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Pedepar/anoTanis:

1. Incepraliisi CTOCy€ThCS PO3B’13aHHS HAYKOBO-TIPAKTUYHOI 3a71a4i T0OYJ0BH, OL[iHIOBAHHS Ta ITOPiBHAJIIBHOTO
aHasizy Mojiesiell MalllMHHOTO HaBYaHHS 115l IPOrHO3YBaHHS ricTepe3uCcHOi OBeiHKY CIIIaBiB 3 Mam’STTio popmu
32 YMOB LIMKJIIYHOTO HAaBaHTKEHHS], @ TAKOXK iHTepIIpeTallii OTprUMaHuX IIPOrHO3iB 3aC006aMU [10SICHIOBAHOTO
IITYYHOTO iHTEeJIeKTy. AKTYaJIbHICTh JOCJiI’KeHHS 3yMOBJIeHa IIMPOKMM 3aCTOCYBAaHHSM CILJIaBiB 3 aM’ATTIO GopMU
B CY4aCHUX TE€XHIYHUX CUCTEMAaX, i€ BRKJIMBUMU € BUCOKA TOYHICTb IIPOrHO3yBaHHS fedopMallii, OLiHIOBaHHS
BILJIMBY (DYHKIiOHAJIbHOI BTOMU, CKOPOU€HHSI 00CSTY OPOr'UX i TPUBAIMX €KCIIEPUMEHTAIbHUX JOCIIKEHb Ta
3abe3nedyeHHs (Pi3YHO OOIPYHTOBAHOI iHTEpIIpeTallii pe3yJbTaTiB MO eN0BaHHs. OCOOJIMBY CKJIAHICTh CTAHOBUTD
IIPOTHO3YBaHHS €BOJIIOLIi] riCTEPE3NCHUX NETEb Ha LIMKJIaxX HaBaHTaKE€HHS, 10 BUXOIATD 32 MeXXi HaBYaJIbHOTO

Iliana3oHy, OCKiJIbKY 3aJI€XKHICTb MK HaIlpy>KeHHSIM i fedopmallielo Mae HeJliHiHHMI XapakTep i 3a71eXXUThb Bi,



icTopii HaBaHTaXXEHH$, YaCTOTU Ta HAKOMWYEHHS BTOMHUX €(EeKTiB. Y BCTYIIi OOIPYHTOBAHO aKTyaJIbHiCTh TEMU
nuceprauii, cpopMyIbOBAaHO METY Ta 3aBJaHHS POOOTH, BU3HAUYEHO O0'€KT, IPEeIMET i METOAU JOCIiIKEHHSI,
PO3KPUTO HAayKOBY HOBM3HY Ta IIPAKTUYHE 3HAYEHHS OJ€PKAHUX PE3yJbTaTiB, HABELEHO BiJOMOCTI IIPO iX
anpoobatlilo, IpakKTUYHE BUKOPUCTAHHS Ta BUCBITJI€HHS B HAYKOBUX MMyOJliKalLigX. Y NepUoMy po3[iji BAKOHAHO
aHaJi3 npegMeTHoi o6s1acTi. Po3risiHyTo Qi3nyHi OCHOBHU TiCTE€PE3NCHOI MOBEAIHKY CIIIaBiB 3 IaM'SITTIO GOPMU,
npupony edexrty nam’sati GopMu Ta HaANPYKHOCTI, 0COGIUBOCTI GOPMYBaHHS TiCTEPE3UCHUX I1€TEJb Yy
KOOpAMHATaX «HalpyXeHHs-edopmaliisi», a TakoX BILJIMB YaCTOTH HAaBaHTAXXEHHS, KiJIbKOCTI LIUKJIIB i (pa30oBuX
nepeTBopeHsb. [IpoaHanisoBaHO Cy4YacHi JOCIIIPKEHHS OO0 3aCTOCYBAaHHSI METOLiB MALIMHHOTO HABYAHHS [IJIs1
IIPOTHO3YBaHHS BJIACTUBOCTEN SMA Ta METO/IB ITOSICHIOBAHOTO IITYYHOTO IHTEJIEKTY AJIS iHTepIpeTarii
pe3ynbTaTiB. OGIPyHTOBAHO JOLi/IbHICTh BUKOPMCTAaHHS MalllMHHOTO HaBYaHHS 7151 €KCTPaIloJsILiiHOrO
IIPOTHO3YBAHHSI TiCTEPE3UCHOI II0BEIiHKY CIIJIaBiB 3 TaM'SITTIO (OPMU. Y IPYrOMy pO3[ijli OIIMCaHO
€KCIIepUMEHTAJIbHUI Habip JaHUX, OTPUMaHMUIA Iif yac Bunpoo6ysans NiTi-gpoTy 3 nam’aTTio popMu Ha
MaJIOLIMKJIOBY BTOMY 32 Pi3HMX 4aCTOT LMKJIIYHOTO HaBaHTaXEHHS. 3alIPOTIOHOBAHO MaTEMAaTUYHy MOJIEJIb
IIpOrHo3yBaHHs Aedpopmallii SMA 3 ypaxyBaHHSIM HOMepPa LIMKITY SIK HE3aJIEXKHOI BXiIHOI 3MiHHOI, 110 1aJI0 3MOTY
BiZJOKPEMUTH IIPOTHO3YBAaHHS B MEKax HaBYaJIbHOTO Jialla30Hy Bifi €KCTPANOJISLIMHOIO PEXUMY. BigHNMU
3MIHHMMY BU3HAUYE€HO HaIIPy’KEHHSI, HOMep LIMKJy HaBaHTa)XKeHHsI-PO3BaHTaKeHHS Ta iHauKaTop (pasu LUKy, a
BUXiJJHOIO 3MiHHOIO — [IPOTHO30BaHe 3HaueHHs gedopmauii. PosryisgHyTto aHcambesi mozeni VotingRegressor i
StackingRegressor, pekypeHTHi HelipoHHi mepexi SimpleRNN, LSTM, GRU Ta TeMnopabHy 3TOPTKOBY MEPEXY
TCN. 3anpornoHOBaHO CTPATETiI0 IPYIIOBOrO PO3OUTTS Ta Baslifiallii JaHMWX 32 HOMEPOM LIMKITy, 4 TAKOX OIMCaHO
CTPYKTYpYy IIPOrPaMHOI CUCTEMH HOCIIiIKEHHS. Y TPETbOMY PO3/iji HaBeJeHO pe3yJbTaTu IolepesHboi 06pobKy
€KCIIEPUMEHTAJIbHUX JAHUX, CTATUCTUYHOTO aHasli3y BXiJHUX O3HAK i Lji/IbOBOI 3MiHHOI Ta BUABJIEHHS AaHOMAJIbHUX
3HaueHb. [1ofaHo pe3ysIbTaTy HaBYaHHS 1 OLIiHIOBAHHS MOJIEJIel y MeXKax HaBYaJIbHOTO Jjiana3ony uukiis 100-250.
st aHcaMbyieBUX Mofiesiell BUKOHAHO HaJlalTyBaHH4 rineprapameTpis metogom GridSearchCV, a giis
HellpoMepeXeBuX apxiTekTyp — meTtonoM Hyperband. IIpoBefieHO NOpiBHS/IbHMM aHasli3 TOUHOCTI MoJieel 3a
metpukamu MSE, MAE, MAPE Ta R2. BcTaHOBJIEHO, 110 IIOOY0BaHi MOZEJi 3a6€311€49yI0Th BUCOKY TOYHICThb
IIPOTHO3YBAaHHS B MEXKAaX HABYAJIPHOTO [lialla30HY Ta 3[aTHi BiITBOPIOBATU 3aJIEXKHICTh «HAINIPYKEHHSI—Ae(dOopMallisy»
i opMmy ricTepesucHuUx meresb. Y 4eTBEPTOMY PO3/iJli [IpefiCTaBlIeHo pe3ybTaTh €KCTPAIOJILiiiHOro
IIPOTHO3YBaHHSI TiCTEPE3UCHOI [10BEIiHKY CILJIaBiB 3 NaMsITTI0 GOPMU Ha BiJlJaJIEHUX LAKJIaX HABAaHTKEHHS.
JocimkeHo y3aranbHIOBaJIbHY 30ATHICTh MoZesiel Ha nukiax 251, 260, 300, 350, 400, 450 ta 500. BctaHoBieHO,
110 HalKpallli pe3yJsIbTaTy y 337a4i JOBIOCTPOKOBOTO IPOTHO3yBaHHS 3abe3nedye monesnb LSTM. lng intTeprperari
IIPOrHO3iB 3acTocoBaHo MeToau SHAP Ta Integrated Gradients. [Toka3aHo, 1110 LOMiHYIOUYMI BIJIUB Ha
[IPOTHO30BaHe 3HaueHH: AedopMallii Mae MapaMeTp HaNPy>KEHHs], TO/i SIK BHECOK HOMepPa LIMKJy 3pOCTae 3i
301/IbIIEHHSM TPUBAJIOCTI LUKJIIYHOTO HaBaHTAKEHHS, 110 Y3rOKYEThCS 3 HAKONUYEHHSIM €(eKTiB QyHKLiOHANbHO]
BTOMU. OTpUMaHi pe3yJibTaT MifTBEPIKYIOTh (Pi3NUHY y3roIKeHIiCTb [106yI0BaHUX MOJeiel] i iX MpakTUYHy

IIPUOATHICTD MJI IPOTHO3YBAaHHS riCTEPE3UCHOI ITOBENIHKU CIIJIaBIiB 3 ITaM’aTTI0O GOpPMMU.
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2. The dissertation addresses the scientific and practical problem of developing, evaluating, and comparatively
analyzing machine learning models for predicting the hysteresis behavior of shape memory alloys under cyclic
loading, as well as interpreting the resulting predictions using explainable artificial intelligence methods. The
relevance of the study is driven by the widespread use of shape memory alloys in modern engineering systems,
where high accuracy in strain prediction, assessment of the effects of functional fatigue, reduction in the scope of
costly and time-consuming experimental investigations, and physically grounded interpretation of modeling
results are of great importance. A particular challenge lies in predicting the evolution of hysteresis loops for
loading cycles beyond the training range, since the stress-strain relationship is nonlinear and depends on loading
history, frequency, and the accumulation of fatigue effects. The introduction substantiates the relevance of the
dissertation topic, formulates the aim and objectives of the study, defines the object, subject, and research
methods, reveals the scientific novelty and practical significance of the obtained results, and provides information
on their approbation, practical application, and presentation in scientific publications. The first chapter presents
an analysis of the subject area. It examines the physical foundations of the hysteresis behavior of shape memory



alloys, the nature of the shape memory effect and superelasticity, the specific features of hysteresis loop formation
in the “stress-strain” domain, as well as the influence of loading frequency, number of cycles, and phase
transformations. Current research on the application of machine learning methods for predicting SMA properties
and explainable artificial intelligence methods for interpreting results is analyzed. The chapter substantiates the
feasibility of using machine learning for the extrapolative prediction of the hysteresis behavior of shape memory
alloys. The second chapter describes the experimental dataset obtained during low-cycle fatigue testing of NiTi
shape memory wire under different frequencies of cyclic loading. A mathematical model for predicting SMA strain
is proposed, in which the cycle number is treated as an independent input variable, making it possible to
distinguish prediction within the training range from the extrapolative regime. The input variables are defined as
stress, loading-unloading cycle number, and a cycle-phase indicator, while the output variable is the predicted
strain value. The chapter considers the ensemble models VotingRegressor and StackingRegressor, the recurrent
neural networks SimpleRNN, LSTM, and GRU, and the temporal convolutional network TCN. A strategy for group-
based data splitting and validation by cycle number is proposed, and the structure of the research software system
is described. The third chapter presents the results of preprocessing the experimental data, statistical analysis of
the input features and target variable, and outlier detection. It reports the results of training and evaluating the
models within the training cycle range of 100-250. For the ensemble models, hyperparameter tuning was
performed using GridSearchCV, whereas the neural network architectures were optimized using the Hyperband
method. A comparative analysis of model accuracy was carried out using the MSE, MAE, MAPE, and R2 metrics. It
was established that the developed models provide high prediction accuracy within the training range and are
capable of reproducing the “stress—strain” relationship and the shape of hysteresis loops. The fourth chapter
presents the results of extrapolative prediction of the hysteresis behavior of shape memory alloys for distant
loading cycles. The generalization ability of the models was investigated for cycles 251, 260, 300, 350, 400, 450, and
500. It was established that the LSTM model provides the best performance in the long-term prediction task. The
SHAP and Integrated Gradients methods were applied to interpret the predictions. The results show that the
stress parameter has the dominant influence on the predicted strain value, whereas the contribution of the cycle
number increases with the duration of cyclic loading, which is consistent with the accumulation of functional
fatigue effects. The obtained results confirm the physical consistency of the developed models and their practical
applicability for predicting the hysteresis behavior of shape memory alloys.
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