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Hucepraiiiitna po6oTa MpUCBSYEHA PO3B’SI3aHHIO aKTyalbHOI MpOOJIeMH —
JOCITIJIKEHHIO €KCIIEPUMEHTAIBHUX Ta TEOPETUYHHUX ACMIEKTIB BUITPOMIHIOBAHHS T
NOIIMPEHHSI HECTAlllOHAPHUX EJIEKTPOMArHiTHUX XBWJIb Y CepeloBUIIaX 3i
CKJIQJJHUM TIPOCTOPOBHUM PO3MOAITIOM. Takoxk poO0oTa OXOIUTIOE aHami3 audpakiii
X TOJIB Ha 00’€KTaX, PO3TAllOBAHUX Yy TaKHX CEPEIOBUINAX, 3aCTOCYBaHHS
METO/11B OTpPUMaHHS Ta OOPOOKH BIIOUTUX CUTHAIIIB, @ TAKOK pO3POOKY alrOpUTMIB
pO3Mi3HABaHHSI MPUXOBAHUX OO’€KTIB Ta BU3HAYEHHSA IXHBOTO TOJIOKEHHS 13
3aCTOCYBAHHSM IT1JIXO/IIB IITYYHOTO IHTENEKTY.

Mertoto nucepTariiiHoi poOOTH € BUBYEHHS KIFOUOBUX (DI3UYHHX MPOIIECIB
NIEPETBOPEHHS IMITYJIbCHUX HAIIIHPOKOCMYTOBHX €JIEKTPOMArHITHUX TIOJIIB Ha
MeXxax po3MOJILTy MaTepialbHUX CEPEIOBHUII Ta IPUXOBAHUX 00’ €KTaX 13 CKIIATHOIO
CTPYKTYPOIO JUIsl HaIIHHOTO BUSABIICHHS LIUX 00’ €KTIB MO BIIOMTOMY IOJIIO B yMOBax

HAsIBHOCTI IITYMOBUX MEPEIIKO/ 32 JOTIOMOTOFO MiIXOIB IITYYHOTO 1HTEIEKTY.



[lepuuii po3ain sABisie cOO0K aHATITUYHUN OTJISA JIITEpAaTypu. Y HbOMY
MOKa3aHo, 0 0araTto eNeKTPOMArHiTHUX SIBUIL, SIK MPUPOAHHUX, TaK 1 MITy4YHHX,
NPOSBISIOTh HECTAI[IOHAPHICTH SK HEBLI €MHY CKJIAIoBY 1H(QOpMAIiHOCTI
OTOUyIOUOro cBiTy. TomMy came HecCTalllOHapHI eJeKTPOMAarHiTHI TOJIsS €
MEePCIIEKTUBHUMH SIK TSI TPUMaTbHO-TIEpEAaBaIbHIUX IPHUCTPOIB, TaK 1 pagapHUX
CUCTEM, 37IaTHUX 3a(DiKCyBaTH CyTTEBO OUIBIIHNI 0OCAT JaHUX MPO AOCIIHKYBAHHMA
00’ €KT IUIIXOM aHaJli3y BIIOUTUX XBUJIb. BaXKJIMBOIO HAMPSAMKOM LIUX JOCITIIKEHb
€ 3aCTOCYBaHHS HAAIMIMPOKOCMYTOBUX PaaapiB sl 30HAYBaHHS IPYHTY 3 METOIO
3HAXOJ/PKEHHSI PUXOBAHUX 00’ €KTIB, BU3HAUEHHS IXHBOT'O TUITY Ta KOOPJUHAT. AJie
JIOCSITHYTH 11i€] METH MOXJIMBO HUISIXOM BUKOPHUCTAHHS CIELIAJIbHUX METOJIIB
00poOku 1HopMmartii. OTHUM 3 TaKUX, HAHOIBII MEPCIEKTUBHUX METO/IIB € MiAX1I,
0 TPYHTYETHCS HAa BUKOPHUCTAHHI IITYYHUX HEUPOHHUX MEPEXK Ta IITYYHOTO
iHTeNeKTy. IXHBOIO PHCOI0 € crabka YyT/IMBICTH 1O IOXMOOK BHMIpIOBAHHS,
BUKPHBJIEHb (DOPMU MPUHHATOTO CUTHAIY Yepe3 BIUIMB IIYMIB 1 HEOJHOPIIHOCTI
CEpelIOBHUIIA MOITUPEHHS XBUI1. AJie JUIsl 3’ ACyBaHHS OCHOBHUX 3aKOHOMIPHOCTEH
MEepPEeTBOPEHb HECTAllIOHAPHMX TMOJIIB Ha TPaHMIl CEepPEOBUILA BHUHUKAE
HEOOXITHICTh AaHAJIITUYHOTO PO3B’SI3aHHS Y YaCOBOMY MPOCTOPI 3a/aul NaJiHHS Ha
Hei HeCTaIllOHAPHOT XBUIII.

Y  gpyromy  po3auii  aHANITUYHO  PO3B’SI3YETHCS  HECTalllOHapHa
CJIEKTPOMHAMIYHA 3a7a4a POHUKHEHHS IMITYJIbCHOT €EKTPOMArHiTHOI XBUI 13
OJIHOTO CEepPEIOBUINA B 1HIIE cepefoBuIle O6e3 BTpaT. JJa qocATHEHHS 1€l MeTH 3
BUKOPUCTAaHHSAM I'PAaHUYHUX YMOB 3HAXOATHCS HEBIOMI KOE(ILIEHTH 13 3araJIbHUX
po3B’s3kiB  piBHAHb KireiiHa-I'opfgoHa, 10 € MHOXHHMKAaMH B €BOJIFOIIMHHUX
koedimieHTax. 3amaya  MOUIMPEHHS  HECTAlllOHAPHOI  IMITYJIBCHOT — XBHJII
PO3B’S3Y€ETHCS METOJIOM E€BOJIONINHUX PIBHAHb. 3arajdbHUN PO3B’S30K PIBHSHB
Kneiina-I'opgoHa oTpuMyeTbCS METOJOM PO3AUICHHS 3MIHHUX. PoO3B’s3aHHSA
HeogHopigHoro piBHsHHS Kieitna-I'opgoHa 3a1HCHIOETBCST METOJIOM  (DYHKITIT
Pimana. [Tormyk 3B’3Ky Mik HEBIJOMHUMH KOE(IIIEHTAMH 3 PO3B’SI3aHUX PIBHIHBb
BiIOyBaTUMETHCS 3 BHKOPHCTAHHSIM TpPaHUYHMX YMOB I TaHTCHIIMHHX

KOMITIOHEHT TIOJIIB 3T1THO 3aKOHIB KJIACUYHOI €JICKTPOIMHAMIKH.



Tpetiit po3aia NPUCBSYEHO 3aCTOCYBAHHIO METOY IUCKPETHOI ToMorpadii st
3a/lay 3HAXOJKEHHS MPUXOBAHUX OO0’ €KTIB Yy MOJEINI IPYHTY 3 BUKOPHCTAHHIM
MTYYHUX HEUPOHHUX Mepek. [IpoBOIUTHCS TMOPIBHAHHS IHOTO TMIiAXOAY 3
KJIACHYHUM METOJIOM KOpeJidllii. byio BUsIBIEHO, 1110 METOI TUCKPETHOT ToMorpadii
3a0e3neyye 3aJ0BUIbHI pPe3yJbTaTH, YacTO MEPEBEPUIYIOUM METOJ KOpEesslii y
TOYHOCTI BWSBJICHHS TIPUXOBAHUX OO €KTIB. 3aBOSKH I[bOMY, ITOJAJIBIII
JOCITIKEHHS 30CepeKeH]1 caMe Ha METOJI1 AUCKpeTHOI Tomorpadii. [IpoBoauThes
JOCIIJDKEHHSI BIUIMBY KPOKY CKaHyBaHHs Ta dYacOBOTO BIKHA Ha SKICTh
po3Mi3HaBaHHsA pI3HUX 00 €KTiB. bBysi0 BCTaHOBJIEHO, IO 3MEHILIEHHS KpPOKY
CKaHyBaHHS MOKpAIly€ TOYHICTh BHU3HAYECHHS KOOPAMHAT 00’€KTa, aje CYyTTEBO
30UTbIIyEe OOYMCITIOBAJIbHI BUTPATU. TakoK BHSBJIEHO, IO ONTHUMAIBHHUI PO3MIP
4acOBOT'0 BIKHA 3aJIEKUTh BiJI XapaKTEPUCTUK OO’ €KTIB Ta BIACTUBOCTEH IPYHTY.
KpiM 1poro, mnpoBeAEHO JOCHIKEHHS UIYMOCTIMKOCTI 3almpOIOHOBAHOTO
anroputMmy. 3okpema, OyJo MpoaHaIi30BaHO POOOTY aJITOPUTMY IPHU HASIBHOCTI
mymMy B NOpUAHATHX cuTHanax. [lpomeMoHCTpoBaHa BaKIIMBICTh MOETHAHHS
METO/IB AUCKPETHOI ToMorpadii 3 CydaCHUMHU MIJX0JaMUA MAallMHHOTO HaBYaHHS,
10 JTO3BOJISIE€ JOCSTTH 3HAYHMX YCHIXIB y PO3Mi3HaBaHHI MPUXOBAHUX 00’ €KTIB y
CKJIaIHUX YMOBaX.

VY deTBepTOMY PO3LII AAHOTO AMCEPTAIIHHOIO JOCHIIKEHHS peasli30BaHO
MaKCUMaJibHE HaOJMKEHHST MOJIETTLHOT 3aa4i 10 peaTbHUX YMOB, [0 BXKIIMBO JJIS
MPAaKTUYHOTO 3aCTOCYBaHHsS pe3yJIbTATIB AucCEpTalli. Y SKOCTI MNPUXOBAHUX
00’€KTIB BHCTYIAIOTh TOYHI MOJEJI MPOTUIIXOTHUX MiH, 1[0 MalTh Y CBOEMY
CKJIal JICNEKTPUKU 3 PI3HUMHU ICICKTPUUHUMH MPOHUKHOCTSIMH Ta METaJIeBi
YacTUHHU pI3HUX po3MipiB. Lle mo3Bossie nocmianty e(eKTUBHICTh BUOPAHOTO
MiIX0My B yMOBaX, IO HAONMKEHI JO PEATbHUX, KOJIU € MOTpeda po3pi3HUTH
MPUXOBaHI 00’ €KTH 31 CX0XKUMH napaMmerpaMu. ONpoMiHIOBaUYE€M BUCTYIIa€ MOJIEIIb
pEabHOTO MPAIOI0YOr0 HAIIIMPOKOCMYTOBOTO Teopaaapy, Skuii dopmye 3
MPUIHATOT €JMEeKTPOMArHiTHOI XBWJIl CHUTHAW, B SIKAX MIHIMI30BaHUN BIUIMB
BIIOUTTS XBWJI1 BIJl TPaHUILl MOBITPA-IPYHT, IO HE HECE KOPHUCHOI IJIsi aHaJi3zy

iHdopmarrii. HaBegeni pesynbpTaTi po3mi3HaBaHHS MIH Y HEOJHOPITHOMY TPYHTI,



IO € TUMIOBUM YCKJIAIHEHHSIM B po0OoTi reopaaapiB. [IpoBoauTbest AOCTIHKEHHS
IIYMOCTIMKOCTI ~ 3amporioHoBaHoro  miaxoxy.  [lojanblie  mOKpamieHHs
po3mi3HaBaHHS 00’ €EKTIB JOCSITHYTO 3a JJOITOMOTOIO Cy4aCcHOTO MiIX0y cepen 3aaad
MalIMHHOTO HABYaHHS, KU TMOJISIra€ y BUKOPUCTaHHI aHCamMOJII0 HEUPOHHHX
MEpEX 31 CTPYKTypaMmH, sKi MOTEHIIIHHO MOXYTh JAaTH MOKPAIICHHS PE3yIbTaTiB
kiacudikarii.

HaykoBa HOBH3HA AucepTaIliiHOi poOOTH TMOJIATAE Y TaKuX il pe3ybTaTax:
1. 3 BUKOPHUCTAHHSIM TPAHUYHUX YMOB KJIACHYHOI €JIEKTPOJAMHAMIKUA BIIEPIIE
3HANIEHO 3B’ 30K M1 €BOJIIOLIIMHUMU KoedirienTamu 3 piBHsAHb KieliHa-I"opaoHa,
[0 ONMUCYIOTh Najarody, MPOWIeHy 1 BIIOUTY HECTalllOHAPHI XBWII Yy MEPIIOMY
HaOJIMKEHHI.
2. Brepiie BCTaHOBJIEHO, IO 32 HAsABHOCTI TayCOBOTO IYyMY Yy MNPUHHATHUX
CUTHAJIaX, KIHLEBI pe3yJbTaTH PO3MI3HABaHHS NO3ULIA 00’€KTa IITyYHHUMH
HEHPOHHUMH MEpPEKaMU MafOTh TIEpeBary nepea MeTOA0M B3a€EMHOT KOPEIIAIii mpr
MajuxX pIBHAX IIyMy, aji¢ MpU 3HAYHIA 3allyMJICHOCTI Il JBa MIAXOAU HE
JEMOHCTPYIOTh TIOMITHI TIepeBard OJWH Mepe] OJHUM, 32 BHKIIOYCHHSIM TOTO, 110
MITY4YHl HEUPOHHI Mepexi (YHKIIOHYIOTh Ha TMOPSAKU INBUIIIE, OCOOJMBO 3a
YMOBH 1XHBOI peanizauii y BUIJISII CTIeLialli30BaHOI MIKPOCXEMHU.
3. Brnepuie 3a 10moMororw MeToay IUCKPETHOT TOMOrpadii MpoaeMOHCTPOBAHO
MiJCUJICHHS. 1H(GOPMAIIMHUX CKJIAJ0BUX, BIAOMTHX BiJI IPUXOBAHOTO 00’ EKTY
€JICKTPOMArHiTHUX XBUWJb, Y HAOJMKEHHI MPOMEHEBOIO MOJAHHS IUX XBWIb 13
BpaxyBaHHSIM iX 4acoBOi (hOpPMH, MICICKTPUUHUX MTapaMeTPiB IPYHTY, MPOIIECIB HA
IPaHUIll TOBITPA-TPYHT Ta BUKOPUCTAHHS ACKUIBKOX, PO3MOIITICHUX HAl IPYHTOM
[IpUMMaIbHUX AHTEH.
4. Brnepiie BU3Ha4YeHI ONTHMAalbHI TapaMeTpyd CHUCTEMH Ha OCHOBI METOIY
JUCKpETHOT ToMorpadii: 4YacoBe BIKHO, KUIBKICTh MNpUIAMaIbHUX AaHTEH,
ayrMeHTaIlls BX1JHUX JAaHUX 1 YacTKa MOIMepeHb0 00pOOIEeHUX BXIIHUX CUTHAIIB,
3a HassBHOCTI IITyMiB BUCOKHX PIBHIB Y BXIJJHUX TPaKTax MpUiiMaviB aHTEH.
5. Brniepriie Oyiio o1iHeHO SKiCTh pO3IMi3HABAHHS METOAY IITYYHUX HEHPOHHUX

MepEeX IS 3a/1a41 BUSIBJICHHS PI3HUX MPOTUIIXOTHUX MiH, Takux sk [IMH-1, [IMH-



4 ta [I®OM y HEOTHOPIAHOMY CEpPEIOBHUIIl MPH HASBHOCTI OUIOro IIymMy B
NPUMHATHX YAaCOBUX 3aJIEKHOCTSIX.
6. Brneprie 3anmponoHoBaHO HOBUU MiJXiA 10 BU3HAYCHHS MICIIE3HAXOKCHHS
IPUXOBAHUX 00’ €KTIB y IPYHTI 3a JOMIOMOI0OI0 KOJIEKTUBHOT'O IITYYHOTO 1HTEJIEKTY,
M0 OJIHOYAacCHO o00pobssie oOaHI 1 TI 3K 4YacoBl 3aJ€KHOCTI, OTpPUMaHI
HAAIIMPOKOCMYTOBUM T€0pagapoM.

[TpakTHUHE 3HaYEHHS] OTPUMAHUX PE3YJIbTATIB:
l. BcranoBienuii 38’ 430K MK HEBITIOMUMHE KoedimieHTamu 3 piBHsAHb KieitHa-
['opona, siKi ONMCYIOTh IPOXO/PKEHHS HECTAlllOHAPHMX XBWJIb Y CEPEIOBHILE,
JIEMOHCTPYE MOXJIMBICTh KOHIICHTpAIlli €HepTii eJIEKTPOMArHiTHOI XBHIIl Y TPYHTI,
noai0HO A0 sIBUIIA “€JeKTPOMArHITHOTO CHapsAy”, 3 METOI 30UIbIIEHHS €Heprii
BIIOMTOI BiJl TMPHUXOBAHOTO OO0’€KTYy XBWJII Ta, BIJANOBIAHO, MOKpAIIEHHS MHOTO
pO3Ii3HABaHHS.
2. AHani3 po3mi3HaBaHHS MPUXOBAHUX OO €KTIB IITYYHUMH HEUPOHHUMU
MepeKaMu Ta KOPENLIMHUM MIJIXOJ0OM JI03BOJSIE CYTTEBO TOKpPAUIUTH iX
BUSIBIICHHS 32 YMOBH IXHBOT'O OJTHOYACHOTO 3aCTOCYBAHHS.
3. 3acTocyBaHHS METOY TUCKPETHOT ToMOrpadii Ayt OTpUMAaHHS 10AaTKOBOTO
Ha0Opy BXIJTHUX JAHUX JIJIS IITYYHOI HEHPOHHOT MEPEXKI 32 PAXyHOK BUKOPUCTAHHS
ocobnmBocTel (DI3MYHUX MPOLECIB MPU MOMIKUPEHHI IMIYJIBCHUX XBHWJIb y TPYHTI
3MEHIIIy€e 00cCsST HEoOXITHUX OOYMCITIOBAILHUX PECcypciB 0e3 BTpaTH TOYHOCTI
pO3Mi3HaBaHHS MPUXOBAHUX 00’ €KTIB, 1110 € KOPUCHUM JIJIs1 HOBUX pajapiB, 3AaTHUX
B pEaIbHOMY Yaci BUSIBIISITU MPUXOBaH1 HEOE3MEUH1 00’ €EKTH.
4. [TpoBeneH1 JOCHiKEHHS 3 BUKOPUCTAHHS IITYYHUX HEMPOHHUX MEPExX AJIs
BUSIBJICHHSI MPOTUIIXOTHUX MIH, B TOMY YHCII B HEOJHOPIAHOMY CEpEIOBHUII,
JI03BOJISIE CTBOPUTHU HOBI YHIKaJIbHI CUCTEMH PO3MIHYBaHHS, CIPOMO>KHI BUSIBIISITU
MPUXOBaHI BUOYXOBI MPHUCTPOI, IO MPAKTUYHO HE MAIOTh y CKJAJl METaJIEeBHX
JaCTHH.
5. 3anpornoHOBaHUN HOBHMM TIAXig A0 BHU3HAYCHHS MICIE3HAXOKESHHS
MPUXOBAHUX 00’ €KTIB y IPYHTI 32 TOMOMOI'OI0 KOJIEKTUBHOIO IITYYHOT'O 1HTEJIEKTY

3 JJaHHUX, OTPUMAHUX HAAIIUPOKOCMYT'OBHUM I'€OpaapOM, JT03BOJISIE HiI[BI/IIHI/ITI/I HC



TUIBKH TOYHICTh MICIS PO3TalllyBaHHS 00’ €KTY, aje 1 AKICTh MOr0 pO3IMi3HABaHHS,
0 Ma€ TMpaKTUYHE 3HAYCHHS IS TEOJIOTIYHUX JOCHTIKEHb, OYIiBHUIITBA Ta

BIMICHKOBUX 3aCTOCYBaHb.

Kuarouosi caoBa: qudpakiis, meroa kinmnesux pizuuip (FDTD), neiiponna
Mepexa, €JIEKTPOMAarHiTHa XBUJIA, BUIIPOMIHIOBaHHS, PO3CIIOBaHHs
CJICKTPOMArHiTHUX XBWJIb, paJllOjOKallisl, TJIMOOKa HEeWpOHHA Mepeka, TIuOoKe

HABYaHHS, IITYYHUH THTEIEKT, PO3CIFOBAaHHSI.



ABSTRACT

Pryshchenko O. A. The use of ultra-wideband electromagnetic waves and
artificial intelligence for detecting metal and dielectric subsurface objects.

Dissertation for the degree of Doctor of Philosophy in specialty 105 - Applied
Physics and Nanomaterials (Physical and Mathematical Sciences) - V. N. Karazin
Kharkiv National University of the Ministry of Education and Science of Ukraine,
Kharkiv, 2024.

The dissertation is devoted to solving the actual issue of investigating the
experimental and theoretical aspects of radiation and propagation of transient
electromagnetic waves in the media with complex spatial distribution. The work also
covers the analysis of diffraction of these fields on objects located in these media,
the application of methods for obtaining and processing reflected signals, and the
development of algorithms for recognizing hidden objects and determining their
position using artificial intelligence approaches.

The purpose of the dissertation is to study the key physical processes of
transforming impulse ultra-wideband electromagnetic fields at the boundaries of
material media and hidden objects with complex structures for the reliable detection
of these objects based on the reflected field in the presence of noise interference
using artificial intelligence approaches.

The first chapter represents an analytical review of the literature. It
demonstrates that many electromagnetic phenomena, both natural and artificial,
exhibit non-stationarity as an integral component of the informational nature of the
surrounding world. Therefore, transient electromagnetic fields are promising for
both receiving-transmitting devices and radar systems capable of capturing
significantly more data about the investigated object through the analysis of reflected
waves. An important direction of these studies is the application of ultra-wideband
radars for subsurface surveys to find hidden objects, determine their type and
coordinates. However, achieving this goal is possible through the use of special
information processing methods. One of the most promising methods is the approach

based on the use of artificial neural networks and artificial intelligence. Their feature



is the low sensitivity to measurement errors, distortions in the shape of the received
signal due to the influence of noise and the inhomogeneity of the wave propagation
medium. However, to clarify the main peculiarities of transient field transformations
at the boundary of the medium, it is necessary to analytically solve the problem of a
transient wave falling on it in the time domain.

In the second chapter, the transient electrodynamic problem of the penetration
of the impulse electromagnetic wave from one medium into another lossless medium
is analytically solved. To achieve this goal, the unknown coefficients from the
general solutions of the Klein-Gordon equations, which act as multipliers in the
evolutionary coefficients, are found using boundary conditions. The problem of the
propagation of a transient impulse wave is solved using the method of evolutionary
equations. The general solution of the Klein-Gordon equations is obtained by the
method of separation of variables. The solution of the inhomogeneous Klein-Gordon
equation is obtained using the Riemann function method. The connection between
the unknown coefficients from the solved equations is sought using the boundary
conditions for the tangential components of the fields according to the laws of
classical electrodynamics.

The third chapter is dedicated to the application of the discrete tomography
method for the tasks of finding hidden objects in a soil model using artificial neural
networks. This approach is compared with the classical correlation method. It was
found that the discrete tomography method provides satisfactory results, often
surpassing the correlation method in the accuracy of detecting hidden objects.
Consequently, further research focuses on the discrete tomography method. The
influence of the scanning step and time window on the quality of recognition of
different objects is studied. It was found that reducing the scanning step improves
the accuracy of determining the object’s coordinates, but significantly increases
computational costs. Additionally, it was discovered that the optimal size of the time
window depends on the characteristics of the objects and the properties of the soil.
Furthermore, the noise resistance of the proposed algorithm is studied. In particular,

the performance of the algorithm in the presence of noise in the received signals is



analyzed. The importance of combining discrete tomography methods with modern
machine learning approaches 1s demonstrated, allowing for significant
advancements in recognizing hidden objects in complex conditions.

In the fourth chapter of this dissertation, the model problem approaches
maximally to real conditions, which is crucial for the practical application of the
dissertation’s results. The hidden objects are precise models of anti-personnel mines,
consisting of dielectrics with various dielectric permittivities and metal parts of
different sizes. This allows the investigation of the chosen approach’s effectiveness
under conditions close to reality, where there is a need to distinguish hidden objects
with similar parameters. The radiator is a model of real operating ultra-wideband
ground-penetrating radar, which forms signals from the received electromagnetic
wave that minimize the impact of wave reflection from the air-soil boundary, which
does not carry useful information for analysis. The results of mine detection in
heterogeneous soil, which is a typical complication in the operation of ground-
penetrating radars, are presented. The noise resistance of the proposed approach is
studied. Further improvement in object recognition is achieved using a modern
approach within machine learning tasks, involving the use of an ensemble of neural
networks with structures that have the potential to improve classification results.

The scientific novelty of the dissertation is in the following results:

1. Using the boundary conditions of classical electrodynamics, the relationship
between the evolutionary coefficients from the Klein-Gordon equations, which
describe the incident, transmitted, and reflected non-stationary waves in the first
approximation, was found for the first time.

2. It was established for the first time that in the presence of Gaussian noise in
the received signals, the final results of object position recognition by artificial
neural networks have an advantage over the cross-correlation method at low noise
levels. However, under significant noise presence, these two approaches do not show
noticeable advantages over each other, except that artificial neural networks operate

orders of magnitude faster, especially when implemented in specialized microchips.



3. For the first time, the approach of discrete tomography demonstrated the
enhancement of the informational components of electromagnetic waves reflected
from a hidden object, using the ray approximation of these waves while considering
their temporal form, dielectric parameters of the soil, processes at the air-soil
boundary, and the use of several distributed receiving antennas above the soil.
4. The optimal parameters of the system based on the discrete tomography
method were determined for the first time: time window, number of receiving
antennas, input data augmentation, and the proportion of pre-processed input signals,
in the presence of high-level noise in the input tracts of the antenna receivers.
3. The quality of recognition by the artificial neural network method for
detecting various anti-personnel mines, such as PMN-1, PMN-4, and PFM, in a
heterogeneous environment with the presence of white noise in the received time
dependencies was evaluated for the first time.
6. A new approach to determining the location of hidden objects in the soil using
collective artificial intelligence, which simultaneously processes the same time
dependencies obtained by ultra-wideband ground-penetrating radar, was proposed
for the first time.

Practical significance of the results:
1. The relationship between the unknown coefficients from the Klein-Gordon
equations is established, which describe the passage of transient waves into a
medium, demonstrates the possibility of concentrating the energy of the
electromagnetic wave in the soil, similar to the phenomenon of an “electromagnetic
projectile,” to increase the energy of the wave reflected from the hidden object and,
consequently, improve its recognition.
2. The analysis of recognizing hidden objects using artificial neural networks
and the correlation approach allows a significant improvement in their detection
when applied simultaneously.
3. The application of the discrete tomography approach to obtain the additional
set of input data for the artificial neural network by utilizing the physical processes

during the propagation of impulse waves in the soil reduces the necessary



computational resources without losing the accuracy of recognizing hidden objects.
This is beneficial for new radars capable of detecting hidden dangerous objects in
real time.
4. The carried out research on artificial neural networks for detecting anti-
personnel mines, including in a heterogeneous environment, allows the creation of
new unique demining systems capable of detecting hidden explosive devices that
practically do not contain metal parts.
5. The new proposed approach to determining the location of hidden objects in
the soil using collective artificial intelligence with data obtained from an ultra-
wideband ground-penetrating radar not only increases the accuracy of the object’s
location, but also improves the quality of its recognition. This has practical
significance for geological research, construction, and military applications.
Keywords: diffraction, finite-difference time-domain method (FDTD),
neural network, electromagnetic wave, radiation, electromagnetic wave scattering,

radiolocation, deep neural network, deep learning, artificial intelligence, scattering.
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