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IIPUCBSIYE€HA PO3POOLI METOANKY 30araueHHs KiJIbKOCTi JaHuX [J1s1 TIOKpalleHHs TPOTHO3yBaHHS KoedilieHTa
IIPOITyCKaHHS Me€TamMaTepiasliB Ha OCHOBI TOIOJIOTIYHOI CTPYKTYPH Ta CKJIaly, [TapaMeTPiB ONIPOMIHEHHS [IOBEPXHI
MeTamarepiay, a TaKOX [1J1s MOKpalleHHsI MOXKJIMBOCTEN PO3B’s13Ky OO€pHEHOI 3371ayi i3 3aCTOCYBaHHSIM HMITyYHUX
HEMPOHHUX MepeX. Y nucepTauiiiHiil poboTi JOCTiIKeHO HayKOBO-TPUKJIAIHI ACTIEKTU BUKOPUCTAHHSI 3TOPTKOBUX

HEVPOHHUX MEPEeX sl PO3B's13aHH 33]1a4 y rajlysi IpOeKTyBaHHS Ta IPOTHO3YBaHHS BJIACTUBOCTEN



MeTamarepiasiB Ta MOXKJIMBICTb 3aJaHHSI TapaMeTPiB ONIPOMiHEHHS IOBEPXHi MeTamarepiaiy 1J1s1 361/1bIIeHHS
KiJIbKOCTi TOCTYIMHUX JAaHUX Y CY4aCHUX JOCJIIIPKEHHSX y Tajy3i HayKy Ta TeXHIKU IIIM60Ke HaBYaHHS, 30KpeMa
3aCTOCYBaHHS 3TOPTKOBUX HEPOHHUX MEPEK, BUSBIISIETbCS Ji€BUM 3aCOO0M PO3POOKU e(PEKTUBHUX METOLiB
aHaJIi3y Ta IPOTHO3YBaHHS BJIACTUBOCTEN MeTaMaTepiajiB y KOHTEKCTI ix nu3ainy. Llen migxiz Bin3HavaeTbCs
CBOEIO JIETKICTIO B peasisaliii, IOCTYIIHICTIO BiANOBIZHUX AaHUX, & TAKOK BUCOKOIO IIBUIKICTIO OOYNCIIEHD
IIOPiBHSIHO 3 TPAIULIHHUMU METOJlaMU, 110 6a3yI0ThCs Ha (PI3MYHUX 3aKOHaX. Po3yMieThcs, 1110 HEPOHHI Mepexi €
CKJIaJHAMM B peasiizallii Ta MaloTb CBOi 0OME>KEHHSI, TaKi sIK IOTpeba y BEJIMKIil KiJIbKOCTI JaHUX, CKJIa[IHICTh
onTUMi3alii Ta IOCTaHOBKY 3aBJaHb. BUKOpUCTaHHS HEMPOHHMX MEPEX Y AU3aliHi MeTaMarepiais nepegodadae ix
3aCTOCYBaHHS JIJIS1 3HaXOMKEHHS MaTepiasliB Ta TOIMOJIOrii MeTamaTepialiB 3a 3aJaHUMHU XapaKTepUCTUKaMu. Llei
IIPOLIEC [TOYNHAETHCS 3 HABYAHHSI HEMPOHHUX MEPEX HA OCHOBI BEJIMKOI KiJIBKOCTI BXiTHUX JAHUX, SIKi BKJIIOUAIOTh
napameTpy MeTaMartepiaiy, Taki Sk po3Mip, popMa Ta CKJaj, i 6askaHi BJIaCTUBOCTI, TaKi SIK OTJIMHAHHS,
BiZIOMBaHHSI Ta NPOIYCKaHHS CBiTJIa. 3aBASKY HEPOHHUM MEpPe’KaM MOKHA aBTOMATU3YBaTH Ta ONTUMI3yBaTh
Ipoliec AU3aiiHy MeTamaTepiasiB, IyKaTy CKIIaJHI 3a7IeXXKHOCTI MK ITapaMeTpaMy Martepiainy Ta QyHKIiOHaJIbHUM
BiITYKOM, 1110 € BaXXKO JOCSDKHUM [1J1s1 TPAOULITHMX METOiB. BaXXJIMBO TaKOX BiI3HAYUTU MOJKJIMBICTb aHAi3yBaTH
JlaHi PO CKJIaJ, Ta CTPYKTYPYy MeTamaTepiasiB Ta BUKOPUCTOBYBATH iX 1JIs epef6adyeHHs eJ1eKTPOMarHiTHUX
BJIacTHBOCTeM. [y oTpuMaHHs iHdopMalii npo MmeTaMmartepiany 6yl BUKOPUCTaHI IaHi 3 TOIIOJIOTIEI0 Ta CKIAIOM
LJMX MaTtepiasiB. 3aCTOCOBYBaIMCS IPOTPaMHi cepeioBuILa AJ1s1 pOo3p0o0KU LUPPOBOro Koay Ta 1nodynosu 3D
00'eKTiB MeTaMarepiasiB 3 BU3BHAUEHUMU BJIIACTUBOCTSIMU. Bysa MpoBeeHa KOHBepTallis gaHux 3 popmary ".ply"y
dopmar ".xyzrgb" 3a monomororo nporpamuoro nakera Open3D Ha 6a3i Python. Lleit popmar MicTUB BaXk/IUBi HaHi,
sKi MOXXHa 6YyJI0 BUKOPUCTOBYBATHU [j1s1 HAaBYaHHS HEMPOHHUX MepesX. [TokazaHO BaXXJIMBi BUMOTHU JO JAHUX, TaKi K
OJHOPiAHICTb Ta MacIITab0BaHiCTh. PO3p0O06JIEHO aJITOPUTM 17151 TPOTHO3YBaHHSI BJIAaCTUBOCTEN MeTaMmaTepiasiB Ha
OCHOBI IX CTPYKTYPHU Ta CKJIaJy T4 YMOB €KCIIEPUMEHTAJIbHUX [OCIiJI)K€Hb, BUKOPUCTOBYIOUU 3TOPTKOBY HEPOHHY
Mepexy, Ta MeTOI KOAyBaHHS JOAATKOBOI iHpopmaliii B ITy4Hy HEUPOHHY MepexXy. Takox 6yB po3pobsieHui
MeTon, st eeKTUBHOTO 30epiranHs iHdopmallii npo ckiag MeTaMmaTepiais, 10 J03BoJIsSE epeadayaTy ixHi
€JIEKTPOMArHiTHi BJIaCTUBOCTI. TaKOX JOCHIIKEHO CIIOCOOM NPEACTABJIEHHS BJIACTUBOCTEN MeTamaTepialiB y
BUIJISA], 3DYYHOMY JJIs1 HABYAHHS 3TOPTKOBOI HEMPOHHOI Mepexi. [IpoBeeHo NOPiBHANBHU aHai3 e(peKTUBHOCTI
Pi3HUX METO[IiB, BKa3aBlIY, 1O [IPEeJICTaBIeHHs XapaKTePUCTUK y BUIJISAL KoedillieHTiB IosliHOMa, xo4a IIBUALIE, He
€ HallKpallyMm [1J1s1 IPOTHO3YBaHHS XapaKTePUCTUK MeTamaTepiais. [TpoananisoBaHo (popmatu 36€peskeHHs
indopmaunii mpo 3D cTpykrypu. B 11ifi po60Ti mOCiAKEeHO, IO Taki GopMaTH, K «.3ds» ,«.0bj», «.fbx», «.stly, He
HiAXOnSTh, Yepe3 TaKi He[lOJIiKK: BiICYTHICTh MBUAKOTO Ta IPOCTOr0 IIPOrPaMHOro 3abe3nedeHHs (1715
e(eKTUBHOrO KOHBEPTYBaHHS CTPYKTYp MeTaMarepiasiB y popmar 115l HaBYaHHS LITY4YHOI HEPOHHOI Mepexi);
HEMOJKJIMBICTb 30€piraHHs N0JaTKOBOI iHpopMalii y KaHalIu PO CTPYKTYPHUI CKJIaf, METaMaTepiais;
HEMOJKJIMBICTb BUZAJIEHHS [IPONPUETApPHOi iHPOpMallii IKa KOAYETbCS Ta 3MILyeTbCSI 3 TOTPIOHUMU [1J151 HABYAHHS
IaHUMU. Po3pob6sieHO KOHBeep HaBUYaHHS TPUBUMIPHOI 3rOPTKOBOI HEPOHHOI MepeXi 17151 IPOrHO3YBaHHS
YaCTOTHUX €JIEKTPOMArHiTHMX XapaKTepUCTUK MeTaMaTepiajliB Ha OCHOBI CTPYKTYPU Ta CKJIaJy MeTaMaTepiais Ta
MO>KJIMBICTIO BCTAHOBJIEHHS iHQOpMallii Tpo yMOBYU €KCIIepUMEHTAIbHUX OCaiIKeHb. [loka3aHi pe3ysnbraTtu
[IPOTHO3YBAHHS /IJ1s Pi3HUX BUOIPOK JaHWX MOAIIEHUX 10 MaCIITaby YaCTOTH OIIPOMIHEHHS, 3 ypaxyBaHHIM
iHopmallii 0 yMoBax eKCreprMeHTaIbHUX OCIiI>)KeHb. ByB BUKOHAHMI aHasIi3 pe3ysbTaTa HaBYaHH Ta
IIPOTrHO3yBaHHS. ByJl0 3alIpONIOHOBAHO IJISIXY MOKPAIIEHHS SIKOCTi IPOrHO3YBaHHS MIJIIXOM 30i/bLIE€HHS BUOIpKU
IAHUX 17151 HABYaHHS Ta BUKOPUCTaHHS CY4aCHUX BiIXOMiB y I60KOMY HaBYaHHI. TakoxK 0yJi0 3aIIpOIIOHOBAHO

LIJISXY BUPILIEHHS 3BOPOTHOI 3a7a4i 17151 reHepallii CTPyKTypH 3a 3aJJaHUMU [TapamMeTpamMu

2. Krysenko P. I. Data enrichment for predicting the properties of metamaterials. Qualifying scientific work on
manuscript rights. Dissertation for obtaining the scientific degree of Doctor of Philosophy in specialty 153 - Micro-
and nanosystem engineering (field of knowledge 15 - Automation and instrument engineering). - National
Technical University of Ukraine “Igor Sikorsky Kyiv Polytechnic Institute”, Kyiv, 2024.Dissertation for obtaining the
scientific degree of Doctor of Philosophy in specialty 153 - Micro- and nanosystem engineering (field of knowledge
15 - Automation and instrument engineering). - National Technical University of Ukraine “Igor Sikorsky Kyiv
Polytechnic Institute”, Kyiv, 2024. The work is devoted to the development of data enrichment methods to improve



the prediction of the transmission coefficient of metamaterials based on the topological structure and
composition, the parameters of metamaterial surface irradiation, as well as to improve the possibilities of solving
the inverse problem using artificial neural networks. The dissertation researched the scientific and applied aspects
of the use of convolutional neural networks for solving problems in the field of designing and predicting the
properties of metamaterials and the possibility of setting the parameters of metamaterial surface irradiation to
increase the amount of available data. In modern research in the field of science and technology, deep learning, in
particular, the application of convolutional neural networks neural networks, turns out to be an effective means of
developing effective methods of analyzing and predicting the properties of metamaterials in the context of their
design. The use of neural networks in the design of metamaterials involves their application to find materials and
the topology of metamaterials according to given characteristics. This process begins with training neural
networks based on a large amount of input data, which includes metamaterial parameters such as size, shape, and
composition, and desired properties such as absorption, reflectance, and transmission of light. Thanks to neural
networks, it is possible to automate and optimize the design process of metamaterials, to search for complex
relationships between material parameters and functional response, which is difficult to achieve with traditional
methods. It is also important to note the possibility of analyzing data on the composition and structure of
metamaterials and using them to predict electromagnetic properties. Data on the topology and composition of
these materials were used to obtain information about metamaterials. Software environments were used to
develop digital code and build 3D objects of metamaterials with defined properties. The conversion of data from
".ply" format to ".xyzrgb" format was carried out using the Python-based Open3D software package. An algorithm
has been developed for predicting the properties of metamaterials based on their structure and composition and
the conditions of experimental studies, using a convolutional neural network, and methods of encoding additional
information into an artificial neural network. A method was also developed for efficient storage of information
about the composition of metamaterials, which allows predicting their electromagnetic properties. Methods of
presenting the properties of metamaterials in a form convenient for convolutional neural network training have
also been investigated. A comparative analysis of the effectiveness of different methods was carried out, indicating
that the representation of characteristics in the form of polynomial coefficients, although faster, is not the best for
predicting the characteristics of metamaterials. Formats for saving information about 3D structures have been
analyzed. In this work, it was investigated that such formats as ".3ds", ".obj", ".fbx", ".stl" are not suitable due to the
following disadvantages: lack of fast and simple software (for efficient conversion of metamaterial structures into
format for training an artificial neural network); impossibility of storing additional information in channels about
the structural composition of metamaterials; the impossibility of removing proprietary information that is coded
and mixed with data necessary for training. A three-dimensional convolutional neural network learning pipeline
has been developed for predicting the frequency electromagnetic characteristics of metamaterials based on the
structure and composition of metamaterials and the possibility of establishing information about the conditions of
experimental research. Prediction results are shown for different data samples divided by the scale of exposure
frequency, taking into account information about the conditions of experimental studies. Ways to improve
prediction quality were suggested. Ways of solving the inverse problem for generating the structure according to
the given parameters were also proposed
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