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Kpuxyn B. A. Meton Ta mporpamHi 3aco0u 1HTEpIIpeTallii MoJeieil MallTuHHOTO
HaBYaHHS HENIHIMHUX JuHaMivHUX 00’€kTiB. — KBamidikarmiiina HaykoBa mpailsi Ha
paBax pyKOIHCY.

Hucepraitis Ha 3100yTTS HAyKOBOIO CTyIEHS JOKTopa ¢inocodii 3a
cnemianbHicTiIO 121  [mkenepis mnporpamHoro 3abe3nedeHHs. — HamionansHui
yHiBepcuTeT «Onecbka nomirexHika» MiHicTepcTBa OCBITH 1 Hayku Ykpainu, Oxeca,
2024.

PoboTy mpuCBAYE€HO BHPIMIEHHIO aKTyaJlbHOI HAYKOBO-NPAKTUYHOI 3a]adi, sKa
MOJIATa€ 'y CTBOPEHHI METOAY IHTEpHpeTamii MOJEIed MAaIIMHHOTO HaBYaHHS
HETIHIMHUX JUHAMIYHUX OO0 €KTIB 3 HEMEPEePBHUMH XapaKTEPUCTHUKAMU Ta HOTO
3aCTOCYBAaHHIO y BUIJISII MPOTPAMHO-aJITOPUTMIYHUX 3aco0iB  ifieHTUdIKAIi SK
CKJIQJIOBOi YACTUHU 1HTEJIEKTYaIbHUX CUCTEM.

AKTYaJbHICTh TEMHU JOCIIKECHHS BHU3HAYAETHCS HASBHUM MPOTUPIYYSIM MIK
CTaJIUM YCKJIaJHEHHSIM MOJIeJIel MallIMHHOTO HaBYaHHSI MPU 1IeHTU(IKAIT HeTIHIMHIX
AMHAMIYHUX 00’ €KTIB TUIY «4OpHA CKPHHS», 3 OJJHOT'0 OOKY, Ta 3pOCTaHHIM TPYIHOIIIIB
IHTEeprpeTauli HUX MOJENEH JIOIMHOI — 3 1HImoro 00Ky. BecraHoBieHe npoTupivys
JOJIAETBCS 3 3aCTOCYBAHHSAM METOAY IOOYJOBU CYpOraTHUX MOJENEeH Yy BHIJISAAIL
HEMapaMeTPUYHUX JUHAMIYHUX MOJIECIEH Ha OCHOB1 IHTETPO-CTETICHEBUX TOJIHOMIB
Bonbteppu, 1o 103BOJIIE€ COPOCTUTH CTPYKTYPY CYPOTaTHHX MOJEJEH Ta, 3aBISKU
ypaxyBaHHIO HEIIHIWHUX Ta JUHAMIYHUX BIJIACTUBOCTEH MoOJIeTIed MAIIMHHOTO
HABYaHHS, MJBUIUTH TOYHICTD 1IEHTU(DIKAIIT CypOraTHUX MOJIENEH.

MeTo0 podOTH € TIABUIIEHHS TOYHOCTI CypOraTHHUX MoOJeNed IUIIXOM
PO3BUTKY METOJy IHTeprpeTalii MoJeleldl MaIlMHHOTO HaBYaHHS HENIHIHHUX
IUHAMIYHUX O0’€KTIB 3a JOMOMOrOI0 HEMapaMEeTPUYHHX IUHAMIYHUX MOjeJed Ha
OCHOB1 1HTErPO-CTENEHEBUX TMOJIHOMIB BombTeppu Ta peanizailii 3amponoOHOBAHOIO
METONY Yy BUIJIAI MPOrpaMHO-JITOPUTMIUYHUX 3ac00IB 17eHTU(IKaLli HenepepBHUX

00’€KTIB y CKJIaJ(l IHTEJIEKTyaJIbHUX CUCTEM.
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JIns noCSITHEHHS BKa3aHOI METH JIOCIIKEHHS B pOOOTI ITOCTABJICHO 1 PO3B I3aHO
TaKl 3aaaui:

— BUKOHAHO aHaJi3 ICHYIOYHMX METOIB IHTEpHpeTarlii Mojenell MalluHHOTO
HAaBUYAaHHS HEMEPEPBHUX HEIIHIMHUX JAUHAMIYHMX OO0’€KTIB, BHU3HAYeHO 0a30Bi
npoOJIeMH 1HTEpIpeTaIlii HeHpoMepeKEeBUX MOoJIeIel; 0OTPYHTOBAHO BUOIpP HAIIPSMKY
JOCIIJDKEHh B 00J1acTi MOOYTOBM CYpOTraTHUX MOJEIed y BHUIJISAl IHTETpalbHUX
HeMapaMeTPUYHUX JTMHAMIYHUX MOJIENEH Ha OCHOBI 1HTErpO-CTETNIEHEBUX IOJIHOMIB
BonbsTeppu 11t aHAITUYHOTO ONUCY HEMHIMHUX TUHAMIYHUAX 00’ €KTIB;

— 3alPOMIOHOBAHO BUKOPHWCTAHHS HEMAPAMETPUYHHUX JIWHAMIYHHX MOJEIeH Ha
OCHOBI THTErPO-CTETICHEBUX TMOJIIHOMIB BOIbTEppH B SKOCTI CypOraTHUX MOJAENEH st
iHTepnpeTallii HeUPOHHUX MEPEX 3 YaCOBUMH 3aTPUMKAaMH; BCTAHOBJIEHO 3B’SI30K B
AHATITUYHOMY BUTJIA/I MDK HEHPOHHMMU MeEpeXaMu 3 YaCOBHMH 3aTPUMKAMH Ta
HEMapaMeTPUYHUMU JMHAMIYHUMH MOJICISIMH  Ha OCHOBI 1HTETPO-CTEIEHEBHUX
noJjiiHoMiB BosbTeppu A MiABUIIEHHS TOYHOCTI CypOraTHUX MojeNield HenepepBHUX
HEJIHIMHUX TUHAMIYHUX 00’ €KTIB;

— PO3BUHYTO METOJ] iHTEpTpeTallii HeHPOHHUX MEPEK 3 YACOBUMH 3aTPUMKAMMU
IUIIXOM MOOYIOBH CYpOraTHUX MOJENEeW y BUIJISJl HEemapaMeTpUYHUX AMHAMIYHHUX
MoOJIeJIell Ha OCHOBI1 IHTETPO-CTENEHEBUX MOIIHOMIB BonbTeppu A1 onucy HelHIMHUX
JMHAMIYHHUX 00’ €KTIB 13 3a0€3MEUCHHIM MPUUHATHOI TOYHOCTI MOJIETIOBAHHS,

— po3pobieHo iHpOpMAIiHHY TEXHOJIOTII0 1HTEepIpeTaIii MoACIeH MaIIMHHOTO
HABYaHHS HEMHIMHUX JAUHAMIYHUX OO0 €KTIB, M0 TPYHTYEThCS Ha BUKOPUCTaHHI
HEHPOHHOI MEPEXKI 3 YACOBUMH 3aTPUMKaAMU JIJIS 1CHTH(IKAIT HETMHIMHOT JMHAMIYHOT
Mozen 00’€KTa 3a JTaHUMHM EKCIIEPUMEHTY «BXIJ—BHXIJl» Ta MOOYAOBU CypOTaTHOL
MozeNiell y BUIJISAI HEMapaMeTPUYHHMX JMHAMIYHHMX MOJENe Ha OCHOBI IHTErpo-
CTENEHEBUX TONMiHOMIB BonbTeppu 13 3a0e3NeUeHHSIM MPUHHSATHOI TOYHOCTI
MOJIENIIOBaHHS JJIsl IHTEepIIpeTallii HeHPOHHOT MEPEXi;

— pO3pO0JIEHO IHCTPYMEHTANIbHI 3acO0M KOMII FOTEPHOIO MOJCIIOBAHHS JIJIst
mo0y/10BU HEHPOMEPEKEBUX MOJIETIEeH HEMHINHUX TUHAMIYHUX 00’ €KTIB Ta CypOraTHUX

MoJiene ansi iX 1HTeprperamii B CHUCTeMH iAeHTH(]IKaIii HETNepepBHUX 00’ €KTiB;
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3aCTOCOBAHO PO3POOJICHUM METOA Ta IHCTPYMEHTaJIbHI 3aco0M JUIsi PO3B’SI3aHHS
MPUKJIAIHNUX 33/1a4 1AeHTU(IKAI] HenepepBHUX 00’ €KTIB.

HaykoBa HOBH3HA OTPUMAaHUX PE3YJIbTaTIB, IKI BAHOCATHCS HA 3aXUCT, MOJIATAE
B HACTYITHOMY.

— Bnepwe 3anpononogano cyporaTHy MOJelb y BUIJISAI HEmapameTpuyHOl
JMHAMIYHOI MOJIeJII Ha OCHOBI I1HTErpO-CTENEHEBUX TMOJIHOMIB BonbTeppu s
1HTeprpeTanii HEHPOHHUX MEpeX 3 YacOBUMHU 3aTpUMKaMH, NOOYIOBaHHX 3a
pe3yabTaTaMu €KCIIEPUMEHTY «BX1J—BHUXIJ», SKa, Ha BIAMIHY B1J BIJJOMUX MOJIEJIEH,
J03BOJISIE OJIHOYACHO CIPOCTUTH CTPYKTYPY CYpPOTaTHUX MOJENed Ta IiIBUIUTH
TOYHICTh 1X I1AeHTU(}IKalii, 3aBASKH YpaxXyBaHHIO HENIHIMHUX Ta JUHAMIYHHUX
BJIACTUBOCTEN MOJEICd MAIIMHHOTO HABYAHHSI.

— Ompumas nooanvwiuti po36umox MeETOJl OIHKUA saep BomsTeppu 3a
JIOTIOMOTOI0 HEUPOHHHX MEPEeX 3 YACOBUMHU 3aTPUMKAMH IUISXOM BCTAHOBJICHHS
AQHATITUYHOTO 3B'A3KY MK HEHPOHHOIO MEPEKEI0 3 aKTUBAIIIEI0 Y BUTIISAL JIHIHHOTO
BUNIPSAMIISIYa Ta HEMapaMeTPUYHOI JWHAMIYHOIO MOJEIII0 Ha OCHOBI 1HTErpo-
CTENEHEBUX MONIHOMIB BonbTeppH, 110 103BOJISE MiIBUILUTHA TOYHICTh 1A€HTU(IKALIT
HEJHIMHUX TUHAMIYHUX 00 €KTIB y BUTJISII MOiHOMIB BonbTeppu.

— Bnepuwe 3anpononosano MeTOJl IHTEpIPETALl MOJIETIEH MATMHHOTO HaBYaHHS
y BUTJIAAI HEHPOHHHX MEPEXK 3 YACOBMMHU 3aTPUMKaMU, 30yJOBAaHUMH 3a JTaHUMU
EKCIIEPUMEHTY «BXIT—BUXII» MUIIXOM TOOYIOBH CypOoraTHOi MOjeiell Ha OCHOBI
HEMapaMeTPUUHUX JUHAMIYHUX MOJIETIEH y BUIJISIII 1HTETPO-CTEIICHEBUX TOJIHOMIB
BonbpTeppu 3a 10mMOMOror BCTaHOBJICHOTO AHANITHYHOTO 3B'A3KY MIXK HEHPOHHOIO
Mepexero Ta siapamu Bonbreppu. lle n03Bosise MiABUIIMTH TOYHICTH T4 3MEHIIUTH
PO3MIPHICTh CypOraTHUX MoOAeNed npu 1AeHTU]IKamil HeTiHIMHUX JUHAMIYHUX
00’ €KTIB.

— Yoockonaneno mateMaTMuHy MOJENb OIIHKHA  SIKOCTI  MPOTrPaMHOTO
3a0e3IeueHHsl IHTepIpeTallii MojieJied MalllMHHOI'O HAaBYaHHS, SIKa BIJIPI3HSAETHCS Bij
ICHYIOUMX OJJHOYACHMM BpaxyBaHHSIM METPUK (PYHKIIOHAIBHOCTI Ta CKJIAJHOCTI, IO

J03BOJIA€ KUIBKICHO BHUPA3UTH 3JaTHICTh JO IHTepOperamii ajig (HOpMalbHOIO
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MOPIBHSIHHS CYpOTraTHUX MojelneH, 30y/I0BaHUX PI3HUMU METOJIaMH Ta aBTOMaTU3allil
BiIOOpY MOJIeIei MAIIMHHOTO HABYAHHS Ta CYPOTaTHUX MOJIEIICH.

[IpakTnyHe 3Ha4YeHHSl OJCP)KAHUX PE3YNbTATIB TONSATAaE Yy PO3poOI
THCTPYMEHTAJLHUX TPOTPAMHO-aJITOPUTMIYHUX 3ac00iB 1HGOPMAIIMHOI TEXHOIOTl
iHTepIpeTallii Mojeael MalllMHHOTO HaBYaHHS HENHIMHUX JUHAMIYHUX 00’ €KTIB, SKI
peanizyoTh OOUYHMCIIIOBANIbHI aITOPUTMHU 1IeHTU(IKALIT HETIHIHHOT TMHAMIYHOT MOETI
00’€KTa 3a JaHUMHU EKCIIEPUMEHTY «BX1JA—BHUXIA» 3a JIOMOMOTO0 HEHPOHHOI MEpPEexKi 3
JaCOBMMH 3aTPUMKaMH Ta MMOOYI0BY CypOraTHOI MoJieiel y BUTJISA A1 HelapaMeTPHIHAX
JMHAMIYHMX MOJIeJIe Ha OCHOBI I1HTErpO-CTENEHEBUX IMOJIiHOMIB BomsTeppu 13
3a0€3MEeUYEeHHSIM TMPUHHATHOI TOYHOCTI MOJEIl MAaIIMHHOIO HaBYaHHS, a TaKOX Y
BIIPOBAPKCHHI CTBOPEHUX I1HCTPYMEHTAIBHUX 3ac00IB y HABUaJbHUW MPOIEC Ta
HAYKOBI JOCTIKEHHS.

Ha ocnoBi ctBopeHux 13 po3po6ieHo edhekTUBHI XMapHi CEPBICH ISl BUPIIICHHS
PECYPCHOMICTKHMX 3aJad MOJENIOBaHHS, II0 3a0e3neuye BUCOKY OOYMCIIOBAIbHY
MOTY>KHICTh Ta MIBUJIKICTh TOOYIOBU MOJICNIEH B 3aj1auax ieHTU(DIKaIll1 HeepepBHUX
00’ €KTIB.

Po3po0Oneni 13 ta xmaphi ceppicu BapoBagxeHo B TOB «J/luckper» (M. Oneca),
71€ BOHU BUKOPUCTOBYETHCS JUIs 1€HTU(IKALIT MOZEIIe TEH30METPUYHOIO 3BayKyBaHHS
TPAHCIOPTHUX 3ac001B y pycl Ta iX 1HTeprpeTanii.

PesynbpTaTn, oTpuiMaHi B JucepTaliiHiii poOOTi, BAKOPUCTAHO Y HABYAIHLHOMY
npoueci HamionansHoro yHiBepcutery «Ojechbka TMONITEXHIKa» TMPU BUKIIAJIaHHI
TUCIUIUTIH «IHTeleKTyalbHl cucTeMu» Ta «MaTeMaTudHe MOJCITIOBAHHS HEJIHIMHUX
IUHAMIYHUX TpoleciB» Ha Kadeapl KOMII I0OTEpU30BAHUX CHUCTEM Ta MPOrpaMHHUX
TEXHOJIOT1H; a TAaKOX 3aCTOCOBAHO IPHU PO3poOIIl TEM MaricTepCchbKux KBasiikamiiHux
pOOIT.

O0G’exT nmochimKeHb — MPOIEC 1HTepHpeTallii Mojeiaed MallMHHOTO HaBYaHHS
HETEePEePBHUX HENMHINHUX JUHAMIYHUX 00’ €KTIB.

[Ipenmer noOCHiIKEHb — MOZENI Ta METOAU IHTEpHpeTalii HeHpOoMepexKeBUX
MoJIeei HeMHIMHUX JUHAMIYHUX 00’ €KTIB, OPIEHTOBAaHI HA BIPOBAKEHHS B CUCTEMAax

ineHTudikarii HemepepBHUX 00’ €KTIB.
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KiaiouoBi ciioBa: iHTepmpeTallis MOJCICH MaIlMHHOTO HaBYaHHS, HEHPOHHI
MepeXi 3 YaCOBUMHU 3aTpUMKaMH, HENIHIAHI JUHAMIYHI O0’€KTH, HemapameTpuyHi

JMHAMIYHI MoJiel, TToriHoMu BonbTeppu, cyporatHi Mmojeni, i1eHTHdIKaIis.
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ABSTRACT

V. Krykun. Method and software tools for interpreting machine learning models
of nonlinear dynamic objects. — Qualifying scientific work on the rights of a manuscript.

Thesis for the degree of Doctor of Philosophy in specialty 121 Software
Engineering. — Odessa Polytechnic National University, Ministry of Education and
Science of Ukraine, Odessa, 2024.

The dissertation is devoted to solving an urgent scientific and practical problem,
which is to create a method for interpreting machine learning models of nonlinear
dynamic objects with continuous characteristics and its application in the form of
software and algorithmic identification tools as an integral part of intelligent systems.

The relevance of the research topic is determined by the existing contradiction
between the growing complexity of machine learning models for identifying nonlinear
dynamic objects of the "black box" type, on the one hand, and the growing difficulty of

interpreting these models by humans, on the other hand. This contradiction is overcome
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https://ccs.od.ua/wp-content/uploads/journal/cspt_1_2023.pdf
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by applying the method of building surrogate models in the form of nonparametric
dynamic models based on integral-power Volterra polynomials, which allows
simplifying the structure of surrogate models and, due to the consideration of nonlinear
and dynamic properties of machine learning models, increasing the accuracy of
surrogate model identification.

The purpose of the study is to improve the accuracy of surrogate models by
developing a method for interpreting machine learning models of nonlinear dynamic
objects using nonparametric dynamic models based on integral-power Volterra
polynomials and implementing the proposed method in the form of software and
algorithmic tools for identifying continuous objects as part of intelligent systems.

To achieve the research purpose, the following tasks were set and solved:

— the analysis of existing methods for interpreting machine learning models of
continuous nonlinear dynamic objects is carried out, the basic problems of interpreting
neural network models are identified; the choice of research direction in the field of
building surrogate models in the form of integral nonparametric dynamic models based
on integral-power Volterra polynomials for the analytical description of nonlinear
dynamic objects is substantiated;

— the use of nonparametric dynamic models based on Volterra integral
polynomials as surrogate models for the interpretation of neural networks with time
delays was proposed; an analytical connection between neural networks with time
delays and nonparametric dynamic models based on Volterra integral polynomials was
established to improve the accuracy of surrogate models of continuous nonlinear
dynamic objects;

— a method for interpreting neural networks with time delays was developed by
constructing surrogate models in the form of nonparametric dynamic models based on
Volterra integral-power polynomials to describe nonlinear dynamic objects with
acceptable modeling accuracy;

— an information technology for interpreting machine learning models of
nonlinear dynamic objects based on the use of a neural network with time delays to

identify a nonlinear dynamic model of an object based on input-output experiment data
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and to build surrogate models in the form of nonparametric dynamic models based on
integral-power Volterra polynomials with acceptable modeling accuracy for interpreting
the neural network was developed;

— computer modeling tools for constructing neural network models of nonlinear
dynamic objects and surrogate models for their interpretation in continuous object
identification systems was developed; the developed method and tools to solve applied
problems of continuous object identification was applied.

The scientific novelty of the results presented for defense is as follows.

— For the first time, a surrogate model in the form of a nonparametric dynamic
model based on integral-power Volterra polynomials is proposed for interpreting time
delay neural networks built on the results of an input-output experiment, which, unlike
the known models, allows simultaneously simplifying the structure of surrogate models
and increasing the accuracy of their identification by taking into account the nonlinear
and dynamic properties of machine learning models.

— The method of estimating Volterra kernels using time delay neural networks
was further developed by establishing an analytical connection between a neural
network with activation in the form of a linear rectifier and a nonparametric dynamic
model based on integral-power Volterra polynomials, which allows to increase the
accuracy of identification of nonlinear dynamic objects in the form of Volterra
polynomials.

— For the first time, a method for interpreting machine learning models in the form
of time delay neural networks built from input-output experiment data is proposed by
constructing a surrogate model based on nonparametric dynamic models in the form of
integral-power Volterra polynomials using the established analytical relationship
between the neural network and Volterra kernels. This makes it possible to increase the
accuracy and reduce the dimensionality of surrogate models when identifying nonlinear
dynamic objects.

— A mathematical model for assessing the quality of machine learning model
interpretation software has been improved, which differs from the existing ones by

simultaneously taking into account the functionality and complexity metrics, which
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allows quantifying the interpretation ability for formal comparison of surrogate models
built by different methods and automating the selection of machine learning models and
surrogate models.

The practical significance of the obtained results lies in the development of
instrumental software and algorithmic means of information technology for interpreting
machine learning models of nonlinear dynamic objects, which implement computational
algorithms for identifying a nonlinear dynamic model of an object based on the data of
an input-output experiment using a time delay neural network and building surrogate
models in the form of nonparametric dynamic models based on integral-power Volterra
polynomials with acceptable accuracy.

On the basis of the created tools, effective cloud services for solving identification
tasks have been developed. These tools ensure the speed of building of continuous
objects models due to high computing power.

The developed software and cloud services have been implemented in Diskret
LLC (Odesa), where they are used to identify models of strain gauge weighing of
vehicles in motion and their interpretation.

The results obtained in this thesis are used in the educational process of the Odessa
Polytechnic National University in teaching the disciplines "Intelligent Systems" and
"Mathematical Modeling of Nonlinear Dynamic Processes" at the Department of
Computerized Systems and Software Technologies; and are also used in the
development of topics for master's qualification works.

The object of research is the process of interpreting machine learning models of
continuous nonlinear dynamic objects.

The subject of research is models and methods for interpreting neural network
models of nonlinear dynamic objects, focused on implementation in continuous object
identification systems.

Keywords: interpretation of machine learning models, time delay neural
networks, nonlinear dynamic objects, nonparametric dynamic models, Volterra

polynomials, surrogate models, identification.
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