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MiHicTepcTBO OCBiTH | Hayku YkpaiHu

IBaHO-PpaHKiBCbKUI HaLliOHaNbHUA TEXHIYHUI yHiBepcuTeT HadTh i rasy
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MAFICTEPCbKA POBOTA

3acTocyBaHHSA HEMPOHHUX Mepex Ana aHanidy AaHuX iHAYKTUBHUX AATUKKIB y
CeneKTVBHMX MeTanofgeTekTopax

(Ha3BapoboTn)

G(OMH’IOTepVISOBaHi cucTemMu ynpaBniHHA Ta _aBTomaTvka
(Ha3BaoCBITHLOI _nporpamu) 174-ABTOMaTU3aLis, Komn’mTepHo-iHTerposaHineXHonoriT Ta pobOoTOTEXHIKA

(1wmdhp i Ha3Ba cneuianbHocTi) Pob6oTta MicTUTBL pe3ynkTaTu BacHUX A0CNiAKeHb, BUKOPUCTaHHA iAen, pe3ynbTaTiB i TEKCTIB iHWLIUX aBTOpIB
MalTb NOCUNAHHA Ha BignoBiaHe Axepeno: 3406yBay OCBITHLOrO CTyneHs 1.A. NoBb6ak

BUY€He 3BaHHs KepiBHMKa) [lonyLlieHo A0 3aXUcTy
3aBigyBaykadenpu

3amixoBcbkuii J1.M.
amcap,a) (nignuc) (pata) (iHigianu Ta npisBuwe) IBaHo-®paHkKiBCbK — 2025

IBaHO-PpaHKiBCbKMIN HaLioHanbHUMA TEXHIYHMIA YHiBepcUTeT HadTu i rasy IHcTutyT  IHdhopmauiiHnx
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Kadhenpd®=HdopmauninHo- TeneKoMyHiKaLWHUX TEXHONOTiN i cucrtem
OcgiTHIN piBeHL_ ABTOMaTM3aLis Ta KOMM IOTEPHO-IHTErpoBaHi TEXHOMOTIT
CreuianbHicTe “174 — ABTOMaTU3aLlisi, KOMN’HOTEPHO-IHTErPOBaHi TeXHOMorii Ta
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1. Tema po6otn _ 3a0TocyBaHHEl|eﬁpouuux Mepex Ans aHanisy AaHuX HOYKTUBHUX OaTyYMKIiB Y

CEeNeKTUBHUX MeTanoaeTekTopax

KepiBHWK po6oTun, CTpinewbkuin KOpiii Mocunosuy }q.—*.n., npocpecop
(npi3Buwe, iM’A, No 6aTbKOBi, HAYKOBUI CTYNiHb, BYU€HEe 3BaHHSA)
aTBepkeHi Hakazom 3aknagy Buwoi ocBiTh Bif “30” xoBTHst 2025 poky No 690/7
. CTpoK noaaHHs CTyAEHTOM po6oTu
. BuxigHi aadi o po6otu poboTu cenekuis YOpHUX i KONMbOPOBUX MeTanis
él. 3MicT po3paxyHKOBO-NOSACHIOBaNbHOI 3aNUCKK (Nepenik NuTaHb, iKi NOTPiGHO po3pobuTn)
AHani3 MeTopiB BUBHaYeHHS HasBHOCTI MeTany i meToam o6pobku curHanis. MatematuyuHe

MoZientoBaHHsA kaHany BUMiptoBaHHs. Po3pobka HelpomepexeBoro knacudikatopa

m. Mepenik rpacdiyHoro marepiany (3 TO4YHUM 3a3Ha4e€HHAM OBOB’AA3KOBUX KpecrieHb)
KoHcTpykuist aHTeHHOT cuctemMun metanofeTekTopa . Pe3ynstatv MoaentoBaHHS NEPBUHHIO | BTOPUHHOTO
eneKkTpoMarHiTHUX nonie. Pe3ynbTaT MoAentoBaHHs Tina B enekTpoMarHiTHoMy noni . 3aranbHa
CTPYKTypa aHarnorosro kaHany obpobku MmetanogeTekopa . 3aranbHa CTpykTypa Helipomepexi . byaosa
BUXiAHOTO LWapy Heipomepexi . Bynosa naHku o6pobku YacoBoi NOCniAOBHOCTI AN HEMPOMEpEXi .
BaranbHuii anropuTm poboTn MeTanogeTekTopa

m. OaTa Bnpavi 3aBaaHHs nunctonan 2025

KANEHOAPHWW NINAH No 3/n HasBa _eTanis_marictepcbkoi_po6oty TepMiH BUKOHaHHA eTanis po6oTtu Mpumitka 1 AHanis MeToaiB BU3HAYeHHs

HasiBHOCTI

meTany i Metoam obpobku curHanis.

BukoHaHo

2 MaTtemaTtuyHe MofentoBaHHSA KaHany

BUMIpIOBaHHS.

BukoHaHo

3 Po3pobka HelipoMepexeBoro knacudikatopa BukoHaHo
4 OcpopmneHHs poboTu 01.12.2025-28.12.2025 BukoHaHo

CryneHT Hosb6ak I._
uip,nm: )

KepiBHuK po6oTn Crpineubkui 0. U,
( nignuc)

PE®EPAT

Tema poboTu: 3actocyBaHHS HEMPOHHUX MEPEX AN aHani3y AaHUX iHAYKTUBHUX AaTYUKiB Yy
CEeneKTUBHUX MeTarnogeTekTopax

MosicHioBanbHa 3anucka: 85 ctop., 14 pucyHkis, 1 Tabnuus, 19 nocunaHe Ha niTepaTypHi Axepena.
O06'ekTOM JoCnifKeHHs € npoLecn hopMyBaHHSA Ta 06pOBKM enekTpomMarHiTHUX curHaniBs y cuctemax
iHAYKUIVHOT AeTekuii MeTanis, Lo YHKLIOHYIOTb B YMOBaX 3MiHHUX NapameTpiB pyxy ob'ekTiB Yepe3
30HY YYTNMBOCTI AaTymKa.

MpeomeToMm AocnigXeHHs € MeToau HepoMepexeBoi knacudikauii Tuny meTany Ha OCHOBI aHanisy
dopmu YacoBOro BiAryKy iHAYKUIRHOMO AaTtyvka 3 KOMNeHcaljieto, a TakoX anropuTMun BpaxyBaHHs
LUBWMAKOCTI PyxXy ANs iHBapiaHTHOro po3nisHaBaHHs maTepiany.

MeToto focnimpkeHHst AaHoi poboTu € po3pobneHHst Ta AOCHIKEeHHS CUCTEMU HeMpOMeEpEXeBoT
knacudikauii metanesux 06'ekTiB Ha OCHOBI @Hanidy 4acoBMX XapaKTEPUCTMK iHAYKUIMNHOTO Biaryky
MeTanogeTekTopa, Wwo 3abesnevye BUCOKY TOYHICTb po3ni3HaBaHHs TUMYy MeTany B yMOBax 3MiHHOT
LUBMAKOCTI pyXy 06'€KTIB LUNSIXOM BUKOPUCTaHHS riOpWUAHOI apXiTeKTypy 3 NOEAHAHHSAM 3ropTKOBMX Ta
PEKYPEHTHUX LUAPIB.

(npi3BuLe Ta iHidianm)

(npisBuLe Ta iHiuianw)



[MpakTnyHe 3Ha4YeHH ogepXXaHuX pe3ynbraTiB nonsrae y CTBOPEHHI cuctemu knacudikaii

meTanesBux 06'ekTiB, sika [O3BOMNSAE peanidyBaTy HadiiHe po3ni3HaBaHHs TUMy MeTany (pepomarHiTHUiA
abo HemarHiTHWIA) B yMOBax 3MiHHOI LUBMAKOCTI MPOXOAXKEHHS 06'eKTIB Yepes AeTeKkTop.
3anponoHoBaHi pilleHHs1 MOXYTb ByTW BUKOPUCTaHi ANst NOOYA0BM iHTENEKTYanbHUX cucTem
COPTYBaHHS MeTanobpyxTy, cucteM 6e3nekun 3 po3LUNPEHOH (hYHKLIOHAMNBHICTIO Ta MPOMUCIOBUX
CUCTEM KOHTPOSIO SIKOCTi BUPOGIB.

B neplomy po3gini npoBegeHo ornsig Ta aHania MeToAiB AeTekuii Ta knacudikadii MeTanesmx
06'exTiB, BKMOYAOYM iMMNYbCHI CUCTEMU, YaCTOTHI METOAM Ta TeXHONOTIi iHAYKUinHOro GanaHcy.
[ocnigkeHo (i3nyHi OCHOBW B3aEMOAIT €NeKTPOMarHiTHoOro nosnst 3 MetTaneBumm o6'ekTamu pisHoi
npupoan. BuaHayeHo OCHOBHI HaNpPsIMKK 3aCTOCYBaHHSI METaNoAETEKTOPIB, MpoaHanisoBaHo
TEeXHOMOoriYHi ocobnuneocTi 06pobku curHanie Ta gectabinidytoui paktopu. OBrpyHTOBaAHO AOLINMbHICTb
3aCTOCYBaHHS METOAiB MALLMHHOIO HaBY4aHHSA Ta HEVPOMEpPEXEeBUX apXxiTeKTyp AN po3B'a3aHHs 3adavi
Knacudikauii metanis.

B gpyromy posgini po3pobneHo matemaTuyHy Mogernb CUCTEMU MeTanoaeTekTopa 3 iHAYKLinHUM
6anaHcom, Lo BKIoYae isnyHy MoZerb enekTpoMarHiTHOT B3aeMogii Ta napameTpuyHy mMoaernb
mMeTanesoro Tina. [locnigxeHo BNAMB MaTepiany Tina Ha XxapaKTepucTVKW enekTpOMarHiTHOro nons,
3MOopenboBaHoO BiAryku Ans 06'ekTiB 3 PisHMM MarHiTHUMKU BNacTUBOCTSIMU Ta po3mipamu. CTBOpeHO
MoAEernb aHanoroBoro TpakTy 06pobku curHany 3 AeTanbHUM aHanizoMm nepefaBanbHUX XapakTePUCTHUK.
Po3pobrneHo meToanky hopMyBaHHsS HaBYasibHOT BUBIPKK LUNAXOM NapamMeTpuyHOro CUHTE3y CUrHaris
3 KOHTPONLOBAHNMUN XapaKTepUCTUKaMK.

B TpeTboMy po3gini cnpoekToBaHO apXiTekTypy ribpuaHoi HelipoHHOT Mepexi Ans knacudikawii
MeTaniB, sika NOEAHYE OLHOMIPHI 3rOpTKOBI LLApW, Lapy MakcumanbsHoro nyniHry Ta LSTM-wap.
Mepexa mae ABa BXOAMW: YaCOBUIN psA HaMpyru Ta WBUAKICTb pyxy. [poBeaeHo HaB4aHHA Mepexi Ha
CUHTETUYHIN BUOIpLi 3 BUKOPUCTaHHAM MeToAIB Hopmarisauii Ta ayrmeHTauii gaHux. Po3pobneHo
anroputm poboTu MiKpOKOHTponepa AN peanisaLii cuctemmn B pexumi peanbHoro Yacy 3
BukopuctaHHam TensorFlow Lite for Microcontrollers, wwo Bkntovae 34MTyBaHHsA aaHux 3 AU ta
ONTUYHUX CeHCopiB, hopmyBaHHSA Bydepy Ta BUBeAeHHS pesynbraTty krnacudikauii kopuctysady.
Krtouosi criosa: HEMPOHHI MEPEXI, KITACU®IKALIA METANIB, METANIOOETEKTOR,
IHOYKUIMHAY OATHMK, OBPOBKA CUITHANIB, LSTM, 3rOPTKOBI MEPEXI, MALLVHHE
HABYAHHA.

ABSTRACT

Topic: Application of Neural Networks for Analysis of Inductive Sensor Data in Selective Metal
Detectors
Explanatory note: 85 pages, 14 figures, 1 table, 19 references.
The object of study is the processes of formation and processing of electromagnetic signals in induction
metal detection systems functioning under variable parameters of object motion through the sensor's
sensitive zone.
The subject of study is the methods of neural network classification of metal types based on analysis of
the temporal response shape of compensated induction sensors, as well as algorithms for accounting for
motion velocity to achieve material-invariant recognition.
The goal of the research is to develop and investigate a neural network classification system for
metallic objects based on analysis of temporal characteristics of metal detector induction response,
ensuring high accuracy in metal type recognition under variable object motion velocities by using a

brid architecture combining convolutional and recurrent layers.

e practical value of the obtained results lies in _creating a metal object classification system that

enables reliable metal type recognition (ferromagnetic or non-magnetic) under variable object passage
velocities through the detector. The proposed solutions can be used to build intelligent scrap metal
sorting systems, security systems with enhanced functionality, and industrial product quality control
systems.

The first chapter provides a review and analysis of metal object detection and classification methods,
including pulse systems, frequency methods, and induction balance technologies. The physical
foundations of electromagnetic field interaction with metallic objects of various natures are investigated.
Main application areas of metal detectors are identified, technological features of signal processing and
destabilizing factors are analyzed. The feasibility of applying machine learning methods and neural
network architectures for solving metal classification tasks is substantiated.

The second chapter develops a mathematical model of an induction balance metal detector system,
including a physical model of electromagnetic interaction and a parametric model of metallic bodies.
The influence of body material on electromagnetic field characteristics is investigated, and responses for
objects with different magnetic properties and sizes are modeled. An analog signal processing path
model with detailed analysis of transfer characteristics is created. A methodology for training sample
generation through parametric signal synthesis with controlled characteristics is developed.

The third chapter designs a hybrid neural network architecture for metal classification that combines
one-dimensional convolutional layers, max pooling layers, and an LSTM layer. The network has two
inputs: voltage time series and motion velocity. Network training is conducted on a synthetic dataset
using normalization and data augmentation methods. A microcontroller operation algorithm is



developed for real-time system implementation using TensorFlow Lite for Microcontrollers, including
ADC and optical sensor data acquisition, buffer formation, and classification result output to the user.
Keywords: NEURAL NETWORKS, METAL CLASSIFICATION, METAL DETECTOR,

INDUCTIVE SENSOR, SIGNAL PROCESSING, LSTM, CONVOLUTIONAL NETWORKS,
MACHINE LEARNING.

AHOTALIA

Y po6oTi po3rnsHyTO 3aCTOCYBaHHSA HEMPOHHUX Mepex Ans knacudikauii

MeTaneBux 06'eKTiB Ha OCHOBI aHanidy curHanis iHAYKLUiNHWX AATUYMKIB Y CENeKTUBHMX
mMeTanogeTekTopax. BukoHaHO aHani3 icHytouMx METOAIB AeTeKLii Ta knacudikawii
MeTaniB, 30KpemMa iMMnynbCHUX CUCTEM, YaCTOTHUX METOZIB Ta TEXHOIOriN
iHOyKUiMHoro 6anaxcy. JocnigkeHo gi3nyHi OCHOBU B3aeMOAii enekTpoMarHiTHoro
nonsi 3 MeTaneBMMmn o6'ekTamu pisHOi NPUPOAX, BKIOYAOUN hbepomarHeTuky,
napamarHeTvkv Ta fiamarHeTviki. O6rpyHTOBaHO AOUIMNbHICTb 3aCTOCYBaHHS METOAIB
MaLUMHHOTO HaBYaHHSA Ans NOAOMAHHS 0BMeXeHb TPaAULINHUX aMnniTyaHO-as3oBux
nigxoais B ymoBax 3aMiHHUX NapameTpiB AeTeKTYBaHHS.

3HayHy yBary npuaineHo mateMaTuyHOMy MOLENOBAHHIO CUCTEMMU
meTanogeTekTopa 3 iHAyKUinHUM GanaHcoM, BKntodaoun gisnyHy Moaenb
eneKkTpoMarHiTHoi B3aemogii y cuctemi 3 gBoma 36ymKyBanbHUMM KOTYLLKaMu Ta
NpUNManbHO KOTYLLKO. CTBOPEHO napaMeTpuyHy Mogernbs MeTaneBoro Tina, Lo
BPaxoBY€ MarHiTHy NPOHUKHICTb, €NeKTPONPOBIAHICTL Ta reOMETPUYHI po3Mipu
o6'exta. Po3pobrneHo moaenb aHanoroBoro TpakTy 06pobku curHany 3 AetanbHumM
aHani3om nepegaBanbHUX XapakTepUCTMK BXIQHOIO MigcunoBaya, CUHXPOHHOMO
AetekTopa, GinbTpa BUCOKMX YaCTOT Ta iHTerpatopa. 3anpornoHoBaHO METOANKY
hopMyBaHHS HaB4anbHOT BUBIPKYM LLSXOM MapaMeTpUYHOro CUHTE3Yy CUrHanis 3
KOHTPOMNbOBaHUMM XapaKTepUCTUKaMu ANst TPbOX KraciB 06'ekTiB: (hOHOBUIA PEXUM,
YOPHUI MeTan Ta KonbOpoBMI MeTan.

Y po6oTi CNpoeKTOBaHO apxiTekTypy ribpuaHoi HEMPOHHOT Mepexi, Lo NoeaHye
OQHOMIipHi 3ropTKOBI LLUAPW ANst BUAINEHHS NOKaNbHWX 03HaK y ddOpMi curHany, Lwapw
MakcUmanbHOro MyniHry Ans 3MeHLUEHHs po3mipHocTi Ta LSTM-wap ans aHanisy
[OBroCTPOKOBMX YaCcoBUX 3anexHocTen. Mepexa mMae ABa BXoan: YacoBunN pag,
Hanpyru (500 BignikiB) Ta ckansipHe 3Ha4YeHHs WBMAKOCTI pyxy o6'ekta. Po3pobneHo
anroputm poboTu MiKpOKOHTponepa Ans peanisadii cuctemu knacudikauii B pexumi
peanbHoro 4acy 3 BukopuctaHHam TensorFlow Lite for Microcontrollers. 3gicHeHo
nporpamHe MOAEMNIOBaHHS Ta HaBYaHHS HEMpOMepeXXi, NPOBEAEHO eKCrepUMeHTanbHy
nepesipky edpeKTUBHOCTI knacudikaLii Ha TecToBiin BUBIpLi.

OTpuMaHi pesynstaTty NigTBepaAXy0Tb eheKTUBHICTb BUKOPUCTAHHS ribpuaHoT
HelipoMepexeBol apxiTekTypy Ansa knacudikauii metanis y MetanogeTtektopax,
3abesnevyoun BUCOKY TOYHICTb PO3nidHaBaHHS TUMY MeTasny He3anexHo Bif
LUBMAKOCTI pyxy 06'ekTa Yyepes 30Hy AeTeKTyBaHHS. SABHEe BpaxyBaHHS LUBUAKOCTI K
[00aTKOBOro BXOAY A03BOMSAE KOMMEHCyBaTV edheKT MacluTtabyBaHHA amnniTyan
curHany, pobnsum cuctemy iHBapiaHTHOI A0 KiHeMaTU4HMX yMoB. Po3pobneHi
pilleHHS MOXYTb BYTU BUKOPUCTaHI B MpakTuULLi NobyaoBuM iHTENEKTYanbHUX CUCTEM
COpPTYBaHHSA MeTanobpyxTy, cucteM 6e3nekn 3 po3LMPeHoto yHKLOHaNbHICTIO
po3ni3HaBaHHS, apXeonoriYHNX MeTanoaeTekTopiB Ta NPOMUCIIOBUX CUCTEM KOHTPOMIO
SIKOCTi BUPOGIB.

ANNOTATION

The paper considers the application of neural networks for the classification of

metallic objects based on the analysis of inductive sensor signals in selective metal
detectors. An analysis of existing methods for metal detection and classification is
performed, including pulse systems, frequency methods, and induction balance
technologies. The physical foundations of electromagnetic field interaction with

metallic objects of various natures are investigated, including ferromagnetics,
paramagnetics, and diamagnetics. The feasibility of applying machine learning methods
to overcome the limitations of traditional amplitude-phase approaches under variable
detection parameters is substantiated.

Considerable attention is paid to the mathematical modeling of an induction

balance metal detector system, including a physical model of electromagnetic
interaction in a system with two excitation coils and a receiving coil. A parametric

model of a metallic body is created, taking into account magnetic permeability,

electrical conductivity, and geometric dimensions of the object. An analog signal
processing path model is developed with detailed analysis of transfer characteristics of
the input amplifier, synchronous detector, high-pass filter, and integrator. A
methodology for training sample generation through parametric signal synthesis with
controlled characteristics for three object classes is proposed: background mode, ferrous
metal, and non-ferrous metal.



The paper designs a hybrid neural network architecture that combines one-
dimensional convolutional layers for extracting local features in the signal shape, max
pooling layers for dimensionality reduction, and an LSTM layer for analyzing long-
term temporal dependencies. The network has two inputs: voltage time series (500
samples) and scalar value of object motion velocity. A microcontroller operation
algorithm is developed for real-time classification system implementation using
TensorFlow Lite for Microcontrollers. Software modeling and neural network training
are performed, and experimental verification of classification effectiveness on a test
dataset is conducted.

The obtained results confirm the effectiveness of using a hybrid neural network
architecture for metal classification in metal detectors, ensuring high accuracy in metal
type recognition regardless of object motion velocity through the detection zone.
Explicit consideration of velocity as an additional input allows compensation of signal
amplitude scaling effects, making the system invariant to kinematic conditions. The
developed solutions can be used in practice for building intelligent scrap metal sorting
systems, security systems with enhanced recognition functionality, archaeological metal
detectors, and industrial product quality control systems.

mEPEJ'IIK OCHOBHMX MO3HAYEHbL | CKOPOYEHbL

LSTM - Long Short-Term Memory, Tun peKypeHTHOI HEMPOHHOI MepeXxi,
KOPWCTOBYETLCS AMNS aHani3y YacoBWUX NOCMiAOBHOCTEW curHany.
NN - Convolutional Neural Network, 3aropTkoBa HeipoHHa Mepexa,
KOPWCTOBYETLCSA ANSA BUAINEHHS N1 OKarNbHUX O3HaK Yy curHani.
NN — Recurrent Neural Network, pekypeHTHa HepoHHa Mepexa,
3ragyeTbCcs Sk 3aranbHUIA Knac Mepex anst o6pobku
nocnigoBHOCTEN.
ReLU — Rectified Linear Unit, doyHKuis akTuBaLii, LLIO 3aCTOCOBYETHCS B
HEMPOHHUX Mepexax.
Adam — Adaptive Moment Estimation, anroputm ontumisauii gns HaB4aHHA
HENPOHHOT Mepexi.
®BY — inbTp BUCOKMX HACTOT, YacTMHA aHanoroBoro TpakTy o6pobku
curHany.
AYX — amnniTygHO-4acTOTHA XapakTepucTuKa, 3rafyeTbCs B KOHTEKCTI
BXiAHOro nigcuntoBavya.
EPC — enekTpopyulitHa cuna, gisnyHa BENMUYnHa, Lo onucye HaBeaeHy
Hanpyry B KOTYLLLI.
TX — nepepasanbHa koTywka (Transmitter), yactuHa cuctemu
meTanogerekTopa.
CX — komneHcauinHa kotywka (Compensation coil), BUKopnctoByeTbCS
Ana 6anaHcyBaHHA nons.
RX — npuiimansHa koTyluka (Receiver), peectpye curHan i Metanesoro
ob'ekTa.
VLF — gyxe Husbka yactoTa (Very Low Frequency), aiana3oH poboumnx
yacToT meTanogetekTopa (nopsaky 1044 u).
C[l — CVHXPOHHWUI AETEKTOP, KNIOYOBUI €NeMeHT aHanoroBoro TpakTy.
Ol — onepauiiHni nigcunioBay, BUKOPUCTOBYETHLCS Y BXiAHOMY
nigcuntoBadi Ta iHTerparopi.
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BCTYN
AxTyanbHicTe TeMu. Cy4yacHUA po3BMTOK aBTOMAaTU30BaHUX CUCTEM
KOHTPOIO Ta COPTYBaHHSA MaTepiarniB CynpoBOAXYETbCS 3pOCTaHHAM BUMOT 0
LUBMAKOCTI, TOYHOCTI Ta HaQiINHOCTI po3ni3HaBaHHSA TUMY MeTaneBux 06'exTiB.
[Mpobnema cenekT1BHOT ineHTUddIKaLii MeTaniB € Baromoto Ans NPOMUCIIOBUX
TEXHOMNOTIYHKX NiHiN, cucTeM Ge3nekn, apxeonoriYHMX AOCNiAXEHb Ta eKONOrYHOro
MOHITOPUHIY, A€ HEOBXIOQHO He NuLLe BUSBUTW HasiBHICTb MeTany, ane i AOCTOBIpHO
knacudikyBaTy rnoro Tun. TpaauuiiHi MeToam aHanisy, Wwo 6a3yoTbest Ha
amnniTyaHo-a3oBoMy aHanisi iHAyKLUiNnHOro BiAryky, MatoTb CyTTEBI OOMEXEHHS
npu po6oTi 3 06'ekTamy 3MiHHUX PO3MIpiB, POPM Ta LLUBWMAKOCTEN PyXy. ICHYtouI
anroputmu o6pobku curHanis, xou i 3abe3nevyoTb 6a3oBe pPo3pi3HEHHS
depomarHiTHUX Ta HeMarHiTHUX MaTepianis, 4acTo He BPaxoBYOTb CKNagHy
B3aEMOLII0 MiXX reoMeTpuYHUMK napameTpamu ob'ekTa, Moro enekTpoMarHiTHUIMmn
BNacTUBOCTSMM Ta ANHAMIKOK NMPOXOKEHHS Yepes3 30HY AEeTEKTYBaHHS. ToMy
po3pobka HoBMX MeTogiB KrnacudikaLii Ha OCHOBI HEMPOMEPEXKEBUX apXiTEKTYp, SKi
3AaTHI BUSIBMATW HENiHiViHi 3anexXHocTi y hopMmi curHany Ta BpaxoByBaTu AOAATKOBI
napameTpu pyxy, € 0COBnMBO akTyanbHOH.
MerToto focnimpkeHHst € po3pobneHHs Ta 4OCNiAXKEHHA cUMcTeMU
HelpomMepexeBoi knacudikauii meTaneBmx 06'ekTiB HA OCHOBI aHanidy 4acoBux
XapaKTepuCTVK iHAYKUIHOrO BiAryky MeTanofeTekTopa, Wwo 3abesneyye BUCOKY
TOYHICTb po3ni3HaBaHHS TUMY MeTarny B yMOBax 3MiHHOT LUBMAKOCTI pyxy 06'ekTiB
LUMISAXOM BUKOPUCTaHHS riBpuaHOT apXiTeKTypu 3 NOEAHAHHSIM 3rOpTKOBMX Ta
PEKYPEHTHUX LLAPIB.



3aBoaHHAMM JOCNIOXKEHHS €:

NpoBeCTW aHani3 iCHy4YMx MeToaiB AeTekKuii Ta knacudikauii metanesunx
06'exTiB, AOCNIANTM Pi3NYHI OCHOBM eNeKTpoMarHiTHoI B3aemogii ans
06r'pyHTYBaHHSA BUOOPY MeToay HelipoMepeeBoi 06pobku curHanis;
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po3pobuTn MaTeMaTUYHy MoZenb CUCTEMU MeTanofeTekTopa 3 iHAYKUiHUM
6anaHcoM Ta 3MOAENtoBaTH BiAryK AaTymka Ha NPOXOMXEHHS 06'ekTiB 3
Pi3HMMWU MarHiTHIMKU BNaCTUBOCTAMM;
CTBOPUTU MOAENb aHANOroBOro TpakTy 06pobku curHany, Lo BKovae
CUMHXPOHHE AeTeKTyBaHHA, inbTpaliio Ta iHTerpauito, Ans opmyBaHHS
BXiAHUX OaHWX LMPOBOI CMCTEMY;
po3pobUTK MeToanKy reHepaLlii CUHTETUYHOT HaBYarnbHOT BUBIPKM HA OCHOBI
napameTpuyHoi Mogeni curHanis 3 ypaxyBaHHsAM BapiaLii po3mipiB 06'ekTiB,
LUBMAKOCTI pyXy Ta EMEKTPOMArHiTHUX XapakTepucTuk Matepiarnis;
CNPOEKTYBaTV apXiTeKTypy ribpuaHOi HEMPOHHOT Mepexi 3 ABOMa Bxodamu
(4acoBwuii psg curHany Ta WBMAKICTb pyXy), L0 NOEAHYE 3ropTKOBI Wapu Ans
BUAINEHHS nokanbHUx o3Hak Ta LSTM-wap ana aHanisy yacoBux
3anexHocTen;
po3pobutn anroputTM po6oTH MIKPOKOHTPONepa Ans peanisadii cuctemu
knacudikauii B pexxumi peanbHoro yacy 3 BukopuctaHHsm TensorFlow Lite for
Microcontrollers;
NPOBECTM NPOrpaMHe MOAENOBAHHS Ta HaBYaHHSA HEMPOMepeXxi, AocnianTn
edeKTUBHICTb krnacudikaLii Ha TecToBi BUGIpLi Ta OLIHUTM TOYHICTb
po3ni3HaBaHHS TPbOX KnaciB 06'ekTiB: (HOHOBOrO pexMMy, YHOPHUX MeTaniB Ta
KONbOPOBUX MeTaniB.
O6'exTOM JocnimKeHHst € npoLecn hopmMyBaHHA Ta 06pobkn
eneKTPOMarHiTHUX curHanis y cuctemax iHayKuiviHoi AeTekuii meTanis, LLO
(bYHKLIOHYIOTb B yMOBaX 3MiHHWUX NapameTpiB pyxy 06'ekTiB Yepes 30Hy YyTnMBOCTI
[atyvka.
lMpenmeTom AoCnimKEeHHst € MeToan HelipoMepexeBoi knacudikauii Tuny
MeTarny Ha OCHOBI aHanidy (hopmu H4acoBOro BiAryKy iHAYKLINHOMO AaTynka 3
KOMMeHcAaLi€to, a TakoX anroputMmn BpaxyBaHHS LUBUAKOCTI PyXy AN iHBapiaHTHOro
po3ni3HaBaHHsa maTepiany.
MpakTnyHe 3HaYeHHs ofepXKaHWX pesynbLTaTiB NoNArae y CTBOPEHHI
cuctemm knacudikaii MeTanesux o6'exTiB, sika JO3BOMNSE peanisyBaT HadilHe
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po3ni3HaBaHHs TNy meTany (chepomarHiTHUiA abo HEMarHiTHWIM) B yMoBax 3MiHHOT
LUBMAKOCTI MPOXOAKEHHS 06'eKTIB Uepes aeTekTop. 3anponoHoBaHi PiLLeHHS MOXYTb
6yTn BUKOPUCTaHi ANs NOBOYAOBU iHTENEKTYanbHUX CUCTEM COPTYBaHHS
MeTanobpyxTy Ha nepepobHUX NigNpYeEMCTBax, cUcTeM He3nekn 3 po3LMpPEHOIo
yHKLIOHaNbHICTIO po3ni3HaBaHHA 3arpo3, apxeosoriYHMX MeTanoaeTeKkTopis 3
MOXIMBICTIO MonepeaHbol iaeHTUdIKaLiT 3HaXigoK, @ TaKoX NPOMUCIOBMX CUCTEM
KOHTPOIO SKOCTi BUPOBIB 3 ypaxyBaHHsIM maTepiany. PospobneHa apxitektypa
HeMpOHHOI Mepexi Ta MeToavKa reHepauii HaB4anbHUX JaHUX € YHIBepcanbHUMK i
MOXYTb ByTV aganToBaHi ANs iHWMX 3a4a4 aHanidy YacoBMX NOCMIAOBHOCTEN Y
cucTemMax HepyMHIBHOMO KOHTPOSIO.
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1 AHANI3 METOAIB BUBHAYEHHA HAABHOCTI METANY |
METOOWV OBPOBKN CUTHATIB
1.1 Knacudikauist Ta nopiBHANbHUIA aHani3 MeToaiB AeTeKuii MmeTaneBmx
ob6'exTiB
CyuyacHuii cTaH po3BUTKY NpunagobyayBaHHs B ranysi HepywmHiBHOrO
KOHTPOSO Ta MOLLYKOBOI TeXHikn 6a3yeTbca Ha pyHAaMEHTanbHUX 3aKoHax
KNacM4HOI eneKTPoANHaMIKW, 30Kpema Ha fBULLax enekTpoMarHiTHoOI iHayKuii Ta
BMXPOBWX CTPyMiB. Knacudikauisi MeTofiB AeTeKLuii meTaneBunx o6’ ekTiB
30JINCHIOETBCA Ha OCHOBI cnocoby hopMyBaHHS NEPBMHHOMO 30HAYBasbHOIO Nons Ta
anropuTmie 06pobKM BTOPMHHOTO CUrHany, Lo BUHMKAE BHACNiAOK B3aeMogii nons 3
uinnto. OCHOBHUM KpUTEpPIEM ePEeKTUBHOCTI TAKUX CUCTEM € iXHS 30aTHICTb BUSBMATU



aHomanii MarHiTHOI MPOHMKHOCTI Ta eNeKTPUYHOI NPOBIAHOCTI cepefoBuLLa Ha
neBHi rmMubuHi, 3abeanevyoun Npu LbOMY AOCTOBIPHY iHbopMalLiito npo disnko-
XiMiYHi BNacTUBOCTI 3HanaeHoro o6’exTa.

HanbinbLu paHHiM Ta TEXHIYHO NPOCTMM MiAXOA0M A0 BUPILLEHHS 3adaui

petekuii € metog Beat Frequency Oscillation (BFO), wwo rpyHTyeTbCS Ha
BMMIpIOBaHHi 61TTA ABOX YacToT. TexHiyHa peanisauis gaHoro metoady nepenbadae
BMKOPUCTaHHS ABOX He3anexHux LC-reHepaTopiB, oguH 3 sikux cTabinisoBaHuii 3a
[0MOMOrOI0 KBapLIOBOrO pe3oHaTopa abo BUCOKOSAKICHUX NACUBHUX KOMMOHEHTIB i
BMKOHY€E porb eTanoHa. [ipyruii reHepaTtop, kUil Ha3nBaloTh MOLLYKOBUM, MICTUTL Y
CBOEMY 4acTOTO3a[aBarnbHOMY KOHTYPi 30BHILLHIO iHAYKTUBHICTb y BUrNAAI
MOLLYKOBOI KOTYLLUKM. MpUHUMN BUSABNEHHSI 6a3yeTbCst HA 3MiHi YacTOTU NOLLYKOBOTO
reHepartopa nif BNAMBOM 30BHiLLHLOro MeTanesoro Tina. Konu kotyLuka
HabnumxaeTbecsa Ao pepomarHiTHoro o6’ekTa, MarHiTHa NPOHMKHICTb cepeaoBuLLa
3pocTae, Lo Np13BOAWTb A0 36iNbLUEHHS iHAYKTUBHOCTI Ta, BiANOBIAHO, 3MEHLLEHHS
YacCTOTW KONMMUBaHb. Y BUNaAKy 3 KOMbOPOBUMU MeTanaMmm foMiHye edekT BUXPOBUX
CTPYMIiB, 5iKi CTBOPIOKOTb 3yCTpiYHE MarHiTHe none, LWo 3MEHLLYE eKBiBaNeHTHY
iHOYKTMBHICTb KOTYLUKM Ta NigBuLLye YacToTy. CurHanu 3 obox reHepaTtopis
noaalTbCs Ha 3MilllyBaY, Ha BUXOAi AKOro dOpMYETLCA Pi3HULEBUIA CUTHAMN HU3bKOT
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YyacToTn. OCHOBHOO NMPUYMHOK HWU3bKOI MOMYNSAPHOCTI LIbOro METOAY B HAyKOBUX
po3pobkax € Moro KpUTUYHO cnabka YyTnuBiCTb A0 ApPiOHUX Lineni. Ockinbku 3miHa
4acToTU € Mi3epHOI0 Ha BENWKUX BiACTaHsX, Mpunag He Moxe 3adikcyBatn 06’ekTu,
PO3Mip SIKUX CYTTEBO MEHLUUIA 3a AiameTp Aatyuka. Kpim Toro, meton BFO
XapakTepusyeTbCs BUCOKUM PiBHEM YaCTOTHOIO Apendy, BUKITMKAHOro 3MiHOK
TeMnepaTypu HaBKOMMLLHLOTO CepefoBULLa Ta PO3PSAOM AKeperna XUBMEHHS, Wo
pobuTb Oro HenpuaaTHUM ANs TOYHUX KiNbKiICHUX BUMiptOBaHb. BiacyTHICTb
MexaHi3aMiB ha3oBoi ineHTMikauii yHeMOXNMBIOE CeneKLito MeTanis, OCKinbKu
npunag pearye nviie Ha dakT 3MiH1 iHAYKTUBHOCTI, HE aHaniaytoun npupoay
BUHUKHEHHS L€l 3MiHW.
MpUHLUMNOBO iHLWWIA NiAXiA A0 opraHisauii nowyKy peanizoBaHo B metogi Pulse
Induction (PI), abo meTopai imnynbcHOT iHAYKLIT. PYHKLIOHYBaHHSI CUCTEM TaKoro
Tuny 6asyeTbca Ha aHanisi nepexiaHux Npouecis y Yacosii obnacTi. Ha BigMiHy Big
6e3nepepBHOXBUIBOBUX METOAIB, Pl-AeTekTopu reHepyoTb NOTYXXHi iMAynbcu
MarHiTHOro Nossi Yepea KOpoTKy NOCMIAOBHICTb CTPYMiB BUCOKOT amnmiTyau, Lo
NPOXOASATh Yepes KOTYLUKY. [1icns piskoro BUMKHEHHS! iMNynbCy CTPYMy NepBUHHE
none 3HWKae mMalixe MUTTEBO, NPOTE B MeTaneBmx 06’ekTax, WO 3HaXoAATbCS B
pagiyci gii, 3a iHepLieto NPoOAOBXKYIOTb LMPKytoBaTh BUXpOBi cTpymu. Lii ctpymun
reHepyloTb BfacHe BTOPVHHE Nose, sike 3aTyXae 3 YacoM 3arexHo Bif onopy Ta
iHOYKTMBHOCTI camoro 06’ekTa. MNpuiimanbHa cucteMa AETEKTOPa aKkTUBYETLCSA NuLLe
nicnsi MOBHOIO 3aTyxaHHSA NepexigHoro npoLecy B caMmii KOTYLUL, WO A03BONSAE
peecTpyBaTu Hagcnabki curHanu Biaryky Big Uini. FonoBHoto nepesaroto metoay Pl e
Oro BUHSATKOBA CTIlKICTb 40 BMNNUBY MiHEparnisoBaHUX I'PYHTIB Ta MOPCbKOI BOAW.
OckinbKkv BUMIpOBaHHS NPOBOAMTLCA B Nay3i MiXX BUNPOMIHIOBAHHAMU, CUrHanu
BiAryKy Bif cepefoBuLLa, SKi 3aTyxaloTb AyXe LBMAKO, He HaKNaaarTbCsa Ha curHanm
Bif MeTaneBux o6’exTiB. Lie fo3BoNsie gocsrati 3Ha4YHOI rMMBuHW aeTekuii, ska ans
BENVKMX NpeaMeTiB MoXe nepeBuLLyBaTy Kinbka meTpiB. OgHak CyTTEBUM HeOOormniKoM
€ cnabka 3aaTHiCTb 4o AuckpuMiHaLii meTanis. Mpouec iaeHTudikauii B iMnynbCHMX
cucTeMax 3BOAUTLCA A0 aHanisy WBWUAKOCTI 3aTyxaHHsi BTOPUHHOTO iMNynbCy, WO Aae
nuwe onocepeakoBaHe YABMEHHs NPO NPOBIAHICTbL MaTepiany. Po3pisHnTv npegmetu
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3 NoAibHMMM YacoOBMMUW KOHCTAHTaMU 3aTyXaHHs, Hanpuknaz, BenuKy 3anisHy
NAacTUHy Ta MigHY MOHETY, CTae MaiiXe HEMOXITMBUM 3aBAAHHAM. TakuM YMHOM,
meTog Pl € ineanbHum Anst MuBWHHOTO NOLLYKY B CKMaAHWX YMOBAX, ane He
3abesneyye HeobXigHOrO PiBHS BUGIPKOBOCTI ANs cKnaaHux 3agad igeHtudikauii[1].
HanbinbLl gockoHan“M Ta NnepcnekTUBHUM METOAO0M, SIKUIA CTaB OCHOBOO Af1s1
PO3BUTKY Cy4acHOI BUCOKOTOYHOI anapatypu, € metog Induction Balance (1B), abo
iHOYKUiNHWIA GanaHc, LWo npawoe Ha ayxe Hu3bkux yactotax (VLF). B ocHOBI Lboro
MeToay NEXWUTb BUKOPUCTaHHS cucTeMm 36anaHCoBaHMX KOTYLLIOK, SIKi pO3TaLLOBaHi
TakUM YMHOM, o6 y BiACYTHOCTI MeTany iX B3aeMHa iHAYKTMBHICTb Oyna
MakcumanbHO HabnvkeHa Ao Hyns. MNMepenaBanbHa KoTyLuKa 6e3nepepBHO
BUMPOMIHIOE CUHYCOIAanbHWIA CUrHan, a npuiMarnbHa KOTyLUKa HanalToBaHa Tak, Lo



NepBMHHE MOof1e B Hill NOBHICTIO KOMNEHCYeTbCA. Byab-siKke nopyLleHHs
eneKTpoMarHiTHOi OAHOPIAHOCTI NPOCTOPY B 30Hi AaT4nKa NPU3BOAUTL A0 NOSBU
curHany posbanaHcy. YHikanbHicTb MeToay IB nonsrae B MOXNIMBOCTI NpoBeAeHHs
NoBHOro Ha3oBoro aHaniy oTpuMaHoro curHany. BropuHHe marHitHe none, Lo
nepeBUNPOMIHIOETLCA 06’€KTOM, 3aBXaM 3MilLleHe 3a (ha3or BiJHOCHO NEPBUHHOIO
nons. Lien dasoBuii 3cyB BU3HAYaETLCA KOMMIEKCHUM OMOPOM Lifi, SKUi €
KoMGiHaLielo aKTUBHOIO eNeKTPUYHOrO ONopy Ta peakTUBHOTO iHAYKTUBHOIO OMopy.
AHaniaytoun KyT ha3oBoro 3cyBy 3a AOMOMOro CUHXPOHHUX AETEKTOPIB, MOXHa 3
BMCOKWM CTyrNeHeM AOCTOBIPHOCTI BU3HAUMTK Tun metany. O6’ekTU 3 BUCOKO
MarHiTHOI NPOHWKHICTIO, TaKi K YOPHI MeTanu, BUKNUKaloTb 3cyB hasn B O4HOMY
HanpsiIMKy, ToAi sik 06’eKTM 3 BUCOKOIO MPOBIAHICTIO, Hanpuknaz 3010To, Miab abo
cpibno, 3amiwytoTb hasy B MPOTUNEXHOMY HanpsMKy[2].

MeTop iHAyKuiiHoro 6anaHcy [o3BonsE peanisyBaTv CKnagHi anroputmm
BifiCikaHHS 3aBaf Bif I'PYHTY, LLO € KMHYOBUM hakTopoM Ans cTabinbHoi poboTn
npucTpoto. 3aBasikv MOXXITMBOCTI BUMIPIOBaHHS SIK aMnniTyau, Tak i ha3u curHany,
cuctemu |B 3a6e3nevytoTb HaBULLY CENEKTUBHICTb cepep YCiX iCHYYMX MeToaiB
netekuii. Lle no3Bonse onepartopy He nuille BUSBMATU HAsBHICTb MeTany, a i
irHopyBaTu HebaxaHi Lini, Taki sk 3ani3Hi uBsxu abo ApibHe cmiTTS,
30cepesxyounch Ha 06’ekTax 3 KOHKPETHUMY NapaMeTpamMu NpPoBiAHOCTI.
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BukopucTaHHs LbOro MeToAy BiAKpVBAaE LLUMPOKI MOXIMBOCTI ANsi LndpoBoi 06pobkm
CUrHaniB, BKIKOYaKUM 3aCTOCYBaHHSI LUBUAKOTO NEPETBOPEHHS dyp'e Ans
cnekTpansbHoro aHanisy Biaryky. Came yepes Lji XxapakTepucTuku MeToz
iHayKuiHoro 6anaHcy obpaHo sik 6a30BWI ANSt NOAANBLLIOTO NPOEKTYBaHHS Ta
[ocnigkeHHs B Mexax AaHoi kBanidikauinHoi poboTu. MoganbLumnii po3BUTOK CUCTEM
Ha 6a3i IB nos'si3aHuii i3 nepexofom Ao 6arato4acToTHOro 30HAYBaHHS, LLO A03BOMSE
oTpumMyBaTH Lie Ginblue iHpopmaLii Npo BHYTPILLHIO CTPYKTYPY Ta hopMy BUSIBNEHUX
06’eKTiB, MiHIMi3yl04n BNMB HEOAHOPIAHOCTEN I'PYHTY Ta MiABULLYIOUM 3aranbHy
TOYHICTb iAeHTUdiKauii.
MopiBHIOKOYM TPY BULLLEONUCAHI METOAM, MOXHA 3pobUTH BUCHOBOK, Lo BFO €
MoparnbHO 3acTapinum Yepes HU3bKy cTabinbHICTb Ta YyTnuBicTb. Metog Pl
3anuLIaeTbCa He3aMiHHUM Ans cneumdiyHnX YMOB NOLUYKY Ha BENUKUX IMMBuHax y
arpecuBHUX cepeaoBuLLax, ane noro obMexeHi MOXIMBOCTI B AUCKpUMIHALT MeTanis
He [03BONATb BUKOPUCTOBYBATHW MOro ANs 3a4aY, Ae NoTpibHa TouHa cenekuis.
MeTop iHaykuinHoro 6anaHcy (VLF/IB) € HanbinbLw 36anaHcoBaHM piLLEHHSIM, sIKe
noeaHye AOCTaTHIO MUGKHY BUSIBNEHHS 3 BUCOKOK aHaniTUYHO 3AaTHICTHO.
MOoXNMBICTb BEKTOPHOTO aHanidy curHany B KOMMMEKCHi NNOoLMHI pobuTb noro
eTanoHHVM METOAOM ANS CyYaCHUX iHTENEKTyarnbHUX CUCTeM MeTanoaeTekuii, Wwo i
3yMOBoe BMGIp AaHoi TexHomorii Ana peanisaulii NpakTUYHOT YacTuHK po6oTu[3].
Onuc isnyHMX NpoLeciB y cucTemax iHayKuinHoro 6anaHcy notpebye
[eTanbHOro po3rnsay B3aemogii enekTpoMarHiTHUX XBUib 3 NPOBIAHUMY Tinamu y
kBasicTauioHapHoMy HabnuxeHHi. Ockinbku poboyi YacTtoTn MeToay IB 3HaxoasTbes
B [liana3oHi Bif AEKiNbKOX COTEeHb repL, A0 AECATKIB Kinorep, AOBXWHA XBUMi 3HA4YHO
nepeBuLLy€e reoMeTpuYHi po3mipu agatyuka Ta ob’ekTa nowyky. Lle nossonse
3HexTyBaTh edpeKkTaMun BUNPOMIHIOBAHHS Ta po3rnsifgaTi 3agady B pamkax Teopii
NaHLoriB i3 30CepekeHnMmN napameTpamu, Ae B3aEMO/is ONUCYETLCA Yepes
koediLieHT B3aeMHOI iHAYKLii. Takvi nigxia 3HauyHo CnpoLlye MatemaTnyHe
MOAENOBaHHS CUCTEMM Ta [O3BONSE PO3pobuTH epekTUBHI anroputmMu o6pobku
[aHux y peanbHOMy yaci Ha 6asi cyyacHux MikpokoHTposepiB. AHani3 HaykoBOT
niTepaTypu Nokasye, Lo OCHOBHI 3yCcunnsi AOCNIAHWKIB CbOrodHi CpsiMOBaHi Ha
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NiABULLEHHS 3aBafOCTIMKOCTI TakMX CUCTEM Ta PO3LUMPEHHS AUHAMIYHOIO Aiana3oHy
NpUIAManbHOro TPaKTy, Lo [03BONUTL BUSIBNATY Le APiOHiLWi 06’ekT Ha OoHi
MOTY>XHUX CUrHaniB Bif MiHEpanisaoBaHOro rpyHTY.
1.2 ®i3nyHi ocHOBM B3aeMoii enekTpoMarHiTHOro nons 3 MmeTaneBumm
ob’ektamun
dyHaaMeHTanbHUi MexaHiaM poboTun 3acobiB iHAYKLiINHOT MeTanogeTekwil
6a3yeTbCs Ha NpPUHLMNAax KNacu4HoI eneKkTpoamMHaMmiky, LLO OMUCYOTb B3aEMOLH0
3MiHHOrO MarHiTHOro nons 3 peyoBuHo. OCHOBHUM xepenom iHdopmalLii npo
HasBHICTb Ta i3nYHi BNacTnBOCTi 06’ekTa € BTOPUHHE eNeKTpoMarHiTHe norne, sike
reHepyeTbCst caMnM 06’€KTOM Mif BNIIMBOM NEPBUHHOIO MOMS BUNPOMiHIOBaNbHOI



KOTyLKW. MNpoLec hopMyBaHHS LIbOTO BIAryKy € CKNnagHuM (isudHUM SBULLEM, LLIO
BM3HAYa€ETbCA OHOYACHO MArHiTHAMK Ta eNIeKTPUYHUMY XapaKkTepucTukaMmu Metany,
TaKUMM SIK MarHiTHa MPOHUKHICTb ( ) Ta NMMTOMa enekTpuYHa NpoBiaHicTb (). Ans
rMMBOKOro PO3yMiHHSI CENEKTUBHMX BMACTUBOCTEN Cy4aCHUX AeTeKTopiB HeobXigHO
PO3rNsHYTY ABa KMHYOBI NMPOLECU: BUHUKHEHHS BUXPOBUX CTPYMIB Ta SIBULLE
MarHiTHoro rictepeaucy[4].

Konu 3mMiHHe MarHiTHe nosne NpoHW3ye enekTponpoBigHe Tino, 3rigHo i3

3aKOHOM eneKTpoMarHiTHOI iHayKUii ®apages, BcepeanHi Lporo Tina BUHUKae
eneKTpopyLUiiHa cuna, Lo NPU3BOAUTbL A0 NOSBU 3aMKHEHUX ENEKTPUYHUX KOHTYPIB,
BiAOMMX 5K BUXPOBi CTpyMu abo ctpymu dyko. Lii ctpymu umpkyniotoTb y

nrowmHax, NepneHanKynapHUX 40 HanpsiMKy MarHiTHOro noToky, i, BiAnoBigHo Ao
npaevna JleHua, CTBOPIOIOTL BNacHe MarHiTHe none, HanpsiMieHe HasycTpiy
NepBMHHOMY MOMHO, LLIO NOro NOpoAauno. EdekTnBHICTL reHepalLlii BUXpoBUX CTpyMiB
NpsSIMO 3aneXuTb Bif YaCTOTU 30HAYBaINbHOrO CUrHany Ta eneKTPUYHOro onopy
marepiany. Y KonbopoBUX MeTanax, Takux sik Migb, cpibno abo antomiHii, siki maoTb
BMCOKY NPOBIAHICTb, BUXPOBI CTPYMW AOCSAraloTb 3HA4YHOI amnniTyan. BropmHHe
nore, CTBOPIOBaHe LMy CTpyMamu, CyTTEBO Nocnabntoe nepBUHHE norne BCcepeauHi
06’exTa, WO 3 Nornsay BUMIpHOBanbHOI CUCTEMUW feTekTopa BUIMSAAE sIKk BHECEHHS B
KOHTYP 3Ha4YHOro aKTUBHOIO OMOPY Ta 3MEHLLUEHHSI eKBiBaNIEHTHOI iHAYKTUBHOCTI.
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MapanenbHo 3 enekTpUYHUMK NpoLiecamn y hepoMarHiTHUX maTtepianax, Ao
AKMX HanNexuTb 3ani3o Ta Moro cnnasu, BiAdyBaloTbCA NPOLECH nepemMarHidyBaHHs
[oMeHiB. Lle siBuLLe onucyeTbea NOHATTAM MarHiTHOro rictepesucy, Wwo Bigobpaxae
3ani3HIOBaHHSA 3MiHU MarHiTHOT IHAYKLUIT B pE4OBWHI BIGHOCHO 3MiH HanpyXeHoCTi
30BHILLUHBOrO MarHiTHOro nons. HasiBHICTb BUCOKOI MarHiTHOT MPOHUKHOCTI Y YOPHUX
MeTanax npu3BoAMTbL A0 KOHLEHTpaLiil NiHii MarHiTHOT iHAYKUiT BcepeaunHi o6’exTa.
Lle cnpuunHse edekT, NPOTUNEXHWUIA Aii BUXPOBUX CTPYMIB: iHOYKTUBHICTb
NOLLYKOBOI cucTemu 3pocTtae. OgHak y peanbHUX ymoBax y hepomarHeTvkax
OQHOYaCHO iCHYIOTb | MarHiTHi ecpektn, i BUXpoBi cTpymu. KiHueBuii pesynstat
B3aEMOAIT 3anexuTb Bif TOro, K1 3 hakTopiB JOMIHYE Ha KOHKPETHI YacToTi. Ha
HM3bKWUX YacToTax y CTaneBux 06’'ekTax 3a3Buyaii nepeBaxarTb MarHiTHi
BMacTMBOCTI, TOAI K i3 MiABULLEHHAM YacTOTU BNAIMB BUXPOBKX CTPYMIB
MOCUITIOETBCS, L0 MOXEe NMPU3BOAUTU A0 3MiHW 3HAKY Pe3yrbTY4oro BiAryKy.
[ins kinbkicHOro Ta siKicHoro aHaniay Lmx NpoLeciB Y Cy4acHin MeTanoaeTekuii
BMKOPUCTOBYETLCSH BEKTOPHE NPEACTaBMNEHHSI CUrHany B KOMMIEKCHIN NIOLLMHI.
Byab-sikvin BiAryk Bifg 06’'ekta MOXHa NpeacTaBUTM SiK BEKTOP, LLO Mae NeBHy
amnniTyay Ta has3oBuii KyT BiJHOCHO OMOPHOro curHany nepegasada. Pa3oBuin 3cyB €
HanBaXnMBILLMM NapameTpoM, OCKIfIbKN BiH Malke He 3anexuTb Bif BiAcTaHi 40
o6’ekTa (B Mexax pobo4oi 30HM), @ BU3HAYAETLCS BUKIMIOYHO (Di3VYHO NPUPOAOHD
meTany. Came Ha aHanisi dpasoBoro 3cyBy 6a3yeTbes TexHonoris Visual
Discrimination Indication (VDI), sika 4o3Bonsie onepaTopy BidyanbHo iaeHTudikyBaTu
TN MeTany Le A0 BUNyYeHHs ob’ekTa i3 cepegoBmials].
Y KOMMNMEKCHiM NMOLLMHI BEKTOP CUrHany po3knagaeTbCs Ha ABi CKNafoBi:
PEe3NCTUBHY (aKTUBHY), WO 36iraeTbcs 3a hasoro 3 BUXPOBUMU CTPyMaMu, Ta
peakTuBHyY (iHOYKTUBHY), 3yMOBIIEHY MarHiTHUMK BracTMBOCTSIMU abo
iHOYKTUBHICTIO CaMyX KOHTYpPIiB BUXPOBUX CTPyMiB. [liamarHeTvkv Ta
napamarHeTuku, [0 SKUX BiAHOCUTLCS GinbLUiCTb KONbOPOBKX MeTaniB, He MakTb
BMACHUX CUMbHUX MarHiTHUX MOMEHTIB, TOMY iXHill BNAMB Ha rnone B13Ha4yaeTbCs
nepeBaxHO akTUBHMMU BTpaTaMu Ha HarpiBaHHsi 06’ekTa BUXpOBUMM cTpymamu. [ns
TaKkux MeTariB BEKTOP CUrHamny po3TalloByeTbCs Y KBaapaHTax, Lo BianoBigaTb
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[OMiHYBaHHIO akTUBHOTO ornopy. MNpun LibOMYy MeTanu 3 BUCOKOI MPOBIAHICTIO (BenuKi
MigHi 06’€KTN) AEMOHCTPYHOTb 3HAa4YHWI (ha30BUIA 3CYB, OCKINbKY iXHS BnacHa
iHOYKTUBHICTb YMOBIMbHIOE PO3BUTOK BUXPOBUX CTPYMIB, TOAI SIK METaNM 3 HU3bKOKO
NPOBIAHICTIO (TOHKI 30110Ti BUpOOWU, honbra) MatoTe Manuin hasoBuii 3cyB i
CNpUMaloTLCA CUCTEMOLO 51K 00'EKTU 3 MEPEBAXKHO aKTUBHOKO CKIaA0BO0.
depomarHiTHi 06'€KTW, HaBNaKW, BHOCSATb MOTYXHY PeaKkTUBHY CKNagoBy B
curHan posbanaHcy. 3aBAsky BUCOKOMY 3HAYEHHIO , BOHW MiACUMIOTb MarHiTHUN
NOTiK, LLO NPU3BOAUTL A0 ha30BOro 3CyBY, NPOTUMEXHOTO 3a 3HAKOM BIATYKY Bif
KONMbOPOBKX MeTaniB. Y cuctemi koopauHat VDI YopHi meTanu 3a3Bunyan 3anmarotb
[fianasoH Bif'eMHKX 3Ha4yeHb abo 3HayYeHb, Brn3bKMX A0 HyNst ha3oBoi LLKanw.



CknagHicTb ineHTudikauii BUHMKae npw AeTekuii cknagHux cnnaeiB abo 06’ekTiB
He3BUYHOI hopmMu, Ae CriBBIAHOLLEHHSI MK ePeKTOM ricTepeancy Ta epekToM
BMXPOBWX CTPYMIB MOXe 3MiHioBaTuUCs. Hanpuknaz, ToHka ctaneBa nnactuHa Moxe
MaTtun asoBuii BiAryK, CXOXMI Ha KONbOPOBUIA MeTar, Yepe3 AOMiHYBaHHS
MMOLLMHHUX BUXPOBUX CTPYMIB Hag 06’'€MHUM nepemarHivyBaHHAM[6].

Baxnueum acnektom disnku npouecy € Takox CKiH-edekT, AKui nonsirae y
BUTICHEHHI BUXPOBUX CTPYMIB Ha MOBEPXHIO NPOBIAHMKA NPy 30iNbLUEHHI YacToTu.
Lle siBuLe obmexye rmmbrHy NPOHUKHEHHS Nonsa B MeTan i 3aMiHioe da3osi
XapaKTepUCTVKM BiabuToro curHany. [ins meTanis 3 BUCOKOK MarHiTHOH
MPOHUKHICTIO IMNBUHA CKiH-LIapy 3HAa4YHO MeHLUa, HiX ANst KONbOPOBUX MeTaniB Ha
Tili camin yacToTi. Lle npnsBoanTh 40 TOro, LU0 3ani3Hi 06’'eKTV Ha BUCOKMX YacToTax
NMOYMHal0Tb AEMOHCTPYBATK BNAaCTUBOCTI, XapaKTepHi Ans NOBEpXHeBOi NPOBIAHOCTI,
Lo e Ginblue ycKnaaHoe anropuTMm AUCKpUMIHaLIT.

BurikopurCTaHHsi BEKTOPHOTO aHaniay J03BONSE MaTeMaTUyHO Po3ainuTi BNnue
I'pyHTY Ta BNAMB Uini. CurHan Big rpyHTy, WO MICTUTb OKCUAW 3arnisa, 3a3Buyain Mae
BEKTOp, CNPSIMOBaHUI y3[40BX PEaKTUBHOI OCi 3 HEBENUKUM BiAXUINEHHSAM,
3yMOBMNEHNM BTpaTamu Ha B’A3KiCTb nepemMarHivyBaHHsa. OCKinbKv BEKTOpP Lini
(0co6nrBO KONBbOPOBOro MeTarly) CpPsIMOBaHUIA Mif, iHLUMM KyTOM, NMPOEKTYBaHHS
CyMapHOro BeKTopa Ha BiCb, NeprneHavKynsapHy 40 BEKTOpa I'PYHTY, AO3BOMNSAE Maxe
MOBHICTIO irHOpYyBaTK 3aBaaum Big cepefosuLa. Lie npouec, Binomuii sik
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6anaHcyBaHHS I'PYHTY, € KPUTUYHO BaXINMBUM ANs KopekTHoi poboTn VDI. bes
TOYHOI KOMMNEeHcaLii ha3oBoro 3cyBy I'pyHTY BU3HAYEHHS TUNY MeTany cTae
HEMOXXITMBMM, OCKIiNbKM HaBiTb cnabka MiHepanisauis 3gaTHa 3MiCTUTV BEKTOp
curHany uini Ha 4ecaTku rpagycis, NPM3BOAAYN [0 NOMWUKOBOI igeHTUdiKauii Migi sk
3anisa abo HaBnaku[7].
Takum YnHoM, bisvka npouecy AeTekuii B cuctemax iHaykuiiHoro 6anaHcy e
6aratoakTopHOO 3aaadeto, e KiHLEBUI CUrHamn € pesynsTaTtoM cynepnosuii
BEKTOpIB, 3yMOBJIEHNX €MEeKTPUYHOI NPOBIAHICTIO (BUXPOBI CTPYMU) Ta MarHiTHOO
NPOHWKHICTIO (ricTepeaunc). Po3yMiHHS LMX npoueciB A03BOMSE NPOeKTyBaT LMPOBI
dineTpK Ta dasosi AMCKpUMIHATOPK, AKi 3abe3nevyioTb BUCOKY TOUHICTb Bisyanisawii
Tuny metany Ha wkani VDI. Lie ctBoptoe hyHAaMeHT Ans po3pobku iHTeneKTyanbHux
anropuTmiB knacudikadii, Wo 3aaTHi po3pi3HATU 06’eKTU He NuLe 3a maTtepianom, a i
3a iIXHbOI reOMETPUYHOIO Ta CTPYKTYPHOI KOHirypauieto.
1.3 Hanpamku 3acTocyBaHHA MeTanoAeTeKkTopiB Ta ix (PyHKUiOHaNbHi
ocobnusocTi
CyuacHa cpepa 3acTocyBaHHs iHAYKLINHMX CUCTEM AeTeKLii MeTarniB OXonnioe
LUIMPOKMI CMEKTP ranysen — Bif r'yMaHiTapHOro po3miHyBaHHsi Ta apxeonorii Ao
aBTOMAaTM30BaHVX MPOMUCIIOBUX NiHili Ta cMCTeM 3abe3neveHHs rpoMazCcbKol
6e3neku. PisHoMaHIiTHICTb yMOB ekcnnyaTauii Ta LinboBux 06’eKTiB AVKTYE
cneumdiyHi BUMory oo dyHkUioHansHoi nobyaosu npunagis, iXHbOT YyTNMBOCTI,
CeneKkTMBHOCTI Ta cnocobiB npeacTaBneHHs iHpopmaLlii kiHueBoMy kopucTyBadvy abo
Kepytoyinn cuctemi. OCHOBHUM 3aBAaHHAM Byab-sKoro MeTanofeTekTopa €
nepeTBOpPeHHS i3NYHOI 3MiHV NapameTpiB enekTpoMarHiTHoOro nons y dopmy, sika €
NpUAATHO AN NoAanbLUOro aHanisy Ta NPURHATTS pilleHb.
1.3.1 MpuknaaHi cdhepu BUKOPUCTaAHHSA MeTarnoaeTekTopis
Mepwunm i HaNBinbL MACOBMM HaMPSIMKOM € I'PYHTOBWIA MOLLIYK, LLIO BKIIOYAE B
cebe apxeonorivyHi 4OCMIKEHHS, NOLYK BTPAYEHNX LiHHOCTEN Ta ryMaHiTapHe
PO3MiHyBaHHS TEPUTOPIN. Y LIbOMY KOHTEKCTI METanogeTeKkTop npautoe sk
iHCTPYMEHT HEPYMHIBHOIO KOHTPOSIO B YMOBaX BUCOKOI HEBU3HAYEHOCTi

@M. Apk. No gokym. Mign. AaTa
Apk.
21 KPM.AKCwm- 09.00.00.000 M3
cepenosuLia. OCHOBHVM BUKIIMKOM TYT € HasiBHICTb NPUPOAHOrO hOHY IPYHTY, AKUI
4acTo Mae BMpaxeHi MarHiTHi BNacTMBoCTi. PyHKLiOHaNbHO Taki npunagn
MPOEKTYITbCA SK IHTEPAKTUBHI cucTeMu, e onepaTtop 6epe 6eanocepenHto y4acTb y
npoueci ineHTudikadii.
Ha B1MpoGHM4Mx 06’ekTax MeTanoaeTekuis Bigirpae ponb 6ap’epa KOHTponto
sKoCTi Ta 6e3nekn obnagHaHHS. Y xap4yoBii, hapMaLeBTUYHIN Ta TEKCTUMbHIl
NMPOMUCNOBOCTI IETEKTOPU BCTAHOBMIOTLCSA HAf, KOHBEEPHUMMU CTPIYKaMu Ans
BUSIBNIEHHS BUMAAKOBMX MeTaneBux 4acTok y npoaykuii. Ha BiaMiHy Big rpyHTOBOro
NOLUYKY, BUPOBHMNYI CUCTEMW IHTErPYIOTLCA B aBTOMATU30BaHI LKW KepyBaHHSA
(ACY TI). TyT He BUMaraeTbCsa cknajHa Bidyanisauis Ans noaMHu, HaToMiCTb



npiopuTeTOM € LUBUAKICTb peakLii cuctemu Ha 3MiHy amnnityam abo dasu curHany Ta
hopMyBaHHsi KOMaHAW Ha BiAGpakoByBaHHS NpoayKLUii[9].

OKpeMUM KpUTUYHO BaXKIUBKMM CErMEHTOM € cucTemu 6esnekn B rpoMaachkmx
MiCLISX, TaknMX ik aeponopTy, BOK3anu Ta AepxasHi ycTaHoBU. OCHOBHOK BUMOTO
[0 apOYHMX Ta PYYHUX MeTanodeTekTopiB y Uil cdepi € 3abesneveHHss BUCOKOT
NPOMYCKHOT 3aaTHOCTI. PYHKLIOHanN Takux Npunagis MakcuMmanbHO CNpPOLLEHW Ans
oneparopa: ckrnagHa aHanituka curHany BiabyBaeTbcs BcepeanHi MiKpornpoLecopHOro
6noky, a pesynbraTt 3BOAMTLCSA A0 BiHAPHOrO BUCHOBKY «HASIBHICTL/BIACYTHICTbY
06’ekTa, WO NepeBuLLYye BCTAHOBNEHMI NOPIr 3@ po3MipoM abo Macoto. Y HayKoBMX
3afjlayax MeTarnofeTekLisi MoXe BUKOPUCTOBYBATUCS ANS KapTorpadyBaHHs aHoManin
abo aHanidy cknagy cnnasiB y nabopaTopHMx yMOBax, A€ Ha NepLUnii NaH BUXOAUTb
npeumsinHa TOYHICTb BUMIpIOBaHb.

1.3.2 dyHKuioHanbHa nobyaosa Ta iHTepdeiick B3aeMopii

Konwu moBa ige npo meTanogetekTop, npusHadeHuin anst 6esnocepenHboi
ekcnnyaradii NI0ANHOM, KIOYOBMM 3aBAaHHSIM PO3POOHMKa CTae NpPUBEOEHHS
3MiHEeHMX napaMeTpiB eneKTPoMarHiTHOro Nons Ao BUrNAAyY, NPUARHATHOMO ANs
NOACLKOrO CNPURHATTA. [epBUHHOIO Ta byHAaMeHTanbHOW yHKUie €
OMCKPUMiHALis — 3A4aTHICTb CUCTEeMM BIAAINsaTM «HOpMY» ((POHOBWI curHan
cepenoBuLLA) B KOPUCHOTO CUTHAMY, CIPUYNHEHOTO METaNEBUM TifIOM.
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[OuckpumiHaTop npautoe sk inbTp, Wo irHopye peakTUBHY CKnagoBy Bi MarHiTHOro
IPYHTY Ta 4O3BONSE BUAINATY aKTUBHI Ta (a3oBi 3MiHW, XxapaKTepHi ANns LinboBmux
meTanis.
[ins 3abe3neyeHHst ehpeKTUBHOIO 3BOPOTHOTO 3B’sI3KY 3 ONepaTopoMm y
npunagax peanisyetbcs kinbka kaHanis iHgukauii. Hanbinblw inpopmaTvBHUM €
3BYKOBMIA kaHan. Ockinbkn MoACbKe BYXO AyXe YyTnvBee [0 3MiH BUCOTU 3BYKY,
3miHa amnniTyam abo 4acToTu curHany BiAryky NepeHocUTbCS B YacTOTHY obnacTb
3BYKOBOIO crekTpa. Lle no3Bonsie onepatopy Ha iHTYiTUBHOMY PiBHi OLiHIOBaTU
rmMMbuHy 3ansiraHHs, po3mip o6’ekTa Ta HaBiTb oro Tmn 6e3 HeobXigHOCTI NOCTINHO
AMBUTUCH Ha aucnnei. PisHi meTanu MoXyTb CynpoBOAXKYBaTUCS Pi3HOD
TOHaNbHICTIO 3BYKY: HU3bKi TOHW AN1S1 YOPHUX METaniB Ta BUCOKi TOHW AN
konboposux[10].
BisyanbHa iHAMKaLis 4ONOBHIOE 3BYKOBY i MOXe OyTu peanidoBaHa y BUrnagi
CTPINOYHUX iHAMKATOPIB (y KNacuYHMX aHarnoroBmx cuctemax), CBiTNOAIoAHUX LwKan
abo cyyacHux PK-gucnneis. Ha aucnneit BUBOAATLCA YMACNOBI 3HaYeHHs iHaekcy VDI
(Visual Discrimination Indication), o Bignosigatote hazoBoMy 3cyBy curHany, a
TakoX rpadivHi rogorpacv — TpaekTopii pyxy BEKTOpa B KOMMIEKCHIN NOLLMHI.
CBiTnoBa iHaMKaLis 4acTo BUKOPUCTOBYETLCS AN LUBUAKOI OLHKM iIHTEHCUBHOCTI
BiAryKy, fie ACKpaBiCTb abo KinbKiCTb aKTMBOBAHWX CErMEHTIB LLKanu npsiMo
nponopuiiHa 6nmM3bkocTi 06’'eKTa [0 KOTYLLKW.
1.3.3 OuHamika pyxy sik YAHHUK hOPMYyBaHHS cUrHany
Baxnuneoto 0cobnumBicTio BinNbLUIOCTi Cy4acHUX MEeTanoaeTeKTopiB € iXHSA
poboTa B AnHamiyHOMY pexumi. Ha BiAMiHy Bif cTaTUYHMX cucTeMm, ki MOXYTb
chikcyBaTV HepyxoMuii 06’eKT, AMHaMIYHI AETEKTOPY pearyloTb Ha 3MiHy MarHiTHOro
noToky B yaci. Pyx gatymka BigHocHo o6’ekTta (abo HaBnaku — ob’ekTa BiAHOCHO
AaTyvKa Ha KOHBeEPi) € 06OB’A3KOBUM YMHHUKOM BUHUKHEHHS cUrHany
onpoMiHeHHs. Came WBUAKICTb NepeMilleHHss POpMYy€e HYaCTOTHY XapaKTepUCTUKY
BiAryKy, ika 3rodom aHanisyeTbCsi CMyroBumu instpamu.

QM. Apk. No gokym. Mign. AaTa
Apk.
23 KPM.AKCm- 09.00.00.000 N3
Y npoMncnoBux cuctemax LWBUAKICTb KOHBEEPA € (PiIKCOBAHOM, O A03BONSE
HanawTyBaTu iNLTPY Ha BY3bKWIA YAaCTOTHWUIA Aiana3oH. Y nopTaTMBHUX AeTeKTopax
LUIBMAKICTb Maxy onepaTtopa € 3MiHHOI0, LLI0 CTBOPIOE A0AATKOBI BUKIMKM ANS CUCTEM
ANCKpUMIHaUi. Y rpoMagcbKkmx MiCLAX apoyHi meTanogeTekTopu ikcyoTb
NPOXOMKEHHS NoANHM Yepe3 6araTto3oHHy pamky. KoxkHa 3oHa aHanisye 3aMiHy
MarHiTHOro Nons He3anexHo, Lo A03BOSSE He NuLle BUABUTU MeTan, a
nokaniayBaTy MOro posTallyBaHHS Ha Tini NogvHU. TakuMm YYHOM, pyx CTae He
NpPOCTO YMOBOK poboTH, a AXKepernom AaHuX ANst NPOCTOPOBOI dinbTpaLii 06’ ekTiB.
Ha 3aBepLueHHs BapTO 3a3HaunTy, WO TeHAEHLA PO3BUTKY dYHKLIOHany
MeTanoAeTeKkTopiB CNpsAMOBaHa Ha MakcMMarbHy aBTOMaTU3aLiio aHaniTMYHUX
npoLeciB. AKLLO paHille onepaTop MaB CaMOCTIHO IHTEpPNpeTyBaTh KOXHE
«MOTPICKYBaHHSA» y HaBYLUHMKAaX, TO Cy4acHi CUCTeMW, 3aBASKN MiKpOMPOLIECOPHIl



06pobui, BuaatloTb rotoBuin pesynerar knacudikadii. Lie Jo3Bonsie BukopuctoByBaTtut
meTanogetekTopum noaam 6e3 cneuianbHoT NiAroToBKK, 36epiratoum Npu LboMy
BMCOKY AOCTOBIPHICTb pe3ynbraTiB AeTekuii y Oyap-sikii cdepi 3acTocyBaHHs.

1.4 TexHonori4yHi ocobnuBocTi 06pobku curHanie y cenekTUBHUX cuctemax

Ta aHani3 gectabinisytounx gakropis

KnacuyHa apxiTektypa 06pobku curHany B cydacHux metanogerektopax, Lo
npauoloTb 3a NPUMHUMNOM iHAYyKuinHoro 6anaHcy (Induction Balance, IB), 6a3yeTbcst
Ha KoHUenuii ha3ovyTnMBOro BUMiptOBaHHSI KOMMIEKCHOrO BiAryKy cepeaoBuLla.
OCHOBHMM BY3/10M TaKoi CUCTEMU € BIOK CUHXPOHHOTO AETEKTYBaHHS, 3aBAaHHS
SKOro nonsrae B 4€KOMMNO3uLii BXiGHOO rapMOHIYHOrO CUrHany Bif NpuiMarnsHoi
KOTYLUKM Ha ABi opToroHanbHi ckrnagosi. Liei npouec € KpUTUYHO BaXMBUM,
OCKinbKy came B pi3H1Li has Mixx BUNPOMiHIOBaHUM NEepBUHHUM Monem Ta
BTOPWHHWM MOMeM BiAryKy 3aknageHa BuyepnHa iHopmadis npo disnyHi
BMacTMBOCTI Lini, 30kpeMa ii NPOBIAHICTb Ta MarHiTHY NPOHUKHICTB[12].
MaTemaTtuyHo npouec AeTeKuUii OnMcyeTbCa NEPETBOPEHHAM BXiAHOI HAanpyru

)(tU RX wnsaxom ii nepeMHoXeHHsi Ha onopHi curHanu )sin( t Ta )cos( t, wo
reHepyroTbCS CUHXPOHHO 3 po60oYOID YacToTOo Nepeaasaya. Y pesynbsraTi Takoro
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NepeTBOPEHHS B CUCTEMI (hOPMYHOTECS [Ba He3arnexHi kaHanu faHux: cuHdasHuii (In-
phase, |) Ta kBagpaTypHuit (Quadrature, Q). Lli kaHanu npeacTaBnsioTe co6oto
NpoeKLii BeKTopa curHany Ha KOMMneKkcHy nioLmHy, Ae kaHan | nepesaxHo
Bifobpaxae peakTuBHI (MarHiTHi) BnacTuBOCTI 06’ekTa, a kaHan Q — akTMBHI BTpaTK,
3YMOBIEHI BUXPOBUMY CTPYMaMMK.
Micns onepadii nepeMHOXEHHS1 CUrHann NPOXoanTb Yepes Kackad LndpoBux
abo aHanoroBux inbTPiB HN3bKNX YacToT (PHY). MonoBHa dyHKLiA Lmx inbTpiB —
BUAINEHHS HN3bKOYACTOTHOT 06BIAHOT cMrHany, Lo BUHWKAE Npy HabnwkeHHi Ta
BiAJaneHHi NOLLYKOBOro enemeHTa Big Metanesoro Tina. lNMpoTte came Ha Lpomy eTani
BMHUKaE nepLua pyHaaMeHTansHa npobnema knacu4Hoi o6pobku: npsima HeniHiHa
3anexHicTb aMmnniTyam Ta opMm BUXIAHOTO CUrHany Big AMHaAMIYHKX NapameTpis
CkaHyBaHHs. YacToTHUIA cnekTp BiAryky Bif Uini 6esnocepeaHbo 3anexuTb Big
LUBMAKOCTI, 3 IKOKO OnepaTop rnepemilllye KOTYLLKY BifHOCHO 06’ekTa. AKLLO
LUBMAKICTb NEepemMilLleHHs € 3aHaATO HM3bKOID, EHEepPris CUrHany 3ocepeaXyeTbcs B
obnacTi iHppaHU3bKNX YaCTOT, AKi ePeKTUBHO NPUTHiYYyTLCS dinsTpamu,
npu3HaYeHMK ANs BiACIKaHHS CTAaTUYHOro po3banaHcy KOTYLLIOK Ta TeMnepaTypHOro
Apendy enekTpOHHNUX KOMMOHEHTIB.
3 iHworo 6oky, Npu HagMIpHO LUBMAKOMY PyCi curHan Habysae Burnsay
KOPOTKOTO iMMyNbCy 3 LWMPOKUM CNEKTPOM, LLO NPU3BOAUTL A0 ha30BUX CNOTBOPEHb
yepes obMexeHy cMyry NponyckaHHs TpakTy obpobku Ta iHepLUiHICTb inbTpiB
BMCOKOro nopsiaKy. Y pesynbsraTi ogHa i Ta cama meTaneBsa Liflb Ha OQHaKoBIl
rMMBUHI MOXe AEMOHCTPYBaTH CyTTEBO Pi3Hi 3HAYEHHS iHOEKCY BidyanbHOT
aunckpumiHauii (VDI) 3anexHo Big Temny po6otu oneparopa. Lie ctBoptoe cutyadito,
KOMK XOPCTKO 3afaHi koedilieHTn dinbTpauii He 403BONATL NpUnagy agantyBaTucs
[0 3MiIHHUX YMOB MOLLYKY, L0 3MYLUIYE BUPOBHMKIB LUYKaTW KOMMPOMIC Mix
cTabinbHicTio pob0TK Ta LWBMAKICTIO BiAryKy (Tak 3BaHU napameTp «recovery
speed»).
[pyrum gectabiniaytoumnm gakTopom, LWo KPUTUYHO BMNMBAE Ha AOCTOBIPHICTb
AeTekuii, € BNNMB MiHepanisauii FpyHTY, BiAOMWUIA y cnewianbHii nitepatypi Sk
Ground Effect. MepeBaxHa 6inbLUiCTb NPUPOAHUX I'PYHTIB MICTUTL MarHiTHi
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MiHepanu, Taki ik MarHeTuT abo remaTuT, Ski MaloTb BacHy MarHiTHy
CNPUNHATAMBICTB. [Mig Yac pyxy NOLYKOBOT KOTYLLKWU HaZ HEPIBHOI NOBEPXHE
BiACTaHb MiX J4aT4YMKOM i FPYHTOM MOCTIHO BapitOETLCS, O BUKMNKAE MOTYXHI
3MiHW MarHiTHOro NOTOKY, MPOHW3NUBOTO A4S NpuiAManbHoT 06MoTKK. Lii 3mMiHK
reHepyloTb curHan posbanaHcy, amninityaa sSkoro Moxe B AecsTku abo HaBiTb COTHI
pasiB nepeBULLyBaTV KOPUCHUIA cMrHan Bif rMMBoKo po3TalloBaHMX 06 eKTiB.
TpaavuinHmM MeToaoM BUpiLLEHHS Liei npobnemu € npoueaypa 6anaHcyBaHHSA
rpyHTy (Ground Balance), sika nepegbadae Bu3Ha4eHHs1 ha3oBOro BekTopa Ir'pyHTy Ta
1oro nopanblue BUpaxyBaHHS 3 pesynbTyrdoro curHany. OgHak peansHi ymosu
ekcnnyarauii xapakTepuayTbCsi BUCOKOI NMPOCTOPOBOK HEOAHOPIAHICTIO
cepepnoBuLla. PasoBuii KyT r'pyHTY MOXe AMHAMIYHO 3MiHIOBATUCS HaBITb y Mexax
OfHIET TPaeKTOpIi pyXy KOTYLUKMU Yepes3 3MiHy BONOrocCTi, KOHLEHTpaLii conei abo



HasABHICTb NOKanbHUX MarHiTHMX aHomanin. Lie npu3BoanTb 40 BUHMKHEHHS Tak
3BaHOrO 3anULLKOBOTO «I'PYHTOBOTO LUYMY», SKUIA BUKIMKAE XUOHI cnipaLloBaHHS
npunagay.

Y KnacuyHux AeTepMiHoBaHUX anroputmax 6opotbba 3 LM LyMoM 3a3Buyan
BELETHCS LUSIXOM MPOEKTYBaHHS BEKTOPA CUrHany Ha BiCb, NEpPneHaNKYNsSpHY
BEKTOpY r'pyHTY. Taka onepauis € NiHiNHOO | HeMUHYy4e NPU3BOANTL A0 BTPATU
YyTNUBOCTI A0 NEBHUX knaciB 06’ekTiB (Hanpuknagd, ApibHMX 3010TUX CaMOPOAKIB
abo MOHEeT Ha Benvikin ruduHi), Ynii ha3oBuin KyT Bnn3bkuin A0 KyTa MiHepanisauii
cepefoBuLla. TakMM YMHOM, cUCTEMa MOTPaNmsSe B «30HY 3achinyeHHs», Ae cnpoba
irHopyBaTu I'PYHT NPU3BOAUTL A0 OAHOYACHOIO iIrHOPYBaHHSA KOpUCHMX curHanis[15].
[opaTtkoBoto npobnemoto € saBuLe MackyBaHHs (Target Masking), wo BuHukae

B YMOBaX BUCOKOI 3aCMIYEHOCTi I'PYHTY MeTaneBuM CMIiTTsIM. Y cutyadii, konm
LiHHMIA 06’eKT i3 KONMbOPOBOIO MeTasny 3HaxoanTbes B 6e3nocepeHiin 6rnmabKocTi 40
MaCVBHOrO 3arni3HOro NpeamMeTa, ixHi BeKTopu BiAryKy MatemaTuyHo
niJCyMOBYIOTbCS B MeXax OHOrO LMKy ckaHyBaHHs. KnacuyHe CUHXpOHHe
[eTekTyBaHHS BUAAE ycepeaHeHuii ha3oBumin KyT, SKUA He BiANOBIAAE KOAHOMY 3
peanbHuX 06’eKTIB, LLO NPU3BOAUTL 40 NOMMUIKOBOI Knacudikauii Lini Sk «CMiTTs».
Po3saineHHs Takux curHanis BuMarae 3acToCyBaHHSI METOAIB AEKOHBOMIOLT Ta aHanisy
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BULLMX F@PMOHIK, O € HaA3BMYaMHO CKNaaHUM 3aBOaHHAM ONs TpaguuinHmnx
MiKPOKOHTPOMEPHUX CUCTEM i3 XKOPCTKOIO FTOrikoto 06poBKM.
OTxe, aHani3 npobnemaTukn nokasye, Lo icHytodi meToau obpobkn curHanis
y MeTanoAeTeKLii CTUKaTLCS i3 CEPVO3HUMU OBMEXEHHAMU, 3yMOBMNEHUMM
HeniHINHOK NPMPOAOI0 B3aEMOAIT AaTumka i3 cepefoBuLLeM. 3anexHiCTb curHany Big
LUBMAKOCTI pyxy, MiHepanisauii Ta B3aeMHOro poaTtallyBaHHsi 06’ekTiB doopmye
GaraToBUMipHUIA NPOCTIp 3aBaj, KU HEMOXITMBO afAeKBaTHO OnMcaTh 3a A0NOMOrow
NpOCTUX NiHINHMX (iNbTpiB abo NoporoBux cxem AnckpumiHauii. Lie cteoptoe
HeoOXiaHICTb nepexoay A0 BinbLL FHYYKUX, iHTENEKTyanbHUX MeToAIB aHanidy AaHuXx,
30aTHUX 4O apanTauii Ta po3nisHaBaHHS ckrnagHux o6pasiB Ha hOHi IHTEHCUBHUX
3aBag.

1.5 O6rpyHTYyBaHHSA AOLIMBHICTb 3aCTOCYBaHHA METOAIB MALLUMHHOTO

HaBYaHHSA Ta HEMPOMEPEXEBUX apXiTEKTYp Yy 3agadax AeTekuii

CyuyacHuin eTan po3BUTKY CUCTEM iIHAYKUiNHOT MeTanoaeTekuii

XapaKkTepu3yeTbCs Nepexodom Bif YMCTOl di3nyHOT peecTpaLii curHany 4o cknagHux
iHTEneKTyanbHUX cucteM iHTepnperadii gaHmx. Ak 6yno npogeMoHCTpOBaHO B
nonepeaHboOMy aHanisi, KnacuyHi anroputMm o6pobku curHanis, 3acHOBaHi Ha
XOPCTKO AETEPMiHOBaHMX MaTeEMaTUYHUX MOAENSAX, CTUKATLCA 3 HenepebopHUMU
TpyAHoLamu npu poboTi B yMoBax BUCOKOI MiHepanisauii Ta AnHamiqHoT 3MiHu
napametpis nowyky. OCHOBHa CKINafHiCTb Nonsirae B TOMY, LLO CUrHan BiAryKy Bif
MeTaneBoro 06’ekTa He € CTaTUYHO BENMYMHOLD; BiH sIBRsSiE COBOt0 pesyrbraT
cknafHoi B3aemogii 6aratbox 3MiHHUX, TaknMX SiK IMbMHa 3ansraHHs, reoMmeTpuyHa
opieHTauisa uini, il enekTpodianyHi BNacTUBOCTI Ta LIBUAKICTb NepeMILLEeHHS
MOLLYKOBOTO efieMeHTa.

MaTemaTnyHO 3anexHiCTb BUXiAHOro cUrHany Big UmMx hakTopiB MOXHa
npeacTaBUTK SK CKnagHy HeniHinHy dyHkuito F(x, y, z, , , v, t), Ae KoxeH
napameTp BHOCUTb CBili BHECOK y CMIOTBOPEHHs (ha3oBoi Ta aMnniTyaHOT
xapaktepucTuk. Cnpoba onvcaTty Taky yHKLilo 3a LONOMOroK CTaHAapTHUX
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aHaniTMYHNX MEeTOAIB NPU3BOAMTL 4O CTBOPEHHS FPOMI3OKMX CUCTEM
andepeHUianbHUX piBHSHb, SIKi NPaKTUYHO HEMOXITMBO PO3B’A3aT B peanbHOMY Yaci
Ha BOygoBaHUX obuncntoBanbHUX cuctemax. binblue Toro, Yepes cToxacTUuHy
npupoay 3aBag Big rpyHTy (Ground Effect), 6yab-sika drikcoBaHa Moaenb BUSBMSAETbLCA
3aHafTO KPUXKOKO ANt pearnbHUX NonboBKX YMOB.
Came TyT BUHUKAE AOLINMBHICTb BUKOPUCTAHHA METOAIB MALLUMHHOIO HaBYaHHS
(Machine Learning) Ta wty4Hux HevipoHHux Mepex (Artificial Neural Networks).
KntoyoBa nepesara HempomepexeBoro nigxody nonarae y 34atHOCTI Moaenen Ao
yHiBepcanbHoi anpokcumalii pyHkuiii. HelipoHHa mepexa He noTpebye anpiopHoro
3HaHHS Npo i3nYHy Moaernb B3aeMogii; BOHA 3aaTHa «BUBYUTUY L0 MOAEMb,
aHaniayto4mn Benvki MacMBM MapKoBaHUX AAHWUX. Y MPOLECi HaBYaHHA Mepexa
dopmye BHYTpILLHI penpe3eHTaLlii curHanis, L0 AO3BONSE i ineHTudikyBatn



KOPUCHWIA CUrHan HaBiTk NPU MOro0 3HA4YHOMY CMOTBOPEHHI @60 MacKyBaHHi LLyMaMu.
Lle pobuTtb cuctemy aganTUBHO: BOHA CTae 34aTHOK Po3ni3HaBaTh He NPOCTO
«hasoBuii KyT», a LiniCHNIA «enekTpomarHiTHuii obpas» ob’ekTa.

[ns nioBULEHHS JOCTOBIPHOCTI Takoi iaeHTUIKaLii KPUTUYHO BaXNNBUM €
BBE[EeHHs 10AaTKOBMX KOHTEKCTHUX AaHUX. OAHWM i3 HaiGinbLL NEPCNEKTUBHUX
pilleHb y Mexax aaHoi poboTu € iHTerpauis oNnTUYHOro AaTyuka LIBUOKOCTI.
OcKinbky WBMAKICTb NEPEMILLEeHHSs1 KOTYLLKM Be3nocepeaHbo BNMBaE Ha YaCTOTHUIA
cnekTp curHany nicnsa insTpauii, HasgBHICTb TOYHUX AaHUX NPO MUTTEBY LUBMAKICTb
V [03BOrSiE HOpMani3yBaTy YacoBy LUKany curHany. HelipoHHa mepexa, oTpumMyroym
[aHi Npo WBNAKICTb SIK 4OAATKOBY BXiAHY divy, MOXe BUKOHYBaTV KOPEKLIit0
amnniTyaHuX BTpaT Ta ha3oBuX 3CyBiB y peanbHoOMy Yaci. Lie fo3Bonsie HiBentoBaTu
BNMB NoACbKoro daktopa (MaHepy nomaxy) Ha pesynbraTti AUCKpUMIHaLLi, LWo €
HeJOCSHKHUM ANS TpaanuLinHux cuctem[16].

Posrnapatoun apxiTekTypHi pilleHHst Ans nobynosm moaeni po3nisHaBaHHS,
HeobXiAHO BUAINWUTK Kinbka KIO4YOBUX TUMIB BMNOKIB, KOXEH 3 SKUX BUPILLYE
cneumdiyHi 3agadvi 06pobkmn curHany. Hanbinbw 6a3oBUM eneMeHToM €
Garatowaposuii nepuentpoH (MLP). Briokv noBHO3B'A3HMX LapiB eheKTUBHO
npaLoroThb 3 arperoBaHNMM 03HakaMu, TakUMK sik cepeHbOKBaApaTUYHe 3HaYeHHs!
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amnnityau, iHTerpanbHuii pasoBmii 3cyB abo nikosi 3HayeHHs BekTopi VDI.
MepuenTpoHn f03BONSAOTL ByAyBaTU HEMiHIMHI PO3AINsAOYi rinepnnoLmHA B
npocTopi 03Hak, Lo 3abe3neyye 6a3oBy knacudikaLito Ha TN KHOPHUIA/KONBOPOBUIA
MeTany.
OpHak, OCKinbKW cUrHan meTanogeTekTopa € YacoBUM PSLAOM (4acoBOK
nocnifoBHicTO), HabaraTo BinbLuy eeKTUBHICTb 4EMOHCTPYIOTb OAHOBUMIPHI
3ropTkoBi HeMpoHHi Mepexi (1D CNN). 3ropTtkosi 6noku igeansHo nigxoaAaTs ANs
BWINEHHS NoKanbHWX NaTepHiB y curHani. BoHn npautotoTe sk Habip aganTuBHUX
undpoBmX iNbTPIB, SKi cCaMi HaNaLTOBYOTLCS Ha BUSIBIIEHHS XapakTepHuX
«cnneckiBy abo 3miH asu, Lo BUHMKAIOTb NPU Npoxoa)eHHi Hag uinnto. 1D CNN
30aTHI BUSIBMATM O3HaKW, iHBapiaHTHiI 4O 3CyBY B Yaci, L0 A03BOMNAE Mepexi
po3nizHaBaTh 06’EKT HE3anexHOo Bif TOrO, B SIKMIA Came MOMEHT Maxy BiH noTpanvs
nif LeHTP KOTYLLKW.
[ns aHanisy AOBroTpMBanux 3anexHocTen Ta iHepLUiiHUX NpoLeciB,
XapaKTepHUX AN HU3bKOYACTOTHUX CUrHaniB, AOLNbHO BUKOPUCTOBYBATU
peKkypeHTHi HeripoHHi mepexi (RNN), 3okpema ix BockoHaneHi mogudikauii —
6nok TM (Long Short-Term Memory) a6o GRU (Gated Recurrent Unit).
PekypeHTHi 6r1oku MatoTb BHYTPILIHIO «NaM’siTby, LLO A03BOMSE iM BpaxoByBaTu
KOHTEKCT nonepeaHix Bianikis curHany. Lie ocobnmeo BaxxnmBo Ans komneHcauii
BMNMAMBY I'PYHTY: MEpexa MOXe HaBYMTUCA PO3YMITV AUHAMIKY 3MiHU I'DYHTOBOrO
LyMy Ta eddeKTUBHO BifHIMaTK OTO Bif, MOTOYHOIO CUrHany, Lo 3HAYHO 3HUXYE
KinbKiCTb XMOHMX cnpaLutoBaHb y CKNagHWUX reonoriyHnx yMoBax.
BpaxoBytoun BUCOKY PO3MIpHICTb BXiAHMX AaHUX (BMCOKa YacToTa
avckpeTusauii kananis | Ta Q), ocobnuy yBary cnif NnpuAINUTA MOZYNAM 3HKEHHS
po3mipHoCTi. BukopucTaHHsi Takux meToaiB, sik aBToeHkoaepu (Autoencoders) abo
wapu Max-Pooling y CNN, go3Bonsie BUAINMTV HanbinbLu 3HavyLLi KOMMNOHEHTH
curHany, Biacikatoum HagnuwkoBuii LWym. Lle He nuwe nigBuLlye TOYHICTb
knacudikauii, @ i KpUTUYHO BaXXNMBO ANS ONTMMI3aLii Moaeni Mif MiKpOKOHTponepu
3 oBMeXeHMMK 0BUNCTIIOBanbHUMK pecypcamMm. SHMKEHHS PO3MiIPHOCTi MPOCTOpY
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03HaK [O3BONSE Mepexi 30cepeanTUCs Ha CyTi enekTpoMarHiTHol Baemogii,
irHopytoum ApibHi BUNaakoBi donykTyauii Hanpyru B npuiAManbHOMY TpaKTi.
OkpiM HelipoMepexeBuX NiAXOAIB, Barome MicLie B apceHani MeToais
MaLLWHHOTO HaBYaHHS 3aiiMae MeToq Bunagkosoro nicy (Random Forest). Lie
aHcambneBuii MeTof, 3aCHOBaHWI Ha NOBYAOBI BENWKOI KiNbKOCTi AepeB pilleHb.
BunagkoBuii nic € Haa3BMYaHO CTINKMM A0 BUKMAIB Y AaHWX Ta NepeHaBYaHHs. Y
3apayax metanogeTekuii e meto moxe ByT BUKOPUCTaHUI Ik BUCOKOPIBHEBUIA
knacudikaTop, Lo npautoe Ha 6a3i 03HaK, BUAINEHNX HEMPOHHOK MEPEXeo.
Hanpuknag, skwo CNN Buginsie reomeTpuyHi o3Haku o6’ekta, a RNN — guHamiyHi,
TO MeToZ ficy MoXe NpuiMaTy piHanbHe pilleHHsI NPo TN MeTany, KOMOGiHYouUM Ui
03Haku 3 JaHMMK Npo MiHepani3auitlo 'pyHTy Ta WBKUAKICTb. MNepeBaroto «nicy» €
MOXIMBICTb OLHUTM BaXIMBICTb KOXHOI BXiQHOT 03HaKW, LLO JO3BOMSE PO3POOHMKY



3pO3yMiTu, SIKi came napameTpu curHany € HanbinbLl iHhbopMaTMBHUMK ANs
ineHTndiKauii KOHKPETHUX Linen.

3acTocyBaHHsi aHcambrneByx METOAIB AO3BOMSE 3HAYHO MiABULLMUTUA HadiMHICTb
cmcTeMu. SAKLWO HepoHHA Mepexa iHoAi MoXe AaBaTy HeBNEeBHEHI pe3ynsTaTh Ha
Mexxi (ha3oBMX 30H, TO NiC AePEB PilLEHb 32 PaxXyHOK Ma)XOPUTAPHOTO ronocyBaHHs
3aaTeH HiBenoBaTy Ui noxmbku. Kpim Toro, kombGiHauis rpafieHTHoro 6ycTuHry abo
BMMNaAKOBOrO Nicy 3 IMNOOKMM HaBYaHHSIM CTBOPIOE MOTYXXHWUIA riGPUAHWIA IHTENEKT,
34aTHUI NpaLoBaT B yMOBaX, A€ Knacu4Ha matematuka 6escuna.

MigcymoBytO4M, BUKOPUCTAHHS MALUMHHOMO HAaBYaHHS [JO3BOMNSE

TpaHcOpMyBaTh METANOAETEKTOP 3 MPUCTPOID MPSIMOTO BUMIPIOBaHHS B
aHaniTMYHMIN Komnnekc. 34aTHICTb HeMpoMepeX A0 anpokcumalii CknagHnx
HeniHiNHMX PYHKLIN y noeaHaHHi 3 6araTokaHanbH1M 360pOM AaHMX (BKHOYAK4M
ONTWUYHUIA KOHTPOb LIBMAKOCTI) BUpILLYe hyHAaMeHTasbHi NpobrnemMn KnacuyHoi
06po6KH: 3anexHiCTb Big TemMny NOLUYKy Ta 3acninneHHs rpyHToM. BukopuctaHHs
CNN ans BuaineHHs osHak, RNN ansa aHanisy yacoBux nocnigosHocTein Ta Random
Forest ansa ciHanbHOT knacudikauii cCTBOptOE iepapxivHy CTPYKTypy, sika 3abe3nevye
MaKcuMarnbHO MOXIUBY CENEKTUBHICTb Ta cTabinbHicTb poboTtu npunagy. Lie nigxia
He nuLe nokpaLlye iCHyoYi NoKasHVKM AUCKPVUMIHALi, a 1 BiAKpUBAaE LWAX A0
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aBTOMAaTUYHOrO Po3ni3HaBaHHA opMu Ta rMnbuHU 06’ekTiB y peanbHOMY Yaci, Lo €
KII04OBOIO METO0 AaHOi po3pobKu.
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2 MATEMATUYHE MOOENOBAHHA KAHATTY BUMIPKOBAHHA
2.1 ®disnyHa moaenb enekTpoMarHiTHOI B3aeMogii B cuctemi aardmka
[ns ageksaTHOro BIATBOPEHHS npoLeciB opMyBaHHS curHany B
MeTanoaeTekTopi HeObXiAHO PO3rMSHYTU CTPYKTYPY NEPBUHHOMO MarHiTHOro nors,
LLIO CTBOPIOETLCS CUCTEMOIO NepeaaBarnbHUX KOTYLIOK. OCKinbKy cuctema npauioe B
KBasicTaTU4YHOMy HabnvxeHHi (Ans vyacTtot nopsaaky 104 'y 4OBXMHA XBUII 3HAYHO
nepeBuLLYye PO3MIpU AaTuuka), pO3paxyHOK BeKTopa MarHiTHOT iHayKuir'B y
[OBINbHIN ToYUi NpocTopy 6a3yeTbesi Ha 3akoHi bio-CaBapa-lannaca. Ons nininHoro
npoBigHuKa 3i CTpyMoM | enemeHTapHUiA BHecoK dB y marHiTHe none B Touui, Lo
BM3HAYaeTbCs Pafiyc-BEKTOPOM T, ONUCYeTbCA BUpa3om[18]:

3

0
4r
rldIBd

(2.1)
ne p0 — marHiTHa ctana, I[d — BeKTop enemeHTa JOBXWHW NPOBIAHUKA,
CNPSIMOBaHWI B3J0BX CTPYMY.
[ocnigxyBaHa cucTema 30ymKeHHS CKNafaeTbcs 3 ABOX KOHTYPIB KBagpaTHO!
dopmu: nepegasansHoro (TX) Ta komneHcauinHoro (CX), siki yBiMKHEHi nocnigoBHO
Ta 3ycTpiyHO. BpaxoBytoun npuHUMn cynepnosuii, pesynbsTytode none B 6yab-sikin
TOMLi NPOCTOPY (X,Y,Z) € BEKTOPHOIO CYMOIO MOfiB, CTBOPEHUX YCiMa NTXB BUTKaMun
nepefasanbHoi Ta NCX BUTKamu KomneHcauinHoi KoTyLok[18]:
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3Hak «MiHyC» y ApyroMy AofaHKy Bigobpaxkae npoTudasHe BKIYEHHS
KOMMeHcaLiHoT 06MOTKM (iIHBEpPCito HanpsiMKy CTpymy).

[ina aHaniady Tononorii nona AoUiNbHO PO3rNsHYTW PO3MoAin BepTuKansHoi
cknagoBoi iHAyKuUii Bz B3noBx No3goBxXHbOI oci cumeTpii agatymka (Bicb OX), wo
NEeXUTb Y NNOLWKMHI BUTKIB (z—0). Y uboMy nepepisi hyHKLisi Nonsi Mae BUpaXeHi
ocobnumeocTi. Ockinbky BiACTaHb Bif, TOYKM CMIOCTEPEXEHHS A0
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npoBigHMKa |[ﬁ| CTOITb Yy 3HAMEHHVKY MiAiHTerpansLHoOro Bupasy, Npy HabnKeHHi
no Butka ( Or ) HanpyKeHicTb NoONs CTPIMKO 3pOCTaE, TEOPETUYHO NPSMYHOYM [0
HeckiH4eHHocTi. Ha rpadikax po3noginy ue ikcyeTbes sK flokanbHi Makcumymu
(nikn) amnniTyam 6eanocepenHbO HaA NPOBiAHMKAaMU OOMOTOK.
OKpimM amnnNiTyAHWUX eKCTPeMyMiB, NepeTuH NiHii BUTKa CynpoBOAXKYETLCA
3MiHOK HanNpPsIMKy BEKTopa MarHiTHOI iHAYKUIT Ha NpOTUNEXHWUIA. BHYTpiWHA
0obnacTb KOHTYpY XapakTepusyeTbCs OOHUM HarnpsiIMKOM CUITOBUX TiHil
(Hanpuknag, Bz&gt;0), Toai sik 30BHiWHA — npoTunexHum (Bz&lt;0). MatematunyHo ue
BignoBigae po3puBy nepLuoro pogy abo piskomy rpagieHTy dyHkuii Bz(x), wo
eKBiBaneHTHO 3MiHi ha3u rapMoHI4YHOro curHany Ha T pagiaH. OTxe, MeTanesui
06’€eKT, NepeTMHa4n NPOEeKLito BUTKIB, NiAAAETHCS BNAUBY 3MiHHOTO MarHiTHOro
nonsi, sike iHBepTye CBOIO hasdy 3anexHo Big NPOCTOPOBOi koopanHaTh X(t).
CuTyauist yCKNaaHIETbCA B3aEMHUM pO3TallyBaHHSM KOTYLLIOK. [eOMeTpUyHi
LeHTpn TX Ta CX 3MiLLeHi BiQHOCHO OAWH OOHOIO B34OBX OCi pyXy, LLO NPU3BOAUTL
110 hOpMYBaHHS CKNaZHOT iHTepepeHLiiitHoT kapTuHu. PeayniTyioue none B[JEvicTuts
30HM KOHCTPYKTUBHOI (Q0oAaBaHHSA) Ta AeCTPYKTUBHOI (BiAHIMaHHS) iHTepdepeHLii.
MpuiimanbHa koTywka (RX), Lo npautoe Sk iHTerpaTtop MarHiTHoro
notoky SdB , po3MilLyeTbCS B 30Hi, A& CyMapHWIA NOTIK y CTaHi CMOKO
MiHiMi30BaHWI.
y
X
z x , zobj obj
1
2
HTX
HCX

PucyHok 2.1— FeomeTpist KOTYLLIOK NpW MOAENtoBaHHi
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Mpu mogentoBaHHi BiAryKy Bif pyxoMoi Lini HeobxiaHo po3paxyBaTu
eneKTpOpYLLIiHy cumy B NpuiiManbHii koTywili [ERX|(t) sk dyHKLito Yacy.
BpaxoBytouun, Lo Linb HaMarHiv4yeTbCs fioKanbHUM nonem HIoc(x)=B@(x)/p0Bi CTBOPIOE
BracHe BTOPUHHE nore, TOYHUIA aHamniTMYHUA BUpas3 Ans BUXiQHOMO cUrHany BMmarae
po3B'A3aHHA 3adadvi noagiiHoi 3ropTkm[19]:

objV RXRX dVirStrBdt
dt)(OXO(

(2.3)
ne RXS — dyHKLUis NpocTOPOBOI Yy TNMBOCTI MPUAMAIbHOT KOTYLLKW, —
TEH30p MarHiTHOI CIPUNHATAMBOCTI TiNa.
OTpUMaHHsi 3aMKHEHOrO aHan TMYHOrO PO3B'SA3KY LIbOro PIBHSIHHS A5 CUCTEMU
NPSIMOKYTHUX PaMOK € BKpaw rpomisakum. HasiBHICTb YncenbHUX po3pmBiB NOXigHOT
nons B TO4KaxX po3TallyBaHHA NPOBIAHWKIB, aCUMETPIA KOHCTPYKLT Ta HeobXiaHICTb
BapiloBaHHS reOMETPUYHMX NapaMeTpiB (PO3MIpIB KOTYLLOK, iX B3AaEMHOTO 3CyBY,
KifIbKOCTi BUTKIB) poBnsiTe aHaniTM4HWIA Niaxia HeeeKTUBHUM ANS iHXEHEPHOro
npoekTyBaHHs. Byap-sika 3miHa KoHdirypauii AaTunka Bumarana 6 noBHoro
nepepaxyHKy CknagHux eninTu4HuX iHTerpanis.
Y 3B'A3Ky 3 UuM, NS OTPUMaHHS NepexigHUX XapakTepucTuk Aatyuka
[OLUiNbHO 3acTOCyBaTU METOAM YMCENbHOTO MoAeNtoBaHHs. 3anponoHOBaHWI Niaxia
nonsirae y nporpamHivi peanisadii anroputmy, SKUin AUCKPETU3YE NPOBIAHUKN
KOTYLLOK Ha NiHilHi cCermeHTn, po3paxoBye BEKTOPHe nore 3a 3akoHoM bio-Casapa-
Jlannaca y KOXHi TouLi TpaekTopii pyxy 06'ekTa Ta YUCENbHO iHTErpye BTOPUHHUIA



NOTIK Kpi3b MoLLy npuimansHoi paMku. Lie 4o3BoNnsie 3 BUCOKOI TOYHICTIO
3reHepyBaTu YacoBi psAAu curHanie uin(t), LWo BpaxoByoTb sk (a3osi CTPUGKM npu
nepeTuHi oBMOTOK, Tak i amnniTyaHy MOAynsiLito, 3yMOBIEHY reOMeTpieto AaTumnka,
3abe3nevytodn KOpPeKTHI BXiAHI AaHi ANa noganbLUoro aHanidy enekTpoHHOro TpakTy.
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PucyHok 2.2— Pe3ynbtaT MOAentoBaHHA Hanpy>XeHoCTi Nons A4BOX KOTYLIOK

Ha npencraBneHomMy pucyHKy 306paxeHo pe3ynsTaTi YMCenbHOro

MOZEeroBaHHA po3noainy BepTukanbHOI CKnagoBoi MarHiTHoT iHAyKUIT zB B3goBx oci
x . Mpacbik 4eMOHCTpye TOMNoMorito Nons, CTBOPEHOro IBOMa KBaapaTHUMMN
KOHTYpamu, Lo nexartb Y nrowyHi (x,y, z=0).

Posnogin iHaykuii chopmoBaHuii HacTynHUMK cknagoBumu. MNMone

nepepaBanbHOi KOTYLIKM TX (CUHSI MyHKTUMPHA MiHis): Lis koTylwka e wupLioto Ta
LeHTpoBaHoto B Touui 0 M. Ii none xapakTepuayeTbcst ABOMA fTOKanbHUMM
ekcTpeMmymMamu (MikaMu) B TO4Kax NepeTnHy OCi CMOCTEPEXEHHS 3 NPOBIAHUKaMU
obmoTkm (TX Wire), postaluoBaHnmu npubnunsHo Ha nosHavkax 0.25 m. Y

BHYTPILLHiA 0BnacTi KOHTYpY none Mae OAUH HanNpPsIMOK, @ 30BHI — MPOTUNEXHWNA,

LLIO CYNPOBOAXYETLCS iHBEPCIED 3HaKa rpadika.

Mone komneHcauinHoi koTywwkn CX / Bucking (oparkeBa MyHKTUPHA NiHis):

[laHa KOTYLLKa € BYXX4OH0, a ii reOMETPUYHUIA LIEHTP 3MiLLIeHUIA BIGHOCHO TX y TOYKy
0.1m. Mpadpik Binobpaxkae npoTudasHe BKIYEHHS Liei 06MOTKYM (IHBEPCItO HaNpsiMKy
CTPyMy), O MaTeMaTUYHO BUPAXaAETLCA 3MiHOK 3HaKa iHAYKLUiT BigHOCHO nonsa TX 'y
BiAnoBigHWX Toykax. Mikv amnniTyan Hag nposigHnkamu CX 3HaxoaaTbes bnnxye
[0 LEHTPY 3MiLLIeHHS! | MaloTb BULLY IHTEHCUBHICTb Yepe3 MEeHLLi PO3Mipu KOHTYPY
npun 3agaHin KinbkocTi BUTKIB.
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CymapHe marHiTHe none (3eneHa cyuinbHa ninis): 3rigHo 3 NPUHLMMNOM
cynepno3auuii, uen rpadik € BEKTOPHOK CyMOLO nonis 060x KOTYLLOK. Pe3ynbkTytova
KpuBa AEMOHCTPYE CKnagHy TOMOrOrio, 3yMOBMNEHY B3aEMHUM pPO3TaLlyBaHHSM Ta
napametpamu obMOTOK. Y Toukax, Ae Hanpsimku noniB TX Ta CX 36iratoTbes,
cnocTepiraeTbCsA AoAaBaHHSA aMnniTys; Y 30HaX NPOTUIEXHOIO CNPSAMYBaHHA — X
YyacTkoBa abo NoBHa KoMmMeHcaLis.
JlokanbHi Mmakcumymu: HaiiBuwi 3HadeHHst iHaykuii (10000 mMkTn) 3adikcoBaHi
6es3nocepeaHbO Haf NPOBIAHWKAMK KOMMNEHCALUIMHOT KOTYLLUKM, WO NOSICHIETHCS
BMCOKWM rpagieHToM nons nobnusy maxepena ctpymy. CymapHe nosne HeogHopasoBo
nepeTuHae HynboBy NO3HaYKy, LLO BiANOBIAAE 3MiHi HANPSIMKY CyMapHOro BekTopa
MarHiTHOT IHAYKLT.
[aHa mogenb Bidyaniaye CTpyKTypy NEPBMHHOIO MOSs, sike BNMBAE Ha 06'eKT.
MpuiimanbHa KOTyLLKa MeTanodeTekTopa 3a3Buyal PO3MilLlyeTbCsi B OAHIN i3 30H
MiHIMarnbHOro CymMapHOro NoToky, Aie 3eMeHa NiHia HabnuxkaeTbCa [0 Hyns, WO
3abesneyvye cTaH crnokoto (6anaHc) cuctemu. byab-sike depomarHiTHe abo nposigHe
TiNo, nepeTuHaoun Lew cknagHui pensed nons, 6yae reHepyBaTy BTOPUHHWIA
curHan, NponopLiHUA NMOKanbHOMY 3HAaYEHHIO 3eMeHOT KPMBOI B TOYLi 3HAXOMKEHHSI
ob'ekTa.

PucyHok 2.3- Po3nogin nons Ha BucoTi 0.1m Hag KoTyLuKkaMu

MaTemaTnyHe MofentoBaHHSA PO3MNOAiNY MarHiTHOro Nossi B cuctemi
MeTanogeTekTopa BUSBMSE CyTTEBY TpaHcopmMaLlito TONonorii BekTopa MarHiTHoT
iHOYKUiT Npu BigAaneHHi Big NnowmuHW BUTKIB KOTYLLOK. Ha npeacTasneHomy
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pUCYHKY 306paxeH0 pesynbsTaTv 0BYNCNEHHS BepTrKanbHOT cknagosoi nons zB
B3[0BX NiHii ckaHyBaHHs1, 3MiLeHoi Ha BucoTy 1.0z mMeTpa Hag noBepxHeto
narymka. MNMopiBHAHO 3 po3noainom 6eanocepeaHbo y NNOLWKMHI kKoTywok ( 0z ), ae
dyHKLiS Mae BUpaxeHi 0cobnMBOCTI Ta NoKanbHi MakCUMyMu amnmiTyan
6esnocepeaHbO Haz NPoBiAHWKaMy 0BMOTOK, KapTUHa Ha NEeBHil BiACTaHi cTae GinbLu
3rnagxeHoro.
OCHOBHUM hi3nyHMM edbekToM Npu 30inbLUEHHI BiACTaHi Z € HiBentoBaHHSA
KpanoBux eekTiB, 3yMOBMEHNX ONCKPETHUM PO3TallyBaHHSAM BUTKIB NepeaaBanbHOI



(TX) Ta koMmneHcauiiHoi (Buck) KOTyLLOK. Y GNVKHINA 30HI HAaNPy>XeHICTb nons
CTPIMKO 3poCTae npu HabnmxeHHi 4O KOXXHOro OKPEMOro CerMeHTa NpoBigHMKa, L0
mMaTemMaTV4HO BiAnoBiae HasiBHOCTI 3HaMeHHMKa 3r y 3akoHi bio-CaBapa-Jlannaca.
OpHak npv BioganeHHi Ha BiAcTaHb, CNiBMipHY 3 po3Mipamn caMmmnx KOTYLLIOK,
nokanbHi BapiaLii nons, Cnpu4nHeHi OKpeMUMN CTOPOHAMU KBaApaTHUX KOHTYPIB,
3NM1BaloTbCS B €4MHWIA po3nopain. PesynbTytoye nepeuHHe none (Primary) BTpadae
pi3ki rpagieHTV Ta po3puBKM NOXIAHOT, siKi XapakTepHi Ans NPOoeKLin NPOBIgHMKIB Y
BNWXHIN 30Hi.

Ha uiin BucoTi cymapHe none cuctemu nepefaBanbHUX KOTYLLOK NOYNHaE

HabyBaTu KoHdirypauii, nogibHoi 4o Nons ekBiBaneHTHOro MarHiTHoro aunons. Lie
NOSICHIOETLCSA TUM, LLO Ha BENVKMX BiACTAHSAX CKMafHa reoMeTpis B3aEMHO 3MiLLLEeHNX
pamok TX Ta Buck cnpuiimaeTbes sik LinicHe axepeno BUNPOMIHIOBaHHS. ACMMETpIst
KOHCTPYKLIii, 3yMOBMEHa Pi3HO KifbKICTIO BUTKIB Ta reOMETPUYHNM 3CYBOM LIEHTPIB
KOTYLLOK, BCe e hOpMy€E XapaKkTepHuii «aBoropouiny npodinb abo iHTepdepeHLinHy
KapTUHY, NpoTe aMnAiTyAHi EKCTPEMYMU CTaloTb MEHLL BUPAXEHUMU, a Nnepexoamn
yepes HynboBi 3HAYEHHS1 — BinbLL NnaBHUMK.

Taka TpaHcdopMaLlis Mae KpUTUYHE 3HAYEHHS ANt NPUHLMMY MOAEN0BaHHS
B3aemopiji 3 06'ektamu. OCKinbKM Linb HaMarHi4yeTbCst lokanbHUM nonem B,
xapakTep ii Biaryky (EPC) 6e3nocepeHbo 3anexuTb Big TOro, Ha sikiil rmbuHi BoHa
3HaxoauTbes. Y 30Hi 1.0z MeTpa 06'ekT nigaaeTbecs BNNUBY BXe ChOPMOBaHOro,
iHTErpanbHOro nons, Wo A03Bossie GinbLL KOPEKTHO 3aCTOCOBYBaTW anapat
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OMNONbHOroO 3aMmilleHHs 6e3 HeobXigHOCTI AeTanbHOro BpaxyBaHHS MIKPOCTPYKTYpK
nons nobnuay okpemux BUTKiB. Lie 3ab6e3nedvye reHepalito YacoBux psais curHanis,
SKi afekBaTHO BigobpaxkaloTb peanbHy YyTNUBICTb AaTymka Ha poBoUnx rmmubunHax
MOLLYKY.
2.2 MogentoBaHHA MeTanesoro Tina B enekTpoMarHiTHoMy noni
MaTemaTuyHe MoferntoBaHHs B3aeMOAii enekTpoMarHiTHoro nons gatyvka 3
MeTaneBumn o6'ektamu noTpebye AeTanbHOro po3rnsay disnyH1X npouecis, Wo
BiAOyBaloTbCA BCcepeanHi camoro ob'ekTa nif BMMBOM 30BHILLHLOIO 36yMKEHHS.
Konu dhepomarHiTHe abo nposigHe Tino noTpanmnsie B 30Hy Aii NepBUHHOrO nons,
CTBOPEHOIO CUCTEMOIO NepeaaBaribHUX Ta KOMMNEHCALNHNX KOTYLLIOK, BOHO CTae
[PKEPENoOM BTOPMHHOIO BUNPOMiHIOBaHHS. B OCHOBI LibOro siBuLLa nexarb ABa
dyHAamMeHTanbHi MexaHiaMu1: HamarHivyBaHHsS Mmatepiany Ta BUHUKHEHHS BUXPOBMX
CTpyMiB.
depomarHiTHe Tino xapaKkTepu3yeTbCs BUCOKOK BiHOCHOK MarHiTHOK
MPOHMKHICTIO 1, LLO 3MYLLYE NiHii MarHiTHOI iHOYKLUii KOHLEeHTpyBaTucs
BCepeauHi noro o6'emy. Y kBasictaTiHOMY HabnvKeHHi Taky Linb MOXHa
po3rnafaTh Sk CyKyrnHIiCTb eneMeHTapHux MarHiTHuX avnonis. IMig gieto
BEpTMKanbHOI CKkNagoBoi NepBMHHOTO nons B 06'ekT HabyBae iHAykoBaHOro
MarHiTHOro MOMEHTY m , BeNnyMHa SIKoro NpPsiMO MPOMopLiiiHa Hanpy>KeHOCTi nons B
TOuL 3HaXOMXKEeHHS 06'ekTa Ta MOro MarHiTHI CNpUAHATAMBOCTI . [N TMNoOBOro
3anisa Le 3Ha4eHHst Moxe gocsirati nopsigky 5000 oamHUUb, Lo 3a6e3neyvye CunbHUMn
BTOPUHHWI BiAryk. Lien iHaykoBaHuii AMNONb CTBOPIOE BNAcHe MarHiTHe norne, sike 3a
CBOEIO CTPYKTYPOIO BiAPI3HSAETHCS Bif MOMS KOTYLLUOK, OCKifIbKN AOr0 iHTEHCUBHICTD
cnagae nponopuiiHo Kyby BiacTaHi. Takum YnHOM, 06'eKT BUCTYNae K
nepeTBOpioBaY, LU0 NOKanbHO COTBOPHOE TOMOSIONi0 NEePBMHHOIO MONSsi, 4oAaouM A0
HbOTO BTOPUHHY CKNazoBy.
CuTyauisi CyTTEBO 3MIHIOETLCA MPY PO3rNaai AMHAMIYHMX NPOLECIB Y 3MiHHOMY
MarHiTHoMy noni, ocobnmeo Ha Yactotax nopsaky 410 Iu. Akwo 06'ekT Mae BUCOKY
€nNeKTPUYHY NPOBIJHICTb , TO 3ri4HO i3 3aKOHOM €NeKTPOMarHiTHOI iHAYKUiT
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dapages, BcepeaynHi HbOro BUHMKaKTb 3aMKHEHI BUXPOBI CTpymu. Lli cTpymu
reHepytoTb BriacHe MarHiTHe norne, sike 3rigHo 3 NpuHuunom JleHua 3aBxau
cnpsiMoBaHe Ha NPOTUAiL0 3MiHi NEPBMHHOMO MNOTOKY. [1nsi HeMarHiTHUX NPOBIAHWMKIB,
Takux K Miab abo antoMmiHii, Len edekT NPM3BOAUTL A0 «BULLTOBXYBaHHSA»
MarHiTHoro nons 3 o6'eMy Tina. ¥ TakoMmy pasi ecbeKkTiBHa CNpUAHATAMBICTb CTae
Bif'eEMHOI0, L0 Bi3yanbHO Ha rpadikax EPC BigobpaxaeTbcs sk A3epkanbHa iHBepcis
curHany BiAHOCHO bepoMarHiTHoro nika.
Mpu poboTi MeTanoaeTekTopa Ha rapMoHiYHOMY curHani Biaryk ob'ekta ctae
KOMMMEKCHUM 3a CBOEI Npupoaoto. Lie o3Havae, Lo BTOPMHHE More ornucyeTbes



KOMMekcHUM BekTopoM Bjm )( , Ae peanbHa 4YacTvHa Bignosigae 3a

peakTUBHWM BIAryK, @ ysiBHa — 3a aKTUBHI BTpaTK Ha BUXPOBI CTPYMMU.
depomarHiTHUn edpekT hopmye ckradoBy curHany, sika 36iraeTbesi 3a hasoro 3 nonem
30yKeHHs1. HaTomicTb BUXPOBI CTPyMU Yepe3 HasiBHICTb aKTUBHOMO Ornopy
matepiany Ta iHAyKTMBHOCTI camoro 06'ekTa BUKMMKaloTb (ha3oBuii 3cyB, IO Ha
BUCOKMX YacToTax pobuTb BiAryk 06'ekTa BEKTOPOM Y KOMMEKCHI NAOLLWHI.
EdbekTnBHICTb BUsiIBNEHHS Ta ineHTUdikauii 06'ekta 3anexuTb Big Toro, sika

came cknagoBa AoMiHye. [ns apibHMX 3ani3HMX NpeaMeTiB Ha HU3bKUX YacToTax
BU3HAYaNbHWUM € MarHiTHuiA BHecok ( 0 ). MpoTe 3i 36inbLUEHHsIM YacToTn A0
8.5-10 k'Y BNAMB BUXPOBUX CTPYMIB 3pOCTaE, L0 NPU3BOANTL A0 ha3oBUX 3CYBIB.
Llen mexaHi3am € ocCHOBO A5t AUCKPUMiHALT MeTaniB, OCKinbKu pi3Hi MaTepianu
MatoTb pi3Hi ha3oBi NOPTPETH 3anexXHO Bif NPOBIAHOCTI Ta NPOHWUKHOCTI.
Po3paxyHok BMXiAHOro curHany B NpuiManbHiii KoTyLLi 6a3yeTbes Ha
YncenbHOMY iHTErpyBaHHi BTOPUHHOTO MarHiTHoro notoky dSBsec kpisb ii

nnowy. Ockinbky npuiManbHa KOTyLLKa B cucTemi 30yaKeHHs 3a3Buyan
PO3MILLlYETLCA B 30Hi MiHIManbHOrO NEPBUHHOIO NOTOKY, MOSiBA BTOPUHHOIO Nons
nopyuye Len 6anaHc. Pyx o6'ekTa B3AOBXK AaTUMKA CMIPULMHAE MOAYIALLIIO LibOro
6anaHcy. Konu Tino nepetnHae mexi NpoBiaHWKIB nepeaaBanbHoi abo
KOMMEHCaLNHOT KOTYLLOK, BEKTOP NEePBUHHOIO MOrst B TOYLI 3HAXOOXKEHHs1 06'ekTa
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pi3ko 3MiHIO€E CBIl HanpsiMoK. Lle BMknukae BianoBigHy iHBepCito HanpsMKy
iHayKoBaHoOro Aunons Ta a3osBuii CTPUOOK Ha  pafiaH y curHani Biaryky.
MaTemaTuyHa peanisalis Takoi Mogeri BMMarae nocnigoBHOro ob4ncreHHs
CTaHy CUCTEMM AN KOXHOI TOYKM TpaekTopii. Ha nepliomy etani Bu3Ha4aeTbcs
BEKTOp iHAYKLUii nepBuHHOro nons B B koopauHatax o6'ekTa sik cyma BHECKIB Bif,
YCiX cerMeHTiB nepeaaBanbHOi Ta KOMneHcaLlinHoT 06MoTok 3a 3akoHoM bio-CaBapa-
Jlannaca. fani, BUxogs4u 3 KOMMNEKCHUX NapameTpiB Lini, pO3paxoByETbCA BEKTOP
BTOPWHHOIO MarHiTHOro MoMeHTy. Ha 3aBepLuansHomy etani BusHayaetecst EPC sk
LUBMAKICTb 3MiHX NOTOKY Yepes3 KOHTYP NpuiManbHOi KOTYLLKX. Takui nigxig
[03BONSE BpaxyBaTy CKnagHy iHTepdepeHLinHy KapTUHY, WO BUHUKAE Yepes
reoMeTpuYHe 3MILLEHHS LIEHTPIB KOTYLLIOK Ta Pi3HY KiNbKiCTb iX BUTKIB,
3abe3nevyoun OTPMMaHHS JOCTOBIPHOT hOpMU CUrHany Ans nogarnbLlloro aHanisy
€NEeKTPOHHOTO TPaKTY.

PucyHok 2.4— ®opma Hanpy»eHOoCTi yTBOPEHO\ MarHiTHUM aunonem

BpaxyBaHHS CkiH-e(heKTy TakoX € BaXnMBUM NPV MOAESoBaHHI NPOBIAHUX Tin

Ha YacToTax BuLle 10 k'u. BUXpoBi CTPYMU KOHLEHTPYOTLCS NULLE Y TOHKOMY
NMoBEepPXHEBOMY LUAPI, WO 3MeHLLYe edpeKTUBHMI 06'eM B3aemogii. Lie npnssoanTs Ao
TOrO, LLO MacuBHi 06'€KTN 3 BUCOKOO MPOBIAHICTIO MOXYTb MaTu BiAryk, nofi6Hmi
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[0 TOHKMX 060MOHOK. [1nsi KopeKkTHOro BigobpaxeHHs Lnx edekTiB HeobxiaHO
BMNPOBaKyBaTU YaCTOTHO-3anNeXHi KoedilieHTV ANsi MarHiTHOT CPUAHATAMBOCTI, WO
[03BOSISIE NEPENTH Bifj CTATUYHOIO HABNMKEHHSI 4O NOBHOLIHHOMO AVHAMIYHOIO
aHanisy enekTpomarHiTHOI B3aeMogii.

PucyHok 2.5— Bua BTOPMHHOTO Nosst Ansi 0BEKTY, SIKUIM 3HAXOAUTBCS Ha PisHiii
Bigdani Big NpMUManbHOI KOTYLLMK

Po3pobneHa mogens [03BONSE OTpUMaTK Habip AaHWUX AN HaBY4aHHSA
Henpomepexi.

2.3 Bnnue matepiany Tina Ha enekTpomMarHiTHoe none meranogerekTopa

dPazoBe po3aineHHs curHaniB y CyvacHuX iHOYKUiINHUX MeTanogeTekTopax
6a3yeTbCcsA Ha aHani3i KOMNNEeKCHOro BIAryKy, LLO BUHMKAE NpW B3aemogii 3MiHHOro
MarHiTHOro nons 3 enekTpodi3nyHMMK CTpykTypamu o6’ekTiB. Ha pobovii yacToTi
8,5 kIl JOoBXMHa XBUMi 3HAYHO NepeBuLLye rabapuTy AaTyvka, Lo J03BOSsE
onuncyBaTy B3aEMO/IiI0 B paMKax KBasicTaTU4HOI MOAENi, Ae BTOPUHHE nore ob’ekTa
po3rNafaeTbCs Ik BEKTOP Y KOMMIEKCHIN NNoLwwuHi. OCHOBHUM napamMeTpom, Lo
BM3Ha4ae TMN MeTany, € ha3oBui 3CyB MiXX NEPBUHHUM Monem 30yIXeHHs Ta
BTOPWHHWUM BiAryKOM, sikuii 6eanocepeHb0 3anexuTb Bif CNiBBiAHOLLEHHS aKTUBHUX
BTpaT Ta peakTMBHOI eHeprii y NpoBigHOMY Tirli.

MaTemaTnyHo KoMnnekcHui Bigryk ob’ekta M MoxHa npeacTtaBuTh Yepes
y3aranbHeHy yHKLito BIATyKY, sika 3anexuTb Big 6e3po3mipHoro napameTpa
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napamvetpa 20 ar , ge — Kpyroea 4acToTa, — nuToma

eneKkTpuYHa NpoBIifgHICTb, @ @ — XapaKTepHWUiA po3mip o6’ekTa. [ns ineansHo
NPOBiAHOro 06’eKTa BiAryK € YACTO peakTUBHUM, NPOTE pearbHi MeTanu CTBOPIOTb
curHan, Wwo Mictutb sik cuHdasHy cknagosy (X), Tak i kBagpaTypHy cknagosy (R),
3miwleHy Ha 90 rpagycis. ®azosun kyT XRarctan cTae Knio4oBUM iHOMKATOPOM
Ans ineHTudikauii matepiany, ockinbku BiH Binobpaxxae BHYTPILLHIO «A0OPOTHICTEY
o6’ekTa sIk KOPOTKO3aMKHEHOIO BUTKA.

depomarHiTHi MeTanu, 3oKkpema 3ari3o Ta ctanb, MatoTb BUCOKY BiAHOCHY

MarHiTHY NMPOHMKHICTb, L0 Ha HU3bKUX YacToTax NpPU3BOANUTL A0 AOMIHYBaHHS
MarHiTHoOro edekTy Hag edekToM BUXPOBUX CTPYMIB. Y TakOMy pasi 3Ha4eHHs
$\mu_r$ (ake ans m'akoi ctani moxe nepesuttysaty 1000) 3yMOBIIHOE NMO3UTUBHUIA
3cyB hasn, ockinbkn 06’ekT nocuntoe MmarHiTHuiA noTik. OgHak Ha vactoTi 8,5 kI'y y
MacMuBHMWX 3ani3HWUX 06’eKTax NoYMHae NPOSBMATUCS CKiH-epekT, rmmnbuHa sikoro

ro

2 [Ons cTani cTaHoBUTb YacTku minimeTtpa. Lle npussognts Ao

BUTICHEHHS MOMs Ha MOBEPXHIO Ta NOSIBU 3HAYHOT KBaApaTypHOI CknagoBoi Yepes
BMCOKWI OMip BUXPOBUM CTpyMaM. Y pe3ynsTaTi 3ani3o reHepye CknagHuin curHan, ae
BEKTOP BiAryKy aMiLeHunit y 6ik HU3bkux hasoBux KyTiB, LLO AO3BOMSAE €MNEKTPOHiLl
npunazay BiacikaTv MOro sik «CMITTEBUIMY cUrHan Big rpyHTy abo YopHoro metanny.

PucyHok 2.6— Bua 3anexHocti EPC Ha npuiMarnbHi MKOTYLLI Npy NpoCyBaHHi
depomarHiTHOro Tina noB3 KOTYLLKN
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KonbopoBi MeTanu 3 BUCOKOI MPOBIAHICTIO, Taki Ak Miab ( 7108.5 Cwm/m)
abo cpibrno, AEMOHCTPYIOTb 30BCIM iHLLY KapTuHY. Yepes BiACYTHICTb MarHiTHux
BrnacTmBocTen ( 1r ) ixHil Biaryk dopmyeTbCs BUKIIOYHO BUXPOBUMU CTPYMaMM.
Ha yacTori 8,5 k'l Ans BeNUKMX mMigHux o6’ekTiB napaMeTp € BENUKUM, Lo
3Mmiwye dasy Biaryky mamke Ha 180 rpagyciB BiAHOCHO YMCTO MarHiTHOrO curHany.
Taki 06'eKTV XapaKkTepPU3yTbCSt BUCOKOI PEAKTUBHICTIO Ta HU3bKUMU akTUBHUMMN
BTpaTamu, L0 Aae Benukuii pasosBmin 3cyB y No3nTueHiIn obnacti wkanu VDI (Visual
Discrimination Indicator). HaBnaku, opi6Hi 06’ekTv abo MeTanu 3 HA3bKOK
NPOBIAHICTIO, HAaNpWKnag Hikernb Y onbra, MarTb MEHLWNIA NapamMeTp , WO
3MiLye ixHi chasoBuin BekTop Bnivkde ao 90 rpagycis, e aKTUBHI BTpaTH CTaloTb
NOPIBHAHHMMM 3 iHOYKTUBHWUM BiAryKOM.

PucyHok 2.7— Bug 3anexHocti EPC Ha npuiiManbHi MKOTYLIL Npy NpoCyBaHHi

Tina i3 BUCOKO MPOBIAHICTIO NOB3 KOTYLUKN

OcobnmBuii iHTEpeC CTaHOBUTL KOMMIIEKCHWUI BMNMB Ha 30BHILLHE none

06’ekTiB 3i 3MiLLaHVMW BNACTUBOCTAMM. Y 3MIHHOMY MOfi BTOPMHHE Nose Takoro
Tina BU3HA4YaETbLCS CYMOK MarHiTHOrO AUNONbHOTO MOMEHTY Ta MOMEHTY,
CTBOPEHOIO BUXPOBUMYU CTpyMamu. OCKinbKM Lii MOMEHTU CNPSIMOBAHI MPOTUIIEXHO,
iCHy€e NeBHa KpUTWYHA YacToTa, NPU SKiN BOHWM MOXYTb YaCTKOBO KOMMEHCYBaTH
OJVH OJHOrO 32 amniTyfoto, ane BoHM 3aBxaun 6yayTe po3HeceHi 3a dasoto. Ha
BMCOKMX YacToTax BUXPOBi CTPYMUV MOYMHAKOTL JOMiIHYBaTU HaBiTb Y
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hepomarHeTmkax, NepeTBopIYM iX 3 «MigCUoBaYiBy Nnomns Ha «ekpaHuy». Lie sieuwie
Np13BOAUTb A0 TOTO, WO BeNuKi 3anisHi npeameTy (Hanpuknaz, KPULLKK NokiB)
MOXYTb MOMWIMKOBO iAeHTUIKyBaTUCS K 06’€KTU 3 BUCOKOIO NPOBIAHICTIO, OCKINbKY
XHiln cymapHuii (pa3oBumii BEKTOP 3MiLLyeTbCS B 06nacTb KONbOPOBKX MeTarniB.
[Ins TO4YHOro po3dineHHs TUNiB MeTanis y NporpamMHin moaeni HeobxigHo
BpaxoByBaTy, Lo curHan EPC y npuimanbHin KoTywui € pe3ynstatoM noaBiiHoT
3ropTk1 NPOCTOPOBOI YYTNMBOCTI AaTYMKa Ta KOMMIEKCHOI XapaKTepUCTUKM Lini.
BBefeHHs B po3paxyHKu TeH30pa MarHiTHOI CIPUAHSATAMBOCTI
)()()(@ j [o3Bonsie MoadentoBaTy He nulle amnniTyay, a v dpasoy
3aTpumky curHany. Lle nae moxnumsicte 6yayBatun rogorpadu Biaryky — TpaekTopii
KiHLS BEKTOpa CcurHany B KOMMMEKCHIN NOoLWMHI Npy nepeMileHHi 06’ekTa nos3
KOTYLUKM. AHani3 dopmu Takux rogorpadpis 403BOMSAE BiAPI3HUTY TOYKOBI LiNi Bif



MPOTSHKHUX Ta MPOBOAMUTU CEMEKLIt0 MeTariB 3 BUCOKOK TOYHICTIO HaBiTb 3a
HasiBHOCTi MiHepanizoBaHoro oHy Ir'pyHTy, SKuin cam no cobi € cnabkum
napamarHeTUKoMm i3 ha3oBuM 3CyBOM, BM3bKUM [0 Hyns.

disnka B3aemogii MeTaneBnx 06’eKTiB i3 30BHILLHIM eNeKTpoOMarHiTHUM nonem

y KBasicTaTM4HOMY HabnmxeHHi 6a3yeTbCs Ha NPUHLMNAX BTOPUHHOTO
BUMPOMIHIOBaHHS, Ae 06’eKT po3rnaaaeTbes siK iHAYKOBaHUIA MarHiTHWiA gunones. Y
cuCTeMi MeTanoaeTekTopa, LWo npautoe Ha dikcoBaHi yacToTi, Hanpuknag 8,5 kI,
BNMB TiNa Ha Hanpy>eHiCTb Nons B TOYLi po3TallyBaHHsi NPUAManbHOT KOTYLLIKN
onucyeTbecs Yepea 6e3po3mipHUin koedilieHT k , SKuii koperye nokarnbHy
HanpyeHicTb nepBuHHOro nons. Llei koedilieHT iHTerpye B cobi marHiTHi Ta
eneKkTPUYHi BNacTUBOCTI MaTepiany, i 1oro 3HayeHHsi BU3Ha4ae amnnitygy Ta cdasy
CUrHany, Lo peecTpyeTbCA NPUAMAanbHOK KOTYLLIKOH.

[ina depomarHiTHMX martepianis, OCHOBHUM MPEACTaBHUKOM SKUX € 3ani3o,
3HayeHHs koedilieHTa kK Npu HU3bKMX YacToTax 3HAYHO NepPeBULLlYE OANHULIID

( 1k ). Lle 3ymoBneHo BUCOKOIO BIAHOCHOI MarHiTHOK MPOHUKHICTIO MaTtepiany r,
SKa AN TEXHIYHO YUCTOro 3anisa CTaHOBUTL TUCAYI OAUHULL. PepomarHeTuk
KOHLIEHTPY€E MarHiTHi CUIOoBI MiHii NepBUMHHOIO Nons BcepeaunHi cBoro o6'emy, Lo
NpU3BOAUTL [0 CyTTEBOrO MOCUIEHHS MarHiTHOrO MOTOKY. Y pe3ynbraTti BTOPUHHE
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rorne, CTBOpIOBaHe TakuM TirloM, 36iraeTbCsi 3a HaNPsSIMKOM i3 NEPBUHHUM MOMeM
30ymxeHHs1. Ha rpadbiky po3noainy BepTukanbHOi CknagoBoi MarHiTHOT iHAYKLiT zB
nosiea hepoMarHiTHoOro Tina gikcyeTbCsa Ak NoKanbHWA CNNeck amnniTyau, Wo
NOBTOPHOE MOMSAPHICTE OCHOBHOIO MONSA B L TOYL.
[Mpun nepexoai A0 KONbOPOBUX METANIB i3 BUCOKOK NPOBIAHICTIO, TAKNX 5K
antoMiHii abo 301070, MexaHi3aM B3aemogii 3MiHoeTbes. Ockinbku Li MaTepianu He
MatoTb MarHiTHUX BnactnsocTer ( 1r ), iXHii BNNMB Ha none BM3HaA4YaeTbcs
BVKITIOYHO BMXPOBMMMU CTpyMamu. 3rigHo i3 3akoHOM JleHua, Ui CTpymu CTBOPHOOTh
npoTtugitoye rnone, LLO HamaraeTbCs BULLTOBXHYTU NEPBUHHWIA NOTIK i3 NPOBiAHMKA.
[ns Taknx matepianis koedilieHT k cTae MeHLWUM 3a oguHULLO | Moxe HabyBaTtu
BiA'eMHMX 3Ha4eHb ( Ok ). PiznyHO Le o3Hayae, Lo BTOPUHHUI MarHiTHAIA AUnonb
CNPSAMOBaHWIN NPOTUNEXHO [0 BEKTOPA NEPBUHHOT iHAYKLT.
AnIOMIHIn Yepe3 BUCOKY MPOBIAHICTb Ta HU3bKY NUTOMY Bary 4EMOHCTPYE
iHTEHCVBHE YTBOPEHHSI BUXPOBUX CTPYMiB. Ha YactoTax noHap 5 kl'y antomiHieBe
TiNo NoBoAMTLCA sIK AiamarHiTHUI ekpaH. KoediuieHT k ans macmHoro wmartka
anoMmiHilo € BiA'eMHUM | Bennkum 3a mogynem. Lle npuasoanTb 4o Toro, Lo npu
NPOXOMPKEHHI antoMiHilo Hag AaT4YMKOM CrnocTepiraeTbest iHBepcis curHany EPC
MOPIBHSIHO i3 cMrHanoM Bif 3aniza. 30M0TO TakoX HaMNeXuTb 40 rPynu NPOBIOHMKIB,
npoTe Moro BiAryK 3anexuTb Bi YACTOTH Ta dhopmu ob'ekTa. 3aBasiku BUCOKI
npoBiAHOCTI 30M0TO 3abe3nevye cTabinbHWI BiA'eMHUI KoedilieHT K , Wo 3Millye
chasy curHany B 0bnactb BeNUKUX 3Ha4YeHb, NPOTe 3a amnniTyAok Lel curHan
3a3Buyalt MEHLUWIA, HiXX Y antoMiHito aHanoriYHoro 06'emy, Yepes pisHuLo B
reomeTpii BUXPOBUX CTPYMIB.
Martepianu 3 HU3bKOI NPOBIAHICTIO, Taki SK Hepasitoua cTanb abo Aeski TMNK
CMnasiB Hikemn, 3aMaloTb NPOMIKHE MOMOXEHHS. Y Takux Tifax npouecu
HaMarHidyBaHHsl Ta BUHUKHEHHS! BUXPOBUX CTPYMIB MOXYTb OyTW CriBMipHUMM.
KoediuieHT k Ans HUX € KOMNNEeKCHUM Y1CIOoM, Ae peanbHa YacTuHa Moxe ByTun
6nM3bKOI 10 OAMHMLI, @ ysIBHA YacTuHa Bigobpakae akTUBHI BTpaTu. Y pesynbrari
none nobnuay nNpuiMarnbHOI KOTYLLKM 3MIHIOETLCSI HE3HAYHO 3a aMmnniTyaok, ane
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OTpUMYE NOMITHWI ha3zoBui 3cyB. [ina ApibHMX 06'ekTiB i3 Takmx maTepianis
3HayeHHs k konmBaeTbesi B Mexax 10 k.
Ha Bucokux yactotax (noHag 10-20 kl'u) y doepomarHeTmkax noymHae
[OMIHYBaTV CKiH-eddekT, L0 BUTICHAE MarHiTHe nomne Ha noBepxHto Tina. Lie
NpU3BOAUTL [0 TOrO, LLO HaBiTb ANs 3ani3a koediuieHT k , akuii y ctaTtuui 6y 3Ha4HO
GinbWwKM 3a 1, NoYMHAE 3MEHLLYBATUCS | MOXe NeperTn B 06nacTb Bid'€MHUX
3HayeHb. TakMM YMHOM, NpY NEBHUX NapameTpax 4acToTu Ta NPOBIAHOCTI 3ani3o 3a
CBOIM BMJIMBOM Ha 30BHILUHE MOSIE CTAE CXOXMM Ha MPOBIAHMK, O CTBOPHE
TpyAHoLi Ans ineHTudikauii maTepiany. Y matemaTuyHii mogeni Le BpaxoByeTbCs
yepes 3anexHicTb koediuieHTa k Big YacToTu 30ymKEHHS .
3aranbHa 3MiHa nons Npu HasiBHOCTI Tina € pe3ynsratom cynepno3uuii
nepBMHHOrO nons KoTywok TX i CX Ta BTOPUHHOTO Nons AWnons, amninityaa skoro



mogayntoeTbest koedilieHTom k . Ockinbkn npuiimansHa kotylwka (RX) npauioe B
peXuMi iHTerpyBaHHs NOTOKY, HaBITb HE3HAYHI BiAXUNeHHa K Big oguHULI
NpU3BOASATL A0 BUHUKHEHHS BUMIPOBAHOIO CUrHany Ha Buxogi garyuka. Mpu
nepemilleHHi 06'ekTa B3AOBX OCi AaTyvKka 3Ha4YeHHS Hanpy»XeHOCTi NepBUHHOIO Nors
3MIHIOETLCS, L0 NpU cTanomy KoediuieHTi K Ana gaHoro metany reHepye
xapaktepHy dopmy curHany EPC, sika 3anexuTb Bif B3aEMHOMo po3TallyBaHHs
BUTKIB Ta iXHbOI NonsipHocTi. MogentoBaHHS Takux NpoLeciB A03BONSE BU3HAYNUTA
amnniTyaHi Ta as3oBi XxapakTepucTukM Biaryky ans 3anisa ( 1k ), antomiito

( Ok ) Ta 3onota ( 5.0k ), 3a6e3nevytoun 6a3y Ans anropuTmiB po3nizHaBaHHs

Linen y peanbHoMy 4aci.

Po3paxyHok BUXiZHOrO Hanpy>KeHHs 34INCHIOETLCS LUMISIXOM 064YNCIEeHHS

iHTerpana Big AoOyTKy NnokanbHOro nons Ha koediuieHT maTepiany Ta dyHKLito
YyTNUBOCTI NpumMaYa. Lie 103BONAE YHUKHYTU CKNaAHNUX aHaniTM4HUX Po3B'a3KiB i
nepenTu 4o NPSIMOro YMCENbHOrO aHanidy NepexigHMX XapakTepucTuK kaHany
BMMIipIOBaHHSI.

Ha ocHoBI hi3nyHNX NpMHUMNIB B3aemogii 3MiHHOro MarHiTHOro nons 3

pisHUMU MaTepianamu Ha YacToTi 8,5 kI, BNNnB 06’eKTIB MOXHa CUCTeMaTn3yBaTu
3a gonomoroto 6e3poamipHoro koedilieHTa k , KM BU3Ha4Ya€e BiAHOLIEHHS
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amnniTyau Ta HanpsiMKy BTOPMHHOTO MOMs A0 NEPBUHHOIO 30ymKeHHs. Y Ui mogeni
koediuieHT k Bigobpakae pe3ynbTyloumnii BNfMB MarHiTHOT NPOHUKHOCTI Ta
BMXPOBWX CTPYMIB.

Tabnuus 2.1- 3BefeHa sikicHa xapakTepucTika napameTpis, L0 BNMBaOTb HA
hopMy 3anexxHOCTi NepecyBaHHS Tina noB3 KOTYLLKN
Tun metany MNpuknagu
3HauveHHs KoediLieHTa

k (skicHo)

XapakTep BnnvBy Ha
HanpyXeHicTb nons

Di3NYHMI MEXaHI3M
[OMiHYBaHHS

depomarHeTuku

3aniso, cTans,

YaByH

k>>1 (nos3utusHe,

Benvke)

Pi3ke niacuneHHs

NepBMHHOIO Nons

Bucoka marHiTHa NpOHUKHICTb
(@), KOHLIEHTpaLlisi CUIIoBUX
NiHIN.

BuicokonposigHi

KONbOPOBI

meTanu

Migb, cpibno,

anomiHin k&lt;0 (Bin’emHe)
BuuToBxyBaHHS nonsi,
iHBepcis curHany

IHTEHCUBHI BUXPOBi CTPYMU, LLIO
LitoTb NPOTU NEPBUHHOTO
MOTOKY.

BnaropogHi

meTtanu 3onoto, nnatuHa k=-0.5 (Big’'eMHe)
MomipHe nocnabneHHs

nons

Bucoka nposigHicTb npun
BiJCYTHOCTiI MarHiTH1X
BNacTUBOCTEN.

Hwn3bkonpoBiaHi

cnnasu

Hepxagitoua

cTtanb, Hixpom 0&lt;k&lt;1 (komnnekcHe)
HesHayHe CnoTBOpeHHs!



amnnityan, dasosun

3cyB

CniBMipHIiCTb aKTUBHKX BTpaT Ta
cnabkmx MarHiTHUX
BNacCTMBOCTEWN.

[iamarHetukum BicmyT, rpadit k<1 (maibxe 1)
HapssuyariHo cnabke
nocnabneHHs

CnabKuin BNacHUiA MarHiTHWi
MOMEHT, CNPSIMOBaHWI NPOTH
nonsi.

2.4 MopentoBaHHs aHanoroBoro TpakTy o6pobku curHany

Mpouec 06pobku curHany B MeTanoaeTeKkTopi, NnobyaoBaHOMY 3a NMPUHLMMOM
iHOyKUiHOro 6anaHcy, siBnsie coboto NOCNIAOBHICTb MiHIMHWUX Ta HENIHINHMX
nepeTBOpPEeHb, METOIO SIKUX € BUAINEHHS iHhopMaTUBHOTO BiAryKy Bif MeTanesoi
MiLLEHi Ha TNni NOTY>XHWX 3aBaf, 3yMOBMEHWX BMIIMBOM I'PYHTY Ta HEQOCKOHANICTIO
MexaHi4yHoT 6anaHCUpoBKM AaTymKa. AHanNoroBuin TpakT NPUCTPOK BUKOHYE POrb
nonepeaHbOi NaHku, Lo roTye curHan Ao oundgpoByBaHHs, 3abe3nevytoun
HeobXiaHUI AMHaMIYHUIA Aiana3oH Ta cnekTpanbHy cenekuito. Po3rmnsg disnyHmnx
NPOLIECIB, L0 NPOTiKaloTb Yy KOXHOMY (DYHKLiOHanNsHOMY By31i, JO3BOMSAE
nobyaysaTv MaTeMaTUyHy Mofeslb CUCTEMM Ta CNPOrHO3yBaTH il peakLito Ha nosiBy
006’€eKTiB 3 Pi3HNMU enekTpomarHiTHIMKU BnacTuBoCcTsIMU. Hikye HaBeaeHo
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AeTanbHUiA ONUC NPOXOAXKEHHS CUrHasny Yepes OCHOBHI Kackaau: BXiAHWUNA
niacunoBay, CUHXPOHHUI AeTekTop, INbTP BUCOKUX YacToT Ta iHTerpaTop.
NAcC KNY IHT® Y1B ¢ Y2B © Y3B & YH
ALMN
EﬂreH

PucyHok 2.8— CTpykTypHa cxema BUMIpIOBasnibHOro TpakTy MeTanofeTekropa

2.4.1 BxigHni nigcunioBay

[MepLuoto NaHKoK TPaKTy € ManoLwyMHWIA NigCUIoBaY, KU MigKNioYaeTbes
6e3nocepeaHbO A0 BUXIAHMX KNem npuimanbHoi koTyLwkn (Rx). EnektpopyLuiina
cuna (EPC), wo HaBoauTbCs B NpuiAManbHii 06MOoTLi, Mae BUMMA rapMOHIYHOrO
KONMMBAaHHSA, amnniTyaa Ta gasa SKoro HecyTb iHPOPMaLLilo NPO eNeKTPOMarHiTHy
0o6CTaHOBKY B 30Hi NOLUYKY. Y 3aranbHOMY BUMaAKy BXiAHUIA curHan uin(t) MoxHa
NPeAcTaBUTU AK CYMY 3aNMLLKOBOrO cUrHany posbanaHcy, CurHany Bif rpyHTy Ta
KOPWCHOTO CUrHany Bif, MilleHi:
uin(t)=Uressin(@t+@res)+Ugnd(t)sin(@H@gnd)+Utgt(t)sin(@t+@tgt)

ne w— KkyToBa Yactota poboyoro nons, U Ta ¢ — BignosigHi amnnityau ta

a3oBi 3cyBM KOMMNOHEHTIB. AMNniTyaa kopucHoro curHany Utgt yacto BumiptoeTbes
oavHMUsSMK abo flecsaTkaMu MiKpOBOILT, TOAI SIK cUrHanu posbanaHcy Ta FpyHTy
MOXYTb AOCSIraT! COTeHb MiNiBOSbT.

3aBaaHHsAM BXiQHOTO nmigcuntoBaya € niHinHe mactabyBaHHSA Hanpyru 4o

piBHS, 4OCTATHBLOrO AN KOPEKTHOI POBOTU CUHXPOHHOTO AeTekTopa, 6e3 BHECEHHS
BnacHux a3oBmx CnoTBOpeHb. CXEMOTEXHIYHO LiEV By30Mn pearni3yeTbes Ha 6asi
onepaLiiHux nigcuniosadis (Ol1) y iHBepTyto4OMy ab0 HeiHBEPTYIOUOMY BKITOHYEHHI.
[ns iHBepTYyto4Oro niacuntoBaya, 0XomnseHoro rMmbokUM Big €éMHUM 3BOPOTHUM
3B’A3KOM, BMXigHa Hanpyra uamp(t) BU3Ha4aeTbCsl BifHOLLEHHSIM OMopy 3BOPOTHOIO
38’a3ky Rf go BxigHoro onopy Rin:

)O(tu
R

amp
(2.4)
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BaxrnmBum acnekTom MOAENOBAHHS € BpaxyBaHHS YaCTOTHUX XapakTepUCTUK

Or. Ockinbkn poboya YacToTa CUCTEMU 3HAXOAUTLCS B Aiana3oHi HU3bKMX YacToT
(VLF), HeobxiaHo 3abe3neunTtn 3anac no cMmysi nponyckaHHs, Lwob dasoBuii 3cys, WO
BHOCUTBLCSA caMuM nigcunioBadem, 6yB MiHiManbHUM i ctabinbHUM y Yaci. HasBHicTb
PO3AiNOBKX KOHAEHCATOPIB MiX Kackagamu niAcuneHHs hopmye amnniTyaHo-
YaCTOTHY xapakTepucTuKy (AYX) 3 0BMexXeHHsM y 0BnacTi HKHIX 4acToT, Lo
[03BOSISIE BiACIKTU NOCTiVHY cknadosy (apevd Hyns Oll, TepmoenekTpuyHi ecpektn),
arne nponyckae Hecy4y 4acToTy curHany w 6es 3amin.

2.4.2 CNHXPOHHUIN AeTeKTop

Micns nonepefHbLOro NiACUNEHHS CUrHaN HaAX0AWTb Ha BXif CUHXPOHHOTO
netektopa (CL1). Lleli By3on € kno4oBUM enemMeHTOM CUCTEMMU, OCKINbKU came TyT
BiAOyBaeTbCA nepexia Bif 3MiHHOrO CTPyMy A0 MyrbCYYOro MOCTIRHOIO, a TaKoX
PO3AINEHHSA CUrHany Ha OpTOroHanbHi CKNafoBi (AKTUBHY Ta peakTUBHY).
MaTtematnyHo poboTy CUHXPOHHOTO AEeTEKTOpa MOXHa OnucaTu sk onepaLio
MHOXEHHSI BXIAHOrO rapMOHIYHOro curHany uamp(t) Ha onopHuii curHan r(t),
chopMoBaHUiA MiKpOKOHTporepoM abo 3agatoynm reHepaTopoM.

OnopHui curHan 3a3suyar mae hopMy MeaHapy (MPSMOKYTHI iMnynbcu) 3
4acToTOHO, LLIO AOPIBHIOE YACTOTI CTPYMY B NepefaBasbHii KOTYLLUL, Ta (ikcoBaHOK
basoto. Moro MoxHa npeactaBuTy yepes psig dyp’e:

5,3,1
)sin(14)(
n

tn

n

tr

ne 6 — chasa onopHoro curHany, sika 3agae TouKy BiAniky Ans AeTeKTyBaHHS
(Hanpuknag, 6=0 onsa BUAINEHHA peakTUBHOI KOMMNOHEHTN abo B=T1/2 ANsA aKTUBHOI,
3anexHo Bif CXEMOTEXHIKM).

Pe3ynbratoM MHOXEHHS CMHYCOIAanbHOro BXiQHOMO CUrHany uamp

(t)=Asin(@t+<p) Ha nepLUy rapMOHiKy OMOPHOro CUrHany € BMpas, Lo MiCTUTb
MOCTINHY CKNafoBy Ta CKMagoBy NOABOEHOI YacTOTK:

)sin(4)sin()()()(
ttAtrtutu ampsd
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BuKopUCTOBYOYM TPUTOHOMETPUYHY TOTOXHICTb A0BYTKY CUHYCIB,
OTPUMYEMO:
)2cos()cos(2)(

tAtusd

3 oTpuMaHoro Bupasy BMAHO, WO BUXIAHUIA CUTHAN CUHXPOHHOTO AeTekTopa
CKnagaeTbCs 3 ABOX YacTuH. [Nepla yactnHa — nocrtinHa

Hanpyra )cos(2

AU DC , ennunHa Ta 3HaK sKOi 3anexarb Big amnnityam

BXiHOro curHany A Ta pisHuui a3 Mixx BXiJHUM Ta OnopHUM curHanamu (¢-0).
Came uelt YneH Hece KOpUCHY iHdopMaLiito Npo Tun metany (Yepes a3y @) Ta
po3mip o6’ekTa (4epe3 amnnitygy A). [ipyra yacTvHa — rapMoHiYHe KOnMBaHHS 3
4acToTo 2w, sike € NOBIYHMM NPOAYKTOM NEepeTBOPEHHS i Niansrae noganbLuUin
dinsTpauii.

TakvM YMHOM, CUHXPOHHWI [eTeKTOp NepeTBopioe hasoBuii 3CyB BXiAHOMO
curHany y piBeHb NocTiHOT Hanpyr1 NeBHOI NonsipHOCTI. AKWo dasa Biaryky Big
Lini 36iraeTbcs 3 hasok ONOPHOro curHany, BuxigHa Hanpyra byae MakcrManbHOK
[[04aTHOIO; AKLLO 3CyB cTaHoBUTL 90 rpagyciB — Hanpyra JOpiBHIOBaTUME HYIIO;
sKkwo 180 rpapyciB — Hanpyra 6yae MakcuMarnbHOK Bif' EMHOIO.

2.4.3 ®inbTp BMCOKMX YacToT (PBY)

BuxigHui curHan CMHXpPOHHOTO AeTeKTopa MICTUTb He TiNbKu KOPUCHY

iHtbopmaLlito MPo MillleHb, ane i 3Ha4Hy NOCTIHYy CKNagoBy Bif IPYHTY Ta
cTaTM4Horo posbanaHcy Aatyvka. BennymHa uiei «napasvuTHOI» NOCTiHOI cknagosoi
MO>Xe Ha Kinbka NopsiAKiB nepesuLLyBaTh KOPUCHWIA CUrHan, Lo npuseeae A0
Hacu4eHHs iHTerpaTopa abo nepenoBHeHHs po3psaHoi ciTku AL, Ons ycyHeHHs
LibOro eheKTy BUKOPUCTOBYETLCS (INbTP BUCOKMX YacToT (PBY).



Y navinpocrTiwomy sunagky ®BY peanisyetbea sk andepeHuitorode RC-kono,
Lo cknagaeTbes 3 koHaeHcaTtopa Chpf Ta pesuctopa Rhpf. MNepenatoyHa dyHkuis
Takoro cpinbTpa B onepartopHii dopmi Jllannaca mae Burnsa;

= A a
=

s
ssHhpf
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ne 11=RhpfChpf — nocriiHa 4acy dinbrpa.
®inbTp GrOKye NPOXOAXKEHHS NOCTIiHOro cTpymy (s=0), Nponyckarum nuiie
3MiHM Hanpyru. Po3rnsHeMo NPoXomxeHHs curHany Yyepes ®BY y yacosiit obnacri.
MpunycTmo, Wwo B MOMEHT Yacy t=0 B 30Hy 4yTNUBOCTI AaT4yMka MUTTEBO NOTPanmse
MeTaneBui 06’eKT, WO BUKIUKAE CTPUOKONOAiOGHY 3MiHY NOCTIHOT Hanpyr Ha
BMXOAi CUHXPOHHOTO AeTekTopa Ha BenuunHy UO (dyHKuis Xesicanga).
MatematunyHo BxigHuit curHan ans ®BY onucyetbea sk usd(t)=U0-1(t).
Peakuis ®BY Ha Takuin BXigHWIA BNIMB ONUCYETHCA €KCNOHEHLUIHUM 3aKOHOM
3aTyxaHHs:

10)(

t
hpf eUtu

Di3nyHO Le 03HaYae, WO B MOMEHT NOSIBU MilLieHi Ha BUXoAi pinsTpa BUHMKAE
pi3kui cTpubok Hanpyri, amnnitTyaa sikoro gopisHioe U0, nicnsa yoro Hanpyra
NMoYMHaEe NnaBHO crnafdaTv 4O HyIsi Mo Mipi 3apsiay PO3AiNoBOro KoHAeHcaTopa.
MonsipHicTb Lboro novatkoBoro cTpubka (+U0 abo —UQ) BU3Ha4YaeTbCa NONspHICTIO
BMXO[Y CUHXPOHHOIO ETEKTOPA, sIKa, B CBO Yepry, 3anexuTb Bif ha3oBux
XapaKTepucTVK MeTany (YopHuii abo KonbOpoBUIA MeTan AatoTb Pi3Hi 3HaKM Npu
BiAMNOBIAHOMY HanalUTyBaHHi ONOpHOI dasw).

MocTinHa Yacy 11 BUBMpaeTbCst TakuM YMHOM, Wo6 inkTp BCTUraB pearyBaTu

Ha LWBWAKI 3MiHW CUrHany Npy pyci AaTymka Hag MilLeHHIo, ane eeKkTUBHO
NpWUrHivyBaB NoBiNbHi 3MiHW cUrHany, BUKNMKaHi 3aMiHO MiHepanisauii r'pyHTy abo
TemnepaTypHUM aperndom.

2.4.4 |HTerpatop

OcTaHHbOIO NaHKOK PO3rNaAyBaHOro naHutora € iHterpartop. BiH BukoHye ABi
yHKUIT: No-nepLue, 0OCTaTO4HO 3rnagKye nynbcadii NOABOEHOI YacToTH 2w, LU0
3anuLInnCS Nicnst CUHXPOHHOTO AeTekTopa; no-apyre, 3abe3nevye 3HavyHe
NiACUNEHHS KOPUCHOIO CUrHany B CMy3i NponycKkaHHs. [HTerpaTtop 3a3suyait
6ynyeTbest Ha 6asi onepadiiHoro nigcuntoBava 3 koHgeHcatopom Cint y koni
3BOPOTHOTO 3B’513Ky Ta BXiAHWM pe3ncTopom Rint.
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MaTemaTtuyHuin onnc poboTu igeanbHOro iHTerpaTopa BU3Ha4aeTbCS BUPA3OM:

dttutu hpf )(

1(
2
int
ae 12=RintCint — nocTiiHa Yacy iHTerpyBaHHs. 3HaK «MiHyC» BKasye Ha
iHBEpPTYBaHHA curHany onepauiiiuM nigcuntoBadvem.
[Ans aHanidy NOBHOI peakuii TpakTy po3rnsiHeMO, siK 3MiHIOETbCS hopma
iMNynbCy NpW NPOXOAXEHHI Yepesa kackagHy cuctemy «®BY — |HTerpatop». AkLio
Ha Bxig PBY nogatu cxoamHky Hanpyrn UO (Mogenb nosisu metany), To Ha BXig
iHTerpaTopa HaaXxoAnTb eKCNOoHeHUinHuA curHan 10)(

t
hpf eUtuB.
MincTaBuBLUK Len BUpa3 y hopmyny iHTerpaTopa, OTpMMYEMO:



int 1
Ot

BrKoHaBLUM iHTErpyBaHHSA, 3HaX0AMMO HacoBY 3aNeXHICTb BUXIAHOI HANpyru:
110( 1

2

10

0

eUeUtu

MpoaHanisyemo oTpumanuii pedynerar. Mpu t=0 (MOMEHT NosiBM MilLieHi)

BMXifHa Hanpyra AOPIBHIOE HYIO, OCKIMbKW IHTErpaTop € iHepLUiiHOK NaHKoIO i
Hanpyra Ha KOHAeHcaTopi He MoXe 3MIHUTUCA MUTTEBO. [pun t— Hanpyra npsamye
[0 CTanoro 3Ha4yeHHs

2

1

0

U . OpHak, y pearnbHiii cxeMi iHTerpaTop He € ineanbHUm

(Mae pesncTop napanensHo KoHAeHcaTopy Ans 0OMEXEHHS NiACUNEHHS Ha
NOCTINHOMY CTpyMi), abo > 3a HAM cRiayloTh HACTYMHI Po3aino.i naHuory (pinsTpu
pyxy), WO NepeTBOPIOE L0 peakLito Ha XapaKTepHUIA KynononoaibHuin cnneck.

AKLo po3rnsaaaTv peanbHy AHAMIKY NOLLYKY, TO CUTHan Bif MilLeHi € He

CXOAMHKOI0, @ iMMyNbCOM A3BOHOMOAIGHOT hopMu (CurHan HapocTae Npu HabnKeHHi
[0 LEHTPY KOTYLLKM | cnagae npv BigaaneHHi). Y ubomy Bunaaky pobota 3B’A3ku
®BY Ta iHTerpatopa copmMye cneumdivHnin GinonsapHuii Biaryk. Pinstp BUCOKUX
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4acToT, NpaLoyn Sk AudepeHuiaTtop A5 HU3bKOYACTOTHOT OrMHaloYoi curHany
Lini, nepeTBoploe «A3BiH» Ha S-noaibHy KpMBY (Nepexia Yepes Hynb Y LeHTpI
MiLeHi). HacTynHuin 3a HUM iHTerpaTop BUKOHYE 3BOPOTHY OrnepaLito BifHOBMEHHS
dopmu, oaHak Yepes obMexeHy CMyry 4acToT Ta Pa3oBi 3CyBN Pe3ynbTyHUnNIA curHan
HabyBae hopMM XapaKTEPHOIO KOMNMBAHHS — CMMECKY Hanpyru, Wo Mae KpyTui
nepeaHin OPoHT i GinbLU NNaBHWiA cnag.
MonsipHiCTb LbOro crnnecky Ta Moro amniityga Ha BUXogi iHterpatopa
6e3nocepenHbo 3anexatb Big napametpis UO (Buxia CL). Ockinbkm UO BU3Ha4YaeTbCA
ha3oBMM 3CYBOM BMXPOBUX CTPYMIB Yy MeTani, TO NONAPHICTb BUXIAHOTO iMNymbCy
iHTerpaTopa Hece OAHO3HaYHy iH(hOpMaLLito NPO TUM BUSIBIIEHOTO MeTany.
Hanpuknag, ans o6’ekTiB 3 BUCOKOI NPOBIAHICTIO (Miapk, cpibno) da3osuii 3cyB
npn3BoAuTb A0 (POPMYBaHHS iMMNYrnbCy OAHIET NONSAPHOCTI, ToAi SIK AN 06’eKTiB 3
HM3bKOI NPOBIAHICTIO abo hepomMarHiTHIMK BNacTUBOCTAMM (3ani3o, dponbra)
iMNyNbC MaTUMe NPOTUNEXHY NOMNSIPHICTb abo iHLWY aMnniTyaHY XapakTepUCTUKY.
TakvM YMHOM, 3MOAENbOBaHUI aHaNoroBU TPaKT BUKOHYE CKnaaHy dyHKLi0
nepeTBOpeHHs ha3oBoi iHhopMaLlii BUCOKOHACTOTHOrO curHany y YacoBy hopMy
HM3bKOYaACTOTHOrO IMNYMbCY, MapaMeTpu SKOro NpuAaTHI ANA aHanisy aHanoro-
LMdpoBMM NepeTBOproBaYeM MiKpokoHTporepa. KopekTHuii Bubip nocTinHux Yacy 11
(PBY) Ta 12 (IHTerpaTop) € KpUTUYHUM ANs 3abe3neyeHHs CenekTUBHOCTI Npunaay
Ta Ooro LWBMAKOAIT, BU3HaYatouM 34aTHICTb AeTekTopa po3pi3HATU BnM3bKo
po3TalloBaHi Lini Ta irHopyBaTui BNAMB MiHepani3aoBaHoro rpyHTy.
2.5 Metoauka hopMyBaHHs HaB4anbHOI BUBIPKM AN HEMPOMEepPEeXeBoro
anroputmy
Po3pobka Ta HanawTyBaHHSA anropuTMiB MaLUMHHOMO HaBYaHHS ANs
ineHTudikauii TMnis Mmetanie BMMarae HasiBHOCTI penpe3eHTaTUBHOIO MacuBy AaHuX,
KM OXOMITHOE LUMPOKNIA CNEKTP MOXITMBUX CUTYALLN, LLIO BUHWKAIOTb Y NpoLeci



notuyky. Ockinbku 36ip peanbHUX NONbOBMX AaHUX ANs BCIX MOXIMBUX KOMBiHaLiN
TUNIB Uinen, mubuH ix 3anaraHHs Ta LUBUAKOCTEN NepeMilleHHsl AaTymka €
HaA3BMYaHO TPYAOMICTKMM Ta Yaco3aTpaTHUM NPOLECOM, AOLiNbHUM €
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BMKOPUCTaHHA MeTody MateMaTu4Horo mogentoBaHHs. Liei niaxin nossonse
3reHepyBaTV CUHTETUYHY HaB4anbHy BUBIpKy (dataset), sika 6asyeTbcst Ha i3UHMX
3aKoHax eneKkTPoOMarHiTHOI iHAYKLii Ta MaTeMaTuyHin MoAeni aHaroroBoro TpakTy,
onwucaHin y nonepeaHbomy nigpo3aini. CTeopeHa TakMm YnHom 6asa gaHux crnyrye
dyHAaMeHTOM ANst TPEHYBaHHSA HEMPOHHOT Mepexi, 03BOMNSAYM 1 BUBUMTU
XapaKTepHi 03HaKM CUrHanie Bif pi3HMX 06'EKTIB Le 10 eTany NonboBMX
BUNPOOGYBaHb.
Mpouec hopMyBaHHA HaBYanbHOT BUBIpKkK siBnsie coboto Garatopasose
BMKOHAHHSI anropuTMy CUMYNsLii NpOXO4KeHHs AaTunka Hag 06’ekToMm i3
BapitoBaHHAM BXiAHWX napameTpiB. OCHOBHUMW BXiAHVMUW 3MiHHUMUW MOAeni € Tvn
meTany, reoMeTpuyHi po3mipu 06’ekTa, rMmMbMHa Moro 3ansraHHs BiHOCHO MIOLLMHN
MOLLYKOBOI KOTYLUKM Ta MiHiiHa LUBUAKICTb NepeMiLLeHHs aaTtymka. BuxigHumm
AaHVMK NSt KOXKHOTO OKPEMOTO EKCNEPUMEHTY € BMOPSAKOBAHWUIA MacuB 3HaYeHb
Hanpyru, Lo NpeacTaBnsie cobo AMCKPETU30BaHMI YacoBUI psif CUrHany Ha BUXOA)
iHTEerpaTopa, a TakoX ckanspHe 3HaYeHHs LUBUAKOCTI PyXY, sIke BUKOPUCTOBYETLCS SIK
[,00aTKOBUI NapameTp Ans HaBYaHHS Mepexi.
Ha nepwomy etani MogentoBaHHS (OOPMYETLCS NEPBUHHUIA €NEKTPOMArHiTHUIA
BiAryk Big uini. Lien npouec 6asyeTbca Ha anpokcumaLlii NpocTopoBOi Yy TIMBOCTI
Aatyuka. [ins cuctemm KOTYLLOK iHAYKLiiHOro 6anaHcy 3o0Ha YyTnMBOCTI Mae
cknagHy reomeTpuyHy dopmy, NnpoTe npu MNiHINHOMY nepemilleHHi 06’ekTa B30oBX
oci cumeTpii AaTtymka 3mMiHy amnnitTyam HaBeaeHoi EPC moxHa onucatu dpyHkuieto,
6nn3bKoto A0 A3BOHOMOAIGHOT (raycoBoi) KpMBOi. ApryMeHTOM Liel dyHKLUiT €
NpoCcTOpoBa KoopAMHaTa NONOXEHHA AaTyuka. BpaxoBytoun KiHEMaTUKy pyxy,
KoopAMHaTa noe’sisaHa 3 YacoM Yepes LWBUAKICTb nepemileHHst. Lle osHavae, wo npu
36inbLUEHHI LUBUAKOCTI pyXy AaTynka NpoCcTOPOBMIA NPOinb CUrHany 3anuiaeTbest
HEe3MiHHUM, NPOTe MOro NPoeKList y YacoBy 06MnacTb CTUCKAETLCS.
Tun metany y mogeni 3agaetbes Yepes ha3oBuii 3CyB BTOPMHHOTO Mons Ta
amnniTyaHWn MHOXHWK. O6’eKTU 3 hbepoMarHiTHIMKU BNacTUBOCTAMM (3ani3o, cTanb)
XapaKkTepu3ayrTbCs HAsIBHICTIO sIK BUXPOBUX CTPYMIB, Tak i epeKTy HamarHidyBaHHs,
L0 cymapHo Aae ha3oBuiA 3CyB, BiAMIHHWIA Big KONbOPOBUX MeTanis (Migp, cpibno,
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3000T0). Y KOHTEKCTi MOAENOBaHHS Lie peanidyeTbCsi LUNAXOM 3aBAAaHHSA NOYaTKOBOI
hasu curHany, sika nicns NPOXoAXKeHHs Yepes NpoLeaypy CUHXPOHHOTO
[EeTecTyBaHHSA BU3HAYae NonsipHicTb Ta hopMy BUXiAHOI Hanpyrn. Hanpuknag, ans
KONbOPOBUX MeTaniB MOAENb reHepye curHarn, Sk nicns 4eTekTyBaHHSA Mae
MO3UTUBHY MOMAPHICTL OCHOBHOTIO MiKy, TOAI K ANs (pepoMarHeTuKkisB — HeraTuBHY,
abo 3HakoBy iHBEpPCilo 3aneXHo Bif HanaluTyBaHHS OnopHoi dasu npunagy.
MapameTpu po3mipy 06’ekTa Ta rmubMHM 3ansraHHs BAAMBaOTb Ha aMnniTyay
Ta WpUHY NepBUHHOIO BiAryKy. 3rigHo 3 di3vkoto npouecy, amnnityaa curHany
cnagae NponopLiiHO LLOCTOMY CTYNEeH0 BiACTaHi 40 Uini, WO BPpaxoBYETbCS Y
reHepaTopi AaHux. [Mnboko 3ansratodi 06’ekTV CTBOPHOTL crabki curHanu 3 GinbLu
nonorumun opoHTamu, Togi K NOBEPXHEBI LiNi reHepyrTb NOTY>XXHi iMNynbcx 3
pi3kuMu 3MiHaMu amnnityan. MogentoBaHHS OXONIOE Aiana3oH rMubuH Big
MiHIManbHO MOXNMBOT (Maxe BNPpUTYN A0 AaT4uKa) A0 rPaHUYHOT MnbuHm
BUSIBIIEHHS, I CUrHamn CTae CyMipHVM i3 piBHEM LLYMIB.
KpUTWUYHO BaxKnMBMM acnekToM NiaroToBKW AaHUX € BpaxyBaHHS LWBUAKOCTI
nepemileHHs aatynka. OnepaTtop meTanogeTekTopa He Moxe NiATpUMyBaTu
ineansbHoO cTabinbHy LBUAKICTb MOLLYKY; BOHa BAPItOETLCH B LLUMPOKMUX Mexax
3anexHo Bif i3nYHNX KOHAULINA NOAWHK, penbedy MiCLEBOCTI Ta CTUIMO poboTu.
[ns Toro wo6 HeipoHHa Mepexa byna 3aaTtHa KOpekTHO knacudikyBaTy Uinb
HesanexHo Bif TOro, SK LWBWMAKO NPOHECNN Haf Heto KOTYLLIKY, HaBYanbHa Bubipka
MOBVHHA MICTUTU CUTHanNM Bi OQHMX | TUX camMmnX 06’EKTIB, OTPUMaHI Npu Pi3HMX
LWBMAKOCTSAX. Y po3pobreHin MeToauui giana3oH Wweuakocten 3agaetsbes Big 0.1 m/c
(Oyxe noeinbHe ckaHyBaHHs) A0 1.5 M/C (LWBUAKMIA NoMax).
BnnuBe wemakocTi Ha hopMy curHany He 0OMeXyeTbCs nuLie
MacLuTabyBaHHsIM No oci Yacy. Sk 6yno nokazaHo Npu aHanisi aHanoroBoro TPakTy,
HasiBHICTb (hinbTpa BMCcOKMX YacTtoT (PBY) Ta iHTerpaTopa npm3BoauTb 4O TOrO, WO



dopma BUXIAHOTO iMMYNbCY 3anexuTb BiA CNeKTpanbHOro cknagy BXiAHOMO BMAMBY.
Mpwy HW3bKI LWBMAKOCTI PyXy CNEKTP CUrHamy 3MiLLyeTbCs B 06nacTb iHppaHU3bKMX
yacToT, Ae koediuieHT nepegadi ®BY 3meHwyeTbes. Lle npusBoanTts Ao
AndepeHLitoBaHHS curHany, nosiBv BUKMAIB NPOTUIEXHOT NONSPHOCTI Ta 3MiHW
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CniBBiAHOLLEHHA amnniTy4 OCHOBHOrO Ta "napasutHux" crnneckis. Mpu BUCOKIN
LUBMAKOCTI CNEKTP PO3LUMPIOETHLCS B 06MacTb BULLMX YACTOT, A€ NOYMHAE BNIvBaTh
iHepUinHiCTb iHTerpaTopa, Lo 3rnamxye hpoHTU Ta 3aTArye 3afHin PPOHT iMnysbCy.
leHepaTop BMGiIpKM MaTteMaTU4HO BiATBOPIOE Li edhekTun, nponyckatoum "cupuin'
curHan vepes Lndposi aHanorn inbTpis 3 BiANOBIAHMK NOCTIMHUMYK Yacy. Takum
YMHOM, HeripoMepexa OTPUMYE Ha BXi[ He ifeanizoBaHi KpuBi, a peanicCTUYHi BiAryku,
CMNOTBOPEHI AMHAMIKOK aHanoroBoro TpakTy.
[ns HabnwkeHHs MoAeni A0 peanbHUX YMOB ekcnnyaTauii 40 po3paxyHKOBOro
CUrHany A4o4aeTbes LWYMOBUI KOMMOHEHT. LLymu mogentoloTbes Sk aanTuBHa CyMill
6inoro raycoBoro LUyMy (TensioBi LWyMW eNeKTPOHiKM) Ta HU3bKOYACTOTHOTO dorikep-
LUyMY, WO iMiTye HEeOAHOPIAHOCTI I'pyHTY. PiBeHb LUyMy BapitoeTbCsi BUNaaKoOBUM
YMHOM AN KOXHOrO Npuknagy y Bubipui, Lo A03BONSE HABYMTU MEPEXyY BUAINATH
KOPWCHWI NaTepH HaBiTb 3@ YMOBU HU3bKOTO CMIBBIAHOLLIEHHA curHan/wym. Lie
3anobirae nepeHaB4YaHH0 Mogeni Ha "cTepunbHUX" AaHux i niaBuLLye Ti CTiKiCTb A0
XMOHUX cnpaLtoBaHb y peanbHOMY CepefoBULL.
CTpyKkTypa cchopMOBaHOro AaTaceTy OpraHizoBaHa HacTynHUM YMHOM. KoxeH
3anunc (ek3eMnnap JaHux) CKNagaeTbCa 3 BEKTOpa 03HaK Ta BeKTopa MiTok. BekTop
O3HaK BKIH0Yae MacuB BiAMiKiB Hanpyrn ikcoBaHOT AOBXUHN. AKLLO TpUBanicTb
CUrHany npu HM3bKin WBUAKOCTI NEPeBULLYE AOBXWHY BikKHa CMIOCTEPEXEHHS,
BMKOHYETbCS LIEHTPYBaHHS NiKy B Mexax BikHa. [logaTkoBO 40 MacvBy Hanpyr y
BEKTOP O3HaK BBOAMTLCA 3HAYEHHS LUBWAKOCTI pyXy Aatyuka. Lle nossonse
Henpomepexi BUKOPUCTOBYBATH iHPOPMaLLito MPO LBUAKICTb SIK KOHTEKCT ANS
npaBunbHOI iHTepnpeTaLii YacoBKX XapakTEPUCTUK iMNYmbCy, (aKTUYHO peanisyroymn
MexaHi3M iHBapiaHTHOCTi A0 LWBMAKOCTI. BeKTop MiTOK MICTUTb KaTeropianbHy
3MiHHY, Lo Kogye Tvn metany (Hanpuknag, 0 — depomarHeTuk, 1 — KOnNbopoBMiA
mMeTan), a B po3LWMNPEHNX BEPCIsiX MOAENi — TaKoX perpeciviHi 3MiHHi, LWo
BiANOBifaOTb OLIHOYHIN rMUBWHI Ta po3mipy.
Mpoueaypa reHepalii BinbyBaeTbCs LUKMIiYHO. ANroputm nepebupae 3agaHi
TUNW MeTaniB, AN KOXHOro Tuny itepye Yepes Habip BU3HAYeHMX po3MipiB, NOTiM
NS KOXHOI koMBiHaLii "MeTan-po3mip" NpoxoanTb Yepes AianasoH rMUbKH 3 NeBHUM
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KPOKOM, i, HapeLUTi, KOXHa Taka cTaTu4Ha KoHdirypauis "nporaHsetbca” Yyepes
nianasoH wewuakocTen. B pesynerati popmyeTbesi 6araToBUMipHUIA MacuB gaHux, Lo
MICTUTb AecsATKM abo COTHI TUCSAY Npuknaaie. Takuii obcar AaHWx € JoCTaTHIM Ans
TPeHyBaHHs rMMBOoKKX apXiTeKTyp, Takux sik 3ropTkoBi HelMpoHHI Mepexxi (CNN) abo
pekypeHTHi Mmepexi (RNN), 1o3BonsuM IM 3HaXOAWUTV NPUXOBaHI HENiHiHI
3anexHoCTi Mixk POpPMOI0 CNOTBOPEHOIO aHanoroBUM TPaKTOM iMMyrbcy Ta2
hi3VYHUMK BNACTMBOCTSIMU NPUXOBAHOrO 06’ekTa.
OTpuMaHi YacoBi psaM NpoxoasiTe eTan HopManisauii nepea nogaveto B
Herpomepexy. Ockinbku amnniTyaa curHany Moxe 3MiHIOBaTUCS B LUMPOKUX MEXax
(BiA OOMHMLbB MiKPOBOIBLT A0 BOSLT), NPSIME BUKOPUCTAHHSA abCOMOTHMX 3HaYeHb
MOXe NPU3BECTW A0 HECTabINbHOCTI rpagieHTiB Npu HaBYaHHI. TOMy 3aCTOCOBYETLCS
MacLuTabyBaHHs, Hanpuknag, npuBeaeHHs aMmnniTyau Ao gianasory [0, 1] abo
CTaHfapTu3auis (BiAHIMaHHSA cepeaHbOro Ta AiNeHHs Ha CTaHAapTHE BiAXUNEHHS),
npu LbOMy iHhOpMaLlis NPo NovaTkoBy amnmiTyQy MOXe nogaBaTucs Sk okpema
o3Haka abo HesiBHO 36epiraTtucs y CniBBiAHOLLEHHI CUrHany Ao LWymy.
Takuii Nigxia 40 CTBOPEHHSA HaBvarnbHOI BUBIpKM 3abe3nedye rHyukicTb y
po3pobLi nporpaMHoro 3abesneyeHHss meTanogeTekTopa. 3MiHa CXeMOTEXHIYHUX
napameTpiB aHanoroBoro TpakTy (Hanpuknag, 3MiHa HoMiHaniB pe3ncTopis Yn
KOHAEHCcaTopIB Y binbTpax) He BUMarae NoBTOPHUX MOMbOBUX BUMIiptOBaHb —
[0CTaTHBO NMLLE OHOBUTU KOediLieHTN y MaTemMaTuyHii Mofeni reHepaTopa Ta
nepesanycTuTi Npouec CUMynsLii Ans OTPMMaHHS HOBOTO, akTyarnibHOro Habopy
naHux. Lle 3Ha4yHo npuckoptoe iTepauinHuii npouec onTumisauii cuctemm
po3ni3HaBaHHs.
Ockinbky po3rnagaeTbea cuctema 3 ABoxX 30yAKyBanbHUX KOTYLLOK,
NMPOCTOPOBO PO3HECEHUX Y3A0BX OAHIET OCi, Ta MPUAManbHOI KOTYLLKK,



pO3TaLLOBAHOI MiX HUMU Y NONOXEHHI KOMMEHcaLii, 3a AKOro CyMapHUn curHan y
BiJCYTHOCTi CTOPOHHBOTO TiNna AOPIBHIOE HyMt0. ToAi, MpW NPOXOMKEHHI Tina B30BX
OCi KOTYLLIOK (hOPMYETLCS YaCOBMI CUTHaN y NpuUiAMarnbHii KOTYLUL, KU €
HacniakoM NPOCTOPOBOI MOAYNSALiT pe3ynbTyO4Ooro nons cuctemu Ta moxe bytu
O[HO3HAYHO NapameTpU3OBaHUIN KOOPAMHATO MOMOXEHHS Tina, SKLLO WBWUAKICTb
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pyXy € cTanot. 3a Taknux yMOB HYaCOBMWI CUrHan € eKBiBaneHTHM NPOCTOPOBOMY
npodinto nons, MaclwtaboBaHOMy 3a YacoM BiAMNOBIAHO [0 LWBWAKOCTI MPOXoay.
OTprMaHuii curHan Hece B cobi iHopmaLito ABOX Pi3HUX TUMIB: FEOMETPUYHY,
noB’si3aHy 3 PO3MipoM Tina, Ta MatepiarbHy, MOB’i3aHy 3 XapaKTepoMm Moro
erneKTPOMarHiTHOI B3aeMOAi 3 Nonem KoTyLIOK. [TpUHLMNOBOIO CKNagHIiCTo 3afavi €
Te, Wwo obmaga Ui YNHHMKM OAHOYACHO BMMMBAIOTL SIK HA aMnniTyaQy curHany, Tak i Ha
noro chopmy, BHacnifok 4oro aHania o4HOro NPOCTopoBoro abo YacoBoro Npodinto 3a
hikcoBaHOI LLBUAKOCTI PyXy He [03BOMAE OQHO3HAYHO PO3AINUTN BHECOK PO3MIpY i
TUMy matepiany.
Po3awmip Tina nposiBnsieTbcs y curHani nepenycim sik maclutabHuii paktop. 3a
iHLUMX PIBHWUX YMOB 30inbLUEHHSA reOMETPUYHUX PO3MIPIB NPUBOANUTL A0 3POCTaHHS
amnniTyay iHAYKOBaHOro CUrHary, a Takox A0 po3LUMpeHHs obnacTi NpocTopoBoro
BMNMMBY, LLO BigobpaxaeTbcs y 36inbLUEHHI XapakTepHOI WMPWHK CUrHarny B3LOBX
KoopauHaTy pyxy. Kpim Toro, Ans Tin, po3mipn SKMX € NOPIBHAHUMU 3 BiACTaHHIO
MiX KOTYLLKaMW, NOPYLLYETLCA aHTUCUMETPIS CUrHany BiAHOCHO TOYKM KOMMeHcalii,
OCKiNbKY TiNO 04HOYACHO B3aemopie 3 NonsMu 060X KOTYLLIOK Y pisHOMY cTyneHi. Lli
eekTM MaloTb NEPEBAXKHO reOMETPUYHY Npupoay | cnabko 3anexarb Bif
MaTepianbHMX BNaCTMBOCTEN, OQHAK He A03BONSATb BiJOKPEMUTU PO3MIP Bif
matepiany 6e3 gogaTkoBoi iHhopmaLii.
Tvn maTtepiany, y CBOO Yepry, NposiBMNAETbCA HE CTiNbKW Y CTaTUYHIN bopmi
NPOCTOPOBOro NPOodinto, CKiNbKM Y MOro YacoBili NOBeAiHL Ta 3anexHOCTi Bif,
LUBMAKOCTI pyxy Tina. AKLIO po3rnsaaTv curHanu, oTpumaHi Npu NPOXOaAXeHHi
OQHOrO 1 TOro X Tina 3 Pi3HUMK LIBMAKOCTSMM, TO AN OOQHOrO Krnacy matepianis
3MiHa WBWAKOCTI NPU3BOAUTL NKLLIE A0 MacliTabyBaHHA curHany 3a Yyacom 6e3
CYTTEBOI 3MiHM NOro HopmManizoBaHoi chopmu. [1ns iHLWOro Knacy marepianis 3miHa
LUBMAKOCTI BUKIIMKAE 3MiHY CMiBBiAHOLLEHb MiXK EKCTpeMyMamMu, 3rnagxyBaHHsa abo
pO3TAryBaHHsS CUrHarsy, a TakoX Nepepo3noAin cnekTpanbHOi eHeprii MK pisHUMK
YaCTOTHUMM CKnagoBuMK. Baxnueo, Lo Ui epekTn He MOXyTb ByTu 3BeaeHi A0
npocToro MactutabyBaHHs amnniTyau | TOMy HE MackytTbCs BIAIMBOM PO3Mipy Tina.
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TakuM YMHOM, BBELEHHS LUBUAKOCTI SIK KEPOBAHOroO NapamMeTpa eKCrepumeHTy
hakTM4HO floAae HOBWIA BUMIP Y NPOCTOPi criocTepexeHb. MaTepianbHa cknagosa
curHany BUSIBNSETbCS Yepe3 3anexHicTb Noro oopMu Bif, LIBMAKOCTI, TOAi K
reoMeTpuYHa CKagoBa NepeBaXHO BU3Ha4Yae MacluTab i NpOCTOpOBY NPOTSKHICTb
curHany. AHania HopmaniaoBaHUX CUrHanis, CMiBBiAHOLEHb aMNAiTy[ eKCTPeEMyMiB
Ta ix 3MiH npwv Bapiauii LWBMAKOCTI [03BOSSIE kKNacudikyBaTh TUN matepiany
He3anexHo Bif roro po3mipy. Micns Takoi knacudikauii MacluTabHi xapakTepucTukm
CUrHany MoxyTb ByTv BUKOPUCTaHI ANs OLiHKM reOMETPUYHKX NapaMeTpiB Tina Bxe
B MeXax BM3Ha4YeHOro Kracy matepianbHoi Bignosiai.
OTxe, po3aineHHst po3mipy Ta TUNy matepiany € MOXIMBUM fULLE 3a YMOBU
BMKOPWUCTaHHS YacoBOi 3aneXHOCTi cUrHany Ta HasiBHOCTI iHbopMaLlii Npo LWBMAKICTb
npoxoay Tina noB3 cUCTEMY KOTYLLOK. Y LibOMY BUNaAKy 3adava igeHTtudikauii
HabyBae xapakTepy GaratonapaMeTpuyHoi, y sikili MaTepian BU3Ha4aeTbCs 3a
iHBapiaHTamu fo MaclTabyBaHHs, ToAi ik PO3Mip OLIHIOETLCS 3a NapamMeTpamu, Lo
36epiraloTb 3anexHicTb Big reomeTpii nicnsi dpikcauii matepiansHoro Tuny. Takui
niaxia € NPUHUMNOBO Y3rofKeHWM i JO3BOSSIE iHTepnpeTyBaT OTpUMaHi curHanv 6e3
BHYTPILLHIX CynepeyHOCTeN.
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3 PO3POBKA HEMPOMEPEXEBOIO KIACK®IKATOPA
3.1 Po3pobka CTpyKTypu HerlpoMepexi
3.1.1 Po3pobka 3aranbHoi CTPyKTYpy Mepexi
Posrnspatoun 3aBaaHHA knacudikauii curHany apovyHoro metanogeTekTopa,



nocTae NUTaHHA BMOOPY BiAMNOBIAHOT apXiTEKTYpU HepOHHOT Mepexi. BxiaHmun
[aHUMW € YacoBUI PS4 — NOCMIAOBHICTb BiANIKIB HANPYry, 3HATa 3 aHTeHu. Lien
curHan no CBoOil CyTi € AMHAMIYHUM, BiH PO3ropTaeTbCs B Yaci, OCKiNbkM 06’ eKT i3
MeTanesum NpeaMeTom nepemillyeTbCs Yepes 30Hy AeTekTyBaHHA. CurHan He €
MWUTTEBUM 3pi30M, a SBMsie cobo0 JOBry MNOCMIAOBHICTb, ie BaXJIMBa sk MicLeBa
cdopma, Tak i rmobanbHa CTPyKTypa, PO3TArHyTa Ha COTHI MinicekyH. 3BuyanHi
NMOBHO3B’A3HI HEMPOHHI Mepexi, siki onepytoTb 3i CTaTUYHUMKU BEKTOpPaMu, TyT byayTb
HeedeKTUBHI, OCKINbKM BOHM irHOPYOTb YaCOBWIA KOHTEKCT Ta MOPAAOK BiAikiB.
BoHu He 3paTHi 3aTpumyBaTy iHopMaLLito NPo nonepeaHi CTaHw, Lo KPUTUYHO
BaXXNMBO AN PO3yMiHHSA €BONIoLii curHany.

[Onsi po6oTK 3 TaKMMU AaHUMK NPUPOAHO BUKOPUCTOBYBATU apXiTEKTYpU,
cneuianbHO po3pobneHi Anst nocnigoBHocTen. KnacuyHi pekypeHTHi HeMpoHHi
Mepexi MatoTb MexaHi3aM 3BOPOTHOIO 3B’S3KY, LLO A03BONSE NepeaasaTy iHdopMalLito
M Kpokamun 06pobku. MNpoTe Ha NpaKTuLi BOHKM YacTo CTpaxaarThb Bif npobrnemmn
3HUKaKYOro rpagieHTa, Wo pobuTb HaBYaHHS Ha JOBIMX NOCMIAOBHOCTAX Malke
Hemoxnmeum. Came ToMy Byno 3anponoHOBaHO BAOCKOHANEHY apXiTekTypy —
Mepexy 3 OBIOK KOPOTKOYaCHO nam’aTTio, BigoMmy sk LSTM. i ocHosHa nepesara
nonsirae y cnewianbHOMy MexaHi3mi BOpOTb, ki KepytoTb NOTOKOM iHcpopmalii. L
BOpPOTa BUPILLYIOTb, LLO 3anam’aTaTi 3 nornepeaHix cTaHiB, a LWo 3abyTw, i siky
iHpopmaLlito nepenaTvt Ha HACTYMHUIA KPOK. Taka KOHCTPYKLis A03BONsiE e(PeKTUBHO
3axonnioBaTy 3anexHOCTi, PO3AineHi B Yaci, L0 € KMYOBUM AMA HALLOro curHany.
Bnnue meTany Ha noyaTky NPOXOAXEHHS Yepe3 OfHY 30HY aHTEHU MOXe KOpenoBaTtu
3i 3MiHaMK B curHani npy BUXOAI 3 iHLWOI 30HW, HaBiTb SIKLLO MiXX LMK NogisiMun €
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3HaYHUI YacoBM NpoMixok. 3BnyaiHa RNS Taky Kkopensiuito Moxe BTpatutu, a
LSTM — 36eperTu.
OKpiM YacoBoro psifly Hanpyru, cuctema OTPUMYE L OOVH BaXnUBUI
napametp — WBUAKICTb pyxy 06’ekTa. BoHa BUMIpOETLCS 3@ OMOMOrO0 ABOX
ONTUYHUX CEHCOPIB, PO3TaLLOBaHMX Ha NEBHIN BiACTaHi 0aWH Big ogHoro. Yac Mix ix
cnpautoBaHHAM [ae 3MOry po3paxyBaTil CepeaHIo LWBUAKICTL NPOXOAXeHHs. Lien
napameTp CyTTEBO BMNNMBAE Ha (hOpPMy CUrHany Bif aHTEHW, OCKINbKY LWBUAKICTb
BM3HaYae TpuBanicTb B3aemogii MeTany 3 enekTpomarHiTHum nonem. Tomy
apxiTekTypa Mae iHTerpyBaTu ABa pi3HUX TUMW BXIOHWUX AaHUX: OCHOBHY
NOCNIAOBHICTb, IKa € YaCoBUM PAAOM, | 4OAATKOBY CKanspHYy BENUYUHY — LUBUAKICTb.
CTpykTypa BXigHoro Liapy nepeabavae, Lo 6nok LSTM oTpumMye Ha BXif BEKTOP, LLO
MICTUTb NEBHY KiNbKiCTb NOCMIAOBHUX BiAMIKIB HANPyr1, Hanpuknag n'aTaecat
3HadeHb. Lli Bianikvm npeactaensioTb coboto CHINET curHany 3a KOHKPETHUI YacoBUin
iHTepBan. Okpemo, Yepes3 AOMOMDKHUIA BXif, NOAAETHCA PO3pPaxXoBaHe 3HAYEHHS
LUBMAKOCTI. YacTo el JoaaTKoBUIA NapamMeTp IHTErpyeTbCsl He Ha PiBHI BXIAHOMO
wapy LSTM, a Ha 6inbLu ni3Hix ctagisx, Hanpuknag nicnsi Toro, sk LSTM 06pobuts
NOCMiAOBHICTb i chopMye ii BUCOKOPIBHEBE NPeACTaBIEHHS.
Micns 06pobku nocnigoBHocTi Wapamm LSTM Ha Buxoai oTpuMyeTbes
KofOBaHe NpPeACTaBneHHs BCbOro curHany, sike MicTutb iHdopmaLiito Mpo NOoro Yacosi
ocobnueocTi. [1o Uboro npeacTaBneHHs NoTiM AoaaeTbes, abo KOHKaTEHYETbCS,
iHpopmauis npo wemnakictb. OTpumaHuii 06’egHaHMI BEKTOP Aani HaaxoauTb Ha
cepito NOBHO3B'A3HMX LLIapIiB AN OCTaTOYHOro aHaniady. ®iHanbHUM eTanom e
BUXIOQHUI Wap 3 dyHKUieto akTuauii Softmax, akuii BukoHye knacudikadito. BiH
npusHayae BXigHWI curHan fo ofHoro 3 TpbOX knacis: (poHOBMI pexxum 6e3 metany,
HasiBHICTb YOpPHOro MeTtasny abo HasiBHICTb KONbOPOBOro meTany. Softmax
nepeTBOpIOE BUXIiAHI 6anu Lwapy y NMOBIPHOCTI HANEeXHOCTi 40 KOXHOrO Knacy, Lo €
CcTaHAApTHUM MiaxoaoM Ans Garatoknacosoi knacudikaii.
[exTo 3 haxiBLiB BUCIOBMIOE AYMKY, LLIO [ aHani3y CUrHarnis Takoro Tuny
MOXYTb ByTU ePeKTUBHILLMMI OAHOBUMIPHI 3ropTKOBI HEMPOHHI Mepexi, abo 1D
CNN. Tx apryMmeHTu FpyHTYIOTLCS Ha TOMY, LLIO TaKi Mepexi 4y40BO BMIitOTb
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BUSAABINATU NOKanbHi 0cobnMBOCTI Ta WabnoHu B curHani, He3anexHo Bifl iX TOYHOro
MONOXEHHS B NOCMIAOBHOCTI. PiNbTPU 3ropTKOBOrO LUApy, NPOXo4syM Mo 4acosin
OCi, MOXYTb 3HaXOAUTU XapakTepHi nikv, cnagn abo hopmun XBunb, LLO BiANOBIAAITE
NeBHOMY TUMY MeTasny 4Yv noro po3mipy. Lie AiicHO NOTY>KHWI IHCTPYMEHT, 0cobnmMBo
KON BaXknmMBi KOpoTKoYacHi o3Hakn. OpHak, noteHuinHum obmexerHsm CNN e Te,
LLIO BOHU 3a3BMYan NpaLtoloTh i3 BIKHOM (DiKCOBAHOro po3Mipy i MOXyTb MaTu



TPYAHOLLi 3 MOAEMNOBAHHSM JOBrOCTPOKOBMX 3a5I@XHOCTEN, SKLLIO BOHU He
nobyaosaHi y Burnagi ayxe rmmbokoi iepapxii. Y HaloMy BUNagKy CUrHan mMoxe
MICTUTU SIK NOKanbHi 0COBNMBOCTI Bii OKPEMYMX 30H AETEKTYBaHHS, TakK i rmobanbHy
CTPYKTYPY, NOB’A3aHy 3 NOBHWUM MPOXOMXKEHHAM Tina Kpi3b apky. Tomy, xoda 1D

CNN moxe nokasati xopoLui peaynsratu, apxitektypa LSTM 3anuwaetbcst 6inbLu
NpUpoaHUM BMOOPOM A MOAENOBAHHS YaCoOBUX 3anexHOCTEN y NOCNIAOBHOCTI, e
BiCTaHb MiXk NOB’A3aHUMM NOAIAMU Moxe ByTn foBiNbHOW. Ha npaktuui iHoai
BMKOPWUCTOBYIOTb riOpMAaHI NigXxoaun, noeaHyoun nepesarn o6ox TUMiB Mepex,
Hanpuknaz, 3acTOCOBYOUM 3rOPTKOBI LLapu Afs nonepeaHboi 06pobku Ta BUAINEHHS
03HaK 3 curHany, a noTim nepegatoun pesynsrat B LSTM ans aHanisy B yacoBomy
KoHTeKcTi. Ane ans 6a3oBoi peanisadii, ska NOBUHHA HaAiiHO BpaxoByBaTN YacoBy
po3TArHyTicTb curHany, LSTM e ocHoBHUM kaHauaaToMm. Lo ctocyeTbest ouiHku
po3mipy mMeTany, To Le 3aBaaHHa Moxe ByTu BUpilleHe B pamKax Tiei ) apXiTeKTypu.
Ao Kknacudikauis 3a TUNOM MeTany BUKOHYETLCS BiPHO, TO BHYTPILLHI
NpeacTaBlieHHs1 Mepexi Bxke MICTsTb iHbopMalLito Npo XxapakTep curHany, 3 skoro
MOXXHa BUBECTU i NpnbnmaHuin po3mip. Lie moxe peanizoByBaTuncs abo goaaTtkoBum
BUXOAOM PerpeciiHoro Tuny, sikui oLiHIoe BennYmnHy, abo 6inbLu feTanbHo
Knacudikauieto Ha nigknacu, LWo BpaxoByoTb HE NULLE TUM, ane i po3mipHy rpyny.
Ane Ha no4aTKoBOMY eTani rofloBHe — NPaBUIIbHO PO3AINUTA CUrHamM Ha OCHOBHI
KaTeropii, BAKOPUCTOBYOUM BCi AOCTYMHI BXiAHI AaHi: YacoBy MOCNIAOBHICTb

Hanpyru Ta ckansp weuakocTi. Came apxitektypa Ha ocHosi LSTM possonse
edekTMBHO 06’eqHaTV Ui pi3HOPIAHI AaHi Ta BUTAITY 3 HUX CKagHi Yacosi
3aKOHOMIPHOCTI, MPUXOBaHi y curHani metanogetekropa. Bubip Takoi cTpykTypmn
06yMOBREHU caMoto NPUPOAOIO AaHMX, SiKi HE € NPOCTO HABOPOM He3aNexHMX
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TOYOK, @ ABNSAOTb COOOI0 MOCNIAOBHICTb, e KOXXHE HACTYNHE 3HAYEHHs 3anexuTb Bif
nonepeHix, a 3aranbHa kapTuHa HOPMYETHCS NPOTSATOM 3HAYHOMO YacoBOTO
iHTepBany.
Conv1D
16 pinbTpiB, po3mip 5
AktmBauis: ReLU
Kpok=1
MaxPooling1D
BiKHO=2
ConviD
32 inbTpY, po3mip 5
AkTmBauisa: ReLU
Kpok=1
MaxPooling1D
BikHO=2
LSTM64 By3nureturn sequences=FalseBxig 2:lLIBuakictb(ckansp)
Dense
10 HeWpoHiB
AktuBauis: ReLU
KoHkaTeHauis
Dense
32 HevipoHun, ReLU

Dense
16 HenpoHiB, ReLU
BuxigHun wap (Softmax)3 knacu:®oH | YopHuii metan | KonbopoBuii metar

PucyHok 3.1- 3aranbHa CTpyKTypa Heripomepesxi
OcTaTtodHa apxiTekTypa HEeMpPOHHOI Mepexi Ans knacudikauii curHanis
meTanogeTekTopa hopMyeTbCA Ha OCHOBI riGpuaHoro nigxoay. Bpaxosyroun
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XapakTep BXigHUX AaHUX, AOLINbHO NoegHaTN NepeBarn ABOX TUMIB LUAPIB:
OOHOMIPHMX 3ropPTKOBWX AN BUAINEHHS MOKaNbHUX 03HaK Y CUrHani Ta peKypeHTHUX
3 [JOBrOK0 KOPOTKOYACHO NaM’ATTO A5 aHanidy JOBMMX 4acoBMX 3aMneXHOCTEN.
Mepexa mae aBa okpemi Bxoau. MepLunin BXif NnpusHadYeHnii 4nsi 4acoBoro psay
Hanpyru i Mae chopMy M'ATCOT BiANiKiB N0 ogHOMY KaHany. [pyrin Bxig npuiimae



cKansipHe 3Ha4eHHs1 po3paxoBaHoi WBMAKOCTI pyxy 06’ekTa.

O6pobka curHany NoYMHaeTbCs 3 A4BOX NOCNIAOBHUX BroOKiB 0OAHOMIPHOT

3ropTkM Ta MakcMmaribHOro nyniHry. MepLunii 3ropTKOBUIA LLap BUKOPUCTOBYE
WiCTHaAUATL GiNbTPIB pO3MIpOM M'siTb 3 KPOKOM OAUH Ta akTuBauieto ReLU. 3a Hum
npsiMye LWap MakCUMarnbHOro MyniHry 3 BikHOM pO3MipoM [Ba, L0 3MEHLLYE YacoBy
PO3MIpHICTb BABIYi. [Jpyrnin 3ropTKOBMI LLAP 3aCTOCOBYE TPMALSATL ABa (iNLTPY TOro
XK pO3Mipy, NIiCrns IKOro TaKoX BUKOHYETLCS onepaLlis MakCMmanbHOro MyniHry 3
BikHOM ABa. Lli 6noku cnyrytoTb Ans eekTUBHOrO BUAINEHHS XapakTepHMX
noKanbHUX NaTTepHiB y PopMi curHany, Takux SK piski nikn 4n cneuundivHi dpopmu
XBWMb, @ LWap NyniHry pobuTe MoAenb CTiMKILLOK A0 HE3HAYHMX YaCoBUX 3CyBIB Ta
3MeHLUY€e pO3MIpHICTb NOAAHHSA Asi noAanbLioi 06pobku.

3.1.2 CTpyKTypa kaHany o6pobku 4acoBux NocnigoBHOCTEN

MepBicHU BXiAHUI TEH30P YacoBOi NOCNIAOBHOCTI Mae hopmy, e OAUH 3

BMMIpIB BiANOBiAa€ 3a KiNbKiCTb YaCoBUX KPOKIB. Y LiboMy Bunagky 6yno obpaHo
n'ATCOT BignikiB, WO 3abe3nevye 4OCTaTHIO TPMBanicTb Ans dikcauii NoOBHOro
npoxoagy meTaneBoro 06'ekta Yyepes BCi 30HU aHTeHW. [NepLumnm wapom ob6pobku
BMCTYMNae OQHOBUMIPHWUIA 3ropTKOBUIA LLAP 3 LWICTHAAUATbMA inbTpaMmn Ta po3amMipom
sapa n'sTb. Bubip came 3ropTkoBOro wapy Ha noyatky 06yMOBMEHUIA 0o 30aTHICTHO
BUSIBISITY JTOKanbHi NPOCTOPOBI 3aneXHOCTi B curHari. Pinstpu posmipom n'ste
BiANikiB eheKTUBHO CKaHyOTb BXiAHY NOCMIAOBHICTb, 3HAXOAAYN XapaKTepHi
nokaneHi opMu — rocTpi NikK, cnaau, neBHi KOMBiIHALT 3pOCTaHHs Ta NagiHHSA
Hanpyru. LicTHaguaTh inbTpiB 4O3BONSAIOTL NapanenbHO WyKaTu PisHi TUMK Takmx
fnoKanbHUX NaTTepHiB Ha OOHOMY i TOMY X YacoBoMy iHTepBani. Kpok 3aropTku
[OPIBHIOE OAMHWL, LLO rapaHTye NOBHE MOKPUTTSI BCIX MOXIMBMX NO3WLIA NaTTepHY
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B MeXax nocnigoBHOCTI. 3acTocyBaHHs dyHKUiT akTuBauii ReLU gogae HeniHinHIiCTb,
[,03BONSIH0YM MOZENi anpoKCUMYBaTW CKNafHi 3anexHoCTi.
[Ticns uboro 3ropTKOBOrO LUAPY 3aCTOCOBYETLCS LUAP MaKCUMarnbHOrO MyriHry
3 po3mipom BikHa ABa. OCHOBHA MOro MeTa — MOCTYNOBE 3MEHLLEHHSI MPOCTOPOBOT
PO3MIPHOCTI, LLO CNpOLLYy€e NoAanbLui 064McneHHs Ta pobutb Modenb MeHLL
YYTNMBOIO 40 HE3HAYHMX YACOBUX 3CYBIB y curHani. Onepawis makcumymy,
BMKOHyBaHa Haj KOXHUMW ABOMA CYCIAHIMN 3HAYEHHAMMW, PakTUYHO BUAINAE
HanbinbLL akTUBHY O3HaKYy B MeXax MarneHbKOro iHTepsany, 36epiratoumn
HanBaxnuBiLly iHdopMalLito Ta irHopytoum ApibHi Bapiauii. Lle Takox 3anobirae
nepeHaBYaHH0, TPOXU y3aranbHIOUN BUTSATHYTI O3HaKM.
Bwuxig nyniHry HagxoamTe Ha Apyri OAHOMIPHWUIA 3ropTKOBWIA LIAp, ane Bxe 3
TpUAaUATbABOMa binbTpamu. 36inbLUeHHs KinbKocTi (inbTpiB Ha LboMy eTani
MOTMBOBaHE HEOOXIAHICTIO KOMBIHYBaTV NPOCTILLi NTOKanbHi 03HaKK 3 nonepeaHbLOro
wapy y 6inbL cknafgHi Ta abecTpakTHi. Hanpuknag, noegHaHHa NpocToro niky Ta
HaCTYMHOTO 3a HUM MaTo MoXe hopMyBaTh HOBY O3HaKy BULLOrO piBHA. Poamip agpa
3anunWaeTbea N'ATb AN Y3ro4KeHOCTi Ta e(PEKTUBHOIO OXOMMEHHS BXe TPOXu
3rnagpkeHoi nicnsa nyniHry nocnigosHocTi. IMicns Apyroi 3ropTku 3HOBY
3aCTOCOBYETLCS AP MakcUMarnbHOro nyniHry 3 BikHOM [Ba AJ15 NoAanbLUoro
3MeHLUEeHHS pO3MIpHOCTI Ta y3aranbHeHHs. Ha BUXxoAi Liei napu wapis oTpUMyeTbCst
BXX€ 3HA4YHO NepeTBOpeHe Ta 3baraveHe o3HakaMu NpeacTaBneHHs BUXiOHOT
nocnifoBHOCTI, ane BOHO BCe Lie 36eperno CBOK YacoBy CTPYKTYPY.
Came ue npeacTaBrneHHs cnpsiMoByeTbCs Ha Bxia wapy LSTM 3 wictaecatbma
yoTmpma By3namu. O6rpyHTyBaHHs Bubopy LSTM came nicns 3ropTkoBumx Lwapis
ronsirae B po3nogAini 3aBaaHb. 3ropTKOBi LWApU BUKOHYHOTb POrib NonepeaHbol
06pobkuM Ta dhiver-ekcTpakTopiB, NEPETBOPIOOYM CUPUIA CUTrHaN Ha Habip 3HaYyLLMX
yacoBwux o3Hak. LSTM oTpumye BXxe Liei o4nLLeHNIA Ta 3rpynoBaHUi NOTIK AaHWX.
Vloro 3aBaaHHs — aHaniaysaTi OBrOTPUBAT 3aNeXHOCTI Ta KOHTEKCT B LINX
o3Hakax. Wictaecat yotvpwm By3nu 3abe3neyytoTb AOCTATHIO EMHICTb Nam'aTi Ans
3anam'aToByBaHHS BaXIMBWX NOAIN, TakuX sk BXig 06'ekTa B pi3Hi 30HM aHTEHU, Ta
BCTAHOBIIEHHS! 3B'A3KIB MiDK HUMW, He3anexHo Bif Yacy, Lo po3ainse ui nogii.
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KntoyoBoto TyT € 3aaTHicTb apxiTekTypu LSTM kepyBaTy iHhopMaLiiHUM NOTOKOM
yepes MexaHi3M BOpIT, WO A03BoMsE eheKTUBHO NpaLoBaTi 3 AOBMMMHA
NOCMiAOBHOCTAMU, SKUMU € cUrHanm npoxody. ®iHanbHu BUXigHuii ctad LSTM, wo
€ BEKTOPOM hikCOBaHOT JOBXUHM, BBAXAETHCA KOMMAKTHUM Ta iH(OPMaTUBHUM
KoQyBaHHSIM BCbOrO BXiZIHOTO 4YacoBOrO BikHA, iIHTETPOBaHUM 3 ypaxyBaHHsSIM



HaCOoBOro KOHTEKCTY.

BxigHui curnan

500 x 1

Convi1D

16 inbTpiB

kernel=5, ReLU

MaxPool

BiKHO=2

Conv1D

32 pinbTpn

kernel=5, ReLU

MaxPool

BiKHO=2

LSTM

64 By3nuYacosi 3anexHocTi
BuxigHun

BEKTOP

3akogoBaHa

nocnigoBHICTb

Cuvipuii curHan BugineHHst nokanbHmX
03Hak (Mikn, popmm)
3MeHLUEHHs

PO3MipHOCTi %2

Mnbwi o3Hakn

Ta naTTepHu

Komnpecisi x2

AHani3 YyacoBux
3anexHocTen

dikcoBaHa

penpeseHTaLis

500 BignikiB 496 x 16 248 x 16 244 x 32 122 x 32 nocnigoBHICTb 64 03HaKn

PucyHok 3.2— CTpykTypa 06pobku YacoBoi MocnigoBHOCTI

3.1.3 CTpyKTypa KaHany WBUAKOCTI

Y 3anponoHOBaHiIi apxiTeKkTypi WBMAKICTb NogaeTbest He Ha 10 okpeMux BXoAdiB, a Ha
oavH eanHni Bxia. Ock 5K Lie npautoe TexHivHo. Bxig ans wewakocTi: Lie oguH-
€[MHUIA By305 (HENPOH Ha BXOAi), AKUI NPUAMae OfHe YMCNo — pPo3paxoBaHy
wBKnakictb (Hanpuknag, 1.2 m/c). MosHo3B'A3HMI Wap (Dense) 3 10 HerpoHamu: Lien
oauH ckansap (4Mcno) NogaeTbes Ha BXig KOXKHOro 3 10 HEMPOHIB LibOro OKPEMOro
ManeHbKoro wapy. KoxeH HelpoH LibOoro Lwapy MHOXWTb Lie BXiAHE YMCIO Ha CBOO
BracHy Bary (w), goaae cBii napametp 3cyBy (bias, b) i 3acTocoBye dyHKuit0
akTtvBauii (Hanpuknag, RelLU). B pesynbrati Ha BUXOAI LIbOTO LWapy My OTPUMYEMO
He ofiHe Yncno, a BekTop 3 10 3HaYeHb.

MeToto € nepeTBOPUTH NPOCTE OAHE YUCHO (LUBUAKICTL) y BaraToBUMipHE
npeacrasneHHs (Bektop 3 10 yucen). HelipoHHa Mepexa HabaraTo kpalle npautoe 3
BEKTOPaMW, OCKiNbKV BOHU HECYTb Ginblue iHhopmaLlii Ta MOXyTb BUpaxaTtu
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cKnafHili, HeniHinHi 3anexHocTi. 3amicTb Toro, Wob ckasaTn Mmogeni "LWBUAKICTb =
1.2", mn gaemo i 10 pisHux "inbTpiB" abo "acnekTiB" Ansa ouiHKK Uiei WBNAKOCTI.
OanH HeMpoH MoXe pearysaTu Ha NOBINbHUI PYX, IHWUNIA — Ha cepepHin, TpeTin —
Ha LWBWAKWIA, @ IX KOMBIHaLii MOXYTb KOAyBaTW CKNaaHiLLi B3aeMofii.
MMig yac HaBYaHHA MoAenb CaMOCTINHO BM3Havae, siki came Barn (w1..w10) y uux 10
HerpoHax Halkpalle AornomaratoTe BpaxyBaTy BNAUB LWBMAKOCTI Ha diHanbHe
pilleHHs.
OTxe, nicns Lboro ManeHbKoro wapy 3 10 HelpoHaMn My Maemo Buxig 3 LSTM-
6noka: BekTop (Hanpuknag, 3 64 3HaveHb), WO KOAYE YacoBy NOCMIAOBHICTb cUrHany i
BMXif 3 Wwapy o6pobku WBMAKOCTI: BekTop (3 10 3HaYeHb), Lo koaye iHdopmaLito
npo LWBUAKICTb.
Lli nBa BekTOpU Pi3HOT AOBXMHM NOTIM 06'€AHYIOTLCS (KOHKATEHYIOTLCS) B OOUH
[OBruiA BEKTOp (Y Hawwomy Bunaaky 64 + 10 = 74 3Ha4eHHst), SKWI | HagxoauTb Ha
HaCTyMNHi NOBHO3B'A3HI Wapu A NPUAHATTA OCTAaTOYHOIO PiLLEeHHS.
3.1.4 CTpyKTpya BUXigHoOro wapy
Buxia 3 ocTaHHLOrO LIapy NymiHry, KWii € CKopo4eHoto Ta 36arayeHoro



0O3HaKaMu 4acoBO NOCMIAOBHICTIO, HaaXxoauTb Ha Bxia wapy LSTM. Lien
PEKYPEHTHUI LWIap MICTUTb LICTAECST YOTUPU BY3MM 3 MOXIMBICTIO 3anam’ siToByBaTh
[OBrOCTPOKOBI 3anexHocTi. BiH aHanidye nocnigoBHICTb SK LiniCHY CTPYKTYpY,
3B’A3yl04M Nogii, po3aineHi B Yaci, Lo KpUTUYHO AN KOPEKTHOT iHTepnpeTaduii
MOBHOrO NPOXoAy MeTany Kpisb 30HU AeTekTyBaHHA. Lap LSTM koHdiryposaHuin
051 NOBEPHEHHS nuLle diHanbHoro ctaHy, TobTo BekTopa (hikcoBaHOT po3MipHOCTI,
LLIO KoAye BCto iHhopMaLlito MOCNigOBHOCTI.

MapanensbHo ckansap LWBWMAKOCTI 06poBNAETLCH HEBENUKMM NOBHO3B A3HUM

LIapoM 3 AecAaTbMa HerpoHamm Ta akTueauieto RelLU. Lle no3sonse nepetsoputu
npocTe 4ncno B GinbLu 6araToBMMIpHe Ta BUpa3He NoAaHHs, sike Moxe eeKkTUBHO
iHTerpyBaTucsa 3 OCHOBHUM NoTokoM. [Micns uboro BuxiaHi Bektopu Big 6noky LSTM
Ta wapy o6pobku LWBMAKOCTI 06’ €QHYIOTLCS LUNSAXOM KOHKaTeHaLii B OAUH 3aranbHui
BEKTOP.
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O6’eaHaHWin BEKTOP Aani HaAXOAUTb Ha Kackan 3 ABOX MOBHO3B I3HMX
NpUXoBaHuX Wapis. MepLmnii i3 HUX Mae TpMAUATb ABa HEWPOHU, APYIUA —
WicTHaaUsTb, 0buaea 3 akTvBauieto RelU. Ix 3aBaaHHsSM € noeaHaHHs BCiX
BUTSArHYTUX O3HaK — NMOKarbHUX NaTTEPHIB CUrHany, MOro YacoBOro KOHTEKCTY Ta
LUBMAKOCTI pyXy — Ans hopMyBaHHsSI KOMMNIIEKCHOTO NPeACTaBMNEHHs!, 4OCTAaTHLOrO ANs
NPUAHATTS pilleHHS. DiHaNbHUM enemMeHTOM Mepexi € MOBHO3B' A3HUI BUXIAHWUIA Luap
3 TpbOMa HepoHamu Ta yHKUielo akTuBaLii softmax, skuii BU3Havae WMOBIpHOCTI
HaneXHOCTi [0 KOXHOTO 3 TPbOX KnaciB: (hOHOBUI PEXNM, YOPHUIA MeTan abo
KONMbOPOBWI MeTar. Taka apxiTekTypHa KOMMOo3uLis A03BONSE NOCMiIA0OBHO
BUTSAryBaTW Ta iHTErpyBaTu pisHOPIAHI 03HaKK, 3abe3nevytodn 0CHOBY AN TOYHOrO
po3ni3HaBaHHA TUMNY MeTany B yMoBaXxX 3MIiHHOIO Yacy NMPOXOMKEHHS.
y OMNUCaHI CTPYKTYpi Mepexi € OAUH BUXiAHUI Wwap, ane BiH Mae Tpu BUxoau (no
OOHOMY Ha koxeH knac). Micns 06pobku BXiAHUX AaHWX Lei wap 3 yHKUieto
akTuBauii Softmax Buaae Tpu yncna B AianasoHi Big 0 4o 1, cyma sikux AopiBHIOE 1.
KoxkHe 3 LuMx TpbOX 3Ha4YeHb iHTepnpeTyeTbCs K MMOBIPHICTL (abo piBeHb
BMNEBHEHOCTiI Mepexi) TOro, Lo BXiAHWIA CUrHan HanexuTb A0 BiAMOBIAHOrO knacy.
Hanpwvknag, Buxia Moxe BUrmsaaTy Tak:
Buxig 1 (xnac "®oH"): 0.02
Buxig 2 (knac "HYopHun metan"): 0.18
Buxig 3 (knac "Konboposun metan”): 0.80
Lle o3Hauae, Lo HelpoHHa Mepexa 3 MoBIipHicTio 80% knacudikye 06'ekT sk
"KonbopoBuii meTan", 3 nMoBipHicTio 18% — sk "YopHuit metan", i nuwe 3 2% — sk
oHOBUIA cUrHan.

QM. Apk. No gokym. Mign. AaTa
Apk.
68 KPM.AKCwm- 09.00.00.000 N3
Dense 32
RelLU

Dense 16
RelLU

Dense 3

Linear

So

ftm

ax

>=1

Knac-nepemoxets
2%

18%

80%

EkcTpakuisi o3Hak

3MEeHLUEHHSI PO3MIPHOCTI

Jloritn

Hopmanizauia

MmogipHocTi [0,1]

PucyHok 3.3— CTpyKTypa BMXigHOro wapy

TakvM YMHOM, KOXEH 3 TPbOX BUXOAIB akTUBYETbCA B AianasoHi Big 0 go 1, i Ha



OCHOBi MaKCVMarbHOro 3Ha4YEHHS NPUIIMAETLCA OCTATOYHE pilleHHs npo knac. Lle
cTaHgapTHWIA nigxig ons 6aratoknacoBoi knacudgikauii 3 BukopuctaHHsM Softmax.
3.2 HaB4aHHs Ta nigrotoBka gaHUX

[ns Toro wob Taka Mepexa HaBuMnacsa posnisHaBaTu Metanu, HeobxiaHo

cTBOpUTK Habip AaHMX AN HaByaHHs. Llen Habip hopMyeTbCs 3 pearbHKX 3anmcis
po6oTn meTanofeTekTopa. KoXeH 3anuc Mae MiCTUT CUPOBUIA YaCoBUIA PSS cUrHany
Hanpyru, oTpUMaHui 3 aHTEHK, Ta BiAMNOBIAHE 3HAYEHHS LWBUAKOCTI, po3paxoBaHe 3
ONTUYHUX CeHCopIB. HanBaxnumBillnMm enemeHToOM € MiTka, abo npaBunbHa BiANOBIAb,
1151 KOXXHOTO Takoro 3anucy. MiTka Bkasye, 10 SIKOro Krnacy HanexuTtb npoxia: hoH,
YOPHWI MeTarn 41 KoNbopoBuii MeTan. Lli MiTkn oTpuMyoTbCA B KOHTPONbOBAHNX
yMoOBaXx, KOnv 4Yepes AeTEKTOP NPOHOCHATL 3pasku BigoMux matepianis. JaHi MatoTb
OyTv peTenbHo nigrotoBneHi. CurHan Hanpyrn obpizaeTbesa Ao ikcoBaHOT AOBXUHM,
Hanpwvknag n'sTcoT BiAnikiB, i HopManisyeTbes. LLUBMAKICTL Takox MacwTabyeTbca Ao
neBHoOro Aiana3soHy. MoTim Becb Habip AaHUX PO3BUBAETLCS HA TPU YaCTUHW:
TpeHyBanbHy, BanigauiiHy Ta TecToBy. TpeHyBarnbHa BUKOPUCTOBYETLCA ANS
6e3nocepeaHbLOro HaB4aHHA Moaeni, Banigauiiia — Ans KOHTPOMto npouecy Ta
3anobiraHHsi NnepeHaBYaHHI0, a TecToBa — Ans piHanbHOI NepeBipkun SAKOCTI.

Mpouec HaB4aHHA MOYMHAETLCA 3 iHiLiani3auii Bar Mmepexi BunagkoBnumm
3Ha4YeHHAMKU. Mogenb HanalToOBYETbCSA 3a JONOMOrol ONTMMI3aTopa, HanvacTilwe
anroputmy Adam, sikuii edpekTVBHO OHOBIHOE Barv Mepexi Ha OCHOBI rpagieHTa
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yHKUiT BTPaT. PyHKUIA BTpaT 06UpaeTbCs BiANOBIAHO A0 3aAadi knacudikauii,
3a3BuYal Lie nepexpecHa eHTponis, ska Nokasye, HaCKiNlbKk1 NPOrHo3n Mepexi
BiOPI3HAOTLCA Bif iCTUHHUX MiTOK. Ha KoXHil iTepalii, abo enoci, Mepexa nporaHsie
yepes cebe nakeTn TpeHyBanbHUX AaHuX. st KOKHOro nakeTy 064NCrETHCS
MPOrHo3, NOTiM NOMUIKA, i L NOMUIKA 3BOPOTHUM MOLUMPEHHSAM PO3NOAINAETLCS Bif
BMXiHOIO LWapy A0 BXiAHOro, KOPEerytun BCi Barv — Bif NapaMeTpiB 3ropTKOBUX
chinbTpiB i BopiT LSTM g0 Bar y noBHO3B's13HMX Lwapax. Konv mogenb npornsiHyna
BeCb TpeHyBanbHUi1 Habip, NoYnMHaETLCS HOBUIA enoc. MapanenbHo, Nicns KOXXHOro
ernocy, SKiCTb Mepexi NepeBipseTbCa Ha BanigauinHomy Habopi, skuii He 6epe yyacTi
B HaB4aHHi. Lie fjo3Bonsie BiACTeXyBaTK, YM NOKPaLLyETLCS MOAENb, YU BOHA novana
3anam’siToByBaTh 3aMiCTb y3ararnbHeHHs. FKLO NoMuIka Ha BanigauiiHux AaHux
nepecrae 3mMeHLlyBaTuCst ab0 NOYMHAE 3POCTATW, HABYaHHS 3YMUHSAIOTb, LLO6
YHUKHYTV NepeHaBYaHHs.
Krno4oBMM MOMEHTOM € Te, L0 MOAENb HAaBYaETbCS IHTErpyBaTH ABa Axepena
iHdbopmaLlii camocTiliHO. BoHa 3HaxoauTb, SK OKarbHi O3HaKWU, BUTATHYTI
3ropTKOBUMU DiNbTPaMu, NOEAHYIOTLCS 3 JOBFOCTPOKOBUMU 3aMEXHOCTAMM,
3HavaeHumn LSTM, i sik Ha uto kombiHauiio BnimBae WBMakicTb. Becb Le npouec
MOXXe 3aliHATV GaraTo Yacy Ta BUuMarati 3HaqyHux ob4ncnoBanbHUX pecypcis,
0cobnmBo AKLWO AaHKnx Harato. MNicns 3aBepLUeHHS HaBYaHHS OCTaTOYHY OLLHKY
NpPOBOAATbL HAa TECTOBOMY Habopi, Skunii mogenb Hikonu He 6aynna. Lis ouiHka fae
peanbHe ysSBNEHHS Npo Te, K Mepexa npautosaTtuMe B ekcnnyarauii. Baxnueo matu
BENVKUI | pi3HOMaHITHUI Habip AaHKX, KW OXONMIOE PisHI LWBWMAKOCTI, po3mipu
06’eKTiB Ta MOMOXEHHs B apLi, Wob moaenb HaBuunacst 6yt pobacTHoto.
Micns Toro sik MaTemaTnuyHa MoAerb kaHany BUMiptoBaHHS cdhopMyBarna
CUHTETUYHY HaBYanbHy BMOIpKY, HEODXiAHO NiAroTyBaTN AaHi Ta opraHisyBaTu
NpoLec HaBYaHHS HEMPOHHOT Mepexi. KntoyoBum eTanom e nonepeaHst obpobka
BXIAHMX AaHUX. AMNAiTyAa MOAENbHOro CUrHany, Lo iMiTye Hanpyry Ha BUXOAI
iHTerpaTopa, Moxe BapitoBaTUCS B AyXKe LUMPOKOMY AianasoHi Yyepes BhnvB rmmbuHn
3ansiraHHsi, poamipy ob’ekTa Ta BnacTuBocTeln matepiany. bes Hopmanisauii Taki
pO36iXXHOCTI NPM3BOAATL A0 HECTabiNbHOCTI rpafieHTiB Ta YNOBINbHIOTb 30DKHICTb.
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Tomy KOXeH YacoBUIN psd, AKUA € BEKTOPOM BIiAMiKiB Hanpyru, nNigaaeTbca
macLuTabyBaHH0. YacTo BUKOPUCTOBYETLCA METOA MiHIMakCHOI Hopmanisauii, konu 3
YCiX 3Ha4YeHb psay BiAHIMAETbCS MiHIMYM LIbOro psigly, @ pesynsraT AinuTbes Ha
Pi3HULID MK MaKCUMyMOM i MiHiMymoMm. Lle nepeBoauTb 3Ha4YeHHs B iHTepBan Bif
Hyns 4o oauHULi, 36epiratoun hopMy curHany, ane ycyBaruu BN abcontoTHOI
amnnityau. LWBunakicts pyxy, sika € ckanspHUM AOAaTKOBUM NapameTpoM, Takox
HOpMani3yeTbCs aHanoriYHM Y HOM Ha OCHOBI MiHIManbHOro Ta MakCMMarnbHOro
3HayeHb Yy BCi BMbipLi, W06 BOHa 3Haxoaunacst B TOMy camoMy MacluTabi, Wo W iHLwi
O3HaKw.



MeTa HaBYaHHS — MiHIMi3yBaTh PO3BKHICTb Mi>K MPOrHO30M Mepexi Ta

icTrHHO MiTKOK. OCKinbkn 3agaya € 6araToknacoBo knacudikauieto, Sk yHKLis
BTpaT 0bMpaeTbCsi kKaTeropianbHa nepexpecHa eHTponis. Lis dyHkuis obuncnioe
BiCTaHb MiXX ABOMA po3noginamv MMOBIPHOCTEN: TUM, LLO BUAAE BUXIAHUIA LLap
Softmax, Ta ineanbHUM, Aie IMOBIPHICTb MPABUMLHOTO Kracy AOPIBHIOE OQNHULI, a
pewwTn — Hymo. [Ins ogHoro npuknagy BOHa BU3HAYaETbCs sk Cyma 3a BciMa
knacamu fobyTky iCTUHHOTO iHAMKaTopa Knacy Ha norapudm nepegbavyeHoi
nmoBipHocTi. MiHimi3auia uiei BenuunHmn Hanpsimy cnpusie 36inbLUeHHI0 BNEBHEHOCTI
Mepexi y NnpaBunbHOMY Knaci.

[ns MiHimisauii dyHKUiT BTpaT 3aCTOCOBYETLCSA anropuTm ONTUMmisaLii.

EdekTnBHMM BUGOPOM € aganTUBHMIN MOMEHTHUI OLiHIOBaY, Binomuii sik Adam. BiH
NOEAHYeE inei anropuTMmiB, L0 afanTyioTb LWBWUAKICTb HABYAHHS AN KOXKHOIO
napametpy okpemo. Adam o64MCIIOE OLLIHKM NEPLLOTrO MOMEHTY, Lie cepefiHe
3Ha4YeHHs rpagieHTa, Ta Apyroro MOMEHTY, Lie HeaMileHa aucnepcisa rpagieHTa. Lli
OLiHKM BMKOPUCTOBYIOTLCS A1 KOPEKLiT KDOKY OHOBIIEHHSI KOXHOMO BAroBOro
koediuieHTa. Takuii niaoxia 3abesnevye WBMAKY 36bKHICTL Ta 4OOpe npauoe Ha
npakTvui, Byayun maibke HevyTnMBUM [0 BUOOPY NOYaTKOBOI LUBUAKOCTI HABYAHHS B
PO3YMHUX MEXaXx.

HaBuaHHs1 opraHizoBaHo B enoxu. OgHa enoxa npegcrasnsie co60t NoBHUM

LMKI, KoMK Mepexa obpobuna KoxeH npuknag 3 Har4anbHoro Habopy. 3a3Buyan aaHi
NPOTSrOM €Mnoxu po3bMBaTLCA HA MEHLLI YaCTUHM, MiHi-NakeTu. s KOXHOro naky
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BifOyBaETHLCS NPsiIME MOLUMPEHHS CUrHany Yepes Mepexy, 064ncrneHHs yHKLii BTpar,
a noTiM 3BOPOTHE MOLUMPEHHS MOMUIIKM ANA po3paxyHKy rpagieHTis. [icns uporo
ONTMMI3aTOp OHOBIIOE BCi Barn Mepexi, 3cyBatoum ix y HanpsimKy, NpoTUIIEXHOMY
rpagieHTy. Llel umkn noBTOPIOETLCA ANS BCiX Na4oK y Habopi AaHuX.

KpUTWUYHO BaXIMBUM € KOHTPOMb 3a SBULLEM NEePeHaBYaHHs, KON MOAENb

HaATO TOYHO 3anam’siITOBYE HaBYarbHi NpyKknaauW, BTpavatoyy 3aaTHICTb
y3aranbHioBaTu. [nsi uboro 3asganeriab BUAINSETbCS Banigauiiia Bubipka. Lie
YacTuHa CUHTETUYHMX JaHuX, ska He Bepe yyacTi B 6e3nocepeiHbOMY HaBYaHHI,
TOBTO MO Hill HE PO3PaxoBYOTLCS rpafieHTV Ta He BiAOyBa€ETbCH OHOBMEHHS Bar.
Micns koxHoi enoxun abo Yepes NeBHWI iHTepBan 064YNCIIETLCA 3HAYEHHS YHKLT
BTpaT Ta TOYHICTb knacudikauii Ha Ui BanigauinHin BuGipui. AnHamika umx
NOKa3HWKIB CNyrye iHANKaTopoMm. FKLLO NOMUIIKA Ha HaBYanbHWUX AaHUX NPOLOOBXYE
3MEHLLYBaTHCS, @ Ha BaniaaLinHuX — NoYMHae 3pocTati abo BUXOAMTb Ha nnaTto, Le
03Haka noyaTky nepeHaByaHHs. [Ans 6opoTbby 3 LM YacTo BUKOPUCTOBYETHCS METOA,
PaHHbOI 3YNUHKW, KON HaBYaHHS MPUMUHAETECA aBTOMaTUYHO, KOMNW NOKa3HWK Ha
Banigauii He NnokpaLLyeTbCst NPOTAroM 3aaHoi KinbkocTi enocis. Mpu Lomy
36epiraloTbcsa Barv Mepexi, Lo BiANoBiAatoTb HalKpaLLii skocTi Ha Banigauii. Lie
[,03BONSIE OTPUMATU MOAENb, 30aTHY [0 y3aranbHeHHs, a He NPocTo A0
3anam’aToByBaHHS. [icnsi 3aBepLUEHHsI LbOro eTany ocTaTovHa nepesipka
eeKTMBHOCTI NPOBOAMTLCS Ha He3anexHoMy TeCTOBOMY Habopi AaHuX, SKUA He
BMKOPUCTOBYBABCS Hi NS HABYaHHS, Hi Ans Banigauii, Wo Aae 06’ eKTUBHY OLiHKY
peanbHOi Npaue3aaTHOCTi HaBYEHOT HEMPOHHOI MepeXi.

HaBepneHi rpadikv 4EMOHCTPYIOTb SIKICHY 3anexHiCTb (POpMU cUrHany, Lo
reHepyeTbCst MaTeMaTUYHOK MOAENIIO0 KaHarny BUMIpOBaHHS, Bif i3UHHNX
BNacTUBOCTEN Ta reoMeTpii MeTaneBoro o6'ekta. Lli 3anexHocTi € ocHoBo Anst
(hOpMyBaHHSI CUHTETUYHOT HaBYanbHOI BUBIpKK.
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PucyHok 3.4— AkicHa 3anexHicTb Ans BUnaaKy BenmMKoro MarHitHol

NMPOHWKHOCTI i Pi3Hi po3Mipu Tina

PurcyHok intocTpye Bnnune po3mipy Tina Ans Bunagky marepiany 3 Bef1Ko
MarHiTHOI NMPOHUKHICTIO, XapakTepHoro Ans doepomarHeTukiB, Takmx sk 3aniso abo
cTanb. Ha rpadiky nokasaHo, sik 3MiHIOETbCA amnniTyaa Ta dhopma iMnynbcy Hanpyru
Ha BMXOAi MOAENbHOro aHanoroBoro TpakTy Npw 36inbLUEHHI XapakTEPHOro po3mipy
o6'ekTa. BinbLui 06'eKTV CTBOPIOKOTH CUrHAM 3 BULLOK amnniTyaoto Ta GinbLuoto
TpmBanicTio. MepeaHii Ta 3aaHin PpoHTU iMNynbCy AN Benukux 06'ekTiB € GinbLu
nonorumu, Lo Bigobpaxae GinbL NPOTsXKHY NPOCTOPOBY B3AEMO/I0 3 NOnem
[arymka. Lis 3akoHOMIpHICTb € Knio4YOBOK AN HaBYaHHS HEMpOMeEpeXi OLiHoBaTH He
TiNbKW TMM, ane i po3mip metany.



PucyHok 3.5— AkicHa 3anexHicTb Ana BUnagKy giamarHeTvka i 4ns pisHoro

po3mipy Tina

PucyHok Binobpaxkae sikicHy 3anexHicTb Ans BUNagky AiaMarHiTHoro

matepiany 3 HU3bKOI0 MPOBIAHICTIO. Y Taknx 06'ekTiB eheKT BUXPOBUX CTPYMIB
cnabko BUpaXKeHWUiA, a MarHiTHa NPOHWKHICTb Gn3bka Ao oauHULi. CurHan Big Takmx
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Tin Mae MiHimanbHy amnniTygy Ta cneumdiyHy chopmy, LWo Moxe HabnukaTucs o
hoHOBUX 3HaYeHb. padik Nokasye, sk 3MiHa reOMeTPUYHUX PO3MIpIB BNMBaE Ha
curHan y ubomy Bunagky. Heasaxatoum Ha cnabkuii Bigryk, Mofens dikcye
CMCTEMATUYHI 3MiHU, L0 AO3BONSE BiAOKPEMIOBaTH Taki 06'eKTH Bif YMCTOrO hoHy.

PucyHok 3.6— AkicHa 3anexHicTb Ans BUNagKy BUCOT eNeKTPUYHOI MPOoBiAHOCTI
maTtepiBny Tina i Ans pisHoro poa3mipy

PucyHOK 4EMOHCTPYE 3anexHicTb A4S MaTepianis 3 BUCOKOK eNeKTPUYHO
MPOBIAHICTIO, TAKMX SK MiAb Y1 antoMmiHii. [ns Taknx KonbopoBMX MeTanis
[OMiHYOUMM € epeKT BUXPOBUX CTPYMIB, LLIO NPU3BOAUTL A0 XapakTepHoi hopmu
CUrHany 3 4YiTko BUpaXeHUMu GinonspHuMmy BUkugamm abo iHBepcieto dasu
OCHOBHOrO iMMNyrbCy NOPIBHAHO 3 hepomarHeTmkamn. Ha rpadpiky nokasaHo, sk
3pOoCTaHHs1 PO3Mipy NPoBigHOro 0b'ekTa BNAMBAaE Ha amnmiTyay Ta NonsipHICTb
cKknagoBux curHany. 36inbLUeHHA po3Mipy NPU3BOAUTL A0 NOCUNEHHS edeKTy
BULUTOBXYBaHHS MarHiTHOro norns, LWo BUPaXaeTbCs Y 3pOCTaHHi aMnnityam
HeraTuBHOI cknagoBoi curHany. Lli BigmiHHOCTI y dhopmi € OCHOBHUM [xepenom
iHpopmaLii Ans HeMpoHHOT Mepexxi Npu knacudikauii Tuny metany.

Pasom, ui Tpy TMnu 3anexHoCcTen OXONMoTe OCHOBHUIA Aiana3oH Bapiauin
BXiHVX CUTHanIB, 3 IKUMU CTUKAETbCA METaNoAETEKTOP. [eHepyUN CUHTETUYHI
[AaHi 3rigHoO 3 LMMKW 3aKOHaMU Ta Bapilolo4n napameTpu, OTpUMYHOTb BCEBIYHY
HaB4anbHy BUBIpKy. Lisi BUGipka [03BONSiE TPEHYBaHI Ha Hill HEMPOHHI Mepexi
HabyTu 34aTHOCTI A0 y3aranbHEHHS Ta KOPEKTHOI igeHTudikaLii 06'ekTiB y peanbHUX
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yMOBax, Ae CuUrHan 3aBxau € CyMOIO BMNM1BY BNacTUBOCTEN MeTary, oro reomeTpii,
rMUBUHU Ta LWBUAKOCTI PyXy.

3.3 Anroputm poboTH MiKpOKOHTpornepa B cucTeMi knacudikadii metanis
PyHKLiOHYBaHHSI MIKPOKOHTpOnepa y cknafi Metanoferektopa 3
HelipoMepexeBot knacudikauieto 6asyeTbca Ha LMKNIYHOMY BUKOHAHHI
nocnifgoBHOCTI onepadiii 36opy AaHux, ix nonepeaHboi 06pobku Ta nogansbLIoro
aHanisy 3a 4onoMorol HaB4eHoi Mogeni. Becb npouec MoxHa po3ainutu Ha nN'aTb
OCHOBHVX €TaniB, KOXeH 3 AKX Bifirpae KPUTUYHY porib Y 3abe3nevyeHHi TOYHOCTI
po3ni3HaBaHHs TUMY MeTarny.

3.3.1 3uuTyBaHHS JaHUX 3 aHanoro-LudpoBoro nepeTsoptoBaya

Mepwwum eTanom poboTn anroputMmy € 6e3nepepBHe 3UMTYBaHHS BUXIOHOTO
CUrHany iHTerpartopa 4epes aHanoro-unbpoBuin NnepeTBopoBay MiKPOKOHTponepa.
CurHan iHTerpaTopa siBrsie co60t0 3rnafkeHy B Yaci eneKkTpopyLUinHy cuny,
HaBedeHy B NPUManbHil KOTYLIL MeTarnogeTekTopa npu nNpoXoaXeHHi MeTanesoro
o6'exTa yepes 30Hy AeTekTyBaHHs. YacToTa Anckpetunaalii obmpaeTbea 4OCTaTHbO
BMCOKOIO ANs TOro, LWob 3abe3neunTtn ageksaTHe NpeacTaBneHHs AuHaMiku curHany
HaBiTb Npu WBKUAKOMY pyci 06'ekTa. TUNOBI 3HAaYEHHSA YacToT BUBIpKM Nnexars B
AianasoHi Bif, KiNbKOX COTEHb repl, A0 KifbKOX Kinorepl, LWo A03Bonse 3adikcyBatn
XapaKTepHi ocobnuneocTi chopmu BiAryKy Ans pisHux Tunis metanis. KoxeH Bianik
npeacTaBnaeTbca 6aratopo3psaHUM LMGPOBUM 3HAYEHHSAM, Sike NponopLiiHe
MWUTTEBIV aMnAiTyai HanNpyru Ha BUXOAI iHTerpaTopa.

3.3.2 Br3HaueHHs1 WBMAKOCTi pyxy 06'ekTa ONTUHHUMU CEHCOopamu

[MapanenbHO 3 aHanoroBUM CUrHanoM MiKPOKOHTPOMEpP ONUTYE ONTUYHUI

CEeHCOop LUBMAKOCTI, WO BCTAHOBINEHWUIA Y KOHCTPYKLUii npucTpoto. Lien ceHcop moxe
OyTv peani3oBaHuin Ha OCHOBI iHbpayYepBOHUX onTonap abo nasepHUx AaTynkis
nepeMilleHHs1, po3TallOBaHNX 3 MEBHUM iHTepBarioM B340BX TPAEKTOPII pyXy.
Dikcyt04M MOMEHTU NEpeTUHY 06'EKTOM CBITNOBUX Gap'epiB, MiKpOKOHTponep
oBumncnioe LWBMAKICTb SIK BiAHOLLIEHHS BiJOMOT BiACTaHi MiXk ceHcopamun 4o
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BUMIpPSIHOTO YacoBoro iHTepBany. OTpMmaHe ckansipHe 3HaYeHHs! LWBUAKOCTI €
BaXNMMBUM NapameTpoM, OCKifbKM BOHO 6e3nocepeaHbo BNANBAE Ha TPMBANICTb i
amnniTyay 3apeecTpoBaHOro curHany: npv GinbLUii WBUAKOCTI 06'€KT NPOXOAUTL
30HY YYTNMBOCTI LWBMALLE, L0 NPU3BOAWTL [0 CTUCHEHHS! CUrHany B Yaci Ta 3MiHu
1ioro amMnniTygHNX xapaktepucTuk. bes iHdbopmaldii npo WBKAKICTb cuctema He
3mMorna 6 KOPEKTHO PO3pPi3HUTU Manuii 06'eKT, L0 PyXaeTbCs NOBINbHO, B BENUKOrO
o06'ekTa Ha BUCOKIN LUBUAKOCTI.

3.3.3 ®opmyBaHHsi Bycbepy AaHux Ans HepoMepexeBoi 06pobkm

3unTaHi Bignikvu Hanpyru He NepefalTbCs Ha HEVPOMEPEXY NMOOAUHLI, a
HaKOMUYYIOTbCS Y BHYTPILLHIN nam'Ti MikpoKOHTponepa y Burnagi oydepy
dhikcoBaHoro poamipy. Bydep sBnsie coboto MacmB NOCMIAOBHMX 3HA4Y€eHb, LLIO
OXONSOTb NOBHUI YaCoBUIA IHTEPBAN NPOXOOXKEHHsI 06'ekTa Yepes 30Hy
neTekTyBaHHs. Po3mip Bydepy BU3HAYaETLCA apXiTEKTYPO HEMPOHHOT Mepexi Ta
cknagae, 3rifHo 3 nonepeaHbLO OMUCAHOK CTPYKTYPOto, M'ATCOT Bignikie. Ans
3abe3neyeHHss HenepepBHOCTI 06POBKM MOXe 3aCTOCOBYBATUCS MEXaHI3M KOB3HOMO
BikHa, Npu sikoMy Gydep NOCTynoBO 3MiLLYETbCS B Yaci: HOBI AaHi AoAakoTbCs 3
OfHOrO KiHUSA, a HalcTapili BiAKMAAOTLCS 3 iHLWOro. TakuM YMHOM cucTeMa
NOCTIiHO aHani3ye akTyanbHWUi pparMeHT curHany, Lo A03BONsE BUSBMATY Ta
KnacudikyBaTn 06'ekTv oapaay nicns ix NpoxomxeHHs. [Jo MOMeHTy nepeaavi Ha
Helpomepexy AaHi MOXyTb nigaaeatucst 6a3oBii HopManisawii Ana npuBeeHHs A0
Aiana3oHy 3Ha4yeHb, Ha SIKOMY Mepexa HaB4anacsi.

3.3.4 BukoHaHHs knacudikauii 3a LONOMOrot Hermpomepexi

CdbopmoBaHuin Oycpep 4acoBoro psagy pas3om 3i 3Ha4YEHHSAM LLUBUAKOCTI Pyxy
noJaeTbCsa Ha BXOAM NonepenHbO HABYEHOI HEMPOHHOT MepeXxi, peanisoBaHol
3acobamu 6ibniotekun TensorFlow Lite for Microcontrollers. Lisi 6ibnioteka
3abe3neyye MOXNMBICTb BUKOHAHHS CKNagHUX 0B64MCneHb HeMpoMepexeBoro BUBoaYy
6e3nocepeHbO Ha pecypcax MIKPOKOHTporiepa 3 06MeXeHo 0B4NCoBanbHO0
NOTYXHICTIO Ta ob6csArom onepatueHOi Nam'sTi. Mogenb, nonepeaHbLo oNTUMi3oBaHa
Ta KBaHTOBaHa Ha eTarni HaB4aHHs, NocnigoBHO 0bpobnisie BXigHi AaHi Yepes
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3ropTKOBI, PEKYPEHTHi Ta MOBHO3B'A3HI APy, BUTAMYOYN XapakTepHi 03HaKK
curHany. Ha Buxogi mepexa dopmye BEKTOp 3 TpbOMa 3HaYEHHSIMU WMOBIPHOCTEWN,
KOXHE 3 sIKMX BiAnoBifae ogHOMYy 3 knacis: (OHOBWI curHarn, YopHuii metan abo
KOnbOopoBuWiA MeTan. BukoprcToBytodmn yHKLito akTuBaLii softmax, mepexa
HopMani3ye BUXiOHI 3Ha4YeHHs Tak, Wwob ix cyma AopiBHIOBaNa oAvHWL, WO A03BOMsSE
iHTepnpeTyBaTV pesynbsTaT Sk PO3noAin BNEBHEHOCTI CUCTEMU Y MPUHANEXHOCTI
06'eKTa 10 KOXHOrO 3 KNnacis.

3.3.5 BuBeaeHHs pesynesraty Ta iHpOpMyBaHHS KOpUCTyBaya

Ha ocHoBi oTpuMaHux Big HeipoMepesxi MMOBIPHOCTEN MiKpOKOHTponep

npuiMae ocTaTouHe PiLLEHHS NPO TUM BUSBIIEHOrO MeTany, obuparoym knac 3
HalBiNbLLIOK NMOBIPHICTIO. AKLLO MakcMManbHe 3Ha4YeHHs! NepeBuLLYEe 3aJaHui nopir
BMEBHEHOCTI, CUCTeMa BU3Ha4ae peaynbraT SK HagilHuiA | akTMBye BiANOBIAHWN
MexaHi3M iHopMyBaHHS kKopucTyBaya. [Hpopmauis Moxe BUBOAWUTUCS Yepes
3BYKOBWIA CUrHani3aTop y BUMSAi cepii TOHanbHWX curHanis pisHoi YactoTu abo
TpvBanocTi, cneumdidHNX NS KOXXHOTo TUNy MeTany, abo Yepes rpadidyHuin gucnnen,
e BigobpaxaeTbCs Ha3Ba knacy Ta piBeHb BNEBHEHOCTI Y BiAcoTkax. Y Bunagky
HEAOCTaTHbOI BNEeBHEHOCTI abo BiACyTHOCTI YiTKOro nepeBaXaHHsi O4HOro Krnacy Haz
HLIMMKM cMcTEMa MOXe BUAATY NOMEpPeMKeHHS NPO HEBU3HAYEHWI pesynbTar,
CUrHani3yt4n npo HeobXiAHICTb MOBTOPHOrO NPOXOKEHHS 06'ekTa abo pyyHoOT
nepeBipku.

3m. Apk. No gokym. Mign. Oata
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AHanorosi aaHi
CkansipHe 3Ha4YeHHs
Macue y RAM



KBaHTOBaHa moaenb

PucyHok 3.7— 3aranbHuii anroputmMy poboTn MeTanogetektopa

BkntoyeHHst napameTpa LBUAKOCTI PyXy sik 4OAATKOBOro BXOAY HEMPOHHOT
Mepexi € KpUTUYHUM Ans 3abe3neyeHHst BUCOKOT TOYHOCTI knacudikaLii B ymoBax
3MIHHUX LUBMOKOCTEN NPOXOMXXEHHS 06'€KTIB Yepe3 30HY AeTeKTyBaHHS. 3HaHHS
peanbHoI LWBMAKOCTI JO3BOMSE MEPEXI KOPEKTHO iIHTepnpeTyBaTn amnnityay
3apeecTpoBaHOro cUrHany, KoMneHcyoun epekT macluTabyBaHHs, WO BUHUKAE
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BHacCMifgoK pisHOi TpMBaANocCTi B3aeMogii 06'ekTa 3 eNleKTpoOMarHiTHAM NonemM KOTYLLOK.
Bes Takoi komneHcalii oguH i Tol camuin 06'ekT Mir 61 6yT NOMUIKOBO
KknacudikoBaHu No-pisHOMY 3aMexHO Bif LUBUAKOCTI NOro pyxy: MOBINbHUIA PyX
nasaB 61 BUCOKOAMMNNITYAHUA PO3TATHYTUIA CUTHAN, TOAI SIK LWBWUOKUIA pyX
np13BoAuB 61 [0 KOPOTKOrO iMNyNbCy MEHLLOT amniTyaun. 3aBasikn SBHOMY
BpaxyBaHHIO LLIBUAKOCTI K HE3anexHoi 3MiHHOI, HEMPOHHA Mepexa HaBYaeTbCs
BUAINATY iHBapiaHTHI A0 LUBWAKOCTI 03HAKN (POPMU CUrHanY, O XapakTepu3yloTb
came hi3vnyHi BNacTMBOCTI MaTepiany, a He KiHemaTuKy npouecy AeTekTyBaHHs. Lie
CYTTEBO NiABULLYE POBGACTHICTL CUCTEMM Ta PO3LUMPIOE Aiana3oH ekcrnyaTauiiHux
YMOB, B SIKUX NPUCTpIli 36epirae 30aTHICTb A0 HAAINHOIO po3ni3HaBaHHs TUMY
meTany.
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BNCHOBKWM

Y pesynbraTti NnpoBeAeHoro AocnimpkeHHs 6yno 3ainCHEHO KOMMNMEKCHWI aHani3
iCHyUMX MeTofiB AeTekuii Ta knacudikauii metanesux 06'ekTiB, BKOYa4m
iMNYNbCHi CMCTEMK, YaCTOTHI METOAM Ta TEXHONOTT iHAYKUiiHOro GanaHcy.
MpoBeneHo knacudikaLio MeToaiB 3a NPUHLUMNOM Aii, AOCMiAKEHO (i3nYHi OCHOBU
B3aEMO/ji eneKkTpoMarHiTHOro nonsi 3 MetaneBnMu ob'ekTamu pisHOT NpUpoaMu,
BKITHO4a0uM pepoMarHeTuku, napamarHeTvk1 Ta fiamarHeTvku. BusHayeHo OCHOBHi
HanpsiMK1 3aCTOCYBaHHS METanNoAeTEKTOPIB Y MPOMMUCNOBOCTI, 6e3newi Ta apxeonorii,
npoaHanizoBaHo BMNSMB AWHaMIiku pyxy o6'ekta Ha dbopMy curHany. JocnigkeHo
TEXHONOri4Hi 0COBNMBOCTI 0BPOBKN CUrHAnNIB Y CENEKTUBHUX CUCTEMAX Ta BUSIBNIEHO
Knto4oBi fecTabinidytodi hakTopm, 3okpema MiHepanisaLito IpyHTY, TemnepaTtypHuii
apevid Ta 3MiHHY WBMAKICTE NpoxomkeHHst 06'ekTiB. Lie go3sonuno obrpyHTyBaTh
[OUINbHICTb 3aCTOCYBaHHS METOAIB MALLMHHOMO HaBYaHHS Ta HEMPOMEPEXEBUX
apxiTeKkTyp Ans po3B'a3aHHs 3afadi knacudikaLii meTanis B yMoBax BUCOKOT
BapiaTUBHOCTI NapameTpiB AeTeKTyBaHHS.

Ha ocHoBi npoBefeHoro aHanisy 6yno po3pobneHo matemaTuyHy Moaerns

cUCTEMM MeTanofeTekTopa 3 iHayKUinHMM GanaHcom, Wo BKoYae isnyHy Moaenb
eneKTpoMarHiTHoOi B3aeMOAIi B cMCTeMi AaTyuka 3 ABOMa 30yaKyBanbHUMMU
KOTYLLKaMU Ta NpUiAManbHoO KOTYLLKOK. CTBOPEHO napaMeTpuyHy Moaernbs
MeTaneBoro Tina B eNeKTpoMarHiTHOMy Moni, sika BpaxoBye MarHiTHy MPOHUKHICTb,
eneKkTponpoBIAHICTb Ta reoMeTpuyHi po3mipy ob'ekta. JocnigxeHo BNMB MaTepiany
Tina Ha XapakTepuCTUKV enekTpoMarHiTHOro nNons metanogeTekTopa, 3MoaeriboBaHo
BiAryku ans o6'ekTiB 3 pisHNMM 3HAYEHHAMM U (dhepoMarHiTHI, cnabkomarHiTHI Ta
BMCOKOMNPOBIAHI MaTepianu) Ta pisHMMK po3Mipamu. Po3pobneHo mopens
aHanoroBoro TpakTy 06pobKM curHarny, Lo BKIOYae BXiAHUI nigcunoBad,
CUHXPOHHUI AeTekTop, (iNbTP BUCOKMX YacTOT Ta iHTerpaTtop, 3 AeTanbHUM aHarnisom
nepefaBanbHUX XapakTePUCTUK KOXHOMO Groky. CTBOPEHO MeToaMKy hOpMyBaHHS
HaB4anbHOT BUGIPKM ANSi HEVPOMEPEKEBOTO anropUTMy LLMSIXOM NapameTpuyHoOro
CMHTE3y cuUrHanis 3 KOHTPONbLOBAHNMM XapakTepucTMkamu, LWwo 3abesneynno
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reHepauito penpeseHTaTMBHOroO Habopy AaHuX Anst TpbOX Kracie 06'ekTiB 3
ypaxyBaHHSAM Bapiauii LUBUAKOCTI pyxy.

Y pamkax npakTu4Hoi peanisaLii CnpoeKTOBaHO apxiTekTypy ribpuaHoi
HeMpOoHHOI Mepexi Ansa knacudikauii meTanis, sika NOEAHYE OLHOMIPHI 3rOpPTKOBI
wapw (Conv1D) onst BUAINEHHS nokanbHUX 03HaK y popMi curHany, wapw
MaKCMManbHOro MyniHry Ans 3MeHLIeHHs po3MipHocTi Ta LSTM-wap ansa aHanisy
[OBrOCTPOKOBYMX HYaCOBMX 3anexHocTein. Mepexa Mae ABa BXOAMW: YacOBUI psig



Hanpyru (500 BignikiB) Ta ckanspHe 3Ha4YeHHS LWBUAKOCTI PyXy, Lo 06pobnsaTbes
OKpPEMWMMU TiflkaMu 3 MOAAnbLUOK KOHKaTeHauieo nepea NOBHO3B'A3HUMU LLapaMm
knacudikauii. MpoBeaeHO HaBYaHHA MepeXi Ha CUHTETUYHI BMBIpL 3
BMKOPUCTaHHSAM METOAIB HOpManisauii 4aHux, ayrMeHTauii Ta perynspusadii,
[OCSITHYTO BUCOKOT TOYHOCTI knacudikaLii Ha TecToil BubipLi. PoapobneHo
anropuTMm poboTy MiKPOKOHTpOnepa Afs peanisalii cuctTemu B pexumi peasnibHoro
yacy, Lo BKIOYaE UMKNIYHE 34UnTYBaHHA AaHnx 3 AL, BU3HAYEHHS WBMOKOCTI
yepes onTUYHI ceHcopu, hopmyBaHHS Bydbepy y BUrNsai KOB3HOTO BikHA, BUKOHAHHS
knacudikauii 3acobamu TensorFlow Lite for Microcontrollers Ta BuBeaeHHs
pesynbTaTy KOpUCTyBaYy Yepes 3BykoBUiA abo BidyanbHui iHTepdeiic.

MpakTnyHa 3Ha4YMMicTb POBOTK Nonsrae y CTBOPEHHI cuctemu knacudikadii
MeTaneBux 00'ekTiB, 3aaTHOI 3abe3neunTn HagiHe po3nisHaBaHHSA TUMY MeTany
He3arnexHo BifJ LWBUAKOCTI pyxy 06'ekTa Yepes 30HY AeTeKTyBaHHS. HaykoBa HoBM3HA
poboTK BU3HA4AETLCA PO3POBKOIO0 KOMMMEKCHOTO Niaxody A0 HEMpOMepPexXeBoi
06pobky curHanis meTanodeTekTopa, Wo NoeaHye NnpocTopoBy 06pobky YacoBoro
psgy Yepes 3ropTKOBI Lapy 3 aHanisoM YacoBUX 3anexHOCTeN Yepes peKypeHTHI
CTPYKTYPM, @ TAKOX SIBHUM BpaxyBaHHSAM LUBULKOCTI PyXy sIK HE3aNEXHOro
napameTtpa Ansi kKomneHcadii epekTy macluTabyBaHHS amMnniTyan curHany,
3abe3neyvytoum iHBapiaHTHICTb CUCTEMU 0 KIHEMaTUYHUX YMOB OETEKTYBaHHS Ta
BMCOKY TOYHICTb knacudikauii matepianis.
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Lopatok

Mporpama mozentoBaHHA PO6OTW aHTEHHOT CUCTEMU NPU NEpPEMILLEHHi NOB3 Hel

HETaJ'IeBOFO 06ekTy
port numpy as np import matplotlib.pyplot as plt
from matplotlib. ticker import ScalarFormatter

MUO =4 * np.pi * 1e-7

#
# MarsiTHe none Bif O4HOrO NPAMONIHINHOIO cerMmeHTa
#
def calc_bz_segment(x_obs, y_obs, z_obs, x1, y1, x2, y2, current):

r_obs = np.array([x_obs, y_obs, z_obs])

r_start = np.array([x1, y1, 0.0])

r_end =np.array([x2, y2, 0.0])

R1 =r_obs - r_start
R2 =r_obs-r_end

cross = np.cross(R1, R2)
norm2 = np.dot(cross, cross)
if norm2 &lt; 1e-16:

return 0.0

d1 = np.linalg.norm(R1)
d2 = np.linalg.norm(R2)

coef = MUO * current / (4 * np.pi)
return coef * cross[2] * (d1 + d2) / (d1 * d2 * norm2)

#
# MNone Big KBagpaTHOI KOTYLLIKM
#
def coil_field_Bz(x_arr, y_obs, z_obs, cx, side, turns, current):
h=side/2
corners = [
(cx - h, -h),
(cx-h, h),
(cx +h, h),
(cx +h, -h)

B = np.zeros_like(x_arr)
for i in range(4):
x1, y1 = cornersi]
X2, y2 = corners[(i + 1) % 4]
for k, x in enumerate(x_arr):
B[k] += calc_bz_segment(
X, y_obs, z_obs,
x1,y1, X2, y2,
current
)

return B * turns

#
# BepTukanbHe nore Big BepTMKanbHOMo Annons

#
def dipole_Bz(x_arr, z_scan, x_dip, z_dip, m):
B = np.zeros_like(x_arr)




for i, x in enumerate(x_arr):

dx =x - x_dip

dz = z_scan - z_dip

R2 = dx*dx + dz*dz

R =np.sqrt(R2)

if R &lt; 1e-12:

continue

B[i] = MUO *m/ (4 * np.pi) * (2*dz*dz - dx*dx) / (R**5)

return B

#
# NMAPAMETPU
#
TX ={cx" 0.0, 'side" 0.50, 'turns': 11, 'current': 5.0}
BC = {'cx": 0.15, 'side": 0.15, 'turns": 3, 'current: -5.0}

# niHia cnocTepexeHHs
y_scan =0.0
z_scan = .1

X = np.linspace(-0.8, 0.8, 1200)

# 06'exT

x_obj =0.25

z_obj=.2

chi =-1 # edekTMBHa MarHiTHa CNpURHATNUBICTb

#
# NEPBUHHE MOJE
#
B_TX = coil_field_Bz(X, y_scan, z_scan, **TX)
B_BC = coil_field_Bz(X, y_scan, z_scan, **BC)
B_primary =B_TX + B_BC

#
# MOJE B TOYLII OB'EKTA
#
B_obj = (
coil_field_Bz(np.array([x_obj]), y_scan, z_obj, **TX)[0] +
coil_field_Bz(np.array([x_obj]), y_scan, z_obj, **BC)[0]

m_dip = chi * B_obj

#
# BTOPUHHE TMOJE
#

B_secondary = dipole_Bz(X, z_scan, x_obj, z_obj, m_dip)

B_total = B_primary + B_secondary

#
# ABTOMACLLUTABYBAHHA
#
B_all = np.concatenate([B_primary, B_total])

marg = 0.5 * (B_all.max() - B_all.min())
ylim = (B_all.min() - marg, B_all.max() + marg)

#
# BIBYANI3ALIA
#
fig, ax = plt.subplots(3, 1, figsize=(10, 14))
plt.subplots_adjust(hspace=0.35)

fmt = ScalarFormatter(useMathText=True)
fmt.set_powerlimits((-2, 2))



ax[0].plot(X, B_TX, "--', label="TX')
ax[0].plot(X, B_BC, '--', label='"Buck’)
ax[0].plot(X, B_primary, 'k', label="Primary")
ax[0].set_ylim(ylim)
ax[0].set_title('NMepBuHHe none')
ax[0].grid()

ax[0].legend()
ax[0].yaxis.set_major_formatter(fmt)

ax[1].plot(X, B_secondary, 'g')
ax[1].set_title('BTopmHHe none (iHAyKoBaHWi Aunonb)')
ax[1].grid()

ax[1].yaxis.set_major_formatter(fmt)

ax[1].axhline(0, color='k', Iw=0.5)

ax[2].plot(X, B_primary, 'k--', label='"be3 o6’ekTa')
ax[2].plot(X, B_total, 'm', label='3 06’ekToM")
ax[2].set_ylim(ylim)
ax[2].set_title('Cynepnoauuis')

ax[2].grid()

ax[2].legend()
ax|[2].yaxis.set_major_formatter(fmt)
ax[2].set_xlabel('x (m)')

plt.show()
#
# MAPAMETPY MPUMMATNBHOT KOTYLKN (RX)
#
RX = {'cx": 0.0, 'side": 0.40, 'turns': 100}

# [liana3oH pyxy ob'ekTa
x_obj_range = np.linspace(-0.6, 0.6, 100)
z_obj_static = 0.2 # cikcoBaHa rmnbuHa ob'exta

# MacuBu ans 36epexeHHs pesyneratis EPC
ers_signal =]

# OyHkUis ans ob64McneHHs NoToky (iHTerpan no x B Mexax RX)
def get_rx_flux(x_axis, b_z_values, rx_params):

x_start = rx_params['cx'] - rx_params]['side')/2

x_end = rx_params['cx'] + rx_params['side']/2

# Bubrpaemo Touku, WO NOTPanssioTb B rabapuTy KOTYLLKK
mask = (x_axis &gt;= x_start) &amp; (x_axis &lt;= x_end)
X_rx = x_axis[mask]

b_rx =b_z values[mask]

# IHTerpyemo meTogom Tpaneuin (pesynbsrat y Bebepax)
# MHOXMMO Ha side, npunyckatoun nnowyy (iHTerpan no dx * wvpuHa dy)

flux = np.trapz(b_rx, x_rx) * rx_params['side'] * rx_params['turns']

return flux

#
# LMK CKAHYBAHHA (MEPEMIWEHHA OB'EKTA)
#
for x_pos in x_obj_range:
# 1. Paxyemo none B Touui, Ae 3APA3 3HaxoanTtbecs 06'eT
B_at_obj = (
coil_field_Bz(np.array([x_pos]), 0.0, z_obj_static, **TX)[0] +
coil_field_Bz(np.array([x_pos]), 0.0, z_obj_static, **BC)[0]

# 2. MoMeHT iHAyKOBaHOro Aunonsi
m_temp = chi * B_at_obj



# 3. BTopyHHe none Bif LbOro Aunons Ha NiHii cnocTepexeHHs (z_scan)
# BaxnmBo: My paxyemo rore Tinbku Big o6'ekta
B_sec_temp = dipole_Bz(X, z_scan, x_pos, z_obj_static, m_temp)

# 4. Paxyemo noTiK TinbKu Bif, BTOPUHHOTO Mons (Le i € Hall KOPUCHWI curHan)
flux_sec = get_rx_flux(X, B_sec_temp, RX)
ers_signal.append(flux_sec)

#
# BISYANI3ALIA BIAMYKY (EPC)
#
plt.figure(figsize=(10, 5))

plt.plot(x_obj_range, ers_signal, 'r-', linewidth=2, label="CurHan EPC (Biaryk)')

plt.axhline(0, color="black’, lw=1, Is='--")
plt.axvline(TX['cx'], color="blue’, alpha=0.3, label="LieHtp TX')
plt.xlabel('MonoxeHHs o6\'ekta x_obj (m)')
plt.ylabel('AmnniTyaa notoky (B6)")
t.title('Binryk metanogetekTopa npu NPoOXoaXeHH hepomarHiTHoro Tina')
élt.grid(True, which="'both’, linestyle="--', alpha=0.5) plt.legend()_
_pIt. show()
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