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AHHoTauumA. lNpeacTtaBneHbl pe3ynbTaTel UCCNIef0BaHMA, Liefblo KOTOPOro ABNANACh
pa3spaboTKa CTPYKTypbl rMbpuaHOM LdpoBoi Modenu yripaBreHusa npoLeccamm nepepaboTku
MEeJIKOPYLHOIO ChipbA, @ TaKKe anroputMa npeobpasoBaHUA TEXHOTOMMYECKUX AaHHbIX
B COOTBETCTBMU C 3TON CTPYKTYPOM, 06ecneymBaIoLLLErO NOBbILLEHWE KAaYecTBa ynpaBneHus
W, KaK CrieCcTBME, IKOHOMUYECKYI0 3¢PEKTUBHOCTL NepepaboTku. OpuruHanbHon naeen,
MOJIOMEHHOM B OCHOBY FrMbpuaHon LndpoBor MoLenu, ABNAETCA NPUMEHEHUE HEMPOHHbIX
06bIKHOBEHHbIX AnddepeHumnanbHbix ypaBHeHun (Neural ODE) ons pacuyeta AMHaMUKK
TEXHONTOrMYECKMX 0O BEKTOB U peanunsyeMbix B HUX npoueccos. Neural ODE sBnswoTcA
Pa3sHOBUOHOCTbIO PU3NYECKU-MOTUBUPOBAHHBIX HEMPOHHbLIX CETEeN, UCMOMNb3YIOLLUX
duM3nYecKMe 3aKoHbI B MpoLecce cBoero obyyeHus. Monyyaemas B pesynsraTe uuopoBas
WHTeNNEeKTyaNbHaA cUCTEMa MaLUUMHHOIO 06y4YeHMA cnocobHa C BbICOKOW TOYHOCTbIO
BOCCTaHaBNMBaTh GYHKLUMIO AMHAMUKK, UCMOMb3YA AaHHbIe HAabMIAEHWIN 3@ TEXHONOr NYECKUM
06beKTOM UK npouieccoM. lNpeanoxeHHan rMbpuaHasa Mogenb NpeaycMaTprBaeT COBMECTHOE
npuMeHeHue Neural ODE 1 nMuTaumoHHbIx Simulink-Moaener TexHoNnorMyeckmx npoL,eccos
nepepaboTKM MeIKOPYAHOI 0 CbIpbA NPU pacyeTe YNpaBnAlLLMX BO3OeACTBUIA. 3To No3BonAeT
6bICTPO MOAENMPOBaTL U aHANIM3MPOBATh PeaKLIMI0 AUHAMUYECKMX 06 BEKTOB Ha yrnpaBnsAioLLme
BO30EMCTBUA U OMepaTUBHO BHOCUTb HEOBX0ANMbIE U3MEHEHUSA, He OOMKMAAACh PeaKLmm
¢usmyeckoro opuruHana. NMposeneHHble YUCTIEHHbIE SKCNEPUMEHTbI MOKa3anu, YTo
npuMeHeHune Neural ODE B cocTaBe rubpuaHown LmppoBor MoaeNn C BbICOKON TOYHOCTbIO
BOCMPOU3BOANT AMHAMUKY TEXHOSIOMMYECKUX OOBEKTOB MPU PasfIMYHbIX HayasbHbIX
ycnosuax. [1nA cpaBHeHUs 6bIM NpoBefeHbl IKCNEPUMEHTLI C MOAESIbI0, B KOTOPO BMECTO
Neural ODE 6bina ucnonb3oBaHa peKkyppeHTHaA HelpoHHasa ceTb LSTM. 3kcnepuMeHThI
NPOAEMOHCTPMPOBaNM, YTO B MOCNEOHEM CllyYae QUHAMUKa MOLEeNMpoBanach C BbICOKOM
TOYHOCTbIO TOJTbKO MPY MCXOLHbBIX HaYasbHbIX YCIIOBUAX, @ NPU UX U3MEHEHUWN NPOUCXOAMNA
ee cunbHaA gerpapaumsa. B To e BpemaA npumeHeHne Neural ODE BmMecTo LSTM nokasano
YCTOMYMBO BbICOKYI0 TOYHOCTb OTOBParKeHUA OAMHAMUKK MPU YKa3aHHbIX U3MEHEHUAX, YTO
6yneT crnocobcTBOBaTL YNyULLEHWIO KA4YeCTBa YNpaBneHuUsa TeXHOIOMMYeCKUMI npoLeccamu
nepepaboTKW MeSIKOPYLHOrO ChIpbA U UX SKOHOMUYECKOM 3bdEKTUBHOCTY.
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Abstract. The results of a study are presented, the purpose of which was to develop the
structure of a hybrid digital model for managing the processes of processing small-ore raw
materials, as well as an algorithm for converting technological data in accordance with this
structure, ensuring improved management quality and, as a consequence, the economic
efficiency of processing. The original idea underlying the hybrid digital model is the use of
neural ordinary differential equations (Neural ODE) to calculate the dynamics of technological
objects and the processes implemented in them. Neural ODEs are a type of physics-motivated
neural networks that use physical laws during their learning process. The resulting digital
intelligent machine learning system is capable of highly accurate reconstruction of the
dynamics function using observational data of a technological object or process. The proposed
hybrid model provides for the joint use of Neural ODE and Simulink simulation models of
technological processes for processing fine ore raw materials when calculating control
actions. This allows you to quickly model and analyze the reaction of dynamic objects to
control inputs and quickly make the necessary changes without waiting for the reaction
of the physical original. Numerical experiments have shown that the use of Neural ODE as
part of a hybrid digital model accurately reproduces the dynamics of technological objects
under various initial conditions. For comparison, experiments were carried out with a model
in which an LSTM recurrent neural network was used instead of Neural ODE. Experiments
demonstrated that in the latter case, the dynamics were simulated with high accuracy only
under the original initial conditions, and when they changed, it was severely degraded. At the
same time, the use of Neural ODE instead of LSTM has shown consistently high accuracy in
displaying dynamics under these changes, which will help improve the quality of control of
technological processes for processing fine ore raw materials and their economic efficiency.
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BBepneHune
OecrniedeHre YKOHOMHUYECKOH ddek-
TUBHOCTH MIPOU3BOJICTBA CTAHOBUTCS
OHHOﬁ M3 ITIaBHBIX NPOCKTHBIX 3a/1a4,
KOTJIa JIEJIO JIOXOIUT JI0 BHEIPEHUS Pe3yiib-
TaTOB HAYYHBIX U3BICKAHUI B IPAKTHYCCKYFO

nesaTeibHOCTh. OTHAKO JUTS CIIOYKHBIX TEXHO-
JIOTHYECKHUX cucTeM 3(h(HEeKTUBHOCTh HE CBO-
JUTCSL TONBKO K YKOHOMHUYECKOM, BhIpaka-
€MOIl yBeIn4eHUueM NpUObUIN UIU YMEHb-
IIEHUEM H3JEPKEK, HO U POCTOM IKOJIO-
TUYeCKoii 0e30MacHOCTH MPOU3BOICTBA,
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