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cnemianpHicTIO 113 — Ilpukinagna mateMmarnka. — UepHIBEIbKUN HaIllOHATBLHUN
yaiBepcuteT imeHi FOpis @enpkoBruya MOH VYkpainu, UepHnisii, 2024.

JluceprartiiiftHa poOoTa MpUCBAYEHA IOOYIOBI TIOPUIHUX aJITOPUTMIB Ha
OCHOBI METOMIB Ta MOJeJed MAIIMHHOTO HAaYaHHS Ta KJIACHYHHX aJITOPUTMIB
YacOBUX PSIIB.

Pesynbratn guceprtamiiiHoi poOOTH € MIATPYHTAM I MOJQJIBIINAX
TEOPETHUYHUX 1 MPAKTUYHMX HAYKOBUX pO3pOOOK Yy JOCIIKEHHI T10pUIHUX
ITOPUTMIB TTOOYI0OBH MPOTHO3Y JJIA (PIHAHCOBUX YACOBUX PS/IIB.

HucepTaiiisi CKJIaNa€eThCs 13 BCTYIY, YOTHPbOX PO3JALIIB, BHUCHOBKIB,
MIEPEITiKy BUKOPUCTAHUX JHKEPET Ta TOAATKY.

¥ Beryni 0OTpYHTOBAHO aKTYaJIbHICTh TEMHU JOCTIIKEHHS, CHOPMYITHOBAHO
METY, 3aBJaHHA, MpeIMeT, 00’€KT Ta METOAM JOCHIKEHHs, BKAa3aHO HAyKOBY
HOBU3HY, TEOPETHMYHE Ta TPAKTUYHE 3HAUCHHS OTPUMAHUX PE3YJIbTATIB,
MIPOAHAJI30BaHO 3B 30K POOOTH 3 HAYKOBUMH JOCIHIDKEHHSMHU Ta OCOOUCTHUI
BHECOK 3/700yBaya, a TaKOX HaBEJEHO BIJIOMOCTI Ipo ampoOaiito Ta myOsikarii
OCHOBHHX pe3yJbTaTiB auceprailii. OnmucaHo CTPyKTypy Ta oOcAr nucepTariiiHol
po0oTH.

Y nepmomy po3aini 311iICHEHO OIJIsiA HAYKOBOI JITepaTypH, NPUCBSIYEHOI
OCHOBHHMM HampsMKaM JOCHI/DKEHb YacOBUX pAMIB BIIJIOMYy Ta (IHAHCOBHUX
4acCOBHUX PSAIB 30KpeMa, PO3MISTHYTO KJIIFOYOBI BIJOMOCTI 3 T€OPil YaCOBUX PSIIB Ta
METO/IIB MAIlTMHHOTO HaBYaHHS, HABEJIEHO OMKMC OCHOBHUX HANPSIMIB JTOCIIKEHb
Ta BU3HAYEHO 3aBJIaHHS, SKUMU 3aWMA€EThCS TEOPIS YACOBUX PAJIB BKIIOUYAOYU
OCHOBHI IIpo0seMu MO0y 0BU MPOrHo3y (piHaHCOBUX vacoBUX pAniB. [IpoBeneHo
JETANbHUN OTJIAJ OCHOBHUX KJIACMYHHUX AQJITOPUTMIB TMOOYTOBU MPOTHO3Y IS

4acoBOro psAy, 30KpeMa, a Takok 1X  cdepu 3acTocyBaHHs. JleTalbHO



IIPOaHAII30BaHO XPOHOJIOTII0 PO3BUTKY TEOpPil YaCOBUX PAIIB Ta YMOBHI Mepioau
YCKIQAHEHHSI MOACNICH. Y IpyromMy po3fiii JaHOTO PO3AUTY PO3TIASHYTO OCHOBHI
MOJIe]l IITYYHOTO I1HTEJIEKTY Ta MAIIMHHOTO HAaBYaHHS JUIS aHaji3y 4acOBHUX
ps/1iB, OTMIMCAHO TOMOJIOTIT HEMPOHHUX MEPEXK, sIKi OYIyTh BUKOPUCTOBYATUCS TIPU
1o0Yy/10B1 TOPUIHUX aITOPUTMIB.

Y apyromy po3aiii npoBeIeHO JOCTIIKEHHS TOpUAHUX MOJENEH, B SIKUX
OCHOBHHUI TMpOIEC OIIHIOBABCS Ha OCHOBI MOJIEJl YacOBOTO PsTY, a 3aJHUIIKH
MOJIel OLIHIOBAJIMCA HA OCHOBI HEHMPOHHMX MepeK. BUKOpHCTaHHS Takoro
HiAX0AY Aaji0 3MOTY PO3IIUPEHHS BUKOPUCTAHHS KIACHYHUX MOJIEIEH 4acoBHX
PSAIIB HA BUMAJAO0K BiJICYTHIOCTI TOMOCKEAACTUYHOCTI Y 3aJIMIIKAX Ta B1JICYTHOCTI
HE3aJIa)KHOCTI 3aJIMIIKIB YaCOBOI'O Psiy. A caMe IoKa3aHo, 110

® Y4acoBl psau (POHIOBUX IHAEKCIB MICTATh SIK JIIHIMHY, Tak 1 HE JIHIAHY
CKJIaJIOBY, a OTXKe, okpeMo JiHiiiHa Moaeiab ARIMA Ta HeniHiliHa MOJAEIb
ANN He MOXYTb JaTH TOUYHY OL[IHKY TAKUX YAaCOBUX PSA/IIB;

® pO3p00JICHO TIOPUIHY MOJENIb MOJIENl aBTOPErpecii-KOB3HOT CEepeHbOI Ta
IITYYHOI HEHPOHHOI MEpeXi MPOTHO3YBAaHHS YACOBHX PAIIB (POHIOBUX
1HJICKCIB;

® JIOBEJICHO, SIKIIIO YaCOBUM psJl € CTporo cramionapuum, To ARIMA monens €
OUIBII aJEeKBaTHOIO JUIsl TAyCCIBCBKUX PSAIB B pO3poOJieHIH TiOpUaHIMi
MoJiel.

® 3MIICHEHO TMOPIBHSJIBHUN  aHaji3 3alpoONOHOBAHOIO  aJIrOpUTMY 13
KJIACHYHUMU aJITOPUTMAMHM OLIIHKUA TPOTHO3Yy (DIHAHCOBHMX YAaCOBUX PSIIB, B
pe3yibTaTi 4oro po3poOIeHU METO]| MPOJEMOHCTPYBAB OIIbIINY TOYHICTh
NOPIBHAHO 3 IHIIMMHM TiIOpUAHUMHU MOJENSIMH, OCKUIBKA pAl  JTAHUX
PO3KJIaIa€ThCS HA KOMIIOHEHTH 3 HHM3BKOIO Ta BHCOKOIO BOJIATHIIHHICTIO
(J1iH1AHY Ta HENiHIMHY), a OTXKE CyMapHa MOXHOKa MOJIeNl € HU3bKOIO.

Y TperboMy po3aijii po3rIISIHYTO 3B 30K XaOTUUYHUX JUHAMIYHUX CHCTEM Ta
yacoBuX. [IpoaHanmizoBaHO OCHOBHI MiJAXOAHW JO BU3HAYEHHS JETEPMIHOBAHOTO

Xa0Cy Ta OCHOBHI METOJIM BPaxXyBaHHS HASBHOCTI JIETEPMIHOBAHOTO XaoCy IMpHU



OLIIHIII TPOTHO3Y (PIHAHCOBOTO YacOBOTO psALy. i BUSHAYEHHS 1ICHYBaHHS XaocCy
B cUCTeMI OyJIi Ipe/ICTaBICHI YOTUPU METOMH:

e 1neperBopeHHs Dyp’e;

e 10Ka3HUK JIsnmyHOBA,;

e noka3Huk ['epcra;

e (paxTasbHa PO3MIPHICTE.

OCHOBHHM MIIXOA0M I 3aCTOCYBaHHSI TEOPIi Xaocy, a caMe JEeTEPMIHOBAHOTO
Xa0Cy, € BUKOPHCTAaHHS TEOpeMHU BKIaJeHHS TakeHca, 3TIJHO AKOi CTPYKTYpYy
Xa0TUYHOTO JETEPMIHOBAHOTO TMPOIIECY MOKHA CIPOCTUTH BUKOPHUCTOBYIOUU
pPO3OHTTS BEKTOPHOTO IPOCTOPY (x(t), o x(t+ T)). MeTon peKOHCTPYKIIii
($a30BOro MNpoCTOpy BUKOPUCTOBYETHCS ISl PEKOHCTPYKLII TOYOK (Pa3oBoro
IPOCTOPY 3 XaOTUYHHUX YACOBUX PSAIIB 3 BUKOPUCTAHHSIM PO3MIPHOCTI BKJIAJIECHHS
D Ta 4vacoBoi 3aTpuMku T. BiamoBiHO 10 METOAy PEKOHCTPYKINi (ha3oBOro
IPOCTOPY, TOYKH (Pa30BOrO MPOCTOPY BIATBOPIOIOTH KIKOYOBI XapaKTEPUCTHKU
BUXIJTHOTO 4acoBOro psay. Jns miarBep/ukeHHS €PEeKTUBHOCTI 3alpOIIOHOBAHOT
METOJUMKH B JaHOMY PO3AUI OyJIO OCTIHKEHO TpU Pi3HI KIACUYHI XAOTHYHI
gacoBux psai:, Makkes-I'nmecca, jgorictmunoro ta EHo. 3ampomoHoBaHuii MeTON
00’eTHyBaBCS 3 TEHETUYHUMH ajTOpUTMaMU IS TOKpAIEHHS pe3yibTaTiB
IIPOTHO3YBaHHs. byso mokaszaHo, 110 HOBUM METOJ NMPOTrHO3YBaHHS, MOKPALIECHUAN
3a ponomoroto GA, AeMOHCTpye BU3HAUHI pe3ysbratd. [[opiBHSIHHS pe3ysbTaTiB
3alpONOHOBAHOI METOIMKM 3 pe3yJbTaTaMH, HAaBEACHUMH B JITEpaTypi,
OOTPYHTOBYE €(EKTUBHICTh 3alIPOTIOHOBAHOTO METOIY.

Y poznini 4  gochiaKeHHO ABI TIOpUAHI MOJENI, SIKI IPYHTYIOTbCS Ha
MoJesX YacoBuUX paniB. llepma wmopaenb sBiasie coOOH0 HeENmepepBHUM Ta
HEeNHIWHUN aHanmor kiacuuHoi miHiHOT ARMA Mopemi, npyra Mojenb SBIs€E
co0o010 y3arambHeHHs kiacuyHoi LSTM welipoHHoi Mepexi 13 BpaxyBaHHSIM
JOBUIBHOT CKiHUEHHOT nepenictopii. [lepiia mozaens 6a3yeTscs HA HOBOMY METO/I
OLIIHKM MPOTHO3Y MpoLEeciB (DIHAHCOBUX PUHKIB B OCHOBI SIKOTO JIEKaTh MOJENI
CTOXaCTUYHUX Ju(depeHlIaNbHUX pIBHSAHb 13 3ami3HeHHsAM. [{nsg  oliHKuK

napameTpiB B po3poOJieHid MO/eNll BUKOPUCTAHO TEHETUYHHUI alTOpPUTM, a caMe



METOJI POI0 YAaCTUHOK, OCKIJIBKH 1€ METOJ| BUSBUBCS HAWOIIBII ONTUMAILHUM B
Halni 3aaadi. Takok BKa3aHO OJWH 13 MIAXOIB MEPEXOay BiJl ONTUMI3ALIHOT
3a/1a4i Mo Kjiacy QyHKIIH A0 MapaMeTpUYHOI ONTUMI3AIiiHO1 3a/1a4i, 1110 J03BOJIsE
3HaYHO e(eKTHBHIIIE BHUKOPUCTOBYBATH TEHETUYHI aITOPUTMH  TOUIYKY
ONTUMAJIbHUX MapaMeTpiB. OTpUMaHi TEOPETUYHI PE3yJIbTaTH MPOTECTOBAHO Ha
pea’dbHUX JaHUX 13 BUKOPUCTAHHAM JUHAMIKH TPhOX pealbHUX (HIHAHCOBHUX
nporieciB. Pe3ynbraTu TecTyBaHHS MOKa3aiH, [0 HOBA MOJIENb Kpallle allpOKCHUMYE
peainbHi (h1HAHCOBI MPOIIECH, OCKIIBKA BPaXOBYE K HEJIHIMHOCTI MOJeeH, Tak i
HEPETYJSIPHICTh MK 3aMipaMu peanbHHX mporeciB. [Ipyra monens posainy 4
JaHoi poOOTH TPHCBSYECHA OAHOMY y3araibHeHHI0O LSTM HelipoHHMX Mepex i3
BpaxyBaHHSIM JIOBXKUHU TepeaicTopii HeHpoHHOI Mmepexki. OCHOBHA BIJIMIHHICTh
Bix kinacuuHoi LSTM wmoneni abo 6aratoBumipHoro Bapianty MV-LSTM moaeni
MOJISiTa€ 'y HAsIBHOCTI Tinepnapamerpy p, SKui BioOpakae TNIMOUHY 3aJI€KHOCTI

BXiJIHOTO CUTHANY (X¢, ..., X¢41-p) Ta BUXIiAHOro curHany g(xyy;) abo B Oinbil

3arajJbHOMY BUINIAJAKY g (Xpyp) 11t h > 0.

Y BHCHOBKAax TIJCyMOBaHO OCHOBHI pe3ylbTaTH JUCEPTALIIHOIO
JOCHTIDKEHHSI. Y J0AaTKaX IMOJIaHO HAYKOBI IMyOJikailii, B SIKMX BIJOOPa’KEHO
OCHOBHI HayKOBI1 pe3yJIbTaTH pOOOTH.

Teoperuune 3HaveHHss. Pe3ynbratu poOOTH, OTpMMaHI B XOJ1 HAYKOBOIO
JOCITIJIKEHHS, € YAOCKOHAJIIEHHSAM TEOpii Y4acoBHX PsIIIB Ta TEOPil MAIIMHHOTO
HaBuaHHsA. [ligxoau, 3anmpomnoHoOBaHi y AuMcepTallii, MOXYTbh BUKOPHUCTOBYBATHUCS
JUIsl TIOJANbIIUX JOCHIKEHb y LIA Taly3l, Yy HaBYaJIbHUX Kypcax Kadeapu
NPUKIAAHOI MaTeMaTUKd Ta 1HGOpMalIMHUX TEeXHOJOTiH  YepHiBEIbKOToO
HalllOHAJIbHOTO yHIBepcuTeTy 1MeHl IOpis ®enpkoBuua (ta 1HmuUx 3BO),
MOB'SI3aHUX 3 IHTENCKTyaJbHUM aHalli30M JJaHWX, MAIIUHHUM HaBYaHHSM, Y
METOJMYHUX PO3POOKaxX, HABYAIBHUX TMOCIOHMKAX HJii OCBITHBROTO MPOIIECYy Ta
HAyKOBO-JIOCIIHOI pOOOTH CTYAECHTIB Ta acCIipaHTIB.

IlpakTuuHe 3HaveHHss. Po3poOiieHi y aucepTariitHii poOOTI aJrOpUTMH
MOXXYTh B TOAAQJIBIIOMY BHKOPHUCTOBYBATHCS ISl MPAKTHYHOTO JOCIIIKEHHS

¢diHaHcOBUX wYacoBUX psaiB. OCHOBHI pe3yJbTaTH pOOOTHM TPYHTYIOTHCS Ha



TBEP/KEHHSAX Teopii WMOBIPHOCTI, CTaTHCTUKH, XAaOTHMYHUX CHCTEM, Teopii
MAIIMHHOTO HaBYaHHS, BUMIQJKOBUX MPOIECIB Ta TEOPil YaCOBUX PSIIIB.

[IpakTU4Hy IIHHICTP POOOTH MPOITIOCTPOBAHO Ha OLIHIOBaHHI MPOTHO31B
peanbHUX (iHAHCOBUX. Pe3ynbrat poOOTH 3HANWAYTH 3aCTOCYBAHHS Y MOJABIINX
JOCIIJIKEHHAX 13 JaHOI TEMATHUKU.

KuarouoBi cioBa: croxactuuHi audepeHnianbHO-(yHKIIIOHAIBHI PIBHSHHS,
TeHEeTUYHUI aNroOpuT™M, NPOTHO3YBaHHS (PIHAHCOBHUX TMPOIIECIB, CTOXAaCTUYHA
onTUMI3aIlisg, HEWPOHHI MepexXi, OIlIHKA IapaMeTPiB, METOJl 3BOPOTHOTO
MOIIMPEHHS, YaCOB1 PAJIY, IITYYHUH 1HTENEKT, MAITMHHE HABYAHHS, MOJICITIOBAHHS
(GOHAOBUX 1HAEKCIB, 4YacOBUM psia (IHAHCOBUX JaHUX, OpraHizaliiiHa Kapra

KOXOHCHa, aJallITUBHaA Heﬁpo-HeqiTKa CUCTCMAa BUBOAY, OI_IiHKa TTOXHOKH.

ABSTRACT

Tokarieva K.A. Hybrid and ensemble machine learning methods and models
for forecasting financial time series. — Qualification scientific work in the form of a
manuscript.

Dissertation for the degree of Doctor of Philosophy in speciality 113 —
Applied Mathematics. — Yuriy Fedkovych Chernivtsi National University,
Ministry of Education and Science of Ukraine, Chernivtsi, 2024.

The dissertation is devoted to the construction of hybrid algorithms based on
methods and models of machine learning and classical time series algorithms.

The results of the thesis are the basis for further theoretical and practical
research developments in the study of hybrid forecasting algorithms for financial
time series.

The thesis consists of an introduction, four chapters, conclusions, a list of
references and an appendix.

The introduction substantiates the relevance of the research topic,
formulates the purpose, objectives, subject, object and methods of the research,
indicates the scientific novelty, theoretical and practical significance of the results

obtained, analyses the relationship of the work with scientific research and the



personal contribution of the applicant, and provides information on the testing and
publication of the main results of the dissertation. The structure and scope of the
dissertation are described.

The first chapter reviews the scientific literature in the main areas of
research on time series in general and financial time series in particular, considers
key information on time series theory and machine learning methods, describes the
main research areas and identifies the tasks that time series theory deals with,
including the main problems of building a forecast for financial time series. A
detailed overview of the main classical algorithms for building a forecast for a time
series is provided, including their scope of application. The chronology of the
development of time series theory and conditional periods of model complexity are
analysed in detail. The second section of this chapter discusses the main models of
artificial intelligence and machine learning for time series analysis, describes the
topologies of neural networks that will be used in the construction of hybrid
algorithms.

In the second chapter, the author investigate hybrid models in which the
main process is estimated on the basis of a time series model. Model residuals are
estimated on the basis of neural networks. The use of this approach allowed us to
extend the use of classical time series models to the case of the absence of
homoscedasticity in the residuals and the absence of non-smoothness of the time
series residuals. The man results are:

e time series of stock indices contain both linear and non-linear components,
and therefore, a linear ARIMA model and a non-linear ANN model alone
cannot provide an accurate estimate of such time series;

e a hybrid model of an autoregressive moving average model and an artificial
neural network for forecasting time series of stock indices is developed;

e it is proved that if the time series is strictly stationary, the ARIMA model is
more adequate for Gaussian series in the developed hybrid model$

e a comparative analysis of the proposed algorithm with classical algorithms

for estimating the forecast of financial time series is carried out, as a result



of which the developed method demonstrates greater accuracy compared to
other hybrid models, since the data series is decomposed into components
with low and high volatility (linear and nonlinear), and therefore the total
error of the model is low.

The third chapter considers the relationship between chaotic dynamical
systems and time series systems. The main approaches to the definition of
deterministic chaos and the main methods of taking into account the presence of
deterministic chaos when assessing the forecast of a financial time series are
analysed. Four methods are presented to determine the existence of chaos in the
system:

e Fourier transform;

e Lyapunov exponent;

e Hurst exponent;

o fractal dimension.

The main approach to the application of chaos theory, namely deterministic
chaos, is to use the Tuckens embedding theorem, according to which the structure
of a chaotic deterministic process can be simplified by using a partition of the
vector space (x(t), o x(t+ T)). The phase space reconstruction method is used
to reconstruct phase space points from chaotic time series using the embedding
dimension D and time delay T. According to the phase space reconstruction
method, the phase space points reproduce the key characteristics of the original
time series. In order to confirm the effectiveness of the proposed methodology,
three different classical chaotic time series were studied in this section: McKay-
Glass, logistic and Eno. The proposed method was combined with genetic
algorithms to improve the forecasting results. It was shown that the new
forecasting method improved with GA demonstrates outstanding results.
Comparison of the results of the proposed method with the results reported in the
literature substantiates the effectiveness of the proposed method.

In chapter four, the author examibes two hybrid models based on time

series models. The first model is a continuous and nonlinear analogue of the



classical linear ARMA model, while the second model is a generalisation of the
classical LSTM neural network with an arbitrary finite backwardation. The first
model is based on a new method of estimating the forecast of financial market
processes based on stochastic differential equation models with a delay. A genetic
algorithm, namely the particle swarm method, was used to estimate the parameters
in the developed model, as this method proved to be the most optimal for our
problem. The article also presents one of the approaches to the transition from a
function class optimisation problem to a parametric optimisation problem, which
allows a much more efficient use of genetic algorithms to find optimal parameters.
The theoretical results obtained are tested on real data using the dynamics of three
real financial processes. The test results show that the new model better
approximates real financial processes, as it takes into account both the non-
linearity of the models and the irregularity between measurements of real
processes. The second model in chapter 4 of this paper is dedicated to a
generalisation of LSTM neural networks, taking into account the length of the
back-propagation of the neural network. The main difference with the classical
LSTM model or the multivariate variant of the MV-LSTM model is the presence
of the hyperparameter p, which reflects the depth of dependence of the input signal

(x¢, .-, Xe11-p) @nd output signal g(x,.1) or in a more general caseg(x;.p) s

h > 0.

The conclusions summarise the main findings of the thesis research, and the
appendices contain scientific publications that reflect the main scientific findings
of the thesis.

Theoretical significance. The results obtained in the course of the research
improve the theory of time series and machine learning. The approaches proposed
in the thesis can be used for further research in this area, in the courses of the
Department of Applied Mathematics and Information Technologies of the Yuriy
Fedkovych Chernivtsi National University (and other universities) related to data
mining, machine learning, in methodological developments, textbooks for the

educational process and research work of students and postgraduates.



Practical significance. The algorithms developed in this thesis can be
further used for practical research on financial time series. The main results of the
thesis are based on probability theory, statistics, chaotic systems, machine learning
theory, random processes and time series theory.

The practical value of the work is illustrated by evaluating forecasts of real
financial markets. The results of the work will be used for further research on this
topic.

Keywords: stochastic differential functional equations, genetic algorithm,
financial forecasting, stochastic optimisation, neural networks, parameter
estimation, back-propagation, time series, artificial intelligence, machine learning,
stock index modelling, financial time series, Kohonen chart, adaptive neuro-fuzzy

inference system, error estimation.
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