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Cezeniii BOMAHCbKHH

Editor-in-Chief, Doctor of Technical Sciences, Professor

Yevgeniy BODYANSKIY

Illanoseni konezu!
3 genuxow padicmwo ma 2opoicmio  BIOKPUBAIO
yeti sunyck Hautozo srcyprany "CyuacHuii cman HAyKO8UX

’

00CIOJNCeHb  MA  MEeXHONo2I 6  NPOMUCAI080CH’

6 ocobaueull 011 Hac wac. Hewoodasno maw xoarekmueé
00csie 080X 3HAKOBUX Pe3YIbMAmis, Wo NIOMEEePOICYIOMb
BUCOKULL HAYKOBULL piBeHb, GIOKpUMICMb | MIdCHAPOOHY
BUBHAHICMb BUOAHHS.

Ilo-nepue, JrcypHan

ogiyitino NPUTIHATNO

00  MIJNCHAPOOHOI  Haykomempuunoi 6aszu  Scopus.

Lle sioxkpusae Hawum asmopam wiiax 00 MidHCHAPOOHOT

HAYKOBOI CNiNbHOMU.

Ilo-opyze, naxkazom Minicmepcmea oceimu i nayKu
Yrpainu ocypnan exnmioueno oo xameeopii A Ilepenixy
Haykosux ¢haxosux eudanv. Lle eadciuse GusHAHHS
8ION0BIOHOCMI HAYIOHAILHUM CIAHOAPMAM SIKOCMIL.

L[i docaenenna — 3acnyea i niio Hanore2au8oi npayi
eciei komanou. A wupo 0axyio.

— ujeHam pedakyiuHoi Konecii 3a excnepmHe
KepisHuymeo Ui cmpameziune oayenms;

—  HAYKOBUM  peyeH3eHmam 3a 0Oe3KOpuciugy,
pemenvbHy npayio i KOHCMPYKMUGHI 8i02yKu;

— WAaHOBHUM asmopam, Oe3 uyuix IHHOBAYIUIHUX
00CiOMHCeHb | 008IpU 00 HAWO020 UOAHHS Yell ycnix 0ye
OU HEMONCIUBUM,

—  MeXHIYHOMY  NepcoHany  3a  6e3002aHHY
Opeamizayito npoyecie i NiIOMpPUMKY.

Leti sunyck oicypuany, sK i nonepeowi, Micmumo
YIiHHI HAYKOBI cmammi, WO GUCBIMIIOIMb CYYaCHI
meHOeHyii 6 npomuciosocmi i mexnonoeiax. Kooicna
nyonikayis — ye Ho8utl KPOK y pO36UMKY 3HAHb.

Baoicaro ecim nam ne empavamu nHaykoeozo nopusy!
Pazom mu mooxcemo niompumysamu eucoxuti cmanoapm

i Oani pozeueamu Hauie CHiibHe HAYKo8e OLlo.

3 nosazoio ma 6daunicmio, 20106HULL peOaAKmMop,
npogecop E€seeniti Borooumuposuy boosncokuil

Dear colleagues!

It is with great joy and pride that I open this issue
of our journal "The Current State of Scientific Research
and Technology in Industry" at a special time for us.
Recently, our team has achieved two significant results
that confirm the high scientific level, openness, and
international recognition of the publication.

First, the journal has been officially accepted
into the international scientometric database Scopus.
This opens the way for our authors to the international
scientific community.

Second, by order of the Ministry of Education and
Science of Ukraine, the journal has been included in
of the List of Scientific Professional
Publications. This is an

category A
important recognition of
compliance with national quality standards.

These achievements are the result of the hard work
of the entire team. I sincerely thank:

— the members of the editorial board for their expert
guidance and strategic vision;

— the scientific reviewers for their selfless, diligent
work and constructive feedback;

— esteemed authors, without their innovative
research and trust in our publication, this success
would not have been possible;

— technical staff for their impeccable organization
of processes and support.

This issue of the journal, like the previous ones,
contains valuable scientific articles highlighting current
trends in industry and technology. Each publication
is a new step in the development of knowledge.

I wish all of us not to lose our scientific momentum!
Together, we can maintain high standards and further
develop our joint scientific endeavors.

With respect and gratitude, Editor-in-Chief,
Professor Yevgeniy Bodyanskiy
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Bakynik €. B., Cmensikos K. C, Uynpuna A. C.

MOJAEJIb I METOJ ABTOMATH30BAHOI'O BUCOKOTOYHOI'O BUMIPIOBAHHAA
TPUBUMIPHUX OB’EKTIB 3A JJAHUMHA KOMIT'FOTEPHOI TOMOTI'PA®II

IIpenveToM BUBYEHHS € JiHIIHI PO3MipH TPHBHUMIPHHUX OO0’€KTIB 3a JAHHMH KOMII'IOTepHOI ToMmorpadii, 30kpeMa MeTaleBHX
Yy)XOPITHHX T y TKaHWHAX 1  OpraHax JOAWHU. MeTa JOCTII:KeHHSI — pPO3POOUTH MaTeMaTHYHY MOIEIb 1 METOX
AaBTOMAaTH30BAHOTO BHCOKOTOYHOTO BHMMIPIOBAaHHS JIHIHHMX PpO3MIpiB TPUBUMIPHHX O0’€KTIB 3a pe3yJbTaTaMH KOMII FOTEPHOL
Tomorpadii 3 peamizallielo y BHIIAAI MPOrpaMHOro 3abesneucHHs. 3aBaaHHSA: chopMyBaTH MaTeMaTHYHy MOJIENb TOIAHHS
TPUBHMIPHOTO 00’€KTa y BOKCEIBHOMY IIPOCTOpPi; PO3POOMTH METOJ CerMeHTamii MeTajleBUX (parMeHTIB 3a pe3ylbTaTaMH
KOMIT'IOTepHO1 ToMorpadii; 3amponoHyBaTH METOJ MPOCTOPOBOTO BHUPIBHIOBAHHS CEIMEHTOBAHMX OO0’ €KTIB Ha MiACTaBl aHAIi3y
OCHOBHHUX KOMITOHEHT; PO3POOMTH METOJ BU3HAUYEHHS MaKCHMAJIBHOTO JIiHIHHOTO po3Mipy 00’€KTa B HOBiil KOOpAMHATHIA CHCTEMI;
peaizyBaTH 3alpOIIOHOBAaHY MOZENb i METOZ Y BHIVLII NPOrPaMHOro 3a0e3ledeHHs W eKCIepPHMEHTAJIbHO MEPeBIpUTH TOYHICTH
BUMipIOBaHHsA. MeTOoAM NOCTiMKeHHsI: aHaNi3 TOMOTpadiuyHMX MOKa3HHKIB, ITOPOTOBAa CErMEHTAllis 3 aJalTHBHHM BHOOPOM
MOPOTrOBUX 3HAYECHb, XBHJIBOBHUI aJIrOPUTM IOIIYKY 3B’3aHHX KOMIIOHEHT, aHaJli3 OCHOBHHX KOMIIOHEHT ISl BU3HAUCHHS Opi€HTAlil
00’€KTa, BOKCENIbHE MOJENIOBAaHHA W OOYMCICHHS EBKIIOBHX BiJCTaHEH MDX TPaHWYHUMH TOYKaMH TPUBHMIPHOTO 00’€KTa.
JocsarnyTi pe3yJbTaTH. 3amponoHOBAaHO MAaTeMaTHYHY MOJENb IIOJaHHS TPHUBUMIPHOTO 00’€KTa i METOJ aBTOMAaTH30BaHOI'O
BHCOKOTOYHOTO BH3HA4YECHHS HOro0 MaKCHMAIBHOTO JIHIHHOTO po3Mmipy. MeTox peanizoBaHO y BHIVILII HPOrPaMHOTO MOIYJS i
anpo0OoBaHO Ha 72 3pa3Kax MeTajeBHX ()parMeHTIB MIECTH THIIIB, PO3MIIICHUX y Oi10JIOTIYHUX TKaHWHAX opraHiB cBHHI. CepenHe
BIAXWJIEHHA He mepeBuilye 3%, a B HaWCKIAAHINIMX BHUMAIKaX 3alMINAEThCA B MeXaX 5%, IO CBIAYUTH NPO BHUCOKY TOYHICTh
i CTabIMBHICTH 3aMPOMOHOBAHOIO MiaX0oay. BUCHOBKH: po3pobiicHa MOJETh i METO 3a0e3Meuy0Th aBTOMATU30BaHE i 00’ €KTUBHE
BU3HAYEHHS JIHIHUX PO3MIpiB Uy)KOPIMHHUX TLT 32 JaHUMH KOMII'IOTEpHOI ToMmorpadii 0e3 ydacTi omepaTopa. 3ampornOHOBaHE
mporpaMHe 3a0e3NedeHHs MOXe OyTH BHKOPUCTaHE y BiHCHKOBiMl MEIWIHMHI, CYyJOBO-MEAWYHIN E€KCHEepTH3i, MEIULUHI KaTacTpod
1 3aKJ1a7]aX OXOPOHH 3JI0POB’ S, e KPUTUYHO BaKIMBUMH € IIBHIKICTD 1 JOCTOBIPHICTh IarHOCTHYHUX PillICHb.
KimouoBi cjioBa: koM’ toTepHa ToMorpadist; CErMeHTallisl; METOI OCHOBHHX KOMITOHEHT; JiHilHiI po3mipu; DICOM; Bokcerb.

Beryn MeTaJeBuX (parMeHTiB — pI3HOMAHITHICTE  (opM,
BIZICYTHICTh YITKMX KOHTYpIB, apTedakTu Biyaizarii —
Y cywacHux ymoBax 30poiHUX KOH(JIIKTIB, CYTTEBO YCKIAAHIOIOTh Tpouec imeHTHdikamii Ta

TEPOPUCTUYHHUX aKTIB 1 TEXHOJOTIYHUX KaracTpod
3HAYHO 3POCTAE KiJIbKICTh BUMAKIB YPaKECHHS JIIOJMHU
Yy KOPITHUMH TiJTaMH,

30KpeMa MCTaJICBUMH

¢parmentamu.  Taki  ypakeHHs MawOTh  CKIaIHY

Mopdosorito, a Tmporec iX JIarHOCTHKH IOTpedye

BUCOKOTOYHOT Bidyamizamii Ta aHamizy BHYTpILIHIX
CTPYKTYp opraizmy. OmHUM i3 HaHOLIBII ePEKTHBHUX
3aco0iB Takol Bidyamizauii € KoMm’toTepHa Tomorpadis
(KT), sixa mae 3Mory OTpUMAaTH TPUBHMIpHE 300pakeHHS
aHATOMIYHUX OO0’E€KTIB 3 BHCOKOK IMPOCTOPOBOIO
po3ninpHOIO 3maTHiCTIO. OOHAaK HaBITH 32 HAsSBHOCTI
SKICHUX 300paykeHb BUHHUKAE MOTpeda B aBTOMAaTH30BaHUX
3acobax 0OpOONIEHHS JaHUX, IO OTIOMAraloTh IBUAKO i
TOYHO OLHIOBATH TNapaMeTpH BHSBICHHX (PAarMEHTIB,
30KpeMa iX JiHiiHI po3Mipu. TpagumiiHi METOAN aHATizy
KT-300paxkeHb 31e0UIBIIOr0 MependayaroTh BizyabHE
OIIHIOBAHHS JTIKAPEM-PEHTTCHOJIOTOM, IO OOMEXye
TOYHICTh 1 BIATBOPIOBAHICTh pPE3yJbTATIB, OCOOJIHBO
B yMOBax cCTpecy, OOMEXEHOTro 4Jacy abo BiJCyTHOCTI
BiJIMIOBITHOTO  JTOCBI.Y. 0COOJIMBOCTI

Kpim  Toro,

BuMipioBaHHs [1, 2]. YV mpakTuni TpamsiroThCs CUTYaIll,
Koy (pparMeHT PO3MILIYETHCS MMiJ KyTOM JIO0 IUIOLIMHHU
CKaHyBaHHS a00 4YacTKOBO MEPEKPUTHH  IHIIUMHU
AQHATOMIYHUMH CTPyKTypamMH. Y IbOMY pa3i HaBiTb
HEe3HaYHa MOXMOKa y BUMIPIOBaHHI MOYKE MaTH KPUTHUYHE

3HA4YEHHA JJIs1 BHOOPY KIIHIYHOI TAKTHKH.

Hapa3i icHye HHM3Ka TpOrpaMHHUX  pillIeHb,
opieHTOBaHHX Ha o00poOnerHs KT-3HiIMKIB, OHAK
OinbliicTh 3 HUX He 3a0e3nedye aBTOMATHYHOTO
BUMIpPIOBaHHS  MapaMeTpiB  UYyXOpigHHX TuT  abo

HE a/IaniToBaHa JI0 OCOOJMBOCTEH TKaHWH Pi3HUX OPTaHiB
i 3aBmaHp BilicekoBoi Memmimam [3]. Kpim 1moro,
JOCTYIIHI Ha PHHKY MpPOTrpaMH 4acTo € KOMEpLiHHHMHU,
CKJIaTHIMH y BHKOPHCTaHHI a0 HE MAaroTh BiIKPHUTOTO
JOCTYIly 70 alrOPUTMIB, IO YHEMOXJIHBIIOE iX

MonuGikallilo Ta IHTeTpamif0o y BiIacHI iHPOpMamiiHO-

aHamiThyHi  cuctemu. OTKe, [OCTAaE  aKTyaJbHE
3aBIAaHHSI — PO3POOUTH CIIEUiaNi30BaHy METOAHKY,
ska O JaBaja 3MOTy THOBHICTIO aBTOMAaTH3yBaTH

mporec imeHTH(ikamii, cerMeHTamii Ta BUMIPIOBaHHS

© Bakymik €. B., CmensikoB K. C, Uynpuna A. C., 2026
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JIHIMHAX ~ pO3MIpiB  MeTajeBHX  (parMeHTiB  Ha

ocHoBi KT-manux.

3anponoHOBaHEe  JOCHIIKEHHS €  YacTHHOIO
MDKIUCHUIUTIHAPHOTO  MPOEKTY,  CHPSMOBAaHOTO  Ha
CTBOpPEHHA 3acO0iB MIATPUMKH MEAWYHHX pillleHb

y cdepi BilicbkoBoi Ta exkcrpeHoi MemuuuHH [4, 5].
Y wmexax 1mie€i pobotm Oylio MOCTaBICHO 3aBOAHHA —
CTBOPCHHS MAaTEeMaTHYHOI MOJETI Ta BIiJIOBIIHOTO
MIPOTPaAMHOTO 3a0€3MEeUCHHS TSI aBTOMATHIHOTO aHAII3Y
KT-3HIMKIB, IO MICTSITh METaNEBl YyKOpimHI Tia
(mami — meraneBi ¢parmentn). KirouoBuMu BHMOramMu
CTaJM: BHCOKa TOYHICTh, IIOBHa AaBTOMaTH3allis,
BiICYTHICTb HEOOXiTHOCTI y BTpy4YaHHI KOPHCTyBada
H MOXJIMBICTH MacImITa0yBaHHS JUIS DI3HUX THIIIB
TKaHUH 1 00’ekTiB. [IpakTHyHa HIHHICTD TAaKWX PIMIEHBH
TIOIIMPIOETHCS. HA cepu CYIOBO-MEIUMYHOI EKCIIepPTHU3H,
MEIWLIMHU KatacTpod), a Takok iHpopMariitHux
TEXHOJIOTIH JIJIsl 000OPOHHOTO CEKTOPY.

BonHouac 3ampornoHOBaHMI MiAXig HE 0OMEXYeThCs
3a3HauEHHUM KJIacoM 00’ €KTIB 1 MOke OyTH 3aCTOCOBaHUM
TS aBTOMAaTH30BaHOTO BUMIPIOBAaHHA  JIIHIHHUX
PO3MIpiB IHIIMX TPHUBUMIPHUX OO0’ €KTIB, BHSBICHHX

3a nokasHukamu KT.

AHaJIi3 0CTaHHIX J0CTiIKeHb i myOJikanii

He MeHI BaxJIMBUM € HampsM, CHPSIMOBaHUM Ha
YCYHEHHS Bapialiii, CIpUYMHEHUX DI3HUMU BHPOOHHMKAMHU
oOnagHaHHSA, a TaKoXX CTAaHIAPTU3ALII0 MEeTaJaHHX
(popmaru DICOM). Taki miaxomu 3aKiIaJaroTh OCHOBY
UIA TOOYIOBH MIKCHCTEMHHX IDIaT(opM MaImnHHOTO
aHamizy, SKi 3a0e3MmedyroTh CTaOLIBHICTh pe3yJbTaTiB

He3aJeKHO Big pkepena qarux [11].

Merta ii 3aBIaHHA TOCTiIKEeHHSA

[Ipobmema TOWYHOTO BU3HAUEHHS IapameTpiB
CTOPOHHIX MPEIMETIB y TUIl JIIOJJMHHU, 30KpEMa B YMOBaX
BIMCBKOBO-TIOIBOBOT MEIUIINHU 171 €KCTpPEHO1
JIarHOCTUKHW, TpUBepTac ypary (axiBUiB He meplie
OCHOBHUMH JOCIIIKEHD

,HeCﬂTI/IJIiTTH. HanpsaMaMu

€ MeTOAM AaBTOMAaTHM30BaHOI cerMeHTaulii 00 €KTiB
Ha KT-300pakeHHSX, aNTOpUTMH BiTHOBICHHS (HOpMHU
W po3MmipiB 3a TOMOrpadiyHUMH JaHMMH, a TaKOX
crnocoOM 3MEHIICHHS BIUIMBY apTe(akTiB, 3yMOBICHHX
MPUCYTHICTIO METAY.

CydacHi y3arajgpHIOBANbHI OTJISAA JAEMOHCTPYIOTh
30anaHcoBaHe TOETHAHHS KJIACHYHUX ITIIXOAIB 1 HOBITHIX
TEXHOJIOTIH, 30KpeMa THX, 0 0a3yI0ThCS Ha TIIHOOKOMY
3MEHILICHHS! METaJleBUX apTedakTiB

MAR,

HaBYaHHI, IS

y KT-300paxenHsx. Po3pizHAIOTE MeToam
ANTOPUTMIYHI Ta PEKOHCTPYKLiiHI cTparerii [6—8].
ITapanensHo 3

po3ButkoM  MAR-anropuTmiB

MPOJOBXKYIOThCSI ~ pOOOTH  HAJ  YHIBEpPCATbHUMHU

pilieHHsAIMH 13 CerMeHTamil Ta PEeKOHCTPYKii Tij
Ha KT-300paxeHssx. [logaloTbes MPUHIMIH TTOIBIHHOTO
JOMEHY, L0 Ja€ 3MOTY IiABUIIUTH TOYHICTh BU3HAYECHHS
¢opMu ¥ TeOMETPHYHHMX BIACTHBOCTEH, 30epirarouu

(hizmuHy TpakTOBKY Mozeneii [9, 10].

Hespaxkaroun ©Ha 3Ha4HI JOCATHEHHA Yy cdepi
MEIWYHOI Bi3yami3allil, aBTOMAaTH30BaHE BU3HAYCHHSI
mapaMeTpiB UYXKOPIMHUX TUT, 30KpeMa iX IJiHIHHUX
PO3MIpIB, 3aJIHUIIAETHCA TEXHIYHO CKIAJHUM 3aBIaHHSIM.
Oco0NMMBO 1€ aKTyalbHO TOJi, KOJNW WAETBCS MPO
00’€KTH 3  JIOBUJIBHOIO

MeTajeBi MIPOCTOPOBOIO

Opi€HTaIli€f0, CKIAgHOI (GOpMOIO Ta  HASBHICTIO
BizyasibpHUX apTedakTiB Ha KT-300pakeHHsX.

MeToww U0BOro JOCTITKEHHS € PO3POOIICHHS
MaTeMaTHYHOI MOJEN W METOLy aBTOMAaTH30BaHOTO
BHCOKOTOYHOTO  BHUMIpIOBAaHHS  JIHIHHUX  PO3MIpiB
TPUBUMIPHHUX 00’€KTIB 3a pe3yjbTaTaMd KOMI IOTEPHOT
ToMorpadii 3 TOZANBIIOI MPOTPAMHOIO peai3alli€lo.
Y wMexax poOOTH OCHOBHY yBary MpHUALUICHO
BHUMIPIOBAaHHIO METAJIEBUX (parMeHtiB y OioJNOriuHUX
TKaHUHAX SIK HaWOUIBII CKJIaHOMY 3 MPAKTHYHOIO
TIOTJISTY BUTIAJIKY.

JIis  JOCATHEHHS OKPECACHOI METH HEOOXiTHO
BUKOHAaTH Taki 3aBIaHHS: c(hopMyBaTH MaTeMaTHUHY
MOJIeITb MTOJJAHHS] TPUBUMIPHOTO 00’€KTa Y BOKCEIHHOMY
MIPOCTOpPi; PO3POOMTH METOJ CErMEHTallil MEeTaleBHX
¢parmMeHTiB Ha 0a3i ToMorpagiuHUX IaHUX; CTBOPUTH
METOJ IPOCTOPOBOTO BHPIBHIOBAHHS CETMEHTOBAHHUX
00’eKTIB Ha OCHOBI aHajli3y OCHOBHHMX KOMIIOHEHT;
po3poOMTH  METOJ ~ BH3HAYCHHS  MAKCHMAJbHOTO
JHIAHOTO po3Mipy 00’e¢kTa B HOBId KOOPAWHATHIN
CHUCTEMI; peamizyBaTH  3alpOTNIOHOBaHY  MOJEIb
i Meron y BHIVIAI NpPOrpaMHOrO 3a0e3NnevyeHHs W

eKCIIePUMEHTAIBHO MTEPEBIPUTH TOYHICTH BUMipIOBAHHS.

Martepianu it MmeToau

VY3araJlbHEHUH aJIrOPUTM 3alPONOHOBAHOTO METOY
mependadae IMMOCIigOBHE 0OpOoOJIeHHS TOMOTpadigHIX
nokasHukiB. Ha mnepmomy erami JgaHi KoMl IOTEpPHOT

y ¢dopmati
BOKCEJIbHY

Tomorpadii DICOM  mepeTBOpIOIOTHCS

y  TPUBUMIPHY MaTpPHULIO  IIUIBHOCTI.
Jani BUKOHYETBCS IIEPBHHHA CETMEHTAIliSl METaJeBHX

(hparMeHTiB Ha OCHOBI IIOPOrOBOTO 3HAYEHHS IIILHOCTI,
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IO Ja€ 3MOry BHOKPEMHTH MOTEHLINHI JUISTHKH

o0’extiB. Ha HacTymHOMy eTami  3acTOCOBYETBCS
JIOMAaTKOBUM aManTHBHUN TIOPIT, SKWUH BHU3HAYAETHCS
3QJIEKHO  BiJl MaKCHMAaJIbHOIO 3HAYEHHS IMIILHOCTI
B MeXax 3B’S3aHOI TUISHKH, IO AOTIOMArae BiIOKPEMUTH
TIHLOBUX

Oe3nocepelHbO  (parMeHT  Big  30HU

apredakriB. Ilicas wnporo GopmyeTscst yTOUHEHE
reOMETpUYHE TIO/aHHsA 00’€KkTa CIocoOOM J10JaBaHHS
TPaHUYHUX TOYOK BOKCENIB, IO IJBHUIIYE TOYHICTH
ormucy i#oro Qopmu B mpoctopi. [ns BU3HAYEHHS
opieHTanii 00’€KTa BIPOBAaIPKEHO METOJ OCHOBHHX
KOMITOHEHT, SIKMH Ja€ 3MOTy MoOYAyBaTH HOBY CHCTEMY
KOOpAWHAT, Y3TOMKEHY 3 HampsSMKaMH HaHOUIBIIOro
momupeHHs (¢parMeHta. Y Iid cHCTEMi KOOpPIMHAT
BUKOHYETbCS OOYHCIICHHS MAaKCHUMAaJIbHOTO JIiHIIHOTO
po3Mmipy o0’exta. [lomambmni minpo3mian pO3KpUBAIOTH

0COOIMBOCTI peaizallii 3a3Ha4eHNX eTalliB.

ITinroToBKa JaHKUX

Hani  komm’roreproi  Tomorpadii  (KT), mo
BUKOPHCTOBYIOTBCSI B JIOCHIIDKEHHI, 30epiraiotbcs y
topmari DICOM — 3arasHONPUHHATOMY MDKHAPOIHOMY
cTanaapti MeauuHol Bizyamizamii [3, 12]. Koxuuit daiin
MICTUTB Cepil0 IONEpPeYHHuX 3HIMKIB 1 MOBHHWI HaOip
METaJaHuX: PO3MIpH BOKCENIB Yy IUIOHIMHI, TOBIIHHY
mapy, BiCTaHb MDK 3HIMKaMu, IIKally Tpajamii, THII
tomorpada Ta iHIm

napametpu. g  indopmaris

KPUTHYHO BaXJIMBAa JUII TOYHOTO  IIEPETBOPEHHS
KOODPJIMHAT i METPUYHHUX OI[IHOK.

Ha nouarkoBoMy erarti 300pakeHHsI IEPETBOPIOIOTHCS
y TPUBHMIpHY BOKcelbHY Marpuio miisHocTi P(i,j, k),

3amany B mkaii XayHcoinga [13]. Taka ¢opma nomaHus

BH3HAYa€ MaTeMaTH4YHy MOJIENIb TPUBHMIPHOTO 00’€KTa

CTPYKTYpY,
3HAaYEHHSAMM  I[IJIBHOCTI  Ta

SK JTUCKPETHY IPOCTOPOBY €JIEMEHTH
AKOi ~ BH3HAYalOThCS
TE€OMETPUYHUMH  KOOPJMHAaTaMH Yy  BOKCEJIbHOMY
mpocTopi. Y pa3i morpedm 3acTOCOBYIOTHCS METOIU
MIOTIEPeTHROr0  OOpPOOJICHHST — TpajaliiiHa KOpeKuis,
MpUTHIYEeHHS  IOyMiB,  IOKPAIIeHHS  JIOKAJHHOTO
KOHTPACTY, — IO ITOKPAIye€ BUAUMICT MEX METAJICBHX
TiJ 1 3HIKYE TTOXUOKH CerMeHTallii.

Cermenrariist BiOyBaeTbcsi y 1Ba eranu. CriouyaTky
BOKCEJIi, IO NEepPEeBHINYIOTh IIEBHE IOPOTrOBE 3HAUYCHHS
LIJIBHOCTI Tseg, BBAXKAIOTHCA YAaCTUHAMHU ITOTEHIIIHUX
¢parmentiB. llefi mopir yCTaHOBIIOETHCA EKCIIEPTHO
ocobnuBocTen

W 3aJeXUTh BiJ THIy TKaHWH 1

Tomorpadii. Jlami 3a JOOMOT0I0 XBHIIFOBOTO AJITOPUTMY

OynyeTbcss MHOXXKMHA 3B SI3aHMX BOKceNiB , KOXXKHa
3 AKHX BIMOBiIa€ OKPEeMOMY (pparMeHTy.
Hexaii v — 3HauyeHHS MWIUIBHOCTI BiJINOBIIHOTO

Bokcerst KT-300paskenns. Ockinbkn (pparMeHT OTOYSHUI
30HOI0 3MIlIaHOI IMUIBHOCTI (TiHb), BBOAWTBCS IPYTHi

nopit  Top =€ Vmaxs 1€ Vpax MaKCHMaJbHa
miinpHiCTE Yy Mexax Q, a ¢ € (0,1) — emmipuyrO
migiOpanuit  koedimienT.  PparMeHT  BBaXKAETHCS

MHOXkHHOI0O O C Q, me v > Ty, pemra Q \ O — TiHE.

e mae 3mory MiHIMI3yBaTH MOXHMOKH, 3yMOBIIEHI
BIUTMBOM HaBKOJIMIITHHOTO CEPEJIOBUINA.

Koopaunatn Xq,X,,X3, orpumani 3 KT-3pi3is,
HajaJli pO3MIIAAIOThCA K JIEKApTOBI  KOOPAWMHATH

TOYOK Yy TPUBHMIPHOMY MpPOCTOpPI W I03HAYAIOTHCS
Y BEKTOpHIH Gopmi.

KoopauHaT BOKCENIB MEPETBOPIOIOTHCS Y (i3nuHI
3HA4YEHHA 32 GopMyIamMu:

X;=05-d+i-dx, =05-d+j-dx; =05-h+k-h, (1)

ne d — posmip Bokcemnst; h — ToBmmHa mapy; (i, j, k) —
ingexcu. 11060 yHUKHYTH BTpaT TOYHOCTI Ha MeXax

TpaHei i cepenuHu pedep KOXKHOTo BoKcens. s mporo
10 KOXKHIH OC1 pO3IIISAAI0THCS TaKi MHOKUHH MOMITUBHX

00’€KTa, JOMAIOTHCS KOOPAWHATH BEPIIMH, IICHTPIB 3HAa4YeHb KOOPIMHAT:
X1 — 0.5- d,xl,xl +0.5- d, Xy — 0.5- d,xz,xZ +0.5- d, X3 — 0.5- h,X3,X3 + 0.5 h. (2)
CyKynHICTh  OJAaTKOBHX TOYOK BH3HAYAETHCS Ba3oBa MmaTemaTH4YHA MOJIeTb OL[IHIOBAHHS
SK  JEKapTOBUH  JOOYTOK  3a3Ha4€HUX  MHOXHH JIIHIAHOT 0 PO3Mipy MeTaJIeBOro parMeHTa
KOOpAWHAT. 3aranpHa KUTBKICTB TIPOCTOPOBUX

KOMOIHAI[ii CcTaHOBUTL 27, OAHA 3 SIKUX BIAMOBIAA€E
HEHTPY BOKCENs, IO BXe BpaxoBaHwid y (opmymi (1).
Otmxe, JOAATKOBO JOJAOThCA 26 HOBHUX TOYOK, IIO
YTOYHIOIOTH TE€OMETpPHYHE TMONAaHHI MeX 00’ eKTa.
Ile mae 3mory TOuHilIe BigTBOpIOBaTH (opMmy, 00’€M

i TpaHUYHI JUISHKA (parMeHTa B IIPOCTOPI.

V KOHTEKCTI MEOUYHOI MIarHOCTUKU M KIIHIYHOTO

aHai3y  HAJ3BMYAWHO BAKJIMBUM €  BH3HAYCHHS
MaKCHMAJILHOTO JIIHIIHOTO pPO3MIipy Yy>KOpIiIHOTO Tia,
30KkpemMa MertaneBoro (parmenra. Came JOBXKHHA YacTO
€ KPHUTEpIEM NPUAHATTA MEAWYHHUX PillleHb, amKe 11

3HA4YCHHA MOXKE 6€3HOCGP€Z[HI)O BIUIMBATU Ha TAaKTHUKY
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NIKYBaHHs, HEOOXIJHICTh XIPypriyHOr0  BTPYYaHHS

4y 1HII KIIHIYHI 0T
OpHuM 13 TpPaguIifHAX MIAXOIB IO OIIHIOBAHHS
IOBXXMHU 00’cKTa B

TPUBUMIPHOMY TIPOCTOpi €

BHUKOPUCTAHHA IIOHATTA /:[iaMeTpa MHOX>XHWHH TOYOK, HIO0

BIATBOPIOIOTH 00’ekT. Y 1bOMY pa3i  JOBXKHHA
d Bu3HAYAETLCS K MaKCHMajbHa €BKIIJOBA BiJCTaHb

MiX OyIb-SIKMMH JIBOMa TOYKaMH 00’ €KTa (xlp,xzp, x3p)

Ta (xlq, xzq, X3q):

d = maxpq \/(le — qu)z + (sz - qu)z + (x3p — X3q)2}. 3)

Takwuit maxig € J0CTaTHRO HAMIWHUM B OIIHIOBAHHI
BEJIMKHX (parMeHTiB i3 OJU3BKOI 10 EJIICOiAHOT
topmoro. Y momiOHMX BUMAAKax KpaiWHI TOYKH 00’€KTa
JISKATh Y3I0BK HOr0 OCHOBHOI OCI, a BiICTAaHb MIK HUMH
nmoOpe HaOIIKae OifiCHy TOBKUHY.

OpHak 31 3MEHIICHHSAM po3Mmipy (parmenra abdo
3a HasBHOCTI apre(akTiB, 30KpeMa TIHHOBHX 30H Ha
KT-300paxeHHsX, e(eKTUBHICTh i€l MoJedi
3HmKyeThes [14]. Sxmo ¢dopma ¢dparmenta Onm3pka
cKiIamHy  Gopmy,
BU3HAYCHHS JOBXXHMHH JIMIIE 32 IOIIOMOTOI0 JiaMeTpa

0 mapanesemineaa abo  Mae

MPU3BOJKUTE A0 3HAYHHX MOXUOOK. Takoxk BapTo OpaTH
IO yBarw, IO 30HA TiHi, KA OTOYYy€E METAJCBHHA 00’ €KT
Ha 3HIMKax, MOXE ICTOTHO BIUIMBATH Ha pPe3yJbTar,
CTBOPIOIOYH XHOHI eKCTpeMabHi TOUKH.

Y TtakoMmy pa3i HeOOXimHE 3aCTOCYBaHHS OiIBII
THYYKHUX 1 TOYHHX METOJIB, SIKi JaBaiy O 3MOTY 3Ba)KaTu
Ha OpIEHTAIlI0 Ta peajbHy MPOCTOPOBY CTPYKTYpPY
00’ekta. OmHEM 3 HaHOUTBII e(QEKTHBHUX iIXOMIIB
Yy IbOMY KOHTEKCTI € METOJ OCHOBHHX KOMIIOHCHT
PCA) [15, 16].
Bin 3abe3neuye 00’€KTHBHY MOOYIOBY HOBOi CHCTEMHU

(Principal Component  Analysis,
KOOpJHMHAT, y3romkeHoi 3 ¢opmoro 06’exta. PCA nae
3MOT'Yy OpPIEHTYBaTH OCI CHUCTEMU KOOPJHMHAT BiIIOBITHO
JI0 HampsIMKiB HAHOUIBIIOrO TOIIMPEHHS 00’€KTa, M0 €
KJIFOUOBHM JUIsl TOYHOTO BU3HAUCHHS HOTO rabapuTiB.
Otxe, METOJI

OCHOBHHX KOMIIOHCHT €

VHIBEpPCAIbHUM  IHCTPYMEHTOM Ul BU3HA4YCHHS
IPOCTOPOBMX PO3MIpiB Tinm aoBimbHOI (opmu. oro
3aCTOCYBaHHS JIOTIOMArae MiHIMi3yBaTH BIUIUB acUMETpil
00’ekTa, 3MEHIIUTH TMOXHOKH, 3yMOBJIEHI apTedakTamMu
Bi3yauisailii, Ta 3a0e3MeYUTH BHUCOKY BIATBOPIOBAHICTH
Hapaimi MaTeMaTU4H1

pe3ym,TaTiB. PO3rIIAHEMO

ocobmuBocti Bukopuctanus PCA B TpUBHMIpHOMY
npocTtopi R"3 mist omiHrOBaHHS Opi€HTAIll Ta JIHIHHUX

PO3MIpiB (pparMeHTiB.

yl'lpOBa)])ReHHﬂ ME€TOAY OCHOBHMX KOMIIOHCHT

Meron ocHoBHHX kKoMmmoHeHT (PCA) € xirodoBuM
€TarioM B JTOPUTMI OLIHIOBaHHS PO3MIpPIB METaJeBUX
(hparMeHTiB, OCKUTBKH Ja€ 3MOTY BH3HAYUTH OPI€HTAIIO

00’eKTa B TPOCTOpPi HE3ANEKHO Biff HOTO ITONOKEHHS
y BUXiJHIN cucreMi koopauHart. lle ocoOaMBO BaXkIMBO
B pasi ckimaaHoi abo acmMeTpudHoi (HOpMHU (parMeHTiB,
Jie CTaHIapTHI €BKJIJIOBI METOAM MOXYTh JaBaTH
3HAYHI MOXUOKH.
Cytricte  PCA

OPTOTOHAJIBHOL

noisrae B 1OOYyIOBI  HOBOL

CHCTEMH  KOOpPIMHAT, OCi  sKOi
BIITIOBIZIAOTh HAIMPSIMKaM HalOUIBIIOT Aucepcii Habopy
TOYOK. Y Mexax i€l CHCTeMH KOOpIHMHAT 00’ €KT
HIOBEPTAEThCS TAaKUM YMHOM, IIO HOT0 OCHOBHI pO3MipH
BiJIIOBITAIOTH MTPOEKITISIM HA BiATIOBIIHI OCI.
3HaXO/HKEHHSI KOMIIOHEHT MEPETBOPEHHS 0 HOBHX
OCHOBHHX OCEH 3BOIUTBCA JO OOYHCIEHHS BIACHUX
3HaueHb A € R Ta BiANOBIAHUX M BJIACHUX BEKTOPIB
v = (vy,V,,v3)T € R® xopapiamiitroi marpumi C
koopauHaT (1) 1 (2). [dnAd KOPEeKTHOCTI IONANBIIIX
MIepeTBOPEHb JaHi

MonepeaHbO IECHTPOBAHO.

Lle 3abesmevye mpaBHJIbHE BH3HAYCHHS  II0YAaTKY
KOOPJMHAT y TPUBUMIPHOMY ITPOCTOPI.

VY pa3i TPUBHMIPHOIO MPOCTOPY 33JaHO MHOKHHY
3 nTOUOK X; = (Xq;, Xpi,X3;) L = 1,...,M, O OMUCYIOTH
(bopmy 00’€ekTa.
CepelHi  3HAYCHHS

Crno4atky  OOYHCHIIOIOTHCS

KOOPHI/IHaT:
_1lyn _1lgn _1sn
M, = ;Ziﬂ X14, My = ;Zi=1 Xai, M3 = ;Zi:ﬂfsi- 4)
[Ticas 1mBOr0 BHUKOHYETHCS IIEHTPYBAHHS JaHHX

CII0CO6OM MepepaxyHKy KOOPJAMHAT TOUOK:
x; = (X3 — My, x5 — My, x3; — M3),i = 1,...,n. (5)

I[OHyCTI/IMo, mo E — mne oauHMYHA MaTpHUIL
BI/IFH}Ile
10 0
E=[0 1 o0l (6)
0 0 1

Toni BmacHi 3HaueHHs A 1 BIIACHI BEKTOpH V

KoBapiamiftHoi Matpumi € 3HaXOHATBCA — CIIOCOOOM

PO3B’sI3aHHS TAKOT'O PiBHSHHS:
(C—A-E)-v=0. (7
BigoMo, 110 ¢ pIBHSHHS € HIYHUM IHIIAM, SIK
CHCTEMOIO JIHIHHMX pIBHSHb, HETPHUBIAIbHI pilICHHS
AKOi € IIyKaHHNMH BJIACHUMH BeKTopamu v marpumi C.
VY mpomieci  po3B’s3aHHSA i€l 3agadi  MIiKaBO 3HAWTHU
MHOXXHMHA TakuxX pillIeHb

HETPUBIANBHI  PIIICHHS.
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o (7)) —
BiH HanexuTh

me BiIacHWi migmpoctip Matpuii  C.
BJIACHOMY 3HAYEHHIO A.

Jnsg TpUBHMIpPHOTO BHWIIAAKYy BJACHI BEKTOPH U,
SIKI BIAIOBINAIOTH BJIIACHUM 3HAYEHHSIM A, 3HAXOIATHCS

3a JOMOMOTOO PO3B’SI3aHHS CHCTEMH PIBHSHB:

€11 Ci2 Cy3 1 0 O Vj1
€21 €2 C23(—A;|0 1 0]])|Yz[=0. (8)
C31 C3z C33 0 0 11/1V3

Tyt ¢ eneMeHTH KoBapiamiiHoi Matpumi C.
BoHH 00YHCITIOIOTECS HanepeI i IIOTiM BUKOPHCTOBYHOTHCS
K Koe(illieHTH.

Otpumana micist po3B’si3aHHS piBHSAHHA (8) cucTeMa
BEKTOPIB BU3HAYAa€ HOBY 0a3y y BULIIAAL vV = (Vq, Uy, V3).
[Ipumyckaerbesi, mO BOHa HOpMoBaHa. Kpim Toro,
WMOBIpHO, 10 BCl Lli BEKTOPW pO3TAILOBaHI B MOPSIKY
CIIaJIaHHS BiJIOBIHUX iM BIACHUX 3HAYCHb.

Y rakiif curyamii Marpuus — NEpEeTBOPEHHS
KOOpAMHAT 10 OCHOBHHUX KOMITOHEHT Ma€ TaKHi BT

Vi1 V12 Vi3
A=vT = vy Uy V3| . 9)
V31 V32 Vszz
OPUITYCTHMO, WO Xy = (X141, X12,X13)

i x'y = (x'11,x"12,X"13) — BEKTOpH, fKi BH3HAYAIOTH

Orxe,

KOOPAMHATH TOYOK Y CTapil 1 HOBii cucTeMaX KOOPIUHAT
BIJIMIOBIHO. Y TaKOMY pa3i Mepexia 0 HOBUX KOOPIMHAT
BUKOHY€ETBCS TaK:
x'=A"1x. (10)
[Ticns mepeTBOpeHHsST KOOpAMHAT y HOBUI 0a3mc
(hopMa MHOXXMHHM ¥ BificTaHI MK TOUKaMH 3aJIUIIAIOTHCS
HE3MIHHUMHU — 30epiratoThcs BCI METPUYHI BIACTHBOCTI.
OmHak KOOpAWHATH TOYOK HAOyBalOTh ONTHMAaJIbHOI
opieHTalii, MI0 CHPOIIyE Ta MPUIIBUALIYE BHU3HAYECHHS
JHIHIX PO3MIPIB CKIIATHUX TPHBUMIPHUX 00 €KTIB, SK-OT
(dparmeHTH.  37€0UTBIIOTO  O00’€KTH  MOXKHA  IIBHJIKO
BUPIBHATH B3I0BXK OJIHI€T OCI, IO 1a€ 3MOTy 3aCTOCOBYBaTH
METO/I OCHOBHHMX KOMIIOHEHT Yy JBOBHMIPHOMY BHIJISL.
Ile ocobmmBO  KOPHCHO Ui IHTEPaKTUBHUX 1
HaIiBaBTOMAaTHYHHUX CUCTEM MPOCTOPOBOT'O BUPIBHIOBAHHSI.
VY rakiif cutyanii (micns HMEHTPYBaHHS, BIAIIOBITHO
no (4) i (5)), xopapianiiina marpuus B npoctopi R?

MaTUMCEC BUIIIAQ

C= (C11 C12). an

Ca1 C22
EnemenTu 1i€i MaTpuii 004YHCITIOIOTHCS TaK:

1 1

¢ =~ Xiny G — M1)?, 20 = 20, (0 — M2)?, (12)
1

Ciz = €21 = Xty (% = M)y = Mp). (13)

Tyt Bupasu (12) BHU3HAYAIOTh HOUCHEPCil O3HAK

(koopauHaT TOYOK), a BUpasu (13) — B3aeMHi KoBapiarlii
03HaK (KOOpPAWHAT TOYOK).

3aBsIKM  TOMY, IO JaHi Oyid mHonepexHbo

LICHTPOBAHI, X CepeJHi 3HAYEHHS Temep IOPIBHIOIOTh
HyJr0, 1 iX MokHa Buiyuutu 3 BupasiB (12) i (13).

Y mpoMy pasi I BHpa3M MOXKHA MEPEIMUCATH
TaKUM YHHOM:
1 1
Gi1 =7 ?:1(3511')2, G2 =7 ?:1(9521')2, (14)
1
Ci2 = C1 = ;Z?=1(x1i)(x2i)- (15)

Tenep ]_Ii 3HAa4YCHHA MOXHa IIBUIKO O0YHCIIUTH

W BUKOPHCTOBYBaTH Jaji y BHIVISJII  YHCIOBHX
koedimienTis. [IpumycTumMo, o 1e Bxke 3po0IIeHO.
JIBOBHMIPHOT'O

Pigusuus  (8) s BUIIAJKY

MAaTHUMC BUTIJIAL

(G )G D) G=e 0o

[Ticns BUKOHAHHS TPHBIAIBHUX IEPETBOPEHB IIeH
BHpa3 MOKHAa 3aluCcaTH SBHO Yy BHIVIAI CHUCTEMH
JIHIAHAX PIBHIHb

{(511 —Dvy +c1pv, =0,
a7
€311 + (€32 — A)v, = 0.

Il cucTema miHIHHUX PIBHSAHB OCHUTH IPOCTO
PO3B’sI3y€ThCS, O BU3HAYAE TAK 3BAHE XapaKTEPUCTHIHE
piBHSIHHS.  YHachmimok #oro po3B’s3aHHS  MOXKHA
3HAWTH [Ba BJACHUX 3HaudeHHs. Ilicis BIANOBIIHHUX
TiepeTBOPEHb (MiJICTAHOBKY i 0OYMCIICHHS IUCKPUMIHAHTA)
3HAlIeMO JIBa KOPEHI XapaKTEPUCTUYHOTO PIBHSIHHSI
y TaKOMY BUIJISII:

{/11 = 0.5[(c11 + ¢22) +Q1, (18)
Az = 0.5[(c11 + c22) — Q]
Q = (€11 — €22)* + 4cyp” (19)

Jist moOyj0BM HOBOT OPTOrOHANBHOI Ta HOPMOBAHOT
CHCTEMH BHKOPHCTOBYBATHMEMO BEKTOPH OJUHUYHOL
JOBXHHH. Y 1bOMY pa3i 3a3BHYail MPUIYCKAEThCS, IO
Mepmuii  BEKTOp  BIANOBIZAae OLIBIIOMY  BJIACHOMY
3HAYEHHIO, a APYTUH — MEHILIOMY BJIIACHOMY 3HA4YEHHIO.

3 MPaKTUYHOTO MOTJISILY TEPETBOPEHHS KOOPAWHAT
TOYOK Y HOBY CHCTEMY KOODJHMHAT BiAIOBiJa€ MPOCTOMY

o0epTaHHIO ¥ BUTIISAIL

{ x'y = cos(8)x; + sin(0)x,, (20)
x', = —sin(0) x; + cos(0) x,.
Tyt
cos(0) = vy,
21
{sin(&) = vy, 1)
3HaYeHHA V;; 1 Vqp, SKi  BU3HAYAIOTHCS
3a  ¢opmymoro (18) Ta yMOBOKO  HOPMYBAHHS,
OOYHUCITIOIOTHCS] TAKUM YHHOM:
{ _ (c12)?
Vi1 = [ﬁ
(c12)*+(A1—c11) 22)

S (A1-¢11)?
12 (€12)2+(A1—c11)?’
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IM{omo peamizamii OOYHCICHb IOMUIBHO 3HAUTH
3HAYEHHS V44 1 Vq, OJMH pa3 1 MOTIM BUKOPHCTOBYBATH iX
y iTepaniiHOMy ITepeTBOPEHHI KOOPAWHAT TOYOK.

OO0uuc/eHHs JiHIITHUX po3MipiB
MeTaJ1eBOro pparMeHTa

IIporpamua peasnizauis

[licns ueHTpyBaHHS KOOPIMHATHOTO MPOCTOPY
i 3acTocyBaHHS MeTony OCHOBHHX KommoHeHT (MI'K)
KO)KHa TOYKa HA0Opy JaHHX IOJaHa B HOBIH cucTeMi
KOOpAWHAT, OCi SKOi Opi€HTOBaHI BIATIOBIAHO IO
HAMpPsAMKIB HaiOiLIbmIol qucrepceii Touok. Takuit miaxif
JorioMarae 3HagHO CIIPOCTHTH BH3HAYCHHS TrabapuTiB
00’€eKTa, 30KpeMa MeTaJIeBOro (hparMeHTa.

Y HOBIl cEcTeMi KOOPIUHAT OOYHCIICHHS JIIHIHUX
pPO3MIpIB  3BOAMTHCS O BHU3HAUCHHS BIACTaHI MK
KpaifHiMH ToYkam# (MiHIMyMH # MaKCHMyMH) B3IOBXK
KO)KHOT 3 TPhOX OCHOBHHX ocei. [ kokHOi oci i €
{1,2,3} oOumcnroeTbCcs pI3HUNOS MDK HAHOUTBIINM 1

HalMEHIITNM 3HAaYEeHHIM KOOpAWHATH:

(Lo =xM.-x0} i=123 @)

MaxkcumanpHe 3HAYEeHHS — II¢ JOBXKHHA (parMeHTa,
MEHIIE — 0ro NIMPUHA, a HaMEHIIIE — BUCOTA.

Takuil migxijg Aa€e 3MOry OJHO3HAYHO BU3HAYUTHU
rabaputu 00’€KTa 32 YMOB, KOJIM JIaHi € OYUIICHUMH BiJ
IIyMy, a BOKCEJIl TOYHO BiJAMOBINAIOTh METAJICBOMY
MOJENb OIUHKA €

¢dparmenty. Y 1mpoMy  pasi

MaKCUMaJlbHO TPOCTOI0, MPO30pOI0 U peajizariii
Ta Ja€ BHCOKYy TOYHICTh HAaBITh 3a MiHIMATBHIX
00YHCITIOBAILHUX BUTPAT.

[Ipote B TpPaKTUYHUX YMOBaX PEKOHCTPYKIIi]
KT-panux 00’€eKkTH

300paxeHb 3 HEpiKo

CYTIPOBO/IKYIOTECS €(DEKTOM TiHi, SKHH YTBOPIOETHCS
CTPYKTYp i3
BHIIPOMIHIOBaHHAM.  Taka  TiHb

BHACJIJIOK  B3aEMOJIi  METaJleBUX
PEHTTeHIBCHKIM
NPU3BOJUTE JO0 PO3MHUTTA KOHTYpIB 1 JONYYEHHsS [0
MHOXHHHM TOYOK O0O0’€KTa BOKCEJIB, II[0 HE HaJeXaTb
(dparMeHTy, aje MamTh OPOMDKHY  IIUTBHICTE.
Le crioTBOpIOE peanbHi po3Mipl 00’ €KTa B HOBiH crcTeMi
KOOPJMHAT i 3HUKYE TOYHICTH OIiHKH.

VY 3B’A3Ky 3 MM MOAETb JIiHIHHOTO BHMIipIOBaHHS,
nogana B (23), morpebye BIOCKOHAJIEHHS CHOCOOOM
BpaxyBaHHS 30H TiHI Ta TMOOYIOBH KOPHUTYBaJbHHUX
NPOTHO3HUX  aJrOPUTMIB,  SIKi

JAl0Th  3MOTy

Bin(IIBTPYBaTH HEBIPOTiNHI TOYKM HAa OCHOBI iX
MPOCTOPOBOTO PO3TaIllyBaHHS, MIUILHOCTI W TOMOJIOTII,

IO 1 € B IJTaHaX aBTOPIB.

Y  Mexax Oporo  JOCHI[DKEHHS  CTBOPEHO

CIrelianai3oBaHe MporpamMHe 3a0e3MeueHHs VTS
aBToMaTH30BaHOTO 00poOeHHss KT-manux i oniHIOBaHHS

JIHIKHUX PO3MIpPIB MeTaJIeBUX (pparMeHTiB.

3arpornoHOBaHUH METOA ABTOMaTHU30BaHOTO
BUCOKOTOYHOTO  BHMIpIOBaHHA  JIIHIHHUX  PO3MIpiB
peanizoBaHO y BHDISAAI NPOTPAMHOTO  KOMIUICKCY,

o 3abesneuye o0pobsmeHHs MeanuHux KT-300paxkeHnb
i OOYMCIIEHHS TMPOCTOPOBUX BIIACTHUBOCTEH 00’€KTa.
[Iporpamua peanizaiis BUKOHYETbCS 13 3aCTOCYBaHHSIM
moBu C# st OCHOBHOI JIOTIKM B3aeMOmil 3 JaHHMH,
iHTepdeiicy KopucTyBaya Ta YIpPAaBIIHHS MPOLIECOM,
a Ttakoxkx Python — mns marematwmaHOrO 00pOOIIEHHS
JMaHWX, 30KpeMa  peanmizaiii METOAy  OCHOBHHX
komnoneHT (PCA).

ApXiTeKTypa MporpamMHOro 3a0e3NedYeHHs] MOJYJIbHA.
Jlo OCHOBHUX KOMITOHEHTIB HaJIXKATh:

® MOJYJb IMIOPTY # AekoayBanHs DICOM-nanux;

® MOIYJIb TPUBHMIPHOTO BiITBOPEHHS BOKCEIBHOI
MAaTPHIIi IIIEHOCTI;

e MOJIyJTb aBTOMATHYHOI CErMEHTallii MeTajeBUX
TIJT 13 300pakeHb;

e MOJyJIb O0UNCIICHb PO3MIpiB Ta Opi€HTaii;

e (OJIOK BUBE/ICHHSI PE3YJIbTATIB 1 MIATOTOBKH 3BITIB.

VYei pmami  oOpoOistroThess  aBTOMaTW4HO. Ilicms
3aBaHTaxkeHHs DICOM-ogaiiny cucrema camocTiiiHO
BHKOHY€ CETMEHTAIlil0, IIEHTPOBAaHO BHUPIBHIOE JaHi,
dbopMye KoBapialliiiHy MaTpUIO, OOYUCIIIOE OCHOBHI
KOMIOHEHTH, BH3HA4Ya€ pealbHi KOOPAWHATH BOKCETIB
i oOumcmioe IiHIMHI po3Mipu 00’ekTa. PesynbraTn
HaJaloThCsl KOPUCTYBady Y BHIJIAII YHCIIOBUX 3HAYCHB,
rpadigHUX Bi3yamizailii i 30epexeHux (haiis.

IIporpamue  3abe3nedeHHs

TapaHTy€  BHCOKY

HAJIMHICTh, MAaCIITA0OBaHICTh 1 MOPUIATHICTH JIO
iHTerparnii B Ol iHpopMamiiHO-aHAITHYHI pilIeHHS,
1[0 3aCTOCOBYIOTHCS Y BIMCHKOBIM MEIMIIMHI Ta CyIOBO-
MeIMYHIH eKCIepTH3i.

Bisyasizamiss NmpocTOpOBUX CTPYKTYp METaJIEBUX
(parMeHTiB € HEBil'€MHHUM CKJIQJHHKOM 3alpONOHOBAHOI
cucteMd. Bona pmae 3Mory He JuMIIe MiATBEpAUTH
TIPaBUIIBHICTG BHUKOHAHOI CETMEHTalii Ta OOYHCICHB,
a W 3a0e3neynTd IHTYITUBHO 3pO3yMiJle CHPUIHATTS
pe3ynpTaTiB MeOUYHUMH (axiBmsaMu. s peamizamii
Bi3yaJIbHOTO MOJAaHHS 00 €KTIB BUKOPUCTAHO IIATGOpMY
Unity, sxa 3abe3mneuye

TPUBHMIPHY IHTEPAKTUBHY

BI3yaJli3allil0 BOKCEJIbHHUX CTPYKTYP 1 YMOKIJIHMBIIIOE
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MmacuitabyBaHHs, oOepTaHHs ¥  aHamiz  Mozedi

B peaibHOMY 4aci (puc. 1).

Puc. 1. 3aranbHuii iad pe3ynbTaTty ekcrepuMeHTy Ne 2
(medinka): yci 24 MetanaeBux GpparMeHTH B Oprai
YCIIIITHO 3HAMEH] i 9ac cerMeHTanii

Cuena B cepenoBuiii Unity OyayeTbcsi HA OCHOBI
OTPUMaHOI Micisl CerMeHTalii BOKCENbHOI MOIENi, 10
SIKOi 3aCTOCOBAHO TOMEpeaHe OOpOOJICHHSA: BUIIYYCHHS
TIHROBHX 30H, BUJAUICHHA spa (parMeHTa W moOyaoBa
fioro obosnonku. KoisipHe KOIyBaHHS Ja€ 3MOTY
PO3pI3HATH MIUIbHI YacTWHHM (parMeHra, HOro TiHb
i ¢on. Takox peanizoBaHO MOXKIIMBICTH YBIMKHEHHS
W BUMKHEHHS OKpEMHX MIapiB Bidyamizauii (Hampukiaz,
MeXi, TiHb, KOOpPJMHATHA CITKa).

Ili MOXJMBOCTI € BaXKIUBUMH I BepUpikariil
ANTOPUTMIB,  IHTEPaKTHBHOTO  aHamily  00’€KTiB
1 Tpe3eHTalii pe3yJjbTaTiB y HAyKOBHX a00 KIHIYHHX
3BiTax. Y pasi MOJKHA

motpebu  Unity-ciieny

ekcrioptyBaTh y Qopmari 300paxeHb, Bigeo abo

3D-moneneit (manpuknan, *.obj, *.fbx), mo chopuse
iHTerpauii 3 IHIIUMHM cHCTeMaMH Bizyaiizamii abo
MEIMYHOTO IUIaHyBaHHS.

Xoua 3a ocHOBY B3sT0 Unity, po3pobieHa cucrema
He O0OMeXeHa KOHKPETHOIO IUIATGOPMOIO: BCI €IeMEHTH
Bizyamizamii MOXyTh OyTH ajganToBaHi 10 OyIb-sIKOTO
IHIIOTO IPOTPaMHOTO  CEPEellOBHUINA, SKE IMIATPUMYE
TpuBUMIpHY Tpadiky i 0OpoOIeHHsT BOKCETbHUX JaHUX.
3aBAgKH IBOMY CHCT€Ma € THYYKOI0 Ta JIErKo
BOYZOBYETBCS B HasBHI po0OYi TPOIECH MEIUYHHUX

yCTaHOB 200 JOCIITHUIIBKUX JJabopaTopii.

Pe3yJ’lLTaTl/I CKCIICPUMEHTAJIBHOI'O JOCIIZKEHHS

Jns  mepeBipkn  ToyHOCTI ¥ eeKTHBHOCTI
3alIpONIOHOBAHOI MOJENi Ta MeToAy OyJIo IPOBEAEHO
Cepil0 eKCHEepPHMEHTIB 13 BHUKOPHCTaHHSIM pPEAbHUX
MEIMYHUX  300paKeHb  KOMIT'IOTEpHOi  ToMorpadii.
ExcriepumenTty 3xilicHIOBanucsl Ha 3pa3Kax OioJOTidHOT
TKaHMHU (JIETeHI, Ie4iHKa, KUIIKIBHUK CBHHI), B sIKi OyJIn
IMIUTAaHTOBaHI MeTaleBi (parMeHTH 3aBIOBXKKH Bix 5 110
15 mMM. Sk ¢parmMeHTH 3aCTOCOBYBANIUCS YaByHHI i
3aJi3Hi yJIaMKH, a TAKOK Hapi3aHi IBSXH Ta APIT

3aranom Oyno jocimimkeHo 72 ¢parMmeHTH,
pO3TamIoBaHi B Pi3HUX MPOCTOPOBUX MOJOXKCHHAX 1 ITiJT
pI3HMMH KyTaMu [0 IUIOLIMHH CKaHyBaHHs (puc. 2).
Tomorpadiuni 300paxkeHHs 30epirammucs y ¢opmarti
DICOM i o0poOuisiincst aBTOMAaTHYHO 32 JOTOMOTO0
3aIIPONOHOBAHOTO MPOrPAMHOr0 KOMIUIEKCY. Y Ci eTanu —
BiJ] IMITIOPTY 10 OTPUMAaHHS Pe3yJIbTaTiB — BUKOHYBAJINCS

6e3 yuacri omeparopa.

Puc. 2. YaBynnwit (a) i 3amizauii (6) pparMeHTH, SIKi BHKOPHCTOBYBAIHCH MiJ] Yac €KCIIEPUMEHTY; Bizyaismist y Unity (B, T)

Jns mepeBipKy TOYHOCTI Pe3yIbTaTH aBTOMATHIHOTO
OLIIHIOBAHHS TIOPIBHIOBAJIMCS 3 €TaJOHHUMH PO3Mipamu
(hparMeHTiB, sKi OyiH 3a37aleTigh BUMIPSAHI eKCIIepTaMu
BpY4HY Iiepe]] IMIUIaHTalier0 B OIlOJOTiYHI TKaHHHU.

OCHOBHMM TIOKa3HMKOM TOYHOCTI Oyna BimHOCHA
oxXH1OKa OLIHFOBAHHS.
Y  Tabmn.

CKCIICPUMECHTAJIbHUX I[OCJ'[iI[)KeHI). ﬂ]’[ﬂ KOXHOI'0 3pa3ka

1 HaBemeHO Yy3araJbHEHI pe3yNbTaTH
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Marepialy HaJaHO CepelHe 3HAYEHHS MaKCHMalbHOi
IIiJbHOCTI 00’€KTIB 3a IKanor XayHchurga B pi3HHX

opraHax (JereHi, TMeYiHKa, KHIIKIBHUK), a TaKOX

004YnCIIeHO BIHOCHY TMOXMOKY BHMiproBaHb. JlOCSTHYTI

pe3ynapTaTd  AAOTh  3MOTY  OIIHHUTH  PO301KHOCTI

B OOYMCIIEHHI BIZHOCHOI TIIOXMOKM 3aJ€XHO Bij
AaHATOMIYHOI JAUISHKM W THIy Marepially, a TaKoX
MIATBEPKYIOTh  CTaOUIBHICT  PO3POOJICHOTO  METOAY

00po0GIIeHHSs 300pakeHb.

Ta6auus 1. Vzacanvheni excnepumenmanvri pe3yibmamu NOXUOKU GUMIPIOBAHHS 8 PIHUX OP2aHAX

Jlereni Ileuinka KurikiBHuK
LIIBHICTE nmoxuoka LIUTBHICTH nmoxuoka IIBLHICTE HOXHOKa
YapyH 8282 0,026 9296 0,034 8337 0,023
3aiizo 19579 0,018 19000 0,027 18655 0,026
LBsix 16582 0,055 18051 0,056 20120 0,056
AoMiHIH 2044 0,027 2063 0,054 2159 0,057
Minn 23620 0,060 26597 0,059 25262 0,078
AHai3 pe3ynbTaTiB MPOJEeMOHCTPYBaB, IO Y ITOHAT KpiM 1pOTO, BCTAHOBIEHO, IO HA TOYHICTh

90% BumankiB moxuOka He mepesumye 5%, a iHOAI
OCATAETHCS TOUHICTE 98-99% BiAMOBIAHO 10 €TAJIOHHUX
3HayeHb. CepelHE BIAXWICHHS 32 BUOIPKOK CTAaHOBHIIO
MeHme HiX 3%, IO CBIAYNTH IPO BUCOKY HAMIHHICTH
1 BIATBOPIOBAHICTh METOY.

Takox Oyi0 mepeBipeHo BIUIMB Pi3HUX MOPOTOBUX
3HaueHb Tgoq Ta T,, Ha PE3YJIBTATH BHMIPHOBAHHSL.

JloCTiKeHHS MATBEPIUIO, IO aBTOMAaTHYHE aalTHBHE
BU3HAYCHHS IMX MapaMeTpiB 3abe3mnedyye CTaOLIbHICTh

MeTony BHaCJ'IiHOK 3MIHH YMOB CKaHyBaHHA

/i TUILy TKaHUHHU.
HocsrayTi

pe3yiabTaTh  JACMOHCTPYIOTH  BHCOKY

TOYHICTb, HAJIMHICTh 1 TPAKTHYHY MPUAATHICTH

PO3pobIeHOi cHUCTEMH [UIi BUKOPHUCTAHHS B MEAWYHIN
MPaKTHIli, 30KpeMa B YMOBaX BIiiCbKOBOT MEIUIIMHHM, JIE
HajgifiHe  OLIHIOBaHHS

noTpibHe  omepaTMBHE U

BJIACTHBOCTEH 4y>KOPITHHUX TiJ.

OOroBopeHHs pe3yJIbTATIB

BUMIPIOBaHHSI MOXYTh BIUIMBaTH MeTaieBi apTedakTu i
epeKT TiHi, MO BHW3HAYAE JOIUIBHICTD MOIAIBIIOTO
BJOCKOHAQJICHHSI ~aJTOPUTMIB  (imbTpanii TpaHUYHHUX
BOoKcemiB. He3Bakaioum Ha 1€, JOCATHYTI pe3yJIbTaTH
MATBEPKYIOTh IPAKTUYHY €(EeKTUBHICTH PO3POOIIEHOTO

MiAXOMy U aBTOMAaTH30BaHOTO anamnizy KT-naHux.

BucnoBxku

PesynbraTi  €KCIIEPUMEHTAIBHOIO  JIOCIIHKEHHS

MIPOJICMOHCTPYBAIM  CYTTE€BE INJBHIIEHHS TOYHOCTI
BUMIPIOBaHHS JIHIMHUX PO3MIpIB TPUBUMIPHHX 00’ €KTIB
3a pganmmu KT. Bimomo, mo B pa3i 3acTrocyBaHHA
TPamUIMHUX TMIiAXOMIB 0€3 CHelialbHUX aJITOPUTMIB
MIPOCTOPOBOTO BHPIBHIOBAHHS M aJlallTUBHOI CerMEeHTAalli{
MOXUOKH,  3YMOBJIGHI  MeTaleBUMH  apTedakTamu
I JOBUIHHOIO Opi€HTali€l0 00’€KTa, MOXYTh JIOCSATATH
JIECATKIB  BIZICOTKIB. 3aCTOCYBaHHSI 3alpOIOHOBAaHOTO
METOJly Jajl0 3MOTY 3MEHIIMTH ITOXHOKY BHMipIOBaHHS
0O piBHS MeHmoOro HibK 5%, 110 MOiATBEPIKYE
e(EeKTHUBHICTh TOEJHAHHS MIPOCTOPOBOIO BHPIBHIOBAHHS
Ha OCHOBI aHaNizy

OCHOBHHX KOMIIOHCHT

1 IBOCTYTICHEBOI a/IalTHBHOT IIOPOT'OBOi CETMEHTALlil.

JlocimKeHHs 1ano 3MoTy po3poOUTH 1 MporpaMHO
peanizyBaTH METOJI aBTOMAaTH30BAaHOTO OILIHIOBAHHS
JHHIAHUX PO3MIPIB METaNeBUX (PparMeHTIiB 3a MOKa3HUKAMU
KoMIT'toTepHoi Tomorpadii. 3ampornoHOBaHUN  iIXif
TIOEJJHYE aBTOMAaTHYHY CETMEHTAIlil0, OpIEHTAIil0 00’ €KTa
32 METOZIOM OCHOBHHMX KOMITOHEHT 1 BH3HA4€HHS IOTro
IIPOCTOPOBHUX BJIACTUBOCTEH Y HOBiH CHCTEMI KOOpAWHAT.

Po3pobiniere mnporpamHe 3a0e3medeHHs MPOMILIO
0  MICTSTh

anpobanito Ha Habopi 3 72 3paskKis,

MeTaneBi  (parmMeHTH B OIOJIOTIYHHMX  TKaHWHAX,
1 TPOJEMOHCTPYBANO BHCOKY TOYHICTh BHUMIPIOBAHHS.
3nebinbiioro moxmbka He mepeBuiryBaga 5%, 110
CBIIUYUTh TPO HAMIHHICTE PO3POOJICHOTO METOIY
B YMOBax MPaKTUYHOTO 3aCTOCYBaHHSA. BaxxinmBO Takox,
oo JaHi 0oOpoONstoTBCS — aBTOMatW4HO. lle 3HaYHO
MIIBUIIYE OMEPATHBHICTh MPUUHITTS MEIUYHHX PillIeHb
Y CKJIATHAX 200 KPUTUIHUX CUTYAITisIX.

BizyanizauiiHuii CKJIQJHUK PIlICHHS Ja€ 3MOry
HE JIWINE MiATBEPIHKYBATH MPABWIBGHICTH T€OMETPUIHOT

OLIIHKH, ane W TojaTh pe3yibratd y Qopmi, 3pydHii

JUIA  TOJANBIIOTO  KIIHIYHOTO 200  eKCHEpPTHOTO
aHaIi3y. REVNEING BUKOPHCTaHHIO CY4acHOT0
MIPOTPaMHOTO  CEpeIOBHINA  Bizyaiizamii cucremMa €

aIanTOBaHOK 10 NOTPeO SK MPAKTHYHOI METUIIMHH,
TaK 1 HAYKOBUX JIOCIIiPKEHb.
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[lomampmmii  PO3BHTOK  MPOEKTY  mepexdadae

NOrMUONEHHS ~ alrOPUTMIYHOI  YacTHHM,  30Kpema
PO3LIMPEHHsI MIIXOMIB 10 aHalli3y 00 €KTIB y CKIAIHHX
CepeloBHIIAX, a TaKoX pO3POOJICHHS MeXaHi3MiB
aBTOMAaTHYHOTO HAJAIITYBAaHHS IapamMeTpiB 00pOoOIeHHS.
OpHUM i3 B@KIMBUX HampsMIB TaKoX € IHTerparis
pe3ynpTaTiB Yy TOBHOLIHHI MeawyHi iH(popMamiiHO-
AQHAJTITUYHI CHCTEMU Uil MiJIBUIIEHHS e(QEeKTHBHOCTI
KITIIHIYHO IarHOCTHKH.

OTmxe, 3ampolOHOBaHAa MOAEIb 1  aJITOPUTM
JIEMOHCTPYIOTh BHCOKY MpPaKTHYHY IIHHICTH 1 MaloTh
3HAQUHUH TOTEHLIal /I IOJAJBIIOT0 3aCTOCYBAaHHS
B yMOBax BiICEKOBOI

MEINUIINHI KaracTpod,

Ta CyZ[OBO.I. MCIOUIIVHU.

KonguikT inTepeci

JocTynHicTh 1aHuX

JlaHi, BUKOpHUCTaHl y LbOMY IOCIIJKECHHI, OyayTh
HaJaHi aBTOPaMH 32 OOTPYHTOBAHUM 3aITUTOM.

BuxopucranHsi 3aco0iB IITY4HOI 0 iHTEIEKTY

ABTOpH JEKJIApyIOTh, IO HE MAalOTh KOHQIIKTY

iHTepeciB,  30Kkpema  (iHAaHCOBOTO,  OCOOHCTOrO,

AaBTOPCHKOTO YH OyAb-SKOTO iHIIOTO XapakTepy, SKUi

[Tlix 4vac  mMATOTOBKM  pPYKONHCY  aBTOPHU
3aCTOCOBYBAJHM IHCTPYMEHTH IITYYHOTO  IHTEJIEKTY
TITBKM ~ JUIS  JIOTIOMDKHOI ~ TIepeBIpKM  MPaBOIHUCY

W TpaMaTHKH TEKCTy. 30KpeMa BHKOPHCTAaHO MOBHI
iHcTpymentn Grammarly #f moBHy Mmomens GPT-5.3
(OpenAl)  mns

(parMeHTiB TEKCTY.

TEXHIYHOI  TEpeBIpKH  OKPEMHX

IacTpymenTn LITyYHOTO IHTENEKTY HE

3aCTOCOBYBAINCS Ul HAYKOBOTO aHaji3y, oOpoOieHHs
MMOKa3HUKIB,

€KCTIEPUMEHTAIbHUX noOynoBH

MaTeMaTUYHHUX MoJelIe abo dhopmyBaHHS
pe3yIbTaTiB JOCHTIHKEHHS.

Vei HayKOBi IMMOJIOKEHHs, METOAU, PE3YyJIbTaTu

Mir OM BIUIMHYTH Ha JIOCHIDKEHHS, a TaKoX €KCIIEPUMEHTIB 1 BUCHOBKH C()OPMYJIbOBAHO CaMOCTIHHO.

Ha pe3yNbTaTH, OMyOIIiKoBaHi B IIiif CTATTI. ABTOpDHM  TIepeBIpMIIM  KOPEKTHICTb  TEKCTy  HiCH

3aCTOCYBaHHA IHCTPYMEHTIB IITYYHOTO  iHTEJIEKTY

®dinaHcyBaHHS i HecyTh TOBHY BIANOBIJAJBHICTh 3a 3MICT CTaTTi.

BukopucranHsi IHCTPYMEHTIB IUTYYHOTO IHTEIEKTY

Hocmixennss  mpoBoamnocss  0e3  QinaHcoBol HE BIUIMHYJIO Ha pe3ylbTaTd JOCHIIPKCHHS Ta
MATPUMKH. HOT0 BUCHOBKH.
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foreign bodies in human tissues and organs. The purpose of the study is to develop a mathematical model and a method for
automated, high-precision measurement of the linear dimensions of three-dimensional objects based on computed tomography results,
with implementation in the form of software. Objectives: to formulate a mathematical model for representing a three-dimensional
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object in voxel space; to develop a method for segmenting metal fragments based on computed tomography results; to propose
a method for spatial alignment of segmented objects based on principal component analysis; develop a method for determining the
maximum linear dimension of an object in a new coordinate system; implement the proposed model and method as software and
experimentally verify the measurement accuracy. Research methods: analysis of tomographic parameters, threshold segmentation
with adaptive selection of threshold values, wave-based algorithm for finding connected components, principal component analysis to
determine the object’s orientation, voxel modeling, and calculation of Euclidean distances between boundary points of
a three-dimensional object. Results. A mathematical model for representing a three-dimensional object and a method for automated
high-precision determination of its maximum linear dimension are proposed. The method was implemented as a software module and
tested on 72 samples of metal fragments of six types embedded in the biological tissues of pig organs. The average deviation does not
exceed 3%, and in the most complex cases remains within 5%, which indicates the high accuracy and stability of the proposed
approach. Conclusions: The developed model and method ensure automated and objective determination of the linear dimensions of
foreign bodies based on computed tomography data without operator intervention. The proposed software can be used in military
medicine, forensic medical examination, disaster medicine, and healthcare facilities where the speed and reliability of diagnostic
decisions are critically important.

Keywords: computed tomography, segmentation, principal component analysis, linear dimensions, DICOM, voxel.
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EXPLANATION DETECTED BRAIN TUMOURS IN MRI IMAGES
USING YOLOVS8 WITH LIME-BASED INTERPRETATION

Relevance. Precise identification of brain tumours in magnetic resonance imaging (MRI) is a critical task in medical
image analysis. Although deep learning—based object detectors achieve high localisation accuracy, their limited transparency
restricts trust and routine adoption in clinical practice, highlighting the need for explainable artificial intelligence (XAI) approaches.
Object of research. The object of this research is the automated detection of brain tumours in MRI scans using convolutional
neural network — based object detection models. Subject of research. The subject of the research is the integration
of YOLOVS object detection models with the Local Interpretable Model-Agnostic Explanations (LIME) method to interpret
individual detection outputs in medical imaging. Purpose. The aim of this paper is to develop and evaluate an explainable framework
for brain tumour detection in MRI images by integrating YOLOv8-based object detection with LIME-based interpretation and
by quantitatively assessing the quality of the generated explanations. Methods. Two YOLOVS variants (YOLOv8n and YOLOVSs)
were trained and evaluated on a publicly available MRI dataset containing glioma, meningioma, and pituitary tumour classes.
LIME was applied to generate superpixel-based, box-conditioned local explanations for individual detections. Detection performance
was assessed using precision, recall, mAP@50, and mAP@50-95. Explanation quality was quantitatively evaluated using stability,
sparsity, maximum superpixel weight, and entropy metrics. Results. Experimental results demonstrate that both YOLOvVS models
achieve high detection performance, with YOLOvS8s providing slightly improved accuracy. LIME successfully highlights
image regions that most influence model decisions, and the proposed quantitative metrics confirm that the generated explanations
are stable, informative, and aligned with clinically relevant tumour regions. Conclusions. The proposed framework provides
a practical approach for combining accurate tumour localisation with interpretable and quantitatively validated explanations,
supporting reliability-oriented evaluation of Al-based clinical decision-support systems.
Keywords: Explainable Artificial Intelligence (XAI); LIME; medical image analysis, brain tumour detection; MRI; YOLOVS.

Introduction

Relevance and an overview of scientific works

The use of artificial intelligence (Al) and machine
learning has become increasingly widespread in modern
healthcare [1]. It aligns with trends in precision and
smart medicine developed under Industry 4.0 [2, 3].
This approach has the potential to reduce human error in
diagnosis and treatment selection [4, 5]. This progress is
particularly evident in medical image analysis, including
ultrasound, X-ray, and magnetic resonance imaging
(MRI) [6]. One of the key challenges in medical image
processing is the accurate and timely identification of
brain tumours in magnetic resonance imaging (MRI) [7].
While deep
localisation and classification performance in medical

learning has significantly advanced
images, its limited transparency restricts trust and routine
adoption in clinical practice [8, 9, 10]. Object detection
models such as the YOLO family offer fast, end-to-end
tumour localisation and class prediction, yet their
decision paths are difficult to interrogate and validate by
clinicians [11]. This motivates explainable artificial
intelligence (XAI) approaches that expose which image
regions and visual cues drive algorithmic decisions,

thereby enabling critical scrutiny, error analysis, and
safer integration into clinical workflows [10, 12, 13].

In neuro-oncology, the tension between performance
and transparency is particularly acute. MRI appearances
of glioma, meningioma, and pituitary tumours can
(biopsy
planning, therapy selection, and follow-up strategies)

overlap, and downstream clinical actions
depend on how much confidence care teams place

in algorithmic suggestions [9]. Beyond general
“interpretability”, healthcare decision support systems
must satisfy broader reliability requirements: stable
behaviour under minor perturbations, robustness to
distributional shifts, traceability of contributing factors,
and explicit treatment of uncertainty. These requirements
have been widely recognised in the reliability engineering
community, including for healthcare applications
where human factors and organisational contexts shape
outcomes, and where aleatory and epistemic uncertainties
must be disentangled and managed [4, 5, 14].

Existing XAI research in medical imaging has
largely focused on classification or segmentation
networks (e.g., U-Net variants for BRATS-style tasks),
with explanation techniques such as Grad CAM/Grad

CAM++ or relevance propagation providing saliency
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maps over the full image [1,3]. However, object
detection, where the model first proposes bounding boxes
and then assigns class confidences, poses distinct
explanation challenges. Post hoc methods must attribute
predictions to a specific detection rather than the whole
should reflect both
classification components

image; they localisation and
and be compatible with
non-differentiable post-processing steps used by modern
detectors (e.g., NMS). As a result, despite encouraging
reports of YOLO-based medical detectors, high-quality,
box-conditioned, and quantitatively assessed explanations
for detection outputs remain underexplored [10, 12, 15].

To address these limitations, the present study
integrates a modern one-stage detector, YOLOvS, with
the LIME framework to obtain local, model-agnostic,
superpixel-based explanations that are explicitly tied
to individual detections (bounding boxes) in brain MRI.
We evaluate two YOLOv8 variants (YOLOvS8n and
YOLOVSs) to study the trade-off between computational
efficiency and both accuracy and interpretability,
following a consistent training and evaluation protocol on
a public MRI dataset comprising glioma, meningioma,
and pituitary tumours. We further complement qualitative
overlays with a set of quantitative explanation metrics:
stability, sparsity, maximum superpixel weight, and
entropy. These metrics are designed to assess how
concentrated, consistent, and interpretable the explanations
are in practice. This combined perspective aims to bridge
performance metrics (precision, recall, mAP@50,
mAP@50-95) with reliability-oriented interpretability
indicators meaningful for clinical decision-making.

From a reliability engineering perspective, quantifying
explanation behaviour enhances the robustness of Al
systems in healthcare. Stable, sparse, and -clinically
aligned explanations facilitate expert verification, support
effective handover between algorithm and clinician, and
mitigate risks associated with spurious correlations [5, 16].

Setting objectives

The aim of this paper is to develop and evaluate an
explainable framework for brain tumour detection in MRI
images by integrating YOLOvS8-based object detection
with LIME-based interpretation and by quantitatively
assessing the quality of the generated explanations.
YOLOVS8-based
object detection models with the LIME explainable
artificial
transparency and reliability of model predictions.

The proposed solution integrates

intelligence technique to improve the

This paper makes the following contributions:

e Conditioned, model-agnostic explanations for
MRI tumour detection. LIME is adapted to generate
box-conditioned superpixel explanations for YOLOVS
detections in brain MRI, enabling clinicians to verify why
a specific bounding box and tumour class were proposed
rather than only viewing global image saliency.

e Quantitative evaluation of explanation quality.
A compact set of interpretability metrics (Stability,
Sparsity, MaxWeight, and Entropy) is introduced and
computed to assess robustness, concentration, and
distribution of importance across superpixels. These
metrics operationalise reliability-oriented interpretability
by linking explanation behaviour to desirable properties
such as robustness and focus.

e Empirical study across model capacities.
YOLOv8n and YOLOvS8s are compared under identical
training conditions and dataset splits to analyse how
model capacity affects detection performance (precision,
recall, mAP@50, mAP@50-95) and the structure and
stability of generated explanations.

e Reliability-aware perspective for clinical Al.
Interpretability is situated within a broader reliability
engineering framework for healthcare, providing
a principled rationale for adopting quantitative XAl
criteria in deployment-oriented evaluations.

The methodology

Dataset

The experimental evaluation was performed using
a publicly available brain tumour MRI dataset designed
for automated tumour detection tasks. The dataset
contains magnetic resonance images annotated with the
position of pathological areas and each image is labelled
according to the tumour type,
meningioma, and pituitary tumours [17].

including glioma,

The dataset was selected due to its compatibility
with object detection frameworks and its suitability for
training YOLO-based models [18]. All images were
resized to a uniform resolution to ensure consistency
during training and inference. The dataset was divided
into training, validation, and test subsets, enabling
objective evaluation of detection performance and
explainability results.

This dataset provides a representative collection of
MRI scans with varying tumour sizes, locations, and
visual characteristics, which enables robust evaluation
of both detection accuracy and model interpretability.
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YOLOv8-based brain tumour detection

Brain tumour detection was performed using the
YOLOVS [19] object detection framework, which is
designed to localize objects within images by predicting
bounding boxes in a single forward pass. YOLOv8 was
selected for its balance between detection accuracy,
computational efficiency, and flexibility for training
on custom datasets.

In this study, two YOLOvVS model variants were
utilised: YOLOvV8n and YOLOv8s. The YOLOvS8n
variant is a lightweight model optimised for fast inference
and reduced computational requirements, whereas
YOLOvVSs provides higher detection accuracy at the cost
of increased model complexity. Comparing these
two variants enables analysis of the trade-off between
efficiency and performance in medical image applications.

Both models were trained under identical conditions
to ensure a fair comparison. Training was conducted
on resized MRI images with a fixed input resolution,
and standard data augmentation techniques were applied
to enhance model generalisation. The models were
optimised using stochastic gradient-based learning and
evaluated using established object detection metrics.

The detection outputs consist of bounding boxes
with associated confidence scores and tumour class
predictions, which serve as inputs for subsequent

explainability analysis using the LIME method.

Explainable Artificial Intelligence (XAl [12]

In recent years, a wide range of explainability
methods has been proposed to address the limited
transparency of deep learning models in medical imaging.
Gradient-based approaches, such as Grad-CAM and
Grad-CAM++, are among the most frequently used
techniques. These methods visualize important regions
by analyzing gradients in convolutional layers, which
makes them relatively fast and easy to apply. However,
their explanations are often coarse and heavily dependent
on the model's internal architecture. Moreover, they
are mainly designed for classification tasks and may
not fully capture localized decision regions in object
detection scenarios.

Another group of methods is based on relevance
propagation, such as Layer-wise Relevance Propagation
(LRP). These approaches aim to trace the model’s
prediction back to individual input pixels, providing
detailed relevance maps. While this can provide fine-
grained explanations, LRP requires direct access to
the model's structure and careful adaptation to specific

architectures, limiting its flexibility when working with
complex detection models.

Perturbation-based methods, such as SHAP and
LIME, explain predictions by modifying parts of the
input and observing changes in the model's output. SHAP
is grounded in game theory and provides consistent
feature importance estimates, but its computational cost
becomes high for image-based data. This can limit its
practical use in real-time or large-scale medical imaging
applications.

LIME offers
alternative. It generates local explanations by approximating

a more practical and intuitive

the complex model's behaviour for a single input using
a simple, interpretable model. In the case of images,
LIME operates on superpixels, which correspond to
coherent image regions and are easier for humans to
interpret. This allows LIME to clearly highlight areas that
positively or negatively influence the model’s decision.
The choice of LIME in this work was motivated by
several factors. First, LIME is fully model-agnostic and
can be directly applied to YOLOvS without modifying
the detection architecture. Second, its focus on local
explanations aligns well with clinical requirements,
where understanding individual predictions is more
important than global model behaviour. Finally, LIME
both visual and numerical

provides explanations

importance values, enabling not only qualitative
assessment but also quantitative evaluation of explanation
stability and relevance. For these reasons, LIME was
considered a suitable explainability method for interpreting

brain tumour detection results in MRI images.

LIME-based explanation of detection results [20]

To enhance the interpretability of the proposed brain
tumour detection framework, the Local Interpretable
Model-Agnostic Explanations (LIME) method was
applied to the YOLOv8 model predictions. LIME is
a perturbation-based explainable artificial intelligence
technique that provides local explanations for individual
predictions by approximating the behaviour of a complex
model in the neighbourhood of a specific input instance.

In the context of MRI image analysis, LIME first
segments the input image into superpixels, which
represent homogeneous, spatially coherent regions.
These superpixels serve as interpretable components
that can be selectively modified. LIME then generates
a large number of perturbed samples by randomly
masking different combinations of superpixels, while
keeping the remaining

regions unchanged. Each
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perturbed image is subsequently processed by the trained
YOLOVS detection model.

Based on the variations in the model’s predictions
across these perturbed samples, LIME estimates the
contribution of each superpixel to the final detection
outcome. A locally weighted linear model is fitted to
approximate the complex decision function of YOLOVS
in the vicinity of the analysed prediction. The resulting
coefficients of this surrogate model reflect the relative
importance of individual superpixels, with positive
weights indicating regions that support tumour detection
and negative weights indicating regions that reduce
the confidence of the prediction.

In this study, LIME was applied specifically to
bounding box predictions for detected tumour regions.
The generated explanations were visualised by overlaying
the most influential superpixels onto the original MRI
images, enabling intuitive qualitative assessment of the
model’s attention. This visualisation enables verification
that the model relies on clinically meaningful tumour
regions rather than irrelevant background structures.

Evaluation metrics

The performance of the proposed brain tumour
detection framework was evaluated using standard object
detection metrics and dedicated explainability metrics
to assess the quality of LIME-based explanations.

Detection performance was measured using
precision, recall, and mean average precision (mAP).
Precision is the proportion of correctly detected tumour
regions among all detections, while recall measures the
model's ability to identify all relevant tumour regions.
The mean average precision was computed at
an intersection-over-union threshold of 0.50 (mAP@50)
as well as across multiple thresholds ranging from 0.50 to
0.95 (mAP@50-95), providing a
assessment of detection accuracy [21].

comprehensive

To quantitatively evaluate the interpretability of
LIME-generated explanations, several complementary
metrics were used, each capturing a different aspect of
explanation quality. Together, these metrics provide a
more comprehensive understanding of how the model
distributes attention across image regions and how
reliable the generated explanations are.

Let x denote an input MRI image. Using LIME,
the image is segmented into N superpixels

S = {Sl' Sz, ""SN}'

Let ddenote a single detection produced by
YOLOVS, defined by a bounding box and its predicted
tumour class.

LIME
perturbed samples using an interpretable binary vector

For explanation purposes, represents
z € {0,1}", where 3; = 1 indicates that the superpixel s;
is present (not masked) and z; = 0 indicates that
it is masked.

LIME approximates the behaviour of the detection
model in the neighbourhood of image x with respect to

detection d using a local linear surrogate model:

N
9@ =Fo+ Y Fize

where f5; € R represents the importance weight assigned
to superpixel s;.

Let B = (B1, B2 -, By) denote
superpixel importance weights for a single explanation.

the vector of

Stability measures the robustness of explanations to
small perturbations in the input image. For a given
image x, LIME explanations are generated multiple times
under slight input variations (e.g., noise injection,
repeated perturbation sampling).

Let g0 = (ﬁl(k), ﬁz(k), " ng)) denote the vector of
superpixel importance weights obtained in the k-th run,
k=1,.. K.

Stability is defined as the mean standard deviation
of superpixel weights across runs:

N
1
Stability = Nz swd (8L, P, ..., B,
i=1

Sparsity quantifies the proportion of superpixels that
have a non-negligible contribution to the explanation.
Sparse explanations involve only a limited number
of influential regions, making them easier to interpret
and more clinically meaningful. In contrast, lower
sparsity values indicate that the model relies on a broader
spatial context.

Let 7> 0denote a threshold defining
“non-negligible” importance (e.g., T = 0.01 - max; | §; I).

small

Define the indicator:
I = {1, [Bi 1>,
L 0, otherwise.
Sparsity is computed as:

N
1
Sparsity = NZ I;.

=1
MaxWeight represents the maximum absolute

importance value assigned to a single superpixel.
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This metric highlights the most influential image
region contributing to the prediction and provides insight
into whether the model relies strongly on a dominant
area. A higher MaxWeight value suggests that a specific
region plays a critical role in the detection decision,
which is desirable when this region corresponds to the
actual tumour location.

MaxWeight captures the strength of the most
influential superpixel in the explanation:

MaxWeight = ig}fl..),(N [ B; I.

Optionally, normalized by the sum of absolute
weights:
max | B; |
Z?’:l I B] |.

Entropy evaluates how the importance weights are

MaxWeight,,orm =

distributed across all superpixels. Lower entropy values
indicate that importance is concentrated in fewer regions,
leading to clearer, more interpretable explanations.
Higher entropy, on the other hand, reflects a more
uniform distribution of importance, suggesting that

multiple regions jointly influence the model’s decision.
First,

a probability distribution:

B
O T
Entropy is then computed using Shannon entropy:

normalize absolute weights to obtain

1,..,N.

N
Entropy = —Z pilog,(p),
i=1
where terms with p; = O are defined as contributing
zero to the sum.

All explainability metrics were first computed at the
level of individual detections and then averaged over
correctly detected tumour instances in the test set.
The practical computation of these metrics was
performed under the following assumptions:

e LIME explanations were generated using the
same number of superpixels and perturbation samples
across all experiments.

e Stability was computed using repeated LIME
runs on the same image.

e Sparsity threshold twas defined relative to the
maximum absolute weight to ensure scale invariance.

e Metrics were averaged over correctly detected
tumour instances to obtain representative values.

From a reliability engineering perspective, stability
relates to robustness under uncertainty (epistemic
variability); sparsity reflects importance concentration

and cognitive interpretability; MaxWeight aligns with

factor dominance in importance analysis; entropy
captures uncertainty dispersion across decision factors.
The combination of detection and explainability
metrics enables joint evaluation of model performance
and transparency, which is essential for assessing
the suitability of deep learning models for clinical

decision-support applications [13, 15].

Experimental Results

The experimental evaluation was conducted to
assess both the detection performance and the
explainability of the proposed framework for brain
tumour detection from MRI images. The experiments
focused on comparing two YOLOvV8 model variants and
analysing the interpretability of their predictions using the
LIME method. All experiments were conducted under

identical settings to ensure reproducibility.

Software implementation and Python libraries

The proposed framework was implemented in
Python due to its extensive ecosystem of libraries
for deep learning, image processing, and explainable
artificial intelligence, as well as its widespread adoption
in medical image analysis research.

The YOLOVS detection models were implemented
using the Ultralytics library, which provides an efficient
and user-friendly framework for training, evaluating, and
deploying state-of-the-art object detection models.
This library was used for model configuration, training,
inference, and evaluation, including the computation
of detection performance metrics.

The LIME library was employed to generate
explainable visualizations of model predictions.
Specifically, the lime image module was used to produce
local explanations based on superpixel perturbations,
enabling interpretation of YOLOVS detection results
without requiring access to the internal architecture
of the model.

For image preprocessing and superpixel segmentation,
the scikit-image library was utilized, particularly the
skimage.segmentation module. This library was used to
divide MRI images into homogeneous regions required
for LIME-based explanations. Additional numerical
computations were performed using NumPy, while
visualization of results was carried out with Matplotlib,
which was used to generate figures, heatmaps, and

annotated MRI images.
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Together, these Python libraries enabled efficient
the
explainability pipeline,

implementation  of proposed detection and

ensuring reproducibility of
experiments and facilitating comprehensive analysis

of both model performance and interpretability.

Training setup

The YOLOv8n and YOLOVS8s models were trained
using the Ultralytics framework on annotated MRI
images under identical training conditions to ensure
fair comparison. All input images were resized to a fixed
resolution of 640 x 640 pixels prior to training.

Both models were trained for 40 epochs with
a batch size of 16, using stochastic gradient-based
optimization. Standard data augmentation techniques,
including geometric transformations and intensity
variations, were applied to improve model generalization.
The

and testing subsets.

dataset was divided into training, validation,

Early stopping was applied with a patience of
5 epochs, meaning that training was terminated if no
improvement in validation performance was observed
over five consecutive epochs. Model weights were
automatically saved during training, and the version
achieving the best validation performance was selected
for final evaluation on the test set.

Detection results

The detection performance was evaluated using two
variants of the YOLOvVS8 object detection model, namely
YOLOvVS8n (nano) and YOLOvVS8s (small), which differ in
terms of model complexity, number of parameters,
and computational requirements. The YOLOv8n model
represents a lightweight architecture optimized for faster
inference and lower hardware demands, whereas
YOLOv8s offers increased representational capacity,
enabling more accurate feature extraction at the cost
of higher computational load.

Both models were trained under identical conditions
using the same annotated MRI dataset and the same
training and validation splits. To ensure a fair and
objective comparison, performance evaluation was
conducted on an independent held-out test set that was
not used during training or validation. This approach
minimises the risk of overfitting and allows assessment
of the models’ generalisation ability.

Table 1 summarizes the quantitative detection
results obtained by the evaluated models. The YOLOvVS8s

model achieved higher precision and recall values

compared to YOLOVSn, resulting in improved mean
average precision across both evaluated IoU thresholds.
This performance gain reflects the ability of the larger
model to capture more complex visual patterns present
in MRI images.

Table 1. Detection performance comparison of YOLOVS
models

Metric YOLOvSn YOLOv8s Difference
Overall performance ‘
Precision (P) 0.889 0.906 +0.017
Recall (R) 0.863 0.871 +0.008
mAP@50 0.918 0.927 +0.009
mAP@50-95 0.700 0.713 +0.013
Glioma ‘
Precision (P) 0.802 0.823 +0.021
Recall (R) 0.713 0.768 +0.055
mAP@50 0.812 0.834 +0.022
mAP@50-95 0.519 0.545 +0.026
Meningioma l
Precision (P) 0.945 0.972 +0.027
Recall (R) 0.937 0.937 0.000
mAP@50 0.975 0.983 +0.008
mAP@50-95 0.823 0.836 +0.013
Pituitary tumour \
Precision (P) 0.921 0.922 +0.001
Recall (R) 0.941 0.908 —0.033
mAP@50 0.966 0.962 —0.004
mAP@50-95 0.757 0.758 +0.001
Despite its lower complexity, YOLOvS8n
demonstrated  competitive  detection  performance,

indicating that lightweight models can still provide

reliable tumour localization when computational
resources are limited. This trade-off between accuracy
and efficiency is particularly relevant for practical
deployment scenarios, such as real-time clinical decision-
support systems.

The confusion matrix presented in Fig. 1 provides a
detailed insight into the class-wise performance of the
YOLOv8s model for brain tumour detection. Overall,
the model demonstrates strong discriminatory capability
across all three tumour classes, with many samples
correctly classified.

For the glioma class, 282 samples were correctly
classified, with only 3 misclassifications as meningioma
and no confusion with pituitary tumours. The meningioma
class achieved 136 correct predictions, with a small
number of errors, including 4 samples misclassified as
glioma and 2 as pituitary tumours, indicating partial
visual similarity among these tumour types.

The pituitary tumour class showed the most reliable
performance, with 184 correctly classified samples and
only one misclassification as meningioma. Overall,

misclassifications were rare and occurred mainly between
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glioma and meningioma classes, reflecting overlapping
MRI characteristics. These results confirm the robustness
and stability of the proposed detection framework.

Confusion Matrix

Glioma 3 0

Meningioma - 4

True class

Pituitary tumor 0

o B
© &
&

Predicted class

Fig. 1. Confusion matrix of the model

Explainability results

The explainability of the proposed brain tumour
detection framework was analysed using the LIME
method to identify which image regions contributed most
to YOLOv8 model predictions. The objective of this
analysis was to verify whether the detection decisions
were based on clinically relevant tumour regions and to
compare the interpretability of the model variants.

Figure 2 presents an MRI brain image with
superpixels highlighted by their contribution to the
YOLOvVS model's prediction. Although the tumour region
is clearly included among the highlighted areas, LIME
also marks several superpixels that do not visually
correspond to pathological tissue.

Fig. 2. Visualization of LIME explanation no. 1

This result indicates that the
encompasses multiple regions of the image, not all of
which represent tumour-related structures, demonstrating
the local nature of the LIME-based explanation.
shows the corresponding heatmap

explanation

Figure 3
visualization of the same LIME explanation. The heatmap
of feature
importance, revealing that the influence of relevant

provides a continuous representation

regions is more dispersed compared to well-performing
cases. This representation helps to better understand why
the explanation is considered less reliable.

|- 0.100
r 0.075
r 0.050
r 0.025
r 0.000
r—0.025
—0.050
-0.075

Fig. 3. Heatmap visualization of LIME explanation no. 1

Figure 4 presents an example of a LIME-based
superpixel explanation generated for a correctly detected
tumour. The highlighted superpixels are predominantly
concentrated within the tumour area, indicating that the
model focuses on pathological regions when making
predictions. The clear alignment between the superpixel
importance and the tumour boundaries suggests that the
detection model relies on meaningful visual features
rather than unrelated background structures.

Fig. 4. Visualization of LIME explanation no. 2
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To provide a more detailed view of the spatial
distribution of feature importance, Fig. 5 illustrates
a heatmap representation of the LIME explanation for
the same detection case. Warmer colors indicate regions
with higher influence on the model’s prediction.
As shown in the figure, the highest contribution values
are localised within the tumour region, while the
surrounding brain tissue exhibits significantly lower
influence. Minor contributions outside the tumour area
can be attributed to contextual information or intensity
gradients present in MRI images.

H 0.25

0.20
0.15
0.10
0.05

0.00

-0.05
-0.10

Fig. 5. Heatmap visualization of LIME explanation no. 2

Together, the superpixel-based visualisation (Fig. 4)
and the
complementary insights into the YOLOvV8 model's

heatmap representation (Figure 5) offer
decision-making process. While the superpixel visualisation
highlights discrete influential regions, the heatmap
provides a continuous view of importance distribution.
This combined analysis confirms that the model’s
predictions are primarily driven by tumour-related image
features, supporting the transparency and reliability of the
proposed explainable detection framework.

Qualitative evaluation of LIME explanations

To complement the qualitative analysis based on
visual inspections of LIME explanations, a quantitative
evaluation was conducted to objectively assess the quality
and characteristics of the generated explanations.
Quantitative interpretability metrics enable systematic
comparison of explanation stability, spatial concentration,
and importance distribution, providing deeper insight
into the model’s decision-making behaviour beyond
visual interpretation alone.

Table 2 presents a quantitative evaluation of the
LIME method,
providing insight into the stability, concentration, and

explanations generated using the

distribution of superpixel importance. These metrics
enable objective assessment of explanation quality
beyond qualitative visual inspection.

Table 2. Quantitative interpretability metrics for LIME

Metric Value
Stability 0.0302
Sparsity 0.6442

MaxWeight 0.2840
Entropy 5.1498

The stability value of 0.0302
variability in superpixel weights, suggesting that the

indicates low

generated explanations are robust and consistent under
small perturbations of the input image. This behavior is
desirable in medical imaging applications, where reliable
and repeatable explanations are essential for building
trust in automated systems.

The sparsity metric reached a value of 0.6442,
indicating  that two-thirds of the
superpixels contributed meaningfully to the model’s
decision. This result suggests that the model does not rely

approximately

on a single isolated region but instead integrates
information from a broader spatial context. While highly
sparse explanations may indicate overly localized
reasoning, the observed sparsity reflects a balanced
attention pattern that captures both focal tumour regions
and their immediate surroundings.

of 0.2840
confirms the presence of dominant regions with strong

The maximum superpixel weight
influence on the model output. These highly weighted
superpixels correspond to visually salient tumour areas
observed in the LIME visualizations, reinforcing the
consistency between quantitative metrics and qualitative
explanation maps.

Finally, the entropy value of 5.1498 indicates
a relatively distributed allocation of importance across
multiple superpixels. This suggests that the model’s
predictions are supported by several relevant image
features rather than being dominated by a single region.
Such behavior is particularly important in medical
image analysis, where pathological patterns may span
multiple spatial structures.

Overall, the quantitative results summarized in
Table 2 demonstrate that the LIME explanations are
stable, informative, and well-aligned with -clinically
relevant image regions. The combination of focused
dominant areas and distributed contextual information
supports the transparency and reliability of the proposed
explainable brain tumour detection framework.
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Discussion

Conclusions

The results confirm that YOLOv8-based object
detection is a suitable approach for brain tumour
localization in MRI images. Both evaluated models
achieved high detection performance, with YOLOvS8s
consistently outperforming YOLOv8n across most
metrics. The improved performance of YOLOVSs is
mainly attributed to its higher model capacity, which
enables more effective representation of complex tumour
patterns, particularly for gliomas.

Analysis of the confusion matrix showed that
misclassifications were infrequent and occurred primarily
between glioma and meningioma classes, which exhibit
similar visual characteristics in MRI scans. Pituitary
tumours were detected with high reliability, likely due to
their distinct anatomical location. These findings are
consistent with observations reported in related medical
imaging studies.

The explainability analysis demonstrated that LIME
provides meaningful insight into the model’s decision-
making process. Both qualitative visualizations and
indicated that the
on clinically relevant tumour

quantitative  metrics models
predominantly focus
regions. The YOLOv8s model produced more stable and
concentrated explanations, while YOLOv8n showed
more distributed importance patterns, suggesting that
increased model complexity contributes not only to
higher accuracy but also to improved interpretability.

Several limitations should be considered. The analysis
was performed on two-dimensional MRI scans, and
tumour localization was limited to bounding boxes rather
than precise segmentation. Additionally, LIME provides
local explanations that may vary depending on perturbation
settings. Despite these limitations, the proposed
framework effectively combines detection performance
with explainability and supports the development of
transparent Al-based medical image analysis systems.

In terms of future directions, the proposed
framework can be extended to include a wider range of
brain tumour types, which would improve its applicability in
more diverse clinical scenarios. Additionally, future work
may focus on generating structured textual descriptions of
detected or non-detected tumours, providing clinicians
with interpretable summaries that complement visual
explanations. Such extensions could further enhance
the practical usability of explainable detection systems

in clinical decision-support workflows.

This paper presented an explainable framework
for brain tumour detection from MRI images based on
YOLOVS object detection models and the LIME
explainable artificial intelligence method. Experimental
results demonstrated that YOLOvV8 models achieve
reliable detection performance across multiple tumour
types, with the YOLOVSs variant providing improved
accuracy and more stable explanations.

The integration of LIME enabled transparent
interpretation of model predictions by highlighting
clinically relevant image regions. Quantitative
interpretability metrics further confirmed the stability
and informativeness of the generated explanations,
supporting the trustworthiness of the proposed approach.

Despite certain limitations, including the use
of two-dimensional MRI images and bounding box
localization, the proposed framework effectively
balances detection accuracy and explainability. Future
work will focus on extending the approach to three-
data,

methods, and

dimensional incorporating segmentation-based

exploring additional explainability

techniques to further enhance clinical applicability.
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BUABJIEHHSA ITYXJIMH I'OJIOBHOI'O MO3KY HA MPT-30BPAKEHHAX
3 MOXKJIUBICTIO ITIOSAICHEHHS BUKOPUCTAHHSA YOLOVS8 Y LIME

AxktyanbHicTh. TouHa ineHTH(]iKaIlis MyXJIMH TOJOBHOTO MO3Ky 3a IOIOMOIOI0 MarHiTHO-pe3oHaHcHoi Tomorpadii (MPT) e
KPUTHYHO BaXKJIMBHM 3aBJAHHSIM B aHANI31 MEIWYHHUX 300pa’keHb. Xoda MiIXoqu TTNOOKOTr0 HaBUYaHHS 9acTO JOCATAIOTH BiMiHHOL
IPOAYKTUBHOCTI BUSIBICHHS, iM 4acTo Opakye HpO30pOCTi B Mpolecax MPUHUHATTS pimeHb. Llg BiACyTHICTH iHTEpHpeTOBaHOCTI
o0OMerKye TOBipY B KJIIHIUHIHM MIPAKTHUIIl Ta CTBOPIOE CHIIbHY MOTPeOy Y BIPOBAIKEHHI METOIB MOSICHIOBAIFHOTO IITYYHOTO 1HTEIIEKTY
(XAI). O6'ekt pocaimkenrs. O0'€KTOM IBOTO JOCIIKCHHS € aBTOMATH30BaHUI MPOIIECC BUABJICHHS MyXJIMH FOJIOBHOTO MO3KY Ha
MPT-ckanax 3 BHUKOPHCTAaHHAM IIiAXOIiB Ha OCHOBI 3TOPTKOBHX HeWpoHHHX Mepex. I[Ipeamer pocaimxenHs. Ilpenmerom
JIOCHIJDKEHHSI € 3aCTOCYBaHHS Mojesel BusBieHHs 00'ekTiB YOLOVS pazom 3 metozoMm nosicaroBaibHocTi LIME amst inTepnperartii
BUXOJiB MOJENi B KOHTEKCTI aHaji3y MeAW4HHX 300paxkeHb. MerTa. MeToro wmi€i cTaTTi € po3poOka Ta OLIHKA MOSCHIOBAIBHOL
CTPYKTYpPH IJIsl BUSIBIICHHS ITyXJIMH TOJOBHOTO MO3KY, SIKa iHTeTrpye BHSBICHHS 00'ekTiB Ha ocHOBI YOLOVS 3 iHTepmperoBaHicTIO,
kepoBanoro LIME, 3a miaTpUMKH KiNBKICHOI OI[HKHU SIKOCTI mosicHeHHs. Pe3yabraTn. ExcriepuMeHTanpHa OI[iHKA IEMOHCTPYE, L0
Mozeni YOLOVS 31aTHI TOYHO BUSBISITH BHOpaHi THITH ITyXJIMH TOJIOBHOTO MO3Ky Ha 300pakeHHsx MPT, toxi six LIME ycmimHo
BU3Havyae oOyiacTi 300paXkeHHs, SIKi MaroTh HAWOUIBIIMI BIDIMB Ha pIlICHHS MoJeTi. 3alpoIloHOBaHI KiJIbKICHI METPUKH
MiATBEPKYIOTh CTaOUIBHICTh Ta PO3PIIKEHICTh 3TCHEPOBAHUX TMOSICHEHb, THUM CAaMHM MOKPAIIlyIOYH I1HTEPIPEeTOBaHICTh
Ta HaJiHICTh 3aIIPOIIOHOBAHOI CHCTEMH BHSBJICHHSI.

Kuro4uoBi cjioBa: BHABICHHS MyXJIMHU rojoBHOro mo3ky; MPT; YOLOVS; 3posyminuii mryunmii intenexr; LIME; anami3
MEJIIYHUX 300paeHb.
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Maksym Yena, Olha Pohudina

MODELING OF ADAPTIVE UAV ROUTE CONTROL BASED
ON REINFORCEMENT LEARNING ALGORITHMS

Subject matter is the reward function, action policy, and learning dynamics of the Proximal Policy Optimization (PPO) algorithm
in the task of adaptive UAV navigation under dynamic airspace conditions and limited energy resources. Goal is to develop
a simulation environment and a modified Proximal Policy Optimization (PPO) model for adaptive route management of a single UAV
in 2D and 3D environments, considering the distance to the target, collision risk, and energy consumption. Tasks: to develop
2D and 3D simulation environments with different obstacle configurations and UAV motion parameters; to formulate a combined
PPO reward function that incorporates distance to the target, collisions, and energy consumption; to implement and train PPO,
DQN, and A2C algorithms in standardized navigation scenarios; to perform a comparative analysis of algorithm performance using
key metrics: path length, number of collisions, reward, and energy consumption; to conduct statistical validation of the results using
the t-test and confidence intervals; to analyze the influence of PPO hyperparameters on policy stability and learning convergence in
2D and 3D environments. Methods: deep reinforcement learning algorithms (PPO, DQN, A2C); two simulation models (2D and 3D)
with randomly generated static obstacles were developed; a combined reward function was formulated, integrating distance-to-target
progress, collision penalties, and an energy-related component; model performance was evaluated using average reward, path length,
number of collisions, and total energy expenditure; statistical significance was assessed using the t-test and 95% confidence intervals.
Results: The modified PPO model reduced the number of collisions in the 2D environment by 94,8% and shortened the route length
by 94,3% compared to the baseline PPO, while exhibiting higher energy consumption due to more complex avoidance maneuvers.
In the 3D environment, similar trends were confirmed, including improved navigation safety, more stable policy behavior, and
statistically significant improvements across key metrics (p < 0,05). Conclusions: A unified 2D/3D simulation environment
for adaptive UAV routing and a modified PPO model with a combined reward function were developed. In the 2D environment,
the model achieved a =94,8% reduction in collisions, a =94,3% reduction in path length, and a =92,5% increase in average
reward compared to the baseline PPO. In the 3D environment, analogous improvements and statistically significant gains (p < 0,05)
were obtained. A relationship between avoidance aggressiveness and energy consumption was identified, enabling selection
of an optimal policy for BVLOS scenarios.

Keywords: adaptive control; Proximal Policy Optimization; reinforcement learning; simulation modeling; routing;
3D navigation.

1. Introduction 2. Literature Review and Problem Definition

The increasing complexity of airspace and the rapid Among the most promising areas is the use of

growth in the number of autonomous UAVs create a need
for adaptive navigation methods capable of making
real-time decisions in the face of dynamic obstacles and
limited energy resources [1]. The problem is that existing
adaptive routing methods work only in simplified 2D
environments and do not account for energy constraints,
which is critical for real-world UTM systems [2]. Classic
rule-based navigation methods do not provide
adaptability, especially in 3D space with a large number
of degrees of freedom. Reinforcement learning (RL)
methods, in particular Proximal Policy Optimization
(PPO), have demonstrated effectiveness in dynamic
evasion and trajectory prediction tasks. However, most
studies are limited to two-dimensional environments or
simplified obstacle models that do not reflect the actual

structure of airspace [3].

reinforcement learning algorithms, particularly Proximal
Policy Optimization (PPO), which show good results in
complex simulation environments [4]. Dai et al. (2023)
demonstrate the effectiveness of PPO in safe agent
control tasks; however, the main focus of their work
is on two-dimensional (2D) spaces. Studies [5, 6]
examine the classification of reinforcement learning
algorithms and their ability to generalize in
simulation models.

There is also a concept of a simulation environment
for urban air traffic, but the implementation of adaptive
navigation in three-dimensional (3D) space remains
partially unresolved [7]. Most recent works [8, 9]
highlight the importance of traffic forecasting that
accounts for stochastic factors, but do not address their

integration with learning algorithms.

© Maksym Yena, Olha Pohudina, 2026
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For the most part, it is the combination of several

algorithms that demonstrates the effectiveness of
Monte Carlo and discrete-event modeling in traffic
scenarios; however, these methods do not combine
with dynamic collision-avoidance strategies [10].
Particular attention should be paid to studies analyzing
the impact of hyperparameters on the effectiveness of
agent training in prediction and dynamic collision
avoidance tasks [11, 12].

Despite significant progress in UAV navigation,
to two-

dimensional models and simplified obstacles that do not

most modern approaches remain limited
account for vertical maneuvers and the multi-level
structure of airspace. This reduces the algorithms’ ability
to generalize behavior in realistic 3D scenarios.

Thus, there is a need to create a simulation model of
adaptive UAV route control based on PPO, focused
on realistic scenarios in three-dimensional space, with
a comparative analysis against classical 2D approaches.

3. Research Objectives and Tasks

The objective of this work is to create a simulation
environment and develop a modified Proximal Policy
Optimization (PPO) model for adaptive route control
of a single UAV in 2D and 3D spaces, taking into
account distance to the target, collision risk, and energy
consumption. To achieve this goal, the following
research tasks must be addressed:

— develop 2D and 3D simulation environments with
varying obstacle structures and UAV motion parameters;

— formulate a combined PPO reward function that
accounts for proximity to the target, collisions, and
energy consumption;

— implement and train PPO, DQN, and A2C
algorithms in standardized navigation scenarios;

— conduct a comparative analysis of algorithm
performance based on key metrics: path length, number
of collisions, average reward, and energy consumption;

— Perform a statistical test of the results using the
t-test and confidence intervals;

— Analyze the impact of PPO hyperparameters on
policy stability, convergence speed, and navigation
characteristics in 2D and 3D environments.

Problem Formulation and Environment Model
The simulation model uses the following basic
mathematical relationships: The distance between the

agent and the target in 2D and 3D environments is
defined by the Euclidean metric:

dz\/(xl_x2)2+(y1_y2)2+(zl_zz)2> (1)

where the component (z; — z,) is zero. Using a single

metric allows for a fair comparison of the neural
network's learning performance when transitioning
from a 2D to a 3D navigation problem.

The route length L is defined as the sum of the
distances between all consecutive points along the
trajectory. It accounts for the sum of the distances
between all consecutive points that form the motion
trajectory [13]. This approach allows for an objective
assessment of the efficiency of the constructed route

in a three-dimensional environment.
N-1
2 2 2
L= Z\/(xm =X) +Va—y) +(z,-z), @
i=1

where L — route length, N — number of points in the

trajectory; x; v, z; — the agent's coordinates at point i;
Xi+l, Vit1, Z i+1 — coordinates at the next point i+1.

The agent's total reward at step t is defined as:
T
k
G, =2 7 " 3)
k=0

where G, — the agent's total discounted reward, starting
from step t, 1., — instant rewards at step t+k,
y(0 £ y < 1) —discount rate, T — episode length.

Environment Model
A simplified energy consumption model of
a multirotor UAV was used to evaluate route efficiency.
Instantaneous energy consumption E; (J) at time step t
is calculated as the sum of the energy required for
hovering and the linear component proportional to
the speed of movement:

E =(P+P,

v|)at, 4)

where E, — instantaneous energy consumption at step f,

ove

P, —UAV hovering power, P,,,. — energy consumption
coefficient for horizontal movement, v, — agent velocity,
at — simulation step time.

The agent’s state is generally defined as:
St = (xt’yt’zt’xgoal’ygoal’Zgual)’ (5)

where x;,y;,z; — current UAV coordinates, v, — current
UAV

coordinates. For the two-dimensional case, z; =Zgoq; = 0.

velocity,  Xgoa1, Ygoats Zgoa target point
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Action space:
— 2D: 5 actions (] | < — stay);
— 3D: discrete displacements (Ax, Ay, Az)E{-1, 0, +1}.
In the 3D case, the action space is an extension of the
2D  model and possible
displacements along the three coordinate axes.

includes all discrete

Formalization of the navigation problem

In a two-dimensional environment, the calculation
of distance and reward is performed similarly to the
three-dimensional case (see Formula 1), assuming
Zagent = Zgoar = 0.

To evaluate the agent’s progress, a variable reward
is used depending on the change in distance:
R = a(dt—l - dt) - ﬂ]col/isiun + ylgual + 5Et > (6)

t
where d; is the Euclidean distance from the agent to the
target at step t, defined by formula (1), I;oyision € {0,1} —
€{0,1} — goal

— agent’s instantaneous

obstacle collision indicator, Ijoq

achievement indicator, E;
energy expenditure at step t determined by formula (4),
o,B,y,0 — weight coefficients of the reward function
components.

This approach allows the agent to receive feedback
not only regarding the fact of goal achievement but also
regarding the quality of individual actions. The positive
component a(d;_; —d;) encourages movement toward
the goal, while penalties for collisions and excessive
energy expenditure steer the policy toward a safe and
efficient trajectory.

A series of experiments established that optimal
ratios between reward components are achieved at
values of: Ygoa = 50, Vcouision = —50, which ensures
a balance between convergence speed, learning stability,
and the agent’s ability to avoid obstacles. The reward
configuration also includes a small negative penalty
for each action, which incentivizes the agent to minimize
path length and avoid unnecessary movements. Thus, the
complete reward function at each episode step includes
a variable reward for progress, penalties for undesirable
events, and a fixed reward for reaching the goal, which
ensures the learning of coordinated and goal-oriented
agent behavior.

In the implemented model, the agent (UAV)
makes movement decisions based on the current
state, which includes: the agent’s coordinates (x, y),
velocity, and the goal’s position (Xgea: Veoa). The action
space is discrete and defines the possible directions
of movement [14].

In a two-dimensional environment, the agent has
access to a fixed set of five discrete actions: move up,
down, left, right, or stay in place.

In a three-dimensional environment, the action
space is described by a displacement vector
a: = (A, Ay , Az ), where each coordinate can take the
values —1, 0, or +1, but a change is allowed along only
one axis per step. Thus, the agent has six permissible
directions of movement: forward, backward, left, right,
up, and down.

After performing the selected action, the agent
transitions to a new state and receives an instant reward,
which is calculated using the reward function "R; °, which
accounts for changes in distance to the goal, the presence
of collisions, and reaching the end point.

Policy updates are performed using the Proximal
Policy Optimization (PPO) algorithm, which takes the
preference function into account and applies a clipping
mechanism to control policy changes. This prevents
excessive updates and maintains the stability of the

learning process.

4. Materials and Methods

To wupdate the policy in both environments
(2D and 3D), the Proximal Policy Optimization (PPO)
algorithm [14] was used, which combines the
efficiency of gradient methods with a mechanism
for stabilizing updates. The main idea behind PPO is
to limit the magnitude of policy updates during each
iteration, preventing abrupt changes that could cause

learning divergence.

Table 1. Main PPO training configuration parameters

Parameter Value
Number of iterations 4
Frames per second (FPS) | 1979 (frames per second)

Total number of steps 65,536

Algorithm PPO (Proximal Policy Optimization)

Main hyperparameters clip_range: 0.2;
learning_rate: 0.0003;

batch size: 64

One of the components of the PPO algorithm
is the critic’s value loss function, defined as:

Lvalue (9) = Et [(VH (St) - I/ttarget)z]i (7)

target

where V; =1, +yYV(s;41) is the target estimate

for the value function.
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The primary objective function of PPO for policy
updating is the clipped policy objective:
Lz‘lip (9) = Et [mln(}; (e)At > Cllp(}; (0)7 1 - ‘99 1 + g)At )]9 (8)

where 1.(0) is the ratio of action probabilities under the
new and old policies, A; is the preference score, and € is
the clip range parameter.

To maintain sufficient policy diversity during
training, an entropy bonus is introduced:

Lentropy (0) = ﬁentEt [H(ﬂ-ﬁ(at | St ))]5 (9)
where H(*) is the policy entropy, Sen: is the coefficient

(0.01 is chosen in this work).
All components are combined into a final function:

Ltotal (0) = Lclip (0) + clLvalue (0) - CZLentropy (0)’ (10)

where ¢; = 0.5 and ¢, = 0.01 are the weight coefficients
recommended by the authors of PPO and confirmed
experimentally.

In all experiments, the clip range parameter € is set
to 0.2, which corresponds to standard recommendations
for the PPO algorithm.

This formalization ensures robust policy updates
and stable model convergence in both 2D and 3D
environments.

5. Research Results

5.1 Simulation Scenarios (2D and 3D)

1. Scenarios: To verify the effectiveness of the
PPO algorithm, two experimental simulation scenarios
with different spatial complexities were implemented:
Scenario 1 — 2D environment:

— grid size: 20x20;

— number of static obstacles: 30;

— agent start coordinates: (0, 0);

— target coordinates: (19, 19);

— the environment contains randomly placed fixed
obstacles;

— goal: teach the agent to minimize the number
of steps and avoid collisions.
Scenario 2 — 3D environment:

— cubic space dimensions: 15x15x8;

— obstacles: 50 (including vertical objects);

— starting position: (0, 0, 0);

— target position: (14, 14, 7);

— Objective: to test the stability of PPO as the action
space and environment complexity increase.

In each scenario, 5,000 simulation episodes were
run. During each run, the following metrics were
collected: average reward, episode length, number of
collisions, and average time to reach the goal.

5.2 Metrics

1. The average path length is defined as the
average value of L, calculated using formula (2) for all
simulation episodes.

2. Number of collisions.

3. Average reward per episode.

Visualization allows for a better analysis of the
agent’s spatial behavior and its interaction with the
environment. The figures show:

— The drone's location — red marker;

— Targets — green dots;

— Obstacles — white blocks with an “x” inside.

Figure 1 demonstrates the drone’s trajectory in 2D
space,
obstacles and reach targets.

emphasizing its ability to navigate around

Drone Traffic Environment with Obstacles
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Fig. 1. Drone motion dynamics
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The visualizations demonstrate the agent’s evasion
effectiveness and adaptability.

5.3 Results in a 2D environment

Training of the UAV adaptive route control model
in a two-dimensional (2D) environment was performed

using the Proximal Policy Optimization (PPO) algorithm.
The goal was to develop a stable policy capable of
effectively avoiding obstacles and reaching targets in
an environment with dynamic constraints. The main
training configuration parameters are shown in Table 2.

Table 2. Comparative average metrics for algorithms in a 2D environment (100 episodes)

Algorithm Energy Mean (J) Mean_Reward Collisions_Mean (count) PathLength_Mean (m)
PPO_Custom 4.05 —-18.89 4.21 4.63
PPO_base 1.71 -250.32 80.63 80.64
DQN 2.53 —253.64 81.57 81.57
A2C 5.28 —262.55 85.49 85.50

The Impact of the Learning Rate and Batch Size
Hyperparameters on PPO Performance

During the training of models using the PPO
algorithm, hyperparameters, particularly the learning rate
and batch size, have a significant impact on the stability,
speed, and quality of policy convergence [15].

A high learning rate (e.g., 0.01-0.1) implies
rapid policy updates, which can be effective in simple
environments.

A low value (0.0001-0.001) ensures stability
but slows down adaptation. Similarly, a large batch
size (256-1024) provides smoothness, while a small
one (32-64) offers flexibility, though the risk of
instability increases;

Thus, the coordinated tuning of PPO hyperparameters,
particularly learning_rate and batch_size, plays a critical
role in achieving stable and effective agent training.
This is especially important when scaling from 2D to 3D
environments with increased complexity in dynamics
and spatial constraints.

Comparative Analysis Results (2D)
Calculation of percentage changes (PPO_custom
vs PPO_base)
1) Energy Consumption
4.05-171

1.71
PPO_custom uses 136% more energy than the base PPO.

Aenergy = X 100% =~ 136%

2) Mean Reward Improvement

—18.89 — (—250.32)
|—250.32]

The average reward increased by 92.5%.
3) Collision Reduction

80.63 —4.21

80.63
The number of collisions decreased by 94.8%.

X 100% =~ 92.5%

Arewara =

X 100% =~ 94.8%

Acouiisions =

4) Path Length Reduction

8064~ 463 006 ~ 94.3%
80.64 0T AT

Path length decreased by 94.3%

path =

Results of the 2D scenario

In a 2D environment, the modified PPO algorithm
(PPO_custom) demonstrated the following improvements
compared to the base version of PPO:

1. +92.5%
(~18.9 vs. =250.3);

2.-94.8% reduction in the number of collisions
(4.2 vs. 80.6);

3. -94.3% reduction in path length (4.6 vs. 80.6).

However, there is a 136% increase in energy

increase  in  average  reward

consumption (4.05 vs. 1.71), which requires further
analysis and possible balancing of the reward environment.

5.4 Results in a 3D environment

The key differences between the reinforcement
learning algorithm for 3D space and the base version are
listed below.

The simulation environment models the drone’s
navigation process in three-dimensional space, taking into
account obstacles and target coordinates. The main
components of the model:

— state space — defined by formula (5);

—action space: a = (Ax, Ay, Az) — discrete
displacements in three directions;

—environment:  contains  randomly
obstacles that the drone must avoid.

generated

Task Formalization and Key Problem
In three-dimensional space, the agent’s progress is
evaluated by the change in the Euclidean distance to the
target, which is determined by formula (1).
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This metric is used as the primary indicator of how
close the agent is to the target in an environment with
three degrees of freedom.

The reward function in a 3D environment retains
the same structure as in 2D (Formula 8), where,d; —
current distance to the goal,l.,;ision € {0, 1} — collision
indicator, Igoq € {0,1} — goal attainment indicator,
E, —
at step t, a,f,y,0 — weight coefficients.

instantaneous energy expenditure of the agent

This formalization allows for a unified mechanism
to evaluate progress in space, penalize dangerous
maneuvers, and account for energy constraints.
The 3D model architecture includes an extended space
of states and actions:

— State: (X, 2 .V Xyout-Veout Zsoa)
— Action: (Ax , Ay ,Az)
— Objective: Minimize the distance to the target

while ensuring safety and energy efficiency.

Visualization
This section presents the results of a comparison
of PPO performance in 2D and 3D environments.

5.5 Statistical Analysis of Performance

To confirm the model’s training effectiveness under
varying levels of complexity, a statistical analysis of key
metrics was conducted: average reward , collision
frequency, and episode duration. Comparisons between
2D and 3D environments were performed using mean
values, standard deviation, confidence intervals, and the
t-test. The results are visualized in Figures 2 and 3.

Figure 2 presents a comparison of reward
distributions across environments. Figure 3 illustrates
a training log file with a detailed representation of metric
changes over time.

Comparison of Rewards between 2D and 3D Environments

200

150

Rewards

50

2D 3D
Environment

Fig. 2. Comparison of rewards between 2D and 3D spaces

Fig. 3. Dynamics of reward changes during training depending
on the environment type

Analyzing Figure 3, the following conclusions can
be drawn:

1. The average reward value indicates a noticeable
advantage of the 3D environment: in 2D, the model
reached 21.40, while in 3D, it reached 207.0.
This indicates significantly better policy adaptation
in more complex conditions.

2. The standard deviation also demonstrates
differences: in 2D — 29.03, in 3D — 26.72. The lower
variance in 3D indicates more stable agent behavior.

3. Confidence intervals (95%)
previous results: a wide interval in 2D (3.40-39.40)
indicates high variability, while in 3D (190.44-223.56)
it indicates greater statistical confidence.

4. The results of the t-test (t = -14.87, p < 0.001)
indicate a statistically significant difference between the

confirm the

model’s performance metrics in 2D and 3D environments,
confirming the model’s superiority in the more complex
three-dimensional
of p <0.05.

The obtained data confirm the higher performance

space with a significance level

of PPO in a 3D environment, which is due to better
adaptation to spatial complexity and flexibility of the
navigation policy.

Thus, the PPO algorithm demonstrated not only
a steady improvement in metrics during training but also
a statistically confirmed advantage in the more complex
three-dimensional environment. This demonstrates the
potential of PPO for real-world air navigation scenarios
under dynamic conditions.

Key comparison results

The model in the 2D environment demonstrated
faster policy convergence, shorter episodes, and a higher
average reward in the early stages of training.
The smaller number of degrees of freedom ensured more
stable collision dynamics and simpler trajectory behavior.
In the three-dimensional environment, during the
stages, the PPO

characterized by an increased number of collisions and

initial  training algorithm  was

longer episode durations, which is due to the increased
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spatial complexity of the task. At the same time,
a gradual policy adaptation and a reduction in the number
of critical errors were observed during training.

Graphical Comparison

For a more visual analysis, the following metrics
were presented in the graphs:

— reward dynamics: the graph shows that average
rewards in 2D space increase faster compared to 3D;

— collision frequency: in 3D space, the collision
frequency is higher in the early stages, but the model
adapts over time;

— episode length: episodes in 3D space are typically
longer, which is explained by the more complex trajectory.

Figure 4 illustrates the movement of drones in
2D space. The green dot represents the target’s location,
the red dots indicate where the drone reached the target,
and the black blocks show the locations of obstacles.
The graph demonstrates how effectively the algorithm
avoids obstacles and reaches targets in a 2D environment.

Drone Trajectories in 2D Space

—— Path 1 @® Goal5 @ Reached8
@® Goall —— Pathe Path 9
—— Path 2 @ Goale ® Goal9
@® Goal2 @ Reached 6 @ Reached 9
—— Path 3 Path 7 —— Path 10
@® Goal3 @® Goal7 @ Goall0
—— Path4 —— Path8 @ Reached 10
@® Goald @ Goals I Obstacle

Path 5

Fig. 4. Drone trajectories in 2D space

Figure 5 demonstrates movement in 3D space.
Green dots mark the locations of targets, the red dot
indicates where one of the drones reached the target, and
the black dots represent obstacles in the space. The
additional dimension complicates route planning, but the
model demonstrates high adaptability in avoiding obstacles.

The generalized learning dynamics of the model in
2D and 3D environments are presented in Figures 6 and 7.

Drone Trajectories in 3D Space

—— Path 1 @ Goald ~—— Path 8

® Goall ~—— Path 5 ® Goals
— Path 2 @ Goals Path 9

@ Goal2 —— Path 6 @ Goald

@ Reached? @ Goalé @ Reached?9
—— Path 3 @ Reached6 —— Path10

® Goal3 —— Path 7 Goal 10
— Path 4 @ Goal? ‘ Obstacle

Fig. 5. Drone trajectories in 3D space

Figure 6 shows three main graphs for the 2D
environment:

— the increase in the average reward per episode
indicates the model’s rapid adaptation to a simple
topology;

— the decrease in the number of collisions confirms
the effectiveness of the developed evasion policy;

— the stable duration of episodes reflects the stability
of the agent’s behavior.
for the 3D
environment. Here, a slower increase in rewards can be

Figure 7 shows similar graphs
observed, which is due to a more complex trajectory
structure and a greater number of obstacles. However,
even under these conditions, the algorithm gradually
reduces the number of collisions and stabilizes the
episode length, indicating successful adaptation to the
three-dimensional environment. Such visualization allows
for a comprehensive assessment of learning effectiveness
in both spaces and confirms the advantage of PPO in
solving navigation problems of varying complexity.

Despite its complexity, the 3D approach offers
broader practical applicability in real-world conditions,
such as urban environments with tall buildings
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6. Discussion of Results

The results of the study confirm the effectiveness of
PPO in adaptive routing tasks in both 2D and 3D
In 2D, the model
convergence due to the lower complexity of the

environments. achieved rapid
environment, whereas in 3D, greater variability was
observed in the early stages. At the same time, as training
progressed, the agent demonstrated stable behavior
with a gradual decrease in the number of collisions.
The modified reward function facilitated effective
learning in both cases. A statistical t-test revealed
a significant difference between the results, justifying
the need to adapt strategies to each type of environment.

For the practical application of the proposed
adaptive UAV route control algorithm, it is most
appropriate to integrate it into existing Unmanned Traffic
Management (UTM) concepts. Specifically:

—NASA UTM (Unmanned Aircraft System
Traffic Management) aims to create an environment
where multiple drones operate Beyond Visual Line of
Sight (BVLOS) at altitudes up to 400 feet, coordinated
through a suite of data exchange and route planning

Episodes

Curﬁp\icated Episodes
350004

30000
250004

20000
Episode Length

Steps

15000

10000

5000

6 0 2 4 6 8
Episodes

services. The proposed PPO algorithm with an energy-
based reward component can be implemented as
a microservice within the Flight Information Management
System (FIMS) module to dynamically update routes
while accounting for obstacles and limited resources.

—EU U-Space regulates a set of automated
services (Service Levels 1-4) for the safe access of large
drone fleets to airspace. In particular, at the U3 level
(High-density UTM), the algorithm can provide adaptive
real-time flight rerouting, reducing the risk of collisions
and optimizing battery usage during peak load.

Thus, integrating the proposed modified PPO
reward function into these UTM modules will allow for:

1. Ensure proactive avoidance of obstacles and
airspace restrictions.

2. Dynamically recalculate routes based on the
current battery charge level and remaining distance to the
destination.

3. Optimize cooperation with other participants
in the UTM ecosystem through standardized exchange
protocols (REST, MQTT, AMQP).

This approach contributes to improving the reliability
and efficiency of UAS operations in real-world UTM projects.
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Limitations of the study. Agent training was
conducted over 50,000 steps, which proved sufficient to
demonstrate the convergence of the modified algorithm
under the selected scenario conditions. However, we
acknowledge that this may not be sufficient for more
complex real-time navigation tasks (real-world applications).
The results obtained should be considered a proof of concept,
and further research will involve scaling up training
to'“epochs to improve the robustness of the policy.

7. Conclusions

Scientific novelty of the research. The scientific
novelty of this work lies in the development of
a combined reward function for the PPO algorithm, which
simultaneously accounts for the dynamics of approach to
the target, collision risk, and UAV energy consumption.

Unlike existing approaches, the proposed model
provides a controlled trade-off between navigation safety
and energy efficiency.
unified 2D/3D
environment has been developed, allowing for a fair

In addition, a simulation
comparison of reinforcement learning algorithms in
spaces of different dimensions. A comparative analysis
and statistical verification of the results confirm the
effectiveness of the approach and its advantages in three-
dimensional navigation scenarios.

Main results of the study. In the course of this
study, a simulation environment for UAV navigation in
two- and three-dimensional spaces was developed, which
takes into account the presence of static obstacles, target
coordinates, and energy constraints on movement.

Based on this environment, a modified Proximal
Policy Optimization (PPO) model with a combined
reward function was implemented, combining incentives
for approaching the target, penalties for collisions, and
energy costs. A comparative analysis of the effectiveness
of the PPO, DQN, and A2C algorithms in standardized
2D and 3D navigation scenarios demonstrated significant
advantages of the proposed PPO model. Specifically, in
the 2D environment, the number of collisions was
reduced by 94.8%, and the route length by 94.3%
compared to the baseline PPO version, while the average
reward increased by 92.5%.

In three-dimensional space, similar trends toward
improved safety and policy stability were confirmed, as
evidenced by statistically significant results (p < 0.05).

Additionally, a relationship was established between
the aggressiveness of obstacle-avoidance strategies and

energy consumption, allowing the agent’s behavior to be
interpreted as a trade-off between navigation safety and
energy efficiency. The proposed visualization tools for
trajectories and learning dynamics serve as a means of
interpreting the agent’s behavior and further confirm
the convergence stability of the PPO algorithm in
environments with varying spatial complexity.

Limitations of the study and prospects for
further work. The main limitations of the study are the
computational complexity of the reinforcement learning
process, which requires significant resources as the
environment’s dimensionality increases, as well as the
limited scalability of the proposed approach to multi-
agent scenarios under real-world operating conditions.
The results obtained should be considered within the
framework of a simulation model with a single agent
and static obstacles.

Further research should focus on expanding the
model by integrating realistic airspace constraints,
including meteorological factors, restricted zones, and
variable traffic density, as well as on studying multi-
agent interaction using multi-agent reinforcement
learning approaches.

A promising direction is the automatic tuning of
hyperparameters during training and the combination of
the PPO algorithm with evolutionary methods or
simulation-based learning methods to improve the
stability and generalization ability of the policy.
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MOJAEJIOBAHHA AJAIITUBHOI'O YIIPABJIIHHA MAPIIPYTAMMU BIIJIA
HA OCHOBI AJITOPUTMIB HABYAHHSA 3 HNIIKPIIIJIEHHAM

IIpenver nocaimxkeHHss — (QYHKIiS BUHArOpOIH, IMOJITHKA i Ta AWHaMika HaB4aHHs anroputMy PPO y 3amaui amanTuBHOI
Hapiranii BrnJIA B yMoBaxX AWHaMIYHOTO MOBITPSHOTO IIPOCTOPY Ta OOMEXKEHHX EHEPreTHYHHX pecypciB. MeTa — CTBOpEHHS
CUMYJLIIHOTO cepeloBUIa Ta po3pobieHHs MoaudikoBanoi moxmeni Proximal Policy Optimization (PPO) mnst agantuBHOTO
ynpaBiiHHS MapmpytoM oauHoyHoro bmJIA y 2D Tta 3D mpocropax i3 ypaxyBaHHAM BiACTaHI A0 Wi, PU3UKY 3iTKHEHb
i eHeprocmnoxuBanHs. 3aBaanusi: po3pobuty 2D ta 3D cumyssniiiHi cepeoBHIIa 3 Pi3HOIO CTPYKTYPOIO HMEPEIIKO] i mapaMeTpamMu
pyxy BIIIA; chopmyBatn komOiHOBaHy ¢yHKIiI0 BuHaropoam PPO, mo BpaxoBye BiICTaHb [0 Limi, 3ITKHEHHS Ta
eHeprocrnoxnBaHHs; PeanizyBatu Ta Hapuutu anroputMu PPO, DQN i A2C y cTaHOapTH30BaHUX CHEHAPISX HaBiramii.; IpOBECTH
MOPIBHAJILHUHN aHaji3 e(EeKTUBHOCTI AITOPUTMIB 32 KIFOUOBUMH METPHKAaMH (IOBKHHA MapUIPYTY, KUIbKICTh 31TKHEHb, BUHATOpOJa,
€HeprocroXKMBaHHs; BUKOHATH CTATUCTHYHY NEPEBIPKY Pe3yJIbTATIB 3a JOMOMOTOIO t-TECTY Ta JOBIPYMX iHTEpBaJIiB; MPOAHAi3yBaTH
BIUIUB rinepnapamerpiB PPO Ha cTaOinbHICTE MOMITHKY Ta 30DkHICTS HaBuaHHA y 2D 1 3D cepenoBumax. MeToau: BUKOPHCTaHO
NTOPUTMH TIHOWHHOTO HaBuaHHA 3 miakpimneHHsM (PPO, DQN, A2C). Pospobneno aBi cumymsmiiiai Mozeni (2D Tta 3D)
i3 BUNAJAKOBUMH CTAaTHYHHMHU mepenikogamu. ChopmoBaHO KOMOIHOBaHY (YHKII0 BHHATOPOH, IO BKIIOYAE AWHAMIUHY
KOMIIOHEHTY 30JMKEHHS M0 Lidi, mrpadu 3a 3iTKHEHHsS Ta CHepreTH4Hui TepMiH. EQekTHBHICTP Mopeneil omiHroBamacs 3a
CepeHbOI0 BUHATOPOJIOI0, JOBXHHOIO MapIIPyTy, KiJIBKICTIO 3ITKHEHb Ta €HePreTHYHUMH BHTpaTaMu. CTaTUCTHYHY JHOCTOBIPHICTBH
MepeBipeHo 3a JOMoMOromo t-tecty ta 95% mosipumx iHTepBamiB. PesyabTatn: momndixoBana PPO-monens y 2D cepemosumi
3MEHIINIA KiIbKICTh 3iTKHEHb Ha 94,8% Ta mosxkuHy MapmpyTy Ha 94,3% y nopiBHsHHI 3 6a30Boro PPO, npu mipomy criocrepiranocst
301IbIICHHS €HEeProCIIOXKMBAaHHS Yepe3 CKIaIHilli MaHeBpH yxwuieHHs. Y 3D cepenoBuIll MiATBEpXKEHO aHAOTIYHI TEHACHIII:
MiJBUIICHHS OC3MeKH Hapiramii, craliii3aiis TMONITHKH Ta CTATUCTHYHO 3HAYYINI TMOKPANICHHS KI4oBHX MeTpuk (p < 0,05).
BucnoBku: po3pobneHo yHidpikoBane 2D/3D cumymsmiliHe cepemoBHIe aganTHBHOI Mmapmpytusamii BriJIA ta mommdikoBany
PPO-monens 3 KOMOIHOBaHOIO (YHKII€I0 BHHATOPOIH, IO BPaxoBye 30MMKEHHS A0 IIiJTi, 3ITKHEHHS Ta EHEProCHOXKHBAaHHS.
VY 2D-cepenoBullli JOCSATHYTO 3MEHIIEHHS KiJIBKOCTI 3iTKHEHb Ha ~94,8%, CKOpoOueHHs NOBXMHHM Mapuipyty Ha <~94,3%
Ta 3pPOCTaHHS CEPEJHBOI BHHAropomu Ha ~92,5% mopiBHAHO 3 06a3oBoro PPO. V 3D-cepemoBuini MiATBEpKEHO aHAIOTIUHI
TEHJEHIIi Ta CTAaTHCTHYHO 3Hauymi mokpameHHs (p < 0,05). BcraHOBIEHO 3aJeXKHICTh MK AarpeCHBHICTIO YXWJICHHS
Ta €HEPrOCIOKUBAHHSAM, [0 I03BOJISIE BHOMPATH ONTHMANIBHY HONITHKY A7 cienapiis BVLOS.

KumrouoBi cyioBa: amantuBHe ynpaeninus, Proximal Policy Optimization; HaBuaHHS 3 MiIKpiIUIeHHSM; iMiTaniiiHe
MOZENIOBaHH; MapipyTtu3anis; 3D-nasiramis.
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Komnowiitues O. B., I'ynesuu M. B., Imitpie O. M., Jlepuenko A. O., banadyxa O. C.

OLIIHIOBAHHSI E@EKTUBHOCTI BAOCKOHAJIEHUX
'KAJIBHOTO M JEJBTA-IEBATTHT AJITOPUTMIB
ONTUMI3ALI TECTOBUX CIEHAPIIB JJISI C++ BIBJIOTEK

EdexrnBna ontnmizamist TectoBux creHapiiB (TC) € HeoOXiZHOIO yMOBOIO JUIl IiJABUIIEHHS e(EeKTHBHOCTI TECTyBaHHS
C++ 6ibmiorek. IIpeamerom mocaimxennss € amroputmu ontuMizanii TC mms C++ 0i0miorek. Mera po6OTH — TMiIBUIICHHS
edexruBHOCTI TecTyBaHHs C++ 6i0Ii0TeK 3aBISKH BAOCKOHAICHHIO KIIACHYHOTO alrOPUTMY JKamiOHOTO opmyBaHHs (OMTHUMI3aLlii)
TC i anroputmy nensTta-febarinar minimizaiii TC mis C++ 6i6miotek. 3aBaaHHs. Y IOCKOHATUTH KaJiOHUN aqrOpuT™M OMTHMI3aIlil
TC 1 ycyHyTH Horo meTepMiHOBaHICTh, 0 3abe3nednTh edexTrBHe cTHCHeHHS TC 3i 30epeKeHHs TIIKOBOTO IMOKPHUTTS KOIY.
Y IOCKOHAIUTH alNTOPUTM JeNbTa-Ae0ariHr MiHiMizamii TecToBux creHapiiB At TC i3 po3pimKeHHM po3TallyBaHHIM HaITHIITKOBHX
nifl. OmiHuTH e(eKTHBHOCTI BAOCKOHaJeHHMX anroputmiB onrtumizanii TC mma C++ 6i0mioTek MOPIBHSAHO 3 KIACHYHUMHU
anroputMaMu. Y poOOTi 3aCTOCOBAaHO TaKi METOAM: JKaJiOHUH anrOpuTM ONTHMI3alil TECTOBUX CICHApilB, aJTOPUTM MAENbTa-
nebarinr Minimizanii TC, MareMaTHYHe MOJETIOBAHHS Ta METOJW CTaTHCTUYHOTO aHalizy. E(EeKTHBHICTH yHOCKOHAJICHUX
ITOPUTMIB OLIHEHO Ha OCHOBI CTaTUCTHYHOTrO aHanizy 100 MomenroBaHp Il KOKHOTO alropuTMmy Ha aBox C++ GibmioTekax i3
BIIKPUTHM BHXIZHUM KOJIOM pi3HOI CTPYKTYpPHOI CKJIagHOCTi. Pe3yabTaTu OIiHIOBaHHS e(EeKTHBHOCTI BKa3ylOTh Ha Te, IO
BIIOCKOHAJICHI aJrOPUTMH 3a0€3MeUyIoTh 30eperkeHHs (301TBIICHHS) TUIKOBOTO MOKPHUTTA 3 Koedimienrom a0 1,058, migBuineHHs
koedimienra crucHeHHs TC mo 0,86 Ta ckopodeHHs Yacy Ha BHKOHaHHS TectoBoro Habopy (TH) Bim 1,5 mo 2,5 pasa, skmio
HOPIBHIOBATH 3 KJIACHYHHUMH aJrOPHTMAaMH. BHCHOBKM. YOCKOHAJCHI ajJlrOpUTMH ICTOTHO 3MEHINYIOTh Yac HA TECTYBaHHI
C++ 06i0mioTek 6e3 BTpaTH TiIKOBOTO MOKPUTTA KOXY. 3allpONOHOBAHO BJOCKOHAJIICHHUH >KadiOHUH aJropuTM ONTHMI3allii TECTOBUX
creHapiiB, y skomy BuOip aiit TC 3aiiCHIOETECS 3 OISy Ha X MaiOyTHIO KOPUCTh, BU3HAUCHY 33 O4iKyBaHHM IIPUPOCTOM TiIKOBOIO
MOKPUTTS Koxy. Takuii miaxix ycyBae AeTepMiHOBAHICTh KIIACHYHOTO KaaiOHOTO aITOPUTMY, IiJBHIIY€E iHPOPMATHBHICTH TECTOBHX
cueHapiiB 1 3abe3medye 30aJaHCOBAHICTE MiX 30E€peXEHHAM TiTKOBOrO IOKPUTTS Ta crucHeHHsM TC. 3ampormoHoBaHO
BJOCKOHAJIEHUH aJTrOpUTM JeNbTa-Ae0arinry, sSKuii BUKOHY€ TPYyNoBE BHIy4YeHHS HeyHikanpHuX Aii TC 3a BHECKOM y TiTKOBe
MOKPHTTS, 1110 JIA€ 3MOTY CYTTEBO 3HU3HUTH JIOBXKHHY TECTOBHX CLIEHApiiB 63 BTpaTn e()eKTHBHOCTI TECTYBaHH.
Kurouosi ci1oBa: nporpamue 3a0e3neueHHs; TECTOBHH CLEHApiil; allrOPUTM; ONTHUMI3aLlisl; HOKPUTTS; YaCOBI BUTPATH; Ie(eKT.

1. Beryn

Sxicte nporpamuoro 3abesznedenns (I13) HemorkBO
miATpUMyBaTH 0e3 e(pEeKTHBHOTO TecTyBaHHA. lIpoTe
B MPOIIECi PO3BUTKY 1 CYNPOBOKEHHS ITPOEKTIB TECTOBI
Habopu (TH) mBuako

3pOCTalOTh, HAKOMUIYIOUH

HanMmipHicTe. Taka  HaAMIpHICTH  NPHU3BOAWTH  JIO

30UTBIICHHS dYacy Ha iX BHKOHAHHA, ITiJBUIICHHS
00YMCITIOBAIEHUX BUTPAT 1 YCKJIAIHCHHS 1X MiATPUMKH.
ToMy 3aBmaHHS onTHMi3amii Ta MiHIMi3aIlii TECTOBHX
cuenapiiB (TC) 3anumiaeThCsl KIFOYOBOIO 3 MPAKTUIHOTO
/i HAyKOBOI'O MOTJISAY.

YV pobori [1] 3ampononoBano inctpyment CIDER,
NpU3HAYCHHMH TS aBToMarK3ali TectyBaHHs C++ 0i0moTexk.
AmHami3z wMeroniB aBromatm3oBaHoi reHeparii TC [2]
JIEMOHCTPY€E TMepeBard EBOJIIOLIMHUX, CTOXaCTUYHHX
1 HAaBYAITBHUX METOWMK ONTHMI3allii TECTOBHX CIICHAPIiB.

Knacuuaumu migxomamu mono onruMizanii TH
€ KamiOHi W pempTa-feOarinr amroputMu. KamiOHi
NTOPUTMU OCHOBaHI Ha moKpokoBomy Bigodopi TC,

mo 3a0e3MnedyroTh HaWOUIBIINKA BHECOK Y IOKPUTTS i

BHKOPHUCTOBYIOTBHCS SIK OCHOBHA JIiHISl JJIS OLIHIOBAaHHS

Cy4yacHMX MeETOMiB 1 amroputmiB. J[lempTa-nedarinr

aNrOpUTM Jae 3Mory ckopouyBath TC  3aBIikH
rnoeranHoMy BuiIydeHHI0 yactuH TC 13 mepeBipkoro
30epexxeHHs HeoOximHoi moBeninku. KpiMm craHmapTHOI
Bepcii, 3aCTOCOBYIOTHCSI Bapiallii, sSKi BUIY4alOTh 0JIpasy
rpynH

MiHiMi3amiro. OnHaK HasBHI BapiaHTH 3aJUIIAIOTHCS

TECTOBHX  CIEHApiiB, 10  MNPHUIIBUIIYE
CXWJIBHAMH JI0 JETEPMIHOBAHOCTI i He OepyTh IO yBarm
nuHaMiuHi BaactuBocti TC.

OTXe, YIOCKOHANEHHS KJIACHYHUX KaIiOHOTO
i nempra-fgebariar amroputMmiB onrtumizamii TC mns
C++ O0ibmioTek 1 OWiHIOBaHHSA iX e€(EKTUBHOCTI €

AKTyaJIbHUM HAayKOBHUM 3aBAAaHHSIM.

2. AHaJi3 JiTepaTypHUX JKepet
i BU3HAUYeHHsI MPo0JieMHU

2.1. Knacuuni memoou onmumizauii TH
3anaga minimizanii TC (Test Suite Minimization, TSM)
€ OJIHI€0 3 OCHOBHHUX Y Taly3i MPOrpaMHOI0 TECTYBaHHS.

© Konowmiitnes O.B., I'ynesna M.B., [ImitpieB O.M., JleBuenko A.O., baradyxa O.C., 2026
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Bona nosirae B nouryky migHabopy TECTOBHX CIIEHAPIIB,
SIKHH 30epirae HeoOXiTHEe TOKPUTTS 200 3MaTHICTh BUSBIIATH
nedextr I13, mpore BomHOYAC Mae MEHIIHH pPO3MIp.
Joseneno, mo 3amaya TSM TicHO MOB’s3aHa i3 3aJa4er0
MOKPUTTS. MHOXUH 1 € NP-cknansoro [3], mo npuseno 1o
MOSIBY PI3HUX CBPUCTHYHHX 1 HAOIIIKECHUX aJITOPUTMIB.
BaxnuBuil cucTeMaTUYHUM OIS 3alpPOIIOHOBAHO
B pobOorti [4], ne y3arampHeHO ToHAA 113 mocmimkeHs,
npucBsdeHUX TexHikam ckopouenHs TH (Test Suite
Reduction, TSR). TlopiBHAHO e(EeKTUBHICTH kKaliOHUX,
KJIacTepH3aliiHUX 1 eBOMIOMiHNX MeToniB. OIiHeHO

SKICTb ~ TPOBEACHUX  JOCHIDKEHb.  3alpOIIOHOBAHO
MpaKTHYHI ~ PEeKOMEHAaIlii IIOJ0  BiITBOPIOBAHOCTI
pe3ynpTariB.  Bu3HAaYeHO  CTAaHIAPTH  OIIHIOBAHHS

e(eKTUBHOCTI aJITOPUTMIB MiHIMI3aIlii, 10 3aCTOCOBYIOTHCS
B O1IBIIIOCTI HAYKOBUX POOIT.
ormaai  [5]

Y  cucremMatudHOMY IIPOBEJEHO

KiIacuQikamilo METONIB  PerpeciiHoro TeCTyBaHHS,
30KpeMa 3 METOJaMH MIOA0 CeNeKIlii, MpiopuTH3amii
Ta MminiMizanii TH. Haromomreno, mo TSM mae ocobnuBe
3HAYCHHA Yy BEJHKHX CHCTEMaX, ¢ TeCTOBI Habopu
MOXyTbh Mictutu THCs4i TC.

VY mpani [6] emmipudHO omiHeHO TexHikH TSM, ne
MPOJIEMOHCTPOBAHO, IO MPOCTI €BPUCTUYHI aJrOPUTMH
3abe3nedyroTe ckopoueHHs posmipy TH nHa monax 70%
y cepenaboMy. CroCTepiraeTbcs 3HWIKCHHS 37aTHOCTI
BUSIBJIITH TTOMWJIKK TpuOam3HO Ha 12,5%, mo obmexye
MPaKTHYHY 3aCTOCOBHICTB JIOCHI/PKEHUX METO/IIB.

Y pobori [7] okpecieHO BUKOPHCTAaHHS E€BOMIOIIIHHIX
1 JJOKJIbHUX anropuTMmiB aist ckopouenHs: TH. Bognouac
MPOAEMOHCTPOBAHO, IO, XO4Ya EBOJIOIifHI MEeTOIH,
30KpeMa  TCHETHUYHI

AJITOPUTMHU, JACMOHCTPYIOTh

BHCOKY e(eKTHBHICTh, KamiOHI MiAXOOM  TaKOXK
MalOTh KOHKYPCHTHI PE3yJIbTaTH B MYJIbTHMOJATEHOMY
MIOIITYKOBOMY IIPOCTOPI.

Y nocmimkenHi [8] 3amponoHOBaHO KaCTEepU3AI[IHHIN
Meton mono npioputm3amii TC, sxwit Gopmye Tpymu
CICHApIIB 3a iX JUHAMIYHOI TOBEAIHKOK Tl Yac
BUKOHAHHSA. MeTONI Ha€ 3MOTY CKOPOTHTH KiJIBKICTb
MiIBHIIY€

BUSBJCHHS 300iB, SIKIIO IOPIBHIOBATH 3 METOMaMH,

MOMAPHUX  MOPIBHSIHB 1 e(eKTHBHICTh
OpIEHTOBAHUMH Ha 30€pEKCHHS TTOKPHUTTS.
Y crarti [9]

iHTerpamii MOIIYKOBUX AaJTOPUTMIB JUIS NPOMHCIOBHX

MPOJAEMOHCTPOBAHO MOJKJIMBICTh

MPOJIYKTOBUX JIHIN, JOBEJEHO, L0 MOEIHAHHS BiOODY,
npioputu3anii Ta MiHiMizamii 3abe3nedye HalKpaiumii
OaslaHC MIXK YaCOM Ha BUKOHAHHS i PIBHEM IOKPHTT.
Po3ristHyTI JOCHI/DKEHHST 3aKJIaid KOHIIENTyalbHe
HiATPYHTS meronis  TSM,

CydJaCHUX BHU3HAYMBIIN

OIITHMI3aIiI0 MOKPHUTTS SIK OaraTOKpUTepiajbHy 3ajady,
y SAKiH KOMIOpPOMIC MiX TOYHICTIO Ta IIBHIKOIIEI0 €
KIIFOYOBHM YHHHHUKOM SKOCTI QJITOPUTMY.

2.2. Kaoioni ancopummu onmumizayii TH
YKamiOui (Greedy
3aIUIIAIOTECS  HAWMOIMMPEHIINM IHCTPYMEHTOM IS

ANTOPUTMHU algorithms)
ckopoueHHs TH. OcHOBHa izest moJsirac B MOKPOKOBOMY
Bubopi TC, sxi maroTh HAHOUIBIIKN TPUPICT KPUTEPiO
e(heKTUBHOCTI Cepe]] HeBi[BITaHUX CIEMCHTIB.

VY poborti [10] BukopucTano 6araTopiBHEBY LITHOBY
¢yHKIiI0, sfKa Tae 3Mory OalaHCyBaTH MDK DPI3HUMH
OUBSIMHA MiHIMI3amii, 30kpeMa 30epexeHHs (301TbIIeHHS)
MTOKPHUTTS ¥ YCYHEHHS Ha/IMIPHOCTI.

VY crarri [11] xamgiOHI aNTOPUTMH OIIHIOBAJIUCS
32 JOMOMOTOI0 MYTAI[IfHOTO TECTyBaHHS 3 OIJIAy Ha
KUTBKICTh NIedeKTiB, mo Oynu BHsBIEHI cHOpMOBaHUM
TecToBUM HabopoM. EdexTuBHICTD kamiOHMX anropuTmiB
MATBEPKEHO U PErpeciiHoro TecTyBaHHA, A€ iX
3aCTOCYBaHHs 3a0e3leuye CyTTEBE CKOPOUCHHS PO3MIpy
TH i yacy Ha BUSBIEHHS e(EKTIB.

30kpema pe3ynbTaTH B poOoTi [12] Bka3ywoTh Ha
ckopoueHHs TH Ha monam 75%, mo [AeMOHCTpYe
MPaKTHYHY NPUAATHICTH >KaliOHOI mpiopuTH3aIii s
MIPOMHUCIIOBUX TIPOTPAMHUX IIPOEKTIB.

Kpim Toro, y cmapr-cucremax 3alpoNOHOBAaHO
mabIoHHO oOpieHTOBaHe ckopodeHHs TH mms cmapt-
KOHTpakTiB [13].

Y nocmimxenHi [14] mpoBepeHO KOMIUIEKCHE
eMIIipUYHEe OIL[HIOBaHHS kaniOHux anroput™miB TSM 3a
YMOBH Di3HHX PIiBHIB IX CTPYKTYpHOI CKJlagHOCTi. JloBeneHo,
mo e(pEeKTHBHICTh TaKUX METOJIB CYTTEBO 3aJlEKHUTh
Bix criBBigHomeHHs KiabkocTi TC 1 TECTOBHX BUMOT.

CucrtemMaTuyHuil  OIJISLT [15] MATBEPIKYE
3HAYYIIICTh KaqiOHNX aNTOPUTMIB MOPIBHSIHO 3 IHIIUMHU
€BPUCTUYHUMH i NOIIYKOBUMH METOJIaMH.

Topmaseimi gocTimKeHHs 30cepeDKeHI Ha BIOCKOHAICHHI
KaNiOHMX  anropuTMiB.  30KpemMa  3ampolOHOBAHO
TIPUCKOPEHUI BapiaHT JKaTi0HOTO ANTOPUTMY
(Accelerated Greedy Additional Algorithm, AGA), sxuit
niaBuiye epekruBHicTh npioputuzauii TH [16].

Binbur HOBI po6OTH MOEAHYIOTH XKali0HI AITOPUTMHU
3 anropuTMaMM MAIlMHHOTO HAaBYaHHS, HANpUKIIa,
y ckxopouenni TH ©a ocHoBi mopmibnocti [17] abo
3aCTOCYBaHHI ~ MEXaHi3MiB  4acTKOBOI  yBaru s
mokparerHs Bigoopy TC [18].

Omxe, xaiOHi aropuT™H (HOPMYIOTH OCHOBY 0aratbox
cydacHHX nociikeHp onrtumizamii TH, i BomHOUac €

KJIFOUOBUMH €BPUCTHKAMHU a00 CKJIaJHUKAMH TiOpPHIHUX
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METOJIIB, SIKI IHTErPYIOTh JOJATKOBI KpHUTEpIi MOKPHUTTS,

noxiOHocti abo edexrtuBHOCcTi. Ponp y mitepatypi
3aCBIUYE SIK CTaOUIbHICTh Pe3YJbTaTiB, TaK 1 THYYKICTh
JUTS afianTailii B HOBUX JOMEHaX TecTyBaHHs [13.

Omxe, kamiOHI aNTOPUTMH € HAIIHHOIO OCHOBOIO
s MetoaiB onrtuMizamii TC 1 3amumarTh MPOCTIp

JJIs1 BIOCKOHAJICHD.

2.3. /lenvma-oebazine ancopummu minimizauii TH

Anroput™m paenbTa-aebariary (Delta Debugging)
BIiepiie 3anponoHoBanuil Zeller i Hildebrandt [19] mns
COpOINEHHS ¥ JIoKami3amii BXiMHUX JaHWX, SKi
BUKIIMKAIOTh HporpaMHi 300i. 3rogoM Horo mnovamu
3actocoByBaTH s MiHimizanii TC. Kiacuuna Bepcis
NTOPUTMY  TIPALIOE 33 MNPUHIKIIOM  TOCIIJOBHOTO
BIIJTyYEHHS! YaCTHH TECTOBHMX CIIEHApiiB 13 INepeBipKoro
o0 30epeskeHHsT He0O0XiTHOT TIOBEIIHKH.

VY nocmimkenHi [20] po3mupeHo [eil anropuTM.
3acTocoBaHO nenbTa-nedariHr Ay JIOKaji3amil MpuYuH
300iB y CKJIaJHUX NPOTPAaMHUX CHCTEMaXx, IO Ja€ 3MOTY
MIHIMAQJIBHI  IIJIMHOXXHHHA

BH3HAYATH IHCTPYKIIiA,

BIIIOBIAIGHUX 32 TMOMIUIKY. Takuii miaxig €
BiPaBHOIO TOYKOIO IJISl HANIPAMY JIOKami3arii qedeKxTin
(Fault Localization, FL).

VY crarti [21] mpomemMoHCTpOBaHO, IO TEXHiKa
nporpaMHoro 3pizanss (Program Slicing, PS) mae crinbHi
3 JenpTa-Ae0ariHroM TNPUHOWAMHN PEenyKIii W MoxKe
BUKOpHCTOBYBaTHCh i MiHiMizaii TC 6e3 Brpatu
pPEIIeBaHTHUX CHOCOOIB BHKOHAaHHA. Takuil 3B S30K
MDK MPOrpaMHUM 3pi3aHHSM 1 JeNbTa-1e0ariHroM 3a1aB
OCHOBY [UIA TIOPHIHUX METOHIB pPEAyKIii B CydaCHHX
CHCTEMaX TECTYBaHHSI.

Knacuunmii anroput™m nenbTa-nedarinry HaOyB
MOJAJIBIIION0 PO3BUTKY B METOAI 1€papXidyHOro JeibTa-
nebarinry (Hierarchical Delta Debugging, HDD), skuit
Oepe 10 yBarm CTPYKTYpOBAHICTh BXIJHHX JaHHUX
1 3aCTOCOBYE TMOCJIJIOBHE CIIPOLIEHHS Ha PIBHAX iX
iepapxii. Takuii miaxig 3abe3nedye 3HaYHE MPUCKOPEHHS
MiHIMI3aIli] Ta MOKpAIIy€ SKICTh OTPUMAHUX CKOPOUEHUX
BXIIHUX JaHUX MOPIBHSHO 3 OCHOBHUM alTOPUTMOM [22].

Y  pobori [23]
Generalized Tree Reduction, kil TOETHYE TPHHITUIH

3aIIpOIIOHOBAHO aAJITOPUTM

JlenbTa-1e0arinry 3 i€papxiyHUMH  NEPETBOPEHHIMHU
JIEPEBOMOMIOHNX CTPYKTYp. 3alpOIOHOBAHUN AITOPHTM
aBTOMAaTUYHO CKOPOYY€E CKJIAJHI BXIiZHI AaHI 10 KUIbKOX
iICTOTHO

BIZICOTKIB Bif 1X IIOYaTKOBOTO pO3Mipy,

MEPeBEpUIyIOYN  KIAaCHYHWHA  JAeibTa-aedariir  3a

e(heKTUBHICTIO MiHIMI3aIlil.

ABtopu npaui [24] 3anponoHyBaid HWMOBIpHICHHI
Delta
KJIACUYHUM

nenbra-nebdarinry  (Probabilistic
ProbDD),
anroput™ ddmin i3 TOOYJOBOK WMOBIPHICHOT MOl

maxig o

Debugging, SAKUN  TIOEQHYE
Ha OCHOBIi a0CTPAaKTHOTO CHHTAKCHYHOTO JIepeBa. Meron
Oepe 10 yBarm CHHTAKCHYHI 3B’SI3KM MDK €JIeMEHTaMH
W pe3ynbTaTH MOIMEpeIHiX BHIIPOOYBaHB, IO CKOPOUYE
cepenHiil yac Ha 00poOseHHs Ha 27% 1 3MEHIye po3Mip
pe3yibraTiB y 3,4 pa3a HOpIBHSHO 3 HASBHUMH METO/IAMU.

Cepen cywacHuX Moau@ikaii nenpTa-gedarinry
BapTO 3rajaTd AalTOpUTM JenbTa-nedariary Weighted
Delta Debugging (WDD) [25], y sxomy mig uyac
MiHiMi3aIii OepeThcsa 10 yBaru Bara €JIEMEHTIB BXiTHHX
naHux. Taka Momudikamis aae 3MOTY PO3PI3HATH
¢parMeHTH 3a iX BHECKOM Y CTPYKTYpy TecTy, IO
iABUIITY€ €PEKTUBHICTD anropuT™iB ddmin i ProbDD.

30kpeMa B CepeOHbOMY dYac Ha MiHIMI3aIlio
ckopouyeTbes 10 51%, a posmip pesyinpraTiB Ha 13%
MEHIIUH, SKIIO NOPIBHIOBATH 3 OCHOBHUMH METOaMU.

Ineto hoisting-onepamiit mist HDD posrnsHyTO B
crarTi [26], a MO TEOPETHIHHUIA aHATII3 CTOXaCTHIHOTO
JieNbTa-e0arinry BUKOHAHO B po0oTi [27].

Jenpra-nebariar amanToBaHO Ui perpeciifHoro
TECTYBaHHS HA OCHOBI aTpuOyTiB [28].

OxpeMo BapTo 3razaTé HOBiI MoauiKarlii, CIipsIMOBaHi
Ha MiABUIIEHHA e(EeKTUBHOCTI  JesbTa-Ae0arinry.
3okpema B poboti [29] 3anpomonoBano MIP-DD, mo €
MepIINM BIIKPUTHM 1HCTPYMEHTOM Ha OCHOBI JeJbTa-
nebariary ams  3amad  3MIMAHOTO  IUTOYHCETHHOTO
nporpamyBanHs (Mixed Integer Programming, MIP).

Y pobori [30] cywacHa wMomudikamis meIbTa-
nebarinry ocHoBaHa Ha inei iteparii m0 ¢ikcoBaHOT
(DDMIN*).

QITOPUTM, SKAHA JOJATKOBO CKOpPOYYE BXIiNHI JaHi Ha

TOYKHU ABTOpH  MIPOJIEMOHCTPYBAIN

48% mopiBusHo 3 kigacuyauM DDMIN, a Takox
TiABUIIY€E CTAOUTBHICTD MPOIIECY MiHIMI3aIlil Ta 3MEHITY€E
KUTBKICTh 3aMBHX 1TEparii.

Kpim Toro, cydacHi IOCITIPKCHHSI BKa3ylOTh Ha Te,
IO HABYaHHS 3 MIAKPIIUICHHSM MOXE CTaTH JIOTIYHUM
MIPOZIOBXKCHHSAM EBOJIOIIT KamiOHMX 1 Jenbra-medaridr
[31-33]. [34, 35]
3actocoBaHo RL mis ¢opmyBanns edekruBaux TC Ha

ITOPUTMIB 30kpeMa B CTYAisX

OCHOBI areHTa 3 Q-HaBYaHHSM.

2.4. Buznauenns npoonemu

OTXe, MONpU 3HAYHUA PO3BHTOK MeTomiB TSM,
HU3Ka KIIOYOBHMX IMHTaHb 3aJUIIAETHCS HEPO3B’SI3aHOIO.
KamiOHI Ta  Jeibra-aedariir

Knacuuni aJIrOpUTMU

JoBesin eeKTUBHICTh y 3MeHIueHHi po3mipy TH i wacy
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Ha BukoHaHHA TC, OfHaK 3aMIIAIOTECS JETEPMiHOBAHUMH
H HEe BHKOPHUCTOBYIOTh aIalTHBHHX CTOXaCTHYHHX
MeXaHi3MIB. binblicTs HasBHUX MOAMDIKALIN ONTHMI3YIOTh

CTPYKTYpHE
ceMaHTH4HY 3HauymicTh Aid TC abo B3aeMoO3aleXHICTh

Jvie MOKPHUTTSI, HE 3BaKAlOYd Ha
0a3oBux OJIOKiB BuKOHaHHs C++ 6i0mioTek y ckmani [13,
M0 3HIKYE JIarHOCTUYHY HiHHICTH OTPUMAHUX PE3yJIbTaTiB
utst C++ 01011ioTeK.

HoBitHi wMommdikamii, $AK-0T IMOBIpHICHHH i
3BaKEHUH JenbTa-1e0arinr, MiIBUILYIOTh €(QEeKTHBHICTD
MiHimi3amii. OmHAK BOHU TPYHTYIOTHCS Ha (DiKCOBaHHUX
eBpUCTHKAaX 1 HE TPHUCTOCOBAaHI 0 TECTyBaHHS
C++ 6i61ioTeK i3 BUCOKOIO CTPYKTYPHOIO CKIIaIHICTIO.

Kpim TOro, OinplmicTe MeTOHNIB mepeadadaroTh
MoCTiToBHE 0OpOOIICHHS €JIEeMEHTIB, ToAl sSK peanbHi TC
MICTSTh PO3CisiHI 400 KOHTEKCTHO 3aJeXKHi Jil, BaXKIIHBI

JUIsl 30€peKEeHHSI IOBHOTH MOKPHTTSL.

3. MeTa i 3aBIaHHSA JOCTiIKEeHHS

Metoto poGotn € MmigBUIIEHHS e()EeKTUBHOCTI
tecryBaHHss C++ 0i0mioTeK 3aBISIKM BIOCKOHAJICHHIO
KJIACUYHOI'O JkanioHOTO

ANTOPUTMY (dbopmyBaHHS

(ontumizanii) TC 1 anropurmy nenbTa-pedarinr
miniMizanii TC s C++ 6i6mioTexk.

Jns  focsTHEHHs TOCTaBJieHOT MeTH B POOOTI
chopMynboBaHO 3a1ady ¢opmyBanHs (ontuMizanii) TC
quist C++ 6i01i0TeK Ta BU3HAYCHO TaKi 4aCTKOBI HAYKOBI
3aBIaHH:

1) yiockoHaNeHHs JKaIiOHOTO aIropUTMy ONTHMI3allil
TC Ta ycyHeHHS HOT0 JeTepMIHOBAHOCTI i3 3a0e3MeUeHHM
epexruBHOrO criicHeHHs1 TC s 30epexeHHs TITKOBOTO
MOKPHTTS KOAY;

2) onTHUMI3aIIis AITOPUTMY JeJIbTa-AeOariHT MiHiMi3arlii

TectoBuX cueHapiis s TC i3 po3pimkeHHM
pO3TalyBaHHAM HaTMIIKOBUX JIii;
3) ouiHIOBaHHSA e€(EKTUBHOCTI BIOCKOHAICHHX

TC pgua CH++ 06i6miorex

HOpiBHS{HO 3 KIIaCUYHUMH aJITOPUTMaAMMU.

AJITOPUTMIB  ONTHMI3aIlil

3 MeTOH OIiHIOBaHHS €()EeKTUBHOCTI HEOOXITHO
TIOTIEPEIHBO BI3HAYUTH KPHUTEPIii €PEKTHBHOCTI alTrOpUTMIB

tdopmyBanns (ontumizanii) TC anst C++ 6i6mioTek.

4. Marepianu ii MeTOaM JOCTiIzKEeHHSI

3amauy QopmyBanHs TC mms C++ 0Oibmiotek 0e3
crienmdikaniii APl MmoxxHa opmanizyBatu ik MapKOBCHKHI
mporec NpUHHATTA pimeHs (Markov Decision Process,
MDP) [36], ne TC Oynyerbcs KpOK 3a KPOKOM,

00HMparoYy HACTYNHY (YHKIIiIO 3 JAOMYyCTUMOTO MPOCTOPY
niit (API) y Takuii crioci6:

(S,A,P(s’\s,a),?l(s,a),y), (1)
ne S — MHOXWHA CTaHiB, 10 BiAMOBigae crany §; A —
MHOXKWHA JONMYCTHMHUX i y CTaHi §; P(s'|s,a) -
(yHKIST IMOBIPHOCTI NEpEXOAy /0 HOBOTO CTaHy ITiCIIA
BUKOHaHHA Hii ¢ y craHi S§; R(s,a) — QyHKIisA
BUHAropojau, Ska HaJaeThCs 3a Jif0 ¢ B CTaHi §;
ye (0,1) — Koe(imieHT TUCKOHTYBaHHS.

3anmaua GopmyBanHa TC OMUCY€eTHCS TAKIM YHHOM.
TC npoxunn neN, axuit popmyerscs, Moxe OyTH
BITOPSIIKOBAHOIO TOCIiToBHICTIO Aii TC:
S =(ay,az,...,a,), 2)
ne a; € A — Buknuku API-6i6mioTexn 3 MHOXHHA A .
o6 kepyBatu ¢opmyBannsim TC, noaarkoBo
BHKOPHUCTOBYETHCS TIOKPHUTTSA 0a30BUX ONOKIB (basic-
block coverage) six eBpuctuka. s xoxHOl mii ¢, sKa
BUKOHYEThCSA Yy Tpedikci cleHapito Sp,, de teN —
me moTouHuil Kpok ¢opmyBanHS TC, BH3HAYa€THCH
MHOXUHa ONokiB BB (Sl:t) . 3a yMOBH, SIKIIIO OCTAHHS Jist

BilKpmia OJIOK, SIKUI HIKOJIM HE BUKOHYBaBCS, TO Iis

BIIKpHBA€ VyHIKaNbHUHA 0a30BWiA OJOK BUKOHAHHS
nporpamu. [HIUKAaTOp YHIKQIBHOCTI MOKHA 3aIllUCaTH

TaKUM YHHOM:

I, axwoBB(Sy, )/ BB(Sy_1) %D

u(a)= . @
(@) 0, sxuoBB(S;;)/BB(S; )= ®)
MurTeBa KOpUCHICTH Al ¢ Ha Kpomi ¢
BU3HAYAETHCS 38 3pPOCTAHHSIM ITOKPUTTS TiJIOK:
gt(a)=C0v(S1:t @a)—Cov(Slit). @)

ToOTo MHTTEBAa KOPHCHICTH JOPIBHIOE KUIBKOCTI
HOBHX T1JIOK, SIKi BITKPHIOTHCS 3aBJISIKU JIOJABAHHIO Jii d
HA TIOTOYHOMY KPOIITi.
noxkuaun  TC

3ajava MiHiMi3anii 32 YMOBHU

30iIbpImIeHAES  (30€peKEHHSA)  TINKOBOTO  TOKPHUTTS.

Heo0OximHO 3HalTH HAHKOPOTIIHIA TECTOBHUI clieHapiit S’

Ha ocHOBIi opwuriHamsHOTO TC S, SIKUHA 3a7J0BOJILHSIE

orig »

3aJlaHy BEJIMYMHY MTOKPUTTS KOAY:
min Len (S ’)
S'eA

. (5)
Cov(S') = Cov(Sor,-g )

Po3p’s3atit 3amauy (5) MOXKHa 3a  JOITOMOTOIO

(¢bopMyBaHHS HOBOTO TECTOBOTO  CIICHapiro  abo

MiHiMi3awii opurinansHoro TC 3a ymMoOBU 30epexeHHs
OPHTIHAIBHOTO MTOKPUTTS KOIY.
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4.2. Yoockonanennsa xncadionozo anzopummy
opmyeanna TC

OpHuM 13 HaHOUIBII MOMIMPEHHMX IMIAXOMIB IIOI0
dopmyBanHs abo wiHimizamii TC € BUKOpUCTaHHS
KamiOHuX anroputMiB. OCHOBHA ifiesl TIONATaE B TOMY,
o0 Ha KOXKHOMY KpolLli oOMpaTH [ito, sika 3abe3rnedye
HaiiOipmuii  OesmocepenHiii  mpupicT
e
obOumciroBaTHCSA 3a PI3HUMH KpuTepismu. Hampukian,

MOKPHTTSL.

YV  kjacuuHii  IOCTaHOBIN MOKPUTTSI  MOXKE
3a KUIGKICTIO HOBHX BHMOT, SIKI 3aJOBOJILHSIIOTHECS, a0o0
HOBHUX €JIEMEHTIB KOJLy, 1[0 aKTUBYIOTBCSL.

Ha xoxHOMY Kpomi ¢ >KamiGHOTO aJIroOpuTMy
e

He BUKOpHUCTaHOI il 3a popmymoro (3). Jami odupaerscs

OOYHCITIOETHCS MUTTEBA KOpI/ICHiCTL KO)KHO.I.,

I[iﬂ 3 MaKCUMaJIbHOXO MUTTEBOO KOpI/ICHiCTIOZ

a' = argmi)‘t( g (a) .
ae

(6)

3a ymoBn, skmo g;(a’)=0, TO amropurm

3aBepIIye poOOTy, OCKUIBKH KOIHA 3 il HE Ja€ 3MOTHU
PO3IIUPUTH TIIKOBE TMOKPHUTTA. B iHIOMy pa3i oOpana
Il TOMAEThCS JO CIICHAPII0 Ta MPOIEC MPOJOBKYETHCS
IO JOCATHEHHS OpUTIHAJIBHOTO IOKPUTTA abo o
3YNHMHKHU 32 IHIIMM KpPHUTEpieEM (HANpHKIAA, 0OMEXKESHHS
Ha nosxuHy TC). IlceBnokox KiacM4HOTO >kKamiOHOTO
aJTOpUTMY TOJaHO Ha puc. 1.

[Tompu cBOIO MpOCTOTY W NPaKTUYHY €(hEeKTHBHICTD,
KJIACUYHHI JKaliIOHUIT alrOPUTM Ma€ HU3KY OOMEXKEHb, a
came:

— JIOKabHI naamo — SKIIO JKOJHA 3 JOCTYHMHHUX
Iiii He MJae TPHPOCTY TOKPUTTA Oe3rmocepeHb0 Ha
MOTOYHOMY KPOIIi, AITOPUTM 3yNUHSIEThCs. BogHoUac BiH
MOX€ BTPATUTH MO>KJIMBICTH JTOCSTTH BHILOTO MOKPHUTTS,
SK€ BIIAKPHUBAETHCS JIMIIEC MICIAs BHKOHAHHS IEBHOT
"mpomixkHOT" Aii;

— Oemepminizm i giocymuicme ousepcugpikayii —
ANITOPUTM 3aBXAW OOMpae OAHY HaWKpamly Jgilo 3a
MHUTTEBUM MPUPOCTOM, IO POOMTH HOTO CXMUIBHUM JIO
MOTPAIUITHHS B TACTKY

JIOKAJIbHHUX MaKCI/IMyMiB

1 oOMexye pisHOMaHiTHICTh MO0y oBaHuX TC;
iHopmayii  —
KIACHYHUKA IKagiOHWH aJrOpUTM HE BHKOPHCTOBYE

— IeHOpYBaHHs — 000AMKOB80T

JKOAHOI ~ JoTmOMDKHOI  iHopMmamii mpo MOTeHHiHHO
kopucHi aii. Hanpukmian, BiH He Oepe 10 yBaru, 1o Aeski
Iii MOXYTh BIIKpUBATH HOBI 0a30Bi OJIOKM BUKOHAHHS
nporpamu, SIKi 3rofIoM MpPHU3BEIAYTh JO 3POCTaHHS
MOKPHTTSI T'JIOK.

Knacnuaauii sxafgiOHuii anroput™ OOMEXEHWH THM,
II0 Ha KOXHOMY Kpowi BiH BigOupae Jmme it

3 MakKCUMaJIbHUM MHUTTEBUM ITPUPOCTOM ITOKPHUTTIA TJIOK.

Sk HacNIZOK, SKIIO BCl JOCTYMHI Aii MarOTh HYJIbOBHUH
MIPUPICT, TO AJITOPUTM 3YITHHAETHCS, HABITH SKIIO JAESKi 3

HUX MOTJIM O BIAKPDUTH HOBI MOXIHBOCTI IS

MaﬁﬁyTHBOFO TMOKPUTTA. Take oOMeKeHHS MMPpU3BOAUTH
pi(¢] CTaI‘HaHi.l. Ha JIOKAJIbHHUX IIIIaTO.

Auaropurm 1.
Knacyunnii sxaniGamii anroput™ dpopmysanss TC.

Bxioni oani:

S

orig — OPHTIHANBHHI TC.
Buxioni oani:

S . —cthopmoranuii TC.

out
Tino anzopummy:
LS, <<

2. A« Extract(Sorig)
3. Cov,y, <«

cur
4. Cov, <« Cov(Son-g)

orig
5. repeat
6. Gaing,y < 0
7. a' < None

8. foreach a € A\S,,, do

9. local g(a) <« Cov(Som @a)— Cov,,,
10. if g(a) > Gainy,, then

11. Gaing,g, <—g(a)

12.  a'«a

13. endif

14.  if a' = None or Gainy,,, =0 then
15. break

16. endif

17. end foreach

18. S, < Spu ®@a

19. Cov,,, <« Cov(S(,m)

20. until Cov,,,. < Covo,,ig

21. return S,

Puc 1. [Icepnokos xanioHoro anroputmy ¢hopmysanns TC

[t moonaHHs OO OOMEXEHHS 3alpPOIIOHOBAHO
BJJOCKOHAJICHUH JKaJliOHUI anropuTM, 10 KOMOIHye Taki
JIBa MapaMeTpu:

1) MUTTEBHI MPUPICT TIIKOBOrO MOKPUTTH g, (a) ;
ol f; (a) ,
OLIIHIOETHCS HA OCHOBI MOSIBM HOBHX YHIKaJIbHUX 0a30BHX

OJIOKIB ITiCJIsI BUKOHAHHS i€l [ii.
CyTHICTH YIOCKOHAJEHHS IONSTa€ B TOMY, IO,

2) MalOyTHS  KOPHCHICTBH sIKa

SIKIIO sl HEe 301IIbIIYE€ OKPUTTS TiJIOK Yy MEBHUI Yac, TO
BOHA MOXKe cTaTd "kimroueM", micis sAKoro iHmm i
MOYMHAIOTH JiaBaTtu mpupict. Ha koxHOMYy Kpoli
BIIOCKOHAJICHH aITOPUTM OIIHIOE 3BasKEHHIA Oai il

F@=g(@enfla). O
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e Ae[0;1] -

Maii0yTHIO KopucHicTb aiii TC.

Bara, IO BHU3HA4Ya€ TaM’ SIThb MpPO
3a yMOBHM, SIKIIO BUKOHAHHS S;, ®a MOPOMKYE
HOBI 0a3oBi OJOKHM, IO HE 3 ABISUTACH paHile, TO

OTPUMYEThCS  iHAWKaTop yHikambHocTi mii (3) —

u, (a) € {0,1} .

a 3’sgBUIIACH JesKa MHOKHMHA Jiil:

meag  mii

[Ipunyckaerses,  mo

N(a):{beAmt (b)zl}, (8)

e u, (b)=1 osHauae, mo xist @ € "kmogem".

Juis takux niii 30epiraeTbcss MaOyTHS KOPHCHICTH

mii f; (a) , IKa OHOBJTIOETHCS 3@ TAKHM TPABHUIIOM:
ﬂ(a)(—max(ft (a),bérjl\aflzia)ﬂ(b)). 9)

OTxe, 00paHO OHOBJIEHHS Mail0yTHHOI KOPHUCHOCTI
3a IPUHIUIIOM MaKCHUMAJIFHOTO 3HAYEHHS, OCKLIBKU IS
3anaui popmyBanHs TC BaIuBUM € (akT, IO i X04a
0 omuH pa3 BiKpwiIa HOBI YHIKadbHI 0a30Bi OIIOKH
BUKOHAHHS TNPOTrpaMu. BUKOpHCTaHHS MaKCHMalbHOTO
3HAYCHHA TapaHTye 30epekeHHs  HaNCHIBHINIOrO
CIIOCTEPEXEHOTO BIUIMBY i, pOOUTH aqroputM OiIbII
CTIiKUM 1 cmpomrye #oro 30DKHICTH 0e3 moTpebu B
JIOJIATKOBHX mapameTrpax. Ha koxxHii iTepauii anroputmy
Acand €A,

(hopMyeThCsl MHOXKHHA KaHIWIATIB sKa

MICTHUTb YCi i1 @, 71 SIKUX BUKOHYETBCS U, (a) =1 abo
F,(a)>0. 3 meroro auBepcndikalii anroputMy MoxHa

3acTOCOBYBaTH (hopMyity sofimax asnst BHOOPY Takoi Jii:

Fz(a%
F‘t(a*) ’
Za*eAmnde /

e T — KoeQIIlieHT, SIKUil Kepye 0aTaHcoM MK KaaiOHUM

B (a)= (10)

BHOOPOM 1 JoCIiKeHHSIM MaiOyTHBOT KopucTi niit TC.

[ceBnoKO yIOCKOHAIEHOTO Ka/li0HOTO alrOpPUTMY
MOJIaHO Ha pHC. 2.

YaockoHaNeHUH KamiOHMN anroput™M Oepe [0
yBaru MaiOyTHIO KOPHUCTh Hi 1 3MaTHUH IEPEBHUIUTH
KJIAaCUYHUH KaJTiOHUH aXroput™ y 3amadi (opMyBaHHS
TC. 3aBmsaxm 30epexxeHHro iHpopMmamii mpo mii, 1m0
BiJIKPHBAIOTh JIOCTYN JI0 HOBUX VHIKQJIGHUX CTaHiB,
ANTOPUTM Ma€ OMBIIUI MOTEHIial TOKPHUTTS TUIOK 1
ouiKyBaHO (OopMye KOpoTII ¥ edeKTHBHIlI cueHapil,
HDK KIACHYHHWHA aJTOPUTM, IIO OPIEHTYEThCS JHIIE Ha

MUTTEBHH MPUPICT MOKPUTTSI.

Aaroputm 2.
XKaniouuit  anroputm  ¢dopmyBanus TC 3
Ha MaitOyTHI0 kKopucTsb niit TC

OTJIILy

Bxionui oani:

S, — opurinansanit TC;

orig
A — Bara Maiil0yTHBOT KOPHUCTI;

T — KoeimieHT sofimax BuOOpy Aii;

U — KUTBKICTh KpaIIuX KaHIUIATIB ISl BUOOPY.
Buxioni oani:

S . — chopmoranuii TC.

out
Tino anzopummy:

.S, <D, A« Extract(Sorig)

2. Cov

orig

<« Cov(Sm-g)

2. foreach a c A do f,(a)<« 0 end
3. repeat

4. 'Acand S

. foreach aec A\S,,, do

g (a) “— Cov(S (—Da) - Cov(Som)

out
if g;(a)>0 or f;(a)>0 then
F(a)= 2 (a) 1 (a)
Acand A Acand U{a}
10. endif

11. end foreach

12. if A.,pq = then break

13. foreach best L candidates a e A,,,; do
14. B (a) <« Equationilo(a, r)

15. end foreach

16. a’'~ P, (a)

17. s, < S, ®a’

out out

18. foreach b A\S,,, do

19. F(b) < g (b)+2- £, (b)
20. if u,(b)=1 and F,(b)>0 then

21. f,(a)(— max(ft (a),Ft (b))
22. endif

23. end foreach

24. until Cov(S,,;)< Cov,

orig

© o N o v

25. return S

out

Puc. 2. IlceBnokox xaniOHOro anroputMmy (opMyBaHHS
TC 3 ornsany Ha MallOyTHIO KOPHCHICTB JTiH

4.3. Yoockonanennsa anzopummy oeavma-oedazine
MiHiMi3auii mecmosux cyenapiie
JlenbTa-ne0ariir € OMHUM 3 HANIOIIMPEHIIINX
anroput™is Minimizamii TC. Moro cyrtHicTs mnomsrae
B mocTtynoBoMy BuiyuenHi dactuH TC 1 mepesipii
mos0 30epexeHHs OakaHoi BIACTHBOCTI, BiATBOPEHHS
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MOMWJIKM ab0 TOKPHUTTA KOAy. 3a YMOBH, SKIIO
ckopouennii TC 3amumaerbcs BaliJHUM, TO BHIIydYEHI
KPOKH BBaXKAIOTHCSI HAJUIMIIKOBUMH ¥ BIAKHAAIOTHCA.
IIceBaoxon KIIAaCUYHOTO AITOPUTMY 3alIPONIOHOBAHO
Ha puc. 3, a J0AaTKOBa MpoLeAypa [0 alrOpUTMy —

Ha puc. 4.

Auaropurm 3.
Knacnunuit anroput™ nenbTa-aedarinr minimizamii TC

Bxioni oani:

S orig — opurinansuuit TC.
Buxioni oani:
S . —wminimizosanuii TC.

out
Tino anzopummy:
L. Covyyig < Cov(Son-g)

2. Sout <« Sorig

3. g2

4. while Len(S,,,)> 2 do

5. {Sl,...,Sn} « PartitionContinous (S,,;, g)
6. local success < false

7. fori<1 to g do

8- Spiat <= Sout \Si

9. if COV(Strial) 2CoVy,iq then

10. Sout < Strial

11. g <« max(g—l,?_)

12. success <—true
13. break

14.  endif

15. end for

16. if Success then continue
17. fori<—1 to g do

18. Strial (_Si

19. if Cov(St,ial)ZCovor[g then
20. Sout <~ Strial

21, g« max(g-1,2)

22. success <—true

23. break
24. endif
25. end for

26. if success then continue
27. ingLen(SOm) then

28. break
29. else

30. g« miﬂ(z'gsLen(Snut ))
31. endif

32. end while
33. return S

out

Puc. 3. IlceBIokoa KIACHYHOTO AITOPUTMY JeNbTa-nebariar
minimizamii TC

IIpouenypa 1.
IIpouenypa poszourtss TC Ha
PartitionContinous

MOCITiZOBHI  OnoKM  [iid

Bxioui oani:
S — nmocnigoBHICTS Ail;
N — GaxkaHa KUTBKICTH OJIOKIB.
Buxioui oani:
{Sl yeens Sn} — CyMiXHi 06JI0KkH 6e3 TIepeTHHIB.
Tino npouedypu:
1. Leng < Len(S)
. n(—min(n, Len, )
. Lenyyg, < floor(Leng | n)

. Len,,,, < mod(LenS / n)

rem

. for i<—1 to n do

local size < base + (i < Len,,, ?1: 0)

2

3

4

5. base <1
6

7 rem
8 S; <—Cut(S,base,—1]

9.  base < base+size

10. end for

11. return {Sl,...,Sn}

Puc. 4. Ilcesnokox mponenypu po3durrts TC Ha mociinoOBHI
onoxku ait TC

AnropuT™m nenbTa-fAeOariHT Mparioe 3a MPUHITATIOM
monily Ha migMHOXWUHU. Tomi Hexailt Bxigauid TC
MICTUTH N Jill. ANITOPUTM HOYMHAE 3 PO3OUTTSI MHOXHHU
i Ha 71Ba OJIOKM i TIepeBipsie, Yi 30epiracThCsi MOKPUTTS
ITICJISL BUIYYCHHS OHOTO 3 HUX.

3a yMOBH, SKIIO TaK, TO Bikumae OJok. SKIo Hi,
TOMI JUTATH HA JAPIOHINI YacTWHU (HAIPUKIA, YOTHPH
0JIOKH) Ta MOBTOPIOE TPOIIEC.

OTKe, anropuT™M rapaHTye MOCTYNOBY MiHIMi3aIlito
TC 1o nigAMHOXKHUHM, sKa 3a0e3rmeuye HEeoOXimHui
pe3yIbTar.

Jliis minimizargii TC 3ampornoHOBaHO BIOCKOHAICHHIMA
BapiaHT alTOpUTMy JeJbTa-AeOariury, SKAH IOeTHye
€IIEMEHTIB 13  CTpaTeriero

KJIIaCUYHC BUJIIYYCHHA

MHOXKHHHOTO ~ BWIYYCHHS [Jiii Ta  BpaxXyBaHHIM
YHIKaJIBbHOCTI 6a30BUX OJIOKIB.

Orxe, s KOXKHOI Iii @; BM3HAYACTHCA MHOKHHA

VHIKaJIbHUX 0a30BUX OJIOKIB MPOrpamMu:

U(al-): qu(ai)|qu UB(aj) , (11)

J#i
ne B(a;)

TOKPHUTHX JI€I0 q; .

MHOXMHa 0a30BUX OJIOKIB TIpOTpamu,

3a ymoeu, sikmo U(a;)# @, 10 ais no3HavaeThes

Sk "3axumieHa" W HE TOTpaIUisie A0 KaHTUAATIB Ha
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BWIJIy4eHHS! TOTOYHOI irepaiii anroputMmy. Ha koxHii
itepanii anroputM (GopMye TIIMHOXKHHH i 0e3
3aXUIICHUX eNleMeHTIB. [TiIMHOXHMHM, BWIYYEHHS SIKHX
HEe 3MEHIIY€e IOKPUTTS HIDKYE, HDK 0a30BUH piBEHB,
BUJIY4aIOTECSI OCTaTOYHO.
IceBnoxon anropuTMy 3ampornoOHOBAHO Ha pHC. 5.
[ponenypy dopMyBaHHS MHOXHHU 3aXUIIEHUX il

MO/IaHO Ha puC. 6.

Auaropurm 4.
AJroput™M JenbTa-nebarinr MiHiMi3alii TECTOBUX CIICHApIiB 3
OTIAY Ha YHIKAIBHICT TOKPHUTTS 6a30BUX OJIOKIB POTpaMH.

Bxioui oani:

S,

orig — OPHTIHATbHHIT TC;

g0 € (0,1) — KoeiIli€HT 3epHUCTOCTI;

&min — MiHIMaIbHA 3ePHUCTICTD.
Buxioni oani:
S, ,; — MiHimizoBanuii TC.

out
Tino anzopummy:

L Covyyg < Cov(S,mg)

S, <« S

2. out orig
3. g<go
4. st <« max(Len(SOm )'g, gmm)
5. while st >1 do
6. P < ComputeProtected (S Om)
7. local i<—1
8. while i < Len(S,,,) do
9. local Sy, < O
10 j<i
1. while Len(B) < step and j < Len(S,,,) do
12. if j¢ P then
13. Shatch < B U{aj}
14. end if
15, jej+l
16.  end while
U Sniat <= Sour \ Spatch
18. ifCov(Smal) 2 Cov,,q then
19. Sour < Sprial
20. P < ComputeProtected (S ou,)
21.  else
22. i< j
23.  endif
24. end while
25 st(—max(st 12, min )
26. end while
27. return S,

out

Puc. 5. IlceBnokon anroputmy aenbra-gedarinr minimizauii TC
3 OISy Ha YHIKJIBHICTh TOKPUTTS 0a30BUX OJOKIB pOrpamMu

Anroput™m 4 kepyetbess geR — KoedilieHTOM

3€PHHUCTOCTI, [0 BU3HAYAE KUIBKICTh MIAMHOMKHH, Ha SKi
PO30MBAETHCS BXiHA MTOCIIOBHICTD M.

Ha mouatkoBuX iTepalisix alropuTMy Lie Ia€ 3MOTY
BHKOHYBaTH OUThII TpyOi cripoOW BHIIYYCHHS, a B pasi
HeB/adi KOe]illieHT 3EepHUCTOCTI MOCTYIIOBO 3pOCTAE,
3a0e3neuyroun Oinbl piOHO3epHHCTE po30uTTs. Takmii
miAxin Jgae  3Mory OajlaHCyBaTH MIDK — IIBHJIKICTIO
MiHiMi3aii Ta i eeKTUBHICTIO.

[pouenypa 2.

IIporienypa ¢opMyBaHHS MHOXHHH [iff 32 YHIKaJIbHUM
BHECKOM Yy  TOKpUTTS  0a30BHX  OJIOKIB  mporpamu
ComputeProtected

Bxioni oani:
S - nocnigoBHICTH Aiil.
Buxioui oani:
P — muoxunHa "3axuimenux" mii.
Tino npouedypu:
P«
. for j=1 to Len(S) do

N =

w

ifU(aj) # & then
P(—Pu{aj}

end if
end for

return P

Now e

Puc. 6. IlceBmokonm mnpoueaypu (OpMyBaHHS MHOKUHH
"3axumenux" niit

3anpornoHOBaHMIT AJITOPUTM Ma€ MOTEHIIiiHI epeBaru
HaJl KJIaCHIHNM JIeNTbTa-Ae0ariiroM y 3amadi (hopMyBaHHS
TC mnsa C++ 6i0mioTek 3aBASKH aTaNTHBHOMY KEpyBaHHIO
3Ha4YEHHSIM KoedillieHTa g BpaxyBaHHIO YHIKaJIbHOCTI Ik
TC 3a monomororo 0OUHCIICHHS TOKPHUTTS 0a30BUX OJIOKIB
BUKOHAHHSI IIporpamMu. BukopucranHs 3MiHHOT 3epHHUCTOCTI
JIa€ 3MOT'y CIIOYATKY IIBHIIKO BiJICIFOBATH BEITMKI HEMOTPiOHI
¢parmentr TC, a MOTIM MOCTYIOBO MEPEXOIUTH JI0 OLIBII
TOYHOTO JIOKAJILHOTO aHali3y, 1o 3abesnedye OamaHc Mik
MIBHUKICTIO MiHIMI3aIlii Ta SKICTIO KIHIIEBOTO PE3yJIbTATYy.

JonarkoBe BpaxyBaHHS il 13 YHIKQJIbHIM BHECKOM
Yy TOKPHUTTA 0a30BHUX OJIOKIB 3am00irae BTpaTi KPUTHIHUX
emementiB TC. Taka xoMOiHamis Ja€ 3MOTY JOCSTaTH
BUCOKOTO cTymeHs ctucHeHHs TC 0e3 3HWKCHHS piBHS
MTOKPHTTS, 0OCOOJIMBO B pasi JoBrux i HammumkoBux TC.

4.4. Kpumepii ecpexmusnocmi anzopummie
onmumizauii TC
TH C++ Oibmiotekn MoXe OyTH MOJAHUIA SK
BIIOPSIIKOBAHA TIOCITIJOBHICTh TECTOBUX CLICHAPIIB:
TS =(S1,55...28,) » (12)
ne m — kinpkicts TCy TH.
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it omiHOBaHHS ~ €(DEKTUBHOCTI  aJrOPUTMIB

ontumizanii TC BUKOpHUCTAHO TP OCHOBHI METPHKH [4].

1. KoediwienT 30epexents nokpurts (Retention of

Coverage, RC) — OILIHIOE NIPHUPICT TINKOBOTO IOKPUTTS
TH, mo BiaTBOpIO€e BTpary (30epexkeHHs) eeKTUBHOCTI

CoW(TS,,,)
RC= out 13
%OV(Tsorig) ’ (13)

— mnokpurts TH micns onTumizarii;

TCCTyBaHHH:

ne Cow(TS,,,)

Cowv(TS,

orig) — MOKPHTTs opuriHanbHoro TH.

2. Koedirtient crucuenns (Compression Ratio, CR) —
OIIiHIOE 3MEHIIEHHS KUTbKOCTI iHCTpyKIin TH:

(Len (7S,1ig )~ Len(TS ., ))

CR= . (14)
Len (T Sorig )
ze Len(TS i g) — KIUJIBKICTh IHCTPYKIIH OpUTIHAIBHOTO

TH; Len(TS,,;) — nicns onrnmisauii.

3. Koedimient 36epexennst vacy (Execution Cost
Reduction, ECR) — omiHIOE 3MEHIIEHHS 4Yacy Ha

BukoHanHs TH:

TSorig ) _T(TSout ))

T(TS

ECR = (T(
oric )

, (15

Jc T(TS JaC Ha BHWKOHAHHA OpI/IFiHaHLHOFO

orig )

TecroBoro Habopy; T (TS,

out) — yac Ha BukoHaHHA TH

micJIs onTUMi3arii.

5. Pe3yJibTaTH AOC/IKeHHS Ta iX 00roBOpeHHs

5.1. Hanawimyeannus cepedosuuia Oyinio6anns

Jns ouniHoOBaHHS e(QEKTHBHOCTI BIOCKOHAJICHUX
anroputMiB o0pano nBi C++ GIOMIOTEKH 3 BIIKPUTHM
KOZOM, SIKi PI3HATBCA 3a MAacCIITabOM 1 CTPYKTYPHOIO
CKJIQJIHICTIO.

OCHOBHI BJIACTHBOCTI ITOJIaHO B TaOI. 1.

Tabauus 1. Bracmusocmi C++ 6ibriomex, obpanux 01s
00CNIOMNHCeHH S

. BC Avg.
biomioreka | API LoC m IC % CCN
Bitmap 33 760 7 71 27,0 | 2,5
PlusPlus
Hjson 122 3936 57 | 1259 36,1 | 5,4

V¥ Tabn. 1 BUKOpUCTAHI TaKi MO3HAKH:
— API — kinbkicTs myOmigHAX QYHKITIH;

— LoC — kinbKicTh psIIKIB Y BUXITHOMY KOJIi;

— m —xinekicts TC y TH;
— IC — 3aranpHa KinbkicTh iHCTpYKLiH y TH;

— BC - rinkose nokputtst TH;

— Avg. CCN — cepemHs IHMKIOMaTHYHA
CKJIQIHICTD (DYHKIIIH 0i10J1i0TEKH.
OmiHKy BHKOHaHO Ha poOouiii  craHmii 3

mporecopom Intel Core 17 (6 smep, 2.6 I'Tm) ta 16 I'6
omeparuBHOi mam’ati. Kommimamito 6ibmiotex 1 TC
3niiicHeHo 3a gonomororo AppleClang 15.0.0 (LLVM 15)
3 YBIMKHEHHMH TTapaMeTpaMu Ipo]iTIOBaHHS MOKPUTTS
-fprofile-instr-generate fcoverage-mapping.

Jmna 30opy Ta aHamily HOKPHUTTS BHKOPHCTAHO

YTHIITY
llvm-profdata ta llvm-cov.

KpiMm TOro, 3acTrocoBaHo MeXaHi3M  300py
iHpopmamii 1t imeHTHdiKamii 6a30BuX OJOKIB, IO
AKTUBOBAHI TiJl Yac BUKOHAHHS KoxHOT 1ii TC:

__Ilvm_profile_instrument_target.

3i0paHi naHi NEepeTBOPEHO Y JBIHKOBI BEKTOpH
TTOKPUTTSL, SIKi aCOIIIOIOTHCS 3 BinnmoBinaumu gisimu TC.

Jdns  aHamisy  KUIBKOCTI

pAAKIB  Komy @M

IUKJIOMATUYIHOT CKJIAAHOCTI BUKOPUCTAHO YTWIITY lizard.

5.2. Konghizypauii 0ocnioscysanux anzopummie

Jns MOpiBHSIIBHOTO aHAJI3y BUKOPHCTAHO JBI TPYIH
KOH(DIrypallii aropuT™IB 1 182 0A30B1 AITOPUTMH:

— KoH(irypamii  BIOCKOHAJIEHOTO  JaJiOHOTO
anroput™my (opmysanns TC (GRR-TD1, GRR-TD2,
GRR-TD3), 1o peaizyroTs aaropurm 2;

— KoH(irypamii
nenbta-nebariary omrumizamnii TC (DSL-FM1, DSL-

BIOCKOHAJICHOTO  aJTOPUTMY
FM2, DSL-FM3), o peani3ytoTh anroputm 4;

— KOH(Iryparis KJIacH4HOTO *aaiOHOTO aIropuTMy
¢dopmysanns TC (GR), mo peanizye anropuru 1;

— KoH(QIrypamis KIACHYHOT'O alrOPUTMYy AeIbTa-
ne6arinr minimizanii TC (DSL), o peanizye anroputm 3.

Jist KoXHOT KOH(]iryparii aaropurMy HpOBEAECHO
100 HE3aJICKHUX MaTeMaTHYHUX MO/IEJIFOBaHb
MOCITIZIOBHO JUIsi KOXKHOTO TecToBOro cueHapiro 3 TH
uinboBux C++ 6i0IioTEK.

Kondiryparmii BJJOCKOHAJIEHOTO *KaJi0HOTO
anroputMy popmysanus TC moxaso B Tabm. 2.

VY T1abn. 2 3HaueHHA MNapaMeTpa T Yy MeXaHi3Mi
softmax BuOOpy niit 3adikcoBano Ha piBHI 1,5, mo
OOTpYHTOBAaHO KOMIIPOMICOM MDXK KaiOHICTIO Ta
MOKJIMBICTIO JOCIIIUTH BIUTMB MallOyTHBOI KOPUCHOCTI.

Kondirypariii BIOCKOHaJIEHOTO ITOPUTMY JIEJIbTa-

nebariar migimizanii TC mogaxo B Tadir. 3.
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Ta6muus 2. Kongizypayii edockonanenozo scadionozo areopummy onmumizayii TC

Kondirypanis Bara maii0yT. kopucHocti, 4 Posmip MHOX. Kana. U IMapamerp Softmax, t
GRR-TD1 0,35 3 1,5
GRR-TD2 0,65 4 1,5
GRR-TD3 0,9 5 1,5

Ta6auus 3. Kongizypayii dockonanenozo areopummy denvma-oedazine minimizayii TC

Kondirypauis Koedinienr 3epuucrocri, g, MinimajibHa 3epHHuCTiCTD, g,
DSL-FM1 0,20 5
DSL-FM2 0,25 3
DSL-FM3 0,30 1

5.3. Auaniz 36epesxcenns nokpummsa TH
Ha puc. 7 300paxeHO pO3MOAIT MOKAa3HHUKIB
TUIKOBOTO IOKPHUTTS KOAY 3aJeXHO BiJ KOH]iryparmii
anroputmy ontuMmizanii TC mas  C++  0ibmioTek
BitmapPlusPlus ta Hjson. IlyHKTHpHA JiHiZ MMO3HAYAE
piBEHb OKPUTTs opuriHanpHoro TH.

32
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Puc. 7. Posmomin mMoKa3HWKIB TiIKOBOrO IOKPHTTSA KOIY
3aJI@KHO BiJ KOH(QIrypamii aaropuTMmy omnTumizarii
TC ans 6i6miote BitmapPlusPlus (a) ta Hjson (6)

Posnonin nokpurtst mist 6i0miorexu BitmapPlusPlus
(puc. 7, a) Bkazye Ha Te, MmO KiIacuuHi anroputmMu DSL
i GR, a Takox yci kon¢irypanii DSL-FM crabinsHo
30epiraloTh IOYaTKOBUI piBEHb TiIJIKOBOTO ITOKPHUTTSI.
koH(irypamii GRR-TD
JEMOHCTPYIOTh ~ OUIbIy — BapiaTHUBHICTh  pe3yJIbTaTiB

HaTtoMmicTh  ymockoHaieHi
i mimBuiIeHe MeniaHHe TOKPHUTTA. OTXKe, BpaxyBaHHI
MaiiOyTHhOT KOPUCHOCTI Mild Ja€ 3MOTy alropuTMy
KOMIIEHCYBATH BTPATy MOKPHTTS IMix 4ac ckopodeHHs TC,
YTPUMYIOUH 200 HABITH ITiJBUILYIOUH TOCSKHICTD T'UJIOK.

Ha piBHI po3nozisy MOKPUTTS MOXHA CHOCTEpiraTu
crabinbHicTh DSL 1 afanTuBHY MOBEAIHKY BIOCKOHAJICHHX
GRR-TD koHoirypariii, oo MiABUIYIOTh TLUIKOBE
MOKPHUTTS. KOJAY 31 3pOCTAHHSM CKIIATHOCTI CepeoBHILa
TECTyBaHHS.

5.4. Auaniz cmucnenns TH

Ha puc. 8 HaBeneHo 3anexHicThb KoedimieHTa
cruciendst TC Big koHgirypaumii anroputmiB  Juis
6i6miorex BitmapPlusPlus 1 Hjson. YepBoHI BiIpi3Ku
Ha CTOBITYMKAX I103HAYAIOTh CTAHJAPTHY MOXUOKY.

Hns  6i6miorekn BitmapPlusPlus (puc. 8, a)
CIIOCTEpIraeThcsi cTaOlibHE 3pOCTaHHs —KoedilieHTa
CTHCHEHHs Bix OasoBux koHpirypaniii (DSL, GR)
no 3amnpornonoBanux (DSL-FM, GRR-TD). 3nadenns
miaBUIIyrOTECsT npubmmsno Bix 0,63 nmo 0,86, 1o
CBimuuTh mpo 30umbineHHs ctucHeHHs TC. OcobnuBo
e(eKTUBHUMH BHSABWINCS KOH]irypamii sxaniOHOTrO
dbopMyBaHHS 3 OIIAAY Ha MaHOyTHIO KOPHCHICTB Iiif
(GRR-TD), sxi 3abe3medyroTh HE IHUINE HAHOLTBIIIA
KoehIIIEHT CTUCHEHHS, a i BUCOKUH CTYMiHb 301IbIICHHS
T'JIKOBOTO MOKPHTTS KO .

Hus Gibmioteku Hjson (puc. 8, 6) pe3yibraTu
BUSIBIISIIOThCS  OLtbin  BapiatuBHuMH. baszoBuii DSL
JEeMOHCTpY€e BHUCOKHiI KkoediieHT ctucHenHs (~0,83),
Tomi sk OazoBuii GR 3Hauno Hmxuwmit (~0,6), moO
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MOSICHIOETHCST OB CKJIAJHOI0 CTPYKTYPOIO BHKJIMKIB
API B oOpaniii 6ibmioTeni Ta OCHOBHMMH HeJOJIKaMu
KoH(iryparii

KOeiIieHT

JKaIIOHOTO  anropuT™my. Y IOCKOHAJIeHI
DSL-FM
mo ~0,86, mo Bkazye Ha eQeKTHBHICTH (QimpTparmii

MOCTYIIOBO Hi,ZIBI/IIHy}OTI)

HeiH()OPMATHUBHUX MiH.
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Puc. 8. KoediuieHT cTHCHEHHS 3aJIe)KHO Bi KOH}Irypaii
onrtumizauii TC ms 6i6miorex BitmapPlusPlus (a)
ta Hjson (0)

Haromicts mis kondirypaniii GRR-TD orpumano
TakKi pe3yJbTaTu:

— GRR-TD1 - He momana Ha rpadiky uepes
HE3J[aTHICTh 3a0C3MEYNTH AJCKBATHUN PIBCHB TiIKOBOTO
MOKPUTTS;

— GRR-TD2 — pocsirae kpamoro CTHCHEHHS, HIX

knacuyanid  GR, ane Bu3HavyaeTbes  301IBIICHHSIM
MMOXHOKH CTUCHEHHS,
— GRR-TD3 — wMae HaiiBUIlE  3HA4YECHHSI

koedimienra crucaeHHs (0,86), mpoTe BH3HAYAETHCS
BEJIMKOIO TOXHUOKOIO.

5.5. Ananiz 3menwennsa uacy na euxkonaunna TH
Pesynbrartu aHanisy yacy Ha BukoHanHs TH nopaHo
Ha puc. 9. BoHU N0Ka3yl0Th cepeiHiil yac Ha BUKOHAHHS
TH s pisHux KoHgirypamid mix dYac TecTyBaHHS

uuIboBHUX 0i6mmioTek. YepBOHI BIIPI3KM Ha CTOBITYHMKAX
M03HAYAIOTh CTaHAApPTHY NOXWOKy. IlyHkTHpHA IniHIsA
BIJINOBi/Ia€ Yacy Ha BUKOHaHHs opuriHambHoro TH, 1o
BUKOPUCTAHUH SK OPIEHTHD.
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Puc. 9. Cepenniit yac Ha BukoHanHs TH 3anexno
Bix KoHQirypamii ontumizanii TC ans 6i6mioTek:
BitmapPlusPlus (a) Ta Hjson (0)

Ha puc. 9, a nmnsa Oibmiorekn BitmapPlusPlus
CIOCTEPIraeThCsl 3MEHIICHHS 4Yacy Ha BHKOHAaHHS BiJ
6azoBux koHpirypariit (DSL, GR) mo BHOCKOHaJICHUX
koHpirypauiii (DSL-FM, GRR-TD). Cepenniii uac Ha
BUKOHAHHS 3HIXKYEThCS MpHOmm3HO 3 92 mMc 1o 20 mc,
TOOTO OLNIbIIIE HIX yTPUYI.

AHaynoriyHa TEHACHIIS CHOCTEpIraeThCs ¥ s
6i6miorexku Hjson (puc.9,6), Ae yac Ha BHUKOHaHHS
CKOpOYYETHCSI TOHAJT YABIi.

Kondirypauis GR wmae HaiiOinpimi cepennii
yac (~45 Mc), Tomi SIK YAOCKOHajieHi KoH(piryparmii
DSL-FM i GRR-TD2 3abe3neuytorh CTabLIBHO HHXKYI
TIOKAa3HUKH — y Mexkax Bix 19 mc 1o 25 mc.

Kondirypauiss GRR-TD3 wmae geuio Oinbiimii yac
(~32 Mc), mo Moke OyTH HACIIAKOM CKJIAHIIIOL JIOTiKH
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MepeBipok i yac BUkoHaHHS. OTHaK BOHA 3QJIUIIAETHCS
3arayioM e()eKTHBHIIIOK 32 0a30Bi KOH]Iryparrii.

5.6. 3azanvna ouinka egpekmusnocmi anzopummie
Y Tabn. 4 # 5 HaBeOeHO 3BEICHI pPe3yIbTATH
OLIIHIOBaHHS €()eKTHMBHOCTI KOHQIrypamiil JOCIiHKyBaHIX
anmroputMiB st C++  Gibmiotek  BitmapPlusPlus

i Hjson BiamoBigHo.

Tabmuust 4. Oyinka epexmusnocmi  Kougpicypayiti

docnidocysanux aneopummie oas 6ioriomexu BitmapPlusPlus

KOMPIE | gpvrem, RC | crucuemun, CR|_uacy, ECR
DSL 1 0,63 0,34+0,013
GR 1 0,54 0,28+0,048
DSL-FM1 1 0,58 0,44+0,02
DSL-FM2 1 0,68 0,55+0,021
DSL-FM3 1 0,70 0,51+0,024
GRR-TDI1 0,92+0,026 0,82+0,016 0,84+0.04
GRR-TD2 1,023+0,03 0,80+0,025 0,82+0,02
GRR-TD3 | 1,0285+0,038 0,82+0,037 0,86+0,001

Tabauust 5. Oyinka egpexmusnocmi  Kougicypayil

docnidocysanux aneopummie oas 6ioriomexu Hjson

i 3abe3rnedyeHHs] HAWOUIBIIOrO 3MEHILIEHHS Yacy Ha

BukoHaHHd TH 3a ymoBM T1OBHOrO 30epeKeHHs
e(QeKTHBHOCTI TECTyBaHHS.

s 6iomioreku Hjson (tabn. 5) kougiryparis DSL
30epirae (36inpmrye) moBHe mokputTs (RC = 1,011) Ta
3a0e3rneuye BHCOKE 3MEHIIEHHS Yacy Ha BHKOHAHHS
(ECR = 0,61), mo poOuTh HOr0 OCHOBHIM OPIEHTHPOM.

XKani6na xondirypamiss GR mae Tpoxu MeHIMH
0,991)

i momiTHO Hmxkumi koedimiear ECR =~ 0,228, 3aBasku

koedimienT 30epexkeHHs mnokpurts (RC =

YOMY BiH IOCTYIAETHCSA 32 €PEKTUBHICTIO.

Kondirypauii DSL-FM nemoHCTpyroTh cTabinbHi
pe3ynmpTatd. Y TIbOMY pa3i 3Ha4YeHHS KOeQillieHTiB
e(eKTUBHOCTI JIe)KaTh y TAKUX iHTepBaJlax:

RCe[0,99;1], CR€[0,74;0,85] Ta ECRE[0,63;0,67].

OTpuMaHi JaHl MiATBEPUKYIOTH €(QEKTUBHICTH
3aMpONOHOBAHNX KOH}Irypariiif mopiBHIHO 3 6a30BUMHU.
Hns xondirypaniit GRR-TD2 i GRR-TD3 3nauenns RC
mepeBumyioTs 1 (=1,058), mo o3Hawae migBUIIEHHS
rimkoBoro mokputrtsi. Kondirypamiss GRR-TD2 nocsirae
HaiiBumoro mokasanka ECR y cepemnbomy 0,7,
a GRR-TD3 - HaiiBumoro koedilieHTa CTHCHEHHS

y cepenusomy 0,86, aire 3 BETUKUM PO3KUAOM 3HAYCHD.

6. BucHOBKH

Kondir. H(I)cl?[f:/ll)”;‘:g,e Il)l.C CTMCII{(:HeI?f;, CR I:g‘z;l]”- :]6Ce£
DSL 1,011 0,83 0,61+0,07
GR 0,991 0,60 0,228+0,001
DSL-FMI 0,99 0,74 0,610,011
DSL-FM2 0,99 0,77 0,67+0,012
DSL-FM3 1 0,85 0,63+0,042
GRR-TD1 0,93+0,02 0,00 0,66+0,038
GRR-TD2 0,988+0,02 0,65+0,04 0,7+0,024
GRR-TD3 | 1,058+0,046 0,86+0,06 0,55+0,04

Hdus 6i6miotexn BitmapPlusPlus (tabm. 4) ©6a3oBi
koHpiryparii DSL i GR MaroTh ojHakoBe 30¢peKeHHS
mokputTs (RC = 1), ae BiTHOCHO HEBENWKE CTHCHEHHS
(CR = 0,63 Ta 0,54) i Hu3bKE 3MEHILICHHS Yacy Ha
BukoHaHHs (ECR = 0,34 ta 0,28).

Y nockonaneHi kongirypaunii DSL-FM 3a6e3neuyioTs
mokpariensss CR 1o 0,7 ta 36inbmenns ECR g0 0,55, o
CBITYHTH NP0 e(heKTHBHE BUIYUCHHS HA UTUIIKOBHX M.

Hafikpamyi pesyabTaTd  JEMOHCTPYIOTH JKamiOHi
KoH(irypamii 3 oriasngy Ha MaiOyTHIO KOpPHCHICTB
GRR-TD2 i GRR-TD3, sxi mocararoTb MaKCHMaJIbHUX
3HAYCHb:

RC = 1,0285, CR = 0,82 ta ECR = 0,86.

Otxe, crioctepiraerscst AMHaMidHe ckopouyeHHst TC

MICJS JTOCATHEHHS OPHTIHAIBHOTO TIIKOBOTO MOKPHUTTS

Y  crarTi  3ampoNOHOBAaHO  BJOCKOHAJICHHS

KJIACHYHOTO  aITOpUTMYy  JKamiOHOTO  (OpMyBaHHS

(ontumizauii) TC 1 amroputmy aenbra-gebarrir
MiHimizarii TC, a Tako OLIHEHO X e()eKTUBHICTE.

Y nockoHaneHuit kaaiOHUI anropuT™M (QopMyBaHHS
(ontumizanii) TC mae 3Mory miABHIINTH KoedilieHT
ctucienass TC 3 0,63 mo 0,86 1 ckopoTuTH dYac
Ha BukoHaHHa TH y ~2,5 pasa, sKkmo nopiBHIOBaTH
3 KJIACHYHMM KaZi0HUM alropuTMOM, 32 YMOBH TIOBHOTO
3pocTaHHs  (30€epekeHHS) TIUIKOBOTO  IOKPHTTS 3
koedinientom no 1,058.

YIockoHaNCHWH aiIrOpUTM JenbTa-AedariHr, Ha
BIIMIHY BiJ KIACHYHOTO aJNrOPUTMY, JCMOHCTPYE
3MEHIIEHHs uacy Ha BuHkoHaHHd TH y ~1,5 pa3a,
3 koegimieaToM ctucHeHHs 10 0,85, a Takok MOBHUM
30epeXEHHAM TOKPHUTTS.

OTxe, 1O OCHOBHHX HAayKOBUX JIOCSTHEHb
JOCTIJDKEHHS HaJIeXaTh TaKi:

— BJJOCKOHAJICHO >Ka/1i0HNH aJlrOpUTM, Y SIKOMY Jiil
TC obupatotbest 3 Orisity Ha iX MailOyTHIO KOPHUCHICTb,
BHU3HAUCHY 3a OYIKYBaHUM IPHPOCTOM  TLIKOBOTO
MOKPHUTTS Koay. Takuil miaxia ycyBae neTepMiHOBaHICTh
XKaai0HOTO T IBHIIY €

KJIIaCHU4YHOT'O aAJIropuT™my,
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iH(OPMATHBHICTh TECTOBOIO CLEHApil0 Ta 3abe3redye
30aJ1aHCOBAHICTh MK 30€pEKEHHSM T'JIKOBOI'O HOKPHUTTS
Ta ctucHenusm TC;

— BIOCKOHQJIEHO QITOPUTM  JeJbTa-Jae0arinry,
SIKMH BUKOHYE TPYIOBE BUIy4YeHHs HeyHiKanbHUX Aiid TC
32 BHECKOM Y TIUJIKOBE IOKPUTTS, IO JIa€ 3MOTY CYTTEBO
3HU3UTH [JIOBKMHY TECTOBOTO CIleHapifo 0e3 BTpatu
BJIACTHBOCTEH €()EKTUBHOCTI TECTYBaHHSI.

3 MpaKTHYHOTO MOTJINY, e(pEeKTHBHA ONTHUMI3allis
TC € BaXXIMBOIO Ul TECTOBUX CIIEHApiiB, CHPSMOBaHUX
Ha BHABJICHHS BPA3IMBOCTEHl y CMapT-KOHTPAaKTax Ha
OCHOBI Mofieled 1 MeTOJiB TJIMOOKOro MAaIInHHOTO
HaB4aHHS [37], a TakOX UIA TECTyBaHHS KOPEKTHOCTI
Ta CTIHKOCTI KpUNTOrpadiyHUX adrOpUTMIB MH(PYBaHHS
B mpukiagaomy 113 [38].

OTxe, OTpHMaHi pe3yJbTaTd MOXXHa BHUKOPHCTAaTH

METOJaMH Ha OCHOBI HAaBYAHHS 3 MIAKPIIUICHHSAM IS
CTBOpPEHHsI aganTHBHUX cucteM (opmysanus TC s
C++ 6i6miorek [31-33].

KondguikT inTepecin

ABTOpH JEeKNIapyloTh, 110 HE MAalOTh KOHQIIKTY

iHTepeciB,  30Kpema  (PiHAHCOBOTO,  OCOOHCTOTO,
aBTOPCHKOTO a00 OyIb-SIKOTO IHIIOTO XapakTepy, SKUH
Mir OM BIUIMHYTH Ha JOCTI[UKEHHS, a TaKoX Ha

pe3ybTaTh, OMyOIIiKOBaHi B ITil CTATTI.

®dinancyBaHHA

Jocnimkennss  mpoBoamwiocs — 0e3  (iHAHCOBOI

MITPUMKH.

JUIS  TIABUMIEHHS eQeKTUBHOCTI TectyBaHHi C++

6idmiotek 13  3acrocyBaHHAM  Cl/CD-iHcTpyMeHTIB JocTynHicTh gaHux

aBTOMAaTHU30BaHOI'O TE€CTYBaHH B IIPOMHUCIIOBUX

cepeoBumax po3pobku I13, 30kpeMa I ONTHMi3alii Hani 6y1yTh Ha/laHi 32 OOIPYHTOBAHUM 3aIIUTOM.
TH vy

perpeciiinoro tectyBanHs C++ 0i0miotek y ckmami [13

mporiecax — OesmepepBHOI  iHTerpamii  Ta

Bukopucranns 3aco0iB IITYy4HOr0 iHTe1eKTY

3 BUCOKMMH BAMOTaMH 10 IKOCTI 1 O€3IeKH.
INomaneumi gociigkeHHs HEOOX1IHO CIIpAMyBaTH Ha ABTOpH MIATBEPIXYIOTH, IO HE 3aCTOCOBYBAIM

NOEIHAHHSA 3alpPOIIOHOBAHUX AITOPUTMIB 3 areHTHUMH TEXHOJIOTIT IITYYHOTO 1HTENEKTY JUIsl HAMCAHHS CTATTI.
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EVALUATION OF THE EFFECTIVENESS
OF THE ENCHANCED GREEDY AND DELTA-DEBUGGING TEST
CASE OPTIMIZATION ALGORITHMS FOR C++ LIBRARIES

Efficient optimization of test cases (TCs) is a necessary condition for improving the efficiency of testing C++ libraries. The subject
of the research is test case optimization algorithms for C++ libraries. The purpose of this work is to improve the efficiency of C++
libraries testing by enhancing classical algorithms for greedy TC optimization and delta-debugging TC minimization. Goals.
To improve the greedy TC optimization algorithm and eliminate its determinism, ensuring effective TC compression while preserving
branch code coverage. To improve the delta-debugging TC minimization algorithm under conditions where redundant actions are
sparsely distributed within TCs. To evaluate the effectiveness of the proposed algorithms in comparison with the classical algorithms.
Methods. The study applies a greedy TC optimization algorithm, a delta-debugging TC minimization algorithm, mathematical
modeling, and statistical analysis methods. The effectiveness of the improved algorithms is evaluated based on statistical analysis of
100 simulation runs for each algorithm on two open-source C++ libraries of different structural complexity. Results. The evaluation
results indicate that the improved algorithms provide preservation (and possible increase) of branch coverage with coverage retention
coefficient of up to 1.058, increase the TC compression ratio up to 0.86, and reduce the TS execution time by 1.5-2.5% compared to
the classical algorithms. Conclusions. The improved algorithms significantly reduce the testing time of C++ libraries without loss of
branch coverage. An improved greedy TC optimization algorithm is proposed, in which the selection of TC actions accounts for their
future utility estimated by the expected increase in branch coverage. This approach removes the determinism of the classical greedy
algorithm, increases the informativeness of TCs, and provides a balance between preserving branch coverage and TC compression.
An improved delta-debugging algorithm is proposed that performs group removal of non-unique TC actions according to their
contribution to branch coverage, which makes it possible to substantially reduce the length of TCs without losing
testing effectiveness.
Keywords: software; test case; algorithm; optimization; coverage; time consumption; fault.
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Alexander Kraj¢i, Ludmila Sidorenko, Olesia Barkovska

PREDICTING RISKS OF CARDIOVASCULAR DISEASE
ON SMALL DATASETS USING FEATURE ENGINEERING

Relevance. Cardiovascular diseases remain a leading cause of mortality globally, creating a high demand for automated diagnostic
systems. However, developing reliable machine learning models for electrocardiogram (ECG) analysis is often hindered by the
availability of only small-scale and imbalanced datasets, which limits the effectiveness of deep learning approaches. The object of
research is the process of automated processing and classification of electrocardiographic signals for diagnostic purposes.
The subject of the research includes methods of beat-centric feature extraction, patient-level aggregation strategies, and machine
learning algorithms for cardiovascular risk prediction. The purpose of this paper is to develop and evaluate a reliable classification
framework, optimized for small datasets, that increases prediction accuracy by leveraging patient-level feature aggregation and
explainable machine learning models. To achieve this goal, the following tasks were solved: 1) implementation of a robust
preprocessing pipeline using a refined Pan-Tompkins algorithm for precise beat-centric segmentation; 2) development of a statistical
feature aggregation strategy to mitigate local signal variability; and 3) optimization and validation of a Random Forest classifier.
The methodology employed includes digital signal processing (Butterworth filtering), advanced feature engineering (HRV, Wavelets
analysis), and rigorous 10-fold Stratified Cross-Validation to ensure generalization on limited data. Research results. The study
proposes a pipeline initiating with standard signal preprocessing, followed by precise R-peak detection and beat-centric segmentation.
Physiological features (HRV, wavelet, morphological) are then extracted from individual segments and statistically aggregated at the
patient level. Experiments on a dataset of 164 subjects demonstrated that the proposed patient-level aggregation strategy significantly
outperformed traditional segment-based analysis. The final Random Forest model achieved an ROC-AUC score of 0.84. Feature
importance analysis confirmed the critical role of Heart Rate Variability (HRV) metrics, particularly SDNN and RMSSD,
in differentiating between healthy and high-risk subjects.
Keywords: classification; risk prediction; feature importance; machine learning; ECG signal; Random Forest.

Introduction issues, this work adopts a beat-centric segmentation
anchored at R peaks, aggregates features at the patient
Relevance level, and trains an explainable ensemble model to

Cardiovascular diseases (CVDs) remain the leading
cause of global mortality, driving the urgent demand for
automated electrocardiogram (ECG) analysis systems [1].
In practice, however, model development is frequently
constrained by small, imbalanced, and partially noisy
datasets, a setting in which end-to-end deep learning
often underperforms or becomes fragile without extensive
data curation and augmentation. Consequently, feature-
engineering-driven pipelines combined with interpretable
machine learning remain highly relevant for clinical
screening scenarios and low-data environments [2].

A persistent methodological gap arises from how
ECG segments are handled. Many studies classify
unaligned fixed-length windows, implicitly assuming that
a random window is representative of a patient’s global
cardiac status. In small datasets, this assumption is brittle:
local artifacts within a single window can dominate
predictions, and segment-level labels may leak patient-
specific idiosyncrasies across folds unless evaluation is
performed strictly at the patient level. Addressing these

improve generalization in small cohorts.

An overview of scientific works

Many studies focus on automated ECG signal
processing and CVD detection. Classical surveys summarize
the landscape of ECG analysis, covering preprocessing,
morphological characterization, and feature extraction
strategies for arrhythmia and risk stratification tasks
(e.g., statistical and spectral descriptors, wavelets, entropy-
based measures) [3, 4, 5]. Deep Learning approaches in
cardiovascular diagnostics are reviewed in [6], which
highlights both their potential and the difficulties posed
by data needs. Foundational signal processing elements
QRS detection (e.g.,
more recent advances in precise R peak localization,

include Pan-Tompkins) and
which underpin robust beat-centric workflows [7—10].
Studies [7, 11] focus on current trends in feature
extraction methods and their applications. Higher-order
wavelet packet decomposition (WPD) statistics are
considered in [8]. In terms of signal preprocessing, [9]
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establishes the basic real-time QRS detection algorithm,
and [10] presents more recent developments in accurate
R-peak localization. In addition to preprocessing, classifiers
are important in processing ECG signals [12, 13].
In parallel with signal processing, the interpretability of
decision systems has motivated the adoption of tree-based
models and fuzzy inference [14, 15]. In particular, fuzzy
decision trees and fuzzy classifiers have been shown to
provide transparent rule-based reasoning and to support
importance analysis of decision-making factors, which
is vital for safety-critical healthcare applications [13, 16].
These efforts range from early formulations of fuzzy
decision tree induction and information measures, to
reliability assessment of healthcare systems via fuzzy
trees, and to modern, large scale ECG classification with
fuzzy approaches. Collectively, this body of work
motivates our preference for interpretable, feature-based
modeling in low data regimes.

Problem Statement and Approach
We target cardiovascular risk prediction on a small
proprietary cohort of 164 subjects (92 high risk, 72 healthy),
recorded at 512 Hz, reflecting a mild class imbalance
Rather than
classifying unaligned windows, we first perform standard

representative of real-world settings.
artifact suppression, precise R peak detection, and beat
centric segmentation; then we extract a comprehensive
set of physiologically grounded features (time/frequency
domains, HRV metrics, wavelet energy, morphology,
non-linear entropy). To stabilize subject profiles and
mitigate local variability, we aggregate segment-level
features per patient via summary statistics (mean,
standard deviation, min, max), and train an interpretable
Random Forest with systematic feature selection and
cross-validated hyperparameter tuning. All validation is
carried out with stratified 10-fold cross validation at the
patient level to prevent leakage; no synthetic oversampling
(e.g., SMOTE) is used in final evaluation, ensuring
performance reflects the natural class distribution.

Our emphasis on interpretable features and
transparent model behavior is consistent with the broader
trend of leveraging fuzzy decision trees and fuzzy
classifiers for explainability in medical Al. Fuzzy trees
support rule extraction and factor importance analysis,
which can complement or extend tree ensemble
importance measures and SHAP style attributions.
Recent research demonstrates that fuzzy frameworks
can successfully handle uncertainty, vagueness, and
limited data, especially in clinical contexts. We view our

pipeline as a strong baseline for small-cohort ECG
studies, which can be further hybridized with fuzzy
decision tree induction to yield explicit -clinical
rules while retaining the robustness of patient-level

aggregation [13, 14].

Setting objectives

A key difficulty in implementing machine learning
on small ECG groups is the approach for managing
segmented data. Classifying unaligned segments
independently often introduces variability, as local artifacts
in a single segment may not reflect the patient’s overall
cardiac status. Therefore, it becomes necessary to optimize
the processing pipeline by implementing a robust patient-
level aggregation strategy. Based on this, the goal of this
paper is to develop and evaluate a reliable classification
framework, optimized for small datasets, that increases
prediction accuracy by leveraging patient-level feature
aggregation and explainable machine learning models.
This paper makes the following contributions to ECG
based risk prediction under small data constraints:

1. Beat-centric, patient-level pipeline for small
cohorts. We formalize and evaluate an end-to-end
workflow that combines zero-phase bandpass filtering,
refined Pan—-Tompkins—inspired R-peak detection, beat-
anchored segmentation, and patient-level feature
aggregation. The design explicitly targets low sample
settings where segment-only classification is unstable.

2. Patient level aggregation as a principled
regularizer. We introduce a simple yet effective statistical
aggregation schema (mean, std, min, max) over segment
features per subject and demonstrate its superiority to
segment-based analysis on the same data, improving
ROC AUC from 0.64 (baseline) to 0.84 and raising
accuracy from 0.57 to 0.80. This quantifies the benefit of
aggregation for reducing local noise and enhancing
generalization in small populations.

3. Rigorous, leakage free evaluation. All experiments
use stratified 10-fold cross validation at the patient level,
with no oversampling in final reporting, and a feature
selection step driven by Random Forest importance to
curb dimensionality and improve stability — practices
aligned with clinical ML standards for limited datasets.

4. Clinically meaningful interpretability. We provide
feature importance analysis showing that HRV metrics
(e.g., SDNN, RMSSD) dominate the model’s decisions,
in agreement with physiological understanding of
autonomic regulation — thereby enhancing trust and

facilitating clinical translation.
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5. Pathway to fuzzy hybrids.
By situating our results within the literature on fuzzy

explainable

decision trees and fuzzy classifiers, we outline a natural
extension toward rule based, linguistically interpretable
models on top of patient level features, potentially
combining the robustness of ensembles with the

transparency of fuzzy rules.

Materials and Methods

ECG Signal Morphology

Before discussing the dataset, it is essential to define
the structural characteristics of the analyzed signals.
A typical ECG cycle (Fig. 1) consists of distinct waves
reflecting the electrical activity of the heart: the P-wave
(atrial depolarization), the QRS complex (ventricular
depolarization), and the T-wave (ventricular repolarization).
In the context of cardiovascular risk prediction, the QRS
complex is particularly significant as it represents the
main contraction of heart ventricles. Its accurate detection
is a prerequisite for extracting heart rate variability
(HRV) metrics, which are derived from the R-R intervals
(the time distance between consecutive R-peaks).
This morphological structure is susceptible to distortion
and noise, which might result in inaccurate feature
extraction and call for thorough preprocessing.

R
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E |
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E LT /, \\ N
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¥
fe—> le—>| ) —|
PR ST 0.20 sec
QT RK '16

Fig. 1. Morphology of a standard ECG cycle composed
of P,Q,R,S and T waves [17]

Dataset description

The experimental evaluation was conducted using
a proprietary dataset of raw electrocardiographic
signals obtained from 164 subjects. The cohort consists
of two classes:

1. Healthy Control Group (Label 0): 72 subjects
with no history of cardiovascular pathology.

2. High-Risk Group (Label 1): 92 subjects with

cardiovascular disorders or exhibiting high-risk factors.

The class distribution is visualized on Fig. 2.
The dataset exhibits a mild class imbalance (44% healthy
and 56% high-risk), which reflects real-world clinical
scenarios. The signals were recorded at a sampling
frequency of 512 Hz, ensuring sufficient temporal
resolution for precise morphological analysis.

Class Distribution in the Dataset

100

922

80 72

60

40

Number of Subjects

20 4

T
Healthy Controls
{Label 0)

High-Risk Group
(Label 1)

Fig. 2. Distribution of classes in the experimental dataset

Proposed Classification System
Building upon the defined methodological
framework, the technical implementation of the proposed
solution is divided into two distinct phases. Phase 1
includes signal processing and feature engineering,
initiating with raw ECG data and concluding with
the creation of an aggregated patient-level dataset.
Phase 2 focuses on model design and classification,
including data splitting, feature selection, hyperparameter
tuning and the final model training.

Phase 1: Signal Preprocessing and Feature
Engineering. To maximize information extraction
while minimizing noise, we developed a multi-stage
pipeline (Fig. 3). The workflow converts raw recordings
into a structured dataset through the following
physiologically grounded steps.

Signal Preprocessing. The input raw ECG data
were first processed to remove artifacts such as baseline
wander and muscle noise. We utilized a 4™-order
filter
SciPy signal processing library. The cutoff frequencies

were set to 0.5 Hz and 40 Hz; the lower bound effectively

Butterworth bandpass designed via the

eliminates baseline drift, while the upper bound
suppresses high frequency electromyographic noise.
To ensure numerical stability, the filter was implemented
Second-Order (SOS).  Crucially,

we applied a bidirectional filter (sosfiltfilt from SciPy)

using Sections
to ensure zero-phase distortion. This preserves the
precise shape and timing of the ECG waves, which is
essential for accurate morphological analysis.
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Raw ECG Data
(Input 1D Signal)

Bandpass Filtering
(B utterworth 0.5-40 Hz)

(Meodified Pan-Tompkins)

R-peak Detection & Refinement ‘

R-indices

Beat-Centric Segmentation
(10s windows starting from R)

Segments|

Feature Extraction
(Time/Freq, HRV, Morph, DWT, Non-linear)

Segment Features

Patient-Level Aggregation
(Statistical Aggregation)

Final Feature Vector
(Meodel Input)

Fig. 3. Workflow of the signal processing and feature
engineering pipeline (Phase 1)

R-Peak Detection. Following filtration, precise
localization of R-peaks was performed using a multi-
stage method inspired by the Pan-Tompkins algorithm.
The process involved three distinct steps:

1. Signal Enhancement: The signal underwent
a series of transformations to highlight the QRS complex.
(5-15 Hz),
differentiation to highlight slope changes, squaring (y?)

This included narrow-band filtration

to emphasize high-energy segments, and moving window
integration (150 ms window) to smooth the waveform.

2. Candidate detection: Peaks were identified on
the transformed signal using an adaptive thresholding
technique. The threshold was dynamically set as the
signal median plus four times the Median Absolute

Deviation (MAD). This approach ensures robustness

against outliers and varying signal amplitudes.
A minimum distance of 250 ms was enforced to prevent
multiple detections within a single heartbeat.

3. Refinement and Relocalization: Since the
enhancement steps can slightly shift peak positions, each
candidate was relocalized in the original filtered signal.
The algorithm searched for the precise local maximum
within a £100 ms window around the candidate. Finally,
a refractory period check eliminated any duplicate
detections that were physiologically impossible (closer
than 250 ms).

Beat-centric  Segmentation and  Feature
Extraction. Leveraging the validated R-peak indices, the
continuous ECG signal was segmented into fixed
10-second windows. Crucially, we employed a beat-
centric alignment strategy, ensuring that each segment
initiates exactly at an R-peak. This synchronization
guarantees temporal consistency across all samples.
Subsequently, a

comprehensive feature set was

extracted from each segment, spanning multiple
physiological domains:
e Time-Domain Statistics: Basic statistical

descriptors of the signal amplitude, including mean,
variance, skewness, kurtosis and signal energy.

e Frequency-Domain Metrics: Computed using
Welch’s method to estimate Power Spectral Density
(PSD). Key features include Spectral Entropy, Dominant
Frequency and relative power in Low-Frequency (LF)
and High-Frequency (HF) bands.

e Heart Rate Variability (HRV): Derived from
the inter-beat (R-R) intervals within the segment.
We calculated standard metrics such as SDNN
(total wvariability), RMSSD (short-term variability) and
pNN50 to capture autonomic nervous system activity.

e Morphological Features: Direct measurements
of the cardiac cycle shape, specifically the mean R-peak
amplitude and the average QRS complex width.

e Wavelet Features: To analyze non-stationary
utilized the Wavelet
Transform (DWT). The signal was decomposed using

characteristics, we Discrete
the Daubechies 4 (db4) wavelet, and energy statistics
were computed for different decomposition levels.

o Non-linear Features: We calculated Sample
Entropy to quantify the complexity and regularity
of the time series data.

Patient-Level Aggregation: The final step involved
transitioning from segment-level data to a patient-level
profile. The extracted segments were grouped by patient
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ID. To create a stable feature vector that minimizes
the impact of local artifacts, we applied statistical
aggregation. For every feature column F; (e.g., RMSSD),
four descriptors were computed across all segments
of the patient: Mean, Standard Deviation, Minimum
and Maximum. This resulted in a high-dimensional,
robust representation of each patient, ready for the
classification phase.

Phase 2: Model Design and Classification.
The second phase focused on optimizing the predictive
model using the aggregated dataset prepared in Phase 1.
The systematic workflow of this phase, covering feature
selection and hyperparameter tuning, and validation,
is illustrated in Fig. 4.

Aggregated Dataset
(All Features)

Baseline Random Forest
(Preliminary Model)

Feature Importance Analysis
(Mean Decrease Impurity)

Feature Selection
(Top 40 Features)

Hyperparameter Tuning
(RandomizedSearchCV, Max ROC-AUC)

Best Params|

10-Fold Stratified
Cross-Validation

Final Model Evaluation
(Aggregated Predictions)

Fig. 4. Workflow of the model optimization and evaluation
process (Phase 2)

Feature  Selection Strategy: To reduce
dimensionality and remove irrelevant predictors, we first
trained a baseline Random Forest model on the complete
feature set. We utilized the model’s built-in feature
importance metrics (Mean Decrease Impurity) to quantify
the contribution of each feature to the decision-making
process. Based on this analysis, we identified and
selected the Top 40 most informative features. This step
was crucial for focusing the model on the most predictive
physiological markers while eliminating noise.
Hyperparameter Tuning: To find the optimal
model configuration, we utilized RandomizedSearchCV
integrated with 10-fold Stratified Cross-Validation.
Unlike exhaustive search methods (e.g., Grid Search),
this approach samples a fixed number of parameter
settings from specified distributions. This offers
a computationally efficient way to explore a high-
dimensional hyperparameter space. The optimization
ROC-AUC

metrics. The search space covered a wide range of

process focused on maximizing the
hyperparameters, including:

e Number of estimators: 100 — 500

e Maximum tree depth: 2 — 20

e Minimum samples split: 2 - 10

e Minimum samples per leaf: 2 — 10

e Max features: Square root or Log2

Final Evaluation Strategy: To ensure an unbiased
assessment of the model’s generalization capability,
we employed 10-fold Stratified Cross-Validation using
optimized hyperparameters. This technique is essential
for small and imbalanced datasets, as it preserves the
class proportions across all training and validation folds.
Final performance metrics were derived by aggregating
predictions from the validation sets. Unlike a single train-
test split, this approach ensures that every data point is
evaluated exactly once as unseen data, providing
a realistic estimate of performance while preventing
data leakage. Synthetic oversampling (SMOTE) was not
applied during this evaluation phase; therefore, the
reported metrics (ROC-AUC, Sensitivity, Specificity)
accurately reflect the model’s performance on the
original, real-world class distribution.

Research Results

Comparison of Classification Strategies
To validate the hypothesis that precise beat-centric
alignment combined with patient-level aggregation is
essential for robust classification, we compared the
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proposed method against a baseline segment-based
approach. The baseline model served as a control
experiment to quantify the impact of our proposed
feature engineering pipeline. In this baseline setup,
the processing differed in three key aspects:

1. Arbitrary Segmentation: The ECG signals
were divided into fixed 10-second windows without
synchronization to R-peaks. Consequently, segments
could start in the middle of a QRS complex, introducing
noise and artifacts.

2. No Aggregation: Each segment was classified
independently as a separate sample, ignoring the fact
that multiple segments belong to the same patient.

3. Raw Feature Set:
performed on the full set of extracted features without

The classification was

the specialized selection step used in the final model.
As shown in Table 1, this lack of synchronization
context resulted in

and patient-level suboptimal

performance.

Table 1. Performance comparison between the baseline

profile, achieving a Precision of 0.80 for both Healthy
and High-Risk classes. This indicates that when the
model predicts a specific label, it is correct in 80% of
cases, suggesting a high degree of trustworthiness in
positive detections. It should be noted that the support
value of 164 in the final row of Table 2 represents
the total number of subjects in the dataset.

Table 2. Detailed classification report of the final
optimized mode

Class Precision | Recall | F1-Score | Support
Healthy (0) 0.80 0.72 0.76 72
High-Risk (1) 0.80 0.86 0.83 92
Weighted Avg 0.80 0.80 0.80 164

and the proposed method

Approach | Recall (0) | Recall (1) | Accuracy | ROC-AUC
Baseline 0.29 0.80 0.57 0.64
Proposed 0.72 0.86 0.80 0.84

The baseline segment-based method demonstrated
poor generalization capability, achieving an overall
Accuracy of only 57% and an ROC-AUC of 0.64.
Crucially, the Recall for the healthy control group was
only 0.29, indicating a high rate of false positives caused
by local signal artifacts and misalignment. In contrast,
the proposed patient-level

aggregation  strategy

significantly improved the model’s discriminative
power. By statistically aggregating features across the
patient’s recording, the ROC-AUC increased to 0.84 and
Accuracy reached 80%. This improvement in the AUC
score confirms that the proposed aggregation method
noise

effectively filters out local and provides

stable subject profile.

Performance of the Final Model

The final Random Forest model was evaluated using
Stratified 10-Fold-Cross-Validation. The quantitative
results demonstrate the model’s robust discriminative
capability, achieving an overall Accuracy of 80%
and an aggregated ROC-AUC score of 0.84. Detailed
performance metrics for each class are summarized
in Table 2. The model exhibits a consistent precision

Sensitivity and Specificity Analysis

A critical finding is observed in the Recall metrics.
The model achieved a Recall of 0.86 for the High-Risk
class, which corresponds to Sensitivity. In medical
screening scenarios, maximizing Sensitivity is often
prioritized over Specificity to minimize Type II errors
(False Negatives). The obtained result confirms that the
system successfully identified 86% of all high-risk
patients, missing only a small fraction. Conversely
the Recall for Healthy class, representing Specificity,
reached 0.72. While lower than Sensitivity, this is
an acceptable trade-off, as a moderate rate of false
alarms (Type 1 errors) is preferable to missing
a pathological condition.

Confusion Matrix Interpretation

The distribution of correct and incorrect predictions
is further visualized in the Confusion Matrix (Fig. 5).

Healthy (0)

True Class

High-Risk (1)

Healthy (0)
Predicted Class

High-Risk (1)

Fig. 5. Confusion Matrix of the final classification model
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e True Positives (TP): Out of 92 high-risk
subjects, the model correctly identified 79 cases.

o False Negatives (FN): Only 13 high-risk patients
were misclassified as healthy.

e True Negatives (TN): The model correctly
recognized 52 healthy subjects.

o False Positives (FP): There were 20 cases where
healthy individuals were flagged as high-risk.

Feature Importance Analysis
To gain insight into the model’s decision-making
process, we analyzed feature contributions using
the Mean Decrease Impurity metric. The analysis
final

was performed on the optimized model.

As illustrated in Fig. 6, the ranking of the top 10 features

sdnn_max
mean_rr_std
sdnn_min
sdnn_std

sdnn_mean

Feature

mmssd_min
wav_energy_L3_std
max_min
wav_energy_L2 max

mean_rr min

0000 0005 0010 0015

reveals a distinct dominance of Heart Rate Variability
(HRYV)
occupied exclusively by aggregated statistics derived
from R-R intervals. This confirms that the variability
of the heart rate, rather than just the raw morphology,

metrics. The top five positions were

is the strongest predictor of cardiovascular risk in this
Beyond HRYV,
Wavelet-based features, which capture signal energy

dataset. the model also leveraged
in specific frequency bands, and time-domain amplitude
descriptors. This hierarchy supports the clinical validity
of the proposed approach. The fact that the model
prioritized interpretable physiological markers over
complex, abstract patterns suggests that the classifier
relies on relevant rather

medically phenomena

than learning noise.

0020 0025 0030 0035 0040

Importance Score (Mean Decrease Impurity)

Fig. 6. Top 10 most significant features identified by the Random Forest model

Conclusions

The following results were obtained in this paper:
1. A multi-stage processing pipeline was
implemented, utilizing a 4™-order Butterworth filter and
a refined Pan-Tompkins algorithm to ensure precise
R-peak detection and beat-centric segmentation.

2. A patient-level feature aggregation strategy was
developed, which successfully mitigated local signal
variability. This approach increased classification accuracy
from 57% (baseline segment-based method) to 80%.

3. The Random Forest classifier was optimized

using feature selection and hyperparameter tuning.

The final model achieved a ROC-AUC of 0.84 and
a Sensitivity of 0.86 for high-risk subjects, demonstrating
strong screening potential.

4. Feature importance analysis confirmed that
Heart Rate Variability (HRV) metrics (SDNN, RMSSD)
are the most critical predictors for differentiating between
healthy and high-risk subjects, confirming the clinical
interpretability of the proposed model.

Despite the encouraging results, this study has
should be
First, the experimental evaluation was conducted on

several limitations that acknowledged.
a relatively small, single-center proprietary dataset, which

may limit the generalizability of the findings to broader
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and more heterogeneous populations. Second, although
strict patient-level cross-validation was applied to prevent
data leakage, external validation on an independent
cohort is required to fully assess the robustness
of the proposed framework. Third, the
model relies on tree-ensemble feature importance,

current

which, while informative, provides only a global view
of decision drivers.

further
ECG-based risk prediction in small-data clinical settings.

and fine-grained interpretability, advancing
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Future work will therefore focus on two

complementary directions. From a modeling perspective,

the proposed patient-level feature representation creates a Funding

natural foundation for fuzzy decision trees and fuzzy

classifiers, which can translate aggregated physiological The study was conducted without financial support.

features into explicit, linguistically interpretable
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rules, enhancing clinical transparency and trust [18].

From an explainability perspective, integrating
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local explanation techniques such as SHAP would

enable subject-specific analysis of risk factors,

Use of artificial intelligence

supporting individualized clinical decision-making.

Together, these extensions aim to combine robust The authors confirm that they did not use artificial

patient-level aggregation, formal uncertainty handling, intelligence technology in the creation of this paper.
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BWJIyYEHHsI 03HAK Ha OCHOBI CEpIIEBO-CYIMHHHMX 3aXBOPIOBaHb, CTpaTeril arperauii Ha piBHI Hali€HTa Ta aITOPUTMH MAaIIUHHOTO
HaBYaHHS IJIsI MPOTHO3YBAaHHS CEPLEBO-CYyJUHHOTO pu3nKy. MeTor miei crarri € po3poOka Ta OLIHKA HAIIHHOI cuUCTeMHU
knacugikaii, onTUMi30BaHOI I HEBEIMKUX HAa0OpIB JaHUX, SKa IMiJBHUIIYE TOYHICTh MPOTHO3YBaHHS NUIIXOM BHKOPHCTaHHS
arperamii O3HaK Ha pPiBHI MAaIlieHTa Ta MOJENeil MAaIIMHHOTO HaBYaHHA, LIO MOSCHIOIOTHCSA. Pe3yjbTaTh J0cCHiIxKeHHs.
VY nociipkeHHI MPOMOHYETHCS KOHBEED, IO MOYMHAETHCS 31 CTAaHJAPTHOI MONepeJHbOi 0OPOOKM CHUTHAJY, a MOTIM BHKOHYETHCS
TOYHE BHSBICHHS R-TIKy Ta CEerMeHTalis Ha OCHOBI CEpILIECBO-CYJAMHHHX 3axBoproBaHb. ®izionoriuni o3naku (BCP, BeliBrner,
MOpP(QOJIOTIYHI) TMMOTIM BHUTATYIOTBCS 3 OKPEMHX CETMEHTIB Ta CTAaTUCTHYHO arperyloThCs Ha pIiBHI MamieHTa. ExcrepruMeHTH
Ha Habopi nmaHux i3 164 cyO'ekTiB HOKa3amu, IO 3allpOMOHOBAHA CTpATETis arperamii Ha piBHI Malli€HTa 3HAYHO MeEpeBepILIye
TpaauIiiHIIA aHasi3 Ha OCHOBI cerMeHTiB. OcTaToYHa MOEb BUaaAKoBoro Jjicy gocsaria ROC-AUC 6any 0,84. Anaii3 BaKJINBOCTI
O3HaK MiITBEPJAWB KPHUTHYHY pOJNb IOKa3HHWKIB BapiabembHOCTI cepueBoro putMmy (HRV), 3okpema SDNN Tta RMSSD,
y nudepeHiamii 310poBUX Cy0'eKTiB Ta Cy0'€KTIB 3 BHCOKUM PH3HKOM.
KurouoBi ciioBa: knacugikalis; IporHo3yBaHHS PU3HKY; BOKIUBICTh 03HAK; MamiHHe HaB4aHHs; EKD'; BumaakoBuii mic.
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ADAPTIVE RESOURCE ALLOCATION METHOD
FOR THE MOBILE FOG LAYER OF HIGH-DENSITY INDUSTRIAL INTERNET
OF THINGS IN INDUSTRY 5.0 NETWORKS

Relevance of the article. The modern concept of Industry 4.0 laid the foundation for complete digitalization through the
industrial Internet of Things. However, the transition to Industry 5.0 requires greater flexibility and resilience of systems.
High-density mobile industrial IoT with a fog layer is a critical element of this transformation, as it provides not only automation
but also the adaptability of production to human needs and environmental standards. The object of study is the process of
pre-processing transactions of the HDIoT edge layer. The main hypothesis of the study: the implementation of a new adaptive
method of resource allocation for mobile devices of fog clusters will reduce the average pre-processing time of transactions
of the HDIoT edge layer. The goal of the work is to reduce the average time a transaction of the HDIoT peripheral layer
spends in the fog layer by developing an adaptive method for distributing the resources of mobile devices in fog clusters.
Research objectives: to identify the architectural features of fog computing in HDIoT networks; to create a mathematical model
of the process of optimal resource allocation for mobile cluster devices in the fog layer; to formalize a multi-agent approach
to cluster resource allocation; to develop and investigate a theoretical game model for managing the resources of a mobile fog cluster
of a multi-layer IoT. Methods used: multi-agent approach, game theory, in particular, optimization of a cooperative stochastic game,
computer modeling. Results. An adaptive method for distributing resources of mobile devices in fog clusters has been
developed. Within the framework of the method, the architecture of a mobile fog cluster has been proposed and a mathematical
model of the process of optimal distribution of its resources has been created. In addition, a multi-agent approach is used to find
an approximate solution to the formulated two-parameter nonlinear optimization problem, and a game-theoretical approach
is implemented to reduce computational complexity and accelerate the search for an approximate solution. Conclusion. As a result
of applying the developed method, the average time a transaction of the peripheral layer of a high-density IoT spends in the fog layer
has been reduced, which, given the high density of mobile devices, has made it possible to meet QoS requirements.

Keywords: Industry 5.0; Internet of Things; fog cluster; mobile node; computer system; agent-based approach; intelligent
agent; stochastic game.

1. Introduction

The Internet of Things (IoT) is one of the key
paradigms for the development of modern information
and communication technologies, enabling the integration
of physical objects into the digital space [1]. Thanks
to the IoT, billions of sensors, actuators, and embedded
systems are capable of collecting, transmitting, and
processing data in near real time [2]. This opens up vast
opportunities for building intelligent environments in
various areas, such as industry [3], transportation [4],
healthcare [5], energy [6], and others. IoT systems
generate enormous amounts of data, which in some cases
requires instant collection, transmission, and analysis for
[7]. Traditional
computing, despite its power, faces critical delays when

operational decision-making cloud
transporting traffic from the periphery to remote data
centers [8]. In addition, network bandwidth limitations
and data transfer delays reduce the efficiency of

centralized processing [9]. That is why there is an urgent

need to decentralize computing power and bring it closer
to the sources of information.

To overcome these problems, a fog computing layer
is actively used, which is located between peripheral
devices and the cloud [10]. Fog computing allows part
of the data processing to be moved closer to its source.
This reduces delays, increases reliability, and reduces
the load on backbone networks [11]. In addition, the fog
layer provides better support for mobility and geographic
distribution, which is critical for modern dynamic
systems [12]. The use of fog node resources enables the
implementation of real-time computing, which is vital
for industrial automation and critical infrastructure [13].
Thus, the fog layer becomes a key element of scalable
[oT systems.

Fog computing is particularly relevant in the context
of High-Density IoT (HDIoT) [14].
networks are characterized by an extremely large number

High-density

of active nodes in a limited area. For example, the
concept of high-density Industrial IoT (IIoT) involves
the deployment of thousands of sensors in a limited area,
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which creates a huge load on the network. The addition
of a Mobile Fog Layer (MFL) allows data to be processed
directly near the source, even if that source or computing
node is constantly moving. For example, this could be
a large automated warehouse covering 50,000 m?, where
thousands of pallets with RFID tags, vibration and
temperature sensors, and hundreds of autonomous mobile
robots are operating simultaneously. Each unit of goods
and each rack is equipped with sensors. Due to their large
number (high density), transferring all data directly to the
cloud would cause delays (latency) and overload
communication channels. The fog node (robot) makes
most decisions without connecting to the cloud, coming
to the sensors itself, which allows the sensors to operate
at very low power (saving battery life).

Mobile fog environments HDIoT are characterized
by high transaction intensity, dynamic topology, and
traffic [15]. The huge number of
simultaneous requests from sensors and actuators requires

heterogeneity

the infrastructure to be highly adaptable and capable
of rapid scaling [16]. High-density conditions make
centralized management virtually impossible due to
the exponential growth in coordination complexity.
In addition, high-density IoT significantly increases the
requirements for response speed and data processing
stability [17]. At the same time, the resources of
individual fog nodes remain limited. This makes it
difficult to ensure guaranteed quality of service.

Under such conditions, there is a need for territorial
clustering of fog layer devices. Clustering allows fog
nodes and peripheral devices to be grouped according to
spatial proximity and load characteristics [18]. Division
into territorial segments helps to localize traffic within
a certain area, preventing overload of the entire network.
This contributes to more efficient use of available
computing and network resources [19]. Territorial clusters
also simplify data flow management and load balancing [20].

A complicating factor is that a mobile fog layer
cluster functions as a decentralized system with limited
resources [21]. The mobility of nodes leads to constant
changes in available resources and network connections.
The lack of a single control center forces nodes to
self-organize and make decisions based on local
information [22]. In such conditions, static approaches
to resource management prove ineffective. The system
must adapt to the current state of the cluster and the
intensity of transaction flow.

Therefore, preprocessing transactions at the edge
layer requires a change in traditional approaches to

resource allocation. Adaptive allocation methods focused
on the dynamics of mobile devices in a fog cluster are
becoming a prerequisite for the effective functioning of
a high-density Internet of Things. This determines the
relevance of research on the adaptive allocation of fog
cluster resources in modern HDIoT systems.

2. Analysis of literature and problem statement

Recently, there have been many works addressing
the issue of optimal distribution of communication and
computing resources in mobile systems. Article [23]
addresses the problem of optimizing computations at the
network edge. The main optimization task is to minimize
the total energy consumption of mobile devices, taking
into account the current requirements of Internet of
Things transactions. However, the issue of optimal
resource allocation is not addressed, as in the classical
approach, the nearest available resource is always
allocated. In [24], the problem of minimizing the total
delay of HDIoT transactions that arises during data
processing is considered. An algorithm for making
decisions on resource allocation is presented, taking into
account the presence of several base stations and
computing servers in the network. However, the HDIoT
mobile cluster is a decentralized system. In [25], the task
of minimizing delay is considered for decentralized
systems, but the proposed approach does not allow for
the requirements of HDIoT transactions to be taken into
account. In [26], procedures are given for organizing
resource allocation in decentralized computing networks
that use a weighted utility function for energy and
transaction delays. However, these procedures are also
not focused on optimal resource allocation. To solve the
problem of dynamic changes in the mobile IoT
environment, there are also other computing models
described in [27, 28], but they also do not take into
account all the requirements of HDIoT transactions.

In [29], the process of data transfer between the
edge and fog layers of the IoT ecosystem is investigated.
The proposed method is effective for managing the
data transfer process. However, issues related to the
mobility of fog devices, energy consumption for data
transfer, and the high density of IoT devices remain
unresolved. This is due to restrictions imposed on the
number of elements in a virtual cluster. In [30], there are
no such restrictions on the number of cluster elements.
However, as in [29], this algorithm does not take
into account the characteristics of mobile devices.
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This approach is proposed in [31, 32], which present the
results of research on the transmission of data using
mobile devices. Work [31] proposes a resource planning
method for the mobile Internet of Things, focused on
energy efficiency. The method of forming a fog layer
cluster developed in work [32] is also focused on mobile
IoT devices. However, these works leave unresolved
the issue related to the high density of IoT devices.
The main reason is the significant increase in the
computational complexity of the proposed algorithms
as the density of [oT devices increases.

In [33], data transmission is controlled using
a multi-criteria optimization problem. The authors
propose a fast resource allocation algorithm for many
nodes based on a deterministic gradient. However, this
algorithm is aimed at minimizing the age of information
in the mobile Internet of Things. A similar problem is
found in [34], which analyzes in detail the problems of
data transmission when performing mobile computing for
the Internet of Things. The proposed algorithm improves
the balance between
which
However, as in [33], the issue of optimal resource

system latency and energy

consumption, reduces transmission delays.
allocation for mobile devices takes a back seat.

Thus, all the analyzed works leave unresolved issues
related to the optimal distribution of limited resources
of the fog layer of the high-density Internet of Things.
resources of the fog cluster of the high-density Internet
of Things.

This gives reason to argue that it is expedient to
conduct research aimed at reducing the time indicators
associated with the transmission and pre-processing of
information sent from the [oT periphery to the fog layer.

3. Purpose and objectives of the study

The following conditions were used as a basis for
developing the method.

Condition 1. Mobile fog devices belonging to the
same HDIoT territorial cluster are considered.

Condition 2. Mobile fog devices of the territorial
cluster are considered as a completely decentralized system.

Condition 3. The peripheral layer transaction is
transmitted to the nearest available mobile fog device.

Condition 4. Additional computing resources of
another device located within the range of the base device
may be used to pre-process the transaction.

To achieve the goal, the following tasks were set:

— to identify the architectural features of fog
computing in HDIoT networks;

— to develop a mathematical model of the process
of optimal resource allocation for
cluster (MFC) devices;

— to formalize a multi-agent approach for MFC

mobile fog

resource allocation;

— to develop a theoretical game model for managing
MFC HDIoT resources;

— to describe in the form of a sequence of steps
and investigate the developed adaptive method for
distributing resources of mobile devices in fog clusters.

4. Development and investigation
of an adaptive method for distributing resources
of mobile devices in fog clusters

The purpose of the study is to reduce the average
time a HDIoT peripheral layer transaction spends in the
fog layer by developing an adaptive method for allocating
resources of mobile devices in fog clusters. This will
make it possible to meet quality of service (QoS)
requirements even with a high density of mobile devices.

The object of the study is
preprocessing transactions of the HDIoT peripheral layer.
of the study is that the
implementation of a new adaptive method for allocating

the process of
The main hypothesis
resources of mobile devices in fog clusters will reduce

the average preprocessing time of transactions in the
HDIoT peripheral layer.

4.1. Architectural features
of fog computing in HDIoT networks

The development of the Internet of Things (IoT)
concept has led to a transition to a three-tier architecture
through the introduction of a fog layer [35].

This layer acts as an intermediary between end
devices and cloud data processing centers (DPC), where
the IoT level is responsible for data collection and the
cloud is responsible for long-term storage. Fog layer
nodes provide pre-processing and instant transmission of
critical information to operational control points. Vertical
integration of such computing significantly improves
quality of service (QoS) [36], ensuring minimal response
time, reduced load on communication channels, and
increased system fault tolerance through decentralization.

Architecturally, the fog layer is based on the
principles of modularity and virtualization [37], which
allows for flexible system scaling. The hardware platform
includes computing, memory, security, and management
modules, as well as containerization tools for service
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deployment [38]. Communication with data centers is
maintained through a distributed decentralized core that
combines the resources of IoT devices into a single
aggregation network. In such conditions, the clustering of
spatially dispersed nodes becomes critical, optimizing the
use of network resources and increasing the energy
efficiency of the system.

Promising IoT networks are characterized by high
node mobility, which involves placing fog capabilities on
mobile platforms, including unmanned aerial vehicles.
In such systems, fog devices can act as both last-mile
network components and user terminals, which facilitates
network slicing. The formation of mobile clusters is
based on critical parameters: the speed vector of devices
or the time of task execution. For ultra-high-density
architectures with mobile components, a four-level
hierarchy is mandatory: cloud level (DPC), fog layer core
servers, clustered fog devices, and the lower level of
direct information collection.

A fragment of the ultra-dense loT architecture with
a dedicated mobile fog layer cluster is shown in Fig. 1.
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Edge devices
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Fig. 1. MFC's place in the vertical structure of HDIoT

One of the main factors affecting the efficiency of
HDIoT is the quality of clustering of mobile fog devices.
For mobile clusters, stability indicators, which are
analyzed in detail in article [39], are essential. However,
given the limited computing resources of mobile devices,
time criteria are no less important, especially for
operational transactions of the peripheral layer. Among
the many time criteria for evaluating the quality of multi-
node decentralized mobile systems, the criterion of
minimizing the maximum data processing delay has been
selected [40, 41]. This criterion helps to reduce the time
transactions spend in the fog layer.

4.2. Mathematical model
of the optimal MFC resource allocation process

A set of mobile computing nodes (Mobile
Fog Computing Node, MFCN) MEFC

N={N,N,, ...,N,, ..,Ny}, represented by K mobile
devices, card N =K , is considered. Each node N, e N

has the ability to accept transactions from the edge layer
of HDIoT, which, depending on the source, constitute

a set of types M ={M|,M,, ..M, ..Mg}, card
M =S . During the operation of HDIoT, the flow of
transactions of type M arriving at MFC is distributed
according to the Poisson distribution with an average
intensity of A, and the average intensity of task

processing at the k-th nodeis f, .
Let node N; accept transaction HDIoT M|, which

is characterized by the following parameters:

G, — computing resource required to execute
transaction M ;

B — size of transaction M .
transaction,

When processing this node N,

provides the required computing resource at a rate
of f; . Then, the delay in computing during the execution

of transaction M onnode k is determined as follows:

tk,sst/f;c‘ (1)

Let the following conditions be satisfied:
f;c .tk,s S E(,max; (2)
A <, 3)

where F,

.max — the maximum possible amount of computing
resources that node N can provide per unit of time.

When these conditions are met, the transaction can
be fully resolved on the node that accepted it, and the
time the transaction spends on this node is determined as

1
T(M,)=t,, ( 3 ] 4)

/uk_s

However, if at least one of conditions (2) and (3) is

not met, the computing resources of node k£ are
insufficient to execute the transaction, let node j be
Let the share of
transaction M processed on node k be denoted as

selected as the auxiliary node.

Zgs> 0 £2; ¢ ;£ 1. When conditions (2) and (3) are met,
Zps,; =1, andif z; ¢ ; =0, the transaction is completely

transferred to another mobile node j for execution.
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In the case of 0 < zks,j < 1, the transaction is
executed jointly by mobile nodes k£ and j. The delay in
transmitting the necessary information is calculated
using the formula

T, =(1—zk.x,,-)~§» (5)
)

T (M

luk _Zk,x,j :

Let us introduce a set of possible states of the

system that satisfy conditions (1)—(5), depending

1
Zhis.j ) = Zesy s [—

where C, ; — the throughput capacity of the channel

between the & -th and ;j -th mobile nodes.

Then, in the general case, the time spent by

transaction M in the MFC environment is calculated

using the following formula:

1
| Ths Tl [mj | N

on the distribution of transactions and the options
for their processing:

r={nt 7, ={z.) and(y,)=5, selSik.j elK,

where y, — 77 -th option of fixed distribution of a set of

transactions between computing nodes of a mobile cluster.
Using expression (6) and the criterion of minimizing
the maximum transaction processing delay, we can
formulate the objective function of the problem of
optimal distribution of MFC computing resources:

7/; =arg(T(;/”)‘T<}/”)<T(7/;) Vy,€lsy, ¢7;), @)

where T(}/U)= max (Tk (MS| Zy s )), Zy i €Yy

At the same time, a number of restrictions must be
observed:

0<z, <1 VselS; (8)

A<z My, Vse€ LS, Vk, € LK; 9
(1—2,%,5)-/% <H;, Vse 1S, vj, € LK; (10)

£ 7 (172 ) S Fy s Vs €LS, V) k, e LK. (11)

Thus, based on the resource allocation model
(expressions (8)—(11)), it is possible to optimize the

process of allocating MFC computing resources relative
to the criterion of minimizing the maximum transaction
processing delay by minimizing the objective function (7).

4.3. Formalization of a multi-agent approach
Jfor MFC resource allocation

MFC HDIoT is a stochastic decentralized system.
Therefore, to find an approximate solution to a two-
parameter nonlinear optimization problem, it is advisable
to use an agent-based approach.

In the work of M. Wuldridge and N. Jennings,
Intelligent Agents: Theory and Practice [42], the concept
of an intelligent agent (IA) was systematized for the
first time in the context of multi-agent systems.
The authors define a separate IA as an autonomous
system capable of perceiving the environment, making
decisions, and behaving purposefully, which is ensured
by reactivity, proactivity, and the ability to interact
socially, i.e., an IA must meet a number of specific
properties. These properties in HDIoT systems correspond
to mobile fog computing nodes (MFCN, Table 1).

Table 1. Compliance of mobile fog HDIoT nodes with the canonical definition of IA

IA characteristics Canonical interpretation

Compliance of MFCN with HDIoT

Autonomy Independent choice of actions

The node itself controls transmission, sleep modes, and offloading

Function of reaction to the

Reactivit .
y environment

Reaction to events, channel changes, load

Pro-activeness Purposeful behavior

Local traffic prediction, task migration, fog node change

Social ability Communication with other agents

MQTT/CoAP/DDS, coordination with fog nodes

Situatedness Placement in the environment

Physical location + network topology + decentralized system element

Rationality Maximization of utility

Energy/latency/QoS optimization

Therefore, any MFCN that has accepted a peripheral
layer transaction for processing can be considered as
an IA, and the set of nodes with which it interacts at this
time can be considered as the operating environment of
this TA [43].4 For MFC devices, there is no reward

criterion for IA actions (utility function). This requires
the TA to implement random actions and learn to select
those that maximize the utility function. It should be
noted that none of the MFC mobile devices can control
the entire process and has no complete picture of the
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global state of the system [44]. Therefore, MFC HDIoT
cannot be classified as a fully observable environment,
so a reinforcement learning approach should be used.

Single-agent reinforcement learning by trial and
error shapes the behavior of the A that will be necessary
to achieve the set goal [45]. A generalized diagram of this
process is shown in Fig. 2.

Intelligent Agent

2\

n a r

UFC environment

Fig. 2. Interaction IA and UFC

According to the concept of reinforcement learning,
the AI interacts with the environment, having some
observation 77, on the basis of which it performs action

a and receives reward r, which depends on the results
of the impact on the environment. The reward received in
accordance with the reinforcement learning algorithm
increases or decreases the probability of performing the
action under the same conditions in the future.

The formal model of such interaction is given
by the tuple:

0=(S,4,H,R), (12)
where set S = {s} is the set of all possible states of the
environment; set 4 = { a} is the set of all possible actions

of the IA; H ={h} is the set of all possible observations
of the environment available to the computing node;
R= {r} is the set of all possible values of the IA's gain,
where each element is a reward function.

r=r(st,at,st+1):S><A><S—>R, (13)
which is determined at a discrete moment in time ¢ and
which is obtained by the IA when performing action g,
in state s; of the environment and transitioning the
environment to state ;1 .

Tuple 6 elements at a discrete moment in time ¢
determine the transition function

V:V(S,aatsst+l):S><A_>[0;1]’ (14)

which returns the probability of the environment

transitioning from state s, to state s,.; when the agent
performs action «,, and the observation function

v=v(s,.a,s,,):Sx4->[0:1], (15)
which returns the probability of an agent receiving
observation o, in state s, .

When considering several IA models (12)—(15),
it is transformed into multiagent reinforcement learning
(MRL) [46]. When transitioning from single-agent
reinforcement learning to multiagent reinforcement
learning, the corresponding mathematical model
transitions from scalar values to vectors, which are
elements of the corresponding sets.

The number of states of the environment S grows
exponentially with the increase in the number of IA,
because the states of the environment, except for state o
(without mobile nodes that have become intelligent
agents), are supplemented by the states of the set of IA.
Thus, in the tuple (48)

S:{s}:{<0',s(1),...,S(i),...s("k) 50 eSk,i:E>}, (16)

where S; — the set of possible states of mobile node £ ,
which belongs to the set of intelligent agents, card S, =n, .

The set of all possible actions of an IA becomes
a set of action tuples, i.e.

Az{a}z{(ai|aieAk>}, a7
where each tuple is a set of actions of a separate 1A

of the corresponding mobile computing node N , which

form the corresponding set of actions 4 .
Similarly, when transitioning from single-agent

to multi-agent reinforcement learning, sets // and R are
formed with the corresponding tuples:

H={h}={(n|h eH,)}, (18)
R:{r}:{<1;|ri eRk>}. (19)

The power of the sets 4, ={a,} of possible actions

of TA, which is the £ -th mobile computing node,
increases due to the additional capabilities of interaction
between agent nodes. The number of components of

a single element and 4, € H, possible observations of the

environment of the k -th IA increases because the nodes
observe not only the state of the environment without
intelligent agents, but also the states of other agents.
Thus, multi-agent reinforcement learning (MARL),
described by formal models (12), (16)—(19) and
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functions (13)—(15), allows us to find an approach to
solving the optimization problem (7)—(11). Given the
characteristics of MFC HDIoT, it is necessary to take
into account such features of the process as complete
decentralization, heterogeneity, the possibility of
simultaneity, and individualization of gains [47]. Due to
the absence of information in the observations about the
actions that other computing nodes plan to take, tasks
were selected without IA knowledge of the planned
actions of other agents. Based on the simultaneity of

actions a, , a multi-agent reinforcement learning task was

selected, where the actions of all computing nodes are
performed simultaneously. Based on the criterion of
individualization of gains, tasks with different individual
gains were selected. In order to have information
generated by other agents in the observation, tasks with
communication were selected. In order to have
homogeneity of the sets of available actions and
observations ¢, tasks with physically heterogeneous

computing nodes were selected.

4.4. Theoretical game model
of MFC HDIoT resource management

Mobile computing nodes (MCN) MFC can pursue
different interests. Therefore, the above-considered MFC
functioning scheme, taking into account MARL, does not
fully reflect the dynamics of its functioning. In order
to refine this scheme, it is proposed to move to
a modification of the MARL scheme, within which
a cooperative stochastic game (CSG) is implemented.

The priority is calculated as a win for the Al, which
allows MCN tasks to be redistributed according to their
priority. Thus, the higher the priority of the MCN, the
faster its task will be assigned for distribution and
solution in the system.

k . ..
Let 2% =(z,, ...,z 1,252 ) is the decision to

provide its resources by all nodes except node k . Taking

(k)

into account the decisions Zz for other nodes,
computing node & would seek to choose the correct
decision z; regarding whether to provide its resources to

other nodes in order to achieve a common goal, so as to
minimize resource costs and the time the task spends
in the network, i.e.

min i, (zk,z(k) )Vk € l,_K, (20)
where z; =(, if node & does not provide computing

resources to other nodes, in this case v, (zk,z(k) ) =% _

computing resource costs when performing a transaction

independently; z, = if node % is ready to provide

its own resources, in this case v, (zk,z(k)):Y(k)

computing resource costs when using the assistance
of other mobile nodes.
Let's formulate problem (20) as a strategic game

3=(K{F}.{w.})vkelK, @1)

where the set of K computing nodes is considered as

a set of players; F, is a set of strategies for user k& ;
v, (zk,z(k))is considered as a service function, which is

a cost function that player & must minimize. The game 3
will perform a decentralized distribution of resources.
The solution to the game lies in the region of rational
solutions to the optimization problem (7)—(11) that are
close to the optimal. The solution to this game is
an equilibrium point that can be found using Nash
equilibrium [48, 49]. Let there be a strategy profile

z z(zl,zz,...zK), (22)
which is a Nash equilibrium in a game with decentralized
resource allocation, if, in a state of equilibrium, no

computing node can further reduce its own computing
resource costs by unilaterally changing its own strategy, i.e.,

v, (zz,z*(k) ) <y, (zk,z*(k) )Vzk eF ke LK, (23)

Nash equilibrium has the property of self-stability,
so computing nodes that are in equilibrium can reach
a mutually acceptable solution, and no node has

an incentive to deviate. Considering the strategies 29 of
other players, the strategy ZW e F, of the k -th player
is the best if

v, (z;,z*(k)) <y, (zk,z(k) )Vzk €F . kelLK. (24)

According to (23) and (24), in Nash equilibrium, all
players use the best response strategies in relation to each
other. Due to the property of Nash equilibrium, no player
has an incentive to deviate from the decisions reached.
Thus, the iterative algorithm for finding the Nash
equilibrium of the game allows us to quickly find
a resource allocation that is close to optimal in terms of
minimizing the maximum data processing delay.

4.5. Research on an adaptive method for distributing
resources among mobile devices in fog clusters
The results obtained in sections 4.1-4.4 allow us to
propose an adaptive method for distributing resources
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among mobile devices in fog clusters, which can be
described as a sequence of the following steps:
Stage 0. Determination of initial time characteristics

t=1ty and discretization step Af=Af,, fixation of

a stable core of a fuzzy cluster.

Stage 1. Determination of average values of key
characteristics of mobile devices and HDIoT transaction
flows using a mathematical model of the MFC optimal
resource allocation process.

Stage 2. Determination of sets of possible states
of a fog cluster and possible actions of mobile nodes
that accept HDIoT transactions as intelligent agents
using the proposed multi-agent approach for MFC
resource allocation.

Stage 3. If Card(r ) #( , then the transition to the

next stage of the method is carried out. Otherwise, the
discretization step must be reduced by 2 times. If the
obtained discretization step value is less than the
minimum permissible value, then control is transferred to
the classical method of resource allocation of the fuzzy
cluster of the high-density Internet of Things.

Stage 4. Use of the MFC HDIoT resource
management theoretical game model, which implements
a cooperative stochastic game based on the data
generated in the previous stages of the method.

Stage 5. The distribution of fog cluster resources
is carried out based on game equilibrium strategies.

Stage 6. We form the beginning of the next
interval f=¢+Atf.

Stage 7. Correction of multiple possible states
of a fog cluster and possible actions of mobile nodes
that accept HDIoT transactions. Transition to stage 3.
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Unlike the methods discussed above, the proposed
method does not require the use of cloud technologies
and remote server-type nodes. The method involves
solving computational tasks directly on mobile devices
in the fog layer. To do this, the computing resources
of devices located in the same cluster are used.
If a mobile device lacks its own resources, such as
memory or processor time, it redirects its task or part
of it to another device or devices that have the necessary
resources to solve it. To evaluate the performance
of the method, the criterion of minimizing the maximum
data processing delay is used. Therefore, the worst delay
caused by data transfer and processing should be
as small as possible.

To evaluate the effectiveness of the proposed
resource allocation method, a simulation model of the
MFC HDIoT mobile cluster operation was used.
The average time a transaction from the edge layer
spends in the HDIoT fog layer during a fixed time
interval was chosen as the performance indicator.
To compare transaction processing methods, two methods
were modeled:

— the classic method, which distributes the
transaction for execution to a mobile device that has
sufficient computing resources to execute it and sent the
first response to the request; the transaction is fully
processed by this device;

— the proposed method.

The generalized results of modeling the dependence
of the transaction residence time in the fog layer on the
number of mobile devices in the cluster and the intensity
of transaction arrival are shown in Fig. 3.
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Fig. 3. Dependence of the transaction residence time in the fog layer (T R S) on the number of mobile devices in the cluster (K ) and

the intensity of transaction arrival
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In high-density IoT, even stable mobile fog clusters
have a variable structure with some stable core.
Therefore, important characteristics when analyzing the
dynamic stability of a cluster are both the intensity of
adding new nodes to the system and the intensity of
nodes leaving the cluster. Fig. 4 shows the dependence of
the average transaction residence time in the fog layer on
the ratio of the intensity of adding nodes to the intensity
of nodes leaving the cluster.

30 4

0 T T T T T T T ]
0,6 0,7 0.8 0,9 1 1,1 1,2 1,3 1.4

—The classical method ——The proposed method

Fig. 4. Dependence of the transaction residence time in the fog

layer (T R S) on the ratio of node addition intensity

to node exit intensity (77)

When modeling the dependence shown in Fig. 4,
system parameters were selected for which, for a constant
fog cluster structure, the time value 7 coincides for both
methods under analysis: 4 =250 trans./s ; K =350 nodes.

5. Discussion of the results of research
on an adaptive method for distributing resources
among mobile devices in fog clusters

The architecture of the high-density IoT ecosystem
subsystem has been developed, which performs pre-
processing of peripheral layer transactions on fog layer
mobile devices (Fig. 1). A distinctive feature of this
architecture is its focus on the cluster structure of the fog
layer. After receiving a transaction, the fog mobile
device, unlike the classical method, can select another
available node to participate in the preprocessing of
the transaction. This allows for more flexible use of the
limited computing resources of fog layer devices.

The proposed mathematical model of the MFC
optimal resource allocation process allows minimizing
the maximum delay in preprocessing transactions of the
HDIoT peripheral layer. A distinctive feature of this

model is that it takes into account the possibility of
distributing preprocessing between fog mobile devices.
The use of an agent-based approach made it possible
to take into account the decentralized structure of the
fog mobile cluster. The use of the mathematical apparatus
of cooperative stochastic games made it possible to
significantly speed up the search for an approximate
solution to the formulated optimization problem
(7)—(11) in the context of implementing an agent-based
approach for a decentralized system.

The evaluation of the effectiveness of the proposed
method (Figs. 2—4) showed the following results:

— when the mobile cluster is loaded by no more
than 30%, the proposed method is not significantly
inferior to the classical one in terms of time indicators;

— when the mobile cluster is loaded by more than
50%, the proposed method provides better results in
terms of time indicators than the classical one; at the
same time, the higher the load of the mobile cluster
devices, the better the time indicators become when using
the proposed method;

— in the case of an unstable mobile cluster structure,
the proposed method provides better results in most
cases, especially with a relative decrease in the number
of mobile devices.

The results of the study can be explained by a more
rational use of the limited resources of mobile fog
devices, which reduces the volume of transaction queues
to the fog layer.

Unlike
algorithms for centralized systems, the proposed method

[23, 24], which proposes optimization

is focused on decentralized systems. In addition, the
proposed method, unlike [25-28], takes into account
the requirements of HDIoT transactions.

Unlike [29, 30], which uses methods for controlling
the IoT data transmission process, the proposed method
takes into account the characteristics of mobile devices.
Also, unlike [31, 32], where methods for resource
planning for the mobile Internet of Things are developed,
the proposed method solves issues related to the high
density of IoT devices by reducing computational
complexity. Unlike [33, 34],
consumption of mobile devices

where the energy
is optimized, the
proposed method is also focused on the optimal
distribution of limited resources.

Thus, the developed adaptive method for allocating
resources of mobile devices of fog clusters of high-
density Internet of Things made it possible to reduce

the average transaction residence time of the HDIoT
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peripheral layer in the fog layer. This made it possible
to meet QoS requirements even with a high density of
mobile devices.

However, the proposed results should be applied
with the following restrictions:

— high density of IoT mobile devices;

— presence of territorial clustering of fog devices.

It is also advisable to use the proposed method when
the average load of fog layer devices is at least 50%.

A drawback of this study is that it does not consider
the analysis of the possible interaction of mobile
virtual clusters of the HDIoT fog layer. To eliminate
this, the simulation model of the fog layer of the HDIoT
support ecosystem should be expanded with the
appropriate procedure.

6. Conclusions

An adaptive method for distributing the resources
of mobile devices in fog clusters has been developed,
which has made it possible to reduce the average time
a HDIoT peripheral layer transaction spends in the fog
layer. The following results were obtained in the process
of developing the method:

— the architecture of the high-density IoT ecosystem
subsystem has been formed, which pre-processes
peripheral layer transactions on fog layer mobile devices
and allows for more flexible use of the limited computing
resources of fog layer devices;

— a mathematical model of the MFC optimal
resource allocation process was proposed, which allows
minimizing the maximum delay in preprocessing HDIoT
peripheral layer transactions. A distinctive feature of this
model is that it takes into account the possibility of
distributing preprocessing between fog mobile devices;

— a multi-agent approach was used to find
an approximate solution to the formulated two-parameter

nonlinear optimization problem, which made it possible
to take into account the decentralized structure of the fog
mobile cluster;

— a theoretical game model for managing the
resources of a mobile fog cluster of a multi-layer IoT
has been developed and researched. The use of its
mathematical apparatus has made it possible to
significantly speed up the finding of an approximate
solution to the formulated optimization problem in the
context of implementing an agent-based approach for
a decentralized system.

The proposed method can be used to create flexible
and scalable production facilities in accordance with the
Industry 5.0 concept, such as a smart logistics hub with
autonomous robots. As a development of this research,
the development of a method for priority processing

of HDIoT operational transactions can be considered.
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AJJAITUBHUM METO/ PO3HOALITY PECYPCIB
MOBIJIBHOI'O TYMAHHOI'O IIAPY BUCOKOIIIVIBHOI'O
MPOMHUCJIOBOI'O IHTEPHETY PEYEN Y MEPEKAX INDUSTRY 5.0

AxTyansHicThe Jgocaimxennst. CydacHa koHumenmis I[umyctpii 4.0 3akmana d¢yHmamenT mins moBHoi mwmdposizamii depes
ingycTpianpHuil [HTEpHET peuei. Ane mepexin no [HaycTpii 5.0 BUMarae GibIIOT THYYKOCTI Ta CTIMKOCTI cucTeM. BucokonrinpHuit
MOOUTEHHH iHAycTpianbHui [0T 3 TyMaHHUM HIapoM € KPUTHYHHUM eJIEMEHTOM Li€l TpaHcopMallii, OCKiIbKH 3a0e3nedye He JIMIIe
aBTOMATH3allil0, a i aJanTHBHICT BUPOOHMITBA JI0 JIIOACHKHX MOTPeO 1 eKoNoriyHuxX craHaapTiB. O6’€KTOM BHBYEHHS € IPOIEC
nepenoOpobaeHHs Tpan3akmid mepudepiitnoro mapy HDIoT. OcHoBHa rimore3a JOCHiTKEHHSI: YIPOBaPKEHHS HOBOTO
a[ANTUBHOTO METOAY PO3IMOALTY pecypciB MOOUTBHHX NPUCTPOIB TyMaHHHX KJIACTepiB JacTh 3MOTY 3MEHIIUTH CepefHid dwac
nepenoOpobienHs Tpanzakuii nepudepiiiHoro mapy HDIoT. Metoro po0oTH € 3MEHIICHHS CEpEeAHBOrO dacy mepeOyBaHHS
Tpan3akiiii nepudepiinoro mapy HDIoT B TymaHHOMy Iiapi 3aBISKH PO3POOJICHHIO aJalTUBHOTO METOMY PO3MOMALIY pecypciB
MOOITBHUX HPHCTPOiB TYMaHHUX KJIAacTepiB. 3aBAAHHS JOC/iIZKeHHsI: BU3HAYUTH apXiTEKTYpHI 0COOIMBOCTI TYMaHHUX OOYHCIICHB
y mepexkax HDIoT; cTBopuTH MateMaTH4Hy MOJEIb HPOIECY ONTUMAIBEHOTO PO3IOJLY pecypciB MPHCTPOIB MOOIIBHOTO KiIacTepa
TyMaHHOTO mapy; $hopmaiizyBaTH OaraTOareHTHHH MiIXiJ A PO3MOIUTYy pecypciB Kiactepa; po3poOUTH W JOCTIAUTH TEOPETHKO-
irpoOBY MOJIeNTb YIIPaBIIiHHS pecypcaMu MOOLIFHOTO TyMaHHOTO Kiiactepa 6aratouiinbaoi [oT. 3acTocoBaHi MeTou: OaraToareHTHHI
HiJIXiJ, Teopis irop, 30KpeMa ONTHMI3allis KOOIepaTHBHOI CTOXaCTHYHOI I'PH, KOMIT IOTepHEe MOJIeTioBaHHs. JlocATHYTI pe3yabTaTH.
Po3po0iieH0 afanTHBHUNI METOJ PO3MOILUTYy pecypciB MOOUTPHUX MPUCTPOIiB TYMaHHHUX KJIACTEPiB. Y MeKax METOMY 3alpOIIOHOBAHO
apxiTeKTypy MOOITBHOTO TYMaHHOTO KJIACTEPA, CTBOPEHO MaTeMaTH4YHy MOJEINb MPOIECy ONTHMAIBLHOTO PO3IOALTY HOTO pecypcis.
Kpim 116010, 3acTOCOBaHO OaraToareHTHUI MiAXix JJIsl 3HAXOKEHHS HAaOIMKEHOTo pillieHHs chOpMyIbOBaHOI ABONAapaMEeTPHYHOL
HENiHIIHOT ONTHMI3aIliiiHOT 3aj1a4i, a JJis 3MEHIICHHS OOYHCITIOBAJIBHOI CKJIAIHOCTI Ta MPUCKOPCHHS 3HAXOJKCHHS HAOIHMKEHOTO
pilIeHHs BHPOBA/HKEHO TEOPETHKO-IrpoBHil miixia. BUCHOBOK. YHACIIIOK 3aCTOCYBaHHS PO3pO0JICHOTO METONY 3MEHIIEHO CepeHiH
yac mepeOyBaHHS TpaH3akuii nepudepiiiHoro mapy BucokomineHoro loT B TymaHHOMy miapi, o 3a YMOBH BHCOKOI IITBHOCTI
MOOLTEHHUX IPUCTPOIB YMOXKINBHIO BUKOHAHHS BUMOT QoS.

Kurouosi cioBa: Innycrpis 5.0; IHTepHeT pedeif; TyMaHHUMH KiacTep; MOOUTBHUI By30J; KOMIT'IOTEpHAa CHUCTEMA; areHTHHI
MiIX1/T; HTENEeKTyalbHUI areHT; CTOXacTHYHA Tpa.
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Anatoliy Sachenko, Pavlo Radiuk, Mykola Lysyi, Oleksandr Melnychenko, Oleg Zastavnyy

ARCHITECTURE OF CYBERPHYSICAL SYSTEMS
FOR UAV-BASED LATE-FUSION DEFECT DETECTION IN PHOTOVOLTAIC MODULES

The subject of research is the architectural advancement of inspection systems for large-scale solar power plants. As global
solar infrastructure expands, reliance on manual or offline analytical methods creates significant operational bottlenecks.
The goal of research is to improve the operational utility of unmanned aerial vehicle (UAV)-based photovoltaic module inspection by
developing a cyber-physical system (CPS) architecture. It integrates onboard deep learning, edge nodes, cloud analytics, and
Supervisory Control and Data Acquisition (SCADA)-aware decision-making into a single coordinated workflow. The tasks of
research: 1) formalise a multi-tiered CPS architecture (UAV-edge-cloud) and define interfaces for data, geo-tags, and alarms;
2) develop and validate an onboard thermographic detection pipeline with palette-aware fusion; and 3) integrate detection
results with a SCADA-aware logic layer for hazard inference and fire risk mitigation. The methods of research: Computer vision
and deep learning (YOLOv11) are used for onboard defect segmentation. Model ensembling via a late-fusion strategy for
M2 and M3 thermal palettes mitigates domain shift. RTK-supported spatial clustering algorithms ensure precise geo-indexing
and deduplication, and deterministic Boolean logic assesses fire risks based on bypass diode states. The results obtained
with five-fold cross-validation shows the proposed architecture significantly outperforms single-modality baselines. The onboard
YOLOv11 model achieved a macro mAP@0.5 of 0.91 and 0.90 for M2 and M3 palettes, respectively. The late-fusion ensemble
elevated mAP@0.5 for cracks to 0.96 and delamination to 0.95. It reduced end-to-end per-frame processing latency
from 4.235 s to 2.858 s. Field validation demonstrated an error of 0.71 defects per inspected string compared to manual counts.
Sensitivity analysis highlighted that a 10 m flight altitude provides an optimal balance, yielding 93% precision and 90% recall.
Conclusions: Treating UAV inspection as an integrated cyber-physical service improves defect detection. This offers a scalable,

real-time solution for preventive maintenance and automated fire-risk mitigation in renewable energy.

Keywords: cyber-physical systems; photovoltaic modules; unmanned aerial vehicles; infrared thermography; edge computing;

deep learning.

Introduction

Photovoltaic (PV) energy has evolved from a niche
technology into a vital component of modern power
systems. At the same time, photovoltaic power plants
remain vulnerable to harsh environmental conditions
and a long list of faults that are commonplace
but collectively costly [1]. Microcracks can form during
manufacturing, transportation, installation, or hail; they
can lead to inactive cell areas, hot spots, and energy
losses [2]. Aging and delamination of the encapsulant
can lead to moisture accumulation and accelerate
corrosion. Contamination reduces the intensity of solar
radiation on the cells and alters the thermal regime,
while damaged connections or bypass diodes can
cause abnormal heating, posing a safety risk. Therefore,
reliability-focused maintenance is mandatory [3]:
predictive and preventive inspections directly impact
energy output and the plant’s service life.

Infrared (IR) thermography is one of the most
informative methods for non-contact diagnostics of
photovoltaic systems. It provides spatial temperature
maps that reveal electrical mismatches, increased series

resistance, shunting, and localized degradation. Reviews
show that thermography can detect a wide range of
photovoltaic system anomalies, but also emphasize that
its diagnostic value depends on data acquisition
conditions, assumptions regarding emissivity, inspection
geometry, and the ability to distinguish defect signatures
from reflections and environmental gradients [4, 5].
Comparative studies also show that defects can manifest
differently under lighting conditions and in darkness,
meaning that the inspection protocol is just as important
as the camera itself [6].

Unmanned aerial vehicles (UAVs) have recently
become the standard platform for large-scale
photothermal imaging. UAVs can cover industrial-scale
fields in a matter of minutes and inspect hard-to-reach
rooftop installations [7, 8]. Many studies report the
operational advantages of UAV thermography, including
improved coverage and reduced inspection time [9],
but also note practical limitations: flight altitude and
speed control spatial resolution and motion blur; time of
day and weather affect thermal contrast; and specular
reflections from glass surfaces can create misleading hot

spots [10, 11]. These limitations are not mere nuisances;
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they are the reason why “laboratory” image analysis
pipelines often fail when used in the field.

Automation is the second major trend. Deep
learning has achieved high performance in classifying
and localizing defects in photovoltaic systems on infrared
and RGB images, and surveys describe a rapidly growing
set of architectures ranging from classical convolution-
based classifiers to modern single-stage detectors and
segmentation networks [12, 13]. Recent UAV-oriented
approaches use variants of the YOLO family to detect
modules and anomalies in thermal and visible data [14,
15], while methods based on thermal video demonstrate
that automation can be extended from individual frames
to temporal streams [16]. However, a persistent limitation
is that many published solutions implicitly assume
an offline workflow: data is collected, downloaded, and
processed in batches [12, 17]. In operational photovoltaic
power plants, the inspection process is a closed-loop
system that must meet requirements for latency,
throughput, and reliability, as well as provide results that
can be traced back to physical modules and utilized
by operators [18].

This observation calls for the creation of a system-
level architecture. The photovoltaic plant inspection
pipeline is not merely a computer vision model; it is
a cyber-physical system (CPS) [19] that integrates sensing,
computing, communication, and control functions.
The UAV captures physical measurements, but the
station requires cyber actions: alerts, maintenance tickets,
and safety procedures. Edge nodes offer a natural
architectural solution: they can reduce bandwidth by
processing data close to the source and provide fast
responses without relying on a cloud connection [20].
However, despite the maturity of edge nodes in industrial
monitoring, UAV solutions for inspecting photovoltaic
stations rarely provide an explicit KFS architecture that
integrates on-board inference, edge aggregation, long-
term cloud analysis, and SCADA-aware decision-making
logic [21]. Similarly, the literature on photovoltaic
thermography typically emphasizes detection accuracy
while underestimating the georeferencing and deduplication
steps necessary to avoid false positives and alarm fatigue.

Therefore, the problem addressed in this article
lies in the need to develop and validate an accurate
and operationally implementable UAV-based PV plant
defect monitoring architecture. The technical gap lies
not simply in “detecting more defects,” but in creating
a reliable, service with

comprehensive sequential

georeferencing, real-time calculations on onboard

hardware, and direct integration with security
surveillance and monitoring systems. This is particularly
relevant for fire prevention, as abnormal heating and
faults in shunt diodes can quickly turn local defects
into critical incidents. The integration of UAV-based
detection with SCADA logic aligns with

trends that view unmanned technologies and artificial

recent

intelligence as integral components of power plant safety
monitoring systems [22, 23].

The aim of this study is to improve the operational
utility of UAV-based photovoltaic module inspections by
developing a cyber-physical architecture that integrates
embedded deep learning, edge nodes, cloud analytics,
and SCADA-aware decision-making logic into a single
coordinated workflow.

To achieve this goal, the paper proposes three main
scientific contributions, namely:

CFA (UAV-periphery-cloud)
architecture for inspecting photovoltaic modules, which

1)a multi-level

clearly defines data flow, responsibilities, and decision-
making points, including RTK-based geotagging and
deduplication to create traceable defect events at the
module level;

2)a thermography-oriented on-board inference
pipeline based on the YOLOv11 segmentation model,
with post-processing that accounts for the color palette
and an original late-merging ensemble between
two representations of thermograms, ensuring high
detection quality and significantly reducing end-to-end
processing time;

3) integration of detection results with an interpretable
logic layer that accounts for SCADA states (in particular,
shunt diodes) for automated hazard inference and rapid

fire risk mitigation.

Related Works

Research on UAV-based monitoring of photovoltaic
module defects spans sensor physics, computer vision,
and systems engineering. This section briefly discusses
the place of this work in this context and explains how
the proposed approach to cyber-physical operation differs
from approaches based solely on detectors.

Thermography is widely used to detect hot spots,
anomalies, and signs of degradation in photovoltaic
modules. Comprehensive reviews emphasize that thermal
signals are influenced by solar irradiance, ambient
temperature, wind, and viewing angle, and discuss
recommended inspection procedures and limitations [4, 5].
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Gallardo-Saavedra et al. [6] compared lighting and
darkness defect
detection depends on operating conditions, highlighting

conditions and demonstrated that
the need for consistent flight protocols and contextual
information, such as solar irradiance and environmental
conditions. The practical application of UAVs has been
evaluated in field studies that highlight how flight altitude
affect
consequently, the ability to detect anomalies [7, 11].

and motion control spatial resolution and,
These findings prompt a focus on the sensitivity of flight
parameters and reflection-aware planning.

Deep learning for the diagnosis of photovoltaic
systems has progressed from the classification of cropped
module images to detection and segmentation at the
power plant level. Reviews summarize the expanding use
of neural networks, object detectors, and hybrid models
in the monitoring of photovoltaic systems [17, 24]. Early
work by Dotenko et al. [25] demonstrated the automatic
detection of photovoltaic modules and defect analysis in
aerial infrared images using statistical tests and classical
vision, reporting high defect classification accuracy while
emphasizing the importance of robust preprocessing.
Later works increasingly rely on single-stage detectors.
Di Tommaso et al. [14] proposed a multi-stage pipeline
using YOLOvV3 for detecting modules and anomalies in
both infrared and visible images, which improved
automation but still required careful separation of tasks
and datasets. Xi et al. [18] introduced ST-YOLO for
detecting faults in photovoltaic systems on infrared
images and reported a very high mAP@0.5 under their
Other studies
investigating thermographic features and reliability,

experimental conditions. focus on
including deep learning strategies for fault diagnosis
from thermograms [26] and segmentation-based methods
for identifying modules and defects [27]. These works
prompt the use of a detector with segmentation
capabilities (YOLOvl1l-seg) and attention to palette-
induced domain shift.

Although

implementations use RGB images to provide context

thermography is  central, many
and reduce false positives. RGB-based deep learning
is used to classify signs of faults and operational issues
in photovoltaic stations [28]. Multimodal pipelines
can also support human interpretation, as operators
can check the RGB context when thermal features are
ambiguous [29]. Therefore, the proposed architecture
involves synchronized RGB and thermal imaging,
although the defect detector in this paper focuses on
thermal masks.

From a systems perspective, UAV inspection is
of distributed
constraints [30]. Edge nodes are often recommended

an example sensing with severe
for the Industrial Internet of Things because they reduce
dependence on the cloud and provide low-latency
solutions [20]. Tang et al. [22] demonstrated a deep
learning architecture at the cloud edge for detecting linear
defects in large photovoltaic power plants, showing
that distributed computing can support plant-level
monitoring and reduce data transmission volume.
However, as noted by Ferlito et al. [23], many edge-of-
the-cloud studies focus solely on “edge detection” and
do not explicitly model feedback to plant operations.
This study extends this line of research by adding
RTK-based georeferencing, duplicate suppression, and
SCADA-aware fire risk logic,
observation that photovoltaic

motivated by the
system defects have
implications for both productivity and safety [21].
Thus, the technical gap lies not simply in detecting a greater
number of defects, but in creating a comprehensive
cyber-physical architecture capable of functioning in real
time and integrating with the production process.

Thus, the literature review confirms that, to
overcome existing limitations, it is necessary to develop
and validate a UAV-based defect monitoring architecture
for photovoltaic systems that is accurate, georeferenced,
and fully functional under real-world operating
conditions. Based on the analysis, the overall research
objective was broken down into 5 interrelated tasks.

1) Formalize a multi-level UAS architecture
(UAS-periphery-cloud) and define protocols and interfaces
for the efficient exchange of data, geotags, and alarms.

2) Develop and adapt a lightweight deep learning
(YOLOv11)

segmentation of photovoltaic module defects directly

model to perform accurate on-board
in real time.

3) Propose and validate an embedded thermal
detection pipeline that uses an ensemble strategy
(late merging of M2 and M3 palettes) to mitigate domain
shift and improve the accuracy of recognizing different
types of damage.

4) Develop spatial clustering algorithms with RTK
navigation support to ensure reliable georeferencing
and eliminate duplication (deduplication) of detected
defects at the edge computing level.

5) Integrate the obtained detection results with
a deterministic logic layer based on SCADA data for
automated fire risk assessment and instant generation
of critical alerts to operators.
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Methods and Materials

This section describes the proposed approach in
detail. It covers the KFS architecture, sensor and
communication design, flight planning with mapping,
dataset construction, on-board deep learning, edge/cloud
analytics, and SCADA-informed decision-making.
The core principle is to treat defect detection as
a cyber-physical workflow:

sensors, computations,

communications, and actions must be designed in concert.

System Architecture and Operational Cycle

In this study, the inspection of photovoltaic systems
is implemented as a closed-loop cycle, starting with
measurement and ending with action at the power plant
level. The CPS is organized into three computational
levels (Fig. 1): the UAV level, the peripheral level
deployed at the photovoltaic power plant, and the
cloud level for long-term analysis. The operator level
interacts with the CPS via a control panel and
SCADA/HMI interfaces.

Sensors —»

Scanning Path

Solar PV Array

Layer 4 User Terminal Dashboard Interface: Defect Map
APPLICATION/ACTION » = - A\ Mintnance PROCESSING EXAMPLE
: rt
LAYER [ Feedback Loop ¢ RGB Image Thermal Image R
A M, .
8 (Acti II‘1'ﬂ'l|3‘f-'cision) (Final ?):‘t“\:tM )
e Cloud Infrastructure
Layer 3 él lnlf)eerfen e (Al Model me}ﬂ —
NN Defect = :
CYBER/CLOUD Data Storage ( Detector) Dmnagern
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SQL/NoSQL DB Exqaenon (RGB Themmaly Clesifcation
\ 4
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€ Layer 2 T \ TDP" (Pre-processed Data)
EDGE/TRANSMISSION grm:m} N . q’}r;ns e Edge Computing Module *
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(N -
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(Heat Signature Analysis)
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(Physical Plant)

Fig. 1. Architecture of a cyber-physical system for monitoring defects in photovoltaic systems based on UAVs

The UAV level is responsible for tasks requiring
rapid response. It captures synchronized RGB and
thermal images and performs on-board computations to
detect potential defects. The edge layer is responsible for
tasks related to the plant context: it performs geotagging
using RTK, removes duplicates of recurring detections,
aggregates them into events at the module level, and
interacts with SCADA to trigger alarms and initiate
maintenance. The cloud stores mission artifacts and
provides dashboards for trend analysis, module history,
and inspection reports.

Let the task generate a continuous stream of frames

{I,};, where each frame contains an RGB image, I,rgb

a thermal imagel", and a navigation recordn, (RTK
position, altitude, heading, and timestamp). The built-in

inference system performs a set of detections as follows:

1)t ={(CkaMk>Sk7gk)}kK;1’ (1)

wherec, is the defect class (crack, contamination,

delamination), M, is the segmentation mask,s, is the

confidence score, andg, is the geotag (calculated

location of the module in the object’s coordinates).

The edge server receives D, and performs (i) spatial

clustering and temporal deduplication, (ii) association
of detections with module IDs and strings, and (iii)
generation of a status report that maps detections and
SCADA signals to operational actions. The cloud stores
mission artifacts and provides dashboards for trend
analysis, module history, and audit reports.

UAV Platform, Sensors, and Communication

KFS provides a UAV platform capable of stable
flight along predefined patterns (grid or corridor
scanning) and equipped with a combined RGB/thermal
payload. The thermal channel provides the primary signal
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for detecting abnormal heating patterns; the RGB channel
provides contextual information and supports operator
verification. Although the architecture is platform-
independent, the stated implementation is comparable
to a Matrice-class UAV with a dual-sensor payload
gimbal (RGB + thermal imager) and RTK positioning.

From an ORM perspective, georeferencing is just as
important as the imagery. RTK positioning reduces drift
and ensures consistent mapping of detected objects onto
physical modules throughout missions. In addition,
precise timestamps allow for the synchronization of the
thermal camera, RGB camera, and flight controller.
The UAV records navigation data for each frame,
including RTK position and altitude. This data is
subsequently used for deduplication and associating
detections with the plant layout.

Communication is treated as a limited resource.
Streaming thermal video at full resolution is often
impossible via standard UAV channels, especially in
large factories. Instead, the UAV transmits compact

Normal Vector Glare Cone /
n Risk Zone
A

Sun

S
Solar Ray
Vector

Specular
Reflection

Photovoltaic (PV) module surface

~
o3

N

Desired Camera
Viewing Direction

detection messages according to formula (1) to
a peripheral server in near real-time. Full-resolution
images can be cached on board and downloaded after
the flight or selectively downloaded when the edge
server requests evidence. This design aligns with the
general logic of edge nodes in industrial monitoring:
local processing reduces bandwidth, and decisions at
the plant level can be made independently of cloud

connectivity [20].

Choosing a viewpoint to account for reflections
Thermography of photovoltaic modules using UAVs is
susceptible to specular reflections from glass surfaces.
If the camera is pointed toward a specular reflection of
the sun, the thermogram may be obscured by glare,
leading to the appearance of false hot spots and distortion
of the thermal contrast required for defect detection.
Therefore, to mitigate this effect, an observation point
selection algorithm that accounts for reflection has been
added to the RTK geometry and the sun’s position (Fig. 2).

Algorithmic Outcome Example

Input: High Glare (v ~ r)

il

\ Glare Saturation /
Information Loss

Rodrigues
*, Rotation

Output: Optimal View (v = v*)

Panel D
Visible

Fig. 2. Geometric model for selecting a viewing point that accounts for reflection. Given the plane of the module # and the direction

of the sunbeam s, the direction of specular reflection r is calculated. The desired camera viewing direction v* is obtained by
deviating from  (Rodrigues rotation) to reduce glare while maintaining a sufficient angle of incidence for thermal contrast

Let the three points on the module plane that have
an RTK relationship be p,, p,, p; € R* (e.g., the corners

of a representative module). The normal vector of
the module is calculated as follows:

_ (pz _pl)x(pS _pl)
”(pz _pl)x(p3 D )"

Let s be the single vector pointing from the module

2

to the Sun (obtained from the solar ephemeris model at
time ). The direction of specular reflection is as follows:

r:s—2(nTs)n. 3)

If the
with r, specular reflections dominate. The target's

camera's viewing direction coincides
viewing directionv* is determined by rotating » around
the normal » by an angled , chosen such that the
reflection direction lies outside the camera's field of view.
Using the Rodriguez rotation formula, the inverse vector

takes the following form:
v :rcosH+(n><r)sin0+n(nTr)(l—cosﬁ). 4)
Algorithm 1 summarizes the procedure for selecting
the viewpoint. In practice, ® may be a small set of possible
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angles (e.g.,+5°,%10"), and the glare assessment may be

approximated by the angular distance between

v, and r relative to the camera’s field of view. The key

point is that the algorithm is lightweight and compatible
with real-time decision-making at the edge.

Algorithm 1. Selection of a viewing point accounting for reflection for UAV thermography

Requirements: Points on the RTK plane p,, p,, p,, sun direction s, possible rotation angles ®

Implementation: Select the viewing angle v* that minimizes glare

: Calculate the surface normal 7 using formula (2)

: Calculate the reflection direction » using formula (3)

:For alld in®, perform

Calculate the possible v, using formula (4)

: end for

: Select v =arg min {GlareScore(v, )}

:return v’

Building a dataset and presenting thermograms

Thermal cameras often support multiple color
palettes that represent temperature ranges as colors for
visualization. Although these palettes are designed for
human interpretation, they also alter the statistical
distribution of pixel values fed into the training model.
The experiments consider two representations of
thermograms: a two-color palette (labeled M2) and
a three-color palette (labeled M3). The key difference lies
in the effective temperature range highlighted by the
visualization. In the described configuration, M3 uses
a narrower dynamic range of approximately 15°C, which
increases sensitivity to small temperature contrasts
(on the order of 0.1-0.5°C) but may saturate extreme
anomalies. M2 uses a wider range of approximately
35°C, which reduces sensitivity to small hot spots but
covers the entire spectrum from minor heating
inconsistencies to serious damage. M2 and M3 are
considered as two reference representations of
thermograms obtained from the same physical scenes
to assess robustness to palette-induced domain
differences and to motivate selective merging.

To develop and validate the proposed approach,
two publicly available UAV thermography datasets were

additionally used to provide additional defect coverage:

1
2
3
4
5:  Estimate the glare level (expected reflection in the camera's field of view)
6
7
8

1. STHS-277 [31]: This dataset contains 277 full-
frame thermal images capturing defects in the form of
“snail trails” and hotspots, and includes environmental
metadata. We extend the provided annotations by adding
bounding boxes for all instances of photovoltaic panels to
ensure comprehensive detector training.

2. PVF-10
resolution UAV thermal imaging dataset containing

[32]: This is a large-scale, high-

5,579 annotated patches of individual solar panels from
eight power plants and a detailed taxonomy of ten
defect classes.

For the
discussed in this article, we prepared a compact dataset of
with
delamination) by combining field thermography with

on-board segmentation experiments

masks three classes (cracks, contamination,
selected samples from the aforementioned publicly
available datasets. The images were annotated using
the Computer Vision Annotation Tool (CVAT) [33]
and exported as polygonal masks suitable for
segmentation training.

Since the minority classes are small, the evaluation
is based on stratified five-fold cross-validation to avoid
inaccurate point estimates from a small test set. Table 1
shows the composition of the dataset and the approximate

partitioning used in the evaluation.

Table 1. Dataset structure and approximate partitioning used for stratified 5-fold cross-validation (number per partition)

Class Defect Type Total images Training/Validation/Testing per component (count)
1 Crack 20 14/2/4
2 Contamination 10 7/1/2
3 Delamination 170 122/14/34
Total 200 143/17/40
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On-board deep learning: YOLOv11 segmentation
The UAV layer uses a lightweight deep learning

defect

A segmentation model from the YOLO family was

model for detection and segmentation.
chosen because it provides a good balance between
accuracy and speed and has well-developed deployment
tools. Specifically, YOLOv1l-seg [34] is used as the
base network. The model outputs bounding boxes and
pixel-level masks for each detected defect. Masks are
valuable in the inspection of photovoltaic systems
because they allow for the estimation of the defect’s
area and shape, which improves prioritization and
supports temporal tracking.

The detector is trained on the annotated dataset
described in Table 1. To mitigate overfitting under
conditions of severe class imbalance, training employs
transfer learning and class-aware sampling: the network
is initialized from a pre-trained YOLO checkpoint and
fine-tuned using strong geometric and photometric
augmentations (random affine transformations, flipping,
blurring, and contrast/brightness fluctuations), while
instances of minority classes (cracks and contaminants)
are downsampled during mini-batch construction.
Public thermal imaging datasets (STHS-277 and PVF-10)
[31, 32] are used to expand the thermal distribution
during fine-tuning.

During inference, the model generates a set of

potential objects {(b,.M,.s,,c,)}, where b, s the

bounding box andM, is the mask. Non-maximum

suppression (NMS) removes duplicate bounding boxes,
and a similar suppression at the mask level is applied
to reduce overlap between instance masks. The post-
processing stage is particularly important because
UAV video streams contain many nearly identical
frames, and thermal palettes can create color artifacts

that cause false detections.

Mask similarity, size-based routing,
and post-processing
The built-in output provides instance masks that must
be filtered and merged to obtain stable defect events. In this
study, mask overlap is based on the intersection over union
(IoU), which is calculated as follows:

IoU(4,B)=|AnB|/|AU B|. Q)

Mask-level noise (Mask-NMS)

removes duplicates when the IoU exceeds a threshold,

suppression

retaining predictions with a higher confidence level.
Mask-NMS is important in UAV inspection because
adjacent frames often contain the same defect with
slightly offset masks.

the FCS
between two

In addition to removing duplicates,
defect

thermograms. Let * S, * denote the area (in pixels) of the

performs routing by size

detected defect mask, and S _,° denote the area of

cell
a single photodiode at the same image scale. The relative
defect area is determined as follows:
R; =Sy /Sce]] : (6)
Intuitively, one can assume that defects smaller
than a single cell behave as localized hot spots and
benefit from the higher contrast of M3, whereas larger
anomalies are more reliably captured in the M2
thermogram with a wider range.
Using R, , two mutually exclusive sets of defects

are formed as follows:

Dsmall = {d € DM} |Rd (d) < 10}9 (7)

Dy ={d € D[R, (d)>1.0}, (8)

and the final set of detections is determined by the
formula:

Dﬁnal = Dsmall v Dlarge : (9)

Since the routing criteria are complementary and
Mask-NMS is applied within each branch, the resulting
sets of D™ N"D™ =@ s meet practical requirements,
and the number of duplicate alarms is reduced.
The application of Mask-NMS and selective merging
allowed for a reduction in the number of false alarms
by approximately 8% in sequences resembling
real-world conditions.

This study identifies two palette-specific post-
processing pipelines.

M3 processing (three-color palette). The three-color
palette increases sensitivity to small anomalies but can
cause banding. Therefore, the M3 branch targets small
defects according to formula (7) and uses a conservative
IoU threshold (0.4) in Mask-NMS. Algorithm 2

summarizes the steps.

Algorithm 2. Embedded processing of a three-color thermogram (M3)

Input: Thermogram / in a three-color palette, YOLOv11-seg model, thresholds (7, , 7,,;)

Execution: Filtered set of defects D

small
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small

M2 processing (two-color palette). The two-color
palette covers a wider temperature range and supports
the detection of larger anomalies. The M2 branch targets

1: Convert the thermogram into a multi-channel image (palette separation)

2: Run YOLOV11-seg to obtain candidate masks and confidence scores.

3: Apply confidence filtering: keep masks withs, >z, (e.g.,z, =0.25)

4: Compute R, for each mask using formula (6); keep only instances with R, <1
5: Apply Mask-NMS using an IoU threshold of 7, ;; (e.g., 0.4)

6: Detect geotags using the RTK navigation log #,

7: Return D,

large defects according to formula (8) and uses a slightly
higher Mask-NMS IoU threshold (0.5). Algorithm 3
outlines the steps.

Algorithm 3. Built-in processing of a two-color thermogram (M2)

Input: Thermogram / in a two-color palette, YOLOv11-seg model

Execution: Filtered set of defects D

large

1: Normalize the thermal image and run YOLOv11-seg
2: Apply confidence filtering and Mask-NMS (IoU threshold 0.5)

3: Calculate the R, for each mask using formula (6); keep only instances with R, >1

4: Detect geotags using RTK navigation logs 7,
5: Return D,

large

Implementation of late merging in thermograms

Domain differences caused by the palette prompt
the merging of models. Instead of training a large
multi-domain  model, a lightweight late-merging
ensemble is implemented based on size-routed branches

defined in formulas (7)—(9). The detector is applied
to both and D™,

and the edge level combines them according to the set

. . M2
representations, generating D,

union rule as follows:
Dfens = Dﬁnal = Dsmall Y ,Z)large' (10)

This selective integration preserves the branch that

best suits the expected thermal contrast regime:
M3 provides a set of small defects, while M2 provides
a set of large defects. The edge level further suppresses
duplicates between frames using RTK georeferencing
(Section 3.8). The design is compatible with real-time
operation, as it does not require joint training or a more
powerful foundation; additional costs are limited to

running the detector on two representations.

Georeferencing and deduplication at the edge

The UAV mission enables repeated observations of
the same modules in consecutive frames and along
overlapping flight paths. Without deduplication, a single
defect could be counted multiple times, leading to an
excessive number of alerts and reduced operator
confidence. Therefore, georeferencing and deduplication
using RTK are performed at the edge.

Each detection in D, is mapped to the approximate

location of the module using the RTK UAV’s position,
altitude, and camera geometry. The exact projection
depends on camera calibration and gimbal orientation;
the current implementation uses a simplified mapping
sufficient for clustering, with module-level granularity.
Additionally, the association is refined using a site

layout map.
To calculate distances between geotagged
detections, the Haversine distance between

latitude/longitude coordinates is used as follows:

where r is the Earth’s radius, ¢ is the latitude, and A

d = 2Rarcsin {\/sinz(%j +Cos ¢, Cos @, sinz(%j ] ) (11)
Detections are grouped using a distance
threshold ¢, derived from the ground sampling

is the longitude.

distance and the expected RTK error.
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Within each cluster, the edge server aggregates

detections over a specific time interval, saves
representative frame evidence, and associates the cluster
with a module identifier or a string based on the plant
layout. The result is a set of defect events at the module

level, rather than detections at the frame level.

Condition Assessment Incorporating SCADA
and Fire Risk Logic

Defect detection becomes operationally useful when
it translates into actions at the plant level. KFS includes a
decision-making layer that combines UAV detections
with electrical and controlled signals to determine
operational states and hazardous conditions. The core
idea is to conditions as

express safety-related

Table 2. X, — X, indicate defects in three circuits; X,

Y =1 denotes a hazardous state

understandable logic that engineers can verify and
integrate into SCADA rule engines.
Binary variables are defined as X,, X,, and X,.

These variables indicate the presence of a fault in circuits
1-3 of the module group (or the corresponding section of

the electrical diagram). The variables X,,, X,,, and X,

indicate whether the bypass diodes in the respective
circuits are functioning correctly (1 indicates correct
operation). The hazard output Y is defined as:

Y =X, X, +X,X, + X, X,,, (12)
which reflects the engineering intuition that defects
combined with faulty bypass diodes increase the risk of

overheating. A complete report on the research results
is presented in Table 2.

— X\, indicate that the bypass diode is functioning correctly;

# X, X, X, X, X, X Y Status description

1 0 0 0 0 0 0 0 normal operation

2 0 0 0 0 0 1 0 normal operation

3 0 0 0 0 1 0 0 normal operation

4 0 0 0 0 1 1 0 normal operation

5 0 0 0 1 0 0 0 normal operation

6 0 0 0 1 0 1 0 normal operation

7 0 0 0 1 1 0 0 normal operation

8 0 0 0 1 1 1 0 normal operation

9 1 0 0 0 0 0 1 Danger; bypass diode failure

10 0 1 0 0 0 0 1 Danger; bypass diode failure

11 0 0 1 0 0 0 1 Danger; bypass diode failure

12 1 1 0 0 0 0 1 Danger; bypass diode failure

13 1 0 1 0 0 0 1 Danger; failure of the bypass diode
14 0 1 1 0 0 0 1 Danger; bypass diode failure

15 1 1 1 0 0 0 1 Danger; bypass diode failure

16 1 0 0 1 0 0 0 The bypass diode blocks the circuit
17 0 1 0 0 1 0 0 The bypass diode blocks the circuit
18 0 0 1 0 0 1 0 The bypass diode blocks the circuit
19 1 1 1 1 1 1 0 Bypass diodes block the circuits

To enable additional safety sensors (such as smoke
or flame detectors), the binary variables * X, " and " X,

are added, representing the sensor triggers. The extended

hazard logic is formalized as follows:
Y =X, X, + X, X, + X, X, + X, X, + X, X, (13)
The edge server evaluates these expressions in real
time and forwards alarm signals to the SCADA/HMI
level, where

standard procedures (e.g., dispatch,

shutdown recommendation) can be executed.

Temperature Context Using the NOCT Approximation
To interpret thermal anomalies, the KFS can
optionally estimate the expected module temperature

under nominal conditions using the nominal operating
(NOCT)
an ambient temperature of T,
GV™,  the
approximated by the formula:
T, =T, LNOCT =205 (14)
800
This estimate does not replace thermography;

cell temperature approximation.  Given

and solar irradiance

mb

expected module temperature is

it provides context for whether the observed temperatures
are plausible under current insolation and weather
conditions, which can help identify instances where
reflections or temporary shading are prevalent.
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Research and Results

This section briefly describes a practical example of
the presented study and provides quantitative results
for the proposed defect detection process using KFS.
This study focuses on experiments with real data and
excludes synthetic experiments. The results are organized
into the following categories: (i) detection quality on two
thermograms (M2 and M3), (ii) the ensemble averaging
effect, (iii) hardware characteristics and a comparison of
YOLO models, (iv) practical validation compared to
manual inspection, and (v) sensitivity to flight and
weather parameters.

Experiment setup

The experiments were conducted in a closed-loop
KFS cycle: (i) UAV surveying, (ii) on-board inference
modeling, (iii) aggregation at the edge, and (iv) SCADA-
related events, as described in Section 3.1. An industrial-
grade corporate-class UAV (DJI Matrice 300 RTK) was
used for surveying, providing a flight range of up to 15 km.
The aircraft is equipped with a gimbal-mounted dual
sensor system comprising a thermal infrared camera and
a 4K RGB camera. The sensor captures synchronized
thermal images and high-resolution contextual RGB frames,
each of which is geotagged using the UAV’s RTK GNSS
with centimeter-level accuracy. Similar UAV-based
thermal imaging configurations have been documented
for the inspection and quality control of photovoltaic
power plants [35]. The gimbal imaging system is
controlled by a specialized low-power video processor
(Ambarella H2 SoC) [36], which supports 4K 60 FPS
video encoding. All image frames were acquired and
preprocessed using OpenCV v4.9.0 [37] prior to analysis.

The flight mission was configured using specialized
software (e.g., DJI Pilot 2) as a grid mission, ensuring
80% frontal and 70% lateral frame overlap, taking into
account the tilt angle of the panels. The UAV control mode
was semi-automatic: the operator performed the launch and
general visual monitoring of flight safety, while the UAV
carried out object search, positioning, and task execution
(imaging along a specified route) completely autonomously.
Return to base (RTH) was initiated automatically upon
completion of the scanning route or when the battery charge
reached a critical level (below 20%).

A real-time object detection model ran continuously
on board the UAV to identify anomalies in photovoltaic
panels from the thermal video stream. Ultralytics

v8.3.193 YOLO models [34] were deployed and

implemented using the PyTorch v2.7.0 deep learning
library [38]. Prior to deployment, the segmentation model
was finely tuned on the selected thermal dataset in Table 1
using stratified five-fold cross-validation; all detection
metrics listed correspond to the mean + standard deviation
across all folds, unless otherwise specified. Training was
performed on a workstation equipped with a single
NVIDIA RTX 3060 (12 GB) graphics processing unit,
using 300 epochs, an input resolution of 640, and a batch
size of 16. Inference was performed on an embedded
artificial intelligence computing platform integrated into
the UAV’s payload. In our configuration, the onboard
inference engine uses the Qualcomm QCS605 system-on-
chip [39], which provides hardware acceleration for
neural processing of computer vision tasks.

During flight, the UAV transmitted compact detection
messages, as defined in Equation (1), via a secure
wireless communication channel (e.g., OcuSync Enterprise
at 2.4/5.8 GHz) to a ground server. The mission’s
effectiveness was demonstrated under real-world conditions
involving adverse weather factors and radio interference.
In particular, even in strong winds (up to 15 m/s) or in the
presence of significant electromagnetic interference from
high-voltage power lines — which typically cause delays
or temporary loss of video stream transmission to the
operator’s console — on-board processing of YOLOv11
on the Qualcomm QCS605 processor ensured stability.
The system reliably cached segmentation results and full
frames locally for subsequent auditing. This ensured
uninterrupted task execution and the preservation of
critical defect data regardless of the quality and stability
of the radio link.

A ground server running on the NVIDIA Jetson
Orin platform [40] collected incoming detection data and
performed spatial clustering to eliminate duplicates
(Section 3.8). The clustering radius was set to account for
UAV’s RTK
navigation; specifically, it was chosen to correspond to

the positioning uncertainty of the

an accuracy of ~2 cm, which can be achieved using
inexpensive dual-frequency RTK receivers such as the
u-blox ZED-F9P [41]. To maximize throughput and
minimize latency, the YOLO inference model was
optimized on a Jetson edge server using NVIDIA
TensorRT v10.9.0 [42]. Finally, the consolidated and
deduplicated detection events were transmitted to the
SCADA system
monitoring and the generation of alerts for the operator.

in real time, enabling automatic
Defect detection performance is evaluated using

standard detection metrics [43]. For a given class, precision
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and recall are used. Detection quality is summarized
using average precision (AP) and mean average precision
(mAP). This study reports the average precision
(mAP@0.5), i.e., AP, calculated at an IoU threshold of
0.5 and averaged across classes. For field validation
against manual monitoring, the root mean square error
(RMSE) between automatic and manual defect counts is
reported as defects per verified photovoltaic circuit.
Performance characteristics are determined by
inference throughput (frames per second), end-to-end
and sensitivity to flight and

processing  time,

environmental parameters (altitude, speed, time of day,
weather). In Section 4.5, the accuracy metric is used to
represent the proportion of correct defect detections
among all detected defects
IoU/confidence thresholds.

based on selected

Quality as detected on two reference thermal images
Table 3 summarizes the results by class for
YOLOvll-seg on M2 and M3, presented as the
mean * standard deviation based on stratified five-fold
cross-validation.

Table 3. Comprehensive comparison of YOLOvI1-seg productivity on the M2 (two-color palette) and M3 (three-color palette)

thermograms, presented as mean + standard deviation based on stratified 5-fold cross-validation

Class M2 thermogram (2 colors) M3 thermal image (3 colors)
mAP@0.5 Accuracy Reproduction mAP@0.5 Accuracy Reproduction
Crack 0.93+0.04 0.91+0.05 0.89 £0.06 0.87+0.07 0.86 +0.07 0.84 +£0.08
Pollution 0.90 +0.06 0.88 £0.07 0.86 =0.08 0.90 £ 0.06 0.88 £0.07 0.86 £ 0.08
Stratification 0.89 +0.02 0.87 £0.02 0.85+0.03 0.93 £0.02 0.90 + 0.02 0.88 +£0.03
Macro-average value 0.91 +0.03 0.89 +0.03 0.87+0.04 0.90 = 0.04 0.88 +0.04 0.86 +0.05

On the two-color palette (M2), the model achieves
a macro-mAP@0.5 of 091 + 0.03, a precision of
0.89 £ 0.03, and a reproducibility of 0.87 £ 0.04. On the
three-color palette (M3), the wmakpomAP@0.5 is
0.90 + 0.04 with accuracy of 0.88 + 0.04 and
reproducibility of 0.86 + 0.05. These average values are
close, but the behavior across classes differs. Crack

'I;_hgrmogram M2 (two-color palette): detection quality
- 0.93

0.9 0.89 0.91

0.8

n
S 0.6

®
'
£ 0.4+

0.2

0.0 -

Crack Soiling Delamination Average

a)

detection is stronger on M2 (mAP@0.5 0.93 + 0.04)
than on M3 (0.87 + 0.07), whereas delamination detection
is strongest on M3 (0.93 + 0.02). This pattern confirms
the practical observation that thermogram palettes
act as separate domains and that one representation
may emphasize certain defect features at the expense
of others (Fig. 3).

Thermogram M3 (three-color palette): detection quality
1o 0.9 0:53 0.9

0.87
0.8

n
S 0.6
®
E
g 0.4

0.2

0.0-

Crack Soiling Delamination Average

b)

Fig. 3. Detection quality assessment (average mAP@0.5 across five runs) for YOLOv11-seg on different thermograms:
a) the two-color palette (M2) is excellent for crack detection; b) the three-color palette (M3) demonstrates excellent

results in delamination detection

Impact of late merging set and runtime

The late merging mode improves reliability without
requiring a more powerful network. Table 4 shows
the mAP@O0.5 metrics before and after merging
(mean + standard deviation across runs).

mAP@0.5 benefits the most, improving from
0.93 £0.04 to 0.96 £ 0.03. This is of practical importance
because crack-like patterns can be barely visible and
can be confused with thermal noise or reflections.
Delamination improves from 0.93 £ 0.02 to 0.95 + 0.02,
while contamination remains stable. Figure 4 shows
these changes.




ISSN 2522-9818 (print)
ISSN 2524-2296 (online)

Cyuachuti cman HAyKo8ux 00CIiOdHCeHb ma mexHonoziu 6 npomuciosocmi. 2026. Ne 1 (35)
Innovative technologies and scientific solutions for industries. 2026. No. 1 (35)

Table 4. Effect of merging on mAP@0.5 (before and
after), presented as mean + standard deviation across stratified
5-fold cross-validation

time for each frame was reduced from 4.235 s to 2.858 s.
Although this
and implementation, its

latency depends on the hardware

reduction  demonstrates

Class Before After Merger that careful pipeline design can improve both accuracy
Crack 0.93+0.04 0.96 + 0.03 and performance, which is critical for the operation
Soiling 0.90 + 0.06 0.90 + 0.06 of the KFS.

Delamination 0.93 +0.02 0.95+0.02

Ensemble fusion improves mAP@0.5

I Before ensemble
[0 After ensemble

Crack

Soiling Delamination

Fig. 4. Improvement in the mAP@0.5
after late merging of M2 and M3 detections

The pipeline approach also improves execution
time. Thanks to early detection merging and the
avoidance of repeated post-processing, the processing

Comparison of Edge Hardware
and the YOLO Model

Implementing deep learning on UAVs imposes
strict constraints on computational power, weight, and
power consumption. Table 5 provides an overview of
typical embedded platforms and highlights a practical
trade-off: throughput determines the maximum possible
flight speed and frame rate (see Fig. 5).

It is important to note that detection quality
(mAP/accuracy) is a property of the deployed model
and numerical precision, not just the hardware. Therefore,
the values of mAP@O0.5 in Table 5 correspond to
a deployment configuration specific to the platform
(e.g., FP16 versus INT8 quantization and, if necessary,
additional meet

compression  to memory/latency

constraints).

Table 5. Comparison of typical edge hardware for embedded inference. The mAP@0.5 listed correspond to the deployment
configuration (processor and numerical precision), not just the hardware

Platform Output Accuracy Throughput (FPS) mAP@0.5 Accuracy
NVIDIA Jetson Orin Nano FP16 (TensorRT) 100 0.95 0.93
Ambarella H2 INT8 (compressed) 60 0.70 0.75
Qualcomm QCS605 INT8 (SNPE) 80 0.85 0.82

Edgell'(l)ardware tradeoff (thermogram inference)

NVIDIA Jetson Orin Nano
0.9 -
n .Qualcomm QCS605%
®
& 0.8
<
= Ambarella H2
0.7 -
0-6 T T T

T T T
40 50 60 70 80 90 100 110
Throughput (FPS)

Fig. 5. Trade-off between throughput and detection quality for typical embedded platforms

To further justify the choice of YOLOv11, several
generations of YOLO were trained and evaluated

under a unified protocol. Table 6 shows accuracy,
reproducibility, and mAP@0.5, as well as training time.
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models. The results indicate that for embedded inference,
YOLOvl1 provides
accuracy and manageable deployment complexity.

YOLOvVI11 demonstrates the highest overall productivity
(accuracy 0.96, reproducibility 0.95, mAP@0.5 0.93),
although training time is longer than for some smaller

a favorable balance between

Table 6. Quantitative comparison of YOLO model generations (segmentation). Training time is measured over 300 epochs on
a single NVIDIA RTX 3060 (12 GB) GPU with an input resolution of 640 and a batch size of 16

Model Accuracy Recall mAP@0.5 Training time (min)
YOLOVS5 0.92 0.90 0.86 55
YOLOv8 0.91 0.88 0.83 45
YOLOvV9 0.94 0.80 0.90 59
YOLOv10 0.94 0.86 0.90 132
YOLOv11 0.96 0.95 0.93 106

On-site data verification versus
manual monitoring

The KFS, designed for plant operation, must match
the results of a human-conducted field inspection.
The performance of the AIC is verified through manual
monitoring at two photovoltaic installations: a rooftop
and a ground-mounted site. The evaluation compares
the automatic defect count after edge-level deduplication
with the manual count obtained from expert inspection.
The test set
photovoltaic modules across two sites and included

consisted of approximately 2,500
145 expert-verified defect cases; the agreement was
quantified using an RMSE of 0.71 defects per inspected
photovoltaic string.

Beyond the overall error, field tests highlight
the role of KFS components that are not visible in
offline metrics. The built-in inference alone yields
repeated detections of the same defect in adjacent
RTK-based
deduplication reduce this redundancy and generate

frames; clustering and  edge-level
module-level events suitable for reporting. Similarly,
when abnormal heating is detected, the logic supporting
SCADA can eclevate the event’s priority, especially
if the bypass diode status indicates an elevated risk.
These

implementation, as operators require stable counts,

elements are critical for  operational
clear module identifiers, and actionable alerts, rather

than a stream of raw detections.

Sensitivity to Flight
and Environmental Parameters
Thermal imaging is limited by physical factors.
Therefore, flight altitude, speed, time of day, and weather
conditions are analyzed in terms of their impact

on detection quality. The results quantitatively evaluate
the operating parameters of the proposed thermal
imaging system.

Altitude provides an optimal balance between
resolution and coverage (Table 7). At an altitude of 5 m,
detection accuracy reaches 98% with a reproducibility
of 96% (Fig. 6, a), but coverage is limited, and mission
duration increases. At a height of 10 m, accuracy remains
high (93%, reproducibility — 90%), and coverage
increases approximately 4-5 times, making it acceptable
for operation. At a height of 15 m, accuracy decreases
to 84% (reproducibility 79%), indicating insufficient
spatial resolution for detecting minor defects.

Flight speed affects motion blur and temporal
redundancy (Table 7, Fig. 6, b). At speeds of 3—7 m/s,
accuracy remains above 91% and reproducibility above
88%, indicating that the system can handle moderate
speeds when the camera shutter and stabilization are
sufficient. At a speed of 10 m/s, accuracy drops to 85%,
and reproducibility to 82%, which may be unacceptable
for safety-critical monitoring.

Environmental conditions are also
(Table 8). Surveys conducted during midday
(12:00-14:00) yield the best results (96% accuracy,
94%  reproducibility),
radiation and thermal contrast (Fig. 6, c). Cloudy
(96%
compared to clear skies

important

corresponding to  stronger

conditions improve
94%  reproducibility)
(92% accuracy, 89% reproducibility), likely because

performance accuracy,

diffuse lighting reduces specular reflections (Fig. 6, d).
These results are consistent with previous observations
that reflections may dominate thermograms under
and that careful

clear conditions flight planning

is necessary [7, 11].
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Table 7. Sensitivity to height and speed (accuracy/reproducibility)

Height Speed
m Accuracy (%) Reproducibility (%) m/s Accuracy (%) Repeatability (%)
5 98 96 3 94 92
10 93 90 5 93 90
7 91 88
15 84 79
10 85 82
100 Effect of altitude on detection quality 100 Effect of speed on detection quality
—8— Precision (%) —8— Precision (%)
95 - =o— Recall (%) 95 - =o— Recall (%)
90 1 90 -
5 9
8 85 | 8 85 |
wn )]
80 1 80 -
75 75
70 T T T 70 T T T T
5 10 15 3 5 7 10
Flight altitude (m) Flight speed (m/s)
a) b)
Time-of-day sensitivity Weather sensitivity
100 100
Bl Precision (%) Bl Precision (%)
95 3 Recall (%) 95 4 m3 Recall (%)
90
£ 9
§ 85 ]
80 »
75
70-
+:00 00 .00
08" 00—10 12100.14 41 _‘00.19 ciea’ a oudy
Time window Weather
c) d)

Fig. 6. Sensitivity of detection to changes in operating conditions and the environment. The results show that an increase in
a) flight altitude and b) speed degrades detection quality, requiring strict adherence to flight profiles. Environmental factors
also affect performance: c¢) the time from 12:00 to 14:00 and d) cloudy weather provide optimal accuracy and reproducibility

Table 8. Sensitivity to time of day and weather (accuracy/reproducibility)

Time of day Weather
Window Accuracy (%) Reproducibility (%) Conditions Accuracy (%) Reproducibility (%)
8:00-10:00 93 90 Clear 92 89
12:00-14:00 96 94
5:00 PM—7:00 PM 92 89 Cloudy %6 o4

Quantitative comparison

with the current state of the art

The obtained results are compared with typical

approaches described in the literature. A direct comparison

is imperfect, as the datasets, defect definitions, and
evaluation protocols differ. However, Table 9 provides a
quantitative basis and explains how the proposed KFS
differs in scope, which is further illustrated in Fig. 7.

Table 9. Quantitative comparison with published approaches (according to the respective authors)

Work Modality | Model / approach Task Reported metric
Dotenko et al. [25] IR Statistical tests + vision | Defect classification F1=93.88%
Di Tommaso et al. [14] | IR Multi-stage YOLOV3 Hotspot detection AP@0.5: 66.9%
Xietal [18] IR ST-YOLO Detection  of  faults in | mAP@0.5=96.6%
photovoltaic systems
This work IR+RGB | YOLOv11-seg + | Defect segmentation + | mAP@0.5s up to 96%
ensemble + KFS decision making (cracks)




Cyuacnuii cman HayKosux 00Caiodcenb ma mexnono2iii 6 npomucnosocmi. 2026. Ne 1 (35)
Innovative technologies and scientific solutions for industries. 2026. No. 1 (35)

ISSN 2522-9818 (print)
ISSN 2524-2296 (online)

Representative quantitative comparison (reported by authors)

This work (ensemble) mAP@0.5

Xie et al. ST-YOLO mAP@0.5

Dotenco et al. (defect cls) F1

Di Tommaso et al. (IR hotspots) AP@0.5

.96

D.966

0.939

0.669

I T T T
0.00 0.25 0.50 0.75 1.00

Reported score (mMAP@0.5 or F1)

Fig. 7. Illustrative quantitative comparison (indicators shown). Values are not strictly comparable across datasets; the figure

contextualizes the magnitude of the results

The literature notes that a high mAP can be
achieved under favorable conditions, for example, using
ST-YOLO on infrared images [18]. The proposed
ensemble achieves a comparable mAP@0.5 for the crack
class (0.96), incorporating system-level components
necessary for the facility’s operation: georeferencing,
and SCADA-aware
Multi-stage approaches,

deduplication, decision-making

logic. such as those by
Di Tommaso et al. [14], report a significantly lower
AP@0.5 anomaly detection rate on hotspots (66.9%),
illustrating that anomaly detection can be more
challenging than module detection and that performance
is strongly influenced by the dataset and defect type.
Dotenko et al. [25] reported high efficiency in defect
classification using classical vision and statistical tests,
which remains relevant as a baseline metric and
demonstrates that robust preprocessing is crucial in

infrared aerial photography.

Discussion

The presented results confirm two interrelated
theses. First, a modern detector with a segmentation
function can achieve high accuracy in defect localization
on UAV thermal images even with a small training
dataset, provided that post-processing requirements and
operational constraints are met. Second, and more
importantly, the operational utility of UAV inspection
depends on a cyber-physical architecture that links
detection results with georeferenced, deduplicated
events and plant monitoring.

From a computer vision perspective, palette-specific
results illustrate a subtle but important phenomenon: the
representation of the thermogram is part of the model’s

input domain. The two-color palette (M2) highlights

certain gradients and enables more effective crack
detection, while the three-color palette (M3) enhances
delamination detection. This is consistent with broader
observations in photothermal thermography that the
choice of acquisition and visualization methods affects
defect contrast and, consequently, their detection [4, 6].
The late-merging ensemble improves reliability by
leveraging this complementarity. The improvement for
cracks (from 0.93 to 0.96 mAP@0.5) is particularly
important, as cracks are often early-stage defects whose
thermal signals can be weak. The reduction in runtime
(from 4.235 s to 2.858 s) further underscores that pipeline
design can yield tangible benefits.

From a systems perspective, the peripheral layer is
not a luxury. Without RTK-based georeferencing
and deduplication, raw UAV detections would yield
inflated metrics and unstable alarms. Therefore, the
architecture treats georeferencing as a first-class signal,
consistent with field studies that highlight the practical
difficulty of tracing anomalies back to modules and
chains [7, 11]. The edge layer also provides a natural
integration point for SCADA signals, such as bypass
diode status. The hazard Boolean logic, formalized
by equations (12)—(13), is intentionally interpretable:
plant engineers can verify, adjust, and integrate it
into existing rule mechanisms. This contrasts with
“black box” alarm models, which can be difficult
to certify for safety monitoring purposes.

Sensitivity analysis offers another argument in
favor of KFS framing. The sharp drop in productivity
at a height of 15 m and a speed of 10 m/s indicates that
the detector’s productivity is limited by physics and
optics, not just the model’s power. Similarly, better
conditions suggests that
reflections may be the primary source of false alarms.

productivity in cloudy




ISSN 2522-9818 (print)
ISSN 2524-2296 (online)

Cyuacnuii cman HayKosux 00Caiodcenb ma mexnHono2ii 6 npomucnosocmi. 2026. Ne 1 (35)
Innovative technologies and scientific solutions for industries. 2026. No. 1 (35)

These observations prompt the inclusion of
reflection-aware planning (Section 3.3) and the use
(Section 3.10)
as part of the overall system. In other words, the
“best

must actively generate its own data through flight

of contextual temperature models

model” alone is insufficient; the system
planning and quality control.

A key limitation of this evaluation is the small
and unbalanced labeled dataset for minority classes.
Even with stratified five-fold cross-validation, the crack
and contamination classes contain only 20 and 10 labeled
variance

respectively, leading

(Tables 3-4). Therefore, the reported mean values

images, to greater

should be interpreted as feasibility indicators rather
than definitive benchmarks. Expanding labeled datasets
standardized benchmarks

and adopting public

for UAV thermography with consistent metadata
would significantly improve statistical reliability
and reproducibility.

The proposed approach also has drawbacks and
trade-offs. The architecture complicates deployment:
a peripheral server must be maintained on-site, and
reliable communication between the UAV and the
periphery must be ensured. The approach relies on RTK
positioning and continuous camera calibration; failure
of these subsystems can degrade georeferencing and
reduce confidence in module-level mapping. Although
transfer learning and augmentation mitigate the need
for retraining, generalization to new defect types,
new thermal cameras, or different palettes remains
a challenge. Future work should explore palette-
independent representations or temperature-calibrated
models that operate directly on radiometric data rather
than on reconstructed palettes.

Several limitations point to open research directions.
First, thermography remains sensitive to environmental
conditions; a key challenge is to incorporate radiation
intensity, wind, and ambient temperature into training
models in a principled manner, potentially using
physically grounded characteristics or uncertainty-aware
inference. Second, current SCADA logic is based on
explicit Boolean rules; hybrid approaches combining
learned risk assessment with interpretable rules
can increase flexibility while maintaining auditability.
Third, a simplified projection is currently used during
the georeferencing stage; improvements in geometric
modeling (e.g., through camera calibration and 3D
facility models) could reduce association errors in

dense installations. Finally, there is a broader issue

of comparative analysis: the photovoltaic installation
community would benefit from standardized, publicly
available UAV thermography datasets with consistent
labels and metadata (flight altitude, solar irradiance,
camera parameters), which would enable reproducible
comparisons between systems.

Conclusions

This paper proposes an architecture for cyber-
physical systems designed to monitor photovoltaic
power plants, which successfully bridges the gap
between
operational maintenance. By integrating real-time
UAV-based YOLOv11 segmentation with an intelligent
edge computing layer for RTK-supported geotagging

raw computer vision data and practical

and duplicate suppression, the system effectively
transforms fragmented output results into trackable
defect events at the module level. Experimental results
confirm the superior performance of the proposed late
fusion ensemble, which significantly improved crack
detection to 0,96mAP@0.5 and delamination detection
to 0,95 mAP@0.5, while reducing the processing latency
to 2.858 s. Field validation further

consistency with manual

per frame

demonstrated inspection
records, achieving an RMSE of 0.71 defects per inspected
PV row and identifying a flight altitude of 10 m as the
most balanced operating point with 93% accuracy
and 90% reproducibility. The unique integration of
SCADA-aware

fire risk assessment based on the status of the bypass

interpretive logic enables real-time
diode. Despite these successes, notable limitations of
this study include sensitivity to specular reflections
under clear sky conditions, reduced productivity
at flight speeds exceeding 7 m/s, and statistically
unstable estimates for a minority of defect classes
due to the labeled data.

The dependence on precise RTK calibration for module

limited amount of
association also poses a challenge for deployment
in dense array configurations. Overall, the proposed
architecture offers a scalable, safety-oriented solution
for automating the lifecycle management of large-
scale solar assets.

Future research will focus on palette-independent
radiometric models to reduce the impact of ambient
benchmark-based  assessments

noise, larger-scale

to reduce uncertainty, and predictive maintenance

algorithms utilizing historical SCADA trends.
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APXITEKTYPA KIBEP®IBUYHUX CUCTEM
AJIAA BUABJIEHHA JE®EKTIB Y ®OTOEJEKTPUYHUX MOAYJIAX
HA OCHOBI HI3HBOTI'O 3JIMTTA JAHHUX 13 BILJIA

IlpeameT JOCTIDKEHHS — apXiTEKTypHE BIOCKOHAJICHHS CHUCTEM IHCHEKTYBaHHS BEJMKHX COHSYHHX EJICKTPOCTAHIN
Ha ocHOBi BITJIA. MeTtow AocTiIKeHHs € MOJIMIIEHHS OIEepalliifHOi KOPUCHOCTI IHCIEKTYBaHHS (OTOCIEKTPUYHUX MOMYIIB
Ha ocHOBI BIUJIA dwepe3 po3poOneHHs KiOepdi3muHOI apXiTeKTypH, siKa IHTerpye BOymoBaHEe TIMOOKe HaBYaHHS, NepudepiitHi
BY3JI, XMapHy aHAJITHKY Ta JIOTIKY NPUHHATTA pileHb 3 ypaxyBaHHAM SCADA B equHMiI CKOOpAMHOBaHMH poOouYmMii mpouec.
3aBaanHsa fgociaimkenHs: 1) ¢opmanizyBatn OGaratopiBHeBy apxitektypy K®C (BIUJIA-nepudepis-xmapa) Ta BH3HAUYUTH
iHTepQeiick Uil JaHMuX, Te0-TeriB Ta TPUBOT; 2) pPOo3pOOHMTH Ta BajigyBaTh BOYJOBaHWH KOHBeEp TepMOrpadiuHOrO BHSBICHHS
3 00pOOKOIO Ta 3IHUTTSAM 3 YpaxyBaHHSAM MaTITPH; 3) IHTETpYBaTH pe3yNIbTaTH BUSBICHHS 3 JIOTIYHUM IIapoM, 1o BpaxoBye SCADA,
st iHdepeHnii HeOe3nekn Ta 3HKEHHS PU3NKY HOXEX. MeToau MOCTiZKeHHSI: METOIH KOMII IOTEpPHOTO 30py Ta TIIHOOKOTro
HapyaHHS (YOLOvV11) mis GopTtoBoi cerMmenTamii JedexTiB; aHcamMOIoBaHHS Mojened (cTpareris mi3Hboro 3muTrss M2 ta M3
MaNiTP) I HIBENIOBAHHA 3CYBY JOMEHY; alTOPHTMH NPOCTOpOBOi kiactepwsamii 3 minTpumkoro RTK mia reoinmekcamii
Ta JAeAyIUTKamii; JnerepMiHOBaHA OyJjieBa JIOTiKa JUId BU3HAYEHHS IOXKEXKHHX PHU3HUKIB HA OCHOBI CTaHIB IIYHTYIOUUX MiOJIB.
Pe3yabTaTn 1ATHKpaTHOI TepexpecHOi Bajigamii cBig4aTh, MO 3alpOIOHOBAHA AapXITEKTypa 3HAYHO IMCPEBEPIIyE
onHOMoanbHI miaxoau. boproBa mogens YOLOv11 pgocsria mokasaukiB macro mAP@0.5 nHa piBHi 0,91 Ta 0,90 mns mamitp M2
Ta M3 BignoBigHO. AHCaMOnb mMi3HBOro 37UTTA MmABMIMB MAP@O0.5 mns tpimma mo 0,96, a posmapysanus — mo 0,95.
3anponoHOBaHA apxXiTEeKTypa 3MEHIIWIAa HACKPi3Hy 3aTpHUMKy oOpobienHs kaapy i3 4,235 ¢ mo 2,858 c. IlonboBa mepeBipka

npogemoHctpyBana RMSE 0,71 nedexkTy Ha iHCIIEKTOBaHHMH PSOOK MOPIBHAHO 3 PYyYHHM MiIpaxyBaHHSAM. AHAJi3 4yTIHBOCTI
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BUSIBMB, IO BHCOTa mHonboTy 10 M 3a0e3neuye ONTUMAaNbHE Y3TO/DKEHHS MK PO3IUIBHOI0 3[aTHICTIO Ta OXOIUICHHSM
(tounicte 93 %, BiaTBoproBaHicTh 90 %). BHCHOBKM: JIOCTIDKCHHS JIEMOHCTPYE, 10 po3risn iHcrekTyBaHHs BITJIA
SK IHTETPOBAHOTO KiOEp(i3MIHOrO CEpBICY CYTTEBO IOKPAIIye TOYHICTH BUSBICHHS Ie(eKTiB. 3ampolioHOBaHA apXiTeKTypa
KibepdisnuHUX cHcTeM € MacmTabOBaHUM pIllIEHHAM Ui NPOQITaKTHIHOrO OOCIYroBYBaHHS Ta aBTOMAaTH30BaHOTO
3HIDKEHHS PU3UKY TIOKEXK Y BITHOBITIOBaHIH €HEPreTHIIi.

KawuoBi caoBa: kibepdizuuni cuctemu; (OTOCIEKTPUYHI MOIYJi; OE3MUIOTHI JTalbHI amapard; iHQpauepBoHA

Tepmorpadis; nepudepiiti 00UncIeHHs; TIH00KEe HaBYaHHSI.
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Yu Jian, Oksana Sitnikova

METHOD FOR PREDICTING UAV TRAJECTORIES AND YAW
FOR INDUSTRIAL AUTONOMOUS MISSIONS IN A DYNAMIC ENVIRONMENT

This paper addresses the problem of predicting the trajectory and anticipatory evasion of an unmanned aerial vehicle (UAV) in
industrial autonomous missions in a dynamic environment, subject to noise in navigation measurements and energy constraints, which
pose risks of delayed or excessive maneuvering and increased deviation from the route. Objective. To develop and verify, using
a simulation model, a method that ensures prediction-based obstacle avoidance with control of deviation from the reference trajectory
and maneuvering energy consumption. Tasks. Formulate the architecture of the avoidance system; develop a predictor of future
coordinates based on a recurrent neural network with long-term short-term memory; determine a method for assessing collision risk
using a safety zone; implement a trajectory correction algorithm taking into account the “safety—deviation—energy consumption”
trade-off; perform a comparative evaluation with baseline methods. Methods. Coordinate predictions are constructed based on time
sequences of coordinates and motion parameters; collision risk is assessed by analyzing the intersection of the predicted trajectory
with obstacle safety zones; trajectory correction is formalized as an optimization problem to select a maneuver that minimizes the
total tracking error and the proximity penalty. The effectiveness was verified in a Python environment on standard trajectories
(straight, circular, and polygonal) by comparison with pure tracking, line-of-sight, vector field, and nonlinear stabilization methods.
Results. The proposed approach achieved the smallest mean deviation from the trajectory (14.95 m), the lowest maneuver energy
consumption (72 conventional units), the highest tracking success rate (86.08%), and the highest overall productivity coefficient
(0.494) among the algorithms considered; a trade-off was observed regarding the minimum distance to obstacles. Conclusions.
The prediction-oriented evasion method improves the overall navigation efficiency in industrial mission models; further research

involves field validation on real platforms and optimization of the predictor’s computational costs.

Keywords: unmanned aerial vehicle; industrial autonomous missions; trajectory prediction; obstacle avoidance; recurrent

neural network; trajectory correction; energy efficiency.

Introduction

Unmanned aerial vehicles (UAVs) have become
a standard tool in industrial autonomous missions, such
as inspections of power lines and substations, monitoring
of pipelines and tank farms, surveys of wind farms,
monitoring of construction sites, quarries and industrial
zones, as well as the rapid assessment of facility
conditions following incidents. In these scenarios, the
value of UAVs is determined not only by the quality
of the data collected, but above all by their ability
to fly predictably and safely.

This task is complicated by existing industrial
environments, which are characterized by restricted flight
corridors, complex obstacle geometries, local radio
interference zones, and multipath effects, as well as
a high level of dynamic activity from surrounding
objects (equipment, vehicles, personnel). In practice,
this translates into the need to simultaneously ensure high
collision avoidance,

trajectory  tracking

controlled energy consumption, and system stability in

accuracy,

the face of sensor errors.
UAVs
environments where navigation measurements are often

In industrial missions, operate  in

noisy, and the environment’s configuration can change
during flight. The most common practical consequence
is instability in position and trajectory estimates
(e.g., coordinate oscillations), leading to unwanted
corrective maneuvers, increased route deviation, and
energy waste. Under such conditions, reactive approaches
that correct motion only “after the fact” of a dangerous
proximity can trigger delayed or excessive evasion,
compromising both safety and mission efficiency.

An additional practical requirement for industrial
scenarios is reproducible and energy-efficient behavior.
The control system must ensure the minimization of
unnecessary maneuvers and the maintenance of
an acceptable distance from obstacles while keeping the
UAV on the specified trajectory. This is particularly
important for missions where flight time is a limited
resource, and any increase in energy consumption
directly reduces operational duration and diminishes
route coverage.

Literature Review
In recent years, a number of reviews have been
published that systematize algorithms for route planning,
obstacle detection, and avoidance for UAVs. Work [1]
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presents a comprehensive classification of forecasting
approaches and discusses the suitability of methods for
remote sensing application scenarios. Review [2] focuses
detection and avoidance (ODA) and
compares approaches based on obstacle type, sensor

on obstacle

configuration, and mission environment. Additionally,
in [3], recent comprehensive reviews highlight the trend
toward integrating artificial intelligence with classical
planners and the growing demands for computational
efficiency and real-time robustness.

Summarizing these scientific works, it can be
concluded that the issues of ensuring obstacle prediction
and avoidance processes, as separate components of
UAV mission execution algorithms, remain relevant.
At the same time, for industrial autonomous missions, it
is necessary to coordinate actions such as “state estimation”,
“forecasting”, “decision-making”, and “maneuvering” in
the presence of noise and sensor data degradation.

Classical trajectory tracking methods are widely
represented by approaches based on vector fields.
Reference [4] is one of the fundamental sources where a
vector field is used to asymptotically reduce the tracking
error to zero for small UAVs. Further development in this
direction [5] aims to combine trajectory tracking and
obstacle avoidance with minimal deviation from the
route. The strength of vector and geometric methods lies
in the simplicity and predictability of control. However,
in industrial environments with noisy coordinates and
changing obstacle configurations, reactive corrections
increase the amplitude of maneuvers and, consequently,
energy consumption. This is why there is a growing need
for anticipatory control and motion prediction.

Model Predictive Control (MPC) is a common
paradigm  for while
MPC
formulations for obstacle avoidance [6] demonstrate the

generating safe trajectories

accounting for system constraints. Classical
ability to formalize the problem as an optimization over
the prediction horizon. In applied inspection scenarios
[7], MPC is combined with Simultaneous Localization
and Mapping (SLAM) and employs path smoothing
to reduce flight time and memory requirements.
This indirectly impacts the mission’s energy efficiency.
Modern variants [8] also integrate safety barrier
functions to handle dynamic obstacles. At the same time,
MPC architectures depend on model quality and can be
sensitive to sensor errors. Under unstable measurements,
state errors translate into inadequate control decisions,
and computational complexity may limit their use on

low-power onboard systems.

To improve resilience to navigation signal
degradation, approaches [9-11] based on Recurrent
Neural Networks (RNN) and Long Short-Term Memory
(LSTM) are being actively developed.

In particular, for the task of compensating for errors
during GPS signal outages, hybrid models [10] have been
proposed that combine prior noise suppression with
CNN-LSTM forecasting. Another direction, discussed
in [12, 13], involves the optimization and selection of
LSTM component parameters in combination with
adaptive variants of the Extended Kalman Filter to
improve 3D positioning during GPS outages.

Additionally, the paper [14] investigates
LSTM-based approaches for sensor fusion in orientation
estimation tasks based on inertial measurements,
which is relevant for UAVs under unstable positioning
conditions. Overall, neural network filters demonstrate
potential, but the key challenge remains reconciling
data and physical constraints.

Predicting UAV trajectories over a time horizon is
used as a tool for early conflict detection and proactive
Paper [15]

LSTM-based trajectory prediction in the context of

risk  assessment. examines recurrent
detecting potential conflicts in low-altitude airspace.
Concurrently, review and methodological works [16—18]
have emerged, systematizing UAV trajectory prediction
algorithms, including variants combining neural networks
and filtering schemes. A practically significant limitation
of this class of methods is the accumulation of errors over
long horizons and dependence on the quality of input
measurements, which brings the problem back to the need
for robust filtering and adaptive selection of the
prediction horizon.

Reinforcement learning is applied to obstacle
avoidance tasks in both discrete and continuous
action spaces. In [19], a DRL approach for obstacle
avoidance is demonstrated, comparing different
categories of algorithms in simulation environments.
For large-scale 3D scenarios, approaches [20] with
a “human-in-the-loop” mechanism are being developed,
which

behavior consistency.

improve training controllability and agent

A common practical choice is Proximal Policy
Optimization (PPO). Studies [21, 22] have been
conducted where PPO is applied to autonomous UAV
navigation in unknown environments.

Of particular interest are comparisons [23] of
algorithms (e.g., PPO vs. Deep Q-Network) in obstacle
avoidance tasks in 3D simulations.
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For industrial inspection missions, the articles
[24, 25] are noteworthy, as they are directly focused
on infrastructure scenarios, in particular the LSTM-
DDPG (Long Short-Term Memory — Deep Deterministic
Policy Gradient) approach, validated in simulations
and field tests.

At the same time, it should be noted that while the
DRL approach provides high adaptability, it often
requires a significant number of training episodes and
demonstrates sensitivity to input data. This is precisely
why the role of hybrid approaches is growing in
engineering systems, where learning complements,
rather than replaces, stabilizing control logic and safety
control [26, 27].

A separate body of work

addresses energy

constraints and resource-aware mission planning.
In particular, the paper [28] proposes an energy-efficient
coverage route planning method, where energy limits are
an explicit constraint during route generation.
Concurrently, data-driven models [29] for predicting
performance degradation and energy consumption are
being developed, which are crucial for estimating
flight time reserves. In the context of industrial missions,
this reinforces the need to minimize “unnecessary”
maneuvers that may be caused by the instability of
navigation measurements and reactive obstacle avoidance.
As can be seen, most of the approaches considered
focus on isolated components: route planning, obstacle
avoidance, data filtering, or adaptive control. Against this
backdrop, systemic gaps emerge, such as insufficient
coordination within a unified loop for state estimation,
trajectory prediction, and trajectory correction for noisy
navigation measurements. Furthermore, there is
insufficient attention to energy consumption as a metric
for evasion quality. This is particularly true in scenarios
where smooth behavior and maneuver reproducibility are

required for industrial missions.

Objectives and Contribution

The objective of this study is to develop a method
for predicting UAV trajectories and deviations for
industrial autonomous missions in dynamic environments
under conditions of noisy navigation measurements.
The proposed approach is geared toward scenarios in
which the navigation decision must be robust to
instability in coordinate estimates, and the visual channel
(camera) is not considered a critical prerequisite for
decision-making during maneuvering.

Main research objectives
predicting UAV
trajectories based on RNN/LSTM for proactive obstacle

1. Develop a method for
avoidance in a dynamic environment in the presence
of sensor noise.

2. Develop the architecture of a UAV obstacle
avoidance system.

3. Investigate methods for predicting future UAV
coordinates and checking for collision risks.

4. Implement a trajectory correction algorithm
that ensures safe avoidance while minimizing
deviation from the route and controlling the energy
cost of the maneuver.

5. Conduct a comparative study with common
basic UAV motion control methods on standard
trajectories using applied metrics and a generalized

indicator of productivity.

Main Section

1. Construction of evasion trajectories based on path
coordinates using RNN/LSTM for prediction

The proposed method implements a prediction-
oriented evasion cycle of “prediction, risk assessment,
trajectory correction,” which is repeated at each discrete
time step t. To generate the forecast, a window of
the length of the previous measurements is used

(Xt—qs Ye-n) - (X6, Ye)s
parameters v, and 6; and information about the nearest

as well as current driving
obstacles. The prediction horizon is determined by the
number of steps N,. Here 7 is the discrete time index
(simulation step number), n This is the length of the
input window (the number of previous trajectory points
fed into the model).

Step 1 (input data preparation). The sequence of the
last n trajectory points and the motion parameters are
collected (v, and 6,) along with data on nearby obstacles.

Step 2 (coordinate prediction). The LSTM model
generates the predicted coordinates of the UAV on the
horizon N_p: (£41,Y,,,) - (J?HNP}, yt+1v,,)'

Step 3 (collision risk check). The predicted
trajectory is checked for intersections with the safety
zones of obstacles within a radius of R. If an intersection
is detected, potential points of conflict are identified.

Stage 4 (Trajectory Correction). If the risk of
a collision is confirmed, a correction algorithm is
activated, which generates an evasive maneuver that
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minimizes deviation from the route and controls
energy consumption.

The UAV performs a corrected maneuver; in the
next step t, the cycle repeats with updated sensor data.

1.1. Development of an architecture
for a UAV obstacle avoidance system

In complex navigation scenarios where rapid and
adaptive evasion is required, traditional methods may
prove insufficient. The use of RNNs opens up new
possibilities for predicting UAV trajectories by analyzing
past coordinates and motion dynamics.

Unlike conventional methods, which calculate the
trajectory based on current data, LSTM (Long Short-
Term Memory) can take historical information into
account and use it to predict the future position of the
UAV. Thanks to its ability to remember significant
events over long time intervals, LSTM is an ideal tool for
motion prediction tasks.

The LSTM model consists of a cascade of
memory blocks that filter the input data, removing
insignificant information and retaining only important
patterns. This allows the model to identify patterns
in the UAV’s motion and predict its coordinates with
high accuracy.

When avoiding obstacles, the neural network
receives the following input:

—a sequence of coordinates

(Xe-ns Ye-n) - (X, Ye)s
—velocity and direction of motion;

previous

—information about nearby obstacles.

The network generates predicted coordinates as
output (x;y+;), which allows for determining the
probability of a collision and adjusting the course before
the UAV approaches an obstacle.

A block diagram of the proposed model is
shown in Fig. 1.

LSTM Architecture for Trajectory Prediction

[Forget Gate|cell State t[Hidden State t-1]

Input Data
(X, Y, Speed)

Filtered Output
(x, Y')

N

|Input Gate | Cell State t|Hidden State t|

Fig. 1. Block diagram of an LSTM model for trajectory prediction

The main advantage of LSTM in forecasting tasks is
its ability to account for nonlinear interactions in motion.
This means that such a model can learn to adjust its
trajectory even when obstacles appear unexpectedly
or change their position.

In addition to directly predicting future coordinates,
RNN/LSTM can be used to optimize evasion maneuvers
by determining the safest and most energy-efficient route.
For example, if a standard evasion algorithm suggests
a sharp maneuver that could lead to energy loss, the
neural network can adapt the maneuver to ensure
an optimal balance between safety and flight efficiency.

Thanks to these advantages, the use of RNN/LSTM
in UAV navigation systems allows for the simultaneous
resolution of several important tasks:

—reducing delays in the evasion process -—
the network predicts hazards in advance, minimizing
the risk of delayed reactions;

—adaptation to environmental changes — the system
can respond to new threats without having to recalculate
the route from scratch;

—motion optimization — smooth evasion is ensured,
which minimizes deviation from the mission and

saves energy.
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Thus, the use of LSTM in obstacle avoidance not
only enhances flight safety but also ensures efficient,
flexible, and intelligent UAV trajectory control.

Specifying the model shown in Fig. 1, it can be
noted that the architecture of the UAV evasion system is
based on a deep neural network that analyzes the
environment, predicts potential threats, and generates
an optimal maneuvering trajectory. The foundation
of the architecture is the sensory perception module,
which receives information about the space in front of the
UAYV, taking into account data from GPS, inertial
measurement units (IMUs), lidars, and optical cameras.
The data the
preprocessing subsystem, which performs noise filtering

sensor module transmits input to
and measurement delay compensation. For this task, the
study employs an LSTM, which for the

recognition of temporal dependencies and the elimination

allows

of measurement drift.

The next component of the architecture is the UAV
trajectory prediction module, which performs multi-step
prediction of future coordinates based on time sequences
of navigation data. The module receives the last n
coordinate (X;_p, Yi—pn) --- (X¢, y;) measurements, as well
as motion parameters (v, i ;) and information about
nearby obstacles. The prediction module is implemented
using a recurrent neural network with an LSTM
architecture, which allows for the consideration of
temporal dependencies and reduces the impact of sensor
noise when estimating the future position of the UAV.

Next,
executed: the predicted trajectory is compared with

the collision risk assessment module is

a map of obstacles (static or those that change
configuration over time), taking into account the safety
zone radius R. If the predicted trajectory crosses
safety zones, potential conflict points are identified
and a motion correction is initiated.

The trajectory
a corrective maneuver to ensure safe avoidance of the

correction module generates
obstacle with minimal deviation from the initial route and
with control over the maneuver’s energy expenditure.
The final element is the feedback module, which updates
the forecast and decisions at every step based on new
sensor measurements, ensuring continuous real-time
trajectory adaptation.

The final component of the architecture is the
feedback module, which provides deviation correction
based on continuous monitoring of flight parameters.
The use of recurrent neural networks in this module
reduces prediction errors through adaptive real-time
updating of the deviation model. This enables the UAV to
adjust its behavior in response to dynamic environmental
changes, avoiding sudden obstacles or changes in
the trajectories of other objects.

The of the
system combines modern methods of deep learning,

overall architecture evasion

recurrent  forecasting, and  real-time  motion
optimization. The interaction between its modules
ensures high evasion accuracy, rapid response

to threats, and flight stability even under challenging
conditions.

Fig. 2 shows a block diagram of the UAV obstacle
avoidance system architecture.

Sensor Module Preprocessing Trajectory Avoidance OE?rJrT iczt:l)t?(l)n
) s —> 1ltering, Delay —»| Prediction —— ecision , —»  Sate Flight Patl
(GPS, IMU. (Filtering, Delay Prediction (RNN/ Decision (DQN, (Safe Path Safe Flight Path
Lidar) Compensation) LSTM) DDPG) .
Planning)
A
v
Feedback Loop
(Real-Time
Correction)

Fig. 2. Block diagram of the UAV obstacle avoidance system architecture

1.2. A method for predicting
the future coordinates of a UAV
To ensure autonomous obstacle avoidance, a UAV
must be able to predict its future position, taking into
account its previous coordinates, speed, surrounding
objects, and possible changes in flight conditions.
The use of recurrent neural networks, specifically

LSTMs, allows for the analysis of temporal dependencies
in the flight path and the determination of predicted
coordinates.

The basis of the prediction is the formation of
an input data sequence used to train the neural network.
The following are passed as input parameters to the
LSTM: historical UAV coordinates (x;—,Vi—n)y---»(Xs1),
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that reflect the device's previous position; speed and
direction of movement v,, 8,, which enable the assessment
of flight
surrounding objects that may affect course changes.

inertial characteristics; sensor data on

The task of the neural network is to construct
a prediction function that estimates future coordinates
(Xt+1, yi+1) based on previous data:

1Y DTNt Y 1-n)5- (X6 0) 5V, 01)
where f,— This is a function parameterized by the neural
network’s weights, which are optimized during training.

An important consideration is selecting the optimal
prediction horizon. If the prediction horizon is too short,
evasive maneuvers may be too late, increasing the risk of
collision. On the other hand, an overly long horizon can
lead to increased prediction error. The optimal value
depends on the UAV’s speed, the flight environment, and
dynamic changes in obstacles.

The LSTM network is trained to minimize the
loss function:

L= %Z{V:K(xt(i - £S+)1)2 + (yt(':)l - 3751)1)2)' (1)
where L — the value of the loss function (loss), which is
minimized during the training of an LSTM/RNN model;
N — the number of training examples in the sample
(or in the batch, if the computation is performed using
a mini-batch); xfi)l,yt(i)l — the true (target) coordinates

of the UAV in the next step, for example i; ’?g-)v y}?l -

the coordinates specified by the model for the next
step, for example i.

. |
e(Np) =31 (e,

the larger N, is, the greater the error e(N,) becomes,
which can render the forecast unreliable.

It should be noted that a UAV maneuver requires
time to change its trajectory. This, in turn, depends on the
aircraft’s dynamic characteristics. The minimum required

forecast horizon is determined by the formula:

46
Tmaneuver = ;' (3)

Pcollision(Tp) = fg

where p(x,y) — the probability of obstacles appearing in a
given area; 6(X — Xeirp, Y — Yearp) — @ UAV position
marker that mathematically selects a point (xt,yt)
X = Xe4rps Y = Yerp N SPAce.

The final optimization problem in the process of
predicting the future coordinates of the UAV is defined
as:

Tz; =arg (ae (Np) + ﬁpcollision (Tp) - mianeuver) ’ (5)

This helps reduce the root mean square error
of the forecast.

By using a neural network, the evasion system is
able to anticipate a potential collision in advance, rather
than merely reacting to the current situation.

Selecting the prediction horizon is a critical task,
since a horizon that is too short may not allow enough
time for maneuvering, while a horizon that is too long
may increase the prediction error and lead to instability in
the evasion system.

Optimal forecasting horizon 7}, is defined as a trade-off
between forecast accuracy, system response time, and
maneuverability. Formally, the choice of the forecasting
horizon can be described as an optimization problem that
minimizes the sum of the forecast error and the collision risk.

Let us formalize the task of determining the
forecasting horizon and consider it as an optimization
problem.

The forecasting horizon determines how far ahead
the LSTM network must predict the future coordinates of
the UAV. Let us denote it as 7, and the sampling interval
as At. In that case, the prediction horizon in seconds
is defined as: T,=N,- At of predicted points in the
time series.

When selecting the optimal N, the following
must be taken into account:

Forecast error. The forecast error increases with N,
since the LSTM model operates in a recurrent mode
and accumulates errors

= Zw, )+ O, — 9iw,)?) @)

where 46 — a necessary change in the orientation angle;
o —UAV turn speed.

The probability of a collision P..y., depends
on the predicted trajectory of the UAV and surrounding
objects. The safe prediction horizon must be sufficiently
large to avoid obstacles:

p(x,y) - 6(x — Xt+rp) Y — yt+Tp)dXdy: 4)

where a, 5, y — weighting factors that determine the
balance between prediction accuracy, collision risk,
and maneuverability.

Depending on flight conditions, the prediction
horizon can adapt dynamically. If the trajectory is stable
(no sudden changes in direction, low probability of
collision), the prediction horizon is extended to allow
for more forward-looking avoidance.

T, =min (T, + AT, T,,qy).
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If the predicted trajectory indicates a high risk of
collision, the prediction horizon is shortened so that the
evasion model can adapt more quickly to changes.

T, = max (T,—AT, T,)
where T, T,y — boundary values of the forecast horizon.

1.3. Method for checking the possibility of collision
As shown in Fig. 2, after predicting the UAV’s
coordinates, it is necessary to assess the possibility of
collisions with obstacles in the surrounding space.

constructed based on data from LiDAR, cameras, radars,
and other sensors. The map can be represented discretely
as a three-dimensional grid or as a continuous function
describing the location of objects.

Based on this data, the next step involves assessing
the collision risk. This assessment is based on comparing
the predicted coordinates of the UAV with the spatial
locations of static and dynamic objects. If the predicted
trajectory (x;+5,);+;) intersects an area occupied by
the collision

an obstacle, the system determines

To do this, a map of the surrounding environment is probability P.,yision:
Peoutision = fg p(x' y) ’ 5()6 X+ Y T Yt+1)dxdy' (6)
where p(x,y) — probability distribution of the presence of (x—x,)°+(y—y)’<R’, @)

an obstacle; d(x,y) — a function that determines the UAV's
position.

To ensure safety, a safety zone is defined around the
device. This zone defines the area into which no obstacles
should enter and can be represented as an ellipsoidal or
spherical zone:

Collision Risk Check for UAV with Obstacles

—— UAV Trajectory
@ Obstacles
50 4 Safety Zone

40 -

30 4

Y Coordinate

20 A

10 4

0 10 20 30 40 50
X Coordinate

a)

Fig. 3. Results of the collision detection method simulation

As can be seen in Fig. 3, the model generates
random obstacles and displays them on the map.
Obstacles can be static or dynamic objects. A safety
zone is depicted around each obstacle, which likely
defines the area that the UAV must not enter.

Next, the UAV’s planned trajectory is generated,
and the intersections of the future route with obstacles
are checked using the safety zone. If an obstacle is
detected, potential collision points with the obstacle
are identified. If there is no risk of collision, the UAV’s
flight path remains unchanged. If the path passes

where R — safety zone radius.

Fig. 3 (a, b) shows illustrations of the results of
implementing the presented method for checking for
potential collisions.

Collision Detection with Safety Zones

X Obstacles
—--- Predicted Trajectory
@ Collision Points

304 Jemm=—=g

20 A + N

10 4

==
X

=1
~

Y Coordinate
-
X
ol

T T
40 60
X Coordinate

b)

too close to an obstacle, the model monitors the
possibility of a collision and marks potential collision
points on the diagram.

In Fig. 3, you can see the points where the UAV’s
path intersects the safety zones of the obstacles.
These risk.”
This indicates that the program has successfully detected
potential collisions and marked them on the diagram.

points are marked as “collision

If the predicted coordinates go beyond the safety
zone, the evasion mechanism is activated.
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1.4. Trajectory Correction Algorithm

When the system detects a collision threat, a new
motion vector must be generated to ensure a safe evasion.
To do this, the direction of motion is adjusted to
. argmin .t4c

LI
where Q' — new direction of movement; r(Q'(s) —
current trajectory; 7y,q; — initial route; r5(s) — reference
(initial) trajectory at the moment s; A — a weighting
factor that balances the approach to the target with
the minimum deviation from the reference route.

Course correction without losing the main heading
is achieved using a parameter A that determines the
balance between collision avoidance and maintaining
the optimal path.

The final choice of evasion maneuver depends
on current conditions:

If the obstacle is stationary, the system can perform
a smooth maneuver to fly around it. If the obstacle
is moving, dynamic trajectory prediction is used to
select the optimal moment for evasion. If there is no
safe path, the system activates emergency braking
and hovers in place.

Thanks to this approach, the evasion algorithm
ensures continuous real-time trajectory adaptation and
minimizes deviations from the mission.

The conducted modeling and research of the
developed model allowed for the formation of a set of
resulting data. Among them, Fig. 4 stands out, which
presents the results of modeling the UAV’s obstacle
avoidance process using trajectory prediction and
energy consumption reduction.

Improved Obstacle Avoidance with Visualization

201

=== True Trajectory
GPS Noise

—— Corrected Trajectory
X Obstacles
e Energy Cost

Y Coordinate
o
Energy Cost (arbitrary units)

-40 4

T T T T T 0.0
-40 -20 0 20 40
X Coordinate

Fig. 4. Results of modeling the UAV obstacle avoidance
process using trajectory prediction

avoid the obstacle without deviating significantly
from the main route.
The trajectory correction task is formalized as

an optimization problem:

(I17(Q"(8)) = Tgoar 2+ A N T(Q'(5)) = 10(5) ll2)ds, ®)

The figure illustrates key navigation elements,
including the actual trajectory, noisy GPS coordinates,
the corrected trajectory after applying a neural network,
as well as the location of obstacles and the energy
costs of avoidance.

In Fig. 4, the actual trajectory line (indicated by
a black dashed line) represents the ideal UAV flight path
without accounting for noise, obstacles, or other external
influences. It takes the form of a uniform circle,
indicating stable flight along predefined coordinates.

GPS measurements (marked by red dots) exhibit
random deviations from the true trajectory within
+3 meters, which corresponds to typical GPS errors
real-world  conditions.

under They demonstrate

significant fluctuations and deviations, which can
complicate safe flight.

The corrected trajectory line (green line) shows the
results of the proposed correction algorithm. It is obtained
by predicting future coordinates using an LSTM recurrent
neural network. Thanks to this, the model smooths
out GPS errors and corrects the UAV’s movement
in response to detected threats.

The blue “x” markers indicate static obstacles
located within the operational space. They are used to
verify the effectiveness of evasion and to simulate
collision scenarios. Each obstacle has a safety zone with
a radius of 10 meters (safe_distance = 10) around it. If the
UAV enters this zone, the evasion algorithm is activated.

Additionally, Fig. 4 illustrates the evasion directions
(green arrows). They show the change in the UAV’s
trajectory in response to obstacle detection. The
correction occurs in the direction that minimizes the
risk of collision, while simultaneously accounting
for energy expenditure.

Additionally, the colored dots on the corrected
trajectory in the figure represent the energy expenditure
required for evasion. The brighter the color (from yellow
to dark red), the higher the energy expenditure. As shown
in the figure, maximum energy expenditure occurs in
areas of sharp maneuvering near obstacles.

As shown in Fig. 4, the use of a recurrent neural
network allowed for significant smoothing of GPS noise

distortions and the attainment of a more stable trajectory.
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The evasion algorithm adjusts the route in risk zones,
ensuring safe navigation around obstacles.

Data on energy consumption in the proposed
example are presented in Table 1.

Within the framework of simulation modeling, energy
consumption is evaluated not as battery consumption, but
as a conditional indicator of “maneuvering effort,” which
directly depends on the intensity of changes in direction
of motion. At each step ¢, the course is calculated based
on the sequence of coordinates:

0 = atan2(y; — Ye-1, X¢ — X¢-1)-

In that instantaneous

“energy loss” is

case, the maneuvering
defined as the absolute change
in heading:

e, = |wrap(6; — 6;1)|,
wrap(-)
an interval (—m; m]. Total costs along a trajectory

where reduces the angle difference to
segment Eorq; = X €4, are mean: Eypqn = (1/N) 2 ey,
maximum: E,,,, = maxe;. Values e; are used for
color-coding points on the corrected trajectory (Fig. 4),
while Table 1 contains aggregated metrics derived

directly from the simulation data.

Table 1. Summary data on energy consumption in the proposed example

Total energy consumption (units)

Mean energy consumption (units)

MaxkcumaJibHi BUTpaTH eHeprii (y.o.)

2.3569

0.2143

0.3486

These results demonstrate the effectiveness of the
proposed trajectory correction method using LSTM and
adaptive obstacle avoidance.

1.5. Practical Application Example
and Integration Option into an Autopilot
Let’s typical
Inspection of linear infrastructure (power lines/pipelines)

consider a industrial ~scenario.
or monitoring of a construction site, where the UAV flies
along a specified trajectory and must avoid local obstacles
(pylons, structures, equipment, temporary objects). Under
such conditions, the evasion system receives:

— navigation estimates of position and motion
parameters (coordinates, speed, heading) from GPS/IMU;

— information about nearby obstacles in the form
of coordinates or distances to the nearest objects,
obtained from onboard avoidance sensors or an external
surveillance module.

The proposed method is used as a guidance-level
add-on to the standard flight stabilization loop. At each
step, a window of the last » navigation points and motion
parameters is formed, an LSTM forecast of coordinates at
horizon N, is performed, after which the intersection of
the predicted trajectory with safety zones of radius R is
checked. If a risk is detected, a trajectory correction is
generated, while the autopilot ensures stabilization
and command execution.

The practical implementation within the scope of
this article is presented as a software prototype in the
Python environment (simulation modeling), which
demonstrates the full loop of prediction, risk checking,
and correction. Field testing is not within the scope of
this work and is defined as the next validation stage,

taking into account hardware limitations, sensor update
rates, and real-time requirements.

We will conduct comparative studies of the
developed UAV trajectory and deviation prediction
missions

for industrial autonomous in a dynamic

environment and evaluate its effectiveness.

2. Comparative studies of the proposed method
for predicting UAYV trajectory and deviation

To evaluate the effectiveness of the developed
method and determine its practical value, this article
conducts comparative studies of the proposed method
for predicting UAV trajectories and deviations against
[30-32].
strategy is proposed for this purpose.

existing methods The following research

Comparisons were made between methods similar
in purpose. These methods are:

— Pure Pursuit;

— Line of Sight;

— Vector Field;

— Nonlinear Stabilization;

— Intelligent control with prediction based on
RNN/LSTM.

Performance evaluation was carried out using
highlight the advantages
(and disadvantages) of our development. The main

criteria  that practical
parameters used for comparison are:
— average deviation from the trajectory (meters);
— adaptation time after deviation (seconds);
— number of obstacle avoidance maneuvers;
— minimum distance to an obstacle (meters);
— average energy consumption (conditional units);




Cyuachutl cman HAyKo8ux 00CAiOdiCeHb ma mexHonoziu 6 npomuciosocmi. 2026. Ne 1 (35)
Innovative technologies and scientific solutions for industries. 2026. No. 1 (35)

109

ISSN 2522-9818 (print)
ISSN 2524-2296 (online)

— trajectory tracking success rate (%) (ratio of the
distance traveled without exceeding the permissible
deviation to the total distance);

— overall productivity coefficient.

To obtain the necessary data, simulation modeling
was performed using Python and the required libraries
numpy, scipy, and pandas.

The developed simulation model allowed for testing
algorithms on standard trajectories (straight line, circle,
polyline) and collecting the corresponding statistical
data. The results of the simulation modeling are
presented in Fig. 5-11 and in Table.

Mean Deviation (m)
30

25

20 A

15 A
10 4
5 -
0 - T T T T

Pure Pursuit Line of Sight Vector Field Nonlinear  Proposed Al
Stabilization

Fig. 5. Results of a comparative study of the “Proposed AI”
method based on the “average deviation from the
trajectory” metric

First, trajectory tracking accuracy was examined
(see Fig. 5). The average deviation indicates the extent to
which each method enables the UAV to maintain route
stability. In this regard, the Proposed Al method proved
to be the most effective, demonstrating the smallest
deviation (14.95 m). This indicates the algorithm’s ability
to quickly correct the trajectory and maintain flight
stability. In contrast, the Vector Field method had
the largest deviation (27.32 m), indicating the instability
of this approach.

Another important factor is the adaptation speed
after deviation, which assesses how quickly the UAV
returns to the optimal trajectory (see Fig. 6). The Line of
Sight and Nonlinear Stabilization methods demonstrated
relatively short adaptation times of 26-30 seconds.
The Proposed Al method, although it took 39 seconds to
stabilize, compensated for this with flight accuracy and
overall efficiency. The Vector Field method had the
longest delay (47 seconds), which negatively affects
its application in complex conditions.

Significant attention was paid to safety issues,
namely obstacle avoidance and minimum distance
to objects (see Fig. 7).

Adaptation Time (s)

50
45
40

35
30 1
25
20
15 A
10 A
5 -
0 - T T T T

Pure Pursuit Line of Sight Vector Field Nonlinear  Proposed Al
Stabilization

Fig. 6. Results of a comparative study of the “Proposed AI”
method based on the “adaptation time after deviation
(seconds)” metric

Avoidance Attempts

1w i a

Pure Pursuit Line of Sight Vector Field Nonlinear  Proposed Al
Stabilization

Fig. 7. Results of a comparative study of the “Proposed AI”
method based on the “number of obstacle avoidance
maneuvers” metric

The number of obstacle avoidance attempts
indicates how frequently the algorithm detects a hazard
and adjusts its course. In this regard, Vector Field had the
highest number of attempts (10), indicating trajectory
instability and potential erroneous maneuvers. In contrast,
Proposed Al had only 4 attempts, demonstrating
a balance between evasion and the minimization of
unnecessary corrections.

The minimum distance to obstacles is another
important criterion (see Fig. 8). In this regard, the
Nonlinear Stabilization method (7.66 m) provided the
highest level of safety, while Vector Field (5.81 m)
demonstrated a risk of collisions. The Proposed Al
method (6.12 m) fell within the optimal balance between
evasion efficiency and stability maintenance.

Energy consumption also plays a significant role
in selecting a UAV control method (see Fig. 9).

The maneuver energy consumption index Epppq;
was calculated identically for all methods using the
formulas given above, on the same standard trajectories
(straight line, circle, polygon), and under identical
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simulation parameters. Thus, the comparison in Fig. 9
reflects the relative “cost of maneuvering” of different
algorithms under common experimental conditions.

Min Distance to Obstacle (m)

6
5
4
3
2
14
0 - T T T T

Pure Pursuit Line of Sight Vector Field Nonlinear  Proposed AI
Stabilization

Fig. 8. Results of a comparative study of the “Proposed AI”
method based on the “minimum distance to obstacle
(meters)” metric

The Proposed Al (72 conventional units) proved to
be the most economical, allowing for an increase in
autonomous flight duration. By comparison, Vector Field
(135 units) consumed the most energy, indicating its
inefficiency for use in long-duration missions.

Energy Consumption

160
140

120

100
80 1
60
40
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Fig. 9. Results of a comparative study of the “Proposed AI”
method based on the “total maneuvering energy
consumption” metric

An important factor is trajectory tracking
performance, which reflects the percentage of the
distance traveled without exceeding the permissible
deviation (Fig. 10). In this regard, Proposed Al (86.08%)
again demonstrated the best result among all methods.
This indicates that the algorithm most effectively keeps
the UAV within permissible motion parameters, which is
a key factor for application in autonomous missions.
The Nonlinear Stabilization (82.84%) and Line of Sight
(84.31%) methods also performed well, while Vector
Field (73.66%) lagged significantly, indicating trajectory

instability and a higher probability of errors.
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Fig. 10. Results of a comparative study of the “Proposed AI”
method based on the “trajectory tracking success” metric

The final criterion of effectiveness is the overall
productivity index (OPE), which combines all the
aforementioned metrics (see Fig. 11). In this regard,
Proposed Al achieved the best value (0.494), which is the
highest among all the methods considered. This is 10%
better than “Pure Pursuit,” 5% better than “Line of
Sight,” 18% better than “Vector Field,” and 8% better
than “Nonlinear Stabilization.” This demonstrates
the comprehensive of the method,
which combines accuracy, adaptation speed, energy

effectiveness

efficiency, and safety.

Overall Performance Efficiency (OPE)

0,52
0,5

0,48

0,46
0,44
0,42
0,4
0,38
0,36 T r r :

Pure Pursuit Line of Sight Vector Field Nonlinear Proposed Al
Stabilization

Fig. 11. Results of a comparative study of the “Proposed AI”
method based on the “trajectory tracking success” metric

Thus, within the scope of the conducted simulation-

based comparative study on standard trajectories
and using selected evaluation metrics, the proposed
method (Proposed AI) demonstrates the best overall
performance (in particular, based on the generalized
OPE metric)

combining tracking accuracy, energy efficiency, and

among the approaches considered,
an acceptable level of evasion safety. The obtained results
confirm the feasibility of using a prediction-oriented
evasion scheme; field validation on real UAV platforms

is considered a direction for further research.
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Conclusions

In this article, within the framework of simulation
modeling, the current scientific problem of developing
a method for predicting UAV trajectories and evasion
for industrial autonomous missions in a dynamic
environment under conditions of noisy navigation
measurements is solved. The method uses time series of
coordinates and motion parameters for multi-step
prediction of the UAV’s position, which makes it
possible to detect potentially dangerous approaches
before entering the risk zone and avoid delayed reactions
characteristic of purely reactive approaches.

An architecture for a UAV obstacle avoidance
system has been developed, comprising modules for
sensor data acquisition and preprocessing, prediction of
future coordinates based on LSTM, collision risk
assessment through formalization of the safety zone, and
correction. This structure

trajectory provides a

coordinated “prediction, risk assessment, motion
correction” loop.

A method for predicting future coordinates and
checking for collision risks has been investigated.
Conflict checking is performed by analyzing the
intersection of the predicted trajectory with obstacle
safety zones; if a threat is detected, potential risk points
are identified, which initiates the evasion procedure.
Additionally, the selection of the prediction horizon is
considered as a key parameter that determines the balance
between lead time and the accumulation of prediction
error, with the possibility of adapting it depending on
traffic conditions.

A trajectory correction algorithm has been
implemented that ensures safe evasion while minimizing
deviation from the route and controlling the energy costs
of the maneuver. A simulation example demonstrates
how the corrected trajectory is formed, and evasion
maneuvers are performed in risk areas with the energy
costs displayed on the trajectory.

A comparative study of the proposed method was
conducted against common basic UAV motion control
methods on standard trajectories using performance
metrics and a generalized coefficient of productivity.
According to the comparison results, the proposed

method demonstrated the smallest average deviation from

the trajectory 14.95 m, the lowest average energy
consumption 72 u.o0., the highest tracking success rate
86.08%, as well as the highest value of the integral
indicator OPE = 0.494 among the approaches considered.
At the same time, it was shown that trade-offs are
possible for individual metrics: in particular, the
minimum distance to the obstacle for the proposed
method is 6.12 m, whereas the maximum minimum
distance in the experiment was achieved by the Nonlinear
Stabilization method (7.66 m), which highlights the
and the
importance of a comprehensive evaluation based on

difference in priorities between methods
multiple criteria.

Promising directions for further research include
extending the scenarios to cases with more pronounced
to a full
dimensional framework accounting for altitude and

obstacle dynamics, transitioning three-

altitude gain/loss constraints, and validation using
experimental data or field tests. In particular, we plan to
conduct field validation on a DJI Mavic-class UAV in
a typical industrial scenario, measuring decision-making
delays in real time and safety metrics. Separately, we will
evaluate the computational budget of the LSTM module
in inference mode and apply model optimization

for on-board or companion computing.
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METO/ ITIPOTHO3YBAHHSI TPAEKTOPINA TA YXWJIEHHS BILIA
JIJISI IPOMHUCJIOBUX ABTOHOMHMX MICIA Y JUHAMIYHOMY CEPEJIOBHIIII

Po3rnsHyTO 331a9y IPOTHO3YBAaHHS TPAEKTOPII Ta BUMEPEHKYBATLHOTO YXUICHHS O€3MIJIOTHOTO JITAIBHOTO anapara y IpOMHICIOBHX
aBTOHOMHHX MICISIX y TUHAMIYHOMY CEPEIOBHUINI 32 HASBHOCTI IIYMy HaBIiralliifHUX BHMIPIOBaHb i 0OMEKEHb CHEPropecypcy, Io
3yMOBIIIOE€ PU3UKHU 3ami3HIIOro abo HaJAMIpHOTO MaHEBPYBAaHHSA Ta 3POCTaHHS BIAXWICHHS Big MapuipyTy. Merta. Po3poOutu Ta
BepU(QiKyBaTH Ha IMITalilHIi Mozmeni Merox, sKUH 3abe3medye MPOrHO3HO-OPIEHTOBAHE YXWIICHHS BiJ] MEPEIIKOA i3 KOHTPOJIEM
BIAXWJIEHHS BiJ] ONOPHOi TPaeKkTOpii Ta MaHEBPOBHX eHeproBuTpar. 3apaaHHs. ChopMyBaTh apXiTEeKTypy CHUCTEMH YXHJICHHS;
PO3POOUTH MPOTHO3aTOp MailOyTHIX KOOPAMHAT HA OCHOBI PEKypEeHTHOI HEHPOHHOI Mepexi 3 JOBrOTPHBAIOK KOPOTKOYACHOIO
mam’ATTI0; BH3HAYUTH CHOCIO MEpeBIpKH PU3MKY 3ITKHEHHS 13 BHKOPHUCTAHHSAM 30HH O€3MEKH; peanizyBaTH aJTOPUTM KOPEKIii
TpaekTopii 3 ypaXyBaHHAM KOMIIPOMICY «Oe3eKa—BiIXUICHHI—CHEPrOBUTPATH»; BUKOHATH MOPIBHJIbHE OL[IHIOBaHHS 3 0a30BUMHU
Mmerogamu. Metoan. [IporHo3 koopamHaT OyqyeThCS 3a YaCOBUMH IOCIHIZOBHOCTSAMH KOOPOHMHAT 1 ITIapaMeTpiB pPyXy; PU3HK
3ITKHEHHS OIIHIOETHCS MUIIXOM aHalli3y MEepeTHHY HMPOTHO30BAHOI TPAEKTOPIi 13 30HaMH OE3MEKH MEPEHIKOA; KOPEKIis TPaEKTOpii
(dhopMaItizyeTbesi SIK ONTUMI3ALiHMNA BHOIp MaHEBpY, IO MiHIMi3ye CyMapHy MOXHOKY CiimyBaHHS Ta mrTpad 3a 307IMmKEHHS.
EdexruBHicTs nepeBipeHo y cepemoBuiui Python Ha cTaHmapTHUX TpaekTopisx (IpsMa, KOJO, JJaMaHa) 3 MOPIBHSHHAM i3 METOJaMu
YHCTOTO MepeciliTyBaHHs, JiHII Bi3yBaHHS, BEKTOPHHUX ITOJIB 1 HeNiHIMHOI crabimizamii. Pe3yabraTn. 3anponmoHoBaHWH miaxix
3a0e31eynB HaiMEHINE CEepelHE BiAXWICHHS BiA TpaekTopii 14,95 M, HallHKYi MaHEBPOBI CHEPrOBUTpPATH 72 YMOBHI OIHMHWUIIL,
HaWBUIy YCHINIHICTH ciimyBaHHA 86,08 % Ta Halbinpmuil y3aranpHeHH KoediuieHT mpomykTuBHOCTI 0,494 cepen posrisaHyTHX
ITOpUTMIB; 3aikCOBAaHO KOMIIPOMIC 32 MiHIMaJIbHOIO AWCTAHLIEIO O Iepelkoa. BucHoBKkH. MeTo/ IpOrHO3HO-OPiEHTOBAHOTO
YXWICHHS MiBUIIY€E IHTErpanbHy e()eKTHBHICT HaBiramii y MOIEIIX MPOMHCIOBHX MICili; MOJabIIi JOCTIPKEHHS HependadaroTh
HATypHY BaJIiaIlil0 Ha peallbHUX IUTaTOpPMax Ta ONTUMI3alil0 OOUUCTIOBAIBHUX BUTPAT IIPOTHO3ATOPA.

KurouoBi cioBa: 0e3mijlOTHUI JITalbHUHM amapar; MPOMHCIOBI aBTOHOMHI Micii; MpOTHO3yBaHHS TPA€KTOpill; YHUKHEHHS
MEePELIKO/I; peKypeHTHa HEelipOHHA Meperka; KOPEKIist TPaeKTopil; eHeproepeKTHBHICTb.
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Comnogeii b. A., Tepentbes O. O.

HIAXIA 10 CTBOPEHHSA ®I3UYHO JOCTOBIPHUX JAHUX
JJIsA CUCTEM MOHITOPHUHI'Y BE3IIEKH KPAHIB
HA OCHOBI CKIHYEHHO-EJIEMEHTHOI'O MOAEJIIOBAHHA

IIpenMeToM mOCITiZKeHHSI € CTIHKICTH MOHOPEHKOBOTO HEPEeCyBHOTO KpaHa, 30KpeMa Koe(illieHTH Ha NMepeKHAaHHsA H Ha 3CyB.
IIpobnema mosnsirae B HeaJeKBATHOCTI CTATHYHUX MOJENEH, MmO 0a3ylOThCs HAa NMPUIYIICHHI PO KOPCTKICTh KOHCTPYKILI, IS
BU3HAueHHA Oe3mekd. Taki Mopeni irHOpYIOTh BIUIMB JIedopMaliiif, 0 MPU3BOAUTH 10 HEKOHCEPBATHBHUX OIIHOK CTIMKOCTI
Ta poOMTHh TX HEHaIIMHMMH Ul TeHepalii JaHuX JUIi CHCTeM MOHITOPHMHTY Ha OCHOBI MOJeNieil ITy4Horo iHrtenekty. MeToro
HOCTiTKeHHsI € PO3pOOJICHHS Ta OOIPYHTYBAHHS IIAXOMY MO CTBOPEHHS JAHMX JUIA OILIHIOBaHHS CTiHKOCTI MOHOPEWKOBHX
MEPEeCYBHUX KpaHiB, KU TIPYHTYEThCS Ha CKIHYCHHO-CJIEMEHTHOMY MOJENIOBaHHI Ta Oepe OO yBarum nedopmamiiiHi edexTH
KOHCTpYKIii. [ TOCATHEHHS METH B CTAaTTi BU3HAYEHO Taki 3aBAAHHSA: PO3POOJICHHS MiIXOLy NO CTBOPEHHS HAOOpiB AaHUX AJISL
OLIIHIOBAaHHS CTiKOCTI MOHOPEHKOBOTO KpaHa Ha OCHOBI CKiHUCHHO-EGJIEMEHTHOTO MOJISIIOBAHHS; IIePEeBipKa 3alpONOHOBAHOTO
HiIXOMy CIOCOOOM KUIBKICHOTO IHOPIBHSJIBHOTO aHANI3y 3r€HEpOBaHUX IAHMX i3 JTaHUMH, OTPUMAHHMH 3a CTaTHYHUM ITiIXOIOM,
i TOBEICHHS CTATHCTHUYHOI 3HAYYIIOCTI po30iKHOCTeH. Jma peamizamii oKkpecieHHX 3aBIaHb BUKOPHCTAHO Taki METOOM: TEOPis
eKCIEepPUMEHTIB, Teopisa Oanok Einepa — bepHyiuti, cTaTHCTHYHA TeOpist PO3MOAUIIB, TEOPisl YHCENbHOro MojeoBanHs. JocaruyTi
pesyabtaTi. OTpUMaHO KiNBKICHI JIOKa3d PO30OIKHOCTI MiX CTaTHYHOIO Ta CKIHUCHHO-CJIEMEHTHOK MopaensMu. JIius cTiiikocTi
Ha TepeKuIaHHs CepelHe 3Ha4YeHHs KoedilieHTa [3 32 CKiHYEHHO-EJIEMEHTHOIO MOJEIUTI0 CTaHOBUTH 1.365 (Ha 2.4% Hmkde, HiK
y craruuHiid — 1.398). [ns cTiikocTi Ha 3CYB cepeiHiil Koe(illieHT Y 3MeHmuBcs Maibke yasidi — 3 1.87 mo 0.85. Craructuynuit
aHaJi3 MiATBEpAUB BUCOKY 3HAUYIIICTh LuX po30ixkHOCTeH (p < 0.001). BucHoBKkM. CKiHUEHHO-eJIeMEHTHA MOZETh Oepe 10 yBark
TeOMETpUYHY HemiHikHicTh. [IpykHa nedopmaris CTpiiM 3MiHIOE IJIeYe Mii CHJIM Bard BaHTaxXy, 30UIBIIYIOUM TEPEKUAATbHUIM
MOMEHT i TOPU30HTAIIbHY PEAKIIiF0, 10 CUCTEMHO 3HIKYE 3amac CTikocTi. BiIMIHHOO pHCOO 3alIpONOHOBAHOT MOJIENI € 11 3IaTHICTh
BUSIBILITH "HeOe3MedHi 30Hn" — pekKHMMH poOOTH, SKi CTaTWYHAa MOJAENb XHOHO ineHTH(iKye sk Oe3meuni. Cdeporo MpaKTHIHOTO
BUKOPHUCTAHHA € PO3POOJICHHS CHCTEM MOHITOPHHTY O€3MeKH MOHOPEHKOBOIO KpaHa Ha 0a3i MITyYHOTO iHTENEKTY. 3ampornoHOBaHA
MOJIeNIb MOXKe OYyTH 3aCTOCOBaHa sK '"reHepaTop" CHHTETHYHHX AaHHX /Ul HAaBUAHHS Ta MEPEBIpKH MOJelNel MAIIMHHOTO HaBYaHHS,
III0 AaCTh 3MOTY CTBOPIOBATH NPEAUKTHBHI CUCTEMH JIJIsl OLIHIOBAHHS CTIKOCTI MOHOPEIKOBOTO KpaHa B pealbHOMY Yaci.

KnrouoBi cioBa: dncenbHe MOJETIOBAHHS; CKIHYEHHO-€JIEMEHTHAa MOJENb; TeHepalis [JaHNX; MOHITOPHHT Oe3IeKw;
MOHOPEWKOBHHN KpaH.

1. Beryn

ByniBenmpHI KpaHM € HEBII €MHUM CKJIQTHUKOM

Cy4aCHOTO OyIiBHUIITBA, OJHAK IX CKCIUTyaTarfis
MOB’s13aHa 31 3HAYHUMH pu3ukaMu. CTiHKiCTP KpaHa —
OllHa 3 KIIOYOBHX BIIACTUBOCTEH, IO BU3HA4Ya€ MOro
HafiiHICTh Ta Oe3reky. JlomycTrmi 3Ha4eHHs KoeillieHTiB
CTIMKOCTI ~ YITKO  perjlaMeHTOBaHI  HOPMAaTUBHHUMH
JIOKYMEHTaMH, 30KpeMa IpaBHiiaMH OXOpOoHH mpari [1].
ToMmy TO4HE MPOrHO3yBaHHS i MOHITOPUHT KoedilieHTa
CTIMKOCTI B P&KUMI PEATbHOTO Yacy € OCHOBOIO OYIIb-5IKOT
Cy4JacHOI CHCTeMH 3a0e3TeucHHs Oe3MeKn KpaHiB [2].
OcraHHi JIOCATHEHHS B rajy3i IITYYHOTO IHTENEKTY
BIIKPUBAIOTh HOBI MOXJIMBOCTI JUIi  MOHITOPHHTY
Oe3neuHoi excrutyaTanii kpaHiB. PekypeHTHI HeHpoHHI
(RNN),

KopoTkodacHoto mam ATTio (LSTM) Ta BEHTWIBHUM

Mepexi 30KpeMa  Mojeli 3 JIOBrOIO

pexypentHuMm OnokoMm (GRU), edextuBHI s 3amay
i3 YacOBMMHM psfaMH M HaBYAIOTBCS Ha IIOKAa3HHUKAX

JaT4MKiB iHTEepHeTy peueit [3—5]. [IpoTe sikicTh HaBYaHHS
TaKMX MOJEJIEH 3aJ€KUTh BiJ TOYHOCTI BXIJHHX JaHUX,
SIKI MAIOTh Bi1I0OpakaTH peaibHi JMHAMIYHI POLIECH.

OTpuMmaTH Taki JaHi 3 HATYPHUX CKCIIEPHMEHTIB —
MPOIEC JTOPUH, TPUBAIMHA i 31COUTHIION0 HEMOXKJIMBHU.
TpagumiiHo IS OIiHIOBAaHHS  CTIHKOCTI  KpaHiB
BHUKOPHCTOBYIOThCS aHAJITHYHI MOJEN, 10 0a3yrThCs
Ha CTaTHUI aOCONIOTHO XOPCTKOTO Tina. Taki mMoxmenm €
CIPOIIECHUMH, OCKUTbKA BOHH HE 3BaXKAIOTh HA KIIFOUYOBI
¢bi3nyni sBUINA, 30KpeMa aedOpMaIlif0 3THHY CTPIIH
M7 HaBaHTaXCHHAM. Lle TpuU3BOAMTH 1O TOTO, IO
po3paxoBaHi  KOeQII[iEHTH CTIHKOCTI MOXYTh  HE
BIJIOBIIaTH pPEaNbHIN MOBEMIHINI KpaHA B TUHAMIYHHX
peXHMax, 10 3HWXKYE TOYHICTh JaHUX IJISl HaBYAHHS
PEKypEHTHUX HEHPOHHUX MEPEK.

Tomy BHHHMKae noTpeba B MOUIYKY MiIXOIIB, IO
MMOETHYIOTh CyYacHI METOIU MAIIMHHOTO HABYAHHS
3 (bi3u4HO OOIPYHTOBAHMMH MOJEISIMU CTIHKOCTI KpaHa.

[e macTh 3MOT'Yy CTBOPIOBATH BEJIHKI OOCATH JOCTOBIPHIX

© Cornoseii b. A., Tepentses O. O., 2026
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JIAaHUX JUIs HaBYaHHS ¥ MEpeBIpKH MOJElNei IITy4YHOro
IHTENEKTY, NPU3HAYCHUX JUIS CHUCTEM MOHITOPUHTY
Oe3rekn KpaHa.

3 orisamy Ha BaXIIMBICTH OE3MEUHOI SKCIUTyaTarlil
KpaHiB OOMEXEHHS TPaIHLIiHHUX METOMIB TPOTHO3YBAHHS
W MOTEHIiAJI MTYYHOTO IHTENEKTY I HAYKOBE MHTAHHS

€ aKTyaJIbHUM 1 TOTpe0Ye MOAaIbIINX JOCIIIKEHb.

2. AHaJi3 JiTepaTypHUX TKepet
1 BU3Ha4YeHHs NPodieMu

Meton  ckinueHnux  ememeHtiB  (MCE) e
e(eKTUBHUM IHCTPYMEHTOM JUIsS PO3B’SI3aHHS ITUPOKOTO
KOJla IH)KCHepHHMX 3a/ad, IIOB’S3aHHX 13 KPaHOBHMH
KOHCTPYKIIiSIMH.

Y poborti [6] aBTOpM BuKOpucTOBYI0oTh MCE s
MEPEeBIPKA  METOJAMKH  CTBOPEHHS  MAacCIITaOOBaHHX
¢iznunnx mMoxeneit kpaHoBux crpii. [lopisrioroun MCE-
MOJIeNTi TIOBHOPO3MIPHOI Ta 3MEHIIEHOI CTPi, BOHHU
JIOBOJIATH BUCOKY KOPEILLIIO PE3yIIbTaTIB, IO MiITBEPIKYE
a/IeKBaTHICTh IXHBOTO MiJXOJy 10 MaclTaOyBaHHs.

i pesympTaTH € BaXIMBUM OOIPYHTYBaHHSIM
noctoBipHOocTi MCE sik iHCTpYMEHTY ISl MOJIEIFOBaHHS
MOBEIIHKM KPAaHOBHX KOHCTPYKIiH. OmHAK, OCKiIIBKU
poboTa 30Ccepe/KYEThCA Ha aHaNi3l MIIHOCTI OKPEMOIo
eneMeHTa (CTpiTM), a HE Ha TIIOOANBbHIA CTIHKOCTI BCi€l
CHCTEMH KpaHa, ii pe3yJIbTaTH i MOJeNb HE MOXYTh OyTH
Oe3mocepeIHbO 3aCTOCOBaHI AN PO3B’S3aHHS 33134
MO/ICIIFOBaHHS CTIMKOCTI KpaHa.

ABtopu pobotm [7] aHami3ylOTh  CTIHKICTH
0amToBHX KpaHiB 32 YMOB BEJIHKOi BHCOTH, BITPOBHX
i ceHCMIUHMX HaBaHTaXeHb. K pIMICHHS BOHHU
MPOMOHYIOTh JIOAATKOBI PO3TSHKKH, IIO KPIIUIATH IOTITY
KpaHa 1o Oyxieni abo ¢yamamenty. MCE BukopucTano
JUIS OLIHIOBaHHS BIUIMBY LUX PO3KPIIUIEHB: CIIOYaTKy
BU3HAYCHO 30HH 3 MIiJABUIICHUMHU HANpyXCHHAMH
i nedopmarnisMu, a OTIM OHOBJICHY MOJICIh IEPEBIPCHO
3 OrisAy Ha po3KpiruieHHs. [lopiBHAHHS pe3ynbTaTiB
"mo" i "micis" TOBOIUTH ChEKTHBHICTH MiTXOIY.

VY nocmimkenHi [8] MCE 3actocoBaHo miisi aHamizy
JMUHAMIYHOI pEakIlii MOPCHKOrO KpaHA-MaHIMyJIsITOpa
3aJICKHO BiJ IIBUIKOCTI NPHUKIaJaHHS HABaHTAKCHHS.
Byno BCTaHOBJIEHO EKCHOHEHIIHHY 3aJeXHICTh MiXK
4acoM NPHKIAJaHHA HaBaHTAXCHHS I JAWHAMIYHUM
(hakropom. BHcHOBKHM pOOOTH 3aCBiqUyrOTh, IO HABITh
HE3HauyHe CKOPOYCHHS 4Yacy MiAHOMY  BaHTaxy
NPU3BOJUTH JIO CYTTEBOIO HEJIHIWHOIO 3pOCTaHHS
TUHAMIYHUX €(]eKTiB, SK-OT: IEepPEHANPYXKCHHS, PU3UK

nepeKuIanHs i aeopMariii KOHCTPYKIIi.

Y mpami [9] Ha oOCHOBI

MaKCHUMAaJIbHI

MCE po3spaxoBaHo
nedopmarii, 10
BHHHUKAIOThH I €0 HABAHTAXXCHHS B PI3HHUX (opmax

HalpyXeHHSI  Ta

MIOTIEPEYHOro Mepepidy BaHTaXHOro raka. OTpumai
3HA4YCHHS BHKOPHCTOBYIOTHCS SIK KpUTEpiil omTumizarii
dopmMu  mepepisy,
MilHicT, raka. LI  3Ha4YeHHA

UIs  BHOOpPY  ONTHUMATBHOI
ska  3abesmedye
BHKOPHCTOBYIOTBCS SIK KPUTEPiH omTHUMi3aIlii 3 METOr
3HaWTH HaKpamry (opMy IONEpPEeYHOro Iepepizy as
BaHTAXKHOTO T'aKa I 3a0e3MeueHHs HOro MIIfHOCTI.

Y  npocmimkenni [10] 3a momomororo MCE

MIPOAHATI30BAHO, SIK EKCHEHTPUYHE HaBaHTAKEHHS
BIUIMBAE€ HA HANPYXECHO-Ie(OPMOBAHUIA CTaH KPaHOBOI
Oamku. Y mporeci poOOTH CTBOPIOEThCS CKIHUCHHO-
eJIEeMEHTHA MOJENb, Ha SIKil IMITYIOThCSA eKCIUTyaTalliifHi
HaBaHT@KEHHS. METO/ONOriI  MOJISNIOBAaHHS  I[bOTO
edpexty, 3ampomoHoBaHa B [10], Oyme BHKOpHCTaHa
B TOJANBMIHA poOOTI I MiJBUINCHHS TOYHOCTI
BJIACHUX PO3PaxyHKIB.

Agtopu pocmimkenss [11] sukopucramu MCE mns
aHaJi3y HamnpyXeHO-Ie(OPMOBAHOTO CTaHY EIIEMEHTIB
0amTOBOrO KpaHa 3 TOPU3OHTAIBHOIO CTPLUIOKO MiJ Ji€r0
CTaTUYHUX 1 AWHAMIYHHUX HaBaHTakeHb. MeToro OyIo
rMOOKEe  BUBYEHHS  PO3MOALTY  HampyKeHb IS
MTOTANTBIIIOTO BIOCKOHAICHHS HassBHUX KOHCTPYKIIIH.

Y crarti [12] MCE Bukopucrano mjisl aHamizy
BTOMHOI JIOBTOBIYHOCTI KpaHa 0e3 IOJaTKOBHX OIIOP.
VY nocnimkeHHi ctBopeHo 3D-mozmens y cepemoBHII
CAIIP,

W HakKJIaJeHO TI'paHWYHI YMOBH, LIO IMITYIOTh peajibHy

moOyI0OBaHO  CKIHYEHHO-CIIEMEHTHY  CITKY
eKcInTyaTarifo. Ha erarmi craTiyHOrO aHaji3y po3paxoBaHO
HJC xoHCTpyKwii mij Ai€l0 MakCHMMalbHOTO pOOOYOTO
HaBaHTaXeHHA. OTpUMaHi KapTH PO3MOIUTY HANpyKEeHb
(3a kputepiem ¢on Miseca) nmarTh 3MOry BU3HAUUTH

MTOTEHIi{HI 30HU 3apOPKEHHS BTOMHHX TPIII[IH.

[MpoanamizoBani cryaii [6—12] mnigTBEPIKYIOTH
e(EeKTHBHICTh METOQy CKIHYCHHHX €JIEMEHTIB I
JOCIHI/DKEHHST  PI3HUX  acHeKTiB  pOOOTH  KpPaHOBHX

KOHCTPYKIIiH, TOMI SIK MMUTaHHA CTIHKOCTI MOHOPEHKOBIX
MEPECYBHUX KpaHIB 3aJMIIAETHCS MEHII BUBUCHHM.
30kpemMa BIACYTHI MOZENI, 1[0 KOMIUIEKCHO OepyTh 10
yBard BIUIMB pAedopmamii 3ruHy Oankm cTpinum y
BEPTUKAIBHI TUIOLIMHI HA 3arajibHy CTIHKICTh KOHCTPYKIII.

CrxiamHicTh  OTPUMaHHS  HABYAJIBHUX  JaHHX
ISl IHTENEeKTyaJbHUX CHCTEM MOHITOPHHTY TaKOX
€ oOMexeHHsM. Y po0OoTi [13] omucaHO BHKOPHCTaHHS
¢biznuno-iHpopMoBanux HeipoHHux mepex (PINN) mist
MPOTHO3YBAHHS KOJIMBAaHb HABAHTAXCHHS B aBTOMOOLUIBHUX

MaHIMyJSITOPHUX KpaHax. Takox OOIrpyHTOBaHO, IO
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3anpornionoBana PINN 3menmrye notpeOy B KiIbKOCTI

HAaBYANBHUX JIAHUX 1 MIABUINYE iX  HaIiHHICTS.
Ile mocsraeTsCsl 3aBOAKA TEXHOJOTII TpaHCchepHOro
HABYAHHS, fKa aJalTye IMONEePEJHHO HABUCHY MOJCITh
0 HOBHX CHUTYyallii Ha OCHOBI 3HaHb, 3400yTHX Ha

nonepez[Hix cTarax HaB4aHHA.

SAx 3azmaueno B crarti [13], mo eramy
TpaHcepHOrO  HaBYaHHS  JaHi  JUI1  HaBYaHHS
Oyno oTpuMaHo cmocoOOM — MOJENIOBAaHHSI — PyXy

aBTOMOOIJIBHOTO MaHIIMyJISITOPHOTO KpaHa 3a J0IIOMOT0I0
YUCIIOBUX CHUMYJIALIN. 3allpOIIOHOBAHMH MiAXix BHMarae
HasiBHOCTI TOYAaTKOBOTO HA0Opy NaHMX I HaBYAHHS
i TmepeBipkd Monemi, a IX BIACYTHICTH JO eTaImy
TpaHC(EpPHOTrO HaBUAHHS MOXE CTaTh IEPEUIKOI0I0
JUISL 3aCTOCYBaHHS METOLY.

OTxe, HEPO3B’SI3aHUM  3aJMLIAETHCS  ITUTaHHS
CTBOPEHHS [TOYAaTKOBHX HAOOPIB JaHUX JUII MOHITOPUHTY
CTIMKOCTI MOHOPEHKOBHX KpaHiB i3 BHUKOPHCTaHHIM

IITY9HOTO IHTEIEKTY.

3. MeTa i 3aBIaHHA JOCTiIKEeHHS

Meta mochimKeHHS — pO3poOUTH W OOTPYHTYBaTH
MIAXIA A0 CTBOPCHHS MAHUX UIS OIIHIOBAHHS CTIHKOCTI
MOHOPEHKOBHX TEPECYBHHX KpaHIB, SKHH IPYHTYETHCS
Ha CKIHYCHHO-CICMCHTHOMY MOJCIIOBaHHI © Oepe
JI0 yBaru fedopMaiiHi epeKTH KOHCTPYKIII.

[IpaktiuHe  3HaueHHs  poOOTH  TONATae y
BUKOPHCTaHHI PO3POOJICHOTO IAXOAY SIK IHCTPYMEHTY
JUTS. CTBOPCHHS BEJIMKHX OOCSTIB JOCTOBIPHHX MaHHX
JUIs HaBYaHHA I TepeBipKM MoOJEIeH IITyYHOTO
IHTEJIeKTY, TPU3HAYEHUX JJII CUCTEM MOHITOPUHIY
0e3neKr MOHOPEHKOBOTO KpaHa.

1106 nmocsArTH OKpecieHy MeTy, OyJio BH3HAuCHO
Takl 3aBJaHHA:

1) po3poOncHHS MIIXOAy IO CTBOPCHHS HAOOpPIB
JTAHUX IJIS OIIHIOBAHHS CTIHKOCTI MOHOPEHKOBOTO KpaHa
Ha OCHOBI CKIHUEHHO-EJIEMEHTHOT'O MO/ICIIOBAHHSI;

2) mepeBipKa 3aIpOIIOHOBAHOTO MIAXOIy CIIOCOO0M
KUJIBKICHOTO ~ TOPIBHSUIBHOTO — aHaNi3y — 3T€HEPOBaHMX
JaHWX, 3 TaHUMH, OTPUMAaHNMH 32 CTATUYHUM IiIX0/I0M,

1 JIOBEJICHHS CTAaTUCTUYHOT 3HAYYIIOCTI PO301KHOCTEH.

4. Marepianu ii MeTOaM TOCTiIzKEeHHSI

CrifikicTh MOHOPEHKOBOTO CTpLIONOAIOHOTO
MEPEeCYBHOTO KpaHa BHM3HAYAETHCS JBOMA KJIFOUOBHUMHU
mapaMeTpaMu: CTiHKiCTh Ha TEpeKUIaHHA W CTIHKICTH

Ha 3cyB. CTiliKicTh Ha MepeKuAaHHs BKa3ye Ha 3/1aTHICTbH

KpaHa MPOTUCTOSATH MOMEHTaM, KOJIM CTpijla HanpasJieHa
y3/10BXK pelikoBoro 1muraxy. CTiMKicTh Ha 3CyB OIIHIOE
CTIMKICTh KpaHa 10 OOKOBHX CHII, SIKi MOXXYTh BHHHUKATH
ITiJT 9ac MePEeMIIIEHHs CTPLTH MOMEPEeK PEHKOBOTO IIIAXY.

YMoBa CTIHKOCTI Ha TEpeKUAaHHSI MOHOPEHKOBOTO
KpaHa Ma€ TaKWid BUTIISI:

B=—r > 14 (1)

Mnep -

ae B — xoedillieHT BaHTaXHOI CTiHKOCTi; My, — MOMEHT
yTpuMyBaHH:, H M, 10 po3paxoByeThCS SIK

My, = Ger(1=Db) + Gy (c+ 1) + Gil; (2)
M;¢p — MOMEHT niepexuianns, H-M, 110 po3paxoByeThCs K

Mnep =Gg(a-—-1, (3)

Je a — BiACTaHb BiJ oci 0oOepTaHHSA KpaHa IO JiHii il
cum Gp, (M); (a—l) — BU3Ha4ae ruiede Aii CHIM BaHTaxy
mono oci obeprammsa, (M); Ggp — Bara BaHTaxy, KH;
G, — Bara kpaHa, kH; G, — Bara mportuBaru, kH;
G, — Bara TpaHcnopTHOTO Bi3Ka, H; b — Bimcrans Big oci
obepranHs kpaHa mo JiHil aii cutu G, M; ¢ — BiJICTaHb
Biml oci oOepramHs kpaHa mo miHil mii cwm Gy, M;
|1 — BigcTaHb Bif OCi OOEpTaHHSA KpaHa J0 TOYKH JOTHKY
KOJIeca BaHTaXXHOTO Bi3Ka JI0 PEHOK, M.

VY mnonoxeHHi, KOMM CTpila KpaHa po3TalloBaHa
TOTIePEK PEHKOBOTO MIISAXY, PEHKOBa KOS € OCHOBHOIO
OIIOPOI0, 3 MOMEHTH [IIOTh IIOJO OCi pelKH. Y BepxHii
OIopi BHUHHMKA€E TOPU3OHTANFHA peakiis H, mo mparHe
3CYHYTH KpaH
Gpa+Gerb—GeyC

rb-Cont (4)

ne h — BijicTaHp MiX HIKHBOIO Ta BEPXHBOIO OITOPAMH, M.

H =

Y upoMy pa3i mHepeKHIaHHsS HE MOXJHBE, aje

3CyBY
MEPEeBIPSIOTh 32 YMOBH, III0 TOPHU30HTaIbHA peakifist H

BUHHUKAE  PH3HUK kpaHa. Tomy CTiIHKICTB

He nepeBuIye cuty Tepts, Tooto H < Fy:

Ffr = (GB + Gcr + Gcw + Gt).u (5)
F
y=1, (©)

JIe Y — BaHTQXHUH KOe(IIlieHT CTIMKOCTI KpaHa Ha 3CYB;
J— KOCQIIIEHT TepTs KOJIIC 0 peiikax.
‘YMoBa CTIMKOCTI Ha 3CyB Ma€ BHTIISL
y =1,5...1,6. @)
Hageneni ¢opmymu (2)—(6) omuCyIOTh pO3paxyHOK
CTIMKOCTI Ha OCHOBiI MoOjeli aOCOJTIOTHO KOPCTKOTO
Tina [14].
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4.1. IncTpymMeHTAIbHA TA NPOLIEAYPHA OCHOBA
MiAX01y A0 CTBOPEHHs HA0OPiB JTaHUX
JIJIs1 OUIHIOBAHHS CTiliKOCTI MOHOPEiiKOBOT0 KpaHa

4.1.1. Ckinuenmno-e1emeHmua mooeib OUiHIO6AHHA
CMIIIKOCMi MOHOPEIIK06020 KPAHA
3anpononyemo MCE Moieni OIiHFOBaHHS CTIHKOCTI
MOHOPEHKOBOTO KpaHa, B OCHOBI SIKOi PO3TIISOAETHCS
CTpiyia KpaHa JIOBXKHHHU |, 13 )KOPCTKUM KPIIJIEHHSIM OiJ1st
omopu (By30:1 1) Ta BiTbHUM KiHIIEM (BY301 2), Ha SIKOMY
30CcepeKeHa CHila BAaHTaxKy.

Monens 6a3yeTbcs Ha Teopii Oamox Eimepa —
bepnysi, sika npuIyckae, IIO IONEpPEeYHI Iepepi3u
0aJNK{ 3aIMINAIOTHCA IUIOCKUMH W NepIeHIUKYJIPHUMH
1o ii oci micnst geopmanii. Teopis Eitnepa — bepnyti
irHopye nmedopmamii 3CyBy, TakKUM YHHOM MOJEIb,
po3po0iieHa B IEOMY JOCIIKCHHI, Oy/le KOpEKTHA s
TOHKMX OaJIOK 1 MajJMx MPOTHHIB; 3CyBHI aedopmarii
Ta TEOMETPUYHA HEJIHIHHICTP He OepyThcs 10 YBaru.
Bara BaHTaxy mNpHKIagaeThCs y BUIBHOMY BY3I7i,
PO3IIO/IiNIeH] HaBaHTa)KeHHsI, Maca O0aKku i peMrndyBaHHS
irHOpytoThCs. JnHamiuHi edektn (po3riH / raabMyBaHHI
Bi3Ka, KOJIMBAaHHS ) HE MOJICITIOOThCA [15].

Crpina sk OankoBHH €JEMEHT 3 JBOMa BY3JIaMHU
(i yoTMpMa CTyHEHSIMH CBOOOAM) UCKPETU3YEThCS Ha
mo Jae

nedopMoBaHUii CTaH 3a JOMIOMOTOK MATPUYHOTO T IXOTY
Wq

CKiHYCHHI EJIEMCHTH, 3MOTY ONHCaTH il

w= [y | ®

Je W;, W, BHU3HA4YalOTh NPOTMHU Oanku y BYy3Jax;
0, 0, — KyTH TOBOPOTY IepepiziB y By3Jax.
OcHOBHE PiBHSIHHSI METO/1y CKIHUEHHUX EJIEMEHTIB

Ku =F, ©)
ne F — BexTop By3moBux cwi; K — rmobanpHa matpuis
JKOPCTKOCTI.

st omHOTO OAJIKOBOTO €IEMEHTa MaEMO
K = k¢; (10)

12 e6l, -12 6l,
5_31 6l, 412 -eol, 2I2 , (11)
B-12 -6l, 12 -6l,

6l, 22 —6l, 4I2
me E — wmomymp FOmra, Ila; I — MomeHT iHepmii
TOIEepeUHOro mepepisy, (m*).

Konn ©Oanka 3adikcoBana Oinst omopu (By3oa 1),

ke =

Toni MporuH (W) 1 KyTOBWH MOBOPOT 6, HOPiBHIOIOTH
HYJIIO, 1 MaTpUIsl JKOPCTKOCTI (4) ONMUCYETBCS TIJIBKH
JUISL BUTBHOTO By3J1a 2 5K

Kyu; = Fpup = [‘gzz]' (12)

ac K22 € szz —
BEPTHKaJIbHA CUJIA Y BUIBHOMY BY3J1i 2 OITUCYETHCS SIK

R=[7" (13)

ne Gp — cuia BarW BaHTAXYy, NPHUKIAJICHA y BIIbBHOMY

migMarpuis koperkocti (4); Fp —

KIiHII.

IIporin BUTBHOTO By3i1a 2 30UIBIIYE TIIICYE BAHTAXKY
3 OIJIAly Ha 1€l CKOPWUIOBaHUN TNEPEKUIHUNA MOMEHT
i HaOyBae BUTTIALY

Mfep = Gp(a —1+ |w)), (14)
Je W, — BEpTUKAJBHHH NPOTWH y BY31i 2 (mOmaTHUIA
32 YMOBH OITYCKaHHS KiHIISI CTPiJIH).

KoedimienT BanTaxHoi criiikocti B kpana (1)
BimmoBimHO 10 (14) BH3HAYAETHCS  BiTHOUICHHSIM
yTPHUMYBaTbHOTO MOMEHTY My, [0 CKOpPHIOBaHOTO
IEPEKUHOTO MOMEHTY My
Myy My,

M;ep N Gig (a=l+|wa|)’

Bfem -

(15)

MomeHnT yrpumManHs My, y po3paxyHKax 3aJIUIIEMO
B HEKOPUTOBAaHOMY BUTILAAIL (2), OCKUIBKH yTPUMYyBaIIbHI
MOMEHTH BH3HAUYaIOThCS CHJIAMKM Bara KpaHa i
MPOTHBArd, IMO JMifOTh KPi3b JKOPCTKI KOHCTPYKTHUBHI
€JIEMEeHTH; IX IUIeYi TPAKTUYHO HE 3MIHIOIOTHCS
BHACNIJOK XapaKTepPHUX IIPOTHHIB CTPUIH, 1 TOMy iX
MO’KHA BBaYKaTH HE3MIHHMMU B MEXax Lie€l MOeIi.
3BIJIKH

Ockinbku  [w[20, maemo Mg, = Mg,

BUIUTUBAE

.Bfem < B . (16)

OTxe, omiHKa CTIHKOCTI, OTpMMaHa 3 OIJIy Ha

nedopmariii y Mekax 3ampOrOHOBaHOI MOJIENI, € OLIbII
KOHCEPBaTHBHOIO IOPIBHSHO 31 CTATUYHOIO OIIHKOIO.

Po3paxoBani nedopmaliii BIJIMBAIOTh Ha TUIEYl CHII

a*=a+u’. Omxe, ropusoHTanbHa cuna H (4), 3Bakaroun

Ha Jedopmailii, BU3HAYAETHCS K
_ Grp(a+uz)+Gyp'b—Gpp'c

Hiem = - . 17)
Bupa3z (17) HeoOximHo Opatm m0 yBaru mis

(hopMyIIFOBaHHS CKiHYCHHO-CIIEMEHTHOT MOJIENI 3 METO0
OIIiHIOBAaHHS CTIHKOCTi Ha 3CYB.

BantaxxHuii koedimieHT CTIHKOCTI KpaHa Ha
3cyB Y (7) 3 orsimy Ha (17) 00UHCTIOETHCS 32 BUPa30M
F
Yiem = "> 1,5...1,6. (18)
erm

Sk BunHO 3 popmynn (18), mporuH cTpiau BHU3 Hix
nieo BaHTaxy (u,>0) 30UIbLIYE NEPEeKUTHHA MOMEHT
Hiw (17),
1, BIJMOBIIHO, 3MEHILIYE BaHTOXHUH KOe(ILi€HT CTIHKOCTI

SKIIO 3icTaBUTH 3 MomeHToM H (4),
KPaHa Y, (18) mopiBHsAHO 3 KoedinieHToM ¥ (7).
VY wiit poboTi HE MOIEIIOIOTHCS AMHAMIYHI e()EeKTH

Ta BIUIMB 30BHIIIHIX ()AaKTOpPiB, 30KpeMa: JIUHaMIidHi
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HABaHTXKEHHS K CHJIM I1HEpLii BHACNIZOK PO3roHY /
rajJbMyBaHHS Bi3Ka, PUBKH IIiJ] 4ac MifioMy BaHTaxy abo
KOJIMBaHHS CTPIUIM BiJ BITPY, IO MOXYTb BIUIMBATH Ha
3amac CTIMKOCTIi; TeMIepaTypHi BIUIUBH, SIKi 3MiHIOIOTbH
MeXaHIYHI BIACTHBOCTI MaTepialry W CHPHUYHUHSIOTH
TeMneparypHi aedopmariii Ta Harpy>XKeHHs B KOHCTPYKIIiL.
OTxe, 3ampoIIOHOBAaHA MOJIENb € KBa3iCTATUYHOIO
ta Oepe no yBarm Jmme ngedopmarii B3rHHY BifJ
CTAaTUYHOTO HaBaHTaXeHHA. [lMHaMidyHI ¥ TemreparypHi
(hakTOopy TOTPEeOYIOTH OKPEMOTO MOCITIDKEHHS U HE €

YaCTHHOIO IIi€1 poOOoTH.

4.1.2. ITioxio 0o cmeopennsa nabopis oanux

0714 OYIHIO6AHHA CITIKOCHI MOHOPEIIK08020 KpaHa

3ampomoHyeMO  MiAXi 10 CTBOPEHHS  ABOX
30aaHCOBaHUX HAOOPIB JAHUX, KOXKEH 3 SKHX MICTUTh
1000 yHikanpHUX KOHQITYpaITiii.

Jnst cTBOpeHHs 1IbOTO HaOOpY JaHWUX 3aCTOCOBAaHO
CIpOINEHY MOJeNnb, y SKiil yTpUMyBaJbHHUA MOMEHT
(opmyeThCsl Baroro KpaHa, a TEPEeKUJHHH — TUIBKH
BaHTaXeM Ha Horo twiewi. LlimpoBHH KoedimieHT
CTIMKOCTI [ BcTaHOBJEHO Ha piBHI 1.4. Byno 3renepoBano
500 criikux (B > 1.4) ta 500 mecriikux (f < 1.4)
KoH(iryparii nopory, 1o

3a0e3nedye JJOCTaTHE TOMAHHA SK O€3MEeYHHX, TaK

MooJIM3y ~ KPUTHYHOTO
1 HeOe3MeYHUX BHITA/IKIB.

[MapameTrpu mast reHepamii HaHWX OOpPaHO TaKUM
YMHOM, IIO0 OXONUTH IIUPOKHH CHEKTpP PeaTiCTHUHHX
CIIeHapIIB:

— BIJIACTUBOCTI Marepiany: MoOAynb npyxHocTi E
6ys10 3adikcoBano Ha pisui 2.1 x 10° ITa ans ycynenus
Bapialliii, OB’ 13aHUX 3 MaTepiaIoM;

— TeOMETpisi: MOMEHT iHeplil |, BU3Ha4YeHO 3 BUCOKOFO
po3bixuicTIO B 3HauyeHHsX (MimiMym = 2.0 x 107° m*,
makcumym = 5.8 x 10 m*) ams MoxemoamHS K
THYYKHX, TakK 1 )KOPCTKHX Tepepi3iB Oanku. Buiit crpinu
a 3MiHIOBaBCs B Mexax Bix 5 mo 20 M, a 6a3a omopu k —
B miamazoni 1.5-3.5 m. IX moenHanHs Bu3Hauae ieue
I, = a—k, mo 3miHoeTbes Big 1.6 1o 18.3 M (6 = 4.36 m);

— HaBaHTa)XEHHA: BiacHa Bara kpaHa G Ta Bara
BaHTaxXy Gp TaKOXX 3MIHIOBAJIHMCS B 3HAYHHMX MEXKax
(38-3745 xH Ta 50-150 xH BiamoBixHO), 00 OXOMHUTH
JIeTK1 ¥ BaXKKi IPOMUCIIOBI KOH}Irypaiii.

@®opmyBaHHA HaOOpy /MAaHMX JUIS OLIHIOBaHHS
CTIMKOCTI Ha 3CyB 0Oa3yBajnocs Ha BH3HAUSHHI 3HAYEHHS
npotuBard G¢, HABKOJO MiJIBOBOTO pPIBHSA CTIHKOCTI
v = 1.5, mo po3paxoByeThcs 3a HOPMYIIO0

Gera
Gp+G G h
Gpa+Gerb _( Bt cr+1.5c + t)ﬂ
Gew = ) 19)

C

me a, b, ¢, h, Gy, Bu3HAYAIOTH 3a PIBHOMIpHUM
posmoxmimom 3 mapamerpamu U(10, 25), U(2.0, 3.0),
U(4.0, 6.0), U(7.0, 10.0), U(100, 200) BianoBiaHo.

Jna  BpaxyBaHHA

MPUPOIHOT  HEBH3HAYEHOCTI

MaTepialbHUX BJIACTUBOCTEH, TeoMmeTpili Ta yMOB
HaBaHTaKEHHS MICJsI MOYaTKOBOTO TOYHOTO BH3HAYEHHS
mapaMeTpiB  OyJI0 BBENEHO BHIIAJKOBY  Bapialliro
Ha piBHI £ 20%
x=x9(14+6),6~U(-0.2,4+0.2). (20)
Koedimient tepts p OyIo 3adikcoBaHo.
Po3pobnenmii  minxim ma€e 3MOTy CTBOPIOBATH
KOHTPOJILOBaHI Ta perpe3eHTaTHBHI Ha0OpH JaHUX, 10 €
HEOOXiTHOI0O YMOBOIO ISl KOPEKTHOTO IIOPiBHSIHHOTO
aHai3y ¥ MepeBipKH MOCTIMHUIBKUX TinmoTe3. Omucoi
CTAaTUCTHKH 3T€HEpOBAaHMX HAOOPIB [aHWX IIOJAHO
B po3aiti "Pe3ynapTaTé JOCHTIMKEHb Ta iX 0OroBOpeHHS"

(Tabm. 1, 2).

4.2. MeTtopoJiorist nepeBipku
i NOPiBHAIbHOTO aHAMI3y migX01y
710 CTBOPEHHSI AAHUX JIs1 OWiHIOBAHHS
criiikocTi MOHOpeiikOBOro KpaHa
CTaTU4HOI

Hna KiJIbKICHOT'O TIOPIBHSHHS

ta  po3pobnenoi  MCE-momeneir  cdopmymoemo
JOCITITHUIIBKI TIITOTE3H.

l'imote3za H,: BpaxyBamus nedopmaniii 'y MCE-
MOJIeNli  CHUCTEMAaTHYHO  3MEHIIYE  pO3pPaxyHKOBUI
3amac CTiMKOCTI MOHOPEWKOBOTO KpaHa IIOPiBHAHO 3i
CTaTHYHOIO MOJIEIIIO.

limotesa H,: pi3Hmma Mk  koedimieHTaMu
crilikocti, pospaxoBannmMu 3a MCE Ta cratudHomO
MOJIETSIMH, € CTATUCTUYHO 3HAYYIIOIO.

[TopiBHSHHS  TPOBOJUTUMEMO  MDK  JIBOMa
HabOpaMH JAaHWUX: CTBOPEHOTO 3a IOTIOMOTOI0 0a30BOi
CTaTHYHOI METOJMKH Ta CTBOPEHOI'O 3a JIOIOMOTOIO
3aMpoIOHOBAHOTO Miaxomy Ha ocHOBI MCE.

st mepeBipKM CTATUCTHYHOI 3HAYYIIOCTI pi3HHI
MDK JBOMa HabopaMH MapHUX [aHUX 3aCTOCOBAHO
napHuii t-tect CrplogeHTta. BiH mae 3mory Bu3HauuTH,
9YH € cepenHs MDK JBOMa

PpizHUIIA BHOIpKaMu

CTaTUCTHYHO BIAMIHHOK Bif HyJlsa. T-cTaTHCTHKA

PO3paxoByeTHCS 3a GOPMYIIOI0

a
sa/Vn’
Je a — CEepeAHE 3HAYeHHS pI3HUIb MDK HapHUMH

t= Q1)

CIIOCTEPEKEHHSAMH; Sq — CTAHOAPTHE BIIXWICHHS IHX
Pi3HHILIB; N — 00CAT BUOIPKH.
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PiBenp 3nauymocti p < 0.05 Oynme BHKOpUCTaHO
K KpPHUTEpid JUId BIAXWICHHS HYJbOBOI TillOTE3U

PO BIZICYTHICTh Pi3HHUILII.

5. Pe3yabTaTu 10C/iIKeHHSA

5.1. Pe3yabTaTu po3pood/ieHoro
MiAX01y 10 CTBOPEHHS TaHUX
JIJIs1 OUIHIOBAHHA CTiliKOCTI MOHOPEHKOBOI0 KpaHa

PesynbraTom € aBa 30anmaHcoBaHUX HAOOpH JaHWUX
mo 1000 xoHbirypariii mas OLIHIOBaHHS CTIHKOCTI
Ha TIepeKUIAaHHA W Ha 3CyB. Y TaOnl. | mojgaHo ommcoBi

CTaTHUCTHKH JUIsi HAa0Opy [aHHX, 3reHEPOBaHOTrO JUIs
OIIIHIOBAHHS CTIHKOCTI Ha MIEPEKHUIAHHS.

CtBopeHnii  HaOlp  BU3HAYAETBCA  IIMPOKUM
Jiarma3oHOM 3HAuYeHb BXIJHUX MapaMmeTrpiB. Y Ta0m. 2
HABEJCHO ONNCOBI CTATUCTHKH Ui Habopy [aHUX,
3reHEPOBAHOTO JUIS OLIHIOBAHHS CTIKOCTI Ha 3CYB.

CtBopeHi Ha0OpH BUXITHHX AaHUX 3 OMHCOBUMH
cratiuctukaMu (tabn. 1) mpusHayeHi Ui OOYMCIEHHS
YTPUMYBaIbHOTO MOMEHTY My, (1), mnepekuaHOro
MOMEHTY My, (2), koedilieHTa BaHTaxHOi cTilikocTi [3
(3), CKOpPHTOBaHOTO MEPEKMAHOrO MOMEHTY Mp., (14)
1 KoedimieHTa BaHTAXXHOI CTIHKOCTI Pfy, KpaHa 3 OTIAILY

Ha nedopmarii (15).

Ta6auus 1. Onucosi cmamucmuku cmeopeno Habopy 0anux O0Jisk OYIHIOBAHHS CIMIIKOCME KDAHA HA NEPEeKUOAHHS

OnucoBi CTATHCTHKH E, Ila I, m* G, kH Gg, kH a,M K, M I, Mm
KibKicTb psikiB 1000.00 1000.00 1000.00 1000.00 1000.00 1000.00 1000.00
cepe/He 2.1x10° 1.48x107* 659.14 99.54 12.42 2.52 9.90
CraHmapTHE BiIXIJICHHS 0.00 1.32x107* 528.52 28.90 4.29 0.59 4.36
MiHIMyM 2.1x108 2.0x107° 38.39 50.00 5.01 1.50 1.64
0.25 2.1x108 43%x107 293.49 74.61 8.71 1.98 6.28
0.50 2.1x108 1.07x107* 511.82 100.38 12.38 2.53 9.92
0.75 2.1x108 2.18x107* 847.97 124.62 16.26 3.03 13.71
MaKCHMyM 2.1x108 5.8x107* 3745.36 149.89 19.98 3.50 18.31

Taomuust 2. Onucosi cmamucmuku 0151 Popmy6ants HA6OPy OaHux Ois OYiHIOBAHHS CIMIUKOCMI KPAHA HA 3C)8

OnuCoBi CTATHCTHKH I, M I m* G,, kH Gy KH | G, kH | G, kH | a,m b, m c, M h, m
KinbkicTh psakiB 1000 1000 1000 1000 1000 1000 1000 | 1000 | 1000 | 1000
cepenHe 17.4 4x107* 148.9 444.9 104.2 14.9 17.4 2.5 5.03 | 8.49
CraHmapTHE BiAXHJICHHS 4.4 2.4x1074 29.9 162.8 22.8 2.99 4.4 0.3 0.57 0.87
MiHIMYM 10 5.6x107° 100.1 125.7 62.5 10 10 2 4 7
0.25 13.5 2x107* 122.1 320.3 84.9 12.2 13.6 2.2 4.5 7.7
0.50 17.5 3.4x107* 147.3 421.9 103.1 14.7 17.5 2.5 5.1 8.4
0.75 21.2 5.6x107* 176.0 539.7 121.8 17.6 21.2 2.8 5.5 9.2
MaKCHUMyM 25 1.2x107° 199.9 973.8 157.5 20 25 3 6 10

CrtBopeHi Ha0OpH BUXITHHX JaHUX 3 OMHUCOBUMH HEOOXiTHO 3BEpHYTH yBary Ha TOJOXCHHS IiHil

CTaTHCTHKaMH (Tabi. 2) Tpu3HAYCHI IS OOYMCIICHHS

ropm3ontaneHoi crmm H (4), cumu Ttepta Fp (5),

scy v (6),
ropu3oHTaNbHOI cumd Hyey, (17) Ta KoedimieHnTa cTifikocTi

koedilieHTa CTIKOCTI KpaHa Ha

KpaHa Ha 3CYB Yem (18) 3 orysiny Ha nedopmarrii.

5.2. Pe3ysbTaTH nepeBipKH 3aIIPOIIOHOBAHOTO MiAXO0Y
A0 CTBOpPeHHs Ha0OopiB TaHUX
JUUTs1 ONIHIOBAHHSA CTiAKOCTIi MOHOPEHKOBOI0 KpaHa

Ha puc. 1 nogano kapTu po3moaity KoedillieHTta
cTilikocTi B, OTpUMaHi 3a pe3yJbTaTaMH CTaTHIHOTO (a)
ta MCE (0) ananmizy. Y mnpoueci NOpiBHSHHS rpadikis

KkpuTH4HOi cTitikocti B = 1.4. Ha rpadiky mans MCE-
Mozenm (0) ms JiHisS 3MilIeHa BUIE W OiNbIIe BIIPaBo.
MiX DyHKTHPHUMH JIHISIMH TI03HaY€HO 30HY, N IS
cratnaaoi Mozeni § > 1.4, a nnst MCE-mozeni < 1.4.

Iicrorpamu posnoginy koedinienta B ams o6ox
MoJzenel 3amporoHoBaHO Ha puc. 2. [icrorpama mms
MCE-moneni 3MillleHa BIiBO IIOMO TiCTOrpaMH ISt
CTaTAYHOI MOJEI.

Y Tabn. 3 HaBelNeHO CTATHCTHYHI IOKA3HHUKU IS
po3moxiniB, momanux Ha puc. 2. CepemHe 3Ha4eHHS f3
1.398,

JUId  CTAaTMYHOI MOJel TOmI K

st MCE-mozemni — 1.365.

CTaHOBHUTH
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(a) - 3oHu cTiikoCcTi (CTaTUMHUA aHani3)

(6) - 3onm cTiikocTi (MCE-ananis)
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Puc. 1. 3oHa cTiiikocTi Ha IEPEKUIAHHS: @ — cTaTHYHUH aHawi3; 6 — MCE-anani3
MopisHAaHHA po3noainis B (CTaTuyHuin vs MCE)
T
70 1 N CTaTUYHWA
B MCE
=== Ipaxuus f=1.4
0.5 1.0 1.5 2.0 25
B (koediuieHT CTIRKOCTI)
Puc. 2. [TopiBHAHHSA po3moAiIiB KoedilieHTa CTIHKOCTI Ha epeKuIaHHs 3
Ta6mauust 3. Cmamucmuxa xoegiyicuma cmitikocmi f Ha nepexuoanHs
Mopenb Cepeane (mean) Meniana (median) CranaaprtHe Biaxujenns (std)
CratnyHa 1.398 1.395 0.451
MCE 1.365 1.358 0.448
Omxe, pe3ynbTaTd TMOPIBHAHHSA  KOE(DII[iEHTIB Tabmuust 4. [lapruii mecm CmuiooeHOa 015 nepesipku
Ha puc. | Ta B Tabn. 3 miATBEPIKYIOTH MEPIIY TiMOTE3N CMAamucmu4Hol 3HAUywocmi pe3yrbmamie MoOemo8ants 0is 5
OCITi IDKEHHS TUTST OL[IHIOBAHHS CTIfKOCTI .
A A Tect CTbIO€HTA t-cTtaTicTUKA p-value

MOHOpeﬁKOBOFO KpaHa Ha NICPEKUIaHHA. Pe3y.l'H>TaTI/I
t(B: Bfem) 50.9 0

napHoro Tectry CThIOJEHTa I UL TIEPEeBIpKH

CTaTHCTUYHOI 3HAYYMIOCTI pPE3yJbTaTiB MOJCIIOBAHHSI .
. e ) PospaxoBana t-cratmcTHKa A KoedimieHTa [3

Juts KoedilieHTa crifikocTi f mogano B Tadi. 4.
craHoBuTh 50.9, sK110 3HaueHHs p-value < 0.001.
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Ha puc. 3, 4 3amponoHOBaHO KapTH PO3MOILTY

rpadiky
CTaTUYHOTO aHamizy (puc. 3) JiHis KPUTUYHOI CTIKOCTI

koedimieHnTa criikocti Ha 3cyB Y. Ha
vy = 1.5 po3ramoBana iHakme, HiX Ha rpadiky MCE-
aHanizy (puc. 4).

Ha rpadixy mst MCE-mopeni (puc. 4) Oblia yacTiHa

MPOCTOPY MapaMeTPiB pO3TaIIOBaHa i JiHieo ¥ = 1.5.

180

160

100

Cwna TepTa F_friction, kH
I¥]
o
A

80 1

60

25 50 75 100 125
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koedinienra y. Posmomin mis MCE-moneni (uepBonnit
KOJIip) 3MIilIeHWH BIiBO TIOPIBHSHO 3 PO3MOIIJIOM ISt
CTaTUYHOT MOJIeNi (CHHIN KOJIip).

CraTtuctuyHi

IMOKA3HUKH TS po3mozminiB

KoedimieHTa y mojaHo B Tabu. 5.
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MopiBHAHHA po3noainis y (CTaTuyHuin vs MCE)

250

200 A

150 A

YacToTta

100 -

0 2 4
y (KoediuleHT CTIRKOCTI Ha 3cyB)

Puc. 5. [opiBHAHHA po3moiIiB KoedilieHTa CTIHKOCTI Ha 3CYB Y

Taomuust 5. Cmamucmuka koegiyienma cmitikocmi y na 3¢ye

BN CraTuyHKA
B MCE
=== [paHuus y=1.5

T

6 8 10

Mopenn Cepenne (mean) Meniana (median) CrangaprtHe Binxujenns (std)
CraruuHa 1.87 1.505 1.516
MCE 0.85 0.774 0.326

Cepemne 3nauenHs y ansi MCE-momeni (0.85) €
HWKYUM, HK 1711 ctatuaHoi mogeni (1.87).
Pesynprat

NPOBEICHOTO  ITapHOTO

TECTy
CrplozieH/1a IpeAcTaBieHi B TabI. 6.

Tadomuust 6. Ilapruuii mecm Cmoiooenoa 0ns nepegipku
CMAamucmuyHol 3HAUYuWoCcni pe3yibmamie MoOemo8ants OisL Y

Tect CThIOIEHTA t-crarticTuka p-value

(Y, Yfem) 23.8 0

PospaxoBana t-cratmctMka st KoedimieHTa Y
cTaHoBUThH 23.8, a 3HaueHHst p-value — menie Hix 0.001.

6. O0roBopeHHs pe3yJbTATIB

JocsrHyTi BHACTIIOK OOYHCITIOBATTGHIX eKCIICPUMEHTIB
pe3yabTaTH NEMOHCTPYIOTh CHCTEMATHYHY PO301XKHICTH
MIX CTAaTHYHOIO MOJEJUTIO Ta PO3POOIICHOI0 CKIHYEHHO-
enementHOO Mojeiuro (MCE). Ls pi3HHII TOSCHIOETHCS
KIr040BOI0 ocobnmBicTio MCE-Moneni — BpaxyBaHHSIM
reOMEeTPUYHOI HeTiHIHHOCTI, a caMme Mpy>kHOi aedopmanii
(TIpOTHHY) CTPLIH IiJ] €0 BAHTAXY.

Juns crifikocti Ha mepekuaanus (puc. 1, 2; tabm. 3, 4)
sHmkeHHs koedinienta 3 B MCE-monen € Hacmigkom
TOTO, IO TIPOTHH CTPUTH TPU3BOAWUTH IO 30UTBIICHHS
peanbHOro Twieya il cuiu BaHTaxy. Lle 31 cBoro Ooky
30IpIIye TEpeKHAHUA MOMEHT M mep i, 3pemToro,
3MeHIye KoedimieHT criiikocti. CraTH4Ha MOJENb,
pO3TIINAIOYN  CTPUTY SK aOCOJMIOTHO MOPCTKE TiJIo
3 (bikcoBaHMM IuIEUEM, HE 3JlaTHA B3SITH JO yBard Lei
nectadimizaniitHuid eexT.

Jlns crifikocTi Ha 3¢yB (puc. 3—5; Tabin. 5, 6) edekr
e Ourbm BupaxeHuM. J[lepopmamis cTpinmm Ta Bei€i
KOHCTPYKIIi MiJl HaBaHTaXXEHHSIM MNPU3BOJIUTH JIO
TIePePO3TOALTY CHJI 1 3HAYHOTO 30LIBIICHHS TOPU30HTAITBHOL
peakuii H, mo mnparHe 3cynytu kpaH. lle 3menHnye
KOoeQiIlieHT y, MmO W TOSICHIOE TPAKTHYHE 3HUKHEHHS
"6e3neunoi 30uu" B MCE-Mozieni OpiBHSIHO 31 CTATUYHOKO.

IcayBanus BusBieHOi '"HeOesmewHoi 30HHU", I
CTaTUYHa MOJEIb AEMOHCTPYE BIIIOBIIHICTH HOPMAaTHBaM,
a MCE - HI, € mpiMUM [0Ka3oM HEaJeKBaTHOCTI
cnpouieHoro minxoay. OTxe, IOCHIPKEHHS He JIUILIE
MiATBEPIKY€E BUCYHYTI TiMOTe3W, a W Hamae KibKiCHE

OOTpYHTYBaHHsI HEOOXINHOCTI Tepexoay [H0 Oiibin
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JIOCKOHAJIMX, HEMHIAHUX MOJENeH [UIS PealiCTHIHOIO
OIL[IHIOBAHHS O€3IIEKH.

st 00YHCITIOBAIIBHUX EKCIICPUMEHTIB
BHUKOPHCTOBYBAJIACsI CIIPOIIIEHA TeOMETpis KpaHa. PeanbHa
KOHCTPYKIIiA Ma€ OumbIn CKIamHi BY3TH, 3 €IHAHHI

Ta pO3HOI[iJ'I Mac, 110 MOKE BIUIMHYTH Ha pE3yJIbTaTH.

BucHoBku

VY mochimkeHi po3poOJIeHO MiIXix 0 CTBOPEHHS
HA0OPIB JaHWX IS OIIHIOBAHHS CTIMKOCTI MOHOPEHKOBOTO
KpaHa. [HCTpyMeHTalbHA YaCTHHA MiCTUTh:

1) ckiHUEHHO-eTIeMEHTHY MOMEIb UIS OIiHIOBAHHS
CTIMKOCTI

Ha TEPeKWIaHHsA, sKa, Ha BIOAMIHY BIiX

cTaTmdHOl Mojenmi, Oepe 1o yBarm aedopMariiro
3TUHY CTpinu. PesympTatom 1i 3acTOCyBaHHS € OLIbII
KOHCEpBATHBHA U pealliCTUYHA OIIHKA: CepeIHE 3HAYCHHS
Koedirrienta ctifikocti  3mMenmmiaocs 3 1.398 (cratuuna
Mmozenb) 10 1.365 (MCE-monens). Lle mosicHIOETBCSI THM,
[0 TPOTHH CTPUIH 30UIBIIYE peajbHE IUIeUe il CHIIH
BaHTaXYy, NOCHIIOIOYH MTEPEKUTHII MOMEHT;

2) CKIHYEHHO-EJIEMEHTHY MOJEJb JUIsl OIIHIOBAaHHS
cTilfikocTi Ha 3cyB. BcTaHOBIIEHO, MO BILTHB Aedopmartiit
Ha UeH THUMN CTIMKOCTI € Ie OUIbIl KPUTHYHUM, HIX Ha
nepekuganHsd. KinbKiCHO Iie BUpPaXXCHO B 3MEHIICHHI
CepelHbOro 3HaueHHs Koe(illieHTa Y Maibke ynaBidi —

3 1.87 mo 0.85. Takunii 3HayHMI €QEKT MOSICHIOETHCS

Mepepo3NoIiIoM CHI BHACJIIJIOK nedopmarii
KOHCTpPYKIIi, IO CYTTEBO 30UIBIIYyE TOPU3OHTAIBHY
peakiilo, sKa TparHe 3CyHYTH KpaH. IlponenypHa

OCHOBa OIMCYE TOCIHIAOBHICTh M Ui CTBOPEHHS

30aJaHCOBAaHMX HAOOpPIB MaHWX JUIsI  OILIIHIOBAaHHS
CTINKOCTI MOHOPEHKOBOTO KpaHa.

[lepeBipeHO 3ampONOHOBAHMIA MiAXix A0 CTBOPEHHS
HaOopiB nanux. [liATBEepIKEHO MOCITITHHIBKY TiNOTE3y
(H,) mpo Te, mo BpaxyBanHs Aedopmalliii CHCTEMaTHIHO
3HIKY€ PO3paxyHKOBHH 3amac criiikocTi. OcoOnmBicTO
I[BOTO PEe3yJIbTaTy € BHABJICHHA "Hebe3newHoi 30HU" —
peKMMIB  poOOTH, $KI CTaTHYHA MOJENb XHOHO
inentudikye sk Oesneuni, toai sk MCE-mozmenp Bxke
(hikcye BTparty criiikocTi. Lle mosSCHIOEThCS HE3MATHICTIO
CTaTWMYHOI MOJICNII 3BaXKaTH HA HEJiHIMHI e(ekTH, IIo
MIPU3BOUTH 10 HEKOHCEPBATHBHUX OIIHOK.

[MinTBepmkeno npocniguuipky rinoresy (H,) mpo
CTAaTHCTUYHY 3HAYYINICTh BHUSABICHUX pO30DKHOCTEH.
3acrocyBaHHs mapHOro t-recTy CThIOJCHTA Jaj0 BHCOKI
3Ha4YeHHS t-cTaTHCTHKH (t = 50.9 s B it = 23.8 ms y)
3a ymoBH p < 0.001. Ile cBiAUUTH PO T€, 10 3HHKCHHS
critikocti B MCE-mozem €

3amnacy CHUCTCMHHM,

a HC BHITaIKOBHUM C(I)GKTOM, o MOACHIOETHCA

(dyHIaMEHTAIBHUMH ~ PO30DKHOCTSIMH Y  (i3MdHMX
NPUIYLIEHHSX, 3aKJIAJIEHUX B OCHOBY KOKHOI 3 MOZEJIEH.

HemomikoM MoOXHa BBaXaTH BIJICYTHICTh MO
HAa OCHOBI HaTypHUX eKcrepuMeHTiB. [lopiBHAHHS
pe3ynbratiB. MCE-MonenroBaHHs 3 JaHVMH, OTPUMAaHUMH
3 pearbHOro (i3WYHOTO KpaHa, 3HAYHO MiABUINWIO O
JIOCTOBIPHICTH BUCHOBKIB.

HaykoBa HOBHM3Ha JOCHi/KCHHS TIOJSTae B
3allPOIIOHOBAHOMY TMIAXOAl O CTBOPEHHS IaHUX IS
CHCTEM MOHITOPHHTY MOHOPEHKOBOTO KpaHa Ha OCHOBI
cKiHueHHo-eneMeHTHOro mopemoBanHs (MCE). Hoswii
miaxin 6epe 1o yBaru nedopmarii 3ruHy i mepepo3moain
BHYTpILIHIX 3YCHJb, IO JA€ 3MOTY TOYHO BU3HAYMTH
"HeOe3meyni 30HM" peXHMIB POOOTH, SKI CTaTHYHI
MOJIeNTi BBXAIOTh OE3MEYHUMH.

Hampsmom mogansmmx AOCHIIKEHBb € PO3POOICHHS
apXiTEeKTYpH peKypeHTHOI HelpoHHOT Mepexi Tuiry GRU
(Gated Recurrent Unif), mpu3Ha4eHOl A TPOTHO3YBaHHS
PHU3HKY BTpaTu CTIHKOCTI MOHOPEHKOBOTO IE€PECYBHOT'O
KpaHa B pealbHOMY daci 3a JBOMa KIIOUOBHMH
KpPHUTEpisIMH: Ha NepeKuIanHs W Ha 3cyB. Po3pobiennii i
mepeBipeHnid y mii poOOoTi MiAXig OO CTBOPEHHS MaHWUX
CIlyTyBaTHMe IHCTPYMEHTOM JJisi CTBOPEHHS BEJIHKHX
CHHTETHYHUX HaOOpiB JaHWX, HEOOXITHHUX TSI HABYAHHS,

TECTYBaHHSI i ITepeBIPKH PEKypPEHTHOT HEHPOHHOT Mepexi.

Konduikr inTepeciB

ABTOpH JEKJIAPYIOTh, IO HE MAaIOTh KOHQIIKTY

iHTepeciB,  30Kkpema  (iHAaHCOBOTO,  OCOOHCTOTO,
ABTOPCHKOTO YW OY/b-SIKOTO IHIIOTO XapakTepy, SKUi
Mir OM BIUIMHYTH Ha JOCHDKEHHS, a TaKoX
Ha pe3yJIbTaTH, OyOJIIKOBaHI B IIiil CTATTI.
®dinaHCyBaHHA
Hocmimkenns  mpoBoamnocs  0e3  (iHAaHCOBOI
MATPUMKH.

JocTynHicTs AaHHX

Jani OyayTh HagaHi 32 OOIPYHTOBAHUM 3aITUTOM.

Buxopucranusi 3aco0iB IITY4YHOI 0 iHTEIEKTY

ABTOpPHM MiATBEP/UKYIOTh, II0 HE 3aCTOCOBYBAJIU
TEXHOJIOTii IITY4HOTO IHTENEKTY Ul HAIMCAHHS IIi€l
pobotu.
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AN APPROACH TO GENERATING PHYSICALLY REALISTIC
DATA FOR CRANE SAFETY MONITORING SYSTEMS
BASED ON FINITE ELEMENT MODELING

This article focuses on the stability of monorail mobile cranes, particularly tipping and sliding stability coefficients. Traditional static
models, which assume rigid structures, fail to account for deformation effects, leading to non-conservative and unreliable
stability assessments. This makes them unsuitable for generating data used in Al-based safety monitoring systems. The aim of the
study is to develop and substantiate an approach to generating data for assessing the stability of monorail traveling cranes
based on finite element modeling, taking into account structural deformation effects. To achieve this aim, the following tasks are
addressed in the paper: developing an approach to generating datasets for assessing the stability of a monorail crane based on finite
element modeling; validating the proposed approach through a quantitative comparative analysis of the generated data with data
obtained using the static approach; demonstrating the statistical significance of the identified differences. Methods used:
experimental design, Euler-Bernoulli beam theory, statistical distribution analysis, and numerical simulation. Results show
that FEM produces significantly different outcomes. The average tipping coefficient B decreased by 2.4% (from 1.398 to 1.365),
and the sliding coefficient y dropped nearly 50% (from 1.87 to 0.85), with high statistical significance (p < 0.001).
Conclusions: FEM captures geometric nonlinearity, showing that elastic deformation alters the load path, increasing tipping
moments and reducing stability margins. Unlike static models, the proposed method identifies unsafe operating zones previously
misclassified as safe. Practical application: the model can generate synthetic data to train machine learning systems for real-time
crane stability prediction, enhancing the safety of Al-driven monitoring technologies.
Keywords: numerical modeling; finite element model; data generation; safety monitoring; monorail crane.
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Oleksii Shapyro, Thor Sotnyk

A METHOD OF SEMANTIC SEARCH
FOR EDUCATIONAL CONTENT BASED ON MULTI-AGENT TECHNOLOGIES

The digital transformation of industry is accompanied by the active adoption of new technologies and the rapid evolution of
production processes. A significant portion of educational materials is distributed across various information sources, including
internal corporate systems, open educational platforms, and specialized web resources. Such resources often contain duplicates,
redundant information, and heterogeneous metadata, which complicates the timely retrieval of relevant learning materials.
The subject of the study is a method of semantic search for educational content in a distributed information environment
using ontology-based knowledge models. The goal of the work is to investigate a method of semantic search for educational
content in a distributed information environment based on a multi-agent organization of information resource processing and
the use of ontology-based knowledge models. The objectives of the study are: to investigate the architectural model of a multi-agent
search system; to develop a semantic selection algorithm based on the comparator identification method and an ontology-based
model; to formalize a relevance evaluation predicate considering weighted metadata coefficients; to develop a multi-agent
software platform; and to experimentally evaluate performance and resource consumption under different agent operating modes.
Research methods include: the method of multi-agent organization of information resource processing with non-blocking message
exchange; three-level URL deduplication; ontology-based term matching and a formalized relevance evaluation predicate;
and experimental measurement of processing time, the number of processed links, and system resource consumption.
Results: a model of a multi-agent system with four types of agents and a semantic search algorithm eliminating loops and duplicate
links has been proposed; a software platform based on Kotlin using coroutines and asynchronous interaction between agents
has been implemented; experimental results demonstrate that the proposed organization of processing provides higher performance
compared to the sequential mode. Conclusions: the integration of semantic search and a multi-agent architecture enables efficient
organization of the process of discovering and processing educational content in a distributed environment. The proposed method
ensures coordinated operation of agents, eliminates link duplication, and provides a rational balance between search completeness
and the use of computational resources.

Keywords: semantic search; educational content; software agents; multi-agent systems; ontologies; scalability; performance;
asynchrony; Kotlin.

Introduction metadata, which complicates the automatic discovery,

classification, and subsequent reuse of resources in

The current stage of information technology learning environments. For industrial scenarios, this is

development in industry and related manufacturing
sectors is characterized by a growing volume of
educational content and increasing demands on the
effectiveness of e-learning systems. The digital
transformation of enterprises, rapid updates to production
equipment, hardware and software systems, and
technological regulations create a constant need for the
continuous improvement of staff qualifications. Under
these conditions, the availability of relevant educational
content directly impacts the quality of technological
operations, the level of workplace safety, compliance
with standards, and the reduction of the risk of errors and
downtime. The rapid growth in the volume of open
educational content is accompanied by a sharp diversity
of sources, formats, and the quality of descriptions.
A significant portion of the materials is published outside

of specialized platforms, with minimal or inconsistent

further complicated by the fact that training materials
are often scattered across internal enterprise knowledge
bases, corporate LMSs, and external resources (suppliers,
technical documentation, courses, standards), creating
knowledge fragmentation and additional barriers
to rapid learning.

Traditional keyword-based search approaches yield
inconsistent results precisely in educational scenarios,
where semantic alignment with the subject domain,
learning objectives, and the expected level of proficiency
is crucial. For example, in industry, the same terminology
can have different meanings depending on the type of
equipment or standard, and content requirements are
determined not only by the general topic but also by the
employee’s role, access level, operational context, and
other factors that must also be taken into account.

Additional factors contributing to quality degradation

© Oleksii Shapyro, Thor Sotnyk, 2026
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different
language versions of the same material, time-based

include duplicates and semi-duplicates,
revisions without proper versioning, as well as noise
in the form of advertising and navigation elements.
In the absence of structured descriptions, even routine
tasks require consideration of the context of the subject
ontology, not just term matches.

At the same time, the requirements for the
scalability and resilience of such systems are growing:
data collection and preprocessing must handle arrays of
tens of thousands of links, withstanding peak loads
on memory, the processor, and the network, while
maintaining controllable latency and fault tolerance.
In practical terms, this is compounded by external
constraints, which complicate the maintenance of
consistent throughput and reproducibility of results
within corporate infrastructure.

All these discrepancies between the needs of
real-world educational applications for industrial
workforce upskilling and the capabilities of existing
highlight

further research: search quality directly impacts the

search approaches a problem requiring

speed of learning, safety, and the effectiveness of
production processes.

Literature Review and Problem Definition

The IEEE LTSC (Learning Technology Standards
Committee) [1] was established to develop specifications
and recommendations for the integration of modern
information technologies in education. This committee
develops architectures and technologies for educational
systems in accordance with international standards.
Separately, the IMS Global Learning Consortium is
engaged in developing standards to ensure the
interoperability of educational platforms [2]. According
to the IEEE LTSA (Learning Technology System
Architecture), the universality of this architecture ensures
its use as a reference model for the development of
educational technology systems of any type. It has been
shown that these standards form the basis for
the interoperability of various educational platforms
and ensure a unified approach to organizing the
educational process. However, issues remain unresolved
regarding the adaptation of these general architectural
recommendations to the specific needs of intelligent
semantic search for educational content and the lack of
concrete algorithmic solutions for the automated analysis

of educational resources. This may be due to objective

difficulties related to the excessive abstractness of
international standards, which focus on general principles
rather than specific technical implementations, making
their application challenging for practical semantic
search tasks.

In [3], key trends in adaptive e-learning systems
were investigated based on an analysis of 57 studies from
recent years. It was shown that building effective
adaptive systems requires learner, domain, and adaptation
models that account for individual learning characteristics
and dynamically adjust instructional materials. However,
issues remain unresolved regarding the fact that most
existing systems do not provide sufficient accuracy
in predicting learner needs in real time and do not adapt
to the context of learning activities. This is due to
objective difficulties related to the complexity of
collecting and processing large volumes of data on
student behavior, as well as the inherent uncertainty of
individual cognitive processes, which makes universal
solutions economically impractical.

In [4], an ontology-driven framework for semantic
search of educational content is proposed, utilizing
natural language processing and machine learning
methods for text classification. It is shown that the
ontological approach allows for the identification of
semantic relationships between concepts and the
discovery of the most relevant materials compared to
traditional keyword search. However, issues related
to the automation of ontology creation and updating for
various subject areas remain unresolved. The reason for
this is the cost involved in engaging experts to develop
high-quality ontologies and the fundamental complexity
of automating the processes of identifying semantic
relationships in dynamically evolving knowledge.

In [5], the application of the latest approaches
to semantic search using ontological models and
document relevance analysis methods was investigated.
The potential of these methods for improving the
accuracy of identifying relevant educational materials
was demonstrated. However, issues remain unresolved
regarding maintaining a balance between search
accuracy and system scalability when processing large
repositories of educational objects, as well as the
integration of such systems with existing educational
content metadata standards. The reason for this is the
difficulty associated with the fact that complex machine
learning models often require significant computational
making their application

resources, impractical in

distributed environments with limited resources.
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In [6], decentralized multi-agent systems for solving
planning and optimization problems in manufacturing
environments were investigated. It was shown that the
multi-agent approach ensures scalability and resilience
to failures of individual components. However, issues
remain unresolved regarding ensuring effective
communication between agents when there are a large
number of participants and adapting agent-based
systems to the specifics of educational applications
with semantically rich data. The reason for this is the
exponential growth in the complexity of communication
protocols and the fundamental difficulty of predicting
the behavior of a large number of interacting agents.

Additionally,

issues related to practical implementation on modern

many studies leave unresolved
programming platforms and their adaptation to the

requirements of high-performance real-time data
processing. This is due to difficulties stemming from
the fact that many existing implementations are based
on outdated technologies and do not support modern
asynchronous programming mechanisms. One way
to overcome these difficulties is to use modern
with built-in support for

asynchronous programming and lightweight parallelism

programming languages
mechanisms. For example, some case studies describe
the use of coroutines and asynchronous operations to
distributed
systems. It has been shown that this approach allows for

organize effective communication in

increasing system throughput and reducing resource
management costs.

Research Objectives and Tasks

systems without compromising service quality. Fourth,
many existing implementations are based on outdated
technologies that do not support modern asynchronous
programming mechanisms. All of this supports the need
for relevant research to address this issue.

Accordingly, the objective of this work was defined
as the need to develop an approach to educational
content search that is effective in terms of both the
relevance of results and performance, scalability, and
resource efficiency.

To achieve this objective, the following tasks
were set:

— to develop an architectural model of a multi-agent
search system;

— create a semantic search algorithm using the
comparator identification method and ontological models
of subject domains;

— implement a software platform using modern
technologies with built-in support for asynchronous
programming and lightweight parallelism mechanisms;

— experimentally evaluate the system’s performance
and resource consumption in various agent operating modes.

Materials and Methods

Systematizing the local problems identified in the
analyzed sources allows us to formulate a general
unresolved problem: there is currently no approach to
searching for educational content that is simultaneously
effective in terms of result relevance, performance,
scalability, and resource efficiency. Its relevance stems
from the need to quickly find relevant educational
materials from a vast number of sources, taking into
account subject-area ontologies, content duplication and
noise, as well as computational resource constraints.
Several factors are the main reasons this problem remains
unsolved. First, the lack of solutions that combine
multi-agent architecture with semantic technologies.
Second, the
for processing heterogeneous metadata of educational
resources. Third, the difficulty of scaling distributed

inefficiency of traditional algorithms

In the context of semantic search for educational
content, it is necessary to process large volumes of
information resources located in a distributed web
environment and characterized by high dynamism
and structural heterogeneity. Traditional centralized
information retrieval systems may face limitations in
scalability, performance, and flexibility of resource
processing control under such conditions. One effective
approach to organizing search systems in a distributed
environment is the use of multi-agent technologies,
which allow the system’s functionality to be decomposed
into autonomous software components that perform
specialized tasks and interact with one another to achieve
a common goal.

A software agent is an autonomous software
component capable of functioning in an information
environment, perceiving its state, making decisions
according to specified rules, and interacting with other
agents to achieve a common goal.

This paper proposes an architectural framework for
an ontology-driven semantic search of educational
resources using a multi-agent system. The operation of
agents is ensured and regulated by a naming service
and an access control module. The agent registry is
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designed to provide agents with information about the
available interaction environment, specifically regarding
the composition of the system’s agents, their roles, and
functional purposes. An ontological model is used to
ensure a unified formalized description of the domain,
The
supporting the system’s operation are stored in a database

common to all agents. information resources
and a knowledge base.

The multi-agent search system is implemented using
four functional types of agents:

— the coordination agent manages the search
process, generates initial query descriptors, distributes
tasks among other system agents, controls the sequence
of resource processing, and coordinates message
exchange between agents;

— the resource collection agent follows the URLs
specified by the coordination agent, retrieves metadata,
and transmits it to the semantic evaluation agent for
further processing;

— the semantic evaluation agent uses a relevance
assessment mechanism based on the search descriptor
model, which allows determining the feasibility of further
expanding the search from the current web resource,
taking into account its thematic relevance;
the

generation of a structured description of the found

the automated

indexing agent ensures

Bepxwuiii map

document in the form of metadata in accordance with the
selected representation model.

The architecture of the multi-agent system for
semantic search of educational content is shown in Fig. 1.
The system operates in a distributed information
environment that includes a set of software agents, a
metadata database, a knowledge base containing an
ontological model of the subject domain, as well as an
external web environment that serves as a source of
information resources.

The interaction of the system components is
organized such that the coordination agent initiates the
search process, forms initial query descriptors, and
distributes tasks among the resource collection agents.
Resource collection agents crawl web resources and
transmit the obtained metadata to semantic evaluation
agents. After semantic analysis is performed, the results
are transmitted to the indexing agent, which generates a
structured description of the documents and stores it in
the database. The ontological model of the subject
domain is used by semantic evaluation agents to
determine the thematic relevance of resources to the
query. This architecture ensures distributed processing of
information resources, coordination of agent interactions,
and the ability to scale the system through the parallel
execution of search procedures.

HIDKHI 11ap

ATeHT-Kod

T4

BeG-pecypcu

AreHr

CeMaHTHYHOT 1
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Fig. 1. Architecture of a multi-agent system for semantic search of educational content

The initial stage of the search process involves

identifying web resources containing educational
materials, which is carried out by a resource collection
agent using automated hypertext space crawling
technologies. Automated crawling refers to the process
of retrieving web resources from the Internet for the
purpose of their subsequent indexing and use in a search
engine [7]. The main goal of this stage is the rapid

formation of a set of relevant web resources along

their
When a URL is obtained that defines an entry point into

with  hyperlinks reflecting interrelationships.
the search space, the agent downloads the corresponding
web resource, extracts the outgoing hyperlinks from it,
and adds them to the queue for further processing [8].
The process continues until the queue of resources
has been fully processed.

The key factor in the efficiency of a resource-

gathering agent is the strategy for processing the
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hyperlinks accumulated in the queue. In practice, two
basic approaches are used: sequential traversal without
prioritization and guided selection based on an evaluation
function. In the case of sequential traversal, the next
resource is selected without considering its content
characteristics. In contrast, the guided approach involves
the use of evaluation criteria that allow determining
the appropriateness of moving to a specific resource.
Such algorithms can be based on both additional domain-
specific knowledge and formal characteristics of the
link structure.

The
organization of the process and ensures distributed

algorithm is based on a multi-agent
processing of the hypertext space, taking into account

thematic focus. The search for data sources is carried

OTpHMAaTH ITOYATKOBY
URL-afpecy Ta KUIBKICTD
areHTiB, SKi OTPiGHO
CTBOPUTH

Hapicnatu
I DF-i][O MJIEHHS IIPpO

JadekaTH,
TIOKa BCi aTeHTH

out by a set of agents distributed throughout the
environment, which function as a coordinated system
thanks to mechanisms of inter-agent interaction and
coordination [9]. To ensure controlled scalability, three
complementary mechanisms have been implemented.
First, a multi-level duplicate removal system has been
introduced, which performs filtering at the resource level,
at the level of URLs stored in memory, and between
different agents. Second, the procedure for verifying and
adding URLs to the shared storage structure has been
synchronized, which prevents the duplicate inclusion of
identical links. Third, a limit has been imposed on the
number of simultaneously active agents, which helps
stabilize RAM consumption. The algorithm structure is
shown in Fig. 2.

1 Tax
MepesipuTH g
CeopuTH > KUIBKICTB CBOpeHIX EP::H,I
areHra i 1op0
areHTIiB
T Hi

Memre
Tax JO3B0JIeHOT

HIPHIHHEHHEA
IIOIT

KinbKocTi

Hi~ llepesipatn
uerpy URL-anpec

JlogeKaTHCS TIOBIOMIeHHS :
OTpUMaTH TlepeBipHTH 4erpy
TIPO 3aBepPIIEHHS ;
TIOBiJOMIEHHST URL-afipec
3aBaHTaKECHHA

Fig. 2. Algorithm for creating agents

As a result of the resource collection agent’s work,
a set of URLs is generated in memory; some of these
URLs are thematically relevant to the query, but not all
resources directly contain educational materials.
Therefore, the next stage involves semantic filtering of
the collected resources to identify those that actually
contain educational objects in the relevant subject area.

The document representation model defines the
metadata structure, the query formation mechanism,
and the relevance evaluation procedure.

The selected resources are transferred to the
indexing agent, where their structured description

is generated. Indexing involves constructing the

the obtained
information about educational objects for further use in

corresponding metadata and storing

the search process.
A metadata description unit is considered to be a
pair (n,v,), where n, — the name of the i-th element of

the learning object's content description, and v, — the

corresponding value of this element. The document's
metadata description is then presented as a formula (1)

m(d)z{((n[,v,.),k,)|i=1...l}, (1)
where k, — weight coefficient of the i-th element of the

metadata description, / — number of elements.

The process of determining semantic similarity
between a document and a query is interpreted as
establishing a mapping between the structured
description of the document’s metadata, as expressed
by formula (1), and the result of evaluating its thematic
relevance. In this case, the input data is a set of elements

m(d), and the output is a relevance score determined by

comparing it with the search descriptor. This approach
of the
method [10] to formalize the rule for transforming a set

allows the wuse comparator identification
of document features into a semantic evaluation result.
Before initializing the search process, a domain

ontology is formed that reflects the key concepts of the
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relevant domain and their semantic relationships. Based
on this, a set of terms relevant to the query topic is
determined, which may be represented in the structural
elements of a web resource, specifically in titles,
keywords, and hyperlinks. The selection of these specific
elements is due to the fact that in most electronic
resources they have a formalized representation via
corresponding markup tags, which simplifies their
automated extraction. To determine the thematic
affiliation of a web resource, the agent performs
a comparison of terms from the title # , set of keywords
k and the hyperlink text » with the concepts represented
in the domain ontology [11]. The resulting thematic
description of the resource is then compared with the

query topic in accordance with the mappings (2—4).
B (k.q)= B (kg )V B (k. q,) v . VB (oq), (2)
B, (h,q)=F,(h,q,)v P, (h.q,)v..vF (hgq), (3)
P(r,q)=P(r,q))vP(r.q,)v..vP(r.q)), (4

where ¢ — subject of the inquiry; # — heading terms;

k — set of keywords; » — hyperlink text.
The relevance of a page to a search query can be

expressed by a predicate (5)
S =P(k,h,r.q)= P, (k.q,)V P, (hq)VE(r.q), (5
where S — A page score that takes the values 0 or 1.

In the simplest case, a web resource is considered
thematically relevant if at least one term from the title,
set of keywords, or hyperlink text belongs to the
ontologically defined topic of the query. This model
corresponds to a binary membership predicate.
At the same time, the structure of the predicate can be
extended by introducing weighting coefficients for
various structural elements of the document, allowing
a transition from a strict logical condition to a weighted
relevance assessment.

The application of the comparator identification
method formalizes the thematic matching procedure
within a multi-agent system. Combined with algebraic-
logical models [12], this creates a foundation for
accounting for the semantic structure of educational
objects during their automated selection and indexing.

The Kotlin programming language was chosen
for implementing the multi-agent platform due to its
support for asynchronous programming and full
compatibility with the JVM ecosystem [13]. This choice
ensures the solution’s scalability and the ability to
utilize existing infrastructure  for

library building

distributed systems.

A key factor is the use of coroutines [14], which
implement a model of structured concurrency and
allow for non-blocking interaction between agents.
Unlike the classical thread model, coroutines have
lower overhead for execution management and
ensure efficient coordination of a large number of
simultaneously active agents. This is particularly
important for a multi-agent system, where parallel
processing and asynchronous message exchange directly
impact performance and scalability.

The inter-agent interaction mechanism is
implemented using the Kotlin SharedFlow tool [15],
which provides a non-blocking model for broadcast event
distribution. This approach ensures asynchronous event
delivery to dynamically created agents and supports their
independent lifecycle. This allows the system to be scaled
by adding or removing agents without modifying the
communication mechanism. The chosen messaging
model minimizes the overhead of synchronization
and contributes to the system’s fault tolerance in
a distributed environment.

The “Factory Method” pattern is used for unified
agent creation. Its use allows encapsulating the agent
initialization process and ensuring system extensibility
without modifying the platform’s base code. Adding
a new agent type boils down to implementing its
behavioral logic and defining the conditions under which
it can accept tasks for execution. This approach ensures
the scalability of the architecture and simplifies system
configuration when expanding functionality.

A mechanism for configurational parameterization
of agents has been implemented, allowing their
characteristics to be dynamically defined, including the
identifier, number of instances, behavioral logic, and
additional execution parameters. Agent configuration is
performed by loading the corresponding behavioral
classes during program execution using the JVM
reflection mechanism, which enables the extension of
system functionality without recompiling the code and
facilitates the flexible configuration of the multi-agent
platform according to the requirements of a specific
application scenario.

To implement the mechanism for verifying
an agent’s ability to execute a task, the “Chain of
Responsibility” pattern [16] is used. The verification
consists of a sequence of handlers, each of which
determines whether the agent meets the specified
conditions and, if necessary, passes the request to the

next element in the chain. This organization allows for
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the modular formation of a set of task acceptance criteria
without complicating the agent’s basic logic.

To organize data access, the “Repository”
pattern [17] is used, which abstracts the logic of data
storage and retrieval from the agents’ business logic.

The system’s information environment includes:

— a metadata database;

— a knowledge base containing the domain ontology;

— a set of software agents;

— a coordination module;

— an external web environment containing sources

of educational resources.
The implemented software platform functions as a multi-
agent runtime environment with a console-based control
interface and ensures the initialization and interaction of
agents within the experimental implementation of the
proposed architecture.

Research Results

The following conditions were adopted within
the scope of the study:

— educational resources have formalized metadata
structured in accordance with IEEE LOM [18] or
SCORM [19] standards;

— semantic analysis is performed within a single
linguistic interpretation of terms without accounting
for cross-cultural differences;

Table 1. Testing results

— agent interaction occurs in an environment
with hardware-homogeneous infrastructure and a stable
network with sufficient bandwidth;

— aspects of information security, authentication,
and access control are outside the scope of this study and
are treated as external to the proposed architecture.

The research was conducted on a computing
platform with an 8-core x86-64 architecture processor
operating at a clock speed of 2.5-4.8 GHz and 32 GB
of RAM, running the Windows 11 operating system
in a JVM environment.

Three tested.
The first mode involved the sequential operation of

agent operating modes were
agents A0, Al, A2, and A3, where each agent completed
its task before handing control over to the next.
The second mode involved the coordinated sequential
operation of 50 agents of type Al under the control
third mode implemented

the coordinated parallel operation of a set of agents:

of a coordinator. The

50 instances of agent AO, and one instance each of
agents Al, A2, and A3.
Performance

evaluation was conducted by

recording the duration of request processing, the
number of processed links, and system resource usage
metrics (CPU load and RAM) within specified time
intervals (15, 30, 45, and 60 minutes). The results are
presented in Table 1, which lists the main system

performance metrics.

Characteristics Consistent work of agents | Coordinated consistent work Coordinated parallel work of a set
A0, A1, A2, A3 of 50 agents Al of agents A0(50), A1, A2, A3
Time (min) Database entry Cache and database entry

Number of links loaded 15 30 45 60 15 30 45 60 15 30 45 60
Number of links checked | 2377 | 3576 | 4914 | 6342 | 9423 | 13276 | 25487 | 33278 | 14238 23487 32398 59213
Load 1132 | 1819 | 2453 | 2927 | 2691 | 3601 | 4657 | 6243 9231 17512 26831 39321
CPU 27 29 32 35 40 43 46 49 49 51 55 57
RAM load (MB) 25 27 28 30 101 103 110 110 439 601 963 965

The results show significant differences in system
performance depending on the mode of agent operation.
Figure 3 illustrates how the number of links found and
verified varies with execution time in sequential mode.
Over the course of 60 minutes, the system detected
6,342 links, of which 2,927 were verified, confirming
the effectiveness of filtering duplicates and irrelevant
resources even during sequential processing. In the
second mode,
50  Al-type efficiency
significantly. As shown in Fig. 4, in 60 minutes the

with the coordinated operation of

agents, search increased

system found 33,278 links and verified 6,243. Thus, the
number of resources found increased approximately
5.24-fold compared to sequential mode, indicating
an increase in search coverage and the completeness
of educational resource discovery.

The third mode, featuring coordinated parallel
operation of a set of agents A0(50), Al, A2, and A3,
demonstrated the highest search performance over
the same time interval. Figure 5 shows that, with the
same execution time (60 minutes), the system found
59,213 links and verified 39,321 links.
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A comparison with the first mode reveals a 9.3-fold
increase in the number of links found and a 13.4-fold
increase in the number of links verified. This indicates an
exponential impact of the parallel organization of agent
operations on the efficiency of semantic search within
the same time constraint.

An analysis of system resource usage metrics
RAM depending
on the operating mode. In serial mode, RAM usage was
25-30 MB with a CPU load of 27-35%. In the second
mode, memory usage increased to 101-110 MB with
40-49%
operation of 50 agents. In the third mode of maximum
reached 439-965 MB
with 49-57% CPU utilization. It was experimentally

revealed significant requirements

CPU utilization due to the simultaneous
parallelism, memory usage

established that the limiting factor for performance is the
amount of RAM, not the CPU power. The research
results demonstrate a significant improvement in the
accuracy and completeness of identifying relevant
educational resources when using the parallel coordinated
operation of a set of agents, with a trade-off in the form

of a linear increase in RAM consumption.

Discussion of Results

The obtained results can be explained by the
effective use of Kotlin coroutines and optimized
algorithms for inter-agent interaction. The experimental
data in Table 1 demonstrate a significant difference in
performance depending on the mode of agent operation.
In the sequential mode, the system found 6,342 links in
60 minutes; in the second mode with 50 agents of type
Al, 33,278 links were found; and in the third mode of
coordinated parallel operation of a set of agents A0(50),
Al, A2, A3, 59,213 links were found. This represents
a 9.3-fold increase in efficiency compared to the
sequential approach. This increase is attributed to the
ability of multiple agents to operate simultaneously
without blocking the main execution thread, thanks
to the asynchronous nature of Kotlin coroutines and
lightweight context-switching mechanisms.

The effectiveness of the semantic search described
by equations (2-5) can be explained by the use of the
comparator identification method and ontological models

of subject domains. The mathematical model for
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describing metadata according to formula (1) allows for
the consideration of weight coefficients ki for each
element of the metadata description, which improves the
accuracy of identifying relevant educational resources.
The relevance evaluation predicate P(k, h, r, q), defined
by formula (5), provides a comprehensive evaluation of
a document based on three criteria: the relevance of
keywords, the title, and the links to the search topic. Such
a multi-criteria evaluation significantly exceeds the
accuracy of traditional one-dimensional methods based
on simple word matching.

The solutions developed address the critical issue of
the lack of an effective multi-agent platform that
combines semantic search for educational content with
modern asynchronous programming technologies.
The problem of inefficient document ranking algorithms
has been solved by introducing a relevance assessment
predicate (5) that accounts for semantic relationships
between the three components of a document: titles,
keywords, and links. The problem of the complexity of
creating universal algorithms to account for the diversity
of educational standards (LOM, SCORM) is solved
through the use of ontological models that provide
a flexible representation of knowledge.

Limitations of the study include dependence on
a stable network environment with sufficient bandwidth
for message exchange between agents. Additionally,
educational resource metadata must comply with LOM
or SCORM standards, and assumptions about the
uniformity of client device technical specifications are
required. Experimental conditions involved testing on
sets of up to 60 resources; scaling to larger volumes
requires further research.

Conclusions and Prospects for Further Development

In the course of this study, its objective was
achieved by completing all set tasks, namely:

1. Develop an architectural model of a multi-agent
search system. An architectural model of a multi-agent
system for semantic search of educational content,
oriented toward four types of agents (scanner, evaluator,
indexer, coordinator), was developed. The proposed
structure ensures the platform’s modularity, scalability,
and extensibility.

2. Create a semantic search algorithm using the
comparator identification method and ontological models
of subject domains. A semantic search algorithm has been
implemented, based on the use of a formal relevance

evaluation predicate and ontological models of the
subject domain. The difference from standard metadata
lies in the introduction of weighting coefficients and
(keywords, title, links).
Analytical justification is provided by the use of

multi-level  comparison
a Boolean predicate function with three independent

evaluation components. Experimental studies have
confirmed a ninefold increase in semantic search
performance compared to standard approaches.
The relevance predicate has the structure of a logical
conjunction of three independent conditions: the
correspondence of the document’s keywords to the user’s
query, the semantic proximity of the title to the query,
and the relevance of the outgoing hyperlinks to the
query’s subject matter. This is explained by the flexibility
of the ontological description and the comparator’s ability
to identify the subject matter of educational resources
even with incomplete or diverse descriptors.

3. Implement a software platform using modern
technologies with built-in support for asynchronous
programming and lightweight parallelism mechanisms.
The developed software platform is built using Kotlin
coroutines, architectural patterns, and inter-agent
communication via SharedFlow. This ensured efficient
operation in both sequential and parallel scenarios with
hundreds of active agents. The load on system resources
RAM

from thirty-four megabytes for sequential mode to

remained moderate. consumption ranged
nine hundred twenty megabytes for parallel execution
with fifty agents.

4.  Experimentally evaluate the system’s
performance and resource consumption in different agent
operating modes. A series of experimental tests was
conducted, confirming the advantages of parallel and
coordinated agent operation. In 60 minutes of operation
in parallel mode, 9.3 times more links were processed.
In the first mode, the system processed 6,196 links, and
in the 57,535 links.

This increase is attributed to the resolution of the looping

coordinated parallel mode,
and URL duplication problem through multi-level
filtering and flexible synchronization of agent queues.
The achieved balance between search completeness and
resource consumption is considered optimal for modern
medium-scale educational information systems.

Further development of this research could proceed
in several directions. First, ontological models could be
expanded to account for cultural and linguistic
differences, which would improve search accuracy in
global educational systems. Second, it is necessary to
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integrate encryption and access control mechanisms
into the system architecture, which will ensure its use
in critical educational content management systems.
Third, it is advisable to develop a deterministic mode of
system operation with guarantees of sequence and
consistency, using distributed systems theory and formal
verification models. Fourth, the system’s adaptation to
heterogeneous network conditions should be investigated,
taking into account communication delays and failures,
which is particularly relevant for educational systems

other nature, that could influence the research or the
results published in this article.
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KIJIBKOCTI OIpAllbOBaHMX ITOCWJIAHb Ta CIOKUBAHHS CUCTEMHHX pecypciB. Pe3yJbTaTH: 3amporOHOBaHO MOJENb MyJIBTHAT€HTHOT
CHCTEMH 3 YOTHPMAa THIAMH areHTiB Ta aJrOPHUTM CEMAaHTHYHOTO IIOLIYKY 3 YCYHEHHSIM 3allMKJIEHHs i JAyONIOBaHHS IOCHJIAHB;
peamizoBaHO TporpamHy Iuatgopmy Ha ©6asi Kotlin i3 BHKOpHCTaHHSM KOPYTHH Ta AacHHXPOHHOI B3a€MOJii areHTiB;
EKCIIepUMEHTAIIHO BCTAHOBJIEHO, IIO 3alpOIIOHOBaHA OpraHizamiss oOpoOKkM 3abesnedye OUTBIIY HPOXYKTUBHOCTI ITOPIBHSHO
3 TIOCTIJIOBHUM PEXHMOM. BHCHOBKH: IO€HAHHS CEMaHTHYHOTO IOIIYKY Ta MYJIBETHAareHTHOI apXiTeKTYpH IO3BOJISIE e()EeKTHBHO
OpraHi3yBaTH IpOLIEC BHSBICHHA Ta OOpOOKM HABYAJILHOTO KOHTEHTY y PO3HOAUICHOMY CEpelOBHILI. 3alpoNOHOBAaHMII METO[
3a0e3meuye y3ro/KeHy poOOTy areHTIiB, YCyHEHHs AyOJIOBaHHS MOCWIAHb Ta PalliOHATBHUA OalaHC MiX MOBHOTOK PE3yJbTaTiB
MOUTYKY 1 BUKOPHCTAHHSIM OOYHCITIOBAIBHIX PECYPCiB.
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CUCTEMA IU®POBOI'O HR-MEHE/[KMEHTY BE3IIEKOBUX CTPYKTYP
HA OCHOBI E-KABIHETY ITPAIHIBHUKA

IIpeameToM € MeToam Ta Mojenmi, omepamiiHi mpomecw nudposizanii cucteMn HR-MeHeIkKMEHTYy B 0e3NeK0-OpieHTOBAaHHX
cucteMax. MeTo10 poOOTH € po3poOKa METOIB 1 MOAENeH yIpaBaiHHA NpoeKTaMH HHU(POBi3anii onepaniiHUX MPOLECIB CUCTEMHU
HR-MeHeIDKMEHTY B O€3IEKOBHX CTPYKTypax Ul MiABHINEHHS iX e(eKTHBHOCTI Ta aZaNTHBHOCTI. Y CTaTTi BUPINIYIOTHCS
Taki 3aBJaHHs: PO3p0o0JICHO KOHIENTyalbHy Moaenb IudpoBoi Tpancdopmanii HR-mponeciB y 6e3mexo-opieHTOBaHUX CHCTEMaXx,
po3pobaeHo Monenp MUQPOBi3allii KaIpoBUX MPOIECiB Ha OCHOBI CTBOpeHHs E-kabiHeTy mpamliBHHKA, po3poOJICHO Ta OMHCAHO
METO/IM aBTOMAaTH30BaHOI IeHepalii eJeKTPOHHHMX KOHTPAKTiB Ta ix migmucanHs 3 BukopuctaHHsMm KEII. BukopuctoByroThbcs
Taki METOAM: METOAM MOJENIOBAHHS 30KpeMa rpadivuHe Ta CTPYKTYPHO-JIOTIYHE MOJCNIOBAHHS, LIO JO3BOJIMIO MOOYIyBaTH
KOMIUIEKCHY MOJeNb IH(poBOi TpaHChOpMAIlil Ta IEHTpali30BaHy MOAENb YIpPaBIiHHA. 3100yTO Taki pe3yJbTaTH: pO3pOOICHO
KOHILIENTyalnbHy Monens ImdpoBoi TpaHcdopmanii HR-mporeciB y 0e3neko-opieHTOBaHHX CcHCTeMax, sika (Gopmaitizye
B3a€EMOMII0 KaJpOBHX, OpraHizaliifHnX Ta iH(opMamiiHO-0e3ekoBHX KOMHIOHEHTiB. Ha ocHOBI 3ampomoHoBaHOI Mopeni
0oOIpyHTOBaHO Ta po3pobieHo meron nudposizanii HR-nporeciB nuisixom crBopenHst E-kabineTy mpariBHuKa, mo 3a0e3nedye
LEHTpaNi3alilo Ta aBTOMaTu3alio KimodoBux HR-omepamiit. ¥V Mexkax peamizamii MeToxy po3poOJIeHO i OMHCAHO METO[
AaBTOMAaTHU30BAaHOI TeHepalii, 30epekeHHs Ta IIiJIHCAaHHS eJIEKTPOHHUX KOHTPAKTIB 13 BUKOPHCTaHHSIM KBaJi(ikoBaHOTO
CJICKTPOHHOTO IiJIHUCY, 0 FAPAaHTY€e IOPUANYHY 3HAYYIIICTh Ta LITICHICTh €JIEKTPOHHOTO JOKYMEeHT000iry. ITokpaiieHo mporec
HOPUIHATTS YHPABIIHCBKUX pINICHb 3aBISKH KOHCONIJOBAaHOMY NOCTYIy IO IaHHUX y pEaJbHOMY 4Yaci Ta MOXKIIMBOCTSIM
HR-aHanmiTHKu, MOXIUBICTH BHKOPHUCTAHHS PO3POOJIGHMX MOJENeld Ta METOMAIB SIK OCHOBY Ui IUIAHYBaHHA Ta YNPaBIiHHSA
npoekTaMu IHGPOBOI TpaHcopMmamii B IHIIMX CHIOBUX CTPYKTypax YKpaiHH, aJanTyloud IX 10 crnenu(pikd KOHKPETHHX
Higpo3aiiB. BHCHOBKM: BIPOBaKEHHS Y3TOHKEHOI CTpaTEridHOl HOJITHKH 3 PO3POOKM Ta BHKOPHCTAHHS 1HpOpMauiiHUX
JaHUX COPHATHME MOZAEPHIi3alii Ta MIPUCKOPEHHIO MIPOLECIB YXBAJICHHS PillleHb Y PI3HHUX acleKkTax 0e3MeK0-0pi€HTOBAHUX CHCTEM.
TakuM YMHOM, 3a3HauYeHE BHIIE IIiJKPECIIOE BAXJIMBICTh HU(POBHX TEXHOJOTIH y peani3auii NpiOpUTETIB AEpKaBHUX CIYXKO,
30KpeMa X JOCTYIHICTB Ui 0COOOBOTO CKIIaay, a TAKOXK ITiIBUIICHHS €(PEKTUBHOCTI Ta BIPOBAXKEHHs 1HHO BAIlIfHAX PIillICHb.

KirouoBi cioBa: 1m¢poBizamis, aBToMaTH30BaHAa KOMYHIKallis, JepkaBHi CTpykTypH, HR-mMeHemxMmeHT, Oe3mneko-
OpIEHTOBaHI CHCTEMHU.

Beryn PO3YMIIOTECSI OpraHd AEp>kKaBHOI BIAAM Ta MiJIPO3ALNIH,

OCHOBHOIO (DYHKIIIEIO SIKUX € 3a0e3MeUCHHs HAI[lOHATBHOT

Y cydacHMX yMOBax PO3BHTKY CYCIIIbCTBA Ta Oc3mekw, [HBUIBHOTO  3aXWCTy Ta  pearyBaHHS

30KpeMa IPaBOOXOPOHHI
CTPYKTYPH.

TEXHOJIOTIYHOTO IpOrpecy o0coOiIMBOi  aKTyaJIbHOCTI Ha HaJ3BMYaliHI cuTyauii,

HaOyBae 1udpoBa TpaHchopMallisl CHUCTEM, IisUTbHICTD OpraHd Ta IHIII CHJIOBI BpaxoByroun

SKHX TIOB’S3aHa 13 3a0e3meueHHsAM Oe3MeKr HaceleHHS,
pearyBaHHsl Ha HaJ3BHYaliHI cuTyalii Ta 30epeKCHHIM
JKUTTEBO BAXIMBUX pecypciB aepxkaBH. EQekTuBHiCTh
poboTH OE3IMEeKO-OPIEHTOBAHUX CHUCTEM 3HAYHOK MIPOIO
3aJIeKNUTh BiJ JIIOJCHKOTO (pakTopa — IiJTrOTOBIEHOCTI,
npodecioHali3My Ta TCHXOJIOTIYHOI CTIHKOCTI TepCoHay.
[udposa Tpancdopmartisi JO3BOIUTH CTBOPHTH IHTEIPOBaHY
CHCTEMY KaJIpOBOTO MEHEIDKMEHTY, V sIKiil JlaHi, TeXHOJOTIT
Ta aHAITHKA MIATPUMYIOTh NPUHHATTS YIPABIIHCHKUX
pillieHb, ONTHUMI3YIOTh MiA0ip, HAaBYaHHs, OI[IHKY
H MOTHBAIIiIO KapiB, MiIBUIIYIOYX IMPH IIHOMY PiBEHBb

OTEPaTHBHOCTI Ta HAAIHHOCTI pOOOTH BCI€T CITyKOU.

AHaJIi3 npo6jeMHu il HAIBHUX METOAiB

YV Mexax [IaHoro HOCHIKEHHs I Oe3lmeKOBUMU

CTpyKTypamMu  (0€3MeKO-OpiEHTOBAaHUMH  CHCTEMaMH)

CTpareriyHy BaXKJIMBICTh LUX IMiJPO3JALTIB, B YMOBax
muppoBoi  TpaHcopmarii B
cucTeMax

Cy4acHol Oe3mexo-

OpIEHTOBaHMX 3aJIMIIAETHCS  AKTYaJbHOO
morpeda BHpINIEHHS HAyKOBOI NpOOJIEMH CTBOPEHHS
IHTErpoBaHOl CHCTEMHU KaJpOBOrO MeHeKkMeHTy. OCHOBHI
TPYAHOLIl MOJATAlOTh Yy BIACYTHOCTI YyHi(iKOBaHUX
B3aeMOfil, ehEKTHBHHUX

Mojeneil  iHpoOpMaIiiHOT

AITOPUTMIB  OOpOOKM JaHWX 1 HaNIHHUX KaHATIB
uudpoBoi KOMyHikarlii, siki BpaxoByBaJd O 0cOOIHUBOCTI
OIIePaTHBHO-CIY’)K00BOI  MISUIBHOCTI, pIi3HUHA  piBEHb
uuQpoBoi MIATOTOBKU MNEPCOHATY Ta BHCOKI BHUMOTH
Jo 3abe3neucHHs KibepOe3neku. i1 BUPIMICHHS I[HOTO
3aBJIaHHSI HEOOXIIHO PO3pOOHMTH HAYKOBO OOIPYHTOBaHi
METO/M Ta MPOrpaMHO-TEXHIUHI pilleHHs. BoHM moBuHHI
iHTerpyBatu icHyrodi wuudposi miarhopMu, MOOLUIbHI
aBToMaru3auii B  €IUHHUH

cepBichk Ta  3acobu

KOMYHIKalifiHUH mpocTip it moTtped  Oe3meKoBHX

© Martkiscbka X.C., 3auko O.b., Tpury6a A.M., 2026


https://doi.org/10.30837/2522-9818.2026.1.139

140

ISSN 2522-9818 (print)
ISSN 2524-2296 (online)

Cyuacnuii cman HayKosux 00Caiodcenb ma mexnHono2ii 6 npomucnosocmi. 2026. Ne 1 (35)
Innovative technologies and scientific solutions for industries. 2026. No. 1 (35)

cTpykTyp. Ludposizamis € CTIKIM TpeHAOM y Oe3meKo-
OpIEHTOBAaHHMX CTPYKTypax YKpaiHH, MO MIATBEPIKYE

BIIPOBADKEHHS IEP)KABHUX IIU(PPOBHUX CEPBICIB, TAKHUX SIK
«S-mobposonenp», CACKO, «Peseps+», Mis.

Taoéu. 1. Ananiz oepacasHux yupposux cepsicie i NPoePAMHUX 3ACMOCYHKIG Y chepi Kaopoeo2o ma 6e3neKo8020 YNPAGIiHHsI

Ha3Ba nporpamMHoro
3aCTOCYHKY

HinsoBa aynuropis

DyHKNiOHAJ IPOTPAMHOIO 3aCTOCYHKY

S-no6poBoenb

BomnonTepu Ta comiansHO aKTHBHI IpOMa/IsIHY,
TOTOBI IOMIOMAaraty y JiKBiAaIlil HaA3BHYAHUX
CHUTYyaIlili, TOTCHIIHHO PATYBaIbHUKHU-
nobposonbli. 100+ 3aBanTaxens Play Market
ctanoM Ha 2025 pik, hakTHYHA KITBKICTh MOXKE
OyTH BUIIOKO ITpU OQiIliifHOMY BITpOBaKEHHI

[Tnardopma st opranizarii Ta KoopauHamii xiit
JIOOPOBOJIBIIIB Y HAJA3BHYAMHUX CHTYAIIsX;
miaThopma HaacuiIae iHGOPMAIIiIO PO MOIii,
MapIIpyTH O Miclis MOJii; BKIIOYA€E KaJleHIap
JIOCTYITHOCTI yYacHHUKA Ta PEECTPALIiO 3 EPEBIPKOIO
JAHHUX

€ACKO
(exmHA aBTOMATH30BaHA
cucTeMa KaJpoBOro O0IiKY)

OXOIUTIOE 3aTaNIbHY YHCEIBHICTH 0COO0BOTO.
OyHKIIOHYBaHHSI CHCTEMH 3IHCHIOETHCS B
yMOBax 0OMEKEHOT0 IOCTYIY YIIOBHOBAKCHHM
KOPUCTYBa4yaM 3 JOTPUMAHHSIM BUMOT
iH(popMaLiitHOT Oe3MMeKH Ta 3aXUCTY
HEPCOHATBHUX JAHHX, 0 € KPUTHIHO
BaXJIMBUAM 11 6E31IEK0-OPiEHTOBHOI CTPYKTYPH

OyHKIiOHATBHE IPU3HAYEHHS ITOJISTae

y LeHTpPaJli30BaHOMY BeJICHHI, 30epiraHHi Ta
aKTyai3anii kKaapoBoi iHpopMaIlii mpo 0coOOBHIA
cknan. [liaTpuMye BUKOHAHHS BHY TPIITHIX
KaJpOBUX IMIPOLEAYP, MATOTOBKY CIIyKOOBOI
3BITHOCTI Ta aHATITHYHHUX MaTepiajiB 1is
YIPaBIIHCHKHX PillICHb, a TAKOXK 3a0e31edye
KOHTPOJIb JIOCTOBIPHOCTI ¥ TICHOCT1
MIEPCOHANBHHX JaHHX.

Jis I'pomansau Ykpainu Ta iHO3eMIIi 3 TOCcBiaKol0 | JlepskaBHUI MOOUTBHHMI cepBic «aepxaBa B
Ha NPOXKUBAHHS, SIKI KOPHCTYIOTHCS cMapT(OHI»: eNEeKTPOHHI TOKYMEHTH 3 IOPHITYHOIO
JIep>KaBHUMH TTOCITyTaMu CHJION0, IOCTYII JIO JICPXKABHUX IOCITYT OHJIaiiH;
B 1udpoBomy opmari. [lonax 23 miH. oopMIICHHS TIpaB, TEXIACIOPTY, CTATyCIB
KOpHUCTyBauiB craHoM Ha 2025 pik (BeTepaHiB, ciMeil 3arubInx)

Peseps+ BilicpK0B03000B’ s13aHI TPOMAITHI YKpaiHI YrpaBimiHHS BIICEKOBHM OOJIIKOM: €IICKTPOHHHMA

BikoM 18-60 pokiB, pe3epBicTH, IPH30BHUKH,
oco0w, 1o 6a)kaloTh OTPUMATH BiTEPMiHyBaHHS
Ta OpaTy yyacTb y peKTYpHHIOBHX HpoIiecax,

a TaKOX JKiHKM 3 MEINYHOK/BIMCEKOBOIO
cnenianbHicTO. [ToHa 5 MITH. KOpHCTYBaviB
craHoM Ha 2025 pix

BiliCEKOBHIT TOKYMEHT, BiITEpMiHyBaHHS 3a
MIEBHUMH KaTeTOPisMH (iHBaJIi ¥, MKITyBaHHSI)
rojiaya 3asB Ha BiICTPOUKY MoOuIi3alii, monryk
BakaHciii y 3CY, noctym 1o unugppoBoi BilicbKOBOT
ineHTudiKamii, OHOBIEHHS PEECTPALifHUX JaHUX.

[IpoBeneHuit anamni3z gepkaBHAX NH(POBUX CEPBICIB
1 TporpaMHHX 3acCTOCYHKIB y cdepi Oe3rmeku Ta
KaJIpOBOTO YIPABIIHHS CBIIUUTH MPO AKTUBHUH PO3BHTOK
CTPYKTYpax
VYkpainu. HasBHiI pimeHHS Opi€HTOBaHI Ha BUPIMICHHS

mudposizaii B 0e3rnexo-opieHTOBaHUX
OKPEMHX 3aBJIaHb, 30KpeMa 00JIiK IIepCOHAITY, KOOPANHAIIII0
IOOPOBOIIBINIB, HAAHHS JEPKABHUX MOCIYT a00 BEACHHS
BilicbkOBOr0 00JiKy. BogHouac anani3z (yHKIIOHATBHUX
MOJKJIMBOCTEH ITMX 3aCTOCYHKIB TIOKa3aB BiJICYTHICTh
€IMHOTO KOMIIJIEKCHOTO 1HCTPYMEHTY, CIPSIMOBAHOTO Ha
iHTerpoBaHe ympasniHHS HR-mpomecamu 3 ypaxyBaHHS
crerudiky 0e3MeKo-OpiEHTOBAHMX CHCTEM Ta HEOOXiTHOCTI
0e3mepepBHOTO TOCTYITy 0COOOBOTO CKIIAamy 0 KaIpOBHUX
CepBiciB Ta iHpOPMaIIfHUX TaHHX.

Hayxosa mistmeaicts C. [, Bymyesa, /1. A. Bymryesa
ta P.®. SlpomeHka CKOHIEHTPOBaHA Ha BJIOCKOHAJECHHI
METOJOJIOTI  VHPAaBITIHHA MPOEKTAMH, MpPOTpaMaMiu
Ta noprdensiMu B yMOBaxX CKIQJHUX COLIOTEXHIYHHX

O.L
ta JI.C. KoOuikiHa OXOIUIIOIOTh BHBYEHHS IMPUHIMIIB

cucteM [2, 3]. HocmimkeHHs KoBanpuyka

(opMyBaHHS Ta pO3BUTKY KOMIIETCHIIIH MEHEKepiB

NPOEKTIB, IHTerpamilo  iHQOPMAaIIfHUX TEXHOJIOTIH

y TIPOLIECH YTIPABIIHHSA IIEPCOHATIOM, a TaKOX aHaji3

BIUIMBY TOBCIIHKOBUX, CMOIIMHUX 1 KOTHITHBHHX
(dakTopiB Ha e(eKTUBHICTb BUKOHAHHS 1HHOBAI[IHHX
npoekTiB [8, 4]. OcobnuBy yBary aBTOPH NPHIUISIOTH
po3poOIli KOHIENIid yHpaBIiHHSA, OpPIEHTOBAaHMX Ha
LIHHOCTI, (OPMYBAaHHIO >XHTTEBUX LHUKIIB IOPTQEIB
PO3BUTKY OpraHizamiii 1 CTBOpEHHIO aJalTHBHUX
MoJiefiel yNpaBiiHHA B YMOBaX HEBH3HA4YEGHOCTI I
muppoBux 3MiH. PoboTm 1WMX yYeHHMX 3aKIamaloTh
OCHOBY HAayKOBOi IIKOJIM, sIKa IHTErpye€ CHCTEMHHUII,
KOTHITUBHUM Ta MMOBENIHKOBHH MMIAXOTU O YIIPABIIIHHSI
MIPOEKTAMHM, CHPSIMOBaHI Ha IIOCWIEHHS CTIHKOCTI Ta
iHHOBaIliifHOTO TOTeHIiamy opraHizamiii JocmimkeHHs
JA.B. DBonmaps TpUCBIYEHO TOMY, SK TJOOaIbHI
iH(popMamiliHi MOTOKH, HU(PPOBI TEXHOIOTII Ta IHTEPHET-
KOMYHIKallii BIUIMBAalOTh Ha CTpaTeriyHi HampsMH
PO3BUTKY 0Oe3MeKoBHUX CTPYKTyp [5, 6]. Y marepiamax
ABTOPIB PO3IJIIIAIOTHECS OCHOBHI TPEHIM BIIPOBAKEHHS
cy4acHHX iH(oOpMAaIiifHO-KOMyHIKaiHHUX TEXHOJIOTIH
y chepy HR-meHemkmeHTy Oe3MeKOBUX CTPYKTYP.
VY mocnimkeHHI MiIKPEeCTIOEThCS, MO Ui ePEKTHBHOTO
yIpaBIiHHS rJ100aJIbHOTO

KagpaMM B  yYMOBax
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iHpOPMAIIfHOTO ~ MPOCTOPY  HEOOXIMHO  PO3BHBATH
HOBI KOMIIETEHI{, NOCHIIOBaTH IMOPOBY KYyIbTYpY
Ta BOPOBA/PKYBaTH THYYKI YHpaBIIHCBKI — MOJelI,
Opi€eHTOBaHI Ha IHHOBalii, ONEpaTHBHY KOMYHIKalilo
1 oOMiH 3HaHHsAMH [1, 7, 11].

BopHowac ananmi3 HayKOBHX JDKepelsl IOKaszye, IO
IUTaHHS CTBOPEHHS IHTETPOBAHUX LHU(PPOBUX CHUCTEM
VIpaBIiHHSA TEPCOHAIOM JUIsl Oe3MeK0-Opi€EHTOBAHUX
CTPYKTYp IOCIIDKEHO HEIOCTaTHBO. BUIBIICTH iCHYIOUMX
pilleHb  OpiEHTOBaHI Ha AaBTOMAaTH3aIll0 OKPEMHX
KaIpOBUX IpOIenyp i He 3a0e3NnedyroTh KOMIDIEKCHOT
udposoi Tpanchopmarnii HR-npornecis.

Y 3B’A3Ky 3 IUM BHHHKAaE HayKoBa IpoOiema
PO3pOOIIEHHS MOoJieNieil Ta MeTOoAIB UQpoBizallil cucreM
VOpaBIiHHA TEPCOHAIOM y  Oe3leKo-OpieHTOBaHUX
opraHizamisix, SKi JO3BOJATH MiABUIINTH €(PEKTHUBHICTH
KaJpOBUX MpOIECiB Ta 3a0e3MeYdTH iX aJalnTHBHICTH
0 3MiH 30BHIIIHBOIO CepeloBUINA. He3paxkaroun
Ha 3HA4YHy KiTBKICTh MOCTIIKEHb Yy chepi mudposizarii
VOpaBIiHHA  NEpCOHAJOM,  INHUTaHHS  CTBOPEHHS
iHTerpoBaHUX (PPOBHX cepBiciB a1 HR-MeHemKMeHTyY
0e31eK0-0piEHTOBAaHUX CUCTEM TOTpe0ye MOAATBLIOTO
HAYKOBOTO OMpaIfoBaHHS. MeTO0I0 CTaTTi € po3pOOIEeHHS
uudposizarii

HR-meHemkMeHTy Oe3meKo-OpieHTOBAaHUX —OpTaHi3arliit

MoOJeIeH Ta METO/IIB CHCTEMH

Ha  OCHOBI  CTBOPEHHS  €JEKTPOHHOro  KabiHeTy
MpamiBHUKA, IO JO3BOJSE INIBUIIATH €(QEKTHBHICTH
Ta aJanTHBHICTD YIPABIiHHS KaIpOBUMH IPOLIECAMH.

JImst  MOCSATHEHHS TIOCTaBIIEHOI METH HeoOXigHO
BUPILINTH TaKi 3aBJaHH:

* TIpoaHANi3yBaTH CydacHWH cTaH Immdposizamii
KaJpOBUX TPOLIECIB y OE3MEKOBUX CTPYKTYPaxX;

*  PO3POOHUTH KOHIENTYaJIbHy MOJCHb IU(PPOBOL
tpancdopmanii HR-nponecis;

* (opmanizyBaTH B3a€EMO3B’SI30K MiX MapameTpaMu
ynpasiiaHs udposumu HR-npoextamu;

* pospobutn Mmeton Imdposizamii HR-mporiecis

Ha OCHOBI CTBOPEHHS €JIEKTPOHHOTO KaOiHETY IpalliBHUKA.

Bupimenns 3aB1aHus

Jns nocarHeHHS TOCTaBleHOI MeTH y poOorTi

PO3TISIHYTO  TEOPETHYHI Ta TMPHUKIAAHI  aCIeKTH
nudporizamii HR-mporeciB y 0e3nexo-opieHTOBaHHX
cucreMax. Y Cy4aCHOMY CBITi, Ji¢ TEXHOJOTii CTPIMKO
udposa

0COOJIMBOr0 3HAYEHHS IS CHUCTEM, MIO 3aliMalOThCS

PO3BHBAIOTHCS, TpaHcdopmaliss  HaOyBae
3a0be3neueHHsIM Oe3riekn HaceneHHs [9]. Pe3ynbraTtuBHICTH

poboTu Oe3MeK0-OpiEHTOBAHUX CHUCTEM 3HAYHOK MIipOIO

BU3HAYAETbCA  JIIOACBKUM  (akTopoM, a  came
ITiATOTOBJIEHICTIO, TPO(ECIOHANTI3MOM Ta IICUXOJIOTIYHOIO
CTIMKIiCTIO TepcoHaly. Y 3B’SA3Ky 3 LUM YIPaBIiHHA
KaJ[paMH B CUCTEMax, OPIEHTOBaHMX Ha Oe3IeKy, BUMarae
MiaXoay,

nudpoBizallii, aBTOMaTH3aIlii Ta aHATITHYHUX METOIB

CY4acHOTO 3aCHOBAHOTO Ha NPHHIMIAX
ynpaBiiHHA. TeopeTWdHa YacTHHA CTaTTi IMPHCBSYCHA
(opMyBaHHIO HAyKOBHX 3acajl Hn(ppoBoi TpaHcopmarii
HR-npomeciB  y  0e3mexo-opi€eHTOBAaHUX  CHCTEMax.
Y Mexax JOCHi/KeHHS OOIPYHTOBAaHO MIOIIBHICT
posrisiny HR-MeHemXMeHTyY sIK CKJIaIHOI OpraHi3amiiHo-
YIPaBIIHCBKOI CHUCTEMH, IO (YHKIIOHYE B yMOBax
MiABUILEHUX Oesnexku Ta

BHMOI' 10 HaIIWHOCTI,

OIIEpAaTHBHOCTI YNpaBIIHCHKUX pimeHb. Ha ocHOBI
aHaJi3y Cy4acHUX MiTXOMiB 10 IH(poBi3amii yrpaBIiHAL
MIEPCOHAJIOM 1 TPOEKTHOTO YINPABIiHHSI B CKJIAIHHUX
CTPYKTypax
nudpoBoi  TpaHchopMmariii

y 0€3MeKOBUX CTPYKTypax.

OpraHi3alifHIX BM3HAYEHO  KIIFOYOBI

TIPUHIIUITH HR-mporiecis
VY TeopeTHyHiil 4acTHHI po3po0JIEHO KOHIENTYaIbHY
uudpoBoi
y 0e3meKo-OpieHTOBaHMX CHCTEMax, sika 0a3zyeTbhcs Ha

MOJIeNb tpanchopmarnii  HR-mporecis
iHTerpaIii KaApoBUX, OpTaHi3aliifHuX Ta iH(opMaIiiiHo-
0C3MECKOBUX KOMIIOHCHTIB B €IMHE IM(POBE CEPEIOBHIIIC.

3anpornoHoBaHa MOZENs BimoOpa)kae IJIOTIKY MEpexomy

Bi  (parMEeHTOBaHOrO  TANepoBOrO  YNPABIiHHSI
MEPCOHAJIOM  JIO  I[EHTpaNi30BaHOTO  IH(poBOrO
HR-ynpaBniHHS 3  BUKOPHUCTaHHSIM  €JIEKTPOHHUM

cepBiciB camooOciyropyBaHHs. KoHIenTyanbHa MOAETh
BKJIIOYA€E TaKi B3a€MOIIOB’s13aH] OJIOKH: KaJIpOBi MpoIecH

(mpuitHATTS Ha CIykOy, TIepeBelCHHS, YKIaICHHS

KOHTPAKTIB, OOJIIK TepcoHaiy); iH(OpMaIliifHI MOTOKH
(BBenmeHHs, mepeBipka, 30epiraHHs Ta akTyaji3aiis
JaHuX); TAQPOBI IHCTPYMEHTH YNpaBiiHHA (e-KabiHeT
mpaiiBHUKa, 0Oa3a MOTYJTi

JaHUuX, CJICKTPOHHOI'O

JMOKYMEHTOO00iITy); MeXaHi3MH iHpopMamiiHoi Oe3nexu

Ta  KOHTPOJI  JOCTYIy; KOPHCTYyBadiB  CHCTEMH
(ocoboBuit CKJIaJI, HR-ciyxb6a, KEpiBHUK).
3ampornoHoBaHa MoJeNb  3a0e3nedye  opMalizaliio

HR-mporieciB Ta CTBOPIOE METOAOJOTIYHY OCHOBY ISt
udpoizarii
KaJpOBOI JIsUTEHOCTI Y 0€3MEK0-OPiEHTOBAHMX CTPYKTYpax.

pPO3pOOJEHHST  MPAKTHYHOTO  METOAY

VY neHTpi npeacTaBieHOl HiarpaMu 3HAXOAMUTHCS
«udposa Tpanchopmaniss HR-mporeciB y 6Gesneko-
ODIEHTOBAaHMX CHCTEMax», IO BHCTYNAE  SAPOM
Ta CTpPaTEeriYHUM HANpPSIMOM PO3BUTKY KaapoBoi pobOTH
y cdepi Oesmexu. Ileit enemeHT BigoOpaxkae mpoiec
rMOOKMX 3MIH y CHCTEMi YIIPaBIiHHS IIEPCOHAIOM —

BiJl TpaauLidHHUX, MNANEPOBHX YU PYYHHX MPOLEIYD




142

ISSN 2522-9818 (print)
ISSN 2524-2296 (online)

Cyuacnuii cman HayKosux 00Caiodcenb ma mexnHono2ii 6 npomucnosocmi. 2026. Ne 1 (35)
Innovative technologies and scientific solutions for industries. 2026. No. 1 (35)

JI0 KepoBaHHX LU(PPOBUX MIaThopMm, sKi 3a0e3neuyroTh
pyrurHI HR-nponecn.

TTocninoBuuit nepexisn Bif PYTHHHHX

MOBTOPIOBAJILHUX  KaJAPOBUX I[li/i a0 HaI[3BH‘laﬁHO

aJaNTUBHAUX iHQOPMAIIfHAX MEpPEX Ta aBTOMAaTH30BAHOT
KOMYHIKaIlii BCepeAMHI JEPXKABHOI  CIIy>KOHM, IO
0a3yroThCS Ha CTaHAAPTH3ALIi Ta CHPOIICHHI BHYTPIIIHIX
omepamiiiux  mpomeciB  HR-menemxmenty.  Takuit
nugpoBii

Tpanchopmariii. BoHa Hamae mepeBaru, moO BUXOAATH

mepexigy  MOXIMBHH  caMe  3aBASKH
JAIEKO 32 MEXI IMPOCTOTO MiIBUIIEHHS CTIHKOCTI IO
KPH30BUX YMOB, SIK KpaiHi 3arajioMm, Tak i ii Jep>KaBHUM
KOMIIaHisIM  Ta

CITyK00BIISM, CEKTOpY JAEp’KaBHOTO

ynpasnines. Lludposizamis 30UIbIIMTE aJaNTHBHICTH
1 CTyHiHb BIUIMBY AEp)KaBU B MIHJIUBOMY CEpEIOBHIIL
Hudposa
HR-menemxmeHTy

KpaiHH. TpaHcdopmanis  onepauniiHUX

MpoIIeCiB MOKPAIIUTh  IIUTICHE
YIpaBIiHHS [I€pKaBOI0 3 aKIEeHTOM Ha (OpPMYyBaHHS
JOCTYTTHOCTI ~ ocobmcTux  iHQOpMAIifHUX  JaHUX
0c0o00BOrO CKJIaay Ta MOXJIMBICTH OHJIAHH-TIOCITYT IS
HuX. L{ndpoBi iIHCTpyMEHTH JarOTh EpKABHUM CIyKX0am
3MOTY B3aJMIIATHCS Ha 3B'I3KYy 3 OCOOOBHM CKJIAJIOM
Ta OTPUMYBAaTH 3BOPOTHIH 3B’S30K Big HuX. BogHouac
nporiec  nugpoBoi TpanchopMmariii

PSAAOM OpraHi3alifHUX 1 TEXHOJOTIYHWX BHUKJIHKIB Ha

CYTIPOBOMIKYETHCS

puc.1 HaBeneHO Oap’epw, 1110 MEPEHIKO/KAIOTh PO3BUTKY
HR-mmudporizamii B Oe3mekoBux CTpyKTypax. Bucokwmit

piBEHb HEBHM3HAUEHOCTI 30BHILIHBOTO CEpEIOBHIIA,
O
NpauisHimm
3 Kinsxox
Bucoxwit pisexs noKoNiHL
HeBU3HaueHoCT!
Pecypen

BIJICYTHICTh  IHHOBAIIMHOI ~ KyJIBTYpH, SIKa CIIpHUSE
MIPUHHATTIO PU3MKIB, HEAOCTATHINH OIOMKET 1 pO3MUTICTh
KopropaTHBHOTO OadeHHs, Opak MOXIMUBOCTEH ISt
HaBYaHHS Ta PO3BUTKY NEpPCOHATY, a TaKOX CiIadKi
TEXHOJIOTIYHI 1 aHAJITUYHI HaBHYKH. J[0 1IOr0 JOAa€ThCS
HmiATpUMKa 3 KepiBHUIITBA Ha

HEIOCTaTHS Ooky

HEe3aJOBiIbHA SKICTh 1 JOCTYIHICTh TIEPCOHAIBHIX
naHux. Lli acmexT BimoOpaXkaroTh IOIIUPEHI BUKIWKH,
3 SIKHMH CTHKAIOThCS [IePXKaBHI YCTaHOBH B IIPOIECi
nudposizarii.
BUALTUTHA OOMEXEH] PecypcH, IHepIiHICTh YIPaBIiHCHKUX

Cepezl OCHOBHUX IICPCHIKOA MOXKHa

cucteM 1 1edinuT KBatiikoBaHUX KaspiB.

YV mexax mochimkenas edexktuBHicTh HR-cuctemu
PO3TIISAAETHCS SIK 37aTHICTH 3a0e3MeuyBaTH JOCSTHEHHS
Oprafi3amiiHuX HiJeH 13 MiHIMAIbHUMH BUTPaTaMHU 4acy
Ta pecypciB. AmantuBHicte HR-cucremu BU3Ha9aeThCs
SK 3JaTHICTb CHCTEMH KaApOBOTO YIPABIIHHS LIBHAKO
pearyBaTH Ha 3MIiHM 30BHIIIHHOTO Ta BHYTPIIIHBOTO
CepeloBHUINa, 30KpeMa 3MiHy CTPYKTYpPH MiApO3ALIiB,
KaJpoBUX TMOTpe0d Ta ONepaTMBHUX 3aBIaHb. TakuM
YHHOM, €(EeKTHBHICTh XapaKTEpU3ye pPEe3yIbTaTHBHICTh
¢yskmionyBanHs HR-mporecis, Tomi SK aganTUBHICTH
BimoOpaxkae iX THYYKICTh Ta 3HaTHICTH OO IIBHAKOI
nepeOyI0BY.

Iopsin i3 3a3HadeHWMHU  Oap’epamMu  iCHYIOTh
TAaKOX YHMHHMKH, IO CIPHSIOTH YCHILIHIA peamizamii
mugposoi Tpanchopmarii HR-mpomeciB. Born Takox
BifoOpakeHi Ha puc.1.

0

BiacymHicTs

HHOBALWHOI
KYNBTYDH NPUAHATTA
[T

Crpareriuia UHHICT

Ocofosui cxnag
Undposi TexHonorii
Moacexi pecypen
MpaKTyHi HaBHYKK
Crparerii

Opraxizauiisa cTpyxTypa

OcoboBHmit ckaaa

BiacymHicts
TEXHONOMIHX HABUNOK

yndposizauil HR-npouecis

Exowomis wacy anA Ginbw
edextusHol pobotn
CrpareriuHa nepesara

Oprauizauiina kynstypa BlacymHicrs . Uao;%:;ueu:;:pmuwma
HH "
1HOPMAUIIHI pecy HeBN3Ha4eHICTD HEBWMOK aHanisy
O o:::coslfoecfnc;m AN g . f&;«;:snim a;xy:pammﬁ )
Tt M
HaguansHuit pecype P in HR-npouecis 8 6 pi CHCTeMax ( |« Besnepewroasa HTerpauia
HR-Qymruil
Mucnenss Ta 3RATHICTL 20 * EMEKTUBHA KOMyHIKAUR
Te HA -
:D:lin;';ns HBEUHHA « Llini cTanoro po3svTky
AegxasHa
nonigxa Ta
PRrynIOBaHHA
HMiarpuMysosi ‘
O dakTopn /5[

Puc. 1. Mozens nudposoi tpanchopmanii HR-nporeciB y 6e3neko-opieHTOBaHUX cHCTEMax
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KomyHikauiiina  crpareris, 1o  3abe3nedye

e(eKTUBHY BHYTPIIIHIO B3a€EMOJNII0 MDK CTPYKTypamH,

COpUsie  y3rOJDKEHOCTI  CTpaTeriuHMX  pIllleHb  Ta
¢opmyBaHHIO €aMHOTO  1H(OPMAIIIHOTO  TPOCTOPY
Uit Oe3meko-opieHToBaHMX cucTteM. OpranizariiiHa

CTPYKTYpa, OpIEHTOBaHA Ha BIIKPUTICTH JO 3MiH
Ta Ha MATPUMKY IHHOBANil, CTBOPEHHS XOPOIIOTO
CepeloBHIIA ISl BIPOBA/DKEHHS IU(PPOBUX TEXHOJIOTIH.
Jlormomarae mpamiBHMKaM BJIOCKOHANIOBATHCH, MisITH
Ta TIPHCTOCOBYBATHUCH IO HOBUX CIIOCOOIB po0oTH.
JlepxaBHa TOJITHKAa Ta peryisATOpHa 0a3a CTBOPIOIOTH
NPaBOBi YMOBH JUISl BIIPOBA/DKEHHS IIU(PPOBUX TEXHOJOTIH
y poboTy 3 ymOpaBIiHHA TEPCOHAIOM  OE3MEeKO-
OpIEHTOBAHMX CHCTEM. 3aKOHOJaBye 3a0e3MeueHHs IIbOT0
MpoIieCy, OO3BOJMTH BIPOBAIUTH LU(POBI iHIMIaTHBH
3 CTpaTerisiMH PO3BUTKY Ta 3a0e3Ne4eHHs BHKOHAHHS
cTa"maptiB iHpopmamiiHoi Oe3nmexu. CmiBmpars Mix
IT-migpo3ninamu T2

0E3MEeK0-OPIEHTOBAHUX  CHCTEM

€ HEOOXiHOI TEepeIyMOBOIO UII  PO3pOOIIEHHS

IHTETPOBAHUX TEXHOJIOTIYHHUX pIlIEHb, IO JO3BOJISE
aBTOMATU3yBaTH IPOLECH KaJpOBOTO MEHEIKMEHTY
Ta TIJABUIIMTH C(PEKTHBHICTh AaHATITHKH KaJpOBUX
maaux [10]. KoopawHamis Ta TexXHIYHA MiITpUMKa
nepcoHally 3a0e3nedyroTh CcTadlibHe (QyHKIIOHYBaHHS
MUPPOBUX CHUCTEM, OMNECPATHBHE BHUPIMICHHS TEXHIYHUX
aJlanTariio  MpAIiBHUKIB  JIO

IIUTaHb Ta HOBHX

TEXHOJOTIYHUX 3MiH. PO3BHTOK HAaBHYOK HAaBYaHHS

Ta UUPPOBOI TPaMOTHOCTI BHCTYNA€E  Ba)JIMBOIO

yMoBoro  ycmimHOI  TpaHcdopmarnii  HR-mpomecis.

®dopMyBaHHS KOMIIETEHTHOCTEH y cepi BUKOPUCTAHHS

UU(POBUX IHCTPYMEHTIB MigBHIIY€E NpodeciiiHui piBeHb
MPAMiBHUKIB 1 COpPUSE MiIBUINCHHIO e()EeKTUBHOCTI
KaJpoBOro ynpaBiiHHig B winomy. [16] Ili uuHHUKH
BUCTYNAIOTh KaTaji3aTopaMu IHHOBalid B Oe3mexo-
OpIEHTOBAaHHX CHCTEMaxX, CIPHIIOUN e(PEeKTHBHIIIOMY

BHUKOPHCTaHHS PECYPCiB Ta MOKPALIEHHIO YIPABIIHCHKUX

TIPOIIECIB.
Ha pwuc.2 300pakeHO O4YiKyBaHi pe3yJbTaTd
uudpoBoi TpaHchopmarii, sSKi MaloOTh CTpaTeriyHe

3HAUYCHHA IJIA 663H€K0-Opi€HTOBaHI/IX cucreM. ExoHomist

yacy Ta  WiOBUIMIEHHS  edeKkTuBHOCTI  poboTH,

JIOCSITAETHCS 3aBASKHA aBTOMAaTH3allll pyTHHHHUX MPOLECIB
1 CKOpOUYEHHIO aIMIHICTPATHBHOTO  HaBaHTAKECHHST
Ha mepcoHas. CrpareriyHa mnepeBara 3a0e3MedyeThCS
OIBUAKAM  JOCTYIIOM [0 AakTyaJdbHOI iH(opmamii,
AQHATITUKK Ta MOJJIMBICTIO OINEPAaTHBHOTO MNPUHHATTA
PpIIIEHB. IToxpamienss KaJpOBOTO MIOTEHITiaITy
MUPPOBUX

IHCTpYMEHTIB OILIHIOBAaHHS, IPOTHO3YBaHHSI MOTPed y

peanizyeTbcsi  uepe3 BUKOPHCTaHHS
TIepcoHaJIl Ta IJIaHyBaHHsI Kap €pPHOTO pO3BUTKY [12-14].
EdextuBHe yrnpaBiniHHSI 0COOOBUM CKJIAI0OM OCATAETHCS
3aBJSIKM IIEHTPaNli30BaHUX CHCTEMaM OOIIKY, KOHTPOJIIO
Ta IDIaHYyBaHHA pecypciB. besmepemkomHa iHTerparis
HR-¢yHKkmin
kampoBoi poboTtn. EdekTnBHa KOMyHIKallis BcepenuHi

cpusie  00’€THaHHIO yCIX  aCIIEKTIB
CHUCTEMHU JIO3BOJISIE MIBHIKO MepenaBaTH 1H(GOPMAIII0
MK CTPYKTYpaMmH, IIIBUIIYIOYA piBEHb KOOPIMHAIII]
Ta B3aeMofii. JIOCATHEHHS IiJied CTajJoro pO3BHUTKY
mependadae MIABHINEHHS COIIabHOI, EKOHOMIYHOI Ta

€KOJIOTIYHOT CTIHKOCTI 0€3MEeK0-0PiEHTOBAHUX CHCTEM.

CTsopeHHA Ge3nepepBHOi CHCTEMM NPOGECIMHOro PO3BUTKY ANA CTIMKOrO
KaAposoro npTexyiany

TMOCUNEHHA KOMYHIKSUIMHMX MOKIMBOCTEN MiX KEPIBHMKGMM Ta
0COO0BMM CKNAAOM, 30KPEMa Y KPU3OBMX CHTYaLIAX

3abesneyeHHa npo3opocTi 4o HR-npouecie

Ontumisauia HR-aHaniTHKK

AsTOoMaTu3auia pyturHux HR-npouecis

Puc. 2. lupposa tpanchopmais HR-npouecis y 6e3neko-opieHTOBaHHX CHCTEMax

Takum uwmHOM, nudpoBa Tpanchopmaris HR-
NpoLeciB 0e3MEeKOBUX CTPYKTyp-1ie HE JIMILE TeXHIUHe
OHOBJICHHSI, @ U CTpareriyHuii KpPOK JO CTBOPEHHS
Cy4acHOI, aJlaliTUBHOT Ta CTIiiKOI opraHizaiii, 1e KOXeH

CHIBPOOITHMK  CTa€ 4YacTHMHOIO €auHOi  IMdpoBOi
€KOCHCTEMH YTIPABIIIHHSL.
Jis mpakTHYHOI pealizamii 3a3HAYCHHX IMIIXOJIB

HEOOXI/IHO MpoaHaji3yBaTH PECypcH, 110 3a0e3NneuyroTh
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uudpoBy Ttpanchopmanito HR-mpouecie 'y 6e3nexo-
OpIEHTOBAaHHMX CHCTEMaX. 3 aHallidy JaHUX, HABEICHUX
Ha puUC. 3, MPOAHA30BaHO OpraHi3alliiiHy CTPYKTYpYy
OXOILTIOIYH  BCi

Kateropii  0e3reKo-opiEHTOBaHUX

cucteM. Taka MaciITaOHICTh

JFOJCBKOTO  Pecypcy

3YMOBJIIOE BUCOKY CKJIJIHICTh OpraHizamii Ta CynpoBoay
HR-npornieciB, 30kpema 00JiKy 0COOOBOrO CKIAIY,
YKJIaJaHHS Ta IPOJOBKCHHS KOHTPAKTIB, YIPABIiHHSI
KaJpPOBHMH IICPEMIIlICHHSAMH, KOHTPOJIIO COILialbHHUX

rapaHTiid i JOTPAMAaHHS BUMOT 3aKOHOIaBCTBA.
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Oco0i1Boi akTyasbHOCTI TpobiiemMa e(heKTHBHOTO
YIpaBJIiHHS MEPCOHAIOM HabyBae B yMOBaX OOMeEXeHOT
YHCEJILHOCTI KaJIpOBHX MiAPO3ILIiB N, JI1(0)
MiATBEPIXKYETHCS CITIBBITHOMICHHSAM 3arajbHOl KiTBKOCTI
nepconany HR-menemxkepiB, fK Ha LIEHTPaIbHOMY,
TaKk 1 Ha TEPUTOPIATbHOMY pIBHSAX. Y 3B’SI3Ky 3 IIUM
mudpoBizalis  KaJApoBHX MpPOIECiB € He  JIHIIe
IHCTpYMEHTOM oNTHMi3amii, a HeoOXiJHOI YMOBOIO
3a0e3medeHHs e(peKTUBHOTO (YHKIIOHYBaHHS O€3MeKo-
OpIEHTOBAHHX CHCTEM.

3a BincyTtHOCTI IM(POBUX IHCTPYMEHTIB BHHHKAIOTH
TPYAHOIII 3 BEIEHHAM OONIKy 0Co00BOTrO CKiamy,
CBO€YacHUM (OPMYBaHHSIM JIOKYMEHTIB, aTeCTaLi€lo,
YIPaBIiHHAM BiAITyCTKaMHy, HapaxyBaHHSM IUIBIOBOI Ta
KaJIeHOapHOi BUCIYTH POKiB Ta iHIIUMH OOOB’S3KOBUMHU
mporenypamMu. Y CHCTeMi, JIe¢ JOMIHY€E OIepaTHBHUI
ckaan i me HR-iHpopmallis TOCTIHO OHOBIIOETHCH,
3aTPUMKN 200 TIOMHJIKH MOXXYTh MaTH CEpHO3HI HACIIIKU
TOTOBHOCTI

JUIS  OpraHi3amiiHOl Ta YIPaBIiHCHKUX

pimens. Ha pumc. 3 BimoOpaxkeHo MacmrabHy Ta

OaraTopiBHEBY OprafizamiiHy CTpPYKTypy Oe3meKo-
OpIEHTOBAHOI CHUCTEMH, IO XapaKTEPU3YETHCS 3HAYHOIO
KUTBKICTh PIBHIB YHpaBIiHHA 1 CKIQJHOIO CHCTEMOIO
Crpykrypa

YOpaBIiHHS, YUCICHHI YIPaBIiHHSA, BIIIUIH, CEKTOPY Ta

HiAMOPSIIKOBAHOCTI. OXOIUTIE  amapar
MIAMOPSIKOBAHI MiIPO3IUTH, MK SKHUMH iCHYHOTH SIK
TiHIMHI, Tak 1 (yHKmioHanmsHI 3B s3ku. KokeH piBeHB
BKJIFOUA€E JIECATKH CTPYKTYpHHMX OJIMHMIL 1 COTHI moOcal,
a B CyKYITHOCTI — THCSYi TMOcaj i3 PIi3HAM CTaTyCOM.
Taka posraixyxeHa iepapXis YCKIaJHIOE YIPaBIIHHI
MIEPCOHAJIOM, OOJIK IT0caj, KOHTPOIb MiAMOPSAKYBaHHS
Ta KaJpoBi MEpEeMILICHHS, 0 MiAKPECIIOe HEOOX1THICTh
CHCTEMHOTO Ta aBTOMATH30BAHOTO IiXOIY JIO0 KaJpOBUX
MIPOLIECIB y OE31IeK0-OPiIEHTOBAHNX CHCTEM.

VY koHTeKCTI 3abe3nedeHHs iHpopMaIiitHoi Oe3neku
(D) 0Ge3nexo-OpieHTOBaHUX CHCTEM, OCOOJIMBO B yMOBAaxX
iHTeHCHBHOI 1M(poBi3alii BHYTPIIIHIX omnepauiiHuxX
MIPOLIECIB, KIIIOYOBE 3HAYCHHS MAa€ CTPYKTYpPHA MOJEIb
ynpaeninnsa. [15] Ls Moznenp Bu3HAYae NPUYMHHO-
HACIIAKOBI 3B SI3KM Ta 3aJ€KHOCTI, HEOOXimHI s
JIOCSITHEHHS 1IJIbOBOTO cTaHy Oe3neku. OyHaaMeHTanbHe
BIZIHOIIICHHS 3aJIEXKHOCTI, IO PEryJo€ IMIIEMEHTAIIi0

Oc3mekoBUX  iH(GOpMAIIHUX  3aXOMdiB, OMHMCYETHCS
thopmyutoro 1
El € <t1,t2,...,ti;i = 1...n>

Ps; € (cl,cz, e, Cij =1 n) =>P=>D;, (1)
IT; €(q1,92, - Qs k=1..1n)
ne Ei — cepenoBuile i-ro TPOEKTY LU(POBi3alil;
Pi — uudposizarii

MPOEKT HR-mporecy;

ITi — IT-indpacTpykTypa migpo3ainy; ti - yac peamizarii
IIPOEKTY; Cj — BAPTICTh NMPOEKTY; qk — SKICTH pe3yibTary;
Di — crynine undposizauii HR-cucremu. Inpekcu i, j, k
BUKOPHCTOBYIOTBCSI JJISl BiZIOOpaXXEHHS PI3HUX BHMIpiB
MIPOEKTHOI TpiaJx yTpaBIiHHSA (Yac — BapTICTh — SKICTB)
y nporpami nudposizanii HR-npornecis.

3anpornoHoBana Mojelns Iudpogizarii HR-mporecis
0a3yeTbCsl Ha TPHHIMIAX IPOEKTHO-OPIEHTOBAHOTO
YOpaBIiHHA, IO BIATOBiZa€ CYYacHUM CTaHAApPTaM
PMBOK Ta P2M. VY wmexax wmogeni HR-mporecn

PO3MIAAAIOTECA SIK CYKYNHICTh KEPOBAaHHUX OIEpaIliiHIX

MIPOEKTIB, [0 MalOTh BH3HAYEHI MapaMmeTpu dacy,
BapTocTi Ta  sKocti. Takmi  migXig — HO3BOJISTE
¢dopmamizyBatn  mporec 1MppoBoi  TpaHChOpMAlii

Ta 3a0€3MEYNTH MOKIIUBICTh KUTBKICHOT OIIHKH CTYIICHS
mudposizanii HR-cucremu.

Hudposa Tpanchopmamis IepKABHOTO yIPABIIHHI
€ OIHMM i3 KJIIOYOBHUX

HATpsMIB  MOJIEpHI3aIii

myOMiYHOTO CEeKTOpYy Ta MiABUINEHHS e(eKTUBHOCTI
CTPYKTYP.
aKTyaJbHOCTI Il MUTaHHI HaOyBae y cdepi ympaBIiHHA

JISUTBHOCTI 0e3reKoBux OcobmmBoi
MIEPCOHAJIOM, OCKUIBKH €(eKTHBHICTh (DyHKIIOHYBaHHS

0€3MeK0-OpiEHTOBAHUX  CHUCTEM  3HAYHOIO  MipOIo
3aJICKUTH BiJl AKOCTI KaJJpOBOT'O MOTEHINATY, MBUIKOCTI
MPUAHATTS. YIPaBIiHCHKUX pIlIEHb Ta OIEPATHBHOCTI
00poOKku iH(popMarIii.

VY cydacHHX yMOBax KaJpoOBi HPOIECH y Oe3MeKOBHX

CTPYKTYpaxX XapaKTepPH3YIOTbCS 3HAYHOIO CKJIAJIHICTIO

OpraHizallifHUX  3B’A3KiB, BEJIHMKOI0  YHCEIBHICTIO
0COOOBOIO CKJIaAy Ta 0araTopiBHECBOIO CHCTEMOIO
ynpaBmiHHA.  TpamuimiifHi  WIXOOWM A0  BEACHHSA

KaJpoBOro oOJIKy, IIO TPYHTYIOTHCS Ha IIallepOBOMY
JOKYMEHTO00iry ab0o (pparMeHTOBaHUX IH(POPMAIIHHIX
cucTeMax, He 3a0e3NeuyroTh JOCTaTHROI ONEpaTHBHOCTI,
MPO30POCTI Ta IHTETPOBAHOCTI KaJPOBUX MPOIICCIB.

VY Mexax nociipkeHHs1 egexktuBHicTh HR-crcremun
PO3MIISAAETBCSL  SIK  3[ATHICTh CHCTEMH  YNPABIIHHS
TIepcoHaIoM 3a0e3IeuyBaTH JTOCATHEHHS OpraHi3aniiHux
el i3 MiHIMaJIbHUMM BUTpaTaMH pECypciB, 4yacy Ta
HaromicTs  aganTHBHICTH

YIPaBIiHCEKUX — 3yCHIIb.

HR-cucteMu BH3HAYacTbCAd SK 30ATHICTH CHUCTEMH

IMBHUJIKO pearyBaTtu Ha 3MIiHU 30BHIIIHLOTO Ta

BHYTPIIIHBOTO CEPEOBUINA, 30KpeMa 3MIiHY CTPYKTYpH
motped,  (QYHKIIOHATBHUX

MAPO3AUTIB,  KaJPOBHUX

3aBJJaHb Ta HOPMATHUBHUX BHUMOT. Taxum YUHOM,

e(EeKTUBHICTh XapakTepusye Ppe3yJIbTaTUBHICTh
(GYHKIIOHYBaHHS CHCTEMH YIPaBIiHHS MEPCOHATIOM,
TONl SK aJanTUBHICTH BimoOpakae i1 THYYKICTH Ta

3MIATHICTH /10 TpaHchopmallii B yMOBaxX HEBH3HAYEHOCTI.
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OmHuM 13 TEPCHCKTHBHHUX HAMPSAMIB BHPIIICHHS
3a3HAUEHUX MPOOJEM € BIPOBAKEHHS HUPPOBHUX

CUCTEM HR-menemxmenry, K1 3a0e3MedyIoTh

IHTErpallito KaJAPOBHX JaHWX, aBTOMATH3AIil0 KaIpOBHX
npoueayp
Ha OCHOBI aKTyaJIbHOI iH(OopMaIIii.

Ta TATPUMKY YIPaBIiHCHKUX  PIllICHb

Ha ocHOBI HamaHuWX mKepen, BHCHOBOK OO

NPUYNHHO-HACITIIKOBOTO 3B SI3Ky MDK ~ 0€3MeKOBUM

YIPaBIiHHAM, IPOEKTAMH EKCIITyaTallii Ta JOCATHEHHSIM

Oesmexkn  (ommcaHuit  gopmyinoro 1)  BizyaJbHO

PETPE3EHTYEThCSI  CXEMATHYHUM  300pakeHHSIM  Ta

OIMCOM KJTIOYOBHX OJOKiB [18, 19].
[pakTiuHa JacTHHA CTarTi MIPUCBSYCHA
pearmizariii  3aIpOINIOHOBAHUX TEOPETHUYHUX TIOJ0XKECHB

1 KoHmenTyaidbHOI Mozeni mmdpoBoi Tpanchopmarii

HR-mporieciB 'y 0Ge3MEK0-OpiEHTOBAaHMX  CHUCTEMAax
Yy BHNIIAI TPUKIAAHOTO  MeTomy  nudposizarmii
HR-nisuteHOCTI.  [IpakTmuny ampobarmiro  37ificHEHO
IUIIXOM pO3pPOOJNEHHS Ta BIPOBAIKEHHA METOLY
mudposizanii  HR-mpomeciB  Ha  OCHOBI  CTBOpEHHS

e-KabiHeTy TpaliBHUKA, KU (yHKIIIOHY€e SIK IHTErpOBaHE
muppoBe
Y Mexax MpaKTHYHOI YaCTHHH PEaji30BaHO ITOCTAITHY

kmouyoBux  HR-npouenyp,
nuppoBoi  OpraHiz3amiiHOl  CTPYKTYpH,
LEHTpPaNi30BaHuil 00JIiIK 0COOOBOTO CKIaay, YHpaBJIiHHA

Cepe/IoBHIIC  YNPABIIHHA  MEPCOHATIOM.

aBTOMATHU3AIIII0 30KpeMa

(hopmyBaHHS

KaJpOBUMH MIepeMilICHHIMHA Ta CJIEKTPOHHHUN

JIOKyMeHTO00Ir. OCcoOMMBy yBary MpHUALICHO peatizarii
METOly  aBTOMAaTH30BaHOL

TeHepamii  eIeKTPOHHUX
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KOHTPAKTIB, 1X 30epexeHHs, BepuGikallii Ta miImucaHHs

3 BUKOPUCTAHHAM KBaJ’Ii(I)iKOBaHOF (0] CJICKTPOHHOI'O

Hi,Z[HI/ICy. HpaKTI/I‘IHa JacThUHaA TaKOX BKJIO4a€e

pearizamito MexaHi3MiB aBTeHTH(]IKalil KOpPHCTYBadiB,
JOCTYITY hi(y
OpraHi3aliifHO-OpraHi3alifHOl CTPYKTYpH, IHTErpamito

pO3MEXyBaHHS  IIpaB BiJIIOBiTHO

pemsAniitHoi 6a3m maHWX Ta BeOiHTepdeicy, a TaKoX

3aCTOCYBaHHS ~ IHCTPYMEHTIB  aaMIHICTpyBaHHS 1

KOHTPOJTIO ITUTICHOCTI KapOBUX JaHUX.

Y  Mexax JIOCHI[DKEHHS pO3poOIIeHO  MEeTon
nudpoBizalii  KaIpoBUX ~ TpomeciB y  Oe3meko-
OpDIEHTOBAaHMX CHCTEMax, peaJi30BaHUIl Ha OCHOBI

ctBopeHHs1 E-kabiHeTy mpalliBHUKA. 3ampOIOHOBaHUI
METOJ CIpSIMOBaHMK Ha (opMmaizaliio, aBTOMaTH3aIlo
Ta meHTpanizanito HR-mpomeciB mmsxoMm mnepeHeceHHs
KIFOYOBHX  KaJPOBHX

omepauiifi y  3axuineHe

BebcepeoBHIIe 3 BUKOPHCTaHHSIM CYJacHHUX

BEOTEXHOJIOTiH, CEpBEPHOI JIOTIKM Ta PEJSIiHHOI JaHUX.
Meton umdpoBizamii OUITXOM CTBOPEHHS e-KabiHeTy
IpariBHAKa LEHTPaTi30BaHOMY

IPYHTYETbCS  Ha

30epiraHHi KaApOBHX [aHUX Y €IWHOMY LH(POBOMY

CEpEIOBUINI, TIIOCTANMHIA  aBTOMATH3aIlil  KIFOYOBUX
KaJpOBUX MpOLEAYP, PO3MEKYBAaHHI TMpaB JOCTYILY
BIIMIOBIMHO JI0 OpraHi3allifiHOi Ta OpraHi3aIiiHol

CTPYKTYpH, IHTETpalii eIeKTPOHHOTO TOKYMEHTOOOIry

3 MEXaHi3MaMH CJICKTPOHHOT'O r[i)lrmcy, a TaKOX

3a0€e31eueHoCT1 iTICHOCTI Ta JIOCTOBIpHOCTI
KajpoBoi iHQopMmamlii BIPOJOBXK YCHOTO >KHUTTEBOTO

nukiry HR-mporecis.

IHCTpYMEHTADIR I T-HpacTpyaTypu (1)

Bxin g4, Gz, Q80 1T

ToKasHMEN REOCT]
MposKTY

—

(o

[ocRreHHa UINICHOCTI T8 KoHMiAsHL#H0CT
NEpCoHansHWY fasuy ocof0B0ro cKragy Ta
cTiikocTi HR-CHCTEMM

Puc.4. CxemarnuHe 300pa)KeHHs Ta OMKC KIFOUYOBUX OJIOKIB
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3anporoHoBanuii MeTon mudposizamii HR-mpomecis
Ha OCHOBI cTBOpeHHs E-ka0iHeTy npamiBHUKa 300paXKeHO
Ha pHUC. 5 MOCHiIOBHMMH €TalnamHy, L0 OXOILIIOIOThH
uudpooi CTPYKTYpH,
aBTEHTH(IKALII0O Ta PO3MEXKYBaHHSI WIPaB [OCTYILY
KOpHUCTYBadviB, BBeIeHHs i aaMiHicTpyBanHs HR-maHmx

11 (A

PopMyBaHER JocTyn Ta aETOpH3amiA

dhopMyBaHHS OpraHizamiiHoi

KOPHCTYBIdIE aXMIHICTPYBAHHS

KAJPOEO] CTPYKYTPH HR

EeDI

Puc. 5. Etanm peamnizanii MeToxy e-kabiHeTy npaniBHHKa

Y pamkKax HOCHIIKEHHS PO3pOONIEHO CTPYKTYpYy
0a3um maHux iHQOpPMAIIIHOT CHCTEMH EIIEKTPOHHOTO
KaJpoOBOTO JOKyMEHTOOOIry, peasli3oBaHy Ha OCHOBI
PostgreSQL. [lnst angMiHiCTpyBaHHSA Ta Bisyautizamii
CTPYKTYpH 0a3M OaHWX BHUKOPHCTOBYETHCS TpadidHuit
iHcTpymMenT DBeaver puc. 6. Pe3ynpraTH BKITIOYAIOTH
JIETaJIbHO BUKJIAJICHY apXiTEKTypy B3aeMojii KOpHCTyBada
i3 BeOiHTepdelicoM, MeXaHi3MH IEepeBIpKH BBEIECHHUX
JTAaHWUX, a TAaKOXXK TEXHOJOTIYHI MPOLEAypH aBTOMATHIHOI
reHepauii KOHTpakTiB. Y paMKax JOCTi[DkeHHsS OyB
3allpONOHOBAHMN TiAXim 10 30epeXeHHS CTBOPCHHUX
CJICKTPOHHUX JOKYMCHTIB y 0a3i JaHWX, 1X MOJAJIBIIOro
aIMIiHICTpYBaHHSA, a TaKOX IMIATBEPIKCHHS 3 OOKy
ajMiHicTpaTOopa Ta KOpucTyBaua. [IpoBeneHumii anami3
IOBIB  €(DeKTUBHICTH PO3POOJIEHOTO METOdYy, SKHU
rapaHTye ITICHICTh Ta JOCTOBIPHICTB, 3pY4YHICTH 0OPOOKH
CJIEKTPOHHUX KOHTPAKTiB, THM CaMHUM CIPHSIOUYH
aBToMaTH3aIlil Ta ontuMisaitii HR-mporieciB B eleKTpoOHHOMY
JTOKYMEHTOO0ITy B IN(POBOMY CEPEIOBHIITI.

[Ticns uporo peanizoBaHO Tpoliec aBTOpHU3amii 3a
JIOTIOMOTOI0 MOBH mporpamyBaHHs PHP 3 pisanMun
crnocobamu Bxony. Y 0a3l JaHMX CTBOpEHO TaOJIuII
KOPHCTYBaYiB, SIK1 BIIIOB1JAIOTH BCTaHOBJIEHIH
opraizaniiiHiit ctpykrypi. Kpim Toro, 0yno HamexHUM
YMHOM HaJAIITOBAHO 3B’SI3KM MDK IIMMH TaOJIMISIMH,
IHTErpamilo JaHux Ta

mo 3a0e3rnedyye KOPEKTHY

B3aEMOJIII0 MK 00’ektamu cucteMH. Po3pobieno
OpraHi3aliiHy CTPYKTYpYy miapo3auty N, sika J03BOJISE
MpU3HAYATH IIOCAJOBHX o0Ci0 Ta 3AilicHIOBaTH iX
nepeMilleHHs K BcepeauHi miaposainy N, Tak i 3a #oro
Mexxamu. [Ipoliec BBEIEHHS JaHWUX MPO MEPEMIllCHHS
NPOBOANTBCS  4epe3 BeO-iHTepdeic 3  MOJaNIBIIO
CHHXpOHI3aIli€ro 3 023010 JaHUX.

BuBeneHo Ta0nuIr0 i3 mepenikoM  0co0OBOro

CKJIamy i3 MOXKJHBicTIO y Web BHOCHTH [aHi MpaiiBHAKA.

yepe3 BeOiHTep(eiic, aBTOMAaTH30BaHy TI€HEpamlilo Ta
LEHTpali30BaHe 30EpeKEHHS CIICKTPOHHUX KOHTPAKTIB,
a TakoX iX Bepu(IKAIliIO 1 MIIHUCAHHSA 3 BUKOPHUCTAHHIM
KBaJTi(hiKOBAHOTO EJIEKTPOHHOTO MIANKUCY, IO 3abe3nedye
IOPUAMYHY 3HAYYIIICTh 1 KOHTpoiboBaHicTh HR-mpomecis
y 0e3MeK0-0piEHTOBAHOMY ITU(PPOBOMY CEPEAOBHIIII.

. Y o
[ N —_— =~ —

30epexenns Ta Beprdirania Ta

OLINHCAHES
3 eaxopEcragaaym KEI]

YOPaBLIHES

CTATyCaMH JDK}'.\!&HTiE

®dororpadii

HamamroBano

nomaBaHHA — (oTorpadii.

30epiraloTbcss Ha  cepBepi, y pasi
¢dotorpadii
CHCTEMI cepBepa 3 yHIKaIbHUM ieHTU]IKaTOpoM Qailiry.

penaryBaHHs
30epiraHHa 3IOIHCHIOETBCS Yy  (aiinoBiit
Takoxx po3pobieHO Tepermik Ta MiAIOPIIKOBaHICTh
CTPYKTYPHUX TIJPO3AUTIB y CTPYKTYpi «IepeBa» i3
MOJJIMBICTIO pefaryBaTtu Ta gojaBatu y Web cropiHii
i3 TTOJTAJTBIIIOK CHHXPOHI3aIi€I0 3 0a3010 nanux [17].
Cxema imocTpye 3arajabHy JIOTIKY (yHKIIIOHYBaHHS
CHUCTEMH: BIN TOJAaHHSA 3asiBKH uepe3 BeOCalT Jio
3aBEpIIATHHOTO eTaly YIpaBliHHSA Ta Bepudikarii
CJICKTPOHHUX JOKYMCHTIB. 3ampONOHOBAHHUN  IMiAXIT
3a0e3medye aBTOMAaTH3AII0 TOKYMEHTOOOITY, IiABHIILy€
e(eKTUBHICTE  00pOOKHU

iHpopmamii Ta  crpuse

CTBOPCHHIO 3pyYHOTO H iHTYITHBHOTO CEpeNOBHINA IS
KOpHUCTYBaviB iH(pOPMAIIHHOI CHCTEMH.

[pouec po3moYMHAETHCSA 3 TOTO, IO KOPUCTYBad,
KM Oaka€ YKJIacCTHM KOHTpakT abo € TNpaliBHUKOM
KaIpoBoi CITy>kOH, BiIKprBae Be03acTOCYHOK y Opaysepi.
e moxe OyTH 3axuIleHHH BeOmopTan, po3MilleHUi
Ha JIOKAIEHOMY cepBepi abo B iHPPACTPyKTypi Mepexi
OpraHiB IHUBUIBHOTO 3aXUCTy. 3amuT OOpPOOISIETHCS
cepsepom Apache HTTP Server, sxuii mepeHarpaisie
fioro 1o PHP-inTepnperatopa. Cucrema aBTeHTH(DIKAIIT
11t 3a0e3neyeHHs Oe3Nekn TaHuX MOYKe BUMAaraTtu BXOIY
Jo ocobucroro kabdinery. Jloctyn no ¢opmu KOHTpakTy
J03BOJICHO ~ JIMIIE  aBTOPH30BAaHUM  KOPHCTyBayaM.
[Ipouec nepexoauts y BimoOpaxkeHHs (OPMH MOJAHHS
3agBKkM. Ha mpoMy erami KOpHCTyBad OTPHMYE JOCTYII
110 BeOopMHU, MPU3HAUCHOT JJ1s1 BBEACHHS MEPCOHATBHUX
i mpodeciiiHIX MaHWX, SAKi TOTPiIOHI IUIT CTBOPEHHS
po3pobiieHa  3a
opopmieHa 3a pgomomororo CSS,

KOHTPAKTYy. JIOIIOMOT OO
HTML, a PHP
BHUKOPHUCTOBYETHCS ISl JMHAMIYHOI reHepariil eJIeMEHTIB,

dopma

SIK-OT 3aBaHTAKECHHS Teperliky rmocan i3 0a3u HaHuX.
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TurnoBi mosnsi: BUOIp TUIY KOHTPAKTY (PO MPOXOHKEHHS no OaTbKOBi, JaTa HApPOJDPKEHHS; CIeliajibHEe 3BaHHS,

CITyOU ITUBUTEHOTO 3aXUCTY; PO HABYAHHS (IIPOXOKCHHS HaliMEHyBaHHSI IIOCaaM; ajapeca MICId HPOKUBAHHS;

CIIy’)KOM  UMBUIBHOTO  3aXKCTY); TMpo mepeOyBaHHS MacrmopTHI  JaHi;  BuUOIp  TepMiHy  KOHTPAKTy

Y pe3epBi CiIy)KOM HUBUILHOTO 3aXUCTY); MPi3BHIIE, iM s, (Bin 1-5 pokiB; Ha TepMiH HaBYaHHS; HAa 5 POKIB).
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Puc. 6. I'padiunnii inctpyment DBeaver mis po6otu 3 6a3zoro nanux PostgreSQL: a) B3aemonis 6a3u ganux; 0) 6a3a maHUX TaOmULIi

KOPHCTYBauiB BiJMOBIZHO 0 OpraHizaliiHol CTPYKTYpH
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Puc. 7. Be6-intepdeiic EnexrpoHHOro kabiHeTy mpamiBHHKa Oe3meKoBoro miapo3airy N: a) e-kaOiHeT 3 0coOHCTO0 iH(pOpMAIIiEo

Ta MOXJIMBICTb pe/laryBaTu Ta JO/IaBaTH HOBUX IPAIiBHUKIB; 0) CIIMCOK OpraHi3auiitHoi cTpyKTypH B 6a3i gaHHX

dopma TaKO)K MOXE BKIIOYAaTH  €JIEMEHTH
JUIs  TIATBEPIXKEHHS 3rOAM 3 YMOBaMH, JIOJABaHHS
€JIEKTPOHHOTO MiINucy a00 3aBaHTaXXEHHS JIOJaTKOBHX
JIOKYMEHTIB, TAKHX SIK CKaHM MacropTa ToIlo. Bamigaris
BBeneHux ganux (PHP). ¥ PHP-ckpunti, skuit 00pobiisie
JlaHi, OTpuUMaHi 3 (OPMH, pPEaTI3yEThCS MOMEPEIHs
nepeBipka (Bamimamis) BBemeHoi iHdopmarii mepen
BUKOHAHHSAM OyIb-SKMX OINepamid i3 0a3010 JaHHX
a0 CTBOpEHHSM JOKYMEHTiB. Y pa3i BHABICHHS
HNOMIJIOK KOPHCTyBauy OyJe BHBEAEHO IOBIIOMIICHHS
3 JeTQJIbHUM ONKMCOM HpoOJIeMH Ta peKOMeHAaril
oo 1 ycyHeHHs. HacTynmHUM eTanoM € ImiJKIo4YeHHs
no ©Oasm pmanux. Ilicms mepeBipkM JaHMX —CKPHIT

pPO3MOYMHAE MPOIEC MMIAKIIOYCHHS [0 0a3d JaHuX

JonaTtkoBo MOXXe 3IMCHIOBAaTHUCH JIOTYBaHHS, SIKE
BKJIIOYA€E ICTOPIIO 3MIH Ta 3amKc YCiX Aid KOpHCTyBaua
JUISL TIOJIBIIOro aHaiizy abo ayauty. LleHTpambHuM
€TaroM Yy TMpoleci € CTBOPEHHS EJIEKTPOHHOTO
KoHTpakTy. [Hdopmanis, orpumana 3 ¢opm Ta 0asu
JMAHWUX, IHTCTPYEThCs Yy I11abioH goroeopy. llei mporec
MoOXKe OyTH peaiizoBaHWil JBOMa OCHOBHUMH METOIAMH
abo Bukopucranns mabmony HTML + CSS jus
Opay3epi

JIOIIOMOT OO

neperIagy JOKyMeHTa Oe3locepesiHhO0 B
PDF-¢aitny  3a
6i6miorex PHP. Ilicnst mporo mepexiz A0 HAacTYIHOTO

abo reHeparis

erany 30epekeHHs KOHTpakTy B  0a3l  JaHHX.

[Micns popmyBaHHS AOKYMEHT MOXe OyTH 0OpoOseHMi
30epexxeHHsIM Yy (ailioBiit cuctemi cepBepa y dopmarax
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.pdf a6o .html, npu upomy B 0a3zy naHWX BHOCUTHCS

¢aiiny, a

Kopucrysau 3axoauts Ha
BeOcaiiT (uepes Gpaysep)

IUISX JO0 ILOro TaKOXK 30epexeHIM

®dopma 1ojaHHs 3as1BKU
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3 enekTpoHHuM 1mdposuM miamucom (ELIIT) a6o
kBaniikoBanum enexrponHuM mignucom (KEIT).

OkxpiM TOro, KOPHCTYBau MOXKE 00paTu mnepexi
JI0 icTopii CTBOpEHHX KOHTpPAakTiB ab0 Ha CTOPIHKY, IO
JO3BOJIAE MATBEPDKYBAaTH YHM pelaryBaTd JOKYMEHTH.
Jnst agMinicTpaTopiB 4M (axiBLiB YHPaBIiHHS IEPCOHATY
0e31eK0-OpIEHTOBAHUX CHUCTEM JOCTYIIHa MOJKJIHBICTh
e(eKTUBHO IeperisigaTd, aHali3yBaTH Ta penaryBaTH
maHi 3a  gomoMororo  iHTepdeiicy DBeaver —
baratodynkmionamsHoro SQL-kimieHTa. 3a HE0OXiTHOCTI
MOJKHA TaKOXX HAJNAIITYBaTH OKpeMHi BeOiHTepdeiic aust

a}_'[MiHiCTpaTI/IBHI/IX 3aBJaHb, 110 BKIIFOYATHMC aBTOpI/I?;aHiIO

Tab6a. 2. Texnonoeii'y cxemi eeHepy8ants KOHMPAKMY

KOpPHCTYBa4iB 1  pO3MEXKYBaHHS IpaB  JOCTYIY.
KopuctyBau orpumye gmoctynm 10 cOpMOBAHOIO
JOKYMEHTa, IpH LbOMY 0a3a JaHUX OHOBIIOETHCS

BimmoBimHO. KOHTpaKT cTae MOCTYMHUM JUIS MEPerIsLy,

APyKy
orepariiid. 3a HeoOXiTHOCTI, CHCTEMY MOKHA IHTEIpYBaTH

i ATTACaHHS, a00 TPOBEHCHHS IONAIBIINX
3 Jep)KaBHUMH iHQOPMAIifHIMH CcepBiCaMu, TAKUMH SIK

CHCTEMH EJIEKTPOHHOTO JIOKYMEHTOOOIry, JepikaBHi
peectpu  Yn TUIATGOPMHU  EIEKTPOHHOTO IHU(PPOBOTO
i BHIIY €

IOPUIUYHY YUHHICTD JOKYMEHTA Ta IIOJIETIIyE MPOLEC

miamucy. Take  iHTErpyBaHHsS  3HAYyHO

HOro BUKOPUCTAHHS y (JOPMAIBHUX 1 IPABOBHX BiTHOCHHAX.

ETtan npouecy Texnosoris Onuc
1-2 HTML + PHP CtBOpeHHs GOPMHU BBEICHHS
3 PHP [NepeBipka gaHnx
4 PHP + PostgreSQL 3'ennanss 3 bJ]
5 PHP (TCPDF a6o mabnonn) ['enepariist KOHTpaKTy
6 PostgreSQL 30epekeHHs
7 HTML + PHP Busin pesynsraty
8 DBeaver [lepermsin Ta ynpaBiiHHSA
BucHoBkH Hanpsmku nooanvuiux docniodicens.
1. IpakTHYHUMHU pe3yNbTaTaMH CTajla KOHIISTIIIis
Y pesynbrari  TPOBEAEHOTO  JOCII/DKEHHS cTparerii B paMKkax mnpoekty E-kabiHeTy mnpaliiBHHKA.

OOIpyHTOBAaHO HEOOXiAHICTh IM(POBOi TpaHchopmarii
KaJpOBUX TIPOIECiB Yy OE3MEeKOBUX CTPYKTypax, IIo
3YMOBJICHO CKJIaJHOI OpraHi3aliiHO0 CTPYKTYpOIO,
3HAYHOIO YHCENIBHICTIO TEPCOHANY Ta 0araTopiBHEBOIO
CHUCTeMOI0  ympaBiiHHsa. Tpamuiifini  miaxomuw 10
YIpaBIiHHS IIEPCOHAIOM He 3a0e3edyloTh JIOCTaTHBOT
OMEPaTUBHOCTI, MPO30POCTi Ta e()EKTUBHOCTI KAJAPOBHX
mporenyp, IO aKTyalli3ye TOTpedy Y BIPOBAKECHHI
UPPOBUX
Po3pobiieno Ta rmpeacTaBieHO Taki HAYKOBI pe3ysIbTaTH:

IHCTPYMEHTIB  YNPABIIiHHS  TEPCOHAJIOM.
1. 3anporioHoBano Mozelnb 1UdpoBoi TpaHchopmaryii

VIpaBIiHHA MEpCOHAoM Yy  0e3MeKOOpi€HTOBAHUX
oprasizauisix, o IHTErpye opraHizauiiiHi, iHpopmaiitHi
Ta aHAJIITHYHI KOMITIOHEHTH 1poBoro HR-MenemxmenTy.

2. TlpoananizoBaHo aucOanaHc Mik MacmTaboM
opranizamii Ta Kinpkictio HR-¢axiBmiB Ha 0CHOBI
CIMPOCKTOBAHUX OpArHi3alliiHUX CTPYKTYp OE3MeKOBOro
migpo3miny N.

3. ChopMyIbOBaHO B3AEMOMIID MiXK OE3MEKOBUM
YIPaBIiHHAM, IPOEKTAMU EKCIUTyaTawii Ta JOCSATHEHHAM
0e3reky, TakoXkK Bi3yaJbHO PENPE3CHTYETHCS CXeMaTHYHUM
300pa’keHHSIM Ta OMTUCOM KITFOUOBHX OJIOKIB.
apXiTeKTypy
3a0e3neueHHs e-KaOiHeTy IpaliBHUKa, sSKa 3abe3redye

4.  PospobieHo POTPaMHOTO

aBTOMATH3AI[IF0 OCHOBHUX KaJPOBHX MPOIIECIB.

3a0e3IeueHHs

CTPYKTYP.
Horo xonmemis mnependayae CTBOPEHHA IH(PPOBOTO

Len

crierudiyHnX

IHCTpYMEHT PO3pOOJICHMH /ISt
3aBJaHb Jiep>KaBHUX
CEepeIOBUINA CaMOOOCITYrOBYBaHHS MPAI[IBHUKIB 3aBISIKH
aBTOMAaTu3alil PyTHHHUX 3aBIaHb, CIIPOLICHHIO JIOCTYITY
JI0O OCOOMCTHX JaHHX 1 JOKYMCHTIB Ta IiIBUIIICHHIO
3araibHOI TPO30POCTi TMpoIieciB. BaykTMBUM BHCHOBKOM
JOCIHI/DKEHHSI CTaJlo Te, II0 BIPOBA/DKEHHS TaKHX
po3po0OK 3HAYHO TMiABHINYE e()EeKTUBHICTH poOOTH
HR-cuctem Ta piBeHb 3aJOBOJICHOCTI TIpAI[iBHHUKIB
CBOIM POOOYHM CepeIOBHILEM.

2. 3anporoHoBaHO MeToJ]| IM(pOBi3amii MIIIXOM
cTBOpeHHs1 E-kabiHeTy mpamiBHWKa Ta JeTali30BaHO
MeXxaHi3M Horo peasizamii Ha NpHKIagl aBTOMaTH3aIil
poliecy
3 BHUKOPHCTaHHSIM

YKIIQIaHHS ~ EJIEKTPOHHHX  KOHTPAKTIB

CydyacHHX BeO-TEXHONOTIH  Ta
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MIIHY
HR-texHonorii 'y [nisuibHICT 0O€3MEKO-OPIEHTOBAHUX

eNeKTpoHHOI  igeHTHdikamii. Ile cTBOpIOE
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CUCTEM.

Konduikr inTepeciB

ABTOpH JEKIapylOTh, L0 HE MAalOTh KOH(IIKTY
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aBTOPCBKOTO YW  OyAb-SIKOrO  IHIIOTO  XapakTepy, JoctynHicTh 1aHHX

SKHA Mir OW BIUIMHYTH Ha JMJOCHIDKEHHS, a TaKOX

Ha pe3yJIbTaTH, OMyOIIiKOBaHI B I[iif CTATTI. PyKkonuc He Ma€ 1OB’I3aHUX TaHuX.

®inancyBaHHs Buxopucranns 3aco0iB IITYYHOT0 iHTEIEKTY

Hocmimkennss  mpoBoxunocst  6e3  inancoBoi ABTOpH MiATBEPKYIOTh, IO HE BUKOPHCTOBYBAJIH

MATPUMKH. TEXHOJIOTii IITyYHOTO IHTENEeKTy JJs HAalUCAHHSA

i€l poboTu.
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DIGITAL HR MANAGEMENT SYSTEM FOR SECURITY STRUCTURES
BASED ON THE EMPLOYEE'S E-CABINET

The subject is methods and models, operational processes of digitalization of HR management systems in
security-oriented systems. The goal of the work is to develop methods and models for managing projects
of digitalization of operational processes of HR management systems in security structures to increase their
efficiency and adaptability. The article addresses the following tasks: a conceptual model of digital transformation
of HR processes in security-oriented systems has been developed, a model of digitization of personnel processes
based on the creation of the Rescuer+ e-cabinet has been developed, and algorithms for the automated generation
of electronic contracts and their signing using electronic digital signatures have been developed and described.
The following methods are used: modeling methods, in particular, graphical and structural-logical modeling,
which made it possible to build a comprehensive model of digital transformation and a centralized
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management model. The following results were obtained: a conceptual model of digital transformation
of HR processes in security-oriented systems was developed, which formalizes the interaction of personnel,
organizational, and information security components. Based on the proposed model, a method for digitizing
HR processes was substantiated and developed by creating the Rescuer+ employee e-cabinet, which ensures
the centralization and automation of key HR operations. As part of the implementation of the method, an algorithm
for the automated generation, storage, and signing of electronic contracts using a qualified electronic signature
has been developed and described, which guarantees the legal significance and integrity of electronic
document management. The process of managerial decision-making has been improved thanks to consolidated
access to real-time data and HR analytics capabilities, the ability to use the developed models and methods as
a basis for planning and managing digital transformation projects in other law enforcement agencies in Ukraine,
adapting them to the specifics of particular departments. Conclusions: The implementation of a coordinated
strategic policy for the development and use of information data will contribute to the modernization and
acceleration of decision-making processes in various aspects of security-oriented systems. Thus, the above
emphasizes the importance of digital technologies in the implementation of public service priorities, in particular
their accessibility to personnel, as well as increasing efficiency and implementing innovative solutions.

Keywords: digitalisation, automated communication, government structures, HR  management,
security-oriented systems.
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INVESTIGATION OF THE DAMPING PROPERTIES
OF 3D-PRINTED LINERS WITH CONTROLLED PERFORATION

This study focuses on thermoplastic polyurethane (TPU) liners with controlled internal perforation intended for use in the “residual
limb—liner—socket” system of lower-limb prostheses. The influence of material stiffness, hole geometry, and degree of perforation on
vibration damping efficiency under impact—dynamic loading is investigated. The aim of the work is the experimental determination
and optimization of the damping characteristics of TPU liners by varying material stiffness, hole shape, and perforation percentage
using the free-decay vibration method. Tasks: to analyze the functional role of the liner as a damping element in the prosthetic
system; to fabricate a series of 3D-printed TPU specimens with different stiffness levels, hole geometries, and perforation degrees; to
implement an impact-based method for measuring free damped vibrations for each specimen; to determine the damping ratio and
vibration attenuation percentage; to process experimental data in order to identify optimal combinations of material and geometric
parameters; and to establish the relationships between material stiffness, perforation level, hole pattern, and the damping properties of
liners. Results: a method for evaluating the damping characteristics of 3D-printed TPU liners with controlled internal structures was
implemented and experimentally validated. A nonlinear dependence of vibration damping efficiency on the degree of perforation was
identified, along with a systematic decrease in damping as TPU stiffness increased. It was shown that hexagonal hole geometry
provides a more uniform deformation distribution and slightly higher damping efficiency compared to rhombic and triangular
patterns. The obtained relationships enable targeted design of damping liners with an optimal balance between stiffness and vibration
attenuation capacity. These findings support the solution of the following practical challenges: reduction of impact loads by
decreasing peak dynamic forces transmitted from the prosthetic socket to the soft tissues of the residual limb; pressure redistribution
through the formation of more uniform contact stresses at the skin—liner interface; improved user comfort by reducing vibration,
pain, and skin irritation during walking; individual optimization through personalized selection of liner geometry and material
based on body parameters, activity level, and tissue condition; and engineering design of structurally optimized components
for biomedical applications. Conclusions: the study experimentally confirms the feasibility of controlling the damping properties of
TPU liners by adjusting material stiffness, degree of perforation, and hole geometry. An optimal perforation range was
identified for each TPU stiffness level, as well as the advantages of hexagonal perforation in terms of deformation uniformity and
vibration damping efficiency.
Key words: TPU liners; 3D printing; material stiffness; prosthetics; impact testing.

Introduction

In lower limb prostheses, the mechanical interaction
between the patient’s residual limb and the rigid socket
determines the level of comfort, gait stability, and long-
term load tolerance. The central element of this
interaction is the prosthetic liner (an elastic insert), which
serves to cushion, redistribute pressure, and reduce shear
stress in soft tissues. During walking, running, or
descending stairs, the stump is subjected to impact and
cyclic loads which, in the absence of effective damping,
are transmitted directly to the tissues, causing pain,
irritation, and microtrauma.

Modern liners are primarily made of silicone or
polyurethane and have an almost solid structure.
This approach provides basic elasticity but does not allow
for targeted control of damping properties or adaptation
to the patient’s body weight, activity level, and
anatomical characteristics. Additionally, solid polymer

liners have limited breathability and do not ensure
optimal stress distribution in the contact zone.

The use of 3D printing with thermoplastic
polyurethane (TPU) allows for the creation of perforated,
cellular structures in which properties are determined not
only by the material’s stiffness but also by the product’s
geometry. By changing the perforation pattern, stiffness,
deformability, and energy dissipation capacity can be
adjusted without replacing the material. This opens up the
possibility of creating liners with controllable damping
properties. The damping capability of TPU liners is
determined by two mechanisms:

— viscoelastic losses in the TPU material;

— local deformations of the hole walls and the
bridges between them.

As TPU stiffness decreases, internal friction and
hysteresis increase, which enhances energy dissipation.
At the same time, increasing the degree of perforation
reduces the effective stiffness of the structure and

© Igor Nevlyudov, Olena Ruban, Dmytro Nikitin, Bogdan Misan, Oleksandr lokhov, 2026
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amplifies bending and shear deformations, which also
contributes to damping. However, excessive perforation
leads to a loss of load-bearing capacity and a reduction in
the efficiency of load transfer to the material, which can
result in reduced vibration damping efficiency.

The shape of the holes determines the stress
distribution and the nature of local deformations.
Structures with more isotropic geometry (e.g., hexagonal)
provide a more uniform distribution of deformations,
whereas structures with sharp angles (triangular)
create local stress concentrations, which may limit

damping efficiency.

Analysis of Recent Studies and Publications

An analysis of existing approaches to cushioning
liners in foot prosthesis designs demonstrates that the
interface between the distal residual femur-tibia and the
prosthetic socket is a critical area in terms of contact
pressure distribution, shock load damping, and the
prevention of local soft tissue trauma [1]. Liners
traditionally serve as shock absorbers, i.e., they cushion
impacts and distribute pressure generated during the
foot’s contact phase with the support surface, helping
to reduce peak reaction forces and minimize the risk
of pressure sores, pain, or skin damage during
prolonged prosthesis use.

A recent systematic review demonstrates that liners
made of elastomeric materials such as silicone or
thermoplastic elastomers (TPU) are widely used to
provide cushioning properties and user comfort, while
their design and material properties influence the ability
to evenly distribute peak pressure across the contact
surface and reduce dynamic loads on the residual limb.
An important indicator of the effectiveness of such
interfaces is pressure distribution along the residual
thigh-shin:
indicate that the use of different liner materials can

clinical studies using pressure sensors
significantly alter the pressure profile, reducing peak
values and increasing distribution uniformity, which, in
turn, is associated with higher comfort scores and better
tolerance for wearing the prosthesis [2, 3]. Despite the
prevalence of commercial gel or polymer liners,
traditional materials have a number of limitations: they
often have limited capacity for controlled stiffness
modulation, their mechanical properties may degrade
under multi-cycle loading, and they do not always
provide an optimal combination of cushioning with

sufficient stability of the denture suspension, which can
lead to increased shear stresses and discomfort.

Current research identifies two directions for
improving the shock-absorbing function of liners:
enhancing the material base through composite and
hybrid materials, and structurally oriented approaches
that allow for the control of stiffness and energy
absorption distribution via geometric solutions, rather
than solely through changes in material composition.
Review articles emphasize that the development of
new composite materials, including those based on
thermoplastic, silicone, or polyurethane matrices, as well
as combined systems with phase transitions or
better

adaptation to the contours of the residual limb and

reinforcement, can provide biomechanical
distribution of mechanical loads, in particular by
reducing local pressure peaks, which is critical in areas
of bony prominences [4]. Commercial solutions
demonstrate that such materials provide increased
flexibility and energy storage capacity, but questions
regarding their durability, behavior under multi-cycle
compression, and adaptation to various residual limb
shapes remain the subject of active research.

Recently, the scientific community has focused on
the implementation of bio-inspired metamaterials and
cellular structures in the design of liners and sleeves,
particularly using additive 3D printing technologies.
Such structurally complex designs allow for the
modification of local stiffness and energy absorption
parameters, tailoring them to the anatomical features
of the residual limb.

For example, a study demonstrates the use of
auxetic metamaterials integrated into the liner and sleeve,
resulting in a significant reduction in peak contact
stresses by 60% to 65% compared to traditional silicone-
elastomer solutions, as well as an increase in energy
absorption capacity due to the specific geometry of the
structure’s cells [5]. This approach potentially allows not
only for comfort and damping but also for the controlled
distribution of stresses along the anatomical profile,
which is critically important in personalized prosthetics.

However, although such structures with tunable
parameters demonstrate significant advantages in
laboratory testing and modeling, their clinical validation
and standardized pressure assessments (e.g., contact
pressure during walking, dynamic shear/friction profiles,
tissue adaptation) require further research. Furthermore,
reviews indicate a lack of data on the long-term behavior

of such materials and structures in the context of cyclic




Cyuacnuii cman HayKosux 00Caiodcenb ma mexnono2iii 6 npomucnosocmi. 2026. Ne 1 (35)
Innovative technologies and scientific solutions for industries. 2026. No. 1 (35)

157

ISSN 2522-9818 (print)
ISSN 2524-2296 (online)

loading, material aging, and changes in body mass and
residual limb shape during prosthesis use [6]. Among the
most important areas for future research are the
development of standardized methods for assessing
comfort and the mechanical properties of the “limb-liner-
sleeve” interface, rigorous protocols for multifactorial
experimental validation, and a shift toward individualized
solutions based on the specific user’s anatomical data.
This transition is key to optimizing the shock
absorption of lower limb prosthesis liners and reducing
the risk of secondary complications arising from
excessive contact pressure or uneven mechanical loads.

Identification of Previously Unresolved Aspects
of the Overall Problem.
Purpose of the Work, Objectives

Designing damping TPU liners — in the simplest
case, solid elastomeric liners with fixed stiffness — does
not pose significant engineering complexity. However,
the task becomes significantly more complex when using
3D-printed perforated structures, in which the damping
properties are determined by the combined effect of
several factors: the stiffness of the TPU material,
the shape of the holes, and the degree of perforation.

Unlike solid liners, which do not allow for targeted
control of vibration damping, perforated structures make
it possible to alter damping properties by modifying the
internal geometry. At the same time, this geometric
freedom leads to the emergence of nonlinear and
ambiguous relationships, under which perforation can
either increase or decrease damping efficiency depending
on the combination of parameters.

An analysis of scientific publications indicates that,
to date, there is no unified method for selecting the
degree of perforation and the shape of the holes for
a given TPU stiffness that would ensure maximum
damping of impact and vibration loads. Most studies
focus either on the material properties of elastomers
or on the geometry of structures, without a systematic
combination of these factors and their experimental
verification under impact-dynamic loading conditions.
This necessitates further research aimed at developing
engineering-based recommendations for the design
of TPU liners with controllable damping properties.

The main objective of the study is the experimental
determination and

optimization of the damping

properties of 3D-printed TPU liners by analyzing the

influence of material stiffness, hole geometry, and
degree of perforation under impact-dynamic loading
conditions. To achieve this goal, the task was set to
quantitatively establish the relationships between the
liner’s design parameters and its vibration damping
efficiency. To solve this problem, the following
is required:

— analyze the functional role of the liner in the
prosthetic system;

— manufacture a series of 3D-printed samples made
of TPU with varying stiffness and perforation parameters;

— implement an impact testing method to measure
the free damped oscillations of the samples;

— determine the logarithmic decrement, damping
coefficient, and percentage of vibration damping for each
combination of parameters;

— process the obtained results to establish optimal
values for stiffness, perforation density, and hole
geometry.

The final result is the development of engineering-
based recommendations for the design of TPU liners
with controllable damping properties for use in lower

limb prostheses.

Materials and Methods

The shape of the holes in the perforated structure
of the shock-absorbing liner determines the nature of the
redistribution of mechanical stresses, local deformations,
and the propagation path of elastic waves in the polymer
material, which directly affects the effectiveness of
vibration damping. During an impact load, elastic waves
arise in the material, which are repeatedly reflected,
refracted, and partially scattered at the “material-void”
boundaries, forming a complex pattern of wave
interaction within the perforated structure (Fig. 1).

To ensure the controllability of the geometric
parameters of perforation and the subsequent analysis
of their impact on damping characteristics, it is advisable
to use automated software tools with a graphical user
interface (HMI) that allow for real-time modification of
model parameters and the integration of experimental
measurement results. Approaches to building such
interfaces and implementing object-oriented automation
algorithms are described in [7], which provides the basis
for creating a software suite for controlling 3D printing
parameters and analyzing vibration processes in liners
with controlled perforation.
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Fig. 1. Scheme of mechanical load distribution within the liner structure

Triangular apertures have sharp corners where stress
concentrations occur. In these areas, waves are reflected
unevenly, leading to a local increase in stiffness and
a restriction of deformations. As a result, part of the
mechanical energy is not converted into viscoelastic
losses but is returned to the system in the form of reflected
vibrations. This reduces the overall damping efficiency,
especially for TPUs with increased stiffness [8].

Diamond holes have a more balanced geometry,
which reduces local stress concentrations compared to
triangular shapes. Wave propagation in such a structure is
more uniform, though the presence of corners still leads
to partial wave reflection. This provides an intermediate
level of vibration damping, representing a compromise
between triangular and hexagonal perforation.

Hexagonal holes form a quasi-isotropic cellular
structure similar to honeycomb materials. With this
geometry, mechanical waves propagate more uniformly
in various directions, refract multiple times on the cell

walls, and dissipate more effectively. This promotes
intense shear deformations and increased internal
viscoelastic energy losses, ensuring the highest vibration
damping efficiency among the considered shapes [9].

To evaluate the damping properties, the free damped
oscillation method (impact method) was applied.
This method is the standard for rapid evaluation of
viscoelastic materials and allows the logarithmic decay
rate to be determined without the use of complex vibration
test bench equipment. The essence of the method lies in
recording the damped oscillations of a mechanical system
excited by a short-term impulse load, followed by
an analysis of the rate of decrease in oscillation amplitude
over time [10]. The method is particularly effective
for studying elements with pronounced viscoelastic
properties, which include polymer materials such as TPU.
The operating principle of the test rig for impact testing

of samples and the test rig developed according to this

scheme are shown in Fig. 2.

Fig. 2. Operating principle of the model for impact testing of samples: 1 — model base; 2 — guide for the impact hammer;

3 — test sample; 4 — accelerometer sensor block; 5 — impact platform; 6 — impact hammer
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The setup consists of a massive, rigid base
(weighing 20 kg) on which the test specimen is mounted.
An inertial mass (weighing 2.5 kg) is placed on top of the
specimen. The system constitutes a classical oscillator
with a single degree of freedom.

The oscillations were excited by a calibrated vertical
impact on the center of the inertial load, which ensured
the reproducibility of the initial experimental conditions.
The system’s response was recorded by a piezoelectric
accelerometer with a sensitivity of 100 mV/g; its signal
was fed to an analog-to-digital converter for subsequent
digital processing. A sampling rate of 10 kHz provided
sufficient temporal resolution for analyzing transient
processes and accurately determining damping parameters.

The approach to experimental verification and
processing of measurement signals is based on the
principles of automated control of dynamic parameters,
similar to those presented in [11], where the feasibility of
using digital recording and mathematical modeling for
evaluating the characteristics of technical systems was
confirmed. After impact excitation, the system’s motion
was approximated by a model of a single-mass
mechanical system with viscous damping, for which the
amplitude of oscillations decreases exponentially over
time. This model allows determining the damping
coefficient and the logarithmic decay rate, which are key
parameters for evaluating the effectiveness of 3D-printed
liners with controlled perforation.

This approach allows for a direct assessment of how
effectively the liner reduces oscillations and is convenient
for engineering interpretation and comparative analysis of
different design variants. To ensure comparability of
results, tests of all samples were performed using
a standardized algorithm that included the following steps:

— Sample positioning: The TPU liner under study was
placed in the test bench’s working area, ensuring centering
between the rigid support plate and the inertial mass.

— Installation of the measurement system:
The accelerometer was rigidly fixed to the load surface,
after which the reliability of the mounting was checked
to avoid signal distortion.

— Excitation of vibrations: The system was brought
out of equilibrium by applying a single vertical impact
with controlled energy (impulse load).

— Data acquisition: The time-domain signal of the
vibration acceleration a(?) was recorded using an ADC.

— Signal analysis: The amplitude values of successive
peaks of the decaying oscillations were identified.

— Calculation of characteristics: Based on the
obtained data, the logarithmic decrement, damping
coefficient, and vibration damping efficiency index
were calculated.

For several successive oscillation peaks x;, x5, x3,...,
xn, the decay rate is described by the logarithmic
decrement [12,13].

The logarithmic decrement over several periods is
determined by the formula:

§=2in () (1)

N XN+1
where N is the number of periods between the

measured peaks.
The ratio of adjacent peaks:
x D
r=—"2=1- 2)
Xn 100%
where D — vibration damping ratio, %.

For small and moderate damping values, the
damping coefficient ( can be determined using
an approximate formula:

9
(=~ — (5)

21T

To provide a clear comparison of the effectiveness
of various TPU gaskets in operation, a vibration damping
coefficient expressed as a percentage has been
introduced, which indicates the relative reduction in

vibration amplitude over a single cycle:
D= (1 - %) -100% (4)

n

The automated control system (ACS) for filtering
noise from the accelerometer when measuring the
vibrations of a test specimen will consist of the following
blocks, Fig. 3.

The developed automated control system suppresses
external noise and extracts the informative component
of the accelerometer signal, which corresponds to free
damped oscillations following an impact excitation.

At the system input, an acceleration signal a(t) is

which
and electronic)

formed, to external noise (measurement,

mechanical, is added, modeled as
an additive random process. The resulting signal a(?)+n(t)
is fed to the input of the measurement path [14—16].
The overall transfer function of the accelerometer
signal processing channel can be expressed as:
Wegy = We(s) - Wpao(s) - Wi(s) ®)
where W(s) — transfer function of an accelerometer,
Whpao(s) — transfer function of the measurement path,

Wi(s) — transfer function of the filter.
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Fig. 3. Accelerometer signal processing

The transfer function of the accelerometer can be
described, in a first approximation, as a first-order

aperiodic system:
Ks

Tes+1 (6)

sensitivity coefficient,

Ws(s) =

Ks —
Ts — time constant.

where accelerometer

The transfer function of a low-pass filter designed to
suppress noise in the system will take the following form:

Wy(s) = — @)

TfS+1

where T, — the filter time constant, which determines
the cutoff frequency.

This transfer function of the digital filter smooths
out the of the
accelerometer’s acceleration signal while preserving the

high-frequency noise components

system’s primary low-frequency dynamics, which are
necessary for the accurate determination of the test
specimen’s vibration damping parameters. A similar
approach to numerical modeling and algorithmic processing
of measured electrical sensor signals is described in [17],
where the effectiveness of using digital filtering methods
to improve the accuracy of experimental studies of
dynamic systems is demonstrated.

To minimize experimental error, each measurement
was repeated at least three times for each sample
configuration, followed by statistical averaging of the
results. This approach reduces the influence of random
signal fluctuations and ensures
of the obtained data.

The use of the impulse method (free oscillation

the reproducibility

method) in this study is due to its high information
content, ease of implementation, and the ability to
quickly determine damping characteristics without the

Lowpass / FIR

Compute D

Dampingcalc -D

Damping calc - D

Save/Report

Damping calc - D

need for complex excitation equipment. In combination
with digital signal processing, this method provides
a reliable estimate of the damping coefficient and the
logarithmic decay factor.

First
implemented in laboratory conditions without the use of

and foremost, the method is easily
complex electrodynamic vibration test benches; it also
allows for the rapid comparative analysis of a large
number of samples within a short period of time.
Furthermore, it does not require significant energy
consumption or expensive equipment. At the same time,
the limitations of the method were taken into account
when interpreting the results.

These include dependence on initial conditions:
response parameters may vary depending on the impact
force and the magnitude of the static preload; the
specifics of the mode: the obtained characteristics
describe energy dissipation in the mode of free damped
oscillations, which may differ from the material’s
behavior under steady-state harmonic excitation;
processing requirements: the accuracy of the results
significantly depends on the quality of the signal filtering

and peak detection algorithms.

Research Results and Discussion

To investigate the influence of structural and
material parameters of printed TPU spacers on vibration
damping efficiency, ranges of variation for key factors
operating
conditions and the capabilities of FFF/FDM technology.

were determined, taking into account

Polymer stiffness was selected as the primary
material factor.
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The study utilized TPU with different Shore A
hardness values, specifically:

— 50A, a high-stiffness elastomer characterized by
lower deformability and reduced internal energy losses;

— 80A, a medium-hardness elastomer with a
balanced ratio of stiffness and damping properties;

a)

The second parameter is the perforation ratio P,
which defines the ratio of the area of the holes to the total
cross-sectional area. The range under investigation:
40% — preservation of high effective stiffness; 60% —
expected optimum damping; 80% — significant reduction
in structural stiffness.

— 90A, a low-hardness elastomer characterized by
increased deformability and significant viscoelastic
energy losses.

For the convenience of conducting the experiment,
samples of different hardness will be printed in different

colors (Fig. 4).

<)
Fig. 4. Images of three products with different hardnesses on the Shore A. scale: a) sample with a hardness of 50A;
b) sample with a hardness of 80A; c) sample with a hardness of 90A

The selected range of values allows us to trace the
nonlinear relationship between the liner’s damping
properties and its deformation capacity, and additionally
to identify the optimal perforation parameters for
materials of varying stiffness. Examples of sample
perforation are shown in Fig. 5.
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Fig. 6. Examples of different perforation percentages: a) sample with a 40% perforation rate; b) sample with a 60% perforation rate;

c) sample with an 80% perforation rate

The third factor is the topology of the cells
(perforation shape): Triangular: characterized by local
stress concentration; Diamond: an intermediate option
with moderate anisotropy; Hexagonal: provides the most
uniform distribution of deformations. A comparative
analysis of the proposed shapes allows us to assess the
sensitivity of the damping properties to changes in the
when other

hole contour determining parameters

(stiffness and perforation percentage) remain constant.
Examples of perforation patterns are shown in Fig. 7.

To eliminate the dimensional factor, all samples
were cylindrical in shape (diameter 40 mm, height
60 mm). The experimental design included a sample
of 45 specimens to characterize nonlinear effects [18].
The results of the study are presented in Table 1.

The results of the full sample of 45 samples are
presented graphically in Fig. 8.
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a) b) ©)
Fig. 7. Examples of different perforation percentages: a) diamond-shaped perforation; b) triangular perforation;
c) hexagonal perforation

Table 1. Research results

Ne | TPU Shape Perforation rate, % | D,% | Ne | TPU Shape Perforation rate, % | D,%
1 50A Diamond 40 44 24 80A Triangular 70 33
2 | 50A Diamond 50 48 25 80A Triangular 80 31
3 50A Diamond 60 51 26 80A Hexagon 40 33
4 | 50A Diamond 70 50 27 80A Hexagon 50 35
5 | 50A Diamond 80 47 28 80A Hexagon 60 38
6 | 50A Triangular 40 44 29 80A Hexagon 70 37
7 | 50A Triangular 50 49 30 80A Hexagon 80 35
8 50A Triangular 60 48 31 90A Diamond 40 25
9 | S50A Triangular 70 46 32 90A Diamond 50 28
10 | 50A Triangular 80 44 33 90A Diamond 60 27
11 | 50A Hexagonal 40 45 34 | 90A Diamond 70 26
12 | 50A Hexagonal 50 48 35 90A Diamond 80 25
13 | 50A Hexagonal 60 50 36 90A Triangular 40 25
14 | 50A Hexagonal 70 52 37 90A Triangular 50 24
15 | 50A Hexagonal 80 49 38 90A Triangular 60 23
16 | 80A Hexagonal 40 32 39 | 90A Triangular 70 22
17 | 80A Diamond 50 37 40 90A Triangular 80 21
18 | 80A Diamond 60 36 41 90A Hexagonal 40 26
19 | 80A Diamond 70 34 42 90A Hexagonal 50 27
20 | 80A Diamond 80 33 43 90A Hexagonal 60 30
21 | 80A Diamond 40 32 44 | 90A Hexagonal 70 28
22 | 80A Triangular 50 36 45 90A Hexagonal 80 27
23 | 80A Triangular 60 35
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Fig. 8. Research results: a) vibration damping of perforated TPU gaskets with a stiffness of 50A; b) vibration damping of perforated
TPU gaskets with a stiffness of 80A; c) vibration damping of perforated TPU gaskets with a stiffness of 90A
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Analysis of the experimental results showed that the
key factor in the effectiveness of vibration damping
by TPU gaskets is the material’s stiffness. An increase in
stiffness from 50A to 90A is accompanied by a steady
decrease in the damping level.

Specifically:

— for TPU 50A, the maximum damping efficiency
reaches approximately 52%;

— for TPU 80A — about 39%;

— for TPU 90A — does not exceed 31%.

This trend is due to a decrease in internal energy
dissipation in stiffer elastomers, as well as an increase in
the effective stiffness of the “support—pad—load” system,
which limits the deformation of the damping element and,
accordingly, reduces the level of energy dissipation.

For all investigated TPU
a nonlinear dependence of damping on the degree of

stiffness  values,
perforation was observed. Increasing perforation from
40% to a certain optimum leads to an increase in damping
properties, while a further increase in perforation causes
them to decrease. At the same time, the position of the
damping maximum depends on the material stiffness:

—for TPU 50A, the optimal perforation range is 60—70%;

— for TPU 80A, 50-60%;

— for TPU 90A, 40-60%.

The obtained data indicate that as material stiffness
increases, the optimal perforation level shifts toward
lower values, since excessive weakening of the structure
of stiff samples leads to a loss of contact stability and
a decrease in damping capacity.

The perforation geometry has a secondary but
reproducible effect on vibration damping. The analysis
reveals the following trends:

— triangular holes provide maximum damping at
lower perforation levels (40-50%), which is associated
with stress concentration at the vertices and local
deformation confinement;

— Diamond geometry is optimal at medium
perforation levels (approximately 60%);

— the hexagonal structure demonstrates the highest
damping values at higher perforation levels (60—-70%)
due to a more uniform distribution of stresses and
deformations in the material.

Differences between the shapes typically do not
exceed 2-3%, confirming their corrective rather than
determining role compared to material parameters.

An analysis of 45 parameter combinations showed
that the effectiveness of vibration damping by TPU
gaskets is determined by the combined action of three

factors: material stiffness, degree of perforation, and hole
geometry. Changing any one of these factors in isolation
does not ensure maximum damping, indicating the need
for comprehensive design optimization that takes into
account both material and geometric characteristics.

As a result, it was established that the highest level
of vibration damping is achieved for soft TPU gaskets
with an optimally selected degree of perforation.
As material stiffness increases, the optimal perforation
values shift toward lower values, while the shape of the
holes serves as a tool for fine-tuning the damping
properties. The obtained patterns can be used in the
design of damping elements for additively manufactured
machine and mechanism components.

To identify the patterns of influence of physical-
mechanical and geometric parameters on the vibration-
damping effectiveness of TPU gaskets manufactured
additive
analysis methods were applied. The key objective of this

using technologies, correlation-regression
stage was to establish a quantitative relationship between
the design features of the samples and their ability to
reduce vibration amplitude. To optimize the research
process and reduce the number of required measurements
without losing statistical reliability, a multivariate
experimental design was used instead of a full search of
all possible combinations of factor levels. This approach
involved selecting representative points within the
studied range, which allowed for the construction of
an adequate model based on a limited data sample.

The factorial space of the experiment was formed by
the following independent variables:

— TPU material hardness on the Shore A scale
(50, 80, 90);

— degree of gasket perforation, % (from 40% to 80%
in 10% increments);

— perforation shape (Diamond, triangular, hexagonal);

— amplitude of free-mode vibrations after impact
excitation;

— vibration damping percentage D.

The obtained values were used to calculate Pearson
correlation coefficients and construct multivariate
regression models.

To perform calculations in the IBM SPSS Statistics
software environment, all variables were converted to
numerical form and coded as follows:

— material hardness (Hardness);

— degree of perforation (Perforation), %;

— perforation shape (Shape): 2 — triangular;
1 — diamond; 3 — hexagonal;
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— vibration damping (Damping), %.

To mathematically describe the influence of input
parameters on the damping capacity of the gaskets,
a multiple linear regression model was selected:

D:b0+b1H+b2P+b3S+€ (%)
where D — vibration damping percentage; H — material
hardness TPU; P — perforation degree, %; S — perforation
shape; by, b;, b,, b; — regression coefficients; ¢ — random

A quality check of the resulting model using the
Model Summary module demonstrated high adequacy.
The coefficient of determination R2 is 0.916, which
means that the constructed model explains over 91.6%
of the variation in the experimental data [19, 20].
The adjusted coefficient of determination R2 also exceeds
the threshold of 0.91, confirming the presence of a strong
and stable correlation between the selected design
parameters of the liners and their damping properties.

model error. . ..
The results of the quality check are shown in Fig. 9.
Model Summary
Change Statistics
Adjusted R Std. Error of R Square Sig. F
Model R R Square Square the Estimate Change F Change df df2 Change
1 9572 916 910 2,845 916 148,467 3 4 ,000

a. Predictors: (Constant), Perforation, Shape, Hardness

Fig. 9. Model Summary

An ANOVA table was used to test the hypothesis
regarding the statistical significance of the constructed
regression model. In all cases, the significance level
Sig. < 0.05, which indicates the reliability of the results

obtained and allows us to reject the null hypothesis
regarding the absence of an effect of the studied
parameters. The results of the ANOVA significance
calculations are presented in Fig. 10.

ANOVA?
Sum of
Madal Souares Mean Square F Sig.
1 Rearession 3E05,730 3 1201910 148467 oot
Residual 331 915 - 41 8,095
Total 3937644 44

a. Dependent Variable: Damping

b. Predictors: {(Constant), Perforation, Shape, Hardness

Fig. 10. Results of the ANOVA significance test

To rank the input parameters according to their
degree of influence on the liner’s integral energy dissipation
capacity, an analysis of standardized regression
conducted [21].

A comparison of the absolute values of these indicators

coefficients (“P-coefficients”) was
allowed us to establish a hierarchy of factor influence:

— material hardness: acts as the dominant factor in
the model. The highest absolute value of the B-coefficient
indicates that it is the physical and mechanical properties
of the polymer matrix that are decisive for vibration
damping efficiency.

— degree of perforation: has a significant effect on
damping characteristics; however, the nature of this effect
is complex and likely nonlinear, reflecting changes in the
structural stiffness of the sample.

— cell topology: is characterized by the lowest
coefficient  value,

indicating its auxiliary role.

The shape of the holes serves to “fine-tune” (adjust)

the product’s properties, ranking significantly lower in
importance than material hardness and perforation
density. The results of the influence of the liner’s

perforation parameters are presented as Pearson
correlations and shown in Fig. 11.
Correlations
Damping = Hardness Shape Perforation
Pearson Correlation: Damping 1.000 - 956 ,049 013
Hardness -956 | 1,000 ,o0o 0o0a
Shape | 049 000 1,000 000
Perforaion, 013 00 000 1,000
Sig: (1-téi\ed3 Damping d 000 373 465
Hardﬁass .0on . = 500 500
Shape 373 ' 500 500
Peroration j 65 . 500 i 500
N Damping 45 45 45 45
Hardness 45 45 45 45
Shape | 45 45 | 45 45
Eerforation 45 45 45 45

Fig. 11. Pearson correlation
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Conclusions

The stiffness of the TPU material, the degree of
perforation, and the shape of the holes significantly affect
the vibration damping efficiency of additively
manufactured gaskets. The experimental dependencies
obtained show that the damping properties result from the
interaction between the viscoelastic characteristics of the
material and the geometry of the gasket’s internal
structure. An excessive increase in material stiffness or
the degree of perforation leads to a decrease in damping
due to a reduction in deformation capacity and a loss
of contact stability in the system.

It has been established that for each stiffness value,
there is an optimal degree of perforation that ensures
maximum vibration damping. For soft TPU 50A, the
optimum lies in the range of 60-70%; for medium-
stiffness 80A materials, from 50% to 60%; and for stiff
TPU 90A, from 40% to 60%. Thus, as material stiffness
increases, the optimal perforation level systematically
shifts toward lower values.

The shape of the perforation affects the distribution
of stresses and strains in the material and, accordingly,
the level of damping; however, its influence is secondary
compared to the material parameters. Hexagonal
perforation provides a more uniform stress distribution
and demonstrates slightly higher damping values;
Diamond perforation occupies an intermediate position;
and triangular perforation is characterized by lower
efficiency due to stress concentration at the vertices of the
holes. The difference between the shapes does not exceed
2-3%, which allows us to consider hole geometry as
a fine-tuning tool rather than a determining parameter.

Based on the results of the study, the following tasks
were accomplished:

— the influence of TPU stiffness on the damping
properties of the gaskets was analyzed;

— the dependence of vibration damping on the
degree of perforation for various materials was
investigated,;

— the

distribution and damping efficiency was evaluated,

influence of hole geometry on stress

— a regression-correlation analysis was performed
and a multifactorial model was constructed describing the
influence of structural and material parameters on
vibration damping.

The constructed regression model showed that over
91% of the variation in damping level is explained by

the combined effect of material stiffness, the degree of
perforation, and the shape of the holes. TPU stiffness
makes the largest contribution; the degree of perforation
has a significant but nonlinear effect, while the shape
of the holes plays a moderating role.

Further research should focus on analyzing the
damping properties of 3D-printed TPU insoles under
various frequency loading conditions and cyclic fatigue
typical of real-world walking. It is promising to study the
influence of the anisotropy of additively manufactured
structures, printing parameters, and external factors
(temperature, humidity) on the viscoelastic behavior of
the material. Combining experimental results with
numerical modeling and optimization methods will allow
for the automated selection of perforation parameters
tailored to the individual characteristics of the prosthesis
user and enhance the effectiveness of personalized
shock-absorbing solutions.

Thus, to achieve maximum vibration damping,
comprehensive optimization of the TPU insert design
is required, taking into account both the material
properties and the geometry of the internal structure.
The results obtained can be used in the design of
shock-absorbing and vibration-damping elements for
additively manufactured machine and mechanism
components, particularly in systems where effective
absorption of dynamic loads is required within limited
dimensions and mass.
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JOCIIKEHHA JEMII®YBAJBHUX BJIACTUBOCTEM
3D-IPYKOBAHMX JIAHHEPIB 3 KEPOBAHOIO IEP®OPAIIEIO

IIpenmeTom nocnmimkeHHs i€l cTarTi € gemndyBanbHi BracTHBOCTI 3D-IpykoBaHMX MPOKIagoK (JlaifHepiB) 3 TEPMOILIACTHIHOTO
noniyperany (TPU) 3 kepoBaHOK BHYTPIIIHBOI Hepdopalicro, NPU3HAYCHUX U BUKOPHCTaHHS B CHUCTEMi «KyKca — JIaifHEp —
rinp3ay» y mpoTe3ax HIDKHIX KiHIIBOK. JloCHiIpKyeThcs BIUIMB JKOPCTKOCTI Martepialy, FeoMeTpii OTBOpiB Ta cTymeHs nepdopamii
Ha edexTHBHICTH raciHHsA BiOpauiii mpu yAapHO-JUHAMIYHOMY HaBaHTa)keHHi. MeTa poOOTH — eKCIIepHMEHTalbHE BU3HAUYCHHS
Ta oNTHUMi3amis JeMndyBatbHHX XapakTepucTHk TPU-nmaiiHepiB HIUISIXOM BapifoBaHHS >KOPCTKOCTI Marepiaiy, (GpOpMH OTBODIiB
1 BicoTKa mepdoparlii 3 BUKOPHCTAHHSM METOMIY BUTPHHX 3aTyXal0UuX KOJNWBaHb. 3aBAAHHS: [IPOAHANI3YBaTH (DyHKIIOHAIBEHY POJIb
naiiHepa sK [OeMIQyaabHOrO eleMeHTa y MpoTe3Hid cucTemi; BurotoButu cepito 3D-mpykoBanux TPU-3pa3kiB 3 pi3HOIO
JKOPCTKICTIO, TEOMETPI€I0 OTBOPIB Ta CTyHeHeM mepdopanii; peani3yBaTd yAZapHHH METOA BHMIPIOBAHHS 3aTyXarOUMX KOJUBAaHb
IUTSL KOJKHOTO 3pa3ka; BusHauntn koedirieHT nemiipyBaHHS Ta BiICOTOK raciHHS BiOparlii; mpoBecTH 00poOKy eKCcIiepHMEeHTaIbHUX
TAHUX 3 METOI0 BUSBIICHHS ONTHUMAaJbHUX KOMOIHAIlI MaTepialy i TeOMETPHYHHX IapaMeTpiB; BUSBICHO 3aKOHOMIPHICTH BIUTHBY
JKOPCTKOCTI Marepiany, nepdopanii Ta marepHy OTBOpiB Ha jAeMiipyBajibHI BIaCTHBOCTI naiiHepiB. Pe3yabTaTm: peainizoBaHO
Ta EKCIIEPUMEHTAIFHO MEepPEeBIPEHO METOX OLIHKU JeMidyBanbHUX XapakTepucTuk 3D-mpykoBanux TPU-naiiHepiB i3 KepoBaHOIO
BHYTPIIIHBOI0 CTPYKTYporo. BcTaHOBIEHO HeNiHIMHY 3ajeXHICTh e(QeKTHBHOCTI raciHHA BiOpamiii Bix crymeHs mnepdoparii
Ta CHCTEMaTH4YHE 3MEHILICHHS AemI(yBaHHS 31 3pocTaHHsAM sxopcTtkocti TPU. IlokaszaHo, IO WIECTUKYTHa TEOMETpisi OTBOPIB
3a0e3nedye OLTbII piBHOMIpHUHA posnoain aedopmanii i genio BUILy e)eKTHBHICTh FaCiHHSA HOPIBHSAHO 3 POMOIYHOIO Ta TPUKYTHOIO.
OTpuMaHi 3aJIe)KHOCTI JTO3BOJLSIIOTH LIIECIPSIMOBAHO IPOEKTYBATH JeMI(yBajbHi JIailHEpH 3 ONTHMAJIbHUM CIiBBiJHOIICHHIM
JKOPCTKOCTI Ta 3[aTHICTIO 10 raciHHsA BiOpamii. lle mO3BONMTE BHPIMIMTH HACTYNHI IHTaHHS, TakKi SK: 3HIDKCHHS YIapHUX
HABaHTA)KCHb — 3MCHIIICHHS MIKOBUX JAMHAMIYHUX CHJI, LIO MEPEAAOTHCS BiJl TJIb3H MPOTE3a 10 M'IKHX TKAHWH KyKCH; MEePepO3MNOIiT
THUCKY — (popMyBaHHs OiNbII PIBHOMIPHHX KOHTAKTHHX HAMPYKEHb y 30HI KOHTAaKTy BHPOOY 3i IIKIpOO; MiABUILEHHS KOMQOPTY
KOpUCTyBaua — 3MEHIICHHSA BiOpamiii, OO0 Ta MOJPA3HCHHS INKIpH TMiJ Yac XOAbOH; IHOMBiIyandbHA ONTHMI3AIlS —
MepCOHANI30BaHMH MinOip reoMeTpii Ta Marepiady laiHepy IiJ mapamMeTpH Tijla, PiBHS aKTHBHOCTI Ta CTaHy TKAaHHH IAIli€HTa;
IH)KCHEpPHE IPOCKTYBaHHS — CTBOPEHHS CTPYKTYPHO ONTHMI30BaHHMX EJIEMEHTIB Uisi GiOMEIMHOIO 3acTOCYBaHHS. BHCHOBKM:
3a pe3yJbTaTaMH pOOOTH EKCIEPHUMEHTAIBHO IiATBEPPKEHO MOXIUBICTE KepyBaHHS AeMN(YBaJbHUMH BIACTHBOCTAMM
TPU-naiiHepiB HIISXOM 3MiHHM J>KOPCTKOCTI Marepianmy, cTymeHs mnepdopanii Ta reomeTpii oTBOpiB. BcraHOBICHO HasBHICTH
ONTHMAaJILHOTO Jiana3oHy nepdoparii s koxHOro piBHA xopctkocTi TPU, a Takoxk mepeBaru mecTUKyTHOI nepdopanii 3 TOuku
30py piBHOMIPHOCTI JedopMartiii Ta epeKTUBHOCTI TaciHHs BiOparliid.
Kurouosi ciaoBa: TPU-naitnepu; 3D-1pyk; ;KOpCTKiCTh MaTepiaily; MPOTe3H; yapHi BUIIPOOyBaHHS.
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