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Jljist TecTUpPOBAHUST AJITOPUTMOB OIIPEJIEIEHUsI COODINECTB I0JIb30BaTe el B COMMAIbHBIX
rpadax MPUHITO UCHOJH30BATH Tpadbl ¢ M3BECTHONH CTPYKTYPOH COODIIECTB B KadeCcTBE Te-
CTOBBIX JIAHHBIX. B cTarbe IpejjIoyKeH paclpejie/IeHHbIl MeTOJ Jjis T'€HEePAIUH CJIYYaiiHbIX
conuajbHbIX IpadOB € PEAMCTHIHON CTPYKTYPOH MOJIB30BATE/IBCKAX TPYIIL. B mpemioKeH-
HOW MOJIEJIH TIOJIEP?KUBAETCST HECKOJIBKO HEJIABHO OTKPBITBIX CBOWCTB CTPYKTYPBI COIUATBHBIX
COODITECTB: IJIOTHBIE [IEPECEUEHNUsI COODIECTB, CyIePIMHERHBII POCT KOJIMIeCTBa pedep BHY TPU
COODINECTBA B 3aBUCHUMOCTH OT €r0 pa3Mepa, a TaKyKe CTEleHHOe PaCIIpejiesIeHIe KOJIMIeCTBa
€OoODINECTB, K KOTOPBIM IPUHAJJICXKUT IOJIb30BaTe/Ib. MeTos peajn3oBaH ¢ HCIOJIb30BAHUEM
dpeiimBopka i pactpeieseHHbix Brancaennii Apache Spark u mokazaJst JIMHEHHYIO MacITa-
oupyemocts Ha Kjacrepe Amazon EC2. CrenepupoBansbie rpadbl 00J1a/1a10T CBONCTBAME pe-
AJIbHBIX COIMAJIBHBIX CETEHl M MOTYT MPUMEHSIThCS IS OIEHKH TOYHOCTUA PADOTHI AJITOPUTMOB
IIOKMCKa, COOBIIECTB MO/Ib30BaTeIeH B coUaIbHbIX rpadax ¢ 6osee uem 10° mosb3osaTeneii.
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On a model of social network with user communities for
distributed generation of random social graphs
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In the field of social community detection, it is commonly accepted to utilize graphs with
reference community structure for accuracy evaluation. The method for generating large ran-
dom social graphs with realistic structure of user groups is introduced in the paper. The pro-
posed model satisfies some of the recently discovered properties of social community structure:
dense community overlaps, superlinear growth of number of edges inside a community with
its size, and power law distribution of user-community memberships. Further, the method is
by-design distributable and showed near-linear scalability in Amazon EC2 cloud using Apache
Spark implementation. The generated graphs possess the properties of real social networks and
could be utilized for quality evaluation of algorithms for community detection in social graphs
of more than 107 users.
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BesepeHue

CTpyKTypa COODOINECTB — €CTECTBEHHOE CBOWCTBO PA3HOIO POJia CeTell, BKIIOYast COIMasIb-
HbIE CETU, KOTOPbIE BO MHOTUX CJIydasik HACJIEIYIOT XapaKTEePHYIO JJIs 9€JI0BEIeCKOro 0DIecTBa
CTPYKTYPY COIUAJIBHBIX Ipyiiil. [oib30BaTe 1 CONnaIbHBIX ceTell 00beMHAIOTCH B COODIECTBA
KakK gBHO (IlyTeM BCTYILUICHUS BO BHYTPHCETEBBIE I'PYIIILI), TAK U HESABHO (IyTeM YCTAHOBJICHUS
CBs3eii, OCHOBaHHBIX Ha OOIIeil poJin, JesdTe/IbHOCTH, Kpyre OOIeHus, nHTepecax, QyHKIUIX

Mawunnoe obyueHue u ananrus 0aHHwvix, 2014. T. 1, N2 8.
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W KaKUX-u60 Jpyrux cBoiicTBax). Hampumep, 9acTo MOXKHO BCTPETUTH COOOIIECTBA, B KOTO-
PBIX YIaCTHUKOB O0BEINHSIIOT OOIINe NHTEPECH], TIOJUTHIECKIE U PEJTUTHO3HBIE TTPEIIOITeHN,
reorpacdudeckas OJIU30CTH U T.]I.

K wmacrositiiemy BpeMeHH HCCJIEIOBATEISIMEI COIUAJIBHBIX CeTell CcO3/1aHbl HAOOPHI JTAHHBIX
JUIT TeCTUPOBAHMS METOJIOB OIpEJIe/IeHNs CTPYKTYPhI coobiecTB. Kak mpaBmiio, Takue wab-
aonnvie cemu (auri. benchmark networks) cocrost u3 HabOpa BepIIUH U PebEP COMUATBLHOTO
rpada (Ioap30BaTe I U CBI3U MEXKJy HUMH), a TaKyKe CIIMCKA COODIECTB, B KOTOPBIX COCTO-
UT KaxKJIblil moJib3oBaTesb. OIHaKO cOOp peasibHbIX JIAHHBIX U3 CEPBUCOB COIUAJIBLHBIX CeTeil
U co3jaHue MabJIOHHBIX ceTell 9acTo 3aHUMAET JJIUTE/TbHOE BPEMsl, a CBONWCTBA IOJIYIE€HHBIX
HabOPOB JIAHHBIX HE COOTBETCTBYIOT JKEJIAEMbIM.

[TosToMy BaxKHO ompeneuTh (PyHIaAMEHTAJIbHbIE CBONCTBA CTPYKTYPHI COODINECTB IIOJIb-
30BaTe/Iel, OCHOBBIBAsICh HA PEAbHBIX IMIAOJIOHHBIX CEeTHAX, U Pa3padoTaTb WHCTPYMEHT JIJIs
reHepaIun CHHTeTUIEeCKUX MA0JTOHHBIX CeTell CO CXOKUMU CBOMCTBAMU W PA3TMIHBIMEI XapaK-
TEPUCTUKAMU: KOJUIECTBO BEPIIUH U pedep rpada, KOJTUIECTBO U pa3Mepbl COOOIIECTB, KOJIU-
YeCTBO COOOIIECTB y MOJIb30BaTe/Id U T.J. TakuM 00pa3oM, MOKHO BBIIOJIHATH 060JIee HAIEKHOE
1 KOMILJIEKCHOE TeCTUPOBaHUE METOIOB OIpPEJeIeHNs] CTPYKTYPhI COODINECTB, TMOCKOJIbKY Pas-
JINYHDbIE 3HAYCHUS [IAPAMETPOB IMAOJIOHHON CeTH MOI'YT OKA3bIBATH CYIIECTBEHHOE BJ/IMSHUE HA
pe3yIbTATHI.

Bwmecre ¢ TeM, MHOTTIE M3BECTHBIE T€HEPATOPHI MAOJOHHBIX CeTell He YIUTHIBAIOT Psiia BarK-
HBIX CTPYKTYPHBIX CBOHCTB coobrectB. HemaBaue qocTrzKeHnst B U3y YeHUN MOJIYJIBHON CTPYK-
TYpBI CONUAJBHBIX ceTeii |1, 2, 3] m03BOJIIIIN BBISIBUTH HECKOJIBKO paHee HEM3BECTHBIX (DYHIIa-
MEHTAJILHBIX CBOMCTB CTPYKTYPBI COODINECTB: MOBBIINIEHHAST BEPOATHOCTH pedpa MEXKIy Mapoii
BEPINUH B 00JIACTHU II€pecevdeHnsl COOOIIECTB, CyNePJNHEHHBIN POCT KOJIUYIECTBa pedbep BHYTPH
cOODIIECTBa B 3aBUCHMOCTH OT €0 pa3Mepa, CTEIIEHHON 3aKOH PacIpeIe/IeHIil KOJInIecTBa Co-
OOIIIEeCTB Y TOJIB30BATEsI U Pa3sMePOB COOOIIECTB W T. JI. JTO yKa3biBaeT Ha HEOOXOIUMOCTD
nepecMoTpa TpebOBaHMIT K METO/IAM OIpPEJIeIeHIs CTPYKTYPbhI COODIECTB, a TaKyKe K MeTO/IaM
OTIEHKW TOYHOCTH 9THX METOJIOB.

Kpowme Toro, uzsecrabie reHepaTOpPh MAOJIOHHBIX CETEl UMEIOT CYIIEeCTBEHHbIE OrPAHIICHIS
B ILTaHe IPOM3BOIUTEILHOCTH IpHU reHepanun rpados ¢ > 108 sepmmmm, 9T0 3aTpyIHAET ONECHKY
IPUMEHUMOCTH METOJIOB OIPEJIeJIEHUsT CTPYKTYPhI COOOIECTB K COMMAIbHBIM Tpadam 60BN
pa3MepHOCTH.

OcHoBHBIE pe3yIbTATHI pabOTHI MOT'YT OBITH IIPE/ICTABIECHBI CJIETYIOITIM 00Pa30M:

— MpI paspabotam CKB' — meron juie pacmpe/ie/ieHHOH T'eHepalun CIydaifHbIX rpados ¢
peaMCTUIHBIMIA CBOMCTBAMU COIUAJIBHBIX I'padOB M CTPYKTYPHI COOOIIECTB IOJIb30BaTE-
Jieit. B ocHOBE MeTOMA JIEKUT 2pado6an MOJEAD NPUHAOAEHCHOCTNU NOAB30GaMEET K CO0D-
wecmeam AGM [1], rme mpUHAIEKHOCTD TOJIB30BATENCH K COOOIIECTBAM MOJIEIUPYETCSI
KaK JIBYJIOJIBHBIN rpad, a CBA3M MEXKJLY MOJIH30BaTE/IsIMA O0YCIOBIEHBI TTPUHAJIEZKHOCTHIO
K obmuM coobiectBaM. Pabora MeTojia Oasupyercss Ha pa3pabOTAHHBIX PACIIPEIeICHHBIX
aJICOPUTMaX JIJIsT TeHEpPAIK JIBYA0JIbHOrO I'pada «II0Jb30BaTeIb-COO0IECTBO» Ha OCHOBE
mogesin Kouduryparmit [4, 5| u mogenun Hyur-Jly [6, 7|, a Takke Jjyisi reHeparuu cBazeit
MEZKTy TI0JIb30BATE/ISIMU BHYTPH COODIECTB Ha OCHOBE Mojesn Dpénia—Penbn [8];

— MBI CJIeJIAJIA TIPEIOXKEHHbIN MeTO/I 0COOEHHO YJIOOHBIM JIJIsi TeHepallun ITab/IOHHBIX CeTeil
JUIT TECTUPOBAHUSI AJTOPUTMOB TIONCKA COOOITECTB, MPEI0CTaB/IsIsi HADOP MapaMeTpoB JIJIst
HaCTPOHKN HamboJiee BaXKHBIX CTPYKTYPHBIX CBOWCTB IeHEPUPYEMOT'o rpada: KOJUIecTBO

1O nepBrIX 6yKB baMmmmii aBTopos MeTona saruauneil: Chykhradze-Korshunov-Buzun.
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[OJIb30BaTE e, CpeJiHsIsl CTeIeHb BEPITIHBL (CPeJIHee YHCII0 COMUATBHbBIX CBs3€il MoJIb30Ba-
TeJist), BEPOSITHOCTEL pebpa BHYTPH COODIIECTBa, MOKA3aTeb CTEIEeHN JJisi CTEIeHHBIX Pac-
IpeJe/IeHril pa3MepoB COOOIIECTB U IIPUHAIJIE?KHOCTE 110Ib30BaTe el K coo0IecTBaM, MU-
HUMAJIBHBI U MaKCHMAJIbHBII pa3Mep coOOIIecTBa, MUHIMAJIBHOE U MAKCHMAJIBHOE UUCTIO
cOOOIIECTB Y MOJIL30BATE IS U JIP.;

— MBI peajn30BaJIu IIPEJJIO?KEHHBII MeTOo/T Ha OCHOBE (hpeiiMBOPKa JIJIsT PACIIPEICTICHHBIX BbI-
qncennii Apache Spark u myTem skcriepuMeHTaIBHBIX UCC/IEI0BAHUN Ha KiracTepe Amazon
EC2 noarBepauim BO3MOXKHOCTH MeHEPAIIH CIYIaifHbIX COMUATBHBIX TPadOB U3 COTCH MUJI-
JINOHOB BEPIIUH C PEAJMCTUIHON CTPYKTYPOil COODINECTB;

— MBI ¢JeJIajil Hally pa3paboTKy JIOCTYIHON Jijis HAyYHO-UCCICI0BATE/ILCKOTO COOOIecTBA
IIyTeM IIPEIOCTaBJIEHUsT BEO-CEPBUCA C BO3MOXKHOCTHIO HACTPOIKH TApAMETPOB METO/IA U 3a-
IPY3KH creHepupoBanHoro rpada?.

O6G30p u3BeCTHbIX MEeToA0B

CoBpeMeHHbBIE UCCAETOBATEIN B 00JIACTUH UJACHTHMUKAIIMN CONMAIbHBIX COODINECTB ITUPO-
KO IPUMEHSIOT MabJIOHHBIE CEeTH € ITAJOHHON CTPYKTYpOil cOOOIMIECTB Jjisi OIEHKH KadecTBa
Pe3yabTaToOB aJropuTMOB. ['padbl 1 COOTBETCTBYIONINE UM MHOXKECTBA COOOIIECTB MOT'YT ObIThH
KaK CHHTE3UPOBAHbBI, TAK W MOJYYEHbI U3 JAHHBIX PeasIbHbIX COIUAIbHBIX CEPBUCOB.

PeanbHble wabnoxHble cetun

Hawnbosiee n3BecTHBIM XpaHUIUIIEM JAHHBIX COIUAJIBHBIX CETel CO CTPYKTYPOil cOODIEeCTB
apnsgerca Stanford Large Network Dataset Collection®. s cosmamms 3Tux HaOOpOB JIaH-
HBIX aBTOpBI ucciaenoBanus ur u Jleckosery [2] ncrmombp3oBain pasjindHble CONUATBHBIE CETH
(LiveJournal, Friendster, Orkut, a Tak:xke 225 pasjM9HBIX CONUAJBHBIX ceTeil Ha mIaTdopme
Ning), e nosbp3oBaTe/n CO3/A0T SIBHbIE I'PYIIbI I OOIIEHHsT 1 OOMEeHa KOHTEHTOM. DTH
IPYIIIBI CO3/IaHbI HA OCHOBE CHEIM(MPUICCKUX TEM, HHTEPECOB, X000M 1 reorpadudecKoro moJjo-
xxenns. Hanpumep, B LiveJournal rpyribr kKaTeropu3oBanbl 10 CJIEIYIONIMM TUIIAM: KYJILTYPa,
pa3BiedeHns, UTPHI, CIOPT, CTY/IeHUYECKasd KN3Hb, TEXHOJIOTUN U JIP.

ABTOpBI MoJIarafoT, 9YTO Kaskjas Takasd dBHasl IPyIIa sABjseTcsa coobmecTBoM. s mpe-
CTaBJIEHNUS BCEX CETEH COrIAaCOBAHO CETh II0JIAraeTCsl HEB3BEIIeHHBIM HeHAIIPpaBJICHHBIM CTATHY-
HbIM rpadom. Tak Kak 9aeHbl TPYIIl MOI'YT OBITH OT/EJIEHBI OT OCTAJILHOW YACTH CETU, KOM-
[TOHEHTA CBA3HOCTU T'PYIIILI TOJIAraeTCsl OTJAETbHBIM COODIIECTBOM. TeM He MeHee coOOIIecTBa
MOryT 6bITb BJIO2KCHHBIMU U IIEPECEKaTbhCH.

CuHTtetnyeckumne wabsioHHbIE ceTn

Mopgens I'mpsana—Hbiomena (GN) [9]. B rpade, cozganmom B COOTBETCTBHH € 9TOi
MO/IE/IBIO, BEPIINHBI Pa3bUThl Ha | 9KBUPA3MEPHBIX I'PYIIIL [0 ¢ BEPIIMH B KaxK10il. BepumHb u3
OJIMHAKOBBIX TPYIII COETUHSIOTCS PEGPOM € BEPOSTHOCTBIO Pjy,, & BEPIIUHBI U3 PA3HBIX MDY —
C BEPOSITHOCTBIO Doyt BHYTPHU KazK 10l IPYIIIIbI peOpa FeHePUPYIOTCS B COOTBETCTBHIU € MOJIEIIBIO
Opaéma-Penbu st reHepanuu cydaifHoro rpada ¢ BEepOSTHOCTBIO CBSA3M Di,. OKujaemble
BHYTPEHHSIsI ¥ BHEIIHsS CPeJIHIe CTelleHn Ipada PaBHBI COOTBETCTBEHHO Zin = Pin(g—1) U Zout =
= Poutg(l — 1). Cpesasisi cTenensb BepumHbl BO BeceM rpade (k) = zin + Zou-

TakzKe CyIIECTBYIOT U JPYTHe BAPUAHTHI JAHHON MOJIE/H: ¢ COODIIECTBAMI PA3HOIO pa3Me-
pa [10], ¢ mepecekaromumucs coobmiecrBamu |11], nepapxuaeckas [12| n B3emennas sepcun [16].

’http://ckb.at.ispras.ru/

3http://snap.stanford.edu/data/index.html
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Taxum obpazom, mozgenb ['mpsana-Hbiomena co3jgaer B3auMMHO CBS3aHHbIE MEXKJy COOOI
caydaiiabie Tpadbl Mojenn Jdpjaéma—Penbu. [losroMmy Bce BepmmHBI UMEIOT TPUMEPHO OJIHY
U Ty JKe cTelleHb. Kpome Toro, Bce coolIecTBa Mo yMOJIYaHUIO CO3/IAI0TCA SKBUPA3MEPHBIMU.
OTH JiBa CBOWCTBA HE COOTBETCTBYIOT CTPYKTYPE PeabHbIX COIUAILHBIX ceTell. Pacupeesienust
crerneHeil OOBITHO MOIYMHEHO CTEIIEHHOMY 3aKOHY: BEPIIUH C MAJIEHbKOM CTEIEHBIO Ha MOPSIIKI
OoJIbIIe, ¥eM BepIInH ¢ 00BN cTeneHbio. CXoxKee CBONCTBO UMEET M PACIIPE/Ie/IEHUEe pa3Me-
POB COODIIECTB.

Buiouynas aByxypoBHeBasi mofesb dpaéma—Pensu (BTER) [14]| nossossier renepu-
POBATH COIUAJIbHBIE TPadbl CO CTENEHHBIMU PACIIPEJIEJIEHUSIMU JIJI PACIPEJIeIeHIs CTeleHeil
BEpIIUH U pa3MepoB coodiecTs. ['eneparus mpoxoaut B 3 stana. [Ipexkie Bcero, BLIOIHAET-
cd npedsapumenvras 0bpabomka: KazKias BEpIINHA CTEIeHN 2 WU BBINIE PACIPEIe/IsaeTcs B
coobmectBo. [lanee, B @asze 1 Momenmpyercs JOKaJbHas CTPYKTYPa BHYTPHU KarxKJIOTO COOOIe-
cTBa Kak Tpad Idpaéma—Penbnu. Beposgrnocts pebpa s coobiectBa Gy Onpeessercss Kak
pr = p[1—n(log(dy + 1)/10g(dmax + 1))2}7 rae dp = min{d;|i € Gy}, dmax — MaKCHMAIbHAS
CTelNeHb BEPIIUHBI BO BceM I'pade, a p u 1) — mapamerpsl. [locsie storo Bo Bpemss Dasvi 2 co3a-
I0TCST CBA3M MeK Ty coobmiecTBamu. [Ipumensiercs mojens Yynr-Jly [6] mus nexosimeit crenenu
BEPIIUHBI €;, KOTOpasl OIPeJIeISIeTCsI CJIEIYOIIM 00pa30M:

1, ecmn d; = 1;
€; —
d; — pr;(|Gk,| — 1), wunaue,

rie |G| — pasmep k-ro coobrecTsa.

Munycbl 9T0it MOJIe/II B TOM, YTO OHA HE I[MO3BOJISET CO3/IaBaTh CETH C IEPECEKAONIencs
CTPYKTYPOI1 COODIIECTB, a TaK»Ke BEPOATHOCTb pedpa He 3aBUCUT OT pasMepa CcOODINecTBa.

Mogens cayuaiiabix rpacdoB nepecedennii (RIT) [15, 16] moxkeT ObITEH mpejicTaBieHa
caeytomum obpasom: Vo — muoxecrso Bepmmi (|V]| = n), A — MHOXKeCTBO MHOXKECTB U3 M
ssiementoB. st p € [0, 1] crpourcst aByaosbubiii rpad B(n, m,p) ¢ aByms JojisiMu Bepuiid V'
u A BKJIIOUCHHEM KarKJI0r0 U3 BO3MOXKHBIX N pebep MexK 1y JeMeHTaMu u3 V' U 3JIeMeHTaMu
u3 A He3aBUCHMO ¢ BeposaTHOCTEIO p. [locite cozmaercs cayuaiinbiii rpad nepecevenuit G(n, m, p)
C MHOKECTBOM BEPIIHH V IIyTeM CBSI3bIBAHUSA JIBYX PA3IUYIHBIX BEPIINH 7, ] € V eC/Ii U TOJIBKO
eCJI CyIIeCTBYeT JeMeHT ¢ € A Takoil, 910 u i, u j cMexkHbI ¢ a B B(n, m, p).

Ecnu paccmarpuBarh Bepmimibl B V' Kak IMOJIb30BaTeNeH, a 9JeMEHTHl MHOXKeCcTBa A Kak
COODIIECTBA, TO MOJIYUIAETCS MOJIEh COMMAIBLHON CeTH, B KOTOPOIi Hapa MoJIb30BaTe/Ieil MOXKET
OBITH CBA3aHa peOPOM, €CJIM OHU OJHOBPEMEHHO COCTOAT B XOTs ObI OJIHOM OOITIEM COOOITECTBE.

Henocrarkom monenn RIT gaBigercda HeOOXOIMMOCTH 3aIaHUA KOJMUECTBA COODIIECTB 1M
B Ka4eCTBE BXOJIHOTO IapaMeTpa, a TaK»Ke HeCOOTBETCTBYIOIIEE CTEIIEHHOMY 3aKOHY PacIIpe/ie-
JIeHHe crerneHeil Bepiua. Kpome Toro, oTcyTcTBYyeT BOZMOYKHOCTD YIIPABJIEHUS BEPOATHOCTHIO
pebpa B OTJEIbHBIX COODINECTBAX.

I'eneparop mabsionubix cereil Jlanununnerru—®Poprynaro-Pagugaun (LFR) [17]
OCHOBaH Ha 00Jiee peaIMCTUIHON MO/ coluaabHOro rpada ¢ coobiecrBaMu. B 3Toit Mojiem
pacrpejiesieHust CTeleHell BePIIMH U Pa3MepOB COOOINECTB MeHePUPYIOTCA B COOTBETCTBHH CO
CTEIIEHHBIM 3aKOHOM C Pa3JIMIHBIMU IKCIIOHEHTAMU T U Ty COOTBETCTBEHHO.

CaM rpad cTpouTcs CeIyronmM 06pa3oM:

1. T'enepupyeTtcs mocjie10BaTeILHOCTD PA3MEPOB COODINECTB, MOTINHSIONIASICSA CTETEHHOMY 3a-
KOHY C 3KCIOHEHTOH To.

2. T'enepupyeTrcs 1ocj€/10BATE/ILHOCTD CTEIeHel BEPINH, MOTINHSIONIAICS CTEIIEHHOMY 3aKO0-
HY € 9KCIOHEHTOM 7y. /[yId KayK10il BEpIIUHBI ¢ CO CTENEHDbIO k; ONpEIe/IgeTcs BHYTPEHHAA
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crenens k'™ = (1 — py)k;, tie 0 < pe < 1 — monoaozuneckuti napamemp cMewueanuA.
BuyTpeHnss CTeIeHb BEPHIMHLL i COOTBETCTBYET UHCIY €€ cocefiel, KOTOPBIe COCTOAT Kak
MUHEMYM B 1 0ob1eM coobirecTse ¢ i.

3. BepmmHBI B KayKJOM COODINECTBE COEIMHAIOTCS C HCHOJB30BAHUHEM MOJIEIH KOH(PUIypa-
it [5].

4. Jlng KazKI0il BEpIIUMHBI BBIYHACJIAETCS BHEIIHSAA CTEIEHb k-(om) = ki — ki(m), Hocjie 4ero
BEPITUHBI CITyUaifHbIM 00pPA30M COCIUHAIOTCA peOpaMu ¢ ,IprFI/IMI/I BEPITHHAMMA W3 Pas3Ind-
HBIX coo0mIecTs. TIpH 5TOM CoXpaHseTcs BHYTpEeHHss CTerenb kU™ 115 BepIIH, BXOJSIIX

B HECKOJILKO COOOIIIECTB.

Bwmecto moziesin konduryparmii Ha starre regeparuu pebep BayTpu coobiects Opman n Jla-
GaryT [18] mpe 10K uIm UCIoIb30BATH MOJIE/Ib IPEIIOUTUTETHHOIO IPUCOeIuHenns Bapabaru-
Anpbepra (BA) u onny u3 Bapuarnuii 3Toil MOJIEIN — IBOJIOIMOHHY O MOJIEb [TPEIIOUTUTE IHHO-
ro npucoeauuenus (EV). O6e mopudukanmm mo3BoJIsioT FeHepHPOBATh CETH ¢ MEHbIIEl cpei-
Hell JUIMHOW Iy THU U ¢ OOJIbINeN KOPeJISIueil cTereHeil BEPINH 110 CPABHEHUIO ¢ OPUTUHATBHBIM
MerogoM LEFR.

Hecmorps Ha TOoT dakt, uro mabionubie cetu LFR sBisiorcsa me-dakTo 30710ThIM CTaH-
JIAPTOM JIJIsl OIIEHKHU PE3Y/IbTATOB aJrOPUTMOB MTOUCKA COODIIECTB, Y HUX €CTh HECKOJIBLKO CYIIIe-
CTBEHHBIX HEJIOCTATKOB:

— BEPIIUHBI JEJIATCA Ha IepeceKalouecs U HellepeceKaloIecsd, a Bce BEPIINHBI 13 Iepecede-
HUI BXOJIAT B OJHO U TO K€ KOJIMIECTBO COOOIIECTB;

— BCe BEPIIMHBI UMEIOT OAWH U TOT K€ TOITOJOTUIECKUN IapaMeTp CMENTUBAHNL;

— JJIATEIbHOE BpeMd T'eHepallii.

T'eneparop mab0HHBIX ceTeii agmgen n3 CTandopICKOro MpoeKTa 0 aHAJIN3y ceTeiit

OCHOBAH Ha IPEJJIOKEHHON pa3paboTInKaMu 2pagosoti modest npuHadieHcHOCU NoAL306A-
meaets x coobwecmeam (aurit. Community-Affiliation Graph Model, wmu AGM) [1].

AGM — BeposiITHOCTHas1 TeHEpATUBHAsT MOJIEJIb [IJis1 TpadoB, KoTopas Hanbojee J0CTOBEPHO
BOCIIPOU3BOIUT OpPraHU3aIliio ceTeil B BUjIE MepeceKaronmxcest coodmects. Ona Oblta paspado-
TaHa IyTeM aHAJM3a JIAHHBIX O PEAJILHBIX COODIIECTBAX I0JIb30BaTeIeH B COMMAIBHBIX CETIX.
Moes ipejicTaB/isieT TPUHAJIEZKHOCTD BEPIITUH K COOOIECTBAM KaK JBYJ/IOJIBHYIO CeTh, B KO-
TOPOIT pebpa OT MOJIB30BATES WIYT K COODIECTBaM, KOTOPBIM 3TOT IOJIb30BaTE b TPUHAIIEe-
JKHT.

Jlpyras gacTh MOJIeJIM OCHOBAHA Ha TOM, UTO JIFOJM MPUHAJJIEXKAT MHOTUM COODIECTBAM
(Ipy3bsi, YIEHBI CeMbU, KOJUIETH), HO CBS3H MEXKJy HAMH YaCcTO BO3HUKAIOT KaK pe3yJbTar
OJTHOH JOMUHMPYIONIEH TPUIUHBI. DTO MOJIETUPYETCS C TOMOIIBIO TOTO, UTO y KarKJI0r0 CO00-
IIECTBA €CTh BEPOSITHOCTH, C KOTOPOW BepIuHa Oy/ieT coerHeHa pedpoM ¢ JPyroi BEepIIHHO
U3 9TOrO COODIECTBA. DTO O3HAYACT, UTO KarXKJ0€ COODIECTBO, KOTOPOMY IPUHAICIKUT HEKas
rapa BepIIUH, UMEET HE3aBUCHUMbIN MAHC CO3/aTh PEOPO MEXKJLy STUMH JIBYMS BEPITHHAMU.
CretoBaTeIbHO, WeM OOJIbITIEMY KOJUYIECTBY COOOINECTB MPUHA/IEYKUT Mapa I0Jb30BaTeell,
TeM OOJIbIIIe BEPOATHOCTD TOT'O, IYTO MEXK/Iy HUMHU OyIeT 00pa3oBaHO pedpo.

lerepaTopy agmgen B KadecTBe BXOIHBIX JIAHHBIX TPeOyeTCst JBY/IOIbHBIN Ipad, 3a/1at0mnii
IIPUHA/JIEZKHOCTD II0JIb30BaTe et coobiecTBaM. Jlajiee BBIIOIHAETCSI TeHepalins pedbep He3aBu-
CHUMO B KazKJIOM COODIIECTBE 0 MOAEIN IJpJéiia—Pennn.

Bwmecre ¢ Tem, npu renepanuu mabJIOHHBIX ceTeil yao0Hee yKa3aTh MapaMeTphbl TeHepaln
rpada «Ioab30BATETIb—COODIIECTBOY, HEYKEJIN UCIOIb30BATh JaHHbIE U3 PeajbHbIX CeTell mim

‘http://snap.stanford.edu/snap/description.html
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reHepupoBaTh Takoil rpad ormenbHo. Kpome Toro, agmgen (kak 1 LFR) ne mossossier renepu-
poBaTh rpadbl U3 COTEH MUJJIMOHOB BEPIINH, YTO 3aTPYIHIET OINEHKY TPUMEHUMOCTH METOI0B
onpeJie/IeHnsi CTPYKTYPbI COOOIIECTB K COIUAIBLHBIM IpadaM OOJIbIIONH pa3sMepHOCTH.

Tem me menee, AGM sapisieTcs oaHoi# 13 HanboJIee peaJTuCTUIHbIX Ha JJAHHBII MOMEHT MO-
Jlesieil conmasibHOM ceTu ¢ cooldImecTBaMu Io/ib3oBaTeeit. [loaTomMy 1peyioXKeHHbI B JaHHOI
paboTe MeTo 1 reHepaluu MabJIOHHBIX ceTell TaK2Ke OCHOBBIBAETCs Ha, STON MOJIE/IHN, HO ITPU STOM
JIUIIIEH OITMCAHHBIX HEJOCTATKOB agmgen.

NocTtaHoBka 3agaun

Pacemorpum rpad G = (V. E), tne |V| = Ny u |E| = m. Coobrecrso C; oupejessercs
KaK MHJYIMPOBaHHBIN noarpad, pasmep coobmecrsa |C;| = n,,. KommaecrBo coobiects Ny,
BCe COODIIECTBa BMECTe COCTAB/IIOT nokpuimue rpada. KoimaecTBo BXOXKIEHWA j-il BEPIIMHbBI
B pa3Hble COOOIIECTBA, — M.

Buyrpennss (df¢,) n premmss (dS¢,) crenenn sepumunbt j € C; ONPEIETAOTCA KaK KOJTH-
9eCTBO pebep, COeTUHSIOMNUX j ¢ APYruMu BepimuHavmu B C; WM ¢ OCTATBHONW 9acThio rpada
COOTBETCTBEHHO. Torma obias creneHn BEPUIMHDI j PaBHA d; = d;n& + d“j"éz Konu4aectso pedep
BHYTpH coobmectBa C; — d,, = % ZVjeCi d;na

Crmcok BXOJIHBIX MApaMeTPOB JjIsi TeHEepaIluu puBeieH B a0, 1.

3a/1a9a COCTOUT B TOM, ITOOLI creHepupoBaTh rpad G co CIeaylonuIMI cBOHCTBAME®:

1. pacmpejenenne creneHeil BepimnH rpada MOTINHSIETCT CTEMEHHOMY 3aKOHY C 9KCIIOHEeH-

Toit 5 [20]:

p(d) ~d™” (1)
2. HpI/ICyTCTByeT OILH& 6OJH>H_IaH KOMIIOHEHTA CBA3HOCTHU:

3G CG: |V |~ N, Vi, j eV Jw,wy,...,w, € E* I8, €V
Wo = (i7t0)7w1 = (t07t1)7 <y Wp = (tD—17j> (2)

3. MaJblit adbdexrusHbil quamerp [21]:

111N1 lan
N Pl(1—e) L D (14e)—L ) Sy,
Ve > 0, Ny — oo (( g)lnlan ( —i—e)lnlan) — (3)
e
D = max (d; )
i,jev”

dij = mig*(|{w1,w2, o Wwo = (i, 1), wr = (to, t1), ..., wr, = (tg, 5)})

Ws €

4. BepHIMHBI MOTYT MMETHb HYJIEBYIO CTEIEHDb U /UM He BXOJUTH HU B OJHO COOOIIECTBO:
5. coobIecTBa MOTYT IIepeceKaThes [22]:

- . .

°B pabore paccmarpuBaioTcs HanboJsee OOIIEIPUHATEHIE CBONCTBA, MOATBEPXKICHHBIE PSIIOM HMCCJIEI0OBAHMIM.
OzHaKO HEKOTODbIE U3 9TUX CBONCTB 4aCTO [OABEPralOTCs KPUTHUKE UK J10pabarbiBaioTcs (yiIydInanTcs). Tak,
nanpuMep, Aseccanpa Caa u Ip. yTBEPKIAIOT, UTO PACIPEIESIEHIE CTEeleHell B CONUAIBHBIX CETAX IO/ [THHSI-
eTcs JOMHOPMAaJIbHOMY 3aKoHy [19].
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10.

11.

12.

Kaxk0e coobmecTBo C; CBA3HO ¢ OOJIBINON BEPOSITHOCTHIO:

VkENjP<Ck:(Vk,Ek)VZ,jECka’thEk

) . 1
Wo = (7’>t0)7w1 = (tht1)7 e, W = (tlaj)) > 1- E (6)

IUIOTHOCTH pebep BHYTPH COOOIIECTB OOJIbINE, YeM CPeJIHsAs IJIOTHOCTH pedbep BO BCEM T'pa-
de G [23]:
de, m
> (7)
nCz‘<nC'¢ - 1) N1<N1 - 1)

Vie N =

KOJTMYECTBO pebep BHYTPU COOOITIECTBa DOJIBIIE, YeM KOJIMIEeCTBO pedep, COeIMHATONIIX BEP-
IIIHBI COODINECTBa ¢ OCTAJIbHON JacThio rpada:

VieN=de, > »  d5¢, (8)
VjieC;

KOJINIECTBO pebep B COODIECTBE PACTET CYIEPIMHERHO ¢ pa3MepoM coobirecTsa [3]:
Vi€ N=de, ccngl”, v € (0,1) (9)

pacrtipejieJieHue moJb30BaTe Ieli Mo coobIIecTBAM MOUNHIETCS CTEIIEHHOMY 3aKOHY C 9KCIIO-
HeHToit [ [3]:
; =B
Vi e N = p(m;) ~m; (10)

pacipejiesieHie pa3MepoB COOOIIECTB MOMIMHSETCST CTEIIEHHOMY 3aKOHY € 3KCIOHEHTOM
Bg [17]
Vi e N = p(neg,) Nna_gz (11)

epecedeHne coodIIecTs OoJee IIOTHO, YeM UX HellePeCeKaomasIcsa JacTb |1]:

do. .. dc.
Ciry > < (12)
NCyin; (ncmj - 1) ne; (nci - 1)

Vi,j €N (i #j),Cinj = CiNCj =

lNpepnoXxxeHHbIn meTopA,
Ocnosubie maru reaeparopa CKB cienyromue:

[Tonb3oBaTEIN PACIIPEEISIOTCA 110 COOOIIECTBAM € HCIIOJIL30BAHNEM MOIU(DUIIPOBAHHBIX
mogesin Tyur—Jly [6, 7] u mogesn kouduryparuit s 1Byn0abHbIX Tpados [4, 5;

CBs31 MeKIy II0JIb30BATEISIMU BHYTPH KazKIOIO COOOLIECTBA I'eHEPUPYIOTCS 10 MOIE/IH
Opacma-Pensn (8.

MeHepaunsa gBynonbHOro rpacgpa «nosnb3oBaTeNb—Co0bLWEeCcTBOY»

JIBy0JIbHBIM Ha3bIBaeTCd T'pad, BEPIIUNHBI KOTOPOIO MOTYT OBIThH Pa3jie/IeHbl Ha 2 Hellepe-

cekatomuxcsd MHOyKecTBa U 1 V' Taknx, 9To KaxKj10e pedpo coeuHseT BepiuHy B U ¢ BepIIHHOM
B V. B namewm ciaygae V (|V| = Ni) aBigerca MmuOKecTBOM Tosb30Bareseit, a U (|U| = Ny) —
MHO2KECTBOM €000111ecTB. UBS31M MEXKJLY OJIb30BATEISIMU U COODIIECTBAMU MOJEIUPYIOTCH pebd-
paMu B JIBYJIOJTbHOM Tpade.
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Tabauua 1. Bxounbie mapameTpsl jiisi reHepaiuu rpada

ITapamerp | S3uauenue ITo ymosraanmio
Ny KoymyecTBo Bepima —
Aimean Cpensist cTerreHb BEPINH —
MunnMaabHOE YHCIO BXOXKICHNHI 1
Frain IIOJIB30BATEIA B COOOIIECTBA
Momin MuHuMa/IbHBIN pa3Mep cooDIIecTBa 2
MaxkcuMaJ/IbHOE IUC/IO BXOXKICHUIT 10000
Fmax [IOJIB30BATENIA B COODIIECTBA
Mmax MaxkcumaJibHBII pa3Mep coobIIecTBa 10000
B >1 OKCIIOHEHTA CTEIIEHHOI'O PACIPEeIeIeHUsT IUCIa 95
! BXOKJEHUIT ITOJIH30BATEC B COODIITECTBA ’
By > 1 OKCIIOHEHTa CTEIIEHHOI'O pacIpeIeIeHnst 95
2 pa3MepoB COODIIECTB ’
00 Bausier Ha BeposgTHOCTH pebpa 4
BHYTPHU COODIIECTBA
Biusier Ha BeposgTHOCTH pebpa
0<y<1 0,5
BHYTPHU COODIIECTBA
€ YupapiigeT KOJIu4decTBOM pebep B £-Co0DIIecTBe 2N *
1. PaccuurbiBaercss KOandecTBO cooOIecTB Ny MUCXO/Id U3 YPaBHEHUS:

rae E[m| u E[z] - Mmaremarndeckue oxKumaius 9ucIa BXOXKICHHI 0Ib30BaTe el B co001IIe-
CTBa U Pa3MEPOB COODIIECTB COOTBETCTBEHHO U BBIUUC/ISETCS 110 POPMYIIe

Tmax _ 1»2*5 _ x2__6
R R e (1)

ZLmin
2. T'enepupyitorcs JBe CTEIEHHBIE TOCIEI0BATEILHOCTH JIjISI pa3MEPOB COODIIECTB U KOJTNIECTBA
COOBIIECTB y MOJIB30BATE IS KaXK IOl BepIUHe CTABUTCA B COOTBETCTBUE CTereHb (d) s
111 BepIIMHBI-I0JIb30BaTEId U d? JJTsT j-i BEPITHHBI-COODITIECTBA).
3. Borumcasiiorest snavenns D = di, Dy = Di+dy, ..., Dy, = Di+d,y, ..., Dy, = Dy, 1+
bdy n D =&, DE= D2+, .., D2y = D2+ 2y, D% = D o+ o,
4. Boruucisiercst KOJIMIeCTBO TeHEPUPYEMbBIX pebep MexKIy JoJsaMu ourpada:

M = M, + E[Y], (15)

rie E[Y] — maremarnueckoe oxKujianne KOJIM9IecTBa KpaTHbIX pedep (M. pasjen «KparHbie
pebpay ).
5. Jljist ocsieIoBaTeIbHOCTU HATYPAJIbHBIX YUCET

(M] ={1,2,3,..., | M|},

rae |z] = max{n € Z|n < z},
BBINOJIHSAETCS B TUKJIe jist t = 1 jno | M |:
(a) Bwibupaercs ciyqaitroe 1quciao p u ¢ u3 [M] paBHOMEpHO;
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1 Pl .
) ) 3 ) )
(6) Haxomurcs unrepsas [D;, D;, ], KOTOPOMY IPUHA/IJIEAKHT D
B) Haxomurcs narepsan [D?, D?. ], KOTOpoMy IpUHATICKAT (;
J Jj+1 Y
r) Ecmu ¢ # j, To B nByHobHBIH rpad gobapisierca pedbpo (i, ).
J Y, J
6. Bce crenepupoBanibie pebpa COPTUPYIOTCs, KpaTHBIE Pedpa YIAJIAIOTC.

Brraucimrensnas ciioxkuocTh 9roro mara — O(M log(NyNy)).

MeHepaunsa pebep BHYyTpn coobuiecTs
Ha 9TOM IIMare Co3Jal0TCcAa pe6pa B COOTBETCTBHUHU C IIPUHAJJICZKHOCTAMU BEPIINH K COO6ILL€—
crBaM. /[Ij1s1 3TOr0 mMCxojisi U3 3a/laHHON CpeJiHeil CTeleHN BBIYUC/ISIETCs BEPOsITHOCTH pebpa B

KazkJI0M coobrectse [3]:
a

Yy o
l‘ck

rjae x. — pasmep coobmecrsa, v € (0;1) — mapamerp Mozesn, o OnpejessieTcs CpejiHeil cre-
nenbio (« > 0). Bosiee mompobHBI aJIrOpUTM BBIYHC/ICHHS TTAPAMETPOB aJrOPUTMA UCXOJIsT U3
3aJIAHHON CPeJIHell CTeleHn HUXKe B COOTBETCTBYIOIIEM pazjese «CpeaHsis CTEleHbs.

CTouT OTMETHUTD, 9TO IIPU ITOM CyMMapHas BEPOITHOCTL pebpa MeK/1y ¢ U j BO BceM rpade
pacTer B 3aBUCHMOCTH OT KOJIMYECTBA OOIIMX COOOIIECTB MeXK Ly 9TOi mapoii Bepmm [3]:

p(i. ) =1— [T @ =pe) (17)

CkECij

rje Cj; — MHOXKECTBO COOOIIECTB, KOTOPBIM IIPHHAJIJICIKHAT ¢ U J.
Hainee xonmdaectBo pebep B coodmectse ' COMIIUPYeTCA U3 OMHOMHATILHOTO Pacipesiesie-
HUSI C YIETOM BEPOsiTHOCTH KPaTHOro pebpa:

M., = (1+P™")Bin(z,,, pe, ), (18)

rie IP’Z’;““ — 3T0 BEPOSITHOCTH KpaTHOro pebpa (cM. pasien «KparHbie pebpay ).

3arem remepupytorcs M., pebep ¢ ucnosb3oBanueM Mojenn dpacma—Pensu. B konne see
pebpa copTUpyIOTCs, a KpaTHble pebpa ymasstorcd. [letin GuabTpyroTes B mpoiecce reHepa-
IIHAU.

g-coobLuiecTso

[TockoJibKy renepariusg pedep Ha BTOPOM IIare MpPOUCXOJUT TOJILKO BHYTPH COODIIECTB, TO
pebpa MeK Ty COOOIEeCTBAME TOSIBJISIIOTCS TOJBKO 38 CUET CBA3€H MeXK/Iy BEPITHHAME, COCTO-
SIIIIMU B HECKOJIBKUX CO00IIecTBax. UT0ObI YBEJIMYATH BEPOSITHOCTD MOSIBJIEHUSA pebep MeXK Ly
COODIIECTBAMHU, K MHOYKECTBY COOOIIECTB JI00ABJISIETCsI TAK HA3BIBAEMOE £-c0001ecTBo [1], KoTo-
poe coe/InHseT CAydallHyIO TIapy BEPIIUH U3 Bcero rpada ¢ HEeKOTOPOil BEPOSITHOCTHIO €. DTOT
I1ar TaKzKe HeO6XO,ZLI/IM JJIgd TOI'O, LITO6bI O6eCHqu/ITb CyHaieCTBOBaHM€ BEPHINH C HYJIEBBIM KO-
JIMIECTBOM COODINECTB W HEHYJIeBO cTeleHbio B rpade. pyrumu ciioBamu, HEKOTOpasi 9acTb
[I0JTh30BaTe el MOYKeT 00PAa30BbIBATD CBSI3M, DU TOM He SIBJISASICH YJIeHaMU KaKUX-HUOYIb CO-
obmectB. Ob6paTHOE TOXKE BEPHO — II0JIb30BaTE/Ib MOYKET BXOJIUTH B HEKOTOPBIE COODINECTBA,
HO IIPU 3TOM HE UMETh HHKAKUX CBA3EHL.

KosmmuecTBo reHepupyeMbIx B £-coo0ItecTBe pedep:

_ NN - 1)

M, 5 g,

(19)

rje € — napamerp.



1036  (sMLDA) K. K. Yuxpasze, A. B. Kopmyuos, H. O. Bysyu, H. H. Kysopun

BoraucimresbHast CI0KHOCTD dTalla, TeHepanuu pebep BHyTpu coobiects — O(K,,), rue

Kpn=Y, M.,

KpaTtHble pebpa

[TockobKy pebpa B HpeJJIOKEeHHOM METOJie T€HepUPYIOTCs He3aBUCUMO, TO TOC/IE yiaJie-
HUsI KPATHBIX pebep u3 oOIIero CIucka 1o OKOHIaHUU MeHePaInu KOJIMIeCTBO pedep HECKOIbKO
OTJINYAETCd OT OXKHMJIAeMOI'0 3HA4YeHUsd, 3aJJAHHOIO B COOTBETCTBUU C BXOJIHBIMU ITapaMeTpa-
Mu. Takum oOpa3oM, YUIUTBLIBAHUE BEPOTHOCTU KPATHOrO pedpa Ha KarKJIOM Iare reHeparun
[IO3BOJISIET YMEHBINUTH IMOI'PENTHOCTD, CBA3AHHYIO C yIaJeHneM KPaTHBIX pedep.

Tak, g mporecca reHepanuu JIBYA0JLHOIO I'pada «I0Jb30BATETb-COO0IIECTBO» BEPOST-

HOCTBH KpaTHOro pebpa paBHa
Te,m;\ >
P2~ (52 20
( i (20)

Maremarudeckoe oxkuganne E[Y| konmndecrBa pebep, MOsBUBIIIXCS JIBa WK GoJiee pa3, B 9TOM

ciayyae: ) o\ '
E[Y]zﬁz:Z( X/[J) :2M32x22m?. (21)

st poriecca reHepalun pebep BHYTPHU COODIINECTB BEPOSITHOCTH KPATHOI'O pedpa MOXKET

OBITH ITOCUYNTAHA KAK

2 2
QNP S S YO B »
C’“ ‘ 2 ¢ 2 2 2) " 4 I (22)

CpegHsaa creneHb

TaK KaK CpeILHHH CTeIlIeHb JdBJIdETCA BaXKHBIM CBOﬁCTBOM JJId aHaJINu3a FpaCbOB n TeCcTu-
POBaHUAd aJITOPUTMOB IIOHMCKa COO6H_L€CTB, 6blﬂa uccJjegoBada 3aBUCUMOCTD Me}K,Z[y BXOJHBIMMA
[IapaMe€TpaMiu & U 7y U Cpe,ZLHeﬁ CTEIIEHBIO.

Paccmorpum cirydaiinyio Beuanny &, :

£ = 1, ecmu (i,j)) € Cy;
%10, ecmm (i,5) ¢ Ch,

rje Cf — pasmep cooOIecTBa.
Pi, — BEPOATHOCTH TOT'O, YTO %- BepIInHa cojepzurcs B C:

. )M, (24)

T
= P(ieCy)=1— [1— =
Piy, pk(l k) ( e M

riae M — KomdecTBO pedbep B JBYJIOJLHOM rpade.
Yuureisas, aro T.m;/M?* < 1 u ch T, = p o, My = M, mosydaem:

T, M ) M Ty

M? M (25)

BeposirrocTs, aro pebpo (i, j) crerepupyercst B Cy:
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rae pe, = o/ T — 9TO BEPOATHOCTH pebpa B COOOIIECTBE, & T, — PasMep COOOIEeCTBa.
PaccmoTrpum HOBYIO C.B. §;j:

|1, ecimde: & =1
&ij = { 0, ecmVe:& =0. (27)

MaremaTuiaeckoe oxKuIaHne KparHoro pebpa Bo BceM rpade (MCrnosb3yst IPUHIUIT BKIIIOUe-
HUH-NCKITIOIEeHUi ):

k

B¢y =) (1), (28)

=1

rie k — MakcuMasbHasi KpaTHOCTh pebpa B rpade (K < Ny), a

ss=aE| Y ] % <%) (29)

c1<...<cr k:{l,...,r} k t:{iv.j}

HpI/I 9TOM HeO6XO,ZLI/IMO OTMETUTDL, 9TO

Bl S ol ol = (NQ>E[1’§HE[:E$§] - Elz?] (30)

c1<ce<...<cp p

HOSTOMy cpeaHdsd cTelleHb IIpru YCJIOBUM 3a/JaHHBIX PasMepOB COO6IH6CTB MOKeT OBITH 3a-
JaHa KaK
E[d|l‘1,9§'2...$N2] = Efile (31)

Taxum obpa3oM, cpejiHss CTelleHb PaBHA

N2
dinean = E[E[d]z1, 2., 20]] & Y BN [ [ p(=), (32)
j=1

T1,T2..TN,

rae N — 9TO KOJIMYEeCTBO BEPIINH BO BCeM rpade, a p(z;) — BEPOSATHOCTH TOTO, ITO CIE€HEPH-
pyercs coobIIecTBO pa3Mepa ;.

Teneps, mocsie pemiennst ypaBHenus k-oif crernenu® ¢ nepemenHoit o (u pukcupoBanHoil ),
MO2KHO BbIMUCJIUTDh BEPOATHOCTD pcw HeO6XO,Z[‘I/IMYIO JJIAd JOCTUZKCHM A 3a,HaHHOI'71 Cpe,Z[HefI CTEeIIeHNn
(em. paszen «[eneparust pebep BHYTpH COOOIIECTB» ).

6

CBa3HocCTb coobuiecTB
Ucnosb3yst pesysibrar paborsl Dpénia—Penbn |7, 8, 24|, KOTOpbIH MOKHO ¢(HOPMYJIUPOBATEH
B BHU/JIE CJIEYIOIIEll TeopeMbl

Teopema 1. Pacemorpum momens G(n,p). Ilyers p = (clogn)/n. Ecom ¢ > 1, o nourn
BCerjia cydaiinblii rpad cBa3en. Ecin ¢ < 1, To modTn Beerja ciydaiiubiii rpad He siBsgeTcs
CBSA3HBIM.

6151 yHpOIEHNsT BHIYHCICHNH B YPAaBHEHNN 28 MOXKHO PACCMATPUBATL He GOJIee TPeX CIAraeMBIX, TaK KaK
U3 SMIUPUIECKEr0 aHaIM3a cieyer, 9ro S; = o(S1) Vi > 4. DTo 03HAYAeT, ITO KOJUIECTBO pebep KpaTHOCTH
6oJiee 3 HE3HAYUTEJIFHO IO CPABHEHUIO C ODIIUM KOJIMIECTBOM pebep.
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MOZKHO YTBEPXKJATh, YTO

Teopema 2. CoobiectBo C; CBSI3aHO ¢ OOJIBINON BEPOSITHOCTHIO JIJIs

a > In(z.,)z] (33)

PacnpepenenHasa peanunsauyuns

[Ipeno:keHHbIN MeTO, OBLT peau30BaH Ha sS3bIKEe IPOrpaMMHUpOBaHUs Scala ¢ MCIIOIb30-
panmneM Apache Spark” - dpeitMBopKa IS pacIIpe/ie/IeHHBIX BBIYNCJICHUI B PACIIPe e/ IeHHOI
cpejie. lannbiit hpeitMBOpK 1103BoJIAET 3(P(HEKTUBHO BBIIOJIHITH PA3JIUIHBIE OIIEPAIlUN 38 CUET
HCIIOJIB30BaHUsI CTPYKTYPHON abCTPaKINN JAHHBIX, IMEHYEMOI cO0eycmotiuusvie pacnpedeiet-
noie nabopo, dannwix (anri. Resilient Distributed Datasets, win RDD). RDD — sto Kosutekius
00'bEKTOB, PACIPEJIEICHHBIX MEXK /Iy MHOXKECTBOM MAIIIIH, KOTOPasd MOXKET ObITh BOCCTAHOBJICHA,
ec/ii Kakasi-TO 9acTh 00bekToB yTepsiHa. [lo ymosganuio Bce RDD xpangarcsa B onepaTuBHO#
namsaru. [pu obnosienun nanubix crapoiit RDD ne nsaMensiercs, HO co3taeTcd HOBBIH, cojiep-
JKAIUN CCBLIKY Ha MPEJIbILIYIYI0 BEPCUIO0 U CIUCOK u3MeHeHwuit. [lepeduciiennbie ocobeHHOCTH
Spark MO3BOJISIOT yBeIMIUBATH CKOPOCTH pabOThI MIPOrPaMMbl B HECKOJIBKO Pa3 10 CPABHEHUIO
¢ IpyruMu 1aTdopMaMu JIJIst pacipeeleHHbIX Bhlaucaennii, B qvactaoctu, Apache Hadoop.

Cxema paboThl TeHepaTopa Ha BBIYUCIUTE/IHHOM KJacTepe IMoKa3aHa Ha PHc. 1.

Lhasnoiii yzea (macmep) — TaBHAsT MAIIUHA B BBIYHCIUTEIBHOM KiacTepe. Bedomwvimu
yaaamu (castieamu) Ha3BIBAIOTCS oOcTajibHble MammuHbl Kiaacrepa. Paiiier HDFS (Hadoop
Distributed File System) pacnpefesnens! B JlokaabHO# daiiioBoil cucreme Ha cidiiBax. Hepac-
IpeJiesIeHHast 9acTh BRIYUCICHUN BBIIOJIHIETCS Ha IJIaBHOM y3Jje. B mporecce pacipeaeseHHbIX
BBIYUCJICHUI TVIABHBIN y3€/I Ha3HATAeT 3819 CI3BaM, KOOPAUHUPYET UX PabOTy 1 arperupyer
pe3yIbTaTHhI.

Ha mepBom mrare mporiecca reHepaliny co3/1al0Tcsd JBe CTEIEeHHbIE TTOCIe/I0BaATE/IbHOCTH, KO-
TOpble (DAKTUYIECKH ABJIAIOTCA PACIpeieleHueM pa3MepOB COODIIECTB U pacipeie/ieHueM KOJIi-
JecTBa BXOXKJIEHUI T0JIb30BaTe el B coobmectsa. /laiee Macrep oTIpaB/isieT 9T IOC/IEI0Ba-
TeJIbHOCTU Ha KaxK/Iblil n3 cJviiBoB. Ha ciesyomiem 1mare Kazkiblit U3 S CI19fiBOB HE3aBUCUMO T'e-
HEpHUPYyeT % pebep (cm. paszgen «[erepanus 1ByI0IbHOTO Tpada «II0JIb30BaTEIb—CO00IIECTBOY )
MEKJTy TOJIb30BATEIsIMI U COOOIEeCTBaMHU B JIBYJI0JbHOM Tpade. Bee pebpa obbeamusiorcs
B OJINH CIIMCOK pedep, U Ha ero OCHOBE CO3JIaeTCs CIMCOK COOOIIECTB, KOTOPBIN COXPAHAETCS
B pactpe/ieJieHHOM aiiyioBoMm Xpanuiuiie (B ganaom ciaydae — HDFS).

[Tocie aTOoro mMacTep CUUTBHIBAET W3 XPAHUJIUINA COOOIIECTBA, CO3JAeT U KOIWIl KarKJI0ro
coo0ITiecTBa, PABHOMOIIHO IPYIIIUPYET UX U PABHOMEPHO paciipejie/isieT uX 1o cidiiBaMm. Jlaree
KazKJIbIil U3 BEJOMBIX y3JI0B remepupyer M., /v pebep Kaxjoro mosydennoro coobmecrsa Cj,
a Takxke M./v pebep npu renepanuu e-coobiectBa (cM. pasien «[eneparusi pebep BHyTpH
coobiectBy ). Bee pebpa obbeunsitorest B 001uii crincok u 3anucbiaiorcess B HDFS.

MacwTabupyemocTtb

JL71st OIleHKN MACIITabUPYEMOCTH aJropuTMa OBLI UCIIOIb30BaH Kiaacrep Amazon EC2 us 2,
4, 8 w 16 mammu tuna ml.large®. Ha puc. 2 mokasano, 9To aJropuTM nMeeT OIU3KYIO K JIH-
HEWHOI MacCITabUPYeMOCTh, YTO O3BOJISIET CO3/IABATH CUHTETUYIECKNE CETU OOJIBINNX PAa3MEPOB

"http://spark.incubator.apache.org/

8http://aws.amazon.com/ec2/previous-generation/
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MeHepauuns OBYX CTeNeHHbIX
nocneaocBaTenbHoOCTeR

OTnpasBka nocnenosaTeNbHOCTEN
Ha CN3MBbl

reHepauwsa pébep nonb3cBaTeNb-
coobwecTeo v

3anuce coobliecTs \
8 HDFS
— CoobuwecTsa
YTeHue coobwecTs ]
13 HDFS .
PacnpepeneHue coobiecTs
Mexay Cnansamm
leHepauws pébep
B coobecTsax v 4 A 4
3anuck pébep \

8 HDFS

Y

Pébpa

Puc. 1. Cxema pabornl pacipee/ieHHol peanusanuu regeparopa CKB

3a npuemaeMoe BpeMms. Tak, Hampumep, reHepaiius rpada ¢ 1 MUIITAPIOM BEPIIUH 3aHsia

150 mun Ha 150 marmmrax Kiaacrepa Amazon EC2.

OHaKO B HEKOTOPBIX CIyYasX MOMKET UMEeTb MECTO HeJO0CTATOYHOEe YCKOPEHHe PabOThI Te-
HepaTopa ¢ POCTOM YHCJa MallldH. Tak, HAIpuMmep, JOKaJIbHO aJropuTM oTpaboras ObicTpee,
TeM Ha JByX CadiiBax. B jmamHOM ciIydae 9TO CBS3aHO ¢ TeM, 9TO HA TEPECHIIKY JTaHHBIX 10
cetu TpebyeTcsa He MeHbIIe BPEMEHU, YeM COOCTBEHHO Ha IPOIECC NeHEPAIIHH.
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Kosmuecrso sepmmn (-10°)

Puc. 2. CieBa: macinrabupyemocTh Ha kjgacrepe Amazon EC2 u3 mamwuua tuna ml.large.
Cunstst junust — rpad c 4 - 108 sepumn, kpacnas ymnus — 8 - 10 Bepmmn, sxenras muans — 16 - 108
BepiiuH, 3esienHas jauansa — 32 - 10% Bepmun. CrpaBa: BpeMeHHasl CJIOXKHOCTD
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CpaBHeHue c gpyrumm WabNOHHbLIMU CEeTSAMMU

Tabmura 2 comepKuT pe3yIbTaThbl CPABHEHH CreHEPUPOBAHHBIX IPpadoB ¢ peaTbHBIMI Ma0-
JloHHBIME ceTsMu Ha ocHoBe janHbiX LiveJournal, ORKUT u YouTube uz Stanford Large
Network Dataset Collection?, a Tak:ke ¢ CHHTETUYICCKMME CETAME, CO3IAHHLIME HOMYISPHBIM
renepatopom LFR. Ha puc. 3, 4, 5, 6 u300pazkeHbl paciipejesieHnsl cTereHeil BepIinH, pa3MepoB
COODIIECTB U YNCJIa BXOXKIEHHUI II0JIb30BaTe /el B COODINECTBa JIjIsI CPaBHUBAEMbIX CETell.

[To pesysbraTam cpaBHEHUS MOYKHO 3aKJIOYNATH, YTO CPEN CPABHUBAEMBIX CHHTETHIECKIX
mabsionubix cereit CKB umeror namnbosiee CXOXKYyIO CTPYKTYPY C peajbHbIMU ceTsaMu. FimH-
crBennbiM oTiimuneM cereit CKB or peanbHbIX cereit sBjsieTcss HEOOJIbINIOE 3HAUYECHUE KO-
dburmenTa Kaacrepusanuu'’, 9To 00bACHACTCA UCHOIL30BAHIEM MOjeau Dpidma-Penbn s
reneparuu pebep BHyTpu coodiectB. /locTmkenne 6oJiee peaJMCTUIHOrO KO3 pUImenTa Kia-
crepusanuu TpedyeT W3MeHeHNsI IPoIiecca reHepanun pedbep n aBiisieTcs 00bEKTOM JaJIbHeTeit
paboOTHI.

BoccTtaHoBneHue nsBecTHOl CTPYKTYpbl COOOLLECTB

Taxxke ObL1a MporecTupoBaHa (MMEKTUBHOCTL PA3JTHIHBIX AJTOPUTMOB  OIPE/ICICHUS
CTPYKTYPBI COOOIIECTB Ha CreHEPUPOBAHHBLIX I'padax NP pa3jnvdHbIX 3HAUEHUAX IIapaMeTpa
1 — SKCIIOHEHTHI CTEIIEHHOT'O PACIIPE/Ie/IEHUsT YUCIa BXOXK/IEHUH T0/Ib30BaTe /el B cOO0IIEeCTBa.
VBenmdenne 1 Mpu HEM3MEHHBIX 3HAYEHUSIX OCTAJbHBIX [TaPAMETPOB IIPUBOJIAT K YBEJIMIEHUTO
CPEJIHEro YUCJIa COOOIIECTB Y TOJIB30BATEs, UTO JICIAeT CTPYKTYPY COOOIIECTB OOJIBIIE CJIOXK-
HOM JIJIsT OIIpeJIe/IEHNUS.

Jns cpaBHeHUsT OBLIM BBIOPAHBI CJIEIYIOIIHE AJITOPUTMbI, SIBJIAIOIINECS IIPeICTaBUTe/Is-
MU PA3JIUIHBIX KJIACCOB METOJIOB OIpPEJIeIeHNs CTPYKTYPbI COODINECTB B CONMAIbHOM Tpade:
OSLOM!, GCE!2, SLPA®, MOSES!.

AJTropuTMBI TTOJTy9a i Ha BXOJ CIIUCOK pebep W BO3BpAIla/In HaleHHOe NoKpuimue — MHO-
JKECTBO co00IecTB B ucxogHoM rpade. st Toro, 9To0bl yCTAHOBUTH OJIM30CTH U3BECTHOTO
u Haiigernoro nokpbituit (X,Y), ucnosnssyercas NMI — wopmaausosarnas 63aummnas ungop-
mavus [17):

1
NMI(X,)Y)=1- E[H(X]Y)norm + H(Y|X)norm)- (34)
st kaxkioro coobrectBa Xy HaxouTcst GiinzKaiinee Y, B CMbIC/IE HEOIPEIeJIeHHOCTH HH(OD-
marun H (Xy|Y;) — min, rge X, — ciaydaiinas nmepeMennasi, COOTBETCTBYIONAsT BEPOATHOCTH
j

BOBHUKHOBEHNIS BepIINHBI B coobmiectse k, H(X;|Y;) — ycnoBras surponms X, npn ycioBun
Y;. Hyorm BbIUHCIsIETCs Kak HOpMasmsarus H (X |Y;) or kommvectsa Beeit undopmarnmn o Xy,
YCPEIHsAS 10 BCeM coobIecTBaM B X .

http://snap.stanford.edu/data/index.html#communities

0K ospdmment knacrepusanun C 3amaercs ciaegyiomuM obpasom: C = %Z?:l C!, rne n — KOJMIECTBO

2‘{€jk,:j,k€Ni,ejk€E}‘
d;(d;—1)

= {j: e;; € E} — MHOXKeCTBO coceneil njs Bepumunl ¢, £ — MuoxectBo pebep, d; — CTENeHDb BepIIHHLI 4.

gepiinH B rpade, C! = — JIOKAJIbHBIN KO3 UIMEHT KJacTepu3anun BepiuHbl i, N; =

Uhttp://www.oslom.org/
2https://sites.google.com/site/greedycliqueexpansion/
Bhttps://sites.google.com/site/communitydetectionslpa/

Yhttp://www.cliquecluster.org/moses
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Tabmuna 2. Cpasaenue mabionnbix cereit CKB (81 = (2 = 2.5), LFR, LiveJournal, ORKUT
u YouTube

Orkut | LiveJournal | YouTube CKB LFR
KoymraecTBo Bepmma 3M 4AM 1,1M 3M | 97,5K | 100K
Cpennsist cTenenb 76,2 17,3 5,3 109,9 | 68,8 66,7
DKCIIOHEHTA,
CTEIeHHOIO
pacrpeaeeHus 2,12 2,14 2,36 2,19 | 2,57 | 2,54
pa3mMepoB
coobmecTB [y
DKCIIOHEHTA,
CTEIIEHHOI'O
pacIipeeeHus
HPUHAIE>KHOCTU
oJIb30BaTeael K
coobiecTBaM [
DKCIIOHEHTA,
CTEIEeHHOIO
pacipeieIeHus
crerneHeit 5

1,59 2,22 2,83 228 | 2,62 | -

1,58 2,15 2,53 2,22 | 254 | 2,56

Memnana

pacipeeeHus 16 2 3 5) 49 40

pa3MepoB COODIIECTB

Memnana

pacupejiesenns

NIPUHAIJIE2KHOCTHU 14 2 1 7 1 1

oJIb30BaTeei

K cooOlIecTBaM

Cpeamit

K03 dunuenT 0,169 0,353 0,172 0,039 | 0,055 | 0,226

KJIaCTEePU3AIHH

Db dexTuBHbII
JuaMerp deys

Bpewmst reneparnun () — — — 160 11 863

4,8 6,4 6,5 4,38 | 3,88 | 3,98

NMI sexur B npomexxytke [0; 1]. MuHrMaIbHOE 3HAYEHE COOTBETCTBYET abCOTIOTHO pas3-
HBIM [TOKPBITUSM, MAKCUMAJIBLHOE — COBIAJIAIONIUM TTOKPBITHIM.

Ha puc. 7 npejicraBiienbl pe3ysibTaTbl TeCTUPOBaHUA. BujiHo, 4TO jUiih 2 u3 4 ajaropur-
MoB — MOSES n OSLOM — cMmoriin BOCCTAaHOBUTH Cr€HEPUPOBAHHYIO CTPYKTYPY COODIIECTB C
npuemMieMoii ToaHocTbio. B Tabs. 3 6osiee moapobHO uccienoBana 3asucuMoctb NMI o mapa-
METPOB r'eHepaluu BXOJIHBIX I'padoB g ajgropurmMa MOSES. MoXHO 0OTMETHTH, 9TO TOUIHEE
BCEro COODIIECTBA OIPEJIEIIIOTCA, KOT/Ia UX pa3Mep orpannded cHu3y 10 BepimmHaMmu, a mapa-
MeTP Y JOCTATOYHO BEJIUK.
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Nl Mmin LTmin Lmax Mmazx 61 B? a i € NMI dmean
10000 1 2 | 1000 | 1000 | 2,51 2,5 1 0,3 0 0,59 67,4
10000 1 2 | 1000 | 1000 | 3,1 | 3,1 1 0,3 0 0,72 32,3
10000 1 2 | 1000 | 1000 | 3,1 | 3,1 2 0,3 0 0,75 57,3
10000 1 10 | 1000 | 1000 | 2,5 | 2,5 1 0,5 0 0,88 90,8
10000 1 10 | 1000 | 1000 | 2,5 | 2,5 1 0,5 | 0,0005 0,84 | 107,1
10000 2 10 | 1000 | 1000 | 2,5 | 2,5 0,5] 0,5 0 0,52 72,0
10000 1 10 | 1000 | 1000 | 2,5 | 2,5 0,21 0,2 0 0,65 88,9

Tabuuia 3. 3asucumocts NMI ot mapamerpos CKB s anropurma MOSES
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KomMmmonenrs! ceaznocTu

Puc. 3. Pacupenenenus creneneil, pasMepoB COOOLIECTB, IIPUHAIJIECIKHOCTEH BEPIIMH K COOOIIECTBAM
U pa3MepoB KoMmoHeHT cas3HocTH B cetu CKB ¢ mapamerpamu Ny = 106, 81 = B2 = 2.5
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Puc. 4. Pacupeneiienust creneneit, pasMepos cOOOIIECTB M TPUHAJIEKHOCTEH BEPIIUH K COOOIECTBAM

g cetu ORKUT
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Puc. 5. Pacupenenenns cremeneii, pa3MepoB COOOIIECTB U IIPUHAIEIKHOCTENH BEPIINH K COOOIIECTBAM
nist cetu YouTube
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Puc. 6. Pacupenenenus creneneii, pa3MepoB COODIECTB U IPUHAIJIEYKHOCTEH BEPIITUH K COOOIIECTBAM
nist cern LiveJournal

BbiBoabi

B xome paboTb! ObLT pa3paboTaH, peaan30BaH U SKCIEPUMEHTAJIHLHO UCCIEI0BAH MEeTOJ, JIJIs
pacipejie/ieHHO reHepalinn OOJIBITUX MAaOJIOHHBIX ceTell ¢ peaJuCTUIHBIMUA CBOHCTBAMU COIU-
AJIBHBIX T'PadOB U CTPYKTYPOIl COOOIIECTB.

Bosmoxkubie HalpaBieHus gaJibHeiIeil paboTh:

— pacupeie/IeHHOe BBIUNC/IEHIE Mep I CPABHEHUS IMOKPBITHII COODIIECTB;

— BO3MOXKHOCTb KOHTPOJIUPOBATH KOI(PDUIIMEHT KIACTEPUBAIINH;

— TeHepalis KepapXudecKnux, HallPaBJIeHHBIX W B3BEIIIEHHBIX CETell;

— TeHepallis aTpuOYTOB OJIH30BATENEN C MOIJIEPKKON CBONCTB TOMUMDUINT B COOOIECTBAX.
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Puc. 7. 3aBucumocts NMI ot 81 mist pasjimdHbIX ajJroOpUTMOB OIPEIe/IeHNs] CTPYKTYPbI COOOIIECTB.
[Mapamerper CKB: N1 = 10,000, Tmin = 1, Mmin = 2, Tmaz = Mmax = 1000, a =1, y=0.1,e =0
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