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I'iopuana neiipomepexeBa moaeab CNN+TRANSFORMER
JJI51 POTHO3YBAHHSA CHEKTPAJbHUX BJIACTHBOCTEN 0araTromapoBux

CTPYKTYP

AxTyanbHicTh. [IporHo3yBaHHS CHEKTpalbHHX XapaKTEpHCTHK OaraTomIapoBHX MaTepialiB € KIIOYOBHM 3aBIAHHSIM Y
(hOTOHII, OTITOCNIEKTPOHIIl Ta MaTEpPiaiO3HABCTRI, OCKIIBKHA TOYHICTh MOJICITIOBAHHS BU3HAYAE €()CKTUBHICTh TEXHOJIOTTYHUX
HpoleciB i sKicTh (QYHKIIOHAIFHUX NMOKPHUTTIB. KitacuuHi 4ucensHi MeTonM, 3a0e3NmeuyloTh HaliifHICTh PO3paxyHKIB, aje
3aHIIAIOTECS OOYMCITIOBANBHO 3aTPaTHUMHK TIPH BENHKIH KUTBKOCTI Bapiamidi mapamerpis. Lle 3ymMoBIroe HeEOOXigHICTH
3aCTOCYBaHHA TOPUIHNX apXiTEKTYD, IO MOEAHYIOTH (Pi3HYHE MOJCTIOBAHHS Ta MOXKIMBOCTI Cy9aCHUX HEHPOHHUX MEPEXK.

Meta. Pospobutu Ta mocmigutu ribpuaHy HelipomepexeBy Mojenb Ha ocHOBi apxitektypu CNN+Transformer mis
MIPOTHO3YBAHHS CIEKTPATbHUX XapaKTEPUCTHK 0araToNIapoBUX CTPYKTYP Ta OLIHUTH i1 epEeKTUBHICTH HOPIBHSHO 3 KIIACHYHIMH
1 HefipoMepeKEeBIMHI METOJAMH.

Meroaun pocaimxkenns. [ reHeparii HaBuanbHUX AaHUX BukopuctaHo TMM y miamazoni 300-800 um. [lns ontumizarii
CIIEKTPaJILHOTO TIpeJCcTaBIeHHs 3acTocoBaHo PCA, 110 J03BOJIMIIO 3MEHIIHUTH KiJIBKICTh CIIEKTPaJIbHUX TOYOK IPH 30epekeHH1
98% nmucnepcii. HeilipomepexeBy Mojenb MOOYyIOBaHO SIK TOETHAHHS 3TOPTKOBHX IIAPiB JUIS aHANI3y JIOKAJTbHUX
iHTepepeHUitHnK 0ocoOMMBOCTel Ta TpaHcHOPMEpHOTO OJOKY A BHSIBICHHS INIOOANBHHUX 3ailekHOCTeH. HaBuaHHA
31IHCHIOBANIOCS 3 BHKOPHUCTaHHAM (PyHKILIi BTpaT, SKa BPaxOBYe TOYHICTH NMPOTHO3Y Ta PETYIIPH3ALiiHI CKIAI0BI, a TAKOX
METO/IiB BaJliallii Ha He3alIeXHil TeCcTOBii BUOIpIIi.

PesyabTaTn. Po3pobiena Moiens 3a0e3neunia BUCOKY TOYHICTh TporHo3yBaHHs. KoegimieHT nerepminanii cranoBuB R?=0.99,
a CcepemHBOKBaJIpaTHYHA IOXMOKa He mepeBuiryBaia 4%. IlopiBHAHHA 3 anbTepHAaTHBHOIO apxiTektyporo CNN+LSTM
HPOJEMOHCTPYBAJIO IIepeBary TpaHCOPMEPHOT apXiTEKTYpH, sIKa Kpallle BiITBOPIOE II100abHI 3aKOHOMIPHOCTI y CIIEKTpax Ta
XapaKTePU3YETHCS MIBHIIIUM iHPEepeHCOM. 3a0e3MeUeHO y3roKEHICTh MPOrHo3iB i3 TMM-Mo1enoBaHHSM, a TAKOXK CTIHKICTh
JI0 IIYMOBHX Bapialiil eKCiepUMeHTAIBHIX IaHUX.

BucnoBkn. Pospo6nena riopuana monenb CNN-+Transformer minrBepiauia e(peKTHBHICT Uil 3amad IPOTHO3YBaHHS
CHEKTPaJbHAX XapaKTEPUCTUK OararomapoBux CTpyKTyp. [loemHaHHs (i3sHYHHX METOIIB MOJETIOBaHHS 3 TIIMOWHHUMHU
HEHPOHHUMH Mepekamu 3a0e3redye BUCOKY TOYHICTh, MIBHAKICTB i 3/IaTHICTH A0 y3aralbHeHHSA. Pe3ynmbTaTH CBiT4aTh MpO
MEPCIEKTUBHICTh apXITEKTypH LIS pO3pOOKH MBHIKUX IHCTPYMEHTIB ONITUYHOTO aHAIi3y Ta ONTHMI3alii CTPYKTYpPH TOHKHX
wiiBok. [lomanpmi HOCHiIKEHHS MOXKYTh OyTH CHOpsSMOBaHI Ha PO3LIMPEHHS HAOOpY HaBYANBHUX MaHHUX, ypaxXyBaHHSI
HEeJiHIITHUX e()eKTiB Ta IHTerpamnilo MoJeli B aBTOMAaTH30BaHi CUCTEMH MIPOEKTYBAHHs ONTHYHUX MaTepialliB.

Knwuoei cnosa: Helponui mepesci, NpoOSHO3VEAHHA CHEKMPATbHUX GIACMUBOCHEl, OOYUCTIOBATbHE MOOETIO8AHH,
ONMUMI3AYIs, aHari3 OaGHUX, MOHKI NII6KU.

Sk wmuryBatm: bimak 0. 0. T'iopunna neitpomepexeBa momenb CNN+TRANSFORMER nmns
MIPOTHO3YBaHHS CHEKTPaJbHUX BIACTHBOCTEH OaraToIIapoBUX CTPYKTYp. Bichuk Xapkiécbkozo
HayionanbHoeo  yuisepcumemy imeni B. H. Kapaszina, cepia Mamemamuune M00enio8amms.
Inpopmayivini - mexnonocii. Aemomamuzosani cucmemu ynpaeninusg. 2025, sum. 68. C.6-19.
https://doi.org/10.26565/2304-6201-2025-68-01
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1. Beryn
CydacHi npuiaJyd FeHePYIOTh BEJIUKI 00CATH CIEKTPAJIbHUX JaHHMX, 00pOoOKa SKMX BUMara€ HOBHX
TEXHOJIOTIH JUIsl aHaJi3y, 0COOIMBO Yepe3 ePEKPUTTSI MIKIB 1 HASIBHICTh IIYMIB, 1[0 MACKYIOTh BaXKJIMBI
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curHamm. TpamwimiitHi MeTomu, Taki SK MeToj TojoBHHX KommoHeHT (PCA) Ta MeTonm 4acTKOBHX
HaiimeHnx kBanpatiB (PLS), He 3aBxau edeKTHBHI Ui BEIMKHX OOCSATIB AaHUX, IO YCKJIaTHIOE
nporHo3yBanHsa [1]. BropoBamkeHHs MeTOniB TTTMOOKOro HaBYaHHS Aa€ 3MOTY 3HAYHO MMiJBUILUTH
TOYHICTh 1 IMBHIKICTH 0OPOOKH CHEKTPaIbHUX MaHWX, aBTOMATHYHO BHAUISIOYHM KIIIOUOBI O3HAKH 1
aJanTyIO4HCh 10 3MiH, II0 BUHUKAIOTH B TIPOIIECi IPOBEACHHS ekcnepuMeHTy [2]. OxHak, OCHOBHHUMU
MPOOJIEMaMU 3aJTUINAIOTHCS 3aJICKHICTh BiJI SIKOCTI HaBYAJIBHUX HAOOPIB JaHHX, a TAKOXK CKIIAJHICTh
00pOoOKY CHTHAJIIB 3 HU3bKUM CIIBBITHOIICHHSIM CUTHAI/TITyM. Takok, He CITij] 3a0yBaTH i Ipo mpodiieMy
MEPEeKPUTTS CcrieKTpanbHuX cmyr [3]. [ns BupimieHHS BWIE BKa3aHWX 3aBlIaHb, IMPOIOHYETHCA
BUKOPUCTAHHS IUTYYHO 3r€HEPOBAHUX CIEKTPaJIbHUX JAHMX, IO MiABHIIYIOTh CTIHKICTh MOZETeH N0
BapiatuBHOCTI [4]. [lepcieKTHBHUMH MeTOIaMH MOJIOJaHHS IIMX 0OMEKEHb € BUKOPUCTaHHS T10pUAHNX
apxiTeKTyp, a caMe — KOMOIHOBaHE BUKOPUCTAHHA 3rOPTKOBHX HeHpoHHNX Mepex (CNN) mns aHamizy
JOKaJbHUX O3HAaK CHEKTpiB 13 pekypeHTHuMH Mepexamu (LSTM) [5] um Tpanchopmepamu
(Transformer) mns oOpoOKH TIOOATBPHUX 3aKOHOMIPHOCTEH, IO JO3BOJISE BPaxOBYBAaTH IMOCHIIOBHI
3aNeKHOCTI MK vacTmHaMu crektpa. llpaktmuHa peamizamis momiOHWUX TIOPUAHUX apXITEKTYp
BIIKPUBAaE HOBI MOXIIMBOCTI JUIA 3aCTOCYBaHHS CIIEKTPOCKOMII B PI3HHX Tally3siX, TaKUX SK
(apManeBTUYHUH aHalli3, eKOJIOTIYHUN MOHITOPUHT Ta XiMidyHa IPOMHUCIIOBICTb.

2. Orasn Jgiteparypu

VY poboTax, 1m0 MPHUCBAYECHI 3aCTOCYBAHHIO TIMOOKMX HEWUPOHHMX MEPEX Uil MPOTHO3YBaHHS
CHEKTPAILHUX XapaKTEPUCTHK 0araTomapoBUX CTPYKTYP, HArOJIOUIYETHCS HA TOMY, IO 11 MOJIEITi MAIOTh
BHCOKY TOYHICTh Yy 3aJadax HelmiHidHOTO MojemoBanHa. OJHAK, BOHH MOTPEOYIOTh 3HAYHUX
00YHCITIOBATILHUX PECYPCIB 1 MalOTh Micle MpobieMaMu alanTallii 10 YMOB i3 BUCOKHUM PiBHEM IIYMY Ta
3MIHHUMHU €KCIICPUMCHTAIBHUMH MapaMeTpaMH, 0 MOB'SI3aHO 3 3aJICKHICTIO BiJl SIKOCTI HaBYAJIbHUX
Ha6opiB [1-3]. [lopsn 3 muM, BHKIMKH OIO0 ajamnTailii JO 3MIiHHAX YMOB 1 ITyMiB, TaKOX CIiJ
BpPaxoOBYBAaTH, M0 YaCTKOBO BHPIMIYIOThH 3a gonoMororo CNN, ski ehekTHBHO 0OpOOIISIOTh JTOKAbHI
cniektpanbHi o3Haku [4,5]. Ilopsn 3 nuM, CNN MaroTh OOMEXKEHHS MO0 BpaxyBaHHS TIO0AIbLHUX
3aKOHOMIPHOCTEH CIEKTPiB, [0 MOXe OyTH BHPIIICHO HUISTXOM BUKOPUCTAHHS TiIOpUIAHUX apXiTEKTyp,
gk mpukinan — moenqHaHHs CNN i3 pekypeHTHUME HelipoHHMMH Mepekamu (LSTM) mns oOpoOkm
ro0adbHUX 3alekHocTed [6]. B Ham wac, Juisi MOKpaimleHHS TOYHOCTI IPOTHO3IB, IIHUPOKO
BUKOPHUCTOBYIOTh KOMOIHOBaHI apXiTeKTypH, SIKMM 1 MpHCBsSYeHa naHa poboTa. Tak, y mparsx [7-9]
pealti3oBaHO MOEAHAHHS HEHPOHHUX MEPEX 13 TeHETHIYHIUMH aJITOPUTMAaMU JTsl SMEHIIIEHHST pO3MIipHOCTI
JaHMX 1 IPOTHO3YBAaHHS KOHLEHTpaLii KOMIIOHEHTiB. OHaK, MpobiemMa 3MEHILEHHS PO3MIPHOCTI JTaHUX
1 TEepPEeKPUTTSl CHEKTPAIbHUX CHUTHANIB 3AJIMIIAETHCA BIIKpUTOW. Y pobortax [10,11] mocmimkeHo
3acTOCyBaHHS riOpuaHUX apxitekTyp, a came CNN-LSTM, ans migBUILEHHS TOYHOCTI B 00poOmi
CIEKTPIB 13 HU3BKUM CIHIBBiIHOIICHHAM CUTHAN/IIyMm. Lle minrBepmxye iX ePeKTUBHICTh IJIS aHATi3y
JIAHUX 3 ypaxyBaHHSIM sIK JIOKaJIbHHX, TaK 1 TJI00ANBHUX 3ajeKHOCTEH. Y poborax [12-14] po3risHyTO
riopuani apxirektypu Ha ocHOBI CNN i LSTM st 3amad mporHO3yBaHHS 3aJIMIIKOBOTO PECypcCy,
MEpEeKeBUX aTak Ta MeAndHOi cermeHTarii. [lokazano, mo ribpuan3aist 3Ha4HO IMiABUIIYE TOYHICTD Y
MOPIBHSHHI 3 TPAIUIIHHUMHA METOJIaMH, OJHAK MMPOTHO3YBaHHS B YMOBaX CKJIQJHHUX 1 3MIHHHX JaHUX
3aJIMIIAETHCS HE BUPIIICHHIM.

Bumie npoBeneHunil aHaii3 JiTepaTypHHUX JKepesl BKasye Ha iCHyBaHHS MOTpeOH po3poOKH HOBHX
Cy4JacHUX TiOpUAHUX apxiTekTyp 1 Monenel, 3okpeMa moegHanHsi CNN+Transformer [15-17]. Hany
apxiTeKTypy Bxke Oyjo ampoOoBaHO y [15] mist MeauuHOi cerMeHTallii, 110 JI03BOJIUIIO BPaXxOBYBaTH
JIOKaJIbHI Ta r1o0anbHi 3anexHocTi. Y [16] BukopucrtoByeThest konaboparuBHe HaB4aHHS MK CNN i
Transformer /y1st TOKpaIIeHHs TOYHOCTI CETMEHTAIii B pi3HUX KOHTEKCTaX, a y [17] moeqHanas CNN i
Transformer 3acTocOBaHO Mjisi MPOTHO3YBaHHS TEMOJIITHYHOT aKTMBHOCTI IMENTHJIB, IO A€ 3MOrY
BUSBJISITA  CKJIQJHI 3aKOHOMIPDHOCTI B JaHMX. 3arajioM, I JOCTIDKEHHS MiATBEPKYIOTh
nepcrekTuBHiCTh iHTerpamii CNN+Transformer mnsi oOpoOKM CKIAQAHUX CIEKTPAIBHUX IaHHX, IO
JIO3BOJISIE 3HAYHO TMiJIBUIIATH TOYHICTH MPOTHO31B 1 00pOOKH JaHUX y Pi3HHUX chepax.

Mema Oocnioxcennss — po3poOka Ta aHali3 HeHpOMEpekeBoi Moneal JuIs IPOrHO3yBaHHS
CHEKTPAJIbHUX XapaKTepUCTUK MaTepiaiiB, 30KpeMa 3 BHKOPHUCTaHHSAM TiOpHIHOI apXiTeKTypH
CNN+Transformer, 3 METOO ITiIBUIIEHHS TOYHOCTI Ta €()eKTUBHOCTI O0YHCIICHb.

3adaui docniodcenns:

e Po3po0OuTH apXITEKTYpy Ta aaroputm podotu Herpomepexeroi Mmojaeiai CNN+Transformer 3
ypaxyBaHHSM cIIeI(iKH CHEKTPAILHOTO aHaTi3Y.
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e PeamizyBatu BUOIp Ta onTuUMi3allio KoHbIrypamii (depe3 aHali3 BIUIMBY rileprapameTpin)
apxiTeKTypH JUIS IPOTHO3YBAHHS CIIEKTPAJIbHUAX XaPAKTEPHUCTHK, 3 ypaxyBaHHIM crieliiku
3anavi. JogaTKOBO MOPIBHATH MPOJAYKTHBHICTH MOJENi 3aCO0aMH BHU3HAYCHHS HAHKpamoi
KoH(irypaiii 3a kputepismu TouHOCTi (R?, MSE) Ta mBHIKOCTI HABYaHHSL.

e Po3pobut Ta [OCHIAWTH aJaNTHBHI METOAW TPOTHO3YBaHHS, IWIO IepeadadaroTh
3aCTOCYBaHHS MEXaHI3MiB aJallTUBHOTO YTOYHEHHS JUIA TTiABUIIEHHS TOYHOCTI B KPUTHIHUX
CIICKTpaIbHUX JTialla30HaX 13 MiHIMATELHUMH O0YHCITIOBATLHUMHI BUTPaTaMH.

e [IlepeBipuTu CTIHKICTH pO3pOOJIEHOI MOAENI Ta peai3yBaTH TeCTyBaHHS BimiOpaHOi
KoH(]irypamii Ha pisHMX Habopax AaHWX, 3 ypaxyBaHHSIM MOJIMBHX IIYMiB Ta Bapiawiil
EKCIIEpUMEHTAILHIX yMOB, OIIIHUTH 1X 3JAaTHICTh JO Yy3arajdbHEHHS Ta MPOBECTH
MTOPIBHAIBHUM aHaI3.

e BamigyBaTu MOJIe]h HA CHHTCTUYHUX Ta EKCIICPUMCHTATLHUX JaHHX.

3. MeToau Ta TeXHOJIOTII

00’ext pocaimxenns. IlpuiiHaTi nmpunymenHs Ta cnpoumeHHsi. OO’€KTOM JOCTIDKEHHS €
HelpoMepeKeBi MOAeNi AN MPOTHO3YBaHHA (i3MUHUX BiIacTUBOcTell MmarepianiB. OcobnuBa yBara
NPUAIISETHCS apXiTEKTypaM TITHOOKMX HEHPOHHUX MEpEeX, METo/IaM HaBYaHHS Ta Mig0opy mapameTpis,
a TaKOX aHaJi3y IXHBOI TOYHOCTI B yMOBaX 00MEXEHOT0 Ha0Opy €KCIIEPIMEHTANBHUX JTAaHUX.

[Tpu MozxemtoBaHHI CKIATHAX (i3MUHUX 3aJIEKHOCTEH JOMYCKAETHCS TXHS allpOKCHMAIlis JTiHIHHIMHA
a00 KyCKOBO-JTiHIHMMH (YHKIISIMH B OKpPEeMHX Jiarna3oHax. HaBuaHHsS Mojesei 3IiHCHIOETBbCS Ha
oOMexeHi¥ BUOIpIli eKCTIEPIMEHTATBHAX JaHUX, [0 MOTPeOye BUKOPUCTAHHS METOIIB perysipu3allii Ta
30impmieHHsT BUOipku. Jleski ¢i3wmyHI mapameTpu, fAKi BaXXKO TOYHO BHMIPSATH, 3aMiHIOIOTHCS
CepeAHbOCTATUCTUYHIMH 3HAYCHHSMHU a00 anpiopHUMH po3mopiiamu. HezHauHi edekTH, IO MaroTh
MaJIMi BIUTMB HA Pe3yJIbTaTH, TaKi K He3HAUHI QUIyKTYyalii mapaMeTpiB cepelloBUIIa, HE BPAXOBYIOThCS
B OCHOBHHUX PO3paxyHKax.

®opmasizanis riopuaHoi moaeai. Po3pobiena Monenb TIPyHTYeTbCS Ha TMOETHAHHI (Hi3HKO-
MaTeMaTHYHOTO MOJIENIOBAHHS Ta TIIMOMHHUX HEHPOHHUX MEPEX 3 METOIO MiJBHUIICHHS IBUIKOCTI Ta
TOYHOCTI MPOrHO3YBAaHHSI CHEKTPAIIbHUX XapaKTEPUCTHK OaraToapoBux CTpykTyp. Ha nepmomy erami
3MIACHIOETHCSl TEHepallisl HaBYAJIbHHX JaHWX MeromoMm Martpumi mnepenadi (TMM), mo mo3Bodsie
OoTpUMaTH pedepeHCHI CIEKTPH MPOITyCKaHHS Ta BiOUBaHHsI, GopMati3yBaTy mapaMeTpu CTPYKTYpH 1
BU3HAYUTH iH(QOPMATHBHI CHEKTpalbHI TOYKW I 3MEHIIeHHs oOcsry naHux. [lomepemHs oOpoOka
BKITIOYAE HOPMAJTi3allito, 3r71a/DKyBaHHS Ta PEAYKIIIF0 PO3MIPHOCTI 3 BUALIEHHSIM KIIFOYOBHUX MApaMeTpiB,
10 HaiOinplle BIUIMBAIOTh HA CIEKTPalbHI BIACTHBOCTI. Ha eTami HaB4YaHHS BHUKOPUCTOBYETHCS
MO€THAHHSI 3TOPTKOBHX IHAapiB 1 TpaHcHOpMEpHUX OJIOKIB, IOTIOBHEHE PETYISPH3ALIEI0 Ta METOJaMH
JOMeH-afanTamii Uil Y3rO[KEHHS CHHTETHYHUX CIHEKTpPiB 13 peaJbHUMHM JaHuMHU. [i0punne
NPOTHO3YBaHHA MO€AHY€E WIBHAKY OIIHKY, c()OpMOBaHYy HEHpPOHHOIO MEpEeXer, 3 AMHAMIYHOIO
KOPEKIIIEI0 Pe3yJIbTaTiB Ha OCHOBI KJIACHYHUX (DI3MYHUX PO3PaXYHKIB y THX CHEKTPAILHUX TOUYKaX, JIe
noxu0Ka MEepeBUIIyE NOIyCTUME 3HA4YCeHHS. 3aBepllIbHUH eTan nependayae OLIHIOBAHHS TOYHOCTI
MOJIeNi, aHaNi3 BiAXWIEHb Ta BaJiJallif0 ONTUMabHOI KOH(Irypamii 3 ypaxyBaHHIM 0OYHCIIOBAIILHOI
e(eKTHUBHOCTI Ta CTIMKOCTI 10 eKCTIEpUMEHTAIbHUX Bapialii. 3ymMHAMOCS OUTBII JeTadbHO Ha pO3poOIi
riOpuIHOT MOIeNi.

I'enepauist HapyaabHUX AaHUX. OTXe, U1 OTpUMaHHs peepeHCHUX CIIeKTpiB BUKoprcTano TMM,
AKHi 3a0e31euye TOUHHI po3paxyHOK KoedillieHTIB ponyckanHs 7(4), BinouBaHHs R(4) Ta OTTHMHAHHS
A(4) y OaraToliapoBuX CTPYKTypax, 3aJMIIAIOYKUCh MPHU [bOMY JIOCTaTHHO C(PEKTHUBHUM 3 TOTJISAY
o0uncmoBaIbHUX BUTpaT. IIpm MozmemtoBaHHI BpaxOBaHO MOKA3HHWKH 3AJIOMJICHHS 7x(A) Ta TOBIIMHH
OKpEMHUX MapiB d, 110 GOPMYIOTh ONTUYHUH HULAX XBHI [18]:

i
cos(dx)  —sin(dy) 2
My = Ok , Ok =7ﬁnkdk- @
iqi sin(o)  cos(ok)

3arajbHa MaTPUIIA CTPYKTYPH BU3SHAYAETHCS JO0YTKOM:
N
M =] My . (2)

k=1
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Jami xoedirieHTH po3paxoBYIOTHCS 32 PopMyIIaMH:

2
1 ,R(/I):|M11+M12QS—M21/qS—M22| .

|M11+M12qs +M21/qs +M22|2 |M11+ MquS + M21/q5 +M22|

(3)

(%)

CriekTpanbHU# Aiana3oH MojemtoBaHHS oOpaHOo y Mexkax 300-800 HM, sSKUH OXOIUIIOE UISHKY
eKCIIEpIMEHTAIbHAX JaHUX Ta 30HY BUpaXKeHUX iHTepdepenmiianx edextiB. ToBmmHN mIapiB
BapIIOBAIHCS B MEXaX, XapaKTepHUX TSI TOHKOILTIBKOBUX cucTeM (50—500 uM), a 3HaUCHHS MMOKa3HUKIB
3aJIOMJICHHSI B3SITO 3 JJOBIJTKOBUX ONTUYHUX KOHCTAHT.

Ilonmepeansi oOpodka nanmx. Ilepen HaBUaHHSM 3MIHCHIOBanacs HOPMai3allisl CHEKTPIB IO
inTepBany [0,1] 3a hopmymoro:

(4)

s 3MeHIIeHHs BIUIMBY IIIyMiB 3aCTOCOBAaHO 3riamkyBanHsi Casinproro-I'ones [19] Ta nokanbHy
¢inpTparito.

Jnst ontuMizarii KidbKOCTI CTIeKTpanbHUX ToYoK y miamasoni 300—800 M 3actocoBano PCA, sxuit
JTO3BOJIMB BUAUINTH NUITHKY 3 HAHOLTBIIO BapiaOenpHICTIO CUTHAY Ta COPMYBATH HiAMHOXKHHY A 3
MaKCUMaJIbHUM iH(pOpMaIliiiHuM BHeckoM. Lle nmano 3Mory BiIMOBUTHCS BiJi aBTOCHKOZCPIB Ta 1HIIUX
HeHpoMepeKeBUX METOIB PeAyKIlii, CIPOIIYIOYH MOJEh 1 3armobiraloyn rnepeHaByaHHio. BimiOpani
CIIEKTpaJbHI TOUKH 32 pe3ynsTaTamu PCA-aHamizy npuBeneHo y tadbmui 1.

Tabn. 1. Bidibpani cnexkmpanwshi mouku 3a pesyromamamu PCA-ananizy (dianaszon 300-800 Hm)

Ne JoBxuna Bara PCA- Indopmauniiina

. . o KomenTap
TOYKH | XBHJI A, HM KOMIIOHEHTH 3HauyicTs (%)

[Tix moxanpHOi Bapiarii y
eI TOJI0OBHIA KOMITIOHEHTI

MakcumyMm PC1 y
KOPOTKOXBHJIBOBIH TIi/130H1
Bucoka 4yTaUBICTh 10 3MiHU
MOKa3HUKA 3aJIOMJICHHS
[lepenom y PC2, nos’si3anmii 3i
3MIiHOIO TOBIIVHH IIapiB

Touka 3miHM iHTepdepeHIIHHOT
CTPYKTYPH CHEKTpa
JlokanpHMII MAKCUMYM TPETHO1
ronoBHOi komrioHeHTH (PC3)
CrabinbHa 30Ha CIIEKTpPA 3
HU3BKUM ITYMOBUM BILJIHBOM
[ToyaTok JOBroxXBHILOBOTO
crniaiaHHs iH)OPMAaTHBHOCTI

baunmo, mo HaWOinBImIi 3MiHM Yy CHEKTpax crocTepiraloteest B obmacti 330-450 HM, 1e
iHTepdepeHIiiiHi eQeKTH HaOIIbIT YyTIUBI IO Bapiamiid TOBIIMHA MIAPIB Ta MOKA3HUKIB 3aJIOMJICHHS.
3aranpHa MoxuOKa peayKIlil BU3HAYAETHCS K YaCTKa HE30epeKeHOT TUCTIepCii:
k
E=1- Zl;lﬂ‘ , (5)
Yl
=17
e K — KinpkicTs BHOpaHMX KOMIOHEHT. ONnTHMajbHe 3HaYeHHs K MmiaOupaeThCs TaKUM YMHOM, 00
30epiranocst moHaiMenme 95-98 % nmucnepcii, mo 3ade3nedye TOYHICTh NMPH CYTTEBOMY 3MEHIIECHHI
o0csary nanux. Y pesynbsraTi, PCA 103BOIHB CKOPOTUTH KUTBKICTh CIIEKTPAIBHUX TOYOK 3 oHaa 200 1o
8 xrovoBux, 30epirmu 98% nucnepcii ganux. Ile cyTTeBo 3MeHIye po3Mip HaBYAJILHOTO HAOOpy Oe3
BTpaTH (izuuHo 3Hauymoi iHpopmariii. OtpumManuii HaOIp MICTHTH CIIEKTPH MPOIYCKAHHS, BiJONBaHHS
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Ta HOTJIMHAHHSA JUIS PI3HUX T€OMETPUYHHUX Ta ONTHYHUX NapaMeTpiB 0araTomapoBux CTPYKTYP, a TAKOK
BifiOpaHi KOHTPONBHI TOYKH i mopanbmioro HaBuaHHS Mojeni CNN+Transformer. Y mincymky,
Tabmuug | y3arampHioe pe3yibraTH PCA-aHamily Ta € YHiBEepCalbHOIO Ui IIUPOKOTO Kiacy
iHTep(EepPEHIIITHNX TOHKOIUTIBKOBUX CHCTEM, BKIIFOYHO 3 TUMH, IO PO3TIISIAIOTHCS Y il pOOOTI.
ApxiTekTypa HeilipoMepe:keBoi mMoaeni. Po3pobieHa apxiTeKTypa MO€IHYE 3TOPTKOBI IIapH I
JoKaJdbHOT 00poOKM Ta TpaHCGOpMepHi OJOKM [Jsl BpaxyBaHHS TJIOOAIBHUX CIEKTPaJbHUX
3aJIEKHOCTEM.
CNN-6x0k. 3roptka B 1D-CNN BusHavaetses sk [20]:
k-1
hjZO' Za),xj+i+b ) (6)
i=1
ne hj — BUXimHHMI eleMEHT miciisl 3rOPTKH, Xj+i — 3HA4YCHHs CIEKTPY y BikHI po3mipy K, Wi — ¢inbTp
(stmpo 3roptku), b — 3mimenns (bias), o(-) — akruBauiitna gynkuis (ReLU). [louatkoBi aBa 3ropTKOBi
Mapy BUAUISIOTH JIOKAIhHI 0COOJIMBOCTI CITEKTpa:
FizReLU(Wi *X+bi). (7)
Ili mapu 3ale3neuyroTh BUSBICHHS JIOKAUIBHUX TiKiB, CIUIECKIB 1 JpiOHOMAacmTabHUX
iHTephepeHIIHHINX OCIMIISIIIMN.
HacTtymHuM eTanom peatizyeTbes arperaiiis 03HaK 3a J0IoMoror Pooling, mo 3MeHIIye po3MipHiCTh
¢ineTpoBanoro cnekrpa, sikuit CNN 00po0iisie nami, To0To:
pi=max{h;, hj+1, ..., hj+k} 8
ne h; — akruBarii micist 3ropTkH, a K — po3mip BikHa pooling. Lleii etar 3a6e3mnedye poKyCcyBaHHS MOIEITI
Ha KITIOYOBHX iHTep(EPEeHIIHHUX MiKaxX CIEKTPY Ta 3MEHIITY€e PO3MIPHICTh O3HAK 0€3 BTpaTH KPUTHIHO
BaXXJIMBOI 1H(OpMarIii.
Transformer-6nox. Jlins BXigHoro criektpa X GOPMYIOTBCS TPH MATPHIIi, & CaMe — MAaTPHIIS 3aIUTiB
Q=XWgq, matpurs xmrouiB K=XWk Ta matpurs 3aadens V=XWy, ne Wo, Wk, Wy — mapametpu npoexkiii.
MexaHi3M caMOyBaru 0OYMCIIOE Mipy B3a€MO3B’SI3KY MK CIIEKTPAILHUMH TOYKAMH Yepe3 CKaJISpHUMA

n00yTOK 3anuTiB i kmodis [21], HOopMoBaHuii Ha [d, , MmicIs 4oro OTpuMaHi KoedillieHTH Bar

3aCTOCOBYIOTBCS IO MaTpPHIli 3HAYCHD:

. QK'
Attention(Q, K,V) =softmax| ——= [V . 9)

e

Jane nipejicTaBiieHHS JJO3BOJISIE MOJIENI BPAaXOBYBATH SIK JIOKAJIBHI, TaK 1 IaeKi KOpesllii y CHeKTpi,
IO € KPUTHYHO Ba>KJIMBUM JUTS TOYHOTO POTHO3YBAHHS CHEKTPATBHUX XapAKTEPUCTUK OaraTomapoBux
CTPYKTYD.

[Micns  Onoky TpaHcopMepa BUKOPHCTOBYETHCS TMPOEKIIMHUN 1Iap, SKUH TEepPETBOPIOE
OaraToBHMIipHE MMPEICTABICHHS Ha BUXITHUHA CIIEKTPAIBLHUM IIPOCTIp.

Hexait H — Buxin Tpanchopmepa, TOJIi MPOEKITis BU3HAYAETHCS AK:

Y =WoytH +Dboyt (10)
ne Wouwt Ta Do — mapamerpu BuxigHoro JminiHoro mapy. lleit eranm 3a0e3medye MpUBEICHHS
BHUCOKOPIBHEBUX 03HAK, c(DOPMOBaHMX MEXaHI3MOM CaMOyBard, 70 (hi3MYHO THTEPIPETOBAHNX 3HAYCHD
CIIEKTPAILHUX XapaKTEPHCTHK.

Data Augmentation ona y3aeanvnenns. 11106 Moznens 1o0pe mpairoBaia Ha peaJbHUX eKCIIEPUMEHTaXx,
JOJAaHO ITy4HHi mym y crektpu X'=X+¢, e~N(0,6%). Lle no3Bonsie Moaeni OyTH CTIMKOKO 10 3HAYHHX
3MiH y peaJbHUX JaHUX.

MeTtox HaB4YaHHsI Ta Bajigamisi. /lataceT moaineHo y nponopitii 70% / 15% / 15% (train / validation
/ test). @yHKIIis BTpaT KOMOIHYE CepeIHbOKBAIPATHYHY IOMHJIKY 3 peryspu3aiiieto [22]:

1 S 112 b, P
LZEZHYi‘YiH NG mz_z\ej\, (11)
i=1 j=1 j=1
Jie TIePIINi JI0JIaHOK KOHTPOJIIOE TOYHICTh MTPOTHO3Y, IPYTHH 1 TPETii 3amo0iraoTh nepeHaB4YaHHIo.
JonaTkoBo Oyi10 BUKOPHUCTAHO METPUKY SIKOCTI IPOTHO3yBAaHHS:

7\2
Rzzl_z(Yi—_Yi)_ 12
> (% V) (2
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OnrruMizartis 3aificHoBanacs MmetooM AdamW, 110 103BOJIHIIO MOKPAITUTH CTa01IBHICT TPAII€HTIB
JUTS CHICKTpasbHUX aaHuX. IlepexpecHa Bamimartis (K=5) BUKOpUCTaHa A/ OIIHKH y3arajibHIOBATBHOT
3JTaTHOCTI.

4. Pe3yabTaTH Ta 00rOBOPEHHA

I'iopunna ¢QisuuHo-HeiipoMepekeBa Kopekliss (aJanTUBHHI MeTOd). AJANTUBHUN METOX
JI03BOJISIE BUKOHYBAaTH KJIACHYHUM PO3PaxyHOK JIMILIE B THX Aialla30HaX, [Ie HeMpoMmepexa IEMOHCTPYE
HEJOCTATHIO TOUHICTh. Lle peamizyeThcs uepe3 aHalli3 CIIEKTPAbHUX XapaKTEPUCTUK 332 PO3pOOIeHUM
ANTOPUTMOM, SIKMH HaBeIEHO Ha puc. 1.

!

PO3BUTTA CIIEKTPAJIBHOI'O
JIAITA30HY HA TOYKHU 2,

¥

OBYMCJIIOEMO
™ AYO) =Y ()Y )

JIOTAEMO 4,
J10 CITUCKY KOPEKITIT

¥

MEPEXIJT JIO HACTYITHOT
TOUKU A

k+1

KJIACUYHUI PO3PAXYHOK
JJ1 KPUTUYHUX TOYOK
METOJOM TMM

Y
KOPEKIIA ITPOI'HO3Y
3 YPAXYBAHHSIM
YTOYHEHUNX 3HAYEHDb

%

Puc.1 Aneopumm adanmuenozo ymouHeHHs. CReKIMPAibHUX NPOSHO318
Fig. 1 Adaptive refinement algorithm for spectral predictions

VYV naHoMmy ajaroputmi po30MBaEMO CIEKTPajbHHI Jiala30H HA JUCKPETHI TOYKH Ak , MOPIBHIOEMO
3Ha4yeHHs Y (A) (mami BUKOpHCTOByBaTHMeMO Mo3HaueHHS Ynn(/k)) Ta Yrer(Ak), 1 BU3HAaUa€MO IOXHOKY 3a
dhopMmyJior0

AY () =|Y (i) = Yrer ()| (13)
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Eran yrouHeHHs 3amyckaerbes, sKmo AY(A)>e. MHOXHHA TOYOK, SIKI BUMAararTh I0JATKOBOT'O
¢izuunoro pospaxynky S={A: AY(M)>e}. Jns Bcix kES MPOBOIUTHCS TOYHUI PO3PAXYHOK METOIOM
TMM, a nporHo3 KOPUTYETHCS 3a (HOPMYJIOFO:

Yinal (&) = @Yrmm (4) + L= a)Y (&) , (14)
ne o — BaroBuii koedimieHT anmantamii. lle no3Bonse MiHIMI3yBaTH OOYHCIIOBAaJIbHI BUTPATH,
3acTOCOBYIOUH (hi3MYHE MOJETIOBAaHHS JIUIIE Yy TOYKaX, 1€ Ie HeoOXimHo. [iOpumHuil MexaHi3Mm
aJanTHBHOI KOPEKIIil TapaHTye cTabiIbHy pOOOTY MOJIEN] HaBITh y CKIQIHUX BHUIIAIKaX.

Adaroputm po6otu riopuaHoi moaedi. {1t po3poOieHoi Mozeni Oyio peani3oBaHO allTOPUTM (pHC.
2), 0 MOoEeTHYE HeWpoMepeki Ta KITacuuHi (i3u4Hi METOAM I TOYHOTO MPOTHO3yBaHH: Koe(illieHTiB
MIPOITyCKaHHA Ta BiAOWBaHHS 0araTomrapoBUX CTPYKTYD.

INOIIEPEJIHS OB POBKA

1

PEAYKIIA PO3MIPHOCTI
ABTOEHKOJEPOM

¥

BUJAUIEHHSA KJITFOYOBUX
ITAPAMETPIB

Y
HABYAHHS$ HEIPOMEPEXI
CNN+TRANSFORMER
(Ha CHHTETUYHX JAHUX i3 peryisipH3ali€cro)

1

Uu nocratHbo p€albHuX ILaHI/IX?

+

{

JOHABYAHHS HEMIPOMEPEXI

¥

I'TBPUAHE ITPOTHO3YBAHHS

= 1 TOYHI pe3yabTaTH HeHpoMepeski? +
ABTOMATHUYHUI1 BUBIP
TOUOK CIIEKTPY BUBI/I PE3VIIBTATIB
1

- KJIACUYHI METOJIU KOPEKIIIT

Puc. 2 Aneopumm 2ibpuonoi mooeni
Fig. 2 Hybrid model algorithm



ISSN 2304 -6201 BicHuk Xapkiscbkoro HauioHanbHoro yHiBepcuteTy imeHi B. H. Kapasiva
cepis MatemaTtnyHe MogentoBaHHs. [HopmaLiiHi TexHonorii. ABTOMaTU30BaHi cUCTeMM ynpaBniHHA, Bunyck 68, 2025 13

IIporpamua peamizamis mogemi CNN+Transformer 3milicHeHa Ha ocHOBI (ppefimBopky TensorFlow ta
0i6mioreku Keras myist moOymoBY Ta HaBuaHHS Helipomepexi. s poOoTH 3 TaHUMH BUKOPUCTOBYBAIHCS
NumPy Ta Pandas, a ans Bisyamizamii pesynsraTiB — Matplotlib. Ontumizaitis Ta HaBYaHHS MO
MPOBOAWJINCS 3a JOMOMOror0 omnrtuMmizaropa AdamW, a pansd MiABUIIEHHS y3arajlbHIOBAaHOCTI
BUKOPHCTOBYBajacs perymsapusaris L1/L2.

OcHoBHi kpoku anroputmy. Pobota Mozeni mounHaeTbes 3 TeHEpalii CHHTETUYHUX HaBYaIbHUX
maanx meromoM TMM, ne ams KoHOi 6aratomrapoBoi CTPYKTypH OOYHCIIOIOTHCS MO y IIapax,
dopmyerbest matpuist cTpykTypu (popmynu (1)-(2)) Ta BHU3HAYAIOTBCS CIEKTPaabHI KOedilmieHTH
MPOIYCKaHHs, BiIOMBaHH i HOrTUHAHHS 3a hopmynoro (3). OTpuMaHi CEKTPH HOPMaJIi3yloThcs 3a (4),
OUMIIYIOTHCS BiJl MIYMy Ta MPOXOIATh PEAyKIl po3MipHocTi yepe3 PCA, mio no3Boisie 30epertu
iHpOpMaTHUBHI AUISHKHA CIEKTpa Ta 3MEHIIUTH KUTBKICTh KOHTPOJBHUX TOYOK (Tadm. 1). Ha erami
HaBYaHHS MOJENb OTPHUMY€E MapaMeTpu CTPYKTYp (TOBLIMHU di, TIOKAa3HHWKH 3aJIOMJICHHS 7i(4)) 1
BiAmoBiaHi cnekTpu 1(4), R(4). JlokanpHi 3aJIe)KHOCTI CIIEKTpa BUIIYYAIOTHCSI 3TOPTKOBUMH IapamMH
3rigHo 3 Qopmynoo (9), Tomi sSK THOOANBHI 3B’SI3KM MIX CIIEKTPAITBHAMH TOYKaMHU (OPMYIOTHCA
TparcopMepomM, MeXaHi3M yBaru sikoro omnvcano (opmynoro (11). [lapameTpn momeni onTHMI3yIOThCS
yepe3 KOMOIHOBaHY ()YHKIIFO BTpaT, a TOYHICTh JOAATKOBO KOHTPOIIOETHCS MeTpukoro (12). s
y3arajilbHEHHs] BHUKOPHUCTOBYETHCS HIYMOBE PO3MIHpEeHHS MaHuX X'=X+e&. Mopmens TpeHyeThCcs Ha
cuaTeTnyHNX MaHux (TMM) Ta amanTtyeThcs A0 peanbHUX 3a Aomomoroto transfer learning i momesn-
anmanrarii. [Ticis HaB4aHHS MOJIeNb porHo3ye crektpu Y=[7(4), R(4)].

Jani nmpaliioe KIIOUOBHH eJIeMEeHT — riopuana ¢pizmuHo-Heiipomepe:xkeBa Kopekuis. [Toxubka mix
MIPOTHO30M Helpomepexi Ynn Ta eTaTOHHUMU/YHCEThbHIMA 3HAYCHHAMU Y ref BU3HAYAETHCA (POPMYIIO0
(13). ko AY(A)>¢, TOUKH 3aHOCATHCS IO MHOKHUHH S KPUTHYHHX JOBKUH XBUIIb. TITbKH IS IIHX Ay
BUKOHYEThCS TouHUE TMM-po3paxyHOK, MiClisi YOTr0 MPOTHO3 OHOBIIOETHCS BaroBOIO KOMOIHAIi€l0
3rigHO 3 popmyoro (14). Takum YMHOM, MOJIENH MIPAITIOE B IaITUBHOMY PEXKUMI: ISl O1ITBIIOI YaCTHHH
CIIEKTPa BUKOPUCTOBYETHCS IMIBUAKAN HEHPOMEPEKEBUH TIPOTHO3, TOI SIK TOYHI (Pi3WUHI pO3paxyHKH
dopmyn (1)—~(5) 3acTOCOBYIOTBCS JIMIIE J1 OOMEKEHOI MHOXHHH TOYOK S, /¢ MOXUOKa MEPEBHIIYE
nopir. Lle mae 3Mory mocsArTd TOYHOCTI (PI3UYHMX MOEJCH 3a Hab0araTo MEHIIUX OOYMCIIOBAILHUX
BUTpAT.

ANTOPUTM YTOYHEHHS TPAIIO€e BiAMOBIIHO A0 OJOK-CXeMH Ha pHC. 1, e IeMOHCTPYEThCS MOBHUI
UKL

nouamKoee NPO2HO3y6AHHA — OUIHKA NOXUOKU — GUOID KPUMUYHUX MOYOK —
TMM-kopekuia — onosnenns cnekmpa

3aBeplIalIbHUIA PE3yNbTaT — BUCOKOTOYHHUI MPOTHO3 CIIEKTPAJIbHUX XapPaKTEPHCTHK, MO MOETHYE
TIepeBaru KIACHYHOTO MOJISITIOBaHHS Ta HelipoMepekeBUX MeToaiB. OTKe, yHIKAIIbHICTh PO3POOIIEHOTO
TiOpUAHOTO ANTOPUTMY TIOJISITAE B TOMY, 110 BiH MOEIHYE MIBUAKICTh MAITMHHOTO HABYAHHS 3 TOYHICTIO
KJIACHYHUX METO/IIB, 3a0€3MeUyI0Ur ONTUMAIBHUAN OaaHC MIX MPOTYKTUBHICTIO Ta TOYHICTIO.

Ontumizanmisn  koHpirypaunii Heiipomepexi CNN-+Transformer. /[[ns BubGopy Haiikpamoi
koH}irypauii CNN+Transformer O6ysio npoTecToBaHO pi3Hi 3HAUCHHS TilEeprapaMeTpiB, sIKi BILIUBAIOTH
Ha OajlaHC MK TOYHICTIO Ta IBHJIKICTIO 004KceHb. KiibKicTh mapiB BapitoBaiacs B Jiana3oHi Bij 3 110
6, OCKITBEKY 3aHAATO Maja IIIMOMHA MOKE He 3a0€3IeUYNTH JOCTaTHLOI CKIIAHOCTI MOJIENI IJIS TOYHOIO
MIPOTHO3YBAaHHSI, TOMI K HAaIMipHA KUIBKICTh MIApiB 301IbIIye OOYHCIIOBAILHI BUTPATH O€3 3HAYHOTO
MIOKpaIeHHsT pe3yabTary. KibkicTh HEMpoOHIB y mrapi 3miHtoBanacs Big 128 mo 1024, mo mo3Bossie
OIIIHUTH, SK PO3MIpPHICTh MpPEJCTaBJICHHS BIUIMBAE HA 3JIaTHICTH MOJEINi JO y3araibHeHHs. MeHna
KUTbKICTh HEMPOHIB MOKE HE 3aXOIUTFOBATH BCi OCOOIMBOCTI CIIEKTPAIbHUX 3aJI€KHOCTEH, TO/II SIK HA/ITO
BEJIMKA — MPHU3BOJUTH JI0 MIEPEHAaBYaHHS Ta 3HAYHOTO 30UIBIIEHHS Yacy po3paxyHKiB. KilnbKicTh emox
Oysa oopana B Mmexax Big 50 1o 300, 1100 OiHUTH, CKIIBKY ITepalliii HABYaHHS IOCTATHRLO JIs 301)KHOCTI
Mozel. 3aHaATO Mayia KUIBKICTh €M0X MOXE MPU3BECTH 0 HEJOCTaTHHOIO HAaBYaHHSI, a HaIMIpHE
301IBLICHHS IILOTO MapaMeTpa He 3aBXIu 3a0e3leuye MOKpaIeHHs Pe3yJbTaTiB, HAaTOMICTh BUTpayae
Oimpire pecypciB. Yac oOumcieHHsT Oe3MOCepeIHO 3aJIeKaB BiJl CKIAJAHOCTI apXiTEKTypH Ta
BUKOPUCTOBYBABCS SIK OJIMH 13 KpUTEpiiB BHOOPY onTUMabHOI KOH(pirypaii. Pesynpratn uncnoBux
EKCIICPUMEHTIB HaBEJICHO Y Ta0uili 2.
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Taba. 2 Bioibpani eapianmu xougicypayii netipomepesici CNN+ Transformer

Table. 2 Selected configuration options for the CNN+Transformer neural network

IapameTp Kondirypanisi 1 | Kondgirypauisi 2 | Kondirypais 3
CNN mapu 3 ConvlD 4 ConvlD 5 ConvlD
Kinbkicte ¢inpTpiB CNN 32, 64,128 16, 32, 64, 128 64, 128, 256
Posmip siapa 3ropTku 3x1, 5x1 3x1, 5x1, 7x1 5x1, 7x1
Transformer mmapu 2 3 4
KinbKicTh TOJIOB yBaru 4 6 8
OyHKIis akTHBaI] RelLU LeakyRelL U RelL U
Dropout (perynsipuzaitisi) 0.3 0.2 0.3
OmnrumizaTop AdamW RAdam Adam
[IBUaKICTH HABYAHHA 0.0005 0.0003 0.0002
R? (TounicTh MoJE) 0.949 0.982 0.979
MSE (cepennbOKBapaTHYHA TOXHOKA) 0.00297 0.00171 0.00198
Yac naByaHHs (€MOXH) 100 150 200

AHani3 pe3ynbTaTiB HaBEACHUX Y TAONUIN JEeMOHCTpye Te, mo KoHdirypamis 2 (4 CNN mapwm, 3
TpancopmepHi mapu, 6 romis ysaru, LeakyReLU) nocsarma mHaiikpamoi Tounocti R?=0.982 i
Haitamk4yoro MSE (0.00171), mo poburts ii ontumansauM BapianToM. Kongirypaist 3 (5 CNN mrapis,
4 TpancdopMepHi apu, 8 TONIB YBarn) Aa€ CX0Xy TOYHICTh, ajie BUMarae Oibline 0OYHCITIOBAIBHUX
pecypciB. Kondiryparis 1 (3 CNN mapu, 2 TpaHc@OpMEpHi I1apH) € HalJIETIION, ajie MOCTYIAEThCS B
TOYHOCTI. Y MiJICYMKY, KOH(Irypalis 2 € HalKpaluM KOMIIPOMiCOM MiX TOYHICTIO Ta MPOAYKTHBHICTIO.

Banigauia moaeuni. s nepeBipku po6otu mMozeni Oyio mpoBeAeHo 11 Bajiamito Ha CHHTETHIHHIX
CTPYKTypax Ta eKCIEepHMEHTAIbHUX NaHWX. byno oOpaHO Tpu BapiaHTH CHHTETHYHHX 0araToIIapoBHX
CTPYKTYp, 110 IPUBE/ICH] Y Ta0mui 3.

Tabn. 3 Bracmugocmi nponyckanus ma 8i00uUBanHs 05 bazamouaposux Mamepianis i3 3a0anumu
moesuwiuHamu ma NOKA3HUKaAMu 3a10MIeHHs

Table. 3 Transmission and reflection properties for multilayer materials with given thicknesses and
refractive indices

No Thickness Thickness Thickness n n n
i 1layer (nm) | 2layer (nm) | 3layer (nm) ! i §
A - Example 1 94.19 52.15 160.68 213 | 2.25| 1.50
b - Example 2 84.83 184.94 107.58 131|155 2.10
B - Example 3 115.62 185.62 102.24 2.10 | 2.23 | 2.33

I'padiuni pe3ynbTaTé MOJETIOBAHHS BiJJOOpaKEHO HAa PUCYHKY 3, Ji¢ NMPHBEJCHO MPOTHO30BaHI
3HaueHHs KoedimieHTiB T i R A X TPhOX CTPYKTYp Y BUOPAHOMY CIIEKTPAIILHOMY JTiaIia3oHi.
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Fig. 3 Predicted values of T and R coefficients for synthetic structures
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AHaui3 rpadikiB IeMOHCTpYE TOH (akT, 110 MOBEMIHKA KOS(ILIEHTIB MPOIMYCKAaHHS Ta BiOMBaHHS
BUSIBIISIE XapaKTEpHi OCHWIALIL, 110 € TUHNOBUMH Juisl iHTepdepeHUuiiiHux edekTiB y OaraTomrapoBux
cTpykrypax. IIpomyckaHHs HOKa3ye KOJHMBAaHHS, SIKI 3aJieKaTh BiJl TOBLIMHM IIapiB Ta MOKAa3HUKIB
3aJoMIIeHHS. MaKCHMyMH BIJIIOBIJIAIOTh yMOBaM KOHCTPYKTHBHOI iHTepdepeHIii, a MiHIMyMH —
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JeCTPYKTUBHOI. BinOMBaHHA € JONOBHSUIBHMM 10 NPOINMYCKAaHHSA, IO IATBEPUKYE 3aKOH
eHepro3oepexeHns, e T+R~1 (6e3 ypaxyBaHHS NOTJIMHAHHS).

30inbLICHHS] TOBIIMHHM LIAPiB CIPUYHMHSE 3MEHIICHHS YacTOTH OCHWISALIN y CHEKTpi, OCKiIBbKH
JIOBKWHA ONTHYHOTO IISXY 3MiHIOETHCS. BogHOYAC, TOHIIN Mapy MPU3BOAATH 10 301TBIIEHHS KUTBKOCTI
TMiKiB HA TIEBHOMY JTialla30Hi JOBKWH XBWJIb. BUIII TOKa3HUKH 3JIOMIIEHHS 3MIIYIOTh CIIEKTPAJIbHI MIKH
B JIOBrOXBWJIOBY 00JacTh (UepBOHE 3MIIICHHS), a HIKYi MOKAa3HUKH — B 3BOPOTHOMY HAIPAMKY,
BUKITMKAIOYU CHHE 3MileHHA. [[porao3oBani criekTpu 1o0pe 30iratoThCsl 3 YUCENbHUMHU PO3paxyHKaMH,
MPOTe MOXKYTh MaTH HE3HAYHI BIIXWJIEHHS B THX IUITHKaX CIEKTPY, A€ TPAJi€HTH 3MiH KPYTIlli.
BukopucTtanHs HeHpOMepeKHOTO MPOTHO3YBAaHHS T03BOJISIE MIBUAKO OTPUMATH PE3YNbTaTH, X0Ua JUIS
MiABUIICHHS TOYHOCTI MOXe OyTH OTpiOHA KOpeKIist uepe3 kiacu4ni Mmetoau. OTxke, TiOpuaHUH miaxia
JI03BOJISIE 3HAYHO TPHCKOPHTH PO3PAXyHKH, 30€piratoun MpH IbOMY BHCOKY TOYHICTH. ABTOMATHYHHI
BUOIp TOYOK JJisl YTOYHEHHS pe3ynbTaTiB 3abe3medye OajgaHC MK MIBHAKICTIO Ta TOYHICTIO
MO/JICITIOBAHHSI.

B pamkax mocTaBieHoi 3a1a4i, o0 Bajifarii MoJesi Ha eKCIIEPUMEHTAIbHIX MaHux [23—27], BoHa
edekTBHO 00pOOIIAE€ TAaKOXK 1 CHEKTpajdbHI CHUTHAIH 31 CIIBBIIHOMIEHHSM CUTHaN/mym meHme 10,
JEMOHCTPYIOUH 3HAYHE MOJIMIICHHS BUAUICHHS XapaKTePUCTUYHUX 03HAaK. [J1s1 OIHKK TOYHOCTI pOOOTH
MOJIeJ eKCTIepUMEHTAIbHI JaHi 0yIo B3sTO 3 poboTH [23], a came 3 Tabnuili 2.

® EkcnepuMeHTanuHi aaHi

= [lporHo3 CNN+Transformer
1.0f *

0.9
0.8}

0.7F

HopmanizoBaHa iHTEHCWBHICTb

0.6

3210 3%0 360 37I'O SéD
JoexuHa xeuni (Hm)
Puc. 4 Iopisuaunsa excnepumeHmanibH020 CHeKmpy 3 HPOSHO30M MOOeN
Fig. 4 Comparison of the experimental spectrum with the model prediction

Ha puc. 4 BiaTBOopeHo pe3ynbratu 3actocyBanHs Mmoaeni CNN+Transformer 1o exciepuMeHTaIbHUX
CHEKTPAILHUX JIaHUX Ta MPOBEIEHO MOPIBHAHHS MPOTHO3Y i3 IUMH JaHUMHU. Ha rpadiky uepBoHUMH
TOYKAMM TI03HAYEHO CKCIEPUMEHTAIbHI JlaHi, a CHHsS JIHiS BimoOpakae IPOrHO3 MOJENI
CNN+Transformer. Mojens 100pe anmpoKCHUMYy€E CIIEKTpallbHI XapaKTepUCTHKH, 30epiratodyi OCHOBHI
TPeHII, alleé 3MIAJPKye JIOKanbHi Bapiamii. lle cBimuuUTh TpPO ePEeKTHUBHICTH HEHPOMEPEIKEBOTO
MIPOTHO3YBaHHS IS TO/IIOHHX 3a]1ad.
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Fig. 5 Comparison of predicted and experimental values for transmittance
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s BUIe BKa3aHOIO JIiala3oHy JIOBXHH XBWIb TakoX Oyiio moOymoBaHo rpadik (puc. 5), ne
BiOOpPa)KEHO TIOPIBHSHHS IPOTHO30BaHUX Ta CKCIICPHUMEHTAIBHUX 3HA4YCHb JUIS KoedillieHTa
MPOMyCKaHHA. 3 pHUCYHKa 5 0a4uMO BHUCOKY BIINOBIIHICTh MK €KCHEpUMEHTAIbHAMH Ta
MIPOTHO30BaHUMU 3HadeHHAMH B mianmazoni 330-380 am. CNN+Transformer TOYHO BiZTBOPIOE OCHOBHI
3aKOHOMIPHOCTI CIIEKTPa, IO MiATBEPXKYETHCS JaHUMHU Y TAOJIUI 5, Ie HABEJICHO PO3pax0oBaHi METPUKH
MIOMMJIKHU /IS IOPIBHSAHHS €KCIIEPUMEHTAIBHUX 1 MPOrHO30BaHUX 3HAYCHB CIIEKTPA.

Tabn 5. Oyinka mounocmi mooeni
Table. 5 Model accuracy assessment
HoBxuna xpuai | Ekcnepumentranbhe IIporuos IMoxuoka AY? (nass MSE)
(), aM 3HAYCHHSH MojaeJi (AY)

330 0.92 0.918 0.002 0.000004
340 0.89 0.887 0.003 0.000009
350 0.86 0.861 0.001 0.000001
360 0.82 0.819 0.001 0.000001
370 0.79 0.791 0.001 0.000001
380 0.75 0.748 0.002 0.000004

Mogens CNN+Transformer nmpogeMoHcTpyBasia BUCOKY TOUHICTh MPOTHO3yBaHHS B Aianazoni 330—
380 HM, MmO TATBEPIKYETHCS OOYMCICHNM Ha OCHOBI JaHWUX TaOmwii 5 KoedimieHTOM IeTepMiHaIli
R?=0.9942, skuii CBiguuT, 0pPO Maibke MOBHY BiANOBIAHICTE MK HPOTHO30BAHHMHU T4
eKcrepuMeHTabHIMHY 3HaueHHsIMU. CepeanbokBaaparudna noxuoka (MSE=0.000033) € nag3Buyaiino
MaJIOl0, IO BKa3y€ Ha MiHIManbHI BiIXWIEHHS TPOTHO3Y BiJ pEalbHUX CHEKTPAIBHHUX JaHUX.
MakcnmanpHaa abcomroTHa moxubka craHoButh Jmmie 0.003, M0 3HAaYHO HIDKYE PUHHATHOTO PiBHS JJIS
ONTUYHMUX JOCTIKCHb Yy I[bOMY Jiama3oHi. Taka BHCOKAa TOYHICTh TIOSCHIOETHCS 3IaTHICTIO
TpaHCcHOPMEPHOI apXITEKTYpU MOCIIOBATH SIK JIOKAJIbHI, TaK 1 II00AIbHI 3aJICKHOCTI Y CIIEKTPI 3aBISKH
MEXaHi3My CaMOyBard.

IHopiBHanbHUIl aHadi3 Ppi3HUX apxiTekTyp HeilipoMepe:xk Ta ix TouHocti. [lia 3amau
CIICKTPAJILHOIO aHali3y HeoOXiJIHO BpPaxOBYBaTH HE JIMINE JIOKAJIbHI OCOOJMBOCTI CIEKTpa, a W
JOBrOTPHBANI 3aJIEKHOCTI MIK CHEKTpaJbHUMH Toukamu. Came TOoMy B aHami3i e(eKTHBHOCTI
posraspatotbes CNN+Transformer ta CNN+LSTM [11] sik aABa HAaROUTBIT TOMYNIAPHI METOIN, KOXKEH 13
AKX MAa€ CBOi TMepeBard. 3a OCHOBY OyJO B3STO TPOBENCHHsS TMOpIBHSHHS Kougicypayii 2
(CNN+Transformer) i3 Tabmuui 2 T1a Kongicypayii 1 (CNN+LSTM) [11], mo0 OIIHUTH IXHIO
e(eKTUBHICTh y  TPOTHO3YBaHHI  CIIEKTPAIBHHUX  XapaKTepUCTHK. AHami3  epeKTUBHOCTI
CNN+Transformer Ta CNN+LSTM 06a3yerscsi Ha KOMOpPOMici MDK IIBHIAKICTIO Ta TOYHICTIO.
ANbTEepHATHBHI apXiTeKTypH, Taki sk uuctuii Tpancopmep, CNN+GRU a6o ResNet+Transformer,
MOXYTh MaTu CBOi IepeBar, OJHAaK BOHU MNOTPEOYIOTH OJATKOBOTO aHali3y Ta TECTyBaHHS Ha
KOHKPETHHX Habopax JaHUX JAJIsl BU3HAYEHHS 1XHbOI epekTuBHOCTI y nopiBHsAHHI 3 CNN+Transformer.

CNN+Transformer ta CNN+LSTM mnporHo3yioTh CIEKTpalbHi XapaKTEPUCTHKH, alleé CYTTEBO
BinpizHstoThCst. CNN+Transformer BHKOPUCTOBY€E MEXaHi3M caMOyBarH JJIsl aHaJli3y BCiX CIIEKTPaIbHUX
TOYOK OJTHOYACHO, IO JI03BOJISIE BpaXxOBYBATH IOBrOTpHBali 3anexxHOCTi, Tl Sk CNN+LSTM o06pobise
JIaH1 TIOCITITIOBHO, 1110 MOXKE ITPU3BOUTH JI0 BTpaTH iHGOpMAIIlT HA BEJTUKUX Jialla30HaX JTOBKUH XBHJIb.
Mogens CNN+Transformer 3abe3neunna Bumty Tounicts (R?=0.9942, MSE=0.000033) nopiBHsHO 3
CNN+LSTM (R?=0.98), mio cBimuuTh mpo ii Kpamry 3AaTHICTh A0 y3aranbHeHHA. Xoua CNN+LSTM
mBue HaByaeThes (50 enox npotu 150), TpancdopMep 3HAYHO MBUANIMK Y TPOTHO3YBaHHI, OCKITBKH
00pobiisie Bech crekTp mnapajienbHo. CNN+Transformer Takox Kpale Mpaiioe 3 HEJIHIHHUMH Ta
ckiaHuMU criektpami, Tofal sk CNN+LSTM edexTHBHMIA 1S T1aJKUX CUTHAIIB, aJIe MEHII CTIHKUN 10
aHOMaUTiH.

QOoroBopenHsi pe3yabTaTiB. Po3po0ieHa Momens MPOTHO3YBAaHHS CHEKTPATBHUX XapaKTEPHUCTHK
MartepialiB IpyHTyeThcs Ha QiznuHuX criBBimHOMEHHX (1)—(5) Ta apXiTeKTypi riOpuaHoi HeHpoMepexi,
CTPYKTYpYy $KOI HaBeleHO Ha puc. 2. BoHa moeaHye 3ropTKOBI MIapu IJisi BUIYYEHHS JIOKalIbHUX
0COOCHOCTEH crekTpa Ta TpaHChOPMEPHUH OJIOK Ui MOJCIIIOBaHHS TJI00AIbHUX 3aJICKHOCTEH Y
BifnoBigHOCTI 10 popmyn (6)—(10). 3aBasiKH 1IbOMY MOJIENb 3a0e3Ieuy€e BUCOKY TOUHICTh Ta CTIHKICTb
MOPIBHSIHO 3 TpaguUiiHUMK MeTonamu [12].
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ITomtepennast 0O0poOka maHWX, IO BKIIIOYAE HOPMAI3AII0 Ta PEAYKINIO CIEKTPaTbHOI BHOIpKH
(popmynu (4), (5)), no3BonMIa 3MEHIIMTH IIYMOBI €(EKTH Ta CYTTEBO MiABHLIMTH SKiCTh MOZETI.
BukopucTanHs onTHMi30BaHOTO HAOOPy CHEKTpalIbHUX TOYOK (Tabi. 1) 36eperio monan 98% mucnepcii
JTAaHUX 1 BOJHOYAC CITPOCTHIIO OOYMCIICHHS.

TounicTh MoOmem BHU3HAYaeThCS KOMOiIHOBaHOIO ¢yHKHiero Btpar (11), sKa moemHye
CepeIHbOKBAIPATHUHY TOXUOKY Ta peryispusaiiiHi ckiaamoBi. s TiABHINEHHS JOCTOBIPHOCTI
nepeadadeHh BUKOPUCTAHO MeXaHI3M (pi3udHO1 Kopekii, 1o peanizoBanuii y ¢popmynax (13) ta (14), a
KOJIM TIOXHOKa TICPEBUIIYE JOMYCTUME 3HAYCHHS, MOJIENIb YTOYHIOE PEe3yNbTaT 3a jJornomMororo TMM-
PO3paxyHKiB.

OnrumizoBana koHdirypauis moaeni gocsrna R>=0.99 npu RMSE <4%, 1m0 nepeBuIy€e TOYHICTb
meroniB PCA Tta PLS [3,8]. Lle miarBepmkye edexTHBHICTH iHTerpamii QizuyHMX Momenen i3
HEHpPOMEPEIKEBUMU METOAAaMH, sIKi 3a0€3MeUyl0Th BHCOKY MPOAYKTHUBHICTH Ta TOYHICTH y 3ajadax
CIIEKTPAJILHOTO TPOrHo3yBaHHs. [IporpaMHa peaiizanis y cepemoBulii Python no3ponwia nopiBHSITH
MPOAYKTUBHICT, PI3HMX KOH(pirypamid, a [OWHAMIYHE KOPUTYBaHHS MIBUAKOCTI HABYaHHA
(ReducelLLROnPlateau) 3smenmmio yac TpenyBanHs Ha 20%, 30epiraroun BUCOKY TOUHICTb.

[NopiBusHO 3 Moaemro CNN+LSTM [11], po3pobnena apxitektypa CNN-+Transformer nemMmoHcTpye
BUIIY TOYHICTH IPOTHO3YBaHHS Ta 3HAYHO MMIBUAINAN iH(EpPEeHC 3aBISKH TMapalielbHii 00pooii
CIEKTPaTbHUX JaHuX, ToAi Sk LSTM BHKOHYE MOKPOKOBHU aHali3, M0 YHOBUIFHIOE IPOTHO3YBaHHS.
Xoua CNN+LSTM mBuame naBuaerbes: (50 emox mpotu 150), Horo eeKTHBHICTh 3HMKYEThCS Ha
CKJIQJIHAX CICKTPAIBHUX JaHUX 3 HEJIHIHHUMH 3aJIeKHOCTSAMH, TOMAI SIK TpaHchopMep Kpailie
aJanTyeTbes 10 Bapianiil y BxigHux cnekrpax. Bognouac CNN+LSTM moxe Oyt KpauiuM BHOOpOM
JUTSI HEBEJIMKKX OOCATIB TaHUX Yepe3 3aTHICTh 10 €(PEKTHUBHOIO y3arajbHEHHS 32 MEHIIIOT BUOIPKH, TOJI
sk CNN-+Transformer mnorpeOye Oinbmioi KUIBKOCTI JaHUX JUIsl  JTOCSATHEHHS ONTHMAIbHOL
MPOAYKTUBHOCTI.

5. BUCHOBKH

VY naniii ctaTTi OyJs10 po3po0JICHO Ta MPOTECTOBaHO HelipomepekeBy Mojeiib CNN+Transformer st
NPOTHO3YBaHHS CHEKTPATBHUX XapaKTePHCTHK OaraTomapoBux cTpykTyp. [IpoBenenuii nopiBHsIBHAI
ananiz i3 mozemmo CNN+LSTM noBiB Te, mo po3pobieHa Mojenb 3a0e3ledye BHCOKY TOUYHICTh
npornosysanns (R?=0.9942) ta sumxye cepennbokpaaparuany noxuoky (MSE=0.000033). Otpumani
pe3ynbTaTH  MIATBEPIKYIOTh €(DEeKTHBHICTh BUKOPUCTAaHHS TPaHCHOPMEPHHUX  apXiTEKTyp Y
CIIEKTPaJIFHOMY aHajli3i, OCOOJIMBO JUIS CKIaJHHX HENiHIHHMX 3ajexkHocTei. HaykoBa HOBH3Ha
JIOCITIJDKEHHS TIOJIsirae y 3acTocyBaHHi riopuanoi apxitektypu CNN+Transformer asist mporaHo3yBaHHS
CIIEKTPAIBHUX XapaKTePUCTHK MarepialliB, MO J03BOJISE MOEAHATH €(EKTHBHY JIOKAIBHY OOpOOKY
JIAHUX 3TOPTKOBUMH MEpeaMu Ta TI00anbHUi aHami3 TpaHchopMepHHMX MexaHi3MiB yBaru. Bmepime
OyJio TPOJEMOHCTPOBAHO, IO TaKa apXiTeKTypa MepeBeplIye TPAAUIINAHI pPEKypeHTHI Mozemi
(CNN+LSTM) y 3ajauax aHaji3y CIEKTPaJIbHUX 3ajeKHOCTeH. J[0aTKOBO pealli3oBaHO alalTHBHUI
METO/I IIPOTHO3YBaHHSI, AKUI MOETHYE HEHPOMEPEIKEBUH MPOTHO3 13 BHOIPKOBOIO (hi3MIHOIO KOPEKIII€H0,
3a0e3MeYy0YH BUCOKY TOYHICTh. 3aCTOCYBaHHsI KOHTPACTHBHOTO HABYAHHS JI03BOJISIE IMiIAlITOBYBATH
MOJIeJIb MiJ] pi3Hi (Pi3udHI yMOBHU 0€3 3HAYHOI0 301IbIICHHS 00CATY HaBYAJIbHUX JaHUX.

[lepcrieKTHBY MONANIBIINX JOCTIKEHb BKIIOYAIOTh YOCKOHAIECHHS MOJENI HIIIXOM aJalnTHBHOTO
BUOOPY rirneprapamMeTpiB, pO3MIUPEHHS BHOIPKY HABYAILHUX TaHUX Ta BPaxXyBaHHS JIOaTKOBUX (i3UKO-
XiMiuHUX TlapameTpiB. KpiM TOro, MepCleKTUBHUM € 3aCTOCYBaHHS MOJIENi AJIsl aHai3y iHIIUX THITIB
CIIEKTPIB, 30KpeMa y JIOCIIPKeHHSX HaHOMaTepialliB Ta y OiomennuHii chepi.
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Hybrid Neural Network Model Based on CNN+Transformer
for Predicting the Spectral Properties of Multilayer Structures

Relevance. Predicting the spectral characteristics of multilayer materials is a key task in photonics, optoelectronics, and materials
science, as the accuracy of modeling directly affects the efficiency of technological processes and the performance of functional
coatings. Classical numerical methods ensure reliable calculations but become computationally demanding when many
parameter variations are required. This motivates the development of hybrid architectures that combine physical modeling with
the capabilities of modern neural networks.

Goal. The aim of this work is to develop and investigate a hybrid neural network model based on a CNN+Transformer
architecture for predicting the spectral characteristics of multilayer structures, and to evaluate its effectiveness in comparison
with classical and alternative neural network methods.

Research methods. Training data were generated using the TMM in the spectral range of 300-800 nm. PCA was applied to
optimize spectral representation, reducing the number of spectral points while preserving 98% of the data variance. The neural
model integrates convolutional layers for extracting local interference-related features and a transformer block for capturing
global dependencies. The training process employed a loss function that combines prediction accuracy with regularization, while
model validation was performed on an independent test dataset.

The results. The proposed model demonstrated high predictive accuracy, achieving a determination coefficient of R2=0.99 and
a mean squared error below 4%. A comparison with the CNN+LSTM architecture revealed the advantage of the transformer-
based model, which more effectively captures long-range spectral correlations and provides faster inference. The model showed
strong agreement with TMM-generated reference data and maintained robustness to noise variations in experimental spectra.

Conclusions. The developed hybrid CNN+Transformer model proved to be an effective tool for predicting the spectral
characteristics of multilayer structures. Combining physical modeling with deep neural networks ensures high accuracy,
computational speed, and generalization capability. The results highlight the promise of this architecture for fast optical analysis
and thin-film structure optimization. Future work may include expanding the training dataset, accounting for nonlinear optical
effects, and integrating the model into automated design systems for optical materials.

Keywords: neural networks, spectral property prediction, computational modeling, optimization, data analysis, thin films.
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Po3pobka nudposoro aBiiHMKA NMpolecy TenJI000MiHy B yMOBax
KOHIENTYAJIbHOI HEBU3HAYEHOCTI

AKTyalbHicTh. PO3BUTOK MPOMHCIIOBOCTI XapaKTePU3y€EThCsl aKTUBHUM BIIPOBAKCHHSIM KiOep(i3uIHUX CHCTEM, KIIFOYOBUM
€JIEMEHTOM SIKHX € [uppoBi aBifiHuky. [{npoBi ABIHHUKY T03BOJSIFOTH i ABUIINTY €EKTHBHICTh YIPABIiHHS TEXHOIOTTYHUMHU
npolecamy, 3a0€3NeYlT MPOTHO3YBAaHHS PEXUMIB POOOTH OONaAHAHHSA, ONTHMI3AII0 CHEPrOCIOKUBAHHSA Ta 3MEHIICHHS
eKCIUTyaTalliifHuX BHUTpaT. BomsHi kamopudepn € BaXIMBOIO CKJIAQJOBOIO CHCTEM TEIUIOT€Hepalil Ta TeIIOCHOXKHUBAHHS
MPOMHUCIIOBHX 00’ €KTIB, 10 3yMOBIIIOE HEOOXIIHICTh CTBOPEHHS aJICKBaTHUX MOJENCH, 3MaTHUX TOYHO BiMOOpa)kaTH peanbHi
nporecH Terooominy. OHaK aHaNITHYHI MOJIENI TAaKUX alapaTiB 4acTo MICTSATh HEBU3HAYEH] apaMeTpH, 110 3HIDKYE TOYHICTh
MOJICIIOBAHHSI Ta YCKJIAIHIOE TX MPaKTHYHE 3aCTOCYBaHHs 0e3 J0aTKOBOI ineHTHiKamil.

Merolo myOumikarii € po3poOka upoBoro ABiifHHKA BOASHOTO Kanopudepa Ha OCHOBI aHAIITHYHOI MOJIENi, aIalTOBaHOI A0
peaJbHUX YMOB TEIIOOOMiHY HUISXOM ifeHTH(]iKamii HEBU3HAYCHHUX MapaMeTpiB. AHaNITHYHA MOJETb PO3TILIIAETHCS SK
0a30BUil MPUKITAL, IO 3a0e3eUye MOKIIUBICTD i1 y3aralbHEHHS AJI Pi3HUX THITB TEIIOOOMIHHOTO 003 JHAHHS.

Mertonu pgociaimskeHHsl. Y poOOTI BHKOPHUCTAHO AaHATITUYHE MOJCNIOBAHHS TEIUIOBUX MPOIECIB Ta METOAW MHAacHUBHOI
ineHTHdiKamii mapaMeTpiB MaTeMaTHYHOI MOJENi. AMJanTaimis JUHAMIYHOI MOJENI 3AIHCHIOEThCS MNUISXOM MiHiMi3aIlil
KBQJIPaTHYHOTO KPHUTEPI0 SKOCTi, IO XapaKTepH3ye BiIXWICHHS 3MIHHHX HPOCTOPY CTaHy MaTeMaTHYHOI MOJelNi Bix
CKCIIEPUMEHTAIBHUX JIAHUX PEabHOTO MPOIIeCy TerIoooMiny. J{is macuBHOI ineHTHDIKAIIT BAKOPUCTAHO YHCEITbHI METO/IH.
PesyasTaTtn. IIpoBeneHo aHaii3 aHANITHYHOI MaTeMaTHYHOI MOJETi BOJSHOTO Kajopudepa Ta BCTAHOBICHO HAsBHICTh
YOTUPHOX HEBU3HAUCHHX IapaMeTpiB, SKi MOTpeOyIOTh YTOYHEHHS Ui 3a0e3nedeHHs afekBaTHoCTi mozpermi. o Takmx
mapamMeTpiB BiHECEHO BUTPATH MaTepialbHUX IOTOKIB Ta KOe(iIlieHTH TEIIOBiAnadi, M0 BH3HAYAIOTh IHTCHCHUBHICTH
TEIUIOBOTO IIOTOKY 4epe3 TEeIUIOOOMIHHY IOBEpXHIO amapaTy. Ha OCHOBI 4HMCENIBHOTO MOJEIIOBaHHS IIOKa3aHO, IO 33jaya
ineHTH]iKalii HEBU3HAUYEHHX KOCQIII€HTIB Ma€ OJHOSKCTPEMAalbHUH XapakTep, IO 3a0e3Mmedye CTIMKICTh pe3yiIbTaTiB
ONTHMI3aNii Ta MOXKJIMBICTh 3aCTOCYBAHHS CTAHAAPTHUX YHCEIBHUX MeToiB. OTpHMaHi pe3yIbTaTH YUCEITFHOTO MOJICTFOBAHHS
MiATBEp U €EKTUBHICT 3aPONOHOBAHOTO MiAXOY 70 aaanTallii aHATITHIHOT MOJIeTi Ta Po3poOKU MUGPOBOTO BITHHKA
BOJITHOTO Kanopudepa.

BucHoBKH. 3anporoHOBaHWI MHiAXig 10 po3poOku IM(POBOro BiifHMKAa BOISHOrO Kajopudepa 3abe3rnedye ageKBaTHE
BIATBOPEHHS PEAJIbHOTO MpPOLIECy TeII00OMiHY Ta MOXKe OyTH BUKOPUCTAHUH y CKJaji Kioepdi3nyHUX CHCTEM IPOMHCIOBUX
mianpueMcTB. Po3rimsgHyTHII MeTon ineHTH]iKamii JIeTKO MONIMPIOETECS Ha iHII THIH TEINIOOOMIHHOTO OONamHaHHA, IO
3aCTOCOBYIOTBCS B CHCTEMaXx TEIIOreHepallii Ta TerIOCTIOKHBAHHSL.

Knrwwuoei cnosa: xibepgizuuna cucmema, yudposuil 08ilIHUK, MAMEMAMUYHA MOOeNb, NPOCMIP CMAHI8, 800AHUL Karopugep,
Meni000MiH, nacuena ioeHmuikayis.

SAx muryBaTu: ['ominko [. M. Po3poOka nudpoBoro nBiHUKA TEIUIOCTIOKUBAHHS ISl KiOep(i3naHNX
CHUCTEM B yMOBaX KOHIICTITYaJIbHOT HeBU3HAUCHOCTI. BicHuk XapKiscvkoeo HayioHalbHO20 YHieepcumemy
imeni  B. H. Kapasina, cepis ~ Mamemamuune  mooeniosanus.  Inpopmayitini  mexuonoeii.
Aemomamuszoeani cucmemu ynpaeninus. 2025. sun. 68. C.20-29. https://doi.org/10.26565/2304-6201-
2025-68-02

How to quote: I. Golinko, “Digital Twin Development for the Heat Transfer Process under
Conceptual Uncertainty”, Bulletin of V. N. Karazin Kharkiv National University, series Mathematical
modelling. Information technology. Automated control systems, vol. 68, pp.20-29, 2025.
https://doi.org/10.26565/2304-6201-2025-68-02 [in Ukrainian]

Beryn

PO3BUTOK E€KOHOMIKM 3aJICKUTh BiJ 3JIar0/DKEHOCTI 1 CHCTEMHOCTI IIOJITHKH JEP)KaBH, IO
HamnpaBjicHa Ha KOHKPETHI MOKAa3HMKH SKICHMX 3MiH. BiJHOBJICHHsS Ta MOJEPHI3allisl MPOMHUCIIOBUX
00’ekTiB YKpaiHM — BaXKIMBUH MPIOPUTET HALIOHAIBHOI EKOHOMIYHOI IOJITHKH. BiapomkeHHs
MIPOMUCIIOBOCTI TIOBHHHO BiIOyBaTHCS Ha 3acajiaX TEXHOJIOTIYHOI MoiepHizarii [1].
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OmHUM 3 TOJOBHHUX HAMPSMKIB TEXHOJOTIYHOT MOJIEPHI3aIil, IO CTUMYITIOE EKOHOMIKHA PO3BHHYTHX
JepkaB CBITYy, € cTBopeHHs Kibepdiznunux cuctem (KDC). Inei ynpapniHHS BUpOOHHLITBOM B PaMKax
K®C mouanu 3’sBnarucst Ha mouatky 2000 pokis. ¥ 2013 poui €Bporneiicbka KoMicisi opranizyBana
ceminap “Cyber-Physical Systems: Uplifting Europe's innovation capacity”, npucssuenunit KOC Tta ix
poIIi B iHHOBAIlITHOMY TIpoIieci. Ypsaau 6aratb0ox eBpornerchkux kpail BKrounin KOC B mpiopuTeTHHHA
CIHMCOK 1HHOBALi{l K KPUTUYHO BAXKIMBOTO HANPSMKY PO3BUTKY HalliOHAJIBHUX iHTEpeciB [2]. B €Bpomi
Il 1HHOBAIIWHI cTparterii pO3BHBAIOTHCS B paMKaxX HiMenbKoi iHimiatuBu “lamgyctpis 4.0”. Omna 3
IHHOBAIIIH, SIKY BOHA BIPOBaKye, € Digital Twin — BceoXommoounii iHCTpYMEHT CyIpOBOY 00’ €KTA.

Ensapn A. JIi [3] Busnauns KOC sk inTerpanito iHpopManiiiHuX 1 pi3UUHUX MPOIECiB Ta MiAKPECIUB,
mo iX MmOTeHIian 3aTbMapuB peBONOLil0 iHGopmamiiiHux TexHomorid 20-ro cromitra. KOC
CIpUAMAIOTBCS K pYyIIifHA CWIa eKOHOMIYHOI TpaHcopmarii, sfka TapMOHIMHO TOENHYE
¢yHKUiOHYBaHHS iHGOpPMaLidHUX Ta PI3UUHMX MpOLECiB B paMkax €auHoi cuctemu. CporogHi KOC
ICHYIOTh BCIO/IM B Pi3HUX po3Mipax, 3 pi3HUMH QYHKIisIMUA Ta MoxiuBocTsmu [4]. Taki cuctemMu 4acto
MiATPUMYIOTh KPUTHYHI PIIICHHS, IO MAIOTh 3HAYHE CYTTEBE €KOHOMIYHE Ta CYCIUIbHE 3HAYCHHS.
OcHoBHuMH XapakTepuctukamMu K®PC € iX CKIagHICTh, HEOMHOPIAHICTh, HEBH3HAUEHICTH Pi3HOI
NPUPOAN, MYJIBTUANCUUILTIHAPHUN XapaKTep Ta 3a0e3MeueHHs TapaHTOBaHO1 cTpaTerii QyHKIIOHYBaHHS
Ha BCHOMY JKUTTEBOMY ITUKJIi CHCTEMH [5].

BaxnuBuMm iHCTpyMeHTapieM i TapaHToBaHOi peamizanii ¢yHkmionyBaHHA K®PC e uudpoBuit
neiitauk (LJ]). LI/ sixk HOBa 6a30Ba TEXHOJOTIS PO3IIMPEHOTO CUCTEMHOI'O MOJICIIIOBAHHSI, MOHITOPUHTY
Ta aHaumizy Moxke OyTH e(eKTHBHMM pIlleHHSM JUIs MiABHINEHHS SIKOCTI YIpaBIiHHS (i3UYHUMH
nporecamu [6, 7]. BpoBamkenns xmapaux 1uiatdopm Hagae [1/] Bucoki oOuncimroBanbHi MOKITUBOCTI
Ta MOXITMBOCTI 30epirants qaHux [§], M0 MpH 3aTydeHHi MPOTHO3HOTO MOAYIIO JIO3BOJISE BUSBISATH
BY3bKi MicIIsl AJIsl MPOTiKaHHA (i3WYHUX MPOIECiB, ONTUMI3yBaTH CTPYKTYPY 00’ €KTy (DyHKIIIOHYBaHHS,
T IBUIIYBATH AKICTh MIPOAYKIIii, BUSBISATH HECIIPABHOCTI 00JIaIHAHHS Ta 6araTo iHIIOTO.

Po3pobka II/] BigHOCHTBCS A0 CydaCHMX HAyKOBHX HANpPAMKIB, a Ii aKTyalbHICTh BCEOITHO
BUCBITJICHO B po0OoTi [9]. LI/] Mae OGararorpanHy apXiTeKTypy 1 CKJIaJHe MaTeMaTHYHE 3a0€3CUeHHS IS
cBo€T peainizaii. [Hpopmariitne 3ade3neyenns L/] Brmoyae koMOiHaMil0 HACTYITHUX KaTeropii (ane He
obMexyetnes tuM) [10]: dismuHa Momemh Ta AaHi; aHATITHYHA MOJIENb Ta IaHi; 9aCOBi apXiBU (Hi3MIHOTO
MpoIleCy; NlaHl TpaH3aKIliif; OCHOBHI JaHi; Bi3yadbHI MOJeNi Ta po3paxyHku Ta inme. [IJ[ moxe
CTBOPIOBATUCH K KOMIT IOTEpHA MOJICNIb (DI3UYHOTO 00 €KTYy 3 3aJIyYCHHSIM KOMILICKCY IMPOLEAYP
NPOTHO3YBaHHS Ta IOTYXHOI INporpamHo-amapatHoi cuctemu. I[IpoektyBanns L[/ Gasyerbcs Ha
BUKOPHCTAaHHI METOMIB IMITaIlifHOTO MOJIENIOBAHHS, sKi 3a0€3MeuyloTh MaKCHMAIbHO pealiCTUYHE
MpeJICTaBRIeHHs (DI3MYHOTO MPOLIECY Y BIpTyalibHOMY CBIiTi. Marematuunuii ornuc L[/ MoxxHa oTpuMaTH
i3 3acTocyBaHHSIM KOMOiHamii METOMIB CTaTUCTUYHOTO MOJCNIOBAaHHS, MAIIMHHOTO HAaBYaHHA Ta
aHAJTITHIHOTO MozetoBaHHs [11].

BaxiuBOI0 XapaKkTEpUCTHKOI TEXHOJIOTIYHUX MPOLECIB OYAb-IKOTO BUPOOHUIITBA € IX INTYYHICTh.
06 mepepoOuTH CHPOBUHY Y SIKICHY MPOIYKIIitO JUTs 11 peanizaiii Ha MiXKHApOJHUX pPUHKAX, BUPOOHWYI
MPOIECH BiMIUTI(POBYIOTECS JECATKAMH POKiB. Sk mpaBWiio, Cy4acHi TEXHOJOTIYHI TMpOIEeCH Ha
BUPOOHMIITBI € CKJIQJHUMH, ajie JToOpe BHBUYCHHMMH 3 aHAIITHYHOK (hOpMali3alli€l0 MareMaTHYHOTO
onucy [12]. [IpakTka BUKOpPUCTAHHS aHATITHYHUX MOJIEICH CBITUUTS, 1110 aJICKBaTHI MOJIei (Di3UUHUX
MIPOIIECIB TPAIISIOTHCS BKpal piIko, OCKUTBKY TaKi MOJEI PO3pOOIISIFOThCS B YMOBaX KOHIIENTYaIbHOT
HeBH3HaueHocTi. KoHmenTyanbHa HEBHU3HAYEHICTh € KOMIUIEKCHOIO, IO IO€JHYE HEBU3HAYEHOCTI:
ied; (QYHKIIOHYBaHHS TIPOILIECY; CTPYKTYpH CHCTEMH, HIO MOJETIOETHCS; B3AEMOJIi €IeMEHTIB
cucTeMH, ad0 B3aeMOJIi 3 30BHIIIHIM cepeloBUIeM Ta iHmIe. JJid aHAmITHYHUX MOJIENeH MepelideHi
HEBU3HAYECHOCTI YCKIAMHSIOTHCS 1H(GOPMAIifHOIO, METOIWYHOI0 HEBH3HAUEHICTIO Ta IHIINMH
YHUHHUKAMH.

1. [TocTanoBKa 3aga4i JOCTiTZKEHHS

TexHoNoriyHa  MOJICpHi3alis TMIANPUEMCTB  Tependadae  IHTErpyBaHHS  BHUPOOHWUYMX  Ta
iHpopmaniiianx cucreMm y enuny KOC mianpuemMcTBa, 10 HEPO3PUBHO TOB’s3aHO 13 po3poOkoro L1J]
BiJIMIOBITHUX BUPOOHUYHX MPOIIECiB. Y MPOMHUCIOBUX KOMIUIEKCaX OCOOJIUBE MICIle 3aiiMarOTh CHCTEMHU
TETUTOCTIOKUBAHHS, MO0 3a0e3MeuyloTh ONaJIeHHsS, Trapsye BOJOINOCTaYaHHS, a TAaKOX MiATPUMAaHHS
MIKpPOKJIIMaTy 3a JIOTIOMOTO BEHTHJIALIT Ta KOHIUIIFOBAHHS MOBITPsA. LIeHTpaIbHUM eJIeMEHTOM ISt
TAKUX CHCTEM BHCTYMAIOTh TEIJIOOOMiHHI amapartd, siki (OpMYyIOTh OCHOBY TEXHOJIOTIYHUX CXEM
TEIUIOTeHepallii Ta po3MoIiTy Teruia.
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Mertoro myOmikariii € po3podka IJ] mpomecy TemiooOMiHy Ha TPHKIaAI BOASHOTO Kajopudepa.
AHaIniTHYHa MOJIENb IIbOTO anapaTy pO3TIAAEThCS K 0a30BUI PUKIIAL, 10 MOXKe OyTH y3arajJbHEeHUi
JUIS IHIIMX TUMIB TeriooOMinHoro obiamHanHs. [Ipu po3pobui LIJ] ocobnuBy yBary ciig npuainuT
mpoOiieMi HEBH3HAYEHOCTI MPOLECY TEIIOOOMiHy, sSKa MOMKE TMPOSBIATHUCSH Ha KUTBKOX PIBHIX:
MaTeMaTHYHOMY (BIZCYTHICTh TOUHHX MapameTpiB ausi opmartizaiii piBHIHb TEIUI00OMIHY); (i3uKo-
TexHiyHOMY (HemoBHa a0o0 3MiHHA iH(pOpMAIls TPO BIACTUBOCTI MaTepiaJbHUX IOTOKIB);
eKCIUTyaTaIlifHoMy (pU3MKH, TIOB’s3aHi 3 ymMoBaMH poOOTH OOMamHaHHs). Y CYKYIHOCTI Il acIeKTH
(GOpMYIOTh KOHIIENTYyallbHY HEBH3HA4YeHICTh [13], 10 sBiIsE COOOI0 KOMIUIEKC B3a€MOIIOB’SI3aHUX
HEOJHO3HAYHOCTEH.

2. AHAJIITHYHA MOJeIb TeMJI000MiHY /15 BOASIHOTO Kajiopugepa
PosrnsiHeMo MOJIeNTb HarpiBaHHsI MOBITPS HA BOASHOMY Kastopudepi, 1110 3anpornonosana B [ 14]:

TW dAd?N +A6‘N ZkOAaNOJFklA@M +k2AG\N,
1y O'Ad#me,\,l kg AGy +kyAOp; (1)
TAdAgA +A0A:k5A0AO+k6A9M +k7 AGA,

ne Ky =cyGy +aphy, TW:M, kOZOWGW, ky =1—kg, kZ:M;

M F M
Ku =aoFo+oq R, Tu :CM_M1 k3=m, ky=1—k3; Kp=CAGa+aFy, TAZCA A
Km Km Ka
CalBpo—6
k5:M, kg =1—ks, ka,
A Ka
Maremarnyna Mozenb (1) y mpocTopi cTaHiB Mae BUTIISI
X' = AX+BU, )
AGO
AOp ~YTp ke/Ta O ks/Ta k7/Ta 0 0 AGAO
ne X=| A6y |, A=|kq/Tw YTy k3/Ty | B=| © 0 0 0 |, u=|""A
A 0 k/Tw -UT 0 0 ko/Tw ko /T, Ao
Ay 1/Tw —YTw o/Tw k2 /Tw AGy

Jnst moneni TerrooOMiHy (2) 3amponoHOBaHO Kiach(iKaliro ii mapaMeTpiB y BUIIISII OJIOK-CXEMH,
Ky 300pakeHo Ha puc. 1. Teruodisuuni 3HaueHHs mapameTpiB st OnokiB kimacudikarii (1-3)

BHU3HAYEHO 3 BUCOKOIO TOYHICTIO, BOHH JIeTalbHO po3rIsiHyTI B [ 14]. KoedimienTn Temnosignaui og, o
(670K 4) 3anekuTH BiJ 0araTbox (HakTOpiB 1 MOXKYTh CYTTEBO 3MIHIOBATH CBOE 3HAYCHHS 3aJICKHO BiJI:
TeMIepaTyp MarepiajbHUX HOTOKIB @y , Op; BuTpaTH MarepianbHux notokiB Gy, Gp; Bomorocri
TIOBITPS; KOHCTPYKTUBHUX OCOOJIMBOCTEN MOBEPXHI TEII0OOOMiHY Ta iHImMX (aktopi. Lli mapamerpu €
MPEeIMETOM HAYKOBHX JIOCII/PKEHb B TEIUIOTEXHII 1 pO3PaxOBYETHCS 3 BUCOKOIO TOYHICTIO Ha OCHOBI
eKCIepUMEHTANLHUX JoCIiKeHb [15]. I3 3a3HaueHux MipKyBaHb Koe(DillieHTH TEIUIOBiAIadi oy, o
CNiJ BiJIHECTH /O MapaMeTpUYHOi HEBU3HAUEHOCTI Mojieni (2), siKi CYTTEBO 3alieaTh BiJl BUTpaT
marepianbHux 1MOTOKiB Gy, Ga. B poboti [16] posrimsHyro BILIMB KoedillieHTa TEIUIOBiqiadi Ta
BUTPATH MOBITPsI HA YKCEJIbHE MOJENIOBAHHS JIWHAMIYHUX IMPOLECIB TEINIOOOMIHY AJISI €NEKTPUIHOTO

kanopudepa. OkpiM ILOT0, HA TOYHICTh PO3PaXyHKIB BIUIMBAE "TOYKA" OCHOBHOT'O CTATUYHOTO PEKUMY
TEII000MIHHHUKA, B OKOJII SIKOT IIPOBOUTHCS JIiHeapu3allis MaTeMaTHIHOT Mojeni (2).

Bin koediuientis Terosianaui @y ta @ 3anexars napamerpu Ty, Ty, Ta, Ko..-K7 mMonenei (1)
1 (2), ockinbku Koe(illieHTH TEIIOBiIAa4Yl BXOAATh B PO3PaxXyHKOBI 3aJIeKHOCTI apaMeTpiB MOJENeH.
MoskHa 3p0OUTH BUCHOBOK, IO BiI TOYHOCTI BUBHAYEHHS YUCIIOBUX 3HAYEHB KOS(illi€HTIB TEIUIOBI 1avi
0y Ta oy 3a1exarh YUCIIOBI 3HAUeHHS MaTpullb A ta B Moneni (2), 1110 iCTOTHO BILTMBAE HA Pe3yJIbTaTH
MOJICIFOBAHHS TUHAMIYHUX MTPOLIECIB TEIIOOOMIiHY.



ISSN 2304 -6201

BicHuk Xapkiscbkoro HauioHanbHoro yHiBepcuteTy imeHi B. H. Kapasiva

cepis MatemaTtnyHe MogentoBaHHs. [HopmaLiiHi TexHonorii. ABTOMaT30BaHi cucTemu ynpasniHHs, Bunyck 68, 2025 23
[MapameTpu MaTeMaTH4YHOI Mojei (2)
] ] I ] ]
— 1 2 3 4
I"abaputHi po3mipu T . . Termodiznysi [Tapamerpn
erodiznyHi ) .
HapaMeTpu TEII000MIHY MiXk
arapaty mapaMeTpH TapaMeTp ' .
MATEDIANIB AmapaT MaTtepialbHUX MOTOKIB MaTeplaJlbHUMHU
p paty MOTOKaMH
— Bucora, H )
- TemnoeMHICTB, Koobim
TennoemMHICTh ] cw, Ca Oe@IHICHTIfI
— . 1
—  Wlupuna, C Martepiany, cu TEIIOB1AaYl,
ay,
I'ycTuna mar. 0> ™1
— [nmubuna, L | [Maca kounctpyxuii, HOTOKY, O L4
My
Temneparypa,
[Inoma By, O 640,04
TETUI000MiHY,
Fo, F1
Butpara mar.

noToky, Gw, Ga

Puc. 1 Knacugirxayis napamempis moodeni 60051020 Kaniopughepa
Fig. 1 Classification of the water heater model parameters

3. Inentudikauisi napameTpisB Mojei BOASHOT0 Kajgopudepa

Jst pO3KpHUTTS KOHIENTyalhbHOI HEBHU3HAYEHOCTI JWHAMidHOI Moneni (2) OyaeMo BHKOPUCTATH
METO/]I TACHBHOT'O €KCIIEPHMEHTY. AJJanTaIlis MaTeMaTHIHOI MOJIEeTTi JI0 MaHUX (Di3MYHOTO MPOIIECy, M0
BuMiprotoThcs ceHcopamu KOC, € omaum i3 eraniB po3pooku L[J[. Takuii miaxin BUMpaBIaHUi CBOEKO
E€KOHOMIYHICTIO, OCKUIbKM HE MOTpeOye MOAATKOBUX MaTepialIbHUX PECcypciB Ha BUPOOHUIITBI.
BuxopuctaHHA aHANITHYHUX METOJIB afanTallii YCKJIaJHEHO HENiHIHHOIO 3aJeKHICTIO MapaMeTpiB
mozeni (2) Bix koedilieHTIB TeIUIoBiAmadi @y Ta ¢. 3 UMX MIPKyBaHb HPONOHYETHCSI BUKOPUCTATH
YHCeNbHI METO/U MOITYKY HEBU3HAUEHHX ITapaMeTpiB MaTeMaTHYHOT MOJIEI.

dopmManpHO AMHAMiuHA MOJENb (2) MICTHTh BiCiM HEBH3HAYCHHX mapamerpiB &g, &, Gy, Qyo,
Qv ., Ga, Opg, Op. Hpumycrumo, mo mapamerpu Gy, Ay, pg, Fa KOHTPOIIOIOTHCS CEHCOpaMH
Temreparypu. B TakoMy BHUIajKy B TpoIleci MmapaMeTpuyHoOi igeHTudikanii Moaeni (2) HeoOXimaHO
BH3HAYUTH 4YOTHUPH mapamerpu Oq, ¢, Gy, Ga. Jua macusHOi ineHTH}IKAII MOENi BOASIHOTO
Kanopudepa peKOMEHIYETHCS BUKOPUCTATH METOM YUCEIBHOI ONTUMI3allii, OCKIIbKY (QYHKIIIS TTOITYKY
HEe 3aJjaHa aHAJNITUYHO, a OOYMCIIOETHCS O€3MocepeHbO TiJ Yac peaji3amii alropuTMy IMOIIyKY.
JletabHO arOPUTM ITACHBHOI iIeHTHdIKALIT pO3rIIsHYTO y myoJikarii [15].

B anropurmi inenTHdIKALT 32CTOCOBYEThCS CEPEAHBOKBAIPATUIHUI KpUTEPiH MiHIMI3allii MOXUOKK
BUMipSHUX 3MiHHHX CTaHy MpOIECY TemnooOMiHy X i BHXiJHOro BekTopa X OIiHOK MaTeMaTHYHOI
MoJeni (2), mo ieHTHQIKYyeThest TpH BXigHOMY curHam U

tot+t; o ~
I=M{ [ (X=X) Q(X-X)dt{—min, (3)
t
TyT {y - mouarkoBuii yac TpeHay, t¢ - TpuBamicTh mUcKpeTH3anii TpeHmy, Q - OAMHWUYHA KBaJpaTHA

Mmatpuis, T - onepaTop TpaHCIOHYBaHHS MaTpulli, M - omeparop MaTeMaTHYHOTO CIOiBaHHS, SIKUIA
BpaxoOBY€ IMPOMHUCIIOBI 30ypeHHs. Y3arajbHeHa CTPYKTYpHa CXeMa Mpolecy NacuBHOI imeHTHdiKarii
300pakeHa Ha puc. 2. Kputepiii nomyky (3) 00UUCIIIOETC i Yac peasizallii aropuTMy iaeHTH(IKaril.

MeTto1 unceNbHOT ONTUMI3aIlli MOYKE MaTh OCOOJMBOCTI MporpamMHoi peanisaiii. 11100 HiBemoBaTH
MOJKJIMBICTh YHCEIILHOTO TEPEIOBHEHHS KpuTepiro (3) HeoOXiIHO BCTAHOBUTH MEXi TONIYKY 3HAYEHb

napamerpiB &g, &, Gw , G A, BUX0114H i3 yMOBU (Di3UUHOI peasicTHYHOCTI TEINIOOOMIHHOTO amapary.
Iadopmaniiina HEeBU3HAYEHOCTH YACOBUX TPEHIIB HiBEJIIOETHCA 3I1aJPKyBaHHIM BUMIPSHUX 3MIHHUX JUIS
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BekTopiB U(t), X(t), a wacosmii iHTepBan TpeHAiB tf mHoOBHHEH OyTH B JeKiibKa pa3iB OUIBIIMM 3a

TPUBAIICTh  TEPEXiTHUX TMPOIECiB  BOAJHOrO  Kajopudepa, MmO 3a0e3medye  HEpiBHICTH
tf >10 maX(TW , TM ,TA).

u@® r; Bonsuuii X(® >
kanopudep
:> AHamiTnyHa X(®)
MoJensb (2) 8
13
[ — min , momyx
&y, @, Gw, G 4 ]

Puc. 2 Cmpyxmypna cxema ons ioenmucpixayii modeni 600sHo20 kanopugepa
Fig. 2 Block diagram for identifying the water heater model

[pame3naTHICTh YMCENBHOTO METOAY ineHTH(IKAIIi1, 10 3aIpONOHOBaHM B po0oTi [15] oriHeHO 3a
JIOTIOMOTO0 TIporpamHoro maketry MatLAB. ¥V mopiBHAHHI i3 MonepeaHiMH JOCIIPKEHHSIMH aBTOPIB
[16], xinbKicTh HEBH3HAYCHHMX MapaMeTpiB imeHTH(DIKAIil 30UTBIIMIACS, IO YCKIATHWIO 3a1a4y
igenTudikamii. Jkmo mst enekTpuyHoro kanopudepa igeHTUIKYBanucs KoeillieHT TeruioBiaaayi Ta
BUTpaTa MOBITPSHOTO MOTOKY, TO JAJISl BOJSHOTO Kajopudepa ineHTudikamii miasaraoTs Temiogi3niHi
XapaKTEPUCTUKH [UIs JIBOX MaTepiajbHUI MOTOKIB: BOIIHOTO TEIIOHOCis (BuTpata Bomu Gy Ta

KoeilieHT TemIoBiqIaui ¢ ); MOBITPs, MO HarpiBaeThesi (BuTpara moBiTps Gp Ta KoedirieHT

TEIIoBIIIa4l Q).

s imitariiinoro MojemoBanHs dacoBux TperaiB U(t) ta X(t) pobodoro BossHOro Kanopudepa
(eTamoHHa MOJENB) 3acTOCOBYBajacs Moaenb (2). Jlo BeKTOpiB eTalOHHWX 3MIHHHX OyIlo TOJaHO
BUIAJKOBHI CUTHAJ 3 aMILTiTY 010 £0.25, 1110 BiATBOPIOE BIUIMB MTPOMUCIIOBUX 3aBaJl Y BUMIPIOBAIbHUX
KaHaJax CEHCOpiB. Y BUMNAIKY imeHTu(ikoBaHOI Moxeni (2) MOYaTKOBI 3HAYEHHS HEBHU3HAYEHUX

napaMeTpiB ao,al,éw,c_;A CYTTEBO BIJpI3HSUINCS BiJl €TAJIOHHUX 3HaueHb g, q, Gy, Gp. dua

BUKOHAHHS TMapaMeTpudHOi imeHTHdikarii Bukopuctano ¢yHkmiro MatLAB fminsearch(...), B skiii
HaJIAIITOBaHO peajizamito MeToay onTtuMizanii Henmpepa-Mina. OCHOBHI pe3ylbTaTh HYHCENBHOI
inentudikariii HaBeneHo Ha puc. 3. Ha puc. 3 1 mam BHKOPHUCTOBYIOTHCS TaKi MO3HA4YCHHs: X BEKTOP

cTaHy MoJieni (2) i3 eTaJIOHHUMHU 3Ha4eHHSAMH NapaMeTpiB o, &, Gy , Gp ; BekTop ctany X aist Moeni
(2), mo ineHTU(IKyeTHCS 13 3HAUCHHAMU KOe(DILIEHTIB &g, &, aw , G A, IO ONTUMI3YIOTbCA. BexTopu
crany X i X BKIIOUAIOTH 3MiHHI: Afp i AOa — TeMIIepaTypa Harpitoro mositps; A6y, i AOM —
TeMmIeparypa TeriooOMiHHOT moBepxHi; Afy 1 AOW — TeMIeparypa BOASHOrO TerioHocis. [pu

MO/ICITFOBaHHI BUKOPUCTAHO TEIUTO(i3HYHI XapaKTepUCTHKU BojasiHOrO Kanmopudepa CVP2-HW2 [16].
BexkTop kepyrouoro BBy U maremaTnunoi Mojeni (2) MicTUTh 3MiHHI: Afpg — BXilHa TemIepaTypa

noBiTpsi, AG 5 — BuTpara noBiTps; Aéy o — BXiJHa TemnepaTypa Ternonocis; AGy — BUTpara BOASHOTO

TEIIOHOCISL.
Hns inentndikanii mapameTpiB BUKOPUCTaHO BHUMAJOK, KOJHM IOYATKOBI YMOBH BEKTOPIB CTaHy

" . . . . . o T .
€TAJIOHHOT MOJIENI Ta MOJIEINI, IO iIeHTH(IKYEThCS, CITIBIIAIAI0Th X(O) = X(O) = [l 2 3] , OCKUIBKH
3MiHHI BEKTOPY CTaHy BHUMIpIOIOTECS. [IpoTe, y JOCHIKEHHI CYTTEBO BIJIPI3HSIIOTHCS MapaMeTpH
imenTudikamii oy =1200), éW =0.1, o =220, GA =0.2 Bix eranoHHUX 3HaueHb oy =800,
Gy =015, =120, Gp=03. Ilpu cryniHyactii 3MiHI BEKTOpa BXiIHOIO BIUIUBY

T . . . .
U (t) = [1 011 0.15] , OTPUMAHO YacoBi XapaKTePUCTHKH s eTasoHHoi Monemi X (rpadiku

KPHBHX 13 BUIT4JIKOBOIO CKJIaJI0BOIO) Ta ieHThdiKamiitnoi Mmojeni X (rpadiku NyHKTHPHHUMH KPUBHMU),
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110 moKasaHi Ha puc. 3 (@). Pi3HHI MiK 4aCOBMMH XapaKTEPUCTHKAMH IIPOCTOPY CTaHIB €TAIIOHHOI Ta

ineHTH(]IKOBaHOT MOJIEIi 3HAYHA.,
X,X I O,"r T T T 7 N T ! .
0 L A
............... s |
207 1 4008 8 |
A VA R 8 |
' C e
15+ [ .I
. 7 300 ;
AR AV oo ||
107 |
ROt AP it o 200 L L] :
5y ‘ [ 8
1007 | I N N
a) b) .00/)_,""'; 4000 — S_gnfn';';_:i— —
1, cex 400 600 800 1000 1200 1400 a,

Puc. 3 Ioenmudpixayis napamempis mooeni (2):

X, X - ‘ ‘ -
AQW , AQW a) MOOeN08aH S YACOBUX Xapakmepucmux 0o
15l %WWW& idenmudpiayii a,, &,. Gw, G1; b) mpaekmopis
AHM, ABM onmumizayii napamempie O, ma (&, ; C) MOOeN0GAHHS
(AR o 4ACOBUX XAPAKMEPUCMUK nicis i0enmuixkayii
10 L 1 50’ ﬁl’ GW, G.’J
A g Fig. 3 Identification of model parameters (2):
a) simulation of time characteristics prior to
SF7 16 A0 identification &, &,, Gw, G 1 ; b) optimization trajectory
¥ )
,/: f 4 of parameters &, and &; ; c) simulation of time
‘ : characteristics after identification &,, &,, Gw,Ga
60 80 1, cex

c) : :
0 20 40

Ha puc. 3 (b) nokaszano i3o:miHii moBepxHi Kputepito (3) Ta TpackTopist HOro MiHiMI3aIli Mpu yMOBi
mo 3Ha4eHHs napametpiB Gy, G, yxke imeHtudikoBano. Takuii miaxiJ 3aCTOCOBaHO, OCKIIBKH HEMae
MOJJIMBOCTI TpadiuyHO MPOJEMOHCTPYBaTH ONTHUMI3alil0 Kputepist (3) 3a yoTupMma mapaMeTpamu. Y
JOCHIJDKEHH] 11eHTH(]iKyBaInCs yci YOTHPU HEBH3HAYEHI MapaMeTpH MPH Pi3HUX MOYATKOBUX YMOBaX.
UwncenbHI AOCHIHKSHHS MiITBEpIIH, Mo QyHKIioHaN (3) Mae OIWH eKCTpeMyM B o0nacTi (hizmaHOL
PeaNTiCTHIHOCTI MaTeMaTHIHOT MOJIeTi (2), aIrOpUTM YKCENbHOI ieHTHdiKaLii Mae 100py 301KHICTh PU

PI3HHUX MOYATKOBHX YMOBAaX Ta HASBHOCTI BUIIAIKOBHX 30ypEHb
Ha puc. 3 (C) HaBegeHO 4YacoBi XapaKTepHCTHKH 3MIHHHX CTaHy eTaloHHOi Mmozeni X Ta

inenTudikoBaHoi Moxemi X micas igeHTH(]IKaIil HEBU3HAYEHHX MMapaMeTpiB npu BXimHid xii U(t) Ha
0o0uBI Mojesi. 3Hal/IeH] 3HAYCHHS 1IeHTU(IKOBAHUX MMapaMeTPiB € TOCUTh OJIM3bKUMU JIO0 €TaJIOHHUX
oag=7777, Gy =0.15, & =117.7, G =0.31. BinnocHa noxuOka ineHTH(}IKOBaHUX IapaMeTpiB

MoJielIl He niepeBuImia 5%.
4. Po3podxa uu¢poBoro ABiiHNKa BOAAHOr0 Kanopudepa

Po3pobky LI/ noribHO 3/1iHCHIOBATH Ha OCHOBI aHamITHYHOT Mojeni (2). ns apanTamnii moseni (2)
JI0 peabHOro MPOLECY HarpiBaHHS MOBITPs BOASHUM Kajlopu(epoM Ha MOYaTKOBOMY eTari HeoOXiJaHO
BUKOHATH 1ICHTU(]IKALiI0 HETIEepEepBHOT MOJIEN 13 3aCTOCYBAaHHSIM aJTOPUTMY MAcHBHOI ieHTUdIKaMIT,
po3risiHyToro 'y momnepeaHbomy po3aun. I[lomanpma peamizamis 1/ moTpeOye 3MeHIICHHS
oOuncmoBaabHUX pecypciB. 1[o6 3MeHmmMTH 00YMCIIOBaNbHI pecypcu Ha po3paxyHku moxemi LI,
i i, OCKUIBKM Ha PO3B’S30K

aHAMITHYHY MoJenb (2) HeoOXigHO NpEeACTaBUTH Yy IOUCKpeTHiH dopmi
pI3HUIIEBUX PIiBHAHb HEOOXiTHO MEHII OOYMCIIIOBaIBbHI pecypcH HiXK Ha jaudepeHIianbHi PiBHSIHHS

Po3riisiHeMO JMCKpETHE Mpe/ICTaBlICHHS HenepepBHOi Moieni (2) B mpoctopi cTaHiB [16]
Kit1 = Ad Xy +Bg U, (4)
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e 'E‘d = eATKV

KV 1
= .[ eA(TKV 1) Bdt, Ty -nepion kpantysanus. Jljist nepeTBopeHHs Mozeni (2) 10
0
nmuckpetHoi popmu (4) moctatHRO ckopuctaTucs gpynkmieto c2d(...) MatLAB.
Hns po3pobku LI/] BogstHOTO Kamopudepa CKOpUCTAEMOCS MPOLIEAYPOIO0 CHHTE3Y, IO PO3TISHYTA B
[15]. 3ampornoHoBaHa MPOIEypa CKIATAETHCS 3 HACTYITHUX KPOKIB:
1) imentudikauis HeBH3HaYCHHX MapameTpiB (&g, &, Gw,GA) Uil MatemaruyHoi moxem (2) 3a
ANrOPUTMOM NAaCUBHOI iaeHTH]iKawii;
2) mepexin Big HenmepepBHOI Moemi (2) 10 muckpeTHOI Moneni (4), sika € LIJT;
3) skimo mix gyac podboTtr TouHicTs 1/ moripimnacs (depe3 HeCTaIliOHAPHICTh (HI3MYHOTO MPOIIECY), TO
MEPEX0IUMO JI0 KPOKY 1 /Ui yTOUHEHHS MapaMeTpiB MOJISi BOASIHOTO Kaopudepa.
ImiTamiitae mocmimkeHHs po3pooku ta podoTu LI BogsHOTO Kanmoprdepa BUKOHAHO B IPOTPAMHOMY
naketi MatLAB, skuii BUKOpHUCTOBYBaBCS ISl PO3paxXyHKY MaTpHIls aHATITHIHOT Mozeni (2) ta LIJI (4).
PesynbraTtu MoJeIOBaHHS HABEJCHO Ha pHC. 4.

XX : : : : a,
T e A8,
".‘ .," W
237 AOM T ' 400 |
20 ”M‘* ol
"\AO ..,
15 »MM Py, e "
W “\ M“w %%. ........ 200 | )
M A9 1 % /
Mm M ", /
M\W Yoy Wikhage, 'w )
i A6 ", 100 | -
4 Wl e —
a) ' ' M b) ————8660 -
0 20 40 60 80 1, cex 400 600 800 1000 1200 1400 @,
X,)_(k ! ' ' T Puc. 4 Pospobru L[] ons 600siH020 kanopugepa:

Q) MOOeNOBAHHS YACOBUX XAPAKMEPUCTIUK 00
ioenmugbixayii &, &, , Gw . Gq ; b) mpaexmopin
onmumizayii napamempie O, ma @, ; C) MOOeNIOBAHHS

4aCoBUX XapaKmepucmux 05 emaionuoi mooeni (2) ma
L] so0sinozco kanopugepa (4)

Fig. 4 DT development for the water heater:
a) modeling of time characteristics prior to

identification ¢, o, Gw, G} b) optimization

trajectory of parameters &, and &, ; ¢) modeling of

time characteristics for the reference model (2) and the
water heater DT (4)

c)

0 20 40 60 80 t, cex
Ha pwuc.4(a) HaBemeHO  MNPHKIAA  CHMYJAIil  JIsS  3aJaHOTO  BXIAHOK  BIUIMBY
=[1+0.5sin(0.15t) 0.1+0.025sin(0.1t) 1+0.05sin(0.3t) o.15+o.055in(o.05t)]T Ta  BiJNOBIIHUX
MOYATKOBUX YMOB (pi3uvHOT MoJIei X(O) = [7 10 15]T , ap =800, Gy =0.15, g =120, G, =0.3,
a TakoX ieHTH(IKOBaHOT MO )_((0) = [7 10 15]T , 50 =1100, 6W =0.1, 51 =300, 6A =0.2.
Ha puc. 4 (b) npexacraBieHo i3oiiHil moBepxHi Kpurepito (3) Ta Tpaekropiro HWoro MiHiMizarii B
KOOpJIMHATAX MapaMeTpiB ¢ Ta @q, B pe3ylibTaTi 4yucenbHOl ineHTUdikarii 3Haiineno oo =794.4,

6W =0.152, 5{1 =118.9, G A =0.3. Bigaocna moxu0Oka ifeHTH(IKOBaHNX TapaMeTpPiB HE MMEPEBUIINIA
3%. Ilicns mapamerpudHoi ineHTHdIKaIil Moneni (2) po3paxoBaHO YHMCIOBI 3Ha4eHHsT MaTpullpb L[]
Mozeni (4) ans nepioay auckperuzanii Ty =2
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0.0254 0.2215 0.3130 0.4043 -12.0798 0.0358 4.7011
Ag=|00323 02824 04518|; By=|0.1761 -5.2620 0.0573 7.5293
0.0086 0.0852 0.7258 0.0171 -0.5105 0.1633 21.4392

Ha puc. 4 (C) moka3aHo 4acoBi XapaKTE€pHCTUKU 3MiHHHX CTaHy [ eTanoHHoi mogeni X ta LIJT X

BOJSTHOTO Kanopudepa. 3a pe3ynbraTaMy iMITalliiHOTO MOJEIIOBAHHS MOXXHA 3pOOWTH BHCHOBOK, IO
3amponoHoBaHuil B poOoTi [15] miaxix mo po3pobku LI/l MokHa BHKOPHCTOBYBATH Ul CKIAAHIIINX
aHAITUYHUX MOJIENEH B IPOCTOPI CTaHiB, 10 MalOTh YOTUPY HEBH3HAYEHUX HapaMeTpH.

BucHoBku

MogepHizallisi TEXHOJNOTIYHUX TpOLeciB mepeadavae iHTEHCH(IKALIIO YOpaBIiHHSI CHUCTEMHU
TEIIOCTIOXKUBAHHS Ta TEIIOTECHEpaIlii Ha IPOMHUCIIOBHX HianprueMcTBax B pamkax KOC BupoOHHUIITBA.
I'mOvHaHani  aHami3 (I3UIHUX TPOIECIB MOMJIMBHH B 1X PETPOCHEKTHBI 13 BUKOPHUCTAHHSIM
incrpymenrapiro LIJI. BnpoBamxenns /] HemuHyde mpu3BOAWTH A0 0araTOBUMIPHOCTI JUHAMIYHUX
MoJeNnell 3 HEBH3HAYCHUMH MapaMeTpaMH, fAKi MOoTpeOyloTh KOpeKLii A0 KOHKPETHHX YMOB
3aCTOCYBaHHS.

Ha ocHOB1 MeTO10J10TiT CHCTEMHOT0 aHaJi3y PO3MIIHYTO MPOLEaypy po3pooku moxaeni 11/] BoasHoro
Kajopudepa i3 BUKOPUCTAHHAM aHAJIITUYHOI MOJEII B yMOBaX KOHIICNTYyaJIbHOI HEBHU3HAYCHOCTI.
PosrmsayTrii minxin po3podku LJ] mpunaTHM A1 BUKOPUCTAHHS i3 PI3HUMHU TUIIAMH TETUTO0OMIHHAX
amapariB, fIKi IIUPOKO BUKOPHUCTOBYIOTHCS B CHCTEMax TETUIOCIIOKHBAHHSA Ta TeIUIoreHepaitii. B pobori
MPOBENICHO aHalli3 MapaMeTpiB aHAIITHYHOI MOJENi BOASIHOTO Kanopudepa. Jns anamitnanoi mozeni
BCTAHOBJICHO HAsBHICTh YOTHPHOX KIIOUOBUX KOEQILIEHTIB ¢, &, EW , G A, SKI HEOOXIiJHO
YTOYHIOBATH B MPOIIECi MACUBHOI iIeHTU(IKAIIT Ta IPOJEMOHCTPOBAHO 1X BIUIMB HA KiHIIEBUH PE3yJbTaT
MozemoBaHHs. HaBeneHo uncensHUil NpUKIIaa anropuTMy i1eHTudikanii koeilieHTiB &, &, Gw,Ga
JUTSL aHAIIITUIHOT MozieNi BoAsHOTO Kanmopudepa. [lokazaHo, 0 PO3TISIHYTHH alTOPUTM 11eHTHdIKaLii
BITHOCHUTHCS 10 OJHOGKCTPEMANBbHMX 3amad  omnTuMizamii. Jlms  d9ucenmsHUX  pO3paxyHKiB
BUKOpUCTOBYBanucsi BOynmoBani B MatLAB onrtumizaniiini  ¢yskmii Ta  QyHKOIT  po3B'a3Ky
mudepeHIlialbHX 1 PI3HUIEBUX pIBHAHb. BUKOPWUCTaHHA YHCETHHUX METOMIB JUIA OIiHIOBaHHS
HEBU3HAYCHHX MTapaMeTPiB aHATITHYHUX MOJeleil Ha OCHOBI MaKCHMAIIBHOTO HAOMMKEHHS JI0 pPeaTbHUX
JIAHUX BIJKPUBA€E HOBI JTOCIIAHHUIIbKI TOPU30OHTH.
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Digital Twin Development for the Heat Transfer Process under Conceptual
Uncertainty

Relevance. Industrial development is characterized by the active introduction of cyber-physical systems, a key element of which
is digital twins. Digital twins make it possible to improve the efficiency of technological process management, ensure the
prediction of equipment operating modes, optimize energy consumption, and reduce operating costs. Water heaters are an
important component of heat generation and consumption systems in industrial facilities, which necessitates the creation of
adequate models capable of accurately reflecting real heat exchange processes. However, analytical models of such equipment
often contain uncertain parameters, which reduces the accuracy of modeling and complicates their practical application without
additional identification.

Purpose of the publication is to develop a water heater digital twin based on an analytical model adapted to real heat exchange
conditions by identifying uncertain parameters. The analytical model is considered as a basic example that can be generalized
for different types of heat exchange equipment.

Methods. The work uses analytical modeling of thermal processes and passive identification methods of mathematical model
parameters. The dynamic model is adapted by minimizing the quadratic quality criterion, which characterizes the deviation of
the state space variables of the mathematical model from the experimental data of the real heat transfer process. Numerical
methods are used for passive identification.

Results. An analysis of the analytical mathematical model of a water heater was carried out and four uncertain parameters were
identified that need to be refined to ensure the adequacy of the model. These parameters include material flows rates and heat
transfer coefficients that determine the intensity of the heat flow through the heat exchange surface of the device. Based on
numerical modeling, it is shown that the task of identifying uncertain coefficients is single-extreme in nature, which ensures the
stability of optimization results and the possibility of applying standard numerical methods. The results of numerical modeling
confirmed the effectiveness of the proposed approach to adapting the analytical model and developing a digital twin of a water
heater.

Conclusions. The proposed approach to the digital twin development of a water heater provides an adequate reproduction of the
real heat exchange process and can be used as part of industrial enterprises cyber-physical systems. The considered identification
method can be easily extended to other types of heat exchange equipment used in heat generation and consumption systems.
Keywords: cyber-physical system, digital twin, mathematical model, state space, water heater, heat exchange, passive
identification.

Haginwna y nepwin pepakyiji 01.10.2025; B ocTaHHiin 07.11.2025; onybnikosaHo 30.12.2025.
The first version has been received on 01.10.2025; the final version on 07.11.2025; published 30.12.2025.


https://doi.org/10.20535/SRIT.2308-8893.2023.2.01
https://www.iiconsortium.org/wp-content/uploads/sites/2/2022/11/IIRA-v1.10.pdf
https://doi.org/10.56415/csjm.v31.15
https://doi.org/10.15407/usim.2018.05.079
https://doi.org/10.1007/978-3-540-48880-4
https://doi.org/10.20535/2219-380415201686207
https://doi.org/10.1007/978-3-031-37450-0_1
https://doi.org/10.20535/SRIT.2308-8893.2021.2.01
https://doi.org/10.20535/SRIT.2308-8893.2021.2.01
https://orcid.org/0000-0002-7640-4760

ISSN 2304 -6201 BicHuk XapkiBcbkoro HawjioHanbHOro yHisepcuteTy imeHi B. H. KapasiHa
30 cepia MatematnyHe MogentoBaHHs. IHpopmaLliiHi TexHonorii. ABTOMaTU30BaHi cuctemu ynpaeniHus, sunyck 68, 2025

DOI: https://doi.org/10.26565/2304-6201-2025-68-03

VJIK (UDC) 004.8

Kocriouenko AiiboiHa mazicmpanm Kageopu CUCTMeMHO20 NPOSPAMYBAHHS MA CReYiani308aHUX

BajentuniBua Komn tomepnux cucmem, "Kuiecokuil nonimexuiunui incmumym imeui
leops Cikopcvroeo”, 03056, Vrpaina, Kuis, eyn. [lonimexuiuna, 14-a
e-mail: albina.kostyuchenko03@gmail.com
https://orcid.org/0009-0004-7382-7209

IMerpamenko Anapiii K.M.H., 00yeHm Kageopu CUCMEMHO20 NPOSPAMYBAHHS MA

BacuniaboBuu cneyianizoeanux komn romepuux cucmem, Hayionanonuii mexniunui

yuieepcumem Yxpainu "Kuigcokuti nonimexuiunuti incmumym imeHi
leops Cikopcvroeo”, 03056, Vxpaina, Kuis, eyn. [lonimexuiuna, 14-a
e-mail: petrashenko@gmail.com;
https://orcid.org/0000-0003-0239-1706

MeTtoa resepanii onucy NporpaMHoOro Koay 3 BUKOPUCTAHHAM MOJeJIi
IITYYHOIO iHTEJIEKTY

AKTyaJbHicTb. TeMa € akTyanbHOIO, OCKUIBKH y JaHUH Yac iCHye 0araTto BEJHMKHX IMPOEKTIB, SIKi PO3POOISIOTHCS MPOTATOM
TPUBAJIOTO Iepiogy dacy Ta MOTPeOYyIOTh HMIATPHMKH Ta PO3yMIiHHS Koxy 0e3 mosicHeHb. lIBHIAKHMI pO3BHTOK TEXHOJIOTIH Ta
HEOOXIZHICTh IOCTIHHOI pO3poOKM HOBMX (YHKHINH 1 MIATPUMKH BXKE ICHYIOUHMX HOTpeOye MOCTIHHOTO OHOBIICHHS
JnokyMeHTanil. HamucanHs Xxoporroi JokyMmeHTauii € iHHOI0 HaBUYKOIO, IO MOTpedye AOCBiAy, KOHIEHTPALT Ta pO3YMIiHHS
CTPYKTYpPH MPOCKTy. SIK HACIIJOK, BEJIHMKa KiTBbKICTh PO3POOHHKIB BB)KAIOTh MPOICC HAMUCAHHS JOKYMEHTAIlii BAKKAM 1
JyMaloTh, 1110 Yac, BUTPAYCHUH Ha Iie, MOKHa OyJIo 6 BUKOpHCTATH OLTbII poxykTHBHO. CaMe TOMY € MOIHT Ha CepBicH, iKi
JIOTIOMOTaI0Th aBTOMATH3YBATH 1€ Iporec.

Mera. Metor nanoi poOOTH € MiABUIIEHHS eEeKTUBHOCTI aBTOMAaTH30BaHOI reHepalii MporpaMHoi JOKyMEHTalii. Y paMkax
BUKOHAHHS JaHOTO 3aBJaHHA OyJI0 ONpanboBaHO HEOOXiTHHI TEOPETUYHMI Marepial, BUBYCHO YK€ iCHYIOWI PIllIeHHS TaHOl
mpo6IeMH Ta po3poOJICHO 1 peai3oBaHO BIACHHH HOBHI METOJ T'€HEPYBAHHS OIHUCY MPOTPAMHOTO KOAY, KUK OLTbII TOYHO
BU3HAYaB [IPU3HAYEHHS ()parMeHTiB KOy, YiTKO PO3yMIB CTPYKTYPY Ta 3QJISKHOCTI MK HOTO CKIIaJJOBHMH.

Metonu nociaimkennsi. JlocmipkeHHs 0a3yeThbcs Ha aHaNi3l JTepaTypH, CTaTUCTUYHHMX METOJax, a TaKOX MEeTOoJAax
MAalIMHHOTO HABYAHHS Ta IHTEJEKTYyaIbHOTO aHai3y JaHUX. 30KpeMa OyJI0 BUKOPHCTAHO METOIU CHHTAKCHYHOTO aHawi3y
KOoIy Ta moOynoBM abcTpakTHOro cuHTakcuuHoro nepeBa (AST), merox (opMyBaHHS HaBYAIBHOTO KOPITYCY, METOAN
HaBUaHHS Ta JIOHaBYaHHSA TpaHchopMmepHHX Ta TpadoBux Mopened. JlI1 OIIHKH ImepeBar IOHABUEHOI Mogeni Oyio
3aCTOCOBAHO METOJ MOPIBHSUIBHOTO MOJCTIOBAHHS Ta aBTOMAaTH30BaHOI OIIHKH SKOCTI TeKCTy (y [OaHOMY BHIIaJKY
BERTScore).

PesyabTaTn. JlonaByanus mopmeni TS5 Ha cmemianmizoBaHoMy Habopi MaHWX i3 MPOKOMEHTOBAaHMM KOJOM Yy TIOETHAHHI 3
JICKCHYHAM aHaJli30M J03BOJIMJIO MiJBHIIUTU SIKiCTh reHeparlii npubnusHo Ha 4% 3a Merpukoro F1 mopiBHsSHO 3 6a30BOIO
Mozemmo. Ile cBimuuTh mpo Te, M0 aganTaris MOAeNi 0 KOHKPETHOI JOMEHHOI 3a/a4i € e()eKTHBHOIO Ta 3[aTHOIO CYTTEBO
MOKPAIUTH Pe3yJbTar.

BucnoBkn. Ha ocHOBi 3i0panux naHux Oys0 3ampOMOHOBAHO BIACHHUH MiJXiJ MOKPAIICHHS SKOCTI TeHepallii Omucy Komy 3
BUKOPHUCTAaHHAM JoHaBYeHOI mozemi TS5 Ta crBopeHoi Momeni GNN 3 mojambInoro pearnizalfi€lo, MO 1 € pe3ylnbTaToM
JOCITXKEHHS. 3allpoTIOHOBaHA CHCTEMa MOEAHY€E Kpallli NMPAKTHKA CHHTAKCHYHOTO aHamidy, IpadoBOro MOIENOBaHHS i
TpaHCpOpMeEpHOi reHeparii, 3a0e3neuyodn MPaKTUIHO 3aCTOCOBHE PIIICHHS UISI aBTOMATHYHOTO CTBOPEHHS TOKYMEHTALll.
MoskHa CTBepKyBaTH, IO TOETHAHHS «S€(2Seq» MoJenei, MEeTOiB TOKeHi3alii Ta amanraimii BETUKUX TpaHCPOpMEpiB, a
takok aHamizy koay uepes GNN i crpykrypui AST-npenctaBineHHs 3abe3redye KOMIUIEKCHMN MiJXiJ O aBTOMATH3AIlil
po6OTH 3 KOZOM, J03BOJISIOUN MOETHYBATH JIOKAJIbHI W TJI00aMbHI KOHTEKCTH, IBUIKO aIaNnTyBaTH MOJEINb i CrenudiuHi
3amadi Ta eeKTUBHO T'eHepyBaTH 3MiCTOBHI KOMEHTapi Ta MOKyMeHTallito. Takuii iHTerpoBaHuii MiAXia Mae MOTEHIa Jis
MOAANBIIOr0 PO3BUTKY CHUCTEM INTYYHOTO iHTENEKTy Yy cdepi aBTOMaTHYHOTO aHaNi3y KOAY, IMiJABUIIEHHS IPOLYKTUBHOCTI
PO3pOOHHMKIB Ta 3a0e3MeueHHs AKOCTI MPOrpaMHOro 3abe3neueHHs. Pe3ynapraTi MOCHipKeHHS MOKYTh OyTH 3aCTOCOBaHI Ha
HPaKTHI[ A MIBUAKOTO Ta e()eKTHBHOTO CTBOPEHHS NOKYMEHTALil JO PO3pOOIIOBAHOTO IPOrpaMHOro 3a0e3ledeHHs Ta
BEJIMKUX MPOEKTiB MOBOIO Python.

Knrouogi cnoea: mawunne nasyanns, T5, GNN, cemepamop onucy kody, Haguauus mooleni, oOpobKa npupooHoi Mosu,
odokymenmayia, AST.
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Beryn

Y Ham 4ac cdepa iHGOpPMANIMHUX TEXHOJOTIH pO3BUBAaEThCA HaAmBUAKO. Ha naHwii MOMEHT
Github, naiibinpmuii y cBiTi BeO-cepBic ans 30epiranHs Ta myOmikamii koay, Hamiuye Oinmpiue 47
MIJTBHOHIB MyOmiuHuX peno3utopiis. [Ipore, Ha kanb, HE BECh KO/, IIO iICHYE, € 3pO3YMIINM Ta Mae
YiTKI Ta PO3TOPHYTI MOSICHEHHA Y BUTJISAAI KOMEHTApiB, IIe PiAlie 3yCTPIiYaeThCsl MOBHOIIHHA, YiTKO
CTPYKTypOBaHa JOKyMEHTalis. | 1e € JOCUTh Cepiio3HOI0 MPOOJIEMOI0, OCKIIBKA HAJ BEIUKUMH
MPOEKTaMH YacTo TMPAIFOE HE OJHA COTHS PO3pOOHUKIB, KOTPi Yac BiJl 4acy 3MiHIOIOThCS. BiACyTHICTB
SAKICHOI JOKYMEHTaIlii MiABHUIIY€E KUTbKICTh 9acy, HE0O0X1THOTO ISl PO3YMiHHS Ta pelaryBaHHS KOy .

Came ToMy icHye mporpaMHe 3a0e3nedeHHs], sIKe TeHepy€e JOKyMEHTallil0o Ha OCHOBI KOMEHTapiB y
KOJIi, Ha3B Ta (YHKIIOHATBHOCTI KJIACiB Ta METOJIiB a00 3araibHOro KOHTeKCTy. Haiicrapima cucrema
IUTST JOKYMEHTYBaHHS Komy Oyna ctBopeHa me y 1997 pori, mpote cTpiMKO PO3BUBATHCH I Taly3b
NpOTrpaMHOro 3a0e3MeueHHs] Iovyala MeEHIIEe ABAAISITH POKIB MOTOMY — 3 TMOSBOIO MOJENIeH-
tparchopmepiB. [leBHI mporpaMu CTBOPIOIOTH ONHC KOMy 3a MIa0JOHAMH, iHIII BHKOPHUCTOBYIOTH
00poOKy MpHPOIHOT MOBH JUTS aHAII3Y 3aJIEKHOCTeH Ta (PyHKIIIH, SKi BUKOHYIOTH Ti YW 1HII YaCTHHH
KOTY.

I'eneparopu 3a 1mra0ioHamu, Taki sk Swagger mus APl abo Doxygen mis pisHHX MOB
MpOrpaMyBaHHs, MPALIOIOTH 32 MPUHIUIIOM aHaNi3y CTPYKTYPH KOAY Ta cneuudikamiii i mogaabiioro
CTBOPEHHSI JOKyMEHTAllii y cTaHmapTuzoBaHoMy ¢(opmari. BOHH H03BOJIAIOTH MIBUAKO OTPHMATH
0a30By JJOKYMEHTAIIi}0: HAIPUKJIIA, CIIUCOK METOIIB, TapaMeTpPiB, THITIB JaHUX 1 IPOCTI MOSICHEHHS JI0
¢yHkiii. OCHOBHI IepeBark TaKMX CUCTEM — II€ BUCOKA IIBUAKICTbh, Iepe10adyBaHIiCTh pe3yJIbTaTy Ta
MiHIManpHa TOoTpeba y HaBYaHHI YM CKIAOHUX pecypcax. OgHak I MigXOAW MAlOTh W ICTOTHI
OoOMEeXeHHsS: BOHH HE BPaXxOBYIOTh CEMAaHTHKY OIi3HEC-JIOTIKH, HE TeHEpPYIOTh IHTEJIeKTYyalbHi
MOSICHEHHST KOJy Ta 0OOMEXEHI THUMH I1a0JIoHaMH, sKi nepeadadeHi po3poOHUKOM TreHeparopa. To0To
JIOKYMEHTAIlisl 4acTo € (popMaabHOI, TIOBEPXHEBOKO 1 HE JIOTIOMArae 3po3yMiTH, M0 HACTIPaBIi POOUTH
KOHKPETHHH (pparMeHT KO.Iy.

[HImuMi kjac cucTeM — 1€ TeHepaTOPH Ha OCHOBI MITYYHOTO iHTeNeKTy, Hanpukian, GitHub Copilot
abo Tabnine. BoHM BHKOPHCTOBYIOTH BENHKI TpaHCQOpPMEpHi MOJeNi, HaBYAIbHI HAa MAacHBHUX
PETNO3UTOPIAX KOAY, 1 3[AaTHI MPOIOHYBAaTH KOMEHTApi, 3aBEepIICHHs KOy Ta HABIiTh Il QyHKIIi Ha
OCHOBI KOHTeKCTy. [lepeBarn Takux pillleHb OYEBUJHI: BOHHM AJalTYIOThCS A0 CTHIIO KOAY, MOXYTb
NPOTIOHYBaTH HECTaHJAPTHI PIlIEHHS Ta IHTEJNIEKTyalbHI KOMeHTapi. BomHouac BOHM MarTh psin
HEJONIKiB: BHCOKAa OOYMCIIOBANIbHA CKIAAHICTh, 3aJIS)KHICTh B XMapHHX CEpPBICIB Ta BEJIHKHUX
HaBYAILHUX HAO0OpIiB, PU3MK reHepallii TOMIIKOBOTO ab0 HeOEe3NMedHOro KOAY, a TaKOX BiJCYTHICTB
KOHTPOJIIO HaJl TOYHICTIO Ta CTWJIEM KoMeHTapiB. KpiM Toro, Taki cucTeMH € 3aKpHUTUMH 1 He
JI03BOJISIFOTH TTOBHICTIO KACTOMi3yBaTH NPOLIEC TeHepallil IMiJ] KOHKPETHY IOMEHHY 3a/1ady.

Meroro naHoi poOOTH € MiABUINEHHS e(QEeKTUBHOCTI aBTOMATH30BaHOI TeHepamii HporpamHoOi
JOKyMeHTalii. MeroJl, 3aCTOCOBaHUH y JaHOMY IMPOEKTi, NMOEAHYE TepeBard MITYYHOTO THTEIEKTY i
napaMeTpoeeKTUBHOTO JA000yUEHHS, OJHOYACHO MIHIMI3YIOUH HEHOIIKH 000X MONEepeIHIX METOJIB.
Bukopucranns mozpeni TS, nonaByenoi MerogoM LORA Ha Habopi ¢pparMeHTIB KOAY 3 KOMEHTApSIMH,
JIO3BOJISIE TEHEPYBATH CEMaHTHYHO TOYHI Ta CTPYKTYpPOBaHI KOMEHTapi, IO BPaxOBYIOTh SIK CHHTAKCHC,
Tak 1 Joriky koxy. Ha BigMiHy BiJl TeHepaToOpiB 3a NIa0JIOHAMH, CTBOPEHA CCHCTEMa HE OOMEXKeHa
CYBOpMMH TNpaBujiamMu (GopMaTyBaHHA 1 34aTHA CTBOPIOBATH iHTEJEKTyalbHI MosicHeHHs. Ha BinMmiHy
Big 3aranbHux Al-cepsiciB, Takux sk Copilot, Moxenp HaBueHa Ha cnenupiYHOMY HaOOpi JaHUX, IO
JIO3BOJISIE KOHTPOJIIOBATH SIKICTh KOMEHTApiB, aJalTyBaTH iX IiJ] KOHKPETHUH CTHIbL ab0 IMPOEKT, a
TaKOX IMOBHICTIO MPAaIFOBATH JOKAJILHO 0€3 3aJIe)KHOCTI BiJl CTOPOHHIX XMapHHUX CEPBICIB.
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1. Icny1oui pinieHHs 32 TEMOIO

HaiiBimomimm reHepatopoM JOKyMeHTalii Ha nganuid MoMeHT € Doxygen — me cucrema
JOKYMEHTYBaHHsI BUXiJHUX TEKCTiB, sika Oyya Brepiie BumymieHa 26 xoBTHA 1997 poky i Ha maHuit
MOMEHT MiITPUMY€E IeCATh MOB IporpaMmyBanHs, cepen sikux PHP, Java, C, Fortran i VHDL. Cuctema
miATpUMye TeHepamiro mokyMmeHTarii y ¢opmarax HTML, XML, LaTeX, RTF Ta man. Doxygen
JOCHTB IIUPOKO 3aCTOCOBYETHCS 1 BUKOPHUCTOBYETHCS Y Takux mpoekrax sk Torque Game Engine,
AbiWord, Mozilla, Crystal Space Ta iHmmx.

VY mepmry uepry nporpama aHainizye dain KoH}pirypailii, KOTpHid Kepye HANAMTYBaHHIMH MPOEKTY.
OTtpumaHi HanamTyBaHHs 30epiratoTecs y Qaiini src/config.h y kiaci Config. Cam mapcep, HanucaHuid
3a momomororo flex (Fast Lexical Analyzer Generator) — renepaTopa JISKCHYHUX aHali3aTopIB,
pO30MBa€ TEKCT Ha OKpeMi TOKEHH 3a JIOTIOMOT0I0 BKa3aHMX PeryisIpHUX BupasiB. [lapcep HaxomuThCs
y okpemiii 6ibmioTei src/config.l.

Koken napameTp kKoHpirypauii mae tun String, List, Enum, Int a6o Bool. Ixni 3nauenns rmo6ansHo
nmoctymHi depe3 (yHkil Trmy Config getXXX(), ne XXX — tum mapamerpa. Hampuknan, ¢yHKIis
Config_getBool (GENERATE TESTLIST) moBeprae Bka3iBHHMK Ha OyjeBe 3Ha4eHHS True, SKIIO
testlist nocTynHuit y daiini koHgiryparmii.

MJami Bci (aiinm 3 BXiZHIUM KOAOM, sIKi OyIM BKazaHi y KoOHQiryparitHoMy Qaiiii, 32 3aMOBYyBaHHSAM
MPOXOATh 00POOKY crierianizoBaHuM mpernporecopoM C, SKU CTBOPEHUH 3a JOTTOMOTO0 Toro X flex
1 Mae KiIbKa BIIMIHHOCTEH BiJ CTaHAAPTHOTO Ta 3HaXoAuThes y (aiimi src/pre.l. Ilo-mepiue,
MpEenpoIecop 3a 3aMOBYYBaHHIM HE PO3LIMPIOE BUKITMKH MaKpOCiB, X04a e MOXKHA HAJNAlITyBaTH, 10-
npyre — komauau #include anami3yroThes, ane BkasaHi TaMm (aitmu He migkmodaroThes. KoxkeH daiin
BUKIIMKa€eThCS (QyHKINiEr0 preprocessFile(), a pe3ynbraT nomnepenaHboi 00poOKU ToMa€eThest 10 Oydepy
cumBoIiB y popmarti «0x06 file name N; 0x06 preprocessed contents of file N».

OtpumaHni ¢aiinu oOpobnsie anamizatop MoBu ((aitnm src/scanner.l), SSkuii Tpartoe K KiHIEBUIH
aBTomMaT 3 BHUKOpucTaHHAM flex. 3amaya anamizaropa — 1€ TIEPETBOPEHHS OTPUMAHOTO Ha
NoTIepeIHOMY Kpotli Oydepa CUMBONIB y abCTpakTHE CHHTAaKCHYHE JiepeBo. g BCiX MOB mpairoe
OJIMH BEJIMKHI CKaHep, IO CIIOBUTBHIOE POOOTY MPOrpaMH.

[licnst TBOTO CTBOPIOKOTHCS CIOBHWKH BWJIYYEHHX KIAciB, (aillliB, MPOCTOpPiB iMEH, 3MiHHUX,
(byHKIIH, MakeTiB, CTOPiHOK 1 Tpyn. OKpiM CTBOPEHHS CIIOBHHKIB, M/l Yac BOTO KPOKY OOUYHCITIOIOTHCS
BiTHOCHHU (HANPUKJIAJ], BITHOCHHH CIIaJKyBaHHs) MK OTpUMaHUMHU CYTHOCTsIMU. HasiBHI y Koai Giioku
KOMEHTAapiB 30epiraroThCs K PAIKU B CYTHOCTSIX, SIKi BOHH JJOKYMEHTYIOTb.

SIkmo yBIMKHEHO Teperyisij BUXiTHOTO KOy abo SIKIIO B JOKYMEHTAIlii 3yCTpidaroThes (pparMeHTH
KOJ/ly, 3aIlyCKaeThCsl aHaNi3aTop BUXiTHOTO Koxy. CHHTaKCHYHHMH aHami3aTop KOAYy HaMaraeThbes
3pOOHTH TepexpecHe NOCHJIAaHHS Ha BHUXIJIHUHA KOJ, SIKMH BiH aHai3ye, i3 3aJOKyMEHTOBaHHMHU
CYTHOCTSMH. BiH Takok BHKOHYE ITiJICBIYyBaHHS CHHTAKCHCYy JKepesl. BuXimHi AaHi 3aluCyrOThCS
OesnocepelHbO 70 BHUXIAHMX reHepaTopiB. (OCHOBHa TOYKa BXOAY JUIS aHali3aropa KOy
parseCode()orosomieHa B src/code.h.

[licnss 300py maHMX 1 TepexpecHWX NOCWIaHb IporpaMa O(OpMITIOE BUXINHI JaHI y pi3HUX
¢dopmaTax. [Iyis 11bOTO BHUKOPUCTOBYIOTHCS METOU, HajaaHi aOctpakTHuM kiacom OutputGenerator.
XML-naHi reHepyroThesi Oe3mocepeiHbo i3 3i0paHuX CTPYKTYp AaHUX. Y MaiOyTHbOMY PO3POOHHKH
IUIAaHYIOTh BUKOpPHCTOBYBaTH XML sik mpomixkHy MoBYy. IlepeBara HasiBHOCTI IPOMI>KHOT MOBH Y TOMY,
IO HE3ISKHO pPO3pOOJICHI IHCTPYMEHTH, HamucaHi pI3HUMH MOBaMH, 3MOXYTh BHUTATYBATH
iH(opMallito 3 BUXiTHUX JaHuX XML,

Ille ogHUM BiIOMUM 1HCTPYMEHTOM, SIKHH Y IEBHOMY CEHCI CTaB CTaHAAPTOM JUIsi BeO-pO3pOOKH, €
Swagger — iHCTpyMeHT i CTBOpeHHsI JokyMmeHTallii 10 API-cepeiciB. BiH cTBOprO€ OKpeMy CTOPIHKY
3 IHTEPaKTUBHOI JIOKYMEHTAIIIE0, 1€ BIIIOBIIHO J0 IMA0JIOHY OMUCAHO KOXKHY 13 3aJJ0KYMEHTOBAaHUX
GYHKIIN 3 TPUKIIAAaMy BUKOPHCTAHHS Ta 3pa3kaMy BX1IMX JIaHUX, SIKi QYHKIIiSt OTPUMYE a00 CTBOPIOE.
Takui#i miaxia 703BOJSE 3pyYHO MPOTECTYBATH po3pobieHuit API ogpasy y 6paysepi.

IHerpykii s Swagger MoxkHa 3anucyBatu y ¢opmari JSON a6o YAML. Crpykrypa omucy API
Binnosigae crapgapram OAS (OpenAPI Specification). 3okpema MokHa BKazaTu crierudikaiito
Swagger, Ha3BY, KOPOTKHI OIHC Ta Bepcito cTBopeHoro API, okpemi KiHIIeB] TOUKH (IUISAXH) Ta METOIN
(onepanii) HTTP, aki niaTpuMyIOTHCS IMMH KiHIIEBUMH TOUKaMH, METOH ayTeHTH(iKallii, TOILIO.

CepaepHi enemenTn Swagger, Taki sik Swagger Codegen, Swagger Parser, HamnucaHni MOBOO Java,
iHTepakTHBHA okymeHTamis Swagger Ul cTBoproeThes 3a normomororo Mo Javascript, HTML ta CSS.
Swagger Editor, sikuii mo3Boisie mepeBipsatu crenudikanii Ha BigmoBiaHicTh craHmapram OpenAPI
Specification Ta TectyBatu API y Opaysepi, ctBopenuii 3a gormomororo React]S. Takox 11t pi3HUX MOB
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Ta (QpeiiMBOPKIB iCHYIOTh 0i10ioTekn Swagger Annotations, Flask-Swagger, FastAPI Ta immi, ski
JIO3BOJIAIOTH JI0IaBaTH aHOTALlii y IPOTrpaMHHIA KOI.

Hani anoranii micng Bamifgamii aBTOMaTu4yHO mnepeTBoproroThes y OAS-gaiin. Swagger-cepBepu
aHaNI3YIOTh BXIHAH KON, BHUKOPHUCTOBYIOUM CTaTHYHHHA aHami3 Ta pedruekcito, mobd oTpumaru
indopmartito mpo APIL Ilotim Bci 3i0paHi gaHI MEPETBOPIOIOTHCS Y IHTEPAKTHBHUNA OJHOCTOPIHKOBHMA
JOJaTOK, IO CKIIAaNaeThesl 3 madnoHiB. [lpu 1boMy BUKOPUCTOBYIOTHCS 010JIIOTEKH AJSL pEHAEPUHTY,
taki sk Handlebars.

2. Orasg nocaaimkeHb Ta mMyoJrikaiiii 3a TeMor0

Ha omnomy 3 mepmmx eramiB AOCTiIKeHHS OyJI0 ONpanbOBaHO psijl MyOJiKalii, SKi Tak 4K iHaKIIe
PO3MIIANA0Th BUKOPUCTaHHS MOZEJIEH IITyYHOTO 1HTEJIEKTY.

3okpeMa y cTaTTi “Automatic comment generation for source code using external information by
neural networks for computational thinking” aBTOpr NpONOHYIOTH MiAXiA JO aBTOMATUYHOI reHepaii
KOMEHTAapiB JI0 BUXITHOTO KOy, OPiIEHTOBAHUI Ha OCBITHE CEPEIOBHINE Ta PO3SBUTOK «KOMI FOTEPHOTO
MHUCJIEHHS». Y CTaTTi BHPINIYIOTBCA JAeKibka (yHIaMEHTANbHUX NpoOiieM, IO TOB’sA3aHi i3
PO3YMIHHSIM KOAY Ta TOOYAOBOIO 3pO3YyMIIMX KOMEHTapiB, i Uil LbOTO MPOIOHYIOTHCS KOHKPETHI
apxiTekTypHi pimeHHs. [JJana poboTa € BaXIIMBUM JOCTIHKEHHIM Y Tairy3i 00poOKH KoAy HEHpOHHUMHA
MepeXaMH, OCKITbKM BOHA pO3IJISAa€ He JIMIIE caM KOJ, ajie i JOJAaTKOBUH KOHTEKCT, SIKHH
CYIIPOBOJKYE POTpaMy, 1110 € CYTTEBO HOBUM.

[Meprioro kIF0UOBOIO MPOOIEMOIO, Ha SIKY 3BEPTAIOTh yBary aBTOPH, € HEIOCTaTHICTh iHQoOpMaIii,
0 MICTUTBCA Oe3MOCepeHb0 y BUXITHOMY KOAi. Y 0araThOX BWITagKaX CHHTaKCHC abo CTPYKTypa
NporpaMy HE JO3BOJIAIOTH OJHO3HAYHO BU3HAYUTH 1i MpHU3HA4YeHHS, 1 0e3 JOAaTKOBOTO KOHTEKCTY
MOJIe]Ib HE 3JlaTHAa KOPEKTHO IHTEPIPETYBaTH JIOTIKY poOOTH. [Jis MOJOJIaHHS IIbOTO OOMEKCHHS
JOCIITHUKY BBOJISATH KOHIIETIIIIIO 30BHINTHKOI iH(opMaIllii, o BKIOYae (pOpMyITIOBaHHS 3a/1adi, OIMHUC
BXITHHX 1 BUXiJTHUX JaHUX, TEKCT HABYAJIHHOTO 3aBJaHHS Ta iHIII MMOSCHIOBAIBHI MaTepiann. Llei Tekct
KOHKAaTEHYEThCSI 3 MPOTPaMHUM KOZOM 1 MOJAEThCS Ha BXim Mozeni tumy encoder—decoder Ha 6a3i
LSTM. Takum yuHOM, MOJIENb MPAIIOE HE JIUIIC 3 A0CTPAKTHUMHM CHHTAaKCUYHUMH CTPYKTypaMHu, a i 3
CEMaHTHYHUM OIHCOM, II[0 3HAYHO IIiABHUIIY€E PEIEBAHTHICTD 1 3MiCTOBHICTh 3T€HEPOBAHUX KOMEHTApIB.

ABTOpH 0araTboX MOMEPEHiX PoOIT CTBOPIOBAIM MPOTPaMH, IO TEHEPYIOTh OIMCH Ha PiBHI BCiel
¢byHKUii yn Qaiiny, ogHaK 1HOAI HEOOXiIHO MOSCHIOBAaTH POOOTY MPOrpaMH TOETAIHO, Ha PiBHI
OKpeMHX PsAKIB abo Jorigaux OnokiB. ToMmy aBTOpH pOOJIATH aKIEHT Ha JAeTami3arlii KOMEHTapiB i
PO3pOOJIAIOTE METOA PO3OUTTS KOLYy Ha CTPYKTYpHI (parMEeHTH — ILMKJIH, YMOBHI OIEpaToOpH,
JieKapaiiii 3MiHHUX Ta IHIIN elleMeHTH. JIJis KOXXHOro Takoro OJI0Ky (OpMYeThCs Tapa «KOJI—
KOMEHTap», 10 J03BOJISIE HABYATH MOJENb TOYKOBOMY IIOSICHEHHIO Iiii mporpaMu, a HE CTBOPEHHIO
y3arajibHeHUX omuciB. Takuil maxix poOWTH pe3yiabTaTH MOJIENI OCOONHBO KOPUCHUMH IS
MOYATKIBIIiB, OCKIJIbKH MOSICHEHHS CTAlOTh JIOKAJIbHUMH 1 TIPUB’SI3aHUMU JI0 KOHKPETHUX YaCTHH KOJLY.

Ille oxniero 3anaucto, sIKy aBTOPH BUPILIYIOTh Y CBOil pOOOTI, € OLIIHIOBAHHS SKOCT1 3reHEPOBAHUX
KoMeHTapiB. OCKUIBKM aBTOMAaTH4HI METPHKH MAalOTh OOMEXKEHHS, NOCTIIHUKH BHKOPHCTOBYIOTH
KoMOiHOBaHMI miaxiA. s craTcTHYHOTO MOpiBHSAHHSA Oyno 3actocoBaHo Merpuku BLEU, ROUGE
ta METEOR, a mis cy0’eKTHBHOI OIIIHKH 3pO3yMITOCTi, MPaBHJIBHOCTI T4 KOPUCHOCTI OTPUMAaHUX
TIOSICHEHb 3aJIy4HIIM CTYACHTIB i BUKJIafadiB. Taka BoIIapoBa CUCTEMa OIiHFOBaHHS 3a0e3reuye OuThII
MTOBHE PO3YMiHHS €()eKTUBHOCTI MOJIEIIi B PeaJbHIX OCBITHIX CIIEHAPIAX.

VY TexHiyHOMY TUIaHi Mojeib MoOyJoBaHa Ha KIACHYHIN apXiTEKTypi seq2seq 3 BUKOPUCTAHHSIM
LSTM B poxi eHkojepa Ta Jexonuepa, AOMOBHEHOI MexaHi3MoMm yBaru. lle mo3Boisie nexopepy
¢dokycyBaTHCS Ha PpI3HMX 4YacTHHAaX KOJYy Mix dYac reHepauii komeHTaps. HaBuaHHs Mogeni
3MIACHIOETHCS 3a Jornomororo ¢yHkiii Cross-Entropy Loss, 110 € cTaHgapTHUM MiX0I0M Yy 3ajadax
reHepyBaHHs TekcTy. O0’€IHAHHS KOy 1 30BHIIIHBOTO TEKCTY B OJIMH IMOCIIJOBHHUN BXI1J J03BOJISIE
MoJeni OyTyBaTH penpe3eHTallil, ki BpaxOBYIOTb SIK CHHTaKCHYHY, TaK 1 CEMaHTUYHY iH(pOpMaLito.

TakuM 4rHOM, AaHa po0OoTa BHPINIYE OJ[pa3y KiNbKa KIOYOBUX MpoOJIeM: HecTadyy CEMaHTHYHOIO
KOHTEKCTY, BIJICYTHICTh JIETalli30BaHUX ONKCIB OKPEMHUX OJIOKIB KOJy Ta CKJIAJHICTh 00’ €KTUBHOTO
OLIIHIOBAaHHS SKOCTI 3r€HEPOBAHMX KOMEHTapiB, OOMEXYIOUMCH JIMILIE aBTOMAaTHYHUM aHAIi30M 1
METPHKaMH.

Xoua 3alpoNoOHOBaHWMA TiJIXiJi HE BPaxXOBYE CTPYKTYpPHI 3aJ€KHOCTI MDK MOIYJISIMH Ta HE
BUKOPHUCTOBYE aOCTPaKTHI CHHTaKCHYHI JiepeBa uu rpad)oBi MO, BiH 3aJla€ KOHIICTITYalbHY OCHOBY,
Ha sIKii MOXKHa OynayBaTH OUIBbII CKIAaJHI CUCTEMH. Y KOHTEKCTI JaHoi Marictepchkoi poOotu s
myOJTiKaIlisl CIY»KUTh BaXIIUBUM JKEPEIOM JJIsl TOPIBHIHHS, OCKUILKY 3alpONOHOBAaHA B JAOCIIKEHHI
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crucreMa Mo)ke OyTH po3mrpeHa 3a paxyHoK BukopucTaHHs AST, rpadoBuX HEHPOHHHX MEpPEX Ta
Cy4acHUX MOjeNed TpaHCPOPMEPHOro THITY, IO JO3BOJISE JOCSTTH BUILOI TOYHOCTI Ta CTPYKTYpPHOI
Y3rO/PKCHOCTI 3reHePOBAHOI JOKYMEHTAITIT.

Hactynaum omparsoBanuMm  fociipkendsM € “Retrieve and Refine: Exemplar-based Neural
Comment Generation”, y SKOMy aBTOPH MPOTIOHYIOTh IHHOBAIIMHNHN MiAX1A O aBTOMAaTUYHOI TeHepartii
KOMCHTapiB AJs KOAYy, SAKUH TOE€THYE HEHpOHHI TpaHcopMepHi Moaedi i3 MeXaHi3MamMH MOUIYKY
HaNOUTBII peNIeBaHTHHUX MPHUKIAJll Y BENHKiM 0a3i KoMeHTOBaHOTO Koxy. Ha BimMiHy BiJ TpaauiiiHuX
seq2seg-mozeneii, sKi TEHEPYIOTh KOMEHTap Oe3nmocepeqHb0 3 TPOrPaMHOTO KOAY, aBTOPH
BUKOPHUCTOBYIOTh JIBOCTYIICHEBY apxXiTeKTypy THiy retrieve-and-refine, mo 1o3Boisie Moneni
BUKOPUCTOBYBATH BXK€ iCHYIOU1 AKICHI KOMEHTAapi AK BiANpaBHY TOUKY I OOYZOBH HOBOTO TEKCTY.

ABTOpY CTBEPIKYIOTh, IO MOJENI MalOTh OOMEXEHI MOXKIIMBOCTI HIOJ0 TeHepallii OCMHUCIEHUX
KOMEHTApIB JIMIIIEe Ha OCHOBI BUXITHOTO Koay. OCOOIMBO 1€ TOMITHO, SKIIO MPOrpaMa MICTHTh CKJIaJIHI
JIOTi4HI KOHCTPYKLii, 800 BUKOPUCTOBYE NOMEHHY TEPMIHOJIOTIIO, Ky MOJENb 0e3 MpUKIaaiB iHOA
iHTepnpeTye HempaBwibHO. Jlyis mononaHHA LBOrO OOMEKEHHsS MOCTIAHUKH BIPOBAKYIOTH
KOMIIOHEHT retrieve, sIKuii 3a JOITOMOT0I0 MOAI0HOCTI KOy 3HAXOAWUTH MIPHUKIIAJ — ICHYIOUHH (parMeHT
KOy 3 SKICHUM KOMEHTapeM. TakuM 4YMHOM, CUCTEMa OTpUMYE HE JIMIIE caM KOJ, a H KOMEHTap,
CTBOPEHUH CIIEIialiCTOM IS CXOXO0i CTPYKTYPH 200 JIOTiYHOTO MabIIoHY.

Jpyroro BaXXIMBOIO CKJIAZOBOIO CHCTEMH € KOMIIOHEHT refine, skuil mo3Boiisie TpaHchopmepy
3MIHIOBaTH, aJanTyBaTH Ta peAaryBaTH 3HAWICHUH KOMEHTap MiJ HOBUH (parMeHT Kony. ABTOpH
3aCTOCOBYIOTh MOJHM(IKOBaHY apXiTEKTypy THILy €HKOJEp—IEKOep, € EHKOJAEp OTPUMYE SIK caM KO,
Tak 1 KOMeHTap-mpeueneHT. Jlekomep, y CBOW0 depry, IE€Hepye HOBHIl KOMEHTap, MOEIHYIOUYH
iHopMarltito 3 000x jkepen. ToOTO MOJENIb HE CTBOPIOE TEKCT 3 HYJS, a BIAIITOBXYEThCS Bia yKe
HAsSBHOTO JIFOJICBKOTO TMPUKJIaay, IO CYTTEBO TMIABHUINYE SKICTh, 3MICTOBHICTH Ta CTHJIbOBY
MIPUPOJTHICTH 3T€HEPOBAHUX KOMEHTAPIB.

Tpetporo mpobaemMoro, Ha SIKy 3BEpTalOTh yBary aBTOPH, € HEIOCTATHS CTPYKTypHa aJeKBaTHICTbH
KOMEHTApIB, 3r¢HCPOBAHUX UYUCTUMH HEHPOHHHUMH MOACIAMHU. Mojeni 0e3 MpUKiIadiB 4acTo Jar0Th
HaJTO 3arajibHi, HEKOHKPETHI a00 HenpaBwibHI mosicHeHHs. [liaxin retrieve-and-refine BUKOpHCTOBYE
MEXaHIi3M CTHJIICTHYHOTO Ta CEMaHTUYHOTO HACTiAyBaHHs: 3HAHICHWH NMPUKIAA Halae PeleBaHTHY
JIEKCHKY, CTPYKTYpY TOSICHEHHSI Ta TEPMIiHOJOTiI0. 3aBIIsSKM IbOMY BHUXITHHA KOMEHTap Mae Oinblie
IIAHCIB OYTH 3pO3YMUINM, TEXHIYHO TOYHUM i OJTM3bKUM JIO TOTO, IO MUIIYTh PEabHi PO3POOHUKH.

Ille oxHi€IO0 BAXKITMBOIO YaCTUHOIO POOOTH € METOMKA OIIHIOBAHHS MOJIeNl. ABTOPH 3aCTOCOBYIOTh
crangaptHi TekcToBi Merpukn (BLEU, ROUGE), ane TakoX TecTyroTb MOJENIb Ha CEMaHTUYHUX
METpHKaX, sIKi Kpallle BiJJ0OpakaroTh BiAMOBIIHICTh 3MICTY, a HE JIMIIE TIOBEPXHEBY CXOXICTh TOKEHIB.
KpiM Toro, BOHM MPOBOAATH JMOACHKY OIIHKY KOMEHTApIB 13 3Iy4eHHSM IIPOTPaMiCTiB, SKi OI[iHIOIOTh
Taki TMapaMeTpH, SK KOPEKTHICTh, 1H(QOPMATHUBHICT, Ta BIANOBIMHICT KOMIy. PesymbTaTu
JMEMOHCTPYIOTh, IO Miaxifa retrieve-and-refine cyTTeBo mepeBepiye MoJeNi, sIKi TEHEPYIOTh TEKCT Oe3
JIOCTYITY JIO MPEIC/ICHTIB.

3 TeXHIYHOI TOYKH 30pYy apxiTeKTypa Mozeii mependayae OKpPEMHUH eTanm OOYMCICHHS CXO0XKOCTi
KOy, JUIS SIKOTO MOXKYTh BUKOPHCTOBYBATHCSl 0araTOBHMipHI BEKTOPHI MPEJCTABICHHS, eMOEIIMHTH
abo Mozeni 3 ornepeIHIiM HaBYaHHsIM. [licTs TOTo sIKk HalOUTBIN CXOKi IPUKJIaIU BiliOpaHo, HEWpOHHA
MOJIeNlb, 3aCHOBaHAa Ha TpaHC(OpMeEpi, 3IIMCHIOE MOJaNblIe yTOYHEHHS, CTBOPIOIOYM (iHAIBHUI
KoMeHTap. HaBuaHHS MoJiesli BUKOHYETBCS 3a JOIOMOIrOI0 Kpoc-eHTpomiiiHOi ¢yHKuii Brpar (Cross-
Entropy Loss), 1110 /103BOJISIE TOKPALIUTH SIKICTh TEKCTY Ha BUXOJI.

Mo crocyerbcst rpadoBUX HEHPOHHMX MeEpeXk, izess (GOpMyBaHHS JepeBa IPOEKTy 1 Horo
30epexxeHHs y BUIisiAi rpada He € HoBow. 3okpema y nonoBiai «JGNN: Graph Neural Networks on
Native Java» aBTOp omucye, sIK MEPETBOPUTH TMPOTPAMHHUN MPOEKT y Tpad 3aJeKHOCTEH.
BHKOPHCTOBYIOTECSI 3B’SI3KH IMITOPTY, BUKIHMKH (DYHKIIH, CTPYKTYpy TMaKeTa Ta pPe3yJbTaTH aHaji3y
AST. Otpumanuil y pe3yibTaTi JOCTIHKEHHS rpad Opi€eHTOBaHMH 1 HEOJHOPITHUN, OCKIIBKH MiCTUTD
KUJTbKa THTIB BY3JiB 1 3B'A3KIB.

PosrnsiHyTo pi3Hi apxitekTypu rpadoBanux HedpoHHHx Mepex (GCN, GraphSAGE, GAT),
HalUTIOBaHHA pebep, NeTalbHO MOSCHEHO MEXaHi3M Iepenadi MoBigomiieHb - BiacTuBicTe GNN, 1o
JI03BOJISE B3y 30upatu iHpOpMaIito BiJ CyCiliB i pO3riIsiIaTH KOHTEKCT BCHOTO POEKTY.

[TpoTe MeTOIO MPOEKTY OYJIO HE JIOKYMEHTYBaHHS KOJY, a MOIIYK BpasziauBocTeid. CTBOpeHa MOJIeNb
HaBuYEHA MOJUIATH By3/M rpada Ha BpasnuBi Ta Oe3neyni. byno Baxknmeo, mod6 GNN BpaxoByBana He
TINBKH JIOKAJIbHI XapaKTepUCTUKU (ailiry, ane i Horo OTOYeHHs: HasBHICTh HEOE3MEUHHUX 3aJICKHOCTEH,
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3'elHaHb, MApPIIPYTiB MOMHUPEHHS NaHuX. I{e 0coOIMBO aKTyanbHO ISl CYyYaCHUX MPOEKTIB 3 BEIIMKOIO
KUTBKICTIO 30BHIIIHIX 0i0Ti0TEK.

VY craTTi NOKa3aHo, IO KIACHYHI IHCTPYMEHTH OOMEXYIOThCS JiHIHHUM a00 MOIYJIBHAM aHAIIi30M
KOy, y Toi 4ac sik rpadoBi MeToan (QiKCYIOTh 3aleXHOCTI Bix Qaitny mo daiury rmobanpHo. ABTOP
HABOJWTH TPUKIAAN BPA3IMBOCTEH, SKI TOYHO BH3HAYEHI Uepe3 IHTEPMOAYIbHHHA KOHTEKCT. 3 II€I0
METOI0 (OPMYETHCS Tpyla MPOTPaMHUX MPOEKTIB 3 IMOMITHUMH Bpa3lUBOCTSAMH.  BuiryyeHHs
3aNeXHOCTe 1 moOyaoBa rpady 3aiexHOCTEH BiMirpae BaKIUBY pOJIb, IIO BUMAarae IMOMEpPeIHBOTO
anamizy AST i MeTagaHuX MIPOEKTY, TAKKX K package.json, requirement.txt TOIIO.

3. TeopeTn4Hi BiToMOCTi 111010 0OCHOBHHX CKJIAI0BHX CHCTEMH

3.1. OcobauBoOCTi CTPYKTYpH Ta HABYaHHA Moaedi TS

Mopnens Text-to-Text Transfer Transformer, Takox Bigoma sk TS5, Oyna ctBopena Google Research
y pamkax mpoekty "Exploring the Limits of Transfer Learning with a Unified Text-to-Text
Transformer". TS BUKOpUCTOBY€ETHCS T 0OPOOKH MPHUPOIHOI MOBH 1 BUKOPHCTOBYE (opMmaTt text-to-
text, TOOTO BXi/HI 1 BUXiAHI TaH1 IPEJCTABIIEH] Yy BUIIISAII TEKCTY, IO CIPOIIye podoTy 3 Moaeuto. Ha
JaHUH MOMEHT iCHY€ Kilbka KoHQirypamiii mozemi, 3oxkpema Small, mo wmictuts 6mu3pko 60M
napametpiB, Base (0mu3pko 220 minsiioniB), Large (6mm3pko 770 minbitoniB), 3B (3 minbspai) i 11B
(6impme 11 minpspaiB mapameTpis).

PoGouwnii mponiec TS5 ckiagaeThest 3 IBOX €TaIliB: MOMEPEAHFOTO HaBYaHH (pre-training) Ta TOHKOTO
HanamtyBaHHs (fine-tuning). Ilix yac momepenHLOro HaBUAHHS MOJETH HABYAETHCS HA BEIMUE3HOMY
KOpITyCi 3araJbHOJOCTYIMHUX TeKcTOBUX Aanmx. CranmaptHa TS5 HaBueHa Ha kopmyci C4, sxwii
ckianaerses 3 745 I'b inmbTpoBaHMX TEKCTIB, OYMIEHUX BiJ] HEPEIIEBAHTHUX JAaHUX, YACTHH KOAY Ta
nyOuikatiB. MeToro HaBYaHHS € Nepe0aueHHs 3aMacKOBaHUX TOKEHIB Y BX1IHOMY TEKCTi, HOJIOHO 110
nomynsspHoi mogeni BERT. Ommak, wa Bimminy Bim BERT, nme mani xomytoTscs B umcma, TS5
BUKOPHCTOBYE TiIXiJ TEKCTY B TEKCT, [I€ 1 BXiJ, i BUXi/l € TEKCTOBUMHU TIPEACTABICHHIMH.

ToHKke HajaTyBaHHS TPEHYE MOJENb IiJi KOHKPETHY 3a[ady, HaJaroud 3aBJaHHs B TEKCTOBOMY
BUIJIAI, HANpUKIaA, «summarize: [text]». Hampuxman, icaye moaudikariss CodeT5, nHaBueHa Ha
MacuBaXxX KOy Ta HAaTPEHOBAHA IS BUPIIIEHHS 3a7a4 pO3POOKHU MPOTPaMHOTO 3a0e3IMeueHHS.

Juis BUKOHaHHS 3a7a4 MallMHHOTO HAaBYaHHS, OCOOJHMBO INIMOOKMX HEHPOHHUX MEPEXk, KOMIIaHis
Google pospoouna TPUs (Tensor Processing Units) — cremianbHi HpPUCKOpPIOBadi, KOXKEH 3 SKHX
CKIIQIA€ThCS 3 BEJHMKOI KIIBKOCTI S/Iep, KOXKEH 3 SKUX BUKOHYE OOUYHCICHHS B opMmari TEH30piB i
BUKOPHCTOBYE MPUHIUIIH NapalebHOCTI TaHUX Ta napanensHocti Mozeni. TPUs BUKOpHCTOBYIOTBCS y
ToMy uucli i y Mmozenm T5. OkpiM bOr0, BUKOPUCTOBYEThCS anroputM Adafactor — ontumizaTtop, sskuit
nonoBHioe TPU i1 no3Bonsie Ounbin eheKTHBHO BHKOPHUCTOBYBATH IaM’sITh, IO OCOOJMBO aKTyallbHO
mpu poOOTi 3 BETMKUMH MOJIECTISIME Ta 32 YMOB OpaKy pecypciB.

Jns nmonaB4yanHs Mogneni Oyno BukopucTtaHo Meto] LoRA, skuii 103BOJSE alanTyBaTH BEJIHKI
TpaHchOpMepH, BBOJSYM JOJATKOBI MAaTPHUIli HU3bKOTO PaHTy 1O Bar KIIOYOBUX MIApiB MOJIEI.
3a3Buyuaii e poOJIATh A1 Bar query ta value y mexaHiszmi attention. OcoOIMBOCTSAMU METOAY € T€, IO
OCHOBHI IapaMeTpH MO 3aMOPOXKYIOThCS, HATOMICTD JIOJIAI0THCSA MEHII agantepHi maTpuii A ta B
(1). Buxia KOKHOTO [IAPy 3MiHIOETHCS TAKUM YHHOM:

W=W+AW=W+A-B 1)

ne W — He3miHHI Baru opuriHanbHOI Mozeni, AW — HaBdyBaHi MaTpUIli HU3HKOTO PaHTYy.

I'pasieHTH OOYHUCIIOIOTHCS JIMIIE JJIS [IMX MAaTPHIlb, a PEIITa MOJCII JIMIIAEThCS He3MiHHOM. Lle
JIO3BOJISIE MOJIENI IIBHUJKO ITiJUIAIITOBYBATHCS IIiJi HOBY JOMEHHY iH(OpMAIiI0 TpU IyKe MaJIoMy
JTOJTATKOBOMY 00CsI31 Tam’sITi.

Takuii METOZ MOXKE TPOXH IOCTYNATUCS Y TOYHOCTI MOBHOMY fine-tuning i He 3aBXIW MiIXOIUThH
JUIsl 3aBIaHb, 1O¢ NOoTpiOHa rimOoka Moaudikamis Bcix mapiB mozeni. Ilpore amroputm LORA
KOMIIEHCYE CBOi HEOJIKM THM, LI0 Yy pa3W 3MEHIIye NoTpedy B maM’sTi y mpoleci HaBuaHHA Ta
3a0e3neuye MBUAKE TPEHYBAHHS, OCKIJIbKM OHOBIIOIOTHCS JIMILE JTOJATKOBI MapaMeTpu. Takuil MeTox
MiXOIUTH HABITH IS BEJIMKUX MOJIEIIEN.

Meton LoRA yacTo 3acTOCOBYIOTH JIJIs aarnTaliii MoJIeli Ha HeBEJIMKOMY Ha0Opi JaHHUX Ta 3arajioMm
JUIs JIOHaBYaHHS JUIsl By3bKOHANpaBieHOi 3ajavi. Hanpukian, it CTBOPEHHs ClieLialli3oBaHUX 4YaT-
00TiB 200 JOHABYAHHS i CTICHU(pIYHUN CTHIIb TEKCTY.

VY nanomy BumajaKy OyJIO JOIIEHUM BHKOPHCTATH came IeH MiJXif, ajpke HasBHI pecypcu Oymiu
00MEXEHUMH 1 CTBOPEHHS MOJIENIi 3 HyJisl a00 HaBiTh MOBHUH fine-tuning Oynu O CKIagHUMU 1 HE JaJH
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OaxaHoro pesyibpTaTy. Momens T5-base Bke HaBYCHA Ha BEIMKOMY KOPITyCi OYHINCHHX JaHUX 1
ee()eKTUBHO TPAIIOE 3 TEKCTOM, TOMY YacTKOBa ii ajgamTarlis JUis 3ajad4 KOMEHTYBaHHS KOAY MOXKHA
BBRKATH PAIllOHAIBHUM 3 TOYKH 30py BHUKOPHCTAaHHS PECYpCiB. 3aBISKU 3aMOPOKCHHIO OCHOBHUX
napametpiB TS5 30epiracTbcs 3HAHHA MPO 3arajibHI MOBHI 3aKOHOMIPHOCTI Ta CEMaHTHKY KOy, IO
JTO3BOJISIE MOZIEITi TeHEPYBATH KOMEHTapi OUTBIIT MPUPOIHO Ta iHPOPMATHBHO.

3.2. OcobauBoOCTi CTPYKTYpH Ta HaBYaHHSA Mojaeneid Tuny GNN

VY pamkax 1iei pobotn Oyma pospoOnena Ta HaBueHa rpadoBa HeiiponHa mepexa (GNN) misa
aHaJizy 3ajexHOCTel MiX (DaiilaMu Ta KOZOBUMHU MOAYIISIMH 3 METOIO MMOOYJOBHU JiarpaM iMIopry Ta
EKCIIOPTY.

[IpexcraBnenHs Koxy GOPMY€ETHCS TAKUM YHHOM: KOXKEH (aidir ab0 MOIYIb PO3TIIAAAETHCS K BY30JT
rpaga, a pebpa MiXK By3JaMH BiAMOBIAIOTH 3aJICKHOCTSIM, TAKUM SIK IMIIOPT, BUKIUKH (GYHKLiHA abo
nocuiands Ha kinacu. Koxkue 3'eqHanHs Moke OyTH TOJATKOBO 3aKOJOBAHO 3 XapaKTEPUCTHKAMH, IO
BimoOpaXkaroTh Woro Tum i BaximBicTb. KokeH By301 Mae BKIAACHHA, SIKi BioOpakaroTh HOTO
XapaKTePUCTHUKH: HasBHICTH docstring, KiTbKiCTh (PYHKIIIH 1 KJIaciB, JOBXKUHY KOy 1 YaCTOTY BHUKIIHKY
¢yHKIii. PeOpa KoqyrThCs 3a JOMOMOTOI0 JABIHKOBUX 1HIUKATOPIB TUIIIB 3aJICKHOCTEH, 1110 Ja€ 3MOTY
PO3PI3HITH KIIFOYOBI IMITOPTH Ta BTOPUHHI ITOCHIIAHHS.

Hns apxitektypu mogmem Oymo oOpaHo OaratomapoBy Graph Attention Network (GAT), mio
CKJIaJJa€ThCS 3 YOTUPHOX MIAPiB, KOXKEH 3 SIKHUX arperye iHpopMaliiio Bi CyCiiHiX By3IIiB 3a JOIIOMOTOIO
MEXaHi3My yBard. Takui miaxin 1o3Bojisse IUGEPCHIIIOBATH BaXIJIMBICTh PI3HUX 3aJICKHOCTEH,
3a0e3meuyroun OibIIl TOYHE MPEICTABICHHS CTPYKTYPH MPOEKTY. OCKIIBKH BiH JO3BOJISIE IPU3HAYATH
pi3Hi Baru cycimHiM By3iaM Ipu arperyBanHi iH(opmMarii. Lle ocoGnmBo BaxJIMBO B 3afjayax aHami3y
KOy, Je Jeski iMrnopTu abo KimrouoBi QyHKIHIT mMaioTh HabaraTo OUTBIIMK BIUIMB Ha CTPYKTYpy Ta
MOBEIIHKY TIPOTPaMHL.

IlocmigoBHicte mapiB GAT BHUKOHYIOTH arperamil0 O3HaK CyCiIHIX BY3JTIB 3 TOJANBIITNM
3aCTOCYBaHHIM HeNiHiHHOT ¢yHKuii aktuBanii ReLU. Mix miapaMn BUKOPHUCTOBYETHCS HOPMAaIi3allist
BatchNorm i perynsipuzaiisi, mo 3a0e3rnedye cTaOinbHICTh HABYaHHS 1 3amoOirae mepeHaB4yanHio. Ha
BUXIIHOMY DiBHI MOZENb T€Hepye BKIAJIEHHS BY3IiB, SKi MOTIM BHKOPHCTOBYIOTHCS ISl TOOYJOBH
Bi3yalIbHOI JliarpamMu 3aJIeKHOCTEH.

HapyanHs Moiej1i MPOBOMIIOCS 32 JOTIOMOTO0 onTuMizaropa AdamW 3 MIBUAKICTIO HaBuaHHS 1e-3
1 3amkeHHsM Baru le-5. Cross-Entropy Loss BUKoprucTOBYBaBcs sSK (YHKIiS BTpAT Il Kiachgikarii
BY3JIIB 32 BOXJIUBICTIO Ta ifeHTU(DiKaIi] KirrouoBux 3anexHoctei. 11[o6 3amobirti mepeTpeHOBaHOCTI,
Ha By3/1H Ta pebpa HaHocunu BiaciBanus 0, 1. J[ns Benukux rpadis 3acTOCOBYyBallOCS MAKETYBaHHS 3
torch geometri at atal.oader, mo mo3Bonmio0 eheKTUBHO TPEHYBaTH MOJEIh Ha JEKUIbKOX (hainax i
CXOBHINAX OJHOYACHO.

[Tix yac HaBuaHHS Oynu oOpaHi onTHManbHI mapamerpu: 4otupu mapu ['AT, 8 romiBok yBaru B
KO>)KHOMY TIapi, po3mip BOynoByBaHb BY3miB 128 1 BinciBannsa 0, 1. Llg xondirypamiss no3onmia
MOJIEJISIM TOYHO BH3HAUWTH KIIFOUOBI 3aJIEKHOCTI, BKIFOYAIOUM BAXKIUBI IMIOPT i (DYHKII, a TaKOX
chopMyBaTH CcXeMy HpPOCKTYy B rpadik, NpUIATHUNA JJis Bi3yamisalii Ta MOJAJbINOI TeHeparii
nokymeHnratii. B pesynbrati HaBuenuit GNN 3a0e3neuye BUCOKY TOYHICTh Tepei0adeHb 3aIeKHOCTEH 1
€ e(EeKTUBHUM IHCTPYMEHTOM JUIS MOOYJIOBH CTPYKTYPOBAHHX CXEM KOy, IHTETPOBAaHHX B CHCTEMY
aBTOMATHYHOI TeHepaIlii JOKYMEHTIB, IO BUKOPUCTOBYETHCS B il POOOTI.

3.3. Poib eMOeAMHTiB y 3aPOMOHOBAHOMY METOi

AobctpakTHe cuHTakcH4yHe JepeBo (AST) € KIr0ouOBUM NPEICTABICHHSIM IPOrPaMHOTO KOIy, SKe
BiZIOOpakae CTPYKTYpy MpOTpaMu y BUIIIAI iepapxii By3JiB — ollepaTopiB, QyHKIIiH, KJaciB, iMIIOPTIB,
BUKIIMKIB MeToaiB Tomio. OmHak came 1mo cobi AST € CHUMBOJIYHMM, a TOMY HE MOXe OyTH
Oe3mnocepelHbO0 BUKOPUCTaHE HEHPOHHUMH Mepekamu. [lis iHTerpauii miei cTpyKTypHOi iHpopMaii B
GNN HeoOXigHO MepeTBOpUTH KOoxkeH By3071 AST Ha yuCiIOBHI BekTOp. Taki BEKTOPH HA3UBAIOTHCS
AST Node Embeddings.

AST Node Embedding — e komnakTHe BekTopHe npeacTaBieHHs By3na AST, sike Koaye sk Horo
tun (Hampuknan, FunctionDef, Assign, ClassDef), tak i iioro BHyTpimHii 3MmicT (iMe€Ha 3MiHHHX,
KJIFOYOBI CJIOBA, JIITEpalid) Ta CTPYKTYPHI XapaKTEPUCTUKA - [NIMOMHA y JEPeBi, KUIbKICTh JOYipHIX
€JIEMEHTIB, pOo3Mip OJIOKY Koy, Tolo. DopMyBaHHs TakuX eMOEIMHIIB BKIIFOYAE JISKUIbKA CTAaIlliB.

Cnouarky, 3a pnomomororo ANTLR abGo cramgaptaux 3aco0iB  Python, Buximauiéi xon
nepetBoproeTbest Ha AST. KoxkeH By3ox jepeBa kiacH(iKyeTbesi 32 TUIIOM, a THUI By3Jla MPOXOJIUThH
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yepe3 BOymoBannii embedding-map, sxuit HaB4aeThCs MOMI0HO 10 ciioBHUKOBUX embedding y NLP. Ile
JI03BOJISIE MOZICT1 3pO3YMITH, 110 TIEBHI KOHCTPYKIiT MOBH ITPOTPaMyBaHHS MatOTh CXOXKi POJIi.

Hani 3 By3na BUAUISIETHCSI CEMAHTUYHUH 3MICT: iMEHa 3MiHHHX, Ha3BH (DYHKIII, 3HAUECHHS JITepajiB
abo kio4oBi cioBa. L1i TokeHn 00pOOIISIOTHCS 3a JOTIOMOTOI0 TOKEHI3aTOpa, IMiCsA YOTo iXHI BEKTOPHI
NPE/ICTABICHHS arperyloThCsd — HANpPHKIAL, 4Yepe3 cepemHe abo 3ropTky. TakuM YHHOM MOJIEINb
OTpUMY€ 1HPOPMAIIiI0 PO TEKCTOBHI 3MICT By3I1a.

OxpiM 1pOT0, (POPMYIOTHCSI YHCIOBI 03HAKH, [0 OMUCYIOTHh CTPYKTYPY: KITBKICTh MOUYIPHIX BY3IiB,
JIOBKHHA Tina (yHKII1, KUTBKICTh TTapaMeTpiB, piBeHb BKIIaaeHOCTI. Lle mo3Bomsie BpaxyBaTu iepapxidni
BractuBoCcTi AST. Yci i KOMIIOHEHTH 00’ €JHYIOTHCS KOHKATCHAIIEI0, MICS YOr0 MPOXOJATh Yepes
NPOCKIIHHUI Imap, SKUH MepeBOAUTH iHPOpMAIiI0 B KOMIIAKTHUI BEKTOp (IKCOBAHOI PO3MIpPHOCT.
Taxwuit BexTop 1 € AST Node Embedding.

OTtpumaHi eMOeJIMHTH BUKOHYIOTH MO/ABIHHY pojib y cucteMi. [lo-mepiue, BOHU mepeaaloThes 10
GNN, sika anaii3ye 3aJe;KHOCTI MK QyHKUisMH, daiinamu abo MOIYIISIMHU, TOMIMPIOIOYX iH(OPMALIit0
yepe3 cTpyKTypy rpada. Lle mo3Bose Moeni BU3HAYUTH BaXKJIHBI KOMITOHEHTH KONy, 3HAUTH KPUTHYHI
3B’SI3KHU Ta c(hOPMYBATH y3araJbHEHE PECTABICHHS CTPYKTYPH IPOTPaMu.

[lo-npyre, y3aranbHeHi TpadoBi eMOEIIUHTH IHTETPYIOTHCS B MOJENb 15 mij 4ac reHepartii
KOMeHTapiB abo qokyMeHTamii. 3aBasku oMy TS5 OoTpuMye He JHIe JTOKAIFHUI KOHTEKCT OKPEMOTO
(dparMeHTy Koy, aie W po3yMiHHS HOTO poili BcepenrHi ychoro mpoekty. Takwii migxin 3abesmedye
3HAYHO OULTBIIY TOYHICTH Ta iH(QOPMATHUBHICTH KOMEHTApiB IMOPIBHSIHO 3 MOJCISMH, HIO HPAIIOIOTh
BUKJIFOYHO 3 TEKCTOM KOJY.

Takum uymaoMm, BukopuctaHHs AST Node Embeddings € meHTpanbHHM €IeMEHTOM i OCHOBHOIO
0coONMBICTIO BCi€l pO3po0ieHOi apXiTeKTypH, 0O BOHHM MOEJHYIOTH CTPYKTYpHI Ta CEMaHTHYHI
BJIACTHUBOCTI MPOTrpaMHOro Koxy y (opmi, mpuaaTHid uis TTMOMHHOTO HaBYaHHS, Ta 3a0€3MeuyloTh
crinpHy poboTy MoayniB GNN ta T5 y pamkax 3ampornoHOBaHOI CHCTEMH.

4. Onuc CTPYKTYPH CTBOPEHOI CHCTEMHU

Cucrema, 1o 0ysa po3po0iicHa, € KOMIUIEKCHAM PIllICHHSM JUIs aHATi3y BUXIJHOTO KOy, MOOYI0BH
CXEM 3aJIe)KHOCTEH 1 aBTOMATUYHOI TeHeparlii KOMEeHTapiB 10 (ailliB MPOoeKTy. APXITEKTypa HMPOEKTY
BKITIOYA€ KiJIbKa KIIFOYOBUX KOMITOHEHTIB, KOKEH 13 SIKHUX BHUPIIIYe OKpEMi 3aBJaHHS Ta iHTETPY€EThCS 3
IHIIMMH YaCTUHAMU CUCTEMHU.

Hns peamizanii 3aBaHTaXeHHA Komy Oymno oOpano moxynb GitPython, ockimbku BiH Hagae
BHUCOKOPIBHEBUH iHTEp(eic I KIIOHYBAHHS PEIO3UTOPIiB, pOOOTH 3 TiIKaAMH Ta BUIIYYEHHS OKPEMUX
¢aiini. GitPython ob6eprae ¢yukiionanpHicts Git y Python-o0'ektn, 1o 103BOJISIE 1HTErpyBaTH
3aBaHTAXXEHHS PETO3UTOPIiB y €AMHY CHCTEMYy 0e3 HeoOXiTHOCTI MpsAMOI B3aEMOJil 3 KOMaHIHHM
psaakoM. Takuil MiaXiJ MiABUILYE MMEPEHOCHMICTh KOIY Ta CHPOIIYE WOTO IHTETpamifd 3 iHITUMH
KOMITOHEHTaMH MPOEKTY, TAKIMH SIK MOJIYJIb IIAPCHHTY Ta rpad)oBOro aHamizy.

Hns oTpumanHsi CcTpyKTypHOi iH(opMmamii 3 BuximHoro koay 3actrocoByerbesi ANTLR. 3a
JOIIOMOT0I0  PeKypcMBHUX (QYHKLIH un crenianbHuX Visitor-knacie ANTLR nosBosisie 06iiiTé Bei
By3Iu JepeBa. Lle 103Borsie oTpuMaTH CTPYKTYpHY iH(OpMaIito po Mporpamy: BU3HAYeHHS (QyHKIiN
Ta KJaciB, apryMeHTH (YHKIIIH, 10 BUKOPUCTOBYIOTHCS 3MiHHI, OJIOKM YMOBHHUX OINEPaTOPiB, IUKIH. 3
By3miB AST cTBOpIOETHCSA TOCTIIOBHICTh TOKEHIB, puaaTHa HaB4YaHHA Moxeni T5. KoxeH TokeH €
OKpPEMHUM EJIEMEHTOM KOJy, KU MOXe OyTH 3iCTaBJICHUH 3 KOMEHTapsMHU, (POPMYIOUH HapH «KOJ —
KOMEHTap» JJIsl IOHaBYaHHSI.

Ha ocnoBi AST Mo0’kHa BUSIBUTH IMIIOPTH MOAYJIIB Ta BUKJIMKH (YHKIIH, IO BUKOPHCTOBYETHCS IS
noOynoBu rpada 3anexxHocred QaitniB Ta MomyiniB. TokeHI30BaHWI KOJ, OTPUMAHHUNA TICIsI po30opy
AST, BUKOPUCTOBYEThCS K BXimHi gaHi juis moxaeii T5. [lepeTBOpeHHS B TOKEHHU i3 30€peiKeHHIM
CTPYKTYpH TIPOTPaMH JIO3BOJISIE MOJIENi «PO3yMITH» KOHTEKCT (YHKIIH Ta KiaciB, IO CYTTEBO
MiABULIYE SKICTh aBTOMAaTHYHOI T'eHepaLii KOMeHTapiB.

Ha ocnoBi AST dopmyerbes rpad 3anexxHocTel, e By3nu — le ¢aiinmm un Momyni, a pedbpa — ix
B3a€MO3B'SI3KM 4epe3 IMINOPTU 4d BUKIMKKM (yHKHiHA. s 0O6poOku rpada BukopucroByerhesi Graph
Neural Network (GNN) 3 apxitekryporo Graph Attention Network (GAT), sika arperye iH(popMaIiiro
BiJl CyCiOHIX BY3JiB Ta CTBOPIOE eMOeAIiHrd, IO BigOOpakalOTh KOHTEKCT KOXHOro Bysna. Lli
eMOEIIMHTHY TIOTIM repenaroThes TS5 1 BUKOPHUCTOBYIOThCS IS Bi3yaizallii.

Jlns Bisyamisarii rpaga 3actocoByeThes OibmioTeka Graph-tool, 1mo mgo3Bosse OymyBaTh HaOYHi
CXEMHU 3aJIeKHOCTEH. AITOpUTMHU po3MillieHHs By3JiB (Hanpukian, sfdp layout) 3a6e3neuyrors 3pydne
npezcTaBiIeHHs rpada JUis aHaji3y Ta JOKYMEHTYBaHHSI TPOEKTY.
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Mopnenr T5-base, moHaBueHa 3a A0moMororw meroay LORA, BUKOPHUCTOBYETHCS AJisi CTBOPEHHS
KOMEHTApIB JI0 BUXITHOTO KOay. BXifHi qaHi Mojeil BKIIOYAIOTh TOKCHI30BAaHUM KOJI, MiArOTOBICHUI
Ha ocHOBi AST, Ta emOennuuHru By3miB Tpada, mo ¢opmyrotbes GNN. Ile no3Bonsie mopmeni
BpPaxOBYBAaTH fK JIOKaJbHI CHHTaKCHYHI OCOOIMBOCTI KOy, TaK 1 TNI00aIbHI 3alIeKHOCTI MiXK (haiimamu,
0 MiABUIIyE TOYHICT, Ta 1H(POPMATHBHICTD CTBOPIOBaHWX KOMeHTapiB. [l Tokenizarii
BUKOPHUCTOBYEThCSL SentencePiece, 0 ONTUMANLHO Mpamioe 3 CyOCIOBHUMHU OJUHHIISIMHU 1 TO3BOJISIE
00pOoOIATH piAKiCHI ieHTH(IKATOPH.

Hauanns mozeni mpoBoauThes 3 BukopuctanHsaMm PyTorch, ontumizamist uepes AdamW, a dynkiis
BTpaT - Cross-Entropy Loss. [[nst reHepanii mociioBHOCTEH BHKOPUCTOBYEThCS beam search, 1o
JI03BOJISIE BUOMPATH HAMIMOBIPHIII TOKEHU.

Jns  migBMINEHHS TNPOAYKTHBHOCTI Ta TapanelbHOi OOpPOOKM  BENUKHX  PETO3WUTOpiiB
BUKOpHUCTOBYEThCs Celery, mo 3abe3nedye acCHHXpOHHE BUKOHAHHS 3aBlaHb. Lle 103BoJsie 0fHOYACHO
00poOnsTH KiNbKa pemno3uTopiiB, OyayBaTH Trpadu Ta TreHepyBaTH KOMEHTapi 0Oe3 OJIOKyBaHHS
OCHOBHHX IIOTOKIB BUKOHAHHSI.

Jns mpencraBieHHsT pe3ynbTaTiB pPOOOTH CHCTEMH K JAOKYMEHTaIlli 3aCTOCOBYETHCS 0i0iioTexa
Mako. Bona no3Bonsie apromatuano GopmyBatu HTML-nokymMeHTH, 10 MIiCTSATh Bizyasi3oBaHi rpadu
3anexxHocTer i3 GNN, BUXiTHUI KOJ Ta 3TeHepOBaHI KOMEHTapi, a TaKOXK CTPYKTYpPOBaHi 3BiTH MO0
KOHOTO Moayds. [l B3aemomii 3 KoprcTyBaueM BUKOpUCTOBYeThes cTek Flask Ta ReactJS.

5. TectyBaHHS cHCTEeMH

5.1. Ipo meTpuxy BERTScore

BERTScore - e cyuyacHa MeTpHKa JJis OLIHKHA SKOCTI 3r€HEPOBAHOTO TEKCTY, IO BUKOPUCTOBYE
MOTePeIHbO HaBueHI TpaHchopmepHi Momenei, takux sk BERT, RoBERTa ab6o ix OaratomoBHi
ananoru. Ha Bigminy Bix tpamuriitanx metpuk Ha kmrantr BLEU a6o ROUGE, kotpi opieHTOBaHiI Ha
TOYHUH 30iT TOKEHIB MiXk NependadeHnM Ta eTaloHHUM TekctoM, BERTScore BpaxoBye cemanTHaHy
CXOXICTh ciiB Ta ¢pa3. Lle pobuth MeTpuKy OiNbII MPUAATHOI AJS 3aBAaHb IeHepalii MPUPOTHOI
MOBH, BKJIIOYAIOUX KOMEHTYBaHHS KOy Ta pe()akTOPHHT JOKYMEHTA.

Criouatky i eTaJOHHUH TEKCT, 1 3TeHepOBaHUN PO3OMBAIOTHCS HAa TOKEHH, IO BIAOBIAIOTH O0paHii
Mozeni Tpancopmepa (y maHomy Bunaaky moxaeii T5. [l KOXKHOTO TOKEHa OOYUCITIOETHCS eMOCIUHT
3a gonomoror mozeni BERT abo ii ananora, sikuii MoxHa obpatu. EMOenunru BimoOpaxaroTh CEHC
CIIOBA 3 ypaxyBaHHSAM Horo otodeHHs. OOUMCICHHS eMOEAMHTY ISl KO)KHOTO TOKEHA 32 JOMOMOTO0
tparcdopmepa Bumarae GPU Ta Benmnkoro oOcsry mam'siTi mpu BeMKHX HaOopaX IaHWX, MPOTE IIe
BUTIPABAOBYETHCS BUILIOIO TOYHICTIO aHATII3Yy.

Jaxi Ui KO’)KHOTO TOKEHa 3reHePOBAHOT0 TEKCTY 3HAXOAMTHCS TOKEH 3 €TAJTOHHOTO TEKCTY, 3 SIKHM
foro eMOeI/IMHT Ma€ HAMOTBIy KOCHHYCHY CXOXICTh (2).

(h®, ) h{ -y
sim(h?,hl )= —F—7— 2
RO TN B
Ha ocHOBI 11X T1ap O0YHCIOIOTHCSA TPU MOKAZHUKH:
1) P (Precision) (3) — HaCKiJIbKY 3reHEPOBAHHIA TOKSH CXOXKHI Ha €TaJIOH:

pP= |1—|E;' max sim (x;, ;) ©)
x j

2) R (Recall) (4) — HackiibKH €TaJOHHUIT TOKEH «ITOKPUTHID» CTBOPEHUM TOKCHOM:
1 . )
R = sz max sim (v, x:) 4)

3) F1 (5) — rapmoniuHe cepeiHe 3HaYeHHs MK R Ta P:
F1=2- & (5)
P+R
Je X; — TOKeHM mepenbadyeHHs, ¥; — TOKEHH €TaloHy, SiM (X;Y;) — KOCHHYCHA CXOKICTh Mixk
BEKTOPaMH.

[lig yac aHanizy BpaXxOBYIOTHCSI CMHUCIIOBI 30iru, a He JuuIe ieHTHYHi cnoBa. Hanmpuknan, "create
user" ta "add a new user" OyayTb oOIiHEHi sIK OJM3bKi 32 3MICTOM, XOYa CTPYKTypa KOMEHTaps Ta
OKpEMi CJIOBa BiJIPi3HAIOTHCS. BiibIlle TOro, KOHTEKCTHI eMOCIIIHTY TO3BOJISIOTh BIAPI3HATH OMOHIMH
Ta TPaBUJILHO BPaxOBYBAaTH 3HAUEHHSA CJIOBA y KOHKpeTHOMY Micwi. IIpoTe TecTyBaHHSA KOPOTKHX
(¢parMeHTiB MOXYTh JlaBaTH HECTaOUIbHI pe3ynbTaTH i 1e ciij BpaxoByBaTH. 3HaueHHS F1 mokasye
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CEeMaHTWYHHUI 30ir, ajme HE 3aBXKIU 3pO3YyMil0, sSIKi KOHKPETHI IMOMMJIKH IPHUITYCTHIIACS MOJEINI
reHepatii TeKCTy.

Takox mepenbaueHa MOXKIUBICTD 3a MOTPeOM BHUKOPUCTOBYBAaTH Pi3HI TpaHchopmepn Uis
oOumcieHHsT eMOeIINHTIB, ¥ TOMY YHCIi 0araTOMOBHI, IO KOPHUCHO IJIsl MPOEKTIB i3 KOJOM Ta
KOMEHTapsIMA MOBOIO, BIIMIHHOIO BiJl aHTJIIACHKOI.

3aranoMm SKICTh OIlIHIOBAaHHS 3aJICKHUTH Bij oOpaHoi moxeni BERT — crmaOka uu HeBiamomigHa
MOJIENTb MOXKE 3HH3UTH TOYHICTh MeTpuku. [IpoTe mocmimkeHHs moka3yroTs, mo BERTScore kpame
KOPEJTIOE 3 OIIHKOIO SIKOCTI TEKCTY, BUCTaBIeHOT JroapMu, mopiBHsHOo 3 BLEU i ROUGE, mo moxe
OyTH KOpHCHHM, SKIIO TECTYBaHHS i3 3aJlydeHHsM JIIOJei He mependadeHe abo He € JOUUIBHUM. Y
IIJIOMY MOXHa CTBEPKYBaTH, 1[0 METPHKA 1IeabHO MiAXOAUTH JJII aBTOMATU30BaHOTO TECTYyBaHHS

SKOCTI KOMEHTapiB Ta MOJAIBIIOTO aHAII3Y Pe3yNbTaTiB eKCIIEPUMEHTIB.

5.2. Orpumasi pe3yabTaTn
Jnst OIIHKK pe3ysibTaTy JOHABYAHHS BJIACHOI MOJENTI pe3yiabTraTH Oyso HopiBHSHO 3 T5-base Ta
mT5-base — 6a3oBuM Ta GaraTOMOBHHM BapiaHTamu Mojei TS, pe3yabraT HaBeaeHi y Tabiuipix 1 ta

2.
Tabnuysa 1. [opigusanns pesynvmamie pisHux mooenet
Table 1. Comparison of results of different models
Mopenb Precision Recall F1
T5-base (6a3oBa) 0.851 0.857 0.854
mT5-base (6baratomoBHa) 0.863 0.868 0.865
T5 (monaB4YeHa Ha KO 3 0.894 0.901 0.898
KOMEHTapsIMH)
Tabnuys 2. [lopieHsinHsg emaiOHHUX MA 32eHEPOBAHUX KOMEHMAPIE
Table 2. Comparison of reference and generated comments
Ne | ®parmenT koay Eranonuii T5-base | mT5-base 5 BERTScore
KOMEHTap (monaBuena) | F1
Computes
. Returns the Adds Returns and returns
def add(a, b): return
1 a+b sum of two numbers | sum of the sum of 0.93
numbers. together. | values. two input
numbers.
lterates {‘h‘?gﬁsh Al
foriin through the Iterates throug
. ) . Loop . . items and
2 | range(len(items)): list and . items in 0.89
. ; over list. | .. processes
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Pesynbrat IEMOHCTpPYIOTH, IO JOHABUECHA MOJENb 15, iIHTETpOBaHA 3 JICKCHYHWUM aHAJi30M Ta
CTPYKTYPHUMH TpeJCTaBlIeHHAMH Koay uepe3 AST, crabinpHo mepeBuinye 6a3oBy TS5 Ta mTS5-small y
TOYHOCTI TeHepalii KOMeHTapiB. 30Kpema, IpH cepenHiii momxkuHi ¢(yHkmii o 30 psakis
crioctepiranocst miasumeHHs F1 mpubmmsao Ha 4-5% mopiBHSIHO 3 6a30Bor0 Momemto. Lle cBimunTh
mpo e(eKTHBHICTh amanTamii MOJENi J0 JOMEHHOI 3aadi Ta BaKIUBICTh BKIFOYEHHS CTPYKTYPHOI
iHpopMmarii.

3aranom 6a3oBa aHTIIOMOBHA MOJIEh AEMOHCTPYE 3aI0BIUIbHI PE3YIhTaTH HA MPOCTUX TEKCTAX, aje
MOraHO Y3TO/DKYETHCSI 3 KOMCHTApsIMH, IO MICTATh TEPMiHM MporpaMmyBaHHs. Momens MT5-base
3aBJSIKM 0araTOMOBHOMY TNEpeJHaBUaHHIO MOJEIb Kpallle Mpalo€e i3 TeKCTaMH, IO MICTATh TEXHIUHY
JIeKCUKY abo cuHTakcuc koxy. [IpoTe 30epiraerbcsi meBHa BTpaTa TOYHOCTI Ha JOMEHHHUX (hpaszax.
JloHaBUaHHs BJIACHOI MOJEJI Ha KOPIyCi 3 KOMEHTapsMH A0 KOAY 3HAYHO IIJBUINYE CEMaHTUYHY
Y3TOIKEHICTh BUXITHOTO TEKCTy 3 OpHUIIHAJbHUM KOMEHTapeM. MoJenb Kpalle po3yMi€ CTPYKTYpHi
3B’SI3KH MK KOJIOM 1 IPUPOTHOIO MOBOIO.

AHai3 3ae)XKHOCTI TOYHOCTI BiJi CKJIQTHOCTI MPOTPaMHOTO KOAY IOKa3aB, IO MpH 30UTBIICHHI
KUTPKOCTI YMOBHHX OII€PaTOpiB, BKIQJACHHUX IMKIIB Ta B3a€MO3B’SI3KIB MK MOIYJISMH TOYHICTH
resepauii Jemo 3HIWKYyeTbcs. Hampukian, ansg ¢(yHKOid i3 ckmagdicTio moHax 10 ymoBHHX abo
MUKITIYHAX KOHCTPYKIiii F1 3MeHmryBanmacss MOpiBHAHO 3 OUThII mpocTuMH QyHKmisiMA. OHAK
noeqHanas AST-tipencraBnens Ta rpadoBoi momemi GNN mo3Bossie 4acTKOBO KOMITEHCYIOTH IIFO
TEHJICHIIII0, OCKIJIBKU cHcTeMa 30epirae iHpopMallifo mpo riodajibHi 3aJeKHOCTI MK KOMIOHEHTaAMH
KOJy.

Hocnimkeno takox BrumB noBxuHU AST Ha siKicTs TeHeparii. bByio BctaHoBIIEHO, IO TS TyKe
kopoTkux AST (mo 15 By3miB) MOJENIb 4YacTO MPOIYCKA€E JeTalli KOJy, TCHEPYIOUHW JIMINE 3arajibHi
komeHTapi. s cepennpboi goBxkuan AST (15-50 By311iB) TOUHICTH KOMEHTAPIB € HANBHIIOIO, OCKIJIBKH
MOJIeTh 37]aTHA IIOBHICTIO 3aXOIWTH JIOKaJdbHI Ta TJiI00abHI CTpyKTypu Komay. llpm Ham3BuuaitHO
moerux AST (monam 100 By3miB) crocTepira€Tbcs IEeBHE 3HIDKEHHS TOYHOCTI, IO TIOB’S3aHO i3
CKJIQJIHICTIO BIJICTEXKCHHS BCiX 3B’S3KiB Ta OOMEXKCHHSM KOHTEKCTY y TpaHchopMmepHid moxaeni. s
3MEHIIEHHS [HOr0 e(eKkTy y CHCTeMi 3acTOCOBYIOTBCS JOAAaTKOBI MeXaHi3MH OOpi3aHHs Ta
MPIOPUTETHOTO aHAII3Y KIFY0BUX By31iB AST.

BucHoeku

JaHe mOCHiDKEHHS € akTyalbHHM 1 Mae CyTTEBY HAyKOBY Ta NpPaKTH4YHY MiHHICTE. OCHOBHA
0COOJIMBICTH POOOTH TONIATAE Yy CTBOPEHHI IHTETPOBAHOI CHCTEMHU TE€HEPYBaHHs JOKYMEHTAIil IS
MPOrPaMHOI0 KOy, sIKa TMOEIHYE JOHaBUeHY TpaHchopMepHy mMozaenb TS5 ta rpadoBy moaens GNN, 3
BUKOPUCTAaHHIM aOCTpakTHUX CHMHTakcHuHUX nepeB (AST) y miniiHOMY mpencTaBieHHI AJSl aHAJi3y
CTPYKTYpH KOAy. 3ampoIlOHOBaHWI miAxix 3abe3nedye KOMIUIEKCHE YpaxyBaHHA JIOKAIBHUX Ta
rIo0albHUX KOHTEKCTIB MPOTpaMHUX (parMeHTIB, JO03BOJISIIOYM CUCTEMi €(EeKTHBHO BH3HAYaTH
MPU3HAYCHHS KOy, B3a€EMO3B’SI3KM MK HOro KOMIIOHEHTaMH Ta (OpMyBaTH 3MiCTOBHI KOMEHTapi i
JTOKYMEHTAIIifo0.

PesynbraTt JOCHIKEHHS MIATBEpAWIM €(PEKTUBHICTH amanTailii TpaHchopMmepHOi Mojeni 10
KOHKpeTHO1 AoMeHHoi 3amadvi. [oHaBuanHs TS5 Ha cremianizoBaHOMY KOPIYCi 3 MPOKOMEHTOBAaHHM
KOZOM y TIOEJHAHHI 3 JIEKCHYHUM aHANi30M IMiIBUIIAIO SIKICTh TeHepamii nmpuonuzHo Ha 4% 3a
MeTpukoro F1 mopiBHsIHO 3 6a30BOI0 MOAEILIIO.

Ile nemMOHCTpye, IO ILIIBOBE JIOHABYAHHS BEJIMKHUX TPAHCHOPMEPHHX MOAETCH MOXKE CYTTEBO
MOKPAILUTH Pe3yIbTaTH aBTOMATUYHOTO TOKYMEHTYBAHHS [IPOTPAMHOTO KOAY, OCOOIHMBO JAJIsl BEIMKUX
Python-nipoekTiB. Kpim Toro, Bukopucranus GNN [yis MOJIETIOBaHHS 3aleKHOCTe Mk (aiinamu Ta
MOJYJISIMU JIO3BOJISIE Bi3yali3yBaTH CTPYKTYPY IPOEKTY, 3a0e3MeUylOdr J0JATKOBY iH(POPMALIIIO IS
PO3YMIHHS KOZY.

[IpakTnuHe 3Ha4eHHS pE3yJbTaTiB TMOJIATAa€ y CTBOPEHHI peaJbHOro iHCTpyMEHTa st
ABTOMATHYHOTO TeHEPYBaHHS JOKYMEHTAIlii, 10 JI03BOJISIE PO3POOHUKAM 3HAYHO CKOPOTHTH 4Yac Ha
CTBOPEHHS TIOSICHEHB JI0 KOJIy Ta MiJTPUMKY BEJIHUKHX IPOrPaMHHX cHCTeM. BukopucTanHs koMmOiHarii
«seq2seq» TpancdopmepiB, MeToy noHaBuaHHS LoRA, TokeHizamii uepe3 SentencePiece, anamizy AST
i rpadoBoro mozpemtoBanHs udepe3 GNN cTBOproe iHTErpoBaHWH MiAXiA, SKWH 3a0e3meuye BHCOKY
TOYHICTh Ta THYYKICTh CHUCTEMH. Taka KOMILIGKCHA apXiTeKTypa J03BOJISIE MOJCNI IMIBHUIKO
aJlanTyBaTHCS JI0 HOBUX HPOEKTIB 1 crienn(ivyHuxX 3a1a4.

HaykoBe 3HaueHHs poOOTH NOJISIrae y TOMY, 10 TOCIIIKEHHS JEMOHCTPY€E MOXKIIUBICTD 00’ € JTHAHHS
PI3HUX METO/IIB MAIIMHHOT'O HABYAHHS JIJISl BUPIIIEHHS NIpo0iieM aBToMaTu3alii JOKyMEeHTYBaHHS KOy,
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BIJIKPUBAIOYH MEPCIICKTHBH JUIS MOJAIBIIOTO PO3BUTKY 1HTEIEKTYAILHUX CUCTEM aHalli3y MPOrpaMHUX
npoekTiB. JloCSATHYTI pe3yslbTaTh MOXYTh CTaTH OCHOBOKO JJIsl pO3POOKM HOBHUX METOAIB reHepaii
JOKyMEHTalii, BKJIFOYHO 3 0araTOMOBHUMHM cUcTeMaMy, iHTerpaunieio 3 IDE, a Takox aBToMaTH30BaHIM
KOHTPOJIEM SKOCTI TIPOTPaMHOTO 3a0e3TIeUCHHS.

IlepciekTHBY TTOJANBITNX TOCIIHKEHD BKIIOYAIOTh YIOCKOHAICHHS TpaOBUX MOJeeH Assl OibIi
TOYHOTO BiJOOpaKEHHS 3aleKHOCTEH MiX MOIYJSAMH, ONTHUMI3allil0 apXiTeKTypHu TpaHchopmepa mixa
crerudigHi MOBH NPOTPaMyBaHHS, IHTErpallif0 CEMaHTHYHOTO aHaji3y KOXy Ta TMiIBUIICHHS
MacmTabOBaHOCTI CHCTEMH IJISI BEJIMKUX KOPIIOPATHBHHUX MPOEKTIB. KpiM TOTrO, MOXKIIMBA peajizais
aJIalTUBHUAX CHCTEM, SKi CAMOCTIHHO OHOBJIOIOTH JOKYMEHTAIIO MiJ yac BHECEHHS 3MiH Y KO, IO
3HaYHO MiJBUIIUTH MPOAYKTHBHICTH PO3POOHHMKIB 1 3MEHIINTh PH3UKH MOMWIOK Yy BEIHKHX
MPOTPaMHUX CHCTEMaX.

TakuM 4YMHOM, Pe3yJIbTaTH POOOTH AEMOHCTPYIOTH €(EKTHBHICTh MOETHAHHS TpaHC(HOPMEPHUX Ta
rpa)oBUX MoJeNeH, a TakoX 3a0e3MeuyloTh KOMIUIEKCHHH MiAXiJ OO aBTOMAaru3alii CTBOPEHHS
JIOKyMEHTaIlii. 3arpornoHOBaHa CUCTEMa Ma€ TOTSHIIIAT JIIsS IMAPOKOTO TPAKTHYHOTO 3aCTOCYBAHHS Ta
MONAJBIIOTO PO3BUTKY y cdepi aBTOMATHYHOTO AaHANi3y KOAY W IHTEIEKTyalbHO! MiATPUMKH
MPOTrpaMHOi PO3POOKH.
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Method for generating source code description using
an artificial intelligence model

Relevance. The topic is relevant, since currently there are many large projects that are being developed over a long period of
time and require support and understanding of the code without explanations. The rapid development of technologies and the
need to constantly develop new features and support existing ones require constant updating of documentation. Writing good
documentation is a valuable skill that requires experience, concentration and understanding of the project structure. As a result,
a large number of developers consider the process of writing documentation difficult and think that the time spent on it could
be used more productively. That is why there is a demand for services that help automate this process.

Goal. The purpose of this work is to increase the efficiency of automated generation of software documentation. As part of this
task, the necessary theoretical material was worked out, existing solutions to this problem were studied, and our own new
method of generating a description of the program code was developed and implemented, which more accurately determined
the purpose of code fragments, clearly understood the structure and dependencies between its components.

Research methods. The study is based on literature analysis, statistical methods, as well as machine learning and data mining
methods. In particular, the methods of syntactic code analysis and construction of an abstract syntax tree (AST), the method of
forming a training corpus, methods of training and retraining of transformer and graph models were used. To assess the
advantages of the retrained model, the method of comparative modeling and automated text quality assessment (in this case,
BERTScore) was used.

The results. Retraining the T5 model on a specialized dataset with commented code in combination with lexical analysis
allowed to increase the quality of generation by approximately 4% in terms of the F1 metric compared to the base model. This
indicates that adapting the model to a specific domain task is effective and can significantly improve the result.

Conclusions. Based on the collected data, an own approach was proposed to improve the quality of code description
generation using the retrained T5 model and the created GNN model with further implementation, which is the result of the
research. The proposed system combines the best practices of syntactic analysis, graph modeling, and transformer generation,
providing a practically applicable solution for automatic documentation creation. It can be argued that the combination of
""seq2seq" models, tokenization and adaptation methods of large transformers, as well as code analysis via GNN and structural
AST representations provides a comprehensive approach to automating work with code, allowing you to combine local and
global contexts, quickly adapt the model to specific tasks, and effectively generate meaningful comments and documentation.
Such an integrated approach has the potential for further development of artificial intelligence systems in the field of automatic
code analysis, increasing developer productivity, and ensuring software quality. The research results can be applied in practice
for fast and effective creation of documentation for developed software and large projects in the Python language.

Keywords: machine learning, T5, GNN, code description generator, model training, natural language processing,
documentation, AST.
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Bending analysis of multiply-connected anisotropic plates with elastic
inclusions

Relevance. Determining the stress-strain state of thin anisotropic plates with foreign elastic inclusions under transverse
bending is an important engineering problem. However, the general case of a plate with multiple, arbitrarily arranged
inclusions has lacked an effective numerical or analytical solution due to significant mathematical and computational
difficulties.

Objective. The purpose of this work is to develop a new approximate method for determining the stress state of a thin
anisotropic plate containing a group of arbitrarily located elliptical or linear elastic inclusions.

Methods. The method is based on the application of S. G. Lekhnitskii's complex potentials. The problem is reduced to
determining functions of generalized complex variables for the plate-matrix and the inclusions. These potentials are
represented by corresponding Laurent series and Faber polynomials. The generalized least squares method (GLSM) is used to
satisfy the contact boundary conditions on the inclusion contours. This reduces the problem to an overdetermined system of
linear algebraic equations, which is solved using singular value decomposition (SVD).

Results. The developed method was validated by comparison with the known exact analytical solution for a plate with a single
elliptical inclusion, showing perfect agreement. Numerical studies were conducted to analyze the influence of the relative
stiffness of the inclusions, the distances between them, and their geometric characteristics on the bending moment values. It
was established that the interaction between inclusions is significant and leads to a substantial increase in moments at small
distances. Isotropic plates are considered as a special case of anisotropic ones.

Conclusions. It was established for the first time that for linear elastic inclusions, moment singularities, described by moment
intensity factors (MIFs), occur only in cases of sufficiently stiff or sufficiently flexible inclusions.

Keywords: thin plate, inclusions, cracks, complex potentials, boundary value problem, mathematical modeling, numerical
methods, moment intensity factors.
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cucmemu ynpaeninns. 2025. sun. 68. C.43-53. https://doi.org/10.26565/2304-6201-2025-68-04

1. Introduction

Despite the significant practical importance of determining the stress state of thin plates under
transverse bending, especially in case of presence of foreign inclusions, many engineering problems
remain unsolved. It is connected with major mathematical and computational difficulties that have been
historically challenging to overcome.

© Koshkin A. O., Strelnikova O. 0. 2025
This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0.
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Significant results in developing solution methods for the applied theory of bending of anisotropic
plate were obtained by S. G. Lekhnitskii [1] as early as the mid-1930s. Complex potentials were
introduced, and the simplest problems for simply-connected domains were solved. Somewhat later,
methods for solving problems for multiply-connected plates were developed [2]. However, inaccuracies
in the general representations of complex potentials in [2], the use of the series method to satisfy
boundary conditions in such complex problems, and the limited computational technology of that time
prevented the solution of many relevant problems in plate bending theory. To satisfy the boundary
conditions in such complex problems, the discrete least squares method was initially applied, followed
by the generalized least squares method (GLSM). This evolution in solution methods allowed to analyse
any multiply-connected domains with arbitrarily shaped contours. The GLSM, in particular, proved to
be the simplest for computer implementation.

The presence of elastic inclusions in plates introduces additional difficulties in solving these
problems. For a plate with elliptical (circular) elastic inclusions under a generalized plane stress state, a
large number of problems have been solved [2-4]; plates with linear inclusions have been considered as
a special case [5]. In the case of transverse bending of plate, such problems have only been solved for a
plate with a single elliptical (circular) inclusion [1, 6] or a single linear inclusion [7]. However, the
general case of the bending of a multiply-connected plate with several elastic inclusions, including
linear ones, has not been considered.

This article, using the GLSM, presents for the first time a solution to the problem of the bending of
an anisotropic plate containing multiple elliptical or linear elastic inclusions. The results of numerous
calculations are described, which identify the influence of the elastic inclusions' stiffness, the distances
between them, and the geometric characteristics of the inclusions themselves on the bending moment
values arising in the plate. Isotropic plates are considered as a special case of anisotropic ones. To
simplify the utilized relations, the plate is assumed to be infinite, and the surfaces of the plate and
inclusions are unloaded.

2. Problem Formulation and Solution Method
Let us consider an infinite anisotropic plate-matrix, occupying a multiply-connected domain S,

bounded by the contours L (I :JI) of elliptical holes. These holes have semi-axes a;, by, centers at
points O; (with coordinates Xg;, Yo ), and orientation angles ¢; formed by the x -axis with the semi-

axes a; (Fig. 2.1). Elastic inclusions, occupying domains s and made of different materials, are
inserted into these holes without pre-stress. These inclusions are in perfect mechanical contact with the

plate. At infinity, the plate is subjected to moments My, M’ and Hyj .

O X

Fig. 2.1 Infinite anisotropic plate with inclusions
Puc. 2.1 Heckinuenna anizomponna nauma 3 6Ku0YeHHAMU

Let’s use the complex potentials from the applied theory of anisotropic plate bending. It leads to
finding the complex potentials Wy (z) for the plate-matrix and Wk’(')(z(k')) for the inclusions, based on
the corresponding boundary conditions.
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The complex potentials Wy (z,) for the plate-matrix are functions of the generalized complex
variables

Zy =X+ Uy, (2.1)
where p are the roots of the characteristic equation
4 3 2
Doou” +4Dagu” +2(Dya +2Dgg Ju” + 4Dy + D1y =0, (2.2)

Di j = Bj jDg are the flexural rigidities of the plate material, where
Bi1 = (80866 —a35)/A . Bio = (216206 — a12865)/A . By = (12826 — a1gazp)/A
Byy = (41865 —8%5)/A . Bos = (81816 —axan1)/A, Bgg = (anan —ab)/A,
Y1 a2 e
A=lagp ayp axy|;
46 a6 g6
ajj are the compliance coefficients of the material, Dy = 2h3/3; h is the half-thickness of the plate.

These functions are defined in the domains Sy , obtained from the original domain S by the affine
transformations (2.1), and in our case they can be expressed in next form:

W' (z¢) = szk+zz Hlp (2.3)
I=1p=1 C

in which T', are constants determined from the system of equations

2Re Z Fk = CllM +C21M +C31H Xy’
k =1

ZRGZMka—Cle +C22M +C32ny,

k=1
2 9 2 1
ZReZuka —C13M +C23M +C33ny, 2ReZ—Fk =0; (2.4)
k=1 k=1Hk

Cn= (2D22D66 - 2D226)/A1 ,
2Dy6Dp — 2DyDgg ) /A1,
2DyDypg —2Dy5Dy) ) /A,
Dy2Dg6 —Di1gDy2)/As
Dy2Dy6 —Dy3Dgg)/Ar

1=(
1=(
2=(
2=(
(D11D22 - D122) / Ap,
(
(
(

Ci3
Co3

2D16D26 — 2D15Dg5 ) /A1
2
2D11Dg6 — 2D16)/A1 )
Ca3=(2Dy2D16 —2D11D ) /A1 ,
D1y 2D Dy
A1=D12 2Dz Dpaf;
Dig 2Dgs  Dog
Ly are variables obtained from the conformal mappings of the exterior of the unit circle |G| >1 onto
the exterior of the ellipses Ly

7y =7 + Ry (Ckl C:: J (2.5)
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Zk1 = Xo1 + Kk You»

Rit = &) (cosy +p singy ) +iby (singy —p cosey ) /2,

Mg =[a, (COS(pI + Ly sm(p|)—|b| (singy —pk cosgy J/ZRH ; (2.6)
ay p are unknown constants.

Once the complex potentials are determined, the plate deflection, bending moments and transverse
shear forces are calculated using the formulas [1, 2]:

2
w=2Re ZWk(Zk) )
k=1
2

(Mw My, Hyy, Ny, Ny)Z_ZReZ(pk: Ok Tho BieSk =Sk Wi (2k) (2.7)
k=1

in which
Py = D1 +2Dyghy + Dyahif
Ok = D12 + 2Dy + Dol
fi = D5 + 2Dggitk + Dol

2
s =—Dig — (Dyp +2Dgg 1 —3Dagki — Dol - (2.8)
For the bending moments on elements with a normal n we have:

M, =My cos?nx+M y cos? ny +2H,y sinnxcosnx . (2.9)
The complex potentials W’(')(zk) for the inclusions (I =1,_L) are functions of the generalized
complex variables
zﬁ') =x+p(k|)y, (2.10)
where u(k') are the roots of characteristic equations of type (2.2), in which the coefficients D;; are

replaced by the constants Di('j) for the inclusions. These functions are defined in the domains Sﬁ')

obtained from the domains S( by the affine transformations (2.10). They are holomorphic in the
domains S,E') and can be expanded in series of Faber polynomials, which, after transformations, are
represented as power series:

© M _,m\P

2. —1
w ("= ¥, aﬁ'p)[ : (|)kI J ' (2.11)

p=0 Ra

Here R(') and z('l) are constants calculated by formulas (2.6) for Ry, and zj, respectively, substituting

py for M(I) (') are unknown constants.

The unknown constants ay, and af('l)o will be determined from the boundary conditions on the

contours of the plate and the inclusions:
2Rez(gkl.wk(zk> oD (@0)= i (=19, (2.12)

in which

| | |
gar=1, 9 =1, Guz=mk. 9Gh=n{’,

Oki3 = Pk /Hk 9|(<||)3— I)/u v Okig =0k 9|£|4—q ;

flu="fi2=0, fig=—cx+oy, fia=-y+cy,
where ¢, are real constants and c;;, ¢y are complex constants.
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When using the generalized least squares method GLSM, we will satisfy the boundary conditions
(2.12) in a differential form in order to eliminate the arbitrary complex constants within them. To do

this, we select a set of collocation points t,, = Xj, +iyjm (M =21, M) on the plate-inclusion interface.

Then we substitute the functions (2.3) and (2.11) into the boundary conditions (2.12) after
differentiating them with respect to the contour arc. This yields a system of linear equations:

2 L o« ©
2Re 35, zzgk.i@'k.pakm)ak.p—nggcpsp(tﬁm)asg,]z

k=1 |I=lp=l p=1
. 2 - - _
:df“(tkm)—ZReZSkgkan (|=]_,|_; m=1 I i=1, ) (2.13)
ds k=1
Here,
p-1
D(Zﬁl)—zkl)
Ohip =i o= -
[ 1 ’ P
Ch (CEI _mkI)RkI (Rﬁ'))p

O =dty /ds; tym =Xm + Lk Ym, tlgr)]:Xme“(kl)ym-

The system (2.13) is supplemented by the single-valuedness conditions for the deflection function
w(X, y) for each hole in the plate-matrix

2 _
2Re Z iajk|1Rk| =0 (| =1,L) . (214)
k=1

After finding the pseudo-solutions of the augmented system (2.13) using singular value
decomposition (SVD) [8], the constants ayp , alg'%, and consequently, the functions (2.3) and (2.11),

become known. The bending moments and shear forces (2.7) can then be determined from them. If an
inclusion S( is reduced into a linear elastic line (and the corresponding hole into a slit), the moment
intensity factors (MIFs) k1i (for moments M 9) in the local coordinate system centered at point O,

(see Fig. 2.1)) and ké—* (for moments H>(('y) in the same coordinate system) can also be calculated. The

superscripts — and + refer to the left and right tips of the inclusion respectively. By analogy with the
derivation of stress intensity factors (SIFs) for slit tips in plates [9], the formulas for them are:

2 2 2
k1=2ReZ[pksin @) + g COS (p,—rksianpJMk,
k=1

2
ko =2ReZE(qk — Pk )Sin 20y + 1y cosZcpJMk, (2.15)
k=1

It should be noted that in the case of a plate with a single elliptical inclusion, an exact analytical
solution can also be obtained using the series method, in the form of:

1
' k11 , z
Wk(Zk)ZFka+—, Wk(l)(zk):al((lf%,
k1 Rk
2
a
(MX, My, ny)=—2ReZ(pk,qk, rk) Fk —+ ,
k=1 Rkl(Ckl - mkl)
1 2
(kli’kit):_ZRez(qurk)akllv (2.16)
N

in which ayq; and algll) are constants determined from a system of linear algebraic equations of the 4th

order.
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3. Numerical studies

Numerical studies were conducted for a plate made of KAST-V isotropic material (Material M1) and
angle-ply fiberglass (Material M2). The compliance coefficients for these materials are presented in
Table 3.1. In the numerical calculations, the compliance coefficients for the inclusion material were

selected as follows: ai(j') = k(')aij ,where () is the relative stiffness parameter of the inclusion s,

Table 3.1. The compliance coefficients of materials
Tabnuya 3.1. Koegiyienmu oegpopmayii mamepianis

Material | 5 .10~ MPa™ | a,,-107* MPa! | a,-10™* MPa™™ | agg-107*, MPa ™
Ml 72,100 72,100 -8,600 161,500
M2 10000 2,800 -0,770 27,000

During the numerical studies, the number of terms N in the series functions (2.3) and (2.11) and the
number of collocation points M; on the plate-inclusion interface (where conditions (2.13) were

satisfied) were increased until the boundary conditions were met with a sufficiently high degree of
accuracy. The calculations showed that, depending on the distances between inclusions and the semi-
axis ratios of the ellipses, satisfying the boundary conditions required retaining from 7 to 20 terms in
the series for each hole and inclusion, and selecting from 50 to 1000 collocation points on each contour.

Below, some of the obtained results are described for the case where, at infinity, Mg‘f =my and

MY = H;‘(‘; =0. All results are presented as multiples of m, /Dy . For the case of a plate with a single

inclusion, the exact solution (2.16) was also used for comparison.
It was established that the moment values are significantly influenced by the semi-axis ratio of the

ellipses. Calculations showed that for bl/a1<10_3 the inclusion can be considered linear, and MIFs

(Moment Intensity Factors) can be calculated for it. In Table 3.2, the Mg moment values for a plate
with a single inclusion are presented. These values are shown for points on the plate near the inclusion

and for various semi-axis ratios b /a; and relative stiffness parameters AW . For the case of a linear

inclusion (by /& —107*), the MIFs are also presented.

Table 3.2. The Ms moment values for a plate with a single inclusion
Tabauys 3.2. 3nauenns momenmie Ms Ons naumu 3 0OHUM GKIIIOYEHHSM

Material | 5 () by /ag MIF
1 [ 05|10t | 102 | 1078 107 ki

M1 0 -0,16 | -0,19 | -0,42 | -3,02 |-29,00 |-288,69 |-0,136
102 |-0,12 | -0,16 | -0,33 | -0,97 |-1,32 |-1,38 -0,001

05 |072 |063 [053 |050 |0,49 0,49 0,000

2 1,25 | 1,40 1,77 | 1,97 |1,99 1,99 0,000

102 | 1,70 | 2,40 | 7,62 | 42,10 | 86,81 97,28 0,013

o 1,72 | 2,44 |8,18 |72,78 |718,83 | 7178,87 | 1,000

M2 0 -0,22 | -0,27 | -0,69 | -5,37 |-52,18 |-520,13 |-0,170
102 |-0,19 | -0,24 | -053 | -151 |-1,99 |-2,06 -0,001

05 |065 |058 [051 |049 |0,49 0,49 0,000

2 1,37 | 1,55 1,86 |1,97 |1,99 1,99 0,000

102 |231 | 359 |12,71|57,10 | 91,35 |97,22 0,007

w 235 | 3,70 |14,48 13577 | 1348,63 | 13475,67 | 1,000
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It is evident that as the ratio by /a; decreases, the absolute values of the moments Mg near the tips
of the major semi-axis a; increase sharply, and for small b;/a; values, this indicates the singular
behavior characterized by MIFs.

Fig. 3.1 shows plots of the MIF (kli) variation as a function of the inclusion material stiffness
(parameter k(l)). It can be seen that for a linear inclusion, when 2D <1073, the inclusion can be
considered perfectly rigid; when AW >10%, it is considered perfectly flexible (a crack). For

1073 <2.® <10 the MIF values are very small and can be neglected. Therefore, it is not meaningful to
discuss MIFs for linear elastic inclusions when their material stiffness differs from that of the plate

material by less than a factor of 103, although other authors, using different models and methods, have
reached different conclusions [7]. It should also be noted that for perfectly flexible linear inclusions
(cracks), their faces will come into contact. This must be accounted for when solving such problems, for
instance, by applying appropriate additional tensile forces. These issues are not addressed in this study.
We note that the exact solution (2.16) was also used for the plate with a single inclusion. The results
obtained from the approximate GLSM solution were found to coincide with the results from the exact

solution.
kl/m
0,8 y II
J—Lln //
0,6 1
i) /
m

0,4 ,l
/
02 /
J
0,0 4
il
Z
[ "
0,2
-8 —4 0 4 Ig7.®

Fig. 3.1 MIF variation depending on inclusion stiffness
Puc. 3.1 3mina KIM 6 3anesrcnocmi 8i0 scopcmrocmi 6KIHOYeHH s

Table 3.3 presents the bending moment values Mg for an infinite plate with two identical circular
inclusions (Fig. 3.2) of radius a; (b =a,=b, =a). The values are given for various distances c

between the inclusions and various values of the relative stiffness parameter A (where A2 = k(l)).
The moments are calculated at the contact points of the plate with the left inclusion, on elements
perpendicular to the inclusion contour. Here, 6 is the central angle for the left inclusion, measured
counter-clockwise from the line of centers.

y

Fig. 3.2 Infinite anisotropic plate with two circular inclusions
Puc. 3.2 Heckinuenna anizomponna niuma 3 0860Ma Kpy2osUMU 6KIHOYeHHAMU
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The data in Table 3.3 show that as the distance between the inclusions decreases, the My moment

values at points near the ligament (the area between the inclusions) increase. If the distance between the
inclusions is greater than the diameter of one of them (c/a; > 2), the influence of one inclusion on the
stress state around the other is insignificant and can be neglected. As the stiffness of the inclusions

decreases (with an increase of x(l)), the My moment values at the point corresponding to 6 =0 (at the
ligament) increase. At the point corresponding to 6=m/2, the moments decrease for 2D >1 (i.e.,
stiffer inclusions) and increase for AW <1 (i.e., more flexible inclusions).

Table 3.3. The Ms moment values for a plate with two inclusions
Tabnuys 3.3. 3nauenns momenmie Ms Ons naumu 3 0860Ma BKIIOYUECHHAMU

2@ | c/ay 0, rad
0 ‘ n/2 ‘ T 0 ‘ /2 ‘ T
M1 M2

0 © | -0,16429 | 0,37740 | -0,16429 | -0,22231 | 0,19019 | -0,22231
2 | -0,15829 | 0,31479 | -0,08789 | -0,24754 | 0,17038 | -0,14703
-0,12078 | 0,26235 | -0,01533 | -0,26818 | 0,15308 | -0,04814
0.5 |-0,04908 | 0,21283 | 0,03215 | -0,28425 | 0,13658 | 0,05675
0.1 | 0,12031 | 0,18256 | 0,00779 | -0,43370 | 0,12183 | 0,10487
1072 | o |-012351| 0,35057 | -0,12351 | -0,18512 | 0,17639 | -0,18512
2 | -0,12717 | 0,29375 | -0,05347 | -0,21340 | 0,15806 | -0,11195
-0,07491 | 0,24712 | 0,01489 | 0,22438 | 0,09538 | 0,33411
0.5 |-0,15650 | 0,18608 | 0,04670 | 0,22850 | 0,05939 | 0,55252
0.1 |-0,13326 | 0,17431 | 0,14177 | 0,41496 | 0,11151 | 0,74618
0,5 o0 0,71970 | -0,00208 | 0,71970 | 0,65308 | -0,00633 | 0,65308
1 0,61813 | -0,00630 | 0,72212 | 0,58172 | -0,00825 | 0,66258
01 | 053298 | -0,01874 | 0,74171 | 0,39733 | -0,01669 | 0,72451
2 o0 1,24827 | 0,05753 | 1,24827 | 1,36933 | 0,04577 | 1,36933
1 1,39080 | 0,05634 | 1,26801 | 1,47429 | 0,04405 | 1,38645
0.1 | 1,70994 | 0,06741 | 1,26061 | 1,89385 | 0,05277 | 1,35439
102 o0 1,70384 | 0,27407 | 1,70384 | 2,31079 | 0,25327 | 2,31079
2 1,92563 | 0,26062 | 1,77606 | 2,48063 | 0,24013 | 2,38868
2,24528 | 0,26094 | 1,82188 | 2,76070 | 0,23748 | 2,45147
2,80183 | 0,26642 | 1,86998 | 3,38583 | 0,23875 | 2,52330
4,23279 | 0,29051 | 1,93290 | 2,54783 | 0,18390 | 1,99577
© o0 1,71784 | 0,28251 | 1,71784 | 2,34765 | 0,26278 | 2,34765
1,94561 | 0,26859 | 1,79201 | 2,52289 | 0,24917 | 2,42875
2,27663 | 0,26857 | 1,83915 | 281262 | 0,24625 | 2,49507
05 | 286793 | 0,27381 | 1,88746 | 3,45585 | 0,24880 | 2,57465
0.1 | 562046 | 0,28538 | 1,97168 | 7,32184 | 0,26064 | 2,74416

=N

Numerical studies were also conducted for the case of two linear inclusions. Fig. 3.3 shows the
variation of the MIF ratio kf/kfo for the isotropic material M1, where ki represents the MIF at the

inner tip (right tip of the left inclusion) and kj is the baseline MIF for an isolated single inclusion. For

material M2, the corresponding graph differs only slightly from that shown in Fig. 3.3, and therefore it
is not depicted. It is evident that as the distance between the linear inclusions decreases, the MIFs for
the inclusions' inner tips increase significantly.
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Fig. 3.3 Variation of the MIF ratio for case of two linear inclusions
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4. Conclusions

In this paper, a new effective approximate method for analyzing the stress state of thin anisotropic
plates with multiple elastic inclusions under bending has been developed. The approach is based on the
application of complex potentials, their representation by Laurent series and Faber polynomials, and the
implementation of the Generalized Least Squares Method to satisfy the contact boundary conditions.
The problem is reduced to solving an overdetermined system of linear algebraic equations using
Singular Value Decomposition (SVD).

The high accuracy and reliability of the proposed method were validated by comparing its results
with the known exact analytical solution for the case of a single elliptical inclusion, demonstrating
perfect agreement.

The primary scientific contributions of this work are:

1. A robust computational framework capable of handling multiple, arbitrarily oriented elliptical
or linear inclusions, a problem not previously solved in the general case.

2. A key finding regarding linear inclusions: it was established that moment singularities,

described by MIFs, arise only for sufficiently stiff (x(l) <10_3) or sufficiently flexible (k(l) >103)
inclusions.

3. The significant effect of inclusion interaction was quantified. For both circular and linear
inclusions, it was shown that as the distance between them decreases, the stress (moment) concentration
in the ligament region increases substantially.

The developed method demonstrates significant potential for further development. Future research
could focus on several promising directions:

* Analyzing periodic or finite arrays (rows and bands) of inclusions to effectively model the
mechanical behavior of modern composite structures.

»  Extending the method to analyze inclusions of arbitrary (non-elliptical) shapes, which are
common in engineering practice, by employing advanced conformal mapping techniques and
polynomial approximations.
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61166, Yrpaina

CrpeabHikoBa 0.Mm.H., npog. Kapedpu nPpuUKIAOHOT MaAMeMamuru
Ounena Xapxiecvkuil nayionanvHuil yHigepcumem paodioerekmpouiku, np. Hayxu, 14, m. Xapkis,
OunexcanapiBua 61166, Yrpaina

nPOGIOHUI HAYKOBUL CNIBPOOIMHUK
Inemumym enepeemuunux mawiun i cucmem im. A. M. Ilioeopnoco HAH Yrpainu, eyn.
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AHaJi3 3ruHy 0araTo3B’sI3HMX AHI30TPONHUX IUIUT 3 NPYKHUMHA
BKJIIOYEHHAMH

AKTyanbHicTh. BH3HaueHHs HampyXeHO-IepOpMOBAHOTO CTaHy TOHKHMX aHI30TPOIHHUX IUIUT 3 IHOPOJHUMH MNPYKHUMH
BKJIIOYEHHSIMH [TPY MOIEPEYHOMY 3THHI € BaXKJIMBOIO iH)XKEHEPHOI0 3a1auero. O/IHaK 3arajbHUK BUIAOK IUTHTH 3 AEKiJbKOMa
JOBUJIBHO PO3TAIIOBAHUMH BKJIFOUEHHSMH JI0CI HE MaB €()eKTHBHOTO YHCENHFHOTO ab0 aHANITHYHOTO PO3B'A3KY depe3 3HauHi
MaTeMaTU4Hi Ta 00YHCITIOBABHI TPYAHOLII.

Meta. MeTo10 po0OOTH € po3poOKka HOBOTO HAONMMKEHOTO METOAY ISl BU3HAUEHHS HAMPY>KEHOTO CTaHy TOHKOI aHi30TpPOITHOL
TUTATH, 10 MICTUTH TPYITy JOBUIFHO PO3TALIOBAHUX EIINTHYHAX a00 MHIHHUX MPYKHUX BKIFOUECHb.

MeTtonu mrociimkennsi. Meron 6a3yeTbcs Ha 3acToCyBaHHI KoMmIuiekcHUX noteHmianiB C. I'. Jlexauipkoro. 3aaua 3B0OUTHCS
0 BU3HAUCHHA (YHKIIH y3araJbHEHHX KOMIUICKCHMX 3MIHHHMX JUIS TUIMTH-MATPHI Ta BKJIOYEHb. [li moTeHmianu
NPE/ICTABISIOTECS BiANOBIAHMMY psinamu Jlopana Ta moniHomamu ®abepa. [{ys 3a10BOJIEHHS KOHTAKTHUX TPAaHUYHUX YMOB
Ha KOHTYpax BKJIIOYEHb BHKOPHCTOBYEThCS y3arajbHeHWH MeTon HaiimeHmmx kBazgpatiB (YMHK). Lle 3Boauts 3amauy 1o
MepEeBU3HAYCHOT CHCTEMH JIHIHHUX anreOpaidHuX piBHSIHb, sIKa PO3B'SA3YETHCS 3a JOTIOMOTOI0 CHHTYJISIpHOTO po3kiany (SVD).
PesyabTaT. Po3pobneHuit MeTox Oymo mepeBipeHO MUITXOM MOPIBHAHHS 3 BiIOMHM TOYHHM aHAJITHYHAM PO3B'SI3KOM IS
IUIMTH 3 OJHUAM EJINTHYHUM BKJIIOUCHHSM, IIO IMOKa3ajo MOBHHHK 30ir pe3ynbrariB. [IpoBemeHO UYHCENBbHI MOCITiHKEHHS
BIUIMBY BiITHOCHOI JXOPCTKOCTI BKJIIOYEHb, BiJICTaHEH MK HHMH Ta IXHIX T€OMETPUYHHX XapaKTEPUCTHK Ha 3HAYCHHS
3THHAIBHUX MOMEHTIB. BCTaHOBIEHO, 1110 B3a€MOJIisl MiXK BKJIIOYEHHSIMH € CYTTEBOIO Ta IPH3BOAUTD JI0 3HAYHOTO 3POCTaHHS
MOMEHTIB TIPH MAJIHX BiJICTaHAX MK HUMH. [30TPOITHI INTUTH PO3IIISAAIUCE SIK OKPEMHUH BUMAIOK aHi30TPOITHUX.

BucnoBkn. Briepiie BcTaHOBIEHO, IO Ui JIHIHHMX MPYXHHUX BKJIIOYEHb OCOOJMBOCTI MOMEHTIB, SIKI ONMHCYIOTHCS
koedinientamu iHTeHCcHMBHOCTI MOMeHTiB (KIM), BUHHKAIOTh JIMIIE Y BUIIAKaX JOCTATHBO XKOPCTKUX a00 JOCTATHBO THYYKUX
BKJIIOYEHb.

Knwwuoei cnoea. monka niuma, 6KIOUEHHA, MPIWUHU, KOMNIEKCHI NOmMeHyianu, Kparoéa 3aoayd, MamemamuyHe
MOOEN0BAHHS, YUCETbHI MEeMOOU, KOeqhiyieHmu IHMeHCUBHOCMI MOMEHMIs.
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Analysis of Modern Neural Network Methods for Visual Information
Processing in High-Speed UAV Navigation Systems

Relevance. The rapid evolution of Unmanned Aerial Vehicles (UAVs) from remotely piloted systems to fully autonomous high-
speed aerial robots has intensified the demand for advanced onboard perception and navigation methods. This need is particularly
acute in scenarios where computational latency, sensor noise, and environmental complexity undermine the reliability of classical
computer-vision pipelines. Despite recent progress in deep learning, the existing approaches to visual information processing—
especially CNN-based detectors, Transformer-based semantic models, and learning-enhanced SLAM modules—remain
fragmented and insufficiently adapted to the strict Size, Weight and Power (SWaP) constraints of embedded platforms such as
the NVIDIA Jetson series. This motivates a comprehensive analysis of modern neural architectures suitable for real-time, high-
velocity UAV operations.

Purpose. The purpose of this study is to analyze state-of-the-art neural network methods for secondary visual processing in UAV
navigation systems, compare the applicability of Convolutional Neural Networks (CNNs) and Vision Transformers (ViTs),
evaluate their integration into SLAM pipelines, and determine the requirements for hybrid architectures capable of supporting
fully autonomous, high-speed flight.

Methods. The research employs a comparative analysis of recent deep-learning approaches, including CNN-based detectors
(YOLO family), Transformer-based visual models, deep-learning—enhanced SLAM components, and Deep Reinforcement
Learning (DRL) control policies. Evaluation criteria include latency, semantic robustness, dynamic-scene handling, edge-
hardware compatibility, quantization performance, pruning potential, and TensorRT optimization efficiency on NVIDIA Jetson
devices.

Results. The study establishes that CNNs provide superior real-time performance and remain indispensable for high-frequency
reflexive perception, while Vision Transformers offer stronger global context reasoning and robustness to occlusion but suffer
from significant computational overhead on embedded GPUs. Deep-learning-based SLAM methods improve feature stability
and dynamic-object rejection but require careful integration to maintain real-time constraints. Hardware analysis reveals that
quantization, pruning, and TensorRT acceleration are critical for deploying deep models on Jetson-class platforms, although
ViTs exhibit limited INT8 quantization tolerance. Based on these findings, the work formulates a conceptual hybrid architecture
that combines CNN-driven reflexive processing with Transformer-driven cognitive reasoning.

Conclusions. The results confirm the necessity of developing hybrid neuro-architectures that integrate the speed and hardware
efficiency of CNNs with the semantic depth of Transformer-based models. Such architectures represent a promising pathway
toward reliable, fully autonomous high-speed UAV navigation. The proposed design principles emphasize hierarchical control,
asynchronous perception loops, and hardware-aware optimization as key enablers for next-generation aerial robotic systems.

Keywords: UAV, high-speed navigation, CNN, Vision Transformer, SLAM, Reinforcement Learning, edge computing, Jetson,
TensorRT, quantization, pruning, hybrid architectures.

How to quote: A. Lupandin and O. Moroz, “Analysis of Modern Neural Network Methods for Visual
Information Processing in UAV Navigation Systems” Bulletin of V. N. Karazin Kharkiv National
University, series Mathematical modelling. Information technology. Automated control systems, vol. 68,
pp. 53-61, 2025. https://doi.org/10.26565/2304-6201-2025-68-05

sk nuryBatu: Lupandin A., Moroz O. Analysis of Modern Neural Network Methods for Visual
Information Processing in UAV Navigation Systems. BicHuk XapKiBCHKOTO HaIliOHaJIBHOTO
yuiBepcutety imeHi B. H. Kapasina, cepiss Matematnune moznentoBaHHs. [HpopmaniiiHi TexHOJOT1].
ABToMaTH30BaHi cuctemu ynpaniminas. 2025. purn. 68. C.53-61.
https://doi.org/10.26565/2304-6201-2025-68-05

© Jlynangin A.B., Mopo3 O.10., 2025
This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0.



https://doi.org/10.26565/2304-6201-2025-68-05
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0009-0002-7591-5152
https://orcid.org/0000-0002-4920-4093
https://doi.org/10.26565/2304-6201-2025-68-05
https://doi.org/10.26565/2304-6201-2025-68-05

ISSN 2304 -6201 Bulletin of V.N. Karazin Kharkiv National University
54 series Mathematical modeling. Information technology. Automated control systems, issue 68, 2025

1. Introduction

The operational envelope of Unmanned Aerial Vehicles (UAVs) has expanded dramatically over the
last decade. Modern applications—ranging from rapid courier delivery and large-scale environmental
monitoring to search-and-rescue operations in disaster zones and dynamic defense maneuvers—now
demand a level of autonomy that far exceeds simple GPS waypoint following. As the flight speed of these
robotic platforms increases, driven by improvements in rotor efficiency and compact jet-propulsion
systems, the allowable margin for error in navigation and obstacle avoidance shrinks to millisecond-level
reaction times. This shift has reframed UAV navigation not merely as a geometric estimation task but as
a high-velocity perception-and-decision problem [1].

At the heart of this challenge lies the so-called “perception—action loop.” Traditional navigation
systems—whether Correlation-Extreme Navigation Systems (CENS) or classical geometric computer-
vision pipelines—rely on matching current sensor data to pre-loaded geospatial maps or on extracting
handcrafted features such as SIFT or ORB to estimate motion. While mathematically rigorous in
controlled or slowly changing environments, these methods exhibit significant brittleness when applied
to real-world high-speed flight. They degrade sharply under extreme lighting variation, suffer from the
motion blur induced by rapid maneuvers, and fail to generalize when operating in unstructured,
semantically complex terrains [2, 3].

To address this gap, the field increasingly turns to the concept of secondary processing—the
transformation of raw sensor data (primary information) into a higher-level semantic or structural
representation (secondary information). In autonomous flight, this means not simply observing pixels but
interpreting them: estimating the UAV’s pose relative to a target or map, detecting and tracking obstacles,
recognizing terrain types, and inferring traversability or risk. In essence, secondary processing forms the
decision-critical interface between visual perception and control policy [4].

Deep Learning (DL) has become the dominant methodology enabling this transformation. By
leveraging large-scale, diverse datasets, neural networks learn feature representations that are robust to
noise, illumination variation, high-speed distortions, and other real-world degradations that hinder
classical algorithms. Yet, the deployment of such computationally intensive models on Size, Weight, and
Power (SWaP) constrained aerial platforms creates a multi-objective optimization problem: accuracy is
paramount for safety, while inference latency must remain minimal to maintain stability during aggressive
flight.

Against this backdrop, this review synthesizes academic literature published between 2023 and 2025
to map the emerging landscape of neural-network-based UAV navigation. We examine evolving
architectural paradigms, including the competition and convergence between CNNs and Vision
Transformers as well as the rise of hybrid spatial-temporal models. We also trace how deep learning
reshapes Visual SLAM and Visual Odometry, enabling more resilient navigation under sensor
degradation. Furthermore, we discuss the rapid shift toward end-to-end Deep Reinforcement Learning
(DRL), where perception and control are unified within a single policy network. Finally, we assess the
practical realities of deploying these algorithms on embedded edge processors, with particular attention
to the NVIDIA Jetson family and comparable low-power accelerators, which increasingly determine what
forms of neural autonomy are feasible in high-speed UAV operations [3, 4].

2. Comparative Analysis of Neural Architectures: CNN vs. ViT

The choice of neural architecture is arguably the most consequential design decision in a UAV
perception system. It determines not only the theoretical upper bound of visual understanding but also
the practical inference dynamics of the model when deployed under stringent Size, Weight, and Power
(SWaP) constraints. Today, the field is shaped by the competition—and increasingly, the convergence—
of two methodological paradigms: the Convolutional Neural Network (CNN) and the Vision Transformer
(VIT).

For more than a decade, CNNs have served as the backbone of visual perception. Their core design
principle is the convolution operation, which applies learnable filters over local image regions. This
architectural choice embeds strong inductive biases, primarily locality (nearby pixels are correlated) and
translation invariance (features retain meaning regardless of spatial position). These properties make
CNNs particularly effective in structured environments and for tasks where objects possess distinctive
local patterns.

Within UAV-specific applications, the YOLO (You Only Look Once) family of single-stage detectors
has become especially prevalent due to its exceptional speed—accuracy trade-off. Unlike two-stage
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detectors (e.g., Faster R-CNN), YOLO predicts bounding boxes and class probabilities in a single forward
pass, making it highly compatible with the real-time requirements of aerial robotics. The evolution from
YOLOV5 to YOLOv8—and more experimental iterations such as YOLOv10/11—has focused on
improving the “backbone” and “neck” components. For instance, YOLOvS introduced C2f modules that
enhance gradient propagation and support deeper architectures without the risk of vanishing gradients.

Performance on UAV benchmarks such as VisDrone further underscores CNN effectiveness. Their
inductive biases align well with objects that present stable local features (e.g., cars, rooftops, pedestrians),
enabling robust detection even under moderate variations in viewpoint or scale. In terms of latency—a
critical factor for high-speed flight—Ilightweight CNNs (e.g., YOLOvV8-Nano) achieve real-time
performance exceeding 30-60 FPS on embedded hardware like the Jetson Orin Nano. For drones
operating at speeds where even a 100 ms delay could result in catastrophic failure, this level of
responsiveness is indispensable [5-6].

However, CNNs exhibit structural limitations. Their reliance on local convolutions restricts the ability
to capture long-range dependencies early in the network. This becomes problematic in high-altitude or
ultra-dynamic UAV imagery, where targets may occupy only a handful of pixels or derive their semantic
identity from global scene context (e.g., distinguishing a drone from a bird based on trajectory or
surrounding background). Although deeper layers eventually accumulate broader receptive fields, this
comes at the cost of spatial resolution due to pooling and downsampling [1].

These shortcomings have spurred interest in Vision Transformers. Originating in natural language
processing, Transformers treat data as sequences of tokens. Vision Transformers (ViTs) translate this
concept to image processing by dividing the input into patches and applying self-attention across them.
This design grants ViTs an immediate global receptive field, enabling every patch to attend to every other
patch from the first layer onward.

Recent research — particularly Zhang (2023) — demonstrates the strong potential of ViTs in UAV
contexts involving air-to-air detection. In tasks requiring robust recognition of other drones, ViT-based
architectures significantly exceeded CNN performance. Notably, Zhang reports that baseline ViTs were
approximately 4.6x more robust than comparable CNNs under challenging environmental interference
[7]. The ability of self-attention to model global dependencies allows ViTs to suppress background clutter
such as clouds or terrain textures, improving detection rates in highly variable scenes. Their resilience
also extends to occlusion: because ViTs aggregate information globally, they maintain accuracy even
when key object features are partially hidden—a common scenario in urban or forested flight corridors.

Despite their representational strength, ViTs impose substantial computational burdens. Self-attention
scales quad

ratically, O (N?), with the number of tokens. For high-resolution aerial imagery —necessary for
detecting tiny objects—this leads to excessive memory usage and increased inference times. On edge
hardware, pure ViTs often fall below real-time thresholds, achieving only 5-10 FPS on the Jetson Orin
Nano [1]. Combined with their weaker inductive biases, which require larger datasets to avoid overfitting
[8], pure ViTs remain difficult to deploy in fast-response UAV control loops [7].

These complementary strengths and weaknesses have motivated a shift toward hybrid CNN-
Transformer architectures, which seek to integrate the best of both paradigms. In such models, a CNN
backbone first extracts low-level spatial features—reducing dimensionality and preserving fine-grained
local detail—after which a Transformer module captures global context and long-range dependencies.

Several notable hybrid architectures illustrate this trend:

e LandNet, proposed for 6-DoF camera relocalization, combines spatial convolutions with
temporal attention via a Feature Interaction Block. This design enables UAVs to reason about
both the geometric structure of landmarks and their configuration across time [9].

o RepEfficientViT extends this idea to edge scenarios by integrating re-parameterized
convolutional blocks (RepMBConv) with lightweight attention. In applications such as
agricultural weed recognition—an analogue for detailed ground surveillance—RepEfficientViT
surpassed both pure CNNs and ViTs while maintaining an inference latency of ~25 ms on a CPU,
demonstrating excellent real-time viability [8].

e HCTD (Hybrid CNN-Transformer for Detection) explicitly targets UAV imagery by
using convolutions to preserve fine-scale patterns of small objects and self-attention to
disentangle complex background clutter characteristic of aerial viewpoints [10].



ISSN 2304 -6201 Bulletin of V.N. Karazin Kharkiv National University
56 series Mathematical modeling. Information technology. Automated control systems, issue 68, 2025

Across these advances, a clear consensus is emerging: future UAV perception systems will rely
not on a single architectural paradigm but on hybrid models that balance local feature extraction,
global semantic reasoning, and strict real-time operational constraints.

Table 1 Architectural Trade-offs for UAV Perception
Tabn. 1 ApximexmypHi komnpomicu y cucmemax cnpuiinssmms [IMP

Feature CNN (e.g., YOLOVS) Vision Transformer |Hybrid (e.g., MobileViT
(ViT) / RepEfficientViT)
Inductive Bias Strong Weak (Global Attention) Balanced
(Locality/Translation)
Receptive Field Local (expands with Global (all layers) Local + Global
depth)
Small Object Detection | Moderate (loses detail in | High (preserves context) High
pooling)
Inference Latency Low (< 20ms) High (> 100ms on edge) | Moderate (20-40ms)
Data Efficiency High Low (needs massive data) Moderate
Edge Optimization Excellent (TensorRT Poor (Quantization Improving
mature) issues)

3. Integration of Neural Networks into SLAM and Navigation

Operating in GNSS-denied environments—such as dense urban canyons, forests, tunnels, or areas
affected by intentional jamming—requires a UAV to rely on Simultaneous Localization and Mapping
(SLAM). Classical Visual SLAM (VSLAM) pipelines, including ORB-SLAM and its derivatives, depend
heavily on the detection and tracking of static geometric features. However, high-speed flight introduces
severe motion blur, rapid viewpoint transitions, and unpredictable lighting variations, all of which
degrade the reliability of handcrafted feature descriptors [1, 11]. As a result, deep learning has begun to
permeate SLAM pipelines, not as a wholesale replacement of their mathematically principled
foundations, but as a targeted enhancement to the modules most vulnerable to failure.

A major point of fragility in classical SLAM is the feature extraction front-end. Handcrafted features
such as ORB, FAST, or BRISK are highly sensitive to illumination changes, blur, and extreme
perspective shifts. Neural feature extractors—most prominently SuperPoint and D2-Net—address these
weaknesses by learning interest points that remain stable across diverse lighting, scale, and trajectory
conditions. When integrated into the SLAM front-end, these extractors significantly improve feature
persistence, allowing the UAV to maintain tracking even during aggressive roll, pitch, or acceleration
events that would cause classical pipelines to lose localization or trigger a full-system reinitialization [1].

Another foundational assumption of classical SLAM is that the environment is static. In real low-
altitude UAV operations, however, the scene is populated with cars, pedestrians, cyclists, and even other
drones. These dynamic outliers introduce erroneous correspondences that can corrupt the optimization
process, degrade the quality of the map, and induce long-term drift.

To mitigate this, modern SLAM systems increasingly incorporate neural networks for semantic
filtering:

e Semantic Masking: A neural segmentation network predicts pixel-level semantic classes.
Features belonging to “movable” or “dynamic” categories—Vehicles, humans, animals—are
masked and excluded from the pose estimation and map update stages.

e Case Study (Luo et al., 2024): In a recent Multi-Sensor Fusion Dynamic Odometry study,
researchers integrated a lightweight neural network into the FAST-LIVO framework to
remove dynamic elements before fusing visual data with LiDAR and IMU. This approach
substantially reduced trajectory error in dense urban scenes. The network functions as a
semantic gatekeeper, ensuring that the SLAM backend optimizes only against reliable, static
landmarks [12].

Beyond feature extraction and dynamic filtering, deep learning is increasingly used to enhance sensor
fusion—a critical capability for high-speed navigation. Relying on a single modality (e.g., a camera) is
risky: a UAV may be blinded by sun glare, fail in low-light conditions, or encounter textureless surfaces
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such as glass or snow. Classical fusion pipelines, typically based on Kalman or factor graph frameworks,
rely on fixed covariance matrices to weight sensor contributions. However, these static weights cannot
adapt to sudden environmental changes.

Neural networks enable adaptive, context-aware fusion:;

e Mechanism: Instead of relying on hard-coded covariances, a small neural module evaluates
the quality of each sensor stream—Visual, LIDAR, IMU—and learns dynamic attention
weights. When the visual feed is saturated or motion-blurred, the system automatically up-
weights LiDAR or inertial information; when LiDAR becomes unreliable (rain, fog, or low
reflectivity surfaces), the visual modality regains prominence.

e Impact: This adaptive weighting is crucial for robust state estimation in environments with
rapidly changing weather, illumination, and flight dynamics. Neural fusion networks allow
UAVSs to maintain stable pose estimation even when individual sensors become temporarily
unreliable.

Taken together, these advances demonstrate a clear shift in the design of SLAM systems for UAVS:
the classical geometric foundations remain intact, but deep learning is increasingly embedded into the
perceptual front-ends and fusion layers, transforming SLAM into a hybrid analytical-learning framework
that is far more resilient to the operational realities of high-speed flight.

4. Autonomous Navigation via Deep Reinforcement Learning

While SLAM provides the fundamental answer to “Where am 1?7, autonomous navigation ultimately
depends on the complementary question “How should I move?”. Classical control pipelines—typically
built around PID regulators, Linear Quadratic Controllers, or Model Predictive Control (MPC)—treat
perception, planning, and actuation as separate sequential modules. Although this modularity offers
interpretability and stability, it becomes increasingly restrictive in high-speed scenarios, where UAVsS
must perform aggressive maneuvers, react to unpredictable obstacles, and adapt to rapidly changing
aerodynamics.

Deep Reinforcement Learning (RL) introduces a fundamentally different paradigm: an end-to-end
control policy in which a neural network directly maps raw sensor observations (images, depth, inertial
states, or fused features) to low-level control commands. Through millions of simulated interactions, the
agent optimizes a reward function and gradually learns a policy capable of executing highly non-linear,
reflexive, and adaptive behaviors that are extremely difficult—or sometimes impossible—to encode
explicitly using model-based controllers.

A compelling demonstration of this capability is presented in Sheng et al. (2024), who investigated
UAV motion planning in densely populated, highly dynamic aerial environments. Traditional discrete
planners such as A* or sampling-based methods like RRT struggle to replan at sub-50 ms intervals,
especially when obstacles move rapidly or unpredictably [1]. RL circumvents this bottleneck by learning
a reactive policy that implicitly encodes collision avoidance strategies.

Sheng’s methodology employed an Actor—Critic framework, where the policy network (Actor)
generated control commands, and a value network (Critic) estimated long-term expected reward. A
carefully engineered reward function balanced three objectives: (1) safety, encouraging large separation
from dynamic obstacles; (2) efficiency, rewarding velocity toward the goal; (3) smoothness, penalizing
jerk to ensure stable flight dynamics.

During training, the RL agent developed behaviors that resembled reflexes rather than classical
planned trajectories. It learned to weave between obstacles, “lead” moving targets, and anticipate
collisions before they became imminent. Empirical evaluations showed that the RL approach
outperformed Atrtificial Potential Field (APF) methods in both success rate and mean trajectory quality,
especially in densely occupied airspaces.

Beyond obstacle avoidance, RL has demonstrated remarkable potential in controlling systems
traditionally considered too chaotic for conventional controllers. One prominent example is slung-load
UAYV navigation, where a suspended payload introduces non-linear oscillations that couple back into the
UAV’s translational dynamics.

In the study by Mohiuddin et al. (2025), RL was applied to this notoriously difficult control problem.
The policy learned to regulate thrust in a way that not only stabilized the drone itself but also actively
dampened payload oscillations. This holistic, end-to-end learning strategy surpassed hierarchical control
approaches, yielding smoother trajectories, improved energy efficiency, and faster point-to-point
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transport times [14]. The results highlight a broader trend: RL policies are capable of discovering
coordinated strategies that operate simultaneously across multiple dynamic subsystems.

Despite its promise, RL faces a major deployment challenge: the Sim-to-Real (S2R) gap. High-speed
UAVs cannot be trained directly in the real world because crashes are expensive and dangerous, while
physics engines in simulators (AirSim, Gazebo, Isaac Gym) inevitably introduce discrepancies in
aerodynamics, turbulence, sensor noise, and delay.

To mitigate this, modern workflows employ domain randomization, which exposes the agent to a wide
distribution of simulated conditions during training. Parameters such as mass, inertia, drag coefficients,
wind fields, lighting, motion blur, sensor latency, and texture appearance are randomized within
predefined distributions. This forces the policy to learn strategies that generalize across variations,
making it robust to the inevitable imperfections of real-world environments [1].

Additionally, researchers increasingly integrate complementary techniques to strengthen real-world
deployability:

e Safe RL frameworks impose constraints during learning, limiting the agent’s exploration
space to avoid unsafe states while still improving the policy.

e Curriculum learning gradually increases environment complexity—from simple static
obstacles to densely dynamic multi-agent scenarios—allowing smoother and more stable
convergence.

o Partially Observable RL (PO-MDP) formulations incorporate recurrent networks (LSTMs or
Transformers) to compensate for intermittent perception failures, such as temporary camera
blindness.

e Multi-Agent RL (MARL) enables cooperative behaviors in UAV swarms, such as coordinated
formation flight or distributed obstacle avoidance.

Together, these approaches illustrate a maturing ecosystem around RL for UAVs: the field is
transitioning from isolated demonstrations toward practical, reliable deployment of neural policies
capable of handling the extreme dynamics of high-speed aerial robots.

5. Hardware Implementation: Edge Computing on NVIDIA Jetson

The advances of Vision Transformers, hybrid architectures, and end-to-end RL policies only become
operational when these models can run onboard the UAV. High-speed aerial robots cannot rely on cloud
inference due to latency and connectivity and must obey strict limits on power, thermal budget, and
memory. In this context, the NVIDIA Jetson family (Nano, Xavier NX, Orin Nano, Orin NX, AGX Orin)
has effectively become the standard edge platform for neural perception.

Latency is the key safety constraint. A drone moving at 20 m/s (72 km/h) covers two meters during a
100 ms inference delay—essentially flying “blind” between frames. For high-speed obstacle avoidance,
the latency budget is typically under 30 ms, requiring 30-50 FPS depending on the perception stack.
These limits directly determine which architectures are viable in real missions.

A comparative study by Meimetis et al. (2025) rigorously evaluates detection models on Jetson-class
devices for UAV swarms, clearly contrasting convolutional and attention-based pipelines [15].
Lightweight CNN detectors such as YOLOv8-Nano and YOLOv5-Small consistently achieve >30 FPS
on Jetson Orin Nano in FP16, making them suitable for the “reflexive” perception layer responsible for
immediate collision avoidance. Transformer-based detectors—DETR variants and heavy ViT
backbones—often drop below 10 FPS even on Orin-class hardware because attention operations saturate
DRAM bandwidth long before compute throughput becomes the bottleneck [5, 15].

Since raw model performance rarely satisfies onboard real-time constraints, designers increasingly
rely on hardware-aware optimizations. NVIDIA TensorRT is central here: it compiles networks into
optimized execution graphs via kernel fusion, constant folding, and aggressive memory reuse. Converting
a PyTorch-trained YOLO model to a TensorRT engine commonly yields 2-3x speedups on Jetson by
reducing global memory traffic and fully exploiting Tensor Cores.

Precision reduction is another widely used technique. Moving from FP32 to mixed-precision FP16
roughly halves memory footprint and often doubles throughput with minimal accuracy loss, making FP16
the practical default for Orin-based UAVSs. Pushing to INT8, however, reveals architectural asymmetries.
CNNs with relatively well-behaved activations quantize reliably and benefit from substantial
acceleration, whereas ViT-style models contain non-Gaussian activations, high-dynamic-range attention
logits, and layer normalization, which complicate quantization. Empirical results and developer reports
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show that INT8 ViT inference on some Jetson platforms yields little or no gain over FP16 due to
quantization/dequantization overheads and the limited availability of highly optimized INT8 attention
kernels.

To further reduce model size and energy consumption, structured pruning removes entire
convolutional channels, attention heads, or MLP sub-blocks rather than individual weights. For embedded
systems this provides two key benefits: (1) the pruned model fits into limited high-speed on-chip memory,
reducing DRAM access, and (2) it lowers thermal load, delaying or preventing throttling during sustained
high-speed flight. Properly tuned pruning thus delivers real throughput gains without major architectural
redesign.

The broader hardware—algorithm co-design trend also includes neural architecture search (NAS)
tailored to Jetson devices. These search procedures explore backbones optimized for Tensor Cores,
memory locality, and kernel fusion patterns, producing architectures that outperform manually designed
counterparts under strict latency constraints. This is particularly promising for hybrid CNN-Transformer
models, whose components can be co-optimized for multi-stage execution.

Overall, these optimization strategies highlight a core principle: onboard perception depends not only
on neural architecture, but on its interaction with edge hardware. Real-time UAV autonomy emerges from
balancing model complexity, parallelism, memory bandwidth, thermal behavior, and numerical precision.
As UAVs continue to demand higher speeds and richer perception, hardware-aware optimization will
remain central to translating deep learning advances into practical embedded autonomy [1, 5, 8, 15].

Conclusion

The synthesis of contemporary neural methods for UAV navigation reveals a landscape that is both
technically mature and inherently heterogeneous. Convolutional Neural Networks continue to dominate
real-time perception tasks, providing the latency and stability required for reflexive control during high-
speed flight. Vision Transformers, although significantly more powerful in terms of global semantic
reasoning and occlusion robustness, remain constrained by their computational overhead on embedded
platforms. Reinforcement Learning offers a compelling route toward end-to-end control of nonlinear
UAYV dynamics, yet it still struggles with generalization and reliable sim-to-real transfer, particularly in
safety-critical conditions.

Taken together, these findings indicate that high-speed UAV autonomy cannot rely on any single
architectural family. Instead, the most promising trajectory lies in a deliberately hybridized design, where
multiple neural paradigms operate synergistically within a hierarchical control framework. In such a
system, the first computational tier is responsible for immediate, high-frequency reactions. This reflexive
pathway is implemented using aggressively optimized CNNs—such as pruned variants of YOLOvV8-
Nano—or lightweight hybrid convolution—attention backbones that execute efficiently in FP16 format
under TensorRT on Jetson-class hardware. By leveraging the strong inductive biases of convolutions, this
pathway can rapidly interpret local visual cues, optical flow patterns, and short-horizon geometric
structures, ensuring stable flight and instantaneous obstacle avoidance even under tight latency budgets.

Above this, a slower cognitive pathway provides global situational understanding, long-horizon
reasoning, and accumulated map correction. This layer can be realized through Vision Transformers,
hybrid attention models, or deep-learning—enhanced SLAM frameworks, all of which excel at capturing
wide spatial context and semantic relationships that CNNs inherently struggle to model. Operating at
lower frequency (typically 5-10 Hz), it refines the UAV’s understanding of its environment, identifies
distant targets, updates global maps, and compensates for the drift or perceptual limitations of the
reflexive layer. By separating rapid sensorimotor reflexes from slower cognitive inference—an
organization that mirrors biological neural systems—this architectural division offers a principled route
to reliable, high-speed autonomy on SWaP-constrained embedded hardware.

Looking ahead, the feasibility of fully autonomous, high-velocity UAVs will depend on how
effectively these two pathways can be integrated. Future research must prioritize asynchronous
coordination mechanisms that allow low-latency reflexive responses to coexist with slower, more
deliberative cognitive reasoning without mutual interference. Equally important is the development of
hardware-aware Neural Architecture Search (NAS) methods capable of automatically designing hybrid
models that meet strict latency, memory, and energy budgets of edge platforms. Improvements in sim-to-
real transfer, robust multi-modal fusion, and safety-oriented reinforcement learning will further
strengthen the reliability of such systems.
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In conclusion, the path forward lies in embracing hybrid, hierarchical, and hardware-optimized
approaches rather than searching for a single universal architecture. By combining the speed of CNN-
based reflexes, the contextual capacity of Transformer-driven cognition, and the adaptability of
reinforcement learning, next-generation UAVs can achieve the levels of autonomy, robustness, and
situational awareness required for safe high-speed flight in complex environments.
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AHaJIi3 cy4yacHUX HelipoMepe:KkeBUX METOAiB 00pOo0KH Bi3yaabLHOI
iHdopmaiii B cucremax Hagirauii BucoxkomBuakicanx [IMP

AxTyanbHicTs. CTpiMKa eBoiowis 6e3ninoTHnX JitansHux amnapatiB (BI1IJIA) — Bix mucraHIiHO KepoBaHUX ILIATGOPM 10
MOBHICTIO aBTOHOMHUX BHCOKOIIBUAKICHUX MOBITPSHUX MOOITBHUX POOOTIB — 3YMOBITIOE T IBUIICHUH 3aITUT Ha BIOCKOHAIEH]
MeTou OOPTOBOTO CHPUIHATTA Ta HaBiramii. [Torpeba B Takux migxonax ocoOIMBO BiIUyTHA B YMOBaX, KOJIXA OOYHCIIIOBAIEHA
3aTpUMKa, IIyM CEHCOPIB Ta CKJIAJHICTh HABKOJHIIHBOTO CEpPENOBHINA ITiJPUBAIOTh HAMIHHICTh KIACHYHHUX KOMII IOTEPHO-
30poBUX cucteM. [lompu cyTTeBuii mporpec y cdepi MIMOOKOT0 HaBYaHHS, HASBHI MiAXOAM 10 OOpOOKM Bi3yanbHOL
iHpopmanii — 30kpema CNN-meTekTopH, ceMaHTH4YHI Mojeni Ha ocHoBi Transformer-apxitektyp Ta SLAM-monmymi 3
eJIeMEeHTaMH HaBYaHHS — 3aJIUIIAIOThCS (ParMEHTOBAHMMH Ta HEJOCTATHBO JANTOBAHUMH JO XKOPCTKUX OOMEXEHb 3a
pO3MipoM, Barorm Ta eHeprocnoxuBaHHAM (SWaP), BractuBux BOynmoBanuMm miatdopmam Ha kmrant NVIDIA Jetson. Le
aKTyalizye moTpedy B CHCTEMHOMY OTIAII Cy9acHUX HEHpOapXiTeKTyp, IPUAATHUX U1 pOOOTH B PEeXKHUMi pealbHOrO Yacy Ha
BucokomBuakicHux IIMP.

Mera. MeToI0 AOCTIKCHHS € aHali3 Cy4YacHHX HEWPOHHHX METOMIB BTOPHMHHOI OOpOOKH Bi3yanbHOI iH(oOpMarii B
HaBirauiiinux cucremax [IMP, nopisusiHHs cdep 3acrocyBanns Convolutional Neural Networks (CNNs) i Vision Transformers
(ViTs), ouinroBanHs ix iHTerpanii y SLAM-nincucTeMu Ta BU3HAYEHHS BUMOT 10 TiIOPHIHNX apXiTeKTyp, 3AaTHUX 3a0e31eUnTH
[TOBHICTIO aBTOHOMHUI BUCOKOIIBHAKICHUM IIOJIIT.

MeTtoau. Y po0OTi BUKOPHCTaHO MOPIBHUIBHUI aHaJI3 Cy4acHUX MiIX0/IB IMO0KOro HaB4aHHs, BKitouaroun CNN-netekropu
cimetictea YOLO, BizyanbHi Mozeni Ha ocHOBI Transformer-apxitekryp, SLAM-KOMIIOHEHTH 3 HEHPOHHUMH MOIYJISIMH Ta
MeTo/u yrpaBiiHHA Ha ocHOBI Deep Reinforcement Learning (DRL). OuiHtoBaHHS 3I1HCHIOBANOCS 32 KPUTEPISAMH 3aTPUMKH,
CEeMaHTHYHOI CTIKOCTi, pOOOTH B AMHAMIYHHX CIIEHAX, CYMICHOCTI 3 BOYZOBaHUM O0JIaTHAHHAM, e()eKTHBHOCTI KBaHTYBaHHS,
MOTEHIIIATY CTPYKTYPHOTO MPOPIIKyBaHHS Ta MpoAyKTHBHOCTI ontuMizamii TensorRT wa mpuctposx NVIDIA Jetson.
PesyabTatn. JlocnimkenHs BcraHoBmio, mo CNN-apxiTekTypu 3a0e3nedyroTh HalKpaily HpPOJYKTHBHICTb Y PEKHMI
peanpHOro 4Yacy Ta 3ajMIIAIOTHCS HE3aMiHHUMH JUISi BUCOKOYACTOTHOTO pe(JIEKTOPHOTO CHPUHHATTS, TOAl sK Vision
Transformers JeMOHCTPYIOTh Kpallly 34aTHICTh [0 TII00aJIbHOT0 KOHTEKCTHOTO aHali3y | CTIKIiCTh 0 OKJIFO3iH, aje 3a3HaoTh
3HAUYHUX OOYMCITIOBaIbHUX BUTpaT Ha BOynoBannx GPU. Heitponno mincuneni SLAM-MeTonu MOKpamlyloTh cTabiIbHICTD
03HaK Ta BiJICIIOBaHHA JAWHAMIYHHX 00’€KTIiB, MPOTE BHMAraloTh PETENBbHOI iHTeTpalii i 30epexeHHs] pOOOTH B peaTbHOMY
gaci. AHami3 amapaTHOI peami3amii MMOKa3aB, IO KBaHTYBaHHS, CTPYKTypHE MpopimkyBaHHsA Ta omnrtuMmizamis TensorRT e
KPUTHUYHO BaXJIMBHMH JUI PO3rOpTaHHs TIMOOKHX Moneieil Ha miatdopmax Jetson, xoda ViT-apXiTeKTypu TEeMOHCTPYIOThH
obOmexeHy TosepanTHiCTh 10 INT8-kBaHTyBaHHS. Ha OCHOBI OTpUMaHHX pe3ynbTaTiB chOPMYITbOBAHO KOHIEIIIO TiOpHIHOT
apXiTeKTypH, 110 noeaHye pediaekropHy mBuakoiro CNN-MoayiB i3 KOTHITHBHUMH MOXJIMBOCTSIMU Mojenel Transformer-
TUITY.

BucHoBkn. PesynbraTé JOCHI/KEHHS MiATBEPDKYIOTH HEOOXIAHICT pO3pPOOJIEHHS TiOpHIHMX HEHpOoapXiTeKTyp, sKi
IHTErpyIoTh HIBUAKOJIIO Ta amapatHy edektuBHiCTE CNN-Mepex i3 cemanTH4yHOI0 TmoOuHoro Transformer-moneneid. Taki
CHCTEMH CTaHOBJIATH IIEPCIEKTHBHUN HAMPSM PO3BUTKY HaJiHHOI, MOBHICTIO aBTOHOMHOT BHCOKOIIBHAKiCHOT HaBiramii [IMP.
3amponoHOBaHi NMPUHIUIH aKIEHTYIOTh Ha 1€papXiYHOMY YIpaBIiHHI, ACHHXPOHHHX KOHTYpax CHPHUIHATTS Ta amnapaTHO
Opi€HTOBaHiH onTUMI3amii K KIFOYOBUX YNHHUKAX IS cTBOpeHHS [IMP HOBOTO MOKOJiHHS.

Kniouosi cnosa: IIMP, eucoxowsuokicna nasicayis, CNN, Vision Transformer, SLAM, Reinforcement Learning, edge-
o6yucnenns, Jetson, TensorRT, keanmyeanns, npopiodicyeanisi, 2iOpudHi apximexmypu.
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Reflective memory architecture for adaptive planning in hierarchical LLM
agents in virtual environments

Relevance: Large language models (LLMs) can be used as one of the components of autonomous agents that solve sequential
decision-making tasks. To improve agent performance, it is necessary to store the history of previous observations and actions,
which leads to filling the LLM context window, increasing computational costs, prolonging planning time, and raising memory
requirements. A possible approach to addressing this problem is the application of observation reflection methods using LLMs.
Goal: To study the impact of memory reflection methods for autonomous agents based on LLMs. To compare these methods
with simpler memory organization approaches.

Research methods: Computational experiments and comparative analysis. Memory organization methods: full episode
history, reflection, and reflection with a structured set of memories. The agent performance metrics: task success rate,
cumulative reward per episode, and the number of steps required to complete the task.

Results: A memory summarization method based on reflection is proposed for a hierarchical LLM-based agent. The Minigrid
ColoredDoorKey environment is used for agent training. Agent code is developed, including components for training the agent
in the environment. Computational experiments are conducted to train and evaluate the agent with different memory
mechanisms. The performance of different memory mechanisms is evaluated using the following metrics: task completion
accuracy, cumulative reward, and the number of steps until episode termination. An analysis and comparison of the results of
applying different memory mechanisms to the agent’s action planning task in the ColoredDoorKey environment are
performed.

Conclusions: The study demonstrates that the use of reflection with a structured set of memories is appropriate for action
planning tasks in autonomous agents based on LLMs. The reflection method enables the agent to generalize experience,
identify effective rules within large volumes of data with sparse reward signals, and achieve a level of performance comparable
to that of a human expert.

Keywords: artificial intelligence, machine learning, deep learning, artificial neural networks, intelligent information systems,
automated information systems, natural language processing, large language model, prompt, decision making, agent, memory,
virtual environment, Minigrid.
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Sk uuryBatu: Omelchenko I., Strukov V. Reflective memory architecture for adaptive planning in
hierarchical LLM agents in virtual environments. Bichux Xapkiecvko2o HayioHanbH020 YHiGepcumenty
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Aemomamuszoeani cucmemu ynpaeninus. 2025, un. 68. C.62-69. https://doi.org/10.26565/2304-6201-
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1 Introduction

Recent advances in the field of large language models (LLMs) have enabled a transition from using
models as static text generation tools to creating autonomous agents capable of perceiving the
environment, performing actions, and acquiring experience. According to the systematic survey [1], the
key difference between an LLM and an LLM-based agent lies in the agent’s ability to accumulate
knowledge and modify its behavior through experience obtained via long-term interaction with the
environment. To enable experience accumulation, LLM-based agents require a memory module that
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addresses the inherent limitations of LLMs, namely fixed parameters at inference time and a limited
context window length.

The limitation of the finite context window of modern large language models (LLMs) remains a
fundamental barrier to their application in tasks that require long-term planning and memory. Although
context extension methods exist, simply increasing the input window leads to quadratic growth in
computational costs and does not guarantee effective information utilization, especially in long-context
scenarios.

Traditional reinforcement learning (RL) methods often require a large number of training samples
and computationally expensive fine-tuning of models. An alternative to this approach is the use of In-
Context Learning (ICL), where agents learn from their own mistakes in language space through
mechanisms of summarization or reflection.

For tasks that require sequential planning, such as navigation in the Minigrid environment, it is
important to distinguish between different sources of memory: intra-episode (inside-trial) and inter-
episode (cross-trial) memory [1]. Intra-episode memory includes the history of observations, actions,
and other messages that arise during the current episode and enables the agent to reason about the
current situation. Inter-episode memory contains experience accumulated across multiple trials and
serves as the foundation for long-term learning.

Efficient design of inter-episode memory constitutes a key challenge. The following types of
memory in LLM-based agents can be distinguished [1]: parametric memory (LLM weights) and textual
memory. In this work, we focus on textual memory, as it provides interpretability of decisions and
allows manipulation of the agent’s knowledge without modifying the LLM weights.

One of the simplest approaches to designing inter-episode memory is storing the complete history of
the agent’s interaction with the environment. The drawback of this approach is that prolonged
interaction leads to overflow of the LLM context window, increased computational complexity, and
degradation of the LLM attention mechanism performance. Therefore, modern approaches introduce
memory management mechanisms, including summarization, forgetting, and reflection.

Reflection [1] is the process of generating higher-level abstractions, reasoning, and conclusions
based on observations. The effectiveness of this approach has been demonstrated in prior work [2-4],
where agents formed generalized plans based on key actions from past successful or unsuccessful
episodes.

In this paper, we investigate a self-reflective memory mechanism for a hierarchical agent, in which
the LLM serves as a high-level planner, while sequences of low-level actions are implemented as
procedural options. Building on the Indirect Evaluation methodology described in [1], we conduct an
ablation study by comparing agent performance across four configurations, ranging from the complete
absence of memory to a comprehensive system with CRUD-like operations over a list of generalized
rules. This approach allows us to isolate the impact of the summarization and reflection mechanisms on
task performance.

2 Related Works

In the work [4], an agent interacts with a set of tasks and collects a history of successful and
unsuccessful attempts to solve them. Subsequently, through reflection, the agent forms a list of rules
based on pairs of successful and unsuccessful attempts. The resulting rules are then used by the agent in
subsequent attempts to solve the tasks.

In the work [5], a memory mechanism for chatbots is proposed that hierarchically structures
memory, storing the complete dialogue history, summarized information about events, and a description
of the user’s psychological profile. Information summarization is performed periodically, every few
episodes. A key feature of this approach is a dynamic memory cleaning mechanism based on the
Ebbinghaus forgetting curve. The MemoryBank approach is primarily oriented toward social interaction
tasks, such as psychological counseling.

The architecture of Generative Agents was proposed in [2]. A fundamental component of this
architecture is the memory stream, a database that stores the agent’s complete experience history in
natural language form. Unlike approaches that place the agent’s experience solely within the LLM
context window, the Generative Agents framework employs a dynamic retrieval mechanism that selects
relevant entries to construct the context for the current step. The retrieval mechanism accounts for
properties of memory entries such as recency, importance, and relevance. The approach also includes a



ISSN 2304 -6201 Bulletin of V.N. Karazin Kharkiv National University
64 series Mathematical modeling. Information technology. Automated control systems, issue 68, 2025

reflection mechanism that synthesizes low-level observations into high-level abstract conclusions,
which are stored in the memory stream alongside low-level observations in a tree-like structure.

The concept of verbal reinforcement learning is introduced in [6]. In this approach, the agent’s
policy is parameterized not only by the model weights but also by the state of the agent’s memory,
which contains reflections from previous episodes. The agent’s functioning is organized as a loop in
which the agent generates a trajectory that is evaluated by an evaluator model; the agent then receives
binary or textual feedback, performs reflection, and stores the resulting verbal feedback in long-term
memory, enabling behavioral changes in subsequent episodes. The authors note that further
improvements to the approach may be achieved by employing more complex memory structures, such
as vector databases or SQL-based databases.

LLMs often fail to generate an optimal output on the first attempt. To address this issue, the Self-
Refine approach was proposed in [7], which is based on the idea of iterative feedback and refinement.
The core idea of this approach is to use an LLM in different roles: a generator, a critic (feedback
provider), and a refiner. The agent operates in a loop, where at each iteration an initial solution to the
task is generated, feedback on the solution is produced, and the agent refines the previous result based
on this feedback. Self-Refine demonstrates the effectiveness of LLMs in generating feedback for
themselves and improving their own outputs, achieving significant performance gains without requiring
model training. A limitation of this approach is that the feedback is used to improve the current output
but is not stored in long-term memory.

The approach proposed in [8] iteratively analyzes the agent’s history of previous trajectories and its
beliefs, modifying these beliefs to improve the policy. Instead of accumulating episodic memory, this
method distills experience into behavioral guidelines and performs world modeling. This enables the
agent to form an improved policy that incorporates rules generalized by the agent itself using an LLM.

The authors of [9] propose the MemGPT approach for self-directed memory managing, which
simulates an unbounded context length by dynamically moving data between the LLM context and an
external storage. In this approach, the LLM not only generates and consumes text but also acts as a
controller that manages memory. MemGPT includes a set of functions that allow the agent to add,
modify, or retrieve information from external storage based on the current state.

Early approaches to memory organization, such as MemoryBank [5] and Generative Agents [2], rely
on fixed memory storage schemas or simple accumulation of history, which limits the agent’s ability to
generalize knowledge to new environments. A more dynamic and flexible approach, A-MEM, is
introduced in [10]. The authors construct agent memory not as a passive storage but as an active, self-
organizing system inspired by the Zettelkasten note-taking method. A key feature of A-MEM is the use
of a generative approach without fixed schemas. In this approach, the LLM autonomously structures
relationships between “notes” (atomic units of knowledge). Despite its flexibility, A-MEM has
significant limitations, including high experience recording costs, the absence of a forgetting
mechanism, and sensitivity to hyperparameter values.

3 Methods

3.1. Agent Architecture

In this work, we study an agent composed of several modules: a planner, a mediator, and an actor.
The planner is built on the LLM Qwen3:8b and performs planning of sequences of abstract actions
represented in natural language over the space of procedural options, given the current observation of
the environment. The mediator transforms vector-based environment observations into a language
representation. The actor receives the abstract plan and executes it by selecting the corresponding
options.

Five options were implemented for Minigrid-type environments: Explore, GoTo, PickUp, Toggle,
and Drop. During planning, the agent is restricted to selecting options only from this predefined list.
Each option includes a precondition for initiation, an execution procedure that translates the abstract
action into a sequence of concrete actions, and a termination condition. The ExpLore and GoTo options
are implemented using Dijkstra’s algorithm and the A* algorithm, respectively.

The options generate linguistic feedback for the planner and provide important information or errors
encountered during option execution. The feedback is represented as a tuple consisting of the option
execution stage, error status, number of executed steps, and a message. Feedback from the options is
used by the planner to correct errors in the plan.
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To prevent the agent from entering infinite loops in cases where the planner repeatedly generates the
same non-functioning plan, a limit on the number of consecutive identical generated plan was
introduced, with a maximum of five repetitions. When this limit is exceeded, the episode is terminated
and the task is considered unsuccessful. This modification accelerates the experimental procedure by
avoiding waiting for episode termination due to reaching the environment step limit.

3.2. Two-Level Memory System

The agent’s interaction with the environment proceeds in episodes. During each episode, the planner
selects options, which produce feedback that is stored in memory. The agent’s memory is structured by
episodes: messages from options are stored sequentially, along with environment observations and the
generated plan. At the end of each episode, the memory is augmented with information about the
number of steps taken in the episode, task success or failure, and the cumulative reward for the episode.

During agent functioning, the planner’s prompt includes a static fragment with the plannner’s
instructions, the task description, a memory fragment corresponding to the current episode, and a set of
memory elements formed from the complete history of previous episodes.

We define a Reflective Memory System as a dynamic system that evolves in discrete time t € N
through the application of reflection. The state of the memory at certain time ¢t is defined by a set of
memory elements, denoted as K;. Let us denote a set of all agent—environment interaction trajectories at
the moment t as H, = {t4, 75, ..., 7,}. A mapping from a method-specific subset H#, c H, to a set of
memory elements K, that improves the expected reward in future episodes, formally represents the
reflection process:

Kt+1 « freﬂect(lqt' Kt)l

where freriece is @ function that uses LLM to update the set of memories using selected history
trajectories.

The set K, is defined as a collection of memory elements indexed by unique identifiers. Let I, ¢ N
denote the set of active indices at time t. Then, the set of memory elements is defined as:

K, = {mP}kel,
where each memory element m,(f) is represented as a tuple:

m;(ct) = (¢, Cx, 0x),
where k is a unique, permanent identifier of the memory element, ¢, denotes the category of the
memory element, we use single category RULE, ¢, € X" is the textual content of the memory element
(here X™ is the set of all possible strings), and o, € [0,1] is the importance coefficient of the memory
element, initialized as o;,;; = 0.5.

3.3. Reflection and Learning Mechanism

In this study, several approaches to reflect on the history of episodes were studied.

The simplest approach involves pre-collecting the history of episodes, followed by a reflection
process using the LLM Qwen3:30b. The resulting reflections were added to the planner prompt, and the
agent was evaluated on validation and test sets of environments.

The next approach involved sequentially updating the reflections as episodes were completed by the
agent. This represents an online update of the planner prompt based on the experience obtained from
interactions with the environment.

An enhanced version of reflection was also studied, in which reflections were represented as a list of
memories K;, each assigned an importance score that was updated during agent functioning. This score
determines how critical a rule is for the agent’s successful performance. A high score prevents the rule
from being removed from the memory, serving as a mechanism to mitigate "catastrophic forgetting"
during prompt updates.

In this study, the parameters of the LLM were kept fixed. Changes in agent performance were
achieved solely by modifying prompts based on the agent’s experience obtained from interactions with
environment.

The transition from K, to K;,; occurs through the application of sequence of managing operators to
K, denoted as a function gg. This function uses a LLM to select operators.

The managing function gy takes as input a subset of the history and the current memory state:

Oy = 96(1‘/) K,
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where 0O, is the sequence of transactional operations on memory generated by the LLM to optimize the
memory K;.

The set of allowed operations is O = {CREATE,UPDATE,DELETE,CONFIRM}. Each operation op €
0; modifies the memory state K;. We define the transformation function as T: K X O — K. Operates for
the set O, are sequetially applied to the memory K, to produce next state K; 4.

The importance coefficient of a memory element is updated according to an exponential moving
function computed from the validation signal received from the LLM-generated transactions DELETE
or CONFIRM:

O-I; < (1 - .B)Uk + ﬁ * Trargets
where Ty,qec IS the target importance value of the memory element (O for penalty, 1 for reinforcement)
defined by LLM, and g is a balancing coefficient.

The CREATE operator adds a new element to the set:

Kt, < Kt U (d)new’ Cnew> 05)

The UPDATE operator is intended to correct erroneous information. The DELETE operator should be
used if information in memory is incorrect and needs to be removed. This operator functions as a soft
delete by lowering the importance coefficient of the element; when the coefficient falls below a critical
threshold, the element is permanently removed at the memory pruning stage. The CONFIRM operator
increases the importance coefficient of the memory element.

After applying all selected LLM-generated operations O;, a pruning stage occurs, in which memory
elements with importance coefficients below e = 0.1 are removed.

3.4. Experimental Design

In this study, the Minigrid ColoredDoorKey environment was used, which is a two-dimensional,
discrete-state and discrete-action environment. The environment presents a task requiring the agent to
open locked doors using a key of the matching color. At the beginning of an episode, objects in the
environment are hidden, and the agent must first explore the environment. The environment contains
two keys of different colors, one of which is required to open the door, while the another serves as a
distractor. Due to limited visibility and incomplete information, the agent must plan actions to obtain
information about the door color, find the matching key, pick it up, navigate to the door, and open it.

Two LLMs were used in the experiment: Qwen3:8b and Qwen3:30b. The larger model, Qwen3:30b,
was utilized to reflect upon episode histories and managing memory. The smaller model, Qwen3:8b,
was used in the planning module, leveraging the reflections produced by the larger model to plan in the
space of options. Using models of different sizes is advantageous because planning must be fast, as it is
executed multiple times per episode. In contrast, history reflection occurs once every few episodes, and
thus weaker constraints on runtime are acceptable for this stage.

To evaluate the contribution of the proposed memory mechanism, ablation studies were conducted.
The simplest variant is a memoryless agent, which receives only direct environment observations and
has no access to either the current episode history or the overall history. This approach provides a lower
bound on the accuracy achievable by the agent. The next level of complexity is episodic memory, in
which the agent receives the history of the current episode. This allows the agent to correct mistakes
made during the episode but does not enable knowledge transfer across episodes. A more advanced
approach allows the agent to access the memories of the last N episodes, simulating long-term memory,
but this fills the LLM context and dilutes the agent’s attention.

The agent-environment interaction was divided into three stages: Train, Eval, and Test. For each
stage, a separate fixed set of random seeds was selected to ensure reproducibility. During the Train
stage, the agent collected interaction history with the environment, which was then used either for
forming offline reflections or for online reflections updates. The Eval stage was executed in parallel
with Train every N episodes to assess the dynamics of agent performance. The Test stage served as the
final evaluation, in which the agent was tested over a large number of episodes to compute the final
performance metrics.

3.5. Evaluation Metrics

The following metrics were used to evaluate agent performance. The primary performance metric is
the success rate, calculated as the average task completion success of the agent per episode. Return is
computed as the average of the sum of rewards throughout the episode, taking into account a penalty for
the number of steps taken. Steps per Episode measures the number of steps the agent took to complete
the episode (successfully or unsuccessfully). Number of Re-plans counts the number of times the
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planner had to regenerate a plan to produce a working plan. Planning Duration measures the time spent
in the planning stage, used to evaluate the increase in computational cost as the agent’s memory size

grows.

4 Experiments

We conducted computational experiments in the Minigrid ColoredDoorKey environment. All
experiments were performed on a computer system with an NVIDIA RTX 3090 GPU (24 GB VRAM).
The LLM was run using the Ollama 0.13.5 utility. We used LLMs quantized in the Q4 _K_M format.
The "temperature” hyperparameter was set to 0.1. The maximum number of generated tokens was
limited to 4096.

We compared several approaches to agent memory organization:

1.
2.
3.

4.

Without Memory: The agent had no memory or instructions.

Baseline E-1: The agent remembered only the current episode.

Offline Reflection: The agent remembered the current episode and received instructions from
LLM Qwen3:30b, generated in advance on pre-collected data.

Text Reflection E-5: The agent had memory of the current episode and performed unstructured
reflection every 5 episodes on the last five episodes.

Text Reflection E-5 CP-1: The agent had memory of the current episode and performed
unstructured reflection every 5 episodes on the last pair of successful and unsuccessful
episodes.

Text Reflection E-5 CP-3: The agent had memory of the current episode and performed
unstructured reflection every 5 episodes on the last three pairs of successful and unsuccessful
episodes.

Reflection E-2: The agent had memory of the current episode and performed structured
reflection with managing operators every 2 episodes.

Reflection E-5: The agent had memory of the current episode and performed structured
reflection with managing operators every 5 episodes.

Manual Instructions: The agent had memory of the current episode and received high-quality
instructions formulated by a human-expert.

0.80 A
© 0.75 A
g g .
0704 AY . " manual
% o [ \ /‘/ \'-.._ ['/
S 0.65 - T~ /-' baseline
= T~
§ 0.60 - —— Reflection E-2
g ——- Reflection E-5
0551 —-= Text Reflection E-5 CP-1
osod4 [ e Text Reflection E-5 CP-3
0 10 20 30 40
Episodes

Puc. 1 3anesicnicmo cymaproi nacopoou Ha eanioayitinomy Habopi 6i0 enizo0y nid Yac HAGUAHHS
Fig. 1 Dependency of cumulative reward on the validation set as a function of episode during training

Figure 1 shows the dynamics of cumulative reward on the validation set of environments. It can be
observed that the cumulative reward for memory with structured reflection (Reflection) reaches
maximum values within the first 4 iterations of reflection and achieves better performance than the
agent with rules written by a human expert.

An example of the final rule set for the Reflection method:
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0: Before picking up or toggling an object, move to it to ensure correct interaction, verify its presence, color
match, and that the key is held before attempting to toggle. If holding a key and needing to pick up another, drop
the current key first. Only move to an object if it is visible or known to be present. Verify key color matches door
color before toggling. Move to the object even if visible but not in front to ensure correct targeting.

1: After picking up the key, explore for the door to locate it before attempting to open it.

2: Before toggling the door, verify that the key color matches the door color, move to the door, and ensure the key
is held before attempting to toggle.

Tabn. 1 Ilopisusanus pizHux nioxodie 0o opeanizayii nam'smi azenma
Table 1 Comparison of different approaches to agent memory organization

Method Accuracy Reward Steps
Without Memory 0.68 0.4994 52.06
Baseline E-1 0.65 0.4896 52.82
Offline Reflection 0.72 0.5298 48.02
Text Reflection E-5 0.74 0.5470 47.44
Text Reflection E-5 CP-1 0.83 0.6215 40.16
Text Reflection E-5 CP-3 0.96 0.7173 30.96
Reflection E-2 0.99 0.7353 29.29
Reflection E-5 0.98 0.7345 29.27
Manual Instructions 0.99 0.7345 29.62

Table 1 presents a comparison of metric values for agents with different memory mechanisms. The
lowest performance is observed for the baseline, corresponding to an agent without long-term memory.
As the memory complexity increases, agent performance improves. The most advanced method,
Reflexion — structured reflection with a list of memories and managing operators — demonstrates the
best results, comparable to or better than the agent with rules provided by a human expert.

6 Conclusions

In this study, the following was accomplished. We proposed using In-Context Learning with
reflection via LLM for agent training in virtual environments. The Minigrid ColoredDoorKey
environment was prepared for agent training. Agent training code was implemented for the Minigrid
ColoredDoorKey environment. Computational experiments were conducted to train and test the agent
with different memory mechanisms. The performance of various memory mechanisms was evaluated
based on metrics: task completion accuracy, cumulative reward, and number of steps per episode. An
analysis and comparison of the influence of memory mechanisms on agent action planning in the
ColoredDoorKey environment was performed.

The results indicate that using the reflection method via LLM in an autonomous agent improves
agent performance during interaction with a virtual environment. Task completion accuracy shows that
the reflective agent can discover rules enabling it to reach human-expert-level accuracy. Learning
curves demonstrate that maximum accuracy is achieved by the third reflection step. Additionally, the
use of reflection reduces the number of steps required to complete a task and increases the cumulative
reward obtained by the agent over the course of an episode.
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ApxiTtekTypa pedieKCUBHOI aM'ATi VISl AJANTUBHOIO IVIAHYBAHHS
iepapxiyaux LLM-areHTiB y BIpTYyaJbHHUX CepeA0BUIIAX

AxTyanbHicTs. Benuki MoBHI Mozeni (LLM) MoxyTh OyTH BHKOPHCTaHi SIK OJIUH 3 €JIEMEHTIB aBTOHOMHHX areHTIB, IO
BUPIIIYIOTh 3aBAaHHS IMOCIIZOBHOTO HPUHHATTA pimeHs. s mokpaiieHHs poOOTH areHTiB MOTpiOHO 30epirat icTopiio
TIOTIEPE/IHIX CIOCTEPEKEHb Ta i, IO TPU3BOAUTH IO 3allOBHEHHS KOHTEKCTHOro BikHa LLM, 30ibIIeHHS KiTBKOCTI
00YHCIIeHb, TPHUBAIOCTI TUIAHYBAaHHS Ta IiIBHUINYE BUMOTH A0 NaM'sTi. MOXIMBUI MXiJ IO BHUpIMIEHHS M€l mpoOieMu
MOJISITa€ y 3aCTOCYBaHHI METOJIB y3aralbHEHHS CIIOCTEPEXeHb 3 BUKOpUCTaHHAM LLM.

Merta. JocmimuTy BIUIMB METOIIB y3arajJbHEHHs IaM'siTi aBTOHOMHHX areHTiB Ha ocHOBI LLM Tta pednexcii. [lopiBHaTH 3
HPOCTIIMMH METOaMHU OpraHi3arii mam'sri.

MeTtonu mociimkennsi. MeToau TOCITiPKEHHs: 00YHCITIOBATIbHUN EKCIIEpHUMEHT, MOPIBHUIbHUH aHani3. Meroau opraHizanii
naM'sTi: TOBHA iCTOPIsl eMi30iB, peduiekcis, peduiekcis 31 CTPYKTypOBaHUM HaOOpOM NpaBuil. BHKOpUCTaHI METPHUKH SKOCTI
po6oTH areHTa: yCHilIHICTh BUPILIEHHS 3aBJaHHs, CyMapHa Haropoja 3a ernizoJl, KUIbKICTh KPOKIB JUIsl BUPILIEHHS 3aBJaHHS.
Pe3yabTaTi. 3anponoHOBaHO BUKOPUCTOBYBATH METO/I y3arajJbHEHH MaM'sTi MIIIXOM peduIeKcii Uil iepapXigHOTO areHTa Ha
ocHoBi LLM. Posrmanyto cepenosumie Minigrid ColoredDoorKey st HaBuanns areHTa. CTBOPEHO KOJ areHTa, 30KpeMa JUIs
HABYaHHS areHTa B cepefoBulli. I[IpoBeaeHO OOYMCIIOBAIBHI €KCIICPUMEHTH 3 HAaBYaHHS Ta TECTYBaHHsS arcHTa 3 Pi3HUMH
MexaHi3MaMu naM'sTi. [IpoBeieHo OmiHKY SKOCTI poOOTH Pi3HUX MEXaHi3MiB MaM'sTi Ha OCHOBI METPHK: TOUHICTh BUKOHAHHS
3aBIaHHs, CyMapHa Haropoja, KUTbKICTh KPOKIB J0 3aBepLICHHs emi3oay. BukoHaHO aHani3 Ta MOPIBHSIHHS pe3yNIbTaTiB
3aCTOCYBAaHHS MEXaHi3MiB ITaM'sATi 10 3a]a4i IIaHyBaHHs Jii areHToM B cepenosuii ColoredDoorKey.

BucHoBku. JlocnipKeHHs OEMOHCTPYE, LIO 3aCTOCYBaHHS MeToAy pediekcii 3 CTpyKTypoBaHHM Ha0OpOM TMpaBHII €
JOLIIBHUM B 3aJa4yax IUIaHyBaHHsS Jiff aBTOHOMHHUMHM areHTamMd 3 BuUKopuctanHsM LLM. Merox pediekcii mo3Bomsie
y3arajibHIOBaTH JIOCBIiJl areHTa, 3HAXO0JUTH e()eKTHBHI IIpaBuiia B 3HAUHOMY 00'eMi TaHHX 3 PO3PiIKEHUM CHTHAIIOM HAropou
Ta JI0CAraTH PiBHA e()EKTUBHOCTI MOPIBHSIHOTO 3 JIIOAHHOI0-EKCIIEPTOM.

Knrowuosi cnosa: wmyynuii inmenexm, MauwuHHe HA8YAHHS, 2TUOOKE HAGYAHHSA, WMYYHI HEUPOHHI MepedCl, IHMeneKmydibHi
iHGhopmayitini cucmemu, asmMomMamu308aHi HGopmayitini cucmemu, oOpPoOKa NPUPOOHOI MOBU, GEeTUKA MOBHA MOOEb,
npoMnm, NPUUHAMMA pilleHs, acenm, nam amo, gipmyanvhe cepedoguwye, Minigrid.

Hapiwna y nepuwin pepakuii 03.10.2025; B octanHiin 09.11.2025; onybnikosaHo 30.12.2025.
The first version has been received on 3.10.2025; the final version on 09.11.2025; published 30.12.2025.
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Cuoci6 onTumizauii enepro:xkuJjenns 10T-cucremn
MOHITOPUHIY KJIIMATHYHHUX NMOKA3HUKIB HA OCHOBI aJalITUBHUX AJITOPUTMIB

AkTyajabHicTb. CTpiMKe 3pocTaHHs KiNbKOCTI mpucTpoiB IHTepHeTy peueit (1oT), sike 3a mporro3amu csrHe 29 MUTbApIIB 10
2030 poxy, CTaBUTH Iepe] po3pOOHIKAaMH HOBI BUKJIMKH. 3HAUHA YaCTHHA TAKUX IIPUCTPOIB — Ii¢ aBTOHOMHI CEHCOPHI BY3IIH,
110 BUKOPUCTOBYIOTHCS B arPOCEKTOPI, EKOJIOTII Ta iIHYPaCTPYKTYpi «PO3YMHUX MicT». PO3MIIIEHHS y BaXKKOIOCTYITHIX MiCIISIX
poOUTH 1X 3aJIeKHIMH BiJl aBTOHOMHUX JpKepel xKuBiIeHH:. [IpobieMa nossrae B ToMy, 10 TpaIuLiiiHi aIropuT™MH poOOTH, SIKi
6a3yroThcs Ha (hiKCOBAHUX IHTEpBaNax Mepeadi JaHnX, € eHePreTHYHO Hee()eKTHBHUMHU: BOHH BUTPAYarOTh pecypc Oarapei Ha
nepefavy HaUIMIIKOBHX JaHHX y cTaOLIbHUX yMoBax abo He 3a0e3MeUyIOTh JOCTAaTHBOI ITUCKPETH3alii MpU PIi3KUX 3MiHAX
mapamMeTpiB CepeIOBHIIA.

Mera. Po3pobOka cmocoOy ontumizamii eneproxusieHHs loT-cucremMu MOHITOPHHTY KIIMAaTHYHHX MOKAa3HUKIB Ha OCHOBI
aJIaNTHBHUX aJTOPUTMIB Ta MPOBEICHHS MOPIBHSUIBHOTO aHAJi3y €HEproe(eKTHBHOCTI PI3HUX KOMYHIKALIHHUX apXiTEKTyp
(Wi-Fi, BLE, LoRaWAN) /1711 BUSIBJICHHSI ONITHMAJIBHUX PillICHb.

MeTtonu mocmimkeHHs. /{151 TOCATHEHHST METH BUKOPHCTAHO €KCIEPHMEHTAJIbHO-aHAIITHYHUH miaxin. B skocti amapatHOi
wiatgopmu o6pano mikpokoHtposiep ESP32 (moayns ESP-WROOM-32), sikuii moeHye BUCOKY MPOAYKTUBHICTh, HASBHICTh
6e3npoToBuX iHTepdeiiciB Ta po3BuHeHI pexxumu eHeprozoepexenHs (Deep Sleep, ULP). 30ip kimiMaTWuHHX JaHUX
3nificHroeThest ceHcopoM Bosch BME680. Xwmapra iHdpacTpykTypa peamizoBaHa Ha 0a3i Amazon Web Services (AWS) 3
BUKOpHCTaHHAM Oe3cepBepHoi apxiTekTypu (AWS Lambda, DynamoDB, Redis). /1151 ominku eHeproeekTHBHOCTI po3po0IeHO
YOTHUPH €BOJIOLIITHI Bepcii MPOrpaMHOTO 3a0e3MeYeHH: Bil 0a30BOi (aKTUBHHN PEXHUM) 10 aTaNTHBHUX (JIOKaJbHA Ta XMapHa
amanTaris). KimrouoBoro MeTpHuKoIo epeKTHBHOCTI 00paHO CepeHill CTpyM CHOKUBAHHS 32 IOBHUH POOOUYHIA IIUKIL.
PesyabraTu. Po3pobieHo riOpuaHy Mozenb KepyBaHHS €HEPrOCHOXKMBAHHAM, pealli3oBaHy Yy ABOX Mapajurmax: JIOKaJlbHA
ajanranis (Ha IPUCTPOi) Ta XMapHa aganTais (Ha cepsepi). [IpoBeseHo cepiro HaTypHUX BUMipioBaHb 1yt npotokonis HTTP,
MQTT, CoAP, BLE ta LoRaWAN. BcranosneHo, 1o nepexin Ha npotokos1 CoAP 3 agantuBHuUM anroputMoM y Mepexi Wi-
Fi 703BOJIsIE 3HU3UTH CEPEIHE CIOXKHUBAHHS cTpymy 3 60.46 MA (6azoBmii pexum) mo 12.47 MA (exonomis ~79%). st
apxitektypn LoRaWAN nocsrayTo 3umKeHHS 3 96.78 MA 10 12.63 MA (exoHOMist 87%). BusiBeHO HeeeKTHBHICTh XMapHOT
amanTanii st nporokoxy MQTT uepe3 3aTpuMKH 3B'S3KY.
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1. Beryn

Iarepuert peueii (IoT) TpanchopmyBaBcs 3 KOHIENTYaNbHOI TAPAIUTMHU B TIO0ANBHY TEXHOJIOTIYHY
peanbHiCTh. 3a NPOTHO3aMH, KUIBKICTh MiAKIIOYEHUX TMPHCTPOIB TNPOJOBKHUTH EKCHOHEHLINHHE
3pOCTaHHS, OXOIUTIOIOYM KPUTHYHO BaXKIWBI c(epu: BiJ TOYHOTO 3eMIIEPOOCTBA O MOHITOPHHTY
KIIMaTHYHUX 3MIiH Ta YOpaBIiHHSA MICBKOIO iH(pacTpykTypor. Crnemmdika IIUX 3aCTOCYBaHb HacToO
BUMAara€e po3rOpTaHHS CEHCOPHHUX BY3JiB y BiAJaJIeHHX JOKAIlisX, A€ €IWHUM JDKEPEIIOM EHeprii €
aKyMYJISITOpHI OaTapei. Y TakuX yMOBax €HeproeeKTHBHICTh CTa€ KIIOYOBHM (aKTOpOM, IO BU3HAYAE
Baprticte BojomiaHa (TCO) Ta HamiiiHicTh cucTeMu. TpamWmiiHWA TiAXim D0 Tepemadi JaHUX 3a
¢ikcoBanuM poskianoM (static scheduling) nemoHCTpye cBOIO HeePEKTUBHICTh: 3HAUHA YaCTUHA €HEPTil
BUTPAYa€ThCsl Ha Mepefady HaUIMIIKOBUX MaHWX y MEpioAM CTaOUIBHOCTI MapaMeTpiB, TOAI SIK
¢ikcoBaHUi1 iHTEpBAI MOXE OyTH HETOCTATHIM s (iKcallii MBUIKAX TWHAMIYHAX 3MiH [1].

2. AmnHaxi3 ocTaHHIiX qocaiqKeHb i myosikamii

IIpo6mema ontumizanii eneprocioxkuBanHsg B loT € mpemmeToM 0aratboxX Cy4acHUX IOCHIIKEHb.
3HayHa yBara MPUALIAETHCS alapaTHUM METOJaM, 30KpeMa BHKOPHUCTAHHIO PEKUMIB TITHOOKOTO CHY
(Deep Sleep) y cyuacHMX MIKpOKOHTpoJepax, Takux sk ESP32 [2]. [ammii HampsMOK JOCIIKCHb
(doxycyeTbcss HA BHOOPI €PEeKTUBHUX MPOTOKONIB Tepemadi maHuX. Y pobotax [3, 4] mpoBeneHO
MOPIBHJIBHUM aHali3 mpoTokomiB nmpukiagHoro piBHa (MQTT, CoAP, HTTP) i noka3ano nepeBaru
CoAP s oOMexeHux Mepek. Takok aKTHBHO JOCHIIKYHOThes TexHojorii LPWAN, 3okpema
LoRaWAN, sk pimeHHs Ui JajJeKoro 3B'S3Ky 3 HU3BKUM crokuBaHHAM [5,6]. [IpoTte B icHyrouiit
mitepatypi Opakye KOMIUIEKCHHUX IOCTIIKEHb, SKi O TOEIHYBalld amapaTHy ONTHMi3allifo, BHOIp
MPOTOKOJY Ta aJIalTUBHI aJrOPUTMHU KEPYBaHHs B paMKaxX €JMHOI CUCTEMH, a TAKOX HaJaBaJU MpsiMe
eKCIepUMEeHTallbHEe MOpiBHAHHA pizHuX apxiTtektyp (Wi-Fi, BLE, LoRaWAN) mis BukoHaHHS
IIEHTHYHOI 3a]]a91 MOHITOPHHTY.

3. IlocranoBka 3agaui

VY nawiii poOOTi BUpIIIYy€eThCA 3a/1a4a MiBUILEHHS eHeproedeKTHBHOCTI loT-crucTeMu MOHITOPUHTY
KIIIMaTHYHUX MOKa3HUKIB. HeoOXigHO po3poOuTH METON aJanTHBHOTO KEPYBaHHS PEKMMaMH POOOTH
NPUCTPOI0 Ta EKCIEPUMEHTAIbHO BU3HAYUTH HaWOUIbII e(QEeKTHBHY apXiTeKTypy 3B'A3Ky, MIO
3a0e3MeYnTh OanaHc MiX aKTyaJbHICTIO IJAaHMX Ta YaCOM aBTOHOMHOT pOOOTH.

4. Bukjgax 0CHOBHOTO MaTepiary
4.1. ApxiTtekTypa Ta anapaTHe 3a0e3ne4YeHHs CHCTeMH

s peanizanii eHeproeeKTHBHOI CUCTEMH MOHITOPUHIY OYJIO 3aCTOCOBAHO €KCIEPUMEHTaIbHO-
aHAITHYHUN TiaXig. B SKOCTi HeHTpasbHOrO 0OUMCIIOBAIBHOTO By3Ja 00paHo MikpokoHTposiep ESP32
(monyne ESP-WROOM-32) [2]. Bubip mi€i miatdpopmu 3yMOBICHHH HASBHICTIO YHIKaIbHOTO JUIS
naHoro kiacy npuctpois ULP-cniBnponecopa (Ultra Low Power coprocessor). Lle no3Bouisie peasnizyBaTu
JIBOPIBHEBY apXiTEKTypy 0OpOOKH TaHUX:

* OcHoBHi sypa (Xtensa LX6): BUkoHYIOTh pecypcoeMHi 3aj1adi, Taki sk migkiodeHts 10 Wi-Fi,
SSL/TLS mmdpysanns ta popmyBants JSON-nakeriB. CrioKUBaHHS CTPYMY B aKTHBHOMY PEXHMI
csarae 190-240 MA.

» ULP-cniBnponecop: 3paTHuii NepioguyHO ONMUTYBATH CEHCOPH Ta BUKOHYBATH MPOCTi JIOT14HI
oriepallii, MOKH OCHOBHI siJIpa 3HaXOJAThCs B pexuMi rimnbokoro cHy (Deep Sleep). CrioskuBanHs pH
bOMY 3HIDKYETbCA 710 PiBHA ~150 MKA. Y pos3poOneniii cucremi ULP BuKOpHCTOBYETHCS ISt
MOHITOPHHI'Y KPUTHYHHUX BiIXWIEHb MapaMeTpiB, IO A03BOJISIE HE OyIWTH OCHOBHHMU IPOLIECOp,
SKIIO TOKa3HUKU 3HAXOATHCS B MEKaX HOPMH.

Jns 300py KIIMaTHYHUX JaHUX (TeMIeparypa, BOJIOTICThb, THCK, SIKICTh TOBITPS) BHKOPHCTaHO
inTerpoanuii ceHcop Bosch BME680 [7]. KputruHuM acriekToM eHeprocrnoKMBaHHS IIbOTO CEHCOpa €
BUMiptoBaHHs JieTkux opraHiyaux crnonyk (VOC), sike BUMarae HarpiBaHHS YyTJIHBOI IUIACTHHHU JIO
320°C. lle cTBOprO€ MiKOBE HaBaHTaeHHs Ha piBHI 12—-18 MA. [ns ontumizamnii B anropuTi
nepeadadeHo aJanTUBHE KepyBaHHS NpodijieM HarpiBy: y peXKMMax €KOHOMIii eHeprii BUMipIOBaHHS
VOC BUKOHYETBHCS 3 MEHILOIO YacTOTO0, HiK BUMiproBaHHS 0a3oBux napametpis (T/H/P), mo cyTrreBo
3HWKYE CEPEJIHINA CTPYM CIIOKUBAHHSI.

Hns nocmipkenHst apxitektypu riobansHux Mepex (LPWAN) cTeHn ocHameHO TpaHCHBEPOM
Semtech SX1276 [6], axuii migxmodaeTscst uepe3 intepdeiic SPL. Lle mo3Bonsie peanizyBatu Ta
nopiBHATH poboTy npucTporo B Mepexxi LoRaWAN.
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4.2. ApxiTekTypa Ta anapatHe 3a0e3ne4eHHs] CHCTEeMU

B ocHOBY nporpamHoi peanizatii mokyiaaeHo Mojaenb ckindennoro apromata (Finite State Machine —
FSM). Cuctema moxxe epedyBaT B OTHOMY 3 YOTHPHOX JUCKPETHUX CTaHIB!

1. STATE_SLEEP: MikpoxonTponep nepedyBae B pexumi Deep Sleep. AKTUBHUMH 3aTHIIAIOTHCS
mauie RTC-raiimep Ta enepronesanesxna nam'sts RTC. Ctpym cnioxupanns MiniManbuui (1o, =~
10...20 MA).

2. STATE _WAKEUP: IIpobymxenns, inimiamizaniss mmad [2C, 3unTyBaHHS JNaHHX i3 CeHcopa
BMEG680.

3.  STATE_ANALYZE: Jlokaneauii anami3 ganux. Cucrema NMOPIBHIOE MOTOYHI 3Ha4eHHS Veur 13
nornepeHiMu Vprev, 30epeskernMu B nam'sati RTC. Po3paxoByerbest abcomtoTHa genbTa 3MiH A=
[V_cur-V_prev]

4. STATE TRANSMIT: AxruBamis panmiomonyns (Wi-Fi/BLE/LoRa), BcraHoBieHHS 3'€qHaHHA,
nepeaaya JaHuX, OTPUMAaHHS MiATBEpIKeHHS a00 KOMaH]IH.

KitouoBuM eneMeHTOM pO3pOoO0JIEHOTO METOAY € aNrOpuTM aaantarii iHtepBany cHY (Tcuy). Ha
BIIMIHY BiJl CTaTWYHOTO MiAXOAY, A€ Teuy = CONSt, y 3ampONOHOBAHOMY METOJI TPHUBAIICTH CHY €
(G yHKII€R B cTablILHOCTI cepenoBuia. Jlorika ajganrailii Onmucy€eThCsi HACTYTHUM YHHOM:

Axmo A < 64 (1€ Oipy - TOpOTOBE 3HAYCHHS CTAOUIBHOCTI), CHCTEMa MEPEXOIUTh Y PEKUAM
eHepro30epekeHHs, eKCIIOHEHIIIHO 30UTBITYIOUYH IHTEPBAJ CHY /ISl HACTYITHOTO IIHKITY:

Tcrklgzw = min(Tc%l;i * Kine» Tmax) (1)
ne ki, — xoedimienT 30inpmenns (Hampukian, 1.5 ado 2.0), a Ty,q, — MaKCHMaJIbHO JOMTYyCTUMHUI
inTepBan Mixk nepenadami (heartbeat).

Axmo A = &y, cucteMa ¢ikcye MONII0 3MiHM CTaHy, Tepelac JaHl Ta CKUAAE iHTepBal 0
MIHIMaTBHOTO 3HAYEHHS JIJISl IETATHHOTO MOHITOPHHTY TUHAMIKH IPOIIECY:

ey = Tmin 2)

Takuii miaxXin M03BONAE YHUKHYTH Tepemadi HaummkoBux maHux (data redundancy), xomm
napaMeTpH CepeIOBHILA HE 3MiHIOIOTHCS, 30epiraloyn NpHu bOMY BUCOKY 4acTOTy AMCKPETH3allil MpH
BUHUKHEHHI aHOMAaNiid. ANTOPUTM peasli3oBaHO y JBOX IMapaJuWrMax: JIOKaJbHa afanTarlis (pileHHs
npuiiMae MiKpOKOHTPOJIEp) Ta XMapHa ananTamis (pimeHas npuiiMae ceppep AWS Lambda Ha ocHOBI
ICTOPHYHHX TPEH/IB).

4.3. Anaumi3 ocodauBocTell peasizanii KoMyHiKaiiHUX CTEKIB
3HayHU{ BIUIMB Ha EHEProe(eKTHBHICTH ABTOHOMHOI'O IPHCTPOI0 MAarOTh HAaKJIaIHI BUTpPaTH
(overhead) mpoTokosIiB epeaayi JaHux. Y poOOTi JOCTIIKEHO TPH OCHOBHI mifxoau st IP-mepex (Wi-
Fi):

e HTTP (REST): Xapakrepuszyerbcsi HAHOUIBIIMMU HaKJIaAHUMHU BUTpaTaMu. KoxHa TpaH3akiis
BuMarae BctaHoBleHHsI HoBoro TCP-3'ennanns (3-way handshake), Bctanosnenns TLS-cecii (oOMin
ceprudikataMu) Ta mepeaadi TSeKCTOBUX 3arojioBKiB. e mpu3BoAKMTE /10 3HAYHOTO Yacy nepeOyBaHHS
B akTUBHOMY peXuMi (Taer > 4 C) HaBITB IS Iepeiadi KiIbKOX 0alT KOPUCHOTO HABAHTAKCHHSI.

e MQTT: Bukopucrosye nocriiine TCP-3'eananns. Onnak, y pexxumi Deep Sleep paniomonynb
BUMHKA€ETHCS, 1 3'€IHAHHS PO3PUBAETHCS. TOMy MpH KOKHOMY IMpPOOYIKEHHI NMPUCTPIM 3MyILIEeHHH
npoxoautu nporenypy CONNECT 3aH0BO, 1110 HiBEITIOE IIepeBari JIErkocTi mpotokoiny [8]. Kpim Toro,
y pexumi v4 (Cloud Adaptation) MQTT mnokaszaB Hairipini pe3yibTaTH 4Yepe3 CBOIO ACHHXPOHHY
NPUPOAY: TPHUCTPIH 3MYIIEHHWH yTpUMyBaTH pajiokaHan BigkputuM, odvikyroun Ha PUBLISH
MOB1JIOMJICHHS BiJl cepBepa 3 HOBUM 4acOM CHY, 110 301IbIye akTUBHUI yac 10 7—10 cexyHa.

e CoAP (Constrained Application Protocol): Ipaitoe moBepx nportokory UDP [9]. BincyTricTs
Bakkoro pykoctuckanHs TCP Ta koMmmnakTHHW OiHapHHUU 3aroloBok (4 0aiiTh) TO3BOJISIFOTH
MiHiMi3yBaTH uac nepeOyBaHHs B edipi [10]. [lns 3abe3nedeHHss HaTidHOCTI BHKOPHUCTOBYETHCS
MeXaHi3M minTBepkyBanux noBigomienb (Confirmable messages), a Oesreka peami3yeThcsi depe3
DTLS. Excniepumentn mokaszanu, o CoAP 3abesmneuye Haiimenmmii yac aktuBHOCTI (T, = 1,4 C),
10 POOUTH Horo onTuMaibHuM i1 Wi-Fi mepex.

4.4. Cneuudika peanizanii LoORaWAN
Juist apxiTekTypH riodansHoi Mepexi BukoprctaHo ctek LoRaWAN kiacy A. [Ipuctpoi 11poro kiacy
€ HaiOinpm eHeproeeKTUBHUMHM, OCKINbKM BOHHM iHILiIOIOTH 3B'A30K camocTiiHo (Uplink) i
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BIIKPHBAIOTh KOPOTKi BikHA mpuitomy (RX1, RX2) nume micns nepenadi. Lle Hakmagae oOMexeHHs HA
peaitizaiiiro XMapHoi aganrariii (v4): cepBep MOXKe HaAicJIaTH KOMaHJIY 3MIHHM IHTEpPBAly CHY JIMIIE Y
BIJITIOBi/Ib HA TIOBIOMJICHHS BiJl TPUCTPOIO. SIKIIO cepBepHa iHQPACTPYKTypa HE BCTUTAE CHOPMYBATH
BIJIMIOBIIb y MeEXKax >XOPCTKUX TaimiariB RX-Bikon (1-2 cexkyHam), komaHma Oyzae BigkiameHa [0
HACTYITHOTO CEaHCY 3B'S3KY.

ExcnepuMenTansHO BcTaHOBNIECHO, 1m0 111 LoORaWAN ontumanbHUM € BUKOPUCTAHHS JOKAJIBHOI
amanramii (v3). Lle Bukimodae HeoOXimHiCTh odwikyBaHHS downlink-TTOBimOMIIEHB, JO3BOJISMIOUH
MIPHUCTPOIO MEPEXOUTH B COH 011pa3y micist 3aBeprnenHs nepenadi (TX Done).

4.5. MeToanka eKCIePUMEHTAIBHOTO A0CTi:KEeHHSI
Jlns Bepudikamii 3arpormoHOBaHUX MOJEICH po3po0ICHO YOTHPH €BOJIOIIHHI BepcCii MporpaMHOro
3a0e3MeueHHS:
vl (Baseline): ba3oBa Bepcis 6e3 onrrumisartii. [IpucTpiii HOCTIHHO aKTUBHUIA.
v2 (Deep Sleep): Luxmigauii coH 3 ¢pikcoBaHUM iHTepBajaoM (Hampukiam, 30 c).
v3 (Local Adaptation): AmanTUBHUI aNTOPUTM 3 PUHHATTAM PIilICHh HA PUCTPO].
v4 (Cloud Adaptation): AranTUBHHIA aITOPUTM 3 IPUAHATTAM pimieHs y xmapi (AWS Lambda).
KitrouoBo10 MeTprKor0 epeKTUBHOCTI 00paHO cepeHiil cTpyM crioskuBaHHS (lcep) 32 TOBHUIA poOOUHiA
UK, SKUH (HOpMYIIOL0:
Icep — IaKT*::aKT:;SHy*TCHy (3)
akT T {cHy
1€ lyyrTa Tor - CTPYM 1 TPHBAICTD aKTUBHOI (asu, a oy Ta Ty - CTPYM i TpuBamicTs dasu cuy. lana
METO/IMKA JI03BOJISIE 00'€KTUBHO TMOPIBHATH €(DEKTUBHICTD PI3HUX apXiTEKTyp HE3AIEKHO BiJ €MHOCTI
JpKeperta KUBJICHHSL.

5. Pe3y1bTaTn eKciepuMeHTy

B xomi exkcnmepuMeHTambHOTO JOCHiPKEHHS OYJI0 TPOBEISHO Cepif0 HATYpPHUX BHUMIPIOBaHb
€HEepProCIIOKUBaHHS IS 1 ATH KoMmyHikariitHux npoTtokomiB: HTTP, MQTT, CoAP (y mepexi Wi-Fi), a
takok BLE Ta LoRaWAN. JIns KOXHOTO MNPOTOKONY (A€ Ie apXiTEeKTYpHO MOXKIJIHMBO) OyIIo
MPOTECTOBAHO YOTHPH PEXHUMH poOOoTH: Bix 6azoBoro (v1) mo xmapHo-amantuBHOrO (v4).Pesymprarn
BUMIPIOBaHb YCEPEJHEHOTO CTPYMy CHOXKUBaHHS (Iep) Ta TpUBaNOCTi akTHBHOI (asu T, HaBelEHO B

Tabymmi 1.

Tabnuys 1. 36edeni pe3yrvmamu GUMIPIOBAHHS €HEP2OCTONHCUBAHHS
Table 1. Summary of energy consumption measurement results
IIporokoa Pesxum Takr (c) Icep (MA) 3HUKEeHHS BiH.

vl

vl 4.33 59.61 0%
HTTP V2 8.96 24.68 58.6%
v3 8.78 17.17 71.2%
v4 5.05 16.59 72.2%

vl 7.39 63.43 0%
MQTT V2 5.69 22.08 65.2%
v3 5.62 16.11 74.6%
v4 10.43 15.34 75.8%

vl 2.63 60.46 0%
CoAP V2 4.54 19.89 67.1%
v3 4.46 12.61 79.2%
v4 4.49 12.47 79.4%

vl 2.98 56.88 0%
BLE V2 6.93 22.43 60.6%
v3 3.56 14.38 74.7%

vl 3.62 96.78 0%
LoRaWAN V2 3.32 19.20 80.2%
v3 2.79 12.63 87.0%
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AHaJli3 OTpPUMaHHUX EKCIEPUMEHTAJIbHUX MJAaHUX [03BOJIAE€ CTBEPIPKYBAaTH, IO BIPOBAKEHHS
PEeKUMY TNIMOOKOTO CHY € HalOibII BaroMuM (akTOpOM ONTHMI3allii, OCKUIBKY Mepexia Bif 6a30Boro
PeKUMY TOCTIHHOI aKTHBHOCTI [0 PEXUMY LHMKIIYHOTO CHY 3a0e3leuye 3HWKEHHsS CepeIHbOrO
eHeprocrnoxxnBanHsi Ha 58-80% 3anexxHo Bim oOpaHoro mportokory. HaiiGinmpmmuii BimHOCHMIA edekT
crioctepiraerbest utst apxitekrypu LoRaWAN, ne Brucoke 6a30Be CIOKMBAaHHS TPAHCHBEPA B PEXKHMI
OUiKyBaHHS MOBHICTIO HiBENIOETHCS MPHU MEPEXOJli CUCTEMH B COH, IO JO3BOJISIE ITOCATTH 3HIKEHHS
cepenHporo crpymMy Oinbin Hix Ha 80%. [logankie 3acTocyBanHs po3poOIeHIX aAaNTUBHAX allTOPUTMIB
JTO3BOJIMJIO JTOCSTTH JOJATKOBOiI €KOHOMIl €HepropecypciB 3a paxyHOK AMHAMIYHOTO 30ibIICHHS
IHTEepBaJIiB CHY B Mepioau cTalbinbHOCTI BUMIpIOBaHHX mapaMeTpiB. s mpoTtokoiiB cimeiictBa IP 1e
3a0e3MeYrII0 3HWKEHHS CEPEeIHBOr0 CTpyMy 0 12—17 MA, 1110 CTAHOBUTh CyMapHy €KOHOMIK 10 79%
BITHOCHO 0a30BOTO PiBHA. BaIWBO 3a3HAYUTH, IO Pi3HHUISI B €(PEKTHBHOCTI MiX JIOKAJLHOIO Ta
XMapHOIO MOZETISIMH aIanTallii BUSBHIIACS CTATUCTHYHO HE3HAYHOIO, L0 MiATBEPAXKYE TiMoTe3y Mpo Te,
10 KJIF0Y0BUM (DaKTOPOM €HEepro30epeXeHHs € caMe aJalTHBHE KEpyBaHHS IIMApyBaTICTIO Tepenadi
JaHWX, a He JIOKaJTi3aIliss 00IMCITIOBAILHUX MTPOIIECIB.

IlopiBHsTEHUI aHaNI3 MPOTOKOINIB Tepenadi AaHux y Mepexi Wi-Fi BuABHB cyTTeBy mepeBary
npotokony CoAP, sakuii mpoIeMOHCTPYBaB HAMHMKUMIA TOKa3HUK CEPETHHOTO CTPYMY CHOKMBaHHS Ha
piBHi 12,47 MA. lle TOACHIOETHCS BHKOPHUCTAaHHSIM TpaHCHOPTHOTO TpoTokonmy UDP, mo mo3Bosse
YHUKHYTH HAaKJIQJAHUX BUTPAT Ha BCTAHOBJICHHS 3'€JHAHHS Ta MPOLEAYPH PYKOCTHCKAHHS, XapaKTEPHUX
it TCP, i TuM caMuM MiHIMi3yBaTH yac rnepe0yBaHHS paJioMOIyJisl B aKTUBHOMY CTaHi. Y TOM ke yac
nporokon MQTT y pexumi XMapHOi ajanTaiii MPOAEMOHCTPYBAaB 3HW)KEHHS €(EKTHBHOCTI uepes3
30UTBIICHHST TPUBAJOCTI aKTHUBHOI (Da3w, IO 3yMOBIEHO HEOOXiMHICTIO YTPUMAaHHSA 3'€HAHHA JUIA
OUiKyBaHHSI aCHHXPOHHOT KOMaH/IH BiJl cepBepa. Pe3ynbraTu AOCIiKEHHS allbTePHATUBHUX apXiTEKTYP
nokazanu, mo TexHonoris LoORaWAN y pexumi JokanbpHOT aganraiii 3abe3neuye eHeproeeKTHBHICTb
Ha piBHI 12,63 MA, 110 € CITIBCTaBHUM 3 HaWKpamuMu mokasHnkamu Wi-Fi pimens, mpote 3abe3mnedye
3HayHO Oimpmmid pamiyc mokputts. Texuomoris BLE Ttakox miarBepamia cBOO e(hEKTUBHICTH IS
JIOKaJbHUX CEHCOPHUX MEPEkK 13 MOKa3HUKOM cepenHboro crpymy 14,38 MA. Takum duHOM,
EKCIIEPUMEHTAIILHO JIOBEJCHO, 10 JJIS CUCTEM 3 KPUTHUYHUMH BHMOTAaMH J0 aBTOHOMHOCTI Ta pajiycy
nmii HaWOLTBIN MJOUIIBPHEM € BHKOpUCTaHHA TexHojorii LoRaWAN 3 nokanpHHM aJanTHBHUM
ANTOPUTMOM, TOJ1 SIK Uil iHQPACTPYKTYpHHUX pillicHh 3 HasBHUM MOKpUTTAM Wi-Fi ontumansHuM
BHuOOpoM € npotokos CoAP.

BucHoBkn

Y Mexax MpoBeICHOTO TOCHIKSHHS YCIIITHO PO3B’A3aHO aKTyallbHEe HAYKOBO-TIPUKIIAIHE 3aBAaHHS
MiBUIIEHHS eHeproe@eKTUBHOCTI Ta aBTOHOMHOCTI loT-cucTteM MOHITOPWHTY KIIIMaTHYHUX
NOKa3HMKIB. KirouoBMM HayKoOBHM 3100yTKOM pOOOTH € po3poOKa Ta OOIPYHTYBaHHS KOMIUIEKCHOTO
riOpuIHOTO METO/Ay KEpyBaHHS EHEpProClOXKMBaHHIM. 3amporoHOBaHWM TiAxin Oa3yeTbcs Ha
CHUHEPreTHYHOMY MOEHAHHI allapaTHUX MOKIIMBOCTEH Cy4acCHUX MIKPOKOHTPOJIEPIB (30KpeMa, PeKUMiB
rimbokoro cHy Deep Sleep ta ULP-cmiBnpouecopa ESP32) i3 po3poOneHuMMH HpOTrpaMHUMH
aJaNTUBHUMHU aJiropuTMaMu. B OCHOBY ajropuTmizaliii MOKJIaJeHO MOJICNIb CKIHYEHHOr0 aBTOMara
(FSM), peanizoBaHy y JBOX MapajgurMax — JIOKaJbHil (00po0OKka Ha KiHIIEBOMY MPHUCTPOI) Ta XMapHiit
(oOpobka Ha cepBepi), IO JO3BOJMIO CTBOPUTH THYYKY CHUCTEMY, 3/IaTHY AWHAMIYHO aJaIrTyBaTh
YaCTOTY IUCKPETH3AIlil 0 3MiH ITapaMeTpiB HABKOJHUIITHBOTO CEPEIOBHINA, MiHIMI3yFOUH YaC aKTUBHOCTI
paniomoyns 6e3 BTpaT iHPOPMATUBHOCTI MOHITOPHHTY.

ExcrniepumenTanbHa BepHudikais 3amporoOHOBAHOTO IMiAXOLy, IPOBEIEHAa Ha PO3POOICHOMY
anapaTHO-TIPOrpaMHOMY CTEH[Ii, MATBEpArIa Horo BUCOKY edeKkTuBHICTh. [lepexin Bim TpaaumiiHuX
CTaTHYHUX AJTOPUTMIB 3 (PIKCOBAHMM PO3KIIAJIOM JI0 aJaNTHBHHX CTpAaTerii 3a0e3MedyuB 3HUKCHHS
CEepeIHLOTO CHEProcnokuBaHHs cucreMu Ha 70-87 % mopiBHSAHO 3 0a30BUMH peKHMaMH TOCTIHHOT
aKTUBHOCTI. JleTanbHui MOPiBHAIBHUH aHaJi3 KOMYHIKaliiHUX apXiTeKTyp J03BOJINB BUSBUTH HACTYIIHI
3aKOHOMIPHOCTI:

1. Ons iadpactpykTypHUX pimieHb Ha 0a3i mepexx Wi-Fi HaiiOuibn eHeproedekTHBHEM €
nporokon CoAP (i3 cepennim cTpymom criokuBanust ~12,5 MA). Moro nepesara vag MQTT
ta HTTP 3ymoBieHa BHKOpUCTaHHSM TpaHcmopTHOro mnporokoixy UDP, mo winiMizye
HaKJIaJHI BHUTPAaTH HA BCTAHOBJICHHS 3 €JIHAHHS Ta PYKOCTHUCKAHHS, CKOPOYYIOUM Yac
aKTHBHOCTI pagiomoyis go 1,4—4,5 c.
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2. Bukopucranus mnpotokoiay MQTT y pexxkumi XxMapHOI afanTailii BUSBHIOCS HEIOLIILHAM
JUTS 3a]1a9 eHepro30epekeHHs yepe3 3HauHi 3aTpuMKH (oHaxa 10 ¢) Ha o4iKyBaHHS KOMaH]
BiJl cepBepa, 10 HIBEIIIOE IOTEHIIHY EKOHOMIIO BiJl ONTHMI3aIlil CHY.

3. lns 3aBhaHs, SIKi BAMararoTh MAaKCHMaJIbHOI aBTOHOMHOCTI Ta TIOKPUTTS BETMKUX TEPUTOPIH
(arpOMOHITOPHHT, €KOIOTisI), Oe3abTePHATUBHUM JIIEPOM BH3HAYEHO AapXiTEKTypy
LoRaWAN y noeananHi 3 TOKaJbHUM aJalTHBHUM alropuTMoM. BoHa 3a0e3neuye BUCOKY
eneproeekTuBHICTh (~12,6 MA) Ipu PEeKOPAHO HU3BKOMY HYaci aKTHBHOCTI TpaHCHBEpa Ta
BiJICYTHOCTI HEOOXITHOCTI Y CKIIaTHINA TPOIIeTypl acoIliallii 3 MEpexero.

[lpakTiuHa 3HAYYHIICTh OTPUMAHHMX pE3yJbTATIB TOJSIrac y ¢oOpMyBaHHI OOIPYHTOBaHUX
IH)KEHEpHUX pEeKOMEHAAIil, SKi J03BOJSIOTH PO3POOHHMKAM OOMpATH ONTUMAIBHUNA KOMYHIKaiiHUHA
CTEK Ie Ha eTami MpPOeKTyBaHHS cuUcTeMH. Po3poOriene mporpamue 3a0e3redeHHs Ta apXiTeKTYpHI
pilIeHHsST XapaKTepU3yIOTHCS MOAYJNBHICTIO 1 TOTOBI 10 Oe3MocepeJHHOT0 BIPOBAKEHHS Y pealbHUX
MPOEKTAX, 110 JO3BOJIUTH CYTTEBO 3HU3UTH ekciutyaTaniliHi Butpatd (OPEX) 3a paxyHok 30iibIIeHHS
IHTEpBaJIiB 0OCITyTOBYBAHHS €JIEMEHTIB )KUBIICHHSI.

[lepcniekTHBY MOAANBIIOIO PO3BUTKY poOOTHM BOaudaroThCs y IBOX Hampsamkax. I[lo-mepe, e
inTerpanis metoniB TinyML (MammHHOrO HaBYaHHS Ha TepUQepiiHUX TPUCTPOX) Oe3nocepeHbO Ha
MIKpOKOHTpOJIepi. BUKopHuCcTaHHS JIETKOBaroBUX HEWPOHHUX MEpExi Ui MPOTHO3YBAHHS IWHAMIKA
3MiH KJIIMaTHYHUX TApaMeTpiB JAO3BOJHUTH IIe TOYHINIE KepyBaTH iHTepBajaMH CHY, BHIIEPEIKAIOUH
noJii, a He NuIle pearytoun Ha HuX. [lo-apyre, NepCeKTUBHUM € MOEAHAHHS 3alTPOIIOHOBAHOT'O METOLY
3 TeXHoJorisiMu 300py eHeprii 3 HaBkoauIIHbOro cepenosuia (Energy Harvesting), 30kpema coHsaHOT
€Heprii, 0 B KOMIUIEKCI 3 aJITOPUTMAMHU YJIbTPAHU3bKOI'O CIIOXKMBAHHS JTO3BOJHMTH CTBOPHUTH Kiac
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Method of power supply optimization for iot climate monitoring system
based on adaptive algorithms

Relevance. The rapid growth of the Internet of Things (10T) has led to the massive deployment of autonomous sensor nodes in
remote locations, such as precision agriculture and environmental monitoring. These devices rely heavily on battery power,
making energy efficiency a critical factor for system viability and maintenance costs. Traditional static data transmission
schedules are inefficient, wasting energy during stable conditions or missing critical data during rapid environmental changes.
Therefore, developing adaptive energy management strategies is highly relevant.

Goal. The study aims to develop a method for optimizing the power supply of an IoT climate monitoring system based on
adaptive algorithms and to conduct a comparative analysis of the energy efficiency of different communication architectures
(Wi-Fi, BLE, LoRaWAN) to identify optimal solutions for various operational scenarios.

Research methods. An experimental-analytical approach was used. The hardware platform was built on the ESP32
microcontroller and BMEG80 sensor. A finite state machine model was proposed to manage device states, implemented in two
paradigms: local adaptation (decision-making on the device) and cloud adaptation (control via AWS Lambda). A series of field
measurements were conducted for five communication protocols: HTTP, MQTT, CoAP (over Wi-Fi), BLE, and LoRaWAN,
testing four evolutionary software versions from basic to fully adaptive.

Results. The experiments confirmed the effectiveness of the proposed approach. For Wi-Fi networks, switching to the CoAP
protocol with an adaptive algorithm reduced the average current consumption from 60.46 mA (baseline) to 12.47 mA, achieving
savings of about 79%. For the LoRaWAN architecture, a reduction from 96.78 mA to 12.63 mA (87% savings) was achieved. It
was found that cloud-based adaptation is less effective for "heavy" protocols like MQTT due to latency.

Conclusions. The integration of adaptive algorithms that dynamically control the sleep interval allows for a reduction in energy
consumption by 70-87% compared to baseline modes. For systems with Wi-Fi infrastructure, the CoAP protocol is the most
energy-efficient. For tasks requiring maximum autonomy and range, LORaWAN with a local adaptive algorithm is the optimal
choice.

Keywords: Internet of Things, energy efficiency, adaptive algorithms, ESP32, Deep Sleep, MQTT, CoAP, LoRaWAN, BLE.
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Adaptive context management in RAG systems for personalized Al
assistants

Relevance. The development of artificial intelligence systems based on large language models (LLMs) highlights the problem
of effective dialogue context management, as conventional history storage mechanisms often lead to context overload and a
reduction in response generation quality. This problem is particularly acute in Retrieval-Augmented Generation (RAG) systems,
where dialogue memory is combined with dynamic retrieval of external knowledge, creating an additional burden on the model's
limited context window. Existing approaches to context management do not provide an adaptive mechanism for dialogue context
formation that accounts for individual user characteristics and domain specificity. Goal. Development and testing of an Adaptive
Context Management System (ACMS) for personalized RAG assistants, which combines a sliding window of recent messages,
compressed summaries of long-term history, and personalized knowledge retrieval from the database. Research methods. A
microservice architecture has been developed, including an Al Orchestrator for coordinating the RAG process, a vector search
service based on PostgreSQL with pgvector extension, and a central ACMS component for context management. The proposed
approach synthesizes three strategies: sliding window to preserve the last N messages, LLM-based compression of old history
fragments into thematic summaries, and a personalization layer for weighting relevance based on user vector profiles. Final
context formation is performed through adaptive mixing of dialogue history and relevant knowledge from the database, taking
into account individual user profiles. Results. The experimental evaluation demonstrated significant advantages of the adaptive
system compared to the baseline approach. In pairwise comparisons, the adaptive system proved superior in 62% of cases
(Answer Win-Rate = 0.62). The key factor for improvements was the personalization layer, which reduces repetitions and off-
topic content from dialogue history, provides targeted amplification of relevant documents, and enables flexible regulation of
the balance between history and knowledge. Conclusions. The developed adaptive context management system provides
effective dialogue context management in RAG systems for personalized Al assistants. The integration of compression strategies,
adaptive window, and user personalization enabled a 14% increase in response relevance and a 22% optimization of context
volume. Experimental validation confirmed the practical feasibility of the proposed approach across different subject domains,
as well as system scalability when working with large volumes of historical data.

Keywords: Retrieval-Augmented Generation, Large Language Models, adaptive context management, user personalization.
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Introduction

The proliferation of artificial intelligence systems based on large language models (LLMSs) has
intensified the need for effective dialogue context management. Conventional message history storage
mechanisms result in context overload, relevance degradation, and diminished response quality. This
challenge is particularly pronounced in Retrieval-Augmented Generation (RAG) systems, where dialogue
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memory must be reconciled with dynamic external knowledge retrieval, thereby imposing additional
constraints on the model's limited context window.

Current approaches to context management in dialogue systems can be broadly categorized into static
and dynamic paradigms. Static methods employ fixed-length context windows or simple history
truncation, inevitably resulting in the loss of critical information from earlier dialogue stages. Dynamic
approaches, conversely, endeavor to adapt context based on situational factors, yet typically fail to
accommodate individual user characteristics and domain-specific requirements. The fundamental
challenge lies in the absence of an adaptive mechanism capable of flexibly constructing dialogue context
while accounting for user profiles, interaction history, domain constraints, and task requirements. This
research presents an approach that synthesizes sliding window strategies, LLM-based context
compression, and personalization techniques into an integrated Adaptive Context Management System
(ACMS) for personalized Al assistants.

The objective of this research is to develop an adaptive context management system within the RAG
architecture that accounts for current dialogue state and message history, determines the relevance of
historical messages to current queries and integrates user domain preferences and behavioral
characteristics. Achieving this objective necessitates addressing several interrelated challenges:
developing a microservice architecture for context management, implementing an adaptive context
compression module leveraging LLM capabilities, integrating a personalization layer that accommodates
individual user profiles, and conducting rigorous experimental evaluation to assess the impact of
adaptivity on response quality.

1. Research Problem Statement

Adaptive context management in Retrieval-Augmented Generation (RAG) systems represents a
critical requirement for developing personalized Al assistants capable of delivering relevant, accurate,
and individualized responses. RAG has emerged as a promising paradigm for addressing the limitations
of standalone language models through the integration of external knowledge bases into the response
generation pipeline. This approach enables dynamic retrieval of relevant documents from organizational
repositories, thereby substantially enhancing factual accuracy without requiring fine-tuning of the
underlying model. Nevertheless, conventional RAG implementations encounter several significant
challenges: the accumulation of excessive or redundant context within dialogue history, inefficient
utilization of constrained token budgets, and the absence of personalization mechanisms that
accommodate user-specific or domain-specific requirements. As dialogue length increases in LLM-based
systems, the construction of compact yet comprehensive context becomes increasingly problematic. In
RAG architecture, the confluence of dialogue memory and dynamically retrieved knowledge precipitates
information redundancy and consequent degradation of response quality.

These challenges become particularly pronounced in extended dialogue sessions characteristic of
domains such as financial consulting and technical support. The naive inclusion of complete interaction
history results in context window saturation, computational latency, and diminished response relevance
attributable to information overload. Conversely, wholesale elimination of historical context
compromises dialogue coherence and results in the loss of critical information regarding prior interaction
steps.

Contemporary dialogue compression approaches have demonstrated that substantial reductions in
context volume can be achieved while preserving essential information with minimal quality degradation.
However, most of such methods employ uniform compression strategies that fail to consider individual
user characteristics, domain-specific nuances, or the inherently dynamic nature of conversational
interactions. This limitation underscores the imperative for adaptive context management mechanisms
capable of intelligently mediating between dialogue history preservation and external knowledge
integration, while simultaneously accounting for personalized user preferences and contextual
requirements.

2. Analysis of Recent Research and Publications

The Retrieval-Augmented Generation (RAG) paradigm was originally introduced in [1] as an
approach for enhancing the factual accuracy of language models through the integration of external
knowledge bases. The basic architecture combines the parametric memory inherent in neural networks
with non-parametric memory instantiated as document corpora, thereby facilitating dynamic retrieval of
contextually relevant information during response generation.
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The problem of context window limitation has been addressed in works showing that even models
with extended context (32k+ tokens) experience the "lost in the middle" effect, when important
information embedded within lengthy context is ignored [2, 3]. To overcome this complexity, Recomp
document compression method was proposed [4], which preserves essential information while achieving
40-60% volume reduction.

Personalization in dialogue systems has been explored as personalized search based on user history in
[5], and in [6] this approach was extended through support for long-term memory about the user across
multiple conversational sessions. For managing long dialogues, [7] proposed MemGPT — a system with
hierarchical memory that automatically moves information between working context and long-term
storage. Similar strategies are implemented in frameworks like LangChain Memory [8], which provide
tools for history storage and compression. Modern frameworks, particularly LangChain and Llamalndex,
provide modular architecture for building RAG systems [8, 9]. The RETRO system demonstrated that
combining parametric and non-parametric memory allows achieving the performance of large models
with lower computational costs [10].

The problem of hallucinations in RAG has been investigated with demonstration that adding externally
retrieved evidence reduces their level by approximately one-third [11]. For further improvement, Self-
RAG was proposed — a method for self-verification of generated responses [12].

Analysis of the presented works reveals several important trends and unresolved problems. First, most
existing RAG approaches focus on optimizing individual components without comprehensive
consideration of the interaction between dialogue history management and external knowledge. Second,
although personalization is actively researched, its integration into RAG systems remains fragmented.
Thus, there exists a demand for an integrated approach with dynamic balancing between dialogue history
and external knowledge depending on user profile.

3. Architecture and Methodology

The adaptive context management algorithm integrates three fundamental strategies. The Sliding
Window strategy maintains the most recent N user messages in their complete form, ensuring the
availability of current information. LLM-Based Compression consolidates historical messages into
concise thematic summaries, preserving semantic content while substantially reducing token
consumption. The Personalization Layer dynamically adjusts message relevance and weighting based on
user embedding profiles that capture individual interests and behavioral patterns.

The final context is constructed through the composition of heterogeneous components: a system
prompt that defines assistant behavior, a user profile summary, condensed dialogue history, the most
recent N messages in full, and relevant knowledge retrieved through the RAG mechanism. The system's
technological stack comprises PostgreSQL with the pgvector extension for persistent storage of dialogue
history and vector representations, Redis for caching active context to enhance performance, the OpenAl
GPT-4 API for LLM-based compression, and FastAPI as the primary framework for implementing
Python-based microservices.

The developed Adaptive Context Management System (ACMS) employs a microservice architecture
consisting of the following components (Fig. 1). The Al Orchestrator coordinates system operations by
analyzing queries, initiating parallel document retrieval, accessing the Context Manager for optimized
history, constructing the final context through the Personalization Layer, and submitting requests to the
generative model. The Vector Search Service, implemented on PostgreSQL with pgvector, enables
efficient vector search using the HNSW algorithm. Redis Cache maintains active context for current
sessions, including the most recent N messages and compressed summaries with a 24-hour TTL. The
Compression Engine utilizes GPT-40-mini for history compression, offering an optimal balance of
quality, speed, and cost-effectiveness.
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The Adaptive Context Management System (ACMS) serves as the central component responsible for
the formation, updating, and optimization of dialogue context. The Context Manager implements adaptive
management through three mechanisms:

1. Sliding Window maintains the most recent k messages, where k is dynamically determined by the
formula:

k = min(k_max, floor((token_budget - system_tokens - rag_tokens) / avg_msg_length)) (D)

2. History Compression operates on messages beyond the sliding window by segmenting the dialogue
into semantic blocks of 5-10 messages. For each block, importance is evaluated based on proximity to
the current query, alignment with the user profile, and the presence of key entities (e.g., names, numbers,
dates, decisions). High-scoring blocks are retained in greater detail, while less relevant segments undergo
aggressive compression via LLM-based methods.

The Personalization Layer (Fig. 2) constitutes a critical component of ACMS, ensuring system
adaptation to individual user characteristics throughout all stages of context formation. This layer
employs vector representations of user profiles to assess the relevance of both dialogue history fragments
and documents retrieved from the knowledge base. Consequently, the system makes informed decisions
regarding which contextual elements to preserve, compress, or discard, considering not only semantic
proximity to the current query but also alignment with user interests and domain-specific requirements.

The Personalization Layer operates at three levels.

Level 1 — History Personalization:

score_hist(fragment) = o sim(fragment, query) + g sim(fragment, user_profile) + y recency(fragment)

Fragments with score_hist < 0.4 are designated as candidates for compression
Level 2 — RAG Personalization:

score_rag(doc) = a' sim(doc, query) + ' sim(doc, user_profile) + y' domain_relevance(doc)
Level 3 — Dynamic Balancing:
final_context = system + profile + o_history - history + (1 - a_history) - rag_docs

where a_history is computed adaptively based on dialogue length, query type, and the quality of RAG
results.

The user profile is represented in both structured form (domain, expertise level, preferences) and
vector form (weighted average of all user messages and positively rated documents with exponential
smoothing, A = 0.9).

The evaluation protocol for assessing system quality and efficiency employed an LLM-as-a-Judge
framework with rubrics encompassing coherence, sufficiency, efficiency, personalization, and factual
accuracy. An integrated metric was calculated as a weighted sum, while judgment stability was enhanced
through three independent runs at zero temperature followed by averaging. The evaluation dataset
comprised 100 queries across two domains: finance and technical support. Additional metrics included
relevance@5, context coherence, token economy (defined as the ratio of tokens in the adaptive variant to
the baseline), and the win rate in pairwise response comparisons.
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4. Results
The evaluation protocol for assessing system quality and efficiency employed an LLM-as-a-Judge

framework with rubrics encompassing coherence, sufficiency, efficiency, personalization, and factual
accuracy. An integrated metric was calculated as a weighted sum, while judgment stability was enhanced
through three independent runs at zero temperature followed by averaging. The evaluation dataset
comprised 100 queries across two domains: finance and technical support. Additional metrics included
relevance@5, context coherence, token economy (defined as the ratio of tokens in the adaptive variant to
the baseline), and the win rate in pairwise response comparisons.
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Taba.1 Pesynomamu anpobayii
Table. 1 Testing results

Metric Baseline Model ACMS (Adaptive) ACMS (Adaptive)
relevance@5 0.74 0.84 +13.5%

context coherence 0.68 0.77 +13.2%

Token Economy 1.00 0.78 —-22%

Answer Win-Rate - 0.62 -

The Personalization Layer emerged as the critical factor driving performance improvements. Its
impact manifests through the reduction of repetitive and irrelevant content from dialogue history, as well
as through targeted amplification of knowledge base documents that better align with user profiles and
query characteristics. An additional effect is achieved through flexible adjustment of the mixing
coefficient between history and knowledge components. This enables the construction of context that
maintains coherence and sufficiency without excessive expansion of the language model prompt. In
practice, this translates into more stable responses in extended dialogues within finance and technical
support scenarios, where errors stemming from irrelevant fragments are particularly detrimental.

5. Discussion

The Personalization Layer emerged as the critical factor driving performance improvements. Its
impact manifests through the reduction of repetitive and irrelevant content from dialogue history, as well
as through targeted amplification of knowledge base documents that better align with user profiles and
query characteristics. An additional effect is achieved through flexible adjustment of the mixing
coefficient between history and knowledge components. This enables the construction of context that
maintains coherence and sufficiency without excessive expansion of the language model prompt. In
practice, this translates into more stable responses in extended dialogues within finance and technical
support scenarios, where errors stemming from irrelevant fragments are particularly detrimental.

6. Conclusions

The proposed ACMS framework delivers effective dialogue context management for RAG-based
personalized conversational Al systems. The synergistic integration of compression, adaptive windowing,
and personalization strategies resulted in a 14% gain in response relevance alongside a 22% reduction in
context volume. Experimental validation substantiated both the practical feasibility and scalability of the
approach.

Several directions warrant further investigation. First, developing automated mechanisms for
compression parameter tuning conditioned on dialogue characteristics and domain-specific requirements
would enhance system adaptability. Second, incorporating reinforcement learning algorithms for real-
time optimization based on implicit and explicit user feedback signals presents a promising research
avenue. Third, extending the framework to multimodal contexts — encompassing textual, visual, auditory,
and other data modalities — constitutes an important direction for broadening applicability to more
complex conversational scenarios.
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AJanTuBHE YNPAaBJiHHA KOHTEeKCTOM Y RAG-cucremax ais
nepcoHajizoBanux Al-acucreHrin

AKTyaJbHicTb. PO3BUTOK cHCTEM IMITY4HOTO iHTENEKTy Ha 0a3i Benmkux MoBHUX Mogenei (LLM) aktyamizye mpoOremy
e(eKTHBHOTO YIPaBIiHHSA KOHTEKCTOM [ialloTy, OCKUIBKH TPaAWLiiiHI MeXaHi3Mu 30epekeHHs icTOpil 4acTo MPHU3BOAATEH IO
MepeBaHTaAKEHHS] KOHTEKCTY Ta 3HIKEHHS SIKOCTI reHepaunii Binxnosinedd. L{s nmpobnema ocobiaMBO rocTpo CTOITh y CHCTEMax
Retrieval-Augmented Generation (RAG), me mam'sth Iiajgory HOEIHYETHCS 3 JHHAMIYHUM IMOIIYKOM 3OBHIIIHIX 3HAHb,
CTBOPIOIOYH J0/IaTKOBE HABAaHTAXKEHHs Ha 0OME)XeHE KOHTEKCTHE BIKHO Mojieli. [CHyIoUi MiJIX0AN 10 yIpaBIIiHHSI KOHTEKCTOM
He 3a0e3MeuyloTh aJanTHBHOTO MeXaHi3My (OpMyBaHHS KOHTEKCTY JiajIoTy, SIKUi BpaxoBYe IHIVBIIyalbHI XapaKTEePHUCTHKU
KOpHUCTyBaya Ta JoMeHHY crenndiky. Mera. Po3poOka Ta anmpoOamis Adaptive Context Management System (ACMS) mns
nepcoHanizoBanux RAG-acucTeHTiB, sSika MOeAHY€e KOB3HE BIKHO OCTaHHIX MOBIIOMIICHb, CTHCII PE3FOME TOBIOTPUBAIIOT icTOpii
Ta TIEPCOHATI30BAaHHUH TOIIYK 3HAHb i3 0a3n maHWX. MeToau aociaimkeHHsi. Po3poOieHO MIKpOCEpBICHY apXiTEeKTypy, L0
Bkirouae Al Orchestrator ans koopauHanii RAG-mpornecy, cepBic BeKTOpHOTo MOMIyKy Ha 6a3i PostgreSQL 3 posmmpeHHAM
pgvector Ta HeHTpanbHUi KoMrnoHeHT ACMS Ju1s ynpaBiiiHHS KOHTEKCTOM. 3alpOIIOHOBAHHUH MiJXil CHHTE3y€E TP CTpaTerii:
KOB3HE BiKHO Ju1s1 30epexeHHs ocTanHiX N noigomiens, LLM-kommpeciro ctapux ¢pparMeHTiB icTopii B TeMaTH4HI pe3loMe Ta
NepCoHAN3aUiHHNI map A 3BaXKyBaHHS PEJICBAHTHOCTI Ha OCHOBI BEKTOPHHX NpodimiB kopuctyBadiB. dopmyBaHHS
(iHANBEHOTO KOHTEKCTY 3/IHCHIOETHCS Yepe3 aJanTHBHE 3MIIIyBaHHS iCTOPIT Jianory Ta peleBaHTHHX 3HaHb i3 0a3M NaHUX 3
ypaxyBaHHSIM IHAWBiAyalsHHX Mpo¢iniB kopucTyBadiB. Pe3yjabTaTn. ExciepuMeHTanbHe OIIHIOBAaHHA MPOJEMOHCTPYBAJIO
CYTT€BI IlepeBary aIalTHBHOI CHCTEMH ITOPIBHAHO 3 0a30BUM IiIX0I0M. Y MapHUX MOPIBHIHHAX aaNTHBHA CHCTEMa BUSBHIIACS
Kpamomo y 62% sumazkis (Answer Win-Rate = 0,62). KirtouoBum akTopoM mokpamieHs cTaB HepcoHai3aliiamil map, SKuif
3MEHIIIy€e TIOBTOPH Ta HELIIBOBHI BMICT 3 iCTOpii mianory, 3a0e3redye TapreToBaHe MiJICHICHHS PEIEeBAaHTHUX JOKYMEHTIB i
JI03BOJISIE THYYKO PEryJIOBaTH OalaHC MK iCTOpi€lo Ta 3HaHHAMH. BucHOBKH. Po3pobieHa aganTuBHa cucTeMa yIpaBiliHHS
KOHTEKCTOM 3abe3neuye eeKTHBHE yIpaBIiHHI KOHTeKCTOM Aianory B RAG-cucremax [uist epcoHanizoBaHux Al-acHCTEHTIB.
[nTerpauis cTpareriit komnpecii, aqanTHBHOTO BiKHa Ta MepCOHaNi3allii KOpUCTyBaya 3a0e3neyrIia MiBUIICHHS PEIeBaHTHOCTI
Binnosineit Ha 14% Ta onTuMmizauito obOcsary koHTekcTy Ha 22%. ExcnepuMeHTanbHa ampoOariis MmiATBEpIHIa MPaKTUUHY
peanizoBHICTh 3alPONOHOBAHOIO MiIXOAY B Pi3HHMX NMPEAMETHHUX JAOMEHAaX, a TAKOXK MaclITabOBaHICTh CHCTEMH MPHU PoOOTI 3
BEJIMKUMH 00CATaMH iCTOPHYIHUX JaHUX.

Knouosi cnosa: Retrieval-Augmented Generation, éeauxi MogHi modeni, adanmughe ynpasninHs KOHMEKCMOM, NepCoHanizayis
Kopucmysaua.
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AHaJi3 edpekTuBHOCTI 6i0TioTeKkn Resemblyzer niist kopoTkokoMaHIHOT
roJIocoBOI aBTeHTUdIKaLil

AKTtyanbHicTb. T'010cOBa B3a€MOJIs IIMPOKO BUKOPHCTOBYETHCS B CUCTEMaX IHTEpHETY pedeil Ta aBTOHOMHHX BOYIOBaHHX
MPUCTPOSX, OIHAK II 3aCTOCYBaHHS OOMEXYEThCS BHMOTaMH OO0 OC3MEeKH, 3aXUCTy NPUBATHOCTI Ta OOMEKCHUMH
00YHCITIOBATEHIMH pecypcamu nepudepiiaux miatgopm. Lle 3ymMoBttoe moTpedy y MOBHICTIO JIOKAJIBHUX PILICHHSIX TOJI0COBOT
aBTeHTH(]IKALi, 31aTHAX MpaIfoBaTh 03 3aTydeHHS] XMAPHUX CEPBICiB.

MeTor poOOTH € OliHKa MOXJIUBOCTEH BimkpuToi Python-6ibmioTekn Resemblyzer ans pearizanii aBTOHOMHOT TOJIOCOBOL
aBTEHTHU(]IKaI] KOPHCTYBaYiB 32 KOPOTKMMH T'OJIOCOBHMH KOMaHJaMH B YMOBaX BiJICYyTHOCTI JIOCTYILY JJO XMapHHUX O00YNCIICHb
Ta 00MeXeHOT arapaTHOl HOTY>KHOCTI.

MeTtonu pocaizxennsi. JlociiPKeHHs] BAKOHAHO HA OCHOBI JIEKIJIbKOX HAaOOPiB ayiofgaHMX i3 Bapialli€lo TPUBAJIOCTI, IKOCTI Ta
po3mipy daiimiB. {11 GopMyBaHHA 03HAK BUKOPHCTOBYBAJIICS TOJIOCOBI eMOSIIMHTH, 3TeHepoBaHi 0i0mioTexoro Resemblyzer.
KinpkicHa ormiHka momiOHOCTI MK 3amucaMu 3iHCHIOBAIACS 3a JOTIOMOTOI0 METPHKH KOCHHYCHOI MOAIOHOCTI y CIeHapisx
MOPIBHSHHS TOJIOCY OJHOTO MOBIII Ta PI3HUX MOBIIIB.

PesyabTaTn. [lokasaHo, mo HafgiiiHa ToN0COBa aBTEHTU(IKAIIsS JOCATAETHCS A ayNi03aliCiB TPUBATICTIO HE MeHIe 2.63
cekyHau Ta po3mipoM ¢airy Bim 495 Kb. Kopotki ¢parmentn TtpuBamicTio 1-1.5 cekyHAM BUSBHIHMCS HEZOCTATHBHO
iHpOPMAaTHBHUMH ISl CTabiIBHOTO PO3PI3HEHHS! MOBIIB, OCOOJIMBO NPH 3iCTaBJICHHI 3 BUCOKOSKICHUM €TaJOHHHM 3aIliCOM.
BusiBneHO 4iTKy 3a1€XHICTh SKOCTI aBTeHTU(IKaIIT BiZ 00cATY aKyCTHYHOI iH(pOpMarlii, 10 MICTUTBCS y TOJIOCOBOMY CHTHATI.
BucnoBkn. OtTpumaHi pe3ynbTaTH MHiITBEP/DKYIOTh JOLUIBHICTH BHKOpHCTaHHS Resemblyzer mis moOymoBH MOBHICTIO
ABTOHOMHHX CHCTEM royiocoBoi GiomerpuyHoi aBTeHTH(iKauii B peansHoMy 4aci. CHopMynbOBaHO NMPAaKTHYHI BUMOTH IO
MiHIMaJBbHOI TPHUBANOCTI Ta iHPOPMAIiifHOT HACHYCHOCTI TOJIOCOBUX KOMAaH/, SIKi MOXYTb OYTH iHTEPIPETOBaHI SK TEXHIUHI
0OMEeKeHHS Ha SHTPOTIII0 TOJIOCOBHX MApoIIiB y 3axumeHnx loT-3acTocyBaHHAX.

Knrowuosi cnosa: conocose xepysanus, agmenmuikayis kopucmyesaua, Resemblyzer, kopomki 2onocosi komanou, lnmepnem
peueti (IoT), npucmpoi 3 obmedicenumu pecypcamu, 2010¢08a 8epughikayis, 2010c08utl Gi0OUMOK, KOCUHYCHA NOOIOHICMb.

Ax wuryBatu: TpycoB M. A., Typyra O. II., VY3nos . 0. Ananiz edexrtuBHoCTi 0i0Ii0TEKH
Resemblyzer nist kopoTkokomMaHaHOT ToocoBoi aBTeHTH]iKaMii. Bicnux Xapxiecbko2o HayioHATbHO2O
yrigepcumemy imeni B. H. Kapaszina, cepis Mamemamuune mooeniosanns. Inpopmayitini mexnonoeii.
Aemomamuszoeani cucmemu ynpaeninus. 2025. sun. 68. C.84-97. https://doi.org/10.26565/2304-6201-
2025-68-09

How to quote: M. Trusov, O. Turuta, D. Uzlov “Analysis of the effectiveness of the Resemblyzer
library for short-command voice authentication”, Bulletin of V. N. Karazin Kharkiv National University,
series Mathematical modelling. Information technology. Automated control systems, vol. 68, pp. 84-97,
2025. https://doi.org/10.26565/2304-6201-2025-68-09 [in Ukrainian]

1. Beryn
CrpiMke mnomupeHHs npuctpoiB IatepHery pedeit (IoT) cyrreBo TpaHchopMyBasio Xapakrep
B3a€MOJIIl MIDK JIFOJJMHOIO Ta TEXHOJIOITYHUMH CHCTeMaMH. Y I[bOMY KOHTEKCTI rojIoCOBI iHTepdeiicu
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(Voice User Interfaces, VUI) nexaii gacrimie po3risagaloThCs SK MPUPOTHUHN Ta eDEKTUBHAN MEXaHi3M
KepyBaHHS HiAKIoueHuMH npuctposivu [1-3]. Ha BigMiHy BiJ TpagMLIHHIX PYYHUX METO/IB BBEACHHS,
TaKuX SIK KJIaBiaTypHl Y¥ CEHCOPHi MaHeNi, TOJI0COBI KOMaHIH 3a0e3MeuyloTh Oe3KOHTAaKTHY, iHTYITUBHY
KOMYHIKAIlifo, M0 € OCOOJIMBO BAXKIWBAM Yy MOOITPHUX Ta PO3MOAUIEHNX OOYUCITIOBAIEHUX
cepenoBumax [4]. OmHak, TONMPHW OYEBHIHI IIEPEBarw, CHCTEMH aBTOMATHYHOTO PO3Mi3HABAHHS
MmoBneHHss (Automatic Speaker Verification, ASV) 3anumaroTbcsi Bpa3nMBUMH [0 aKyCTHYHOI
BapiaberpHOCTI, (POHOBOTO MIyMy, aKIEHTIB, TEMITy Ta CTHIIIO MOBJICHHS — YHHHHUKIB, IO CYTTEBO
3HIDKYIOTh TOYHICTh y peabHuUX yMoBax [5]. Ilopsn i3 TeXHIYHUMH OOMEXEHHAMH BAKIUBUMHU € i
pu3uku Oe3neku. 30KpeMa, rojIocoBi iHTepdericu JIerko MifalThes aTakaMm Tumy spoofing, replay ta
CHHTETHYHOTO TOJIOCOBOTO KJIOHYBaHHs [6-8]. OcTaHHI AOCHiIKEHHs MOKa3ajH, IO HAaBiTh CydacHi
OioMeTpHYHI CHCTEMH MOXYTh OYTH CKOMITPOMETOBaHI 3a JOMOMOTOI0 CHHTETHYHOI MOBH, 3T€HEPOBAHOI
HEHPOHHUMH MOJECISIMU, IO MiAKPECIIOE HaraibHy MOTpedy y HamilHMX Meroaax aBTeHTH]ikamii
KopucTyBaua [9]. Onucani HeJOTIKH POOIATH po3poOKy CTIHKUX MeXaHi3MiB BepuQikalii mpiopuTeTHUM
3aBmaHHAM s iHmycTpii [oT.

Kputnanoro mpoOnemoro 3anmuImaeThCs HajiiiHa BepHUdikalis KOpHUCTyBada 32 KOPOTKHMH

MOBJICHHEBUMH (parMeHTaMu. Y pealbHUX yMoBax ekciuryaramii IoT romocoBi KomMaHAu dYacTo
TPUBAIOTh MEHIIIE IBOX CEKYH], III0 CYTTEBO 00OMexye oOcsar ¢hoHeTnyHoi iHpopmarii, HeoOXiaHOT mIs
BIJTy4EHHs CTIHKMX O3HaK MoOBI. HemocTaTHS TpHBAJiCTh CHTHANY TPAaIUMiHHO HPU3BOIAMTH O
3HW)KEHHS TOYHOCTI cucTeM ASV uepes BUCOKY BHYTPIIIHBOKJIACOBY BapiaTHBHICTh KOPOTKUX CETMEHTIB
[10]. EBosrorrisi METOIB pO3Mi3HABAHHS MOBIIS BKJIHOYA€E IUIAX BiJl IMOBIpHICHMX MOJIENEH HA OCHOBI
cymimi raycoBux posmoainiB (GMM-UBM) ta i-sextopiB [11] mo0 MeTomiB riamOOKOro HaBYaHHS.
CyuacHu# piBE€Hb TEXHOJIOTiH BHU3HAYAIOTHh ApXITEKTYpH, IO TCHEPYIOTh AMCKPUMIHATHBHI BEKTOPHI
MPEJICTABJICHHsT — eMOeIMHTH, Taki K X-vectors [12] Ta mopmeni Ha 0a3i TpaHchopMepiB, 30KpeMa
wav2vec 2.0 [13]. Ilompu BUCOKY TOUHICTh Ha €TAIOHHUX HA0OpaX AaHUX, I MiIXOAN YaCTO BUMArarmTh
3HAYHUX OOYHCIIOBAILHUX PECYPCIB, IO YCKIAIHIOE 1X IMIDIEMEHTAIlif0 Ha repudepiitHiuX MPUCTPOSX.
Lle oOMeXeHHs CTHUMYJIOBAIO PO3BUTOK JIETKMX (JIETKOBAaroBMX) apXiTEKTyp, ONTHUMI30BaHUX IS
poboTtu B peanbHOMy 4Yaci. OZHHMM 13 TEPCNEKTHBHUX iHCTpYMeHTIB € Resemblyzer — mporpamua
peaiizamisi HEMpPOMEPEKEBOTO €HKO/Aepa, Mo 0a3yeThcsi Ha peKypeHTHiH apxitektypi LSTM Ta
HaBUA€TbCSA 3 BHKOpUcTaHHsSM ¢yHKuii BTpaT Generalized End-to-End (GE2E) [14]. Leit meron,
PO3po0IIeHMI TSI MaKCHMIi3allii KOCHHYCHOI CX0KOCTI MK BeKTOopaMu (d-vectors) 0JHOro KOpucTyBaua,
3a0e3neuye e)eKTHBHY KIIACTEPH3AIIIFO HABITh 32 yMOB 0OMEKEHO1 TIOBKUHH BX1THUX HaHuX. Ha BinMiHy
BiJl KOMIUIEKCHUX AOCIIAHULBKUX (PpeiiMBOpKiB, Takux sik SpeechBrain [15] abo pyannote.audio [16],
sKi OpiEHTOBaHI Ha MOOYIOBY CKJIaJHUX KOHBEEpPIB 00poOku, Resemblyzer mpomoHye morepenHbo
HaBYEHY MOJENb JUIsl IIBUAKOTO BUITyYCHHSI BUCOKOPIBHEBUX O3HAK, IO POOUTH 11 MPUBAOIMBOIO IS
interpanii B loT-cucremu. Ilompu Teopermuny oOrpyHroBanicte Metopmy GE2E, cucremarnusni
JnociipkeHHs eekTuBHOCTI OibmioTekn Resemblyzer came amst 3amau Bepudikaiii Ha HaJIKOPOTKHX
aygioparMeHTax B3alHIIAlOTHCS (QparMEeHTapHUMHU. bBibIIiCTh ICHYIOUMX Mpalb 30Cepe/pkeHi Ha
JIOBIIMX 3amucax abo 3aBmaHHsX miapwm3arii (posmineHHs kopuctyBadiB) [17,18]. IluranHs momo
BU3HAYEHHsI IOPOTOBOTO 3HAYEHHS TPUBAJIOCTI CHUTHANY, 3a SIKOTO 30epiracThcsi MPUUHATHUN PiBEHb
MIOMUJIOK, TTOTPEOY€E JIETaTbHOTO BUBYCHHSI.
Meroro 1i€i poboTH € eKcIiepiMeHTalbHa OIiHKa CTiiikocTi MeTony Resemblyzer npu aBTenTndikamii
KOPHCTYBaUiB 32 KOPOTKMMH T'OJIOCOBUMH KOMaHIaMu. JlOCTi/DKEHHS CIIPSIMOBaHE Ha BCTaHOBJICHHS
3aJIeKHOCT1 TOYHOCTI BepuQiKalii BiJi TPUBAIOCTI ayAl0CUTHAY Ta BU3HAYEHHS MiHIMAITbHUX TEXHIYHUX
BHMOT JJIs1 BITPOBAKEHHS IIHOTO MiIXO/Ty B 3aXHUIIIEHI TOJIOCOBI iHTEpdeiicy.

2. MeToaoJioris

2.1. ApxiTekTypa cucTeMH Ta BUOip Mo/ei KoTyBaHHSI

JJ1s BUTy4eHHsI TOJIOCOBHX O3HAK 3aCTOCOBAHO HEHpoMepeKeBUI EHKOEp, 1110 O0a3yeThcs Ha PyHKIIT
Brpat Generalized End-to-End (GE2E). Mogens peanizoBana y 6i6miorerii Resemblyzer, sixa renepye
256-pumipni  d-vectors — KOMITakTHI BEKTOpPHI TPEACTaBICHHS MOBIlI, afalToBaHi IS 3a1ad
Bepudikamii. Bubip Resemblyzer 3ymomneHuif BHMOror 3a0e3MEUUTH ONTUMAIBLHHIA OamaHc Mik
TOYHICTIO Ta OOYHCIIOBAJIBHOIO €(QEKTHBHICTIO B yMOBaxXx OOMEXKEHHMX pecypciB nepudepiinux
npuctpoiB (Edge-Al). GE2E-enkonep mae HeBenmukuii oocsr (~15 MB), mo icTOTHO MeHIle, HiX y
cy4yacHUX TpaHcQopMmepHUX Mmojeneil o0pooku moBneHHs (Tabm. 1), i Moxke BUKOHYBaTd iH(epeHc
JIOKaJIbHO Ha MPHUCTPOi 0€3 BUKOPUCTaHHS 00YUCIIIOBATBHUX MPUCKOPIOBAYiB.
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Tabauys 1. Iopisnsanvha xapakmepucmura pizHux mooenet 00pooKu MOGIeHH S
Table 1. Comparative characteristics of different speech processing models

Hazpa Pozmip OcHoBHa cdepa .
. . . IIpumitku
Mmojeni/apxitektypa | moxeni, Mb 3aCTOCYBaHHS
Bepudirartis Omnrumizosana ayst Edge Al,
Resemblyzer (GE2E) ~15 P H MiATPUMYE TIOBHICTIO JIOKAJTbHUN
KOPHCTyBaya )
iH(pepeHc
SpeakerNet ~30-70 PosmiznaBanus Cepenﬂi 00YHCIIIOBAJILHI BUMOTH,
KOPHCTyBaya miATpUMY€e BUKopucTants 6e3 GPU
PosmisHABAHHS VHiBepcansna ASR-monens, ska
Whisper (base) ~74 3abe3reyuye BUCOKY TOUHICTB 3a
MoBJeHHs (ASR) . .
PaxyHOK OLTBIIHX pPecypciB
ECAPA-TDNN Bepudixaris CTanzapt y Cysiackiix cueremax
. ~50-120 Bepu(diKaIlii KoprcTyBaya, sIKUi
(SpeechBrain) KOPHCTyBaya 2.
nmorpebye cepBepHOi iH(epeHIii
VYHiBepcanbHi
N —— Moens MUPOKOro 3aCTOCYBaHHS, KA
Wav2Vec 2.0 ~95-320 CTBOpEHA JUI 3a/1a4 BEJIMKOTO
00poOKH
MacITady
MOBJICHHS

Takuit miaxig migBuIIye piBeHb KOHQIACHIIHHOCTI Ta 3a0e3nedye aBTOHOMHICTh POOOTH CHUCTEMH,
110 OCOOJMBO BaXKJIMBO ISl 3aCTOCYBaHb, J€ TIepelaBaHHs TOJIOCOBHX JIaHUX Y MEPexXy € HeOakaHUM
abo pusukoBanuM. KpiM TOro, mana OOYHMCIIOBAIbHA CKIQJHICTH MOJECTI JIO3BOJISIE PO3rOPTATH
mifcucTeMy aBTeHTHdiKkalii Ha pecypcHo-oOMexxeHnx loT-mardopmax, moO 3HAYHO PO3MIUPIOE
MOJKJIMBOCTI 11 IPaKTHYHOTO BUKOPUCTAHHS B aBTOHOMHUX 1 MOOITBHUX CEepeIOBHUIIAX.

2.2. @opMyBaHHS eKCIIEPUMEHTAILHOIO MACUBY JAHHUX

st oniHroBaHHS TOYHOCTI Bepuikamii copMoBaHo HaOip ayaio3amuciB, MO0 MOCIIOE peajbHi
YMOBH TOJIOCOBOTO KEpPyBaHHS aBTOHOMHHMH poOortu3oBanmmu abo loT-cuctemamu. 3ammc
3MIACHIOBAaBCS 3a JIOTIOMOrOK0 craHmapTHoro mikpodona OC Windows 6e3 crymiiiHOT 00poOKH, 110
JIO3BOJISIE BiITBOPUTH HU3BKOSKICHI YMOBH, XapaKTepHi IS IOJIbOBOI'0 BUKOPHCTAHHSI.

Jlo MacuBY eKCIIEpUMEHTAIBHHUX JAaHHUX OYJIO BKJIIOYEHO 3aIHMCH JBOX TUKTOPIB, YOJIOBIYOTO Ta
JKIHOYOTO TOJIOCIB, IO JO3BOJHIIO OXOMUTH OCHOBHI BiJIMIHHOCTI CHEKTPaJbHUX XapaKTEPUCTUK
MoeneHHs. CTpykTypa Habopy JaHUX OXOILTIOE TpU (PYHKIIIOHATBHO pi3Hi TUIH ayaioMaTepiaiis (Tabm.
2). lloBuuit ommc ycix manux mnomano y [omatky A. Ilepmmii Tun mpencraBieHWH KOPOTKHMU
KOMaH/IHIMH CJIOBAMH TPUBAIICTIO OJM3bKO 1-2 CeKyHI, SKi BiANOBIJalOTh THUIIOBHM OJHOCIOBHUM
IHCTPYKIIisSIM, III0 BUKOPUCTOBYIOTHCSI Y TOJIOCOBHX iHTEpdeiicax pealbHOro Yacy (Hanmpukial, «Attacky,
«Destroy», «Autopiloty). JIpyruii THIT cTaHOBISTE Ppa3zoBi KOMaHAN TPUBATICTIO MPUOIM3HO 3 CEKyHIH,
K1 MOEAHYIOTh 3B€PTaHHs Ta OCHOBHY KoMaHAy (Hampukiaz, «Ginger, listen to me, analyze»).

Tabauys 2. Cmpykmypa ma Xapaxmepucmuxu eKCnepumMeHmaibHo20 Habopy 0anux
Table 2. Structure and characteristics of the experimental datasets

. Hiana3zon
Kinpkictp .
ID Tun ronocy | Tum KOHTEHTY . TPUBAIOCTI Onuc
3aInciB
(cex)
Koportki OnHoCITBHI KOMaHIA

17 1.02-1.59

Dataset #1 | Honoidmit KOMAaHINA («Attack», «Stop» Too)

Dataset #2 | Uonosiunii 3830 1 1578 |  MTaHH: yDUBKY 1PO3H
MOBJICHHSI JUISL CTBOPEHHS IIPO(IITIO
Dataset #3 | Kiownit Kopori 17 | 055-1.84 |  Qaocmisil kovanu
KOMaH]I1 («Attack», «Stop» To1110)
Dataset #4 |  HKinounii 3p’s3me 1 12.88 |  MTaHHs YDUBKY 1PO3H
MOBJICHHSI JUISL CTBOPEHHS IIPO(IITIO
Dataset #5 | Uonosiunii Ppazosi 17 263-389 | NOMAHH 31 3BEPTAHHAM

KOMaH]I1 («Ginger, listen to me...»)
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TpeTiii THN MICTHTH AOBIII €TAJOHHI 3alMCH TpHWBANicTIO 12-16 CexyHHm, MO CKIATaloThes 31
3B’S3HOTO YMTAaHHA W CIYTYIOTh Ui NOOYAOBH CTaOITBHOTO pedepeHCHOro MpEeACTaBICHHS Tojocy,
HEOoOXiAHOTO AJIs MOoAaNbIIOl Bepudikaii (Hanpuknaa, unTanHs ypuka 3 «The Adventures of Sherlock
Holmesy).

2.3. BuayyeHHs1 03HAaK Ta (JOPMYBaHHSI BEKTOPHHUX MpeICTABJIEHb

[lepeTBOpeHHs1 ayaiocMTHAIy Y BEKTOpHE TNpEACTaBIeHHS 3AilicHIOBasocs 3acobamu Python i3
BUKOpucTaHHsAM 0Oibmiorek NumPy Ta Pandas, mo 3a0e3meuyiors edeKTHBHY poOOTYy 3 YHCIOBHMHU
nanuMu. KokeH aymiosanuc Crovarky MpOXOJWB CTaHIAPTHY MPOUEIypy HONepeHboi 0OpoOKH 3a
JoroMoror (QyHKIII preprocess wav, sKa BUKOHYE HOpPMali3alil0 CHTHay Ta MiArOTOBKY ayZdio 10
MOIAJIBIIIOTO KOMXYBaHHsI BiAOBIIHO 10 BuMor Mojeni Resemblyzer. [Ticns poro o0pobieHmii curHa
monmaBaBca 10 HeiipoHHOTo enkonepa VoiceEncoder, mo peamizye apxitektypy GE2E. Enxonep
tdhopmyBaB 256-BumMipHuii d-vector, sIKMi € KOMIIAKTHAM YWCIIOBHM MPEACTaBICHHSIM 1HAMBITyalbHUX
TOJIOCOBUX XapaKTePHCTHK KOPHUCTyBaua. Take MPENCTaBICHHS € CTIMKUM 10 JIOKANbHUX Bapiallii
cuTHay Ta 30epirae KIOYOBI O3HAKW, HEOOXiMHI JUTS MOAANbIIOi Bepudikallii. 3reHepoBaHi BEKTOpH
30epiramucs y hopMaTi .csv, o 3abe3nedye MiHiManbHIN po3mip ¢aitmy (6au3sko 1 Kb Ha oqun 3ammc)
1 I03BOJISIE MTPOBOIUTH TOJAIIBIIHIA aHAITI3 0€3 TOBTOPHOT 00pOOKH ay1ioJaHuX.

2.4. MeTpHKa CX0KO0CTi Ta KpUTEpPii NPUAHATTH pillieHb

Jlyis MOpIBHSAHHS BEKTOPHUX MPEJICTABICHDh MOBIIS y JAHOMY JOCIHIPKEHHI 3aCTOCOBAHO KOCHHYCHY
noioHicTh. DopMaTbHO KOCHHYCHY TOAIOHICT Mi>K BeKTopamu A (eTalloHHUi 3anuc) Ta B (TecToBuii
3aIic) BU3HAYAIOTH SIK HOPMaJli30BaHUH CKaNApHHUNA T0OYTOK:

Sc(A,B) = cos(8) = ﬁ (2.1)

OTtpumaHe 3HaYCHHS HaJNEKUTH iHTepBany [—1,1], ne 3HadeHHs, OMu3bKi A0 +1, BKa3ylOTh Ha BHCOKY
MOIOHICTH Mi’K BEKTOPHUMH MPEJICTABIICHHSIMH JBOX MOBHUX 3pa3KiB, a 3HAUCHHS, OJIM3bKi 10 HyIS a00
BiJl’€MHI, CBIYaTh MPO BiACYTHICTH BIAMOBIAHOCTI. Y MPaKTHYHUX CHUCTeMax Bepuikarii MOBLS IS
CIIpaBKHIiX Map (Kom 00uIBa 3pa3Ku HAIEXKATh OJJHOMY KOPHCTYBady) XapakTepHi 3HAYSHHSI TTOJIOHOCTI
y Mexax npubiamuszao 0.80-0.95. V Hamomy nociikeHHI BCTAaHOBIIEHO Moporose 3HadenHs T = 0.75, mo
3a0e3mneuye 30aJaHCOBaHU KOMITPOMIC MK ITPOITYCKHOIO 3/ITATHICTIO Ta 3aXMIICHICTIO CUCTEMH.

3. Pe3yabTaTu T2 00rOBOpPEHHS

3.1. Anaji3 BHyTPilIHLOKJIACOBOI BapiaTHBHOCTI

Ilepmmii eTam mocimimkeHHS OyJIO CHPSIMOBAHO Ha KIIBKICHY OIIIHKY TOTO, HACKUTBKHA CTaOiTbHO
Mozenh Resemblyzer BinTBOpro€ rotocoBi eMOEAMHTH Il KOPOTKAX KOMaH]I, 3alTMCaHUX OJHHUM 1 THM
camMuM KopuctyBaueM. J[ns 1poro BukopucTaHo HaOip Dataset #1, sxuit mictuth 17 OZHOCIOBHUX
aHTJIOMOBHUX KoMaH/ (Hampukian, analyze, attack, authentication, autopilot, check, defence, ..., watch,
muB. JlonaTok A) TpuBanicTio 61u3bKo 1-1.5 ¢, IpOMOBIEHUX OJHUM JUKTOPOM Y TIOIIOHIX aKyCTHIHUX
YMOBax.

TloxiOHicTh TloxiOHicTh

1,000 18

1,000
0,9136 15 0,9340

0,8272 11 0,8680

0,7408 0,8020

0,6544 0,7360

=N WA WL 00

0,6700

0,5680

AN TN OS0NO =A<t N O~ 00

Puc. 3.1. Mampuys xocunycnoi nodiénocmi ons kopomxux komano. Tun 2010cy: 4on06IULL — Ni6a naHeny,
arciHouull — npaga nauens. Homepamu nosnaueni komanou, nosna poswugposka skux npeocmasiena y looamxy
b
Fig. 3.1. Cosine similarity matrix for short commands. Voice type: male — left panel, female — right panel.
Command indices correspond to the full list provided in Appendix B.
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Jns koxxHoro aymiodaiiia Oyiro 3reHepoBaHo 256-BUMIpHUH TOJIOCOBHI eMOEIIUHT 32 JOTIOMOTOIO
mopeni Resemblyzer, micis 4oro BUKOHAaHO TOMAapHE MOPIBHSAHHS BCiX eMOENAMHTIB MiX co0or. Y
pe3yibTaTi OTpPUMaHO OBHY MaTPHUIIO KOCHHYCHOI oAiOHOCTI po3mipom 17x17, ne koxkeH enement S_C
(i,j) BimoOpaxkae CX0XKICTh MiXk IBOMa KOMaHAaMH TOro camoro MoBIs. ChopMoBaHa MaTpPHIIS TTOJaHA B
tekctoBoMy BUrisiai B Jomatky b (Tabxa. b1). Ha ocHoBI miei MaTpuiii moOy/10BaHO TETIOBY KapTy, SIKY
HaBesleHO Ha Puc. 3.1, JiBa maHenp, 1€ MO OCAX BiOKJIAACHO HOMEPHU KOMaHJ, Ha3BU SKHX HABEACHO Y
Tabn. b1, a koxipHa mkana Bimobpakae 3Ha4eHHSI KOCHHYCHOT TIOJIOHOCTI.

BizyansHuil aHai3 TETIOBOI KapTH IEMOHCTPYE OYiKyBaHO BHCOKI 3HAUEHHS Ha TOJIOBHIH JliaroHai
(camomopiBHsHHS, S C=1.0) Ta mOMITHY BapiaOeJIbHICTh M03aliaTOHANBHUX €JIEMEHTIB. J[s yacTuHH
nap KOPOTKUX KOMaH]l 3HaYeHHs nmoaioHocTi gocararots 0.80-0.89, Toni sk ans iHmux nagarots 10 0.58-
0.65. Lle o3Hauae, 0 HABITh y MEXaxX OJHOTO KOPUCTYBada KOPOTKI BHUCIIOBIIOBAHHA MOXYTb JaBaTH
JIOBOJII Ppi3HI TOJOCOBI BIIOWUTKH, IO OCOOJMBO KPHUTUYHO JJIS CHCTEM aBTeHTUQIKaIii, sKi
MOKJIAIAI0THCSI HA OAMHUYHI KOPOTKI KOMaH/IH.

Hns ¢dbopmanizoBaHol OIHKK SIKOCTI BHYTPIIIHBOI MOMIOHOCTI BCi HEHYNIHOBI I03aiarOHANbHI
€JIeMEHTH MaTPHIll OyJI0 PO3MOAIIEHO HA TPH iala30HH:

0 <SC < 0.6 — Hepnana aBreHTHDIKALS,

0.6 < SC < 0.8 — npoMiXXHMI Aiana30H HEBU3HAYEHOCTI,

0.8 <SC <1 — ycnimHa aBTeHTUdIKALIS.

[TigpaxyHOK 9acTOK €JIEMEHTIB y KOKHOMY Jliana3oHi mokasas, 1o jmiie 30% mo3aaiaroHaibHUX
3HA4YCHb MOTPAIUISIIOTh Y 30HY YCIIIIHOI aBTeHTH]IKAIlil, Toai Sk 67% Haliexarh 10 MPOMINKHOI 30HH
HEBU3HAa4YeHOCTi, a 3% MaroTh 3HaueHHs Hwkde 0.6. Takuil po3nonin cBig4MTH MPO TE, IO KOPOTKI
KOMaH/JM TPUBATICTIO OJM3bKO OJIHIE€T CEKYHIM MICTATh HEIOCTATHIH OO0CSr CTiikoi (HOHETUYHOT
iHpopMmalii a7 rapanToBaHoi Bepudikallii KopucTyBada 3a OTUH-€TMHUN 3aIIHT.

OtpuMaHi maHi 100pe Y3rO/KYEThCS 3 MPHUPOIOI0 d-vector mpeacTaBlieHb, K MOKIAJAIOThCS Ha
YCEpPEeIHEHHS IOCIiZOBHOCTEH NMPUXOBAHUX CTAHIB HEHPOHHOI MEpEXi: YUM KOPOTLIMH CUTHAJ, THM
CUJIbHIIIIE HAa eMOETMHT BIUTMBAIOTh JIOKAJIBHI Bapiallil apTUKYIALIi, TeMITy, iHToHAIIi Ta mrymy [ 14]. Hamni
y naHiii po6oTi Oyne MpoAeMOHCTPOBAHO, IO BUKOPUCTAHHS 1HIIIOTO JUKTOpa 3 THM CaMUM HaOOpOM
KOMaH/J Ta JOJaBaHHSA [OBIIOTO 3alACy ICTOTHO 3MIHIOE CTaTHUCTUKY IIOAIOHOCTI, LTIOCTPYIOUH
MOJKJIMBICTh YaCTKOBOT KOMIIEHCAIIT WX €EKTiB.

Juist 6inbln AeTalbHOTO aHali3y BHYTPINIHBOKIACOBOI BapiaTMBHOCTI OyJl0 PO3TISHYTO 1€ OJUH
rojocoBuil Habip manmx, Dataset #3 (Homatox A), mo MicTuUTh Ti cami 17 KOPOTKHX KOMaHI, IpOTe
3aMMcaHuX XKiHOUMM JuKTopoM. Popmar 3ammcy (1-1.5 ¢), akycTuuHi yMOBH Ta CIOBHHUKOBHUH CKJIaj
MIOBHICTIO BiNOBiAar0Th Dataset #1, 1o 103Bosie 6e31mocepeTHHO MOPIBHIOBATH BHYTPIIIHIO CTPYKTYPY
eMOeMHIIB MK JBOMa AMKTOPaMH B MEaX OIHOI'0 W TOTO CaMOro €KCHEpHUMEHTY. AHAJOTiuyHO 1O
Dataset #1, nnst koxHOTO ayaiogaiina 3 Dataset #3 Oyio copmoBaHO 256-BUMipHI TOIOCOBI eMOETUHTH,
MICJIsl YOr0 BUKOHAHO MOBHE IMOMApHE MOPIBHSHHS BCIX BEKTOPIB. Y pe3yjbTaTi OTPUMAHO MATPHUIIO
KOCUHYCHOT 110/1I0HOCTI po3mipom 17%17, TekcToBe mojanus sikoi HaBeneHe B Jlogarky b (Ta6:xn. b2). s
MaTpUIls CTAHOBUTH OCHOBY s TerutoBoi kapT (heatmap), mo BimoOpakaTnMe BHYTPIITHBOKIIACOBY
CXOXKICTh KOPOTKHX KOMaHJ| caMme IS )KiHOUOTO TOJIOCY.

[MopiBusiHo 3 Dataset #1, pe3ynapTaTH TNOKa3ajdd 3HAYHO BHINY CTaOUIbHICT eMOeIHHIIB. Yci
no3aJiaroHanbHi 3HaYeHHS MAaTpHLi [UIA KiHOYOro rosocy Jyexanu Bume 0.60, mo Bka3zye Ha HOBHY
BIZICYTHICTh HeBAajioi aBTeHTH(iKalii. 3arajibHa CTPYKTypa MOMIOHOCTI ONMHUCYETHCS AOMiHYBaHHAM
BHUCOKHUX 3HaueHb y miana3oni 0.80-0.92, mio Biamomizae 67.7% ycix map KOpoTKuX komaHz. YacTka
3Ha4yeHb y Mexax 0.60-0.80 cranoBuna 32.3%, a 3nauens <0.60 BusiBneHo He Oyno. Takuil po3momin
CyTTe€BO KOHTpacTye 3 Dataset #1, ne OinbuicTb 3Ha4eHb (<67%) MOTpanuiy B HEBU3HAYEHY 30HY, a
yacTuHa — HIk4e 0.60.

TakyM YMHOM, BHYTPIITHBOKIIACOBA BAPIaTHBHICTH JJISl )KIHOYOTO TOJIOCY TIOMITHO HWXKYA, HIXK JUIS
YOJIOBIYOT0, HaBiTh 32 YMOB BHKOPHUCTaHHS OJHOTO W TOTO CaMoro HabOpy KOMaH[ Ta OJHAaKOBOI
TpuBanocTi curHaiiB. Lle cBiguuTh mpo Te, mo y Resemblyzer roocoBi BiIONTKH MOXYTh CYTTEBO
3aJekaTH BT I1HIUBIIyaTbHUX apTUKYJSIIHHUX OCOOJNMBOCTEH JUKTOpa, TEMIy MOBIICHHS Ta
CHEKTpPaJIbHOI CTPYKTYypH rojocy. Ockinbku Mozpenb (opmye d-vector HUIAXOM YyCepeaHEHHS
npuxoBaHux craHiB LSTM, KopoTKi 3MiHM B apTUKYJSLIl 4M iHTOHAWii MOXKYTh BIUIMBAaTH Ha AKICTh
eMOe/IMHTa TI0-Pi3HOMY JUIS Pi3HHX KOPHUCTYBAdiB.

Jiis  KiTbKICHOTO TOPIBHSHHS BHYTPIIIHBOKIACOBOI BapiaTUBHOCTI JIBOX KOPHUCTYBadiB OyIIo
moOyIOBaHO PO3MOJIIM 3HAYEHb KOCHHYCHOI MOJIOHOCTi, OTPUMAaHUX 3 BiJIOBIIHUX MaTPHUIb IS
yoJjioiuoro (Dataset #1) ta sxinouoro (Dataset #3) rosiocis. Take MOpIBHSHHS arperoBaHUX PO3IOILTIB
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JIO3BOJIAE OILIIHWTH 3arajbHy CTPYKTYpy BapiaTMBHOCTI, IO € 1H(GOPMATUBHUM Yy KOHTEKCTI
KOPOTKOKOMAaHJTHOI T'oJI0OCOBOi aBTeHTHU(iKamii. JlJi1 horo BCi Mo3ajiaroHalibHi 3HAYCHHS MOAI0HOCTI
Oys10 00’€qHAHO Y ABI BUOIPKH, IMTicis 4Oro 0yIio moOyI0BaHO PO3MOIi 3HAYCHh KOCHHYCHOI IMMOAI0HOCTI
JUISL 4OJIOBiUOro Ta inouoro ronocis (Puc. 3.2).
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Puc. 3.2. Po3nodin 3uauenvb KOCUHYCHOI NOOIOHOCMI, OMPUMAHUX 3 8IONOBIOHUX MAMPUYD O] YOJ08IH020
(Dataset #1) ma sicinouoeo (Dataset #3) eonocie
Fig. 3.2. Distribution of cosine similarity values derived from the corresponding matrices for male (Dataset #1)
and female (Dataset #3) voices

AmHani3 BiIMIHHOCTEH y MeliaHi, IHTEpPKBAPTWJIBHOMY PO3Maxy, LIUILHOCTI PO3MOMAITY Ta HAsBHOCTI
MOTEHIIHHUX BUKH/IIB TTOKA3aB, 1110 KiHOYXH TOJIOC XapaKTePU3YEThCS OLTBIT KOMITAKTHAM PO3IIOIISIOM
nmoNiOHOCTE: MeiaHHI 3HAYEeHHS BUIIIi, a BAPIaTUBHICTD — CYTTEBO MeHIIa. HaToMicTh A 40JI0Bi4OTO
rOJIOCY CIIOCTEPITAEThCS IUPIINH IHTEpBaANl 3HAYEHB (i3 3CYBOM 10 HIDKYHMX MOJiOHOCTEH), IO BKa3ye Ha
MEHIIY BiJITBOPIOBAHICTH KOPOTKHX KoMaHA. OTpuMaHi BimMiHHOCTI y (GopMi Ta mIMpPHHI PO3MOJILTIB
i ATBEPKYIOTh, III0 BHYTPIITHFOKIIACOBA CTAOUTHHICTh eMOEIMHTIB MOYKE ICTOTHO 3aJIe)KaTH BiJ MOBII,
HaBITh 332 OJIHAKOBUX YMOB 3amucy. Ha mpaktuili 1ie o3Havae, mo JUist IeIKUX KOPUCTYBa4iB KOPOTKI
KOMAaH/IHI BUCJIOBJIFOBAHHS MOXYTh OyTH MEHIII HAJAIMHUMU JJ1s1 aBTeHTUDIKAILII].

3.2. IlopiBHAHHS KOPOTKHX TOJIOCOBHX KOMAH/ i3 TOBIUM €TAaJOHHUM r0JI0COBHM BiIOMTKOM

Ha HactynHoMy eTarti gociipKeHHs OyJI0 MpoaHalli30BaHO, HACKUIBKY €()eKTHBHO KOPOTKI TOJIOCOBI
KOMaH/M MOXXYTh OyTH CITIBBiJIHECEHI 3 €TAJIOHHUM T'OJIOCOBUM BiOWTKOM, c(POPMOBAHUM Ha OCHOBI
JTOBTUX Ta aKyCTUYHO CTaO1IbHIX 3aMKCiB MOBJICHHS. Takuii crieHapiii BiITBOPIOE TUIIOBY KOH(ITYpaIlito
CUCTEM ToJIOCOBOI aBTeHTH(IKaIli, Je nporiec enrollment nepeadayae BUKOPUCTAHHSA TPHUBAJIOrO Ta
SAKICHOTO ayJiOCHTHAY, TOJI SIK IIOJICHHI 3alUTH KOPHCTYBaya Mpe/ICTaBIeH] KOPOTKHMH KOMaHIaMH
TpuBamicTio 1-1.5 cexyHau. ¥ Hamomy BUIAIKy AOBIi €TaJOHHI 3amucu Oyso orpuMaHno 3 Dataset #2
(donomiuwmii rosoc, 15.78 ¢, Honatok A) ta Dataset #4 (>xinouuii rosoc, 12.88 ¢, Jlomarok A), Tomi sIK
KOPOTKI KOMaHIu B34TO BiAmoBiaHo 3 Dataset #1 i Dataset #3 (donatok A).

st xoxkHOTO nUKTOpa Oyio chopmoBaHO eranoHHUM d-vector, Imicis 90TO BCi KOPOTKI KOMaHIHI
BHUCJIOBJIIOBAHHSI ITOPIBHIOBAJIUCS 3 LIUM BiZIOMTKOM 3a JONIOMOTOI0 CTaHAAPTHOI METPUKU KOCHHYCHOT
noaioHocTi. TakuM YMHOM OTpUMAHO 1O 17 3HAYEHB JJIsl KOKHOTO JTUKTOpA, IO Bi0OpaXatoTh CTYIIHb
BIZIMIOBIHOCTI KOPOTKHX KOMaHJ JIOBIOMY «30JIOTOMY CTaHAAPTY» TOJOCOBOi ileHTHYHOCTI. Takuii
MiJXiJ JO3BOJISIE OIIHWTH, HACKUIbKH HajiiiHO Resemblyzer Mosxe 3icTaBIsSTH KOPOTKHU 3amuT 3i
cTifikuM, OaratodpeiiMoBuM enrollment-ipodineM, sIKH MICTHTh 3HAYHO OUTBIIE aKyCTHYHOT
iHpopmarlii. Pe3yipTaT MOpiBHSHHS MPEJICTABICHI Y BUIIISAI Aialla30HiB MOJIIOHOCTI 1 YaCTOK 3HAYECHD
y Ko’kHOMY niama3oHi (Tao6m. 3, 4, Puc. 3.3).

Sk BUAHO 3 1IUX TaOJHUIb Ta PUCYHKY, B 000X BHITaIKaX JKOJICH i3 KOPOTKUX ay1IOCHTHAIIB HE JOCAT
nopora ycHinrHoi aBTeHTH(IKalii py MOPiBHAHHI 3 BACOKOSIKICHUM €TaJIOHHUM BiIOMTKOM. [lepeBaxxHa
OinpIIicTh 3HaueHb mepedyBana y mpomixkHomy inTepBani (0.60-0.80), a 3HauHa yacTHHA — Y 30HI
0JIHO3HAYHOT HeBnanoi aBTeHTudikaiii (<0.60).
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Tabauys 3. Iopisnanns oanux Dataset #1 3 Dataset #2 (uonosiuuil conoc, KOpomki KOManou <> do8auil
emanonHuil 8i06umoxK)
Table 3. Comparison of data from Dataset #1 and Dataset #2 (male voice, short commands < long reference

embedding)
Jianazon Yacrtka (%) InTepnperanis
[0;0.6] 17.65 Hesnana aBrentudikaris
(0.6;0.8) 82.35 IIpomikHUH Miania30H HEBU3HAYCHOCTI
[0.8;1] 0.0 VYcmimHa aBTeHTH IKAIis
Bcerworo 3paskis: 17

Tabnuys 4. lopisusanna oanux Dataset #3 3 Dataset #4 (oicinouuti 2onoc, KOpomxi KOManOu <> 0082Ull emaloOHHUL

8106UmMoK)
Table 4. Comparison of data from Dataset #3 and Dataset #4 (female voice, short commands < long reference
embedding)
Jianazon Yacrka (%) InTepnperauis
[0;0.6] 35.29 Hesnana aBrentudikaris
(0.6;0.8) 64.71 ITpomikHUH Miana30H HEBU3HAYCHOCTI
[0.8;1] 0.0 VYcmimHa aBTeHTH IKAIS
Bceworo 3paskis: 17

Li pe3ynbTaTé CBiq4aTh, M0 KOPOTKI KOMAaHIU TPUBATICTIO 1-1.5 cekyHaM HE MICTATH TOCTaTHHOTO

o0csry cTabibHUX iHIWBIIyalbHUX aKyCTUYHUX O3HAK, HEOOXITHMX JUIS KOPEKTHOI Bepudikamii mpu
TIOPIBHSIHHI 3 JIOBTUM 3aIlUCOM.

[7777] Dataset #1 ta #2
|:| Dataset #3 Ta #4

watch
wait /:‘
stop A
listen ¥ e
identity | L 1
home - :.

Hesaaua HeBuina4enicts Yenix
1

|

Go 1
freeze 4
follow 2
find £
destroy 3
defence 4
check -1 i
autopilot 4 1
auth-tion [ 21
attack 4
analyse F + 3 i
g T

0,0 O: 1 0:2 0:3 0:4 0:5 0,.6 0:7 0,8
[ToniOHICTH
Puc. 3.3. [lopisusanusa nodibHocmi KOpomKux KOMAHO i3 0062UM eMAaIOHHUM 3aNUCOM (YON08IYULL MA HCIHOYUL
eonocu. Hegoaua, neguznauenicms ma ycnix o3uayaioms 0ianazonu nodionocmell, saxi 8i0n08ioaroms Heeoauil
asmenmuixayii, NPOMINCHOMY OlaNA30Hy HeBU3HAYeHOCMI Ma YCRIWHIL agmenmudikayii, 6i0nogiono
Fig. 3.3. Comparison of similarity between short commands and a long reference recording (male and female
voices. Failure, uncertainty, and success denote similarity ranges corresponding to unsuccessful authentication,
an intermediate uncertainty region, and successful authentication, respectively)
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OtpumaHi pe3ynbTaTH MOXYTh OyTH MOSCHEHI apXiTekTypoio Resemblyzer, mo BHKOpPHCTOBYE
LSTM-eHkozep 3 ycepeTHEeHHSIM PUXOBAHUX CTAHIB HA YaCOBOMY T'OPU30HTI BChoro 3amucy. Kopotki
ayaioparMeHTH MICTSITh HEJJOCTATHIO KUIBKICTh iH(OPMAIiiHO HacuueHnX (peiiMiB, MO MPU3BOIUTH
JI0 HECTaOIBHOCTI eMOEIIMHTY, TiBHIEHOI YyTIMBOCTI O BUMAJKOBUX IHTOHAIIWHUX Bapiamiid Ta
(hoOHEeTHMYHNX KOJNHMBAaHB 1, BIAMOBIAHO, — IO HU3BKOI MOJIOHOCTI 3 JOBTMM ETAIIOHHHM 3alicoM. Y
koHTekcTl loT-3acrocyBaHp 1l 03HAa4ae, MO KOPOTKI KOMaHJHI BHCIOBIIOBAHHS HE MOXYTh OyTH
BUKOPHCTaHI K CaMOCTIHHMIA MaTepiai Juisl aBTeHTU]iKalii, sko enrollment 3aificHeHO Ha TOBromy
ayJioCUTHAJIL.

Onucanmii aHami3 JeMOHCTpye (QyHIaMeHTanbHy oOMexeHicTh Resemblyzer y creHapisix
KOPOTKOKOMAaH/IHOT aBTeHTU(IKaIlii: KOPOTKI KOMaHJH TPHUBATICTIO OJU3BKO OJIHIET CEKyHIW HeE €
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JIOCTaTHLO 1HQOPMATHBHUMH JUIsI BIATBOPEHHS CTPYKTypu etaysioHHoro d-vector. s mpakTHIHOTO
3aCTOCYBaHHS TakKi pe3yJbTaTH BKa3yIOTh Ha HEOOXIJHICTh BUKOPHUCTaHHS a00 MOBIIMX KOMaH, abo
OaraTokpaTHOI arperaiii KOpOTKUX ()parMeHTiB, a00 3aCTOCYBaHHS CIIEIliaIbHUX TEXHIK HOpMaJTizallii Ta
MiICUJICHHS TOJIOCOBUX O3HAK.

3.3. Anaui3 sikocTi aBTeHTH(iKaUii npu 30iNb1IEeHH] TPUBAJIOCTI Ta po3Mipy ayaio3anucis

OcTanHiif eTar JOCIiPKeHHs 0yI0 CIIPSMOBAHO Ha IOCIIHKeHHS 30aTHOCTI Resemblyzer popmyBatu
cTaOUTBHINI TOJIOCOBI BIMOWTKH Ta IiABUIYBATH TOYHICTh aBTeHTH(IKAMIi TP 301IBIIIEHH] TPUBAIOCTI
KOPOTKHX KOMaH/I Ta, BIAMOBIIHO, 00CATY MOBJICHHEBOTO MaTepiany. JIOMiIbHICTE TAKOTO POy aHATI3Y
BUIUTMBAE 3 Pe3yJIbTaTIB MONEPEIHBOrO MiAMYHKTY, A€ KOPOTKiI ()parMeHTH TPHBAIICTIO MPUOIU3HO |
CEeKyHIy JIE€MOHCTPYBaJM HEIOCTATHIO iH(OPMATHUBHICTh [UIsI HAIIHHOTO 3iCTAaBIEHHS 3 JOBIHUMH
enrollment-3anicamu. {nst mepeBipku wiei rinotesu 0yno copmoBano Dataset #5 ([Jomarok A), y skomy
KokHa Komanpaa 3 Dataset #1 ta Dataset #3 Oyma mepesamnucaHa y BUTJISAI JOBIIMX Ta SKiCHIIINX
¢parmenTiB. Sk mokazano B Tabn. Bl, logatox B, cepenniii po3mip ¢aiimy Ta cepemaHs TpUBANICTh
30UTBIIMIUCH Y ~2-2.4 pa3u. Lle 103BOIWIIO OLIHUTH, YU € HASIBHICTh JJOJJATKOBUX MOBIICHHEBHUX KaJPiB
JIOCTaTHBOIO [T (DOPMYBaHHS OLTBIN CTaOITBHUX TOJIOCOBUX BiTOUTKIB.

Criouatrky Oyno 00YHCICHO MATPHUIF0 KOCHHYCHOI MOMIOHOCTI AJisl BCixX aynio3paskiB Dataset #5
BiTHOCHO o/iuH oaHOro (Puc. 3.4). PesynbraTu BUSBWIN 3HAYHE ITiABUIICHHS PiBHA BHYTPIIIHHOKIACOBOT
cTabUTFHOCTI MOPIBHSHO 3 aHAOTIYHUMH MATPHUIIMH TSI KOPOTKHAX KOMaH/I: OLTBITICTh 3HAYEHB JIeKana
y mianazoHi 0.85-0.95, mo HaOMIMKaeThCs IO TUTIOBHUX IMOKA3HHUKIB «BHUCOKOI MOAIOHOCTI» I CUCTEM
KOHTPOJIIO OCTYITy. MakcuMalibHI 3Ha4eHHs KoymBaimucs outst 0.94-0.95, a MiHIManbHI — IPAKTUYHO HE
Buxoanu 3a mexi 0.8.

TToniGHicTh
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Puc. 3.4. Mampuys xocunycroi nodibnocmi 0ns écix ayodiospasxie Dataset #5 gionocno ooun oonoeo. Homepamu
NO3HAYeHI KOMAHOU, NOBHA POSUUPPOSKA AKUX npedcmasiena y /looamky B
Fig. 3.4. Cosine similarity matrix for all audio samples in Dataset #5 relative to each other. Command indices
correspond to the full list provided in Appendix C.

CraTtucTHYHHUE po31oaia noaioHocTi Becepeauni Dataset #5 mokasas, 110 98.53% ycix map Jiexarb y
niamazoHi [0.8-1.0], ToOTO BiIMOBIAIOTE KPUTEPIIO «ycCIilTHA aBTeHTHDIKaIis, 1.47% — y mpoMiKHOMY
iaTepBai (0.6-0.8) ta 0% — y 30ni HeBaanoi aBreHTH(]iKalii [0-0.6] (Puc. 3.5, mrpuxoBaHa 3aauBKa).
3aranpHa KiIBKICTh MOPIBHSHBL CTaHOBHJA 272, 1 cepen HUX He Oyno 3aikcOBaHO KOAHOTO XHOHO-
MO3UTUBHOTO pe3ynbraTy. Lle cBigunTh mpo Te, mo Bxe 30imbmeHi g0 2.6-3.0 cexyH] ayjaio3anucu
3a0e3MeuyloTh YTBOPEHHSI CTA0UTBHUX TOJIOCOBUX BiJJOWTKIB, MPHUIATHUAX JUIs BHYTPIIIHHOKJIACOBOTO
3iCTaBJICHHSI.

Jani Oyno omiHeHO 3JaTHICTH 30UIbIIEHUX Komadj i3 Dataset #5 y3romkyBaTHCS 3 TOJIOCOBUM
etanonoM (d-vector), moOyI0BaHUM Ha OCHOBI BUCOKOSIKICHOTO JIOBroro ayniodparmenra i3 Dataset #2.
Leit cuenapiii Mozmenroe peanbHy 3anady aBTeHTH(iKalii, Kodu enrollment BUKOHYeTHCS Ha OCHOBI
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«ETAJIOHHOTO» 3aIliCy, a MepeBipKa — 3a JIOTIOMOTOI MOKPAIIEHHUX, alie BCe I BIJIHOCHO KOPOTKUX
KOMaH/I.

Dataset #5
100 Dataset #5 y nmopiBasiHHI 3 Dataset #2

80
X
& 60
[
H
Q
=

40

20

0 T — T y "
[0;0.6] (0.6;0.8) [0.8;1]
Jiana3zon

Puc. 3.5. Cmamucmuunuii po3nodin nodibnocmeti ons Dataset #5 (wumpuxosana 3anueka) ma npu nopieHsiHHi
Dataset #5 3 Dataset #2 (cipa 3anuexa)
Fig. 3.5. Statistical distribution of similarity values for Dataset #5 (dashed shading) and for the comparison
between Dataset #5 and Dataset #2 (gray shading)

Pesynpratu nopiBHAHHS, npencTtasieni Ha Puc. 3.5 (cipa 3anuBka) mokazanu, mo 94.12% komang
YCHIIIHO 3iCTaBHIIUCS 3 eTayioHOM (TmoaiOHicTh >0.8), 5.88% noTpanunu y 30Hy HeBu3HadeHOCTI (0.6-
0.8) ta 0% He npoinuin aBreHTHdIKaIi0 (<0.6). TakuM YKMHOM, MOKpaIlleHi 3amucKu 3a0e3MevyoTh
piBeHb ycminrHuX 30iriB, SKUH BiAIOBIA€ XapaKTEPUCTHKAM MOBHOIIIHHUX CHCTEM BepHdiKallii MOBIIH,
10 BUKOPHUCTOBYIOTh 3HAYHO JIOBIII &y 1iOCUTHAJIH.

[MopiBHSIHHS BHYTPIIIHBOKJIACOBUX 3Ha4YeHb MOAiOHOCTI uia Dataset #5, a Takox iX 3icTaBiIeHHS 3
STAJIOHHUM 3arucoM i3 Dataset #2, TeMOHCTpY€E y3roKeHy Ta YiTKO BUPKEHY TeH/ICHIIIIO: 301TbIICHHS
TPUBAIIOCTI ayAiocHTHANY 10 TpuOmm3HO 2.6-3.0 CexyHJ ICTOTHO WiJBHINY€E SKICTh OTPUMAaHUX
emOeauHrie. [loBii 3anucu 3a06e3MevyoTh OBy KUTBKICTh MOBJICHHEBHX KapiB, 1110, Y CBOIO Yepry,
MPHU3BOIUTH 10 (QOpMyBaHHS €MOENHHTIB i3 BHUIIOK MiK(PEHMOBOIO Y3TOMKEHICTIO Ta MEHIIIO
BapiatuBHicTIO. lle mo3Bomsie ™opmeni Resemblyzer BinTBOprOBaTHM —iHOUMBIAyalbHI TOJIOCOBI
XapaKTepUCTUKU 3HAYHO TOYHIIlE, HIXK y BUMAJKYy KOPOTKHX KoMaHj, 3adikcoBanux y Dataset #1 Ta
Dataset #3.

BayTpinHboKIIaCOBI 3HAYEHHS KOCHHYCHOI NOMiOHOCTI it Dataset #5 ctaOinpHO HAOMMKATUCS J10

Jliana3oHy BHUCOKOI BIAMOBIAHOCTI, 110 TPAJMIIIMHO BBAKAETHCSA JAOCTATHIM JUIsl HalildHOI Bepugikaiii
KOpUCTyBaua. Taka MOBEJiHKAa CYTTEBO KOHTPACTY€E 3 pe3yjbTaTaMH IONEpPEIHIX EKCIePHUMEHTIB, Je
KOPOTKI 3amich He MOINIM 3a0e3MeYuTH TOpPIBHIOBAHWH piBEHh aKyCTHYHOI 1H(OPMATHBHOCTI.
[IpumiTHO, 1O 30iNIBINEHI KOMaHIHI 3amucH 30€piraroTh BHCOKY TMOJIOHICTh HAaBITh y BUMNAJKY
CIIBCTABJICHHS 3 JIOBTUM €TAJIOHHMM TOJIOCOBUM TMpogiaeM, IO J0AATKOBO MIATBEPIKYE IXHIO
MPHUJIATHICTB I TPaKTHYHKX 33724 aBTeHTU(IKAIII].
OtpumaHi pe3yibTaTH AAIOTh MiACTABH CTBEPDKYBATH, IO KOPOTKI KOMaHIN TPUBAIICTIO OJHM3BKO
ONlHIET CeKyH/IM € HENOCTATHIMH JJIsi HAJIMHOTO PO3Ii3HABaHHS KOPUCTYBada, TOJI sSK (parMeHTH
TPHUBANICTIO OJIM3bKO TPHOX CEKyHJI Bke (GOpMyroTh d-vector eMOEIMHTH JOCTaTHBOI SIKOCTi JUJIs
CTaOlIBHOTO BiATBOPEHHS TOJIOCOBHUX XapaKTEPUCTHK. Y MPHUKIAJHUX CLEHAPIisX, MoB’s3anux 3 loT ta
TOJIOCOBUM KEPYBaHHSIM, 1I€ 03HAUA€E, 0 ONTUMATILHOIO CTPATETI€0 € BUKOPUCTAHHS IOBrUX enrollment-
3alUCiB y TOEMHAHHI 3 KOMAaHJHUMH ayJiodparMeHTaMu cepeaHboi TpuBanocTi. Takui miaxin
3abe3nevye TOUIIbHUNA KOMIIPOMIC MIX 3py4YHICTIO KOPUCTyBaya Ta BAMOTaMH J10 Oe3MeKH, 30epiraoun
Opd IbOMY MOXJIHUBICTE peamizauii aBTeHTH(]ikauii 0e3 3acTocyBaHHS BHCOKOIPOAYKTHBHUX
00YHCITIOBATIBHUX PECYPCIB.
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4. BucHoBKH

VY naniif pobOTi MIPOBECHO KOMILIEKCHY OLIHKY MOXJIMBOCTel 0i0mioTekn Resemblyzer mns 3amay
roJocoBoi aBTeHTU}IKali] Ha OCHOBI KOPOTKUX ayJAio()parMeHTIiB y KOHTEKCTI aBTOHOMHHUX Ta PECYPCHO
00OMeXeHHNX CHCTeM. AHali3 BHYTPIIIHbOKIACOBOI BapiaTUBHOCTI Ta MOPIBHAHHS KOPOTKUX KOMaHI i3
JIOBTMMH €TAJOHHUMH 3alliCaMy TOKa3alld, 0 (pparMeHTH TPUBATICTIO OJIM3BKO O/HI€] CEKyHAM He
3a0e3meuyoTh AOCTaTHBOI iHPOPMAaTUBHOCTI U1 HaAilHOI Bepuikauii kopucTtyBaua. Lle miarBepmkye
00OMEXEHICTh YIBTPAKOPOTKUX KOMaHI y OIOMETpHYHHMX CHCTEMaX Ta Y3TOIKYEThCA 3 CYYaCHUMU
YABJICHHSMH TIPO HEOOXIJHICTH JOCTATHBOTO YaCOBO-CIEKTPAIHHOTO TOKPUTTS MOBHOTO CHTHAIY IS
BUIIyYEHHS 1HAWBIAyalbHO-CIIeNU(iuHUX 03HaK. HaTomicTh, 30iMbLICHHS TpUBAIOCTI KOMaH I 110 2.6-3.0
CEKYHJI ICTOTHO TOKpaIlye sKicTh d-vector eMOeAnuHTiB i 3a0e3ledye pPiBeHb MOMIOHOCTI, SKHIM
BIJINIOBiIa€ TPAKTUYHAM BHMOTaM CHCTEM KOHTPOJIO [OCTYIy Ta MepCOHANbHOI imeHTH(ikarii.
OTpumaHi pe3ynbTaTd OEMOHCTPYIOTh (HOpMyBaHHS OiNbII KOMIAKTHHX 1 CTaOUIBHUX KIACTEPiB Y
BEKTOPHOMY TIPOCTOpPi O3HAK, L0 3HIKYE BHYTPIIIHBOKJIACOBY IHCIIEPCIIO Ta MiABHIIYE HAAIHHICTDH
aBTeHTH(]IKAITIi.

IIpoBenenHi mocmikeHHS TaKOXK MiATBEpAMIH, MO Resemblyzer Moxke epeKTHBHO TpallfoBaTH Ha
NPUCTPOAX 13 HU3BKOIO OOYHCIIOBAILHOIO MOTYXHICTIO 0€3 BUKOPUCTAHHS XMapHHX CEpBICiB, IO
poOuTH HOTO MEPCIIEKTHBHUM IHCTPYMEHTOM JJIsi CTBOPEHHS JIETKHX, aBTOHOMHHX 1 Oe3meuHux
rojocoBux iHTepdeiicis. [lomanpr mocmimKeHHs AOMUTHPHO CIPSIMYBATH HA OIIHKY CTIHKOCTI MOJIENi B
yMOBax aKyCTHYHHX 3aBajl, peBepOeparii Ta GOHOBOrO IIyMy, a TAKOK HA BHBYCHHS BIUIMBY MOBHHUX
(bakTopiB, TAKKX SIK TEMI MOBJICHHS, EMOIIIMHUIT cTaH Ta 6araToMoBHICTh. OKpeMHUii iHTepec CTAHOBHUTH
aHami3 TMPOAYKTHBHOCTI Migxomy y OararokopuctyBanbkux |0T-clieHapisx, [e¢ KPUTHUYHHMU €
MacITabOBaHICTh, 3aXUCT BiJ] CITy(DiHTOBUX aTakK i JOBrOTpHBaja CTaOUILHICTD TOJIOCOBUX IAOJIOHIB.
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JlogpaTok A
IloBHUIi oNMUC eKCIEPUMEHTAIBLHOT0 MACUBY JTAHUX

Dataset #1. Tum ronocy: 40n0Biuni
Dataset #1. Voice type: male

File name Text in audio Length of audio
(seconds)

Analyze.wav Analyze 1,16
Attack. wav Attack 1,34
Authentication.wav Authentication 1,50
Autopilot.wav Autopilot 1,42
Check.wav Check 1,29
Defence.wav Defence 1,48
Destroy.wav Destroy 1,53
Find.wav Find 1,46
Follow.wav Follow 1,42
Freeze.wav Freeze 1,40
Go.wav Go 1,42
Home.wav Home 1,34
Identity.wav Identity 1,59
Listen.wav Listen 1,20
Stop.wav Stop 1,02
Wait.wav Wait 1,18
Watch.wav Watch 1,23

Dataset #2. Tum ronocy: 4ojaoBiuuit
Dataset #2. Voice type: male

File name Text in audio Length of audio
(seconds)
Al-m.waw The Adventures of Sherlock Holmes" 15,78
by Arthur Conan Doyle is a

collection of detective stories written
during the late 19th century. The
book introduces the legendary
detective Sherlock Holmes and his
loyal companion, Dr. John Watson
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Dataset #3. Tum ronocy: xiHOuni
Dataset #3. Voice type: female

File name Text in audio Length of audio
(seconds)

Analyze.wav Analyze 1,49
Attack. wav Attack 1,24
Authentication.wav Authentication 1,84
Autopilot.wav Autopilot 1,84
Check.wav Check 1,19
Defence.wav Defence 1,52
Destroy.wav Destroy 1,33
Find.wav Find 1,37
Follow.wav Follow 1,38
Freeze.wav Freeze 0,55
Go.wav Go 1,2
Home.wav Home 1,42
Identity.wav Identity 1,48
Listen.wav Listen 1,47
Stop.wav Stop 1,15
Wait.wav Wait 1,19
Watch.wav Watch 1,46

Dataset #4. Tum ronocy: xiHOUHi
Dataset #4. Voice type: female

File name Text in audio Length of
audio
(seconds)
Al-f.wav  The Adventures of Sherlock Holmes" by Arthur Conan Doyle 12,88
is a collection of detective stories written during the late 19th
century. The book introduces the legendary detective
Sherlock Holmes and his loyal companion, Dr. John Watson
Dataset #5. Tur ronocy: 4on0oBiUMi
Dataset #5. Voice type: male
File name Text in audio Length of audio
(seconds)

Gltm-Analyze.wav Ginger, listen to me, Analyze 3,16
Gltm-Attack.wav Ginger, listen to me, Attack 3,07
Gltm-Authentication.wav  Ginger, listen to me, Authentication 3,64
Gltm-Autopilot.wav Ginger, listen to me, Autopilot 3,02
Gltm-Check.wav Ginger, listen to me, Check 3,21
Gltm-Defence.wav Ginger, listen to me, Defence 3,03
Gltm-Destroy.wav Ginger, listen to me, Destroy 3,16
Gltm-Find.wav Ginger, listen to me, Find 2,68
Gltm-Follow.wav Ginger, listen to me, Follow 3,89
Gltm-Freeze. wav Ginger, listen to me, Freeze 2,86
Gltm-Go.wav Ginger, listen to me, Go 2,63
Gltm-Home.wav Ginger, listen to me, Home 2,73
Gltm-Identity.wav Ginger, listen to me, Identity 2,92
Gltm-Listen.wav Ginger, listen to me, Listen 2,95
Gltm-Stop.wav Ginger, listen to me, Stop 2,78
Gltm-Wait.wav Ginger, listen to me, Wait 2,68
Gltm-Watch.wav Ginger, listen to me, Watch 2,86
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Honarok b

Tabnuya B1. Mampuys kocunycnoi nodionocmi Dataset # 1
Table B1. Cosine similarity matrix for Dataset #1

Tabnuya bB2. Mampuys xocunycnoi nodionocmi Dataset # 3
Table B2. Cosine similarity matrix for Dataset #3

VY tabmumsx bl ta B2 HaBeneHo MaTpuili KOCHHYCHOI momiOHOCTI Mik d-vector embemauHramu
KOPOTKUX TosiocoBux komanna st Dataset #1 (womosiumii romoc) ta Dataset #3 (kxinouwmii rosoc)
BinoBigHO. HaBeieHi 3Ha4YeHHs JT03BOJIAIOTH KIJIBKICHO OILIIHUTH BHYTPINIHHOKIACOBY BapiaTUBHICTH
MOBHUX CHTHAJIB Ta CTa0UIbHICTh (POpMYyBaHHS TOJIOCOBUX TMpeACTaBicHb. [IOpIBHSIIBHHN aHaIi3
JIEMOHCTPY€E BUCOKHI PiBEHb BHYTPIITHHOKIACOBOI MOAIOHOCTI B 000X BUTIA/IKaX, IEPEBaXKHO B Jlialla30Hi
0.75-0.90, 1m0 cBiAYMTH TPO 3AATHICTH MojeHi (OPMYyBaTH Y3rOPKEHI I'OJOCOBI eMOEIJIMHIH IS
KOPOTKHX MOBHUX (parmenTtiB. [lns sxiHoworo rosocy (Dataset #3) crocTepira€Tbest JEIIO BHINA
cepenHsl MOAIOHICTh 1 MEHIa JUCTIepCis 3HAYEHb, 10 MOXKEe OYTH IOB’S3aHO 3 OUTBII CTaOiLTbHUMH
CHEKTPAIbHUMH XapakTepucTUKamMH. Pa3oMm i3 THM, HasBHICTP OKpeMHX KOMOiHamii KomaHj i3
MOHIKEHUMH 3HaYeHHSIMM moaioHocTi (=0.65-0.75) BimoOpakae BIUIMB (DOHETUYHOI CTPYKTYPH Ta
apTUKYJLIHHOI BapiabenbHOCTI, M0 HEOOXiTHO BPaxOBYBATH MiJ 4Yac BHOOPY MOPOTIB NPUUHATTS
pillieHb y cucTeMax roJIocOBOi aBTeHTH(iKaii.
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Honarok B
Tabnuys Bl. @isuuni xapaxmepucmuku dataset #5
Table Cl. Acoustic characteristics of Dataset #5
Dataset Dataset Dataset Cepenniit Datasct #1. | Dataset #3. Datasct 5 Cepenniit
#1. #3. #5 (axrop ¢axrop
Po3mip Po3mip Po3mip | 30inbIIeHHS H(.)B)KHHa I[9B)KHH3 ﬂquHHa 301IbIIIEHHS
(aiina (aiina (aiina po3MipY ayniosamucy | ayniosamucy | ayniosamucy | T L
(GaiiTi) (GaiiTH) (GaiiTH) ¢aiina (cex) (cex) (cex) ayzio3anucy
s 222802 286162 606802 49 3
257362 238162 589522 2 3
a 288082 353362 698962 84 3
272722 353362 579922 84 3
247762 228562 616402 1 3
284242 291922 581842 52 3
293842 255442 606802 3 3
280402 263122 514642 37 8
272722 265042 554962 38 3
268882 247762 549202 0 86
272722 230482 505042 2 2
257362 272722 524242 42 2
305362 284242 560722 48 2
230482 282322 566482 47 2
195922 220882 533842 15 2
226642 228562 514642 9 2
watch 236242 280402 549202 46 2
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Analysis of the effectiveness of the Resemblyzer library for short-command
voice authentication

Relevance. Voice interaction is widely used in Internet of Things systems and autonomous embedded devices. However, its
practical deployment is constrained by security and privacy requirements as well as the limited computational resources of edge
platforms. This creates a demand for fully local voice authentication solutions capable of operating without reliance on cloud
services. Goal. The objective of this study is to evaluate the capabilities of the open-source Python library Resemblyzer for
implementing autonomous user voice authentication based on short voice commands under conditions of no access to cloud
computing and limited hardware resources. Research methods. The study was conducted using several audio datasets with
varying duration, quality, and file size. VVoice embeddings generated by the Resemblyzer library were used for feature
representation. Quantitative similarity assessment between recordings was performed using the cosine similarity metric in
scenarios involving comparisons of recordings from the same speaker and from different speakers.

Results. The results demonstrate that reliable voice authentication is achieved for audio recordings with a duration of at least
2.63 seconds and a file size of no less than 495 kB. Short fragments with durations of 1-1.5 seconds were found to be
insufficiently informative for stable speaker discrimination, particularly when compared against a high-quality reference
recording. A clear dependence of authentication performance on the amount of acoustic information contained in the voice signal
was identified.

Conclusions. The obtained results confirm the aplicability of Resemblyzer for the development of fully autonomous real-time
voice biometric authentication systems. Practical requirements for the minimum duration and informational richness of voice
commands are formulated, which may be interpreted as technical constraints on the entropy of voice passwords in secure loT
applications.

Keywords: voice control, user authentication, Resemblyzer, short voice commands, Internet of Things (IoT), resource-
constrained devices, voice verification, voice embedding, cosine similarity.
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BuxkopucranHs MeToliB MAIIMHHOT0 HABYAHHSA B Cy4YacCHIl MaTeMaTH4HIi
OHKOJIOTII

Mera po00TH: BUKOHATH aHAJII3 CYy4aCHUX MiAXOMIB 10 OLIHKH e(peKTUBHOCTI Ta Oe3MeKn NMpenapariB aHTUPAKOBOi Tepamii i3
3aCTOCYBAaHHSIM METOJIB MAIIMHHOTO HABYaHHS, @ TAKO)X BH3HAYHUTH IEPCICKTHBU IXHBOTO BUKOPHCTAHHS Y Cy4acHii
MaTeMaTHYHI OHKOJIOTil, B OHKOJIOTIYHHX JIOCIHIJDKEHHSX, SIKI IMIMPOKO BHKOPHCTOBYIOTH MaTeMaTHYHE MOJEIIOBAaHHS Ta
KOMIT FOTePHI CHMYJISIIIT.

MeTonu JocTiIKEeHHS: TOIIYK Ta aHAI3 CyYacHMX HAYKOBHX ITyOJKamii, sIKi CTOCYIOTBCS TEMAaTHKH BHKOPHCTAHHS
MAalIMHHOTO HAaBYaHHS B OHKOJIOTIT.

B pesyabrati mocmimxeHHs Oyno 3po0JCHO CHCTEMaTHYHUH OTJISA JTEPaTypH 3a TEMaTHKOK BHKOPHCTAHHS MAIIUHHOTO
HABYaHHA B OHKOJIOTiI. Bylo BHKOHAHO aHaji3 BUKOPHUCTaHHS OCHOBHHMX METO[iB MAalIMHHOTO HaBYaHHS, TAKHX SIK METOJ
KOHTpOJIboBaHOTO HaBuanHs (Supervised Learning, SL), Mmetox HekoHTposiboBaHoro HasuanHs (Unsupervised Learning, UL) Ta
MeTo/ HaBuaHHs 3 miakpimuienasm (Reinforcement Learning, RL) y cy4acHiit onkosorii. HaBeneHo NpuKiagy BUKOPUCTAHHS
PI3HOMaHITHHUX aJrOPUTMIB MAaIIMHHOTO HABYAHHS Y DOCIIPKCHHSX, sIKi ITOB’S3aHI 3 aHTHPAKOBOIO TEPAIII€I0 Ta OHKOJIOTIE0
B3arauii. [IpoananizoBaHi epeBaru Ta HeOJTIKA BUKOPHCTAHUX JITOPUTMIB MalllMHHOTO HAaBYAHHS B 3QJISKHOCTI Bif 3aj1ad, sKi
HOTPiOHO BUPIINTH.

BucHoBkH: MeTony MalIMHHOTO HAaBYaHHS BXKE JOCUTH LIMPOKO BUKOPHCTOBYIOTHCS B MEAMYHHX IOCTIDKEHHSX B chepi
OHKoJIOTii. BOHHM yCHiNTHO 3aCTOCOBYBAJIUCH IS BUPIMICHHS 0araThOX MUTaHb Ta MOKa3yBaJH TapHI Pe3yJbTaTH, alle iCHYe e
6arato HampsSMKIB B OHKOJIOTIl B SKMX BHKOPHCTaHHS METOJIB MAalIMHHOTO HaBYaHHS MOXXE NPUHECTH 3HAYHUH BKJIajd B
HOKpAIIEHHS MEIMYHUX JOCII/DKEHb Ta MEJMYHOI JOTOMOTH IIpH JIIKyBaHHI OHKOJIOTIYHMX 3aXBOpIoBaHb. Hampukiag, qyxe
MEPCIIEKTUBHAM BUTJISIa€ BUKOPUCTAHHSA AITOPHUTMIB, sIKi 3aCHOBaHI HAa HaBYaHHI 3 MiJKPIIUICHHSIM B MEPCOHANTI30BaHIN
npeneH3iiHii MeANIMHI, METOAHN SIKOT 3aiMaloTh 3HAYHY POJIb B IIEPCOHATI30BAHOMY JIKYBaHHI OHKOJIOTIYHHUX 3aXBOPIOBAHb.
KirouoBi ciioBa: mawunne naguanms, KOHMponbosane HAGYANHS, HEKOHMPOIbOBAHE HAGYAHHS, HABYAHHSA 3 NIOKPINIEHHAM,
OHKOIO2Isl, MAMEMAMUYHA OHKOAO2IS, NPEYU3ItiHA MEOUYUHA, NEPCOHANI308AHA MEPANIs, MEOUUHI OOCTIONCEHHS.

Sk muryBatu: Tropaso 1. M., Kizimopa H. M. BukopucranHs METOIB MallUHHOTO HaBYaHHS B
CydacHiil MareMaTH4Hili OHKOJOTil. BichHux Xapkiecbko20 HAYIOHANBLHO2O YHieepcumemy iMeHi
B. H. Kapasina, cepis Mamemamuune mooenrosanis. Ingopmayitini mexmnonoeii. Asmomamuzosami
cucmemu ynpaeninns. 2025. sun. 68. C.98-112. https://doi.org/10.26565/2304-6201-2025-68-10
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Beryn

OHKOJIOT1YHI 3aXBOPIOBAHHS 3aJMIIAIOTHCS OJHIEI0 3 TOJIOBHUX NMPHUYUH CMEPTHOCTI Y CBITi, ONPH
3HaYHMH MPOTpec y AiarHOCTHLI Ta JiKyBaHHI. Pak Ki1acuQikyeTbes sIK TeHETHYHE 3aXBOPIOBAHHS, SIKE
PO3BHBAETHCSI BHACIIJIOK 3MiH Y T€Hax, 0 KOHTPOIIOIOTh (QYHKIIIT KIITHH, 0cOOIMBO TXHIH PICT i TOALI.
VYV 2022 porii B ycboMy CBITI 0yJs10 3adikcoBaHo 0113bK0 20 MiJIbHOHIB HOBMX BHITAJKIB OHKOJIOTTUHUX
3aXBOPIOBaHb, a KIIBbKICTh CMEpPTEH Bi paky csrHyna 9,7 minbioHa. 3a ouinkamu, 53,5 MinbiioHa moaei
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3aJTHIIAINCS )KUBAMHE Y€pe3 11’ ATh POKIB IiCIIs BCTAHOBJIEHHS AiarHo3y [1]. TIpoTsSroM sKuTTs mprbIM3HO
KOXKHA I1’SITa JIIOJUHA CTUKAETHCS 3 OHKOJOTIYHUM 3aXBOPIOBAHHSIM, MPU LIBOMY KOXEH JAEB’SITHH
YOJIOBIK 1 KOJKHA JIBaHAJLATA KiHKAa NMOMHPAIOTh Bia paky [2]. UYepe3 HemoCTaTHICTH TOYHUX Ta
HCIHBa3MBHUX MAapKEpiB BUABJICHHS paKy YacTO € YHEPeHKEHHM i HE 3aBKIu mpaBuwibHEM [3].
HesBakatoum Ha Benmue3Hi 3yCWIIIS, BUTPA4YeHI HAa po3poOKy xiMmioTepamii paky, 9acTo IIi METOIH
JiKyBaHHS €(DeKTHUBHI JUILIE Y BiAHOCHO HEBENMKOI YaCTWHH OHKOJOTIYHHMX Mali€eHTiB. X04a JAaBHO
BHM3HAHO, 1[0 €()EeKTHBHICTh NPOTHITYXJIMHHHUX TpENapariB MOXKe 3HAYHO BIAPIZHATHCA y OKPEMHX
MAIIEATIB, OAHI W Ti X MPOTOKOJHM YacCTO 3aCTOCOBYIOTHCS 0€3 ypaxyBaHHS PIi3HUX XapaKTEPHCTHK
PaKoBUX KIIITHH KOXKHOTO MAalli€EHTa, HE3BAKAIOUM HA MOXIIHUBICTD TOTO, IO JIKYBaHHSI MOXE OyTH
HEeBiAMOBiTHUM [4].

CrtBopeHHs 0e3MmeyHuX 1 e(heKTHBHUX JiKiB — II¢ CKJIATHUHN, 3aTpaTHAN 1 TPUBAINI TIpoItec. 3TiaHO 3
manumu Tufts Center of the Study of Drug Development, moBHuiT UK po3pOOKH HOBOTO MpeEmapary
TpUBaE MOHAJ IECATH POKIB 1 KOWITYe Oinblie Hix 2,6 Minbspaa nonapis [5]. Lleii mpornec BkiIrouae eranu
BIIKPUTTS, AOKIIHIYHUX IOCHIPKeHb 1 4oTUpH (ha3W KIIHIYHUX BUNPOOYBaHb, IO 3aBEPIIYIOTHCS
3aTBEP/HKEHHSM TIpenapaTy peryisTOpHIMHI OpraHaMu.

OpHi€r0 3 KIFYOBUX MPoOsieM y chepl OXOPOHU 370POB’S € CBOEYACHE BUSBIICHHS Ta MiHIMi3allis
noOiyHKMX peakmid Ha Jikapceki 3acobu (Adverse Drug Reactions, ADR) i MeankaMeHTO3HOT
tokcu4HOCTI. [lompu xopcTke perymroBaHHs Ta OaratopiBHEBi KiiHIYHI gocmimkenHas, ADR i Tokcnyni
e(eKTH IpenapariB 3aTUIIAIOTHCS MPOBITHUMH YHHHUKAMH 3aXBOPIOBAHOCTI i CMEPTHOCTI, PU3BOISTIH
JI0 TOCIITaji3aliii i BUCOKMX BUTpAaT Ha MenuuHe oOciyroByBauHs [6]. Tpanmumiiini miaxomm 10
BUSIBIICHHS PHU3UKIB, SK-OT MOCTMApKETHWHTOBHHA HArjsa 1 ¢ikcaris MOOIYHUX SBUI, 3a3BUYAl €
PEaKTHBHUMH 1 HE 3aBKAM JO3BOJISIOTH CBOEYACHO BHUSBUTH 3arpO3JIMBi JJISl 37I0POB’ sl €peKTH O TOroO,
SIK BOHH MO3HAYSATHCS HA BEJIMKIN KUTBKOCTI HAiEHTIB [7].

[lamieHTH 3 OHKOJIOTIYHWMH 3aXBOPIOBAHHSAMH YacTO MPOXOIATHh JIKYBaHHS 13 3aCTOCYBaHHSM
JIEKITBKOX JIKapChKUX 3aC00IB OJHOYACHO, IO 3HAYHO MiABHIIYE PU3UK PO3BUTKY MOOIYHUX peakxiliit
(ADR). OCHOBHOI TPHYMHOK IIHOTO € MiJBUIICHA HMOBIPHICTh JIIKAPChKUX B3aeMOJIii. 30Kpema,
PETPOCIIEKTUBHE JOCIIKEHHS MOKa3ajo, 1o 3i 100 naiieHTiB 3 OHKOJIOTIEN0, SIKi OYJIM roCmiTaai30BaHi
0 CTamioHapy, OMU3bKO TBOX TPETHH OTPUMYBAIM IIOHAWMEHIIE OJHY IOTEHIIIHO HeOe3NnedHy
KoMOiHalliro npernapartis [8].

Hacnigkun ADR MaroTh mMpoKHii CIEKTp MpOsBIB. Y KIiHIYHOMY acleKTi BOHH MOXKYTh TIPU3BECTH
JI0 CYTTEBOTO TIOTIipIICHHS CTAaHy 3[0POB’S TAIli€HTa, a B JESKNX BUMAJKaX — HaBiTh IO CMEpTi.
ExoHOMIYHO 1€ TSTHE 32 CO00I0 CYTTEBE 3pOCTAHHS BUTPAT Ha MEMYHE 0OCITyTrOBYBaHHS, SIKi TIOB’s3aH1
i3 JIONATKOBMMH T'OCIIITAITI3a1liIMH, TTIOJAJIBIIIUM JIIKYBaHHSIM 1 BTPATOIO mparte3aaTHocTi [9].

KpiMm TOro, HesaruraHoBaHe 3BEpHEHHS 3a MEIMYHOIO jJoromoroto uepe3 ADR Moxe HeraTnBHO
BIUIMBATH SK Ha (DI3MYHUM, Tak 1 HA MICUXOEMOUIWHUH cTaH marieHTiB. Lle, y cBOrO uepry, cTBOpro€e
JOJJATKOBE HABaHTAXKCHHST Ha CHUCTEMY OXOPOHHW 3JI0pOB’s, II0 MOXKE 3HIDKYBAaTH SKICTh HaJaHHS
MEJINYHUX TTOCHYT.

Tomy momyk e(eKTHBHHX IIXOIIB JO pPaHHBOTO BHSABIEHHS Ta 3HIKeHHS pusukie ADR i
MEIMKaMEHTO3HOT TOKCHYHOCTI € TIPIOPUTETOM SIK y (hapMaIleBTUYHUX JIOCIIKEHHSX, TaK 1 B CHUCTEMI
0XxopoHH 370poB’s. [lokpaliieHHsT MPOLECiB BUSIBJICHHS HeOa)kKaHWX PEaKIliii Ha PaHHIX eTamax MOXe
CYTTEBO 3MEHIIUTH IIKOY JUIsl TAII€HTIB, MiABUIIUTH PiBeHb iX O€3MeKH, ONTHUMI3yBaTH BHTPATH Ha
JKYBaHHS 1 COPUSITH O1IbIT ePEKTHUBHIN PO3pOOII HOBHX JIIKAPChKHX 3aC00iB [ 7]. J{yist BUpIIIEHHS TAaKUX
3aJja4 BUKOPUCTOBYIOTh 0a3M JaHWUX JOKIIHIYHMX 3pa3KiB, TaKUX sSK KIITHHHI JIiHII, OpraHoigd ta
KCEHOTPAHCIUIAHTATA MUIIEH, SIKi Jaf0Th JIETallbHI MOJEKYISIpHI mpodisi («OMiKK») MyTOBaHHX TEHIB
JTAHOTO TAIiEHTa, TaK 1 peakuii KIITHH IMyXJIMHU Ha pi3Hi npenapatd. KpiM Toro, BHKOPUCTOBYIOTHCS
300pakeHHs IMyXJIMHK Y auHaMill 3a jormomororo MPT a6o KT Bizyamizarii [10].

Jnss oOpoOKM TaKMX BEJIHMKHX PI3HOMAHITHAX MAcCHBIB JIAHUX METOJHM MAIIUHHOTO HABYaHHS
(Machine Learning, ML) BinkpuBaroTh HOBI INEpPCIEKTHBU Il BHPIMICHHS IMX mpolieM B cdepi
MaTeMaTH4YHOI OHKOJIOTil, TOOTO B OHKOJOTIYHHMX JOCII/DKEHHSIX SKi IMUPOKO  BHKOPHCTOBYIOTH
MaTteMaTHYHe MojelfoBanHs Ta cumyssii [11]. Bukopucranus mryusoro intenexty (L) ta anamizy
BEJIMKHX JaHUX JIO3BOJISIE BUSBIISITU MIPUXOBAHI 3aKOHOMIPHOCTI, IPOTHO3YBATH PE3YJIbTATH JIIKYBaHHS
Ta BU3HA4aTH (PaKTOPH, LIO0 BIUIMBAIOTH HA eeKTHBHICTH Tepamii. Lli MeTonu 1eMOHCTPYIOTh BUCOKHUMA
MOTEHIlia]l Y MOKPAIICHHI MPOIECY PO3pOOKH JIKapChbKUX 3acO0IB 1 ONTHMI3allil X 3aCTOCYBaHHS B
KJIHIYHIA pakTHii. Xo4a Orjisfj MaTeMaTHYHUX METOJIB 1 YUCEIIbHUX aJIrOPUTMIB OYB TEMOIO HU3KU
nyOmikanii [12, 13], cTpiMka nuHaMika po3poOJIeHHs i OHOBJICHHS sIK 0a3 JaHMX BHMIpIOBaHb, TaK i
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HOBUX 3HaHb PO3BHMHEHHS OHKOJIOTIYHHMX 3aXBOPIOBAaHb 1 MaTeMaTHUYHUX METOMIB PO3IMi3HABAHHS 1
KJIacUQikallii, BAKJIMKAE HEOOXiIHICTh OiIBII AETATBHOTO CUCTEMATHYHOTO aHAI3Y.

MerToro JaHoi CTaTTi € aHalli3 Cy4acHHUX MiAXOMIB IO OL[IHKM €(pEeKTHBHOCTI Ta Oe3MEeKH MpenapariB
aHTHPaKOBOi Tepamii i3 3aCTOCYBaHHSM METOJIB MAIIMHHOTO HABYaHHS, a TaKOXX BU3HAYCHHS
MEPCIEKTHB TXHLOTO BUKOPUCTAHHS.

1. ITigxoau MAIIMHHOTO HABYAHHSA B CY4YacHiil OHKOJIOTIT

IcHytoTh 1Ba KITFOUOBI Tiaxoau 10 mporHo3yBaHHS ADR, ski 0a3yroThCs Ha JaHWUX MPO MAIliEHTa Ta
Horo icTopito JiKyBaHHs: [Ie METOAN CTATUCTHYHOTO aHaJi3y BHKUBAHHSA Ta MOAETI KOHTPOJILOBAHOTO
MAIIMHHOTO HaBYaHHS. J[Js MporHo3yBaHHs BUKMBAaHHS Malli€HTa YaCTO 3aCTOCOBYIOTHCS TaKi METO.H,
SK OITIHKa KPUBUX BIDKWUBAHOCTI 3a Kammanom—MelepoM, a TakoX MOJIENTh IPOMOPIIHHUX PHU3HKIB
Kokca, sika /J03BOJISIE TIPOBOJJMUTH YaCOBUIA aHali3 WMOBIPHOCTI BHHUKHEHHs MoOiuHMX edekTiB [14].
[Tompu mupoxe BUKOpUCTaHHs, Moaedb Kokca Mae HH3KY OOMEXeHb, OCKIIBKU 0a3zyeTbcs Ha HH3II
JKOPCTKUX TIPUMYIIECHb: JiHIHHICTh, HE3AICKHICTh 3MIHHHUX, TPOMOPIIIIHICTE PU3UKIB TOIIO, — K HE
3aBXIN JOTPUMYIOTHCS y peaNbHHUX KIiHIYHUX AaHuX. KpiM Toro, 111 MOAens He MOXKe e(eKTHBHO
MPaIIOBaTH 3 PI3HOPITHUMHU TUTIAMHU JJAHHUX, TAKUMH SIK MEIUYHI 300payKeHHS Ta TeHeTUYHA iHpOopMaLIis.

Meroau riubokoro HaBuanHs (Deep Learning, DL) BHKOpPHUCTOBYBAJHCH IS KOMIT FOTEPHOL
po3pobku JikiB [15], mis MPOrHO3yBaHHsS MPOTHIYXJIHMHHHX MENTHIIB HAa OCHOBI 0araToBHIOBOI
excTpakiiii o3Hak [16, 17], mis paHHBOrO BHSBICHHS MOOIYHMX peakiliii Ha JIKK Ta CTYICHIO iX
TOKCUYHOCTI [7, 18], s nepenbayeHHst aHTIMyXJIMHHOT /1ii 0OpaHoro npenaparta [6, 19] abo kombiHaii
npemaparis [13, 20, 21, 22, 23] i ix curepreTuyHO1 B3aeMo/Iii [24] Ta MOXKIIMBOTO Yacy MoYaTky moOigHOT
peakiii [25]. Ocob6auBo eheKTHBHUMHU € MOETi KOHTPOJIHOBAHOIO MANTWHHOTO HAaBYAaHHS, 30KpeMa
Metoan BumaakoBux JiiciB (Random Forest), omopuux BexTopHHX MarmuH (Support Vector Machines,
SVM) i wrryunux ueiiponnux mepexx (Artificial Neural Networks, ANN). Bouu 3natHi aHamizyBatu
CKJIQ/IHI 3aJIS)KHOCTI Ta aJanTyBaTHCS OO TETEPOreHHUX JAaHHUX 3aBISIKH BHKOPHCTAHHIO PI3HHUX
QITOPUTMIYHUX MiAX0IiB [26].

Mogeni SVM edexkTHBHO HaBUAIOThCA Ta MOXYTh BHKOPHCTOBYBATH HENiHINHI siapa (HemiHiiHI
¢yHKIi1 mepeTBopeHHs). SVM ycminHo BUKOPHUCTOBYBAIH IS Kiach(ikaii 3pa3kiB TKAHUH ITyXJIMH Ha
9yTIUBI 70 XimMioTepamnii abo criliki. SVM-perpecisi Takok BUKOPUCTOBYBaIACs IS PIOPUTH3ALIIT JTIKiB
Ta MPOTHO3yBaHHs peakuii myxiuHu [27]. Bubip ¢ynkuii siapa ta intepnperanis SVM 3a3Buyaii He €
HPOCTHMHU 33a4aMH.

OpHUMHM 3 TPOCTUX Ta IHTYITMBHO 3pO3yMIIMX MeTOHiB Kiacudikamii Ta perpecii € meronu
HabmmKkunx cyciaiB. Y merosi K manbmmkunx cycimis (K-Nearest Neighbors, KNN) Buxinni qani s
KOKHOTO HOBOT'O 3aIicy 3 0a3u JaHWX BUMIPIOBaHb 0a3yIOTHCS HA BUXIAHUX JAHUX MEHIIOI KiTbKOCT K
MOJIEKYJSIpHUX TIpodiiB, sKi HaWOiabmr cxoxi Ha mnpodine HoBoro 3paska [28]. Merox KNN
BUKOPHUCTOBYBABCS JIJIsl PO3BSI3aHHs 3aja4 nependaveHHs peakiii Ha jiku (Drug Response Prediction,
DRP), ie 4yTnuBicTh HOBOTO 3pa3Ka JI0 JIiKiB pO3pax0oByBaJacs SIK CEPEeIHE 3HAYCHHS CIIOCTEPEIKYBAHUX
3HAYEHb YYTJIMBOCTI #oro Hanbmmwkuux cycimiB [29]. Bys mocmimkenuit BB 453 mnpemnapartiB
ximioTeparii, a pe3yJIbTaT MoJieNltoBaHHst Oymu 3actocoBati 10 ~17 000 3paskie PHK-cexBenyBanns 3
ATtnacy reromy paky (The Cancer Genome Atlas) ta 6a3m maHmMx ekcrpecii T€HOTHITy Ta TKaHWH
(Genotype-Tissue Expression). 3a gomomoroto metoxy KNN Oyiu BusiBieHO 6arato BiIOMUX B3a€MOIii
MIX TIperapaTtaMy Ta TeHaMH, a TAKOX KiJIbKa MOTEHI[IHHO HOBUX acolliamii Mi>k HuMu. OTHaK METOAH
HAMONMMKINX CYCi/IiB 4aCTO MPOSBIISIOTE HEHABMUCHY Ta, SIK [TPAaBUJIO, HEBIJIOMY IPUCYTHICTH OaraThox
HEPEJICBAHTHUX O3HAK JAHHX, & TAKOXK BOHH € OOUYKCIIIOBATIBHO pecypcoeMHuMHE [12].

3arajoM yci METOAM MAlIMHHOTO HAaBYaHHS MOYKHa YMOBHO IIOJUIMTH Ha TPU BEJIHKI KaTeropii:
KOHTpoJboBaHe HaB4aHHs (Supervised Learning, SL), HekoHTponboBaHe HaBuanHs (Unsupervised
Learning, UL) Ta nHaBuanHs 3 miakpimuiennsm (Reinforcement Learning, RL) (puc. 1) [30, 44].
KontposnboBane HaBuaHHA mependayae BUKOPHCTaHHS HAaBYAJBHOTO HAOOpy 3 BiIOMHMH BHXiAHUMH
3HAYCHHSMH JIJISI TOOYI0BU MPEUKTUBHOI MOJIEII, siIka MOXe OyTH 3aCTOCOBaHA /IO HOBHX, HEBIIOMHUX
naHux. HeKoHTpoboBaHe HABUAHHS, Y CBOIO YEpPry, MPAIlO€ 3 HEMapKOBAHUMU JIAHUMHU JIJIsl BUSIBIICHHS
NPUXOBAaHHUX CTPYKTYP, KiIacTepiB a0 3aKOHOMIPHOCTEH, 1 IIMPOKO BUKOPHCTOBYETHCS, HANPUKIAL, Y
OioiHpopMaTHLll. ANTOPUTMH HaBYaHHS 3 MiJKPIIJICHHSAM O0a3yloTbCcs HA MPUHIMIN TOCIIIOBHOTO
NPURHSTTS pillleHb: MOJIENb MUITXOM MPOO 1 MOMUIIOK HABYAETHCA, SIKI JiT MPU3BOJSTH JI0 HAMKpaIInX
pesynpraTiB y meBHoMy cepemosuii [31]. Hikue neranbHimie po3risSHYTO OCOOIHBOCTI KOXKHOTO 3
MiAXOMIB.
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HasyaHHA 3 NIAKPUNAEHHAM
MNocnifgoBHE NPUMAHATTA pilleHb
Haropopaa

MO¥AMBICTL ONTUMI3YBATU NONITUKY

33 ALONOMOrOI0 CAMOCTIMHOTO HaBYaHHA.

HenomiveHi MomiyeHi
AaHi AaHi
HekoHTponboeaHe KoHTponbosaHe
paniidu HaBYaHHA

Puc. 1 Ocnosui knacu MawurHo20 HAGYAHHS
Fig. 1 Basic classes of machine learning

1.1 KonTpoJboBaHi MeTOAM.

ANTOPUTMHU KOHTPOJILOBAHOTO HABYAHHS TPYHTYIOTHCS Ha MOMEPEIHbO HaJaHUX 3HAHHSX 1, IO CYTI,
BIJIMOBIAalOTh Ha 3allUTaHHS THIY: «BPAaXOBYIOUH, IIO BXKE BiOMO...». 3aBISIKH TOMY, IIO0 BOHH
0a3yroThcs Ha 3a3/ajerigp MiArOTOBICHOMY HaBUaIbHOMY HaOOpi AaHWX, IIi METOIW € HaJ3BUYANHO
MOTY>KHUMH JIS Tepe0avYeHHs] HOBUX O10JIOTIYHMX MEXaHI3MiB, CIIEIU(DIYHUX BIACTHBOCTEH KIITHHHUX
TiHIA YM MOTEHIIMHUX B3aeMoJliid. BukopucroBytoun BijjoMy 6iojoriuny iHpopMailito, KOHTPOJIbOBaHI
MO 3/1aTHI Kpalle CIpaBIsSTUCS 3 (POHOBUM IIYMOM, XapaKTEPHUM JUIS BEIUKUX O10MEMYHNX TaHUX,
1 ToMy ToOpe MiIXOoAsTh IS IHTETPaTUBHOTO aHaNi3y, [0 OXOILIIOE YUCIICHH] HKepena iHdopMmarii.

[lepexymMoBU UIsi HaBYaHHS TaKUX alTOPUTMIB 3a3BHYail ()OPMYIOTBCS HA OCHOBI Tak 3BaHOTO
«30JI0TOTO CTaHIAPTY», KWW SABISE COOOI0 €TATOHHWI HAOIp MPUKIANiB, SKHH ifeanbHO (200 Maibke
imeansHO) BimoOpaxae mocmimkyBane spuile [33]. Ilpore, y KOHTEKCTI pakoBHUX 3aXBOpPIOBaHb HAasBHI
3HAHHS 9aCTO € HEMTOBHUMH 200 HETOUYHUMH, 1[0 BUMArae BiJi aJITOPUTMIB 3JaTHOCTI OyTH CTIHKUMU JI0
TaKUX HEJOJIKIB Y BXiTHUX JaHHX.

KonTponboBaHi Moziesi MOKyTh BUKOHYBATH KiacUdiKkallito, TOOTO MOOYI0BY TIMIOTETHYHIX ITPABUIL,
SKi JO3BOJISIFOTH BIAPI3HATH 00'€KTH (HANIPUKIIAL, TeHH) Pi3HUX KiaciB. HaituacTime /i Takux 3aBaaHb
3acTOCOBYIOThCs MeToJ] SVM [35] Ta mtpadHa norictuyna perpecist [36]. 3070THii cTaHAapT y IHOMY
BUIAJIKY CKJIQJIAETHCS 3 TOUTUBHUX MPHUKIIAIIB (SIKI aITOPUTM Ma€ HABYUTHCS BUSBIISITH) Ta HETaTUBHUX
MIPHUKIIAJIB (SIKUX CJIiJl YHUKATH).

Sk norictuuHa perpecis, Tak i SVM mparHyTh 3HAWTH MPOCTY MEXY MK MO3UTHBHUMH Ta
HeTaTUBHUMH Tpukiagamu. CTyIiHb CHpPOIICHHS MOJENI PETYIIOEThCS MapaMeTpoM, IO 3aJa€ThCs
KOpHUCTYBaueM i OaiaHCye MiX TOUHICTIO Kiacugikamii Ta ckiaagHicTio Moaeni. [Ipoctora Mozeni gacto
BB2)KA€ThCS MIEPEBAror0, OCKIJIBKY 3a0e31euye Kpally y3aralbHIOBaHICTh Pe3yNIbTaTiB HA HOBHX JIAHUX.

KitouoBum enementom SVM € GyHKIIT s/pa, SKi BAKOPUCTOBYIOTHCS ISl BiIOOpaXKEHHST BXiTHHX
JaHMX y IPOCTIp BULIOT PO3MIPHOCTI, L0 JO3BOJISE BUAUTUTH HENiHINHI 3anexHocTi. i pyHKIIT MOXKYTH
OyTH pi3HUMH 32 TUIIOM — JIHIMHUMH, HETIHIHHUMH, paJialbHUMU, TOJIHOMIaJIbHUMH TOIO. MeTox
OTIOPHUX BEKTOPIiB HIMPOKO 3aCTOCOBYETHCS HE JIMIIE JUIs 3aj1a4 kKiacugikarlii Ta perpecii, ae Takox
a/IalTYETHCS 10 HEKOHTPOJILOBAHOTO HAaBUAHHS.

Kpim xmacudikamii, KOHTpOJIbOBaHE HaBYaHHS MOXKE€ BHKOHYBAaTHM perpeciiHi 3amadi, TOOTO
MO/IEITIOBAHHSI HETIEPEPBHUX 3AJIEKHOCTEH. Y TakuX BUTIAJIKaX HAHYACTIillle BUKOPUCTOBYIOTHCSI METOIH
NiHiiHOT perpecii abo perpecii Ha OCHOBI OMOPHUX BeKTOPiB. JliHis HAKpaIIoOro MmiXoy 3a METOJIO0M



ISSN 2304 -6201 Bulletin of V.N. Karazin Kharkiv National University
102 series Mathematical modeling. Information technology. Automated control systems, issue 68, 2025

HaHMEHIIUX KBaJpaTiB, 3aCTOCOBaHa JI0 0araThO0X BHMIPIOBaHb, € MPUKJIAI0M MO, MOOYI0BaHOl 3a
JIOIIOMOT'OF0 KOHTpOJIboBaHoi perpecii [33].

AnropuT™Mu JiHIHHOI perpecii mpocTi i € HaHOLIBII NOMYJISPHUMH aJrOPUTMaMU MAIIUHHOTO
HABYAHHA 3 IIMPOKUM CIIEKTPOM 3acTocyBaHHs. JIiHil{HA MOJIENb, SIKa JISKUTH B OCHOBI JIIHIIHOI perpecii,
OyJa OCHOBOIO CTATUCTHKH MPOTATOM OCTaHHIX 30 POKiB 1 3aIHIIAETHCS OAHUM 3 HAITUX HAWBAYKITHBIIITNX
iHcTpyMeHTiB [28]:

f(x):ﬂo+2?:lxjﬂj @

Aac,
f(x) — nepenbaueHe (MporHo3oBaHe) 3HAYCHHS 3aJIEKHOI 3MiHHOT.
Bo — BUIbHUH 4ieH (3CyB).
Xj — 3HAYEHHS j-0i HE3AJIEKHOT 3MIHHOI.
Bj — xoebili€eHT npH -1 3MIHHIH.

P — KiJIbKICTh HE3aJIe)KHUX 3MiHHHX.

CraHmapTHUH alTOpUTM, perpecis HaWMEHIIMX KBaJpaTiB, BUKOPHUCTOBYE CYMYy KBaJpaTHUYHHX
3aIUIIKIB K (YHKIIIO BUTPAT, SIKy MOTPiOHO MiHIMi3yBaTH. Perpecis HallMeHIIIX KBaapaTiB MPAITOE 3
MPOCTUM HaOOPOM JTaHWX; OJHAK 31 3POCTAHHSAM CKIIQJHOCTI allTOPUTM ITOKa3y€e TIepeHaBYaHHS (HU3bKE
3MIIICHHS, ane BelmuKa aucrepcis). s BupimeHHS i€l TpoOieMH BUKOPHUCTOBYETHCS KiIbKa
QJIITOPUTMIB, TaKHX sIK Mojesb rpedus (ridge model), mozaens saco (lasso model) ta emactuyna citka
(elastic net) [37].

Cepen pi3HOMaHITHUX METOZIB KOHTPOJILOBAHOT'O HABYAHHS OJTHUM i3 HAHOJIBII 3aCTOCOBYBAHUX IS
3afau Kinacudikanii € gepeBo pimens (Decision Tree) — iHTYITHBHO 3p03yMiNMK MiAXil A0 MOOYIOBH
HPOTHO3HOT MOJIEI, IKH €()EKTHBHO MPAIOE 3 POCTHMH CTPYKTYPaMH TaHUX. MOJIelTb OYNHAETHCS 3
KOPEHEBOTO By3Ja, J¢ OOpOOJAEThCS BeCh Ha0Ip JaHUX, a Jajli IMOCIHIJOBHO PO3TalIyXYEThCS 3a
JOTIOMOTOI0 JIOT1YHHUX YMOB (TiJI0K), JOKH HE Oy/e AOCSTHYTO OCTATOYHOTO PE3YNbTaTy y JHUCTOBOMY
By3iry. KokeH BHYTpIlIHIH By30J1 JqepeBa BiAIOBia€ MEBHOMY aTpUOYTY, IO BH3HAYAE TIOAITBIIHHA
posnozain nanux [38].

Takuii miaxiz Ha3UBA€THCS MOJEIUIIO 01101 CKPUHBKH, OCKUIBKH MPOLEC MPUHHATTS PILICHb JIETKO
MIPOCTEXKUTH, Bi3yali3yBaTH Ta iHTepHpeTyBaTu. [IpoTe 3i 3pocTaHHSAM 00CSTY Ta CKJIATHOCTI BXiITHUX
JIAHUX JIepeBa pillieHb CXWIBHI 0 epeHaBYaHH, 110 3HIKYE TXHIO y3aralbHIOI0UY 3/IaTHICTb 1 TOYHICTh
NPOTHO3YBaHHA. [y 1oj0MaHHs bOTO HENOJIKY OyJiM po3poOIieH] yI0CKOHANIEH! BapiaHTH MoJieNei,
sIKi 0a3yIOThCS Ha MTOEHAHHI KUTbKOX JICPEB PillicHb.

Taki meromu, Mo O0O'€MHYIOTh AEKiTbKA CIIA0KWX MOeNell y CHIbHY KOMOIHOBaHY MOJIENb,
HasuBaroThcsl aHcamOneBumu (Ensemble models). Bonn mokmnvkani 3a0e3me4nTH BUCOKY TOYHICTH,
CTaOUIBHICTH Ta 3J[aTHICTH JI0 y3arajibHeHHs. Jo Takux Mojeneit HanexaTh, 30kpemMa, Random Forest ta
Gradient Boosting Machines (GBM).

VY wmoneni Random Forest HaB4anbHa BHOipka 0araropa3oBo pO30HMBA€THCS BHIIAJKOBHM YHHOM
(bootstrapping) Ha Kisbka MIAMHOXHUH, U KOXKHOI 3 SKUX OyIy€ThCS OKpeMe JiepeBo. BukopuctanHs
JEKUTbKOX BHUIAJKOBHX JICPEB PillleHb IS TPOTHO3YBAHHS ITiBHIIYE TOYHICTh Tporuo3ysanus [40].

OxpiM mapajenbHUX aHcaMOJdiB, ICHYIOTh TaKOX IIOCHIJOBHI aHCaMOJieBi MeETOIH, 30Kpema
amantusHe migcwieHHs (AdaBoost) ta rpangientne migcunenns (Gradient Boosting). Y AdaBoost mis
KOXHOI iTepailii BUKOPUCTOBYEThCS ClIa0Ka MoOjeb (3a3BHuail JepeBO 3 OJHUM BY3JIOM), a KOXKHA
HAacTymHa MoJenb (OKYCYETbCS Ha NMPHUKIaAax, mo Oynu kiacudikoBaHi 3 mOMWIKOIO. ['pamgieHTHe
MiICUIIEHHS] BUKOPUCTOBYE JiepeBa O1bInoi ruOuHH (3a3Bruail 8—32 ArCTOBI BY3NH) AJS ONTUMI3alii
noxigHoi ¢ynkuii Brpar. O6uIBa METOIM 3a3BUYall JIEMOHCTPYIOTh BUIIY €(EKTHBHICTH MOPIBHSHO 3
okpemumH aepeBamu [37].

[onpu BHuCOKY eeKTHBHICTb, aHCAMOJIEBI MiAXOJX BTPAYarOTh IPO30PICTh: Yepe3 BEMKY KiIbKICTh
00'eTHaHUX JIepeB CTAE CKIAHO BIJICTEXKUTH BIUIMB KOHKPETHUX BXIJHHUX IMapaMeTpiB Ha pe3ynbTar. Lle
VCKIIQJHIOE iX BUKOPHCTAaHHA B KPHTUYHUX MPHUKIQAHUX cdepax, Jjge HeoOXiHa TIOBHA
IHTepIpETOBaHICTh MOJENEH, Ha BiAMIHY BiJ JiHIMHUX Mozeseid a0o OKpeMHX JepeB pillleHb, IO
3a0e3MeuyI0Th YiTKE MOSICHEHHS HAa OCHOBI BaroBux koediiieHTiB abo rinok [41].
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[HMMMK TIPUKIIAAaMU  ANTOPUTMIB  SIKi BUKOPHCTOBYIOTBCS B OHKOJIOTIi Ta Hauexarb [0
koHTponboBaHoro HaByaHHS € ANN. Lli anroputmu Oinpll cKiIaaHi 1 BUKOPUCTOBYIOTHCS Ha BEIMKUX
Ha0oOpax JaHuX 3 BEJIHMKOK KUIBKICTIO O3HAaK, HANpWKIaA, JJIs TPOTHO3YBAaHHS BIAMOBIAI Ha
xiMioTeparniro 1o TUCsYi 3MiHHUX. B Halinpoctimomy Bumnaaky [28,46] dopmysa mist oqaoro mapy ANN
Ma€ BUTIIST

yza(zr;:ia)ixi+b) @)
Aac,
Xj — BXiJIH1 3HAY€HHs (O3HAKM),
W; — BaroBi KoeQiIieHTH,
b — 3cys (bias),
0 — aKTHUBaliiiHa QYHKIIS,

Y — BUXiJ HelipoHa (TependayeHHs).

ANN BCTaHOBIIOIOTH 3B 30K MK BXIITHUMH O3HaKaMH Ta MPOTHO30BAaHUMH pPE3yJIbTaTaMH depe3
OaraTopiBHEBY CTPYKTYpYy MaTeMaTHYHHUX IEePETBOPEHb. Monens BimoOpaxae BXiqHI (GYHKIT HA BY3/IH
B MPUXOBAHOMY IIIapi 3a JOMOMOToo JiHiHUX GyHKIIH. [ToTiM i By3nu BitoOpaxaroTh pe3yiabTar 3a
JIOTIOMOTO0 HemiHiiHol ¢yHKuii aktuBanii. Lls MepexkeBa auHaMiKa J03BOJIsIE HEHPOHHUM MepeKam
¢ikcyBaTH CKIaJHI B3aeMoOJlii MK (YHKIIISIMH Ta pe3ysibTraToM. B ocTaHHI poku OyinO HOCITHYTO
3HAYHOTO TpOrpecy B HEWPOHHMX Mepekax, BKIIOYAIOYH BIIPOBA/DKEHHS PEKyPEHTHHX HEWPOHHUX
mepex (Recurrent Neural Networks, RNN), sroptkoBux neiiponnux mepex (Convolutional Neural
Networks, CNN) i renepatmBHux 3maramsHux mepex (Generative Adversarial Networks, GAN).
HetiponHi Mepexi ctanu 0COONMHMBO MOMYISIPHUMHE 3aBJISKH CBOIM 31aTHOCTI CHHTE3YBaTH HEOOpOOIIeHi
300paKeHHsI Ta BIIBHUN TEKCT. BOHM MignaloThCsi HECTPYKTYpOBaHMM (opMaraM JaHUX i MOXYTb
MacIITa0yBaTUCS J0 MapaMeTpiB BUCOKOI PO3MIPHOCTI, a CaMe JI0 BHITAJKIB, KOJIHM KUIBKICTh BXiJHHX
(GYHKIIN 3HAYHO TMEPEBHINY€E KIMBKICTh cCIOCTepekeHb. OmHaK cwia 1 CKIAIHICTh MOZEIIOBaHHS
JOCATAIOTHCS 32 PaXyHOK MOXKIIMBOCTI iHTepnperallii. HelipoHHi Mepesxi Oyiu Ha3BaHi METOJaMU YOPHOT
CKPMHBKH B PE3yNIbTaTi TPYAHOILIB 3 OTpUMaHHAM iHpopmanii. Sk i y BUMaaxky 3 aHcamOJIEeBUMH
METOJIaMH, BiZICYTHICTh MOXIMBOCTI iHTEpIIpeTallii 0OMeXy€ IX KOPUCHICTD Y MIEBHUX KIIHIYHAX yMOBaX
[41].

1.2 HekOHTpOJIbOBAHE HABYAHHS

HexoHTponboBaHe HaBuaHHS Iepeadadae poOOTY 3 BXIIHUMH JaHUMH, SKi HE MAlOTh IONEPEIHBO
BU3HAYCHUX MITOK a00 kiaciB. OCHOBHOI METOK I[LOTO MiJXOAY € BHUSBJICHHS TNPUXOBAHUX
3aKOHOMIPHOCTEH, CTPYKTYp a00 yrpylyBaHb y JaHUX 0€3 YiTKOTrO HarJIsAy YM Liab0BOI 3MiHHOT. [Ticns
imeHTH(DIKAI] TAKUX CTPYKTYP, HAIIPHUKIIA]] KJIIACTEPiB, OTpUMaHy iH(OPMAIliF0 MOXXHA BUKOPUCTATH IS
nmoiajIboi Kiacugikailii 3a JOMOMOr0o KOHTPOJIIBOBAHUX METO/IIB. Y TaKOMY pa3i HOBUH 3pa30K MOXKe
OyTH BiIHECEHHH 10 HaHOLIbII TOAIOHOTO KiacTepa [34].

Le#t migxim mO3BOJIAE IOCHIAWTH OPraHizallif0 JaHWX, CTABISYM 3alMTaHHS Ha KIITant: <«SIki
3aKOHOMIPDHOCTI BUSIBIIFOTECA Yy TMPOQUIAX eKcHpecii TEeHIB Yy TAaIli€eHTIB 3 OHKOJIOTIYHHUMH
3aXBOPIOBaHHSAME?» HEKOHTpOIbOBaHI aNrOPUTMH YacTO BHUSBISIOTH JOMIHaHTHI 1 TIOBTOPIOBaHi
XapaKTEePUCTUKH B JIaHHUX, X049a i MOXKYTb OyTH YyTJIMBUMH J0 BIUTMBY 30BHIIIHIX 200 3MIlIyBaIbHUX
(bakTopiB, sAKi HE € YACTHHO OCHOBHOI CTPYKTYpH JaHux [34].

Ha BiaMiHy BijI KOHTPOJILOBAHMX METO/IB, SIKi OPIEHTOBaHI HA KOHKPETHI nepeadavyBaHi pe3yabTaTH,
HaBUaHHs Oe3 y4wTenss Mae OUIbII 3arajbHy JOCIIJIHUIBKY CHpSMOBaHICTb. BoHO He 0a3yeThcs Ha
HAsSBHOCTI 3a/1aHOI IIbOBOI 3MIHHOI, SIK BIDKUBAHICTh a00 BiJIIOBi/b HA JIIKYBaHHS, 1 HATOMICTh Ja€
3MOTY iIeHTU(IKyBaTH BHYTPIIIHI 3aKOHOMIPHOCTI B HA0Opax JaHMX.

Cepen pi3HHX TEXHIK HEKOHTPOJILOBAHOTO HABUAHHS KjlacTEepH3allisi € OJHI€0 3 HaWOLIbII
IHTepIPETOBAaHUX Yy KOHTEKCTI MEOULIMHH, 30KpeMma Yy KIiHiuHiM iHpopMaTuui Ta OGioMeAWYHHX
nociipkeHHsx. Hampuknan, kinactepHuid aHani3z enekTpoHHuX Menununux 3anmciB (Electronic Medical
Recordings, EMR) 1t TIaIli€HTiB 3 TIEBHUM 3aXBOPIOBAHHIM MO’KE JOITOMOTTH BHSIBUTH Pi3Hi ITiATHITH
MAIiEHTIB a00 KJIiHIYHI ()EHOTHUIIH B MEXaX OJIHIET 11arHOCTUYHOI KaTeropii.

3arajioM aNropuTMH KiacTepuzauii po3ainsaoTe gaHi Ha K kjacrepiB, Opi€HTYIOYHMCh Ha
MaKCHMIi3allil0 BHYTPIITHBOT OJHOPIAHOCTI (CXOXOCTI MiX €JeMEHTaMH B OJHOMY KiacTepi) i



ISSN 2304 -6201 Bulletin of V.N. Karazin Kharkiv National University
104 series Mathematical modeling. Information technology. Automated control systems, issue 68, 2025

30BHIIIHBOT BIAMIHHOCTI (MK pi3HUMH KitacTepaMu). [TomiOHICTh Mixk 00'eKTaMK 3a3BUYAl OI[IHIOETHCS
Ha OCHOBI METPHK BiJIcTaHi 800 CX0XOCTI, TAKHMX SIK €BKJIIJIOBA BiJICTaHb 4K Kopessiwis [41].

Mertoro anroputmy K-cepeanix € miHiMi3yBaTH (QyHKILIIO, SIKa O0UHCIIIOE CyMy KBaJpaTiB BiICTaHEH
BCIX TOYOK J0 IIEHTPIB BiAMOBIAHUX KJIACTEPiB, TOOTO 3HAWTH TaKi KIACTEPH, I¢ TOUKH SIKOMOTa OJIHXKYi
JI0 CBOIX meHTpis [44]:

J= z X — 24 [ 3

K
k=lieCy

Aac,

J — 3aranpHa cymapHa KBaJpaTHIHA IOMUJIKA,

K — KiJTbKICTh KJIacTepiB,

Cj — MHOYKMHA TOYOK, SIKi HaJeXath 110 Kiactepa k,

X; — 00'€KT JaHUX,

Uy — ueHTp (cepenne) knacrepa k,

||x; — px||? — eBKIiIOBA BiacTaHb (B KBAAPATi) MiXK TOYKOIO Ta LIEHTPOM ii KIacTepa.

3anmava imeHTU}IKAIT MOIEKYIAPHUX IMiATHINB 3JOSKICHUX HOBOYTBOPEHb € THUIIOBHM TPUKIATIOM
MPO0JIEMH, SIKY JIOIUIBHO BUPIIIYBATH 32 JJOIIOMOT 00 HEKOHTPOJHOBAHUX METO/IIB aHaJIi3y. 32 HASSBHOCTI
JAHUX EKCIpecii TeHiB JJisl pi3HUX 3pa3KiB MyXJIMH JOCTIIHUK MparHe 3’sCyBaTH, UM iICHYIOTH CIUIbHI
MOJIeNl eKCIpecii, sIKi JO3BOJSIOTH 3TPYITyBATH IIi 3pa3Kd Yy MiJITHNM HA OCHOBI iX MOIEKYISPHHX
XapaKkTepuCcTUK. [l POr0 4YacTO BHKOPUCTOBYIOTHCS ITOPUTMHM KIIacTepu3amii, 30KpeMa Ti, 0
nepeadavaroTh MO JaHUX Ha 3a3]1aJIeTib 3a/1aHy KUIbKICTh TPYIL.

OnHuM i3 HAWOLIBII MONTUPEHUX METO/IIB ¥ ITii KaTeropil € kiacrepusaitis k-cepennix (k-means), sxa
BUKOHYE PO3IOJUT JTaHWX HA KIACTEPH, IPYIYIOUM CIIOCTEPEKEHHS 3 IMOMIOHUMHU XapaKTepHUCTUKAMHU
ekcrpecii. K-means kiactepuzallisi HAMaraeTbCsl pO3ALUTHTH BUMIPIOBAHHS Ha TPYIH, SIKi JEMOHCTPYIOTh
nmonioHi 3akoHoMipHOCTI [34]. Hanpuknan, y mocmimkenHi [39] Oyi0 mpoaeMOHCTPOBAaHO €(PEKTHBHE
3aCTOCYBaHHSI MeTOAy Kk-cepemHix amis imeHTHdiKalii MOJEKyISIpPHHUX IITHIIB paKy SE€YHHUKIB, IO
KOpeNoBajdl 3 KIHIYHUMH pe3yibTaTaMd. SIKicTh HEKOHTPOJHOBAHOI KiIacTepu3alii 3a3BHUYAl
OLIIHIOETHCS 32 BiITBOPIOBAHICTIO OTPUMAHUX MIATUIIB Y HE3aIEKHHUX BUOIpKaXx.

Cepen HallyXMBaHIIINX KIACTEPHUX METOMIB — KiacTepu3amis K-cepemHix Ta iepapxiyHa
KiIacTepusanis. [lepmmii METol BUKOPUCTOBY€E €BPUCTHYHI ITIXOJH ISl 3HAXOPKEHHS ONTUMAIIEHOTO
posmomiiy maHux Ha K KimactepiB, TOAI SK APYTHH MMOYHMHAE 3 TOTO, IO KOXHE CIIOCTEPEKEHHS
BB2)XXA€ThCS OKPEMHUM KJIACTEPOM, 1 MOCTYNOBO O0’€AHYye iX y OUIbIII TpynmH HA OCHOBI 3pOCTaHHS
MIDXKJIaCTEPHOI BificTaHi. Pe3ynmbTaToM € nepeBonoioHa CTpyKTypa, 0 A03BOJISIE JOCTITHUKY BHOpaTH
OakaHy KUIBKICTB KJIACTepiB Ha OyIb-KOMY piBHi arperariii [41].

[HTepnperaltis KJacTepiB € EHTPAILHOIO MPOOIEMOI0 B HABYaHHI 0€3 yUUTelIs, 0OCOOIUBO 3 OTJISLY
Ha aKTyaJIbHICTh KJTaCTEPU3aIlii B JTOCIi THUIIBKOMY aHaui3i manHux [41].

1.3 HaBuyanHn4 3 miakpinjeHHam

Kriniyae npuiHATTS pIillIeHb He 3aBXIU € JIHIHHUM a00 3aJIe)KHUM JIHIIE BiJ OJTHOTO YNHHHKA —
JKapsM 4acTo JOBOANUTHCS YXBaIIOBATU TEPANIEBTUYHI PilIEHHS HA OCHOBI HEMIOBHOI, ()parMeHTapHOI YH
HeoTHo3HauHOT iH(opmaii. [ mogonaHHs MUX BUKIHMKIB Y cepi OXOPOHU 370POB’sl 3pOCTAE IHTEPEC
JO METOMIB HaBYaHHS 3 MiAKpimieHHsM RL — migpo3dinly MamMHHOTO HaBYaHHS, Y SIKOMY
IHTEJNIEKTYalIbHUH areHT B3a€MOJII€ 13 CepeOBUINEM, BUKOHYIOUH il 3TiHO 3 TIEBHOIO CTPATETI€I0 3
METOI0 ONTHMi3amii PyHKIliT BHHATOPO/IH.

Y pamkax RL arent po3poOisie TOMTHKY — aJanTUBHY CTpaTerilo i, CHpsMOBaHy Ha
MaKCHMi3alilo cyKynHoi BuHaropoa. Lleii mponec, sik mpaBuito, 31iHCHIOETHCSI METOJJOM iTEPAaTHBHOTO
BJOCKOHAJIEHHS yepe3 MpoOH i MOMMWJIKH, JOTIOKH He Oynae HaOmkeHo abo JOCSATHYTO ONTHUMAaJbHE
pitenHs. AnroputmiuHa peanizaiis RL dacto 0a3yeThcss Ha MOJEIIOBaHHI MapKOBCHKOTO IMPOIECY
npuiiasTTs pimieHb (Markov Decision Process, MDP), y sikomy BU3HAYaIOThCs 3MiHHI JIJISI CTaHIB, Jii,
¢yHKLUiT BUHAaropoau Ta Koe(illieHTa IUCKOHTYBAHHS, IO 3MEHIIYE 3HAYEHHs BiJJaleHUX Yy daci
maciiakis [30, 45].

Koxkna misi, BUMHEHA areHTOM, 3MIHIOE CTaH CEPEAOBHUINA — Y KOHTEKCTI MEIUIIMHH 1€ MOXKE
CTOCYBaTHCh KIIIHIYHOIO CTaHy Mali€HTa Y¥ CYMyTHIX AaHuX. 3aJeKHO BiJ eeKTy, SIKUH Mae mis
(Hampuknaza, NO3WTHBHA BiANOBIAL HA TEPalilo0 YW YCKJIAJHEHHs), areHT OTPUMYE BHHAropoxay ado
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mokapaHHs. TakuM YHHOM, areHT GOopMye MONITHKY, 0a3yrounch ab0 Ha BiAryKax BHHAropoj, abo Ha
3aKOHax Mepexo/iB Mix mapamu "cTaH—[is", sSIKi PeryIIOI0Th MoJaNbIINK BUOip niid. Hampuknan, arent
MOJK€ BHSIBUTH, IO MiJBUIICHHS JT03U XIMIOTEpaIlii MOCHIIOE MPOTUIYXJIMHHY BiAMOBib, ajie TaKOX
CYTIPOBOKYETHCS 301TBIIEHHSIM TOKCHIHOCTI.

3arajbHa MeTa areHTa MOJIra€e He B JIOCATHCHHI MaKCHMAaJbHOI MHTTEBOI BHHATOPOAW, a Y
MaKCHMi3allii JOBrOCTPOKOBOT BUTOH Yepe3 0OIpyHTOBaHUHM BUOIp Aill ISt KOKHOTO KITIHIYHOTO CTaHy.
Takwit miaxix 703BOJISIE MOJEIIOBATH JHHAMIYHI MMPOIIECH IPUHHSATTA PillIeHb, IO € OCOOJIMBO IHHUM Y
CKJIaHMX TEPANEBTHYHMX CIieHapisx [43].

Jlsist OL[iHKH e)eKTHBHOCTI MOJITHKKA BUKOPUCTOBYIOTh (QYHKIIitO 3HaueHHs ctany V™ (s) [45]:

V3 _ 4
V (S) - Z ﬂ.(a‘[ | St) Z T (St+1 | St’a‘[ )I:R(St’st+l) +7V (St+1):| (4)
at €A St+l€ S

Aac,

V™ (s) —byHKIs IIHHOCTI CTaHy S P MOJITHII 7. BoHa moka3ye odikyBaHy CyMapHy

HAropojy, MOYMHAIOYH 31 CTaHy S 1 JOTPUMYIOUYKCH MONITHKH .

n(as|s;) — AIMOBiIpHICTH BUOOPY [il @; Y CTaHi S; 32 MONITHKOKO 7.

T (S¢4115¢ ar) — dyHKIIS IEpEX01y, HMOBIPHICTD MOTPAIIUTH Y CTAH Spyq MICJIsA BUKOHAHHSA il a; Y
CTaHi Sg.

R(S¢, S¢41) — Haropoja, OTpMMaHa 3a MepeXif 31 CTaHy S; Y Sgy1-

y — xoedirmieHT auckoHTyBaHHS 0<y<l, sSIKWi 3MEHIITye Bary MailOyTHIX HAropo/I.

HaBuaHHs 3 miIKpimieHHSIM € 0cOOINBO e(EKTHUBHUM Il BUPIIICHHS CKIAIHUX 3aBlaHb, 30KpeMa
TaKuX, K KIiHIYHE NPUUHATTS pillleHb, OCKUTbKU RL-areHT 3aaTHi npuitMatu Aii HaBiTH y mporeci
HE3aBEpIICHOTO0 HAaBYaHHS Ta TOCTIJIOBHO KOPUTYBATH CBOi CTpaTerii Mg MaKcHMi3allii OodikyBaHOL
BUHAropoJu. Xouya aJTOPUTMH HaBYaHHS MiJ HAIJISAOM TaKOX MOXYTh BHKOHYBaTH 3aBAaHHS 3
HETIOBHUX JIAaHHUX HUISXOM IMITyTallii, Taki 3aMiHH HE 3aBXI{ TOYHI Ta MOXYTb IIPU3BECTH J0 PUIAHATTSI
HEMpaBUIIbHUX piteHsb [43, 44].

Ockinpkn BuHaropoau B RL MoxyTs OyTH piAKICHUMH Ta BiICTPOYCHHMH, TaKi aJTOPUTMHU 31aTHI
BIJICTO)KYBaTH 3B'A30K MDK JI€I0 Ta BIIKIAJCHUM pPE3yJbTaTOM, IO € CKIAJHUM 3aBIaHHSAM ISl
tpamuuiinux miaxomiB [30]. Ile mae 3mory RL-areHtam edeKkTHBHO pO3B’sA3yBaTH 3a/1adi, y SKHX
HACJIIJIKU PILIEHb MPOSIBISIFOTHCS 3 4aCOM.

VY cknaHUX KIIHIYHUX 3aBIaHHSX, HATIPUKIIA]], TP OHKOJIOTIYHHUX 3aXBOPIOBaHH:X, RL nemMoHcTpye
3HAYHWK TMOTEHIlian. 3aBIsSKH 3JaTHOCTI OOpOOJSATH BEIMKI MacHBHM JaHUX, 30KpeMa Bi3yaslizalliid,
OloMeqMUHMX TOKa3HWKIB Ta IHAMBIAyallbHUX XapaKTepUCTHK mamieHTa, RL Moxe pomomortu
ONTHUMI3YBaTH CTPATETil IJIAHYBaHHS Ta MOHITOPUHTY JIKYBaHHs B peanbHOMY 4aci. Lls BIacTuBicTh €
KPUTUYHO BXJIMBOIO B OHKOJIOTII, Jie JIIKyBaHHS Mae OyTH aJanTUBHHUM 1 IIEPCOHAIII30BAHUM, a BIATYK
Ha Teparrito Moxe OyTu HerrepenoadyBanuM. Kpim Toro, RL 31aTHe BpaxoByBaTH JOBrOTPUBAIII HACIIIKH
KIIIHIYHUX pIllleHb, HABiTh 32 YMOB HEIOBHOTO PO3YMiHHS 3B’S3KiB MiXK TEPAaIEBTUYHHMH MisIMH Ta
KiHIIEBUMH PE3yJIbTaTaMu.

Bapro migkpecnutu, mo RL He HanmexuTh Hi O KOHTPOJIBOBAHOTO, Hi J0 HEKOHTPOJLOBAHOTO
HaBYaHHA. Ha BinqMmiHy Bif iepiux, e MoJieNi BUBYAIOTHCS HA OCHOBI MiYEHHX MPUKIAIB, 1 JPYTHX, SKi
HaMararTbCsl BUSBUTH NMPUXOBaHI 3aKOHOMIPHOCTI B HECTPYKTYpOBaHWX jJaHuX, RL rpyHTyeThCs Ha
B3a€EMOJII] areHTa i3 cepeZoBHILEM, Je 3BOPOTHHUI 3B 30K pealli3yeThCs Yepe3 CHCTEMY BHHATOpPOJl Ta
mrpadi [47]. Takuii miaxia J03BOJSE areHTy ajanTyBaTH CBOIO MONITHUKY, OPi€EHTYIOUNCH Ha peasbHi
HACJIIIKHU CBOIX IIil.

VYuikaneHOW0 mpodieMoro RL € HeoOXimHICTh OagaHCy MiX ekcruryararieto (BUOIp qo0pe BioMHX
Iill, 110 TPUHOCATH BUHArOPOAY) Ta IOCTIUKCHHSM (BUNPOOYBaHHA HOBUX [IiH JUII MOMKJIMBOTO
noKpalueHHs crparerii). HagmipHa yBara 1o Jmiie ofHOTO 3 IIMX aCHEKTiB Bele J0 HEONTHUMAaJIbHUX
pe3yibTaTiB, TOMY 1€l KOMIPOMIC € MpeaIMeTOM iHTeHCUBHOTO aociikeHHs [45]. IToxiOna guiema
BIJICYTHS Y KJIACHYHUX 3aJ1a4aX KOHTPOJIHOBAHOTO a00 HEKOHTPOJIHOBAHOI'O HABYaHHS, IO poOuTh RL
KOHILIENITYaJILHO BiIMiHHUM 1 O1JIbIII THYYKHM Yy ACSIKHX chepax.

RL-mMeTomn MoOKHA MOAUIMTA Ha MoxaeibHi (model-based) Ta Oe3momensHi (model-free). V
MojensHOMYy RL arent Oymye ysBICHHS MO JWHAMIKY CEpelOBHUINA — HANPUKIAJ, Y CUMYJIbOBAHUX
CepeIOBHINAX 3 BiJIOMUMH IIPaBHIIAMH — 1 HA OCHOBI i€l MOJIeui TUIanye 1ii. Y 6e3MoAeTbHOMY ITiX0/Ii
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areHT He Mae€ JIOCTYyIy A0 iHdopMalii mpo mepexiaHi # BUHAropoaHi QyHKINT cepeaOBHINa i BUUTHCS
BUKJIFOYHO 3 JIOCBI/Iy 3a JOIMIOMOTOI0 CTpaTerii nmpo0 i momminok [42].

be3aMmozenbHi alropuT™MHU AUIATBCS Ha MOJENi, sKi 3acHoBaHi Ha wmiHoctsax (Value-based RL),
3acHoBaHi Ha nouiTuil (Policy-based RL) Ta akropchko-kputiuti metoau (Actor-critic RL).

Meroro Mozenei, siki 3aCHOBaHI Ha IIHHOCTAX, € BUBYEHHS IIIHHOCTI CTaHIB a00 IIHHICHUX (YHKIIIH
JUTS. OTPUMAHHSI ONITUMAJIbHOT MO TUKY PUUHATTA pimieHb. OuH 3 HaHO1IbII MOMUPEHNX alTOPUTMIB
HaB4YaHHS 3 migkpimieHHsM Q-learning mo3Bossie areHTy 3HAXOMWUTH ONTHMAJIBHY CTPATETriio mild y
JTUHAMIYHOMY CepeIOBHII MIUIIXOM MaKCHMIi3allii CyMr MaiOyTHIX BUHATOPO/I.

Meromu, 1m0 3acCHOBaHI HA TONITHIN, - I METOAM TPAJi€HTa TONITHKH, SKi JHIOTh MIIIXOM
Oe3mocepelHbOI ONTHMi3alii OYiKyBaHOI BHHATOPOAM 31 3HWKKOIO JJIsi OTPUMAaHHS ONTUMAalbHOI
noMiTHKH. THIOBHIT METO/I OO KiIacy anropuT™is - State—Action—Reward—State—Action (SARSA) —
BUKOPUCTOBYE MAapKOBCHKHU mpouec NpuiHATTS pimens (MIIP), sxkuii € cTOXacTHYHOIO 3afayero
KepyBaHHS JJIS OCIiTOBHOTO IPUUHSATTS PillleHb, KOJIM PE3yJIbTaTi HEeBU3HAUCHI.

AKTOPCBHKO-KPUTHYHI METOIN TMOEAHYIOTH i/IeI0 TPali€HTa MONITHKA Ta MiAXOIB, IO 3aCHOBaHI Ha
IIHHOCTSX, JUTSI MIOAOIAHHS BiIOBIAHIX 0OMeXeHb. I paJieHTHI METOM MTOMITHKH YacTO 30irafoThCs 10
JIOKAJIbHUX MaKCUMYMIB 1 MalOTh TEHJICHIIIFO IO BUCOKOI TUCIEPCii, TOMAI K METOMH, 10 3aCHOBaHI Ha
3HAYEHHSIX, MOXYTh MaTH CJIa0Ky 30DKHICTh. AJNTOPHUTMH aKTOpa-KpPUTHKA BIOCKOHATIOKOTH IIi
MpoOJIeMH, BUKOPUCTOBYIOUX aKTOpa JJIsl BU3HAYCHHS /i HA OCHOBI TPali€HTIB MONITHKH, a KPUTHKA
JUTSL OI[IHKM SIKOCTI Jili 3a JOMOMOIOI0 HAaBUYaHHS YacCOBHMX BIIMIHHOCTEH crpuse e()EeKTHBHOMY
OHOBJICHHIO B Oe3mepepBHUX mpocTopax aiit. ITpukitagamu € metoan A2C, A3C [45].

TakuM 4MHOM, HA Cy4acHOMY €Tami pi3Hi MeToi i anroputMu ML BHKOPHCTOBYIOTBCS I 0OpOOKH
JaHWX, PO3Mi3HaBaHHS, Kiacu(ikaiii, NPOrHO3YBaHHA 1 TNPUHHATTS PIMIEHb Yy CKIaJHUX
OararonapaMeTpUYHUX 3aJadax MPaKTHYHOI OHKOJIOTI 3 HEBU3HAYCHUMH PO3B’SI3KaMH. Y 3B’SI3KY 3
BYUIMBICTIO 1 CKIQJHICTIO MAaTeMaTHYHUX MIiAXONIB 1 ajlrOpUTMIB B OCTaHHI pPOKH c(hpMyBaiach
MaTeMaTHYHa OHKOJOTiS - MUKIWUCIUILTIHAPHA Taly3b, SKa BUKOPHUCTOBYE Cy4YacHI MaTeMaTH4HI Ta
00YHCITIOBaTIbHI METOJM Ul BHBYECHHS IOYATKY, IPOTPECYBaHHS Ta peakiii Ha JIKyBaHHS paky.
MaremaTHyHa OHKOJIOT1sI HOETHYE MAaTEeMaTHKY, iHPOPMATHKY Ta 0i0JIOTIIO JJIsi CTBOPEHHS MOJIEIIEH, 110
OMHCYIOTh PaK Ha PI3HUX PIBHSX, BiJl MOJIEKYJSIPHOTO (T€HETHYHI MOKA3HUKW Ta iHII —OMIKH) JI0
KIIITHHHOTO 1 TKAHUHHOTO (3pOCTaHHSI MYXJIMHH Ta MOIIUPEHHS METACTa3).

2. Pe3y1bTaTH i BUCHOBKH 0 MePCNEeKTHBAX BHKOPUCTAHHA MAIIMHHOTO HABYAHHS B OHKOJIOTII

B cyuacHiii onkomorii BuOip MeToja MaIIMHHOTO HaBYaHHS, SKUM OyJae BHKOPHUCTOBYBATHCH,
3aJIeKUTh Bl 3aj1adi, sSIKy NOTpiOHO Oyne BupimmTH. [lepeBarn Ta HEAOMIKH PI3HUX METOJIB, SKi
BUKOPHCTOBYBAJIUCS Y CYYaCHUX JTOCIIPKEHHSX, HaBeAeHi B Tabmumi 1.

Tabnuys 1. Ilopienanns eukopucmanms Memooie MauuHH020 HAGYAHHSL 8 OHKONO2IT
Table 1. Comparison of the use of machine learning methods in oncology

3aBIaHHs 1€ METOJL
Halikpaiie
BHKOPUCTOBYETHCS

Mero HaBYaHHS Ipuknanu anroputmis | IlepeBaru Henoniku

KonrponbsoBane
HaBUaHHSA

Linear Models [50]
[51] [53]

- [Ipocrora, mBHIKICTH
- Bucoka inTepripeToBaHicTh
pe3ynbTaTiB

- [Totpebye mMideHNX
JTaHVX, HE TPAIIoe
no0pe 11t HOBUX
MyTamii

- He BusiBisie cxnaani
HEJNiHIAHI 3B’ SI3KH

- Iorano mparorTs 3
BHCOKOPIBHEBUMU
3AJIEKHOCTIMH

IMporros BuxuBaHOCTI,
PM3HUKY, paHHE
BUSIBIICHHS

Decision Tree Models
[57]

- InTepnperoBaHi npasuia
- [Ipairoe 3 kaTeropianbHUMHI
Ta YUCIOBHMH JJAaHUMH

- Uymnmusi 10 mymy
- MOoXIIHBICTH
nepeoOyIeHHs
(overfitting)

IMporuo3 peakuii Ha
npenapar, kiacudikaris

Support Vector
Machine [58]

JloOpe nparroe 3 HEBETUKIUMUI
HaOOpamu, CTIHKHH 10
nepeoOydeHHs.

Baxko macmtabyBatu
Ha BEJHKI JaHi

Knacudixamis myxims,
MPOTHO3 PEUANBIB




ISSN 2304 -6201

BicHuk Xapkiscbkoro HauioHanbHoro yHiBepcuteTy imeHi B. H. Kapasiva
cepist MatemaTuyHe MofentoBaHHs. [HopmaLiiiHi TexHonorii. ABTOMaT30BaHi CUCTEMM yNpaBniHHS, BUnyck 68, 2025 107

- Baxko Knacuikauis tumy
. IHTEepIpeTyBaTH IyXJIMHH, TIPOTHO3
Ensemble Models - Bucoka tounicTts prpery YXIHHH, HpOT
. - NoBruii yac BIANOBIAI HA JIIKyBaHHS
[52] - CTIHKICTB 1O HIepeoOydeHHs
TPEHYBaHHS
- [lotpebyroTh Knacugikanis
o BEJIHKOTO 00cATy ricTO300pakeHb,
- Mogenb HelmHIHHIX
JIaHHUX BUSIBJICHHS IyXJIUH Ha

Neural Networks
[54] [55], [56]

3B’SI3KiB, MMOTYXKHI IS
300paxeHb
- Nobpe MacmtabyroThest

- CKITafHiCTh ¥
HaJIAIITYBaHHI, ‘‘dOpHa
CKpHHbKA”

CKaHax

rpeiaienTHOl cTparerii

HexonTponboBane K-means [39] - BusiBnenns HoBuX - Baxko - BusiBnenHs HoBUX
HaBYAHHS 3aKOHOMIPHOCTEH iHTepIpeTyBaTh MiATHIIB paKy
- IIpocrora peanizamii - He 3aBxxau Mae - Crpatudikaris
- [lIBuyka 0OpoOKa BEMUKUX KJIHIYHY [[IHHICTh MAaLi€HTIB
HabopiB - YyTnusicTs 10
Bubopy k
- He rapanrye
OITUMAIILHOTO
pO30UTTS
- [lotpeOytoTh BenuKoi
X : - SHIOKEHHS
- BusiiieHHs1 aHOMaUTiit KUIBKOCTI JTaHuX PO3MIPHOCTI IaHUX
Autoencoders [59] . . - Baxxko L
- 3HMXKEHHSI pO3MIPHOCTI . - BusiBnenHs piakicHux
iHTepIpeTyBaTU T
MyTarii
Haguanus 3 SARSA [62] - Onrumisanis cxem - Bucoka Ornrrumizaris
MiAKPINIICHHSIM TKyBaHHS 00YHCIIIOBAJIbHA JO3YBaHHs, aIaNTHBHI
- YpaxoBye peaibHy CKJIAJHICTB, TPOTOKOJIH JIIKYBaHHS
MOBEiHKY areHTa CKJIaIHICTh IaTepakTuBHI
- CrabinbpHila IoBeIiHKa BaJTiU3aLii Ta pekoMeHpalii B
iHTepnpeTanii NepCcoHaIi30BaHil
- [NoBinbHimie Teparmii
HaBYAHHSI
- 3aIeKNTh Big
MOTOYHOI O THKA
- CKiagyicTh OnrumMizanis
BaJTiU3aLii Ta J03yBaHHs, BUOIP
iHTepIpeTanii TOCITi JOBHOCTI
- IlIBuIIE 3HAXOAUTH piperan . %
- : - Moxe OyTtn JKYBaHHS
Q-learning OINITUMAIBHY TIOJITHKY HeeTAG I
32][48][64][65 - TTiAXOAUTh ISt CKITATHUX
[32](48][64][65] - Bumarae nobpe
CepeTOBHII . B
niaiopanoi

Reinforce [61]

- [Ipocrwii y peanizarii
- 1o6pe nparroe 3
Oe3nepepBHUMH JisIMH

- CKIIaHICTh
BaTiM3allii Ta
iHTeprpeTanii

- Bucoka gucnepcis
TpaJieHTiB

- [ToBinbHA 301KHICT

Haguanns Bubopy
TaKTHK Teparii (B
KOHTEKCTI Jacy /
BIJIIIOBI 1)

AC (Actor-Critic) [49]
[63]

- CTabinbHIIMN i TIBUANIAN 32

REINFORCE

- Menma aucrepcis ominkm

- CkiragHicTh
Bajigu3arii Ta
iHTepIpeTanmii

- Ckiagmima
peasizawis

- Uyrtnuswuii 1o
HaJAIITyBaHb
rineprnapameTpiB

JluHamidHe yrpaBIiHHS
MPOTOKOJIOM JIiKyBaHHS
B pealbHOMY Yaci

TakuM 4MHOM, OOTOBOpEHI Y MONEPEHBOMY PO3MIiIl MeToaum KoHTpoiboBanoro SL [50-58] Ta
HEKOHTPOIbOBAHOTO UL [39,59] MammHHOTO HaBYaHHS LIMPOKO BUKOPHCTOBYKOTHCS Y ME/IMMHHX
JOCTiKEHHSX, TEPeBAKHO HA OCHOBI PETPOCTIEKTHBHHMX JAaHUX. IX YCIIIIHO 3aCTOCOBYIOTH IS
BUPILIICHHS TAKMX 3aBJaHb, SIK JIarHOCTHKA, CTpaTU(IKaIlisl pU3uKy, Kiacuikaisi TeHOMHHUX MiITHUIIIB,
NPOTHO3YBaHHS PE3YJIbTATiB JiKYBaHHs, MOHITOPUHI PELUANBIB Ta NepeadaueHHs BiAMOBIAI NamieHTa

Ha Teparmio [6

MaTeMAaTUYHINA OHKOJIOTII.

0]. Li migxoau O3BOJNSIFOTH OTPHMYBATH BaXKJIMBI MPOTHOCTHUYHI MOJETi, 30KpeMa B
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Opmnak peasibHa KJIiHIYHA MPAKTHKA € HAA3BUYIANHO JHHAMIYHOIO: 3MIHIOIOTHCS SIK CTaH MaIlieHTa, TakK
1 30BHIIIHI yMOBH. TOMy BWHHMKAa€ TNHTAaHHSA, HACKUIbKM €(pEKTHBHO MOJENi, sKi OynM HaBueHi Ha
CTaTUYHUX PETPOCIEKTUBHHUX JaHMX, 3[aTHI MpaIOBaTH B YMOBaX PealbHOI JUHAMIKM 32 YMOBaMH
HEBU3HAYEHOCTi. B OiNbIIOCTi BUMAKIB 11l MOJIETi HE BPaXOBYIOTh JUHAMIUHI 3MiHH, SIKi BiIOYBarOThCA
TiJ] 9ac JTiKyBaHHS.

VY upoMy KOHTEKCTiI HaB4YaHHS 3 HmiAkpimuieHHsM RL mocrae sik mepcrnekTUBHA anpTepHaTtuBa. Ha
BimMminy Bix SL ta UL, RL Mae mocmiioBHy CTpyKTYpy NPUAHATTS PIillIEeHb y Yaci, o T03BOJISIE MOJEN]
aZlanTyBaTHCA JI0 3MiH CepefoBHUIIa, 30KkpeMa KiiHigHoro. RL-anropuTmu 34aTHI HaBYaTHCA OOWpaTH
Halikpaii Jii B 3aJ€KHOCTI BiJI IOTOYHOI'O CTaHYy TAIli€EHTAa, 3 METOK MaKCHUMIi3allii JOBrOCTPOKOBUX
KJTIHIYHUX pe3ynbTatiB [42].

Le#t migxim TakoXX Y3TOMKYETHCS 3 NMPUHIMIIAMHU TPEIHM3iHHOI METUIINHH, SKa OPIEHTYETHCA Ha
IHIUBIAyaizamio JikyBaHHsI. OCHOBHA MeTa - TiIi0paTh Teparito Ta JOo3yBaHHS JJIsl KOXKHOTO MaIli€HTa
3 ypaxyBaHHSIM HOro Oi0JOTiYHHMX XapaKTEpUCTUK i OCOONMBOCTEH mepediry 3axBOPIOBaHHS, L0 HE
TiTBKY 301TBIIY€E IIAHCH TAI[IEHTIB HA BHKUBAHHS, ajie # MMOKPAIIy€e AKICTh IXHBOTO JKUTTS 32 PaXYHOK
3MeHIIEeHHS Hebaxanux modiunux edekrin [37].

Takuii miaxix K03BOJISE MiBUIIMTH €(PEKTUBHICTD JIIKYBaHHS, 3MCHIIIUTH HMOBIPHICTh PEIIMIUBIB i
moOiyHNX eQeKTiB, Ta aJanTyBaTH TEPANEBTUYHI CTpaTerii M KOHKPETHOTO MalieHTa abo TpymH
HAIiEHTIB, AKI HAHOLIbIIIE BUTPAIOTH BiJl iHTepBEHII [42].

Metonn HaBYaHHS 3 MiAKPIIUIGHHSM MOKa3YyIOTh Kpallli pe3yidbTaTd B MOPIBHSIHHI 3 1HIIUMH
ANTOpUTMAMH HABYaHHS, $SKi BHKOPHCTOBYBAJIUCH JUIS TEPEBIPKM Ta Badijamii, B NHUTaHHAX
ONTHMI3yBaHHsA Ta JWHAMIYHOTO KEPyBaHHs CHCTeMaMHu JiKyBaHHsA. Tak, mocmimkenus [49], ske
BUKOPUCTOBYBaNO anroput™ Actor-Crinic Ta akIeHTyBaJO yBary Ha 3B'SI3KY MK T'€HOMHUMH
0COOJIMBOCTSMU Ta PEaKIli€lo Ha JIKH MPH JiKyBaHHI PaKy MOJIOYHOI 3aJI03H, MIEPEBEPIINIIO pe3yIbTaTH,
aKi OynaM OTpUMaHi BiJl IHIIMX ITATH METOMIB: emactuyHOi mepexi ElasticNet (EN), perpecis simpa-
rpeoust  (Kernel  Ridge  Regression,  KRR), dakropusariis ~ martpuii  momiOHOCTI 3
perynsipusariiero Similarity-Regularized Matrix Factorization (SRMF), nporao3yBaHHs BiJMOBiaI Ha
npenapaTd MPOTH PaKy 3 BUKOPUCTaHHSAM cucTeMu pexomenpaaniii Cancer Drug Response prediction
using a Recommender System (CaDRRes), Ta HaB4aHHS 3 paHXyBaHHSIM Ha ocHOBIi simpa Kernelized
Ranking Learning (KRL). J[ocmimkenns [61], sike BukopuctoBye anroput™ Reinforce mis
YIBTPa3ByKOBOTO AOCIHIPKEHHS PO3Pi3HEHHS JOOPOSKICHUX Ta 3MOSKICHHX BY3JIiB MOJIOYHOI 3aJ103H,
MOKA3aJ0 TapHi pPe3yNbTaTH B TMOPIBHSIHI 3 BUKOPHUCTAHHSIM OJHOMOJANBHUX MOJENEH Ta pi3HUX
MOIYJISIPHUX MYJIbTUMOAAIBHUX MiAX0niB, BKIrouatoun Share-Net, Centralnet Ta Voting Schemes. B
JociipKeHi [32] npu miaHyBaHHS JIIKyBaHHS TPOMEHEBOIO TEPaIi€lo 3 MOYIbOBAHOIO 1HTEHCHBHICTIO,
Q — learning anropuT™ MokasaB pe3yJIbTaTH HE TipIii HiIK pe3y/IbTaTh sIKi OyJIH OTpUMaHI JIiKapeM, sIKUi
KepyBaB CHCTEMOIO IUIaHyBaHHs JIKYBaHHS Ui KOPUTYBAaHHS IapaMeTpiB JIIKyBaHHS, HAIPHKIAL,
00'eMy 1034, 1100 JTOCATTH 33I0BUTBHOTO TUIAHY JUIsl KOXKHOTO TAIli€HTA.

Iann pocrmimkenss [62-65], siki BUKOPHCTOBYBAJIM HaBYaHHS 3 MiJKPIIJICHHSIM, TEX MOKa3aJIi rapHi
pe3ynbTaTy B MOPIBHSAHI 3 AITOPUTMAMH 1HIIINX METOiB HaBYaHHSI.

3. BUCHOBKH

B pobGori HaBeneHwii JAETaNBHUN OTJSA CYYacHHX METOJIB pO3Mi3HaBaHHs, Kiacugikarii,
MIPOTHO3YBaHHs 1 OOIPYHTOBAHOTO TMPUHHSATTSA pIllIeHh BITHOCHO BHOOpY XiMioTepamii i yCyHEHHS
MOXKJTMBUX HIKiTUBHUX BIUMBIB (ADR) Ha 310poB’s malieHTa 3 OHKOJIOTIYHUM 3aXBOpIOBaHHIM. OKpiM
METO/IiB MaTeMaTHYHOI CTATHUCTHKH, Y MaTeMaTUYHIH OHKOJIOTIl ITMPOKO BUKOPHCTOBYIOTHCS METOIU
rimOokoro HaB4aHHs. OcoOIMBO eheKTHBHUMY € MeToIu BUMaikoBuX JiciB (Random Forest), omopanx
BekTopHHX MamuH (SVM) i mryunux HedpoHHuX mepexk (ANN), siki MOXKYTh aHami3yBaTH CKJIajHi
3aJIE)KHOCTI MK BEJIMKOIO KUTBKICTIO PI3HOMaHITHHX MapaMeTpiB BiJl FTEHETHYHUX MapKepiB 1 XiMIYHHUX
peuoBuH (1ikiB) a0 TpuBuMipHuX KT-300parkeHp mnyxnuHM, ska 3pocTtae. HailOinpm neranbHO
PO3MIISIHYTI METOJIM KOHTPOJIHOBAHOT'O MAIlIMHHOTO HaBuaHHs SL, HeKoHTponsoBaHoTro HaBuaHHs UL Ta
HaB4YaHHA 3 migkpimieHHsM RL. V HaBeneniit TaOmuii 1 mas KOKHOTO METOJy HABYaHHS HaBEICHI
nepeBaru, HEJOJIKM Ta Ti 3aBOaHHA, J1€ LEHd MeToJ Haiikpaiie BHUKOpHCTOBYeThcs. Ilokaszano, 1o
HaOnb mnepcnekTMBHUM € MeTton RL, sgxkuil BiAKpuBa€e HOBI MOXIIMBOCTI Ui CTBOPEHHS
KOMIT'IOTEepHHUX CHUCTEM MIATPUMKH KIIIHIYHUX PillleHb, IO 3/]aTHi JUHAMIYHO KOPHUT'YBATH JIIKYBaHHS B
pealbHOMY Yaci y BIAMOBIIb 10 3MiH (IIO3UTUBHUX a00 HEraTUBHUX ) Y CTaHI MAI[iEHTa, a TAKOXK BIAMOBIII
OprafizMy Ha XiMIOTepamil0 Ta MOXJIHMBICTh BHHUKHEHHS HeOakaHMX MOOIYHMX eQeKTiB Bixg
BUKOpHUCTaHOi KOoMOiHarii JiikiB. OTpUMaHi pe3ynbTaTi Oy yTh BUKOPHUCTAHI y TIOJAIBIIiH pOOOTi.
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Introduction

It is a well-known fact that the structure of any language and its development come to operate under
the guidance of statistical laws. Language, as a system of communication characterized by the
combination of discrete units, is represented by a certain way of organization, its particular structure and
elements interconnected by subsystems of relationships. A constant increase in their number proves to be
the result of the consequential evolution and development of the language. The use of statistical methods
in linguistics is sure to increase the efficiency of linguistic observation, its accuracy and reliability as well
as consistency and provability of linguistic assumptions.

1. Analysis Of Recent Researches And Publication

Prominent Ukrainian and foreign theorists and scholars (B. Strickland [1], V. Zhukovska [2], V.
Zayats and M. Zayats [3], Ye. V. Kupriianov, N. S. Uholnikova, and O. M. Yurchenko [4], A. Sitar [6])
published their original works dedicated to the issues of using statistical methods in linguistic research.
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The large number of papers comes to indicate an increasing level of interest in the subject in question.
Thus, advancing statistical methods in linguistics as well as practical application of statistical criteria
claims to be more forward looking and based on the latest scientific evidence can lead to generate relevant
issues for further research and investigation.

It should be noted, that most of the research done in the fields of linguistics is of a qualitative nature.
normal distribution law used in linguistic research [4] is not always observed in the frequency distribution
of language elements. Consequently, when the latter differs from the norm, other methods to study
language patterns presume to be essential. In this regard, we consider it relevant to use nonparametric
statistical methods based on empirical data, which, however, do not depend on their distribution law [4].
Succinctly, to provide real patterns of particular phenomena when there is a need to study inaccurate
numerical values (qualitative), valid results come to be provided by using non-parametric criteria to
identify differences in language elements.

As an illustration of the problem in question, the paper attempts to evoke the necessity of studying the
issues of semantic distinctiveness of sentences. In performing these, a psycholinguistic experiment, or in
other words, native speakers’ perception is applied as a certain valuable technique to determine the
significance (not materiality) with respect to experts’ differences of opinion.

We also based on the research of Wen Zhang, Taketoshi Yoshida, Xijin Tang [7] where the authors
asserts that a series of experiments on classifying the Reuters-21578 documents using the representations
with multi-words. We used the performance of representation in individual words as the baseline, which
has the largest dimension of feature set for representation without linguistic preprocessing. Moreover,
linear kernel and non-linear polynomial kernel in support vector machines (SVM) are examined
comparatively for classification to investigate the effect of kernel type on their performances. Index terms
with low information gain (IG) are removed from the feature set at different percentages to observe the
robustness of each classification method [7].

Lytvyn, V., Vysotska, V., Hrendus M. [8] mentioned who the main part of KB is ontology as clearly
structured SA’s model, systematic set of terms, which explain the connections between objects of this
SA. Ontologies are generally accepted and widely used in different branches of science such as nowledge
engineering, presentation of knowledge, information search, knowledge management, database design,
information modeling and object-oriented analysis [8].

2. The Main Tasks Of The Study And Their Significance

Thus, our main objective is defined as the development of an expert system for evaluating language
regularities using non-parametric statistical methods for any language. In its general formulation, the
problem is represented in the way when two sentences come to be studied by experts who further evaluate
their correct and precise usage in the language. Based on the results of their evaluation, a conclusion is
made regarding the perception of the distinction between two sentences (either there is one or not).

These can be illustrated by the examples in Ukrainian: “Ilianpuemens 3poOuB po3paxyHku’ /
“ITignpuementb BUKoHaB po3paxyHku’ and accordingly in English: “The Entrepreneur made calculations”
/ “The Entrepreneur performed calculations”.

To consider the example of expert analysis (Sentence 1 — The entrepreneur made calculations;
Sentence 2 — The entrepreneur performed the calculations) one approach would be to demonstrate positive
and negative assessments of sentences distinction made by 20 experts who are native speakers. The results
of the evaluation are presented in Table 1.

Table 1. Expert Assessments of Sentence Distinction
Tabn. 1. Excnepmnui oyinku 8iominHoCmi peuerd

Sentence Expert assessment

Distinction available Distinction nonavailable | Total
1. The entrepreneur made
calculations 14 (a1) 6 (b1) 20
2. The entrepreneur
performed the calculations 6 (az) 14 (b2) 20
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According to the Table 1, its first row is the inverse of the second. Consequently, the issues that come
to reveal on how strong (weak) the difference in these rows look like have to be investigated using the
criterion y? [4] presented below:

a;—b;—1)?

x? =t 1)

where a; is the number of positive differences of the first sentence;

b, is the number of negative differences of the first sentence.

The result of appropriate calculations of criterion y? according to the above example is represented as
follows:

2 (14-6-1)2
14+6

2,45. (2
In the next step, we determine the number of degrees of freedom that equals to:

f=m-1-(m-1), 3)

with n as the number of columns in the table;
whereas m is the number of rows in the table.
Thus we have the following calculation of degrees of freedom:

f=C-D-2-D=1 (4)

Further on, we find the confidence limits of the criterion in the distribution table y? with a reliability
of 5% and 1%, thus, having values of 3.84 and 6.63, respectively. The calculated value of y2, which is
equal according to expression (2) 2.45 is lower than the tabular value. As a result, we conclude that the
differences in the answers of experts are random and with a probability of 99% it can be resolved that in
native speakers’ minds these sentences are distinguished by certain difference.

3. Major Research Results

Forming a database of results of expert evaluations of lexically unambiguous phrases is a very
painstaking and time-consuming process. We also note that there are difficulties in further analysis of
large volumes of texts, finding correspondences in it from the database of phrases as well as the
introduction of new phrases and their evaluation by experts that are native speakers. The rise of digital
challenges that result in accelerated digitalization of information with its rapid growth and development,
has a considerable impact on linguistics and science, in particular linguistic analysis of the text.

The latter, as known, with all its semantic unambiguity requires maximum automation. With this aim,
the study has developed specific software. To carry out the automatic survey, an expert system has been
developed by querying native speakers and further analyzing the lexical meaning of the phrase in
accordance with mathematical expressions (1) — (4) which is implemented in the form of a desktop
program.

To select the programming language of the expert system, we have formulated the following
requirements: the software product must be implemented for Windows, provide a high-quality and
friendly interface, and thus, there is no need for any distributed application.

At the present stage of software development tools, there have been many possible options to choose
different resources to implement the task.

According to specialized ratings, the most popular programming languages are Python, Java, C #, C
++, each of them has a number of advantages and peculiar features. Python programming language is the
option, which is convenient enough when one deals with the first language most frequently used for
academic purposes. However, this language significantly loses in performance to C and Java, so it is not
used to develop highly loaded applications and, consequently, to process large amounts of text.

The C # language is based on Java, only with a syntax closer to C ++ and is used mainly for the
development of software products for the NET platform. Windows Framework [9]. Thus, the most
effective way to solve this problem is to use the programming language C #. The Microsoft Visual Studio
IDE has been developed especially for the C # language.
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The algorithm of the program is presented in the form of an IDEF4 diagram (Fig. 1).

Linguistic Analysis of Text

Text
1.1
- Load
1.1.
] Exit 11,

In the linguistic analysis of the text, there are three main actions — reading the text, compiling
dictionaries of phrases with their expert assessments and directly assessing the text for linguistic
homogeneity. The software does not provide the ability to edit the source document. The program reads

Dictionary 12 Analysis
New 12 — Run 13
View 1_2; — View 1'3,'
Edit 12, - Save 13

Fig. 1. Algorithmic Model of Expert System
Puc. 1. Ancopummuuna mooenv ekcnepmuoi cucmemu

text in docx, rtf or txt formats.

The algorithm provides the ability to create a new dictionary of phrases with the introduction of their

expert assessments, viewing and downloading existing dictionaries.

Fig. 2 represents information model of the program. The text file and the dictionary file are loaded
into RAM in a dialog mode. Depending on the search results of phrases in the text, the criterion y? and

the degree of freedom f are calculated.

Calculated

TN
N
Text Text
File
N
N
Phrases
N
Phrases and ..
Dictiona-
Expert L
ries Files
Assessment E
N xpert
AsSess
Degree of Table
freedom, f 2
X

Compariso

False

Result

Probability of
the Same
Understanding

Fig. 2. Information Model of the Expert System
Puc.2. Inghopmayiiina mooenv excnepmnoi cucmemu



ISSN 2304 -6201 BicHnk XapkiBCbKOro HawjioHanbHOro yHisepcuteTy imeHi B. H. KapasiHa
cepis MatemaTnyHe mogentoBaHHs. IHchopmaLliiHi TexHonorii. ABTOMaT3oBaHi cuctemu ynpasniHHs, Bunyck 68, 2025 117

When analyzing the text, it is possible to match several phrases from dictionary files with different
expert assessments. In this case, the total probability of the same understanding of the text is calculated
as the product of the probabilities of understanding each separate phrase:

Peom =Pr Pyt Py, )
where n is the number of identical phrases found.

ad

=]

File Dictionary Analisys Help

JliTo Bxe mobirano KiHmg.

Ha nepepax Ta KyInax go3pieano geaani Olisime selisxol 6apercTol COKOBHTOL CMAKOTH.
Hiti geganti gyacTime 3aMICTIOR
Bix 3enuti naxiio Bike He POCSHO
JlapuHKa cTana Maibxe Z0pocid fnacd 3 yeiMa CyClIChKIMHI

. o 3po6una AOMAWHE SaBaaHHA
IITBMH 1 3Hana barato YVIOBHX 3aKy BUKOHANA AOMALIHE 338 A03HHA

o Pesynbratv ananizy - O X
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Fig. 3. The Results of Text Analysis Using an Expert System
Puc.3. Pesynomamu ananizy mekcmy 3 BUKOPUCIAHHAM eKCNEPMHOI cucmemu

The probability of unambiguous understanding of the text was 0.92. This means that in the minds of
native speakers the sentences under consideration are not distinguished by difference.

Fig. 4 represents the results of studies of texts with different frequencies v coincidences of identical
phrases are given.
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With sufficient accuracy, the probability of unambiguous understanding of the text P can be described
by the function:

P = e 264V R2 = (8535 (6)

The frequency of matching phrases from the dictionary is calculated as the ratio of the number of k
matching phrases from the dictionary with different probabilities of understanding to the total number K
of sentences in the text.

4. Conclusion

In linguistic research of qualitative characteristics of texts, nonparametric criteria of differences of
language elements prove to provide more precise and rigorous results. In the context of smart integration
of digital technologies in all spheres of science as well as a huge amount of information available, the
process of linguistic analysis of the text, and in particular the analysis of the text for semantic unambiguity
requires maximal automation.

The research developed a specialized expert system using the C # programming language for providing
an automatic survey of native speakers and analyzing lexical meaning of phrases to be implemented as a
desktop program for Windows. This takes into account the possibility of considering the determination
of the correspondence of several phrases from dictionary files that require diverse expert assessments.
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Ia6eabHuK Jlokmop exoHoMiYHUX HAYK, npogecop,
Tersina 3asidysauka Kageopu eKkoHOMIUHOI KibepHemuKy i CUCIEMHO20 aHai3y,
BosogumupiBHa Xapkiscokuii nayionanvnuti ekonomiynuti ynieepcumem imeni Cemena Kysueys, npocn.

Hayxu, 9-A, Xapxie, 61166, Yxpaina;

IIpokonoBu4 Kanouoam exonomiunux nayx, ooyenm,
Caitnana Jloyenm kagedpu exoHOMIYHOT KibEpHEMUKU [ CUCIMEMHO20 AHAI3Y,
BauepiiBna Xapxiecokuil nayionanvuull ekonomiynuil yHieepcumem imeni Cemena Kysneys, npocn.

Hayxu, 9-A, Xapxie, 61166, Yxpaina;

ExcnepTHa cucteMa OLiHIOBAHHS 3aKOHOMIPHOCTEH MOBHM METOIaMM
HenapaMeTPUYHOI CTATUCTUKHU

AHoTauisi. B po6oTi apryMeHTOBaHO, 10 TPH MPOBEICHHI JTIHIBICTUYHUX JOCIIPKCHb MAIOTh MiCIle 3aBIaHHS, BUPIIICHHS SKUX
noTpedye BUKOPHCTaHHS IHCTPYMEHTapil0 HemapaMEeTPHUYHHX CTATUCTUYHHUX METOJIB, 30KpeMa HpoOIeMH CEeMaHTHYHOI
BiZIMiHHOCTi PEUYCHb.

Bynp-sika MOBa, SIK CUCTeMa KOMYHiKallii, XapaKTepu3yeThesl MOEAHAHHAM JUCKPETHUX OJMHUIIb, OCOOIMBOIO CTPYKTYPOIO Ta
eJIEMEHTaMH, 110 MOB’sI3aHUMH Mix co0oro. [locTiifHe 301IbIIeHHS IXHBOT KUIBKOCTI € pe3yabTaTOM MOCTiJOBHOI €BOIIOMIT Ta
PO3BHUTKY MOBH. BHKOPHCTaHHS CTATHCTHYHHX METOJIB Y JIIHTBICTHINI, 6€3YMOBHO, MiIBUIUTH ¢()EKTUBHICTh JTIHIBICTUYHOTO
CIIOCTEPEKEHHSI, HOT0 TOYHICTh Ta HA/IIIHICTB, @ TAKOX y3TOJKEHICTh Ta JOKa30BiCTh JIHTBICTHYHHX IPHITYIICHb.

Merty HayKOBOTO IOCIHIJKEHHS BHU3HAYEHO SIK, PO3poOKa EKCIIEPTHOI CHCTEMH OI[IHKH 3aKOHOMIPHOCTEH MOBHM METOIAMH
HeTlapaMeTPUYHOI CTATUCTUKH TS Oy/Ib-5IKOi MOBH.

Meroau nocnipkeHHs. B po6oTi BukopHucTaHO MeToan HemapaMeTpu4Hoi ctatiucTuky, HoTauis IDEF4, MoBa nporpamyBaHHS
C#.

B poborti po3pobieHa cremiani3oBaHa e€KCHEpTHA CHCTEMa 3 BHKOPHUCTAHHSAM MOBH mporpamyBaHHs C # 1uis 31iliCHEeHHS
ABTOMATUYHOTO OMHUTYBAHHS «HOCIIB» MOBH Ta aHANI3y JEKCHYHOTO 3Ha4eHHs (pa3, sKa peamizoBaHa y Burisiai Desktop-
nporpamu st OC Windows.

Jlnst BuGopy MOBH HpOTrpaMyBaHHS €KCIEPTHOI cucTeMu chOpMyIbOBaHI HACTYITHI BUMOTH: IIPOTPAaMHHUN IPOAYKT HOBHHEH
Oytu peanizoBanuii st OC Windows, 3a0e3mnedyBaTy sIKicHHH 1 TOOpO3UWINBHE iHTepdelic, KpiM TOro HeMae HeoOXiTHOCTI B
posmnopizeHoMy IoAaTKy. IIporpaMHHI IPOIYKT HE Hamae MOJMJIMBICTH peNaryBaTH BHUXITHUH IOKyMEeHT. Y Hporpamy
3UUTYEThCS TeKCT B hopmaTax docx, rtf abo txt. B anropurmi nependadeHi MOXKIMBOCTI CTBOPEHHSI HOBOTO CJIOBHHKA (pa3 i3
BBE/ICHHSIM iX €KCIIEPTHUX OLIIHOK, MIEPETIIsA 1 3aBaHTaKEHHS ICHYIOUNX CJIOBHHKIB.

IIpu poGoTi mporpamMu BpaxoBaHa MOKJIUBICTh ypaxXyBaHHs BH3HAYCHHS BiAMOBIIHOCTI IEKUTBKOX (hpa3 3 (aiiTiB CIOBHHKIB 3
PI3HUMH EKCTIEPTHUMH OI[IHKaMH.

YV NHTBICTUYHUX MOCTIHKEHHSX SKICHUX XapaKTEPUCTHK TEKCTiB JOCUTH TOYHI Pe3yNbTaTH AAIOTh HEMapaMeTPUUHI KpUTEpii
BIJIMIHHOCTe MOBHHX €JIEMEHTiB. B ymoBax cyiinpHOT mimkiTamizamii iHdopmarii Ta T Beln4e3HHUX OOCATIB Mpoiiec
JIHTBICTHYHOTO aHANI3y TEKCTY, 30KpeMa aHali3y TeKCTY Ha CMHCJIOBY OJTHO3HAYHICTh MOTPe0ye MaKCHMaJIbHOT aBTOMATH3aLlil.
Kniouosi cnosa: excnepmna cucmema, Mmemoou HenaApamMempuyHoi Cmamucmuky, 3aKOHOMIDHOCHI MO8U, NpopaAMHe
3abe3neyenns.
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