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Kupuuenxo O.JI. JlochnimkeHHSI CTaTUCTHYHUX XapaKTEPUCTHK CKIIATHUX
MEpeX MEeToJaMHU 1HTEJEeKTyaJlbHOro aHami3dy aaHux. — KBamidikamiiiHa HayKkoBa
npais Ha IpaBax PyKOMHCY.

Hucepramiss Ha 3400yTTS HAyKOBOTO CTYIeHS JoKTopa (imocodii 3a
crietiasibHICTIO 121 — «IHXKeHepist mporpaMHOro 3abesrneueHHs» — YepHiBelbKU
HaIloHanpHUH yHiBepcuTeT iMeH1 FOpis @enpkoBuua, Yepninii, 2023.

Hucepramiitna  poOoTa  TpHUCBAYEHA  JOCHTIDKEHHIO  CTATUCTHYHHX
XapaKTEPUCTUK CKIAQAHUX MEpEeX Ta KIACTEPHOI CTPYKTYpu BeO-IIpOCTOpY 3
BUKOPUCTAHHSAM METOJIIB 1HTENEKTYyaJIbHOI'O aHaI3y JaHUX, 30KpeMa po3poOli
1H(opMaIIiitHOT TEXHOJIOTII JIJIsl KJlacTepu3allli JaHUX BEJIMKOro po3Mipy, sKi Oyiu
310paHi i 0OpoOJIeHi CrielialibHO CTBOPEHUM MIPOrpaMHUM 3a0e3nedeHHs M. Takox
BUBYEHO CTOXACTHUYHI MATPUIl, SIKI 3aBASIKM OCOOJMBOCTAM CBOiX CIEKTPaJIbHHUX
BJIACTUBOCTEN € OCHOBHUM MAaTEMATHYHUM 00’ €KTOM MPHU AOCIIHKEHH] KJIACTEPHOI
CTPYKTYpPH BEO-TIPOCTOPY.

Pesynbratn pobOTH € MIATPYHTTAM ISl TOAAIBIIMX TEOPETUYHUX 1
MPAaKTUYHUX HAYKOBHUX PO3POOOK 13 JOCHIIHKEHb MPOOJIEMATUKH TEOPii CKIaIHUX
MEpPEK.

Jluceprailiss CKJIaga€Tbcsl 31 BCTYIY, YOTHPHbOX PO3MIJIiB, BHCHOBKIB,
NepEeNTiKy BUKOPUCTAHUX JDKEPENl Ta YOTUPHOX JOAATKIB. Y BCTymI OOIpyHTOBaHO
aKTyaJIbHICTh TEMH JOCIIKeHHS, C()OpMYyJTbOBaHO METY, 3aBIaHHS, MPEIMET,
00’€KT Ta METOAM JOCIiPKCHHS, BKa3aHO HAayKOBY HOBH3HY, TEOpPETHYHE Ta
NpaKTUYHE 3HAYEHHS OTPUMAaHHUX Pe3yJIbTaTiB, OJIaHO Ta MPOAHATI30BaHO 3B 30K
po0OTH 3 HAYKOBUMHU TeMaMH. 3a3HA4€HO OCOOMCTHI BHECOK 3700yBaya, a TaKOX
HABEJICHO BIAOMOCTI NpO ampodamito Ta MmyOdiKalii OCHOBHUX pe3yibTaTiB
nucepTarii. OnmucaHo CTPYKTypy Ta 00CsT IucepTaIiiiHoi poOoTH.

Ilepmmii po3aii MICTUTH KITFOUOBI BIJJOMOCTI 3 TEOPii CKIAIHUX MEPEX,
OMKMC OCHOBHHMX HANpSMIB JIOCHIIKEHb Ta 3aBJAaHHS, SKUMH 3alMa€eTbCcsl TEOpis
CKJIATHUX Mepex. TyT mpoBeieHo oI Ta omuc ocHOBHHX Monenel (Epmoma—

Peni, Yarrca—Crporana, bapabamii—Ans0ept), ki OpU3BEINA 10 CHOTOIHIIIHBOTO



PO3yMIHHS IIOTO HaMpsMy. PO3TIsSHYTO Ta TpOaHaIi30BaHO MPUKIAIN peaTbHUX
CKJIaJHUX Mepex (OoHIaiHOoBi, HaykoBoi cmiBmpari, WWW, nuryBanHs HayKOBHX
npailb, IHTEepHET, TpaHCIIOPTHA, Pi3HI 010JI0TTYHI MEpeXki TOIIO) Ta IX 0COOIUBOCTI
3mificHeHO Kiacu(ikamiro Ta OIS METOMIB OAHI€l 3 BAXKIUBHX TEXHIK
THTEIEKTYaJIbHOT'O aHaJI3y CKIAJHUX MEPEX — KIACTEPHOTO aHaTi3y.

Y apyromy po3aiai gucepTamiitHOro AOCHIIKEHHS OMHCAaHO KOHIICHIIIO
KPOYJIIHTY SK OJHOTrO 13 3aco0iB 30upanHs iH(oOpMallii, TPOBEACHO OIJIS
ICHYIOYMX TPOrpaMHHMX 3aco0iB i 30upaHHs iHGopMalii y BeO-IPOCTOPI.
Onucano po3poOJieHe BIacHE MporpamHe 3ade3reyeHHs (Kpoyliep), SKui CKaHye
BEO-MPOCTIp, 3aBaHTaXye Ta 30epirae 3HaieH1 TiMeprOCUIaHHS 3 BEO-CTOIHOK Y
0a3y nanux. [lepeBaroro nanoi po3poOKH HaJl ICHYIOUMMH aHAJIOTaMH € HasIBHICTb
AHATITUYHOTO MOJYJISA, SIKUA Ha/la€ MOXJIMBICTb MPOBOAWTH CTATUCTUYHUN Ta
KJIACTEPHUI aHali3 OTPUMaHOro BeO-Tpady.

Hpyruit po3ain Mae NpuKIagHe 3HAYCHHS, OCHOBHUM HOTO Pe3yJIbTaTOM €
po3po0IieHe crieliaii3oBaHe MmporpamMHe 3a0e3nedeHHs] — Kpoysep 3 BOY/IOBaHUM
aHATITUYHUM MOJYJIEM JUIsl IHTENEeKTyallbHO1 00poOKH 1HpOopMallii.

Tpetiit po3ainn npucBsYeHU AOCHIHPKEHHIO OCBITHIX CETMEHTIB BeO-
npocTtopy (ykpaincbkoro (edu.ua), i3painbcpkoro (ac.il) Ta moascbkoro (edu.pl),
iH(popmarliss npo skl Oyna 310paHa Ta 00poOJieHa 3a JONOMOrOK CaMOCTIMHO
po3pobIieHOl 1H(GOPMAIIHOT TEXHOJIOTIl, JAeTaJbHUM OMNHUC SKOI IMPOBEICHO B
nyHKTl 3.3. 3acTocyBaHHS JaHOI PO3POOKM JO3BOJIMIJIO OTPUMATH CTATHCTHYHI
XapaKTEPUCTHKH Ta KIACTEPHY CTPYKTYPy BKa3aHUX BHIIE CETMEHTIB BeO-
MIPOCTOPY Ta 3A1ACHUTH MTOPIBHSILHUN aHATI3.

Jns mpoBelieHHsI KjacTepu3allli Ba)KJMBO 3HATH ONTHUMAJIbHY KUIBKICTh
KJIACTEPIB, Y PO3LT OMKCAHO JIBa KIACUYHUX METOJU 3HAXOJKEHHS ONTUMAIILHOT
KUTbKOCTI KiactepiB (Meton «Jmikts» Ta K-core decomposition), mpoBeaeHO
MOPIBHSUIBHUM aHaJi3, SKWM TMOKa3aB i1X Y3TOMKEHICTh II0JI0 ONTHUMaIbHOI
KUTBKOCTI KJIACTEPIB JIJIsl KOKHOTO JTOCHIKYBAaHOTO CErMEHTY BEO-TIPOCTOPY.

OCHOBH1I pe3yJbTaTH JAHOTO PpO3JUTY MOXKHA MIJCYyMYBAaTH HACTyIMHUM

YUHOM:



— nns 30WpaHHS Ta TPOBEICHHS CTATHCTHUYHOTO 1 KJIACTEPHOTO aHami3y
JaHUX Yy CKIATHUX Mepexax po3po0ieHo iH(pOopMaIiifHy TEXHOJIOTII;

— g miamepex edu.ua, edu.pl Ta ac.il mpoBeneHO MOPIBHSAJIBHHUI aHaI3
CTATUCTUYHMX XapaKTEPUCTHK Ta IX KJIACTEPHOI CTPYKTYPH ;

— BCTaHOBJICHO, 0 BC1 TPH MiAMEPEXKi BIAMOBIAAIOTh CyYaCHUM TEHICHIIISIM
PO3BUTKY TJIOOQTBHOI MEpeXi I1HTEPHET, BOJOMIIOTh BIACTUBOCTSIMU
O0e3macmTabHuX rpadiB, MPUUOMY BHUABUIIOCH, IO YKPAiHCHKUH CErMEHT
edu.ua e HallMEHII PO3BHHEHOIO CTPYKTYPOIO 3 HalWMEHIIOK KIIBKICTIO
BY3JIiB y KJIacTepax.

VY derBepTOMY pO3aijJi pPO3TISHYTO NMHUTAHHS KiacTtepu3aiii B rpadi Ha
OCHOBI MaTpHIli CyMI>KHOCTI. OCHOBHUM 00’ €KTOM JOCIIJIPKEHHS JaHOTO PO3JILTY €
CTOXacTu4yHa MaTpulsl P, mo 3amae HUMOBIPHOCTI mepexoay Ha rpadi Ta
BU3HAYAETHCS 13 MAaTpHIl CyMDKHOCTI. Y  JaHOMY pO3IUI  J€TalbHO
MpOaHaII30BaHO  CIHEKTpajbHI BJIACTUBOCTI CTOXaCTUYHOI MaTtpuii P 13
BpaxyBaHHAM KJIACTEPHOI CTPYKTYpH Tpady.

OCHOBHI TEOPETHYH1 PE3yJbTaTH I[OIO0 PO3JUTY MOXXHA OINHUCATH
HACTYITHUM YHHOM:

— JnoBeneHO (akT 30DKHOCTI BJIACHMX 3HAaYeHb Marpuili P 3a yMmoB,
HAKJTaJCHUX Ha eJeMeHTH wMarpuii cymibkHocTi A (teopema 4.3.1).
[IpuyoMy, HakiameHi YMOBH TMOCHA0JEH! TOPIBHSIHO 13 KIACUYHUMU
pe3yibTaTaMu, JIe¢ BUMAraeTbCs iCHYBaHHS CKIHYCHHOTO JAPYTOro MOMEHTY
JUTSL €JIEMEHTIB MaTpPHUILIl CYMI>KHOCTI;

— BCTAHOBJICHHH (paKT MPO aCUMITOTUYHY €KBIBAJICHTHICTh CIIEKTPIB MaTPHUIIb
P Ta P 1o3Boise BHKOPHCTOBYBaTH CTOXAaCTHYHY MATPHIO i3
HE3aJIC)KHUMHU €JIEMEHTaMH 3aMICTh BIIMOBIAHOI CTOXAaCTUYHOI MaTpHIl P,
€JIEMEHTH SIKOi He € He3anexxHuMu (Jema 4.4.1). Jlanuit pe3ynpTar 103BOJISIE
KOPHCTYBaTUCS KJIIACHYHUMH pe3yJabTaTaMH MIOJ0 PO3MOALTY BIACHUX
3HAYCHb BUMAJIKOBUX MATPHUIIh Ta IEPEHOCUTH JTaHI TBEPKECHHS HA MAaTPHITL

13 cJ1a0KO KOpEJIbOBAaHUMU €JIEMEHTaMU;



— 'y TBEpIKEHHSAX NYHKTY 4.5. pO3MNIAHYTO YaCTUHHHUM MIAXiA 10 OIIHKH
pO3MOIIY €JIEeMEHTIB MaTtpuili P 3a YMOBHU IOKa3HMKOBOI'O PO3MOJLTY
emeMeHTiB Matpuiii A (memax 4.5.1 Tta 4.5.2). Takwmii miaxing 103BOJIMB
pPO3pPOOUTH HOBHUUM QJITOPUTM IEPEBIPKH HAJICKHOCTI CIIEMEHTIB (BEpIINH
rpady) 10 OAHOTO KIacTepy.

Ha ocHOBI OTpuMaHUX TEOPETUYHUX PE3YJIbTaTIB MPOBEICHO MOPIBHSILHUN
aHaJi3 3 KIIACHYHUMH METOJIaMH KJIacTepH3allii, a came: METOJIOM «JIKTs», K-core
decomposition Ta METOIOM CcUIyeTy. Y pe3yibTaTi MPOBEIEHUX JOCIIIKEHb,
no0yI0BaHO ~ KPHUTEPIH OLIHKK  ONTUMAIBHOI ~ KUIBKOCTI  KJIACTEPIB Koy,
OOYHCIIEHHS SIKOTO TPYHTYETHCSI Ha BIIACHUX 3HAYEHHSIX CTOXaCTHYHOI MaTpuili P,
a came

kope = #{2;(P): Re(2;(P)) > max|Im(A;(P))|}.

BuxopucroBytouun meton Monte — Kapio, Biamocsi BCTAaHOBUTH, IO 'y Pl
BUIAJIKIB, 3alpONOHOBAHUM CHEKTPAJIbHUM METOJ BHU3HAYEHHS KUIBKOCTI
KJIACTepiB Jla€ OULIbII TOYHI OLIHOYHI 3HAYEHHS KIJIBKOCTI KiacTtepiB y rpadi B
MOPIBHSHHI 3 BIIOMUMH MeTojaMu («JIIKTs», k-core decomposition Ta MeTOmI0M
CHJIYETY), 1110 33JJa€ThCSI CTOXAaCTUYHOK MATPHIICIO P YU MaTPUIICI0 CYMIXHOCTI A.
KpiM TOro, 3ampomoHOBaHHWiI HOBUW METOJl € MEHII YYTIWBUM 0 HAsSBHOCTI
KJIACTEPiB PI3HOT PO3MIPHOCTI.

Y BHCHOBKaxX TMiJCYMOBAHO OCHOBHI pe€3yJbTaTH JHUCEPTALIHHOTO
JIOCITIIKEHHS.

VY nomarkax moJaHO HAyKOBl MyOJiKailii, B SKHX BIJOOpa)k€HO OCHOBHI
HAyKOB1 pe3yJIbTaTh poOOTH, BIJIOMOCTI PO anpoOaIlio pe3yabTaTiB AucepTarii —
aKTU Ta JOBIAKU TIPO BIIPOBAKCHHSI PE3YNbTATIB pOOOTH, AlarpaMa OCHOBHHX
KJIaCiB KpoyJiepa Ta iX OMHUC, JIICTUHT YaCTHHH KOy TIPOTPaAMH.

Teopernune 3HauveHHsi. Pe3ynbraté TEOpeTHMUHUX IOCTIIKEHb, a came
pO3BUTKY Teopii TpadoBUX AOCTIIHKEHBb, CHOPMYJIHOBAaHI Ta JOBEIACHI JIEMH 1
TEOPEMH, MOKYTh BUKOPUCTOBYBATHUCS JJI MOAANBIINX JOCIIKEHb Y 1K Taysi,
a TaKOXX y HaBYAJIbHUX Kypcax Kadenp mMaTeMaTUYHUX MpoOJieM YIpaBiHHS Ta

KIOGpHETUKH Ta  IPOrpaMHOro  3a0e3MeueHHsT  KOMII'IOTEPHUX  CHUCTEM



YepHiBeLLKOTO HAllIOHAIBHOTO yHiBepcuTeTy iMeH1 FOpist @enpkoBuua (Ta 1HIINX
3BO), noB's3aHUX 3 1HTEJNEKTYaIbHUM aHANI30M JaHUX, METOJUYHHUX PO3POOKax,
HaBYAJIbHUX MOCIOHMKAX JJI1 OCBITHBOT'O IPOIIECY Ta HAYKOBO-IOCIITHOT poOOTH
CTYACHTIB acIipaHTIB.

IIpakTnuHe 3HaveHHsi. Po3poOieHi y naucepramiiiHiii poOOTI Kpoyiep,
iHQopMalliiiHa TEXHOJOTII Ta METOJ, BHU3HAYCHHS ONTHUMAJIbHOI KUIBKOCTI
KJIACTEepPiB MOXYTh B TOMAIBIIOMY BHUKOPHCTOBYBATHUCS IS MPAKTHYHOTO
JOCIIJKEHHSI CKJIQJIHUX MEpeX. 3alporoHOBaHI MIAXOAW JO apXiTeKTypu
AHATITHYHOTO MOAYJS BHKOPHUCTOBYIOTBhCS Yy KoMimadii «KBaHT AzumyT» Is
PO3pOOKHM BJIACHOTO MPOrpaMHOro 3adesneueHHs ta kommnadii «Qlicks B.V.» — nis
MIPOBEJICHHSI CErMEHTAIlll KIIEHTIB Ha PI3HI Kareropii, fki MOTIM e(EeKTUBHO
BUKOPUCTOBYIOTHCS ISl IEPCOHAII30BAHUX MAPKETUHTOBUX KaMIIaHIi 1 CTpaTerii
Ta nepeadayeHHs MOBEIHKY KIIIEHTIB HA OCHOBI aHaI3y MOKYIIOK, 1CTOPIl MOIIYKY
a00 npodiyiel B comiaIbHUX MEpexkKax.

Kuarw4oBi cjoBa: Mojens (MaTeMaTMdHa, €KOHOMIYHA), MOJCIIFOBAHHS,
OUHAMIKa, IHTEIEKTyalbHHH  aHali3  JaHUX, KiIacTepusaiis, K-means,
iH(popmalliiina cucrteMa, I1H(POpMaliifHa TEXHOJOTrIs, IHTEJIEKTyalbHa CHUCTEMA,
nporpamMHe 3a0e3MeueHHs, TECTyBaHHsS MPOrpaMHOro 3a0e3nedyeHHs, piBHI
TECTyBaHHS MPOTPAMHOTO 3abe3rnedeHHs, crenudikaiis BUMOT 0 MPOrpaMHOIrO
3a0e3nedeHHs], (PYHKI[IOHAJIbHI Ta HE(YHKI[IOHAJIbHI BUMOTH A0 MPOrpamMHOro

3a0e31eUeHHs, CTATUCTUYHI METOIH.
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The dissertation deals with the study of statistical characteristics of complex
networks and the cluster structure of the web space using methods of intelligent
data analysis, in particular, the development of information technology for the
clustering of large data, which were collected and processed by specially created
software. In addition, stochastic matrices have been studied, which, due to their
specific spectral properties, are the main mathematical object in the study of the
cluster structure of the web space.

The results of the research are the basis for further theoretical and practical
scientific development in the research of the problems of the theory of complex
networks.

The dissertation contains an introduction, four chapters, conclusions, a list of
literature, and four appendices. The introduction substantiates the relevance of the
research topic, formulates the goal, task, subject, object and research methods;
indicates the scientific novelty, theoretical and practical significance of the
obtained results; presents and analyzes the link between the current research and
scientific topics. The personal contribution of the candidate, as well as information
about the approval and publication of the main results of the research are shown.
The structure and scope of the dissertation are outlined.

Chapter 1 contains key information on the theory of complex networks, a
description of the main areas of research and tasks that the theory of complex
networks deals with. An overview and description of the main models (the Erd6s—
Rényi, Watts-Strogatz, Barabasi—Albert models) having led to current insight into
this trend are provided here. Examples of real complex networks (online, scientific
collaboration, WWW, citation of scientific works, Internet, transport, various
biological networks, etc.) and their features are considered and analyzed. The
methods of cluster analysis, an important technique of intellectual analysis of
complex networks, are classified and reviewed.

Chapter 2 of the dissertation describes the concept of crawling as one of the
means of gathering information, and provides an overview of existing software

tools for collecting information in the web space. The own development of the



software (crawler) is described, which scans the web space, downloads and stores
the found hyperlinks from the web sites in the database. The advantage of this
development over existing analogues is the presence of an analytical module,
which enables to conduct statistical and cluster analysis of the resulting web graph.

Chapter 2 has a practical value; its main result is the developed specialized
software — a crawler with a built-in analytical module for intelligent information
processing.

Chapter 3 deals with the study of following educational segments of the
web space: Ukrainian (edu.ua), Israeli (ac.il) and Polish (edu.pl). The information
on these segments was collected and processed using a personally developed
information technology, a detailed description of which is provided in point 3.3.
The application of this development enables to obtain the statistical characteristics
and cluster structure of the above-mentioned segments of the web space and to
carry out a comparative analysis.

As far as it is important to know the optimal number of clusters to carry out
clustering, two classical methods of finding the optimal number of clusters (the
"elbow" method and k-core decomposition) are described in the chapter. A
comparative analysis was carried out, which showed their agreement regarding the
optimal number of clusters for each studied segment of the web space .

The main results of this section can be summarized as follows:

e information technology has been developed for collecting information and
conducting statistical and cluster analysis of data in complex networks;

e a comparative analysis of statistical characteristics and their cluster
structure was carried out for the edu.ua, edu.pl and ac.il subnets;

e it was established that all three subnets correspond to modern trends in the
development of the global Internet network, have the properties of scale-
free graphs; in addition, it turned out that the Ukrainian segment of edu.ua
IS the least developed structure with the least number of nodes in clusters.

Chapter 4 deals with the issue of clustering in a graph based on the adjacency

matrix. The main object of research in this section is the stochastic matrix P, which



specifies the transition probabilities on the graph and is determined from the

adjacency matrix. In this chapter, the spectral properties of the stochastic matrix P

are analyzed in detail, taking into account the cluster structure of the graph.

The main theoretical results of this chapter can be described as follows:

the fact of the convergence of the eigenvalues of the matrix P under the
conditions imposed on the elements of the adjacency matrix A is proved
(theorem 4.3.1). Moreover, the imposed conditions are weaker compared
to the classical results, which require the existence of a finite second
moment for the elements of the adjacency matrix;

the established fact about the asymptotic equivalence of the spectra of the

matrices P and P allows using a stochastic matrix with independent
elements instead of the corresponding stochastic matrix P, the elements of
which are not independent (lemma 4.4.1). This result enables to use
classical results on the distribution of eigenvalues of random matrices and
transfer these statements to matrices with weakly correlated elements;

in the statements of point 4.5 a partial approach to the estimation of the
distribution of the elements of matrix P is considered under the condition
of the indicative distribution of matrix A elements (lemmas 4.5.1 and
4.5.2). This approach made it possible to develop a new algorithm for

checking whether elements (graph vertices) belong to one cluster.

Based on the obtained theoretical results, a comparative analysis was carried

out with classical clustering methods, namely: the "elbow" method, k-core

decomposition, and the silhouette method. The research resulted in building a

criterion for estimating the optimal number of clusters k,,., the calculation of

which is based on the eigenvalues of the stochastic matrix P, namely

kope = #{2;(P): Re(2;(P)) > max|Im(A;(P))|}.

Using the Monte-Carlo method, it was possible to determine that in a number

of cases, the proposed spectral method for finding the number of clusters gives

more accurate estimates of the number of clusters in the graph in comparison with



known methods ("elbow", k-core decomposition and the silhouette method), given
by the stochastic matrix P or adjacency matrix A. In addition, the proposed new
method is less sensitive to the presence of clusters of different dimensions.

The main results of the dissertation research are summarized in the
conclusions.

The appendices present scientific publications reflecting the main scientific
results of the work, information on the approval of the results of the dissertation:
acts and certificates on the implementation of the results of the research, a diagram
of the main classes of the crawler and their description, and listing of part of the
software code.

Theoretical significance. The results of theoretical research, namely the
development of the theory of graph research, formulated and proven lemmas and
theorems, can be used for further research in this field. They can also be applied in
the educational courses of the Departments of Mathematical Problems of
Management and Cybernetics and Software of Computer Systems of Yuriy
Fedkovych Chernivtsi National University (and other higher educational
institutions), related to the intellectual analysis of data, methodological
developments, teaching aids for the educational process and research work of
graduate and postgraduate students.

Practical significance. The crawler, information technology, and method for
determining the optimal number of clusters developed in the dissertation can be
used for further practical research of complex networks. The proposed approaches
to the architecture of the analytical module are used by the company "Kvant
Azimuth™ for the development of its own software and by the company "Qlicks
B.V." for segmenting customers into different categories, which are then
effectively used for personalized marketing campaigns and strategies and for
predicting customers' behavior based on purchase analysis, search history or social
media profiles.

Keywords: model (mathematical, economic), simulation, dynamics,

intelligent data analysis, clustering, k-means, information system, information



technology, intelligent system, software, software testing, software testing levels,
specification of software requirements, functional and non-functional software

requirements, statistical methods.



