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Knieniuyvka T.B. Oninku napameTpiB aBToperpeciitnux mojeneit. — Ksasti-
dikaliitHa HayKoBa Ipalisd Ha IIpaBax PYKOIKCY.
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Bepcuter iMmeni FOpisg @enpkosrnaa MOH Ykpaiau, Yepnisii, 2023.

Huceprariitia poboTa IPUCBsiUeHa 3HAXOIKEHHIO BiJicTaHeil MizK BUMIpIO-
BaHHAMHU JIaHUX, sKi IPeJCTaBJICHI JacOBUMH PAJAMU, Ta BU3HAUYECHHIO OITH-
MaJIbHOI KIJILKOCT1 KJIaCTepPiB Ha OCHOBI BJIACHUX 3HAUEHb CTOXACTUIHOI MaTpH-
i rpada. Juceprariist cKiala€Tbcsl i3 BCTYILY, TPbOX PO3JiJiB, BUCHOBKIB Ta
nepesiiky BUKOPUCTAHUX JIKepel.

Y BcTyIi 00IrpyHTOBAHO aKTyaJbHICTH TEMU JOC/IiIZKEeHH, c(hOPMYITHOBa-
HO MeTy, 3aBJIaHHsI, IIpeJIMeT, 00’ €KT Ta MEeTO/U JOC/IiI?KEHHsI, BKA3aHO HayKOBY
HOBU3HY, IIpaKTHIHE 3HAUEHHSI OTPUMAHUX PE3YJIbTaTiB, 3B’S30K POOOTH 3 Ha-
YKOBUMU JIOC/TIIZKEHHSIMI Ta 0COOMCTHIT BHECOK 3j100yBada, a TaKoyK HaBeJICHO
JIaHi 11po Te, Jie JOIOBiga/iCh, 0OrOBOPIOBAJINCH Ta, OY/IN OIyO/JIKOBaHI OCHOBHI
pe3yJIbTaTU JUcepTaIlil.

Y mepromy po3ii 3/ificHeHO OrJisi)T HayKOBOI JiiTepaTypH, IMPUCBsI-
YEHOI JIOCJIIZKEHHIO JacOBUX PsIJIiB, 30KpeMa, BI3HAUEHHIO METPUK HOII0HOCTI
MIK 9aCOBUMHU PSJaMU Ta MJIXOAN JI0 KJIacTepu3allll JaHnX, dKi IIpeacTaBIeH]
y BUIJIZJIl HECTPYKTYPOBAHUX THUIB JaHux. /leTa/ibHO IMTpoaHasizoBaHO Xpo-
HOJIOTII0 PO3BUTKY HAYKOBUX IIIJIXOJIIB JI0 3aja4 KJacTepusallil, Kjacudikariii,
3MEHIIIEHHsT pO3MIPHOCTI YacoBUX psjiiB. [lepmmit myHKT po3iny 1 Bimobparkae
3araJbHUil OrJigd)l PO3BUTKY HAYKOBUX JIOCJIJIXKEHBb ITPU JIOCTLIZKEHH] YacOBUX
PSIB Ta ICHYIOYl METPUKHM JIJIsT BCTAHOBJIEHHS 1TO/IIOHOCTI MiK JaCOBUMHU Psijia-
MU. Y APYTOMY IYHKTI HABEJEHO METOJIN JOC/IiJIXKEHHA CTPYKTYPHUX CTPUOKIB

Yy 9aCOBHUX pPsdax. Y TPETLOMY IIYHKTI 3p06ﬂeHO OIVIAZ HaYKOBHUX JOCJIIIZKEHD,



sIKI CTOCYIOTbCS HEINEepPepBHUX YacoBUX psijiB. Bubip onrtumasibHOT KiTbKOCTI
KJIACTEPIB NIPU MO/ JJAHUX Ha TPYIN MIPEJICTABIEHO Y ITYHKTY YeTBEPTOMY.
Y apyromy po3Aijii 3alpOOHOBAHO BU3HAYATH MOJIIOHICTH ab0 BiJICTAHb
MiZK 9aCOBUMHU PsiIaMU 3a JIOIIOMOIOI0 MOJIeJiell JacoBUX PAJIiB. 3allpPOIIOHOBA-
HUI aJrOPUTM JIJIsi BCTAHOBJIEHHS ITOJAIOHOCTI JIBOX HAOOPIB JAHNX BUKOPUCTO-
By€ IapaMeTpu MOJesi, a He caMi BUMIPIOBaAHHSA. Y SKOCTI Mojeseil 4acoBUX
pamiB posrasayTo cramionapai ARM A moneni. OTpuMaHuii aJropuTM™ mopis-
HIOETHCI 3 y2Ke ICHYIOUMMHM MeTpPUKaMHU 3HaXOJXKEeHHS BlJCTaHell y BUIAJIKY
301/IbIEHHST BUMIPIOBAHL YACOBOTO PsAJIy Ta Yy BHUIAJKY 3POCTAHHSA KiJIHKOCTI
BUKHW/IIB Y BXiIHOMY 9acoBoMy psji. OTpuMaHuii aJropuTM Mae MeHIy 004n-
CJIIOBAJIBHY CKJIQJIHICT, HixK ajroputMmu Eskiiga, DTW ta ERP. 3amnpononoa-
HY BIJICTaHb MOXKH& BUKOPUCTOBYBATH /s KJlacTepU3allll CUJIbHO 3allyMJIEHNX
JIAHUX.
HaykoBy HOBHU3HY BUCHOBKIB, 3p00JIEHUX Ha, OCHOBI OTPUMAaHUX Y JIPYTOMY
PO3/ILIl Pe3yabTaTiB, PO3KPUBAIOThH TaKl 11OJIOZKEHHS:
1. Onucano ajropuT™m Jjisi 3HAXO/PKEHHsSI BiJICTaHI MiXK YACOBUMU DPsiIaMI
Ha OCHOBI MojieJieil yacoBux psiiiB. OTpumana BiJIcTaHb € OLIBII CTIHKOIO
JIO BUKU/IIB Y 9acOBUX psjiax. ¥ BUNAIKY 301IbIIEHHs KIJTHKOCTI BUKIJIIB
3allPOIIOHOBAHU y AucepTalifiHoMy JOCJIIzKEeHH] aJIOPUTM JIa€ Kpallll
pesysbTaTi (BijiHOCHA TOXUOKa 3pocTae jorapudMivHo), HizK aHAJOr IH]
asropuryu (Eskiigosa Bigcrann, ERP, DTW) nst snaxopKkennst Bijgcra-

Hi Mi’K 9aCOBUME psiflaMu (BiJHOCHA MOXUOKa 3pOCTA€ JIHIHHO).

2. 3alIpoIOHOBAHMI MeTO 1 3HAXOI?KEHHsI BiJICTaHI MizK BUMIPIOBAHHSIMU Ya-
COBOTO PSIJIy Ja€ Kpallll pe3yJbTaTh JJId BEJUKNX JacOBUX PSAJIIB, KON
KiJbKicTb BuMiptoBanb 1 > 1000. /Io Toro »k ob4nc/roBaibHa CKJIATHICTD
OTPUMAHOI'O AJFOPUTMY € MEHIIOI 338 O0YHMC/IIOBAIbHY CKJIAJHICTD YiKe

ICHYIOUNX aJI'OPUTMIB.



Y TperboMy PO3IiJi PO3IJISHYTO MPoOJeMy KjacTepusaliil Ha Ipadax
Ha OCHOBI BJIACHUX 3HAYEHb CTOXaCTHIHOI MaTpuili rpada. JosejieHo, 1mo BiaacHi
3HAUEHHST CTOXACTHIHOT MaTpuIl /jist Beaukux rpadis (N > 100) mogiistrorbest
Ha TPH I'PYIHU, OJHA I3 9KUX € BU3HAUYAJILHOIO JJIsI YKCJa KjaacTepiB y rpadi.
BukopucToBy0Un TEOpito BUMAJIKOBUX MATPHUILh, BJAJIOCH MOKA3aTH, 10 ACHM-
NTOTUYHHUI PO3MOIL MIATPYIN JiCHIX YacTHH BJACHUX 3HAUYEHDB CTOXaCTUIHOI
MaTpuill rpady OIMUCYEThCs HAIIBKOJIOBUM po3mojiiom Biraepa. Bukopucrah-
Hsl CTOXaCTHIHIX MATPHUIB JAJ0 3MOTY TOYHO JIOKAJII3YyBaTH BJIACHI 3HATYCHHSI,
1[0 BIIIIOBI/IAIOTH 34 KiJIbKICTh KJIACTEPiB, YO0 HE BJIABAJIOCS 3POOUTH JIJIsT Ma-
Tpuilb cyMmizkHOCTi. OCHOBHI NPUIIYIEHHS MOJIEJ OB sI3aHi 3 BJIACTUBOCTSIMUI
JIMCKPETHUX JaHIoriB MapkoBa, 110 JI03BOJISIE PO3IIMPUTH 00JIACTH 3aCTOCY-
BaHHsI OTPUMAHUX Pe3yJIbTaTiB Ha OLIbII MUPOKUI Kjac 00’eKTiB. TeopernyHi
pe3yJIbTaTi 1epeBipeni Ha KJiacTepusallil 4acoBUX PsJIiB, IO OIUCYIOTH BAPTOCTI
N =470 axmiit S&P500 B nepion 3 2013 10 2018 poxy.

HaykoBy HOBU3HY BUCHOBKIB, 3pOOJICHIX Ha OCHOBI OTPUMAaHUX Y TPETHOMY

PO3/JILI1 Pe3yabTaTiB, PO3KPUBAIOThH TaKl 110JIOYKEHHS:

1. Y pobori 3anporioHOBaHO HOBUIT METO]I BU3HAUYEHHSI ONTUMAJIbHOI KiJlb-
KOCT1 KJIaCTePiB Kqpy DU KJIacTepH3allil 00’ €KTiB, 1110 3a/1al0ThCsd HeCTpy-
KTYPOBAHUME JaHuME (TpadaMil Ta JacOBUME DsIaMi) Ha OCHOBI CIie-

KTPaJIbHOIO aHAJI3y CTOXACTUYHOI MATPHUIll JAHOTO rpady.

2. Buxopucrosytoun metos; Monte-KapJsio, Biasocs mnokaszaru, 1o 3ampo-
[IOHOBAHUIT METO/I Ja€ Kpallll Pe3yJAbTaTu JJIs BU3HAUYEHHs ONTUMAaJIbHOI
KIJIBKOCTI KJ1acTepiB Koy y HOPIBHAHHI 13 JedKUMU KJACUYHUMU MeTOJIa-

MNA.

3. OcCKUIBKH 3aIIPOIOHOBAHUI aJrOPUTM € CIEKTPaJbHUM, TO Or0 CKJia-
JTHICTD 301ra€ThCs 31 CKJIAIHICTIO 3HAXO/ZKCHHSI BJIACHIX 3HAYCHD JJI CTO-

XacTH4IHOl MaTpuri P.



4. Onucanuii aJropuT™M He € Iy TJIUBUM JI0 KJIACTEPIB PI3HOTO PO3MIpY,TOOTO
CIIIBBIJIHOIIIEHHS MizK pO3MipaMu KJiacTepiB IPaKTUYHO He BILUIMBAIOThH Ha

TOYHICTb AJITOPUTMY.

5. Teopernuni pesynabraTt podOTH IepeBipeHO Ha peasbHuX gannx (N =
470 axmiit S&P500, posrisnyTux B mepion 3 2013 g0 2018 poky. Pe-
3yJIbTATU OLIHKM OITUMAaJILHOIO 3HAUCHHHA K,y 301rv1Mcd 13 BIAIOBIAHUMU

OIIHKaMM JIJI JJaHUX KOMIIaHI B IHINUIT 11eploj] Jacy.
IIpakTuyHe 3HaYEeHHSI OTPUMAHUX PE3yJbTaTiB

[IuTanng mpo BU3HAUYEHHs BiJICTaHl MiXK BUMIPIOBAHHAMHI YaCOBUX PsAJIIB
(maHmx) Ta 3HAXOKEHHs ONTUMAJILHOI KIJTbKOCTI KJIaCTepiB 3a/IUIIAEThCs Bil-
kputuM. oci He icHy€e yHIBepcaJbHOTO MIIXOMY JJId BU3HAYCHHST METPUKH T10-
JIIOHOCTI Mi?K YaCcOBUMU PsiIaMH Ta BCTAHOBJICHHS ONTUMAJILHOI KIJIBKOCTI KJla-
CTEepIB JJIsI TaHUX, AKUil 0JHAKOBO JI00pe IpaIloe /it HabOPIB JTaHUX 3 PI3HUX
chep KUTTEMIATBLHOCTI JIIOAUHI. Y JTAHOMY JIUCEPTAIITHOMY JTOC/I1IZKEHHI OITH-
CaHO HOBI 1711 Ta IiJIX01 0 PO3B’si3aHHsI BUIIE 3rajfaHux mpobJieM. PesyibraTn
mucepTaril MOYKyTh OyTH BUKOPHCTaHI Jist TOJTy Ha rpynn (KiacTepusariii)
JIAaHUX, {Ki IpejicTaBieHi rpadgamMu ado YacoBuUMU psjgaMi. Kiacrepusaliis J10-
3BOJISIE TPYIIyBaTH IOJIOHI JlaHi B Kareropii abo K/jacTepu, IO CIPOIILYE TXHE
BUBYEHHsI 1 BUKOPUCTAHHS Y MailOyTHHOMY.

PezysnpraTn, orpuMmani y JaHoMy JUCEPTAIiTHOMY JTOCTIIZKEHHI, MOXKYTh
OyTH BUKOPHUCTaHI IPU KJACTEPU3AIl MEJIUIYHIX JIAHUX: 32 JIOMOMOI'OI0 aHaJIi-
3y CUMIITOMIB 1 MEJINYHIX JAHUX MOXKHa KJIacu@iKyBaTH Ialli€HTIB 38 PISHIMUI
XBopobamu abo CTyIEeHsIMI BarKKOCT1 3aXBOPIOBaHb; IiJIONpaTH 1HUBIIya bHi
1JIX0/IA JI0 JIIKYBaHHS Ha OCHOBI CXOXKOCT1 IAIllEHTIB 1 1X peakxilil Ha Tepalliio;
PO3POOJIATH IIPOTrPAMU IOIEPeXKeHHs 3aXBOPIOBAHbL 1 IIPOBOJUTHU II1JILOBI Me-

JIMTIHI 00CTEKEHHSI.



BukopucranHs 3alpollOHOBaAHUX Y JUCEPTALIITHOMY JTOC/III?KEHH] T IX0/1iB
JIO0 PeKJIaMHOI raJjiy3i: peKJaMoJIaBIll MOXKYTh CTBOPIOBATH KJIaCTEPU CIIOZKIBa-
4iB Ha OCHOBI IXHiX iIHTepeciB, JeMorpadiuHuX XapaKTePUCTHK i MOBEIIHKM, 1100
pPO3po0IIsITH Oi/IbIN ebeKTUBHI peKIaMHl KaMIIaHil; KjiacTepu3allisl TaHuX JI0II0-
Mara€ pekJIaMoJIaBIsIM CTBOPIOBATU IE€PCOHAJI30BaHy PeKJaMy I KOXKHOIO
cerMeHTa ayJIuTopil; aHaJIi3 KJIacTepiB CIoKUBAUIB JoroMarae nepejadadari 1o-
IIUT Ha IPOJYKTH 1 MOCJAYTH B MaiiOyTHHOMY.

B exonomimi kjacTepmsallid JaHUX KOPHUCHA JJIA: JOCHIIXKEHHA KOHKY-
PEHTHOI cHUTyallll Ta CerMeHTallll PUHKY, IO JIO3BOJISIIOTH KOMIIaHISM PO3PO-
OsiaTH e(beKTUBHI cTpaTerii MapKeTHHI'Y Ta PO3BUTKY; J/Isi OIIHKKM PU3UKY Ta
1opPTQETLHOIO YIIPaBJIiHHS, IIPOrHO3YBAHHS €KOHOMIYHUX TPEHJIIB Ta PO3BUTKY
cTpareril mii HuX.

Y Halll yac HAYKOBIII BUBYAIOTh MEHETUYHI CXOXKOCTI 1 POJIOBI 3B’SI3KHN Cca-
Me 3a JIOTIOMOT0I0 KjaacTepusarliii. Kiractepusariis Moyke JJOIOMOTTH Y BU/ILICHH]
PerioHiB 31 CXOXKUM KJIIMATOM JIJIsT JOCJIIZKeHHS 3MIH KJIiMaTy. 3a JI0IOMOI0I0
KJIacTEpU3allil y COIIOJIONYHUX Ta ICUXOJIONIYHUX JIOCHLJIZKEHHAX BULIAIOTH
Py ocid 31 CXOXKUMHU XapaKTEPUCTUKAMU I ITPUINHHO-HAC/IIKOBOTO aHa-
JI3Y TOBEJIIHKM.

Vel ni npuk/Iaan miiKPecIooTh BayKJIMBICTb KJacTepusallil JaHuX y Be-
JINKi# KIJIBKOCTI Tajy3eil »KUTTEist/IbHOCT] JIIOJNHI. 3aBJsSIKN KJacTepu3allil
JIAHUX MOYKHA MPUIMAaTH MPaBUJILHI pillleHHs B Oi3HeC, MiIBUITYBATH e(PEeKTNUB-
HICTb BUPOOHUIITBA, Y IIPOMUCJIOBOCTI, OINTUMI3yBaTH POOOTY PO3YMHUX MEPEerK
TOIIIO.

Kuro4oBi cjioBa: MapKOBCbKE IIepEeMUKAHHSI, IIapaMeTpu perpecii, JnHa-
MiKa, MOJEJb, MOJIeTIOBAHH, JYacoBl PdAaU, MAIIUHHe HaBYaHHsd, HeHPOHHI Me-
pexki, 30ypeHe BUIIAIKOBE OJIYKaHHSI, CTOXAQCTUYHI JudepeHIliaabil PiBHAHHSI,
ciabka 3012KHICTD, CTIfIKICTb, CTOXaCTUYIHA, MOJIe/Ib ONTUMI3allil, poiloBMil ajro-

pPUTM, TIOJIIOHICTH KJIaCTEPIiB.



ABSTRACT

Knignitska T.V. Estimates of parameters of autoregressive models. — Quali-
fying scientific project on manuscript rights.

Thesis for obtaining the scientific degree of Doctor of Philosophy in speci-
alty 113 — Applied mathematics. — Yury Fedkovich Chernivtsi National Uni-
versity named after, Ministry of Education and Science of Ukraine, Chernivtsi,
2023.

The dissertation paper is devoted to finding the distances between data
measurements, which are represented by time series, and determining the opti-
mal number of clusters based on the eigenvalues of the stochastic matrix of the
graph. The dissertation consists of an introduction, three sections, conclusions,
and a list of used sources.

The introduction substantiates the relevance of the research topic, formulates
the goal, task, subject, object, and methods of the research, indicates the sci-
entific novelty, the practical significance of the results obtained, the connection
of the work with scientific research and the personal contribution of the reci-
pient, and also provides data about where the main results of the dissertation
were reported, discussed and published.

In the first chapter a review of the scientific literature devoted to the
study of time series, in particular, the definition of similarity metrics between
time series and approaches to clustering data, which are presented in the form
of unstructured data types, is carried out. The chronology of the development of
scientific approaches to the problems of clustering, classification, and dimensi-
onality reduction of time series is analyzed in detail. The first paragraph of
Section 1 reflects a general overview of the development of scientific research in
the study of time series and existing metrics for establishing similarity between

time series. The second point describes the methods of researching structural
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jumps in time series. In the third point, an overview of scientific research related
to continuous time series is made. The selection of the optimal number of
clusters when dividing the data into groups is presented in the fourth point.

The second Chapter suggests determining the similarity or distance
between time series using time series models. Stationary ARM A models are
considered, as time series models. The resulting algorithm is compared with
already existing metrics for finding distances in the case of an increase in time
series measurements and in the case of an increase in the number of outli-
ers in the input time series. The resulting algorithm has lower computational
complexity than the DT'W and ERP algorithms. The proposed distance can be
used for clustering highly noisy data.

The scientific novelty of the conclusions drawn on the basis of the results
obtained in the second chapter is revealed by the following provisions:

1. An algorithm for finding the distance between time series based on time
series models is described. The resulting distance is more robust to outli-
ers in the time series. In the case of an increase in the number of emi-
ssions, the algorithm proposed in the dissertation research gives better
results (the relative error increases logarithmically) than similar algori-
thms (Euclidean distance, ERP, DTW) for finding the distance between

time series (the relative error increases linearly).

2. The proposed method of finding the distance between time series measurements
gives better results for large time series when the number of measurements
T > 1000. In addition, the computational complexity of the obtained
algorithm is lower than the computational complexity of already existing

algorithms.

The third Chapter deals with the problem of clustering on graphs based

on the eigenvalues of the stochastic matrix of the graph. It is proved that the



eigenvalues of the stochastic matrix for large graphs (N > 100) are divided
into three groups, one of which is decisive for the number of clusters in the
graph. Using the theory of random matrices, it was possible to show that the
asymptotic distribution of the subgroup of the real parts of the eigenvalues
of the stochastic matrix of the graph is described by the semicircular Wigner
distribution. The use of stochastic matrices made it possible to precisely localize
the eigenvalues responsible for the number of clusters, which could not be done
for adjacency matrices. The main assumptions of the model are related to the
properties of discrete Markov chains, which makes it possible to expand the
scope of the obtained results to a wider class of objects. The theoretical results
were tested on the clustering of time series describing the values of N = 470
shares of S&P500 in the period from 2013 to 2018.

The scientific novelty of the conclusions drawn on the basis of the results

obtained in the third chapter is revealed by the following provisions:

1. The paper proposes a new method for determining the optimal number of
clusters k,p when clustering objects given by unstructured data (graphs
and time series) based on the spectral analysis of the stochastic matrix

of the given graph.

2. Using the Monte Carlo method, it was possible to show that the proposed
method gives better results for determining the optimal number of clusters

Eopt In comparison with some classical methods.

3. Since the proposed algorithm is spectral, its complexity coincides with

the complexity of finding eigenvalues for the stochastic matrix P.

4. The described algorithm is not sensitive to clusters of different sizes, that
is, the ratio between the sizes of clusters practically does not affect the

accuracy of the algorithm.



5. The theoretical results of the work were verified on real data (N = 470
shares of S& P500, considered in the period from 2013 to 2018. The results
of estimating the optimal value of k,,+ coincided with the corresponding

estimates for these companies in another time period.
Practical significance of the obtained results

The question of determining the distance between measurements of time
series (data) and finding the optimal number of clusters remains open. There
is still no universal approach for determining the similarity metric between
time series and establishing the optimal number of clusters for data, which
works equally well for datasets from different areas of human activity. This
dissertation study describes new ideas and approaches to solving the above-
mentioned problems. The results of the thesis can be used to divide the data into
groups (clustering), which are represented by graphs or time series. Clustering
allows you to group similar data into categories or clusters, which simplifies
their further study and use.

The results obtained in this dissertation research can be used in the clusteri-
ng of medical data: by means of the analysis of symptoms and medical data,
it is possible to classify patients according to different diseases or degrees of
severity of diseases; select individual approaches to treatment based on the si-
milarity of patients and their response to therapy; develop disease prevention
programs and conduct targeted medical examinations.

Applying the approaches proposed in the dissertation research to the adverti-
sing industry: advertisers can create clusters of consumers based on their interests,
demographics, and behaviors to design more effective advertising campaigns;
data clustering helps advertisers create personalized ads for each audience
segment; analysis of consumer clusters helps predict future demand for products

and services.



In economics, data clustering is useful for: competitive situation research
and market segmentation, allowing companies to develop effective marketing
and development strategies; for risk assessment and portfolio management;
forecasting economic trends and developing strategies for them.

Nowadays, scientists study genetic similarities and ancestral relationships
precisely with the help of clustering. Clustering can help in identifying regions
with similar climates for climate change research. With the help of clustering
in sociological and psychological research, groups of individuals with similar
characteristics are distinguished for further analysis of behavior.

All these examples highlight the importance of data clustering in a large
number of industries, where it helps in understanding and using complex data
sets to make decisions, improve efficiency and achieve greater understanding of
key issues.

Key words: Markov switching, regression parameters, dynamics, model,
simulation, time series, machine learning, neural networks, perturbed random
walk, stochastic differential equations, weak convergence, robustness, stochastic

optimization model, swarm algorithm, cluster similarity.
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