaCCHBa M CEMb COCTUHSIONTUX
ux pedep B cxeme KeHurcOeprckux MoOCTOB
(puc. 1.2).

Then the bridge problem can be rephrased in
mathematical language as the question of
whether there exists any Eulerian path on the
network.

Torma 3amaua MocTa  MOXET  OBITH
nepedpazupoBaHa B MaTEeMaTHUECKUH S3bIK
KaK BOIIPOC O TOM, CYIIECTBYET JIU B CETHU
SUIEPOBCKUM NyTh WIIN HET.

An Eulerian path is precisely a path that
traverses each edge exactly once.

DnepoB NMyTh — 3TO TOYHO TaKasl >K€ TpOIa,
KOTOpasi TEPEeCceKaeT KaXKIblii Kpall pPOBHO
OJIMH pPas.

Euler proved that there is not, by observing
that, since any such path must both enter and
leave every vertex it passes through, except the
first and last, there can at most be two vertices
in the network with an odd number of edges
attached.

Diiep mokaszall, 4yTo HET, HaOmrogas, 4To,
MOCKONBKY 000N TakoW TyTh JOJKEH
BXOJIMTH U MOKUIATh KOK/IYIO BEPIIUHY, YePE3
KOTOPYIO OH IPOXOAUT, KPOME IEepBOM U
MOCJIeIHEH, MOXeT ObITh He Ooyiee ABYX
BEpPIIMH B CETU C HEUYETHBIM KOJHUYECTBOM
pebep.

In the language of graph theory, we say that
there can at most be two vertices with odd

B s3pike Teopum rpadoB MBI TOBOPUM, UTO
MOXET OBITh HE OoJiee JBYX BEpIIMH C
HEYeTHOHU CTCIICHBIO, MMpHUICM CTCIICHDb




degree, the degree of a vertex being the
number of edges attached to it.

BCPIIHHBI 9TO YHUCJI0

IIPUKPEIUICHHBIX K HEH.

pebep,

Since all four vertices in the Konigsberg graph
have odd degree, the bridge problem
necessarily has no solution.

[TockonmbKy Bce deThIpe BepIIMHBI Tpada
Kenurcbepra HMeEIOT HEUETHYIO CTEIEHb,
3a/1a4ya MOCTa OJHO3HAYHO HE UMEET PEILECHHUS.

The problem of the existence of Eulerian paths
on networks, as well as the related problem of
Hamiltonian paths (paths that visit each vertex
exactly once), is still of great interest to
mathematicians, with new results being
discovered all the time.

[Ipobnema  cymiecTBOBaHHS — SHIEPOBCKUX
IyT€l B CETAX, a TAKXKE CBS3aHHAs C ITUM
npobiieMa TaMUIbTOHUAHCKUX MyTeil (IyTH,
KOTOpbIE MMOCEMIAI0T KaXK1yl0 BEPIIMHY POBHO

OIMH pa3), NO-NIPEKHEMY IPEICTaBIISIET
OosbLION HMHTEpeC M MaTeMaTHKOB, M
IIOCTOSIHHO 00HapyKUBAIOTCS HOBBIE
pe3ybTaThL.

Many consider Euler's proof to be the first
theorem in the now highly developed field of
discrete mathematics known as graph theory,
which in the past three centuries has become
the principal mathematical language for
describing the properties of networks (Harary
1995; West 1996).

MHorue cuuTarT J0Ka3aTeNbCTBO Oijepa
MEPBOM TEOPEMOM B HBIHE BBICOKOPA3BUTOU
00J1aCTH TUCKPETHOM MaTeMaTUKH, H3BECTHON
Kak Teopus rpadoB, KOTOpass 3a MOCIEIHHE
TpHU CTOJIETHUS craia OCHOBHBIM
MaTE€MaTUYeCKUM SI3bIKOM U1l OIMCaHUs
cBomctTB cereit (Xapapu 1995; Bect 1996).

In its simplest form, a network is nothing more
than a set of discrete elements (the vertices),
and a set of connections (the edges) that link
the elements, typically in a pairwise fashion.

B  cBoeii  mpocreiimerr  dopme  ceTh
IpEeCTaBIsieT COO0M HE YTO MHOE, KaK Habop
JIMCKPETHBIX 3JIEMEHTOB (BEpIIMH) U HaOop
coeMHeHU (pebep), KOTOphIe COCIUHSIOT
AIIEMEHTHI, 0OBIYHO B TAPHOM TOPSIJIKE.

Figure 1.2 Left: a simplified depiction of the
pattern of the rivers and bridges in the
Konigsberg bridge problem. Right: the
corresponding network of vertices and edges.

Pucynok 1.2 Cneea:  ynpouwiennoe
u3zoopasxcenue cmpykmypol peK u Mocmoe 6
npooneme Kenuzcoepeckozo mocma. Cnpasa:
COOMEEemcmayouian cemy epuiun U Kpas.

The elements and their connections can be
almost anything people and friendships
(Rapoport and Horvath 1961), computers and
communication lines (Faloutsos et al. 1999),

chemicals and reactions (Jeong et al. 2000;
Wagner and Fell 2001), scientific papers and
citations (Price 1965; Redner 1998)3- causing
some to wonder how so broad a definition

DJleMEHTaMH W UX CBSI3IMH MOTYT OBITh
MPAKTUYECKH BCe 01U U ApYy3bs (Pamonopt u
Xopgar,1961), KoMObIOTEPHI U JIMHUU CBS3U
(danayroc u ap.1999), xuMHUeckue BemecTBa
n peakuun (Yon u gp. 2000; Baruep u
®enn,2001), HayuHble CTaTbU M LMUTAThI
(ITpaiic 1965; Peanep 1998), uto 3actaBmisier
HEKOTOPBIX 3aJyMaTbCsi O TOM, HACKOJBKO

could generate anything of substantive | mmpokoe omnpeaencHre MOXKET BBI3BATh
interest. KaKoi-1100 CYIIeCTBEHHBII HHTEpEC.
But its breadth is precisely why graph theoryis | Ho wumenHo mostomy Teopusi rpadoB

so powerful.

HACTOJBKO MOIIIHA, HACKOJBKO MIMpPOKA €e
cepa oxpara.

By abstracting away, the details of a problem,
graph theory is capable of describing the
important topological features with a clarity
that would be impossible were all the details
retained.

AOcTparupysch OT AeTajeil 3aaadu, TEopus
rpadoB crmocoOHa YETKO OMUCaTh Ba)KHBIE
TOTMOJIOTHYECKHE  OCOOEHHOCTH, KOTOPBIC
ObUTH ObI HEBO3MOKHBI TIPU COXPAHEHUH BCEX
IETaJIEN.

As a consequence, graph theory has spread
well beyond its original domain of pure

Kak cnencrBue, Tteopuss rpadoB BBIILIA
JIaJIeKO 3a paMKH CBOEH TNEpBOHAYAJIbHOU
0071aCTH YHUCTOH MaTEeMaTHKH, OCOOEHHO B




mathematics, especially in the past few
decades, to applications in engineering

(Ahuja et al. 1993), operations research
(Nagurney 1993), and computer science
(Lynch 1996).

MOCJIeIHNE HECKOJIBKO NECSTHIIETUH, U Halllla
IIPUMEHEHNE B MH)KEHEPHOM Jiene (AXymxka u
coaBT. 1993), omepaTUBHBIX HCCIICIOBAHUIX
(Haropuu 1993) u wundopmaruke (Jluau
1996).

Nowhere, however, has graph theory found a
more welcome home than in sociology.

Opnako Hurzme Teopus TpadoB He Hamuia
Oojnee JKETAHHOIO NpPHUCTAHUIIA, YEM B
COITMOJIOTHH.

Starting in the 1950s, in response to a growing
interest in quantitative methods in sociology
and anthropology, the mathematical language
of graph theory was coopted by social
scientists to help understand data from
ethnographic studies (Wasserman and Faust
1994; Dedenne and Force 1999; Scott 2000).

Hauymnags ¢ 1950-x romoB, B OTBET Ha
pacTymMii HMHTEpeC K  KOJIMYECTBEHHBIM
METO/JaM B COLIMOJIOTUM W AHTPOMOJIOTHH,
COLIMOJIOTH MCIIOJB30BAIM MAaTeMaTHYECKUH
SI3BIK Teopuu TpadoB, 4TOOBI IOMOYB MOHSTH
JaHHbIE, TOJIyYCHHbIE OT ATHOTrpadUUYECKUX
uccienoBannii (Baccepman u ®aycr 1994;
Henenn u Cuner 1999; Crott 2000).

Much of the terminology of social network
analysis- actor centrality, path lengths, cliques,
connected components, and so forth -was
either borrowed directly from graph theory
orelse adapted from it, to address questions of
status, influence, cohesiveness, social roles,

Bonpmass 9acTh TEpPMHUHOJIOTHHM  aHAIHM3a
COLIMATIBHBIX CETeHl - IEHTPaJIbHOCTh aKTOPA,
JUTMHA TYTH, KJIUKH, CBSI3aHHBIE KOMITOHEHTHI
u T. A - ObJla  3aMMCTBOBaHa
HENOCPEACTBEHHO U3 aJallTUPOBAHHOW U3 HEe
Teopun TpacdoB NI pElIeHUs BOIPOCOB

and identities in social networks. craryca, BIIUSIHHS, KOT'€PEHTHOCTH,
COIMATIBHON  CIUIOYCHHOCTH, pOJIH |
UJICHTUYHOCTH B COIIMAIBHBIX CETSX.

Thus, in addition to its role as a language Takum o00pa3oMmM, TOMHUMO pOJIH  S3BIKA

for describing abstract models, graph theory
became a practical tool for the analysis of
empirical data.

onucaHus aOCTPAaKTHBIX MOJENeN, Teopus
rpadoB crajga NpakTUYECKUM HHCTPYMEHTOM
aHaJIM3a SMIIUPUYECKHUX JAHHBIX.

Also starting in the 1950s, mathematicians
began to think of graphs as the medium
through which various modes of influence-
information and disease in particular -could
propagate (Solomonoff and Rapoport 1951;
Erdos and Renyi 1960).

Haunnas ¢ 1950-x ro1oB, MaTeMaTUKN HaYaJIn
aymMatb o rpadukax Kak O CpEACTBe
pacipocTpaHeHUs Pa3IMIHBIX BUJIOB BIUSHUS
- uHpopmanuu U OONE3HEW, B YAaCTHOCTHU
(ConmomonoB u Pamomoptr 1951; Opaémr u
Pennu 1960).

Thus the structural properties of networks,
especially their connectedness, became linked
with  behavioral characteristics like the
expected size of an epidemic or the possibility
of global information transmission.

Takum o00pa3oM, CTPYKTYpHBIE CBOMCTBa
ceTell, OCOOEHHO WX CBSI3aHHOCThL, CTaJA
CBSI3aHBI c MOBEJICHYCCKUMH
XapaKTePUCTHUKAMHU, TAKUMH KaK O0XKHJIaeMBbIi
pa3Max  JMOHAEMHUU WM BO3MOXKHOCTH
r1100apHOM nepenayn HHPOpMaIIHH.

Associated with this trend was the notion that
graphs are properly regarded as stochastic
objects (Erdos and Renyi 1960; Rapoport
1963), rather than purely deterministic ones,
and therefore that graph properties can be
thought of in terms of probability
distributions-an approach that has been
developed a great deal in recent years.

C 2T0ii TeHJEHIIHMEH CBSA3aHO MPEICTABICHHUE O
TOM, 4TO rpadbl IPaBUILHO BOCIPUHUMAIOTCS
KaKk cToxacTuueckue oOBekThl (Dpaém wu
Penbu 1960; Pamormopt 1963), a He mpocTo Kak
CTOXaCTHYECKHEe OOBEKTHl, a HE YHUCTO
JETEPMUHAPOBAHHBIC CIUHHIBI, ¥ IO3TOMY
9TH CBOICTBa Tpad)a MOKHO pacCMAaTPUBAThH C
TOYKH 3PEHUS paclpeieIeHUs] BEpOSITHOCTEH -




MOAXO0MA, KOTOPBIA  ObLI

MNOCICAHUEC I'OABbI.

pazpabotan B

1.2 THE
NETWORKS

"NEW"  SCIENCE OF

1.2 "HOBAA" CETEBAA HAYKA

So what is there to add?

Taxk 4rto e 100aBuUThH?

If graph theory is such a powerful and general
language and if so, much beautiful and elegant
work has already been done, what room is
there for a new science of networks?

Eciu Tteopust rpadoB sABISETCS TaKUM
MOIIIHBIM U YHUBEPCAIbHBIM SI3BIKOM U €CIIU
y)K€ TMPOJIeTIaHO CTOJBKO KpacuBOM U
AJIETaHTHOW pabOoThl, TO KaKoe MECTO JUIs
HOBOW CETEBOM HAayKH?

We argue that the science of networks that has
been taking shape over the last few years is
distinguished from preceding work on
networks in three important ways: (1) by
focusing on the properties of real-world
networks, it is concerned with empirical as
well as theoretical questions; (2) it frequently
takes the view that networks are not static, but
evolve in time according to various dynamical
rules; and (3) it aims, ultimately at least, to
understand networks not just as topological
objects, but also as the framework upon which
distributed dynamical systems are built.

Msbl yTBepxkzaeMmM, 4YTO Hayka O CeTsx,
(dbopmupoBaBIIasiCsS 32 MOCIEIHUE HECKOIBKO
JeT, OTIMYaeTcs OT HpeabLayliedl paboThl B
CeTsIX TpeMsi BaxHbIMM crocobamu: (1)
KOHIICHTPUPYSl BHUMaHHUE HA CBOMCTBAX ceTeil
peasbHOro MUpa, OHa 3aHUMAaeTCs
HMIIUPUYECKUMHU U TEOPETUYECKUMU
BoIpocamy; (2) OHa 4acTo HpHIEpPKUBAETCA
MHEHHUS, YTO CETH He SIBJIAIOTCS CTaTUYHBIMHU,
a  DBOJIOIMOHUPYIOT BO BpPEMEHH B
3aBUCUMOCTH OT CIEyIoUMX (HakTopoB
IuHaMuueckux  mpaBwi; u (3)  oHa
HafpaBiIeHa, [0 KpaiiHel Mepe, B KOHEYHOM
cdeTre, Ha TO, YTOOBI MOHATH CETH HE TOJBKO
KaK TOIOJIOTHYECKHE OOBEKThI, HO M Kak
CTPYKTYDY, Ha KOTOPOI CTpOATCS
pacripe/ie/IeHHbIe TMHAMHYECKUE CUCTEMBI.

As we will see in Chapter 3, elements of all
these themes predate the recent explosion of
interest in networks, but their synthesis into

a coherent research agenda is new.

Kak mb1 yBuaum B ['maBe 3, snemMeHTHI Bcex
ATUX TEM CYIIECTBOBAJIU JI0 HEJJABHETO B3pPhIBA
WHTEpeca K CeTsAM, HO HX 0000IIeHue B
LEJIOCTHYIO  MpOrpaMMy  HCCI€AOBaHUMN
SIBIISIETCS] HOBBIM.

Modeling real-world networks

Mooenupoesanue peanvnvix cemeil

The first difference between the old science of
networks and the new is that, social network
analysis aside, traditional theories of networks
have not been much concerned with the
structure of naturally occurring networks.

IlepBoe paznuumne MexAay CTapod HayKou O
CeTSAX M HOBOM 3aKiIrOYaeTcss B TOM, 4TO,
IIOMUMO aHalIu3a COIIMaJIBHBIX ceTeﬁ,
TPaAUIMOHHBIE TEOPUU CETeH HE YIENSIOT
0CcO00TO BHUMAaHHS CTPYKTYPE €CTECTBEHHBIX
CeTen.

Much of graph theory qualifies as pure
mathematics, and as such is concerned
principally with the combinatorial properties
of artificial constructs.

bonbmas 4acTh Teopuun rpagos
KBaIM(ULMPYETCS KaK YKhCTas MaTeMaTuka, u

KaKk TakoBas B  OCHOBHOM  Kacaercs
KOMOMHATOPHBIX CBOMCTB HCKYCCTBEHHBIX
KOHCTPYKIUH.

Pure graph theory is elegant and deep, but it is
not especially relevant to networks arising in
the real world.

Teopus urcroro rpada smeranTHa U riay0oKa,
HO OHa HE UMEET 0COOO0T0 OTHOIICHUS K CETSM,
BO3HHUKAIOIIUM B pEeaIbHOM MHUpE.




Applied graph theory, as its name suggests, is
more concerned with real-world network
problems, but its approach is oriented toward

[Tpuxnannas Teopust rpados, Kak cleayeT U3
ee Ha3BaHMs, OOJBIIE CBs3aHA C PEaTbHBIMU
CeTeBbIMU MpoOJIeMamMH, HO €€ MOJXO0J]

design and engineering. OPHEHTHPOBAaH HA  MPOEKTUPOBAaHHE H
WHXXWHUPUHT.
By contrast, the recent work that is the topic of | Hanpotus, B mocieanee Bpemsi paboTa,

this book is focused on networks as they arise
naturally, evolving in a manner that is typically

KOoTOpass SABJIACTCA TEMOM ,HaHHOﬁ KHHT'H,
CoOCpeaAoTOYCHAa Ha CCTAX IO MEpPEC HUX

unplanned and decentralized. €CTECTBCHHOI'O  BO3HHUKHOBCHHS, KOTOpBIE
Pa3BHBAIOTCS, KaK IPABHIIO,
He3aIUIaHUPOBAHHBIM 7
JIELICHTPAJIM30BaHHBIM 00Pa30M.

Social net- works and biological networks are | Cornansabie ¥ OHOJOTHYECKHE CETH — 3TO

naturally occurring networks of this kind, as
are networks of information like citation
networks and the World Wide Web.

€CTECTBEHHBIE CETH MOAO0OHOI0 pojia, paBHO
KaK U HH(OpPMAIMOHHbIE CETH, TAKHE KaK CEeTH
LATHpOBaHus U BcemupHas naytuHa.

But the category is even broader, including
networks- like transportation networks, power
grids, and the physical Internet -that are
intended to serve a single, coordinated purpose
(transportation, power delivery,
communications), but which are built over
long periods of time by many independent
agents and authorities.

Ho sta kareropus emie mupe, BKItoYasi Takue
CETH, KaK TPAHCIIOPTHBIE CETH, JIEKTPUUECKUE
ceth W (¢usnueckuid HVHTEpHET, KOTOpHIE
IpeHa3HaYeHb! JUIsl 00CITYKUBAHUS €IUHOM,
CKOODAMHHUPOBAaHHOW  Lenu  (TPaHCIOPT,
JIOCTaBKa  DJIEKTPOdHEPIuu, CBfA3b), HO
KOTOpBIE CTPOSATCS B TEUYEHHE UIUTEIHLHOTO
BPEMEHM MHOT'MMH HE3aBUCHUMBIMU areHTaMu
U BJIACTSMU.

Social network analysis, for its part, is strongly
empirical, but tends to be descriptive rather
than constructive in nature.

AHanu3 conMalbHBIX CETeH, CO CBOEH
CTOpPOHBI, SBISIETCS CTPOrO SMIHUPUUYECKUM,
HO, KakK HpaBI/IJ'IO, HOCUT OHI/ICZlTGJ'IBHBIfI, a HE
KOHCTPYKTHUBHBIN XapakKTep.

With the possible exception of certain types of
random graph models (Holland and Leinhardt
1981; Strauss 1986; Anderson et al. 1999),
network analysis in the social sciences has
largely avoided modeling, preferring simply to
describe the properties of networks as
observed in collected data.

3a HCKITIOYEHNEM HEKOTOPBIX TUTIOB MOEIEH
ciyuaiiuelx rpagoB (Xomann u JluHxapn
1981; Ctpayc 1986; AnmepcoH ¢ coaBTopaMu
1999), cereBoil aHaIM3 B COLMANIBHBIX HAyKaX
B OCHOBHOM wm30erajl MOJEIHPOBaHUS,
Opearnoyuras MpOCTO OMUCaTh  CBOMCTBA
ceTeil, KaKk 3To ObLJI0 OTMEYEHO B COOPAaHHBIX
JTAHHBIX.

In contrast to traditional graph theory on the
one hand, and social network analysis on the
other, the work described in this book takes a
view that is both theoretical and empirical.

B otnuame ot TpanunnoHHO#M Teopuu rpados,
C OJHOW CTOPOHBI, U aHAJIN3a COLUATBHBIX
ceTeH, ¢ apyrou, pabora, omrcaHHas B 3TOU
KHUTE, HMMEET KaK TEOPETUYECKUU, TaK U
AMIIUPUYECKUN MOIXO.

In order to develop new graph-theoretic
models that can account for the structural
features of real-world networks, we must first
be able to say what those features are, and
hence empirical data are essential.

s pa3paboTKu
TEOPETUYECKUX MOJIeNeld, KOTOphIE MOTYT
YYUTBIBaTh ~ CTPYKTYpHBIE  OCOOEHHOCTH
peabHBIX CEeTel, MBI JJOJDKHBI CHavaia UMETh
BO3MOXKHOCTh CKa3aTh, B YEM 3aKJIIOYAOTCS
9TH OCOOCHHOCTH, M TO3TOMY IMITHPHUYECKHUE
JTAHHbIE UMEIOT BaYKHOE 3HAUYCHHE.

HOBBIX rpago-

But adequate theoretical models are equally
essential if the significance of any particular
empirical finding is to be correctly understood.

Ho AICKBATHBIC TCOPCTHYCCKUC MOJCIN CTOJIb
K€ BaXHBI JId TIIPABUJIBHOI'O ITOHUMAaHUA




3HAYUMOCTH TOT'O MJIM UHOT'O SMIIUPUYECKOIO
OTKPBITHSL.

Just as in traditional science, where theory and
experiment continually stimulate one another,
the science of networks is being built on the
twin foundations of empirical observation and
modeling.

Kak u B TpaguumoHHOW Hayke, i€ TEOpUs U
AKCIIEPUMEHT MOCTOSTHHO CTUMYJIUPYIOT IpYyT
Jpyra, Hayka O CETSIX CTPOUTCS Ha JBYX
OCHOBax JMIMPUYECKOTO HAONMIOACHUS W
MOJEJIMPOBAHUS.

That such an obvious requirement for scientific
validity should have made its first appearance
in the field so recently seems surprising at first
but is understandable given the historical
difficulty of obtaining high quality, large-scale
network data.

To, uro Takoe oueBUOHOE TpeOOBaHUE
HAy4yHOM OOOCHOBAaHHOCTH JOJDKHO OBLIO
BIIEPBbIE TMOSIBUTHCS B JTOW oOnacTu B
MIOCJIEIHEE BPEMS, Ha MEPBbIN B3I KaXKETCs

YAUBHUTCIIbHBIM, HO BIIOJIHE ITOHATHBIM,
YUUTbIBAsA HUCTOPUYCCKHUC TPYAHOCTHU
MMOJIYYCHHA BBICOKOKAQUYCCTBCHHBIX,

prr[HOMaCI_HTa6HBIX CCTCBBIX JaHHBIX.

For most of the past fifty years, the collection
of network data has been confined to the field
of social network analysis, in which data have

Ha mpotsbkeHnn OONbIIEH YacTH MOCIICTHUX
NATUACCITH JIeT CcOOp CeTeBbIX JaHHBIX
OTpaHUYMBAJICS CHEpOi aHAIN3A COITUATBHBIX

to be collected through survey instruments that | cereii, B  KOTOpO#l  JaHHBIE  JOJKHBI

not only are onerous to administer, but also | cobupatbcss ¢ MOMOIIBIO HMHCTPYMEHTOB

suffer from the inaccurate or subjective | o6cienoBanus,  KOTOpble  HE  TOJBKO

responses of subjects. 3aTPYAHSAIOT YIpPaBICHUE, HO M CTPAJAIOT OT
HETOYHBIX WM CYOBEKTHBHBIX OTBETOB
CyOBEKTOB.

People, it turns out, are not good at| OkaspiBaercs, IIOAHM HE OYEHb XOPOIIO

remembering who their friends are, and the
definition of a "friend" is often quite
ambiguous in the first place.

MOMHAT, KTO HX JpYy3bsi, W ONPECIACICHUE
HOHATHS "Apyr" 3a4acTyro B IEPBYIO OUEPEID
JIOBOJIBHO HEOJITHO3HAYHO.

For example, the General Social Survey
requests respondents to name up to

six individuals with whom they discuss
"Important matters."”

Hanmpumep, B OOmem  couuaJbHOM
00CIIeIOBaHUH PECIIOHJICHTaM IpeJIaraeTcs
Ha3BaTh JI0 WIECTH JIMI, C KOTOPBIMH OHH
00CyXJ1a10T "Ba’kHbIE BOIIPOCHI'.

The assumption is that people discuss matters
that are important to them with people who are
important to pe them, and hence that questions
of this kind-so-called "name generators"--are a
reliable means of identifying strong social ties.

[Ipeamonaraercsi, uYTOo JIOAM OOCYXKIAIOT
BaXHbIE JUIsI HUX BOIPOCHI C JIOAbMH,
KOTOpBIE BaXKHBI JUIsl HUX, U [IO9TOMY BOIIPOCHI
TaKoOro pojia, Tak Ha3bIBa€Mble '"T€HEpaTOphI
UMeH", SBISIOTCA CIEAYIOLIUMH HaJEXKHbIE
CPEJICTBA BBIABIEHUS NMPOYHBIX COLUAIBHBIX
CBSA3EH.

However, a recent study by Bearman and
Parigi (2004) shows that when people are
asked about the so-called "important matters"
they are discussing, they respond with just
about every topic imaginable, including many
that most of us wouldn't consider important at
all.

OpHako He/laBHEee UCCIIeIOBaHHE,
nposeneHHoe bupmanom u Iapumxu (2004),
MOKA3bIBAET, YTO, KOI'/Ia JIIO/IEH CIpalluBaloT
O TakK Ha3blBAEMbIX 'BaXKHBIX BOIpoOcax',
KOTOpbIE OHHM OOCYKIAIOT, OHHU OTBEYAIOT
IIPAKTUYECKH Ha BCE MBICIMMBIE BOIPOCHI,
BKJIIOYass MHOTHME W3 HHX, KOTOpHIE
OOJIBIIMHCTBO M3 HAc BOOOIIE HE CUUTAIOT
BaXHBIMHU.

Even worse, some topics are discussed with
family members, some with close friends,
some with coworkers, and others with
complete strangers.

Eme Xxyxe TO, YTO HEKOTOpbIE TEMBI
00CYXKIAI0TCS C YWICHAMH CEMbU, HEKOTOPBIE -
¢ ONU3KUMH JIpYy3bsIMH, HEKOTOphIE - C




KOoJUIEraMH, a HCKOTOPLIE - C COBCPHICHHO
HC3HAaKOMBIMH JIFOAbMH.

Thus, very little can be inferred about the
network ties of respondents simply by looking
at the names generated by the questions in the
General Social Survey.

Takum  00pa3oM, OuY€Hb Majl0 MOXHO
IIPEITOJIOKUTD 0 CETEBBIX CBA3SIX
PECIIOHJIEHTOB, MPOCTO IS Ha Ha3BaHUS,
Cr€HEpUpOBaHHBIE BONPOCAMH B  00IIEM

COMAJIbHOM OIIPOCE.

Bearman and Parigi also find that some 20% of
respondents name no one at all.

bupman u [lapumku Takxke 0OHApYKHIIH, YTO
oko010 20% pecroHEHTOB BOOOIIEC HUKOTO HE
Ha3BLIBAIOT.

One might assume that these individuals are
"social isolates"-people with no one to talk to -
yet nearly 40% of these isolates are married!

MoXHO mNpeAnoa0XKUTh, YTO OTU JIIOAU
SABJISIIOTCS "'COIMATIbHO HW30JUPOBAHHBIMU" -
JIOJIbMH, KOTOPBIM HE C KEM IOTOBOPUTH, - U
noutu 40% 3TUX U30JIATOPOB KEHATHI!

It is possible that these findings reveal
significant  patterns of  behavior in
contemporary social life-perhaps many people,
even married people, really do not have anyone
to talk to, or anything important to talk about.

He  wuckiroueHo, YTO  3TH  BBIBOJBI
OOHApY)XMBAIOT  HEMPUMHUPUMBIE  MOJEIHU
MOBEJICHUSI B COBPEMEHHOW OOIIECTBEHHON
JKU3HH - BO3MOJKHO, MHOTHM JIOHSIM, IaKe
COCTOSIIUM B Opake, JEHCTBUTEIBLHO HE C KEM
MTOTOBOPHUTH, WJIM CKa3aTh O YEM-TO BaXKHOM.

But apparently the respondent data are so
contaminated by diverse interpretations of the
survey instrument, along with variable
recollection and even laziness, that any
inferences about the corresponding social
network must be regarded with skepticism.

Ho, cyns mo Bcemy, JaHHbIE PECHOHICHTOB
HACTOJIBKO  3arpsi3HEHBl  Pa3HOOOPA3HBIMU
MHTEpIpeTalusIMU  HHCTPYMEHTa  OIlpoca,
Hapsily C IEPEMEHHBIM 3aIlIOMUHAHUEM U JaKe
JICHBIO, 4TO Jr00bIe BBIBO/IbI 0
COOTBETCTBYIOIIEH COLIMATILHON CETHU JT0JIKHBI
paccMaTpUBaThCs CKENTHYECKH.

The example of the General Social Survey is
instructive because it typifies the uncertainties
associated with traditional, survey-based
collection of network data.

[Tpumep obmero COITMOJIOTHYECKOTO
oOclleZIoOBaHUSl  SIBIAETCS  MOYYHUTEJIbHBIM,
MIOCKOJIBKY OH XapaKTepu3yeT
HEOIPEIeIEHHOCTH, CBSI3aHHbBIE c
TPaIUIIOHHBIM, OCHOBAaHHBIM Ha
00cIIeIOBaHUSIX COOPOM CETEBBIX JaHHBIX.

If people have difficulty identifying even their
closest confidants, how can one expect to
extract reliable information concerning more
subtle relations?

Ecniu moasm TpyaHo uAEHTU(UIHMPOBATH
Ja)ke CBOMX OMMKaWIIMX JOBEPEHHBIX JIUI,
KaK MOXHO paCCqHTBIBaTB Ha HOJ'IyLIeHI/Ie
JIOCTOBEpHOW  WH(pOpMAIMK, Kacarollecs
00J1e€ TOHKUX OTHOIIEHH?

And if, in response to this obstacle, survey
instruments become more elaborate and
specific, then as the size of the surveyed
population increases, the work required of the
researcher to analyze and understand the
resulting volume of raw data becomes
prohibitive.

U ecnom B orBEeT HaA ?7TO MpEIATCTBUC
WHCTPYMEHTBl ~ OOCIIEZIOBaHUS  CTAHOBSTCSA
6osnee TpopabOTaHHBIMUA U KOHKPETHBIMH, TO
Mo  Mepe  YBeIMYEHHUS  YHUCIEHHOCTH
00CIIeTOBaHHOTO HACENCHUS, 00BEM pabOoTHI,
HEO0OXOIUMOM HCCIe0BATENIO IS aHATN3a U
MOHMMAaHUA  pe3yJbTHpPYIOIIEro  o0beMa
UCXOJHBIX JIaHHBIX, CTAHOBUTCS HEMOMEPHO
BBICOKOI.

A better approach would be to record the
activities and interactions of subjects directly,
thus avoiding recall problems and allowing us
to apply consistent criteria to define
relationships.

Bbonee onTumanbHbIN MOAX0]T 3aKIFOYAICS OBl
B HEIIOCPEICTBEHHOM YUeTe ACATEIbHOCTH H
B3aHMOHeﬁCTBHH Cy6’bCKTOB, YTO ITO3BOJINIIO
Obl m30exkaTh MpoOJeM, CBSI3aHHBIX C
OT3BIBOM, MU II03BOJIMIIO 6]31 HaM NPUMCHSATb




COTJIACOBAHHbBIE KPUTEPUU IJIsI ONpPEICICHUS
B3aMMOOTHOIIIEHHUI.

In the absence of accurate recording
technologies, however, such direct observation
methods are even more onerous than the
administration of surveys.

O,Z[HaKO B OTCYTCTBHE TOYHBIX TEXHOJIOTH

perucTpali  TaKWe  METOABI  IMPSMOTO
HaAOJIFOIEHUS SIBIISTFOTCS ere OoJtee
00pEeMEHHUTETLHBIMH, qeM pOBEJICHUE
o0cienoBaHuN.

Because of the effort involved in compiling
them, social network datasets rarely document
populations of more than a hundred people and
almost never more than a thousand.

N3-3a ycunnii, CBSI3aHHBIX C X COCTABIICHUEM,
Ha0OpHI JTaHHBIX COIMATIBHBIX CETEH PEIKo
JOKYMEHTUPYIOT UHUCJICHHOCTh HAacCeJIeHHUs,
MPEBBIIAIONIYI0 CTO YEJIOBEK U IOYTH
HUKOTJIa HE MPEBBIIIAIONIYIO THICSUH.

And although other kinds of (nonsocial)
networks have not suffered from the same
difficulties, empirical examples prior to the
last decade have been few -probably because
other network-oriented disciplines have lacked

U xoTs npyrue Buabl (HECOLUANBHBIX) CETeH
HE CTpajalu OT TeX KE TPYAHOCTEH,
OMIMPUYECKUX HPUMEPOB 1O TOCIEIHErO
JACCATUIICTUA OBUI0O HEMHOIO - BCPOATHO,
IIOTOMY, 4TO IPYTU€E CETEBbIE TUCLUIUINHBI HE

the empirical focus of sociology. UMEIIH  DMIIMPUYCCKON  HANpaBICHHOCTH
COIMOJIOTHH.
The lack of high quality, large-scale network | OrcyrcTBue BBICOKOKAYECTBCHHBIX,

data has, in turn, delayed the development of
the kind of statistical models with which much
of the work in this book is concerned.

KPYITHOMACIITa0HBIX CETEBBIX JAHHBIX, B
CBOIO OUY€pe/ib, 3aIeprKajio pa3paboTKy TaKOro
poaa CTaTUCTUYECKUX MOJECNIEH, C KOTOPbIMU
CBsi3aHa OOJIBbIIIAS 9YaCTh Pa0OTHI, OIIMCAHHOM B
9TOM KHUTE.

Such models, as we will see, can be very
successful and informative when applied to
large networks, but tend to break down, or
simply don't address the right questions, when
applied to small ones.

Takue mMoaenu, Kak Mbl YBUAUM, MOTYT OBITh
OYEHb YCIIEUIHBIMU U MH()OPMATHUBHBIMH MPU
IIPUMEHEHUN K KPYIHBIM CETSAM, HO, Kak
[IPaBUJIO, JIOMAIOTCS, WIIA IIPOCTO HE PEIIAOT
HY)KHBIX BOIIPOCOB, NP IPUMEHEHUU K

MaJIbIM.
As an example, networks of contacts between | Hanpumep,  ceTH  KOHTakTOB  MEXIy
terrorists have been studied recently by, for | Teppopucramu HEJIaBHO U3y4aJnch,

instance, Krebs (2002), but they are poor
candidates for statistical modeling because the
questions of interest in these networks are not
statistical in nature, focusing more on the roles
of individuals and small groups within the
network as a whole.

Harpumep, Kpebcom (Kpebe, 2002), omnako

OHH SABJIAKOTCA HCYAOBJICTBOPUTCIIbHBIMHA
KaHauaaTaMHu Ha CTaTUCTHYCCKOC
MOZACIINPOBAHUC, IMOCKOJIBKY BOIIPOCHI,

MIPEJICTaBIISIONINE UHTEPEC JIUIsl ITUX CETe, He
HOCST CTaTUCTUYECKOIO XapakTepa U B
OoJbIlIel CTETIEHN KacatoTcs POJIU OTAENbHBIX
JUIl ¥ HeOONBIIMX TPYII B paMKax CEeTU B
LEJIOM.

The traditional tools of social network analysis
-centrality indices, structural measures, and
measures of social capital are more useful in
such cases.

B  Takux
TpaJuLIMOHHBIE
COIIMAJIbHBIX ceTeit -
LHEHTPAIIBHOCTH, CTPYKTYpHBIE
MMoKa3aTeNIM COIMaJIbHOTO KaIruTaa.

ciydasix  Oonee
MHCTPYMEHTBI

TIOJIE3HBI
aHanu3a
WUHJIEKCBI
MEpHI,

Recent years, however, have witnessed a
dramatic increase in the availability of network
datasets that comprise many thousands and
sometimes even millions of vertices -a
consequence of the widespread availability of

OI[HaKO B IOCJICAHUC TOJAbI MPOU3O0LIIO
PE3KOE YBCIMYCHHUE OOCTYIIHOCTH CCTCBBIX
Ha6op013 JaHHBIX, COCTaBJIAIOIIMX MHOTHUC
ThICAYH, @ MUHOI'’JTa U MUJUIMOHBI BEPUIWH, YTO
SABIIACTCA CICACTBHUEM IIHUPOKOTO




electronic databases and, even more important,
the Internet.

pacnpocTpaHEeHHs 3JIEKTPOHHBIX 0a3 JaHHBIX
u, 4TO enie Oosiee BaxKHO, MIHTEepHeTa.

Not only has the Internet focused popular and
scientific attention alike on the topic of
networks and networked systems, but it has led
to data collection methods for social and other
networks that avoid many of the difficulties of
traditional sociometry.

HHTepHET HE TOJIBKO COCPEIOTOUNII HAPOTHOE
M HayyHO€ BHHMaHHME Ha TeMe€ CeTed u
CETEBBIX CHUCTEM, HO U MPHUBEI K pa3paboTke
METO/I0B cOOpa JaHHBIX JJIi COLMAJIbHBIX U
JIPYTUX CETEH, KOTOPBIE TO3BOJISIIOT N30€KaTh
MHOTHX TPYJIHOCTEH, CBSI3aHHBIX c
TPAJULIMOHHON COLIMOMETPUEH.

Networks af scientific collaborations, for
example, can now be recorded in real time
through electronic databases like Medline and
the Science Citation Index (Newman 2001a;
Barabasi et al. 2002), and even more promising
sources of network data, such as email logs
(Ebel et al.2002; Guimera et al. 2003; Tyler et
al. 2003) and instant messaging services
(Smith 2002; Holme et al. 2004), await further
exploration.

CeTn Hay4HOTO COTPYIHUYECTBA, HApUMeEp,
TENepb MOTYT 3alMChIBaThCS B PEXHUME
pealbHOTO BpEMEHU c MOMOIIIBIO
AIIEKTPOHHBIX 0a3 JAHHBIX, TAKUX KaK TaKHe
kak Megnaitn u  HMHAekc  Hay4dHOro
nutupoBanus (Heroman 2001; bapaGamu u
ap. 2002), u emé Oonee MEPCHICKTUBHEIC
UCTOYHUKUA CETEBBIX JaHHBIX, TaKuhe Kak
JKYpHaJIbl 3JIEKTPOHHOM 1ouThl (D0enb U
a1.2002; I'ymupa u ap. 2003; Taitnep u ap.
2003) u cepBUChl MTHOBEHHOT'O 0OMeHa (CMuUT
2002; Xonme u ap. 2004), xayT ganpHeRe
pa3BEJKU.

Being far larger than the datasets of traditional
social network analysis, these networks are
more amenable to the kinds of statistical
techniques with  which physicists and
mathematicians are familiar.

bynyun HamHoro O6osnblie,
JTAHHBIX TPaZULIUOHHOI O aHanu3a
COLMAIBHBIX  CeTe, OTH cetu Ooiee
NpUCTIOCOOJIEHBl K BHUAAM CTaTUCTUYECKUX
METO/IOB, C KOTOPbIMHM 3HAKOMBI (PU3MKH H
MaTEeMaTHKH.

yeM Ha0OpbI

As the papers in Chapter 3 of this volume
demonstrate, real networks, from citation
networks and the World Wide Web to
networks of biochemical reactions, city
display properties-like local clustering and
skewed degree distributions-that were not
anticipated by the idealized models of graph
theory, and that have forced the development
of new modeling approaches, some of which
are introduced in Chapter 4.

Kak moxka3pIBalOT JOKYMEHTHI TIJaBbl 3
HACTOAIIET0 TOMa, peajbHble CETH, OT ceTei
UWTUpPOBaHUs W BceMHpHON mNayTUHBI [0
ceren OMOXUMHYECKUX peakuui
JEMOHCTPUPYIOT ~ CBOICTBA, TaKue  Kak
JIOKaJbHAsl KjacTepu3alus U HUCKAKEHUE
pacupeneneHus  CTENEHe, KOTOphle He
OXXKHIAJUCh UJICATU3UPOBAHHBIMH MOJICTISIMU
Teopun rpadoB, W KOTOPHIE 3aCTaBUIH
paszpaboTtarth HOBBIE TTOAXOIBI K
MOJICJIMPOBAHUIO, HEKOTOPhIE M3 KOTOPBIX
BKJIFOYEHBI B IN1aBY 4.




