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MiHicTepcTBa OCBITH 1 HAyKU Y Kpainu, Xapkis, 2023.

Huceprariitna poOOTa TPUCBSIYEHA PO3B’SI3aHHIO AKTyallbHOI TpoOJieMH —
EKCIIEPUMEHTAIbHOMY Ta TEOPETUYHOMY JAOCIIIPKEHHIO MPOIIECIB BUTIPOMIHIOBAHHS Ta
NOIIMPEHHS HECTAI[IOHAPHUX €JIEKTPOMArHiTHUX MOJIIB y IIAPYBATHX CEPEIOBUIIAX, 1X
nudpakiiis Ha MiAMOBEPXHEBUX 00’ €KTaX, MPUMOMY BIIOUTUX XBUJIb Ta PO3Ii3HABAHHS
uX 00’€KTIB 1 IXHPOTO MiClLil PO3TALIYBAHHS 3a JOMOMOTOI0 IITYYHUX HEHPOHHUX
MEPEK.

Meroto aucepraiiifHoi poOOTH € BUSBJICHHS OCHOBHHUX (DI3MYHHMX MPOILIECIB
NEePETBOPEHDb IMIYJIbCHUX HAJIIMPOKOCMYTOBHUX €JIEKTPOMArHITHUX IMOMIB Yy OJIMKHIN
1 TalbHIM 30HAaX aHTEH, Ha TPAHUIIX MaTeplaJbHUX CEPEIOBHII Ta 3aHYPEHUX B HUX
00’€KTIB CKIaAHOI (POpMHU 1 CKIIaqy 3 METOI0 iXHBOTO HAJIWHOTO PO3Mi3HABAHHS B
YMOBaXx 3aBaJl 3a JOMOMOTOI0 ITYYHUX HEHPOHHUX MEPEK.

3 mepuoro po3aiay, SKHW € OrJIsI0BUM, BHIUIMBAE, IO OaraTo MPUPOAHHUX 1
HMITYYHUX E€JIEKTPOMArHITHUX MPOLECIB y HAIIOMY HUTTI € HeCTalloOHapHUMU. Tomy
BHUBYCHHSI TOXOPKCHHSI €JIEKTPOMArHiTHUX XBWJIb Y OJMKHIN 30HI BUIIPOMIHIOBAYIB 1
iX TIOMUPEHHS y BUIBHOMY MPOCTOPI 1 MaTepiaibHUX CEPEIOBHINAX € aKTyaIbHOIO
3a/1auero, ska Oe3MocepeHbO CTOCYe€ThCcs TeMu nucepraiii. OKpiM BHBUYCHHS
eJIEKTPOMArHiTHUX TMPOIIECIiB, IO CYNPOBOIKYIOTh POOOTY HAAIIMPOKOCMYTOBHX
paznapiB MiANOBEPXHEBOIO 30HIYBaHHS, € HEOOXIIHICTh Yy BUOOpI, 3aCTOCYBaHHI 1

onTuMmizauii MeToaiB oOpoOKH 1HPopMallii, IKy HEOOX1JHO OTPUMATH ISl HAIIMHOTO



BU3HAUEHHS THUITY 1 MOJOXEHHS MIJNOBEPXHEBOrO0 O0’€KTa B YMOBax 3aBajJl uepes
HEOJTHOPIJTHICTh CEpPEJOBUINA Ta BHHATKOBO Mayoi iH(GOpMaIiiHOI eHepreTUYHOi
CKJIaJIoBOi B1IOUTHX TOdiB. OmnucaHl TepeBaru eJeKTPOJWHAMIYHUX METOJIB Y
YacOBOMY IPOCTOPI ISl PO3B’S3aHHS MOCTaBICHHUX 3a7ad. TakKoXX IiIKPECTIOEThCS
BaXUIMBICTh BU3HAYEHHS JAI1EJEKTPUYHUX XAPAKTEPUCTUK MaTeplajJbHUX CEPEIOBUILL
yepe3 ixXHI 3HAUHMN BIUIUB Ha PE3y/lbTAaTH IOIIYKY 1 PO3MI3HABAHHS MPUXOBAHUX
00’exTiB. OmnucaHO MIATPYHTA, SK BHPIIICHHS 3a7adi PO3Mi3HABaHHS BiIOUTOTO
CUTHAJIYy INTYYHOIO HEHPOHHOIO MEpEXEH MOXke OyTH 3aCTOCOBAHO 10 3ajJaul
MO3UIIIFOBAaHHS Ha OCHOBI IIbOTO HOBOTO MIJIXOY.

VY npyromy po3aiii po3riISIHYTO HeCTal[loHapHE BUIPOMIHIOBAHHS HAUMPOCTIIIOL
MOJIeJIl peaJbHOr0 BUIIPOMIHIOBaYa — €JIEMEHTAPHOTO BUIIPOMIHIOBaYa HECKIHUEHHO
MaJuX pO3MIpiB, IO MOPOIKYETHCS MPOTIKAHHSAM €JIEKTPUYHOTO CTPYMY 13 IOBUIBHOIO
4acoBOIO 3aiexkHICTIO. He nuBnsynch Ha Te, 110 TaKUil BULIPOMIHIOBAY HE MOXe OyTH
CTBOpPEHHH, 10 BIH € MOJEIUIIO, SKa HE BPAXOBYE NMPUPOAN 30yIKyHOHUOrO CTPyMY,
KpUTEepli KWOro MaJloCTI HE € OJHAaKOBHMMHM B YCIX HampsiMKax, 1 Oe3mocepenHs
eKCIIEpUMEHTaIbHa IEPEBIPKU HOT0O XapaKTEPUCTUK HEMOKIIUBA, TOCIIKEHHS JaHOTO
BUIIPOMIHIOBaYa PO3KPUBAE CYTHICTh KIIFOUOBUX (DI3MYHUX MPOLECIB, 110 MPOTIKAIOTh
B yCiX aHTeHax 1 iX OKojdi, Ta mporec (GOPMYBAHHS E€JIEKTPOMArHITHOI XBHWI. AJie
HECTaI[IOHAPHUM PEXKUM HOT0 30y/HKEHHS T0JaTKOBO PO3KPUBAE HU3KY OCOOJIMBOCTEM
MOBEAIHKA €JEKTPOMArHiTHOIO TMOJISI HaBKOJIO AMNOJs I'epua 3aBasKu >KOPCTKIN
M1MOPAIKOBAHOCTI MPOIIECIB MPUHIUITY MPUYUHHOCTI Ha BIJIMIHY BiJI KJIACUYHOTO
M1IX0y 13 BAKOPUCTAHHIM TapMOHIYHOI 3aJIeKHOCTI cTpymy. IIpencraBnenuit maxia
3aCTOCOBYETHCS TSt JOCTIKEHHS BJIACTUBOCTEH €JIEKTPOMArHiTHOTO
BUMIPOMIHIOBAaHHS ~ CY4aCHUX  PEHKOTPOHHHUX  CHCTEM Ta  KOMOIHOBaHHMX
HAJIIMPOKOCMYTOBUX AHTEH EJIEKTPUYHOIO 1 MarHiTHOro tumy. KinacuuHi ¢popmynu
JUIS YCIX KOMIIOHEHT BUIIPOMIHIOBAHOIO MOJIA, B TOMY YHCII 1 B OJMXHIN 30HI, €
HAOMIDKEHUMH, TaK SK OTPUMaHI y HAOMIMKEHHI MaJIOCTI JOBXKHHH JUIOJS 1 HOTO

TOBUIMHU. 3aCTOCYBaHHS pO3KJIAQy KOMIIOHEHT BEKTOPHOTO MOTEHLIANy B PsiA



Teitnopa 3a ManuM mapaMeTpoM 3 BpaxXyBaHHSIM OLIbIIOT KIJIBKOCTI WIEHIB PSAY Y
MOPIBHSAHHI 13 KJIACHYHOIO MPOLEAYPOIO T03BOJISIE OTPUMATH €JIEKTPOMArHITHI TOJIS B
aHajgiTHyHOMY BUIIAAl. lle 103Boisie B sSBHOMY BUIVISAI MOOAYWTH, IO B
Oe3nocepenHid OMM3BKOCTI BiJ JDKEpena CTPyMy CKIAJO0BI BUIPOMIHEHOI XBHII
3racaloTh. IX ieHTH(iKallis JerKo IPOBOAUTHLCS 3aBISKH BUKOPUCTAHHIO PO3B’A3KY Y
4acOBOMY IIPOCTOPi, TOMY IO XBHJIEBA YACTHUHA €JIEKTPOMATHITHOTO TOJI MA€ 1HIIY
4acoBY 3aJIeXKHICTh, a caMme, MPOMOpIiiiHa mMepiriil NOXiAHIM 3a YacoM BiA
30y/IKYI0UOTO CTPYMY.

OOrpyHTOBAaHO KpHUTEPI MeX1 XBUIBOBOI 30HM Uil BHUIIPOMIHIOBAYa 3
TEOMETPUYHUMH NapaMETpaMH PEUMKOTPOHA, AKUWA y LBbOMY BHUIIQJKYy NOB’SI3aHUU
TUTBKH 3 XapaKTEPHOIO TPUBATICTIO BUIIPOMIHEHOTO IMITYJIbCY M 30BCIM HE 3aJICKUThH
Bl PO3MIpIB BHUIPOMIHIOBaYa. bByjo MOCHIIKEHO HaJIIMPOKOCMYTOBHM aHaJIOT
KOMOIHOBaHOTO BUIpOMiHIOBaua KiieBiHa, sikui Toe€aHye B coOl BUIIPOMIHIOBaui
MAarHiTHOT'O Ta €JIEKTPUYHOTO THUITY.

Tpertiii po3ALI IPUCBAYEHO BUSBICHHIO MIANOBEPXHEBUX 00’ €KTIB, IO 3aHYPEH1
y JIENEKTPUYHE CEpEJOBHUIEC 13 BTpaTaMH, SKAM € TIPYHTH, 32 JOTMOMOTOIO
ONIPOMIHEHHS HAIIMPOKOCMYTOBUMH €JIEKTPOMAarHITHUMH TOJISIMHU Cy4acHHUX Paiapis,
Kl B TEPEBaKHIM O1IBIIIOCTI BUKOPHUCTOBYIOTH AHTCHHM arepTrypHoro tumy. lLle
noTpedye TEOPETUYHOTO JAOCTIKEHHS Y YaCOBOMY ITPOCTOP1 MPOIIECIB TPOXOIKEHHS
HECTAaI[IOHAPHUX XBUJIb Y€PE3 TPAHUIII0 PO3MOJUTY BOX cepenoBuil. Ha BinMiHy Bia
KJIACUYHUX PE3YJIbTATIB, 1€ BUKOPUCTOBYETHCS JXKEPEIIO Y BUTJISAII JIACKOT XBUJIL, TYT
PO3TISAAETHCS anlepTypHUI BUIPOMIHIOBAY, SIK JPKEPEIIO, 13 MOAAIBIIINM aHATI THIHIM
pPO3B’sA3aHHAM LII€i 3a/1a4l y 4aCOBOMY IMPOCTOPIB METOJOM EBOJIIOLIIHUX PIBHSHbD.
He3nanHs gienekTpudHOT TPOHUKHOCTI Ta BTPAT IPYHTIB € OJHIEIO 3 HAWCEPHO3HIIIUX
npo0JieM mpH iX paJlapHUX JOCHiKeHHX. [IpeacTaBieHnii JeKOMITO3UINIAHAM TT1X1]
€ OOTPpYHTOBAHUM Yepe3 Te, 1110, 3arajioM, 1151 TECOPETUKO-TIPAKTUYHA 33]/1a4a € JITHIHHOIO
1 TOMY JIO3BOJISIE OKPEMHUUN PO3TISAA 1 CKIAMOBUX 13 TMOAAIBIINM BpaxyBaHHSIM

pe3yJbTaTiB JOCHIKEHb.



3aBASKH €BOJIOLIMHOMY MiAX0Ay Oyl0o aHAJITUYHO PO3B’SI3aHO Y YacCOBOMY
MIPOCTOPi 3a/7ady ONMPOMIHEHHS MieIEKTPHUKAa HECTAIIOHAPHOIO XBHJICIO allepTypHUM
JUKEPENIOM CKiHYeHHUX po3MipiB. lIInsxom 3miMBaHHS KOMIIOHEHT IOJISI Y 4acOBOMY
MPOCTOP1 BHAJIOCS y TEpIIOMY HAONMKEHHI OTPUMATH aHAJITHYHI BHpA3H IS
BIJIOMTOTO TOJIA 1 MOJIS, 110 IPOUIIO B cepenoBuiie. OTpuMaHi pe3yiabTaTH MOKHA
JIETKO y3araJIbHUTH JJI BUMAJKY IMITYJIbCY JOBUIBHOI ()OPMHU 3a JIONIOMOTH METOIY
iHTerpanny roamens Ta 11l TOBUTBHUX TOYOK CTIOCTEPEKECHHS.

BusnaueHHs1 J11€NEKTPUYHOI MPOHUKHOCTI MPOBEACHO IUIAXOM IOPIBHSHHSA
PO3paxXyHKOBHX 3aJIEKHOCTEN Koe(illleHTa mepenayl pe3oHaTopa Bij PO3TallyBaHHS
3pa3ka MpU PI3HUX 3HAYEHHSX 3 aHAJOTIYHOIO BUMIPSHOIO 3AJIEKHICTIO M0 MIHIMyMY
3HAYEHHSI CTaHJAPTHOTO BIIXUJICHHS.

VY yeTBEepTOMY P03 MPOJEMOHCTPOBAHO 3aCTOCYBAHHS IITYYHUX HEHPOHHHUX
MEpeX JUIsl MpsSMOTO, B YacOBOMY IpPOCTOpPi, pO3MI3HABAHHA MPUHHATHX
HAAIMPOKOCMYTOBUX CUTHAJIIB 3 METOIO BUHAYCHHSI [TOJIOXKEHHS ITpUiiMaya BIIHOCHO
CTaI[lOHAPHUX BHUIPOMIHIOBAYIB, 30y/KEHUX IMITYyJIbCHUMHU CTpyMamu, Ta TUIY 1
MOJIOKEHHST MPUXOBAHOTO M1/l TOBEPXHEIO IPYHTY 00’ekTy. CTiiiKicTh Kiacudikarrii
00’€KTIB TECTYETHCS 3a IOMIOMOTOI0 BHBYCHHS peakilii MTYYHUX HEUPOHHUX MEPEK
(ITHM) na BHeceHHs aauTuBHOTrO mymy. IIBUAKICTH 1 HaAiHICTH pO3Mi3HABAHHS
MEePEBIPSIETHCA TOPIBHSIHHSAM 3 KOPEIAIIMHUM TiaxoaoM. IlpakThyHa IIIHHICTH
3aMpONOHOBAHOTO MIJIXOAY UIFOCTPYETHCS BUKOPUCTAHHSIM OJU3BKOTO J0 PEATIbHOTO
JoKEpelia ToJIiB 3 OOMEXEHOI €HEPTi€l0, PO3TAIIOBAHOTO Ha HEBEJWKIN BUCOTI Bij
IPYHTY, 3aCTOCYBaHHSIM TaKOTO CKJIQJHOTO JUIsl pO3Mi3HaBaHHS 00’€KTa, SIK peajbHa
NPOTUIIXOTHA MiHA, Ta CPOOa MPSIMOTO HABYAHHS IITYYHOI HEMPOHHOI Mepexi Ha
pO3Mi3HaBaHHS MIH 3 JaHUX EKCIEPUMEHTAIbHUX pajaporpam, 3HSATUX B YMOBax,
OJIN3bKUX JI0 PeabHUX.

Cucrema mo3uIliOHyBaHHS Ha 3MiHI (OpMH BUIPOMIHEHOT XBUJII 0€3 HOCIHHOTO
rapMOHIYHOTO KOJIUBaHHS MOXe OyTH e(dEeKTHBHO BHKOPUCTAHA Yy 3aKPUTHUX

OPUMILIEHHSX Ta OOMEXKEHMX 3a pO3MIpoM Iulomiax. BiAMIHHOIO OCOOIMBICTIO



NO3UI[IOHYBAaHHS Ha IMIYJIbCHUX €JEKTPOMArHiTHUX XBHUJISX € 1i BHCOKa
3aBaJIOCTIMKICTh /0 ICHYIOUMX BY3bKOCMYTOBUX  €IIEKTPOMATHITHUX  XBUJIb.
[TopiBastausa [IIHM Ta MeTOMIB KOpensIii JJis po3ii3HaBaHHS KyTIB IMOKa3ye, IO
HITY49HI HEHWPOHHI MEpeXi MOXYTh MPOJEMOHCTPYBATH Kpally TOYHICTh, HIXK
KOpessiiHaud miaxia. JocipKeHo BIUIMB TPUBAIOCTI €JIEKTPOMArHITHOTO IMITYJIbCY
Ha AKICTh Kiacu@ikallii KyTiB 3a HASBHOCTI IITyMY JIJIsl 000X MPECTaBICHUX METOIIB.

3amaya BUSBICHHS TIAMOMHM pO3TAIIyBAaHHS METAJIEBOrO O0’€KTy, SKUN
MIPUXOBAHUN B OJHOPITHOMY cepeaoBuill 3a gornomororo [IIHM, 1o ananizye Bigoute
IMITyJIbCHE €JIEKTPOMArHITHE MOJE, OYIKyBAaHO € OUIbII CKJIAJHOI, HDK 3a7aya
BCTAHOBJICHHSI HOTO TpHCYyTHOCTI. /[ BUMAAKy MoOJENl 3 HaIIIHPOKOCMYTOBHM
onpoMiHioBaueM Tuiy «Metenuk» pociimxkxena uyrausicts IIHM no 3miHu BUcOTH
AHTEHHOI CUCTEMHU.

JocmimkyroTbes anpokcuMariitai  BiractuBocti [IIHM, mo m103BOJsAIOTE iM
€(pEeKTUBHO MPOTUCTOSTH IIyMaM Yy BXIJHUX JaHuX. llepeBipseTbcsi BIIUB
NonepeIHb01 0OPOOKHU BXIJHUX CUTHAJIB BEUBIET-NIEPETBOPEHHS Ta METOAY I'yCEHHII
JUISL 3HEITyMJIeHHS Ha pesynbratu kiacudikamii [IIHM. Jlna BupimenHs 3amaqi
pO3Mi3HaBaHHS MOJENl MIHU, 3aXOBaHOi B IPYyHTIi, 3acTocoBytoThcs IIITHM pi3zHux
CTpyKTYyp, 3 mmapamu SoftMax, 3 meromom Dropout i mopiBHIOETBCA iX poOOTa.
JocnmimxyroThest MOKIUBICTE pobotu [ITHM He B pexumi 1HTEpHONALIi, a B PEKUMI
€KCTpanoJiAlLlii, BAKOPUCTAHHS i1 1J11 BUNIAAKIB, SIK1 HE € MPOMIKHUMHU 3a TapaMeTpaMH,
Ha skux [IIHM tpenyBanace. [IpoBonutbes nopiBHsiHHsA MeToiB [ITHM Tta B3aemHOi
KOpeJsLii JiJIsl po3Mi3HABaHHS NPUXOBAHUX O0’€KTIB 3a HASBHOCTI OUIOT0O ILIyMy
pi3HOro piBHA. Jl0CHIIKY€ETHCS MOXKIUBICTD PO3MI3HABAHHS PEATbHUX MPOTUIIXOTHUX
MIH aHaJIi30M CHUTHAJIIB, OTPUMAHMX METOJAaMH YHCJIOBOTO MOJCIIOBAHHS Ta
eKCIIEPUMEHTATBHIUX JOCITIKEHb.

HaykoBa HOBM3HA nucepTaIlitHol poOOTH TOJISITaE y TaKUX i1 pe3ysIbTaTax:

1. Brnepiie nmoka3zaHo, 110 aKTyaJbHUM 3HAUEHHSM OJIMYKHBOI IPaHUIl AATBHBOI

30HU € T€, IO CHOCTEPITaETHCS B MOMEHT MPOXO/KEHHS TI€1 YACTHUHH IMITYJIbCY, IO



Mae HabOube iHpOopMaIIiitHe HaBaHTAXKEHHSI, HAUOITBITY MBUAKICTh 3MIHU B TOYII
IPUHAOMY.

2. Bnepiie Baanoch JAOKOPIHHUM YHHOM IMOKpAaUTH (OPMYBaHHS XBHIL Y
ONMMKHIN 30HI IMIYJTBCHOTO BUIIPOMIHIOBaYa €JIEKTPUYHOTO THUITY, PO3TAIIOBYIOYH B
HIM BUIPOMIHIOBaY MarHiTHoro tumy. IlepeBaroro Takoro KOMOIHOBAHOTO
BUIIPOMIHIOBaYa, HAAMIUPOKOCMYTOBOTO aHanora anTeHu KieBiHa, € edekTuBHE
dbopMyBaHHS B HEBEIMKOMY (i3UUHOMY OO0’€Mi IMITyJIbCHOT XBWJII 3 MallMHU
HICTSIMITYJIbCHUMU KOJIMBAaHHSAMM 0€3 3aCTOCYBAHHS JOJATKOBUX IITYYHUX OMIYHUX
BTpAT, 10 € AKTyaJIbHUM JJIA 11 3aCTOCYBaHHS JIJIsl PI3HMX 33/a4, B TOMY YHCII1 ITepeaayi
1H(popMaIlii Ta 30HAyBaHHS.

3. [Insx0M 31IMBaHHSA KOMIIOHEHT I0JI Y YaCOBOMY MPOCTOPI BIIEpILIE BAANOCS Y
NepIIoMy HAaOIMKEHHI OTPUMATH AHAJIITUYHI BUPA3HU JUIsl BIIOUTOTO MOJIS 1 MOJIs, 110
npodnuio B cepepoBuile. [IponeMoHCTpoBaHa ~— MOXJIIMBICTE  (hOpMyBaHHs
«EJIEKTPOMArHiTHOIO CHapsay» Yy CEpelOBUIll, IO ONPOMIHEHE IMITYJIbCHOIO
€JIEKTPOMArHITHOIO XBUJICKO HAAKOPOTKOI TPUBAIOCTI.

4. 3anpornoHOBaHO HOBY  METOAMKY PO3PaxyHKY IIOXMOKM  BU3HAUYCHHS
KOMILJIEKCHOI JIIEIEKTPUYHOI MPOHUKHOCTI MpPHU TMOPIBHSAHHI PO3PaxyHKOBOi Ta
BUMIPSIHOI 0a3 JJaHUX.

5. Bnepmie mnokazano mopiBHsgHHsAM [IIHM Ta wmeromiB kopensmii s
pO3MI3HaBaHHS KYTiB, IO IITY4YHI HEHPOHHI MEPEXI MOXKYTh IMPOJEMOHCTPYBATH
Kpalry TOYHICTh, HIXK Kopensauiauil minxia. Hamiinum € Bukopuctanus IITHM no
3nayeHHss CCII = 10 nb ta Bume i metoay B3aemuoi kopessmii st CCHI = 20 nb ta
Buiie. Ase HaBiTh jJuisi CCI = 0 n1b IIIHM nae xopekTHe po3mi3HaBaHHS KYTiB MiCJIs
CTAaTUCTUYHOTO YycepeaHeHHs pe3ynbTaTiB kiacudikamii. [IHM B uwucmoBomy
MOJICTIIOBaHHI JEMOHCTPYE Yac pPO3paxyHKy Ha TpHU TOPSAKH MEHIIUNA, HIX HaM
NOTPIOHO JIs1 PO3PaXyHKY (YHKITIT B3a€EMHOT KOPEJIAIIIi.

6. Brnepiie mnponeMoHCTpoBaHO, IO 3acTocyBaHHA Mmapy SoftMax poOuTh

BianoBial [IIHM Oubiin KOHTpaCTHUMHU B 3a7a4ax MiJIMOBEPXHEBOIO 30HyBaHHS, ajie



MPU3BOJUTH JIO JIEJIBE MOMITHUX MOMUJIOK. 3aCTOCYyBaHHS MeTomy Dropout B 1ijomy
niABUIINIIO AKICTh poOoTu LITHM s wiei 3aadi.
7. Bnepiie Bu3HaueHo, IO 3a HASBHOCTI O1J0T0 IIyMy Pi3HOTO PIBHS HEMae
JIOCTOBIPHHX TEpeBar y KiHIIEBUX pe3yJibTaTaxX pO3IMi3HABaHHS MO3MIIH 00'exTa AJis
o60x miaxoxaiB [IIHM Ta B3aemHo1 Kopensiii. MeTos B3aeMHOT KOpedilii He moTpedye
CHHXPOHI3allll 4acy Mk BUIIPOMIHIOBaueM Ta MpuitMadeM, Ha Biaminy Bia LITHM, ane
BUMAara€ 3HAYHOTO dYacy pO3paxyHKy, TOMY € MOXJIHMBICTh TOKPAITUTH SKICTh
Kkiacudikaii po3rairyBaHHs 00’ €KTa, OETHABIIM 111 ABa IT1IXO0JIH.

[IpakTruHe 3HaYEHHS OTPUMAHHUX PE3yJIbTATIB!
1. OTtpuman1 BUpa3u AJi OB Y OJIM)KHIM 30H1 HECTAlllOHAPHUX BUIPOMIHIOBAYIB
MalTh MPAKTHUYHY I[IHHICTh JUIS paJapHUX CHUCTEM, Ji€ OO0 €KTH JIOCHIIKEHb
3HaXOJAThCS B OJMDKHIM 30HI, CUCTEMaxX HEPYWHIBHOrO KOHTpouito. Lli pesynbratu
BOKJIMBI IS 3I0POB’S OOCIYTrOBYHOYOTO TEPCOHANY pajJapHUX Ta PEUKOTPOHHUX
CHCTEM.
2. Po3po0neHo MeTOAMKM BU3HAYEHHS M1EJIEKTPUYHOI MPOHUKHOCTI 3 BHUCOKOIO
TOYHICTIO Ta CTBOPEHO BHIIPOMIHIOBAYi, IO BAXJIWBO I TOYHOTO BU3HAYCHHS
JIOKaJIbLHUX HEOJHOPIAHOCTEH B 00'€KTax B 3a/1a4ax MiJIMOBEPXHEBOTO 30HTyBaHHS.
3. 3anpornoHoBaHi B poOOTI BUNPOMIHIOBAYl MOXYTh OyTHM BHUKOPUCTaHI B
0€3pOTOBUX JIOKAILHUX MEpeXax, 3a/layaX HEpyHHIBHOTO KOHTPOJIO, MOHITOPUHTY
HaBKOJIMIITHLOTO CepeIoBUIIa, O10JI0T1i, METUIIMHI TOIIIO.
4, HanmmpokocmyroBuii komOiHOBaHUI BuripomiHioBau KieBiHa € TpakTUYHO
IIHHUM 4Yepe3 Te, 1[0 Maloyd BIJIHOCHO MaJjl po3Mipu BiH €(PEKTUBHO BUIIPOMIHIOE
IMITYJICHI €JIEKTPOMArHiTHI XBWJI1 SIK OAMHOYHA aHTEHA, TaK 1 K €JIEMEHT aHTEHHOI
PEIITKY.
S. [IpakTvyHa IIHHICTH 3alpPONOHOBAHOrO MiAXOAY po3mnidHaBaHHA Ha [IIHM
IPYHTYETHCS HA BUKOPUCTAHHI OJIM3BKOTO JI0 PEaIbHOTO JIKEPesia MOJIiB 3 00MEXEHOIO
€HEepri€ro, PO3TAIOBAHOTO HA HEBEJIMKII BUCOTI BiJl IPYHTY, 3aCTOCYBAaHHSM J0 TaKOTO

CKJIQJHOTO IJisi PO3Mi3HaBaHHS 00’€KTa, AK pealibHa MPOTUMIXOTHA MIHA. 3HAYHY



NPAaKTUYHY IIHHICTh CTAHOBUTH peaslizailis NpsSMOro HaBUYAHHS IUTYYHOI HEHPOHHOT
MepeKi Ha pOo3Mi3HAaBaHHS MiH 3 JaHUX €KCIIEPUMEHTAIBHUX pajaporpam, 3HATUX B
YMOBaX, OJM3bKUX 0 peaJbHUX.
6. [IpakTHUHO 1IIiKaBOIO € 3ampONOHOBaHAa CHUCTeMa TIO3MIIIOHYBaHHS Ha
IMITYJIbCHUX XBWJISIX 4epe3 BIJACYTHICTH BHMOT IIOJ0 YacOBOI CHHXPOHI3allii
nepejaBaydiB 1 MpuiiMadiB Ta 3aBaJOCTIHKICTh IO BITHOIICHHIO JI0 TPAJUIIIHHUX
BY3bKOCMYTOBUX CHUCTEM TOJaBJICHHS.

Kiarwo4oBi cjioBa: enekTpoMarHiTHe moJjie, eJIeKTpOMarHiTHa XBHWIIS, BiOpaTop,
XBUJIEBI, IMITYJIbCHUI pajnap, pajioiokailis, IIMPOKOCMYTOBa IMIyJIbCHA AHTEHA,
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The dissertation is devoted to solving the actual problem, i.e. experimental and
theoretical study of the processes of radiation and propagation of transient
electromagnetic fields in layered media, their diffraction on subsurface objects,
reception of reflected waves and recognition of these objects and their location using
artificial neural networks.

The purpose of the dissertation is to study the basic physical processes of
transformations of pulsed ultra-wideband electromagnetic fields in the near and far
zones of antennas, at the boundaries of material media and objects of complex shape
and composition immersed in them in order to reliably recognize them in conditions of
interference using artificial neural networks.

From the first chapter, which is an overview, it follows that many natural and
artificial electromagnetic processes in our lives are transient. Therefore, the study of
the origin of electromagnetic waves in the near-field of radiators and their propagation
in free space and material media is an actual task that is directly related to the topic of
this thesis. In addition to the study of electromagnetic processes accompanying the
operation of ultra-wideband subsurface sensing radars, there is a need to select, apply
and optimize methods for processing the information that must be obtained to reliably
determine the type and position of a subsurface object in conditions of interference due
to the heterogeneity of the environment and the extremely small information energy

component of the reflected fields. The advantages of electrodynamic methods in time



domain for solving the set tasks are described. The importance of determining the
dielectric characteristics of material media is also emphasized due to their significant
impact on the results of searching and recognizing hidden objects. It is described how
the solution of the problem of recognizing a reflected signal by an artificial neural
network can be applied to the positioning problem based on this new approach.

In the second section, we consider the transient radiation of the simplest model
of areal radiator, i.e. the elementary radiator of infinitesimal size generated by the flow
of the electric current with arbitrary time dependence. Despite the fact that such a
radiator cannot be created, that it is a model that does not take into account the nature
of the excitation current, that the criteria for its smallness are not the same in all
directions, and that the direct experimental verification of its characteristics is
impossible, the study of this radiator reveals the essence of the key physical processes
occurring in all antennas and their vicinity, and the process of electromagnetic wave
formation. However, the transient mode of its excitation additionally reveals a number
of features of the electromagnetic field behavior around the Hertz dipole due to the
strict subordination of the processes to the principle of causality, in contrast to the
classical approach using the harmonic dependence of the current. The presented
approach is used to study the electromagnetic radiation properties of modern railgun
systems and combined ultra-wideband electric and magnetic antennas. The classical
formulas for all components of the radiated field, including those in the near-field, are
approximate, since they are obtained in the approximation of the smallness of the dipole
length and its thickness. The use of the Taylor series expansion of the vector potential
components in a small parameter with more terms in the series compared to the classical
procedure allows us to obtain electromagnetic fields in an analytical form. This makes
it possible to see explicitly that the components of the radiated wave in the immediate
vicinity of the current source decrease. Its identification is easily carried out by using

the solution in time domain, since the wave part of the electromagnetic field has a



different time dependence, namely, it is proportional to the first time derivative of the
excitation current.

The criterion of the wave zone boundary for the radiator with geometric
parameters of a railgun is substantiated, which in this case is related only to the
characteristic duration of the radiated pulse and does not depend on the size of the
radiator at all. The ultra-wideband analog of the combined Clevin antenna, which
combines magnetic and electric radiators, was investigated.

The third section is devoted to the detection of subsurface objects immersed in a
dielectric medium with losses, such as soils, by irradiation with ultra-wideband
electromagnetic fields of modern radars, which mostly use aperture-type antennas. It
requires a theoretical study in time domain of the processes of transmission of transient
waves through the interface between two media. In contrast to the classical results,
where a plane wave source is used, an aperture radiator is considered here as a source,
followed by an analytical solution of this problem in time domain by the method of
evolutionary equations. Not knowing the dielectric constant and losses of soils is one
of the most serious problems in their radar studies. The presented decomposition
approach is justified by the fact that, in general, this theoretical and practical problem
is linear and therefore allows the separate consideration of its components with further
consideration of the research results.

The problem of irradiation of a dielectric by a transient wave of the aperture
source of finite dimensions was analytically solved in time domain using the
evolutionary approach. By stitching the field components in time domain, it was
possible to obtain analytical expressions for the reflected field and the field transmitted
into the medium in a first approximation. The results obtained can be easily generalized
for the case of a pulse of arbitrary time shape using the Duhamel integral method and

for arbitrary observation points.



The dielectric constant was determined by comparing the calculated dependences
of the resonator transmission coefficient on the sample location at different values with
the similar measured dependence by the minimum value of the standard deviation.

Chapter 4 demonstrates the use of artificial neural networks for direct, time-
domain recognition of received ultra-wideband signals in order to determine the
position of the receiver relative to stationary radiators excited by pulsed currents and
the type and position of the object hidden under the ground surface. The stability of
object classification is tested by studying the response of artificial neural networks
(ANN) to the introduction of additive noise. The speed and reliability of recognition is
verified by comparing with the correlation approach. The practical value of the
proposed approach is illustrated by the use of a close-to-real source of fields with
limited energy located at a low height from the ground, the use of such a difficult object
for recognition as a real anti-personnel mine, and an attempt to directly train an artificial
neural network for mine recognition from experimental radar data taken under
conditions close to real ones.

The positioning system based on the change in the shape of the radiated wave
without carrier harmonic oscillation can be effectively used in closed rooms and limited
areas. A distinctive feature of positioning based on pulsed electromagnetic waves is its
high immunity to existing narrowband electromagnetic waves. A comparison of ANNs
and correlation methods for angle recognition shows that artificial neural networks can
demonstrate better accuracy than the correlation approach. It is investigated the
influence of electromagnetic pulse duration onto the quality of corner classification in
the presence of noise for both presented methods.

The task of detecting the depth of a metal object hidden in a homogeneous
environment using an ANN that analyzes the reflected pulsed electromagnetic field, as
expected, is more difficult than the task of determination of its presence. For the case
of the model with the ultra-wideband “butterfly” antenna the sensitivity of the ANN to

changes in the height of the antenna system is investigated.



The approximation properties of ANNSs that allows them to effectively withstand
noise in the input data are investigated. The influence of pre-processing of the input
signals by wavelet transform and the caterpillar method for denoising on the ANN
classification results is tested. To solve the problem of recognizing a model of a mine
hidden in the ground, ANNSs of different structures, with SoftMax layers, and with the
Dropout method are used and their performance is compared. The possibility of using
the ANN in the extrapolation mode rather than interpolation mode is investigated, its
use for cases that are not intermediate in terms of the parameters on which the ANN
was trained. We compare the ANN and mutual correlation methods for recognizing
hidden objects in the presence of white noise of different levels. The possibility of
recognizing real anti-personnel mines by analyzing the signals obtained by numerical
modeling and experimental studies is investigated.

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

1. For the first time, it is shown that the actual value of the near boundary of the far
zone is that observed at the moment of passage of that part of the pulse that has the
greatest information load, the greatest rate of change at the receiving point.

2. For the first time, it was possible to radically improve the wave formation in the
near-field of the electric impulse radiator by placing the magnetic radiator in it. The
advantage of such a combined radiator, an ultra-wideband analog of the Clevin antenna,
is the effective formation of a pulse wave with small post-pulse oscillations in a small
physical volume without the use of additional artificial ohmic losses, which is relevant
for its use in various applications, including information transmission and sensing.

3. By stitching the field components in time space, it was possible to obtain
analytical expressions for the reflected field and the field transmitted into the medium
in the first approximation. The possibility of forming an "electromagnetic missile™ in
the medium irradiated by an ultrashort duration pulsed electromagnetic wave is

demonstrated.



4, The new methodology for calculating the error of determining the complex
permittivity by comparing the calculated and measured databases is proposed.
5. It is shown for the first time by comparing ANNs and correlation methods for
angle recognition that artificial neural networks can demonstrate better accuracy than
the correlation approach. It is reliable to use ANNSs up to the value of SNR =10 dB and
above and the method of mutual correlation for SNR = 20 dB and above. However,
even for the SNR = 0 dB, the ANN provides correct angle recognition after statistical
averaging of the classification results. In numerical modeling, the ANN demonstrates
the calculation time three orders of magnitude less than we need to calculate the mutual
correlation function.
6. For the first time, it was demonstrated that the use of the SoftMax layer makes
the ANN responses more contrasting in subsurface sensing tasks, but leads to barely
noticeable errors. The use of the Dropout method generally improved the quality of the
ANN for this task.
7. For the first time, it was determined that in the presence of white noise of
different levels, there are no significant advantages in the final results of object position
recognition for both ANN and mutual correlation approaches. The mutual correlation
method does not require time synchronization between the transmitter and the receiver,
unlike the ANN, but requires significant calculation time, so it is possible to improve
the quality of object location classification by combining these two approaches.
Practical significance of the results:
1. The obtained expressions for the fields in the near-field of nonstationary radiators
are of practical value for radar systems where the objects of study are in the near-field,
and non-destructive testing systems. These results are important for the health of the
personnel of radar and railgun systems.
2. Methods for determining the dielectric constant with high accuracy have been
developed and radiators have been created, which is important for accurate

determination of local inhomogeneities in objects in subsurface sensing tasks.



3. The radiators proposed in this work can be used in wireless local area networks,
non-destructive testing, environmental monitoring, biology, medicine, etc.
4, The ultra-wideband combined Clevin antenna is practically valuable because of
its relatively small size, it effectively radiates pulsed electromagnetic waves both as a
single antenna and as an element of an antenna array.
5. The practical value of the proposed ANN recognition approach is based on the
use of a source of fields with limited energy close to a real source, located at a low
height from the ground, and applied to such a difficult object to recognize as a real anti-
personnel mine. Of considerable practical value is the implementation of direct training
of an artificial neural network for mine detection from experimental radar data taken in
conditions close to real ones.
6. The proposed impulse-wave positioning system is practically interesting because
of the absence of requirements for the time synchronization of transmitters and
receivers and interference resistance in relation to traditional narrowband suppression
systems.

Keywords: electromagnetic field, electromagnetic wave, vibrator, waveguide,
impulse radar, radiolocation, broadband pulse antenna, resonators, antennas,
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