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PO3MIPKOBO-ITIOITYKOBUI AJITOPUTM ITOIIYKY HPABOBO'I'"HOE}I/IHIT
HA MHOZKHWHI CYIOBUX PIITEHDb CYTOYMHCTBA YKPAIHU
13 3ACTOCYBAHHAM BEJIMKNX MOBHUX MOJEJIEN

IIpobaemaruka. HeoOXigHiCTh po3poOUTH pO3MipKOBO-IIOLIYKOBMI aJITOPUTM, SIKWI 31aTHUII aBTOMATU3YyBaTU MOILIYK
i TeHepallil0 KOHTeKCTHO-OOTPYHTOBAHMX MPaBOBUX MO3UIII Ta aJrOpUTM TeHepallil IpaBOBMX ITO3UIII CYTOBUX
pillleHb 3 HasIBHUX CYJIOBUX PillleHb B CYTOUYMHCTBI YKpaiHU, 1110 € MiJATOTOBYUM €TaTiOM ISl PO3MipKOBO-TOIIIYKOBOTO
ITOPUTMY.

Meta aochaimKkeHHsi. Po3poOMTH KOHILIENT pPO3MipKOBO-IIOLIYKOBOTO aJrOpUTMY, SIKMH 3JaTHUH aBTOMAaTHU3yBaTU
MOIIYK i reHepallito KOHTEeKCTHO-OOIPYHTOBAHUX MPABOBMX MO3MIiil. Po3poOuTHn it peanizyBaTu ajJrOpuUT™M reHepariii
MpaBOBUX MO3MIIi CYIOBUX pillleHb, HASIBHUX Y CYIOBiil cCUCTeMi YKpaiHM.

Metoauka peadjizamii. Po3po0eHHS KOHUENTY MOAEIi PO3MipKOBO-IIOLIYKOBOIO aJITOPUTMY i3 TpbOMa OCHOBHUMU
KOMITOHEHTaMM: MOIIYKY, (DOpMyBaHHsI aJibTepPHATUB i TeHepallil Biamosini. Po3pobieHHs Ta pealizallis aJropuTMy
reHepalii mpaBOBUX MO3ULIii CYyTOBUX PillleHb, SKWI 3AilICHIOE MOIIYK BUKOPUCTAHUX IIPABOBUX HOPM, 1€KOMITO3UIIiI0
CYIOBUX pillleHb y MOCIiIOBHICTh Aili Ta T€Hepallil0 IPaBOBUX ITO3UIIIiA.

Pesyabratu nociimkenns. Po3poOieHo maTeMaTWyHy MOJEIb aJrOpUTMY TeHepallili MpaBOBUX TMO3UIINA CYyTOBUX
pillleHb, SIKUI 3a0e3nevye aBToMaTnyHe (hOpMyBaHHS 6a3M CTPYKTYPOBAHUX MPABOBUX MO3ULIii. 3MiliICHEHO Baligallito
aJTOPUTMY TeHepallil MPaBOBUX TO3UIIiil CyTOBUX PillleHb METOIOM TOPIBHSIHHS PE3YyJIbTATiB aHaJi3y ajJropuTMy Ta
HasIBHMX MPaBOBUX MMo3ulliil y basi mpaBoBux nosuiliii BepxoBHoro Cyny Ykpainu (BCY).

BucnoBku. OOrpyHTOBAaHO HEOOXiAHICTh aBTOMATHM3allii MOLIYKY i reHepailii KOHTEKCTHO-OOIPYHTOBAHUX MPABOBUX
MO3ULiNA. 3amMpoNOHOBAHO KOHIIENT PO3MipKOBO-MOILIYKOBOTO QJITOPUTMY, SIKUN 3AaTHUN aBTOMATU3yBaTU MOILIYK
1 TeHepaLil0 KOHTEKCTHO-OOIDYHTOBAHMX MPABOBUX MO3MLii. PeanizoBaHo ajiroputm reHepawii npaBoBUX MO3HULIMA
i3 3aCTOCYBaHHSIM BeJIMKMX MOBHUX Mojesieir i meronmiB Data Science, Bamigallisi SKOro 3acBigumiia BiIMOBIIHICTb
pe3yabTariB HassBHUM To3ullissiM BCY.

KorouoBi cioBa: mpaBoBa MO3UlIisl; CYIOBE pillleHHS; PO3MipKOBO-TIOLIYKOBUI1 aJITOPUTM; BeIMKi MOBHI Mozaei; NLP;
Data Science; aBTomMaTu3allis CyIOUYMHCTBA.

Betyn

ITpobGaeMa molyky nmpaBOBUX MO3ULLIN Y che-
pi CyI0YMHCTBA YKpaiHU Ma€ KOMIUIEKCHUN MiX-
JUCLUIUTIHAPDHUM XapakTep i MOEAHYE acleKTu
npaBa, ¢imocodii, CMCTEMHOTO aHaji3y Ta HayKu
npo gaHi (Data Science). OmHuMm i3 mepcrek-
TUBHUX HAIpsSIMiB BUPpIlLIEHHSI 3aBJaHb TeHepa-
1ii TTpaBOBUX TMO3ULIN y CyTOUYMHCTBI YKpaiHU €
CUCTEeMHa iHXEHepisl TaKUX CUCTEeM i OKpeMMX 3a-
CTOCYHKIB reHepallil mpaBOBUX IO3MLill Ha OCHO-
Bi MeTomiB i Momeneil mrTydyHoro iHTtegexty (LLIT).

Iono 3acrocyBanHs I y cymouMHCTBi, TO TYT
MU CIHUPAEMOCH Ha AOCHIAXKEHHS aBTOPUTETHMX
HayKOBIIiB i MpaKTUKiB y cdepi mpasa, 110 CHUC-
TeMaTU30BaHi Ta TpoaHalli3oBaHi y poOOTi cyai
KacariiiHoro aamMmiHicTpaTMBHOTO Cyay y CKJaii
BCY, nokropa opuanyHux Hayk, rnpodecopa AHa
bepnaszioka [1].

MoxnuBicTb reHepalii MpaBOBUX MO3ULIHN
Ha ocHoBi I mis ycix yyacHMKIB CyIOUMHCTBA
Yy KOHKPETHHUX CIpaBax Ha BCiX CTaaisiX CYIOYMH-
CTBa CYTTEBO MPUCKOPIOE TIPOLIEC TTiATOTOBKU CYIO-
BOTO PillIEHHSI.

IIpono3unia aas muryBannsa uwiei crarri: [1.I1. Macnsinko, C.C. Mipko, “Po3MipkoBO-TIOLIYKOBUI aJITOPUTM T10-
LYKy TPaBOBOi MO3MIlii HA MHOXWHI CYIOBUX pillleHb CYJOUYMHCTBA YKpaiHU i3 3aCTOCYBAaHHSM BEJIMKUX MOBHUX
moneneir”, Hayrosi ¢icmi KITI, No 2, ¢. 7—17, 2025. doi: 10.20535/kpisn.2025.2.331288

pp. 7—17, 2025. doi: 10.20535/kpisn.2025.2.331288

Offer a citation for this article: P.P. Maslianko, S.S. Mirko, “Rational search algorithm for searching for a legal posi-
tion in a set of judicial decisions of the judiciary of Ukraine using large language models”, KPI Science News, no. 2,
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CynouynHCTBO B YKpaiHi Oe-1ope He I'PYHTY-
€TbCS Ha TPEIECICHTHOMY IIpaBi, TUM HE MEHIIe
Ha mnpakTuii 1paBoBi no3uuii BCY aktuBHO 3acTo-
COBYIOTh HMXUi iHcTaHLil [2]. YTiM, Taki mpaBoBi
MO3UIIii HEe 3aBXIW MICTSATh YiTKE OOI'PYHTYBAHHS
abo aJropuT™M, Ha OCHOBi SIKOro OyJaM yXBaJjeHi,
1110 YCKJIAJHIOE iXHE MpaBUJIbHE 3aCTOCYBAaHHS iH-
LIIUMU CYIaMHU.

OpHiero 3 ocobnuBocTeil (hyHKILIIOHYBAaHHS
BCY € MoxnuBicTb BiACTYIy Bin paHillie yxBaje-
HUX MPaBOBUX MO3ULII — cyd Moxe abo MOBHICTIO
3MIHUTU CBili BUCHOBOK, 200 YTOYHHUTHU IHOTrO, BU-
KOPUCTOBYIOUM Pi3HI METOIM TIyMauyeHHS IIpaBO-
Bux HopMm [l]. Ile cTBOpIOE HOMATKOBiI TPYIHOILI
JUIST CYOMiB, SIKi MalOTh OPIEHTYBAaTMCSI Ha akTy-
aJIbHi MPpaBOBi MO3ULIi1 TiJ Yac yXBaJIeHHS pillleHb,
OCKIJIbKM 10 MOMEHTY PO3IJISIAy CIpaBU IO3ULLis
BCY moxe 3minutucs [3].

IndopmaTtuzaiiiss cynoBUX TpoLECiB yCKIal-
HIOETBCSI HEOOXiAHICTIO €(PEKTUBHOTO IMOIIYKY aK-
TyaJIbHUX TIPABOBUX MO3MIIM Ta iIX KOHTEKCTHOTO
0oOrpyHTyBaHHsI. HasiBHi cucTteMu TOLIYyKY 4acTo
HEe MOXYTh ONEpaTMBHO i TOYHO HaJaTU MOTPIOHY
iH(opMalito yepe3 oOMexkeHY (YHKLIOHAIbHICTh,
IO 3HAYHO YCKJIAOHIOE POOOTY aaBOKATIB, CYIIiB
Ta IHIIMX YYaCHUKIB CyZoBOro mpoiecy [1, 2].

3 momisily HayKoBOI Ta iHXEHEpPHOI CKJalo-
BUX HasIBHi CUCTeMU ISl TIOLIYKY MPaBOBUX MO3M-
il mMoOya0BaHi IepPeBaXXHO Ha OCHOBI aJITOPUTMIiB
«MillIKa CJIiB» i MeTalaHuX, SIKi HaIaloTh OOMeXXeHWt
(byHKLIOHAN [J1 MOLIYKY AOKYMEHTIB. Xoya Taki
HiAXoAy MO3BOJISIIOTH CUCTEMATU3YyBaTU i CTPYKTY-
pyBatu iH(opMalLlilo, BOHM He 3a0e3IeUyiTh TJIU-
OOKOro po3yMiHHSI IOPUAWYHUX TEKCTIB, OCKIIbKU
He MOXYTb €(heKTUBHO PO3Ili3HABaTU CEMaHTUYHO
MNpeIMETHI 3B’SI3KM MiXX MPaBOBUMM MO3ULISIMMU.
Ilin TepMiHOM «CEMAHTUYHO MPEAMETHI 3B’SI3KM»
MHJ MAa€MO Ha yBa3i CEeMaHTWYHi KOHCTpPYKIIii ITpaB-
HMU4Yoi cepr i KOHKPETHI BiZHOIIEHHSI MiX IOpH-
IWYHUMM KaTeropisIMA Ii€l TpeaMeTHOI 00JIacTi,
SIKi 3aCTOCOBYIOTH JUIs1 (hopMatizallii TUX YU iHILUX
MpaBOBUX I1O3MLIil. BiICyTHiCTh pejieBaHTHUX all-
TOPUTMIB N1 JOMOMOTM Yy (hOPMYBaHHi BUCHOBKY
1I0I0 3aCTOCYBAHHSI iCHYIOUMX MPAaBOBUX MO3ULIA
abo moromoru y (opMyBaHHI HOBOI IIPaBOBOI I10-
3H1lil HA OCHOBi iCHYIOUMX OOMeEXY€E 3MaTHICTb Ha-
SIBHUX CHCTEM aJamnTyBaTHMCS MiA MOTPeOU KOpHUC-
TyBauiB i BUMarae 3Ha4yHMX 3aTpaT 4yacy i pecypciB
IJ1s1 0OpoOJIeHHSI Ta aHallidy CyloBMX pilieHb [2].
Otxe, miaxonu i Momesli 0OpoOKU MPUPOIHOI MOBU
i I € BaxXIMBUMU [IJI1 CTBOPEHHSI HOBUX CHUCTEM
1 3aCTOCYHKIB, $IKi 3JaTHI OLIbII TOYHO T'€HEepyBaTU
MpaBOBi MO3MIIii Ta IIBUAKO aJanTyBaTUCS OO 3MiH
y IpaBOBOMY I10J1i YKpaiHU.

IIs1 cTaTTsl cripsiMoBaHa Ha PO3pOOKY aJrOpUT-
My MOULIYKY KOHTE€KCTHO-OOI'PYHTOBAHOI IIPaBOBOI
MNO3UIlii, IKU Oyae I'PYHTYBAaTHCS Ha aKTyaJbHUX
JaHux TmipaBoBux mnosuuiin BCY, 3akoHomaBcTBa
i KojekciB. BUKOpPUCTaHHSI CydyacHMX TEXHOJOTii
Data Science Ta Besnkux MOBHMX Mmoznesieil (Large
Language Model (LLM)) n03BOAUTH PO3pOOUTU
HAyKOBO-OOTPYHTOBAHUI aJrOpUTM, SKUIA aBTO-
MaTU3y€E TIOLIYK pPeJIeBaHTHUX MPABOBUX MO3ULIIN
Ha OCHOBI BiIKpUTUX 0a3 JaHMX CYAOBUX pillleHb
VkpaiHu. AJropuTM CTaH€ BaXKJIMBUM iHCTPYMEH-
TOM JUISI IPUCKOPEHHS Ta ONTUMI3allii IPOLIECiB Cy-
JIOUMHCTBA B YKpaiHi 3a paxyHOK OiJbII MTPO30POro
MPUKUHSTTSI KOHTEKCTHO-OOIPYHTOBAHUX CYIOBUX
pillleHb Ha BCiX PiBHSIX CY/JI0BOI CUCTEMHU.

ITocTanoBka 3amaui

MeTo1o 1IbOrO JOCHIIKEHHS € PO3pOoOJeHHS
MOJEIi PO3MipKOBO-IIOLIYKOBOTO aJrOPUTMY IIO-
IIYKY KOHTEKCTHO-OOI'PYHTOBAHOI IPaBOBOI MO3M-
il JUI 3aKOHOJABYO BCTAHOBJIEHUX BMIIB PE3YJib-
TaTiB CyJOUYMHCTBA YKpaiHU i po3po0JeHHs MojieTi
Ta aJroOpuTMy MiJArOTOBKM JaHUX ISl POOOTU PO3-
MipKOBO-IIOLIIYKOBOTO aJroputMmy. Po3mMipKoBO-I10-
LIIYKOBUM aJrOPUTM Ta aJIrOPUTM ITiATOTOBKU JAHUX
MaloTh BpaxoByBaTU akTyaJlbHi MpaBOBi TMO3UILii
BCYVY, 3akoHu i KomeKCH, a TaKoX 3a0e3MeyuTh
CUCTEMATUYHUI YITKUIA MPOILIEC TOLIYKY peJieBaHT-
HUX MpaBOBUX IIO3UIIiii, 3aCTOCOBYIOUM Cy4YacHi
texHouorii Data Science i LLM.

IIpeaMeToM LIBOTO MOCIIIKEHHS € PO3pOOJICH-
Hs1 MOJieJTi PO3MipKOBO-TMOIIIYKOBOIO aJlTOPUTMY T10-
LIIYKY KOHTEKCTHO-OOIPYHTOBAHOI IIPaBOBOI MO3MIIil
JUISI 3aKOHOAABYO BCTAaHOBJIEHUX BUIB pe3yJibTa-
TiB CyJIOYMHCTBA YKpaiHM i peaizallis aJropurmy
MiArOTOBKM JaHUX IS PO3MipKOBO-TIOLIYKOBOTO
aJITOPUTMY, SIKMM TreHepye MpaBOBi MO3MLiI Ha OC-
HOBI aHaJji3y CyIOBUX pillleHb, IPUAHSITUX CydaMu
Ykpainu.

VY wiit crarTi mig TepMiHOM «pPO3MipKOBO-IIO-
LIIYKOBUM aJrOpyUTM TIOLIYKY TTPaBOBOI TO3MIIii»
MU PO3YMITUMEMO HayKoBO OOIPYHTOBaHY MO-
JeJIb aBTOMaTU3allil IpoLecy MOLIYKY pejeBaHTHUX
MpaBOBUX MO3UIII HAa MHOXWHI CyJOBHUX pillI€Hb,
1110 OXOILTIOE BCi MOTPiOHI KJIacu CYTHOCTEM Ipolie-
Cy TOLIYKY i BiHOIIEHHSI MiXX HUMU. [TprusHaueH-
HSI PO3MipKOBO-TIOLIYKOBOIO aJITOPUTMY IOIIYKY
IpaBoBOl MO3MILI — IMIUIEMEHTallisl CUCTEMU II0-
LIYKY KOHTEKCTHO-OOI'PYHTOBaHMX IPAaBOBUX IIO-
3UIIA HA MHOXWHI CYIOBUX pIllIeHb CYIOYMHCTBA
VYkpainu [2].
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Mogens po3MipKOBO-MOLIYKOBOTO — AJTOPUTMY
NLP-cucTeM onIyKy KOHTEKCTHO-00TPYHTOBAHOT
NMpaBoOBOi MO3ULiI HA MHOXWHI CYJOBUX pilleHb
CYA0YMHCTBA YKpaiHu

Po3MipKOBO-TIOLIYKOBUI alFTOPUTM  KOHILIETI-
TyaJibHOI Mojesni NLP-cuctemMu Moiyky KOHTEKCT-
HO-00I'PYHTOBAHOI IIPaBOBOI MO3MUIIiII HA MHOXWHI
CyJIOBUX PillleHb CYJIOUYMHCTBA YKpaiHW, 1110 I'PyH-
TYEThCS Ha MoaudikoBaHOMY Oi3Hec-Tipodini Epik-
coHa—Ilenkepa [2], cknagaeTbcs i3 TPbOX KOMIIO-
HEHTIB 11 popMyBaHHS i hopMatizallii mpaBoBOi
no3uuii (puc. 1).

KoMmnoHeHT nouyky 103BOJISIE ar€HTY pO3Mip-
KOBO-TIOIIIYKOBOTO aJITOPUTMY 3HAXOAMTH IPaBOBi
MO3MIIii Yy 30BHIilIHIN 0a3i 3HaHb. KoMmoHeHT (op-
MYBaHHSI aJbTEPHATUB JO3BOJISIE areHTY CTBOPUTHU
JIepeBO aJIbTePHATUB, 3a IOMIOMOIOI0 SKOTO MOXHa
BUPILLIUTHU TIOCTaBJIeHY 3a7adyy KopucTtyBaua. Kom-
MOHEHT BiAMOBiJli CTBOPIOE BiAMNOBib 3 HAsSBHOTO
JepeBa aJbTepHATUB i BiICiKae 3 HHOrO HEBaTiTHI
anpTepHaTuBU. Lli TpU KOMIOHEHTU BUKOPUCTOBY-
I0Tb YOTUPU He3asexHi LLM:

1) LLM anbTrepHaTUB CTBOPIOE JEPEBO albTEP-
HaATWB BUPIlLIEHHS MTOCTABJAEHOI 3a/1a4i Ha OCHOBI IMO-
CTaBJIEHOI 33Ja4i Ta 3HAlJAEHUX MPABOBUX MO3ULIIA;
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2) LLM Banipauii nepesipsie IepeBO ajlbTep-
HaTMB Ha BiJMOBIIHICTb i PEJIEBAHTHICTb aJlbTepHa-
TUB J0 IOCTaBJIEHOI 3a/1aui;

3) LLM Biamosiai reHepy€e BiAIIOBiAb HA OCHO-
Bi MoOCTaBJIE€HOT 3a7ayi Ta MPOBaJIiIOBAHOIO JiepeBa
aJIbTEpHATUB;

4) LLM arperaiiii BuOMpae HalKpally ajib-
TepHATUBY i3 3r€HEPOBAHOIO AepeBa aJlbTepHATHUB,
11100 MOBEPHYTH $SIK pe3yibTaT podot KoMmnoHeHTa
(bopMyBaHHS ajibTepHATUB.

Koxna 3 onmucanux LLM mae goctyn no 6a3u
CTPYKTYPOBaHUX TPAaBOBUX HOPM TSI 3a0e3MeUeH-
HsI IX KOPEKTHOI'O PO3yMIHHSI Ta 3aCTYBaHHS.

Ilukn 3i cTBOpeHHSs, OOpi3KM Ta HApOLIEHHS
JiepeBa ajlbTepHATUB CTBOPIOE edeKT camopediiek-
TOPHOTO MUCJIEHHSI aJITOPUTMY.

Komnonenm «Ilowyk». ]IS TIOLIYKY areHT
nepegae y KOMIIOHEHT TIOIIYKY MeTafaHi TOIIYKY
NpaBOBUX MO3MUIIM 1 3alUT IOLIYKY, SKUNA MOXKe
ckJagaTucs i3 kawouyoBux ciiB i ¢pas. et kom-
MOHEHT MOBEpPTa€ CTATyC MOIIYKY i KiJIbKIiCTh pe-
JICBAHTHUX TIPABOBUX TIO3UILIi/A JO TOLIYKOBOIO
3aMUTy, HA OCHOBI YOTrO areHT YXBaJIIOE pPilIEHHS
11010 CBOIX HACTYNMHUX Aild. 3HalIEeHi IpaBOBi I10-
3ULIi1T MepenarTbes Y KOMIOHEHT (hOpMYyBaHHS ajlb-
TepHATUB Micjasi HWoro BUKIMKY. Lleil KOMIOHEHT
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Puc. 1. Monenb po3aMipKOBO-TMOUIYKOBOTO aJITOPUTMY
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BUKJIMKAETHCS HA MOYaTKy poOOTU PO3MipKOBO-TIO-
LIIYKOBOT'O aJITOPUTMY JUISI MOro iHiliasi3allii.

Komnonenm «@Dopmyseanns aivmepnamug».
Ha nepmiomy etari podoTH 1ieii KOMIIOHEHT Iepe-
PaHXMPOBYE CIHUCOK PEIEBaHTHUX IPaBOBUX I1O-
3ULN 1 iX BUKopucTaHHs sIK LLM-anbTepHaTuB.
IlepepanxyBaHHs1 Ha ocHoOBi Maximal Marginal
Relevance (MMR) no3BoJisie peanidyBaTu ABi CKJla-
JoBi: 1) 3HAWTK HAMOLIBII pejieBaHTHI MpPaBOBi MO-
3Ll 10 TIOCTaBJIeHOl 3ajadvi; 2) npubpaTu CXOXi
MpaBOBi MO3ULIIL IJIsS1 CTBOPEHHSI SIKOMOTa OLIbII PO3-
rajyXeHoro aepena ajabrepHatuB. LLM ajabTepHaTUB
Ha OCHOBI IepepaHXKUPOBAHUX MPABOBUX MO3ULIA
reHepye JepeBo albTepHAaTUB a00 HApOIIy€E ajibTep-
HaTMBM Ha HasiBHE nepeBo. JlepeBO ajibTepHATUB
30epira€Tbes Iic/asl KOXKHOI iTepallii aJropuTMy st
Oro HaCTYIMHOTO BUKOPMCTAHHS IIifl Yyac reHeparlii
octaToyHoi Bigmosimi. KoMmoHeHT BUMKOHYE arpe-
raiito JgepeBa ajibTepHaTUB 3a mornomoror LLM-
arperailii, 1006 BuOpaTM Halikpallly ajJbTepHATUBY
3 nmepeBa anbTepHaTMB. OTpuMaHa ajJbTepHATHBA
MOBEPTAETHCS SIK Pe3yJbTaT POOOTHM KOMIIOHEHTA,
Ha OCHOBI MOBEPXHEBOI albTEPHATUBU areHT MPUIi-
Ma€ pillIeHH LIOJ0 CBOIX HACTYITHUX ilf.

Komnonenm «Ienepauisa ionoeidi». Ha nouat-
Ky poOOTM 1iell KOMIIOHEHT BaJlily€ AEPEeBO ajlb-
TepHATUB, IPUOMpAIOYM 3aliBi HEpEJIEBAHTHI TiJl-
ku 3a gonomorolo LLM-samipauii. Lle mo3Bose
LLM-BiamoBigi He BUKOPUCTOBYBATH HEBaJiIHI
i TIOMUJIKOBI ajbTepHATUBU MiA 4yac (popMyBaH-
Hsl ocTaTo4yHOI BimmoBimi. IlpoBajigmoBaHe aepeBO
aJIbTepHAaTUB 30epiracTbCsl B aJropuTMi IJisI HOTO
MOJAJbILIOr0 HAPOILYyBaHHSI B KOMITIOHEHTi (hopmy-
BaHHs anbTepHaTuB. Hami LLM-Bignosimi reHepy-
I0Tb OCTaTOUYHY BiJIOBi/lb HA TTOCTABJICHE 3aBIaHHS
KopucTtyBaya. OcTaToyHa BiAMOBiAb MOBEPTAETHCS
SIK pe3yJbTaT poOOTU KOMITOHEHTA 0 areHTa, SIKui
MnpuiiMae pillleHHsSI MPO 3aBepllUeHHs] PoOOTU i1 To-
BEpPHEHHS BiAINOBii KOpMUCTyBauy, abo mpo IMpo-
JIOBXXEHHSI TeHepallil BiJoBii.

ITiaroroBKa AaHuX 1151 PO3MipPKOBO-TNOLIYKOBOTO
aJITOPUTMY

IlinrotoBKa nmaHux i1 PoOOTU PO3MIPKO-
BO-TIOLIYKOBOTO QJITOPUTMY TIOJSITAE B TeHepallil
NpaBOBUX TIO3MII HAa OCHOBI paHillle yXBaJICHUX
CyJIOBUX pillleHb i 30epeKeHHi 3reHepoBaHUX Ipa-
BOBUX IMO3ULLiI Yy 0a3i JaHUX MTPaBOBUX TMO3ULLiI CY-
JIOBUX pillieHb. ba3y maHux mpaBOBUX MO3ULINA Cy-
JOBUX pPilleHb PO3MipKOBO-TOIIYKOBUI aIrOpUTM
BUKOPHUCTOBYE JJIsI MOIIYKY peJIeBAaHTHUX MPaBOBUX
MO3ULIKM I TeHepalil MpaBOBOI MO3UIIil Y KOH-
KpETHili crpaBi KOpUCTyBaya.

Po3MipKOBO-TIOLIYKOBUI  aJrOpUTM  OIEepy€E
MpaBOBUMM IIO3MLISIMM 3aMiCTh ITOBHUX TEKCTiB
cynoBux pimeHb. lle 3poGiaeHo mnst Toro, 100
3MEHILIUTU BILUIMB HEPEJIEBAHTHOIO Ta 3arajbHOTO
KOHTEHTY CYAOBUX pillleHb Ha TIPUUHSTTS pillleHb
LLM, Ta mis toro, 1mo0 30UIbIIUTH KiJIBKICTh pO3-
DJISIIyBaHMX IIpaBOBUX cuTyauiil. I'eHepallisl mpaBo-
BUX IIO3MIIiMA CYIOBOTO PillIEHHSI peaji3yeTbCs 4e-
pe3 MOCJiIOBHICTb eTariB, 300paxeHuX Ha puc. 2.
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Puc. 2. AnropuTtwm TreHepailii MpaBOBUX MO3MIIii CYTOBUX PillleHb

Ha nepiiomy erani popmyBaHHS TTpaBoOBOI I10-
31T 3 KOXHOIO CYIOBOTO PillIEHHSI 3HAXOMASTHCS
yCi MOCHJIaHHS Ha TIPaBOBi HOPMU, SIKi OYJIM B HbO-
MY BUKOpMCTaHi, 3a gomnomMoror LLM-napcuHry
npaBoBux HOpM. [locujaHHSI Ha MPaBOBY HOpPMY
C1aIa€ThCs 3 TAKUX E€JIEMEHTIB:

— Ha3BM KOJEKCY UM 3aKOHY, B SIKOMY 3aKpi-
TJIEHO TTPaBOBY HOPMY;

— HOMepa CTaTTi, B SKili ONuUCaHO IpPaBOBY
HOpMY;

— HOMEpa YaCTUHM CTaTTi;

— HOMepa MyHKTY CTaTTi;

— HOMepa MiANMyHKTY CTaTTi.

Ileit eran nmoTpiOHUI nasg opMyBaHHS ITill-
Kkasku it LLM, OCKiJIbKM y BHYTPIlLLIHIX 3HAHHSIX
LLM He Mae nocTaTHiX 3HaHb 1110/I0 iHTEpIpeTallii,
Hanpukiaan, «cT. 234 4. 2 KITK» abo «crartsa 234
yactuHa 2 KITK». Yepes ue Tpeba nepenaBaTu Taki
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3HAaHHS pa3oM i3 CyOOBUM pilleHHSIM, 106 LLM
Maja 3MOry KOpPEKTHO iHTepNnpeTyBaTu I BUKO-
PUCTOBYBAaTU MOCHUJIAHHS Ha MPaBOBi HOPMU.

[Ilo6 3abe3nmeydTH 3MICTOBI TigKa3Ku, IIO-
TpiOHO 3a31ajeriib CTBOPUTU 0a3y CTPYKTYPOBAHUX
MPaBOBUX HOPM, Ji¢ KOXHA YacTUHA CTaTTi MpaBo-
BOI HOpMU MOX€ OYTM 3HaliieHa OKPeMO Bij iHIINMX
(TOOTO SIKILIO B CYAOBOMY pillIeHHI BKa3aHO «CT. 234
q. 2 KIIK», To LLM oTpumae B mimkasli TEKCT,
SKUI cToCcyeTbcsl 2-1 yacTuHu 234 crtatti Kpumi-
HaJIBHO TIPOIIECYaTbHOTO KOAEKCY, a He YBECh TEKCT
234-1 crarTi).

Ha npyromy erani chopmoBaHa migkaszka Oyie
BUKOPUCTOBYBATUCS JUISI JI€KOMITO3MIIil CY/l10BOTO
pillIeHHS Y MOCJIiI0OBHICTb Jili KJIFOYOBUX CYyTHOCTEN
cynoBoro pimieHHs. KoXHuil ejleMeHT I1OC/IiIoB-
HOCTI BKJIIOYAE:

— Ha3BY CYTHOCTI, sIKa BUKOHYE Jil0 — BKa3y-
€TbCSI CYO’€KT, SIKUM € JKEPEeIOoM YU BUKOHABLEM
KOHKpPETHOI il y pillleHHi;

— OIHUC il — KOPOTKO (OPMYJIIOETHCS, SIKY
came fito O0yJ0 BUMHEHO;

— PO3’SICHEHHSI il — NIeTali3yeThCsl, YOMY LIS
Iist BimOysmacs i sIKi il HaCIiOKy;

— IiacTaBu I Oil — 3a3HA4yaroThbCsl IIPaBOBI,
(pbakTMuHi ab0 TIpoliecyasibHi MincTaBU, 11O 3yMO-
BIWJIM L0 Jil0;

— pesyabTar Jii — OINUCYETbCS HACHiIOK ii,
SIKUU Ma€e opuandHe abo MpakTUUYHE 3HAYEHHS;

— pO3’SICHEHHS TIACTaB IJisl pe3yjabTaTy — 00-
IPYHTOBYIOThCSI IPABOBI, (haKTUYHI a00 Ipolecyalib-
Hi MiacTaBu, 11O 3yMOBUJIM TaKUH pe3ysbTar.

ITicnst 3HAXOMKEHHS ITOCHIZOBHOCTI il Cy-
JIOBOrO pillleHHS BiIOYyBAa€TbCS HACTYMHUIA, TPETii
eran. IlocnimoBHicTh miii motpamisie y LLM mpa-
BOBOI ITO3MIIil, 1€ (POPMYETHCI E€IMHUIN BUCHOBOK
MPO KOPEKTHE 3aCTOCYBaHHSI MPAaBOBUX HOPM Ta iX
B3aEMOi0, — mpaBoBa mo3ulis. [IpaBoBa mo3uilis
CYJIOBOTO PillIEHHS CKJIAJA€EThCs 3 TAKUX €JIEMEHTIB:

— OIIMCY IIPaBOBOI ITO3MIIiI — TEKCT ab0 KOH-
LIeTILisI, 1110 BUpa)a€e KOHKpPETHE MpaBoOBe TayMa-
YEHHsI, AYMKY a00 CyHOB€ DIillIEHHS LIONO IEBHOI
npaBoBoi mpobyiemMu yu nutaHHs. [IpaBoBa mo3u-
11is1 TOKa3ye, sIK KOHKPETHi MpaBOBi HOPMU 3aCTO-
COBYBAJIMCS a00 TIIyMAUYUJIKUCS B CYyIOBOMY PIillIEHHI,
a TaKOX BM3HAyae€, siKe pillleHHS OyJo MpUITHSTE
1LIOJO CIIOpY, i JAa€ MiAIPYHTS AJsl TTOAAJBIIOrO 3a-
CTOCYBaHHSI HOPM Y TMOJiIOHUX BUIIaJKaXx;

— MOCWUJIaHb Ha BMKOPHUCTaHi TPaBOBi HOP-
MU — KOHKPETHi MOCUJIaHHS Ha CTaTTi 3aKOHO/aB-
cTBa (KOJEKCH, 3aKOHM), HAa OCHOBi SIKMX c(op-
MOBaHO MpaBoBY no3uliw. [TocunaHHsS Ha cTaTTi
KOJEKCIB € BaXXJMBUMU JJIsI TOro, 1100 TMOKas3aTu,
sIKi KOHKPETHI IIpaBOBi HOPMU BUKOPUCTOBYBAIUCS

JUIS1 OOTPYHTYBAHHS i IPUKAHSTTS CyJOBOTO pPillleH-
Hs. Ile 3abe3neuye mpaBOBY JIETITUMHICTb TMO3ULLiT
Ta CTBOPIOE 3B’SI30K MiX 3araJbHUMU TPaBOBUMU
HOpMaMU Ta iX MPAKTUIHUM 3aCTOCYBAHHSIM.

CynoBe pilieHHsS 3Ae0iIbIIOr0 MIiCTUTh Je-
KiJIbKa MpaBOBUX MO3ULI — 1€ IMOB’SI3aHO Tepe-
BaXKHO 3 HEOOXiJHICTIO KOMILJIEKCHOTO BUPILIEHHS
MpPaBOBOrO CHOPY, SIKMK OXOIUIIOE Pi3HI acreKTu
(pakTUUYHMX OOCTAaBMH i 3aCTOCYBaHHSI HOPM MaTe-
piaJIbHOIO Ta IMpOolieCyaJbHOIO TpaBa.

IIpaBoBi mo3uiii 30epiraloTbcsl y 0asi gaHUX
JUISL X TOWIYKY W BUKOPUCTAHHSI PO3MipKOBO-I10-
LIYKOBUM aJITOPUTMOM MijJ 4Yac po3MIsiay i BUpIi-
LLIEHHS TIPaBOBOI CUTYyallii KOPUCTyBaya.

MaremMaTuyHa MoJejb aJropuTMy TreHepauii
NMPAaBOBUX MO3Ulliii CYI0BHX pillleHb

AJTOpPUTM TIATOTOBKM JaHUX [JIsI PO3Mip-
KOBO-TIOIIIYKOBOTO ~ aJITOPUTMY MOXKHA pPO30OUTH
Ha KiJbKa KpOKiB, KOXHMI 3 sKUX (opmaiizye
MpolIeC BWIYYEHHS pPEeJIeBAaHTHUX IPABOBUX HOPM
i CTBOpPEHHS MPaBOBUX MO3ULINA. 3aBAaHHS aJIFOPUT-
My — 3a0e3neunTy e(eKTUBHUI KOMMIAKTHUI HAOIip
JAHUX 1JIs1 aHaizy i BukopuctaHHsi LLM, 36epira-
I0OUM BCi pesieBaHTHI acneKTu MpaBoBOi iH(opmallii.

AJNTOpUTM TOUYMHAE POOOTY 3i 3HAXOIXKEHHS
Yy CydoBOMY pilleHHi J yciX BUKOPHUCTAaHUX IIOCH-
JlaHb Ha TpaBoBi HOpMM. Habip Takux mocuyiaHb
yrBopioe cyTHicTb ULNL (Used Legal Norms Links):

ULNL = {ulnk,, ulnl,, ...ulnl,...ulnl, }, (1)
ne ulnl, — mocuiaHHs Ha TIpaBOBY HOpMY y dhopma-
Ti 3 BU3HAYEHHSIM YCiX HNOTPiOHUX aTpUOYTIB s 1i
imeHTHUiKalii;

m,, — KUIbKICTb 3HAWACHUX MOCWIAHb Y CYAOBOMY
pilueHHi.

Otrpumanns cytHocti ULNL MoxHa 3anucaTtu
TaKM YUHOM:

ULNL = LLM ( Pused legal norms ('])) > (2)

1€ Py togat norms IHCTpYKUii 100 3HAaXOIXKEH-
HS yCiX TMOoCujaHb Ha MPaBOBi HOPMU Y CYIOBOMY
pimieHHi; LLM — Belnka MOBHa MOJEjb, sKa 00-
pobisie pomT. BoHa oTpumye Lieii mpoMmT i re-
HEpYy€E BIAINOBIAb, 110 TI'PYHTYETHCS Ha BKa3iBKax
i3 TpoOMTY.

OrpumaHna cyTHicTb ULNL BUKOPUCTOBYETHCS
o7t (popMyBaHHS TiaKas3ku 7' Ik TIpaBUIBHOI iH-
TepIpeTallii MocujJaHb Ha MPaBOBi HOPMM TIijJ 4ac
CTBOPEHHS TIpaBoi 1mo3uilii. @opMyBaHHS ITiIKa3KU
T MOXHa 3anmucaTy Tak:



12 KPI Science News

2025/ 2

T:

Search(ulnl,, B, (3)

legal norms ) ’
ulnl,eULNL

ne Search ( ulnl,, B, no,ms) MO3HAYA€E MPOLIEC MOLIYKY
MPaBOBOi HOPMM 32 MOCUJIaHH:M ulnl, y 6a3i npaso-
BUX HOp M B legal norms*

Otxe, T € 00’emHAHHSIM YCiX IPAaBOBUX HOPM,
gHaiiaeHux 3a ULNL.

Marouu cgopmoBaHy miakasky 7, aaroputm
MOXe PO3IoYaTH aHali3 TEeKCTY CYIOBOIO pillleH-
Hs. Ha npomy erami ajaropuT™M po3KjIaga€ CyaoBe
pilleHHS Ha IOCIiIOBHICTD [Iili yYaCHUKIB MpoOLIeCy.
ITocnigoBHICTh Aiii CymOBOIO pillleHHSI MO3HYAlOTh
gk CACD (Chain of Actions of a Court Decision).

CACD MoXHa BU3HAUUTHU SIK

CACD={al.i=1,2,...,ma}, 4)
Je m, — KUIbKICTh 3HAiIEHUX NIl y CynqoBOMY pi-
LLIEHHI.

CACD BMKOPUCTOBYIOTb IJII CTPYKTYPOBAHO-
ro mojaHHs cyaoBoro pimeHHs. Ile 3HMKye oOcsr
HeCyTTEBOI iH(hopMalii i ¢hoKycye MoJeab Ha OcC-
HOBHMX MPaBOBMX acIleKTaX, sIKi 3a0e3MleuyioTh pe-
JIeBaHTHE TJiymauyeHHs. [Ipoliec 3HaXOmXKeHHs Mpa-
BOBMX HOPM i3 CYJ0OBOTO pillIeHHSI MOXHa 3aIlliucaTu
(opmynoro

CACD = LLM (P,

ecompose (

J,T)), (3)
1€ Pompose — THCTPYKLII 111010 IEKOMITO3MLIIT CYI0-
BOIO PillIEHHS y MOCIiIOBHICTh Aild.

Ilicng pgexoMmo3ullii CyJOBOro pill€HHS Yy
CACD dopmyerbest mpaBoBa nosuilist Legal position
(LP), ska y3arajbHIOE BUCHOBOK, 110 BUILIMBAE
3 aHasli3y MpaBOBMX HOPM i ITiICTaB iX 3aCTOCYBaH-
HSI Y KOHTEKCTi KOHKPETHOI'O CYIOBOTO PillICHHS.

Mopaenb NpaBoBOi MO3MIiI CyI0BOr0 pillIeHHS

IIpaBoBa no3uis LP mae BxiouaTu:

— ornmc mpaBoBoi mo3ullii pd — TekcToBe abo
KOHIIENTyalbHe (hOPMYJIFOBAHHSI, SIKE MOSICHIOE, SIK
MpaBOBi HOPMHU 3aCTOCOBYBAJIUCS JJISI BUPIlLICHHS
KOHKPETHOIO MUTAHHSI;

— MMOCUJIAaHHSI Ha MPaBOBI HOpMU pl — CIMCOK
MocujaHb Ha MPaBOBI HOPMH, IO 3a0e3Mevyl0Th
IOPUAWYHY TTiICTaBy MPaBOBOI MO3MULIil.

CynoBe pillleHHsI MOXe CKJaaaTucs 3 IeKib-
KOX TpaBOBUX MO3ULIil, TOOTO MOro MOXHa 3amu-
catu (popMysIo10

J={LP|i=12,.,m,}, (6)

ne m;, — KUIbKiCTb MPABOBMX MO3MULIHA y CYyIOBOMY
pieHHi J.

®opmasbHO TPaBOBY Mo3ullito LP; misi cyno-
BOTO pillleHHs J BU3HauYaloTh 32 (GOpMYJIOIO0

L}), = (pdfa Pl,-,)s (7)

m
ne pd; =Y {a;|a; € LP} reHepyeThcsl arperyBaH-
j=1
HSM Ta y3araibHeHHaM nii a; i3 CACD, sxi Hane-
XaTb J10 T1paBoBoi nosuuii LP; pl, ={l; |1, € pd,} —
MHOXWHA BCiX VHIKaJIBHUX TTOCHJIaHb Ha TIPaBOBI
HOPMM, $5IKi BUKOPUCTOBYBAJIMCS JIsI TeHepauii pd..
I'eHepatiito mpaBOBUX MO3UIIII MOXHA ONKUCATU
dopmymnoro

{LP|i=12,..,m,}=
= LLM (P, (CACD, T)),

legal position

(3)
1€ Ploys posision — THCTPYKILL IIO/I0 TEHEPALLii TIPABOBHX
MO3ULIM CyTOBOTO PillleHHsI 3 TOCJiAOBHICTIO Aii
YYACHUKIB CYyIOBOTO PillIEHHS.

Takum unHOM, anroput™m (Gopmye 6azy cymo-
BUX pillleHb Ta 1X MPaBOBUX MO3ULIil, 1110 BU3HaYa-
€TbCsI (POPMYIIOIO

B-= {(Jk,{LP,", LP},...LPS)
CACD,, ULNL,, meta(J,)), |k =1,2,...1}, (9)

ne J, —  yHiKaJbHE  CyAOBE  DILLUECHHS;
{LRk,LPZk,~..LP,fk} — MHOXMHA IIPaBOBUX IIO-
3uuii, gxi mictute J,; CACD, — mnocninoBHicTb

niit cymosoro pimenna J,; ULNL, — mocuman-
HSl Ha NPaBOBI HOPMU i3 CYHOBOrO DillleHHS J;
meta(J,) — metajiani piumeHHs J; t — 3araibHa
KiJIbKiCTh YHIKaJbHUX CYIOBUX PillleHb Y KOPMYCi.

basy cynoBux pillieHb Ta iX MpaBOBUX MO3ULIIH
BUKOPHCTOBYE PO3MiPKOBO-TIOLIYKOBUI aJITOPUTM,
SKUI MOXe IIBUIAKO ineHTU(dIKyBaTH pesieBaHTHI
MpaBoOBi TMO3MIIil /Ui MPAaBOBUX CUTYyallili KOpucC-
TyBayiB, OLIHIOWYM iX 3HAUYLIICTh i KOPHUCHICTb
Yy KOXKHOMY KOHKPETHOMY BUMAAKY.

Bepudikauis aaroputmy

YV Taba. 1 HaBeaeHO Tmepeslik KOMITOHEHTIB
CHUCTEMM Ta BiJIMOBIIHUX BEJIMKUX MOBHUX MOJIeei
LLM, s1Ki 3aCTOCOBYIOThCS IS peaizailii (yHKILii
KOMITOHEHTiIB. OCHOBHE MpU3HAYEHHS 1€l Tabau-
i — 3a0e3MevynuTy Mpo30piCTh Ta OOIPYHTOBAHICTh
BubOopy mopmeneit LLM mist KOKHOro KOMIIOHEHTa
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Tabauus 1. Bubip LLM 17151 KOMIIOHEHTIB aJIrOPUTMY IiATOTOBKU MPAaBOBUX MO3ULIN CYIOBUX pillleHb

3aBIaHHSM €
PO3IOIiT TEKCTY
Ha OKpeMi YaCTUHU.
Lleii mpouec
He ToTpedye
IMOOKOro
aHaJizy 3MicTy
200 PO3IIMPEHOTO
KOHTEKCTY, TOMY
MPiOPUTETOM CTAE
OITUMi3allis BUTpAT
Ta e(peKTUBHICTh
00pOOKU TEKCTY

Ta CTPYKTYypYBaHHSI
MPaBOBUX HOPM
3a 111a0JIOHOM.
OckinbKu mpoliec
He ToTpedye
IMOOKOro
PO3YMiHHS 3MiCTYy,
aKIEHT pOOUTHCS
Ha 3HUXEHHI
BUTpAT i IIBUIKOMY
00po0IeHHI
iH(opMmarii

BUCOKUI piBeHb
CKJIAAHOCTI, amIxKe
BMMAara€e TOYHOTO
PO3YMiHHS TEKCTY

i1 JIOTiYHOIO aHaji3y
MOCJiIOBHOCTI
niii. Halikpaie
MigXOaITh MOJIETI,
SIKi CHeLiali3yIoThCs
Ha apryMeHTalii
Ta HayKOBUX 3aayax,
1110 3a0€3MeYyI0Th
BUCOKY TOYHIiCTb

KommnoneHnt LLM crpykrypuzanii | LLM ctpykrypusauii | LLM nekommo3sutii LLM Ilpasosoi
crateit crarei MO3u1Iil
Mogens LLM GPT/40-mini GPT/40-mini GPT/03 GPT/03-mini
TTocunanus https://platform. https://platform. https://platform. https://platform.
Ha MOJieNTb openai.com/docs/ openai.com/docs/ openai.com/docs/ openai.com/docs/
models/o4-mini models/o4-mini models/o03 models/03-mini
ApryMeHTallis CrpyKTypu3alis IMowryx mocuaaHb JleKoMITO3U11ist IlepeTrBopeHHs
cTareil KOIeKCiB: Ha IIpaBOBi HOPMU: CYIOBOTO PillIeHHS: CYIOBOTO pillIeHHS
OCHOBHUM METOIO € BU3HAUYEHHS 11 3aBIaHHS Ma€ y TIPaBOBY MO3UILIIIO:

3aBIaHHs MOTpedye
YiTKOrO PO3YMiHHSI
TEeKCTY i BMiHHS
dopmyBaTu
apryMeHTOBaHi
BiATOBIII. YTiM,
OCKIJIbKM BXiJHi JaHi
BX€ CTPYKTYpOBaHi,
MOXHa
BUKOPHUCTOBYBATH
MEHII CKJIaJHy
Monelb 0e3 BTpaTu
SIKOCTi pe3y/bTaTy

pe3yabTaTiB

cucTeMu. 30KpeMa, TaOJHIg MICTUTD iHPOpMaIliio
npo HaliMeHYBaHHSI KOMIIOHEHTIB, BUKOpPHCTAa-
Hi Mogeni LLM, mocuyiaHHSI Ha TEXHIUHY IOKY-
MEHTaLlil0 LIMX MoJeJiell, a TaKoX apTryMeHTallilo
BUOOpPY KOXHOI MoAesi 3aJiexXHO Bim crienmuiku
3aBAaHHSI.

BubGip mopeneit o KOXHOIoO KOMIOHEHTa
CUCTEMM I'PYHTYETHCSI Ha XapaKTepUCTUKAX MoJe-
Jieil i BuMorax g0 3aBaaHb. JIJIsl 3aBIaHb CTPyK-
Typu3alii cTaTreil i MoIIyKy IpaBOBUX HOPM OYJI0
oopaHo moneni GPT/40-mini, 1o xapakTepusy-
IOTHCSI BUCOKOIO IIBUIIKICTIO OOPOOKM Ta ONTUMi30-
BaHUMM BUTpaTaMu pecypciB. Lle o0yMoBIeHO TUM,
1110 3a3HaYyeHi 3aBJaHHSI He BUMAaraloTh IIMOOKOTO
CEeMaHTUYHOTO aHaJji3y TeKCTY, a HAaTOMICTb MOTpe-
OyIoTh e(PeKTUBHOI OOpPOOKM Ta CTPYKTypYBaHHS
iH(opMaliil.

Jl1s KOMITOHEHTIB, 110 TepeadavyaloTh BUKO-
HaHHS OibII CKJIAAHUX 3aBAaHb, TAKUX SIK JEKOM-
MO3MIIiS CYJOBOTO pillleHHS i (opMyBaHHS IIpa-
BOBOI MO3Ulii, BUKOPUCTOBYIOTH Moneii GPT/o3
ta GPT/03-mini. 1li moneni 3a6e3neuy0Th BULLUNI
piBeHb PO3YMiHHS TEKCTY i 30aTHICTh JO apTyMEH-
TOBaHMX BiIMOBiAeH, 110 € KPUTUUYHUM IJisl 3a3Ha-
yeHux 3aBaaHb. Bubip moneni GPT/o3 niast nekoM-
MO3MIii OOYMOBJICHUIA HEOOXIIHICTIO TIIMOOKOTO
aHaJi3y TeKCTy i (popMyBaHHS NOCJIZOBHOCTI Hmiid,
a GPT/03-mini BUKOPUCTOBYIOTH Jj151 (DOpMYBaHHS
MpaBoOBOI ITO3M1Ii1, OCKIJIEKM 00p00JIeHi JaHi J03BO-

JISTIOTh 3aCTOCOBYBATH CIIPOIIEHY MOJIEb 06e3 BTpa-
TH SIKOCTi pe3yJIbTaTy.

Baninaunia anropurmy

Hns Bajigaliii aaropuTMmy MiATOTOBKW MpaBoO-
BUX IMO3ULI MU 3reHepyBaJMd MPaBOBY MO3ULIIIO
IJIsI CyIOBOrO pillleHHs i3 ba3m mpaBoBux Io3m-
it BCY (https://Ipd.court.gov.ua/document/2065).
IIpaBoBa mo3uilisg y 3a3HadyeHiil 0a3i Mae BUIJISIH,
noKa3zaHUI Ha puc. 3.

LLs mpaBoBa mo3wllisl HE BiAMOBiTa€ BUCHOBKY
CIIpaBU, OCKIIbKM BUIJISNAE HE SIK YiTKE IPaBUIIO,
sIKe TIOSICHIOE MpaBUJIbHE BUKOPUCTAHHS IMPaBO-
BUX HOpPM 1 iX B3a€EMOIII0 JISI CXOXUX CYIOBUX
pillleHb, a SIK 3arajbHa Iopajga 0e3 YiTKO BU3Haue-
HOro (hopMyJIIOBaHHSI, 110 YCKJAAHIOE OJHa3HaY-
HY iHTepHnpeTalilo 1 BUKOPUCTAHHS ILi€l IPaBOBOI
MO3UIIiI.

Ha nepiiomy erani popmyBaHHS TTpaBOBOI I10-
34l i3 CyIOBOro pillleHHSI MM OTPUMAJIM CIKCOK
BUKOPHCTAHUX MTPABOBUX HOPM:

K3nlIT ct. 36, K3l m. 2 4. 1 cr. 36, K3nll cr. 40,
K3mlT crt. 235, LITK 4. 2 cr. 389, LIIK 4. 3 ct. 3, ITK
y. 1 ct. 402, OIIK 4. 1 cr. 263, LIIIK cr. 4, LIIIK cT. 12,
HIIK cr. 13, LOIIK ct. 175, K3nlIl 9. 2 cr. 23, K3nll
4. 1 ct. 39-1, K3nlIl u. 2 ct. 39-1, UIIK 1. 2 4. 1 cT. 409,
OIMK m 1 9.3 cr. 411, OIK ct. 400, LITK cr. 409,
LITK cT. 411, LIIK cT. 416
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= O6cTaBUHW, AKi HeobxigHO BpaxoByBaTW NPW BUPILLEHHI NMTaHHA NPo MOXJIUBICTb YKNa4eHHA

F| - cTpokoBoOro TpyAoOBOro AOroBOPY

BMpILLYHOYM MMTaHHA NP0 MOXJIMBICTE YKNa4eHHA CTPOKOBOro TPYAOBOro A0roBopy, HeobxigHo
BpaxoByBaTW: 1) XapakTep BUKOHYBaHOT POBOTW, AKWIA Nepeitadvyac MOXIWBICTE BCTAHOBNEHHA TPYAOBWX
BiAHOCWH HA HEBM3HAYEHWIA CTPOK; 2) YMOBW BUKOHAHHS poBoTI, AKI Ma0Te BYTK TAKKMMK, L0
0BMEXYIOTRCA NEBHWM NEPioLOM YK 0BCRAroM poboTK; 3) iHTepeck NpayisHWKa; 4) 41 TaKWiA Jorosip
NMPAMOo BU3HAYEHWIA ¥ 33K0HO4aBYNX aKTax 8K CTPOKOBWIA; 5) 40TPUMaHHA BUMOT, NepeabaqeHn
HaCcTMHOK Apyrow cratTi 39-1 Kogekcy 3aKoHiB Npo npayto YepaiHu

Puc. 3. [IpaBoBa no3utist 3 basu npaBoBux no3utiii BepxoBHoro Cymy

Ha ocHoBi 1poro crnucky 0yjao cdopmMoBaHO
MiaKa3Ky II0A0 BMKOPHUCTAHUX IIPABOBUX HOPM.
OcCKIiJIbKM 14 ITiIKa3Ka 3aBejuKa, 11100 il BUKJIacTu
MHOBHICTIO Yy 1Iilf CTAaTTi, HABEAEMO JIMIIE il YAaCTUHY:

yactuHa 2 ctaTTi 23 Komekcy K3mll

CTpOKOBMI1 TPYJAOBUI IOTOBIp YKJIANAEThCS Yy BU-
nankax, KOJjau TPYIOBi BITHOCUHU HE MOXYTb OyTH BCTa-
HOBJICHI Ha HEBM3HAUEHUI CTPOK 3 ypaxXyBaHHSIM Xapak-
TEepy HACTymHOi poOOoTH, abo YyMOB ii BUKOHaHHsS, abo
iHTepeCiB mpalliBHMKA Ta B iHIIIMX BUITaIKax, Iepeadayde-
HUX 3aKOHOJABUMMU aKTaMHU.

yactuHa 1 cratTi 39-1 komexkcy K3nll

K110 micis 3aKiHYeHHST CTPOKY TPYIOBOTO JOTOBO-
py (myHkTH 2 i 3 ctaTTi 23) TPYAOBi BiTHOCUHU (haKTUYHO
TPUBAIOTH i KO/IHA i3 CTOPiH HE BUMArae ix MpuIHeHHs,
IlisT 1IbOTO TOTOBOPY BBAXKAEThCSI MPOJOBXKEHOIO HAa HEBU-
3HAYEHMUIA CTPOK.

yactuHa 2 ctatTi 39-1 konekcy K3nll

Tpynosi moroBopu, 10 Oyau mepeykiIanaeHi OAVH
Yy JeKiJibKa pasiB, 3a BUHSTKOM BUIIQJIKiB, Tiependaye-
HUX YaCTUMHOIO APYTOI0 CTATTi 23, BBAXKAIOTHCS TAaKUMMU,
110 YKJIaJeHi Ha HEBU3HAYEHUI CTPOK.

Ha npyromy ertami BinOyBa€eTbCsI JEKOMIIO3ULIis
CYIOBOTO PIlIEHHS y MOCIiAOBHICTD Hili YYaCHUKIB
cymoBoro pimeHHs. ITocaigoBHICTh Aili yYaCHUKIB
CYZIOBOTO IIPOLIECY € KITIOYOBUMM (PaKTaMU 3i cripa-
BU, IO € JOCTaTHIMM IJISI IIBUAKOIO PO3YMIiHHS
MpoLeCy MPUMHSITTS CyIoBOro pimeHHs. OCKiIbKU
MOCJIAOBHICTD Oili 3aBeMKa, 100 ii MOBHICTIO Bim-
TBOPUTH Y 1Iiil CTATTi, HaBeAEMO JIMLIE 11 YaCTUHY:

CytHictb: [Todusau OCOBA_3

Hist: [TomarHst 1030BY 10 [IprMOpChKOTO paiioHHO-
ro cyny M. Onecu (tpaBenn 2017 poky):

Po3’sicHeHHs nii:

IlinctaBu: Ilo3uBau TIpailoBaB  €JE€KTPOMOH-
TepoMm ©OotaHiuHoro caxy OHY iwm. I. . MeunukoBa
3 01.04.2001 p.; nakazom Ne 3377-18 Bim 10.12.2015 p.
6yB 3BimbHeHMi 31.12.2015p. 3a m. 2 4. I cT. 36 K3mnIl
(3akiHUeHHST CTPOKY noroBopy). Beaxae, mo y 2007 p.
MiXX CTOpOHAMM yKJIaAeHUI 0€3CTPOKOBUI TOTOBIp, TOMY
MifCcTaB ISl 3BiJIbHEHHS He OYJI0.

Pesynbrat: [1o30BHI BUMOru: 1) MOHOBUTH Ha TO-
cajli eIeKTPOMOHTEpa; 2) CTITHYTU CepelHill 3apobiToK
3a yac BUMYLIEHOTO MPOTYIy.

ApryMmeHTalis pesyabrary: [locunaHHst Ha cT. 36,
40, 235 K3nll: BincyTHiCTh 3aKOHHOI IiACTaBU 151 3BiJIb-
HEHHSI, OCKiJIbKU TPYIOBUI JOTOBip OE3CTPOKOBUIA, a Ha-
Ka3 He MicTuTh miacrtas 3i cT. 40 K3nll.

CytHictb: [Tosusau OCOBA_3

Hist: TTomanHsT KacawiiiHOi cKapru no BepxoBHoro
Cyny:

Po3’sicHeHHs nii:

IMincraBu: CTBepaKye HenpaBUJbHE 3aCTOCYBaHHS
MatepiasibHoro mpasa (ct. 23, 36, 39-1, 40, 235 K3mll)
Ta TMOpYLIeHHs mpoiecyaabHux Hopm (cT. 389 LIITK).
Bkasye, mo: 1) 3asB npo ctpokoBuit morosip y 2007 p.
HE TI0JaBaB; 2) XapakTep Moro podOTH MoCTiitHuiA; 3) cyau
He MOCJIAWIM MiACTaBU IJisl CTPOKOBOIO JOTOBODY.

Pesynbrat: IIpocuTh ckacyBaTW IIOCTAHOBY ariesisi-
LiliHOTrO cyay W HanpaBUTHU CIIPaBy Ha HOBUI pO3IJISIAL.

AprymeHTauisi pe3yabraty: HasBHi migcraBu kaca-
LITHOTO OCKapXKEeHHSI: HelpaBUIbHE 3aCTOCYBaHHSI HOPM
MarepiaJbHOTO TIpaBa Ta HEMOBHE JAOCIIIKeHHS T0Ka3iB,
1110 3aBaJWJIO BCTAHOBUTU iCTOTHI (paKTH.

CytHictb: BepxoBhuii Cyn

Hist: IlpaBoBuii aHaji3 Ta OLliHKA JOBOMAIB Kacalliii-
HOI cKapru:

Po3’sicHenHs nii:

IMincraBu: JlocmimkeHo HOpMHU CT. 23 u. 2, 36, 39-1,
235 K3unll; cr. 389, 400, 402, 409, 411, 416 LITIK; mare-
piasM cripaBu: 3asiBU MO3MBaya, HaKa3u MPO MPUNHATTS
Ta 3BUIbHEHHS.

Pesynbrat: KoHCTaroBaHO iCTOTHI MOPYLIEHHS
HOPM MarepiajibHOrO i MPOLECYaIbHOTO MpaBa CcylaMu
MOIIepeaHIX iHCTaHIIIiM.

AprymenTaris pesynbTaty: 1) Cyau He BCTAaHOBWIN,
4yl 03BOJISIB XapaKTep i YMOBU pOOOTHU (€JIeKTPOMOHTEP
0OTaHIYHOrO cajay) yKJIaaaTh came CTPOKOBMIl JOTOBip,
yuMm nopywmvin ct. 23 4. 2 K3nll. 2) IToBropHe piuHe
nepeykinaganHsg goroopiB 2007-2015 pp. He mocimke-
HO 1110JI0 TIEPETBOPEeHHS Ha Oe3cTpokoBuit (cT. 39-1 u. 2
K3nIl). 3) [Ipenmer i migcTaBa mo3oBy He BUMarajiu BU-
3HAHHS JOTOBOPY HEAiCHUM; CyI1 MOMUIKOBO MOKIAIN
Ha mo3uBavya o0OB’SI30K ocKapxkyBaTtu gorosip. 4) HeBu-
KOHaHHSI cyIoM OOOB’SI3Ky TMOBHO JAOCTIIUTU JOKa3u €
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migcTaBolo, mependadyeHoro m. 1 4. 3 cr. 411 HUIIK, nna
CKaCyBaHHSI pillleHb.

Ha octanHboMy, TpeTbOMY eTari 3 TMOCJiI0B-
HOCTI Jilf y4aCHUKIB CYJIOBOIO pillleHHS MU (hOpMYeE-
MO MPaBOBi MO3UIIiT CYIOBOTO pillieHHSsI. Y pe3y/bTarti
(bopMyBaHHS MPaBOBUX MO3MLIili aIrOPUTM 3reHepy-
BaB JIBi IPaBOBi ITO3ULIiI.

1. I[Ipy BU3HAYEHHI MPaBOMiIpHOCTi 3BiJIbHEH-
HSI HEOOXiIHO BCTAHOBUTHU, UM (PAKTUYHO OYJI0
YKJIAZAEHHS CTPOKOBOIO TPYAOBOIO JOTOBOPY, 4u
TPYAOBI BiJHOCUHM TiCJs 3aKiHUEHHS BCTaHOBJIE-
HOTO CTpPOKY (PaKTMYHO IIPOJOBXKYBaIUCsl O€3 BU-
MOTU OJIHI€l 3i CTOpiH TMpPO MNPUMUHEHHs. Ko
¢axT mojgagbIIoi poOOTH CBIZYMTH PO TE, 110 J0-
roOBip MepeTBOPUBCS Ha 0€3CTPOKOBMIA (BiAMOBIIHO
mo yactuHM 1 Ta wactuHu 2 cratti 39-1 Komekcy
K3mlIl), 3BiapHeHHS 3a m. 2 4yactTuHU | crarti 36
Konekcy K3nlIl He mae 3aKOHHMX ITiICTaB.

2. CymoBuii Tipoliec Ma€  3milICHIOBAaTHUCS
3 O00OB’SI3KOBMM 1 BCEOIYHUM MOCHTIIKEHHSIM YCiX
JIOKa3iB, 1110 MalOTh 3HAYeHHS JUISI TPaBUJIbHO-
ro BupilleHHs cripaBu. HemoctaTHe mocmimkeHHS
MACTaB IS YKJIaAeHHS! CTPOKOBOTO TPYIOBOTO JI0-
roBOpPY, a TAKOX HEHaseXHa OlliHKa J0Ka3iB 111010
XapakTepy BUKOHYBAHOi pOOOTHU MOPYIIYIOTh HOP-
MU TIpOlIeCyaJbHOTO 3aKOHO/AAaBCTBa (30KpeMa, I1. 1
yactuaM 3 cratTi 411, crarri 400, 402, 409 Ta 416
LITK) i € mimcraBolo mJis CKacyBaHHS TIOMEPEIHIX
pillieHb i HaINpaBJIeHHSI CIIpaBU HAa HOBUM PO3IJISIL.

Ilepmia mpaBoBa TIO3WIIST CTOCYETHCS BHUPi-
LIEHHsI CIpaBM 1100 HE3aKOHHOTO 3BiIbHEHHS
npauiBHUKA, OCKiIJIbKM CTPOKOBMI TPYIOBMI JOro-
Bip yKJadaBcsl KiJibKa pasiB, Y pe3yjbTaTi 4oro BiH
HaOyB cTaTtycy 0€3CTPOKOBOIO, a OTXKE, 3BUILHEHHS
€ HE3aKOHHUM.

Hpyra npaBoBa MO3ullis BiAMOBIIA€ MPOILIECY-
aJIbHili YaCTUHI CyI0BOrO pillIeHHS, sSIKa BU3HAYae,
IO amneJSIiAHUIA Cyl He PO3MISIHYB YCIX TOKa3iB
1 Take pillleHHSI HE MOXe OyTU 3aKOHUM.

OTtpuMaHi mpaBoOBi MO3MIIi1 BiAITOBITAIOTH BUC-
HOBKY CY/IOBOI CITpaBH i3 BKa3yBaHHSIM BCiX IOTPi0O-

HUX TIPaBOBUX HOPM i pe3y/jbTaTOM iX 3aCTOCYBaH-
HSl, 1110 JIa€ YiTKe PO3YyMiHHS, SIK 1ii paBOBI HOPMU
MOXYTh OyTHM BMKOPMCTaHI y CXOXHX BHIIaIKaxX
y MaiiOyTHbOMY.

He MeHII BaXJIMBUMU XapaKTepUCTUKAMU €
LIBUIKICTb POOOTU aJITOPUTMY Ta MOTO 1liHa.

st oOpoOKU CcynoBOro pillleHHSI i MepeTBO-
peHHs 1oro Ha MpaBOBi MO3ULIiT AJITOPUTM B CEPEI-
HbOMY BuTpavae | xBuiauHy 32 cexkyHau. CepeaHs
IIBUAKICTh YUTAHHS JIOOAMHU BapitoeTbes Bim 200
10 400 ciB 3a XBUJIMHY, JUIS1 pO3PaXyHKiB B3SITO Ce-
penHe 3HayeHHs — 300 ciiB 3a xBuauHy. O06poobIie-
He cyaoBe pilieHHs Mae 1873 cioBa, TaKUM YMHOM
yac, MOTpiOHMI 1Sl MPOUYUTAHHS TTOTPIOHOIO TOKY-
MEHTa, CTAHOBUTb 6 XBWIMH 15 CeKyH, 1110 CYTTEBO
MepeBUILYE Yac POOOTU aJITOPUTMY.

Ilina 3a 00poOKY HaBeAEHOIO CYIOBOIO pi-
menHs ckiaana $0,244 a6o 10 rpuBeHsb 12 KOmiiiok.

HaBenemo 11e oaMH TpuKiIag poOOTH all-
TOPUTMY IIiATOTOBKM IMPaBOBUX IIO3MLIN IS Cy-
poBoro pimeHHs 3 basu mpaBoBux nosuuiii BCY
(https://Ipd.court.gov.ua/document/44869).

ITpaBoBa mosuiliss y basi mpaBoBux Mno3uliiit
BCY wmae Bumisia, rnokasaHuii Ha puc. 4.

IIs mpaBoBa IO3MLIisI BUYEPITHO II€PENAE CYTh
CyJIOBOTO PilIEHHS i MOCTaBJIEHOTO B HHOMY IIpa-
BOBOro KOH(IiKTY. YTiM, y 1IbOMY CYyIOBOMY pi-
1LIeHHi Oy ¥ iH1Ii NOPYLIEHHS, OKPiM HEPO3IJISIY
JIIOKa3iB, SIKi He 3a3HauYeHi B ba3i nmpaBoBux mo3uliii
BCY.

Hagenemo KJ1t04OBi MOMEHTH 3 MOCJIiIOBHOCTI
JIiii IHOTO CYIOBOIO PillICHHSI:

CytHicth: 3acymkenuit OCOBA 7 Ta 3axucHUK
OCOBA 6

Hist: TlogaHHs KacalliiHUX CKapr:

Poz’sicHeHHs Aii:

IlincTaBu: IlocunaHHs Ha: HEAOITYCTUMICTh TOKa3iB
yepe3 nopyuieHHs ct. 477 KIIK; BincyTHicTh ckiamy 4. 5
cr. 191 KK Ta 4. 1 cr. 190 KK; BincyTHicTh 000B’sI3KO-
BOI €KOHOMIiuHOI ekcreptusu (4.2 m. 6 ct. 242 KIIK);
NOMWIKM Yy BU3HAUE€HHi po3Mipy IIKOAW i1 BiAmoBimaua

BioHOBNeHHs 3’AacyBaHHA O6CTaBUH Nicnsa NoBigomMneHH 06BUHYBa4YeHUM

HOBMX 06CTaBMUH Mig Yac cygoBux gebdaTiB 4YM B OCTAHHbOMY CIOBI

KMK nepen6adae, Wo B pasi akKuo 06BMHYBa4YeHMA HaBITE B OCTAHHLOMY CIOBI NOBIAOMMTE NMPO HOBI O6CTABUHM, AKI
MatoTh ICTOTHE 3Ha4YeHHA M8 KpUMiHanbHOro NpoBadXeHHs, cyl 3a CBOEK iHiLiaTMBOIO a6o 3a KNonoTaHHAM
YYacHMKIB CyOOBOro NpoBamXeHHs BiQHOBMNIOE 3'ACYBaHHA 06CTaBWH, YCTAHOBMNEHMX Mif Yac KpUMiHansHoro
NpoBaXKeHHs, Ta Nepeesipky X nokaszamu, rnicns 3aBeplueHHA SKMX BiKpuBae cynosi neéatu Woao AoaaTtkoBo
gocnimkKeHWX 06CTaBWH | Haae OCTaHHE CNOBO O6BUHYBa4YeHOoMY. Modi6He NonoXeHHs nepenéadyeHe B KNK 1y
BMNagKy NOBIOOMIEHHA Takoi iHchopmalii nig Jyac cyooBMx aeéartie

Puc. 4. [1paBoBa no3utist 3 basu npaBoBux no3utiii BepxopHoro Cymy
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3a UMBUIBHUMHU MTO30BaMU; HE3aKOHHUI CKJIA artesiiiii-
HOT KOJI€eTii.

PesynbraT: Ilpocunu ckacyBaTh BMPOK i yXBasly
Ta 3aKpUTU NpoBamkeHHs 3a 1. 3 4. 1 cT. 284 KIIK 5K
HeJloBeIeHE.

ApryMeHTamiss pe3yiabTaTy: 3axucT CTBEpIKYyBaB,
1o Koty He 6yau BBipeHi OCOBA_7 ocobucTo, mpaso-
yuHM ykiaganucs Big iMeni TOB, a nmorepnini pakTuyHO
OTpUMAJIM KBAapTUPHU, TOMY IIIKOJAW HEMAE.

CytHictb: BepxoBuuii Cyn

Hist: Ouinka BUpillIeHHSI IMBIIbHUX MO30BIB:

Po3’sicHeHHs nii:

IlincTaBu: 3axUCT HamgaB JOKYMEHTHU PO YaCTKOBE
BiIIIKOMYBaHHS IIKOAW Ta HAOYTTS MOTEPIIMMU IIpaBa
BJIACHOCTI Ha KBapTUPH, aJIe CYIM 1X HE OLIIHWIIU.

PesynbraT: Bu3HaHO iCTOTHE TMOpPYIIEHHSI BUMOT
cT. 419 KIIK; nutaHHs po3Mipy 1IKOAM TTOTpeOye HOBO-
To pOo3IJIsiay.

AprymenTanisa pesdyiabraty: HapiTh misHE momaHHS
JI0Ka3iB 3000B’sA3y€ Cy/ BiIHOBUTH JOCITiIKEHHS (CT. 364,
366 KIIK); anensiuiiftHuii cya MaB MOXIJIMBICTb TepeBipH-
T HOBiI OOCTaBMHU, ajle MPOIrHOPYBaB 1X, IMOPYLIMBIIA
MPUHLIUI TOBHOTU CYIOBOTO PO3IJISIALY.

CyrtHictb: BepxoBnauii Cyn

Hist:  IlimcymkoBa olLiiHKa
Ta yXBaJIEHHS MMOCTAHOBU:

Pos’sicHeHHs Aii:

IlinctaBu: BusBieHO iCTOTHI TOPYLIEHHS IIPO-
necyaiabHoro 3akoHy (ct. 419, m. 1 4. 1 ct. 438 KIIK),
110 BIUIMHYJIM Ha 3aKOHHICTb pIlIEHHS amnessiiiiHOro
cyay.

PesynpraT: KacauiiiHi ckapru 3a10BOJIEHO 4acCTKO-
BO; yxBasty CymchKoro arnessiuiiiHoro cyay Bin 18.03.2024
CKaCcOBaHO; CIIpaBy HaIlpaBJIeHO Ha HOBMI amesIsTIiiHTiz
PO3IISIIL.

AprymenTanisa pesyabTaTy: Hemomikm kBamidikarii
Ta HeBUPIILIEHICTh LIMBLILHO-TIPABOBUX BUMOTI HE MOXKYTh
OyTM YCYHYTi B KacaliilHill iHCTaHIIii, TOMy HEOOXiTHMIA
HOBUI amesIsIiiHuil po3mIsi 3 ypaxyBaHHSIM 3ayBaXkKeHb
Cyny.

iCTOTHOCTI TOpYILIEHb

Y pesynbrati opMyBaHHSI MPABOBUX I103M-
it i3 cymoBoro piieHHs https://Ipd.court.gov.ua/
document/44869 ajropuT™ 3reHepyBaB JIBi IIPaBOBI
TMO3MIIl.

1. ITix yac «kBamigikalii KpUMiHAJIBHOIO
MpaBOIIOPYIIEHHSI y CIIpaBaxX IPO IIaxpaichbKi Aii
3 y4YacTIO CJIY>KOO0BHUX 0Ci0 HEOOXiTHO YiTKO pPO3-
MEXXOBYBaTH KaTeropili 3aBOJIOAIHHSI Ta MpUBJIAC-
HeHHs1. HermoBHOTa MOTHMBYBaJbHOI YacTUHU CY-

References

JOBUX DpillleHb Ta HETOYHE BM3HAYE€HHS (opMu
00’€KTMBHOI CTOPOHM 3JIOYMHY IOPYIIYE BHUMOTU
1I0JI0 TIPAaBUJILHOTO 3aCTOCYBaHHSI HOPM Marepi-
aJIbHOTO Ta MPOLECyaIbHOTrO TpaBa. 3aCTOCYBaHHS
HOpPM Ma€ BimOyBaTHCh i3 BpaXyBaHHSIM SIK YiTKO-
ro IOPUJANYHOTO BU3HAUEHHS CKJaly 3JIOUMHY, Tak
i JOTpUMaHHS TPUHLIMUIIB 3MarajibHOCTI Ta 00’€K-
TUBHOCTI CyIOYMHCTBA, 110 IepeadayeHo HopMaMu
KIIK (ct. 419, n. 1 u. 1 cr. 438 KIIK) Ta HOpmamu
KacauiiiHoro mpoBamkeHHs1 (cT. 433 KIIK, ct. 400
KIIK).

2. [ToBHOMacuITabHe BiAHOBJIEHHS MpPOLECY-
aJIbHOTO JOCJiI>KEHHsI J0Ka3iB 3 METOI BCTAaHOB-
JIEHHSI HaJIeXKHOTO PO3Mipy MaTepiajibHO1 IIKOAU
Ta TIepeBIpKM HaJIEXHOCTI LIMBiJILHO-MTPABOBUX
pillleHb € HEOOXiIHUM 151 3abe3MeueHHsl peatiza-
uii npaB noteprniiux. CyogoBui po3rjsa HUBLIbHUX
MO30BiB Ma€ I'PYHTYBaTUCh Ha TPUHIIUAIAX TTOBHO-
TU Ta BCEOIYHOCTI CyTOBOrO poO3rjsiay (BiIMOBIAHO
1o ct. 364, 366 KIIK), 1mo BkiIo4yae aHaii3 HOBO-
BUSIBJICHMX JOKa3iB, HABiTh SKIIIO BOHU MOAAHI ITi-
3Hillle, a0M YHUKHYTU MOPYLICHHS IIpaBa Ha CIipa-
BEIJIMBUM CyT0BUM poarisia, BctaHoBiaeHoro IITK.

Jpyra nmpaBoBa Io3ullisl BiANOBiIa€ Tii, 1110 3a-
3HaueHa y basi mpaBoBux nosuuiii BCY. BomHo-
yac aJITOPUTM BUSIBMB 1€ OJHY MPaBOBY IO3ULLilO,
sIKa CTOCYEThCSI HEIpaBUJIbHOI KBatidikalii cynoM
HMXXYO1 iHCTaHLIl CKJaay 3JI04MHY OOBMHYBAY€HO-
ro, 1110 TaKOX BiJlirpa€e KJIIOYOBY POJIb Y CKaCyBaHHI
CYJIOBOIO pillIEeHHSI.

BucHoBku

1. 3anponoHoOBaHO MOJEAb PO3MipKOBO-I10-
LIIYKOBOTO aJIrOPUTMY TeHepalii KOHTEKCTHO-00-
IPYHTOBAHOI IIPaBOBOI IIO3UIIil, 110 IPYHTYETHCS
Ha aKTyaJbHUX JaHMX TpaBoBux no3uuiii BCY, 3a-
KOHOJABCTBI Ta KoaeKcax YKpaiHu, Ha OCHOBI Cy-
yacHUX TexHoJsori Data Science i LLM.

2. PO3MipKOBO-TOIIYKOBUI ~ aJIrOpUTM TMpU-
3HAUEHUN JUIs1 aHaJli3y OyIb-SIKUX CYIOBUX PillIeHb
HE3aJIeXHO BiJl BULY CYyJOYMHCTBA, TUILY CYIOBOTO
pillieHHSs i cTajii po3rysiny CrpaBy Ta IS reHepallii
HOBUX CTPYKTYPOBAHUX, KOHTEKCTHO-OOIPYHTOBA-
HUX IIPaBOBUX MO3ULIINA.
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P.P. Maslianko, S.S. Mirko

RATIONAL SEARCH ALGORITHM FOR SEARCHING FOR A LEGAL POSITION IN A SET OF JUDICIAL DECISIONS OF THE
JUDICIARY OF UKRAINE USING LARGE LANGUAGE MODELS

Background. The need to develop a reasoning search algorithm that is capable of automating the search and generation of
context-based legal positions and an algorithm for generating legal positions of judicial decisions from existing judicial decisions in the
judicial system of Ukraine, as a preparatory stage for a reasoning search algorithm.

Objective. Development of the concept of a reasoning search algorithm that is capable of automating the search and generation
of context-based legal positions. Development and implementation of an algorithm for generating legal positions of judicial decisions
available in the judicial system of Ukraine.

Methods. Development of the concept of a model of a reasoning search algorithm with three main components: search, formation
of alternatives and generation of an answer. Development and implementation of an algorithm for generating legal positions of court
decisions that searches for used legal norms, decomposes court decisions into a sequence of actions and generates legal positions.

Results. Mathematical model of the algorithm for generating legal positions of court decisions, which ensures automatic formation
of a database of structured legal positions. Validation of the algorithm for generating legal positions of court decisions by comparing the
results of the algorithm analysis and existing legal positions in the Database of Legal Positions of the Supreme Court.

Conclusions. The need for automating the search and generation of context-based legal positions is substantiated. The concept of
a reasoning search algorithm is proposed, which is capable of automating the search and generation of context-based legal positions. An
algorithm for generating legal positions using large language models and Data Science methods has been implemented, the validation of
which has shown that the results correspond to the existing positions of the Supreme Couirt.

Keywords: legal position; court decision; reasoning search algorithm; large language models; NLP; Data Science; automation of
judicial proceedings.
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TALL ARRAY METHOD EFFICIENCY IN DATASET DIMENSIONALITY REDUCTION
BY PRINCIPAL COMPONENT ANALYSIS

Background. Exploratory data analysis has been extensively growing since the early 2000s. As of 2025, most real-practice
datasets are classified as Big Data. The Big Data analytics workflow includes the data preprocessing step, which is the
starting point of Big Data computational handling. At this step, the data are tried to get simplified as much as possible.
The main paradigm is dimensionality reduction allowing simplifying and visualizing high-dimensional datasets. Prin-
cipal component analysis (PCA) is a linear dimensionality reduction technique. The PCA can be sped up by applying
Tall Arrays, if the data are stored on disk. The Tall Array PCA (TAPCA) computes principal components incrementally
using a divide-and-conquer strategy.

Objective. The paper aims to determine when the TAPCA is factually efficient for dimensionality reduction. There are
two numeric types to be studied: double and single precision.

Methods. To achieve the said objective, random large datasets are generated as matrices of a specified numeric type.
Then computational time of the ordinary MATLAB PCA applied to generated matrices is measured. Next, computa-
tional time of converting in-memory arrays (generated matrices) into tall arrays is measured. Computational time of the
TAPCA applied to those generated matrices, to which the PCA is applied before, is measured as well.

Results. A comparative analysis of the averaged computational times reveals that computational time complexity of
both the PCA and TAPCA is rather polynomial than strictly quadratic or cubic. There is a nearly-hyperbolic margin,
which alternatively could be called the TAPCA efficiency threshold, in a plane of the number of dataset observations
and the number of dataset features, by which the TAPCA and the ordinary PCA take approximately the same time to
compute principal components.

Conclusions. In computing principal components for dimensionality reduction of large datasets stored on disk, the Tall
Array method becomes efficient by two parallel processor workers if a dataset has at least 5 to 6 million entries. The Tall
Array method is more efficient on datasets with double precision whose efficiency threshold is nearly 6 million entries,
whereas the efficiency threshold for datasets with single precision is between 5 to 15.2 million entries.

Keywords: dimensionality reduction; principal component analysis (PCA); Tall Arrays; efficiency threshold; double
precision; single precision.

Introduction

Exploratory data analysis has been raised into
likely the vastest and deepest domain encompassing
various scientific fields of information technology,
computer science, and applied mathematics for en-
gineering, econometrics, sociology, bioinformatics,
etc. [1, 2]. Meanwhile, datasets to be explored have
been extensively or even exponentially growing since
early 2000s. As of 2025, most real-practice datasets
are classified as Big Data [3, 4]. The Big Data an-
alytics workflow includes the data preprocessing
step, which is the starting point of Big Data com-

putational handling [5, 6]. At this point, before the
most valuable and decisive Big Data statistics are
computed, like mean and standard deviation values,
the data are tried to get simplified as much as pos-
sible [7, 8]. The main paradigm is dimensionality
reduction which allows simplifying and visualizing
high-dimensional datasets.

Principal component analysis (PCA) is a linear
dimensionality reduction technique, by which the
dataset is linearly transformed into a new coordinate
system such that the directions (principal compo-
nents) sorted in descending order capture the largest
variation in the data [3, 9]. The principal compo-

doi: 10.20535/kpisn.2025.2.331279
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nents constitute an orthonormal basis in which dif-
ferent individual dimensions of the data are linearly
uncorrelated [10, 11]. If the dataset is an M x N
matrix X =[x,,],. , representing M observations
of N-dimensional objects, where usually M > N, the
PCA returns N principal components that are unit
vectors [9]. The n-th vector, n =2, N, is the direc-
tion of a line that best fits the data while being or-
thogonal to the first n— 1 vectors [11]. A best-fitting
line minimizes the average squared perpendicular
distance from the points to the line [3, 12].

The first principal component of a dataset with
N variables represented by matrix X =[x, ] . is
constructed as a linear combination of the original
variables, and it explains the most variance of the
data. The first principal component is equivalently
defined as a direction that maximizes the variance of
the projected data. The second principal component
explains the most variance in what is left once the
effect of the first principal component is removed.
Thus every next principal component explains less
variance. Together the N principal components explain
all the variance. The n-th principal component,
n=2, N, can be taken as a direction orthogonal to
the first n — 1 principal components that maximizes
the variance of the projected data. Alternatively, the
PCA is defined as an orthogonal linear transformation
on a real inner product space that transforms the data
to a new coordinate system such that the greatest
variance by some scalar projection of the data comes
to lie on the first coordinate (being the first principal
component), the second greatest variance lies on the
second coordinate, and so on.

In practice, if the first N principal components
explain sufficiently high amount of variance (say,
typically, 90 % or above), N e{l, N -1}, the re-
maining N — N~ principal components are ignored.
Thus the initial dataset X is simplified to a dataset
represented as an M x N matrix whose m-th row is
a vector of values of the first N principal compo-
nents calculated by plugging the entries of the m-th
row of matrix X into the respective linear combina-
tions of the N original variables. Clearly, the simpli-
fied dataset is easily visualized if N =2 or N* =3.

If data are frequently updated (e. g., by adding
new observations), it is a challenge to compute prin-
cipal components timely, without delays or excessive
memory occupation. The reason is the dataset is ei-
ther constantly enlarged or updated, and thus the
PCA slows down. The PCA can be sped up by ap-
plying Tall Arrays, if the data are stored on disk. Tall
Arrays (operators and functions using the Tall Array
approach) are a feature used in MATLAB for work-

ing with datasets that are too large to fit in memory
[13, 14]. They allow performing computations on
large datasets using familiar MATLAB functions and
syntax without needing to manage low-level data
processing tasks like chunking, paging, or out-of-core
processing [14]. Tall Arrays handle large datasets that
exceed the available memory by keeping only a rela-
tively small portion of the data in memory at a time
[13, 15]. This is called deferred evaluation, by which
operations on an array are not computed immediately
but are successively recorded and only executed when
the data is explicitly requested [14, 16].

The Tall Array PCA (TAPCA) computes
principal components incrementally using a di-
vide-and-conquer strategy [17, 18]. First, the data
are standardized by processing it in chunks. Then
the covariance matrix is computed and normalized.
This is done incrementally by summing outer prod-
ucts of chunks of data. The principal components
are finally obtained by performing eigenvalue de-
composition of the covariance matrix.

For standardizing each column of matrix X,
the mean and standard deviation of the matrix X
column are computed as follows. The tall array
(capitalization is used when the Tall Array approach
is meant itself) representing the matrix X column is
divided into smaller chunks that can fit into mem-
ory. The local sum, count of elements, and local
sum of squares (sum of the squares of each element
in the chunk) are calculated and stored temporarily
for each chunk. And, once all chunks have been
processed, the local sums and counts are aggregated
to compute the global mean of the column as the
ratio of the total sum of the local sums to the to-
tal number of elements. Then, in the second pass,
for each chunk the local sum of squared differenc-
es from the global mean is calculated. These local
sums are added up and the resulting global sum of
squared differences is divided by the column length
(i. e., the total sum of local counts) decreased by 1.
The result is the global variance whose square root
is the standard deviation. The column mean is sub-
tracted from each entry of the column, whereupon
every entry of the centered column is divided by its
standard deviation.

Owing to the covariance matrix is smaller (its
size is N x N), the eigenvalue decomposition can be
performed in memory. As for the rest, the TAPCA
processes chunks sequentially, keeping memory
usage relatively low while still being able to com-
pute the correct coefficients of linear combinations
of the original variables to return the principal com-
ponents. Nevertheless, the sequential data chunking
and processing may slow down computation of



20 KPI Science News

2025/ 2

principal components. Parallelization partially re-
duces the slowdown, but it depends on the dataset
size and how it is chunked (although Tall Arrays
chunk data automatically) [18, 19]. The number of
parallel processor workers positively influences the
TAPCA efficiency as well — Tall Arrays are gene-
rally expected to be more efficient at more parallel
processor workers.

Problem Statement

The TAPCA is seemingly a very efficient me-
thod of dimensionality reduction, but there are two
key aspects that must be taken into account. First,
converting an in-memory (ordinary) array into a tall
array takes some computational time, which ought to
be added to the computational (operation) time ta-
ken by the TAPCA itself. Second, it is unclear when
an in-memory array is regarded as large enough to
apply the TAPCA rather than the (ordinary) PCA
[6, 8, 12, 18]. This means that it is unclear when the
TAPCA computes principal components faster than
the (ordinary MATLAB) PCA does.

Therefore, the objective is to determine when
the TAPCA is factually efficient for dimensionality
reduction. The two numeric types to be studied are
double and single precision. To achieve the objec-
tive, the following tasks are to be fulfilled:

1. To generate random large datasets as matri-
ces of a specified numeric type.

2. To measure computational time of the ordi-
nary MATLAB PCA applied to generated matrices.

3. To measure computational time of conver-
ting in-memory arrays (generated matrices) into tall
arrays (which could be conditionally called tall ma-
trices).

4. To measure computational time of the TAPCA
applied to those generated matrices, to which the
PCA is applied before.

5. To carry out a comparative analysis of the
averaged computational times.

6. To discuss obtained results and findings from
the comparative analysis.

7. To conclude on the TAPCA factual effi-
ciency for dimensionality reduction of large datasets
stored on disk.

8. To outline open questions and perspectives
of further research.

Random Matrices
A random matrix X =][x,,] . of a specified

numeric type is generated by using the standard nor-
mal distribution having zero mean and unit vari-

ance [11, 20]. Hence, each entry x in the matrix
modeling a large dataset is a value of the normally
distributed random variable with zero mean and unit
variance. The numeric types to be studied are dou-
ble and single precision for real numbers, so there
will be two series of random datasets. For these two
types the number of observations M is sequentially
set to an element of set

10

{{102 &Y 00k {100 kY (10° k)

k=1’ k:l} (1
and the number of initial variables (i. e., original
features) NV is sequentially set to an element of set

{2, 100}. )
At a given couple {M, N} 100 random matrices
X =[x,,],.y are generated at 100 different pseudo-
random number generator seeds [12, 16, 18]. This
is done to obtain statistically consistent and stable
operation speed results upon averaging over those
100 generations.

Computational time

The computational time is measured on the du-
al-core processor Intel Core i5-7200U@2.50GHz in
MATLAB R2018a. Firstly, computation of princi-
pal components is performed on the random matrix
whose size is determined by the couple of integers
from (1) and (2). The ordinary PCA computatio-
nal time is denoted by f,c, (M, N, i), where i is the
generation number at given {M, N}. Then, secondly,
the random matrix is converted to a tall array, which
can be called the random tall array (tall matrix). The
time of the conversion is denoted by tr, (M, N, i).
Thirdly, computation of principal components is
performed on the random tall array. The TAPCA
computational time is denoted by t1,pca (M, N, i).

The averaged computational time of the PCA is

1 100

t_PCA(M’ N)=m‘§tPCA(Ms N, i)

(3)
at given {M, N}. The averaged computational time
of the TAPCA without taking into account the
array-to-tall-array conversion is

l 100

t_TAPCA (M= N) :_'ZtTAPCA (M, N, i)'

4
100 S )

If the conversion is regarded, then the TAPCA total
time is calculated as
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éTAPCA(M’ N)z?TA (M9 N)+ZI"APCA(M’ N)

1 100 . ‘
=100 2 |:TTA (M, N,i)+typea (M, N, 1)] (3)

Estimations (3)—(5) are fulfilled separately for double
precision and single precision.

Analysis

The averaged computational time (3) of the
PCA for double precision is shown as a mesh in
Fig. 1, where some computational artifacts at

M e{7-10°,8-10°} and N > 30 (6)
due to aliasing can be spotted. Obviously, the ra-
vine at M =9-10° cannot be a computational ar-
tifact. Computational time (3) is an increasing sur-
face along each of its variables — both the numbers
of observations and original variables. It roughly
seems that surface (3) increases linearly. Neverthe-
less, the growth of computational time (3) is non-
linear, being close to quadratic or cubic. Averaged
time T, (M, N) of the array-to-tall-array conver-
sion for double precision is shown in Fig. 2, where

Ten (M. N)

no significant trends are seen at all. Application of
anti-aliasing techniques does not work to see any
trend. Despite this, as the number of observations
increases, the array-to-tall-array conversion time
slowly grows.

Due to the array-to-tall-array conversion time
for double precision does not exceed 27 milliseconds
even for a million observations, averaged time (4) as
a surface looks very resembling to TAPCA averaged
time (5) that includes the array-to-tall-array con-
version time (Fig. 3). Surface (5) in Fig. 3 has the
same computational artifacts at (6) and the ravine
at M =9-10°, although they appear to be a little bit
softer. Some additional computational artifacts are
visible at M <10’ instead. At fewer original vari-
ables (N = 2) and fewer observations (M = 7000),
a huge surge is seen. It is not caused by the array-to-
tall-array conversion, though. Whereas the ordinary
PCA handles a million-observation double-preci-
sion dataset with 100 variables within 9 seconds, the
TAPCA takes no longer than just 1.9 seconds.

The averaged computational time (3) of the
PCA for single precision shown as a mesh in Fig. 4
does not have any major computational artifacts.
Compared to Fig. 1, this surface is much smoother.
The surface increases similarly to that in Fig. 1. The

Fig. 1. The averaged computational time (3) of the PCA for double precision
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ordinary PCA handles a million-observation dou-
ble-precision dataset with 100 variables within 5.2
seconds. Overall, single-precision PCA is 1.5 to 2.1
times faster than double-precision PCA on average.
Averaged time T, (M, N) of the array-to-tall-array
conversion for single precision shown in Fig. 5 is
faster as well, but the speedup is averagely 5 to 7 %.
A single-precision matrix is converted into a tall ar-
ray within 18 to 25 milliseconds. As the number of
observations increases, the array-to-tall-array con-
version time in Fig. 5 slowly grows, but the growth
is more apparent than that in Fig. 2.

The averaged computational time (5) of the
TAPCA for single precision is shown in Fig. 6.
Compared to Fig. 3, the mesh is smoother at 10°
observations and above, but it appears to have more
non-linearities. Some computational artifacts are
visible at fewer than 10° observations. The TAPCA
takes no longer than just 1.3 seconds to compute
100 principal components of a million-observation
single-precision dataset with 100 variables. Overall,
single-precision TAPCA is 1.09 to 1.27 times faster
than double-precision TAPCA on average.

Whichever precision or numeric type is, the
TAPCA factual efficiency can be explored via ratio

fhea (M, N)

e (M. N)

M,N)=—"- — ~_| 7
pTAPCA( ) B orren ( M, N) (7)

Clearly, the TAPCA is efficient if
PrapCA (M, N) > 1. (8)

The TAPCA efficiency for double precision is vi-
sualized in Fig. 7 presented as a plane view on the
Cartesian product of sets (1) and (2) for abscissa and
ordinate axes, respectively, where light color corres-
ponds to (8), when the TAPCA is efficient; dark
color is when the TAPCA is inefficient, i. e. ine-
quality (8) is false. The TAPCA efficiency for single
precision in Fig. 8 resembling that in Fig. 7 has a
more dark color, i. e. single precision TAPCA has
vaster area of inefficiency.

The TAPCA efficiency area exists beyond a
nearly-hyperbolic margin (inside the hyperbola),
both for double and single precision. Generally
speaking, the TAPCA is inefficient at either fewer
observations or fewer original variables (features).
In more particular terms, it is inefficient at data-
sets having no more than about 50 000 observations.
On the other side, the dataset with fewer than 10

Fig. 4. The averaged computational time (3) of the PCA for single precision
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Fig. 7. Efficiency of the TAPCA for double precision on the Cartesian product of (1) and (2)

features is more efficiently handled by the ordinary
PCA. The double precision TAPCA efficiency is ap-
proximately margined with hyperbola

4178585.7041

N = +1.661

for M [4-10%10°]. )
The single precision TAPCA efficiency is approxi-
mately margined with hyperbola

4919317.7503

N = +10.2581

for M [4-10%10°]. (10)
It is worth noting that the margin by (9) is about
six times as more accurate than the margin by (10).
It is also visible from Fig. 7 whose nearly-hyper-
bolic staircase margin is far less contorted than that
in Fig. 8. An efficiency threshold can be deduced
from (9) as the double-precision dataset size (the

number of its entries, i.e. M - N), at which apply-
ing the TAPCA is equivalent to applying the PCA,
whereas principal components for larger datasets are
better to compute by the Tall Array method. Thus,
the double-precision dataset threshold is nearly 4.5
to 5.9 million entries. There is a similar finding for
single-precision datasets whose threshold is nearly 5
to 15.2 million entries. The nearly-hyperbolic mar-
gins in Fig. 7 and 8 also allow concluding that the
thresholds are likely to become lower for too “thin”
datasets (having no more than 10 features or so) and
datasets having 10° observations or so.

Discussion

The obtained results visualized in Fig. 1, 3, 4,
6-8 reveal what Tall Arrays are factually capable of
and when they are efficient in computing principal
components for dimensionality reduction of large
datasets stored on disk. Computational time com-
plexity of both the PCA and TAPCA is rather poly-
nomial than strictly quadratic or cubic, although it
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Fig. 8. Efficiency of the TAPCA for single precision on the Cartesian product of (1) and (2)

seems to be quasilinear. Nevertheless, computation-
al time spans have been registered for the TAPCA
by two parallel processor workers, so it is naturally
expected that the TAPCA will be more efficient by
more parallel processor workers. However, as the
dataset size increases, whether in its number of ob-
servations or features, or both, the growth of ratio
(7) reaches its saturation (see it in Fig. 9 for double
precision) scarcely exceeding 5. Ratio (7) for the
TAPCA factual efficiency for single precision looks
similarly.

The nearly-hyperbolic margin, which alterna-
tively could be called the TAPCA efficiency thresh-
old, implies the size of a dataset (or the size of a Big
Data instance) as matrix X =[x,,], ., by which the
TAPCA and the ordinary PCA take approximately
the same time to compute N principal components.
For datasets whose size is above the threshold, the
TAPCA is faster. Here, it is necessary to remember
that starting parallel processor workers takes some
time, so applying the TAPCA to smaller datasets,
even if their size is above the threshold (but the

size is close to the margin inside the hyperbola),
is reasonable only for multiple times. Applying the
TAPCA just once is reasonable if the dataset (say, of
10 features at most) cannot be loaded into the work-
space. For instance, 10 principal components of a
dataset as matrix X =[x, ] .., of 550000 ob-
servations and 10 features are computed by the PCA
within 370.4 milliseconds, whereas the TAPCA takes
about 375.5 milliseconds (i. e., it is 1.3789 % slower)
if to count time spent on converting this matrix into
a tall array. Without taking into account the array-to-
tall-array conversion, the TAPCA takes about 353.1
milliseconds (which is 4.6733 % faster). So, the con-
version taking here 22.4 milliseconds does not ruin the
TAPCA efficiency (and thus it may be conditionally
neglected) only if matrix X is converted into a tall
array once and then the TAPCA is applied at least
twice — to the tall array and its modification (such a
modification is expected to be a subdataset of the ini-
tial dataset, rather than an expansion of the dataset).
A large dataset (a Big Data instance) is usually
stored on disk by some privacy and security reasons.
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Fig. 9. Ratio (7) showing the TAPCA factual efficiency for double precision

This is when Tall Arrays become useful as they do
not disclose factual data. In this comprehension, the
array-to-tall-array conversion can be considered as
a tradeoff (payment) for privacy and security along
with simplified interoperability and manageabili-
ty owing to dimensionality reduction by principal
components.

Conclusions

In computing principal components for dimen-
sionality reduction of large datasets stored on disk,
the Tall Array method becomes efficient by two pa-
rallel processor workers if a dataset has at least 5 to
6 million entries. The Tall Array method is more
efficient on datasets with double precision whose ef-
ficiency threshold is nearly 6 million entries, where-
as the efficiency threshold for datasets with single
precision is between 5 to 15.2 million entries. Both
the thresholds may become lower as the number of
dataset features is dropped below 10 or the number
of observations does not exceed 10°.

The presented research is nearly the worst-case
scenario, in which only two parallel processor work-

ers are deployed. As the number of workers increases,
the TAPCA factual efficiency threshold is expected
to drop further. The computational time complexity
of both the PCA and TAPCA is polynomial, so the
drop will be significant even for four parallel pro-
cessor workers (it is also a commonly widespread
computational architecture), let alone batch compu-
tation of principal components on computer clusters
by using the Tall Array approach.

An open question is about the reasonability or
efficiency of storing a large dataset on disk (prior to
dimensionality reduction), when Big Data clusters
like Hadoop or cloud-based solutions are available
[21, 22]. The second open question, lying nearly in
parallel to the mentioned one, is about efficiently
using the MapReduce technique for dimensionality
reduction by principal component analysis. Another
open question is how to further speed up the PCA
by implementing it (or TAPCA) on graphic pro-
cessing units (GPUs). These questions are the per-
spective for further research. Furthermore, a general
methodology of efficient computation of principal
components for dimensionality reduction of large
datasets should be formulated and justified.
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B.B. PomaHtok

E®EKTMBHICTb METOY TALL ARRAY Y 3HMXEHHI POSMIPHOCTI HABOPIB OAHX HA OCHOBI METOLY MONOBHNX
KOMIMOHEHTIB

MpobnemaTuka. Po3BigkoBuMii aHani3 AaHyx LWBMAKO po3BMBaETLCS Lie 3 nodatky 2000-x pokiB. Ha 2025 pik GinbLuicTb peanbHux
HabopiB AaHWX KnacudikyTb SK Benuki AaHi. Poboumin npouec aHaniTUK1 BENUKUX aHUX BKIOYAE eTarn nonepeaHboi 06pobkM AaHuX, KU
€ NoYaTKOBOK TOYKOK 06poOKM BenuKMX AaHmx. Ha LuboMy Kpoui AaHi HamararTbCs MakcumMarbHO cnpocTtuti. OCHOBHOK NapagnrMoro
€ 3HWKEHHS PO3MIPHOCTI, L0 A03BOMSE CAPOCTUTK Ta BidyarnidyBaTv MacvBy AaHUX BENWUKOI PO3MIpPHOCTI. MeTof ronoBHMX KOMMOHEHTIB
(PCA) € niHiliHMM MeToaoM 3HMXKEHHS po3MipHocTi. PCA moxHa npuckopuTtu, 3actocysasLum Tall Arrays, sikLLo AaHi 36epiratoTbcs Ha ONCKY.
Tall Array PCA (TAPCA) o64mcnioe ronoBHi KOMMNOHEHTM NOCTYMNOBO, BUKOPUCTOBYHOUM cTparerito divide-and-conquer.

MeTta pocnigxeHHs. MeTa nonsirae y Tomy, wWob BuaHauntu, konu TAPCA dakTU4yHO eeKTUBHUI AN 3HUKEHHS PO3MIpHOCTI.
BuByatoTbCa ABa TMNM Yncen — 3 NOABIMHOK Ta OAVUHAPHOK TOYHICTHO.

MeToauka peanisauii. [lna OOCATHEHHs] 3a3HAYeHOI MeTV reHepyTbCs BUMAAKOBI BENUKi Habopwu AaHux y BUMMSAI mMaTpuub
NeBHOro YncrnoBoro Tuny. MoTiM BUMiptoeTbCs Yac o6uncneHb 3suyanHoro PCA 'y cepenosuili MATLAB, 3acTocoBaHOro 4o 3reHepoBaHUX
MaTpuub. Jani BUMIpOeETbCS 0b4ncnoBanbHUA Yac NEPETBOPEHHS MacuBiB (3reHepoBaHMX MaTpuub) y nam’aTi y tall-macusu. Takox
BUMIiptOETLCS Yac obumcneHHs TAPCA, 3acTOCOBaHOro o TUX 3reHepoBaHnx MaTpuLb, 40 sknx PCA 3acTocoByBaBCs paHille.

Pe3ynbTatn pocnigxeHHA. [MopiBHANBHWI aHani3 ycepeHeHOro Yacy ob4ncrnieHb Mokasye, Lo YacoBa CkiagHiCTb obumcneHb
sk PCA, Tak i TAPCA € pagle nomniHoMianbHO, HiXX CTPOro KBafapaTuyHOK 4K KybiyHot. IcHye maiike rinepbonivyHa rpaHuus, siky
anbTepHaTMBHO MOXHa HasBaTu noporom edektuBHocTi TAPCA, y nnoLmHi KinbkocTi cnoctepexeHb Habopy AaHuX i KiNbKOCTi 03HaK
Habopy AaHwux, 3a skoto TAPCA Ta 3BuyainHmin PCA notpebytoTb NpnbnmsHo ogHaKoBOro Yacy Anst 064MCNEHHS ToNOBHUX KOMMOHEHTIB.

BucHoBKkuW. B 064MCneHHi ronoBHMX KOMMOHEHTIB 41151 3HKEHHSI PO3MIPHOCTI Benukmx Habopis AaHuXx, Wwo 36epiraloTbest Ha AUCKY,
mMetop Tall Array ctae ebekTBHUM 3a ABOX NaparnerbHMX NPoLecopiB, sIKLWO Habip 4aHUX MiCTUTb NpuHanMHI 5-6 MinbloHIB 3anucis.
Meton Tall Array Ginblw edekTvBHUIA Ans HabopiB AaHUX 3 NOABINHOK TOYHICTIO, A€ WOoro mnopir edheKTUBHOCTI CTaHOBUTbL Maixe
6 MinbIOHIB 3anucCiB, TOAI SIK Nopir ePeKTUBHOCTI A4St HABOPIB AaHNX 3 OAMHAPHO TOYHICTIO CTAHOBUTL Big 5 A0 15,2 MinblioHIB 3anucis.

Knto4yoBi cnoBa: 3HMXEHHsI pO3MipHOCTi; MeTof rornoBHKX koMnoHeHTiB (PCA); Tall Arrays; nopir epekTUBHOCTI; NOABIHA TOYHICTb;
oAMHapHa TOYHICTb.

PexomennoBana Pamoro Haniiiiia no penaxitii
GakyIbTeTy NpUKIaIHOI MaTeMaTUKU 30 ciung 2025 poky
KIII im. Iropst CikopcbKoro
IIpuiinsara go nmyoGikarii
30 uepBHs 2025 poky
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MO/JIEJIb KTACU®IKAIIIT PAKOBUX 3AXBOPIOBAHDb IIKIPU HA OCHOBI IHTETPALIIT
JUCKPUMIHATOPA B APXITEKTYPY CXOAOBUX HEMPOHHUX MEPEX

IIpodonemarnka. HaniBkepoBaHe HaByaHHs (HH) € omHuM i3 nmepcrieKTMBHUX HAIpPSIMiB IMOOKOTO HaBYaHHSI, OCOOJIMBO
JUTSL 3a/1a4, JIe OTPUMAHHSI MITOK € CKJIAIHUM i JOPOTMM MPOLIECOM, SIK Y BUMAAKY Kiiacugikailii pakoBUX 3aXBOPIOBaHb
wikipu. HassHi minxoau, 3okpema Adversarial Autoencoders (AAE) Tta Ladder Networks (LN), e(beKTUBHO BUKOPUCTO-
BYIOTb HEpO3MiUeHi J1aHi, ajie MaloTb OOMEXEHHS Y TOYHOCTi peKOHCTPYKIIil Ta peryjsipu3allii.

Merta pochimkennsa. Po3poOka Ta mociimkeHHsT Moaesi Kiacuikallii paKOBUX 3aXBOPIOBaHb IIKipW HAa OCHOBI iHTe-
rpauii JMCKpUMiHaTOpa B apXiTeKTypy CXOAOBUX HEMPOHHUX MEpex.

Metoauka peanizanii. Po3po0ieHa Monenb MOEAHYE PEryasipu3yiodi BAACTMBOCTI CXOJOBUX HEMPOHHUX Mepex i3
BUKOPUCTaHHSIM (DyHKIIii BTpaT Ha OCHOBI JUCKPUMIHATOPA, 110 OLIHIOE SKICTh PEKOHCTPYKIIii 300paXeHb, OPiEHTY-
OUMCh Ha IX CTPYKTYpPY, (hOpMy Ta KJIHOYOBI BidyasibHi o3Haku. EkcriepumeHTu npoBoawiucs Ha aatacetri HAM 10000
3 Pi3HUMU CITiBBIJHOIIEHHIMU pO3MiueHUX i Hepo3miueHux aaHux (30 %, 10 %, 5 %).

Pe3yabTaTtn pociimkenna. ExcriepyMeHTM mokasaiu, 10 3alpolOHOBaHA MOAeNdb MiaBulllMia F-score sl Kjacy
3JI0SKICHUX YTBOPEHb Ha 4 % MOPIBHAHO 3 0Aa30BOI0 CXOLOBOIO MEPEXKEIO 32 YMOB 5 % posmiueHux paHux. 3a 30 %
MapKOBaHUX 3pas3KiB Fj-score gocsr 74,8 %, 1110 Bcboro Ha 1 % MeHIlle 3a MOBHICTIO KepOBaHY Mojeib. BimHocHuUi
NOKasHUK R, 3a 5 % posmiueHnx nanux cranosus 0,939, nepesuuiyioun aHanoriunuii koedinient wist STFL (0,877),
10 MiATBePIKYE e(DEKTUBHICTh BUKOPUCTAHHSI HEPO3MIUCHUX JaHUX Y 3alPONOHOBAHIN MoIei.

BucHoBku. 3anpornoHoBaHa MOJIE/Ib BIOCKOHAIIOE HassBHI MeToAM HariBKepoBaHoro HaBuyaHHs (LN, AAE), 3a6e3ne-
YyIOUM BUCOKY €(DeKTUBHICTh BUKOPUCTAHHSI HEPO3MIUYEHUX JaHUX JJIsI peryjsipusallii JaTEeHTHOIO MPOCTOpPY €HKO/Ie-
pa y 3amadi kiaacudikallil paKoBUX 3aXBOPIOBaHb LIKipu. [lepcrieKTMBY MoAaIbIIMX AOCTII)KeHb BKIIOYAlOTh BUKOPHU-
CTaHHS AUCKPUMiHATOpa JUISl MOPIBHSIHHS JIATEHTHUX MpEACTaBlIeHb i BIOoCKOHalleHHs (yHKIii Reconstruction Cost
IIJI pO3LIMPEHHS 11 3aCTOCYBaHHS B iHIIMX 3aJayax aHajily 300pakeHb.

KmouoBi cioBa: kiacudikailisi pakoBux 3axoproBaHb 1iKipu; HAM10000; HaniBKepoBaHe HaBYaHHSI; CXOHOBI Heil-
POHHIi MepexXi; IMCKpUMiHATOp.

Beryn

HaniBkepoBaHe HaBYaHHSI € OIHMM i3 Haii-
OiIbII aKTyaJbHMX HAIIPSIMIB HOCJIIKEHHS IJIM00-
Koro HaBuaHHs. OcOOJIMBO KOPMCHUM BOHO € JUIS
3aja4, e OTPMMaHHSI MITOK € AyX€ CKJIagHUM abo
JOPOTUM TPOLIECOM, SIK, Hampukiaa, y chepi me-
IUYHUX NaHUX. Y KOHTEKCTi 3amay po3Ili3HaBaH-
Hs Ta Kjacudikallil paKoBUX 3aXBOPIOBaHb IIKIpH,
110 € OJHIEI0 3 HAWMOLIMPEHIIIMX i HeOE3IeUHMUX
(opM oHKoJIIOril, HamiBKepoBaHe HABYAHHSI [a€
MOXJIMBICTh €(EKTUBHO BUKOPUCTOBYBATU BEIU-
Ky KiJIbKICTh HEpPO3MIUE€HUX NaHMX JJISI HaBYaHHS
mogeni. CKIIagHICTh OTPUMAHHS PO3MiUeHUX JAHUX

IIJIsI HaBYaHHS MoAedi y KiacHugikallii pakoBUX 3a-
XBOPIOBAHb IIKipU TaKOX IPOSIBISIETbCS Y TOMY,
IO IJIS1 TOYHOTO MiarHO3y HEAOCTAaTHBO Bi3yaJbHO-
o BUBYEHHSI YTBOPEHHS, a HEOOXiIHO MPOBOAUTHU
CKJIaJIHI TOCIIIKEeHHS i3 3a00pOM TKaHMH YyTBOPEH-
Hsl. TakKuM YMHOM, JOCHIiIKEHHSI METOMIB, 1110 MO-
KyTh BUKOPHCTOBYBATU IyXKe Majly KiJIbKiCTb pO3-
MIYEHUX JaHUX Y MOENHAHHI 3 BEJIMKOIO KiJIbKICTIO
HEepO3MiUeHUX, € TIEPCIIEKTUBHUM HAIPSIMOM Y Ll
cdepi.

ABTOEHKOAEPU € TOILIMPEHUM iHCTPYMEHTOM
Yy HamiBKEpOBAaHOMY HaBYaHHi, OCKUIBKHU iX CTPYK-
Typa I03BOJISIE BUKOPHCTOBYBAaTU HEPO3MiueHi AaHi
JUISL peryyisipusailii JaTeHTHOIO MPOCTOPY €HKOZE-

IIponosumnis nas muryBannsa wiei crarri: B.Sl. Janwios, O.0. 3apunbkuii, “Mogjenb kiaacudikallii pakoBUX 3aXBOPO-
BaHb LIKipY Ha OCHOBI iHTerpallii IMCKpUMiHATOpa B apXiTEKTYpy CXOAOBMX HeMpoHHUX Mepex”, Haykoei eicmi KIII,
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pa, TakKUM YMHOM IIOKpalllyloud Y3arajbHIO4y
3paTHicTh Mozeni. Cepen HaiOiabll iHHOBALIil-
HUX TIXOJIB J0 BUKOPUCTAHHSI ABTOCHKOJAEPiB
y HamiBKepoBaHOMY HaBuaHHi € AAE (3marayibHi
aBTOEHKO/IEpHU), 110 BUKOPUCTOBYIOTb JUCKPUMI-
HaTOp JUIS TMOKpAallleHHs peryjspu3allii yepe3 Io-
PIiBHSIHHSI JIAaTEHTHOTO TPEACTABJCHHS 3 TMEBHUM
anpiopHUM 3agaHUM posnogiioMm, Ta LN (cxomosi
HEHpPOHHI Mepexi), 1110 BUKOPUCTOBYIOTH Oilbll
CKJIQIHYy 3HELIYMJIOBAJIbHY CTPYKTYpY Y BUIJISIAL
«IpabuHW» 1 MO3BOJISIIOTH 30epiraTd BaxKJIMBY iH-
(opmatiito Ha pi3HUX piBHIX adbcTpakiiii. Xoya LN
i IPOMOHYIOTh PEryJspU3allilo 3a paXyHOK ApaOuH-
HO1 CTPYKTYpPHU Ta AOJaBaHHSI LIyMY JO BXiIHHUX Ia-
piB Jekozaepa, Al MOPiBHSHHS JaTEHTHUX LIapiB i,
BIAIIOBIAHO, 00paxyHKY reconstruction cost 31e0i1b-
1LIOr0 BUKOPUCTOBYIOTH TpocTi Metoan tuny MSE
a0o iHIII aHaJIOTiyHi Tpy0di METOAM MOPIBHIHHS.

V wuiii cTaTTi MPOMOHYETHCSI 00’ €IHATU PEryJisi-
pU3yIouy 3AaTHICTb 000X LIMX MilXO/iB, BUKOPUCTAB-
11 AUCKPUMIHATOPU [IJIs1 BU3HAYEHHSI reconstruction
cost Y IMOPiBHSIHHI JIATEHTHUX TPeICTaB/IeHb €HKOIe-
pa Ta BiMOBIAHUX PEKOHCTPYHOBAHUX MPEACTaBICHb
JIEKOJIepa y CXOJOBilA HEMPOHHIN Mepexi.

s ekcnepuMeHTiB OyJ10 BUOpaHO BimoMuid
naracer HAM10000, 1110 MicTUTh BUOIpKY paKOBUX
3aXBOPIOBaHb IIKipW Pi3HUX KJIACiB, a TAKOX Oarato
MNPUKJIaaiB 100pPOSKICHUX YTBOPEHb, TaKUX SK PO-
IUMKU. Bubip naraceTy MOsSICHIOETbCSI TUM, 11O aB-
TOpM CTaTeil, sIKi € OCHOBOIO LIbOI'O JOCJIiIKEHHS,
J€MOHCTPYBaIU pe3yJbTaTh €KCIEPUMEHTIB TUIbKU
Ha «HEIIpUKJIagHUX» gataceTax, Takmx sk MNIST,
Jie TIPUITYIIEHHSI HamiBKepOBAaHOINO HaBYaHHSI BU-
KOHYIOTbCSI 3aHAJTO OYEeBUAHO U e(heKTUBHICTb
LUX MIAXOMIB IJIs1 3aJadi Kjacudikaliil CKIagHilmx
naHux (a came dororpadiii pakoBUX 3aXBOPIOBaHb
LIKipH) € HEIOCIIiIXEHOIO.

ITocTanoBka 3amaui

MeTtoo pobOOTHM € AOCHimXeHHS i po3podKa
MO 10 HamiBKEpOBAaHOTO HaBYaHHS IS 3amadi
KkJjacudikallili pakoBMX 3aXBOPIOBaHb LIKipY 3a J10-
MOMOIOK TOEAHAHHSI PEryIsipU3aliiiHUX BJIACTU-
BOCTEll CXOMOBUX HEHPOHHUX MEpexX i3 BUKOPUC-
TaHHSIM OUCKpUMIiHATOpa I OLIIHIOBAaHHS SIKOCTI
PEKOHCTPYKIIi.

Orsin HAsIBHUX JIOCJTiKEHb

Hwuni y BinkpuTOMy DOCTYITI HE BUSIBJICHO ITy-
Omikaliii, y sIKMX CXOJOBI HEWPOHHiI Mepexi abo
iHmn denoising-autoencoder apxiTeKTypu NOpPiBHIO-
Basin caMme Ha gataceti HAM10000. €qauHuUM BUHST-

KOM € poborta [1], pe3yabTaTu sKoi i OyayTh BUKOPU-
CTaHi JIJIs1 IPsSIMOTO TOPIBHSIHHS 3 HOBOIO MOJIEJLIIO.

ITo3a Mexamu TeMaTWKW JOCTIIKEHHS € Oa-
rato MerodiB HH, 1o neMoHCTpyloTh pesysibTaTu
Ha HAM10000 (STFL [2], MixMatch [3], Mean-
Teacher [4]), ToMy mJIsl 30BHILIHBOTO IIOPiBHSIH-
Hsl OyJio obpaHO omHy 3 Takux apxitrektyp HH —
Self-feedback Threshold Focal Learning (STFL),
IO TOKa3ajla CTaOIbHI pe3yJabTaTu 3a HEeBEJIMKOI
KiJIbKOCTi po3miueHux gaHux (500 po3miyeHux
3pa3kiB) i BukopucroBye ResNet-50 sk 6a30By mMe-
pexy. 'onoBHa iges 1iel Moaesi IPYHTYEThCSI Ha aB-
TOMaTUYHOMY KOPUTYBaHHI MOPOTiB BIEBHEHOCTI
MCEBIOMITOK, a TaKOX BUKOpHcTaHHi focal loss mist
060poThbdu 3 nucdanaHcom Bubipku. STFL Gyno Bu-
OpaHO [JIsl TTIOPiBHSIHHS TOMY, 11I0:

1. Hackinbky HaM BimoMoO, LISl CTaTTS € Haii-
ocTaHHiloO nyosikamieio 3 meroniB HH nig kna-
cudikalii pakoBUX 3aXBOPIOBaHb LIKipH.

2. CraTtsi MIiCTUTh  BIIKpUTO  OMyOJIiKOBa-
Hi MeTpuku F), accuracy TOLLIO caMe€ Ha JaTaceTi
HAM10000, 1110 ga€e 3Mory ix MOPiBHATU 3 MOACILIIO,
3aMpONOHOBaHOIO y 1Iiii poOorti. Ilomanpiri meraii
npo Te, sIK OyayThb 3iCTaBISITUCS METPUKMU, TOAAHO
B po3aisi «Pe3ynbTaT eKCrepuMeHTiB».

Takym 4yMHOM, Aaji PO3IJISHEMO TEOPEeTUYHI
3acaau ABOX JIiHil mocmimkeHb — AAE ta LN —
1100 MokasaTu, SIK caMe 3alpolOHOBaHa MOJENb
MOEMHYE IXHI Peryysipu3yroui 31i0HOCTI Ta po3IIK-
proe moxumBocti HH s 3amau knacudikaiii pa-
KOBHUX 3aXBOPIOBAaHb LIKipU.

Adversarial Autoencoders

Adversarial Autoencoders [5] — 1Lie IMOBipHic-
Hi aBTOEHKOJIEPH, 1110 BUKOPUCTOBYIOTh TeHEPaTUB-
HO 3MarajbHy Mepexy [6] i HakiIagaHHS 3aia-
HOTO anpiopHOTo PO3MOAiTY Ha JJATEHTHUI TIPOCTIp
aBTOeHKojaepa. Hexait BUXOmOM eHKoIepa B aBTO-
€HKOJICPHI apXiTeKTypi € AeSIKUIl arloCTepiopHUit
posnofin g(z). ABropu crarTi [5] BU3HAYalOTh HOTO
TaKUM YUHOM:

4(2) = [ 4(21x) Py (X)elx,

ne q(z | x) — Lie JaTeHTHMIA PO3MOILT, L0 FeHEPYE
€HKOZIEP; P, (X) — Lie po3NoIil BXiTHUX JaHUX.

®opmMaJlbHO HaBYaHHSI 3MarajJlbHOIro aBTOCH-
KozIepa MOXHa OMucaTy y IBa eTaru:

1. ®a3a peKOHCTPYKIIii, Je aBTOCHKOIEP MiHi-
Mi3y€e NOMMJIKY PEKOHCTPYKIIil BiTHOBJIEHOrO 300pa-
JKEHHSI BIIHOCHO OpMTiHATYy.

2. daza perynsgpu3aliii, e JUCKPUMIHATOD ITO-
PIBHIOE aIlOCTEpPiOpHUI PO3MOAia ¢(z) 3 OeSIKUM
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arnpiopHUM PO3MOALIOM p,,,(Z) I HaMara€TbCs BH-
3HAUUTH, SKUH i3 HUX € OPUTIHAJIOM, a SIKMI € pe-
3yJIbTaTOM €HKOJiepa.

Apxitektypy AAE 300paxkeno Ha puc. 1. Y wiii
B3a€EMOJil pOJib TeHepaTopa BMKOHYE €HKOJED,
a JUCKPUMIHATOpP JOAAETHCS OKPEeMO ISl MOpiB-
HSIHHSI allpiOpHOro Ta arocTepPiOpHOIro PO3IOIiTy.
OuiHIOBaHHS OMCKpUMiHATOpa Yy Liii CUCTeMi JIae
3MOTY €HKozAepy (TOOTO reHepaTopy) BUAUIMTU O3-
HaK{ TaKUM YMHOM, 1100 arocTepiopHUA PO3MOILT
OyB IyXe CXOXMM Ha alpiopHUi, 3 IKUM HOro Io-
PIBHIOE TMCKPUMiHATOP. ABTOPU ITOKA3yIOTh, 1110 Ta-
KUI criociO perynsipusalilii MOXe CYTTEBO MOKpally-
TU 30ATHICTb MOneJel BUAUISTA BaXKJIMBI O3HAKM,
e(eKTUBHO «IIiAKA3yIoun» IM, SIK IPUOJIU3HO ITOBU-
HEH BUMJISIIATH LITbOBUIA PO3ITOJL.

zlx) z~qiz)

—» reconstructed x

Samples from p(z)

Discriminator

Puc. 1. ApxiTeKTypa 3MarajbHOTO aBToeHKoiepa. CXeMy CTBOPEHO
3a onucoMm y |[3]

Xoua 3a3gajerigb HEeBIZOMMUIA TOYHMN PO3IIO-
JIiJT JaHUX, TPOTE MOXKHA MPUMYCTUTH, SIKUH 11€ TUTI
po3Monily, i IMiaKa3aTh 3a JTOIIOMOIOI0 JUCKPHUMi-
HaTopa, K Kpallle eHKOJAepY BUAUISITU O3HAKHU, 11100
arocTepiopHUl pO3MOIia BiMOBiAAB TiMoTe3i.

Adversarial Autoencoders in semi-supervised
learning

Akio y 3MarajJlbHUX aBTOEHKOJEpax BUKOPU-
CTaTH aroCTEPiOPHUI PO3MOMILT SIK BXiIHUI BEKTOD
JUUISI TIOBHO3B SI3HOTO 111apy, TO OTPUMAEMO MOJE/b
HaIliBKEpOBaHOIO HaBYaHHS [JIs1 Kiacudikailii, ne
pO3MiueHi JaHi BMKOPUCTOBYIOTbCSl [JIsI KepoBa-
HO1 YacTMHMU, a reconstruction cost Ta regularization
cost — 1 HeKepoBaHO1 yacTUHU. Takuit miaxin OyB
3aIpOINOHOBAHUI y CTaTTi Mpo BUKOpucTaHHs AAE
JIJIT HaIliBKEpOBAHOTO HaBYaHHS [7], 110 pO3BUBAE
inei, ormcani y [8] Ta [5].

ABTOpU MPOIOHYIOTh TaKy (PYHKIIilO BTpAT:

L = }\‘NLL LNLL + 7\’rec Lrec + 7\’reg Lreg’
ne Ly, — BTpaTn kjacu@ikauii Mixk MIiTKOIO MozJe-
JIi Ta CIPaBXHBOIO MITKOIO; L, — BapTiCTb PEKOH-
CTPYKLil MK pPEKOHCTPpYHOBAaHUM 300pa*kKEHHSIM
Ta OpWriHaiom; L,, — BTpaTW peryjaspusaii, ki
BU3HAUYa€ JUCKPUMIiHATOP.

Cxo10Bi HelipoHHI MepexKi

Cxoposi HeiponHi mepexi (LN) [9], [10],
[11] — we cyyacHUMi1 apxXiTeKTypHUI Miaxim D0 Ha-
MiBKEpOBAHOIO HaBYaHHSI, 110 TPYHTYEThCS Ha ifel
3HellymIoounx (denoising) aBTOeHKOAEpPiB. Y 3a-
raJIbHOMY PO3YMiHHI CTPYKTypa CXOA0BO1 HEUPOHHOI
Mepexi IS BUKOPUCTAHHS Yy HaliBKEpOBAHOMY
HaBUYaHHI Haramye OymoBY aBToeHKoaepa [8], mpore
Ha BXOJi y JEKOJEp JIaTeHTHE IpelCcTaBJIeHHs 3a-
LIYMJIIOETBCS 1 3aBAaHHS JAeKoJepa IOoJjsira€ y Bill-
HOBJIEHH1 OPUTiHAJILHOTO 300PaKeHHS.

CxomoBa HelipoHHa Mepeska CKIIAAEThCS 3 TPHOX
OCHOBHMX KOMITOHEHT:

1. 3amymieHuii eHkoaep (noisy encoder), 1110
reHepye JIaTeHTHi TpeACTaBJIeHHS 3a JOMOMOIOI0
JIOIaBaHHS TayCiBCHKOTO IIIyMYy.

2. YucTuii eHKoJep CTBOPIOE €TaJloOHHI Jia-
TEHTHi MpeacTaBAeHHs 6e3 1yMmy.

3. Hekoaep, 110 PEKOHCTPYIOE JJATEHTHI Mpe-
CTaBJICHHSI Ha KOXXHOMY KpOLli €eHKozepa i3 3allyM-
JICHUX BEPCiii LIMX MPEeJCTaBlIeHb.

Ha xoxHomy 11api eHKomepa Ta IeKoaepa BH-
KOPHMCTOBYEThCS OaTu-HOpMaizauis (batch normali-
zation).

Enkonep i mexomep IpallloloThb y JBOX IOTO-
Kax: y YMCTOMY Ta 3alymieHoMmy. Onuc apxiTekTy-
pu opMatizyeTbCs TaKUM YMHOM [9]:

< 3l sL 5 .
XZ,..,2°,9= Encodernoisy(x),

1 L .
X,3,...,2", ¥y = Encoder,,, (x);

%%, y= Decoder(z”, e ZL),

Jie X, y Ta  — BXiJIHi laHi, 3HELIYMJIEHi Ta 3allyM-
JeHi Buxonu; z', Z', ' — mpuxoBaHe NpencTaBiIeH-
Hsl, IOTO 3alllyMJIeHa BepcCis Ta MOro peKOHCTPYHo-
BaHE MpPeICTaBICHHS.

KoxeH 11ap nexoaepa peKOHCTPYIOE 3alllyM-
JIeHe JJaTeHTHe TpeacTaBieHHs1 eHkoaepa. st 1bo-
ro BiH BUKOPHUCTOBYE PEKOHCTPYHOBaHE IOIepe-
HIMM 1IapaMu AeKojepa JIaTeHTHE MpeacTaBIeHHS
y KOMOiHalii i3 3alIyMJICHUM IPeACTaBICHHSIM €H-
Kozepa i3 MOTOYHOTro PiBHSI:
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21 — g(zl’ ul+l),

ne 7' — peKOHCTpyiioBaHe INpeiacTaBieHHs; u'™' —
BEPTUKAJIbHUI CUTHAJ] i3 HACTYIIHOIO LIapy MiCJs
3aCTOCYBaHHS OaTy-HOpMaizallii; g — pyHKILis KOM-
OiHyBaHHSL.

IlinboBa (yHKIIS CKIAJAEThCs i3 3BaXKEHOI
CYMM BTpaT 3a Kjiacuikallilo Ta 3a peKOHCTPYKIIilO:
L = }\‘sup Lsup + }\‘rec Lrec'

Hnst 3amavi knacudikarii sk L, BUKOPUCTO-
ByeTbcst Cross-Entropy Loss, a sik L,,, BAKOPUCTO-
ByeTbest MSE.

CrpoleHy cXeMy apXiTeKTypu CXOIO0BOI Hei-
pOHHOI Mepexi 300paxeHo Ha puc.2, ne CE —
ue Cross-Entropy Loss, RC — ue ¢yHkuii BTpar
PEKOHCTPYKIIii, cymMa sIKuX (DOPMYE 3arajabHy (yHK-
uito Brpar L,,.. Ha Buxoai He3alyMIeHOro eHKoze-
pa 3a3BUYali BUKOPUCTOBYIOTh IOBHO3B SI3HUI 111ap,
1110 BUKOPUCTOBYETHCS IJIs1 K1acuiKaliii.

IIsa apxitekTypa 3a0e3rleyye MOXKJIMBICTb Of-
HOYACHOr0 HaBYaHHS MOJEJi K Ha MiYeHUX, Tak
1 Ha HeMiyeHMX maHuX. JIag HeMidyeHUX JaHUX BU-
KOPUCTOBY€EThCA 1LIsAX «Encoder,,,, — Decoder», ne
3BOPOTHE MOILIMPEHHS TOMUJIKU JO3BOJISIE KOPUTY-
Batu Baru monynst Encoder,,,,, TIOKpallyOuu 31aT-
HICTb MOJIEi 0 BUIIJIEHHS BaXKJIMBUX O3HAK.

decoding layer

.............. RO **vrresesnsnnsnnannnsy

encoding layer decoding layer

reconstructed
sample

Qriginal sample

Puc. 2. CripouieHa cxema apxiTeKTypu CXOIOBOi HEMpPOHHOL
Mepexxi. CxeMy CTBOPEHO Ha OCHOBI omucy 3 [9]

s MiyeHMX JaHUX NOJAETbCS CTAaHIAPTHUM
€HKOJEp i3 IIOBHO3B’I3HUM 1LIapOM Ha BUXO[Ii, SIKWI
HaBUYa€EThCS TMapajiebHO. Y pe3ybTaTi MOJeIb Ma€E
aBa OKpemi ToToku: «Encoder,,, , — Decoder> s
00poOKM HeMiueHuX aaHux i «Encoder,,,, — NOBHO-

3B’SI3HUI 1Iap» IS pOOOTU 3 MiYEHUMU 3pa3KaMu.
3anponoHoBaHA MOJE]b

Ilicnst ornsmy HasBHUX ImimxomiB Oyyio BcTa-
HOBJIEHO KJIIOUOBUM HEIOJIK: OUIbLIICTh CydacHUX
metoniB HH, po3pobienux mist kiacudgikailii pa-
KOBMX 3aXBOPIOBaHb LIKipHW, TOKJIaAal0ThCS Ha €B-
PUCTUYHI METOIM TICEBIOMApPKYBaHHS, MPHU IIbOMY
CTPYKTYypa JATEHTHOTO MPOCTOPY 3aJTUILIAETHCS 1103a
yBarow. lLli cocrepexeHHsI MigKa3yioTb, 110 Iep-
CMEKTUBHUMU € JOCHIMKEHHSI MOJeseid 3 pery-
JISIpU3alli€lo, TakuxX SIK CXOJ0BI HEWPOHHI Mepexi
Ta 3MarajbHi aBTOEHKOJEPH.

YV [7] aBTOopuM pO3MISAAIOTbH BUKOPUCTAHHS
JMCKPUMIHATOPA BUKIIIOYHO Ui (hOpMyBaHHS L,
TOOTO BTpaT 3a peryjsipusallilo JaTeHTHOIO Mpo-
CTOpY Ha BMXOi €HKoAepa. SKIo BUKOpUCTATHU
JUCKPUMIHATOP [JIs1 OLIHIOBAaHHSI BTpaT 3BUYaii-
HOI pEeKOHCTpYKUii L., TO Lie He Oylde MaTu CEHCY,
OCKIiJIbKM OpUTiHAJIbHUI aBTOEHKOJEP Ma€ MOB-
Hy iH(dopMmallilo TMpo OpuUTriHAIbHE 300paKeHHs,
a OTXe, LiHHICTb IMCKpUMiHATOpa B il apxiTek-
Typi HeBeJlMKa. YTiM CXOIOBI HEWpPOHHI Mepexi
BUKOPHCTOBYIOTh 3alllyMJIEHHSI Ha eTari rnepenavi
JJATEHTHOTO TPEJICTaBJCHHSI 10 JeKoJepa, TOMY
CyTTEBA yacTUHA iH(opMmalii BTpadyaeTbcs. AK Ha-
CJIiIOK, BUKOPUCTAHHSI IUCKPUMiHaTOpa B Liii MO-
JieJli HabyBa€e CeHcy.

Moneab kaacudikamii pakoBUX 3aXBOPIOBaHb
IIKipM HAa OCHOBI iHTerpamii IMcCKpumiHaTopa B
apxiTeKTypy CXOHOBUX HEHPOHHMX Mepek

YV HamoMy JIOCHIIXEHHI MPOMOHYETbCS BU-
KOPUCTOBYBATU JUCKPUMIHATOP SIK Oiabll M’ SIKUU
(y ceHci soft computing) criocid ouiHIOBaHHS Bap-
TOCTI PEKOHCTPYKIIii CXOMOBOI HEMPOHHOI MEPEXKi.

3anponoHoBaHa (PYHKIIiSI pEKOHCTPYKIIil y CXO-
JIOBiii HEMPOHHIN Mepexi Moxe OyTW BUpaXkeHa Ta-
KM YUHOM:

L. =E., (x)[logD(%)],

rec (1)
Je X — Y4aCTKOBO PEKOHCTpyiOBaHe 300paKeHHSI,
sIKE JIeKOJep HaMaraeTbCsl BiJHOBUTHU i3 3alllymJie-
HOTO JIATEHTHOTO TpPeJACTaBJICHHSI.

B (1) D — ue npuckpuMiHaTop, 1110 HABYAETHCS
PO3PI3HITH BiIHOBJIEHI 300pa’k€HHSI Bijl CIPaBXHIX,
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1110 JTO3BOJISIE MOMY «M’SIKO» KOHTPOJIIOBAaTU SIKiCTh
PEKOHCTPYKIIil, OPIEHTYIOUMCh Ha TIJIO0AJbHI 03-
HaKM, Taki SIK TeKcTypa i popMa, 3aMiCTb rpyomx
MOPiBHSIHb, SIKi BAKOPUCTOBYIOTbCSI B OpUTiHATbHIN
apXiTEeKTypi CXOZOBUX HEMPOHHUX MEPEX.

BukopucraHHs 3alllyMJI€HUX JaHUX Y CXONO-
BUX HEUPOHHUX Mepexkax CTBOPIOE €(DEeKTUBHY Ha-
BUAJIbHY 3aJa4y JJIs1 AMCKPUMiHATOPa, OCKUJIBKU BiH
OLIIHIOE BiTHOBJEHHS 300pa’k€HHS y CKJIAIHILIUX
YMOBax, Hi y 3BHYaiiHOMY aBTOeHKoAepi. BogHo-
yac JUCKPUMIHATOP CBOIM OLIIHIOBAaHHSIM CIIOHYKA€E
reHepatop (TOOTO [O€KOJAEpP) BiIHOBUTU BaXKJIUBI
O3HAKM 3aMiCThb TOro, 1100 rpy0O0 HamMaraTtucs: Mi-
HiMi3yBaTW 3arajibHy MOXWOKY MiX BiZHOBJIEHUM
300paXXeHHSIM Ta OpUTIHAJIOM.

ITporioHyeTbcsl Taka (GyHKLis BTpaT IS L€l
MOJIEJIi:

L = }\‘NLLLNLL + 7\’rechec’ (2)

ne L,. MOXHa BUKOPUCTOBYBAaTU sIK mofaHHs (1),
TaK i KOMOiHOBaHUII BapiaHT, 110 TaKOX YaCTKOBO
BpaXxoBYy€ Ipydi MeTOAM OLIHIOBAHHSI PEKOHCTPYKIIL:

rec

L, =E., (x)[logD(®)]+1E,, (X)R(x,Z), (3)

ne R(x, X) — ue dyHKuis rpy6oro oUiHIOBaHHs pe-
KOHCTpyKUil (Hanmpukian, MSE); A, — xoediuieHT,
1o HabyBae 3HaueHsb [0,1].

DparMeHT MOJIei 3aIPONIOHOBAHOI MEPEXi cXe-
MaTUYHO 300paxkeHO Ha puc. 3.

|

A

decoding layer

Discriminator

encoding layer

T

decoding layer

Puc. 3. Apxitektypa  (¢parMeHTa  CXOHOBOI  Mepexi i3
JIMCKPUMIHATOPOM JUISI OLIiHIOBAHHSI PEKOHCTPYKIILii

Tyt RC 3amiHeHa IUCKpUMiHATOPOM, SIKUI BU-
KOHY€E (DYHKIIIO OLIiHIOBaHHSI SIKOCTi PEKOHCTPYK-
uii. 3aMiHa (yHKIIii BTpaT PEeKOHCTPYKIIil Ha AuC-
KpUMiHATOp MOXHa peajidyBaTh SIK Ha KOXHOMY

PiBHi CXOJ0BOI HEIPOHHOI MepeXi, TaK i BUOIpPKOBO.
Hanpukian, MoxHa BUKOPUCTATH KJIACUYHUM CI1O-
Ci0 OLIiHIOBaHHS SKOCTI PEKOHCTPYKIIil /151 JTaTEeHT-
HUX TIPEACTaBJI€Hb, & CMOCIO i3 AMCKPUMiIHATOPOM
BUKOPHUCTATH TSI TIOPiBHSIHHS PEKOHCTPYHOBAHOTO
300paK€HHS 3 OPUTIHAJIOM.

Pe3yabTaTu ekcnepuMeHTIB

ExcriepuMeHTH TpOBOAWIMCS Ha JaTace-
ti HAM10000, 1110 MicTUTh 300pakeHHSI PaKOBUX
3aXBOPIOBaHb LIKipKW (6 THUIIB), a TAKOX 3I0POBUX
YTBOpPEHb (POAMMOK) i BiIMOBIAHUX MITOK IIUX 30-
OpaxxeHb. YCi EKCIIepMMEHTU TIPOBOIWIMCS IIJIst
Pi3HUX CITiBBiIHOIIEHb PO3MIYEHUX i HEPO3MIUEHUX
naHux y Bubipui: 30 %, 10 % ta 5 % po3amiueHHX
gaHux. OCKilbKM ISl OOCTIiIKEHHSI Mojesieil Ha-
MiBKEPOBAHOIO HaBYaHHS HEOOXiZHO MPUITYCTUTH,
1110 OiJbIIICTh 300paXkeHb € HepO3MiYeHUMU, JaHi
OyJ10 TIO/IJIEHO Ha TUIl «3JI05IKiCHI» Ta «100posiKic-
Hi», TOOTO BCi WIICTb TUMIB 3JIOSKICHUX YTBOPEHb
OyJ10 3rpyInoBaHO B OAUH Kjac (puc. 4).

st mopiBHSIHHST po3nIsiHYTUX Moxaeiaern HH
CTBOpEHa CIpOollieHa 3roOpTKOBa HEpOHHA Mepexka
i3 YOTUPHOX 3rOPTKOBHUX IIApiB, a TaKOX OIHOTO
JIiHiliHOTO 1Iapy. by/lo BUKOpPHUCTaHO BChOTO OIMH
JIHIAHUA 1Wap Il HAOYHOCTI JIEeMOHCTpaLii pery-
JISIpU3YIOUMX 37i0HOCTel aBToeHKoaepa. Llsa 6azoBa
MOJIe/Ib BUKOPUCTOBYBaiacsl SIK €TaJOHHA AJs TOo-
PiBHSIHHSI SIKOCTiI 3arporioHoBaHuX Moxeiaeir HH.
ErtanoHHa «moraHa» MoJejb — 1€ MOJieIb, HaBYeHa
TUIBKM Ha poO3MiueHiil yacTuHi gaHux. ETtaioHHa
«xopolia» MoJeIb — 1I¢ MOAE/b, HaBYeHa TaK, HiOu
Bci 100 % naHux € po3miyeHUMH. SIKILO MEeTpUY-
Hi TTOKa3HMKW aBTOEHKojAepa OymyTh HaOJIMKaTUCS
IO TIOKA3HWKIB ETAJIOHHOI «IOraHoi» Mojesi, TO
e o3HauaTume, o moaeab HH € HeedekTuBHOIO,
OCKIiJIbKM BMKOPUCTAHHSI HEpPO3MIYEHUX JIaHUX
HE MOKpally€e pe3yabTaT. AHAJIOTIYHO, KO SIKiC-
Hi ITOKa3HMKU aBTOEHKOAepa OJIM3bKi 10 €TaJIOHHOI
«XOPOLLOi» MOJEi, TO MOXHa 3pOOUTH BUCHOBOK,
1o 3anpornoHoBaHa Mozaeab HH € edpextuBHOIO.

BbaszoBa Monenb BUKOPHUCTOBYBaIacs SIK OCHOBA
IIJIsI €HKOAEpa y BCiX MOMEISIX aBTOEHKOAepa i3 Mi-
HIMaJbHO MOXJIMBUMU MOAUQIKaLiSIMU, SIKi BUMa-
raloThCs I peaiisaliii. Y 1moOynoBi aBTOEHKOIEPiB
st po3paxyBaHHs Reconstruction Cost BUKOpH-
craHo 3BuyaiiHnii MSE mig Bcix mpuMXoBaHMX I11a-
piB i AUCKPUMIHATOP ISl TIOPiBHSIHHS 300pakeHHS
3 opuriHajgoM. Ha puc. 5 300paxkeHo cxeMaTUYHU
OITC MOJEJi 3TOPTKOBOIO aBTOEHKOAEpPA Ta CXOMIO-
BOI HEMPOHHOI MepexXi 3 BUKOPUCTAHHSIM AUCKPU-
MiHaTOpa.
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Puc. 5. ABroeHkomep Ta cxomoBa HElipoHHA Mepexka 3 JUCKPUMiHATOPOM
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V Tabn. 1 BimoOpaxeHO MeTpUYHiI MOKA3HUKU
MOJIeJIe} 1Sl pi3HUX CHiBBiAHOILIEHb PO3MIYEHMX J1a-
Hux y Bu6ipui. Tyt CA — 1e 3BUYaiiHuii 3ropTKOBUIA
aBToeHkoaep, LN — 1e cxomoBa HeiipoHHaA Mepexa,
simple o3Hauae, 1110 BUKOPUCTOBYETbCS OPUTiHAIIb-
Ha apxitextypa 0e3 muckpumiHaTopa, discriminator
RC — ue monenb i3 AMCKPUMiIHATOPOM JJIsI OLLiHIO-
BaHHS reconstruction cost (sIK 300paxkeHo Ha puc. 5),
combined RC — 1ie Taka cama Mojeib, ajie (hyHKIis
BTpaT BU3HAYAETHCS K 3BaKe€Ha Cyma OILliHIOBAaHHS
nuckpumiHaropa Ta MSE (to6to 3a hopmyiioro (3)).

3 pe3yabTaTiB eKCIIEPUMMEHTIB BUTUIMBAE, 1110 BU-
KOPUCTaHHSI AMCKpUMiHATOpa BUSIBUIOCS €(heKTUB-
HUM 1 30UIbIIMIIO F-score NIl KJacy 3JI0S9KICHUX
3aXBOPIOBaHb SIK JUISI 3BUYAHOTO aBTOEHKOIEpaA,
TaKk i JUIsi CXOJOBOI HEWpPOHHOI Mepexi. Takox
i3 pe3y/abTaTiB €KCNEepUMEHTY BMIHO, 110 BUKO-
puUCTaHHSI KOMOIHALii CXOHOBUX HEUPOHHUX Me-
pexX i3 IUCKPUMIHATOPOM Yy OUIBLIOCTI BUMAAKIB €
e(eKTUBHIIINM MOPIBHSIHO 3 BUKOPUCTAHHSIM TOTO

CaMOro TMIiIXomy IJisg 3BUYAHOTO aBTOCHKOIEpa
(F,-score cranoBuB 74,8 % nipotu 73,5 % nns 30 %
po3miueHux nanux, 74,.3 % nipotn 74,6 % wia 10 %,
71 % nporu 68,6 % niast 5 %).

Oco0sMBO BiguyTHa IiepeBara TaKoro Imiaxo-
oy Ha 5 % po3MiueHuX JaHuX, Jie Mpupict Fj-score
MeTpUKHU cKiIaB 4 % mopiBHSIHO 3i 3BMuaiiHoio LN
ta 2,4 % NOPIBHSIHO 3 aHAJIOTNYHOIO MOJIE/UIIO 3BU-
YalfHOTO 3TOPTKOBOTO aBTOEHKoAepa. Takox Io-
MITHO, 110 BHUKOPUCTaHHS KOMOiHOBAHOIO ITiAXOLY
obuuciieHHs ¢yHKLii BTpaT 3a ¢dopmyioro (3) ne-
MOHCTpPYE Kpallli pe3yJbTaTu Ha BUOIpKax 3 Majoro
KiTbKicTIO po3mivenux ganux. st 30 % posmiyeHunx
JaHWX BUKOPMCTAHHSI BUKIIOUHO IUCKPUMiHATOpa
6e3 MSE (dopmyna (2)) nokazayio cedbe Kpailie sIK
JUISI CXOJ0BOT HEMPOHHOI Mepexi, Tak i 111 3ropTKO-
Boro aBroeHkonepa (73,5 % nporu 71,8 % nnst CA,
a Takox 74,8 % nporu 72,5 % nas LN), rpu Libomy
rmokasHuk F-score nocsr 74,8 %, 1o Bchoro Ha 1 %
MEHIIIe 3a TTIOBHICTIO KepOBaHY MOJIEIb.

Tabauysa 1. MeTpuyHi TOKa3HUKU MOJIENIE, HABUEHUX Pi3HUMU TiIXOAaMU

Precision Precision Recall Recall F1 Fl1
Monens HH Accuracy | (melanocytic (skin (melanocytic (skin (melanocytic | (skin
nevi) cancer) nevi) cancer) nevi) cancer)
30 % po3MiueHMX JaHUX
CA (simple) 0,801 0,828 0,739 0,876 0,660 0,851 0,698
CA (discriminator RC) 0,827 0,844 0,789 0,902 0,687 0,872 0,735
CA (combined RC) 0,818 0,834 0,780 0,900 0,664 0,866 0,718
LN (simple) 0,807 0,824 0,767 0,896 0,641 0,858 0,699
LN (discriminator RC) 0,818 0,875 0,722 0,841 0,775 0,857 0,748
LN (combined RC) 0,807 0,854 0,721 0,849 0,729 0,852 0,725
Etalon bad model 0,773 0,779 0,751 0,908 0,519 0,839 0,614
Etalon good model 0,847 0,852 0,796 0,903 0,712 0,883 0,756
10 % po3miueHUxX JaHUX
CA (simple) 0,797 0,853 0,698 0,831 0,733 0,842 0,715
CA (discriminator RC) 0,816 0,874 0,720 0,839 0,775 0,856 0,746
CA (combined RC) 0,820 0,839 0,777 0,896 0,679 0,867 0,725
LN (simple) 0,794 0,844 0,702 0,839 0,710 0,841 0,706
LN (discriminator RC) 0,809 0,855 0,723 0,851 0,729 0,853 0,726
LN (combined RC) 0,805 0,889 0,685 0,800 0,813 0,842 0,743
Etalon bad model 0,743 0,786 0,654 0,844 0,552 0,819 0,591
Etalon good model 0,847 0,852 0,796 0,903 0,712 0,883 0,756
5 % pPO3MIYEHMX JaHMX
CA (simple) 0,778 0,797 0,727 0,884 0,580 0,838 0,645
CA (discriminator RC) 0,786 0,813 0,722 0,871 0,626 0,841 0,671
CA (combined RC) 0,795 0,821 0,737 0,878 0,641 0,848 0,686
LN (simple) 0,802 0,803 0,799 0,922 0,576 0,858 0,670
LN (discriminator RC) 0,803 0,835 0,735 0,869 0,769 0,852 0,706
LN (combined RC) 0,794 0,850 0,696 0,831 0,725 0,840 0,710
Etalon bad model 0,691 0,913 0,534 0,582 0,897 0,711 0,670
Etalon good model 0,847 0,852 0,796 0,903 0,712 0,883 0,756
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151 30BHILLIHBOTO TOPIBHSHHS 13 3aIPONOHO-
BaHOIO Moneuno Oyno obpano momenb STFL [2].
OCKiJIbKM y CTaTTi SIK 0a30By Mojlejb OyJO BUKO-
puctado ResNet-50, 1110 Ma€ CyTTEBO OUIBIIY KiJib-
KiCcThb mapamMmeTpiB, HiXX 0a3zoBa MOACIb y HaLIOMY
JociimkeHHi, pedyabTati STFL KopekTHO mopiB-
HIOBATH JiWllIe BiHOCHO. Y [2] HaBelneHO METpUUHi
nokasunku moneni STFL mist mBox pexumis: 5 %
mapkoBaHux 3paskiB (0,7462) ta 100 % (0,8507).
[TponoHy€eThCS OLIIHUTU BiTHOCHY SIKiCTh MOZEI SIK
CIIiBBIAHOLIEHHSI MOKa3HUKa F, /Ui HamiBKepoBa-
Hoi mozeni ( F “ ) 10 BiJMOBIIHOTO MOKa3HUKa IS
MOBHICTIO KepoBaHoI Mozxerni (£ )

_ Ny _ 0.7462 0877
o F 0.8507
SUP

3aIpoITtoHOBaHa MOJIEb MA€ BiTUyTHO BUIIWIA

NOKasHUK R, i 5 % posmiveHnx nanux (0,939),

1110 MOX€ CBIIUUTU MPO BUCOKY €(eKTUBHICTb BU-

KOPUCTaHHSI HEPO3MiUeHUX JaHUX JIsl MOKpalleH-
H$ SIKOCTi MOJIEJIi.

BucHoBku

HociakeHo Ta BCTAaHOBJIEHO BiZICYTHICTb Y Bill-
KPUTUX JKepesaXx eKCIepUMEHTIB, Ae denoising-
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V.Y. Danilov, O.0. Zarytskyi

A SKIN CANCER CLASSIFICATION MODEL INCORPORATING A DISCRIMINATOR INTO THE LADDER NEURAL NETWORK
ARCHITECTURE

Background. Semi-supervised learning (SSL) is one of the most promising areas of deep learning, especially for tasks where label
acquisition is a complex and expensive process, such as skin cancer classification. Existing approaches, such as Adversarial Autoenco-
ders (AAE) and Ladder Networks (LN), effectively use unlabelled data but have limitations in reconstruction and regularization accuracy.

Objective. Development and study of a model for classifying skin cancers based on the integration of a discriminator into the ar-
chitecture of ladder neural networks.

Methods. The developed model combines the regularizing properties of ladder neural networks with the use of a discriminator-based
loss function that evaluates the quality of image reconstruction based on their structure, shape, and key visual features. The experiments
were conducted on the HAM10000 dataset with different ratios of labelled and unlabelled data (30 %, 10 %, 5 %).

Results. The experiments showed that the proposed model improved the F,-score for the malignancy class by 4 % compared to
the baseline ladder network with 5 % labelled data. With 30 % labeled samples, the F,-score reached 74.8 %, which is only 1 % less than
the fully supervised model. The relative indicator R at 5 % labelled data was 0.939, exceeding the similar coefficient for STFL (0.877),
which confirms the effectiveness of using unlabelled data in the proposed model.

Conclusions. The proposed model improves on existing semi-supervised learning methods (LN, AAE) by providing high efficiency
of using unlabelled data to regularize the encoder latent space in the task of skin cancer classification. Prospects for further research
include using a discriminator to compare latent spaces and improving the Reconstruction Cost function to expand its application to other
medical image analysis tasks.

Keywords. skin cancer classification; HAM10000; semi-supervised learning; ladder neural networks; discriminator.
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METO/I HIABUINEHHSA 3HOCOCTIMKOCTI KOMITO3UIIIITHOT O
IINIASMOBOTO ITIOKPUTTA HA OCHOBI HIKEJIb-IT'PA®ITY
HJIAXOM JOJABAHHA MIAHUX CILIABIB

IIpobnemMaTuka. ¥ CTaTTi PO3IJISHYTO MOXKIMBICTD PO3IIMPEHHS cep 3aCTOCYBaHHS TUIa3MOBUX IMMOKPUTTIB HA OCHOBI
CUCTeMU HiKeJb-TpadiT 3aBASIKM JOJaBaHHIO IO CKJIaay O€30JI0B’SIHUX MiJIHUX CIUIABiB, 1[0 MAIOTh CIIOPiITHEHICTh 10
HiKeJIeBOI 000JJOHKM MOPOIIKY CUCTEMM HiKeJIb-TpadiT i, OKpiM 30epeXkeHHsT TPMOOTEXHIUHUX BJIACTUBOCTEH HiKellb-
rpacdity, MOXYTb 3a0€3MeYUTH TTOTPIOHUI piBeHb KOTe3ii TOKPUTTS.

Merta pociikeHnsa. MeToio pobOTH € JOCHTIIKEHHS BIUIMBY BMicTy MinHoro cruiaBy bpAXK10-4 micns itoro nonaBaH-
Ha y Hikeab-Tpadit (HIII-75) Ha TpubOoTexHiuHiI XapaKTepUCTUKKU KOMITO3UILITHOIO IIa3MOBOIO MOKPUTTS.
Metoauka peaqizamii. ¥ mexax poOOTH 1711 BU3HAUEHHSI BIUIMBY BMICTy MIJHOTO CIUIaBY B HiKeJib-TpadiTi Ha Tpu-
OOTeXHIYHI BJACTHMBOCTI IJIA3MOBOTO KOMITO3UTHOTO MOKPUTTSI TMPOBEIEHO BUIIPOOYBAHHSI Ha TEPTS i 3HOIIYBaHHS
3pasKiB i3 MACOBOIO YacTKOIO MigHoTo criaBy bpAXK10-4 35, 50, 75 ta 90 % y nmnakoBaHuii HikeneMm rpadit HITT'-75
(MacoBa yacTKa HiKeJlo CTaHOBMTB 75 %). SIK eTaJloH BUKOPHCTOBYBAJIM ITONBIMHMIA CIUTaB Mimb-IIMHK J190.
Pe3ynbraTi mociaimkenns. ExcnieprMeHTalIbHO BCTAaHOBJIEHO, 11O IJ1a3MOBi MOKPUTTS Ha ocHoBi HIII'-75 3 momaBaH-
HsM MacoBoi yacTku BpAXK10-4 50 % maroTh 3HOCOCTI#KicTh, Oibiny y 10 pasiB mono uucroro HIIT-75 3a 3HauHO
menioro (0,36) 3a eramon JI90 (0,52) koedinienta Tepts. HamasyBaHHs Ha KOHTPTIO 3i cram 45 (TBepmicTh 45-48
HRC) npu usomy HaiiMeHle cepen TpuOomap, 1o Oyaud JOCTiIKEeHI B MeXax Ii€i poOoTh. 3MEHIIEHHS BMICTy
MiJHOTO CITJIaBy OO0 MacoBOI 4acTKu 35 % HemoliJibHe, OCKIJIbKU MPU3BOAUTL IO iHTeHCUdIKAIlil 3HOIIyBAaHHS Ma-
Tepiany MOKPUTTS i ioro HaMa3yBaHHSI Ha KOHTpTiI0. [Tomanblie 30iableHHs BMicTy mopoiuky bpAXK10-4 y cknani
CIIPUYMHSIE CXOIUJIEHHS Y 30HiI KOHTAKTY, MPO 110 CBiguuTh pi3ke (y 10 pa3iB) MiaBUILEHHS 3HOCY 3pa3KiB ITOKPUTTS,
3pOCTaHHS TeMIIepaTypu y 30HiI KOHTAKTY i 30iIbLICHHS MPUOIM3HO y 2 pa3u KoedillieHTa TepTs.

BucnoBku. OntumanbHa MacoBa yactka bpAXK10-4 y rmurazamoBomy nmokputti Ha ocHoBi HIII-75 ctaHOBUTH O1M3BKO
50 %. Marepiai i3 TakuM cKJiagoM 103BoJsie 3MeHInuTH 3 0,52 (J190) mo 0,36 xoedinieHT TepTs y mapi 3i craymumo 45.
MacoBe 3HOILIEHHS CTaJIeBOTO KOHTPTIJIa TAKOXK 3HAYHO 3HUKYEThCS Uepe3, HMOBIpHO, 3MiHY MeXaHi3My 3HOLIYBaHHSI
3 aAre3ifHoOro (CXOIUIEHHs) Ha OKMCHE 3HOIIYBaHHS. Lle 103BosIsiE CYyTTEBO PO3LIMPUTHU ChepU 3aCTOCYBAHHSI MaTepiary
Ni-C + BPAX10-4 B aBiamiliHiii i KOCMiYHiil TeXHilli.

Kumiouosi cioBa: Hikenb-TpadiT; KOMIIO3ULIIMHUI TTOPOILIOK; TUIA3MOBE MOKPUTTSI; XiMIUHUI CKJIAJ; CTPYKTYpa, TepTs
Ta 3HOIICHHS.

Beryn BaJIbHI MaTepiaju ra3oTypOiHHUX ABUTYHiB. Bpaxo-
BYIOUM YHiKaJIbHi BJACTUBOCTI IpadiTy yTBOPIOBATU

Komno3uTtHi mia3mMoBi TMOKPUTTSI, BUKOHAHi Ha MOBEPXHSX TEPTs 1ap TBEPAOTO TEPMOCTIHKOIo

Ha OCHOBI TOPOLIKY CUCTEMM HiKeJb-rpadiT, xa- 3MallyBaJbHOTO MaTepiany, HiKeJab-TpadiToBi KOM-
PaKTEepU3YIOTHCSI JOCUTh BUCOKOIO TEPMOCTIMKICTIO TMO3UTH € MPUBAOJMBUM JJISI BUKOPUCTaHHSI B Oa-
i rapHUMU aHTUDPUKLIKHUMU BJIACTUBOCTSIMU. Taki  raTbox TpuOomapax, yTiM, IX BUKOPUCTaHHS YCKJIal-
MOKPUTTSI 3aCTOCOBYIOTH TMEPEeBaXKHO SIK YIIIJIbHIO- HEHE HEBEJMKOW TBEPAICTIO TaKuX MaTepiaiib.
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TTinBuIIEHHS BMICTY HiKeJllO y CKJaJi MOPOLIKY €
HaMUMpOCTIIIMM CIIOCOOOM 30LIbIIEHHS TBEPAOCTI
1 Koresii HiKeJb-TpadiTOBUX IIJIa3MOBUX MOKPHUT-
TiB, aje ¢ CIPUUYUHSIE CYTTEBE MOTipILIEHHS iX aH-
TUDPUKLIUHUX XapaKTEPUCTUK, OCKUIbKU HiKesb
He € aHTUDPUKLIAHUM MaTepiaioMm.

[lupoko BimoMe BUKOPUCTAHHSI $IK aHTH-
(bpukLiiiHMX MaTepialiB CIUIaBiB Ha MiJIHiii OCHOBI,
30Kkpema O6poH3. OsIoB’sgHi OPOH3U MalOTh JOCTATHIO
TBepAicTh (0nm3bKo 75 HB), ane ix TepMoOCTiliKicTh
3a3BUYail OOMeXeHa BJACTUBOCTSIMU MEBHUX JIETYIO-
YHX €JIEMEHTIB, 1110 YTBOPIOIOTh OKpeMy a3y B rete-
POTeHHili CTPYKTypi Marepiany, i CTaHOBUTb OJIM3bKO
250—300 °C [1, 2]. 3HauHO OiJbLI TEPMOCTIKUMU €
0e30J10B’SITHUCTI OpOH3M (HAMpUKIIad, MiIHUI CILIaB
BpAXK10-4, DIN 17665 CuAl10Ni5Fe4), mo 3mar-
Hi BUTpuMyBaTu 0;113bK0 400—500 °C [3, 4]. VTiMm,
TBEPAICTh TaKMX CIUIABIB TaKOX 3HAYHO OijIblla
(220 HB Ta Bu1lE) 3a 0J10B’sIHi OPOH3MU, 1110 BHUCYBa€
psii BUMOT [0 BiAIIOBIIHOrO Martepiajly TpuOOIapu.

BinoMe BUKOpMUCTaHHS y By3jaxX TepTs Mare-
piaiiB, YTBOPEHMX CIEYEHUM ITOPOIIKOM MiIHOIO
cruiaBy Ta rpadity [5, 6, 7]. Bonu xapakTtepu3yioTh-
cs 3HauHOIO (75—85 %) mopwuCTicTIO, 110 HE MOXKE
He BIUIMBATM HETraTMBHO Ha KOre3ilo, LIBUAKICTb
3HOIIYBaHHS Ta KoeilieHT TepTs [8].

ABTOpU 3aMPONOHYBAIU POILIUPUTU chepu 3a-
CTOCYBaHHSI ILJIa3MOBMX TOKPUTTIB Ha OCHOBi CHUC-
TEMM HiKeIb-rpadiT 3aBAsSKM AOJABAHHIO 10 CKJIALy
0€30J10B’SITHUX MIigHMX CILIaBiB, 110 MalOTh CIIOPIil-
HEHICTb O HiKeJIeBOi 000J0HKM, MOPOILUKY CUCTEMU
HikeJIb-rpadiT i, OKpiM 30epeKeHHsI TpUOOTEeXHiu-
HUX BJIACTUMBOCTEN Hikeab-rpadity, MOXyTb 3a0e3-
MEYUTU MOTPiOHUI piBEHb KOre3il MOKPUTTSI.

Y Mexax mocigHULIBKOT pOOOTU BUTOTOBJIEHO
1 TocmimKeHO Ha TpUOOTEXHIYHI BIACTUBOCTI 3pa3-
KM, B SIKMX MacoBa 4acTKa MilIHOIoO CIlJIaBy B Hi-
Kesb-Tpadirti cranosuts 35, 50, 75 Ta 90 %.

ITocTanoBka 3amaui

TpuboTexHiUHi XapaKTepUCTUKU Tlap TepTs
MOXYTb OyTW IMiABUILEHHI 3aBASKA BUKOPMCTAHHIO
KOMIIO3UTIiB HAa OCHOBiI MeETajliB i TBEPAOro 3Mallly-
BaJIbHOTO MaTtepiany. ABTOpY CTaTTi AJIST MiABUILICHHS
3HOCOCTIMKOCTI BY3JIiB TEPTsl 3aIPONOHYBAJIA BUKO-
pUCTaT METON CTBOPEHHSI KOMIIO3UIIIMHOTO TUTa3-
MOBOTI'O IOKPUTTSI Ha OCHOBI IJIAKOBAHOI'O HiKejleM
rpacdity (HIII-75) 3 nomaBaHHSIM MigHOIO CILIaBY
3 MacoBow yactkoo bpAXK10-4 Bix 35 o 90 %.

MeToau I0CTiKEHH

Ilin yac mpoBeneHHsI HOCJIIKEHHSI BUKOPM-
CTaHO TIOPOIIKM IUIaKoBaHoro rpadiry HIII-75

BupoOoHuuTBa TOB «KoMmmo3uuiitHi cucTeMu»
(M. 3amopizxkkst). 3a OCHOBY KOMITO3MLIMHMX TO-
poiuikiB obpaHo rpadir mapkun F'AK-1 (99 % C,
TOB <«3aBatiBcbkuii rpadit», YKpaiHa), a Takox
nopoiuok migHoro ciuiaBy bpAXK10-4 (DIN 17665
CuAll0NiSFe4).

ToBLIMHY MMJIaKyBaJbHOIO 1Iapy MOPOIIKY
HIII'-75 obupanu Ttak, 1100 BoHa 3a0e3reyyBaja
MOTPiOHY MAacOBY 4YacTKy KOMMOHEHTIB (75 % Hi-
kemo ta 25 % rpadiry) i craHoBwia Bin 6,4 1o
12,3 MKM.

lo0 30impIIMTH aATe3iiiHuii 3B’SI30K Mare-
piajly MOKPUTTSI i CTajieBOi OCHOBHM, a TaKOX BHU-
pPiBHSITU KOE(DILIEHTU TEPMIUHOIO PO3LIMPEHHS,
Ha MiIKiIanaKy HaHOCWJIM TMPOMIXHUI 1Iap 3 Tep-
mopearywuoro Marepiany INI-FO5SH (cknan: 95 %
Ni+5 % Al (ISO 9001: 2008)) 3epHHUCTICTIO Bin
-100 go +40 MKM, TOBILUMHA IIigLIAPy CTAHOBUTH
osm3bko 100 MKM.

st 3miliyBaHHSI TTOPOILLIKiB OyJI0O BUKOPUCTAHO
00J1aIHaHHS, 1110 peali3ye MPUHLIUI «I1’STHOT OOUKW».

1106 migBUILIMTU aare3ito, repen HaHEeCEHHSIM
MOKPUTTIB TMTOBEPXHIO CTaJeBUX 3pa3KiB ITiggaBaiu
CTPYMMHHO-a0pa3uBHiil 00poOI1Ii TTOPOILIKOM €JIeK-
TpokopyHay 3epuucrticTio F22—F24 (ISO 8486-86)
3 METOIO 11 OUMILIEHHSI, aKTUBallil Ta HagaHHSI LLIOp-
ctkocTi (R, = 63—80). Bincranb, Ha sKiil 3aificHIO-
Bajlacb 00po0OKa MmoBepxHi, cTaHOBUTH 90—150 MM,
KyT — Bim 60° mo 90°. Tuck mMOBITPsI CTaHOBUB
0,5—-0,7 MIla.

I1;1a3MOBiI TTOKPUTTST HAHOCWIW Yy BiIKPUTIN
atMocdepi (APS) Ha ycranoBui YITY-3/1 y 3axuc-
Hili Kamepi 3 Madinyasitopom 15Bb i miazmotpo-
HoM F4-MB ¢ipmu Metco Ha 3pasku 3i crani 45
(3apy0ixHi aHamorn — AISI 1045, JIS S45C, DIN
C45, 3a mixxHaponHuM ctaHaaptom EN 10277-2 —
crainp 1.1191). Ak nmia3aMoyTBOpIOBaJIbHUIA ra3 BU-
KOPUCTOBYBaJM CYMilll aprOHY 3 BOJHEM.

HocnimkeHHss MopdoJiorii  KOMITO3ULIITHOTO
TOPOIIKY i CTPYKTYPH OTPUMAHUX IIa3MOBHUX ITO-
KPUTTIB MPOBEJAEHO Ha 1uliax MOINepeyHoro Ie-
pepizy Ha pacTpoOBOMY €JEKTPOHHOMY MIiKpPOCKOITi
PEM-1061.

HociimkeHHsT Ha TepTs i 3HOIITYBaHHS TTPOBO-
JAJIM Ha MalllMHi U1 BUIIPOOOBYBaHHSI MaTepiasiB
Ha TepTs i 3HOLIYBaHHS M-22M BiAIoOBIAHO 10 BU-
mor I'OCT 26614-85 «Martepiaan aHTUPPUKILAHI
MopoILIKOBi. MeToa BU3HAUYEHHSI TPUOOTEXHIUYHUX
BlIaCTUBOCTEl». I mpoBeneHHsI MOPiBHSIJIbHUX
TPpUOOJIOTIUHUX BUIIPOOYBaHb SIK 0a30BY TpUOOIIapy
OyJ10 BUKOPUCTAHO TaKy mapy: 3pa3ok JI90 (3apy-
oixni anHaimoru — ASTM CW5S01L, DIN CuZnl0)
i KOHTp3pa3okK crajb 45.

Sx mapy TepTs AOCIiAXKYBAaHOroO MaTepiany
OyJI0 BUKOPUCTAHO CTaJieBUl KOHTP3pa3oK 3i cTa-
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ai 45 TepMoob6pobaeHunii go tBepmocti 45-48HRC.
IIBunKicTs TepTs cTaHOBWIA 4 M/C, TTUTOME HaBaH-
TaXEHHS Ha KOHTakTi — 15 Kr/cMm?, nuisix Tepts —
1000 m.

AHai3 OTPUMAHNX Pe3yJIbTATIB

[Ilo6 oTpumMaTu BUXigAHMI MaTepiaa, Nmpuaat-
HUU 1 popMyBaHHS KOMIMO3ULIMHUX MOKPUTTIB
1a3MOBUM METOAOM, OyJIO0 IiATOTOBJIEHO CYMIIII,
sdKa CKjajgajgacsl 3 IIOPOLUKIiB IUIAKOBAHOTO Hi-
Kesb-rpadiTy 3 MacoBOIO 4YacTKOW Hikemwo 75 %
(HTIT-75) ta migHoro cruiapy. MopdoJoriio oTpu-
MaHOI CyMillli MOPOILKiB 300paxeHo Ha puc. 1.

WD=12.%mm

20.00kV i1 ()

Puc. 1. Mopdooris cymimni nmopomkis HIII-75 ta bpAXK10-4
3i 30iabIIeHHIM x50 (@) Ta x100 (6)

Poamip yactunHok y criaBi bpAXK10-4 mnepe-
OyBae B miamasoni Big 20 go 150 mxwm, y HIIT-75
Bix 100 mo 160 MxMm.

3 MeTol0 BU3HAUEHHSI CKJaay, SIKUi 3MOXe
3a0e3MeynTy B 0OpaHiii cucTeMi ONTUMaJIbHI TpU-
OOTEeXHiIUHi BJIACTUBOCTI (KoedilieHT TepTs i 3HO-
COCTIMKICTb), MiATOTOBJIEHO YOTUPU TUITU CYyMillIEN,
110 XapaKTepu3YyIOTbCS Pi3HUM CITiBBiIHOLLIEHHSIM
KOMITOHEHTIB MokpuTTs, a came HIIT-75 Ta min-
Horo cruiaBy bpAXK10-4. MacoBa yacTka MiIHOTO
CIJIaBy Yy 3aIlpOIIOHOBAHMX 3pa3Kax CTaHOBMWIA 35,
50, 75 ta 90 %.

3 OTpUMMaHMX MOPOILKiB MJJA3MOBUM METOAOM
OyJ10 HAHECEeHO YOTHMPU TUIMU MOKPUTTIB, MPUKIAIU
CTPYKTYp TOMEpeuyHUuX LUTi(iB SIKUX MMOKa3aHO Ha
puc. 2. TToKpUTTS HAHOCWJIM Ha MiAKIAAKY 3i cTalli.
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WD=12.Tmm

20.00kY  x100

Puc. 2. CrpykTypa KOMIIO3ULIHHOTO ILTa3MOBOrO MOKPHUTTS Ha OCHOBI
HIII-75 (36inbmenHs x100), mo MiCTHTB y CKJIaji: @ — MacoBy
gacTky nopomky BpAXK10-4 50 %; 6 — MacoBy 4acTKy MOPOLIKY
BpAXK10-4 90 %

AK BUAHO 3 pucC. 2, CTPYKTypa MOKPUTTS JBO-
(a3Ha, CKIagaEThCS 3 METaJIeBOI MaTPULIi i3 BKIIIO-
yeHHsM rpadity. HikeneBa miakyBajibHa 000JIOHKA



42 KPI Science News

2025/ 2

nopowiky HIII'-75 He BupaxeHa, 110 MOXE CBim-
YUTU PO BUCOKUI PiBEeHb KOIe3il OTpPMMAaHOTO I10-
KPUTTSI.

Bapro 3a3HauuTH, 1110 3i 30UIbILIEHHSIM Maco-
BOT YaCTKHM MiZHOTO CILIaBy y MMOKPUTTI 3MiHIOETHCS
CTPYKTypa, a JJaMeJli CTaloTb MEHII BUPAXKEHUMU.

Buxonssun 31 CTPpyKTypd IIOKPUTTS MOXHA
nependaynTu, 1O 3i 30UIbLIEHHSIM MacoOBOI 4acT-
KM HikeJb-rpadiTy Mae 3pocTaTu e(peKTUBHICTb
3MallyBaHHsI TPUOOKOHTAKTYy IpadiToBoio (ha3oio.
HacnigkoM 11poro Oyae CyTTEBO MEHILE 3HOLIY-
BaHHS CTaJIeBOrO0 KOHTPTLJIa a00 MacomnepeHeceHHs
Ha HbOrO MaTepiaay MOKPUTTS 3a MOMIpHOIO 3HO-
LIyBaHHS 3pa3ka 3i 3HayHUM (MacoBa 4yactka 25 %
i 6inbe) BmMictom HIIT-75.

o6 BM3HAYMTU MPOTU3HOLIYBAHiI BJIACTHU-
BOCTi 3aITPONIOHOBAHUX MOKPUTTIB, OYJIO MTPOBEACHO
BUMNPOOYBAHHS 1IECTU TUIIIB 3pa3KiB, 3-TIOMiK SIKMX
Ooyau natynb JI190, nnasmoBe nokpurrs i3 HIIT'75
U YOTUPU THUMNU KOMIIO3UTHUX IJIA3MOBUX MTOKPUT-
TiB Ha OCHOBI HiKeJb-rpadiTy 3 J0omaBaHHIM Mij-
HOTIO CILIABY Y CIIBBiIHOLICHHI (MacoBa yacTka, %)
HIII-75/bpAXK10-4: 65/35, 50/50, 25/75 ta 10/90.
OtpuMaHi pe3yJbTaTu TPUOOTEXHIYHUX BUIIPOOY-
BaHb I10Ka3aHO Ha puc. 3, 4 i1 5.
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S 40 = 016
235 g 0 —
g 30 £
= o .
=
g 20 g 10
= 15 e 1,1
<
10 g-L3 1.4
m 5 m 2
0 2,0
HII =75+
B o B 50 sac.2% BpAXK10-4
HII-75+
W Hor-7s P BpAYXK10-4
HIIT-75+ HII-75+
[ | ]

35 mac.% bpAX10-4 90 mac.% BpAXK10-4

a 0

Puc. 3. MacoBe 3HOIIYBaHHSI 3pa3KiB (a) i KOHTp3paskKiB (6)
y pe3yabTaTi AOCTiKeHb Ha 3HOIIYBAHHS
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Puc. 4. 3anexHicts KoedimieHTa TepTs 3pa3KiB 1Mo crami 45 Bix
Bmicty BpA2XK10-4 y mokpurti Ha ocHoBi HIII'-75

Ak mMoxHa 6auuTtu 3 puc. 4, 1maazMoBe IIO-
kputts Ha ocHoBi HIIT-75 no3Bossie 3MEHIIUTH
3HOILIEHHSI CTajJieBOro KoHTp3pa3ka. Croctepira-
JIocsl aKTMBHE HaMa3yBaHHS MaTepiany MOKPUTTS
Ha KOHTP3pa30K, 110 MPU3BOAWIO 10 30LIbLIECH-
Hs1 Hioro Macu micjisg teptd Ha 1,1 Mr mopiBHsIHO
3 BUXIOHOIO. YTiM, pyiHYBaHHSI 3pa3Ka ITOKPUTTS
nyxe iHteHcuBHe. KoedillieHT TepTs OUIbIIMMA, HiX
y BUXigHoi Tpubomnapu «ctajib 45 — JI90», 1110 Moxe
CBIIUMTHU MpPO aAre3iHUI XapakKTep 3HOILIYBaHHS
yepe3 CXOIJIEHHs HikesieBol (ha3u MOKPUTTS 3i cTa-
JIEBUM KOHTP3Pa3KOM.
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Puc. 5. Temmiepatypa B 30Hi TPMOOKOHTAKTY 3aJICXKHO1 Bill BMiCTy
BpAX10-4 y mokpurti Ha ocHoBi HIII'-75

Beenennsi nopouiky bpAXK10-4 y cknaa mo-
KPUTTSI MacOBOIO YacTKoIo 35 % mO3BOMSIE OLTBII
HiX y 4,5 pa3u 3MEHIUUTU 3HOLIYBAHHSI MOKPUTTS
i npubau3HO Ha 27 % 3HM3UTU KOSDILIEHT TEePTSI.
IIpu bomMy crocTepiraeTbcsl Bce 1€ 3HayHe HaMa-
3yBaHHS TPOMYKTIB 3HOIIIYBAaHHS Ha CTaJleBe KOH-
TPTiJIO — npupicT macu ctaHoBUB 0,81 Mr.

306iblIEHHST MacOBOi YaCTKM MiAHOTO CIijia-
BY Y MOKpUTTi 10 50 % TMpu3BeIo M0 IONAIbIIOro
MiIBUILEHHSI 3HOCOCTIMKOCTI (mpubauszHo y 10 pa-
3iB) MOKPUTTS, MPU LIbOMY HaMa3yBaHHS TPOIYK-
TiB TepTS Ha KOHTP3pa30K 3MEHIIMIOCH MPUOIU3-
HO y 5 paziB (IIpupicT Macu KOHTPTija 3MEHILMBCS
3 0,81 mr go 0,14 mr), a KoedillieHT TepTsa Hali-
HIDKYMA 3-TIOMIK JOCIIIKEHNX Y poOOTi TprboIIap,
110 MOXE CBIIYUTH TMPO 3MiHY XapakTepy 3HOLIY-
BaHHA 3 aJIre3iiHOro Ha OKMCHUA.

TTonasbiiie MiABUILEHHS BMICTY MiJHOTO CILja-
BY V CKJaji TMOKPUTTS MAacOBOI 4YacTKow a0 75
T1a 90 % CTpUYMHUIIO 3HAYHE 30iTbIIEHHS 3HOIIY-
BaHHS 3pa3Ka IOKPUTTS Ta iHTeHcudiKallilo Hama-
3yBaHHS Ha KOHTPiJO (MPUPICT Macu HANOiNbIIUI
cepell ycix TpuboIap), il migABUILIEHHS TeMIIepaTypu
Yy 30HiI KOHTaKTy i Koe(illieHTa TepTs, 10 € CBid-
YEHHSIM CXOIUICHHS y TIPOLIeCi TepTs.
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BucnoBku

YV po0oTi 3 METOIO MiABUILIEHHS 3HOCOCTIMKOCTI
BY3JIiB TE€PTSI aBTOPU 3allpOIOHYBaJIM MeTol (hop-
MYBaHHSI KOMITO3UILIIHHOTO TJ1a3MOBOTO TTOKPUTTS
Ha OCHOBI 1utakoBaHoro Hikesiem rpadiry (HIIT-75)
3 JojaBaHHSIM MinHoro criiaBy bpAZK10-4 maco-
BOIO 4acTKom Bix 35 1o 90 %.

HonaBanHst bpAZXKI10-4 y ckinag TOKPUTTS
Ha ocHoBi HIII'-75 MacoBoio yactkoio 35 % mo3Bo-
JISIE 3MEHIINTY MTPUOIN3HO Ha 27 % KoedilieHT Tep-
Ts 1100 NOKpUTTs 3 uuctoro HIII-75. Tlpu 1ipomy
CIIOCTEPIraeTbCcsl aKTUBHE 3HOILIYBAaHHSI Marepiany
MOKPUTTS i HOro Hama3zyBaHHSI Ha KOHTPTLIIO.

3i 30iiblLIEHHSIM MAacoBOI YacTKUM MiJHOTO
crmaBy 1o 50 % y cknami mopoiky Ha ocHOBi Ni-C
CMOCTEPIraeThCs TEHAEHIiSl MOJIMILIEHHS OCHOBHUX
TPUOOTEXHIYHUX XapaKTePUCTUK TMOKPUTTIB: 3HO-
COCTIMKicTh 30i1blyeETHCS y 10 pasiB, a 3HaUEHHS
koediuienTa teprs 3meHmyerbes 3 0,59 go 0,36.
HamazyBaHHSI Ha KOHTPTIJIO MPU 1IbOMY HaliMeHILIe
cepel Tpuborap, 1o Oyau JOCTiIXKEeHI y MexXax L€l
pob6oTu. lle no3BoJIsIE CYTTEBO PO3LIUPUTH Chepu
3acrocyBaHHs matepiany Ni-C + BPAXKI10-4 B aBia-
LIMHINA Ta KOCMIYHIN TEXHILI.

TMonanbiie 30iJblIEHHSI MAacOBOI YacTKM IIO-
poiuiky bpAXK10-4 y ckiani HegouLiJIbHE, OCKIJIbKM
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METHOD FOR INCREASING THE NICKEL-GRAPHITE-BASED COMPOSITE PLASMA COATING WEAR RESISTANCE BY
ADDING COPPER ALLOYS

Background. The article considers the possibility of expanding the areas of application of plasma coatings based on the nickel-graphite
system by adding lead-free copper alloys to the composition, which have an affinity for the nickel shell of the nickel-graphite powder and,
in addition to preserving the tribotechnical properties of nickel-graphite, can provide the necessary level of the coating cohesion.

Objective. The paper aims to study the effect of the content of the copper alloy CuAl10Ni5Fe4 when added to nickel-graphite (NPG-75)
on the tribotechnical characteristics of the composite plasma coating.

Methods. As part of the work to determine the influence of the copper alloy content in nickel-graphite on the tribotechnical pro-
perties of the plasma composite coating, friction and wear tests were conducted on samples with 35, 50, 75 and 90 wt. % copper alloy
CuAl10Ni5Fe4 in nickel-clad graphite NPG-75 (75 wt. % nickel). The double copper-zinc alloy CuZn10 was used as a standard.

Results. It has been experimentally established that plasma coatings based on NPG-75 with the addition of 50 wt. % CuAl10Ni5Fe4
have wear resistance increased by 10 times compared to pure NPG-75 with a friction coefficient significantly lower (0.36) than the CuzZn10
standard (0.52). The coating on the counterbody of DIN C45 (hardness 45-48 HRC) is the smallest among the friction pair that were
investigated in this work. Reducing the copper alloy content to 35 wt. % is impractical, since this results in active wear of the coating
material and its spreading onto the counter body. Further increase in the content of CuAI10Ni5Fe4 powder in the composition leads to the
occurrence of seizure in the contact zone, as evidenced by a sharp (10-fold) increase in the wear of the coating samples, an increase in
the temperature in the contact zone, and a ~2-fold increase in the friction coefficient.

Conclusions. The optimal content of CuAI10Ni5Fe4 in a plasma coating based on NPG-75 is about 50 wt. %. This material allows
you to reduce the friction coefficient from 0.52 (CuZn10) to 0.36 when paired with steel DIN C45. The mass wear of the steel counterbody
is also significantly reduced, probably due to a change in the wear mechanism from adhesive (seizing) to oxidative wear. This allows us to
significantly expand the scope of application of the Ni-C + CuAl10Ni5Fe4 material in aviation and space technology.

Keywords: nickel-graphite; composite powder; plasma coating; chemical composition; structure; friction and wear.
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ANALYSIS OF CIRCUIT DESIGN METHODS FOR LINEARIZING
THE TEMPERATURE CHARACTERISTICS OF NTC-THERMISTORS AND
THE MEASUREMENT CHANNEL CHARACTERISTICS

Background. Temperature measurement devices play a crucial role in the automation of various systems and in mon-
itoring diverse physicochemical parameters. thermoresistors, thermistors, or thermocouples are commonly used as
temperature sensors. However, the nonlinear temperature-resistance characteristic of thermistors presents challenges
for accurate temperature-to-electric signal conversion. Therefore, the issue of linearizing the output characteristic of
the temperature measurement channel remains highly relevant. The task of linearizing the temperature dependence of
the measurement channel can be addressed using hardware (circuit-based), software, or combined hardware-software
approaches.

Objective. The purpose of the research is to analyse the effectiveness of circuit-based (schematic) methods for lineari-
zing the temperature characteristics of NTC-type thermistors and to evaluate their impact on the overall performance
of the temperature measurement channel.

Methods. A structural model of a temperature measurement device utilizing an NTC-thermistor as a sensor was de-
veloped in the MATLAB Simulink environment. Five different circuit configurations for connecting the thermistor
to the measurement channel were analysed to assess the effectiveness of linearization within the temperature ranges
of £15 °C and +25 °C. Based on the proposed connection schemes, a simulation of the temperature characteristics of
NTC-thermistors was carried out.

Results. The results of the study for five circuit-based methods of linearizing the temperature characteristics of NTC-ther-
mistors provide an opportunity to evaluate the effectiveness of applying different circuit-based methods for linearizing
the temperature characteristics of NTC-thermistors and the measurement channel characteristics in two temperature
ranges: £15 °C and +25 °C. Based on the presented simulations, it can be stated that by applying these circuit-based
methods for linearizing the temperature characteristics of NTC-thermistors and the measurement channel characte-
ristics, the measurement error can be reduced by 40 % in a limited temperature range compared to using a balanced
measurement bridge, and corrections for compensating the self-heating effect of the thermistor can be determined.
Conclusions. By modelling the circuit-based methods for linearizing the temperature characteristics of NTC-thermis-
tors, it becomes possible to evaluate the effectiveness of linearizing the temperature dependence of the measurement
channel while investigating various options for connecting the thermistor to the measurement channel. Additionally, the
parameters of the measurement channel elements of the temperature-measuring device can be determined.

Keywords: temperature measurement; NTC-thermistor; MATLAB Simulink; linearization.

Problem statement

Regardless of where temperature measurement
is performed using different devices, the primary
requirement for the results of such measurements
is their accuracy. The overall technical and eco-
nomic parameters of the temperature measurement
system are determined by the sensor, the type of
which depends on the requirements needed from the

system as a whole. Sensors, particularly commonly
used thermistors with a TCR — negative tempera-
ture coefficient (or NTC — Negative Temperature
Coefficient), have a fairly wide working temperature
range, remote monitoring capabilities, can operate in
strong magnetic fields, and have small dimensions.
One of the most significant drawbacks of thermis-
tors with a negative TCR is the nonlinearity of their
R(T) characteristic — the relationship between the
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resistance of the thermistor and its temperature. This
relationship has an exponential form.

The linearity of the measurement channel in a
temperature measurement device with a thermistor
sensor is influenced not only by the nonlinearity of its
R(T) characteristic but also by the nonlinearity of the
transfer characteristic of the interface circuit to which
the thermistor is connected and the self-heating effect
of the thermistor when an electric current passes
through it. Thus, the task of linearizing the tem-
perature dependence of the measurement channel
remains open. Among the circuit techniques, the
most common are passive correction circuits and re-
sistive voltage dividers, which allow forming a linear
section on the R(7) characteristic within a specific
temperature range. These methods are quite eco-
nomical compared to software methods that require
a microcontroller.

The problem can be solved by determining a
rational design for the measuring probe, selecting
the correct characteristics and operating modes of
the thermistor, and implementing optimal operating
parameters for the measurement channel. At the
stage of developing the temperature measurement
device, it is important to carry out mathematical
modelling of the measurement channel to choose
the optimal linearization method and define the
parameters of the components. Creating mathema-
tical models to study linearization methods allows
for determining the characteristics of the measure-
ment channel components depending on the spe-
cific application. In this work, using the developed
mathematical model created in MATLAB Simulink,
methods for linearizing the device characteristics
were studied, measurement errors were evaluated,
and recommendations were developed to improve
measurement accuracy.

Analysis of recent research and publications

Nonlinearity in the characteristics of most
sensors and measurement channels in devices is an
important problem. Their linearized characteristics
simplify the design, and calibration, and improve
measurement accuracy. To compensate for the non-
linearity of the characteristics of thermistors and
the measurement channel, various linearization me-
thods are presented in the literature. In [1, 2], an
analysis of such methods is conducted. These works
provide an overview of different methods applied
for linearizing sensor characteristics. It is noted that
due to the availability of high-performance analogue
devices, circuit-based (analogue) methods are still
popular among many researchers, although the use

of digital methods combined with software methods
provides better results and ensures flexibility and ef-
ficiency. The popularity of circuit-based lineariza-
tion methods is explained by the simplicity of imple-
mentation and, compared to software methods, their
more economical nature.

As is known, the nonlinearity of the charac-
teristics of measurement channels in devices is pri-
marily influenced by: the nonlinearity of the R(T7)
dependence of the thermistor’s resistance on its
temperature, the self-heating effect of the thermis-
tor when an electric current passes through it, the
nonlinearity of the voltage across the thermistor in
a voltage divider or a measurement bridge arm con-
cerning its resistance, and the nonlinearity of the
signal amplifier’s characteristic.

Modelling the specific implementation of de-
vices with the required characteristics using the ne-
cessary linearization method significantly simplifies
the development process and helps to optimally
and quickly select the required component para-
meters and achieve the desired result. Manufactu-
rers of nonlinear components also offer their own
models for connecting thermistors. For example,
online services like “NTC Thermistor Simulation”
on the TDK website [3] and the Murata Elec-
tronics website [4]. Mitsubishi Materials offers the
“Chip Thermistor Resistance Simulator” as an Excel
file [5]. The models provided by the manufacturers
help solve the problem of selecting a specific type of
thermistor for a particular case and partially address
the nonlinearity of the thermistor’s R(7) characteris-
tic. Scientists, engineers, and specialists also propose
their own ways of solving the problem of nonlinearity
in the R(T) characteristic of the sensor [6, 7]. These
models and methods do not provide a full solution
to the problem in the device, considering the specific
requirements required from the device as a whole.

The research aims to construct (develop) an ori-
ginal structural-mathematical model of the measure-
ment channel of a temperature measurement device
using an NTC-thermistor in the MATLAB Simulink
environment, to investigate using the created mo-
del different circuit-based methods of linearizing the
temperature characteristics of NTC-thermistors and
measurement channel elements, analyze the causes
of measurement errors, choose the optimal method
and characteristics of the measurement channel
elements to improve the temperature measurement
accuracy. The goal of the work is to investigate,
using the built models, various ways of linearizing
the temperature characteristics of NTC-thermistors
and elements of the measurement channel.
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The presentation of the main research material

The essence of temperature measurement using
an NTC-thermistor is to use the dependence of the
thermistor resistance on its temperature, that is, on
the temperature of the environment surrounding the
thermistor.

The dependence of the electrical resistance of
an NTC-thermistor on temperature has the form [8]:

R, =R, expB[l—LJ, (1)

T T,

where: R, — NTC-thermistor resistance by tempe-
rature 7, K;

R,, — NTC-thermistor resistance at nominal
temperature 7,, K;

T, T, — temperature, K;

B — constant coefficient that depends on the
thermistor material, K.

Fig. 1 shows the dependence of the thermis-
tor resistance on temperature. As can be seen from
Fig. 1, this dependence is exponential in nature, and
therefore is nonlinear, which creates certain diffi-
culties when creating temperature measuring devices
and introduces additional error when attempting to
linearize this characteristic. The value of the error
will depend on the linearization method used.
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Fig. 1. Dependence of thermistor resistance on temperature at
coefficient values B = 3450 K and B = 3950 K

Often, the form of the temperature characte-
ristic of an NTC-thermistor does not meet the re-
quirements for a specific application of the device.
The use of passive correction circuits (Linear resis-
tance networks) [6, 7] allows for modifying the R(7)
dependence in such a way that a maximally linear
dependence segment is achieved within a specific
temperature working range.

The simplest circuit-based options for such
networks to correct the R(7) dependence of the
thermistor are the series, parallel, or series-parallel
connection of resistors (Fig. 2), whose temperature
coefficient of resistance (TCR) is very small com-
pared to TCR of the thermistor. Connecting a resis-
tor in parallel with the thermistor compensates for its
nonlinearity, a series connection adjusts the sensor’s
sensitivity, and a series-parallel connection creates a
linear characteristic with the required slope.

When a resistor is connected in series with
the thermistor, the slope of the R(7) characteristic
decreases by an amount proportional to the ratio
R
R +R;
the characteristic, but at the same time, the sensi-
tivity of the sensor decreases proportionally. When a
resistor is connected in parallel to balance the R(7)
characteristic, the resistance of the parallel resistor is
determined by the formula (see Fig. 2, b) [9]:

B-2T,
B+2T,’

, Which slightly reduces the non-linearity of

R =R, x (2)

where: R — resistance of a resistor connected in
parallel, Ohm;

R, — resistance of the NTC-thermistor at
nominal temperature 7, K;

T, T, — temperature, K;

B — constant coefficient that depends on the
thermistor material, K.

Series-parallel connection of resistors (see
Fig. 2, ¢) is used to form a linear characteristic with
a given slope. The total resistance R in series-parallel
connection is determined by the formula [10] (3):

R:(R1+RT)R2‘ 3)
R +R +R;

If resistors R, and R, have a fixed ratio with re-
spect to the resistance of the thermistor at its nom-
inal temperature R, (average temperature in a given
range). So, having made the substitution R, =a- R,
and R, =b- R,, we can write formula (3) [11] as:

R (aRy + R;)bR, . @)
aR, + bR, + R,

For the predicted linear function to pass at the
inflection point of the nonlinear function 7, and
the transfer function to have a sensitivity (slope) at
this point equal to the desired value of %, it’s ne-

cessary to determine the values for a and b. Based on
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Fig. 2. Correction of the R(7) thermistor dependence by sequential (a), parallel (b), series-parallel (c) resistor connections
and using the non-linearity of the voltage divider in the Wheatstone bridge circuit (d)

formula (2), when resistors are connected in parallel

to the thermistor R =a- R, and R, = b- R, the sum

of a and b is determined by the formula (5) [10]:
B-2T

b=—_—"N, 5
TP BroT, ©)

The coefficients a are respectively equal to [9]:

Bt ©
B+2T,

and coefficient b [6]:

p— R,
B+2T R, B+2T

where: R, is the nonstandard value and R, — is
the standard value thermistor resistance at nominal
temperature 7', m — required slope of the linearized

; Q
transfer function, /K

Temperature measurement using a thermistor
can be carried out by measuring the voltage across the
thermistor, connected to a DC source or through a
divider to a voltage source. The voltage across the ther-
mistor U is proportional to its resistance and, accord-
ingly, proportional to the temperature of the thermis-
tor. The diagram of such a divider is shown in Fig. 3.

—mB

e I * ?

' R; ]
Uref t RT UT

5 l 3

Fig. 3. Voltage divider circuit

The voltage dependence on the thermistor in
the divider has the form (8):

R,

U, U, x—1
=Y “RAR

®)

In Fig. 4, the dependence of the voltage across
the thermistor on its resistance is shown for diffe-

R
1 v 1s the resistance of

rent ratios k = , Where R,

TN

the NTC-thermistor at the nominal temperature 7,
assuming the resistance of the thermistor changes
linearly. In this case, for example, U, =10 V, and
the thermistor’s resistance changes hnearly from
30 kQ to 4 kQ. The resistance range is based on the
characteristics of the RH18 6H103 thermistor from
Mitsubishi Materials, with a temperature range from
0 °C to +50 °C. At 25 °C, the resistance of RH18 is
R,,=10 kQ £1 %.

%
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-
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~ -
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Fig. 4. Dependence of the voltage across the R, resistance on the
thermistor resistance at different ratios k, where k= R,/R,,

As seen from formula (8) and Fig. 3, the non-
linearity has a hyperbolic nature, and as the value of
k increases, i.e., as the resistance of resistor R, in-
creases, the degree of linearity — the approximation
of the curve U/{R;) to a straight line — grows. This
feature is used to correct the nonlinear dependence
R(T) of the NTC-thermistor. By selecting the ap-
propriate value of k (the resistance of resistor R,) in
the voltage divider, a certain degree of linearity of
the characteristic can be achieved.
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For accurate measurement of the electrical
parameters of sensors when creating the interface
circuit, Wheatstone impedance bridges are widely
used. This bridge circuit consists of two legs of volt-
age dividers, one of which contains the thermistor.
Wheatstone bridge circuits are designed to measure
an unknown electrical resistance by unbalancing
two sides of the bridge circuit — one of which con-
tains an unknown component. The bridges can be
symmetric, asymmetric, balanced, and unbalanced.
Wheatstone bridge circuits are simple, efficient, and
very useful for temperature monitoring.

The Wheatstone bridge has a single element
with a variable impedance, and the further its resis-
tance is from the balance point, the more the volt-
age in the bridge diagonal becomes nonlinear with
respect to the resistance of the element with variable
impedance. When using the Wheatstone bridge for
compensating the nonlinearity of the thermistor, the
character of the bridge’s nonlinearity should be op-
posite to that of the thermistor’s nonlinearity. This
is difficult to achieve, but partial compensation can
be obtained in a narrow temperature range.

To compensate for the nonlinearity of the
Wheatstone bridge, researchers and developers pro-
pose several circuit design solutions [11], which are
based on introducing feedback with a specific coef-
ficient B, defined by the formula:

where: B — feedback coefficient; G — bridge unba-
lanced amplifier gain; & — coefficient of the ratio of
the resistances of the resistors in the bridge arm,

R,

k = .
Ry

Among the simple and common circuit solu-
tions for compensating for the nonlinearity of the
Wheatstone bridge, the circuits shown in Fig. 5 [11,
12] are used.

In the electrical circuit of the temperature mea-
surement device, an electric current flows through
the NTC-thermistor, which heats it up. This pheno-
menon is called the self-heating of the thermistor. The
self-heating temperature of the thermistor depends
on the magnitude of the current passing through it,
the materials and design of the sensor, and the thermal
conductivity of the surrounding environment [13, 14].
This phenomenon is used in devices for measuring the
thermal-physical properties of materials or the rate of
substance flow [14, 15, 16]. The self-heating of the
NTC-thermistor leads to an additional decrease in the
thermistor’s resistance, which distorts the measure-
ment result. Therefore, in temperature measurement
devices, a correction must be applied to the obtained
measurement result, and the calculation of this cor-
rection is performed using the following formula [13]:

UZ

2
ek T,-T- _r- LR )
b= ©) ! 8, + R(T) 8
U=Uret +BUs BUs
t Z Uref
R: R Rs
R1 4
+
a) > S
[j Ry JJ Ref1-mT) U
- 0]
oUref
R; Rz
+
> |;|Ra t | Rif1-mT) e .
b) + e Rs
U= ﬁUo

Fig. 5. Schematic solutions for compensation of Wheatstone bridge nonlinearity using feedback: a — with adjustment of the bridge
supply voltage, b — with regulation of the voltage of the base (zero) pole of the bridge
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where: T, — the actual value of the controlled tem-
perature; T — the measured temperature value; U —
the instantaneous voltage across the thermistor; /— the
instantaneous current flowing through the thermistor;
R(T) — the thermistor resistance corresponding to the
temperature 7; §, — the thermal dissipation coeffi-
cient in the measurement environment.

Using as a basis the circuit solutions presented
in Fig. 2, 3, 5, a model of methods for compensating
for the nonlinearity of the dependence of the thermis-
tor resistance on its temperature and the influence of
the thermistor self-heating effect, taking into account
the nonlinearity of the transfer function of the sensor
interface circuit, was designed and implemented.

Fig. 6 shows the developed measurement chan-
nel model in MATLAB Simulink, which meets these
requirements.

The model consists of 3 groups of blocks for
simulating the electrical circuit of the measurement
channel: the “Sensor interfacing circuit” group, the
“Amplifier” group, and the “Feedback” group.

The “Sensor interfacing circuit” group is the
connection scheme of the thermistor model —
“Thermistor” RT to the differential amplifier model
“Fully Differential Op-Amp” in the “Amplifier” group
via the appropriately configured resistor connection
models “Resistor” R1, R2, R3, ..., R7.

The “Thermistor” can be connected to the
Wheatstone bridge leg R1, R2, R3, RT or simply

through the voltage divider % to the “Fully Dif-
T

Sensor interfacing circuit

ferential Op-Amp”. The Wheatstone bridge legs R1-R3
and R2-RT can be connected using the switch models
“Switch” S1, S2, S3 to current source models “ Cur-
rent Source” or voltage source models “DC Voltage
Source”.

The electrical “Feedback” group consists of a
resistive voltage divider R8/R9, which defines the
feedback coefficient B, an operational amplifier, and
switches S4, S5, which are used to configure the
feedback circuit for compensating the nonlinearity
of the Wheatstone bridge.

To form the current temperature value over a
time series, the “Repeating Sequence” model is used,
where a sequence of time-temperature values is in-
put. The temperature values are then converted from
Simulink format to physical signal data (temperature
in K) using the “Simulink-PS Converter”. These data
are sent to the “Controlled Temperature Source”,
which is an ideal energy source in the thermal net-
work that can maintain the controlled temperature
difference. From this source, the physical tempera-
ture data are sent to the thermistor’s T port.

The “Solver Configuration” module determines
the general modelling parameters.

The “Amplifier” group consists of the differential
amplifier model “Fully Differential Op-Amp” and the
ideal operational amplifier model “Op-Amp”, which
provide the necessary voltage gain of the Wheatstone
bridge imbalance G.

Using the “Voltage Sensor” models, the voltage
values at the output of the “Amplifier” and across the
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Repealing
Sequence

iled
Temperature Source

Solver

V2
3
(R R 3
[Pn_23
[ Fu_2
L2

Feedback

Gonfiguration

R8

Simout

, )
5

- [rRn_2
.

==le

O o )

E=ale

Fig. 6. Measurement channel model in MATLAB Simulink
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“Thermistor” at the current time are recorded. Us-
ing the “Current Sensor” model, the current passing
through the thermistor is recorded.

The “PS-Simulink Converter” modules convert
the input physical electrical signal (voltage or cur-
rent value) to the output signal in Simulink format.
The output signal format in Simulink corresponds to
the physical signal format. Then, in Simulink format,
mathematical operations for calculating the current
value of the thermistor’s resistance, its power, and
the thermistor’s self-heating temperature are per-
formed using the “Add” (addition or subtraction)
or “Divide” (multiplication or division) modules.
Constant coefficients and values are input using the
“Constant” block.

The current voltage value at the output of the
“Amplifier” is proportional to the set temperature at
the current time. Using the “PS-Simulink Conver-
ter” module, this is converted into an output signal
in Simulink format, then multiplied by the neces-
sary coefficient in the “Divide” block and conver-
ted into the temperature value in K. The calculated
self-heating temperature of the thermistor is added
to this value. The obtained data of each measured
value are recorded by the oscilloscope “Scope” and
saved to the specified time series or array in the
base workspace of MATLAB Simulink using the
“Simout” module group.

Research Results

The research was conducted in two tempera-
ture ranges for the thermistor: 298+25 K and 298+15
K, corresponding to the ranges of 0 ... +50 °C and
+10 ... 440 °C, respectively. The parameters of the
thermistor used were similar to those of the RHIS8
thermistor from Mitsubishi, with R= 10 kQ (25 °C)
and coefficients B=3450 K and B=3950 K. This
thermistor has an epoxy resin casing and small di-
mensions (diameter 1.8 mm, length 7 mm), making
it sensitive to self-heating (5, =1 mW/°C in air).
This allows for the investigation of the effect on
measurement errors from linearization methods in
different temperature ranges with various B coeftfi-
cient values, as well as determining correction values
from the impact of the thermistor’s self-heating effect.

The simulation was carried out using five dif-
ferent interface circuit configurations for connecting
the thermistor:

Variant 1. The thermistor is placed in one leg
of the balanced Wheatstone bridge, where the resis-
tance of the bridge resistors equals the thermistor’s
resistance at the nominal temperature of 25 °C (R1,
R2, R3, R, =10 kQ). The bridge is powered by a

10 V DC voltage source. Is given by S1 — switch by
MATLAB Simulink model, given in Fig. 6.

Fig. 7 shows the error dependence for tempera-
ture determination in the temperature ranges from
0 °C to 50 °C and from 10 °C to 40 °C, respectively.
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Fig. 7. Dependence of temperature determination error in tem-
perature ranges from 0 °C to 50 °C (a) and from 10 °C
to 40 °C (b)

The values of the root mean square (RMS)
error in different temperature ranges for different
values of the thermistor’s B coefficient are shown in
the table. These values are used for comparison with
the error values when applying other linearization
methods.

Variant 2. Is given by S2 — switch by MATLAB
Simulink model, given in Fig. 6. The thermistor is
placed in one leg of the Wheatstone bridge at dif-
ferent resistance ratios of the bridge R = Ifz

3 TN
The bridge is powered by a 10 ¥ DC voltage source.
It was determined that the minimum error value oc-
curs at k=0.75 in each of the temperature ranges for

=k.
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both values of the thermistor’s B coefficient, that is
shown in Fig. 8.
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Fig. 8. Dependence of temperature measurement error in the
temperature ranges from 0 °C to 50 °C (a) and from 10 °C
to 40 °C (b) for the thermistor with B= 3450 K

The root mean square (RMS) error values in
different temperature ranges for different values of
the thermistor’s B coefficient at k& = 0.75+£0.05 are
shown in Table 1.

Variant 3. Is given by S3 — switch by MATLAB
Simulink model, given in Fig. 6. The thermistor is
placed in one leg of the Wheatstone bridge with the
parallel connection of resistor R5 = 7054 Q for the
thermistor with B = 3450 K and R5 = 7378 Q for
the thermistor with B = 3950 K (Fig. 9 a, b), at the

resistance ratio & = & = k, where:
R, R,
R = fm xR (11)
’ RS + RTN

The values of R5 are determined by formu-
la (2). The bridge is powered from a 10 V DC vol-
tage source.
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Fig. 9. Dependence of temperature measurement error in the
temperature ranges from 0 °C to 50 °C (a) and from
10 °C to 40 °C (b) for the thermistor with B= 3450 K

In this variant, the error has a minimum value at
k=0.85 in each temperature range and for both va-
lues of the thermistor’s B coefficient. The root mean
square (RMS) error value — o in different temperature
ranges for different values of the thermistor’s B coeffi-
cient at k= 0.85+0.05 is shown in Table 1.

Variant 4. The thermistor is placed in one leg
of the Wheatstone bridge with the parallel con-
nection of resistor RS = 7054 Q for the thermistor
with B = 3450 and R5 = 7378 Q for the thermistor
with B= 3950 (see formula (2)) at the resistance

R :& =k (see formula (11)). Is given by
R, R,

S4 — switch by MATLAB Simulink model, given
in Fig. 6. For linearizing the bridge characteristic,
feedback is introduced on the operational amplifier
with a feedback coefficient B, which is equal to:

g R

R+ R

ratio

(12)
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The bridge is powered with a 10 V DC voltage
source. In this case, that’s shown in Fig. 10, the er-
ror has approximately the same value for k from 0.7
to 12 in each temperature range and for both values
of the thermistor’s B coefficient.

0.8 | - Hk=0,7....12; p=0,07... 0,57
pm—— b

The measurement error,*C
\

0 2 4 6 8 1012 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48
Temperature,°C

03

0.2

0,1

0.1

The measurement error,°C
=

0,2

k=37:p=036
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|k=40; =032

03

b

Fig. 10. Dependence of temperature measurement error in the
temperature ranges from 0 °C to 50 °C (a) and from
10 °C to 40 °C (b) for the thermistor with B=3950 K

The average value of the root mean square
(RMYS) error — o in different temperature ranges for
different values of the thermistor’s B coefficient is
shown in the table. With an increase in k, the gain
coefficient of the differential amplifier G increases,
while the feedback coefficient B decreases.

Variant 5. Is given by S5 — switch by MATLAB
Simulink model, given in Fig. 6. The thermistor is
directly connected to the input «—» of the amplifier
with the parallel connection of resistor R5=7054 Q
(R4=0 Q) for the thermistor with B=3450 K and
R5=7378 Q for the thermistor with B =3950 K.
The thermistor is powered through a resistor from
a constant current source from 300 pA to 1 mA
via resistor R2=4154 Q for the thermistor with

B=3450 K and R2 =4246 Q for the thermistor with
B=3950 K. The value of R2 corresponds to the va-
lue of R, (see formula (7)), then k=1. The «+ input
of the amplifier is connected to a voltage divider

Rl
R3
constant DC voltage source of 10 V.

In this variant, the thermistor is powered
through a resistor from a constant current source
from 300 pA to 1 mA. Regardless of the current
value, the RMS error in each temperature range re-
mains unchanged. As the current value increases,
the gain coefficient of the amplifier G decreases and
the correction value U — the offset voltage, or 7' —
the temperature correction value for compensating
the self-heating effect of the thermistor increases.

The generalized data of the research results are
presented in Table 1. The results of the research for
five circuit-technical methods of linearization of the
temperature characteristics of NTC-thermistors pro-
vide an opportunity to evaluate the effectiveness of
the application of different variants of circuit-tech-
nical methods of linearization of the temperature
characteristics of NTC-thermistors and the charac-
teristics of the measuring channels.

=k =1. The voltage source of this divider is a

R
Notes: 1 — The range of k, where k = R% (R, is

P
calculated using formula (7)); 2 — The average value

of RMS in the range of k; 3 — The value increases as
k decreases; 4 — The value increases as k decreases;
5 — For current values of the current source from
300 pA to 1 mA; 6 — The average value of RMS
for current source values from 300 pA to 1 mA;
7 — The value increases as the current source current
decreases; 8 — The value decreases as the current
source current decreases.

Conclusions

In the conducted study, a structural-mathe-
matical model of the measurement channel in
MATLAB Simulink was developed to study diffe-
rent methods of linearizing the temperature charac-
teristics of NTC-thermistors and the measurement
channel. After modelling, graphical dependencies of
the temperature measurement error were obtained
in the temperature ranges from 0 °C to 50 °C and
from 10 °C to 40 °C for thermistors with values
of B=3450 K and 3950 K, using several methods
for linearizing the temperature characteristics of
NTC-thermistors and the measurement channel.
The smallest error value was achieved by using the
method of linearizing the temperature characteristic



54

KPI Science News

2025/ 2

Table 1. The results of the study for five circuit-based methods of linearizing the temperature characteristics of NTC-thermistors

= Without self-heating thermistor Taking into acco}tllnt }:he sdf—h;atiqg temperature of
-§ X B K |AT K the thermistor 1n air
s o K Parameters 6. K Amendments
’ G B ’ G B U, B T, K
+25 0.74 1.5 — 0.61 0 — —0.53
1 1 3450 +15 0.24 1.4 — 0.20 0 — -0.53 265
+0.05 +25 0.92 1.35 — 0.80 0 — -0.52
3950 +15 0.24 1.35 — 0.19 0 — —0.52 26
3450 +25 0.41 1.55 — 0.41 +0.05 — 0.7
2 0.75 +15 0.07 1.45 — 0.09 +0.02 — 0.7 35
+0.05 3950 +25 0.39 1.35 — 0.54 +0.04 — -0.7 '
+15 0.07 1.4 — 0.09 +0.03 — —0.7
3450 +25 0.36 2.2 0.33 0.35 +0.16 0 -1.0 s
3 0.85 +15 0.07 2.1 0.25 0.07 0 0 -1.0
+0.05 3950 +25 0.41 2.0 0.30 0.41 +0.16 0 —0.97 —4.85
+15 0.08 1.5 0.17 0.09 +0.06 0 -0.96 —4.8
0.7 3450 +25 0.35% | 4.3...13.1° | 0.07...0.57 | 0.372 | 0...+0.2¢ 0 0..-0.65* | 0..-3.25*
4 ) +15 0.09? | 4.0...12.6° | 0.06...0.36 | 0.082 | 0...+0.3* 0 0..-0.62¢
12] 3950 +25 0.44> | 3.7..11.2° | 0.07...0.41 | 0.462 | 0...+0.25* 0 0..-0.62¢ 0..-3.1¢
+15 0.12 3.5..10.6° | 0.07...0.41 | 0.1? 0...+0.3* 0 0..-0.62¢
3450 +25 0.31° 2.1...7.27 - 0.33° | 0...-0.17% 0..-0.28
s | +15 0.07° 2.0...7.07 - 0.07¢ 0...-0.1% - 0..-0.28 0.8
3950 +25 0.47¢ 1.9...6.47 - 0.45¢ 0...-0.1% - 0..-0.28
+15 0.09¢ 1.8...6.97 - 0.08¢ 0...-0.1% - 0..-0.28

of the NTC-thermistor with a parallel resistor con-
nection and introducing feedback to the Wheatstone
bridge (variant 4). Additionally, the minimum error
is achieved by applying variant 5 of the thermistor
connection — connecting it to a DC source with
linearization of the characteristic by connecting a
parallel resistor. This method has the drawback of
requiring high accuracy in the current value of the
current source. The measurement error when ap-
plying these methods is reduced approximately two
times compared to the error obtained when con-
necting the thermistor in a balanced Wheatstone
bridge arm (variant 1). As the B coefficient of the
thermistor increases, the error increases for all the
specified methods, while narrowing the temperature
range reduces the error. Thus, in the temperature
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C.M. MatBieHko, I.C. Tumumk

AHATJI3 CXEMOTEXHIYHUX METOQLIB NIHEAPU3ALI TEMMEPATYPHUX XAPAKTEPUCTUK NTC-TEPMICTOPIB
| XAPAKTEPUCTUK BUMIPIOBAJIbHOIO KAHATTY

Mpo6nemaTuka. [NpuUCTpOi BUMIpIOBaHHA TeMnepaTypu BifirpatoTb BaXnvBy posb Afs aBTOMaTu3aLii pi3HUX CUCTEM | MOHITOPUH-
ry pisHux ¢iamko-xiMiyHMX napameTpiB. Sk CEHCOpM BUKOPUCTOBYIOTb TEPMOPE3NCTOpPU, TepMicTopn abo Tepmonapu. YTiM, HeniHinHa
TemnepaTtypHa xapaKkTepucTuka TEpMICTOPIB CTBOPIOE TPYAHOLL 4151 TOYHOTO NEPETBOPEHHS TEMMNEpPaTypu B eNeKTPUYHUIA CUrHar, ToMy
NUTaHHA NiHeapu3sauii BUXigHOI XapakTepUCTUKN BUMIPIOBaNbHOMO KaHary NpUCTPOIO AMs BUMIpIOBaHHA TeMnepaTypu 3anvaeTbes ak-
TyanbHUM Joci. 3aBAaHHs niHeapwmaauii TemnepaTypHOT 3aneXHOCTi BUMIPIOBaNbHOro KaHany Moxe OyTu BupilLleHe anapaTtHUMu (CXeMo-
TEXHIYHUMM), NPOrpamMHUMU Ta anapaTHO-NPOrpaMH1UMN METOLAMMU.

MeTa gocnigxeHHs. MeToto poboTu € aHani3 ePeKkTUBHOCTI CXEMOTEXHIYHUX METOAIB MiHeapu3aLii TemnepaTypHUxX xapakrepumc-
TuK TepmicTopie NTC-Tuny, a Takox ix BNAMBY Ha 3ararnbHy XapakTepucTuKy BUMIPIOBaribHOrO KaHary.

MeTtoauka peanisauii. Po3pobneHo CTpyKTypHYy MoAenb NpUCTPOIO AN BUMIPIOBAHHS TeMnepaTypu i3 CEHCOPOM Ha OCHOBI Tep-
mictopa y cepeposuui MATLAB Simulink. MpoBegeHo aHania m'aTn CXeMOTEXHIYHMX CMOCObiB MiAKMOYEHHS TepMicTopa A0 BUMIpHO-
BanbHOro KaHany 3 MeTor AOChigKEeHHs edpeKTUBHOCTI NiHeapusauii y mexax TemnepaTtypHux gianasoHis +15 °C 1a 25 °C. Ha ocHoBi
3anpornoHoOBaHMX CNocobiB NiAKMIOYEHHS TepMiCTOpa 34iNCHEHO MOAEMOBaHHsS TeMnepaTypHux xapakrtepuctuk NTC-TepmicTopis.

Pe3ynbrat gocnigxeHHs. Pe3ynsrat gocnigkeHb Ans Mty CXeMOTEXHIYHMX cnocobiB niHeapu3alii TemnepaTypHux xapakTe-
puctrk NTC-TepmicTopiB HagaTb MOXIMBICTb OLIHUTU €EKTUBHICTb 3aCTOCYBaHHS Pi3HWX BapiaHTIB CXEMOTEXHIYHUX MeTopAiB niHea-
pu3auii TemnepatypHux xapaktepmuctuk NTC-TepMicToOpiB i XxapaKTepMCTUK BUMIPIOBaNbHOMO KaHany y ABOX TemnepaTypHuX AdianasoHax:
+15 °C 1a 25 °C. Ha oCcHOBi nogaHoro MogentoBaHHA MOXHa CTBEpPAXYBaTH, LLO 32 paxyHOK 3aCTOCYBaHHS BKA3aHUX CXEMOTEXHIYHUX
cnocobiB niHeapu3adii TemnepaTtypHux xapaktepuctnk NTC-TepMiCTOpiB i xapakTepncTuK BUMIpIOBarIbHOrO KaHany MOXHa 3MEHLUNTU
noxubky BumiptoBaHHsA Ha 40 % B oBMexeHOMy AianasoHi TemnepaTtyp MOPIBHSAHO 3 BUKOPUCTaHHAM 36anaHcoBaHOro BUMIpHOBanbHOMO
MOCTY, i BU3HA4YMTV NOTPIOHI KOPEKLiNHI 3axoaun AN KomneHcauil epekTy camoposirpisy TepMictopa.
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BucHoBKkuW. 3a paxyHOK MOAENOBaHHSI CXEMOTEXHIYHUX crnocobiB niHeapu3aauii TemnepatypHux xapaktepuctuk NTC-TepmicTopis
HaJaHO MOXIMBICTb OLHIOBAaTV pe3ynbTaTUBHICTb fiHeapmaaLlii TeMnepaTypHOi 3aneXHOCTi BUMIpIOBanbHOIO KaHany, AOCHifXY4M npu
LbOMY Pi3HOMaHITHI BapiaHTV NigKMOYeHHS 40 BUMIPIOBarNbHOMO KaHarny TepMicTopa, a TakoX BU3Ha4YUTV NnapameTpy eneMeHTiB BUMIpio-
BanbHOro KaHany npucTpo Ans BUMIpOBaHHS TeMnepaTypu.

KntouyoBi cnoBa: BuMiptoBaHHsa Temnepatypu; NTC-tepmictop; MATLAB Simulink; niHeapusauis.
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