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ITomrToBanu,

Benmnko M je 3amoBosbeTBO a mpemiokuM Ap Jeiaeny Cmuibanuh 3a nomeny CryneHTcke
Harpaje 3a Haj0osby HOKTOPCKy Te3y ypaheHy Ha MHctutyty 3a ¢usuky y Beorpany. p
Cmuspannh je Te3dy mox HacioBoM “‘lcnuTHBame CBOjCTaBa KOMIUIEKCHHX Mpexa ca
JMCKPETHOM JMHaMHKoM”, oxbpanmiaa 16.11.2017. na EnexrporexHudkoM akyrery
VYuuepsurera y beorpany.

Joxropcka aucepraunja ap Jenene Cmuspanuh je y o0nacTi craTUCTHUKe Gu3nKe ¥ OaBu ce
NpOyYaBalkEM CTPYKType M [OUHAMUKE COLMjalHUX Tpyna ca JHCKPETHOM IMHAMHKOM,
OZIHOCHO JMHAaMHMKOM KOja je ycioB/beHa JorahajuMa Koju cy I0OpO JIOKaIW30BaHH Y
IpoCTOpy M BpeMeHy. Jlucepranuja je 6a3upana Ha aBa pazna [Al, A2] o6jaBbeHa y 4acomucy
PLOS ONE u nornasby y kiu3u [A3]. Ha pagosuma [A1, A2] np Cmuspanuh je mpBu ayTtop,
JoK je Ha paxy [A3] apyru ayrop. Pan [Al] je mo cama mutupanu 4 myta Oe3 ayroumurara
npema 6a3u Google Scholar, ykibyuyjyhu u jenan murar y dacomucy Nature Cell Death
Discovery xao NpUMep HUCTpaXHBama YWjH PE3yITaTH MOTY JONpPUHETH MOCTH3amy 00Jbe
KOXe3Hje yHyTap 3ajeflHHIle MCTpaXkMBaya. Y OCTaJMM paJoOBMMa KOjU LMTHPajy pan [Al]
MCTH je MPEeNo3HaT Kao JeJMHO HCTPaXKMBame Koje ce 0aBM IMHAMHMKOM ydeinha HaydHHKA Ha
KOH(epeHIHjaMa Kao M KaKo COLMjaJIHM KOHTAKTH yTHYy Ha KOXEe3Wjy Hay4dHHX 3ajeIHHla
OpraH3oBaHuX OKo jenHe koHpepennuje. [lopen pagosa npukasanux y te3u ap Cmusbanuh je
pajuia ¥ Ha BUIIE APYTHX, BPJIO pa3IMYMTUX TeMa. Pesynararte y 061acTH KBAHTHO KaCKaIHMX
nacepa [B1] o6jaBieenu cy y yaconucy Computer Physics Communications, IOK Cy pe3yJITaTi
y 001acTH TpaHCIOpTa Ha TeJeKOMYHHMKAallMOHMM Mpexkama [B2] ofjaBibeH y uacomucy
Physica A: Statistical Mechanics and its Applications. OBa npa paja cy npema 6asu Web of
Science 10 caza uuTHpaH 6 myTa 0e3 ayToluTaTa.

Hucepranuja ap Jenene Cmusbanuh ce OIHOCH Ha aHAIN3y AMHAMHYKHX NIPOLeca, CTPYKTYpe
MpeXe MHTEpaKija, Kao M EBHMXOBOT MelyCOOHOT yTHLaja y COLHMjaIHHM CHCTEMHMa KOjH
N0Jpa3yMeBajy HENOCPEeNHY, IMYHY KOMYHHKalHUjy. Y HCTpaXuBamy Cy KopuluheHH mojanu
ca HaydyHux koHdepenuuja [Al] u Meetup moprana. JlnHaMHKa IOCMATPAaHUX COLMjATHUX
rpyna je AMCKPETHA, NOIUTO 4WIAHOBM YYECTBY]Y Y KOJEKTHBHHM aKTHBHOCTHMA KOje ce
OZIp’KaBajy Ha TauHO ofipeheHMM JIOKallijaMa y TayHO oJpel)eHHM BPEMEHCKHM TPEHYLMMA.
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[lusp mokTopcke auceprauyje, u pagosa [Al, A2, A3] Ha kojuMa je oHa Oa3upaHna, OHO je na
ce OTKpHjy M o0jacHe MeXaHH3MH KOjH YTHUYy Ha AWHAMHKY y4eCTBOBAaHbA Y KOJEKTHBHHM
aKTHBHOCTHMA. Y Ty CBpXY KopHiiheHa Cy JBa NPUCTYIA: eMIIHPHjCKa aHAIN3a M TEOPH]jCKO
MozenoBame. EMnupujcka aHanu3a yk/by4yrBaia je aHaiau3y oOpaszana ydyemha mojeqHuIiana
y AaKTHBHOCTMMa TIpyne (HayyHMKa Ha HaydHMM KOH(epeHIMjaMa M wiaHoBa Meetup
COLMjaJIHUX Ipyna Ha JorahajuMa KOjH Cy y OKBUPY HHX OPraHH30BaHH), Ka0 U aHAIHM3y
CTPYKType H €BOIyLHje COLMjAIHUX MpeXa y OBHM CHCTeMHMa. EMIHpHjCKa aHaim3a
obpazana yuemiha je mokasaia Jja Cy HCTH M3y3€THO XETepPOTeHH, H Ja Ce He MOXe KOPUCTHTH
jemHOCTaBaH MoJeN T MOjeANHIM HaCyMH4YHO OMpajy norahaje Ha kojuMa he ydecTBoBaTH,
Beh a omIyka 0 ydecTBoBamy Ha Jorahajy 3aBHCH OJ IPETXOAHE aKTUBHOCTH. Jla Ou ce
JONaTHO MCIIUTA0 OB3aj MEXaHM3aM Y4YeCTBOBAMbA [HU3AJHUPAH j€ M HMMIUIEMEHTHpPaH
MaTeMaTHYKH MOJIeJ, 3aCHOBAH Ha IeHepajM30BaHOM OuWHapHOM [lojuHOM Moxeny, y Kome
BepoBaTHONa ydecTBOBama 3aBHCH OJ] OJHOCa Opoja NPeTXONHHX YYeCTBOBAama M Iaysa.
OnTuMaiHK napaMeTpHu Mozelnia ofpeljeHH cy NPUMEHOM HYMEpPHYKHX CHMYyJalHja Tako Ja
Kynbak-JlejonepoBo pacrojame u3Mely eMIupHjcKe pacrojene U pacrojene kKoja ce 1o0uja
IpUMEHOM Mojena Oyne MHUHHMalHO. 3aK/by4eHO je Ja y COLHWjaHUM Tpylama, 4dja je
IVHAMHUKa JUCKPETHa M YCIIOBJbeHA KOJEKTHBHMM aKTHBHOCTMMA Ha Kojmv'[a y4ecTBY]y
4IAHOBU TIpyIle, IOCTOjeé YHHMBEp3aJHM oOpaciy IOHallakba KOjH He 3aBHCE OX CBpXe
OKyIUbama, BEJIMYMHE IpyIe, Ka0 HU O Y4eCTaHOCTH OpraHu3oBama aorahaja. Ca mpyre
CTpaHe, COIMjaJlHa KOMIIOHEHTa UMa BaXKaH yTHIIAj HAa JUHAMHUKY y4eCTBOBamba MOjeIMHALA Y
aKTUBHOCTHMA IpyTIe.

CTpykTypa colMjajlHe Mpexe y IOCMaTpaHUM CHUCTeMHMa eBOJyHpa KpO3 KOJIEKTHBHE
norahaje 1 BEHOM aHAIM30M MOXe ce o0jacHHTH MehycoOHa 3aBHCHOCT m3Mely cTpykType
COLMjaTHUX MHTepaKkuuja U AMHaMuKe cucreMa. [lomasehn ox OumapTuTHE Mpexe, Y Kojoj
JIMC]yHKTHH TOJCKYIIOBH YBOPOBA OIMCY]y YWIAHOBE COLMjaIHe I'PyTe U KOIeKTUBHE forahaje,
ozmabpaH je MOrozaH MeToJ 3a IPOjeKLHjy Ha OTEKHEEHY MOHONAPTHUTHY MpEXy, TJe ce
IIOCMaTpajy CaMO pelieBaHTHE Be3e H3Mel)y 4WiaHOBa KOjU Cy 3ajeflHO y4YeCTBOBAIM Ha
norahajuMma, JOK Cy Bese H3Mely uwiIaHOBa Koje Cy MOCIEIMIA CIyYajHHX HHTEpaKIHja
3aHeMapeHe. YTBpheHo je nJa ca mopactoM Opoja norahaja Ha KOjUMa je WiaH rpyrne
y4eCTBOBAO, HHTEPAKIHje ca WIAHOBMMA Ca KOjUMa je MOCMaTpaHH II0jeAMHAlLl [I0OBE3aH UMajy
IpeJHOCT Yy OAHOCY Ha (opMHpame HOBHMX Be3a y MpexH. JlomaTHO je MOKa3aHO 1a
NOHABJbAKkE 3aJeJHAYKOr Y4YeCTBOBaKA HHUje HAa HHMBOYy [JBa IMOjefuHua, Beh je
KapaKTepUCTHYHO (HOPMHpamke MalbUX MO3a)eHHALA.

Homnpunoc np Jenene CMuibanuh y pagoBuMma oOyxBaheHHM JOKTOPCKOM TE€30M j€ BeoMa
BEIMKM M BpiIO pasHONMK. Konermnuna CmusbaHuh je pa3Buiia CKPHITE MW METONE 3a
caKyIubame, npeunmhaBame ¥ QopMaTHpame IojaTaka. Y OKBHUDPY OBe aKTHBHOCTH Tpeba
noce6Ho uctahy ajaropuraMm 3a AMCaMOUTyalHjy HaydHHUKA Y [OALMMa O HAy4YHHM
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KoH(epeHLHjaMa Koju je moce0HO 3a OBy NPWIMKY pasBuia. McrpaxkuBame y obnactu
CTaTHCTHUKE QHU3UKE COLHMjATHAX CUCTEMA YECTO 3aXTeBa U Je(HHHCame BeIMINHA KOjUMA Ce
HajOoJbe MOJXKE ONHMCaTH MoHamame cucteMa. JJp CMubanuh je mokasana ja je y cramy jaa
OJIpei¥ OBE BEIMYMHE U JeTa/bHO U3aHA/IN3Mpa JUHAMHUKY M CTPYKTYPY COLMjaIHHUX IpyIa ca
JMCKPETHOM JMHAMUKOM, NOWTYjyhy IPUTOM BPJIO PUIOPO3HE CTATHCTHYKE cTaHmapae. Kpos
TEOPHjCKO MOJIEJIMpame COLMjaIHUX Ipoleca MOoKas3ajia je Ja Moceayje M3y3eTHO 3Hame y
001acTH aHAJTMTHYKOT ¥ HyMEPHYKOT pelllaBamka OBUX Moziena. CBe OBJIe HaBe/IeHO yKasyje Ha
To ga aAp Cmusbanuh nocezmyje usysetHe mporpamepcke BemTuHe. [Ip Cmuspanuh je Takohe
Jaja M  BEIMKH JONPUHOC M Yy IMHCakby M AaTPAKTUBHOj IPE3CHTALHjH pe3yirara y
00jaB/bEHUM PaZIOBUMA.

OBne tpeba ucrahu u na je np CmusbaHuh CIUIETOM OKOJHOCTH Ha TIOJIOBHHH CBOjHX
JOKTOPCKMX CTy/IMja IIPOMEHHJIa 00J1acT HCTPaXKMBamba U Jla CBOjy AOKTOPCKY Te3y ycIena aa
ypajy y IEpUOIy O TPH ToiuHe. Y OKBHMPY OBOT IIEPHOZa OHA je YCIEIIHO yIUIa y HOBY
obnacr, oB/lajana BEeIITHHAMA U 3HABbHUMA MOTPEOHHM 3a UCTPKUBAYKH Pajl y OBOj 00/IaCTH,
H Jana Beh caja 3HayajaH IONPUHOC OBOj 00NacTH (GH3MKe KOMIUIEKCHHX cucteMa. OBO je
3HayajaH ycnex, uMMajyhu y BUIy na ce o0nacT CTaTHCTHYKE (PHU3HKE COLMjaTHAX CHCTEMA
TeOpHja KOMIUIEKCHHX MpeXa He M3y4aBajy Ha JOJUIUIOMCKHM M MacTep CTyIMjaMa HH Ha
jenHoM dakynrety y Pemyomu Cpouju.

HokTtopcka amcepraumja ap JeneHe CwuibaHuh mpeAcTaBba 3HayajaH  JONMPHHOC
CTaTMCTHYKO] (QM3HMIM COLMjaTHMX CHCTEMa Kao M pa3Bojy oBe obiactd Ha MHCTHTYTY 3a
¢usuky, u Penybmmum Cp6uju yommre. Crora, mMajyhu y BHAY CBe HaBEIEHO, ca
3aJJ0BOJbCTBOM mpe/utaxeM ap Jeneny Cmumibanuh 3a CryneHTcky Harpany MHcTHTyTa 3a
¢m3uky y beorpany.

V¥ beorpany, 15.03.2018.
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uTpoBUh IIaHKyJIOB
Hay4YHH CapaJHHK
HuctutyT 32 pusuky Beorpan



buorpaduja np Jenene Cmusbanuh

Jenena Cmusbanuh je pohena 12. 4. 1987. rogune y Jlazapesiy, e
je 2006. romune 3aBpmmia ['mMmHA3Mjy kao Hocwian Bykose
muruiome. VMcre roauHe ymucaida je  OCHOBHE CTyaMje Ha
Enextporexunukom ¢akynarety YHuBep3urera y beorpany.
Humomupana je Ha cMmepy TenmekoMyHHKaIje W WH(OpMAIMOHE
texHoyoruje okroopa 2010. romuHe ca mpoceuHoMm oueHoM 9.04.
JurnoMmcku pan moj Ha3uBoM “CUTYPHOCT y CHCTEMHMa jaBHUX
KJbydeBa”’ ypaauia je mopa pykoBoactBom mipod. np Ilpeapara
WBannma. Mactep crymuje je 3appmmnia y cenreMopy 2011. rogune
Ha ucToM (pakynrery, cMep CHCTEMCKO HMHXEHEPCTBO U PAIHO
KOMYHHKaIMje, ca MpoceyHoM oueHoM 9.83, onOpaHuUBIIM MacTep
pan Ha Temy “TIpuMeHa KpUNTOaHAIHN3E 38 UCIIUTUBAHE CUTYPHOCTH
CHUCTEMa ca JaBHUM KJbydeBHMa”, Takole Moj pyKOBOACTBOM Mpod.
np Ilpenpara HMeanuma. Jenema Cwmmbanuh je 2011. romune
youcaia JOKTOpCKe CTyauje Ha cMepy HaHoenekTpoHuka u
¢oronnka Ha EjnexTporexHmukoMm ¢akyiTreTy YHUBEp3HTETa Y
beorpany. Jlokropcky aucepraiujy moj Ha3uBoM “McrnuTuBame CBOjcTaBa KOMIUIEKCHHX MpeXa ca
JUCKPETHOM JHHaMuKoM”’, ypaheHy mox pykoBoacTBoM 1p Mapuje MurtpoBuh JlaHKymos,
onopanmia je 16. 11. 2017. na Enektporexanukom dakynreTy YHuBep3uTeTa y beorpany.

On nenemOpa 2011. rogumae no HOBemOpa 2012. roawHe je Kao cTHNeHAWCTa MUHHCTapCTBa
MPOCBETe, HAyKe M TEXHOJIOMIKOr pa3Boja PemyOmuke CpOuje anraxkoBana y JlaGopartopuju 3a
MpUMEHY padyHapa y Haylld, y OKBHpY HalmoHagHOT LeHTpa M3y3eTHUX BPEIHOCTH 3a H3y4yaBambe
KOMIUICKCHUX crucTteMa MHcTtuTyTa 3a Qusuky y beorpamy, Ha MpojeKTy OCHOBHHX HCTPaXKHBAaba
OH171017 “Moaenupame 1 HyMEPUUKE CUMYJIAIIA]€ CIOXKCHUX BUIIEYECTHYHUX CHUCTEMa YH]HU je
pykoBommian 1p AutyH bamax. ¥ noBemOpy 2012. rogune Jenena Cmumibanuh je 3amocieHa Ha
Huctutyty 3a Ppusuky y beorpaay kao uctpakupay NpunpaBHUK Ha OBOM IPOJEKTY, a pyKOBOIMIIALL
IBCHUX JIOKTOPCKUX CcTyauja je Owna ap Mapuja Mutpouh JlankynoB. Kangunmar je 3Bame
HCTpakKMBad capaJHUK cTekia y majy 2013. ronune.

Jenena Cmusbanuh je ayrop yeTwpu paaa oOjaBJbeHa y Mel)yHApOIHHM YaCONHMCHMA, O] KOjUX je
jenan pan o0jaBibeH Yy Mel)yHapOIHOM 4acOMUCY U3y3€THUX BpeIHOCTH Kateropuje M21a, nBa pana
y BPXYHCKOM MelyyHapoJHOM yacomucy kareropuje M21 u jegan pan y HCTaKHYTOM Mel)yHapoaHOM
yaconucy kareropuje M22. Takohe je ayrop u jemHOT TOIVIaB/ba y TEMaTCKOM 300pPHHKY paioBa
kareropuje M13. [lo cana je ydecTBOBaJa M MPE3EHTOBAJIA CBOj€ pE3yaTaTe Ha BUIIIC MelyHApOTHUX
Y HAllMOHATHUX KOH(pepeHIHja.



Jlucra nyosmmkauuja ap Jeaene Cmmibanuh

PanoBu yk/by4eHH y JOKTOPCKY AMCEPTALM]Y

[A1] J. Smiljani¢, A. Chatterjee, T. Kauppinen, and M. Mitrovi¢ Dankulov, A Theoretical Model
for the Associative Nature of Conference Participation, PLoS ONE 11, ¢0148528 (2016).
(Kareropuja M21, N®=3.234)

[A2] J. Smiljani¢ and M. Mitrovi¢ Dankulov, Associative nature of event participation dynamics:
A network theory approach, PLoS ONE 12, e0171565 (2017). (Kareropuja M21, U®=3.057 )

[A3] M. Mitrovi¢ Dankulov and J. Smiljani¢, The Structure and Dynamics of Meetup Social
Networks, Scientific Computing: Studies and Applications, edited by Caj Erling, Chapter 2, Pages
33-61 (Nova Science Publishers, New York, 2017) ISBN: 978-1-53612-564-1. (Kareropuja M13)

PanoBu Koju HUCY YK/bYYeHH Yy JOKTOPCKY AHCEPTALUjY

[B1] J. Smiljani¢, M. Zeielj, J. Radovanovi¢, V. Milanovi¢ and I. Stankovi¢, MATLAB-based
Program for Optimization of Quantum Cascade Laser Active Region Parameters and Calculation
of Output Characteristics in Magnetic Field, Comput. Phys. Commun. 185, 998 (2014).
(Kareropuja M21a, UdD=2.224)

[B2] J. Smiljani¢ and I. Stankovi¢, Efficient Routing on Small Complex Networks Without Buffers,
Physica A 392, 2294 (2013). (Kareropuja M22, Ud®=1.722)

Caonmrema HA HHTCPHAIIUOHAJTIHUH U HAIIMOHAJITHUM CKYIIOBHUMa

[C1] 1. Stankovi¢, M. ZeZelj, J. Smiljani¢ and A. Beli¢, Modelling of Disaster Spreading Dynamics
High-Performance Computing Infrastructure for South East Europe’s Research Communities,
Results of the HP-SEE User Forum 2012 Springer Book Series on Modeling and Optimization in
Science and Technologies, 2, 31 (2014). (Kareropuja M33)

[C2] J. Smiljani¢, M. ZeZelj and 1. Stankovi¢, Study of Routing Strategies in the Small Complex
Networks, Telekomunikacije 10, 54 (2012). (Kareropuja M53)

[C3] M. Mitrovi¢ Dankulov and J. Smiljani¢, Associative nature of event-driven social dynamics:
a network theory approach, Complex Networks, 29 November-01 December 2017, Lyon, France.
(Kareropuja M34)

[C4] J. Smiljani¢ and M. Mitrovi¢ Dankulov, Associative nature of conference participation,
MECO, 14-17 February 2016, Vienna, Austria. (Kareropuja M34)

[C5] J. Smiljani¢ and M. Mitrovi¢ Dankulov, Conference Attendance Patterns, SFKM, 7-11
September 2015, Belgrade, Serbia. (Kareropuja M34)

[C6] I. Stankovi¢ and J. Smiljani¢, Structure of complex networks for minimizing traffic congestion
and cost, DPG, 25-30 March 2012, Berlin, Germany. (Kareropuja M34)



[C7] M. Mitrovi¢ Dankulov and J. Smiljani¢, Structure and Dynamics of Event-driven Social
Groups TINKOS, 9-10 November 2017, Belgrade, Serbia. (Kareropuja M64)

[C8] J. Smiljani¢ and M. Mitrovi¢ Dankulov, Associative nature of conference participation
dynamics - an empirical analysis and modeling, TINKOS, 27-28 October 2016, Belgrade, Serbia.
(Kareropuja M64)

[C9] J. Smiljani¢ and P. IvaniS, Attacks on the RSA cryptosystem using integer factorization,
TELFOR, 22-24 November 2011, Belgrade, Serbia. (Kareropuja M64)

ITuTupanoct

[Tpema 6a3u Web of Science pamoBu ap Jenene CmurbaHuh Cy LMTUPAHU YKYITHO 9 1yTa, off yera 7
nyTa u3y3umajyhu aytorurare. [Ipema nctoj 6a3u, XWpIIOB MHIEKC KaHAWAATKHIbE je 2. YKymnaH
umnakt ¢aktop pajgosa of [A1-A3] je 6.291, ok je yKymaH UMMAKT (akTop CBUX 00jaB/beHUX
pazosa 11.125.
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MenTop:

np Mapuja Murtposuh Jlankysios, HayIHU capaJiHUK

Yuusepasurer y Beorpajy - MncturyT 3a ¢dusuky y beorpay

YanoBu Komucuje:

np Jestena Pajosanosuh, peosnu mpodecop

Yuusepaurer y Beorpajy - Enekrporexnnaku dakynrer

Jap Butomup Munanosuh, npodecop emepuryc

Yuusepsurer y Beorpajy - Enekrporexuandku dhakyirer

Jap Mapuja Pamajcku, Banpeau mpodecop

Yuusepaurer y Beorpajy - Enekrporexnndku dakynrer

np Auryn Basak, HaydHu caBeTHUK

Yuusepsurer y Beorpasy - Uncturyt 3a dusuky y Beorpaiy

Hatym opdpane: 16. HoBemOap 2017.



3axBaJIHUIIA

OBa goKTOpCKa mucepTaimja je ypahena y Jlaboparopuju 3a mpuMeHy padyHapa
y "Hayiu Mucruryra 3a ¢usuky y Beorpasy, mom pykosojctsoMm jp Mapuje Mur-
posuh /lankymnos. 3axBasbyjem ce ap Murposuh JlaHKy/10B Ha yKa3aHOM ITOBEPEHY,
moMohu OKo ofabupa TeMe HCTparKuBarba, IPEHECeHOM 3Haby, Ka0 U Ha CTPILbEHY

KOje je yJIOKnIa y OBaj paJl.

Benuky 3axBasHocT jyryjem gap AuTyHy BasiaxKy Ha BEJIMKOM IMTOJCTUIA]Y Y Ha-

VIHOUCTPAKMUBAYKOM PaJTy, KOHCTAHTHO] TOJIPIIIN U KOPUCHUM CaBETHMA.

Kenena 6ux na ce 3axsasum jap ropy Cramnkosuhy, ap Munany 2Kexeiny,
npod. ap Jenenu Panoanosuh, npod. ap Josany Pajaynosuhy u npod. jp Bu-
ToMupy MusanoBuhy 3a capajimby, KOayTOpCTBO U IMOMOh KoJ1 06jaB/bUBaba IMIPBUX

paJoBa Ha IIOYETKY MOje HayIHOUCTPpa2KUBadYKe KapI/Ijepe.

Kosere u3 Jlaboparopuje 3a npumeHy padyHapa y Haylud Omjie cy HU3y3eTHa
IIOJIPIIIKA ¥ CBAKOJIHEBHU 3ajeHUIKU paJi OMo je mpaBo 3a710BO/bCTBO. OBOM mIpu-

JINKOM MM ce IIyHO 3aXBaJby]eM.

[TocebHO ce 3axBasbyjeM CBOjOj MOPOJMIIM W TPUjaTe/bUMa Ha IOPIIIUA TOKOM

MOI' IEJIOKYITHOI' IIKOJIOBalba.

OgBaj paz je dunancupan y okpupy npojekrta OM171017 MurucrapcTBa mpocsere

HayKe W TEXHOJIOMIKOT pa3Boja Pemybinke Cpbwuje.



HNcournBame CBOjCTaBa KOMIIJIEKCHUX MPpPe>Ka Ca

ANCKPETHOM JMHAMHWKOM

CaxkeTak

Komrmekcae Mpezke ¢y ce y TOKY HOCJIE/Ib€ JIBe JIeTeHje TTOKa3aJIe Kao N3y3eTHO
KODUCTAH KOHIIENT Y IMPOyYaBarby KapaKTepUCTHKa KOMILIEKCHUX cucrema. [loTped-
HO je Jla ce TPBO M3JBOje TOjeMHAYHYN €JIEMEHTU CUCTeMa W WHTepakiuje usmebhy
IbUX IIpeJICTaBe MoMohy ojiroBapajyhe Mpexke, a 3aTuM ce IIpoyvaBarbe OpraHu3aluje
CUCTeMa CBOJIU Ha aHAJN3Y CTPYKTYPE U JMHAMUYIKNX IIPOIEca Ha MPEKU IPUMEHOM
ojiroBapajyhe merooJioruje.

Kako je paznoBpcHoCT peajHuX cuCTeMa 3a KOje Cy JIOCTYITHU MO KOjU OMO-
ryhaBajy yBUJ y CTPYKTYpy Mperke MHTepakIja cBe Beha, MOTpPeOHO je HelpeKu/I-
HO Pa3BUjaTH HOBE TEXHUKE U TEOPHUjCKe MOJIeie KOju MOTY Jia 00jacHe IMOHAIIAE
crenmuUYIHAX CUCTeMa. Y OBOj JINCEPTAIlAjU U3ydaBaHe Cy KOMILJIEKCHE MpexkKe Ca
JIICKPETHOM JIMHAMHKOM, Ha OCHOBY IIOJIaTaKa BE3aHUX 3a& COIUjaJIHe CUCTEMe KOju
Cy OpPraHM30BaHU KPO3 KOJEKTUBHE aKTUBHOCTH. KapakTepucTruke Mpeka Koje OIlf-
Cyjy OBakKBe CHCTeMe HEJIOBOJbHO Cy TpoydeHe. JegaH o TVIaBHUX Pa3Jjora 3a TO
je JOCTYITHOCT eMIINPHUjCKUX IojaTaka. » HaBeJIeHUM CHCTeMUMa UHTEpaKIdje u3-
MeDhy rnojeinHana cy JupeKTHe, 300r dera je 3HATHO TexKe JIohu JI0 Mojaraka Hero
y C/Iydajy CONMjaJTHUX CHCTEMA TJe IMOjeJIMHITN KOMYHUIIMPA]y MOCPEICTBOM HEKOT
ypebaja.

[Tocebna nmazkma mocBeheHa je UCIUTHBAILY JTUHAMUKE YIeCTBOBAIbA I0jeInHAIA
y KOJIEKTUBHUM aKTHUBHOCTHMa. Ha OCHOBY pe3dysiTara CTATUCTHYKE aHAIN3€ €MIIN-
PUjCKUX TIOJlaTaKa, MOKa3aHO je Jla Y9eCTBOBaIbe IMOje/IMHAlla Y KOJEKTUBHUM aK-
TUBHOCTUMA HHj€é HACYMUYHO W pa3MaTpaHU Cy MaTeMaTUIKU MOJIEJIU KOjUu MOTY
Jla objacHe aKTHUBHOCT IIOjeJIMHAIA Ha JorabhajuMa Koja je M3pa3uTO XETEepPOreHa.
YrBpheno je na ce npumeHoM renepasimzoBanor dunapuor llojunor mosmena mory
YCIIEIITHO PENPOIYKOBATH ITOCMATPAHU €MIIUPHUjCKU PE3YJITATH.

Kopucrehu ancambsr GummapTuTHIX MpexKa ca 3aJlaTUM apaMeTpuMa KOju mMa

MaKCUMaJHy eHTPOIH]Y, HJIeHTU(PUKOBAHE Cy 3HAUYAjHE Be3e y OTEKUIHLEHO] MPEXKH



KOje oJiroBapajy pejaeBaHTHUM COIjaJ HIM HHTepakiujama. Kako 6u ce 1o06mo yBuI
Y €BOJIYIIN]Y CTPYKTYPE MpexKe Y BpeMeHy, IIpoydaBaHe Cy ITPOMEHe JIOKAJHIX CTPYK-
TYPHHUX IlapamMeTapa HaKOH cBakor yderha Ha jorahajy. Ilokazaso ce ja 4ianoBu
cUCTeMa TOKOM IIPBUX II0jaB/bUBalba Ha KOJIEKTHBHUM Jorahajuma obpasyjy HoBe
Be3e ca cycemMa, a 3aTuM, ca nosehamem Opoja yuentha na jgorahajuma, nnrepax-
1yje ca cyceJuMa W y4BpIIhuBame MocTojehux 3ajeTHUIA IMOCTajy JOMUHAHTHUA Y
nopehemy ca popMupameM HOBUX Be3a Y MPEXKHU.

Y nmby MCIUTUBaa yTUIAja KOjU TOjeIMHaYHN jlorahaju uMajy Ha CTPYKTYpPY
Mpexke, OBJIe je IPeJIoXKeH MPUCTYI rje ce jorahaju nsnBajajy Ha HEKOJUKO pas-
JIMYATUX HaYWMHA U [IOCMATPajy ce MpOMeHe JI0 KOJUX JIOJAa3’u y CTPYKTYPU MpeKe.
Hobujernn pesysnraru mokasdyjy jJa cy Ha Jjorahajuma ca MajauM OpojeM ydecHUKa
KapaKTepUCTUYHEe MHTEPaKIje n3Mehy wiaHoBa ca jaKUM Be3aMa, 3a Pa3JIUKYy O/l
BeJIMKUX Jlorahaja, rje cy yrjlaBHOM 3aCTyIJbeHe MHTepakKiiuje u3Mehy 1ojeuHara

ca Be3aMa Koje ce JIaKO PacKUIajy.

Kibyune pedn: KOMILIEKCHE MpeKe, COMMOMU3NKA, €BOIYIHja CTPYKTYPE MpexKe y

BpeEMeny, MOoJe/JInpatbe JTUHAMUYIKUX I[IPOIECa Ha MPE2KHN
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Analysis of properties of complex networks with discrete
dynamics

Abstract

In the last two decades, complex networks have been proven as very useful
concept for examination of properties of complex systems. The first step within
this framework is to extract individual elements of the system and to represent
interactions between these elements in the form of complex network. After this step,
the study of complex system organization is reduced to the analysis of structure and
dynamical processes on network with the use of suitable methodology.

The increase in a variety of real systems with available data, which enable insight
into the structure of network of interactions, requires constant development of new
techniques and theoretical models that could explain behavior of specific systems.
In this thesis, we studied complex networks with discrete dynamics using data on
event-based social systems. There has been very little previous research on properties
of networks representing these systems. One of the main reasons is availability of
data. In the given systems individuals interact face-to-face, wherefore it is more
difficult to get the data, than in the case of social systems where individuals use
some communication device to communicate with each other.

Special attention was paid to examination of activity of individuals in group
events. According to the results of statistical analysis of empirical data it has been
shown that individuals do not attend events randomly. We analysed mathematical
models that can explain member’s participation patterns on events which turned
out to be strongly heterogeneous. It has been shown that generalized binary Pélya
model can reproduce given empirical results successfully.

Using bipartite networks ensemble with maximum entropy, we identified significant
connections in weighted network that represent relevant social interactions. In order
to get the insight into evolution of the network structure, we analyzed change of
local structural parameters after each event attendance. It has been shown that

members of the system establish new connections with neighbors during member’s



early involvement in the group activities, while later, as number of attended events
increase, the interactions with neighbors and strenghtening of existing communities
become preferred in comparison to forming new connections in network.

In order to analyse the influence that particular event has on network structure,
we proposed an approach based on event removal according to different criteria and
examination of resulting structural changes in network. The results showed that
interactions between individuals with strong connections are dominant on events
with small number of members, while during the large events typically individuals

with weak connections that could be easily broken interact.

Keywords: complex networks, sociophysics, evolution of network structure in time,

modeling of dynamical processes on network
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1. VYBonx

1.1 dPusnka KOMILIEKCHUX CHUCTEMA

Kowmmiekcan cucreM je mojaM Koju ce MOXKe TPUMEHUTHU Ha IITUPOKY KJIaCy CUCTEMA 38
KOje je 3ajeJIHMIKO Jla Ce CacToje OJl BeJIMKOT Opoja ejleMeHaTa usMel)y Kojux 1ocroje
KOMILIEKCHe MHTePaKIiije. Y OBAaKBUM CHCTEMHIMA je KApaKTEPUCTUIHO CAaMOOPIaHU-
30BaHO KOJIEKTHBHO TOHAIIamke. 10 3HAYN J1a Y CHCTEMY JI0JIa3H JI0 CIIOHTAHOT (hop-
MUparmba CTPYKTYpHOT ypeherma u obpasalia moHalmama, yC/ie/ ] JOKAJTHIX NHTePaKIi-
ja, 6e3 PeTXOoIHOT IJIAHUpalba U IEeHTpaHe KoHTpoJe. 3aBajameM mojeinnaaanx
eJleMeHaTa U IpoyvaBambeM UXOBUX OCOOMHA, He MOXKe ce JIOOUTH MOTIIYHU YBUJL Y
KapaKTepPUCTUKe KOMILIEKCHOr cuctema. Ca jejHe cTpaHe, HHTEPAKIUje JTOBOJIE JI0
MIpOMeEHa CTarba MOjeIMTHAYHUX eJIeMeHaTa, YCJIe/l 9era ce Mebha, CTarbe TeJIor CUCTEMA,
aJI UCTOBPEMEHO, ca IIPOMEHaMa CTaiba Ce Membajy W cBojcTBa mHTepakimja. OBak-
BO IIOHAIAILE TTPUCYTHO je, u3Mehy ocTajor, y pa3anduTuM PU3NIKUM, XEMU]CKIM,
COTIMjaJTHUM, OMOJIOIIKAM U €KOHOMCKHM cucTeMumMa |1—4].

KommiekcHr cucreMu mpejicTaBibajy BeoMa akTyeaHy 061acT HCTPazKiBamba |5—
7]. Yenen cnoxene mehycobHe 3aBHCHOCTH CTalba MOjeIMHAYHUX eJIeMEeHATa U -
XOBHUX MHTEPAKIMja, MpoydaBarmke 0CcOOMHa BehuHEe KOMIIJICKCHUX CHCTEMa 3aXTeBa
NpUMEHY padyHapa BUCOKHUX mepdopmancu. PadyHnapu ce KOpUCTe 3a peIaBarmbe u
cUMyJIaIlFje CJIOXKEHNX MaTeMaTHIKIX MoJiesla KOjuMa ce onucyjy oBu cucremu. [Ipu-
JINKOM (popMyJIalije U UCITUTUBAIbA TEOPUjCKOT MOJIesia, MOT'Y € KOPUCTUTHU Pe3yJI-
TaTu eKCIIepuMeHaTa Hal peaJIJHUM CUCTEMOM, IIpHU Y€MYy CE€ KaO HCXOM €KCIIEPpUMECH-
Ta cMaTpajy W BEeJIMKHU CKYIIOBH II0JIaTaKa KOjU Cy JaHac JIOCTYIHU Y Pa3IMIuTHM
eJIeKTPOHCKUM hopMaTnMa. Teopujcku Mojiesl He MOXKe JIeTa/bHO OOyXBATUTU CBa
CBOjCTBa HEKOT PeaJIHOT cucreMa, Beh je 1musb ujaenTudukoBaT u 00jacCHUTU HAjOUT-

HUje IPUHIUIIE KOJEKTUBHOT IOHalama. Ko cuMyraluja KOMIUIEKCHUX CUCTEeMA,
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Hajuernthe je oTpeOHO MOCMATPATH BEJIMKH OPOj eJleMeHaTa U UCIUTATH YTHIA] Pas3-
JIMYATHUX [IapaMeTapa, IIITO MOyKe OMTH pavdyHAapCKN BEOMa 3aXTEBHO.

YobuuajeHa 1mojiesia Ha CHCTEME je Ha OCHOBY BPCTE HUXOBUX I'DaJIMBHUX eJleMe-
HaTa (Ha mpuMep, aroMu y (UMM, TPOTEUHH Yy OHOJIOTHjH, TOjeJINHIIN Y COIHO-
Joruju), aju 6e3 o63upa Ha TO, Y PA3JIUIUTUM CHCTEMUMA MOI'Y IIOCTOjaTH CJIMIHU
IpUHIUIN camoopranm3aryje. Kako ce ongpelene mojaBe Mory mcmo/bUTH Kao yHU-
Bep3aJIHe MAaKPOCKOIICKe KapaKTEPUCTHUKE y PAa3JIMINTUM CHUCTEMHMa Koje Cy He3a-
BHCHE O]1 JIeTa/ba Ha MUKPOCKOIICKOM HHUBOY CHCTeMa, 3aKJbY Ul KOJU IIPOU3UIa3e U3
IpoyvaBama jeJIHOT CUCTeMa MOTY ce reHepajmsoBaTu. To omoryhaBa HOBY Kiacu-
duKamjy KOMIJIEKCHIX CHCTeMa, Ha OCHOBY YHHBEP3AJHUX KapaKTEPUCTUKA, KOje
ce objalrmbaBajy 3ajeIHIIKIM MEeXaHU3MUMa U IapaMeTpUMa.

YBobhemeM 10je/IHOCTAB/bEHA TIIe Ce 3aHeMapyjy CHeUMUIHOCTU T10je TMHATHIX
eJleMeHaTa, KOMIUIEKCAH CHCTEM Ce MOYKe aHaJIM3UPATH MPUMEHOM METOJia TeOpHje
KOMILIEKCHUX MperKa, TaKo Jla je HaIvlacaK Ha IpoydaBamby CTPYKTYpe HHTepaK-
mja u3Mehy esemMeHaTa. 3a pas/MKy OJ jeJHOCTABHUjUX CTPYKTYpa MpexkKa Koje
ce KOpHCTe Yy HEKMM TEOPUjCKHM MOJIeJINMa, CHCTeMa TJie Cy ejleMeHTH pacropele-
HU Ha PeNeTKH W MOTYy IOCTOjaTH MHTepakImje camo n3Melhy cycema Ha oapelenoj
y/Ia;b€HOCTH WJIA CJIydajHe Mpeke y K0joj ce Be3e u3Mely ejieMeHaTa yCroCTaB/bajy
Ha HaCyMHMYaH Ha4YWH, eMINPHjCKa aHAIN3a je MoKa3aja /la y peaJHHM CHCTEeMU-
Ma MpeXKe MHTepakIija NMa]y 3HATHO CJIOXKEHM]y CTPYKTYDPY Ca XHjepapXujCKuM
ypebhemeM, eeMeHTUMa TPYHMUCAHUM Yy 3ajeTHUIEe WM HEKUM JPYTUM KapaKTepu-

CTUYIHUM CBOjcTBOM |8, 9.

1.2 KomMiuiekcHe Mpexke

Komrtekcaa Mpezka mpejcTaB/ba allCTPaKInjy HEKOT KOMILJIEKCHOD CHCTeMa, TJe Cy
U3/IBOjeHH CaMO OCHOBHH €JIEMEHTH U MHTepPakipje u3Mely mux, J0K Cy CBU OCTaJIN
HEOUTHU JleTa/bi 3aHeMapeHu. EjieMeHTH ce npecinkaBajy Ha IBOPOBE Y MPEXKH, a
Bese u3Mel)y ejiemenara cy mpejcTaB/beHe Kao Ipane nsmely uBoposa. Ko mojeim-
HUX KOMILIEKCHUX CHCTEMa, CTPYKTypa ojroBapajyhe Mpexke He MOpa OUTH jeIHO-

szuadno ojyipehena. Ilpuankom onmcuBama MpexKe, IIPBO je MOTPeOHO OJPEIUTH KOju
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eJleMeHTH cucTeMa he OUTH MallUpaHW Ha YBOPOBE U KOje MHTEPAKIIMje Cy OJ MHTe-
peca Kako Ou jBa 4BOpa Omiia mmoBe3aHa rpaHoM. [loHekas je yMecTo eKCILIUIUTHIX
Be3a, MMoJIeCcHUje mocMaTpaT (PYHKIMOHAJHY 3aBIUCHOCT U3MeDy Pas/ImaIuTuX J1eJI0Ba
cucrema. Ha mpumep, pas3jimauTu JIeJIOBU y MO3TY KOJU Ce IIPECJUKABA]Y Ha YBOPOBE
y MPexKH, MOr'y OUTHU MOBE3aHU I'PAHAMa YKOJIMKO Cy UCTOBPEMEHO aKTHUBHU TOKOM
u3BpiaBama Hekor 3ajarka [10]. Takole, y Mpexkn mory nocrojaru rpaHe Koje He
OJIrOBapajy pejieBAaHTHUM Be3aMa U3Mehy ejileMeHaTa, Bell cy mocjemuria mymMa u
noTpebHO X je uuentudukoBaTH 1 yKiaonutn [11-13].

Teopuja rpadosa, y K0joj ce MPBEHCTBEHO M3ydaBa CTATUYKA CTPYKTypa Mpe-
JKe, TIPEeJICTaB/ba MaTeEMATUIKY OCHOBY TeOpHje KOMILJIEKCHIX Mperka. Teopuja KoM-
IUIEKCHUX MpeyKa, MOpeJl TOoTa JIOJATHO IMOApa3yMeBa U MPOyUaBabe JIMHAMUIKUIX
MpOMEHa CTPYKTYpe MpexKe, Kao U JUHAMUYKHUX IIPOIEca Ha MPEXKU Yy YeMY BarKHy
[PUMEHY MMajy MeTOJle CTATUCTUYIKe (pU3MKe. 3a/1alil CTATUCTHYIKe (PU3UKe Cy J1a
HA OCHOBY CTPYKTYPHUX IIPOMEHa Ha HUBOY YBOPOBA M rpaHa 00jaCHU MaKPOCKOIICKE
ocobuHe KOMILJIEKCHE MpeKe U Jia UCIHUTa YTUIA] CTPYKTypPe Ha JTUHAMUYKE ITPOIIe-
ce. Mpexke BeJIUKNX BeJIMUMHA KOje je MOTPeOHO aHaIU3MpaTH 3aXTeBajy yHoTpedy
codTBEPCKUX ajlaTa M UCKYCTBO y 0Opajyl BEJIMKUX KOJUYUHA MTOTATaKa.

Tokowm mperxojiie JiBe JielieHuje, U3BPIIEHA je eMINPUjCKa aHajIn3a CTPYKType
MpeKe 3a IMHUPOK CIEKTAP peaHuX CHUCTEMa KAao IITO Cy €HEePreTCKH, TPAHCIIOPTHH,
eKOHOMCKH, OMOJIOIIKY, Colujaann u 6pojuu apyru [8—10], mro je mompasymenasio
u jeduHUCAIbe PA3IUIUTUX MTapaMeTapa KOju KBAHTUTATUBHO ONUCY]Y CTPYKTYDPY
Mpexke. [Ipesjoxkenn napameTpu MOy OIMKUCUBATU CTPYKTYPY Ha HUBOY UBOpa WJIU
rpaHe, Ha HHUBOY T'pylle YBOpPOBa WM Ha HUBOY Iejie Mpexke. [Ipe cBera, TpebaJio
OU CIIOMEHYTH PACIO/Iely CTelleHH YBOPOBa, KoeUIMjeHT IPyIucama U JIjaMeTap
Mpezke, Kao IapaMerpe Koju cy MeDy HmpBHMa aHAJM3UPAHU Y PeaTHUM Mperkama
U 3a KOje Ce MCIIOCTABUWJIO J]a UMAajy CJAUYHA CBOjCTBA Y BEJIUKOM OPOjy Pa3/MdIuTUX
peamHuxX Mpexka. Y pajy [14] je mpBo aHATM30M COIMUjaJHUX U OHOJIOMIKIX MperKa
MOKA3aHo Jia Ce JaTe MpeXKe OJJINKY]y BUCOKOM BpeJIHOIINY KoedUIjeHTa rpynu-
camba u MajiM Jujamerpom. OBakBO HOHAIIAE, KOje je TO3HATO Kao 0CODMHA, MAJIOT
cBeTa, He MOXKe ce 00jaCHUTH je JTHOCTABHUM TEOPUjCKUM MOJIEJUMa, Kao IITO Cy PEery-

JlapHa Win ciaydajaa mpexka. [lopes Tora, jorr je/iHa OUTHA 10jaBa jecTe XeTeporeHa
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pacro/iesia IOBE3aHOCTH YBOPOBa, KOja je TPBO aHAJIM3UPAHA Yy COIUjATHUM U TeX-
HUYIKIM MpezkaMma |15] u 6pojHa ncrpakupama Koja Cy 3aTHM YCJIeIIIa TIOKa3aIa Cy
Jla je TO yHUBep3aJiHa TOIOJIONIKA KapaKTepucTuka BehnHe peaHuX KOMILIEKCHUX
mpezxka [16].

YIopeio ca eMIUPUjCKOM aHau30M CTPYKTYPE MPeKe, PA3BUjeHU CY T€OPUjCKU
MOJIEJTU TIOMONY KOjUX Ce MOKe KOHCTPYHUCATU MPEXKa Ca KapaKTEPUCTUIHUM OCO-
Ounama |14, 15, 17-22|. MsyuaBame 0BUX MOJeJIa UMa BUIIECTPYKY mnpuMeny. OHu
JIOIPUHOCE pa3yMeBarby HajOUTHHjUX MeXaHu3aMma KOju JIOBOJE /10 (hopMUparmba OJl-
pebennx cTpykTypHUX obOpasalia, IITO oMoryhyje MmporeHy Kako he ce CTpyKTypa
MpexKa Jlasbe pasBujaru. Kako ce paj 0 CTOXaCTHIKUM MOJIE/INMAa, aHCcamMOJI Te-
HEPUYIKHUX MPEXKa Ce MOyKe MCKOPUCTUTH 38 TeCTHPaibe 3HAYajHOCTU TOIOJIOMIKAX
napamerapa peasne mpexe [23]. Tlopen Tora, nopeheme pazimaurux Momensa Mpe-
JKe UMa BakKHy YJIOTY y HCIIMTHUBAIGY YTHUIAja KOJH CTPYKTypa UMa Ha JIMHAMHUIKE
npolece Koju ce oJBujajy Ha Mpexu |9, 24].

JInnaMuYKy IpoIecu Ha MPEeZKH OIUCYjy TPOMEHE CTarba eJieMeHaTa y KOMILIEKC-
HOM CHCTEMY TOKOM BpeMeHa ycjel Mel)ycoonux nnrepakinuja. [log ctamem ejremen-
Ta ce 110/Ipa3yMeBa HeKa BeJIMUnNHa IIPUIPYKEeHa eJIEMEHTY KOoja je 0J] THTepeca y aHa-
jmsn. [IpeacraB/bambeM KOMILIEKCHOI CHCTeMa TOMONY KOMILJIEKCHE MPerKe, CBaKH
MOje/INHAYHU €JIEMEHT CHCTEMa Ce IPEC/IMKaBa Y YBOP Ca MPUIPYKEHOM ITPOMEHIbH-
BOM KOja je BPEMEHCKHU 3aBUCHA U OIHCYje CTaibe JIATOT eJleMeHTa Yy oJiroBapajyhem
TPEHYTKY, OJJHOCHO MOXKE Ce ITOCMATpPaTH Kao JMHAMUYIKU IIPOIeC Ha MPeXKu. Jeran
0/1 HAJBUIIIE TTPOYYABAHUX IIPOIIECA Y COIMJAJTHUM, &JIM U Yy PadyHAPCKUM MpPeyKaMa,
jecte mmpeme enmgemuje [25-30], rie y 3aBHCHOCTH 0] MOJIENIa, YBOD MOXKe OUTH Y
3/IpaBOM, HHMUITTPAHOM HJIU U3/I€YEHOM CTaiby, IIPU Y€MY Ce CTarbe MOXKe ITPOMEHH-
TH HAKOH MHTEPaKIje ca CyCeHNM UBOopoBUMa. Takolhe, y comujaanum Mpexkama je
JIeTaJbHO MPOyYaBaHO U (popMUparbe OJIyKa U CTaBOBa IIPUMEHOM MOJIeJIa Teopuje
urapa [31-33|. Tpebaso 6u crioMeHyTH JOII U MOJIeJie DYyTUPaba y TeJTeKOMYHUKAIH-
oHuM Mpexkama [34, 35|, kao u nporec cunxporusanuje [36, 37| u pasmene Kanurasa
[38, 39]. IIpuimkomM anasm3e HABEICHUX MOJIENA IHHAMIYKIX IIPOIECa, TOKA3a/I0 Ce
Ja je yTUIlaj KOju MMa TOITOJIOTHja MPeXKe N3Y3€THO BEJTUKH.

Hosu npuctynu y npoyJaBarsy Cy BpeMeHCKe 1 Buiiiecsojue mpexe [40, 41], koje
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[IPE/ICTaB/bajy MPOIINPEHbe Ha BazKHE T0jaBe y peajJHnuM cucremuMa. Ha pasBoj Bpe-
MEHCKIX Mperka HajBUINe Cy yTHUIAJIN eMIUPUJCKU TOJAIN MPUKYIJbEHN U3 COIU-
jaJTHUX cucTeMa, rJie ce Bese m3Mely IojemHalia yerocTaBbajy caMo y ojipehennm
BpeMeHCKUM uHTepBainMa. OBaKBO MOHAIIAILE MOYXKE JIa UMa BeJIMKE ITOCIeIUIe Ha
JIMHAMUYKE TIpoIiece, Kao IITO je Mupeme nudopMmaruja nin supyca. Konmenr Bu-
IIECJIOJHUX MPeXKa je pasBUjeH KaKo OU ce y pazMaTpaiby Pas3J/IBoju/ie MHTEPAKIIHje
KOje Cy 110 CBOjOj IIPUPOJIM Jpyraduje, ajii ce He MOTY HEe3aBUCHO aHAJM3UPATH,
Bel ce CTPpYKTypHA U JUHAMUYKA OpPraHn3alja IIoCMAaTpajy Ha Buiie ciojeBa. Mehy
MHOT'OOPOJHUM IPUMEPUMA U3 CTBAPHOI' CBETA MOT'Y Ce U3JIBOjUTU €HEPreTCKa U KO-
MyHUKAaIMOHa Mpexka quje je GpyHKinonucame MehycobHo yciobibeno [42, 43]. Ipyru
TUITYAH TPUMEDP Cy OJHOCU U3Mehy IojeIMHaIa y COIUjAJTHIM CUCTEMUMa, KOjU ce
MOT'Y IIOCMaTPaTH Ha HUBOY COIMjAJTHUX MPEXKa U Ha HUBOY (pU3MIKe KOMYHUKAIIH]eE,
koju MeljycobHo yTuay jeman Ha apyru [44].

Ha ocnoBy oBor kpaTkor mperJiejia pa3jinduTUX IpaBala y IpoyduaBaiby KOM-
IJIEKCHUX MpexKa, 3aK/bydyje ce Jia OHe Jajy BeoMa KOPUCTaH OKBUD 3a aHAJIU3Y
HAjOMTHUJUX CBOjCcTaBa KOMILIEKCHHX cucreMa. CoIujajaHn CHCTeMHu cruauajy mehy
HAJBUINIE TTpOyYaBaHe CHCTeMe MPUMEHOM MeToja KOMILJIEKCHHX Mpexka. Mako cy
HEKe OJ] [10jaBa Beh yCIIeNHO O0jalllibene, ycje  N3y3eTHe CJI02KEHOCTH JbYJICKUX UH-
TepaklIifja, IoCcToje OpojHa OTBOpPEHA NUTabha Be3aHa 38 OCHOBHE IIPUHITUIIE COIIH]jaJI-

HOT TIOHAIIamka U CTPYKTYPY 3ajeTHHIa Koje je MOTpeOHO pa3sMOTPHUTH.

1.3 Conmodusuka

VY mociieimbe JBe JlelleHNje, TPIMEHOM MeTO/la TeopHje KOMIIJIEKCHUX Mperka y aHa-
JIM3W BEJIMKUX CKYTOBa IOJaTakKa KOjU Cy MPUKYIJbEHW 34 Pa3JIUINTE COIUjajTHe
cucreMe, KBaHTU(MUKOBaHe Cy OpOjHe OCOOWHEe IMOHAIAma M0jeJINHAIA, Koje Cy Ipe
Tora OuJie onucaHe caMo KBaJUTATUBHO UJIU YOIIIITE HUCY HU pasMaTrpane. Kao 1mro
je pannmje Beh pedeHO, CTPYKTYpa COINjaTHUX MperKa Ce OJJINKYje XeTePOreHOM pac-
MIOJIEJIOM CTENEeHN YBOPOBA, PEJIATUBHO MaJUM pacTojambuMa u3Mely JBa CIydajHO
uzabpaHa YBOpa U BUCOKOM BpejHomIlly Koeduimjenra rpynucama [14, 15]. Ctpyk-

Typa COIMjaJITHUX MPEKa je CBOJCTBEHA U IO IIPUCYCTBY I'yCTO MOBE3aHUX TOJIMPEXKa
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(3ajennuria) Koje cy ca MajauM OGpojeM IpaHa MoBe3aHe ca OCTaTKOM Mpexke [45], u3
Jera Jlajbe CJAeJU Jla ce I'paHe MOT'Y pa3BpCTaTH Ha OHE KOje MMajy YJIOTY Jia I0-
BEXKY pas/IMuuTe 3ajeJHUlle U Ha rpaHe m3MeDy mojeanHara Koje jejHy 3ajeHUILy
quHe crabuiaujom [46, 47]. TogaTHo, HOKA3aHo je 1a y COIUjaJIHIM IPyIIaMa ITOCTOj’
TeHJICHITN]ja YCIIOCTaB/balba Be3a n3Mel)y cjmynux rnojeunalia, 0ocCOOMHa MO3HATA KO
xomobuimja [48].

PaszBujame MareMaTHIKuX Mojesa KOju 01 Tpedasio Jia oMUy KapaKTepUCTHIHe
obpacIie MoHalllamba Y COIUjAJTHIM CUCTEMUMa 3HAYAjHO je KAKO 300I pasyMeBarba
OCHOBHUX IIPUHITUIIA COIMjaJIHEe JUHAMUKE, TaKO M 300T BayKHE MPAKTUYIHE yIoTpebe
KO]jy OBH MOJIET MOTY MMATH Yy aJIOKAINjH pecypca, aHAJII3N MUpemha nHOoOpMaIja
WK enujieMuje, aju U 'y ONTUMU3AIUJHU ycIexa Yy Kapujepu U KBaJUTeTy YKUBOTHOT
cranjap/ia yorrmreHo. Mojemparbe conpjasHor CHCTEMa, je N3Yy3€THO CJI0XKEHO 300T
yTHIaja MHOTOOPOjHUX (paKTOpa HAa aKTUBHOCTH W MHTEpaKIuje u3Melhy 1ojeuHa-
&, a HAPOYIUTO 3007 JiejcTBa TICUXOJIONIKe KOMIIOHEHTe. [[pakTiudHo je Hen3BoI/bUBO
U3JIBOJUTH ¥ YK/BYUIUTH CBE Te (haKTOPe KO/ MOJIeINpabha JIMHAMUKE Ha MIKPOCKOII-
ckoM HuBOY. MehyTuMm, y Behunu ciydajeBa TO HUje HEM HEOIIXO/IHO, jep ce MOKa3aJio
Jla TIOCTOje YHUBEP3aJHU MEXaHU3MU KOJU CYy Y OCHOBHU COIMjaJIHE JUHAMWKE U TI0-
Molly Kojux ce MoxKe 06jaCHUTH MAKPOCKOICKO ToHamame [49]. Nmajyhu cse oBo
y BHUJLY, KOJI MOJIeJIa Ce yBOJIie allpOKCHUMaIlije U y pa3MaTparmbe ce y3uMajy HajouT-
HUje ocoOMHE Koje MMajy YTHIlaj Ha IocMaTpaHe aKTHBHOCTH TojeauHara. OcHoBHa
njieja je Ja ce Ha OCHOBY MHUKPOCKOIICKUX MOJIeIa Y3 IPUMEHY MeTOJa CTATHUCTUY-
Ke (bu3MKe UCIuTa KOJEKTHBHO COIMjaJIHO IIOHAIIAE KOje je IMOC/equlla pa3MeHe
nndopmalja u JIpyrux mHTepakimja uaMmehy dinanosa. [Ipejjioxkenn mojesnr Mmoxke
ouTn BepudukoBan nopehemem 100MjeHUX TEOPUjCKUX PE3Y/ITaTa Ca eMITUPUjCKIM
MOJ/TAIMA.

Kox objammersa nojeuuux mojaBa y JApymTBy uckopuiihenu cy Beh mocrojehn
MaTeMaTUIKN MOJIEJIN KOJU Cy PAa3BUjeHN Y (DUBUYKIM, OMOJIONTKUM WJIH HEKUM JIPY-
ruM cucremuMma. Ha npumep, 3a mojemupaise caodpahaja uamely jiBa rpajia KOpucTu
ce IPABUTAIMOHU MOJE/I, y KOMe Kao HnapaMerpu (pUrypuilny BeJIMYUHE T'PAIoBA U
pacrojatbe uamehy mux [50, 51|, 0K cy KOJI oIica KpeTarba JbY/IH Y Mach IPUMEHeHe

MeTojle KHHeTUIKe Teopuje racoBa [52]. OcumM Mojiesia Koju ¢y mpeyser, IpejiioxKe-
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HIU Cy U HOBH MOJIEJIH, Kao IIITO je MOJIeJ HayqHe capa/iibe 21| mim mozen monoremna
OJIyKe Ha aJIallTUBHO] conujaano] mpexxu [53|. leraspHuju mperses Mojiesia Be3aHnx
3a OIKC COTMjasHe JMHAMIKe MoxKe ce Halim y [4, 49, 54].

Jlocajammu pe3y/iTaT eMINPHUjcKe aHaIn3e U TEeOPHUjCKU MOoJean o0yxBaTajy
camo ojpebhene comujasine rpyie. Takohe, TOKoM BpeMeHa, J10J1a31 10 Behux mpome-
Ha y japymTBy. Hajsnadajauje mpomene mocyeux JeleHnja mocIe/Ina cy pa3Boja
HOBUX TEXHOJIOTHja KOje Cy yTullaje Ha HauYMH KOMyHUKaIWje U pa3MeHe HHPOP-
Maruja u3mehy nojeaunana. TpergoBu noHamama pa3InauTiX COIUjATHIX TPYIIa
y CaBpPEeMEHOM OKPYIKekby IPEJICTAB/bajy aKTYeJIHYy TeMy UCTPayKuBamba y 00J1acTu

dusmKe coMujaTHUX CHCTEMA.

1.4 IlpeamMer m 1Jb UCTPAKUBAIHA

Y 0BOj Jmcepraiuju ce M3ydaBajy HMPUHIUIN OPraHu3alje KOMILIEKCHUX MPEXKa
KOJ KOjUX CTPYKTypa €BOJIyHpa Yy BpeMeHy, ca (DOKYycOM Ha Mpeyke Koje OIUCYjy
UHTepakKIyje y conujaanuM cucremuma. OCHOBHU Wb je Jla ce IMPUMEHOM MeTOJIa
CTATUCTUYKE (DUBUKE U TeOPHUje KOMILJIEKCHUX MPEKa UCIUTA KOJU MEXAHU3MU YTUIY
Ha TIOHAIame T0jeJINHAIA Y COIMMjaJHIM TpylaMa unja je TUHaMWKa TUCKPEeTHA 1
yCJIOBJ/b€HA KOJIEKTUBHUM aKTHBHOCTHMA Y KOjUMa YUeCTBY]y WIAHOBU I'pyle. JemaHa
0/ HajBaXKHUjUX OCOOMHA OBUX I'PYyIa je Ja HeHU YJIAHOBU KOMYHHITUPAJY JIUIEM Y
simrie. KapakTepucTruke OBaKBUX CHCTEMa Cy 3HATHO Marbe IIpoydaBaHe y JINTepa-
TYPH, Y OJIHOCY Ha CHCTeMe KOjU IoJ/ipa3yMeBajy KOMYHHUKAIINA]Y IOCPEICTBOM HEKOT
ypebaja [55-60]. Passior 3a 10 je J0CTYyNHOCT eMIUPUjCKUX ToJaTaKa. Besnke Kosm-
YMHE TI0/JaTaKa Koje ce TeHEPUIIlY U 1yBajy IPUJINKOM KOMYHUKAII]je T/Ie ce KOPUCTe
pPa3IMINTH eJeKTPOHCKN ypeDaju, oslakimaBajy aHaIu3y CHCTeMa, JTOK y MIPBOM CJIy-
4ajy HUje jeIHOCTaBHO Johu 10 rmojaTaka. 3a norpede oBe jucepralyje TPUKYIHEHHN
cy u (hopMaTUPAHU ITOIAIN O YIECHUIIUMA U Pean30BaHuM jorahajuma 3a 1mect KOH-
depenIja U3 pazINnUIATUX HAYIHUX OOJACTU 3a TEPUOJL OJ TPU JEIeHuje U T10/1aIn
ca noprana Meetup 3a deTupu rpyre u3 pa3InduTUX KaTeropuja.

Ha ocnoBy mnpukymbenux mojaraka, ouhe ucnmurana JUHAMAKA I10jaB/bUBAIHA

1ojeInHaIa Ha KOJEKTUBHUM Jiorahajuma, MITo 10/ Ipa3yMeBa CTATUCTUYKY aHAJIA3Y
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obpaazaria yuerha, JeTeKIN]y YHIBEP3/IHIX KAPAKTEPUCTUKA Y TIOCMATPAHUM I'DyIIa-
Ma U pa3BHjare TEOPHjCKOT Mo/ieia Koju Ou TpebaJio jia objacHu JI00ujeHe pe3yJ/irare.
[Ipe cBera, Ba:KHO je TIOKA3aTH Ja JIU TOjeIMHIIA YIeCTBY]Y HACYMUIHO Ha jorahaju-
Ma WIK Ce MOT'Y YOUHTHU eJeMEHTH opraHu3aryje. Y HajjeJHOCTaBHUjEeM CJIydajy, Ka-
Jla ce MPETIOCTABH JIa je yIeCTBOBAE HACYMUYHO, TIpesiaciiy udMely crama ce Mory
ornucaT BepHy/ujeBUM CIydajHUM IIPOIIECOM U paciiojiesia 6poja yuecTBOBamba UMa
eKCIIOHeHIjatHn 00/InK. Mmak, craTucTuike KapaKTePUCTUKE Y PEAJTHUM CHUCTEMU-
Ma, MOI'y OUTH 3HATHO Jpyraduje, MITO yKa3dyje HA MPUCYCTBO HEKUX CIOJHAITIHUX
WA YHYTPAIIbUX yTUIIAja Ha ToHaIame. To 3axTeBa pa3BHujarmke U TECTUPAIbe HOBUX
MoJiesia Koju he YKIbyIUTH pesieBaHTHe mapamerpe. KoHkpeTHo, oBjie he mpumeHom
rerepaJsunzoBanor bunapuor [lojunor Mosesra OuTu pasMoOTpeHo KaKO Ha OJJIYKY Ja
s he wian ydecrBoBaTH Ha jorahajy yTude merona MpeTxoHa aKTUBHOCT.
3aBUCHOCT CTPYKTYpE COIMjajTHe Mperke U JIMHAMUKe cucTteMa Ouhe eMIupujckn
aHaJu3upaHa MoCMaTparbeM IMPOMeHa JIOKAJIHUX CTPYKTYPHUX HapaMeTapa MpezKe
ca O6pojem ydemrha 4jaaHoBa Ha Jorahajuma, dnmme he ce MCTOBpEMEHO TOOUTH WH-
dopmaluja 0 yTuiajy Koju coluja/iHa KOMIIOHEHTa UMa Ha KOJIEKTUBHY JTUHAMUKY
yderniha 4jiaHoBa y akTuBHOCTUMA Tpyte. Crermdudana opranu3aiuja mocMaTPaHuX
COIMjaJIHUX I'PyTa, TJie MOjeINHIIN HHTEPAryjy IMOCPEJICTBOM KOJIEKTUBHUX Jlorahaja
y JIMCKPETHUM BPEMEHCKHM TPEHyIMMa, oMoryhaBa UCHUTHBAILE yJIOre T0jeIMHa -
HUX IPYINHAX aKTHBHOCTU Y €BOJIYIIMJU MpexKe, IITO JI0 cajia Huje nocMmarpano. Ha
OCHOBY JIOOMjEeHUX Pe3yJiTaTa, MOTY ce IOKa3aTH KopeJaluje nu3Mehy BeJHduHe J10-
rabaja m nHTEpakxkimja Ha jgorabhajy m3mely mojeanHania ca Be3ama Koje MOI'y OUTH

ciabe U jake.

1.5 CrpyKkTrypa paaa

Hajmpe cy y napeamnom 1oryiaBjby IpejcTaB/beHe KBAHTUTATUBHE METO/IE KOje Cy KO-
pumthene y pajy. [lopes nperyiesia cTaTUCTUYIKUX TEXHUKA KOje ce IPUMEIbY]Y Y aHa-
JIN3U eMITUPUjCKUX IMO/IaTaKa, JePUHUCAHN CYy MaTeMaTUIKN MOJEHN YIeCTBOBAIbA
HojeIMHaIR Y KOJIEKTUBHUM aKTUBHOCTUMA U YBEJEHU CY IIOJMOBU U3 TeOpHje KOM-

IJIEKCHUX MPexKa KOjU Cy 0J] MHTepeca 3a OBO UCTpaKuBabe. ¥ TpeheM MorjaBiby je
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OIMCaH MOCTYIAaK IMPUKYIbalba U (popMaTHparba eMINPUjCKIX TIoJaTaka 1 JaTh Cy
JIeTa/bl O IbUXOBOM CaJjIpkajy. eTBpTO TOoTJIaB/be ce ODaBU JIMHAMIUYKUAM ITPOIIECHMA
y IocMaTpaHnM cucreMuMa. [IpBo cy mpukazaHne eMIupujcke pacrojese Opoja yKyII-
HOT' yYecTBOBamba, Opoja y3aCTOIHUX YUYeCTBOBaIba U Tpajarba ay3a u3Melhy ydeniha
Ha jorahajuma y rpynm, a 3aTUM je pa3MOTpeH reHepajm3oBanu [lojun mosmen mo-
mohy kora ce Mory objacHutu jobujenn pesysnararu. ONTHMATHI TapAMETPH MOJIeJIa
onpebenn cy momohy mymepmukmnx cumysanuja. Ha kpajy moriaBiba, JUCKyTOBaHe
Cy 3ajeHUYKe KapaKTepPUCTUKE COIUjasiHe JIMHAMUKE Y Pa3/IMIUTUM I'pylama Koje
Cy OBJle aHaJIM3WpaHe. Y IEeTOM IIOTJIABJbY Ce IPOYydaBajy OTEXKHWEEeHe MpexKe J10-
OujeHe MPOjEKIMjoM OUIAPTUTHUX Mpeka Koje OIHUCYjy TO0jaB/bUBAbE UJIaHOBa HA
norahajuma y rpynu. ITomohy orexxkumene mMpexke aHajgu3upaHe Cy OCOOMHE COIIU-
jaJTHUX WHTepakKIidja, Iph d9eMy je HarJlacak Ha HCIUTHBaY ITPOMEHe JIOKAJTHUX
CTPYKTYPHUX TIapaMeTapa Mpexke ca OpojeM ydecTBOBarba, Ka0 U Ha HCIUTUBALY
yTHIaja KOje BpeMe ojpzKaBarba Jorahaja m merobBa BeJUUYNHa UMajy Ha IJI00aJI-
HY CTPYKTYPY Mpexke. Y MOCeIIbeM, IIIeCTOM TOIVIAB/bY, CYMUPAHU CYy HajBayKHU)U

pe3yaTaTH paJjia.
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2.1 CrarucTuuyka aHaJIn3a

[Ipunmukom anamM3e U MojeIMpaba MojaBa U3 CTBAPHOr CBETA, y BENUHU ciryvajeBa
KapaKTEPUCTUIHO je MPHUCYCTBO CJAyYajHUX MPOMEH/BUBUX KOje ce OIHCY]y OJIrOBa-
pajyhom pacmojiesiom. YKOJHUKO CIydajHa MPOMeH/bUBa X MOXKE Y3€TU BPETHOCTH
u3 jguckperHor ckyma §) = {x1,zs,...} Ha KOMe je nedunnucana seposarHoha P,
pacrnozena je muckpersa p(z,) = P(X = xz,). Kymynarusaa dbyskimja pacmo/ie-
ne (nmm kpahe dynknuja pacnogene) nedunncana je ca F(z,) = P(X < z,). ¥
caydajy Kajia je X KOHTHHyaJHa C/IydajHa ITPOMEHJbUBa, 3a OIHUC PacIojee KO-
puctu ce dyHKIuja rycruHe BepoBarHohe f, tako ma Baxku F(x) = ffoo f(t)de.
Tana je BepoBaTHOhA Ja cilydajHa TpOMeH/bMBa X IpHIlaja WHTEpBaly |a,b] marta
ca Pla < X <b) = ["f(t)dt.

V npumenama ce aHaJIM3UPa EMIINPHUjCKa PACIIOJE)Ia CIydajHe IpoMeH/buBe X Ha
ckyty oj N y30paka KOjU IPEJICTaB/bajy MCXO/e CTATUCTUYKOD €KCIIEPUMEHTa, IPU
YeMy ce Ty ILIOJpa3yMeBa U caMoO IocMaTparme Heke Iojase. Ako je ca NS o3HadeH
6poj y3opaka unja je spegnoct < x, yukuuja Fy(z) = % IIPEJICTaB/ba EMIINPU]CKY
dyHKIMjy pacmojesie IOMONy Koje ce MOXKe allpOKCUMHUPATH TEeOPHjcKa (DyHKIHja
pacniozesie F'(z) caydajue npomensbuBe X. Ilorpebro je ma 6poj ysopaka N Oyiue

JIOBOJBHO BEJIMKH KakKo OM alnpokcuManyja Omia OnpaBIaHa, Tj. BayXKn
lim Fy(z) = F(z), (2.1)
N—o0

3a cBako r € R. Ba juckperny ciaydajHy npoMeH/bUBy X, MOXKe Ce TOCMATpaTH U

eMITUpUjcKa pactojiena py(x) = %, rjie N, mpejcTaB/ba OPOj y30paka KOju HMajy

BpeHOCT . EMmmpujcka pacmojena py(x) KOHBEPrHUpa Ka TEOPHjCKO] PACIIOICIIH

10
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p(r) kaga N — oo.

Ba 3a/1aTn CKyT y30paka u oJroBapajyhy eMnupujcKy pacrojiesy, OCHOBHU 3a/1a~
I Y UCTPayKUBarby Cy MaTeMAaTUIKHU OINC, OJHOCHO o/ipehuBarme BpCTe pacmo/iere,
3aTUM OIEIbUBAIbE IMapaMeTrapa, Kao U MPEeJICTAB/babe MOCMATPAHOI PEaHOr CUCTe-
Ma MaTEeMAaTUIKUM MOJIEJIOM TaKoO Ja Ce IbelOBUM PEIIAaBAIHLEM MOTY PEIPO/IyKOBATU
eMIMPUjCcKU pe3y/araTu. Pacrojerne Koje ce 9ecTo jaB/bajy MPUIMKOM MOJICIHPAHA
U aHaJn3e eMINPHjCKUX M0/IaTaKa Y KOMILIEKCHUM MpezKaMa U COIUjaJTHUM CUCTe-
MHUMa U KOje ce KOPHUCTEe U 3a aHaJU3y eMIIMPHUjCKUX IMOJaTaKa Y OBOj JIMCEPTAIlNju
Cy eKCIIOHEHIIjaJIHA PACIo/iesia, CTelleHa PACIo/Ieia I CTelleHa PACIIojIesIa ca eKCIIo-
HEHIjaJTHIM PETTOM.

VY tabenu 2.1 gare cy gedunuImje HaABEJCHIX PACIIOEIa 38 JUCKPETHY CIyYajHy
npoMeH/buBY X, JIOK cy y Tabesm 2.2 jare jpeduHuIje KOHTUHYAJTHIX PACIIOJIeIa.
Kox crenene pacnojiesie u crernene pacrojiesie ca eKCIOHEHITUjaJTHUM PEeIroM, J0ha
IrPAHUYHA BPEIHOCT Xy MOPa OMTH Beha oJ1 HyJsle, TOIITO MoCMaTpaHe PAaCIojIesie
Hucy gedunncane 3a Bpeanoctu r < 0, J0K je KOJ €KCIOHEHIHjaJIHe paclojesie

YCJIOB Zyppin = 0.

Tabena 2.1: Jledbununuje quckpeTHux pactojesna p(r) u BpeaHocTH ojaropapajyhe

= 1
Hopmasinsanuone koucraure C, vie (7Y, Tmin) = E —————— osnagaBa Xyp-
— (Tyin +1)7
n=0
o
BunoBy 3eta byHxuujy n Lig(e ?) = E n~% " o3HauaABA LOJIMIOrApUTAMCKY
. n=1
bynxmmjy.
_ CTeleHa, pacioesia ca
eKCIIOHEHIIjaJIHa, .
CTeleHa, pacloiesa CKCIIOHCHII] AJTHIM
pacroea
perom
p(z) Ce ™ Cx™7 Cax—%e P*
O (1 € )6 C('Y@mm) Lia(eiﬁ)
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Tabena 2.2: [ebunuruje dyuknuje ryctuHe BepoBaTHOhe KOHTUHYaJTHUX Pac-

nogesna  f(x) um BpemHocTum ojrosapajyhe Hopmasmsanmone koucrante C) rje
[e.e]

(1 — o, Brmm) = / t~“e"'dt osmavyaBa HernoTHyHY Tama DYHKIIH]Y.

/mein
. CTeIleHa pPacCIIoJejia Ca
C€KCIIOHECHIIX A/ ITHA .
CTelleHa pacIlioaesa €KCIIOHCHII U ] THUM
pacIiojaesia
perom
f(x) Ce Cx™7 Ca= e P*
AL _ 7-1 Bl—_a
C A fmin (’Y 1)wmzn I(1—o,Brmin)

Bpcra pacnozene garor ckyia Iojaraka MOXKe Ce MPeTIIOCTaBUTH Ha OCHOBY
[I03HaBaKha CBOjCTBA MOCMAaTpaHe I0jaBe WU HEKOM JPYTOM METOJIOM, & 3aTHM Ce
MIPUCTYTIA OIEHN TTapaMeTapa. ¥y ciIydajeBuMa KaJia ce He MOKe Ca CUTYPHOIINY peT-
MIOCTABUTH BPCTa pacuojiesie Beh mocroje aBa wian Buiie m360pa, 3a cBaku 00K he
ce M3BPIINUTH OllEHa IapaMerapa, a 3aThM he ce oaropapajyhuM MMOCTYIIKOM IIPOIe-
HATU KOja OJ1 ITOCMaTPaHUX TEOPUjCKUX Pacliojiejia Hajoosbe oJroBapa eMIITMPH]jCKOj
pacromenn [61].

[TocToje pasimanre MeToe 3a oneny mapamerapa. OBe hie ce KopucTuTu MeTO,
MakcuMaJsHe Bepoocrojuoct (61, 62]. Heka cy y onrmrem cirydajy Hemo3HaTh mapa-
MeTpu pactojiesie o3uadenn ca 6. Koy ekcrioneHmjage pacioese To je mapaMerap
A, y ciIydajy cremeHe pacrogene § = 7, 0K je KOJ CTelleHe pacIojesie ca eKCIIOHeH-
mujasiHuM peroM 6 = (o, ). Y mpuMeHn MeTo[a MaKCUMAJIHE BEPOJOCTOJHOCTH TI0-
TpebHO je ofpenuTu BpeaHocTH § Tako fga BepoarHoha L(0) = P(Xq, X2,..., Xn)
peau3alyje He3aBucHOT y3opka X, Xo, ..., Xy Oyge makcumasina. Bepoatnoha
L(0) ce nazuBa dbyHKIINja BEPOIOCTOJHOCTH U Y CIyUajy JUCKpeTHe pacto/esie p(x|6)
ca mapamerpoM 0 neduHncaHa je ca

N

£(0) = [ [ p(Xal6) = p(X116)p(Xa]) ... p(Xx[6), (2.2)

n=1

12



2. KBanTutaruBHe MeTO/e

JIOK 38 KOHTHHYaJIHY pachojeny ca dyukinujom rycrune f(x|0) Baxun

N

L£(0) =[] £(Xal6) = F(X1l0) F(Xa]6) ... f(Xn16). (2.3)

n=1

Y mpakcu ce oxpebhuBame makcumyma dyukimje L£(0) moxke cBecTr Ha pobIIEM
N

npoHasazkema MuHIMyMa — log L(6) = — Z log p(X,,|0), xoju ce 3a Heke pacmoe-
n=1

Jie MOXKe permuTu anaanTuakn. Kaja je aHaanTudko perraBarmbe 1npod/ieMa IpeBulie

KOMIIJTMKOBAHO WJIM HUje Moryhe, MOry ce KOPUCTUTU HYMePHYKe MeTOJle 3a MHU-

HUMU3AIM]jy, Kao mro cy, Ha npumep, bOT'C (Bpojaen-Dueuep-Tonndapb-11lano)

anropuram, Hesep-Muy meroza (amoeba meron) wiau ITayesn meroma [63].

Hakon orene mapamerapa, IoTpedOHO je IMMPOBEPUTH MPETIOCTABKY Jla Cy €MITU-
PUjCKH TIOJIAIU U3 TOCMaTpaHe BpCTe pacrojese. Jejlan ojl IPUCTyIa je TeCTUPaIhe
XUIOTE3e 0 PACIIOJE/IH, Kao IITO je OIUCAaHo 3a creneny pacnoieny y [61]. Komx osor
MIOCTYIIKA IIPBO je oTpeOHO ojipejiuTu pacrojambe DD uzmely emmnupujcke Fy u Teo-
pujcke F' kymynatuHe (DYHKIHje pacioeie ca ONTHMAJHIM ITapaMeTpoM 6, mpume-
HoMm Meroja Koamoroposa u CMupHOBa

D = VN max |Fy(z)— F(z)]. (2.4)

BaTnuM ce reHepuiIie J0BOJHHO BEJINKN OPOj CKYIIOBa y30paKa U3 ocMaTpaHe TEOPHjc-
Ke pacrojiesie ca napaMerpom 6. 3a cBaKu NeHepHCaHU CKYII e HAllpaBH eMIINPHjCKa
pacro/jiesia U IMOHOBO M3BPIIHU OIEHA MapameTrapa 0. Kaga ce OJIpEJT PaCTOjarhe D
n3Mel)y eMnmpujcke pacroese Jo0ujene u3 reHeprucaHux 1ojilaTaka U TEOPUjCKe pac-
nojiesie ca mapameTpom é, noTpedbHo je yrnopeautu D u D. [Iporenar renepucanux
CKYTIOBa TOJIaTaKa KOJT KOjUX je D>D npeJjcTaB/ba p-BpejiHocT. Ha Kpajy, yKOJIMKO
jé p-BpeIHOCT Maiba 0] M3adpaHor HMBOA 3HAYajHOCTH €, Ojidallyje ce XHUIIoTe3a Jia
MOJIaI TIOTHYY W3 IOCMaTpaHe TeOPUjCKe pacrojese. 3a HUBO 3HAYAJHOCTH € Haj-
verthe ce y3umajy Bpeanoctu 0.1, 0.05 wau 0.01. IIpernopyka je ja ce y 3aBucHOCTH

1

0J1 n3abpaHe BPEJTHOCTU € TEHEPUIIle HAjMAHE 16_2

ckymoBa mojaraka. OBaj meToJ
TeCTUparba XUIOTe3€e O PACIoJe/Id HUje YBEK IMOYy3J/aH, HAPOUUTO Kaja je Opoj eM-

HI/IpI/IjCKI/IX IIogaTaKa N wmajm. MGTO,ZL Ce MOXKe IIpUMCHHTHU Ha BUIIC pacCIlio/esia U

13



2. KBanTutaruBHe MeTO/e

YKOJIUKO je KOJI JIBe WJIM BUIIIEe pacloesie p-BpeHocT Beha o1 €, y3auMma ce pacrojera
ca BehoM p-BpeJIHOCTH.

Jpyru MeTost Koju ce MozKe TIPUMEHUTH je TeCT KOJMYHUKA BepoocTojHocTH [61].
OBJie ce mopeJie JiBe pacrojiesie p; U Py TaKO IITO Ce 33 CBAKY PACIOJE/y MPUMEHH
orieHa mapamerapa 61 u 6o, a 3aTuM ce 3a ONTUMAJIHE [apaMeTpe U3padyHajy Bpe/-
Hoctn dyHkiwja Bepogoctojaoctu L1(01) u Lo(0s). AKo je jorapuraM KOJMIHUKA

dyHKIMja BEPOIOCTOJHOCTH

R = log L6 _ > logpi(X,) — log pa(X,)] (2.5)

MO3UTHUBAH, paclojesa p; IpeacTaBba 00/bU U300P, OJHOCHO, aKO je BpeaHocT R
HeraTuBHa, pacIojesa P je aJieKBaTHUja, JOK Ce 3a BPETHOCTH KOje TexKe HYJIU He
MOXKe HampaBuTu nopeheme. ak, oBakaB 3aK/bydak Ha OCHOBY 3HaKa MOyKe OUTH
Heroysgan. Kaja 3a paziuyanre peasm3alyje He3aBUCHUX y3opaka Xi, Xo, ..., Xy
KOJU Cy W3 UCTE paclojiejie, MAaTEMATUIKO OYCKHBAIHLE JIOTAPUTMa KOJUIHUKA Be-
POJIOCTOJHOCTH TEXKU HYJIM, IIO3UTUBAH WM HEraTUBaH 3HAK MOYKEe OUTH IOCJIE/IHIA
dbaykryanuja, na je morpebHa JoiaTHa MpoBepa Jla JiK je BpeaHocT |R| moBO/BHO
BeJINKA Y OJIHOCY Ha CTaHIapaHy Jesujannjy. OBre je mOTpeOHO HAIPABUTH PA3JINKY
usmely cuTyalyje KaJla ce ocMaTpajy JiBe YIHexKJeHe pacliojiesie 1, Kao IITo cy, Ha
HpUMep, CTelleHa PacIojesa U CTelleHa PACIoesa ¢a eKCIIOHEHIINjaJHIM PEeroM 1
caydaja Kajia pacrojese nucy yruexene. [lonazehn on npernocraske j1a ce pajin o
HE3aBUCHOM y30pKy X1, Xo,..., Xy, KaJla ce mocMaTpajy JBe HEeyTHEXKJICHE pacIo-
nese u Bpeanoctu I, = logpi(X,) — logpe(X,) ce Mory cmarparu He3aBUCHUM, Iia
CJIeTU Jla JIOTapuTaM KOJMYIHUKA BEPOJIOCTOjHOCTH R MMa HOPMAJIHY PACIOeIy ca

Bapujancom No?. Bapujanca o2 ce anpokcuMupa ca

0% = %Z(zn —1)? (2.6)

N
-1
rje je | = N Z l,,. Beposatnoha ja je nmobujena Bpejnoct R nocsenuna daykTya-

n=1

Inested distributions
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2. KBanTutaruBHe MeTO/e

uuja KaJla MaTEeMaTU9IKO OY€KUBalbe TE2KU HYJIN je,H,HaKa je

1 —|fR| +oo
ﬂ:m/ e_t2/2NU2dt+/|R| e~ IAN gy | (2.7)

AKxo je BepoBaTHOha T Mama 0J oAroBapajyhe BpeaHoCTH €, mopeherme pacioaerna py
u po Ha OCHOBY R ce Morke mpuxBaTuTh. Kaja ce TecT npuMemyje 3a JIBe yrHEXKIeHe
pacnozesie, Bpeanoctu , = log pi(X,,) —log ps(X,,) u oqrosapajyha sapujatca rexe
nymu. Taga crarucruka R 3a moBosbHO Bemuko N MMa XU KBaJpaT paclojery x>.
Ykouko je BepoBaTHOha

7 =1- Fa(2R],1) (2.8)

MaJia, pacrojesa p; Koja MpeJcTaBsba CIelujaaan CIydaj pacrojerne ps Hehe outn
y3eTa y pasmarparbe. Y mocMaTpaHoM uspasy, Fyz(|2R|, 1) mpencrasiba KyMmyaaTus-

Hy DYHKIM]Y XU KBaJIpAT PACIIOJIEIe.

2.2 MaremaTudKn Moaein

MaremMaTnIKo MOJe/MpPae IPeICcTaB/ba jeJHY 0/ OCHOBHUX MeTOJa Y HAyIHOM HC-
TpaKuBarby, Kako y 00JIACTU HPUPOJHUX U TEXHUIKUX HayKa, TaKo W y 00JacTh
JIPYIITBEHUX Hayka. MareMaTudKu MOJIE/IH ¢ MOT'Y KOPUCTUTH y KOMOWHAIIUU Ca
eKCIIEPUMEHTOM HaJl cTBapHUM cucteMoM. Kajia je momohy ekcriepumenTa moryhe
JIOOUTH TIOJIATKE, MATEMATUIKU MOJE/IM Ce KOPUCTe Ja Ou ce ommcalia U aHaJM3U-
paJia CBOjCTBa CHCTeMa W Jia OM ce MPOIEHUIO MOHAIake cucTeMa y OympyhHOCTH.
Kako 1ecto nuje moryhe u3BpmuTu eKCIIepUMEHT HaJ CTBAPHUM CHUCTEMOM, HHEI'OBO
IpoyvaBame ce MOyKe 3aCHUBATH HMCKJbYYMBO Ha IMPUMEHN MAaTeMaTHIYKUX MOJIesIa
Koju cy (popMuUpaH HA OCHOBY MO3HATUX 3AKOHUTOCTHU U YCBajAHEM MPETIIOCTABKH.

Hexka ce mocmarpa cructeM 3a KOjU Cy NPHUKYILJBEHU €MIUPHUjCKU TOJIAIN U U3-
BpIieHa craTuctTudka anaansa. Ciegehn Kopak y mpoydaBarby CHCTEMa je MaTeMa-
TUYKM OIUC HeroBOI TnoHarmama. Mojen 6u Tpedbaso ma Oyie JieduHrcaH TaKo Ja
pe3yJITaTH Koju ce J1001jy moMohy mera y J0BOJHHO J00PO] MEPU PEIPOJIYKY]y €MIIH-
pujcke nogatke. IIpummkom popmuparba MaTeMaTHIKOr MOJIe/Ia IIOTPEOHO je Hampa-

BUTU KOMIIpOMUC u3Mel)y Herope OIIITOCTH U Iperu3HocTu. butHo je nedunucatn
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2. KBanTutaruBHe MeTO/e

HajBakKHHje 0coOMHE CHUCTeMa Koje je MOTPeOHO YKJ/BYUIHUTH y MOJE]T W Pa3InKoBa-
T UX O/ HEKNX CYBHUIIHHUX J€TaJjba KOjI/I MOT'Y UMaTHu yJIOr'y HiyMa. KOMHHHKOB&HI/I
MOJIEJT €& BEJIUKUM OpojeM mapamMeTapa MOTY IPeIU3HUje MOHOBUTU €MITUPHUjCKe
pe3yJTare, aju ca JIpyre CTpaHe OHU YKJbYy4yjy HeKe ocoOuHe Koje Cy crernuduane
caMo 3a MOCMATpaHU y30paK M OrpaHuvaBajy Imupy ynorpedy mosgena. Mogen Kot
Kora je Opoj Iapamerapa peja Kao U Opoj Imojaraka y MOCMATPAHOM Y30PKY HEMa
IIyHO CMHCJIA.

Jeman oy HaunHa 3a oreHy mapamerapa v = (U1, Vg, . ..) MaTEMATUIKOD MOJIEJIA
jecre mopeheme emmmpujcke pactogese py(x) u pacmnogerne p(z|v) Koja ce mobuja
KaJla Cce 3a OIUC CHCTeMa KOPHUCTH JaTH MaTeMaTudku Mmojesn. Pacnomena p(x|v)
ce MOXKe JIOONTH AHAJUTHYKUM WM HYMEPUUYKUM pellaBaibeM Mojesa, Kao U KO-
pumthemem cumynamnuja. [logymapnoct e pacrojiesie MOxKe ce KBAHTU(DUKOBATU

koputithemeM Kynbak-JlejosiepoBor pacrojarma

= - z,)lo —pN(xn)

n=1

Ije Cy T, J03BOJb€HE BPEIHOCTH CciaydajHe InpoMmeHsbuBe X Tako ja Baxn (0 <
pn(T,) < 1m0 < p(z,|v) < 1. Kynbak-Jlejéaeposo pacrojame I mpejcraBiba ryou-
Tak nHdOpMaIja Kajla ce peajaH CUCTeM AITPOKCHMUPa MOJIEJIOM Ca apaMeTpuMa
v [64]. ¥V ummeanHoM citydajy, KaJa ce y MOTIYHOCTH MOIY DPEIpPOLYKOBATU €MIIH-
pujcku pegysararu [ = 0, mMTo ce y IpakcH PETKO JIEIaBa, Ipe cBera 300T YNmHeHUIIEe
J1a je 6poj Mepema yBek KoHadaH. [{ub je dpopMupaTu Mojiesn u ojadpaTu mapameTpe
Tako jia ce Bpeganoct Kymnbak-JlejosiepoBor pacrojama MuHUMU3Yje.

[Tpummkom MojeMparba COIUjaJTHOT CUCTEMAa, JIBa OCHOBHA IIPOIleca Koja ce Io-
cMaTpajy Ccy WHAWBUIYATHO JMHAMHUYKO IOHAIake W WHTEpakiuje m3Mehy moje-
JUHAIa. Y OBOj JMcepTaluju OJf MHTepeca Cy MOJIeJIM KOjU OIHUCYjy yYecTBOBamba
nojeJinHana y KoJeKTUBHUM akKTuBHocTuUMa. [locmarpanm mMopenun cy AUCKpETHH U
CTOXaCTUYIKMN.

OcHoBHa Heja MpUKa3aHa je Ha cauiy 2.1. Y COIUjaJTHOM CUCTEMY YJIaHOBU OP-
raHu3yjy KOJIEKTHBHE aKTUBHOCTH KOje Y MOJIeJTy TIPeJICTaB/bajy JUCKpeTHe jorahaje.

[IpernocTaBka je jia ce y cBakOM TPEHYTKY BpeMeHa opranmusyje jejan jgorabaj. Io-

16



2. KBanTutaruBHe MeTO/e

1-p(1,1) 1-p(2,1) 1-p(x-1,t) 1-p(x,t)

p(1,t)

Cimka 2.1: MO,ZLGJI y4decTBOBalba HOje,ZLI/IHaILa Y KOJIEKTUBHUM aKTHUBHOCTHMA.

cMaTpa ce BpeMeHCKa aKTHBHOCT 3a jeJHOr UjaaHa. Y TPeHYTKY t = ty mocMaTpaHu
WIAH ce IPBU IIyT IojaBsbyje y cucremy. Heka je ca x o3uadyen O6poj yuecTBOBarba
y KOJeKTuBHUM jnorahajuma. BpeaHnoct mnpomeHs/buBe * y TPEHYTKY ¢ IIpe/iCcTaB/ba
crame cucrema. ¥ ciaejehem TpeHyTKy t + 1 @raH MoxKe ydecTBOBATH Ha jorahajy
u npehu U3 crama r y cTame T + | WM OJIyYnTH Jla He y4decTByje Ha jorahajy
U OCTATH y WCTOM cTamy z. Bpemnoctn x(t = to),x(t = tog + 1),...,x(t = tog + n)
OIIUCY]y €BOJIYIM]y CUCTeMa y BpeMeHy. Y OIIITeM CJIy4ajy BepoaTHoha p mpesiasa
U3 CcTamba T y crTambe T + 1y TPeHyTKy ¢ 3aBUCH O OBe JiBe BpeaHocTH p = p(x,t).
Beposarnoha jsia hie wian ocraru y ucrom cramwy je q(x,t) = 1—p(x,t). Y mozeny ce
IIPETIIOCTaB/ba Jia he y oapeheHom TpeHyTKy “iaH HalycTuTu cucteM. BepoBaraHoha
Jla ce TO JIeCU He 3aBWCH O]l BPEMEHCKOT TPEeHyTKa t HUTH OJi CTamba T y KOMe ce
YWIAH HaJa3W, OJHOCHO TO je HeKa KOHCTaHTHa BpegHocT r. [lorpebno je ompenuru
BepoBaTHOhy f(x) ma he y TpeHyTKy Kajia HAIyCTH CHCTEM UJIAH UMATH YKYITHO T
ydecTBOBama Ha Jiorahajuma.

Osgie he npBo 6uTH pa3MoOTpeHa JBa CIEIUjaJHa Ccaydaja Kaja je BepoBaTHoha
npesasza u3Mehy crama p KOHCTAHTHA, P = (L U KaJia OBa BepoBaTHONA He 3aBUCHU O]
BPEMEHCKOT TpeHyTKa t, Beh camo ox1 yKymHOor 6poja yuecTBoBama , p = p(x). [Ipsu
caydaj ojaroBapa bepHy/ujeBom mporiecy, a JIPyru je BpcTa xomorenor MapkoBckor
nporeca. 3a oBa JiBa cjydaja Moryhe je aHaJUTHYIKU OJIPEJIMTU OOJIMK paciiojie/ie

f(x). Ha xpajy he 6utn pasmMoTpeH BpeMeHCKH-HexoMOreH MapKOBCKH JIaHAI[ KaJia

je p = p(x,t).

2.2.1 DbepnynujeB mpoiiec

Heka je modernu tpenyrak to, = 1. Kaja je BepoBarnoha mpesasa u3 crama T y

crame = + 1 KoHcTaHTHA, p = 1, BepoBarHoha f(x,t) ma y TpeHyTKy t WiaH mMa T
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2. KBanTutaruBHe MeTO/e

ydecTBOBarba Ha Jorah)ajuma nma OMHOMHY PaCIIOJIeTy

flx,t) = (;) pr(l—p)" > (2.10)

OBJie je mpeTnocTaB/beHO Jla YIEeCHUK Ca BepoBaTHONOM i y3uma yderihe y 1pBoM
norabajy. Beposarnoha ja he ydecHuk namyctutu cucteMm y TpenyTKy t = T+ 1,
T > 1 uma reomerpujcky pactogeny (1 —r)Tr, na je sepoarnohia ja he zappmuru

y4decTBOBaIbe Ca YKYIIHO I, X S T ﬂoraljaja je,ZLHaKa
flo) =Y f(=,T)1—7r)"r (2.11)
T=x

Pemasamem ce jgo0uja j1a yKymaHn Opoj ydecTBOBamba UMa €KCIIOHEHIIU]aJTHY PacIo-
ACILy
fla) = (1= e, (2.12)

ca mapaMeTpom

A=1In (1 + (2.13)

-
p(l = T)) '

Heramno ussoheme ce moxke nahu y gonarky A.l. ITocTynak kaja ce crame
Meba KOHTHHYAJIHO y BpeMeHy npukasza je y [65]. Ty ce, rakobe, kao pememe

JI00Mja eKCIIOHEHITHjaIHa PACIIOJIeIa.

2.2.2 XomoreH MapKoOBCKH JIaHAI]

Cnenehn cinydaj Koju ce pa3marpa jecte Kaja BepoBaTHoha rpesasa m3Mmely crama
3aBUCH CaMO OJI TPEHYTHOI' CTamba y KoMe ce cucreM Hajasu, p = p(z). EBonynuja

CHCTEeMa Y BpEeMEHY OIHMcaHa je jeJHAUMHOM
fla+ 1t +1) = plo)f(x,t) + gl + ) f(x + 1,8), (2.14)

KOja TIOKa3yje Jla yIeCHUK y TpeHyTKy t + 1 moxke mmatu x + 1 ydecTBOBame y
jorabajuMa, ako je y TPEeHYTKY ¢ MMao & y4eCTBOBalha U aKTUBAH je y TPEHYTKY
t + 1 wim ako y TpeHYTKy ¢t mMa TadHo x + 1 ydecTBOBarme W OJIYYHO je j1a He

ydecTBYyje y ciaeaehem jorahajy.
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3a moyeTHn TpeHyTak ce y3uma to = () u mpeTHnocTaBka je Jia wiaH yduecTByje Ha
upsoM Jorabajy, omgrocro f(x = 1,¢ = 0) = 1. Jegmaunna 2.14 ce MoxKe peruTH
PEKYP3UBHUM MOCTYIIKOM, Kao IITo je onucano y gogatky A.2. Kao u y nperxomHom
IpUMepy, MPETHOCTaB/ba ce Jia je BepoBaTHOha Ja he y4uecHUK HAIyCTHTU CHCTEM
KOHCTaHTHA, 11a je TpakeHa BepoBaTHOha Jia he wiaH Ha Kpajy MMaTH YKYITHO X

y4eCcTBOBaba

o p(1)...p(x —1)
L= (5 4+ (). (5 +p@)

fz)= > fl@,T)(1—r)"r

T=x—1

(2.15)

erasbaH mocTymak mpuKa3aH je y J0JaTKy A.2.

JejiHocTaBAH TIpPUMED KOjU ce MOXKe IIOCMAaTpaTH jecTe Kaja BepoBarHoha p(r)
pacre quHeapHO ca z, p(x) = por. IloTpebHo je ma Baxku py < 1 Tako ma Oyue
3aJI0BOJbEH YCIOB pox < 1. Y mocmarpaHoMm ciydajy BepoBarHoha f(z) uma Gera

paciojeny

KOja Ce 3a BEJIMKE BPEAHOCTHU T MO2KE allPOKCUMHPATU CTEIICHOM PacCIIOAe/IOM
Fla) ~ a7, (2.17)

ca mapaMeTpom
r

=14
po(l-?")

(2.18)

VY [65] ¢y, Takobje, pasmarpasu ciydaj Kaja p(x) pacre ca &, aju je 0Ba 3aBUCHOCT

CJIOYKEHU]a

plx) =1—e )7, (2.19)

Y3 oarosapajyhie anpokcnmarnuje, Kao perieme ce pobuja 1a Beposaraoha f(x) omasa
ca crerneHnM 3akOHOM f(z) ~ 77 3a BpeJHOCTH T < %, JIOK 3& BPEJTHOCTH T > %
BepoBaTHOha omnaja ekcroneHujagHo f(x) ~ e~ ™. OBJe je BaxKHO HAIIOMEHYTH JIa
HaBeJIeHe allpOKCUMallje BayKe caMO 3a BPEJHOCTH IapaMeTpa 7y Koje ¢y Mambe o 1.

3a v > 1 pacnojesna je OuMoaaHa 1 IPBO 32 MaJjie BPEIHOCTU X ONaJIa, Ma Y jeTHOM
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TPEHYTKY IIOYUILE Jla pacCTe, HaKOH Yera OIIET Ollala eKCHOHeHHI/IjaﬂHO.

2.2.3 Bpemencku-amexomoreH MapKoOBCKHI JIaHAI]

Kana BepoBaTHOha mpesaza 3aBUCH OJ cTamba T y KOME C€ CHUCTEM HaJla3u U Of
BPEMEHCKOT TpeHyTKa ¢, p = p(z,t), jelHAUYNHA KOja OINHCYje eBOJYIHUjy CHCTeMA

nMa 00JIIK

fla+1,t+1)=pz,t) f(z,t) + (1 — p(z + 1,t)) f(z + 1,1). (2.20)

Kao movernn ycsioB y oBom Mojiesty ce y3uma ja je to = 1 u z(ty) = 1. Marpuna
npenasa M 3aBucu ox BpeMenckor tpenyrtka t. Enxement M, ;(t) marpuie mpeasa
IIpeJICTaB/hba BEPOBATHONY Jla CUCTEM KOjU je Y TPEHYTKY t — 1 y cTamy ¢ y TPeHYyTKY

t Oyze y cramy j, U3 dera CJeju

1—p(i,t—1), j=ini<t,
M;;(t) = p(i,t — 1), j=i+1lmui<t,

0, y OCTaJINM CJIy4dajeBUMA.

Y novyeTHoM TpeHYTKY t = 1 Baxkn

1, j=1=1,
M; (1) =

0, y CcBUM OCTaJUM CJIydajeBUMA.

AKo ce mocmaTpa mpous3BoOJ
Dt)y=V - (M) -M(2)...M((t—1)-M(t)), (2.21)

rie cy M KBajparTHe mMaTpuile guMensuja t X t u V' je maTpuiia BpcTa JUMeEH3Hja
1 X t anju cy cBu ejleMenTH jepuuuie, pesyaryjyha marpuna D(t) je maTpuria Bpera
ca eqementuMa D;(t) Koju npejcTaBibajy BepoBaTHONY Ja ce y TPEHYTKY ¢ CHCTEM
HAJIa3M y cTamy j, oqHocHo f(j,t) = D;(t).

Pacrniozesra ykynuor 6poja yduectBoBama J1001ja ce Kao U y MPeTXO/IHA JIBa IPU-
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Mepa

fla)=> " fl@, 7)1 —r)"r (2.22)

[TpurkoM HyMepHUYKOr IIpopadyHa BepoBarHohe f(x), cyMupaibe ce MoXKe 3aBPIIi-

T y TPEHYTKY Tnae Kaga 7(1 — r)tmaer — 0.

Y 0BOj Jucepranuju oJi MHTEpeca Cy MOJIe/IM y KOojuMa BepoBaTHOha Ipesas3a
pacte ca OpojeM jorahaja Ha KojuMma je WjaaH y4ecTBOBAO, ajii TakKohe MOXKe U Jia
olajia y BpEMEHy aKoO “JIaH U30cTaje ca jorahaja, OJIHOCHO OCTaje Yy UCTOM CTalby.
[lojur momen kyruje ca kyraunama (Polya urn model) je jeman npumep oBakBor
Mojiesta. Ty je ocHOBHaA mjieja Ja ce y jeJHOj KyTHjU HaJia3e IpHe U Oejie KyIJIule
U CBaKW IIyT KaJla ce M3 KyTHje Ha CAydajaH HAuYMH W3BYydYe jeHa KyIVIuIa, y Ky-
THjy ce ydanu ojpehen Opoj HOBUX KyrJinila ucte 0O0je Kao m3BydeHna Kyriuia. Ha
Taj HAYMH, BepoBaTHOha Jla he OMTH M3BydYeHa KyTJInIla ojrosapajyhe 0Ooje 3aBucu
oJ1 Opoja MPEeTXOIHNX M3BJIadeha Kyrmie nucre boje. [locroje pasimmaunre remepasin-
3aIje OCHOBHOI MoOJIejIa Y KOjUMa ce MOT'Y IOCMAaTpaTHh KYIVIUIE Ca BUIIE O]l JIBE
0oje, paznuauT OPOj KyTHja y KOjUMa ce Hajia3e KYIVINIEe WK Pa3jIndIuTa IpaBUia
IPUJINKOM JI0/IlaBakba HOBUX KYIJIMIA Y KyTH]y HAKOH CBaKOr u3Bjadera [66-70].

Mojies1 KOju ce KOPUCTH 3a ONIHUC YyYeCTBOBalba I0jeIMHAYHOT YjIaHa y KOJIEK-
TUBHUM aKTUBHOCTUMA y OBOj JIMCEPTAIM]U IPEJICTaB/ba T'€HEPAJIN30BaHN OMHADPHU
[Tojun Mosesn, y KoMe je BepoBaTHONA M3BJIaYEHa KyTJIUIE ITPOIOPIIMOHAIHA OpOjy
KyIJIUIa ucTe 0oje Koje ce Hajla3e y KyTHjU Ha HEKH CTEIeH ¢ M HAKOH CBAKOI M3-
BJIaYEeha y KyTHjy J10/laje jOoI je/lHa Kyriuia ucre 60je Kao n3BydeHa Kyruia |71].
Jpyrum pednma, 4jiaH KOju y TPEHYTKY  UMa & ydecTBOBaiba Ha jiorabhajuma yde-

ctBoBahe Ha nmorahajy y TpenyTky t 4 1 ca BepoBaTHOhOM

x(l

p x7t - —7
( ) x“+(y+yo)“

(2.23)
rje y = t — x upejicTaB/ba Opoj jorahaja Ha KojuMa 4jaH HHje yuecTBOBao. Kako cy

y noyeTHOM TpeHyTKYy ¢t = 1 Bpeqnoctn * = 1 u y = 0, yBeJieH je JoJaTHU lTapaMe-

Tap Yo KOjU MOYKE y3eTU MO3UTUBHY IeJI00POJHY BPEJTHOCT. ¥ TTOCMATPAHOM CHCTEMY
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mapamMeTap o Ce MOXKe IIPEJICTABUTU Kao IOYEeTHa IIPelpeKka KOjy je MOTpeOdHO Ipe-
Ba3nhu, OJlHOCHO OPOj ydecTBOBama Koje Ol HaKOH IIpBOTI jsorahaja wiaH Tpebdasio
Jla UMa Ha HapeJ HuM Jorahajuma jia Ou BepoBaTHOha ydecTBOBamba Ouiia Beha o1
BepoBaTHONE HEYUIECTBOBAIbA.

[Monamame dbyskimje p(z,t) 3a pasjindauTe BPEIHOCTH IApaMeTpa G pa3sMaTpa-
HO je y [67, 68]. Kama je a < 1 makoH Beqmkor 6poja gorabhaja, 6poj ydaecTBOBarba
U HeydecTBOBama he 6uty momjeanak u BepoBarHoha p(x,t) hie ocnmmoBarn oko %
Koz oBor ciryuaja mocroju edpekar HerarusHe mosparhe crpere. Ca apyre cTpaHe, 3a
a > 1 mpucyTtaH je MexaHM3aM MMO3UTHBHE TIOBPATHE ciipere. AKO je 9jIaH Ha MMOYeTKY
yIIOPaH U JIOCTUTHE 1y YIECTBOBalba, BEPOBATHONA yUecTBOBamba Ha HAPEIHUM JI0-

rabajuma he Beoma 6p30 pactu. Y CynpoTHOM, BepoBaTHOha ydecTBOBama he 6utu

cBe Mama u Mama. Ciydaj kaza je a = 1 oxrosapa kimacuanom [lojunom moesy.

2.3 KomiuiekcHe MpexKe

Kommuiekcan cucrem koju ce cactoju of o0jekara m3Mehy KOjUX IOCTOje MHTEPaK-
1je, MOXKe ce IPeJICTaBUTH IIOMONY MpexKe, y K0joj YBOPOBHU OJiIroBapajy o0jeKTuMa,
cucTeMa, JOK T'paHe Mpexke Koje TOBe3yjy IapoBe YBOPOBa O3HAYaBa]y WHTEPaK-
nuje m3mehy objekara. KoMmiurekcre Mperke mMajy MIMPOKY NMPUMEHY Y H3YUYaBAIbY
KOMILIEKCHUX CUCTEMa, YKJbYIyjyhu Ty U colujaaHe cucreMme, rjie ce oL IOjMOM UH-
Tepakiije ocuM (PU3UIKOr KOHTAKTA U HElocpe/iHe KOMYHUKalje nusmMely rmojem-
HAIla TTopa3yMeBa 1 KOMYHUKAIIHja TOCPEJICTBOM HEKOT ypehaja, Kao 1 KOayTOPCTBO
U y3ajaMHa [UTUPAHOCT HA PAJIOBUMA Y HAyIHUM 3ajeqnuriama 9, 54, 72, 73
[TocToje nBa mpaBia y npoydaBamy KOMILIEKCHUX Mpeka. [IpBu ce ojgHocu Ha
CTPYKTYPY MpexKe, Ipe CBera Ha aJI'OPUTME KOHCTPYHCarmha MpexKe U ojpehuBarbe
napaMeTapa KOju IMOKa3yjy KakKo je Mpeka OpraHn30BaHa IIPUMEHOM Teopuje rpado-
Ba 8, 9, 74-76]. Jdpyru npucTyn moJapasyMeBa OCMATPAbE [THHAMIYKIX IIPOIECca
Ha MpexKaMa, IIITa je 3a Te Ipoliece CIeu@UIHO, KAKO CTPYKTYypa MpexKe yTude Ha

JMHAMEKY W Kako Ou M3rye/aja onTuMasna Mpexa |9, 75, 77).
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2.3.1 CrpyKTypa KOMILIEKCHE MpexKe

CrpyKTypa KOMILIEKCHE Mpexke Moxke ce mpeicraButu nomohy asa ckyma (N, €)
taksux Ja je N # () u & npescrabba ckyn (He)ypehennx naposa u3 ckyna N. Eje-
menT 13 N = {nq,ng,...,ny} npejcrasbajy 4BopoBe MpexKe, JOK €JIEMEHTU U3
€ = {ey,e9,..., e} npeicTaBbajy rpaHe Mpexe. YKyIaH Opoj ejleMeHara y Io-
cmarpannM ckynoBuma N u € o3nader je ca N u ca F.

Bemmuuna mpexe Jiedunucana je kao 6poj uBoposa N. Pemanun 6poj uBopa i y
ckyrmy N Hajuernthe ce KOpUCTH Kao Herosa o3Haka. I'paHa je ojpehena mapom 4Bo-
poBa ¢ M j M Kao O3HAKa Ce KOPHUCTH (I,j) WM €;; U KaxKke ce Ja Cy IrpaHa e;; u
YBOPOBHU ¢ W j WHIMJIEHTHU. /[Ba UBOpa Koja cy cIiojeHa IpaHOM 30BY Ce CyCeJIHA.
Kox neopujenTucanux mim CUMETPUYHUX MPerKa I'DaHe HUCY yCMepeHe, Tj. €;; = €j;.
Ako ce cmarpa Jia Ccy TO pasjdvuuTe TpaHe, MpeXka Ce Ha3WBa OPHjeHTHCAHA WJIH
AHTUCUMETPUYIHA.

Beoma 6uTHY TpuMeHy y HCIIATUBAY CTPYKTYPHUX U IMHAMIIKIX OCOOMHA KOM-
IJIEKCHE MPeXKe MMa IbUXOBO IPHKa3WBaihe IOMONy MaTpuile cycejctsa. Marpuna
cycencrBa A je kBagparHa N X N maTpuiia 4dmje BpcTe, Kao U KOJOHE, OAroBapajy
IBOPOBUMa MpErKe, TaKO Jia BPEJIHOCT eJIEMEeHTa ¢;; TOoKa3yje ja jau m3Mmely Ta jBa
yBopa mocroju rpaHa (1 ako mocroju wiau 0 ako He mocroju). I'pane dmja ce oba
Kpaja Hajia3e y UCTOM YBOPY HA3WBA]y Ce MeT/be. ¥ HACTABKY Ce MOCMAaTPajy CaMo
HeopujeHTHCaHe Mpexke 6e3 metbn (a; = 0). Y oBUM Mpe:kaMa MaTpPHUIla Cyce/ICTBa
je cuMeTpuJHa.

Hauzmenunyna cekBeHIia 4BOpoBa U I'paHa, OJJHOCHO CEKBEHIIA CYCEeTHIX YBOPOBA,
KOja ITOYHIHe Ca YBOPOM ¢ 1 3aBPIIaBa Ce ca YBOPOM j IPEACTaB/ba IyT KOJU ITOBE3Y]je
gBOpoBe ¢ M j. Pacrojame m3mel)y uBopoBa ¢ m j jemHako je HajKkpaho] TyKUHI
IyTa, OJHOCHO MHHUMAJHOM OpOjy I'paHa MOMONY KOjUX ce ¢ U j MOTY IOBE3aTH.
Axko ce 6mw10 KOja JiBa IBOpA Y MPEXKH MOI'Y ITOBE3aTH IIyTEeM, MPeKa je MOBe3aHa.
Y cynpoTHOM, MpexKa je HeroBe3aHa. [1ocKyIIoBI YBOpOBa U I'paHa y HEIOBE3aHO]
MperKHI, TAKBH J1a YT IIOCTOjU caMo n3Mely 4BOpoBa yHYTap UCTOT MOJICKYyTa, JTOK ce
JIBa YBOPA U3 PA3IUIUTHX IOJCKYIIOBA HE MOIY ITOBE3ATH, HA3UBA]Yy Ce KOMIIOHEHTE

IIOBE3aHOCTH.
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Crerren 1Bopa i,
kl’ = Z(Zij, (224)
j=1

neduHnire ce kao O6poj rpaHa Koje mMajy jejaH Kpaj y uBopy ¢. Kaja je 3a cBakn
ox N dBopoBa y Mpexu ojpelieH cTeneH, MOXKe Ce MPOIEHUTH PACIIOJIeIa CTEIeHN
gBopoBa p(k) Koja mpejicraBiba BepoBarHohy sa he ciyuajuo uzabpanu 9Bop uMaTn
creneH k
1 & N
p(k) = 5 ;5(& —k) =5 (2.25)
rie N, o3HadaBa 6poj TBOpOBa creneHa k y mpexku. Cpelbi CTeleH YBOPa Y MPEXKT

je/THaK je
N
1 2K
(k) = N Zkz =N (2.26)
i=1

Crenen uBopa MoKaszyje Kako je IOCMaTPaHU YBOD ITOBE3AH Ca OCTATKOM MPeXKe,
JIOK CpeJIibU CTEIIeH YBOpa IpyzKa HHAMOPMAII]y O IPOCEYHOj I'YCTUHH TOBE3aHOCTU
qnTaBe Mpeke. [lomohy cpemmer crermena 4Bopa MOTY ce MOPEIUTH MpeyKe Pas3iiu-
qynTux BeqaumduHa. Vmak, HajjieTa/bHUjU YBUJ IIPYZKA PACIIOJe/a CTEleHn YBOPOBA.
[TosuaTo je ma ce y ciaydajHEM MpesKaMa ca BeJUKHM OpojeM IBopoBa N KO KOjUX
ce YBOPOBU HACYMHUYHO TI0Be3yjy |78, 79|, pacmoiesia cremeHn YBOPOBa MOXKe AllpOK-

cumuparu [ToacoHOBOM pacioesiom
p(k) = e W (2.27)

Ako je BepoBarHOha Jla JiBe rpane Gy/ly MOBe3aHe p, CPeJlibl cTenen Bopa je (k) =
p(N — 1). Moxke ce pehu ja je oBakBa Mpexka XOMOreHo moBe3ana. Mehyrum, y
peasiHIM cucTeMuMa, Bese u3Mmel)y objekara ce He yCIOCTaB/bajy HACYMUYHO U UMajy
JIpyTadujy pacrojieny CTeleHn YBopoBa. Behuna pacroena Koje cy reHepucaHe Ha

OCHOBY €MIIMPUJCKUX IOJaTaKa UMa CTeleHy PaCIO/IesLy
p(k) ~ k™7 (2.28)
u y Behunn mMpexka je 2 < v < 3 [15, 80-83]. Koy Mpexka ca CTereHoM pacrojiesiom

CTENEeHN YBOPOBA, I'paHe Ccy xereporeno pacrnopebhene. Hajsehu mporenar wBoposa
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nMa MaJin Opoj cycejia, ajii MOCTOje U YBOPOBHU Ca jaKO BEJUKUM OpojeM cyceja,
Tako Ja je HajBehu O6poj rpana pacropeheH Ha cBera HEKOJUKO 4YBOpoBa. Pacrojama
usmely uBopoBa cy yciel nenTpasmsoBanoctu Masa [84]. Crenena pacnomena je

je,ZLI/IHCTBeHa IO TOME€ IITO HaKOH CKaJInpalba 00JINK pacIiojerie OCTaje HCTHU

plak) = f(a)p(k), (2.29)

[a ce MpeXKe ca OBAKBOM DPACIIOJIEJIOM HA3UBajy jOII M MpexKe 0e3 ckase. Y HeKHM
peaTHUM MpezKaMa, Paclo/iesia CTeIlleH! YBOPOBa OIaJjla M0 CTEIIEHOM 3aKOHY JI0 OJI-
pehene BpeqHOCTH Kaja MOYUHE J1a Olaja eKCIIOHEHIINjaTHO, OJJHOCHO MperKa UMa
CTelleHy pacIojiesly ca eKCIoHeHIjag HuM peroM [85, 86]. OBakBo moHarmame Mo-
JKe OUTH TOCTIeUIa HEJIOBOJHHO BEJIUKOD OpOja IBOPOBa Y MPEXKH Ha OCHOBY KOjer
ce oxpehyje pacrozena. Ocum Tora, y HEKUM MpeKaMa, Kao IITO Cy TeXHOJIOIIKE,
nHMPACTPYKTYPHE WJIN COIMjaJTHE MpPezKe, YBOPOBU MMajy OTPpaHUYeHe pecypce Ia
OpOj KOHEKIIHja [0 YBOPY HE MOKE OUTU HEOIDAHUYEHO BEJIMKH.

Nudopmarujy o moBe3aHOCTH Cycejda YBOpa IPyKa KoeUIUjeHT IPylucarmba.
Koedumnujent rpynucama mpejcraB/ba BEpOBATHONY Ja Cy JiBa YBOpa KOja UMajy
3ajeIHNIKH CyceJHU IBOP Takohe MelycobHO moBe3ana. 3a 9BoOp ¢ crerneHa k; BpeJi-
HOCT KOebUIMjeHTa IPYyIHICamba ce padyHa Kao
UL T waaag 2F;

= (2.30)

Ci ki(k; — 1) ki(k; — 1)

rjie F; npejcrasba Opoj rpana u3meby k; cycema usopa i. Koedburujent C; moxe
nmatu BpeanocT u3mehy 0 u 1, npu gemy je C; = 0 yKOJIMKO He TIOCTOjU HUje/IHA TPa-
na m3mely cycema 1Bopa i, 10K je C; = 1 KaJia ¢y cyceHu YBOpOBU CBU Mel)ycobHo
noBe3anu. CpeJiiby CTeleH rpynucama y Mpexku ojipeher je cpelimbuM KoebuljeH-

ToM rpymucatba (C'), Koju ce j1obuja yepemhaBambeM 110 CBUM YBOPOBUMA

(C) = %ZO (2.31)

Bpeamnoct cpemer koeduimjenTa rpynuckha MOXKe ce HHTEPIPETUPATH Kao ITPOced-

Ha BepoBaTHOha ja he 3a HeKM YBOD Yy MPEXKH JiBa MPOU3BOJ/bHO M3abpaHa cyceia
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OUTH IOBE3aHA.

Peanne mpexke umajy Behu cpemmu KoeuIjeHT IPyHUCaa y OJHOCY Ha CJIy-
JajHe Mpexke Koje MMajy CJAudHy rycruHy nosesaHoctu |14, 87-89]. Oso cBojcrBo
peaHuUX MpexKa objalllibaBa Ce MOCTOjarbeM JIOKAJJIHOD IPYIIcamba Ha HUBOY 9IBOPA
KOje IoJIpa3yMeBa Jjia aKo je IBOp ¢ IIOBe3aH ca YBOPOM j W j je MCTOBPEMEHO IT0-
Be3aH ca [, onja he ca BeamkoMm BepoBaTHOhOM i Takohe OuTn mosesan ca [. Kako
je pacriojiesia CTeleHn YBOPOBa Y MPEXKH XeTeporeHa, jia o6m ce J100M0 JAeTa/bHUjH
yBI Tpebasio 61 ImocMaTpaTH cpeamn Koedummjent rpymucama C(k), Koju ce of-

Ouja ycpeamaBameM 110 CBUM YBOPOBHMA UCTOI cTerena k

iy i Cib(ki — k)

R AT -

YV MpexKama KoJI KOjuX KOeUIHjeHT IPyInucarma ola/ia ca MopacToM CTeleHa IBOPa
[90, 91|, mocToju xujepapxujcka opraHu3aIyja rjie YBOPOBU MaJIOT CTEIEHA Ca CBOJUM
cycejimMa (OPpMHUPAjy I'yCTO IMOBe3aHy I'PYILY, JIOK CY KOJI YBOPOBa BEJIUKOT CTEIeHa
cyceJii TIOBE3aHU Ca MaJIOM BepOBATHONOM, OJTHOCHO YBOPOBHU BEJIMKOT CTEIEHA Ca
CBOjUM cycenuMa He oOpa3syjy jeaHy rpyiy Beh mopesyjy BHIEe PasjIHIuTHX I'PYIa
YBOPOBA.

ITonexat je mopeji ojlaTKa Jia I Cy YBOP ¢ M YBOP j IIOBE3aHU I'DAHOM €;;, Ou-
TaH W WHTEH3UTeT mHTepakiuje. Ha mpumep, 1a u 1Ba HAyIHUKA UMAajy BHIIE O
jeJHOr 3ajeTHUYIKOr paJja Uil KOJIMKO je Tpajao pasroBop uaMmehy maBe ocobe. Y ToM
clIydajy, TPaHu €;; ce Jojesbyje TexkuHa w;; > 0 1 Kaxke ce Ja je mocMaTpaHa Mpe-
JKa oTexkuibeHa. [IpuimkoM Budyemsalniije OTeXKumbeHe MpexKe, OOUIHO ce KOPUCTE
pasmunTte Jaeb/bUHe TPaHa WK pa3jinduTe 0oje, KaKo OM ce IpeJCTaBUIe IhIXOBe
TexKuHe. Y OTeKHuibenoj Marpunu W, ejleMeHTH w;; UMajy BPeJHOCTH KOje OJIro-
Bapajy TeXXUHU T'paHe u3Mely mocmaTpaHa JiBa IBOPA, YKOJUKO Cy OHU ITOBE3aHHU.
Kasa aBop ¢ 1 4Bop j HUCY IOBE3aHU, BPEJIHOCT w;; je jeaHaka 0.

Ko orexxumene mpexke, Mory ce jaeduHUCATH JT0JATHE TOIMOJIOINIKE KapaKTePHU-

cruke. CHara 9Bopa 1

N
S; — Zwi]’, (233)
j=1
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peJicTaB/ba 30Up TeXKMHA CBUX I'DaHa Koje Cy MHIMJEeHTHe uBopy ¢. OBa BeaudnHa
caJIpxku nHMOpMaImje o yderhy Koje YBop uMa y (hyHKIIMOHUCAY Mpexke. Tako y
padyHapCKO] MPEKH CHAra 4Bopa MOXKe IPeJICTaB/baTh KOJUYnHYy caoOpahaja koju
Taj YBOP MOYKEe Jia OICJIyKHU, Y MPEXKH aepojJpoMa yKyIaH Opoj JieToBa ca MoCMaT-
paHOI' aepoJipoMa WJIM Y COIHMjaJIHO] MPEXKU IJie IOjeUHIIM KOMYHHIUpajy HoMohy
€JIEKTPOHCKE TIOIITE, CHATa YBOpa MOXKe Jla IPeJICTaB/ba YKyIaH Opoj MejIoBa Koje
je TojeamHal pasMeHno ca JapyruMa. Koj jiBa UBopa Koja MMajy MUCTy CHary, jegaH
MO2Ke UMaTU HEKOJIMKO ITyTa MalbU CTEIleH, I1a MPUIMKOM IIPOyvYaBarmbha OTeKUIHeHe
Mperke, CHAT'y U CTeIlleH IBOpa O6u TpebaJsio y3eTn 3ajeiHo y pazMarpame. CInTHO Kao
KOJI KoedbUIjeHTa rpynucama, MOr'y ce TIOCMaTpaTh KopeJaluje n3Mehy crenena u
cHare 4Bopa nomohy ycpemmene Bpennoctu 5(k). Kaja cy tekune rpana XoOMOreHO

pactiopehene, usmel)y cHare u crereHa 4Bopa BaxkKH peJaliuja
s(k) = (w)k, (2.34)

rie je (w) ycpejmeHa TeXKUHA [0 CBUM rpaHama y Mpexn. Kaja mocroje Kopesa-
nuje u3Mehy crereHa YBOpa W TEXKUHE IHErOBUX T'DaHa, OBa 3aBUCHOCT Hehe OGuTum
JInHeapHa.

Orexumbenn KoeUIIjeHT IPYIUCAHA

1 N w + w;
Czw = m Z Z %amauaﬂ (235)
j=1 i=1

ocuM nH(MOpPMAIUje O TTOBE3AHOCTU CyCeJla YBOpa, HOCU U UH(MOPMAIU]y O CPEJIIH0]
TexkuHN TX Besa |92, 93|. Hakon HopMmuparma 36upa ca s;(k; — 1), Bpennoctn ote-
JKUIbEeHOT KoedHInjenTa rpymnucama Mory umarn Bpeanoctn usmehy 0 u 1. Axo ce
ynopene Bpeanoctu C” u C;, MOKe ce ITOKa3aTH Ja JIM IIOCTOjH IIPABUIHOCT IIPUJIN-
kKoM rpynucama. Kazga je C’ = C;, TekuHe rpana HeMajy yJIOr'Yy HPHJIIKOM I'DYIIN-
carba YBOPOBA, 3a pasyuKy of ciaydaja C;’ > C; rie cy rpylnucaHi YBOPOBU KOjUMa
oJiroBapajy BeJIMKe TexKuHe rpaHa nian ciaydaja O < C;, Koju yKasyje Ha IpyIucarbe

I/IBMeby 9YBOPOBa Ca MaJiuM TE€2KHMHaMa I'PaHa.
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2.3.2 DBunaprutHa MpexKa

Mpexka koj kKoje je y ckymy aBopoBa N moryhe maeHTU(MUKOBATH J[Ba JUCjyHKTHA
mojckyma V u U Tako j1a rpane Mpeke TOBe3yjy CaMo YBOPOBE U3 JIUCjYHKTHUX TO/T-
CKYIIOBa, IITO 3HAYU Jia YBOPOBH YHYTap MCTOr MOJCKYIa HE MOTYy OMTHU NOBe3aHH,
Ha3MBa ce burapTuTHa Mpeka. Marpuiia cycegcTsa ce y ciiydajy OurnapTuTHe MpezKe
nedunne Ha mMajo gapyradnju HaunH. Heka je ca V' u U o3nauen Opoj ejleMeHaTa
y nojckynoBuma 'V u U. Marpuma cycegcrsa B je marpuna gumensuja V X U auju
BpCTE IMpEJICTaB/bajy IBOPOBE MOJCKyIa V, JIOK KOJOHE OJroBapajy IBOPOBHMA W3
U. Enement maTpurie b;; nMa BpeHOCT 1, aKo ¢y UBOD ¢ M UBOD j HOBE3aHU I'DAHOM.
Y cympornoum je b;; = 0. Crenen uBopa ¢ U3 mojcKyna V jennak je 6pojy cyceia y

nojickymy U

ki =Y by (2.36)

j=1
3a uBop j u3 nojckyna U BaxkKu 0OOpHYTO.

Peann KoMIJIEKCHU CUCTEME KOjUMa Ce MOXKe IPUJIPYKUTU CTPYKTypa Oumap-
TuTHE Mpexke cy 6pojuu. [ern u nopemehaju koje y3pokyjy [94], kopucuuru u yciry-
re, ofiHOCHO TipousBoan [95-99|, mperka nayununka u mybaukarmja [100, 101 cy camo
HEKU OJI mpuMepa. Peasinu cucrtemu, Koju ce mpoydaBajy y 0BOj JUCEPTAIUjU U YHjU
Cy eHTUTETU y4YeCcHUIn u jiorahaju, Mory ce, Takohe, rmocMaTpaT Kao puMepu Ou-
naprutHe Mpexe [102].

Kako cy y dunapruraoj Mpexku rpane msmel)y 4BopoBa KOju HPHUIIAJIAjy UCTOM
HOJICKYTLY 3a0parbeHe, 1a On ce aHAIU3Mpasie KapaKTepUCTHKe oJiHOoca n3Mely oBUX
YBOPOBa, OUMIAPTUTHA MpeKa Ce MOYKe MPOjeKTOBATH Ha JIBe MOHOIIAPTUTHE MPEKe.
V jennoj nmpojekiuju OuapTUTHE MpezKe YBOPOBU he MpUIiajaT cKymy V, a y apyroj
ckyrmy U. Y MOHOTAPTUTHO] MpEKU YBOPOBU ¢ U j KOjU MPHUIAIajy ckymy V Omhe
MOBE3aHU I'PAHOM, aKO Y OUITApTUTHO] MPEKK UMajy Oap jesiaH 3aje/IHIIKU CyCeTHU
gBop [ u3 ckyna U. Texxuna rpane (i,7) jeanaka je Opojy 3ajeHUIKHUX cycela y

OMIIAPTUTHO] MPEKU.
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2.3.3 ®@uirpuparme OoTeXXHibeHe MpexKe Jo0MjeHe ITPOjeKInjoM

OuIIApTUTHE MpeXkKe

Jestan oJ1 mpobJiemMa KOju ce MOYKe jJaBUTH HAKOH IPOjeKIrje OUITapTUTHEe MpeXKe Ha
jeJlaH MOJICKYI YBOPOBA jecy I'paHe Y OTeXKUEHEHO] MOHOIIAPTUTHO] MPEXKH KOje TIPe/I-
crasbajy "naxkne" (um ciyuajue) unrepakiuje usmelly usoposa. YBopoBu u3 uctor
[IOJICKYTIa KOjU y OUIIAPTUTHO] MPEXKU MMajy BEJIMKUA CTEIeH Ca BEJIMKOM BEpOBAT-
HohoMm he OuTH MOBe3aHU I'paHOM y MOHOIIAPTUTHOj Mpexku. Takobhe, y MoHOIap-
TUTHO] Mpe:Ki TpebaJsio OM HallpaBUTHU pa3jinKy m3Mely rpaHa Koje mMajy jeaHake
TEeXKHUHE, KaJla Cy Yy OUITapTUTHO] MPEXKHU IbUXOBU IBOPOBH ITOBE3AHH Ca 3ajeIHUIKIM
CyCeJIOM KOjU UMa BEJIMKH CTEIeH W CUTYaIlje KaJla Cy IOBE3aHU Ca CYCeIOM MAaJIor
cTerieHa. Y TPBOM CJIy4ajy IbUXOBa Be3a Y MOHONAPTUTHO] MPEXKU MOXKe OUTU O]1
Marber 3Havaja y OJIHOCY Ha JIPYTH CIy4aj.

Y 1uiby JIeTeKTOBamba PEJIEBAHTHUX Be3a Yy OTEXKUIH-EHO] MOHOTIAPTUTHO] MPEXKH,
y OBOj JUCEPTAIUjH e KOPCTU CTATHCTHIKN TeCT Kao IITO je mpejyiozkeno y |13, 103].
3a CTaTUCTHKY TecTa y3WMa ce BepoBaTHONA ;; /1a YBOPOBH i U j MMajy w;; WIH
BHIIIE 3ajeIHUYKNAX cyceda y oiropapajyheMm amcambiy OMIIapTUTHHUX Mpexka. AKO
je crarucTuka Tecta Beha oJ1 3aJlaTOr HUBOA 3HAYAJHOCTH P, IIPETIIOCTaBKa Jia je
rpana (4, j) mocJieuIa CIyIajHuX MHTePAKIja He MOXKe ce ObaIluTh 1 Be3a usMely
YBOpOBa ¢ U j Y MOHOIIAPTUTHO] MpexKu Ounhe 3anemapena. OBy peTHocTaBKy Tpeda
ombamuTu Kaja je m;; < p. U TaJa ce Be3a m3Mel)y UBopoBa ¢ U j MOXKe CMaTpaTu
pPEeJIEBAHTHOM.

Kao mynru (pedepenTrn) Mojenu GUIAPDTUTHAX MpexKa €a KOjUMa Ce MOpe/IH
OpHUI'MHAIHA Mperka n3abpaHe cy MpexKe ca UCTOM PACIOAEJIOM CTEIIeHU IBOPOBa Y
nojckynosuma V u U kao y opurunananoj mpexu [13, 99, 103, 104|. Beposarnoha
Tij C& MOKE OJIPDeJINTU aKO ce OMIIapTUTHA MPEerKa IIPBO PaH/IOMU3Yje IIPeBe3uBaIbeM
rpaHa Tako Jia ce He Meba Pacojesia CTEIeHN YBOpOBa, a 3aTHM Ce IIPOjeKTyje Ha
MOHOIIAPTUTHY MPEXKY 3a n3abpaHu MOJICKYIl YBOpoBa. Kaja ce KoHCcTpywHIie J10B0Jb-
HO BeJIMKYU OPOj PAHJIOMH30BAHUX MPEXKa U FbUXOBUX IIPOJEKIN]ja, YAEO OTEXKUHEHNX
MOHOTIAPTUTHUX MPeXKa KOJI KOjuX je TexKuHa rpaxe u3Mmely jBa dBopa Beha uin

jeHaka TeKMHU rpaHe m3Mel)y Ta JiBa UBOpa Yy OPUTHMHAJIHOj MPEXKH, IPECTaB/ba

29



2. KBanTutaruBHe MeTO/e

BepoBaTHOhy 7;;. Onucanu nocrynak 3a u3padyHasame Beposaraohe 7;; momohy cu-
mystarja npejgioxet je y [105]. Hemgasro je y pagosuma |13, 103] npukaszan cynepu-
opHuju MeToJ| moMohy Kora ce BepoaTHoNa 7;; MOXKe ofpeuTn AupekTHo. Jletaban
OIIIC METOJA JAT je y HACTABKY.

[IpBo he 6Gutn pasmorpena ocHoBHa mjeja 3a o ciay4daj [106]. Heka ce mo-
cMarpa ancamOJs1 Mpexka § ca 3a7aTHM TOIOJIONIKIM KapakTepucTiukama {x;}, mpu
4eMy ce Ty MOTy IOopa3yMeBaTi Opoj YBOPOBa U IpaHa y MPEzKH, PACIOIEIa CTEIICHH
YBOPOBA, Kopesaiuje u3mely crerenu usoposa u cianano. Ako je P(G) BepoBarnoha

Heke mpexke (G y ancambiy G, enrponmja ancambiia je
S=-) P(G)InP(G). (2.37)
g

Enrponuja ancambiia 6uhe makcumasna Kaja je BepoarHohia P(G) jennaka

1
P(G) = e 2 i (2.38)

rje cy A; JlarpaHKoBu MHOXKHOIIM, JIOK jeé CTATUCTUIKA cyMa JedUHUCAHA Ca
Z =Y e it (2.39)
G

Cpenitba BpeIHOCT MMapaMerpa MpexKe x; Y aHcaMOJIy MOKe e M3Pa3uTh IOMONy

(x:) => =(G)P(G) = — 82\1- In Z. (2.40)

[Tomrro cy BpeaHOCTH HapaMeTapa {x;} yHanpeJ 3ajare, pellaBambeM CUCTEMa jeJI-
HaduHa 2.40 MOTY ce oJIpeJInTH BPEJIHOCTH JlarpaH:KOBUX MHOXKIJIAIA A;.

Hexka ce caga nocmarpa KOHKpeTaH Caydaj, Kaja je 3ajara OMIapTUTHA MpexKa,
ca {ki, ko, ..., ky} Bpemnocruma cremnena usoposa u3 nojckyna V u {dy,ds, ..., dy}
BpeJIHOCTUMA CTelleHa YBOPoBa 13 mojacKyna U. 3aMenoM 3a1aTuX yejIoBa 3a CTelleHe

4YBOpOBa y u3pas 2.39 npobuja ce

7 — Z e~ i @iki=3 Bdy Zei >ulai+B)Ba H<1 + e*(“ﬂrﬁz))_ (2.41)
G G il
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Jlarpam:koBu MHOXKHOIU «; U [ ce ;100ujajy peliaBambeM CUCTEeMa HeJTUHeapHUX

jeTHaIMHA
0 M e—i—h
ki = — InZ = —_— 2.42
0o ! ; 14 e~h (242)
o N e—i—h
d=——InzZ= —_—. 2.43
T ; 1+ e~ hi (2.43)

[TocmaTpanu cucreMm HejeTHAYNHA MOYKE CE€ DEIIUTH jeIHOCTABHO UTEPATHBHUM HY-
mepuaknm noctynkom [103]. Hakon tora, y cieneheM kopaky morpebHO je ojipejinTu
BepoBarHohy P; mojase rpane u3mel)y uBopoBa ¢ u [ y ancamMOJ1y OMIIAPTUTHUX MPe-

xka. Ako je Ay = «; + [;, Baxkn

Z =Y e ZutiBu = TJ(1+e™), (2.44)
G

il

U3 Jera JIaJbe Caeau

InZ = - = —. (2.45)

Kasa je Beposarnoha P nosnara, MoKe ce oJ[peJIUTH 1 BepoBaTHOha Pjj 1a 9Bop
1 U J U3 noJIcKyTa V uMajy 3ajeiHnaKu cyceaau aBop [ u3 nojackyma U. [IpermocraBka
je Jla He mocToje KopeJalyje usMel)y 4BopoBa U3 HCTOI HMOJCKYIIa, Ia BaxKu P =
P, P;;. Ha xpajy, Bepoaraoha Pjj(w) ma 9BOp @ 1 j UMajy w 3ajeIHIUKHUX CyCea, Tj.
BepoBarHOha Jia je rpaHa m3Mmely oBa JiBa UYBOpa Y MOHOIAPTUTHO] MPEKU TEXKUHE

w, uma [loaconoBy OuHOMHY pacroesry

Pi(w)=Y_[] Pa [] 0 - Py, (2.46)
U 1€y I¢Uy
rie je U, MOJCKYII 07 w YBOpoBa Koju cy m3abpanu u3 ckyna U [13, 103, 107]. 3a
onpehuBame [loacoHoBe 6GmHOMHE pacriojieie y 0BOj jucepranuju kopuctu ce DFT-
CF merop (Discrete Fourier Transform of characteristic function) koju je mpejoxen
y [108]. ¥V cuenmjanmum cirydajeBuma, pacmozgena Pj(w) ce Moke allpOKCHMUPATH
[Toaconosom mim 'aycoBom pacmozmesom [107].

Tpaskena BeposarHoha 7;; jenHaka je 30upy BeposarHOha cBUX Tpana (i) y
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2. KBanTutaruBHe MeTO/e

aHcaMOJIy KOJI KOjUX je TexKHHa w Beha of TexKuHe w;; Y OPUIHHAJIHOj MPEKH

W>Wij

Kana je BepoBarnoha ;; na he rpama (7, j) y ancambiry mmaru Texuny Behy o w;;
MaJia, MOXKe ce CMaTpaTH Jia OBa I'paHa HOCH BaxKHY HHQOPMAIIN]Y Y OPUTHHAJIHO]

MPEXKMU.
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Harnpeak y nmpoydaBaiby KOMIIICKCHEX COIUjaJIHUX CUCTEMA Y y3ajaMHO] je Be3n
ca HAIPETKOM y 00JacTh MHGPOPMAIIMOHO KOMYHUKAIMOHUX TEXHOJIOrHja. ¥ IIOTpe-
6oM MOOWITHUX TesedpoHA M pa3HUX cepBuca Ha VHTepHETY, CBAKOIHEBHO Ce TeHe-
PUIIly ¥ 9yBajy BeJUKE KOJUYUHE TojiaTaka o MelycoOHO] KOMYHUKAIIU]U, Teorpa-
dckoM 1mosI0Kajy ¥ pa3HUM JIPYTUM aKTUBHOCTHMA mojeanHara. Moryhuoct cucre-
MaTCKOT' CaKyll/balba M CTATUCTUYKE AHAJIM3€ BEJUKUX KOJUYMHA I0/IaTaKa KOpH-
mhemeM oJiroBapajyhux codTBEepCcKUX IakeTa yTHUIAJIN CY Ha HalpedaK y pa3Bojy
MojIesIa KOji MOTY OIMCATH TOHAIAkEe U MHTepaKIinje u3Mely mnojeinnarna, a caMum
TUM U Ha O0Jbe pa3yMeBaibe U IpejBubharme Oypyher rnonainama CUCTEMA.

JoctymHocT mojilaTaka Koju T0Jipa3yMeBajy KOMYHHUKAIIA]Y ITOCPEJICTBOM HEKOT
ypebaja je 3natno Beha y ojiHOCY Ha TOJIaTKe KOJU TOJPAa3yMeBajy HEIOCPEIHY, JIH-
YHY KOMYyHUKaIujy n3Melhy mojeannara, mna cy KapakKTePUCTHKE CHUCTeEMa ca MoCpe-
JIHOM KOMYHUKAIMjOM JleTasbHuje mnpoydaBane. /la 6u ce jgobuse undopmaimje o
MHTepaKIjaMa JIAIEM Y JIUIE MOTY ce KOPHUCTUTH Pa3/InuNTe CEH30PCKE TEXHOJIO-
ruje [109-111]. OBakBu cucTeMHU Cy DEJATUBHO MaJid, €4 HEKOJHMKO JeCeTHHA HJIH
CTOTHHA YJIAHOBA, IEPUOJ] TIOCMAaTpaiba je HEKOJMKO JaHa JO0 HEKOJIMKO MeCelu u
nHTepakiyje udMehy Buile oJ1 ABa Uiana cy Hajuenthe 3anemapsbue. OBa gucepra-
nuja ce pokycupa Ha COIUjasIHe TPYIe KOje MOI'Y UMaTH U BUIIE XU/ba/la 1IaHOBA U
qrja je opraHu3aliija 3acHOBaHa Ha KOJEKTUBHUM aKTUBHOCTHMA KOje TojIpasyMe-
Bajy HerocpeHy KoMmyHukanujy seher 6poja nojeunara |71, 102]. Ilpukynssenu cy
HOJIAIN 32 JIBA PA3JININTa CHCTeMa: 1) MOJAI O yIeCTBOBalbY Ha HAyIHUM KOH(De-

peHIMjaMa U 2) mojany o ydecrBoBamwy Ha Meetup norahajuma.
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3.1 Hayune KondepeHrmuje

Cornmjaina JUHAMUKA Ha HAyYIHUM CKYIOBHMa ITIpoydaBaHa je Kopucrehm mojgar-
Ke ca IecT KoHdepeHiuja u3 pasjmautux obsactu. M3abpane cy jiBe KoHdepeH-
1je Koje opranmsyje aMepudko japyrmTso dusnyuapa "American Physical Society
March Meeting"(APSMM) u "American Physical Society April Meeting" (APSAM).
Vxa mayana obmact APSMM koudepenruje je ¢husuka 9BpcTor crama, J0K Ha
APSAM koudepeHnuju y4ecTByjy HayJIHHUIM UHje UCTPaKUBakbe MpUIaja o0Ja-
ctu usnuke BUCOKUX eHepruja. [lopes Tora, mocmarpa ce KoHdepeHnuja u3 06-
jactu npuMersene Marematuke "Society for Industrial and Applied Mathematics
Annual Meetings" (SIAM), koudepenmuja u3 obnactu Heypasianux mpexka "Neural
Information Processing Systems Conference"(NIPS), koudepennuja u3z obaactu cy-
neppaudynapa "International Conference on Supercomputing"(ICS) u jemna kon-
depennuja u3 mosexkynapue ouosoruje "International Conference on Research in
Computational Molecular Biology" (RECOMB).

BajeITHIYKO 3a CBUX IECT KOHMEPEHIIH]a je, TOPe]T IhIXOBE JIyTOBEUHOCTH, Jia Ce
OJIpzKaBajy CBaKe TOJMHE, ajli Ce OCHM 110 0OJIACTH MCTPaXKUBatba Pa3JIUKYyjy U IO
Opojy ydecHUKa, YKYITHOM OPOjy OJIpKaHuX KOH(EpeHInja, Ja JIK Cy YCKO CIIeIHja-
JIN30BaHe WM MMOKPUBAjy PA3IUIUTe TeMe, Ka0 U MO TOME Ja JIH Cy OPraHm30BaHe
y jennoj miam Buie jpxkaa. APSMM u APSAM koudepennuje ce ojpkaBajy y
pazamauTuM rpajgouma mmpoM Cjemnmennx Amepuukux JIp:kaBa, J0K cy ocraje
YeTUPU KOHMEPEHINje TOKOM TO/InHA OHJIe OPraHu30BaHe Y PA3IUIUTUM JIPXKABAMA.
APSMM, APSAM u SIAM cy kondepeHIgje ca JyroMm TPaIiijoM, aau MOJAI O
yuaecHUIIMa ¢y jgocTyrau movesinu o 1994. roqune. 3a NIPS u ICS, koje cy npsu
nyT opranuzoBaHe 1988. rogune n 3a RECOMB, koja je npBu myT opranmsoBana
1997. rojuue, NPUKYILJbEHN Cy KOMILIeTHH tojaru. Vudopmaliije Be3ane 3a roinHe
oJIprKaBara KoH(MEepeHIuje 3a Koje Cy MPUKYIJbeHH To/Ialll U YKyIaH Opoj ydecHu-
Ka TOKOM TOT' IIepHoJia IIpuKasane cy y tabenu 3.1, JIok cy jerabHe nHMOPMAIje O

Opojy ydJecHUKa Ha TOje/IMHAYHIM KOHMEPEHIMjuMa j1ate y Tadean 3.2.
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Tabemna 3.1: Ilpersen nayunux koudepeHnuja kKoje cy m3abpaHe 3a eMIUPHUjCKY
anasm3y. Ipyra u tpeha kosona caapzxke nudopmanujy o moderroj (Yp) u Kpajiboj
(Yy) roauem BpeMeHCKOr HWHTEpBAIa 3a KOjH Cy IOJAIM IPUKYIUBEHH, JOK je y
YeTBPTOj KOJIOHW MPUKA3aH YKyIaH OpOj Pa3IuIuTUX yUeCcHUKa Ha KOH(EpPEeHIIN)H

TOKOM ITIOCMAaTpaHOI' BpEMEHCKOI' UHTepBaJIa.

Kondepenmuja | Y Yy | bpoj yuecnuka
APSMM 1994 | 2014 78544
APSAM * 1994 | 2014 16264

SIAM ™ | 1994 | 2014 8879
NIPS 1988 | 2014 6902
ICS 1988 | 2014 2504

RECOMB 1997 | 2014 1564

- [Monamm nucy mocrynnu 3a 1999. rogumny.
* Tonamm nucy poctynau 3a 2007. n 2011. ro-
AuHy

[Momanu o npuxsahenum pajioBuMa (Iipe3eHTalnje U TIOCTEPH ) 3a IOCMaTPaHy ro-
JIMHY JIOCTYIITHU Cy Ha BeO cajTy KoHdepeHije U MPpUKyIJbEHU Cy Y3 TOMON CKPHUIITH
HAIIMCAHUX Y TTPOIPaMCKOM je3uKy python koje ce m3ppmasajy y Selenium WebDriver-
y. CBaku 1oje/inHavH y30pakK cajpzKu HACJIOB pajia, UMEHa ayTopa U mhuxoBe adu-
smjanmje. CMmaTpa ce J1a je HaydIHHK KOjHU je IMOTIHCAH Kao jeaH OJ ayTopa Ha Pay
y4ecTBOBaO Ha KoHdepeHnuju Te roguHe. Ha Taj HaumH MoxKe ce HAIPaBUTH Oa-
3a MOJIATKa KOoja cajipKu mH(OpMAaIje 0 HAyIHUIIUMAa U TOJMHU yYeCTBOBAIba Ha
koHdepennuju. [Ipobiem Koju ce TOM MPUIMKOM jaB/ba jeCTe Jia HAYIHUIIU KOPUCTE
pa3/IMInuTe HAYMHE TOTIHUCUBAIbA Ca IIYHUM IIPBUM U CPEJIFHUM UMEHOM HJIU CAMO Ca
MPBUM UMEHOM WJIM CaMO WMHUIIIjaJIe, IIITO MOXKe Y3POKOBATHU MTOTPENIHY CTATUCTUKY.
Ha Besiukum xoudepenrmjama, kao mro cy APSMM u APSAM, nogarau mpobiem
je cuTyalnmja KaJa JBa HaydIHHKa UMajy HCTO UMe U IIpe3rMe. 300r TOra je Ipe Hero
IITO Ce MPUCTYIN CTATUCTUYKO] AHAJM3W, IIPBO MOTPEOHO OYUCTUTU MPUKYI/HEHE
IOJIATKE.

la 6u ce nampaBmIa MperU3Ha UJICHTUMUKAIN]A PA3JITIATAX HAYIHUKA, MOTY

ce UCKOPUCTUTH NH(pOPMaIyje 0 BUXOBUM aduimjanujaMa 1 KoayTOpuMa 1 CBAKOM
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Tabesa 3.2: Bpoj ydyecnuka Ha KoHdepeHIUjU 110 TOJMHAMA.

APSMM | APSAM | SIAM | NIPS | ICS | RECOMB
1988 - - - 214 | 132 -
1989 - - - 205 | 121 -
1990 - - - 297 | 123 -
1991 - - - 302 | 116 -
1992 - - - 270 | 112 -
1993 - - - 301 | 114 -
1994 9660 3309 540 270 | 114 -
1995 9897 1947 425 292 | 144 -
1996 9991 2356 279 289 | 127 -
1997 9191 3388 579 289 | 109 111
1998 | 10924 2301 456 298 | 158 120
1999 | 20426 - 367 296 | 172 121
2000 | 10816 1744 403 307 | 105 150
2001 12401 1818 823 396 | 146 101
2002 | 11944 2446 1115 | 432 | 118 98
2003 | 13548 2127 642 469 | 103 95
2004 | 14595 1668 767 492 | 102 136
2005 | 14673 1140 792 515 | 165 141
2006 | 16484 1008 945 479 | 124 154
2007 | 16655 943 - 530 96 123
2008 | 16441 1473 1053 | 633 | 132 142
2009 | 16775 1630 1054 | 654 | 242 127
2010 | 17790 1342 1166 | 733 | 127 157
2011 18368 1088 - 746 | 171 167
2012 | 22343 1480 1223 | 938 | 133 148
2013 | 21510 1430 1205 | 884 | 210 125
2014 | 22789 1704 1407 | 1064 | 147 137
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HAYYHUKY JIOJICJINTU jeJIMHCTBeHA Jabesa, Kao 1mro je mpeyoxkeno y [112]. IIpso
je moTpebHO 3a CBAKW IOTIHMC U3JIBOJUTU IIOYETHO CJIOBO MMEHA U IIPE3UME U TO
peJICTaB/ba TEKCTYAJHN J1e0 Jjabese. 3aTUM ce TDYIHITY CBH IOTIUCH CA UCTUM
TeKcTOM Jiabesie u ojiabepe ce jeslaH MOTIUC KOMe ce J10Jia pejuu 0poj 1, kao Jpyru,
HyMepHUIKH Jieo Jjtadese. Jlabesm he kao arpudbyTn 6uTH NPUIPYKEHU CKYIl MOTIIH-
ca, CKyIl KoayTopa U CKyIl aduiujanuja. ¥ MOYeTHOM TPEHYTKY OBU aTpuOyTH he
cap/KaT nH(pOpMallje U3 caMo jeJTHOI y30pKa M3 KOora je y3eT MOYeTHU IOTIIUC.
Omnjia ce mpeTpazKyjy CBU T'DYIUCAHU Y30PIU y KOjUMa jeJIaH OJ ayTopa UMa UCTH
TeKcTyaJHu Jieo Jjabese. [IpBo ce mopejie koayTopu n3 m3adpaHOI y30pKa ca CKY-
IIOM KOayTopa KOju je MpUJApyKeH Jjiabean. AKo MoCToju TOKIalame, cMaTpa ce J1a
je y nuramy UCTH HAyYHUK U I-ErOB IOTIIHC, KoayTopu u aduiujamyje ce J1o01ajy y
aTpudyTe puJIpyKeHe jJadesn, HAKOH Jera ce MOTINC U3 OBOI' Y30pKa cMaTpa KJjia-
cudukoBaHnM 1 Hehe ce Jabe pa3zmMarparh. AKO He MOCTOjH MOKJIallamke KoayTopa,
nope/ie ce aduanjaIyje U IoHaB/ba ce IOCTYHaK. Y CIydajy KaJla He IIOCTOjU MOKJIa-
narme HU KOJI KoayTopa, HU KoJ aduinjaruja, He MOXKe ce 3aK/byIUTH Ja Ce paju
0 MCTOj 0COOM W IOTIIMC M3 OBOI' y30pKa ce cMarpa HeKjaacudukoBanuMm. OnucaHu
MOCTYIIaK Ce MOHaBJ/ba JOK Ce 3a CBe MOTIHNCE W3 y30paKa U3 UCTe TPyIle He YTBPIU
Jla JIK UM Ce MOZKe JIOJIEJIUTH UCTa Jiabesia Win ce PaJid O PA3JIUIUTHM HayIHUIINMA,
KOJU MMAajy HMCTO IIOYETHO CJIOBO MMeHa U mpe3mMe. Hakon Tora ce mzabepe jesan
0J1 HeKJIaCM(PUKOBAHUX IOTIIICA U3 UCTE TPYyIe U Ha TEKCTYaJHU Jieo Jiabese ce J10-
Jla pegHn Opoj 2 u moHaB/ba ce Inperpara. Kajga ce 3aBpmm KiacuduKalnija CBUX
ayTopa u3 ImocMaTpaHe rpyie jgogajyhn pegaHe 6pojeBe Ha TEKCTYaJIHHU J1e0 Jabere,
MOCTYTIAK ce MMOHAB/ba U3 ToYeTKa 3a ciejnehy rpymny ayropa. Ha xkpajy, kaja cy cBu
ayTopu UJIeHTU(PUKOBaHH, Jadese Koje cajipyKe TEeKCTyaJsHu J1eo 300r Jiakiine odbpa/ie
nojilataka Ouhe 3amereHe peanuM OpojeBuma o 1 710 YKYIHOI Opoja pas3/ImauTUX
HAyIHUKA HA KOH(PEPEHIN]H.

Jla O6u ormcaHu MOCTyNAaK YUIINema MojlaTaka Ouo y MOTIIYHOCTH ojpeheH, Tpe-
6asi0 Ou objacHUTH U Kako cy ynopehenn koayropu u acdunmjarnuje. Ko nmopehema
KOAyTopa, IOCMaTPajy ce MOYeTHO CJIOBO UMEHA U IIPEe3UMe U TOTPEOHO je /1 [TOCTOju
MOTITYHO TIOKJIarame. [Ipuinkom nopehema aduaujaruja, mMomTo uxX HayIHUIU TOT-

NUCyjy Ha pa3jnydnTe HadwHe, Moryha cy nBa mpuctyna. [Ipsa ommmja koja je pas-
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MaTpaHa 6mia je ma ce uckopuctu Google reokoep Kako 6u ce 3a 3aaTy aduimja-
1ujy Kao rnosparTHa nHdopMmarmja mobuin rpag n apxkasa. Jla 6u Google reokosep
BPaTHO TadyHe pe3y/rare, IOTPeOHO je jia aduanjarumja cajpKu J0BOJHHO MOIaTaKa,
mTo Huje yBek ciay4aj. OBaj nmpobsem je pemen yrnorpedbom scikit-learn 6ubimmorexe
3a MalllMHCKO yderme y python-y, koja je omoryhmia na ce acduiaujanuje 3a Koje cy
ojipeheHn TPaJIOBH U JipyKaBe UCKOPHUCTE Kao CKYII MoaTaKa 3a TPEHUHT TTOMONY KO-
ra he ce ajgropuram 3a KjaacupUKAIUjy HAYIATH U 3aTUM OCTAJIMM auInjaljama
JIOJICJIUTU TPaJioBe U Jipykase. nak, oBakaB MOCTYIIAK Ce MCIIOCTABUO KAO HEIOY3-
JlaH, TOIITO Cy y BEJUKUM I'pajioBuMa Kao 1mro cy llekunr, Fbyjopk u cimano, cBu
HAYyYIHUIN Ca UCTUM IOYETHUM CJIOBOM HMMEHAa U MPEe3NMEHOM KJACH(UKOBAHU Kao
ucre ocode, IPU YeMy Ce YeCTO PAJIMIIO O HAYIHUIIUMA U3 PA3JIUIUTUX UHCTUTYIU-
ja. ¥YmecTo Tora, KOJ JpPyror HpHUCTyIa, aduirjaiuje cy ce Hopejusie JTUPEKTHO,
nopehemeM IUXOBUX TEKCTyaJHUX 3almca nomohy dyukimje token set ratio m3
oubsmoreke fuzzywuzzy y python-y, npu demy ycjioB ja nokJjaname Oyiae Behe oj
50%. Knacudukanuja npuMeHoM OBOI' MOCTYIIKA Ce MCIHOCTaBUIa KAo IPEIU3HU]a.
Kom koudepentmja APSMM, APSAM u STAM, ko1 KOjux moiaru HUCY JTOCTYTI-
HU 0] caMOr IT0YeTKa O/IpyKaBarma KoHdepeHInje, Beh Kao MITo je MPeTX0IHO PeYeHO
Tek on Yy = 1994. romune, nmoTpedHO je M30CTABUTH HAYYHUKE KOJU CY YUECTBO-
BaJiM Ha KOH(pepeHIjamMa Ipe TOr' Mepuojia. 3a OBe HAayJIHUKE BEJIUIUHE KOje Ce
ocMaTpajy, 6poj yKyIHUX y9ecTBOBaiba, OPOj y3aCTOITHUX y4YeCcTBOBarba 0e3 Iay-
3e U Tpajame Iay3e m3Mehy jaBa ydecTBOBama, Hehe outn Taune. Kako me mocroju
[pEeIU3aH HAYUH JIa Ce OBU HAYUYHUIIU JIETEKTY]y, IOCMATpa ce BepoBaTHONA HUXO-
BOTI' 1I0jaB/bUBaa Ha KOH(MDEepeHImjaMa Ipe JIaTor MMepuojia. 3a CBaKy OJi OBe TPHU
koH(bepentmje ojpeljeHo je mpocedHo Tpajame mayse u3Mmely JBa mojaBbuBama (T),
TaKO IITO je MPBO 3a CBAKOI' yUECHUKA M3padyHaTa IIPOCeYHAa Iay3a, a 3aTUM je OBa
BeJIMYUMHA YCpeJIibeHa 110 CBUM ydecHuInuMa. lIpu Tome ce Tpajame mayse musmely
JIBa JIOJIACKa Ha KOH(EPEHINjy MepHu y TOoJuHaMa, OJHOCHO y OPOjy KoHpepeHIm-
ja Ha KojuMa HaydJHWK HHje y9ecTBOBao. HaydHWIM KOju Cy ce IPBU IIYT I10jaBUJIH
Ha KoH(epeHiuju npe Yy + (7) roauHe, usyseru cy U3 Jia/be aHa/U3e, IMOMITO Ce
MPETIIOCTaB/ha Ja Cy yIeCTBOBAJIM HA KOH(EPEHIWjU IMpe Y, TOJuHe W J1a MOIaIl

0 IbUXOBOj aKTUBHOCTH HUCY KOMILTeTHU. KOHKpETHO, HAKOH ojpehuBarba mpocevune
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nay3se, KOJ cBe Tpu KoH(epeHIrje He TIOCMATPA]y ¢e HAYIHUIU KOJU CY YIECTBOBAII
Ha kondepennujama mnpe 1997. ropune. [Iponenar HayyHuka 3a Koje ce cMarpa Jjia
He 1ocroje Komiernu nogany nsnocu 10% 3a APSMM u SIAM, 1ok je 3a APSAM
Ta] IpoleHar Bumm 1 uznocu 25%.

Ornmcann MeTo/T 3a MPOIEHY Jia JIU CY MO/l KOMILIETHH, PAa3/IHKyje ce OJI 10-
cTymKa Koju ce Kopuctno y [113], rue je 3a cBakor mojemusiia i oapehero mpoced-
HO Tpajarbe IMay3e T; U YKOJIUKO je HeroBa aKTHBHOCT PErnuCcTpoBaHa Ipe TPEeHYTKa
Yy + 7, cmaTpa ce ja cy mojany HenoTHyHu. Pazjior 3amro je oBjie mocMarpaHa
[IPOCETHO Tpajarbe May3e YCPEIHeHO 10 CBUM MOjenHIMa (T), MPeJICTaB/ba MpeT-
MOCTaBKa Jla ce BepoBaTHOhA ydecTBOBamba KO/ MOjerHalla Memha TOKOM BPEMeHa,
a caMUM THM U JIy2KWHe Tay3a, I1a Ou Heroy3/IaHocT mporene Omia Beha kaja 6u ce
ymecTo (T) mocamarpaso T;.

[Torpebro je mamomenytu, jga 3a APSAM kondepennnjy, Koja HEUje oprKaHa
1999. rommnue, oBa rogmHa ce He y3uMa Kao nays3a W ydectBoBama 1998. m 2000.
rojiiHe ce mocMmarpajy kKao ysacromHa. VMcro Baxku 3a 2007. m 2011. romuny KO

SIAM koudepesnrtmje.

3.2 Meetup rpyne

Meetup je onmaju cepBuUC KOju IpyzKa MOTYNHOCT JbyuMa KOjHU Jiejie 3ajeHIIKa
MHTEpPecoBaba Jla OPraHu3yjy OKyiubama y oduiaju mnpocropy. Kopucuuk koju ce
peructpyje vHa Meetup mopraJjry Moxke OCHOBATHU HOBY I'PYITY WU C€ YUJIAHUTHU Y HEKY
oJ1 Beh nocrojehux rpyna. Ynanctso y rpymu je beciraTao u J106poBosbHO. [TocToju
YKYITHO 33 pa3jinunuTe KaTeropuje Koje MoOKPUBajy pasjiminte o0JIacTH HHTEPEeCOBaIba,
u cBaka Meetup rpyna je npujpyzkeHa ojronsapajyhoj kareropuju. ¥y tadeym 3.3 mgar
je cmmcak cBUX KaTteropmja. YKymHO nmMma Buire o 240000 pa3amdauTnx rpymna Koje

cy peructpoBate y 181 nap:kaBu Ha pa3/IMIUTUM KOHTUHEHTHUMA.

JeJlaH mim BUINle YJIAHOBA IPYyIe MOTY IPEJIOKUTU ¥ OPraHU30BaTH OKYIL/babe
ca JlepUHICAHUM ILJIAHOM U MPOTPpaMOM Y ojiroBapajyheM TepMHHY U Ha OJroBa-
pajyhem mecry, JIOK OM OCTaJIM YJIAHOBH I'DyIle, YKOJIHMKO CY 3aUHTEPECOBAHU U Y

MoryhHocTu Jia y4ecTByjy, TpebaJio Jla oTBp/ie ¢BOj joJa3ak. lorahaj moxke 6utn
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Tabemna 3.3: IIpernen Meetup kareropuja.

Myszuka Ponuressn u nmopojuia Xobu 1 3aHAT
[Tonuruka Penuruja AyTtomobun
O6paszoBame [Tapanopmastte ojaBe | HoBo moba u yxoBHOCT
3/1paBibe KmuxkeBHOCT 2KupoTHa cpenHa
Urpune 2Kene Mona
PurHec Kyhuau mydoumim [Toaprika
Kapujepa Cropr 2KuBoTHU cTm
Hayuna danractuka JI'BT Texnonoruja
YMeTHOCT U KyJATypa [Tnec Xpana u mnmhe
Jesuk u eTHUUKe rpyie Camriu Oum
AKTHUBHOCTH HAIIOJbY Hpyxeme dotorpaduja

BeoMa, TIoITyJIapaH ako BehnHa 4jraHoBa OJjTy4u JIa YIeCTBYje, aju UCTO TAKO MOCTOjU
MOT'YhHOCT J1a HUKO O/ 4JIaHOBa He IMOTBP/U yUeCcTBOBabe Ha HEeKOM Jiorahajy. Bpoj
YWIAHOBA U y9eCTaHOCT jiorahaja ce Memajy TOKOM BpeMeHa U Pa3JjIuKYyjy ce OJI rpyIe
0 rpyne. Ipunmukom nzdopa rpyie, BeoMa OUTHY YOIy nMa reorpadcka JioKalmja.
Hewma nyno cmucia jia ce KOPUCHUK YUJIaHUA Y TPYILY e ce jiorahaju opranusyjy Ha
BeJINKO] (DU3NYKO] y/Ia/beHOCTH Ha KOojuMa He MOxKe Ja ydecTByje. Ha commm 3.1 ce
MO2K€ BHJICTH JIa je PACIIojie/ia BeJIUUHE IPyla Y OKBUPY UCTE KATEropuje M3y3eTHO
xeTeporena. Takohe, MoxKe ce 3aKJ/byUUTH Jla HAKOH CKaJMparba Ca MPOCEIHOM Be-
JIMYUHOM TDYIIe y KaTeropuju (u), pacrojiesie 3a CBe Pa3jMIuTe KATeropuje UMajy
uctu 06siuk. CJIMYHO BaXKM U 3a PacIojiesly Opoja oprann3oBanux jorahaja y rpymu,
KOja je mMpuKa3aHa Ha CJIUIH 3.2.

[Toyamu o rpymaMa y OKBUPY CBakKe KaTeropuje, 4iaHOBUMa U Jorahajuma opra-
HU30BAaHUM y I'DyIU 4YyBajy ce y 0a3u mojilaTaka W JIOCTyIHU cy mpeko nrepnera.
[Ipucryn noganuma je 6ecriatan u omoryhen je myrem Meetup API-ja. Kox ciama
yIITa, HOTPEOHO je HaBeCTH KOju oAl ce 049eKyjy Kao ojaroop. Iloapasymepanu
dopmar nogaraka y kome he 6utn ogrosop je JSON. Kako cy momarum crpykry-
UpaHu, Huje MoTPeOHO ILUXOBO YHUIINeme, Ka0 y C/Iydajy HaydIHUX KOHQepeHIuja.
CBakoM permcTpoBaHOM KOPUCHUKY JI0JI€/bEHA je je/INHCTBeHA Jadeia.

Ha mouerky mpukymbama IojaTraka, IIPBO je Kao OJrOBOp Ha YIHT JIOOWjeHa
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Cmuka 3.1: Pacriogena BenumunHa rpyna u CKaJUpPaAHUX €A MPOCETHOM BEJTHIHHOM

rpytie (u) y gatoj Meetup kareropuju. Pacrozene cy oapeljene 3a cBaky oj 33 pas-

JmauTe Kareropuje. Benmuauna rpyine jeanaka je Opojy perucTpoBaHUX KOPUCHUKA.
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Cmuka 3.2: Pacmnonena 6poja opranmzoBanux jorahaja y Ipylu v CKaJUpaHUX Ca

—_
ou
()

npocedruM 6pojeM opranuzoBanux joraljaja (v) y rpynama uz nocmarpane Meetup

kareropuje. [Ipukazane cy pacmojiesie 3a cBaKky O Pa3/IMYUTUX KATErOPU)a.
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JINCTA CBUX KaTeropuja, Koja ce Moxe BujeTu y tabenu 3.3. 3aTuM je 3a CBaKy Ka-
Teropujy 3aTparkeH CIICaK rpyla, nHdopmalmja o OpPojy WiaHoBa Ipyle u Opojy
OpraHM30BaHMUX Joral)aja y OKBUPY I'pyle y TOM TPEHYTKY, Ka0 U HHMOpPMAIHja J1a
JIN Cy TOJAIM O TOje/IMHAYHUM YJIAHOBUMA ¥ Joral)ajuMa jaBHO JIOCTYITHH, MOIITO
QJIMIHUCTPATOPU I'PyIe UMAjy IPaBO Jla UMEHA WIAHOBA U II0jE€IMHOCTH BE3aHE 32
norabhaje He Oymy BuybuBu. Ha Kpajy cy 3a deTupu rpyle U3 pasjnduThX KaTe-
ropuja (norsiegaru tabesy 3.4), Koj KOjux je oMoryheH HpucTyr CBUM TOJaluMa,
HMPUKYIJLEHU TIOJIAI O TEPMUHUMa CBAKOI' ITOjeIMHAYHOr Jjorahaja u djIaHOBHMA
KOju cy moTBpjun yderrthe. 3abpane rpyre cy BeJMKe M aKTHBHE, C& HEKOJIUKO
XUJbaJia WIAHOBA W OPraHU30BaHUX Jorahaja, Kao mrTo ce MoxKe BHJETH U3 Tabese
3.5. U3 pesysnrara mpukazaHux Ha CJIUIM 3.3 ce BUJU Jia C€ y JATUM IpylamMa u3-
MeDy ojpkaBama JiBa jorahaja mpoTekHe cBera HEKOJIMKO CATH, JOK je Ha CJIUIN

3.4 mpuKazaHO KOJMKO Ce YJaHOBAa MECEYHO yUJIAHW Y TPYIY OJl TPEHYTKA HEHOT

OCHUBaIbHA.
Tabena 3.4: [Ipukas gyerupu uzabpane Meetup rpyre.
Haswus rpyrtre Cxkpahennria Kareropuja
geamclt GEAM Xpana u nuhe
pittsburgh-free PGHF Hpyxeme
techlifecolumbus TECH Texnomnornuja
VegasHikers LVHK AKTUBHOCTH HAIIOJBY

Ipyna geamclt (GEAM) perucrposana je y [lapiory y Cjemumenum Amepud-
KUM JipykaBaMa. IbeHn wiaHoBu ce OKyIUbajy y pecTopannMa u 6apoBHMa Kako Ou
pobajii pa3mauTa jesaa u Kokrese. Y rpymu pittsburgh-free (PGHF), wianosu 3a-
jenno iy na sernasama y lutcOypry, kao mro cy Koumepru, hecTunasim, oouiacin
My3eja U KOJ KOjuX je ysa3 Oeciiaran min jedprun. 3a pasjinKy O OBHX I'DYIIA,
YMjU je IuJb JIpyKeme n 3abasa, y techlifecolumbus rpymu (TECH) uueja je na ce
CTPYUIhAI U3 00J1aCTU MHGMOPMAIMOHUX TEXHOJIOTUja YIIO3HA]Y, pa3MeIbyjy HCKY-

CcTBa W MOXKJa 3al04Hy HOBY capa/by. Ceuinre oBe rpyie je y rpaay Komgambyc
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Tabemna 3.5: Ilpernen momaraka 3a mocmarpane Meetup rpymne. Bpoj wranosa u

opraHu30BaHuX Jorahaja ce y3uma 3akjbydHO ca 18. mapTom 2016. romuse.

JaTym Bpoj Bpoj
Haswus rpyrre .
OCHHBAaIba YJIAHOBA norahaja
geamclt 01.04.2007. 5377 3986
pittsburgh-free 31.12.2010. 4995 4617
techlifecolumbus 28.08.2008. 3217 3162
VegasHikers 18.12.2005. 6061 5096
10° GEAM PGHF
=102
2
p
10’
100 100 Il I !
0 50 100 150 200 0 50 100 150 200
At [h] At [h]
0% TECH LVHK
0 0 NI
107 50 100 150 200 107 50 100 150 200

At [h] At [h]
Cnuka 3.3: Xucrorpam Tpajama mnaysa u3Mmehy onp:kaBama jBa jgorahaja. Ha x-ocn,

At mpejicTaB/ba BpeMe MepeHo y catuMa. Ha y-ocu je mar 6poj maysa koje tpajy At.
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Cnuka 3.4: Bpoj HoBux wianoBa N KOju Cy € PErHCTPOBAJIM Yy TOKY CBAKOI Mecela

m OJf TPEHyTKa OCHUBama rpymne (m = 1).

y Oxajy. Herspra nzabpana rpyna VegasHikers (LVHK) okyrba mojemunie u3 Jlac
Beraca koju cy 3amnTepecoBaHu 3a 3ajeHUYKE IIETHE U KAMIIOBAHE Y ITPUPO/IN.
3a oBe yeTHpH rpyle cBakoM Jorahajy je Ha OCHOBY TPEHYTKa OJIpKaBarba JI0-
JieJbeH pesinn Opoj Kao Jjtabesa modesmu o 1 ma g0 ykynnor 6poja gorahaja. Yira-
HOBU T'DyIle UMajy jeJIMHCTBeHe Jiabesie Koje MpeJICTaB/bajy KOMOUHAIM]Y CJIOBa U
OpojeBa, aju cy UM 300r' jeJIHOCTABHIje aHaJIM3e JI0/leJbeHe HOBe j1abesie Koje, CJImd-
HO Kao Koj jorabaja, y3umajy Bpeanoctu o 1 jgo N, rjie N mpejicraB/ba YKyIIaH

Opoj wIaHOBA.
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Y oBoM moryiaBby hie ce pazMarpaTu JUHAMIKA yIeCTBOBAIbA O] INHATHIX UjIa-
HOBA y aKTUBHOCTHMA PA3JIMYUTHUX COIMjaHuX rpymna. Kako 6u ce KBaHTU(MDUKOBAIH
obpactu ydemnrha, mocMaTpajy ce pacrojese YKYITHOr Opoja yaecTBOBamba, PacIoie-
na 6poja ysacrornHor yuerntha (6e3 maysa), Kao U paciojiesa Tpajama mayse u3mehy
JiBa ydecTBoBama. [IpBo je 3a emrmpujcke paciojiesie Koje cy ojpeheHe Ha OCHOBY
HMPUKYIJLEHUX I0/IaTaKa, UCIUTAHO TOMONY KOjUX TEOPHjCKUX PACIIOJesia ce MOry
OIMCaTH U U3BPIIEHA je OlleHa IapaMeTapa, a 3aTUM je MPUKa3aHO KaKO Ce IpuMe-

HOM MaT€MaTUYIKOI' MOJI€JIa MOI'y PEIIPOAYKOBATH PE3YyJ/ITaTU Y peaITHUM CUCTEMUMaA.

4.1 Emmnupujcka aHamsa

4.1.1 Hayuyne KoHdepeHIHje

3a cBaky oj1 mecT KoHdepeHija Koje ¢y n3abpane 3a aHaJIn3y UIeHTU(MUKOBAHU CY
PA3JIMYUTH HAyIHUIM KOjU Cy Y9IeCTBOBAJIM Ha KOH(EPEHIINjH TOKOM IIOCMaTPAHOT
BPEMEHCKOT TIEPUOJIa M CBAKOM II0jeIMHAYHO CYy HPUJPYKEHM IOJAIA O NOJIMHAMA
Ha KOJUMa je yYeCTBOBaO Ha KOH(EPEHIUjH, KAO IITO je OIMUCAHO Y IIPETXOIHOM
norJiaBsby 3.1.

Ha ocHoBy npukymbeHuX mojiataka, IIpBo je aHaJIU3UPAHO KOJIUKO je IyTa HeKH
HAYYHHUK y9eCTBOBaO Ha KoHdepenruju. Ha ciaumm 4.1 emnupujcka pacrnojiesna yKyIi-
HOT' Opoja ydecTBOBarba, KOja je NpUKa3aHa HapaHIACTUM TadKaMma, MoKa3dyje Jja
HajBehu poleHAT HAYYHUKA IIPEJICTABU CBOje pe3yJiTaTe Ha JaToj KOH(MEPEHIINjU ca-
Mo jexnom. Koj kordepennmja APSAM u STAM Taj nporieHaT je HajBUINN U U3HOCH
oko 80%, nok na APSMM u NIPS kondepennujama oko 60% naydnnka mma camo
jeslHo ydecTBOBambe. [Iporenar HaydHnkKa KOju nMajy YKYITHO T yIeCTBOBamba ONaja

Kako r pacre. Ha mojemumauM KoHdepeHijaMa mocToje U yIeCcHUId KOju HeMajy HU
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jeJlaH m30cTaHaK TOKOM ITOCMAaTpaHor rnepuojia. Ibuxos 6poj je nzyzeTno maJin.

10° [ ]
F ™. APSMM 7. APSAM SIAM
107 F 1
= 102 ]
o 103 [ o data e data data N
E - A=0.67 - A=1.36 - A=1.18 3 .
104 - =218 - v=2.93 .. - y=2.71 T
§1 — a=1.64, p=0.13 .~ 0=2.62, f=0.12 a=2.10, f=0.23 "

T

10°

RECOMB

107

< 102 |

e data e data

10° F

- 2=0.79 - 2=1.33 .
104 L v=2.34 -+ y=2.89 ]
- — 0=1.93, B=0.11 _— 0=251,p=0.15
10° 10! 10° 10 10° 10'
X X X

Cnuka 4.1: Pacnoziesra yKymHor 6poja y4uecTBOBaba Ha HAyIHUM KOHQepeHIjaMa.
Hapanniactum TaukamMa nprKa3aHa je eMINpHUjcKa paciojieia. TaukacTa JUHU]a O]
roBapa €KCIOHEHITU]aJTHO] PacIiojiesii, UCIIPEeKuIaHa JUHN]a CTEIIEHO] PACIIONE/n 1

IyHa JINHWUja OJI'0OBapa CTEIEeHO] PACIIO/IEN ca eKCITOHEHITNjaTHIM PEITOM.

[lopesi emmupujcke pacrojiesie, Ha UCTO] CJUIM CY TMPUKA3AHU U PE3YJITATH JI0-
Oujenn HAKOH (pUTOBAIbA IOJIATAKA Ca TPU TCOPUJCKE PACIIOEE, IIPU YeMY je OIeHa
IapaMeTapa U3BpIeHa IPUMEHOM METO/1a MAKCUMAaJIHE BEPOJIOCTOJHOCTH, KOJI KOj€ je
koputthera Hemgep-Mu meToa 3a MuaIMu3aImjy. TaakacToM JTUHAJOM IIPUKA3aHA
j€e eKCIIOHEHIIHjaJTHa, PACIIO/Ie/Ia ca OIITUMAJIHUM mapaMeTpoM A. Moxe ce 3aK/byYnTH
Jla eMIIMPHUjCcKa PAacIo/jiesia OMa ia 3HATHO CIOPHUje O] eKCIIOHEHIINjalHe pacIojiere,
Ha OCHOBY dera Jiajbe CJIEIN JIa Ce YIeCTBOBambe Ha KOH(MEPEHIINjU He MOKE OIUCATU
jEJTHOCTABHUM MATEMATUYKIM MOJIEJIOM TJIe TI0je IUHITN JloJ1a3e Ha jjorahaje ca HeKoM
KOHCTAHTHOM BepoBaTHOhoM. Vcnpekn iana JTMHIja 0JiroBapa CTEIeHO] PACIIOJIEIN Ca
rmapaMeTpoM 7y, a MyHa JUHU]a CTEIEHO] PACIOJIES N Ca €KCIIOHEHIN]ATHUM PEIOM 1
napamerpuma « u . Ha 6u ce oAroBopuo Ha MHUTabe KOja OJl OBE JIBe paclojesie
Haj0o/be OIHCYje eMIIMPUjCKe Pe3y/iTaTe, IPUMEHEeH je TeCT KOJUIHUKA BEPOI0CTOj-
Hoctn (norsefaru morsiasibe 2.1). YV tabesn 4.1 ce MOxKe BHIETH JIa je BPEIHOCT
JlorapuTMa KOJUYIHIAKa (DYHKIMja BEPOIOCTOJHOCTH R HEraTuBHA 3a CBUX IECT KOH-
depennuja, MTO MOKa3yje Jia je cTelleHa paclojesia ca eKCIIOHEHIUjaIHUM PeIrioM

6o/bu n300p. /lojaTHo je TecTMpaHa XWUIIOTE3a Ja JIM je OBaj PEe3YJTAT IOCJIE/IHIA
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duaykTyanmja, Kao mMTO je objalrmkeHo y mnorasiby 2. OBa xumoresa je ogbadeHa,
oImTo je BeposarHoha 7 ~ (0, Kao mTo je npukazano y tabemu 4.1. I3 npukazanux
pesy/aTara, MOXKe Ce 3aK/byUNTH Jia BepoBaTHONA Jla yIECHUK MUMa & YIeCTBOBaIba
Ha MOYEeTKY OIlaJja 110 CTEIIeHOM 3aKOHY ca mapaMerpoMm « > 1.5, a 3aTum 3a Behe

BPEJTHOCTH X OIl1a/1a €KCITOHEHITH]aJTHO.

Tabena 4.1: Bpennocru mapamerapa R m 7 HAKOH IpHUMEHE METO/a KOJHTHHKA
BEPOJIOCTOJHOCTH 3a CTEIEHY PACIIONE/Ty U CTEIeHY PACIIONEIY Ca eKCIIOHEHIIH]aTHIM
peroM KaJia ce IocMaTpajy y30pIin KOju OAroBapajy YKYITHOM OpPOjy ydecTBOBamba

Ha KOH(EpEeHIHju.

Kondepenruja R s
APSMM -1758.44 0.0
APSAM -36.89 0.0

SIAM -75.26 0.0

NIPS -76.64 0.0

ICS -8.54 3.60e-05
RECOMB -7.22 1.45e-04

Ko nayunuka koju umajy jejiHak 06poj y4ecTBoBalba, JIOJACIIH MOTY OUTH Helpe-
KUJIHU WA Ca TIOBPEMEHHUM KDPATKHM OJICYCTBOBAILEM, Al UCTO TAKO MOTY OUTH
CHOPAJIMIHU ca JIyKuM ray3ama. [la 6u ce 100uo geTa/bHUjU YBUJL Y JTUHAMUKY ytie-
CTBOBaiba, OCUM YKYITHOI Opoja I0jaB/bUBaiba, MOTPEOHO je y3eTH Y pasMaTparbe
KaKO je OHO OPTaHM30BaHO y BpeMeHy. ¥ CKYILy IoJlaTaka y KOMe Cy 3aJaTe TOJnHe
Ha KOjUMa je jeJlaH oJ] HaydIHHKA yIeCTBOBAO Ha KOH(QEDPEHIHjU, U3/IBOjeHe Cy Ce-
KBEHIIE y3aCTOIHUX T'OJIMHa TOKOM KOJUX je HAayYHUK yIeCTBOBAO Ha KOHMEpeHIujn
6e3 n3ocranaka. Emnupujcka pacrojerna Opoja y3acTOITHUX JI01a3aKa IIpUKa3aHa je
HapaHiacTuM Tadkama Ha ciauiu 4.2. [Tomamu 3a APSMM u NIPS kondepentmje
[IOKa3y]y Jla IOCTOje YYeCHUIM KOju TOKOM 20 TrojinHa HUCY U30CTaJIU HU ca jeJIHe
koudepennuje. Ca npyre crpane, kox SIAM, ICS u RECOMB koudepenruje me
IIOCTOjU YYeCHUK KOju je nMao Buiie of 10 y3acTOIHUX y4ecTBOBAbA.

[TonaBsparmem UCTOT MOCTYTIKA K0 KaJla je pa3MaTpaH yKyIaH Opoj 1ojaB/buBamba
U OBJIe Cce MOKa3aJso Jia MOl UMajy OOJINK CTelleHe pacliojielie ca eKCIOHEHINjal-

HUM PeIoM, Koja je nmpukasaHa myHoM JuHujoM. OnTuMasHe BPeJHOCTH TapaMeTapa
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Cimka 4.2: Pacrnojiesia 6poja y3acTOIHUX yUIecTBOBarba 6€3 rmay3a Ha HAYIHUM KOH-
depennujama. Hapanactum raukama mprkasaHa je eMInpHujcKa pacmojesna. Tadaka-
cTa JIMHUja O/IrOBapa eKCIOHEHIN)aTHO] PacIoiesin, NCIpeKnIaHa JUHNAja CTEIeHO)]
pACIIOJIe/I U IIyHA JIMHUja OJroBapa CTENEHO] PACIIOJENN Ca eKCIIOHEHIINjaJTHUM pe-

IIOM.

pacriojziejie & 1 3 MOTy ce BUJIETH Ha cuiy 4.2, 0K cy pe3y/ITaTu JI00ujeHn IpuMe-
HOM TeCTa KOJIMYHNUKA BEPOJOCTOJHOCTH 3a CTEIEHY PACIIOJIETy U CTEIeHY PaCIo/IeTy
ca eKCIIOHEHIIMjaJIHuM peroM Jatu y Tabesn 4.2. AKo ce yrnopeje nmapamerapu pac-
1oJieJie yKyIHor Opoja 1mojaB/buBaiba U paciojiesie Opoja y3acTOIHUX [10jaB/bUBAIbA,
MOZKe ce BUJIETHU Jia Paciojiesia Opoja y3acTOIMHUX 0jaB/bUBaba Olajla J0CTa OpKe.
To 3naun na koj Behune y4ecHuka m3mely HUXOBOT MPBOT M MOC/IEIHET YIECTBO-

Balba Koje je 3a0esieyKeHo Ha KOH(EPEHINjU TTOCToje Tay3e.

Jla 6u ce masbe KBaHTU(UKOBAJIA JTMHAMUKA YIeCTBOBabha HA KOH(MEPEHITNjH, O/I-
pebena je m pacnojena Tpajama Iay3e u3MeDhy nBa rnojaB/buBama. Ha coauru 4.3
HAPAHIIACTUM TadKaMa je MpUKa3aHa pacrojesia Jo0ujeHa u3 MPUKYIJbEHUX I10/1a-
Taka, JOK Cy pa3InduTuM JMHIjaMa IIpUKa3aHe Tpu Teopujcke pacuojmesne. OBge je
OYUIJIEJTHO JIa Ce CTelleHa pacrojiesa, Koja je MpUKasaHa NCIPEKUIaHOM JIMHU]OM,
MOXKE HCKJbYUUTH W3 JAa/ber padMaTparba U IMOTPeOHO je MCIHUTATH Ja Ju je 00/bu
n300p 3a OIKMC eMIUPHjCKUX IoJaTaKa e€KCIOHEHIjaIHa PACIOJIesIa U CTeleHa
pacrojiesia ca eKCIoHEeHInjaIHuM perioM. HakoH mpuMeHe TecTa KOJUIHUKA BEPO-

JIOCTOJHOCTHU, YUjU Cy PEe3y/ATaTH npukaszanum y tabesu 4.3, yrBpheno je ma Tpeba
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Tabena 4.2: Bpennocru mapamerapa R M 7 HAKOH IPUMEHE METOJa KOJMIHUKA,
BEPO/IOCTOJHOCTH 3a CTEIIEHY PACIIOE/y U CTEIIeHY PaCIIOJIE/Ty ca eKCIIOHEHIIN]aTHIM

peroM KaJia ce IocMaTpajy y30pIiH KOju o/iroBapajy 6pojy y3acTOIHUX YIeCTBOBaba,

6e3 mayse Ha KOH(MEPEHIIN]jH.

Kondepenruja R s
APSMM -554.05 0.0
APSAM -0.77 0.21

SIAM -17.98 2.01e-09

NIPS -17.52 3.24e-09

ICS -4.99 1.57e-03
RECOMB -1.48 0.09

10° 3

e data e data e data

o F
10»3 L

F - A=0.48 - 2=0.34 - A=0.42
104 b =191 - y=1.74 -+ y=1.81
| — 0=0.83,=0.25 | — 0=0.47,B=0.24 , — 0=0.35, p=0.32
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Cnuka 4.3: Pacriogena myxxuHe nay3e u3Mel)y JBa yuecTBOBarba Ha HayIHUM KOH]e-
pennujama. Hapanactum Taukama mpukasaHa je eMIIMpujcKa pacrojesa. TadukacTa
JIMHU]a OJI'0Bapa eKCIIOHEHIN]a/THO] PaCIIOJie/u, UCITPEKUIaHa JJUHI]a CTEIIEHO] pac-

[OJIEJIN U IIyHa JIMHU]a 0JIf0Bapa CTEIeHO] PaCIIo/e/Id Ca €KCIIOHEHIN]aJJHUM PEIOM.

KOPHCTUTH CTEIeHY PacIojie/ly ca eKCIIOHEHIUjaJHUM perioM. Pesyitaru mnokasyjy
Jla HajBehu mporieHaT maysa Koje HaydIHUIM HallpaBe m3Mely jiBa I0jaB/bUBaba Ha
KOH(DEPEHIInju Tpaje caMo jeJIHy rojnHy. AKO HayIHHUK OJICYCTBY]je ca KOH(pEpEeHIIH]je
HEKOJIMKO T'OJInHa, BepoBaTHONA Jia he ITOHOBO ydecTBOBAaTH Ha KOH(MDEPHIIN]Y Ollajia

BeoMa OP30.
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Tabena 4.3: Bpeanocrn mapamerapa R u 7 HaKOH HTpUMEHE MeTOJa KOJMIHUKA
BEPO/IOCTOJHOCTH 3a €KCIIOHEHIIWjaJIHy PacIofesly U CTEIeHy PacIojesy ca eKCIIo-
HEHIIMjaJIHUM PEINOM KaJla ce ToCMaTpajy Y30pId KOju OjroBapajy Tpajarmy Iay3e

n3Mely JBa yuecTBOBama Ha KOH(MEPEHIIH]H.

Kondepenruja R s
APSMM -756.91 0.0
APSAM -34.59 1.11e-16

SIAM -11.54 1.55e-06

NIPS -58.22 0.0

ICS -7.64 9.24e-05
RECOMB -3.60 7.27e-03

4.1.2 Meetup rpyme

Emnupujcke pacnojierie cy mokasaJjie mHTepecaHTHe 0Opaciie y9ecTBOBalba Ha Hay Y-
HUM KOH@epeHInjaMa. 3a CBUX IIeCT HAyYHUX KOH(epeHIinja, CBe TPHU IToCMaTpaHe
pacriozielie, a TO Cy Pacio/iesia YKyIHOr Opoja ydecTBOBaba, paciojiesna oOpoja y3a-
CTOITHUX yYECTBOBaba U PACIIO/Ie/ia Tpajarba 1may3e, IMajy 00K CTelleHe pacio/ierie
ca eKCIIOHEHIIMjaJIHIM peroM. 10 yKa3yje Ha M3y3eTHO XeTepOreHy aKTHBHOCT I0je-
nunara. Ko HajBeher mporienta je 3a0esiezKeHO caMo jeJIHO YUeCcTBOBaIbe, ajlu ca
JpyTe cTpaHe, MIOCTOje U OHM KOjU CYy aKTUBHU TOKOM YUTABOTI II€PUOJIA TTOCMATPAa
He HAIIPABUBIIU HU jeJlaH m3ocTaHak. Takohe, nzoctaniu naMmehy JiBa ydecTBOBabA
cy Hajdenihe KpaTKu, aju Ty Cy U IPUMEPH TJie Cy yUECHUIM ONJIN HEAKTUBHU BUIIIE
O/l JieceT roJiuHa, a 3aTUM Cy [OHOBO MMAaJU PaJi Ha ucToj KoHdepenmuju. la 6u
ce UCIUTAJIO Jla JIX je OBAKBO IMOHAIIAKE KaPAKTEPUCTUIHO CaMO 3a HAYIHY 3aje]l-
HUILY WIN je Yy TUTamby ONIITH TPeHJ IPUCYyTaH U Yy JAPYTUM COIHMjaJHUM TPylaMa,
HEOIIXO/THO je aHAJM3UPATU U IMOJATKe O JPYTUM 3aje/IHUIaMa. Y HaCTaBKY je aHa-
JIM3UpaHa aKTUBHOCT WiaHoBa Meetup rpyna koje y oJlHOCY Ha HAy4HY 3aje/IHUILY

IIPE/ICTaB/ba]y MOTILYHO JAPYTadljyi COIMjaTHI CHCTEM.

3a pasyimKy oj] HocMaTpaHuX HayIHUX KOH(MEPeHInja Koje ce Opranusyjy jeTHOM
rojiuIImbe, BpeMe Koje nporekne uaMehy nBa Meetup norabaja je snaruo kpahe, na
c/lydajHa ITPOMEHJ/bUBA KOja IIpe/ICTaB/ha YKYIIaH OP0j yUIecTBOBatba OBJIE MOYXKE UMa-

i Jiocta Behe BpegHocTu y nopehemy ca Kondepenmujama. Mak, osa JiBa cucrema
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Cmuka 4.4: Pacnosienia ykynHor 6poja ydecrBoBama na Meetup morabajuma. Ha-
paHIIACTUM TadyKaMa IpUKa3aHa je eMIUpHjcKa pacrojesia. Tadkacra JIMHUja OJI-
roBapa eKCIIOHEHIN]aJTHO] paCIofesid, NCIIPEKNIaHa JUHIja CTENEeHO] PACIoIe N 1

IIyH& JIMHU]a OJIroBapa CTENeHO] PACIIOJIe/ N Ca eKCIIOHEHIINjaJIHUM PEIOM.

UCII0JbaBajy CJIUYHO MOoHalmambe. Kao mTo ce Moxke BHIETH Ha OCHOBY ciinke 4.4 u
Tabese 4.4, creneHa paro/iesa ca eKCIOHEHITNjaTHIM peroM Hajbospe puTyje moaaT-
Ke 0 YKyITHOM Opojy ydecTBoBaiba Ha Meetup morahajuma, Kao n Koy Kondepenruja.
Kao nociieiuna Besmmkor 6poja oprannzoBanux jorahaja Ha KojuMa 9IaHOBUA MOTY Jia
YH9€eCTBYjy TOKOM ITOCMaTPAHOT BPEMEHCKOT TePNo/ia U YMH-eHUIIE J1a Taj IePUo/T HITje
nyxu on 10 rommHa, TaKO Ja ce MoKe cMaTpaTu ja he BehnHa ydecHUKa 3a/Ip:KaTh
AKTUBAaH CTATyC, BPEJIHOCT rapamMerpa [ KOJ CTelleHe PACIOJIeie Ca eMIIUPUjCKIM
perom Ha ciunu 4.4 je HEKOJMKO JIeCeTHHA IIyTa Marba HEero KoJ KoH(epeHIn)a.
AKTHBHOCT W/TaHOBa je M3PA3UTO HEpAaBHOMEPHO paciopeheHa m He MoxKe ce TpyIu-
caTu OKO Heke cpeimbe Bpeanoctu. Tokom Bumie ox 3000 opranmsosanux jorabaja,
HajBehn mmporeHaT WiaHOBa I'PyIe je JI0IIao Ha caMo jejaH jorahaj, HAKOH dera BH-
IIe HUCY OWJIN 3aMHTEPECOBAHM 3a yUIECTBOBAE, aIll MOXKE Ce YOUUTH U J1a IIOCTOoje
MaJI0OpOjHHU, aju BeoMa aKTUBHH YJIAHOBU Ca HEKOJUKO CTOTHHA, Ia YaK U ITPEKO

XnJba/ly y4deCTBOBalba.
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Tabena 4.4: Bpennocru mapamerapa R m 7 HAKOH IpHUMEHE METO/a KOJMTHUKA

BEPO/IOCTOJHOCTH 3a CTEIIEHY PACIIOJE/y U CTEIleHY PAaCIIOJe/ly ca €KCIIOHEHIIN]aIHIM

peroM KaJla ce MoCMaTpajy y30pIU KOjUu OJroBapajy YKYIHOM OpPOjy ydUecTBOBarba

Ha Meetup gorabhajuma.

R T
GEAM -97.70 0.0
PGHF -58.04 0.0
TECH -90.84 0.0
LVHK -236.52 0.0

Kaza ce moriteia pacnojienia 6poja y3actornaux jgorahaja 6e3 m3octanaka Ha CJIU-

nm 4.5, MO¥XKe ce BHJETH Jla OHa OlaJa IO CTENeHOM 3aKOHY ca MapaMeTpoM 7y duja

je Bpemnoct uzmehy 2.8 u 3.4. Makcumasan 6poj ysacromuux Jjosazaka je oko 100,

ocum ko rpyne TECH rae me mocroju wian Koju je jgomao Ha suiie o 20 morabhaja

He HallpaBUBIIN IIPUTOM HI/Ije,ZLaH N30CTaHaK.
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Cnuka 4.5: Pacmomena 6poja y3acTomHUX ydecTBOBama 0e3 maysa Ha Meetup mo-
rabajuma. Hapanactum taukamMa NpuKa3aHa je eMIUPHUjCcKa PacIojiena, JOK IIyHa

JIMHUja OJITOBapa CTENEeHO0] PacIoIesn.

VY ckiony anajn3e JUHAMUKE yaecTBoBamba Ha Meetup norabhajuma, onpebena je
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Cnuka 4.6: Pacriogena ay»kune nay3e nsmely 1sa yaecrBoBaiba Ha Meetup morahaju-
Ma. HapaHrjactum TavkaMma IpukKasaHa je eMIIMpUjcKa paciiojesa, JIOK IyHa JIMHHja,

0JIrOBapa CTEIeHO] PacIOoJIe/I Ca €KCIIOHEHITNjaTHUM PEIIOM.

U eMHUPHjCKa pacrojiesia Tpajama mayse usmely jBa yuecrBoBama (cimka 4.6). Osa
pacrioziesia Ma OOJIUK CTeIIeHe PACIo/Iesie ca eKCIIOHEHIIN]aJTHIM PETIoM, Kao 1 pacIio-
Jiesie Koje cy ojipehene Ha OCHOBY I0jiaTaka 3a KOH(epeHIuje, ajli [MOCTOji 3HAYAjHA
pazyiuka u3Mmehy muxoBux napamerapa. Koga Meetup norabaja Beposartnoha na ce
mojeiHAIl Hehe pujaBuTH Ha Y y3aCTOMHUX jlorahaja, a 3aTuM MOTBPAUTH J10/1a3aK
na caejehem jorabhajy, onajia 3HaTHO criopuje Hero KoJl Kondepennuja. Tako mporie-
HAT IIay3a Koje IoApasyMeBajy m3ocTaHak ca jeaHor porabaja msnocu msmely 10%
u 20%, oK je BepoBarHOha jia he HeKo m30cTaTH ca HEKOJIMKO XmW/baJia jorabaja,
a 3aTUM OJIJIYYHUTHU Ja TIOHOBO YYECTBYje BeoMa MaJjla, ajiil eMIUPUjCKa PacIojiesa
rokKazyje ja cy 3abe/Ie2KeH U TaKBU CJIy4YajeBH.

[la 6u ce yrnoTyHuIn pe3yaTaT Koju onucyjy akrusHoct y Meetup rpynama, na
caury 4.7 je marT BU3yeJHHU IPUKa3 oOpazala ydecTBoBama. Ha x-ocu cy o3HaveH:n
njenTuguKaropu jgorahaja Koju cy UM J0JIe/bEeHH Ha OCHOBY BPEMEHa OJpKaBalba.
Ha y-ocu cy natn mpeHTudUKATOPU WIAHOBA, TAKO Ja CJIUKA WIYCTPYjeé aKTHBHOCT

YJIaHOBa Ha ,ZLOI‘aBajI/IMa. Ca ciuke ce MoxKe BUIETU Ja HOCTOjI/I HEpaBHOMEPHa pac-
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[0JIeJ/Ia YIeCcTBOBama U naysa u3Mmelhy wianosa. Hajsehu Opoj wianoBa akTuBaH je
caMO ITOBPEMEHO, aJI IIOCTOje M W3Y3elld KOju ce U3/Bajajy 10 ydecTaJuM JoJiac-
[MMa, IITO je y CKJIaJy ca MpeTxXomHuM pesyararnma. OBre ce J0JaTHO BUJM KAKO
usriea JAoJa3ak HOBUX YIaHOBa Ha Jorahaje m Jia TpeHyTaK IPBOI 10jaB/bUBAIHA

Ha Jsiorabajy y rpynu HeMa 3HaYajHUjU YTUIA] Ha KAaCHU]y aKTUBHOCT dJjIaHa.
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Cmuka 4.7: nyctpanuja MaTpuie Koja onucyje yaectBoBame Ha Meetup morahaju-
ma. CBaka Bpcra OBe Marpulile ojroBapa jeanom wiany Meetup rpyie, 10K cy y
KOJIOHAMa IIpeJICTaB/beHn jorahaju mo pejocielly ojp:kaBarba. HapaHniacre tadke

Ha CJIMIM O3HadaBajy Jorahaje Ha KojuMa je 4jaaH yIeCTBOBAO.

4.2 T'enepanmzoBanu omHapuu llojua Mome

JeaH o HajOMTHUjUX 3aK/bydaKa KOjU CJIEIM U3 PEe3y/aTaTa KOju Cy J0 Caja IIpPUKa-
3aHU jecTe Jla HUjeIHa OJ MTOCMaTpaHuX Pacliojiesia He OIa/ia 10 eKCITOHEHITN)aJTHOM
zakony. To 3Ha4YM Jla ce JUHAMUKA yYECTBOBaIba y aKTHBHOCTHUMA jeJ/IHE T'PyIle He
MOXKe TIoCMaTpaTu Kao BepHy/ujeB Iporec rje MojeinHall yaecTByje Ha jgorahaju-

Ma ca HEeKOM KOHCTaHTHOM BepoBaTHOLoOM (morseaatu noryasibe 2.2.1). [loznaru cy
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MHOTOOPOjHU TPUMEPHU U3 PEATHOT CBETA IJIe IOCTOje U3PA3UTO HEjeTHAKE PACIIOJIETIe
KOJI KOJUX je OJICTYIIaibe O] CPE/IIbeé BPEJTHOCTH BEOMa BEJIMKO, Ko ITO CYy CTEeleHa
pacrojiesia 1 CTeleHa Paciojesia ca eKCIOHeHIjaJ HiuM pertoM [114], mro je ciryuaj
U KOJ| IoJlaTaka Koju cy oie mocMmarpanu. OBa 1mojaBa ce objarmmaba MarejeBum
edekTOM, Koju je mobmo Hasup 300r ctuxa u3 jeBanhespba mo Marejy "ko nma mahe
My ce''n oiHOCH ce HAa KyMYJATHBHOCT ycrexa. JecTo ce KOPUCTH 1 u3peka "dorar
he nocraru Goratuju" (Ha enrseckom "the rich get richer"). Yaumajyhu y 063up garo
objalberbe, 3a OlMUC AKTUBHOCTU WiIaHa y I'PYIHUM Jorahajuma TecTUpaH je reHe-
pasuzoBanu ouHapuu [lojun Mojiesr pe/iyIozKeH y mnoriasjby 2.2.3, re BepoBaTHOhA
y4ecTBOBarmba pacTe ca OpojeM MPETXOJHUX I0jaB/bUBaba U OMaJia aKo I10je/IMHAIL

IIpaBu U30CTaHKE.

4.2.1 Hay4yHe KoHdepeHIHje

Ko nayunux koudepeniuja mpso je mpoBEepPeHo Jia Ji ¢e BEPOBATHONA yIeCTBOBAabHA
3amncTa Merma ca OpojeM ITPeTXOIHUX JloJIa3aKa n Hejonaszaka. Ha ciaunnm 4.8, x o3Ha-
JaBa Koja je To KoOH(pepeHIrja 1o pejly Ha K0joj jeJaH HayIHUK YIeCcTBYje, a Ha y-0Cu
je nmpukazana BepoBaTHoha na he ydectBoBaTn Ha Koudepennuju cieiehe rojume.
lata BepoBaTHOhA je oxpeheHa Ha OCHOBY eMIIMPHUjCKHUX IOjIaTaKa Kao OJHOC Opoja
Hay9IHUKa KOjU JloJ1a3e Ha HapelHy KOHMEpeHINjy HAaKOH x josias3aka. [Ipukazanm
pe3yaTaTu noTBplhyjy MpeTrnocTaBKy ja BepoBaTHOha yuecTBOBamba pacTe ca OpojeM
nojasspbuBara. OCTynama Koja 1MocToje 3a Behe BPeJHOCTH T, MOCJeHIa Cy Orpa-
HUIeHOT Opoja yuecTBOBarma Koje je/laH HayYHUK MOXKe Ja ocTBapu. Kako pacmoena
YKyIHOT 6poja yuecTBoBamba 3a Belie BPEJHOCTH X €KCIIOHEHIMjaHO onaja (CIuKa
4.1), BpesHocT ¢ je oapeheHa Ha OCHOBY BeOMa MAJIOT y30pPKa y TOj 00j1acTu.

ITokazaJio ce ma 6poj nsocraHaka, Takohe, UMa yTHUIA] Ha BepoBaTHONY 110jaB/bU-
Barba. OJIBOjeHO Cy OoCMATpaHu HAYIHUIN KOju nMajy 1, 2 u 3 ydecTBOBaIba, 3a Koje
je Ha caunu 4.9 npukKazaHo KOJUKO IbUX Ne HAKOH N Be3aHUX M30CTaHAKA HAIIPABUTH
u n + 1 u3ocranak Ha cienehoj KoH(pEpPEHINj U BUIMA Ce Ja Taj IPOIEHAT pacTe ca
CBaKNUM HOBUM HN30CTaHKOM.

[Tomrro je yrBpheno Jia je mpeTrocTaBka Jia BepoBaTHONA 10jaB/bUBaba HA KOH-

depenIuju 3aBUCH O] MPETXOJIHUAX JI0JIa3aKa OIPaB/aHa, PA3MOTPEH je MaTeMAaTHI-
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Cnuka 4.8: IIporenar HaydYHHKA ¢ KOjU HAKOH I yUYeCTBOBAIba JI0JIa3€ HA HAPETHY

KoH(EpPEHIIH]y.

KI MOJIeJT yIecTBOBama IMojeJMHalla Yy KOJeKTUBHIM aKTuBHOcTHMa. [lomcermmo ce
Jla TI0 MOJIeJIy OIMCAHOM Y TIOIVIaB/by 2.2, HAYMH Ha KOJU CY II0jaB/bUBalba U I1ay3e
OpPraHM30BaHU y BPEMEHY 3aBHCH OJI BepoBaTHOhe mpesasa usmelly cramwa p(x,t) u
BepoBaTHOhe j1a he wran HamycTtuTu cucteM r. AKo je BepoBaTHOha mpesasa jgara

xa .
-, INJb je TIOKa-

rerepasinzoBannM GunapuauM [lojunum mogesnom p(x,t) = P e

3aTH Jia ce ojJroBapajyhum m3b0poMm mnapamerapa a, Yo U r, MOT'Y OIMUCATH OOpacIu
ydenrha Ha HayIHUM KOHQEpeHIrjaMa.

Pacrionesra yxkymaor Opoja mojaB/buBama MOYKE Ce OJPEIUTH HYMEPUIKUM pe-
maBameM jennadnna 2.20 u 2.22 wim cuMysiangjamMa y4ecTBOBamba BeJIMKOr Opoja
rojeIMHAIA, KOJI KOJUX ce Kao pe3y/ITaT Ha W3Ja3y TE€HEPUIy IOJalnd O M0jaB/bu-
Balby M M30CTAHIIUMa YJaHOBA, HA OCHOBY KOJUX C€ OCHUM pacliojieie YKYITHOT Opoja
[10jaB/bUBaIbA, MOTY JOJATHO OJIDEJIUTH M Pacojiesa Opoja y3aCTOIHUX yYeCTBO-
Bamba 0e3 maysa, Kao U paclojiesia Tpajama nayse. KoHKpeTHO, y jeJHO] CHMYJIAI] T
ce rerepume 10° paszmumumTHX y3opaka, Ha OCHOBY Kojux ce oiapelyjy pacmosere.
CBakm y30pak IpeJIcTaB/ba HU3 HyJIa U jeJIMHUIA, T/1e 1 o3HadaBa j1a je 9jIaH JI0IIao
na gorahaj, a 0 ga ce uumje nojasuo. Jlyxuna nHusa jeanaka je 6pojy jmorahaja jio
TPEHyTKa KaJla je TOCMATPAHW YJIAaH HAIYCTHO CUCTEM. 3a CBAaKOI' UjaHa, Kao II0-
qeTHN ycsioB ce y3uma x = 1, y = 0 u t = 1. Cumysnanuje cy u3BpIieHe 3a pas3jinanTe

cKyIoBe napamerapa (a,yo,r) Ja Ou ce ojipejiuyie OnTUMAaJHe BPEIHOCTH Y OIHOCY
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Cmuka 4.9: IIponenar naydnmka p KOjU Cy HAKOH T YYECTBOBarba M30CTAIU Ca N
HapeHux Koudepennuja u Koju he mzocratu u ca n + 1 xoudepennuje, aaun he

IIOHOBO yYeCTBOBATHU Ha HEKOj o1 ciejehnx KoHdepeHuja.

Ha eMIIPUjcKe pe3y/TaTe ca HaydHuX KoHdepeHInja. 3a cBaKU CKYIl IlapaMeTrapa,
cuMmysanuja je monos/bera 100 myra, a 3atuMm je mspadyHaro Kynbak-JlejosiepoBo
pacrojame m3Mely pacrojiesie ojipeheHe Ha OCHOBY PUKYILBEHUX MOJAaTaKa €& KOH-
depenImja 1 ycpeamene pacrojerie Koja ce J1o0uje u3 eKCIepuMeHTa HaJl MOJIETIOM.
Bpeanoctu a, yo u r 3a Koje je Kymnbax-JlejoepoBo pacrojambe MUHIMAIHO H3abpaHe
Cy Kao OITUMAJIHUA [TapaMETPH.

OnrumaliHe BPeIHOCTH MapaMerapa 3a IMecT MoCMaTpaHuX KOHMEepeHIrja 1are
cy y tabenn 4.5. Kao mro ce Moxke BUJIeTH, CBAKO] KOH(EPEHIIN]H O/Ir0Bapajy pas-
Jmantu napamerpu. Tpeba npumeruTu Ja je BPeIHOCT mnapamerpa a > 1.5, mro
3HaYM JIa BepoBaTHONA ydecTBOBamba Op30 pacTe KaJja yUeCHUK PEOBHO JI0JIa3u Ha
KOH(DEPEHIIN]y, ajli UCTO TaKO OP30 U Olajia, ako NpaBu M30cTaHKe. BpeanocTn na-
pameTpa ¥y MOKa3yjy Jla je HAKOH IPBOI II0jaB/bUBaiba BepoBaTHONA JoJ1acKa Ha
ciesiehy KoHdepeHujy MaJja, OJJHOCHO JIa Ha MOYETKY MOCTOjH IIPENpeKa KOjy je To-
TpebHO mpeBa3uhn peloBHNM ydecTBOBambeM. CBe 0BO yKa3dyje Ha OMTHY yJIOTY KOjy
nMa colrjajHa KoMronenTa. Kaja ce npBu myT 1ojaBu Ha KOH(MEPEHIUjU, TOTPEOHO
je ma HaydHUK oOpasyje IMO3HAHCTBA Ca JPYIUM yUYeCHUIIIMA. Y KOJHMKO je YIIOpaH
1 HacTaBU Ja JI0Ja3u Ha KOH(MEpeHIujy, ycrnoctaBuhe crabujiHe Be3e y COIUjaJIHO]

Mpexku u noctahe meo 3ajeanurie. Mzocrtajamem ca KoHdepeHimje, Be3e ca JIPYyTruM
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yuecHuimMa he ocaadbutu. Y MOIeIy je MoJIpa3yMeBaHo Jia HayIHUK MOYKE OJIyCTa-
TH O] y4YeCTBOBamba Ha KOH(MEPEHIUU Ca HEKOM BepOBaTHONOM 7 ycjieJl IpoMeHe
00JIaCTH UCTPaKMBabha, OJJIYKE Jla HAIYCTH aKaJeMCKY 3aje/IHUILY, TIeH3NOHUCAhA
WJIN HEKOT JIpyTor passora. Ha ocHOBY pe3y/Tara Koju cy ce JOOUIN Kao ONTUMAJIHE
BPEJIHOCTH TIapaMeTapa Mojiesia, IIPOIeHaT HayYHUKA KOJU OJ/IyCTaHe O]l yIeCTBOBAHa

Ha KOH(EPEHIjU CBaKe TOIUHe je BUCOK M m3HocHu npeko 13%.

Tabena 4.5: OnTumasie BpeJHOCTH TapaMeTrapa MoOJIea 3a CBaKy OJI MOCMATPAHUX

KOH(DEpEHIINja.
Kondepenruja a Yo r
APSMM 1.550 2 0.165
APSAM 1.700 4 0.135
SIAM 1.525 4 0.155
NIPS 1.525 3 0.130
ICS 1.575 4 0.135
RECOMB 1.675 3 0.175

Ca cimke 4.10 ce Buau 1a cy pacrojesa YKYIIHOD Opoja y4ecTBOBamba Ha KOH@e-
PEHIINjU Ha OCHOBY NPUKYILJHEHUX E€MITMPHUjCKUX TOJaTaKa U PacIojiesia IMPUMEHOM
MaTeMaTHIKOr MOJIesIa ca ONTUMAJIHEM IapaMeTpuMa Beoma cimdHe. Mcro Baxku u
3a pacrojenay 6poja y3acTOIHIX y9IecTBOBamba 0e3 may3a, Koja je IpuKa3aHa Ha CJIM-
i 4.11, Kao u 3a pacrojeny Tpajama nay3se, gaty Ha caunn 4.12. OBum je morepheno
Jla ce o7abupoM ojroBapajyhux mapamMerapa MOMONY IIPeJ/IOXKEHOI MaTeMaTUIKOT
MOJIesIa MOKEe BEPOJIOCTOJHO OIMCATH JUHAMUKA yUYECTBOBalha HA HAYyIHUM KOH@E-

peHIjama.

58



4. Obpacnu ydenrha

10°
107

P(x)

103 ¢

10
10°

1071k

< 102

104k

102

1073

T T T T

A ]
b o APSAM SIAM

L ° ® [ ] ]
E ° ° ®

L ® ° @ e .

oy )
o Q.Q. .o. ]
e data e data e data “a,

[ © simulation o simulation o simulation ® ]
f1 + numerical + numerical 1 Lod s numerical 1

?‘T T U T ]
i ICS RECOMB
[ e . ® (] ]

@
® ¢ ® ®
3 e, 9 E
® (J

L ¢ ggg 9@®.. ]
e data e data e data °

[ © simulation o simulation o simulation ]
Eo numerical F - numerical 1 s numerical 1
10° 10" 10° 10 10° 10

X X X

Cnuka 4.10: Pacnogena ykymHor 6poja yaecTBOBamba Ha HAYTHUM KOH(EPEHINjaMa.

Hapannactum Taukama rpuKa3aHa je paciojiesia Ha OCHOBY IOJIaTaKa MPUKYII/bEHUX

ca KoH(pepeHIja, 3eJIleHIM KPyKUNUMa Ha OCHOBY pe3yJiTaTa CUMYJIalija U [PHUM

TPOYTIJIOBUMA Cy IIPUKA3aHU PE3Y/ITATU JI0OUjeHN HYMEPUYKUM PelllaBarmbeM MOJIeia.
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Cnmka 4.11: Pacrioziesra 6poja y3acTONHUX yUYecTBOBaba 0€3 ray3a Ha HayIHIM KOH-

depennujama. Hapanactum TaukaMa mpuKa3aHa je paciojiesia Ha OCHOBY ITO/IaTaKa

NPUKYIJBEHUX ca KOH(EpeHInja, a 3eJeHUM KPYKUNUMa Ha OCHOBY Pe3y/ITaTa CH-

MYyJIaIja.
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Crmka 4.12: Pacnosienia jiykune may3se u3Mmehy JiBa yaeCTBOBamba HA HAYIHUM KOH-
depennujama. Hapanactum raukama nprKas3aHa je paciojesia Ha OCHOBY IoJaTaKa
NPUKYIJBEHUX ca KOH(EpeHInja, a 3eJeHUM KPYKUNnUMa Ha OCHOBY Pe3y/TaTa CH-

MyJIalifja.

4.2.2 Meetup rpyue

[Ipe mero mTo ce mpucTynu TecTupamy Mojera Koa Meetup rpymna, nmorpebno je Ha-
MPABUTU U3MEHY KOja ce OJHOCU Ha MEePHUOJ, aKTUBHOCTH HEKOT IOje/INHIIA Y TPYIIH.
Kox monenmuparma yuecrBoBamba Ha KoH(bepeHIjaMa, IIPETIOCTaB/bEHO je J1a HAyU-
HUK MOXKE OJIyCTaTH O] JIa/bel' y9eCTBOBaba Ca HEKOM KOHCTAHTHOM BEPOBATHONOM,
ncro Kao u'y [65], rae je MomenmpaHo HampeIoBame y MpodeCcHoHATHO] KapujepH,
KOja HEe MOpa OMTU MCKJbY4IMBO HaydHa. KKaKo cBU KOPUCHUIN KOjU CY PErUCTPOBAHI
Ha Meetup moprajy mMajy akTuBaH craTyc, 6€3 0063Mpa Ha TO KOJUKO JyI'o HHUCY
y3uMaJii yderrhe y IPYIMHAM aKTUBHOCTHMA, MPETIOCTABKA Ja Ce WIAHCTBO MOXKE
3aBPIIATU Y HEKOM CJIYYajHOM TPEHYTKY HHje olpaBaHa. 10 JoAaTHO NOTBPhYjy u
pe3yJsiTaTu npukazanu Ha ciaunu 4.6, riae ce MO¥Ke BUJIETH Jia TIOCTOje YJIaHOBU KOjU
HaKOH ydJecTBOBama IipaBe mayse oj mnpeko 3000 morahaja, a 3arum 1OHOBO yte-
CTBY]Y Ha HeKOM Jiorahajy y rpynu. ¥ Mozery Koju je kopurthen kox Meetup rpyra,
IIPETIIOCTABJHEHO je Jia ce Ha cBaKOM jorahajy mojasu 20 HOBUX y4YECHHKA U JIa OHU
oCTajy akTUBHU Ha CBUM HapegHum jgorahajuma. Beposaruoha ma he ce nakon cBor

MIPBOI' YYeCTBOBaIba, YJIaH MOjaBUTH Ha HEKOM cjejehem gorabhajy, onucana je reme-
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paymzoBanuM Obunapaum [lojunum mozmenom. [lapamerpu Mmozena a u o, onpehern
Cy Ha IOTIIYHO UCTU HAYMH Ka0 U KOJI HAyIHUX KOH(epeHuja. Yy CBaKOj CUMYJIaIlH-
ju mocmarpano je 5000 gorabaja u ykynno 10° pasmuunTux ydecHuka. Onrnmasiie

BPE/IHOCTH IapaMeTapa, Koje cy jiodujene Kao pe3y/Tar, Ipukasane cy y tadesu 4.6.

Tabemna 4.6: OnTuMasHe BpeIHOCTH ITapaMerapa MOJIeIa 3a CBaKy OJ1 MOCMAaTPaHUX

Meetup rpyrma.

Koudepenruja a Yo
GEAM 1.35 7
PGHF 1.40 7
TECH 1.35 8
LVHK 1.30 7

Bpemgnoctu mmapamerpa 1y 3HaTHO ce pa3juKyjy y OJHOCY Ha KOHQEpPEHIHje, MTO
je 1 oYeKnBaHO ¢ 0O3MPOM Ha Malbu BpeMeHckn pasmak m3amelhy Meetup jgorabaja,
Ia je Tako BepoBaTHONA Iay3e HaKOH IPBOT ydecTBoBama Beha. JlomaTHu yTunaj
Ha OBaKBe BPEJHOCTH IapaMmeTpa ¥y uMa u O0poj ydecruka Meetup morahaja, koju
je Mamu Hero Koj KoHdepeHiuja, 300r dera je Texke oOpa3oBaTu CTabWIHE Be3e y
commjaaHo] mpesxknu. Ca apyre cTpaHe, yTHIA] M30CTaHaKa Ha IOYEeTKy Ha Oymyhe
yUeCTBOBAIbE je Marbu, IIOIITO MapameTap a uma BpeaHocT mamehy 1.3 m 1.4, 3a
pasiiuky oji KoHdepeHiuja KoJi kojux je a > 1.5, Tako ja koxu Meetup norabaja se-
poBaTHONA y4UecTBOBaA CIIOPHUje OT1a/1a Ka/Ia “WiIaH IIPABU May3€e U UCTO TaKO CIOPHje
pacte ca 6pojem josazaka. VlHTepecanTHO je jia Cy BPEJIHOCTU ITapamMeTapa Mojesa
a u 1 3a deTupu nocmarpane Meetup rpyrme Beoma ciaumdHe, IMITO HUjEe CAydaj KO
KoHbepeHIiuja.

CrarucTudka aHaan3a y30pakKa KOju Cy ce JOOWIM HAKOH CHMYyJIaIije yIecTBO-
Balba Ioje/inHana Ha jorahajuma, kopuctehn renepasnuzoBanu ounapuu [lojun mo-
JleJl ca IapaMeTpuMa Koju ¢y jgaru y Tadbeian 4.6, mokazaJa je ja ce momMohy oBor
MoJiesla MOTy objacHUTH obpaciu ydecTBoBama Ha Meetup morahajuma. Ha ciu-
mu 4.13 npukasaHa je pacrojiesia YKyITHOT Opoja ydecTBoBaiba, Ha 4.14 pacriojena
Opoja y3acTOIHUX ydecTBOBaiba Oe3 Imaysa, J0K ce Ha 4.15 MoxKe BUJIETU PacIojeia

Tpajama may3e u3Mmely JBa mojaB/buBama. Ha oBuM ciimkamMa, HapaHIIACTUM TadKaMa,
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Cmuka 4.13: Pacnionesia ykymaor 6poja ydectBoBama Ha Meetup morahajuma. Ha-

PaHIIaCTUM Ta4dKaMa IIPpUKa3aHa je paciogejia Ha OCHOBY IIOJaTaKa IIPUKYIIJbEHUX Ca

Meetup nopraJa, a 3ejleHUM KPyzKUNhUMa Ha OCHOBY pe3yJiTaTa CUMYyJIaluja.
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Chnuka 4.14: Pacriogesna Opoja y3acTOIHEX ydecTBOBama 0e3 mays3a Ha Meetup mo-
rahajuma. HapanijactuM Tadkama NIpukKaszaHa je pacliojesia Ha OCHOBY IIojaTaKa
NPUKYIUbeHUX ca Meetup noprasia, a 3ejieHEM KpyKMNMMa Ha OCHOBY pPe3y/ITaTa

CUMYJIaIja.
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Cnuka 4.15: Pacnogena jyxkune mayse n3mely jBa ydecrBoBaiba na Meetup o-
rabajuma. Hapannacrum taukama TpuKa3aHa je pacIojiesia Ha OCHOBY ITO/IaTaKa
npuKkyisbeHux ca Meetup moprasia, a 3ejieHUM KpyzKuhuma Ha OCHOBY DPe3yJITara

cAMyJaImja.

Cy IPUKA3aHU eMINPUjCKU PE3YJITaTU, a 3eJIEHUM KPYTrOBUMa PE3YJITATU CUMYJIAIU-
ja. Kox ce werupu nmocmarpane Meetup rpyte, mocroju 106po moksaname u3mehy

eMITMPUJCKUX Pe3yaTara U MojeJa.

4.3 YHuUBep3aJiHe KapaKTepUCTUKe JUHAMHUKE y4YeCTBO-

Baba Y KOJIEKTUBHUM aKTHMBHOCTHUMA

Ha ocnoBy pesynrara KOju Cy HpeJCTaB/bEHH Y OKBHPY OBOI' IIOIVIABJ/bA, MOTY Ce
U3BECTH TeHepaJHU 3aK/bydld O O0paciuMa yIeCTBOBamba Y KOJEKTUBHUM AKTHB-
HOCTUMa U HalpaBuTu nopehema nzmehy paszmmantux corujagnux rpymna. U mopes
Tora 1mTo u3Mely mocMaTpaHuX HaydHUX KOH(EpEeHIHja, Kao IITO je Beh pedeHo y
MOTJIABJBY 3, IIOCTOje OUTHE pa3juKe Kao IITO Cy 00JaCT UCTPayKUBalba, OPOj yIeCHH-
Ka WJIM MECTO OJIP2KaBarba, eMINPHUjCKa aHaIIM3a je MOKa3aJIa JIa IbUXOBU YIeCHUIH
UMajy CIMYaH TPeHJI MoHAaIllambha Kala Cy JI0Jaciu Ha KOH(epeHujy y nuramy. Pac-

nojiesie Opoja 1mojaB/bUBakba U Iay3a Koje olajajy 1o CTeIIeHOM 3aKOHY JI0 ojipehene
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BPEJTHOCTH KaJIa TOYMIbY Ja OIa/1ajy €KCIOHEHTN]aHO, TPEICTaB/bajy 3a)eITHUIKY
KapaKTEePUCTUKY KOJI CBUX IecT KoH(pepeHnuja. Mako ce mapaMerpu OBUX pacIio-
Jlefia pa3/nKyjy, OHe YKa3yjy Ha IOCTOjalbe MeXaHu3aMa KOJU y3POKY]y W3Y3eTHO
XeTeporeHy akKTUBHOCT M3Mel)y HaydHUKa Ha ojapelheHoj KoHdepeHInju, Koja ce He
MOXKe 00jaCHUTHU TPHUBHjAJIHUM MOJIEJIOM, Kao ITo je BepnysiujeB mporec. Mare-
MaTUYKU MOJIe/I y9ecTBOBalba Ha jorahajuma rje ce BepoBaTHOha mpesasa usmebhy
cTama Mema y BpeMeHy Kao y reHepajn3oBanoM ounapaoM [lojuroM Mojenry ca 1mo-
BUTUBHOM TIOBPATHOM CIIPEI'OM, MOXKE YCIICIITHO OIMUCATH JUHAMUKY yICCTBOBaIbA Ha
Pa3/IMIUTHM HAayYHUM KoHepeHInjaMa. JacHo je jga ce y pa3MaTparbe MOry y3eTu
1 JIoJaTHE KapaKTEePUCTUKE CUCTEMA | JIa Ce MOJIEeJI MOKe Jlabe YHAIIPEIUTH, &Il TO
oBJie Huje b, [lokazaso ce ga ce MmoMohy mocMaTpaHOr Mojea MOxKe 00jaCHUTH
n yuecTBoBambe Ha Meetup morahajuma. Meetup rpyie npejcrapibajy HOTIIYHO JpY-
radmjy BPCTY COIMjaJIHOT CHCTEMa Cca JUCKPETHOM JIMHAMHUKOM Y OJIHOCY Ha HaydHe
kondpepennuje. IIpe cBera, Hayuane KondepeHimje moapasyMeBajy mpodecruonaaana
OKYIL/baiba, 3a Pa3/IMKy oj jgorahaja Ha Kojuma MOI'Y Jjia y4uecTBYjy wianosu Meetup
rpyia. butHa pasiuka je u ydectaHocT jorahaja Koja je Koji KoOH(epeHIrja Ha To-
JIMHY JlaHa, JoK je koj Meetup rpyna snarao Beha. Bes o63upa Ha oBe pasimke,
pe3yJITaTH Ha OCHOBY NPHUKYIJBEHUX eMINPHUjCKUX I0jlaTaKa, Kao W UINHEHUIA 14
MPEJJIOYKEHN MaTeMaTUIKA MOJIE/I MOXKEe YCIEITHO ODjaCHUTH OBe pe3yJsTare, yKa-
3yjy Ha yHUBEp3aJIHe MeXaHM3Me KOjUi Cce HaJla3e Yy OCHOBU JWHAMUYIKUX TIPOIECca y

IIocMaTpaHuM CHUCTEMUMa.
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[Ipumepn peaHIX Mpezka KOJ KOjUX CTPYKTYPa OCTaje HETPOMeHheHa TOKOM Bpe-
MeHa cy Beoma perku. Koy Behune mpeka, mocrojehe Bese ce MOr'y DacKUHYTH, &
UCTO TaKo ce m3Melhy YBOpPOBa KOjU HUCY TOBE3AaHM MOTY YCIIOCTABUTU HOBE Be3e.
CTpyKTypHe TIpOMEHe ce He MOpPajy OJHOCUTH MCKJ/BYIWBO Ha TpaHe, Beh ce m OpOj
YBOpOBa MOKe nopehaBaTn mwim cmamuBaTu. [IpuamkoM mpoydaBama MpexKa duja
ce CTPYKTypa Mema TOKOM BPeMeHa, jeJHa MOTryhHOCT je Jia ce nzabepe TPeHyTaK y
KoMe he ce mocMaTpaTy CTPYKTypa IPUMEHOM MeTOJIa KOjU e KOPHUCTEe KOJI aHAJIN3e
cTaTudke Mpexke, 3aHeMapyjyhu Ha Taj HAYWMH JUHAMUYKE pomene. OBakaB mpu-
CTYII je yIJIaBHOM OMO KOPHUIITheH Yy IPOIILIOCTH, JIOK CY Y HOBUJUM HUCTPaXKUBATHLUMA
IIpoMeHe CTPYKTYpe y3eTe y pasMarparbe U IocBeheHo je j1ocTa maxKmbe Kako ou ce
pasymesia BUXOBA CBOjCTBA, IIPU Y€MY METOIU U MOTHUBAIIMja MIPOYYaBambha MOTY O1-
T pazianauntu. Tpebaso Ou coOMenyTH HCTpPaKUBalbe KOje Ce OJIHOCH Ha IPOIEHY
CTADUTHOCTH MPeXKe MPUJINKOM KaCcKaHUX OTKa3a I'PaHa U IBOPOBA IIPOY3POKOBa-
HUX KBAPOBHMA, 3JIOHAMEPHUM HAIAMMa, FJIH HEKUM JPYTUM pasiosuma [115-118],
Kao M UCTpaKnBatbha Ha TeMY OpraHu3alije CTPYKType MpexKe y BpeMeHYy KOja Mo-
JKe OUTH CHIIOHTAHA WU NOJ yTunajeM pasaunantux dgakropa [119-122]. Henasuo je
YBeJIeH 110jaM BPEMEHCKHUX MpexKa U JepUHUCAHN Cy O/roBapajyhn napaMeTpu Koju
[OpeJT TOTIOJIOMIKMX UMajy U JOJATHY BpeMeHCKy quMensujy [40, 123].

Mpezxka Koja omnucyje conpjaHe nHTepakiyje u3mely mojennana je KapakTepu-
CTUYaH IPUMEDP MPEKe Urja ce CTPYKTYPa Memba Yy BpeMeHy. Y COIUjaITHIM MpeKaMma
KOje Ccy OBJie poydaBaHe, MHTepaKiuje nu3Mely IojeguHalia oJIBrjajy ce Kpo3 yue-
CTBOBamb-€ Ha KOJEKTUBHHUM JorahajuMa, a caMUM TUM M MpexKa €BOJIyHpa MOCpe]I-
cTBoM KoJiekTuBHUX jorahaja. Kako cy Bpemencka pesosynuja u 6poj oJIprKaHuUX

norahaja y nzabpanum Meetup rpynamMa BeJIMKH, a KCTO TaKO Yy OBUM I'pylama I10-
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CTOje TOJAId O YIAHOBHMA KOjU Cy IMOTBPIWIM JIOJa3aK Ha jorahaj, 3a pasiuky
o1 KoHdepeHIja, I/ 10jaB/bUBahe I0jeJIMHUX HAayIHUKA Kao KoayTopa Ha PaLy
HE MOpa Jla 3HaYW U FHUXOB JloJ1a3ak Ha KoHdepennujy, Meetup rpyme cy 3Har-
HO TIOrOJIHUje 3a aHaJu3y OJI HAyUHUX KOHMepeHIuja. 300r HaBeIEHUX pasJiora, y
HaCTaBKY OBOI' IIOIVIaB/ha pa3MaTpaHa je eBOJIyIlnja collujasHe Mpexke u3Mmely tra-
nosa Meetup rpyna. Hakon ojpxkaBarma cBakKor mojeJmHavHor jorahaja jroaasu Jio
IpoMeHe CTPYKType Mpezke. Te mpomene mory mojpasymeBaru: 1) mojiazak HOBHX
wiaHoBa Koju he dhopmupaTu HOBe Be3e MelycoOHO, Kao U ca CTapuUM UJaHOBUMA,
2) dopmuparme HOBUX Be3a m3Mely CTapux WIAHOBa KOjH MPE MOCMATPAHOL OKY-
Ibatba HUCY ocTBapusn MelycoOGHM KOHTAakT win 3) Bese m3Mely crapux djaaHOBa
KOju cy panuje Beh ydecTBOBa/IM 3aje/HO Ha jeHOM uju Buile jorahaja he mocraru
jadge. IIpBo je mocmaTpaHO KakKO ce JIOKAJHU TOIOJIONIKHU IapaMeTpH I10jeInHATHIX
qJIAHOBA Membajy ca OpojeM ydecTBOBaiba Ha jorahajuma u quckyToBaHa je Melycoo-
Ha 3aBUCHOCT CTPYKTYPHUX M JUHAMHYIKAX KapaKTEPUCTUKA, a 3aTUM je MUCIHUTAH

yTUIA] KOjU TOjeIMHAYHY Jlorahaju mMajy y opraHu3aliuju MpexKe.

5.1 Amnaamsza Meetup commjajgHnX MpexKa

[Ipukyrybenu mojamm o y4ecTBOBamby WwianoBa Meetup rpyne y meHIM aKTUBHOCTHU-
Ma, He MOI'Y Ce€ JUPEKTHO IPEJICTABUTH Yy BUJY MpEXKe COIUjaJTHUX UHTEPaKIhja.
Nneja je na ce mpBO KOHCTpyHUIlle OMIAPTUTHA MPEXKa YUjU TOJICKYIIOBA YBOPOBA
oJiroBapajy wiaHoBuMma u jorahajumMa, a 3aTuM he ce Kao IpojeKkiiuja OUIapTUTHE
Mpezke JOOUTU OTeKUIbeHA MOHONAPTUTHA MpeyKa y KO0jOj YBOPOBU W I'DaHe MPEJI-
CTaBJ/bajy WIAHOBE U MHTEPaKIje u3Mely djaaHoBa. ¥ OTeXKUIEHO] MPEXKH, JIBa UBO-
pa he 6uTn moBe3aHa rpaHOM, YKOJIMKO Cy O/ITOBapajyhy WIaHOBH 3ajeTHO YIECTBO-
BaJIl Ha HEKOM o/1 jorahaja, /0K je TexKuHa IpaHe jeJiHaka YKYITHOM OpOjy HBUXOBOT
zajeaunyakor ydemha. OBako mpojeKToBaHa Mpexka Omhe rycro nmopesana. Hemocra-
TaK OIUCAHOT IMOCTYIIKA 38 KOHCTPYHUCAIHE COIUjaIHe MPEYKe Ha OCHOBY aKTUBHOCTHU
qianoBa Meetup rpyrme jecte mojaBa rpaHa Koje He IPeJICTaB/bajy peeBaHTHE WH-
Tepakije u3mehy wianosa. Kao npumep mMoxe ce y3eTu 3ajeIHUYUKO yIECCTBOBAIHE

Ha BeJIMKUM JlorahajuMa WM 3ajeJITHIYKO YUeCTBOBambhe€ BeoOMa aKTUBHUX YJIAHOBA.
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Crmka 5.1: Pacnioesia TexkuHa rpana y MpojeKTOBAHOj MOHOIAPTUTHO] MPEXKU TIpe

dburrpupama (HapaHizacTe Tauke) U HAKOH (pUITPUparba (3e/1eHu KpyKuh).

Y HaBeJieHUM IIpUMEpUMa HCTOBPEMEHa I10jaBa JBa WiaHa Ha jorahajy Moxke OuTu
MIOCJIeTUTIA CJTYYajHOCTH U HE MOpa YKa3UBaTH Jia je u3Mely IbUX IT0CTOjajia NHTEPaK-
nuja. Jla 6u ce u3aBOjuIIe OUTHE OJ1 CIYUAjHUX MHTEPAKIIIja, MpexKa je huarpupana
Kao IIITO je onucaHo y rnoryias/by 2.3.3. CmaTpa ce Jia cBe rpaHe 4uja je BepoBaTHoha
y ancam0y OMITApTUTHUX MPerka Ca 3a/[aTOM PAacCIIoJe/IOM CTelleHr YBOpoBa Beha
o1 p. = 0.05 mpescTaBsbajy NHTEPAKIIje KOje HACY PejIeBaHTHE U KOje Cy IOCJIeIUTA
caydajuoctu. Hakon dusrpupama, ryctuna Mpexke he ce cMambuTh, Ipu demy Mmehy
YKJIOEb€HUM I'DaHaMa BehI/I YaAeO0 duHe I'paHe Ca MaJlIuM TeKHHaMa, INTO yThU4Ye Ha
pacIiojiesly Te>KUHa I'paHa, Kao IITO ce MOYKe BUJIETH Ha CJNIU 5.1, T/e je pacnojaesa
IpUKa3aHa 3a cJIydaj Ipe u mnocjie puaTpupamba.

Y OKBUpY HCTpakKuBarmba KakKo ce y dyeTupu pasaumante Meetup rpymne passujajy
CTPYKTYPE COIUjaITHUX MPerka HaKOH I0jeIMHAYHuX Jiorahaja, mocMarpaHa je mpo-
MeHa CTelleHa U CHare YBopa ca OpojeM ydecTBOBamba. 3a CBaKOI yUIecHUKa cy oapehe-
HU YKylaH Opoj 3HAaYajHUX MHTEPaKIdja U YKYIIHA CHAra TUX WHTEPAaKIja HAKOH
cBakor jorahaja Ha KojeM je ydecTBOBaO, a 3aTHUM Cy 34 Yy9eCTBOBAaIbE Ca PEIHIM
OpojeM & BpEJHOCTH CTEIEeHA M CHAr'E YCPEJIIHEHU 110 CBUM yUYecHUImMa. Pesynratn

cy mpukasanu Ha ciaunu 5.2. Kaja ce yuecHUK mpBu myT rojaBu Ha jgorabhajy, Moxke
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Cramka 5.2: 3aBHCHOCT cpeJiber crereHa (g) W cpefme cHare 1Bopa (s) ox O6poja

ydecTBOBalba .

YCIIOCTaBUTHU BE€3€ €& MPUCYTHUM YYECHUIIMMA TeKUHE 1, TaKO Jla Y TOM TPEHYTKY
CTelleH U CHara mMajy je/iHake BpegHocTH. [locite caMo HEKOTMKO yUuecTBOBamba CHa-
ra YBopa he mMmarTy 3HATHO Behy BPEJIHOCT y OJHOCY Ha IHEI'OB CTEIEH U Ta Pa3JIMKa
he nacraBuTu jJja ce nosehasa ca OpojeM y4uecTBOBaIba KOJ[ CBE YETUPH ITOCMAaTpaHe
rpyme. ¥ rpynama GEAM u TECH, jaB/pajy ce TUCKOHTHUHYUTETH HAKOH HEKOJIHKO
CTOTUHA YYeCTBOBaIba, KOjU Cy IMOCJEIHUIA JIOIIe CTATUCTUKE, OJHOCHO CPE/TIba BPE/I-
HOCT C€ PadyHa Ha OCHOBY MAJIOT' y30pKa KOjU CaJIpzK1 N3Y3€THO MaJju Opoj diiaHoBa
koju nmajy 300 mim Buie ydecTBOBamA.

[Ipersieiauju yBU L y MpoMeHy ojiHoca u3Mely crerneHa u cHare IBopa ca opojem
Jonasaka Ha jorahaje Moxke ce J100uTH ca ciimke 5.3. Y TPEHYTKY CTOTOI y4eCTBO-
Bama Ha Jorabajy, ImpocedHa BPEJHOCT CHare 4Bopa je 1 JI0 jJeceT IyTa Beha o
IIpocevHe BPEJTHOCTH cTereHa. VI3 mocmarpaHnx pesysraTa caeu 3aKbydak Jia Io-
CTOjU M3parkeH TPEH/I MIOHaB/balba NHTEPAKIHja u3Mel)y IBopoBa KOju Cy IOBe3aHU
I'PAHOM, JIOK je IIPOIeC yCIIOCTaB/balba HOBUX Be3a 3aCTYI/bEH, aJll Y Mamb0] MEpH.

Ha ciumu 5.4 je npukazana 3aBUCHOCT u3Mel)y crerneHa u cpejiie cHAre 9Bopa y
KOMILIETHO] MPEYKU HaKOH OJIpzKaBarba MMOcjeImer Mehy mocMaTpannm jrorahajuma.

CBu 4BOpPOBU KOjU MMajy jeJlHAKE BPEJHOCTU CTelleHa ¢ Cy IpyHUcaHu u ojpehena
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Cmuka 5.3: Tlpomena ojoca m3Mmely cpejer creneHa (g) U Cpejiibe CHare IBOpa

(s) ca GpojeM yuecTBOBamba .

je cpemma BpeaaocT cHare (s). Koa uBoposa ca majmm crerenoM (¢ < 50), chara
YBOpa pacTe JIMHEAPHO, OJIHOCHO CHAra M CTEIeH YBOPA MMa]y NMPHUOJIMKHO je/THAKY
BpeHOCT. OBAKBO TOHAINAKE je KapaKTePUCUTIHO 3a TJIAHOBE KOjU WMAjy j€JTHO
WU CBera HEKOJIMKO yUIecTBOBarba Ha jorahajuma, Tako jga OHU 00pas3yjy Masu 0poj
Be3a ca CyceauMa U Te Be3e uMajy Maje rtexkune. Ca mMopacToM BPEJIHOCTHU CTelleHa,
cHAra YBopa pacre BeoMa Op30, I1a YBOPOBU KOjU UMajy HajBehu OPoj ycrocTaB/beHuX
Be3a ca cycelnMa, nMajy M HajBehy mpocedny BpeHOCT TekKnHA T'paHa. BaykHo je
IPUMETHUTH Jia KOJ[ CBe YeTHUPHU I'pYyIle, [IOCTOjU MOKJIalaibe pesysiarara, 6e3 ob3upa
Ha pa3jinKe y BeJIMYUUHU Mpexke, Opojy ojpkaHux jorahaja, ajgum u pasjnke usmelhy
Op3uHe MpoMeHe OJHOca M3MeDy Cpe/iber CTeleHa U CPeJlibe CHare YBOpa HAKOH
CBAKOI' HOBOT' y4eCTBOBama (cinka 5.3).

AKo ce oBU pesysiraTu ymopeje ca pesyJaTaTHMa U3 MPEeTXOHOI MOTJIaB/ba Ie
je pa3MaTpaHa JIMHaAMUKa y4ecTBOBama Ha jorahajuma u yrBpheno ja BepoBaTHOha
yUIecTBOBarba pacTe ca OpojeM Josia3zaka, MOXKe ce 3aKJbYIUTH JIa COIUjaTHa KOMIIO-
HEHTa MMa BaxKHY YJIOT'y KaJja je IojaB/bUBambe Ha jiorahajuma y nuramby. ¥ 9€CTBO-
BambeM Ha Jiorahajuma, diaHoBu oOpa3yjy HOBe Be3e, aju IIpe cBera oHu mosehaajy
TeXKUHE Be3a Koje cy Beh ycrocraB/beHe Ha MPETXOAHUM JorahajuMa W Ha Taj Ha-

YUH [I0CTajy CcTabW/Huje TMOBE3aHM Ca OCTATKOM 3aje/IHHIE Y COIUjaIHO] MPEXKH.
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Cnwmka 5.4: BaBucHoct usmeljy crernena ¢ u cpejitbe cHare 4Bopa (S) y KOMILIETHO]

MPEXKHM HaKOH OJIprKaBarba, IMOCIe/IIber TocMaTpaHor jJorahaja.

[Tocsie mpBor ydectBoBama Ha Jorahajy, Be3e KOPUCHHUKA y COIUjAJIHO] MPEXKHU Cy
cinabe n BepoBaTHONA ydecTBOBama Ha ciejgehum jorahajuma je masia. AKTUBHUM
yUIeCTBOBabEM KOPUCHUK he HCTOBPEMEHO YUBPCTUTHU CBOje Be3e Y MPEexKU  moBeha-
TH U3LJIeJIe 3a JoJa3ak Ha ciaeaehe oKyIbambe, IIPU 9eMy Ta OJJIyKa 3aBHCH U O/I
OJIJIyKe “JIAHOBa KOJU CY My CYCEJIM y COIMjaIHOj MpexKH Jia Jin he y3eru ydqenihe Ha
sorabajy.

[Topes crenena u cHare 4Bopa, IocMaTpaHa je W IPOMEHA yCpPeIHheHOr Koedu-
nujerTa rpynucama (C) HAKOH CBaKOI HOBOT ydecTBoBama Ha Meetup morabjajy.
Pezysirarn npukaszanm Ha ciauium 5.5 MOKa3yjy Jia je BepoBaTHOha Jia Cy YJIaHOBU
ca KOjuMa y4JecHUK obOpasyje rpaHe Ha CBOM IIPBOM yUeCTBOBamby Takohe melycobHO
nosesanu Beha ox 60%. Osa Beposarnoha he ce cmamuTu Kako wian Oyge obpas3o-
Ba0O HOBE Be3e y COIMjaJIHO] MPEXKU €a “WIaHOBUMa Koje he yro3HaTu Ha HapeIHUM
norabhajuma. Ha moderky he cpejnba BpeIHOCT KoedUIjeHTa IPYIACaha Ol IaTh
6p30, aau he Beh nakon 10 mojaB/puBarba IpoMeHe ImocTaTu BeoMa Mase. Ocry-
narma Koja moctoje 3a Behe Bpemroctu x y rpymnmama GEAM n TECH, kao mro je
Beh objalmbeHo, mocieuIa cy JIoe CTATUCTUKE.

Ha ucroj cuiu, 3ejieHnM Kpy2KuhuMa puKas3aHa je 1 IpoMeHa BPeTHOCTU YCPEIHbe-

HOI' OTEXKUILEHOT KoeduinjerTa rpynucamma (C"), KOju mope/1 IoJIaTKa O IPYIHCALY
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Ciuka 5.5: 3aBucHocT cpejmer Koedurujerta rpynucama (C') U Cpe/iiber OTexKnEbe-

HOr Koedunujenta rpymucama (C") on 6poja yuecTBOBamba .

y JIOKAJIHE 3aje/IHUIE HAa HUBOY TPH YBOPA, JIOJIATHO YKIbydyje u nHGOPMAIjy O Te-
»Kuuu rpana (norsenary norsasibe 2.3.1). [lopehemem spennoctn (C) u (C*) mMoxe
ce yTBpauTH jia Jm ce (opmupajy 3ajennuiie mamely dBopoBa UHje rpaHe UMajy
BeJIMKE TeKuHe. Y TPEHyTKYy IPBOI TojaBibuBamba, spegnoct (C) u (CY) cy jen-
HaKe, IOIITO I'paHe nMajy jeauuaundae TekuHe. CIMTIHO KAO U KOJ[ HEOTEKHUEHEHOT
KoeduImjeHTa Tpynucama n oBje e BPeIHOCT Oma aTh ¢a HOBUM YUIECTBOBAIbUMA
u obpa3oBarbeM HOBUX Be3a, Ha IOYeTKYy OpxKe, a 3aTuM crnopuje. Mnak, BazKmo je
IMPUMETUTH JIa OTEXKUHEHU KOeUIMjeHT Ipynucama uMa Behy BpeJIHOCT, MITO T0-
Kasyje Jia ce JIoKaJHe 3ajeHuIe (popMupajy ca cycemMa ca KojuMa 4BOp UMa jake
Bese. Oa pasznuka u3mely Bpegnoctu (C) u (CV) Mame je m3pazkeHa TOKOM IIPBHUX
ydecTBOBarba KaJla “IaH TEeK yCIIOCTaB/ba Be3e ca CBOjUM cycenMa y Mpexu. Kako
6poj morabaja Ha KojuMa ce 4jaH I0jaBHO pacTe, (hOPMHUPAjy ce HOBE Be3e, aJIl HMC-
TO TAKO TeXKWHe HeKuX oJ Beh mocrojehux Besa mocrajy cse Behe. Tasa u passiuka
n3Mely HeOTEXKUILEHOT U OTEXKUE-eHOI KoeduIllljeHTa Ipylucama, Takohe, mocraje
cse Beha. OBo yka3syje Ha OMTHY yJIOTY KOje I'PyIHCame Cycela ca KOjuMa IIOCTOje
Be3e BEJUKUX TEXKUHA MMa y OPTAHU3AIN]U MPeXKe TOKOM BpPEMeHa.

a 6u ce jomaTHO MCTAaKAO 3HA4Yaj Pe3y/ITara KOju Cy JOOMjeHH 3a BPEIHOCTH
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OTEXKUIHLEHOI 1 HEOTEXKUIHLEHOI KoeUIjeHTa IPYINcamba, ITOCMATPAHO je KaKo Ou
OBU TIapaMeTpHu M3TJIeJaJH y CIydajy OTeKUEeHe MpexKke Koja ce Jio0uja Ipojek-
II1jOM paHJIOMU30BaHe OUITapTUTHE MpexKe. bunaprurHa Mpexka je paHI0MU30BaHA
TaKo IIITO je U3BPIIEHO IIPpeBe3nBamhe IocTojehux rpana nsmely wianosa u jgorahaja,
[IPU YeMY Cy BPEJHOCTH CTEIleHA YBOPOBa OCTaJie HellpoMerbere. Ko mporeca mpe-
Be3MBambha, MPBO ce n3abepy Ha cjIydajaH HAYUH J[Ba IBOPA ¢ U j KOJU IIPEJICTABIbA]Y
ynanose Meetup rpyte, a 3atuM ce usabepy JBa jorahaja I* u I/, Takohe HacyMudIHO,
Ha KojuMa Cy u3abpaHy WIaHOBH y4YeCTBOBaJIU. YKOJIUKO je [* # I/ u y Gunaprut-
HOj MpeK; He IocToju Besa msMmely 4Bopa i u usopa I/, kao um m3mely usopa j
u [, oBe ;Be Bese he 6GuTn ycnocrasibene, a nocrojeha Besa usmely usoposa i u [
u Besa usmely j u I/, 6uhie packunyre. Onucanu nocrynaxk he 6utu nonosber 10
X Opoj wrianoBa X 0Opoj gorahaja myra. Hakon panjgoMusaniuje OUnapTuTHe MpexKe,
IIPOjEeKTOBaHa, OTEXKHWIHbeHA MpexKa nMahe MpoMermeHy CTPYKTYpy. BejmduHa Hekor
norahaja he ocratn mucta, ajau he johm 10 mpoMeHe ydecHUKa, IITO he y3poKoBaTH
noBeharbe TeXKWHe T0je/IMHUX IPaHa, aIl UCTO TAKO, J0JA3U U JO CMambheiba TeKUHA
HEKUX JIDYTUX I'paHa. YKYIaH 30Up TeXKWHA CBUX I'DaHa y MPeXKH he ocTaTu MCTH.
3a cBaky o1 yetupu Meetup rpyme, renepucano je 100 paHIoMU30BaHUX OTEKUHHE-
HUX MpPerka y KOjUMa je U3BPINeHO (puITpupaibe Be3a 3a Koje je MPOIEHEeHO J1a HUCY
peJieBaHTHE.

BpetHOCTN HEOTEKUIHEHOT M OTEYKUHH-EHOT KOepUIINjeHTa IPyIucambha y PaHI0MI-
30BaHO] MPEXKU HAKOH T yUIECTBOBaIba, IIPBO Cy YCPEIIbeHe 110 4IAHOBUMA, & 3aTUM
cy ycpejmbene 3a caky o 100 panjoMu30BaHUX Mpexka. Pe3ysiratu cy nmpukasaHu
Ha cymny 5.6. 3a pa3uKy oJ1 OpUTHHAJIHE MPerKe, TJle BPEIHOCT OTEXKUEEHOT KOedu-
IUjeHTa Ipynucama Beh HAKOH NMPBUX HEKOJIUKO YUeCTBOBaiba MMa Behy BpeIHOCT
y OJIHOCY Ha HEOTEXKUIbeHH KOeMUIMjeHT Ipylucamba U Ta pasjnuKa ce ca CBaKUM
HOBUM JIOJIACKOM Ha Jjiorahaj cBe Buille ioBehaBa, y paHJI0OMU30BAHO] MPEXKH Ta Pa3-
JINKa TOTOBO W Jia He mocToju. To mokasdyje jia y paHJIOMH30BAHO] MPEXKH TPUJIN-
KOM TI'pylncama TPU YBOpa Te:KWHE I'paHa HeMmajy yTuiaj. McroBpemeno, 10/1aTHO
je morBpheHo jia rpynucame IBOpoBa u3Mehy KOjuX I0CTOje jake Be3e MpeCTaB/ba

jeJIHY OJ1 BayKHUX KapaKTEPUCTUKA Y PeaTHO] MPEXKH.
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Cimka 5.6: 3aBucHocr cpejber koedurujenra rpynucamba (C) U Cpeber 0TexKUEbe-
Hor KoedurmjerTa rpymucama (C") ox 6poja yuecTBOBama T Y PaHIOMU30BAHO]

MPEeXKHU.

5.2 VTumaj nojeamHadHux gorahaja Ha KapaKTepHCTUKe

colljaJTHEe MpexKe

EBonymnuja cTpyKType MpexKe JIo cajia je y OBOj JIMCepPTaIluji ToCMaTpaHa caMo Ca
CTAHOBUIITA IIPOMeHe JIOKAJHNX CTPYKTYPHUX IapamMeTapa Ha HUBOY I0jeMHATHOT
yBopa. llogjesinako mHTEpecaHTHO, all M BaXKHO je pa3MOTPHUTHU IIPOMEHe Koje ce
jaB/bajy Ha MaKpPOCKOIICKOM HUBOY HAKOH CBAakKor jorahaja y rpyIiu.

[TocTynak Koju je IpuMem€eH y HCIUTUBAY YJIOre KOjy IMOjenHavYHn jorahajn
nMajy y OpraHmu3aliiju collujajiHe MpexKe, Mo/Ipa3yMeBa aHaIN3y OTeXKUIbeHe MOHO-
HAPTUTHE MPEXKe Koja ce J00uja IPOojeKIjoM OUNapTUTHE MPezKe HAKOH yKJ/Iahabha
norabaja oxrosapajyhum pejocienom. Ha moderky cy, 3a KOMILIETHY MPEXKY, UICH-
THdUKOBaHEe PeJleBaHTHE Be3e, JIOK Cy OHe 3a KOje je yTBPheHO Ja cy MOCjenuIia
CJIyYajHOCTHU 3aHeMapeHe. YKJamare jorahaja n3 OurnapTurHe Mpexe MOKe y3po-
KOBaTH CMAalbeihbe TEeKMHA I'DaHa WM YaK M HHXOBO PACKHUJAIe. Y KOJIUKO u3Mely
JIBa ydecHUKa Jorahaja 1mocToju pejeBaHTHA Be3a, TeXKHWHa T'paHe he OUTH yMarbe-

Ha 3a jeJlaH, I1a YKOJUKO je I'paHa MMaJja jeJUHUYIHY TeKUHY, OBa Be3a he OuTu
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PaACKUHYTA.

[Tocmarpana cy jnBa mapamerpa. [IpBu ce ojHOCH Ha TIPOIIEHAT T'PAHA Y MPEXKH 1),
Koje Ou 1mocrojasie n Ja mojeaunn jorahaju nucy oprannzosann. OBaj mapamerap je
neduHrcaH Kao oJHoc Opoja rpana y Mpexu F" Koju mpeocrane Kajia ce OJICTpaHu

yaeo o r gorahaja u yKyIHOr Opoja rpaHa y KOMILIETHO] Mpexu F

0r) = = (5.1)

JacHo je 1a pacrojiesia TeXKUHa rpaHa 3HAYajHO yTUU€e Ha BPEIHOCT JIATOT apaMeT-
pa, TOIITO ce TpaHe KOjuMa Cy IPUIPYyKEHe Mambe TeXKNHe MOTY JaKIle paCKIHYTH.
[Tope/1 mpoMene TycTUHE TOBE3AHOCTH Y MPEXKH, IIOCMaTpaHa je 1 IPOMEHa CPeiber
OTEXKUILEHOT KoedumujenTa rpymucama C% 10 Koje J0/1a31 HAKOH U3/1Bajarba Ppak-
nuje r jorahaja. YKOJIUKO y 3ajeHuIlaMa ol Tpu Mel)ycoOHO 1moBe3aHa dIBOpa, I0-
cTroju Oap jesiHa ciaba Be3a, BPEIHOCT OTEXKUIHLEHOI KoedUInjeHTa IPylucama he
Op30 oraIaTu.

JIBa najonTHuja napamerpa Koja ojpebhyjy jiorahaj cy Bpeme meroBor ojip;kaBarmba
n Opoj ydecHUKa KOju Cy TOTBPJIMIN CBOj joJa3ak. la Ou ce mcnmurao mHUXOB yTH-
11aj Ha CTPYKTYPHO ypeheme Mperke, Ha IOBE3aHOCT YBOPOBA U IbUXOBO I'PYIINCAILE,
3a aHaju3y cy m3abpaHa UYeTUPHU PA3JIMIUTa PEJIOC/Ie/ia 10 KOjUMa Ce BPIIUIO U3-
nBajame jorahaja. IIpBo cy morahaju coprupanu 1o BeJIUUMHN U OHJIA CY YKJIaHaH!
o/l HajOpojuujer Ka jorahajy ca HajMamuM OpojeM ydecHUKa, a IIOTOM U Ha CyIPO-
TaH HAYWH, OJ] HajMamer Ka Hajpehem. 3aTuM je mocTynak IOHOBJ/bEH 38 PEIOC/IeI
KojuMm cy ce jorabaju omprkKaBaJiu, OJi IIPBOI' Ka mocjejmeM. Ha Kpajy je mocmar-
paH caydaj KaJia cy jorahaju koju he OuTu oJicTparmeHn OMPaH HACYMUYIHO CBE JIOK
He OU mpeoctao Hu jegan jgorahaj y oumnaprutHoj Mpexu. lloctynak macymMuaHOr
yKJlambarma 1moHoBsbeH je 100 myTa, a 3aTum cy jgobujenu pesyiaratu ycpeimenu. [lo-
pehememM pesynrarta Koju ce J100Mjy TPUMEHOM Pas3IMIUTUX METOJ[a M30CTaB/barba
norahaja, Tpebajio O ja ce TOKaxKe Jia JU Cy KapaKTEePUCTHKEe WHTEpPaKIja Ha Be-
JIMKUM U MaJIIM OKYIL/barbuMa Jpyraduje. Takohe, oueKyje ce 0JroBop Ha IIUTAE 18
JIX TIOCTOjU pa3jiuKa n3Mely cTabWIHOCTH Be3a KOje ¢e OCTBape Ha MOYEeTHUM U KAC-

HUjuUM Jorahajuma, Kao U Jia Jiu je OJIJINKA TIOHOBJ/HEHUX 3ajeJTHUIKUX yYECTBOBAIbA
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Cnuka 5.7: ¥Yrunaj nojeaunadnux jgorahaja ma melycoOHy moBe3anHocT 4BopoBa y
mpexku. Crrka j1eBo: jJorahaju ¢y yKIamaHu 110 BEJIMIUHH, 0/ HajBelier Ka HajMameM
(b) u 06pHyTO, O11 HajMamer Ka Hajsehem (s). Cinka mecno: jorahaju cy ykiamaHun

o pejociery oapzxkapama (f) u macymmano (r).

JIOKAJTM30BaHOCT y Opel)eHOM BpeMEeHCKOM WHTEPBAJTY.

Pesynratu ma coaumu 5.7, mpukaszyjy KOJIMKO Be3a Y MPEXKU y OJHOCY Ha YKY-
naH Opoj Besa OM mocrojajo W Kaja HeKH oj jgorahaja me 6m Omam oxpxKkaxu. Ha
CJIUIIN JIEBO je KPUTEPUjYM 10 KojeM cy jorabaju mzjBajanu Ouyia IUXOBa BeEJIM-
yuHa. [lyHom JuHMjOM je mpuKasaHO KaKO BPETHOCT MapaMeTpa 1) omaja KaJa ce
norabaju ykiiamajy oj1 Hajseher Ka HajMameM, a UCIPEKHIaHa JUHUja 0JIroBapa Cy-
IIPOTHOM pe€JIoC/Iely, Ol HajMamer kKa HajBehem. Moxke ce BujeTn jga je y Tpu OJ
YeTHpu IocMaTpaHe rpyme, noBo/bHo ykjgonntn camo 20% morahaja ca majsehiom
Opojem ydecHuka kako 61 oko 80% Besa 6usio packunyro. OBaj nmojarak ykasyje Ja
KoJ1 HajBeher Opoja mapopa wiaHoBa m3Mely KOjuX A0J1a3u 0 MHTEPAKIHja Ha HEKOM
o;1 Hajsehmx morahaja, mHTEepakIiMje HHUCY TOCTOjaJie TIpe TocMarpaHor jorabaja u
nehe ce monosutu Ha jorahajuma koju he ycimemurn. Ca cTaHOBHIITA CTPYKTypPE
KOMILIEKCHE MpezKe, TO 3Ha4u Jia u3Mely JiBa 4BOpa Koja Cy HPHUJIPYyKeHa MOCMAT-
pPAaHNM YJAHOBUMA MOCTOju TpaHa Maje Texkune. Ca Japyre crpaHe, akKO Ce YKJIOHU
80% norahaja, 6upajyhn npso one ca HajMambuM OpOjeM yIeCHUKA, IPOIEHAT PACKU-
HyTHX Be3a je BeoMma Huzak, oko 10% y rpynama GEAM, PGHF u TECH u oko 20%

y rpymun LVHK. 3a paznuky oj Be3a Koje cy mocjeniia MOBPEeMEHINX WHTEPAKIIja
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Cmuka 5.8: Pacnoznena penaTupanx QpJIyKTyanmja Benduna gorahaja e?€<>e>, rie je ca

e O3HaYeHa BeJIMYMHA MojeiuHaIHuX jorahaja, a ca (e) nmpocedna Beanunna jgorahaja

y I'DyIU.

Ha HajBehmnm jorahajuma m mMajy MaJjie TeXKUHe, Ha MarmbuM jorahajuma ydecTByjy
YJIAHOBU KOjU MMajy BeJUKKM OpOj 3ajeITHMYKHUX T0jaB/bUBalba W HUXOBE Be3e ce He
Mory Jiako packuayTu. Moryha objarberba 3a pa3InauTo MOHAIIAHE KOje Ce jaB/ba
koj, rpynie LVHK cy apyraunmja pacromesna texkuna rpana (camka 5.1) Tako ja je
IIpocevYHa BPEJIHOCT Behia y OJHOCY Ha ocTajie TpU TPYyIle, ajl U Marbe Bapujalije
u3mely Besmumna norabhaja y oBoj rpymnu (ciauka 5.8).

Ha cimumm 5.7 jrecno, MoxKe ce BUJIETH KAKO C€ BPEJIHOCT HapaMeTpa 1) CMarbyje
KaJla ce jorahaju ykiamajy 10 pejocieny OAp:KaBaiba, OJ1 MPBOI Ka ITOC/IEIHeM
(myHa JimHEjA) U yKOJIUKO ce joraljaju 6upajy Ha ciaydajan HauuH (MCIPEKUIAHA JIH-
uuja). Kog rpyna PGHF u LVHK, cimanoct usmeby pesyirara koju cy ce po6mim
IIPEMEHOM OBa JIBa IOCTYIIKa, II0Ka3yje Jla BpeMe oJiprKaBatba jorahaja Ha KojuMa je
Oje/TMHAI] yIeCTBOBAO, HE YTUUe Ha CTAOMIHOCT FHeTOBHX Be3a. Y JaTHM I'pylaMa
He MIOCTOjU TeHJIeHINja Jia hie ce 3ajeIHUYIKO yIeCcTBOBaIbe Ha MOoYeTHUM Jorahajuma
MOHOBUTH ca BehoM BepoBaTHONOM y OJIHOCY Ha Y9eCTBOBaIbe Ha KaCHUjUM Jlorahaju-
Ma ujm oOpuyTo. Takobhe, oBjie ce He MOy UJIEHTU(PUKOBATH OIPAHUYIECHU BPEMEHCKU
UHTEPBAJIN KaJla Cy YUeCHUIM u3MeDy KOjuX IOocToje Be3e BehuxX TeyKMHA aKTUBHH,

jep 6u y Tom ciydajy BpeJIHOCT 7) TpebaJsio Jga olajia CIopuje Kaja ce PEIOCIeT eTr-
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muHatmje porabaja panmomusyje. Kox rpyna GEAM u TECH, kana ce mocmarpa
XPOHOJIOIIKHU PEJIOCHIET, TIOCTOju OJIaro M3parkeH!n TPEHJI Jia ce BPETHOCT 7) Ha II0-
YeTKY cMambyje Opxke, a 3atuM criopuje. OBaKBO MOHAIIARE MOXKE OUTH Y3POKOBAHO
dopmupamem Beher 6poja crabux Be3a Ha MOYETHUM OKYILbarbuMa, Koje ce Hehe
YUIBPCTHUTHU Ha KacHUjuM jorahajuma, Kaja he ce y rpynu MojaBUTH HOBU UJIAHOBU U

KaJia he MmojeIMHIM TeXKUTHU JIa yCIoCTaBe CTaOMIHIje Be3€e ca CBOJUM CyCe IMMA.
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Cmuka 5.9: Vrunaj nojeannadnux gorahaja Ha CpPeabi OTEKWHeHH KOe(DUIHjeHT

rpynucama Cv. Ciuka jeBo: jgorahaju cy yKIamaHu 10 BeTUIuHu, o1 HajBeher ka
uHajmarbeM (b) u 06pryTO, 011 HajMamer Ka najsehem (s). Ciuka gecuo: gorabaju cy

YKJIAAHU TI0 pejiocyiely oapxkasama (f) u Hacymuano ().

YKOJIMKO ce TIOTJIe/Ia TTPOMEHA CPEJIIHET OTEXKUILEHOT KOeUINjeHTa IPYIUCAThA
Ha cuunm 5.9, y ciiydajy rie TpeHyTak Kaja he morabhaj Outu msdbpucan nu3 oumap-
TUTHE MpEeXKe 3aBUCH O] Berope Besnmumbe (ciuka 5.9 jieBo), BaxKuhe CJIMYHU 3a-
KJBYYIN Kao 1 KaJla je TOCMaTpaH pesiaTuBan Opoj rpana 1. YKaamarbeM jgorahaja mo
pacTyheM MOpeTKy mBIXOBIX BesImunHa, BpegHocT CW he ocTaTn roTOBO HEIIPOMEHhe-
Ha u nocse ykiamama 80% morahaja. To gomarno norsphyje ja ce na moraljajuma
KOjU HEMAjy U3PA3UTO BEJIMKK OPOj YUIECHUKA OKYILha]y YIEeCHUIN u3Mely Kojux 1mo-
CTOje jaKe Be3e Y COIUjaTHO] MPEXKHU, IPHU YeMy YIEeCHUK Ty He TEXKU JIa YCIIOCTABHU
jake Be3e caMo ca jeJIHMM cyceJIoM, Beh 1mocToje 3aje/IHuIe o] TPU WJIH BUIIIE YBOPOBa,
[OBE3aHUX I'paHaMa Koje ce He MOTI'y Jiako packuuyTu. Kaja ce mocmarpa oOpHYT
pezocien, Tae ce pBo Oupajy Hajsehum morahaju, BpeaHOCT OTEKUEHEHOT KOepUIim-

jeHTa rpylnncama ycpemeHa 110 CBUM YBOPOBHMA OIlaJla CIOPHje HEero IITO OIlla/ia
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6poj rpana y mpexu. Cycenu ca KojuMa UBOp MMa MHTEPaKIdje Ha HajBehum Ji0-
rabajuma He Mopajy 6utn Mel)ycoOHO moBe3aHM, TAKO JIa PACKHUIAbE BEJIUKOT OPoja
rpaHa Ha OBHM JlorahajuMa mMa Mame IMOCJenIle Ha BPETHOCT OTEKUIHEHOT KOe-
dbunmjenTa rpynmcama Hero mTo je MO¥Ka odeknpano. Vnak, spegnoct C% omaja
IIOCTEIIEHO, KAKO Ce CMambyjy TeXKUHE I'paHa U PacKu/ajy Hajcjaabuje Be3a y rpylama
oJ1 Tpu MehycoOHO IoBe3aHa IBOPA.

Ca cimmke 5.9 J1ecHO, BUJIM Ce CJIMYHO MOHAIAe KaJia ce jgorahaju yKiamajy 1o
BpPEMEHY HUXOBOI OJIpzKaBarba M CIy4YajHUM pejocienoM. Vnak, maTepecanTHO je
Ja ca HacyMHYHUM Opucamem jorahaja, 6poj rpaHa olajia CIIOpHUje HEero Kaja ce
jorahaju yKjamajy 1o peiociery oapKaBaiba, JIOK je Y CIydajy CPe/IHher OTeKUbe-
HOT KoedHIIjeHTa IPyIucamba CUTyaruja oopayTa, ca usyserkom rpyrne GEAM. Osa
1ojaBa MOXKe YKa3UBaTH, Jla ceé HACYMUYHOM eJIMMUHAIjoM jorahaja packune Behu
HPOIIEHAT ¢/1abuX Be3a m3Mely 4BOPOBa KOjU HUCY T'PYIUCAHU Y 3ajeTHUIE Ca UCTUM

cyceuMa.

78



6. 3akJby4dak

[Ipunmukom mpoydyaBarma KOJEKTUBHOI MOHAIIAka KOMILIEKCHOT CHCTeMa, HEOITXO/I-
HO je y3eTu y pa3MaTparbe nHTepakiiuje udMehy merosux ejgemenara. Cse J10 mpes
kpaj 20. Beka, 3a MoJle/IUparbe MpexKe MHTepaKInja KOPUITheHn Cy jeTHOCTaBHU)U
MOJIeJTH, Kao IITO Cy peryaapHa MpexKa Win ciaydajua mpexka. Kpajem 20. Beka, cBe
Beha npumMena padyHapa y nCTpaKuBarmbHuMa, OMOTYNU/Ia je TPUKYIJbatbe U 00paLy
BEJIMKUX KOJIMYMHA T0/IaTaKa O KapaKTEPUCTUKAMa PEAJTHIX CUCTeMa. EMIIMpujcKom
aHAJIM30M II0/IaTaKka YTBPHEHO je jla peasHe MpexKe NMajy CJIOXKEHY CTPYKTYPY Koja
ce He MOXKe OIMCATHU jeJTHOCTAaBHUM MOJe/INMa KOju cy J0 Taja mocMaTrpanu. Ta-
KoDe, aHajn3a je 1okasaJia Jia Cy Ioje/IMHe OCOOMHE PeaIHuX MpeXKa YHUBEP3aJIHe y
pazyimauTuM cucremuMa. CBe TO je MOTUBHUCAJIO PA3JIMIATA UCTPAKUBAIbA HA TEMY
KOMILJIEKCHUX MpexKa ¥ JIOBEJIO JIO0 BEJUKOT HAIPETKA y OBOj O0OJIACTU Y TOCJIEIHEe
JIBE JIeTleHN]e.

Y 0BOj aucepTanyju, pasMaTpaHa je eBoIyIja CTPYKTYpe KOMILIEKCHIX MPexKa
y BpEMEHY U JIMHAMUYKH MPOIECH Ha MpekaMa. AHa/m3a je 3acHOBaHA Ha MpexKaMa
KOje OINCY]y peaJiHe cOIMja/IHe CUCTEMe Uhja je TUHaMWKa JUCKPEeTHA W y KOjuMa
0]/ IMHITY MMy HEIlOCpe/IHe NHTepaKIje Ha KOJIEKTUBHUM Jjiorahajuma. Y jgocaja-
UM PaJIoBUMa U3 00J1acTh (PU3MKE COIMjaJTHUX CHCTEMa, CBOjCTBa CHCTEeMa KOju
MOJIPa3yMeBajy JUPEKTHY KOMYHUKAIU]y U3Mehy IojenHala cy HeJIO0BOJHHO IIPO-
ydeHa, Ipe cBera 300 TeyKer MPUCTYIA IOJAIlIMa HEro y CJIydajy KOMYHHKAIWje
nocpejictBoM Hekor ypebhaja. Ocum Tora, crenududHa opraHn3aluja cucTeMa Koju
Cy OBJIEe TIOCMATPaHU, TJe Y KOMYHHUKAIUjH UCTOBPEMEHO y4decTBYyje Behu Opoj diia-
HOBa U TO CaMO y oJipeheHnM BPEMEHCKUM TPeHyIIMMa, YNHU OBE CHCTeMe ToceOHO
MHTEPECAHTHUM 3a U3ydaBambe.

CBojcTBa MOCMATPAHUX CONMJATHUX MpErKa y OBOj JUCEPTAIMjU CYy aHAJIU3UPa-

Ha IIPHUMEHOM CTaTUCTHUYKUX METOHda, METOIda Teopﬂje KOMIIJICKCHHUX MpPeXKa, MaTe-
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MaTUYKOT MOJIe/IUparba M HyMepUYKux cumysianuja. Ha mouerky morsmasma 2, y
HajkpahuM 1mprama cy mpejcTaB/beHe MeToJie Koje Cy KOpHIIheHe Y CTaTHCTUYKO]
o0Opajm eMIMPHUjCKUX TojaTtaka. Ty cy jare neduHHUITje peJeBAaHTHUX PaCIojiea,
OIMCaH je MeTO ] MAaKCHMaJIHe BEPOJOCTOJHOCTU 3a OIEHY IapameTrapa PacIojiesie
U IpUKAa3aHa Cy JIBa METOJIa, TECTUPAIbe XUIIOTe3€ O PACIOJIENN U TECT KOJUYHU-
Ka BEPOJIOCTOJHOCTH, KOjU Ce KOPHCTE 3a IPOBEPY Jia JIX je OlpPaBJIaHO KOPUCTUTHU
OCMaTpPaHy TEOPHUjCKY PACIOENy 3a OINUC eMINPHUjCKUX MTOTATAKA.

Y nocMaTpaHUM CHCTEMUMa, HAKOH MPBOI yYECTBOBalba Ha HEKOM OJI OpPTraHU-
30BaHUX Jorabaja, mojeinHall II0cTaje JIe0 CUCTeMa, IOC/Ie dera MOXKe yUIecTBOBATH
ca i 0e3 1may3a Ha HapeJ HUM JiorahajuMa, ajid IMOCTOju U MOIYNHOCT Jia Y HEKOM
TPEHYTKY HAITyCTH CUCTEM. Y OKBUPY IOTJIaB/ba 2, pa3MOTPEHO je U MOJIeJINPAIbe JIH-
HAMUKE Y4eCTBOBarba y KOJIEKTUBHUM akKTUBHOCTUMA. [IpBO je 3a HajjeHocTaBHUjU
caydaj, KaJia je BepoBaTHONA 1pesiasa u3Mely crama KOHCTAHTHA, OJHOCHO KaJia je
YYIEeCTBOBaIhe HACYMUYIHO, TIOKA3aHO JIa PACIojieia YKYITHOD Opoja yd4ecTBOBAba UMa,
EKCIIOHCHITUjAJTHI O0JIUK. 3aTUM Cy pa3MOTPEHa JIBa CJIOXKEHUja MOJIesa, IIPBO KaJla
BepoBaTHOha Tpesiaza 3aBUCH CaMO OJ] TPEHYTHOT' CTaiba y KOME Ce CHCTEM HaJIa3’, a
3aTUM KaJla OBa BepOBaTHONA 3aBUCH U OJ] CTaha y KOMe Ce CUCTEM HaJIa3’ aJii 1 O]
TPEHyTKa MIOCMATpaiba. ¥ OBOM JPYIOM, BDEMEHCKU-HEXOMOT'E€HOM CJIYUajy, aKIIEHAT
je craB/beH Ha reHepaJsim3oBanu Omnapuu [lojun mojesr, rie BepoBaTHOha mpesa3a
pacte ca 6pojeM ydecTBOBarmba M OMaJia ca Iay3aMma.

Cornujaanu cucreMu 4Ymja je opranmsalyja 3acHOBaHAa Ha yYECTBOBAILY UJIAHO-
Ba Y KOJICKTUBHUM aKTUBHOCTUMA, MOTY C€ IPEJICTABUTH ITOMONY MpexKe TaKo IITO
ce WIAHOBU IIPECIMKABAjy Ha YBOPOBE, & MHTEPAKIMje m3Mehy 4IaHOBa Ha KOJIEK-
THUBHUM jorabajuMa cy IpeJicTaB/beHe Kao I'paHe n3Mehy YBOpOBa KOjUMa Cy IMpU-
JIpyZKeHe TeXKUHe jeJIHAKe YKYITHOM OpOjy 3aje JHIIKOT yIecTBOBamba Ha jjorahajuma.
[TorytaBibe 2 je KOMILIETUPAHO IIPEryIe/IOM MeTO/1a TeOpHje KOMILJIEKCHUX MPeKa Koje
Cy WHTEH3UBHO Kopwuiithene y pajy. [ledunncanu cy mapamerpu Koju ce KOPUCTE 3a
OIIC CTPYKTypE MPeXKe W IPEJICTAB/LEH je MOCTYIaK 33 HCIUTUBALE 3HAYAJHOCTH
JITHKOBA Y OTEXKUIHEHO] MPEKU.

Buio je morpedbuo obyxpatuTn Behu Opoj corujaaHux rpyma y eMInpHjcKoj aHa-

JIN3W, KaKO OW ce YTBP/IMJIO Jia JIU je HeKa KapaKTEepPUCTHKA OIIITe MPUCYTHA y I0-
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CMATpaHUM CHCTEMUMA WJIU Ce IojaBjbyje camo y ozapehenoj rpymu. Y Ty CBPXY,
HPUKYIJBEHN CY MOJAIM O YIECHUIIMMA Ha IeCT Hay9IHUX KOHQEepeHIrja U3 pa3Jjiu-
YUTUX HAYIHUX O0JIACTU TOKOM IIE€PHUOJia OJ TPH JIeNeHje U TOJAIU O 4IAHOBUMA
qeTupu pasanunte Meetup rpyre u iUXOBOM ydecTBoOBaiby Ha jgorahajuma. Ha mop-
tary Meetup, cBakom jrorahajy y rpynu u CBAKOM WIAHY JTOJE/HEHU Cy j€/IMHCTBEHU
nJIeHTUUKATOPH, I1a HUje OnIo moTpede 3a JOJJaTHUM YUIITNEbeM TOJIaTaKa, 38 pas3-
JINKY OJ HAYYHUX KOH(EPEHIja IJIe je MOCTyIaK IPUKYILJbatba U JUIINemha 10/1aTa-
Ka 0mo 3HaTHO cioKeHuju. Koa koHdepeHnuja cy mogamnu 0 yIeCHUINMa JT00MjeHn
n3 300pHUKA PaJioBa, IJie Cy HayIHUIM TOKOM I'OJINHA KOPUCTUIN PA3INIUTe HAMHE
nornucuBama. Jlogatau mpobiieM ce jaB/bao KoJi KOH(EpeHIrja ca BeJTUKUM Opojem
yUueCcHUKa Ha KOjuMa Cy O IPUCYTHU PA3/JIUIUTHA HAYIHHUIU ca UCTUM nMeHoM. Ka-
KO OM y4ecHUIM KOH(MepeHInja OUIN je THO3HATHO MJIeHTH(MUKOBAHH, TIOPET CIINCKa,
KOayTOpa Ha IPHUjaB/LeHUM paJIoBUMa, UCKOPUIITheHe cy 1 mhuxose aduaujaruje. [1o-
CTYyIIaK MPUKYIJbarba, dniihema u (popMaTupaimba MojaTaka JeTa/bHo je TpUKa3aH y
MIOTJIaBJbY 3.

Ha ocroBy pe3sy/itara emnnpujcke aHajm3e odpasalia yaecTBOBamba Ha jgorahaju-
Ma, KOju Cy MPUKa3aHW y MOrJIaB/by 4, MOKa3aHO je Jla yIeCTBOBahe UJIaHOBa HUje
HACYMHUYHO ¥ Ja IIOCTOj€ CJAUYHHM TPEHJOBH IIOHAIIAIba y PASJIHIUTHM COIH]jAJI-
HUM I'pyliaMa Koje Cy OBJIe TIOCMAaTpaHe. 3aTHM je TeCTUPAH TEOPUjCKU MOJIEN KOju
o0yxBaTa OCHOBHE MEXaHH3Me KOjU YTHU4Yy Ha IOHAIAE IOoje/IMHalla Kaja je yde-
CTBOBaME y KOJEKTHBHUM aKTHUBHOCTHMA y muTamy. [lokasano je ga je nmpumeHom
rerepaJsinzoBanor obunapuor [lojunor momena u ogadbupom ojroBapajyhux mnapame-
Tapa Moryhe ycremnto onucatu odpaciie oHalllamka y pa3JInduTuM Ipynama 6e3 0o-
3Mpa Ha cacTaB IbUXOBUX UJIAHOBA, BPCTY OKYIL/baiba WM Ha ydecTaHOCT jorahaja,
IITO yKa3yje Ha IPUCYCTBO YHUBEP3AJIHUX NPUHIUIIA MoHamama. Mojgen je TecTn-
paH IPUMEHOM HYMEPUYKUX CUMYJIall]ja, IPU 9eMy Cy IapaMeTpu Mo/iesia ojipehenn
Ha ocHoBy Kynbak-JlejosiepoBor pacrojama uzmehy eMIUpujcke pacrojesie U pac-
moJiesie Koja ce JIobuja cUMyJialinjoM Mojea. BpeJHocTH ONTUMAIHAX ITapamMeTapa
ce pas/uKyjy m3Mmelhy pas/imauTux COIUjaJHUX TPYIA, C TUM A jé BPEIHOCT EeKC-
[MOHEHTa y reHepanm3oBaHoM OumuHapHoM IlojurOM Momeny ysek Beha o jeman. OBo

IIp€e/ICTaB/hba BEOMA NHTEPECAHTAH Pe3YJITAT, KOJU IIOKa3yje /1a aKTUBHO YUeCTBOBAHE
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y KOJIEKTUBHUM aKTHBHOCTHUMA yTHu4e Ha rnoseharme BepoBaTHOhe fo/acka Ha Oyryhe
jorahaje, ajin ICTO TaKO OBa BepoBaTHONha OP30 olaja YKOJIUKO je I0jeInHal] HeaK-
tuBaH. CTora, MOXKe ce 3aK/bydnuTH JIa je U3pa3uTa XereporeHoct mely wraHoBuMa
KaJla je aKTUBHOCT Ha JorahajuMa y muTamy y3pOKOBaHA JI€jCTBOM IMO3UTUBHE I10-
BpaTHE CIIpere.

Jla 6u ce cripoBeJia KBAHTUTATHBHA aHAJIN3a €BOJIYIIUje COIUja/IHEe MpeXKe Yy Bpe-
MeHy, OUIIapTUTHA MPeXKa, Y KO0joj JUCjyHKTHH MOJCKYIIOBU OJIr0Bapajy 1JIaHOBUMA
u jorabajuma y jegHO] CONMjaJIHOj TPYIU, MPOjeKTOBAHA je Ha OTEXKUICHY MOHO-
napTuTHy Mpexy. lIpmimkoM Tor mocryrnaka IIpOIEHEHO je Koje MHTepakIiuje Ha
nmorabajumMa Cy TOC/IEIUIA CIYIajHOCTH U OHE Cy 3aHeMapeHe y J1asb0j aHaJm3u. 3a
nojiaTKe ca noprajia Meetup, y nmorsaBby 5 KOHCTpyHCaHe Cy MOHOTIAPTUTHE MpexKe
ca peJIeBAHTHUM Be3aMa IIPUMEHOM METOoJia 3a (PuITpuparbe OIMUCAHOL Y IMOTJIaB/bY
2. UctimtuBameM poMeHe JIOKAJIHUX CTPYKTYPHUX IapaMeTapa IBOPOBa ca Opojem
ydeniha Ha jgorahajuma, IMoKa3aHo je ja IOCTOjU TeHCHINja 3ajeTHUIKOT yIeCTBO-
Bamba Ha jorahajuma wiaHoBa m3Mel)y Kojux mocToje Be3e y COIUjaTHo] MPE¥XKH, JTOK
je obpasoBame HOBHUX Be3a oJ1 Mamer mHTepeca. OBaj pesyarar ce mehycoOHO mHo-
Mybyje ca MOJIEIOM TIPEJIOZKEHNM Y TIOTJIaB/bY 4 1 MoKa3yje 3aBUCHOCT KOja TMTOCTOj!
u3Mehy CTPYKTYpe MpezKe U COIMjasine JUHAMUKE. 3aK/bydaK KOjU CJIe/IH je JIa moje-
JIMHAIL aKTUBHUM YYEeCTBOBaIbeM Ha JlorahajuMa TeyKu Jia YIBPCTH BE3€ Ca CyCe/INMa,
a ca JIpyre cTpane, IIITO Cy Be3e Ca CyCeJIUMa y COIMjaJTHO] MPEXKU CTabuIHUje, Be-
poBaTHOha TojaB/buBarba Ha ciejgechem morabhajy pacre. [lomaTHo je mokasaHo ja
y 3aBHCHOCTHU O] Opoja ydecHuKa, gorabhaju nmajy pasjndauT yTHUIEA] HA CTPYKTYPY
Mpexke. Ha BesmmkuMm jtorabhajuma qoMuHaHTHE cy HHTepakiyje ndMely dianoBa Koju
HHUCY TIOBE3aHU WJIN Cy HUXOBe TpaHe Maynx Texknua. Ca jpyre cTpane, ako Ha J0-
rabajy ydecTByje cBera HEKOJIMKO I0jeJIMHAIA, KAPAKTEPUCTUIHO je J1a u3Mehy mhux
IIOCTOj€e jaKe Be3e.

MetromoJioruja mpejicTaB/beHa y OBOM PaJIy MOXKe Ce UCKOPUCTUTHU 3a IPOyda-
Balbe IIUper CKymna IpobJieMa Be3aHMX 3a OPraHu3alld]y KOMILJIEKCHUX Mpexka ca
JIMCKPETHOM JIMHAMUKOM. ¥ HACTaBKY UCTPaKuBarba Tpedasio On BUIIE TAXKILE 110-
CBETUTH JICTEKIIN)U 3aje/IHUIIA Y OBAKBUM MperKaMa U Pa3BUjaiby TEOPHjCKOT MOJIEIa,

KOju OM 00jaCHMO Kako J0JIa3u JI0 IUXOBOTr (popMupara. buio 6u nnrepecanTHo 3a
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IpoyvaBatbe IIoCMaTpaTl U IIPOMEHe BeJIMYUHE COlMjajHe rpyne y Bpemeny. Tom
HPUJINKOM, TpebaJio O ucIuTaT Kopesaiuje uaMmelhy cTpyKType ColijajiHe MpeKe,

ydectaHocTu jorahaja u mojaBe HOBUX YJIaHOBA Y CUCTEMY.
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Honarak A

A.1 AnammuTumdko perniaBame Mojesia y caydvajy Bepry-

JINjeBOTI ITpoIeca

Bepopatnoha na he y TpenyTky ¢ wian ydectrBoBaTH Ha x jorabaja je

re = (ra-p= tza (A1)

Yan Moxke HAIyCTUTU CUCTEM Yy OWJI0O KOM TPEHYTKY ca BepoBaTHOhOM 7. Bepo-
BaTHoha J1a he mocmarpanu 4wiaH UMATH YKYIIHO X YIeCTBOBAIba MOXKE Ce OJIPEJIUTH

jeJTHOCTaBHO Yy HEKOJIMKO KOpaKa,
fl@)=> " fla, 7)1 —r)"r
—r (1) (D)= wa-nr

) e

r+pu—rp|r+p—rp
_ <1_M) prin (A2)
T+u—Try
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Honartak A

A.2 AHaJMTUYKO pelnaBame MOJeja y Cay4dajy XOMore-

Hor MapKoBcKor JIaHIIa

a 6u cucrem y TpenyTKy t > 1 6uo y cramwy z, r < t + 1, morpebHo je j1a gobe 10

x — 1 mpeaza. AKO ce HCKOPUCTH OBaj 3aKJ/bydak, MOYKe Ce HAIUCATH
flz,t) =p(L)p(2)...p(x — 1)F(z,t). (A.3)
Bamenom uzpaza A.3 y jegHaunnu
fle+1L,t+1) =px)f(z,t) + gl + 1) f(z+ 1,1) (A4)

Jobuja ce

Flx+1,t+1) = F(x,t) + q(z + 1)F(x + 1,1). (A.5)

Pemmaatbe oBe jeJiHAUMHE MOXKE Ce MOjeJIHOCTABUTH, KAO IITO je MPeJiozKeno y [124],
ako ce ymecto dyukiuje F(z,t) mocmarpa meHa KapakrepucurTaia GyHkimja o(z, s)

KOja ce jiecbmHuiie ca
o

p(r,5)= Y  Flzt)s" (A.6)

t=x—1
HpBO je HOTpe6HO IIOMHOXKHUTH JICBY W JECHY CTpaHy je,ZLHa‘{I/IHe A5 ca St, a 3aTUM

cymupatu o t > x — 1

i Flx+1,t+1)s" = i F(z,t)s' +q(z + 1) f: F(z +1,t)s", (A.7)

t=z—1 t=x—1 t=x—1

n3 4dera JaJbe CJIeIn

S+ 1,5) = ol ) + ale + Dl + 1,5). (A8)
Kako je -
tt 1
o(l,s) = gq(l) § =1 (15’ (A.9)
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u3 pekypausne dopmysie

S
1 A.10
ce j1oomja
Sx—l
oz, s) = . A1l
@) = T g 1 a)s) i
[Ipumenom merona Heompehennx KoeduimjeHara
N N
A
= r A12
gl—ans ;1—%8’ ( )
rIe je
A, = al, _ — ﬁ M ’
(1-— Z_,ll)(l — “—i)(l — Z—nl)(l — Z—n“)(l — ‘;—JZ) ot 1—apn/a a—a,
(A.13)

jemnaunna A.11 ce Mmoxke pas3BuTh y

T

z—1 1 1
p(x,s) =s Z(l— q(l))”.<1_M)(l_w)”«l_ﬁ)l—q(n)s’

n=1 q(n) q(n) q(n) q(n)
(A.14)
OJIaKJIE CJIe/IH .
Z S (n)™Qm) Y aln)"s”, (A.15)
7=0
rIe je
1
) = ) =) (el — aln — D)a(w) — g0 + 1) - (a() — @)’
(A.16)
Osie je 3rogno yBectu cMeny t = 7+ x — 1, na 6u ce us
9= 33 Qs (A17)
t=x—1 n=1
IIPBO JA00MJIO pPelIeHe
=> Q(n)q(n)", (A.18)
n=1
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a 3aTUM 1 BepOBaTHOha
Fla,t) = p(p(2). .. p(n —1)S" Q(n)g(n). (A.19)

Kao mTo je Beh mosmaro, BepoBaTHOha Jjia he y4eCHHMK HAIyCTUTH CUCTEM je
KOHCTAHTHA. ¥y TPEHYTKY KaJla HaIlyCTH CHUCTeM, BepoBaTHOha ja he 3abese:kutu

y4uecTBOBambe Ha X Jorabhaja je

fle)y= > fla,T)a—r)"r

1) (= ale—1) QM) 3 (- r)en)”
(L S oy L) ()
e (-g() (g 1)
=) T ). (0 = (L= r)a(@) (4.20)
Ha xpajy, Beposaraoha f(x) ce MOXKe U3pa3UTU y 3aBUCTOCTHU OJL I U O P
@) = r p(1)...p(x —1) (A21)

= (= +p(1).. (= +p(x)
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Abstract

Participation in conferences is an important part of every scientific career. Conferences pro-
vide an opportunity for a fast dissemination of latest results, discussion and exchange of
ideas, and broadening of scientists’ collaboration network. The decision to participate in a
conference depends on several factors like the location, cost, popularity of keynote speak-
ers, and the scientist’s association with the community. Here we discuss and formulate the
problem of discovering how a scientist’s previous participation affects her/his future partici-
pations in the same conference series. We develop a stochastic model to examine scien-
tists’ participation patterns in conferences and compare our model with data from six
conferences across various scientific fields and communities. Our model shows that the
probability for a scientist to participate in a given conference series strongly depends on the
balance between the number of participations and non-participations during his/her early
connections with the community. An active participation in a conference series strengthens
the scientist’s association with that particular conference community and thus increases the
probability of future participations.

Introduction

Social data at a large scale is nowadays available over the internet. Researchers are making the
best use of these data to find trends, statistics and patterns, which sometime reveal as robust
features, similar to ‘laws’ in natural science. In recent years, a huge community of researchers
[1] including mathematicians, statisticians, computer scientists, theoretical physicists, sociolo-
gists, economists, financial analysts, geographers, anthropologists, and biologists of various
sub-disciplines have contributed to a larger, developing field, commonly known as ‘computa-
tional social science’ [2]. Empirical data, after a rigorous analysis produces information that is
of immense interest for theoreticians. Statistical mechanics, which has been proved to be versa-
tile in modeling phenomena across different areas of physics, and beyond, seems to be the
most desired tool even for the above emerging discipline [3, 4].
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The abundance of a new data about scientific activities such as publications, collaborations,
and citations led to the emergence of a new interdisciplinary field of research about science and
how science works [5]. These studies provide insights about the impact of scientists and their
publications [6-8], authors’ reputation and scientific success [9], patterns of collaboration and
their impact on authors’ reputation [10, 11], the role of cumulative advantage in career longev-
ity [12, 13] and scientific mobility [14] among many other things. Despite the attention given
to publication records and citation patterns, another integral part of modern science, scientific
meetings, have so far been largely overlooked. This negligence is particularity interesting, given
the pervasive role of the meetings in scientific disciplines. Scientific meetings provide arenas
for a fast dissemination of the latest results, exchange and evaluation of ideas as well as a
knowledge extension. However, the most important function of scientific meetings is to facili-
tate social contacts. They provide an opportunity and platform to extend the network of collab-
orators through the creation of new contacts, and to strengthen existing links by getting
reacquainted with old friends.

Undoubtedly, conference participation has a very positive impact on scientific career. In
addition to the opportunities they provide, attending a scientific meeting can be very costly,
both in terms of time and money. Bearing in mind that the number of national and interna-
tional meetings have drastically increased in the last few decades, it is clear that scientists are
now pressed to make a careful selection of the meetings they will attend. Extensive studies [15-
17] have shown that conference characteristics, such as the attractiveness and the reachability
of the location or the choice of keynote speakers affect the decision of scientists to attend a
meeting. The role of the social component in conference choice is so far unexplored, mainly
due to lack of quality data. The social component, such as the association with a conference
community or conference inclusiveness, are of crucial importance when it comes to whether a
conference participation was beneficial or not. This is particularly evident in the case of young
scientists, who are new to a community and struggle to overcome the social obstacle of an ini-
tial contact [18, 19]. One of the rare studies on conference participation [20] has shown that
conferences have a stable core of regularly attending participants, regardless of the conference
location and distance. Having in mind that characteristics like the attractiveness of a location
and the quality of keynote speakers are fluctuating from one year to another, it is clear that
social component of a conference strongly influence the scientists decision to attend the confer-
ence and their long-term participation patterns, accordingly.

The association with a conference community and conference inclusiveness, can have a
strong influence on scientists persistence in participating at the specific conference. The prob-
lem of the order-parameter persistence (first-passage time), is a well studied phenomenon in
non-equilibrium statistical dynamics in condensed matter systems [21]. Persistence is defined
as the probability that fluctuating variable does not change the sign until time ¢, and for many
non-equilibrium systems this probability decays with time as a power-law [21]. Here we carry
out the analysis of persistence of participation patterns of more than 100000 scientists at six
national and international conferences of different sizes and from different fields of science.
We study the probability of total and successive number of participations, as well as the distri-
bution of time lags between two successive participations. We find that all three measured
probabilities have a shape of a truncated power law, regardless of the conference size and
degree of specialization. This indicates that the probability for a participant to attend the next
meeting is not constant, but rather it grows/decays with a number of participations/non-partic-
ipations. This observation is directly related to the strength of the association with the confer-
ence community. We propose a microscopic stochastic model which includes this influence of
balance between the number of participations and non-participations, as well as the role of
conference inclusiveness, on the probability to attend the conference next year. Results of our
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model show that the studied conferences have a relatively low inclusiveness, i.e. the probability
for a scientist to participate in the next meeting after the first attendance. We also show that
conference attendance is characterized by positive feedback. The growth in the total number of
participations results in a stronger attractiveness of the conference community to participants,
and vice versa. Longevity of scientific career of publishing in scientific journals is also charac-
terized by a power-law distribution with an exponential cut-off [12]. Using the empirical analy-
sis and stochastic model Petersen et al. [12] have shown that longevity and past success of
scientists lead to cumulative advantage in further development of their career. Although the
distribution of career longevity and conference persistence have a similar behaviour, there is a
significant difference of characteristic exponents, which indicates that a different mechanism
underlie these two phenomena.

This paper is structured as follows: first, we perform empirical analysis of participation pat-
terns for six conferences. We then propose and describe the model of conference participation
dynamics. Finally, we perform numerical simulations and discuss some properties of the
model, and estimate the values of parameters that correspond to empirical data.

Results
Data set

For our empirical analysis we use data for six conference series in different fields of science. We
collected and filtered information about abstracts presented at the American Physical Society
March Meeting (APSMM), American Physical Society April Meeting (APSAM), Society for
Industrial and Applied Mathematics Annual Meetings (STAM), Neural Information Processing
Systems Conference (NIPS), International Conference on Supercomputing (ICS) and Annual
International Conference on Research in Computational Molecular Biology (RECOMB). All
these scientific meetings are held annually, but they differ in the topic, sizes, degree of speciali-
sation, longevity and degree of localisation (national versus international). When it comes to
the meeting size it can vary from a few dozens, like ICS and RECOMB, to several thousands of
participants at APSMM. Some of these meetings are on highly focused topic, NIPS, while oth-
ers are designed to cover the entire scientific fields, like APSMM, APSAM and SIAM. Four of
these conferences (SIAM, NIPS, ICS and RECOMB) have an international character with ven-
ues all over the world, while APSMM and APSAM are annual conferences of American Physi-
cal Society which are always held in North American cities. APSMM, SIAM and APSAM are
conferences with a long tradition, while first meetings of NIPS, ICS and RECOMB have been
organized during late 80s and early 90s. Detailed information about conferences and data is
given in S1 File.

To be able to track participants at the conference over the years, we have labeled them based
on name, affiliation and co-authors and performed author name disambiguation (see Methods
for details). We are interested in studying the participation patterns of scientists starting from
their first attendance at the conference series. Thus, for conferences for which the data are not
available from their beginning (APSMM, APSAM and SIAM), we have filtered out the authors
that may have attended the conference before the starting year in our dataset (see Methods for
the details of our filtering procedure).

Empirical results

For all scientists we have the information about the years of their appearance as authors in the
book of abstracts of particular a conference series. The information about the list of authors
who actually attended the conference is not available for the conferences considered in this
paper. Hence, as a proxy for a conference participation in a given year, we use the appearance
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of a scientist as a co-author of at least one abstract in conference proceeding for that year. Not
all authors that are mentioned in the book of abstracts have actually attended the conference,
but one can argue that as co-authors they have actively contributed to the material presented
and thus participate as a contributors in the conference [15].

First we analyse the total number of author’s participations (the number of times an author
has participated), x, at the given conference series. Fig 1, shows the probability distribution of
the total number of participations, P(x), averaged over all participants, for each of the six ana-
lysed conferences. The comparison of the quality of fits between exponential, power-law and
truncated power-law, Fig 1, shows that all curves are very well represented by power law with
exponential cut-off (see Methods), with the value of exponent & € (1.6, 2.7). The disparity in
the total number of participations indicates that most scientists belong to the group of occa-
sional participants, with more than half of all participants attending a particular conference
only once. For instance, the percentage of all participants that attend the conference only once
is the highest for APSAM and ICS, around 81%, and the lowest for APSMM and NIPS, 63%
and 68% respectively. This observation indicates that communities of all these conferences
have a relatively low inclusiveness. On the other hand, it is also clear that some of the partici-
pants are very regular, attending the conference (almost) every year. These participants form
the group of regular attendees whose conference participation is mainly driven by social fac-
tors, i.e. their sense of association with the community.

In the case of when the probability to attend a conference is constant or random, the
expected distribution of total number of attendances is of exponential type. Thus, the power-
law nature of the distribution of total participations strongly suggests that the probability of
participation at some future conference increases with the number of previous participations.
By participating frequently at a particular conference scientists not only expand, but also
strengthen, their collaboration network which leads to their further engagement with the
community.

We further explore the participation patterns by analysing the number of successive partici-
pations (Fig 2) and the time lag between two successive participations (Fig 3). The distributions
of these quantities also exhibit the truncated power-law behaviour (see Methods). The observed
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distributions of the number of successive participations, with exponent 2 < o < 4, suggests
that even frequent attendees make a pause in their participation, although these breaks are usu-
ally short, i.e. long breaks of five and more years occur with a low probability, Fig 3. A long-
period of non-participation results in fading of existing collaboration ties with the community
while new ones are never formed. Due to this fading, the probability to attend the meeting
decreases with total number of non-participations. This indicates that conference participation
of most scientists takes place in a limited period of time with a relatively short and small num-
ber of breaks.

As it was shown in Ref [12] the distribution of the journal career longevity exhibits a trun-
cated power-law behaviour with cut-off around 10 years. The exponential cut-off in the distribu-
tion of all three measures is a consequence of the two combined finite-size effects that influence
the asymptotic behaviour, the finite life time of scientist’s association with one community or
her/his career in one field of research or in science in general [12], and limitations of used data-
sets. This effect will be also observed in the distribution of conference participations. The end of
a career inevitably results in a termination of participation in conferences and thus also the con-
ference community membership. Also, used datasets have a relatively short time span (less than
three decades), due to which they do not include scientists with long careers [12]. Both of these
effects affect the value of the exponential cut-off, which is lower in the case of conference partici-
pation, between 4 and 9 years, compared to the one observed for the career longevity.

Model

The empirical results from six different series shown in the previous section indicate that the
probability for a scientist to attend the next meeting of a conference series depends on the bal-
ance of previous participations and non-participations. Petersen et al. [12] show that Matthew
(rich get richer) effect is responsible for the career longevity in several competitive professions,
including science. They argue that it becomes easier to move forward in the career with an
increasing past success of an individual, and show, using their stochastic career progressive
model, that this mechanism leads to a truncated power-law distribution of the career longevity.
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In their model, they assume that the stochastic process governing career progress is similar to
Poisson process, where progress is made at any given step with the rate g(x) = 1 — exp[—(x/
x.)”], where 1/x_ is a hazard rate corresponding to random career ending while the parameter o
is the same as power-law exponent in the pdf of career longevity. Using this model for o < 1
they were able to obtain truncated power-law distributions for career duration in several
professions.

The empirical results of conference participation patterns suggest that the probability for a
scientist to participate in a conference is not constant or random, but that it rather grows with
the number of participations. This is reflected in the increase of proportion of authors who are
going to attend the conference next year with total number of previous conference attendance
(see Figure A in S1 File). Higher number of participations of a scientist at the conference results
in better connections with the community and thus higher probability that the author will par-
ticipate in the following conference. But unlike career longevity, where the length of the waiting
times between two successive steps in the career does not influence the progress rate, the proba-
bility for conference participation is strongly influenced by the number and length of pauses
(Figure B in S1 File). The longer the scientists are absent from the community the weaker are
their connections and lower are the probabilities to participate in the following events. For this
reason and the fact that the pdf obtained from the model proposed in Ref [12] exhibits a trun-
cated power-law only for the exponents & < 1 Petersen et al. model [12] cannot be applied for
modelling conference participation dynamics.

We propose a new stochastic model for conference attendance dynamics which can explain
our empirical findings. Our model is based on a 2-bin generalized Pélya process [22-24] and
random termination time of a career. As opposed to the Petersen model where the progress
rate depends only on the current position of scientist in his/her career, the 2-bin generalized
Pdlya incorporates dependence on the balance between participations and non-participations.
Let x stands for the total number of participations at the conference, y stands for the number of
conferences an author has not participated since she/he appeared at the conference for the first
time and ¢ is the number of events held, t = x + y. All authors start with x = 1 and y = 0. Accord-
ing to our model, the probability that a scientist with x total number of participations and y

PLOS ONE | DOI:10.1371/journal.pone.0148528 February 9, 2016 6/12



@’PLOS ‘ ONE

The Associative Nature of Conference Participation

number of non-participations will appear at the next conference is given by
xf z°
X yty) 1+

glx,y) = : (1)

X
Yo

p is the exponent of the model, and y, determines the initial balance value. The probability that
a scientist will not attend the next conference is equal to 1 — g(x, y). Depending on the exponent
D> the function g can correspond to positive (p > 1) or negative feedback (p < 1) [22]. When
p=1and y, =0, the Eq 1 is equivalent to the equation for a Pélya-Eggenberg problem [25]. As
we shall see in the following section, the value of the parameter p for all conferences is larger

where z = - measures the balance between participations and non-participations, parameter

than one, suggesting that the conference participation dynamics is characterized by the positive
feedback: scientists who participate in the conference frequently and make less and shorter
pauses have a stronger association with the conference community and thus have a higher
probability to participate in the following events. The value of the parameter y, determines the
probability of a scientist to attend the next event after her/his first occurrence at the conference.
According to our model this parameter is the same for all scientists attending one conference
series, thus it can be interpreted as a measure of the conference community inclusiveness.

Evolution equation. The probability P(x, ) for the author to have x conference participa-
tions after t conferences since his/her first participation is equal to the probability to attend the
next conference g(x — 1, t — x) times the probability of already attending x — 1 conferences at
time ¢ — 1 plus the probability of skipping the next conference 1 — g(x, t — 1-x) times the proba-
bility of already attending x conferences at time t — 1:

(x—1)
(x=1)"+(t—x+y)

(t—1-x+y)
X+ (t—1—x+y)

P(x,t) = P(x—1,t—1)+ P(x,t —1). (2)
The probability distribution P(x) of the number of total conference attendances for a partic-
ular conference series is obtained by summing P(x, t = T) over all possible T:

P(x) = ip(x, t = T)P(T) , (3)

where T denotes the duration of a scientist’s membership in the community. In our case, we
assume that the duration of a scientist’s membership in a conference community can be termi-
nated at any year after his/her first appearance with probability H, which gives the distribution
of time intervals

P(T)=H(1-H)"" (4)

Numerical simulation results

Since the analytical solution of Eq 3 cannot be obtained, we estimate the model parameters y,,
H and p using numerical simulations (see Methods). The best estimates of the model parame-
ters for each of the six conferences are given in Table G in S1 File. As shown in Figs 1, 2 and 3,
the model with the properly chosen parameters nicely reproduces the behaviour of participants
at six conferences, for all three measured quantities.

For all six conferences the estimated value of parameter p is greater than 1, which suggests
that the positive feedback mechanism underlies the conference participation dynamics. This
means that the probability for a scientist to attend the next year event grows superlinearly with
the balance between the number of participations and pauses (z). The value of the parameter y,
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together with the value of p determines the probability for a scientist to participate in the con-
ference next year after his/her first participation, i.e. the initial inclusiveness of the conference
community. Table H in S1 File shows the estimated value of the initial inclusiveness for all six
conferences. The APSMM has the highest probability, around 25%, for newcomers to attend
the conference next year, while APSAM has the lowest, 9%. One could assume that the size and
diversity of topics of a conference have an essential influence on conference inclusiveness, but
according to our results this is not the case. The ordering of the conferences according to size,
Table H in S1 File, and their initial inclusiveness do not correlate. APSAM is the second largest
conference but has the lowest inclusiveness, while the RECOMB as the smallest conference is
ranked as third and has the inclusiveness of 15%. Further, it follows from our results that the
diversity of topics covered by the conference does not have a significant effect on the return
probability of newcomers. Although the first ranked conference according to inclusiveness,
APSMM, covers the widest range of topics among considered conferences, the APSAM and
SIAM, which are also considered general conferences, have a lower inclusiveness than NIPS
and RECOMB. This suggests that the conference inclusiveness is influenced by some other fac-
tors, which are not related to the size, degree of specialisation or localisation (national and
international), but rather to social structure and openness of the conference community toward
newcomers.

We solve Eq 3 numerically using an iterative method (see SI for more details) and compare
it with simulation results. Fig 1 shows an excellent matching between results obtained using
the iterative algorithm and numerical simulations for the estimated values of parameters.

Discussion and conclusion

The goal of this paper has been to investigate the conference participation patterns and propose
a simple stochastic model of conference participation dynamics. The motivation behind this is
to better understand the mechanisms that underlie the repeated participation in the same con-
ference series and explore whether the conference series topic, size, degree of specialisation,
longevity and degree of localisation (national and international) influence the participation
probability and inclusiveness of the specific community. Our study is based on empirical analy-
sis and modelling of authors participation at six different conference series in the last three
decades: APSMM, APSAM, SIAM, NISP, ICS and RECOMB. We note here that it would be
important to verify our findings with the data from other conferences.

The set of considered conferences is very heterogeneous. Although they differ in size, topic
and topic diversity, national structure of participants and conference longevity, they are char-
acterized with similar participation patterns. The distributions of the total number of participa-
tions for all six conferences exhibit the same, truncated power-law, behaviour with values of
exponent a between 1.6 and 2.7. A similar behaviour is also observed for the distributions of
the number of successive participations and the duration of pauses between them. The
observed statistical evidence strongly imply that the dynamics of conference participation is
governed by universal forces which are independent of the specific conference features or the
scientific field. This and the fact that conferences often have a stable core of attending partici-
pants [20] suggests that these have social origins and that social factors, such as the association
with a conference community and its inclusiveness, strongly influence the probability for a sci-
entist to attend the future meetings and their participation patterns at the specific conference
series, accordingly.

The observed truncated power-law behaviour of the distributions of participations indicates
that the probability for a scientist to participate in the next year conference is growing(decreas-
ing) with the balance between the number of participations and pauses. To further explore this
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we proposed a stochastic model based on 2-bin generalized Pélya process which incorporates
the dependence on the ratio between number of participations an pauses. Our model shows
that the positive feedback mechanism underlies the conference participation dynamics. The
probability for a scientist to attend a conference grows superlineary with the number of partici-
pations, while the frequent pauses have the opposite effect. The scientists who are able to over-
come the initial obstacles and create social ties with the conference community by frequent
participation at the beginning have a higher probability to attend the conference in the follow-
ing years. A frequent participation strengthens the scientist’s association with a conference
community which further increases the probability for future participations. On the other
hand, scientists with a small number of initial participations have a low probability to partici-
pate in the following conference, thus small number of participations, and eventually stop
attending the conference. The initial inclusiveness of the specific conference community has
the main influence on early participation patterns. As we showed, this inclusiveness does not
depend on the size, degree of specialisation or topic of the conference, but rather on the open-
ness of the community toward newcomers.

Our analysis indicates that social factors, such as the association with the community and
the community inclusiveness are the main driving forces of conference participation dynamics.
In general the community/group cohesion and the ability to attract and retain newcomers and
other members influence the dynamics of their participation in group activities [26]. On the
other hand, a member’s engagement in group activities strengthens ties to other group/com-
munity members, and contributes to the creation of the bonding capital, while the ties of non-
attendees dissolve and weaken with time [27]. Conference communities are just one example
of these systems, thus we expect to observe the similar group participation patterns in other
types of social communities, both online and offline. Further investigations and studies of
other social systems will reveal and characterize the connection between a social network struc-
ture and group inclusiveness, and participation dynamics in group activities.

Methods

Data filtering Identification of the different authors may involve a few issues. On one hand, an
author may use different spelling variants to sign his first and middle name. On the other
hand, the author’s name may be related to several different authors, thus using only the initials
of the last name and first name increases additionally error rates in disambiguating the author
names. In our data sets, data from NIPS and RECOMB conferences did not require additional
cleaning, while for the SIAM and ICS data, we have used python fuzzy partial string matching
of author’s first and middle names, which gave a high accuracy. For APSMM and APSAM con-
ferences, where data are highly heterogeneous, we have used a method described in [28] to dis-
ambiguate the author names. This method considers pairs of names that match on last name
and first name initials. Then it groups the authors based on their affiliation and co-authors.
Because the same affiliation could be formatted differently, the two affiliations were considered
the same if their fuzzy token set ratio was higher than 50%.

The sources and detailed description of the data are given in Tables A, B and C in S1 File.
For NIPS, ICS and RECOMB, we have complete data from their very beginning. Remaining
data sets required filtering out the authors with a high probability of attending conference
before the starting year in our dataset, Y,. Therefore, for APSMM, APSAM and SIAM we have
isolated authors with the first recorded year of conference attendance, smaller than Yo+(7),
where (7) is the average waiting time between a consecutive conference attendance for all the
authors who took part at the conference during the [Y,, Y] period. This way we excluded
between 10% (APSMM and SIAM) and 25% (APSAM) authors from our analysis.
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Functional fits We have used the maximum-likelihood fitting method [29] to fit three dif-
ferent functions to the probability distributions of the total number of participations, the num-
ber of and the time lags between two successive participations: exponential function e %,
power-law function x7 and truncated power-law x™ e %", It follows from the comparison of
fits of these three functions to empirical data that the truncated power-law is the best fit for the
probability distribution of all three measured quantities, see Figs 1, 2 and 3. In order to com-
pare these three fits we calculate the log likelihood ratio, R, and 7-value (see Ref [29]) which
compares the fits to the power-law with exponential cut-off with the pure power-law for the
distribution of total number of participations (Table D in S1 File) and the number of successive
participations (Table E in S1 File). In the case of nested distributions, the negative value of R
indicates that the larger family of distributions, in this case the truncated power-law, is a supe-
rior model. When the value of R tends to 0, one can use 7-value. The small 7z-value suggests
that the smaller family of distributions, in this case power-law, can be ruled-out. Both the log
likelihood ratio and the 7-value indicate that the truncated power-law is a superior model com-
pared to pure power-law for both distributions. A similar procedure can be applied for the
comparison between truncated power-law and exponential fits, but since from the visual
inspection it is clear that the distributions do not follow the exponential fits, we have omitted
these results. The comparison between exponential and the power-law with exponential cut-off
fit, given in Table F in S1 File, indicates that the power-law distribution with exponential cut-
off fit is better than exponential fit for the distribution of the time lags. For all six conferences,
the power-law with exponential cut-off distribution gives the best fit for all three empirical
distributions.

Parameter estimation We simulate the model for N = 100000 different authors. Starting
from x =1 and y = 0 at ¢ = 1, an author will appear at the next conference with probability g(x,
y) or skip it with the probability 1 — g(x, ¥). The author can terminate his/her membership in
the community at each time step with the probability H. In order to estimate the values of
parameters p, y, and H, we calculate the distribution of total number of attendances x, from the
simulations and compare it to the empirical distribution using Kullback-Leibler Distance [30].
We perform the simulations for several different sets of parameter (y,, H, p) to determine
which combination of parameter values makes the model optimally close to the empirical data.
For each parameter set the results are averaged across 100 simulations.

Supporting Information

S1 File. Supplementary Information: A theoretical model for the associative nature of con-
ference participation. Proportion of conference participants g with x conference attendances
who are going to attend the conference next year (Figure A). Proportion of conference partici-
pants p with n missed conferences after x-th conference attendance who are going to skip the
conference next year, but will take part at some future conference from the observation period
(Figure B). Pages on the web from which we downloaded conference data (Table A). Summary
of the conference data. Columns 2 and 3 indicate for each conference the year in which data we
have collected begin (Y,) and end (Yy). The total number of different participants at the confer-
ence during that period of time is given in column 4 (Table B). The number of participants at
the conference per year (Table C). Log likelihood ratio R and the n-value compare the fit to
the power-law with the fit to the power-law with an exponential cutoff for the probability dis-
tribution of number of conferences at which each author appears (Table D). Log likelihood
ratio R and the n-value compare the fit to the power-law with the fit to the power-law with an
exponential cutoff for the probability distribution of the number of successive participations at
the conference (Table E). Log likelihood ratio R and the 7-value compare the fit to the
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exponential with the fit to the power-law with an exponential cutoff for the probability distri-
bution of the time lag between two consecutive conference participations (Table F). The opti-
mal parameter values of the model for each conference (Table G). Stagnancy rate 1 — g(1, 0) at
t =1 for each conference and exponent & of power-law with an exponential cutoff distribution
fit with the corresponding conference order (Table H).

(PDF)
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Abstract

The affiliation with various social groups can be a critical factor when it comes to quality of
life of each individual, making such groups an essential element of every society. The group
dynamics, longevity and effectiveness strongly depend on group’s ability to attract new
members and keep them engaged in group activities. It was shown that high heterogeneity
of scientist’s engagement in conference activities of the specific scientific community
depends on the balance between the numbers of previous attendances and non-atten-
dances and is directly related to scientist’s association with that community. Here we show
that the same holds for leisure groups of the Meetup website and further quantify individual
members’ association with the group. We examine how structure of personal social net-
works is evolving with the event attendance. Our results show that member’s increasing
engagement in the group activities is primarily associated with the strengthening of already
existing ties and increase in the bonding social capital. We also show that Meetup social net-
works mostly grow trough big events, while small events contribute to the groups
cohesiveness.

Introduction

One of the consequences of the rapid development of the Internet and growing presence of
information communication technologies is that a large part of an individual’s daily activities,
both off and online, is regularly recorded and stored. This newly available data granted us a
substantial insight into activities of a large number of individuals during long period of time
and led to the development of new methods and tools, which enable better understanding of
the dynamics of social groups [1]. The structure and features of social connections both have
strong influence and depend on social processes such as cooperation [2, 3], diffusion of inno-
vations [4, 5], and collective knowledge building [6]. Therefore, it is not surprising that the the-
ory of complex networks has proven to be very successful in uncovering mechanisms
governing the behavior of individuals and social groups [7, 8].

The human activity patterns, the structure of social networks, and the emergence of collec-
tive behavior in different online communities have been extensively studied in the last decade

PLOS ONE | DOI:10.1371/journal.pone.0171565 February 6, 2017

1/16


http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0171565&domain=pdf&date_stamp=2017-02-06
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0171565&domain=pdf&date_stamp=2017-02-06
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0171565&domain=pdf&date_stamp=2017-02-06
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0171565&domain=pdf&date_stamp=2017-02-06
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0171565&domain=pdf&date_stamp=2017-02-06
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0171565&domain=pdf&date_stamp=2017-02-06
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://figshare.com/articles/Meetup_Datasets/2066904
https://figshare.com/articles/Meetup_Datasets/2066904
https://dx.doi.org/10.6084/m9.figshare.2066904.v1
https://dx.doi.org/10.6084/m9.figshare.2066904.v1
http://www.mpn.gov.rs/
http://ec.europa.eu/index_en.htm
http://ec.europa.eu/index_en.htm

@° PLOS | ONE

Associative nature of event participation dynamics: A network theory approach

[6, 9-15]. On the other hand, the dynamics of offline social groups, where the activities take
place trough offline meetings (events), have drawn relatively little attention, given their impor-
tance. Such offline groups, both professional and leisure ones, provide significant benefits and
influence everyday lives of individuals, their broader communities, and the society in general:
they offer social support to vulnerable individuals [16, 17], can be used for political campaigns
and movements [18, 19], or can have an important role in career development [20]. As they
have different purpose, they also vary in the structure of participants, dynamics of meetings,
and organisation. Some groups, such as cancer support groups or scientific conference com-
munities, are intended for a narrow circle of people while others, leisure groups for instance,
bring together people of all professions and ages. In the pre-Internet era these groups have
been, by their organisation and means of communication between their members, strictly off-
line, while today we are witnessing the appearance of a growing number of hybrid groups,
which combine both online and offline communication [19]. Although inherently different, all
these social groups have two main characteristics in common: they do not have formal organi-
zation, although their members follow certain written and non-written rules, and their mem-
bership is on a voluntary basis. Bearing this in mind, it is clear that the function, dynamics and
longevity of such self-organized communities depend primarily on their ability to attract new
and retain old active members. Understanding the reasons and uncovering key factors that
influence members to remain active in the social group dynamics are thus important, espe-
cially having in mind their relevance for the broader social communities and the society.

The size of social groups and personal social networks, as well as their structure, have been
extensively studied. The considerable body of evidence [21-24] suggests that the typical size of
natural human communities is approximately 150, that both groups and personal social net-
works are highly structured, and consist of social layers characterized by different strengths of
relationships. The relationships within each layer are characterized by a similar mean fre-
quency of interaction and emotional closeness, both of which decrease rapidly as we move
trough network layer. These findings have been explained using the Social Brain Hypothesis,
which relates the average size of species’ personal network with the computational capacity of
its brain. Here we confirm that these findings also hold for leisure groups where the frequency
of interactions among members is constrained by the event dynamics. We also explore how
the number of attended events is related to the size and layered structure of member’s personal
network.

Previous research on hybrid social groups and interplay between offline and online interac-
tions has shown that offline meetings enhance attendees’ engagement with online community
and contributes to the creation of a bonding capital [25, 26]. In our previous work [20] it was
shown that the participation patterns of scientist in a particular conference series are not ran-
dom and that they exhibit a universal behaviour independent of conference subject, size or
location. Using the empirical analysis and theoretical modeling we have shown that the confer-
ence attendance depends on the balance between the numbers of previous attendances and
non-attendances and argued that this is driven by scientist’s association with the conference
community, i.e. with the number and strength of social ties with other members of the confer-
ence community. We also argued that similar behaviour can be expected in other social com-
munities when it comes to members’ participation patterns in organised group events. Here
we provide empirical evidence supporting these claims and further investigate the relationship
between the dynamics of participation of individuals in social group activities and the structure
of their social networks.

The Meetup portal, whose group dynamics we study here, is an event-based social network.
Meetup members use the online communication for the organization of offline gatherings.
The online availability of event attendance lists and group membership lists enables us to
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examine the event participation dynamics of Meetup groups and its influence on the structure
of social networks between group members. The diversity of Meetup groups in terms of the
type of activity and size allows us to further examine and confirm the universality of member’s
participation patterns. We note that previous papers using Meetup source of data have mostly
focused on the event recommendation problem [27-31], structural properties of social net-
works, and relationships between event participants [31, 32] by disregarding evolutionary
behaviour of Meetup groups.

In this paper, we examine the event-induced evolution of social networks for four large
Meetup groups from different categories. Similarly to the case of conference participation, we
study the probability distribution of a total number of meetup attendances and show that it
also exhibits a truncated power law for all four groups. This finding suggests that the event par-
ticipation dynamics of Meetup groups is characterized by a positive feedback mechanism,
which is of social origin and is directly related to member’s association with social community
of the specific Meetup group. Using the theory of complex networks we examine in more detail
the correlation between an individual’s decisions to participate in an event and her association
with other members of that Meetup group. Specifically, we track how member’s connectedness
with the community changes with the number of attendances by measuring change in the clus-
tering coefficient and relation between the degree and the strength in an evolving weighted
social network, where only statistically significant connections are considered. Our results
indicate that greater involvement in group activities is more associated with the strengthening
of existing than to creation of new ties. This is consistent with previous research on Meetup
which has shown that repeated event attendance leads to an increase in bonding and a decrease
in bridging social capital [25, 33]. Furthermore, in view of the fact that people interact and net-
works evolve through events, we examine how particular a event affects the network size and
its structure. We investigate effects of event sizes and time ordering on social network organi-
zation by studying changes in the network topology, numbers of distinctive links and cluster-
ing, caused by the removal of a specific event. We find that large events facilitate new
connections, while during the small events already acquainted members strengthen their inter-
personal ties. Similar behavior was observed at the level of communities, where small commu-
nities are typically closed for new members, while contrary to this, changes in the membership
in large communities are looked at favorably [34, 35].

This paper is organized as follows: we first study the distribution of the total number of par-
ticipations in four Meetup groups from different categories. Next we introduce a filtered
weighted social network to characterize significant social connections between members and
discuss its structural properties. Specifically, we study how the local topological properties
evolve with the growth of the number of participations in order to derive relationships
between members’ association with the group and their activity patterns. In order to analyze
impact of a particular event on the network organization, we remove events using different
strategies and study how this influences the social structure.

Results
Event participation patterns of Meetup groups

Meetup is an online social networking platform that enables people with a common interest to
start a group with a purpose of arranging offline meetings (events, meetups) all over the world.
The groups have various topics and are sorted into 33 different categories, such as careers, hob-
bies, socializing, health, etc. These groups are of various sizes, have different event dynamics,
and hierarchical organisation. They also differ in the type of activity members engage, ranging
from socializing events (parties and clubbing) to professional trainings (seminars and
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Table 1. Summary of collected data for four selected Meetup groups. N, is total number of group members, N, is total number of organised events.

Meetup group
geamcIt
pittsburgh-free
techlifecolumbus

VegasHikers

doi:10.1371/journal.pone.0171565.t001

Acronym Category Np, N,
GEAM Food & Drink 5377 3986
PGHF Socializing 4995 4617
TECH Tech 3217 3162
LVHK Outdoors & Adventure 6061 5096

lectures). Common to all groups is the way they organize offline events: each member of the
group gets an invitation to event to which they reply with yes or no, creating in that way a
record of attendance for each event. We use this information to analyze event participation
patterns and to study the evolution of the social network.

Here, in particular we analyze four large groups, each belonging to a different category and
having more than three thousand organized events (see Methods and Table 1). We chose these
four groups because of their convenience for statistical analysis, large number of members and
organized events, and also for the fact that they are quite different concerning the type of activ-
ities and interests their members share. The geamclt (GEAM) group is made of foodie thrill-
seekers who mostly meet in restaurants and bars in order to try out new exciting foods and
drinks, while people in the VegasHiker (LVHK) group are hikers who seek excitement trough
physical activity. The Pittsburgh-free (PGHF) is our third group which invites its members to
free, or almost free, social events, and the fourth considered group TechLife Columbus
(TECH), which is about social events and focuses on technology-related community network-
ing, entrepreneurship, environmental sustainability, and professional development.

Fig 1 demonstrates that the probability distributions of total attendance numbers of mem-
bers in events for all four groups exhibits a truncated power law behavior (see Fig A and
Table A in S1 File, which show a comparison with the exponential and power law fit), with
power law exponent larger than one. Similarly to the conference data [20], the exponential
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Fig 1. Total number of attended events. Probability distributions P(x) of total number of participations x, for
four Meetup groups. Solid line represents best fit to truncated power law distribution, x e,

doi:10.1371/journal.pone.0171565.9001
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cut-off is a finite size effect. Power law and truncated power law behavior of probability distri-
butions can be observed for the number of and the time lag between two successive participa-
tions in group-organized events, Figs B and C in S1 File. In fact, we find that similar
participation patterns which differ in values of exponents) can be observed for all Meetup
groups, regardless of their size, number of events or category. As in the case of the conference
participation dynamics [20], this indicates that the probability to participate in the next event
depends exclusively on the balance of numbers of previous participations and non-participa-
tions. We argued in [20] that the forces behind conference participation dynamics are of social
origin, and it follows from Fig 1 that the same can be argued for the case of the Meetup group
participation dynamics. The more participations in group activities member has, the stronger
and more numerous are her connections to the other group members, and thus her association
with the community. We further explore this assumption by investigating the event-driven
evolution of social networks of the four different Meetup groups.

Structure of social event-based network

We construct a social network between group members for each considered group, as a net-
work of co-occurrence on the same event (see Methods for more details). By definition, these
networks are weighted networks with link weights between two members equal to the number
of events they participated together. These networks are very dense, as a direct result of the
construction method, with broad distribution of link weights (see Fig D in S1 File). However,
co-occurrence at the same event does not necessarily imply a relationship between two group
members. For instance, a member of a group that attends many events, or big events, has a
large number of acquaintances, and thus large number of social connections, which are not of
equal importance regarding her association with the community. Similarly, two members that
attend a large number of events can have relatively large number of co-occurrences, which can
be the result of coincidences and not an indicator of their strong relationship. In order to filter
out these less important connections we use a filtering technique based on the configuration
model of bipartite networks [36, 37] (see Methods). By applying this technique to weighted
networks we reduce their density and put more emphasis on the links that are less likely to be
the result of coincidences. In this way we emphasize the links of higher weights without the
removal of all links below certain threshold (see Fig D in S1 File), a standard procedure for net-
work pruning. We explore the evolution of social networks of significant relationships between
Meetup group members by studying how the local characteristics of the nodes (members)
change with their growing number of participations in group activities.

Association with the community of a specific Meetup group can be quantitatively expressed
trough several local and global topological measures of weighted networks. Specifically, here
we explore how the number of significant connections (member’s degree) and their strength
(member’s strength), as well as how member’s embeddedness in a group non-weighted and
weighted clustering coefficient) are changing with the number of attended group events. Fig 2
shows how average strength of a node depends on its degree in filtered networks of four
selected Meetup groups. While member’s degree equal to the number of member’s significant
social relationships, the strength measures how strongly she is connected to the rest of the
group [38]. In all considered Meetup groups members with small and medium number of
acquaintances (g < 50) have similar values of strengths and degrees, i.e., their association with
the community is quantified by the number of people they know and not through the strength
of their connections (see Fig 2). Having in mind that the average size of an event in these four
groups is less than 20, we can conclude that majority of members with a degree less than 50 are
the ones that attended only a few group meetups. A previous study [30] has found that the
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probability for a member to attend a group event strongly depends on whether her friends will
also attend. The non-linear relationship between the degree and the average strength for

q > 50 shows that event participation of already engaged members (ones who already attended
few meetings) is more linked to the strength of social relations than to their number. This
means that at the beginning of their engagement in group activities, when the association is
relatively small, the participation is conditioned by a number of members a person knows,
while later, when the association becomes stronger, the intensity of relations with already
known members becomes more important.

This finding is further supported if we consider the change of the average degree and
strength with the number of participations. Fig 3 shows how the average member’s degree and
strength evolve with the number of participations in group’s events. At the beginning, the
degree and strength have the same value and grow at the same rate, but after only few partici-
pations the strength becomes larger than the degree, and starts to grow much faster for mem-
bers of all four Meetup communities. After 100 attended events the average strength of a
member is up to ten times larger than her degree (see Fig E in S1 File). This indicates that the
event participation dynamics is mostly governed by the need of a member to maintain and
strengthen her relationships with already known members of a community. As a matter of
fact, our analysis of member’s embeddedness in these social networks shows that members
maintain strong relations with single members of the community, but also with small sub-
groups of members. A comparison with randomized data (Figs E and F in S1 File) reveals that
both the degree and strength grow slower with the number of events, and that their ratio is
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Fig 3. Event driven evolution of member’s degree and strength. Dependence of member’s average
degree (qg) and strength (s) on number of attended group events by member x for four considered Meetup
groups.
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higher than in the original data. Relatively high value of the average clustering coefficient (c;),
shown in Fig 4 indicates that there is a high probability (more than 10% on average) that
friends of a member also form significant relationships. The slow decay of (c;) with the number
of participations and the fact that it remains relatively large (above 0.2) even for participants
with a thousand of attended meetups, Fig 4, show that personal networks of members have
tendency to remain clustered, i.e., have relatively high number of closed triplets compared to
random networks.

We now further examine the structure of these triplets and its change with the number of
participations by calculating the averaged weighted clustering coefficient. The weighted clus-
tering coefficient ¢}" measures the local cohesiveness of personal networks by taking into
account the intensity of interactions between local triplets [38]. This measure does not just
take into account a number of closed triplets of a node i but also their total relative weight with
respect to the total strength of the nodes (see Methods). We also examine how the value of
weighted clustering coefficient, averaged over all participants that have attended x events, des-
ignated as (¢} (x), with the number of attended events. As it is shown in Fig 4, a member’s net-
work of personal contacts shows high level of cohesiveness, on the average. Like its non-
weighted counterpart, the value of (¢}') only slightly decreases during member’s early involve-
ment in group activities, while later it remains constant and independent of the number of par-
ticipations. A comparison of the values of weighted and non-weighted clustering coefficients
reveals the role of strong relationships in local networks, i.e., whether they form triplets or
bridges between different cohesive groups [38]. At the beginning of member’s involvement in
a group, these two coefficients have similar values, Fig 4, which indicates that the cohesiveness
of a subgroup of personal contacts is not that important for the early participation dynamics.
As a number of attended events grows, as well as a number and strength of personal contacts,
the weighted clustering coefficient becomes larger than its non-weighted counterpart, indicat-
ing member’s strongest ties with other members who are also friends. The fact that in later
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Fig 4. Local cohesiveness of social networks of significant links. Evolution of local cohesiveness of
members personal networks, measured by averaged non-weighted (c;) and weighted clustering coefficients
(c!"), with the number of events attended by the member x.
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engagement the weighted clustering coefficient is larger than its non-weighted counterpart
indicates that the clustering has an important role in the network organization of Meetup
groups and thus in the group participation dynamics [38]. Low and very similar values of the
clustering and weighted clustering coefficients in networks obtained for randomized data (Fig
G in S1 File) further confirm our conclusion about the importance of clustering in the event
participation dynamics. The observed discontinuity and decrease of values of the degree,
strength and both clustering coefficients, Figs 3 and 4, for groups GEAM and TECH are conse-
quences of a small number of members who attended more than 300 events.

Event importance in group participation dynamics

In our previous work [20], we have shown that the conference participation dynamics is inde-
pendent of the conference topic, type and size. The same holds true for the Meetup participa-
tion dynamics, i.e., the member’s participation patterns in the Meetup group activities do not
depend on the group size, category, location or type of activity. However, the size of group
events and their time order may influence the structure of network and thus group dynamics.
We explore how topological properties of networks, specifically the number of acquaintances
and network cohesion, change after the removal of events according to a certain order (see
Methods for details).

Firstly, we study how the removal of events according to a certain order influences the
number of overall acquaintances in the network. For this purpose we define a measure 7 (see
Methods), which we use to quantify the percentage of the remaining significant acquaintances
after the removal of an event. Fig 5 shows the change of measure 7 after the removal of a frac-
tion r of events according to a chosen strategy. We see that most of new significant connections
are usually made during the largest events. The importance of large events for the creation of
new acquaintances is especially striking for the groups GEAM, PGHF, and TECH, where
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about 80% of acquaintances only met at top 20% of events. For LVHK the decrease is slower,
probably due to a difference in the event size fluctuations (see Fig E in S1 File), but still more
than 50% of acquaintances disappear if we remove top 40% of events, which is still much
higher percentage of contacts compared to random removal of events (see Fig 5 (right)). Simi-
lar results are observed when we remove events in the opposite order, Fig 5 (left). Only 20% of
acquaintances are being destroyed after the removal of 80% of events, for all four groups. This
indicates that new and weak connections are usually formed during large events, while these
acquaintances are further strengthen during small meetups. On the other hand, the removal of
events according to their temporal order, Fig 5, has very similar effect as random removal, i.e.,
the value of parameter 7 decreases gradually as we remove events.

Similar conclusions can be drawn based on the change of average weighted clustering coeffi-
cient {(C") (now averaged over all nodes in the network) with the removal of events, Fig 6.
Removal of events according to decreasing order of their sizes, does not result in the significant
change of (C"). The same value of weighted clustering coefficient, observed even after the
removal of 80% of events, shows that small events are not attended by a pair of but rather by a
group of old friends. On the other hand, the removal of events in the opposite order results in
gradual decrease of (C"). A certain fraction of triads in networks are made by at least one link
of low weight. These links are most likely to vanish after the removal of the largest events, which
results in the gradual decrease of (C"). Removal of events according to their temporal order
results in the change of (C") similar to one obtained for random removal of events, confirming
further that the time ordering of events does not influence the structure of studied networks.

Discussion and conclusion

In this article we explore the event participation dynamics and underlying social mechanism
of the Meetup groups. The motivation behind this was to further explore the event driven
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dynamics, work we have started by exploring participation patterns of scientists at scientific
conferences [20], and to better examine the social origins behind the repeated attendance at
group events, which was not feasible with the conference data. The results in this manuscript
are based on empirical analysis of participation patterns and topological characteristics of net-
works for four different Meetup groups made up of people who have different motives and
readiness to participate in group activities: GEAM, PGHF, TECH, LVHK.

Although these four groups differ in category and type of activity, we have shown that they
are all characterized with similar participation patterns: the probability distributions of total
number of participations, number of successive participations and time lag between two suc-
cessive participations follow a power law and truncated power law behavior, with the value of
power law exponents between 1 and 3. The resemblance of these patterns to those observed for
conference participations [20] indicates that these two, seemingly different, social system
dynamics are governed by similar mechanism. This means that the probability for a member
to participate in future events depends non-linearly on the balance between the numbers of
previous participations and non-participations. As in the case of conferences [20], this behav-
ior is independent of the group category, size, or location, meaning that members association
with the community of a Meetup group strongly influence their event participation patterns,
and thus the frequency and longevity of their engagement in the group activities.

The Member’s association with the community is primarily manifested trough her inter-
connectedness with other members of a specific Meetup group, i.e., in the structure of her per-
sonal social network. We have examined topological properties of filtered weighted social
networks constructed from the members event co-occurrence. Trough network filtering we
have emphasized the importance of significant links, the ones which are not the result of coin-
cidence but rather an indicator of social relations. The analysis of local topological properties
of these networks has revealed that the strength of connectedness with the community, for the
members with small number of participations, is predominantly the consequence of the width
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of their social circles. Average strength and degree of members with g << 50, which on average
corresponds to only a few participations, are equal, while the strength of members who know
more than 50 people and have participated in more than a few events, is several times higher
then their degree. This means that after a few participations strengthening of existing ties
becomes more important than meeting new people. These arguments are further extended
with our observation of the evolution of average strength and degree with the growth of num-
ber of participations. Both, average degree and strength, grow, but the growth rate of strength
is higher than one of the degree, for all four Meetup groups. All four groups are characterised
with very high cohesiveness of their social communities. The evolutions of clustering coeffi-
cients, non and weighted one, and their ratio, show that bonding with the community becomes
more important as the members’ engagement in the group activity progresses. As in the case
of conference participations, frequent attendees of group activities tend to form a core whose
stability grows with the number of participations [20, 39]. The need of frequent attendees to
maintain and increase their bonding with the rest of the community influences their probabil-
ity to attend future meetings and thus governs the event participation dynamics of the Meetup
groups.

The observed structure of personal social networks of the Meetup members is in accor-
dance with previous research on this topic [21-24]. The average size of personal social net-
works for the most frequent attendees of the Meetup groups GEAM, PGHF, and TECH, is 150
or lower, while the size of the LVHK personal network is less than 500 different connections,
i.e., of the same order. This is consistent with the predictions of the Social Brain Hypothesis
for the typical human group size. The faster growth of the strength, compared to the one
observed for degree, and the constant, non-trivial, value of the clustering coefficients are indi-
cators of the layered structure of social networks. The comparable values of strength and
degree, as well as weighted and non-weighted clustering coefficients, observed for small num-
bers of attendances, indicate that at the beginning all social connections are of the equal impor-
tance. As members’ engagement with the community grows, she begins to interact with a
certain members of the group more often, which results in the non-linear growth of her
strength. The higher value of weighted clustering coefficient, compared to its non-weighted
counterpart, indicates that member’s personal network consists of layers, subgroups of mem-
bers, characterized with similar strength of mutual relations.

While the group category, type of activity and size do not significantly affect the participa-
tion dynamics in the group activities and structure of networks, the size of separate events
does have an influence on the evolution of social networks. Large events represent an opportu-
nity for members to make new acquaintances, i.e., to establish new connections. On the other
hand, small meetings are typically the gatherings of members with preexisting connections,
and their main purpose is to facilitate the stronger bonding among group members. We find
that the time order of events is irrelevant for group dynamics.

The universality of the event participation patterns, shown in this and previous work [20],
and its socially driven nature give us a better insight not only about the dynamics of studied
social communities but also about others which are organised on very similar principles: com-
munities that bring together people with the similar interests and where the participation is
voluntary. Having in mind that these type of groups constitute a large part of human life,
including all life aspects, understanding their functioning and dynamics is of great importance.
Our results not only contribute to the corpus of increasing knowledge, but also indicate the
key factor which influences the group longevity and successful functioning: the association of
group members with the community. This and recent success stories [40] suggest that complex
network theory can be an extremely useful tool in creating successful communities. Future
studies will be conducted towards further confirmation of universality of event participation
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patterns and better understanding of how social association and contacts can be used for creat-
ing conditions for successful functioning of learning and health support groups.

Materials and methods
Data

There are more than 240000 groups in 181 countries classified into 33 categories active in the
Meetup community [41]. For each of selected four groups, we have used the Meetup public
API to access the data and collect the list of events organized by the group and the information
on the members who confirmed their participation (RSVP) in the given event since the group’s
beginnings. Each member has a unique id which enables us to follow her activity in the group
events during the time. The collected data have been fully anonymised and we did not collect
any personal information about the group members. We have complied with terms of use of
Meetup website. More details about the group sizes and the number of events is given in

Table 1.

Network construction and filtering

Network construction. We start with a bipartite member event network, which we repre-
sent with participation matrix B. Let N,,, denotes total number of members in the group and
N, is total number of events organized by the group. If the member i participated in the event /
element of matrix B; takes a value 1, otherwise B;; = 0. In the bipartite network created in this
way, members’ degree is equal to total number of events member participated in, while events’
degree is defined as total number of members that have attended that event. The social net-
work, which is the result of members interactions during the Meetup events and is represented
by weighted matrix W, is created from the weighted projection of bipartite network to mem-
bers partition [42, 43]. In the obtained weighted network nodes correspond to individual
members while the value of the element of weighted matrix W;; corresponds to number of
common events two members have attended together.

Network filtering. The observed weighted network is dense network where some of the
non-zero edges can be the result of coincidence. For instance, these edges can be found
between members who attended large number of events or events with many participants, and
therefore they do not necessarily indicate social connections between members. The pruning
of these type of networks and separation of significant edges from non-significant ones is not a
trivial task [36, 37, 44]. For this reasons we start from bipartite network and use method that
determines the significance of W; link based on configuration model of random bipartite net-
works [36, 37, 45, 46]. In this model of random networks the event size and the number of
events a member attended are fixed, while all other correlations are destroyed (see SI for fur-
ther explanations). Based on this model, for each link in bipartite network, B;;, we determine
the probability p; that user i has attended event [. The assumption of uncorrelated network
enables us to also estimate the probability that two members, i and j, have attended the same
event, which is equal to p;p;. Probability that two members have attended the same w events is
then given by Poisson binomial distribution

Pij(w) = Z Hpil.pjl H(l _Pﬁpﬁ) (1)

M,, IeM,, ¢M,,

where M,, is the subset of w events that can be chosen from given M events [36, 37, 47]. We
define p-value as probability that two members i and j has co-occurred on at least w;; events,
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i.e., that the link weight between these two members is w;; or higher

p-value(w;) = Z Py(w). (2)

WZWIj

The relationship between users i and j will be considered statistically significant if p-value(w;)
< Pus- In our case, threshold p,, = 0.05. All links with p-value(w;) > p, are consequence of
chance and are considered as non-significant and thus removed from the network. This way
we obtain weighted social network of significant relations between members of the Meetup
group W; The details on how we estimate p;; and P;;(w) for each link are given in SI.

Topological measures. All topological measures considered in this work are calculated
for weighted social network of significant relations W;. We consider the following topological

measures of the nodes:

« The node degree ¢; = > H(W}}), where H is Heaviside function (H(x) = 1 if x > 0 other-
wise H(x) = 0);

o The node strength s; = Zle‘f [71;

« Non-weighted clustering coefficient of the node ¢; = _ 137, , H( WOHWs ) H(W,)
[7].

S S
« Weighted clustering coefficient of the node ¢)” = 5 (q,-171) > ik ;W"”’ HWYHW 5 H(W,)
[38].

Weighted clustering coefficient of the network (C") and its non-weighted counterpart (C) are
values averaged over all nodes in the network.

The event relevance

In order to explore the relevance of event size and time ordering for the evolution of social net-
work topology we analyze how removal of events, according to specific ordering, influences
the number of acquaintance and network cohesion. Specifically, we observe change of measure
7, which represents the fraction of the remaining acquaintances, and weighted clustering coef-
ficient (C") after the removal of a fraction r of events. The removal of event results in change
of link weights between group members. For instance, if two members, i and j, have partici-
pated in event , the removal of this event will result in the decrease of the link weight W} by
one. Further removal of events in which these two members have co-occurred will eventually
lead to termination of their social connection, i.e., W; = 0. If W3(r) is the matrix of link
weights after the removal of a fraction  of events and W* is the original matrix of significant
relations, then the value of parameter 7 after the removal of r events is calculated as

() = =) ®)

S W)
The value of weighted clustering coefficient (C") after the removal of a fraction r of events is
calculated using the same formula as for the (C") just using the value of W*(r) instead of W°.
We remove events according to several different strategies:

« We sort events according to their size. Then, we remove sorted events in descending and
ascending order.

« We remove events according to their time-order, from the first to the last.
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« We remove events in random order. We perform this procedure for each list of events 100
times.

Supporting information

S$1 File. Supplementary information: Associative nature of event participation dynamics: a
network theory approach. The probability distribution P(x) of total numbers of participations
in group events x, obtained from the empirical data for the four selected Meetup groups (blue
circles). We also show truncated power law fit x % B (solid lines), power law fit x (dotted-
dashed lines), and exponential fit e ** (dotted lines). Fig A Log likelihood ratio R and the 7-
value compare fits to the power law and fits to the truncated power law for the probability dis-
tribution of total numbers of participations in group events. Table A The probability distribu-
tion of successive numbers of participations in group events xg, for the four selected Meetup
groups. The probability distribution follows power law behavior P(xg) ~ Xg’. Fig B The prob-
ability distribution of time lags between two successive participations in group events ys, for
the four selected Meetup groups. The probability distribution follows truncated power law
behavior P(yg) ~ ys*e ®s. Fig C The probability distribution of link weights in a weighted
network before and after filtering, for the four selected Meetup groups. Fig D The dependence
of a degree strength ratio on the number of participations, averaged over all members for the
four considered Meetup groups. Red circles correspond to results obtained from empirical
data, while blue squares correspond to randomized data. Fig E The dependence of group
members’ average degree (g) and strength (s) on numbers of participations for a real weighted
network and a randomized network. Fig F The dependence of group members’ average non-
weighted (c;) and weighted clustering coefficient (c!') on numbers of participations for a real
weighted network and a randomized network. Fig G The probability distribution of relative
size fluctuations <E<ge, for the four considered Meetup groups, where e is the event size and (e)
is the average event size. Fig H.

(PDF)
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Chapter 2

THE STRUCTURE AND DYNAMICS
OF MEETUP SOCIAL NETWORKS
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Abstract

Computational social science is an emerging interdisciplinary field
whose main focus is on investigating human and social dynamics using
computational modeling and data analytics. Collective behavior in social
systems is of special interest due to its complex nature which demands
the use of computational techniques for uncovering and understanding
mechanisms that underlie its emergence. Here we demonstrate how com-
putational techniques can be used to quantify the structure and dynamics
of Meetup social groups. Dynamics and structure of any Meetup social
group strongly depend on the association of its members with the commu-
nity. We map the data about the group members and their participation in
the group events onto bipartite networks and use tools of complex network
theory to analyze their structure and structure of their monopartite projec-
tions. We explore how the structure of social networks of these groups
evolve with time and identify the key topological features that influence
collective dynamics and success/survival of the Meetup social group.

*Corresponding Author Email: mitrovic@ipb.ac.rs.
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1. Introduction

The abundance of social data is the main driving force behind the expansion
of a new interdisciplinary fields commonly known as computational social sci-
ence [1,2]. Researchers from different fileds of science including physics, com-
puter science, mathematics, economics, and sociology, make the best use of
data, computational techniques and resources to provide us with quantitative
description and understanding of complex social systems. Computational meth-
ods from statistical mechanics and complex network theory have proven to be
a useful tool for quantitative description and uncovering the mechanisms that
underlie the collective behavior in social systems [3,4]. These techniques have
been udsed to explain the emergence of various collective social phenomena,
including segregation [5], cooperation [6], collective emotions [7—10], popular-
ity [11,12], etc.

One manifestation of collective social behavior is a social group, informal
community of individuals that emerges through repeated interactions among
them. Although evolution and organization of social groups have been subject
of interest in sociology and related scientific disciplines for more than a cen-
tury [13-16], the development of information communication technologies and
new quantitative techniques have provided new insight into the structure and
dynamics of various social groups. The availability of data enabled the study
of human behavior and the emergence of social groups in online environment
on a scale that was not possible just two decades ago [8, 17-22]. However,
the dynamics and structure of event-driven social groups are still insufficiently
explored, mainly due to the lack of data. These groups have a vital place in
society since they are a significant part of human social life [23-25]. The dy-
namics of these groups is very localized in time and space. Furthermore, their
members meet and build social interactions at group events, which makes them
very different from other offline and online social groups. Recent research on
several types of these groups [26,27], has shown that universal features charac-
terize their dynamics and that structure of social relations among their members
strongly influences member’s activity in the group and thus her association with
the community.
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The Structure and Dynamics of Meetup Social Networks 35

In this chapter, we demonstrate how computational techniques from statis-
tical physics and complex network theory can be used to explore in details the
structure and dynamics of event-driven social groups. As a case study, we use
four different Meetup groups, communities of individuals formed online that
get engaged into joint offline activities. Meetup members are organized into
thematic social groups, which differ in physical location, type of activity and
size. Thus, the analysis of these four groups allows us to detect and describe
their universal structural and dynamical features. In particular, we show how
the data about members activity in a Meetup group can be mapped onto a bi-
partite graph, and how this network can be used to obtain the group’s social
relations. The topological structure of a bipartite network and its monopar-
tite projection reveals important details about social dynamics in these groups.
We show that four considered groups have very similar structural properties,
which further highlights the fact that universal principles govern dynamics of
these groups. These universal principles can be uncovered through quantitative
analysis of time series related to individual and collective activity. Our analy-
sis shows that correlations between the activity of individual members are the
principal cause of specific structural and dynamical patterns, which are charac-
teristic for Meetup, and presumably other event-driven, social groups.

In Section 2 we describe in detail the four considered Meetup social groups
and the data used for empirical analysis. The detailed description of structural
properties of bipartite and monopartite weighted social networks is given in
Section 3, while the analysis of dynamics of these groups is given in Section 4.

2. Data

Meetup [28] is an online social networking site that facilitates offline group
meetings in various locations around the world. It enables its members to find
and join social groups by their interests and get involved into activities of these
groups. Therefore, Meetup groups bring together people with common inter-
ests who are usually not acquainted outside of the group’s social circle. This
fact allows us to study the evolution of group’s structure and dynamics from its
beginnings, as well as their mutual influence, using computational techniques
from complex network theory and statistical physics.

Depending on the interest of its members, a group can be assigned to one
of 33 categories, which include careers, hobbies, socializing, health, politics,
books, etc. Besides topic and location, these groups also differ in size, event
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Figure 1. (left) Probability density distribution of group sizes S, belonging
to Meetup category Career&Business, which exhibits log-normal behaviour

1 _ (Se—mg)? : : :
f(Se) = RV, exp( ! ). Here S, is group size rescaled with average
group size of category Career&Business. (right) Time series of number of
events organised per week for two out of four groups we considered in this

chapter.

dynamics, and organizational structure. Figure 1(left) shows the probability
density distribution of sizes of groups belonging to category Career&Business.
This distribution exhibits a log normal behavior, which suggests that some mul-
tiplicative mechanisms underlie the growth of Meetup social groups. Time se-
ries of the number of organized events per week for two different groups, shown
in Fig. 1(right), clearly demonstrate the difference in event dynamics: the num-
ber of events organized on a weekly basis in two different groups fluctuates dif-
ferently. Despite their differences, Meetup groups have one thing in common,
the way their members prepare and organize their events. Before each event, all
members of the group receive an invitation to participate in an event to which
they can reply with yes or no. These recordings of event attendance can be then
used to analyze members event participation patterns [27] and structure of social
network formed between the members of the group.

In this work, we will demonstrate the power of computational techniques by
analyzing the data from four different Meetup groups, where each one of them
has more than 3000 members and organized events, see Table 1. To obtain more
general conclusions, we have selected groups from different categories and with
a different type of activities. Specifically, our first group geamclt (GEAM)
brings together individuals, foodie thrill-seekers, who are mostly interested in
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trying new exotic foods and drinks. Thus, the activities of this group include
collective visits to restaurants and bars. The second group (LVHK) consists
of hikers who seek excitement and like to socialize through physical activities,
while members of our third (PGHF) group like to attend free, or almost free,
social events. Our fourth group (TECH) gathers technology professionals inter-
ested in networking, entrepreneurship, environmental sustainability, and profes-
sional development. We used the Meetup public API to collect the data. For all
four groups we compiled the list of all events organized by the group since its
beginning, and for each event, we collected the list of members who attended
that event. Every member of the Meetup community has a unique identifiers
which allows us to follow her activity through time. The detailed description
of the data is given in Table 1. To protect the privacy of Meetup users we have
conducted a full anonymisation of the data. The anonymised data used for the
analysis presented in this work can be found at [29].

Table 1. Description of four Meetup groups studied in this chapter. Ny, is
total number of group members, while Ny is total number of organized

events
| Meetup group | Acronym | Category | Nu | Ne |
geamclt GEAM Food & Drink 5377 | 3986
pittsburgh-free PGHF Socializing 4995 | 4617
techlifecolumbus | TECH Tech 3217 | 3162
VegasHikers LVHK Outdoors & Adventure | 6061 | 5096

3. Structure of Meetup Social Groups

The data from event-driven social groups are typically mapped onto monopartite
weighted graph [30-32]. In this framework, each member is represented by a
network node, while the link weight between two individuals is either raw [33]
or normalized [30,31] number of common events that they have attended to-
gether. The problem with this approach is that repeated co-occurrence of two
group members at group’s events does not necessarily imply social relationship
between them. For instance, according to this approach two very active individ-
uals, where by very active we mean persons who attended a significant number
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of group’s events, will have a high probability to meet on one or even several
different events. In the monopartite network model, this manifests as a social
relationship between these two individuals, although their relationship can be
just a consequence of chance.

Figure 2. (left) A part of Meetup bipartite network of GEAM community: light
gray circles represent nodes from Members partition while nodes from Events
partition are represented with white circles. (right) Weighted network of signif-
icant social relations between the 10% most active members of LVHK group.
Nodes of the same shade of gray belong to the same community.

In our previous work [27], we have shown that relevant social relations in
event-driven social group can be obtained by mapping the data onto bipartite
network and then use this network to filter out redundant links. First we map
the data onto a network with two partitions Members (M) and Events (E). In
bipartite networks, by definition, only links between nodes belonging to two
different partitions are allowed. Here, the link between nodes i and j* denotes
presence of member M at event j£. This way we obtain binary bipartite net-
works of size Ny, + Ng, which can be represented as a block diagonal matrix B,
where By jz = 1 if there is a link between member i and event jZ, otherwise
B jr = 0. Example of bipartite networks of GEAM Meetup group is shown
in Fig. 2(left). Bipartite networks created in this way contain all the necessary
information about event-driven activity in Meetup groups. For instance, degree
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of a node qﬁ-” in Members partition, defined as
Ng
dm =Y, By, (1)
JjE=

is equal to the number of events that member represented by that node has at-
tended, while the degree of a node belonging to Events partition is equal to the
size of corresponding event,

Nm
g% =Y, B . 2)
M —

In order to filter out redundant connections we use technique based on the con-
figuration model of bipartite random graphs (CMBR) [34,35]. In this filtering
technique, CMBR is used for estimation of probability that two members have
occurred together on w events by chance, i.e. link wt-value. If this chance is low,
below some threshold 6, we can claim at confidence level 1 — 0 that two mem-
bers have correlated participation in group events, i.e. social relation between
them is significant (real) and its strength is w. Before calculating this probabil-
ity we first need to determine the probability p; ;= that member i™ has attended
some event j© by chance, i.e. a probability that there is a link between member
i and event j* in bipartite random network. For this we use graphs generated
with CMBR and maximal-entropy approach for calculating the link probability
in ensemble of networks [36—38]. CMBR graph has the same degree distribu-
tion for both partitions as the real network but all other properties, for instance
degree-degree correlations, are randomized. Specifically, if we use G to denote
the ensemble of bipartite random graphs with given degree distributions, then
probability to have a specific realization of graph G from this ensemble is given
by

P(G) = %e‘ Yo je O B e 3)
where o and [, are Lagrangian multipliers and Z is partition function. The
partition function for the ensemble of CMBR graphs can be easily calculated
(see [27,35]) and it is equal to

Z=Ye Xom je (O B2 ) B s [T te mtBie)y 4)
G

M jM
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The values of Lagrangian multipliers can be calculated using the following
equations

0Z N oM B
g =—5—= Y ——apr 5)
aOL,-M ol 14 "MTPE
and
A A

= — = _— 6
15 o e —p 1 te %P ©

If we define a coupling parameter A jz = o + = then the link probability
between member i and event j£ is equal to

o7 e7~,~M JE o %M +B,E

o E = = = . 7
leJF a)&iMjE 1 + e_}‘iMjE 1 + e_a‘iM"‘BjE ( )
The links in CMBR graph are uncorrelated, thus the probability that two mem-
bers i} and i have attended the same event j£ is simply a product of P e and
pyje. The probability that two members have co-occurred in w events is given
by Poisson binomial distribution

Fyy ’2 Z H Pt jEPRY jE H (1_Pi’]‘/’jEPig/’jE)7 (8)

Ew jEcEw JEEEW

where Ew is the subset of w events that can be chosen from given E events [36].
Finally, n-value for a link between members i and %/ is a probability that these
two members have attended together at least wy» events

(W) = Y Pyt (w) - )
w>wM M
hn

If this m-value for a pair of members is high we can assume that their activity
in group events is not correlated and that Whu CO-OCCUITences are a result of
chance. On the other hand, if the m-value for some pair of members is low,
i.e. smaller than 6, we can assume at the level of confidence 1 — 0 that activity
of these members is correlated to a certain extent. This means that the link of
weight w between these members can not be created using CBMR graphs. The
n-values of weighted links between members of one Meetup group can be then
used to filter out the redundant links and create weighted network of significant
social relations.
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Figure 3. Probability distribution of link weights in a weighted network before
and after filtering, for four considered Meetup groups. [Figure right reprinted
with permissions from [27]]

We map the data from one Meetup group onto bipartite networks and
then apply the described filtering technique to obtain the weighted network of
significant social relations between its members at the 95% confidence level
(6 = 0.05). This weighted network can be represented with weighted matrix
W, where W denotes the strength of the social relation between members it
and 1. The probability distribution of the number of common events, given in
Fig. 3, has power-law behavior for all four networks. Fat-tail distribution of
commons is typically found in techno-social systems characterized by high het-
erogeneity of members activity [7,17,27,33]. The weighted network obtained
from a projection of bipartite network onto one of the partitions is usually very
dense, i.e. has a huge number of connections per node. We decrease the net-
work density using the described filtering technique. We see from Fig. 3 that
although this method puts more emphasis on the links with higher weight, the
overall distribution of link weights is preserved.
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In our previous work [27], we have examined in detail how the topolog-
ical properties of member’s ego network evolve with the number of attended
events. So far, the structure of bipartite and weighted monopartite networks
corresponding to Meetup groups has not been studied and described in detail.
We quantify the structure of these networks by calculating several local, meso-
scopic and global topological measures. The standard topological measure, used
for quantifying the connectivity patterns in the networks, is the node degree and
its distribution [39]. The degree of a node in Members and Events partitions is
defined with Egs. 1 and 2, while in the weighted monopartite network the node
degree is equal to the number of its different links, i.e.

Ny
dy = Y HWye) . (10)

M1

where H (W) is Heaviside function (#(x) = 1 if x > 0 and 0 otherwise).
The degree distribution P(g) is a probability that randomly chosen node in a
network, bipartite or monopartite, has a value of degree ¢g. The connectivity in
bipartite networks is quantified with two-degree distributions, each correspond-
ing to one partition. Besides the degree and its distribution, one more local
property is used for the description of local connectivity in a weighted network,
node strength. Strength of a node is equal to a sum of weights of all links adja-
cent to that node, i.e.

Ny
W _
S = Y W . an
=1
Degree-degree correlations is another local topological measure with which we
capture the mixing patterns in a network [39]. Specifically, with this measure,
we quantify node’s preference to attach to similar nodes in a network. It can
be estimated by calculating the average nearest neighbor degree of a node (gy,)
and examining its dependence on node degree. The average nearest neighbor
degree of node with degree ¢ is given by

K
. Zj‘(/ qJ-K/

- (12)
q

Here k and ¥’ denote two different partitions in bipartite networks, in the case of
weighted network k = ¥’ = W, and q‘ﬁ(/ is degree of the nearest neighbor node.
In uncorrelated networks, the average nearest neighbor degree does not depend

Complimentary Contributor Copy



The Structure and Dynamics of Meetup Social Networks 43

onnode’s degree. If (¢, is increasing function of ¢ we have assortative mixing,
i.e. nodes in this network have preference toward nodes with similar or higher
degree, while decreasing function of (g),)(¢) indicates disassortative mixing,
large degree nodes are linked to ones with small degree. Social networks are
usually characterized by assortative mixing patterns, while biological, techno-
logical and techno-social networks typically have disassortative mixing [39].
For weighted networks, one can also define weighted average nearest neighbor
degree (gn,)", which measures the effective affinity of a node to connect with
high- or low-degree neighbors concerning the connection strength. Weighted
average nearest neighbor degree of node iV is given by

{dmm) s = - WZ W - (13)

’1 ’2

Another important measure of topological structure of monopartite net-
works is clustering coefficient. It measures a probability that two first neighbors
of a node are also neighbors. For weighted monopartite social networks we can
define non-weighted clustering coefficient of node i

cim = }[VVIMM }[WMM}[‘/VI-MI-M s (14)
S & W W) 2 Vi)

and weighted clustering coefficient

1 WMM“F‘/VI}]\/IZ}%/I
quva: T )Z 5 H (Wariar) H (Warir ) H (Ware) . (15)

’2 ’3

While the non-weighted clustering coefficient measures the number of closed
triples formed by node and its neighbours, the cfn"l measures local cohesive-
ness of the node’s neighbourhood by taking into account the intensity of inter-
actions between local triplets [40]. Non-weighted (C) (weighted (C")) clus-
tering coefficient of the whole network is calculated as average value of non-
weighted(weighted) clustering coefficients of all nodes in the network. One can
also calculate the average clustering coefficient of nodes with degree ¢" and
thus obtain how ¢ and ¢V depend on ¢". This dependences reveal a lot about
the hierarchical organisation in network [39, 40], while the averaged values of
clustering coefficients provide global information between weights and topol-
ogy in the network [40]. For instance, the comparison between (C) and (C")
can reveal much about the importance of clustering in network evolution [40]:
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Figure 4. Probability density distribution of rescaled degree for nodes in Mem-
bers (top left) and Events (top right) partition. The degree is rescaled by the
value of an average degree in a given partition. The dependence of average
nearest neighbor degree on degree in Members (bottom left) and Events (bot-
tom right) partitions.

(C") > (C) suggests that the processes leading to high value of clustering coef-
ficient have an important role in network evolution.

We first examine the topological structure of bipartite networks correspond-
ing to four considered Meetup groups by calculating the degree distribution for
Members, Fig. 4(top left), and Events partition Fig. 4(top right). Degree dis-
tribution of Members partition is equivalent to the distribution of the number
of attended events studied in [27]. Distributions for all four groups exhibit the
same, truncated power-law, behavior

CIM
P(g") o< (¢™) Yexp (—q—M> : (16)
0

with very similar values of exponent y ( 1.3 <7y < 1.61) [27]. The observed
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power-law dependence in Members partition is a result of universal event-driven
social dynamics [26,27]. In event-driven dynamics probability for a member to
attend the next event depends exclusively on balance between the number of
previous participations and non-participations. Our analysis of the evolution of
members ego networks in Meetup social groups has shown that through event
attendance members widen and strengthen their social connections and that ac-
tive members repeat attendance in the group events with a small subgroup of
their peers [27].

The probability distribution of degrees for Events partition is nothing more
than a distribution of the event sizes. For all four social groups, this event size
distribution follows log-normal behavior

1 _ <log<q5“ﬁ )2 an
= — ¢ 2(c%) .
qfot\/2m

Three groups (GEAM, PGHEF, and TECH) have the same value of mean ,uE =
—0.7(1) and standard deviation 6& = 0.95(5), while the degree distribution for
Events of LVHK group, with parameters 6© = 0.59(2) and u* = —0.16(2),
shows some deviations from log-normal curve for small values of normalized
degree. Log-normal distribution has been observed in many socioeconomic sys-
tems, including distribution of firm [41] and city [42] sizes, voting [11,43] and
citation patterns [12,44]. For all these processes proportional growth is a com-
mon mechanism that leads to a log-normal distribution of event sizes. As it
was argued in Section 2, the growth of Meetup groups can be described with
multiplicative process [45]. Since event participation is the primary activity in
a Meetup group, event size directly depends on the group’s growth. Thus, the
log-normal distribution of event sizes is just another indicator of the propor-
tional growth of Meetup social groups.

We also examine the mixing patterns in these bipartite networks by calcu-
lating the average nearest neighbor degree for the nodes in both partitions and
study its dependence on their degree, Fig. 4 (bottom). The average nearest
neighbor degree for Members partition, i.e. the average size of events attended
by a member, is independent of the magnitude of her activity Fig. 4(bottom
right). The descending curve in Fig. 4(bottom left) indicates disassortative mix-
ing for events. This observation is expected since in the previous study [27] we
have shown that significant events are predominantly attended by members with
a small number of participations.

P(q")
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Figure 5. (top left) Dependence of normalized node strength on its degree. (top
right) Scatter plot of nodes strength versus standard deviation of link weights
adjacent to that node. Average nearest neighbor degree (bottom left) and its
weighted counterpart (bottom right) in weighted network.

The observed degree-degree correlations suggest that event-driven dynam-
ics is outlined with correlated social behavior which is beyond random processes
characteristic for generation of random bipartite graphs. This event-driven dy-
namics of Meetup social group shapes and it is formed by the structure of the
underlying weighted social network. Real world weighted networks, besides
complex topology, also display a considerable heterogeneity in the strength of
the connections. Weighted quantities and their correlations with the underlying
topological structure of the network provide additional information about the
dynamical processes governing network’s evolution. We further explore topo-
logical features of the weighted network between the Meetup group members,
which is obtained by projecting bipartite network onto Members partition and
filtering out non-significant links.

Figure 5(left) shows dependence of normalized average strength (s") /(w)
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of node on the value of its degree ¢". Normalization constant (w) is aver-
age link weight in the whole network. In the Meetup weighted social network
the degree of a node equals to the number of different connections adjacent
to that node, while its strength measures the total magnitude of these relation-
ships. In uncorrelated weighted networks, the normalized average strength of
the node grows with its degree as (sV)/(w) = g". We see from 5(top left) that
for all four groups the dependence of normalized average node’s strength devi-
ates from uncorrelated approximation. Furthermore, normalized average node’s
strength is proportional to its degree for nodes with degree ¢ < 50, while for
nodes with large values of degrees it grows super-linearly. This indicates that
average weight of links adjacent to a node (wm) = ﬁfdy Wiu grows with

node degree. In fact, the standard deviation of weight]s of links adjacent to a
node also increases with its strength, Fig. 5 (top right), which suggests that
very active users are characterized by significant heterogeneity of strength of
their social connections. The described dependencies reveal one of the essential
characteristics of event-driven dynamics: at the beginning of their involvement
in group activities members mostly widen their social circle, while later, as their
participation in group activities progresses, they tend to pay more attention to
strengthening their existing social relations with particular members.

It was shown above that mixing patterns for Members partition in the bipar-
tite network of Meetup groups are uncorrelated, so it is not surprising that we
observe the lack of degree-degree correlations in corresponding weighted social
networks Fig. 5 (bottom left). On the other hand, the dependence of weighted
average nearest neighbor degree (¢,,)" on node degree shows weak assorta-
tive mixing. The weighted average nearest neighbor degree is defined in a way
to put more emphasis on the properties of strongest connections. Thus we see
that members with a large number of connections establish the most solid ones
with other high-degree members, forming in this way strongly connected core
of very active members. This finding is further confirmed with a comparison
of non-weighted C(¢"') and weighted clustering C¥ (¢") clustering coefficient
shown in Fig. 6. For all four groups, non-weighted clustering coefficient and
its weighted counterpart have the same value for low- and middle-degree nodes.
For nodes with ¢" ~ 50, the difference between these two topological mea-
sures becomes evident, and it further grows with the degree. The ratio between
non-weighted and weighted clustering coefficient of very active users suggests
that their involvement in group activities is not conditioned by the behaviour of
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Figure 6. Dependence of non-weighted and weighted clustering coefficient on
node degree for four studied Meetup social groups.

other members from their social circles but rather by the activity of the whole
subgroups, as it was argued in [27].

This type of activity leads to the occurrence of communities which are man-
ifested as mesoscopic inhomogeneities in the structure of weighted social net-
works, i.e. as the subgroups of strongly inter-connected nodes. Their exis-
tence, observed in many online and offline social systems [7,9,17,33], is one of
the strongest indicators of self-organising collective dynamics. We detect these
communities in the weighted social network of the 10% most active members
using LOUVAIN community detection method [46,47] and its implementation
in Gephi [48]. This approach detects communities in a network by finding the
configuration of groups of nodes for which the modularity function has the high-
est value [46]. For all four groups we find that they have between four and five
communities of similar sizes, see the Table 2 for details. For the illustration, we
show the weighted social network of 10% most active individuals in LVHK and
its community structure in Fig. 2(right).
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Table 2. Details about weighted social subnetworks formed between 10%
of most active members for considered networks. Ny and Ly, are the
number of members and links in subnetwork, activity range is the lowest
and highest number of attended events by selected group of members, and
N¢ is the number of detected communities using LOUVAIN method

Acronym | Ny | Ly | Activity range | Nc |

GEAM | 538 | 15575 19-1494 4
PGHF 500 | 6828 15-1191 4
TECH 317 | 5350 21-1175 5
LVHK | 607 | 29327 48-1521 4

All results presented in this section show that these four groups, although
essentially different when it comes to their topic, type of activity and personality
of their members, have very similar, practically universal, internal structure.
This further confirms the conclusion from our previous research [26,27] that
the forces that influence the behavior of the individuals and thus govern the
collective dynamics of the group are very fundamental, i.e. they do not depend
on specific type of social group. In the next section we further support these
findings by analysing group dynamics.

4. Dynamics of Meetup Social Groups

Specificity of Meetup social groups is their event-driven dynamics. Members of
the group meet at a precise time and in a precisely determined place to partic-
ipate in some joint activity. Through these activities, they form and strengthen
social connections, which then influence the future dynamics of the group, i.e.
the frequency and size of future events. The individual participations in group
events can be translated into time series that either describes the activity of each
member or the collective activity of the subgroup or the whole group. The
quantitative analysis of these time series provides a characterization of system
dynamics and reveals valuable information about its organization and evolu-
tion [7,8,10,17,33]. In this section, we analyze activity patterns of individual
members as well as the total subgroup and group activity to find universal fea-
tures of Meetup group dynamics.
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Figure 7. Time series of activity of one of the very active members (top left) and
low active members (top right) of LVHK group. (bottom left) Time series of
total activity in LVHK group. (bottom right) LVHK members activity pattern.
The x axes in Fig.7 corresponds to event-time while y axes shows member’s
index. Members are ordered according to their first occurrence time in group
activities, and dot denotes member’s participation in event.

The number of organized events per week varies not just between different
Meetup groups, but also within the group Fig. 1 (right). This frequency is
influenced by various external and internal factors. To separate factors of
different nature, we measure the activity in the group against the number of
held events and thus omit real time from the further analysis. This way we
obtain different time series X (r) where ¢ is a serial number of event. Time series
of individual member’s activity X;« (), shown in Fig. 7 (top), is an array of 0
and 1 (a member can either attend or not attend the event). The time series that
describes the activity of the whole group X(¢) is obtained through aggregation
of the time series for individual members. X(7) is nothing else but the time
series of event sizes Fig. 7(bottom left).
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First, we study the patterns of member’s participation in group’s events.
Based on time series of individual member’s activity one can calculate the time
lag between two attended events AT, measured in event-time, and obtain the
time series of inter-event times for each member {ATliM,...,ATin_l}. As it
was shown in [27] the distributions of these time interval for all four Meetup
groups follow the truncated power-law behavior with power-law exponents in
interval [1.06,1.38]. This suggests that temporal patterns of members activity
have fractal structure [8, 33] known as bursty behavior [49]. Bursty behavior,
characterized by intervals with persistent activity followed by the long inactive
intervals, is universal characteristic of human behavior and it has been observed
in various social systems [22,33,50]. This type of activity results in particular
pattern of members attendance of group events, shown for LVHK group in Fig.
7 (bottom right).
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Figure 8. (left) Dependence of member’s burstiness on the number of attended
events. (right) Dependence of memory coefficient on burstiness.

It was shown in [49] that there are two different mechanisms responsible
for the bursty nature of the signal: the inter-event time distribution and mem-
ory. Two measures used for distinguishing between these two mechanisms are
burstiness parameter B and memory coefficient u. The burstiness parameter is
given by .

4
y— BT~ Oyt (18)
<AT’ > +0 AT

i

where (AT™) and & Ay are average value and standard deviation of time lag

between two attended events respectively. B takes values between —1 and
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1 and it is used for quantifying the inter-event time distribution of the sig-
nal: B;» = 1 corresponds to very bursty signal, B;x = 0 to random signal, and
By = —1 corresponds to very regular (periodic) signal. The memory coefficient
u, a correlation-based measure, measures autocorrelations between consecutive

inter-event times (AT,jM AT

i +1> for one member. It is calculated as

1 ST (AT ) (AT — (AT™),)
MM = qM_2 Z 0107 ’ (19)

k=1

where (AT, ((ATiM>2> and 6(0,) are sample mean and sample standard

deviation of AT, ,jM (AT,jZl

We quantify the temporal patterns of individual member’s activities by cal-
culating the burstiness parameter B;» and memory coefficient y» [49]. Figure 8
(left) shows how burstiness of individual members depends on the size of their
activity. Figure 8 indicates that burstiness parameter decreases as the involve-
ment of member in group grows, suggesting that very active members attend
events on more regular basis than members with a small or moderate number
of participations. This is in line with previous findings [26, 27] where it was
shown that probability of members future involvement in group activities de-
pends nonlinearly on the ratio between the number of previous participations
and non-participations in group events. Specifically, for very active members
their probability to attend the next event is very close to one and does not vary
much with time, which results in relatively regular patterns of participation (see
Fig. 7 (top left)). On the other hand, a member with a few attendances has the
typical pattern shown in Fig. 7(top right): inter-event time distribution is more
a Poissonian like with burstiness parameter close to zero. The dependence of
memory coefficient g on burstiness parameter, shown in Fig. 8 (right), further
confirms that members probability of attending the next group event depends on
the number of previously attended and not-attended events. Members with the
largest number of attended events, i.e. a negative value of burstiness parameter,
have the highest and positive value of memory coefficient. This suggests that
the origin of burstiness of their activity is memory and that regular members
have more predictable group activity patterns than temporary members. These
findings show that human event-participation dynamics is very different from
one typically observed in social systems where human behavior is characterized
with high burstiness parameter and memory coefficient close to zero.

As we saw in Section 3, members with medium and high number of atten-

) respectively.
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Figure 9. The relationship between fluctuations o, and average (X ) activity
of member time series at the scale of one (left) and ten events (right).

dance have large circles of acquaintances within which we can distinguish sub-
groups of strongly connected friends. It was argued in [27] that these connec-
tions and member’s need to maintain them are the primary drivers behind her in-
volvement in group activities. On the other hand, it was shown that dynamics of
various social groups is externally driven by the arrival of new members [9,17].
We use formalism introduced in [51] to determine in quantitative manner which
of the factors, endogenous or exogenous, are responsible for Meetup group dy-
namics. Based on time series of activity, for every member, we calculate time
average activity (Xu) and standard deviation oy, . The analysis of dynamics
in various systems has shown that relationship between standard deviation and
time average of activity follows the scaling law

Gyin o< (Xp)2 . (20)

The value of exponent 8 ~ 0.5 corresponds to system where endogenous factors
dominate group dynamics, 8 &~ 1 to system driven by external forces, while the
values of d between these two extremal values denote mixed dynamics. Figure 9
(left) shows a perfect scaling for all four groups with value of exponent 8 ~ 0.5,
which indicates that Meetup group dynamics is practically random on the time
scale of one event. If we do the same analysis on the time series obtained by
aggregating members activity over ten events (which corresponds to one week in
real time), we see that the scaling exponent 8 becomes larger than 0.5 suggesting
correlated members activity at longer time scales, Fig. 9 (right).

The community structure of the network of the 10% most active members is
a direct consequence of correlated co-occurrence of members at group events.
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Figure 10. Total activity of subgroups found in weighted networks of the 10%
most active members using LOUVAIN method.

Figure 10 shows the temporal evolution of activity in these communities. The
time series shown in Fig. 10 are obtained by aggregating time series of individ-
ual actions of all members belonging to one community. We see that all these
communities have similar paths of evolution: at the beginning, the activity of
their members is low, almost sporadic; then we observe a gradual growth, fol-
lowed by the peak of community activity, after which the activity decreases un-
til the community eventually ceases to exist. This rise and fall of social groups
have been observed in both online and offline social systems [8,9, 52]. The
ability of group to dynamically alternate their composition is one of the main
features of persistent large groups. Obviously, the activity of members belong-
ing to one community is strongly correlated; we see that there is only small
overlap between the activity of different communities. This further indicates
that significant social relations are clustered in time and that these relations are
main driving force behind the dynamics of Meetup social groups [26, 27].
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Conclusion

Data from Meetup groups contain invaluable information about the human
event-driven offline activity. We have demonstrated how the combination of
computational methods from complex network theory and statistical physics
can be used to explore the structure and dynamics of four different Meetup so-
cial groups. Specifically, we have shown how the data from these networks can
be mapped onto bipartite networks of Members and Events, and how to project
these networks onto Members partition to obtain social relations. These net-
works have several specific features that are universal for Meetup and, presum-
ably other event-driven, social networks. In particular, both network types have
very rich topology which is directly related to event-driven group dynamics.
Bipartite networks are characterized by high degree heterogeneity in both parti-
tions, which is not surprising, since power-law dependencies are the distinctive
feature of members attendance patterns in event-driven social groups [26, 27].
What is surprising is a lack of degree-degree correlations in Members commu-
nity, which suggests that members attend events of different sizes with equal
probability. The weak degree-degree correlations observed for Events parti-
tion indicate that small events are predominately attended by active members
of Meetup group, which confirms the findings of event size importance in [27].
The analysis of features of weighted networks of significant social links shows
that network topology alone is not sufficient for capturing and understanding
the social mechanism that govern the Meetup group dynamics and that link
weights and their distributions need to be taken into account. The analysis of
weighted measures shows that connection weights become important for dy-
namics of members with more than 50 connections. It also indicates that very
active members tend to form strongly connected subgroups. The communities,
identified as topological mesoscopic inhomogeneities in weighted social net-
works of the 10% most active members, are distinctive sign that these groups
have self-organizing dynamics.

Meetup group collective dynamics is shaped by the behavior of individual
member and interactions between them. The analysis of patterns of members
behavior has again shown that human dynamics is bursty. What is different in
the case of Meetup dynamics is that origin of this burstiness is memory, which is
different from what is observed in other social dynamics. The positive value of
memory coefficient for active users shows that their activity is correlated in time.
We have shown that this correlation can be observed at the scale of ten and more
event, which corresponds to one week in real time. This correlated behavior is
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also the principal mechanism which leads to formation of communities in social
network of the 10% most active users.

It has been shown earlier that Meetup group dynamics is universal, i.e. does
not depend on group category, location or type of activity [27]. The comparison
of this dynamics with conference participation patterns indicates that this uni-
versality is independent of members motivation to take part in groups activities,
for instance, professional versus leisure. Here we show that this universality is
also observed in the structure of social networks. Members of all four Meetup
groups form networks which have a remarkably similar structure: they all ex-
hibit similar degree distributions, have the same degree-degree correlations, and
very similar community structure with similar number of communities.

The methodology that we demonstrated here by applying it to Meetup social
groups is a standard part of social computational science, an emerging interdis-
ciplinary scientific field. The presented methods and tools can be used in study
of other social networks whose activity is localized in time and space.
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ABSTRACT

A strong magnetic field applied along the growth direction of a quantum cascade laser (QCL) active region
gives rise to a spectrum of discrete energy states, the Landau levels. By combining quantum engineering
of a QCL with a static magnetic field, we can selectively inhibit/enhance non-radiative electron relaxation
process between the relevant Landau levels of a triple quantum well and realize a tunable surface emitting
device. An efficient numerical algorithm implementation is presented of optimization of GaAs/AlGaAs QCL
region parameters and calculation of output properties in the magnetic field. Both theoretical analysis and
MATLAB implementation are given for LO-phonon and interface roughness scattering mechanisms on the
operation of QCL. At elevated temperatures, electrons in the relevant laser states absorb/emit more LO-
phonons which results in reduction of the optical gain. The decrease in the optical gain is moderated by
the occurrence of interface roughness scattering, which remains unchanged with increasing temperature.
Using the calculated scattering rates as input data, rate equations can be solved and population inversion
and the optical gain obtained. Incorporation of the interface roughness scattering mechanism into the
model did not create new resonant peaks of the optical gain. However, it resulted in shifting the existing
peaks positions and overall reduction of the optical gain.

Program summary

Program title: QCL

Catalogue identifier: AERL_v1_0

Program summary URL: http://cpc.cs.qub.ac.uk/summaries/AERL_v1_0.html

Program obtainable from: CPC Program Library, Queen’s University, Belfast, N. Ireland
Licensing provisions: Standard CPC licence, http://cpc.cs.qub.ac.uk/licence/licence.html
No. of lines in distributed program, including test data, etc.: 37763

No. of bytes in distributed program, including test data, etc.: 2757956

Distribution format: tar.gz

Programming language: MATLAB.

Computer: Any capable of running MATLAB version R2010a or higher.

Operating system: Any platform supporting MATLAB version R2010a or higher.

RAM: Minimum required is 1 GB. Memory usage increases for less intense magnetic fields.
Classification: 15.
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Nature of problem:

The nature of the problem is to provide an efficient numerical algorithm implementation for optimization
of GaAs/AlGaAs QCL active region parameters and calculation of output properties in the magnetic
field.

Solution method:

The optimization of the QCL laser performance at selected wavelength is performed at entire free-
parameters space using simulated annealing algorithm. The scattering rates are calculated in the presence
and without magnetic field and used as coefficients in rate equations. The standard MATLAB procedures
were used to solve iteratively this system of equations and obtain distribution of electron densities over

electronic states.
Restrictions:

The machine must provide the necessary main memory which decreases roughly quadratically with the
increase of the magnetic field intensity.

Running time:

Optimization time on Intel 3 GHz processor is about 2 x 10* s. The calculation time of laser output
properties for values set automatically in GUI is 5 x 10%s.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Molecular beam epitaxy (MBE) technique [1], allowed the real-
ization of complex heterostructures, with the quantum well as a
basic structural building block. The inherent design variability of
these structures gave rise to a new direction of research that relies
on the so-called band-structure engineering. In superlattices com-
prising many coupled quantum wells, energy subbands are formed
in analogy with what happens when atoms are brought together to
form a solid [2]. The first intersubband heterostructure laser was
created by Jerome Faist et al. [3]. In recent years the scientific com-
munity has witnessed a rapid progress in the development of semi-
conductor quantum cascade lasers (QCLs) [4-8]. The optimization
of the structure and prediction of performance of the QCL is an im-
portant contribution of theory to the development [9-14].

Quantum cascade lasers have become light sources of choice for
a broad variety of applications including high-sensitivity gas sens-
ing, infrared imaging, military countermeasures, security moni-
toring, non-invasive medical diagnostics, optical communications
[3,4,15-19]. In the mid- and far-infrared spectral range, these pow-
erful light sources are particularly appreciated for the wide scope
of operating wavelengths which can be achieved by using the same
heterostructure material combination. Some of the features that
make this kind of device so unique are: unipolarity, the popula-
tion inversion achieved through careful quantum engineering of
the lifetimes of the states (typically in the ps range) and the elec-
tron recycling due to the cascading scheme. Their performance
under the influence of high magnetic field has been intensively
studied as well, due to the fact that magnetic field may serve
as an efficient tool to determine the nature and magnitude of
the scattering mechanisms in the active region [5-8,20-24]. Early
experiments have demonstrated QCL emission enhancement and
a magneto-phonon-resonance effects [5-7] which have led to a
deeper insight into the physics of intersubband lasers. Further-
more, in the THz frequency range where the performances of QCLs
deteriorate rapidly with temperature, due to detrimental thermal
activation of non-radiative losses, the highest operating temper-
ature of 225 K is reported for the structure assisted by external
magnetic field for additional carrier confinement [21]. Recently,
a portable QCL based infrared magnetospectrometer covering the
spectral range from 5 to 120 wm has been presented, for applica-
tions in cyclotron-resonance spectroscopy measurements where
high magnetic fields (up to 60 T) are required [16]. Hence, a de-
tailed understanding of various scattering mechanisms under the
influence of strong magnetic field is an important factor for im-
proving QCL performances and applicability.

The typical design of the QCL active region entails a three-
level system. The carriers are injected into the upper laser state,
from which they can relax into the lower state by means of
photon-assisted transition or by scattering, mainly by interactions
with LO-phonons. In order to achieve the population inversion the
lifetimes of electrons in the quantum states must satisfy the re-
lation t3; > 711 this condition is achieved by means of two key
points. The lifetime 7,; is reduced by making the energy E»; res-
onant with the optical phonon energy, which is the most efficient
scattering mechanism. The lifetime t3;, is increased by employing
a transition with a reduced spatial overlap of the wavefunctions.
Further extension of otherwise short carrier lifetime (of the order
of 1 ps) is achieved using an intense magnetic field parallel to the
growth direction of semiconductor layers [6-8,20]. The magnetic
field breaks the two-dimensional (2D) in-plane continuous energy
subbands into discrete Landau levels. The lifetime of electrons in
the excited laser state is strongly modulated by the applied mag-
netic field. The dependence of electron lifetime on magnetic field
intensity results in oscillations in the laser emission intensity. The
inelastic scattering by LO-phonons and elastic scattering by inter-
face roughness were identified as main mechanisms behind this
effect by Leuliet et al. [8]. Given that the scattering processes be-
tween the two states depend on their energy spacing, certain re-
laxation mechanisms can be enhanced or inhibited by varying the
magnetic field strength, although they may be influenced by the
operating temperature as well. LO-phonon scattering is well ex-
plained in previous theoretical and experimental works [6-8,20,
25]. Increasing magnetic field reduces the number of relevant Lan-
dau levels and changes the energy differences between individual
levels, thus affecting the lifetime of carriers in higher states. On the
other hand, the influence of interface roughness scattering has only
recently been studied in detail [26]. The strength of the interface
roughness scattering in a particular sample is determined by the
morphology of the interfaces. In contrast to LO-phonon, interface
roughness (IR) scattering does not depend on the temperature.
As a result, efficiency of interface roughness scattering mecha-
nism remains constant with increasing temperature, while the ef-
ficiency of LO-phonon scattering is reduced due to their higher
absorption [27].

The purpose of the present paper is to give a simple and efficient
program for the numerical solution of the rate equations based
model and analysis of the optical gain in the active region of the
QCL in magnetic field. An easy-to-use MATLAB® user interface is
provided. In order to find an optimal design of the structure for
operation at specific wavelength and temperature, optimization
procedure is provided as well. The procedures for calculation of
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LO-phonon and IR scattering rates are also included both with and
without magnetic field. The electron distribution over the states
of the system is found by solving the full set of rate equations
which describe the transitions between levels, and subsequently
used to determine the optical gain. These results can be easily
calculated by a moderate PC configuration using the MATLAB®
programs provided, due to efficient numerical implementation.
This is important, since the number of levels involved is inversely
proportional to the applied magnetic field.

In Section 2, we present a theoretical description of QCL active
region and introduce models for LO-phonon and IR scattering
rate with and without the presence of an external magnetic field.
The rate equations which describe the population change of each
Landau level are presented as well. The stationary solution of these
equations allows for evaluating the population inversion and the
resulting optical gain. In Section 3 we present a description of
the MATLAB® program, an explanation about inputs and how to
use the graphical user interface. In Section 4, we demonstrate
the program features by calculating the optimal QCL active region
parameters at different wavelengths. The calculations are also
presented for the scattering rates and the total relaxation rate
from the upper laser state, for a wide range of magnetic fields
(3-60 T) and two temperatures T = 77 and 300 K. By using the
calculated scattering rates as input data, rate equations are solved
and population inversion and the optical gain are obtained. For
both the population inversion and the gain, interface roughness
scattering is shown to have a significant influence in terms of
reducing the predicted magnitude, especially at low temperatures.
Finally, in Section 5 we present a brief summary of our work.

2. Theoretical considerations

The active region of the QCL structure under consideration
comprises three coup}ed quantum wells (QWSs) biased by an
external electric field E. In the absence of the magnetic field this
system has three energy states, i.e., subbands (n = 1, 2, 3),and the
laser transition occurs between subbands n = 3 and n = 2. This
active region is surrounded by suitable emitter/collector regions
in the form of superlattices, designed as Bragg reflectors, which
inject electrons into state n = 3 on one side, and allow for rapid
extraction of carriers from the lowest subband n = 1, on the other
side. The energy difference between E, and E; should match the LO-
phonon energy in order to ensure fast depopulation via LO-phonon
scattering and maintain a short lifetime for the lower laser level. In
addition, we introduce in our calculations the interface roughness
scattering as an additional non-radiative relaxation mechanism.

In the absence of an external magnetic field, the electronic sub-
bands have a free particle-like energy dispersion in the direction
parallel to the QW planes E, + h? kﬁ/ZmHn(En), where my,(E,) is
the energy-dependent in-plane wave vector. However, when this
structure is subjected to a strong magnetic field B in the z-direction,
continuous subbands transform into series of individual (strictly
discrete) states, the total energies of which are [7] E,; = E, + (I +
1/2)hw, wherel =0, 1, 2, ... is the Landau index, E, = E,(k; =
0), the term (I + 1/2)hw,, originates from the in-plane kinetic en-
ergy part of the subband, and w., = eB/my, is the corresponding
cyclotron frequency. The values of Bwhich give rise to resonant LO-
phonon emission are found by solving the equation E3 g — E,; =
hwio where n = 1, 2, while hw¢ is the LO-phonon energy.

According to [8,20], to account for the variations of the well
widths, a Gaussian probability density is introduced:

e—(l-i—Lio)z/fo2 (1)
o 2w
for the ith well width L;, i = 1, 2, 3. In order to keep the results as
analytical as possible, we assume that around a mean value Ly the

(L) =

energy difference varies linearly with L;, i.e.
Ep i (Li) — Enp iy (L) = Eny j; (Lio) — Eny 1y (Lio) — ¥ (Li — Lio) (2)

with the factor y taken the same for all Landau levels, according
to [8,20].

By introducing Eqs. (1) and (2) into the Fermi golden rule, we
obtain the following function:

]S

o0
f H(Li)s[Eni.li - Enf,lf - AES]dLl
—00
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8v/2m ’
where § = oy is the width of the Gaussian distribution of energy
difference E, — Enf + (l,-a)cnl_ — lfa)cnf Yi+ h(a)cni — Wy, )/2— AE;, and
s denotes the scattering mechanism (electron-LO-phonon scatter-
ing (LO) or interface roughness (IR) scattering). In our notation
AEjp = hwio and AEr = 0. The terms E,; represent the total
energies of Landau levels and a more detailed explanation of their
calculation will be provided in the continuation of this section (see
Eq.(19)).

The material parameters for GaAs used in the calculation are
Mgaas = 0.067mg and for AlAs maas = 0.15mg (mg is the free
electron mass), effective mass in Al,Ga;_yAs is m = xmpas +
(1 — X)Mgaas. The dielectric permittivities used in the numerical
calculations are €5, = 10.67,¢; = 12.51and § = 6 meV.

(3)

2.1. Electron-LO-phonon scattering in magnetic field

The electron-LO-phonon scattering rates for phonon emission
between the initial state Ey, ;, and the final state E, ;, may be found
from

1

ny.lp

LO
Tninlp—(np.0p)

2m ~ -
= == 2 b g g+ 1 Heopn @1 b g mg) P10 (4)
q

In this expression, electron-LO-phonon Hamiltonian I:Ie_ph(&) is
the sum of the interaction Hamiltonians with each phonon mode
defined by its 3D wave vector ¢, see [20], and ky; and ky, are the
initial and the final state wave vector components, respectively.
From the previous equation one obtains the following analytical
expression for the scattering rate:

1 _Cop (11
LO,e T 46y \€n €

Ty (g Jp)

1 =g 1 —hor0)?/262

8v/2m
X /0 IF(q)[*G(q))dqy, (5)

X

(ng+1)

where €4, and ¢, are the static and the high-frequency relative
dielectric constant, respectively, ¢, is the vacuum dielectric
permittivity and ny = [exp(hwio/ksT) — 1]~ ! is the mean number
of LO-phonons. Furthermore, g is the in-plane component of the
phonon wave vector ¢ = (g, q;) and F(qy) is the lateral overlap
integral

bl 2\ 72
_ AN o
IF(qy, L, D> =e atrzen 3 91 L;f, b (g , (6)
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where 8 = ./eB/h is the magnetic length and L’,‘n (x) represents
the associate Laguerre polynomial [28]. Finally, G(q;) stands for the
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form factor given by

G(q)) = / f n @np @ mi@)nf @) W dzdz, 7)

where »; and 7y denote the z-dependent parts of the electronic
wave functions. The electron-LO-phonon scattering rate for
phonon absorption [29] is

1 1 1
LL0.1a] = LL01e]
(”f Ip)— (nj, i) (”1 lj)—(ng,lf)

(8)

eﬁwLo/kT :

Phonon absorption is significant at room temperature (T = 300 K)
and it almost vanishes at low temperatures (T = 77 K).

2.2. Electron-LO-phonon scattering without the magnetic field

When the magnetic field is not present, the electron-LO-
phonon scattering rate may be evaluated from

Z‘ Tlf kf,nq

~ N N 2
+ 1{He-pn (@) |n:, ki, ng)| J*©. 9)

LO(B _ 0)

The Hamiltonian Ier,ph is in this case the sum of interaction
Hamiltonians with ead} phonon mode defined by its 3D wave
vector ¢, see [30], and k; and ks are the initial and the final state
in-plane wave vectors, respectively. From the previous equation
one obtains the following expression for the scattering rate in the
absence of magnetic field:

2
I _ coom (1 - ) (ng + 1)/ G(q”)de (10)
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where G(q)) and g are the form factor and the in—plane component
of phonon wave vector, respectively. The form factor is already
defined in Eq. (7) and qf = 2m(E; — E; — hwio)/ h*.

2.3. IR scattering in magnetic field

We use the model for interface roughness scattering proposed
by Leuliet et al., cf. [8]. This model assumes the in-plane terasse-
like surface defects, as explained in [31]. In order to evaluate
the interface roughness scattering rate, we introduce spatial
distribution of roughness which follows the Gaussian correlation
function [8,32-34,29]:

(AP AT))
with A being the mean height of the roughness and A the corre-

lation length. We also introduce the corresponding perturbation
Hamiltonian [8],

= A% TP (11)

Hi = Uod(z — 2) AX, y), (12)

where Uy is the barrier height at interface position z;.
The electron-interface roughness scattering rate can be calcu-
lated from the following expression:
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27
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[

In the above expression, the averaging is performed over space
(as follows from Eq. (11)), and over the initial state wave vector

component ky;:
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Here, Ak, = kg — kg, Fy = Uonj(z)np(z) and @ = B2/
(112" ). The form factor ¢ (Aky) is given by:
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A Ak
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and H; is the Hermite polynomial of order j.

2.4. IR scattering without magnetic field

The electron-interface roughness scattering rate can be calcu-
lated from the following expression:

1 2 > A >
<T,R (z,-)>=,f <§ (|nf,kf|H,R|n,-,k,-|2)>1"‘. (16)
nj—>nf P

k,‘,kf

The Hamiltonian I:I,R is the same as in the case with magnetic
field, i.e., Eq. (12). The averaging is performed over space, and over
amplitude of the initial k; and the final k; state wavevector. The
following expression for IR scattering rate without magnetic field
is obtained:

1 Vo e,% 1
7#(B = 0) i) 4

4
4?712 2| a2 o ARy
oo TR T T T |X
X e dx. (17)
0

|Frl*(AA)?

2.5. Rate equations and optical gain

Using previous expressions obtained for the scattering rates
in the presence/absence of magnetic field, we can write the
expression for the total scattering rate of the system as

1 1 1

Finally, if one wants to compare the effects of electron-LO-phonon
scattering and electron-interface roughness scattering, two things
can be noted: (1) due to the nature of electron-interface roughness
interactions, scattering rates for transition from lower to upper
and from upper to lower energy level are equal. (2) the LO-phonon
scattering has maximum influence when the energy difference be-
tween two states is close to phonon energy, AE;o = hwjo; on the
other hand, the effects of interface roughness are maximal when
the energy difference approaches zero. Therefore, the two mecha-
nisms of scatterings are complementary.

When the magnetic field B is applied, continuous subbands E,
transform into discrete Landau levels. The expression for energies
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E, is given by Ekenberg as [36]
heB

My

Eng = En+ (14 1/2)— + [(8F + 81 + 5)(ap)
eZBZ
+P+1+ 1)<ﬂ0)]ﬁ. (19)

In Eq. (19), my, represents the parallel effective mass of the nth
subband in the absence of the magnetic field [36], while oy and S,
are the nonparabolicity parameters. The optical gain corresponds
to transitions (3, ) — (2, 1) and is given by [25,35]
2’ d2_
G3on = —— 222 " 8(Esy — Eay — hw) (N3 — Nz, (20)
[

neg A

where 1 is the material refractive index, A and w denote the
wavelength and the frequency of the emitted light, respectively,
while N3; — N, represents the degree of population inversion.
The Dirac function in the above equation is replaced in numeri-
cal calculations by a Lorentzian with the linewidth parameter I" =
4.25 meV [37], 8(Es; — Epy — fiw) — 1 The en-

7 [E3—Ep j—ho2+12"
ergy difference between states is dependent on the Landau index

l,Es; — Ey A~ E3 — Ey + (I + 1/2)heB (i - i) Therefore, the

m3 m2
Dirac function (i.e. the Lorentzian) canno“t be pllt in front of sum-
mation in Eq. (20). The transition matrix element is calculated as
ds_, = f n3(z)zn2(z)dz, where the wavefunctions 7, are found
by solving the Schrodinger equation in the form [36]

@ d*np, R d 1dn,

an dz? 2 dzm dz

Here, m represents the effective mass at the conduction-band min-
imum.

To calculate the optical gain we need to find the inverse popula-
tion which is the solution of a nonlinear system of rate equations:

+ U@)n; = Ennp. (21)

. _ N; .
N Y J —f,-Z—’JrJi:o, (22)
=z Tioj = Ui €
J# J#

where indicesi,j = 1, 2, ... denote the electronic states sorted by
energy and

_ h
F=1-"1p (23)
eB

is the probability that the state i is not occupied according to
the Fermi-Dirac distribution. The electrons arrive in the active re-
gion by a constant current, and they are injected only into a lim-
ited number of Landau levels of the excited laser state, i.e. levels
(3,0), ..., (3, I3,max)- The injection current can be represented as
a sum of all currents J; which inject electrons into levels (3, I3),
and in a similar manner, the extraction current can be expressed
as a sum of all currents J; which extract the electrons from levels
(1, I). The energy values of maximal Landau levels for each sub-
band described by I1 max. I2,max and I3 max, are taken in this work to
be roughly E5 o+ 5ksT and it is reasonable to assume that the levels
above are almost empty, cf. [25].

In the absence of an external magnetic field, the electronic
subbands have free particle-like energy dispersion in the direction
parallel to the QW planes, which in the parabolic approximation
reads as E| = h? kﬁ/Zm*, where m* is the effective mass and kj is
the in-plane wave vector. The non-radiative lifetime for the state
|3, kj) is limited by the electron-LO-phonon scattering into the
two lower subbands of the active region, and the optical gain may
be described by the following expression:

e’w

832 =

+o0
== / F33ds 5 |*8(Es — Ea — ho)d(k}), (24)
2nepc Jo

where €y is the vacuum dielectric permittivity, c¢ is the speed
of light in vacuum, fiw is the photon energy, Fs , stands for the
difference of Fermi-Dirac functions for the initial and the final
state, while d; = (n;|z|ny) is the transition matrix element, and »;
and ny denote the z-dependent parts of the wave functions.

2.6. Optimization procedure of the QCL active region

In order to optimize the laser performance at selected wave-
length, one must consider the entire free-parameters space and
this type of search is best performed by some established method
for global optimization, such as simulated annealing algorithm [38]
employed in this work. This algorithm belongs to the class of
stochastic global optimization methods and uses the Metropolis
function for the acceptance probability. The annealing algorithm in
each step randomly generates new configurations and calculates a
fitness function value. Any downhill step is automatically accepted
while an uphill step may be accepted according to the Metropolis
criteria. The algorithm starts initially with annealing control pa-
rameter set to a high value, and as the annealing proceeds, the
value of annealing control parameter declines. In this way, the
system is expected to wander initially towards a broad region of
the active parameter space containing good solutions and then the
search towards minimum is narrowed down. One of the most im-
portant phases in the implementation of any simulated annealing
algorithm is the selection of a formal fitness function, which should
be defined to encompass the goals of optimization. Here, the objec-
tive is to optimize the optical gain at selected wavelength, hence
the fitness function is taken in the following form [11]

. g(B=0) , (25)

2 2
[(ﬁ 1)+ @2} [(Eﬁﬁ 1)+ @z]

where the term in the denominator favors achieving specified
emission wavelength (i.e. photon energy fiw) and the LO-phonon
resonance. In addition, ® is a nonzero constant, which ensures that
F is strongly driven towards resonance in the course of optimiza-
tion, while remaining finite at the exact resonance, and g(B = 0)
is the optical gain in the absence of the magnetic field, given by
Eq. (24). In numerical calculation, the optical gain can be expressed
via the gain coefficient g* = (1 — 131/ r;z)rgdgz, where 157 and 13,
are the scattering times and t3 is the upper laser level lifetime.

3. Program usage

In this section we provide instructions on how to operate the
QCL program with a user-friendly graphical user interface (GUI)
which was developed using MATLAB®. The QCL GUI enables the
end user to easily manipulate the active region parameters, set and
run simulations. The main m-file for running the program is QCL.m.
The GUI has been designed so as to meet the following functions:

e The user can define her/his own input parameters, and to save
them if desired. The user is able to choose only the input values
within the allowed parameter range, see Table 1.

e The user is able to perform a search for the optimal QCL param-
eters for a given wavelength and temperature and to save the
obtained values.

e The user is able to specify the range of magnetic field and visu-
alize/save laser output properties in the presence of an external
magnetic field.

Fig. 1 shows the graphical user interface. The window is basi-
cally divided into four panels. These panels are described in detail
below.
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Table 1
Summary of the input parameters and allowed range of values.

1003

Parameter Description Minimum value Maximum value
A Wavelength (pum) 5 15

T Temperature (K) 1 350
A IR scattering parameter (A) 0 2

A IR scattering parameter (A) 0 200
X Coefficient of AlyGa;_xAs alloy composite 0.01 0.4

E Electric field (kV/m) 3000 5000
well(1) 1st well width (A) 8? 60
barrier (1) 1st barrier width (A) 82 60
well(2) 2nd well width (A) 8? 60
barrier (2) 2nd barrier width (A) 82 60
well(3) 3rd well width (A) 82 60
Bmin Lower endpoint of range of magnetic field (T) 3 60
Bmax Upper endpoint of range of magnetic field (T) 3 60
dB Step size for calculations in magnetic field (T) / /

2 If the system has two wells, one of the well or barrier widths is set to zero value, and other layer widths are in the range 8-60 A.

Parameters

(1) Operational variables

Conduction band diagram. Wave functions

Magnetic Field

Relaxation rate

0.4 5 Bmin = | 3l T
A= 11.2/pm Bmax = 60 T
~
T=| 77K 09 o
(2) IR parameters _ 02 E g :
> = un
a=[ 15]A = &
0.1 E -~
A= 60A 521 =
(3) QCL parameters 0 Plot results
Optimization -~ ~0.41 Wave func. |
-200 -100 0 100 200 -
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x=[ 033

Population inversion

Rela\'atlonJ

-3 The optical gain

E-| 4400/kv »
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well(3) =| 49 A
Save
i.
Save Close

Fig. 1. QCL main window.

On the Parameters panel, there are three sub-panels. In the
first two sub-panels, the input parameters are defined only by
the user. In case of input entrance outside the allowed range (see
Table 1), the parameter is automatically set to the closest allowed
value or to NaN value (for example in case of text input). It is
useful to note that if one of the IR parameters is chosen to be
zero, the interface roughness scattering influence on the operation
of QCL will not be considered. In the third QCL parameters sub-
panel, the user has two options: (i) s/he can define the parame-
ters manually, or (ii) s/he can optimize the laser performance at
selected wavelength and temperature in the absence of magnetic
field. If the optimization is selected, the ‘Run’ button will be en-
abled and after a click on this button alloy composition coefficient,
electric field and layer widths lying in the appropriate range will
be computed automatically using the simulated annealing algo-
rithm. When the optimization is completed, calculated values will
be entered in their boxes and the user will not be able to modify

these parameters. If s/he wants to modify or delete them, s/he has
to select ‘Enter manually’ from the popup menu. The user can save
the parameters. The ‘Save’ button is used for all input parameters
of the Parameters panel. The input parameters are summarized in
Table 1.

Once the QCL parameters are specified by using one of the
above-mentioned ways, the user can calculate the scattering rates,
the total relaxation rate, population inversion and the optical gain
for a wide range of magnetic fields. On the Magnetic field panel,
after defining the range of magnetic field, the user must click on
the ‘Run’ button to analyze QCL dynamics when it is subjected to a
magnetic field. After calculating QCL properties in magnetic field,
the user can visualize results by clicking the appropriate button in
the Plot results panel. Graphics appear in the central panel. The user
can plot the active region of QCL, the total electron relaxation rate,
the ratio of the total areal densities or the optical gain. There are
options to plot a single graphic or to plot all the graphics together.
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Table 2
Functions used for the optimization of QCL active region parameters.

Program Description

QCLparam_opt.m  Finding optimal QCL parameters for given wavelength
using annealing algorithm

calls: fitness_fun.m, anneal.m

fitness_fun.m Fitness function, function to be optimized (Eq. (25))
inputs: QCL parameters for optimization

calls: QCLgain_opt.m

QCLgain_opt.m Finding optical gain i.e. gain coefficient in the absence of
the magnetic field (Eq. (24))

inputs: QCL parameters for optimization, wave functions,
energy eigenvalues

calls: WLO_opt.m, WIR_opt.m

WLO_opt.m Finding LO-phonon scattering rate at zero magnetic field
(Eq. (10))

inputs: wave functions, energy eigenvalues, temperature

WIR_opt.m Finding IR scattering rate at zero magnetic field (Eq. (17))
inputs: energy eigenvalues, IR scattering parameters,

width of the Gaussian distribution

anneal.m Simulated annealing optimization method
inputs: fitness function, initial values of parameters to be

optimized

These graphics can be saved in the form of a picture file (.tif) by
using the ‘Save’ button.

The ‘Close’ button on the right side of the GUI is a general button
that closes the program and clears any temporary information.

4. Running the program and examples

In the following examples, applications of QCL program are
presented. We illustrate how the program can be used to obtain
(i) a gain-maximized structure and (ii) laser output properties in
magnetic field.

4.1. Optimization of the QCL active region parameters

The first test run is concerned with the optimization of QCL
active region parameters, described in the Section 2, by means
of the simulated annealing algorithm. Here, we demonstrate the
optimization of QCL active region parameters at two wavelengths
A=10umand A = 11 pum.

An overview of the principal functions used for optimization
is given in Table 2. The principal script is QCLparam_opt.m. The
parameters mgaas and maas are defined in param1.m. The dielectric
permittivities used in numerical calculations €., €; and the width
d are defined in phyconst.m. Nonparabolicity parameters oy and $;
are defined in param2.m.

Starting from the predefined initial values of active region pa-
rameters, we minimize the fitness function given by Eq. (25) using
the simulated annealing algorithm [38]. The optimization time on
Intel 3 GHz processor is about 2 x 10* s. The QCL configurations
with corresponding wave functions squared, obtained using the
optimization algorithm, are given in Fig. 2(a) and (b). The structural
parameters for the QCL active region for A = 10 wm are 25, 30, 59,
12 and 59 A (for the well and the barrier widths, respectively, going
from left to right) and the applied electric field in the z direction is
E = 3581 kV/m. The obtained Al mole fraction is X = 0.4, so the
structure may be realized by GaAs/Al, ,Gag ¢As. Another optimiza-
tion is performed for A = 11 ym, and the optimization procedure
has delivered a structure with the following layer widths: 26, 23,
58, 12, 51 A. The applied electric field is E = 4600 kV/m and Al
mole fraction X = 0.37.

Table 3
Functions used for calculation of the output characteristics of QCL in the magnetic
field.

Program

Description

mainl.m Finding subband positions at zero magnetic field and
corresponding wave functions

calls: phyconst.m, param1.m, shooting.m

main2.m Finding scattering rates, the total relaxation rates,
population inversion and the optical gain in the presence of
an intense external magnetic field

calls: phyconst.m, param1.m, param2.m, dipol.m, GQP.m,

Ekenberg.m, WLO.m, WIR.m, iterrateequ.m, gainQCL.m

shooting.m Shooting method for the Schrédinger equation

inputs: energy eigenvalue

dipol.m Calculation of dipole (transition matrix) element

inputs: wave functions, energy eigenvalues, parallel masses

GQP.m Calculation of form factor
inputs: wave functions, in-plane component of the phonon

wave vector

Ekenberg.m Energies given by Ekenberg (Eq. (19))

inputs: energy eigenvalue, parallel mass, magnetic field

WLO.m Finding LO-phonon scattering rate (Eq. (5))
inputs: energy eigenvalues, form factor, in-plane component
of the phonon wave vector, magnetic field, temperature,
width of the Gaussian distribution

WIR.m Finding IR scattering rate (Eq. (14))

inputs: energy eigenvalues, magnetic field, IR scattering
parameters, width of the Gaussian distribution

iterrateequ.m  Calculation of inverse population which is obtained from the
solution of a nonlinear system of rate equations (Eq. (22))

inputs: scattering rate, distribution of current, magnetic field

gainQCL.m Calculation of the optical gain (Eq. (20))
inputs: energy eigenvalues, inverse population, dipole

element

4.2. Output characteristics of QCL in magnetic field

This section presents calculations of the output characteristics
of QCL in the presence of an external magnetic field. The aim of this
example is to demonstrate how the optical gain, resulting from the
combined action of LO-phonon and IR scattering mechanisms, is
influenced by varying the magnetic field strength. The overview of
the scripts and functions is given in Table 3.

Each run has a set of unique parameters associated with it, in-
cluding wavelength, temperature, IR scattering parameters, the al-
loy composition coefficient, electric field and layer widths. In the
first calculation, we use parameters previously obtained by opti-
mization at A = 10 pm. In Fig. 3(a) and (b) the relaxation rates
for the low temperatures (T = 77 K) and the room temperature
(T = 300 K) are shown, respectively. The first bottleneck of simu-
lation is calculation of the form factor, cf. Eq. (7). This takes roughly
3 x 10% s at 3 GHz processor. After that, relaxation rates are calcu-
lated for every energy level within subbands. Since the number of
levels is inversely proportional to the applied magnetic field and
three subbands are involved, the calculation time decreases as B~2
with magnetic field. Calculation time at B = 10 T on Intel 3 GHz
processor is about 600 s. Oscillations of the relaxation rate with B
are very pronounced, and very prominent peaks are found at val-
ues of the magnetic field which satisfy the resonance conditions for
LO-phonon emission. If the relaxation rates due to interface rough-
ness and LO-phonon scattering are compared, one can see that the
local relaxation rate maxima are of the same order of magnitude
and not correlated with respect to the applied magnetic field. This
is due to the fact that interface roughness scattering has the largest
influence when the energy difference between states is diminish-
ing. In contrast, for LO-phonon scattering, when the arrangement



J. Smiljanic et al. / Computer Physics Communications 185 (2014) 998-1006

0.4
P

03 1 ~
= E
E 0.2
=)

0.1 E

El_.....L
0 — —~—
-0.1
=200 -100 0 100 200
z[A]

(aQ)A = 10 pm.

1005

0.4
\
[y
0.3 -
S~
> 02t E—ad
=
01f E
Ly
\
0 -
-0.1
2200 -100 0 100 200
z[A]
(b)A =11 pm.

Fig. 2. (a) The active region of QCL, optimized for emission at A = 10 pm. (b) The active region of QCL, optimized for emission at A = 11 pm.
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Fig. 3. The total electron relaxation rate due to the electron LO-phonon scattering and interface roughness scattering for transitions from the ground laser level of the third
subband into the two sets of Landau levels of the lower subbands, for the magnetic fields in the range of B = 3-60 T and at temperature (a) T = 77 Kand (b) T = 300 K. The
QCL active region parameters used are obtained by optimization at A = 10 wm. The IR scattering parameters used in calculation are A = 60 Aand A = 1.5 A.
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Fig. 4. The ratio of the total electron areal densities due to the electron LO-phonon and interface roughness scattering, in the ground laser levels of the third and the second
subband,for the magnetic fields in the range of B = 3-60 T and at temperature (a) T = 77 K and (b) T = 300 K. The QCL active region parameters used are obtained by
optimization at 4 = 10 wm. The IR scattering parameters used in calculation are A =60 Aand A = 1.5 A.

of laser levels is such that there is a level situated at fiw;o below the
state (3, 0), this type of scattering is enhanced. One can also see
that the peaks at magnetic fields B < 20 T are a result of combined
action of two scattering mechanisms. Assuming a constant current
injection, the modulation of lifetimes of all the states in the system
results in either suppression or an enhancement of population in-
version between states (3, 0) and (2, 0), see Fig. 4(a) and (b).

In Fig. 5, the optical gain is shown at three wavelengths A = 9,
10, and 11 pwm. The QCL active region parameters are obtained by
optimization at A = 10 wm. One can observe significant changes
in the magnitude of the optical gain, but at the same time, the
gain as a function of magnetic field looks qualitatively similar
for different (close by) wavelengths. The difference in magnitude
of the gain is about one order of magnitude between resonant
wavelength A = 10 pm and other two wavelengths . = 9,
11 pm. Finally, we should note that the QCL operating in the mid-
IR spectral range was chosen to demonstrate our simulation code
since experimental data were readily available [6].

The optical gain
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Fig. 5. The optical gain (per unit injection current) as a function of the applied
magnetic field in the range B = 3-60 T, at temperature T = 77 K.
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5. Conclusion

MATLAB®-based program is introduced, which solves the
rate equations-based model and analyzes the optical gain in
the active region of a QCL in magnetic field perpendicular to
the layers of the structure. The scattering on both LO-phonons
and interface roughness is included in modeling. Magnetic field
alters the number of relevant in-plane electronic levels and the
corresponding relaxation rates between them, by positioning some
states on or off resonance with the upper laser level. Scattering
effects are also important for relaxation of electrons from the
second level to the first (ground) level. While interface roughness
relaxation has maximal effects when the energy difference
between levels is negligible, the LO-phonon scattering is enhanced
ifenergy difference is close to resonant phonon energy. It is evident
from the obtained numerical results that the inclusion of interface
roughness scattering does not introduce additional (strong) peaks
of inverse population and optical gain with varying magnetic field,
it mainly affects their magnitude. The work aims to distribute
an open source program which can be easily understood, used
for efficient modeling and understanding of QCL operation and/or
straightforwardly modified for the THz spectral range.
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1. Introduction

Complex networks are important for the functioning of the modern society. To ensure a free, uncongested traffic flow on
the complex networks is of great interest. Intuitively, the traffic congestion could be largely reduced or completely avoided
with a very large average degree of connectivity and/or node capacity for information packet delivery. The capacity of nodes
to deliver information cannot be infinite. Also, upgrading the infrastructure is often not economically feasible [1,2]. The
performance of the communication systems can be improved by implementing the more appropriate routing protocols
without changing the underlying network structure [3-17], which is more realizable in the practice. Such work presents two
problems. The first is finding out the optimal strategies for the traffic routing on a defined network structure. The second
problem is finding a procedure to draw general conclusions about performance of routing strategies due to the variation of
the real network topologies. The increasing speed of the network interfaces raises an important question concerning the size
of buffers, complexity and cost. A considerable research effort is currently under way in an attempt to resolve compromise
between buffer latency and complexity on one side and capacity on the other [18-25]. In the previous studies, the node
buffer size in the traffic-flow model is set as infinite [3-16]. Our intention is to produce a relatively simple methodology
for evaluating routing strategies in networks with limited buffering capability or without optical buffers. This should be
important for the optical networks with either large volumes of the information traffic or without buffering capacity.

A number of network models are introduced in the past two decades [26,27]. A particular class of models is dedicated to
networks embedded in the space [28]. Here we are interested in evaluating the models for representation of the spatially
constrained networks, both in terms of distance between nodes and the extent of the network. We are interested in
information flow optimization in small networks. Small networks should represent bulk of telecommunication networks
or other dedicated information networks, e.g., regional optical backbones and academic networks. As examples of the real-
world networks, we analyze the national research and educational networks (NRENs) of the Netherlands [29], France [30],
Norway [31] and Spain [32] and compare them with Barabasi-Albert scale-free network and scale-free network on lattice.
The system size dependence of topological characteristics of the scale-free network on lattice is also analyzed.
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Fig. 1. Topological characteristics: (a) degree distribution; (b) length of path probability density function for NRENs of the Netherlands (N = 59), France
(N = 63), Norway (N = 58) and Spain (N = 53) and generic network models: BA scale-free network (N = 64, m = 2) and scale-free network on lattice
(N = 64,1 =2).

In this work, three routing strategies are implemented and evaluated: the shortest path routing, efficient path routing
and dynamic deflection routing. The shortest path routing is widely used routing strategy in praxis (by “shortest” we mean
the path with the smallest number of links) [33]. However, in the shortest path routing strategy load distribution is not
homogeneous. The majority of the shortest paths pass through the nodes that are highly connected, while other nodes carry
much less traffic [34]. Yan et al. [5] presented an approach to redistribute traffic load in highly connected nodes to other
nodes using link weight. An improvement is achieved through a targeted traffic redistribution from the most congested
nodes. As result the congestion is reduced at the expense of a slight increase of the total path length and traffic. We compare
this routing strategy with a dynamic routing strategy. The dynamic routing strategy improves the control of the congestion
in the heavily loaded nodes by dynamically returning packet one step back. In this way, the dynamic strategy uses the
redundant capacity of the links in network to temporarily store information, until congested node capacity is free. Further,
we test a possibility of combining dynamic and static routing strategies. In order to check how different routing strategies
behave in the larger networks, we have evaluated information loss dependence on packet generation rate and network size
in case of the scale-free network on lattices.

The paper is organized as follows: in Section 2 we introduce the generic scale-free model and the scale-free model on
lattice and compare their network characteristics with the national research and educational networks (NRENs) of the
Netherlands, France, Norway and Spain. Furthermore, the characteristics of the scale-free model on lattice for different
system sizes are considered. In Section 3, the information flow model and a measure of system performance are introduced.
The static and dynamic routing strategies are described in Section 4 and their performance is analyzed in Section 5.

2. Network models

In this work, we compare topological network characteristics of Barabasi-Albert scale-free model [26], the scale-free
model on lattice [28] and the national research and educational networks (NRENs) of the Netherlands, France, Norway
and Spain. Barabasi and Albert observed an existence of a high degree of self-organization characterizing the large-scale
properties of complex networks [26]. They have introduced a model of the scale-free networks with two key elements:
probability that a new node connects to the existing nodes is not uniform and there is a higher probability that it will
be linked to a node that already has a large number of connections. Thus, Barabasi-Albert (BA) scale-free network model is
formed in a series of steps in which new nodes are incorporated into the network. Algorithm is starting with a small number
(Ng) of nodes, and at every time step new nodes with m connections are added. To incorporate preferential attachment,
the model assumes that the probability of the new connection with the node i depends on its connectivity k; and equals
P(k)) = ki/ Y k;. After a few algorithm steps, distribution of number of links per node takes scale-free form P(k) ~ k.
In this work, for Ny = 3 and m = 2, n = 61 algorithm steps are preformed. Obtained network consists of N = 64 nodes
with A = 2. The obtained network degree distribution corresponds well to the NRENS; cf. Fig. 1(a). The number of nodes in
different NRENS is in the case of the Netherlands N = 59, France N = 63, Norway N = 58 and Spain N = 53.

However, the real-life networks are embedded into the geographical space and constrained by the cost of the links
between the nodes. In the scale-free model on lattice (cf. [28]) the algorithm starts with a set of nodes that are identified with
the set of lattice vertices in an M x M square. The lattice distance between two nodes is defined as the minimal number of
“lattice steps” separating them in the regular lattice. In this model, network nodes are randomly assigned with the number
of links (k) according to scale-free distribution P(k) = Ak~*, m < k < K and connected to its closest neighbors. Therefore,
exponent A is a model parameter. We set A = 2, as obtained from the connectivity distribution of NRENS; cf. Fig. 1(a). The
choice of model parameter A is also in accordance with the distribution of the number of links per node obtained with BA
model. Normalization constant is A &~ (A — 1)m*~".
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Fig. 2. Distribution of normalized node betweenness for NRENs of the Netherlands (N = 59, (d) = 4.54), France (N = 63, (d) = 4.08), Norway (N =
58, (d) = 4.06) and Spain (N = 53, (d) = 5.08) and generic network models: BA scale-free network (N = 64, m = 2, (d) = 3.36) and scale-free network
on lattice (N = 64, A = 2, (d) = 4.59).

At the first glance the most efficient mean to transfer information through the network is along the shortest paths. The
distribution of the shortest path lengths is given in Fig. 1(b). The network diameter D, can be defined as the maximal length
of the shortest path between any two nodes in the network, i.e., D = max{d;}, where length of shortest path from the node
i to the node j is d;;. The small network diameter means that packets transmitted through the network, travel from one node
to another quickly along the shortest path. As result the possibility of loss due to the congestion of the transmitting nodes
is reduced. From Fig. 1(b), one can observe that the path length distribution of the BA scale-free network does not match
NRENSs well. This is not surprising, since in the BA scale-free model the Euclidean distance between nodes is irrelevant. For
the version of scale-free network on lattice, the model has desirable properties in terms of path lengths. Network diameter
in different NRENSs is in the case of the Netherlands D = 11, France D = 11, Norway D = 8 and Spain D = 13. Scale-free
network (BA) generation algorithm generates networks with considerably smaller network diameters D = 6.84. Average
network diameter obtained for scale-free on lattice model is D = 10.81, and compares well with diameters of NRENSs.

The quality of the communication of the two non-adjacent nodes, i.e., node j and node k, depends on the nodes belonging
to the paths connecting the nodes j and k. Consequently, a measure of the relevance of a given node for overall network
performance can be obtained by counting the number of geodesics going through it, and defining the so-called node
betweenness. More precisely, the betweenness b; of the node i, sometimes referred to also as load, is defined as [34,35]:

b; = Z N (i) (1)

J-keN jF#k

where nj (i) is the number of the shortest paths connecting j and k and passing through the node i. Let (d) denote the
average path length of the given network measured according to the shortest path routing rule. The normalized betweenness
distribution for NRENSs of the Netherlands, France, Norway and Spain and BA scale-free network and scale-free network on
lattice is shown in Fig. 2. We observe that both models reproduce betweenness characteristics of real networks well.

In Fig. 3 we examine the system-size dependent (N = 64, 256, 1024 and 2500) behavior of the path length and node
betweenness distribution for the scale-free on lattice model. The average path length initially increases fast with the system
size (i.e., for N < 1024). In the larger systems the path length distribution changes little with the system size; cf. N = 1024
and 2500 in Fig. 3(a). The reason for this is existence of one or several nodes with high degree i.e. close to N; cf. Ref. [36].
The average betweenness is roughly proportional to the system size N and the average path length (d) as (b;) ~ N(d). Also,
the maximal value of node betweenness increases roughly with the square of system size N; cf. Ref. [34].

3. Information flow model

In the information flow model all nodes are treated as both hosts and routers. Each node has a predefined maximum
packet routing capacity C and communication channels have an infinite capacity to transmit the packets. If packets arrive
to the node whose routing capacity has been already reached (i.e., congested node), they will be dropped. The dynamics
of the model is as follows. At each time step t, an information packet is created at random node with the probability p.
Therefore p is the control parameter: small values of p correspond to the uncongested (free) flow of packets and high values
of p correspond to the high flow rate of packets. When a new packet is created, a destination node, different from the origin,
is chosen randomly in the network. In this paper, we analyze the case that each node is able to send one packet at each time
step. The travel time T of a packet is defined as the time spent by the packet between its source and destination. Here we do
not take into account the time delay of the information transfer at each node or link, so that all data are delivered in a unit
time, regardless of the distance between any two nodes. Thus, during the following time stepst + 1,t + 2, ...,t + T, the
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Fig. 3. (a) Length of path probability density function for scale-free network on lattice for various system sizes N. (b) Distribution of normalized
node betweenness for scale-free network on lattice for various system sizes N, where (d) is the average path length (N = 64, 256, 1024, 2500 and
(d) = 4.59, 6.38, 8.98, 9.14 respectively).

packet travels towards its destination and the time T is related to the path length. Once the packet reaches the destination
node, it is delivered and disappears from the network.

When the amount of packets is small, the network is able to deliver all packets that are generated. Conversely, when p is
large enough the number of generated packets is larger than the number of packets that the network can manage to solve
and the nodes enter in a state of congestion. The characteristic that measures the system performance is the packet drop
probability 7,

Rq
S 2
n=7 (2)
defined as a ratio of the total number of deleted packets Rq and the total number of generated packets R. A high drop
probability indicates that a large percentage of packets cannot reach their destinations. Then, the quality of service is poorer.

4. Routing strategies

4.1. Static routing

Packets can be delivered according to different routing strategies. When static weighted routing strategy is used, packets
choose the routing path with the minimum sum weight of links. For any pair of source and destination node, there may be
several paths with the same weight between them. We randomly choose one of these paths and put it into the fixed routing
table which is followed by all packets. It has to be assumed that each node has the same capability of delivering packets, that
is, at each time step all the nodes can deliver at most C packets one step towards their destinations according to the fixed
routing table. Here we compare two static routing strategies: (i) the shortest path routing, i.e., the links in the network have
the same weight, wg,; = 1, where wy, is the weight of the link going from s to t. Routing communication along the shortest
paths is of course beneficial for speed, but if there is a limit to the node load and network traffic is heavy, congestion is a
threat to the nodes with the largest betweenness. Obviously, bypassing high-degree nodes, packet will have more chance
to reach its destination. (ii) In the second, efficient path routing strategy, the weight of the link between the nodes s and ¢ is
defined as [5]:

B

! k
I I (3)

Wst = -

min(k; + k;)
i

where k; denotes the degree of node i and § is an adjustable parameter. The efficient path between nodes i and j is

corresponding to the route that makes the sum weight of links minimum. As for any pair of source and destination, there

may be several efficient paths between them. We randomly choose one of them and put it into the fixed routing table which
is followed by all the information packets.

In Fig. 4(a), we show the betweenness deviation as a function of 8 on different scale-free networks. The optimal routing
strategy for generic scale-free network and scale-free network on lattice is corresponding to B,,; = 1£0.1, where between-
ness deviation is the smallest. This is also the optimal value for NREN of the Netherlands. The optimal value for French NREN
is higher, i.e., Bopr = 1.2 £ 0.1, due to larger betweenness deviation. Obviously 8 = 0 recovers the shortest path length. In
comparison with the shortest path routing strategy average path length slightly increases with §; cf. Fig. 4(b).
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Fig. 4. (a) Deviation of node betweenness vs. parameter 8 from Eq. (3) and (b) average path length vs. parameter 8 for different network models.
4.2. Dynamic routing

In this paper, we also analyze the effectiveness of the dynamic deflection routing strategy. We assume each node has a
knowledge about the load of its neighbors. If a package is about to arrive to a congested node, it will be deflected, i.e., its path
will be dynamically extended. In other words, if we denote a path between nodesiandjas P(i — j) := Xo, X1, . . . , Xn—1, Xn,
where Xy = i and x, = j. The node x,,, instead forwarding packet to the congested node x,, 1, deflects the packet back to
the node x,;_1. In the moment t + 1, the node x,,,_; sends the packet to the node x;;, and in the moment t + 2 the packet is
sent to the node x, 1. The deflection of the packet is tried only once.

The total number of packets in the network is equal to pN(d). Since node betweenness represents the number of paths

going through the node, the probability that a packet in one time step is going through node i is B; = N(NEi'UM) Therefore,
bi

the average number of packets going through node i per step is q; = pN(d) x B; = py~5. In order to avoid a reduction
of the system performance due to the deflection traffic, we introduce a condition that a node can send packet back only if
gi < 0.5C. The localized congestion events are more likely to occur at the nodes with higher betweenness and that in the
regime when traffic is not heavily congested. We find that it is sufficient to implement the deflection routing only in the
nodes with highest betweenness (about 10% of all nodes). A higher amount of the nodes with deflection routing capability
does not improve significantly the network performance.

5. Simulation results

To compare different routing strategies, we apply previously described routing algorithms and measure packet drop
probability n in the two generic networks and NRENs of France and the Netherlands. As shown in Fig. 5, the scale-free
network on lattice under the shortest path routing strategy reproduces well behavior of both NREN topologies, for both
simulated node transfer capacities C = 2 and 4. We can observe that in the real-world networks and scale-free network on
lattice for p > 0.1 and for node capacity C = 2 more than 40% of generated packets are dropped. Also, when amount of the
traffic in the network is small (p < 0.1), there is a significant amount of loss, i.e., more than 5%. For the higher node transfer
capacity (C = 4) the number of deleted packets significantly decreases and there is almost no packet loss when the network
traffic is small. The BA scale-free network is less prone to the congestion compared to the scale-free network on lattice and
two NRENS, which is expected since this network has a shorter average path length.

Impact of the static and dynamic routing strategies is analyzed in Figs. 6 and 7, respectively. The results confirm that the
static weighted routing using the topological information can greatly improve the traffic flow for small p values (p < 0.1),
in comparison with the shortest path routing mechanism. The static weighted routing method proves to be better for NREN
topologies and scale-free model on lattice. The dynamic routing strategy is better in case of BA scale-free networks due to
shorter paths; cf. Fig. 7. The shorter paths between nodes result in a lower amount of the packages being transferred through
the network at any instance of time compared to other studied networks, allowing for the dynamic deflection algorithm to
be more efficient.

The dynamic and static routing strategies are complementary and can be combined. The system performance for
combined static and dynamic routing and the static routing is compared in Fig. 8. The redistribution of the traffic load
from the most congested nodes enables more efficient dynamic deflection routing. Improvement is in the range of 5%-20%.
In NREN of Netherlands four most congested nodes after path redistribution were in the proximity, and combined effect
of dynamic-static routing strategy is rather weak; cf. Fig. 8(a). On the other hand, the French NREN shows a considerable
improvement due to the larger distance between the most congested nodes; cf. Fig. 8(b). This is the consequence of the
fact that both studied networks are small and the difference in the performance of the routing algorithms is a result of
the variations in the topology. The scale-free model on lattice allows us to evaluate and compare routing strategy on large
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(c) BA scale-free. (d) Scale-free on lattice.

Fig. 5. Packet drop probability » vs. the packet-generating rate p for the shortest path routing algorithm. We have set node transfer capacity C = 2 (circles)
and C = 4 (squares).

(c) BA scale-free. (d) Scale-free on lattice.

Fig. 6. Comparison between packet drop probability » as a function of packet-generating rate p for the shortest path routing and static weighted routing
strategy with By (170pc1)- We have set node transfer capacity C = 2 (circles) and C = 4 (squares).

number of artificially generated networks. In this way we obtain information, how whole class of the networks responds to
the routing strategy in average and we observe a considerable improvement in performance; cf. Fig. 8(d).

Until now, we have tested the routing strategies for small networks (with N < 64 nodes). At this point, we want to
show how the static and dynamic strategies behave in the larger networks, i.e., N = 256, 1024, and 2500. In Fig. 9, we
show the relationship between packet drop probability n and network size N under different routing strategies on scale-
free networks on lattice. In the case of the shortest path routing, the results are consistent with our intuition: with the
increase of the system size N the congestion starts at smaller packet generation rates p. In order to understand where the
packet drop first occurs and how congestion develops, we need to look into the properties of the single network nodes.
The probability of information drop (loss) on certain node depends on the number of packets going through it. The average
number of packets going through node i per stepis q; = p N’L and the largest values of node betweenness, b;qx, increase
faster then linear with system size; cf. Ref. [34] and Fig. 3(b). Therefore increase of system size N results in the increase
of drop probability. Fig. 9(b) compares the relation of the packet drop probability » vs. packet-generating rate p under the
static weighted routing and the shortest path routing with different network size N. The efficiency of static weighted routing
strategy increases with the system size N. Also, the larger networks compared to very small ones, i.e., N = 64, offer more
possibility to redistribute load and therefore the strategy is more efficient. On the other hand, dynamic routing algorithm
changes alone is less efficient in larger networks; see Fig. 9(c). The reason for this is the existence of the nodes with the large
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(c) BA scale-free. (d) Scale-free on lattice.

Fig.7. Comparison between packet drop probability 1 as a function of packet-generating rate p for the shortest path routing and dynamic routing algorithm
(Mope2)- We have set node transfer capacity C = 2 (circles) and C = 4 (squares).

T‘opt1+2 /noptl

(a) Netherlands. (b) France.

Tlopll+2 / Tlopll

(c) BA scale-free. (d) Scale-free on lattice.

Fig. 8. Comparison between packet drop probability  as a function of packet-generating rate p for static weighted routing strategy, Bop (7opr1) and
combined static and dynamic routing (1op¢1+2). We have set node transfer capacity C = 2 (circles) and C = 4 (squares).

node degree (comparable to the size of the network); cf. Ref. [36]. As result the number of deflected packets increases with
the network size increasing congestion in the surrounding nodes. This problem is alleviated in the combination of the static
weighted and dynamic routing algorithms; cf. Fig. 9(d). Since in this case the most congested nodes are avoided and the load
is more evenly distributed, the dynamic routing can therefore further reduce congestion. We observe that improvement of
network performance due to combined dynamic-static routing strategy is increasing with system size.

6. Conclusions

In summary, we have introduced an information flow model for networks without buffering capacity. We have shown
that scale-free model on lattice reproduces well both topological and information transport characteristics of the small
national research and educational networks of the Netherlands, France, Norway and Spain. In small networks, the point of
the network congestion and amount of information lost strongly depends on the underlying network structure. We have
further described a dynamic deflection routing strategy suitable for the networks without buffers. The proposed strategy
dynamically extends packet path before it reaches a congested node. Simulations on two real world networks and two
generic networks with small diameter confirmed the highest traffic capacity under combined static and dynamic routing is
achieved when compared with the shortest path routing strategy and the static weighted routing strategy. Moreover, we
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Fig. 9. Packet drop probability () in four scale-free on lattice networks with different sizes N = 64, 256, 1024 and 2500. Results for different routing
strategies are compared: (a) the shortest path routing algorithm, (b) static weighted routing strategy and shortest path routing (1o,1/7), () dynamic routing
algorithm and shortest path routing (14p:2 /1), and (d) combined static and dynamic routing strategies and static weighted routing strategy (9op¢142/Mope1)-
The value of node transfer capacity used in this figure is fixed (C = 4).

found that the dynamic deflection routing can further improve network information transport capacity when combined
with the efficient path routing strategy both in small and large networks.
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