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HuceprariitHa po6oTa MpUCBsiYeHa MOOYI0BI CaMOaIalITUBHUX aJTOPUTMIB 3a
JIOTIOMOTOI0 CyMIIIel PO3MOJIIIB Ha OCHOBI PO3IIMPEHOTO AJITOPUTMY €BOJIIOIIIAHOT
ctpaterii 3 amanTaiiero kopapiamiinoi Matpuii (CMA-ES) ans omiHky mapameTpiB
CKJIaIHUX CHUCTEM.

PesynbpraTu aucepraniifHoi poOOTH € MIAIPYHTSIM JUIsl MOJANBIINX TEOPETUUHHUX
1 IPaKTUYHUX HAYKOBUX PO3POOOK y JOCIIIKEHHI TEOP1i EBOTIOLUIMHUX aJITOPUTMIB Ta
PO3B’sI3aHHI ONTUMI3AIIHHUX 3a/1a4.

Hucepraiiisi ckiiaaeTbCsa 13 BCTYMY, TPbOX PO3JUTB, BHCHOBKIB, MEPEIIKY
BUKOPHUCTAHUX JDKEPET Ta JOJATKY.

Y Beryni OOrpyHTOBAHO aKTyallbHICTh TEMHU JOCTIHKEHHS, C(POpMyIIbOBaHO
METY, 3aBJaHHS, PEAMET, 00’ €KT Ta METOAM AOCIIIPKEHHS, BKa3aHO HAYKOBY HOBHU3HY,
TEOPETUYHE Ta MPAKTHUYHE 3HAYEHHSI OTPUMAHUX PE3YJIbTATIB, IPOAHAIII30BAHO 3B’ 30K
poOOTH 3 HAYKOBHMH JIOCTIDKEHHSIMHM Ta OCOOMCTHM BHECOK 3700yBada, a TaKOX
HABEJICHO B1OMOCTI PO anpoOaiio Ta myOsikaiii OCHOBHUX pe3yJbTaTIB AUCEPTALlii.
OnucaHo CTPyKTypy Ta 0OCAT AUCEPTaLiifHOI POOOTH.

Y nepmiomy po3aiai 311MICHEHO OIJISII HAYKOBOI JIiTepaTypu, MPUCBSUCHOI
OCHOBHHMM HampsMKaM JIOCHI/I)KEHb €BOJIOLIMHUX aJrOPUTMIB, PO3IVIIHYTO KIIIOYOBI
B1JIOMOCTI 3 TeOpii CKJIQTHUX MEPEK, HABSACHO OIMMC OCHOBHUX HANPSMIB JOCTIKCHD
Ta BHU3HAYEHO 3aBJAHHS, SKUMU 3alMa€TbCsl TEOpPis EBOMIOLIAHUX aJTOPUTMIB.
[IpoBeneHo neTalibHUM OIJISi[, OCHOBHMX T€HETHYHUX QJITOPUTMIB Ta €BOJIOLIMHOL
CTparerii, 30kpeMa, a TakoX ix cdepu 3acrocyBanHs. JleTalbHO TIPOaHai30BaHO

XPOHOJIOT1I0 PO3BUTKY METAE€BPECTHUUHMX aJTOPUTMIB JJISI ONTUMI3AIli CKJIQJHHUX



cucteM. Y TEpUIOMY MYHKTI pO3aiay | pO3IIsHYTO ICHYIO4I METOIM ONTHUMI3alii
napaMeTpiB HEHPOHHMX MepeX Ha 0a3i TeHeTHUYHUX aIrOpUTMIB, €Tamu poOOTH Ta
MaTeMaTHUYHa MOJIE]b T'€HETUYHOTO AJITOPUTMY. Y APYyromy IyHKTI 3pOOJI€HO OIS
€BOJIIOLIIMHOT CTpaTerii 3 ajanTalli€ro KoBapiamiifHOi MaTpHIli, sIK OJHOTO 3 MOTY>KHUX
aJITOPUTMIB ONTHMI3allii, 110 BUKOPUCTOBYETHCS JIJIs1 PO3B’SI3yBaHHS 33Ja4 CKJIAIHUX
cucteM. [IyHKT Tpu BimoOpaxkae OrJisi/l IHIIUX €BOJIIOIIHHUX aJrOpUTMIB ONTHMI3allii,
iX MaTeMaTU4Hi MoJiesi Ta cepu 3aCTOCYBAHHSI.

Y npyromy po3aiii 3anporOHOBAaHO PO3LIMPEHUNA caMOaJalTUBHUI aJrOpUTM
CMA-ES nns onTtumizarii Ha 00JacTsX 3 OOMEXKEHHSIMH. AJITOPHUTM BpPaXOBYE
OOMEKEHHS Ta BUKOPHCTOBYE JIMILE OJHOIIKOBI PO3MOJLIM Ta LIbOBI QyHKIII. BiH
edeKTUBHUHN JUIsl 0aratbox 3ajad, ajge Moke OyTH HeePEeKTUBHHM JUis (YHKIIHA 3
BEJIMKOIO  KUIBKICTIO €KCTpEMyMIB. 3arajioM, MOJU(]IKOBAHUN aJITOPUTM €
NEPCIIEKTUBHUM IS 3a/1a4d ONTHUMI3Alli] 31 CKIaJHUMU OOMEKEHHSIMHU Ha MOBEAIHKY
nimpoBoi  GyHkmii. Takox y JapyromMy po3nuii  po3poOJieHO  MOKpalleHHM
camoanantuBHuil anroput™ CMA-ES nns ontumi3zarii mapaMeTpiB CKIQIHUX CUCTEM,
30KpeMa HEUPOHHUX Mepex. AJTOPUTM BIAPIZHAETHCS BIJl KIACUYHUX TUM, IO
JUHAMIYHO MIJJIAIITOBYE KUIBKICTh MIKIB Y CyMIIIl PO3MOAUTIB MiJl 4YaC BUKOHAHHS,
YHHUKAIOYH 3aiiBUX OOUYUCIICHb.

OCHOBHI XapaKTEpUCTHKHU Ta MEPEBAru ajiropuTMy:

- CaMOAJaNTUBHICTh: AJTOPUTM MIAJAIITOBYETHCA IiJ] KOHKPETHY 3ajauy,
3MIHIOIOYH PO3MIPHICTH CYMIIlll PO3IMO/ILTIB.

- YHIBEpPCAJBHICTh: MOXE BUKOPUCTOBYBATHUCH 13 PI3HUMHU THUIIAMU PO3MOiTIB
Ta 3aCTOCOBYBATUCH JI0 THIIMX €BOJIIOLIMHUX anroputmiB. IIpu mpomy Big 6a30Boro
PO3MOILUTY BUMAraThCs JIUIIE OTHOMIKOBICTb.

- e(eKTUBHICTh: J03BOJII€E YHUKHYTH 3aBUX OOUYMCIIEHB IIIbOBOI (PYHKIIII.

- OOIpyHTOBAHICTh: QJANTUBHICTh 0a3ye€ThbCsi Ha METOJaX BHU3HAUYCHHS

ONTUMAJIBHOI KUIBKOCT1 KJIACTEPIB B KJIACTEPHOMY aHAII31.



PosrnsanyTo Moaudikaiito anroputMmy Ais 3a1ad 3 OOMEeXEeHHSIMH Ha 00JIacTh
nomryky. Bona BpaxoBye 0OMeXeHHSI Ta BUKOPUCTOBYE JIUIIE OJHOMIKOBI PO3MOILIH.
s monmdikariis edekTUBHA JIJIs1 0araThoX 3aj1ay, ajge Moxe OyTH Hee(EKTUBHOO IS
(GYHKIIIH 3 BETMKOIO KIJTBKICTIO €KCTPEMYMIB.

3arasioM, 3amnpomoHOBaHWK camoaganTuBHuil  amroputm CMA-ES €
MEPCIIEKTUBHUM 1HCTPYMEHTOM ISl €PEKTUBHOT ONTHUMI3alllil CKJIJIHUX CUCTEM, SIK 31
CTaHJIAPTHUMH, TaK 1 3 0OMEKEHUMH OOJACTSIMU MOIIYKY.

B zaransnomy posmmpenuit CMA-ES anroputm € eekTUBHUM 1HCTPYMEHTOM
JUIsl ONITUMI3AIli CKJIQJHUX HENTIHIMHUX Ta HEOMyKJIMX 3a/1ad. BiH Mae psj nepeBar
nepen knacndauM CMA-ES, Takux sik:

- 3JaTHICTh BPaXxOBYBaTH MYJIbTUMO/JIAJIbHI IIIJIbOBOT (PYHKIIIT;

- 30UIbILIEHHA IIAHCIB HA 3HAXOKEHHS IJ100aJbHOTO ONTUMYMY B IOPIBHAHHI
13 KJIACHYHUMHU €BPUCTUYHUMU aJITOPUTMaMU;

- Okl e(pEeKTUBHUI MOIIYK TileprapaMeTpiB CKIATHUX CUCTEM.

Onnak posmmpennit CMA-ES anroputM Ma€e OIWH ICTOTHUNA HEIONIK —
HEOOXITHICTh 3a/laBaTH PO3MIPHICTH cyMimii. /laHui mapameTp Mo»e BIUTMBATH Ha
e(eKTUBHICTh AJITOPUTMY, OCKIJIBKH 3aHAJTO MaJia PO3MIPHICTH MOKE MPU3BECTH IO
TOTO, 110 AJITOPUTM HE 3MOXKE BpaxyBaTH BCl €KCTPEMYMH LILJILOBOI PYHKIIII, a OTXKe
MIPU3BOJAMUTH JIO TMOBUILHOI 301’KHOCTI. 3 1HIIIOTO K OOKY, 3aHAJATO BEJIMKA PO3MIPHICTh
MO>Ke 30UIBIINTH Yac pOOOTH aITOPUTMY.

VY uunomy, posmupenuit CMA-ES anropuTm € noTy>KHUM 1HCTPYMEHTOM ISt
ONTHUMI3allii, IKHI MOKe OyTH KOPUCHUM JIJIs BUPIIIEHHS 3371a4 3 MYJIbTUMOJIaJIbHUMU
ITbOBUMH (DYHKIIISIMU.

Y TperboMy PoO3AiJii PO3MIISIHYTO 3a7a4y MOIIYKY ONTHMAIbHOTO KEpyBaHHS
JUISl TAHAMIYHUX CHCTEM, M0 OMHUCYIOThCS CTOXACTUYHUMHU JU(EpeHIN aTbHUMU
piBHSHHAM ITO 13 MyacCOHIBCHKMMHU 30ypEHHSIMU Ta MApPKOBCHKUMH NEPEMUKAHHIMHU.
B manomy po3zini HEBEIEHO JOCTaTHI YMOBH CHHTE3Y ONTUMAILHOTO KEPYBAHHS IS

CTOXaCTUYHOI JUHAMIYHOI CHCTEMH BHUIIAJKOBOI CTPYKTYpPHU 3 IIyacCOHIBCHKUMH



30ypEeHHSIMU Ta MAPKOBCHKUMU MIEPEMHUKAHHSIMH, TPHUIOMY KEpYBaHHS CIIPSIMOBaHE Ha
cTal1iIi3alliio CUCTEMU 3a HMOBIpHICTIO. JIOCTaTHI YMOBH aCUMITOTHYHOI CTIMKOCTI 32
HMOBIPHICTIO OTPUMaHi 3a JOTIOMOT'00 IPYyroro Meroay JIsSsmyHoBa, B SIKOMY BaKJIUBY
poJIb Bizirpae moOymoBa BiamoBinHux GyHKIin JismyHosa. Takox HaBeACHO 3arajbHy
CXEMYy  JIOCIIIKEHHS 3a7a4l  OONTHMAJbHOI crabum3amii Uit CTOXAaCTUYHUX
nrdepeHrianbHUX PIBHSIHDb BUIIAIKOBOI CTPYKTYPH.

Jnis niH1HOT cHCTeM 3 KBaIpaTHUYHUM (DYHKI[1I0HAJIOM SIKOCT1 pO3p00IEHO METOT
CUHTE3Y ONTUMAJIBHOT'O KEPYBAaHHS Ha OCHOBI PO3B’sA3KY piBHsHBb Pikkati. Takox, s
aBTOHOMHHMX CHCTEM NOOyAOBaHO cucTeMy  Ju(depeHUIaJbHUX pIBHSAHb s
OTPUMAaHHS HEBIJJOMHX MATPHIIb, IKi BHKOPUCTOBYIOTHCS JIJIS 3aJaHHS ONMTHMAIBHOTO
kepyBanHd. llle oauH miaxiJ CHUHTE3Y ONTHUMAJIBLHOTO KEPYBAHHS TPYHTYThCS Ha
METO/I1B MaJIOTO MapaMeTpy 13 MOCII1IOBHUM BU3HAYCHHSIM KOS(DII[IHTIB ONTUMAJIBHOTO
kepyBanHa. llel miaxig NpomoHye HOBE BHUPIMIEHHS MPOOJIEMHU ONTHUMAIBHOI
KEpyBaHHA ISl CTOXAaCTUYHOI JUHAMIYHOI CHUCTEMH 3 BUIMAJKOBOIO CTPYKTYPOIO Ta
MapKOBCBKUMHU MEpeKItoYeHHIMHU. KpiM TeopeTUYHUX 3100yTKIB, Y TPETHOMY PO3ALII
PO3IIIIHYTO TOPIBHSJIBHUN aHaNi3 KIACUYHUX EBPUCTUYHHX QJITOPUTMIB TOUIYKY
ONTUMAJIbHUX KEpYyBaHb JJIsl PI3HUX 3HAYEHb TOPU30HTY MPOOJEMHU ONTHUMI3aLlli.
BimgznadueHo psin mepeBar Ta HemoidikiB HOBoro posmupeHoro CMA-ES anroputmy,
OCHOBHI 3 SIKUX CTOCYIOTBCSI CEpJHBOI KITBKOCTI BHUKJIMKY IIUJIbOBOI (DYyHKII Ta
TOYHOCTI CyOONTUMAIBbHUX PO3B’A3KIB.

Y BHCHOBKAX IIiJICYMOBAaHO OCHOBHI  pe3yJlbTaTd JUCEPTAIIHHOTO
JTOCHIKEHHS. Y M0JaTKAaX M0JIaHO HayKOB1 IMyOJTiKallii, B IKMX B1JI0OpaKe€HO OCHOBHI
HAyKOBI PE3yJIbTaTH pOOOTH.

Teoperuune 3HaveHHs. Pesynmbrat poOOTH, OTpUMaHI B XOJlI HAYKOBOTO
JTOCHIDKCHHS, € YIOCKOHAJIGHHSIM  Teopli eBoJomiiHux anroputmib. [liaxomwu,
3apOTNIOHOBAHI Y JHCepTallii,  MOXYTh BUKOPHUCTOBYBATHUCS [JISl TOMAJBIITUX
JOCITIJIKEHbB Y 111} Tally3l, y HaBYAJIbHUX Kypcax Kadeapu MPUKIaTHOT MATEMATHKHU Ta

1H(popMaIIiHUX TeXHOJO0T1 UepHiBEbKOro HAI[IOHAJIBHOTO YHIBepcUuTeTy iMeHi FOpis



®enproBuya (Ta iHmMx 3BO), moB's3aHMX 3 IHTENEKTyalbHUM AaHANI30M JaHUX,
MaIlTMHHUM HaBYaHHSM, Y METOJUYHHX pO3poOKaxX, HABUYAIBHUX MOCIOHMKAX IS
OCBITHBOT'O MPOIIECY Ta HAYKOBO-IOCIIIHOT pOOOTH CTYACHTIB Ta acipaHTIB.

IIpakTnune 3Ha4veHHsi. Po3polieHi y aucepraiiiiHiii poOOTI anroputMu
MOXYTh B TOJAJBIIOMY BHUKOPHUCTOBYBATUCSA MJIA MPAKTUYHOTO JOCIIIKEHHS
CKIaaHUX MepeK. OCHOBHI pe3ybTaTH POOOTH IPYHTYIOTHCSI Ha TBEPKEHHSAX TEOPii
HMOBIPHOCTI, T€Opii MaTMHHOTO HAaBYaHHsI, BUMAIKOBUX MPOIIECIB Ta MeTOay MoHTe-
Kapo.

OtpuMani pe3ynbTaTH AUCEpTallli 30aradyroTb 1 METOAU EBOJIOLINHUX
aJITOPUTMIB, 1 TEOPIIO MAIITMHHOI'O HABYaHHS, 30KpeMa METOU Ta MiAX01 BUPIIICHHS
npoOeMu OnTUMI3AIliil TineprnapaMeTpiB HEHPOHHUX MEpPEX Ta IHIIUX CKIAQTHUX
cucteM. [IpakTU4HY IIHHICTH pOOOTH MPOLTIOCTPOBAHO HA OI[IHIOBAHHI ONTUMAJIBHOTO
KEepyBaHHSA JIJIsI CTOXaCTHYHUX JUdepeHIliaIbHUX CUCTEM [TO BUITAIKOBOI CTPYKTYPH.
PesynpTaTti po0OOTH 3HAWAYTH 3aCTOCYBaHHS y MOJANBIIMX JOCIIHKEHHSIX 13 JaHOI
TEMAaTHKH.

Kuro4uoBi cjioBa: HElpOHHI MeEpexi, MAlIMHHE HABYAHHS, CYMIIl PO3MOITIB,
ONTHUMi3alis rinepnapaMmeTpiB, KopapiamiiiHa wmatpuus, CMA-ES anropurwm,
MOJICIIIOBAHHS, alTOPUTMHU KJacTepu3allii, ONTUMI3alliiiHa 3ajada, TEeHETUYHHM
QJITOPUTM, METOJI POIO0 YaCTOK, BUMAJKOBE OTOUYCHHS, BUIMAJIKOBE OJIyKaHHS, CHCTEMa
CTOXaCTUYHUX JU(depeHIlaTbHUX PIBHSIHb, MAPKOBCHKI EPEMHUKAHHS.

ABSTRACT

Litvinchuk Yu.A. Construction of self-adaptive algorithms based on neural
networks. — Qualifying scientific work with manuscript rights.
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The dissertation is devoted to the construction of self-adaptive algorithms using

mixtures of distributions based on the extended algorithm of the evolutionary



adaptation strategy based on the covariance matrix (CMA-ES) for estimating the
parameters of complex systems.

The results of the dissertation work are the basis for further theoretical and
practical scientific developments in achieving the theory of evolutionary algorithms
and solving optimization problems.

The dissertation consists of an introduction, three chapters, conclusions, a list of
used sources and appendix.

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, analyzes the connection of
the work with scientific research and the personal contribution of the recipient, and also
provides information about the approval and publication of the main results of the
dissertation. The structure and scope of the dissertation work are described.

In the first chapter, a review of the scientific literature devoted to the main areas
of evolutionary algorithm research is carried out, key information from the theory of
complex networks is considered, a description of the main areas of research is given,
and the tasks that the theory of evolutionary algorithms deals with are defined. A
detailed review of the main genetic algorithms and evolutionary strategy, in particular,
as well as their scope of application, is carried out. The chronology of the development
of metaheuristic algorithms for the optimization of complex systems is analyzed in
detail. In the first point of section I, the existing methods of optimization of parameters
of neural networks based on genetic algorithms, the stages of work and the
mathematical model of the genetic algorithm are considered. In the second point, an
overview of the evolutionary strategy with the adaptation of the covariance matrix is
made, as one of the powerful optimization algorithms used to solve the problems of
complex systems. Point three reflects an overview of other evolutionary optimization

algorithms, their mathematical models and areas of application.



In the second chapter, an extended self-adaptive CMA-ES algorithm for
optimization on constrained domains is proposed. The algorithm takes into account the
constraints and uses only single-peak distributions and objective functions. It is
efficient for many problems, but may be inefficient for functions with a large number
of extrema. In general, the modified algorithm is promising for optimization problems
with complex constraints on the behavior of the objective function. Also, in the second
chapter, an improved self-adaptive CMA-ES algorithm is developed for optimizing the
parameters of complex systems, in particular neural networks. The algorithm differs
from classical ones in that it dynamically adjusts the number of peaks in the mixture of
distributions during execution, avoiding unnecessary calculations.

The main characteristics and advantages of the algorithm:

- self-adaptability: the algorithm adapts to a specific task by changing the
dimension of the mixture of distributions.

- versatility: can be used with different types of distributions and applied to other
evolutionary algorithms. At the same time, only single-peakedness is required from the
basic distribution.

- efficiency: avoids unnecessary calculations of the objective function.

- reasonableness: adaptability is based on methods of determining the optimal
number of clusters in cluster analysis.

The modification of the algorithm for problems with restrictions on the search
area is considered. It takes into account the constraints and uses only single-peak
distributions. This modification is effective for many problems, but may be inefficient
for functions with a large number of extrema.

In general, the proposed self-adaptive CMA-ES algorithm is a promising tool for
efficient optimization of complex systems with both standard and restricted search

domains.



In general, the extended CMA-ES algorithm is an effective tool for the
optimization of complex nonlinear and non-convex problems. It has a number of
advantages over the classic CMA-ES, such as:

- the ability to take into account multimodal objective functions;

- increasing the chances of finding the global optimum in comparison with
classical heuristic algorithms;

- more effective search for hyperparameters of complex systems.

However, the extended CMA-ES algorithm has one significant drawback — the
need to specify the dimension of the mixture. This parameter can affect the efficiency
of the algorithm, because too small a dimension can lead to the fact that the algorithm
will not be able to take into account all extrema of the objective function, and therefore
leads to slow convergence. On the other hand, too large a dimension can increase the
running time of the algorithm.

Overall, the extended CMA-ES algorithm is a powerful optimization tool that
can be useful for solving problems with multimodal objective functions.

In the third chapter, deals with the problem of finding optimal control for
dynamic systems described by the stochastic Ito differential equation with Poisson
disturbances and Markov switches. This section does not present sufficient conditions
for the synthesis of optimal control for a stochastic dynamic system of a random
structure with Poisson disturbances and Markov switches, and the control is aimed at
stabilizing the system by probability. Sufficient conditions for asymptotic stability in
terms of probability are obtained using the second Lyapunov method, in which the
construction of the corresponding Lyapunov functions plays an important role. The
general scheme of the study of the problem of optimal stabilization for stochastic
differential equations of a random structure is also given.

For linear systems with a quadratic quality function, a method of synthesis of
optimal control based on the solution of Riccati equations has been developed. Also,

for autonomous systems, a system of differential equations was built to obtain unknown



matrices, which are used to specify optimal control. Another approach to the synthesis
of optimal control is based on small parameter methods with sequential determination
of optimal control coefficients. This approach offers a new solution to the optimal
control problem for a stochastic dynamic system with a random structure and Markov
switches. In addition to theoretical achievements, the third chapter deals with a
comparative analysis of classical heuristic algorithms for finding optimal controls for
different values of the horizon of the optimization problem. A number of advantages
and disadvantages of the new extended CMA-ES algorithm are noted, the main of
which relate to the number of calls to the objective function and the accuracy of
suboptimal solutions.

The main results of the dissertation research are summarized in the conclusions.
The appendix presents scientific publications that reflect the main scientific results of
the work.

Theoretical significance. The results of the work obtained in the course of
scientific research are an improvement of the theory of evolutionary algorithms. The
approaches proposed in the dissertation can be used for further research in this field, in
educational courses of the Department of Applied Mathematics and Information
Technologies of the Yuriy Fedkovich Chernivtsi National University (and other higher
educational institutions), related to intellectual data analysis, machine learning, in
methodological developments , teaching aids for the educational process and research
work of students and graduate students.

Practical meaning. Algorithms developed in the dissertation can be used in the
future for practical research of complex networks. The main results of the work are
based on the statements of the theory of probability, the theory of machine learning,
random processes and the Monte Carlo method.

The obtained results of the dissertation enrich the methods of evolutionary
algorithms and the theory of machine learning, in particular the methods and

approaches of solving the problem of hyperparameter optimization of neural networks



and other complex systems. The practical value of the work is illustrated by the
estimation of optimal control for stochastic differential 1to systems of random structure.
The results of the work will be used in further research on this topic.

Keywords: neural networks, machine learning, mixture of distributions,
optimization of hyperparameters, covariance matrix, CMA-ES algorithm, modeling,
clustering algorithms, optimization problem, genetic algorithm, particle swarm method,
random environment, random walk, system of stochastic differential equations, Markov

switching.



