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Hagirauisi
Ta reoiHpopmauinHi cuctemum

VK: 629.5-052.001.5; 004.896; 681.518.3

C. O. boituyn, C. M. JleBunbkuit

doi: 10.26906/SUNZ.2026.3.005

IncruryT disukn HamiBnpoBinHuKiB iMeHi B. €. JlamkaproBa HAH Yxpainu, Kuis, Ykpaina

ABTOHOMHA ITACUBHA HABIT'AIIA BE3IIIJIOTHOT'O HASEMHOI'O
TPAHCIIOPTHOI'O 3ACOBY 3A BTPATH CYIIYTHUKOBOI'O CUT'HAJLY:
IHOPIBHAHHA MIKPOEJIEKTPOMEXAHIYHOI'O TA
BOJIOKOHHO-OIITUYHOTI'O I'TPOCKOIIIB

AHoTanisi. AKTyaabHicTh. be3ninoTHuit Ha3eMHui TpaHCTIOPTHMIA 3aci0 (maJi — Ha3eMHHH poOOT) 3a BTpaTH II00aTEHOT
HapirauiifHoi cymytHukoBoi cuctemu (Global Navigation Satellite System, GNSS) nmotpefye aBTOHOMHOTO BU3HAYEHHS KypCy
Ta CrnpuiHATTA nepemkon. Ilpeamer gociaigKeHHs: HaBiramis Ha3eMHOTO pOOOTa 3a MOETHAHHSA KOJICHOI OIOMETpii,
MikpoenekTpoMexanigHoro ripockona (MEMC-ripockor), BOJIOKOHHO-oNTHYHOTO ripockoma (BOI'), kamepu, macuBHHX
MapkepiB 1 ganexomipa. MeTa JoCHiIzKeHHsI: KUTbKICHO OLIHUTH TOYHICTH 6a30Boro BOI' Ta mopiBHATH MacuBHi i riOpumHi
KOH(irypauii 3a pi3Hoi BuguMocTi. 3aBaaHHs AocailkeHHs. PeanizyBartn napamerpuuny Mozens BOI'; Bimokpemury 1i Bixg
30pOBOTO KaHAITY; IEPEBIPUTH CTATUYHI, PyXOMi i HOBI IepeIkoan; chopMyBaTH BiATBOPIOBAHY MATpPHIIIO 3arryckiB. MeToau.
Buxonano 1440 npoxopkeHs nosirona y 48 xongirypanisx i 180 nogatkoBux 300-ceKyHIHUX BUIIPoOYBaHb Kypcy. basosuit
BOI 3aaH0 cTaOUIBHICTIO 3MillieHHs 1 °/ro/1, BUTIaIKoBUM OnykaHHsM Kyta 0,04 O/\/1"0/:[ 1 MOXHUOKOI0 MacIITaOHOTO KoedillieHTa
250-10°¢. PesyabraTu. BOI 3a0e3neunB cepenHio cepeJHROKBaApaTHIHY HOXHOKY Kypey 0,0568° 1 kinneBy noxubky 0,0995°
npota 9,8981° ta 17,1355° mns MEMC-cueHapiro. 3a sSCHOI BUIUMOCTI BOJOKOHHO-ONTHYHA KOHQIryparist 3 MapKkepamu
Jocsria uit y 46,7% 3amyckiB, i3 Hux 23,3% — 0e3 3iTKHEeHb; 3 JaiekoMipoM oTpuMmaHno 76,7 Ta 40,0% BigmosigHo. BucHoBKH.
BOI € HaliTOYHIIIIM TaCHBHUAM 3aCO00M KypCOBOi Opi€eHTallii y BUpoOyBaHiii Mozeni i He 3a1exuTh Big BuauMocTi. [Ipore
OJIOKYBaHHSI KaMepH 11030aBJsie CUCTEMY CIPHIHSATTS IIEPEeNIKoj, TOMY INpaKTHYHAa apXiTekrypa Mae noeinyBatia BOI i3
30pOBHMH 3ac00aMH 3a CIIPUSATIMBUX YMOB Ta 3 OKPEMHM PE3epBOM CIIPUHHATTA 3a TyMaHy, CHIry abo IuMy.

Kaw4yoBi ciaoBa: Oe3nmumoTHHH Ha3eMHUH TPAHCIIOPTHUH 3aci0; MacWBHA HAaBITallis; BOJOKOHHO-ONTHYHHUNA TipOCKOIT;
MEMC-TipocKoIT; CyIyTHIKOBA HaBiraisi; ONITHYHI MapKepH; 3JIUTTA BUMIPIOBaHb; JaJeKOMIp; BiITBOPIOBAHE MOJCITIOBaHHS.

OIOMETPII0, PUB’A3KY 1O KapT i MyJbTUMOAAIBHE 3IUTTS
[6]. st HazemHKX POOOTIB BUOIP METOly BU3HAYAETHCS HE
JHIIEe CEpPeIHBOI0 TOYHICTIO, a ¥ CTIMKICTIO 70 CiaOKol
TEKCTYpH, 3MiH OCBITJICHHS, AWHAMIYHOI POCIMHHOCTI Ta

1. Betyn
1.1 AKTyaJbHiCTh TEMATHKH

Hagiramifina  cTilikicTh ~ Ha3eMHOTO  po0OoTa

BU3HAYA€ThCA HE JIMIIE TOYHICTIO KOOpAWHAT, a
3MATHICTIO OE3MEYHO IMPOMOBXKHUTH PYX IMICIS BTPATH
30BHIIIHBOTO a0CONIOTHOTO OpieHTHpa. Y  MICBKIi
3a0yI0Bi, IPUMIIICHHSX, i1 HABicaMH Ta 32 HABMUCHUX
abo MpUpOIHMX 3aBaj] CYIyTHHKOBA HaBiramis MoXe
crati HenoctynHoro. Toxi omomerpisi Ta iHepIiaibHi
BUMIPIOBaHHS HIATPUMYIOTH O€3MEepepBHICTh, ane ixX
MOXUOKM  HAKOMUYYIOTHCS, CTOXACTHYHI  CKJIaJ0Bi
ripockona JOMIJTLHO XapaKTepU3yBaTH JHMCIIEPCIEI0
Ammana [1]. BOI' BuMipioe KyTOBY MIBHIKICTH 3a
edpextom CaHbpsKa i He TOTPeOy€e BUAMMOCTI 30BHIIITHBOT
cuenn. Moro cinin BigpisHaTy Bix 30poBoi oxoMerpii, sxa
OLIHIOE pyX 3a TMOCITIJOBHICTIO KaJpiB. 30poBO-
iHepuiaNbHI CHCTEMH Ta INTYYHI ONTHYHI OpPi€EHTHUPH
KOpHUCHI Uil Kopekwii mosioxkeHHs [2, 3], ane jom,
TyMaH, CHIT 1 JUM IOTipIIYIOTh CaMe 30BHILHIN 30pOBUii
kaHax [4, 5]. [IpakTnyHa apXiTeKTypa HOBHHHA OKPEMO
KOHTPOJIIOBAaTH TOYHICTH Opi€HTamii Ta IOCTYITHICTBH
CIIPUMHSTTS NEPELLKO/,.

1.2 Anani3 giTepaTypu i nocTaHoBKa npoodjieMu

CydJacHi JOCTIDKCHHS HaBiramii 3a BiJICYTHOCTI
GNSS  rpymyroTh JOCTYHHI TOXOAW Y  BIJHOCHE
iHEepIIaIbHO-OIOMETPUYHE  OIIHIOBAHHSA, 30pOBY Ta
30poBo-iHepHiaibHy Jiokamizanito, LiDAR-inepuiansay

IHIIMX O3HAK HECTPYKTYPOBAHOTO cepeoBuIa [7].

3opoBo-inepianbhi  cuctemu  VINS-Mono Ta
ORB-SLAM3 10Ka3yloTh MOXIIHBICTh OOMEXYBaTH
napeid 3a paxyHOK KaMepH Ta iHEPIiaIbHOTO MOJYJIS,
ajlle 3aJexarb BiJ KalmiOpyBaHHsS, SKOCTI O3HaK i
noctymHocTi  300paxennss [8, 9]. Habip EuRoC
JIEMOHCTPYE 3HAUEHHS CHHXPOHI30BAHMX CEHCOPIB 1
He3aJIe’KHOT €TAIIOHHOI TPAEKTOPIT IS MIePeBIpPKU TaKNX
cucreM [3]. lopiBusiHs LIO-, VIO- Ta pesepBoBanux
IMU-koH(irypamiii  migTBepIKye, IO  3OBHIIIHI
TeOMETPUYHI OHOBIICHHS MOXYTb ICTOTHO CTPHMYBAaTH
HaKOMHMYEHHS 1HepLialbHOT MOXUOKH Mijl 4ac TPUBAJIOTO
6nokyBanHst GNSS, ofHak X pe3ysbTar 3aleXuTh BiX
BJTACTHBOCTEH CIICHH Ta SKOCTI Kamiopysauss [10].

Jis Ha3eMHHX TPaHCIOPTHUX 3aco0iB CydacHi

aJanTUBHI Mozei HU3BKOBAPTICHUX IMU
BUKOPUCTOBYIOTh 0OMe)EHHSI PyXy,
TICEBJIOBUMIPIOBAaHHS Ta OIIHIOBaHHS IIyMy, 100

MOJOBXHUTH aBTOHOMHY AUTAHKY Mapupyty [11, 12].
BonokoHHO-0ONTHYHI Tipockonu (GOPMYIOTh iHIINH Kitac
pilICHHS: BOHM 3a0€3NedyloTh NAaCHBHE BHMipIOBAHHS
KyToBOi ImBHAKOCcTi 3a edekrom CaHpika W He
MoTpeOyIoTh 30BHIMHBOI cueHH. ExcrnepumeHTanbHi
pobotu 2025 poKy HiATBEpKYIOTh HaBiraumiiHUN Kiac
inTeppepomerpuuanx BOI' Ta mporpec iXx TepmidHOI

© boituyn C. O., Jlesuupkuii C. M., 2026
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crabinpHOCTI [13], a ormsam 2026 poky cHcTeMaTusye
apXiTeKTypH, Jpkepesa moxuook i 3actocyBanns BOI' y
CydacHHMX IHepriampHuX cuctemax [14]. Iurerparis
ONTHYHOTO TNepenaBada 1 NpuilMaya Ha KpPEMHIEBIH
¢oronHId maaTGopMi JONATKOBO TIOKAa3ye HAIMpPsSIM
MiniaTtopu3arii Hairanifinux BOT [15].

V BimiOpaHOMy KOpIyCi Ipanpb TOYHICTH KYPCOBOTO
iHepIiaNbHOTO  KaHaly, IOCTYIHICTh 30BHIIIHBOTO
CIPUHHATTA Ta O€3MeYHe 3aBEpIUCHHS MapIIpyTy
TIepEBaYKHO OLIHIOIOTHCS OKpeMo. Lle 3anmimae BigKpuTuM
NWTaHHY, gK To4yHmid mnacuBHUE BOI' BrmBae Ha
pe3yJsibTaT Ha3eMHOTro po0oTa, KOJNU Kamepa Jerpaiye, a
IUIaHYBaJILHUK OTPUMYE JIHIIe (PaKTHIHO JOCTYIHI CIiH
nepemkon. Tomy B mifi po6oti BOI' BinokpemieHo Bix
30pOBOTO KaHally, a MOAW(IKOBaHUH IUIaHYBAJIbHUK 3a
npuaiunoM VFH  BUKOpHCTOBYE TIIBKHM  JIOKaJIBHI
CIIOCTEPEXKEHHS, 4 HE ICTHHHUIM CITHCOK 00'eKTiB [16].

1.3 MeTa i 3aBaaHHs J0CTiKeHHS

Merta poboTH — KiJIBKICHO OIiHUTH TOUHICTH BOI'
Ta TOPIBHATH aBTOHOMHI KOH}Irypamii Ha3eMHOTO
po0o0Ta 3a MOBHOI BTPATH CYITy THUKOBOI HaBiraii, pi3Ho{
BUIUMOCTI ¥ Pi3HOT IKOCTI IIPOrPaMHOTO 3JIUTTS.

J1nst NOCSITHEHHSI METH ITOCTaBJICHO TaKi 3aBJIaHHS:

— pearizyBaTd B3a€MO3aMiHHI MOMYIIi OLiHIOBa9Ya
CTaHy Ta JIOKaJBEHOTO IUIaHYBaJIbHUKA;

— mopiBHATH ogoMmeTpito, MEMC-ripockom, BOT"
Ta iX 3UTTS 3 HTACHBHUMH MapKePHUMH KOPEKLIiSMU;

— Bimokpemutru mnoxubku BOI' Bim nerpanarii
KaMepH 3a sICHO1, 00MeXeHOT Ta 0JI0KOBaHOT BUIUMOCTI;

— OLIHWTH PEakKilifo Ha CTATU4YHI, PyXOMi Ta HOBI
MIePEIIKOIH 3 AATEKOMIPOM i 0€3 HbOTO;

— 30eperTu MepBUHHI XypHAIH, cecii, TnppoBuit
BiIOMTOK Mozemi W TepeBipUTH [eTepMiHOBaHE
BiITBOPCHHSI.

2. MaTtepiajau i MeTOIH T0CTiTKEHHSA
2.1 ApxiTekTypa cuMyJsITOpa

Po3pobmeno  noBumipamit  (2D)  OpaysepHuit
cUMyIIATOp Oe3 30BHIMIHIX IMPOTPAMHUX 3aJIC)KHOCTEH.
IcTuHHMIT cTaH MicTHTH TonoxkeHHs p = [x,y]T, kypc v
i mBuAKicTh v. OLiHIOBaY CTaHy OTPUMYE OIOMETPIIO Ta
BHOpaHi CHOCTepe)KCHHS; IUIAHYBAJbHUK — OI[IHEHUI
CTaH 1 JOKaJbHI cimiau nepemkoa. Takuii iHTepdeiic nae
3MOTY 3aMiHUTH OI[iHIOBa4 a00 IIaHyBaIbHUK 0e3 3MiHH
MOJIeIi CBITY Ta XypHAITIOBAHHS.

2.2 Mogaeui ceHcopiB i kopekuii

I[I/ICerTHI/Iﬁ IMPOrHO3 MOJIOKCHH 3a1a€THCA AK

- & s P T
Pr+1 = DPr + Uk [c051/)k, smz,bk] At + g,
MEMC-monens MicTUTh MacimTaOHy MOXHOKY,
MOBITbHE 3MIIIICHHS Ta ITYMOBI CKJIaJ0Bi. X 3HaUYeHHS €
CIICHapHUMH ¥ He TMOJAI0Thcad K KamiOpyBaHHA
KOHKpeTHOTO BrpoOy [1]. st BOTI kyToBwMit pHpicT:

AP = Mp(1 + k) + bAt/3600 + N,/At/3600 ¢,

ne ks — MmacmrabHa moxu0Oka, b — 3MiLIeHHs Y rpajycax
3aroauHy, N — Koe(illieHT BUIIaIKOBOTO OIyKaHHS KyTa,
& — neTepMiHOBaHO BiJTBOPIOBaHA HOPMaJIbHA BHIIJIKOBA
BEJINYMHA.

CxemMa OOMiHY JaHHMH MDK CEpEIOBHILECM,
KaHaJIaM¥ CIIOCTEPEXKEHHS], OL[IHIOBaueM, IUIaHyBaJIbHUKOM
i Momemmo pyxy (apxiTekTypa HaBiramii Ha3eMHOTO
poboTa) HaBeneHa H puc. 1.

CEPEOBULIE 100 x 100 m
4 cTaTU4Hi + 2 pyxomi + 2 HOBI NepeLukoau
5 mapkepis; Tpu Npodini BUAUMOCTI

l BUMIpHOBaHHA

KAHANW CMOCTEPEXEHHSA
opomeTpia | MEMC | BOI' | kamepa i Mmapkepu
nanekoMip 1 'y 5K OKpemMuin akTUBHWUIA peseps

l Kypc i nosuuis

OLIIHKOBAY CTAHY
3NUTTA KypCy | KOpekuis 3a MapkepoMm | apeid
npodinb AKOCTi NporpaMHoro 3abesneyeHHs

l OUIHEHWUI CTaH i Tpekn

MNAHYBAHHA
MapLUpyT 3a ToYKamu | nonsipHa rictorpama
noBopoT abo BiACTyN 3a TpUBanoro 6rnokyBaHHS

l KepyBaHHSA

PYX POBOTA | XXYPHAI
NOSOXEHHS | Kype | WBUAKICTb | NOAIT | NOKa3HUKK

Puc. 1. OOMiH TaHUMU MiX CEpEIOBHIIEM, KaHAIAMHI
CIIOCTEPEIKECHHSI, OL[IHIOBAaUeM, [UIAHYBAIbHUKOM
1 MOJICIUTIO PYXY

3a ocHOBY B3sTO IMdpoBy Bepcito BOI' kimacy
EMCORE EG-120 npu 25 °C [17]. TepmiH «4acTUH Ha
Minbiton» (parts per million, ppm) y TexHIYHOMY OmnHCi
NepeBe/ICHO B 0e3pO3MipHY BENUYUHY.

HocmimkeHi koHQIrypamii HaBiramiiHUX 3aco0iB
HaBesieH y Tabn. 1, a mapameTpu 6a30BOr0 BOJOKOHHO-
OIITUYHOTO TipocKoma — y Talur. 2.

Tabauya 1 — Jocaixxkeni kondirypamii HaBiraniinux

3aco0iB
Kopexkuist ado
Kondirypamis OpienTanis .
irypan P = CIIPUHIHATTS
Onpomerpuyna KOJTICHA OJTOMETPist HeMae
MEMC +
MEMC C . HeMae
OJIOMETpist
Bonokonno- . 5 macUBHHUX
BOI + onomerpis .
OITHYHA MapKepiB
MEMC + BOT + 5 macUBHHUX
3nuta . .
OJIOMETpist MapKepiB
3nmTa 3 iy MapkepH +
. SIK Y 3UTIN .
JIaIeKOMipoM nanekoMip 1 '

Texniunnii ommc ykasye cmyry mpposoro BOI
250 I', Toxi sik Monens BukopuctoBye 20 'y uepes kpok
inrerpyBanns. IlepenbavaeTbcsi MOYaTKOBE HYJIBOBE
KaniOpyBaHHs; TeMmIepaTypHuid npeid, BiOpauiiina
YyTJIMBICTh, TOXHOKA BCTAHOBIICHHS Ta Yac IPOIPiBY He
MOZAETMIOI0ThCsI.  OTKe, TapaMeTpd  BiATBOPIOIOTH
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CHpUSTIMBUI  0a30BMH  pexXxuM, a He IOBHUH

TEMIIEpaTypHHUH acnopT BUPOOy.

Tabnuys 2 — IlapameTpu 6a30BOr0 BOJIOKOHHO-ONTHYHOTO

ripockona
Buxopucranns
Iapametp 3HavyeHHs1 | OpuHuIS P .
B Mozei
CrabiIbHICTD 1 ofron HOpMaJbHA cTajia
3MiIECHHS MoXMOKa 3amycKy
Bunaakose OlHii IIrym
A 0,04 °rox Y
OnyKaHHs KyTa MIPUPOCTY
Macmrabaa 250-10-¢ 0e3po3- | moxuOKa KyTo-
MmoxuoKa MipHa BOTO IIPUPOCTY
YacroTa Mozemi 20 I'n kpok 0,05 ¢

Buaumuii Mapkep y moJii 30py CTBOPIOE KOPEKIIIO
x. = x, + K[z — h(x,)],

JIe X_C — CKOPHT'OBaHUH CTaH, X_p — IPOrHO3 cTaHy, a K —
Koe(ilieHT KOpeKmii, 3afaHmid mpodisieM MPOrpaMHOTO
3a0e3redeHHs. MapKkepHa KOpEKIis BIUIMBAaE€ Ha Kypce i
TIOJI0KEHHS, ajie He 3MiHroe Qi3myHi mapametpu BOT.

2.3 BuaumicTh Ta sIKiCTh NPOrpaMHOro
3a0e3meYeHHA

3a sicHOi BUIMMOCTI KaMepa Ma€ JalbHICTh 28 M 1
moJie 30py 70°. OOMekeHa BUANMICTH MOJIEITIOE JOIT a00
JIETKUH TyMaH: JajJbHICTh KaMepH 3MEHIIeHO 10 62%,
IMOBIpHICTh BHSIBICHHS Mapkepa — gm0 0,72, a mym
crioctepeskeHHs  30inpmeHo. [loBHe — OnokyBaHHA
MOJICNIOE TYCTHH TyMaH, CHIr a0 JuM: Kamepa i
MapKepu BUMKHEHI, a JAaIEKOMIp Ma€ MEHITY NalbHICTh
i HaxiinicTs [4, 5]. BOI' i MEMC-ripockon y BCix TphOX
PO UISX 3aTUINAIOTHCS JOCTYTHUMH.

IMpodini nporpamuoro 3a0e3neyeHHs Ha3BaHO
0a30BHM, TUIIOBUM 1 CTiMiKMM j0 moxubOok. OcTaHHii
BIJINOBi/Ia€ aHTJIHCBKOMY MOHATTIO robust software. Y
poOOTI HE BHUKOPHUCTOBYETHCS KalbKa «pPOOACTHHID):
yKpaiHcbke  (OpMYJIIOBaHHS ~ O3HAa4yae  3JaTHICTb
anroputMy 30epiraT NPHHHATHY pPOOOTY 3a MIyMy,
MIPOMYCKIB i XUOHUX criocTepeskeHb. [Ipodini omHOYacHO
3MIHIOIOTh mam'sith ciny, CIIIy  KOpPEKIil,
BimOpakoByBaHHs BUMIiproBaHb i Bary BOI y 3nwutTi, ane
HE € OILIHKOI KOHKPETHOTO KOMEPIIIIHOTO BUPOOY.

2.4 JlokanbHe YHUKHEeHHS i HOBi mepemkoau

Ha xoxHOMy Kpoui CIiM IepeTBOPIOIOTHCS Ha
moysipHy Tictorpamy H(0). Ilo3HaumBmM mMOXUOKH
BIZTHOCHO MLiJbOBOTO Ta IONEPEAHBOrO KypCiB SIK € g
ie_s, cepes BUIbHUX CEKTOPIB 00MPAEThCs

Oopt = arg;nin [W1|eg| + w,leg| + W3H(9)].

Kpurepiit miarpumye pyx mo 1mimi, oOMexye pi3ki
3MiHM KepyBaHHS I BIAXWIA€ HAmNpsAMH 3 BEJHKOIO
rycTuHoro nepemkon [16]. Skiio ganexkoMip TpuBamuit
yac miATBepIKye (ppoHTanbHE OJIOKYyBaHHS, KOHTPOJIEP
BUKOHYE BIJICTYTI i TOBTOpHUI BHOIp ceKkTopa.

CreHapiii MICTUTh YOTHPHU CTaTHYHI Ta B PyXOMi
nepemkoau. e nBi pyxoMi nepemkoiu 3'aBiIsioThCst Ha
9-i1 Ta 25-# cexyHnmax. PeecTpyroThcs mepiie 30poBe abo
JlaJIeKOMIpHE BUSIBIICHHS Ta 3aTPUMKa ITiCJIsl TTOSIBH.

2.5 [lnaH ekcrepUMEHTY i MOKA3ZHUKHU

Tlomiron craoBus 100 X 100 M, IIBUAKICTE —
8 km/rox, kpok — 0,05 ¢, rparnynamii yac — 300 ¢. OcHOBHA
MaTpuIlt oxormia 5 HabopiB X 3 mpodidi BUIIMOCTI X 3
npodini [13 = 45 xoH}irypariit i3 BTpaTor0 CYIyTHUKOBOI
Hapiramii. JlomaHo TpW KOHTPOJNBHI KOH(QIryparii 3
JNOCTYITHOKO  CYIYyTHHKOBOIO  HaBiramiero. Koy
KoH(irypartiro BukoHaHO Ha 30 OIHAKOBHX CECisiX, YCHOTO
1 440 3amyckiB. Oxpemuii creHn Kypcy MictuB 180
3amyckiB: MEMC, BOT i ix 3nutrs, mo 30 3epeH 3a SCHOTo
Ta GJIOKOBaHOTO 30poBoro Kanaiy. [Iporsrom 300 ¢ kyToBa
mBuAKicTh  gopiBHoBaa  w(t) = 1,5 + 6sin(2wt/
35) °/c; CyTyTHHUKOBI # MapKepHi KOPEKITii Oy BAMKHEH.
OcCHOBHI ~ IIOKa3HMKM: JOCSATHEHHS I, Oe3meuyHe
JOCSTHEHHS 0e3 3iTKHeHB; CepeTHbOKBAAPATIIHA ITOXNOKa
(CKII) momnoxeHHS 1 Kypcy; MiHIManbHa BIICTaHb JI0
MEPEIIKOIM; Yac 1 JOBXKHHA IUIIXY; 3aTPUMKA BUSIBIICHHSL.
st uactok obumciero 95% inrepBanu Bincona [18].

3. PesyabTaTn
3.1 TouyHicTh BOJIOKOHHO-ONITHYHOIO ripocKona

Ha 300-cexynmaomy cteHmi BOI' maB cepenmro
CKII xypcy 0,0568 + 0,0349° i kinneBy moxubky 0,0995
+ 0,0624° (puc. 2). s MEMC-crieHapito BinmoBinHi
3HAYCHHS CTAHOBHIIH 9,8981 +5,7123° 1
17,1355 + 9,8844°. Orxe, cepenus CKII BOI' Gyna
npubau3Ho y 174 pa3u MeHow. 3nuTTs 3 GikcoBaHOO
Baroro nano 0,5869 =+ 0,3766°, ToOTO MOCTyHHIOCS
okpemomy BOT" uepes aomimysantus MEMC-nioxubku.

Tou4HicTL oUiHOBaHHA Kypcy npoTtarom 300 c
CKI, °; BOr: 1 “/roa; 0,04 “Nrof; 250 x 104-6; 63 30BHILLHIX KOpeKL|ii

9.90 9.90

10
1
0
0.0
0.001

MEMC

0.59 0.59

MEMC + BOI'

0.0570.057

Bor

B Kanan 6nokosaHo

B sicHo

Puc. 2. Cepenust CKII xypcy 6e3 30BHINIHIX KOPEKIIiif;
JorapudmivHa mKaza

PesynbraTit BOI 3a sicHOi Ta 6710KOBaHOT BUTUMOCTI
30irMest it KokHOI cecil. Lle koHTposibHa O3HaKa
MPaBWIBHOI MOJENI: TOroja BIUIMBAE HA 3OBHIMIHIN
30pOBHI KaHajl, aje He Ha iHepIliaJbHEe BUMIPIOBAHHSI
BOI. Bognouwac Taka TOYHICTh HE  BpaxoBYE
TeMIepaTypHHi Jperd i TOXHUOKY BCTAHOBJICHHSI.

3.2 IopiBHsiHHA Ha noJiroHi (puc. 3, Tad.a. 3)

3a sicHol BHAMMOCTI Ta cTiiikoro mo moxuook I13
omomertpisg mocsrna mimi B 1 13 30 3amyckis: 3,3% (95%
iatepBan  0,6-16,7%), MEMC - y 23,3% (7/30).

7



Control, Navigation and Communication Systems. 2026. No. 3

ISSN 2073-7394

Bonokonno-ontuyna koHdirypauis nana 46,7% (14/30;
95% intepBan 30,2—63,9%) mocsiraens i 23,3% (7/30)
0e3MmeyHux JOCATHEHbB; 3MuTTs - 43,3% (13/30) 1 23,3%
(7/30). CKII monoxxenHst cranoBwiaa 4,02 i 4,13 ™
BiJINIOBiTHO TIpOTH 23,44 M JUIs OTOMETPii.

JonaBaHHS gajgexoMipa IiIBUIINIO JOCATHEHHS 10
76,7% (23/30; 95% intepBan 59,1-88,2%), a Ge3neuHe
nocsrHeHHs — po 40,0% (12/30). 3a obOmexeHoi
BUAUMMOCTI 3yiHuTTA mano 36,7% nmocsraens 1 16,7%
Oe3MeYHNX [OCATHEHb, a BapiaHT i3 JaJeKOMIpoM -
56,7% Ta 30,0%. IlpubyTrrs 1o mimi HE MOXKHA
BHUKOPUCTOBYBATH SIK €TUHUIA TOKA3HUK OC3IICKH.

Pe3ynbTaTUBHICTL 6€3 CynyTHMKOBOI HaBirawuii
Criiike oo noxuGok M3; n = 30 Ha koHdirypauin

LOocArdHeHHA wini
100

80 77
60 57

40

2 23 ,, II II 23
7
3
ol & III I

MEMC 3nuTTa + M

OpoMeTpis 3nuTTa

Besne4He gocArHeHHsA
100

80
60

40

20 I I
o

MEMC

Opomertpis 3nuTTR 3nuTtTa + AM

B sicko B O6mexena eunumicte [l ONTUUHMI KaHaN GNOKoBaHO

Puc. 3. JlocsirHeHHsI 1iJ1i Ta Oe3MeYHe TOCATHEHHS
3a criiikoro o noxudok I13; /IM - nanekomip

Tabauys 3 — 3AUTTA Ta BapiaHT i3 nanexoMipom
3a criiikoro 10 noxu6ok I13

Bunvicts 3amMTTS: Hiab / 3 najexomipom: uijasb /
oe3neuno; CKII 0e3neuno; CKII
SlcHa 43,3123,3%;4,13m | 76,7/40,0%; 3,12 ™
Oo6mexena | 36,7/16,7%;4,37m | 56,7/30,0%; 3,76 m
Bnokosana 0/0%;5,11m 23,3/10,0%; 4,34 m

3.3 Buaumicrs i sikicTb
nporpaMHoro 3ade3neuyeHHst (puc. 4)

3a OnoxoBaHoi BuguMocTi okpemuid BOI' 36epir
CKII kypcy 0,1046° y moniroHHOMy CIIeHapii, aje He
JIOCAT IUJT B J)KOAHOMY 3armycKy. [IpuunHa nosisrae He y
BTparti Kypcy, a y BiICyTHOCTI 30pOBHUX CJIi/IiB IEPEIIKO i
MapKepHUX KOpEKILiil mosoxeHHs. [lanekoMip miaBUIIIB
nmocsrHeHHs 10 23,3%, a 6e3neune - 10 10,0%.

3a sicHOI BHOUMOCTI CTiike m0 moxubok II3
masummmio macuBHe 3mutTa Big  20,0% mo 43,3%
JOCSTHEHB, a Oe3MCUHNI Pe3yJIbTaT i3 JajJeKOMipoM - Bif
3,3% mo 40,0%. BogHouac 3a OJOKOBaHOI BHMIMMOCTI

THIIOBHH NPOQIib MOCTYNHUBCS 0a30BOMY 3a OKPEMHMH
nokasHukamu. Ile Hacmigok B3aeMOil MaM'siTi CHiiB,
KOPEKIIiH 1 TpaeKTOpil; Ha3BM MPOQLIIB HE CITiJ] TPAKTyBaTH
SIK paH>)KyBaHHsI TOTOBUX NPOTPaMHUX MPOIYKTIB.

CeHcopu, N3 Ta noxmbka oLiHBaHHA

CynyTHUKOBa Hasiraljis HeAOCTYNHa; OAHAKOBI 3epHa

CKIN nonoxeHHsA, cTike N3
25

20

15
M
10

MEMC

[&]

o

OpomeTpia 3nutTA 3nutTa + OM

[ocArHeHHA Wini: nacuBHe 3NUTTA
50

43
')
40 37
.
30
23
% 20
20 .
10
3 3
0 0

Basose Twnose Crinke

w—FHCHO — OOMeNeHo == Kanan bnokosaHo

Puc. 4. CKII nonoxeHHs Ta JOCATHEHHS 111 3aI€KHO BiJl
KoH]irypauii #f mpodimo I13

3.4 BusiBjieHHSI HOBUX MepPelIKO

Crifike TacMBHE 3JIUTTS BUSBIUIO OOWIBI HOBI
MEepelIKOJM y BCIX 3amyckax 3a sSCHOI Ta OOMEXeHOI
BUIMMOCTI 13 cepemHpor0 3aTpmMkoro 2,02 1 2,18 c.
Hanexomip 3menmmB i go 1,61 i 1,93 c. 3a GmokoBaHOi
KaMepH JIMIIe TajekoMip 30epir KaHal BHSABICHHSI: Y
cepenHpoMy 1,67 13 TBOX 00'eKTiB i3 3aTpmMKor0 12,75 c.
By3bkuit mpomise 1 ' He 3a0e31medye CyIiTbHOTO OTIISTY.

4. O0roBopeHHs1 pe3yJbTaTiB
4.1 IlepeBaru ii o0MeskeHHs 3ac00iB

Omometpis mpocta ¥ OesmepepBHa, ame il
MO3MIIHUI 1 KypcoBHii npeiid oOMexye camocTiliHe
BukopuctanHsi. MEMC-ripockon KOMIAakTHHH 1 He
3aJeKUTh  BI  BWJAMMOCTI,  OJHAaK  3MIIICHHS
Hakonnuyetbest [1, 19]. BOI' 3abe3neuye 3Ha4HO
TOYHIIMIMA KypC; AJIsl KIacy BUKOPUCTAHOTO TEXHIYHOTO
orucy BKa3zaHo Macy 10 0,08 kr i THIIOBY MOTYKHICTH 1,8
Br 3a ximMHatHOi Temmepatrypu [17]. Y wmogeni
€HEProCIIOKMBaHHS Ta Maca He BPaXOBYBaJINCS.

BOI € nacuBHUM 11010 30BHIIIHBOT'O CEPEIOBHIIIA:
CBITJIO IUPKYJIIO€ BCEPEIUHI ITPUIIAy, ajle HaBirainHui
CHT'HaJI Ha30BHI HE BHIIPOMIHIOETHCS. BogHouac BiH He
BHU3Hayae aOCONIOTHE TOJOXKEHHS 1 He 0adnTh
nepemko/. Kamepa ta Mapkepn HafaloTh 1li OOMeXeHHS
0e3 aKTHBHOTO OMPOMIHEHHS CIICHH, ajie 3aJiekaTh Bif
[TOrO/IH, OCBITJIEHHS i epekpuTTs [2-5].

JlanekoMip € KepOBaHMM aKTHBHUM pe3epBoM. Bin
IiIBUIIly€ YacTOTy JIOCATHEHHS, aje BY3bKHH HMPOMIiHb,
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yactota | 'l 1 MOMMJIKM IUIaHYBaJIbHUKA 3QJIMINAIOTH
3iTkHeHHs. ToMmy  OC3MEYHICTH  3aJCKUTh  Bij
OIJIIIOBOCTI, IPOTHO3YBAaHHS pPYXOMHX  OO'€KTiB,
KiHEMaTHKH Ta paBuiIa O€3MeYHOT 3yTUHKH.

4.2 Haiikpammii cueHapiii i npakTu4yHa apxiTekTypa

Hnsa cyBopo macuBHOI poboTH 3a sicHOI abo
oOMexeHOT BHIUMOCTI JOUiTbHHM simpoM € BOIL,
OJIOMETpis, Kamepa Ta NMachBHI MapKepu 31 CTIMKHM 10
noxubok  ouiHoBagHsaM. MEMC  cnmipg  3anmmuary
HE3AJIeKHUM PE3ePBOM 1 BUKOPHCTOBYBATH aJalTHBHY, a
He craiy Bary: TouHinmit BOI' y crenai moripuryBaBcst
micnst mominryBanHst MEMC-BuMiproBaHHs. 3a TycCTOro
TyMaHy, cHiry abo aumy BOI" 36epirae kypc, ane notpioeH
OKpeMHii 3aci0 CHpHHHATTSA: TACHMBHUH TEIUIOBI3iHHMI
KaHaJI, SKIIO [i¢ JOITyCKalOTh YMOBH, a00 aKTHBHUHI panap
9d JanekoMip. SIKIO JOCTOBIPHOTO CIITYy IEPEIIKOAN
Hemae, Oe3leyHa 3yNHMHKAa Mae BBAXATUCS IITATHHM
Ppe3yJIbTaToM, a He HEeBJIAUYCIO IUIaHyBaJIbHUKA.

4.3 JlocToBipHicTh i 3arpo3u BagigHoCTI

IntepakTuBHU i NaKeTHUH pEXUMHU
BUKOPHUCTOBYIOTh TOH camuil koA. Marpuus 3ajaHa 1o
arperaiiii, HeBJiaji 3alyCKH He BHJIY4€HO, 3epHa CIUIbHI,
MEPBUHHI JKypHAIU 30epekeHo, a 11 672 HesanexHi
ABTOMAaTH30BaHi IEPEBIPKU He BUSBWIN OPYyIIeHb. Taka
mporenypa 3a0esnedye BHYTPIIIHIO BiATBOPIOBAHICTH
MOpiBHAHB. 3OBHIIIHA  JOCTOBIPHICTH  OOMeE)KEHa.
Mogens 1BOBUMIpHA i KIHEMaTH4HA; BOHA HE BPaXOBYE
penbed, KOB3aHHS, BiOpaIlifo, TEMIEpPaTypHUH LIHKI
BOI', 3aTpuMKu, eIEeKTpOMAarHiTHI  3aBagl  Ta
eHeprocnoxkuBanHs. Ilapamerpu BOI'  y3s10 3
TEXHIYHOT'O OIMHUCY, ajie¢ HE MEePEeBIpEHO Ha MPUI0AHOMY
3pa3ky. Tomy poOora ninTpumye BUOip apXiTeKTypH, aje
HE IATBEPAXKYE FTOTOBHICTh JIO €KCILTyaTallii.

5. BucHOBKH

1. Tapamerpuuna wmopenb ©6azoBoro BOI i3
1 °/ronm, 0,04 °/\/r0z[ 1 MacmTabHOIO Moxubkoro 250-10°¢
nana cepenaro CKII kypey 0,0568° 3a 300 ¢, mpubim3HO
y 174 pasu mennry 3a MEMC-cuenapiii.

2. BOI' He 3amexaB BiJ SCHOCTI 30BHINIHBOL
CIICHH, OJHAK OJOKYBaHHS KaMepH Pi3KO 3HIKYBAJIO
Oe3MeyHiCTh Yepe3 BTPATy CHOPHHHATTS IMEPEIIKOa i
MapKEePHHUX KOPEKI[# MOJOKECHHS.

3. 3a sACHOI BHIUMOCTI BOJIOKOHHO-ONTHYHA
KoH(iryparis 3 Mmapkepamu gocsria 46,7% minei i
23,3% Oe3meyHuX JOCATHEHL; 3MUTTA gano 43,3% i

23,3%, a nanekoMmip MmiJBUINUB IIi 3HAYCHHS 10 76,7% 1
40,0%. 3a 00MeKeHOi BUAUMOCTI JUIs 3JIHTTS Ta
JaneKkoMipa otpuMaHo 36,7%/16,7% 1 56,7%/30,0%
BiJIIIOBI THO.

4. PekoMeHIOBaHE NMAcCHBHE PO CKIANAETHCS 3
BOI, omomerpii, kamepm # wmapkepiB, a MEMC
BUKOPUCTOBYETBCS  SIK  HE3AJICKHHMH  pesepB. 3a
OJIOKOBAaHOI BHIMMOCTI TMOTPIOCH JOMATKOBHHA KaHAT
CHPUITHATTS Ta IPaBWIO OE3MEeTHOT 3YITHHKH.

5. HacrtymHuii eram Mae BKIIOYaTH amapaTHO-
nporpaMHe MOJETIOBAHHS 13 3aJyYeHHSIM peanbHOro
obnagnanns (hardware-in-the-loop, HIL), TemnepatypHi
BunpoOyBanns BOI', kani6pysanust MEMC nucniepciero

AaHa Ta TOJNBOBY IEPEeBIpKY 3  HE3aJIEKHOIO
€TaJIOHHOIO TPAEKTOPIELO.
KonguikT inTepeci
ABTOpH  JICKIIApYIOTh BIACYTHICTH KOH(IIKTY

iHTepeciB (hiHAHCOBOTO, 0COOMCTOTO, aBTOPCHKOTO abo
IHIIOTO ~ XapakTepy, SAKHA Mir OW BIUIMHYTH Ha
JOCTIDKSHHS Ta Horo pe3ybTaTH.

®@iHaHCYBAHHA

JocmimkeHHst
TiATPUMKH.

mpoBonmiIocst  0e3  (piHaHCOBOI

JocTynnicTb 1aHux

IoB's3aHi naHi HATAHO y BIATBOPIOBAHOMY ITaKeTi:
nepBunHi pe3yabTatd CSV/JSON, arperatu, ¢ikcoBaHi
3epHa, nmapameTpu BOI', ko makeTHOro 3amycky, KOJ
pucyHkiB 1 wmudposuit Bigburok Mozem. Ilepen
myONiKami€l0 aBTOPH MAIOTh PO3MICTHUTH TMAKeT Yy
peno3uTapii Ta MONATH TOCTifiHE WOCHIAHHI abo
mudpoBuii inearudikatop o6'ekra (DOI).

BuxopucranHas 3aco0iB IITy4YHOr0 iHTeT1eKTY

ABTOpH  TIOBIJOMJISIFOTH  NPO  BHKOPUCTAHHS
cucremu mry4yHoro iHTenekTy (LLI) OpenAl Codex mis
JOTIOMOTH Yy TMpPOrpaMyBaHHI CHMYJIATOpA, IiJrOTOBIH
BIITBOPIOBAHOTO TAKETHOTO EKCIIEPHUMEHTY, arperanii
pe3yJIbTariB, MOOYA0BI PUCYHKIB, MOBHOMY pellaryBaHHi
tTa QopMaTyBaHHI pykonucy. Yci YHCIOBI JaHi
OTPUMAaHO BHKOHAHHSM JIOKaJIBbHOTO JETEPMIHOBAHOTO
KONy, NEpeBIpeHO aBTOpaMu I HaJaHO pa3oM i3
NEepBUHHUMHU XXypHanamu Ta napamerpamu. 3acio 111 ne
CTBOPIOBAB GbizmaHIX BHAMIipIOBaHb i HE
BUKOPUCTOBYBABCSA 5K JDKEPENO HAYKOBUX (DaKTIB.
ABTOpHM BINIMOBINAIOTh 32 IOCTAHOBKY JOCIIJKCHHS,
TIepeBipKy pe3yJIbTaTiB, MOCHJIAHHS T BUCHOBKH.
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Autonomous passive navigation of an unmanned ground vehicle during GNSS loss:
MEMS and fiber-optic gyroscope comparison

Serhii Boychun, Serhii Levytskyi

Abstract. Background. GNSS loss requires an unmanned ground vehicle to maintain orientation and obstacle awareness
from onboard sensing. A fiber-optic gyroscope must be distinguished from camera-based visual odometry. Subject of the study:
navigation using wheel odometry, a MEMS gyroscope, a parameterized fiber-optic gyroscope, passive optical markers, and an optional
rangefinder. Objective: to quantify baseline fiber-optic gyro precision and compare passive and hybrid configurations under degraded
visibility. Methods. The study comprised 1,440 obstacle-course runs and 180 separate 300-second heading tests. The baseline fiber-
optic gyro used 1 deg/h bias stability, 0.04 deg/sqrt(h) angle random walk, and 250 ppm scale-factor error. Results. The fiber-optic
gyro achieved 0.0568 deg mean heading RMSE and 0.0995 deg final heading error, versus 9.8981 deg and 17.1355 deg for the MEMS
scenario. With clear visibility, the fiber-optic gyro plus markers reached the target in 46.7% of runs with 23.3% safe arrival; adding
the rangefinder to the fused stack increased these values to 76.7% and 40.0%. Conclusions. The fiber-optic gyro is the most accurate
passive heading source in the model and remains available when camera visibility is blocked. However, safe navigation still requires
obstacle perception and position correction; blocked visibility therefore needs a separate sensing fallback or a safe-stop policy.

Keywords: unmanned ground vehicle; GNSS-denied navigation; fiber-optic gyroscope; MEMS gyroscope; passive
navigation; optical markers; sensor fusion; rangefinder; reproducible simulation.

10


https://doi.org/10.3390/robotics15020035
https://doi.org/10.1109/TRO.2018.2853729
https://doi.org/10.1109/TRO.2021.3075644
https://doi.org/10.3390/s26072068
https://doi.org/10.1155/atr/2762711
https://doi.org/10.1109/JIOT.2025.3593605
https://doi.org/10.1038/s41467-025-58381-6
https://doi.org/10.3390/network6020028
https://doi.org/10.1364/OL.576264
https://doi.org/10.1109/70.88137
https://www.emcore.com/wp-content/uploads/966798_A1_EG-120-FOG.pdf
https://doi.org/10.1080/01621459.1927.10502953
https://doi.org/10.1007/978-3-319-08338-4_25
mailto:s@lambit.tech
https://orcid.org/0009-0009-7099-1990
mailto:levytskyism@gmail.com
https://orcid.org/0000-0002-3909-0993
https://www.scopus.com/authid/detail.uri?authorId=25923472700

YnpaBniHHA B CKNagHUX cuctemax

UDC 004.942:658.512.2:621.3.049.75

doi: 10.26906/SUNZ.2026.3.011

I. 1II. Hesmrogos, B. B. €scees, O. O. Yana, K. }O. I'oposuii

XapKiBChKHI HAIllOHATBHUN YHIBEPCUTET PaIioeNeKTPOHIKH, XapKiB, YKpaina

PO3POBJIEHHSA IHTEJIEKTYAJIBHOI'O METOJA KOHTPOJIA AKOCTI
PAD KOHTAKTIB IIU®POBOTI'O IBIMHUKA FEK DELVOTEC 6400
JJISA MOAEJIIOBAHHSA ITPOIECY KIIMHOBOI'O 3BAPIOBAHHSA
Y MIKPOEJIEKTPOHIIII

AHoTanisi. O6'eKTOM IOCTIIKEHHSI € IPOIIEC ABTOMATH30BAHOTO KOHTPOJIIO SIKOCTI KOHTAKTHHX IUIOMIAJIOK Y [I(pPOBOMY
neiiHuKy oOmamHanHs FEK Delvotec 6400 mmsi MopmenmroBaHHS TEXHOJOTIYHOTO TIPOIECY KIMHOBOTO 3BapIOBAHHA Y
MikpoenekTpoHini. I[IpeaMeToM HOCHIIMKeHHI € METOOM, MATEMAaTH4YHI MOJEN Ta alroOpuTMiuHe 3a0e3MedeHHs
IHTENIEKTYaTbHOTO KOHTPOJIO SKOCTI KOHTaKTHHX IUIONIAZOK mudpoBoro nasiitHuka obmamuanus FEK Delvotec 6400 mst
MOJICITFOBAHHSI TIPOIIeCy KJIMHOBOTO 3BapIOBaHHSA Y MIKPOENEKTPOHili. MeTo podoTH € po3poONIeHHs IHTENeKTYaIbHOTO
METOZy ABTOMAaTH30BAaHOTO OIHIOBAHHSA CTaHy KOHTaKTHHX IUIONIIOK, IO 3a0e3ledye IiJBHINEHHS TOYHOCTI
TIO3UILIOHYBaHHsI, TOCTOBIPHOCTI IIN(POBOTO MOJEITIOBAHHS Ta SIKOCTI MPHHHATTS PillleHb ITiJl YaC BUKOHAHHS TEXHOJIOTI9HOTO
nporecy. Il AoCATHeHHs! MOCTaBJIeHOI MeTH BUKOHAHO PO3POONICHHS MaTeMaTHIHUX Mozenel (popMyBaHHS 300paKeHHS
TEXHIYHOTO 30Dy, KaJiOpyBaHHS KOOPAHHATHOTO MPOCTOPY, HEHPOMEPEKEBOTO PO3IMi3HABAHHS KOHTAKTHHX IUIOMIANOK i
PETiepHHX MITOK, YTOUHEHHSI KOOPAMHAT LIEHTPIB, KOOPAWHATHUX IIEPETBOPEHB, aBTOMATUYHOI KOPEKIii TPAEKTOPii MOCcaaKu
JPOTY, OLIHIOBAHHS TOYHOCTI MO3HIIIOHYBAHHA Ta IHTErPaJbHOI MEPEBIPKH TOCTOBIPHOCTI PE3yJIbTaTiB KOMIITOTEPHOTO 30py
Tiepesi BAKOPHCTAHHIM Y IIU(POBOMY ABIHHUKY. MeTOANYHO TOCTiMKeHHsI IPYHTYEThCS Ha BUKOPHCTaHHI MaTeMaTHIHOTO
MOJICITFOBAHHSI, CyYaCHUX METOAIB KOMITIOTEPHOTO 30Dy, TIIMOOKOTr0 HaBYAaHHS, 3TOPTKOBUX HEHPOHHUX MEPEeX, JEeTEKTOpIB
00'exTiB, mHdpoBoi 0OPOOKH 300parkeHb, ABTOMATH30BAHOTO aHAJTi3y T€OMETPUYHMX IapaMeTpiB KOHTAKTHHX IUIOIIANOK i
YHCENBHOTO MOJIEMIOBaHHS. 11 eKCIIepuMEeHTaIbHOI ITepeBipKH c(OpMOBaHO HAOIp ayrMEHTOBaHHUX 300paykeHb KOHTAKTHHX
IUTONIAI0K, BUKOHAHO HABYAaHHSA HEHPOMEPEKEBOI MOZENI Ta MPOBENCHO CEPil0 EKCIICPUMEHTIB i3 BH3HAYCHHS ITOBHOTH
JOCTOBIPHOCTI Kiacu(ikamii AeQeKTiB, iHTerpanbHOTO iHIEKCy Bamimamii mudpoBoro NBiiHWKa Ta 4acy oOpOOKH OIHOTO
300pakeHHs. OTpUMaHi pe3yJIbTaTH ITiATBEP A BUCOKY e(DEKTHBHICTD 3alIPOIIOHOBAHOTO TiIXOY, 3a0€3MEUNBIIH TOBHOTY
BUSIBJICHHSI KOHTAKTHUX muiomanok 10 100 %, moxuOKy iokamizarii neHTpis y Mexax 1,35-3,05 MM, NOXHOKY BH3HAUCHHS
reoMeTpH4HUX mapamerpiB 10 4,7 %, BHCOKMII piBeHb JOCTOBipHOCTI Kiacugikamii nedexTiB Ta yac 0OpOOKH OIHOTO
300paxkeHHs1, o He nepeBunrye 50 Mc. [IpakTnyHa WiHHICTE POOOTH MOJSTaE y MOXIIMBOCTI iHTErpamil 3arpornoHOBAHOTO
Merony a0 uudposoro npiiiHnka FEK Delvotec 6400 mis aBTOMaTH30BaHOTO KOHTPOJIFO SIKOCTI KOHTAKTHHUX ILIONIA/IOK,
TTiIBUIIEHHS] TOYHOCTI MOJIENTIOBaHHS IMPOLIECY KIMHOBOTO 3BApPIOBAHHS, CBOEYACHOTO BHUSBICHHS NE(EKTIB 1 3a0e3neueHHs
CTa0IIBHOCTI TEXHOJIOTIYHOTO TPOIECY Y MIKPOEIEKTPOHHOMY BUPOOHUIITBI.

KnaouoBi cmoBa: nndpoBuil ABIHHNK; KOHTaKTHI IUIONIAJIKH; KIMHOBE 3BApIOBAHHS; KOMITIOTEPHUH 3ip; HEHpPOHHI
Mepexi; KOHTPOJIb SKOCTi; MaTeMaTH4YHE MOJIEIIOBAaHHS; MiKpPOEJIEKTPOHIKa; aBTOMATH30BaHMH KOHTpPOIb; Iu(ppoBa
00poOka 300pakeHb.

IO 3HWXXYE JOCTOBIPHICTb HU(POBOrO MOJIEIIOBAHHS
BUpOOHHMYOTrOo mpormecy [5, 6]. YV 3BsBKY 3 UM

Beryn

AKTYaJIbHICTh A0CiIKEeHHS

CyuacHe BUPOOHHUIITBO MIKpOEJIEKTPOHHUX
BHPOOIB BHCYBa€ MIJBHINCHI BUMOTH JO TOYHOCTI
MIO3UI[IOHYBaHHS, aBTOMAaTH30BAaHOTO KOHTPOJIO SIKOCTi
KOHTaKTHHUX IUIOLIAJIOK Ta JOCTOBIPHOCTI MOJEITIOBAHHS
MIPOLIECIB KJIMHOBOTO 3BapIOBaHHs, IO OOYMOBJIEHO
nepexogoM o koHuennid Industry 5.0 i mmpokum
BIpoBakeHHsM TexHostoril Digital Twin [1, 2]. Onxum
i3 HaWOUTPII KPUTUYHMX €TamiB TEXHOJOTi9HOTO
Mporecy € cBoeyacHe BuUsiBIeHHS naedektiB PAD-
KOHTAKTiB, OCKITbKM iX TEOMETpPHYHI BiIAXWJICHHS,
3a0pyIHEHHS, OKHCIEHHS a00 MeXaHiqHi TOITKOHKEHHS
Oe3mocepeIHFO BIUIMBAIOTH HA SKICTh MIKPO3BapHUX
3'€MHaHb, HAMIMHICTD EJIIEKTPOHHHX MOAYJIIB Ta
e(eKTUBHICTh POOOTH aBTOMAaTHU30BAHHX CHUCTEM Wire
bonding [3, 4]. BukopucranHs TpaJuLiHHUX aJrOPUTMIB
MaIIMHHOTO 30py HE 3aBXAu 3ade3nedye HeoOXiaHy
TOYHICTb 1 CTIMKICTH 1O 3MiH YMOB OCBITJICHHS, LIyMiB
CCD-300paxeHb Ta TEXHOJIOTIYHHUX Bapialiid MOBEPXHI,

aKTyalbHHM  HAyKOBO-NIPAKTHYHUM  3aBIAHHAM €
pPO3pOOJICHHsST  1HTEJIEKTYalbHOIO METOAY KOHTPOJIIO
sikocTi PAD-KOHTaKTiB Ha OCHOBI iHTerpauii cy4acHHuX
HEIpOMEepeKeBUX MOJAENeH KOMI'IOTEPHOrO 30Dy,
cucremu CCD/PRU Tta mmdposoro agilinmka FEK
Delvotec 6400, 1m0 103BOJIUTH IMABUIMMTH TOYHICTH

aBTOMAaTUYHOTO MTO3HIIIOHYBaHHS, JIOCTOBIPHICTB
OI[IHIOBAaHHS  CTaHy  KOHTAKTHHX  IUIOMAAOK i
e(eKTHBHICTh MOJENIOBAHHS IMPOIECYy KIMHOBOTO

3BapIOBAaHHS Y MiKPOEJIEKTPOHIIIL.

AHaJi3 JiTepaTypHux axepet
i BU3HAYeHHs NpodeMu

Y poboti [7] 3amponoHOBaHO OIS MiAXOMIB O
MIBUIICHHS HAIMHOCTI KOHTPOJIIO KYTOBHX 3BapHUX
3’€JHAHP 13 BHKOPHCTAHHAM (ha30BaHUX YJIBTPa3BYKOBUX
PCLITOK, IO Ja€ MOMIIUBICTh TOKPAIUTH BUSIBICHHS
ne(eKTiB y CKIQJHUX TCOMETPHYHMX 30HAX 1 3HU3UTH
PH3HK MPOITYCKY KPUTHIHUX [TOLIKOKEHb.
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3anporoHoBaHe PillleHHs OPIEHTOBAHE HA YJIbTPA3ByKOBHIA
HEpYiHIBHUI KOHTPOJIb METAJICBUX 3BAPHHUX 3’€HAHB i
He BpaxoBye crmerudiky CCD/PRU-300paxeHs,
HEHPOMEPEIKEBOTO aHawizy PAD-KkOHTaKTIB,
KOOpJIMHATHOI Kopekuii Ta iHTerpauii pe3yibTaTiB y
mudposuit aeiitank FEK Delvotec 6400.

V crarri [8] mocmimkeno iHHOBamiHUI MeTO.
HEpYIHIBHOTO KOHTPONIO 3BapHUX MIBIiB BaKyyMHOL
KaMepu KOMIIAKTHOTO TePMOSICPHOTO PEaKTopa, 10 Aa€

MOUIMBICTh  MIABHIIUTH JIOCTOBIPHICTh NEPEBIpKH
BIANOBIJANFHUX 3BapHUX KOHCTPYKWIH Y CKIaJHUX
SHEepreTMYHUX cucTeMax. AJle, AaHii MeToj Mae
oOMeXeHy MpHUAATHICT IS MIKpPOEIEKTPOHHOTO
BUPOOHMITBA, OCKUIBKM HE  pO3IJIigae  aHaii3

KOHTaKTHUX IUIOMIAZOK, JePEeKTH TUIly 3a0pyTHEHH:,
okucieHHs abo BincyTHocti PAD, a Takox He MIiCTUTB
MoJeNield MalIMHHOTO 30pY JUIS aBTOMAaTH30BaHOI'O
OMLIHIOBAaHHS SKOCTI TIepe]] KIMHOBUM 3BapIOBAHHSIM.

Y crarti [9] po3pobneHO MeTOJ BUSIBICHHS
nedeKTiB IUIaTH KepyBaHHS JBHTYHOM Ha OCHOBI
muppoBoi 0OpOOKK 300pa’keHb, IO NAE MOXKIHUBICTH
BHKOHYBaTH aBTOMAaTH30BaHy KJIAcU]iKaIliro 1eGeKTHuX
i cmpaBHMX BUpPOOIB 3 TOYHICTIO THoHan® 99 % Ta
BUKOPHCTOBYBATH MiJXiJ Ui HNOTOKOBOTO KOHTPOIIIO
€NEKTPOHHMX IulaT. JlaHuM MeTo] 30CepemKeHUui
NepeBayKHO Ha 3arajibHii  00poOui 300paxkeHb i
[MOPOTOBOMY BHAUICHHI O03HaK, TOMY HEIOCTaTHHO
BpPaxoOBYy€ MIKpPOHHY TOYHICTh MO3HUI[IOHYBaHHSA PAD-
KOHTaKTiB, HelipoMepexey Bamiganito CCD/PRU
alignment i 3B’s30Kk  pe3yJbTaTiB  KOHTPOIIO 3
MO/IETIFOBAHHSM POILIECy KIIMHOBOTO 3BAPIOBAHH.

VY crarti [10] mocnimkeHo cydacHi 3aCTOCYBaHHS
TUPPOBUX IIBIHHUKIB TUTS IHTENIEKTYaIbHOTO
YIOPaBIiHHSA AKICTIO y OyIIBHHUIITBI, IO Ja€ MOXIIUBICTb
chopMyBaTH CTPYKTYpOBaHE YSIBJICHHS NPO PoOJib 300py
JaHuX, UU(POBOi MoOJelNi, aHAJTITUKH Ta 3BOPOTHOTO
3B’sI3Ky Y Ipoliecax KoHTpoJto sikocti [10]. XoTst poboTa
Ma€ BHCOKHI METOJOJOTIYHHUIA IHTEpEC, MPOTE BOHA
HaJIeKUTH 10 Oy/iBeIbHOT ray3i it He Jetanizye Mozaedi
komm’totepaoro  30py, CNN/YOLO-po3mi3HaBaHHS,
kamiopyBanHs CCD-kamepu Ta Bamimaii KOHTaKTHHX
IUTOIIAAOK Y 3a7adaX MIKpOelleKTpOoHHOTO wire bonding.

V crarri [11] mocmimKeHO MeTOx BH3HAYCHHS Ta
aHamizy TIUOWHU  TEKCTypH  ac(aabTOOETOHHOTO
MTOKPUTTS HAa OCHOBI IU(POBOI aHATNITHKH 300pakeHb,
110 1a€ MOKJIMBICTh BUKOHYBATH KITbKICHE OI[iHIOBAaHHS
MTOBEPXHEBUX MapaMeTpiB 3a Bi3yaJbHUMH ITaHUMHU.
3anponoHOBaHUN METOX MiATBEPIKYyE €(EeKTUBHICTDH
1 poBoi 00poOKHU 300pakeHb ISl aHATI3y TIOBEPXOHD,
npoTe HE  OXOIUIIOE  BUCOKOTOYHHII  KOHTPOJIb
MiKpo00’exTiB, nedextn PAD-koHTaKTiB, CyOmiKcenbHE
YTOUHEHHsI KOOpPIMHAT 1 IHTErpamilo pe3yJbTaTiB y
IUQPPOBUHA IBIHUK TEXHOJOTIYHOTO OOJIQAHAHHS JUIS
KJIMHOBOT'O 3BapIOBAHHS.

V nocnimkenHi [12] 3ampornoHOBaHO HOBY CXEMHY
peanizanito MeniaHHOro (igbTpa Ha OCHOBI ATOMHHX
KPEMHI€BUX KBAaHTOBUX TOYOK JJIsI HU(PPOBOi 00OpOoOKH
300pakeHb Ta IHTEPHETY pedel, IO A€ MOXKIUBICThH
3MEHILIUTH EHEeProCHOXXMBaHHA 1 IUIOULy amapatHoi
peamizamii mpu QimpTpamii nmymiB 300paxens. Pobora €
KOPHCHOIO [UISl anapaTHOrO MPUCKOPEHHS MONEPeaHbOl
00pobkn CCD-300paxkeHb, MPOTE BOHA HE BHPIIMIyE

3aja4i po3mizHaBaHHA PAD-koHTakTiB, Kiacugikaumii
nedekriB, koopanHaTHOI Kopekuii bonding points i
BaNIiZalii pe3yJIbTaTiB y CTPYKTYP1 IIM(POBOro IABiHIKA
FEK Delvotec 6400.

3arajpHUI aHaJi3 HaBeIeHHUX MyOIIiKallii moKasye,
o0 CydYacHI JOCHi/KEHHS AaKTHBHO pO3BUBAIOTH
HEpyIHIBHAN KOHTPOJb 3BapHUX 3’€IHaHb, IH(POBI
IBIMHUKH, TUPPOBY 0OpOOKy 300pakeHb Ta amapaTHi
3acobu QimpTparii, mpoTe BOHK He GOPMYIOTH LiTiICHOTO
pilleHHsT A7 aBTOMAaTH30BaHOTO KOHTpoimo PAD-

KOHTAaKTiB Yy MIKPOCIEKTPOHIII 3 ypaxyBaHHIM
CCD/PRU-306paeHb, CNN/YOLO-ananisy,
KOOPJIMHATHOTO  MEPETBOPEHHS Ta  IHTErpaibHOi

Bamigauii. Lle miaTBepkye HEOOXIAHICTD 1 aKTyaJIbHICTh
PO3pOOJECHHS IHTENEKTYalbHOIO METOAY KOHTPOJIIO
skocti PAD-xoHTakTiB mudposoro nagiiiHnka FEK
Delvotec 6400  nm1a  miABMIIEHHS  TOYHOCTI
ABTOMATH30BAHOTO OLIIHIOBAHHSA KOHTAKTHUX IUIOIIAJIOK
1 JOCTOBIPHOCTI MOJETIOBAHHS MPOLECY KINHOBOI'O
3BapIOBaHHS Y MiKPOEJICKTPOHIIIi.

IHocranoBKa npo0aeMu Ta MeTA J0CTiAKEHHS

CyyacHi cucteMu 1M(pPOBUX ABIHHUKIB 00JIa JTHAHHS
JUIl  KIMHOBOTO 3BAapIOBaHHSA Yy  MIKPOENIEKTPOHIL
HoTpedyIoTh BHUCOKOTOYHOTO ABTOMaTH30BaHOTO
KOHTpOJIFO SIKOCTI PAD-KOHTaKkTiB, OIHAK TPaIuIliiHi
METOAM MALIMHHOTO 30pY HEIOCTaTHBO e(EKTUBHO
npaifoTs B ymoBax MmyMmiB CCD-300paxkeHb, 3MiH
OCBITJICHHS, TEXHOJIOTIYHMX Bapialiii TIOBEpXHI Ta
pI3HOMaHITHHX JOe(eKTiB KOHTAKTHHX IDIOIIAI0K, II0
3HIKYE JIOCTOBIPHICTH MOJEIIOBAHHS TEXHOJOTIYHOTO
MpoIeCYy Ta NPUHHATTA pilleHb. Y 3B'I3Ky 3 [UM
aKTyalbHOI0  HAYKOBO-IIDAKTHYHOIO  3aJadelo €
PO3pOOJICHHSI  IHTENEKTyaJdbHOTO METOLy KOHTPOIIIO
sakocTi PAD-KOHTaKkTiB i3 BHKOPHCTaHHSM Cy4YacHHX
HeHpOoMepeKEeBUX TEXHOJIOT1H KOMIT'IOTEPHOTO 30Dy Ta iX
iHTerpauiero 1o nudposoro siiHuka FEK Delvotec 6400
JUTS I IBUILICHHS TOYHOCTI aBTOMATHYHOTO
NO3MILIOHYBaHHS, OIIHIOBaHHS CTaHy KOHTAaKTHHX
IUTOMIAJI0K 1 JOCTOBIPHOCTI MOJICIIIOBAHHS IPOIIECY
KJIMHOBOT'O 3BapIOBAHHS.

MeTtow po6oTH € po3poOKa IHTEIEKTYaIbHOTO
METOJy KOHTPOJIO sikocTi PAD-KOHTaKTiB mu(ppoBOTO
neiianka FEK Delvotec 6400 Ha 0cCHOBI MaTeMaTHYHUX
momeneit CCD/PRU, HelipomepexeBoro aamily
CNN/YOLO Ta anropuT™iB BaJigariii Iy miIBUIICHHS
TOYHOCTI aBTOMAaTH30BAaHOTO OIIHIOBAHHS KOHTAKTHUX
IJIOMAI0K 1 JIOCTOBIPHOCTI MOJEIIOBAHHS TIPOIIECY
KJIMHOBOTO 3BAPIOBAHHS Y MiKPOEJIEKTPOHIILI.

Po3pobeHHst MATEMAaTHYHOTO
3a0e3Me4YeHHs MeTO/1a iIHTeJIeKTYaJIbHOI 0
KOHTPOJII0 AKocTi PAD koHTaKTIB

O6naanani FEK Delvotec 6400 ocHamena Charge-
Coupled Device (CCD) nie [133-kamepa, To0TO cUCTEMO
TEXHIYHOTO 30py Ha 0a3i CBITIOUYTIMBOI MaTpHIIi, IKa
BUKOPHCTOBYETbCS JUISI OTPUMAHHS BHUCOKOTOYHOTO
300pa)KeHHsI KOHTAKTHHUX IUIOIIA/IOK, KPUCTajla Ta wire
bonding-3ouu [13, 14], ska npamoe cymicHo 3 Pattern
Recognition Unit (PRU) — wmoamynp po3mi3HaBaHHS
o0pasiB, sKM BHKOHYye aHaii3 300paxenHs 3 CCD-
KamepH, 3HaxoauTh reference marks, pads, koopauHaTu
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bonding points Ta BUKOHy€ aBTOMaTHYHE BUPIBHIOBAaHHS
no3uuii 3BaproBannst [15]. Iix kepyBaHHAM HpOLCAYpH
Alignment, T0o 6 TO aBTOMaTHYHOTO BHPIBHIOBAaHHS Ta
Kopekii koopauHaT bonding tool BiIHOCHO pealbHOTO
MOJIOKEHHSI KPUCTajla, MiJKIaAku abo KOHTaKTHHX
IUIOMAAO0K. TexHiUHI XapaKTepUCTHKH IapaMeTpiB
CCD-xamepn sixka BUKOPHUCTOBYeThCs y oOmamgaani FEK
Delvotec 6400, npuBeneni y Tabm. 1 [15].

Hnsa cucrem FEK Delvotec CCD - wmonymb
3a3BHYAil iHTETPy€eTHCS 3 CUCTEMOIO Vision alignment Ta
BHUKOHY€ HACTYITHI QyHKIIi#:[15]

— nomyky bonding pad;

— BHUpiBHIOBaHH: capillary;

— koHTpoo loop height;

— posmnizHaBanHs fiducial marks;

— KOHTPOJIIO TOYHOCTI OCAJIKHU JIPOTY.

Jns po3poOKM MaTeMaTH4YHOrO IPEACTAaBICHHS
CDD - po6ouoi 30nu (Burisini 3 CCD — kamepn) obpani
HACTYIIHI TapaMeTpi, ki 300pakeHi Ha puc. 1.

Tabnuya 1 — TexHiuHi XapaKTePHCTHKH MapaMeTpiB
CCD-kamepn

Tunose 3HAYEeHHS 1S
CCD FEK Delvotec 6400

640x480, 1024x768
a6o 1280x1024 px

IIapamerp

Po3ninbHa 31aTHICTD

Tun cencopa Monochrome CCD
Yacrora Kaapis 30-120 FPS
Dynamic Range 60-72 dB
Signal-to-Noise Ratio 50-60 dB
Sensitivity ~0.1-1 lux
Exposure Time 10 ps — 100 ms
TouHiCTh O3UITIOHYBaHHS +1-3 um

CameraLink / LVDS
1-10 mm 3ayiexxH0 Bij OIITUKH

InTepdeiic nepenaui
Field of View

(0.0)

OnTtryHe 301IbIIEeHHS 5% —20x
Auto Gain Control M ATPUMYETHCSI
Sub-pixel detection .
1o 0.1 pixel
accuracy
N_ (Number of pixels along the u-axis) .
| -
P . ) {pl‘:-‘(els}
— [Ny (U5, )

Fiducial mark

_—

"-_/
@(UQJ vs)
PR
Y

N}.\{:\-'mnhw‘ of pixels along the v-axis)

O0AGORRTTR

A

[

_
he axis Y, pm)

(g vg)

Optical center of
the CCDicamera

il

(s, V)

FOV, (Field of view alon

Bond PAD

Vo |.q
(pixels)

h S »

FOV, (Field of view along the axis X, um)

Puc. 1. CDD — 3006paxenHns po6ouoi 30uu (Burisizai 3 CCD — kamepn)

Omumemo cucremy koopauHat CDD  (puc. 1)
300pakeHHs po6o4oi 30HM (BurIan 3 CCD — kamepn):

U — BiCh 300paKeHHS 110 TOPU3OHTANI [miKceni];

v — Bich 300pa)KeHHS 10 BEpTHKAII [miKcei];

(0,0) — mouarok koopauHAT (JIIBU BEpPXHIN MIKCEb)

(ug, vo) —onruunumit nentp CDD — kamepu (Tikceni);

N, — po3aiibpHa 3aTHICTB 1O oci U [mikcedi[;

N,, — po3/iiibHa 31aTHICTH 110 oci v [mikcenil;

FOV,, — none orysiy mo oci X [um];

FOV, —none ornsiny no oci Y [um].

BignosigHo 1o pucysky 1 macmrad CDD — kamepu
PO3paxyIoThCs BiAIOBITHO:

FOV,
ky = ok, =—2, 1)
TN VTN,

ne ky, k, — macmrab CDD — kamepu 1o oci u Ta v
BIZIMOBiHO [pUm /miKkcesb).

Po3pobumo matemarnany moxaens CCD-momyns 3
vision alignment st Digital Twin FEK Delvotec 6400 3

YIOCKOHAJICHHSAM Ha 0a3l HEHpOHHOI Mepexi s
posmizHaBanHst fiducial marks Ta KOHTpPOJIO TOYHOCTI
mocagku apory. Y FEK Delvotec 6400 PRU
BukopucTtoBye curian CCD-kamepu, BCTaHOBJIEHOI Ha
bond head, 11 BHCOKOTOYHOrO MO3WI[IOHYBaHHS,
po3mi3HaBaHHs MAOJIOHIB Micis teach-in Ta KOMIeHcarii
smimenHs adjust point depe3 offset, a Takox Mae
HaJlalTyBaHHS contrast, brightness, lighting, gain, offset
i framegrabber.

Ha mepmomy  kpomi  po3pobumo  Mozenb
dbopmyBannss CCD-300pakenHst pobouoi 30HU. JlaHa
MOJIeNb TOTpiOHA JJIsi  OMUCY TOTO, SK peaabHa
KOOpJMHATa KOHTAKTHOI mommanku abo fiducial mark y
pobouiit 30Hi FEK Delvotec 6400 meperBoproeTscst y
mikcenmbHe 300paxkenHs CCD-kamepu, sKe Hajami
BUKOpUCTOBYETECs Pattern Recognition Unit (PRU) abo
HEWPOHHOIO MEpEeXelo Uil BUPIBHIOBAHHS KOOPIMHAT
bonding tool. Bona € ocHoBoto s Digital Twin, ockinbkn
JTO3BOJISIE 3B’ A3aTH (Di3MUHY cucTeMy KoopauHat X — Y 3
u(POBUM 300paKEHHSM, Ta MA€ TAKHIA BUTIISI:
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Uu; Sy 0 071px;
[vi] =K|0 s, O [yi] + €cadr (2)
1 0 o 11

ne u;, v; — koopauHat Toukn Ha CCD-300pakeHHi y
MKCeNAX; X;, ¥; — peansHi koopauHatu fiducial mark a6o
bonding point y cucremi X — VY, [um]; K — marpuns
BHyTpimHiX napamerpiB CCD-ontukw;
KoedimieHTH MacTabyBaHHSA MIXK UM 1 MKCEISIMHA; .44
- moxubka CCD-300pakeHHs, sIKa BpaxoBYe LIyM,
(oKyc, OCBITIICHHS Ta JUCKPETH3ALIIO.

Jdnst  BHU3HAYeHHS  MPOCTOPOBOI  PO3IUIBHOI
3natHocTi CCD-momyinsi, TOOTO CKUIBKM MIKPOMETpIB
BIJINIOBiJ]a€ OJTHOMY IIKCEII0 300pa)KCHHS PO3pOOUMO
MoJenb KaniopyBaHHs Maciutady CCD-kamepa - X — VY
crin. larna mogens y Digital Twin oo po3poOimoeTbes
Oyze BUKOPHCTOBYETHCS AT IEPEPaxyHKy KOOPIHMHAT,
3HalICHNX HelpoHHOIO Mepexero abo PRU, y peanpHi
koopaunatu bonding program:

S Sy —

_ AXtable i _ AYt'able (3)
T oA YT Av
ne ky, k, — macmrabri koediuientu, [um/px]; AX qpie,
AY;apie — KOHTpONBHE TiepeMinients X-Y cromy, [pm];
Au, Av — BignmoBigHa 3MiHa ooxkeHHa 00’ ekta Ha CCD-
300paxkenHi [mikceni].

Jlns migBHIEHHS HAiitHOCTI vision alignment y
Digital Twin FEK Delvotec 6400, To 6 TO mi4
yaockoHaneHHs  kiacuyHoro PRU  3a  paxyHok
BukopuctanHs CNN a6o YOLO-nozmibHoi HeifpoHHOT
Mepexi, ska aBToMaTHyHO Bu3Haudae fiducial marks,
bonding pads Ta KOHTpPONBHI TOYKH HaBiTh NPH 3MiHI
OCBITIICHHS, IIyMi, 4YacTKOBOMY 3a0pyaHEHHI a0o
HEOJTHOPITHOCTI MTOBEPXHI MIPOTIOHY€THCS
BHKOpHCTOBYBaTH ribpuany cxemy CNN + YOLO-like
detector. YOLO-nonibHa Mepeka IIBHIKO 3HAXOMUTH
fiducial marks, bond pads i koutposbHi 06acti Ha CCD-
306pakenHi, a Hepennka CNN abo sub-pixel refinement
module yTo4HIOE KOOpAWHATH IEHTpA MITKH 3
MIKPOHHOIO TOYHICTIO. 3aIlpOIOHOBAaHHUN IiIXil I00pe
y3rojpkyerscss 3 npuHImnom podoru PRU y FEK

Delvotec 6400, oOcCKiIBKM INTaTHA CHCTEMA BXKE
BukopuctoBye CCD-kamepy Ha bond head misa
BHCOKOTOYHOTO  TO3WI[IOHYBaHHS,  PO3Mi3HABaHHA

maononiB micis teach-in Ta kKoMmmeHcarii 3MIIIEHHS
adjust point uepes offset, Ta Moxe OyTH mpeaCcTaBiIEHa
HACTYITHOIO MOJIEIIb:

Bj,pj = foUcca), (4)
ne I..q — BximHe CCD-300paxeHHs] ISl HEHPOHHOI
Mepexi; fy — HelWpoHHa Mepeka 3 mHapaMmeTpamu 6;
Ej = (uj, vj,w;, h;) — 3nalinena ob6macte fiducial mark
abo bonding pad na 300paxenHi; p; — iMOBIpHICTH

MPaBUJIBHOTO pO3Mi3HABaHHA 00’€KkTa; j — HOMEp
3HANIEHOr0 00’ €KTA.
Mogpens BX1IHOTO CCD-300pakeHHs IUTS

HeriponHoi Mepexi (I..4) 3 Momem 4, moTpiOHa myst
(opmarizanii Toro, o HeHpOHHA Mepeka OTPUMYE He
KoopAMHATH HampsMmy, a Im¢ppoe CCD-300paskeHHS
pobouoi 30HHM, Ha skoMy mnpucyTHi fiducial marks, bond
pads, kpucTal, miaKIagKa Ta MOMKIIUBI ITYMH OCBITIICHHS:

lecg = Feam (X, Y, L,G,0,1m); (5)

ne I..q — Bxigae CCD-300pakeHHs po06o4oi 30HH; X, Y —
(i3W9IHI KOOPAWHATH €IEMEHTIB Ha pododoMy cTodi; L —
nmapameTpu ocBiTieHHS; G - gain CCD/PRU (xoedimieHT
MICWICHHS CUTHaJIy B CHCTEMi TEXHIYHOTO 30py
CCD + PRU, siknit BUKOPUCTOBYETHCS ISl PETYIIFOBAHHS
sickpaBocTi Ta KoHTpacTHOCTI CCD-300pakeHHs mepen
BukoHaHHsAM Pattern Recognition ta vision alignment);
O — sickpaBicTb 300paxkeHHs 00 3MIILEHHSI PiBHS CHTHAITY
abo kopekiist 6a3oBoro piBHA sickpaBocTi framegrabber-
MOAyJNs; 1 — IIyM 300paXeHHs, BHKJIMKaHUIT
OCBITJICHHSIM, BIIOUTTSIM ITOBEPXHI Ta JUCKPETU3ALIIEIO.
Jns aBromatnunoro mnomyky fiducial marks nHa
CCD-300paxeHH] 0e3 pyuyHOro BHOOpY MIaOJIOHY, SIK Yy
KJIAaCHIHOMY PRU teach-in. Pexomennosano
BHKOpUCTOBYBatH Jerky YOLO-mozmibHy apxiTekTypy
tuny YOLO-nano a6o YOLO-small abo kommakTHHi
detector, Tomy 1m0 y 3amadax wire bonding BaxkiuBa He
TLTBKH TOYHICTB, aJie i MBHUIKICTh 00pOOKH Kaapy mepen
BukoHaHHsAM alignment [16, 17]. Mozens YOLO-like
detection myst fiducial marks npencTaBneHa HHUKYI:

S . AN
{B'. Dj Cj}j=1 = feyow(lcdd)' 6)

ne fooL0 YOLO-noni6Ha HeiipoHHa Mepexa 3
napametpami 6; I.qq — Bxinne CCD-306paxenns; B; =
= (u;,v;,w;, h;) — sHaiinena bounding box o6macts
fiducial mark a6o bond pad; p; — piBeHb BIEBHEHOCTI
posmisHaBanHs (pekomennosane p; = 0.98); ¢; — kmac
o0’exra, Hanpukan fiducial mark, pad, defect, edge;
N — KiTbKICTh 3HAWCHUX 00’ €KTIB HA 300paXKCHHI.

Jns migBuimeHHs To9HOCTI michs Y OLO-aerekiii,
ockimeku YOLO no0pe 3HaxX0uTh 00J1acTh 00°€KTa, aje
Jutst wire bonding noTpibHa He npocTo pamka, a TOYHHU
HEHTP MITKH ab0 KOHTaKTHOI IUIOLIa[IKU, HE OOXiTHO
momens CNN-yrounennst nenrpa fiducial mark [18]. dust
mporo 3 obmacti Ej Bupizaetecsi ROI-¢parment, skwii
nepenaetsest y CNN-perpecop uist yTOYHEHHS [IeHTpa!

(A, Avy) = fENV(ROI);
ucjj = uj + Auj, UCJ' = Uj + AU]', (7)

ne ROI; — ¢parment CCD-300pakeHHs BCEPEIMHI

fCNN
¢
nmapameTpamMu ¢; Au;, Av; — YTOYHEHHS TOJNOKECHHS

3HaizeHol obmacti Ej; CNN-perpecop 3
UEHTPA B MKCENAX; U j, V., j — yTOuHEHuH nentp fiducial
mark y cuctemi koopaunat CCD-300pakeHHsI.

HactymHiM ~ kpokoM  po3poOMMO  MOJENb
MIEPETBOPEHHS MIKCEIbHUX KOOPJMHAT y KOOPIUHATH
X-Y crouy Ha 6a3i 3, 111 MOJIeJIb HOTPiOHA AJIs TOTO, I00
pe3yibTar poOOTH HEHpPOHHOI Mepexi MOXKHa OyIo
Bukopucraru y Digital Twin sk peanbHi KOOpIUHATH
po6ouoi 30 FEK Delvotec 6400:

—V) (8)

koopauHatu fiducial mark [um];
Ue j, Ve j KOOpAWHATH IICHTPAa MITKH y MIKCeNsX;
Uy, Vg ontnyanii nentp CCD-kamepu (puc. 1);
k., k, — macmrabui xoedinientu [um/pix].

JUis  BHU3HAYCHHS PI3HMII MDK  CTaJOHHHM
MOJIOXKCHHSAM MITOK, 30epekeHuM mija vac teach-in, Ta
(dakTHYHUM 1ONOXKEeHHsM, 3Haknenum CNN/YOLO-

Xej = kx(uc,j = Up), Ve,j = ky(vc,j

Ae X j Ve,
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Moayinem, [19] nponoHyeTbest Taka MO O0UYUCICHHS
3MilIeHH vision alignment:

M
1
AX = MZ(xc‘j — xref,j);
j=

1 M
AY ZMZ(yc,j _yref,j); (9)
j=1
Ye2 — Yea Vref,2 — Yrefa

AB = arctan — arctan

)
Xe2 — Xc xref,z - xref,l

ne AX, AY — niniliHe 3MileHHS miaKIaaku;, A6 — KyToBe
3MIIEHHS; X j,Y¢,; — KoopauHaTth 3Haizenoi fiducial
mark; Xyer j,Vrer,j — €TaloHHi koopaunatu fiducial
mark; M - KiTbKiCTh BUKOPHUCTAHHX MITOK.

Mogens kopekunii bonding points micms neural
vision alignment notpiOHa 151 epepaxyHKy KOOPIHHAT
Source Bond Ta Destination Bond nepex MoaeroBanHIM
X —Y — Z — P motion system y Digital Twin:

[xl] _ [cquH —sinAH] [xi] + [AX . (10)
Vi sinA8  cosAB 11Y; AY

ne x;,y; — koopaunatu bonding point i3 Wire Bonding
Program Input; x;, y; — ckopuroBaHi KOOpAWHATH MTiCIs
neural alignment; AX,AY,A8 — 3Haiineni mapamerpu
3MILLEHHS [T AKIaIKH.

Jlnst iepeBipKH, 4d NOTPAILUISiE CKOPUTOBAHA TOYKA
3BapIOBaHHI Yy JomyctuMy obmacte bond pad,
PO3pOOKHMO MOIENTh KOHTPOJIIO TOYHOCTI OCAIKH APOTY:

e = \/(xl - xpad,i)z + (- yl’ad'i)z’

1, e < emax;
0,e; > emaxs

Vplace @)= { (11

Je e; — moxubka MOCaJKH IPOTY; X;,Y; — CKOPHUIOBaHi
KOOPJIMHATH TOYKHU 3BAPIOBAHHS; Xpaqir Ypad,i — UEHTP
KOHTaKTHOI  IUIOMIAAKH;  Eax MaKCHUMaJIbHO
pomycTuMa moxuoKa; Vyqce (1) — pesysbrar nepepipku
nocanku aApoty. 11{o0 npuitHATH pilIeHHS, Y¥ MOKHA
BUKOPUCTOBYBAaTHU pe3ynbTaTu CNN/YOLO-
PO3Mi3HaBaHH Y ITOJABIIIOMY MOAETIOBAHHI KITMHOBOTO
saproBands [20], po3poOmuMo iHTerpagbHa MOIEIH
BamizHocti neural PRU alignment.

VNeuralPRU(i) =
= Vdet(j) ' Vcoord(j) ’ Vplace (l) ' Vconf(j)! (12)

1€ Vyeuraipry () — IHTETpasIbHA BasigHICTS neural vision
alignment; V;..(j) — dakr Bussrenns fiducial mark;
Veoora(J) — KOpEKTHICTH IEpEeTBOPEHHS KOOPAWHAT;
Vplace(i) — TOYHICTHP TOCAIKH IpOTY; anf(]') —
mepeBipka confidence score HeHpOHHOT MepexKi.

Y Mexax JaHuX JOCHIDKEHb PEKOMEHIOBAHO
BukopuctoByBatn Y OLO-like detector ajst mepBUHHOTO
nomyky fiducial marks ta HeBemnky CNN-perpeciiiny
MOJIeTb JJIsl YTOYHEHHs IEeHTpa, TOMY IO Taka
KOMOiHaIlist  3a0e3meuye  MIBUAKE  PO3Mi3HABaHHS,
CTIMKICTh IO 3MiH OCBITJICHHS, MOXIHUBICTH pOOOTH 3
PI3HUME THIIAMHU IIKIA0K i JOCTaTHIO TOYHICTH IS
MOJJANTBIIIOTO TepepaxyHKy koopawmHaT y Digital Twin
FEK Delvotec 6400. CtpykTypHa cxema peaji3arii
MoJIeroBaHHA Ha 0a3i MoBu Python, mpencraBneHa Ha
puc. 2.

CCD camera
unage

> YOLO detection

v

CINN center

ROIcr
P refinement

h 4

. . ) Correction Wire
Pmces-s-u_lg pixel-to- . Calculation ,| Bon ding Program
—™ MICTON - AX,AY, AG Tnput
Validation Oorl
VNeurﬂfPRO

Puc. 2. CtpykrypHa cxema peaizamiit

s toro, mo6 Digital Twin He BUKOPHUCTOBYBaB
CYMHIBHI pe3yJbTaTH KOMIT IOTEPHOTO 30Dy, SKIIO
fiducial mark a6o bonding pad Oymm posmizHaHi 3
HU3BKOIO BIIEBHEHICTIO PO3POOMMO MOJENb JOBIpH 10
pe3yIbTaTy HeWpOMeEpEKEBOT0 po3iizHaBaHHsL. Pe3ybrar
pimeHHs 1maHOiI Mojeni 0CcoOJIMBO BAXKIMBO  JUIS
aBTOMATHUYHOTO NPUHHATTS PillIEHH] Ipo 3amyck bonding
process:

1, ﬁj 2 Pmins
0' ﬁj < Pmins

1€ Vyewraipry(J) — pPe3yJbTaT TEpEBipKH IOBipH 10
HeHpPOMEpPEKEBOT0 PO3Mi3HABAHHS; Pj — IMOBIpHICTh a00

Vneuraipru (]) = { (13)

MOJICJTIOBaHHS Ha 0a3i MoBu Python

confidence score, oTpuMaHHM{ Bil HEHPOHHOI Mepexi;
Pmin — MIHIMaIBHO JIOIyCTHMHUI piBEHb NOBIpH; j —
Homep fiducial mark a6o bonding pad.

s 00’emHaHHS BCIX YAaCTKOBHX IIEPEBIPOK Yy
€IMHUN [OKa3HUK, SKUM BU3Hayae, YU MOXKHaA
BUKOPHCTOBYBAaTH  CKOPHIOBaHI  KOOpJIMHATH IS
MojenmoBaHHs ultrasonic wedge bonding y Digital Twin
FEK Delvotec 6400 po3pobnena Taka iHTerpajibHa
mojensb Banigaocti CCD + Neural PRU alignment.

Vvision(i) =
= Veaiib * Vvewrarrru () * Vplace OF Voffset(i): (14)
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1e Vyision (1) — iHTErpasbHa BanigHicTs vision alignment
s i-ro bonding point; V4, — pe3ysbrar nepeBipku
kaniopyBantus CCD-kamepu; Vyeyraipry () — pe3ysbrar
TIEPEBIPKHU JOBIpH 10 HEUPOMEPEKEBOTO PO3ITi3HABAHHS,
Vpiace(I) — pe3yibTaT MepeBipKM TOYHOCTI MOCAIKH
ApoTy; Vo rser () — PE3YIBTAT NEPEBIPKH JOITYCTHMOCTI
sMmimennsa AX, AY, A6.

Po3pobiiena matemarnuna mozaens CCD-monyns 3
vision alignment Ta inrerpamiero CNN/Y OLO-mogi6HOT
HelipoHHOI Mepexi 3abe3medye MiIBUIICHHS TOYHOCTI
aBTOMATHYHOTO  MO3MIiOHyBaHHA  bonding  tool,
CTIMKICTP 0 3MiH OcBiTIIeHH, IryMiB CCD-300paskeHHs
Ta Bapialiii MOBepXHI KOHTAKTHUX IDIOMIANOK IIif 9ac
ultrasonic wedge bonding y FEK Delvotec 6400.
3anponoHOBaHUH MiJXiJ J03BOJISE pearnizyBaru adaptive
PRU alignment y Digital Twin cepenoBumi,
ABTOMATU3yBAaTH KOHTPOJIb TO‘-IHOCTi nocagku OpoOTy Ta
M ABULIIATH JIOCTOBIPHICTh MOJETIOBAHHS
TeXHOHOFi‘IHOFO nmpouecy KIMHOBOI'O 3BaprOBaHHA Y
MIKpOEJIEKTPOHIII Ta TIOPUIHUX eTEKTPOHHUX MOIYIIAX.

IIpoBeaeHHs1 eKcNIePUMEHTATbHUX
AOCTiI’KeHb TAa AHAJII3 OTPUMAHMX
pe3yabTaTiB

MeTor0 eKCIIePUMEHTY € TMepeBipKa Mpare3IaTHOCTI
po3pobiieHoro meTona oIiHKH skocti Bond PAD
koHTakTHHX miommanok 3a CCD/PRU-300paxennsiMu FEK
Delvotec 6400 y wmexax crBopeHHs Digital Twin
TEXHOJIOTTIHOTO TPOLIECY KIMHOBOTO 3BaPIOBAHHSL.

KR

111 %

J
|

11

LY

=
™)
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—
—

.
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=
N |
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PP

=
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=

[locranoBka 3amau eKCHEPUMEHTY TMOJATAaE Yy
3aBaHTaxkeHHi CCD/PRU-300paxkeHHsI MiKpocxemu,
AaBTOMAaTHYHOMY BUsBIICHHI Bcix PAD, Bu3HaueHHI ix
LEHTPIB, pPO3PaxyHKy TEOMETPHUYHHMX IapaMeTpiB
KOHTaKTHUX  IUIOINIAJIOK, TIOPIBHSHHI ~ OTPUMaHHX
3HaYCHb 3 CTAJOHHAMH MeXaMH Ta Kiacupikamii
MOXJIMBHX  JEe(eKTiB, Takux SK 3a0pyIHEHHS,
MTOIITKOKCHHS, BIICYTHICTh a00 okucienHs PAD.

BXigHUMHU NaHUMH EKCIEPUMEHTY € 300pa’keHHS
pobouoi 30mm y Buriagi 3 CCD-kamepu, macmrabHa
citka 200 pum, eTanoHHI MiHIMaJIbHI Ta MaKCHMalbHi
po3mipu PAD (puc. 3), a Takok HaBYCHAa MOJCIb
YOLO26 nmns posmi3HaBanHs  knaciB  pad ok,
pad contamination, pad damage, pad missing i
pad_oxidation [21].

OtpuMmaHi pe3yJbTaTH IOBHHHI MIiATBEPAUTH
MOXKIIUBICTh BUKOPUCTAHHS MPOTpaMH IJIsl KUIBKICHOTO
Ta SKiCHOrO KOHTPONIO CTaHy KOHTAKTHHUX IUIOIIAIOK
mepell BHUKOHaHHAM wire bonding, IO € BaXIUBUM
eTaroM miaBuIIeHHs noctoBipHOCTi Digital Twin FEK
Delvotec 6400.

Ha 6a3i npencraBnennx Bond PAD wmikpocxemu
CCD/PRU-306paxens (puc.3) Oyiao po3pobieHwuii
MOYaTKOBMM partaceT njsi1 HaBuaHHa YOLO26, ane B
MOTOYHOMY BHIUIAI Horo OyAe HEJOCTaTHbO JUIs
MOBHOLIIHHOTO HaBYaHHs Helipomepexi. Lli 300paxenHs
MOXKYTh BUKOPHUCTOBYBATHUCS SIK €TATIOHH] IPEICTABHUKH
knaciB: puc. 3,a — pad_ok; puc. 3, 6 — pad_oxidation;
puc. 3, B—pad_contamination ta puc. 3, r—pad_missing.

| ERCTII
¥ =

s

| X

)

)

EELLILL LY

Puc. 3. lpuknaau Bond PAD mikpocxemu:
a — ineansuuii PAD; 6 — 3a6pynuennst PAD; B — momikomxenuii PAD; r — BiacytHiit PAD,;

Jami Uit KOXHOTO BHXIAHOTO 300pakKeHHsI OyJio
aBromMatnyHo  chopMyBaTH  Halbip  CHHTE30BaHMX
ayrmenroBanux ganux. Jns CCD/PRU-300paxens FEK
Delvotec 6400 Oymo mpuifHATE pillIeHHSA, T'eHEPYBaTH
Bapialii 3a paxyHOK IIOBOpoTy Ha +3-5° 3MiHH
sckpaBocti Ha +20%, 3MiHM KoHTpacty Ha +20%,
nonasanus mymy CCD-maTpui, 3MiHM TapaMeTpiB gain,
brightness Ta framegrabber, a TakoX HeBeNIUKOro
MaclTaOyBaHHS ¥ 3MillIeHHA. 3 OJHOTO BHXIJHOTO
300pakeHHst Oyno ortpuMano npuoimsao 200-500
CHHTETHYHHUX 3pa3KiB 0€3 CyTTEBOi BTpAaTH IOCTOBIPHOCTI
3BIT MpO yCHIMIHUI pe3yNbTaT T'eHepariii CHHTETHYHHUX
3pa3KiB JUIs KJIaciB MPECTaBICHO Ha puc. 4.

Jani mpoBoanMmo Tporec iHimiamizalii Ta 3amycKy
HaBYaHHS HerpomepexkeBoi moaemi YOLO26 ans 3amadi
aBTOMaTH30BaHO1 oniHKM siKocTi Bond PAD koHTakTHHX
wiomanok y mexax Digital Twin FEK Delvotec 6400. Ha
MOYaTKOBOMY €Tali CHCTEMa BH3HAYae JOCTYIHHI
obuncmoBaibHUi pecype (CPU), 3aBaHTa)ye apXiTeKTypy

mozeni yolo26n.pt, Qopmye CTPyKTYpy HEHPOHHOT
Mepexi Ta aBTOMATUYHO aJanTye BHXIAHUHA wIap
JeTeKTopa TIijJ I'SITh IIJIBOBUX KJIAciB  AedeKTiB
KOHTaKTHHMX IUIOMIAI0K. Jlami BHKOHYEThCS HOOYyI0Ba
NMoBHOT KOHGIrypamii Mepexi i3 3a3HAuUCHHSIM THIIIB
mapiB, KUIBKOCTI TapaMeTpiB, MDKIIAPOBHX 3B’SI3KIB Ta
OOYHCITIOBAIBHOI CKJIAHOCTI MOJIENI, 10 HEOOXiaHO ISt
nojansIioro HapyaHHs Ha cdopmoaHomy CCD/PRU-
maraceti (puc. 5). OTpuMaHa KOH(DIrypallis € OCHOBOIO
st HaBdaHHS YOLO26 posmizHaBaHHIO CIIPaBHHX 1
nedpextarx PAD, 1110 103B0JIsI€ BHKOPUCTOBYBATH MOJIENb
SK MOJIyJIb aBTOMATHYHOTO Bi3yaJbHOTO KOHTPOJIIO Y
ckaani Digital Twin FEK Delvotec 6400 s minBuiieHHs
JIOCTOBIPHOCTI OIHKH IKOCTI PAD KOHTaKTiB.

[Ticna naBuauHs orpumyemo HaBueHnit CCD/PRU-
JaTaceri MO TakoMy mUIIXy: runs/detect/runs pad
quality/yolo26_pad_quality/weights/best.pt, na 6a3i
SIKOTO OYJIM MPOBE/ICH] EKCHEPHMEHTH I10 OLIIHKHU SIKOCTI
PAD koHTaKTiB, pe3yJIbTaTH SIKOTO NPUBEZEH] y Tabu. 2.
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Hns  omiHOBaHHA €(EKTUBHOCTI  PO3POOICHOTO
IHTEJICKTYyalbHOIO METOAY KOHTPONIIO sikocti PAD-
KOHTaKTiB MPOBEJCHO CEpil0  CKCIECPUMEHTAIBLHHUX
JIOCITIKCHB, PE3YJIbTATH SKUX J03BOJISIFOTH KOMIUICKCHO
OIIHUTA  TOYHICTh  PO3Mi3HABaHHS,  JIOKaJi3allii,

Generating class: pad_ok

Generating

Generating

Generating

Generating

DATASET GENERATION COMPLETE

3432

1023

542
PAD_DATASET\pad_quality.yaml

Train images:
Val images:
Test images:
YAML file:

Next training command:

BUMIPIOBAHHS TEOMETPUYHHX ITapaMEeTpPiB Ta MPUIATHICTH

3alpOIIOHOBAHOTO  MIJAXOAY /IO BHKOPDHCTAHHS Yy
mudposomy ngiriauky FEK Delvotec 6400.
VY3araneHeHi pe3yibTaTu MPOBEACHUX

EKCIICPUMCHTIB HaBeJICHO Ha pucC. 6.
class: pad_oxidation
class: pad_contamination
class:

pad_missing

class: pad_damage

yolo detect train data=PAD_DATASET/pad_quality.yaml model=yolo26n.pt imgsz=640 epochs=300 batch=8

Process finished with exit code 0

Puc. 4. 3BiT po ycHiNIHMIA pe3yiIbTaT reHepaniii CHHTEeTHYHUX 3pa3KiB I KIaciB

Selected device: cpu
Trying to load yolo2én.pt
Loaded model:

yolo2é6n.pt

Ultralytics 8.4.60 Python
agnostic_
Downloading
Overriding model.yaml nc=80 w
module
ultralytics.nn
ultralytics.nn.

ultralytics.nr

ent

ytics\Arial.ttf':

bgr=0.0,

100

n.modules.

ules.b

.modules

- s.nn.mod
ultralytics.nn.m
6

6

ultralytics.nn.modul

= ultralytics.nn.modul
2 torch.nn. jul

4

13 ultralytics.nn.modul

- ultralytics.nn.modul
- ultralyti
10
- 463104 ultralytics.nn.
=

1
1
1
]
1
1
]
: S | 34304 ultralytics.nn.modul
1
]
1
1
]
1
1

[16,

summary:

19, 22

260 layers,

ultralytics.nn.n

243126
YOLO26n 2,505,7

ultralytics.nn.module

torch.nn.modules.upsanm

ultralytics.nn.modules.

S.

S.

nn.modules.

ultralytics.nn.modules.

8 GFLOPs

Puc. 5. ®parment noGynosu koHpirypamnii Mepesxi i3 3a3Ha4eHHIM
TUIIIB IIapiB, KUIBKOCTI ITapaMeTpiB, MIKIIAPOBUX 3B SI3KiB Ta 00UNCIIOBAIBHOT CKJIAJHOCTI
MO/IeJ, 10 HeOOXiJHO IJIsi HoAabIIoro HapyanHs Ha copmoBaHomy CCD/PRU-pataceri
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Tabnuys 2 — Pe3yabTaTn iHTeJeKTya bHOI oMiHKH sikocTi PAD koHTaKTIB
Ha 6a3i HaBueHoro Datasets

PesyabTat ouinku sikocti PAD nas

PAD OK: 22

PAD contamination: 4
PAD damage: @

PAD missing: @

PAD oxidation: 8

Posniziani PAD Digital Twin FEK DELVOTEC 6400 Kaac
Recognition mode: YOL026
Scale: 2.9851 um/px
Total number of detected PADs: 34
PAD OK: 34
PAD contamination: @ pad_ok
PAD damage: 0
PAD missing: @
PAD oxidation: @
RISK: 1
FAIL: @
Recognition mode: YOLO26
Scale: 2.9851 um/px
Total number of detected PADs: 34

pad_oxidation

RISK: 4
FAIL: 8
Recognition mode: YOLO26
P
[ ==} Scale: 2.9851 um/px
-
g Total number of detected PADs: 34
- PAD OK: 33
? PAD contamination: @
=it pad_damage
= PAD damage: @
— - PAD missing: 1
== . .
PAD oxidation: @
RISK: 1
FAIL: 1
101 :
—8— PAD Detection Completeness =@= Mean Center Localization Error
100
9 3.0
2 9 E
2 S
Q 2
= =
- 98 E25
5
t)' 53
: o g
I s
jy N20
2" g
= (=]
A 95 s
T g
2 £15
g 94 3
a
93
1.0
92
s1 52 s3 sS4 S5 S6 57 S8 59 10 s1 s2 s3 54 S5 S6 57 s8 sa slo
Test Sample Test Sample
a o
5.0 =#= PAD Geometry Measurement Error —#— YOLO26 Mean Confidence Score
0.98
1.5
_ 40 o 0.96
2
%3 @
g2 3
] E 0.94
B 8]
S 25 5 0.92
T
] g
=)
2.0
0.90
1.5
1.0 0.88
s1 s2 s3 54 S5 S6 57 S8 s9  s10 s1 s2 s3 s4 S5 s6 s7 s8 S0 sl10
Test Sample Test Sample
B T
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1.00 =

=&~ Digital Twin Validation Index

0.95

0.90

0.85

0.80

Validation Index

0.65 T T T
S1 S2 S3 S4 S5 S6 s7 S8 59 S10

Test Sample

2 —8— Processing Time per Image

Processing Time (ms)
w - - - s s
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w
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Test Sample

o ¢

Puc. 6. Pe3ynpTaTs IpOBEIEHUX €KCIIEPUMEHTIB!
a — PAD Detection Precision; 6 — Center Localization Error;
B — PAD Geometry Measurement Error; r — Vision Confidence Score; x — Digital Twin Validation Index; e — Processing Time

BigmoBigHO 10 pe3ydbTaTiB  MOCTIOBAHHS,
HaBEJICHUX Ha pHC. 6a, po3pobiieHuit MeTo 3abe3mneuye
MOBHE BHSBJICHHS KOHTaKTHUX IUIOLIAJOK y OUIBLIOCTI
eKCIepUMEHTIB, Ae mokasHUK Detection Completeness
craroBuTth 100 % mms 3paskis S1, S2, S4, S5, S8 Ta S10.
Jiist 3pa3kiB i3 neeKTaMu 3HAYCHHS 3HIKYEThCs 10 97, 1
% (S3, S6, S9) ta 94,1 % (S7), Mo CBiAYHUTH PO BIUIUB
MOMIKOKeHNX abo BiacyTHIX PAD Ha edekTuBHICTH
JNETeKTyBaHHSA, ONHAK HAaBITh MiHIMaIbHUI TOKa3HHUK
MATBEPIKYE BUCOKY HAJIMHICTh 3alpOINOHOBAHOTO
Merony. Sk BuIHO 3 puc. 60, cepemHs noXuOKa
BU3HAYCHHS KOOP/ANHAT LIEHTPIB KOHTAKTHHUX ILIOMIAI0K
3MIHIOETBCS B Mexax Bif 1,35 um go 3,05 um, npuuomy
HalMeHII 3HaYeHHsS] OTPUMAHO JUIS SIKICHUX 3pa3kiB S1
ta S10. Makcumasibia  moxubka 3,05 pm
crocTepiraeTbest A 3pa3ka  S7 i3 HaHOLIBIION
KUTBKICTIO Je(eKTiB, IO MiATBEPIKYE CTIHKICTH
QITOpPUTMY  JIOKami3amii Ta JOCTaTHIO  TOYHICTB
BH3HaUeHHs koopawmHaT PAD mis 3amau mmpoBoro
neiftamka FEK  Delvotec 6400. 3  pe3ymbraris,
HaBEJCHUX Ha pHUC. OB, BCTAHOBJIECHO, LIO BiIHOCHA
noxubka BU3HAYCHHS TeOMETpUYHMX TapamerpiB PAD
3HaXOAUThCS y Mexax Bix 1,8 % mo 4,7 %, npuaomy st
OUIBLIOCTI  KOPEKTHO  C(OPMOBAHMX  KOHTAKTHHUX
IJIONIAIOK BOHA He mepesumye 2,2 %. MakcumanbHa
noxubka 4,7 % otpumana ajst 3pa3ka S7, OJHaK HaBiTh y
LIOMY BHIIQJIKy TOYHICTH BHMIpIOBAaHHS 3aJIUIIAETHCS
JIOCTaTHBOIO Ul aBTOMAaTH30BaHOI OLIHKM SIKOCTI
KOHTaKTHUX IUIOMIAZIOK TI€pel]] BUKOHAHHSAM IIPOLECY
KJIMHOBOTO 3BaploBaHHS. BianosigHo po pwuc. 6r,
cepenHiii koedimieHT BrmeBHeHOCTI Mogmeni YOLO26
smiHtoeThest Bim 0,902 mo 0,972, mo cBiTYHTH TPO
cTabimpHy  poOOTY  HEHpoHHOI  Mepexi  IpH
po3mizHaBaHHi PAD pi3HOro TexXHi4HOro cCTaHy.
Haiimenrre 3HaUueHHS OTpHUMAaHO Ui 3pa3ka S7, Toxl K
JUIL CIPaBHUX KOHTAKTHHX IUIOIAAOK Koe(imieHT
MIEPEBUILLY € 0,96, T ATBEPIKYIOUH BUCOKY
JOCTOBIpHICTh Kiacudikamii Ta KOPEKTHICTh HaBYEHOL
Mojeni. Sk moka3aHo Ha puc. 61, IHTErpalbHUH 1HIEKC
Bamimamii Digital Twin 3HaXoIWThCS B iHTEpBaNi Bix
0,692 1o 0,965, mo BimoOpaxae CTyMiHb BIAMOBIIHOCTI
uudpoBoi Mopneni peasbHOMY CTaHy KOHTaKTHHX
wromanok. Jus OiapIIOCTI €KCHEpHMEHTIB 3HAaYEHHS

Validation Index nepesumiye 0,94, a #oro 3HWKEHHS 10
0,692 nns 3paska S7 TOSCHIOETHCS OJHOYACHOIO
HasIBHICTIO JIEKIIBKOX JIe(peKTiB, sIKi CyTTEBO BILIMBAIOThH
Ha JIOCTOBIpHICTH g poBoi penpe3eHTarii
TEXHOJIOTIYHOTO Iporecy. Pe3ynbraTy, mpeacraBicHi Ha
puc. 6e, NEMOHCTPYIOTh, IO 4Yac OOPOOKM OXHOTO
CCD/PRU-306paxeHHs 3MiHIO€ThCS Bif 38,5 ms 10 49,7
ms, TpUYOMYy Ui OINBIIOCTI EKCIIEPHMEHTIB BiH
craHoBuTh 39-45 ms. HaBite MakcumansHuii yac 49,7
ms He nepesuiye 50 ms, M0 MiATBEPIKYE MOXKIHUBICT
BUKOPHCTAHHSI PO3POOJICHOTO IHTEIEKTYalbHOTO METOLY
y ckmami Digital Twin FEK Delvotec 6400 s
ABTOMATH30BaHOTO KOHTpoi0 PAD  KoHTakTiB Yy
PeXuUMi, OJIM3bKOMY 10 peajlbHOTO Yacy.

3a pesysibraraMd IPOBEIEHOTO  MOJICIIOBAHHS
MATBEPKCHO, IO pO3pOOICHUI I1HTENeKTyalbHUHA
MeTOJ] KOHTpomo sikocTi PAD koHTakTiB 3a0e3medye
BHCOKYy TOYHICTb IX aBTOMATHYHOTO BHSBICHHS,
JOKaji3alii, BU3HAYCHHS T€OMETPHYHHUX MapaMeTpiB i
knacudikamii nedexrtis, 30epiraroun CTIHKICTE PoOOTH
HaBiTb 3@ HAABHOCTI TEXHOJOTIYHUX BIIXUIEHb
KOHTaKTHUX  Iuomanok. OTpuMaHi  pe3yJbTaTu
HiATBEPIKYIOTh aJIeKBaTHICTh 3aMpOMOHOBAHUX
MareMaTHYHUX Mojeined, e(eKTHBHICTh HaBYEHOI
HelponHoi Mepexxi YOLO26 Ta AOIiIBHICTh IHTErpartii
po3pobieHoro Metoay mo Imdposoro asiHHka FEK
Delvotec 6400 nanst MiIBUIIEHHS JOCTOBIPHOCTI
MOJICIIIOBAHHS TIPOLiECy KJIMHOBOTO 3BaplOBaHHS M
ABTOMAaTH30BaHOTO MIPOTHO3YBaHHS SIKOCTI
MIKpO3BapHHX 3'€/IHAHb.

BucHoBku

Po3pobnennii MeTon IHTEICKTYallbHUH METOH

KOHTPOJIIO SKOCTI PAD-koHTaKTIB NOEHY€
MaTeMaTU4HI MOJENi CHCTeMH TEXHIYHOTO 30Dy,
HelpomepexeBe PpO3IMi3HABaHHSI, KOOPJMHATHI

MEePETBOPEHHS, aBTOMATHYHY KOPEKIIiI0 TOJOXEHHS Ta
IHTETpaIbHy BaNiJAIlil0 PE3yJIbTaTiB, IO 3ade3nedye
MABUIIEHHS TOYHOCTI aBTOMATH30BAHOIO OI[IHIOBAHHS

CTaHy KOHTAKTHHX IDIOIIAJOK 1 JOCTOBIPHOCTI
mU(poBOro  MOJENIOBAaHHS  TIPOLECY  KIMHOBOTO
3BapIOBAHHS. PesynbraTn eKCIIEPUMEHTAIIbHUX
JOCIHIDKEHb  MIATBEPAWIN  BUCOKY  €(EKTHBHICTb
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3alpOIIOHOBAHOTO MiXO/ay, 3a0e3Me4YMBIIM ITOBHOTY
BHSIBJICHHSI KOHTAKTHUX TuIOmanok =~ 100 %, moxuoky
JIoKaizalii neHTpiB y mexax 1,35-3,05 MM, noxudky
BU3HAYCHHS TE€OMETPUYHMX mapamerpiB 1m0 4,7 %,
BHCOKHI piBE€Hb JOCTOBIpPHOCTI Kiacudikarmii gedekrin
Ta 9ac 00poOKH OHOTO 300pakKeHHSI, 0 He MIEPEBHUIILYE
50 wMc, Um0 TATBEPIKYE  MOXIHUBICTH  HOTO
BUKOPHUCTAHHSA B PEXHMi, ONM3BKOMY IO pPEaJIbHOTO
gacy. Po3pobnennii MeTo OOIITEHO BUKOPHCTOBYBATH
y nnpoBUX ABIHHUKAX OOJIAAHAHHS I KIIMHOBOTO Ta
JPOTSIHOTO 3BaplOBaHHs, aBTOMATH30BaHUX CHCTEMax
KOHTPOJIO ~ SIKOCTI ~ MIKPOEJNEKTPOHHHX  BHPOOIB,
BUPOOHHMLTBI  TIOpUAHUX  IHTETPAIBHUX  CXEM,
pOOOTH30BaHMX KOMIUIEKCAX NPENU3iHHOTO CKIaJaHHs
Ta IHTENEKTyaJbHUX CHUCTEMax MAalIMHHOTO 30py
MIKpOEJIEKTPOHHOTO BUPOOHUIITBA.

[lepcrieKTUBHUMH ~ HampsMKaMd  HOJAJIBLINX
JOCTI/DKEHb € PO3IIMPEHHS METOAY IUISl TPUBHMIpHOTO
aHamizy porecy 3BapIOBaHHA, iHTeTparis
MYJIBTHMOJAIIBHAX CEHCOPHUX IaHUX, BHUKOPHCTaHHS
TpaHC(OPMEPHUX APXITEKTYp KOMIITOTEPHOrO 30py Ta
PO3po0IICHHST CaMOHABYAJIBLHOTO LU(POBOTro ABIHHUKA

3 MOXJIMBICTIO TPOTHO3YBAHHS SIKOCTI 3BapHUX 3'€IHAHb
1 aBTOMaTH4HOI ONTHMI3allii TEXHOJIOTIYHUX MapaMeTpiB
y peajbHOMY 4Yaci.

Konduikr inTepecis

ABTOpH [EKJIapyIOTh, IO HE MAOTh KOHQIIKTY
IHTEepeCiB CTOCOBHO JIAHOTO JIOCIIIPKEHHS, B TOMY YHCII1
(iHaHCOBOTO, 0COOMCTICHOTO XapaKTepy, aBTOPCTBA YU
IHIIOTO ~ XapakTepy, 0IO0 Mir OM BIUIMHYTH Ha
JOCIIJDKEHHSI Ta HOTO pe3yJibTaTH, NpPEICTaBIeHI B
JlaHil CTaTTI.

®dinaHcyBaHHSA

JocmimxeHHs 0e3

MiATPUMKH.

IIPOBOJIMIIOCS (inaHcoBoi

JoctynHicTh AaHHX
Pykonuc He Mae NoOB'sI3aHUX JaHUX.
Buxopucransas 3aco0iB IITYy4HOr 0 iHTeEKTY

ABTOpH HiATBEPIAXKYIOTH, 1[0 HE BUKOPHCTOBYBAJIH
TEXHOJIOTII INTYYHOTO IHTENEKTy TIPH CTBOPCHHI
NpeCcTaBICHOI pOOOTH.
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Development of an intelligent method for PAD contact quality control in the FEK DELVOTEC 6400 digital twin
for modeling the wedge bonding process in microelectronics

Igor Nevliudov, Vladyslav Yevsieiev, Olena Chala, Kyrylo Horovyi

Abstract. The object of the study is the process of automated quality control of bonding pads in the digital twin of the
FEK Delvotec 6400 equipment used for modeling the wedge bonding process in microelectronics. The subject of the study
comprises the methods, mathematical models, and algorithmic tools for intelligent quality control of bonding pads in the digital
twin of the FEK Delvotec 6400 equipment for modeling the wedge bonding process in microelectronics. The aim of the study is
to develop an intelligent method for the automated assessment of bonding pad conditions, providing improved positioning accuracy,
enhanced reliability of digital modeling, and better decision-making quality during the technological process. To achieve this aim,
mathematical models for machine vision image formation, coordinate space calibration, neural network-based recognition of
bonding pads and fiducial markers, refinement of center coordinates, coordinate transformations, automatic correction of the wire
bonding trajectory, positioning accuracy assessment, and integrated validation of computer vision results prior to their use in the
digital twin were developed. Methodologically, the study is based on mathematical modeling, modern computer vision
techniques, deep learning, convolutional neural networks, object detection methods, digital image processing, automated analysis
of the geometric parameters of bonding pads, and numerical modeling. For experimental validation, an augmented dataset of
bonding pad images was created, a neural network model was trained, and a series of experiments was conducted to determine
bonding pad detection completeness, the accuracy of center localization, errors in measuring geometric parameters, the reliability
of defect classification, the integral validation index of the digital twin, and the processing time per image. The obtained results
confirmed the high efficiency of the proposed approach, providing bonding pad detection completeness of up to 100%, center
localization errors within 1.35-3.05 um, errors in determining geometric parameters of up to 4.7%, a high level of defect
classification reliability, and an image processing time not exceeding 50 ms. The practical significance of the study lies in the
possibility of integrating the proposed method into the FEK Delvotec 6400 digital twin to enable automated quality control of
bonding pads, improve the accuracy of wedge bonding process modeling, ensure timely defect detection, and maintain the stability
of the technological process in microelectronic manufacturing.

Keywords: digital twin; bonding pads; wedge bonding; computer vision; neural networks; quality control; mathematical
modeling; microelectronics; automated control; digital image processing.
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HartionansHuii TexHiYHIHN yHiBepcuTeT “XapKiBChKUN MOMITEXHIYHAN IHCTUTYT , XapKiB, YKpaiHa

METO TA MOJAEJIb INTAHYBAHHA MAPIIPYTY IIOJIBOTY I'PYIIN
BE3NIJIOTHUX JITAJIBHUX AITAPATIB /U151 YHUKHEHHSA IIEPEIIKO/I

Y MICBKHU 3ABYJIOBI HA OCHOBI TEXHOJIOT'TH MAIIIMHHOI' O HABYAHHSA

AHoTanisi. AKTyanabHicTb. 30UIbIIEHHS KUIBKOCTI Oe3miNOTHMX JiTanpHHMX amapaTiB (BrmJIA) 3 koXHUM pokoM
TIPU3BOANTH IO MiBUIIEHHS IIUIBHOCTI X MOJBOTIB Ta HMOBIPHOCTI 3iTKHEHB, 0 MOTpeOye 3a0e3nedeH s BUCOKOTO PiBHS
Oe3rneKH X MOJBOTIB. 3acTOCYBaHHS KOHIIEMNIIi JMHAMIYHMX KOPHIOPIB miimbHOCTI D2-C2 mae 3MOTy 3HHM3UTH 4acTOTY
BUHUKHEHHS KOH(QUIIKTIB, ajie He yCyBa€ IOBHICTIO pH3HK HenepenbadeHux 30mmkens briJIA 3 nepemkogamu (CTaTHIHAMHA
Ta TUHAMIYHAMH) — 332 HasABHOCTI NMPHUPOJHHX SBHUIN Ta TUHAMIYHUX (pakTopiB. TakMM UHHOM, YIOCKOHAJICHHS METOMY
MJIaHyBaHHs TpaekTtopii brnJIA 3aBasku BIPOBa/PKEHHS 3acO0iB NPOTHO3YBaHHS MOXJIMBHX KOH(QJIIKTIB Ha OCHOBI
TEXHOJIOT1H MAalTMHHOTO HAaBYaHHS € aKTyaJIbHOIO HAyKOBOIKO 3aaaycio. IlpeaMeTroM JOC/HiIzKeHHsI B CTATTI € iHTErparis
koHuenmiro D2-C2 3 MoayneM ITYy4YHOTO iHTENIEeKTy. MeTo A0CTiIsKeHHs € MiABUIICHHS PiBHS O€3MEKH MOJBOTIB IPYIH
BriJIA y Micekili 3a0yznoBi. 3aBAaHHAM JOCHIXKEeHHSI € pO3poOKka MOJIENl Ta yNOCKOHAJIEHHS METOAYy IUIAHyBaHHS
Tpaekropiii BnJIA 3aBnsku BIpOBa/pKeHHS 3aco0iB IPOTHO3YBaHHS MOXIIMBHX KOHQUIIKTIB. B Xoxmi mocmimkeHb
BUKOPDHUCTAaHO METOAM MAaTEMAaTH4YHO! CTAaTHCTUKM Ta MOJCIIOBaHHA. Pe3yJbTaTaMH MOCTiUKeHHSI Yy CTarTi €
3aIpOIIOHOBAaHO HelpomepexkeBy Moxens LSTM, sika HaBueHa Ha NaHUX npo 30mmwkeHHsS BriJIA. VioockonaneHo mMeTox
IUTaHyBaHHS TpaekTopii BriJIA 3 mpoakTUBHNM YHUKHEHHSIM KOH(IIKTIB, IKHH 31[IIICHIOE TPOTHO3HE BUSBIICHHS HEOE3NEeKN
3a pmomomororo ML-mozaeni. BucHoBKH. 3amporoHoBaHa MOJETb ampoKCHMye (YHKIIIO, SKa BigoOpa)kae CKIaIHy
3aJISKHICTh MIXK YaCOBHMH PSAaMU MTapaMeTpiB pyxy ABox (1 Ounbine) briJIA Ta OiHapHUM pe3yJIbTaTOM — 3iITKHEHHS YH Hi.
VYaockoHaneHu Meton iHTerpye koumenuito D2-C2 3 MomayjieM ITY4YHOTO IiHTEJIEKTY, IO JO03BOJISIE 3aBYaCHO Ta
aBTOMATHYHO BUSBIITH MOTEeHU IHI 3iTkHeHHS BriJIA mixk co6oro Ta mepemkogamu. OTpuMaHi pe3yabTaTH MOXYTb OyTH y
MOJANBIIOMY BUKOPUCTaHI I CTBOPEHHSI HOBHX IOKOJIIHP aBTOHOMHUX CHUCTeM KepyBaHHs BriJIA, 31aTHHUX amanTuBHO Ta
HaBYaJbHO TTOKPAIyBaTH CBOi HABMYKH YHUKHEHHS HeOe3IeKH y CKIIaJHUX YMOBaX MOBITPSHOTO PYyXY.

KawvoBi ciaoBa: Oe3mMIOTHUH JiTaNbHHH amapar, TPA€KTOpis MOJbOTY, MAUIMHHE HAaBYAHHS, IITyYHHHA IHTENEKT,

HEMpOHHA Meperxa, Oe3MeKa, 3ITKHEHHS, METO/l, MAaTeMaTHYHA MOJEINb, aJITOPHTM.

1. Beryn
1.1 AKTyaJIbHICTH A0CTiIzKEHHS

CrpiMmke  posmmpeHHS cdep  3aCTOCYBaHHS
0e3MuTOTHUX JIiTanbHUX amnapatiB (brJIA) Ta 30uTbIIEHHS
IHTEHCHBHOCTI ~ IX  BHKOPHUCTAaHHS  3yMOBIOIOTH
HEOOXiMHICTP TIJBHIICHHS pIBHA aBTOMAaTH3amii i
O€3MeKN TMOJBOTIB, OCOOMMBO B YMOBaX CKIaTHOTO
HHU3bKOBHCOTHOTO  TIOBITPSIHOTO  MPOCTOPY  MICBHKOT
3a0yoBH. YpOaHi30BaHE CEPEeIOBHUIIE XapaKTePU3YETHCS
3HAYHOIO KUIBKICTIO CTAI[IOHAPHUX MEPEIKO/I, CKIaTHOIO
TPUBUMIPHOIO  CTPYKTYpOIO 3a0yJOBH, OOMEXEHOIO
BUMMICTIO, MOJJIMBHM IIOTIPIICHHSAM a0 BTPATOIO
CHUTHAJIB TII00AIFHOT CYIyTHHKOBOI HaBiramii, a Takox
HasBHICTIO JuHaMivHUX 00’ektiB [1]. 3a Takux ymoB
IUTaHyBaHHS Oe3redHoro MapupyTy mnoibory brmJlA e
CKJIJTHOIO 0araToOKpUTEpiabHOIO 3a/1a4elo, 110 NoTpedye
OJTHOYaCHOTO  BpaxyBaHHS  TI'eOMETpii  Iepemkon,
JMHAMIYHHUX XapaKTEPHUCTUK JIITATEHHUX allapaTiB, PU3HKIB
3ITKHEHHSI, 4acy BUKOHAHHs Micii Toro [2, 3].

3poctanHs  kimpkocti  BmJIA  y  cmimpHOMY
MOBITPSHOMY TIPOCTOPi 3aKOHOMIPHO TPU3BOIUTH JIO
30UTbIIEHHS  HIMOBIPHOCTI BMHHKHEHHS MOTEHIIITHO
koHGMmKTHUX cutryamiil. Ilix KoH(IIKTHOIO cHUTyamliero
JIOLTBHO PO3yMiTH HeOe3neune 30mmkeHHs briJIA mix
co00r0 a00 3 TepelKoAaMH, 3a SKOTO BiJCTaHb MiX
00’€KTaMH CTa€ MEHIIOK 32 BCTAHOBJCHY MiHIMAJIbHO
JNONYCTHMY JHUCTaHIi0 Oe3meku. Ha BiaMiHy Big
MUIOTOBaHOI  aBiarlii, TSt KOl TpaauIliiHO
3aCTOCOBYIOTHCS IIEHTPANIi30BaHi [IPOLEYPU YIPaBIiHHS
MOBITPSHUM ~ PYXOM, MacoBe BUKOpUCTaHHS brJIA
notpeOye OLTBIT THYYKHX, MacIITa0OBaHUX 1 3HAYHOIO

MIpOI0 aBTOMATH30BaHMX METOIB OpraHizamii Ta
IUTaHyBaHHA pyXy. BoxHOYac 3acToCyBaHHS —IIHIIE
3a3[anerilb BU3HAYCHUX MapIIpyTiB a00 TpamumiiHIX
ATOPUTMIB  TUIAHYBaHHA HE 3aBXKIU  3a0e3redye
HeoOXiIHHH piBeHb Oe3MeKH B yMOBaX HEBU3HAYEHOCTI Ta
HIBUJIKOI 3MiHHM [TApaMEeTPiB MOJILOTHOT 00CTaHOBKH [4, 5].

Oco6nMBO  CKJIAMHOIO € 33Jada IUTaHyBaHHS
TPAEKTOPill y MICBKOMY cepenoBuiili. BucotHi OyaiBii Ta
iHII  00’€KTH  (QOPMYIOTH CKJIQJHUH TPUBUMIPHHUI
MPOCTip, Y SKOMY HEOOXiNMHO BU3HAYATH MapUIPYTH 3
ypaxyBaHHAM HE JIIIE TE€OMETPUYHUX OOMEXeHb, a U
HaBiramifHUX puU3UKiB. 30KpeMa, IMIUTbHA 3a0yI0Ba MOKE
CIPUYMHATH €KpPaHyBaHHSI a00 TIOTIPIICHHS SKOCTI
curHamiB  GNSS, 1m0 30iUTeIIye HEBU3HAYCHICTH
BU3HAUeHHs KoopawHaT BrJIA Ta, BiAMOBimHO, pH3HK
BIIXWJICHHSA Bix 3artaHoBaHoi TpaekTopii. CydacHi
JOCITI/DKEHHST TIPONOHYIOTh BPAaxOBYBAaTH TaKi PU3UKH
Ge3nocepenbo i1 yac mobymosu MapipyTy [6].

OmuM 13 HampsIMIB  TIABHINCHHS O€3MEKH Ta
BIOPSIIKYyBaHHS  pyxy bmJIA €  cTpykTypm3aris
HHU3bKOBHCOTHOTO  TIOBITPSHOTO  MPOCTOPY — LLISIXOM
(opMyBaHHS MapUIPYTiB, CEKTOPIB 200 KOPHAOPIB PyXy.
Takuit migxig gae 3MOTy 3MEHIIUTH  KUIBKICTB
MOTCHIIHHUX ~ KOH(MIIKTIB  3aBASKA  IIPOCTOPOBOMY
po3miieHHIo NoToKiB BriJIA Ta y3ro/pKeHHIO HalpsSIMKIB 1X
pyXy. Ane HaBiTb 32 YMOBH IOIEPEJHBOTO PO3IOIIITY
MOBITPSIHOTO ~ NPOCTOPY ~ PH3MK  HelepeadadeHux
30JIMDKeHb TIOBHICTIO HE yCYBaeThCsl. [IpU4nMHaAMH 1[bOTO
MOXYTb OyTH TIOPUBH BIiTPY, TOXHOKH CHCTEM HaBirarii ta
TTO3UITIOHYBaHHS, 3aTPUMKH a00 BTPaTH 3B’S3KY, BiIMOBH
OKpeMHX OOpTOBHX CHCTEM, a TaKOX TIOsiBA HOBHX
MEpeIKol, TOMYy CHCTeMa IUIaHYBaHHS MapIIpyTy
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NOBMHHA 3a0e3nedyBaTd HE Juie  (QOpMyBaHHS
MOYaTKOBOI Oe3Me4HOi TpaekTopil, a U MOXKIHUBICTH
OIEPaTUBHOTO NPOTHO3YBaHHs HEOE3NEYHNX CUTYyalill Ta
KOpHUI'YBaHHS MaplLIpyTy B peaibHOMY 4aci [7].

BaxmBoro 3HaueHHsT HaOyBa€ 3acTOCYBaHHS
TEXHOJIOTiHf MaITMHHOTO HABYAHHS, HacaMIIepe]] METOIiB
TTTMOOKOT0 HAaBYAHHA Ta HABYAHHS 3 MiJKPIIUICHHSM.
IxHbOIO mepeBaror € 3maTHICTh (OPMyBATH CTpaTerii
KepyBaHHS Ta IUIAHYBaHHS HA OCHOBI MJaHHX IIPO
MOTOYHHI CTaH HABKOJHIIHBOTO CEPEIOBHINA, BUSBIATH
3aKOHOMIPHOCTI y CKJIaJHHAX CHTYaIlisIX 1 aJanTyBaTH
noBefiHKy BmJIA 10 3MiHH TMOJBOTHOI OOCTaHOBKH.
JocipKeHHst OCTaHHIX  POKIB JIEMOHCTPYIOTh
MOXJIMBICT 3aCTOCYBaHHS TIJIMOOKOIO HaBYaHHS 3
IKPITUIEHHSIM JUIsl aBTOHOMHOT'O CJIiJTyBaHHS 33/IaHOMY
MapIIpyTY, JOKAJILHOTO YHUKHEHHS MEPEeIIKO, HaBirarii
y HEBIZIOMOMY CEpEOBHII Ta MOOYJOBH TpPAEKTOpiil y
TPUBUMIpHOMY TIpOCTOpi [8].

Ilopanbmuii po3BUTOK LBOIO HANpsIMy OB’ SI3aHUI
i3 BHUKOPHUCTaHHAM TiOpUAHMX MOIENeH, y SKHX
rmobanpHa 1H(GOPMALS PO MAapIIPYT MOETHYETHCT 3
JIOKAJTGHUMH JTaHUMH OOPTOBHX CEHCOpiB. Takuil mimxis
JI03BOJISIE 320€3MEUUTH JOCATHEHHS KIHIEBOI TOYKH 3a
ONTHMaJIbHOIO TPAEKTOPIELO, Ta ONIEPATHBHO pearyBaTH Ha
MEPEIIKOIM Ta HemependadyBaHi 3MIHH OOCTaHOBKH.
OcoOmnuBHil  iHTEpeC CTaHOBIATH MOJENI, 37aTHI
3MIMCHIOBAaTH TIPOTHO3YBaHHS MOMJIMBUX KOH(QIIIKTIB,
OIIIHIOBATU pPIiBCHb HEOE3MEKH ITOTOYHOI CHTyaIli Ta
3aB4acHO (HhOpMyBATH DIMICHHS IIONO 3MIHH HATNPSIMKY
abo mapametpiB pyxy bmJIA. 3acTocyBaHHS TakuX
MoZIeNeil € O0COONMBO aKTyalbHHM JUI TIPYIOBOTO
MOJBOTY, OCKUTBKA B IIbOMY BHIAOKy HEOOXiTHO
BpaxOBYBaTH B3a€EMHMI BIUIMB TPAEKTOPIH AEKUIBKOX
BrJTA Tta 3a6e3neuyBaty ix Oe3nedHy KOOpIHHAIIO [9].

Takum uWHOM, aHai3 Cy4YacHHX JOCHi/PKEHb
CBIYUTH TIPO aKTyaJbHICTh PO3POOJECHHS METONIB 1
MoJieJiel TIaHyBaHHs MapIIpyTy Nojabs0oTy rpynu briJIA B
yMOBaxX MiCbKoi 3a0y/JJOBH, SIKi MO€JHYIOTh CTpaTeriuHe
(hopMyBaHHS MapuIpyTy 3 JIOKQJIbHUM IPOTHO3YBaHHSM
CTaTMYHUX 1 JUHAMIYHUX nepeuikoy. IlepcrieKTHBHUM
HanpsIMOM pPO3B’sI3aHHS M€l 3a7adi € 3acTOCYBaHHS
TEXHOJIOTI MAaIlMHHOTO HAaBYaHHS JUIS TPOTHO3YBaHHS
MOJITUBHX KOH(IIIKTHUX CHUTYAIlil, OI[IHIOBaHHS PH3UKY
3ITKHEHHS Ta aJalTHBHOTO KOPHUI'YBaHHS TPAEKTOPIH
MOJBOTY, TOMY HEOOXIHO pO3pOOJICHHS MOJIeN Ta
BIIOCKOHAJICHHSI METO/Ty IIJIaHYBaHHs MapLIpyTy MOJIbOTY
rpynmu brJIA, mo 3a0e3medyBaTUMYTH ITiJBHIICHHS
6e3mexu Ta e(peKTHBHOCTI (H)yHKIIIOHYBAaHHS B CKJIATHOMY
JTMHAMIYHOMY CEPEIOBHIII MiCHKOi 320y 10BH.

1.2 Anajni3 JitepaTypHux axepes
i BU3HAYeHHs NMpodJjeMHn

Y crarri  [10] posrmsHyTO  0COGMMBOCTI
3aCTOCYBaHHSI TEXHOJIOTIH MAIIMHHOTO HaBYaHHS JUIS
MiABUINCHHS OC3IEeKH TMOJILOTIB TPyHH Oe3MIOTHUX
mitraneHux amapatie  (brnJIA) B ymoBax Micbkoi
3a0ynoBu. OcoOnMBY yBary HPHIUIEHO MOXIIMBOCTI
BUKOPHCTaHHS  IHTENIEKTyaJlbHUX  METOMIB  JUIA
MiABUIEHHS AaBTOHOMHOCTI MNpPHUHHATTA pIlIeHb i
BIOCKOHAJICHHS  3a0e3nedeHHs] Oe3MeKH  MOJbOTY.
PesynbpTatn IOCHIIKEHHS CBIIUaThH po
MEPCIEKTUBHICTh ~ TOAANBIIOTO  PO3BUTKY  IIbOTO

HalpsiIMy IUIIXOM 3aCTOCYBaHHS METOIB MAaIIMHHOTO
HaBYaHHS JUIS IPOrHO3YBaHHS HEOE3MEUHUX CUTYaLiH.

Y pobGori [11] 3ampomoOHOBAaHO 3aCTOCYBaHHS
MHOXKUHHHX MYPAIIMHUX AITOPUTMIB ISl PO3B’A3aHHS
3aJa4 JOTICTHYHOrO 3a0e3neyeHHs IIijJ 4ac IpyrnoBOro
BUKOpUCTaHHA BaHTaXHUX bnJIA. OcHoBHY yBary
MIPHUILIEHO PO3MOILTY MapIIpyTiB Mk okpemumu briJIA
Ta ONTHMi3alii BUKOHAHHSA 3aBHaHb  TIPYIIOIO.
3amponmoHOBaHWN  MmiAXin —3abe3medye  MOXITUBICTB
MOUIYKY paIiOHaJbHUX MAapIIPyTiB, OJHAK ITHUTAHHI
OTIEPAaTHBHOTO YHUKHEHHS NIEPEIIKO]] y ITPOIIEC] ITOJIBOTY
rpymu briJIA He € OCHOBHMM NPEIMETOM JIOCHIPKSHHSI.

Y  mkepem [12] pmocmimKeHO — 0COOJIHMBOCTI
IiABUIEHHS e(peKTUBHOCTI ynpasiinus briJIA 3anexHo
BiJl CTPYKTYPH MaTpHIl 3B’SI3KiB MiJl 4aC BUKOPUCTAHHS
HENHIHHOTO  MCEBJOBHUIIAAKOBOIO  IeHeparopa, a
OTpHMaHi Pe3yJbTaTH CIPSIMOBaHI Ha BIOCKOHAJICHHS
npoueciB  (opMyBaHHS Ta IepelaBaHHSI Kepyrodoi
iHpopmamii. Ane y poOoTi HE pO3TITHYTO KOMILICKCHE
pO3B’s3aHHA 3a/4adi IUIAHYBaHHS MapLIpyTy TIpyIH
BbnJIA 3 ypaxyBaHHAM MEPELIKO/.

Y pobori [13] 3anponoHOBaHO ~ CHUCTEMY
IUIaHYyBaHHS MapumpyTiB s poro brJIA Ha ocHoBi Q-
learning. TIliaxim opieHToBaHMii Ha  BH3HAUYCHHS
TPa€eKTOpiil pyXy B CEpelOBHIINI 3 MEPElIKOJaMH Ta
nependavyae MOXIUBICTH ()OPMYBaHHS MapLIpyTiB 0e3
NmOBHOI ~ momepenHpoi  iHdopmamii  mpo  KapTy
cepenopuina. IlepeBaroro poOOTH € 3acCTOCYBaHHS
METOZIB MAaIIMHHOTO HaBYaHHA [0 33Jadi I'PYNOBOTO
IUlaHyBaHHSA. BopHOwWac OCHOBHa yBara IIpHIiJICHA
MTOKPUTTIO TIPOCTOPY Ta BHOOPY MAapIIPYTiB, TOAI SIK
MMUTaHHSA TPOTHO3YBAaHHA KOH(IIKTHHUX CHUTYaIllii MiX
BriJIA Ta 3aBYacHOTO KOPHUTYBaHHS iX TpPa€eKTOPIH
MoTpedy€e MOAAIBIIOTO JOCIiKEHHS.

V nocrimpkenni [14], mo npucesveHe YHUKHCHHIO
nepenkos i 3anodiraHHio 3iTKHEHHSAM poro brJIA Ha
OCHOBI BIIOCKOHaJleHOro anroputmy Vector Field
Histogram (VFH) Ta crparerii oOminy iHdopmariero,
3alpOINOHOBAHO MIJIXiJl 10 OpraHi3alii nojJboTy IpyIH B
CKJIQJIHOMY HEBIJOMOMY cepenoBuly. Pe3syibraru
poOOTH MiATBEPIKYIOTh BaXXHUBICTh KOOpPAWHAINI Ta
oOMiHy maHuUMH s 3a0e3ledeHHs  Oe3[e’YHOro
IpymoBoro momsoTy. [IpoTe 3amponoHOBaHWN MigXix
CTPsIMOBAaHUH Ha JIOKAJIBHE pearyBaHHS HA MEPEIIKOH,
10 0OYMOBIIIOE JIOIUTBHICT ITOETHAHHS TAKUX METO/IB
i3 3acobaMH  JOBIOCTPOKOBOTO  IPOTHO3YBaHHA
KOH(JTIKTIB 1 TJI00ATFHOTO TJIaHYBAaHHS MapIpyTy.

VY pob6ori [15] posrisiHyTO 33734y KOOTIEPATHBHOI
ONITUMI3allil IIIaHyBaHHS MapUIpyTiB AeKiTbkoxX briJIA 3
ypaxyBaHHSIM OOMEXeHb CcuUCTeMH 3B’s3ky. s ii
PO3B’sI3aHHS  3aIlPONOHOBAHO KOOIEPATUBHY MOJEIb
IUIAHYBaHHS Ta BJIOCKOHAJIEHHH alTOpUTM ONTHMi3amii
POI0 YacTHHOK. BakiMBOIO mepeBaroro JOCIHiIKEHHS €
BpaxyBaHHS TOTO, 110 XapaKTePUCTUKH iH(opMaiiiHOTO
o6miny Mixk BriJIA MoxyTh Ge3nocepeJHbO BILUIMBATH Ha
MOJIJIMBICTh ~ y3TOJUKEHOTO BHUKOHAHHS TPYNOBOTO
3apmaHHd. Pa3oM i3 THM 3ampOoNOHOBaHHMW ITiIXiT
30CepeKEeHUH TTepEeBaKHO HA OMTUMI3allil MapIIpyTiB i
KOMYHIKaIliiHUX OOMEXEHHSIX, TOJMi SIK KOMILUIEKCHE
BpaxyBaHHs MiChKO1 3a0yZI0BH, TMHAMIYHUX TIEPEITKO 1
MPOTHO3YBAaHHA WMOBIPHUX KOH(DIIKTIB MOTpedye
MOJATBIIOTO PO3BUTKY.
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VYV poborax [16, 17] 3ampomoHOBaHO METOA
TPUBUMIPHOTO JHHAMIYHOTO IUIAHYBaHHS MapLIpyTy
BriJTA Ha OCHOBI BIOCKOHAJIEHOI MOl IMHAMIYHOL
CUCTEMH PIMHY Ta WITyYHOI HEHPOHHOT Mepexi. MeTox
CIpPSIMOBAHUN Ha MiABHIICHHS SIKOCTI C(OPMOBAHOTO
MapuIpyTy i 3MEHIIEHHS O0YNCITIOBAIBPHUX BHUTPAT Mij
9ac MMoJILOTY B CKIIATHOMY CEPEIOBHIII 31 CTATHIHUMH Ta
panToBO BHHHMKAIOYMMH IJHHAMIYHHMH MEPEIIKOJaMHU.
OpmHaK JOCHIIKEHHS Opi€HTOBaHE MEPEeBAXHO Ha
oauHouHui bmJIA, TOoMy 3agmada  y3roJKEHOTO
IUTaHYyBAaHHS Ta KOPUTYBaHHA MapmipyTiB rpymu briJIA
noTpedye OKPEMOro po3B’sI3aHHSI.

OTxe, POBENCHUH aHaJI3 JITEpaTypHUX JDKEpe
MOKa3aB, 110 CYYacHi JIOCIIKEHHSI OXOILTIOIOTh OKpeMi
acreKTH TpymnoBoro 3acrocyBaHHi bnJIA, 3okpema
ONTHMI3allil0 MapUIpyTiB, KOOIIEpAaTHBHE IUIaHyBaHHS,
YHUKHEHHS TIEPELIKO/, 3a100iranHs 3iTKHEHHIM, OOMIH
iHpOpMamier0 MK  JITANIPHAMH  amapaTaMd  Ta
BUKOPHCTaHHS TEXHOJOTIH MAIIMHHOTO HaBYaHHS.
BopHouac icHyIOWi MigXOAW pPO3IIIAAOTH 3a3HAYCHI
3aBIaHHS ~ OKpeMo. HemoctatHpo — mOCTiKEHUM
3aJIMINAETBCS  KOMIUICKCHMH ~ METOJ]  IJIaHyBaHHS
MapuipyTy nossoty rpynu BrmJIA B ymoBax MichKOi
3a0yI0BH, SIKMI OM OJJHOYACHO BPaxOBYBaB TPUBHMIPHY
CTPYKTYPY CEpEIOBHINA, CTATHYHI Ta JUHAMIYHI
MepeIIKoa, B3aeMHe po3TamryBaHHS brnJIA Ta
MPOTHO3YBaHHS BUHUKHEHHS KOHQIIIKTHUX CUTYAaIIiH.

TakuM uuHOM, HayKoBa IpoOjema IoJsrae y
HEOOXITHOCTI PO3POOJICHHS MOJENI Ta BIOCKOHAJICHHS
METOy IIaHYBaHHs MapLIpyTy NoJasoTy rpynu brJIA B
yMOBax  CKJIAaJHOTO  JAWHAMIYHOTO  TPHBHUMIPHOTO
cepenoBuIia Micbkoi  3a0ynmoBu.  IlepcrieKTHBHUM
HampsAMOM 1i pO3B’S3aHHSA € TIOEAHAHHSI METOJIB
IJ100aJIBHOTO TIIAHYBAaHHA MapIIpyTy 3 TEXHOJOTiIMH
MAIIMHHOTO HABYAHHS JJIsI IPOTHO3YBAHHS MOMKJIMBUX
KOH(JIIKTIB, OI[IHIOBaHHS PH3MKY 3ITKHEHHS Ta
aIalITUBHOTO KOPUTYBaHHS TPAE€KTOPil nonpoty. Takuid
miaxig Mae 3a0e3ledyuTd IMiABMINEHHS Oe3NeKu Ta
e(eKTUBHOCTI TpynoBoro 3actocyBanus briJIA.

1.3 MeTa i 3aBaaHHs JOCTiIKeHHS

MeToro JOoCIiIKSHHS € MiABUIICHHAS PiBHS OS3MeKH
1oJpoTiB rpynu brJIA y Michkiii 3a0y110Bi.

Jnst jocsirHeHHsI MeTH OyJIM TOCTaBJIeHI HACTYITHI
3aBJIaHHs: PO3poOKa MOJIETl Ta YJIOCKOHAJICHHS METOLY
IUTaHyBaHHS TpaekTopiit BriJIA 3aBasku BIIpOBaKEHHS
3ac00iB MPOTHO3yBaHH MOKIUBUX KOH(DIIKTIB. B X071
JOCII/DKEeHb ~ BUKOPHUCTAHO  METOAM  MaTeMaTHYHOL
CTaTUCTUKH Ta MOJICIIFOBAHHS.

2. Martepiajam i MeTOaM T0CTiTKEHHSA

VY mociimKeHHI yIOCKOHAIEHO METO/ IJIaHyBaHHS
TpaekTopii monapoTy bBmJIA Ha OCHOBI TEXHOJOTIH
MAaIIMHHOTO HABYAHHS, 3aBJSIKU BIIPOBA/KCHHS 3aC00iB
MIPOTHO3YBAHHS MOXIIMBHX KOH(MIIIKTIB.

CyTHICTh YIOCKOHAICHHS TOJISATAE y TOMY, 00 Ha
erani IUIaHyBaHHS Ta BHUKOHaHHS mosboTy brJlA
nepeadavyaTy MOTCHIIHO HeOe3nmeuHi X 30JMKeHHS 3
MEepelKoJaMi  3aBYacHO Ta JWHAMIYHO KOPHUTYBaTH
MapUIpyTH HOIBOTIB I YHUKHEHHS 3iTKHEHHSI.

30kpeMa, HEOOXiTHO PO3POOHTH HEHPOMEPEIKEBY
MOJIEIb, sIKa 3a JaHUMHU Tpo MoTouHWH nomiT briJIA Ta

OTOYYIOUYy OOCTaHOBKY IPOTHO3Y€ PU3UK 3ITKHEHHS 3
nepenKojaMy (K CTaTUYHUMU, TaKk U PyXOMHMH) Ha
3aJ]aHOMY iIHTEpBaJi BIEpe.

Jnst BUpILIEHHS MocTaBlieHOl 3a1adi 11 HeoOXiaHO
¢dopmanizyBatn SK 3agady HpPOTHO3YBaHHS YacCOBUX
MOCJIIIOBHOCTENH, sAKa IAJAETBCA  MOJEIIOBAHHIO
HeliporHOIO Mepeskero Tuiry LSTM.

PosrnsHyTO Tpaektopito momsory BmJIA sk
IUCKPETHY YacoBY IIOCHIJOBHICTH HOTO  CTaHiB:
MTOJIOKEHHA Ta JUHAMIYHI TapaMeTpy Ha MOCITiTOBHOCTI
YacOBUX KPOKiB. 3pOOIIEHO TaKe MPHITYIICHHS:

p(t)=(x(t)y(t),2(t)) -

npoctopoBi koopauHaTi briJIA B MoMeHT Hacy t .
Takox, po3rmsHyTo MHO)MHY N moTeHuiitHHX

mepemkoy  (IHMUX — JiTampHUX  amapariB  abo

CTal[lOHaApHHUX 00’ €KTIB) 3 TAKUMH KOOPJHHATAMHU:

JORCIORAGETC)
s 1=1,2,.. N .

Beemeno Mmerpuky Biactani mix BriJIA Ta i -oro
MEePEIIKOIOIO:

d(t)=I p(t)-p(t)Il =
=) =5 (0 ()= ()4 (2(0) -7 (1),

BuzHaueHo moporoBy 6e3neyny muctaHmiro Dy, ,

@)

MeHIIe 3a Ky 30mmkeHHS bBrJIA 3 mepemkonoro
BBaXKa€ThCsl HeOe3neuyHnM (KoHQIikToM). Tomi, MOmir0
KOH(ITIKTy MOXXJIBO OIMCATH SK iCHYBaHHS MOMCHTY

4acy Ty MeXax IIPOrHO30BAHOT0 FOpU30HTY AT , 110
d; () < Dpin 2

st gesikoro i (to6ro  BmJIA  Hagro  GnHM3BKO
HaOIM3UTHCS JI0 IEPEIIKOIH | ).

3ajaua MPOTHO3yBaHHS KOHGIIIKTY TONATae y
BH3HAYCHHI HMOBIPHOCTI BUHHKHEHHS Takol momii abo
¢axry 1 urukHeHHs (True/False) mo Toro, sk BoHa
CTaHEThCSI Y PEAbHOCTI.

VY TepMiHax MalIMHHOTO HAaBYaHHS BHIIECBKa3aHe
3aBJIaHHS MOXKJIMBO NOJAATH SIK 337ady MpPOTHO3yBaHHS
Ha OCHOBI YacoBuX psiB. ToOTo, 3amaHi MOCIIOBHOCTI
crani BriJIA Ta nepemrkos Ha inTepsari acy [to,ty |

Hampuxmnan, BHUMIpsHI abo 3aIuIaHOBaHI
KOOPJIMHATH Ta MIBUKOCTI HA KiJIbKOX OCTaHHIX KPOKax.
HeoOxigHo mepenbaunty, 9yu BiIOyHAETHCS KOHQIIKT Y
inTepBani yacy [ty ,t, +AT] y MaiiGyTHEOMY.

BximHuMU naHMMH MoOzelli y MOMEHT 4dacy fy €

HACTYITHA TIOCJIiIOBHICTb:
X ={s(tg),s(ty), ...5(t )} . ®)

ae S(t j) — BEKTOp O3HaK, SKHH XapaKTepusye CTaH

cuctemu «brJIA-nepemkonu» y yac (t j ) .
Jlo ckmagy s(t) MOXYyTh BXOIMTH, HA IPHKJIAL:

BJIACHI KOOpJIWHATH Ta BEKTOp MBUAKOCTI brnlJIA,
mapameTpu Horo TpaekTopii (Kypc, BHCOTa Ta
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NIPUCKOPEHHS); BIZHOCHI KOOPIMHATH HAMOJIMKYMX
nepemkon abo mapameTpu 36 mkenHs (Bincraub d; (t),

BiJTHOCHA IIBUKICTH 30JMDKCHHS TOINO) JUIS HAHOUIBII
KPUTHYHUX | ; iHII (akTopw (Ha MPUKIaM, MBHIKICTH
BITpY, CTyIiHb HEBU3HAYEHOCTI IO3UIIOHYBaHHS).
BuxomoM Mojeni € mNpOrHo30BaHE 3HAYEHHS
LUILOBOT 3MIHHOI Y — MOKa3HHKa HAsBHOCTI KOHQIIIKTY

y HaOMmmKxIoMy MaitiOyTHROMY. MOJKIIMBO BH3HAYUTH Y
sK OiHapHY 3MiHHY: Y=1, SKII0 KOHQIKT OUiKy€EThCH,

ta y=0 —inakmre. Toxi Mmogens peati3ye TaKy QpyHKILIO:
f: Xy, 4

ne Y=Y — mependadeHe 3HaueHHS (HMOBipHICTH abo

Kilac KOH(QUIIKTHOT cuTyauii) Ha OCHOBI aHai3y
HOCIIOBHOCTI X .

Oobpano apxitektypy Long short-term memory
(LSTM) — pi3HOBHA peKypeHTHO! HEHPOHHOI Mepexi
(PHM), saxa mnpusHaueHa i1 MOJETIOBaHHA
3aJI@KHOCTEH y TaKMX IIOCHIIOBHOCTSIX X. Mepexa
LSTM mnocnioBHO 00po0Iise BXiqHI JaHi 32 YaCOBHMH
KpPOKaMH, aKyMYJIIOIOUH BHYTPIIIHIN CTaH, KU KOmye
iH(pOpMaIilo PO MoTepeHi eTamd. Y 3alpOoIOHOBaHIH
MOCTAHOBII 1€ JO3BOJSIE  MOJENI  «HABUUTHCS
3aKOHOMIPHOCTAM PO3BHUTKY KOH(QIIIKTHHUX CHUTyaliil y
yaci Ta Ha OCHOBI IIOTOYHOI IMOCIIZOBHOCTI CTaHIB
BUSIBJIITH O3HAKH HEMHHYYOT'0 3ITKHEHHS 1€ 10 TOTO, SIK
BIJICTaHb CTaHC KPUTHYHO MAJIOIO.

Takum uuHOM, 3ajada IUIAHYBaHHA TPAEKTOPIl
(MapumipyTy) monmpoTy BnJIA 3 ypaxyBaHHAM pPH3HKY
3BOJIMTBCS  JIO  3ajadyl  NPOTHO3yBaHHS  4YacoOBOI
mocioBHOCTI 3acobamu LSTM-mozaeni. To6to, Mepeka
posrisimae ictopito mombotiB BriJIA Ta iX B3aeMHOTO
pO3TallyBaHHS, & TaKOX — IMOTEHIIHHUX IMEepemKo]| Ta
BUJIA€ TIPOTHO3 II0JI0 OE3MEKH MPOIOBKEHHS TOTOYHOT
TpaekTopii pyxy. [logiOHUIT migXin 3acTOCOBYEThCA i B
CYMDKHHUX ranmy3sx. Ha mnpukiag, anst aBTOHOMHHX
aBTOMOOLTIB po3pobdaeHo LSTM-Mozaeni mporHo3yBaHHS
TPAEKTOPI CYCiMHIX TPaHCIOPTHUX 3ac00iB (00’ €KTiB),
IO Ja€ 3MOTY IUIaHyBaTH OuIbII Oe3MeYHuil MapupyT
pyxy Hanepen [4]. 3anponoHoBaHo Bukopuctanas PHM
LSTM 3a Takux nNpu4yuH.

1. HasiBHICTh 4acoBOI 3aJ€KHOCTI — CHTYyaIlis
30mmkeHHss 1BoX BrJIA po3BuBaeThCsS y daci Ta uis
HaJiHHOrO  TPOrHO3y  HEOOXiJHO  BPaxOBYBaTH
MOCTIIOBHICT TIOMEpeAHIX cTaHiB. Ha BimMmiHY Bix
3BHYaiHUX (HE PEKYPEHTHHX) HEHPOHHHMX MEpex, sKi
aHaNI3yIOTh KOXKEH cTaH He3anexHo, PHM matots
nam’siTb. Bonn 30epiratoTh BEKTOp NPUXOBAHOTO CTAaHY

i, 10 OHOBIIOETBCS HA KOXHOMY Kpoli Ta Hece
iHpopmanito  mpo  momepexHi  kpokm. LSTM
CHPOEKTOBaHA /Il €(EKTHBHOTO 3aram’ sSTOBYBaHHS
JIOBIOCTPOKOBUX ~ 3aJIEXHOCTEH Yy  IOCIIJOBHOCTSX,
3aBIIIKM BBCJCHHIO MEXaHi3My KEpOBaHOI ITaM’sTi
3aBIsAKU reiitam (Bopotam) [5]. Takuil migXin q03BOIIsIE
i BHUpIIIyBaTH NPOOJIEMYy «3aTyXaruyoro Trpaji€eHTay,
sika xapakTepHa i knacuuHux PHM rta ytpumyBatu
BaXJIUBY iH(OPMAIIifO Ha TOBTUX iHTEpBasIaX.

2. Ajanranis bi (o) 3MIHHOT IOBXHWHU
MOCIIITOBHOCTEH — y pealbHUX YMOBaX TPHUBAIICTh
MaHeBpy 30KeHHs abo CIleHapilo KOHQIIKTY MOXKe

BapitoBatucsi. LSTM He notpebye dikcoBaHOi JOBKUHU
Bxony. Bona o0poOinsie mofii mociiJOBHO Ta MOXe
MIPAIFOBATH SIK 3 KOPOTKUMH, TaK U 3 JOBIIUMH CEPisIMU
JaHUX, TPOJOBXKYIOUM OHOBIIOBaTH CBiil cran. lle
Ba)KJIMBO JIJISI 33124l MPOTHO3YBaHHSL.

3. l'myukicts Buxogy — PHM LSTM wmoximBo
HaNlaTyBaTu K JUIA BHAA4i MIPOTHO3Y IiCIsI IOBHOTO
Meperyisiay IOCHiTOBHOCTI, Tak 1 mia QopMyBaHHA
BHUXiHOI TIOCTIZOBHOCTI MPOTHO30BAaHHX 3HAYCHb
(many-to-many, Ha TpHKIan, IPOTHO3 TPAEKTOPII PyXy
immoro brJIA nHa nmekinmpka cexyHn Brepen). OOpaHO
BapiaHT many-t0-one, A€ BUXIAHMH IIAap Mepexi nae
OLIIHKY PU3UKY KOH(QUIIKTY Ha TOPU30HTI AT .

Ho cknany apxitekrypu LSTM-mepexi BXoAsTh
ocoOuuBi mwapu nam’sti — komipku LSTM, koskHa 3 IKuX
Ha KOXXHOMY KpOILli BUKOHYE JeKiibka omeparii. J{is
YeproBoro yacy t Ta MONEpeaHbOro MPUXOBAHOTO CTAHY
h_q 1 mam’sti Cy_; MOXUIHBO MPOBECTH PO3PaXyHOK

HACTYIHHUX BHYTPIIIHIX BEITUYNH:
fo=c(Ws [hpx]+b¢ ), &k =0 (W-[hax]+h),
Ci=fOC1+ik OC,, O =a(Wy-[I_1.x]+by),

Cy =tanh(We [hy_1,%]+bc ), h =0, Otanh(C,). (5)
ne o(-) —curmoina; tanh(:) — rinepGosiunuii TaHreHC;
CHUMBOJ © — MOKOMITOHEHTHE MHOKCHHS BEKTOPIB.
Bekropu Ws , Wj, W, , W, Ta Bigmosizni b¢ , by,
b, , by — mapamerpu (Barosi koedilieHTH Ta 3MIIICHHS)

MOJIeNi, SIKi HaJlalITOBYIOTHCS il Yac HaBYaHHS.
HaBeneni ¢Qopmymn ommcyrwTs poOOTYy TPHOX
BHYTpilnHix reiitiB LSTM: forget gate f; Busnauae, sy

YaCTUHY MoTiepeJHboro ctany nam’arti C_q cmix 3a0yTy;
input gate i
BU3HAYA€, Ky iHGOPMAINIO CIiI J0JATH JO Iam’sTi;
output gate 0; BHpimIye, IKa YACTHHA OHOBJICHOTO CTaHY

pasom 3 kaHgugatHuM craHom Ci

C; Oyne BuBe/icHa sIK HOBHI IPUXOBAHUM CTaH I .
3appsku  gaHiii OymoBi, LSTM-komipka Moxe
KepOBaHO Hakomu4yBaTH iHpopmario (3a iy Ta Ct )

abo 3abysatu i (3a fi), a TakoX BuUmaBaTH pejeBaHTHI
naHi (0;) wnaszoBHi. Takmit migxix pobure LSTM

HA/I3BUYAITHO e(PEKTHBHOIO JUTSE MIPOBEICHHS
JOCIIJKCHHS: MEpeKa caMa HABUUTHCS, SKi MaTepHH
BXOJIB CIIiJ 3amaM’ITOBYBaTH (Ha MPHKJIAL, MOCTYIIOBE
30mmwKkeHHs KypciB aBox bmJIA), a ski MOXIHUBO
iITHOpyBaTH K IIyM, IIOOM TOYHO TepeadadnTH
KOHQJTIKT.

Bimomi migxomu, Takl SK METOAA MAIIUHHOTO
HaBYaHHSA 0€3 ypaxyBaHHS 4YacoBOi CTPYKTypu (Ha
MpuKIaa, JnepeBa pimenb, Random Forest, meron
OIOPHUX BEKTOPIB TOIO) 200 knacwyHi PHM 0e3 reiiris,
moctymatoteest LSTM y  3maTHOCTI  MOZETIOBATH
JIOBTOTPHBAJI 3aJIC)KHOCTI.

Orxe, LSTM moenHye y cobi yHiBepcalbHICTH
HeNiHIHHOI Mojenm (K 1 iHmI HEHpOHHI Mepexi) 3
«maM’SITTIO» TIpO TomepefHi cranu. lle BakimmBO st
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BUSIBJICHHS TNepeayMoB KoH(QuiikTy. IHOni HeOe3meuHe
30JIMKEHHS MOXJIMBO posmi3HaTH nvIIe
MPOAHANI3yBaBIIM  TEHJACHIIO 3MIiHM BIICTaHI Ta
BIJIHOCHOI HIBH/IKOCTI MPOTSATOM IEBHOTO 4Yacy, a He 3
omMHMYHOTO  BUMiptoBaHHd. LSTM sk wmozenb
MIPOTHO3YBaHHS KOH(]IIKTIB € 0OTPyHTOBaHIM BHOOPOM,

Bxig: B 5
. - . araToIaPOBHE
HMOCIHifOBHICTH CTAHIB LSTM-6mox
s(to), ..., s(tk)

ATBEP/PKEHUM i1 yCHIITHUM 3aCTOCYBAaHHSIM B CyMDKHHX
3aj1a4ax MPOrHO3yBaHHS TPAEKTOPI pyXoMHuX 00’ €KTIB Ta
3anmoOiraHHs 1x 3iTKHeHHsM. [l BHpINICHHS 3a7adi
MIPOrHO3YBAaHHS KOH(QIIKTIB (CIIPOEKTOBAHO apXiTEKTYpPy
LSTM-mepexi, sika amganToBaHa IO JOMEHHOI 00JacTi
TaHyBaHHSA TpaekTopii briJIA (puc. 1).

Brrxip:
PH3HK 31TKHEHHS
Yy

TloBHOSB A3HEIT
map

Puc. 1. CtpykTypHa cxeMa HeifpoMepeskeBoi MOJIeNi MPOrHO3yBaHHs KOH(IIKTIB Ha ocHOBI LSTM

BxigHuit mmap Mopeni crpuitMae Ha KOXKHOMY KpOTIi
gacy t BEKTOp O3HAK S(t), 10 XapaKTepH3YIOTh CUTYAIIIIO.
BxigHi maHi HOpPMAi3yIOTBCA Ta MOXYTH TOJATKOBO
MIPOXOAWUTH dYepe3 map ymiabHeHHS (embedding) mms
3MEHIIIEHHS PO3MIipPHOCTI, SKIIO KUTBKICTh 03HAK BEJHKA.

Hactynaum  kommoneHToM € ©Onok LSTM-
OCEpeNKiB, SIKi OOpOOJAIOTH TMOCIHIJOBHICTh BXIiJIHUX
BEKTODIB, 30epiralouu BHYTPIlIHIH CTaH.

VY 3anpornoHoBaHii Moz BUKOPUCTAHO JEKUIbKa
mapie  LSTM, ski  moOynoBaHi  MOCIIIOBHO
(MynpTHpHIIapoBa apxitekTypa). KijgpkicTe mapiB Ta
KUTBKICTh HEHpOHIB (OCepenKiB) y KOXHOMY IHmapi
00paHO EeKCHEePUMEHTAIFHHM LUIIXOM, 3a0e3Nedyroun

IOCTATHIO 3110HICTE 1o ampOKCUMAIIii oe3
TepeHaBYaHHS.

Micns  ocramaroro LSTM-mapy dopmyeThest
BUXiMHUK 1mmap wMogmemi. Y  Bumaaky OiHapHOL

knacudikamii KOHQIIKTY, 1€ OAMH HEHPOH, IO SKOTO
i’ €JHaHI BUXOIM OCTAHHBOTO IPUXOBAHOTO CTaHy My

(Ha ocTaHHBOMY KPOLIi MOCIIITOBHOCTI T ) yciX HEHPOHIB
mepeoCcTanHboro mapy. [laHuii BuXigHWid HEHpOH
BHKOPUCTOBYE CHUTMOINaJbHy aKTHBaLidHY (QYHKIIIO,
00 MEepeTBOPUTH CyMapHHUH CHTHAJN Ha WMOBIPHICTBH
koHuikTy P .

3naueHHs P~>0.5 iHTepHpeTyeTbcs SK IPOTHO3

HAsBHOCTI KOHQUIIKTY (HeOe3meyHoro 30JIKeHHS),
p~<0.5 — BiacyTHOCTI. 3a YMOBH, SIKIIO PO3TISAATH
3aady SK perpeciiiHy (porHo3 MiHiMaibHOI BiJCTaHi
abo wacy 10 30JMDKEHHS), TO BHXIJHHI IIap Moxe
MICTUTH OIWH HEWPOH JIHIAHOI akTuBarii (mis
Oe3repepBHOrO  3HAU€HHs pU3MKY) abo JeKiibka
HEWpOHIB (AJ1s1 MPOTHO3YBAaHHSI TPAEKTOPIT KOOPAWHAT).
3anporoHOBaHO BUKOPUCTAHHS KiTacH(iKarlii «KOHPIIKT
/ HOpMaJILHUH TOJIT», MO AOCTATHHO IS MOAATBIIOTO
IUIAaHYyBaHHS TpaekTopii nonsoty briJIA.

B apxitektypi Mopmeni mependadeHO MeXaHi3MH
3aro0iraHHs NepeHaBYaHHIO Ta MiJABHIICHHS 301’KHOCTI
HaBuaHHs. 3okpeMa, Mibk LSTM-mapaMu BIpoBaKkeHoO
mapu Bigcisy (Dropout) i3 koedimieHTOM, SKHH
ONTUMAJIFHO MiAIOpaHO EKCIIePUMEHTAJIbHUM IIIISIXOM
JUTS 3MEHIIEHHS 3aJIeKHOCT] BiJl OKPEeMHUX HEHPOHiB.

TakoX, BHUKOPHCTaHO pETryJSIPU3aLil0 BaroBHX
koedimientiB  (L2-HOopma) y TIOMIpHOMY peXuMi.
AxtuBaris npuxoBanux mapis LSTM — rinepOoxiunuit
TaHreHC (BOymoBammid y Qopmymun LSTM), mo
3a0e3neuye 3HAYCHHS BUXOMIB y miama3oni [—1; 1] Ta
crabinizye rpazmientu. Ilapamerpum Mopneni (KUTBKICTBH
mapiB, PpO3MIPHICTb INPUXOBAaHOTO CTaHy TOLIO)
npeAcTaBiIeHo y tabum. 1.

Tabnuya 1 — Ilapamerpu apxitektypu LSTM-moneni

ITapamerp 3HayeHHs

Tun mozeni PHM LSTM

Kinbkicte LSTM-1miapis 2 (mocIigoBHi)

Po3smipHicTs
MIPUXOBAHOTO CTaHy

64 (xoxxeH LSTM-map mae 64
OCepeNIKH)

Buxinauii map 1 HelipoH (CUrMOiHA aKTHBAILis)

BxinHa po3MipHicTh 6 (xoopauHatH i mBHIKOCTI BriJIA

O3HaK Ta MEePENIKOIN)
Dropout micist LSTM- 0,2 (20%)
mapis

Perynsipuzartis L2 0,001

3arajibHa KiJILKICTE

. ~50 THC. (BaroBuX Koe]ili€HTIB)
napameTpiB

3a oTpuMmaHuMHU y Tabmuii 1 AaHUMU MOXIIHBO
CTBEp/UKYBAaTH, IO HeHpoMepexka Mae BiJHOCHO
HEBEJIMKY CKJIQIHICTh (TOPSAKY MAEKIJIBKOX JIECSATKIB
TUCSIY TIApaMeTpiB), IO J03BOJIAE 3IMCHIOBATH 11
HaBYaHHS Ta BUKOHaHHI Ha OopTy bmJIA abo y
Ha3eMHOMY LIEHTPI KepyBaHHs y peajibHOMY Maciutadi
gacy. OOpaHmii po3Mip MPUXOBAHOTO Iapy 3ade3rnedye
0amaHc MK 3IATHICTIO MOJEIN MPEACTaBIATH CKIAIHI
3aJICKHOCTI  Ta IIBHUJIKiCTIO/€HEPTOCTIOKHBAHHSIM
00YHCIICHB. Jsa LSTM-mapu pgaoTh 3MOry
MOJICITIOBATH B3a€EMO3B’SI3KH OUTBIII BHCOKOTO PiBHA
(mpyruif TIap y3arajgbHIOE€ MOCTITOBHICTH BHXOJIB
NEpILOoro mapy), N0 MiJBUIILYE TOYHICTh IPOrHO3Y 03
ICTOTHOTO 301JIbLIEHHS 00YHCIIIOBAILHOT CKIIaTHOCTI.

VYiockoHaNeHH METOJ IUIAHYyBaHHS TPaeKTOPil
nonboty brnJIA 3 ypaxyBaHHSIM PH3HMKY 3ITKHEHHS €
noegHaHHsAM onucaHoi Buime PHM t1a anropurmy
OIEPAaTHBHOTO KOPUTYBaHHS Mapuipyty. CTpyKTypHO
METOJl HaBE/IEHO Yy BHIUIAAI HOCJITOBHOCTI HACTYIHHX
KPOKIB, CyTHICTB SIKOTO ITIOJISITAa€ Y HACTYITHOMY.

1.36ip maHMX TpO CTaH: Ha IMOYATKYy KOXXHOTO
KPOKY IUIaHYBaHHS TPAEKTOPIi MOJILOTY OTPUMYIOTBHCS
akTyanbHi AaHi npo craH brJIA Ta oGcranoBky. Taki
nani GopMyroTh BeKTOp 03HAK S(t).

2. IIporro3 xoHnduiiktiB 3a nonomoroio LSTM:
3i0paHa MOCiJOBHICTh OCTaHHIX K CTaHIB MOMAETHCS HA
BXix HeWpomepexxeBoi Momemi LSTM. Mogens
00YMCITIOE TIPOTHO3 IIOAO HASBHOCTHI KOH(DIIKTY Y
HallbmmKkIoMy MaiOyTHhOMY (Ha TOpm3oHTI AT ). 3a

YMOBH, SIKIIO NPOTHO3 IEPEeBHIIy€e 3aJaHUil mopir (Ha
npukinan, P>0.5 g iiMoBIpHOCTI KOHQIIKTY), TO

BBaXKAEThCS, MO ICHye 3arpo3a 3iTKHEHHSI. Y
MPOTHIICKHOMY BHUIAJIKY — IIPOTHO3 Oe3MeuHHH.
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3. AHaniz pesynpTary Ta BHOIp Ol — SKIIO
KOH(JIIKT He mNporHosyerbes, To brnJIA mnpomoBxkye
pyxaThcs ~ 3a  TOTOYHOK  Tpaekropiero  (abo
3alUlaHOBaHUM  MapuipyToMm) 0e3 3MiH. Slkmo ik
MIPOTHO30BaHO  KOH(QJIKT, TO cucTeMa  IHILIIOE
MpOIeypy YHHUKHEHHS, 3aJeKHO Bill CHUTYyallil MOXe
OyTu 00paHOo pi3HI MAaHEBPH: 3MiHY BUCOTH, BIIXUIICHHS
BOIK Bif MapmipyTy, raJbMyBaHHS a00 3YMUHKY (I
MYJIBTHKOIITEpa) TOmo. MeTa MaHEBpY — 30UTBIINTH
MiHIMaNBHY BIACTaHb JO TIEPEIIKOAN Ta YHHUKHYTH
MIEPETHHY TPAEKTOPIH Y KPUTHIHIN TOUIII.

4. KopuryBaHHs Tpa€KTopii — Ha OCHOBI 0OpaHOTO
MaHEBpY BiOyBa€ThCs KOPUTYBaHHS HACTYIHHX TOYOK
Tpaektopii brJIA. Ha mpuknan, SKmio mporHo3oBaHO
3iTkHeHHs1 3 iHmMM bnJIA Ha meperwHi KypciB, TO
IUIAaHYEThCSI 3MiHa Kypcy abo BHCOTH amapaty, adu
posiittucs y mpoctopi. Kopekiiist Moxe BigOyBaTuch y
aBTOMAaTHYHOMY PEXHMi aBTOIJIOTOM a00 HaJCHIATHCS
SIK peKoMeHaris onepatopy briJIA.

5. [luximigHicTs TpoOLleCY — ONHCaHI  KPOKH
MIOBTOPIOIOTHCSI HA KOJKHOMY TaKTi OHOBJICHHS JaHUX (Ha
TIPUKIIAM, IOCCKYHIN).

TakuMm YMHOM, METO]I IPALFOE Y PEXKUMI PEaIbLHOTO
4acy, TMOCTIHHO BIJCTEXYIOUM CHTYallil0 Ta 3aBYacHO
pearyroud Ha MOXKJIHBI 3MiHH. DaKTHYHO — 1€ CUCTEMa

AaBTOMATH30BaHa Ta HajJallTOBaHa Ha CHEUU]IKY
nonbotiB brJIA. JlaHuii Meroj IMO€AHYye cTpaTeriuHe
TUIaHyBaHHS MapuipyTy noiboTy briJIA (Ha npuknan, mo
JUHAMIYHMM Kopuaopam 3a kouuenuiero D2-C2) 3
TaKTUYHOIO TPEBEHTHBHOIO IIEPEBIPKOI0 MaiOyTHHOTO
Mapmpyty Ha Oesmeky. Moxpens LSTM  moxe
MIPOTHO3YBAaTH KOH(IIKTH HABIiTh 32 BIICYTHOCTI SBHUX
MMOTOYHUX O3HAK (Ha mpukmaz, inmmii briJIA me ganexo),
CIHPAIOYNCh Ha TEHACHIII — IIe a€ BUTPAll y 4daci Ha
peakmiro. MeTox iHTErpoOBaHUH y 3arajbHy apXiTeKTypy
cucremun ynpaBmiaHi brJIA abo UTM (cucremnu
ynpaBiiHHS Oe3ninoTHUM Tpadikom). Bin orpumye nani
BiJl MmiJiIcCHCTeM crnocTepekeHHs (pagap, ADS-B, oOMmin
nanuMu Mixk briJIA) Ta nepenae komaHau Ha MiACUCTEMY
ABTOIIIJIOTA JJIsl BUKOHAHHS MAHEBPY YXHJICHHS.

TakuM 4YMHOM, JOCSTAETHCS 3aMKHEHUH KOHTYD:
CIOPUIHATTA — TMPOrHO3 — Jis, IO MiJBHUIIYE
ABTOHOMHICTB Ta Oe3reky monsoty BriJIA.

PosrnsayTHit Metox Ta PHM TicHO TOB’s13aHI Mixk
c00010, YTBOPIOIOYHM €JMHUA KOMIUICKC 3a0e3NeueHHS
Oesmekn monboty Tpynmu BrmJIA B Micekilt 3a0ymoBi.
Mopens LSTM BucTynae OCHOBHUM KOMIIOHEHTOM
MeToAy — 1i MOXIMBO pO3MNISAaTH K MOZYJIb
NPOTHO3YBaHHS Y 3araJIbHOMY aJI'OPUTMI ITaHyBaHHSI.

Ha ctpykTypHiit cxeMi (puc. 2) nokasaHo, sik came
MOJIeJIb BOY/IOBaHa B yJOCKOHAJICHUI METOI.

MiATPUMKH ~ TPUHHATTA — pillleHb [IoTa, ane —
Mopyne cercopuku /| Bekrtop crauiB [ Helipomepexa
BiCTeIKEHHS LSTM-mopens

mporuos KoEdmkTy | ( Mopyne mpmiHaTTa | MaHeBp yXuIeHH: Kopexuin
\ piieHs ) "\ TpaekTopil BIIITA

Puc. 3. B3aeM03B’5130Kk Mk HEHPOMEPEKEIO Ta METOAOM IIPOTHO3YBAHHS KOH(IIIKTIB

Mogens LSTM otpumye Ha BXOJI JAaHi Bix MOIYJIsI
CCHCOPHMKH/BIJICTe)KEHHSI Ta Tepelae  pe3ylbTaTH
(TPOTHO3 KOHMJIIIKTY) 10 MOLYJIsl IPUHHSTTS PillIeHb, 110
3MIHIOE TPAeKTOPiro NoiboTy briJIA.

Ilepen BHWKOpPHCTaHHSAM Yy pEIBHOMY IOJBOTI
BrJIA PHM cnovatky HaBYarOTH Ha BUOIPII THIOBUX
cuenapiiB. Ilicms HaBYaHHSA MOJAETh BOYIOBYETHCS Y
mporpamMHe 3a0e3ledeHHs] aBTOIMJIoTa ab0 Ha3eMHOL
CHUCTEMH KepyBaHHs 0J50TOM briJIA.

VYiockoHanmeHHH MeToJN — [e aJrOpUTMidHa
Haa0y/0Ba, sSIKa OPraHi3oBye poOOTy MOJENI Ta IHIINX
KOMIOHeHTIB. [1iJ] 4ac BUKOHAHHS METOJ Ha KOKHOMY
KpoIi Hajae MoJiesi akTyasbHi qaHi (BekTop o3Hak S(t))
Ta OTpuMye Bix Hel mporHo3. Jlami, meron BH3Hauae
moTpiOHy Jit0 Ta peamidye ii 3a BIANOBIIHUMH
BHKOHaBUYMMH MexaHizMamu briJIA.

Po3pobiiena Monenb Ta YIOCKOHAJCHUI METon
YTBOPIOIOTE i€papxiuHy cucrteMy: monenb LSTM —
BUpINIye  By3bKOCHEIiadi30BaHy 3agady (OIiHKa
pHU3UKY), TOHI SIK METOX — BIANOBiJa€E 3a 3arajabHy
MOBEeAIHKY NoaboTy BriJIA.

Janmit X1 BiIIIOBifa€ MIPUHLIMIIAM
MOJIYJIBHOCTI — MOJIETIb MOXKJIMBO YAOCKOHAJIIOBATH 200
MEPEBUUTH HE3aJICIKHO BiJI PEIITH CUCTEM, Ha MPUKIA],
HAa HOBHMX [JaHUX, a I[OTIM, OHOBHUTH MOJIYJb
MIPOTHO3YBaHHS, HE 3MIHIOIOYH JIOTIKy  YyCBOTO
ATOPUTMY.

EdexTuBHICTh yIOCKOHAIEHOTO METO/AY HarpsiMy
3aJ€KHUTh BiJI TOYHOCTI Ta IIBUIKONII PO3pOOIEHO]
Mozemi. 3a YMOBH, SKII0O MOJACTh Ja€ XWOHI
crpaioBaHHs abo MPOIMYCKH, TO METOJ MOXKE BXXKMBATH

3aiiBUX MaHEBpIiB ab0 He 3pearyBaTH B4acHO. Tomy, y
B32€EMO3B’ 3Ky «MOJIEITb—METO]I» peaiizoBaHo
MEXaHi3MH TIepPEeBIPKH JIOCTOBIPHOCTI TpPOrHO3Yy (Ha
NPUKIIAJ, BBEACHO IOPIT BIEBHEHOCTI Ta (IbTpalio
OJIMHUYHUX CIIPAIIOBAHB).

Takum  umHOM,  po3poOiieHa  MOJENb  Ta
YIOCKOHAJICHUH METOJ JONOBHIOIOTH OJWH OIHOTO:
PHM 3a0e3medye iHTeNEKTyalbHE MPOTHO3YBaHHS Ha
OCHOBI HaKOIMYCHHX JaHHMX, a MeToh — 3abe3medye
peaizaniio Iii Ul yHHKHEHHS IPOTHO30BAaHMX 3arpos.
Ix noennanns mae cuHepriuHmii edekT — MiABMILYE
CHUTYyalii{Hy 00i3HaHICTh CUCTEMH YIPABJIiHHS HOJILOTOM
BriJIA Tta no3Boisie peastizyBaTH HPHHIUIT TPOAKTHBHOT
0e3reKH iX MoNbOTIB Y MiChKili 3a0y/I0BI.

Po3pobiiena Mogesib Ta YJIOCKOHAJICHUII MeTo[
peamizoBaHi |y  TPOTPAaMHOMY  CEpPEJOBHIN IS
MOJIaJIBIINX EKCIEPUMEHTAIBHHUX JIOCIIKEHb

Ha erami peanizauii BU3HaYeHO psij INapamerpis,
HaBEJCHUX HWKYE Yy TaOIMIAX, sKi 3a0e3nedyroTh
BiJITBOPIOBAaHICTh Ta HaJALITYBaHHS 3allPONOHOBAHOTO
MiAXO.Ty i KOHKPETHI YMOBH.

Y T1abn. 2 mnpeacraBIeHO OCHOBHI HapaMeTpH
HaByaHHI PHM LSTM Ta XapakTepHCTHKy AaHUX I

HaB4YaHHSA. Mojens HaBYCHO Ha TIEBHOMY HaOopi
cueHapiis  30mwkeHHs bnJIA, 3reHepoBaHMX Y
CUMYJALIHHOMY cepemoBumii. Moaens HaBYaiacs

mpoTsirom 50 emox Ha 5000 cuMyTEOBaHMX KOH(IIKTHUX
Ta 0e3KOHQIIKTHUX TPAEKTOPISNX, NOCATHYBIIM BHUCOKOI
To4HOCTI Kilacudikarii ~95%.

lopuzonT mpornosyBannst obpano 10 ¢ — mporo
JIOCTaTHbBO, 00 BCTUTHYTH BUKOHATH MaHEBP YXHUIICHHS
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BriJIA Ha TMNOBIH MIBUIKOCTI Ta YHUKHYTH 3ITKHEHHS.
Jani nnst HaBYaHHS 3T€HEPOBAHO TAKUM YHHOM, LI00
BKJIIOYaTH pi3HI CleHapii: 3071mKeHHs Ha 3yCTpIYHHX
Kypcax, Ha3/IoTaHsHHs, 30JIMKEHHS IPH MaHEBPYBaHHI,
0O0JIIT NepenIKo TOIO, 3 BapialliiMH MOYaTKOBUX YMOB
Ta IITyMaM{ BUMipIOBaHb.

Tabnuys 2 — Napamerpn HaBuanHsa LSTM-mopedti Ta 1anux

ITapamerp 3HaYeHHs
AnaparHa NVIDIA Jetson TX2 (GPU) /
iargopma briJIA Raspberry Pi 4 (CPU)
Yac BUKOHAHHS ~5-10 mc (Ha Jetson TX2, nus omHiel
IIPOTHO3Y npomnaranii LSTM)
3aTpuMKa IUKITY <1 ¢ (B 30ip AaHUX, IPOTHO3,
YXHJICHHS MPUAHATTS PIICHHS)
KomyHnikamis Mmix 00MiH KoOpIMHAaTaMH KOXkHi 1 ¢
BrJIA (V2V 3B’s130K)
Iaterparis B PX4 Autopilot (uepe3 MAVSDK
aBTOIILJIOT oaiiH NIIaHyBAIBHUK)
[Iporpamua Python 3.9, ¢ppetimBopk TensorFlow
peaizartist 2.6, cepenonuine Ubuntu 20.04

Meton pos3paxoBaHHM Ha pobOTy B Mexax
koHremnmii D2-C2. ToMy, CHMYJIi€0 BpaxOBaHO
HasBHICTh ~ AWHAMIYHMX  CETMEHTIB  IIOBITPSIHOTO
npoctopy. CumMyJisiiiiHi BUIIPOOYBaHHS MPOBEACHO B
YMOBHOMY MiCbKOMY IpocTopi po3mipom 10x10 km 3
nekinbkoMa jaecsitkamu  brJIA, mo pyxaroThes 3a
npaBwiamu  koHuenuii  D2-C2  (mo  auHaMiyHHX
KOpHUIOpax) i3 BUIAJKOBUMH BiIXWIeHHAMH. besneuHa
aucTanuis 50 M oOpaHa BiANmoBigHO 10 pekoMenpanii U-
space miust Mmanmux BriJIA (mpoHiB) y MichKiil 3a0yI0Bi.
Koxxen BriJIA obnamHaHWid CHCTEMOIO MPOTHO3YBAHHS,
KOH(MJIIKT BBa)KAE€THCS YCHIIIHO TONEPEIKEHUM, SKIIO
MiHIMaJIbHA BIICTaHb 3aJMIIMIACE OIIBIIO 3a Diin,
3aBIISIKM BUKOHaHHIO MaHEBDY.

s peamizamii cTpareriii yXWieHHS BUKOPHUCTAHO
npoctuii minxin: briJIA mimHiMaeTbes abo OMyCKaeThCs
Ha 20 M (y MexXax CBOrO CETMEHTY BHCOTH) ab0 3MiHIOE
TOPU3OHTANbHUI LUIIX HAa CyCIAHIH mapajenbHUi
KOPHIOP, SIKIIO NoCTyHU. [lapameTpn Takux MaHeBpiB
(ammutiTyia  3MIHM ~ BUCOTH, KYT  BIJXMIJICHHS)
HaJIAIITOBYBAJINCS 3aJI€XKHO BiJl CUTYaIlil.

VY T1abnm. 3 mpencTaBICHO TEXHIYHI HapaMeTpH
peamizamii nmporpaMHoO-anapaTHOi YacTHHH, a caMe Ha
SIKOMY 00JIaJJHaHHI IPOBEAEHO POOOTY MOAEI.

Tabnuys 3 — TexHniuHi mapamerpu peaizanii cucteMn

IMapamerp 3HavyeHHs
Po3wmip obmacTi 10 kM X 10 kM (YMOBHE MiChKe
MOJIHOTIB MOBITPSIHE CEPEIOBHUIIIE)
Kinekicte BriJIA B .o

20 (omHOYACHO B TIOBITp1)
creHapii
Besneuna BiacTaHb 50 M (MiHIMaJIBHUN IHTEPBAN IS
Diin YHUKHCHHS)
MakcumaipHa
15 m/c

mBUAKICTE briJTA
Tunu nepemkos

Inmi brJIA, 6ynisini

Cumyisitop BlueSky ATM Simul., moxyns D2-C2
Hacrora 1 ' (MpOoTHO3 KOKHY CEKYHILY)
OHOBJICHHS JIAHHUX

Crpareris 3MiHa BHCOTH ab0 MapHIpyTy Ha
YHHUKHEHHS 3amacHUi KOPUIIOP

Otxe, HaBITh Ha BIJTHOCHO KOMIIAKTHUX OOPTOBHX
koM 'rorepax (tumy Nvidia Jetson) o0uncienns LSTM-
MIPOTHO3Y 3aiiMalOTh JIiYeHI MITICEKYHAH, IO LIIKOM
MIPUIHSATHO JUIs 3a/1a4i 3 IIePioIoM OHOBJIEHHS 1 C.

VY BUNaAKy BUKOPHUCTaHHSA MEHII NoTyxHoro CPU
(ma mpukian, Raspberry Pi) MmoximBe 3ropTaHHs Mojemi
(micns HaBYAHHS) 1O CHpomieHoi Bepcii abo 3amyck
NIPOTHO3y HA HAa3eMHOMY CeEpBepi 3 TIepenadcro
pe3ynbTatiB Ha BriJIA 3aBnsku TenemeTpii.

3. Pe3yabTaTi po3po0KH i A0CaiKeHHS
YIOCKOHAJIEHOT0 MeTOY Ta po3po0JieHol
Mozjei niIanyBanus Mapupyty bnJIA

3.1 YaockoHaneHuii MeTox INIAHYBAHHSA

mapupyty bnJIA
OTtpumas NOJaJbIIHUN PO3BUTOK METOJ
INIaHyBaHHS ~ Tpaektopiii bnJIA 3  mpoakTHBHMM

YHUKHEHHSIM KOH(QJIIKTIB, IKUH, HA BIIMIHY BiJl BITOMHX
METOJIiB 3 iCHIOE TIPOTHO3HE BHSIBIICHHS HEOE3IeKu 3a
JIOIIOMOTr'0X0 MOJIeJll MAaIlMHHOTO HaBYaHHA. Merton
IHTErpy€e KOHIIEMIIiI0 JHHAMIYHUX KOPUAOPIB i3 MOIyieM
OITyYHOTO IHTENEKTy, IO JO3BOJSI€ 3aBYaCHO Ta
aBTOMATHYHO BHSBIIATH IIOTEHIINHI 31TKHeHHS BrJIA 3
nepekooro (inmuM briJIA). HaykoBa HOBU3HA mosisirae
y IIpE/ICTaBJICHH] 3aB/IaHHSl YHUKHEHHS 3iTKHEeHb briJIA 3
nepemkoaaMu (iHmumu briJIA) sk 3amadi onTHMizanii
MapuipyTy TMOJBOTY 3 ypaxXyBaHHSAM IPOTHO30BaHOI
HeOe3MeKy, 0 PO3IIMPIoE BigoMi (ICHYIOYM) MigXOu
NIOCTaHOBKH 3a/1aui 00TiKaHHS MePEeNIKO/l y AUHAMILI.

3.2 Moaens nianyBanHst Mmapupyty bnJIA

3anpomnoHoBaHO HEHpOMepeKeBY MO/IEITH
JIOBFOTPUBAJIOl KOPOTKOYACHOT MaM’SITi 1Sl TIaHy BaHHS
TpaekTopiii mosikoTiB BriJIA, sika HaB4YeHA Ha JaHHUX PO
X 30MKEeHHS.

Mogenp anpokcuMye (yHKII0, ska BiroOpaxae
CKJIA/IHY 3QJIS)KHICTh MiXK YaCOBUMH PsIZIaMH [TapaMeTpiB
pyxy aBox BriJIA ta 6iHapHMM pe3yJIbTaTOM — 3iITKHEHHS
gy Hi. BoHa HaBuUaeTbcsd MaHUM 3aJCKHOCTSIM Ha
MIPUKIIA/IaX, M0 € HOBUM ITiIXOJIOM Y TeOopii KOH(QIIKTHOT
nuHaMikd noysoTiB BriJIA.

HaykoBa HOBH3HA  3alpOIOHOBAaHOI  MOAEI
MOJISITa€ y TOMY, IO BOHA BIEpIIEC 3aCTOCOBaHA IS
NpOTHO3yBaHHs KOHQUIIKTIB Mixk BriJIA 3 ypaxyBaHHIM
X IPOCTOPOBO-YACOBOI JUHAMIKH.

4. O0roBopeHHs pe3yJbTaTIiB J0C/IiIzKEHHA
YIOCKOHAJICHOT0 METOY Ta po3po0JieHoI
Mozjei niIanyBanus Mapmpyty bnJIA

Merton inTerpye kouneniito D2-C2 (quHaMigHUX
xopunopis) 3 moxayiem I, mo mo3Bosse 3aB4acHO Ta
ABTOMATHYHO BWSIBJIATU MOTEHIIIHHI 3iTKHEHHS BriJIA 3
mepemkogamu  (iHmmMu  briJIA). Taka iHTerparis
CTPaTEriqYHOr0 MOBITPSHOTO PO3NOAUILY 3 TaKTHYHUM
MaIIMHHUM IPOTHO3YBaHHSM 3alIPOIIOHOBAHO BIIEPIIIE.

Meron 3abe3neyye HOBY SIKICTh YIIPaBIiHHS
0e3rmIoTHUM TpadikoM — KUIBKICHY OIHKY Oe3nexu
KOXKHOTO IIJIaHy noiboTy briJIA y peansHOMy MacmTabi
4acy Ta aJIanTalliio IIaHy Ha OCHOBI ITi€l OI[iHKH.

Mogens anpokcumye (yHKIIO, sKa BimoOpaxkae
CKJIQJIHY 3QJICKHICTh MK 9aCOBUMH PSJIaMU TTapaMeTpPiB
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noipory JgBox (i Oimbme) bnJIA Ta OGiHapHuM
pe3yIbTaTOM — 3ITKHCHHS YH Hi.

Panimnre noaiGHi 3a1€5KHOCTI HE MaJIM aHAIITUYHOTO
BUpa3y Ta BH3HAYAIUCh QJITOPUTMIYHO (3aBISKH
reOMETPUYHHUM PO3paxyHKaM Ha OCHOBI IIPHITYIIEHb PO
Tpaektopii monboTiB BmJIA). Po3pobmena wmoznens
HABYAETHCS TAKUM 3AJISKHOCTAM HA NPUKIANax, IO €
HOBHM ITiIX0O/IOM Y Teopii KoH}IikTHOI muHaMiku briJIA.

5. BucHOBKH

YIOCKOHANIEHO METOJ IUIAHYBaHHS TPAEKTOPIH
nonboTy bnJIA 3 NpOaKTUBHUM  YHUKHEHHSIM
KOH(ITIKTIB, IKWH, HA BIAMIiHY Bi/l BITOMUX METOIB (sIKi
pearyroTh Ha MMOTOYHI MMOPYIIEHHs JUCTAHIII]), 3AIHCHIOE
NIPOTHO3HE BUSBIICHHS HeOe3neku 3a jgornomoror ML-
Mogeni. OTxe, HOBUM € MiJIXiJ IO TpPeNCTaBICHHS
3aBJaHHs YHUKHEHHs 3iTKHeHb bnJIA 3 mepemkonamu
(PJIA) sk 3amadi onTuMizauii Mapumpyty ix pyxy 3
ypaxyBaHHSM MPOTHO30BaHOT HEOE3MEKH, 1110 PO3IIHPIOE
KJIACHYHI MMOCTAHOBKM 3ajauyi OOTIKaHHS MEPEIIKOI Y
muHaMini. 3anpormoHoBana PHM LSTM, naBueHa Ha
maHux 1mpo 30mmkeHHs BriJIA, cama mo co0i € HOBUM
IHCTPYMEHTOM OLIHKHA KOH(QIIKTIB y moBiTpi. HaykoBa
HOBHM3HA MOJENi TOJIATa€ y TOMY, IO BOHA BIIEpIIE
3aCTOCOBAHA JUIA IPOTHO3YBaHHS KOH(IIKTIB Mixk BriJIA
3 ypaxyBaHHsM iX IPOCTOPOBO-YaCOBOT JUHAMIKH.

KpiM TOro, 10 HOBMX HAyKOBHUX pE3yJbTaTiB
MOXIIMBO  BIJJHECTH  BCTaHOBJECHHS  ONTHMAJIbHOI
apxitektrypu LSTM mis manol 3amadi Ta BHSBICHHS
OCHOBHHX O3HAK, sSIKi HEOOXIHO BKIIOYATH Yy BEKTOD
CTaHy JJIsl JOCSITHEHHSI BUCOKOT TOYHOCTI ITPOTHO3Y.

Mogens ToKa3ye 3IaTHICTh BUSIBISITH IPUXOBaHi
maTepHH (Ha MPUKIAL, KPUTHYIHI [TOEJHAHHS BiJCTaHEH
Ta BIJHOCHHWX IIBHIKOCTEH), fKi CKIAQIHO BHUPA3UTH

SIBHUMH NIPaBUIIAMH — i€ MiJKPECIIOE MepeBary MeToay
MAIIMHHOT'O HAaBYAHHS HaJl OCHOBHUMMH MiIX0/1aMH Ta €
HOBUM 3HAHHSIM JUIS TIOJANIBIINX JOCIIJKEHb.
Po3pobiiena Monens Ta YJIOCKOHAJICHUH METON
PO3LIMPIOIOTH CYYacHi YsIBJIEHHS MPO MOOYAOBY CHCTEM
3arobiranns 3iTkHeHHAM BrJIA. BoHH TOKa3yioTh, K
MOXJINBO 00’ enHaTH IUHAMIYHE YIpaBITiHHS
moBiTpsaEM  pyxoMm (D2-C2) 3  iHTeJeKTyalsHUM
NPOTHO3YBAaHHAM Ha OCHOBI HEHPOHHHX MeEpeiK,
JOCATAI0YH IMiABUIICHHS PiBHA Oe3meku monboTiB briJIA
y MICBKiff 3a0ynoBi Oe3 BTpydYaHHS IIOAWHHU. Takuit
pe3yibTaT MoXe OYTH OCHOBOIO /IS CTBOPEHHS HOBHX
MIOKOJIIHb aBTOHOMHHMX CHCTeM KepyBaHHs bnJIA,
3IaTHUX aIATHBHO MOKPAILIyBaTH HAaBUYKH YHHUKHEHHS
HeOe3MeKH y CKJIQJIHUX YMOBaX IOBITPSIHOTO PYyXY.

Kondguikr inTepeci

ABTOp IeKIapye, 0 HE Mae€ KOHQIIKTY iHTepeciB
CTOCOBHO JaHOTO MJOCHIUKCHHS, B TOMY 4YHCHI
(hiHaHCOBOTO, OCOOHCTICHOTO XapaKTepy, aBTOPCTBA UH
HIIIOTO XapaKTepy, MO MiT OX BIUTMHYTH Ha JOCTIHKSHHS
Ta HOTO pe3yNbTaTH, NPEICTABIICH] B IaHil CTATTI.

®@iHaHCYBAHHA

JocmimxeHHs 6e3  (¢iHaHCOBOI

TiATPUMKH.

IIPOBOJIMIIOCS

JocTynHicTb qaHuX
Pykomnuc He Mae NOB'A3aHUX JaHUX.
Buxopucransas 3aco0iB IITYy4HOr 0 iHTeIEKTY

ABTOp MiATBEPIKYE, IO HE BHKOPHCTOBYBAB
TEXHOJIOTII IITYYHOTO IHTENEKTy TPH CTBOPCHHI
NpeNCcTaBICHOI pOOOTH.
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A method and model for planning flight paths for a fleet of unmanned aerial vehicles to avoid obstacles
in urban areas using machine learning technologies

lhor Rudakov, Oleksii Kolomiitsev

Abstract. Background. The increasing number of unmanned aerial vehicles (UAVS) each year leads to a higher flight
density and a greater likelihood of collisions, which necessitates ensuring a high level of flight safety. The application of the D2-
C2 dynamic density corridor concept makes it possible to reduce the frequency of conflicts, but does not completely eliminate the
risk of unforeseen UAV encounters with obstacles (static and dynamic) in the presence of natural phenomena and dynamic factors.
Thus, improving the method of UAV trajectory planning through the implementation of tools for predicting potential conflicts
based on machine learning technologies is a pressing scientific challenge. The subject of this article is the integration of the D2-
C2 concept with an artificial intelligence module. The aim of the study is to improve the flight safety of UAV fleets in urban
environments. The objective of the study is to develop a model and refine the method for planning UAV trajectories by
implementing tools for predicting potential conflicts. Methods of mathematical statistics and modeling were used in the course of
the research. The results of the study presented in this article include a proposed LSTM neural network model trained on data
regarding UAV approach scenarios. The method for planning UAV trajectories with proactive conflict avoidance has been
improved,; it performs predictive hazard detection using a machine learning model. Conclusions. The proposed model approximates
a function that reflects the complex relationship between the time series of motion parameters of two (or more) UAVs and a binary
outcome—collision or no collision. The improved method integrates the D2-C2 concept with an artificial intelligence module,
enabling the early and automatic detection of potential collisions between UAVs and obstacles. The results obtained can be used
in the future to develop new generations of autonomous UAV control systems capable of adaptively and through learning improving
their ability to avoid hazards in complex air traffic conditions.

Keywords: unmanned aerial vehicle; flight path; machine learning; artificial intelligence; neural network; safety; collision;
method; mathematical model; algorithm.
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Harionansamii TexHIYHIHN yHIBEpCUTET “XapKiBCHKAN NOMITEXHIYHAN 1HCTHTYT, XapKiB, YKpaiHa

METOA INIJIBUINEHHA E@EKTUBHOCTI ABTOMATHU30BAHOI'O AHAJII3Y
PQ-TAHUX IMOKA3HUKIB SIKOCTI EJEKTPOEHEPTII

AHoTaunisi. AktyanabHicTh. CTpiMKHi PO3BUTOK IIU(POBIi3allii eHEPTeTHKH Ta 3MiHH XapaKTepy HABAHTAXKEHB Y CYIaCHHUX
CHEProcUCTEMaxX NPU3BOJUTH O HACTYIHUX HACIHIIKIB: 3pOCTaHHS OOCSTIB JaHWX, 30UIBIICHHS KUTBKOCTI aHOMAJIiH,
MOIIMPECHHS HENIIHIHHMX HAaBaHTa)XCHb Ta EKOHOMIYHUM 30uTKaM. Bimomi MeToau Ta MiAXOIW MPH aHai3l 3a JKOPCTKUMHU
MOpOraMu He KOHTPOJIOIOTH CKJIaIHi, KOMOIHOBaHI Ta quHamivyHi aHomanii PQ-manux (Power Quality data) moxasuukis
SIKOCTI eeKTpoeHeprii. TakuM YMHOM, po3poOKa METO Ty MiABUIIEHHS e(eKTHBHOCTI aBTOMAaTH30BaHOT0 aHali3y PQ-mannx
TIOKA3HHKIB SIKOCTI €JISKTPOCHEPTii € aKTyaJbHOIO0 HayKOBOIO 3aadeto. IlpeamMerom gocaiTKeHHs B CTaTTi € MaTeMaTHHI
MOJIeITi, METO/IM Ta MPOILEAYPU IHTEICKTYyaIbHOTO aHAaNi3y BEIMKHX MACHBIB JTAaHUX TOKA3HWKIB SKOCTI €JICKTPOCHEPril,
CIpsSIMOBaHI Ha BUSIBICHHS BIIXIICHb Ta THIIOBHX PEKUAMIB. MeTOW MOCHIIKEeHHSI € TiIBUIICHHA €(QEKTUBHOCTI
aBTOMATH30BaHOTO aHaizy PQ-IaHMX MOKAa3HUKIB SIKOCTI €JICKTPOCHEPTii. 3aBaHHAM JOCTiIPKeHHs € PO3po0Ka METOTy
MiBUIICHHS €()EKTUBHOCTI aBTOMATH30BaHOTO aHai3y PQ-maHuX MOKa3HMKIB SKOCTI ellekTpoeHeprii. B xoxi mociimkeHb
BHKOPHCTAHO METOM MAIIMHHOTO HaBYaHHA (1 Kinacudikaiii PQ-moaii 3a 03HaKaMH ), METO/IM IHTEICKTYaJIbHOTO aHAJII3y
(m1a PQ Big Data), rpadosi Meromu (i1 BimoOpaKeHHS TOMOJOTIT EIEKTPOMEPEXi Ta MPOCTOPOBUX B3a€EMO3B’SI3KiB), a
TAKO0X METOM IIUIFHOCTI, JTOKaJbHOI OIM3BKOCTI Ta Kiactepu3anii. Pe3yabsTaTaMu 1ocIiTKeHHs1 y cTaTTi € po3pobieHnit
METOJ| IMiJBUIICHHS e()eKTHBHOCTI aBTOMAaTH30BaHOTO aHalizy PQ-laHMX MOKAa3HWKIB SIKOCTi €JIEeKTpOEHepril Ha OCHOBI
iHTerparii yZ{0CKOHAJICHOTO METOy MIMOHMHHOTO aBTOCHKOJEpa 3 KIACTePH3alli€lo O3HAaK VIS aHANli3y BEIUKHX MAacHBIB
JAaHUX TIOKAa3HUKIB SIKOCTI ENEKTPOCHeprii Ta po3poOJICHOrO0 METOAy IJIMOOKOTo BHSBICHHS aHOManid y PQ-maHux,
3yMOBJICHUX Teo(i3nyHnMH (akTopaMd. BucHOBKH. 3ampornoHOBaHO pO3pOOIEHHMIT METOA MiIBHUIICHHS e(EKTHBHOCTI
aBTOMATH30BaHOTO aHali3zy PQ-maHuX MOKa3HMKIB SKOCTI enekTpoeHeprii. [IpencTaBieHo ABa B3a€EMOIOB’I3aHUX METOIH
(aBTOEHKOIEP + aHOMAIBHHMI MOHITOPHHT), SIKi pa30M IIiABHILYIOTH €()EKTHBHICTH aBTOMATH30BAaHOTO aHamizy PQ-manmx
MOKA3HUKIB SIKOCTI eJIeKTpoeHeprii. Po3pobiieHo y3arajibHeHY CTPYKTYpHY CXEMY IPOLIECY aBTOMATH30BAHOTO aHAJI3y
BUMIpIOBaTbHUX PQ-IaHNX MOKa3HHUKIB SKOCTI enexTpoeHeprii. OTpuMaHi pe3yJbTaTH MOXYTh OyTH OCHOBOIO ISt
PO3ILINPEHHS TepelliKy 00’€KTIiB CIIOCTEPEKEHHs, MiABUIICHHS CTIHKOCTI 10 3MIHHM KOH}Irypamiii Mepexi Ta Ce30HHO-
J000BOT HECTAIIOHAPHOCTI, a TAKOXK PO3BUTOKY MPOIICAYP aamnTallii MOJIeIeii Ta IHTerpallii aHAIITHKH 3 TIOiSIMU KEPyBaHHS
JUIS IOTTIMOJICHHST IPMYMHHO-HACTIIKOBOT iHTepIIpeTalil B eKCIUTyaTallifHUX yMOBaXx.

Kaw4yoBi caoBa: PQ-nmaHi; MOKa3HUK SKOCTI €NEKTPOCHEPTii; TIMOMHHUA aBTOGHKOJEp 3 KJIACTEpU3aIli€l0 O3HaK;
rMOOKe BUSBICHHS aHOMAJTiil; METO; MaTeMaTHYHA MOJIENb; MAIlITHHE HABUAHHS; IHTEJICKTyaJIbHUH aHai3.

KOMOIHOBaHI Ta AUHAMIYHI aHOMAJIII JAHUX MOKA3HUKIB
SIKOCTI €JIeKTPOCHEPTi.

1. Beryn

1.1 AKTyaJIbHiCTh AOCTiIKEHHS

CrpiMKHil pO3BUTOK HU(POBI3alii EHEPTETHKH Ta
3MIHM ~ XapakTepy  HaBaHT&XeHb Yy  CyYacHHX
€HEepProcucTeMax MPU3BOIUTH IO HACTYIMHUX HACIIIKIB:

— 3pOCTaHHS OOCSTiB JaHUX — BIPOBAIKCHHS
cMapT-TiYmIbHEKIB Ta cucteM Phasor Measurement Unit
(PMU - 1ie mpucTpoi CHHXPOHI30BAaHHX BEKTOPHHX
BUMIPIOBaHb, 110 € OCHOBHUMH €JIeMEHTAMH TE€XHOJIOTI]
Wide Area Measurement Systems (WAMS) misa
mudpoBux eneprocucteM (Smart Grid)) rTeHepye
Tepabaiitn  iH(popMalii, SKy HEMOMXIIMBO OOpOOHTH
Bpy'HY;

— 30UIbIIEHHS KIJIBKOCTI aHOMalii — MacoBe
MAKITIOYCHAS COHSYHUX Ta BITPOBUX ENEKTPOCTAHIIIH

CTBOPIOE  HECTaOUIBHICTh YaCTOTH Ta  HANPYTH
€JIeKTPO)KUBIICHHS;
— TIOMMPEHHS HENiHIMHUX  HaBaHTAXKEHb —

nmobyTtoBa enekTtponika, LED-ocBiTIeHHS Ta 3apsmHi
CTaHIil JUIS eJeKTPOMOOIIIB CIOTBOPIOIOTh «UHUCTY»
CHHYCOIly CTpyMY;

— EKOHOMIiYHI 30MTKM —  HH3bKAa  SIKICTb
€JIEKTPOCHEPTii TIPU3BOTUTH JI0 meperpiBy
TpanchopMaTopiB, 300iB ABTOMATHKH TOIIO Ta MPOCTOIO
BUPOOHHMIITBA,

— HENONIKH BIZOMHX METONIB Ta MIIXOMIB —
aHaJli3 3a JKOPCTKHMH IOPOTaMH IMPOITYCKAE CKIIAIHI,

Aue BijioMa CTaTUCTHKA Ma€ HU3KY HEJIOMIKIB:

— TPOKIATTS po3mipHOocTi — PQ-mami (Power
Quality data) ™icTaTe meCATKH B3a€MOIOB'SI3aHUX
napameTpiB (CTATUCTHYHI MAaTpPHIll KoBapiaiii CTarOTh
3aHAATO TPOMI3AKIMH Ta BTPAYAIOTh TOYHICTB);

— TIPUIYIIEHHS PO HOPMAaNBHICTh — CTaTUCTHKA
4acTo BUMarae, mob aaHi Manu HopmansHui (["'aycoBuit)
po3moxin (peadbHI CHOTBOPEHHS HANPYTH MAIOTh
CKJIaJHI Ta MYJIETUMOJANBHI PO3MOILITH);

— OKOPCTKi CTAaTWYHI NOPOTH — KIACHYHUHN aHai3
¢ikcye nume BUXig 3a MeXi (BiH MPOITycKae MPUXOBaHI
aHoOMaUtii, SIKi 3HAXOJATHCS y MEXKaxX HOPMH);

— YyTIMBICTh JI0O YaCOBUX 3CYBIB — CTaTUCTHYHI
METOIH HE SIKICHO BJIOBJIIOIOTH CKJIAIHI JMHAMIYHI 3MIHU
¢opmu curHaTy y gaci.

Ha naHuit yac BioMa CTaTUCTHKA OIHPAETHCS Ha

¢ikcoBaHi MaTeMaTH4Hi MOJeNli, a BHKOPUCTaHHS
eleMeHTiB 1mTygHoro iHtenekry (L), 3okpema
IMMOMHHOTO  HaBYaHHS 0Oe3  BUMTENs, JO3BOJISE

aIanITYBaTHCS JI0 PEATBHOTO CTaAHy €HEPrOCUCTEMHU.

CydacHa CTaTHCTHKa HE OOMEXKYEThCS JIUIIC
(hikcoBaHMMHU MOJIESIMU. BOoHA aKTUBHO BUKOPUCTOBYE
JMUHAMIYHI, aJanTUBHI Ta HemapaMeTpUdHi METOJH,
0a€ciBChKUH MiAXiM, a TaKOX AITOPUTMH MAIIMHHOTO
HaBYaHHS, SIKI CAMOCTIHHO OHOBJIIOIOTHCS ¥ 3MIHIOIOTHCS
i 9ac 0OpoOKH HOBUX JaHKX y peaIbHOMY Yaci.

© Cnobomsuuk O. 10., 2026
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JIo OCHOBHHMX CyYacHHX MIiAXOIIB MOXIIUBO
BIZIHECTH HACTYIIHI:
— DbaeciBcbka cTaTHCTHMKA — SKa  IOCTIMHO

OHOBITIOE IMOBIPHOCTI IIPH MOSIBI HOBHX (haKTiB;
— MalIMHHE HaBYaHHS — CTBOPIOE MOJEN, sKi
HABYAIOTBCS Ha MJaHUX 0€3 JKOPCTKHX IOTepenHixX

dopmyu;

— HemapaMeTpu4Hi METOAM — HE BUMArarTh
3a3/1aNerifp 3aJaHUX 3aKOHIB PO3MOAUTY AJIS TaHUX;

— aJanTHBHI CHCTEMH — 3MIHIOIOTh  CBOI

rapaMeTpy aBTOMATHYHO 31 3MiHOIO YMOB.
Jo maremarnunux nepesar LI (aBroeHkoxaepiB)
MOYKJIMBO BiTHECTH HACTYIIHI:

— HeNIHIMHE  CTHCHCHHS —  aBTOCHKOACPH
BUKOPHCTOBYIOTh HEJIHIHHI (QyHKIIi akTuBawlii, IO
JIO3BOJISIE  3HAXOMWUTH  CKJIQAHI  3aJIeKHOCTI  MiX

rapMOHiKaMH, SIKi irHOpY€ KJIACHYHUI METO]| TOJIOBHUX
koMmrtoHeHT (PCA);

— aBTroMaTW4HHUH nomyk o3Hak — LI camocTiitHO
BHINIIE OCHOBHI MATTEPHH 3 CHPOTO CHTHANY (Bimoma
CTaTHUCTHKA BHMAara€ BiJ iH)KCHEpa BpYdYHY 3aJaBaTH
MaTeMaTU4Hi KpUTepii);

— JMHaMIYHUI IPOCTIp CTaHiB — KJIacTepU3allis y
JIATEHTHOMY (CTHCHYTOMY) HPOCTOpi aBTOEHKOJepa
IpyIye pPeKAMH POOOTH HE 3a abOCONMIOTHUMHU
3HAYEHHSIMH, a 32 BHYTPIIIHBOIO CTPYKTYPOIO CHTHAIY;

— OliHKa 3a MOMWIKOI pekoHcTpykuii — IHI
HABYAEThCS BIJHOBIIOBATH HOPMalbHUI CUTHAN (3a
YMOBH, SKIIO Ha BXiJ IOJAETHCS aHOMAJis, HMOMMIKA
pexonctpykuii (Mean Squared Error, MSE) pi3ko
3pOCTaE, 10 MAaTEMaTHYHO CHTHATI3Ye Mpo nedexT 6e3
HaJlalTyBaHHS ITOPOTiB.

Takum dYnMHOM, pO3poOKa METOAy IiJBHIICHHS
e(pEKTHUBHOCTI aBTOMATH30BaHOrO aHamizy PQ-maHuX
MMOKAa3HUKIB SKOCTI EJIEKTPOCHEprii € aKTyaJIbHOK
HayKOBOIO 337a4elO0.

1.2 Anauni3 JgirepaTypHux JKepes
i BU3HAYeHHs MPo0JieMHu

VYV [1] ans noxpanieHHs BHSBJICHHS aHOMAIiH y
PO3IOIIEHNX eHeprocucTeMax 3aIPOIIOHOBAHO
aBTOCHKOJIepHO-(heepaTuBHAN TMiAXiA. AKIICHTOBAaHO
yBary Ha 0OpOOJEMAaTHKy BIIOMHX METOMIB Yy
MacmTadyBaHHI Ta  KoH}ineHuiiiHocti. Po3kpuro
OCHOBHI IepeBary rIMOMHHOTO NPEICTABICHHS AaHHX.

V [2] po3kpuTo 0COOIMBOCTI TiIOPUAHOI CHCTEMHU,
AKa 3aCTOCOBYETBCSA JUIA ifeHTU}IKAIil MOpyIIeHb
aKkocTi enektpoeHeprii. Ilpm mpomy, Oe3mepepBHi
BEHBIIET-TIEPETBOPEHHS Ta TNHMOOKI HEHpOHHI Mepexi
ResNet/VGG (Residual Network, ResNet, 3amumikosa
mepexxa Tta Visual Geometry Group VGG, rpyma
Bi3yallbHOI TeoMeTpii) KOMOIHYIOTBCS 3 aHali30M
BOXJUBOCTI 03HaKk Ta SVM-knacudikatopom (Support
Vector Machine, MeTos OITIOPHUX BEKTOPIB).

V¥ [3] minkpecneHo HeOOXiTHICTH y (OpMyBaHHI
CTIMIKMX JTATEHTHHUX MPEACTaBJICHb YaCOBUX (pparMeHTiB
PQ-nanux (curHamiB) Ta BHSBJICHHS aHOMAJIbHHX
BiIXMJIEHB 0€3 TOBHOT PO3MITKH JaHUX.

VY [4] HaBemeHO BHMOTH TaTy3eBHUX CTaHAAPTIB
(IEC 61000-4-30), y Tomy umcii [5].

OnHak, 3arporoHOBaHi PIlICHHs! OPIEHTYIOTHCS Ha
KiIacudikamio 3a 3a3jaNerigb BH3HAUYCHHMH KIlacaMH

mopymeHb abo MNOTPeOYIOTh PYYHOTO Y3rOIKEHHS
mapameTpie. B yMoBax MONBOBHX  BHUMIPIOBAaHb
JIOBOJUTHCS TPAIIOBATH 3 PI3HOPITHUMHU CUTHATAMH,
BIJICYTHICTIO OJTHO3HAYHHUX MITOK Ta BEIHKOI YaCTKOKO
MPOMYIICHUX a00 3IMCOBaHUX JaHUX.

ToMy, BUHIKa€E HEOOXIAHICT y po3poOIIi METOIIB,
SIKi CTIPOMO>KHI 320€3MeUnTH aJalTHBHICT Ta CTIHKICTh
0 IIyMy, a TaKo)XX 3JaTHICTh IO CaMooprasizamii Ta
inTepmperartii pe3yapraris [6-8].

Ilpy  1mBOMY, MOMKIMBO  BHKOPHCTOBYBaTH
IHTETpaIlil0o JBOX B3AEMOIIOB’SI3aHUX AHATITUIHUX
KOHTYpIB - TITUOMHHOTO aBTOEHKOJIepa 3
KJIACTEPH3AIli€l0 O03HAK Ta MEXaHi3My [JIHOOKOro
BUSBICHHS aHOMAJIMl Yy CHOUIBHOMY JIATCHTHOMY
npocropi npeacrasinends PQ-nanux [9, 10].

1.3 MeTa i 3aBI1aHHs J0CaiIKEeHHS

MeToro TOoCTiKeHHS € MiABUIIECHHS e()eKTUBHOCTI
AaBTOMATH30BaHOTO aHalizy PQ-IaHUX I[OKa3HHKiB
SIKOCTI €TICKTPOCHEPTil.

st nocsirHeHHsT MEeTH OyJIO MOCTaBJICHO HACTYIIHE
3aBJIaHHs: PO3pOOKa METOY ITiJBHIICHHS e()eKTHUBHOCTI
ABTOMATH30BaHOTO aHanmizy PQ-maHuX MOKa3HUKIB
SIKOCTI €JIeKTPOCHEPTi.

2. MarepiaJyu i MeTOIU T0CiIKEeHHS

Po3pobiiennii Meton miABUIIEHHS €(EeKTHBHOCTI
ABTOMATH30BaHOro aHanmizy PQ-maHux moka3HHKIB
SIKOCTi eNIeKTpOeHepril ocHOBaHuiA Ha iHTerparii [11]:

— YIIOCKOHAJICHOTO METOLLY TIIMOMHHOTO
aBTOCHKOJIepa 3 KJIACTEPH3aIli€l0 O3HAaK Ui aHaji3y
BEJIMKNX  MACHBIB  JIaHUX  TOKa3HHKIB  SKOCTI
enexTpoeHeprii [12, 13];

— PO3pO0JIEHOr0 METORy TIMOOKOTO BHSBICHHS
agoManii 'y PQ-maHumX, 3yMOBICHHX TeO(i3UIHUMH
¢bakropamu [14, 15].

[Ipu upomy, 0OMBa METO/M NPALIOIOTh Y CKIaII
OJTHOTO  AHAJITUYHOTO KOHBEEpa, SKHHA IOB’s3Yy€
MOJICTIOBaHHSI THUIOBOI «HOPMH» 3 MOHITOPHHIOM
Bimxuens [16]. [lpu aHami3i maHUX MOKA3HHKIB SKOCTI
eJIEKTPOCHEPTii B yMOBaX MUQPOBi3aIil eHEProCUCTEM
BHKOPHCTaHO Meroam aHamizy. [Ipu po3poOmi meromy
MiIBUICHAS ¢(peKTUBHOCTI aBTOMAaTH30BAHOTO aHAJI3y
BHUMIPIOBAJILHUX JIAaHUX €JIEKTPOCHEPTii, YI0CKOHAIECHH]
METOMy TJIIMOWHHOTO aBTOEHKOJEpa 3 KIACTEPHU3ALIE0
O3HaK Ta pO3poOIli METOAYy TIHOOKOTO BHSBICHHS
agomManmii 'y PQ-maHWX ~ BHUKOpHCTaHO  METOIH
MaImMHHOTO HaBYaHHA (i kiacudikamii PQ-moziit 3a
O3HAKaMH), METOIM 1HTENEKTyanbHOro anami3y (i1 PQ
Big Data), rpadoBi ™meromm (i1 BimoOpakeHHS
TOTIOJIOT 1 eJIeKTpOMepexi Ta IIPOCTOPOBUX
B3a€EMO3B’S3KIB), & TAKOK METOIH IIITHHOCTI, JIOKATBHOT
ONMU3BKOCTI Ta KIIACTEPH3AIIii.

3. Pe3yabTaTi po3po0Ku i JoCaixKeHHs
PO3p00.1eHOr0 MeTOAy MiABHIEHHSA
e()eKTUBHOCTi aBTOMATH30BAHOI0 AHAJI3Y
PQ-1aHux nmoka3HMKIiB IKOCTI
eJleKTpoeHepril

CyTHICT pO3pOOJNIEHOTO METOMY ITiABUIICHHS
e(pEKTHBHOCTI aBTOMAaTH30BaHOTO aHanizy PQ-maHux
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MOKa3HUKIB SIKOCTI €JIEKTPOEHEPTIT MOJIsIrae y Tomy, 110
BUXIAHI JaHI — L€ BEJMKI MacuBM OararokaHajlbHHUX
YacOBHX PsMIB TOKa3HHUKIB SIKOCTI E€JIEKTPOeHepTii
(Hampyra, CTpyM, FapMOHIKH, 1HAEKCH IMyJIbcamiil TOIO)
3 BIANOBIJHMMHU YaCOBHUMH MITKAMH Ta METaJaHUMH
(cran mpuCTPOiB, YMOBH pOOOTH Ta OIiHKA SKOCTI
mpuiiomy). MaHi, Ticms momepenHboi  00poOKH
YTBOPIOIOTH Halip 9acOBHX BIKOH CIOCTEepekeHHs. [Ipu
BOMY, CIIOYaTKy (OPMYIOTHCS KOMIIAKTHI JIaTE€HTHI
HPENCTaBICHHS ISl TUIIOBUX PEXUMIB POOOTH CHCTEMH
3a JIOTIOMOTOI0 aBTOCHKOIEpa, a IMOTIM — y TOMY X
MIPOCTOPI, 3MIHCHIOETHCS JCTCKTYBaHHS aHOMATIH, SIKi HE
BIZINOBIIAIOTH HOPMAIILHOMY PEKHMY.

Ha puc. 1 HaBeneHO y3araibHEHy CTPYKTYypHY
cXeMy pO3pOo0JICHOTO0 METOY Bif IONEPEIHBOT 0OPOOKH
JaHUX J0 BUIUICHHS THIIOBHX PEXKHMIB Ta IOJIEBOTO
JICTCKTYyBaHHS aHOMAJTii.

( 1. 2.
PQ-BuMiproBaHHS [onepenns
Ta MeTajaHi 00pobKa
JTAHUX
( 3.1. Metog 3.2. Metox
TJIIMOUHHOTO rJIMOOKOTro
aBTOEHKO/IEPA 3 BUSIBJICHHS aHOMAJTIi
KJIacTepiszartiero y PQ-nmanux
03HaK
4 4. 5.
Pesynbratn InTepnperanis,
aHani3y Ta Baianis Ta
HiATpUMKa 3BOPOTHIMH
pileHs 3B’S130K

Puc. 1. V3aranpHeHa CTPyKTypHa cxema
PO3POOIICHOTO METOTY

3a puc. 1 3pobieno mpunymensas. Orxke, X —
MaTpulsl BXIHUX JaHUX, sKa IOJaHa Yy BUIJISI
MHOXUHH N 9acoBuX BiKOH ((pparMeHTIB) JOBXKUHH |

(xinpKicTh BLUIIKIB BikHa) Ta 3 M kanamamu (pi3Hi
MOKa3HUKH) HACTY[IHUM YHHOM:!

N TxM
X ={xtiz1, % e R, ()
Ie Xj — BEeKTOP-MaTpHUIl BUMIPIOBAaHb | -TO BiKHA, SKa

MICTHTh 3Ha4eHHA ycix M moxa3HHKiBy T MOMeHTax
qacy.

Topni, Ha puKIan, 3a kpokoM 10 XB mpoTsrom 100u
MaTpuls X MOke MaT po3MipHicTh T =144 Ta M =5

kaHamiB (5 moka3HUKiB skocTi). Habip X dopmyerscs
micas BHIIJIGHHS  «CIIOKIMHWX»  iHTepBamiB  (0e3
TEXHOTEHHUX aHOMAaJii Ta MABUIIEHOI IeOMarHiTHOI
aKTUBHOCTI) y BUXiTHUX PQ-mannx.

Bignmosiguo, IS KOpPEKTHOTO HaBYaHHS
ABTOEHKO/IEpa BXKJIMBO BUPIBHATH aMIUTITy I CUTHAIIB,
00 MoeNb aHalizyBaiga GopMu, a He aOCOJIOTHI PiBHI.
ToMmy, KOXXeH KaHall JaHUX CTaHOAPTU3YETHCS 3a
(piKCOBaHMM YacoM 00W HACTYITHHUM YHHOM:

N X (t)— 24

% (t)= L 2)
Ot

Je [ Ta Oy — CepelHE Ta CTaHIAPTHE BIIXUIEHHS ycCiX

Xj (t) y MOMeHT 100H t 3a ycima BiKHaMH | .

Jlanuii miaxig 3HUKYE BIUIMB JOUCOaTaHCy Ta
Ipeiidy TOTYXKHOCTeH Ha pe3yinpTaT Ta 3abesmedye
Y3rOKEHICTh MACIITAOIB IMiJT Yac KJIacTepHU3allii.

Buxinai mani 9acTo MaroTh (parmenrarii (1o00Bi
OUKIA, 3MIHM HaBaHTaKEHHA Tomo). Tomi, Halip
I000BHX (PParMeHTiB MOKIIMBO 3aIUCATH TAKAM YHHOM:

06N =% (2).%(2).0% (T)], ©)

ae X (t) — 3HAYCHHS IMOKAa3HWKA y YacOBUH BITK t

(IpM MHOKMHHUX KaHaJaX — BIANOBITHUN BEKTOP).

Taknii KpOK BUKOHYETHCSI IIEPE]L aBTOCHKOIEPOM Ta
3abe3nedye MopiBHAHHICTE (GopMm. Monens HaBUaeThCS
Ha OZHOMAHITHUX IOCIIIOBHOCTSIX (Ha MPUKJIAJ, KOXHE
Xj — e 7000Be KOJIMBAaHHA TAPMOHIKN HALIPYTH).

CyTHICTP OCHOBHUX aHAJIITHYHUX OJIOKIB METOIy
MIBUINCHHS ¢(PEKTHUBHOCTI aHai3y MaHUX IOKa3HUKIB
SIKOCTI €JICKTPOCHEPTii moJisirae y HacTynHomy (puc. 1).

IepumiM  aHATITHYHEM OJIOKOM  PO3POOJICHOTO
METOly € YJIOCKOHAJICHWH MeTOA  IIIMOWHHOTO
aBTOCHKOJepa 3 Kiacrepu3auiero o3Hak (puc. 1,
6710k 3.1). ABTOCHKOIIEp CKIIANAEThCsA 3 eHKoepa Fy Ta

aexonepa D, , 1110 HOCHINOBHO 3MEHIIYIOTH PO3MIPHICTH

BXO4y A0 KOMIAKTHOI'O JIATECHTHOI'O0 BEKTOpa, a MOTIM

BIJIHOBITIOIOTB CHTHAIL [pouec HaBYaHHS
(bopMai3yeTbcss HACTYITHUM YHHOM:

7 =Fy(%), z7eRY, d<T-M, (@)
ae Xj — HopMami3oBaHe BXifHe BIKHO; Z; — HOro
JaTeHTHHH Koj posmipHocti d; 6 — mapamerpu
SHKOJIepa.

Jlekoziep BiIHOBJIIOE CUTHAJ HACTYITHUM YHHOM:
Xi:DI](Zi)’ (5)
Je 7] — mapaMeTpH JIeKoJiepa.
in qac HaBYaHHS 3MEHILY€EThCS
CepeIHbOKBaIpaTHYHA TIOMMJIIKA PEKOHCTPYKIIIi:
1N o o2
Lrec (677) = 15 2ig 1% =% I - (6)

OnHOYaCHO 3 HaBUaHHSAM aBTOCHKOJIEPA 3a/1a€ThCS
kimpkicTh Kiactepis K . Ilicist oTpuMaHHS JTaTeHTHHX

KOJIiB {Zi} BUKOHYETBCSI KJIacTepH3allist (Ha NpHUKIaj,
MerofoM K -cepemHix) y JATEHTHOMY IPOCTOPI.

Koxxnomy 3 K KiactepiB BiAIOBijae THIIOBa TpyIna
BikOH. /I KOXKHOTO KJIacTepa OOYHUCIIFOETHCS LIEHTP My

y IpOCTOpi Z Ta 3AIHCHIOETHCS HOTO 1eKOTyBaHHS:
Xreprk = Dn (mk )' )
L0 J1a€ PENPE3CHTATUBHUH NPO(LIb Xpepr  — TUIOBHIL

JOOOBHI CHI'HAJ JJIsl JAHOTO PEXUMY.
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Take pexoHCTpylOBaHHS NpodiniB Ta MmodynoBa
KaJICH/IapHUX KapT PEXXUMIB (3 TPUBAIICTIO Ta 4aCTOTOIO
TMIOSIBU KJIaCTEepiB y 4aci) 3a0e3neuyloTh IHTEepIpeTanio
pe3yJIbTaTiB (THUIIOBHUX LIA0JIOHIB pOOOTH).

TakuM 4YMHOM, yIOCKOHAJICHUH METO/I TIIMOMHHOTO
aBTOCHKOJIEpa 3 KJIACTCpPHU3AIl€l0 O3HAK UL aHaTi3y
BEIWKNX  MACHBIB  JAHWX  I[OKa3HHUKIB  SKOCTI
€JIEKTPOCHEPTii BHUpIIIy€e 3amady BHIUICHHS THIIOBUX
pexxumiB. Bin ¢opMye KOMIIaKTHI O3HAKH, TPYIye iX y
KJIACTEPH Ta BiTHOBIIIOE PETIPE3CHTATHUBHI MTa0IOHH.

Jpyruit aHamiTHIHUI KOHTYp — po3poOieHuit
METOJ INIMOOKOTO BMSBJIECHHS aHoMalid y PQ-manux,
SIKMIA TIPU3HAYCHWHA IS MOHITOPUHTY BIIXWJICHb BiJ
TUTIOBOTO pexkumy (puc. 1, 61ok 3.2). Bin BukopuctoBye
TOM K€ MPOCTIp JTATCHTHUX O3HAK Zj , aJe AJIsl BUABICHHS
JaCOBHX BIKOH, III0 HE Y3TOXKYIOTHCS 3 KHOPMOIO».

Cnogatky 3a7a€ThCS HaBYaHHS Mozeni
(HampuKJaz, TOTO  caMOro  aBTOEHKojepa  abo
MPOTHOCTUYHOI HEeHpoMepeiki) JMIIe Ha HOPMaJbHUX
JaHuX (TaiMOBI MPOMIXKKH 0e3 OypeBiiB Ta TEXHOT€HHUX
nepe6oiB). [licms mporo, s KOXHOTO BIKHA Xj

OOUHCIIOETECA aHOPMAJIbHUK CKOP Sj, Ha NPUKIAA SK
Bincrane MCE Mix X; Ta fioro pekoHcTpyKiiewo Xj (a6o

MIPUPICT OMHUIIKH PEKypcii):

G o 12

Si =l % =% |l - 8

Hami, oOupaerbcss TOpPIr 7  JETEKTyBaHHS

aHoMauTiid, 00 KOHTPOIIOBATH PIiBCHb MOMHIKOBUX
CIPAalbOBYBaHb.

Hanpuknan, mopir Moxke OyTH BH3HaueHHH SIK
KBaHTWIb @ PO3MOJALLY CKOPIB Ha TPEHYBaJIbHIH
BUOIpui (HEBENMKMH « Ja€ Mally 4YacTKy XHOHHX
CIIpAIfOBaHb):

r=Q, ({Sj}jetrain ) 9)

BikHO | MO3HAYa€THCS AHOMAIBHUM, SKIIO Sj > T
. OkpeMi 130JIbOBaHI CIIpaIfOBaHHS TPYIYIOThCS Y MOJIT
32 YacoBMM KpHUTepieM (Ha IpUKIaA, CyMiKHI abo
ONMU3BKI 32 9acOM BiKHA 3 S>7 00’€IHYIOTHCS B OJIHH
IHIIMACHT 3 IKOBUM CKOPOM Spay Ta TPHBATICTIO).

TakuM 4YMHOM, PO3POOJICHUH MeTOA TIHOOKOro

BUSBJICHHA aHoMamiii y PQ-maHux, 3ymMoBIeHHX
reodisnyHIME (paKTOpaMH, BUPILIYE 3a/1aqy BHUSBICHHS

AQHOMAJIBHOCTI Ta arperauilo CrpanboBYBaHb y HOAIl 3
aTpuOyTaMu (IIiKOBHH CKOp, TPUBAJICTh Ta 3B’SI30K 13
GIC). Buznauenns nopora 3asasiku ROC/PR-ananizy i3
3aJaHUM DIBHEM XHOHMX CIpallbOBYBaHb Ta 3BEICHHS
Metpuk Precision/Recall/F1  ams  omiHkM — SKOCTI
JIETeKTyBaHHS JAlOTh YHACENBHI KPUTEPii.

Brox inTepnperarii, Bamigariii Ta 3B0pOTHOTO 3B’ 3Ky
3IIMCHIOE HACTYIIHE: TIepeBipsie NOCTOBipHICTH PQ-maHmx
pe3yNbTaTiB, HANA€ TOSCHEHHs, 30Mpae OIepaTopchKi
MATBEP/UKCHHS Ta TIIOBEPTA€ CHUTHAMHM JUISI KOPEKIil
TOPOTiB, TPaBWJI arperamii Ta MOUKITy CYyMpPOBODKEHHSI
Moneneil. Taka 3aMKHEHa apXiTeKTypa BiIIOBiTae
3arajibHIN 1€l CTaTTi: «TUMOBI PEXUMU —> aHOMAIi —
iHTEeprperaniss — pilleHHs — KOHTPOJb SKOCTI Ta
amanTauis». biok pesynbTaTiB aHanmizy Ta MIATPUMKH
pillleHb TpH3HAYEHWH IS MEPEeTBOPEHHS BUXOAY sApa
TIHOMHHOTO aHaji3y 0e3 BUUTENs Ha opMy, KA MPHUIaTHA
JUISL OTIEPaTMBHOTO BHKOPHCTAHHSI B LU(POBI30BAHOMY
KOHTYpi MoHiTOpHHTY PQ-manux. biok BHKOHYe He OKpeMy
KJTacu(ikalio KOKHOTO BiKHA, a arperyBaHHS CYMiIKHHX
(Omm3pKHX y dYaci) aHOMaNbHUX BIKOH Yy 3aBEpIICHUI
[HIMICHT 13 YaCOBHMH MEXaMH, TPHUBATICTIO, ITIKOBOIO
IHTCHCHBHICTIO Ta KOHTEKCTOM BY3JIa.

KoHTyp 3BOpOTHOTrO 3B’SI3Ky € (popMalli3oBaHHM.
Omxke, omnepatop (iHXKEHEp-eKCIEpPT) MiATBEPIKYE
nojifo, Mmo3Hayae ii sk xuOHe cmpamroBanus (false
positive), YTOYHIOE KJac MOPYIICHHS, JI0Aa€ MPUYNHY,
¢ikcye BIUIMB Ha OOJNAJHAHHS, a TAKOXK IHILIIOE OIS
MoporiB ab0 3aIyCK KOHTPOJILOBAHOTO NTEPEHABIAHHS.

3a NIST Al RMF (Artificial Intelligence Risk
Management Framework — cucremu KkepyBaHHS
pusukamu 11II) — 1e BiAMOBizae BUMOram o0 poJiei i
BiJIOBiAIEHOCTEH Y KOHPIrypaIisax B3aeMOZIT JTFOTHHI
ta I (human-Al configurations), TOKyMeHTYBaHHS
piBHS JIIOJICEKOTO HarJsay, Oe3mnepepBHOTO
MOHITOPUHTY, JKypHAJIOBaHHS TMOIIH Ta mpoueayp
kopekuii (remediation), SKIIO CHUCTEMa BUXOIMTH 3a
MEXi JOMYCTHMOI'O PU3HUKY.

3a puc. | Takmii CHUTHaJI 3BOPOTHOTO 3B’SI3KY
HAJIXOIWTh HE TITBKH Ha OJIOK pEe3yJIbTAaTiB aHaJi3y Ta
MATPUMKH PillIeHb, a i Ha3aJ1 10 sIpa aHaTi3y Ta MpaBuI
morepeHp0i 00pooku (010ku 3.1 Ta 3.2, puc. 1), sxmo
BHSIBIICHO CHCTEMAaTH4HI apTeakTd abo 3MIHY PeKIMiB
(YHKI[IOHYBaHHS €JIEKTPOCHEPTETUIHOI CHCTEMH.

VY tabn. 1 mpencraBieHO TNpPHKIA] IMOPIBHIHHS
BHUXiIHUX apTe(akTiB Ta MOBIJOMJIECHb 3BOPOTHOTO

ne TumdacoBi PQ-cepii BUXOIATH 32 MeXi HOPMaNbHOTO — 3B’A3KY IS y3arajJbHEHOI CTPYKTYpHOI  CXeMH
KoHTeKcTy. Bin ¢opmye OesmepepBHHH MOKa3HHK  pO3pOOIEHOTO METOAY.
Tabauys I — llpukjaan NOpiBHAHHA BUXIIHMX apTe(aKTiB Ta MOBiAOMJIEHb 3BOPOTHOIO 3B’ SI3KY
CyTHicTh Tun / popmar Yacrora IIpu3HayeHHs
[MonieBe . . Onepatusae onoBineHHs SCADA/ACY npo iHIUICHT i3
A JSON (¢opmaT 0OMiHy maHUMN) / TTOISt parTh . H . PO THITIL
HOBiIOMJICHH e severity (piBHEM KPUTUYHOCTI), YaCOBUMH MEXKaMH,
[ToBinom- OPC UA (Open Platform Communications [TonieBo c_flag (mpamopiiem KOHTPOJIIO SKOCTi)
a Unified Architecture) / mosigomnenns IEC i qc_tlag (Tipanopu pout >
IeHHS PO 61850 measurement_class (k1acoM BUMIipIOBaHH:) Ta
AHOMAJTi0 MOCWIIaHHAM Ha waveform (XBHIIbOBY opmy)
Yepra REST/API (nmporpamuwuii intepdeiic) / Kga3i- . . .
. o . . [piopuresarist poboTu oneparopa 3a KPUTHIHICTIO
[parmKOBaHUX |cITUCOK iH(opMatiitHoi manerni (dashboard| peanpHuUit R . . . )
. . . 00’€KTa, IHTEHCUBHICTIO MOJI1 Ta JOBIPOIO MOeli
IHIA/ICHTIB list) qac
. Bimxker inpopmaniiinoi naneni (dashboard KonTpons uactotu crpaitoBaib, FAR (dacToTi XuOHHX
KPl-3HimMok |7~ (opmant ( Topunno / b pan > ( . .
. widget), Butar CSV (comma-separated CIIpaIlOBaHb), 3aTPUMKHU BHSBIICHHS, Apei(y NaHUX i
MOHITOPHHIY 1000BO .
values) / Parquet CKODIB
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Rakinuenns mabn. 1

CyTHicTh Tun / popmar YacroTa IIpusnavenns
AHaNiTHKa IHIUICHTIB, TSOKKICTh sags/swells/transients
. . Ho6oso / . . .
[epionuu- PDF / Be63BiT (Web report) / ekcriopt TYOKHEBO / (IpoBaJTiB/mepeHanpyT/IepexiIHuX MPOoLeciB),
Hui PQ-3BiT CSsv MicsaHo location/impact (MicIisl BAHUKHEHHS Ta BIUIMBY ), 3BITHICTb

1 ayauT

. ApxiB 3ammcy, waveform (XBHiIb0Ba
[Taker keicy

JIsL eKCIIepTa
& P payload (makeT nosicHeHHST)

¢dopma), metadata (MeTazmani), explanation| 3a 3amuromM

Iornubnena Bepudikaiiis, po3oip NpUIUH, HABYAHHS
MepCoHaly, eCKalaIis

MMinTBepa- ack/close/comment message ®ikcanis pe3ynsTaty human review (ekcriepTHoI
DPKCHHS (TToBiOMIICHHS TlonieBo | mepeBipKy JIFOIMHOIO) Ta 3aBEPIICHHS )KUTTEBOTO IIUKITY
omeparopa HiITBEPKEHHSI/3aKPUTTS/KOMEHTApsT) IHIIUAGHTY
[Mosiz. false feedback message (ToBimOMIICHHS Hoxieso [TomoBHEHHSI KOHTPOTEOBAHOT BUOIPKH, TIEPETIIS KIacy
positive 3BOPOTHOTO 3B’5I3KY) A MOJIi1, KOPEKIIisl MIa0JIOHIB
IMepenamant- config-change / threshold-review 3a KPI- . .
. . Ilepernsn nmoporis, MpaBuI arperaiii, Bar IpiopuTeTy

TyBaHHS (mepersig KOHOITYpaIlii Ta HOPOTiB) TpUTEPOM
Trigger Ha retrain request / MLOps job (3amur Ha . . . . .

&8 N ps job ( . Peaxmis Ha drift (gpeiid nanux), 3MiHy peXuMiB,
MepeHas- NepeHaByaHHs / 3aja4a KepyBaHHs Enizomiano . o .

. HAKOIMYEHHS MiATBEPHKEHNX HOBHX KEHCiB

JaHHS KUTTEBUM IHUKIOM ML-Mozeni)

4. O0roBopeHHs pe3yJIbTATIB 10CTiIKEeHHSA
YIOCKOHAJIEHOT0 MEeTOYy Ta PO3p00.JieHOl
MojeJi niianyBanHs Mmapupyry bnJIA

Takum uMHOM, JUTSl KiJIbKICHOT OLIIHKH €(hDeKTHBHOCTI
000x  OJIOKIB  3alpOIIOHOBAHO  BHUKOPHCTOBYBAaTH
Y3ro/DKEHI METPHKH, 30KpeMa: JUisl OJIOKY KitacTepu3anii —
cepenHiit cuyer (silhouette) Ta cTilikicTh KIacTepiB mpu
pi3HEX iHIIaTi3aisax/miaBuoOipKax; IUIA O1oKy
JCTEKTYBaHHS — METPHKH SAKOCTI ACTEKIIii MO/l Ha piBHI
emizoniB, yactka False Alarm Rate (FAR), a Takox
MenianHa 3atpumka (lead time) BUSBIEHHS; 3HAYYIIICTH
3B 513Ky MOJIii 3 FTEOMArHITHUMH 1HAEKCAMHU — OIIIHIOETHCS
3a p-value 6JIOYHMMU NEPECTaHOBKaMHU.

5. BucHoBKH

Takum YMHOM, PO3pOOIEHO METOA IIiJBHIICHHS
e(pEKTHBHOCTI aBTOMATH30BaHOrO aHamizy PQ-maHuX
MTOKA3HUKIB SKOCTI eIeKTPOeHePrii Ha OCHOBI iHTErparii
yIIOCKOHAJIEHOTO METO/y TIIMOMHHOTO aBTOEHKOJepa 3
KJIaCTepPH3alli€0 O3HAK JJIs aHalli3y BEJMKHX MacHBIB
JAHUX  [OKA3HUKIB  SIKOCTI  CJICKTpOCHeprii  Ta
PO3pOOJICHOr0 METOIy TJIHOOKOTO BHUSBICHHS aHOMAJIIi
y PQ-nanux, 3yMoBieHHX reodi3snyHuME (HaKTOpaMH.

[IpencraBneHo JBa B3a€EMOIOB’S3aHUX METOAM
(aBTOGHKOZEP + AHOMAJBHUI MOHITOPHUHT), SIKI pa3oM
Ii/IBUIYIOTh €()EKTHUBHICTh ABTOMAaTH30BAHOTO aHAII3y
JIaHUX TIOKa3HHKIB SIKOCTI €IeKTPOEHepTii.

Po3poGiieHO  y3aranbHeHy CTPYKTypHY CXeMy
IIPOLIECY aBTOMATH30BAHOTO aHAI3y BUMIPIOBAJIBHUX
JIAHUX eJIEKTPOSHEPTil, siKa MOEAHYE:

— aBTOMATHYHE HEJiHIfHEe y3araJbHeHHS JaHUX y
KOMIIAKTHUH MPOCTIp Ta KIACTEPHU3AIII0 PEKUMIB,;

— OesmepepBHY  OIIHKY  aHOMAaJbHOCTI 3
KEepOBaHUM HAJIAIITYBaHHAM MOPOTiB;

— arperyBaHHs CIIPALIOBAaHb y TOAIl 3 iIHKEHEPHO
3MiCTOBHAMH XapaKTEPUCTUKAMU;

— CTaTHCTUYHO  OOIpyHTOBaHy Bepuikamiro
BHSIBJICHUX ITOJIii 32 TEOMAarHiTHIMH 1HIUKATOPAMHU.

OTpuMaHMii HayKOBUH pe3yJlbTaT MOXe OyTH

OCHOBOIO Il  PO3LIMPEHHS  Mepeniky 00 €KTiB
CIIOCTePSIKCHHS, MIJBUINCHHS CTIHKOCTI 10 3MiHH
KOH(pIryparrii Mepexi Ta CE30HHO-1000BOT
HECTAlliOHAPHOCTI, & TaKoX PO3BUTOKY MPOLEIYD

ajanrarii Mojenel Ta iHTerpauii aHaJiTUKH 3 MOJIsIMUA
KepyBaHHS JUIS TOTJIMOJCHHS NPHYUHHO-HACIIIKOBOT
IHTepHpeTalii B eKCIUTyaTallifHNX yMOBaX.

KonguikT inTepecin

ABTOp niexiiapye, 10 He Mae KOH(IIKTY iHTepeciB
CTOCOBHO [J@HOTO JOCJTI/DKSHHs, B TOMY 4HCIHI
(hiHAHCOBOTO, OCOOMCTICHOTO XapaKTepy, aBTOPCTBA UM
IHIIIOTO XapaKTepy, MO MiT' OX BIDTMHYTH Ha JOCTI KSHHS
Ta HOTO pe3yibTaTy, MPEACTABIICHI B JaHIH CTATTi.

®@iHaHCYBaHHSA

JociikeHHs (inaHncoBoi

HiATPUMKH.

mpoBoamiocst  6e3

JocTynHicTb 1aHuX
Pykonuc He Mae MOB'sI3aHUX JaHUX.
Bukopucrannus 3aco0iB IITYy4HOr0 iHTETEKTY

ABTOp MiATBEpP/IXKYE, II0 HE BHKOPHUCTOBYBaB
TEXHOJIOTi IITyYHOTO IHTEJIEKTY NpH CTBOPEHHI
TIpeACTaBIeHOT POOOTH.
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A method for improving the efficiency of automated analysis of pq data on electric power quality indicators
Oleg Slobodianyk

Abstract. Background. The rapid development of digitalization in the energy sector and changes in the nature of loads in
modern power systems lead to the following consequences: an increase in data volumes, a rise in the number of anomalies, the
proliferation of nonlinear loads, and economic losses. Existing methods and approaches based on hard thresholds fail to detect
complex, combined, and dynamic anomalies in PQ data (power quality indicators). Thus, developing a method to improve the
efficiency of automated analysis of PQ data is a pressing scientific challenge. The subject of this study is mathematical models,
methods, and procedures for the intelligent analysis of large datasets of power quality indicators, aimed at identifying deviations
and typical operating modes. The purpose of this study is to improve the efficiency of automated analysis of PQ data on power
quality indicators. The objective of this study is to develop a method for improving the efficiency of automated analysis of PQ data
on power quality indicators. The research utilized machine learning methods (for classifying PQ events based on characteristics),
intelligent analysis methods (for PQ Big Data), graph-based methods (for representing the topology of the power grid and spatial
relationships), as well as density, local proximity, and clustering methods. The results of the research presented in this article
include a method for improving the efficiency of automated analysis of PQ data on power quality indicators, based on the
integration of an improved deep autoencoder method with feature clustering for the analysis of large datasets of power quality
indicators, and a newly developed method for deep anomaly detection in PQ data caused by geophysical factors. Conclusions. A
method for improving the efficiency of automated analysis of PQ data on power quality indicators is proposed. Two interrelated
methods (autoencoder + anomaly monitoring) are presented, which together improve the efficiency of automated analysis of PQ
data on power quality indicators. A generalized block diagram of the process of automated analysis of measured PQ data on power
quality indicators has been developed. The results obtained can serve as a basis for expanding the list of monitored objects,
improving resilience to changes in network configurations and seasonal and diurnal variability, as well as for developing procedures
for model adaptation and integrating analytics with control events to deepen the cause-and-effect interpretation under operational
conditions.

Keywords: PQ data; power quality index; deep autoencoder with feature clustering; deep anomaly detection; method;
mathematical model; machine learning; intelligent analysis.
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CUHTE3 TPUDPAKTOPHOI PET'PECIHHOI MOJIEJII MUJIOIOTJIMHAHHA Y
MNOBITPAHOMY CEPEJOBHUIII BUPOBHUYUX ITPUMIINEHD

AHoTaunisi. AKTyajbHicTb. 3a0e3leueHHs HOPMATUBHOI SKOCTI MOBITPS Yy BUPOOHHYMX MPUMIIIEHHSAX € BaKIMBOIO
YMOBOIO NIPOMHMCIIOBOI, TEXHOTEHHOI Oe3MeKH, Oe3MeKn Mparli, OCKUIbKN ApiOHOAMCIEPCHUI MW 34aTHUH TpUBAIUI yac
nepeOyBaTu y 3BaKEHOMY CTaHi, pecyClieHIyBaTHCA 3 TIOBEPXOHb 1 (GopMyBaTH IiIBUILICHE IHTAIALIIIHE HABaHTa)KCHHS Ha
npauiBHuKiB. IIpeameT Aoc/izkeHHs: MPOIECH NHJIONOTJIMHAHHSI, CEAMMEHTAlii Ta pecycnensii ApiOHOauCHepcCHUX
YaCTHHOK Yy BHYTPINIHEOMY HOBITPSHOMY CEpEIOBHINI 3a 3MIHHHX IapaMeTpiB MikpokiaiMaTy. Mera aocaigKeHHS:
PO3po0IIeHHsT HayKOBO 0OIPYHTOBAHOI TpU(aKTOPHOI perpeciiHol Moaemi KoedilieHTa MIIONOIINHAHHS 3 YpaxXyBaHHIM
TeMIIepaTypH, BiJHOCHOI BOJIOTOCTI Ta MacoBOi KOHIIEHTpALil MLy U NPEIUKTHBHOTO KEpyBaHHS SKICTIO MOBITPS Y
MIPUMINIEHHsIX. 3aBAaHHs gocaimkeHHs. Cucremarn3yBaTn (i3WdHI MeXaHI3MH OCAIDKEHHS Ta BTOPHHHOTO 3aBHCAHHS
JpiOHOAMCIIEPCHOTO MHJTY; BCTAHOBUTH aHANITHYHY 3AJICKHICTh KOHLIEHTPALii MIUTY Bi/l BIAHOCHOI BOJIOTOCTi; CHHTE3yBaTH
Ta CTaTHCTHYHO NEPEBIPUTH PErpeciiHy MoJeNb MIIONOTIMHAHHSA; BUSHAUYUTH 00NacTi cTabimizamii Ta cyxoi AecTpyKuii
MJIOBOT XMapH i OOTPYHTYBaTU MOKIUBICTD MPAKTUYHOTO BUKOPUCTaHHS Mojeni. MeToau gocaimxenHs. TeopeTnanuit
aHaJi3, y3araJlbHEHHS CKCIIEPUMEHTAIPHIX JaHUX, HEMHIMHUI METO1 HAWMEHIINX KBaApaTiB, TpU(paKTOpHE poToTabenpHe
IUTaHYBaHHS JPYroro MOPSIKY, PEerpeciiHuid i AMCHEepPCIiHUIA aHali3, mepeBipka koedilieHTiB 3a kputepieM CThIOJICHTA,
TepeBipKa aJleKBaTHOCTI 3a kputepiem ®Pimiepa, aHaji3 MOBEpXOHb BIATYKY i i3omiHid. Pe3yasTaTm mocmimkenns. Y
po0oTi y3araJpHEHO CydacHi YSBICHHS IPO BIUIMB BOJIOTOCTI, TEMIIEPATypH, aare3ii YaCTHHOK, TirPOCKOIIYHOTO POCTY Ta
MEXaHIYHOI aKTHBHOCTI JIFOJMHY Ha (OpMyBaHHS aepO30JbHOIO HaBaHTaKeHHsS. Ha OCHOBI eKcliepiMEeHTaIbHOTO MacUBY
mo0OyJ0BaHO CKCIIOHCHIIIHHY 3aJIeKHICTh KOHIICHTpAIll BiJl BiHOCHOI BOJIOTOCTI MOBITPs, @ TaKOXX CHHTE30BaHO
MOJIIHOMIaNbHy TPU(PAKTOPHY MOZETh OPYroro MOpsAKy il KoedilmieHTa NHIONOTIMHAHHA. 3a pe3ysbTaTaMHu
MaTEeMaTHYHOTO MOJICIIIOBAaHHS BCTAaHOBJIEHO JOMIHYIOUY POJb BiTHOCHOI BOJIOTOCTI, BU3HAYCHO 30HU cTalimi3amii MIoBoi
XMapH Ta 30HY CyXoi AeCTpyKUii, y SKiifi 3pocTa€ iHTEHCHBHICTh BTOPHHHOTO 3aBHCAHHS YacTHHOK. BHCHOBKH.
3ampornoHoBaHa MOJETb i3 KoedilieHToM aeTepMiHarii 94 % Moxke OyTH BUKOpPHCTaHA K aTOPUTMIYHA OCHOBA I Smart
HVAC, acmipamiiHux i 3BOJIOXKYBAJIBHUX CHCTEM IPOMHCIOBUX IPHUMINIEHb, a TAKOX JUIS OLIHIOBAaHHS PU3UKIB BIUIMBY
JPiOHOANCIIEPCHOTO MMy Ha TIePCOHAI.

Kaw4oBi ciaoBa: sAKiCTb MOBITPS y MPUMIIIEHHAX, MWIOTIOTIIMHAHHS, PECYCIIEH31s, BITHOCHA BOJIOTICTh, TEMIIEPATYpa,
MIKpOKJIIMaT, perpeciiina monens, Smart HVAC.

MPOCTOPi Miji BIUIMBOM mapameTpiB Mikpoxiimary [7].
P0o3BUTOK cHCTeM KOHIMIFOBaHHS i iHTEJIEKTyalbHOI
BeHTIIIANIT (Smart HVAC) o0yMmoBmoe HeoOXimHICTH

1. Beryn

1.1 AKTyaJbHiCTh TEMATHKH

3abe3rnedeHHs] HOPMATHBHHUX ITOKA3HUKIB SKOCTI
MoBIiTpsHOTO cepenoBumma y mnpumimeHasax (IAQ)
HAJEeXKUTh [JO TMPIOPUTETHUX 3aBJAHb Yy Taly3sx
MIPOMUCIIOBOT, TEXHOI€HHOT 0e3NeKH i OXOPOHM Mparli.
B ymoBax cyuacHoi ypOaHi3allii JrouHa nepedysae y
3aKpUTHUX IPOCTOpax pizHoro npusHadeHHs 1o 80-90 %
n000BOTO 4Yacy. BHYTpIllIHE TOBITPSHE CEPEIOBHUIIEC
YacTO XapaKTePH3YEThCSI BUIIUM DPIBHEM 3a0pyJHEHHS
MOPIBHAHO 3 aTMoc(epHHM uepe3 aKkyMyllsillilo Ta
HOCTIHY PeLUPKYIALII0 aep0o30JiB aHTPOIIOIEHHOTO Ta
HOPUPOAHOTO NOXOKEeHHs [1, 2].

Oco06iBYy HeOE3IeKy CTaHOBIIATH APIOHOMCIIEPCHI
3Ba)keHI 4acTWHKH ¢pakuii PMas Ta PMyg. Pesynbraru
EIIEMIONOrNIYHMX 1 TOKCHKOJOTIYHHUX  JOCIHIDKEHD
BOO3 cBiguath, 10 TpHUBaJIWi IHTAIALIAHUA BIUIMB
TaKMX YaCTUHOK CHPUYHMHSIE PO3BHTOK XPOHIUHHX
OOCTPYKTUBHHX  3aXBOPIOBaHb  JIETEHb,  CEPIIEBO-
CYZMHHHUX TIaTOJIOTiH, 8 TAKOXK 3HM)KEHHS] KOTHITUBHOI Ta
¢bismgnoi  mpamesmatHocti  [3,4]. Ha mpomucmoBux
00’eKkTax HAKOMWYEHHS Iy Ha TOBEPXHAX i3 #oro

TIOAJIBIIIOI0 pecycreHsiero CTBOPIOE PHU3HKH
(hopMyBaHHSI 30H MiABUIIICHOI Hebe3mekH [5].

Bigomi MeToaM OWIHIOBaHHS SIKOCTI IIOBITPS
3a3BMYail IPYHTYIOTBCSI Ha TOPIBHSHHI MHTTEBHX

KOHLIEHTpPALi} 13 TPaHUYHO JOMYCTHMHMH 3HAYCHHSIMHU
[6]. TIpore Takumii minXiax € MACHBHUM i HE BPaxOBYE
IUHAMIKy (I3UKO-XIMIYHUX TMPOIECIB Yy 3aKpUTOMY

Mepexoy 10 MPEAUKTUBHUX CHCTEM KEPYBaHHS SKICTHO
HOBITPSIHOTO ~ cepenoBuma. OIHUM 13  KIIOYOBUX
napamMeTpiB y TaKHX CHCTEMaxX MAa€ CTaTH KOe(illieHT
OWJIOTIOTJIMHAHHS BHYTPIIIHBOTO cepemoBuina  Kgs —
IHTerpajbHUN TOKAa3HUK, SKAHA OIUCY€E 3IaTHICTH
FeTePOreHHOI  CHUCTEMH NPUMIIICHHS  3B’SI3yBaTH,
KOaryJloBaTH Ta BHBOJUTA 3BaXKCHI YAaCTUHKH 3
AepOJIMCIIEPCHOr0 CTaHy Ml €0 TePMOJAUHAMIYHUX
YUHHUKIB.

1.2 Anani3s JitepaTypHUX Jxepe
i BU3HaYeHHS NPo0dJIeMH

AHami3  HAyKOBHX  Mpamb  CBIAYUTH, IO
KOHIIEHTpAIlii MWIy y MPHUMIMIEHHI BH3HAYAETHCS
JMUHAMIYHOIO PIBHOBarol MiX MpollecaMy TeHepailii,
mudys3ii, rpaBiTamiiHol ceIMMeHTaIlii Ta
BEHTWIALIITHOTO BUAaNeHHs. 30KpeMa, y JTOCHTiPKeHHAX
[8, 9] PO3TISIHYTO MeXaHi3MHU BTOPUHHOTO
MMJIOYTBOPEHHSI ~ BHACHIJOK  PYXOBOI  aKTHBHOCTI
JIOJMHN y TPUMIIIEHHI. ABTOPaMH BCTAHOBJICHO, IO
KiHETHYHA €Hepris MEXaHIYHOrO KOHTAKTy € OCHOBHUM
YUHHUKOM pPYHHYBaHHsS aAre3iHUX 3B’S3KiB, IPOTE
IHTEHCUBHICTD I[bOTO TIPOILIECY CYTTEBO 3AJICKHUTH Bij
BOJIOTOBMICTY CEepe/IOBHIIA.

Brums BiZHOCHOT BOJIOTOCTI Ha aAre3ir0 B CHCTEMI
«JaCTHHKAa — TMOBEPXHA» [JETAIBHO OIHCAaHO Y
po6ori [10]. BcraHoBIEHO, 1110 32 YMOBH II€PEBUIIIEHHS
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mopory Bosorocti  50-60 % BuHHMKae KamiispHA
KOHJICHCAllisl BOJASHOI Mapy, IO MOCWIIOE 3B’SI3yBaHHS
MIIJTY Ha MOBEPXHSX 1 MEPEeNIKopKae HOro pecycrensii.
Kpim Ttoro, 3rimHo 3 gocmimkeHHsM [11], y Bomoromy
CepeIOBHIII CIIOCTEPIraeThCs TIrpOCKOMIYHE
YKPYITHEHHSI aepo30iiiB (>2,5 MKM), IO TIPHCKOPIOE iX
CeIMMEHTAILi10 3a 3akoHOM CTOKCa.

BB TemmepaTypHOTO Tpaji€eHTa HOBITPSHOTO
CepelloBHILA Ha aepOIVCIEPCHI CHCTEMH MAa€ CKIAIHY
moBifHy npupoxy. IlinBUIIeHHS TeMITepaTypH TOBITPS
MPU3BOANTE 1O 30UTBIICHHA WOro B’A3KOCTI, IO
CHOBUIPHIOE ~ TIpaBiTalliiHE OCAa/PKEHHS  YaCTHHOK.
BonHouac TemmeparypHi KOJMBAaHHS IHTCHCU]IKYIOTH
KOHBEKTHBHI TIOTOKH Ta NPUCKOPIOIOTH BUIIAPOBYBaHHS
BOJIOTH 3 KamuIsipiB, IO CIPHSAE BIAPHBY CYXHX
YaCTHHOK Bifl MOoBepxoHb [12, 13].

He3sBaxxaroun Ha 3HAYHUHI obcsr
eKCIICPHIMEHTAJIBHHUX JAHUX, NPEICTaBICHUX 30KpeMa y
mpami [14], Ha cporomHi BiACYTHIH YHi()iKOBaHMIA
AQHANITHYHUN amapat Uil  KOMIUICKCHOTO — OIHCY
3aJICKHOCTI  MacoBOi  KOHIGHTpamii MWIy  BiAg
TEMIEpaTypH Ta BOJIOTOCTI Yepe3 iHTerpanbHy (QyHKIIIO
MUJIONIOTTIMHAHHA.  ICHyloul  Mozeni  mepeBakHO
oOMEXeHI  130TepMIYHUMH  YMOBaMH YH  MalOTh
BY3bKOCIIEIaTi30BaH i CTaTHCTHYHMI Xapaktep [15, 16].

Ha oOCHOBI TeOpeTHYHOTrOo aHallizy BHUCYHYTO
rimoredy, 10 KOe]iUi€HT NHJIONOTJIMHAHHA €
HENHIHHOW  (YHKIIEI0 TEepMOJMHAMIYHOTO  CTaHy
MOBITPSHOTO CEPeIOBHUINA Y MPUMIIIeHHI. Y il Mozemi
BOJIOTICTh BHCTYIIA€ JENPecopoM MWIOBOI (azu 3a
PaxXyHOK KamiJIpHUX €(PeKTiB i TirpOCKOMYHOTO POCTY,
TONI SK TEMIlepaTypa peryioe KIHETUYHY CHEpriro
CHCTEMHM Ta CTaOUIBHICTh aAre3iMHUX 3B’SI3KIB, IO
BH3HAYAE CTICU(IKY MOBEIIHKN Pi3HUX (HpaKIii MTy.

1.3 MeTa i 3aBaaHHA A0CJIiIKEHHS

Metoro  poboth €  po3poOka  HAyKOBO
OoOIpyHTOBaHOTO  MIAXOLy /O  MareMaTHYHOTO
MOJIENIOBaHHS KoedimieHTa mmionormuHaHas PMas y
MIOBITPSTHOMY CEpENIOBHUINI NPUMIIIEHb 3 YpaxyBaHHIM
KOMIUIEKCHOTO ~ BIUIMBY  TEMIEpaTypH, BiIHOCHOI
BOJIOTOCTI Ta MOTOYHOI MacoBOi KOHIEHTpAMii NIy SK
0a30BHX MapaMeTpiB IPEIUKTUBHOTO KEPYBaHHS SIKICTIO
BHYTPIIIHBOTO MOBITPSL.

Jnst nocsrHeHHss MeTH OyJM IOCTaBJEHI Taki
3aBJaHHS:

— CHCTEMaTU3yBaTH TEOPETHYHI MOJIOKEHHS MO0
(opMyBaHHS, CEIMMEHTAIlil Ta BTOPUHHOI pecycreHsii

apioHogucnepcHoro mwity PMzs y  moBiTpsHOMY
CepeloBHII BUPOOHNYNX PUMIIICHB;
— cthopmyBatu penpe3eHTaTUBHUN MacuB

EKCIICPUMCHTAIBHUX JAHUX | BCTAHOBHTH AHAIITHYHY
3aJICKHICTh MacoBO1 KOHIeHTpanii PMs BiJl BiTHOCHOT
BOJIOTOCTI TTOBITPS;

— CHHTE3yBaTH pErpeciiiiy Mojedb CYKYIHOIO

BIUIMBY TEMIIEpaTypH, BiAHOCHOI BOJOTOCTI Ta
movaTtkoBoi  KoHIeHTpalii PMjys ©Ha koedimieHT
MTHJIOTIOTTIMHAHHS;

— BUKOHAaTH CTaTHCTHYHY iJeHTHQIKAIiI0O Ta

MIePEeBiPKyY aJeKBaTHOCTI MOJIEIIi;
— IHTepIpeTyBaTH MOBEPXHI BIATYKy W 130:iHii,
JIOKaNIi3yBaTH o0aacTi crabimizamii Ta cyxoi necTpykuii

MMAJIOBOT  XMapH, a TakoX OOIPYHTYBaTH YyMOBH
IHTErpyBaHHS  OJep)KaHOI Mozaeni B  aITOPUTMHU
MpeIUKTUBHOTO kKepyBaHHsA Smart HVAC.

2. Marepiajau i MeTOaH T0CTiKEHHS

OOG’eKTOM JIOCHI/KEHHSI € Tmpouec (OpMyBaHHSI
MTUJIOTIOTIMHAIBHOT 3/1aTHOCTI MOBITPSHOTO CEpeloBUILA
BHPOOHIYOTO TPHUMIIIEHHS IpiOHOAMCIIEpPCHOI (pakii
PM25 3a cykymHoi aii TeMnepatypH, BiTHOCHOT BOJIOTOCTI
Ta TIOYaTKOBOi MacoBOi KOHIeHTpamii mmwry. [Ipemmer
JOCIHIDKCHHST CTAHOBJIATh KUTBKICHI 3aKOHOMIPHOCTI
BIUIMBY 3a3Ha4eHUX (akTopiB 1 IXHIX B3aeMomid Ha
iHTErpaNbHUIM KOCDIIIEHT MUIOMOTIMHAHHS Kgs, KU
XapakTepu3ye pe3yJbTyIo4e BWIYYEHHS YacTHHOK 13
MOBITPSIHOT  (ha3W BHACHIOK TIrPOCKOINIYHOTO POCTY,
KOAaryJisnii, anre3ifHoro 3aKpilyieHHs Ta celuMeHTanil 3

ypaxyBaHHSM  NPOTWJIEKHOTO TIPOLECY  BTOPHUHHOI
pecycrneHsii.
HaykoBa mpoOiema mojsrae y  BiICYyTHOCTI

KOMITAKTHOI, CTAQTHCTHYHO OOTIPYHTOBaHOI Ta (i3MIHO
IHTEpIPETOBaHOI MOAENI, MPUAATHOI IJIsl TPOTHO3YBAHHS
3MiHH TJIONOTIIMHANBHOI 3aTHOCTI BHYTPIIIHBOTO
TIOBITPSL 32 OJHOYACHOI il KUMPKOX MIKPOKIIMATHYHHIX
¢axTopiB. KoHTpous mumie motoynoi koHmeHTparii PMas
Ma€ pPEaKTHUBHUI XapakTep 1 HE Ja€ 3MOTM 3aBYacHO
BUSIBJIATH PEXHMH, 32 SIKHX MOCIAOJIIOEThCS HPUPOIHE
OCaJUKEHHSI Ta 3pOCTa€ HMMOBIPHICTH IMOBTOPHOTO
3aBucaHHs ~ ocimoro  mwiy. OCHOBHa  rimortesa
JIOCII/DKEHHSI TOJIAITa€ B TOMY, IO Kgs € HemiHIHHOMO
¢ynkuiero T, ¢ i C, nmpudoMy BosoricHHH (akTop Mae
JOMIHYIOUMil cTaOUTi3yBalbHAN BIUTHB, TeMIlEpaTypa
Momudikye T1el BIUIMB Yepe3 KOHBEKTHBHI Ta
BUITAPOBYBAIBHI TPOIECH, a 3pPOCTaHHS KOHIEHTpaLil
0o0OMeXye BITHOCHY e(EKTHBHICTh CaMOOYHIICHHS
MIOBITPSHOTO 00’ €My .

JocipkeHHst BHUKOHAHO SIK TEOPETUKO-
PO3paxyHKOBE y3arajbHEHHsS J1Ia0OpaTOpHHUX JaHHX.
MarepianoM ciayryBaB MacuB i3 21 3HAa4eHHS MacoBOI
KOHIIeHTpalil PMps y miama3oHi BiJHOCHOI BOJIOTOCTI
10-90% i3 xpoxom 4 %, chopmoBaHHii Ha OCHOBI
Ppe3yJIbTaTiB JIOCHIIKEHb B 130JIbOBaHIN aepOAMCIIEPCHIN
CUMYJISIIHHIN Kamepi [14] Ta HOTIOBHEHWA NaHUMH PO
BapiaTHBHICTh pECyCIleH3il 3a YMOBH MEXaHIYHOTO
30ypenns [8, 9]. Takuit miama3oH 00OpaHO A OXOIUICHHS
SK CYXMX PEXHMIB, MOTCHLIHHO CIPUSATIMBUX U1
MMOBTOPHOTO 3aBUCAHHS, TaK 1 PEXHMIB IIiIBUIICHOT
BOJIOTOCTI, 32  SIKMX  IIOCHIIOIOTbCS  KalIsipHe
3B’SI3yBaHHS Ta CeIUMEHTaIlis. PiBHOMIpHE pO3MileHHS

penepHux TOYOK 3abe3neuye MOPiBHIOBaHY
iHpOopMaIiiHy OIIBHICT Y BCilf 001aCTi BOJIOTH 1 Hajae
3MOry  iIeHTH(]IKyBaTH KpPHUBHHY  OJHO(AKTOPHOI
3aJIeKHOCTI.

VY nmocmimKeHHI NPUAHATO Taki NPHIYIIEHHS Ta
CIPOIICHHS:  TOBITPSIHE  CEPENOBUIE y  MeXax
PO3paxyHKOBOTO 00’€My BBAXKAETHCS KBa310JHOPITHUM
3a TEMIIEpaTyporo, BOJOTICTIO Ta KOHIICHTPAIIEH;
JOMIHAHTHOK) KOHTPOJIOBaHOW (pakuiero € PMys;
VIOPOAOBXK OKPEMOTO  BUMIPIOBAJBHOTO  IHTEpBAIY
MIHEpaJIOTiYHHAH CKJIaJl, TYCTHHA Ta (popMa YaCTHHOK HE
3MIHIOIOTHCST; IIBUAKICT TOBITPS, KPATHICTH BEHTHJIALLII,
MOPCTKICTh TMOBEPXOHh W AKTHBHICTH IPAIIBHUKIB HE
BBOIATBCS K OKpeMi (akTopw, a iXHIH ycepemXHeHWM
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BIUIMB YacTKOBO BimoOpaxkaeTbcs y Bapiauil Kgs; dasosi
MIEPETBOPEHHSI BOAM 0O€3 YTBOPEHHS MaKpOCKOIMIYHOTO
KOHZIGHCATy HE MOJIEIIOIOTHCS; B3aEMOJis (hakTopiB y
JOCTI/DKeHIH ~ oOmacTi  Moxke ~ OyTM  aJIeKBAaTHO
alpoKCUMOBaHa IIOJIHOMOM Jipyroro mopsiaky. Lli
TIPUIYIIEHHS 3a0€3MedyroTh iIeHTH(IKOBAHICTh MOJETi
3a HasIBHOTO 00CATY JaHMX, ajle OJHOYaCHO BH3HAYAIOThH
MeXi 11 MOJaIbIIoro 3aCTOCYBaHHS.

Jost HE3aJIE)KHOTO BIATBOPECHHS
eKCTIEpUMEHTAIFHOT YaCTHHH HEOOXiJHI repMeTH30BaHa
Kamepa 3 KOHTPOJIBOBAHMM ITOBITPOOOMIHOM; T€HEPATOP
abo 703aTop TECTOBOTO IWIY; ONTHYHHMHN aHali3aTop
MacoBoi KoHIeHTpauii PMzs i3 MOXJIMBICTIO peecTparlii
YacoOBUX pAMiB; pedepeHTHHH TpaBIMETPUYHHI KaHAaI
JUISL  TIepIOZIMYHOI  MEpeBIipKM  ONTHUYHOTO CHUTHANY;
KaiOpoBaHMH TEPMOTIrPOMETp; CHCTEMa KEpPOBAHOTO
3BOJIOKEHHSI W OCYILEHHS; HPHUCTPii BiITBOPIOBAHOTO
MEXaHIYHOTO 30ypeHHS IOBEpXHEBOI MAIOBOI (a3u Ta
peecTpaTtop  IaHMX.  3acCTOCYyBaHHS  OJHOYAacHOTO
OINITHYHOTO Ta pehepeHTHOTO BUMIPIOBAaHHS € HEOOXiTHIM
Yepe3 3aJIe)KHICTh CBITIIOPO3CIFOBAaHHA Bifl TITPOCKOIIIYHOTO
poctry dbactmHOK [16,17]. VYV 1pOMYy HmOCHiIKEHHI
KOHKPETHI MapKd TPHIAJiB HE 3aJaBaJHC, OCKUIbKA
MaTeMaTHYHUH eTal IPYHTYBaBCs Ha y3arajlbHEHOMY
MacHBi OIy0JIiIKOBaHUX JTa00OPaTOPHUX JaHMX; KPUTEPISIMU
BUOOpY OONagHaHHS ISl MOJANBINOI HATYpHOI Baizauil
MaloTh OyTH METpOJIOTiYHA MPOCTEKYBaHICTh, AOCTATHS
4yacoBa pO3JUIbHA 37aTHICTH 1 BiJIoMa HEBH3HAYEHICTh y
3a1aHOMY JliaTa30Hi 3MiHH BOJIOTH.

Ha mepmomy etami omiHOBamu OXHO(AKTOPHY
sanexHicte  C(p)=a-exp(bp). Tlapametrpu a i b
BU3HAYaly  HENiHIHHMM  METOJOM  HalMEHIIHX
KBaJpaTiB, a SKICTh ampoKcuMamii — 3a KoeilieHToM
JeTepMiHaIil R? i amHami3oM BimmoBigHOCTI 3HAaKa
mapamerpa b ¢isumuHOMYy MexaHi3My BOJOTOi aempecii
aepo3oabHOi  (pasu. Ekcronenifiitny ¢opmy o0paHo
TOMy, L0 BOHAa BIJITBOPIOE IHTCHCHBHE 3MEHIICHHS
KOHIICHTpAIlli Ha MOYATKOBIM MUIAHIN 31 3HUKECHHIM
IPaHHYHOTO TPUPOCTY e(EeKTy 3a BHCOKOI BOJIOTOCTI,
TOOTO BI/INOBIJA€ OYIKYBAaHOMY HACHYEHHIO MEXaHI3MIB
TIrPOCKOIIYHOTO POCTY Ta KaIiJIIpHOT afresii.

Ha ppyromy erami 3actocoBaHo Tpu(akTOpHE
pororabenbHe  IIAHYBAaHHS ~ JAPYroro  IOPSAKY.
Hezanexanmu ¢dakropamu mnpuitasato T, ¢ 1 C,
¢byukiieo BiAryky — Kgs. @akropu KoIyBand BiIHOCHO
LEHTPATLHUX PIBHIB, MICIS YOTO OI[iHIOBAIM BUTbHUN
YIIeH, JiHIHHI Ta KBaApaTW4HI e(peKTH, a TaKOX IMapHi
B3aEMOIII. Bubip poTOTabETHLHOTO JIaHy
0oOTpyHTOBaHMIA HEOOXIIHICTIO OTPHUMATH MPHOIN3HO
OJHAKOBY  JIUCIEPCII0  MPOTHO3Y IS TOYOK,
PIBHOBiIANICHUX BiJ HEHTpa (aKTOPHOTO MPOCTOPY, 1
BOJHOYAC iIeHTU(IKyBaTH HEJIHIHHICTD 6e3
IIPOBEJICHHS [TOBHOTO 0araTopiBHEBOTO Iepebopy BCiX
komOinaniit. IlomiHoM gapyroro mopsiiky oOpaHO sIK
ONTUMAIGHUN MK (I3HYHOI iHTEPIIPETOBAHICTIO,
KIJIBKICTIO  OIHIOBAaHMX TMapaMeTpiB 1 3/aTHICTIO
BIZITBOPUTH KPUBHHY MOBEPXHI BIATYKY.

CrarucTnaHy 3HAYYIIiCTh KoeiIieHTiB
OIIIHIOBANH 3a JABOOIYHMM KpuTepieM CThIOJIEHTa IMpH
piBHi  3Hauymocti  «=0,05; He3Hauyymi  WICHHU
MTOCITIIOBHO BHITYYaJIK 31 30€peKCHHSIM i€papXidHoi Ta
¢i3muHOT  Y3TODKEHOCTI  Mojenmi.  AJCKBaTHICTh

CKOPOYEHOT'O DIBHSHHS NEpeBIpsUIM 32 KpHUTepieM
dimepa, onmcoBy 3maTHICT, — 3a R2 a BigHocHuit
BHECOK ()aKTOpiB — 3a CTaHIapTH30BAHOIO KapTOIO
Mapero. Hnsa ¢isuunoi inTepnperauii OymyBaiu
JBOBUMIPHI TOBEPXHI BIATYKy W i30miHIl nmpu ¢ikcamii
TpeTrsoro Qaxkrtopa Ha IMeHTpadsbHOMYy piBHI. Taka
CYKyIIHICTh METOHIB OOpaHa TOMy, IO MOEIHYE
(¢opMabHy CTaTHCTHYHY TEPEBIPKY 3 Bi3yalbHHM
BH3HAUYCHHSAM o0O0JacTeil ekcTpemyMy, crabimizamii Ta
CyXOi AECTPYKIIi.

OObuncneHas KoediIieHTiB perpecii,
CTaH/IApTH30BaHUX e(eKTIB, KPHUTEpiiB 3HAYYLIOCTI,
MOBEPXOHb  BIATYKY ¥ 130MiHI BHKOHyBaJM Y
nporpamaomy cepemopuii  STATGRAPHICS  18.
TabmuuHy MiATOTOBKY Ta KOHTPOJb MOBHOTH MAacuBY
3IiiicHIOBaIM 3aco0aMu eNEeKTPOHHUX Tabuuipb. Buobip
STATGRAPHICS 18 o0ymoBieHHH  HasBHICTIO
peanizoBaHHX NPOLEAYp IUIAHYBaHHS EKCIICPUMEHTY,
perpeciiHOro Ta IUCIIEPCIHHOTO aHami3y, a TaKOXK
y3romkeHoro ¢popmyBanHs Kapti [lapero Ta rpadivnux
NOBEpXOHb 32  OJHIEW  Monewmo. Kpurepiem
OPUAHATHOCTI ~ Pe3yJbTaTy  BBaKald  OXHOYACHE
BUKOHAHHS CTaTUCTUYHUX YMOB aJeKBAaTHOCTI Ta
(i3UYHOT HeCyNepeyHOCTi BCTAHOBJICHUX €(EeKTIB.

3. Pe3yabTaTH po3po0kH i JocaiKeHHs
MeTOo1y KepyBaHHS 004YUCII0BAJIbHUMHU
pecypcaMu TYMaHHOI0 HIAPY

[ocnimoBHICTE TOMAHHS Pe3yNBTATIB BiINOBINAE
eTaraM TMEepeBipKH TillOTE3U: CHOYAaTKy BCTaHOBJICHO
YaCTKOBY  3aJIC)KHICTh  KOHIEHTparii PMas  Big
BIZTHOCHOT BOJIOTOCTI, Jani ineHTH(hIKOBAHO
TpudakTopHe piBHAHHA Kgs, MICISA YOr0 BH3HAUCHO
CTaTHCTHYHY i€papXito edekTiB 1 mapameTpudHi oonacTi
XapaKTePHUX PEKUMIB ITHIOTIOTJIMHAHHSI.

s moOynoBH perpeciitHoi MoJieli Ta BU3HAYCHHS
AHANIITAYHOI 3aJIeKHOCTI MacOBOi KOHIIGHTpAIl MY
Bil BIAHOCHOI BOJIOTOCTI TIOBITpS BHKOPHCTAHO
pe3yibTaTty JabopaTopHux gociuimkens [14]. 3asnaveni
eKCIICPUMCHTH TIPOBOTMITACS B 130JIbOBaHIH
ACPONUCIICPCHIA CUMYJLIIIHHIA KaMepi 3 peecTpariiero
KIHETUKH BTOPMHHOTO 3Ba)KyBaHHS YaCTHHOK. 3 METOIO
HIJIBUILIEHHST PENIPE3eHTaTUBHOCTI JAaHUX 1 BpaxyBaHHS
BapiaTHBHOCTI aepo30JbHOr0 (oHy, BHXITHMH MacuB
TOYOK OyJIO JOTOBHEHO pe3yJbTaTaMU BHMIpPIOBaHb i3
CyMDKHUX  JDKepen, 30KpemMa  [IoJI0  JWHAMIKH
pecycrensii Ty 3a YMOB MEXaHIYHOTO 30ypeHHS
cepenouiia [8,9]. CdopmoBana Bubipka i3 21
periepHoi  Touku (Taba. 1) BpaxoBye TIPUPOIHY
mucriepciro gpakiii PMos 1 TOXHOKH BUMIpIOBaIbHUX
npwianiB. Ha ocHOBI 1MX JaHMX BCTaHOBJIEHO
3aJICKHICTh MAaCOBOI KOHIIGHTpAIlil MITy BiJ BiITHOCHOL
BOJIOTOCTI TIOBITps y mpuMirieHHi (puc. 1).

3acTOCOBYIOUM HENIHIMHUNA METOJlT HAWMEHITUX

KBagpaTiB 70  po3mmMpeHoro wmacuBy i3 21

eKCIIEPUMEHTAIbHUX ~ TOYOK, CHHTE30BaHO 0a3oBe

MaTeMaTU4He PiBHSHHS NEPIIOro eTary:
C(¢)=0,8491e 720140, 1)

ne C — MacoBa KOHIICHTpALlis IPpiOHOIUCTIEPCHOTO
nuny Qpakuii PMzs, Mr/m®; ¢ — BiIHOCHAZ BOJIOTICTE
BHYTPIIIHBOTO MOBITPSTHOTO cepenosuina, %; 0,8491 —

39



Control, Navigation and Communication Systems. 2026. No. 3

ISSN 2073-7394

ACHMIITOTUYHUN  Koe(illieHT, SKHiA  XapaKTepU3ye
IPaHUYHO MOJKJIMBY MAacOBY KOHIEHTPALIIO CYXOTro
3BakeHoro ity npu H nHabmmxaerscs 1o 0 %; -0,014 —

koediwienT nerpecii MIIOYTBOPEHHH, AKUN
Oe3nocepeHbO BizoOpaxae IHTEHCHUBHICTb
KalliJSIPHOTO ~ 3B’SI3yBaHHA Ta CEOUMEHTAIl Ui

3a3HA4YEHOI IUCIIEPCHOT CUCTEMH.

Tabnuya 1 — ExcriepuMeHTANBHI 3HAYEHHST MAaCOBOT
KOHUeHTpauii muny PM2 s 3a1e:xkH0 Bif
BiHOCHOT Bos1OTOCTI

Ne | BignocHa BoJioricTn dDakTHYHA MacoBa
TOYKH nositps ¢, % konuenTpamist Cgpaxm, MI/M°
1 10 0,675
2 14 0,692
3 18 0,621
4 22 0,645
5 26 0,602
6 30 0,541
7 34 0,558
8 38 0,492
9 42 0,515
10 46 0,452
11 50 0,468
12 54 0,412
13 58 0,425
14 62 0,381
15 66 0,362
16 70 0,371
17 74 0,332
18 78 0,280
19 82 0,218
20 86 0,152
21 90 0,113

KoeoimienT pmerepminamii  oTpumaHol Mozemi
cranoButh R?=0,911, mo 3rigHo 3i mkanoro Yenmoka
CBITYNTH PO (YHKIIOHAJIBHUH, Ha3BUYAHO BUCOKHI
PIBEHB aJIeKBaTHOCTI Ta 3B’ 53Ky MIX ITapaMeTpaMHu.

Ha ocHOBI  mpoBemeHMX  JOCHIDKCHb  Ta
BCTAaHOBIICHOTO  B3a€EMO3B’SI3KYy ~ TEMIlEpaTypd  Ta
BiTHOCHOI BOJIOTOCTi [6] s Bu3HaueHHS KoedimieHTa
mtonoraHaHH PMjs 3amponoHoOBaHO 3aCTOCYBaHHS
METOAy TJIaHYBaHHS CKCIICPUMEHTY, SKHH O3BOJISE
BapifoBaTH OJHOYACHO BCi (aKTOpH, OTPHUMYBATH
KUTBKICHI OIIHKM OCHOBHHX €(eKTiB i e(eKTiB mapHuX
B3a€EMOJIH, BU3HAYATH MapaMeTp IHJIONOTJIMHAHHS
PM2s 3a BIIOMHMH  3aJCKHOCTAMH  IIYKAaHOTO
MOKa3HUKA OKPEMO JUIsl KOXKHOTO 3 (DaKTOpiB.

3acTocyBaHHA METO/1iB IUTaHYBAaHHSA
EKCIIEPUMEHTY TMOPIBHAHO 13 TPAAWUIIHHUMH METONAMH
Jal0Th 3MOTY MiABUINUTH e(EeKTUBHICTh HAyKOBHX
nocmimkeHs y 2—10 pasiB. [Ipu mpomy pe3ymbraTté
MOJICTIIOBAaHHS MOXYTb OYyTH BHKOPHCTaHI IIpH
MPAaKTHYHIA peanizamii y cucTeMax KepyBaHHsS piBHEM
mutonornuHanHsd PMys y poOodiit 30HI BHpPOOHHYHX

MIPUMIIICHB.
B ocHOBY moOyZoBM  MOJeHi  MOKJIAICHI
BU3HAYCHUI  Jiama3oH  TeMmmepaTypd, BiZHOCHOI

BoJIOroCcTi Ta KOHIEHTpauii muiy PMas, 3a3naueni y
HOPMAaTHBHHUX JIOKYMEHTaX.

TpudakTopHa MOIENb MWIOTOTTHHAHHSI PMy 5 mutst
BpaxyBaHHS  MIKPOKJIIMaTHYHHX  [apamerpiB i
KOHIICHTpAllil NIy Ta Pe3yJibTaTiB iX B3a€EMOIil Mae
BUTIISIL;

Kgs =bg +0T +0o¢+b3C +by5T o+ by30C +
+b31CT +by3T2 +by¢? +35C% +by g7 ¢C,

ne T — remneparypa, °C; ¢ — BiTHOCHa BoJIOTicTh, %; C
— KoHnenrpaii mury PMas, mr/m®; b — koedimientn
perpeciiiHoi moeri.

@

EKcnoHeHUianbHa anpokcumauia KoHueHTpauii PM2.5

0.7

0.6

0.5

0.4 1

KoHueHTpauia PM2.5, mr/m?

0.3 4

0.2 1

0.1

e ExcnepumeHTanbHi AaHi
= EKCNOHEeHUianbHa Moaens

Clp) = 0.8491 - e~0.014000-¢
R2=0.9111

10 20 30 40

50 60 70 80 %

BiaHOCHa BONOricTb NOBITPA @, %

Puc. 1. 3anexuicTs koHUeHTpawii nuay PMzs Bifl BiTHOCHOT BOJIOTOCTI y IpUMillleHH]
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[MpuitaaTi obnacti BapiloBaHHS HapaMeTpiB IpHU
IIPOBEJICHHI EKCIIEPUMEHTY HaBeJIeHH1 y Tabi. 2.

Tabruysa 2 — Odaacti BapiloBaHHSA napaMeTpiB
NP NPOBeIeHHI eKCIepUMEHTY

IHo3zna- | Obnactb
Dakropu .
YeHHSA aocainy
Temnepatypa, °C T 12-30
BingnocHa Bonoricts HOBITPsI, % 0 10-90
Konnentpauii nuny PMas, mr/m? 0,15-0,85
MarematnyHa 0o0poOka  OTpUMAaHHX  JaHHX
JI03BOJIMJIa BCTAHOBHUTH CIIUIBHHUH BIUIMB TEMIEpaTypH,
BOJIOTOCTI ~Ta  KOHLEHTpauii mwiy IOBITpA Y
NpUMILIEHHI Ha Koe]ilieHT mwionornuHaHHs. Sk
crocio OTpUMAaHHS MOJIIHOMIaIbHOL Mozei

3aCTOCOBAHO TPU(AKTOPHE POTOTAOCIbHE IIaHYBaHHS
npyroro mopsaky. @DyHKIi€ BiAryky € KoedimieHT
NUJIONOrTHHAHH. DaKkTopu y KOJOBaHOMY BHIJIAII i
iHTepBaJIM 1X BapilOBaHHS HaBeIeHi y Tadi. 3.

Tabauys 3 — MaTpuus IVIAHYBAHHSA €KCIEPUMEHTY

T,B.0. | 9,B.0. | C, B.O. OTC' &” MrC/‘;m K, B.o.
-1 -1 -1 14 | 30 0,25 0,42
+1 -1 -1 22 | 30 | 0,25 0,35
-1 +1 -1 14 | 70 | 0,25 0,68
+1 +1 -1 22 | 70 | 0,25 0,59
-1 -1 +1 14 | 30 0,75 0,14
+1 -1 +1 22 | 30 | 0,75 0,08
-1 +1 +1 14 | 70 0,75 0,51
+1 +1 +1 22 70 0,75 0,44

-1,682 0 0 12 50 0,50 0,56

+1,682 0 0 30 | 50 | 0,50 0,38
0 -1,682 0 18 10 0,50 0,12
0 +1,682 0 18 | 90 | 0,50 0,64
0 0 -1,682 | 18 50 0,15 0,73
0 0 +1,682 | 18 | 50 | 0,85 0,18
0 0 0 18 50 0,50 0,49

[pu 00po0i pe3yIbTaTiB PpO3paxyHKiB

€KCIEPUMEHTY IIISXOM BUKIIOUYEHHS CTaTHCTUYHO
He3HauyImmx egekTiB 3a kpurepiem CrplojeHTa OyIo
OTPUMAHO pIBHAHHS perpecii JApPyroro MOpPSAKY,
aJIeKBAaTHICTh SIKOTO IATBEP/KEHA 3a KpHUTEpieM
dimrepa.

OcTaToyHO perpeciiiHa MOJENb  3aJIeKHOCTI
KoedilieHTa  MWIONOTIMHAHHA  JpiOHOIMCIIEpCHOT
¢bpaxiii PMys y KOJOBaHUX 3HAUEHHSX Ma€ BUTIISI:

Kgs =0,49—0,045T +0,145¢—0,152C —0,022T 2 —

3)
~0,03847 —0,015C? +0,012T ¢ —0,025¢C,

ne T — temmepaTypa moBiTps B mpuMiniesHi, °C; ¢ —
BigHOCHAa BoJoricte moOBITPA, %; C — wMacoBa
KOHIEHTpamig ity PMys Mr/me.

ITepeBipka CTaTUCTHYHOI 3HAYYIIOCTI IMapameTpiB
3MiHCHIOBANAcsl 3a JOMOMOTOK  CTaHAAPTH30BaHOL

[Mapero-kapTu. AnekBaTHICTH MOAENI IepeBipeHa 3a
koediuientom aerepminanii R?=0,942 o cBijuuThL Mpo
BHCOKY SIKICHY XapaKTEPHCTHKY 3B 513Ky KOe(ili€HTiB
CHCTEMH Ta MOXJIUBICTH TI BHUKOPHCTaHHS JUIs
MIPEANKTHBHOTO KepyBaHHS ABTOMAaTH30BaHUMHU
KOMIUTEKCaMH T ATPIMKH KOM(POPTHAX YMOB TIpalli.

Jlns BU3HA4YECHHS CTYIEHS Ta XapakTepy BIUIMBY
JOCIIKYBaHUX YNHHHKIB Ha IITFOBY (QYHKIIIO BIATYKY
(koedillieHT MIIOTIOTIIHHAHHES Kgs) Y TPOrpaMHOMY
komruiekci «STATGRAPHICS Plus» 6ymo BHKOHAHO
TIponenypy CTaHIapTH3AMil e(eKTiB. Ominka
CTaTHUCTHYHOI 3HAYYIIOCTI JIHIHHUX, KBaJpaTHYHUX 1
MapHUX B3a€EMOAIH OTPUMAHOIO  IOJIIHOMIalbHOTO
pIBHSHHS perpecii 3xilicHIOBaJacs 3a IOMOMOIOFO
CTaHAapTU30BaHOL KapTu ITapeto (xputepiit
CrpiozieHTa, piBeHb 3HauyIocTi a=0,05).

AHaii3 OTPHUMaHOTO pPO3MOJIIY CBIXYUTH, IO
JOMIHYIOUMH BHECOK y (OPMYyBaHHS BEINYNHH
KoedilieHTa MWIONOTTHHAHHS Ma€ BiTHOCHA BOJIOTICTH
TIOBITPS, AKa Mae JOfaTHE 3HAYCHHS
craHnaptusoBaHoro edekry. Lle miaTBepkye panimie
BHCYHYTy TilOTe3y TMpo Te, Mo iHTeHCcHpiKamis
OpOIIECIB  BOJIOTOi  CEMMMEHTAIii Ta MiHiMi3alis
BTOPMHHOT'O 3aBHCAHHS MWy 32 PaxyHOK 3armoOiraHHs
CyXill JIecTpyKiii MIKpO3B’sI3KiB BiAIrparOTh KIIIOYOBY
poJIb y Ae3akTHBaLil Mool xmMapu ¢pakuii PMas.

JdpyruM 3a 3Hauymictio (akTopoM € BXiJHa
MacoBa KOHICHTpAIlisl MY, SKa Mae HEraTHBHUI 3HaK
edexTy, MO CBIJYUTH MPO IOCTYNOBE HACHUCHHS
€MHOCTI CaMOOYHIICHHA TOBITPIHOTO 00’€My IIpH
KPUTHYHUX  PIBHAX  3alMJIeHHS. TemrepaTypHUH
YUHHMK i KBaJpaTHuHUil eheKT BONOrocTi (¢?) Takok
BHU3HAHI CTaTUCTHYHO 3HAUYYIIMMH, OCKUIBKH  iX
aOCOIOTHI 3HAYECHHS NEPEBUILYIOTh KPUTHUHY MEXY
Croronenra (tgpum=2,57), Tonl sk edexktd mnoTpiiHOT
Bzaemomii  (T'9p'C) Ta  kBagpatuuHumii  eQexT
koHuentpauii (C?) BUABUIMCA HMXKYMMHU 3@ TOPIr
3HAYYNIOCTI Ta OyJd BHKIIOYCHI IIPHU ONTHUMI3AIll
MozelIi.

Jnst neTalbHOrO BHBYEHHS B3a€EMHOTO BIUIMBY
TEPMOJWHAMIYHUX TapaMeTpiB 1 KOHIIGHTpalii Ha
MTIJIOTIOTJIMHAIBHE  KYMYJIATUBHE T10Jie  3adikcoBaHO
omuH i3 (hakTopiB Ha 0a30BOMYy (HYIEOBOMY) piBHI Ta
moOyIOBaHO JBOBHMIpHI IOBEpPXHI BIATYKY Ta ixHi
i30uiHIT (JIiHIT pIBHOTO PiBHS).

Ha pwuc.2 mnpeacraBmeHa MHOBEpXHS BIATYKY Ta
JiHI{ piBHA 3aJIeKHOCTI KoedillieHTa MHUIIONOTINHAHHS
Kgs BiZ TeMmepaTypd Ta BiJHOCHOI BOJIOTOCTi MOBITpS
mpu ¢ikcoBaHii cepenHii KoHueHTpamii mmry PMays
(C=0,50 mr/m3).

AHaii3 reoMeTpu4HOTO  Mpodisto
(puc. 2) moOKa3zye WITKO BHpaKCHUH
eKCTpeMaJIbHUH XapakTep B3aeMoJil. MaxkcumanbHa
e(EKTUBHICTb YTPUMYBaHHS i 0Ca/KEHHS
apibromucnepcHoro aeposointo (Kgs>0,60) mocsiraeTbest
y 30HI Hu3bKHX Temmepatyp (12-16 °C) ta Bucokoi
BimHOCHOiI Bosorocti (p=75-90 %). ®izmyno 1IC
MOSICHIOETBCS ~ 3HIDKEHHSIM  KIHETWYHOI  eHeprii
TEPMIYHOT KOHBEKIIii MOBITPSHUX Mac H OJHOYACHHM
IOCSTHEHHSIM MAaKCAMaJbHOI CTAaOUIBHOCTI BOIHHX
MIKpPO3B’SI3KIB Mi)K YaCTHHKAMH MWIY Ta TOBEPXHEIO
1 ITOTH.

MTOBEPXHI
HEJIHIAHUT
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TemnepaTypa nogitpa T, °C
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3HavyeHHn koedilieHTa nunonorAMHaHHA Ky,

0.1

0.0

70 90

BinHocHa BonoricTe nosiTps ¢, %
a pa @,

Puc. 2. 3anexxHOCTI TeMIIepaTypH Ta BiTHOCHOI BOJIOTOCTI ITOBITPS
npu dikcoBaHili cepeHiil kKonnenTpanii muty PMzs (C=0,50 mMr/m®)

31 3pocraHHsM Temmeparypu Tnonan 24 °C Ta
3HW)KEHHSIM Bojiorocti Hmkde 30 % crocrepiraerbes
CTpiMKe mafiHHSA KoeQillieHTa IUJIONOTJIMHAHHS [0
kpurnyHoro Minimymy (Kgs<0,15). 3a3nadena obiactsb
XapaKTepU3yeThCs SIK 30HA CyXOi AECTPYKIIil, e OBHE
BUIIAPOBYBAHHS BOJIOTM IPU3BOIUTH O PyHHYBaHHS
KaIiJSIPHUX CHIT aAre3ii, BHACIIIOK YOT'0 3BaYKCHUH ITHIT

0.85
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MacoBa KoHUeHTpauis nuny C, Mr/m3

0.25
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BigHocHa BonoricTe NoBiTpa ¢, %

PMys mig pmiero crmaOKux —MEXaHiYHHX — 30ypeHb
(KOHBEKTUBHUX TIOTOKIB ab0 pyXy MEpCOHANY)
IHTEHCHBHO PECYCIIEHAYEThCS (3aBHCAE), IPAKTHYHO HE
I1JaAI0YKCh TIPUPOJAHOMY OCA/IKEHHIO.

Ha puc. 3 HaBegeHo i30uiHIT B3aeMOii BiITHOCHOT
BOJIOTOCTI Ta KOHLEHTpAaLil MWIy INpH HOPMaTHUBHIN
6a3o0Biii Temneparypi cepenosuina (T=18 °C).

3HavyeHHA KoedilieHTa NUNONOrNMHAHHA Kqpq

70 90

Puc. 3. 3anexxHOCTI BiJHOCHOI BOJIOTOCTI Ta KOHLICHTPALii MUY
IpY HOpMATHBHIN 6a30Biit Temnepatypi cepenosumia (T=18 °C)
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XapakTep i307iHIH Ha puc. 3 HiATBEPIKYE, LIO0
HaBiTh 32 YMOB BHCOKOIO IIEPBUHHOTO 3allUJICHHS
po6Gouoi 3onn (C>0,70 mr/m®), mryune migBUIIEHHS
BITHOCHOi BOJIOTOCTI TOBITPs 10 piBHI 65-80 %
JIO3BOJISIE YTPUMYBATH KOCOII[IEHT MAJIONOTINHAHHS Ha
crabineHo  Bucokomy  piBHi  (kes=0,45-0,50). Ile
CBIIYUTH MNP0 BHCOKY KOMICHCYBAJIbHY 3IaTHICTH
BOJIOTICHOTO (hakTOopa Ta BKa3ye Ha JOIIBHICTH

iHTerpamii OTpHMaHOi MOJiHOMialbHOI Monem B
aNrOPUTMHU HPEITUKTUBHOTO ABTOMaTH30BAHOT'O
KepyBaHHS acCHipalifHIMH Ta  3BOJIOKYBaJIbHUMH

IH)KCHEPHUMH CUCTEMAaMH MPOMUCIIOBUX TPUMIIICHb.

Ot1xe, CyKyNHICTh pe3yJbTaTiB IiATBEpIHiIa
HeNmHIHHICTE  (QYHKUIT BIATYKYy Ta IepeBakKaHHA
BOJIOTICHOTO (hakTOopa. MoJIeNb BiZOKPEMITIOE 00JIACTh
MiZBUINCHOT cTabimizamii muiaoBoi ¢a3u Biag obOmacti
cyxoi jecTpykuii Ta 3a0e3nedye KUIbKICHY OCHOBY JJIs
MOJANIBIIOT  IHTEpIIpeTamii MeXaHi3MiB, OIliHIOBaHHA
MPaKTHYHOT MPUAATHOCTI Ta BHU3HAYCHHS OOMEXEHb
3aCTOCYBaHHSI.

4. O0roBopeHHs pe3yJabTATIB J0C/iIKEHHA
CHHTe3y TP (aKTOPHOI perpeciiiHoil Moxei
NMUJIONOTJIMHAHHA Y NOBITPSIHOMY
cepeoBHIIi BUPOOHUYUX NPUMilllEeHb

OtpumaHi pe3ynbTaTH MiATBEP/DKYIOTH OCHOBHY
TinoTe3y AOCHiHKEeHHS: Koe(ilieHT MIIOTIOTINHAHHS €
HENiHIHHOIO ¢dyHKIIi€I0 CHLTEHOTO BIUIABY
TeMIepaTypH, BiJHOCHOI BOJIOTOCTI Ta MMOYaTKOBOT
xoHnenrpanii PMys. 3nauenns R?=0,942 cBiguuts, mo
y MeXax MpUHHATOro (hakTOPHOro MPOCTOPY MOJIEIb
MOSICHIOE ~ TMEepEeBaXHY  4YacTHHY  Bapiamii  Kgs.
[TpUHIMIIOBO BaXIMBO, IO CTATHCTHYHO 3HAYYII
koedilieHTH MaroTh (GI3MYHO HECynepewIinBl 3HAKH i
inTepnpetanito. lle Hamae mWiICTaBH  pO3TISIATH
PIBHSHHS He JuIIe K (GOpMalbHY alpoOKCHMAIII0, a sIK
CHpolIeHe IH)KEHEpHE TPEJCTAaBICHHS IMHAMIYHOTO
0amaHCcy MK TIFPOCKOINIYHAM POCTOM, KOATyILIIET,
aare3ifHUM  3aKpiIUICHHSIM, CeqUMEHTAIICI0  Ta
pecyCIIeH31€10 YaCTHHOK.

BcraHoBneHe ekcrioHeHIiiiHe 3MenmeHHs C 31
3pOCTaHHAM @ (R%=0,911)  ysromkyerbcs 3
pesyapTatamu  [10], ski  mOKasand  3alICXKHICTh
pecycnensii Bi BOJIOrOCTI Ta BIACTUBOCTEH CHUCTEMHU
«JaCTHHKa—TIOBEPXHs», & TAKOXK 13 HociikeHHsM [11],
Jie BOJIOTICTh BIUIMBAJa HAa OCA/UKEHHS Ta KOAryJIIio
aepo3osibHUX uacTWHOK. Jlawi [12] 1 ormsg [13]
JIOAaTKOBO MiTBEPKYIOTh, 10 IBHIKICTH OCa/KEHHS
ICTOTHO 3QJIC)KUTh BiJ TIOBEpXHI Ta TPHUCTIHHOTO
MOBITPSHOrO MOTOKY. Ha BigMiHy Bix 3a3HayeHHX
mpamp, y SKAX OKpPEMi MEXaHI3MH aHalli3ylOThCS
MEepeBaKHO  aBTOHOMHO,  3alpOIOHOBaHA  MOJENb
iHTerpye iXHil pe3ynbTyIOUnil TIPOSB y MOKA3HUKY Kgs i
OB’ s13y€ HOTO 13 TPhOMa KEPOBAHUMH MTapaMEeTPaMH.

ITepeBakaHHsS BiTHOCHOI BOJIOTOCTI MOSICHFOETHCS
il OHOYACHMM BIIJTMBOM Ha KiTbKa JAHOK aepo30JIBHOI
IUHaMikd.  AncopOriss  BOmsHOT mapu  301IbIIye
e(eKTUBHMHI AiaMeTp 1 Macy TirpOCKONIYHUX YaCTHHOK,
0 MiJBHINY€E MIBHIKICTh T'PABITAIHHOTO OCAJKCHHS.
@dopMyBaHHS KamJSIpHUX MICTKIB 30UIbIIye CHITY
3YEIUICHHSI 3 TOBEPXHEI0 Ta 3MEHIIYE HMOBIPHICTb
MIOBTOPHOTO  BiJpUBY. BonmHouac  3Hauymicte

KBaJIPATHYHOTO YJIEHA (° CBiIY4UTH PO HACUYEHHS
nporo e(peKTy: TiCis TEBHOTO PIBHA IOJAJIBIIC
3BOJIOXKEHHsI 3a0e3meuye MeHmmit mpupict Kgs. Came
HENHIMHICTG  TOSICHIOE TepeBary  IOJIHOMialbHOT
MOJIEJIl APYroro MOpsAKY HaJ JIIHIHHOI Ta JO3BOJISE
BH3HAYAaTH HE MPOCTO HAmpsM 3MiHH, a H oO0macTh
pamioHaIFHOTO KEPYBaHHS.

TemmeparypHuii epekT POpPMyeEThCS depe3 3MiHY
B’A3KOCTI  TOBITPS,  IHTEHCHBHOCTI  HPUPOIHOL
KOHBEKIIil, IIBUAKOCTI BHUIIAPOBYBaHHSA aIcopOOBaHOL
BOJIOTH Ta CTIHKOCTiI KamJIIPHUAX 3B’S3KiB. 3a ITOMipHO
HU3BKMX TEMIIEpaTyp MOCIa0II0e€ThC KOHBEKTHBHE
NepeMilTyBaHHs Ta 30epiracThCsi BOJOra y KOHTAKTHIH
30Hi, IO CHpUsIE OCA/DKEHHIO Ta (ikcallii YacTHHOK.
[linBuiieHHs TeMmnepaTrypu NPHCKOPIOE BUCYIIYBaHHS
MOBEPXHEBOI NMWIOBOI (pasu Ta CTBOPIOE YMOBH A
BiIpMBY 4YacTMHOK. ToMy Temmeparypa He €
i30IbOBAHIM MOHOTOHHHM PETYISITOpPOM: 1i BIUINB
peari3yeThes yepe3 B3a€MOJIII0 3 BOJIOTICTIO T4 CTAHOM
MOBEPXHEBUX  BIJKJIAAEHb, M0  MiATBEPIKYETHCS
KPHBHHOIO OZIEp>KaHOI MOBEPXHI BIATYKY.

HeratnBHuii edeKkT MoYaTKoBOi KOHLEHTpALil
IHTEPIIPETYETHCS SIK NPOSB 0OMEKEHO! acCUMUISAIIIHHOT
€MHOCTI MOBITPSHOTO 00’ €MY Ta TIOBEPXOHBb OCAJKEHHSI.
3i 30UIBIICHHSM MNHJIOBOTO HABAHTAXCHHS 3pPOCTA€E
a0COJIOTHA KUNBKICTh YAaCTHHOK, IO 3aJIMINAETHCA Y
3BOKCHOMY CTaHi, a HAKONMYEHUH Ha MimIo3i i
oONajgHaHHI MW YTBOPIOE BTOPUHHE  JIKEPEIIO.
Hocmimkenns [5, 8, 9] mokazanu, mo XOmiHHSA ¥ iHIIA
MEXaHIYHa aKTHUBHICTh MOXYTh ICTOTHO 301iNBIIyBaTH
BHYTPIIIHIO KOHLEHTpAIil0 4acTWHOK. lle mosicHIoE,
qoMy Kgs He MOke BBaXKATHCS CTAJIOK BIACTUBICTIO
MMTY: BiH € XapaKTepPHCTHKOI KOHKPETHOI CHUCTEMH
«aepo30JIb—TIOBITPS—TIOBEPXHIA—PEXKNUM 30ypPEHHS».

Jlokanizanis obnacti T=12-16 °C i ¢p=75-90 % six
30HH MaKCUMAIBHOTO Kgs Ma€e (hi3MIHUIA 3MiCT, OCKUTBKH
BIJITIOBIZIa€ MOEHAHHIO 3HIKEHOT TEPMIYHOT KOHBEKIIIT,
rirpOCKOMIYHOr0  YKpyIHEHHs  Ta  cradurizauii
KanJsipHUX KOHTakTiB. [IpoTnnexna odiacte T>24 °C i
»<30 %, BH3HaueHa sK 30Ha CyXOl JecTpyKuii,
XapaKTepu3yeThesl TOCHaONeHHsIM aJre3idHux Ccui i
MiABUICHHSAM IMOBIPHOCTI pecycrensii. BuspneHHs
1€l 30HU € KIIOYOBUM PE3YJIbTaTOM: BOHO NEPETBOPIOE
SIKICHE YSIBIICHHS MPO HEeOe3IMeKy CYXOTro MiKpOKIIMaTy
Ha KUIBKICHY MEXy, SKy MOXHA BHKOPHCTAaTH SK
ToTIepeKyBAIbHUH 1HANKATOP y CUCTEMI KEpyBaHHS.

3anporoHOBaHE pIMIEHHA BHpimye mpobiemy
PEaKTHBHOTO KOHTPOJIO 3aBASKMA MEPeXoay  Bij
peectpartii Bxe chopmMoBaHoro TnepeBuiieHHsT PMas 10
MIPOTHO3YBAHHs 3MIHU THJIOTIOTJIMHAJIBHOI 3JIaTHOCTI.
Ile 3a0e3medyeThcsi TPhOMA BIIACTUBOCTSIMH MOJETII:
BUKOPHCTaHHSIM CHHXPOHI30BAaHOTO BEKTOpa CTaHy
(T, , C), ypaxyBaHH;IM HEeNiHIHHUX 1 TAPHUX e(EKTIB i
BUIIJIEHHSM oOJlacTi cyXxoi AecTpyKuii. 3aBJIsKH LLOMY
KepyBaJlbHa CHCTEMa MOXKE pearyBaTH He JIMIIe Ha
(akTHYHy KOHIEHTpalilo, a ¥ Ha HaOJIVDKEHHS
MIKpOKJIIMaTty /0 pEXHMy, B SIKOMY IIPUPOJHE
BUJIyYSHHS! YACTHHOK cJallllae, a PHU3UK BTOPUHHOTO
3aBUCAHHSI 3POCTAE.

OcCHOBHOIO C(Eepor0 3aCTOCYyBaHHS PE3yJIbTATIB €
aBTomatn3oBani cucremd Smart HVAC, nokanpHa
acmipariis, KepoBaHE  3BOJIOKEHHS, BUPOOHHYMIt
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MoHiTOopuHr [AQ Ta pHU3MK-Opi€HTOBaHE YIpaBIiHHA
OXOpoHOIO mpaumi. Ha BXoxmli airopurmMy MaroTh
BUKOPHCTOBYBATHCS ~CHHXPOHI30BaHI  BHMIpIOBaHHSA
PMg2s, T i @; Ha BHXOOi — MPOTHO3 Kgs 1 CHTHAN TIPO
HaONMKEeHHS 10 HecnpuaTIuBoi obnacti. KepyBanbHi
Ii1 MOXKYTh BKJIFOYATH 3MiHY MPOAYKTHBHOCTI acmipartii,
KpaTHOCTI 3arabHOOOMIHHOT BEHTIUIAIII,
IHTEHCUBHOCTI JIOKAQJbHOTO 3BOJOXKEHHS Ta PEKAMY
6e3mmoBoro npubupaHHs. [ToTeHIiIHHO OdYiKyBaHHNMH
eeKTaM € 3MEHIICHHS aMIUTITYJH Ta TPUBAJIOCTI IiKiB
PM2s, ckopoueHHS dYacoBO 3BaKEHOI IHTANAIINHOI
€KCIIO3MLIT NPaliBHUKIB, panioHalbHIIIEe BUKOPUCTAHHS
BEHTWIALIITHOTO o0JiaiHaHHS Ta 3HW)KEHHS
HMOBIpHOCTI (hOpPMyBaHHSI BTOPUHHUX ITHJIOBHX XMap.

YMOBOIO TIPaKTUYHOTO 3aCTOCYBAHHS € MOMEpPeIHs
JIOKaJIbHA iJeHTU(IKALsT MOJENI Ui KOHKPETHOTO THITY
ATy, TEXHOJIOTIYHOTO MPOILIECy, BEHTUIILIHHOT CXeMH Ta
MOBEPXOHb NMpuMimeHHs. [HTepBan ¢p=75-90 %, y sxomy
pO3paxoBaHO MaKCHMalbHI 3HaueHHA Kgs, He BapTto
0e3rmocepeIHbO TPAKTYBATH SIK PEKOMEHIIOBAHUN PEXNM
MOCTilHOT  eKcIuTyaTarii. HammipHa BOIOTICTE MOXe
CIOPHYMHATA  KOHACHCAINIO, KOPO3ifo,  Jlerpamamiro
MarepiagiB 1 MOTIPHICHHS TEIUIOBOrO  KOMQOpTYy.
[IpakTU4HO JOIITFHO BH3HAYATH MIHIMAIBHO JOCTATHIN
piBeHB @, sSIKHH 3a0e3nedye HeoOXinHe 3HmKeHHS PMas 3a
OOMEXEeHb WIIOJ0 TOYKH POCH, CaHITapHUX HOPM,
€HEeProcIIOKUBaHHS Ta TEXHIYHOTO CTaHy 00NaIHAHHSL.

BaxnuBoro yMOBOIO € TakoX METPOJIOTiuHa
KOPEKTHICTh BXIJHAX [aHHUX. [ ITpOCKOMIYHHIA picT
3MIHIOE IHTCHCHBHICTH CBITJIOPO3CIIOBaHHSA, TOMY
ONTHYHHUH CEHCOP MOXKE PEECTPyBAaTH 3MiHY CHTHAIY
HaBiTH 0€3 MPOMOPLIHHOI 3MIHM CyXOi MacH IWIy.
Hocmimkerns [16, 18] # ormsax [17] miaTBepKyrOTh
HEOOXIiHICTh KalliOpyBaHHS, BBEJCHHS TEMIEpaTypHO-
BOJIOTICHHX TIONPaBOK 1 KoHTpomo apeidy. OTxe,
Oe3mepepBHUI ONTUYHUI KaHAT JOIIBHO MEePiOJHYHO
3BIpATH 3 pe)epEHTHUM METOJIOM, a HeBU3Ha4YeHICTh C,
T 1 ¢ BpaxoByBarn Mg uac QOpMyBaHHS
MPOTHOCTHYHOTO iHTEpBATy Kgs.

[epeBaramu 3arporoOHOBAHOTO MiIX0AYy € (i3ndHa
IHTEpPIIPETOBAHICTh (axTopis, MOYIIUBICTB
OTIepaTUBHOTO O0UMCIIeHHS Ta Ge3nocepeHs
MPUAATHICTh 0 anropuTMizamii. PororabensHuii 1uiaH
3a0e3redye OIliHIOBaHHS KPHUBHHH Ta B3a€EMOJIH 3a
MEHIIOI  KITBKOCTI KOMOIHAIH, HDK  IIOBHUH
OaraTopiBHEBUI eKcIlepUMeHT. [lopiBHAHO i3 CyTO
eMITIPUYHAM TOPOTOBHM KEPYBaHHAM MoJeib (GopMmye
NPUYMHHO  OOIPYHTOBaHy  MPOTHOCTHUYHY  O3HAKy.
IopiBusiHo 3 TpuBUMipHUM CFD-MozentoBaHHIM BOHA
motpedye 3HAYHO MEHIIE OOYMCITIOBANBHUX PECYpCiB i
MOJKe TIPAIIOBATH y peaJbHOMY Yaci, X04a He BiITBOPIOE
MIPOCTOPOBY HEOAHOPIIHICTH MOBITPSIHOTO MOTOKY.

Jo  oOMexeHbp  TPOBEIACHOTO  JOCIIIKCHHS
HaJleXXaTh HEBEJIMKMH  OOCSAT  BHXIZHOTO  MAacHBY,
BUKOPUCTaHHS y3arajlbHeHUX BTOPHHHUX JIAOOpaTOpHHX
JIAHUX, BIJICYTHICTh HE3aJeXKHOT 30BHIIIHBOI BUOIPKH Ta
SIBHUX MPEIUKTOPIB MOBITPOOOMiHY, IIBHAKOCTI MOTOKY,
IIOPCTKOCTI ITOBEPXHi, XIMIYHOTO CKJIaaAy THIy U
aKTMBHOCTI mpaniBHUKiB. [IpumymeHHs mnpo KBasi-
OJTHOPIHICTh HE JIO3BOJISIE OIMCATH JIOKAIbHI 30HH O1JIs
JDKepell, TIPUTUTMBHUX CTPYMEHIB a00 poOOYHMX MiCIlb.
3mauenHs R? xapakTepusye BiANOBIIHICTE y Mexkax

HAaBYAJIBHOTO MacuBy, ajle caMe Mo cobi He MoXKe
rapaHTyBaTH IPOrHOCTUYHOT TOYHOCTI 11032 JIOCIIIPKEHUMHU
nianazoHamu. HeosikoM € Takok MOXKIIMBE 3MIITyBaHHS
peanbHOI 3MIHM CyXOi KOHIICHTpalii 3 BOJOTICHOIO
YyTIMBICTIO ONITHYHOTO BUMIPIOBaHHSI.

TTomanpuini PO3BUTOK OCIIIKEHHSA Mae
nependavyaTi HATypHY Balliallil0 Ha HE3aICKHUX
BHPOOHHYHMX 00’€KTax; MOBTOPHI cepii y HMEHTpaIbHUX
TOYKaxX IUIaHy; cTpaTtudikamico 3a CKIagoM i
IUCTICPCHICTIO TMITYy; BBEICHHS INBHIKOCTI TIOBITPS,
KpaTHOCTI ~ BEHTHJIAIil, TOBEPXHEBOTO  ITHIIOBOTO
HaBaHTaKEHHS i IHTEHCHBHOCTI PyXy NpaliBHHUKIB K
JOAAaTKOBUX  (pakTopiB; OIIHIOBAaHHA  PO3LIMPEHOT
HEBM3HAYEHOCTI; aHali3 3aJMIIKIB Ha HOPMAJBHICTB,
TOMOCKE/IaCTUYHICT 1 aBTOKOPENALII0; TepeXpecHy
MepeBipKy Ta MOPIBHSIHHI 3 MOACIIIIO «grey-box»,
y3arajpHeHUMH  aautuBHUMH Ta  CFD-momemsmu
[19, 20]. 3aBepmianbHUM €TANOM JOIIIBHO 3POOHTH
3aMKHEHUH BHPOOHMYMI EKCIEPHUMEHT, Yy SKOMY
KEpyBaHHS BEHTWIIALIIEI0 Ta 3BOJIOKECHHSIM
3MIHCHIOETBCS 32 MPOTHOCTUYHUM Kgs, 8 epEeKTUBHICTD
OLIIHIOEThCA 3@ 3MEHIICHHSAM ekcrosumii PMzs Ta
CTa0UIbHICTIO HOPMaTHBHUX MapaMeTpiB MiKpPOKIIIMATY.

5. BucHoBKkH

Y  mpencraBneHOMY — JOCHIDKCHHI  BUKOHAaHO
TEOPETUKO-EKCIIEpUMEHTAIbHE y3arajJbHEeHHs Ta
MaTeMaTH4He MOJICIIOBAHHS CIUIBHUX TEPMOANHAMIYHHX
1 cemUMMEHTaliHWX  TPOLECIB Yy  IMOBITPSHOMY
cepeloBHIll  HpuMilieHb.  OTpuMaHi  pe3yNbTaTH
JIO3BOJTHITH C(HOPMYJTIOBATH TaKi OCHOBHI BUCHOBKH:

1. Marematu4Ho  OOTPYHTOBaHO Ta  BIEpIIE
CHHTE30BaHO LUTICHY TPU(PAKTOPHY PEerpeciiiHy MoJeNb
JPYTOTro MOPSIJIKY, SKa KOMIUIEKCHO ONHCY€ HENiHIHHY

3aJICKHICTD IHTETPaIbHOTO KoedimieHTa
MMAIOTIOTTIMHAHHS IpiOHOqucTIepcHOi dpakmii PMys Big
CYMICHOTO  BIUTUBY  0a30BHX  TEPMOAMHAMIYHUX

mapaMeTpiB MIKpOKIiMary (TeMmepaTypu 1 BiHOCHOT
BOJIOTOCTi) Ta 3amMJICHHS MOBITPSHOTO CepeIoBHIIA

NPOMHUCIOBUX  IpuMilieHb.  Bucoke  3HaueHHs
. o . R2=0 942

KoedimieHTa  gmeTepMiHamii = Mojeni ,

miaTBepkye 1l CTAaTUCTHYHY  aJeKBaTHICTh  3a

kputepiem @inlepa Ta TrapaHTye BHCOKY TOYHICTh
MIPEANKTUBHOTO aHaJi3y KyMYJSTHBHUX BJIaCTHBOCTEH
TIOBITPSTHOTO 00’ €My.

2. ExcriepMeHTalbHO  BHSIBIICHO Ta  TrpadidHo
IHTEPIPETOBAaHO  ICTOTHO EKCTPEeMAJIBHHH  XapakTep
B33a€EMOJIi JOCIHI/DKYBAaHHX YHHHUKIB, IO JO3BOJMIO
YiTKO PO3MEXKyBaTH HPOCTOPOBI 30HM cralumizamii Ta
nectpykumii mmoBoi xmapu. Illmsxom TomorpadigyHOTO
aHaJi3y MABOBHMIPHHX i30JiHIH BIATYKY JOKasIi30BaHO
0o0JlacTh  MaKCUMAaJbHOI e(EeKTUBHOCTI MPHUPOTHOTO
ocapkeHHs aepo3omo (Ke=>0,60) B inTepBani Temmepatyp
(12-16 °C) Tta BHCOKOI BimHOCHOI BoOJOTrOCTi (=75
90 %), a TakOX MAaTeMaTHYHO J[JOBEICHO iCHYBaHHS
«30HM cyxoi gectpykuii» (7224 °C, ¢<30%), ne
HIBCIMIOBAHHS KANUIAPHUX CHJI aaresii depe3 medimut
BOJIOTM TPU3BOJAMTH 1O IHTEHCHBHOTO BTOPWHHOTO
pecycrieHIyBaHHS (3aBUCaHHS) YacTHHOK PMa s min miero
KOHBEKTUBHHUX ITOTOKIB.

3. JloBeneHO BHCOKY KOMIICHCYBAJIbHY —3JIaTHICTh
BOJIOTICHOTO UYMHHHKA, SKa [JO3BOJSIE  HIBEIIOBAaTH
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HCTATUBHUI BIUIUB KPUTUYHOTO TMEPBHHHOTO 3aIlMJICHHS
pobouoi 3ouu (C>0,70 mr/m®) i crabinisysatu Koe(ilieHT
muionormHanHs  Ha  piBHI  0,45-0,50 3a paxyHOK
IITYYHOTO JIOKAJILHOTO 30UTBIICHHS BiJTHOCHOI BOJIOTOCTI
noBiTpst 10 65-80%. OnepkaHa 3aKOHOMIPHICTb pa3oM 13
PO3pOOJICHOI0  MAaTEeMAaTHYHOK MOJCIUII0  CTAaHOBUTH
ANTOPUTMIYHUHA 0a3zuc IIsi MOOYNOBH TIPEAWKTHBHHUX
CHCTEM aBTOMATH30BAaHOIO KEPYBaHHS KOMILIEKCAMHU

(piHAaHCOBOTO, OCOOMCTICHOTO XapakTepy, aBTOPCTBA UM
IHIIIOTO XapakTepy, L0 MIr OM BIUIMHYTH Ha JOCIIJDKEHHS
Ta HOTo pe3yJIbTaTH, PEeCTaBICH] B JaHIl CTATTI.

®@iHaHCYBAHHSA

JocmimkeHHst oe3

MATPUMKH.

TIPOBOTMIIOCS ¢inancoBoi

JoctynHicTh AaHHX

MPOMHUCIOBOI  acmipamii Ta  3BOJOXKEHHS  TOBITPA,

. . '
3a0e3neuyrourl  JOCATHEHHS  HOPMATHBHOI  SIKOCTI Pyxomuc He Ma€ TIOB'A3aHUX NaHHX.
BHYTpitHBOro nositpst (IAQ). BukopucTanus 32c00iB IITy4HOr0 iHTEJIEKTY

iHTepeciB CTOCOBHO JIAHOTO JOCIIHKEHHS, B TOMY YHCII

10.

11.

12.
13.

14.

15.

16.

17.

18.

Kongpixr inTepecis ABTOpU MiATBEPIKYIOTh, 110 HE BUKOPHUCTOBYBAIIH

TEXHOJIOTI] INTYYHOTO IHTENEeKTy TIPpH CTBOPEHHI
MpeaCcTaBIeHOT poOoTH.

ABTOpH JEKIApyIOTh, IO HE MAIOTh KOHQIIKTY

CIIMCOK JIUTEPATYPU

Spengler, J.D., McCarthy, J.F. and Samet, J.M. (2000), Indoor Air Quality Handbook, 1st ed., McGraw-Hill, 1488 p.,
available at: https://www.accessengineeringlibrary.com/content/book/9780074455494

Ietpenko 1. C., Yenuena O. O., Jlamko €. €., Yebepsuxo 0. 1., Uebepsuko C. 1., Binmoycora K. I1. JlocnimkeHHs BILTUBY
MMAJIOBOTO HABAHTAXXCHHS Ta OIIHKA PH3HKY Ha 370pOB’s MpalliBHUKIB. [Ipobremu oxoponu npayi ¢ Yrpaini. 2024. T. 40,
Ne 1-2. C. 112-120. https://doi.org/10.36804/nndipbop.40-1-2.2024.52-56

(2018), Housing and health guidelines. World Health Organization. Retrieved July 14, 2026,
https://iris.who.int/server/api/core/bitstreams/be014865-921a-482c-89e4-9191c7476e13/content

UYenuesa O. O., bypaeiina H. b., Jlamko €. €., llleBuenko B. I'., [lerpenko 1. C. BrumB nunoyTBOpeHHS IPH MEXaHIYHOMY
00po6neHH] KapOOH-KapOOHOBHX KOMITO3HTIB HA pU3UK BUHUKHEHHS MPOQEeCciiHIX 3aXBOPIOBAHb. [Ipodiemu oxoporu npayi
6 Yxpaini. 2022. T. 38, Ne 3-4. C. 25-33. https://doi.org/10.36804/nndipbop.38-3-4.2022.25-33

Ferro, A. R., Kopperud, R. J., and Hildemann, L. M. (2004), “Source strengths for indoor human activities that resuspend
particulate  matter”,  Environmental Science & Technology, wvol. 38, no. 6, pp. 1759-1764, doi:
https://doi.org/10.1021/es0263893

3anoposxens O. 1., Cykau C. B., T'anaran O. I'., Koznoscbka T. @. Bu3naueHHs1 mapaMeTpiB onTUManbHOT KOM(MOPTHOCTI y
pobo4oi 30HI MPHUMIIIEHHS 3a IIOKa3HWKAMH TIOBITPSHOTO cepeloBHIIA. Bicnux Kpemenuyyyvkoeo HayioHanbHO20
yuisepcumemy im. M. Ocmpocpadcvroeo. 2017. Ne 102. C. 17-21, URL: https://visnikkrnu.kdu.edu.ua/statti/2017 1_17-
21 1-2017.pdf

Nazaroff, W. W. (2004), “Indoor particle dynamics”, Indoor Air, vol. 14, pp. 175-183, doi: https://doi.org/10.1111/j.1600-
0668.2004.00286.x

Tian, Y., Sul, K., Qian, J., Mondal, S., and Ferro, A. R. (2014), “A comparative study of walking-induced dust resuspension
using a consistent test mechanism”, Indoor air, vol. 24, pp. 592-603, doi: https://doi.org/10.1111/ina.12107

Rosati, J. A., Thornburg, J., and Rodes, C. (2008), “Resuspension of particulate matter from carpet due to human activity”,
Aerosol Science and Technology, vol. 42, pp. 472-482, doi: https://doi.org/10.1080/02786820802187069

Kim, Y., Wellum, G., Mello, K., Strawhecker, K. E., Thoms, R., Giaya, A., and Wyslouzil, B. E. (2016), “Effects of relative
humidity and particle and surface properties on particle resuspension rates”, Aerosol Science and Technology, vol. 50,
pp. 339-352, doi: https://doi.org/10.1080/02786826.2016.1152350

Wang, Y., Chen, L., Chen, R., Tian, G., Li, D., Chen, C., Ge, X., and Ge, G. (2017), “Effect of relative humidity on the
deposition and coagulation of aerosolized SiO2 nanoparticles”, Atmospheric Research, vol. 194, pp. 100-108, doi:
https://doi.org/10.1016/j.atmosres.2017.04.030

El Hamdani, S., Limam, K., Abadie, M. O., and Bendou, A. (2008), “Deposition of fine particles on building internal
surfaces”, Atmospheric Environment, vol. 42, pp. 8893-8901, doi: https://doi.org/10.1016/j.atmosenv.2008.09.005

Costa, D., Malet, J., and Gehin, E. (2022), “Dry aerosol particle deposition on indoor surfaces: Review of direct measurement
techniques”, Aerosol Science and Technology, vol. 56, pp. 261-280, doi: https://doi.org/10.1080/02786826.2021.2013431
Kim, M., and Park, J. (2024), “Study on size distribution and characteristics of particulate matter suspension in indoor space
depending on relative humidity”, Particle And Aerosol Research, wvol. 20, no. 2, pp. 25-33, doi:
https://doi.org/10.11629/jpaar.2024.20.2.025

Duarte, R. M. B. O., Gomes, J. F. P., Querol, X., Cattaneo, A., Bergmans, B., Saraga, D., Maggos, T., Di Gilio, A.,
Villanueva, F., and Mihucz, V. G. (2022), “Particulate matter indoors: A strategy to sample and monitor size-selective
fractions”, Applied Spectroscopy Reviews, vol. 57, pp. 675-704, doi: https://doi.org/10.1080/05704928.2022.2088554
Bousiotis, D., Alconcel, L.-N. S., Beddows, D. C. S., Harrison, R. M., and Pope, F. D. (2023), “Monitoring and apportioning
sources of indoor air quality using low-cost particulate matter sensors”, Environment International, vol. 174, 107907, doi:
https://doi.org/10.1016/j.envint.2023.107907

Lowther, S. D., Jones, K. C., Wang, X., Whyatt, J. D., Wild, O., and Booker, D. (2019), “Particulate matter measurement
indoors: A review of metrics, sensors, needs, and applications”, Environmental Science & Technology, vol. 53, pp. 11644—
11656, doi: https://doi.org/10.1021/acs.est.9b03425

Lunderberg, D. M., Liang, Y., Singer, B. C., Apte, J. S., Nazaroff, W. W., and Goldstein, A. H. (2023), “Assessing
residential PM2s concentrations and infiltration factors with high spatiotemporal resolution using crowdsourced sensors”,
Proceedings of the National Academy of Sciences, wvol. 120, no. 50, 2308832120, doi:
https://doi.org/10.1073/pnas.2308832120

available at:

45


https://www.accessengineeringlibrary.com/content/book/9780074455494
https://doi.org/10.36804/nndipbop.40-1-2.2024.52–56
https://iris.who.int/server/api/core/bitstreams/be014865-921a-482c-89e4-9191c7476e13/content
https://doi.org/10.36804/nndipbop.38-3-4.2022.25-33
https://doi.org/10.1021/es0263893
https://visnikkrnu.kdu.edu.ua/statti/2017_1_17-21_1-2017.pdf
https://visnikkrnu.kdu.edu.ua/statti/2017_1_17-21_1-2017.pdf
https://doi.org/10.1111/j.1600-0668.2004.00286.x
https://doi.org/10.1111/j.1600-0668.2004.00286.x
https://doi.org/10.1111/ina.12107
https://doi.org/10.1080/02786820802187069
https://doi.org/10.1080/02786826.2016.1152350
https://doi.org/10.1016/j.atmosres.2017.04.030
https://doi.org/10.1016/j.atmosenv.2008.09.005
https://doi.org/10.1080/02786826.2021.2013431
https://doi.org/10.11629/jpaar.2024.20.2.025
https://doi.org/10.1080/05704928.2022.2088554
https://doi.org/10.1016/j.envint.2023.107907
https://doi.org/10.1021/acs.est.9b03425
https://doi.org/10.1073/pnas.2308832120

Control, Navigation and Communication Systems. 2026. No. 3 ISSN 2073-7394

19. Gonzalez-Martin, J., Kraakman, N. J. R., Pérez, C., Lebrero, R., and Muifioz, R. (2021), “A state-of-the-art review on indoor
air pollution and strategies for indoor air pollution control”, Chemosphere, vol. 262, 128376, doi:
https://doi.org/10.1016/j.chemosphere.2020.128376

20. Zhang, L., Ou, C., Magana-Arachchi, D., Vithanage, M., Vanka, K. S., Palanisami, T., Masakorala, K., Wijesekara, H., Yan,
Y., Bolan, N., and Kirkham, M. B. (2021), “Indoor particulate matter in urban households: Sources, pathways,
characteristics, health effects, and exposure mitigation”, International Journal of Environmental Research and Public Health,
vol. 18, no. 21, 11055, doi: https://doi.org/10.3390/ijerph182111055

Received (Hanitinmna) 29.06.2026
Accepted for publication (ITpuiinrsita 1o apyky) 02.09.2026
Publication date ({ara my6umikanii) 25.09.2026

BIIOMOCTI [TPO ABTOPIB / ABOUT THE AUTHORS

Cykau Cepriii BosioguMupoBH4 — JOKTOp TEXHIYHHMX HayK, mpodecop, 3aBixyBad Kadeapu HUBIIBHOI OE3MEKH, 0XOPOHHU
Tparti, reojiesii Ta 3emieycTporo, KpemeHuyibkuii HaioHansHUH yHiBepeuteT iM. M. Octporpazacekoro, Kpemenuyk, Ykpaina;
Serhii Sukach — Doctor of Technical Sciences, Professor, Head of the Department of Civil and Labour Safety, Geodesy and
Land Management, Kremenchuk Mykhailo Ostrohradskyi National University, Kremenchuk, Ukraine;
e-mail: sergvs69@ukr.net; ORCID Author ID: https://orcid.org/0000-0002-6834-0197;

Scopus Author ID: https://www.scopus.com/authid/detail.uri?authorld=57202153691.

Jlamko €Breniii €BreHoBMY — KaHIUIAT TEXHIYHUX HAYK, JOICHT, JTONCHT Kadeapu IUBUILHOT OE3MEeKH, OXOPOHH Mpalli,
reozesii Ta 3emieycTporo, KpemeHuynskuii HaioHalbHUH yHiBepeuTeT iM. M. Octporpancekoro, Kpemenuyk, YkpaiHa;
Yevhenii Lashko — Candidate of Technical Sciences, Associate Professor, Associate Professor of Department of Civil and
Labour Safety, Geodesy and Land Management, Kremenchuk M. Ostrohradskyi National University, Kremenchuk, Ukraine;
e-mail: evgeny.lashko.lj@gmail.com; ORCID Author ID: http://orcid.org/0000-0001-9691-4648;

Scopus Author ID: https://www.scopus.com/authid/detail.uri?authorld=57203623830.

Yenuea Oabra OuekcaHapiBHA — JOKTOP TEXHIYHHMX HayK, JOIEHT, HOLCHT KadeapH IUBIIbHOI OE3NeKH, OXOPOHH Iparli,
reozesii Ta 3emieycTporo, KpemeHuynskuii HaioHabHUH yHiBepeuTeT iM. M. Octporpancekoro, Kpemenuyk, YkpaiHa;
Olha Chencheva — Doctor of Technical Sciences, , Associate Professor, Associate Professor of Department of Civil and
Labour Safety, Geodesy and Land Management, Kremenchuk M. Ostrohradskyi National University, Kremenchuk, Ukraine;
e-mail: chenchevaolga@gmail.com; ORCID Author ID: https://orcid.org/0000-0002-5691-7884;

Scopus Author ID: https://www.scopus.com/authid/detail.uri?authorld=57203619235.

Pe3nik Imutpo BosionuMupoBUY — KaHAWAAT TEXHIYHUX HAYK, AOIEHT, TOLEHT Kadeapu NUBLIbHOI Oe3MeKH, OXOPOHH Ipalli,
reozesii Ta 3emneyctporo, KpemMeHdypKuii HaioHaIbHIHA yHiBepcuTeT iM. M. Octporpaacekoro, Kpemenuyk, Ykpaina;
Dmytro Rieznik — Candidate of Technical Sciences, Associate Professor, Associate Professor of Department of Civil and
Labour Safety, Geodesy and Land Management, Kremenchuk M. Ostrohradskyi National University, Kremenchuk, Ukraine;
e-mail: 2411dimareznik@gmail.com; ORCID Author ID: https://orcid.org/0000-0003-1258-6136;

Scopus Author ID: https://www.scopus.com/authid/detail.uri?authorld=58493079400.

Herpenko IBan CepriiioBuu — moktop o¢inmocodii, acucTteHT Kadenpw LUBUIFHOI Oe3MeKd, OXOPOHH TMpali, reonesii Ta
3emiieycTporo, KpeMeHuynpkuii HalioHaIpHU yHIBepcuTeT iMeHi Muxaiina Octporpancekoro, Kpemenuyk, Ykpaina;
lvan Petrenko — Ph.D., Assistant of Department of Civil and Labour Safety, Geodesy and Land Management, Kremenchuk
Mykhailo Ostrohradskyi National University, Kremenchuk, Ukraine;
e-mail: ivanpetrenko95@outlook.com; ORCID Author ID: https://orcid.org/0000-0002-9846-3737;
Scopus Author ID: https://www.scopus.com/authid/detail.uri?authorld=58096873600.

Synthesis of a three-factor regression model of dust suppression in the air environment of industrial premises
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Abstract. Background. Ensuring the regulatory quality of air in industrial premises is an important condition for
industrial, technogenic, and occupational safety, since fine dust can remain suspended for a long time, become resuspended from
surfaces, and form an increased inhalation load on workers. Subject of the study: the processes of dust suppression,
sedimentation, and resuspension of fine particles in the indoor air environment under variable microclimate parameters.
Obijective: to develop a scientifically substantiated three-factor regression model of the dust suppression coefficient, taking into
account temperature, relative humidity, and mass concentration of dust for predictive control of indoor air quality. Research
tasks. To systematize the physical mechanisms of fine-particle deposition and resuspension; establish the analytical relationship
between PM2.5 concentration and relative humidity; synthesize and statistically validate a second-order polynomial model;
identify dust-cloud stabilization and dry-destruction regions; and substantiate practical model applications. Methods. Theoretical
analysis, synthesis of experimental data, nonlinear least squares, three-factor rotatable second-order design, regression and
analysis of variance, Student’s t-test for coefficients, Fisher’s F-test for model adequacy, and response-surface and contour
analysis. Results. The paper summarizes modern concepts regarding the influence of humidity, temperature, particle adhesion,
hygroscopic growth, and human mechanical activity on the formation of aerosol load. Based on an experimental dataset, an
exponential dependence of concentration on relative air humidity was constructed, and a second-order polynomial three-factor
model for the dust suppression coefficient was synthesized. According to the results of mathematical modeling, the dominant role
of relative humidity was established, the zones of dust cloud stabilization and the zone of dry destruction were determined, in
which the intensity of secondary particle suspension increases. Conclusions. The proposed model, with a coefficient of
determination of 94 %, can be used as an algorithmic basis for Smart HVAC, aspiration, and humidification systems in industrial
premises, as well as for assessing the risks of fine dust exposure to personnel.

Keywords: indoor air quality; dust suppression; resuspension; relative humidity; temperature; microclimate; regression
model; Smart HVAC.
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MATEMATHUYHE MOJIEJTFOBAHHSI JUMHAMIYHOI TEILJIOBOI PEAKIIIT
BATATOIIAPOBOI CTIHOBOI KOHCTPYKIIII 3A MEPIOJUYHOI'O TA
IMITYJbCHOI'O TEILIOBOI'O HABAHTAKEHHS

AHoTraunis. AxryanbHicTb. CramioHapHUH TEpMIYHMN OMIp HE Ja€ BHUYCPITHOT XapaKTEPUCTHKH OararomapoBUX
OTOPOKEHb 33 3MIHHHUX TEMIIEPATypHUX BIUTUBIB, OCKUILKA HE BPaXxOBY€E MPOCTOPOBOTO PO3IMOMALIY TEIUIOBOI iHEpIIl Ta
pexumy 30ymxeHHs. Ilpeamer Qoc/ifiKeHHsI: TUHAMi4HA TEIUIOBA PEAKIlsl CTALliOHAPHO EKBIBAIEHTHOI TPHUIIAPOBOI
CTIHOBOI KOHCTPYKIIii 32 TEPiOJAUYHOTO Ta CKIHUCHHOTO IMITYJILCHOTO TEIUIOBOTO HaBaHTaXXCHHS. MeTa JOCIiMKeHHS:
OIIHUTH BIUIUB TOPSIKY IIAPiB, TEMIEPATYPO3ATCIKHUX TEIUIO(I3SHIHAX BIACTHBOCTEH 1 KOMIICHCOBAHOTO MIXKIIIAPOBOTO
TEPMIYHOTO OIOPY 32 HE3MIHHOTO CYMapHOTO CTalliOHAPHOTO TEPMIYHOTO Ornopy. 3aBaaHHs AocaimkenHs. Chopmysatu
crienapii B, O, N, C5 i C10; BU3HAYUTH PEKUMHO BiJITIOBI/IHI MOKA3HUKH; IEPEBIPUTH YUCEIBHY CTIHKICTh 1 PO3IUTBHICTH
edekriB. MeToau nocaiizkenHsi. BUKOpHCTaHO OJTHOBUMIPHY MOJIEIb HECTALIOHAPHOT TEIUIONPOBIAHOCTI, TPAaHHYHI YMOBH
PoGina, meTo ckiHueHHMX 00’€MiB, HesiBHY cxemy Eiinepa, itepamii [likapa, eHepreTHuHi d MDKIIApOBI JiarHOCTHKH Ta
MIPOCTOPOBO-YaCOBE YTOUHCHHS. Pe3yabTaTu AocaimxenHs. s BCix xoHbiryparii 3abe3meueno Riot=3,65315m%K/Bm.
IIpocTopoBo-4acoBa uncenbHa HeBu3HaueHicTh cranoBuia 0,325166 % 3a mopory 0,5 %. st mapu B/O edexr 3MiHUB 3HAK
Bix —0,905363% y mnepioguuHomy pexumi mo +0,56625% B iMIynbCcHOMY; BiJHONICHHS e(eKTy 10 HEBH3HAYCHOCTI
cranoBwn 79,2365 1 88,85. /ns N mepiomnunuii epexr —2,00484% Oy posminenuit, a immynbcHuit —0,282142%
3anmiuuBes HeposainenuM. Epexrn C5/C10 takox He Oy grcenbHO po3niieHi. BucnoBku. Konrponsosana cramionapHa
€KBIBJICHTHICTh Pa30M 3 OI[IHKOIO YHCEILHOI HEBU3HAYCHOCTI JIa€ 3MOTY PO3JIUIATH PEKUMHO 3aIeXkKHI eeKTH; 3MiHa 3HaKa
BCTaHOBJICHA JIIIIE IS JOCIiIKeHo1 napu B/O Ta BUKOPUCTAHUX TTOKA3HUKIB.

Kaw4oBi cioBa: HectanmioHapHa TEIIONMPOBIAHICT; GaraTomapoBa CTiHOBAa KOHCTPYKIIis; AWHAMIYHA TETJIOBA PEAKIis;
TEPMIYHUH OTip; MOPSIOK HIapiB; TEMIIEPATYPO3AJICKH] BIACTUBOCTI; MDXKIIAPOBUI KOHTAKTHHUH OIIip; IEPiOJMYHE TEIUIOBE

HaBaHTa>XCHHA, iMHyJ’ILCHe TCIIJIOBC HABaHTaKCHHSI.

1. Beryn

TeMATHKH. [MixBumenns
OyxiBems moTpeOye He JHIIe
3MEHIIEHHS  CTAaliOHAapHUX  TEIUIOBTpaT  dYepes
OTOPOKYBAJIbHI ~ KOHCTPYKILii, a ¥ KOPEKTHOro
BpaxyBaHHS IX peakilii Ha 3MiHHI TeMIIepaTypHi BILTUBH.
YucenbHe MOJICIIIOBAHHS JJa€ 3MOTY JOCIIDKYBaTH TaKi
nporecu 0e3 3BENEHHS IX 10 OJHOTO IHTErpaibHOTO
MOKa3HUKAa Ta CTBOPIOE OCHOBY Ul OOIPYHTOBAHOTO
BUOOpY  KOHCTPYKTMBHHMX  pilleHb Yy  3ajadax
eHeproeeKTUBHOCTI W MonepHizauii OyaiBens [1, 2].
Tpagumiiine TEIUIOTEXHIYHE OLIIHIOBaHHS
OTOPOKYBAJIBHOT ~ KOHCTPYKHii ~ 3HAYHOIO  MIpOIO
TPYHTYETBCSA Ha ii cymMapHOMY TepMigHOMY omopi R abo
koedimienti Ttemmonepenadi U. Ili xapakrepucTHKH
BU3HAYAIOTh CTal[lOHApHY TeIUIoNepeaady, MpoTe He
MICTATh MOBHOI iH(OPMAILIT PO TPOCTOPOBHI PO3IIOALT
TEIUIOBOT'O OTNOPY U TeroeMHOCTi. ToMy KOHCTPYKIIii 3
onHakoBHM R a60 U MOXyTh MaTH pi3Hy HecTallioOHapHYy
peakmiro. Taka BiAMIHHICTP MIATBEPIKYETHCA 5K
TEOPETUIHUMHU JOCIIKEHHAMHI baraTromapoBux
CHCTEM, TaK i MOPIBHAHHAMM CTIHOBUX KOHCTPYKILH 3
OJIHAKOBMM  KoedirieHToM Temuonepenadi [3, 4].
3okpema, s cucteM 3 ogHakoBuM U y mitepatypi
MIOKa3aHO  BIIMIHHOCTI  YacOBHX  TeMIEpaTypHHX
XapaKTEepUCTUK,  MOB’s3aHi 3 TEIUIO(PI3HYHUMHU
BJIACTHBOCTSIMHM Ta PO3MOJUIOM TeruoBoi macu. OTxe,
CTallioHapHa EKBiBAJICHTHICTh € HEOOXiTHOI YMOBOIO
KOPEKTHOTO MOPIBHSAHHA KOHCTPYKIil 3a
TETIOBTPATaMH, aJie HEAOCTATHBOIO AJISI BUCHOBKY PO
CKBIBAJICHTHICTh ~ IXHBOI ~ JUHAMIYHOI  ITOBEIIHKH.
Oco0nuBoro 3Ha4YeHHs 1€ HaOyBa€ 3a TEPIOTUIHUX

AKTyaJIbHICTh
eHeproeeKTHBHOCTI

TEeMIEPaTypHUX KOJMBAHb i KOPOTKOYACHUX TEIIOBHX
BIUIMBIB, KOJIM pE3yJbTAT BU3HAYAEThCS HE JIMIIE
BEJIMYMHOK CYMapHOTO OIOpY, a H pPO3MOIiIoM
TeroQi3MYHUX  BIACTHBOCTEH y  TpocTopi Ta
XapaKTepHUM YaCOBUM MAacCIITaOOM IPOLECY.

2. AHaJi3 JgiTepaTypHUX TxKepes
i BU3HaYeHHA MPo0JieMHu

BrumB  BHyTpiliHBbOT OynoBHM OaraToriapoBHX
OTOpO/KEHb Ha TXHIO JMHAMIYHY TEIUIOBY MOBEIIHKY
JOCITIKYETBCS MPOTATOM TPUBAJIOTO qacy.
BcraHoBneHo, 1m0  po3TalmlyBaHHS — TEIUIOI30JIALII,
PO3IIOJIT TETIJIOBOI MAacH Ta B3a€MHE IMOJIOXKCHHS IapiB
MOXYTb ICTOTHO 3MIHIOBATH YacOBi XapaKTEPUCTHKH
KOHCTPYKIIi HaBiTh 0€3 mpomopImiiHoi 3MiHH il
cramioHapHoi  edekrtuBHocTi [5, 6]. CyuyacHi
JOCITIPKEHHST PO3MOJIITY TETIOI30JAIIHHIX 1 HeCydnx
mIapiB  MiATBEP/UKYIOTh, IO 3a HE3MIiHHOI 3araJbHO{
KUTBKOCTI MaTepiaiiB iX MPOCTOpPOBE pO3TAITyBaHHA
BIIMBA€ HA 3alli3HEHHS TEMJIOBOI XBWII Ta CTYHIiHB ii
saracanus [7, 8]. BomgHouac Taki pe3ysibTaTH
31€01IBIIOTO OTPUMAHO JJISl OJHOTO 33/IaHOTO TEPioTy
TeMIlepaTypHUX KOJMBaHb ab0 B MeKaX KOHKPETHOI
omTuMizaliiftHol 3ama4i. 30KpeMa, B OJHOMY 3
HaHOIMKINX 3a MIOCTaHOBKOIO JOCITIKEHb
MEePepO3OiT OAHAKOBOI KIIBKOCTI TEIUIOI30JISAIIHOTO
Ta HECy4Ooro MaTepialy aHailizyBaBcs 3a (iKCOBaHOTO
24-ToTMHHOTO TIepioay.

JuHamivuHy Terutonepenady MOKHA JOCHIKyBaTH
SIK Y 9aCTOTHIH 00J1acTi, TakK i 6e3MmocepeIHbO B YaCOBIH.
YacToTHI METOOW Mal0Th 3MOTYy BHU3HAYATH PEAKIIiIO
KOHCTpPYKIIi Ha rapMOHIYHE 30y DKCHHS Ta OI[iHIOBATH
3aracaHHs W 9acOBUI 3CYB TEIUIOBOI XBWi. J[Jist pisHHX
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[IEpEeCTaHOBOK THX CaMHUX ILApiB y>Ke MOKa3aHO CyTTEBI
BIIMIHHOCTI ~TakMX XapaKTEpUCTHK 3a J1000BOro
MepioAMIHOTO HaBaHTaxeHHs [9]. [Topsn i3 UM MeTou
(YHKIIH BIATYKY Ta TEIUIOBOTO IMITYJIbCY AAlOTh 3MOTY
XapaKTepu3yBaTH HECTALlIOHAPHY MOBEIIHKY CHCTEMH B
4acoBiii 00JacTi, BHW3HAYATH XapaKTEepHI YacoBi
MacmrTabu Ta OIHIOBATH TEIUIOBI BJIACTUBOCTI 3a
peakiliclo Ha KOHTpOJbOBaHe 30ymkeHHs [10-12].
TakuMm unHOM, Y JTiTepaTypi chopMOBaHO PO3BUHEHI, ajle
METOIMYHO Pi3HI MiAXOMH IO aHANI3y MepioaumYHOi Ta
TIepeXiTHOI TETIOBOT peaKxirii.

Jnst  mepiomuuHOro peXUMy BUKOPHUCTOBYIOTH
KoeillieHTH 3aracaHHs, NepioJUYHY TEIUIoNepeaady Ta
yacoBi abo (asoBi xapakrepuctuku [13, 14]. Ix
BEJIMYMHA  3aJC)KUTh  BiJ  CHIBBIJHONIEHHS  MIXK
XapaKTEepHUM YacoM TEIJIOBOIO IPOIECy Ta Mepioaom
30BHILIHBOTO 30y/pkeHHs. BogHouac peakuis Ha
CKIHUCHHUH TEIUIOBHH IMIIyJbC XapakTepU3ye IHIIY
JacoBY IOCTAHOBKY 3aiadi. CydacHi METOIH, 3aCHOBaHi
Ha QYHKIOSX BIATYKY, JalOTh 3MOTY IIOB’S3yBaTH
IMITyJTIbCHI ~ BUNIPOOYBaHHA 31  CTalllOHApHUMH  Ta
MEePIOUYHUMH  XapakTepucTukamu [15, 16], omHak
HAsBHICTh TAKOTO MaTEMAaTHYHOTO 3B’S3Ky cama o cooi
HE O3Ha4a€ TOTOXHOCTI BiJHOCHOI MOBENIHKH Pi3HUX
OaratomiapoBux KOHQirypamiii y IHMX peKuMax.
Danovska Tta criBaBTOpH, 30KpeMa, BHKOPHCTOBYIOTH
€IMHUN IMIYJIBCHUH EKCIIEPUMEHT Uil OJlep KaHHS
CTaIliOHAPHHUX i 24-roqUHHAX MEePIOTUIHUX
XapaKTepUCTHUK, IO MIATBEPIKYyE METONUYHY IiHHICTH
TaKoro 3B’S3Ky, aje HEe JOCHKYye 3MiHy PaH)KyBaHHS
CTalLliOHApHO €KBIBAJIEHTHOI Mapy 3a MOPSAIKOM IIaPiB.

JonatkoBe YCKIAJHEHHS BHHHMKA€ d4epe3 Te, MI0
pearbHi TEeIUIO(i3MYHI BIACTHBOCTI MaTepialliB MOXYTh
3ajexatd  Big  Temmeparypu. HemimiitHi  Mopmemi
HECTAL[IOHapHOT ~ TEIUIONPOBIAHOCTI  JAIOTh  3MOTY
BpaxoBYBaTH TaKy 3aJIeXHICTb [17], a eKkcriepuMeHTalIbHI
JIOCTIJDKEHHSI  MarepiaiiB  IiATBEP/KYIOTh 3MiHY iX
Tew10(i3NYHUX XapaKTEPUCTUK i3 TemmepaTyporo [18].
IMpore wi 3aiexHOCTI € MarepiajocrnenuPiyHUMU i
CIpaBe/UIMBUMH JIMIIE B JIOCII/DKEHUX TeMIepaTypHUX
MeXax, TOMy IX HE MOXHA NEpPEHOCHTH Ha JIOBUIbHI
Matepiand abo TeMIepaTtypHi mianma3oHd. BimmoimHO,
BIUIMB TEMIEpPaTypHOI HENHIHHOCTI Ha JIWHAMIYHY
PEeaxIlito Mae OLHIOBATUCS OKPEMO BiJI BIUTMBY CTPYKTYpPH

IapiB.
Ille oaHUM YMHHUKOM €  HEJIOCKOHAJICTh
TEIUIOBOTO ~ KOHTAaKTy Ha  MeXax  MaTepialis.

MixmapoBuii KOHTaKTHHH OMip TPU3BOIUTH 10
TEMIEpaTypPHOTO CTPUOKA 32 HEMEPEPBHOCTI TEIJIOBOTO
MIOTOKY, a AaHaJiTH4YHI PpO3B’SI3KM HECTaI[iOHapHOL
TEIUIOTIPOBITHOCTI  JAalfOTh MOXJIUBICTH  TIEPEBIpATH
yuceNnbHe BiATBOpeHHS Takux ymoB [19, 20]. Onnak
3BHYaiiHe BBEAEHHS JOAATKOBOTO KOHTAaKTHOTO OIOPY
OJTHOYAaCHO 3MIHIOE CyMapHHUH CTalllOHapHHH OIIip
chucTeMd.  YHacliok mporo  0e3  cremiaibHOi
KOMITEHCAIii HEMOXXJIMBO OJIHO3HAYHO BiJIOKPEMHUTH
BJIACHE TMHAMIYHHI BIUIMB MEXXi KOHTAKTY BiJl HACHIIKY
3MIiHA Riotal.

Omxe, TOMepeaHi  JOCHTIKEHHS  JIOCTaTHBO
MIEPEKOHJIMBO BCTAaHOBWJIM OKpPEMi 3aKOHOMIpHOCTI:
BIIMIHHICTh JIWHAMIYHOI peakmii 3a OJHAKOBHX

CTaIliOHApHUX TIOKa3HUWKIB, BIUIMB PO3TAITyBaHHS K

pO3MOALTY IIapiB, 3aJEKHICTh TEIUIOBOI peakilii BiJ
XapaKTEepHOTO 4Yacy, pOJIb TeMIIepaTypo3ajeHUX
BJIACTHBOCTE Ta MixmmapoBoro omnopy. Lli oxpewmi
eekTH He € HOBHM3HOW wi€l pobortu. HeBupimeHoro
3aJIMIIAETHCS 1HIIA METOAWYHA NpoOIIeMa: AK PO30LIbHO
OYIHUMU BHECOK 3A3HAYEHUX YUHHUKIE ) CMAYIOHAPHO
eKBIBAIEHMHUX ~ 0aA2amouwaposux KOHCMPYKYiax ma
npocmedicumu, 4y 30epieatomovcsi HANPAM i 00KA308iCMb
8I0N0GIOHO20  ehekmy ni0 uac  nepexody  6i0
nepioouyHo2o 00 CKiHYEHHO20 IMRYIbCHO20 MEeN08020
HABAHMANCEHHSL.

Hdns  po3p’sizanHs i€l mpoOimemu  TOTpiOHa
KOHTpPOJILOBAHA CHCTEMa MOPIBHSHb, Y SKi CyMapHUI
CTalllOHapHUH TepMIYHUI1 onip 30epiracThcst HE3MIHHUM,
a TMOpSNOK  mIapiB, TeMIepaTypHa  3aJIeKHICTh
BJIACTHBOCTEH 1 MIDKIIAPOBMHA KOHTAaKTHHH  OIIp
BBOJITBCSL SIK OKpeMi JOCHIDKyBaHi 4MHHUKH. Taka
MTOCTAHOBKA J]a€ 3MOTY YHUKHYTH 3MilTyBaHHS MPHYHUH i
BiIpi3HUTH (QI3MYHUN e(eKT BiJ 3MIHH CTaIliOHAPHOI
Teruronepenadi. BomHoYac BHCHOBOK IIPO MOXKIUBY
BiIMIHHICTh TOBEHIHKH MiX pPEKHUMaMH TTIOBHHEH
BHIUIMBATH 3 BIIACHUX YMCEIHHUX PE3YIIbTATIB.

3. Mera i 3aBIaHHA TOCTIIKEHHA

Memoio docniddicenns € YACETbHE BU3HAUCHHS Ta
MDKpEKUMHE TIOPiBHAHHS BIUIMBY TIOPSAIKY IIapiB,
TEMIIePATyPO3AICIKHUX TCIIO(I3UYHUX BIACTUBOCTEH i
KOMIIEHCOBAHOT'O MIXKIIIaPOBOTO KOHTAKTHOTO OIOpY Ha
JUHAMIYHY TETJIOBY peakuito CTal[iOHApHO
€KBIBaJICHTHOI 0araTomapoBoi CTIHOBOI KOHCTPYKIIi 3a
MEePIOUYHOTO Ta CKIHYEHHOTO IMITYJIbCHOTO TEIIOBOTO
HaBaHTAXKECHHS.

Jnst MOCATHEHHS TOCTaBIEHOI METH HEOOXiIHO
PO3B’s3aTH TaKi 3aBAAHHS:

1. Coopmysamu  kowmporvosany  cucmemy
CMAaYiOHAPHO eKBIBAIEHMHUX PO3PAXYHKOBUX CYEHapii8
B, O, N, C5 i Cl10, y sxiii 3MiHa JOCIIIKyBaHOTO
YUHHUKA HE CYNPOBO/DKYEThCS 3MIHOIO CyMapHOTO
TEPMIYHOI'O OIOpPY KOHCTPYKIIi.

2. Pospobumu ma nepegipumu uuceibHy mooeib
HecmayioHapHoi  menaonpogionocmi  6araTomapoBoi
KOHCTPYKILIi, fKa Jae 3MOry BpaxOBYBaTd MOPSJIOK
urapiB, TEMIEPATYpPHY 3aJCKHICTh TEIUIO(I3UIHUX
BIIACTUBOCTEH 1 MIKIIIAPOBUH KOHTAKTHUH OTIIp, 8 TAKOXK
OKpeMO BH3HAUaTH [OKa3HUKH IEpioguyHOI  Ta
IMITyJILCHOT peaxiiii.

3. Kinbkicno oyinumu U 3icmasumu  6NAUE
00CHIOHNCYBAHUX YUHHUKIB Y OBOX PENCUMAX MENI08020
HaganmagicenHs, He OTOTOXKHIOYN (azoBe 3ami3HEHHS
MepiOJUIHOTO MPOIIECY 3 YACOBUMHU XapaKTEPUCTHKAMHU
CKiIHYEHHOTO IMITYJIbCHOTO BiZITYKY.

4. [lepegipumu wuceavbHy po30iltbHicmb | CMIUKICMb
YCMaHo8IeHUX ehexmie 3a JAHUMHU ITPOCTOPOBO-YACOBOT
30DKHOCTI Ta CQOpPMYJIIOBATH JIMIIE Ti BHUCHOBKH,
BEeIMYMHA SKUX MEpPEBUIY€E€ BiAMOBIIHWI piBEHb
YHUCENILHOT HEBU3HAYEHOCTI.

HaykoBo-MeToinuHMi BHECOK pOOOTH TIOJISITAE HE
B TIOBTOPHOMY BCTaHOBJICHHI BiJIOMOTO BIUIMBY MOPSIIKY
mapiB, TEMJIOBOI iHEpIil, TeMIepaTypo-3ajeKHUX
BJIACTHBOCTEH a00 MIKIIApPOBOTO OIOPY OKpPEMO, a y
KOHMPOAbOBAHI CXeMI UYUCENbHO20 PO30LIEHH UYUX
YUHHUKIE 30 OOHAKOBO20 CYMAPHO20 CMAYIOHAPHO20
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MEPMIYHO20 ONOPY MA iX MINCPEHCUMHO20 OYIHIOBAHHSL.
Y Mexax wmiel cxeMu s Odocnidxcenoi napu B/O
YHUCENIBHUMH pe3yJIbTaTaMi BCTAHOBJICHO CTIHKY 3MiHY
3HaKa BIJIHOCHOTO eQeKTy IOpsAKy IIapiB Mg yac
Nepexoy Bil MEPiOJUYHOTO JIO0 IMIYJIECHOTO PEXKHMY.
Leit pe3ympTaT CTOCYEThCS caMe [OCTIDKEHOI IMaph
KOH(}irypariif i 3a7aHUX PEeKNUMIB HaBAaHTAXKCHHS Ta He
PO321A0AEMBCA AK VHIBEPCAbHA 3AKOHOMIPHICMb OJlsl
008ibHUX DA2amMoOUaposUx KOHCMPYKYIil.

4. Marepiayiu i MeTOAU TOCTiIKEHHS

4.1. O0’eKT HOCaiTKEeHHA
TAa MATEMATHYHA IOCTAHOBKA

Po3risiHyTO  OJHOBUMIpHMI  HecTalliOHapHUH
TEIUIONEPEHOC Yy  TPUINAPOBIH  IUIOCKIH  CTIHOBIH
KOHCTPYKIIii 3araibHOI0 TOBIIUHOK (,34m. Y 0a3oBiit
KOH(QIryparfii mapu po3TalioBaHO B IMOCIIJOBHOCTI A—
B-C: map A — nerkuii OeTOH Ha KepaM3HTOBOMY
3amoBHIOBadi  3aBToBmku (0,/0 m, map B -
TEIUIOI30IAiHNH MaTepian 3aBToBIIKHU 0, /2 m, map C
— merna 3aBToBmKK 0,12 m. Buximai TemnodizmdHi
BJIACTHBOCTI MaTepiajiB OTPHUMAHO 3 HOPMAaJi30BaHUX
JDKepeNIbHUX ~ 3amuciB  0a3u  JaHWX;  reoMeTpis
KOHCTPYKIIii € mapameTpoM c(hOpMOBaHOI PO3paxyHKOBOT
moctaHoBku. CaMe I1i 3aITUCH Ta TOBIIMHHU 3aKPIIICHO Y
koH(irypauii Mozxeni. Koopaunary X BimpaxoBaHO Bij
30BHILIHBOI TOBEpXHI A0 BHYTpilHbOI. JlomarHuii
HAarpsiM TEIUIOBOTO MOTOKY HMPUHHATO BiJ 30BHILIHEOTO
cepeloBHINAa 10 IpuMimeHHs. TemonepeHoc Yy
KOXKHOMY IIIapi ONMHUCY€ThCS PIBHSAHHSAM HECTALiOHApHOI
TEIUIOTPOBITHOCTI:

T, 9 aT;
(Mo 5 =] @

ne Ti=Ti(x,t) — remmeparypa i-ro mapy, °C;, X —
koopauHata, M; t — w4yac, c¢; Ki — xoeoimieHt
TeronpoBigHocti, Bm/(m'K);  Cpi —  nMTOMa
TEIUIOEMHICTD, /Jorc/(ke'K); pi — TycTHHa, Ke/M>.

PiBusiuast (1) Bupakae JIOKaJbHUII  3aKOH
30epeXeHHsT eHepril Ui TeIUIONPOBIAHOCTI. 3aragbHa
IporpamMHa  peaji3amis  JOIyCKae  TEMIEpaTypHY
3aJIeXKHICTh TEINIO(QI3NYHUX XapaKTePUCTHK, OJHAK Y
¢akTHuHO BHWKOpHCTaHOMY creHapii N TemmepaTypHi
3aKOHM AaKTHBOBAHO JIMIIE TaM, JI€ BOHH MAaloTh
miATBEepKeHH 3 JoKepern. s Matepiamy mapy A
BHUKOPUCTOBYIOTHCS 3asexHocTi K(T) i Cp(T), orpumani 3
HOpMaJli30BaHUX EKCIepHUMEHTanbHuX manux [17, 18].
I'yctuHa mns miei KoHQIryparii BHKOPHCTOBYETHCS 5K
JDKEpENIbHO BU3HAYECHE ONOPHE 3HAYCHHS; OKPEeMUii
3akoH p(T) y MOTOYHIN MOJ€eNl Ul OT0 MaTepiany He
aktuBoBaHWi. TakuMm umHOM, piBHSHHS (1) momaHo B
3arajpHiil Qopmi, ame B IOTOYHOMY JOCIIJUKEHHI
TEeMIIepaTypHa HENIHIMHICTP HE BBOAWTHCSH  JUIA
rapaMeTpiB, IS IKMX BIZICYTHS JUKEPENIbHA 3aJI€XKHICT.

JlokanpHMH ~ TEIUIOBMH  TOTIK  BH3HAYAETHCS
3akoHOM Dyp’e

= kTaTi 2
4 = —l(M 5, @

I (i — TyCTHHA TEIUIOBOTO MOTOKY, Bm/m?.
Ha 3oBHIIHIA Ta BHYTpIIUIHIH OBEPXHAX
3aJ1al0ThCsl KOHBEKTHBHI IrpaHuyHi ymMoBH PobiHa:

Q(out) = h(out) [Te (t) - T(s,out) (t)]‘

(iny = P [ Ts,imy ) = Tiimy |, 3)
1e hout= 10 Bm/(m*K) i hin="T7 Bm/(m*K) — xoeditientu
KOHBEKTUBHOTO Termooominy; Te(tf) — Temmepatypa
30BHIIIHBOTO TOBITPS; Tsout 1 Tsin — TEMIIEpaTypu
30BHILIHBOI Ta BHYTPIIIHBOI MOBEpXOHb; Tin = 20°C —
TeMIeparypa BHYTPIiITHHOTO TTOBITPSI.

Jns  igeanpHOro KOHTAaKTY TeMIeparypa Ta
TEIUVIOBHHA TOTIK Ha MeXi CyMDKHHX IHapiB €
HemepepBHUMH. [l  HEJIOCKOHANIOro KOHTaKTy 3

tepmiuauM onopom Rc,jR{c.j}Rc,j BukoHyeThCs
4G =4 =4~ T =dRep, 4

ne Rej mae posmiphicte m?>K/Bm. 3a R¢j = 0 ymoBa
NEePEeXOMUTh Y BHIIQNOK iTEAIBHOTO KOHTakTy. Take
NPENCTABICHHS ~ Y3TOUKYETBCS 3  AHAIITHYHHMHU
MOCTAaHOBKAMH HECTalliOHAPHOT TEIIONPOBITHOCTI Yepes
HegockoHanmi Mexi [19, 20]. VYV camiii uncenbHil
peanmizaiiii  JI0AaTKOBO  KOHTPOJIOETHCS  3QJUINOK
cmiBBigHOIIEHHST AT—gR: Ansl KOXHOT MIDKIIapOBOi
MEXi.

4.2. KoHTpOJb cTAaliOHAPHOI eKBiBaJT€HTHOCTI
Ta cucTeMa cueHapiiB

Jns  BiIOKpeMJICHHS AMHaMiYHUX e(eKTiB Bij
3BHYAaiHOT 3MIHM TEIUIOI30JALiiiHOT 31aTHOCTI  BCi
OCHOBHI KOH(Iryparfii MOpIBHIOBAIX 3a OIHAKOBOTO
KOHTPOJILHOTO CYMAapHOT0 CTaI[iOHAPHOTO TEPMIiYHOTO
orIopy. [pu OTIOpHIH TeMIepaTypi
Tref=20 oCT_{ref}=20\ Mcirc\mathrm CTref=20 oC sin
BU3HAYAETHCS SIK

n n-1
Repg — +z Li +ZR L ®
tot o T 17—
hout =1 ki(Tref) =1 hin
ne Li — ToBummHa i-ro mrapy, M iHIN TO3HAYCHHS

HaBEZICHO BUIIIE.
Janst Beix pociimpkyBanux koHgirypauiii B, O, N,
C5 i CI0 orpumano Ryt = 3,65315m2-K/Bm, a

3adikcoBaHa BiJIHOCHA nmoxuoka CTaIioHapHO1
€KBIBaJICHTHOCTI TIOPIBHIOE HYITIO.

[opiBHIOBaNM T’ATP TNPUYUHHO  PO3AUICHUX
KOH(}ITyparriii:

B — 0OasoBa xoudirypamis A—B-C 31 cramumun
TEMIO(I3UYHUMH ~ BJIACTUBOCTSIMH T2  i7icalIbHUMU
KOHTAaKTaMH;

O — T1i cami TpH mapu y 3BOPOTHIN MOCITIJOBHOCTI
C-B-A; 3MiHIOETBCS JIMIIE MPOCTOPOBHHA MHOPSIOK
mIapis;

N — ©OasoBa mnocuigoBHicTe A—B-C Ta igeannHi
KOHTakKTH, ajie JIsl mapy A aKTHBYIOTHCS JDKEPEIbHO
obrpyHToBaHi TemmnepatypHi 3anexHocti K(T) 1 Cp(T);

C5 — 6a3oBa nocnigoBHicts A—B-C, y sxiit 5 %
BHXI1JTHOTO 00’eMHOTO TEPMIYHOTO onopy
KOHTPOJILOBAHO MEPEPO3IIOIIICHO JI0 IBOX MIXKIIAPOBUX
KOHTAKTIB;

C10 — anasoriuna KOHG}pITypaItis 3 Hepepo3noIiIoM
10 % 06’€MHOTO TEPMIYHOTO OTIOPY.

Y C5 i C10 MibKmapoBHii OIp He 000aembCs
nogepx BUXImHOTO Ryt 3aranpamic  3amanuii R
CHUMETPHYHO PO3IOJIIAETECS MUK JBOMa (Di3MIHUMHU
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MEXaMM, a omip mapy B BigmoBimHO 3MeHIIyeThCS
LUIIXOM MaciuTa0yBaHHS HOTO TEIUIONpPOBiAHOCTI 0e3
3MiHM TOBIIMHU. [licis KOMIEHcalli MOJIEeib MOBTOPHO
nepeBipsie  piBHICTh CyMapHOTO OIOPY  3aJaHOMY
6azoBomy 3HaueHHI0. KonraktHi omopu C5/C10 €
CIIeTiaTbHO c(hopMOBaHUMHU rmapamMeTpamu

KOHTPOJILOBAHOTO YHMCEIBHOTO EKCIIEpUMEHTY, a He
BUMIPSTHUMH XapaKTEPUCTHKAMHU peasbHOT KOHCTPYKIII.
s moOymoBa 1a€ 3MOTY BiIOKPEMHUTH BILTUB JIOKaTi3allii
OIIOPY Ha MDKIIAPOBUX MEKaX BiJ TPUBIAIILHOTO €PEKTy
30UIBIICHHST 3arajlbHOTO CTaI[lOHAPHOTO TEPMIYHOTO

oropy.

Tabruys 1 — TennodiznyHi XapaKTepUCTUKH TA CTALIOHAPHA eKBiBaJIeHTHICTH

KOHTPOJIOBAHUX 0araTomiapoBuxX KOHpirypauii

Kon. H&[;s:)}::x Moeis B-BocTeil ‘{aCTO}Ea Re, Rbul; ’JnnzK' / Rc,én’;K / Rtotb J::lzl(' / CA(,M lﬁﬁ;l( /
B A-B-C Crani 0 3.4103 0 3.653 354.6
C-B-A Crani 0 3.4103 0 3.653 354.6
N A-B-C Temneparypo3anexHi 0 3.4103 0 3.653 354.6
C5 A-B-C Komnencoani crai 5 3.2398 0.2 3.653 354.6
C10 A-B-C KomnencoBani crani 10 3.0693 0.3 3.653 354.6

4.3. PexxuMM TeIUIOBOTO HABAHTAKEHHSl Ta
NOKA3HUKM JMHAMIYHOI peakuii

KoxHy 3 m’stn KOH(QIrypamLifi po3paxoByBalH y
JIBOX peXHMMaX, TOOTO 3arajJbHuil HaOip MICTHB IECAThH
OCHOBHHX PO3paxyHKOBHX CICHapiiB. ¥ mepiofndHOMY
PEeXHMI TeMIlepaTypa 30BHIIIHBOTO IMOBITPS 3aJA€ThCS
TFapPMOHIYHUM 3aKOHOM:

(6)

ne P = 24 200 — mepiom; Te = 30°C — cepenns
temrepatypa; Ae =/0 K — ammityna; t; = 0 — qacosuit
3CYB 30BHIIIHBOIO CHrHANY. TakuM 4YHHOM, 3agaHa
30BHIIIHS TeMIIepaTypa 3MiHIOeTECs B Mexkax 20—40 °C.
L1i napameTpu Ge3nocepeHbO 3aKpiluieHi KaHOHIYHOO
KOH(pIryparfiero po3paxyHKoBoro mnakera. OCHOBHUMH

_ 2m
T,(t) =T, + A sin [? (t- t¢)],

TEMIIEPaTYPHUMH  XapaKTEPUCTUKAMH  YCTaJIEHOTO
NEePIOIMIHOTO PEXKUMY € KOe(Dil[IEHT 3aracaHHsI:
fr = As,in)
T - —’
A,
_ [(9e — @(5,imy)mod2n] _2m
At¢ = , W =—, (7)
w P
ne Asin — aMIDITy#a TeMIepaTypd BHYTPIIIHBOL
noBepxHi, K, @e 1 @sin — (Ha3sm 30BHIIIHBOTO
TEMIIEPaTyPHOTI'0 CUTHAITY Ta TEMIIEPAaTypH BHYTPILTHBOT
MOBEPXHI; @ — KyToBa 4acToTta, pazn/c; Aty — Qaszose
3ami3HeHHS, ¢ abo 200 micna mepepaxyHKy. Jlus
BU3HAYCHHS rapMOHIYHUX CKJIAZIOBHX

BHKOPHCTOBYBAJIOCh y3TrO/DKEHE 3 BIIOMUMH METONAMHU
MePiOIUIHOTO aHaIli3y npeacTaBieHss [13].
[epiogmuanii  po3paxyHOK TIPOJOBXKYETHCSA IO
JOCSITHEHHSI yCTaJleHoro mukiy. llicns moHaiMeHme
TPHOX LHUKIIB ITOPIBHIOIOTECS TEMIlEpaTypHa iCTOpis
BHYTPILIHBOI TOBEPXHI Ta BHYTPILIHIN TEIJIOBHI TOTIK Y
JIBOX TIOCITIZIOBHMX IMKiIaX. [l 000X HOpPMOBaHMX
MaKCUMaJIbHUX BIJJMIHHOCTEH YCTaHOBIICHO KpHTEpii
107 rpaHMuHa KiNbKIiCTh NMKIB cTaHOBUTH 30. Jpyrumii
peXKHUM  TPEJICTABICHO  CKIHYEHHUM  TPHUKYTHHUM
TeMIepaTypHuM iMmyibcoM. [lepen #oro modaTkom
KOHCTPYKIIist MIPUBOIUTECS hi(o) BiJITIOBiTHOTO

CTaIliOHApHOTO CTaHy. ba3oBa 30BHIIIHA Temmeparypa
craHoBuTh 20°C, MOYATOK IMIynbCcy — depe3 [ 200,
amrorityga — 20 K, TpuBaicTh JIiHIHHOTO HAPOCTAaHHS — 3
200, TPUBANICTH JiHilHOTO cmamy — 3 200. Otxe,
MaKCHUMaJlbHa 30BHILIHS TEMIIepaTypa TaKo)X CTaHOBHThH
40 °C, mo 30epirae N-crenapiii y mexxax 0-50 °C, mis
SKMX BUKOPUCTaHI TEMIEPaTypO3aleKHI BIIACTHBOCTI
MaloTh OOIPYHTYBaHHS Yy BIANOBIIHMX JUKepelax.
MakcuMallbHe BIKHO CIIOCTEPEXKEHHS CTaHOBHUTH 240 200.
OCHOBHOIO aMILTITY/THOIO XapaKTEPUCTUKOIO IMITYIbCHOTO
pexXuUMy € KoedilieHT epeJaBaHHsl MKy

mtaX[T(s,in) (t) - T(s,in,o)]

AT, ’

T'(peak) = (8)
ne Tsino — TeMmepaTypa BHYTPIIIHBOI ITOBEPXHi [0
moyaTtky immynecy, °C; AT, = 20 K — ammmityna
30BHIIIHBOTO TEMIIEPATYPHOTO IMITYJIbCY.

JonaTkoBO  BH3HAYAIOTBCS 4YacoBa  3aTpPUMKa
MaKCHUMyMy Ta 3aTpHMKa LIEHTPOifa TeMIIepaTypHOTO
BiATyKy. IX pO3paxoByIOTh BiJHOCHO BiJMOBiTHHX
XapaKTePUCTHK BXI1JIHOTO IMITyJIBCY. Bonnu
XapaKTepU3yIOTh TMEPEeXiIHUN YacOBHI Tpolec i He
TPaKTyIOThCS 5K (ha30Be 3ami3HEHHS. Y MporpamMmHiit
peaizauii KoedilieHT nepeaaBaHHs MKy BU3HAYAETHCS

BIJTHOCHO 0a30BOT0  IEpPEAIMIYJILCHOTO CTaHy, a
LEHTPOIN OOYMCIIOETECS 3a JIOJATHOIO YaCTHHOIO
BIMIOBITHOT  peakiril. Mertonnyna JIOLUIBHICTD

IMITyJILCHOTO OIIMCY TEIUIOBOI peakiii Ta iforo 3B’43Ky 3
¢$yHKIIsIMU BinryKy oOrpyHroBaHna B [15, 16].
[ToBHOTA IMITyJILCHOTO PO3PAXYHKY HEPEBIPSETHCS

3a  3aJMIIKOBOIO  PEaKI[i€l0  HANpHUKIHII  BiKHA
CIIOCTEPEKEHHS. Bignormrenus 32JIMIIKOBOTO
TEMIIEPATYPHOIO BIIXWIEHHS Ta  3aJUIIKOBOTO

TEIUIOBOTO ITOTOKY /10 iXHiX BIATIOBIAHUX MaKCHUMaIbHUX
3HaueHb Mae He nepesuntysary 1073, SJkmio us ymosa He
BUKOHYETbCA, PpO3PaXyHOK He NpuMaeTbCcs  SK
3aBEpILEHHI.

4.4. YuceabHHUIl MeTOA i KOHTPOJIb 301KHOCTI

PiBHSIHHS ~ TEIUIONPOBIMHOCTI  TUCKPETH3YETHCS
KOHCEPBAaTHBHAM METOJIOM CKIHYCHHHX O00’€MiB Ha
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CITII, MEXi KOHTPOJBHUX OO0 €MIB SKOI Y3rOJDKCHI 3
MeXXaMM MaTepiatbHuX mapiB. Takuid miaxin 3adesneuye
Oe3mocepe/iHiil OalaHC TEIUIOBUX MOTOKIB Ta JTO3BOJISIE
BBOJUTH MDKIIAPOBHH OMIp $K CKJI3A0BY OINOPY
BiJINIOBITHOT TpaHi.

IaTrerpyBanHs B daci 3HIHCHIOETBCS HESBHOIO
CXEMOIO Eiinepa. Hnsa CIICHAPIIO 3
TEeMIIEPATYPO3ATIC)KHUMH BIACTHBOCTAMH Ha KOXKHOMY
4acoBOMY KpoIli BHUKOHYyIOThca itepamii Ilikapa:
TerIo¢i3udHi KOeQiieHTH YTOUYHIOIOTHCS 32 TOTOYHIM
TEeMIIEPaTYpHUM  IIOJIEM, MICIs YOro  HOBTOPHO
dopMmyeThcst 1 PO3B’SA3yEThCS  JIiHIHHA  CHCTEMA.
MakcumanbpHa KUIBKICTH  iTepaniii  craHoBUTh 50
abcomoTHII kKpuTepiii 36ixHocTi — 1077 °C, BimHOCHMI
—1078; koediuienT penakcanii gopisHroe 1.

MeTon ckiHueHHUX 00’ €MiB, HesiBHA cxeMa Elinepa
Ta irepanii [likapa BUKOPHUCTOBYIOTbCS SIK CTaHIApPTHI
YHCeNTbHI 3aCO0M 1 HE pO3IIAAAIOTECA SK CKIAIO0Bi
HAayKOBOI HOBM3HM. [II9 OCHOBHHX pO3paxyHKiB
3actocoBaHo 40 KOHTPOIBHUX 00’ €MIB Ha KOKHUI mIap i
Kpok "acy 300 c. IlepeBipka 3a1e)KHOCTI pe3yJIbTaTiB Bif
IUCKpPETH3allii OXOIUIFOBAJIA YOTHPH PiBHI:

40 xomipok Ha map, At = 300 ¢ — 6a30Buii;

80 xomipok Ha map, At = 300 ¢ — npocTopoBe
YTOYHEHHSI;

40 xomipok Ha map, At =150 ¢ —4acoBe yTOUHCHHS,

80 komipok Ha miap, At =150 ¢ — kKoMOiHOBaHe

YTOYHCHHSI.
CyMapHa oOIliHEHa MPOCTOPOBO-YacoBa YHCEIbHA
HEBU3HAUCHICTh  (IHAIFHOTO  TAKeTa  CTAHOBUTH

Ugrid+time = 0,325166%, 110 HIDKYE Hamepea MPUIHATOTO
kpurepiro 0,5 %.

Just uentpanbHoro mopisHsHHS B/O  nomarkoBo
BUKOHAHO IJIbOBE YTOUYHEHHS, B IKOMY KOHTPOJIIOBAIH
He JIMIIe BEIWYMHY, a i 30epekeHHs] 3HaKa BiTHOCHOTO
e(eKTy Ha BCIX YOTUPHOX PIBHAX AUCKPETH3ALL].

UuncenbHa J[iarHOCTHKA  OXOIUIIOBala  TaKOXK
JUCKPETHUH CHEPreTWYHUH OajaHC 1 BHUKOHAHHS
MDKIIAPOBUX ~ YMOB. MaKCHUMaJbHO  JIONYCTHMUIA
BIJHOCHUH  3aJMIIOK  EHEPreTHYHOro  OallaHcy
BCTaHOBJEHO Ha piBHi 107 [lns Mex mapiB
KOHTPOJFOBAIIUCS TEIUIOBHHA TMOTIK, PEKOHCTPYHOBAHMIMA
TeMIepaTypHuil cTprOOK Ta 3amummok ymosu A7 = gR.

4.5. Bepugikanist Ta Mexxi foka30BocTi MoaeJi

[epeBipky  uymcenmpbHOI  peamizallii  BHUKOHAHO
HE3aJIEKHO BiJl NOJAAIBINOI iHTEpHpeTanii OCHOBHHX
creHapiiB. Bepuikauiitnuii maHitor MicTus Tpu piBHi. B1
nepeBipsAB  JiHIMHY OaraTomapoBy HecTalliOHAPHY
TEIUIONPOBIIHICTE i KOPEKTHICTH 0a30Bo1 peaizarii. B2
OyB TpHU3HAYCHHI 11 TEPeBIpKH  HEJTOCKOHAJIOTO
MDKIIAPOBOTO  KOHTAaKTYy, 30KpeMa  HelepepBHOCTI
TEIUIOBOTO MOTOKY W TeMIeparypHoro crpudka 3a
CKiHUeHHOTO Rc, 3 BUKOPHCTaHHSIM aHATITUYHHUX
noctanoBok [19, 20]. B3 mepeBipsiB OMipHO HemiHIiHY
HECTaIliOHapHy TEIUIOMPOBIAHICTE 13 TeMIeparypo-
3aJI€KHUMH BAacTUBOCTSAMHM [17]. 3aranbHuil pe3ynbraT
BepuikamiiHoro naniora mae cratyc PASS WITH
RESTRICTIONS. O6mexennst B2 monsirae B Tomy, 1o
oryOikoBaHe JuKepeno 30epirae  iHpopMaiiio Ipo
MOXUOKH Ta HeoOXiaHi (i3nKo-MaTeMaTH4H1
CIIBBITHOIIICHHS, ajJ€ HE MICTUTh IOBHOIO Habopy

TOYKOBHMX €TAJIOHHHMX TEMIEpaTyp sl HE3aJeKHOro
BiATBOpeHHS Bciel TemmeparypHoi icropii. s B3
OIyOJIIKOBAHO MEXYy pO30DKHOCTI 3 PO3paxyHKOM
METOJIOM CKIHYEHHHX €JIEMEHTIB MeHiie 4%, oaHak
NMOBHMH Hablp TaONMYHMX JUIE HOBOTO TOYKOBOTO
3icTaBieHHS BifICyTHiH. Y 1ilt poOoTi TepMiH gepugixayis
O3HAYa€ TEPEeBipKy NPABIWIBHOCTI YHCENBHOI peaizarlii
BIZHOCHO HE3QICKHMX aHANITHYHUX, YHCEIBHHUX 1
OITyOJIIKOBaHUX €TAJIOHHHX 3a/ad. Banidayia o3Hadana 6
KUTbKICHE MiATBEpKEHHS aJIeKBATHOCTI TOBHOI (hi3MIHOT
MOZIeNi 32 HEe3aJIe)KHUMH EKCIIePUMEHTaIbHIMU JTaHUMU
JUI BIAMOBITHOTO 00’ekTa ¥ pexumy. Kaniopysawms
nepenbayano O mipbip mapameTpiB  Monenmi  3a
eKCIIepUMEHTAJIbHIMH JaHUMH. KaniOpyBaHHS MOTOYHOT
MOJIeNi HE BHKOHYBAJIOCS, a HasBHI JOCIIPKEHHS
MOBHOMACINTAa0HUX CTIHOBHX KOMIPOK 1 JBOBHMIpHI
BUIPOOYBaHH: B rapsidiii kamepi [21] BUKOPHCTOBYIOTHCS
JWIIe SK 30BHIIIHI CBigUeHHSA (PI3MYHOI MpaBIo-
moiOHOCTI, a He sSK KanmiOpyBaibHI gaHi. OTXe, MOJICTH
BBAXKAETBCS YUCETLHO 8EPUDIKOBAHOIO 3 OOMENCEHHAMU,
aJie He TIOBHICTIO eKCIIEPUMEHTAIBHO BaJIiTOBAHOIO.

5. Pe3yabTaTH 10CTiIKEHHS

5.1 KoHTpoab cTanioHapHOI eKBiBaJeHTHOCTI

Jns xoudiryparmiii B, O, N, C5 i C10, mapamerpu
SKMX HaBeJCHO B TaOm. 1, MiATBEpPHKCHO OJHAKOBHM
CyMapHuii cTalioHapHUH TepMiuHHA omip Ryt = 3,65315
m*K/Bm; BiIHOCHA MOXHOKa CTalioHapHOT
eKBiBaJIeHTHOCTI opiBHIOBaNa Hymo. Y C5 1 C10 BBeneHHS
MDKIIIAPOBOTO  KOHTAKTHOTO ~ OMOPY  KOMIICHCYBAIOCS
BIATIOBITHAM 3MEHIIICHHAM 00 ’€MHOi CKJIaI0BOI OIOpY,
TOMY 3araibHui Ryt 3/THIIABCS HE3MIHHUM.

5.2 TlepiognyHa Ten10Ba BiINOBiAHL

Hdus  6a3oBoi  koHpirypamii B  xoedimieHT
TeMIiepaTypHoro 3aracanss craHoBus fr = 0,00754845, a
(bazoBe 3aImi3HeHHS BHYTPIIIHBOT MOBEPXHI
Atp =10,5805 200.

BimrocHO B 3MiHa OCHOBHOT TEepiogMIHOT METPHUKH
cra"oBuia —0,905363 % miga O ta —2,00484 % s N;
it C5 1 C10 Bona Oyina 3nayno menmor: —0,0167601
% 1 —0,0395018 % BigmoBigHO.

Yacosi BigxwienHs O i N Big 6a3zoBoi Bignosini
HaBeJeHO Ha puc. 1.

5.3 BinnmoBinp Ha cKiHYeHHUI TeIIOBHIl iMITyJIBC

Hnst B koedimieHT mepenaBaHHsS TeMIIEpaTypHOTO
MKy CTaHOBHUB Ipeak = 0,00545139, 3aTpriMKa MakcuMyMy
— 10,000 200, 3atpumka neHtpoigma — 17,9752 eoo0.
BinnocHo B 3miHa Ipeak cTanoBuna +0,56625 % aist O Ta
—0,282142 % mns N; ansa C5 1 C10 BoHa nopiBHIOBaIA
mumre +0,00250643 % i1 +0,00444627 %.

YacoBy crpykrypy Binnosizi O i N HaBeneHo Ha
puc. 2.

Bennuunyu Atpeak 1 Afc € 4acOBUMHU 3aTPUMKAMU
CKIHYEHHOTO IMITyJIbCHOTO TIporecy, a He (ha30BUM
3aIi3HEeHHIM.

5.4 Pe:xuMHO 3a1e:kHA 3MiHa 3HaKa edexty B/O

Hduns O BcraHOBIEHO 3MiHY 3HaKa BiJIHOCHOTO
epexry: —0,905363 % y mnepioguYHOMY pEXHMI Ta
+0,56625 % 3a ckiHueHHOTO IMITYJIBCY (pHC. 3).
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IimsoBe MIPOCTOPOBO-YaCOBE YTOYHCHHS
MiATBEPAMIO CTIHKICTh 3HAKA; BIAMOBIIHI BiJIHONICHHS
/A /lu cranosmmm 79,2365 i 88,85. OTke, 0O6umBa eekTH
YHCEIBHO PO3JIUICHI.

Pesymbrar CTOCY€TBHCA NHIIE AOCTIIKEHOI Mapw
B/O, 3amammx pexuMiB 1 BIAMOBIZHHX iM OCHOBHHX
METpHK.

5.5 BnuiuB TeMnepaTypo3ajie;kHuX
Baactusocteii N

Husa N nepioguunmii edpexr cranosus —2,00484 %
npu //lu = 6,16561 i 6yB YMCENBHO PO3MIICHUM. 3a
CKiHYEHHOTO iMITyJIbCcy HOMiHANBHUH edext —0,282142

% maB /4//u=0,867687 < 1, ToMy 3aJIUIIUBCS YUCETHHO
HEpO3JIICHHUM.

5.6 Pe3yapTat 1518 KOMIIEHCOBAHOTO
KOHTaKTHOro onopy C5/C10

s C5 BimHOCHI 3MiHUM OCHOBHHX TMEPIOJUYHOT Ta
immynecHoi Merpuk cranoBwm  —0,0167601 % i
+0,00250643 %, a mas C10 — -0,0395018 % i
+0,00444627 %. Binnosinai /4//u mepeGyBamu B Mexax
0,0077 — 0,1215, ToOTO OYynM 3HAYHO MEHIIMMH 32
omuauiro. Omxe, C5/C10 mamm cnabki 4ucensHO
HEpO3MiJieHI pe3yIabTaTH. baraToMeTpuKoBy 4yTIUBICTH
MTOKa3aHo Ha puc. 4.
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Kouiryparis ta MeTpuka

Puc. 4. UyTmBicTh HecTalioHapHOI TETIOBOI BiIOBiII 1O KOMIIEHCOBAHOTO MIXKIIIAPOBOTO
KOHTaKTHOTO OTIOPY 32 HE3MIHHOTO 3aralbHOTO CTAlliOHAPHOTO TEPMIYHOTO OTIOPY

. .. . . . obunBa edextm O Oymu CHIBHO PpO3MALIICHUMH,
5.7 IlincymMoK 4nceIbHOT PO3AiTbHOCTI pe3yIbTaTiB : ., . .
nepioguyanii  epexr N — posmimeHuM, TOII K
CymapHa MPOCTOPOBO-YacoBa uncensHa  iMmynabcHud  edexkt N Ta Bei  edextn C5/C10
HeBHM3HaueHicTh craHoBuaa 0,325166 %, mo Hmk4Ye — 3aJMINMIMCA Hepo3auieHMMH. KinbKiCHI IOKa3HUKH
npuiiasitoro nopora 0,5 %. 3a kpurepiem fu > 1  HaBeneHo B Tabu. 2.
Tabnuys 2 — KinbkicHi moka3HUKH
Kong. fr, 1 Aty, 200 Ipeak, 1 Atpealy 200 Atc, 200 [AVu (1D, 1 | |AVu (D), 1
B 0.007548 10.581 0.005451 10 17.975
o} 0.00748 10.697 0.005482 10.25 17.665 79.24 88.85
N 0.007397 10.651 0.005436 10.083 18.014 6.17 0.87
C5 0.007547 10.604 0.005452 10.083 17.997 0.05 0.01
C10 0.007545 10.626 0.005452 10.083 18.017 0.12 0.01

6. O6roBopeHHs pe3yJIbTATiB T0CTiTKEHHSA

KoHTpob 0JJTHAKOBOTO CYMapHOTO CTAI[iOHAPHOTO
TEPMIYHOTO  ONOPY €  MNPHHIKIOBOI  YMOBOIO
MpOBeIeHOTo TOpiBHSHHS. [ToniepeiHi JOCTiIHKEHHS BiKe
mokasanu, mo ojHakoBi R abo U He 3abe3nedyioTh
TOTOXXHOI HECTalliOHapHOI peaklii, a po3TallyBaHHI
TEMI0130JIA1il Ta TEIUIOBOI MacH BIUIMBAE Ha JUHAMIYHI
xapakrepuctuky ctiH [3—8]. ToMy HOBH3Ha Hi€l poOOTH
MOJISiTa€ HE B TOBTOPHOMY BCTAHOBJIICHHI BIUTUBY

MOPSJIKY IIapiB, a B HOro BiJIOKPEMJICHHI Bia 3MiHU
3arajabHOI TEINIOI30JIAIIMHOI 3maTHOCTI. Ta cama Jrorika
3actocoBana 710 C5/C10: koHTaKTHHI OITip HE J0AaBaBCs
0 Rit, a KoMIeHCyBaBcsS 3MEHIICHHSAM 00’ €MHOI
CKJIaJIOBO] OTIOpY.

Hns nocmimkenoi mapu B/O BcraHoBieHO pi3Huit
HampsiM  BITHOCHOTO e(eKTy B IEepioAMYHOMY Ta
iMIyJIbCHOMY peskuMax. Lle y3romKyeTbes i3 3araibHIM
VSBJICHHSM MpPO 3aJCKHICTh JAMHAMIYHOI peakmii Bif
pO3TallyBaHHs IIAPIB Ta XapaKTESPHOIO Yacy TEILIOBOTO
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npouecy [9-15], ane cama 3MiHa 3HaKa € pe3yJIbTaToOM
BJIACHOT'O YNCEJIHHOTO EKCIIEPUMEHTY, 8 HE BUCHOBKOM 13
niteparypu. Ilepioguunuii pexuM omiHOBaBcs 3a fr, a
CKIHUCHHUH IMIYJIBC — 3@ Ipeak; TOMY HIETBCS MPO
MOPIBHSAHHS ~ PEXHMHO  BIANOBIJHUX  [OKA3HHKIB.
3aTpuMKa MKy Ta HEHTPOoina iMIyIbCHOI BiNMOBII HE €
(ha30BUM 3aITi3HEHHSIM.

3miny 3Haka B/O He MOXHA MOIIMPIOBATH Ha
JOBiJIbHI OaraTomapoBi KOHCTpyKLii. BoHa BcTaHOBICHA
JUIL  KOHKPETHOI TPHIIApOBOI TapH, 24-TOTUHHOTO
MePioANYHOTO  30y/KCHHS, 3aJaHOTO  TPUKYTHOTO
IMIyJIbCY Ta BHUKOPHCTaHUX MeETpUK. JlociikeHHs
YaCTOTHHUX, IIOYaTKOBHX HEPEXiHUX 1 PEKUMHO
3aJI@KHUX TIPOLECIB TAaKOX MOKa3ylTh YYyTIMBICTH
TEIJIOBOT MMOBEJIHKU JI0 CTPYKTYPH Ta YaCOBUX yMOB [ 14,
24-26], omHaK HE BCTAHOBIIOWTH YHIBEPCAIHLHOTO
MpaBuJia 3MiHU PaH)KyBaHHsL.

Hdnsa  temmeparypo3anexHoi koHpirypamii N
B)XJIMBUM € DI3HMH /OKa30BHH cTaTyc, a HE JIHIIE
pI3HHUI HOMIHANBFHUX 3HAuYeHb. llepiomuuHU epexT
MIEPEBUIINB OIiHEHY YHCEIhbHY HEBHU3HAYCHICTH 1 OyB
PO3MITICHAM, TOHI SK IMITyJbCHHH 3aJHMIIUBCS HIDKUYE
Bi/INIOBITHOTO nopora. xepena [17, 18]
MATBEPAKYIOTH ¢biznuny OOTPYHTOBAHICTb
TeMIIepaTypHOi 3aJICKHOCTI TEIUIO(I3UIHUX
BJIACTHBOCTEH, ajie He BU3HAYAIOTh BEINYUHY €(EeKTy B
JocnikeHidi  koHcTpykuii.  Tomy — HeposaijeHuit
IMIYJIBCHUH  pe3yibTaT HE O3Ha4yae BiJACYTHOCTI
(¢i3MYHOTO BIUTHBY, a IUIIE HEMOXXJIMBICTH HaXilHO
BIZIOKPEMHTH HOTO BiJl YHCENHbHOI HEBHU3HAYCHOCTI 3a
TIPUIHATOI TOCTAaHOBKH.

Awnanoriuno cmin TtpaktyBaru C5/C10. Teopis
HEIOCKOHANWX  KOHTaKTIB  MATBEpIKye  (isudHe
3HAaYCHHS MIKIIAPOBOTO TepMmidHoro omopy [19, 20],
MpOTe B JOCHIHKEHOMY KOMIICHCOBAHOMY [iana3oHi
HOro JIONATKOBMM JMHAMIYHMH e(eKT 3aluIIuBCs
4yuceNbHO  Hepo3niuieHuMm. lle  HeratuBHuil, ane
3MICTOBHHH pe3yJIbTaT: HEHYJbOBA HOMIHAJIbHA PI3HUIIS
HE TIOBMHHAa AaBTOMAaTHYHO IEPETBOPIOBATHCS Ha
¢izuuHuii  BucHOBOK. Came BKIIIOYEHHS YHCENbHOI
HEBM3HAYEHOCTI /10 NpaBwWiia iHTepIpeTanii J03BOJIHIO

po3mexxyBatu  criikuii  B/O-edexr,  posminenuit
nepioguuaauii N-edexr Ta Heposaineni N-pulse i C5/C10
pe3yibTaTy.

ExcniepuMeHTabHI Ta YHCEIBbHO-

eKCIIEPUMEHTAIBHI TOCIIHKEHHS peaTbHIUX OTOPOKEHD
MiATBEPKYIOTH (Pi3HMUHY 3HAUYNIICTh TEIIOBOI iHEpILii,
koedirieHTa 3aracaHHs ¥ 4yacoBMX 3arpuMok [21-23],
O/HAK HE € TIPAMOI0 KanmiOpoBkoro 1miei Monemi. [i
007acTe 3aCTOCOBHOCTI OOMEXEHa OIHOBHUMIPHOIO
CyXOI0 TEIUIONPOBIIHICTIO, KOHKPETHUMH MatepiajaMu
i TemIepaTypHHMH 3aKOHaMH, JAociimkeHow B/O-
1apolo, 331aHUMH PeXXUMaMU 30yKSHHsI Ta CLIEHapisIMH
C5/C10. He BpaxoBaHO BOJOTONEPEHOC 1 JBO- YH
TpUBUMIpHI TeryioBi MocTH. KpiM Toro, mepesipoui
3agaui B2 1 B3 MawTh OOMEXEHHs, IOB’s3aHi 3
JOCTYNHICTIO BHXIJHHX €TaJOHHMX JIaHHX, TOMY
3aralibHU  cTaryc  3ajgmmaerscs PASS  WITH
RESTRICTIONS, a whole-cell i 2D hot-box pesynsraTn
CIIiT PO3TJISAAATH JIUIIE SIK 30BHIIIHI CBiTIeHHS (Di3UIHOT
npaBaonoioHocTi. OCHOBHAM METOJAWIHHM BHECKOM €
KOHTPOJbOBaHA CXE€Ma pO3IiJICHHS YWHHHKIB 3a

HE3MIHHOTO Ryt 13 peXUMHO
OpIEHTOBaHUM Ha YUCETbHY
OIIIHIOBAHHSM TXHBOTO BILTUBY.

cneuudiyHUM  Ta
HEBH3HAYEHICTh

7. BucHOBKH

1. CdopmMoBaHO  KOHTPOJBOBaHYy  CHUCTEMY
CTalllOHApHO eKBIBaJICHTHUX KoH}irypauiit B, O, N, C5
i C10 i3 OgHAKOBHM CyMapHHM TEPMIUYHHM OIIOPOM

Rt = 3,65315 m?K/W. Ile [03BONMIO  PO3JUIBHO
OLIHIOBAaTH BIUIMB TOPSAAKY INApiB, TeMIepaTypo-
3aJIKHUX ~ BJIACTUBOCTEH  Ta  KOMIIGHCOBAHOTO

MIDXKIIAPOBOTO TEPMIYHOTO OTIOpY 0e3 3MilTyBaHHs LHX
YMHHUKIB 31 3MIHOIO  3arajpHOi  CTaIlioHapHOL
TETUIO130JSIIIHHOT 3[aTHOCTI.

2. Hns pmocmimxeHoi mapu B/O BcranoBieHO
YHCEIBHO CTIHKY PEKHMHO 3aJIC)KHY 3MiHY 3HaKa eheKTy
nopsAKY IapiB. BinHOCHA 3MiHA OCHOBHOI MEPiOAMYHOT
meTpuku cranoBwia —0,905363%, Tomi sk s
CKIHYEHHOTO iMIysibCy BoHa craHoBwia +0.56625%.
BimnomenHs edekry OO dYHCENBbHOI HEBH3HAYCHOCTI
nopiBHIOBasmo BiamoBimHo 79,2365 Ta 88,85, mo
MATBEPIXKYE CTIHKiCTh 000X  pe3ynbrariB. lLlei
BHUCHOBOK CTOCYEThCS JIHIIE aociimkeHoi B/O-napu,
3aJaHUX PEXMMIiB HABAHTaKCHHSI Ta BIAMOBITHUX iM
METPHK.

3. YpaxyBaHHs TEMIIEPATyPO3ATCHKHUX
TemI0(pi3NYHUX BIACTUBOCTEH Najio pi3HUH JOKa30BUil
pe3yibTar |y [BOX pexumax. s mepioguuHOro
HaBaHTaXXCHHs  BigHOocHMH epexkt N  cTaHOBHB
—2,00484% mnpu /4//u=6,16561, Tomy iHOro BH3HAHO
YUCEIbHO pO3AiuTeHNM. [IJI1 CKiHYCHHOTO IMITyJBCY
HOoMiHanbpHa 3MmiHa —0,282142% maina /4 //u = 0,867687,
OTXKe 11ed e()eKT 3aTUIINBCS HEPO3IUICHHUM.

4. JInst KOMIIEHCOBAaHOT O MIKIIAPOBOT'O TEPMITHOTO
OIIOPY CHJIBHOTO JIOJJATKOBOTO JHHAMIYHOTO €(eKTy B
JOCHI[KeHOMY [iama3oHi He BcraHoBieno. Jlms C5
BIJTHOCHI 3MIHH OCHOBHHX IMEPIOAMYHOI Ta IMITYJIBCHOT
MeTpuk craHoBwin rnpubnuszHo —0,0167601% Ta
+0,00250643%, mma C10 - —0,0395018% Ta
+0,00444627%; yci Bignosiaui BigHowmenus /4 /U Gynu

3HaYHO MEHImMMH 3a onxuHmmoo. Tomy C5/C10
krmacu(]ikoBaHO SK Ca0Ki Ta YHCEIBHO HEPO3MIiJicHI
pe3yibTaTy.

5. CymapHa mpPOCTOPOBO-4acoBa  YHCENIbHA

HeBu3HaueHicTh craHoBmia 0,325166 %, mio Hmkue
npuitastoro nopora 0,5 %. 3aranbHuii craTyc nepeBipku
yucenpHol peamizauii — PASS WITH RESTRICTIONS
yepe3 0OMEKeHHS BUXITHHUX JaHUX MEPEBIPOYHMX 33129
B2 i B3. Orpumanuii piBeHb NepeBipkd HE € TTOBHOIO
HE3aJIeKHOI0 eKCTIEPIMEHTAIBHOIO BaJIiAIIE0 MOJIEII.

6. OcHOBHHMII HayKOBO-METOJUYHHUN BHECOK
poOOTH NOJIATAE Y KOHMPOILOBAHTN CXeMi pO30LNeHH Md
OYIHIOBAHHS CMPYKMYPHUX [ Menio@i3utHuUX YUHHUKIE
3a HE3MIHHO20 CYMAPHO20 CMAYIOHAPHO20 MEPMIYHO20
onopy, 13 3aCMOCYBAHHAM PE’CUMHO  BIONOBIOHUX
OUHAMIYHUX ~ NOKA3HUKIE Md  56H020  NOPIGHSAHHSL
BEUUUHYU e(heKmY 3 YUCENIbHOIO HEGUSHAYUEHICIO.

Taka cxema Ja€e 3MOry OJHAaKOBO KOPEKTHO
¢ikcyBatn K po3mineHi edexTH, Tak i HeraTHUBHI abo
HEpO3iJIeH] pe3yIbTaTH, He IEPETBOPIOIOYN HOMIHAIBHI
YUCJIOBI BIMIHHOCTI Ha HEOOTpYHTOBaHi (Qi3uuHi
BHCHOBKH.
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Konduikr inTepecis

ABTOpPH JEKJIApyIOTh, IO HE MalOTh KOHQUIIKTY
iHTEPECIB CTOCOBHO JAHOTO JOCIIDKCHHS, B TOMY YHUCII
(hiHAaHCOBOTO, OCOOWCTICHOTO XapaKTepy, aBTOPCTBA UH
IHIIIOTO XapaKTepy, O MiT O1 BIDTMHYTH Ha JTOCTIHKSHHS
Ta WOTO pe3yNbTaTH, IPECTaBIICHI B TaHI CTaTTi.

JocTynHicTb 1aHuX

Hani Ta  Martepiand  pO3PaxyHKIB, 1o
MATBEPKYIOTh  pe3yJbTaTH  LBOTO  JOCIHIIKSHHS,
MOXYyTb OyTH HagaHi aBTOpaMH 3a OOTPYHTOBAaHHM
3aMUTOM.

Buxopucranns 3aco0iB IITY4YHOI 0 iHTeJIEKTY

®dinaHCyBaHHSA A .
BTOPH HiATBEPKYIOTh, 1110 HE BUKOPHCTOBYBAJIN
HocnijpkenHst nposoxwiiocss 0e3  (iHAaHCOBOI  TEXHOJOTIl IITYYHOTO IHTENEKTY TP CTBOPEHHI
MATPUMKH. MIpeACTaBICHOT POOOTH.
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Mathematical modeling of the dynamic thermal response of a multilayer wall assembly
under periodic and pulsed thermal loading

Dmytro Usenko, Volodymyr Byba, Nataliia Pinchuk

Abstract. Background. Steady-state thermal resistance does not provide a complete characterization of multilayer
building envelopes under time-varying thermal conditions because it does not account for the spatial distribution of thermal
inertia or the excitation regime. Subject of the study: the dynamic thermal response of a stationarily equivalent three-layer
wall assembly under periodic and finite-pulse thermal loading. Objective: to assess the effects of layer order, temperature-
dependent thermophysical properties, and compensated interfacial thermal resistance at unchanged total steady-state thermal
resistance. Research tasks. To define the B, O, N, C5, and C10 scenarios; determine regime-appropriate response metrics;
and assess the numerical robustness and resolvability of the resulting effects. Methods. A one-dimensional transient heat-
conduction model with Robin boundary conditions, finite-volume discretization, implicit Backward Euler time integration,
Picard iteration, energy and interface diagnostics, and grid/time refinement was used. Results. All configurations were
constrained to Rit = 3.65315 m?K/W. The combined grid/time numerical uncertainty was 0.325166% against the adopted
0.5% threshold. For the investigated B/O pair, the relative effect changed sign from —0.905363% under periodic loading to
+0.56625% under finite-pulse loading, with effect-to-uncertainty ratios of 79.2365 and 88.85, respectively. For N, the
periodic effect of —2.00484% was numerically resolved, whereas the finite-pulse effect of —0.282142% remained
unresolved. The C5/C10 effects were also numerically unresolved. Conclusions. Controlled stationary equivalence
combined with numerical-uncertainty assessment enables regime-dependent effects to be separated; the observed sign
reversal is restricted to the investigated B/O pair and the adopted regime-specific metrics.

Keywords: transient heat conduction; multilayer wall assembly; dynamic thermal response; thermal resistance; layer
order; temperature-dependent properties; interfacial thermal resistance; periodic thermal loading; pulsed thermal loading.

56


https://doi.org/10.3390/en13246484
https://doi.org/10.3390/app11115008
https://doi.org/10.1016/j.cscm.2019.e00298
https://doi.org/10.1016/j.jobe.2025.113996
https://doi.org/10.1016/j.jobe.2024.109889
https://doi.org/10.1016/j.jobe.2024.110204
https://doi.org/10.1106/07E7-FGCJ-MFF7-974W
https://doi.org/10.1106/07E7-FGCJ-MFF7-974W
mailto:usenko_phd@ukr.net
https://orcid.org/0000-0001-7133-0638
https://www.scopus.com/authid/detail.uri?authorId=57202630040
mailto:Bibavv1@ukr.net
https://orcid.org/0000-0002-0949-206X?utm_source=chatgpt.com
https://www.scopus.com/authid/detail.uri?authorId=57189046983
mailto:nataliia.pinchuk@poliba.it
https://orcid.org/0000-0002-1720-5497
https://www.scopus.com/authid/detail.uri?authorId=57202629137

IHbopmauinHi TexHonoril

VJIK 004.934

Olesia Barkovska

doi: 10.26906/SUNZ.2026.3.057

Kharkiv National University of Radio Electronics, Kharkiv, Ukraine

MODEL AND METHOD OF INCLUSIVE INTERACTION WITH VISUAL AND
TEXTUAL CONTENT BASED ON CONTEXTUAL GESTURE INTERPRETATION

Abstract. Background. Contactless gesture control, as an auxiliary channel of interaction with an interface, has now
become widely used in various areas of life, as it provides a convenient, safe, and, if necessary, inclusive way of interacting
with visual, graphical, and textual content. The subject of the study is the process of contactless control of basic
navigation scenarios for working with visual, textual, and web content using hand tracking methods and contextual
interpretation of gesture events. The objective of the study is to develop and experimentally validate a method of
contactless interaction with visual and textual content based on RGB hand tracking and contextual interpretation of
gestures for implementing practical user scenarios. The main research task of the study is to develop a conceptual model
of context-adaptive inclusive user interaction with an information system and the external environment. Methods.
Functional modeling, computer vision methods, analysis of hand keypoints, geometric rules for gesture recognition, and
experimental testing were used. Results. A method is proposed in which a gesture event is converted into a command
only after determining the type and analyzing the context, namely the technical and scenario context. The experimental
validation was carried out using five basic gestures and three scenarios. Conclusions. The obtained results confirmed the
operability of the method as an auxiliary channel of contactless interaction with visual and textual content.

Keywords: contactless interaction, tracking, gesture recognition, human-computer interaction, Media Pipe Hands, gesture
control, interface, model, method.

Organization, about 1.3 billion people — or approximately
16% of the world’s population — have significant
disabilities [1]. For some of these users, traditional input

1. Introduction
1.1 Relevance of the topic

The digitization of education, public services,
everyday environments, and professional activities is
leading to an increase in the number of scenarios in which
users interact with visual and textual content via
electronic devices (Human-Computer Interaction, HCI).
At the same time, there is a growing need not only to
create digital content but also to develop convenient,
inclusive, and secure ways to interact with it, with so-
called contactless technologies being in particularly
high demand.

According to estimates by the World Health

methods may be inconvenient, inaccessible, or physically
limited. In this context, gesture-based contactless
interaction can be used as an auxiliary method of
interface control, especially when a user is able to
perform a limited set of hand movements but cannot
effectively use a mouse, keyboard, or touchpad. In
addition, gesture-based interfaces hold promise for
rehabilitation, training, and adaptive environments,
where hand movement can simultaneously serve as both
a command input and a means of assessing motor activity
(Table 1).

Table 1 — An Overview of the Applications of Contactless Human-Machine Interaction Interfaces

Field of application

Situations in which contactless methods are most in demand

Health Care and Surgical
Environments

sterile viewing of CT/MRI/X-ray images, interface control without a mouse or keyboard,
working while wearing gloves

Rehabilitation

fine motor skills training, hand movement assessment, gamified exercises, recovery from
injuries or neurological disorders

Education and Inclusive

Learning

lectures, presentations, interactive whiteboards, LMS, maintaining student attention, learning
for students with special educational needs

Public Information Displays
and Kiosks

public Service Centers, hospitals, universities, museums, exhibitions, transportation hubs, self-
service terminals

Everyday and smart-home
scenarios

controlling media, screens, and household devices when your hands are full or you don't want
to use your voice

Automotive Industry

control volume, calls, and navigation without having to search for elements on the touchscreen

Industry, Manufacturing, and
Robotics

operating robots, manipulators, and equipment in hazardous, contaminated, or hard-to-reach
environments

VR/AR and
Environments

Multimedia

interaction with virtual objects, educational simulators, professional XR training simulators,
controller-free interaction

Special Needs and Assistive
Technologies

assistive computer control, communication aids for people with speech or hearing impairments,
adaptive workstations, speech therapy or motor skills training devices

© Barkovska O., 2026
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It is worth noting the relevance of this issue for
educational and presentation environments. A prime
example of its use is digital learning materials,
presentations, video lectures, interactive whiteboards,
distance learning systems, and public information
screens, which are becoming widespread tools in the
educational process. In such situations, teachers or users
often need to navigate the material without constantly
having to use a keyboard, mouse, or touchscreen — to
switch slides, scroll through text, open interface
elements, confirm selections, or zoom in or out on a
visual object.

Therefore, contactless interaction with content can
be viewed as an additional control channel that enhances
the flexibility and ergonomics of working with
educational and informational materials.

A separate group of scenarios relates to public and
healthcare settings, where reducing direct physical
contact with shared surfaces is crucial. In healthcare
facilities, the issue of touching shared surfaces is
particularly sensitive because, according to the WHO,
among every 100 patients in emergency departments, at
least 7 patients in high-income countries and 15 patients
in low- and middle-income countries may contract at
least one healthcare-associated infection [2]. At the same
time, proper hand hygiene can prevent up to 50% of
infections that can be avoided during the provision of
medical care [3]. Although contactless interfaces do not
replace hygiene measures, they can reduce contact with
shared surfaces and increase the acceptance of digital
services in environments with heightened hygiene
requirements.

The limitations of existing solutions include the
sensitivity and hardware characteristics of the recording
devices used for subsequent hand tracking. The quality
of gesture recognition depends on lighting, background,
video stream resolution, distance from the camera, hand
angle, partial finger occlusion, and movement speed.
Review studies on hand gesture recognition show that,
despite advances in computer vision and deep learning,
challenges related to robustness to environmental
changes, gesture complexity, computational efficiency,

and adaptation to different users remain unresolved.
Therefore, for practical interaction with content, it is not
enough to simply identify which gesture the user is
performing. It is also necessary to determine exactly how
this gesture should be interpreted in the system’s current
operating mode and within a specific interaction
scenario.

1.2 Literature Review and Problem Definition

This subsection analyzes literature sources and
recent studies devoted to hand gesture tracking
approaches that differ in the type of input data, hand
position estimation accuracy, hardware cost, ease of use,
and suitability for large-scale application. The analyzed
approaches include:

- tracking using RGB cameras;

- tracking using depth sensors;

- tracking using wearable sensors.

The analysis made it possible to identify several
local unresolved issues, which can be systematized as
follows:

- RGB-based tracking is accessible and easy to
implement, but it depends on illumination, hand
orientation, distance to the camera, and video stream
resolution;

- most studies treat the recognized gesture as the
final result, rather than as an intermediate gesture event
that must be further transformed into a control command;

- inapplied systems, gestures are often tied to one
narrow scenario and a fixed set of commands;

- insufficient attention is paid to the fact that the
same gesture may have different meanings depending on
the active system mode, content type, hand role, and
previous interaction state;

- complete scenarios of interaction with visual
and textual content, such as file operations, web
navigation, and drag-and-drop, remain insufficiently
studied,;

- the influence of external recording conditions
on gesture recognition accuracy and the stability of
applied interaction scenarios requires  separate
experimental verification (Fig.1).

Approaches to Hand Gesture
Tracking

Approach

Sensor base / hardware platform

I
RGB-based

t

RGB camera, webcam, laptop
camera, or smartphone camera

I

2D RGB image, coordinates of

Type of input data and features e

I

MediaPipe Hands, OpenCV,

Processing and interpretation methods CNN, geometric rules

advantage: affordability;
limitations: sensitivity to

Key advantages and limitations Im \
lighting, BG, and occlusions

Depth-based

Kinect, Azure Kinect, Intel
RealSense, Leap Motion /
Ultraleap

I

depth map, 3D hand pose,
spatial coordinates of the hand

I

3D reconstruction, skeleton
tracking, 3D pose estimation

advantage: spatial accuracy;
limitations: specialized
equipment

Fig. 1. Approaches to contactless hand gesture tracking

‘Wearable sensor-based

l

data gloves, IMU, EMG-
Sensors

I

inertial, electromyographic, or
finger flexion signals

I

time series processing, ML/DL
signal classification

I

advantage: measurement
stability; limitation: need to
wear the device
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This makes it possible to formulate the general
problem in the field of contactless gesture-based content
control in human-machine interaction: the system should
not only recognize a gesture, but also determine which
interface action this gesture corresponds to in the current
operating mode, for a specific type of content, and within
a particular interaction scenario. This unresolved
problem determines the aim of the present study.

In [4], it is shown that depth sensors, in particular
Leap Motion, provide sufficiently accurate estimation of
the spatial position of the hand and fingers based on
three-dimensional hand geometry. However, this
approach requires specialized and relatively expensive
equipment, which is more difficult to integrate into
typical user environments. Therefore, such an approach
is less suitable for large-scale implementation in
educational, public, or everyday interfaces.

In [5], an approach based on wearable inertial
sensors is considered. Its strengths include lower
dependence on illumination, background, and hand
occlusion in the camera frame. At the same time, the user
has to wear an additional device, which complicates the
use of such systems in public or short-term interaction
scenarios. For this reason, wearable sensors are not
always convenient for fast contactless interaction with
information content.

In contrast to these approaches, works [6, 7]
demonstrate the feasibility of using a standard RGB
camera and methods for detecting hand keypoints. In
particular, MediaPipe Hands makes it possible to obtain
the coordinates of 21 hand keypoints without additional
sensors. This approach is inferior to depth sensors in
terms of spatial accuracy, but it has important
advantages: accessibility, low cost, ease of integration,
and the possibility of use on a typical computer or laptop.
Therefore, RGB-based hand tracking is appropriate for
developing an accessible method of contactless
interaction with visual and textual content.

At the same time, even within the RGB-based
approach, a humber of unresolved issues remain. In [8]
and [9], real-time gesture recognition solutions are
proposed using MediaPipe, YOLOv11, Inception-v3,
and LSTM. The main focus of these studies is the
recognition of a gesture as a class, while the further
transformation of the recognized gesture into an interface
action is considered insufficiently. This is because these
studies are mainly aimed at improving classification
accuracy, rather than developing a complete cycle of user
interaction with digital content.

The practical significance of contactless gesture-
based control methods should also be emphasized. The
literature describes a wide range of application areas,
including the use of gesture analysis in educational
environments to recognize teacher signals and support
students’ attention [10]; interaction with public web
displays, where gestures are used for contactless
navigation through information content [11]; inclusive
offline learning platforms for hands-free interaction with
educational materials [12]; rehabilitation and assistive
systems for tracking hand movements during
rehabilitation exercises [13] and controlling rehabilitation
exergame systems [14]; assistive interaction for users with

disabilities in smart-home environments [15]; control of
household or loT devices using local or edge-based gesture
processing, command execution, and feedback generation
[16, 17]; and human-robot interaction, where gesture
recognition is required to form a navigation action or an
operation in the environment [18].

Thus, the analysis of literature sources shows that
gesture-based approaches are applied in education,
public information interfaces, inclusive learning
platforms, rehabilitation, smart-home systems, loT
systems, and human-robot interaction. However, most of
these solutions are focused on a narrow application
scenario and a fixed set of commands.

The weak point of the analyzed studies is insufficient
attention to the problem of contextual gesture
interpretation. In most cases, the gesture is either
recognized as a separate class or directly linked to a fixed
command. However, in interaction with visual and textual
content, the same gesture may correspond to different
actions depending on the current system mode, content
type, hand role, previous interaction state, and user
scenario. Therefore, the unresolved problem is the
development of a method that combines RGB-based hand
tracking with contextual interpretation of gesture events
for contactless interaction with visual and textual content.
This problem defines the aim of the further research.

1.3 Aim and Objectives of the Study

The aim of the study is to develop and
experimentally validate a method of contactless
interaction with visual and text content based on RGB
hand tracking and contextual interpretation of gestures
for implementing practical user scenarios.

To achieve the stated goal, the following tasks must
be addressed:

- develop a conceptual model of context-adaptive,
inclusive user interaction with an information system and
the external environment;

- develop a structural model of a contactless
interaction method that encompasses capturing an RGB
video stream, determining key points of the hand,
calculating geometric features, recognizing gestures,
contextually interpreting gesture events, and generating
interface control actions;

- experimentally evaluate the impact of external
conditions on gesture recognition accuracy, specifically
the distance to the camera, lighting level, hand angle, and
video stream resolution;

- analysis of the obtained results.

2. Materials and Research Methods

The object of research is the process of contactless
management of basic navigation scenarios, related to
work with visual, textual and web content by means of
one-handed, multi-handed or scripted gesture control
based on RGB tracking of the hand and interpretation of
gesture events depending on the context and scenario.

The input data for the system is hand movements
recorded by a regular RGB camera, and the output data
consists of high-level control actions: hovering, selecting
an element, moving an element, scrolling the page,
confirming, canceling, or executing a script command.
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The main hypothesis of the study is that the
implementation of two levels of contextual interpretation
of gestural events, which determine the states and
conditions of receiving input data, will increase the
practical suitability of contactless interaction with visual
and textual content.

The selected context levels include the following:

- technical context of gesture recognition
(illumination, camera distance, hand angle, video flow
resolution, occlusion, background complexity, etc.);

- scenic context of gesture interpretation (system
state - active or passive; type of operating mode - one-
handed, two-handed, pointer mode, sequence mode,
calibration; the class of the involved hand (dominant or
non-dominant); preliminary data on the state of the
system; the selected type of content for interaction is text,
web, graphic, OS element; admissibility of action in the
current state of the interface).

In the development and experimental validation of
the method, the following assumptions and
simplifications are adopted.

Condition 1. The interaction is carried out using a
conventional RGB camera without the use of depth
sensors, wearable devices, instrumented gloves or
additional markers on the user's hand.

Condition 2. The user's hand is in the camera's field
of view for unimpeded detection and presentation as a set
of key points of the hand and geometric relationships
between them.

Condition 3. A gestural event is not seen as a
completed command. Only after analyzing the context,
the gestural event is converted into a control action.

Condition 4. In the work, experimental evaluation
is limited to a fixed set of gestures (OPEN_PALM,
PINCH, FIST, PINCH_MIDDLE, THUMBS_UP) and
user scenarios - basic system and navigation actions,
work with text or web content, management of graphic
objects.

The principal methods employed in the present
study include functional modeling (applied in the
construction of the models), computer vision techniques,
geometric analysis of hand skeletal keypoints, and
experimental validation.

For the acquisition of the input video stream, an
RGB camera was utilized as a cost-effective and scalable
solution for implementing contactless human—computer
interaction (HCI). As substantiated in prior investigations
[9, 19.], gesture-based interaction with computing
systems in educational, clinical, domestic, mobile, and
assistive settings represents a rational approach, since it
obviates the need for dedicated wearable hardware or
complex sensory infrastructures.

The retrieval of 21 keypoint coordinates for the
comprehensive description of the palm and phalanges per
frame is accomplished via computer vision algorithms,
thereby enabling real-time performance even on mobile
computational platforms.

The viability of the MediaPipe Hands framework
and the landmark-based methodology is corroborated by
the findings reported in [14, 20].

The adoption of the landmark-based paradigm is
justified by its capacity to shift the analytical focus from

holistic image processing to a compact feature-based
hand representation, consequently reducing the
dimensionality of the input data through the isolation of
a precisely defined region of interest [9].

The methodological choices delineated in [9, 14,
20] are deemed essential, as they ensure
sensor-independent operation, facilitate straightforward
system integration, and render the approach applicable
across conventional educational, domestic, public, and
assistive environments. Nevertheless, it has been
emphasized in the literature [14, 16, 20] that the practical
efficacy of such systems remains contingent upon a
number of factors, including ambient conditions,
computational resource constraints, illumination levels,
camera-to-user distance, real-time processing robustness,
and the ergonomic suitability of the chosen gesture
vocabulary. These considerations have been duly
addressed within the framework of the proposed system
and are effectively compensated for by the proposed
context-aware interpretation mechanism.

To verify the effectiveness of the proposed method,
three groups of test scenarios have been developed,
which allow for the evaluation of the proposed method
not only in terms of the accuracy of recognizing
individual gestures, but also in terms of its ability to
perform complete user actions while interacting with the
operating system, text, web, and graphical content
(scenarios are listed in order of increasing complexity):

- basic system and navigation actions (testing the
ability to control operating system elements without
using a mouse or keyboard — pointing, moving the cursor
with the leading hand, clicking, and opening folders
using basic gestures — THUMBS_UP, PINCH,
PINCH_MIDDLE);

- working with text or web content (testing
interaction with information content — hovering over a
page element, selecting, scrolling, and navigating to
another part of the content using basic gestures —
THUMBS_UP, PINCH, FIST);

- manipulating graphical objects (testing the
stability of control when selecting, holding, and moving
an object-hovering over the object, triggering the
selection action, moving the object to the desired area,
and completing the action using basic gestures —
THUMBS_UP, PINCH).

The experimental study of the proposed method
takes into account the conditions that affect the quality of
RGB hand tracking and the stability of gesture event
generation. Since the system uses a video stream from a
standard RGB camera, its performance depends on:

- the visibility of the hand in the frame;

- lighting;

- background;

- the distance to the camera;

- the angle of the hand;

- the resolution of the video stream.

The main limitations include partial obstruction of
the hand or fingers, the hand extending beyond the frame,
varying stability of individual gestures, and the
transmission of commands at the operating system event
level without considering the internal state of a specific
application.
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External factors include lighting, background,
distance, and the angle of the hand, while internal factors
include threshold settings, hand detection parameters,
system operating mode, camera resolution, and computer
performance. Controlling these factors allows for an
accurate assessment of the method’s performance and
helps distinguish errors in the algorithmic interpretation
of gestures from errors caused by shooting conditions or
the hardware and software environment.

The basic conditions for conducting the study were
defined as a constant camera resolution, a consistent
distance between the user and the camera, a neutral
background, a frontal hand position, and a fixed set of
gestures. A video stream resolution of 1280x720 was
used as the baseline setting, as it provides a balance
between image detail and processing speed.

n a controlled series of measurements, the user held
their hand approximately 0.5 m from the camera, the
illuminance was about 153 Ix, and the hand was
positioned primarily facing the camera head-on.

First, the recognition accuracy of individual
gestures was determined under baseline conditions;
thereafter, individual influencing factors — illuminance,
distance from the camera, hand orientation (Fig. 2), and
video stream resolution — were systematically varied.

Fig. 2. An example of testing the method's capability
when changing the perspective for the open-palm gesture
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Next, the system’s performance was tested in
practical scenarios involving interaction with the
operating system, as well as text, web, and graphical
content. For each series, recognition accuracy, the
number of omissions and errors, frame rate, response
time, and scenario execution time were recorded. This
methodology made it possible to compare the system’s
performance under standard and modified conditions,
identify the most stable gestures, and determine the
factors that most significantly reduce the accuracy and
speed of the proposed method. Each scenario was run
10 times using gesture control and 10 times using
traditional mouse and keyboard control. The table shows
the average execution time, the total number of errors,
and the number of critical errors.

3. Results of Development and
Experimental Study of the Proposed
Contactless Interaction Method

Within the scope of this study, contactless gesture
interaction is considered not as an isolated method for
recognizing individual hand positions, but as one of the
channels for context-adaptive user interaction with an
information system. The general logic of such interaction
is presented as a conceptual model that takes into account
the user’s input request, individual needs, the application
scenario, the user’s context, the interpretation of input
data, the selection of an assistance strategy, and the
generation of feedback through a multimodal interface.

The proposed conceptual model (Fig. 3)
demonstrates that effective interaction with an
information system depends not only on the method of
entering a command, but also on the context in which it
is used. Such context may include the type of information
content, the level of accessibility of the environment, the
presence of obstacles, the current task scenario, the user’s
sensory or motor capabilities, as well as the available
feedback channels.

(s
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Fig. 3. A Conceptual Model of Context-Adaptive, Inclusive User Interaction
with an Information System and the External Environment
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In such a system, gesture control can serve as one
of the input channels, complementing voice, visual,
auditory, or tactile means of interaction.

Within the framework of the conceptual model
presented, this article focuses on one of its functional
components — the contactless input channel, in which the
user’s hand movements are converted into commands for
interacting with visual and text content. Unlike the
general model of inclusive interaction, where various
types of sensory data and feedback signals can be used,
this study examines RGB hand tracking, the generation
of basic gesture events, and their contextual
interpretation as interface control commands.

Thus, the proposed method specifies the block
responsible for interpreting input data and generating
feedback control actions in a context-adaptive interaction
system.

Its purpose is to convert hand movements captured
by an RGB camera into high-level interface actions:
pointing, selecting, scrolling, confirming, canceling, or
executing a scripted command.

The model proposed in this paper for a method of

interpretation of gestures, is presented as a functional
diagram consisting of five functional blocks:

RGB frame acquisition / preprocessing;

hand detection / keypoint identification;
gesture event formation;

mode- and context-based interpretation of the
gesture event;

- generation of a remote-control command / OS
action.

The model's primary function is to convert the user's
movements, captured by an RGB camera, into interface
control actions, taking into account the active operating
mode, the role of the hand, the type of content, and the
current interaction scenario.

A key distinction of the proposed model is the
presence of a mode-context interpretation block, in which
an elementary gesture event is mapped to a control action
not directly, but taking into account the system’s active
state, operating mode, previous state, the presence of
confirmation, content type, and interaction scenario.

The proposed IDEFO model illustrates the sequence
of steps for converting an RGB video stream into a high-

non-contact interaction with visual and text content, level remote-control command for visual and text
based on RGB hand tracking and contextual content (Fig. 4).
The state and context of
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Fig. 4. A Generalized Model of a Non-Contact Interaction Method with Visual and Textual Content Based on RGB Hand
Tracking and Contextual Gesture Interpretation

Block 1, “RGB Frame Acquisition /
Preprocessing,” acquires a frame from an RGB camera
and prepares it for further analysis. At this stage, the
camera configuration and scene conditions — including
lighting, background, distance to the user, and brush
angle — are taken into account. The result of this block’s
operation is a prepared RGB frame, which is passed on
to the brush detection stage.

Block 2, “Hand Detection / Keypoint
Identification,” detects the hand in the frame and
determines the coordinates of the hand’s keypoints. The

output of this block is a compact representation of the
hand in the form of a set of key points, and it also selects
or identifies the hand for further processing. This stage is
an intermediate step between image analysis and the
generation of a gesture event.

Block 3, “Gesture Event Formation,” converts the
coordinates of key points into a basic gesture event. This
is done using rules and thresholds for calculating
geometric and temporal features, as well as a dictionary
of basic gestures. Such gesture events include, in
particular, OPEN_PALM, FIST, PINCH,
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PINCH_MIDDLE, THUMBS_UP, and other valid hand
positions or combinations (Fig. 5). At this stage, the
system does not yet generate an operating system
command, but only determines which basic gesture event
was detected.

L. PINCH_MIDDLE

LB

Fig. 5. Ba5|c hand gestures: a — open palm (OPEN_PALM);
b — pinch with the thumb and index finger (PINCH); ¢ — pinch
with the thumb and middle finger (PINCH_MIDDLE);

d — thumbs up (THUMBS_UP)

L: THUMBS_UP

d

A key element of the model is Block 4, “Mode-
Contextual Interpretation of a Gesture Event.” It is in this
block that a basic gesture event is matched to a possible
control command — not directly, but taking into account
the state and context of the interaction. These factors
include the system’s passive or active state, the previous
state, the presence of confirmation, the content type, and
the current operating scenario. Additionally, the active
operating mode is taken into account: one-handed, two-
handed, pointer control mode, sequence input mode, or
calibration mode.

Within block 4, the same basic gesture event can
take on different functional meanings depending on the
active mode and context. For example, a gesture can be

interpreted as confirmation, cancellation, a sequence
element, activation of pointer mode, or part of a content
control command. If the system is in a passive state or the
confirmation conditions are not met, no control action is
generated. This helps reduce the number of accidental
activations and increase the predictability of the
interaction.

Block 5, “Remote-control Command / OS Actions
Generation,” converts a high-level control command —
received after mode- and context-based interpretation —
into a specific action of the operating system or interface.
Such actions include switching operating modes,
buffering sequences, confirmation, cancellation, cursor
control, clicking, scrolling, and other operating system
events. The model’s outputs are operating system actions
and on-screen user prompts, which provide feedback
during interaction.

The model’s control inputs include the camera
configuration, scene operating conditions, feature
calculation rules and thresholds, the gesture vocabulary,
the state and context of the interaction, operating modes,
and the rules for generating high-level actions of the
interface or operating system. The execution mechanisms
include an RGB camera, a computer, OpenCV,
MediaPipe Hands, a geometric rules module, a
contextual interpreter, and a mechanism for transmitting
events via WInAPI/OS Input. The proposed model
describes not only the technical process of gesture
recognition but also the full cycle of remote, contactless
content control. Its key feature is mode-contextual
interpretation, thanks to which a gesture event is
converted into a control action only after checking the
active mode, previous state, confirmation, content type,
and interaction scenario.

Within the proposed model, passive mode
corresponds to a standby state in which the system
analyzes the video stream but does not generate OS
control events (Table 2). The transition to active mode
occurs only after a valid gesture event or activation
command is detected. This approach reduces the
likelihood of false triggers, since random hand positions
are not directly converted into interface actions.

Table 2 — Operating Modes of the Contactless Interaction System

Mode Purpose

Typical Actions

Passive .
forming commands

Anticipation, frame analysis without

clearing temporary states, updating the OSD

Active (one-handed) hand

Executing simple commands with one

select, cancel, confirm, single gesture

Active (two-handed) Assigning roles to each hand

dominant hand — positioning, non-dominant hand —
confirm/click

Mouse/Pointer Mode Cursor control

cursor movement, PINCH, PINCH_MIDDLE, FIST

Sequence Mode

Entering more complex commands

gesture accumulation, confirm, cancel

Calibration

Customizing thresholds for the user

updating threshold values

Active mode, in turn, is divided into one-handed
mode, two-handed mode, pointer control mode, sequence
mode, and calibration mode. As a result, the same basic
event can be interpreted in different ways depending on
the current interaction scenario.

Since Block 4 is responsible not for image
processing but for decision-making logic, it is advisable
to present its decomposition in the form of a flowchart.
This allows us to illustrate the system activity check, the
selection of the current mode, the mode-based
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interpretation of the gesture, context-based alignment,
and the generation of a high-level command or the reset
of temporary states (Fig. 6).

The block diagram details the operational logic of
Block A4, “Mode-Context-Based Interpretation of a
Gesture Event.” The input for this stage is a basic gesture
event, generated based on the coordinates of key points
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Fig. 6. Flowchart of the Mode-Context Interpretation of a Gesture Event

If a gesture event is valid, the system determines the
current operating mode and the role of the hand. The
proposed method provides for four main modes:
calibration, pointer control, gesture sequence, and single
gesture. In calibration mode, threshold values are
updated; in pointer control mode, hand coordinates are
mapped to screen coordinates; in gesture sequence mode,
gestures are used to accumulate, confirm, or cancel a
command; and in single-gesture mode, a discrete
command is generated.

After the mode interpretation, the system checks
whether the action is valid in the current context. At this
stage, the system takes into account the previous state of
the system, the role of the hand, the active mode, the
content type, the interaction scenario, and the presence of
confirmation. If the action does not match the current
context, the system does not generate a control command.
If the action is valid, a high-level remote-control
command is generated, such as mode switching, clicking,
scrolling, confirmation, or cancellation.

The final step is to update the on-screen prompts,
the event log, and the system's internal state, after which
the system proceeds to process the next frame. Thus, the
flowchart shows that the result of the method is not
simply a recognized gesture, but a contextually
appropriate remote-control command.

The data presented in Table 3 confirm that the
proposed method is operational under the selected
experimental conditions and can support the execution of
applied interaction scenarios.

The results demonstrate that the system can process
visual input, detect gesture events, interpret them
according to the current mode and scenario, and generate
corresponding control actions.

Therefore, the conducted experiments validate the
main idea of the study: contactless interaction with visual
and textual content should be based not only on gesture
recognition, but also on contextual interpretation of the
recognized gesture event.
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Table 3 — Summary of the results of the empirical validation of the proposed method

Evaluation Group

Condition / Scenario

Key Indicators

Gesture Recognition
Accuracy

Base conditions, 1280x720

Average accuracy — 0,873

Distance to the camera: 2 m

Average accuracy — 0,673

Low light, 20 Ix Average accuracy — 0,800
Change in the hand angle Average accuracy — 0,513
Resolution 320x180 Average accuracy — 0,854

Resolution 1920x1080

Average accuracy — 0,927

Consistency of Individual
Gestures

OPEN_PALM

The range of accuracy under different conditions: 0,933 —
0,967, average ~ 0,956

PINCH

The range of accuracy under different conditions: 0,300 —
0,867, average ~ 0,578

PINCH_MIDDLE

The range of accuracy under different conditions: 0,333 —
0,867, average ~ 0,650

FIST

The range of accuracy under different conditions: 0,167 —
1,000, average = 0,800

THUMBS_UP

The range of accuracy under different conditions: 0,733 —
0,967, average ~ 0,878

Scenario Testing

Basic system and navigation
actions, using a file operation as an
example — creating and opening a
folder

Time required for gesture control: 48,692 ms,
time spent using the mouse and keyboard — 15,127 ms,
errors — 1, critical — 0.

Working with text or web content
using web navigation as an example
— opening a browser and navigating

Time required for gesture control — 65129 wmc,
time spent using the mouse and keyboard — 16206 ms,

to a page

errors — 0, critical — 0.

Managing Graphic Objects: An

and-Drop Operations

Example Using the Copy and Drag-

Time required for gesture control — 80317 ms,
time spent using the mouse and keyboard — 13401 ms,
errors — 3, critical — 0.

320%180, web scenario

Time — 80433 ms, errors — 5, FPS — 22,2

The Effect of Resolution | 1280x720, web scenario

Time — 65129 ms, errors — 0, FPS — 19,7

on The Scenarios 1920x1080, web scenario

Time — 59379 ms, errors — 2, FPS — 14,4

1920%1080, drag-and-drop

Time — 58862 ms, errors — 6, critical — 1, FPS — 14,4

This makes it possible to reduce the ambiguity of
gesture commands and adapt the system response to the
current interaction scenario.

4. Discussion of the Experimental Results
of the Contactless Interaction Method

An analysis of the overall results shows that the
proposed method provides the most stable performance
under standard shooting conditions and when the video
stream has sufficient detail. The highest average accuracy
was achieved at a resolution of 1920x1080; however, this
mode is associated with a higher computational load and
a lower frame rate. Therefore, for practical use, the
1280%720 mode is recommended, as it provides an
acceptable balance between accuracy, performance, and
the number of errors.

Among the individual gestures, OPEN_PALM
proved to be the most robust. This is because it has a
distinct hand shape and does not require precise
determination of small distances between the fingers. The
PINCH and PINCH_MIDDLE gestures are more
sensitive to image quality, camera angle, and distance
from the camera, since their recognition depends on the
correct determination of the position of the fingertips.
The greatest decrease in accuracy is observed when the

hand’s angle changes, which confirms the critical
importance of finger overlap for RGB-based tracking.

The scenario testing showed that all the actions
considered can be performed using gesture controls. The
most stable use case was web browsing, for which no
errors were recorded in basic mode. The most
challenging scenario turned out to be drag-and-drop, as it
requires not only the recognition of a specific gesture but
also consistent control while moving an object.

A comparison with traditional input methods shows
that gesture control is slower than a mouse and keyboard
in terms of execution time. This is to be expected, since
the proposed method involves additional steps: hand
detection, gesture event recognition, mode verification,
contextual interpretation, and command generation. At
the same time, the absence of critical errors in basic
scenarios confirms the method’s viability as a
supplementary channel for contactless interaction with
visual and text content.

5. Conclusions

This paper proposes a conceptual model of context-
adaptive, inclusive user interaction with an information
system and the external environment, which takes into
account the user’s input request, individual needs, the
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application scenario, the user’s context, the interpretation
of input data, the selection of an assistance strategy, and
the generation of feedback via a multimodal interface.

This paper presents a method for contactless
interaction with visual and text content based on RGB
hand tracking and contextual gesture interpretation. The
proposed method ensures the sequential conversion of an
RGB video stream into an interface control action by
identifying key points on the hand, calculating geometric
features, forming a basic gesture event, interpreting it in
terms of mode and context, and generating a high-level
remote-control command.

A functional model of the method has been
developed, in which the key element is the block for
mode-contextual interpretation of a gesture event. Unlike
a direct “gesture—command” mapping, the proposed
approach evaluates a gesture event by taking into account
the active mode, the system’s previous state, the role of
the hand, the presence of confirmation, the type of
content, and the interaction scenario. This reduces the
number of false triggers and increases the predictability
of command generation.

The effect of external conditions on gesture
recognition accuracy was experimentally evaluated.
Under baseline conditions, at a resolution of 1280x720,
the average accuracy was 0.873. The highest average
accuracy was obtained at a resolution of 1920x1080 —
0.927. H

owever, this mode involves a higher computational
load; therefore, for practical use, the 1280%720 mode is
preferable as a compromise between accuracy, speed,
and the number of errors.

It was found that the most critical external factor is
a change in the hand’s angle, which reduces the average
accuracy to 0.513. Increasing the distance to the camera
to 2 m also negatively affects recognition quality,
reducing the average accuracy to 0.673. Reduced lighting
to 20 lux had a more moderate effect: the average
accuracy was 0.800. This confirms that for the RGB-
based approach, hand visibility, a frontal hand position,
and sufficient image detail are particularly important.

A comparison of the stability of individual gestures
showed that the OPEN_PALM gesture is the most stable,

with its accuracy varying between 0.933 and 0.967 under
different conditions. The PINCH and PINCH_MIDDLE
gestures proved to be more sensitive to image quality,
distance, and viewing angle, since their recognition
depends on the precise determination of the position of
the fingertips.

Scenario testing confirmed the effectiveness of the
proposed method during basic system operations, web
navigation, and control of graphical objects. All basic
scenarios were executed without critical errors,
confirming the method’s suitability as an auxiliary
channel for contactless interaction. At the same time,
gesture control is slower than a mouse and keyboard in
terms of execution time, which is due to the additional
steps involved in hand tracking, gesture event
recognition, mode verification, contextual interpretation,
and command generation.

Further research should focus on improving
resistance to changes in hand orientation, enhancing the
recognition of subtle and dynamic gestures, adaptively
adjusting thresholds for different users, expanding testing
scenarios, and deeper integration of gesture control with
applications.
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Mopeapb Ta MeTOJ iHKJII03UBHOI B3a€MOII 3 Bi3yaJlbHUM i TEKCTOBMM KOHTEHTOM
HA OCHOBi KOHTEKCTHOI iHTepnpeTauii s*ecTiB

O. 0. bapxoBchka

AHoTaunisi. .AKTyaJbHicTb. Be3KOHTaKTHE JKecTOBE KepyBaHHs, K AOTIOMIKHHUNA KaHAll B3aEMOJIi 3 iHTepdeiicoM, Ha
CHOT'OJIHI Ha0yJI0 MUPOKOTO TOMMPEHHS y Pi3HUX cepax KUTTS, OCKUTBKH 3a0e3neuye 3pyqIHuid, Oe3MeuHui i, 32 He0OX1THOCTI,
IHKJTIO3UBHUH CIIOCIO B3aeMOAil 3 Bi3yalbHHM, IpadidHUM Ta TEKCTOBUM KOHTEHTOM. IIpeamMeToM IOCIiIKEHHS € Ipolec
OC3KOHTAKTHOTO KepyBaHHs 0A30BHMH HaBiraliiHUMH CIEHapisiMH AJs poOOTH 3 Bi3yaJbHHM, TEKCTOBHUM i BeO-KOHTEHTOM 3
BHKOPUCTaHHSIM METOMIB TPEKIHI'y KHCTi Ta KOHTEKCTHOI iHTeprperamii >KeCTOBMUX TMoXii. MeTa MOCHIIKEHHsS MONSArae B
PO3po0IIeHHI Ta eKCIIEPUMEHTANbHIHN MepeBipIli MeTOIy O€3KOHTAKTHOI B3a€MOIIT 3 Bi3yabHUM 1 TEKCTOBUM KOHTEHTOM Ha OCHOBI
RGB-TpekiHry KHCTi Ta KOHTEKCTHOI iHTeprperanii )KecTiB AJs peanizalii MpakTHYHUX KOPHUCTYBAalbKUX cleHapiiB. ['onoBHe
3aBJAHHS JIOCTI/DKCHHS TOJIITa€ y po3poOIi KOHIENTyalbHOI MOJeNi KOHTEKCTHO-aJalTHBHOI IHKITIO3MBHOI B3a€MOZil
KOpHCTYBaJa 3 iH)OpMaIiifHOI0 CHCTEMOIO Ta 30BHIIIHIM cepenopuieM. Mertoan. Bukopucrano GpyHKIioHaTbHE MOJICITIOBAHHS,
METO/I¥ KOMIT FOTEPHOTO 30Dy, aHaJi3 KIIFOUOBUX TOYOK KHCTi, FTEOMETPHUYHI IIpaBmIIa pO3Ii3HABAaHHS JKECTIB Ta eKCIICpIMEHTaIbHE
TecTyBaHHS. Pe3yJbTaTu. 3anponoOHOBaHO METOI, Y SKOMY JKECTOBA ITO/is IEPETBOPIOETHCS HA KOMAH/Iy JIMIIE MiciIsT BU3HAYCHHS
THUITy Ta aHali3y KOHTEKCTY (TEeXHIYHOTO Ta CIeHapHOoro). EkcriepuMeHTanbHa nepeBipka MpoBOANIach Ha I1'sITH 0a30BHX KecTax
i TppOX creHapisx. BucHoBkm. OTpuMaHi pe3yibTaTd MiATBEPAWIN MpPAE3JaTHICTh METOLYy SK JOINOMDKHOTO KaHAy
0OE3KOHTAKTHOI B3a€MOIIT 3 Bi3yalbHUM i TEKCTOBHM KOHTEHTOM.

Kaw4doBi caoBa: Oe3kOHTaKTHa B3a€MOJisl, TPEKIHT, pPO3Mi3HABAHHS JKECTIB, JIIOJHMHO-KOMII IOTEPHA B3a€EMOJIIs,
MediaPipe Hands, sxecroBe kepyBaHHs, iHTepdeiic, MOfIeIb, METO/I.
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T'IBPUIN3AIISI METOAIB BUJTYUYEHHS O3HAK
Y CUCTEMI I'OJIOCOBOI IIIEHTU®IKAIII KOPUCTYBAYA

AHoTauisi. AKTyaabHicTh. [IpakTH4He 3aCTOCYBaHHS CUCTEM T'0JIOCOBOI 11eHTH(iKalii 00yMOBIIIOE HEOOXITHICTH BUCOKOT
TOYHOCTI PO3Mi3HABaHHS, 00UHCIIIOBAIFHOI €()EeKTUBHOCTI Ta CTIMKOCTI JO CHHTE30BaHHUX MiAPOOOK rosocy. CTaTUCTUYHI
MiAXOOH, Taki K aKyCTUYHHH aHaji3 Ta CHEeKTpajbHE NOPIBHAHHSI, € HEBUMOIJIMBUMH JI0 almapaTHUX PecypciB, HMpoTe
MOCTYMAIOTHCSA 32 TOUHICTIO CyYacCHUM TTIMOMHHUM ITiX0JaM Ha OCHOBI MalIMHHOTO HaB4aHH:. LLITy4Hi HEHpOHHI Mepexi,
MIONIPH BHIILy TOYHICTh, XapaKTEpU3YIOThCS 3HAYHUMHU OOYHCITIOBAJGHUMHU BUTpAaTaMH Ta YYTIUBICTIO O BUKPUBIICHB.
OJHUM 13 MOXKJIMBUX NUIAXIB BUPINICHHS € TIOpUAN3AIlisi METO/IIB Ha €Talli BIIIYYCHHS O3HAK, IO Mepeadadae moeJHaHHS
CTaTHCTHYHOTO aKyCTHYHOTO aHAI3y Ta HEHPOMEpEe)KeBOTO IIIXOAy B €ANHOMY BEKTOPHOMY IpocTopi. O6’ekT
JOOCJTiZKeHHsI: TiOpUaM3aIlisi METOJNIB BWIYYCHHS O3HAK y CHCTEMI TOJOCOBOi iNeHTH(iKalii Ha OCHOBI TMO€JTHAHHS
CTAaTUCTUYHOTO aKyCTHYHOTO aHaNi3y Ta LITy4yHOI HeiipoHHOi Mepexi. Ilpeamer noc/if:KeHHsI: METOA TiOPHIHOTO
BUJIy4eHHS O03HAK, 0 noeanye MFCC-BekTopu Ta BEKTOPH 03HAK HEHPOHHOT MEPEXi B € AMHOMY BEKTOPHOMY MPOCTOPI, 13
MOPIBHAUTBHUM aHAJIi30M CIOCO0iB iX moeqHaHHS. MeTa JOC/TiIZKeHHs: PO3pOOKa Ta IOCTIMHKEHHS METOMy TiOpHUAHOTO
BWIyYEHHS O3HAK [UI IIIBUIICHHS TOYHOCTI TrojocoBoi imeHTH(ikamii. 3aBaanHsi AociaigkenHs. PeamizyBatu
3alpOINOHOBAHI MiIXOAW TiOpuau3amii CTaTUCTUYHHMX Ta HEHpOMEpe}eBHUX METOZIB BWIIYYCHHS O3HAaK y €INHOMY
BEKTOPHOMY MPOCTOPIi; EKCIIEPUMEHTAIBHO OI[IHUTH TOYHICTh ieHTH(DiKaIl y pexxumax closed-set Ta open-set; qOCTIAUTH
00YNCITIOBANIBHY €(EeKTHBHICTh i MacIITabOBaHICTh 3alpOIIOHOBAaHMX BapiaHTiB. MeToamn mociimkennsi. CTaTUCTHYHUII
aKyCTHYHHMH aHaJi3 Ha OCHOBI MEN-YacTOTHUX KENCTPAIBHHUX KOedillieHTiB, 3rOpTKOBa HEHpOHHAa Mepe)ka Ha OCHOBI
apxitektrypu VGQGish, MeTOx TONOBHHX KOMIIOHEHT JUISl 3HIDKEHHS PO3MIPHOCTI, HaBYaHHS HPOEKLIHHOrO IMmapy 3a
KpHUTEpieEM KyTOBOTO BiZICTYyITy, €KCIIEpUMEHTAJIFHE MOPIBHSIHHSA OTPUMAaHUX Pe3ynbTariB Ha HaOopi maHmx VoxCelebl.
Pe3yabTaTu nociaigKeHHs. 3apOIIOHOBAHO Ta JOCHIIPKEHO TPH BapiaHTH TiOpuan3amii Ha piBHI BHIy4YeHHs O3HAK, Taki
SIK KOHKaTEHAIlisl HOPMOBAaHHX BEKTOPiB, 3Ba)KCHA JIiHIHA KOMOIHAIlS Micis 3HIKEHHS PO3MIPHOCTI Ta 3MUTTA 4epe3
HaBUEHWH MNpOeKiiHUi map. OTpuMaHi pe3ynpTaTH IEMOHCTPYIOThH ckopoudeHHs EER Ta mimBummeHHs TOYHOCTI
imeHTU(]IKaii TMOPIBHAHO 3 BHUKOPHCTAHHAM KOXHOTO METOAy OKpeMo. BucHoBkHM. Pesynbratét IocimimkeHHs
MiATBEP/DKYIOTh JOIIBHICTh 3aCTOCYBaHHS TiOpUIU3allii METO/IIB Ha €Tali BUIyYCHHS O3HAK JJIS MMiJBHIICHHS TOYHOCTI
inenTudikamii MoBus. BcraHoBNIEHO, IO TiOpHUAM3allis MUITXOM 3JHTTS Yepe3 HaBUCHUI MPOEKUIHHHUN map 3a0e3rnedye
HaWBUIIY TOYHICTb, TOJ K KOHKAaTEeHALlisi HOPMOBAHHUX BEKTOPIB HE MOTPeOye JOAATKOBOrO HABYAHHSI.

Karwuori ciioBa: GioMeTpUYHI CHCTEMH TOJIOCOBOI iMeHTH(iKalii; TiOpumu3sailis MeToiB; BuiyueHHs o3Hak, MFCC;
IITYYHI HEHPOHHI Mepexi; 3ropTkoBa Mepexa VGGish; HaBuaHHs MPOEKUIIHOTO 1IAPY; 3TUTTS O3HAK.

pecypciB Ta MOTPEOYIOTh BEIMKAX HABYAILHUX BHOIPOK

i MaroTh OOMEXEHy iHTepIpeToBaHicTh [ 7— 9].
T'onoBHUMH MTPOOJCMHUMH MUTAHHIMU IPU [[BOMY

CTalOTh TaKi: HEOOXiTHICTh MOETHAHHS

1. Beryn

1.1 AKTyaJIbHiCTh TEMaTUKH

IonocoBa ineHTH]IKALIS € aKTyaIbHUM CIIOCOO0M
KOHTPOJIIO  JIOCTYIy, ULIO BHUKOPHCTOBYETHCS IIPH
CTBOPCHHI TMEpCOoHANi30BaHUX iHTepdeiiciB, 30Kpema
JUIs PO30JIOKYBaHHsS aBTO, MPHUCTPOIB, JOCTYMy JIO
MPUMIIIEHb YU KOMITIOTepHUX cucteM [1- 3].

[MpakTi4yHi yMOBH 3aCTOCYBAaHHS TaKHX CHCTEM,
30KpeMa MiHJIMBE aKyCTUYHE CepeloBHUIIe, (i3i0orivHi
Bapiarii roJocy, HasBHICTh (POHOBOTO IIYMY Ta 3arpO3H
mipoOKH 3a JOMOMOTOK  CHHTE30BAHOTO  ayio,
nepe0avyaoTh CyNepewnBi BUMOTH IIOJO TOYHOCTI
inerTudikarii, cTiikocTi 0 MiXCeciHHUX Bapialiii Ta
obuncmoBanbHOI eexTrBHOCTI [3, 4].

Croci6 oTpuMaHHS BEKTOPHOTO IPEICTAaBICHHS
MOBISL € OCHOBHHM KOMIIOHEHTOM  apXiTeKTypH
cucteMu OioMeTpudHOI imeHTHdIKAIll, OCKIIBKH came
Bil SKOCTI BWJIyYEeHHsS O3HAK 3aJeKUTh T0JajbIla
TOYHICTh PO3pi3HEHHsA KopuctyBauiB [5]. CraTucTuyHi
METOIM aKyCTHYHOTO aHajli3y, Taki SIK MeJ-4acTOTHI

kerctpanbHi  koedimieaTn (MFCC), 3abe3neuyroTh
IHTEpIPETOBaHi, BIJTBOPIOBaHI Ta OOYMCIIIOBAIBEHO
e(pEeKTUBHI  NPEACTAaBICHHS, ale€  YCEpeIHIOITh

XapaKTEPUCTHKH B Yaci Ta HE BIIOOPaKalOTh CKIAIHY
HEJNTIHIAHY TuHaMiKy curHany [3, 6]. Tnnboki HelpoHHI
MepeXi 3laTHI aBTOMAaTHYHO BHUSBIATH  CKJIATHI
3aKOHOMIPHOCTI, IPOTE € BUMOTJIMBHMH 10 arapaTHUX

nepeBar
aKTyaJIbHUX MIiAXOAIB J0 BHWJIyYEHHS O3HaK 0e3
CYTTEBOTO YCKJIaJHEHHsS OOYMCIIIOBAIBHOI apXiTEKTypH
Ta BIACYTHICTh YyHIBEpCallbHMX METONIB  IXHBOI
inrerpanii [10, 11].

Kpim Toro, ciix 3a3HauuTH, MO OOYHCITIOBAJBHI
pecypcH MpUCTPOIB s 0iIOMETPHYHOI ineHTHIKAIIT €
oomexxenumu [12]. Ile Bu3HaYae HEOOXIAHICTh MOIIYKY
METOJ[iB paHHBOI iHTerparii O3HaK, sKi O TO3BOJMIN
¢opMyBaTH KOMITaKTHi Ta iH(GOPMATHBHI BEKTOPH
MPEACTaBIeHHS MOBISI 0€3 CyTTEBOTO 301TbIIEHHS
00YHCITIOBAIBHOTO HABAHTAXKCHHS.

ToMy nocmiKeHHS, TPHUCBAYeHI (HOPMYyBaHHIO
e(eKTUBHHUX TiOpPUIHNX MPEACTaBICHb MOBJIEHHEBOTO
CHUTHAJy [UIIXOM  IHTerpamii CTaTUCTUYHUX  Ta
IUOMHHUX O3HAaK, € aktyansHuM [13, 14]. BupimenHs
LBOTO IUTAHHA JIO3BOJINTH IIJBUIIUTH TOYHICThH
pO3Mi3HaBaHHS MOBIIB B CHUCTEMax OiOMETPHYHOI
roiocoBoi  imeHtudikamii 32 yMOB  OOMEXEHHX
00YHCITIOBATIFHUX PECYPCIB.

1.2 Anani3 JiTtepaTypHHuX JKepes
i BU3HAYeHHs NPodeMu

VY cyyacHHMX CHCTeMax TOJIOCOBOI imeHTH(ikamii
JIeNai 4acTille BHKOPHUCTOBYETHCS MOEIHAHHS PI3HUX
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METONIB BWJIYYEHHS O3HaK 3 METOI0 KOMIIeHcalii
00OMekeHb KOXKHOTro 3 Hux [15-21].

JocmimkeHHs [15]  posrasgae  romocoBy
iTeHTUGIKAII0 K  0araToeTamHWid  MpOLEeC, IO
MOYMHAETBCS 3 MNEPETBOPEHHS aKyCTUYHOI'O CHUTHAIY
IUIAXOM eKCTpakmii 25 craTHCTUYHMX O3HaK. Lleit eram
OXOIUTIOE pO3paxyHOK mapamerpiB [HopTa, eHeprii
Tirepa Ta LEHTpaNbHUX MOMEHTIB [UIS ICTAIBHOTO
ommcy Mopdoorii rorxocy MoBi. HacTymHmii piBeHb
nependavae CeNEKIil0 O3HaK Ha OCHOBI KoedimieHTa
kopersimii  CmipMeHa, IO 3aBEpUIYETHCA — €TAIIOM
Kinacudikanii 3 BUKOPUCTAHHAM MoOJeJieil Ha OCHOBI
MetoiB Decision Tree, Support Vector Machine (SVM)
abo Ensemble Bagged Tree s npudHATTS
0OCTaTOYHOTO pimeHHs. Takwid miaxim 10 00poOKu
JAHUX JIO3BOJIUB aBTOpaM nocartd TouHocTi 90.16%
st mogeni SVM ta 95.14% nns anroputmy Decision
Tree. OxHak nepeBakaHHsl MOP(HOIOTIYHNX MTAPaMETPiB
y 4YacoBiif o0Oxacti o0OMeXye 3IaTHICTH CHCTEMH
BpPAaxOBYBaTH  CIIEKTPAJbHO-AWHAMIYHI  BIACTHBOCTI
CHUTHAIY, 10 YCKJIA[HIOE YaCOBY CETMEHTALLIIO0.

VY nocmimkerHi [16] mponoHyeThesi GaraTopiBHEBa
riopuHa MOJIeNIb PO3IMi3HABAHHS TOJIOCY, IO MOEIHYE
MPUPOJTHO-IHCITIPOBAHI aJNrOpUTMU ONTHUMizauil (Taki sK
ornrrumizanist poeM yactok (PSO) Ta reHeTHYHI anropuT™Mu
(GA)) i3 cucremamu Heuitkoi Jjorikd [9]. Pimenus
OCHOBaHO Ha TMEPBUHHOMY BWIIYYCHHI aKyCTHYHHX
XapaKTePUCTUK CUTHAJTY 3 TIOJaJIbIINM X BUKOPUCTaHHSIM
Y  TEKCTOHE3aJIC)KHOMY  PEKHMI. v mixomi
BHUKOPHCTOBYIOTECS Taki O3HAaKH MOBHOTO CHTHAILY, SK
ernepris curHany (EE), wacrora neperuny Hyns (ZCR) ta
kopotkodacHa ereprisi (STE), sxi ¢dopMyroTh BXimHHI
BeKTOp O3HaK s Kiacudikartopa. ILle mo3Bomse
e(eKTHBHO iMeHTH(IKYBaTH 0cO0y HE3aJIEKHO BiIl 3MICTY
BUMOBIIIOBaHUX (pa3. ['i0puaun3ariiss METoIIB J03BOJIMIA
JOCSATTA  TOYHOCTI  po3mi3HaBaHHs 10 88%  mpum
cepenHbokBaaparuyHiii noxubui (MSE) Ha piBHi 10%.
[lpore po3MWMpeHHS NPOCTOPY O3HAK  YCKIAHIOE
orrTuMi3ariro Ta 361kHicTh Mozeni [16].

Y pob6ori [17] mpomeMOHCTPOBaHO MOJENb ISt
BUSIBJICHHS TOJIOCOBOTO  CIly(iHTY, sIKa TIOE€JHYE
morepeqHb0  HaBdeHy Moxaens IIIHM  rimGokoro
HaBuyaHHA (VGGish) m1s aBTOMaTHYHOTO BIUTYYCHHS
O3HaK Ta JIOBFOTPUBAIY KOPOTKOYAacHy Iam siTh
(LSTM) nns momanbimoi kiacudikamii. ApxiTekTypa
VGGish-LSTM mnomaHa sk TiOpuaHa, OCKIILKH BOHA
noegHye pizHi apxiTextypu IIHM, 110 3aCTOCOBYIOTBCS
TOCHIIOBHO ISl PO3B’sI3aHHS OKPEMHX Iia3agad —
BWIyYeHHs O3HaK 1 kmacudikarii. 3ampornoHoBaHa
ribpuaHa  MoOjeNb MPOJIEMOHCTpPYBaja  BHCOKY
e(eKTHBHICTh, TOCATHYBIIM TOUHOCTI 99.11% Ta piBHA
piBaoi nomunku (EER) 1.18% mix wac tecryBaHHS Ha
Habopi naanx ASV Spoof 2019 LA. Boxnouac B po6oTi
3a3HaYCHO, M0 O0OpoOKa BEMUKUX OOCSTIB JTaHUX
notpedye  BHKOPUCTaHHS  CKJIQAHHUX  IIONEPEAHBO
HaBueHuX Mojenei (YAMNet), mo cripuynHse aedinut
00YHCITIOBAILHUX PECYPCIB IIl€ Ha eTali BHIYYEHHS
03HAK, & 3aCTOCYBaHHS PEKYPEHTHUX HEHPOHHHUX MEPEexK
JUIST  JOBTUX TIOCTIJIOBHOCTEH YCKIIAQIHIOE MPOIEC
HaBYaHHS Yepe3 MpodiieMy 3HUKHEHHS TPpali€HTa.

VYV mocmimkenni [18] posriusmaertscs riGpumHa
EKCTPAKIisA O3HAK [UITXOM MO€IHAHHS CTAaTUCTHIHHX

MFCC-napameTpiB i3 BeKTOpamMu O3HAaK, BifiOpaHMMHU
3roptkoBoro Mepexero (CNN). ABTopu mHpoBOASTH
TIOPiBHSUIBHUH aHaii3 KIJIBKOX KoH(iryparmii
riopumuszanii. OmHak oOIliHKAa €()EeKTUBHOCTI MigXOIy
oOMexeHa €IMHHM HEBEJIMKMM HabOpOM JaHUX 1 He
BpaxOBYe€ CTIHKOCTI CHCTEMH 10 MiXKCECIHHHX Bapiarliif
rojgocy Ta 1ii OOYHCITIOBANBHOI CKJIATHOCTI IIpH
MaciTaOyBaHHI.

PoGora [19] mpomonye iHTerpariito MexaHi3My
yBaru JUId IWHAMIYHOTO 3Ba)KyBaHHS KUIBKOX TPyl
O3HAaK y 3amayax Bepu(ikalii MOBIS Ta BHABICHHS
migpobnenoro  rojocy  (SASV). 3ampomoHoBaHa
apxiTekTypa 3JiiicHIOEe cmiibHe HaByaHHi ASV- Ta
aHTHCIY(IHT-TUIOK A MiABUIICHHS  TOYHOCTI
posmizHaBanHs [22, 23]. OmHak BHCOKAa CKJIAIHICThH
MOJIeNi Ta HEOOXITHICTh CyMICHOTO TPEHYBaHHS 000X
KOMIIOHCHTIB yYCKJIAJHIOKOTh I1HTEPIIPETAI[il0 BHECKY
OKpEeMHX JUKepelnl O3HaK 1 CyTTEBO MiABHUILYIOTH
00YHCITIOBaNIbHI BUTPATH.

VY nocmimxenni [20] mpomonyetbes 3muTTA 6e3
3alydeHHs HEHPOMEPEKEBHX EKCTPAKTOPIB (i3UYHHX
YaCOBHUX 1 YACTOTHHX MapaMeTpiB (CHEKTPaIbHUH MOTIK
Ta HAaXWI, TOH, IHTCHCUBHICTh) 3 IXHIMU CTATHCTUYHUMH
Bapiauismu. Takuil miIxXiJg OpieHTOBaHUH Ha peasizalito
TEeKCTOHE3aJIe)KHOI iIeHTH(DIKaIil MOBIIS Ha PiBHI O3HAK
HHU3BKOTO TOpsAKy. OJHaK BiJICYTHICTh MOPIBHSHHS 3
cy4acHUMH TiuOuHHuMU apxitektypamu (VGGish, x-
vector, ECAPA-TDNN) 3ByXye  3aCTOCOBHICTbH
OTPHMAaHUX BHCHOBKIB [UIs CIIEHApiiB 13 BHCOKOIO
MIDXKCECIfHOIO BapiaTUBHICTIO TOJIOCOBOTO CHTHAIY.

Hocmimkennst  [21]  posmisgae  apxiTekTypy
AMDF-CNN, sika 3a0e3medye yBara-KepoBaHE 3JIHATTS
(attention-guided feature fusion) YacOBHX,
CIEKTPAIbHUX Ta KENCTPATbHUX BUMIPIB B €IUHIN
3TOPTKOBIA CTPYKTYpi. 3acTOCyBaHHS OaraTOBUMIpHOL
MOJIETi  JIO3BOJIWJIO 3HU3UTH YacTKy IOMHUIJIKOBOI
kiacudikanii Mo Ha 2.52% MOpIBHIHO 3 0a30BUMHU
nigxogamu. OCKUTbKH aBTOPH HE HABOJATH MOPIBHSIHHS
OOUYMCIIOBAJIbHUX BHUTpPAT 13 HPOCTINIMMU METOJAMHU
3IUTTS, OIIHUTH IPaKTHYHY e(QEeKTUBHICT TaKOTO
YCKJIQJHEHHS apXiTEeKTypH Hapasi HEeMOXKIIUBO.

AHani3 pO3MSIHYTHX aKTyaJbHHX JIOCIiJDKCHb
CBITYHTH MPO IOMUIBHICTH MEPEXOMy BiJ MOCIIIOBHOTO
BHUKOPHCTaHHS OKPEMHUX METOJIB JI0 iX riopumusaii. Lle
NOB’S3aHO 3 THM, IIO i30JIbOBAaHI AITOPUTMH BXE HE
3a0€3MeuyroTh JOCTaTHBOTO TPHUPOCTY e(PEeKTUBHOCTI,
TOMY BCE 4YacTillle 3aCTOCOBYIOThCS IX TIOEJHAHHS B

MeXaxX €IWHOI CHCTeMH. Y CY4YacHHX PpIIICHHIX
cratuctiyHi Mmeronu Ta IIIHM BHKOPHCTOBYIOTBCS
pasoM SK YacTHHW oOnxHOro miaxomy. Kiacwuwi

AMOPUTMU 3 BUAIJICHHAM O3HaK 1 TpaauIliiHUMU
kiacudikaropamu (SVM, nepeBa pimieHp) edexTHBHI
NP OJHOPIAHOCTI TaHWUX 1 HE MOTPEOYIOTh CKIIAIHHUX
obuncnenp [23], ame He miATPUMYIOTH poOOOTY 3i
CKJIQJIHUMH  BapiallisMd MOBJICHHS Ta  BEIHKAMHU
HaOopamu naHuX. HaToMicTh MOJIETIi HA OCHOBI IITYYHHUX
HeliponHux Mepex (LSTM, CNN) BHABISAIOTH CKJIa[HI
3aKOHOMIPHOCTI B ayAiOCHTHAJIi Ta BPaxOBYIOTh HOTO
YacoBY CTPYKTYpY, alle XapaKTepH3YEThCsS BHUCOKHMH
BUMOTaMH JI0 PECYpCiB, MalOTh MPOOJIEMY 3HHKAIOUOTO
rpajliecHTa Ha JOBI'HX IOCITIJIOBHOCTSX Ta MOTPEOYIOThH
BENMKI MaCWBHM JAaHWX [UI1 HaBYaHHA. [IpwHIMIOBa
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pi3HHLST MK X BHKOPHCTaHHSM IMOJSITA€ B TOMY, HA
SKOMy eTari BifOyBaeTbcs OOMiH iHQopMaliero Mix
KOMIOHEHTAMH CHCTEMH 1 YU (OPMY€EThCS B pe3yJIbTaTi
€/IMHE CHIJIbHE NPEJICTaBICHHS CUTHAIY.

OTke Ha OCHOBI MPOBEICHOTO aHaTi3y pobit [15-
21] € miACTaBM CTBEpIXKYBATH, IO OIJIBHHM €
NPOBENCHHS  JOCHIDKCHHS,  CHPSIMOBAaHOIO  Ha
T ABUIICHHS TOYHOCTI TEKCTOHE3aIeXKHOT imeHTHdikamii
MOBII INUIAXOM TiOpuau3amii METOAIB BHITyYCHHS
aKyCTHYHHX 03HAK T'OJIOCOBOTO CHTHAIY.

1.3 MeTa i 3aBaaHHs J0CTiKeHHS

MeTtoro pobOoTH € po3poOKa Ta JOCIHIIKECHHS
METOJy TiOpUIHOTO BWIIyYCHHS O3HAK Ui 3a1ad
rosocoBoi  imeHtudikanii, mo noexnye MFCC-
MPEJCTABIICHHS Ta BCKTOPHI O3HAKU HEHpOMEpexki Ha
ocHoBi  VGGish. Ilepenbauaetbcs  popMyBaHHS
CIIBHOTO riopumHOro BEKTOPHOTO OTIHCY
MOBJICHHEBOTO CHTHANY 3 TOJAJBIIUM TOPIBHIHHIM
TPHOX MIOXOMIB IO 3JHTTS O3HaK: KOHKAaTeHAIl,
3BaKCHOI JIHIKHOI KOMOIHAamii Ta 3JIUTTS depes
HaBUCHUH mpoekuidHuii map [24]. Jlas nocsrHeHHs
MeTH OyJH MOCTaBIICH] TaKi 3aBIaHHS:

— po3poOUTH MiAXOoAW TiOpuUaM3aiii METOiB
BUWJIYYCHHS CTATUCTHYHHX Ta HCHPOMEPEIKEBHUX O3HAK Y
€IMHOMY BEKTOPHOMY IIPOCTOPI;

— BU3HAUUTH KPHUTEpPid Ta IOKAa3HUKH SKOCTI
nporiecy imeHTudiKamii MOBIIs;

— OLIHUTH TOYHICTh imeHTH(IKAlii MOBIIT 3a
JOTIOMOTOO 3alIPOTIOHOBAaHUX CITOCOOIB riOpman3aii y
pexumax closed-set ta open-set;

— IOCTAUTH OOYHCIIOBANEHY €(EeKTUBHICTD 1
MacIITabOBaHICTh  3allPOTIOHOBAHMX  MTXOMIB  IPHU
30LTBIICHHI OaHKY KOPHCTYBadiB.

2. Marepiaiu i MeTOAU TOCTiTKEHHS

OO0’€XTOM IOCTIKCHHS € TiOpUAM3allisi METOIIB
BWJIYYCHHS O3HAK Yy CHUCTEMi royiocoBoi imeHTHikamii
Ha OCHOBI IIO€JHAaHHS CTaTUCTUYHOIO aKyCTHYHOTO
aHalizy Ta IITY4HOI HEHpOHHOI Mepexi. PeanizoBaHo
IICHTU(IKAI[IF0O  MOBI[SI  IUIAXOM  IOPIBHSHHS 3
€TAJIOHHUMH MpOQIIsIMH TIOPUIHOTO BEKTOpa O3HAK,
KA (OPMYEThCS 3IHTTAM (depe3 KOHKATCHAIIIIo,
3BaXKEHY CyMy a00 BUKOPHCTAHHS MPOEKIHITHOTO mapy)

MFCC- ta VGGish-ipencraBieHs MOBICHHEBOTO
CUTHAIY.
OcHOBHa TimOTE3a JOCHIDKEHHS: IHTErpamis

CTaTUCTUYHHUX Ta HEHPOMEPEKEBHUX O3HAK y €JUHOMY
BEKTOPHOMY TIPOCTOpi Ha eTami BUIYYEHHS O3HAK
JI03BOJIUTH 3MEHIHTH piBeHb piBHOT momiike (ERR) ta
MiABUIMUTH TOYHICTH iMeHTH(IKAii MOPIBHIHO 3
130JJbOBAaHUM 3aCTOCYBaHHSIM KOXXHOTO 3 MiJIXOJIiB.
lmoTe3a  IpyHTyeTbcs  Ha  MNPHUNYIIEHHI  TIPO
B33a€MO/IOTIOBHIOBAILHHUI XapaKkTep LUX MPeCTaBIICHb:
O3HaKW, MI0 BWJIy4YEHI 3a JOIOMOIOI0 CTATHCTHYHHX
METO/IiB, ONUCYIOTh SIBHI CHEKTPaJbHI BIIMIHHOCTI MiX
MOBIISIMH, TOAI SK O3HAKH, BWIJIy4YEHI 3a JOIIOMOTOIO

IIHM, BimoOpaxaloTh HeNiHIHHI 3aKOHOMIPHOCTI,
BUSIBJICHI B TIpolieci HaB4yaHHs [25].
Hduns peamizamii  migxomy — mepenbadaerhes

(hopMyBaHHS CIUJILHOTO BEKTOPHOTO OIHCY TOJIO0COBOTO
CHUTHAITy 3 BHKOPUCTAHHSM PIi3HWUX CTpaTeriii 3JIUTTS

O3HaK, [0 BIUIMBAIOTH HAa CTPYKTYpy (iHambHOTO
MIPEACTaBICHHS.

Po3poOka Ta eKCIepUMEHTaJIbHE OIIHIOBAHHS
MIiXO/IB TIOPUIHOTO BUITyUCHHS O3HAK 3/IHICHIOBATTHCS
3a JIOTPUMaHHS TaKUX KpalHOBUX YMOB Ta OOME)KEHb !

VYMmoBa 1. MOBIEHHEBUM CUTHAT PO3IIISIIAETHCS K
OTHOKaHAIBHUH 13 9acToTO0 AucKpeTm3anii 16 k', mo
BigmOBigae (hopMaTy BUKOPHCTAHOTO HAOOPY AaHUX.

Ymosa 2. Ilpodins kxopucTyBaya (GOpPMYETBCS 3
(ikcoBaHOT KITBKOCTI BUCIIOBIICHD, 4 CTAJIOHHIHA BEKTOP
mpopiTF0  OOYHCIIOETBCS  [UIAXOM  YCEpPETHEHHS
BEKTOPIB [IUX BHUCIIOBJICHb.

YmoBa 3. Po3MipHOCTI BUXIIHHX TpEJCTaBJIEHb €
¢ikcoBanumu: 240 O3HaK A CTATUCTUYHOIO METOJLY
Ta 128 03HaK 11 HeHPOMEPEKEBOTO.

VYmoBa 4. [lpm HaBuaHHI WIapy B3IUTTS Baru
0a30B0Oi HeWpoMepexeBol apXiTEeKTYpH 3aJIHIIAIOThCS
CTalIMH, IO 3armodirae  ferpajamii MomepexHbo
c(OpPMOBaHHX NIPEACTABICHb.

VYMoBa 5. BimuB aAMTHUBHOIO aKyCTUYHOTO IIyMY
Ta 0araTOMOBHOCTI MOBJIIEHHI B MeEXax JaHOTO
IOCHIUKEHHST HE  MOJENIOETHCS, a  MDKCECIiHa
BapiaTHBHICTh BpPaXOBYEThCS JIMIIE 4Yepe3 KUIbKICTh
BHUCJIOBJICHB Y TIpO(iTi KOpHCTYyBaya.

[pouec ronocoBoi imeHTHdiKamii CKIafaEThC 3
KIJTbKOX TOCITIIOBHUX €TalliB, TaKUX 5K IOMCPEIAHS
00pobka BximHOro aymio curHamy X(t), BuTydeHHs
03HaK, (OpMyBaHHS BEKTOPHOTO  IIPEJCTaBICHHS
MOBJICHHEBOTO CHTHAJIy, a TAaKOXX €Tall TOPIBHSIHHS 3
CTAJIOHHUMH TIPO(PUIIMH KOPUCTYBAdiB 1 MPHAHATTS
pilIeHHs moa0 iAeHTH]IKaIT].

Ha erami BuiydYeHHS O3HAaK BHUKOHYETHCS
MIEPEeTBOPEHHSI MOBJIEHHEBOTO CUTHANy y KOMIAKTHHH
YUCIOBHH  BEKTOp, 1m0 30epirae  iHAMBITyalbHI
XapaKTEePUCTUKHU TOJIOCY Ta € CTIHKHM JI0 aKyCTHYHHX
Bapiailiii M’k CeCisiMHu.

Bubip MFCC K CTaTMCTUYHOTO  METOAay
BUJIyYCHHS O3HaK 3yMOBJICHHII OOYHCIIOBAJIBHOIO
e(eKTUBHICTIO, MOJIIMBOCTSAMH  IHTepmperamii Ta

BIZITBOPIOBAHHS TPEJICTABICHHS. MOBHOIO CUTHAIY, HE
moTpeOye HaBYaHHS 1 BpaXOBY€E OCOOIMBOCTI CIIYXOBOTO
CIPUUAHSITTS JiroiuHuU [26].

Ha MFCC peanizoBani KJIacCH4HI CHCTEMH
iIeHTU]IKAI] MOBIII Ha OCHOBI TayCCOBHX CyMillleH, a
iXx  BmacTMBOCTI  Ta  OOMEXEHHS  JOKJIAJHO
npoaHaizoBani B ormgoBux poborax [27]. Lle
JI03BOJISIE 3aCTOCOBYBaTH BuiyueHHsi o3Hak MFCC B
yMOBaX OOMEXEHHX pECypCiB Ta BHKOPHCTOBYBATH
pe3yIbTaTH IS MOPIBHSUIBHOTO aHAII3Y.

CurHan po30MBaEeTbcs Ha KOPOTKI TEPEKpHBHI
Kajapu TpuBajicTio 25 Mc i3 kpokom 10 mc [28]. st
KOXKHOTO KaJIpy 3acTOCOBY€ThcS BikKHO ['eMMiHra s
3MEHIIEHHS  CHEKTPaJlbHUX  BUKpWBIeHb.  Jami
BUKOHY€ThCS  LIBHAKE TIepeTBopeHH Pyp’e Ta
¢utpTpanis uepe3 Oank i3 40 Men-QinbTpiB y HiamazoHi
80-7600 I'm.

[Micns mporo oOYMCIIOETBCS JOTApUM EHEeprii
¢GiTBTPiB 1 3aCTOCOBYETBCSA JHCKPETHE KOCHHYCHE
MEPETBOPEHHS, Yy PE3YJbTaTi HYOro OTPUMYIOTHCS
MFCC-koedirientn. J[omaTKOBO OOYMCIIOIOTBCS  iX
TepIni Ta APYTi MOXiJHI, SKi OMUCYIOTh 3MiHY O3HAaK Y
qaci.
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N
B:ln' (Ct+n _Ct—n)t’ (l)
>N n?

ae C; — 3HaueHHs cratuuHoro MFCC-xoedinienra y

Dt:

kazapi t,a N — po3mip gacoBoro Bikaa (N =2).
J1s K0>KHOTO Kanapy (GopMyeThesl BEKTOP O3HAK, a
UL OTPpUMAaHHSA (PIKCOBAHOTO MPEICTABICHHS BCHOTO

CUrHaiy, OOYHCITIOIOTHCS cepeane 3HAYCHHA Ta
CTaHJapTHE BiZ[XI/I.TIeHHﬂ 10 BCIX Kagpax:
. 240
oM (x) = om ] €RTT, @)

e Uy Ta o
CTAaHOAPTHOTO BIOXWICHHS O3HAK KaJpy IO BCIH
TPUBAJIOCTI CUTHAITY.

I'osioBHUM OOMEXEHHSIM MiIX0y € BTpaTa 4acoBOi
CTPYKTYPH CUTHAIYy BHACTIIOK yCEpPEIHCHHS KaapiB. Sk
HACIIIZIOK, TOPSIOK MOSBY JIOKAJTbHUX JUHAMIUYHUX 3MiH
HE BPaxOBYEThCS, a PIi3HI 32 YaCOBOK CTPYKTYPOIO
CUTHAJIM OTPUMYIOTh TOAIOHI NPENCTABICHHS, IO
noripinye po3pizHeHHst MOBIB [16, 29].

Cy4acHOIO albTEepHATUBOIO ONMCY CHUTHAIY Yepes3
YCEepEeIHEHHs CIIEKTPAIbHUX XapaKTEepUCTUK (30Kpema
MFCC) € BUKOpPHCTAaHHS B3TOPTKOBHX HEHPOHHUX
MEpeX, Ki BUKOHYIOTh aBTOMaTHYHE BHIIYUCHHS O3HAK
0e3mocepeIHLO 3 MEJI-CIIEKTporpaMu. Y poOOTi y SIKOCTI
HEMPOMEPEIKEBOTO EKCTPAKTOPY 3aCTOCOBAHO MOJIETb
Ha ocHoBi apxirektypu VGGish [30]. 3aBmsaxu
norepeIHbOMY HaBYaHHIO Ha HaOopi aynmiomofii, 1
Monenb  (opmye  iHGOpPMATHBHI  BHCOKOPIBHEBI
npeactapineHHs.  JlonatkoBumMu  mepeBaramu €
KOMIAKTHICTh BHXIJHOTO BEKTOpa po3MipHicTiO 128.
HeiiponHy Mmepexy Oyno JOHAaBYEHO Ha IIJIHOBOMY
Habopi maHumx A 1i cnenugivHol amanTamii 1o 3amadi
imeHTH]IKaIi1 MOBIIIB.

BxigHi maHi mius Mepexi GOpMyIOThCS y BHTIIIL
MEJI-CIIEKTPOrpaMu 3a CXEMOI0 KOHBEEpa ITONEPeaHbO]
00poOKH, HABEJICHOIO Ha pHC. 1. AyIiOCUTHAJ CIIOYATKY
pO30OMBaETLCS Ha KOPOTKI IIEPEeKpHBHI (dpeiimu 3
3aCTOCYBaHHSAM BIKOHHOT (yHKIIT, micas 4oro s
KOXXHOTO (ppeliMy 0OUUCITIOETHCSI CIIEKTP 33 JOTIOMOTOI0
MIBUKOTO mepeTBopeHHsT Dyp’e.

Ha HacrtynmHoMy erami BHMKOHYETBCS HPOEKIiS
CHEKTPaJbHOI eHepril Ha MeJ-IIKaITy 3 BUKOPHCTaHHIM
Habopy  inbTpiB, TMICIHA YOrO  3aCTOCOBYETHCS
norapu()MyBaHHs OTPUMaHUX 3HaueHb. Y pe3yJbTaTi
(opMyeTbCS JTBOBUMIPHE IIPEACTABICHHS CHTHANLY Y
BUTIIAI  MATpUIl «4ac/dactotay. Jlisg momanbmioi
00poOKM Men-cuekTporpama (peiiMyeTbes Ha maTdi
po3MipoM 96 yacoBux KaapiB Ha 64 MeI-CMyTH, IO
BiAmoBigae intepBary npuosimsao 0.96 c.

ApXITeKTypa Mepeki BKII0Ya€ YOTHPH 3TOPTKOBI
6moku 3 gapamu 3x3 Ta KuIbKicTIO (inbpTpiB 64, 128,
256 1 256 BimmosimHO. Ilicis KOXHOTO 3rOPTKOBOTO
OJIOKy 3aCTOCOBYETHCS ~ OIeEpalisi MaKCHMaJbHOT'O
o0’eqHaHHs 2X2 Ui TIOCTYNOBOTO  3MEHIIEHHS
MIPOCTOPOBOI PO3MIPHOCTI O3HAK.

Jlai BUKOPUCTOBYIOTHCS ZiBa TIOBHO3B’S3HI LIapH
po3mipHicTio 4096 i 128 HelipoHiB.

Buxin ocrannboro mapy ¢opmye 128-BumipHuit
BEKTOp O3HAK:

— BEKTOPpHU CEPECAHBOTO0 3HAYCHHA Ta

v
1. $peiiMyEaHHT Ta BIKOHHE 3BLKYEIHHT
(Bixno Tenoiara: 25 Me, kpok: 10 mc)

v

Kanpn MoETeHHAY t /

Y
2. llengke nepeteoperns Syp'e (STFT)

OfuHECIeHES AMIUHTYAHOTO CIEKTPa

Y
CrexrporpaMa X,

Y

3. TIpoeKIILA Ha Mel-IEATY
(Bank 3 64 Men-GUIETPIE)

Y

Men-cnekTporpamMa Smel €

- 64xT

Y

4. Jloraprdyysanaa eHepriii (Log)

Y

Jlor-Men coeKTporpaMa SkJg ER Gt

Y
5. ®peliMyBaHHET [aTWE
(Poz0HTTA CTIEKTPOTpanH Ha IT0KH)

Hafip mreia PR VO0%64

(TlocmigoBsicTs GIOKIE)

§ - 96%64
Terz0p maTTy Spatch ER

(~0.96 ¢ moBmers")

Puc. 1. biok-cxeMa KOHBeepa ONepeIHbOT 00OPOOKH
ayniocurHany Ta GOpMyBaHHS MeJI-CIIEKTPOIPAMHHUX MaTyiB

oV (x) = IVGGish(x;0) e R*?%, (3)
ne fVGGish

CUTHAJTy X HEWPOHHOK MEPEXKEI0 3 mapameTrpamu 6 .
HaBuanHs1 Mepexi BUKOHYEThCS 3 BUKOPHCTAHHSIM
GyHKLIT BTpaT Ha OCHOBI KyToBOro Biacrymy (Angular

— HeIHIMHE TePeTBOPEHHs BXiAHOTO
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Margin Loss), mo o6rpyHToBaHo crenudikor 3anadyi
inenTudikamii, y sKiil pilieHHs MPUHAMAETHCS 38 MIpOIO
MoAI0HOCTI Mi’K BEKTOPHUMHU IIPE/ICTABICHHSMH, a HE 32
HAJICXKHICTIO 10 (ikcoBaHoro kiacy. Lle 3abesmeuye
(opMyBaHHS PO3IUICHUX KJIACTEPIB y MPOCTOPI O3HAK
JUIL Pi3HUX MOBIIB 1 301IBIIy€ MIKKIACOBY BiICTaHB,
mo Oesmocepennso crpusie 3HmwkeHro EER [10, 12].
Jns  curHamiB  JOBINBHOI  TPHUBAJOCTI  BHXIiIHUI
ayIiomoTiK pO30MBAa€ThCI HAa MAT4dl 3 MEPEKPUTTSIM,
ICIIS 9OTO ISl KOKHOTO 3 HHX OOYHCIIOETHCS BEKTOP
03HaK, a (iHaNMbHE TPEICTABICHHA OTPUMYETHCS
LUIAXOM YCepeIHeHHs o 4acoBii oci [11].

Ha BiaMiHY BiJl CTaTUYHOTO METOJY BHITYYCHHS
03HAK, 3aIpONOHOBaHWI Meron Ha ocHoei IIITHM
VGGish no3Bomse MopenmoBaTH CKIagHI HENiHiHHI
3aJI@KHOCTI MDK CIEKTPAILHUMH KOMIIOHCHTAMH Ta
BpaxOBYBaTH 4YacoOBY [JHMHAaMIiKy curHainy. BopgHouac
TakAf MiAXiZ € OOYUCITIOBAIBGHO OUIBIN 3aTPaTHHM i
NoTpedye NOCTATHHOTO OOCATY HABUAJIBHUX JAHUX AJIS
cTabinpHOT poOOTH MOAETI.

Meroau BHIIyYeHHS O3HaK (HOPMYIOTH BEKTOPH
pI3HOIO THITYy: KIACHYHHMI METOA ONHCYE JIOKAJIbHI
CHEKTpajJbHI XapaKTEpPUCTUKH Ta IXHIO JWHAMIKY,
HEHPOMEPEIKEBUIT MOJICIIOE CKIIAJHI 3aKOHOMIPHOCTI,
BUSBJICHI IiJ] Yac HaBUYaHHs;. 3aBIsSKH [[LOMY OIHKCaHi
METOIU € B3a€MOAONOBHIOBaHMMHU: Ha ocHOBI MFCC
YYTIMBUN 10 SBHUX CIEKTPAIbHHX BIAMIHHOCTCH MiX
MOBIIMH, a Ha ocHoBi VGGish 3matHuii BuUSBIATH
MaJIOTIOMITHI OCOOJMBOCTI MOBJEHHS Ta apTHUKYIIAIII,
SIKi cKJIaIHO (hopMaltizyBaTH aHAIITHYIHO [3, 25, 29].

JU1s IpuBeNeHHs IPeCTaBIeHb BUIIYYCHUX O3HAK
pi3HOT PO3MIPHOCTI 10 €JMHOTO MPOCTOPY 3aCTOCOBAHO
METOJI TOJOBHMX KOMIIOHEHT, LIO BHKOHY€ JiHiiHe
MIEPETBOPEHHS 3 MIHIMAIBHOIO BTPATOIO TUCTIEPCii
BUXIJIHUX JJaHUX 1 HE MOTpeOye HaBUAHHS 3 YUYHUTENEM,
3aBJSIKM 4OMY BIUIMB 3HM)KEHHS PO3MIPDHOCTI MOKHA
BIZIOKPEMHTH BiJl BIUIMBY CaMOT'0 CIIOCOOY 3JIUTTS O3HAK
y CHUTBHUHN MPOCTIp.

ExcnepumeHTanbsHy peadizarito riopuaHol
CHUCTEMU BHMKOHAaHO 3a JIOIIOMOTOI  (peiiMBOpKY
PyTorch B iHTepakTHBHOMY cepenoBuili Apache

Zeppelin 1 CTPyKTypOBaHOTO BHKOHAHHS CLEHapiiB
Ta  3a0e3ledeHHS  BiITBOPIOBAHOCTI  PE3yJbTaTiB
excriepuMeHTiB.  OO4YMCIIEHHS  NPOBOAWINCS — Ha
cepBepHiil TuiaTdopMmi Ha OcCHOBI mporecopa AMD
EPYC 9354, rpadiunoro npuckoproBaga NVIDIA A100
(80Tb VRAM) 1a 256 T'b DDRS5 ECC.

Sk ekcrnepuMeHTanbHUN Habip JaHUX OOpaHO

VoxCelebl (1251 wmoBens, monag 145 000
BuciosmoBans)  [31, 32]. Bubip 00ymMoBIEeHO
HasBHICTIO 3allMCiB MOBIIB Yy HEKOHTPOJIHOBAHUX

aKyCTHYHUX YMOBAaX, IIO JIA€ 3MOTY OLIHUTH CTIHKIiCTh
METONIB 70 MDKCECIHHMX Bapialidi ToJOCy, a TaKoX
Horo eheKTUBHICTD y 3a1a4ax imeHTHdiKaLii MOBIIS IS
3a0e3nedeHHss  MOPIBHAHHOCTI  pe3ynbrariB.  Jlani
po3nineHo Ha nBi BuOipku: 1151 MoBeup aJsi HABYAHHS
Ta (QopMyBaHHA NpodiIiB (M0 3 BHUCIOBIIOBaHHS Ha
KopucTyBada), i 100 MOBIIB — 11 TECTYBaHHS.

Bu6ip mokaszuukiB FAR, FRR ta EER y sxocTi
KputepiiB oOrpyHtoBanuii ThM, mo FAR i FRR
XapaKTepu3yloTh J[Ba TMPOTHICKHI THUIH MOMHIOK
CHCTEMH 3aJIe)KHO BiJl 0OpaHOro TOpora MPHHHSATTS

piwenns, toni sk EER € inBapianTHUM KpuTepieM ais
MOPiBHSAHHA KOH(ITypauii.

OminroBanHs y pexumax closed-set (orinka
TOYHOCTI pO3Mi3HaBaHHs) Ta open-set (OLiHKa 3JaTHOCTI
BiIXUJISATH HEBITOMHX MOBIIIB) 3YMOBJICHE
HEOOXITHICTIO aHami3y pOOOTH CHCTEMH VY Pi3HHX
NPaKTUYHHUX ~CIEHApiAX 3acTocyBaHHA. JlomaTkoBo
BUMIpIOBAJIUCS  eKCIUTyaTaliifHI  XapaKTepUCTHKH:
cepenHiil yac 0OpoOKM 3amuTy, TPUBATICTH BHKOHAHHS
OKpEeMHX MOAYyNiB, 00car Bukopuctanoi VRAM,
3aJIeKHICTh 4Yacy imeHTH]IKamii Big po3Mipy OaHKY
KOpHUCTYBaYiB Ta BIUIMB KUIBKOCTI BEKTOpPIB y mpodimi
Ha ITiICyMKOBI ITOKa3HUKH.

3. Pe3yJabTaTu J0CTiIKEHHS
3.1 Minxoau ridpuau3anii MeToAiB BUIIyYeHHS 03HAK

O0’ennannsa TpaguniiHux akyctnynux (MFCC)
Ta HeiipomepexeBux (VGGish) npencrasieHb y €uHUMA

ri6puguuii Bektop @H (X) Jae 3MoOry e(eKTHBHO

BUKOPHUCTATH TIepeBard 000X MiJAXO/IB, MOEIHYIOYH
KJIaCHYHI  CHEKTPaJbHO-4aCOBi  XapaKTEPUCTHKU 3
BUCOKOPIBHEBIMH a0CTPAaKTHUMHU O3HAKAMH CHUTHANY,
BUITydeHHUMH 3a poromoroto [IITHM [17, 30].

3amponoHOBaHO TPH MiIXOAH iHTETpalii BEKTOPIiB
O3HAaK CHTHANy, IO BiPI3HAIOTHCS OOYHCITIOBAIHHOKO
CKJIQ/IHICTIO: KOHKAaTEHallis HOPMOBaHHX BEKTODIB,
3Ba)kKeHa JIiHiIiHa KOMOIHAIis Ta 3IUTTS Yepe3 HaBYCHUH
NPOEKIIHHUI 1map.

KonkaTeHalliss HOpMOBaHUX BEKTOpPIB Tependayae
00’e/lHaHHST BEKTOpIB Iichsi iX HOpMmyBaHHs. Ilepen
KOHKATEHAI[I€l0 00WIBa BEKTOPH MPHUBOIATHCS 10
OJIMHHYHOI HOPMH 3a €BKJIIZIOBOK METPHUKOIO, IO Ja€
3MOry CcQOpPMYBaTH LUTICHHH BEKTOP PO3IMUPEHOL
po3mipHOCTi 0€3 BTpaTH NeEpBHHHOI iHpopMmamii 3
KOYKHOTO JDKepera:

M=
||¢M ”2
(4)
. oV
V =T
”‘PV "2
VY nojansmomMy KOHKaT€HYHOThCSI B BEKTOD:
GH =[pM; @V ] e RE, (5)

HopmyBaHHS mepex KOHKaTeHali€ro 3aroOirae
JOMIHyBaHHIO BEKTOpa 3 OLIBLIOID HOPMOIO IIPH
o04HMCIIeHH] MipH MOAIOHOCTI Ta MPUTHIYEHHIO BHECKY
iHoro Jpkepesna o3Hak. [licins HopMyBaHHS 0o0WaBa
BEKTOPHM MalOTh PIBHOLIHHHMH BIUIMB Ha (OPMYyBaHHS
ribpuaHoro mpencraBieHHA. IliIcyMKOBHIT  BEKTOp
MictuTh 240 cratucTnyHMX Ta 128 HelipomepexeBHX
O3HaK, MmO 3abe3nedye (OpPMYBAHHS I[ITICHOTO OIUCY
curHairy 0e3 BTpaTH iH(popMaIii 3 KOJHOTO i3 JKepe.
3anponoHoBaHMHN MiAXiJ HE TMOTpedye HaBYAHHS Ta HE
BHOCHTb JIOJIATKOBHX allPOKCHMAIiHHUX moxubok [33].

Crioci6 3BakeHOT JTiHIHHOT KOMOIHAIi ependavae
MPUBEJICHHS 000X BEKTOPIB JO CIUIBHOTO MPOCTOPY
OJTHAKOBOI PO3MIPHOCTI 3 MHOAAIBLIMM IX 3BaKEHUM
noepHaHHsAM. CTaTHCTHYHHH BEKTOP Ma€ PO3MIpPHICTbH
240, Toxi sik HelipomepexeBuit 128. s npuBeeHHs iX
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J0 CHUIBHOTO  IPOCTOPY  BHKOHYEThCS  JIHIWHE
MEePETBOCHHS CTATUCTUYHOIO BeKTopa 1o 128 BUMIpiB
32 JOMOMOTOI  MAaTpHLli TOJIOBHHX  KOMIIOHEHT,
mo0Oy/T0OBaHOT HAa HABYAIIbHIN BHOIpIIi:
’
12
@ M=P. oM eR'?, (6)
ne P — martpunsa mpoekuii posmipHicTio 128%240,
CTOBIIIII SIKOT BIITOBIAIOTh 128 TOJIOBHUM

KOMIIOHEHTaM 3 HalOIBIIIOI0 TUCTIEPCi€lO.
[Micns uporo oOuaBa BEKTOPH HOPMYIOTHCS, 1
(dbopMmyeThCst X 3BaXKeHA JiHIHHA KOMOIHAILIS:

oH=a- § M+(1-a)- &V eRZ, (7
ae « E[O,l] BaroBuii  koedilieHt (Big TUTBKH

Hetipomepexxeoro npu =0 10 npoexroBanoro
CTaTMCTHYHOTO Hpu ¢ =1), axuii BU3HAavac BimHOCHUI
BHECOK DKepell O3HAK 1 Mia0upaeThCs Ha BajlimaIliiHii
BHOipIIi 3a kpuTepiem MiHiMmizarii EER.

Croci6 37HTTS Yepe3 HaBUCHUH MPOEKIIHHIIA map
nepeOavae HeMiHIITHE TOEJHAHHS 03HAK 32 JI0TIOMOTOO
JIBOIIAPOBOI MITYYHOI HEHPOHHOI MEpeKi 3 HABYCHUMHU
mapameTpamu. Ha BimMiHy Bif momepemHiX MiAxoiB,
cUCTEMa CaMOCTIHHO  HaBYaeThCs  ONTHMAIBLHOMY
cnocoOy  iHTerpamii  JBOX  JpKepesl  O3HaK  0e3
BUKOPHCTAHHS MPHITYIIEHb MO0 1X BiIHOCHOI Baru abo
CTPYKTYPH.

OOuzBa BEKTOpU CIOYATKY KOHKATEHYIOTHCS Y
MPOMDKHUI BEKTOp pO3MipHIcTIO 368, sikuil monaeTbes
Ha BXiJl IEPIIOT0 MOBHO3B SI3HOTO IIapy:

h = tanh(W; -[@M;; @V | +1by),

W, € R256:368 (8)
b, e RS,

Baru  6a30Boi  apxiTeKTypu  3aJHIIAIOTHCS

CTaUMH, IO 3amobirae merpajgamii TONEpeaHBO

chopmMoOBaHUX MpeACTABIEHb.
OTpuMaHMil y KOXHOMY 3 TiIXOIIB TiOpuaHuUii

sektop ¢H (X) BUKOPHCTOBYETBCSL sl (hopMyBaHHs

npodiaiB KOPUCTYBaviB Ta X MOPIBHSHHS 3 BXIJIHUM
CUTHAJIOM y 0aHKy o3Hak. Ha OCHOBI UX MPEACTaBICHD
BUKOHY€ThCS OOYHMCJIEHHS MipH TOAIOHOCTI  MiX
TECTOBUMH Ta €TAIOHHHUMH BEKTOPaMH, LIO JO3BOJISIE
3MIACHIOBATH 1ACHTH(IKAI[IFO MOBIIS.

3.2 KpuTepiii Ta NoKa3HMKHU AKOCTi mpouecy
inenTudikauii MmoBusa

s BUKOHAHHS OIIHKH e(eKTUBHOCTI
po3mi3HaBaHHA Cc(POPMOBAHO CHUCTEMY KUIBKICHHX
MTOKAa3HUKIB SKOCTi, IO OCHOBaHI Ha BHUMIpIOBaHHI
KUIBKOCTI MOMHIJIOK TMEPIIOTO Ta JAPYroro poy.
OCHOBHUMH KpUTEPIIMH OLIHKH OOpaHO METPHKH
nommika xuOHOro npuiiHaTTs (FAR) Ta mnommuika

xuOHoro BimxunenHs (FRR), ski BimoGpakaroTh
3aJICKHICTh TOMWJIOK CHCTEMH igeHTH(IKAlii Bif
oOpaHoro mopora  NpUHHATTA  pimeHHA. a4

3a0e3nedeHHs IOPOroBO-IHBApPiaHTHOI'O  MOPIBHSHHS
pi3HMX MiAXOmiB Ta IXHIX KOHQIryparii BU3HAYCHO
iHTerpanbHui mokasHuk ERR, sxwit Bigmosimae Tourri

piBHoiiMoBiproi nommiku (FAR = FRR). Cucrema
MOKa3HUKIB SIKOCTI JIOZaTKOBO BPaXxOBYE PEXUMHU
closed-set (mns Bu3HAYEHHS 3arajibHOl TOYHOCTI
ineHTHdikanii) Ta open-set (A aHai3y CTIHKOCTI 1O
MDXKCECIHHMX Bapialiii TOJOCY Ta OIHKHA 3JaTHOCTI
CHCTEMH BIIXHWILITH HE3apeECTPOBAHUX MOBIIIB).

OKpiM METPHK TOYHOCTI, O CUCTEMH OIIHIOBAHHS
3alydeHO eKCIUTyaTalliliHi XapaKTepPUCTUKU: CepeIHii
gac 06pOOKH OJHOTO 3aIUTy 1, TPHUBAIICTH POOOTH

npoy >

OKpEeMHX MOJyJIiB (cTaTHCTHYHOTO Ta
HelipoMepeKeBoro BHJIYYCHHS 03HAK), obcsr
Bukopuctanoi Bimeomam’siti  (VRAM), a Takox

3aJIeXKHICTh 4acy ineHTH(IKamii Bix po3Mipy OaHKY
KopucTyBaviB. Ha OCHOBI BHINICHMX TOKa3HHUKIB
c(OpMOBaHO 3arajllbHUH KpUTEpill OLIHKK MpPOLECY
iICHTU(]IKAI[T MOBLS, SKHUH MOJSIrae y MiHIMI3amii
cykymHoro piBHs noMuiok EER 3a ymMoBu noTpumaHHs
4acOBOTO perjiaMeHTy 00poOKH CUrHaly:

m;n EER(O) npu T,poy (0) < T ypre 9
ne 6 — BekTop mapaMmeTpiB KOH]iryparmii cucTteMu
(Meron riOpumusalii O3HaK, PO3MIPHICTH BEKTOPHOTO
NPE/ICTABJICHHS, TOPIT yXBaJCHHsS pILICHHS), Tnpou*

cepenHiii uyac 0OpOOKM OFHOTrO 3amMTY, T,

IPaHUYHO JAOIYCTUMHMH Yac BiANOBIJi CHCTEMH.

3.3 Ouinka TouHocTi ineHTHdiKaLii B pesxuMax
closed-set Ta open-set

Jiis  OmiHKM  BIUIMBY CIOCOOYy  riOpum3amii
KJIACHYHOTO CTATHYHOTO Ta HEHPOMEPEKEBOro MiIXoIiB
Ha TOYHICTh iHCHTU(]IKAIil KOPHCTYBadiB IMPOBEACHO
eKCIIEpUMEHTANIbHE MOPIBHAHHS (Tabin. 1) po3risHyTHX

KoH(pirypamiii B ymoBax closed-set MOCTaHOBKH.
OuiHIOBaHHS 3[IHCHIOBAIOCS IUIIXOM HOPIBHSHHS
3aliCaHUX TECTOBHX  BHCJIOBJIIOBAHb MOBLIB 13

3a3janeriyi cOPMOBAaHUMH ETAJIOHHUMH NPOGUIIMU
KOPHMCTYBaUiB Y 3aKPUTI MHOKHHI MOBIIIB.

Tabnuys 1 — IopiBHSIHHA METO/iB BUJIyUeHHSI 03HAK B
yMmoBax closed-set nocranoBKuU

. . FAR, FRR|ERR, | . Tmuu'cn,
Koudirypauis % | o6 | op |iMenTHdikanii,
%
CTaTUCTUYHUI
weron (MFCC) 9.2 |11.2| 105 87.6
Helipomepexenuii
weron (VGGish) 41 |51 48 93.8
Ti6 i
1p1/1m/13au1;f a6 |ag | 42 01
(koHKaTeHaILis)
lN6puamzaris
praman 38 |31 44 94.3
(mpu 0=0.35)
['i6puansantis
y : 29 |38 33 95.9
(FC-fusion)

OCHOBHUMH KPHUTEPISIMH TIOPIBHAHHA € TOYHICTbH
pO3Mi3HABaHHS Ta pPIiBEHb PIBHONMOBIPHOT TOMMIIKH
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EER. JlomaTkoBo aHaimizyBayiacsi CTaOUIBHICTh POOOTH
cucreMu igeHTH(dIKanii npu KoXHIH 3 KoHIiryparii
IIpY 3MiHI TPUBAJIOCTI TECTOBHX 3aITUCIB, 110 JO3BOJIHMIIO
BCTaHOBUTH apXiTEKTypy TiOpUIHOrO BEKTOpa s
MIPAaKTHYHOT'O 3aCTOCYBaHHS.

3a pesympTaTaMH  eKCIEPHUMEHTY  HAWHIDKYI
saageHHs FAR (2.9%) ta EER (3.3%), a Takox
HalBHIy TOuHICTH imeHTH(IKamIT (95.9%) 3adikcoBano
Ul TiOpuamM3amii  Wepe3 3IUTTA 32  JOMOMOTOIO
HABYEHOTO MPOEKIIHOTO mIapy.

Haitmmxdae 3navenns FRR (3.1%) orpumano mms
3BaKEHOI  JIiHIMHOT  KOoMOiHamii mHpu  BaroBoMmy
koedimienti o =0.35.

JIJis CTaTUCTUYHOTO METOTy 3a(hiKCOBAaHO HAWBHIII
snayeHHs FAR (9.2%), FRR (11.2%) ta EER (10.5%).

Excnepument (tabGi. 2) J03BOJIAE  OIIIHUTH
CTaOUIBHICTE  pOOOTH KoH(iryparnii CHUCTEMU
0ioMeTpUYHOI roylocoBoi iieHTUdiKalii B yMOBax open-
set IOCTAHOBKHM TPH 3MiHaX TOJOCOBUX XapaKTEPHCTHUK
KOPHCTYBa4iB MK CECIIMH 3aIlMCy, a TAKOX 32 IOSBH
HE3apeeCcTPOBAaHUX MOBIIIB.

Tabruys 2 — Pe3yabTaTH OUIHKH CTiliKoCTi cucTeMu 10
Mixkcecilinux Bapianiii y open-set nocranosui

K-cro Meron EER’ FFR, ine:(;;;iigabuii,
ceciii Y% % %
1 Craructnunnii | 5.5 | 89.8 90.2
1 |Heiipomepexeruii | 4.9 | 91.5 92.1
1 lopun (ouwinkn) | 4.6 | 92.3 92.8
1 |Ti6pun (pimenns) | 5.0 | 91.0 91.7
3 CratucTuaHui 48 | 91.2 91.6
3 |Heiipomepexesuii| 3.5 | 94.0 94.8
3 | I'6opun (owinkm) | 3.1 | 95.4 95.9
3 |Tl6pun (pimenns) | 3.4 | 94.6 95.1
5 CratucTn4HuH 45 | 92.6 92.9
5 |Heiipomepexesnii| 3.0 | 95.8 96.3
5 | I'iopun (omiaku) | 2.7 | 96.9 97.2
5 |Ti6pun (pimenns) | 2.9 | 96.2 96.7
Haiigumny — toumicts  imentudikamii  (97.2%)

3aikcoBaHOo Ui TiOpuam3amii Ha PiBHI OIIHOK IpH
I’ SITH cecisax y mpodii.

3.4 Oninka o04nCcIIBAIBLHOI e)eKTHBHOCTI Ta
MacITadoBaHOCTI

B mporeci mociimkenns (tadn. 3) aHamizyeThcs
BIUIMB PO3Mipy OaHKy KOPHCTYyBadiB Ha 4ac 0OpoOKH
3amuty Ta  BukopuctaHHs ~ GPU-mam’sti s
HelipoMepekeBoro Ta riOpUIHIX METOIIB.

3a pe3ynbpTaTaMy eKCIIEPUMEHTY TIpH 301UIbIICHHI
Oanky kopuctyBadiB 3 50 mo 1000 oci6 gac oOpoOku

OHOTO 3amuTy 3poctae 3 42 npo 341 wmc ans
HelpoMepexkeBoro merony, 3 55 go 450 mc pgns
riopuausanii Ha piBHI 03Hak Ta 3 50 mo 390 mc mis
ribpuan3anii Ha piBHI OI[IHOK.

OO0csAT BUKOPUCTAHOI Bijeonam’aTi 3MiHIOBaBCS B
Mexax Bix 812 mo 910 Mb.

Tabruysa 3 — IlopiBHAHHS 004MCIIOBATBHOY eeKTHBHOCTI
3aJ1eKHO Bil po3Mipy 6aHKY KOpHCTYBaYiB

KitbKicTs IIHM | Ti6opun | liépun | GPU
KODHCT ;aqu VGGish, |(o3nakn),|(ouinku)memory,
opuety MC MC , MC Mb
50 42 55 50 812
100 57 75 68 820
200 89 120 105 835
500 176 230 205 860
1000 341 450 390 910
4. O0roBopeHHs1 pe3yJbTaTiB
JOCiIKEeHH A
PeanizoBano miaxoau riOpuamsanii Ha  piBHI

BUJIYYCHHS O3HAK IS 3a/a4 T'OJIOCOBOI imeHTH]iKarlii,
IO IPYHTYIOTBCA Ha IHTErpamii CTaTHCTHYHOTO
aKyCTHYHOTO aHaNli3y Ta HEHPOMEpPEeKeBOro IMiAXO0ay B
€IMHOMY BEKTOPHOMY MPOCTOPI.

3anpornoHoBaHUN TIOPUAHWE MiAXig Tependadae

(OpMyBaHHS CIUIBHOTO MPEACTABICHHS, B SIKOMY
obuaBa  JpKepena  BHIYYEHHX  O3HaK  [PUCYTHI
OJTHOYACHO Ta PIBHOIMPABHO BILUIUBAIOTH HA PE3YJIbTAT
imeHTudIKaIil.

TopiBHAIBHUI aHaTi3 MOKa3aB, 1[0 CTATHUCTHYHUI
meron Ha ocHoBi MFCC npoaeMoHCTpyBaB HalHHKUY
To4HICTh ineHTHdikamii (87.6%) Ta HaiiBUIl 3HAYECHHS
FAR (9.2%), FRR (11.2%) i EER (10.5%) (Tabm. 1).

3acTocyBaHHS HEMpOMEpPEKeBOi apXiTeKTypHu
VGGish 3a0e3neunno MiABUIIEHHS TOYHOCTI M0
93.8% Ta ictorne 3HMWkeHHs piBHI EER no 4.8%,

TOAI SK BHUKOPUCTAHHSA TiOpuaM3amii JO3BOJIUIO
JOJIATKOBO TOKPALIUTUA PE3yJIbTaTU: 3JUTTA 4epe3
mpoekninauii  map  (FC-fusion)  3abe3meunio

MaKCHMaJbHy TOYHICTB 95.9% Ta minimansauii EER
3.3% (tabx. 1).

ExkcniepumenTanbHi JIOCITi JDKSHHST CTIHKOCTI
METOMIB J0 MDKCEeCIHHMX Bapialii mMmokasainu, 10
30UTBIIEHHS KUTBKOCTI ceciit y mpodimi 3 1 mo 5
3a0e3nedye CTaliIbHICTh PO3MISHYTHX KOHQIryparii
(tabm. 2).

IIpu 1 cecii BUKOPHUCTaHHS CTATHCTHYHOTO
MX0Ay BWIIyYEHHS O3HAaK JIEMOHCTPYE TOYHICTb
90.2%, a BUKOpUCTAHHSI HEHPOMEPEKEBOrO METOAY Ha
ocHoBi VGGish — 92.1%, ribpuausaitis miIBHUIIYE Iei
nokasHUK J10 92.8%.

[pu po3mmpenHi npodinro 10 5 ceciit ribpuaHuit
METOJ] JI03BOJISIE JNOCATTH MiHiManbHOro piBHA EER
2.7% Ta MakcuMaibHOI TOYHOCTI ineHTHbIKamii 97.2%
(Tabm. 2), mo € HAKpanuMK TTOKa3HUKaMH cepel YCiX
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PO3IJSIHYTHX METOMIB y KOHTEKCTI open-set 3amad.
OriHka 00YHCTIOBANTBEHOT €()eKTUBHOCTI CBITYHTH, MO 3i
30UIBIIEHHSM KUIbKOCTI TpodiniB y 6anky 3 50 no 1000
ocib wac 00poOkM 3pocTae Maike JIHIHHO UL BCIX

KOH(pirypamiii cuUCTeMH TrOJIOCOBOIi  imeHTH]IKAIi
(tabm. 3).
MiHiMansHUH qac BIAOBIAL 3abe3medye

HeifpomepexkeBuit Meton (Big 42 mo 341 Mc) 3aBasku
BiJICYTHOCTI IOTATKOBUX €TariB 00poOKH.
lNOpunmsamist Ha piBHI O3HAK BHMarae HaHOITBIINX
obuncIIoBAIHUX pecypciB (55-450 mc) uepes paHHE
00’e€ZlHAHHSI BEKTOPIB, TOAI SK riOpuam3anis Ha piBHI
OLIIHOK IOCTYHAa€ThCs HEHPOMEPEKEBOMY IMIIX0ay 3a
yacoM 00poOku Ha 15-25% (50-390 mc) (tabm. 3),
npore €  OOYHCTIOBAJIBHO  €(EKTHBHINIO  IpH
30epekeHHI BHCOKOI ToyHOCTi. HaiiOinbury wacTtky
PECYPCiB BUKOPUCTOBYE HEHPOMEPEIKEBUII KOMIIOHEHT,
PO IO CBIMYHTH He3HauHe koimBaHHSI GPU-mam'sati B
Mexax 812-910 Mb mpu posmmpenHi 6a3u 3 50 mo 1000
KopucTyBadiB (Tadm. 3).

OtpumaHi  pe3ysnpTaTd  MIATBEPIOMIH, IO
riOpuau3amis Ha piBHI BIIyYEeHHS O3HAK IEpEBEpIIyE
OKpeMe BUKOPHCTaHHS OyIb-sKOro 3 MeToaiB (Tabi. 1,
2). lle MOSICHIOETHCS B3a€MOJIONIOBHEHSIM CTATHCTUYHUX
Ta HEHpOMEpEeKEeBUX IIPEJCTABICHb: SBHI CIEKTpalbHi
XapaKTEPUCTUKU Ta TJIMOMHHI 3aKOHOMIPHOCTI pa3oM
¢dbopmyrOTh OinbII 1HGOPMATHBHUN OMHC TOJIOCOBOTO
CUTHAJIy MOBIISI, HIK KOXEH miaxia okpemo. IlepeBara
riOpugHIX  METOHNiB  3pocTae 31  30UIBIICHHIM
MIDXCECIHHOI BapiaTUBHOCTI, IO € BaXIUBUM I
MPAaKTHYHOTO  3aCTOCYBAaHHS ~ CHCTEM  TOJOCOBOI
imeHTHdiKarmii B OloMeTpUIHUX KOMILIEKCAX
ayTeHTH(IKALIi Ta KOHTPOJIIO TOCTYITY.

3acToCyBaHHS  3aIPOIIOHOBAHMX  pIlIEHh Mae
0OMEKEeHHS: HEHpOMEpEeKEBUIl KOMIIOHEHT MoTpedye
GPU-mpuckopeHnnsi, a mpu posmiuperni 6asu o 1000
KOpHUCTyBauiB uyac 00poOku 3pocrae go 390-450 mc
(Tabn. 3), MmO BaXIMBE JJIS BHCOKOHABAHTAKEHUX
CEpBICIB peajbHOTO Yacy.

KpiMm Toro, y po0oTi He JOCHIJPKEHO BILUIMB
BUKPHBJIEHb, 30KpeMa, KaHAJIbHUX 3aBajl (HaNpHKIam,
IpH CTUCHEHHI CHUTHAIY B Tele()OHHHX MEpeKax).
IMoganenmi gocmimKeHHs nepeadadaoTh BIPOBALKEHHS
ITOPUTMIB  IIBHAKOTO BEKTOPHOTO IMOLIYKY JUIs
MacitaOyBaHHs 0a3u MOBIIB Ta cTicHeHHI ITHM ms
ii Bukopuctanus 6e3 GPU.

5. BucHOBKH

KOHKaTeHallii, 38axxeHoi komOiHauii (3 PCA) Ta 3nutrs
yepe3 Hapuenuit map (FC-fusion). Ha Bimminy Bix
MOCNIZIOBHOTO ~ aHalli3y MOBHOTO CHUTHally, OOHIBa
JoKepella  O3HaK BHKOPHCTOBYIOTHCS OJHOYACHO Y
CHIJIBHOMY BEKTOpHOMY TpocTopi. ['iOpuausanis depes
KOHKaTeHAI[ilo He TmoTpeOye HaBYaHHS, 3BakeHa
KOMOiHaIis 30epirac KOMIAKTHICTH BEKTOPA, a 3IUTTA
yepe3 MPOEKIIHHNN mmap 3a0e3mnedye aJanTamio st
BpaxyBaHHS HEJHIHHAX B3a€MO3B’SI3KiB.

2. BuzHaueHO KpuTepili Ta NOKAa3HUKH SKOCTI
inmenTudikarmii MoBusg Ha ocHOBI MeTpuk FAR, FRR Tta
inrerpanbpHoro nokasuuka EER y pexumax closed-set it
open-set. 3a kpuTepiii sSKocTi 00paHO MiHIMI3AIIiIO
cykymHoro piBHs noMmiok EER 3a ymoBu noTpumanHs
gacoBoro permamenty 06po6kH (Tue < Typoy )-

3. OuiHeHo TO4HICTH ineHTHiKalii B peKUMax
poGotu closed-set ta open-set. T'iOpuausariisis METOIIB
BUJTyYCHHS O3HaK JIEMOHCTPYE BHIILYy TOUHICTb, HIX MPH
130J1b0BaHOMY BHUKOPHCTaHHI Yepe3 B3a€MOIOIOBHEHHS
CHEKTPAIFHUX Ta TTHOWHHHUX O3HAK. Y peXuMi poOoTH
closed-set  Haiikpammii — pe3ynbTarT  imeHTH}iKamii
3abe3neuye 3mUTTA depe3 mpoekmiHuit map (EER
3.3%, tounicte 95.9%), a B pexumi open-set mpu 5
cecisx y mpodini — ribpuamsanis Ha piBHI omiHok (EER
2.7%, Tounicts 97.2%).

4. TocnipkeHo 00YHCITIOBABHY C(EKTHBHICTh Ta
MacmTaboBaHICTh POOOTH TPU PO3LIMPEHHI OaHKY
MoBLiB 10 1000 oci6. ['iOpuaun3aiis Ha piBHI OLIHOK
30ibInMIIa yac 00poOku sume Ha 15-25% y nopiBHAHHI
3 wMeromoM Ha ocHoBi VGGish mpu cramomy
cnoxkuBanHi GPU-nam’siti (10 910 MB).

Konduaikr intepeci

ABTOpH JeKNapyIOTh, LI0 HE MalThb KOHQIIIKTY
IHTEpECIB CTOCOBHO JAHOT'O IOCHI/PKEHHS, B TOMY YHUCII
(hiHAHCOBOTO, OCOOMCTICHOTO XapaKTepy, aBTOPCTBA UM
IHIIOTO ~ XapakTepy, wWI0 Mir OM BIUIMHYTH Ha
JIOCITI/DKCHHS Ta HOTO Pe3yJIbTaTH, MPEACTABIICHI B JaHii
CTaTTi.

®@iHaHCYBaHHA

JocikeHHs (inaHncoBoi

HiATPUMKH.

mpoBoamiocs  6e3

JocTynHicTb qaHuX
Pykonuc He Mae NOB’sI3aHUX JTaHUX.

Buxopucranns 3aco0iB IITYYHOTr0 iHTEJIEKTY

1. Po3pobieno  Tpu  migxomd — ribpummsariii ABTOpPH MiITBEPIKYIOTh, IO HE BUKOPUCTOBYBAJIH
craructuudoro  (MFCC) Tta  HelipomepesxeBoro  TEXHOJIOTII  INTYYHOIO IHTENEKTY TIPU CTBOPEHHI
(VGGish) wMerTonis BuaydeHHS O3HAK: HA OCHOBI  NPEJCTaBJIEHOi poOOTH.
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Hybridization of feature extraction methods
in a user voice identification system

Maksym Bondarenko, Heorhii Ivashchenko

Abstract. Background. The practical application of voice identification systems necessitates meeting exclusive
criteria: identification accuracy, computational efficiency and resistance to synthesised voice forgeries. Statistical approaches,
such as acoustic analysis and spectral comparison, place low demands on hardware resources but are inferior in accuracy to
modern deep learning architectures. At the same time, deep neural networks, despite their higher accuracy, significantly
increase computational costs and sensitivity to distortions. One possible way of reconciling these requirements is to hybridise
methods at the feature extraction stage, which involves combining statistical acoustic analysis and a neural network approach
within a single vector space. Object of the study: the hybridisation of feature extraction methods in a voice identification
system based on the combination of statistical acoustic analysis and a neural network. Subject of the study: the hybrid
feature extraction method that combines MFCC vectors and neural network feature vectors within a single vector space, with
a comparison of different ways of merging them. Mera Objective: to develop and investigate a hybrid feature extraction
method that combines MFCC vectors and neural network feature vectors in a single vector space, with a view to improving
the accuracy of voice identification. Research tasks are to implement the proposed approaches for hybridising statistical and
neural network features within a single vector space; to experimentally evaluate the identification accuracy of the proposed
variants in closed-set and open-set modes; to investigate the computational efficiency and scalability of the proposed variants.
Research methods. Statistical acoustic analysis based on mel-frequency cepstral coefficients, a convolutional neural network
based on the VGGish architecture, the principal component analysis method for dimensionality reduction, training of the
projection layer using the angular deviation criterion, and an experimental comparison of the results obtained on the
VoxCelebl dataset. Results. Three variants of hybridisation at the feature extraction stage were proposed and investigated,
namely concatenation of normalised vectors, a weighted linear combination following dimensionality reduction, and merging
via a trained projection layer. Results demonstrate a reduction in EER and an improvement in identification accuracy
compared with the use of each method individually. Conclusions. The results of the study confirm the feasibility of applying
method hybridisation at the feature extraction stage to improve speaker identification accuracy. It has been established that
merging via a trained projection layer provides the highest accuracy, whilst concatenation of normalised vectors is a
practically effective solution without the need for additional training.

Keywords: biometric systems of voice identification; hybridisation of methods; feature extraction; MFCC; artificial
neural networks; VGG-style convolutional network; projection layer training; feature fusion.
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OCOBJIMBOCTI CUHTE3Y I XAPAKTEPHI BJIACTUBOCTI
HEPOBCKITOIIOAIBHUX ITAPYBATUX OKCUJIHUX MATEPIAJIIB

PIAKICHO3EMEJIbHUX 1 HEPEXITHUX EJTEMEHTIB SIK ®YHIAMEHTAJIbHI
ACHEKTHU JIsA TIPAKTUKHU IHHOBAHIMHUX ®OTOKATAJITUYHUX PIIIIEHb

AHoTanisfi. AKTyajabHicTb. BUKOpHCTaHHS NEpOBCKITOMOMIOHMX ILIAPYBATHX OKCHAHUX (a3 Ta iX  IMONEepeTHUKIB
KOMIUICKCHHX HITpaTiB JIAaHTAHOIMiB BIJKpHBAa€ I1HHOBAIIWHMN MiIXiA Ui KEPOBAaHOTO CHUHTE3y BHUCOKOAKTUBHHX
HAHOKOMIIO3UTIB MEPEXiHUX 1 piAKiCHO3eMeIbHUX eneMeHTiB. O0'exTu pocaimxenns: [Tpexypcopu — my>kHi KOOpAUHAIIIHHI
HITpaTH piIKiCHO3EMENbHUX eNieMeHTiB. LlinboBi cHCTEMH — OJHOMIAPOBI Ta IIapyBaTi HAHOCTPYKTYpOBaHI OKCHIHI
BHCOKOBIIOPSIIKOBAaHI CHCTEMH JIaHTaHOIMIB I IEpEeXiJHMX eIeMEeHTIB (30KpeMa, MOKPHUTTS Ha OCHOBI BHCOKOIHCIIEPCHOTO
JOKCH/ly THTaHy aHarasHoi Momudikarii). Mera crarTi: Y3arajibHeHHs BiZIOMOCTCH PO YMOBH yTBOpEHHS, OyIOBYy Ta
BJIACTMBOCTI KOOPIWHAIIIWMHMX HITPaTiB JIAaHTAHOINIB Ta pPO3pOOJIEHHS HA IXHIH OCHOBI MeTOmOJOTIl (hi3MKO-XiMIYHOTO
Moau(iKyBaHHS IEHTPIB OKUCHEHHs AH(DY3HOrO IIapy HAHOCTPYKTYPOBAaHHX OKCHIAHHX cucTeM 1102 IUis MiABHILCHHS
(hoToKaTANITHIHOI aKTHBHOCTI OcTaHHIX. Pe3yjabraTtu gocaimxkenns. CrucremMaru3oBaHo (QyHIaMEHTaNbHI JaHI MPO Jy>KHI
KOOpJAMHALHAH] HiTpaTHI MonepeHUKN — 1) BU3HAYEHO YMOBH iX iCHYBaHHSI, IPUPOJLY XIMIYHOTO 3B’S3KY, CKJIaJl, OCOOIMBOCTI
KOOpAMHAIIIMHUX TomienpiB Ln, THMM KOOpAWHALII JiraHa, BCTAaHOBICHO ICHYBaHHA 130THIHHX PAAIB IO CTEXioMeTpil
CKJIaly, CTPYKTYpi, BUSABISIEMHX XapaKTEPHUX BIACTHBOCTEH; 2) 3alPONOHOBAHO CIOCIO XiMiYHOTO MOM(IiKyBaHHS LEHTPIB
OKHCHEHHS y TOBepXHeBoMy Imapi aHatasHoro TiO2 TepMOOOpOONEHHSAM Yy KOHTAKTi 3 MPOAYKTaMH TEPMOINI3y pO3ILIaBiB
Jy’>)KHUX KOOPIMHALIHHUX HITPATIB JIAHTAHOIMIB; 3) €KCIIEPHMMEHTAIBHO BHSBICHO BHCOKY (DOTOKATANITHYHY IECTPYKIIIO
HapiB OpraHiYHMX CyOCTpaTiB (Ha NPHKNIALl €TAaHOTy) Ha OTPUMAaHMX MOAM(DIKOBAHMX 3pa3kax HOKPHUTTIB. BucHoOBKH.
OpneprkaHi JaHi (K TEpBUHHA iH(POPMAIIisS) € OCHOBOIO JJIsl BUSBJICHHS, iZICHTU(IKAIlT, KOHTPOIIO (a3oBOro craHy 00’€KTiB
nepepoOIeHHsT y MiArOTOBYMX CTalisX, BHOOPY KPHTEpiiB CYMICHOCTI CKJIAJOBMX NpH (OPMyBaHHI OJHOIIAPOBHX i
HIapyBaTHX HAaHOCTPYKTYPOBAaHMX OKCHUAHHX KOMIO3WIIHHMX CHUCTEM JIAHTAHOIMIB 1 TMEPeXiHUX EJIEMEHTIB LIMPOKOTO
MPU3HAYCHHS, 3 KaTAJTITHYHOIO i ()OTOKATAIITUYHOI AKTUBHICTIO, TIOKPHUTTS 3JATHOTO CAMOOYHIIATHCS 3 TiIpodimbHUMH
BIIACTUBOCTSIMH; PO3pOOJIEHHS pi3HUX KOMOIHOBaHMX CIOCOOIB IX aKTHBalllii Ta BCTAaHOBJCHHA TEXHOJOTIYHO-
(hYHKITIOHATPHHX 3aJISKHOCTEH; KEPOBAHOTO MOAH(iKyBaHHS BIaCTUBOCTEH OJIEP)KYBaHUX IIJTbOBUX MPOMYKTIB.

Kaw4yoBi caoBa: iyxHI KOOpAWHANIWHI HITPaTH JIAHTAHOIAIB; YMOBH YTBOPEHHS, KpHCTaliuHa OyIoBa CIIONYK;
XapaKTEePHI BIACTUBOCTI; MEPETBOPEHHS 3 (DI3MYHOIO aKTHUBAII€I0; OKCHIHI BHCOKOBIOPSIKOBAHI CHCTEMH JAHTAHOIMIB i
MepEeXiTHAX EIEMEHTIB.

NOBEPXHi, (hOPMH 3pa3KiB, HA SIKi HAHOCHUTHCS MOKPHUTTS,
MOYKJTUBOCTEH HASBHOTO TEXHIYHOTO OCHAIICHHS TOIIO.

Beryn

HuHi  nponOBXKyeThCS  TOIIYK  METOMIB 1
KOMIUIEKCHHX TEXHOJIOTiH II0 CTBOPEHHIO HOBHX W
YIOCKOHAJICHHIO ICHYIOUMX pErJIaMEHTIB OJlepyKaHHs
JIOCKOHAJTUX 6arato(yHKIIIOHATBHUX OKCUIHHX
MaTepialiB MePeXiTHUX 1 PiIAKICHO3EMEIbHUX EIIEMEHTIB
31 CTPYKTyporo ae(eKTHOro IepoBCKiTa, TpaHara i3
BIZITBOPIOBAaHUMH BIJIACTUBOCTSMH HHU3bKOTEMIEpaTyp-
HUMH METOJIaMH «M’SIKOi XiMiD» Ta 3 BUKOPHCTaHHIM
HITpaTHHUX TIPEKypcopiB. BoHW MaroTh ckiagHy OyHZOBY
1 y HayKkoBOMYy ¥ TEXHOJOTIYHOMY BiJHOIICHHI
CTaHOBJIATH COOOI0 HETMPOCTi 00’€KTH, IO IHTEHCUBHO
JOCTIKYOTBCS [1, 2], B TOMY 9mCii 3 y4acTio aBTOpiB
[3, 4]. Tomy cywacHe MaTepialO3HABCTBO, SIKE
0a3yeTbcs Ha 1X OCHOBi, MOTpedye periaMeHTHUX
pilIeHs MPOCTHX 3a KOHGQITypali€ro, MaloCTaliiHUX,
€HEeproe()eKTUBHUX, TaKUX, WI0 XapPaKTEePU3YIOThCS
MacITaOHICTIO, 3 MOXIIMBICTIO BiITBOPEHHS MPOIYKTIB
i3 3aJaHUMU OJHOPITHICTIO, CTAOLIBHICTIO, KOMILIEKCOM
Harepes 331aHiX XapaKTEePUCTHK.

IcHye HM3Ka METOJMK CHHTE3Y BKa3aHWX OKCHIHHX
0araTOKOMITOHEHTHUX MatepiainiB [5, 6], 3acCHOBaHUX Ha
pi3HMX (i3MUHMX 1 XIMIYHMX TOpHHOUNAX. Bubip
BUKOPHCTAHHS METOJy 3aJIeKHTh BiJ XiMIYHOI MPUPOIU
OTPUMYBaHUX CIIOJNYK, PO3Mipy 1 MOpQOJIOTigHUX
0OCOOJTMBOCTEH YAaCTHMHOK IPOJYKTIB CHHTE3Yy, YMOB i
crioco0y QopMyBaHHS OCTaHHIX; Marepially 1 cTaHy

Ili MeToau BHUKOPHCTOBYIOTH SIK HE3aJE€KHO OIUH BiJ
OJIHOT0, TaK 1 B KOMOIHAIIiT.

OcraHHIM 4YacoM [IIOKCHJI THUTaHy IIPUBEPTAE
ocoOuIMBY yBary y 3B'I3KYy 3 HOBHUMH YHIKaJbHUMHU
MepCIeKTUBAMH  HOTO0  3acToCyBaHHS Yy  (opmi
HAHOCTPYKTYPOBAaHUX MaTepialiB i HAaHOKOMIIO3UTIB 3
KOHTPOJIbOBAaHUMU MOpP}OJIOTTYHUMH, ¢bizuxo-
XIMIYHUMM Ta ONTUYHUMM BIACTHBOCTAMHU. Ti02, akuit
BOJIOZI€ ~ BHCOKOK  XIMIYHOI 1  TEpMI4HOIO
CTaOlNBHICTIO, a TaKOX JOMIIIKOBUMH DIBHSAMH B
GJIEKTPOHHIN CTPYKTypi Marepiaiy, CTBOPIOBAaHWMH 3a
pPaxyHOK 33/IaHOTO THIly JIETYBaHHSI, € YHIKQIBHUM JUIs
nmoOyZoBM Ha HOro OCHOBI HOBHX €(EeKTHBHHX
(YHKI[IOHAJIBHAX MaTtepiaiiB, IO 3aCTOCOBYIOThCS Y
¢dotokatanisi i (HOTOBOIBTAIL, CECHCOPHIIL, KATANi31, IS
pinnHHOI XpoMmarorpadii Ta iHIHKX cdepax.

Cytp ¢orokaramitnuanx BuactuBocreil  TiO2
MoJIsiTa€ B TOMY, IO B 00'eMi HaIiBIPOBIIHUKOBOL
YaCTUHKHU i BILIUBOM €JIEKTPOMarHiTHOTO
BHITPOMIHIOBaHHS TEHEPYIOThCA EJIEKTPOH — JipKOBi
mapy, sKi IpH BUXOJII Ha MOBEPXHIO YacTHHKH 110>
BCTYNAIOTh B  OKHCIIOBAJBHO-BIAHOBHI peakmii 3
ajicopOboBaHMMU MoJjieKkysnamu. JIist JTiOKCHIY THUTaHy
XapaKTepHUH Takuil npouec:

0O,

I
(OX1)age + (Redq)ape ————> Oxz + Red; -
hv>E,4
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VY Xo.i mepeTBOpEeHb YacTHHA EJIEKTPOHIB 1 JIpOK
MOXe 3JIMCHUTH peKoMOiHaNilo y Maci a00 Ha MOBEPXHi
TiO,. [dnst edextrBHOrO mepediry (GoToKaTamiTHIHHX

MIPOIICCiB HEO0O0XiTHO, o6 OKHCITIOBAJILHO-
BIZTHOBJIIOBJIbHI peakiii 3a ydacTIO Iapu eJIeKTPOH-
mipka  Oynmu  e(eKTHUBHIIIMME, HDK  INPOIECH
pexoMOiHarii.

Jlobpe Bimomi mepeBarm BHUKOPUCTAHHS TaKOTO
(hOTOKATATITHIHOTO CITIOCOOY OUHIIICHHS:

1) MOXJIMBICTS OKHMCIUTH TPAKTHIHO OyIb-sKi
OpTaHiYHI PEYOBHHH i TAKOXK Psi HEOPTaHIYHIX, TAaKUX
sk CO, HoS, HCN, NH3, NOy Ta iH.;

2) MeToA mpalfoe Npu KIMHATHIH Temmeparypi i
aTMoc(epHOMY THCKY;

3) MOXHA  OKHCIIOBATH  HAaBITh  HEBEJIHUKI
KOHIICHTpAIlii 3a0pyJHIOBAaYiB, OYUINCHHS BiJ SKUX
IHIIMMM METOJAMHU € EKOHOMIYHO HEBUTITHUM;

4) nmns peamizamii MeToxy (OTOKATATITHIHOTO
OYHMIICHHS HE TOTPiOHI JOAAaTKOBI peareHTH, TOMY IO
OKHCITIOBAa4YEM € KHCEHb MOBITPS.

IIpu crBOpeHHI ¥ TemmoBOMy 0OpOOIEHHI
MaTepialiB Ha OCHOBiI [IOKCHIY THTaHy IOTPiOHO
BPaxOBYBaTH MOXJIMBICTh BUHUKHEHHS NOBEPXHEBUX 1
06’emuux medekTiB kpuctamidnoi perritku Ti0z (B
HACJIJIOK ICHyBaHHS pi3HOMaHITTS (a3 B iHTepBaii
criBeignotrens O / Ti < 2 Ha (a3oBsiii giarpami ciuctemu
Ti—O [7]) Ta BusBieHHsA iX 3HAYHOTO BIUIUBY Ha
¢doToxiMivHi BJIACTHBOCTI i (oToinmyKOBaHY
rigpodinbHy 34aTHICTh TPOAYKTIB cUHTE3Y [8].

HasBHi BimoMmocTi moOm0 cTaHy W MOMIMBHX
HamnpsIMiB yJJOCKOHAJICHHS! TEXHOJIOT1H CTBOPEHHS TaKHX
MaTepialiB, YHHHI BHUMOTH JO iX CTaOUTBHOCTI W
BIZITBOPIOBAHOCTI BIIACTHUBOCTEH, PO3IMHUpEeHHs cep iX
BUKOpUCTaHHA [1-8], TposiB BHCOKOI aKTHUBHOCTI
MaJI03aKpHCTAI30BaHUMHU YacTKaMU CTPYKTYPHHX
KOMITOHEHTIB, COPMOBaHIMHU TEPMOJII30M PO3YMHHHKA
[9], HOBI BimomoCTi MIOA0 peakmiiHOI 34aTHOCTI W
MEpEeTBOPEHHsI  [IapyBaTHX  NEPOBCHKITONOAIOHHX
OKCHAIB, cTabimizanii (OTOKaTaJITUYHO- i CEHCOPHO-
aKTMBHOI ~ KpHCTaliuyHOl Moxaudikanii aHataza 3a
paxynok ioniB NOj™ [10], nomipyBanust Ln,Os [11] npu
onmepxkanui  Ti02 i3 po3unHiB [12] iHimiroBamH
MIPOJIOBXEHHsI ~ HAIIOTO  JOCIH/DKEHHS 33  LI€0
Temathkolo.  CpOrofHi  3ICOBYIOTBCS  CIIOCOOH
VOpaBIiHHA TEXHIYHUMH TapaMeTpaMH  IUTbOBHX
MIPOAYKTIB dYepe3 BUOIp CKIagy, yMOB CHHTE3y Ta
croco0y 006poOeHHS.

OmauM i3 HAWOIIBII MEPCHEKTUBHUX  KIIACIB
CKJIATHUX OKCHAHUX MaTepialiB piJIKiCHO3eMEIbHUX
€JIEMEHTIB 1 THTaHy € HaHOCTPYKTYpOBaHI IIapyBarti
MIEPOBCKITOMOIOHI COMYKH 1 TBEp/i pO3YMHH HA TXHil
OCHOBI. 3aJIe)KHO BiJI CKJIQly 1 CTPYKTYpH, BOHH MalOTh
HIIMPOKMHA CHEKTp  (PI3MKO-XIMIYHHMX  BJIACTHUBOCTEH.
IMpencraBneni B paHiii poOOTI NEPOBCKITONOAIOHI
mapyBaTi THTAQHAaTH HajeXaTh T'OMOJIOTIYHOMY psy
(Me, Ln)n+1TinOzn+1, ;e Ln — La—Nd, Me — Li-Cs,
N — 4nciio HaHomapiB mepoBckiTa (a3 Pyamiecnen-
[Tonmepa; 3 TOBMIMHOIO OAHOTO Imapy mnpuomuszao 0,5
uM). Bigmosigno, MeLnTiOs y cBoiit crTpykTypi
MICTUTh OJWH HaHoIAp mepoBckiTy, MezLnaTisO1 —
Tpu. [lepoBckiTomoAiOHI HaHOMIAPYBATI TUTAHATH OYIIH
oJepakani i gociikeni aBropamu pooir [13, 14].

[lapyBaTa CcTpyKTypa, IO CKJIQJA€EThCI 3
IUIACTUHYACTUX YACTUHOK, 30epiraeTbesi IMpOayKTOM
IIPY BUTPUMYBaHHI y BOJIOTOMY HOBITpi 1 MATBEpKEHA
METO/IOM CKaHyHUOi eJIEeKTPOHHOI Mikpockomii [15].
BusiBieHa cTaOiIbHICTH CHCTEM  PEKOMEHIYE iX SK
MEPCIIEKTHBHI (HOTOKATANi3aTOPH B yMOBaX OJM3BKUX
0 X BHKODHCTAHHS Ta € B@XJIMBOW I IHIIMX
iHHOBaIiitHUX cdep iX 3acTocyBaHb.

AmHai3 myOikamiif OCTaHHIX POKIB 3acBimdye, IO
IIOKCHJ THTaHy Ma€ OCHOBHE 3aCTOCYBaHHS caMe Y
TOHKO IUTIBKOBOMY BHJi, y SIKOMYy Hale(eKTHBHIIIEe
peanizyloTbcsi HOTO  BIACTUBOCTI, HEOOXimHI s
(dorokaTaizy, COHSIYHOI CHEPreTUKH, CEHCOPHKH,
CaMOOYHILCHHS TIOKPUTTIB TOLIO.

HuHi 3aBIsgky TEXHOJNOTIYHUM HpUHOMaM peakiliii

«M'sikoi  XiMil» 3'IBHJIacSs  MOXKJIMBICTH CTBOPEHHS
pEe4OBUH i3 PI3HOMaHITHUMH CTPYKTYPHUMHU
OCOOJIMBOCTAMH, OTPHUMAaHHA METacTaOUIbHUX CIOJYK
LIIIXOM MOCITiTOBHOCTI HHU3BKOTEMIEPaTYPHHUX

TOTIOXIMIYHHX cHHTE31B. Taki peakuii 31 3MiHOIO OyI0BH
i Mopdoiorii YaCTWHOK NPOTIKAIOTH TIPH HEBUCOKUX
TeMIiepaTypax 3i 30epeXeHHSIM OCHOBHHUX CTPYKTYPHHX
0COOJNIMBOCTEH y MEPOBCKITONMOMIOHMX —IIapyBaTHX
OKCHJIHUX CIOJIyKax. 3ajie)KHO Big mpupoau i
CTEXIOMETpIii KaTiOHIB, [0 BXOMATH J0 IX CKIIaay, BOHH
MOXYTb MPOSBIATH pi3HOMaHITHI (i3u4HiI 1 XiMiuHI
BJIACTUBOCTI: HA/AMPOBIHICTE, KOJIOCaTbHUI
MarHiToOmip,  CETHETOENEKTPUKY, KaTaJiTH4HYy 1
(doToKaTaMITHYHY aKTHUBHICTH, 3IATHICTh O 1OHHOTO
oOMiHy B po3YMHAaxX 1 pO3IDIaBaX, 3JaTHICTH [0
rigparamii MDKIIAPOBOTO NpPOCTOpY Ta iHMON. Tomy
BUBYEHHS OCOOJNMBOCTEHl NEpPETBOPEHb ITPOMIKHUX
MOTIEPETHIKIB — Iy’)KHUX ~ KOOPAWHALIWHUX  HITPATiB
P3E, ix peakmiiiHOi 3maTHOCTI B XOMAiI CHHTE3y
HIapyBaTUX  IEPOBCKITOMOMIOHMX  OKcuaHUX (a3
OesrocepesiHbO  BIUIMBAE HAa  MOXJIMBI  cdepu
HOAAJIBIIOTO 3aCTOCYBAHHS OCTAHHIX.

Jlist mapyBaTHX NMEPOBCKITONMOJIOHUX CIIOJYK J0
TaKUX TMPOIECIB Cy4acHi TOCTIIHUKH BiIHOCATH,
30KkpeMa, 1oHHWI 0oOMiH [16], iHTepkamsmito i
neintepkamsiiio [15], pi3ui mpouecu 3amilneHHs i
koHzeHcarii [17], nmpouecu po3meruieHsst [ 18] i B3aemHi
MepeTBOpeHHsT  OnHi€li cTpykTypu Ha iHmy [19]
(mampuknana, mepexin i3 ¢a3 Pymmrecmen-Ilommepa y
¢azu JlioHa-SkoOcoHa; mepexin y Mexax OJHOTO THITY
(a3 31 301IBIIEHHSAM 200 3MEHIIIEHHIM YHcia [apiB).

Jng  edexTHBHOTO YIPABIiHHA BIACTUBOCTAMHU
0/Iep’KyBaHHUX MPOIYKTIB HeoOXiaHe ruboke
po3yMiHHA (Pi3MKO-XIMIYHMX TIPOLIECiB, SBHII, IO
BiIOyBalOThCA B X041 iX popmyBaHHA. | X KOMIUIEKCHE
JOCIIJKEHHS 13 3aCTOCOBYBAHHSAM CydYacHHX (i3HKo-
XIMIYHUX METOJIB JIO3BOJISE YAOCKOHAIIOBATH HAIII
3HAHHS PO XapaKTepHI OCOOJIMBOCTI IIBHIKOIUIMHHUX
TIPOLIECIB, cragii €BOJTFOLT CTPYKTYpH i
MIKpPOCTPYKTYpPH TEXHOJIOTIYHNX 00'€KTIB.

Merta i 3aBIaHHA TOCTiIKEeHHSA

MeTta noCHiTKeHHSI: TPOBECTH JOCIHIIKECHHS
KOOIEepaTUBHUX MIPOIIECiB B3aeMOil MIX
CTPYKTYPHUMH KOMIIOHEHTAMH y CHUCTEMax HITPaTHUX
nonepeaHukiB npexacraBaukiB P3E 1 enementiB TA
MiArpyNH MEPiOANIHOT CHCTEMH B YMOBaX aHAJOTIYHHUX
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J0 pErilaMeHTHUX IIpU CTBOpEHHI OaraTodyHKIio-
HaJIbHUX OKCHUIHUX MarepialliB pi3HOTO NMPH3HAYEHHS 3
BHKOPHUCTaHHIM (oTOKaTamTuuHo aktuBHoro TiO2 3
MeTO0  ()OpMYBaHHS  JOCTOBIPHUX  YSIBICHb 1
olepKaHHA O00’€KTUBHHMX 3HaHb IIPO  OCOOJIMBOCTI
MEPEeTBOPEHb 1 CYKYNHY TOBEIIHKY CKJIQZOBUX
€IIEMEHTIB Y MIATOTOBYMX CTadiAX MepepoOIeHHS
TEXHOJIOTIYHUX O00’€KTIiB 3 TEIIOBOIO aKTHBaIi€eo (25-
1000 °C), wHeoOXimHMX I  YIOOCKOHAJCHHA W
pO3pOOIEHHS METONOJOTIH 1 perJaMeHTIB CydacHHX
TEXHOJIOTI# 1X BUTOTOBIICHHSI.

Jnst  nOCSTHEHHSL TOCTaBJIEHOI MeTH y po0oTi
TIOETAITHO BUPILIYBAJINCS HACTYITHI 3aBJaHHS:

1) BuBUYCHHS ~ MEXaHi3MiB  TEPETBOPCHb Y
cUcTeMax KOOPIWHAIIMHUX HITPaTHUX IPEKypcopiB
P3E 1 unyxHMX MeTamiB y Xoui (OpMyBaHHS
Mo YHKIIOHATBHUX  (POTOKATATITUYHO  aKTHBHHUX
[IapyBaTUX OKCHIHHUX MaTepiaiB,;

2) po3poOJieHHS METOAOJIOTiT 1 BHIOTOBJICHHS
3paskiB (oTokaranizatopiB Ha ocHOBi TiO; aHaTta3noi
Momudikamii 1 KOMOO3HMIIHHUX 31  CTPYKTYpOIO
tpumiapoBoro tutaHaty KoLn,TizO1o 3 1x mocTagifiHum
HaHECCHHSIM 1 (OpMyBaHHAIM  Ha CTPYKTYpOBaHHX
MeTaJeBUX HOCIfX;

3) BHUBUCHHS  KIHCTHYHHX  3aKOHOMIipHOCTEH
peaKIfiii TEeCTOBOTO (POTOKATATITUYHOTO OKHUCIICHHS
napiB OpraHiyHMX pPEYOBHMH (Ha IMPUKJIAJl €TaHONIy) B
CTaTUYHOMY peaKTopi;

4) BCTaHOBJICHHS TEXHOJIOTTYHO-(DYHKIIIOHATBHUX
3aJISKHOCTEN; KEpOBaHOT'0 MOAN(IKyBaHHS
BJIACTUBOCTEH O/ICPKyBaHHX LIJIbOBHUX MPOIYKTIB.

Metopnosiorisi ekcriepuMeHTy

Jnst OLiHKM MOXIIMBOCTI KEpYBaHHS IpOIlecamu
OararoctamiifHOro (OpMyBaHHS  CKJIQIHO-OKCHIHUX
KOMIO3HUIIH 3 MOMi(QyHKI[IOHATEHUME BIACTUBOCTSAMH 1
OoOrpyHTYBaHHs ~ MeXaHi3MiB  (ha30yTBOPEHHS  SIK
MOJIENIbHI 13 BHUKOPHCTAHHSIM KOMIUIEKCY (hi3HKO-
XIMIYHHX METOJIB BHMBYEHI BOJHO-COJBOBI CHCTEMH
HiTpaTiB MENO3 — LI’I(NO3)3 — Hzo, (Me - Li, Na, K,
Rb, Cs; Ln — La-Lu) mpu 25-100 °C. Bubip ckiagy
00’€KTIB  JOCHIDKEHHS, TEMIIEpaTypHI  mepepi3u
3YMOBIICHI PSIIOM YHHHUKIB.

[o-mepmme, cepen eIeMEHTIB PiAKiICHO3EMEIHHOTO

psoy  BHILY  KOMIUIEKCOYTBOPIOIOYY  3IaTHICTb
BUSIBJIIIOTH TIPEJICTABHUKH 1Iepi€BOi MiArpymH; cepen
HUX  HaWOLIpINl  3MIHM  CKJIangy,  CTPYKTYpH,

BJIACTHUBOCTEH iX CIIONIyK — €IEMEeHTH HOTo cepeaunH, Pr
i Nd. BubOpaHi KOMIIOHEHTH CHCTEM 3a/1al0Th TEXHI4HI
XapaKTepPUCTUKU  IIJIbOBOTO  TPOAYKTY YU €
MoaudikaTopaMu HOro BIACTHBOCTEH. A HasSBHICTH
BEJIMKOI KUTBKOCTI JJIi BHKOPHCTaHHS IOTEHIIaTbHUX
€JIEKTPOHHHUX aHAJIOTiB  (IIPEICTABHUKIB HPHUPOIHUX
pANiB  pIAKICHO3EMENBHHMX,  JIY)KHHX  €JIEMEHTIB)
3yMOBIIIOE 3HAYHY BapiaTHBHICTH 1 HIMPOTY [iana3oHy
MoaudikyBaHHS IX XapakTepuCTHK. TemmneparypHi
nepepizu 00yMOBJICHI o0nacTsIMu iCHYBaHHS
KPHUCTAJIOTIIPaTHUX (OPM BHUXiIHMX KOMIIOHEHTIB.
[To-npyre, 3a pe3ynbTaTaMu JOCITIDKEHb aBTOPIB
[15] tprox maposi kamiesi Turanati KaLnaTizO10 (LN —
La, Nd) BuIneBKkasaHMX  CKIaJOBHUX  €IEMEHTIB,
olepkaHi  3a  KEpPaMidHOIO  TEXHOJOTI€l, Y

CYCIEH31HHOMY BHUIJISAI Y BOJHO-CIIMPTOBHX PO3YMHAX
mig gier0 YO BUNPOMIHIOBAaHHS BUSBIISIOTH HaWBHUIILY
cepen  BimomMux BHIIB ImapyBatux (a3  ¢oro
KaTaJliTUYHY aKTUBHICT, MO poskiaganHio HoO i
BujieHHI0 BoaHto. lleld ¢dakT 1OB’s3yroTH 3
00OpOTHO  IHTEpKAJIOBATA  MOJEKYJIH  BOAH B
MDKIIAPOBUH TPOCTIp, IO MOXKE NPU3BOTUTH 5K /IO
301 IIICHAS e(peKTHBHOT MTUTOMOL MTOBEPXHI
¢dorokaTamizaTopa, TaK 1 CHPUSATH IPOCTOPOBOMY
PO3TIOALTY IIEHTPiB OKUCHEHHS-BiTHOBICHHS.

Jns 3’sicyBaHHS XapakTepy XiMiuHOI B3aeMofii i
(da3oBuX pIBHOBar y BOJHO-COJILOBUX CHCTEMax
JOCITIIKYBaHHX HITparTiB (npekypcopis
0araTOKOMIIOHEHTHUX OKCHJIHHUX IIOJi(pYHKIIOHAIBHUX
MaTepiaiB) y MIOBHUX KOHIICHTpAII THIX
CMIBBIJHOIICHHSAX B  TEMIIEPaTypHOMY  Jiara3oHi
ICHyBaHHS pO3YHMHIB BHKOPHUCTaHHH METOA M00aBOK,
ommcannii B [20, 21] 1 3acHOBaHWI Ha JOCITIKEHHI
PO3YMHHOCTI sIK OnHi€l 3 BIAacTUBOCTEH HaHOiLIBII
,»dYTIMBUX 1O BUSBJICHHA (Aa30BUX INEPETBOPEHH Y
CHCTEMaX, L0 € OJHOYACHO ITapaMeTPOM iXHBOTO CTaHy,
i 0 TOro > NpPOCTUMU JOCTYIHHMH  HHHI
eKCIIEPUMEHTAIbHUMHE MeTogaMu. MeTroJ  J03BoJIsie
3HAlTH MeXi CaMOpO3BUTKY, 10 SKUX MpPSMYy€E Y
KOHKPETHHX YMOBaX B PIBHOBa)XHOMY CTaHi i30JIbOBaHa
CHCTEeMa 3aJIaHOTO CKJIAY.

PiBHoBara a3 mocsramacs mpotsrom 2-3 nmi6. Y
SIKOCTI BUXITHHUX COJIEH BUKOPHUCTOBYBAJIH TiApaTOBaHi i
0E3BOJIHI HITPATH BKa3aHUX €JIEMEHTIB MapKH ,,9.1.a.”.

XiMiyHAH ~aHami3 pigkumx 1 TBepmux (a3,
,,3AIMLIKIB” MPOBOAWIN Ha BMmicT LNn%* i asory. Bmict
Ln® Bu3HaYaqM TPUIOHOMETPHYHO Yy TIPHCYTHOCTI
KCHJICHOJIOBOTO IIOMapaH4YeBOro y SKOCTI iHAMKAaTopa
(aneraruuii  O6ydepuuit pozumn, pH =5-6), azory —
MeToZIoM Biarouku [22]; ioniB Me™ — po3paxyHKOM TI0
pI3HMILI, BUXOJSYM 13 3arajbHOrO BMICTY HITparTiB i
YaCTKOBO 0 CYyXOMY 3aJIMIIKY.

Opnepxani JlaHi TSt OKpEeMHUX iOHIB
NepepaxoByBAUCh HA COJILOBHA BMICT 1 3riIHO
MIPUHITUITY BiJNOBITHOCTI HAHOCWINCH Ha JiarpamMu

PO3YHMHHOCTI.
I'padiune BimoOpaskeHHS CKIIaAy TBepAHX (a3, IIo
YTBOPIOKOTHCS y cHcTeMi, MPOBOIHIIH 3a

Ckpeiinemakepcom  [20, 21], miaTBepKeHHs iX
IHAMBIMYaTbHOCTI 1 OXapaKTepU3yBaHHSI — XIMIUYHUM,
KPHUCTAJOONTHIHUM, peHTreHo(a30BuM,
PEHTI€HOCTPYKTYPHUM, IY-crieKTpoCKOIigHNM,
TepMorpadigHIM, iHITUMHI METOIAMH.

Ha erami gocmimkeHHs  (OTOKATATiTUYHOTO
OKHCJICHHS TapiB  OpraHiyHWX cyOcTpaTiB i
(dhopmyBaHHS 3pa3sKiB KOMIIO3HUIITHIX

¢boTokaranizatopis Oys Bukopuctanui Titanium Oxide
Micro Powder (TiO,, Anatase, 1500 nm, 99,9 %) US
Research Nanomaterials, Inc.

Jns BuBYeHHS BIUIMBY c(OpMOBaHHMX 3pa3KiB-
(oTokaramnizaropiB Ha KiHETHKY YTBOPEHHS
ra3omnoiOHUX 1HTEpMEAiaTiB MPOBENEHO JOCIiKEHHS
(OTOKATATITHIHOTO OKWCJIEHHS TMapiB OpTaHIYHUX
pevoBHH (Ha TIPHUKIIAJ €TAaHOJY) CTATHYHUM METOJIOM Y
pO3poOJIeHIi  TepMeTH30BaHIii  Kamepi-KOHTeHHepi,
obnanHaHii 3MIHHMMH HaBICHUM TpHMadeM 3pa3KiB
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JOCII/DKYBAaHUX ~ 00’€KTiB, BHYTPIIIHIM  BHUINAPHUM
JI03aTOPOM 1 30BHILIHIM PEaKTOPOM Uil MaluX 1
3aJIMOBUX JO3-1H€KIIH CyOCTpaTiB, BEHTHISTOPOM —
nepeMilryBadeM BHYTPIIIHBOTO T'a30BOTO CEPeIOBUINA,
JOJATKOBUM BHYTPINIHIM HArpiBHUKOM, JaTYUKOM
BHMIipIOBaHHS KOHIICHTpAIii CO,, HaBICHUMH
JOCIIKYBaHUMHI «TTAaCUBHUMM IUTAaCTHHAMH-
ajicopbepaMu, CHCTEMOIO OCBITICHHS.

Hns  BumiproBanHi  KoHmeHrtpamii COz B
JOCIIKYBAaHOMY CepeOBHIIi BUKOPHUCTaHHUN
MOPTATUBHUHM  OaraTo)yHKIIIOHATBHUHA — €IEeKTPOHHHHA
razoanamizatop AZ 7755 (AZ Instrument Corp.,
TaiiBanb), IO [JO3BOJNSE OJHOYACHE BHMIPIOBAHHS
TEMIIEpaTypy, BiTHOCHOI BOJIOTM Ta Ma€ MOXKJIHMBICTbH
MIPUETHAHHS IO 30BHIIHBOTO IHTEPQEIHCY.

VY poboTi B SKOCTI OCBITJIIOBa4iB BHKOPHCTaHI:
JIIOMIHECIIEHTHA JIaMIla HU3bKOTO THCKY MOTYXHICTIO 8
Br i OakrtepumumaoHa namMma Ti€i K TOTYXHOCTI 3
JOBXXUHOIO XBII 254 HM.

Pe3yabTaTi 10ocaiiKeHHs
Ta iX 00roBOpeHHs

V3aranpHeHi 1 BaxJMBI Ui IPAKTUYHOTO
BUKOPHCTAaHHS BIJOMOCTI PO JyXKHI KOOpAWHALIiIHI
HITpaTH PIAKICHO3EMENFHUX EJIEMEHTIB — IPEKypCopH
NEePCHECKTUBHUX ~ Cy4acHHX  0OaraToyHKIIOHAIbHHUX
MaTepialiB — MO0 YMOB iX YTBOpEHHsS W iCHYBaHHS,
MPUPOIM XIMIYHOTO 3B’SA3KY, CKJIamy, OYIOBH, THITY
KOOpAMHAINI JiraHn, iCHYBaHHS I30THITHHX PAIIB IO
cTexioMeTpii  CKIamy,  CTPYKTypi,  BHSABISIEMHUX
BJIACTHBOCTEH CHCTEMaTH30BaHi aBTopamu B [23, 24] i
y HaiOnpll Hao4Hid ¢Gopmi HaBeneHi B Tadia. 1-4.
Bubip Takoi GopMu mpencTaBieHHS JaHUX HAHOLIbII

iHpopMaTUBHUI 1 KOpUCHMH mif dYac po3poOIJICHHS
IHHOBAaLlIMHUX TIPOCKTIB  JIO3BOJISIE MPOTHO3YBaTU
TIPUYNHHO-HACII IKOBI (yHaaMeHTanbHi
3aKOHOMIPHOCTI MOBEAIHKH CTPYKTYPHHX KOMIIOHEHTIB
B AHAJOTIYHUX BHPOOHWMYMX MpOLECAX, MPABHIBHO
BHOHMpATH PEXNMH, CTAIiiHICT, cIocoOn GopMyBaHHS
1 omep)kaHHS LITHOBUX MPOIYKTIiB 3 BIATBOPIOBAHUMH
CTPYKTYPO-UyTIMBUMH XapaKTEPUCTUKAMH.

VY motpiitaux P3E-BMicHHX cHcTeMaxX HITpaTHHX
MPEeKypcopiB, SAKi € HEeBIT'€MHAMH KOMIIOHCHTAMHU
OlIpII  CKIAgHHUX  0OAaraTOKOMIIOHEHTHHX  CHCTEM,
OOMIHHI TEpETBOPEHHS IOYMHAIOTBECS 3 MOMEHTY
PO3YMHEHHs CKJIQJOBUX y Boji. 3’scoBano, mo Ln%*
LepieBoi MiArpynd B JIOCHIIPKYBaHHX YMOBax €
AaKTMBHUMH  KOMIUIEKCOYTBOPIOBAaYaMH, yTBOPIOIOTH
AHIOHHI KOOpAMHALIWHI cromykun 3 Me* ycix myxHHX
MeTalliB, a IX CTIMKICTh 1 KOMIUIEKC HpPUTaMaHHUX
BJIACTUBOCTEH BUSIBIISIFOTBCS CHJIBHOAIIOYUMU
TEXHOJIOTIYHMUMH (DaKTOpaMH, IO CYTTEBO BIUIUBAIOThH
Ha XapakTep IICPeTBOPEHb B CHUCTEMax fK Ha
MPOMDKHUX CTalisfX, TaK i Ha PE3yJIbTATH MPOIECIB B
aiToMy.

OpepxkaHi  BIZIOMOCTI J03BOJIIOTH MOJICITIOBATH
HOBE/IHKY CTPYKTYPHHX KOMIIOHEHTIiB Ha MiJrOTOBYUX
cramisx (QopMyBaHHS Cy4YacHHX IOJI(QYHKI[IOHAIBHUX
(oToKaTaTI THIHOAKTUBHUX MarepianiB 3a
IHHOBAI[IfHUMH ~TEXHOJIOTIYHUMH pPErJIAMCHTaMHU 3
BUKOPUCTAaHHSIM HiTpaTHUX P3E-BMicHUX IpekypcopiB.

HasBHi BmsaBneHI TeHACHIIi (a30yTBOpEeHHSI B
MOJIETEHHX JOCTIPKYBaHUX cucTeMax €
TEPMOJWHAMIYHO HAWOINBII BipOTIIHUMH MEKaMH
NEPETBOPEHb B TEXHOJOTIYHHX 00’€KTax B YMOBAax
(hopMyBaHHS i OTpUMaHHS HITHOBUX MPOTYKTIB.

Tabruysa 1 — Cknan i TemnepaTypHuii iHnTepBaJ yrBopenHs koopauHauniiinux HirpariB P3E ii erementiB |A rpynu,
BHIBJIEHHUX Y BOAHO-c0ab0BHX cucTremax MeNOs — Ln(NO3)s — H20

M\P3E ta | ce | pr | Nd |Pm Sm Eu |Gd| Th Dy |Ho| Er [Tm]Yb]Lu] Y
Lis[Ln2(NO3)e]-3H20 €BT.
Li Ky0iu.; P213 CBIT. o
100°C | 100°C | 100 °C [65-100 °C 25-100 °C 25-100°C
Naz[Ln(NOs)s]-H20
Na MOHOKIIH.; P21/a - i%TO' oc
25-100 °C | 50-100°C 100 °C
K2[Ln(NO3)s(H20)2]
pomGiu.; Fdd2
25.50 °C K[Tb(NOz)4(H20)2]
K npuMiT. poM6id.; P21cn
K3[an(N03)9]'H20 50-100 °C
KyOiu.; P4332
100 °C 50-100 °C
Rb2[Ln(NOs3)s(H20)2] Rbs[Ln2(NO3)11]-H20
MoHokKIiH., Cc MOHOKIiH.; C2/C
25-100 °C 2550°C__ | | 50-100°C Rb[LN(NOs)s(H20)2] -H20
RD Rbs[Ln2(NO3)s] -H20 MO“‘;‘;T;‘)' : g 2un
KyOiu.; P4332
50-100 °C
Cs2[Ln(NO3)s(H20)2]
MoHOKIiH., C2/C
25-50 °C [25-100 °C Cs[Ln(NO3)4(H20).] -H20
Cs Cs[LN(NO3)a(Hz0)3] MOHOKJ‘I]H.Ci P2:/n
TpuKiin.; P1 25-50°C
50 °C | 50-65 °C
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A MOXIHMBI peadbHI BIIXWICHHS B NOIIOHUX
cucremMax 3YMOBIIIOIOTHCS HEOHOPIHICTIO
PEaKI[iifHOTO CepeloBHIAa 3a CKJIAJ0M, BMICTOM
pearyrounx KOMIIOHEHTIB, 32 YMOBaMH 1X 3HaXO/KCHHS,
CKIHUEHHICTIO IIBUJKOCTI NEPEeTBOPEHb, Mupy3iitHNMU
OCOOJMBOCTSIMH, TEIUIOEMHICTIO, B’S3KICTIO, TIPHUPOJIOIO
NepPEeTBOPEHb Ha T'PaHHULAX YTBOPIOBaHUX TreTepo (as,
BHKOPHCTAHHAM 3aCTOCOBAaHUX MPHUHIIHIIIB i CIIOCOO0IB iX
aKTUBALil Ta IHIOMMH KOHKPETHUMH YHUHHHKaMH. A
BUSIBJICHI IIPOLECH KOMIUIEKCOYTBOPSHHS y BOIHHX
pO3UMHAX HITPATiB CHPUAIOTH TOMOTEHI3amii CHCTEM
CTPYKTYPHHUX KOMIIOHEHTIB Ha MOJICKYJIIPHOMY piBHI
IIPY KOMIUIEKCHOMY Y1 KOMOIHOBaHOMY IepepOOJICHHI.

AmHani3 oJiep)KaHuX JaHHMX BKa3ye Ha MPOTIKaHHS B
cucremax y  HaWOmwkuoMmy — orodenmi  Ln¥-
KOMIUIEKCOYTBOPIOBaYa KOHKYPYIOUHX HpOLEciB
3aMillleHHsT MOJIEKYJl BOJM Ha HiTpar-ioHu. CTymiHb
MOBHOTH 3aMIIICHHS 3aJICKATh BIiI TPUPOIH Ln3*,
npucyTHIX Me¥, BnacTUBOCTEH eNeKTPOHHO-IOHOPHHX
aTOMIiB KHCHIO 1 TIPOCTOpOBOi OyIOOBH JIraHmiB,
KOHIICHTPAIIil aHIOHIB, KUTBKOCTI PO3UMHHHKA. BuUsiBIIeHO
3HAYHUH BIUIMB Ha L TPOLECH TEMIIEPaTypHOTo
(baxTopy. CrocTepiraroThest BiJIMiHHOCTI y
KOMILJICKCOYTBOPIOIOYil 3[IATHOCTI €JIEMEHTIB IEPi€BOT 1

iTpieBoi miarpyn, Y, a takox cepen P3E y cepeanni
nepwoi miarpynu. OnepskaHi pe3ysbTaTH BKa3ylOTb Ha
MOCTa/1iHICTh npoLeciB KOMILJIEKCOYTBOPEHHS.
HasBHicTh mNEBHUX 3HAYCHb TEMIIEPaTypH MOYATKy
BUJIJICHHS Y TBeply a3y KOMIUIEKCHHMX CIIOIYyK — Ha
ICHyBaHHS eHEpreTHYHOro Oap’epy 1 HEOOXimHOCTI
JIedKol eHeprii akTuBamii s 3AIHCHEHHS TaKHX
NIePETBOPEHB.

[Ipu yTBOpEHHI HITpPATHUX KOMIDIEKCIB Y BEJIHKIiH
Mipi BHKOHYIOTBCSI BHMOTH CHMETpil 1 IUTaHApHUA
Mamuit po3mipamu Jirag NOsz™ € ,3pydaaum”  mis
YTBOPEHHS BHCOKOCMMETPHMYHOTO OTOYEHHs ioHa Ln3*,
Jns naHTaHOINIB XapaKTepHA CXWJIBHICTH YTBOPIOBATH
tpu Tunu koopamHauii NOsz™ -miranaiB. Lle Beme mo
YTBOPEHHS, SK 130JIbOBAHUX KOMIUIEKCIB, Tak 1 iX
MOJTIMEPHU3ALI0 Y ABOSICPHI, JTaHIFOKKH, KapKacH.

Bci BCTaHOBIICHI KOOPAMHAINMHI CIIONYKH Oyiu
CHHTE30BaHi B  MOHOKPHCTAIIYHOMY  BHUIJIANI i
OXapaKTepHU30BaHI  KOMIUIEKCOM  (hi3MKO-XIMIYHUX
MeToziB. B Tabmumi 2 mpuBeneHi peHTIeHOCTPYKTYpHi
XapaKTepUCTUKH  HOBOYTBOpIOBaHMX (a3 1
MOXUJIMBOCTI iX iNeHTH(IKAIil Ta BUSABICHHSI B XOi
nepepobiiennss (AT — TemmepaTypHu#l miamna3oH
3HAXOKCHHSI.

Tabnuysa 2 — BiuiB THIYy cUMeTPii Ha MOKJIMBiCTH BHHHKHEHHSI (i3HYHIX BJIACTHBOCTEH y KpHCTaIaX KOOpPAMHALIHHIX

HIiTpaTiB piIKicHO3eMeTbHUX eJ1eMeHTIB

Criostyku CuHrOHist T:;;(:::a Mp (;;;(:II; %2 | Bracrusocri (AT, °C pf)(;:l[;l a}:::gﬁ
Lia['lzng'\gﬂggfn H0 Ky6iu. 23 P2,3 J) + 65-100 KOHIP.
Naziﬁli(ﬁgi)ss]:jzo MOHOKJIL 2/m P2,/a I I 50-100 iHKOHTD.
R e, KyGi. 432 P4,32 IO 50-100 |  xomrp.
Kz['ig(i\'fj)j(géo)z] poMGi, mm?2 Fdd2 L % 50 T—
KI[_I;]n_(I\‘I(C,)i)}ti(Isz(A)zz] pom6iy. mm?2 P2,cn []J % 50-100 KOHTp.
sz[ll__r;](liliz)’sg-ézO)z] MOHOKIL. m Cc [IJ % 25-100 iHKOHTD.
Rbs[ll:gz_(';?i)lsl%Hzo MOHOKJL. 2/m C2/c ‘l I 25-50 iHKOHTD.
Rb[LE%N_O;):‘g:iZ?)E]u'HZO MOHOKJL 2/m P2, fn ‘i I 25-50 KOHT.
CSZ[II:R(_NSS)E(HQO)Z] MOHOKII. 2/m C2/c ‘i I 25-100 IHKOHTD.
Cs[t:(ﬁg:)j(géo)ﬂ TPUKIIL. E PI a 50-60 iHKOHT.
CS[LE(an);):l(g; g)li]u H0 MOHOKJL. 2/m P2, f n 'i | 25-50 KOHTP.
ABTopamu poOOTH TPOBEICHO KPUCTAJIOXIMIYHUN  HAOMM3UTHCS 110 PpO3yMiHHS 1HIMB1 Ty aTbHAX

aHali3 CIIOJYK JIy>)KHHX PiJKICHO3EMEIbHHUX HITpAaTiB,
SKUH 0a3yeTbcsl Ha pe3ysbTaTax BIACHHUX JIOCIIPKEHb
[23], Tak i Ha mitepaTypHuX AaHuX [25]. OcoGmuBy
yBary 3BepHEHO Ha OyZ0BY KOOPIMHAIIMHUX IMOJIiepiB
Ln, sixa Garato B YoMy BH3HAa4a€ OCHOBHI BJIACTHUBOCTI
BiIMTOBITHUX CIIOJYK.

Amnanizyroun  Gopmy, cHMeTpito W iHmI
BJIACTHUBOCTI TIOJIEeAPiB, MH OTPUMYEMO MOKIUBICTH

ocobmusocreii P3E.

[Ipu y3aranpHEHHI CTPYKTYpHHX JaHUX JIYKHHUX
koopauHaniiHux HitpariB P3E 3Beprae Ha cebe yBary
HaJ3BUYANHO 0o0OMeKeHHI ACOPTUMEHT
KOOpAMHAIIIMHUAX TOJNIEAPIB IS TaKHX BHCOKHX
K4=12. V Bumaakax, KOJH BOJa HE BXOIHUTb [0
CKIIaay KoopauHaliiHoi cdepu atoma Ln, momiempu
1moOy10BaHi aOCOIIOTHO OJTHAKOBO.
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Ix exBiBaseHTHiCT, moONATaEc B TOMYy, IO
ykopoueHi pedbpa O—-O (3arampHi 3 NOsz-—niranmgamn)
3aliMaloTh OJHI W TI cami NONOXKEeHHS. BuHATOK
CTaHOBJIATH 1O OJTHOMY 3 2 He3alleXKHHX moJiienpis Ln y
IBOX i30cTpykTypHHX cmoiykax Lis[Lna(NOs)e]-3H20
(Ln — La, Nd). fkmo * KOOpAHHAIIAHE HACHYCHHS
BiIOyBa€ThCS 3a yYacTI0O MOJIEKyNn Boad, ¢opma 12-
BEPIIUHHMKIB JICTIIO0 3MIHIOETHCA. TOIOJIOTIYHO IIe BCE
TOH e ikocaeap. OmHAK pO3NMOILT BKOPOUEHUX pedep y
FOMY BHMAJKY IHIIWHA. AHANI3 pO3TIAHYTHX Hamu Ln-
moJrieipiB Ja€ miacTtaBy BigzHaunTH TeHAeHHio P3E B
JaHOMY KJIaci CHOJNIYK A0 OpraHizaiil CUMETPHYHOTO
KOODPIMHAIIIHHOTO OTOYEHHS.

[MpuBeneni Hwk4Ye naHi 3 TepMorpadivHOro BHBYEHHS
JyKHUX KOOPJHMHALIWHUX HITPaTIB PiAKICHO3EMEIbHUX
eneMeHTiB  (Tabn. 3) 3’ACOByIOTH  XapakTep i
3aKOHOMIPHOCTI TEIJIOBUX MEPETBOPEHb LUX CHOIYK B

TeMIIepaTypHOMY Jiarna3oHi 25-1000 °C,
BCTaHOBIIOIOTh iXHIO TEpMOCTIHKICTh, IHTEpBaNN
iCHyBaHHS, CTaliiHICTh IpoueciB, (a30yTBOpEeHHS B
3aJIeKHOCTI BiJ CKJaJy, BMICTy, TPHPOIM CKJIaJOBUX
KOMITOHEHTIB, CII0CO0Y YIaKOBKH KOOpAWHALIHHUX
MOJIieIpiB Yy TPOCTOPOBY MOOYAOBY, YMOB i cmocoOy
00poOIIeHHS TOIIIO.

e omae MOXIMBICTP TPOTHO3YBAaTH  IIOBEIIHKY
3aCTOCOBAaHMX  MOTCHMIAIPHUX  IONEPEJHHKIB B
peanbHUX TEXHOJIOTIYHMX CHCTEMax B aHAJIOTIYHHX
ymoBax. Jlns TOpIBHSHHA ¥ aHamilzy Tam Ke
MPUBOAATHCS BIIOMOCTI PO Majii CTaOUIBHICTh 1
TEPMOCTIHKICTh Kali€eBUX KOOpAWHALINHUX HITpaTiB Y,
Gd — Lu ckimagy K[Ln(NO3)s(H20),], mo obymosioe
00MEXEHHsI B 3aCTOCYBaHHI TaKOro BUJY ITPEKYpPCOPIB y
TEXHOJIOTTYHHX MIepETBOPEHHSX 3 METOIO
MoM(iKyBaHHs BIaCTHBOCTEH LIIbOBUX MPOJYKTIB.

Tabnuys 3 — XapakTepHi BJIACTHBOCTI NMPeICTABHUKIB i30CTPYKTYpPHHX rpyn koopauHauiiinux nirparis P3E, iTpito

Cnoayku; . IInaBnenns y . .| IlnaBjieHHst
. Ipencras-|Jderinpa- ... | TlosriMop dai .. .
CHHIOHif1, IPOCTOPOBa . |kpucTanizauiiHiit 6e3BOHOI Mpumirka
. HUKH Tauist . nepexoau
rpyna Kpucrajis BOJI dopmu
. 65 L
L|3[an_(N.03)9'3H20 La-Sm 183 183 B 274 TeMnepaTyval Ziaui 7t
KyOiu.; P213 216 KoOpAnHaILiHOI croyku Nd
81 Lo
Naz[l__n(!\l03)5] H20 La_Sm 148 B 271 308 TeMnepaTyp}{l AaHi s
MOHOKIIiH. ; P2i/a 236 koopauHaliiHoi cionyku Nd
K2[Ln(NOs3)s (H20)2] 95 TemneparypHi nani as
pomGiu.; Fdd2 La-Sm 111 % 219 314 koopauHaliiHoi cioyku Nd
K3[Ln‘2(N03)9] ‘H20 La_Sm 126 3 B 347 TeMnepaTyp}{l nani 1t
KyOiu.; P4332 KoopauHaliiHoi cionyku Nd
K[LNn(NOs)4(H20)2] Y, 138 138 B B TemrepaTypHi qaHi 1st
npuMit. pom6iv.;  P2icn| Gd-Lu 172 KOOpauHaLi#Hoi croayku Gd
sz(Ln(_N(.)s)s (H20)2] La, Ce 93 93 B 307 TeMnepaTypqu Jran St
MOHOKIIIH. Cc 144 KOOpAWHALITHOT crionyku La
Rbs[Lr?z(l.\|03)11]'HzO Pr_sm 172 172 B B TeMnepaTyp}ﬂ Jani s
MOHOKJIH.; C2lc KoopauHaliiHoi cionyku Nd
Rb3[Lhz(NO3)9]'H20 La-Sm 136 3 B 302 TeMnepaTypqu Jran St
KyOiu.; P4332 koopauHaliiHoi cionyku Nd
Rb[LN(NO3z)4(H20)2]-H20 Y, 98 TemnepatypHi naui ayis
L 165 98 - - e
MOHOKITIH. ; P2i/n | Gd-Lu 231 KOOpAMHALiHOI crionyku YD
Cs2[Ln(NOs)s(H20):] 99 TemnepatypHi naHi ajst
o La 148 - 263 .
MOHOKIIIH. 12/a 148 KOOpAMHALHHOI crionyku La
CSz[Ln'(N.O3)5(H20)2] Ce-Nd 122 156 B 235 TeMnepaTypqu JlaHi 7t
MOHOKIIIH. | C2/c 156 KoopauHaIi#Hoi croayku Nd
62 S
Ln(N H
Cs[Ln( (?3)4( 20)3] Pr—Sm 90 162 B 355 TeMHepaTprl JlaHi 2t
TpukiiH.; Pl 162 KoopauHaIiiHoi cromyku Nd
Cs[Ln(NO3)4(H20)2]-H20 Y, 155 TemmnepatypHi Jani 1ist
S 175 155 - - .
MOHOKIIH., P21/n Gd-Lu 250 KOOpuHAaIiiHOT crionyku Yh
BcraHOBJIEHO, MO KOOpAWHaWifHI wmciaa Ln%  omepskaHOro KOMIUIEKCY €MIIPHYHHX 3HAHb PO
nepieBoi miArpynu - 12, BUSIBJICHI y CyMICHy TOBENiHKY 1 BJAacCTHBOCTI  CKJIaJOBHX
HU3BKOTEMIIEPATYPHUX acoriiioBaHux (¢opmMax, KOMIIOHEHTIB B JOCTI[KyBaHHX CHCTeMax OyIlo
30epiraroTbcsi HE3MIHHUMU QXK JI0 YTBOPEHHsSI CTIMKMX  PO3POOJEHHS  OJHOTO 13  MOXJIMBHX  CIHOCOOIB
BHCOKOTEMIIEPATYPHUX 0araTOKOMITOHEHTHHX  HAaHECEHHS i (hopmyBaHHS KOMITO3UIIIITHAX
okcumanx (a3 MeLnO,, MeyLn,TizOg. Ile Bkasye Ha  (oTOKATATITHYIHO AKTUBHUX MOKPHUTTIB Ha

JOILTBHICTS BUKOPUCTAHHS IJTy’)KHUX KOOPAMHAIIHHHX
HitpatHux P3E-BMiCHUX  MpeKypcopiB y MOTIOHHX
TEXHOJIOTIYHUAX 1HHOBAIWHUX pilieHHAX. JlorivHUM
MIPAKTUIHUM 3aCTOCYBaHHSIM i anpoOarriero

CTPYKTYypOBaHi MeTasieBi HOCIi (U1 MiHiMi3aIlil BHECKY

afcopOmiiHOT  CKIamoBOI Yy  3aralbHWiA  eexT
KOMILIEKCHOTO MIEpETBOPEHHS) i3 Jcnepcin
CcyOMIKpOHHHX po3mipiB anarazHoi ¢a3u TiOy i

83



Control, Navigation and Communication Systems. 2026. No. 3

ISSN 2073-7394

oAi0HUX YaCTUHOK 3 MO ()IKOBAaHUMH
BJIACTHBOCTSIMM IXHBOTO IIOBEPXHEBOrO IIapy Ta
MOCHIAYIOUOTO TPOBEACHHS IXHBOTO IOPIBHSJIBHOTO
TECTOBOTO BHUNPOOYBaHHS Ha aKTHBHICTh Yy TMpolecax
¢doronecTpykuii TapiB  OpraHiYHMX pPEYOBMH (Ha
MUKl €TAHONy) y MOBITPSHOMY CEpeOBHINI Tij
BmmBoM Y®  onpomineHHs.  MomudikyBaHHS
AKTUBHOCTI IICHTPIB OKHUCIICHHA OO0’ €KTIB 3MiHCHIOBAIH
IBOX CTagilHUM  TepMOOOpOONEHHSAM  3pa3KiB 3
PO3MIMBHAM €TalyBaHHAM MPOIECIiB: HAHECCHHAM 1
¢ikcyBaHHAM TOKPUTTIB Ha OCHOBY 13 BOZIHO-
cycrnensiiaux cucrem TiO2 i PO3YMHHHMX HITPaTHHX
npeKypcopiB LN Ta Jy>XHUX MeTalliB, B3ATHX y 3alaHUX
CHIBBITHOIIECHHX; (popMyBaHHAM TUQY3iHHUX MOTOKIB
Ha MDK(A3HUX TPaAHUILIX CKJIAJOBHX TI'eTEPOreHHUX
KOMITO3MLIITHUX CHCTEM Ta PEryJIOBaHHIM CKIamy H
YMOB EepepoOJICHHs PO3ILJIaBiB HITPATHUX MPEKYPCOPIB
(3 METOI0 CTBOPEHHS CIPHATIMBHX YMOB Ul acomiamii
TUTAHATIB 3 IAPyBaTOK CTPYKTypor MesLn,oTizOao).

Taxi KOMIIO3MITIMHI CUCTEMH SIBIISTFOTHCS
KpHCTali3aliiHO-KOH/ICHCOBAaHUMH CTPYKTypaMu
TBEpIiHHS.

(Bumorn mo cTpykTypoBaHHMX (YHKIIOHAJBHO
AaKTMBHUX IOJIOHMX  IOKPHUTTIB, THpoUenypu IX

MITOTOBKM Ta XapaKTEPUCTHKU OOTOBOPIOIOTHCS B
JIEKITBKOX OTJISIIOBHUX CTATTAX [26, 27]).

Ha miarotoBumx cragisix TepMOOOpOOIEHHS
BUXITHUX BOJHO-CYCIICH3IMHUX CHUCTEM i3 3ampaBKOIO

KOMIIOHEHTHOTO ~ CKJIaLy  pPO3YMHHUX  HITPaTHHX
MOTIEPETHHUKIB Yy CIIBBIOHONICHHI, IO BigNOBigae
YTBOPCHHIO TPHUIIAPOBOTO  TEPOBCKITOMOAIOHOTO

TUTAHATY MEQNdzTi3010 (MEZO'Nd203'3Ti02, Me — Li,
Na, K; Ln - La-Nd) BinOyBaerbcs BHIANICHHS
pPO3YMHHUKA i3  MEpPEeCcHYeHOro  JTHUCHEpPCiiiHOro
Cepe/loBHINa, 1 3TiJIHO 3 BHBYEHOIO MOJITEPMIYHOIO
niarpamoro poszuuHHocTi [1, 2] (meperBopeHHs B
001acTi KOHIEHTPaliiHOI KOHIPYEHTHOCTI) TOCTYIIOBE
BHIICHHS 3apOJIKiB KPHCTAJIIB Ty XKHHUX
KOoOpAMHaLiiHUX HiTpariB LNn. Ilopanbiie HarpiBaHHs

.
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LIUX [POMDKHMX HOBOYTBOpeHHX (a3 Bepe 10 IX
TUIABJICHHS 1 MOCHIYI04Oro PO3KJIaJaHHs 3 BUAIJICHHIM
OKCHJIIB a30TY 1 KHCHIO.

B [7] BcraHOBNCHO, IO MEpeXil CyOMiKpOHHOTO
MOPOIIKY JIOKCHAY THTaHy 3 aHaraza B pPYTHI
Bin6yBaethea mpu 750-850 °C, a ponb nepBuHHHX
€JIIEMEHTIB CTPYKTYPH B TaKUX AHMCIEPCHUX 00 €KTax
rparoTh YaCTKU MTOPOLIKY.

TiO; (amara3) y JIOCIT UKy BaHi i
0araTOKOMITOHEHTHIH TeTepOTeHHI cucTeMi Benme cebe
XiMiuHO iHAM(EPEHTHO MO BiTHOMICHHIO 10 CKJIAJOBUX
CTPYKTYPHUX KOMIIOHEHTIB JI0 MOMEHTY 3apOJUKEHHS Y

MPOAYKTaX TEPMOJTIZY PO3ILIaBy HITpAaTHUX
KOOPJIMHAIIIHHUX IPEKypcopiB ciabko
3aKpUCTATI30BAHMX  XIMIYHO aKTHBHHX YaCTHHOK

nosiinux okcuaiz MeLnO; (Me;O'Ln20s3) [4]. Tlpu
30ibIIeHHI eHeprii aktuBauii cucremu (t> 520 °C) i,
BIIMIOBITHO, CHEPril TEIJIOBOTO pPYyXYy CTPYKTYPHHUX
€JIEMEHTIB BUHHKAE€ MOJKJIMBICTG iX 30IKEHHS Ha
OUTBII KOPOTKI BIACTaHI, WPOSBIAETECA 3MIIHCHHS
KOOPAMHAIIIHHOTO XIMIYHOTO 3B’SI3KY MiXK CKJIQTOBUMH
KaTiOHaMH BIAIOBIMHHUX METAJIB 1 aTOMaMHA KHCHEBUX
AHIOHIB 3 YTBOPEHHSM IEpPOBCKINMOMIOHMX, B Till 4n

iHIIH  Mipi, KaTIOHOBHOPSAKOBAaHUX  TPHIIAPOBUX
OKCHAHUX  CcTpyKTYp MeyLnyTisOp 3 HaGopom
IIPUTaMaHHUX IM BJIACTUBOCTEH.

B poGori  mocmimpkeHHs — (OTOKATATITUYHOI

AKTMBHOCTI CHHTE30BaHHMX MarepiaigiB TMPOBOAMWIM Ha
TIPUKJIAZIl TECTOBOI PEaKIlii OKWCIICHHS IMapiB €TaHOIy B
cratTnaHoMy  peaktopi. [Ipomec  BimOyBaeThes 3
YTBOPEHHSM B Ta30Bill (pa3i MPOMIKHOTO TPOAYKTY -
areTanpAeriay, SKHHA B KIHIIEBOMY PaXyHKY IOBHICTIO
okucIroeThest 10 CO». st chopMOBaHMX KOMITO3HITIHHIX
(oTokaraizaTtopis crioctepiranocst 30UTBIIICHHS
HIBUJKOCTI OKHMCIICHHSI CyOCTpaTy B HOPIBHSHHI 3 YHCTHM
TiO2 (puc. 2, Tabn. 4). B pe3synbrarti 1ie NPU3BOIMIO 0
3MEHIIICHHS Yacy BHUAICHHS CyOCTpaTy 1 iHTepMeiaTy 3
ra3oBoi (a3 Ta 3HWKCHHS MAKCUMAaJbHOI KOHIICHTpAIi
aleTanb/erijly B OCTaHHik.

0 10 20 30 40 50 60 70 80

4 " n 4 4 n '
90 100 110 120 130 140 150 160 170

Time, min.

Puc. 1. KineTyka nporieciB OKUCIICHHs apiB eTaHoTy HpH YIbTpadioeToBOMy ONpoMiHeHHI GpoToKaTami3aTopiB AiOKCHIY
turany (anaras) (I) i kommosuwiii (11, I1T), MogudikoBaHHX CTPYKTYPOIO MapyBaTHX MepoBckiTonoaionux okcuais KaNd2TizO4
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Tabauys 4 — OniHIOBaHHS YMOBHOI aKTHBHOCTI
3paskiB (poTokaTanizaTopis

KarionoBnopsigxoBanuii TiOz2 (moaudikauist

tpuaposuit K2Nd2TizO10 aHarta3sy)
S=218 cm? S=395 cm?
t=18,8°C t=19,0°C
2= 40 xB. 1z =128 xB.

ACO2 =114 ppm ACO2 =108 ppm

Veep. = 2,85 ppm / XB. Veep. = 0,84 ppm / xB.

Veep. akr. = 13,1 : 10-3
ppm/cm?-XB.

Veep. akr. = 2,1 . 10-3
ppm / cM?-xB.

Ipumimka: 1 3pazox — Ha ocHoBi TiO2 (anara3) i Il 3pasok —
Ha OCHOBI KOMIIO3MIIi TPHUIIAPOBOTO  OKCHIY
K2Nd2TisO10 y mporecax po3KIagaHHs eTaHOIy
(puc. 1, nis AUISTHOK 3 IPONIOPUIHHUMY TPEHIaMH )

[IIBuAKiCTE OKHCIEHHA CyOCTpaTy 3aiexana Bix
crocody BUTOTOBJICHHS TIOKPHTTS, PUPOIH
3aCTOCOBaHHUX MoudikaTopiB BIIACTHUBOCTEH,
MOCTIMOBHOCTI  cTamid 1 pexuMiB  00poOJIeHHS,
CYMICHOCTI MTOKPHUTTS 1 MaTepiajia OCHOBH Ta XapakTepy
HOro MIATOTOBKH, 3aCTOCOBAHOTO KOMIIOHEHTHOTO
CKJIaay 1 BMICTY IPOCOYYBaJbHUX CHCTEM, CIOCOOY
BBEJICHHS B peakTOp 00pOOIIIOBaHUX CYyOCTpAaTIB.

Jns  MOXIMBOCTI  TOpIBHSHHS — aKTHBHOCTI
po3pobieHnx (hoToKaTamizaTopiB HaBaXXKK MacH Ti02 y
BUXIIHUX 3ampaBKaX BOJHO-CYCIICH3IMHUX CHCTEM
3pa3KiB 3 YHCTHM JIOKCHJOM THUTaHy 1 3paskiB 3
3aCTOCOBAaHUMH  MOAM(DIKOBAHMMH  KOMITO3HILISMH
Opayti OJTHAKOBI.

KarioHOBHOpsIKOBaHI TpPHUIIApOBI KOMIO3HIIIHHI
marepianu KoNd>TizO10 32 BiAMOBIJHUX YMOB MOXYTb
BUCTYTIATH IbTePHATHBAMHU TiO; aHaTa3Hol
Moaudikalii, yMOBHUI MATOMUMN MOKA3HUK aKTHBHOCTI
SKMX y 6,2 pasd BHIIMI y TOPIBHSAHHI 3 TaKo
XapaKTEePUCTUKOIO IIOKCHUIY TUTaHY.

OpnepxaHi BIZIOMOCTI JI03BOJISIIOTH ONTHMI3yBaTH
YMOBH (dbopmyBaHHS KaTIOHOBIIOPSIIKOBAHIX
LIapyBaTUX THUTAHATIB; 3’SCYBaTH YMOBH 1 BUSBHUTH
TEMIIEpaTypHHUH Jiala30H 3aCTOCYBaHHS JAHOTO Kiacy
conyk. OTpuMaHi BIacHi 1 JiTeparypHi ¢i3uko-
XIMi4HI, TEPMOXIMIUHI Ta CTPYKTYpHI JaHi, a TaKox
pe3yibTaTd iX iHTepHpeTamnii € eTanoM pPO3BUTKY
eKCIIEpUMEHTaIbHOI 1 TEOpeTHYHOI HaykoBoi 0a3m
JIaHUX TIPO IIapyBaTi CIOJIYKH 1 IIpoLecH 3 iX ydacTio.

JocmipkyBaHuii  KJlac  IMapyBaTHX CIIONIYK €
MePCIIEKTHBHOIO OCHOBOIO Ut CTBOpPEHHS
($yHKIIOHATIBHIX MaTepiaiB 3 YHIKaJIbHUMH
BJIACTHBOCTSIMH, SIKI BH3HAYAIOTHCS  JIBOBHMIPHUM
XapakTepoM MOOYIOBH  MDKIIAPOBOTO  MPOCTOPY,
CHOTBOPEHHSIM CTPYKTYPH THUTaH-KHCHEBHX OKTAae/piB
MIEPOBCKITOBOTO IIapy i BUCOKOIO PYXJIMBICTIO KaTiOHIB
MyHUX MetaniB. Taki iX BIIAaCTUBOCTI MOXYTh 3HAWTH

CBOE 3aCTOCYBaHHsS B IHHOBalIHHMX OOJIACTSX HAyKH,
TEXHIKH, CHEPTETHKH, CIICKTPOHIKH, EKOJIOTIi.

BucHoBku
1. PesympTaT IOCHIJKCHHS CBiI4aTh, IO
npouecu OZICpKAaHHS OKCUIHUX P3E-BMicHuX

KOHCTPYKUIHHKX 1 (PYHKIIOHAIBHUX MaTepiaiiB pi3HOTO
MIPU3HAYCHHSI 13 BHUKOPHCTAHHSIM HITPATiB €JIEMEHTIB
PI3HOT eNEKTPOHHOT CTPYKTYPH XIMIYHUM 3MilllyBaHHSIM
BHUXiHUX KOMIIOHEHTIB TIpW CIUIBHOMY BHIJICHHI
MPOAYKTIB i3 pimkoi ¢a3u MOCHIJOBHUM YU CYMiCHHM
OCaDKeHHSIM 3  HACTYHHHM  TepMOOOPOOIICHHIM
BimOyBalOThCA CTafiifHO, dYepe3 YTBOPEHHSA HU3KH
npoMibkHUX ¢a3. MaHi mpo IixHIA ckimam, BMICT i
NOBENiHKYy B KOXXHOMY KOHKPETHOMY  BHIAJIKY
moTpeOyIOTh  IMOMEPEIHIX CHCTEMHUX EMITIPUYHUX
3HaHb B MOBHUX KOHIIEHTPALIWHUX CIiBBITHOIICHHAX Y
3aJ]laHOMY TeMIIepaTypHOMY 1HTepBaJIi.

2. BusBneHo  BigAMIHHOCTI B MOBEIIHII
CTPYKTYPHHX KOMIIOHCHTIB y CHCTEMax JIaHTAHOIIB
nepieBoi i iTpieBoi miarpyn, B IXHbOMY Xapakrtepi
B3a€EMOJII, CTaaiiiHOCTI, 0COOJIMBOCTAX 1
3aKOHOMIPHOCTSX TIepeoiry.

3. OneprkaHi HOBI TaHi CTAHOBJISITH OCHOBY JIJIS:

—TOMIYKy CIOCOOIB  30iMBIIEHHS aKTUBHOCTI
Ln-dopm;

—3’sICyBaHHs TMPHPOIU TOCITIJOBHUX TEPMIYHHUX
HEepeTBOPEHb y HITpaTHUX P3E-BMicHHX
0araTOKOMIIOHEHTHUX CHCT€MaxX pI3HHUX arperaTHux
CTaHIB Yy XoAi TXHBOrO TEpMOOOPOOJICHHS; YMOB
YTBOPEHHSI ¥ ICHYBaHHS, BIACTHBOCTEH IPOMIDKHUX
¢da3; BrumMBarouuX (GakTOpiB; MOXKIMBHUX CIIOCOOIB
KepyBaHHS OJIep)KaHHs LiJIbOBOTO NPOAYKTY;

— CTBOpPCHHS Cy4acHUX JOCKOHAJIUX
HHU3bKO3aTPaTHHUX TEXHOJIOTiH (bopmyBaHHS
(YHKIIOHATPHUX MaTepialiB Pi3HOTO TPU3HAYCHHS i3
BIZATBOPIOBAaHUMH BIIACTUBOCTSIMH.

Konduaikr intepeci

ABTOpH JeKNapyOTh, LI0 HE MalOTh KOHQIIIKTY
IHTEpECiB CTOCOBHO JAHOT'O JOCHI/PKEHHS, B TOMY YHUCII
(hiHAHCOBOTO, OCOOMCTICHOTO XapaKTepy, aBTOPCTBA UM
IHIIOTO ~ XapakTepy, IO Mir OW BIUIMHYTH Ha
JOCIIJDKESHHSI Ta HOTO pe3yJIbTaTH, IPEICTaBICHI B JaHiil
CTaTTi.

®@iHaHCyBaHHSA

JocmimkeHHst
MiATPUMKH.

npoBogwiocss  6e3  (iHaHCOBOL

JocTynmHicTh 1aHuX
Pykonuc He Mae NOB’sI3aHUX JTaHUX.
Buxopucranns 3aco0iB IITYYHOr0 iHTEJICKTY

ABTOpH M ATBEPIKYIOTh, 10 HE
BHKOPHCTOBYBAJIM TEXHOJIOT1] IITyYHOTO iHTENEKTY MPH
CTBOPEHHI IPE/ICTaBIICHOI POOOTH.
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Synthesis features and characteristic properties of perovskite-like layered oxide materials of rare-earth and transition
elements as fundamental aspects for the practice of innovative photocatalytic solutions

O.T. dprouko, H. B. Bynskina, O. B. Illedpep, B. M. 'anaii, P. B. 3axapuenko

Abstract. Relevance. The use of perovskite-like layered oxide phases and their precursors of complex lanthanide
nitrates opens an innovative approach for the controlled synthesis of highly active nanocomposites of transition and rare-earth
elements. Research objects: Precursors - alkaline coordination nitrates of rare-earth elements. Target systems - single-layer and
layered nanostructured oxide highly ordered systems of lanthanides and transition elements (in particular, coatings based on
highly dispersed anatase titanium dioxide). Purpose of the article: Generalization of information on the conditions of formation,
structure and properties of coordination lanthanide nitrates and development on their basis of a methodology for physicochemical
modification of the oxidation centers of the diffuse layer of nanostructured TiO2 oxide systems to increase the photocatalytic
activity of the latter. Research results. Fundamental data on alkaline coordination nitrate precursors have been systematized — 1)
the conditions of their existence, the nature of the chemical bond, the composition, the features of the coordination polyhedra Ln,
the types of ligand coordination have been determined, the existence of isotype series in terms of the stoichiometry of the
composition, structure, and the characteristic properties detected has been established; 2) a method of chemical modification of
oxidation centers in the surface layer of anatase TiO2 by heat treatment in contact with the products of thermolysis of melts of
alkaline coordination nitrates of lanthanides has been proposed; 3) a high photocatalytic destruction of vapors of organic
substrates (for example, ethanol) on the obtained modified coating samples has been experimentally revealed. Conclusions. The
obtained data (as primary information) are the basis for the detection, identification, and control of the phase state of processing
objects in the preparatory stages, the selection of criteria for the compatibility of components in the formation of single-layer and
layered nanostructured oxide composite systems of lanthanides and transition elements of wide application, with catalytic and
photocatalytic activity, a coating capable of self-cleaning with hydrophilic properties; the development of various combined
methods of their activation and the establishment of technological and functional dependencies; controlled modification of the
properties of the resulting target products.

Keywords: alkaline coordination nitrates of lanthanides; conditions of formation; crystal structure of compounds;
characteristic properties; transformations with physical activation; highly ordered oxide systems of lanthanides and transition
elements.
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METHOD FOR ASSESSING THE RISK OF DEFECT MANIFESTATION IN .NET
MICROSERVICES IN DISTRIBUTED COMPUTER SYSTEMS BASED ON
OPERATIONAL METRICS

Abstract. Background. Software defects undetected during functional testing may manifest under load, making risk
assessment based on operational metrics relevant. Subject of the study: methods and tools for assessing the risk of defects
in .NET microservices within distributed computer systems, taking operational metrics into account. Objective: to develop
a method for assessing the risk of defect manifestation in .NET microservices within distributed computer systems based on
a comprehensive analysis of operational metrics. Research tasks. To achieve the purpose, a set of operational metrics was
defined, and a model for forming an integral risk indicator based on their normalized values was developed. Methods.
Methods of system analysis, normalization and integral assessment, load testing, and statistical processing were used.
Results. A method for the integral assessment of the risk of defect manifestation in .NET microservices based on normalized
operational metrics was proposed. Conclusions. The proposed method makes it possible to assess the risk of defect
manifestation in software components of distributed computer systems without modifying their program code, based on

operational data obtained during load testing.

Keywords: defect manifestation risk; .NET microservices; distributed computer systems; operational metrics; integral risk
indicator; load testing; throughput; Kubernetes; Docker; software reliability.

1. Introduction
1.1 Relevance of the Topic

At the present stage of software system development,
there is an active transition to cloud deployment models,
within which microservice architecture has become one of
the leading approaches to building scalable, fault-tolerant,
and flexible applications. This approach involves
decomposing a software system into a set of relatively
independent services, each of which performs a separate
functional role, is deployed autonomously, and can be
updated or scaled independently of other components.
Combined with containerization, the microservice model
facilitates application portability across different execution
environments, provides a high degree of execution
environment isolation, and simplifies the automation of
deployment processes. In this regard, container
orchestration systems, particularly Kubernetes, have
become important tools for managing service lifecycles,
load balancing, failure recovery, and horizontal autoscaling.

Under these conditions, ensuring the effective
horizontal scaling of microservice applications becomes
particularly important. Unlike vertical scaling, which
involves increasing the resources of an individual node,
horizontal scaling is based on increasing the number of
service instances to distribute the load among them. This
approach is more natural for cloud and distributed
environments; however, its effectiveness is determined not
only by infrastructure parameters but also by the
implementation characteristics of the service itself. The
practical use of container platforms demonstrates that
services with identical functional purposes may differ
significantly in performance, response time stability,
throughput, and resource consumption patterns, which
directly affects the operation of autoscaling mechanisms.

This issue is particularly relevant for .NET
microservices because the .NET platform provides a wide
range of tools for building high-performance web
applications, including an asynchronous request-

processing model, memory optimization mechanisms,
minimal API approaches, caching, and various methods of
organizing parallel execution. However, the availability of
these tools alone does not guarantee high efficiency in real-
world container deployments. Service performance in
Kubernetes is influenced by a combination of factors,
including the load-processing model, thread-blocking
patterns, container startup time, request-processing
latency, CPU and memory utilization profiles, and service
behavior when the horizontal autoscaling mechanism is
triggered. Consequently, there is a need not only to create
a microservice application on the .NET platform but also
to purposefully investigate its behavior in an orchestrated
environment to identify operational indicators that may
suggest an increased risk of software implementation
defects manifesting.

The traditional approach to deploying microservices
in a container environment is often limited to verifying the
functional operability of a service and performing basic
configuration of the horizontal autoscaling mechanism.
However, under real-world conditions, this is insufficient
for a substantiated assessment of the reliability of a
software component and the risk of defects in its
implementation manifesting. With formally identical
scaling parameters, two functionally similar services may
demonstrate different sensitivities to load, use computing
resources differently, and differ significantly in average
response time, tail latencies, throughput, and result
stability. Such differences may be associated with thread
blocking, inefficient organization of parallel execution,
excessive memory utilization, lack of caching, or other
software implementation characteristics that are not
always detected during traditional functional testing.

Under intensive load, latent deficiencies in a software
component may manifest as violations of acceptable
response time, an increased percentage of failed requests,
unstable resource utilization, reduced throughput, and an
unpredictable response of the autoscaling mechanism. At
the same time, the individual use of each of these metrics
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does not provide a sufficiently comprehensive
characterization of the state of a software component. For
example, an increase in the number of replicas may be
accompanied by persistently high latencies, while an
acceptable average response time may conceal a
significant increase in its 95th percentile. Therefore, the
risk of defect manifestation should be assessed based on
the comprehensive consideration of operational indicators
characterizing the performance, stability, resource
efficiency, and scalability of the component.

A promising approach to addressing this task is a
comparative study of basic and optimized .NET
microservice implementations in a container orchestration
environment using load testing. This approach makes it
possible to determine how software implementation
characteristics affect average response time, the 95th
percentile of response time, result variability, throughput,
the percentage of failed requests, CPU and memory
consumption, and changes in the number of service
instances resulting from the activation of the autoscaling
mechanism. The combination of these characteristics can
be used to form an integral indicator of the risk of defect
manifestation in a software component under varying load
conditions.

The relevance of the study is further reinforced by the
fact that, in cloud service development practice,
performance and scaling indicators are primarily used for
infrastructure configuration, whereas the possibility of
applying them to assess the risk of defect manifestation in
software components remains insufficiently investigated.
Autoscaling is often regarded as a universal means of
resolving performance problems, although the actual
behavior of a distributed system is determined by the
interaction among the orchestrator, load characteristics,
and the internal implementation of the service. Under these
conditions, a comprehensive analysis of operational
metrics makes it possible not only to assess scaling
efficiency but also to identify software components whose
behavior is characterized by increased instability and a risk
of defect manifestation under load.

Therefore, it is advisable to develop a method for
assessing the risk of defect manifestation in .NET
microservices within distributed computer systems that
provide for the formation of an integral assessment based
on timing characteristics, throughput, the percentage of
failed requests, computing resource utilization, and
component behavior during horizontal scaling. An
experimental comparison of the basic and optimized
implementations of the same functional service under
identical conditions makes it possible to establish the
relationship between software implementation characteristics
and the level of risk associated with its unstable operation.

1.2 Literature Review and Problem Definition

Assessing the risk of defect manifestation in software
components of distributed computer systems requires
consideration not only of functional testing results but also
of operational indicators characterizing component
behavior under varying load conditions. For microservice
applications, such indicators include request-processing
timing characteristics, throughput, the percentage of failed
requests, computing resource consumption, and the

response of autoscaling mechanisms. In this regard, it is
advisable to analyze current studies devoted to
microservice scaling, the selection of operational metrics,
the prediction of resource requirements, and the
verification of component operational stability in container
environments.

In article [1], the authors consider the problem of
microservice autoscaling under the need to ensure optimal
resource allocation while meeting quality-of-service
requirements and service-level agreements. The paper
summarizes current approaches to microservice autoscaling,
with an emphasis on verifying the correctness of the
proposed algorithms. The authors systematize the
publication results according to three interrelated areas:
microservices, verification, and autoscaling. Studies on
scaling verification in cloud systems are also analyzed. The
article demonstrates that formal methods have long been
used to verify autoscaling policies in cloud environments;
however, such approaches are only beginning to become
widespread in microservice systems. The paper also
identifies the main factors affecting microservice scaling
and the corresponding assessment metrics and establishes
that probabilistic model checking is the most widely used
formal method in this subject area. Open problems are
separately outlined, including the verification of existing
microservice scaling mechanisms and the validation of
approaches based on machine learning.

Article [2] considers the problem of predictive scaling
of microservice applications on Kubernetes platforms using
machine learning methods. The paper proposes an approach
to estimating the future resource requirements of
microservices based on data obtained during the operation
of the standard horizontal autoscaling mechanism, followed
by using machine learning models to predict the resources
required as the number of users increases. The article
describes an experimental setup that includes Kubernetes,
Google Online Boutique as a microservice application,
Locust for load simulation, and Prometheus for metric
collection. It also presents a procedure for selecting
horizontal scaling parameters, forming datasets, and training
several models, including linear regression, SVM, and
MLP. The obtained results demonstrated that machine
learning models can predict future computing resource
requirements with high accuracy for both individual pods
and the cluster, with the MLP model showing the best
results in generalized prediction. At the same time, the paper
emphasizes limitations associated with extrapolating
predictions beyond the available data, the dependence of
results on the size of the collected observation dataset, and
the need for further model improvement before their use in
production environments.

Article [3] considers the research and applied problem
of microservice autoscaling while accounting for quality-of-
service requirements and efficient resource utilization in a
Kubernetes environment. The paper proposes the MS-RA
approach, which is based on service-level objectives and
implemented using the MAPE-K loop. The proposed
solution makes it possible to make real-time scaling
decisions while considering not only the need to improve
performance but also the need to prevent excessive use of
computing resources. The article describes the architecture
of the approach and its input parameters, including service
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objectives, server types, and scaling parameters, and
presents the results of an experimental comparison with
horizontal scaling in Kubernetes. The obtained results
demonstrated that the proposed approach ensures
compliance with the established SLOs while using
significantly less CPU, memory, and fewer replicas
compared with standard horizontal scaling. The paper also
emphasizes the importance of aligning scaling with service
requirements, while future research directions include
extending the approach to other types of microservice
systems and combining reactive mechanisms with machine
learning methods.

Article [4] is devoted to improving the efficiency of
automatic resource scaling in cloud environments using
machine learning methods. The paper proposes an
approach based on the statistical selection of the metrics
most relevant to a particular application to improve the
accuracy of scaling decisions. The authors proceed from
the assumption that different applications require different
indicators for the correct estimation of required resources;
therefore, universal metric sets do not provide sufficient
efficiency. The article demonstrates that using a metric-
selection mechanism makes it possible to improve the
system response speed to load changes, reduce resource
utilization, and stabilize quality-of-service indicators.
Attention is paid to the limitations of existing approaches,
including their dependence on fixed metrics, the difficulty
of adapting to dynamic load scenarios, and the need for
more flexible resource orchestration tools.

Article [5] considers the problem of automatic
resource scaling in cloud computing environments to
improve the efficiency of computing infrastructure
utilization, ensure quality of service, and reduce costs. The
paper systematizes current autoscaling methods, including
reactive and proactive approaches such as threshold-based
rules, queuing theory, reinforcement learning, fuzzy logic,
machine learning, and time-series analysis. The authors
analyze the practical application areas of these approaches
in cloud services, telecommunications infrastructure, big
data processing systems, healthcare services, and smart
city platforms. The article demonstrates that autoscaling
plays a key role in ensuring the elasticity of cloud systems;
however, its effectiveness is limited by the difficulty of
accurate load prediction, environmental dynamics, and
issues related to energy efficiency, cost, security, and
compatibility with existing infrastructure.

In article [6], the authors analyze the impact of
microservice autoscaling policies on host energy
consumption and the risk of violating energy constraints in
cloud environments. The paper proposes an approach based
on probabilistic model checking that makes it possible to
formally assess the correctness of scaling decisions as early
as the design stage. The authors constructed four variants of
an MDP model that account for different scaling constraints
based on Kubernetes horizontal scaling and used them to
analyze autoscaling policies from an energy-efficiency
perspective. The obtained results demonstrated that policies
simultaneously accounting for latency and energy
consumption are the most appropriate, as this approach
provides a better balance between quality of service and
energy costs. The paper also establishes that the number of
pods, the scale of replica-increase operations, and the

selection of scaling thresholds have a significant impact on
energy consumption.

Article [7] considers the scalability of microservice
architecture. The paper summarizes the results of 55
studies devoted to microservice scaling approaches, the
metrics used, and autoscaling tools and mechanisms. The
authors demonstrate that existing studies focus primarily
on autoscaling, particularly on machine-learning-based
approaches, while the main challenges include collecting
valid metrics, making dynamic scaling decisions,
balancing performance, cost, and security, and addressing
the risk of cascading degradation in quality of service. It is
separately emphasized that, despite significant progress in
this field, substantial research gaps remain due to the lack
of standardized autoscaling metrics and the need to
develop more adaptive and resilient solutions for real-
world dynamic environments.

Article [8] considers the problem of improving the
scalability and performance of .NET microservices
deployed in an Azure Kubernetes Service environment.
The paper analyzes the impact of various configurations
and optimization approaches, including the configuration
of node pools, the Kubernetes scheduler, horizontal
autoscaling mechanisms, VPA, and the use of a service
mesh, on the key operational indicators of a microservice
application. The authors conducted an experimental
evaluation using metrics such as CPU utilization, memory
utilization, response time, throughput, and pod-scaling
efficiency. The obtained results demonstrated that
optimized configurations make it possible to reduce
resource consumption, shorten response time, and increase
throughput compared with the standard Azure Kubernetes
Service deployment configuration. The authors note that
the greatest effect is achieved by combining optimized
resource allocation, specialized scheduling, and
autoscaling mechanisms, although implementing such
solutions increases configuration complexity and the
requirements for system monitoring and administration.

Atrticle [9] considers software defect prediction based
on optimized machine learning models using NASA MDP
datasets. The authors compared the k-nearest neighbors
method, decision trees, logistic regression, linear
discriminant analysis, a multilayer perceptron, and the
support vector machine method by applying PCA, SMOTE,
and random hyperparameter search; the k-nearest neighbors
method demonstrated the best results for most datasets. At
the same time, the research focuses on defect prediction
using software project data and does not provide an integral
assessment of the risk of their manifestation based on
operational metrics of components underload.

Article [10] compares traditional and ensemble
machine learning algorithms for defect prediction using four
datasets. The Gradient Boosting model with boosting
demonstrated the highest accuracy of 94.5%; however, the
assessment of the risk of defect manifestation based on
operational metrics of components under load was not
considered in the research. Article [11] presents a systematic
review of 63 studies and a meta-analysis of the application
of deep learning to software defect prediction. Deep learning
was found to outperform traditional models in terms of
accuracy, F-measure, and AUC; however, operational
metrics of components under load were not considered.
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Article [12] compares machine learning methods for
test case prioritization in the continuous integration
process. The effectiveness of the models was found to
depend on the size of the test history and the available
execution time; however, the integral assessment of the
risk of defect manifestation based on operational metrics
was not considered. Article [13] compares online and
offline learning models for the just-in-time prediction of
defect-inducing changes in program code. The proposed
BORB approach enables the use of offline models in an
online mode but does not consider operational metrics of
components under load. Article [14] proposes an ensemble
method for predicting defects in software modules based
on PROMISE and GitHub data. At the same time, the
integral assessment of the risk of defect manifestation
based on operational indicators was not considered.

Study [15] proposes a Top-k classification method
with label ranking, the effectiveness of which was
confirmed using text and image datasets. However, the
method is not directly intended for defect prediction or the
analysis of operational metrics of software components.
Axrticle [16] proposes the APFD-Net model for test case
prioritization based on variational learning to rank and a
differentiable loss function. The approach is aimed at the
early detection of defects during testing but does not assess
the risk of their manifestation based on operational metrics.
Article [17] presents a systematic analysis of the application
of machine learning to defect prediction from the
perspective of its practical use in commercial development.
At the same time, a comprehensive assessment of the
operational risk of software components was not
considered. Study [18] presents SQuaD, a multidimensional
temporal dataset of quality indicators from 450 software
projects, covering more than 700 metrics, version histories,
defects, and vulnerabilities. The dataset is intended for
software quality research but does not contain operational
metrics obtained through microservice load testing.

Article [19] presents the Defectors dataset for defect
prediction at the change and code-line levels, containing
approximately 213,000 files from 24 Python projects. It
supports the training of defect prediction models but does
not consider the behavior of components under load. Article
[20] systematizes datasets, data validation methods,
artificial intelligence models, and defect prediction tools. At
the same time, the assessment of the risk of defect
manifestation based on operational metrics of components
under load was not considered. Article [21] compares online
and offline learning models for the just-in-time prediction of
defect-inducing changes in program code. The proposed
BORB approach enables the use of offline models in an
online mode but does not consider operational metrics of
components under load. Article [22] proposes a general
process for predicting defects in large-scale complex
information systems using machine learning and static
software characteristics. However, the behavior of
components under load and the integral operational risk are
not assessed. Article [23] presents a systematic review of the
application of deep learning models to software defect
prediction. The predominant use of supervised learning,
software metrics, and convolutional neural networks was
identified; however, the operational indicators of
microservices under load were not considered.

The analysis of current scientific publications has
demonstrated that ensuring the stable operation of
microservices in container environments is one of the key
problems in cloud computing and distributed software
systems. Existing studies investigate formal methods for
verifying autoscaling policies, predicting resource
requirements, meeting service-level objectives, selecting
informative metrics, ensuring energy efficiency, and
improving the performance of microservice applications.
The results obtained by the authors confirm that response
time, throughput, CPU and memory utilization, the
number of replicas, and the stability of indicators under
load are important characteristics of the state of
microservice components.

At the same time, most of the analyzed studies focus
primarily on the infrastructure level of the problem,
namely scaling policies, load prediction, decision-making
algorithms, and resource orchestration mechanisms.
Operational metrics in such studies are used primarily for
scaling control and performance assessment but are not
considered as a set of indicators that can be used to
determine the risk of defect manifestation in a software
component. The relationship between the internal
implementation characteristics of a microservice and the
emergence of such adverse indicators under load as
increased average response time and its 95th percentile,
significant result variability, reduced throughput, an
increased percentage of failed requests, unstable resource
utilization, and a disproportionate response of the
autoscaling mechanism remain insufficiently investigated.

Studies analyzing the impact of .NET platform tools,
asynchronous request processing, thread blocking,
caching, and the organization of parallel execution on the
risk of unstable operation of a software component in a
Kubernetes environment are particularly limited. Existing
approaches also do not provide a unified integral
assessment that comprehensively accounts for timing
characteristics, throughput, the percentage of failed
requests, resource consumption, and component behavior
during horizontal scaling. In this regard, it is advisable to
develop a method for assessing the risk of defect
manifestation in .NET microservices based on a
comprehensive analysis of operational metrics obtained
during load testing in a container orchestration system.
Comparing the basic and optimized implementations of a
functionally  similar microservice under identical
conditions makes it possible to establish the relationship
among software implementation characteristics, the
stability of operational indicators, and the level of risk of
defect manifestation in a distributed computer system.

1.3 Purpose and Objectives of the Study

The purpose of the study is to develop a method for
assessing the risk of defect manifestation in .NET
microservices within distributed computer systems based
on a comprehensive analysis of operational metrics. This
will make it possible to identify software components with
potentially unstable behavior under varying load
conditions by considering request-processing timing
characteristics, throughput, the percentage of failed
requests, computing resource utilization, and the response
of the horizontal scaling mechanism.
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To achieve this purpose, the following objectives
were set;

— to identify a set of operational metrics that
characterize the operational stability of .NET
microservices and can be used as indicators of the risk of
software implementation defects manifesting;

— to develop a mathematical model for forming an
integral assessment of the risk of defect manifestation in a
software component;

— to define the criterion and risk assessment
indicators, considering timing characteristics, throughput,
request-processing errors, CPU and memory utilization,
and component behavior during horizontal scaling;

—to develop a method for assessing the risk of defect
manifestation in .NET microservices based on the
normalization and comprehensive processing  of
operational metrics;

— to conduct an experimental study of the basic and
optimized .NET microservice implementations under
identical container orchestration conditions and compare
the risk levels formed for them.

2. Materials and Research Methods

The object of the study is the process of assessing the
risk of defect manifestation in software components of
distributed computer systems during their operation under
varying load conditions. The paper considers .NET
microservices containerized using Docker and deployed in
a Kubernetes environment. The software components
process streams of HTTP requests, use the computing
resources of cluster nodes, and interact with the horizontal
autoscaling mechanism.

Within this study, defect manifestation is understood
as the occurrence of an undesirable operational state of a
software component that may be associated with the
characteristics of its internal implementation and is
characterized by exceeding the acceptable response time,
significant tail latencies, failed requests, reduced
throughput, unstable resource consumption, or inefficient
behavior during scaling. The proposed approach is not
intended to directly detect defects in the source code but
provides an assessment of the risk of their manifestation
based on observations of component behavior.

The main research hypothesis is that the
comprehensive consideration of timing, resource, and
scaling characteristics provides a more substantiated
assessment of the risk of defect manifestation in a software
component compared with the use of individual
performance indicators. A software implementation
characterized by a shorter average response time, a lower
95th percentile value, lower result variability, higher
throughput, and more stable resource utilization is expected
to have a lower integral risk level. The following conditions
were used in developing the risk assessment method.

Condition 1. The basic and optimized microservice
implementations have the same functional purpose,
support identical HTTP interfaces, and process requests
with the same structure.

Condition 2. Both implementations are deployed in
the same Kubernetes cluster with identical resource
request and limit values, ensuring the comparability of the
experimental results.

Condition 3. The horizontal autoscaling mechanism
is configured identically for both services: the minimum
number of replicas is one, the maximum is five, and the
target CPU utilization is 50%.

Condition 4. The load is generated at three intensity
levels corresponding to 10, 20, and 50 virtual users. Each
test lasts 60 seconds, and each experimental scenario is
repeated three times.

Condition 5. The operational metrics of the basic and
optimized implementations are recorded according to the
same rules and at the same points during the experiment.

Condition 6. The risk assessment is comparative and
reflects the relative level of risk of defect manifestation
within the investigated load scenarios. The obtained value
is not considered the probability of a defect being present
in the source code.

During the development of the defect manifestation
risk assessment method, a decomposition method was
applied, according to which the assessment process is
divided into three interrelated components: performance
assessment, resource utilization stability assessment, and
component behavior assessment during horizontal scaling.
The relationship among the components is maintained
through a common set of operational metrics and an
integral risk indicator.

3. Results of the Development and Study of
the Method for Assessing the Risk of Defect
Manifestation in .NET Microservices

3. 1 Mathematical Model for Assessing the Risk
of Defect Manifestation in .NET Microservices

To formally represent the results of each
experimental run, the following vector of operational
characteristics is used:

Xsl,j =[tavg,t95,q,e,c,m,n]T, Q)

where s is the software component variant, with s=B
corresponding to the basic implementation and s=0 to the
optimized implementation; | is the load level specified by
the number of virtual users; j is the repeated run number;
tag IS the average response time, ms; tgs is the 95th
percentile of response time, ms; q is the throughput,
requests per second; e is the percentage of failed requests;
c is the CPU utilization; m is the memory utilization; n is
the number of service replicas after completion of the load
test; T is the vector transposition symbol.

For each software component variant and each load
level, the mean value of the metric under study is
determined as follows:

B
Xs)1 =32Xs,|,j , (2
=1

where X; ; is the value of the metric under study during the
j-th run; J is the total number of repeated runs. In the
conducted experiments. J=3 for each scenario.

To assess the dispersion of the obtained results, the
standard deviation is calculated as follows:

3
Os)| =\/ﬁjzzll(xs,l,j ~%s1), (€))
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where gy, is the standard deviation of the metric values for
the corresponding service variant and load level.

To compare the variability of indicators with
different units of measurement and value scales, the
coefficient of variation is used:

Vs =0s| /75,I . 4)

An increase in the coefficient of variation indicates
reduced predictability of software component behavior.
Therefore, increased variability in response time, its 95th
percentile, and throughput is considered one of the
indicators of the risk of defect manifestation under load.

3. 2 Criterion and Indicators for Assessing the Risk
of Defect Manifestation in .NET Microservices

Since operational metrics have different units of
measurement, they are normalized before being combined.
For indicators whose increase signifies an increase in risk,
the following formula is used:

min
Xj — X

= min ®)

xaX _ yImin

where x; is the current value of the indicator; x™" and
x™**are its minimum and maximum values in the
experimental dataset, respectively; r; he normalized risk
component.

According to formula (5), the average response time,
the 95th percentile of response time, the percentage of
failed requests, CPU utilization, memory utilization, and
variability indicators are normalized. Throughput has the
opposite direction of influence: its decrease indicates
deterioration in the component state. Therefore, the
normalized risk component associated with insufficient
throughput is determined using the following formula:

fy :(qmax_q)/(qmax_qmin). )

As a result of normalization, all partial assessments
fall within the interval from 0 to 1. A value of 0
corresponds to the lowest recorded adverse impact, while
a value of 1 corresponds to the highest. If the maximum
and minimum values of a particular metric are equal, the
corresponding component is set to zero because this metric
does not make it possible to distinguish between the
investigated variants. The normalized assessment of the
risk associated with timing characteristics is formed based
on the average response time and its 95th percentile:

It = alyyg +(1-a)lgs, (7

where 7,4 is the normalized assessment of the average
response time; ros is the normalized assessment of the 95th
percentile; a is the coefficient determining the ratio of their
influence, a € [0; 1].

Within the experimental study, it is advisable to set
0=0,4, resulting in a weight of 0.4 for the average response
time and 0.6 for the 95th percentile. The greater weight of
the 95th percentile is explained by the fact that it better
characterizes adverse request-processing conditions. The
risk component associated with computing resource
utilization is determined based on the normalized CPU and
memory utilization indicators:

fr :ﬁrc"'(l_ﬂ)rml 8)

where .. — is the normalized assessment of CPU utilization;
1, — IS the normalized assessment of memory utilization; B
— is the coefficient determining the ratio of their influence.
If CPU and memory are considered equally significant,
=0,5 is used.

The risk component characterizing the instability of
software component behavior is determined based on the
normalized coefficients of variation:

_ Wavg Tlv95 Tl g
Y 3
where 7, 4,,4 is the normalized variability of the average
response time; 7, 95 is the normalized variability of the 95th
percentile; 7;, , is the normalized variability of throughput.

To account for component behavior during
horizontal scaling, a scaling inefficiency indicator is used:

, ©

n 'rt"'rq

g =

Mmax 2

where n is the actual number of replicas after completion of
the test; nmax is the maximum number of replicas specified
in the autoscaling settings; r: is the risk component
associated with timing characteristics; rq is the insufficient-
throughput component. The rs indicator increases when an
increase in the number of replicas is hot accompanied by a
sufficient reduction in response time and an increase in
throughput. Therefore, the number of replicas itself is not
considered an indicator of a defect but is considered only in
conjunction with scaling effectiveness. To reduce
assessment subjectivity, it is advisable to determine the
weighting coefficients of the partial criteria using the
entropy method. First, the relative normalized value is
calculated for each experimental scenario and each criterion:
M

Pak = Tak Z Fak »
a=1

where a is the experimental scenario number; k is the
partial criterion number; M is the number of compared
scenarios; ra is the normalized value of the k-th criterion
for the a-th scenario. For two service implementations and
three load levels, M=6. The entropy of an individual
criterion is determined using the following formula:

N
InM

(11)

M
D Pak In pag,

a=1

Ex (12)

where Ey characterizes the homogeneity of the values of
the corresponding criterion. The more strongly the
indicator differs among the investigated scenarios, the
greater its informational significance. The weighting
coefficient of the criterion is determined using the formula:

w =(1-Ey) hil(l‘ En).

where K is the total number of partial criteria. The
proposed method uses six criteria: timing characteristics,
failed requests, insufficient throughput, resource
utilization, result variability, and scaling inefficiency;
therefore, K=6.

(13)
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If the value of a particular criterion is zero in all
scenarios, as may occur in the absence of failed requests,
its weighting coefficient is set to zero. The weights of the
remaining criteria are then renormalized so that their sum
equals one. The integral indicator of the risk of defect
manifestation for an individual experimental scenario is
determined as the weighted sum of the partial components:

K
Ra = > Wylak, (14)
k=1
In expanded form, the formula is as follows:
R =W +Welg + Wl +We Iy +Wyly +Wl.  (15)

The weighting coefficients must satisfy the conditions:

W + We +Wg + Wy + Wy, +Ws =1, (16)

The value of the integral indicator belongs to the
interval R € [0;1]. When R € [0; 0,33) the risk level is
considered low; when R € [0,33;0,67) it is considered
medium, and when R € [0,67; 1], it is considered high.
This assessment is comparative and reflects the risk of
unstable operation of the software component under the
investigated conditions rather than the probability of a
defect being present in its source code.

3. 3 Method for Assessing the Risk of Defect
Manifestation in .NET Microservices and Its
Experimental Study

The proposed method for assessing the risk of defect
manifestation in .NET microservices involves sequential
acquisition, statistical processing, and comprehensive
assessment of the operational metrics of a software
component. The application of the method includes the
following stages:

— determining the software component variant and
the parameters of the load scenario;

— conducting a series of repeated experimental runs;

— collecting timing characteristics, throughput
indicators, the percentage of failed requests, CPU and
memory utilization, and the number of service replicas;

— calculating mean values, standard deviations, and
coefficients of variation;

— normalizing the obtained operational indicators;

— forming partial risk components based on timing,
resource, and scaling characteristics;

— determining the weighting coefficients of the
partial criteria;

— calculating the integral risk indicator and
determining the corresponding level of risk of defect
manifestation.

The experimental study was conducted to verify the
applicability of the proposed method for assessing the
impact of a .NET microservice software implementation
on the risk of defect manifestation during its operation in
the Kubernetes container orchestration system. As part of
the experiment, a testbed was created to reproduce a
typical deployment environment for containerized
microservice applications and compare the behavior of
two functionally similar services under identical load
conditions. The study is based on a comparison of the basic
and optimized service implementations. This makes it
possible to determine how changes in the internal request-

processing logic affect the average response time, the 95th
percentile of response time, throughput, the percentage of
failed requests, result variability, CPU and memory
utilization, and the response of the horizontal autoscaling
mechanism.

The experimental testbed was built on the .NET 10
platform. Two web services in the minimal API format,
ServiceBasic and ServiceOptimized, were created for the
study. Both services implement the same set of HTTP
interfaces, including a root route, the /health health-check
endpoint, and a group of test endpoints for simulating
different types of loads. The /api/heavy endpoint was
selected as the primary target of the experimental load
because it simulates computationally intensive request
processing and creates conditions under which the
differences between the two software implementations are
most evident.

The basic implementation performs computations
with additional blocking delays and represents a typical
request-processing arrangement without specialized
optimization tools. The optimized implementation uses an
asynchronous execution model, reduces the number of
blocking operations during computations, applies
simplified caching mechanisms, and improves the load-
processing structure. Thus, both services are functionally
similar but differ in their internal execution organization,
making it possible to investigate the impact of the software
implementation on the operational risk profile.

A separate Dockerfile was created for each service

using a multi-stage build with the
mcr.microsoft.com/dotnet/sdk:10.0  image at the
compilation stage and the

mcr.microsoft.com/dotnet/aspnet:10.0 image at the
runtime stage. Both services were configured to listen on
port 8080, ensuring their correct operation in the container
environment. The build process produced the local Docker
images service-basic:1.0 and service-optimized:1.0, which
were used for subsequent deployment in Kubernetes.

The services were deployed in a local Kubernetes
cluster operating in the Docker Desktop environment.
Separate Deployment and Service YAML configurations
were created for each service. At the Deployment level,
one initial replica, identical imagePullPolicy values,
container port 8080, and identical resources.requests and
resources.limits parameters for CPU and memory were
specified. Defining the resource parameters is necessary
because the horizontal autoscaling mechanism determines
the relative CPU utilization based on requests.cpu. The
NodePort type was used at the Service level, while the
kubectl port-forward command was applied for local load
testing, ensuring that test traffic was consistently directed
to the corresponding service in the cluster.

A separate horizontal autoscaling object was
configured for each deployment. The corresponding
Deployment was specified as the scaling target. Identical
scaling limits of one to five replicas and a target CPU
utilization of 50% were set for the basic and optimized
services.  This  configuration  ensures identical
infrastructure conditions and makes it possible to associate
the identified differences in operational indicators
primarily with the software implementation characteristics
of the services.
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To support the operation of the horizontal
autoscaling mechanism, metrics-server was additionally
installed in the cluster to collect and provide information
on computing resource consumption. During its
configuration, the --kubelet-insecure-tls parameter was
added, which is required for the stable operation of the
metrics service in the local Docker Desktop cluster.

After the infrastructure had been prepared, load
testing was performed using k6. Separate basic-test.js and
optimized-test.js scenarios were created to send requests to
the /api/heavy endpoint through local port forwarding for
the corresponding service. The load was simulated at three
intensity levels: 10, 20, and 50 virtual users. Each test
lasted 60 seconds. Each experimental scenario was
repeated three times, which made it possible to reduce the
influence of random fluctuations, assess the repeatability
of the results, and calculate mean values, standard
deviations, and coefficients of variation. The B10_1-
B10_3,B20_1-B20_3, and B50_1-B50_3 run series were
formed for the basic service, while the 010 _1-010_3,
020_1-020_3, and O50_1-050_3 series were formed for
the optimized service.

During each run, k6 recorded the average response
time, the 90th and 95th percentiles of response time, the
maximum response time, throughput, and the percentage
of failed requests. At the same time, Kubernetes tools were
used to determine the number of service replicas after the
test, CPU utilization, and memory utilization. The
obtained values were used to calculate the partial
components and the integral indicator of the risk of defect
manifestation in accordance with the mathematical model
presented in Subsections 3.1 and 3.2. Fig. 1 shows an
example of the structure of a CSV file containing
performance metrics, load parameters, and horizontal
scaling characteristics of the services.

Fig. 1. Fragment of the Experimental Dataset Generated from
the Results of NET Microservice Load Testing

During each test run, the system records a set of
indicators characterizing both service performance and
scaling behavior. From the k6 output data for each run, the
average response time avg_ms, the p90 and p95 response-
time percentiles p90_ms and p95_ms, the maximum
response time max_ms, the number of requests per second
rps, and the percentage of failed requests failed_percent are
extracted. At the same time, horizontal scaling and resource
consumption metrics are collected using Kubernetes tools.
After each run, the kubectl get hpa and kubectl top pods
commands are used to record the number of service replicas
before and after the test, the current CPU load per pod, and
memory utilization. Since the number of replicas may
change when the horizontal autoscaling mechanism is
triggered, CPU and memory values are averaged across the
available pods of the corresponding service at the time of

measurement. All these data are entered into a single
experiment_results.csv file, where each row corresponds to
a separate experimental run.

After the series of runs has been completed, the results
collected are processed in Google Colab using Python, the
pandas library for tabular analysis, and matplotlib for
plotting graphs. At this stage, the data are grouped according
to two attributes: service type and load level. For each group,
the mean values and standard deviations of the average
response time, the 95th percentile of response time,
throughput, the number of replicas after the test, CPU
utilization, and memory utilization are calculated. Fig. 2
shows the dependence of the average response time of the
two .NET microservice implementations on the load level
specified by the number of virtual users. The results
obtained demonstrate that the optimized implementation
consistently provides lower average response times
throughout the investigated load range. While the average
response time of the basic service varies from approximately
659 to 1,445 ms and increases significantly under a load of
50 virtual users, this indicator remains almost constant for
the optimized service at approximately 164-176 ms. This
indicates the higher efficiency of the optimized service
implementation under container deployment conditions.

Average Response Time vs Load
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Fig. 2. Dependence of the Average Response Time
of the Services on the Load Level

An important feature of the graph presented is also
the difference in the variability of the results. The basic
implementation exhibits significantly greater deviations,
especially under high load, indicating lower predictability
of its behavior. In contrast, the optimized service
demonstrates minimal dispersion of values, confirming its
stability across repeated experimental runs.

Fig. 3 shows the dependence of the p95 response-
time percentile on the load level for the basic and
optimized .NET microservice implementations. Unlike the
average response time, this indicator characterizes service
behavior at high latency values and makes it possible to
assess the stability of request processing under less
favorable operating conditions.

The obtained results indicate that, for the basic
implementation, the 95th-percentile response-time values
remain substantially higher across all scenarios studied and
increase particularly sharply under a load of 50 virtual
users. At the same time, the corresponding indicator for the
optimized service remains at a significantly lower level
and changes only slightly as the load increases.
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p95 Latency vs Load
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Fig. 3. Dependence of the p95 Response-Time Percentile
of the Services on the Load Level

This relationship between the results confirms that
the optimized implementation not only reduces the
average request processing time but also ensures greater
predictability of system operation under peak loads.

The considerable dispersion of values for the basic
service indicates its increased sensitivity to rising request
intensity and less stable operation under scaling
conditions. In contrast, the low p95 response-time
percentile values and minor variability between repeated
experiments for the optimized service indicate greater
resilience to load. Fig. 4 shows the dependence of service
throughput on the load level specified by the number of
virtual users. The obtained results indicate that, as the load
increases, both implementations increase the number of
processed requests per second; however, the optimized
service demonstrates higher throughput in all scenarios.
This difference becomes particularly noticeable at 50
virtual users, where the advantage of the optimized
implementation is most pronounced.

Throughput vs Load
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Fig. 4. Dependence of the Throughput of the Services on the
Load Level

The presented graph confirms that the applied .NET
platform tools and software improvements ensure more
efficient resource utilization during request processing. The
basic implementation also demonstrates greater variability
in the results, whereas the optimized service operates more
stably. In the context of this research, this confirms the
feasibility of the proposed approach to implementing
microservices in container orchestration systems. Fig. 5
shows the change in the number of service replicas after load
testing at different request intensity levels.

Horizontal Scaling Behavior
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Fig. 5. Change in the Number of Service Replicas During
Horizontal Scaling

The obtained results demonstrate that both
implementations respond to increased load by increasing the
number of replicas, which means that the horizontal
autoscaling mechanism operates correctly for both the basic
and optimized services. At the same time, the optimized
implementation demonstrates a slightly higher average
scaling level even under medium load, whereas at 50 virtual
users, the values for both services become nearly identical.

The presented graph confirms that the proposed
approach makes it possible to study not only the timing
characteristics and throughput of .NET microservices but
also the specific features of their behavior during
horizontal autoscaling in the Kubernetes environment.

The weights were determined using the entropy
method based on six aggregated scenarios and are presented
in Fig. 6. The weight w. is equal to zero because the
percentage of failed requests was 0% in all 18 runs. This
does not mean that the indicator was excluded from the
mathematical model — in this experiment, it simply had no
discriminative capability. The obtained operational metrics
were used to calculate the partial and integral indicators of
the risk of defect manifestation. They are presented on Fig.
7. Before performing the calculations, the results of the three
repeated runs were averaged separately for each service
implementation and load level. For the timing
characteristics and throughput, the mean values, standard
deviations, and coefficients of variation were determined.

Component Designation | Weights
Timing characteristics W, 0,233
Failed requests W, 0
Insufficient throughput Wy 0,182
Resource utilization W, 0,129
Result variability W, 0,206
Scaling inefficiency W, 0,251
Fig. 6. Weights
Realization Users| 1, Te Iy I I, Ts R Level
ServiceBasic 10 |0,556| 0 |0,67(0,68]|0,48( 0,205 | 0,489 |medium
ServiceBasic 20 |0,285| 0 |0,56| O | 0,2 |0,198] 0,26 low
ServiceBasic 50 1 0 1 [(0,74] 1 0,8 | 0,917 | high
ServiceOptimized| 10 0 0 |0,02]0,36] 0 |0,003] 0,052 low
ServiceOptimized| 20 |0,006| 0 0 |0,15]0,06] 0,001 | 0,033 low
ServiceOptimized| 50 |0,011| 0 |0,05|0,08|0,04| 0,022 | 0,036 low

Fig. 7. Partial and Integral Indicators
of the Risk of Defect Manifestation
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Since the number of requests processed per second
depends on the load intensity, relative throughput, defined
as the ratio of the average number of requests per second to
the number of virtual users, was used to ensure
comparability between the scenarios. The operational
indicators were then normalized, and the timing risk
component 1, failed-request component r., insufficient-
throughput component ry, resource component r., variability
component r,, and scaling-inefficiency component rs were
calculated. The weighting coefficients of the partial
indicators were determined using the entropy method. The
highest weights were assigned to the scaling-inefficiency
component, ws = 0.251, the timing component, w, = 0.233,
and the result-variability component, w, = 0.206. The
weights of insufficient throughput and resource utilization
were Wy = 0.182 and w; = 0.129, respectively. Since the
percentage of failed requests was zero in all experimental
runs, the r. indicator had no discriminative capability, and
its weight within the conducted experiment was set to zero.

The calculation results showed that, for the basic
implementation with 10 virtual users, the integral indicator
was R = 0.489, corresponding to a medium risk level. This
value is explained by the considerable variability in the
average response time and its 95th percentile between
repeated runs. With 20 virtual users, the indicator decreased
to R = 0.260, corresponding to a low risk level. This
decrease is associated with the more stable results of runs
B20 1-B20 3 and lower average resource utilization.
Under a load of 50 virtual users, the integral indicator of the
basic implementation increased to R =0.917, corresponding
to a high-risk level. The obtained value was primarily
influenced by increases in the average response time and its
95th percentile, a decrease in relative throughput,
considerable dispersion of the results, and an increase in the
number of replicas without sufficient stabilization of the
timing characteristics. For the optimized implementation,
the integral indicator values were R = 0.052, R = 0.033, and
R =0.036 for 10, 20, and 50 virtual users, respectively. All
the obtained values correspond to a low risk level. The
minor change in the indicator as the load increases confirms
the stability of the optimized software implementation and
its ability to maintain predictable timing characteristics and
throughput throughout the investigated load range. Fig. 8
shows the dependence of the integral indicator of the risk of
defect manifestation for the basic and optimized .NET
microservice implementations on the number of virtual
users.
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Fig. 8. Dependence of the Integral Indicator of the Risk of
Defect Manifestation in .NET Microservices on the Load Level

A comparison of the obtained values shows that the
optimized implementation reduced the integral risk
indicator by 89.5% with 10 virtual users, by 87.3% with 20
virtual users, and by 96.1% with 50 virtual users compared
with the basic implementation. The results obtained confirm
the operability of the proposed method and the possibility of
its application for the comparative assessment of the risk of
defect manifestation in functionally similar software
components based on operational metrics.

4. Discussion of the Results of the Study of
the Method for Assessing the Risk of Defect
Manifestation in .NET Microservices

The proposed mathematical model for assessing the
risk of defect manifestation in .NET microservices is based

on the comprehensive consideration of timing
characteristics, throughput, the percentage of failed
requests, computational resource utilization, result

variability, and service behavior during horizontal scaling.
A distinctive feature of the model is the integration of
heterogeneous operational metrics into a single integral
indicator R. The experimental study revealed substantial
differences between the risk profiles of the basic and
optimized implementations. For Service Basic with
10 virtual users, the value R = 0.489 was obtained,
corresponding to a medium risk level. With 20 users, the
indicator decreased to R = 0.260 and corresponded to a low
risk level. This decrease is explained by the lower variability
of the B20 series results compared with the B10 series,
which exhibited considerable dispersion in the average
response time and its 95th percentile. With 50 virtual users,
the integral indicator of the basic implementation increased
to R =0.917, corresponding to a high-risk level. The main
reasons were a sharp increase in the timing characteristics, a
decrease in relative throughput, increased result variability,
and an increase in the number of replicas without sufficient
performance stabilization. For Service Optimized, the
integral indicator values were R =0.052, R =0.033,and R =
0.036 with 10, 20, and 50 virtual users, respectively. All
values correspond to a low risk level and change only
slightly as the load increases. Compared with the basic
implementation, optimization of the software logic reduced
the integral risk indicator by 89.5% with 10 users, by 87.3%
with 20 users, and by 96.1% with 50 users. The results
obtained are explained using asynchronous request
processing, reduced blocking, caching, and more efficient
organization of computations. The absence of failed
requests in all experimental scenarios resulted in zero values
for the partial component r. and its weighting coefficient.
This does not indicate the absence of defects in the software
implementation, since their manifestation may be associated
not only with failed request completion but also with
excessive delays, instability of timing characteristics,
reduced throughput, and inefficient resource utilization.
Therefore, the proposed method provides an assessment of
a broader class of adverse states of a software component.
Unlike the approaches presented in [1, 6], which focus
on the formal verification of autoscaling policies, the
proposed method assesses the risk associated with the
behavior of the software implementation itself. In [2-5, 7],
operational metrics are used primarily for predicting
resource requirements, managing scaling, and ensuring
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quality of service, whereas the proposed method considers
them as interrelated indicators of the risk of defect
manifestation. Unlike [8], the proposed approach involves
forming an integral assessment that enables the quantitative
comparison of the operational profiles of different software
implementations. The research results should be applied
with consideration of the fact that the risk assessment is
comparative and does not represent the probability that a
defect is present in the program code. The experiments were
conducted in a local Kubernetes cluster for two
implementations of one microservice, three load levels, and
a fixed test duration. Normalization was performed within
the generated dataset; therefore, when applying the method
to other systems, the threshold values of the metrics and the
weighting coefficients must be determined again.

Further research should focus on validating the
method for a larger number of software components,
extending the set of load scenarios, and conducting
experiments in production clusters. The use of data on
confirmed defects, the simulation of individual component
failures, and the consideration of network delays. This will
make it possible to refine the boundaries of the risk levels
and move from a comparative integral assessment to
predicting the probability of defect manifestation.

5. Conclusions

1. A mathematical model for assessing the risk of
defect manifestation in .NET microservices within
distributed computer systems was proposed. A distinctive
feature of the model is the comprehensive consideration of
the average response time, its 95th percentile, throughput,
the percentage of failed requests, CPU and memory
utilization, the number of replicas, and the variability of the
experimental results. The statistical processing of repeated
runs made it possible to consider not only the mean metric
values but also the stability of the software component’s
behavior. To ensure the correct comparison of scenarios with
different load intensities, relative throughput, defined as the
number of requests per second per virtual user, was used.

2. Partial indicators and an integral criterion for
assessing the risk of defects in a software component were
defined. The timing risk component, failed-request
component, insufficient-throughput component, resource
component, result-variability component, and horizontal-
scaling-inefficiency component were formed. To reduce
the subjectivity of the assessment, the weighting

coefficients were determined using the entropy method.
The integral indicator (R) takes values from 0 to 1 and
enables the operational state of the component to be
classified as having a low, medium, or high-risk level. In
the experiments conducted, the percentage of failed
requests was zero; therefore, the corresponding component
did not affect the integral assessment but was retained in
the general mathematical model.

3. A method for assessing the risk of defect
manifestation in .NET microservices based on the
collection, statistical processing, normalization, and
comprehensive analysis of operational metrics was
developed. The experimental study was conducted for basic
and optimized implementations of a functionally similar
service under identical Kubernetes container orchestration
conditions. For ServiceBasic, the integral indicator was
R =0.489 with 10 virtual users, R = 0.260 with 20 users, and
R =0.917 with 50 users, corresponding to medium, low, and
high-risk levels, respectively. For ServiceOptimized, the
value obtained were R = 0.052, R = 0.033, and R = 0.036,
all of which corresponded to a low risk level. The optimized
implementation reduced the integral risk indicator by 89.5—
96.1% compared with the basic implementation. The
obtained results confirmed the operability of the proposed
method and the possibility of using it for the comparative
assessment of the risk of defect manifestation in software
components based on operational data without directly
analyzing their program code.
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MeTton ouinku pusuky nposiBy aedektiB .NET-MikpocepBiciB y po3nogiieHuX KOMI’I0TEPHUX CHCTEMAX
HA OCHOBI eKCILUTyaTaliHHUX MeTPHK

. O. Osiuenko, M. B. llocrak

AHoTanisi. AKkTyanbHicTh. [lepext mporpaMHoro 3abe3neueHHs, He BUSBIICHI i 4ac QyHKI[IOHATEHOTO TECTYBaHHS,
MOJKYTb MPOSIBIISITUCS ITi/T HABAHTA)KSHHSIM, 1110 3yMOBJIIOE aKTYaJIbHICTh OLIIHIOBAHHS PU3HKY Ha OCHOBI €KCILTyaTaI[iiHUX METPHK.
IIpeamer mocCHimKeHHsA: MeTOOM Ta 3aco0M OWIHKM pu3uky mposiBy nedekriB .NET-mikpocepBiciB y po3momigeHux
KOMIT'FOTEPHUX CHCTEMax 3 ypaxyBaHHSAM EKCIUTyaTalliiHUX MeTpHK. MeTa DOCTifzKeHHs: po3poOKa METOLY OLIHKH PH3HKY
mposiBy npedektiB NET-MikpocepBiciB y pO3NOAUICHNX KOMIT'IOTEPHUX CHCTEMaX Ha OCHOBI KOMIUIEKCHOTO aHali3y
eKCIUTyaTaliifHuX MeTpUK. 3aBAaHHs A0CTiKeHHs . JIJsl TOCATHEHHS METH BU3HAYCHO CYKYIHICTh KCIUTyaTaliifHuX METPHK i
po3pobiIeHo Moiesb popMyBaHHS iHTErPaIbHOTO MOKAa3HUKA PU3HKY HA OCHOBI iX HOPMOBAaHHX 3HaueHb. VIETOAM JOCTiZKEHHS.
BuKopHCTaHO METOIM CHCTEMHOIO aHalily, HOPMYBaHHS Ta IHTETPaIbHOTO OILiHIOBAHHS, HABAaHTA)KYBAJIbHOI'O TECTYBAaHHSI, a
TaKOX CTATHCTHYHOT 00poOKH. Pe3yabTaTn HociiKennst. 3alporoHOBaHO METO/I IHTErPaIbHOI OLIHKH PU3HKY MPOSIBY Ae(EKTiB
.NET-MmikpocepBiciB 3a HOPMOBaHHMHM EKCIUTyaTallifHUMH MeTpHKamMH. BHCHOBKH. 3ampormoHOBaHHiI METOA [ae 3MOry
OLIIHIOBAaTH PHU3MK NPOSBY Ne(EKTiB MPOrpaMHUX KOMIIOHEHTIB PO3MOJIICHHX KOMIT'IOTEPHHX cUCTeM Oe3 BTpydYaHHs B IXHil
MPOrpaMHHI KO/ Ha OCHOBI eKCIUTyaTallifHUX JaHUX, OTPUMAHHMX I1ijl 4aC HABaHTA)KyBaJIbHOTO TECTYBaHHS.

KawuoBi caoBa: pusux npossy nedexrtis; .NET-MmikpocepBicH; po3moaiiieHi KOMIT IOTEpHI CHCTEMH; eKCIUTyaTaliiHi
METPHKH, IHTErpaIbHIHN 1HIUKATODP PUCKY; HABAaHTAXYBallbHE TECTYBaHH; IPOIYCKHA 31aTHicTh; Kubernetes; Docker; naiiiHicTs
MIPOTPaMHOr0 3a0€e3EeYEeHHS.
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DEVELOPMENT OF DECENTRALIZED FORECASTING SYSTEMS BASED ON
MULTI-CLOUD INFRASTRUCTURE

Abstract. Relevance. The study substantiates the need for a cloud environment that ensures a high level of system
scalability, enabling the integration of new production facilities, workshops, and equipment without the need for capital
investment in proprietary server infrastructure. The subject of the study is the processes of developing and operating
decentralized forecasting systems based on multi-cloud infrastructure. The aim of the study is to analyze modern methods
for developing decentralized forecasting systems based on multi-cloud infrastructure and to enhance their efficiency,
reliability, and fault tolerance. The research objectives are to investigate the architectural aspects of creating decentralized
forecasting systems in a cloud environment; to examine the effectiveness of using distributed computing for technical
diagnostics; and to determine a software solution for time-series forecasting using recurrent neural networks. to analyze cloud
platforms and machine learning libraries for distributed time-series modeling; to identify a key challenge regarding the end-
to-end analysis of various neural network architectures and formulate technical requirements to overcome this limitation.
Research methods. The methodology encompasses systems analysis, mathematical modeling, blockchain technologies, and
machine learning methods. Research results. The feasibility of employing cloud and distributed architectures to address
diagnostic tasks is substantiated, driven by the specific requirements for processing large volumes of data continuously
generated by primary sensors. It is determined that a necessary prerequisite is the development and investigation of a time-
series forecasting software system based neural network models utilizing cloud computing; such a system must implement
the complete data processing cycle from acquisition to forecast generation and quality assessment thereby enabling its
subsequent application in the field of computer engineering. A structured plan for implementing the system's end-to-end
operational cycle is presented. Conclusions. The implementation and deployment of such forecasting systems within a cloud
infrastructure, utilizing containerization and orchestration via managed services align with modern engineering standards that
ensure high fault tolerance and horizontal scalability for analytical platforms.

Keywords: forecasting systems; cloud infrastructure; distributed systems; data synchronization; network latency; data

orchestration; machine learning; computer engineering; information technology.

1. Introduction

1.1 Relevance of the topic

A cloud-based, distributed time-series forecasting
system for vibration diagnostics is essential for
preventing industrial accidents and transitioning from
scheduled repairs to condition-based maintenance. It
analyzes the oscillations and vibrations of machine tools,
turbines, or engines to detect hidden defects well before
the equipment fails. The system's primary purpose is to
predict equipment failures (Predictive Maintenance) and
calculate remaining useful life (RUL) for precise
maintenance planning. Continuous, automated real-time
sensor monitoring eliminates the need for manual
measurements.

The system ensures early defect detection by
identifying micro-cracks, imbalance, bearing wear, and
shaft misalignment. This approach minimizes financial
losses by eliminating the risk of sudden conveyor
shutdowns and completely preventing prolonged
industrial production downtime.

1.2 Analysis of literature sources
and problem definition

A thorough exploration of the topic requires
examining methodological approaches to evaluating
decentralized forecasting systems in a cloud
environment. Since this area has been overlooked in
recent publications, the design of such systems currently
represents one of the most pressing directions in
contemporary research.

C. Chatfield addresses general issues of time series
forecasting [1].

D. Popovic investigates computational intelligence
in time series forecasting [2].

G. James, D. Witten, T. Hastie, and R. Tibshirani
examine the theoretical and practical aspects of statistical
learning [3].

In other the works are explore the applied aspects of
encoder-decoder architectures based on recurrent neural
networks [4].

S. Amari discusses the backpropagation and
stochastic gradient descent methods [5].

Researchers are specialists in wavelet analysis and
financial time series forecasting [6, 7].

The authors describe the characteristics and issues
associated with the problems of investigate applied
aspects, specifically forecasting on the NSE stock market
using deep learning models [8].

Other articles open the topic of examine the
learning stages involved in recognizing long-term
dependencies using gradient descent, noting it as a
complex task [9].

A number of works are devoted to the problems to
analyze this issue through the lens of Long Short-Term
Memory and investigate and empirically evaluate
recurrent neural networks with gating mechanisms in
sequence modeling tasks, and also conduct a
comparative analysis of financial time series forecasting
[10-13].

A number of researchers examine modern
development trends and architectural features of
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computers, as well as the fundamentals of modeling
decentralized forecasting systems based on cloud
platforms [14-16]. An objective study of the problem
requires an analysis of existing solutions in the field of
cloud-based distributed forecasting systems. Previous
studies overlooked this aspect, making the development
methodology for such decentralized platforms a central
topic of current scientific discussions.

1.3 Aim and objectives of the study

The aim of the study is to analyze methods for
developing decentralized forecasting modern systems,
wich based on multi-cloud infrastructure, enhance their
efficiency, reliability, fault tolerance.

To achieve the stated objective, the following
scientific and practical tasks have been formulated:

—investigating  architectural  solutions  for
constructing decentralized forecasting systems in a cloud
environment;

— evaluating the effectiveness of using distributed
computing in technical diagnostics processes based on
the continuous analysis of large datasets from primary
Sensors;

—identify a software solution for time-series
forecasting using recurrent neural networks with GRU
and LSTM architectures;

—analyze cloud platforms and machine learning
libraries for distributed time-series modeling;

—identify a key challenge for the end-to-end
analysis of various neural network architectures and
formulate technical requirements to address this
limitation.

2. Research materials and methods

The object of the study is the process of forecasting
distributed time series (large volumes of diagnostic data)
in decentralized multi-cloud infrastructures. Research
hypothesis: The implementation and deployment of
forecasting systems within a cloud infrastructure,
utilizing Docker containerization and orchestration via
managed services, enable high fault tolerance and
horizontal scalability for analytical platforms in
accordance with modern engineering standards.

The study formalizes the stages of the development
lifecycle for predictive systems at the intersection of Data
Science methodology, cloud engineering, and the
diagnostic domain, enabling the formulation of a
structured architecture for an end-to-end operational
cycle. A comparative analysis of cloud technologies
relevant to forecasting distributed time series in computer
engineering was conducted. Neural network modeling
tools based on the TensorFlow, PyTorch, and Prophet
libraries were investigated.

A critical scientific and practical barrier was
identified: the lack of an integrated environment with a
graphical user interface for the comparative analysis of
heterogeneous  architectures  within a  unified
computational pipeline. Based on the identified
limitations, a set of technical requirements was
established for the proposed software system, designed to
minimize these shortcomings and ensure the practical
value of the results obtained.

3. Results of development and research

3.1 Design and practical implementation of
decentralized intelligent forecasting systems

The design and practical implementation of
decentralized intelligent forecasting systems based on
heterogeneous multi-cloud infrastructure entail a
complex set of critical architectural and technological
challenges. Key among these are the systemic complexity
of orchestrating distributed data arrays, heightened risks
regarding the confidentiality and integrity of the
information perimeter, and deterministic latencies in
inter-node data exchange. The primary factors negatively
affecting the efficiency of such systems are the processes
of ensuring real-time data consistency and
synchronization, the structural and functional
heterogeneity of the cloud platforms employed, and the
high computational and network overhead associated
with maintaining communication between distributed
components. The need to employ cloud and distributed
architectures for vibration diagnostics tasks stems from
the specific requirements of processing large datasets
(Big Data) continuously generated by primary sensors.
Since modern vibration sensors produce high-frequency
signals - yielding thousands of measurements per second
- parallel processing of these data streams is implemented
using distributed computing frameworks. Utilizing a
cloud environment ensures a high level of system
scalability, enabling the integration of new production
facilities, workshops, and machinery without the need for
capital investment in on-premises server infrastructure.
Furthermore, mathematical modeling and the training of
predictive Al neural network structures -specifically
recurrent network and transformer architectures - require
substantial computational  resources, which are
efficiently provided by cloud-based graphics processing
units (GPUs).

Above all, this architecture implements the concept
of data centralization, aggregating diagnostic
information from all the enterprise's remote sites into a
single, consolidated monitoring interface to facilitate
management decision-making[1, 4, 8].

Time series forecasting is a fundamental applied
task that is critical to the financial, energy,
telecommunications, medical, and computer science
sectors. Traditional statistical approaches-such as
ARIMA and exponential smoothing-demonstrate
satisfactory performance only when dealing with
stationary data and stable variance. However, their
predictive capability is significantly limited in the
presence of heteroscedasticity, or structural shifts. To
adequately model this processes in such series, modern
researchers employ networks.

In particular, Hochreiter and Schmidhuber’s LSTM
architecture overcame tasks, enabling some effective
detection of long-range dependencies in data sequences.
A simplified variant, the Gated Recurrent Unit, used
fewer parameters while maintaining comparable
accuracy. A comparative study by Siami-Namini et al.
confirmed that LSTM and GRU reduce RMSE by an
average of 84-87% compared to ARIMA when applied
to financial time series [1, 5, 6,13].
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Despite the powerful toolsets for building neural
network models available in libraries such as
TensorFlow, PyTorch, and Prophet, they lack an
integrated environment with a graphical user interface for
the comparative analysis of architectures within a unified
computational pipeline. Consequently, the development
of a custom software suite offering these capabilities
constitutes a practical contribution of this research.
Implementing and deploying such predictive systems
within a cloud infrastructure leveraging Docker
containerization and orchestration via managed services
(such as AWS Fargate, Google Cloud Run, or Azure
Container Apps) reflects modern engineering standards
that ensure high fault tolerance and horizontal scalability
for analytical platforms.

3. 2 Astructured plan for implementing
the end-to-end system work cycle

A necessary requirement is to develop and
investigate a time-series forecasting software system
based on GRU and LSTM neural network models using
cloud computing; this system must implement the
complete data processing cycle - from data loading to
generating a forecast and evaluating its quality - for
subsequent application in computer engineering. The
development and research of such a system are broken
down into distinct stages that combine Data Science
methodology, cloud engineering, and the specifics of
vibration diagnostics.

A structured plan for implementing the end-to-end
system work cycle is presented in Fig.1.

Vibration Data Collection

Stage 1 —>
and Preprocessing
Stage 2 ~ Designing Deep Learnin
) modgls ’ i ’
Stage 3 ~ Creation of a unified pipeline and
graphical user interface
Stage 4 . Forecast quality assessment
’ metrics e
Stage 5 — Cloud Architecture and
Containerization
Stage 6 Research and practical application in
== computer engineering

Fig. 1. A structured plan
for implementing the end-to-end system work cycle

Stage 1.  Vibration Data Collection and
Preprocessing (Data Engineering). Vibration signals are
high-frequency time series (typically ranging from 2 to
50 kHz). The full cycle begins with data ingestion and
adaptation. Loading: Organizing streaming or batch data
ingestion via APIs (e.g., from industrial loT gateways
such as those from SKF or Siemens). Cleaning and
Resampling: Removing anomalies, filling in missing
values, downsampling (if long-term trend analysis is
required), or applying sliding windows to generate data
samples. Feature Engineering:

The effectiveness of GRU/LSTM architectures
depends directly on the amplitude-frequency properties
of the data. Temporal parameters (RMS, crest factor,
kurtosis) and spectral features calculated via FFT or
DWT are evaluated. Normalization: Scaling data to the
\(Jo, 1]V) or \([-1, 1]\) range using MinMaxScaler or
StandardScaler (critical for the convergence of recurrent
networks) [1, 6-14].

Stage 2. Designing Deep Learning models. Given
the time-dependent nature of vibration processes, where
the current state of structural elements (such as rotor
shafts or rolling-element bearings) is directly determined
by their prior history.

In particular, the Long Short-Term Memory
(LSTM) architecture utilizing a mechanism of such
functional gates enables the effective approximation of
long-term nonlinear wear trends and failure prediction.
As a more computationally optimized alternative, the
Gated Recurrent Unit (GRU) modification is employed;
it implements a simplified structure based on two gates
that control data flow.

It is computationally "lighter," trains faster in the
cloud, and often demonstrates similar or superior
accuracy on short time series.

Hybrid approaches (optional): A combination of
1D-CNN (for automatic feature extraction from vibration
signals) with subsequent LSTM/GRU layers for trend
forecasting [1, 8, 14].

Stage 3. Creation of a unified pipeline and graphical
user interface. To overcome the limitations of standard
libraries, a monolithic or microservice-based application
is being developed (e.g., using Python/FastAPI/Streamlit
or Dash): Configuration module: Via the GUI, the user
selects the model (LSTM or GRU) and specifies
hyperparameters (number of layers, batch size, epochs,
forecasting window).

Unified pipeline: Single-button process execution:
Data loading — Preprocessing — Training/Validation —
Result visualization [1, 4, 8].

Stage 4. Forecast quality assessment metrics: For
comparative analysis, the interface includes a
mathematical module that evaluates the deviation of the
predicted vibration from the actual values: MAE (Mean
Absolute Error): Indicates the average absolute error in
measurement units (e.g., mm/s for vibration velocity).
RMSE (Root Mean Squared Error): More sensitive to
large outliers and anomalous vibration spikes. MAPE
(Mean Absolute Percentage Error): Relative error
expressed as a percentage, useful for business reports [1,
4,8].

Stage 5. Cloud Architecture and Containerization
(Cloud Deployment) To ensure horizontal scalability and
availability, the system is deployed to the cloud:
Containerization: The application (FastAPI backend and
Streamlit frontend) is packaged into Docker containers.
Data Storage: Raw vibration data is stored in cloud
storage services (AWS S3, Google Cloud Storage), while
prediction results and metrics are stored in time-series
databases (InfluxDB, TimescaleDB).

Deployment: Serverless or managed container
services are used. They automatically allocate resources:
as the load increases, the cloud spins up new container
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instances. GPU-based training: Cloud instances with
GPU support are utilized for periodic model retraining [1,
4,8].

Stage 6. Research and practical application in
cjmputer engineering. The final stage of the research
involves testing the system against real-world
benchmarks (such as the well-known NASA [IMS
Bearing Dataset or data from a specific industrial
facility): Comparative analysis: Running LSTM and
GRU models on identical vibration data using the same
hyperparameters. Performance evaluation: Comparison
based on accuracy metrics (MAE/RMSE) and
training/inference speed.

Predictive diagnostics: Based on the generated
forecast, the system identifies the point at which
vibration levels will exceed critical thresholds (in
accordance with ISO 10816 standards), enabling the
calculation of the machine's Remaining Useful Life
(RUL) and the timely issuance of maintenance alerts [1,
4, 8].

The developed software suite operates as a cross-
platform desktop application based on a two-tier
architecture.

The presentation layer (interface) facilitates
interactive user engagement and the visualization of
analytical data, while the business logic layer
(computational module) handles data import, neural
network training, and the generation of forecasts. This
clear separation of responsibilities isolates the interface
components from the algorithmic logic, significantly
simplifying future system modernization and scaling.

3. 3 Improving the sequential data processing
procedure in the system

The sequential information processing pipeline
within the system comprises the following stages:
automatic retrieval of time series via the Yahoo Finance
API structuring data into a pandas.

To facilitate  inter-level interaction, an
asynchronous queue mechanism has been integrated:
upon completion of the model training procedure, the
computational component encapsulates the output data
into a "ModelResult™ object and delegates it to the
“result_queue’, while the main GUI thread retrieves this
object via cyclic polling using the “root.after()” method.
This architectural approach isolates the time-consuming
neural network training processes, preventing the
blocking of the Tkinter main event loop. Consequently,
the user interface remains continuously responsive and
stable while resource-intensive background operations
are being executed.

List of the software system's main components and
their functional purpose:

— VibrationForecastApp (Class, main.py) - the
application's main class responsible for window
initialization, GUI component construction, launching
the background training thread, and visualizing vibration
diagnostics results and remaining useful life (RUL)
forecasts;

— ModelResult (Dataclass, forecasting.py) - a data
structure designed to store the training results of a single
model, including actual and predicted vibration

velocity/acceleration values, accuracy metrics, future
forecasts, and the loss curve;

— fetch_vibration_data (Function, forecasting.py) -
a function for loading raw time-series data from vibration
sensors (via industrial CSV files, time-series databases,
or 10T gateways) and performing initial filtering;

— extract_vibration_features (Function,
processing.py) - a module for calculating vibration signal
diagnostic features in the time and frequency domains
(RMS, crest factor, kurtosis, FFT);

—train_and_evaluate (Function, forecasting.py) - a
function implementing the full workflow for
LSTM/GRU models, covering feature normalization
(MinMaxScaler), sliding window sequence generation,
neural network training, quality metric calculation, and
predictive wear trend generation;

—result_queue (queue.Queue, main.py) - an
asynchronous queue designed to safely transfer analysis
and training results from the background computational
thread to the main GUI thread, preventing the interface
from freezing.

The system consists of two Python modules:
‘main.py” and “forecasting.py’. This division adheres to
the single responsibility principle: the first module
handles only the GUI, while the second manages the
computational logic. Separating the interface from the
calculation logic simplifies future code maintenance and
testing. An analysis of the BTC/USD time series for the
the last five years revealed no missing values in the target
“Close™ variable. Nevertheless, this validation procedure
remains an integral part of the pipeline, as data may arrive
in a fragmented state due to network disruptions or
technical errors on the market data provider's API side.

4. Discussion of research results

To enable multi-user access to the forecasting
system and eliminate the need for local deployment of the
Python interpreter on client workstations, a shift to a
client-server architecture involving the migration of the
computational core to cloud infrastructure has been
justified. This architectural paradigm allows the
algorithmic logic developed for the “forecasting.py’
module to remain entirely intact, while transforming the
graphical user interface into a web-based frontend or a
"thin client" implementation.

The cloud deployment of the analytics platform is
carried out through a sequential three-stage process,
beginning with the build phase, which involves
compiling the Docker software image and subsequently
publishing it to a centralized container registry. During
the operational phase, the integrated load balancer evenly
distributes client requests among active system instances,
while a monitoring subsystem based on Prometheus or
Cloud Monitoring continuously tracks response latency
and error rates.

The creation of decentralized forecasting systems in
a multi-cloud environment is complicated by data
management issues, security vulnerabilities, and network
latency.

Key challenges stem from information
reconciliation, platform heterogeneity, and high loads on
communication channels.
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5. Conclusions

1. A comprehensive analysis entails a detailed
examination of recommendations regarding the operation
of distributed forecasting models based on cloud
platforms. The limited attention paid to this aspect in
recent literature has made the development of
decentralized forecasting tools a key trend in
contemporary research.

2. Based on the research results, a distributed
software system for predictive time-series analytics
utilizing GRU and LSTM recurrent neural network
models and featuring integrated support for cloud
deployment was developed and comprehensively
analyzed for industrial vibration diagnostics applications.
The set objective has been fully achieved: an end-to-end
pipeline for processing diagnostic data was successfully
implemented spanning from the import of raw high-
frequency vibration sensor signals to the generation of a
predictive wear trend and the calculation of statistical
accuracy metrics.

3. As part of the project, a comparative study of two
deep learning architectures was conducted using real-
world vibration monitoring data from industrial
equipment, and a conceptual framework was established
for scaling the local prototype into a containerized cloud
service.

4. An analytical review has demonstrated that
classical statistical methods (specifically ARIMA and
exponential smoothing) are effective only for stationary
processes, yet they rapidly lose accuracy when
analyzing nonlinear, highly dynamic, and noisy
fluctuations in vibration velocity and acceleration. In
contrast, modern recurrent neural networks (LSTM,
GRU) ensure minimal prediction error for non-

stationary vibration time series associated with the
degradation of mechanical components. A critical
analysis of existing software confirmed a lack of
available tools for the comparative rapid analysis of
neural network architectures within a unified
computational pipeline. The developed software suite
offers practical value and can serve both as a
methodological foundation for specialized courses in
machine learning and cloud computing and as a
functional prototype of an analytical platform for
monitoring the actual condition of industrial equipment.

5. Future system modernization will focus on
transitioning to a microservices architecture that isolates
modules for sensor telemetry collection, background
model training, and real-time forecast generation, thereby
enabling independent horizontal scaling.
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Po3podka neneHTpasi3oBaHUX CHCTEM NPOTHO3YBAHHS
Ha 0a3i MyJ1bTHXMAapHOI iHpacTpykTYpH

A. M. Karmiton, T. M. ®panuyk, /1. O. Tumenko, P. I'. 3axapos

AHoTamisi. AKTyaJbHicTb. Y JOCITIPKEHHI 00T pyHTOBaHO MTOTPe0y B XMapHOMY CEpeIOBHILi, siKke 3a0e3reuye BUCOKUIT
piBeHb MacITabOBAHOCTI CHCTEMH, YMOKIIUBIIIOIOUN 1HTETPALli0 HOBIHX BUPOOHUYHX MOTYKHOCTEH, 1IeXiB Ta 00nanHaHHA 0e3
HeoOXiTHOCTI KaIliTalbHUX BKIAJCHb y BIACHY cepBepHY iH(pacTpykrypy. Ilpeamer mociigmKeHHs: TpoLecH pO3pOOKH Ta
(YHKIIOHYBaHHS JEIEHTPATI30BaHAX CHCTEM MPOTHO3YBAaHHS Ha 0a31 MyIbTUXMAapHOi iHQpacTpyKTypu. MeTa 10ciIKeHHs
aHaNi3 CyJyacHHX METOJIB pO3pOOKH JEHEHTPaNi30BaHUX CHCTEM MPOTHO3YBaHHSA Ha 0a3i MyJIbTUXMapHOi iHpacTpyKTypH,
nifBUIEHHS 1X e()eKTHUBHOCTI, HAAIITHOCTI Ta BiIMOBOCTIHKOCTI. 3aBIaHHA JOCHIIKEHHSsI: TOCTIUTH apXiTEeKTypHI acleKTH
CTBOPEHHSI JELEHTPai30BaHNX CHCTEM HPOTHO3YBaHHsS B XMapHOMY CEpPEIOBHINI; PO3TISIHYTH €(EeKTUBHICTh BUKOPUCTAHHS
PO3MOIINIeHNX OOYUCICHD AJIsl TEXHIYHOT JiarHOCTHKH ; BU3HAYHUTH MTPOTPaMHe PillieHHs AJsl TPOrHO3YBaHHS 4aCOBUX PSIiB 3a
JIOTIOMOTOI0 PEKYPEHTHHX HEHPOHHHMX MEpeXk; BUKOHATH aHali3 XMapHHUX MatdopM i 6i6nioTek MallMHHOTO HaBYAHHS UL
MOJICJTIOBaHHS PO3MOIIICHUX YaCOBUX PSAiB; BUSABUTH KIFOYOBY MPoOIIeMy JUIsl HACKPI3HOTO aHaJi3y Pi3HUX HefpoMepexeBHx
apXiTeKTyp, Ta c(HhOpMyJTHOBAaHO TEXHIYHI BUMOTHU JUIS YCYHEHHS IIbOro oOMexeHHs. MeToam mociigxkeHHsl. MeTomooris
OXOIUTIOE CHCTEMHHH aHalli3, MaTeMaTHYHE MOJCIIOBAaHHS, OJOKYCIH-TEXHOJOTII Ta METOOM MAUIMHHOTO HaBYaHHS.
PesyabTaTtn gocaixskenns. OOIpyHTOBAHO JOLITBHICTh 3aCTOCYBAHHS XMAPHUX 1 PO3MOJIUICHUX apXiTEKTyp JUIS BHPIIICHHS
JIarHOCTHYHUX 3aBJaHb, L0 3YMOBJICHO crielM(iYHUMH BUMOTaMHU 10 OOpOOKM BENMKUX OOCATIB JaHMX, sIKi Oe3nepepBHO
reHEepyIOThCS MEPBUHHUMHM JaTdyMKaMy. BH3HaueHO, 110 HEOOXiAHOI YMOBOIO € PO3poOKa Ta JOCIIKEHHs MpOrpamMHOl
CHCTEMH IPOTHO3YBaHHS YacOBUX psJIiB Ha OCHOBI OOpaHMX MoJeiell HEWpPOHHHX Mepex i3 BHKOPHCTAHHSIM XMapHHX
004YHCIIeHb; TaKa CHCTeMa MOBUHHA Peai3oByBaTH MMOBHUH UK 00pOOKHM TaHMX BiJ X OTPUMAaHHs 10 (GOPMYBaHHS MPOTHO3Y
Ta OILIHIOBAaHHS HOro SKOCTi, @ OT)KE 1 JUIsi IOJAJbLIOrO 3aCTOCYBaHHS B rajly3i KOMII'IOTEpHOI iHxeHepii. IIpeacTaBieHo
CTPYKTYPOBaHHUIl IJTaH peajizalii HACKPI3HOTO ONepaliiHOr0 LUKy CHCTeMH. BHCHOBKH. BIpoBakeHHs Ta pO3rOpTaHHI
TaKHX CHCTEM IIPOTHO3YBaHHS B XMapHiil iHQpacTpyKTypi 3 BUKOPHCTAHHAM KOHTEiHepH3allil Ta opKecTpalii yepe3 Kep oBaHi
CepBICH BIAIMOBiZae Cy4acHHM IH)KCHEPHHM CTaHIApTaM, MO0 TapaHTYIOTh BHUCOKY BIIMOBOCTIMKICTh 1 TOPHU30HTaIbHY
MacIITaboBaHiCTh aHATITHYHHX TIATHOPM.

Kaw4yoBi ciaoBa: cucremMu NIporHo3yBaHHS; XMapHa iHQPAaCTPYKTypa; PO3MOIICHI CHCTEMH; CHHXPOHI3allis TaHHX;
MEpesKeBi 3aTPUMKH; OPKECTPALLis JaHHUX; MAIIMHHE HaBYaHHS; KOMITIOTepHA IHKeHepis; iHpopMamiiHi TeXHOIOTii.
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XapKiBChKHI HAIllOHATBHUN YHIBEPCUTET PaIioeNeKTPOHIKH, XapKiB, YKpaina

METO/I AIANITUBHOI KJIACTEPU3AIIIl MOBLJILHUX BY3JIIB
TYMAHHOTI'O IIIAPY IHTEPHETY PEYEN

AHoTanisi. AxryansHictb. OCHOBHUM KpHUTEpieEM KiIacTepH3alii TyMaHHUX IMPUCTPOIB € ONM3BKICTh PO3TAIIyBaHHSI
TyMaHHHX BY3JIiB, IO BXOJSATH 10 KJacTepa. Aje IpH HasIBHOCTI MOOITBHUX BY3JiB CTPYKTypa KiIacTepa MOXKe MOPYILIUTUCS
BHACIIIOK BUXOAY OyAb-sSKOro MOOITBHOTO By3Jda 3a Mexi kiactepa. Lle mpusBene no HemepeaOaueHHX 3aTPUMOK IPHU
00poobui nanux InTepHety peueit. ToMy 11 TaKUX CUCTEM JOJA€ThCS KPUTEPiH CTiliKOCTI CTpyKTypH Kiactepa. [Ipeamerom
AOCTIMKEeHHS € METOIHN KilacTepH3allii TyMaHHOTO mapy [HTepHeTy pedeii 3 BUCOKOIO MiNbHICTIO. MeTo1o qJocaiaKeHHs €
iIBUIIEHHS CTIHKOCTI MOOUIPHAX KOMITIOHEHT TYMaHHOTO IIapy 3a paXyHOK Mou(dikamii MeToy KacTepH3allil 3a paxyHOK
po3poOku MeToxy (OpPMyBaHHS CTiHKOrO MOOUIBHOTO KiacTepy. 3aBAaHHSI AOCHIUKeHHSI. po3poOKa IiAXOXy IO
(hopMyBaHHS apXiTEKTypu MOOUTPHOI KOMIIOHEHTH, MOJIENIi Ta METOMy 3a0e3MeueHHs CTIKOCTI MOOUTBHOTO KiacTtepa
TyMaHHOTO mapy I[HTepHeTy pedeil 3 BHCOKOW MIUIbHICTIO. .Pe3yabTaTn mociaimxkenHns. [ns oprasizamii B3aemonii
MOOUTFHIX HPUCTPOIB PO3POOICHO apXITEKTypy MOOLIBHOI KOMIOHEHTH TYMaHHOTO IIapy, nmoOyqoBaHy 3 ypaxyBaHHSIM
HOr0 JIEICHTPaNi30BaHOI CTPYKTypU Ta OCOONMBOCTEH (YHKIIOHYBaHHA MOOUIBHUX MPUCTPOIB IHTEpHETY pedei.
3ampomnoHOBaHa apXiTEKTypa Mae YOTHPH DiBHI Ta mependavae BHUIUICHHS Ha HIDKHBOMY DPIBHI OKpEeMHX MOOUTBHHX
KJIacTepiB TYMaHHUX NPHUCTPoiB. st mocmimkeHHs mponeciB (OpMyBaHHS MOOLTFHHX KIIACTEPiB PO3POOICHO BIAIOBIAHY
MOJIEINb, y SKili BpaxOBaHO BUIIAAKOBHI XapaKTep IepeMilieHHs pUCcTpoiB IHTepHeTy peueil. MozemoBaHHs IPOCTOPOBOTO
PO3MOAiTy MOOLTEHHX KOMIIOHEHTIB 3IiHCHIOEThCS Ha OCHOBI TOYKOBOro mpouecy Tomaca. Ha ocHOBI 3ampornoHoBaHOT
Mozeni BHUKOHaHO Moxudikariro anropurMmy kiacrepusanii FOREL, y sikiii BU3Ha4YeHHs HOJIOXKEHHS IEHTpa KiacTepa
3IIICHIOETBCSl 3 BUKOPUCTAHHSIM BaroBHX KOE(iIliEHTIB, 10 XapaKTepPH3YIOTh CTIHKICTh HOr0 KOMIIOHEHTiB. BHCHOBKH.
Pesyneratn MozenroBaHHS 3aCBITUMIM MiABHIIEHHS CTiHKOCTI cpopMOBaHMX MOOUIBHHX KIIACTEPIB Yy CEpeNOBHINAX i3
BHCOKOIO Ta HaJBUCOKOIO IIIJBHICTIO MPUCTPOiB. BeTaHOBICHO, IO 31 301BIIEHHAM CEPEJHBOTO BiIAHOCHOTO BiIXHMICHHS
(haKTHYHHUX TPAEKTOPIH PyXy MPUCTPOIB Bl 3aIUVIAHOBAHUX CTIMKICTh KJIACTEPHOI CTPYKTypH 3pocTae. Taka moBeniHKa
MOSICHIOETHCS 3MIILIEHHSM IIEHTPa KJacTepa y HalpsMKy HaliO1IbII HECTIMKHUX Oro KOMIOHEHTIB, 110 3a0e3Ieuye aJanTalio
KJIaCTEPHOI CTPYKTYpH IO 3MiH IIPOCTOPOBOTO PO3TAlIyBaHHS MOOUIEHHMX IPUCTPOIB. 3alPONIOHOBAHMI METOX JOLLIEHO
3aCTOCOBYBATH JUIsl OpraHi3amii KiacTepusanii MOOUIEHHX KOMIIOHEHTIB TYMaHHOTO Iapy IHTepHeTy pedeil 3a yMOB, KOJIH
CepeNHE BIIXUIICHHS PyXy MPUCTPOIB BiJ 33JJaHUX TpaekTopiit He mepenuirye 20 % paniyca kiacrepa.

Kaw4doBi ciaoBa: MOOITbHUI IPUCTPIl; iIHTEPHET pedeld, KilacTepu3allis, TYMaHHUH 1I1ap, TOYKOBHiA pouec Tomaca.

1. Beryn
1.1 AKTyaJIbHiCTh AOCTiIKEHHS

Cyuacuuii Iareprer peueit (IoT) 6a3zyerbcs Ha
TEXHOJIOTIT XMapHUX 00uncieHb. OJTHaK, B OCTaHHI POKH
BUHMKJIM TPYJHOIL, 5IKi € HACHIIKOM TakuxX (hakTopiB
[1]: masBHicTH TeorpadiuHOro pO3MOMALTY KOMIIOHEHT
10T; 30ipIICHHS] MEPEKHHUX 3aTPIMOK; BUCOKA BapTICTh
KaHAJIB 3B s3KY; HasiBHICTH MOOIIBHICTE ipucTpois [oT.
BinmpmIicTh 3 IUX TPYIHOLIIB Oy BUPIIICH] BBEICHHIM
JIOAAaTKOBOTO Imapy, mo OyB Ha3BaHWH TyMaHHUMH
obOumciaeHHamu [2].

TymanHi OOYHCIIEHHS € JIENEHTPaTi30BaHOIO
migMepexero exkocuctemu loT, 1m0 3HaXOAMTHCA B
HaiiOiIpIm epeKTUBHIN TOUIl MiX KEepeJaMH JaHUX i
xMaporo. TyMmaHHI OOYHCIEHHSI € TepPCIeKTUBHOIO
KOHIICTIIII€I0, fKa MpPUITyCKae HAOMMKEHHS OOpOoOKH
JaHUX 110 KIHLIEBHX HPHUCTPOIB MEPEX 1 € MOJaNIbIINM
po3ButkoM xmapHoi konmemnmii [3, 4]. IIpucrpoi
TyMaHHOTO IIapy BHUKOPUCTOBYIOTbCS TaM, J€ JaHi
MOTPiOHO aHali3yBaTH JyXe MBUAKO. TyMaHHI By3IH
3a0e3nedyroTh 4acTKOBY OOpoOKy Ta THUMYacoBe
30epiraHHs JaHWX Iepei X HaJICHIaHHAM Yy XMapy.
Cepenosuriie TyMaHHHUX 00YHCIIEHD MOXE
BHKOPHCTOBYBATH OaraTo NpUCTPOIB i Iiyieil 3a1eKHO Bij
migTpuMmyBaHoi  cuctemu  [oT. Takox  TymaHHI
o0UnCIIeHHs 3a0e3MevyloTh aHalli3 JaHUuX Yy pPEXuMi,
HaOMMKEHOMY 10  peambHOro  4acy, 10 €
MIEPIIOYEPTOBOI0 TOTPEOOIO TS MiHIMI3allii 3aTPUMKH.

Kpim Toro, Oynb-skuii TyMaHHHH By301 MoOxe OyTH
peali3oBaHMM 3a JIOTOMOIO0 MOOUIBHOTO MPUCTPOIO
IoT. 3a3Buuaii, MobinpHI pucTpoi 10T mignopsakoBaHi
SKICh HEBII MpaBmwi, aje y OUIBIIOCTI BHIAAKIB
TPAEKTOPIs IXHBOTO PYXY € BHIAIKOBOIO BETHINHOKO [5].

YV wMmepexax InTepHery peueil 3  BHCOKOIO
OITBHICTIO TYMaHHHU map 3a3BHYail po30MBaeThCS Ha
HU3KY Kiactepis [6, 7]. 3a3Bu4aii, OCHOBHUM KpPHTEPiEM
KJIacTepu3alii € ONM3BKICTh pO3TalllyBaHHS TYMaHHHUX
BY3JIIB, 1110 BXOJSTh JI0 KJacTepa. AJjie Py HasIBHOCTI B
iHppacTpyKTypi TyMaHy MOOUIBHHX BY3IiB CTPYKTypa
KJIacTepa MOKe HOPYIIMTUCS BHACIZIOK BUXOJY SIKOTOCh
MOGITEHOTO By3a 3a Mexi kiaactepa [8]. Ile nmpussene
710 Hemepen0dadyeHuX 3aTpuMOK mpu 06pobmi nanux loT.
Tomy mns cucrem loT 3 BHCOKOIO HIUIBHICTIO IpH
MIPOBEJCHH] KjacTepu3alii HEeoOXiIHO BpaxoBYBaTH
TaKUi KPUTEPIH SIK CTIHKICTh CTPYKTYpH KJlacTepa.

Otrxe, Ansl YCyHEHHS Herepef0adeHuX YacoBHX
3aTpuMOK Ipu 00poo61i manux [0T 3 BHCOKOIO MIUTBEHICTIO
HeoOXigHO ¢OpMyBaTH y TyMaHHOMY IHapi CTiHKi
MOO1TBHI KITaCTEPH.

1.2 Anani3 JitepaTypHUX Jxepes
i BU3HAYeHHs NpodeMu

IIpobnemu xmactepusaliii y cepeJoBHINAX, IO
MalTh BUCOKY INIUIbHICTh €JIEMEHTIB, JOBOJI 4YacTo
PO3MIISAAIOTECS Yy CyYacHHUX HAyKOBHX JOCIIIKEHHSX.
[Ipu posrusiai wiei nmpobiemu Tpeba BpaxoBYBaTH, IO
TYMaHHUH IIap Mepexi HiATpuMkHu [HTepHeTy peueit
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MIPAaKTHYHO 3aBXKIM MA€ PO3NOAUIEHY ACLECHTPAIi30BaHy
CTPYKTYpY, aje 3aBJaHHsi KiacTepusauii  iforo
00YHCITIOBAILHUX KOMIIOHEHT CYTTEBO YCKIIaTHIETHCS Y
BUIAJKy HAsBHOCTI MOOLIBHUX TyMaHHHUX KOMIIOHEHT.
Po3risiHeMo HayKOBi poOOTH 3a TaHOKO TEMAaTHUKOIO, SIKi
MOJKHA 3aCTOCYBATH IJISi TYMAHHOTO TIapy.

I[Ipu peamizamii METOAWKH  KiacTepu3amii y
TyMaHHOMY WIapi, posrisHyToi B crarri  [9)],
BpPaxOBYEThCS JUHAMiKa MOOUTBHHX BY3JIiB TYMaHHOTO
mapy. KpiMm TOro, BHKOpHUCTOBY€THCS  amapar
CUTMOIAIbHUX HEWPOHHUX Mepex. Aje rpyna
MOOUTBHHUX TPUCTPOIB HE PO3IJLIIAETHCS OKPEMO Bij
CTaTUYHHUX BY3JB, BIANOBIJHO MHTaHHSA CTIHKOCTI
c(OpMOBaHUX KJIACTEPiB HE PO3IIIIArOThCS. Takox y
crarti [10] mutaHHs KIacTepu3allii HE OpPIEHTOBaHI Ha
PO3TIIsiL CTIHKOCTI BIpTyalbHUX KJIAaCTEpiB, IO MICTATH
MoOinbHI npuctpoi 1oT. YV mociikeHHi, HaBeJCHOMY Yy
cratTi [11], mpomoHy€eThCsI GaraTopiBHEBa apXiTEKTypa
JENCHTPATI30BaHOi CHCTeMH. Y JaHiid apxXiTeKTypi
MOOUTBHI Ta CTaTHYHI KJIACTEPH MPHCTPOIB TYMAaHHOTO
cepenoBumia loT Moxyts posrmsimarucs okpemo. lLle
CITpHSIE 3MEHIIIEHHIO 3aTPUMOK IIPH 00poOIIi JaHuX. AJle
chopMOBaHI KJIacTepu HE BpPaxOBYIOTb HMOBIpHE
BIOXWIEHHS MOOIIBLHUX €JIEMEHTIB BiJ 3aIUIAHOBAHOI'O
pyxy. Taki BiaXuJeHHS BPaxOBYIOTBCS Y NOCIHIIKEHHI,
HaBeleHOMY y ctatTi [12]. JlocmimkeHHs CipsiMOBaHe Ha
YIPAaBJIiHHS pecypcaMu y PO3MOJUICHUX CHCTEMax, aje
OpIEHTOBAHE TiJbKM Ha HECKJIAJIHI TOIOJOTIii CHCTEMH.
Tomy iioro He MOXHa 3aCcTOCOBYBaTH 1JIs cucteM [oT 3
BHCOKOIO Ta HAJBHCOKOI MHIUIBGHICTIO, SK 1 aJTOPHTM,
sanpornonoBanuii 'y [13]. Jlanuii anroput™m BpaxoBye
ocoOmuBOCTI MOOUTHHHEX TpHcTpoiB [oT, ontumizye ix
MIPOAYKTUBHICTH Ta €HEPTOCIOKUBAHHS, PO3PAaXOBaHMUMA
TITBKM  Ha  HECKJIAJHI  TOIOJOTII  PO3TIIIgaeMol
iH}pacTpyKTypH.

VY crarti [14] HaBemeHO pe3ynabTaTH IOCIIIKEHD
LI0/I0 3aMisIHHS TYMaHHHX MOOUIBHMX KOMIIOHEHT JUIs
BUKOHAHHSA  IHTENEKTyallbHUX  3aCTOCYHKIB.  Aje
3aJIMIIMINCS HEBUPIIICHUMHU IWTAHHS], MOB’s3aHi 13
CTIMKICTIO MOOUTbHUX KOMIIOHEHT. [IpHYHMHOO HBOTO €
Opi€HTaIlisl OOCHTI[PKEHHS Ha 3aXHIICHICTh 3aJisTHUX
MOOLThHUX eneMeHTiB. OAHWH i3 MOXXJIMBHX BapiaHTIB
ypaxyBaHHS THTaHb CTIHKOCTI MOOLTBHUX KOMITOHEHT
3arponoHoBaHu# y cratTi [15]. B maHOMy mocmimkeHHi
po3noxiieHa MOOiITbHA KOMITOHEHTa TYMaHHOTO IIapy
BUKOPHCTOBYEThCS  JJIsI  BHUPILICHHS  ONEPAaTUBHHX
3ananp npomucioBoro [oT (IIoT). [Ipu oMy ogaNM i3
TOJIOBHUX MOKA3HHKIB €(EeKTHBHOCTI 3aIIpONOHOBAHOTO
MIXOAYy € CTIMKICTh  PO3MOAUIEHUX  CKIAJOBHX
MOO1UTEHOT KOMITOHEHTH, ajieé He BPaXOBY€EThCS HMOBIpHE
BIIXWJICHHS 3afissHuX MOOUThHUX TpucTpoiB IloT Bifg
3alulaHOBaHOro pyxy. Lle Moke mpu3BecTH 10
pYHHYBaHHS CTPYKTYpH MOOUILHOT KOMITIOHEHTH. Taki %
npoOieMu MOXJIMBI 1 TpH  peamizalii CHUCTEMH
YIPaBIiHHSA JIOCTYIIOM J0 MOOIIBHUX KOMIIOHEHT
TYMaHHOTO IIapy, 3anpornoHoBanoi B [16]. Kpim Toro, y
pO3TISIHYTHX ~ po0OoTaX  MPOBEACHI  JOCHIIKEHHS
0a3yroThCs Ha CTATUYHIN KIacTepyr3allii, o BUKOHAHA 32
TEPUTOPiaJIFHOI0 O3HaKow. llpm 1pOMy cdopmoBaHi
KJIACTEPH MOTIEPEAHHO HE aHAII3yBaJIUCh HA CTIHKICTb.

3a3HaunMMoO, IO 3amponoHOBaHWMU y crarti [17]
JNEKOMIO3UITIMHINA IMiIXiJ MOXHA 3aCTOCOBYBATH TIPH

MIPOBEJCHHI KJIacTepu3alii TyMaHHOro mapy cucrem 10T
BHCOKOT IIIIBHOCTI. y. AJie TaHWH MiAXiJ peanizoBaHui
TUIBKM JUIS CTaTUYHOI 1HQPaCTPYKTYpH TyMaHHOTO
cepenoBuina. Jlns BpaxyBaHHS HasBHUX MOOUIBHUX
KOMIIOHEHT ~ MOXHa  BHKOPHUCTOBYBaTH  aJrOPUTM
NIEPEHECCHHS! ~ OOYHMCIIOBAIIBHOTO  HABaHTa)KCHHS,
HaBeneHuit y [18]. JlaHuit anropuT™M Opi€HTOBaHWI Ha
3MEHIIECHHS 3aTPUMOK Il Yac BUKOHAHHS 3aBAaHb Y
PO3MOJIIICHHX CHUCTeMaX, ajie He BpaxoBye cremudiuHi
XapaKTepUCTHKH 3aisHOI 1HPPACTPYKTypH TYMaHHOTO
mapy cucteM 0T Brcokoi a00 HaABUCOKOT MIITFHOCTI.

Ormxe, po3rmsiHyTi HaykoBi pobotu [9-18] mpu
KJacTepusalii TyMaHHOro miapy IHTepHeTy peueit
HEJIOCTaTHbO BPaxOBYIOTh XapakTepHi ocobnuBocTi loT
3 BHCOKOIO HIIbHICTIO. KpiM TOTrO, Yy Oinbmiocti pooit
JUIT MOOUTBHMX KOMIIOHEHT HE BPaXOBYETHCS TaKHi
KpUTepiil SK CTiliKicTh TyMaHHOro cepenoBuia. lle
MOJKE IPU3BECTU 10 PYHHYBaHHS CTPYKTypH MEpexi
TYMaHHHUX NPUCTPOiB. ToMy IOLITBPHAM € TMPOBEICHHS
JOCITI/DKEHHS, TMPHUCBSIYCHOTO ITIBHINECHHIO CTIHKOCTI
MOOUTPHHX KOMIIOHEHT TYyMaHHOTO IIapy 3a paxyHOK
Monudikarii MeTory KilacTepH3arii.

1.3 MeTa i 3aBaAaHHA A0CJTiIKEeHHS

MeTo JOCHiIKeHHS € € MiJBUILEHHS CTIHKOCTI
MOOUTPHHX KOMIIOHEHT TYMaHHOTO IIapy 3a paxyHOK
Momudikamii MeToAy KiacTepm3amii 3a paxyHOK
po3podbku Metony (GopMyBaHHS CTIHKOTO MOOLTBHOTO
kmactepy. lle macTh MOXJIHMBICTH MiIBUIIUTH CTiHKICTH
rpyma  MoOumpbHHX mpucTpoiB  loT, 3amisamx ¥y
TyMaHHOMY IIapi, 3a PaxXyHOK HaOJIDKEHHsI HECTIHKHX
€JIEMEHTIB JI0 LIEHTPIB KJIaCTepiB.

JInst moCSTHEHHST MOCTABJICHOT METH JIOCIIIJIPKEHHS
Tpeba BUPIMIUTH TaKi YaCTKOBI 3aBJaHHS:

— po3pobuTH miAXin A0 GOpMYBaHHS apXiTEKTypH
MOOUTEHOT KOMIIOHEHTH TYMAaHHOTO Iiapy IHTepHeTy
peueii 3 BUCOKOIO IIUIBHICTIO;

— po3pobuti  Mozmenb MOOLIBHOTO  KiIacTepa
TYMaHHOro Inapy IHTepHeTy pedyeid 3 BHCOKOHO
LIIIBHICTIO;

— pO3pOOHTH Ta TOCTIIUTH aJTOPUTM 3a0e3MCUCHHS
CTIHKOCTI MOOLTBHOTO KJacTepa TYMaHHOTO —Imapy
IHTEepHeTY peueii 3 BUCOKOIO HILIBHICTIO.

2. Marepiajau i MeTOAH 10CTiIKEHHSA

B pob6orti posrisaarorsest MoOUTBHI pucTpoi 10T,
AKi € CKIaJOBUMM TyMaHHOro miapy. JaHi mpucTpoi
3a3BUYail MarTh CYTTEBO OOMEXEHI OO0YHMCIIOBANbHI
pecypcu [19, 20]. Tlpu mpoBeaeHHI TOCTiKEHHs OyITH
BpaxoBaHI Taki OO0 €KTHUBHI YMOBHM: TyYMaHHHMH Imap
MICTHTB TEPUTOPiaIEHO po3HeceHi MOO1TBHI
KOMITOHEHTH, SIKi CKIQAarThcs 3 mpuctpoiB 10T,
MoOuteHI mpuctpoi 10T B mpomeci pyxy nparHyTb
30eperTy HOro mnapamerpu; IMPakTHYHO BCi MOOUIbHI
npuctpoi 0T, M0 BUKOPHUCTOBYIOTHCS Y TYMaHHOMY
mapi, MarTh OOMEXeHI OOYMCIIIOBAIBHI pecypcH, a
cucteMa npuctpoiB |0T Mae BHCOKY IIUIBHICTH Y
TPUBUMIPHOMY ITPOCTOPI, IO PO3TIISNAETHCS.

Jns  peamizamii  3ampomOHOBAaHOTO  METOTY
KJIacTepm3ariii TyMaHHoro mapy [HTepHeTy peueid Oymna
3aCTOCOBaHa HHU3Ka pPi3HOMaHITHUX MeToniB. Ilpwm
po3poOIi  MoAemi TyMaHHOTO Iapy Ui OMHCY
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B32€MHOTO TIOJIOXKEHHS CJIEMEHTIB Mepexi
BHUKOPHCTOBYBAJIacCh MOJIeNIb TOYKOBOro mosst Tomaca 3
e(eKTaMU BUMAIKOBUX CKymueHb [21]. B maniit monemi
nependavyaeTbes, MO B JesKiil oOmacti mpocropy D
BHIIAIKOBO PO3MOJIiJICHI TOYKOBI 00'€KTH c1, €2, ..., Cn.
KoxxHnit 3 mux 00’ €KTIB MOXKE PO3TISAATUCS K ICTKHHA
LHEHTp CKYMYCHHSA. BiIMOBIOHO, KOXHOMY LEHTPY
CKyMUYeHHS ¢j CTaBUThCS Y BINNOBITHICTE JedKa
BHIIA/IKOBA BEJMYMHA Yi, SKa XapaKTepU3ye KiJIbKIiCTh
00'eKTiB, 1110 BXOJATH 10 HHOTO. BHITaIKOBI BETUYHHH Y1,
Y2, ..., Yn 3a3BUYall BBXKAIOTHCS B3a€MHO HE3AIC)KHUMH
i onHakoBo posnonineHnmu. Edektn yrpymnoBaHHS
TOYKOBUX OO'€KTIB 3a3BHYail CIIOCTEPIraroThCS Y OKOJI
LEeHTPiB cKym4yeHHs. [10J0)XeHHS KOKHOTO eleMeHTa y
CKyITYeHHI XapaKTepu3y€eThCs TPUBUMIPHUM
HOPMaJIbHUM PO3II0/ILIOM B o0Jacti npoctopy D.

Ilpu po3poOii MeToma 3abe3medeHHs CTIMKOCTI
KJIacTepa TYMaHHOTO LIapy OyJIHM pO3IJISIHYTI HEHTPOInHi
anmroputmu  knacrepusarii  [22]. Tlpu ¢opmyBaHHi
KJlacTepa JaHi AQIrOPUTMH 3a3BHYail SK KpHUTepiit
BHKOPHCTOBYIOTh MiHIMi3allil0 BETUIUHN ©® — cyMapHO1
BI[ICTaHI BiJl IEHTpa KJIacTepa 10 HOro eJIEMEHTIB:

k
(€] min; ® = » djg, pos(C)e D, Q
pos—(>c) E 0 (C)

keln,ielk,

ne C — ueHtp knacrepa, dio — BiACTaHb BiJl i-TO €JIEMEHTY
JI0 LIEHTPY Kiactepa, K — KiTbKiCTh €JIEMEHTIB B KJIacTepi,

N — KIIBKICTh €JNEMEHTIB MHOXHHH, IO IIijIsarae
KJIacTepH3allii.

Minimizanis  ¢ynkuii (1) npoBoauThcs 3a
paxyHOK  BHOOpY  LEHTpIB  KjacTepiB,  KOTpi
BU3HAYAKOTHCS IK KOOPMHATHU [IEHTPY MAC!

C=(%Yer2¢),
k k k
1 1 1
Xe == %0 Yie ==X Yio: Zjc==2.Zip» (2)
k i=1 k i=1 k i=1

ae (Xio, Yio, Zio) — IPOCTOPOBI KOOPIUHATH i-TO €IEMEHTY
KJacTepa.

B skocti 0a30BOro ajroputMmy Kiactepusarii
posrisgaBcs ueHTpoimauii anroputM FOREL, skwmii
BHUKOPHCTOBYEThCS y Oaratbox cucteMax miarpumku loT
[23]. AnropuT™M Hamgae MOXIHMBICTH OIEpariii Haj
LEHTpaMH KJIacTepiB, fAKi BiOMI y Tmporeci poboTH
anropurmy. [licins  BUKOHAaHHS — alrOPUTMY  Haj
MHOXKHHOIO OTPUMAaHUX KJIacTepiB MOKHA POOUTH IesKi
nii. Tak, MokHa 00OpaTH HaWOLIBII penpe3eHTaTUBHI
00'eKTH 13 KOXKHOTO Ky1acTepa. Mo)kHa BUOUpPATH LIEHTPH
KjacTepiB abo Kinbka 00'€KTIB i3 KOXKHOTO Kiacrepa,
BpPaxOBYIOUM amnpiopHi 3HAaHHA TIpO  HEOoOXiaHY
pemnpe3eHTaTuBHICTE  BuOipku. OTxe, 3 TOTOBOL
KJIacTepu3alii MaeMO MOXIIUBICTh OyJyBaTH HAWOUIBII
penpe3eHTaTUBHY BHUOIpKY. Takox MOYJTHBO
nepeopMyBaHHS OTPUMAHOI MHOXXHMHHU KJIAacTepiB y
6araTopiBHEBY CTPYKTYPY 3 BHUKOPHUCTAHHSIM METOIY
HAaWKOPOTIIIOTO HE3aMKHEHOTO IIsXy [24].

lonoBHA BiACTHBICTH AJITOPUTMY — KUIBKICTb
KJIacTepiB 3a3jajerinp He Bu3HaueHa. KoxkeH kiactep €
mapoM, pajiyc SKOro BHM3HAaueHMH 3azjainerinp. B

pe3ysbTaTi BUKOHAHHS AITOPUTMY KOXHHH |- i3 m
OTPUMAHHUX KJIacTepiB MiCTUTH Kj enemenTiB. MiHiMizamii
HaJISKUTh Takui QyHKIiOHAI:

—  min,

j=li=1 V(eivcj)

m Kj
Func = Zp(ei ,Cj)
J
ne p(ei, Cj) — 3HAUCHHS BiJCTaHi eleMeHTa ¢; Bill IIeHTpa
knactepa Cj, 10 SIKOTO BiH HaJEXKUTh NPU ITOTOYHOMY
posmoxini. [Topsmok nii anropuTMy onucaHui HIKYE.

1. 3amaemo BXinHe 3Ha4EHHS pajgiycy R.

2. ObupaemMo IOBIBHY TOUKY IIPOCTOPY Ta TOJAEMO
HoBuii 00'ext F.

3. ®opMyeMOo  TOTOYHY MHOXHHY K, 10
CKJIQJA€TRCS 13 BCIX 00'€KTIB, 1O SKMX BiacTaHb Big F €
MEHIIO0 Hix R.

4. 3HaX0IMMO LIEHTP Mac BCiX 00'€KTIB i3 MHOKXHHU
K (card K=k), kotpuit 6yne crniBnagaru st 06’ ektis [oT
3 LIEHTPOM Mac, TOOTO:

XC=ZXe/k, yc=Zye/k, Zc=Zze/k-

eeK eeK eeK

Hami 1m0 OTpUMaHOrO HOBOTO LEHTPY Mac
nepeHocuThes 00'ekT F. KopekTyemo 3HadeHHs paiycy
R 3a gomomororo koedimienty B (0,5<p<1): R=B-R Ta
nepexoaumo a0 kpoky 3. Iluknm i3 kpokiB 3 T1a 4
HOBTOPIOETHCSI, IIOKK MHOXKHHA K He cTalltizyeThesl.

5. Komn wHoxmHa K  crabimizyeTbcsi, BOHa
OTOJIOLIYEThCS  HOBUM  KiactepoM. OO'ekTH, 11O
notpanmumu 10 K, BUAAIAIOTBECS IS PO3MIAAHHA 13
BHOIPKH, IO KIACTEPH3YETHCS.

6.Y Bumanky, SKO0 po3risigaeMa MHOXHHA
00’extiB [oT He mopoXxHA, MOBEpTaEMOCS O KPOKy 1,
BiTHOBJIFOIOUH 3HAYEHHs paaiycy R. VY iHImomy Bumaaky
JAHWH alTOPUTM 3aKiHIy€e poOoTy.

Hdnst ouiHkM  eeKTUBHOCTI  Kiactepu3arii
BUKOPHCTOBYBABCSl IIOKa3HUK CTIMKOCTI cucteMu M
MOOiTEHIX KacTepis [25]:

n=max(Pj| jeim), 3

ae Pj — iMOBIpHICTE TOrO, 10 32 )iKCOBAHUH HPOMIKOK

4yacy CTpyKTypa j-ro kiacrepa Oyje 3pyiiHoBaHa, TOOTO,
YUM MEHIIE JaHUM MOKAa3HUK, THM CUCTEMA CTIMKilIa.

3. Pe3yaibTaTi po3po0KH i 10CaiTKeHH
MeToAy AIaNTUBHOI KjacTepu3auii
MOOiTbHHMX BY3J1iB TYMAHHOI'O IIAPY

3. 1 ®opmyBaHHA apXiTeKTypu MOOiTbHOT
KOMIIOHEHTH TYMAHHOTO APy

Ctpimke mommpeHHs TexHoJorii [HTepHeTy peueit
3YMOBHJIO TOAAJIBIINI PO3BUTOK HOTO apXiTEKTypH Ta
MosIBy TyMaHHOTo mapy [26]. 3a cBoiM (yHKIIOHAIBHUM
MPU3HAYCHHSAM BiH PpO3TANIOBaHMA MDK XMapHOIO
iH(pacTPyKTypOIO, IPEICTABICHOIO IEHTPaMH 00poOKH
JaHUX Ta KIHIEBUMU IIPUCTPOSMH 1 CEHCOpaMH
IarepHery peueil. OCHOBHI apxXiTEKTypHI NpPUHIHIH
XMapHUX OOYMCIIEeHb, 3ACTOCOBYBaHI ISl 3a0€3IeYeHHS
¢yHKIiOHYBaHHS IHTepHETY peded, MOXyTb OyTH
MOIIUPEHi i Ha TyMaHHy Monenb oOumciens [27, 28].
BomHouac mpakThyHa peanizallis Takoi apXiTeKTypu €
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CKJIQIHIIION0, BBAXKAIOUH SK Ha PO3IOJUICHUI XapakTep
TyMaHHOTO IIapy, TaKk i Ha 0OMeXeHi pecypcH 3HaYHOI
YacTHHU HOTo By3JiB. B3aeMonist 3 XMapHUMH LIEHTPaMH
00poOKM JTaHMX 3IIMCHIOETBCS 3 BUKOPHCTaHHIM
PO3MOJINIEHOT IeeHTPalli30BaHoi iH(pacTpyKTypy, sKa
BHKOHye (yHKII{ siapa TymanHoro mapy [29, 30]. V
MeXax Takoi iH(pacTpyKTypu QOpPMYeETbCS €IUHE
CEpEelOBHINIE JOCTYNy Ta arperyBaHHS, OO SKOTO
M AKITIOYAI0TECS BY3JIH [HTepHETY pedeit, o BOJIOIIOTh
MICBHAMH 00YHCITIOBAIEHUMH MOXITUBOCTSIMH.
BukopucraHHS IMX pecypciB Ja€ 3MOTy IEpEeHECTH
YacTHHY 00YMCITIOBAIBHHX ONEpaliil 13 XMapHOTo piBHA
OmKue 10 Jokeper GopMyBaHHS JTaHUX.

OyHKIiOHATBHY CTPYKTYPY armaparHol
wiaTGopMu TYMaHHOTO IIapy MOXHA MPEACTaBUTH
CYKYTIHICTIO TAKMX OCHOBHHUX MOJYJIIB!

— MEpeXHUX MOJYIIB amapaTHoi IIaThopMmu,
MIPU3HAYCHUX A MiATPUMAaHHS HaJilfHOTO 3'€THAHHS 3
BHKOPHUCTAaHHSAM  TIPOBIMHUX  Ta  Oe3MpOBiTHMX
TEXHOJIOTIH;

— amapaTHUX MPHUCKOPIOBAYIB, SIKi IHTEIPYIOTHCS
y miargopMy Ta TpH3HAYCHI IS IiJBUIICHHS
MPOJYKTUBHOCTI BUKOHAHHS OKPEMHX OIIepalliii;

— 00YHCITIOBAJILHUX KOMIIOHEHTIB, 0 hOPMYIOTH
HeoOXimHui 118 (YHKUIOHYBaHHS TYMaHHOIO By3Jia
00cCsTr 00YHCITIOBATIBHUX PECYPCIB;

— MOAYJIIB HaM'siTi, siKi 3a0e3neuyroTh 30epiraHHs
JaHUX 1 € HEeBIO'€MHOI0 CKIAJ0BOI OOUYHCIIOBAIBHOI
mwrathopmuy;

— 3aco0iB iH(oOpMaIiitHOT Oe3mekn 3abe3neueHHs
3aXHCTY JIJaHUX Ta PECYPCiB TYMAaHHOTO BY3IIa;

— MOXYJIB KEpyBaHHS, 3a JONOMOIOI0 SKHX
3MIACHIOETBCS ~ KOOpPAWHAIS  poOOTH  CKIIAHOBUX
armapaTtHol IaThopmu;

— 3acobiB BipTyamizamii Ta KOHTEWHepuU3ailii,
MPU3HAYCHUX Uil JIOTIYHOTO PO3HOALTY arapaTHHUX
pecypciB 1 CTBOPEHHsSI  CEPEIOBHUI  BUKOHAHHS
BIpTyaJIbHUX MalIMH a00 KOHTEWHEPIB JUIsl pO3ropTaHHS
TyMaHHHUX CEpPBICIB.

IMin uyac cdopmyBaHHS apxXiTEKTypH TyMaHHOTO
mapy HEoOXiZHO  BpaxoBYBaTH  XapaKTEPHCTHKH
KOHKPETHHX KiaciB cucteM IHTepHeTy peueit. OnHiero 3
aKTyaJbHUX TEHJCHIIN € 3aJly4eHHs NpPUCTPOIB 3
00MeKeHUMH O0YHCITIOBAIEHUMH Ta KOMYHIKaIliHHUMHA
MOXJIMBOCTSMH 10 BHKOHAaHHA (YHKIIH TyMaHHHX
O0UMCITIOBATBHUX  BY37iB. JlOJaTKOBO  YCKIJIAIHIOE
OpraHi3alilo TaKUX CHCTEM 3POCTAaHHS KiTBKOCTI Mepex
[HTEpHEeTY peueil 3 BUCOKOIO Ta HAIBHCOKOIO MIIIBHICTIO
po3MmimeHHs TpHUCTPoiB. Taki Mepexi, SK MpPaBHIIO,
MaloTh PO3MO/IIEHY IIPOCTOPOBY CTPYKTYPY, Y 3B'SI3KY 3
YIM BHHHUKA€ HEOOXiTHICTh paIlioHAIIFHOTO IPYITyBaHHS
iX  KOMIIOHEHTiB.  3acTocyBaHHS  KiacTepu3alii
TyMaHHHX  TPUCTPOIB  Ja€  3MOTY  IiJBHIIUTH
e(eKTUBHICTh BUKOPUCTAHHS JOCTYIIHUX MEPEKHHX Ta
00YHCITIOBAILHUX PECYPCIB CHCTEMH [HTEpHETY peyeid.

OxpeMum (axTopom, SKUH HEeoOXiHO
BPaxOBYBaTH NPH NPOEKTYBAHHI IEPCIIEKTUBHUX MEPEX
[HTepHETY peueii, € MPOCTOPOBE MEPEMINICHHS OKPEMHUX
MpUCTPOIB ab0 IinmuxX cerMeHTiB. MOOUIBHICTh TaKUX
KOMITOHEHTIB Tiependadae 3MiHy IXHBOTO IOJIOKESHHS Y
MIPOCTOPi MPOTATOM (DYHKITIOHYBaHHS cucTeMH. OTHUM
i3 HampsIMiB  PO3BUTKY TyMaHHHX OOYHCIEHb €

pO3MIIllEHHS ~ TyMaHHHX BY3JiB Ha  MOOUIBHHX
wiaTgopmax, 3JaTHUX 3MIHIOBATH CBOE IPOCTOPOBE
TIOJI0XKEHHS, BIJIOBI/IHI PIlIEHHS! MOXYTh NependavyaTH
BUKOPHCTaHHS OE3MUJIOTHUX JITaJbHUX amapartiB K
KIHIIEBHX IIPUCTPOiB [HTEpHETY peyeii abo sk MOOLITBHUX
BY3JIIB, III0 BXOJSITH JI0 CKJIAZy TYMaHHHUX KJIACTEPIB.
Takum 4rHOM, JOCIIKEHHS TYMaHHUX OOYIHCIICHb
3 ypaxyBaHHAM MoOinsHOCTI Fog-TipucTpoiB € okpemMum
aktyanbHnM  HampsaMmoMm. Dymkuii  Fog-mpuctpois
MOXYTb BHKOHYBATH Pi3HI €JIEMEHTH MEpeKHOL
iHppacTpyKTypu: o0OJamHAHHA CErMEHTa «OCTaHHBOI
MUII», KOPHCTYBallbKi NpHCTpoi Ta Oe3mocepeaHbo
npuctpoi IHTepHeTy peueil. BukopucranHs MOOUTHHUX

KOMIIOHCHTIB ~ PO3IIUPIOE  MOXJIMBOCTI ~ OpraHi3ailii
MepexHoro cuaiicuary. Ilpm 1pomMy 00'enHaHHS
MOOiUTbHUX ~ Fog-mpucTpoiB y  KJIACTepud  MOXKE

3IIICHIOBATUCS BiNOBITHO 10 MEBHUX XapaKTEPHCTHK,
10 BU3HAYAIOTH 1X QYHKIIOHATIBHY CyMiCHICTh. Takumu
XapaKTepUCTUKAaMH  MOXYTh  OyTH  IapaMeTpH
MepeMilIeHHs] MPHUCTPOIB, 30KpeMa IMBUIAKICTH i
HampsIMOK pyXy, a TaKOX 4YacoBl XapaKTepPHCTHKH
BUKOHAaHHA OOYNMCIIOBAIbHUX 3aBJaHb Ha BYy3/ax
BIAMOBITHOTO KJAacTepa. 3 ypaxyBaHHAM 3a3HaYCHUX
0co0JMBOCTEH Uil OOYIOBH apXiTEKTypHd TYMaHHOTO
nrapy IHTepHeTY pedeil i3 HAJABHCOKOK MIUIBHICTIO
NPUCTPOIB Ta HASBHICTIO MOOIUIBHUX KOMIIOHEHTIB
JIOLITBHO BUUIATH YOTUPU (YHKIIOHATBHI PiBHI:

—  XMapHud  piBeHb,  NpH3HAYEHHHA IS
LEHTpali30BaHOTO 30epiraHHs Ta OOpOOJICHHS MaHUX
10T i3 BUKOpHUCTAaHHSIM LEHTPIB OOPOOKH TaHUX;

— piBEHP B3aEMOJII 3 XMapHOIO IHPPACTPYKTYPOIO,
¢yHKIii  gKOTO  3a0E3MEeUYIOTHCS  CepBepaMH, IO
(GOpMyIOTE SIIPO TYMAaHHOTO IMIapy Ta OpPTraHi3yloTh
0OMIH TaHMMU MiXK TYMaHHHM 1 XMapHUM [Iapamu;

— piBeHb TYMaHHUX MNPHUCTPOIB, Ha SIKOMY BY3IH
o0'enHyrOTbCS Y  (yHKUIOHANBHI  KJlacTepu  Ta
B33a€EMO/IIIOTH 13 CEPBEpPaMH SApa TYMaHHOTO IIapy;

— piBeHb KiHIIEBUX MIPUCTPOIB [HTEpHETY peueii, mo
OXOIUTIOE CEHCOPH, KaMepH, MOOIJIBbHI Ta IHIII MPUCTPOT,
sKi  Oe3MocepelHb0  OTPUMYIOTH  iH(OpMalilo  Bif
(i3ngHEX 00'€KTIB 1 MpoLIECiB.

Takox cmig BpaxoBYBaTH, IO €()EKTUBHICTH
¢yskmionyBaHHs cuctemu [0T 3 BHCOKOIO HIUTBHICTIO
CYTTEBO 3aJIEXKHTh BiJI IKOCTI IIPOBEJCHOI KJlacTepHu3aitii.
P030uTTS TyMaHHMX NPHUCTPOIB HA KJIACTEPH BIUIMBAE HA
nokazHuku QO0S, 0coOaMBO MPU BUKOHAHHI TPaH3aKIi,
JUIS IKMX OCHOBHHMMH € 9acoBi kputepii. B cBoro gepry,
gac 00poOku Tpan3zakiii [0T A craTHIHKUX KiIacTepiB B
OCHOBHOMY 3aJI©KHUTb BiJ] XapaKTEPHUCTHK BHYTPIiIIHBO-
KJIACTEPHHUX KaHAIiB 3B’s3Ky. AJe ainsi MOOUTBHUX
KJIaCTepiB Ha TMepIie Micle BUXOANTh CTiHKICHI
MOKa3HUKHM KIIACTEPHOI CTPYKTYpPH, UISl JOCIIJDKEHHS
SIKMX Tpeba po3pOOHTH BiIIOBIIHY MOJIEINb.

3.2 MaremaTH4Ha MoJeJIb (PYHKI[iOHYBaHHSI
MOOLIBHOIO KJIACTEPy TYMAHHOIO IIAPY

Po3mimmenHss IpuCcTpoiB TyMaHHOTO IIapy Mepexi
MATPUMKHN [HTEpHETY pedeil 3 BHCOKOIO MIUIBHICTIO
XapaKTepU3YEThCsl 0OMexkeHUM 00’eMoMm. [Ipu 1pomy
TyMaHHI TPUCTPOi PO3MIMIAIOTHCS HA  BiIHOCHO
HEBEJMKIH BiACTaHI OAMH BiX ogHOro. Bemmuuny Takoi
BIJICTaHI, HANpUWKIAll, MOXXHA BHU3HAYHUTU JAIBHICTIO
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3B'A3Ky, sKa 3a0e3leuyeThcs CTaHIAPTOM —MeEpexi
nocrymy. KpiM TOro, Ha CTpPYyKTypy Mepexi CYTTEBO
BIUIMBA€ B3a€EMHE PO3TALIyBaHHS TyMaHHUX HPHUCTPOIB.
Takoxx Tpeba BpaxoBYBaTH MOOUIBHICTE TyMaHHHX
MIPUCTPOIB, BHACIIZOK YOTO apXiTeKTypa Ta B3a€MHE
pO3TalIyBaHHS MPUCTPOIB MOXKYTh 3MiHIOBaTHCA. Kpim
TOTO0, BHXiJ{ MOOUTEHOTO TIPUCTPOIO TyMaHHOMY Iapy i3
30HM 3B’SI3KY, IPU3BOANTH 10 YACTKOBOTO PyHHYBaHHS
CTPYKTYpH TyMaHy, TOOTO [0 HE3aIUIAHOBaHMX
3aTpUMOK y 00poOmi iHpopmamii, MmO HAAXOOWTH 3
natuukiB [oT, Ta 3HKeHHS MOKa3HUKIB QOS.

B OiibIIOCTI BUMAIKIB IS TUHAMIYHUX TYMaHHUX
o0uncnenb, Mo 0a3yrThCS Ha MOOUIBHUX MPUCTPOSX
InTepHeTy peueld, onepyrTb IpynamMu IPUCTPOIB —
posiMH. Y POsIX MPHUCTPOi MparHyTh 30eperT 3aralibHi
nmapameTpu pyxy. Hampukian, mapamerpu  pyxy
ABTOMOOLJTIB BU3HAYAIOTHCS IPUUHITUMH MPAaBUJIAMHU Ta
ocobmuBoCcTsIME oporH. [Ipu ¢popMyBaHHI AMHAMIYHUX
TyMaHHHX KJIacTepiB B CHCTeMax IHTepHETy peuei
BEJIMKOI IIUTHPHOCTI OOMPAEMO TPYIH PYXIUBHUX IILTEHO
po3MimmeHux MpucTpoiB. Taki MpUCTPOI HaMararoThCs
30eperTy CBOE MOJI0XKEHHS 1010 1HIINX WICHIB IPYIIH.

Jnst omucH B3aEMHOTO TIOJIOKEHHSI €JIEMEHTIB
Mepexi TUHAMIYHUX TYMaHHUX OOYMCIICHb HiITPUMKH
InTepHeTy peudell IPONOHYETbCS BUKOPUCTOBYBATH
MOJenb ToukoBoro mpouecy Tomaca. [ng wmporo
pPO3MIITHEMO ~ pO3TalllyBaHHA  IPynd  MOOUIBHHX
npuctpoiB [oT y TpuBHUMIpHOMY TPOCTOpPI HA MOYATKY
pyxy. Hexaii okpemi emeMeHTH Tpymd MOOLTHBHHUX
npuctpoiB 10T ey, ..., €, ... BXoasaTh 00 knactepa Kj ta
po3TamioBaHi B mOoTOYHHX To3umisax. L{i mo3umii 3amani
MpaBUJIaMH opraHizarii ans npuctpois loT Ta Ha maHwmid
MOMEHT (DiKCOBaHI IIONO IIGHTPY HAaHOTO KiIacTepa,
mo3HadeHoro Ha cxemi sk Cj. Yci enmeMeHTH Kiactepa
Pa3oM MOXKYTh MEPEMIIIATUCS 3 PIBHUMH IIBUIKOCTIMHU
B OJIHOMY 1 TOMy  HanpsMky. OTxe, BifCTaHb MiX
npuctpoeM 0T i neHTpom kiacrepa Kj B TpUBUMIpHOMY
MIPOCTOPI MOXKHA BU3HAYATH 33 TAKUM BUPA30M:

djio =

2 2 2

Z\/(Xii =xje )+ (i =ie) + (25~ 20)
ae Xiji, Xje, Yiis Yier Zjiy Zjc — II0TOYHI KOOpAMHATHU l‘[pI/ICTpOTB
IoT Ta xoopaunatopa kiacrepa Kj — touku Ci.

IIpu npomy, Axio neHtp kiaacrepa Cj IPUHHATH 3a
MOYaTOK KOOpPAWHAT, TO €JIEMEHTH Kilactepa OyayTb
BIZTHOCHO HEPYXOMHMH I10JI0 HOTO LIEHTY.

Ane B mporeci peajbHOrO pyxXy MIBHAKOCTI i
HaMpPSIMKH PyXy OKPEMHUX MOOUTBHHUX €TIEMEHTIB MOXKYTh
Jemio BinmpizHaTucs. Lle mpu3BoauTh M0 iX BigXWIESHHS
BiJI 33JaHUX MO3UIIH B KiacTepi. OTxe, KOOPAUHATH Xii,
Yji, Zji, € BUNAIKOBUMH BEIMYHHAMH. 3ayBaXMMO, IO
MoOimeHI  mpuctpoi IoT 'y Oimbmiocti BUMamKiB
30epiratroTh BIACHE CTAHOBUINE WIOJO iHIIMX YJICHIB
rpymi. 3poOMMO  TPHIYNICHHS, 10  BHIAJIKOBI
KOOpJMHATH JUHaMiuHUX mnpucTtpoiB loT maroTh
HOpManbHUH po3moalr. Hexalh y cucremi koopauHar
Ki1actepa Kj MOYaTKOBE IMOJOKEHHS i-TO MPUCTPOI —
touka Ajio (Xjio, Yjio, Zjio), @ MOTOYHE MOJIOKEHHS — TOUKA Aj;
(Xii» Yjir Zji)- Toai BiAXHJICHHS IPUCTPOIO Bifl IOYATKOBOTO
MIOJIOXKEHHS PO3PaXOBYETHCS SIK:

(4)

gji =

=\/(in _in0)2+(yji -yj,-o)2+(z_,-l-—zﬁo)2_

3ayBaXMMO, MIO BeNWYHMHA &j HE 3aJICKUTH Bif
BHOOPY CHCTEM KOOpIHMHAT, TOOTO &ji=E; Vi. BimxmmeHHs
& € BHIAOKOBOIO BEJIMYMHOIO, PO3IOJUICHOI 32
HOpPMAJIbHIM 3aKOHOM i3 TaKOK (YHKII€I0 MIUTFHOCTI
HMOBIpHOCTI:

f(&)=

®)

1
Ui\/g

Jie G; — CepeAHbOKBAPATUYHE BiJXWUICHHS BHUIIAJAKOBOI
BEJIUYMHH &; BiJ] TOYATKOBOTO MOJIOKEHHS MIPUCTPOIO .

Posrisinemo mpucrpiii IoT e;, sKui HanexuTH
knactepy Kj 3 paaiycom 30HH nocshkHOCTI Rj, a djio — 1e
BiZICTaHb MIXK ITOYaTKOBUM TIOJIOXKEHHSM €; Ta LIEHTPOM
kmactepa Kj. B mporeci pyxy npucTpiif e; MpaKTHIHO
MOJKE BIIXWJIMTHCS BiJ MOYAaTKOBOTO IIOJIOXKCHHS HE
Oinpmre, HDK Ha 30;. Omke BCl IOTOYHI ITOJOKEHHS
MIPHUCTPOIO IOBUHHI 3HAXOAUTHCA Y cdepi pamiycom Rj 3
LICHTPOM Y ITOYaTKOBOMY IOJIOKEeHHI. Buxix Oyab-sKoro
MOOLILHOTO IPUCTPOIO 32 MEXKI JaHOI chepu mpusBee 10
pyWHYBaHHS CTPYKTypH Kiactepa Kj.

Po3paxyemo #iMoBipHIcTB TorO, 1110 TpHCcTpii 0T e;
Oy/ie 3HaXOAUTHCS Y 30HI JOCSDKHOCTI KitacTtepa Kj:

-exp(—%(fi/ai )Zj ©)

(theor+) _ 1, sixwo 30y +djip < Rj;

P — P = ™
I ) O.5+(D<30'i+dji0—Rj),iHaKme,
(6)- = Jo -4
ae ®(&)=—=|exp| —— |dt — 3HauenHs OyHKI{
27 5, 2

Jlarutaca aust posnofiny (8).

Toxi IMOBIpHICTB TOTO, IO CTPYKTypa Kiactepa Ki
Oyne 3pyiHOBaHa, TOOTO Xo4ya O OJMH 13 MPHUCTPOIB
BUIi/Ie 32 MeXi 30HU JOCSHKHOCTI KOOPJMHATOPA € TAKOIO:

k.
J

P, =1->"Pji, (8)
=

Je Kj — KiibKicTh eneMeHTiB kiactepa Ki.

B sxocti xpurepito QopMyBaHHSI MOOLTEHOTO
KJ1acTepa MpUHMEMO MaKCHUMalbHY CTIHKICTh KiacTepa
TyMaHHHX o0uuncienb. [1ix cTikicTio Kiactepa OyaemMo
PO3yMiTH HMOBIpHICTH 30€peXKEeHHS HOTO CTPYKTYpH,
TOOTO HIMOBIPHICTh HASIBHOCTI 3B'A3KY MIXK LIEHTPAIEHIM

MPUCTPOEM Ta BCiMa eJleMeHTaMu KiacTtepa. Tomi
OTbOBOIO  (yHKIIEI0 Tpu (OPMYBaHHI KIacTEpHOL
CTPYKTypH OyJie Takuii BHpas3:
Kj
; +

max| min |1-> P} ||,

J pos(Cj) i—1

pos(Cj)eD, kjeln, 9)

ne D — 3ona ob6cnyroBysanns oT; pos (Cj) — no3uuis
LeHTpy Kiactepa Kj B TPHUBHUMIpHOMY IIpPOCTOpPi; N —
po3Mip Tpymu MOOUTBHUX TIpHCTPOiB cuctemu loT, 1o
KJIACTEPi3y€ThCA.
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3. 3 Po3pobka Ta mocainkeHHs eeKTHBHOCTI
AJIrOpuTMY 3a0e3ne4eHHs CTiHKOCTI MOOLILHOTO
KJIacTepa TYMaHHOTO apy

CrilikicTh KIlacTepa, o CKIaJaeThCs i3 MOOLTBHUX
npuctpoiB [oT, 3a6e3neuyeThes 3a paXyHOK 30epe:KeHHS
fioro crpykrypu. Ilpm  posropTraHHi TyMaHHHX
obOuncrneHb Ha 0a3i Ha3eMHHX MOOITBHUX CHCTEM
TOJIOBHUM KOOPAMHYIOUHUM IIPUCTPOEM MOXKE OyTH
MEpeXHHUH MpHCTpiid moBiTpsiHOrO cermeHty loT. Bin
NOBUHEH MaTH TaKy IO3MLII0 B Kiacrepi, ska
MaKCHMaJIbHO 3abe3reuyBana O CTIHKICTh KilacTepa NpH
pyci Tpynu MOOUIBHUX NPHUCTPOIB, Tpeba MiHIMI3yBaTH
HMOBIpHICTH BUXO/y OyIb-SIKOTO MPUCTPOIO i3 KiacTepa
IIPY BHUIAIKOBHX NepeMilieHHsX npuctpois loT.

IMpn xmacrepumsanii mpUCTPOIB TyMaHHOTO IMIapy
IHTepHeTYy peueii 3 BHCOKOIO 1 HAJBHCOKOK HIUTEHICTIO
3a3BMYail BHUKOPHUCTOBYIOTHCS LEHTPOINHI aITOPUTMH
kiactepm3anii. JlaHi anropuTMH MiHIMIZYIOTh CyMapHY
BiJICTaHb BiJl TYMaHHUX IIPUCTPOIB 10 IICHTPIB KIACTEPiB
BignoBigHO 3 BupazoMm (1). nsg kmacrepmsamii Tpymu
MOOUTbHUX TpucTpoiB D OyB 0oOpaHuil LEHTpOiAHUI
anroputm FOREL, sikuii Hanae MOXJIMBICTh BapiloBaTu
mapaMeTpaMH KJIacTepiB Ta iX IIGHTPiB. AJITOPUTM
FOREL 6a3yerbcs Ha mpuHIMIT pOpMyBaHHS KI1acTepiB
y Micisax 3rymieHHs o0’ektiB [oT. 3rigHo 3 maHuM

anroputMoM Ta BupazoMm (1) mia rpynu D mpu
KJIacTepu3allii MiHIMI3yeTbesl pyHKIioHaN O:
m Kj
® — min; ®222dji0,
pos(C;) =i
pos(Cj)eD, kjeln, jelm, (10)

Je M — KinbKicTh KilactepiB y rpymi npuctpoiB loT,
OTpHMaHuX Ticist BukoHaHHs aiaroputmy FOREL.

3ayBaKMMO, L0 CTIHKICTh MOOIJIBHOTO Kiactepa
30UIBIIY€EThCS NPU HAaONM)KEHHI LEHTPY MOOLIBHOTO
TyMaHHOTO IIPUCTPOIO0 0 IEHTPy Kiacrtepa. Tomy
0a)XaHO IEHTp KJIAcTepa 3MILaTH OJIMKUYE JO CKYTIECHHS
npuctpoiB. lle MoxkHa 3poOWTH 3a paxyHOK BBEACHHS
BaroBUX KOe(ili€HTiB, SKi BIUTUBAIOTh Ha MO3HIIIO
LHeHTpy Kiactepa. Skmo BaroBuid Koeili€HT SKOTOCH
elieMeHTa Habarato OiNbIIMK HiX BaroBi KoegillieHTH
IHIIKUX SJICMEHTIB, TO LIEHTP KacTepa Oy 1e 3Mill[yBaTUCSI
70 IBOTO eneMeHTa. BBenemo Baromi koedimieHTH Yy
dbopmyny (2), 3a SIKOIO PO3PAXOBYIOTHCSI KOOPIWHATH
LIEHTpa Mac Kilactepa:

14
Cj :(Xj(:!yjc,zjc); ch :k_.zyixjio;
Ji=l

14 14
ch:k__z7iyji0; ch:rZﬂZjiOi (11)
Ji=l ] i=l

1€ Yi — BaroBui KoedinieHT MOOLTBHOTO MIPHUCTPOIO €.

Bpaxyemo kputepiii criifikocTi Kiactepa 3a
JOIIOMOTOI0 ~ BAaroBoro  KoedirieHTa  MOOLTBHOTO
npuctporo [oT e;:

w; =op, 0<s<l, (12)

Jie S — KOeiIlieHT, [0 BU3HAYAE UYTIUBICTH METOY JI0

BHIIAJIKOBUX BIIXWICHb CJCMCHTIB KJIACTEPY BiJ
MI0YaTKOBOT MTO3HMIII1.

Bubip 3HaueHHs KoedilieHTa BU3HAYAETHCS
3HAQUUMICTIO KpUTEpiI0  CTIMKOCTI  Kiactepa s

3apmaHHs. [Ipu S=0 cTilKicTh KiIacTepa sSK KpUTepii He
BpaxoByeThesa. [Ipm S=1 kputepiil criikocTi KiacTepa
MaKCHMAaJIbHO BIUIMBA€ HAa (OPMYBaHHS KIIACTEPiB.
Takox MOANQIKYETBCS TPETIH KPOK aIrOPUTMY
FOREL. Ha mpomy Kkpomi [0 IOTOYHOTO KiIacTepy
BiIOMPArOTHCSA TINBKH Ti MOO1NTBHI 00’ ekt [0 T, st sTkmx

(theor+)

BUKOHaHa ymoBa Pj; =1. lle poOuth HMOBIpHICTH

BUXONy OyIb-IKOrO MOOUIBHOrO 00’€KTY i3 KiacTepa
MiHIMaBHOI. 3BICHO, KUTBKICTh KJIACTEPiB MOXKE
30UTBIIUTHCS, ajie CTIHKICTh OTPUMAaHHX KJIAacTepiB
CYTT€EBO I IBUIIUTECS.

3ayBaXuMo, IO IS 3aBJaHHS KilacTepu3auil i3
3acTocyBaHHAM MomudikoBanoro amroputmy FOREL
HOTPiOHI 10JaTKOBI BXiHI JaHi:

— IIOYaTKOBI KOOPJIMHATH EIIEMEHTIB TPYIH
MOOUTEHUX TpUCTpoiB [oT, mo € MaTeMaTHYHHUMH
CIO/IIBAaHHSIMH KOOD/IMHAT €JIEMEHTIB;

— CEepeHbOKBAPATUYHI BIJIXWICHHS I0JI0XKEHb
MoOinpHUX npucTpois loT.

Taki maHi MOXXHa OTPHMAaTH B pe3yNbTarTi 300py
BIMIOBITHOI CTaTHCTHUKH y Tepediry TOCTaTHBOTO
4acOBOTO IHTEPBaIy.

Jiss  oumiHKH eQeKTHBHOCTI MOAN(IKOBAHOTO
Metony Oymna BHUKOpPHCTaHa IMiTalliifHa MOJEIb.
Enementn Tpymm MOOUTPHHX WPUCTPOIB y MO
YTBOPIOBAJIM T'€TEPOTeHHI CKYIUYeHHs, TOOTO pi3Hi 3a
CKJIQJIOM Ta XapakTtepoM po3mimieHHs. Koopaunatu
MOOUIBHUX TIPUCTPOIB PO3IJISAJANKCS SIK 3HAUCHHS
BUIIaJKOBUX BEJIMYMH, PO3NOAUICHUX 32 HOPMAJIbHUM
3akoHOM. [lapamerpu  BIANOBITHMX  HOPMaJIBHUX
pO3MOIUIIB  [UIi KOXKHOTO €JIeMEHTa e; 3aaBajiucs
HYJIbOBMM MaTe€MaTHYHUM crooaiBaHHAM Wi=0 i
cepenupokBanpatudyHuM  BigxuieHHsM  (CKB) o
Po3knp BigxXuileHb €JEMEHTIB BiJ ITOYATKOBUX MO3MINMN
OyB pizHuM mis pizHux enemenTiB. Ha CKB HaxmageHo
obmexennss R/60 < Gi<R/12, sKke OPOJUKTOBAHO
ocobmmBOCTSIMEA MOOLTEHUX TpUCTpoiB [oT.

OmiHroBamach €(QEKTHBHICTE MOIU(PIKOBAHOTO
METOJy y TIOpiBHAHHI 3 MeTofoM (OpMyBaHHIM
KJacTepa, 1o 0a3yeTbcs TUIBKM Ha KpHUTEpii BijcTaHi
MiXk ereMeHTaMH. OILiHKa ITPOBOAMIIACS 32 MOKa3HHUKOM
CTIHKOCTI CHCTEMH, PO3paxoBaHMM 3a BHpazoM (6) Ta
nepeBeieHnM y BincoTku. [Ipu MoiemoBaHHi KoedilieHT
S, 10 BH3HAYa€ YyTIUBICTh METOJAY JIO BHIAJKOBUX
BiIXWJICHB, 3MIHIOBAaBCS JUCKPETHO 3 KpokoM 0,2. Bynu
3MOZETHOBaHI Pi3Hi BapiaHTH po3Mipy TPYITH MOOLTBHUX
npuctpoi: ne{50, 150, 300}. Takox y wmozmei
BHUKOPHCTOBYBABCSl TOKa3HUK CEPEIHbOCTATUCTUUHOT
TpaHUIl MOXKJIMBHX BIAXWICHh MOOUTEHIX MPUCTPOIB Bij
3aIUIaHOBaHUX TPAEKTOPIM:

n
c :320i n.
i=1

Y3aranbHEHi pe3yJIbTaTH MOJICIIFOBAHHS HABC/ICHI y
Tabi. 1.

(15)
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Tabnuysa 1 — Pe3yabTaTu iMiTaniiHOro MoaeoBaHHs (BiIcOTOK He3pyiiHOBaHMX KJacTepiB)

oR | oL mo s=0 5=0.2 s=0.4 5=0.6 s=0.8 s=1.0 my

50 4 0.4% 0.4 % 0.3% 0.3% 0.3% 0.2% 4

0.05 150 9 22% 1.7% 1.2% 1.0% 0.7% 0.5% 10

300 14 3.4% 27 % 21% 1.7% 1.3% 1.0% 19

50 4 3.6 % 2.8% 21% 1.6% 1.1% 0.5% 6

0.10 150 9 10.5% 3.9% 53% 3.1% 19% 0.8 % 14

300 15 21.7% 2.9% 7.0 % 53% 2.8% 1.3% 37

50 4 2716 % 141% 79% 6.8 % 27 % 0.9% 11

0.25 150 10 32.0% 16.8 % 8.8% 52% 3.3% 1.1% 34

300 16 445 % 29.9% 11.8% 9.1% 7.0 % 19% 87
Y Tabn. 1 croBmemp «S=0» BimmoBimae = MOOITBHMX NPHUCTPOIB BiJ 3aIUTAHOBAHHUX TPAEKTOPIH
KjacTepusalii, NpH SAKIH BIIXWICHHA MOOUIBHUX  pyXy CTIHKICTh MOOILIBHOIO KIIacTepy IiJBHILYEThCS;
eNeMEHTIB TYMaHHOTO WLIapy HE BPaxOBYIOThCS. OpH 3HaueHHI BigHoumreHHs of/R Bim 0.05 1o 0.2
KingpkicTh  OTpUMaHMX  KjacTepiB  INpH  Takiii  BUKOPUCTAHHS MOAM(DIKOBAHOIO METOIY JIO3BOJISIE

KJacTepu3aiii HaBeleHa y CTOBMI «Mo». CTOBMEIb
«S=1» BimnoBigae kiacrepusauii, sKka MaKcHMalbHa
Opi€EHTOBaHa Ha CTiMKICTh MOOUIBHUX KiacTepiB. [lpu
FOMY KUIBKICTH OTPUMAaHHX KJIACTepiB HaBEICHA Yy
CTOBHII «Mp». Pe3ynbTaTi MOJETIOBaHHS MTOKA3aJIH, 1[0
e(eKTUBHICTh 3aIIPONOHOBAHOTO METOJY ITi/ABUILY€THCS
B TaKMX BHMIaJKax: 3pocTtaHHs 3HaueHb CKB Mo06imbHIX
NPUCTPOIB  BiA 3alUIAHOBAaHMX TPAEKTOPIH  PyXy;
30UIBIIEHHS KIJTBKOCTI MOOUIBHUX TYMaHHHX IPUCTPOIB.
Ile mosicHIOETBCS THUM, IO AJITOPUTM KiacTepu3aii
oOupae TMOJIOKEHHS LEHTPY KJIacTepa, 3a paxyHOK
HAOMIDKEHHS  IIGHTPY [0  HaWOUIbII — HECTIHKHX
CIIEMEHTIB.

Ane mpu BimHOocHO Benukux 3HadeHHsix CKB
KUTBKICTh KJIACTEPIB y TOPIBHSAHHSA 13 CTaHIAPTHUM
METOOM TouMHae 30inmbmryBatucs. lle ycxiamHioe
KepyBaHHS KOMIIOHEHTaMH TYMaHHOTO IIapy.

4. O0roBopeHHsI pe3yJabTaTiB A0CTiKEHHS
MeTOoAy aaNTHBHOI KjacTepu3anil

Po3pobnena apxiTekTypa MOOLIBPHOT KOMITOHEHTH
TyMaHHoro mapy IHTepHeTy pedeli BHCOKOi abo
HAJIBHCOKOI IiTBHOCTI. HasBHICTh OKpeMHUX MOOLTBHUX
KOMITIOHEHT € CYTTEBOIO BIIMIHHICTIO BiJl ICHYIOYHX
ApXITEKTYPHHUX pileHs o0y 10BU TyMaHHO{
iH}pacTpyKTypu. 3ampornoHOBaHAa MOJIENb OKPEMOTO
MOOUIBHOTO KJacTepa TYMaHHOrO Imapy. [ oJjoBHa
BIIMIHHICTh JaHOT MOJICJIi — OPIEHTOBAHICTh HE TIIBKH
Ha TIPOCTOPOBI IIOKA3HHWKW, ajie W Ha CTIMKICHI
XapaKTepucTUKu kmacrepa. Jmsa peamizamii  mMozeni
BHUKOPHCTaHa MOJIEJIb TOUKOBOTO Iporiecy Tomaca Jlana
MOJIENIb JIO3BOJIMJIA PO3POOUTH MeETOA 3abe3ledeHHs
CTIMKOCTI MOOIIBHOTO KjacTepa TYyMaHHOTO IIapy.
JoBenena e(eKTHBHICTh IPOBEJCHHS KiacTepH3amil 3
BUKOPUCTAHHIM Mon(iKOBaHOTO LIEHTPOIJHOTO
anroputMy FOREL. Jlanuii anroput™m MoaudikoBaHUi
3a paxyHOK BBEJCHHS BaroBUX KOEQiIieHTIB mpH
3HAXOKEHHI MMOJIOKEHHS [IEHTPY MOOITLHOTO KlacTepa,
o0 Hagalo0 MOXJIMBICTP HAOMM3UTH HeCTaOUIBHI
KOMITOHEHTH J10 LIEHTPY Ki1acTepa.

HocmijpkeHa  e(eKTHBHICTH  3aIIPONOHOBAHOTO
MeTosa 3a0e3neueHHs] CTIHKOCTI MOOUIBLHOrO Kiactepa
TyMaHHoro miapy IHTepHeTy peueli BHCOKOi abo
HAQJIBUCOKOi IIUTbHOCTI. [lOpIBHSUIBHE TECTYBaHHS
CTaHAapTHOrO Ta MoAu(ikoBaHOro MeToxiB (Tadi. 1)
MIO0Ka3aJIo Taki pe3yJbTaTH: IpH 3pocTanHi 3HaueH» CKB

HIIBUIIUTH CTiMKICTh MOOLNBHOI cTpykTypu no 20 %);
npu o/R>0.2 BukopucTaHHs MOAH(pIKOBAHOTO METOLY
HEJOIUIbHO BHACHIZIOK YCKJIaJAHEHHS KepyBaHHIM
KOMIIOHEHTaMH TyMaHHoro mapy; upu o/R<0.05
CTIMKICTh MOOINBHOI CTPYKTYpH WIiIBHIIYETHCS HE
Oimpme, HDXK Ha 5%. OtpuMaHi pe3ynsTaTa
IOCIIHKEHHSA MeTroma  3a0e3nedeHHs CTIWKOCTI
MOOLIBHOTO KJIacTepa MOXKHA MOSCHUTH HaOIMKECHHAM
LEHTPIB MOOUIbHUX KJIACTEPIB 0 HECTIMKNX KOMITIOHEHT.

SIK  pO3BHTOK [JaHOTO JIOCHIDKEHHS MOXKHA
BiJ[3HAYUTH HACTyIHE. [Ipu miABUIIEHH]I HECTaOLIHLHOCTI
rpymnu MoOinbHUX npucTpoiB loT neski npuctpoi craroTh
130JIbOBaHUMH, TOOTO HE BXOIATH 10 C(HOPMOBAHMX
KJIacTepiB, TOOTO Tpeba MPOBEACHHS J0JaTKOBOTO
JOCIIKEHHST MIOJ0 130JTbOBAHUX KOMITIOHEHT y Tpymi
MOOLTBHUX KIIACTEPIB.

5. BucHoBKH

Po3pobnernit miaxia 1o GopMyBaHHS apXiTEKTypH
MOOUTPHOT KOMITOHEHTH TyMaHHOro Imapy IHTepHery
peueit Bucokoi abo HaaBHCOKOI wiybHOCTI. [lpu
po3po0Ili  BpaxOBYBaIHMCh Crelu(iuHi  0COOTHUBOCTI
MoOibHUX npucTpoiB loT, siki BUKOPHUCTOBYIOTHCS B
SKOCTI JMHaMIYHMX BY3JiB TyMmaHHOro mapy. Lle
JIO3BOJIMJIO 3aIIPOTIOHYBATH TPUPUPIBHEBY apXiTEKTypy
TYMaHHOI iHPACTPYKTYpH, B SIKiii MOOLIBHI KJIacTepH €
OKpEeMHUMH KOMIIOHEHTaMH.

Po3pobnera Momenbs  OKkpeMOro  MOOLIBHOTO
KJIacTepa TYMaHHOTO IIapy, sIka BPaXOBY€ BHUIAIKOBICTh
pyxy MoOumbHHMX mpucTpoiB loT Ta ©Oa3yerbcs Ha
TOYKOBOMY Tporieci Tomaca. ['0JIOBHOIO BiAMIHHICTIO
JTAHO1 MOJIENTi BiJl iCHYyIOUHX € OPiEHTOBAHICTh HE TIJIbKU
Ha TIPOCTOPOBI TIOKa3HWKH, aje W Ha CTilKiCHI
XapaKTEepUCTUKK KOMIIOHEHT kiacrepa. Jlana Mopeib
JI03BOJIAJIA PO3POOUTH METOJ 3a0e3MeueHHsT CTIHKOCTI
MOOUTFHOTO KJIacTepa TyMaHHOTO Imapy Ha 0asi
3aMpONOHOBAHO] APXITEKTYPH MOOITBHOI KOMITOHEHTH
TyMaHHOr O 1apy IHTepHeTy peudeil.

3. PospoGmenmii Ta  JOCHUKEHHH  MeTOx
3a0e3redeHHss  CTIHKOCTI ~ MOOUIBHOTO  KiacTepa
TYMaHHOTO IIapy HiITPUMKH [HTEepHETY peueil BUCOKOT
abo HazmBucokoi miinbHOCTI. [limBUINEHHS CTIMKOCTI
JIOCSITAa€ThCS 32 PaxyHOK I1TEPaTHMBHOTO HaOIMKEHHS
LEHTPY KJactepa JO0 HAWOIIBII HECTIHKHX HOTO
KOMITOHEHT. [TopiBHSHA CTIHKICTh MOOUTEHUX KIIACTEPIB,
moOyZ0BaHUX  CTaHAAPTHHUM Ta  MOIU(IKOBaHUM
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MeToJaMu. SIKIO cepelHe BiTHOCHE BiAXHMICHHS
eJIEMEHTIB KJlacTepa 3HaxoJuThcst B Mexax Big 0.05 no
0.2, To criiikicts minBuinyetbes 10 20 %. JloBeneHo, 1o
NpU 3HAYCHHI CEPEIHBOTO BiJHOCHOTO BIAXHJICHHS
oinpme 0.2, BUKOPHCTaHHS MOJH()IKOBAHOTO METOIY
HE/IOIJIFHO BHACHIJOK YCKIaJHCHHS KEpyBaHHIM
KOMIIOHEHTaMH TyMaHHOTO IIIapy.

JocTynHicTb 1aHuX
Pykomnuc He Mae NOB'A3aHUX JaHUX.
KonguuikT inTepecis

ABTOpH E€KJIapyI0Th, W0 HE MAIOTh KOHMIIKTY
iHTEPECIB CTOCOBHO JAHOTO JOCIIDKEHHS, B TOMY YHUCITi
(hiHAHCOBOTO, OCOOMCTICHOTO XapaKTepy, aBTOPCTBA UM

IHIIIOTO XapaKTepy, IO MIr OM BILIMHYTH Ha JOCHIKEHHS
Ta HOTO pe3yJIbTaTH, PE/ICTABIICH] B IaHil CTATTI.

Buxopucranssi 3ac00iB LITY4YHOT 0 iHTeJIEKTY

ABTOpH MiATBEPKYIOTh, 110 HE BUKOPUCTOBYBAIIH

TEXHOJIOTil IITyYHOTO IHTEJIEKTY NpH CTBOPEHHI
TIpeACTaBICHOT POOOTH.
®dinaHcyBaHHSA
HocnimpkenHst npoginancoBaHo  MiHiCTepCTBOM

OCBITM Ta HaykW YKpaiHM B paMKax JOCIIiJTHHIBKOTO
mpoekty  0125U001544 wa Temy “Mertononoris
3a0e3Me4YeHHs] IPOIIECiB MOHITOPUHTY Ta KOHTPOJIIO
BUKOHAHHA MOPTQENTiB MPOEKTIB Ta MporpaMm s
MPOEKTHUX 0(iCiB B yMOBax BiiOy10BU YKpaiHu™.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

CIIMCOK JITEPATYPU

Hu, N. (2024). Internet of things edge data mining technology based on cloud computing model. International Journal of
Innovative Computing, Information and Control, 20(6), 1749-1763. http://dx.doi.org/10.24507/ijicic.20.06.1749

Hunko, M., Tkachov, V., Kovalenko, A., Kuchuk, H. (2023). Advantages of Fog Computing: A Comparative Analysis with
Cloud Computing for Enhanced Edge Computing Capabilities. KhPl Week 2023 - Conference Proceedings, 1-5.
https://doi.org/10.1109/KhPIWeek61412.2023.10312948

Kuchuk, H., Malokhvii, E. (2024). Integration of iot with Cloud, Fog and Edge computing: a review. Advanced Information
Systems. 8(2), 65-78. https://doi.org/10.20998/2522-9052.2024.2.08

Fatlawi, A., Al Dujaili, M.J. (2023), Integrating the Internet of Things (1oT) and Cloud Computing Challenges and Solutions:
A Review. AIP Conference Proceedings, 2977(1), 020067. http://dx.doi.org/10.1063/5.0181842

Singh, C., Khilari, S., Taware, R. (2024). Active Machine-to-Machine (M2M) and IoT Communication Architecture for Mobile
Devices and Sensor Nodes. Lecture Notes in Networks and Systems, pp. 25-38. https://doi.org/10.1007/978-981-97-5786-2_3
Kuchuk, N., Kovalenko, A., Ruban, I., Shyshatskyi, A., Zakovorotnyi, O., Sheviakov, I. (2023). Traffic Modeling for the
Industrial Internet of NanoThings. 2023 IEEE 4th KhPl Week on Advanced Technology, KhPl Week 2023 - Conference
Proc., 194480. http://dx.doi.org/10.1109/KhPIWeek61412.2023.10312856

Alsadie, D. (2024). Advancements in heuristic task scheduling for 10T applications in fog-cloud computing: challenges and
prospects. PeerJ Computer Science, 10, e2128. https://doi.org/10.7717/PEERJ-CS.2128

Sobchuk, V., Pykhnivskyi, R., Barabash, O., Korotin, S., Omarov, S. (2024). Sequential intrusion detection system for zero-
trust cyber defense of loT/lloT networks. Advanced Information Systems, 8(3), 92-99. https://doi.org/10.20998/2522-
9052.2024.3.11

Saurabh, Dhanaraj, R.K. (2024). Enhance QoS with fog computing based on sigmoid NN clustering and entropy-based
scheduling. Multimed Tools Appl, 83, 305-326. https://doi.org/10.1007/s11042-023-15685-3

Kuchuk, H., Mozhaiev, O., Kuchuk, N., Tiulieniev, S., Mozhaiev, M., Gnusov, Y., Tsuranov, M., Bykova, T., Klivets, S.,
Kuleshov, A. (2024). Devising a method for the virtual clustering of the Internet of Things edge environment. Eastern-European
Journal of Enterprise Technologies, 1(9(127), 60-71. https://doi.org/10.15587/1729-4061.2024.298431

Sharma, Sh. Saini H. (2019). A novel four-tier architecture for delay aware scheduling and load balancing in fog environment.
Sustainable Computing: Informatics and Systems, 24. https://doi.org/10.1016/j.suscom.2019.100355

Li, G., Liu, Y., Wu, J., Lin, D., Zhao, Sh. (2019). Methods of Resource Scheduling Based on Optimized Fuzzy Clustering in
Fog Computing. Sensors, 19(9). https://doi.org/10.3390/s19092122

Jamil, B. Shojafar, M., Ahmed, 1., Ullah, A., Munir, K., ljaz, H. (2020). A job scheduling algorithm for delay and performance
optimization in  fog computing. Concurrency and Computation: Practice and  Experience, 32(7).
https://doi.org/10.1002/cpe.5581

Ding, H., Ding, X., Xia, F., Zhou, F. (2023). An Efficient Method for Implementing Applications of Smart Devices Based on
Mobile Fog Processing in a Secure Environment. International Journal of Advanced Computer Science and
Applications, 14(10), 93-105. https://doi.org/10.14569/IJACSA.2023.0141011

Qayyum, T., Trabelsi, Z., Wagar Malik, A., Hayawi, K. (2022). Mobility-aware hierarchical fog computing framework for
Industrial Internet of Things. Journal of Cloud Computing, 11(1), 72. https://doi.org/10.1186/s13677-022-00345-y

Routray, K., Bera, P. (2024). Fog-Assisted Dynamic 10T Device Access Management Using Attribute-Based Encryption. ACM
International Conference Proceeding Series, 346—352. https://doi.org/10.1145/3631461.3631466

Kuchuk, H., Kalinin, Y., Dotsenko, N., Chumachenko, I., Pakhomov, Y. (2024). Decomposition of integrated high-density loT
data flow. Advanced Information Systems, 8(3), 77-84. https://doi.org/10.20998/2522-9052.2024.3.09

Proietti Mattia, G., Beraldi, R. (2023). P2PFaaS: A framework for FaaS peer-to-peer scheduling and load balancing in Fog and
Edge computing. SoftwareX, 21, 101290. https://www.sciencedirect.com/science/article/pii/S2352711022002084

Lu, S.,Wu, J,Wang, N., Duan, Y. Liu H., Zhang, J., Fang, J. (2023). Resource provisioning in
collaborative fog computing for multiple delay-sensitive users. Software — Practice and Experience, 53(2), 243-262.
https://doi.org/10.1002/spe.3000

Pardo, C., Wei, R., Ivens, B.S. (2022). Integrating the business networks and internet of things perspectives: A system of
systems  (SoS) approach  for industrial markets. Industrial Marketing Management, 104, 258-275.
https://doi.org/10.1016/j.indmarman.2022.04.012

Drabech, Z., Douimi, M., Zemmouri, E. (2024). A Markov random field model for change points detection. Journal of
Computational Science, 83, 102429. https://doi.org/10.1016/j.jocs.2024.102429

113


https://www.scopus.com/sourceid/12000154489?origin=resultslist
https://www.scopus.com/sourceid/12000154489?origin=resultslist
http://dx.doi.org/10.24507/ijicic.20.06.1749
https://ieeexplore.ieee.org/author/37088364537
https://ieeexplore.ieee.org/author/37085588000
https://ieeexplore.ieee.org/author/37085679144
https://ieeexplore.ieee.org/author/37086422142
https://ieeexplore.ieee.org/document/10312948/
https://ieeexplore.ieee.org/document/10312948/
https://doi.org/10.1109/KhPIWeek61412.2023.10312948
https://www.scopus.com/authid/detail.uri?authorId=57057781300
https://www.scopus.com/authid/detail.uri?authorId=59179728600
https://www.scopus.com/record/display.uri?eid=2-s2.0-85196402981&origin=resultslist
https://doi.org/10.20998/2522-9052.2024.2.08
https://www.scopus.com/authid/detail.uri?authorId=57205503041
https://www.scopus.com/authid/detail.uri?authorId=57214882041
https://www.scopus.com/sourceid/26916?origin=resultslist
http://dx.doi.org/10.1063/5.0181842
https://www.scopus.com/sourceid/21100901469?origin=resultslist
https://doi.org/10.1007/978-981-97-5786-2_3
https://www.scopus.com/authid/detail.uri?authorId=57196006131
https://www.scopus.com/authid/detail.uri?authorId=56423229200
https://www.scopus.com/authid/detail.uri?authorId=7004018101
https://www.scopus.com/authid/detail.uri?authorId=57201613700
https://www.scopus.com/authid/detail.uri?authorId=58759376800
https://www.scopus.com/record/display.uri?eid=2-s2.0-85179514693&origin=resultslist
https://www.scopus.com/record/display.uri?eid=2-s2.0-85179514693&origin=resultslist
http://dx.doi.org/10.1109/KhPIWeek61412.2023.10312856
https://www.scopus.com/record/display.uri?eid=2-s2.0-85197564660&origin=resultslist&sort=plf-f&src=s&sid=e43ce4242f104a333928242711358f5e&sot=b&sdt=b&s=TITLE%28Prospects+IoT%29&sl=20&sessionSearchId=e43ce4242f104a333928242711358f5e&relpos=9
https://www.scopus.com/record/display.uri?eid=2-s2.0-85197564660&origin=resultslist&sort=plf-f&src=s&sid=e43ce4242f104a333928242711358f5e&sot=b&sdt=b&s=TITLE%28Prospects+IoT%29&sl=20&sessionSearchId=e43ce4242f104a333928242711358f5e&relpos=9
https://www.scopus.com/sourceid/21100830173?origin=resultslist
https://doi.org/10.7717/PEERJ-CS.2128
https://doi.org/10.20998/2522-9052.2024.3.11
https://doi.org/10.20998/2522-9052.2024.3.11
https://doi.org/10.1007/s11042-023-15685-3
https://doi.org/10.15587/1729-4061.2024.298431
https://www.sciencedirect.com/journal/sustainable-computing-informatics-and-systems
https://www.sciencedirect.com/journal/sustainable-computing-informatics-and-systems/vol/24/suppl/C
https://doi.org/10.1016/j.suscom.2019.100355
https://sciprofiles.com/profile/669680
https://sciprofiles.com/profile/author/Y1p1bkFzRUREREEzbmVxVGEzZ2d5SnZWMWVRc285RTFnUUdzUUtYMkZpST0=
https://sciprofiles.com/profile/669705
https://sciprofiles.com/profile/author/NkhHZ1FFTE0wMnRsdHEzVklYK3U4V2VUR0QyRUR0ZFZFM3hIdXNreWtRYz0=
https://sciprofiles.com/profile/author/SVFhcFE5SG1Wd1dHb3E0VHVBbDNDYTJ0RmF5UFk4OXUxamNCT0dPM3BuUT0=
https://doi.org/10.3390/s19092122
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Jamil%2C+Bushra
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Shojafar%2C+Mohammad
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Ahmed%2C+Israr
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Ullah%2C+Atta
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Munir%2C+Kashif
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Ijaz%2C+Humaira
https://onlinelibrary.wiley.com/toc/15320634/2020/32/7
https://doi.org/10.1002/cpe.5581
https://www.scopus.com/record/display.uri?eid=2-s2.0-85180941253&origin=resultslist&sort=plf-f&src=s&sid=860dbb2e163e1e0468e3a1c25f56dff4&sot=b&sdt=b&s=TITLE%28mobile+fog+environment+device%29&sl=36&sessionSearchId=860dbb2e163e1e0468e3a1c25f56dff4&relpos=0
https://www.scopus.com/record/display.uri?eid=2-s2.0-85180941253&origin=resultslist&sort=plf-f&src=s&sid=860dbb2e163e1e0468e3a1c25f56dff4&sot=b&sdt=b&s=TITLE%28mobile+fog+environment+device%29&sl=36&sessionSearchId=860dbb2e163e1e0468e3a1c25f56dff4&relpos=0
https://www.scopus.com/sourceid/21100867241?origin=resultslist
https://www.scopus.com/sourceid/21100867241?origin=resultslist
https://doi.org/10.14569/IJACSA.2023.0141011
https://doi.org/10.1186/s13677-022-00345-y
https://doi.org/10.1145/3631461.3631466
https://doi.org/10.20998/2522-9052.2024.3.09
https://www.scopus.com/authid/detail.uri?origin=resultslist&authorId=57214231538&zone=
https://www.scopus.com/authid/detail.uri?origin=resultslist&authorId=6701602185&zone=
https://www.sciencedirect.com/journal/softwarex
https://www.sciencedirect.com/science/article/pii/S2352711022002084
https://www.scopus.com/authid/detail.uri?origin=resultslist&authorId=56236856800&zone=
https://www.scopus.com/authid/detail.uri?origin=resultslist&authorId=55837752300&zone=
https://www.scopus.com/authid/detail.uri?origin=resultslist&authorId=56565829500&zone=
https://www.scopus.com/authid/detail.uri?origin=resultslist&authorId=55582044700&zone=
https://www.scopus.com/authid/detail.uri?origin=resultslist&authorId=35219922800&zone=
https://www.scopus.com/sourceid/20007
https://doi.org/10.1002/spe.3000
https://www.scopus.com/authid/detail.uri?authorId=16231294500
https://www.scopus.com/authid/detail.uri?authorId=57208421532
https://www.scopus.com/authid/detail.uri?authorId=12793010000
https://www.scopus.com/sourceid/22792?origin=resultslist
https://doi.org/10.1016/j.indmarman.2022.04.012
https://doi.org/10.1016/j.jocs.2024.102429

Control, Navigation and Communication Systems. 2026. No. 3 ISSN 2073-7394

22. Zhu, Q., Hu, L., Wang, R. (2022). Image Clustering Algorithm Based on Predefined Evenly-Distributed Class Centroids and
Composite Cosine Distance. Entropy, 24(11), 1533. https://doi.org/10.3390/e24111533

23. Mutambik, 1. (2024). An Entropy-Based Clustering Algorithm for Real-Time High-Dimensional IoT Data Streams.
Sensors, 24(22), 7412. https://doi.org/10.3390/s24227412

24. Petrovska, 1., Kuchuk, N., Pochebut, M., Kuchuk, H., Mozhaiev, O., Onishchenko Y. (2023). Sequential Series-Based
Prediction Model in Adaptive Cloud Resource Allocation for Data Processing and Security. The 13th IEEE Int. Conf. on
Dependable Systems, Services and  Technologies, DESSERT’2023, Athens, Greece, pp- 1-6.
https://doi.org/10.1109/DESSERT61349.2023.10416496

25. Filosi, M., Visintainer, R., Riccadonna, S., Jurman, G., Furlanello, C. (2014). Stability indicators in network reconstruction.
PL0S ONE, 9(2), e89815. https://doi.org/10.1371/journal.pone.0089815

26. Petrovska 1., Kuchuk, H. Mozhaiev M. (2022). Features of the distribution of computing resources in cloud systems. 2022
IEEE 3rd KhPI Week on Advanced Technology, KhPI Week 2022 - Conference Proceedings, 03-07 October 2022.
https://doi.org/10.1109/KhPIWeek57572.2022.9916459

27. Kuchuk, N., Kashkevich, S., Radchenko, V., Andrusenko, Y., Kuchuk, H. (2024). Applying edge computing in the execution
10T operative transactions. Advanced Information Systems, 8(4), 49-59. https://doi.org/10.20998/2522-9052.2024.4.07

28. Thomas, P., Jose, D.V. (2023). Towards Computation Offloading Approaches in loT-Fog-Cloud Environment: Survey on
Concepts, Architectures, Tools and Methodologies. Lecture Notes in Networks and Systems, 613 LNNS, 37-52.
https://doi.org/10.1007/978-981-19-9379-4 4

29. Mani Kiran, C.V.N.S., Jagadeesh Babu, B., Singh, M.K. (2023). Study of Different Types of Smart Sensors for loT Application
Sensors. Smart Innovation, Systems and Technologies, 290, 101-107. https://doi.org/10.1007/978-981-19-0108-9 11

30. Emami Khansari, M., Sharifian, S. (2024). A scalable modified deep reinforcement learning algorithm for serverless 10T
microservice composition infrastructure in fog layer. Future Generation Computer Systems, 153, 206-221.
https://doi.org/10.1016/j.future.2023.11.022

Received (Hanitinna) 14.06.2026
Accepted for publication (TIpuitasTa o apyxy) 02.09.2026
Publication date ([{ara my6umikanii) 25.09.2026

BIIOMOCTI [TPO ABTOPIB / ABOUT THE AUTHORS

KoBasnenko Anapiii AHaToJiiioBH4 — TOKTOp TEXHIYHUX HayK, podecop, 3aBigyBau KadeIpH eIeKTPOHHUX 00UHCITIOBAEHIX
MaInH, XapKiBChbKHI HALlIOHANBHUH YHIBEPCUTET palioeTeKTpOHIKH, XapKiB, YKpaiHa;
Andriy Kovalenko — Doctor of Technical Sciences, Professor, Head of the Department of Electronic Computers, Kharkiv
National University of Radio Electronics, Kharkiv, Ukraine;
e-mail: andriy.kovalenko@nure.ua; ORCID Author ID: https://orcid.org/0000-0002-2817-9036;
Scopus Author ID: https://www.scopus.com/authid/detail.uri?authorld=56423229200.

Kyuyk T'eopriii AHaToJiilioBH4 — IOKTOp TEXHIYHMX Hayk, npodecop, mpodecop kadenpu KOMIIIOTEpHOI iHXKeHepii Ta
nporpamyBaHHs1, HanioHanbHUI TeXHIYHUN yHIBepcHTET “XapKiBCHKHUI MOJIITEXHIYHUN 1HCTUTYT”, XapKiB, YKpaiHa;
Heorhii Kuchuk — Doctor of Technical Sciences, Professor, Professor of Computer Engineering and Programming
Department, National Technical University "Kharkiv Polytechnic Institute”, Kharkiv, Ukraine;
e-mail: kuchuk56@ukr.net; ORCID Author ID: http://orcid.org/0000-0002-2862-438XX;

Scopus Author ID: https://www.scopus.com/authid/detail.uri?authorld=57057781300.

A Method for Adaptive Clustering of Mobile Nodes in the Fog Layer of the Internet of Things
Andriy Kovalenko, Heorhii Kuchuk

Abstract. Relevance. The primary criterion for clustering fog devices is the proximity of the fog nodes belonging to a
cluster. However, when mobile nodes are present, the cluster structure may be disrupted if a mobile node moves beyond the cluster
boundaries. This may result in unexpected delays in loT data processing. Therefore, for such systems, an additional criterion related
to the stability of the cluster structure should be considered. The subject of the study is clustering methods for high-density fog-
layer Internet of Things networks. The aim of the study is to improve the stability of mobile components of the fog layer by
modifying the clustering approach through the development of a method for forming a stable mobile cluster. The objectives of the
study are to develop an approach to the architecture of the mobile component, as well as a model and a method for ensuring the
stability of a mobile cluster in a high-density fog-layer Internet of Things network. Research results. To organize the interaction
of mobile devices, an architecture of the mobile component of the fog layer has been developed, taking into account its decentralized
structure and the specific operational characteristics of mobile Internet of Things devices. The proposed architecture consists of
four levels and provides for the formation of separate mobile clusters of fog devices at the lower level. To investigate the formation
of mobile clusters, a corresponding model has been developed that accounts for the random nature of the movement of Internet of
Things devices. The spatial distribution of mobile components is modeled using the Thomas point process. Based on the proposed
model, the FOREL clustering algorithm has been modified. In the modified algorithm, the position of the cluster center is
determined using weighting coefficients that characterize the stability of its components. Conclusions. Simulation results
demonstrated increased stability of the formed mobile clusters in environments with high and ultra-high device density. It was
found that an increase in the mean relative deviation of the actual device trajectories from their planned trajectories leads to an
increase in the stability of the cluster structure. This behavior is explained by the displacement of the cluster center toward its least
stable components, which enables the cluster structure to adapt to changes in the spatial distribution of mobile devices. The
proposed method can be used for clustering mobile components of the fog layer of the Internet of Things when the mean deviation
of device movement from the specified trajectories does not exceed 20% of the cluster radius.

Keywords: mobile device; Internet of Things; clustering; fog layer; Thomas point process.
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HYBRID NEURO-MATHEMATICAL MODEL FOR DETECTING INFORMATION
THREATS: INTEGRATING LARGE LANGUAGE MODELS AND MODIFIED
DIFFUSION PROCESSES

Abstract. Background. In the context of the rapid evolution of cyber threats, where destructive narratives spread with
unprecedented speed, traditional isolated monitoring systems lose their effectiveness. Subject of research: analytical systems
for detecting coordinated information operations in modern cognitive security. Purpose of research: to develop a unified
neuro-mathematical architecture that maps non-linear semantic features onto differential equations of spatio-temporal
diffusion. Research objectives. To construct a hybrid model based on a large language model, transform semantic outputs
into continuous kinematic parameters, and empirically validate the model’s efficacy during real information attacks.
Research methods. A mixed-methods empirical approach was employed, integrating quantitative mathematical modeling
with computational linguistics, the Llama-3.1-8B-Instruct model utilizing the Adaptive Self-Consistency algorithm, and
modifying the Bass diffusion model alongside the Neural Hawkes process. Research results. The implementation of
thermodynamic logit scaling reduced semantic classification entropy to 0.160 bits. Integrating continuous kinematic
parameters into differential equations allowed the system to identify the phase transition of an attack 3 to 4 hours prior to its
statistical peak. It was revealed that granular emotional subtype classification without fine-tuning leads to mathematical
collapse, entropy surging to 1.349 bits. Conclusions. The research expands the Bass diffusion theory and Hawkes processes
by replacing static constants with dynamic, Al-derived forcing functions. It mathematically proves the necessity of macro-
polarization in feature spaces for stable differential modeling without network fine-tuning.

Keywords: information security; information operations; large language models; natural language processing; social

network analysis; hybrid neuro-mathematical model; diffusion processes; stochastic models.

1. Introduction
1.1 Research Background

The contemporary digital landscape is characterized
by an unprecedented degree of complexity, wherein
sociotechnical information dissemination networks are
continuously subjected to coordinated manipulation and
cognitive warfare [1]. The transition from scripted,
deterministic automated agents to autonomous,
cognitively capable social bots has fundamentally altered
the parameters of online social interactions. Modern
artificial intelligence algorithms, specifically generative
multimodal architectures and Large Language Models
(LLMs), are increasingly deployed to execute highly
sophisticated information operations that exhibit
emergent properties such as long-term strategic planning,
emotional mimicry, and hyper-personalized persuasion
[2]. Furthermore, the democratization of these advanced
generative models has enabled malicious actors to
turbocharge disinformation operations, creating synthetic
content farms that disseminate propaganda across
multiple languages with near-zero marginal cost [3].

Under these modern conditions, it is necessary to
conduct scientific research on hybrid threat detection
models because existing analytical approaches are
systematically inadequate. Analyzing text semantics
using natural language processing [4, 5] without
understanding their kinematic propagation vectors [6, 7]
fails to distinguish between organic, user-driven virality
and algorithmic, state-sponsored amplification [8].
Conversely, classical mathematical diffusion models [9,
10] rely on static coefficients that mathematically cannot
account for the rapid, dynamic interventions
characteristic of modern botnets.

In practice, the results of this research can provide
security practitioners and threat analysts with a unified

framework to filter out organic social media noise and
enable the early detection of artificially amplified
cognitive threats. By mathematically transforming discrete
linguistic classifications into continuous temporal
indicators, the results will allow these cognitive variables
to function as dynamic forcing functions within stochastic
mass-servicing systems, facilitating the neutralization of
bot-driven panic injections prior to mass audience
infection [11, 12]. Therefore, research dedicated to the
development of integrated hybrid neuro-mathematical
models for detecting information threats is highly relevant.

1.2 Literature review and problem statement

In works [4, 8], deep learning and Natural Language
Processing (NLP) are utilized to analyze the semantic
payload of individual messages. These studies
successfully identify discrete elements of state-sponsored
propaganda and synthetic text. However, the evaluation
of the temporal dimension of information dissemination
remains an unresolved issue in these works. This
question remains unresolved because the applied
semantic transformer architectures inherently analyze
texts in a vacuum and lack mechanisms to track network
dynamics or propagation vectors over time [13-15].

To mitigate the information entropy of LLMs,
works [16] and [17] propose Adaptive Self-Consistency
(ASC) decoding algorithms. While this approach
improves reasoning on complex tasks by dynamically
adjusting the sampling budget, the stable integration of
these stochastic classifications into rigid mathematical
diffusion models remains unresolved. This issue remains
unresolved because standard ASC implementations lack
deliberate thermodynamic temperature scaling, which is
fundamentally necessary to mathematically bound the
variance of the neural network’s outputs before feeding
them into sensitive differential equations [18, 19].
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Works [9, 10], and [20] apply the Bass diffusion
model to evaluate the macroscopic kinematic spread of
information based on external influence and internal
imitation. However, adapting this model to the hyper-
dynamic environment of modern botnets remains an
unresolved problem. This limitation persists because the
proposed classical models strictly rely on static
coefficients, which mathematically cannot account for the
rapid, dynamic interventions and artificial volume
injections characteristic of modern cyber-warfare [21, 22].

The microscopic dynamics of information cascades
are considered in works [23-25], which propose Neural
Hawkes point processes to dynamically learn non-linear
intensity functions from temporal data. Nevertheless,
evaluating the underlying cognitive payload that drives the
organic virality is an unresolved issue in these studies. This
question remains unresolved because the employed point
processes are mathematically blind to semantic features;
they rely exclusively on the metadata of temporal event
clustering and ignore the real-time emotional volatility of
the content [26].

Systematizing the identified local problems reveals
a fundamental methodological gap: semantic models lack
a temporal dimension, kinematic diffusion models lack
cognitive awareness, and advanced generative
algorithms lack the rigid mathematical bounding required
for continuous differential systems. Therefore, the
general unresolved problem is the systematic inability of
existing, isolated analytical frameworks to reliably
identify anomalous structural shifts within the state
vector of a sociotechnical network during coordinated
information operations. Resolving this problem requires
the formalization of a non-linear mathematical mapping
that systematically projects a highly dimensional space
of linguistic features into a continuous state vector of
spatio-temporal diffusion.

1.3 Research Aim and Objectives

The aim of this research is to construct and
empirically validate a unified hybrid neuro-mathematical
architecture that seamlessly integrates tensor-based
semantic inference with analytical spatio-temporal
diffusion models to detect anomalous structural shifts in
sociotechnical networks during coordinated information
operations. To achieve this aim, the following objectives
were formulated:

— to develop a non-linear semantic contour based on
a quantized large language model Llama-3.1-8B-Instruct
utilizing a modified Adaptive Self-Consistency
algorithm with thermodynamic logit scaling to minimize
classification entropy;

— to synthesize continuous early warning indicators,
specifically the Sentiment Volatility Coefficient and Bot-
Injection Index, by mathematically transforming discrete
semantic classifications into dynamic time-series scalars;

—to construct a dynamic differential contour by
modifying the classical Bass diffusion model and the
Neural Hawkes point process, substituting their static
adoption constants with the Al-derived kinematic
functions;

— to empirically validate the predictive sensitivity of
the proposed hybrid model on real-world data from a live

information operation and determine the mathematical
boundary limits of zero-shot generative models in
granular emotional classification.

2. Materials and Methods

The object of the research is the sociotechnical
information dissemination networks that are continuously
subjected to coordinated manipulation and cognitive
warfare during information operations. The paper
considers the non-linear semantic features and continuous
kinematic parameters, formed by generative large
language models and diffusion equations, for early
detection of anomalous structural shifts within the state
vector of a sociotechnical network. The mathematical
layer transposes the discrete semantic classifications into
continuous temporal sequences to govern stochastic mass-
servicing models. The main hypothesis of the research: the
implementation of a unified hybrid neuro-mathematical
architecture that maps non-linear semantic features onto
differential equations of spatial-temporal diffusion will
allow for reducing the semantic classification entropy and
identifying the phase transition of coordinated cognitive
attacks hours before traditional volume-based anomaly
detectors. The method is based on the foundational
theoretical postulate that modern information warfare
possesses an inextricable dual nature: it is simultaneously
semantic, comprising cognitive narratives, emotional
manipulation, and rhetorical framing, and kinematic
(comprising propagation velocity, dissemination channels,
and network topology) [7]. This will ensure the early
detection of artificially amplified cognitive threats prior to
mass audience infection. When developing the hybrid
neuro-mathematical method, the following conditions
were used:

Condition 1. Organic information diffusion
generally traces a smooth cumulative trajectory, whereas
coordinated bot injections manifest mathematically as
unit impulses, closely approaching the Dirac delta
function or Heaviside step function [27].

Condition 2. The rate of adoption in classical
diffusion linearly depends on the fraction of the
population that has already adopted the information [21].

Condition 3. To maintain  mathematical
convergence without fine-tuning, the neural feature space
is strictly confined to macro-level polarization,
simplifying the highly granular emotional subsets that
typically cause entropy surges.

Condition 4. The semantic outputs are transformed
into  continuous  kinematic  parameters,  which
dynamically govern the phase-space of a modified Bass
diffusion model and a Neural Hawkes process. In the
process of developing the method for detecting
information threats, a number of various methods and
algorithms were applied.

When developing the mathematical model of the
Semantic Non-linear Contour, the principle of the
Adaptive Self-Consistency decoding algorithm was used
[16]. The principle consists in applying thermodynamic
temperature scaling to the model’s output logits to
generate a stochastic ensemble of independent
conclusions, diverging from standard greedy decoding.
The probability distribution for the generation of the i-th
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token (class) is computed utilizing a thermodynamically
modified Softmax function:

Dy = exp(z;/7)

" Xjexp(z/7)
where p; € [0, 1] represents the normalized probability
of selecting the i-th class from the total vocabulary of
features, ensuring the sum of all p; equals 1; z;, z; € R
represent the unscaled logits extracted from the final fully
connected layer of the neural network, indicating the raw
algorithmic “confidence” in class i or j; and 7 € (0, )
denotes the generative temperature hyperparameter.

The application of this mathematical principle when
building the dynamic process model provides the
following advantages:

A detailed mathematical analysis of its boundary
conditions reveals that as lrliré p;, the distribution

degenerates into a discrete Dirac delta function (equivalent
to arg max), losing its capacity to navigate semantically

. . 1
ambiguous texts. Conversely, as limp;, =—, all
T—00

vy’
exponential terms approach unity, transforming the
distribution into absolute uniformity, whereby the system
loses classification capability. Therefore, extensive multi-
factor experimentation dictated the strict structural
bifurcation of the parameter t. For the classification of
narrative and thematic topics, an elevated temperature of
Tropic = 0.85 deliberately amplifies the sampling variance,
compelling the neural network to traverse peripheral
semantic association graphs, which is critical for defeating
adversarial attempts to bypass monitoring systems via
synonymic masking. For the classification of sentiment, the
temperature was strictly compressed t0 T,; = 0.40,
which forces the probability distribution to cluster tightly
around the dominant emotional vector, ensuring absolute
convergence among the ensemble’s independent inferences.
When quantifying algorithmic certainty in the
Semantic Non-linear Contour, the principle of the
mathematical confidence coefficient (Confidence
margin) was used. The principle consists in calculating
the differential between the volume of votes for the
triumphant majority class and the closest competing
alternative class within a stochastic ensemble. The
mathematical margin is formalized as follows:

Xy =) - max B 1(y; = k)

Vi = N , (@)

where N is the total ensemble size; () is the discrete
indicator function returning 1 if the condition is true and
0 if false; c* is the triumphant majority class; and k is the
closest competing alternative class.

The application of this principle when evaluating
algorithmic certainty provides the following advantages:
it acts as a vital algorithmic entropy penalty. By purging
classification outputs where y; < 8,5 Was empirically
optimized to 0.75), it creates an impenetrable safety
barrier, preventing the infiltration of semantic noise into
the highly sensitive differential equations of the dynamic
contour. When computing the constituent elements of the
system’s macro-state vector S, the principle of five
distinct mathematical Early Warning Indicators (EWISs),

€y

specifically the hybridized impact function, was used.
The principle consists in weighting each source’s
emission to counteract the obfuscation of social graph
topologies and mitigate the impact of automated bot
inflation, commonly referred to as Sybil attacks. The
hybridized impact function is calculated as:

Sit

EIS; =a 3)
where v;, represents the median number of unique
content views for the i-th source; s;. denotes the
subscriber count of the emission source; max(v,) and
max(s,) are denominators enforcing strict Euclidean
normalization within the interval;, « = 0.75 and
B = 0.25 are specific influence constants.

The application of this principle when computing
the impact of sources provides the following advantages:

It enforces the mathematical dominance of
kinematic interaction (views) over static topological
metrics  (subscribers), which is a fundamental
prerequisite for gradient stability in downstream neural
network layers. This effectively nullifies the efficacy of
bot networks where the subscriber count approaches the
maximum s; —» max(s) but genuine human engagement
approaches zero v; —» 0. When isolating kinematic
anomalies, the principle of the Early Amplification Ratio
(EAR) was used [27]. The principle consists in
computing the area under the intensity curve strictly
during the initial hours of an attack’s deployment,
distinguishing coordinated bot injections, which manifest
mathematically as unit impulses, closely approaching the
Dirac delta function or Heaviside step function from
organic information diffusion, which generally traces a
smooth cumulative trajectory.
ft0+At Vtopic (t)dt

to

it
max(v,) max(s,)’

EAR(t,y, At) = A ., @
where Vi (t) represents the definite integral of content
generation velocity, messages per hour, over a highly
restricted analytical window At < 2 hours, computed via
numerical integration methods; u, - At represents the
historical mathematical expectation of background intensity
for the given narrative under non-anomalous conditions.

The application of this principle when isolating
kinematic anomalies provides the following advantages:

An EAR = 3.0 algorithmic threshold signifies a
300% deviation from expected statistical behavior,
immediately flagging a critical kinetic anomaly. When
formalizing the sociological phenomenon of emotional
manipulation — specifically the deliberate injection of
panic, fear, or unbridled aggression into an otherwise
neutral information stream — the principle of the
Sentiment Volatility Coefficient (SVC) was used. The
principle consists in measuring the standardized
emotional dispersion:

SV, ! . g, )2 5
t = mzizl (0, — )%, 5)

where |M,| is the cardinality of the message set within
the temporal window t; o; € {—1,0, 1} is the discrete
emotional polarity derived from the semantic contour;
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g, is the moving mathematical expectation of the
sentiment for the set. The application of this principle
when measuring emotional dispersion provides the
following advantages:

The utilization of standard deviation over absolute
deviation is mathematically vital; squaring the
differentials exponentially amplifies the systemic weight
of extreme emotional outliers, rendering the metric
highly sensitive to artificial emotional injections. When
inextricably linking the kinematic anomaly EAR with the
cognitive anomaly SVC into a singular, unified threat
marker, the principle of the Bot-Injection Index (BIl) was
used. The principle consists in calculating a synthetic,

non-linear, multi-dimensional scalar utilizing the
hyperbolic tangent function:
SV,
BIIt = tanh (Wear . EARt + Wspe * m), (6)

where w,,, = 0.15 and ws,. = 0.35 are weighting
coefficients empirically optimized via gradient descent
methodologies on historical datasets of prior information
operations; SVC,,n represents a constant of normal
background volatility, required to bring disparate
multidimensional values to a common denominator. The
application of this principle when linking anomalies
provides the following advantages:

The integration of the hyperbolic tangent function
constitutes a critically important architectural safeguard
that explicitly eliminates the pervasive problem of
gradient explosion when these metrics are subsequently
fed into differential equations. It guarantees the
compression of potentially infinite inputs, massive bot
spam causing EAR — 100, into a highly stable, bounded
computational space of [0,1), ensuring the
computational resilience of the overall system. When
concentrating the model’s computational resources
exclusively on the destructive vector of the data stream,
the principle of the Thematic Risk Factor (TRF) was
used. The principle consists in acting as a complex spatial
filter by aggregating the aforementioned scalars:

TRF, =) EISy 10 € Ogeseruc) - Vi, (7)
mEM¢

where 1(0; € Ogqsruce) 1S an indicator function that strictly
zeroes out any message where the identified topic 6; does
not belong to the set of predefined destructive narratives
Ogestruct; Vi €nsures that classifications with low neural
certainty contribute proportionally less to the total
accumulated risk. The application of this principle when
filtering the data stream provides the following advantages:

It completely eliminates organic, neutral noise from
the risk calculation, accelerating system response time.
When evaluating the persistence of an operation, the
principle of the geometric Campaign Longevity metric
(NTP) was used. The principle consists in calculating the
definite integral of the area where the risk exceeds the
background norm:

NTP = maX(O, T’RF‘LL - #TRF) dt, (8)

Tobs
where: TRF, is the Thematic Risk Factor; urgg is the
background norm; and max(0,...) is a non-linear

operation functioning identically to a Rectified Linear
Unit (ReLU) activation within neural networks,
truncating all sub-threshold risk fluctuations to zero. The
application of this principle when evaluating operation
persistence provides the following advantages:

It ensures the integral accumulates area exclusively
above the baseline anomaly threshold, allowing analysts
to mathematically differentiate transient, organic
information noise from sustained, highly resourced
cognitive campaigns executed by state-sponsored actors.
When achieving the mathematical transformation of
classical, isotropic diffusion models into dynamic,
predictive systems, the principle of non-linear dynamic
modification of the Bass diffusion model was used [20].
The principle consists in replacing static constants with
dynamic control functions derived directly from the
cognitive-kinematic EWIs. The coefficient of external
injection p; is calculated as:

pi =po - (144, BIl, - EIS,), 9
where p, is the base innovation rate; 4, is a

hyperparameter dictating sensitivity to bot attacks; EIS,
represents high-impact channels; and BII; represents
automated spam.

The application of this principle when modifying
external injection provides the following advantages:

It mathematically simulates the real-world
operational tactics of bot-farms, which utilize high-
impact channels and automated spam to artificially
inflate the external visibility of a narrative, driving an
exponential surge in p;. Concurrently, when calculating
the coefficient of social imitation, the principle of
emotional resonance function was used. The principle
consists in  mathematically modeling the proven
sociological phenomenon that high-volatility content,
inducing fear or anger, spreads horizontally at

exponential rates [28]:
- (1 +2 (0 SV 1)) 10
qt = 9o q max ’SVCnorm ) ( )

where g, is the base organic imitation rate; 4, reflects the
audience’s sensitivity to emotional fluctuations.

The application of this principle when modifying
social imitation provides the following advantages:

If the emotional dispersion SV C; spikes relative to
the norm due to the injection of panic-inducing
narratives, the  multiplier  becomes  positive,
mathematically accelerating the network’s inherent
horizontal virality. When mapping the microscopic
topology of information cascades, the exact sequence of
individual retweets over time, the principle of self-
exciting Hawkes processes was used [23]. The principle
consists in exponentially amplifying the baseline
intensity of the point process by the Thematic Risk Factor
derived from the LLM contour:

A(t) = po - exp(a - TRF,) + ¢ (—t) (11)
ti<t

where A(t) is the conditional intensity of the Poisson

point process, the probability of a new publication in the

next microsecond; ¢(t) = k- e~ " is the decay kernel

representing the viral echo effect of all previous events t;
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[25]. The application of this principle when mapping
information cascades provides the following advantages:

By embedding the TRF, scalar directly into the
exponent of the base intensity, the system generates a
critical mathematical alert indicating an impending
structural phase shift, the transition to mass “Attack” phase
2 to 4 hours prior to full operational deployment,
significantly outperforming traditional delayed-response
models.

3. Results of the Development and
Empirical Validation of the Hybrid
Neuro-Mathematical Model

3. 1 Development of the Semantic Non-linear
Contour and Entropy Minimization

To evaluate the efficacy of the proposed method and
achieve complete scientific validation of the developed
neuro-mathematical apparatus, an extensive
computational experiment was executed utilizing real-
world data. The empirical dataset comprised N = 999
lemmatized messages extracted from K = 50 high-density
Telegram channels over an observation window of At =
24 hours, meticulously capturing the live deployment and
dissemination of a verified information operation.
Comprehensive data preprocessing protocols were
applied, including the removal of stop words and strict
tokenization constrained to a maximum of 512 tokens to

ensure complete compatibility with the LLM’s context
window. Following the execution of the semantic contour
utilizing the Adaptive Self-Consistency algorithm on the
quantized Llama-3.1 model, the system successfully
categorized 711 messages as neutral, 20 as positive, and
268 as destructive narratives B, = 26.8%. A parallel
unsupervised topic modeling process  (utilizing
BERTopic) independently corroborated these findings,
isolating four robust topical clusters with an exceptionally
high Adjusted Rand Index ARI =0.925. The
implementation of the thermodynamic logit scaling
mechanism yielded an unprecedented reduction in
classification entropy, which plummeted to H.opi =
0.160 bits, accompanied by a high mean algorithmic
confidence margin of y = 0.878. This definitively
established the efficacy of the proposed thermodynamic
technique in neutralizing the semantic uncertainty that
typically plagues zero-shot LLM inference.

3. 2 Synthesis of Continuous Early Warning
Indicators

The continuous aggregation of these validated
semantic metrics into the macro-state vector S;, with an
hourly discretization step At = 1 hr, provided empirical
proof of the model’s extreme predictive sensitivity. The
results of the modeling for these indicators are presented
in Table 1.

Table 1 — Fragment of the calculation matrix of IO macro-indicators

. Intensity | Sentiment | Volatility Bot Index Risk Factor Z-score
Temporal Slice (t;) | =y @) SVC, EAR,, BII, TRF, TRF
Background t_4 11 -0.15 0.34 1.0 0.05 1.45 0.12
Trigger t, 48 -0.42 0.68 4.36 0.874 4.8 2.95
Attack t; 95 -0.65 0.82 8.63 0.96 11.2 4.8
An exhaustive analysis of the mathematical immediate, non-linear exponential scaling of the

behaviors observed during the critical phase transition at
to, the preparatory “Trigger” phase, illustrates the core
superiority of the hybrid framework. The absolute volume
metric V = 48 messages/hour remained insufficiently
high to breach the static thresholds of conventional
monitoring systems, which would have inevitably resulted
in a false negative. However, the advanced kinematic
apparatus detected severe localized deviations: the EAR
surged to 4.36, signifying an immediate, non-organic
injection of volume that was over four times the expected
background rate. Concurrently, the emotional dispersion
SVC experienced a 100% amplification jumping from a
baseline of 0.34 to 0.68, mathematically confirming the
artificial induction of panic and aggression into the
information flow. Inserting these discrete scalars into the
normalized BII formula yielded irrefutable mathematical
evidence of algorithmic manipulation:

0.68
BIl,, = tanh (0.15 -4.36 + 0.35 -m) ~ 0.874.(12)

3. 3 Construction of the Dynamic
Differential Contour

The BII value of 0.874, an asymptotic push toward
the theoretical limit of 1.0, alongside a standardized Z-
score of 2.95 for the TRF, comfortably exceeding the
critical 2.0 0 anomaly threshold, triggered the

innovation parameter p; in the modified Bass equation.
This explicit neural-to-differential linkage enabled the
system’s detection module to mathematically declare a
phase transition to the “Attack” state 3 to 4 hours prior to
the actual empirical peak volume occurring at ;.

3. 4 Empirical Validation and Mathematical Limits
of Generative Models

A secondary, yet equally profound result of the
experiment was the mathematical documentation of the
fundamental boundary limits inherent in contemporary
artificial intelligence paradigms. During an extended
experimental phase, the semantic feature space X was
expanded beyond basic macro-polarization: positive,
negative and neutral to encompass highly granular
emotional subsets: anger, fear, anxiety, sorrow. The
ensuing statistical analysis recorded an absolute collapse
in semantic inference quality. The mean information
entropy H for granular sentiment spiked exponentially to
a critical 1.349 bits — dangerously approaching the
maximum theoretical entropy limit for a 3 to 4 class
distribution — while the ensemble confidence margin
collapsed to a marginal y = 0.292. The semantic space
experienced severe divergence; the LLM ensemble began
outputting  near-uniform  probability  distributions,
entirely incapable of distinguishing between adjacent
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psycho-emotional states, confusing raw geopolitical
anger with general hate speech. This empirically proved
that zero-shot generative architectures are structurally
incapable of executing stable, highly granular emotional
classifications on complex texts without extensive,
parametric fine-tuning, thereby defining the absolute
operational limits of the hybrid model.

4. Discussion of the Results of the Hybrid
Neuro-Mathematical Model Empirical
Validation

The proposed hybrid neuro-mathematical model of
the information threat detection process. The specific
feature of this model is its dual-nature architecture,
integrating semantic non-linear filtering with dynamic
differential diffusion equations. The criteria and quality
indicators of the threat detection process were
determined. The specific feature of the proposed Early
Warning Indicators (EWIs) is the application of
continuous Kinematic scalar aggregation, formulas for
EAR, SVC, and BII. This allowed for evaluating the
absolute mathematical limits of generative models and
formulating the dynamic control parameters for the
modified Bass diffusion model and Neural Hawkes

process.
The evaluation of the proposed model’s efficacy on
Table 1, showed the following results: the

implementation of thermodynamic logit scaling yielded an
unprecedented reduction in classification entropy, which
plummeted to Hy,,;c = 0.160 bits, accompanied by a high
mean algorithmic confidence margin of y = 0.878.
During the critical phase transition, the kinematic
apparatus detected an EAR surge to 4.36 and a 100%
amplification in emotional dispersion SVC, which
mathematically confirmed the artificial induction of panic.
The explicit neural-to-differential linkage enabled the
system’s detection module to mathematically declare a
phase transition to the “Attack” state 3 to 4 hours prior to
the actual empirical peak volume. Expanding the semantic
feature space beyond basic macro-polarization to
encompass highly granular emotional subsets without
fine-tuning resulted in an absolute collapse in semantic
inference quality, with entropy spiking to a critical 1.349
bits. The obtained results of the proposed model research
can be explained by the application of thermodynamic
stabilization and the integration of the hyperbolic tangent
function within the BIl metric, which explicitly eliminates
the pervasive problem of gradient explosion when these
metrics are fed into differential equations. In contrast to [4,
5], where deep learning sequence models or standard
classification algorithms are proposed to parse complex
disinformation, the proposed model incorporates the
temporal dimension necessary to forecast the velocity and
trajectory of information propagation. In addition, the
proposed model, unlike [6], transforms rigorous semantic
assessments into continuous Kinetic variables, resolving
the core deficiency of pure mathematical epidemiology
when applied to highly volatile social networks.

In contrast to [27], where traditional systems remain
perpetually reactive by isolating the cognitive payload
but ignoring the dissemination physics, the proposed
model guarantees system stability under duress by

mathematically bounding the parameters. Also, unlike,
where it is assumed that massive, pre-trained models
possess generalized psychological profiling capabilities
out-of-the-box, the proposed model mathematically
proves that zero-shot generative architectures are
structurally incapable of executing stable, highly
granular emotional classifications on complex texts
without extensive parametric fine-tuning. Therefore, the
developed hybrid neuro-mathematical model allowed for
the early detection and mitigation of information
anomalies long before they reach critical mass within the
target population. This made it possible to filter out
organic social media noise and mathematically
differentiate transient information noise from sustained
cognitive campaigns. But the proposed results should be
applied under the following limitations:

— the application of the model is strictly confined to
macro-level polarization of the neural feature space;

—the presence of a mathematically sound
thermodynamic temperature scaling setup tailored for
specific classification tasks: topic and sentiment.

In addition, the proposed model is expedient to use if
the text corpus is sufficiently large and the temporal window
provides a reliable historical background intensity baseline.
As adrawback of this study, it should be noted that the paper
lacks an analysis of the model’s performance when
integrated with specialized Low-Rank Adaptation (LoRA)
or extensive supervised fine-tuning protocols. To eliminate
this drawback, the hybrid model needs to be expanded with
an additional procedure to align the model’s latent space
with the specific nuances of granular emotional
classification in the operational environment. As a
development of this research, the following can be noted.

First, it is necessary to investigate the integration of
advanced LoRA techniques to expand the emotional
granularity of the semantic contour while maintaining the
convergence of the dynamic differential equations.

Second, it is necessary to conduct research
regarding the dynamic optimization of the weighting
coefficients w,,,- and wg,, using automated machine
learning (AutoML) frameworks across diverse types of
sociotechnical platforms beyond Telegram.

5. Conclusions

1. The proposed mathematical model of the
information threat detection process. The specific feature
of this model is its dual-nature architecture, integrating
semantic non-linear filtering with dynamic differential
diffusion equations. The application of Adaptive Self-
Consistency decoding with thermodynamic logit scaling
yielded an unprecedented reduction in classification
entropy. This allowed for formulating strict boundary
conditions to prevent the collapse of coupled differential
systems and minimize semantic uncertainty.

2. The criteria and quality indicators of the threat
detection process were determined. The specific feature
of the proposed Early Warning Indicators is the
application of continuous kinematic scalar aggregation.
This allowed for assessing the temporal dimension of
information dissemination and formulating continuous
dynamic control functions for the Bass diffusion equation
and Neural Hawkes point process.
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3. The developed unified hybrid neuro-
mathematical architecture seamlessly integrates tensor-
based semantic inference with analytical spatio-temporal
diffusion models. In the first stage, the Llama-3.1-8B-
Instruct model resolves semantic ambiguity via the ASC
algorithm; in the second stage, linguistic outputs are
transformed into dynamic early warning indicators. The
results allowed for evaluating the efficacy of the
developed method. During empirical testing, the method
significantly outperformed traditional detectors by
accurately identifying the phase shift of cognitive attacks
hours before the empirical peak volume. But, expanding
the feature space to highly granular emotional subsets
resulted in an absolute collapse in inference quality,
establishing the mathematical limitations of zero-shot
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liopnana HeiipomaTeMaTH4YHAa MOJe/b BUABJIEeHHs iHopManiiiHux 3arpo3:
iHTerpauis BeJTMKHX MOBHUX MogeJieli Ta MoaudikoBanux qudysiiiHux npouecis

4. O. Jlammm, O. B. Boiitko, B. A. ®enopieako

AHoTanisi. AKTyalbHiCTh. Y KOHTEKCTI CTPIMKOI eBoJTIOLii Kibep3arpo3, KOlu AeCTPYKTUBHI HAPATHBHU MOIINPIOIOTHCS
3 Oe3NpeLeeHTHOI IIBUAKICTIO, TPAAMIiiHI i307b0BaHi CHCTEMHM MOHITOPHHIY BTpa4aloTh epeKkTuBHICTh. IIpeamer
JOCJTIUKeHHsI: aHANITHYHI CHUCTEMH BHSBJICHHS CKOOPJMHOBAHMX I1HQOPMAIIHHUX OIepaliii y Cy4acHOMY CepelOBHIIi
KOTHITHBHOI Oe3nekn. MeTa DOCTiI:KeHHsI: pO3pOOUTH €IWHY HEHpoMaTeMaTH4YHy apXiTeKTypy, fka BimoOpakae HeNiHiiHI
CEeMaHTHYHI O3HAKH 3a JOIOMOTrOI0 AuQepeHmiallbHUX pIBHSIHB IIPOCTOPOBO-dacoBoi mudysii. 3aBgaHHA goCTiTKeHHS:
noOyayBaTH TiOpUIHY MOJENb Ha OCHOBI BENMKOI MOBHOI MOJEINi, NMEPETBOPUTH CEMaHTHYHI BUXIIHI JaHI Ha HeEMEepepBHi
KiHEMaTHUYHI MapaMeTpu Ta EMIIPUYHO OLIHUTH e(PEeKTHBHICTh MOJETI MiA 4Yac peasbHUX iH(popMauiiHuX aTak. MeToan
JDOCTiIKEeHHsI: 3aCTOCOBAHO 3MillIaHUI eMITIpUYHMI MiIXiM, 110 TOEIHY€ KiTbKICHE MaTeMaTHIHE MOJICTIOBAHHSI, KOMITIOTEPHY
nmiHrBicTHKY, Mozens Llama-3.1-8B-Instruct 3 Buxopucranusm anroputMmy Adaptive Self-Consistency, a Takox MoaudikoBaHy
Mozens audysii bacca Ta HeliponHuii mporec ['okca. Pe3yibTaTH HOCHiXKEHHSI: 3aCTOCYBaHHS TEPMOIMHAMIYHOIO JIOTIT-
MacmTaOyBaHHA 3HH3WIO CHTPOII ceMaHTHYHOI kimacuikanii no 0,160 Oita. I[HTerpamis HemepepBHHX KiHEMAaTHYHUX
napameTpiB y qudepeHiaabHi piBHIHHA ajla 3MOTY CHCTeMi BUSIBHTH (pa3oBHii mepexij iHpopMaliifHoi aTaku 3a 3—4 TOTUHHA JI0
JOCSITHEHHS 11 CTaTHCTHYHOTO TiKy. BeTaHOBIIEHO, IO AeTanbHa Kiacu(ikalis eMOMiHHIX MiTHITIB 0€3 TOHKOTO HaJlalITyBaHHS
MOJIITi TPU3BOIUTH IO MaTEMaTHYHOT HeCTaOLIEHOCTI, YHACHIJOK 4OTO EHTPOTIIis 3pocTtac 10 1,349 6ita. BUCHOBKH: OCITIKEHHS
po3tmpioe Teopiro audysii bacca Ta mpouecu 'okca nUITIXOM 3aMiHM CTATUYHHMX KOHCTAHT JUHAMIYHUMHU (QYHKLISIMH BIUIUBY,
OTPUMaHHMH 32 JOIOMOIOI0 IITYYHOTO iHTEJIeKTy. MareMaTH4HO OOIpYHTOBAaHO HEOOXiTHICTH MakpoOMoJsIpu3alii y mpocTopi
03HaK JUIs 3a0e3neueHHs! CTabiIbHOTO qudepeHIiaIbHOr0 MOCTIOBAaHH 0€3 TOHKOTO HaNAIITyBaHH HEHPOHHOT Mepexi.

Kawuosi ciaoBa: indopmariiina 6esmneka; indopmariiiiHi oneparii; Beiruki MOBHI MOJIeNi; 0OpOOICHHS IPHPOIHOI MOBH;
aHai3 COLaNbHUX MEpex; riOpHIHa HelipoMaTeMaTHuHa MO/Ielb; An(y3iiHI TPOLECH; CTOXaCTUYHI MOJEII.
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YOLO FAMILY ARCHITECTURES FOR EXPLOSIVE OBJECT DETECTION IN
EMBEDDED SYSTEMS OF AUTONOMOUS UNMANNED VEHICLES:
A COMPARATIVE ANALYSIS

Abstract. Relevance. The need to choose an effective YOLO architecture for explosive object detection in unmanned
aerial vehicle embedded systems is driven by limited computational resources, real-time constraints, and energy efficiency
requirements. The object of research is explosive object detection in embedded autonomous unmanned vehicle systems
using YOLO family architectures. The subject of the research is the comparative efficiency of YOLO models in terms of
detection accuracy, throughput, model size, and energy consumption on embedded hardware platforms. The purpose of this
paper is to develop and apply an integral efficiency criterion based on neural network methods for selecting the most suitable
YOLO architecture for explosive object detection and humanitarian demining tasks. Research results. The proposed
criterion was applied to six YOLO models (v5n, v8n, v8s, v10n, v11n, v11s) deployed on Raspberry Pi 3 Model B+ and
Raspberry Pi 4 Model B with 4 GB of RAM. Comparative evaluation under three scenarios showed substantial differences
in detection quality, throughput, model size, and energy consumption. The ranking confirms the practical value of the
methodology for model selection in embedded systems. Conclusions. The methodology provides a transparent and
reproducible basis for comparing YOLO architectures in resource-constrained environments. Real-time operation remains
challenging on low-power platforms, which justifies further optimization of deployment and inference.

Keywords: YOLO; explosive object detection; unmanned aerial vehicle; embedded systems; integral efficiency criterion;

neural network; humanitarian demining; Raspberry Pi.

Introduction

Relevance. The task of automated detection of
explosive objects using an embedded computer system
onboard an autonomous unmanned aerial vehicle is an
important research direction in the field of humanitarian
demining [1-3]. The scale of contamination of Ukraine’s
territory by explosive remnants of war, which
international organizations estimate to cover tens of
thousands of square kilometers, combined with the
productivity of manual demining at only 15-25 m? per
deminer per day, creates a strong need for automated
systems for preliminary terrain survey [4, 5].

Therefore, one of the most promising ways to
address this problem is the deployment of a variety of
robotic systems, including unmanned aerial vehicles
(UAVs) and unmanned ground vehicles (UGVs) [6].

An overview of scientific works. In its most
general form, the architecture of such a system includes
image acquisition from an optical camera, resizing the
image to the fixed input resolution of the neural network
detector (typically 640x640 pixels), forward propagation
through a YOLO-family convolutional neural network,
and generation of georeferenced detection results in near
real time [7].

In recent publications, methods are proposed for
quantitatively assessing the effectiveness of systems of
this type using classification quality metrics (Precision,
Recall, F1), a spatial localization metric (loU), and
performance-oriented indicators (FPS, decomposition of
the time budget for processing a single frame) [8, 9].
These methods assume that the target model has been
predefined in advance and make it possible to evaluate its
compliance with the functional requirements of the task.

At the system design stage, the opposite task arises:
selecting, on a well-founded basis, the most appropriate
architecture from several potentially suitable candidates

using the same criteria, but without conducting a full
cycle of field tests for each of them.

The technical specificity of the task is complicated
by several circumstances that must be taken into account
in the selection methodology. The current YOLO family
includes at least six architectural variants whose
computational complexity is compatible with the
resources of single-board computers such as the
Raspberry Pi 3 Model B+ (quad-core Cortex-A53, 1 GB
LPDDR2) and Raspberry Pi 4 Model B (quad-core
Cortex-A72, 4 GB LPDDR4). This list includes the v5n,
v8n, v8s, v10n, v1in, and v11s versions, ranging from
the 2021 release to the 2025 architectures. Each of the
named models can be run in several software inference
formats — PyTorch, ONNX Runtime, TensorFlow Lite,
and NCNN — each of which has its own trade-off between
speed and deployment convenience on ARM processors
[10]. Special attention should be given to the fact that the
latest-generation  models, especially YOLOvV10,
implement a training strategy based on dual label
assignment; this eliminates the need for Non-Maximum
Suppression (NMS) during inference and provides a
deterministic latency gain, which is especially noticeable
on platforms with limited computing power [11].

The combination of these factors makes model
selection non-trivial in nature, and an arbitrary choice of
a default architecture is methodologically unjustified. In
the context of research focused on embedded detector
deployment, the issue of selecting a well-founded
architectural variant acquires independent scientific
significance.

The aim of the article is to formalize and
practically apply a methodology for the justified
selection of a YOLO architecture for the task of detecting
explosive objects by an embedded computer system
onboard an unmanned aerial vehicle. The proposed
methodology is developed as a logical continuation of the
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criterion framework presented by the authors in, with the
analytical apparatus extended to an integral efficiency
criterion that accounts for the specific features of both
target platforms and the operational conditions of the
system in support of humanitarian demining.

Problem statement and characteristics
of the onboard computing platforms

The task considered is the automated detection of
explosive objects across six classes — anti-personnel and
anti-tank mines, mortar and artillery shells, hand
grenades, and small arms ammunition — in images
received from an optical camera onboard an unmanned
aerial vehicle, using the onboard computing system. The
class nomenclature is inherited from earlier works [2, 6,
13] and corresponds to the most common types of
explosive remnants of war in Ukraine [4, 14, 15].

Detection should be performed directly onboard,
without transmitting the video stream to a ground station,
because analyses of edge-computing efficiency in highly
mobile computing networks show that local processing
enables decision-making that is on average 15% faster
than a centralized architecture and preserves node
operability under communication loss, which is of
fundamental importance for post-war applications [16].
Raspberry Pi 3 Model B+ and Raspberry Pi 4 Model B,
each in the 4 GB RAM configuration, were selected as
the onboard computing platforms. The choice is
motivated by three considerations: both platforms are
widely available, have a well-established software
ecosystem, and exhibit documented behavior under
sustained computational load, which improves result
reproducibility; prior experience with deploying
computer vision systems on Raspberry Pi for license
plate recognition is described in [17].

Table 1 — Characteristics of onboard computing platforms

The computational-performance gap between the Pi
3B+ and Pi 4, documented at about 2.5 — 4 times [18],
covers the typical range of onboard computers used in
small UAVs, so the obtained estimates can be
interpolated to intermediate configurations. The power
consumption of both platforms, measured in watts, is
compatible with the energy budget of a small multirotor
aircraft: at a flight power of 200 —400 W, onboard
computing accounts for only a few percent.

Raspberry Pi 3 Model B+ is built around the
Broadcom BCM2837B0 system-on-chip (SoC) with four
ARM Cortex-A53 cores running at 1.4 GHz and 1 GB of
LPDDR2 RAM. The Cortex-A53 microarchitecture is an
energy-efficient, in-order design and provides about 2.24
DMIPS/MHz per core; the limited memory places an
upper bound on the model size that can be loaded
together with the operating system and inference
software stack, while the platform’s power use is about
19-21W at idle and up to 3.6 W under full
computational load.

Raspberry Pi 4 Model B uses the BCM2711 SoC
with four Cortex-A72 cores clocked at 1.5 GHz and 4 GB
of LPDDR4-3200 RAM. Cortex-A72 is a superscalar
out-of-order microarchitecture that delivers about 4.72
DMIPS/MHz, roughly twice that of Cortex-A53 at the
same frequency; combined with the faster memory
subsystem, this provides a 2.5-4x increase in
convolutional-network inference performance compared
with the Pi 3B+. Power consumption is 3.4 —4.0 W at
idle and 6.0 — 7.6 W under load; during prolonged full-
load operation, the platform requires a passive heatsink
to avoid thermal throttling, which above 80°C reduces
clock frequency and distorts speed measurements. The
consolidated platform characteristics are presented in
Table 1.

Technical specification Pi 3B+ Pi 4 (4 Gb) Pi5 (8 Gb) Jetson Orin Nano Super
SoC BCM2837B0 BCM2711 BCM2712 6xCortex-A78AE + GPU 1024 CUDA
Processor 4xCortex-A53 4xCortex-AT2 4xCortex-A76 1,7
Clock frequency, GHz 1,4 1,5 2,4 8 I'b LPDDRS5
Memory 1 T'b LPDDR2 4 Tb LPDDR4 8 I'b LPDDR4X 7,0
Performance, DMIPS/MHz 2,24 4,72 6,4 7
Power (idle), W 1,9-2,1 3,4-4,0 2,7-3,0 15-25
Power (load), W 3,6 6,0-7,6 7,5-9,0 249
IApproximate cost, USD 35 55 80 6xCortex-A78AE + GPU 1024 CUDA

To complete Table 1 for a fuller comparison, next-
generation platforms, Raspberry Pi 5 and NVIDIA Jetson
Orin Nano Super, are also included, although they are not
part of the study’s comparative set. Raspberry Pi 5, based
on the Cortex-A76 processor, delivers roughly four times
higher performance than Raspberry Pi 4, but its power
consumption under load rises to 7.5-9.0 W, while the
total cost of the platform together with mandatory active
cooling and a higher-power supply is about 1.5 times that
of Raspberry Pi 4.

The NVIDIA Jetson Orin Nano Super platform,
equipped with an Ampere-architecture GPU accelerator,

outperforms the considered single-board computers by an
order of magnitude in computational performance;
however, its power consumption in maximum-
performance mode reaches 25 W, and its cost is about 4.5
times higher than that of Raspberry Pi 4.

For a small multirotor UAV, both factors are highly
significant: higher power consumption shortens flight
time for a fixed battery capacity, and the cost of the
computing module becomes decisive in serial
deployment, where loss of the aircraft in a demining zone
is an expected operational risk. These platforms are
therefore considered a direction for further expansion of
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the study, provided that the energy and cost constraints
are relaxed.

An essential part of the problem formulation is the
choice of the software format for model execution. For
ARM processors without hardware accelerators, several
inference stacks are available: native PyTorch, ONNX
Runtime, TensorFlow Lite, and the NCNN framework,
which is optimized for mobile ARM platforms using
vectorized NEON instructions. According to official
measurements [18, 19], for the YOLOv8n model on
Raspberry Pi 4, the NCNN format provides an inference
time of 414.7 ms versus 560.0 ms in ONNX Runtime and
950.3 ms in TensorFlow Lite, corresponding to
advantages of 1.35 and 2.29 times, respectively. In view
of this, the subsequent analysis is carried out for the
NCNN format as the primary one, with data for the other
formats given for comparison in the comparative
analysis.

The system requirements are formulated as follows.
The target video-processing rate is set at 25 frames per
second, which corresponds to the standard PAL frame
rate and typical onboard camera settings. The detector
input resolution is 640x640 pixels, inherited from the
training configuration of the YOLO family of models.
The flight altitude in the calculation scenario is 20 m,
which, at a typical camera field of view [20], yields a
ground sampling distance on the order of centimeters
per pixel and is sufficient for detecting anti-personnel
mine-class objects. It is expected in advance that the
target rate will not be achieved by any model on
general-purpose  processors without accelerators;
quantifying this gap and identifying ways to reduce it are
among the results of the work.

Overview of the compared
YOLO family architectures

Six models from four YOLO generations are
included in the comparison: YOLOv5n, YOLOvVSN,
YOLOvV8s, YOLOv10n, YOLOv11n, and YOLOv11s.
The selection criterion was the basic compatibility of
model computational complexity with the resources of
the target platforms: the smallest nano configurations of
each generation were considered, along with two small-
class configurations to assess whether moving to larger
models on Raspberry Pi 4 is justified. Medium-class
configurations and above were excluded because their
computational complexity, exceeding 60 GFLOPs, leads
to frame-processing times of several seconds even on Pi
4, which makes such a comparison practically
meaningless. The 2025 architectures are included in the
summary table of characteristics as reference points, but
they are not used in the computational part for the reasons
given below. Two-stage detectors such as Mask R-CNN,
whose application to recognition tasks is discussed [21],
are excluded from the comparison because their
computational requirements are fundamentally higher
and incompatible with the resources of the target
platforms.

YOLOv5n (2021) is the smallest configuration of
the fifth generation and contains 1.9 million parameters
with a computational complexity of 4.5 GFLOPs. The

architecture uses a CSPDarknet backbone with C3
modules and an anchor-based detection scheme. The
model achieves 28.0% mAP50-95 on the COCO
validation set, which is the lowest among the compared
models, but its minimal computational complexity makes
its speed a benchmark for resource-constrained
platforms.

YOLOvV8n and YOLOvV8s (2023) belong to the
eighth generation, which introduced an anchor-free
detection scheme with a decoupled head and C2f
modules in the backbone. YOLOV8n has 3.2 million
parameters at 8.7 GFLOPs and achieves 37.3% mAP50-
95; YOLOvVS8s has 11.2 million parameters at 28.6
GFLOPs and 44.9%, respectively. The eighth generation
is treated as the baseline for explosive-object detection
because earlier work [2, 6] and the evaluation
methodology were built on YOLOvV8n, and the transfer
of this generation to applied domains is documented,
including in remote sensing tasks [22].

YOLOv10n (2024) uses a fundamentally different
training scheme with a dual label assignment mechanism:
during training, a one-to-many branch operates in parallel
to provide a strong gradient signal, while a one-to-one
branch produces a consistent output without duplicated
detections. As a result, the non-maximum suppression
stage is removed from inference [11]. For embedded
platforms, this matters in practice because NMS is
executed serially on the CPU, and on ARM architectures
without a vectorized implementation its cost can reach
tens of milliseconds per frame. YOLOv10n has 2.3
million parameters at 6.7 GFLOPs and achieves 38.5%
mAP50-95, outperforming YOLOv8n in both accuracy
and speed.

YOLOv1lln and YOLOv11s (2024) represent the
current generation, in which the C2f modules have been
replaced by more compact C3k2 blocks, a C2PSA spatial
attention module has been added, and the number of
parameters has been reduced while preserving accuracy.
With 2.6 million parameters (6.5 GFLOPSs), YOLOv11n
achieves 39.5% mAP50-95, the highest result among the
nano-class models; YOLOv1ls, with 9.4 million
parameters (21.5 GFLOPs), reaches 47.0%, which is the
maximum among all compared models. The consolidated
characteristics are presented in Table 2.

Table 2 — Characteristics of the compared models
(input 640x640, COCO val)

Model Year Prr?irlﬁ?r.\‘ GFIEOP‘ Sr)rgib\(l)?/is 0-
YOLOv5n | 2021 1,9 45 28,0
YOLOv8n| 2023 3,2 8,7 37,3
YOLOv8s | 2023 11,2 28,6 44,9
YOLOv10n| 2024 2,3 6,7 38,5
YOLOv1ln| 2024 2,6 6,5 39,5
YOLOv1ls| 2024 9,4 215 47,0
YOLOv12n| 2025 2,6 6,5 40,6
YOLOv26n| 2025 2,4 54 40,1
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Two newer architectures are included separately in
Table 2, but they are excluded from the computational
part of the study. YOLOv12n implements a spatial
attention mechanism in place of part of the convolutional
blocks and, according to formal metrics, outperforms
YOLOv11n by 1.1 percentage points in mAP50-95 at the
same computational complexity.

However, achieving the claimed speed requires
optimized attention implementations designed for
graphics accelerators; on general-purpose processors,
attention operations are less efficiently vectorized than
convolutions, so the actual inference time on ARM
platforms is higher than that of YOLOv1ln despite
identical GFLOPs. An additional factor is lower stability
during export: support for attention mechanisms in
inference stacks for embedded platforms is incomplete,
and conversion results vary across tool versions.
YOLO26n is built on an anchor-free scheme without
non-maximum suppression and, according to published
measurements, outperforms YOLOvlln in both
accuracy and speed. The limitation of this architecture
lies in the requirements for the software environment: the
model needs up-to-date versions of the training and
export toolchain, support for which in stable builds of
inference frameworks for ARM platforms was not
available at the time of the study, and the full training
cycle imposes higher computational demands than
architectures of earlier generations. In view of this, both
models are considered a direction for further research
after the tool support has stabilized.

The comparison across generations reveals a clear
trend: each successive nano-class generation delivers
higher accuracy at lower or comparable computational
complexity.

YOLOv1in outperforms YOLOv5n by 115
percentage points in mAP50-95 with only a 44% increase
in complexity, while YOLOv10n achieves accuracy
comparable to YOLOv11n with no NMS stage at all. At
the same time, moving from the nano class to the small
class within the same generation increases computational
complexity by 3.3 times, whereas the accuracy gain is
only 7.5-7.6 percentage points; the quantitative impact
of this asymmetry for resource-constrained platforms is
assessed below.

Comparison criteria and
integral efficiency indicator

Model comparison is performed using four partial
indicators: detection quality, effective speed, model size,
and the energy consumed to process a single frame.
These partial indicators are reduced to a single integral
criterion, which formalizes model selection under a given
requirement profile and eliminates the subjectivity of
comparing models by only one characteristic.

Detection quality is characterized by the mAP50-95
metric on the COCO validation set, according to the
official data provided by the developers [11, 19, 23].
Although the target domain of the task — images of
explosive objects captured from flight altitude — differs
from the COCO distribution, the relative ranking of
models by accuracy after fine-tuning on a specialized
dataset, as shown by the practice of transferring YOLO-

family models to applied domains [17, 21, 22], is
preserved, which makes this indicator suitable for
comparative analysis.

Speed is evaluated through a frame-processing time
model. Inference time is assumed to be proportional to
the model’s computational complexity and inversely
proportional to the platform’s effective performance:

tinf ~ C/ Pef 1)

where C —model’s computational complexity, GFLOPs;
Pt - performance  for

convolutional inference tasks, GFLOPS. The value of
P.ss is determined by calibration against the measured
inference time of a reference model: according to [19,
20], for YOLOv8n (C=8.7 GFLOPs) on Raspberry Pi 4
in NCNN format, the inference time is 414.7 ms, from
which Py ~21.0 GFLOPS. For models for which direct

measurements are unavailable, inference time is obtained
by extrapolation using equation (1), calibrated with the
reference YOLOv8n model for the nano class and
YOLOVSs for the small class.

The total frame processing time tg,;; consists of
preprocessing, inference, and postprocessing:

tiun =tpre +tinf + thms» (2)

platform’s  effective

where t,,.. — time spent on resizing the image resolution
and normalization; t,,, — hon-maximum suppression
time, which for models with a classical detection head on
ARM processors is estimated at 20 ms for Pi 4 and 30 ms
for Pi 3B+, while for YOLOv10n it is zero by

architectural design [11]. The effective system
throughput FPS s is defined as:
FPSerr =1/tgy- 3)

The energy characteristic is expressed as the energy
consumed to process a single frame:

Etr = Poad *trun (4)

where Bgyq - the

consumption under computational load, in watts. Based
on measurements [20], 6.0 W is assumed for Raspberry
Pi 4 and 3.6 W for Raspberry Pi 3B+. Equation (4)
reflects the dual effect of slow inference on a weaker
platform: despite lower absolute power consumption, the
energy per frame for Pi 3B+ may exceed that of Pi 4
because of the longer processing time, which, for a fixed
onboard battery capacity, directly reduces the number of
frames processed during a flight. The model size in
single-precision format is estimated by the number of
parameters:

platform’s average power

M :4°Npar1 ®)
where Npar — the number of model parameters; the

coefficient 4 corresponds to the size of a single-precision
number in bytes. For the Pi 3B+ platform with 1 GB of
RAM, this metric limits the set of feasible models once
the memory used by the operating system, the inference
stack, and intermediate network activations is taken into
account.
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Because the partial metrics have different units and
opposite optimization directions, they are normalized to
the range before aggregation. For metrics to be

maximized ~ (MAP,FPS ¢fr),  direct  min-max
normalization is used:
)Zi = (Xi_xmin)/(xmax_xmin): (6)

for metrics to be minimized (), inverse normalization is
used:

)Zi = (Xmax_xi)/(xmax_xmin)v )

where X; — the value of the indicator for the i-th model,

Xomin and X, are the minimum and maximum values of
the indicator among the compared models, respectively.

The integral efficiency criterion of the i-th model E;
is defined as a weighted sum of the normalized partial
indicators:

Ei = (W *mAR +w, FPS; +ws M +w, Ej),  (8)

where wy..w, — the weighting coefficients reflect task

priorities and satisfy the normalization condition that
their sum equals one.

The weights are justified on substantive grounds.
For the task of detecting explosive objects, missing an
object has the highest cost, so the weight of the detection-
quality indicator cannot be lower than the weights of the
resource-cost indicators. Three scenarios are considered.
The balanced scenario (w = 0.40; 0.30; 0.15; 0.15)
corresponds to general-purpose requirements without a
pronounced priority. The detection-completeness-
priority scenario (w = 0.55; 0.20; 0.125; 0.125) models a
careful survey of a limited area, where flight speed is
reduced and the cost of a miss is maximal.

The speed-priority scenario (w = 0.20; 0.55; 0.125;
0.125) corresponds to a first-pass survey of large areas,
where detections are subject to further verification and
the decisive factor is the survey rate.

Comparative analysis
based on benchmark data

The comparison is based on official performance
measurements on the Raspberry Pi 4 platform and model
characteristics from the developers’ documentation [18,
19]. Table 3 presents the measured inference time of the
YOLOv8n model on the Raspberry Pi 4 across the main
software execution formats.

Table 3 — YOLOv8n inference time on Raspberry Pi 4
by execution format (640x640, FP32)

Format Time, ms Relative to NCNN
NCNN 4147 1,00
OpenVINO 534,9 1,29
ONNX Runtime 560,0 1,35
TF SavedModel 816,5 1,97
TensorFlow Lite 950,3 2,29
PyTorch 1068,4 2,58

Data in Table 3 confirm NCNN as the primary
execution format: its advantage over ONNX Runtime is
35%, and over TensorFlow Lite it is 129%. This is due to
the optimization of NCNN’s computational kernels for
ARM NEON vector instructions and the more efficient
distribution of workload across four cores without the
overhead of general-purpose runtimes.

Table 4 summarizes the estimated total frame
processing time, effective throughput, and energy per
frame for six models on both platforms, obtained using
formulas (1) — (4) calibrated against the measured values
for YOLOv8n and YOLOV8s. For Raspberry Pi 3B+,
slowdown coefficient of 3.0 relative to Pi 4 was applied,
corresponding to the midpoint of the documented range
2.5-4.0 [18]; postprocessing time was increased in
proportion to processor performance.

Table 4 — Performance and energy per frame rating (NCNN, 640%x640)

Model t, ms (Pi4) | FPS (Pi4) E, J (Pi4) t, ms (3B+) FPS (3B+) E, J (3B+)
YOLOV5nN 235 4,26 1,41 674 1,48 2,43
YOLOV8n 435 2,30 2,61 1275 0,78 459
YOLOV10n 320 3,13 1,92 959 1,04 3,45
YOLOv11n 330 3,03 1,98 960 1,04 3,46
YOLOVSs 1062 0,94 6,37 3156 0,32 11,36
YOLOv11s 803 1,24 4,82 2380 0,42 8,57

Analysis of the data in Table 4 allows us to state the
following. On the Raspberry Pi 4, nano-class models
provide an effective speed of 2.3 - 4.3 frames per second;
the fastest is YOLOV5N, the most accurate among the class
is YOLOv1ln at a speed of 3.0 frames per second.
YOLOvV10n, due to the absence of the NMS stage, reaches
3.1 frames per second - the second fastest result with an
accuracy inferior to YOLOv11n by only one percentage
point. The small class models on the Pi 4 operate at the limit
of one frame per second, which is only suitable for frame-
by-frame analysis of still scenes. On the Raspberry Pi 3B+,
no model exceeds 1.5 frames per second, and small class

models require 2.4-3.2 s per frame; additionally, the
deployment of YOLOV8s and YOLOv11s on a platform
with 1 GB of memory is complicated by competition for
memory with the operating system and inference stack.
Energy estimates show that despite the lower power
consumption, the Pi 3B+ consumes 4.59 J of 4.59 J on
frame processing with the YOLOv8n model versus 2.61 J
of the Pi 4, i.e. 1.76 times more. With a fixed energy budget
of the onboard battery, this directly reduces the number of
frames that can be processed in a single flight and makes the
Pi 4 platform more energy efficient despite the higher
absolute consumption.
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The issue of external hardware inference
accelerators, which are potentially capable of bringing
performance closer to the target values, requires separate
consideration. For Raspberry Pi platforms, two main
solutions are available - Google Coral USB Accelerator
with 4 TOPS performance in integer format and Hailo-
8L modules with 13 TOPS performance. The use of both
solutions as part of the on-board system based on the
platforms in question was evaluated negatively for the
following reasons.

The Hailo-8L module requires a PCle interface,
which is physically absent on the Raspberry Pi 3B+ and
Pi 4, and is compatible only with the Raspberry Pi 5
platform through a specialized adapter, that is, it is not
suitable for the target platforms of the study. Coral USB
Accelerator is compatible with the USB interface, but is
limited to the execution of only fully quantized integer
models in TensorFlow Lite format with compilation for
Edge TPU; the conversion of modern YOLO models to
this format is accompanied by a degradation of accuracy
in operations that are not supported by the accelerator and
are rolled back to the CPU, and software support for the
product by the developer is actually terminated.

Additional factors are an increase in the power
consumption of the system by 2.0-2.5 W, complication
of the power circuit due to peak currents of more than
900 mA, additional payload mass and the appearance of
an additional failure point in the flight configuration.
Given the totality of the above limitations, further
analysis was performed for the platforms' own computing
resources.

Calculation example of the application of the
integral criterion

The application of criterion (8) is demonstrated for
the calculation scenario adopted in Section 1: flight
altitude 20 m, target video stream frequency 25 frames
per second, Raspberry Pi 4 main platform. Normalization
of partial indicators is performed according to formulas
(6) and (7) on a set of six models; the initial data are the
values of mMAP50-95 from Table. 2, effective speed and
energy per frame from Table. 4, size of models in ONNX
format according to the documentation [18]. Normalized
values of partial indicators and final values of the integral
criterion for three scenarios of weighting factors are
presented in Table. 5.

Table 5 — Normalized indicators and integral criterion according to three scenarios (Raspberry Pi 4)

Model mAP FPS M E (Balance) E (Completeness) | E (Speed)
YOLOv5n 0,000 1,000 1,000 1,000 0,600 0,450 0,800
YOLOv8n 0,489 0,409 0,869 0,758 0,563 0,554 0,526
YOLOv10n 0,553 0,659 0,963 0,897 0,698 0,668 0,705
YOLOv1in 0,605 0,629 0,926 0,885 0,702 0,685 0,693
YOLOvV8s 0,889 0,000 0,000 0,000 0,356 0,489 0,178
YOLOv11s 1,000 0,091 0,185 0,313 0,502 0,630 0,312

In a balanced scenario, the first two positions are
occupied by YOLOv11n with an integral score of 0.702
and YOLOv10n with a score of 0.698; the difference of
0.004 is within the margin of error of the initial data, so
the models are recognized as almost equivalent. In the
scenario of the priority of completeness of detection, the
leadership of YOLOv11n becomes more pronounced -
0.685 versus 0.668 for YOLOv10n - due to the highest
accuracy among the nano class; the third position is
occupied by YOLOv11s with a score of 0.630, for which
the maximum accuracy partially compensates for the low
performance. In the performance priority scenario, the
first place is occupied by YOLOv5n with a score of
0.800, the minimum computational complexity of which
outweighs the lowest accuracy; YOLOv10n with a score
of 0.705 is ahead of YOLOv11n due to the absence of a
non-maximal suppression stage. Small class models in all
three scenarios are located at the bottom of the ranking:
on the platforms in question, the increase in accuracy
does not compensate for the loss of performance and
energy efficiency.

The results obtained allow us to formulate practical
recommendations. For further experimental research, the
YOLOv11n model was chosen as the main one, which
ranks first in two of the three scenarios, in particular, in
the critical scenario for the problem of the priority of

completeness of detection. The YOLOv10n model is
identified as an equivalent alternative, the feasibility of
which increases with more stringent latency
requirements; comparison of both models on a
specialized dataset of images of explosive objects is the
subject of the next stage of research. The YOLOv5n
model retains a niche for the Raspberry Pi 3B+ platform,
where its speed of 1.5 frames per second is the most
achievable among the configurations considered.

A comparison of the achieved indicators with the
target frequency of 25 frames per second reveals a gap of
5.8 times for the fastest configuration (YOLOV5n on the
Pi 4) and 8.3 times for the recommended configuration
(YOLOv11n on the Pi 4). Bridging the gap is possible in
three ways, which are not mutually exclusive. Reducing
the input resolution from 640%x640 to 320x320 reduces
the computational complexity by about four times, which
is estimated (1) to increase the performance of the
YOLOv11n to 10-12 frames per second at the cost of
degrading detection of small objects. Thinning of the
frame flow with the processing of each k-th frame allows
you to match the detection rate with the flight speed: at a
speed of 5 m/s and a viewing bandwidth of more than 15
m, the processing of three frames per second provides
multiple overlap of the terrain without gaps. An
additional reserve is the quantization of the model to an
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integer format and other optimization methods that can
provide an increase in performance by 1.5-2 times; the
quantification of this reserve on target platforms is the
subject of a separate work.

Conclusions

The problem of a reasonable choice of the
architecture of the neural network detector of the YOLO
family for the built-in system for detecting explosive
objects on the computing platforms Raspberry Pi 3
Model B+ and Raspberry Pi 4 Model B is formulated.

A comparative analysis of six models of four
generations of the YOLO family was performed
according to official benchmarks with extrapolation to
the research platforms. It was found that on the Raspberry
Pi 4, nano-class models provide an effective speed of 2.3-
4.3 frames per second in NCNN format, while small class
models do not exceed 1.25 frames per second, and on the
Raspberry Pi 3B+, only nano-class configurations retain
practical suitability. The inexpediency of using external
hardware accelerators for target platforms s
substantiated: the Hailo-8L module is instructively
incompatible due to the lack of a PCle interface, and the
Coral USB Accelerator is limited by an outdated software
stack and creates additional energy and mass costs in the
flight configuration.

Based on the results of the calculation of the integral
criterion, the YOLOv11n model is recommended as the
main one for further experimental research, since it ranks
first in the balanced scenario and the completeness of
detection priority scenario, and the YOLOv10n model as
an almost equivalent alternative with the architectural
advantage of the absence of the non-maximal
suppression stage. The gap between the achievable speed
and the target frequency of 25 frames per second by 5.8-

8.3 times is stated and the ways to overcome it are
determined: reducing the resolution of the detector input,
thinning the frame flow taking into account the flight
speed and quantizing the model. Quantitative study of
methods for optimizing models on target platforms is the
direction of further work.
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Apxirektypu cimeiicta YOLO 1151 BusiBjIeHHsI BHOYXOHe0e3NeuyHUX 00’ €KTiB
Yy BOY/IOBaHUX CHCTeMaxX aBTOHOMHMX 0e3MiJIOTHHX 3ac00iB: MOPiBHVILHUI aHAaJIi3

O. B. Ckopnymin, A. O. [TogopoxHsk

AHoTanis. AkryanbHicTb. HeoOxinHicTs BHOOpPY edextuBHOI apxiTekTypr Y OLO 11st BUSIBICHHS BHOYXOHEOE3IIEUHIX
00’eKTiB y BOYIOBaHUX CHUCTEMax OE3MUIOTHUX JITAJTBHUX amapariB 3yMOBJIEHA OOMEXECHUMH OOYHCITIOBaJbHUMH PECYpCaMH,
BUMOTaMH JI0 poOOTH B pealbHOMY daci Ta eHeproeekTuBHOCTI. O0’€KTOM JOCTiIzkeHHsSI € BUSBICHHS BHOYXOHEOE3eUHNX
00’exTiB y BOyIOBaHMX AaBTOHOMHHUX OE3MIJIOTHMX CHUCTeMax i3 BHKOPHCTaHHAM apxiTekTyp cimeiictBa YOLO. Ilpenmerom
JDOCTiIKeHHsI € OPiBHsUIbHA eekTHBHICTh Mojeneil YOLO 3a TOUHICTIO BUSIBIICHHS, IPOIYCKHOIO 3/1aTHICTIO, PO3MIpOM MOJIEIT
Ta CHEProclOXMBaHHIM Ha BOYJIOBaHHX amapaTHUX Imardpopmax. Meroro mi€i cTaTTi € po3poOsieHHs Ta 3aCTOCYBaHHSI
IHTErpajJbHOr0 KPUTEPito e(heKTUBHOCTI, 3aCHOBAHOTO Ha HEHPOMEPEIKEBUX METOaX, A1 BUOOPY HAMMPUAATHINIO! apXiTeKTypu
YOLO nns BusiBneHHS BHOyXOHeOe3NMedHHX 00’€KTiB 1 3aBJaHb T'yMaHITApHOTO po3MiHyBaHHS. Pe3yabTaTh gociigkeHHs.
3anpornoHoBaHUH KpuTepiit Oyno 3acrocoBaHo 1o mecta Moxeneir YOLO (v5n, v8n, v8s, v10n, vlln, v11s), po3ropayTHx Ha
Raspberry Pi 3 Model B+ Ta Raspberry Pi 4 Model B 3 4 I'b oneparuBHOi mam’siti. [lopiBHSIIBHE OLIHIOBaHHS 32 TPHOMa
CIIEHapisSMHU ITOKA3aJI0 CYTTEBI BIIMIHHOCTI B SIKOCTI BUSBJICHHS, IIPOIYCKHIA 34aTHOCTI, PO3MIipi MOJENI Ta €HEPrOCIIOKUBAHHI.
OTpHuMaHe paHKyBaHHs MiATBEP/DKY€E MPAKTUYHY [IHHICTh METOAMKH Uil BUOOPY MoJeni y BOy/1oBaHUX cucTeMax. BHcHOBKH.
Meronuka 3abe3rnedye Npo3opy U BiITBOPIOBaHY OCHOBY [Uisi MOpiBHsHHS apxiTekTryp YOLO B pecypcHO OOMEKEHHX
cepenoBuniax. Po6ora B peaqbHOMY Yaci 3aJMIIAETHCS CKIAJHUM 3aBJAHHSIM Ha MaJONOTY)XHHX IUIaT(opMax, II0 3yMOBIIOE
HO/IaNIBIIY ONTUMI3AIlI0 PO3ropTaHHs Ta iHdepeHcy.

KawuoBi caoBa: YOLO; BusBieHHs BuUOyxoHeOe3nedHHMX o00’eKTiB; O€3MIOTHMI JiTanbHUN anmapat; BOymoBaHi
CHCTEMH; iHTerpaIbHUI KpUTepiil eeKTHBHOCTI; HEMPOHHA Mepexka; ryMaHiTapHe po3minyBaHHs; Raspberry Pi.

130


https://repository.kpi.kharkov.ua/handle/KhPI-Press/103564
https://repository.kpi.kharkov.ua/handle/KhPI-Press/87663
https://doi.org/10.15407/visn2022.05.056
https://doi.org/10.1109/KHPIWEEK61434.2024.10878035
https://doi.org/10.20998/2522-9052.2024.2.08
https://doi.org/10.26906/SUNZ.2023.1.134
https://docs.ultralytics.com/guides/raspberry-pi/
https://docs.ultralytics.com/
https://doi.org/10.20998/2522-9052.2025.3.06
https://doi.org/10.20998/2522-9052.2023.1.09
https://doi.org/10.3390/rs15040967
https://doi.org/10.48550/arXiv.2410.17725
https://www.scopus.com/authid/detail.uri?authorId=60435005700
https://orcid.org/0000-0002-6688-8407
https://www.scopus.com/authid/detail.uri?authorId=57202229410

ISSN 2073-7394

CucreMu yripaBiliHHs, HaBiraiii Ta 38's13ky. 2026. Ne 3

YJIK 004.651:519.6

A. B. Illoctax

doi: 10.26906/SUNZ.2026.3.131

HarioransHuil aepokocMidHU yHIBEpCUTET « XapKiBCHKUAN aBialliitHuiA iHCTUTYT», XapKiB, YKpaiHa

EKCIIEPUMEHTAJIBHE JOCJI/UKEHHA METOAIB ITOIIYKY
B ABJI-IEPEBI 3 YPAXYBAHHSM I€PAPXII ITAM'SITI

AHoTaunis. AkryajabHicTb. [lOCTi/KeHHS BIUIMBY NPOCTOPOBOI JIOKAJBHOCTI JAaHUX, MEpeAOauyeHHs PO3Taly>KeHb Ta
MIPOrPaMHOTo MONEPEIHBOT0 3aBaHTAXKEHHA JaHUX Ha MPOAYKTHBHICTh MOIIYKYy CTAHOBUTb 3HAYHUI iHTEpeC MpH po3pooLi
BUCOKOIPOIYKTUBHUX CTPYKTyp AaHux. IIpeamer pocaimkeHHs: meronau mnomyky B ABJI-mepesi, mpexncraBieHOMy y
BUTJISI/II MAacUBY 3 BUKOPHCTaHHSAM po3MimieHHs EHTiiiHrepa, Ta BIUIMB i€papXii mam'sTi mpouecopa Ha iXHIO IIBUAKOIO.
Meta gocaiTKeHHsI: eKCIEPHMEHTAIBHO OIIHUTH e(eKTHBHICTH Pi3HUX MeToxiB mouryky B ABJI-nepesi 3 nomanHsAM Ha
MacHBax 3aJISKHO BiJ po3Mipy MacuBY Ta ITOJIOKEHHSI pobodoro Habopy AaHMX MO0 PIBHIB iepapXii mam'sTi mpouecopa.
3aBaannst gociaimKeHHsI. PeanmizyBaTn Ta eKCIIEpHMEHTAIbHO JOCIIANTH alropUTMH nomyky Binary, AVL, Eytzinger,
EytzingerB ta EytzingerBP; BusHaunTH niama3oHu po3MipiB MacHBIB, sIKi BiIIIOBIJAIOTh PI3HUM PIBHAM iepapXii mam'sarTi;
MOPIBHATH MIBUAKOMIIO OCTIIKyBAHUX AITOPUTMIB; BCTAaHOBUTH BIUIMB IPOCTOPOBOI JIOKAJBHOCTI JaHUX, MOMHIIOK
nepeg0adeHHs] PO3raly’keHb Ta MPOrPaMHOTO IONEPeIHHOTO 3aBaHTAKEHHS JAHWX Ha e(EeKTHBHICTH HoIyKy. MeToau
JOCTizKeHHsl. BUKOpHCTaHI METOOM alrOpUTMIYHOTO aHalli3y, eKCIEPHMEHTAIBHOTO JOCTIHKEHHS MPOIYyKTHBHOCTI
MPOTpaMHOro 3a0e3MEeYeHHsI Ta CTATHCTHYHOI OOpOOKH pe3ynbTaTiB BHMIpiB. EKcrepuMeHTalbHa OIliHKA BHKOHAHA
3acobamu BenchmarkDotNet na matdopmi .NET 8 3 BUKopucTaHHsIM anapaTHHUX JIYMIBHUKIB IIPOAYKTUBHOCTI IIPOIiecopa.
PesyasTaTn gociigpxkenns. BeraHoBineHo, oo e()eKTHBHICT aITOPUTMIB MOUIYKY BH3HAYAETHCS SIK 1X OOYHCIIIOBAIBHOT
CKJIQJIHICTIO, @ i 0COOJIMBOCTSIMHU B3a€MOJIIT 3 iepapxiero mam'siti mpouecopa. [Tokazano, o npy po3MilieHHI poOOYNX TaHHUX
y kemmax L1/L2 HalimeHmmii uac nomyky 3abesnedye anroputM EytzingerB, Toni six mpu nepexoni 10 TaHUX, pO3MIIEHUX
y kemax L3 Ta omepaTwBHOI mam'siTi, Haiikpamii pe3yibTaTd JeMoOHCTpye ainroputM EytzingerBP, sxuit Buxopmcrosye
MporpaMHe MOMepeIHE 3aBaHTAKEHHA JaHuX. OTpHMaHO eKCIIEPIMEHTANIbHI 3aJISKHOCTI Yacy MOIIYKY BiJ po3Mipy MacuBy,
BH3HAUEHO Taly3i eQEeKTHBHOTO 3aCTOCYBaHHA [OCHIDKyBaHHUX QJITOPUTMIB Ta KUIBKICHO OIIIHEHO BHTpaml
Haile(heKTHBHIIIMX METOJIB MOIyKy. ExcriepuMeHTansHO BCTaHOBJICHA 3MiHA Hale()eKTHBHIIIOTO alTrOPUTMY HOIIYKY HIPH
nepexoni poOoYMX NaHUX MDK PIBHAMH ie€papxii mam'sTi mpomecopa: y miama3zoni L1/L2 MiHIManbpHHI 4Yac HOIIYKY
3abesneuye anroput™ EytzingerB, toni sik y niamasoni L3 ta omepatmBHOI mam'sati migupye amroput™ EytzingerBP.
Bucnosku. [Tonanns ABJI-nepesa B Macusi EliTinrepa 3abe3nedye icTOTHE MiABUIEHHS IIBUKO/IT HOIIYKY B IIOPiBHSHHI
3 KJIACHYHOIO peali3alieio AepeBa Ha MOKaX4YMKaX. EXcliepuMeHTaNbHO MiATBEpAKEHO, 0 BHOIp ONTHMAIBLHOTO METOY
TOIIYKY BU3HAYAETHCS PIBHEM i€papXil Mam'sTi, B IKOMY 3HaX0IUThCS pobounii Habip nannx. OTpuMaHi pe3ynbTaTH MOXKYTh
OyTH BHKOPHUCTaHI JJIsI TIPOSKTYBaHHS BHUCOKONPOAYKTHBHUX IMOUIYKOBHX CTPYKTYp HaHUX Ta ONTUMI3alii aaroputMmiB
MOIIYKY JUIsl CY9aCHUX 0araTOpiBHEBHX ITiJCHCTEM ITaM'sTi.

Kawuosi caoBa: ABJI-nepeso, po3mimienns ENTIiHIepa, alropuTMH MOIIYKY, TPOTPAMHE MOMEPEIHE 3aBAHTAKCHHS
JTAHUX, KeIlI-aM'sITh, JIOKaJbHICTh qannX, BenchmarkDotNet, excriepuMeHTaNbHA OIIHKA MPOYKTHBHOCTI.

TaKOX OIEpaTUBHY Iam'aTh. Yac 3BEepHEHHs JIO Pi3HHX
PIBHIB aM'Ti BiIPI3HSAETHCS HA MOPSIKK, BHACTIZIOK YOTO
eeKTUBHICTP ~ aNrOPUTMy BCE  OULIBIIOI  MIpOIO

1. Beryn

1.1 AKTyaJIbHiCTh TEMATUKHU

[Momryk eneMeHTIB y BHOPSAKOBaHHX CTPYKTypax
JIaHHUX € OJIHI€I0 3 (PyHAAMEHTAIBHUX orepalliii cy4acHol
iHQOpMAaTHKM Ta IIMPOKO BHKOPHUCTOBYETHCSA TIPH
moOyZoBI ~ CHCTEM  KepyBaHHA  Oa3zaMH  JaHUX,
iHQOPMAIIHHO-TIOMTYKOBIX ~ CHCTEM,  KOMIIUIATOPIB,
(aifIOBUX CHCTEM, CUCTEM MiATPUMKH MPUHHATTS PilllCHb
Ta iHIIMX NporpamMHuX KomiuiekciB [1-3]. EdekruBHicTh
BUKOHAHHS OIlepalniii MoIyKy Oarato B YoMy BH3HA4ae
3arajbHy IPOAYKTHUBHICTP TOAIOHMX CHCTEM, IO
3YMOBIIOE TIOCTIHHHH iHTepec [0 po3poOKH Ta
BIIOCKOHAJICHHSI QJITOPUTMIB TIOIIYKY.

Krnacuani meronm aHamizy aJrOpUTMIB OIIHIOIOTH
e(EeKTUBHICTh MOMIYKY NEPEBAXHO 32 aCHMITOTHYHOIO
00YHCITIOBAIEHOIO CKIIagHICTIO. [t OiHapHOTO MOIIyKY,
nomyky B ABJl-mepeBi Ta iHmMX 30araHCOBaHMX
CTPYKTYp JIaHUX CKJIaaHICTh rnouryky ctaHoButh O(log n)
[3, 4]. Tlpotre pO3BHTOK apxiTEeKTypH Cy4YaCHUX
NPOLIECOPIB  NPU3BENO O TOr0, MI0 OJHAaKOBa
ACUMIITOTHYHA CKIAQJHICTh ITOPUTMIB HE TapaHTye
OJTHAKOBOT'O IIBUIKOIIT 32 11 MPaKTHYHOI peai3arii.

CydacHi 0OUHCITIOBATbHI CHCTEMH BHKOPHUCTOBYIOTh
OaraTopiBHEBY i€papxif0 Mam'aTi, 10 BKJIIOYAE Kerlii
nieprioro (L1), apyroro (L2) Ta tpersoro (L3) piBHiB, a

BU3HAYAETHCS TIPOCTOPOBOIO TA THMYACOBOFO JIOKAJBHICTIO
JNOCTYIly IO JaHWX, KUIBKICTIO TIPOMAaxiB  KeIIy,
e()eKTHBHICTIO amapaTHOTO MPOTHO3YBaHHS PO3TaITyKEHb
Ta MOXJIMBICTIO TIONIEPEAHBOTO 3aBAaHTKCHHS JaHHX. 3a
TaKHX YMOB JIOCTI/DKSHHS B3a€MOIIT alTOPUTMIB TIOIIYKY 3
TTLICKCTEMOIO TIaM’SITi CTa€ He MEHIII BaXKJIMBHM, HiJK aHAITI3
X 00UHUCITIOBAIEHOI CKITAJHOCTI.

OpHUM 13 TEPCTIEKTUBHUX HAMPSIMIB T ABUIIECHHS
MPOMYKTUBHOCTI IMONIYKY € TPEACTABICHHS [CPCB
TOIIYKY Y BUIJISI MACHBY 3 BHKOPHUCTAHHSAM PO3MILICHHS
Eitriiinrepa. Take ysBIeHHS 3a0e3medye IOCHTIIOBHE
pPO3MIIIEHHS BY3MiB JiepeBa B NaM'ATi, IOKpaIrye
MIPOCTOPOBY JOKAIBHICTH JOCTYITY JI0 JAaHUX 1 JTO3BOJISIE
e(pCKTUBHIIIIC BUKOPHCTOBYBATH MEXaHI3MH KEIITyBaHHS
Ta amapaTHOI TONepeqHbOl BUOIPKH  IIPOIECOpA.
JonaTkoBe MiABWIICHHS IIBUIKONII MOXe OyTu
JIOCSITHYTO 32 PaXyHOK 3aCTOCYBaHHS aJITOPUTMIB ITOIITYKY
0e3 YMOBHHUX IEPEXOiB Ta MPOTrPAMHOTO MOIEPETHHOTO
3aBAHTAKCHHS JaHHX.

VY 3B'I3Ky 3 IIMM €KCHEepPUMEHTAIbHE JOCIIHKSHHS
BIUIMBY Pi3HUX CITOCO0IB OpraHizallii oIIyKy y MACHBHOMY
ysareHHi ABJI-mepeBa Ha CydacHHX TIporiecopax €
aKTyaJIbHIM HayKOBO-TIPAKTHIHNM 3aBIaHHSM.
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1.2 Anani3 giTepaTypHuX qKepen
i BU3BHa4YeHHs npodaeMu

TeopeTndHi OCHOBH AalTOPUTMIB TIOMIYKYy Ta
30alaHCOBaHMX  JepeB  IOKIAIHO  BUKIAACHI y
¢yHmamMeHTambHUX poOoTax [1-4], nme po3mIAmaloThes
BJIACTHBOCTI O1IHAPHOTO TOIIYKY, OiHAPHUX JEPEB MOITYKY
ta ABJl-mepeB, aHamizyeTbca iX OOYHCIIOBaJIbHA
CKJIA/IHICTb Ta JIOBOJISTHCSI OCHOBHI OLIIHKY €)EKTHBHOCTI.

Cyvachi migxomu npo peanmizauii ABJI-nepeB Ta
ocobnmBocTEH ix MIPAKTUYHOTO 3aCTOCYBaHH:A
MPEICTABIICHI TAKOXK Y Po0oTi [5]. BiabLIicTh KIacHUHUX
JOCTI/DKEHb  pO3MIIsia€  €(DEeKTUBHICTH — aITOPHUTMIB
MEepeBAKHO 3 TO3MLIM  KIUIBKOCTI — omepamiif, 1o
BUKOHYIOTBCS,  INPHUITyCKalOYHM  OJHAKOBY  BapTiCTh
3BepHEHHA 10 mam'sati. llpore me mnpuIymeHHsS He
BIIIOBi/Ia€  apXiTEeKTypi CydYacHHMX OOYHCITIOBAIEHUX
CHCTEM, Y SIKHX Yac JIOCTYIy IO Pi3HHX pIiBHIB Mam'sTi
ICTOTHO BiApI3HS€ThCA. BIUMB apxiTekTypu mam’sTi Ha
MPOAYKTHUBHICT IIPOTpaM JETadbHO PO3IIISAAETHCA y
npaipix [6, 7], 1e MoKa3aHo, M0 JIOKAIBHICT JOCTYILY JI0
JIAHUX Ta OpraHi3allisi KeI-maM’aTi MaroTh BU3HAYAIbHUN
BIUIMB Ha MpPAKTUYHY MPOIYKTHBHICTH aJrOPUTMIB.
AHaNoriyHi MMTaHHS ONTUMI3allii Tporpam JIsi Cy4acHHX
MPOLIECOPIB ACTAITFHO BUCBITIIEHO B nociOHuKax Intel [8—
10], a Takoxx y mpausx [11-14], npucBsueHHX
0COOJMBOCTSIM MIKPOAPXITEKTyp CYYacHHX IPOIECOPIB,
MeXaHi3MaM Tepen0adeHHs pO3TalyKeHb Ta OINTHUMI3aIlil
moctymy g0 mam’sti. OmHuM 13 HaBaKIIMBIIINX
JOCITIIKEHb, TIPUCBSYEHNUX BIUIMBY PO3MIILICHHS JAaHUX Ha
e(eKTHBHICTh TOIIYKY, € poboTa [15]. ABTOpH MOKa3amw,
LI0 MpeJICTaBNIeHHs OIHAPHOTO JiepeBa MOLIYKY B MACHBI 3
BUKOPHCTaHHSM  posmilieHHs Eifriinrepa  103Bosise
3HAYHO MiJIBUIUTH NPOIYKTUBHICTb MOMIYKY MOPIBHSHO 3
TpaIULiHAM OIHAPHMM TTOLTYKOM 3aBJSIKU TOJIMIIECHHIO
MPOCTOPOBOi  JIOKAJBHOCTI J@HUX Ta BUKOPHCTAHHIO
MPOrPaMHOTO  HONEPEHBOrO  3aBaHTaxkeHHs.  OJHaK
OTpHMaHi pe3yJIbTaTH CTOCYIOTHCS MEPEBAXKHO 1/1€aIbHOTO
OiHapHOTO JiepeBa TOMIYKY i He BPaXOBYIOTh OCOOJIMBOCTI
3acTOCYBaHHS X MiaxomiB 10 ABJI-nepeB. YV nomepemHix
JIOCTI/DKEHHSX aBTOpa TPOBEICHO TOPIBHAIBHUI aHali3
KkimacryHoi peanmizarii ABJI-mepeBa Ha moKaXyWkax Ta
MacuBHoro npencrasiends ABJI-gepesa [16]. Otpumani
pe3yJbTaTd MiATBEPIMIM ICTOTHY IepeBary MacHBHOIO
NPEICTABIICHHS 32 IIBU/IKICTIO TIOLIYKY.

Hes3Bakatoun Ha 3Ha4YHy KUIBKICTE pOOIT y miit
rajgy3i, NHUTaHHSI TOPIBHAJIBHOI e(EeKTHBHOCTI Pi3HUX
METONiB MOIIyKy B MAacHUBHOMY mpexacTaBieHHi ABIJI-
JiepeBa TIpH 3MiHI HOJIOXKEHHsT pobodoro Habopy AaHMX
BIIHOCHO  pIBHIB  iepapxii mam’aTi  mpouecopa
3aJIMIIAETECS HEAOCTaTHBO JIOCHIKEHNM. [IpakTHyHO
BIJICYyTHI ~ EKCIIEpUMEHTaJbHI  JIOCHI/UKEHHS, MO
JIO3BOJISIIOTE ~ BM3HAYMTH  Jiala3oHH  eEeKTHBHOTO
3aCTOCYBaHHS KJIACMYHOro Ionryky Eytzinger, Horo
branchless-momudikarii Ta anropuT™miB i3 mporpamMHUM
TIOTIePETHIM 3aBaHTAKEHHSAM JaHWX. Po3B’si3aHHA ITi€l
3aj1adi MpeCTABIISIE IHTEPEC K 3 TEOPETHYHOI TOUKH 30pY,
TaK i JUISt MPaKTUYHOTO MPOEKTYBaHHS
BHCOKOIIPO/IyKTUBHUX CTPYKTYP JaHHUX.

1.3 MeTa i 3aBaaHHs JOCTiTKEeHHST

MeTo0 J1OCHIMKEHHSI € eKCIepUMEHTaJbHa
ominka edekTuBHOCTI MeToAiB TomyKy B ABJI-mepesi,

IIPEACTAaBICHOMY y BHUIJISIII MacuBy 3 BUKOPHCTaHHSIM
po3mimienns EiiTiinrepa, 3 ypaxyBaHHSIM BIUIUBY
iepapxii mam'siTi cygacHux nporecopis. it focArHeHHS
MOCTaBJICHOT MeTH OYJ0 chOPMYITbOBAHO TaKi 3aBAaHHS
JOCIIKEHHS

1. PeamizyBatm Mmetomm momyky Binary, AVL,
Eytzinger, Eytzinger Branchless (EytzingerB) Ta
Eytzinger Prefetch (EytzingerBP) y enuHOMY
MIPOTPaMHOMY CEpPETOBHIII.

2. BukoHaTH eKCHEpUMEHTANbHE JOCIiIKESHHS
IIBUAKOMII 3a3HAYEHUX METOMIB AN Pi3HUX pPO3MipiB
MacHBiB, IO BIiJNOBIAIOTE PO3MILIEHHIO POOOYMX
nanux y kemax L1, L2, L3 ta onepaTuBHOT mam'siTi.

3. [IpoBecTy NOPIBHUILHUI aHAIIi3 4acy MOIIYKY Yy
cueHapisx ycmimuoro (Hit) ta neycmimHoro (Miss)

MOIITYKY.

4. JlocnmiiuTy BIUIMB NPOCTOPOBOI JIOKAIBHOCTI
JMAaHUX, KUIBKOCTI TIPOMAaxiB Kemry Ta IIOMIJIOK
mepenOavdeHHsT  pO3TalyXeHb Ha  TNPONYKTUBHICTH

QHANII30BAaHUX AJTOPUTMIB MOLIYKY 3 BHKOPUCTaHHIM
arnapaTHUX JIYAIBHUKIB MPOLYKTHBHOCTI IpoLecopa.

5. BusHauutu cdepu edekTHBHOTO 3acTOCYBaHHS
JOCII/DKYBAaHUX METO/IB TOLIYKYy B 3aJIeKHOCTI Bif
HOJIOKEHHs1 po0o4yoro HaboOpy HaHUX INOJAO piBHIB
iepapxii mam'siTi mpouecopa.

2. Marepiajau i MeTOaH T0CTiKEHHS

O0’ektoMm  mocmimkenns  Oynmo  ABJI-nmepeso,
NpECTaBJICHE Yy BUIVIAI OJHOBMMIPDHOTO MacuBy 3
BUKOPHCTAaHHIM po3MitiieHHs Eituinrepa. Ha BiaMiny Bif
KI1acu4HOI peanizauii ABJI-nepeBa Ha OCHOBI IMHAMIYHO
TIOB’I3aHKX BY3JIiB, TIPH TAaKOMY IPE/ICTaBJICHH] BEPILIMHH
JiepeBa pO3TallOBYIOTECS MTOCIIIIOBHO B MacHBi Y HOPSIAKY
00xomy 3a piBHsAMH. [IJIsi BEpIIMHU 3 iHAEKCOM | JIBUiA
HAI[aJI0K PO3TALIOBYEThCs 3a iHAeKkcoM (2i+1), a npaBuit
— 3a iHjgekcoM (2i+2). Take po3milieHHsT 3abe3mnedye
BHCOKY TIIPOCTOPOBY JIOKaJbHICTh [aHUX 1 IO3BOJISIE
e(eKTMBHO BUKOPHCTOBYBAaTH MEXaHI3MU KellyBaHHs
CYYaCHHX IPOIIECOPIB.

Hdns  QopMyBaHHS ~ JOCHIDKYBaHHX  CTPYKTYp
BUKOPHCTOBYBaJIocs KaHoHIYHe ABJI-nepeBo, moOynoBaxe
3 TOTIEPE/IHBO BiJICOPTOBAHOTO MACHBY YHIKAJIBHHX LILIUX
yncen. [ToOynoBa 3zificHIOBaIACS IIUIIXOM PEKYpPCHBHOTO
BHOOpPY MEZIaHHOTO eJleMEHTa KOXKHOTO ITiIMacHBY, IO
3a0e3nevyBaio MiHIMAIBHO MOJIIUBY BHCOTY JiepeBa Ta
BIIMOBIZIAJI0  KJIACHYHIM  CTPYKTypi  30ajlaHCOBaHOTO
GiHapHoro snepeBa mnomyky. Ilicis moOynoBu nepea
BUKOHYBAJIOCSl HOTO NepeTBOpeHHs B MacuB Elfrnmarepa
IUTIXOM 00XOy IO PiBHSX.

Y po6oTi AOCTiIKEHO I’ ATh METO/IB MOMIYKY:

- Binary — xnacwunuii GiHapHWH TMOMIYK Y
BiZIcOpTOBaHOMY Macwusi [ 1, 2];

- AVL — momyk y xkiacuaHomy ABIJI-mepesi,
peari3oBaHOMy Ha MOKa)xxyukax [3-5];

- Eytzinger — nmomyk y MacMBHOMY HpeCTaBICHHI
ABJI-nepeBa 3 po3mimenssM Eitnunrepa [15];

- EytzingerB — moaudixanis nomryky Eytzinger, mo
MIHIMI3y€ KUIBKICTh YMOBHHX IIEPEXOMIB 3a PaXyHOK
BUKOPUCTaHHS apu(METHYHHX orepamiii Iija dac
obuncieHHs HanpsIMKy nepexoy [17-19];

- EytzingerBP — monudikanist merony EytzingerB,
10 BUKOPHCTOBYE MPOTPAaMHE MOTEPEIHE 3aBaHTAKCHHS
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JIaHUX JJIsl SMEHILICHHS JJaTEeHTHOCTI 3BEPHEHB J10 T1aM’ sITi
[20, 21].

VYci anroputMu Oyno peanizoBaHo MoBoro C# i3
BukopucranssiM mwiarpopmu NET 8. EkciepumeHnTtanbhi
JIOCITI/DKCHHST TIPOBOMJIMCS 3a JOIOMOTOK 0i0Mi0oTeKH
BenchmarkDotNet v0.15.8, sika 3a0e3meuye aBTOMaTHIHY
OpraHi3amit0 BHMIpIOBaHb, IONEPEIHE IIPOTPIBAHHSA
CepeNOBHINIA BHUKOHAHHS, 0araropa3oBe MHOBTOPEHHS
eKCIIEPUMEHTIB Ta CTATUCTUIHY OOpOOKY pe3yJIbTaTiB.

BumiproBaHHS TPOBOIWINCS Ha IIEPCOHATBHOMY
KOMIT IOTepi 3 TAKAUMH XapaKTepucTukamu: porecop Intel
Core i5-12400; oneparuBHa mam’sitb — 32 I'B; onepariiiina
cucrema Microsoft Windows 10 x64.

Jdns  ouwiHKM  BIUIMBY  iepapxil  mam’sri
BUKOPUCTOBYBAJIMCS MacUBH 32-OITHHX KIIOYIB Pi3HHX
po3MipiB, IO JO3BOJSUIM MOCIIIOBHO IEPEHOCHTH
pobounii HaOip AaHMX i3 Keml-am’aTi MepHIoro PiBHS
(L1) y xemmi L2 ta L3, a mOTIM B OmepaTHUBHY I1aM’SThb.
Posmipzr  mocmimKyBaHMX — MacWBiB - oOmpammcs 3
ypaxyBaHHIM XapaKTEPUCTUK KeIl-11aM’ sITi
BHKOPHCTOBYBAHOTO TIpOIiecopa Ta HaBezieHi B Tabm. 1 [7,
8, 13]. Jlyist KOXKHOTO PO3Mipy MAaCHBY BUKOHYBAJIUCS 1Ba
creHapii momyky: - Hit — monryk enemenra, sikuii € B
nepeBi; - MiSS — MOIIyK eleMeHTa, IKOTO HeMae.

Tabruys 1 — BinnoBigHicTh po3MipiB 10caiIKyBaHUX
MacHBiB piBHAM iepapxii mam’saTi

Ne Po3mipHicTh MacuBy Kyan nomimaerscs
1 500 L1
2 16000 L1/L2
3 500000 L1/L2/L3
4 2000000 L1/L2/L3
5 8000000 L1/L2/L3/RAM
6 16000000 L1/L2/L3/RAM
7 32000000 L1/L2/L3/RAM
8 64000000 L1/L2/L3/RAM
J1s  MiABHINEHHS CTaTHCTUYHOI  JIOCTOBIPHOCTI

BUKOpHCTOBYBaiM 10 iTepaniii porpiBaHHs cepenoBHILA
BUKOHaHHS Ta 30  BUMIpIOBAIBHHMX  iTepamiid
BenchmarkDotNet. [TizcyMKoBi pe3ynbTaTé MoJaBaics y
BUIJISII CEpPeHbOTO Yacy BHUKOHAHHS oOmepamii IOIIyKy,
CTaHIAPTHOTO BiIXWJICHHS Ta JIOBIpYOTro iHTepBary. OKpiMm
Yacy MOIIYKY, aHAIi3yBaJMCs arapaTHi XapaKTepPUCTHKU
BUKOHAHHS ITOPUTMIB 13 BHKOPHCTaHHSM arapaTHUX
JYMIBHUKIB TPOIYKTHBHOCTI Tporiecopa. s Ko>KHOTO
ANITOPUTMY PEECTPYBAJIMCS TaKi MOKA3HUKU: — 3arajibHa
KUTBKICT TIPOLIECOPHMX ILUKIIB Ha OJHY OIEparlifo
MOIIYKy; — KUIBKICTh TPOMaxiB KeII-TlaM’ ATi Ha OJHY
onepauiro  (CacheMisses/Op); — KUIBKICTb HOMMIIOK
nependadeHHs]  posramy’keHb Ha  OIHY  OIeparlito
(BranchMispredictions/Op). BukopucTaHHs —amapaTHHX
JHYMIBHUKIB  JI03BOJIMJIO 3ICTABUTH EKCIIEPHMEHTAJIBHO
BUMIPSIHMH 4Yac TIOMIYKY 3 OCOOJMBOCTSIMH pOOOTH
MICHCTEMH TaM’sITi Ta MEXaHi3My IepelI0avyeHHS
po3rajy>keHb IpoIecopa, IO A0 3MOTY HOSICHUTH
CIIOCTEPEeXKYBaHI  BIAMIHHOCTI B TNPOJYKTHBHOCTI
JOCTIKYBAaHUX METO/IIB.

[TopiBHSHHS METONIB 3IIHCHIOBAIOCS 3a CEpeIHIM
YacoM BHKOHAHHS OTepalii MOIIyKy, a TakoX 3a

BIZIHOCHAM NPHCKOPEHHSM MOPIBHSHO 3 KJIACHYHUM
OiHapHUM TIOIIYKOM 1 KJacH4HOo peaiizauicio ABJI-
JiepeBa Ha MOKak4nKax. JlojaTkoBo aHali3yBasacs 3MiHa
e(EeKTHBHOCTI aJTOPUTMIB TNpH 30UIBIICHHI PO3MIpY
MacuBy Ta INEpeHeCeHHI po0OYMX NaHUX MK PIBHAMH
iepapxii mam’4Ti mporecopa.

VY poOoTi mepeBipsIocs MPUIYIIEHHS MPO Te, M0
Pi3HI METOIM MOITYKY B MACHBHOMY TIpeacTaBieHHI ABJI-
JIepeBa MarTh Pi3HY YYTIHBICTH 1O XapaKTePHCTHK
iepapxii mam’sTi mpomecopa. BHacIioKk OTO TpH 3MiHI
o0csary pobodoro Habopy HaHUX HaHOLTBII e(eKTHBHUMA
METOJ] TIOIIYyKy MOXe 3MIHIOBAaTHCS. Bu3HaueHHs
obnmacteli  eeKTHBHOrO 3acCTOCYBaHHsS KOXKHOTO 3
JOCII/DKYBaHUX METOIIB OyJO OJHMM i3 OCHOBHHX
3aB/IaHb JIAHOTO JIOCIIiJKEHHSI.

3. Pe3yabTaTH q0cCaiIzKeHHs

Hdns  omiHkM  e(eKTUBHOCTI  JOCIHIIKYBaHHX
METO/IIB MOIIYKY oyno MIPOBEICHO cepiro
00YHMCIIOBAJIbHUX EKCIIEPUMEHTIB JUI MAacHBIB Pi3HOTO
o0csry. s KOXKHOTO PO3MIpY MacHBY BHUMIpIOBaBCs
CepedHill Yac MONIYKy iCHYIOWOTO eleMeHTa (CICHapii
Hit) ta BizcyTHBOTO eneMeHTa (creHapiit Miss).

Ha puc. 1, 2 mpencraBieHo 3aleXHICTh CEPETHBOTO
Yyacy MOUIYKY BiJ po3Mipy MacuBy B JOTapH(pMidHOMY
Macmtadi A TOCIiHKYBaHUX aNropuTMiB. Y Tadm. 2, 3
HaBEJICHO YHCEIIbHI Pe3yJIbTaTH EKCIIEPUMEHTIB.
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Ha puc. 3 HaBeneHO 3aJIeKHICTH 4acy IOLIYKY
JOCII/DKYBAaHUX aJITOPUTMIB IIOUIYKY BIJHOCHO 4acy

Tabnuysa 3 — BUTHr i3 pe3yJbTaTiB A0CTIKeHHS
AJITOPUTMIB NOUIYKY

MOUIYKY aJiropuTMy Binary Bia po3MipHOCTI MacHBiB y

norapudmivHOMY MactTali Juist cueHapiro Hit. 1 2 3 4 °
VY Tabun. 2 HaBeIeHO MIHIMATbHHUN Yac MONIYKY IS Binary Hit 2000000 156,56 11 0
cuenapiie  Hit i Miss cepex ycix posrmsHynx | Binary_Miss 2000000 | 159,93 | 12 0
AITOPUTMIB TIOIIYKY. AVL_Hit 2000000 317,82 10 17
Jns MacuBiB, IO TOBHICTIO PO3MIIIYIOTECS B AVL_Miss 2000000 349,01 11 19
kemax L1 i L2, miniManeHuA 9ac TOmIyKy 3a0esmedye Eytzinger Hit 2000000 100,23 10 0
anmroput™ EytzingerB (puc. 1-3, Tabm. 2). Ilepesara Eytzinger_Miss 2000000 | 113,63 1 0
anroputMy EytzingerB nns posmipis n=500, 16000 | EytzingerB Hit 2000000 | 75,99 1 0
TOB’S3aHa 3 THM, 1O B [IbOMY BHTIQJIKy MacuB 3 fanumu | EytzingerB Miss 2000000 | 69,29 0 0
BIXKE TIOBHICTIO MICTHThCA B Kemrax L1 abo L2, BapTicTh Eytz%ngerBPin-t 2000000 55,97 1 0
JOCTYIly O NMaM’sATi € HEe3HAYHOK, TOMY IIPOrPaMHE EytzingerBP Miss | 2000000 45,38 0 0
MOMCPEIHE 3aBaHTAXKCHHS HE BCTUTa€ IPHHECTH S:Egg_mitss ggggggg ggggg ig gg
;(};)g;(;};ui; nuiie 30UTbIIY€E KUTBKICTh BHKOHYBaHUX AVL Fiit 8000000 | 460.07 1 2
’ AVL_Miss 8000000 486,22 12 28
Eytzinger Hit 8000000 | 156,94 | 11 | 5
B 3 Eytzinger_Miss 8000000 159,94 12 5
g 25 /‘\———'\'_________ EytzingerB Hit 8000000 | 136,36 1 1
| EytzingerB Miss 8000000 159,62 0 2
F 2 {Qsnacts nocrpoerin | EytzingerBP Hit 8000000 | 119,70 | 5 1
=15 EytzingerBP Miss 8000000 116,70 6 0
g 1 — Binary Hit 16000000 | 371,13 12 65
D 0 I Binary_Miss 16000000 | 36593 | 12 | 65
- AVL_Hit 16000000 | 507,00 12 30
0 AVL_Miss 16000000 | 568,13 13 33
90 140 189 209 229 239 249 259 Eytzinger Hit 16000000 | 19352 | 11 | 11
log2(n) Eytzinger_Miss 16000000 [ 192,70 [ 12 |11
. ) ) . EytzingerB Hit 16000000 | 205,53 1 2
—=—Binary Eytzinger EytzingerB —s—EytzingerBP ——AVL EytzingerB Miss 16000000 22579 0 3
Puc. 3. BigHocHa 3anexHicTb yacy nomyky (Binary=1) EytzmgerBP Hl_t 16000000 | 156,80 ! 1
BiJl pO3Mipy MacuBy N EytzingerBP Miss | 16000000 | 154,40 10 0

Tabnuys 2 — Minimaapuuii yac nomyky T 3aie:xHo Jlns  MacuBiB, W0 pPO3MIUIYIOTBCS B Kewax

Bi1 po3mipy MacuBiB N

n MeTox Cuenapiii T, ns
500 EytzingerB |\|/|_| iists 18§é668;1
16000 EytzingerB ,\7 iists igggi
500000 EytzingerBP |\|/|_| iists g?ég
2000000 EytzingerBP ,\7 iists 223;
8000000 EytzingerBP ,\;' iists 112;8
16000000 EytzingerBP ,\;'iists }2238
32000000 EytzingerBP “;' iists 1;328
64000000 EytzingerBP “;' iists 3(1)57338
Y Tabn. 3 HaBeseHO (parMeHT pesyibTaris

JOCITiPKEHHS anropuTMiB nomyky. CtoBmnens 1 Tabmuiri
3 BiANOBiAAE ANTOPUTMY HOLIYKY, CTOBIELH 2 — pO3Mipy
MacHBy N, CTOBIELb 3 — yCepeHEHOMY 4Yacy Homyky T
(ns), croBnenp 4 — 3HAYCHHIO aNapaTHOrO JiYHIbHHUKA
KIJIBKOCTI TTOMWJIOK NependadyeHHs pO3rally’)KeHHs Ha
orepario, CTOBHELb S5 — 3HAYCHHIO alapaTHOro
JIYMIIBHAKA TPOMaxiB Kelly Ha OTeparliio.

L1/L2/L3 T1a B LI1/L2/L3/RAM, MiHIMalIbHHI dac
momyky 3abesneuye anroputm EytzingerBP (puc. 1-3,
tabn. 2, 3). [Ipu mepexoni 10 MacHBiB, PO3MIpH SKUX
MepeBUIIYIOTh 00csaT kemr-mam’sti L2 ta L3, BapTicTh
3BEPHEHHS JI0 MaM’sITi CYTTEBO 3pocTae. Y IUX yMOBaxX

aIrOPUTM EytzingerBP JI03BOJISIE 3a3qaJIeTigb
IHILIIOBATH  3aBaHTAXXEHHS HEOOXITHUX  KeII-JIiHii,
3aBISIKK  YOMYy  3aTpUMKa  JIOCTYNy  YacTKOBO

NEPEKPUBAETHCS OOYMCICHHIMHU, L0 NPHU3BOAUTH [0
3MEHILEHHS 3arajIbHOrO 4acy TOIIYKY.

3HayHe CKOPOYEHHS Yacy IOINyKYy B Aiara3oHax
mam’ari L1/L2/L3 Tta LI/L2/L3/RAM anropurmy
EytzingerBP nmnopiBHSHO 3 IHIIMMH aQJITOPUTMaMH
3a0e3nevyeTbes IPOTrpaMHUM HoTepeTHIM
3aBaHTQ)XXEHHSAM JaHUX Ha 4—5 pIBHIB JiepeBa BIiepes
BIJHOCHO  NOTOYHOTO BYy3da. Take IoOIepenHe
3aBaHTAXXEHHS JaHWX y 3a3HAYCHOMY Jliara3oHi rmam’siTi
MiHIMI3ye dbac goctymy 1o nam’sTi. EdexTuBHICTH
TAKOTO 3aBaHTAXEHHSI MPH peamizamii alropuTMy
EytzingerBP minTBepmKyeThCsI TMPAKTUYHO ITOBHOIO
BIICYTHICTIO TMpoMmaxiB kemry (cTroBmemb 5 Tabn. 3) Ta
BIICYTHICTIO a00 HE3HAa4YHOIO KUIBKICTIO TTOMHJIOK
nependaveHHs po3raixykeHs (cropmens 4 Tadm. 3).

VY Bcix JOCIHIDKEHUX Jliana3oHax po3MipiB MacHBiB
kinacuuHi anroputMu AVL 1 Binary neMoHCTpYIOTH
HaWOUTBIIMI Yac BUKOHAHHS CEpel  PO3MIISTHYTHX
METO/IIB.
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Jdnst  BUSBIEGHHS [NpPUYMH  BiAMIHHOCTEH Yy
MPOJXYKTUBHOCTI JIOCHIPKYBaHMX METOMIB TMOpsI 13
YacoM BHKOHAHHS IMOLIYKYy OyJI BUKOPUCTaHI arnapaTHi
JIYWIBHUKY TPOAYKTHBHOCTI ITpOLIecopa.

Ha puc. 4 mpeacTaBieHO 3aJ€XKHICTh CEPEIHBOL
KUTBKOCTI TPOMaxiB KemI-laM sTi Bil po3Mipy MacuBy
Ut cueHapito Hit ams gocmimkyBaHHX METOIIB MOMTYKY .

MEPEXOJIIB JTO3BOJISIE ICTOTHO 3HU3UTHU BIUIUB MEXaHI3MY
MPOTHO3YBaHHS PO3rajyXeHb mpoiiecopa. Pazom 3 Tim
3MCHIIICHHS KUTBbKOCTI MOMMJIKOBHX TIPOTHO3IB HE
3aBXKIH CYIPOBOKY€ETHCSI IIPOTOPIITHIM CKOPOYCHHSIM
Yyacy MOUIYKY, OCKUJIBKH MiJl 4yac pOOOTH 3 BEITUKUMHU
MacHBaMH BU3HAYAIBHUM (PAKTOPOM CTa€ JATCHTHICTH
JOCTYITY JI0 TIaM SITi.
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Puc. 4. 3anexHicTh CepeHbOI KUIBKOCTI IIPOMaxiB
KelI-aM'sTi BiZi po3Mipy MacuBy N

AHaii3 OTpUMaHMX pPE3yJIbTATIB IIOKa3ye, IO 3i
30UTBIIICHHSAM 00CATY MacHBY KiJIbKiCTh IIPOMaXiB Keml-
mam’ATi 3aKOHOMIPHO 3pOCTa€ IS BCIX JOCIIIKYBaHUX
METOIIB. Hait6inpm IHTEHCHUBHE 3pOCTaHHsI
CIIOCTEPITaeThCs MICIS BUXOLY POO0YOTro HAOOPY JaHUX
3a MEXI KeI-TIaM'sTi BEpXHiX pIiBHIB, IO BiIMOBigae
nepexoy 10 OOCIyroByBaHHS YaCTHHU 3BEpPHEHb 13
keui-niam'siti L3 ta onepatiBHOT mam'sTi.

Hus  amroputmie AVL 1 Binary xapakTtepHa
HaO1IbIIA KIJIBKICTh IPOMaXiB Kell-1am’ Tl IPaKTHYHO
B YCbOMY JIOCII/DKEHOMY [iana3oHi po3MipiB MacHBiB.
st anroputMy Binary 1ie HOsSICHIOETHCS 0COOTHMBOCTSIMU
MIOCITIZIOBHOCTI 3BEPHEHb 0 €JIEMEHTIB MacHBy, 3a SIKOi
CycimHI 3a 4YacoM 3BEpPHEHHS BiJIOBITAIOTh 3HAYHO
BIJTAJICHUM aJipecaM Ham’sTi. Y pe3ysbTaTi pocTopoBa
JIOKJIBHICTh BHKOPHCTOBY€ETHCS HEJIOCTaTHHO
e(peKTHBHO, a MHMOBIPHICTh MOTPAIUISHHSA MOTPIOHUX
JAHUX Y KeIll BUSABIIAETHCS HUKUOIO.

Po3mimienHst  By3miB  JepeBa 32 CXEMOIO
Eifrunarepa 3abe3neuye OiIbLI KOMIIaKTHE
po3TalryBaHHSI €JIEMEHTIB, 110 HaJeXaTh O BEPXHIX
piBHIB AepeBa, 3aBISKH YOMY 3MEHIIYETHCA KUTBKICTH
mpomaxiB kem-mam’sti (puc. 4). Leit edext HaWOIBII
MIOMITHHUH ]l 9ac 0OpoOKM MacHBiB BEIHKOTro 00cCsTy,
KOJI BapTiCTh 3BEPHEHHS IO I1aM’STi IOYMHAE CYTTEBO
NepeBHIIYBaTH BapTICTh BHUKOHAHHS apU(PMETHIHHX
oreparii Ta yMOBHHUX II€PEXO/iB.

Ha puc. 5 mpexacraBneHi 3ajeXHOCTI cepeaHbOI
KIJIBKOCTI TIOMHWJIOK TepeadaydeHHs] pO3rally’KeHb Bij
po3Mipy MacuBy A cueHapiro Hit ains gociimkyBaHIX
MeToiB momyKy (rpadiku st anroputmi Eytzinger i
EytzingerB 36irarorscs).

Hns  amroputmiB  EytzingerB Tta EytzingerBP
KUIBKICTP ~ TIOMHJIKOBUX  TPOTHO3IB  PO3Taly’KeHb
3MEHIIYETHCS MPAaKTHYHO Ha MOPSJOK IIOPIBHSIHO 3
IHIIUMK  peaiizauisMu momyky (puc. 5). Otpumani
pe3ysbTaTd HiATBEPAXKYIOTh, IO YCYHEHHS YMOBHHX
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Puc. 5. 3anexHicTh cepeHBOI KUIBKOCTI TIOMUIIOK
MIPOTHO3YBaHH: PO3Tally’KeHb BiJl po3Mipy MacuBy N

Hocnimxenns merony EytzingerBP i3 mporpamunm
MONEPEAHIM 3aBaHTKCHHSM MOKa3ye, M0 30LIbIICHHS
KUTBKOCTI  3BepHEHb JO  MaM’ATi, CHPHUYUHCHE
BUKOHAHHSAM IHCTPYKLiil MOIEPEIHbOTO 3aBAHTAXXCHHS,
HE MpPU3BOJMTH IO TMOTIPUICHHS HPOIYKTUBHOCTI.
HaBmaku, mimx wac o0OpoOKM BETUKMX MAacCHBIB
CITOCTEPIra€ThCsS CKOPOYCHHS 3arajibHOTO Yacy MOIIYKY.
Le cBimuuTh PO Te, 1110 YACTHHA 3aTPUMOK 3BEPHEHB JI0
naM’siTi YCIIIIHO — NEPEeKPUBAETHCS ~ BUKOHAHHIM
obunciaeHb, a  HeoOXigHi  JaHi  BUSBISIOTHCS
3aBaHTAQ)KEHHMH B KEIlI IO MOMEHTY iX BUKOPHCTAHHS.

TakuMm 4uMHOM, aHajJi3 amapaTHUX JHIYMILHUKIB
MATBEPIKYE, IO BiAMIHHOCTI B MPOAYKTHBHOCTI
JOCIIKYBAaHUX METOJIB 3YMOBIICHI HE JIUIIEC IXHBOIO
AITOPUTMIYHOIO OpTaHi3aIli€efo, a W OCOOIMBOCTSIMHU
B3a€EMOJIIi 3 i€papxi€ro mam’aTi Cy4acHOTO IpoIecopa.
OTpuMaHi pe3ynbTaTh CIYTYIOTh SKCIIEPHMEHTaIbHUM
HiITBEP/DKEHHSIM TOTO, L0 IPOCTOPOBA JIOKANBHICTH
PO3MIIlIEHHST JaHMX, 3MEHIIEHHS KUIbKOCTI YMOBHHX
Hepexo/IiB Ta BUKOPHCTaHHS HPOrPaMHOTO
NONEPEeTHHOTO0 3aBaHTAXKEHHS I0-Pi3HOMY BIUIMBAIOTh
Ha MPOJYKTUBHICTh TMOLIYKY 3aJeKHO BiX pO3Mipy
pobodoro HabOPy AaHUX.

4. O0roBopeHHs pe3yJIbTATIB

OTtpumaHi pe3ysIbTaTH MiATBEPKYIOTh BUCYHYTY B
po0oTi rimoTe3y mpo Te, M0 CTYMiHb BIUIUBY DPi3HHUX
MIKpOApXITEeKTYpHHUX (DaKTOpiB 3MIHIOETHCS IIiF dYac
repexoy MK PiBHSAMHU iepapXii mam’sTi mporecopa.
BinnoBinHO, €(eKTHBHICTH KOHKPETHOTO alTOPUTMY
BH3HAYA€ETHCS HE JIMIIE HOTO CTPYKTYpOIo, a i 00csarom
pobodoro HaOOpYy IaHHX BiTHOCHO pO3MIpIB Kell-
mam’siTi.

IlepmM YMHHUKOM, IO BU3HA4Ya€ BiJIMIHHOCTI B
MIPOAYKTUBHOCTI, € [IPOCTOpPOBA JIOKAJIbHICTh
po3MimeHHs JaHuX. Y OiHApHOMY IIOIIYKY ITOCTIiTOBHI
3BEPHEHHS 3IIIHCHIOIOTHCS [0 €JEMEHTIB MAacCHBY,
pO3TaIIoOBaHUX Ha 3HAYHIH BiJICTaHI OMUH BiJl OJTHOTO. Y
Mipy 30UTBIIEHHS pO3Mipy MAacWBy Iie MPU3BOAUTH 10
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3pOCTaHHA KUIBKOCTI IpOMaxiB  Kem-mam’siTi  Ta
30UIBILCHHS Yacy JIOCTYIY JI0 AaHHX.

Po3mimienHst enemMeHTiB 3a cxemoro Eitnunrepa
CYTTEBO 3MIHIOE XapakTep 3BEpHEHb 10 mam’siTi. Byziu
BEPXHIX PIBHIB JlepeBa pO3TAIOBYIOTHCS B MaM’ sTi
MOCNIZIOBHO, 3aBISKM YOMY €JIEMEHTH, MO0 SKHX
HaifgacTime 3BepTaroThCs, e()EKTUBHO PO3MIIITYIOTECS B
Kem-maM’ATi Iporiecopa. Pe3ympTaTd eKkCIepuMeHTIiB
MOKa3yIoTh, MO came Iel edekt 3abesmedye CTIHKY
nepeBary anroputmy Eytzinger mopiBHSHO 3 GiHapHHM
MOUIYKOM TPAaKTUYHO Ha BCHOMY JOCIIIKyBaHOMY
Jiama3oHi po3mipiB MacugiB (puc. 1-3).

Jpyrum  (QakTopoM € BIUIUB  MeEXaHIi3My
nepe0oaueHHs po3rayKeHb. Bukopucranas
branchless-peanizauii npakTH4HO yCyBa€ MOMHIJIKH
neperbavyyBadya MEPEXOMAiB, MO  MiATBEPIKYETHCS
BUMipamu amapaTHOTO JYUIIBHAKA
BranchMispredictions/Op. fkmo amd KIaCHYHOTO

MOIIYKY KiJTBKICTh IIOMUJIKOBUX TependadeHs csrae 11—
13 Ha omHy omepamil0 TOIIyKy, TO i branchless-
BapiaHTIB IIeil MOKAa3HHK 3MEHILYEThCS 0 OJHOro ado
MPAaKTAYIHO 110 HYJS (pHC. 5).

OnHak NpoOBeeHI €KCIEePUMEHTH MOKa3ylTh, IO
3MEHIICHHS  KUIBKOCTI ~ TOMWJIKOBHX  IIPOTHO3IB
po3sraiykeHb caMe 1o cobi He rapaHTye MaKCUMaJbHOT
NpoXyKTUBHOCTI. [Ipr poOOTI 3 MacuBaMu HEBEIHMKOTO
oOcsry BuTpall BiJl BUKIIOYEHHS YMOBHHX IEPEXOiB
BUSIBIISIETHCS. OOMEKCHHUM, OCKUJIbKH BapTICTh 3BEPHCHb
J0 TaM’sTi HeBEJHKAa, a OCHOBHMI 4Yac BH3HAYAETHCS
BUKOHAHHAM  OOYMCIIOBaNbHHX  omepauiil.  Ilpu
MOJAIBIIOMY  30iMBIIEHHI O00CATY MacHWBy BIUIHB
JATEHTHOCTI TaM’sTi cTa€ 3HAYHO CYTTEBIIIUM, HIXK
BapTiCTh IIOMUJIKOBOTO Mepe10aueHHs ePeXoy.

TperiMm ¢GakTOpOM € MOXIHUBICTD IMEPEKPUTTS

JIATEHTHOCTI Mam’sTi 3a JIOMOMOTOI0 IPOTrPaMHOTO
HONEPETHBOTO 3aBaHTaKEHHS JAHUX.
ExcriepuMeHTanbHi  pe3ysibTaTd  MOKa3yloTh, IO
BHUKOPHCTAHHS IHCTPYKIIiit MOTIePETHHOTO

3aBaHTa)XEHHs HE 3a0e3reuye rnepesar Mpu po3MillleHHI
JIAHUX Y Kelll-laM’sTi BEPXHiX PIBHIB, a B PsiJii BUNA/IKIB
MIPU3BOANTE JI0 HEBEIHUKOTO 30UIBIICHHS 9acy MOMIYKY
BHACJIJIOK MTOSIBH JOAATKOBUX IHCTPYKIIH (Ta0I. 2).

30BciM iHIIA CHTYyaIlisl CIOCTEpIraeThes IMiA Yac
00pOoOKHM MacHBiB, pO3MIpH SKUX 3HAYHO MEPEBUILYIOTH
o0csAr Kem-maM’sTi mporecopa. Y IOMY BHIIAIKY
NporpamMHe  TOMEPeHE  3aBAHTAXKEHHsS  JI03BOJISIE
pO3MoYaTH MEePeHECeHHs JTaHUX Y Kell J0 MOMEHTY iX
0e3rocepeIHbOro BUKOPUCTAHHS. 3aBISKH NEPEKPUTTIO
oOYHCIeHP 3 OmepamisiMi 3BEPHEHHS OO IIaM ATi
3MEHIIYEThCSI €(DEeKTHBHA JIATCHTHICTh 3aBaHTaKECHHS
JIAHUX, 10 NPU3BOJMUTH 10 CKOPOUYCHHS 3araJIbHOTO 4acy
BHUKOHAHHS TIOIIYKY.

Jnst anroputmiB 0€3 NpOrpaMHOTO MONEPETHHOTO
3aBaHTaXEHHs BiIMIHHOCTI Mixk creHapismu Hit 1 Miss
BUSIBJIIIOTBCSL BIZTHOCHO HEBEJIMKMMHU W BU3HAYAIOTHCS
TOJIOBHUM YHHOM JIOBXXHHOIO IIPOMJIECHOTO MHUIAXY
nomryKy. OJiHaK I aJrOpUTMIB, III0 BUKOPHUCTOBYIOTH
NporpamMHe  IONEpEeJHE  3aBAHTAXKEHHS  JIAaHHX,
BiIIMIHHOCTI CTaf0Th Oi7bII BHpakeHUMH. EekTuBHICTH
MOTIEPETHHOTO 3aBAHTAXCHHS 3aJEKHUTH BiIl TOTO, UH
OyIoyTh TONEpEeNHLO  3aBaHTAXEHI JaHi  JIHCHO
BHKOPHUCTaHI TiJ Yac HACTYMHUX 3BEpPHEHb. Y pasi

YCIIIITHOTO MOUIYKY YaCTHUHA 3a3/1aJIeTi/b 3aBaHTAKCHNUX
BY3JiB MOXC BHUSBUTHCA  HENOTPiOHOWO  uepes
JIOCTPOKOBE 3aBEpLICHHS alrOpUTMY, TOII SIK Yy pasi
HEBJIAJIOTO TOIIYKY HPaKTUYHO BECh NUIAX MOUIYKY
MIPOXOJUTh JI0 JIMCTOBOTO pIiBHSA, 1IN0 JO3BOJISE
e(eKTHBHIIIE BUKOPHUCTOBYBATH pe3ynpTaTu
MOTIEPEIHBOTO 3aBaHTaKeHHS (puc. 1-3).

Otpumani B xoi poOOTH eKCIEpUMEHTANbHI JaHi
MATBEPKYIOTh IF0 3aKOHOMIpHiCTh. [[m HeBemmKux
MacHBIiB BiIMIiHHOCTI Mik cueHapismu Hit i Miss €
HE3HAYHUMH, OCKUTBKHU 3aTPUMKH 3BEpHEHHS JI0 I1aM’SITi
HEBEJIHMKI I NPAaKTHYHO MMOBHICTIO KOMIIEHCYIOTHCS Kelll-
mam’sITTIO Iporiecopa. Y Mipy 30UIbIIEHHS 00CsTy TaHUX
BIUIUB JIATEHTHOCTI HaM’sITi 3pocTae, BHACIIJOK 4YOTO
e(eKTUBHICTh PI3HUX CTparTerid opraHizamii MOUIyKY
MOYMHAE ICTOTHO 3AJIS)KATH BiJl XapaKTepy MOLIYKOBOTO
3aIuTy.

o obcraBuHY HEOOXiTHO BpaxOBYBaTH IiJ Hac
BHOOpY alNrOpUTMYy ISl NPUKIAAHUX CHUCTEM, Y SKHX
CHIBBIHOIICHHS YCIIIIHAX | HEYCIITHUX ITOITYKOBUX
3aMUTIB MOXKE ICTOTHO BiIPi3HATHCA.

[IpoBeneHi  eKCIIEpUMEHTH  TOKa3yloTh,  IIO
KiJbKiCHA BEIMYUHA BUT'paIly BU3HAYAETHCS
XapaKTepUCTUKaMH KOHKPETHOI arnapaTHol raThopmu,
30KpeMa po3MipaMH Kell-IaM’siTi, JJATCHTHICTIO Pi3HUX
piBHIB maM’sTi Ta  OCOOJMBOCTSAMM  peaiizaril
arnapaTHOro NonepenHpOro Bidopy mpolecopa.

TakuM 4UHOM, pE3yJbTaTH MOCIIIKCHHS CBiI4aTh
mpo Te, 1o BUOIp HAWOULIBII EPEKTHBHOTO METOIy
MOLTYKY HOBHHEH 3JIHCHIOBATHCS 3 ypaxXyBaHHSIM He
TUIBKM ~ QJTOPUTMIYHUX  XapaKTEpUCTHK, aje |
0COONMBOCTEH APXITEKTYPH MaM’SITi OOYHCITIOBAIBHOT
CHCTEMHU.

Jdnst  cydacHMX TIpOIECOpiB  BH3HAYaJIbHUMHU
(dakTopaMu MPOAYKTUBHOCTI CTAlOTh JIOKAJILHICTH
PO3MIllIEHHS TaHHUX, €(DEKTHBHICTh BUKOPUCTAHHS Kelll-
mam’ i, 3MEHIIIECHHS KIJIBKOCTI ITOMMJIKOBHX
nependadeHb po3raiykeHb Ta MOJKJIUBICTh
NPUXOBYBAaHHS JIATEHTHOCTI MNaM’siTi 3a JIOIOMOTOI0
HPOTPAMHOTO MONEPEJHHOTO 3aBAHTAKEHHS JITAHHX.

5. BucHoBKkHn

Y  poboTi  MPOBEACHO  EKCIEPUMEHTAILHE
JNOCTi[DKeHHsT MeTomiB momyky B  ABJI-nepesi,
MPEACTABICHOMY Yy  MacCHBI 3  BHUKOPHCTAHHSIM
pO3MilICHHS E#iTumarepa, 3 ypaxyBaHHIM

ocobymBocTel iepapxii mam’sTi nponecopa. Orpumani
pe3yJbTaTh JAtoTh 3MOT'Y 3pOOHUTH TaKi BHCHOBKH.
1. ExcnepuMeHTaNbHO MiATBEP/PKEHO, IO NP

onHakoBii acumnrTotrwuHid ckmagHocTi  O(log n)
MPOAYKTUBHICTh  alNTOPUTMIB  MOMIYKY  CYTTEBO
BHU3HAYAETHCSI OCOONMBOCTSIMH  OpraHizamii mam’ sTi

nporiecopa. Y Mipy 30ibIIeHHsT 00CATYy MAacHBY BILJIUB
JATEHTHOCTI TaM’STi CTae BHU3HAYAIBHUM (PAKTOPOM
MIBUAKOIIT, TOAI SIK BIIUB OOYHMCIIIOBAILHOI CKJIAJHOCTI
ITOPUTMY HOCTYIIOBO 3MEHIIY€EThCH.

2. IToka3zaHo, mo po3mimeHHs By3iiB ABJI-nepesa
B MacuBi 3a cxemoro EiftimHrepa 3abesnedye Oinbl
e(eKTUBHE BHKOPUCTAHHS IIPOCTOPOBOI JIOKAJIBHOCTI
JaHuX TMOpiBHAHO 3  OiHAPHMM  IIOUIYKOM 1
NIPEACTAaBICHHSIM  JIepeBa Ha  IOK&K4YUKaX, IO
MIPU3BOJUTE O CTIHKOTO CKOPOYEHHS dYacy MOUIyKy

136



ISSN 2073-7394

CucreMu yripaBiliHHs, HaBiraiii Ta 38's13ky. 2026. Ne 3

MIPAaKTHYHO B YCHOMY JIOCII/DKEHOMY Jliarna3oHi po3MipiB
MacHBIB.

3. BcraHoBieHO, 10 BUKOPHUCTAHHS alTOPUTMY
nouryky ©0e3 posramyxkeHb EytzingerB mpaxrtuuno
yCyBa€ TOMMJIKH HPOTHO3YBAaHHS pPO3rajyXeHb, IO
MATBEPIKYEThCA BHUMIpaMH AalapaTHOTO JIYHIbHHUKA
BranchMispredictions/Op. OpHak eKCIIepUMEHT
MOKa3aB, IO 3MCHIIEHHS KIJIBKOCTI OMMIKOBHX
MIPOTHO3iB came Mo co0i He rapaHTye MaKCHMallbHOL
mBuakonii. [Ipu 30impmIeHH] 00CATY HaHUX 1 BHUXOIY
pobouoro Habopy 3a MeXi KeII-TlaM’ATi BU3HAYAIbHUM
(haKTOpOM CTa€ JATEHTHICTh JOCTYILY JIO T1aM’sITi.

4.  ExcnepuMeHTaNnbHO  MiATBEPDKEHO, IO
3aCTOCYBaHHS POTPaMHOTO TIOTIEPETHHOTO
3aBaHTA)XXEHHS JaHUX JO3BOJISIE JIOJAATKOBO 3MEHIIUTH
Yyac MOUIyKy MiJ dYac OOpOOKHM BEJIHKHX MacHBIB.
Haii6inpmr  moMiTHMH — edeKT  JocsraeTbecs — INpH
po3MmimeHHi pobodoro HabOpy MaHWX Y KemI-Tlam’sTi
TPETHOTO PiBHA Ta ONECPATHBHIN IMaM’sTi, ¢ IPOTpaMHe
MONIEpEeTHE  3aBAHTAXKCHHS  JO3BOJIAE  YAaCTKOBO
MIPUXOBATH 3aTPUMKH 3BEPHEHHS JO IaM SITi MUIIXOM
MIEPEKPUTTS OOUHCIICHb 13 3aBAaHTAXKCHHAM JIaHUX.

5. Amnani3 amapaTHUX JYUIBHUKIB
CacheMisses/Op ta BranchMispredictions/Op moka3as
BUCOKMII  CTYHIHb  y3TrO/DKEHOCTI 3  BUMIPSIHUMHU
YaCOBUMH XapaKTePHCTHKaMHU anroputMmiB. OTpumai
pe3ysibTaTd  MiATBEPIXKYIOTh, WIO BIAMIHHOCTI Y
HIBUJAKOMII 3yMOBJICHI HacaMIiepesl OCOOIHUBOCTSIMHU
B3a€MOJIii  aNTOPUTMIB 13 MIACHCTEMOIO IaM’sTi
mporecopa, a He JHIIe BiAMIHHOCTSAMH Yy KITBKOCTI
BUKOHYBaHHX OTIEeparliil.

6. IIpu po3MileHH] [aHUX y KeII-11aM’ATi TIepIIoro
Ta APYroro piBHIB HaWKpamll pe3yJbTaTH AEMOHCTPYE
airoput™  EytzingerB, skuifi moemHye — BHCOKY
MPOCTOPOBY  JIOKAJBHICTH 13 MPAKTUYHO TIOBHUM
YCYHEHHSIM OMUJIOK Iepei0adeHHs po3raiyxens. [Ipu
30UIbIIEHHI 00CATY MacuBy Ta Mepexoji pobovoro
Ha0bOpy laHUX B 00JIACTh Kell-1am’siTi TPEThOrO PiBHSI, a
MOTIM OMNEpPaTHBHOI MaM’sATi MepeBara MepexoauTh 10
anroputmy EytzingerBP, mo 3a0esmnedye 3MeHIICHHS
JATEHTHOCTI  JIOCTYIly JO TaM’aTi 3a paxyHOK
MIPOTPaMHOT0 MONEPETHHOTO 3aBaHTAKECHHS IaHHX.

7. Y mopiBHSHHI 3 OiHAPHIM MONTYKOM po3po0IIeHi
METOAM  TOWmYKy B  posMimeHHi E#rnuarepa
3a0e3meuyroTh CKOpoUYeHHS 9acy 1o 3,05 pasie (puc. 3,
T1abn. 3). YV MOpiBHAHHI 3 TPagUIiHHOIO peaji3alli€ero
ABJI-nepeBa Ha Moka)XxuMkKax BUTpall BUSBIISIETbCA L€
OimpIn 3HauyHUM (10 5,67 pasiB) 3aBOJKH YCYHEHHIO

BEJIMKOI KUJIbKOCTI HEperyJSIpHUX 3BEPHEHb JIO MaMm’sTi
Ta MOJIIIIEHHIO IIPOCTOPOBOT JIOKAIBHOCTI PO3MIILIEHHS

JaHUX.

TakuM  4MHOM,  OCHOBHMM  pe3yJbTaTOM
JOCII/DKEHHSI € eKCIEePUMEHTAIbHE I ITBEPKECHHS
Toro, 1O e(eKTUBHICTP TOMIyKy B JepeBax

BHU3HAYAEThCS HE JIMIIE AJTOPUTMIYHOIO CKIIATHICTIO
O(log n), a ¥ xapakTepoM B3aEMOXIi aNTOPUTMYy 3
iepapxi€ro mam’sITi mporecopa.

OTpuMaHi pe3ymbTaTH NOKa3ylOTh, IO IiJ dHac
mepeHeceH s pobodoro HabOpy HaHUX MK PIBHAMH
iepapxii mam’sTi BiIOYyBa€ThCS 3MiHA JIOMIHYHOYHX
(haxTOPIB MPOTYKTUBHOCTI: SKIIO JJIs1 HCBEIMKUX MACHBIB
ICTOTHY pOJIb BiZIrpae BapTiCTh YMOBHHX IEPEXOJiB, TO
ma vac poOOTHM 3 BEIMKMMHU MAacHBaMH OCHOBHUM
00MEXyBaJILHUM (pAaKTOPOM CTa€E JIATEHTHICTB AOCTYILY 10
nam’siTi, ska e(EeKTUBHO KOMIIEHCYEThCS IPOTPaMHHUM
TIOTIePEIHIM 3aBaHTKEHHAM JaHuX. OTpUMaHi pe3ynbTaTi
MOXYTh OYTH BHKOPHCTaHI IMpPH TMPOSKTYBaHHI BHUCOKO-
NPOAYKTHBHUX CTPYKTYp OAHHX Ta aITOPHTMIB IOIIYKY
IUISL CHCTeM, [IO0 MPALIOITh i3 BEIMKUMH O0OCATaMU
iHpopMmarii. TlepcrieKTHBHUM HAIPSIMOM  TIOJATBIINAX
JIOCTI/DKEHB € JIeTAlIbHUI aHajli3 cTpareriii mporpaMHOro
HONEPEIHhOTO 3aBAHTAKECHHS JAHUX ISl PO3MILICHHS
EdiTuinrepa, BKiIO4aouu BUOIp ONTUMAJIbHOI TTIMOMHH
HOTIEePEIHHOTO 3aBAHTAXKEHHS, JOCIIPKEHHSI PI3HUX CXEM
HOTIEPEIHBOTO BiI0OPY Ta OLIHKY IXHBOI €pEeKTHBHOCTI Ha
HpoIecopax pi3HUX apXiTeKTyp.

KonduikT inTepecis

ABTOpH JEKNIApYIOTh, IO HE MAaIOTh KOH(IIKTY
IHTEepEeCiB CTOCOBHO JaHOTO JOCIIIKEHHS, B TOMY YHCII
(hiHaHCOBOTO, OCOOUCTICHOTO XapaKTepy, aBTOPCTBA UH
IHIIOTO ~ XapakTepy, MO Mir OW BIUIMHYTH Ha
JOCTIiDKeHHSI Ta IOro pe3ynbTaTH, PeICTaBIICH] B TaHii
CTaTTI.

®@iHaHCYBaHHA

JocikeHHs 6e3  (¢iHaHCOBOI

HiATPUMKH.

IIPOBOIMIIOCS

HJocTynnicTb 1aHux
Pykonuc He Mae NoB'sI3aHUX JaHUX.
Buxopucranus 3aco0iB IITY4YHOI 0 iHTeJIEKTY

ABTOpH MiATBEPIKYIOTh, 110 HE BUKOPHUCTOBYBAJIH
TEXHOJIOTi] IITYYHOTO iHTENEeKTy TpPH CTBOPEHHI
MpeacTaBiIeHoi podoTH.
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Experimental Study of Search Methods in an AVL Tree Considering the Memory Hierarchy
Anatolii Shostak

Abstract. Background. Investigating the effects of data spatial locality, branch prediction, and software prefetching on
search performance is of considerable interest in the development of high-performance data structures. Subject of the study: search
methods in an AVL tree represented as an array using the Eytzinger layout, and the impact of the processor memory hierarchy on
their performance. Purpose of the study: to experimentally evaluate the efficiency of various search methods in an array-based
AVL tree depending on the array size and the location of the working data set relative to the levels of the processor memory
hierarchy. Research objectives. To implement and experimentally investigate the Binary, AVL, Eytzinger, EytzingerB, and
EytzingerBP search algorithms; to determine the ranges of array sizes corresponding to different levels of the memory hierarchy;
to compare the performance of the investigated algorithms; and to determine the effects of data spatial locality, branch
mispredictions, and software prefetching on search efficiency. Research methods. The study employs algorithmic analysis,
experimental software performance evaluation, and statistical processing of measurement results. The experimental evaluation was
performed using BenchmarkDotNet on the .NET 8 platform with processor hardware performance counters. Research results. It
was established that the efficiency of search algorithms is determined not only by their computational complexity but also by the
characteristics of their interaction with the processor memory hierarchy. The results show that when the working data are located
in the L1/L2 caches, the EytzingerB algorithm provides the shortest search time, whereas when the data are located in the L3 cache
and main memory, the EytzingerBP algorithm, which uses software prefetching, demonstrates the best performance. Experimental
relationships between search time and array size were obtained, the ranges of effective application of the investigated algorithms
were determined, and the performance gains achieved by the most efficient search methods were quantitatively evaluated. The
experiments demonstrated a change in the most efficient search algorithm as the working data move between levels of the processor
memory hierarchy: within the L1/L2 range, the EytzingerB algorithm provides the shortest search time, whereas within the L3 and
main-memory range, the EytzingerBP algorithm is the most efficient. Conclusions. Representing an AVL tree using the Eytzinger
array layout provides a substantial increase in search performance compared with the conventional pointer-based tree
implementation. Experimental results confirm that the choice of the optimal search method is determined by the level of the memory
hierarchy in which the working data set resides. The obtained results can be used in the design of high-performance search data
structures and in the optimization of search algorithms for modern multi-level memory subsystems.

Keywords: AVL tree; Eytzinger layout; search algorithms; software prefetching; cache memory; data locality;
BenchmarkDotNet; experimental performance evaluation.
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A RISK- AND TIME-BASED MODEL FOR PROCESSING INFORMATION FLOWS

IN THE PHYSICAL PROTECTION OF SPECIAL-PURPOSE AND CRITICAL
INFRASTRUCTURE FACILITIES

Abstract. The effectiveness of a physical protection system depends not only on sensor sensitivity, barrier delay, and
response-force readiness, but also on the timely, complete, and undistorted delivery of heterogeneous security data to the
decision-making level. This study proposes an integrated risk- and time-based model for processing information flows in the
physical protection of special-purpose and critical infrastructure facilities. The information environment is represented as a
directed graph. Transmission, processing, and queuing delays are combined with completeness, accuracy, consistency,
reliability, and cyber-resilience indicators. A partially non-compensatory information-quality index is developed by combining
a weighted geometric mean with the weakest component and a time-decay factor. Information latency is explicitly embedded in
the detection, delay, and response time balance, and analytical expressions are formulated for the probability of timely
intervention and residual risk. A 10,000-run Monte Carlo experiment is performed for a hypothetical three-zone facility. The
distributed backup route achieved an integral information-quality score of 0.849, compared with 0.782 for the centralized primary
route and 0.590 for the congested and partially compromised route. In the insider-bypass scenario, the distributed route increased
the probability of satisfying the time condition from 0.442 to 0.562 and the mean integrated interruption probability from 0.246
to 0.326. The proposed approach enables weaknesses in information channels to be evaluated jointly with physical barriers and
allows information routes to be selected dynamically according to event risk and the time available.

Keywords: physical protection system; information flow; information latency; data fusion, risk; time sufficiency; critical

infrastructure; partially non-compensatory model.

1. Introduction

Protecting special-purpose and critical infrastructure
facilities is essential to the uninterrupted operation of
energy, transport, communications, water supply, industry,
defense, and public administration systems. At such
facilities, a physical protection system integrates the
detection of an adversary, the delay of adversary
movement, and the timely intervention of response forces
within a single organizational and technical framework.
Under the classical approach, system effectiveness is
assessed using the probability of detection, the delay created
by physical barriers, and the time required for response
forces to reach the scene [1, 2]. The widespread deployment
of digital sensors, networked cameras, biometric access-
control devices, unmanned surveillance platforms, and
analytical software has shown that the interaction among
these three functions depends heavily on the information
infrastructure. If a sensor signal is not verified in time, an
event is misclassified, or a command reaches the response
force too late, the time reserve created by physical barriers
may lose part or all of its operational value.

Within the information environment of a physical
protection system, data about the same event arrive from
heterogeneous sources. A perimeter radar provides the
target coordinates and speed, a thermal camera supplies a
heat signature, a video surveillance system provides visual
features, an access-control system reports an identification
result, and a security officer contributes contextual
observations. These data differ in frequency, format,
accuracy, and reliability. Processing them separately

increases the operator’s information load, while
combining them without proper correlation may produce
contradictory decisions. More data do not automatically
result in better situational awareness. On the contrary, a
high false-alarm rate, repeated notifications, and multiple
interfaces can delay the appearance of a critical signal in
the overall information stream [3, 4].

The role of information flow in physical protection is
defined by two interdependent properties. The first is
information quality. Data used for decision-making must
be complete, authentic, consistent, traceable, and resilient
to cyber effects. The second is the time value of
information. Correct information may be tactically useless
if it arrives after the decision window has closed. An
information channel therefore cannot be evaluated solely
in terms of packet loss or availability. The entire route
from source data to a decision and an actionable command
must be considered, together with the route’s latency and
reliability and the time remaining in the event scenario.

Current regulatory and methodological documents
require defense in depth and a balanced combination of
detection, delay, and response functions in physical
protection [2, 5]. The NIST approach to operational
technology security emphasizes information-security
requirements such as availability, integrity, monitoring,
event logging, and network segmentation [6, 7].
Nevertheless, an important methodological gap remains
at the intersection of physical protection and information
processing. Information quality is often studied as a
separate cyber-resilience problem, whereas time
sufficiency is addressed as a separate physical protection
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problem. Consequently, there is no unified indicator that
measures how information latency reduces the time
reserve created by physical barriers and influences the
choice of an optimal route.

The purpose of this study is to develop a
methodological approach for modeling the generation,
transmission, processing, multisource fusion, assessment,
and conversion of data into management decisions in the
physical protection of special-purpose and critical
infrastructure facilities using risk and time criteria. To
achieve this purpose, the study formalizes the information
environment as a directed graph; determines route latency
and reliability; proposes a partially non-compensatory
information-quality indicator; incorporates information
latency into the time balance of physical protection;
develops a criterion for event prioritization and alternative-
route selection; and verifies the approach through scenario
analysis and Monte Carlo simulation.

The scientific contribution of the study consists of
three main results. First, the quality of an information
route is assessed not only through an average indicator,
but also by considering its weakest component and the
loss of information value over time. Second, information-
processing time is treated not as an external parameter of
the detection, delay, and response model, but as an
internal variable that directly reduces the available time
reserve. Third, route selection is formulated as a
multicriteria optimization problem involving information
quality, residual risk, violation of the time condition, and
resource consumption. This approach provides a
quantitative basis for demonstrating that a bottleneck in
an information channel can be as dangerous as a weak
link in a physical barrier.

2. Literature review

The theoretical foundation of physical protection
systems lies in the functional compatibility of detection,
delay, and response. Garcia relates the effectiveness of a
physical protection system to the probability that an
adversary will be detected and stopped by response
forces before completing a critical action [1]. The IAEA
recommendations identify defense in depth, a graded
approach proportional to the threat, assessment of
detection alarms, and the integration of response
measures as core principles [2, 5]. Wadoud et al. linked
detection, delay, and response functions to probabilistic
and temporal indicators when evaluating the physical
protection of a nuclear facility [8]. Although these studies
establish the time logic of physical protection, signal
transmission through a communications network,
queuing at processing nodes, and conversion into
decision-relevant information are generally subsumed
within an aggregated detection time.

In digital physical protection systems, sensors,
software, communications, and actuating elements create
cyber-physical interdependencies. IAEA  Nuclear
Security Series No. 42-G requires the integrity and
availability of computer-based systems that perform
nuclear security functions to be protected [5]. NIST SP
800-82 Rev. 3 emphasizes real-time requirements, high
availability,  deterministic ~ response,  continuous
monitoring, and risk-informed network architecture in

operational technology environments [6]. NIST SP 800-
160 Vol. 2 Rev.1 presents cyber resilience at the
systems-engineering level as the ability to continue,
recover, and adapt essential functions under adverse
conditions [9]. These sources show that information
infrastructure is inseparable from security functions, but
they do not provide a calculation mechanism that directly
links the current state of an information route to the time
remaining in a physical attack scenario.

In the field of multisensor data fusion, Hall and
Llinas systematized the basic principles of integration at
the data, feature, and decision levels [10]. The refined
JDL model proposed by Steinberg, Bowman, and White
distinguishes among object assessment, situation
assessment, impact assessment, and process refinement
[11]. Khaleghi et al. provided an extensive review of
uncertainty, conflict, correlation, and synchronization
problems in heterogeneous data fusion [12]. Castanedo
grouped data-fusion methods into data association, state
estimation, and decision-fusion approaches [13].
Tsanousa et al. compared architectures for storing,
indexing, and fusing sensor data in smart environments
[14]. This body of research demonstrates that combining
multiple sources can improve accuracy and event
recognition. In many models, however, latency is treated
only as a constraint or a computational cost, while its
effect on the probability of timely intervention by
physical response forces is not evaluated separately.

Under dynamic security conditions, situational
awareness is a major determinant of operator decision
quality. Endsley describes situational awareness through
three levels: perception of environmental elements,
comprehension of their meaning, and projection of their
future status [3]. In physical protection, this sequence
corresponds to receiving a sensor signal, classifying the
event, assessing the adversary’s intent, and selecting a
response option. As the volume of information presented
to the operator increases, selection and prioritization
become more important. Situational awareness is
improved not by the number of data items displayed on a
screen, but by information that is relevant to the decision
and delivered in time.

Studies of security operations centers demonstrate
the practical consequences of a high notification load.
Agyepong et al. established the need for systematic
performance indicators to measure analyst work [15].
Forsberg and Frantti proposed a framework of technical
metrics for detection, investigation, and response
processes [16]. Tarig et al. identified false alarms,
disconnected dashboards, staff shortages, and excessive
notification volumes as key causes of alert fatigue [4].
The probabilistic cyber-alert management model
developed by Chen et al. demonstrates the value of
prioritization based on risk and uncertainty [17]. These
findings are equally relevant to the control center of a
physical protection system. The key difference is that, in
a physical intervention scenario, the consequences of a
delayed decision may emerge immediately in the real
facility and affect people, rather than remaining confined
to the information system.

Recent research has shown growing interest in the
joint assessment of physical and cyber effects. Sandia
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studies indicate that cyber effects on digital detection and
delay measures can weaken physical protection functions,
while alternative detection and response architectures can
improve overall system effectiveness [18, 19]. The scenario-
based assessment by Wadoud et al. further strengthens the
route and time logic [8]. Nevertheless, the partially non-
compensatory aggregation of information completeness,
authenticity, consistency, channel reliability, and cyber
resilience, together with the direct subtraction of
information latency from the available time reserve, has
not yet been sufficiently developed within a unified model.

A comparative review of the literature reveals three
gaps. First, data-fusion models focus primarily on
information content and accuracy but generally do not
account for the decision deadline imposed by physical
protection. Second, physical protection models assess
time sufficiency but do not explicitly describe the internal
delay structure of the information route. Third, cyber-
resilience documents protect availability and integrity but
do not formalize dynamic route selection according to the
risk level of the current physical attack. The proposed
methodology brings these three directions together
within a unified risk-time framework.

Several English-language studies included in the
reference list examine conceptual models of multilevel
physical protection, the limitations of normative design
under dynamic threats, justification of requirements,
systems analysis of the design process, and the integration
of machine learning with physical-process models [20—
22]. Findings on the probabilistic formalization of risk,
individual, collective, and societal risk indicators, time
sufficiency, and sensitivity indicators strengthen the
theoretical basis of the risk-time framework [23, 24].

The role of information processes in conceptual
design, the derivation of measurable requirements, and
information-to-action ~ requirements in  high-tempo
operations have also been investigated [25]. Research on
selecting cyber-defense architectures for critical
information infrastructure, the cyber resilience of
communications and command systems under hybrid
attacks, the efficiency of MIMO-based multiservice
networks, the probabilistic-temporal limitations of
software-defined network controllers, and network
indicators under dynamic threats provides a basis for
defining reliability criteria for information routes [26-28].

At the sensor level, findings on advanced sensing
technologies, intelligent monitoring, deep learning,

multisensor detection of ground targets, multimodal
fusion, and multisensor architectures for unmanned aerial
vehicles support the joint assessment of information
completeness, authenticity, and consistency [29, 30].

Research on accelerating decision-making through
C4ISR architecture, visual analytics in security systems,
and the use of C4ISR systems in operations provides a
methodological foundation for processing information
flows at the decision level [31-33]. A systems approach
to protecting critical infrastructure in  urban
environments, monitoring special-purpose information
networks, analyzing information flows in technical
support, and assessing the efficiency of critical
communications infrastructure extends the practical
scope of the model [34, 35].

3. Methodology

3.1. Research design and basic assumptions

The study combines conceptual modeling, graph
theory, probabilistic ~ assessment, multicriteria
aggregation, scenario analysis, and Monte Carlo
simulation. The physical protection facility is represented
by three levels: an external perimeter, an internal
protected zone, and a critical zone. Each zone contains
detection sources, preliminary-processing devices,
communication nodes, and decision-making elements.
The endpoint of the information flow is not limited to the
central control room, but also includes the operational
command delivered to the response force. The route
therefore covers every stage from signal generation to
receipt of an actionable instruction.

The model is based on the following assumptions:
event scenarios are assigned to predefined threat classes;
the processing time and reliability of each information
node can be estimated; at least one functional backup
route exists; quality indicators are normalized within the
interval from O to 1; event probability and impact severity
are obtained from the risk register; and the response-force
travel time is represented as a scenario-dependent
random variable. In an operational system, the model can
be calibrated using logs, network telemetry, sensor tests,
and exercise results.

Fig. 1 traces the sequence from data generation to
response action and feedback. At the sensor level, the
initial signal undergoes filtering and feature extraction
before being correlated with other sources (Table 1) at
the multisource fusion node.

Table 1 — Information sources and assessment characteristics in physical protection

Information source Primary data

Typical risk Characteristic assessed in the model

Perimeter radar and
vibration sensor

Coordinates, speed, boundary
violation

Atmospheric effects, false

alarms Authenticity, reliability, latency

Daylight and thermal
cameras

Image, object features,
trajectory

Degraded visibility, loss of

Completeness, consistency, cyber

video stream resilience

Identification, authorization,

Access-control system :
time of passage

Credential forgery, insider

threat Authenticity, traceability, integrity

Observation, context,

Security officer confirmation

Subjectivity, delayed

reporting Authenticity, processing time

OT and building
automation

Status of doors, locks, power,
and equipment

Cyber interference,
synchronization error

Availability, consistency, cyber resilience
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INFORMATION SOURCES

PROCESSING AND ASSESSMENT

[ Time criteria: T, AT J

tion fTow I

Perimeter sensors
Initial processing,
J filtering and

feature extraction

Video and thermal

Risk- and time-based
threat assessment

Multi-source fusion
and correlation

surveillance

Information quality: C,A,D,P,5 J

Access control
and personnel

DECISION AND EXECUTION

Response action and
outcome recording

OT and building
automation

Decision and
route selection

Command
transmission

FEEDBACK, CALIBRATION AND ADAPTIVE UPDATING

Fig. 1. Structural and functional model of information flow in a physical protection system

The threat assessment determines the event
probability, target criticality, and remaining time reserve.
The decision module assigns a priority and selects a
route, the command is transmitted to the response force,
and the outcome of the action generates feedback for
updating the model parameters.

3.2. Graph model of the information environment

The information environment is represented as a
directed, attributed graph:

Gy = (V,,E;,8y,05), 7€ R, €))

Here, V, is the set of sensor, processing, fusion,
decision, and execution nodes; E, is the set of
communication links between nodes; 6, contains the
node parameters; @ contains the channel parameters;
and R, is the set of feasible information routes for
scenario s. Each arc (i,j) of the graph is assigned a
transmission time ¢{7, a queuing time ¢*“, a successful-
transmission probability p;;, and the current channel load
u;;. Each node j is characterized by a processing time
t/", a correct-processing probability pf", and a
computational reserve.

The total information latency along route r for event
s is defined as follows:

M) = Y (et + ) 0+
@i, ))er jer

+edec 4+ t5me, (2)

Here, t2¢¢ is the time required to formulate the
decision, while tS™¢ is the time required to transmit the
operational command to the response force. This
decomposition makes it possible to identify the source of
the delay. For example, a high ¢l may indicate network
or server congestion, whereas a high t#¢¢ may indicate

inefficiency in the operator interface, procedure, or
event-classification process.

Assuming independent ~ components,  the
information reliability of a route is estimated using the
following product:

P (r) = l_[ pij,snp;".:' 3
(i,j)er jer
When common-cause failures exist among

components, the product estimate may be optimistic. In
operational applications, dependencies such as a shared
power source, synchronization service, network switch,
or software platform should be represented by separate
group coefficients. For this purpose, a correction
coefficient y, € [0,1] for common-cause failure can be
applied to the resulting value of P; ;(r).

3.3. Partially non-compensatory assessment
of information quality

Information quality is described by five basic
components: completeness  Cg,, authenticity A,
consistency Dg,, route reliability P;,, and cyber
resilience Sg,. Completeness represents the extent to
which the attributes required to describe an event have
been obtained. Authenticity expresses how accurately the
information reflects the actual situation. Consistency
indicates the absence of conflicts among sources.
Reliability is the probability that information will be
processed and transmitted without loss. Cyber resilience
is the ability to preserve the critical information function
under cyberattack or failure conditions.

Initial indicators measured on different scales are
converted into benefit-type criteria. A benefit indicator is
normalized using the following expression:

Xsrk — xlz

sk = 71 — 0< sk <1
X — Xk

4

Here, x; and x; are the best and worst reference
values, respectively, for criterion k. Cost-type indicators,
such as latency and packet loss, are normalized in the
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opposite direction. The reference values should
preferably be derived from acceptance-test protocols,
service-level requirements, and threat scenarios rather
than solely from expert judgment.

A simple weighted sum allows a weak indicator to
be fully offset by other indicators with high values. Such
compensation may produce an unacceptable result in
physical protection. For example, high completeness
should not compensate for low reliability if otherwise
complete and accurate information has been altered by a
cyberattack or arrives after the decision deadline. The
integral information-quality score is therefore calculated
using the following partially non-compensatory function:

Ql,s(r) =
m 1-n
= [1_[ q:}ﬁkl [minlsksmqs,r,k]nexp[_AsTl,s (T‘)] (5)
k=1

Here, w, = 0 and Yj=,wy, = 1 are the criterion
weights; n € [0,1] is the sensitivity coefficient for the
weakest link; and A, > 0 is the rate at which the time value
of information decays. When n = 0, the model reduces to
weighted geometric aggregation. As 7 increases, the
model responds more strongly to the weakest component.
The exponential factor gives preference to the route with
lower latency when two routes have the same underlying
quality. The value of A, varies with event dynamics. It
should be small for a slowly developing event and larger
for a rapid armed intrusion or an adversary already close
to the critical zone. The criterion weights can be
determined through expert pairwise comparison, the
entropy method, or a combination of both. In the present
calculation, the weight vector for completeness,
authenticity, consistency, reliability, and cyber resilience
isw = (0.20,0.25,0.15,0.20,0.20). Authenticity receives
a relatively high weight because it directly affects decision
correctness, while the minimum-component factor creates
a mandatory protective threshold for all indicators. The
weakest-link sensitivity is set to n = 0.25, and the
information-aging parameter is set to A, = 0.025 s~1.

3.4. Time sufficiency, intervention probability,
and residual risk

The principal decision constraint in physical
protection is the time available before an adversary
reaches the target and completes the critical action. Let
Tps denote the time required for the adversary’s
unimpeded movement and action, T; ¢ the additional
delay created by physical barriers, T the interval
between the first detectable adversary action and the
generation of a reliable alarm, and Ty ; the time required
for the response force to reach the intervention point after
receiving the command. The time margin for scenario s
and information route r is then defined as:

ATs,r = T/?,s + TG,s - TD,s - [Tl,s(r) + TR,S]- (6)

The condition AT, > 0 indicates that the response
force can intervene before the adversary completes the
critical action. A negative value means that the
information and response chain exceeds the time reserve
created by the physical delay measures. Equation (6)

makes information latency an explicit variable in the
physical-protection time balance. Under this formulation,
every additional second of network or decision latency
reduces the time margin by the same amount.

Because the parameters are probabilistic, a strict
threshold of zero alone is insufficient. The probability of
timely intervention is evaluated smoothly using a logistic
function:

1

1+ exp[—icsATs,T]'

Here, k, determines the sharpness of the time
threshold. When AT, is strongly positive, Pr(r)
approaches one; when it is strongly negative, the
probability approaches zero. Near the threshold, the
logistic function provides a more realistic representation
of measurement and execution uncertainty.

Timely and correct event detection, information-
route quality, satisfaction of the time condition, and the
neutralization capability of the response force jointly
determine the integrated intervention probability:

Pint,s (T') = PD,s Ql,s (T') PT,s (T’) PN,s- (8)

Here, Py ; is the probability of detecting the event,
and Py s is the probability of neutralizing the adversary
once a timely engagement has occurred. Multiplying the
factors preserves the direct influence of any weakened
function on the final result.

If m, is the probability that scenario s will occur
during the period under consideration and Lg is the
impact severity of its successful realization, the residual
risk is calculated as:

Rres,s(r) = T[sLs[l - Pint,s (T)] )

This expression shows that route selection affects
not only technical quality but also the criticality of the
protected asset.

The same improvement in route quality produces a
greater reduction in risk for a scenario with more severe
consequences.

PT,s (T) = (7)

3.5. Event prioritization and route selection

When several alerts are generated at the same time,
their processing order should not be determined solely by
arrival time. The following risk-time priority index is
proposed for event h:

pAh Lh Uh Kh

maX(Tremaining,h' ’S) .

Here, Py, is the current probability that the event
represents a genuine threat; L, is the normalized severity
of the potential damage; U, is the information-
uncertainty coefficient; K, is the criticality of the target;
Tremaining_h is the time remaining for a decision; and ¢ is
a small constant that prevents division by zero. A high
threat probability, severe potential damage, a critical
target, and little remaining time all increase the priority.
Including the uncertainty coefficient prevents an
unconfirmed but potentially high-consequence event
from being assigned an unduly low priority.

Route selection is formulated as a multicriteria
optimization problem:

I, = (10)
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= argminreﬁs{a[l - Qi s(M] +

Ryess(r) Cr max(O, —A Ts‘r) 1
Rgnax cmax Tref ( )

Here, ¢, 1is the route’s consumption of
communication, computing, and energy resources; «, f3,
y, and & are the weights of the objective function. For
critical events, § and § may be assigned relatively high
values, whereas y may be larger during routine operation.
The selection is performed subject to the following
mandatory thresholds:

Qus() 2 Q" P (1) = A, T, () < T/, (12)

+B

If a route fails to meet any mandatory threshold, a
favorable average value in the objective function is not
sufficient for its selection. This property retains the
partially non-compensatory logic at the optimization stage.

Figure 2 presents the logical sequence of the
algorithm. After receiving an event, the system evaluates
source reliability and information quality, then calculates
latency and the time margin for the feasible routes. Routes
that fail to meet the mandatory thresholds are excluded.
The remaining alternatives are compared using risk,
quality, time, and resource criteria. If the current route falls
below a threshold, the system switches to a backup route
and reassesses the outcome through feedback.

[Event and initial signal reception]

4

_[ Assessment of information quality, threat risk,
and remaining time

v

[ Formation of feasible information routes: reR ]V——————————————ﬂ

!

Calculation of risk, time, and quality indicators
for each route
Qi(r), Ti(r), AT(r), R(r)

reassessment

Is a feasible route available?
Qi(r) = Qmin, AT(r)=0,
R(r) = Rmax

Formation of a backup route|
and request for additional
information

monitoring, calibration, and recalculation

Risk- and time-based prioritization of feasible routes
IT5(r) = wrer(r) + woo(r) — wrer(r)

)

Selection of the optimal information route
r* =arg mgxl'h,(r)
TERy

k J

Command transmission, execution confirmation,
and outcome recording

Fig. 2. Algorithm for risk-time-based prioritization and information-route selection

3.6. Computational experiment and input data

A hypothetical three-zone critical infrastructure
facility is used to verify the methodology. The first zone
contains perimeter radar, a vibration sensor, and daylight
and thermal cameras. The second contains access control,
video analytics, and a security post. The third contains
critical-room sensors, an independent local controller,
and the response force. Three information modes are
compared: 1y, the primary route through a central server;
15, a distributed backup route with local edge processing
and an independent communication channel; and 5, a
degraded route characterized by high load, packet loss,
and indications of cyber interference.

As shown in Table 2, route r; has high
completeness, but its cyber-resilience value of 0.84
lowers the minimum component. Route r, has slightly
lower completeness at 0.89, yet its advantages in
authenticity, reliability, cyber resilience, and latency

increase the integral result. For route r3, both the quality
components and the temporal indicator deteriorate. The
combined effects of exponential aging and the minimum-
component penalty therefore reduce Q; to 0.590.

Three threat scenarios are considered: sq,
unauthorized entry through the perimeter; s,, a
coordinated forced intrusion; and s, an insider bypassing
the access procedure for the critical zone (Table 3). The
parameters do not reproduce classified information from
an actual facility. They are engineering-realistic synthetic
values selected to demonstrate the behavior of the method.

After the deterministic calculation, the effect of
uncertainty is evaluated using Monte Carlo simulation
(Table 4). A total of 10,000 runs is performed for each
scenario and route. T)) and Tx are modeled using normal
distributions with standard deviations equal to 10% of
their respective means. T; and T, are modeled using
normal distributions with standard deviations equal to
15% of their means.
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Table 2 — Initial and integral indicators of the information routes

Route T, s c A D P S Q;
1, centralized primary 4.8 0.92 0.90 0.88 0.94 0.84 0.782
1y, distributed backup 3.1 0.89 0.93 0.91 0.97 0.93 0.849
73, congested and compromised 10.6 0.86 0.81 0.77 0.83 0.70 0.590
Table 3 — Time and probability parameters of the threat scenarios
Scenario T, s T;, S Tp, S Tk, S Pp Py
s1, perimeter intrusion 75 25 4 65 0.94 0.90
s,, forced intrusion 52 18 5 54 0.90 0.88
s3, insider threat 38 10 8 36 0.82 0.85
Table 4 — Monte Carlo simulation results, 10,000 runs
Scenario Route Mean 4T, s P(AT = 0) Mean P,; 5th percentile | 95th percentile

51 n 26.21 0.993 0.654 0.650 0.662

51 7 27.99 0.995 0.713 0.712 0.718

51 3 20.49 0.969 0.479 0.383 0.499

Sy n 6.32 0.786 0.472 0.026 0.619

Sy 7 7.87 0.836 0.545 0.058 0.672

Sy 3 0.46 0.525 0.244 0.001 0.467

S3 n -0.84 0.442 0.246 0.006 0.533

S3 7 0.89 0.562 0.326 0.014 0.586

S3 3 -6.61 0.138 0.075 0.000 0.337

To preserve positive values, T; is modeled using a
lognormal distribution. The coefficient of variation is set
to 0.15 for r; and r, and to 0.25 for r;. The random-
number generator seed is set to 20260816 to ensure
reproducibility. A value of k;, = 0.45 s is used for the
sharpness of the time threshold.

4. Discussion of results

The deterministic results show that changing the
information route directly affects the time balance of
physical protection. In scenario s;, a large positive time
margin remains for all routes. The values are AT11=26.2 S
for the primary route, AT12=27.9 s for the distributed
route, and ATy 3 = 20.4 s for the degraded route. Because
P+ is close to one in this scenario, most of the difference
in the integrated intervention probability is attributable to
information quality. The corresponding Pin values are
0.662, 0.718, and 0.499. In the forced-intrusion scenario
s,, the system approaches the time threshold. The time
margin is 6.2 s for r;, 7.9 s for r,, and only 0.4 s for r;.
The probability of timely intervention obtained from the
logistic function is 0.942, 0.972, and 0.545, respectively.
On the degraded route, the increase in mean latency to
10.6 s consumes almost the entire time reserve.
Consequently, while the integrated intervention
probability is 0.654 for r,, it falls to 0.255 for r5. In other
words, with the detection and neutralization indicators
unchanged, disruption of the information chain alone can
reduce the protection outcome by 61%.

Scenario s5, involving an insider threat,
demonstrates the greatest sensitivity to the information
route. Because the insider has already bypassed part of

the perimeter barriers and detection occurs later, the
decision window is narrow. The time margin is -0.8 s for
1y, 0.9 s for r,, and -6.6 s for r5. A reduction of only 1.7
s in route latency changes the time condition from
negative to positive compared with the primary route.
This change increases P; from 0.411 to 0.600 and Py,
from 0.224 to 0.355. It follows that, in scenarios close to
the time threshold, a small difference in information
latency may have a greater operational effect than
improvements in the individual quality components.

The Monte Carlo results reveal substantial
distributions behind the deterministic values. In scenario
s1, the time margin is large and the distribution of P;,,; is
therefore relatively narrow. In scenarios s, and ss,
variability in the response and attack times creates wide
differences between the 5th and 95th percentiles. For
example, the mean intervention probability for the
combination of s, and r, is 0.545, whereas the 5th
percentile is only 0.058. This result indicates that a
decision based solely on the mean may be excessively
optimistic. Route selection at critical facilities should
therefore be evaluated using a lower percentile or a
conditional risk measure in addition to the mean result.

Figure 3 shows that the distributed backup route
performs best in all scenarios, although the scale of its
advantage depends on the risk-time conditions. In the
perimeter scenario, the improvement is limited because
the time condition is almost always satisfied for every
route. In the forced-intrusion and insider-threat scenarios,
the faster and more resilient route affects the result
through two channels: it increases Q, and enlarges the
time margin that determines Pr.
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Fig. 3. Comparison of time-condition satisfaction and integrated intervention probability across scenarios

Compared with the centralized primary route, the
distributed backup route increases the mean P;,,; by 8.9%
for s;, 15.3% for s,, and 32.7% for s;. This nonlinear
improvement shows that the relative importance of
information latency increases as the threat approaches the
critical zone.

A centralized architecture may be convenient for
management and auditing, but routing all information

Table 5 — One-way sensitivity analysis for the main parameters

through the same server, switch, and analytical service
introduces a common-cause failure. An edge-processing
node and an independent communication channel reduce
this dependency by transmitting the minimum
information set required for a decision over a shorter
route.

The sensitivity analysis identifies response time Tx
as the most influential parameter (Table 5).

T | S e
T;, -20% and +20% +2.25% -2.41% Increased latency affects the result through both Q; and P
Tg, -10% and +10% +2.60% -22.35% The nonlinear effect near the time threshold is strongest
A, -20% and +20% +1.56% -1.54% The information-aging rate has an approximately symmetric effect
n,0.10 and 0.40 +0.61% -0.60% ;I’rr;ebv;/gilléees(.jt-link penalty is limited when the quality components
A, -0.05 and +0.05 -1.31% +0.99% The quality result changes because authenticity has a high weight
S, -0.05 and +0.05 -1.11% +0.79% Cyber resilience preserves the advantage of the backup route

A 10% increase in Ty reduces P;,; by 22.35% for
the combination of s, and r,. The fact that the decrease
is much larger than the corresponding increase is
explained by the nonlinear nature of the logistic function.
When the system is close to the time threshold, a negative
change produces a sharp loss, whereas the benefit of a
positive change is limited as the probability approaches
one. This finding indicates that information-route
optimization should be coordinated with response-force
deployment and readiness.

The relatively low sensitivity to 7 is attributable to
the balanced quality components of the selected route r,.
If one component, such as cyber resilience, fell to 0.50,
the influence of the minimum-component factor would
increase considerably. The parameter 7 is therefore not
merely a mathematical hardening factor. It expresses the
facility’s risk attitude toward a weak link. At high-
consequence facilities, a higher value of n and separate
minimum thresholds for each component are appropriate.

A three-level management structure is proposed for
practical application of the methodology. At the strategic
level, acceptable risk, minimum @;, minimum P;, and
maximum information-latency  thresholds  are
established. At the operational level, the state of routes,
server and network loads, sensor failures, time
synchronization, and cyber incidents are monitored. At
the tactical level, the priority of a specific event is
calculated, a route is selected, and a response command
is generated. This division links technical indicators to
management decisions.

The proposed model also offers a different way of
addressing false alarms. Simply filtering out false alarms
may increase the risk of losing a genuine event. In addition
to threat probability, the priority index considers potential
damage, target criticality, uncertainty, and the remaining
time. Consequently, a low-confidence signal associated
with a critical target and a narrow decision window is not
rejected outright. Instead, it is sent for urgent verification
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through an additional sensor request or a more reliable
route. This approach establishes a functional balance
between automation and operator oversight.

From a scientific perspective, the model connects
data-fusion theory with the time sufficiency of physical
protection. In the data-fusion literature, the principal
objective is to improve the accuracy of a unified situation
picture [10-14]. In the physical protection literature, the
main objective is to enable response forces to intervene
before the adversary completes the critical action [1, 2,
8]. Equation (5) integrates the quality and time value of
information, while Equation (6) links that value to the
physical ~ time margin. Information-architecture
improvements can therefore be assessed not merely as IT
performance measures, but as investments in physical
security.

The study also has several limitations. First, the
computational experiment uses synthetic data and cannot
be treated as a direct normative result for a specific
facility. Second, Equation (3) assumes conditional
independence among components, although operational
systems contain power, software, and communication
dependencies. Third, P, and Py are treated as constants,
although they may correlate with weather, adversary
tactics, personnel readiness, and information quality.
Fourth, the parameter k, of the logistic function must be
calibrated using exercise and incident data. Future studies
could address these limitations through Bayesian
networks, common-cause failure models, and adaptive
weight updating based on real-time telemetry.

5. Conclusions

This study develops a model that integrates risk and
time criteria for processing information flows in the
physical protection of special-purpose and critical
infrastructure facilities. From generation of the sensor
signal to delivery of the operational command to the
response force, the model separately accounts for
transmission, queuing, processing, decision, and
command delays. Representing the information
environment as a directed graph makes it possible to
identify alternative routes, bottlenecks in nodes and
channels, and common-cause dependencies.

Combining completeness, authenticity,
consistency, reliability, and cyber resilience through a
weighted geometric mean, a minimum-component
factor, and an exponential time penalty limits full
compensation for a weak indicator. This property is
essential for critical protection systems because distorted,
unreliable, or delayed information cannot be considered
safe merely because other quality indicators are strong.
The proposed Q; indicator reflects not only the technical
correctness of information, but also its operational
usefulness for the specific event.

Including information latency in the time-
sufficiency equation shows that each unit of time lost in
the communication and processing chain reduces by the
same amount the reserve created by physical barriers.
Near the time threshold, this effect is nonlinear. In the
insider-threat scenario, switching from the primary route
to the distributed backup route changes the deterministic
time margin from -0.8 s to 0.9 s. In the Monte Carlo
experiment, it increases the probability of satisfying the
time condition from 0.442 to 0.562. The mean integrated
intervention probability rises from 0.246 to 0.326,
corresponding to a relative improvement of 32.7%.

The results confirm that route selection should not
be treated as a static network rule. It should be
implemented as a dynamic decision based on event
probability, impact severity, target criticality,
information uncertainty, and the remaining time.
Distributed processing and an independent backup
channel not only increase availability, but also widen the
decision window. The design of a physical protection
system should therefore specify mandatory thresholds for
the latency, reliability, and cyber resilience of
information routes alongside sensor and barrier
performance requirements.

For practical implementation, the model parameters
should be calibrated using the facility’s risk register,
acceptance tests, communication logs, operator-activity
records, and tactical exercise results. The strategic level
should define acceptable risk and minimum quality
thresholds; the operational level should monitor route
and node status; and the tactical level should provide
real-time prioritization and route switching. Future
research may validate the model using data from an
operational facility, represent correlated failures through
Bayesian networks, detect adversarial data manipulation,
and update weight parameters adaptively.
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Mopaeanb 06po0/eHHs iHpopMaLiHHUX MOTOKIB 3 ypaxXyBaHHSIM PU3HKY Ta 4acy
B cHcTeMax (pi3sHYHOro 3aXHCTy 00’ €KTIiB cneniaJibHOr0 MPU3HAYEHHS TA KPUTUYHOI iHppacTPpyKTypH

E. I. Tamumos, P. I'. Axynmnos, A. M. Tani6os, M. P. PagoBanosuu

AHoTanisa. EpexTuBHICTE QYHKIIOHYBaHHA CHCTEMH (i3UYHOTO 3aXHCTy BH3HAYAETHCS HE JIMIIE XapaKTepUCTUKAMU
YYTJIMBOCTI 3ac00iB BHSBICHHS, 4acOM 3aTPUMKH, IO 3a0e3medyeThcst (i3MYHUMH Oap’epamMu, Ta piBHEM TOTOBHOCTI CHII
pearyBaHHs, ajie i CBOEYACHICTIO, TIOBHOTOK Ta LINICHICTIO TMEpEelaBaHHSA HEOMHOPIAHUX AaHUX Yy cdepi Oe3neku M0 piBHA
MIPUIHATTS pilieHb. Y poOOoTi 3aIpOIIOHOBAHO IHTErPOBaHy MOAENIL 00pOOIIeHHS iHPOPMALIiITHUX MTOTOKIB 3 ypaxyBaHHSIM PU3UKY
Ta YaCOBUX XapaKTEPHCTHK JUIsl CUCTEM (i3MYHOTO 3aXHCTy 00 €KTIB CIEIiaJbHOTO MPU3HAYEHHS Ta KPUTHYHOT iHPpacTpyKTypH.
THdopmariitHe cepenoBuIIie TOAAHO Y BUTIIAL OpieHTOBaHOTO Tpada. YacoBi 3aTpUMKH NiepeiaBaHHs, 00poOIeHHS Ta O9iKyBaHHS
iHpOpMaIii B yeprax iHTErpOBaHO 3 MMOKAa3HWKAMHM ii TIOBHOTH, TOYHOCTI, y3TO/DKEHOCTI, HaIiiHOCTI Ta KibepcTifkocTi. Jlis
KOMILIEKCHOTO OIlIHFOBaHHS SIKOCTi iH(OpMAIii po3poOJICHO YaCTKOBO HEKOMIICHCATOPHHN IHIEKC, IO IOEIHYE 3BaXKCHE
TEOMETPHUIHE CepeHe, 3HAUEeHHS HalcrmaOmoi CkiIagoBoi Ta Koe(il[leHT 9YacoBOTO 3racaHHsA. 3aTPHMKy iH(oOpMaIii sIBHO
BpaxoBaHO B OanaHci 4acy BUSIBJICHHS, 3aTPUMKH IMOpYIIHHKa Ta pearyBaHHA. CGOpMy/IbOBaHO aHATHYHI BHpa3H Ui
BU3HAYCHHS IMOBIPHOCTI CBOEYACHOTO BTPYYaHHs Ta OLIHIOBAHHS 3JIMIIKOBOTO PU3UKY. J[1s rimoTeTHyHOro 06’exTa 3 TphoMa
(GYHKIIOHATBHUMH 30HaMH TIPOBEICHO iMiTaliifHUI ekcriepuMeHT MeTotoM MonTe-Kapiio, mo oxorutoas 10 000 peanizariiii. 3a
pe3ynbTaTaMi MOJICIIOBAHHS BCTAHOBIICHO, 1110 PO3MOAUICHHUI pe3epBHUI MapIIpyT 3a0e3nedrB iHTerpalbHUil MOKa3HUK SIKOCTI
iHpopmanii Ha piBHI 0,849, Tomi SK IUIA IEHTPAi30BAHOTO OCHOBHOTO MapHIpyTy Iei mokasHuK ctaHoBuB 0,782, a mis
MIePEeBaHTAKCHOTO Ta YaCTKOBO CKOMIIpoMmeToBaHoro Mapmpyty — 0,590. Y cuenapii o6xomy cucTeMH ()i3UYHOTO 3aXHUCTY
BHYTPIIIHIM TTOPYIITHIKOM BHKOPHCTaHHS PO3IOAUICHOTO MAapUIPYTy Jajo 3MOTY IiJBHINNTH HMOBIPHICT BUKOHAHHS YacOBOI
ymoBH 3 0,442 10 0,562, a ceperHio iHTErpanbHy HIMOBIpHICTS IepepuBaHHs il mopynranka — 3 0,246 mo 0,326. 3anpornonoBanmuit
ninxig 3abesnedyye KOMIUIEKCHE OI[IHIOBaHHsS Bpa3iMBOCTEeH iH(OpPMAI[iHUX KaHATIIB y B3a€MO3B’S3Ky 3 XapaKTEPUCTHKAMH
¢bizuuHmx 6ap’epiB Ta Aae 3MOTY 3AIHCHIOBATH TUHAMIYHUIT BUOip MapIIpyTiB nepeaaBanHs iHGopMallii 3a1eXKHO Bij piBHS PU3UKY
nozii # JOCTYIHOTO Yacy AJIs pearyBaHHs.

Kaw4yosi croBa: cucrema Gpi3u4HOTO 3aXUCTy; iIHPOpMAIHHIIN TOTIK; 3aTpUMKa iHpOpMaIlii; iHTerpamis TaHuX; pU3HK,
JIOCTaTHICTD Yacy; KPUTHIHA iHPPACTPYKTYpPa; Y4aCTKOBO HEKOMIICHCATOPHA MOJEIb.
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JUBEPCUPIKOBAHI AHCAMBJII KITACUDPIKATOPIB JJIs1 BUABJIEHHSA

JE®EKTIB IPOTPAMHOI'O KOAY 3A CTATUYHUMU METPUKAMMU AKOCTI

AHoTalifi. AKTYaJIbHICTh JOCTIKEHHS TOJISITaE Y HEOOX1THOCTI BIOCKOHAJICHHS ICHYIOUMX IMIAXOIIB 0 Kiacugikarii
JebeKTiB BUXIZHOTO KOAY 3 METOK CBOEYACHOTO MOMEPEIKEHHS MOXKIMBUX MPOOJIEM 3 HOro BUKOHAHHSIM Ta MOTEHIIHHKX
BTOprHeHb. O0'€KTOM AOCJIIZKeHHsl € MPOLIEC aBTOMATH30BAaHOTO BUSBICHHS Ae(eKTiB mporpamHoro koxay. Ilpeamerom
JOCTiIKeHHs € Kiacu(ikamiifHi MEeToIM aHCaMOJICBOTO MAIlIMHHOTO HaBYaHHS. MeTOK AOCHIIIKeHHS € TMiIBUIICHHS SKOCTI
aHcaMOIeBHX KiacHQikaTopiB B 3amadax kimachdikamii medekTiB MporpamMHOr0 KOxy. 3aBJaHHS JOCTiKeHHS:
MPOaHATI3yBaTH XapaKTEPHCTHKUA Ha0Opy HaHWX, MOOYyIyBaTH IOCTIJOBHICTH aHCAMOJICBHX MOJEICH Bill OIWHOYHHX
K1acudikaTopiB 10 IMBepcHU]IKOBAHOTO aHCaMOMO 3 MeToro Kiachdikamil NOTEHIIHHNX IeeKTiB MPOrpaMHUX MOJIYIIB,
MiATBEPIUTH CTATUCTHYHY 3HAUYLIICTh NPUPOCTY AKOCTI HA KOXKHOMY erTami. MeToau J0C/TIiIKeHHsI: METOU HOIepeaHbOT
00poOKH TaHUX, METOAU BigOOpY O3HAK, 0a30Bi METOIM MAIIMHHOTO HaBYAHHS, aHCaMONeBl MeToau, muBepcHdikariiHi
TEXHIKH, CTaTMCTHYHI METOAM OILIHIOBaHHA. Pe3yabTaTH A0CiIKeHHsI. EKCIIepUMEHTAlbHO MiITBEPIKEHO MOHOTOHHE
3pOCTaHHS SIKOCTI KIacH(ikallii IUIIXoM yCKIATHEHHS aHCaMOJIeBOT apXiTEKTypH — BiJ HalKparoro 6a3oBoro kinacudikaropa
Gradient Boosting (CV F1 =0,798) 10 3arpomnoHoBaHOTr0 METOy po3iiupeHoro ausepcudikoanoro crekinry (CV F1=0,824),
SIKWH TIepeBEepIMB iHII MOJIEN 32 KOHTPOJILOBAHUMH METPUKAMHU NP HAHHIDKYIN Juctiepcil Ta HalKpamoMy KatiOpyBaHHI
HiMoBipHOCTeH. BHCHOBKH. 32 pe3yapTaTaMu JIOCIIDKCHHS 3alPONOHOBaHO MeTO Kiacudikarlii 1eheKTiB MporpaMHoro Koy,
1110 TIO€THY€ TBepCcU]iKOBAHMH CTEKIHT Ha MIAMPOCTOPAX O3HAK i3 JOJAaTKOBHMH JEKOPEIbOBAaHUMH T'iJIKaMU Ha OCHOBI Extra
Trees Ta aganTUBHAM MeTa-KIacH()iKaTOPOM JIOTICTHYHOI perpecii. 3arabHui IPUPICT SAKOCTI HAOIU3UB AOCSHKHY TOUHICTB 710

TEOPETHYHOI BEPXHBOI MEX1, 3yMOBJICHOI HASBHICTIO IIYMY B PO3MITII HA0OPY JaHUX.

Kawodosi

cjoBa: JepeKTH MPOrPaMHOrO KOJY, CTAaTWYHI METPUKH SKOCTi, MAllWMHHEC HABYAHHS; KIacHU(iKallis;

aHcaMOIeBi MeToaH; TuBepcHudikalis 03HaK; BUSBICHHS BPa3JIMBOCTEH; MeTa-Kilacu(ikaTop.

1. Beryn
1.1 AKTyaJIbHiCTh J0CTiIzKEHHS
Po3poOka mporpamHOro 3a0e3ne4eHHsI Cy4acHUX
iHQopMaliiHUX ~ cUCTEeM  BEJeTbCS B paMKax

GesmepepBHOro MKy iHTerparii Ta goctasku (CI/CD).
3a Takoro mifxoJy KOXKHA 3MiHAa BHXIJHOTO KOJYy IyXKe
LIBUJIKO MPOXOJAUTH IUISAX BiJ (PparMeHTy Mporpamu o
BUKOHYBaHOTO (ailmy, a TOMy TIOBHHHA IPOWTH
aBTOMATH30BaHy IIEPEBIPKY SIKOCTI Iepel HOTPAUITHHAM
Y JKHBE CepelIoBHUINe, MO0 rapaHTyBaTH ii HAMIHHICTE Ta
Oe3reyHicTh. Y IUX yMOBax Ae(eKTH IPOrPaMHOTO KOy
3IMIIAIOTECS  TOJIOBHUM  JDKEPEIIOM  BPa3JIMBOCTEH
Oesreku. 3rigHO 31 3BiTOM HarioHanmbHOTO i1HCTHTYTY
craHmaptiB 1 TexHonorii CIIA KUTBKICTP TOAAHHUX
3amuciB 70 HarioHanbHOl 0a3su JaHWX BPa3IHBOCTEH
spocia  Ha 263% yopomomx  2020-2025  pokis,
copMyBaBLIHX CTilKe BijicTaBaHHsI B iX onpartoBanHi [1].
Kpim Ttoro, 3a mammmu IBM cepenmi CBiTOBI BTpaTu
oprasizanii BiJf OJJHOTO IHIIMIEHTY MOPYLICHHS 3aXUCTy
nmaaux y 2025 pori cxianu 4,44 MiTH 1071apiB 3a ceperHbol
TPUBAJIOCTI XKHUTTEBOTO LMKy iHIUEHTY 241 neHs [2].

[Mposinni mo3unii nepeniky B peiituary CWE Top
25 cTabinbHO MOCINAOTh caMe 1e(EeKTH PiBHS BUXITHOTO
koxy [3], ToOTO KaTeropii, sSiki MOXHA HOTEHIIHHO
BHSIBUTH Ha €Talli CTATHIHOTO aHaji3y KOJy mepeia Horo
30MpaHHsIM [UIsl TO/IANBIIOT0 BUKOHAHHS HA LIILOBHX
MPUCTPOSIX. BUSABIEHHS NOTEHHIWHUX [e(eKTiB Ha
LBOMY KpOIli J03BOJHTh 3HU3UTU BAPTICTh yCYHEHHS
HACITIJIKIB Ta 30€perTy permyTaio.

CyKymHICTh IMX (PaKTOPiB 3yMOBIIIOE aKTyaIbHICTh
PO3pOOKH aBTOMATH30BAHMX KIACHU(IKAMMHUX CUCTEM,
3aTHUX 3 NPUHHATHOIO TOYHICTIO PO3PI3HATH Ae(eKTHI
Ta Hene(eKTHI MOIYJdl Ha OCHOBI OOYHCIIOBAHHX
XapaKTEepUCTUK BHXIHOTO KOAy, a caMe KJIACHYHHX

CTaTUYHUX MeTpHK skocTi Yimambepa-Kemepepa mis
00'€KTHO-OPi€EHTOBAHOTO KOAy (30KpeMa, CKIIamHICTh
kiacy WMC, riubuny ycnankyBanus DIT, 3ueruieHHs
CBO, Biaryk kiacy RFC, 3B's3uicte LCOM, Toimo) [4].
3 ypaxyBaHHSIM 3a3HaueHuUX (AKTOpiB CTae
3pO3YMIJIMM, MO0 CY4YacHI aBTOMATH30BaHI CHCTEMH
BUSIBJICHHSI BTOPTHEHb B KOMIT'IOTEPHI CHCTEMH uepe3
nmporpamMHe  3a0e3neueHHs  MoTpeOyIOTh  BHCOKHX
MMOKAa3HUKIB  SKOCTi  pO3Mi3HABaHHS, CTAaOUIBHICTD
pe3yiIbTaTiB MK eTanaMM JKUTTeBoro Iukay I3 Ta
IIBUIKO/IIO, SIKa He Oy/Ie CIIOBITEHIOBATH PO00Ui Oi3HEC
mpouecu. Sk TMOKa3ylOTh HONEpEeqHi JOCIiHKEHHS
Halikpamie 3 LMMH 3aJadaMM BIIOPAIOTHCS METOIH
MallMHHOIO  HaBYaHHA, a  caMe  aHcaMOjeBi
kiaacuikatopu. BoHH CTPYKTYpHO Kpalle 3a OJWHOYHI
MOJIeTi 1 JIO3BOJISIIOTH TOETHATH MPOTHO3U KUIBKOX
0a30BUX Kinacu(IiKaTOpPiB Ta 3HU3UTU JMCIEPCIiO
NOMUJIKH, TJBHIIUTH 3JATHICTb /IO y3arajbHEHHs Ta
OTpUMaTH OinbIn HaiHHI OMiHKK WMOBipHOCTEH [5-7].
3a TakuXx YMOB OCOOJMBO aKTyaJbHUM CTa€
BIIKpUTE NHTaHHSI MOOYAOBU aHCAMOMNIB s 3aaadi
kiacudikanii JedexTiB Ha OCHOBI CTaTHYHUX METPHK, a
TaKoX TIporec BuOOpy 0a3oBUX Mojenei i mporecy
arperanii X TPOTHO3IB 3 YypaxyBaHHSIM CKJIaIHHX
HeNiHIHHUX 3aJIe)KHOCTEH MK CTATHIHUMH METPUKAMH 1
MOTEHIIIMHOIO Bpas3nuBicTio. HalmommpeHimmii miaxi,
MPOCTE TOJOCYBaHHS MO KUIBKOX 0a30BHX MOJENSIX, HE
rapaHTy€ OPUPOCTY SIKOCTI HaJl HAHKPAIIOK OJJMHOYHOIO
MOJIEIUTIO, OCKINBKM CTPYKTYpHO Omm3bki 0a3oBi
knacugikatopu (HaMpUKIa, JAepeBO-TIOMIOHI METOIM)
JIOIYCKaroTh KOpenboBaHi MOoMmIkU. CTeKiHr i3 Mmera-
KJIacu(ikaTopoM J1ae Kpalli pe3yabTaTH, IPOTe THIIOBA
MIPAaKTHKa  OOMEXYEThCS  HEBEIMKOIO  KUIBKICTIO
rOMOTeHHHX 0a30BUX Mojeneil Ha TOBHOMY Habopi
O3HaK, 110 HEe peai3dye moTeHuian qusepcudikaii [8-9].
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Buxonsun 3 HaBeneHux (akTiB, IocTae HaraibHa
norpeda y po3po0ui MeToay aHcamOJIeBOi Kiaacudikanii
JNe(eKTiB MPOrPaMHOTO KOAY, SKHH I[JICCIIPIMOBAHO
Kepye pi3HOMAaHITHICTIO 0Aa30BUX KJIACHU(IKATOPIB K HA
piBHI HaOOpy HaHUX Ta MiANPOCTOPY O3HAK, TaK 1 Ha
piBHI anrOpUTMIYHMX poAWH Oa30BHX  MOJENEH,
MOEJHYIOYM 1€ 3 aJanTHBHAM MeTa-HaBYaHHIM JIJIsI
rapaHTOBAaHOTO MOHOTOHHOTO IiJBHIICHHSA SKOCTI Ha
KOKHOMY €Talll YCKIIaJHeHHS apXiTeKTypH.

1.2 Anani3 jgiTepaTypHux qKepen
i BU3HAYeHHS NPo0dJeMH

BusiBiienss jedekTiB mporpaMHOT0 KOy Ha OCHOBI
CTaTUYHUX METPHUK SIKOCTI € YCTaJICHUM HalpsMOM
JOCIIKEHB Y TporpaMHil imkeHepii. Kitacuani pobotn
CITUparoThcs Ha HaOip MeTpuk Yimamobepa-Kemepepa ta
MOXiJHI Bil HUX XapaKTEPHCTUKH, SKi KiUJIbKICHO
ONHCYIOTh CKJIAJHICTh, 34YCIUICHHS Ta 3B S3HICTH
00’€KTHO-OPIEHTOBAHOTO KOAY.

IMepmi migxomu no kinacudikamii 6a3yBauch Ha
OJMHOYHHMX CTaTUCTHYHUX Ta MAalIMHHO-HaBYAIbHHX
MOJIEISIX — JIOTICTHYHIH perpecii, HaiBHOMY 0a€CiBCbKOMY
Ki1acudikaTropi, METo/li OIIOpHUX BeKTOpiB. Taki Mozeni €
IHTEPIPETOBAaHUMH, IPOTE JIEMOHCTPYIOTH OOMEKEHY
TOYHICTh Ha JAHUX 3 MYJIbTUKOJIHEAPHUMHU O3HAKaMH Ta
HENHIHHAMHA 3aJIC)KHOCTSIMHA, XapaKTePHUMH JJISI METPHK
ckragHocTi Komy. Ilomampmmmii pPO3BUTOK HANPAMY
IOB’s3aHMI 13 3aCTOCYBaHHSAM METOIIB MAIIMHHOTO
HaBYaHHS, 30KpeMa JepeBO-TIOMIOHMX METOIIB Ta ix
ancamOneBux Bapianiii [10]. Crogm BimHOCATH METO.
BHITAIKOBOTO JIiICy Ta METOAM TPaIi€HTHOTO OYCTHHTY.
L{i MeToan MPUPOAHUM YMHOM BpPAxXOBYIOTh HENiHiiHI
3aJI©KHOCTI Ta HAUIMIIKOBICTh O3HAK, OJHAK, SK
MOKa3yTh eMITIPUYHI JOCIIIKEHHS, IPOTHO3H JIEPEBO-
MOIIOHUX MOJIEIeH y MEXax OJHOTO aHCAMOJIIO CXHJIbHI
JI0 KOPENbOBaHUX IMOMMIIOK, IO OOMexye e(eKT Bij
MOJAIBIIOTO 00 €HAHHSA TaKUX MoOJeNIell MPOCTUM
TOJIOCYBaHHSM.

Oxpemuid  HampsM  CTAaHOBIATH  TETEPOTCHHI
ancam0i Ha ocHOBI crekinry [11, 12], y sikux nporxo3u
KiTBKOX ~ CTPYKTYpPHO  pI3HHX  0a30BUX  Mojeneit
MepeNaroThesl  MeTa-Kiacu(pikaropy, IO HABYAETHCS
onTUMaabHO KOMOiHyBath iX. CTEKiHT, Ha BiIMiHYy Bif
TOJIOCYBaHHSI, 3[IaTHUI aBTOMaTH4HO 3aHMXKYBaTH Bary
cabKkux ab0 KOpeNnbOBaHUX T'JIOK, 110 POOUTH HOTo OLIbLI
CTIMKMM 10 PI3HOPIZHOCTI SIKOCTI 0a30BHMX MOJETEH.
BonmHowac TumoBa TpakTHKa TOOYJOBH  CTEKIHTY
00MEKYETBCSI HEBETMKOIO KUTBKICTIO 0a30BUX MOJIeTIEl Ha
NOBHOMY  Habopi  O3HaK, HE  BHKOPHCTOBYIOUH
JMBepcHQiKalliio Ha piBHI HiIIPOCTOPIB O3HAK.

[Muranas kepoBaHoi auBepcudikanii aHcaMOIIrO
aKTMBHO  JOCH/DKYETBCS Yy  CYMDKHHMX  3ajadax
knacudikamii  (BUABICHHS — IIaxpaiicTBa, MeIW4YHA
JIiarHOCTHKA, BUSBJICHHS MEPEKEBUX BTOPTrHEHb [5]), ne
3aCTOCOBYIOTBCSI METPHKHM  MOMApHOI  PO30iIXKHOCTI
MporHo3iB, Q-craTucThka Ta Jaccard-BicTaHh MHOKHH
MOMMJIOK TSI KUTBKICHOT OIIIHKY HE3aIEKHOCTI IIOMHUIIOK
0a30BHUX KIacugikaTopis. ITokazano, 1o
LTeCTIPSIMOBAHE TiIBHIIEHHS PI3HOMAHITHOCTI ITyIry
Kimacu(ikaTopiB — 3a PaxyHOK pPI3HHX TMiAIPOCTOPIB
O3HAK, PI3HUX QITOPUTMIYHUX pPOAMH ab0 pi3HHX
miABHOIPOK HABYAIBHUX HaHUX — 3/IaTHE MOKPAIIUTH

SIKICTh aHCAMOIII0 TIOHAJ PIiBCHb, TOCSKHHUA MPOCTUM
30UIBIICHHSAM KiUTBKOCTI TOMOTEHHHX 0a30BHX MOJEICH
[13, 14]. He3Baxarouu Ha HasiBHI pe3yJbTATH, BIIKPUTUM
3aJIMIIAETHCS TMUTAHHA CHCTEMATUYHOTO TIO€THAHHS
TPHOX PIBHIB JuBepcudikamii — MiANPOCTOPIB O3HAK
[15-17], anropurMiuHKX pOJHH Ta aJalTUBHOI'O MeTa-
naBuanus [18, 19] — B enuniii apxirekrypi, sika 0
rapaHTyBajla  MOHOTOHHE MiIBUIICHHS  SKOCTI
kiacugikarii 1eexTiB mporpaMHOro KOy Ha KOKHOMY
eTami yckiagHeHHs. Lle i BU3HaUae HampsAM IIOTOYHOTO
IOCITIIKEHHS.

1.3 MerTa i 3aBaaHHs J0CTiTKeHH

OcCHOBHa MeTa IMOTOYHOTO JOCIIIPKEHHS TIOJISITAE B
po3po0ri MeTony aHcambieBoi kimacudikamii gedekris
MIPOTPaMHOTO KOy Ha OCHOBi CTATHYHUX METPHUK SIKOCTI,
SKHH 3a0e3redye KOHTPOJIBOBAaHE Ta MOHOTOHHE
MiABUICHHS SIKOCTI PO3IMi3HABAHHS TPU TMEPEXOMdi Bix
OIMHOYHUX KITacHU(piKaTOpiB O aHCAMOIIB 3pOCTal0dOi
CKJamHOCTI. /[l JOCSATHEHHS TIOCTABJIEHOI MeETH
HEOOX1THO TOCHIIUTH HACTYIHI HAIIPSIMKH:

1. AHayi3 XapaKTepuCTUK HabOpy JaHuX — OajaHc
KJIaciB, MyJIbTUKOJIIHEAPHICTh O3HAK, HAasBHICTh IIYMY B
PO3MITII — Ta BU3HAYCHHS TEOPETHYHOI CTEI JOCSKHOT
TOYHOCTI.

2. JHocmimkeHHS e(QEeKTHBHOCTI  KIACHIHUX
OJMHOYHMX Kiacu(ikaTopiB MaIIMHHOTO HaBYaHHA 5K
OpIEHTHPY IUTA MOJANBIIAX aHCAaMOJIeBHUX OOy IOB.

3. [epesipka 3IATHOCTI HalmpoCTimmx
aHcaMOJIEBUX METOMIB 3 TOJIOCYBaHHSIM IIEPEBHIIUTH
SIKICTh HAMKPAIIOTO OAMHOYHOTO KiIacudikaTopa.

4. Po3pobOka auBepcH(}IKOBAHOIO CTEKIHIY Ha
OCHOBI KIJBKOX HE3aJIS)KHHUX METO/IB Big0Opy O3HAK
(kopensuis Ilipcona, Bzaemua indopmanis, LASSO,
RFE) 3 apXiTeKTypHOIO TapaHTi€l0 He TipLIoro
pe3yJbTary, Hi>K y HalBHOTO CTEKIHTY.

5. Po3poOka Ta OOIPYHTYBaHHsSI pPO3IIUPEHOTO
JIUBEPCU(IKOBAHOTO aHCAMOJICBOTO alrOpUTMy Ha 0asi
CTEKIHTYy, IO JIOTIOBHIOE AMBEPCH(IKOBAHUHA CTEKIHT
ANITOPUTMIYHO BiiOpaHUMU JEKOPEITHbOBAHUMH T1JTKaMH.

6. ExcnepuMeHTanbHa IepeBipka CTaTHCTHYHOL
3HAYYMIOCTI TPUPOCTY SKOCTI HA KOXKHOMY eTarli 3a
KputepieM BinkokcoHa Ta (OPMYBaHHS 3BEICHOTO
MOHOTOHHOTO JIAHIIFO)KKA TIOKPOKOBOT'O B/IOCKOHAJICHHSI.

[lepenbavyaeTbcsi, 10 BHUKOHAHHS IOCTaBJICHHX
KpOKiB JIO3BOJIUTH OTPUMATH MeTon Kiacupikarrii
nedeKTiB TPOTPpaMHOrO KOy, €(QEeKTHUBHICTh SKOTO
MOCJIZIOBHO T4 CTATUCTUYHO OOIPYHTOBAHO 3pPOCTAE Ha
KO>KHOMY piBHI YCKJIQJIHEHHSI aHCaMOJIeBOT apXiTeKTypH,
a TakoX c(hopMyBaTH peKOMEHaLlil 111010 3aCTOCYBaHHS
JUBepcU(IKOBaHUX aHCaMONIB y 3aja4ax CTaTHYHOTO
aHaNI3y SKOCTI KOJy.

2. MarepiaJju i MeTOIH T0CTiIKEHHS

O0'exToM JOCITLPKEHHS € mpouec
ABTOMATH30BaHOTO BHSBJICHHS JI€(PEKTiB NPOrpaMHOTO
kony. IlpeameroM nocmipkeHHs € Kinacudikariiai
METO/IM aHCaMOJICBOTO MAIIMHHOTO HAaBYAHHSI.

Hexait f(x) — mozens knacudikamii, mo npuiiMae
BXiIHUI BEKTOp CTaTHYHMX METPHK skocTi X € RN, 1e N
— KIJTBKICTh OOpaHMX METPUK, 1 TIOBEpPTAE OIHKY
HWMOBIPHOCTI HAJIS)KHOCTI  ()parMeHTy MpOrpaMHOro

151



Control, Navigation and Communication Systems. 2026. No. 3

ISSN 2073-7394

Koly 40 Kiacy «naedexTHui». B Takomy BHnagky
OCHOBHOIO 3ajiauelo cTae (popMyBaHHS BHPILIAIBLHOTO
npaBuiia OiHapHOi Kiacudikaii:

y = 1[P(defect | x) > t], (D

ne ¥ — mepembadeHa MiTka kmacy; 1[-] — iHamkatopna
¢yskuis; P(defect | x) — amocrepiopHa MOBIpHICTB
nedekTy; t — MoporoBe 3HaueHHs (32 3aMOBUYBAaHHSIM
t=0,5). [zest BuKOpHCTaHHS aHCAaMOJIEBUX Kiach(bikaTopis
nepen0adae TMOETHAHHSA MPOTHO3IB JEKITBKOX 0a30BUX
MojIeeit 3a JOTIOMOT OO TIPOLIeypH arperarii:

F(x) = g(f1(0), f2(0), ... fu(x); 6),  (2)
ae  f1(x), ..., fu(X) — mporHosm M 6a3zoBuX
KinacudikaropiB ais BxigHoro BekTtopa X; g(f;6) —
¢yHKIig arperamii (MeTa-anropuT™) i3 mapamerpamu 6,
IO IO€AHYE MPOTHO3H 0a30BHX MOJEICH Yy MiICYMKOBE
pimenHs F(X); KOHKpeTHWI BHUriIAn g i mpupoma 6
BU3HAYAIOTHCSI 0OPAHOI0 CXEMOIO aHCAMOJIIOBaHHSI.

IIpu BOMY BiZIOyBa€ThCS JIEKOMITIO3HULIIS
OUYIKYBaHOI TOMHJIKM y3arajJbHCHHS Ha 3MIIICHHS,
JMCTIEPCIIO Ta HE3BiAHUI LIyM:

E[§ — »)?] = Bias*’(§) + Var(® + o, (3)
Jie MaTeMaTHYHEe CHOAIBaHHs OepeThes 3a peasizauisamMu
HaBuasbHOI BUOipku D, § = y(x; D) — nporHo3 monei,
no0OyI0BaHOi Ha Wil BUOIpWi; 0° — HE3BiJHA MOMMIIKA,
3yMOBJICHA IIyMOM Y JIaHHX.

Arperartis TIPOTHO3iB JEKITBKOX crmabo
KOpeThOBAaHUX KIACH(]IKaTOpiB 3MEHIIyE JIOJAHOK
mucriepeii, He 30impmryrounm 3wmimeHHs. CaMe ToMy
KIIFOYOBUM  (hakTOpoM e(peKTHBHOCTI aHCaMONII0 €
B3a€MHa HE3aJICXKHICTh IOMHIIOK Horo wieHiB. s
OIIIHKH SKOCTI KJIach(piKalii BUKOPUCTOBYEThCS HU3KA
knacuuaux Metpuk [20]. OcHoBHOMO 3 HEUX 06paHo F1-
Mipy sIK 30aJIaHCOBAaHUI TOKa3HUK TOYHOCTI 32 YMOBH
PIBHOT BaKJIMBOCTI 000X KJIaCiB:

2 + Precision - Recall
F1 =

4

Jlnst OLIHKHM SIKOCTI paH)XyBaHHs HE3aJeXKHO Bij
00paHOTo MOPOTy BUKOPUCTOBYETHCs Iwtomia mig ROC-
KpPHBOIO, W10 BH3HAYAETHCS HACTYIIHUM UYHHOM 3
ypaxyBaHHSIM YacTKH ICTHMHHO TO3UTHBHHX Ta XHOHO
MO3UTUBHUX PillICHB:

Precision + Recall

1
AUCroe = f TPR(t) dFPR(t), (5)
0

Kpim TOTO, B IKOCTI MOITYJISIPHOTO 30a/1aHCOBAHOTO
MOKa3HUKa AKOCTI Kiacupikalii TakoX IpUHHITO OpaTh
KoedilieHT Kopemauii MeTpro3a, SIKMH € CTIMKHM 10
ONTHMICTHYHMX 3MilleHb TNpPH  He30alaHCOBaHMX
MIOMUITKaX Ta PO3PaXOBYETHCS HACTYITHUM YHHOM:

MCC =
TP - TN — FP - FN ©)
\/(TP + FP)(TP + FN)(TN + FP)(TN + FN).

3 MeTol BH3HAYECHHS SIKOCTI KaiiOpyBaHHS
HWMOBIPHICHAX OIIHOK, KPUTHYHOI IIJIsi BCTAHOBIICHHS
oreparifHux noporis Osokysanns y CI/CD-cucremax,
BUKOPHCTOBYETBCSl OLIHKA 32 JOIOMOIOI0 METPHKH
Brier-score, mis sikoi MeHIE 3HAYEHHS CBIIYUTH PO
Kpallli pe3yibTaTH:

N
1
Brier = NZ(pz - y)? @)
i=1

ne p; — mepembaveHa WMOBIpHICTH gedekTy it i-ro
3paska, Y; — ictuHHa MiTKa. CTabiapHICTE MOAET MiX
perizaMu OLIHIOETECSA Yepe3 cTangapTHe BiaxwmieHas F1-
MIpH TI0 TPyTIax KpOoc-Baigaii.

HoBipui inTepBamm 95 % i METpHK Ha
i30JIbOBaHId  TECTOBIH BHOIpII OIIHEHO METOIOM
oyrctpenmy 3a 1000 moBTOpHMMH BUOIpKaMu 3
noBepHeHHsIM. Habip po3MISHYyTHX METPUK 03BOJISE
KOMILIEKCHO OLIIHUTH e(eKTUBHICTh poboTu
KJIacudikaniiHuXx Mojenel B Ipoleci X HaBYaHHSA Ta
HaJIAIITyBaHHS.

3. Pe3yabTaTi po3po0KH i 10CTiTKEeHHA
MeTo1y BUSIBJIeHHS JedeKTiB
NMPOTrPaMHOr0 KOAY

3.1 MaremaTu4ina MoieJIb ipouecy (opmyBaHHs
auBepcHupikaniiiHo-opieHTOBaHOTO0 aHCaMOJ110

B paMkax  [OOCHIIDKEHHS UL BHPILMICHHS
copmynpoBaHOI IPOOIEMH [IPOIOHYETHCS OOy IyBaTH
aHcaMOneBuit kiacudikarop 3 ypaxyBaHHIM
nuBepcudikanii  60a3oBUX  Mojeneil  3a  paxyHOK
HE3aJIeXKHOr0  BigOOpY  MiANPOCTOPIB  O3HaK  Ta
JIEKOPEIbOBaHUX AITOPUTMIYHUX TNIOK, IO 3a0e3redye
3HW)KEHHsI Jucriepcii TOMMJIKM —Yy3araibHeHHS 0e3
30inburenns 3mimenns. [Iporec hopMmyBaHHS TaKOTO
kiacudikatopa (GopMai3yeTbcs SK JIBOCTAITHA
3ajlaya  ONTHUMI3alii, sKa BKJIIOYaE  BHUOIp
apXiTEeKTypu aHCaMOJII0O Ta HaBYAaHHS MapaMeTpiB
arperyBajbHOI QYHKIIIT.

Hexaii P = {fi, fo, ..., fn} — myn kananaaris 6a30Bux

knmacudikaropiB, OTpPUMaHMX HaBYaHHAM  PI3HUX
AITOPUTMIB Ha TIOBHOMY Habopi O3HaK Ta Ha
HiINpocTOpax — O3HaK,  BIMIOpaHUX  HE3aICKHUMHU

MeToJaMu. 3ajiadya NepIloro eTamy nojisrae y BHOOpi
miaMHOXKUHE S C P motyxkHocti K, ska ogHOYacHO
MaKCHUMI3y€e CepelHI0 SIKICThb 1 CepelHI0 B3aEMHY
PI3HOMAHITHICTB TiJIOK:

1
5 = argmaxscppox |57 ), Q) + 2-DO)|,®)
i€s

ne Q(i) — HopMai3oBaHa OIliHKA SKOCTI KaHaujaTa i
(mampuknan, Flnome); D(S) — cepemns momapHa
PO301KHICTH IPOTHO3IB ycepearHi 00paHoi i AMHOKUHI
S (o3Hauena Hmwkue BupaszoMm (9)); A > 0 — xoedirieHt
OamaHcy MK SKICTIO Ta PI3HOMAHITHICTIO Ha piBHI
MAMHOKMHK (HE ciif IuIytatd 3 KoedilieHTOM o
XKaJiOHOTO aNropuTMy, SIKMH Jli€ Ha PiBHI OKPEMOTO
KaHAUaaTa).

2 P
D(S) = m'iq’z’;esdw(w); ©

[psime po3B’sizanHs 3anadi (8) BuMarae nepedopy
C(N,K) mimMuOXMH i € NP-ckiagHuM HaBITH Ui
noMipuux N. Lle 00rpyHTOBY€E 3acTOCYBaHHS )Ka/1i0HOTO
HaOJIMKEHOTO AJITOPUTMY, SIKMH MOCIIZIOBHO Hapouiye S,
JOAI0oYM Ha KOXKHOMY KpOLi KaHAWAATa 3 HaWBHIINM
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MIPUPOCTOM KOMOIHOBAHOT'O KPHUTEPIiI0 — TOOTO BUKOHYE
JIOKaJIbHO-ONTUMAIIbHY alpoKCUMaLifo 3anadi (8).

Hpyruii eram — HaB4YaHHS napameTpiB 0
arperyBasibHOI (QYHKUIT g Ha BxXe 3adikcoBaHil
apxitekTypi S*:

0* = argmingN~! x
N
D L 9 G, o ficCin)s 0)) + 00), (10)
n=1

ne L(,:) — ¢yHKuis BTpar (JIOTICTUYHA BTpara s
6inaproi kmacubikamii); Q(6) — perynspuzaniitHuii
JOJAHOK, o obMexye CKJIaTHICTD MeTa-
knacugikaropa; N — oOcsar HaBganbHOT BUOIPKH.

e

.\H

L Liku a3 nosnomMy Habopl osHaK

), M ()

d Bxijuuii gegiop osnak

TERJ >

T'LikH Ha NAUPOCTOPAX O3HAK

ML (x), LM M (x)

[lincymkoBa MoOJIENb aHCAMOJII0O BHU3HAYAETHCS
KOMIIO3HUIIIEI0 PO3B’SA3KIB 000X €TaliB:

F(x) = g(fi(x), ., fx(x); 67, {f1, .. ficd = S7.(11)
Takuii moxin Ha apxiTekTypHy (8) i mapameTpuyHy
(10) mim3amaui GopmManbHO BiZOOpaxkae KIHOYOBY
BIIMIHHICTh 3alPOIMOHOBAHOTO METOJY BiJ HaiBHUX
aHcamONiB: HaiBHUH CTEKIHI PO3B’SA3ye€ JIMIIE JPYTY
mig3amauy Ha ¢ikcoBanomy S = P, Tomi sk
IMBEpCUQIKaIifHO-Opi€EHTOBAaHUNA aHCAMOJb PO3B’s3yeE
0o0M/IBI TOCIHINOBHO, IO ¥ 3abe3ledye apXiTeKTypHY
TapaHTii0 HE TIpmIOr0 pe3ynbTary. TakuM YHHOM,
¢iHaNBHY CXEMY 3aIpOIIOHOBAHOTO TUBEpCHQiKaIliifHO-
OpIEHTOBAHOTO aHCaMOIIIO TIPeJICTaBIEHO Ha puc. 1.

—

- _

,-'J,Clﬂ)PC.’IbDE&IIIi AOUOBHCHHN

M ML (x). ... /M(x)

MeTa-gmacupixatop (10}
glifi(x)}i € §%; 0%}

S* ol LMY, |8 = K — piiOpano 3a kparepies (8)-{%)

C "Ry = Pldefict | ) (11_)-_-_-\/

o
e

Puc. 1. 3anpornoHoBaHa apXiTeKTypa TuBepcHiKaIiifHO-Opi€EHTOBAHOTO aHCAMOITIO

3.2 Anaji3 HaGopy maHHX

Hust MIPOBECHHS €KCIIePUMEHTAIILHOTO
JIOCITJIPKSHHSI BUKOPHUCTAHO HaOip JTAaHUX
code_deffects_identification [21], mo wmictute 6052
croctepexeHHs Ta 21 craTHYHy METPHUKY SIKOCTI KOay,
TpeaCcTaBiIcHi y Tabl. 1, a Takok OiHApHY HITBOBY MITKY.

BaxnnBoro XapakTepHCTHKOIO Ha0Opy MaHUX €
HasBHICTH IIyMy B po3MiTi: cepen 6052 crocTepekeHb
BUSIBJICHO 286 J1y0itikaTiB 32 BEKTOPOM O3HAK, SIKI MAIOTh
pi3Hi MiTKH Kinacy. Boru yTBoprotoTs 150 KOH(IIKTHHX
IpYII, 10 BU3HAYAE TEOPETUUHY BEPXHIO MEXKY TOYHOCTI,
JOCSDKHY OYyJIb-SIKUM QJITOPUTMOM, HE3AJIEKHO BiJl HOTO
ckmagHocTi [22]:

ne Neons — KibKiCTh KOH(IIIKTHHX CHOCTEPEKEHb, a
N = 6052 — 3aranbHuii 00csAT BUOIPKH.

[opanpuinii  aHami3 O03HaK BHUSBUB  CYTTEBY
MYJIbTHKOJIIHEAPHICTh: 3 Mapy 03HAK MaloTh KOe(ilieHT
kopessii [f| > 0,9, a cepe/He Mo3aaiaroHaabHE 3HAUCHHS
[l mo Bciit marpuni kopensuiit ckmamae 0,47, wio
NPENCTaBICHO Ha pHc. 2. Bucoka MynbTHKONIHEAPHICTH
3MyCHJIa 3aCTOCYBaTH METOIM BiAOOpYy MiIMPOCTOPiB
O3HAaK JJIsl 3MEHIIICHHS Ha/UTHIIKOBOCTI iH(popMarii, mo
BHUKOPHCTOBY€ThCSI 0A30BUMH KiIacu(ikaTopamu.

[omepenns 00poOka TaHKUX BKIIFOYaIa 0a30B1 KPOKH
3 aHaji3y TPOMyCKiB Ta BHUKHIIB, JOTapUPMIdHY
TpaHchopMarliro ycix 21 4ucI0BUX O3HAK [T 3MEHIIICHHS
NIPaBOCTOPOHHBOI ACHMETPii PO3IMOUIIB 3 MOJANBIION

Accuracymay = 1 — Neong/N = 0,975,  (12) CTARNIAPTH3AITIETO.
Tabauys 1 — Orasigy MeTpUK SIKOCTI KOAy
I'pyna Metpuku IIpu3HayeHHs
. wmg, loc, totalMethods, totalFields, maxNestedBlocks, OO0cHr 1 CTPYKTYpHA CKIIAIHICTh
CkaagHicTs

loopQty, comparisonsQty, tryCatchQty, returnQty

KJ1acy

3yenJieHHs Ta CIAJKOBICTh

cho, rfc, nosi, dit

3aeXHiCTh BiJl IHIINX KJIACiB

3B’A3HIiCTH

Icom

V3romKeHicTb METOIB

Jlekcnka Ta CTHJIb Koay

variablesQty, assignmentsQty, mathOperationsQty,
numbersQty, stringLiteralsQty, parenthesizedExpsQty,
uniqueWordsQty

HacuuenicTs i ynTabENbHICTD
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Fealure-feature [cormelation|. 3 pairs excead |r|>0.8

- ||
IntalMethods. 08
wialFields
3
e -06
retumQty
loopQty
comparisonsQty
yCatchQry
parenthesizedExpsQty
stringLiteralsGity
numbersaty

-04

assignmentsQty
mathDperationsly
variablesQty

maxNesiedBlocks

wniqueWordsQty

eanGty
500)
aty
ary
lesty
cke
a

totsiMethads
wialFisids
ratumnQty
myCatehQty

comparisonsCy
siringLiteralsCty
assignment

maxNastodBl
uniquetords

APl

parenthesizedE sty

Puc. 2. TerutoBa kapra kopesiiiit 21 o3Haku

[icns mporo Bubipky Oyno po30MTO HA HaBYATIHHY
(4841 3pazok) Ta TectoBy (1211 3pa3kiB) 4acTHHU Y
coiBBimHOomeHHI 80/20 31 30epeskeHHAM TMPOMOPIiit
knaciB. Jlns moOymoBum mporpamMHOi peanmizamii  Ta
HaBYaHHA MoOJieJie MallMHHOTO HaB4YaHHA Oyia
BHKOpHCTaHa MOBa mporpamysansst Python ta 6ibmioTeka
scikit-learn [23]. Amnaniz pesynbTaTiB  HOMEPEIHBOL
00pOOKH TaHUX MOKa3aB, 10 HAHOUIBIIHNIA IPUPICT IKOCTI
OTpUMAJIN MOJIEI, SIKi OyJIM YyTJIMBI 10 MaciiTady O3HaK
1 3a7ekath BiJ BijcTaHeit abo rpamientiB. Tak F1 mipa y

KNN 3pocna 3 0,614 no 0,732, a y SVM — 3 0,724 no
0,795. [pu bOMY JIOTICTUYHA perpecis
MpoJeMOHCTpYyBaia noMipHinmi mnpupict 3 0,759 no
0,785, Tomi six pepeo-moaibuuit Gradient Boosting, sk i
OYiKyBaJIOCS 3 OIJIAQy Ha HOro IiHBapiaHTHICTH JI0
MOHOTOHHUX IIEPETBOPEHb 03HAK, Maiiike He BiIpearysas,
rokazaBim npupict mume 3 0,795 mo 0,798.

3.3 ExcriepuMeHTaIbHe A0CTiIzKeHHs e(peKTHBHOCTI
MPONOHOBAHOIO AJTOPUTMY

ExcniepuMmeHTaNbHe YacTHHA JOCIIKESHHS
cKlazanack 3 IUSTH  IIOCHIZOBHHX  €TalliB, sKi
nepeadavany moOymoBYy pI3HHX MOJENEH MAaIIuHHOTO
HaBYaHHS: BiJ MPOCTUX OAMHOYHHUX, O aHCaMOIIEBHX,
B TOMY YHCJII TE€TEepOr€HHHX, CTPYKTypa SKHX Oyia
yCKJIaJHEHa 3a PaxyHOK 3allpOIIOHOBAHOIO METONY 3
METOIO ITiIBUIIICHHS METPHK SIKOCTI.

MeTo10 Nmepuioro eramy € BCTAHOBJICHHSI 0a30BOTO
PIBHS SKOCTI IS CEMH OJWHOYHUX KJIAacHU(]iKaTopiB Ta
BU3HAUYCHHS HAWKPAIIOl OAMHOYHOI MOJIEN SIK OPIEHTHPY
UL TOOyMOBH aHCaMONiB B mopaibmioMy. OmiHIOBaHHS
BUKOHYBAJIOCS 33 JOTIOMOTO0 S-KpaTHOi cTpaTH(hiKoBaHOL
Kpoc-BaNifanii Ha HaBYaNbHIA BHUOIpI, y TOW dYac SK
TecToBa BuOipKa (20 % aHuX) 3aTHIIanacs i301b0BaHO0
no ¢inaneHOro eramy mnopiBHsSHHA.  Haiikparoro
OJJMHOYHOIO MOJEIUIIO BHSIBUBCS TPAII€HTHHH OyCTHHT
(CV F1=0,798 + 0,008). Ha npyromy wmiciii 6ys1a MoJeb
SVM 3i 3snadyennsm F1 (0,795), mpoTe BOHa CYTTEBO
JIOBIIE TIpallfoBaja B PEXHMi TecTyBaHHsS. Pesynbrati
TIEPIIIOTO eTaIy HaBe/IeHI Ha puc. 3.

Base-model F1 under stratified 5-fold CV - sorted, with explicit values

0.795

0.798

0.785

+.008 +.010 H.016
08 0.735 0.732 0.728
#.015
0.650
07 +0.016
=

£ 06
+
=
8 05 ~———- — — —_— | — [ — ———
E
e
= 04
(5]
o
S o3
['s]

0.2

01

=== Dummy floor = 0.499
. . 5 5
e W @ &= fo®° o e o
s o ‘Ggeg 060‘“ e
e Loé\':“ o o

Puc. 3. icrorpama 3 pe3ysnpTaTaMy NEPLIOrO €TaIly JAOCIIUKeHHS

Meroro apyroro eramy Oyia mepeBipka TOro, 9u Ja€
MPOCTa arperaiiis reTeporeHHux 6a30BuX KiacupikaTopis
TIPUPICT SIKOCTI HaJ HAWKPAIIO OJUHOYHOI MOJIEILIIO.
Jnst moOynoBu HaiBHUX aHcaMOiiB oOpaHO 6 0a30BHX
knacudikaropis (Logistic Regression, Random Forest,
Gradient Boosting, XGBoost, SVM, KNN) na noBHomy
HaOOpi  O3HaK, TMO€JIHaHUX TPbOMA  cHocoOaMu:
TOJIOCYBaHHIM 3a OiBIIiCTIO, ycepeTHeHHIM
HMOBIpHOCTEH Ta CTEKIHTOM i3 MeTa-KiIacugpikatopoM Ha
OCHOBI JIOTiCTHYHOI perpecii. 3a kputepieM Binkokcona

npupict Stacking-LR nax Gradient Boosting € mexxoBum
32 CTaTMCTHMYHOIO 3HAYYLIICTIO: PI3HHUIS CEepesHiX
3HaveHb F1 =+0,0136, p = 0,0625 (MiHIMaIBHO TOCSHKHE
3Ha4YCHHS P IpH N = 5 po3OUTTAX IEPEXPECcHOI MepeBIpKU
Uit oqHOOIuHOTO Tecty). [iarpamy posmaxy F1 mipm
TIpeJICTaBIICHO Ha pHC. 4.

TonocyBanust (SIK mpocTe, Tak 1 3 ycepeaHEHHSIM
WMOBIpHOCTEH) HE TEPEeBHIIy€E SKOCTI HaHKpamoi
6a3oBoi moxeni (F1 = 0,783-0,786 potu 0,798 y GB) —
mpocTe 00’€IHAHHS TPOTHO3IB 0e3 MeTa-HaBYaHHS He
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rapaHTye IokpauieHHs. HaromicTh cTekiHr i3 Mera-
knacudikaropom LR nae crarmctuuHO MexoBHH, aie
npakTiuyHo 3Hauynmid npupict: CV F1 3pocrae 3 0,798

mo 0,811, Test F1 — 3 0,780 mo 0,797, ROC-AUC — 3
0,811 no 0,859, a Brier score 3HMmKyeThes 3 0,170 1o
0,151.

Base models (blue) vs naive ensembles (orange) — per-fold F1, sorted by mean

Stacking (LR meta) ST 0.811 0,011
Gradient Boosting — 0.798 + 0.008
SVM (RBF) — G 0.79540.010
Voting (soft) O<cH 0.786 £ 0.008
Logistic Regression I—_ 0.785+0.016
Voting (hard) —H 0.783 £ 0.009
Random Forest ST 0.735 +0.009
KNN ——B 0.732£0.015
W Base model
XGBoost ’_n_| 0:728.+0.014 B Naive ensemble
Decisian Tree o S 0.650 £ 0.016 -<; bm?:nbm e
0.60 065 070 075 0.80 085 090
5-fold CV F1

Puc. 4. liarpama po3maxy F1 mipu: 6a30Bi knacudikaropu (JriBopyd) Ta HaiBHI aHCaMOIi (TIpaBopyd)

ObMexeHa e(eKTUBHICTH TOJIOCYBaHHS
MOSICHIOEThCA 4Yepe3 aHali3 Pi3HOMAaHITHOCTI 0a30BHX
kiacudikaTopiB: IepeBO-MoaiOHI MeTOIU (BUIIAIKOBHIMA
JIic, TPaJi€HTHHI OYCTHHT, €KCTpEeMaIbHUM Ipali€eHTHUH
OYCTHHI) KJIaCTEPU3YIOThCS 332 CXOXKICTIO IPOTHO3IB,
TOOTO JIONYCKAalOTh KOpenboBaHi moMuiku. Lle 3Hmxkye
e(eKTUBHUN MPHUPICT BiJ MPOCTOro 00’€mHAHHSA TXHIX
nporHo3iB. TakuM YMHOM, BHKOPUCTaHHS CTEKIiHTY 3
MeTa-Ki1acu(pikaTopom IPOAEMOHCTPYBAJIO
NEePCIEKTUBHUI TMPUPICT SKOCTI Hax Haiikpamoro
OJMHOYHOK MOJEIUII0, TOIi SK IMPOCTE TOJIOCYBaHHSI
TaKoro MPUPOCTY He 3a0e3nedymsio, Mo OOIPYHTOBYE
JOLUTBHICTh TONANBLIOr0 PO3BUTKY CaMe CTEKIHrOBOI
apXITeKTypH Ha HACTYIHUX €Tarax JOCIiIKCHHS.

MeToro  TpPeTBOr0 eTamy €  IiABUIICHHS
pI3HOMAHITHOCTI ~ aHCaMOJI0 [UIIXOM  IO€JHAHHS
KUTbKOX HE3&JICKHHX METOMIB BiIOOpPY O3HaK Ta
mo0y/10Ba TUBEPCU(IKOBAHOTO CTEKIHTY 3 JIOTICTHYHOO
perpecieto B SIKOCTI MeTa-Kiacudikaropa, 37aTHOTO
NepeBepILUTH Halikpalnuii HaiBHUI MeTon. st Binbopy
iHpOPMATUBHHX IIIMHOXUH O3HAK 3aCTOCOBAHO YOTHPH
He3anexHi Metonu: kopemsimiro [lipcona (|r] > mopory),
B3aeMHy iH(opMariro, L1-perymsapmsanito (LASSO) Ta
pPEKypCHBHE  BHUKIIOYCHHS  O3HaK (Ha  OCHOBI
rpamieHTHOrO OycTHHTY). [lId KOXHOTO METOIy
nobynoBano kpuBy CV F1 Big kimbkocti o3Hak K.
JliniitHa xopemsuis [lipcona Ta B3aemHa iH(poOpMAIis
PAHXYIOTh O3HAKH [TO-PI3HOMY, 1110 LTIOCTPYE pHUC. 5.

|Pearean wa Mutwa! Information - Pearson under-anke non-lingsr prediciore

016
014
142

010

Spors

.04

= 2 & & B
: £ @,ﬁ o
oF L=

(.06
Q.0
e I
0.0 - - —
B Py &
&

B |Pearson
B Mulual Infia

Puc. 5. [TopiBasiHHS MoyIts KoedimienTa xopensiii [Tipcona |r| Ta B3aemuoi indopmarii a1 21 o3Haku

3a B3aeMHOK iH(QOpPMAIIi€I0 TOMiIHY€e O3HAaKa Nosi,
Tomi sK 3a KoediumientoM IlipcoHa mopiBHAHHY Bary
MaroTh Takox dit, cbo Ta rfc. Lle miaTBepmKYyE
JOITBHICTS BUKOPHCTaHHSA KiJIBKOX METOJIB BizOOpy
03HaK OJHOYACHO.

VYci goTupu MeETOaM KOHBEPIYIOTH IO CXOXKOTO
Habopy OCHOBHHX O3HaK (nosi, dit, cbo, rfc), mo

MATBEPIKYE  IXHIO
HE3aJIE)KHO  BIJ
3HAYYIIOCTI.

Takum uymHOM, OynO0 TPHUHHATO pIimICHHS Ha
YyeTBEPTOMY eTami moOyayBaTH AuBepcH(DiKOBAHHIA
crekinr. Moro apxiTektypa ckmamaetbest 3 9 Tinok: 6
mozeneii (Logistic Regression, Random Forest, Gradient

CIIPABIKHIO
KOHKPETHOI'O

iHpopMaTHBHICTH
METOJYy  OIlIHKHU
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Boosting, XGBoost, SVM, KNN) Ha moBHOMY Habopi
03HaK, 110 3a0e3Me4y0Th MiHIMaJIbHUI PIBEHb SIKOCTI HE
umwkde Stacking-LR, Ta 3 Mozeni Ha miAIpocTopax 03HaK
— Logistic Regression Ha LASSO-o3nakax, Random
Forest ma MIl-o3nakax, XGBoost na RFE-o3Hakax.
Merta-kinacugikatopom Oymo 0o0paHO  JIOTiCTHYHY
perpecito. B pesynpraTi  OTpMMaHO — 3HAYEHHS
CV F1=0,813.

BaxIMBHM METOIOJIOTIYHHM CHOCTEPESIKCHHAM €
Te, M0 JUBEpCH(]IKOBaHE TOJIOCYBaHHSI 0e3 MeTa-
HaBYAaHHS IIOCTYIA€ThCS HAIBHOMY CTekiHry. lle
MiATBEPIKYE  KIIOYOBY  TINOTE3Y  JIOCIIKEHHS:
JuBepcUdiKalis MiAIPOCTOPIiB 03HAK JIA€ MPUPICT JIMIIE
y TO€IHaHHI 3 MeTa-KiacudikaTopoMm, 3JaTHUM
ONTHMAJIEHO 3Ba)KyBaTH Pi3Hi T'JIKH, a HE cama 110 co0i.

Iepen ¢opmyBanHsaM (QiHaNBHOT apXiTEeKTypH
MPOBEJICHO JONIOMDKHE abnarliiiHe aociiukeHHs. BoHo
JO3BOJIWIIO TIEPEBIPUTH, YW 3IATHHH anropUTMidHHUIT
BimOip HAMKOMIUIEMEHTApHINIMX KiIacu(ikaTopiB i3
BEJIUKOTO IMyJTy MOJCNCH 3 MOJAIBbLUIOI ONTUMAIEHOKO

arperamiero TOJIOCYBaHHIM HePEBEPIIHUTH
IUBepCU(IKOBaHUI CTEKiHT 0e3 3alydeHHsS MeTa-
HaBYaHHSI.

Jnis  1mporo abnariiiHoro MOCHIIKEHHS OyIo
c(hopMOBaHO MMyJ1 3 8 pOAUH KJIACH(IKATOPIB, SKi B TOMY
YyKCI PO3rIAAANNCS Ha morepeanix kpokax (Logistic
Regression, LDA, Naive Bayes, Decision Tree, KNN,
Gradient Boosting Trees, Random Forest, XGBoost), mo
10 ex3eMITTAPiB KOKHOI POAWHU 32 JOMOMOTOO OCTTiHT-
aHcaMOIlf0 3 pI3HUMH  TiABHOIpKaMH. 3  HBOTO
MiATOTOBIICHOTO  MyJNy  JKamiOHUM  alrOPHUTMOM
BimOupaetscst K = 10 mopmenmeil 3a kpuTepiem, IO
PO3paxoBY€ThCSI HACTYITHUM YHHOM:

Qsel(i) =a- Flnorm(i) + (1 - a) : r?elg diS(i,j), (13)

ne Fl,,.-m(i) — HOpMamizoBaHa OI[iHKa SKOCTI
KaHAWIATA i; S — MHOKMHA BXKE BiiOpaHUX MOJETei; o
€ [0, 1] — koedimienr OGamaHcy MiX SIKICTIO Ta
PI3HOMAHITHICTIO Ha PiBHI OKPEMOTO KaHIUIaTa.

[NopiBHAHHS BOX 3HAYEHH KOSQIIi€HTa 0 TOKA3aI0
MiHIMaJbHY  pi3HMIO:  BigOlp 3 ypaxyBaHHSIM
pizHoMasnitHocTi (o0 = 0,5, M'sike rosiocyBanHs) gae CV F1
= 0,806 + 0,010, Toxi six BinOip nwmiue 3a sikictio (o = 1,0)
nae CV F1 = 0,807 £+ 0,009 — pizuuis 0,001. BomHouac
nuBepcudikaiis 3MIHIOE CKiax BigiOpaHoro Habopy
mozeneit (manpuknan, 3 {GBT:8, LR:1, NB:1} Ha
{GBT:7, LR:2, NB:1}) — HeBenukuii, aje BUMiproBaHUil
edekT Ha cTpyKTypy aHcamOmo. OOMEXEHHIM MiAX0Ly
Custom Bagging Voter € te, mo myn CKIagaeTbes 3
BIJIHOCHO cylabKkux Mojenell (Halkpalla oKkpemMa MOJEIb
nyny: F1 = 0,800 < 0,813 y Div. Stacking), a mpocra
arperamisi ~ TOJIOCYBaHHSIM  HE  3JlaTHa  CYTTEBO
MePEeBEPIINTH HACHIIBHIILIOTO YeHa MyJy.

Ha ocranHpoMy m’AITOMY eTami T0CIiKEHHS OYI10
3aTBEPIPKEHO ¢dinanpHy apxiTeKTypy
nuBepcudikoBaHOTO aHcaMOuo Kiacu(ikaTopiB, sKa
ckiananacs 3 12 rinok: 9 Tijok Bix quBepcuQpikOBaHOTO
CTeKiHry (rapanTis MiHiManbHOTO piBHA 0,813) Ta 3 HOBI,
AITOPUTMIYHO BiiOpaHi, EKOpPENIbOBaHI JONOBHCHHS.
Bonu Brutouanu B cebe mojeni Extra Trees (300 nepeB)
Ha NOBHOMY HaOopi o3Hak, Extra Trees (200 nepeB) Ha
mianpocropi  B3aeMHOi  iHGopMamii Ta JoricTHYHA

perpecist 31 cmabmoro  perymspusamiero.  Mera-
KjacudikaropoM 00paHO JIOTICTHYHY perpeciio 3
aIalITUBHUM IT1iI00POM CHIIH peryJIspH3aliii.

OOrpyuTyBanHs BubOopy Extra Trees momsrae B
TOMY, 1110, Ha BiaMiHy Bix Gradient Boosting ra Random
Forest, meit anroput™m o0HMpae MOPOTH PO3OUTTS BY3IIiB
JepeB IIIKOM BHIIAKOBO, a HE 3a iHpOpMamiiHIM
KpUTEpieM, IO TeHepye CYTTEBO BiIMiHHI ITOBEpXHI
pilleHHsT Ta 3MEHIIY€E KOPEJIAMiI0 MOMHJIOK 3 1HITUMH
JIepeBO-TIOJIOHNMH METOJaMH B aHCaMOJT.

CratucTHYHA 3HAYYNICTh MPHUPOCTY: KPHUTEPid
Binkokcona Ext. Div. Stacking mpotu Div. Stacking:
Amean F1 = +0,0115, p = 0,0625.

Ext. Div. Stack mepesepurye Div. Stack 3a ycima
KOHTPOJILOBAaHUMH METPHKaMH OJTHOYACHO.
Haii6inpimmii npupict criocrepiraersest 3a ROC-AUC (3
0,855 no 0,879) Ta 3a 3HIKEHHSAM Jucriepcii Mix
po30OHUTTSIMHU TIepexpecHoi nepeBipku Ha 40 %. 3HaueHHs
ct. BimxmieHHs = 0,006 € HaHIKYHM cepel YcCiX
MPOTECTOBAHNX y MOCITIHKCHHI MOZENeH, Mo poOUTH
Ext. Div. Stacking HaficTaOimbHIIIIM KITacH(piKaTOPOM.
3unauenns Brier = 0,140 — wnaiikpaiie kaniOpyBaHHS
cepel ycix Mojeneit, To0To HMOBIpHICHI omiHKu Ext.
Div. Stacking HaWOiIbII MPUAATHI A BCTAHOBJICHHS
onepaniiaux noporis y CI/CD-cucremax.

BaxknuBuM ~ pe3ynbTaroM  JOCHIUKEHHS €
MOHOTOHHE 3pOCTaHHsI IKOCTI Kiacuikailii Ha KOXKHOMY
eTani yCKJIaJHEHHS aHcaMOJeBOI apXiTeKTypH — Bij
HalKpamoro  OJWHOYHOro  Kiacudikaropa 10
3anpornoHoBaHoro Metony Ext. Div. Stacking (ta6m. 2).

Tabruys 2 — IlopiBHAHHSA NPUPOCTY AKOCTI
HAa pPi3HUX eTanax JA0CJiKeHHS

Haiikpama CVF1 Test F1 p-value
MoaeJIb
Gradient Boosting Oéngsi 0,780 -
Stacking-LR 06%111* 0,797 0,0625
Div. Stacking Oéi,%foi 0,798 0,3125
Ext. Div. Stacking 06%3; 0,811 0,0625

3aranpHuil npupict Ha unsixy Bin  Gradient
Boosting no Ext. Div. Stacking cknamae 0,026 3a CV F1
(30,798 100 0,824) T2 0,031 32 Test F1 (3 0,780 5o 0,811).
BaxnmBo, 1o eranu AOCIIJUKEHHS MPOJAEMOHCTPYBAIIH
MOKpalIeHHs] METPHUK SKOCTi, IO Bi3yalli30BaHO Ha
puc. 6. [yl oCcTaTOYHOrO IiATBEPAKEHHS PE3yJIbTaTiB
qoTHpH BifiOpaHi wmeroau OynM TOpIBHAHI Ha
i30;1bOBaHId  TecToBiM  BHOipmi. Pesympratm  1iei
nepeBipku IpeacTasiieHi y Tabn. 3. diHanpHa MoOJENb
PO3IIUPEHOTO JTuBepCcu(iKOBAHOTO aHcamoOITto
npoaeMoHcTpyBasia HaiiBuii 3Hauenus F1, ROC-AUC,
PR-AUC ta MCC, a Takox HaiHWwK4i (HalKparii)
3Ha4YeHHs Brier score Ta cr. BiIXWieHHS cepen ycix
YOTUPBHOX (iHATICTIB, IO MiATBEPIKY€E HOTO MepeBaru
HE JIUIIIe Ha KpOC-Ballifiallii, a i Ha TOBHICTIO He3aJIeKHIH
tectoBid BuOipumi. OkpiM sikocTi Kiacuikamii, ams
npakTuyHoro  3acrtocyBanHs y  Cl/CD-cucremax
Ba)XXJIMBOIO € OOYMCIIIOBAJIIbHA BapTICTh MOJEII, sKa
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XapaKkTepu3yeTbcss 4YacoM  HaBYaHHS Ta vyacoM  HaBuaHHAM, HDK Gradient Boosting (5,45 ¢ mporu
TecTyBaHHs, 10 rpadiyao npencrtaeineHi Ha puc. 7. 0,90 ¢), npore, sk BkKe 3a3HAYANOCS PaHIIIC, Ma€ Kpaii
®diHanbHa MOJETbh PO3IMIMPEHOTO AMBEPCH(]IKOBAHOTO  ITOKa3HMKH SIKOCTI, a came 3abe3neuye 3pocranus Test F1
aHcamOnro npuOMM3HO y 6 paszie moButeHima 3a 30,780 mo 0,811.
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Tabnuya 3 — opiBHsHEA BigiGpanux Moaeseii Ha
i30ab0BaHiil TecToBiil BUbipui

. Ext.

Stack Div. .

Metpuka GB LR Stack Div.

Stack

F1 0,780 0,797 0,798 0,811

0,758- 0,777- | 0,778- 0,792-

95% I 0801 | 0816 | 0818 | 0,831

ROC-AUC 0,811 0,858 0,855 0,879

PR-AUC 0,801 0,836 0,837 0,849

MCC 0,541 0,577 0,577 0,615

Brier | 0,170 0,151 0,153 0,140

. Cr. 0,008 0,011 0,010 0,006

BIIXHUJICHHSA

Yac TtecryBamHs Takoi womem (0,522 c¢) e

NPUIHATHUM JJIs1 aCHHXPOHHOI 0€311eK0BOT MepeBipKy B
pexumi peanpHoro yacy y CI/CD-koHBeepi Ta He 610Kye
OCHOBHMI mporiec 30ipKH, a TOMY 3aJ0BOJIbHSE
BUMOI'aM.

4. O0ropopeHHs1 pe3yJibTaTiB
AOCTiTIKEHHSI METOy BHSIBJIEHHSI
AedeKTiB MPOrpaMHOro Koay

OtpuMmaHi  pe3yNbTaTH  MiATBEPIKYIOThb, IO
LiJIeCTIPSIMOBaHe KepyBaHH: PI3HOMAaHITHICTIO
aHcamOJII0 € JI€BUM 1 CTaTUCTUYHO OOIPYHTOBaHUM
[OUITXOM TIJBHINECHHS SKOCTI Kiacudikarmii medekTiB
MIPOTPAaMHOTO KOIY.

KirouoBuM ~ NOCSTHEHHSIM €  JA€MOHCTpAIis
MOHOTOHHOTO 3POCTaHHS SIKOCTI Ha KOXKHOMY eTarti
YCKJTaJHEHHS aHcaMOIeBo1 apXITeKTypH: BiJl
HalKpamoro oAwmHOYHOTO Kiacugikatopa Gradient
Boosting (CV F1 = 0,798) 10 3ampOroHOBaHOTO
po3siupenoro auBepcudikosanoro ancamoito (CV F1 =
0,824).

B po0oTi mpoaeMOHCTPOBAHO, MO MPHPICT
JIOCSITHYTO HE €KCTEHCHBHUM HApOILyBaHHSM KIIBKOCTI
MoOJeNel, a SKICHOI 3MIHOI CKJIaay aHcamOmo 3a
paxyHok Horo nuBepcubikanii. JlomaBaHHS TpPHOX
JICKOpeJIbOBaHUX TiIOK Ha ocHoBi Extra Trees mamo
mpupict ROC-AUC 3 0,855 o 0,879 1 BomHOYAC 3HH3HUIIO
JMCHEPCiII0 MK OKPEMHUMH PO3OHTTSIMU IEpeXpecHOl
niepeBipku Ha 40%, TOOTO i IBUIMIIO HE JIUIIE TOYHICTD,
a i cTablIbHICTh MOJIENI, IO € BAXKIUBOIO BUMOTOIO IS
mpakTngHOro  3actocyBaHHi B CI/CD-kxoHBeepax.
Haiikpame cepen ycix MpOTECTOBaHUX MoJenel
3HaueHHs1 Brier score (0,140 mpotu 0,170 y Gradient
Boosting) miaTBepIKy€e TaKoXK MPAKTUIHY MPHIATHICTH
METOAy JJsl BCTaHOBJEHHS OIEpaIliifHUX IOpOTiB
ABTOMATHYHOTO OJOKyBaHHS 30ipKH.

IIpu aHami3si OTPHUMAaHMX pE3yNbTAaTiB BapTO
BpPaxOBYBaTH, IO JMOCSXKHA SIKICTh  Kiacuikarii
MIPUPOJTHO OOMEKeHa HasBHUM Yy HaOOpi JaHUX LIyMOM
po3Mitku: 150 KOH(QIIKTHHUX TpPynm CHOCTEPEKEHb
(OpPMYIOTH BEPXHIO MEXY YacCTKM NMPABWIBHHUX PillleHb
(Accuracy) = 0,975, 1o sikoi 3aIpOIIOHOBaHA MOJCTIb YIKE
HaOJMKAEThCS, 1 TONaNbIIe 3POCTaHHS TOYHOCTI Ha
oMy Ha0Oopi JMaHWUX 3HAYHOIO MIPOIO 3aJIe)KaTHME Bif

SIKOCTI caMoi PO3MITKHM, a He JIMIIE BiJ apXiTEeKTypH
kiacudikaropa. Kpim Toro, npupict skocTi 3aKOHOMipHO
CYIPOBOMXKYETHCS JEIIO0 BHILOK OOYUCIIOBATIBHOIO
BapTICTIO HaBYaHHsA MOpiBHAHO 3 OasoBuMm Gradient
Boosting, mo € 3BUYHUM i OYiKyBaHMM KOMIPOMiCOM
JUIT aHCAaMOJIEBUX METOJIB 1 JIETKO BPaxXxOBYETHCSA NpHU
BHOOP1 KOH(}ITYpAIlil M1 KOHKPETHI PeCypCcHi YMOBH.

[NepcriekTHBHUMH HanpsAMaMH HOJAIIBIITHX
JOCIIIKEHB € mepeBipka y3araJbHIOBaHOCTI
3alpOIIOHOBAHOTO ~ METOLY Ha  IHIIMX  MOBax

MpOTrpaMyBaHHs, THIIAX MPOEKTIB 1 KaTeTopisX AeeKTiB,
30KpeMa BpAa3IMBOCTSIX, a HE JIMIIE CTPYKTYPHHUX
TIOMUJIKAX, a TAKOXK BaJIiiallisl Ha Cy4acHHUX JjaTtacerax i3
CYBOPIIIMM KOHTPOJIEM SIKOCTi PO3MITKH, L0 J03BOJIMIIO
0 TouyHinle BiZOKpeMHTH e(eKT apXiTeKTypHHX
yIOCKOHAJICHb BiJl BIUIMBY LIyMy B naHuX. He MeHII
HiKaBUM ~ HampsMOM €  IiepeBipka  CTIHKOCTI
IHMBEpCH(pIKOBAHOTO aHCaMOIII0 10 HABMHCHHX aTaK Ha
Kracu}ikaTop, OCKUTBKU AEKOPEThOBaHI T1JIKK 32 CBOEIO
NPUPOAOK0  YCKIAJHIOIOTh IICPEeHECEHHs 3MarallbHUX
30ypeHb MK MOJCNSAMH, IO BiOKPUBAaE MOUIAX OO
3aCTOCYBaHHS MOMIOHOT apXiTeKTypd HE IHUIIe IS
knmacudikamii [edexTis, a i 1 BUSBICHHS IIKIIIHBOTO
KOJly, 3T€HEPOBAHOT0 BEJIMKUMH MOBHUMH MOJICIISIMH, Ta
po3mizHaBaHHs cIPoO 00X0/ly aBTOMaTH30BaHUX CHCTEM
KOHTPOJIIO SKOCTi. PO3BUTOK y IIbOMY HAmIpsiMi T03BOJIHB
O mnoenHaTH 3anavi 3a0e3mEedYeHHS SIKOCTI KOOy Ta
Oe3leKr TPOrpaMHUX CHUCTEM Yy MeXax €IuUHOL
JTUBEPCU(IKOBAHOT aHCAMOJIEBOT apXiTEKTYPH.

5. BucHoBKkH

Y  paMmkax  JOCHIDKEHHS  pO3poOJeHO  Ta
eKCIIEPUMEHTAIbHO ~ OOIPYHTOBAaHO  BJIOCKOHAJICHHH
MeToJ kimacudikamii JedeKTiB MporpaMHOTO KOy Ha
OCHOBI JuBepcu(iKOBaHUX aHCaMOIIB KiacH(]ikaTopiB
31 CTAaTHYHHMH METPUKaMU gKOCTi. JlocmimkeHHS
BHKOHAHO Ha Ha0opi maHmx 3 6052 crnocrepeskeHs Ta 21
CTaTUYHOI METPUKH 31 30aJaHCOBAHHM PO3IOHLIOM
kiaciB (50/50) Ta TEOPETHMYHOI BEPXHHOIO MEXKEI0
TOYHOCTI, 3yMOBJICHOIO IIyMOM Y po3MiTiii (Accuracy ~
0,975).

ExcriepuMeHTaIbHO MiATBEPIDKEHO, IO IpocTa
arperaiisi reTeporeHHHX 0a30BUX Kiacu(ikaTopiB
(rosiocyBaHHSs) He JIa€ IPUPOCTY SKOCTI HaJl HAMKPAIO0
OJIMHOYHOIO MOJIEITIO (Gradient Boosting,
CVF1=0,798), ockinmpku nepeBo-mojaiOHI  0a30Bi
KJIacu(ikaTopy JIOMyCKAIOTh KOPEIbOBAaHI MOMMIIKH.
HaToMicTb cTekiHT i3 MeTa-KiIacuikaTopoM 3ade3rneuye
CTaTHCTHYHO MEXOBHH, aje NPaKTU4YHO 3HAUYIIUH
TIPUPICT SKOCTI.

IMoganemia guBepcudikailiss CTEKiHTY Ha OCHOBI
MATPOCTOPIB O3HAK, BiIIOpaHIX YOTHPMAa HE3AJIC)KHUMHU
Metogamu (kopessimis Ilipcona, B3aemHa iH(oOpMaIis,
LASSO, RFE), no3sonuna moOyayBaTu apXiTeKTypy 3
rapaHTOBaHMM MiHIMaJbHUM PiBHEM SKOCTi (He Tiprie
HalBHOTO CTEKIHTY) Ta HE3HAYHHM, MpPOTE CTAOIIbHUM
JIOATKOBUM IIPUPOCTOM.

HaiiGinpmmii  mpupict  gxocti  3a0e3nednB
3aIpOIIOHOBAHUH METO/ PO3IIUPEHOTO
IUBEPCU(IKOBAHOTO  CTEKiHTY, [0  JIONOBHIOE

JUBEpCU(IKOBAHUN CTEKIHT alrOPUTMIYHO BiiOpaHUMHU
JIEKOpEeThOBAHUMH TiJKaMH Ha ocHoBi Extra Trees.
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3anponoHOBaHUN  METOA  MEepeBeplIye  3BUYAWHUIL
JIUBEpCU(IKOBAHUN CTEKIHT 32 yCiMa KOHTPOJIbOBAHUMHU
MeTpukamu ogHouacHo: CV F1 3pic 3 0,813 mo 0,824,
Test F1 — 3 0,798 mo 0,811, ROC-AUC - 3 0,855 mo
0,879, a mucnepcist 3uM3MIack Ha 40 %, 3abe3neuyoun

HaiiBUIIy  CTaOUIBHICT  cepel  yciXx  MoJelneH,
PO3TIIHYTHX Y TOCIiIKEHHI.

3aranmpHUM TpHUPICT AKOCTI HA [UIIXY BiA
HalfKpamoro 6azoBoro kiacudikaropa bi (4]

3amporionoBaHoro metoxy Ext. Div. Stacking cknas
0,026 3a CV F1 Ta 0,031 3a Test F1. Lle miaTBepmkye
LEHTPaIbHY TiNOTe3y MOCTIDKEHHS: IJIeCIIpSIMOBaHe
KepyBaHHS pI3HOMAHITHICTIO aHCaMOJI0 Ha piBHI
MiANPOCTOPIB  O3HAK Ta  AITOPUTMIYHHUX  POJUH,
MO€/IHAHE 3 aJaNTHBHUM MeTa-HaBUaHHAM, 3a0e3redye
MOHOTOHHE TiIBUIICHHS SIKOCTI Kiacuikaii gedekris
MPOTrPaMHOTO KOJY.

[MpakThyHe 3HAYEHHS OTPUMAHHX pE3yJbTATIB
JOCITI/DKCHHS TIOJISITAE Y MOXKJIMBOCTI BHKOPUCTAHHS
3aMpPOIOHOBAHOI0 METO/Ia B ABTOMATU30BAHUX CHCTEMAX
KOHTPOJIFO  SIKOCTI MPOrpaMHOro KOAy B paMKax
Oe3nepepBHOr0 KOHBEEpPA JOCTaBKa K ACHHXPOHHHN
eTan OI[HKH PH3UKIB Je(EeKTHOCTI MEBHOTO MOJIYJIS.
[Tpu 1poMy BpaxoBaHO SIK METPHKH SKOCTI, TaK i 4acOBi
XapaKTEePUCTUKH.

HaykoBa HOBHM3Ha JOCIIKEHHS TOJISITAE y TOMY,
IO BIEpILE 3alPONOHOBAHO aPXITEKTYpy PO3ILIUPEHOTO
JIMBEPCU(IKOBAHOTO  CTEKIHT-aHCaMOJIIo, Yy  SIKOMY
IUBepCcU]IKaIist 3AIHCHIOETBCS OJHOYACHO 33 PaXxyHOK

TPHOX KOMIIOHEHTIB, BKJIIOYAIOUM MIiJIPOCTIP O3HAK,
BUOIp aJIropuTMIYHOI POJMHM Ta aJanTUBHE MeTa-
HaBYaHHSI.

Kpim Toro, HaOyB mOJaJIBIIOrO PO3BUTKY MPOLEC
3aCTOCYBaHHA KpHUTEpIiiB  Pi3HOMaHITHOCTI 10
(hopMyBaHHS CKIIQAy aHCAMOJIO B 3a/a4ax BHABIICHHS
JIedeKTiB MpOTrpaMHOTO KOIy Ha OCHOBI CTATHCTUYHUX
METpUK.

Konduikr inTepecis

ABTOpPH JEKNIapylOTh, L0 HE MalOTh KOHQUIIKTY
IHTEPECIB CTOCOBHO JAHOTO JNOCHI/DKEHHS, B TOMY YHCII
(hbiHaHCOBOTO, OCOOHCTICHOTO XapaKTepy, aBTOPCTBA UM
HIIIOTO XapaKTepy, IO MiT OX BIDTMHYTH Ha JOCTIHKSHHS
Ta HOTO pe3yibTaTy, PeACTaBIICHI B JaHii CTATTi.

®@iHaHCYBAHHSA

JocmimxeHHs 6e3  (¢iHaHCOBOI

TiATPUMKH.

IIPOBOJIMIIOCS

JocTynHicTb faHux

Pykonuc Mae moB'si3aHi IaHi y CXOBHWIII JaHHX.
Habip pmaHmMX, BUKOPWUCTaHWH Yy OCTI[DKCHHI, €
3araJIbHOJOCTYITHHM 1 BKa3aHUIl y TEKCTI PYKOIHCY 3
MOCHJIAaHHAM Ha IEePLIODKEPEIIo

Bukopucranus 3aco6iB IITYYHOI 0 IHTEJIEKTY

ABTOpH MiATBEPKYIOTh, 110 HE BUKOPUCTOBYBAJIH
TEXHOJIOTII INTYYHOTO IHTENEKTy TIPH CTBOPCHHI
NpeCcTaBICHOI pOOOTH.
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Diversified Classifier Ensembles for Software Defect Prediction
Based on Static Quality Metrics

Oleksii Hornostal, Viktor Chelak

Abstract. Background. The relevance of the study lies in the need to improve existing approaches to source code defect
classification in order to provide timely warning of potential execution problems and possible intrusions. The object of the study
is the process of automated detection of software code defects. The subject of the study is ensemble machine learning classification
methods. The objective of the study is to improve the quality of ensemble classifiers in software code defect classification tasks.
The research tasks are: to analyze the characteristics of the dataset; to construct a sequence of ensemble models, from single
classifiers to a diversified ensemble, for the classification of potential defects in software modules; and to confirm the statistical
significance of the quality gain achieved at each stage. The methods used include data preprocessing techniques, feature selection
methods, base machine learning methods, ensemble methods, diversification techniques, and statistical evaluation methods.
Results. The study experimentally confirmed a monotonic increase in classification quality as the ensemble architecture was
progressively complexified — from the best-performing base classifier, Gradient Boosting (CV F1 = 0.798), to the proposed
extended diversified stacking method (CV F1 = 0.824), which outperformed the other models across all monitored metrics while
achieving the lowest variance and the best probability calibration. Conclusions. Based on the results obtained, a method for
software code defect classification is proposed that combines diversified stacking over feature subspaces with additional
decorrelated branches based on Extra Trees and an adaptive logistic regression meta-classifier. The overall quality gain brought
the achievable accuracy closer to the theoretical ceiling imposed by label noise in the dataset.

Keywords: software code defects; static quality metrics; machine learning; classification; ensemble methods; feature
diversification; vulnerability detection; meta-classifier.
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A COMPREHENSIVE APPROACH TO ENSURING THE CYBERSECURITY
OF CORPORATE NETWORK INFRASTRUCTURE

Abstract. Relevance. The rapid development of digital technologies, the widespread implementation of corporate
information systems, and the continuous increase in the number of cyber threats necessitate the improvement of approaches
to protecting corporate network infrastructure. Traditional protection methods based on the use of separate software or
hardware security tools do not provide an adequate level of resistance to modern cyberattacks, which are characterized by
complexity, multiple attack vectors, and the ability to bypass individual security mechanisms. Therefore, the development of
a comprehensive multi-layered cybersecurity system aimed at ensuring the confidentiality, integrity, and availability of the
information resources of enterprises, institutions, and organizations is highly relevant. Subject of the research: modern
approaches, models, protocols, and technologies for ensuring the cybersecurity of corporate network infrastructure. Purpose
of the research: to substantiate a comprehensive approach to designing secure corporate computer networks based on multi-
layered protection and the integrated application of modern network security technologies. Research objectives. To analyze
the role of the Open Systems Interconnection reference model as a methodological basis for designing secure computer
networks; to identify the main information security threats affecting corporate networks; to investigate the implementation
of security mechanisms at the physical, data link, network, and application layers; to examine the principles of the Defense
in Depth concept; to analyze the capabilities of the AAA, RADIUS, SSH, ACL, VLAN, Port Security, DHCP Snooping, and
Dynamic ARP Inspection models, protocols, and technologies; and to determine the advantages of their integrated application
for improving the cybersecurity of corporate network infrastructure. Research methods. The study employs the methods of
systems analysis, comparison, generalization, classification, and systematization of scientific and technical information. A
structural and functional approach is applied to analyze security mechanisms at different layers of the OSI model. The method
of modelling a comprehensive corporate network security architecture is also used. Research results. The main threats to
the information security of corporate networks are identified, including MAC Spoofing, MAC Flooding, ARP Spoofing, ARP
Cache Poisoning, Man-in-the-Middle attacks, unauthorized device connections, the compromise of user and administrator
accounts, and violations of access control policies. The Defense in Depth concept, which involves creating several
complementary layers of protection against external and internal cyber threats, is analyzed. It is established that the
application of a multi-layered approach makes it possible to minimize the consequences of the compromise of individual
network components and ensure the continuity of information systems even when particular attacks are successfully
implemented. The capabilities of the AAA model for centralized access management to information resources are examined,
together with the operating principles of the RADIUS protocol as a means of centralized authentication, authorization, and
accounting of user activities. The advantages of using the cryptographically protected SSH protocol for the secure
administration of network equipment are identified. The application of Access Control Lists for implementing security
policies and controlling communication between corporate network segments is investigated. Port Security, DHCP Snooping,
and Dynamic ARP Inspection technologies aimed at countering data-link-layer attacks and unauthorized device connections
are analyzed. It is established that the logical segmentation of the network environment using VLAN technology is an
effective mechanism for improving cybersecurity, as it enables the localization of cyber incidents, limits the lateral movement
of attacks, and supports the implementation of the principle of least privilege. Conclusions. The highest level of protection
of corporate network infrastructure is achieved through the integrated application of AAA, RADIUS, SSH, ACL, VLAN,
Port Security, DHCP Snooping, and Dynamic ARP Inspection technologies in accordance with the principles of the Defense
in Depth concept. The proposed approach provides centralized access control, increases the protection of information
resources, improves the manageability of the network environment, reduces the risk of cyberattack propagation, and meets
modern requirements for designing secure corporate information systems.

Keywords: cybersecurity; corporate network; network infrastructure; information security; Defense in Depth; AAA;
RADIUS; SSH; ACL; VLAN; Port Security; Dynamic ARP Inspection; OSI model, access control.

1. Introduction At the same time, the expansion of digitalization is
accompanied by a constant increase in the number of

1.1 Relevance of the Topic

The rapid development of digital technologies, the
widespread implementation of corporate information
systems, and the increasing number of network services
significantly increase the requirements for ensuring the
cybersecurity of modern computer networks. Almost all
business processes of enterprises, institutions, and
organizations operate on the basis of corporate network
infrastructure, which provides information exchange
among users, servers, databases, and cloud services, the
use of which requires a separate cybersecurity risk
assessment when selecting a cloud provider [1-3].

cyber threats aimed at violating the confidentiality,
integrity, and availability of information. Attacks focused
on exploiting vulnerabilities in network protocols,
configuration errors in active equipment, weaknesses in
authentication systems, and deficiencies in access control
mechanisms are particularly dangerous. Successful
implementation of such attacks may result in the
compromise of corporate information resources,
disruption of business continuity, financial losses, and
reputational risks [4-6].

Under modern conditions, information security can
no longer be limited to the use of individual software or
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hardware protection tools. A comprehensive approach is
required, combining modern technologies for network
segmentation,  centralized  access  management,
cryptographic protection of data transmission channels,
monitoring systems, and control of network activity.
Therefore, the study of modern threats to corporate
computer networks and the development of effective
mechanisms for their neutralization are among the
current areas of cybersecurity and network technology
development. The relevance of this approach is
confirmed by modern international recommendations for
building  multilayered  protection of  network
infrastructure [7-9].

1.2 Literature Review and Problem Statement

The issue of ensuring the information security of
corporate computer networks is the subject of research by
both Ukrainian and foreign scholars. A significant
contribution to the development of the theoretical
foundations of network security has been made by W.
Stallings, A. S. Tanenbaum, J. Postel, D. Comer, as well
as the authors of international ISO/IEC standards and
IETF recommendations [10, 11].

Practical aspects of building secure corporate
networks are addressed in the recommendations of the
U.S. National Institute of Standards and Technology
(NIST), particularly in the SP 800 series documents,
which define modern approaches to building network
infrastructure protection systems, applying firewalls,
access control policies, and information security
management [12].

Considerable attention in modern research is paid to
the use of the Defense in Depth concept, centralized user
authentication, AAA mechanisms, the RADIUS
protocol, network segmentation using VLAN, Access
Control Lists (ACL), Port Security technology, and
cryptographic protection of administrative access using
SSH. However, most scientific works consider individual
security tools without a comprehensive analysis of their
interaction within a corporate network [13, 14].

Thus, the development of a comprehensive
approach to ensuring the cybersecurity of corporate
network infrastructure remains relevant. Such an
approach combines modern protection technologies
while taking into account current threats and the practical
features of operating local computer networks [11].

1.3 Aim and Objectives of the Study

The purpose of the article is to study modern threats
and vulnerabilities of corporate computer networks,
analyze the mechanisms of their occurrence, and
substantiate a comprehensive approach to ensuring the
cybersecurity of network infrastructure based on the use
of modern authentication, access control, network
segmentation, and cryptographic protection
technologies.

To achieve this purpose, the following objectives
were defined:

— to study modern threats to the information
security of corporate computer networks;

— to analyze vulnerabilities of protocols at different
layers of the OSI model;

—to investigate the implementation mechanisms of
the most common network attacks;

— to evaluate the effectiveness of modern
technologies for protecting corporate networks;

— to substantiate a comprehensive approach to
building secure corporate network infrastructure.

2. Materials and Methods

2.1 Corporate Network Architecture
and the OSI Model

The Role of the OSI Model in Building Secure
Network Infrastructure. The design of modern
corporate computer networks requires a systematic
approach to organizing data transmission processes,
resource administration, and information security. The
conceptual basis for building network systems is the
Open Systems Interconnection (OSI) reference model,
standardized by the International Organization for
Standardization in ISO/IEC 7498-1. This model defines
the logical structure of network communications and
provides a unified approach to designing, analyzing, and
protecting information systems [15].

The OSI model consists of seven interconnected
layers: physical, data link, network, transport, session,
presentation, and application. Each layer performs a
defined set of functions and interacts only with adjacent
layers, which ensures architectural modularity and
simplifies the implementation of protection mechanisms
[10].

In the field of cybersecurity, the OSI model is used
as a methodological basis for identifying potential
threats, analyzing vulnerabilities, and implementing
protection tools at different stages of information
processing. This approach makes it possible to form a
multilayered security system in which the compromise of
one layer does not lead to a complete disruption of
network infrastructure functioning [16].

For corporate networks, the ability to correlate
specific cyber threats with the corresponding layers of the
OSI model is of particular importance.

Levels of Information Protection in a Corporate
Network. Effective information security requires the
implementation of protective mechanisms at all layers of
network interaction. Within the OSI model, each layer
has its own set of potential threats and corresponding
countermeasures [1].

At the physical layer, the main protection tasks
include controlling access to network equipment, cable
infrastructure, and server rooms. Physical security is
implemented through access control systems, video
surveillance, backup power supply, and protection
against unauthorized network connections [9].

At the data link layer, the priority direction of
protection is ensuring the security of switching
equipment and controlling connected devices. The most
common threats at this layer include MAC Spoofing,
MAC Flooding, ARP Spoofing, and unauthorized
connection of user devices. To minimize these risks, Port
Security, Dynamic ARP Inspection, DHCP Snooping,
and network access authentication mechanisms are used
[17].
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At the network and transport layers, routing
mechanisms and data-flow control play a key role.
Protection at these layers is implemented using Access
Control Lists (ACL), firewalls, intrusion detection and
prevention systems (IDS/IPS), network segmentation,
and packet filtering in accordance with established
security policies [18].

The application layer is of particular importance for
corporate networks because it is where users interact with
network  services and information  resources.
Application-layer protection involves the use of
authentication ~ and  authorization  mechanisms,
multifactor ~ authentication,  centralized  account
management,  cryptographic  protection of data
transmission channels, and information security event
monitoring tools [12].

Implementation of the Defense in Depth
Principle in a Corporate Network. One of the key
concepts of modern cybersecurity is the Defense in Depth
principle,  which involves  building  several
complementary security layers to protect information
resources from external and internal threats [14].

The main idea of the concept is that no single
security mechanism can guarantee absolute protection of
network infrastructure.

Therefore, a security system must consist of a set of
interconnected organizational, software, and hardware
tools, each of which performs its own protective function.

If one layer is compromised, an attacker encounters
additional barriers, which significantly complicates the
implementation of an attack [7].

2.2 Analysis of Modern Technologies
for Protecting Corporate Networks

Effective cybersecurity of corporate network
infrastructure requires the integrated use of modern
protection technologies that cover different layers of
network interaction and implement the principle of
multilayered defense (Defense in Depth).

During the design of a secure corporate network, a
number of technologies aimed at ensuring access control,
protecting network equipment, preventing unauthorized
connections, and countering common network attacks
were analyzed.

These technologies include AAA, RADIUS,
SSH, ACL, Port Security, and Dynamic ARP
Inspection [17].

AAA Technology as the Basis of Centralized
Access Control. In corporate networks, the TACACS+
protocol may also be used alongside RADIUS to
implement the AAA model. It is used for centralized
control of authentication, authorization, and accounting,
particularly during network equipment administration
[19].

One of the key concepts of modern network security
is the AAA (Authentication, Authorization, Accounting)
model, which provides centralized management of access
to information resources.

This model involves the implementation of three
interrelated processes: user authentication, authorization
of user actions, and accounting of performed operations
[12].

Authentication is used to confirm the identity of a
user or network device before access to system resources
is granted. Authorization determines the list of permitted
actions after successful authentication. Accounting
ensures the registration and storage of information on all
login attempts, executed commands, and user network
activity [10, 12].

Use of the RADIUS Protocol for Centralized
Authentication. The practical implementation of the
AAA model in corporate networks is often carried out
using the RADIUS (Remote Authentication Dial-In User
Service) protocol. This protocol provides centralized
authentication, authorization, and accounting of users
during access to network resources [10, 11].

The operating principle of RADIUS is based on
interaction among a client, a network device, and an
authentication server.

After receiving an access request, the network
device transmits the user credentials to the RADIUS
server, which verifies their validity and returns a decision
to grant or deny access [10, 11].

2.3 Secure Administration
of Network Equipment Using SSH

Secure management of network infrastructure is an
important component of ensuring the cybersecurity of
corporate networks.

Traditional remote administration protocols, such
as Telnet, transmit credentials and service information in
clear text, creating conditions for their interception and
subsequent system compromise [16].

To eliminate these shortcomings, modern networks
use the SSH (Secure Shell) protocol, which provides
secure remote management of network devices by
creating a cryptographically protected communication
channel between a client and a server [20].

2.4 Access Control Lists as a Network Traffic
Filtering Mechanism

Access Control Lists (ACL) are among the most
widespread tools for protecting network infrastructure.
This technology makes it possible to regulate the passage
of network traffic in accordance with defined security
rules and implement access policies among different
segments of a corporate network [16].

ACLs are sets of rules that define permitted or
prohibited actions for network packets based on
parameters such as source IP address, destination IP
address, port number, protocol type, and data
transmission direction [18].

2.5 Port Security Technology for Protecting
Switching Equipment

One of the most common threats at the data link
layer is the connection of unauthorized devices to a
corporate network. To minimize this risk, Port Security
technology is used on switches.

The operating principle of Port Security consists in
limiting the number of allowed MAC addresses on a
specific physical switch port. The administrator may
define permitted devices manually or automatically store
the MAC addresses of connected equipment.
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When a security policy violation is detected, the
switch may perform various actions: generate an incident
message, block traffic, or automatically disable the port.
This approach makes it possible to effectively counter
MAC Spoofing attacks, unauthorized equipment
connections, and attempts to gain access to corporate
resources.

2.6 Dynamic ARP Inspection as a Means of
Countering ARP Attacks

ARP Spoofing and ARP Cache Poisoning attacks
pose a significant threat to corporate networks, as they
allow an attacker to substitute records in the ARP tables
of network nodes and intercept network traffic [16].

To counter these attacks, Dynamic ARP Inspection
(DAI) technology is used. It ensures verification of the
authenticity of ARP messages within the network. The
operating principle of DAI is based on analyzing the
correspondence between IP addresses and MAC
addresses using a trusted database formed by the DHCP
Snooping mechanism.

When an ARP message is received, the switch
checks its correctness. If a mismatch is detected between
the declared IP address and the physical address of the
device, the packet is blocked and the event is recorded in
the security log.

3. Development and Research Results

3.1 Proposed Multilayered
Security Architecture

In the proposed corporate network architecture, the
Defense in Depth principle is implemented through the
combination of several protection layers.

At the physical infrastructure layer, access control
to server equipment and switching devices is provided.
At the data link layer, Port Security and VLAN-based
network segmentation are used to limit the possibility of
unauthorized connections and lateral movement of
attacks [2].

At the network layer, ACLs are applied to regulate
interaction among individual network segments and
implement the principle of least privilege.

At the application layer, a centralized authentication
system based on the RADIUS protocol is implemented,
while network equipment administration is performed
exclusively through the secure SSH protocol [17].

Continuous monitoring of network activity,
analysis of event logs, and auditing of user actions are
also important components of multilayered protection.
The integrated use of these mechanisms makes it possible
to ensure a high level of corporate network resilience
against modern cyber threats, reduce the risks of
compromising information resources, and increase the
overall reliability of information infrastructure
functioning [12].

Thus, the OSI model serves as a methodological
basis for building secure corporate networks, while the
implementation of the Defense in Depth principle
ensures the formation of a multilayered security system
capable of effectively countering modern threats to
information security.

3.2 Implementation of Centralized Access
Management Based on AAA and RADIUS

Within the proposed architecture, the AAA model
is used as the basis for centralized management of user
and administrator access.

Authentication is performed before access to
network resources is granted, authorization determines
the permitted resources and operations, and accounting
ensures the recording of login attempts, executed
commands, and user network activity. This approach
enables the consistent application of access policies and
provides traceability of actions within the corporate
network [9].

Within  the  proposed corporate  network
architecture, the RADIUS server functions as the central
node for authenticating users and network equipment
administrators, ensuring the implementation of the
principle of centralized access management.

3.3 Implementation of Secure
Administration via SSH

In the proposed network architecture, SSH is used
as the main mechanism for remote administration of
switches, routers, and server equipment, ensuring the
secure execution of configuration and diagnostic
operations [18].

3.4 Implementation of Inter-Segment
Communication Control

In the context of a VLAN-segmented architecture,
ACLs perform an important function in controlling inter-
segment interaction.

They allow limiting user access to critical servers,
regulating interaction among structural departments of an
enterprise, and implementing the principle of least
privilege [13].

3.5 Implementation of Port Security

Within the proposed architecture, Port Security is
used to protect the user ports of access switches, which
significantly increases the level of network connection
control [17].

3.6 Results of the Comparative Analysis

The results of the comparative analysis of corporate
to systematize the obtained results, the selected corporate
network protection technologies were compared
according to four main criteria: their functional purpose,
the corresponding layer of the OSI model, the principal
threats they counteract, and the practical advantages of
their implementation.

This comparison makes it possible to determine
the role of each security mechanism within the
proposed multilayered architecture and to identify
how the analyzed technologies complement one
another.

Particular attention was paid to the distribution of
security functions among the application, network, and
data link layers.

The results of the comparative analysis are
presented in Table 1.
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Table 1 — Comparative Characteristics of Corporate Network Protection Technologies

Technology Main purpose OSIIa)r;Lc;del Main threats countered Advantages of use
Authentication, Unauthorized access Centralized access
AAA authorization, and user Application L ' management and user
L - privilege abuse . L
activity auditing activity auditing
RADIUS Centralized agthentlcatlon of Application Use of local accounts, Single pqlnt of 'm_anagement
users and devices weak access control for security policies
Secure remote Password interception, Data encryption and
SSH - - Application Man-in-the-Middle protection of administrative
administration .
attacks sessions
o Unauthorized access . . .
ACL Control and f.llterlng of Network between network Flexible cc_)n_flguratlon of
network traffic access policies
segments
. MAC Spoofing, - .
Port Security Control .Of device . Data link unauthorized equipment Protection of phys!cal
connections to switch ports - network access points
connection
Dynamic ARP Verification of ARP Data link ARP Spoofing, ARP Protection of ARP
Inspection message authenticity Poisoning, MITM attacks | interaction integrity
Logical network . Lateral movement of Traffic isolation and
VLAN segmentation Data link attacks, data leakage incident localization
Formation of a trusted I1P—
DHCP. Control of DHCP traffic Data link Rogue .DHCP' DHCP MAC correspondence
Snooping Starvation database

Network protection technologies are presented in
Table 1.

As shown in Table 1, none of the considered
technologies provides complete protection of a corporate
network by itself.

Each mechanism is aimed at neutralizing a
particular class of threats and operates at the
corresponding layer of the OSI model. The highest
effectiveness is achieved through the integrated use of
access control, network segmentation, and network
interaction protection technologies. Such an approach
makes it possible to implement a multilayered
cybersecurity system that meets modern requirements for
corporate network infrastructure.

Thus, the results of the analysis indicate that the
integrated use of AAA, RADIUS, SSH, ACL, Port
Security, and Dynamic ARP Inspection forms a
multilayered protection system for a corporate network.

The combination of these mechanisms provides
centralized access control, secure administration of
network equipment, protection against data-link-
layer attacks, and effective management of
information flows, which corresponds to modern
requirements for building secure corporate
information systems [9].

4. Discussion of Research Results

The use of the AAA model significantly increases
the information security level of a corporate network due
to centralized access-right management, reduced risk of
unauthorized actions, and the possibility of security event
auditing. In modern corporate networks, AAA is a basic

component of Identity and Access Management (IAM)
systems.

The main advantage of using RADIUS is the
centralization of account management and security
policy processes.

An administrator is able to manage access to all
network resources from a single center, which
considerably simplifies administration and increases the
level of control over information infrastructure. In
addition, the use of RADIUS makes it possible to
implement detailed auditing of user actions and ensure
compliance with the information security requirements of
the corporate environment [12].

The main advantages of SSH are confidentiality of
transmitted data, protection against credential
interception, information integrity, and authentication of
the communicating parties. The use of SSH makes it
possible to significantly reduce the risks of Man-in-the-
Middle attacks and unauthorized access to network
equipment [16].

In the proposed network architecture, SSH is used
as the main mechanism for remote administration of
switches, routers, and server equipment, ensuring the
secure execution of configuration and diagnostic
operations.

The application of ACLs significantly reduces
the risks of lateral movement within a corporate
network and increases the effectiveness of information
flow control.

The use of Dynamic ARP Inspection makes it
possible to prevent Man-in-the-Middle attacks, ensure
the integrity of addressing processes in the local network,
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and increase the level of trust in network interactions
among nodes of the corporate infrastructure [13].

The combined use of Port Security and DHCP
Snooping strengthens control at the data link layer.

Port Security restricts device connections
through physical switch ports, while DHCP Snooping
prevents the operation of unauthorized DHCP servers
and creates a trusted IP-MAC address binding
database.

The integration of VLAN segmentation and ACL-
based traffic filtering is particularly important for
limiting the lateral movement of attacks. VLANS isolate
individual user groups and network resources, whereas
ACLs regulate permitted communication between the
created segments.

5. Conclusions

As a result of the study, modern threats to the
information security of corporate computer networks
were analyzed and the most critical vulnerabilities of
network infrastructure were identified. It was established
that the main sources of risk remain attacks at the data
link layer of the OSI model, the use of insecure
administration protocols, weaknesses in authentication

It is shown that effective cybersecurity can be
ensured only through the integrated application of
modern protection technologies. The most effective
mechanisms include centralized user authentication
based on the AAA model and the RADIUS protocol, the
use of the cryptographically protected SSH protocol, the
application of Port Security, Access Control Lists,
Dynamic ARP Inspection technologies, and logical
network segmentation using VLAN.
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KommiexcHuii migxix
10 3a0e3neyeHHs KibepOe3neku KOPNOPATHBHOI MepexeBoi iHppacTpyKTypu

T. M. Hepkau, A. O. Imutpenko, JI. A. Kiouko

AHoTaunisi. AkryaasHicTb. CTpIMKHH PO3BUTOK LUQPPOBHX TEXHOJOTIH, MIMPOKE BIPOBAIKCHHS KOPIOPATUBHHUX
iH(pOpMaLIHHUX CUCTEM 1 3pOCTaHHS KiTBKOCTI Kibep3arpo3 3yMOBIIOIOTh HEOOXIHICTh YAOCKOHAICHHS 3aXUCTY KOPIIOPATUBHOL
MepesxeBoi iHpacTpykTypu. TpaauiiiiHi MeTou, 3aCHOBaHI Ha BAKOPHUCTaHHI OKpPEeMHUX IPOrpaMHUX a0 anapaTHUX 3aco0iB, He
3a0e3MevyIoTh HaIeKHOI CTIMKOCTI IO cy4acHMX 0araToBeKTOpHHUX Kibeparak. ToMy akTyaidbHHM € (OpPMYBaHHS KOMILIEKCHOT
0araTopiBHEBOI CHCTEMH, CHOPSMOBAaHOI Ha 3a0e3MeueHHs KOH(IMEHIIHHOCTI, IUTICHOCTI Ta JOCTYIHOCTI KOPIOPATHBHUX
iHpopmaniitnux pecypcis. IIpeamer mocaixkeHHsI: MiAXOAM, MOJENi, MPOTOKOJIM Ta TEXHOJIOTIi 3a0e3nedyeHHs KibepOe3nekn
KOpHopaTuBHOI MepexeBol iHdpacTpykTypu. MeTa mocaimKeHHsI: OOIPYHTYBaHHS KOMIUICKCHOTO MiIXOAy A0 MOOYIOBH
3axXHIIEHUX KOPIIOPATUBHUX MEPEX HA OCHOBI 0AaraTOpiBHEBOTO 3aXHCTY Ta iHTEIPOBAHOTO 3aCTOCYBAHHS CYYacCHUX TEXHOJOTiH
MepeskeBoi Oe3mnexu. 3aBaanus gocaimkenns. [IpoananizyBaru pons Mozerni OS]y IpoekTyBaHHI 3aXUIEHUX MEPEX; BUSHAUUTH
OCHOBHI 3arpo3u; IOCHTIJUTH MEXaHI3MHU 3aXUCTy Ha PI3HHX PIBHIX MEPEKEBOI B3aEMOJIi; po3risHyTH KoHuenmiro Defense in
Depth; npoanamizysatu texnomorii AAA, RADIUS, SSH, ACL, VLAN, Port Security, DHCP Snooping i Dynamic ARP
Inspection Ta mepeBaru iX KOMIUIEKCHOTO 3aCTOCYBaHHs. MeTOau JOCTiKeHHsl. BUKOpHUCTAaHO METOIM CHCTEMHOrO aHawi3y,
NOpIBHSHHS, y3arajJbHEHHS Ta CHCTeMaru3alii HayKOBO-TEXHIYHOI iH(opMalil, CTPYKTYpHO-QYHKIIOHAJBHUM MiAXig i
MOJICIIOBaHHsI KOMIUIEKCHOI apXiTeKTypH Oe3leKkd KopropaTHBHOI Mepexi. Pe3yabraTm mociimkeHHs. BusHaueHO OCHOBHI
3arpo3u KOpIopaTuBHIM MepeskaM, 30kpeMa MAC Spoofing, MAC Flooding, ARP Spoofing, ARP Cache Poisoning, Man-in-the-
Middle, HecaHKIIOHOBaHE MIAKIIOYEHHS MPHUCTPOIB, KOMIIPOMETAIII0 OONIKOBUX 3aIUCIiB 1 MOPYIICHHS ITOJITHK JOCTYITY.
[IpoananizoBano konuenmito Defense in Depth Ta BcTaHOBNEHO, 0 OaraTopiBHEBUH MiAXin 0OMEXy€e HACTIAKA KOMIIPOMETAIIl
OKpEeMHUX KOMITOHEHTIB Mepexi. Po3ristHyTo 3acTocyBanns AAA i RADIUS s nenTtpanizoBaHoro ynpasiiHHs goctynoM, SSH —
JUISL 3aXUIIeHoro aaMinicTpyBanHs, ACL — 1 KOHTpoJIro MiXkcerMeHTHOI B3aemoil, a Port Security, DHCP Snooping i Dynamic
ARP Inspection — ans mpoTuaii arakam KaHajabHOrO piBHS. Beranosieno, mo VLAN-cermeHTalist crnpuse JoKamizarii
KiOepiHINAEHTIB, 0OMEXEHHIO TOPU30HTAIBHOTO MOLUIMPEHHS aTak i peai3auii NPUHIMIY HailMEeHIINX NpHBiieiB. BHcHOBKH.
KommnekcHe 3acrocyBanns AAA, RADIUS, SSH, ACL, VLAN, Port Security, DHCP Snooping i Dynamic ARP Inspection
BianoBifnHo mo konuenii Defense in Depth 3abe3neuye neHTpanizoBaHuii KOHTPOJb AOCTYIY, 3aXHIIEHE aJMiHICTpyBaHHS,
CEeTMEHTAIIiI0 MepexXi Ta MPOTUAIIO TOIINPEHNM MEPEKEBUM aTaKaM.

Knwuosi caoBa: kibepOesneka; KOpIOpaTHBHA Mepeka; MepeskeBa iHppacTpykrypa; iHpopmariiiHa Oesneka; Defense
in Depth; AAA; RADIUS; SSH; ACL; VLAN; Port Security; Dynamic ARP Inspection; mozens OSI; KOHTPOIIb HOCTYIIY.
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3B'A30K, TeJyIeKOMYHiKauil Ta pagioTexHika

VK 621.396.67

doi: 10.26906/SUNZ.2026.3.168

IO. I. Tiuko?, C. 0. Masop?, T. B. Xpanoscekal, I'. 5. Kpuxopenpkuii?

' THCTUTYT crienianbHOTO 3B’ 3Ky Ta 3aXKMCTy iHpopManii HarioHaaIbHOTrO TEXHIYHOTO YHIBEPCUTETY
«KuiBchKnit O TEXHIYHAN 1HCTUTYT» iMeHi Irops Cikopcskoro, Kuis, Yikpaina
2 HaykoBO-[0CIIiIHUI IHCTUTYT BOEHHOT po3Binku, Kuis, Vkpaina

METOAUKA EKCIIEPUMEHTAJIBHOI'O BUMIPIOBAHHS OCHOBHHUX
ITAPAMETPIB AHTEH HA/IBUCOKOYACTOTHOI'O AIAITA3OHY

AHoTanisi. AKTyaJdbHiCTb. Y CTaTTi PO3MITHYTO METOMNKY EKCIIEPHMEHTAILHOTO BUMIpIOBAaHHS OCHOBHHX ITapaMeTpiB
anTeH HajaBucokodactoTHoro (HBY) miamaszoHy, 30kpema miarpaMy CHpsSMOBAaHOCTI Ta KoedimieHTa mincuneHHS. O0’€KT
JOCJII/ZKEHHSI. PYTOpHI CHipanbHi Ta BiOpaTOpHI aHTEHHW, SIKI IIMPOKO BHKOpPHCTOBYIOThCS B HBY cucremax 3B’s3ky,
pamionokanii Ta Tenemerpii. [Ipeamer gocaixkennsi. Metoanka BUMIpIOBaHHSI OCHOBHUX mapaMeTpi aHTeH HBY mianazony.
Meta nociaimkeHHsi: po3poOiIeHHs, OOTPYHTYBaHHS Ta CKCIEPHMEHTAJbHA pealli3alisi METOJUKHA BHUMIPIOBaHHS OCHOBHHX
nmapaMetpiB anteH HBU niama3oHy, 30kpeMa [iarpaMd CHpSIMOBAHOCTI Ta Koedili€eHTa MiICHICHHS, 3 BUKOPHCTAHHAM
1a00paTOpHOI YCTAHOBKH, ONTHUMI30BAaHOI I YMOB HABYAJIBHOTO 1 NMPHUKIAJHOTO TEXHIYHOTO CEPEHOBHINA. 3aBIAAHHS
aociikeHHs1. Po3poONTH Ta eKCHepUMEHTAIBGHO pealisyBaTH METOAMKY BHMIPIOBAHHS JiarpaMH CHPSIMOBAHOCTI I
koedimienta migcuineHHs anteH HBUY-mianasony. MeTtomu JOCHIIUKEHHSI: CSKCIICPUMEHTANBHI JIOCTIKCHHS, METOIN
BUMIpIOBaHHs napametpiB anteH HBY-niana3oHy, HopiBHSUIBHHHN aHaTi3 Ta MaTeMaTHYHa 00poOKa pe3ysIbTaTiB BUMIPIOBaHb.
Pe3yabTaTn gocaiKeHHs. Y CTATTi MPOBEJCHO aHaji3 J1a00opaTOPHOI YCTAaHOBKH, SIKa JO3BOJIIE 3IHCHIOBATH BUMIpPIOBAHHS
B mianasoni mo 10 I'Tu 3 Bukopucranusm rereparopa HBU Keysight N5173B EXG X-Series Microwave Signal Generator,
anamizatopa crekrpa Keysight N9010A EXA, nepenaBaibHOI MipamiJagbHOI PYNMOPHOI aHTEHM, MPUAMAILHOI aHTEHH Ta
JICTEKTOPHOT CEKIIiT 3ICHIOETHCS 3HATTS JiarpaM CIIPSIMOBAHOCTI, a TAKO)K BUMIPIOBAHHS KOe(Ili€HTa MiICUICHHS METOIOM
CTaJIOHHOI aHTEeHH. SIK eTaJIOH 3aCTOCOBAHO BiIKPUTHI KiHEIb XBUICBOAY, 110 JO3BOJISIE TEOPETUYHO ab0 EKCIIEPUMEHTAIBHO
BU3HayaTH 0a30Bi MapameTpH BUIPOMiHIOBaHHS. BrucHoBkn. HaykoBa HOBHM3Ha poOOTH MOJAATac B MPAaKTUIHOMY ITO€THAHHI
KJTaCHYHOI METOAMKH BHMIPIOBaHb 3 CyYacCHHMH IIiIXOJaMH JIO aHANI3y aHTEHHHX XapaKTepPUCTHK, 10 MOXe OyTH
BHKOPHCTAHO SIK y HABYAJILHOMY HPOIIECi, TaK 1 MPH po3poOili eheKTHBHUX aHTEHHHX CHCTEM JUIsl CUCTEM 3B’s13Ky. [1opiBHSIHO
3 QHAIOTIYHUMHU pPOOOTAMH, y CTaTTi JAETAJbHO OIMCAHO IIPOLENypy BH3HAueHHS KoeQilieHTa crpsMoBaHOl 1ii 3
BUKOPHCTaHHSAM IpadidHUX 3aI€KHOCTEH, 10 CIPOIIYE IPOIIEC OLIHKH aHTEH IS pealbHUX TEXHIYHUX 3aCTOCYBaHb.

Kaw4uoBi ciaoBa: pynopHa aHTeHa; HaJBHCOKI YaCTOTH; Jiarpama CIpsIMOBAHOCTI; KOSGII[iEHT MiJCHICHHS; CTATOHHA
aHTEHa; BUMIpIOBaHHs apaMmeTpiB anTeH; HBY BHUMpoMiHIOBaHHS; CIIpSIMOBaHa Jisl; eKCIICPUMEHTAIbHA METOTHKA.

1. Beryn
1.1 AKTyaJIbHiCTh TEMaTUKH

VY cydacHMX TeJIeKOMYHIKAIlIHHUX 1 pafioTeX HIYHUX
cucTeMax, OcCOOJIMBO THX, 110 (YHKUIOHYIOTh Y
HajBrcokoyactotHoMy (HBY) niamasoni, Hajg3BU4aiiHO
BOXJIMBUM € 3HAaHHS OCHOBHHUX IapaMeTpiB aHTEH,
30KpeMa JiarpaMd COpPSMOBAHOCTI Ta KoedimieHTa
migcunenns.  Lli  xapakrepuctuku  Oe3mocepeqHbO
BIUIMBAIOTh Ha e(QEKTHBHICT Iepeqadi Ta NpHHOMY
CHI'HAJIIB, BU3HAYAIOTh CHEPreTUYHNI OaJlaHC PajioiHIH
i sikicTh MOKpUTTA [1, 2]. OcobarBOro 3Ha4ueHHs HaOyBae
3a0e3MedeHHs BIHCOKOI TOYHOCTI BUMIPIOBaHb aHTEHHHX
mapameTpiB  JUIS  CHCTEM  MOOUILHOTO  3B’SI3KY,
panionokarii, CHCTEM 3B’SI3Ky 3 PYXOMHMH 00’€KTaMH,
CYIIyTHUKOBUX KaHANIB Ta IHIINX KPUTHYHHX cdep, e
BTpaTd CHUTHAIy MOXYThb IIPU3BECTH [0 CYTTEBHX
(GyHKITIOHATBHUX OOMEKeHb ab0 3HIDKCHHS HAIiHHOCTI
cucremu [3, 4].

Hespaxaroun Ha 3HAYHY KUIBKICTh BiJIOMHX
TEOPETHYHHX MOJIeJIed 1 YHMCIOBHX METOXIB aHallizy
anteH [5, 6], came ekcrieprMEHTaIbHE MiATBEPKESHHS
XapaKTepUCTUK BUIIPOMIHIOBaHHS 3aJIMIIAETHCS
He3aMiHHMM  €TaloM Yy [poLeci INpOEKTyBaHHS,
HaJaITyBaHHI W eKCIUTyaTallil aHTeHHUX TPUCTPOiB. Y
TOH ke "ac, 6araTo KIACHIHHUX JJAOOPATOPHUX METOJTUK,
0COONMMBO Ti, IO 3aCTOCOBYIOTHCSI B HABYAITLHOMY

npoiieci, MoTpeOyTh akTyamizamii abo amamramii 10
Cy4acHMX BHMOI — 30KpeMa MIOJ0 TOYHOCTI Ta
HIBUKOCTI BUMIPIOBaHb Ta MPOCTOTH peaizariii [7, 8].

ToMmy mocTae BaXJHMBE HAYKOBE 1 MPAKTHYHE
3aBJAHHS: YI0CKOHAJICHHSI abo YTOYHEHHS
EKCIIEPUMEHTAIIbHOT METOAUKU BUMIpIOBaHHS
MPOCTOPOBUX XapakTepucTuk anteH HBY-miamaszony 3
ypaxyBaHHSIM BHMOI JO TOYHOCTI MOBTOPIOBAHOCTI
pe3ysbTaTiB 1 MPOCTOTH peaii3aiii B HaBYAIbHUX Ta
NPUKJIAJIHUAX TEXHIYHUX YMOBAX.

1.2 AHaui3 JiTepaTypHUX TKepeJ
i BU3HAYeHHs NpodieMu

CydacHi JIOCHIPKEHHS B Taly3l BHU3HAYCHHS
mapametrpiB  anteH HBY  oXommomoTh  po3poOKy
IIHPOKOCMYTOBHX KOHCTPYKIIiH Ta METOIUKHI

BUMIpIOBaHb. Y poboTax [3, 5] omucaHo KOHCTPYKIUIl
[IMPOKOCMYTOBHX PYHOPHHUX aHTEH IJIS IMITYJIbCHHUX Ta
CEHCOPHUX 3aCTOCYBaHb, SIKi BiJI3BHAYAIOTHCS BUCOKOIO
TOYHICTIO Ta CTIHKICTIO mpu KaniOpyBaHHi. OcolnuBy
yBary NpHAIJICHO ONTHMIi3alii KOHCTPYKLIl aHTeH s
MimiMerpoBoro aiamasony [1]. Kpim Ttoro, meromu
BHUMIpIOBaHHS, BUKOpHCTaHi y [2] Ta [9], meMOHCTPYOTH
MOJKJIMBOCTI OIIiHKM KOe(]ili€HTa MiICHICHHI B IIbOMY
Jliana3oHi HaBITh 32 YMOB 0OMEXEHOTro J1abopaTopHOTO
ocHamienns. He MeHm BainuBo: mocimimkeHHs [7, 8]
JETATLHO aHa3YyI0Th OaraTopeKMMHI XBHJICBOIH 3
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PYNOPHUMHM aHTEHAMHU, LIO IiATBEPDKYE aKTyaJbHICTb 1
MepPCIEKTUBHICTh OOpaHOi TEMaTWKH B JIOKAJIbHOMY
akaJeMiyHOMy  cepemoBumli. Pasom 1 poGoTH
JEMOHCTPYIOTh BUCOKHIl PIBEHb TEXHIYHOI pPO3pOOKH,
aje  HalyacTimie Taki METOAMKM CKiamHi  abo
moTpeOyIoTh JOpPOroro oONagHaHHS, IO OOMEXye iX
BHKOPHCTAHHS B HABYAJIFHUX JIAOOPATOPIsX.

1.3 MeTa i 3aBaaHHs J0CTiKeHHS

Mertoro poboTH € po3pobIeHHS, OOTPYHTYBAaHHS Ta
eKCIIepUMEHTAIbHA Peai3allisi MeTOAUKHA BUMipIOBaHHS
OCHOBHHX mapametpiB anteH HBY miamazony, 30xpema
niarpamu  crpsimoBanocTi  (JIC) Ta  koedimienTa
MiJICWICHHs,, 3  BUKOPHUCTaHHSIM  JaOOpaTopHOL
YCTaHOBKH, ONTHMIi30BaHOi Ul yMOB HaBYaJbHOTO i
NPUKJIQIHOTO TEXHIYHOTO CEpefoBHINA. 3aBlaHHA
MOJISITaE 'y PO3pOOIN Ta SKCIEPUMEHTAIBHIN peanizariil
METOJIMKH BHMIpIOBaHHS JiarpaMd CHPSMOBAHOCTI i
KoedimienTa miacwieHHs aHTeH HBUY-nmiamaszoHy Ta
OIHUTH ii e(PEKTHUBHICTE.

2. Marepianu i MeTOAU TOCTiTKEHHS

Antenn HBY niama3oHy BiflirparoTh KIFOUOBY POJib
y TOOYIOBI Cy4acHHX CHCTEM Oe€3IpOTOBOrO 3B’SI3KY,
pamionokarii, TelmeMeTpii Ta CEHCOPHHX TEXHOJOTIMH.
30KkpeMa, PYIOpHi aHTEHH BHPIZHSIOTHECS HPOCTOTOO
KOHCTPYKIii, HANIHHICTIO Ta BHCOKOI €(EeKTUBHICTIO B
3aJaHOMy  HampsMKy, IO poOHTh iX  IIHPOKO
BukopucroByBanumu B HBU-texwiui [1, 5, 6]. B ocranni
POKM TIOCHJIEHO JOCTI[DKYIOTBCSI IIMPOKOCMYTOBI Ta
MUIIMETPOBOXBHIILOBI pynopHi aHTEHH, SIKi
3aCTOCOBYIOTBCSl /ISl TOYHUX BHMIPIOBaHb IMITYJIbCHHX
CHTHANIIB, Yy TOMY 4Hcli B yMmoBax 5G-cepeqoBHINa Ta
IHIyCTpiaIBHOTO CEHCOPHOTO 3B’s13KY [3, 4].

Oco0nuBoro 3Ha4yeHHs HaOyBae 3ajadya TOYHOTO
BU3HAYCHHS [1apaMETPiB BUIPOMIHIOBaHHS AaHTECH —
TaKUX SK JiarpaMa CIPSAMOBAHOCTI Ta Koe]imieHT
migcunenHs. Lli XapakTepHCTUKM € KPUTHYHUMH MPH
MPOEKTYBaHHI PATiONiHIA Ta OIUHII SKOCTI POOOTH
anteHHo-¢Qimepuux  Ttpaktie  [10]. Y Oarareox
JOCII/DKCHHSX — peayi3oBaHO CKJIAJHI  BHMIPIOBAIBHI
cXeMHu B O€3JIyHHMX Kamepax 1 CHCTEM 3 YHCIOBUM

KepyBaHHsAM, SKi [OalOTh BHCOKY TouHicth [2, 9]
Bonnouac, Taki cucreMu HE 3aBXKAM PUIATHI 70
BUKOPDUCTaHHS B  yYMOBax 0a30BUX  HaBYaIbHHX
naboparopiii a0 MaoNOTy>KHUX MOOUTLHUX MPUCTPOTB.
VY BITUM3HAHIN TPaKTHII, 30KpeMa B poboTax [7, 8],
MIPOJIEMOHCTPOBAHO TIPHKIIA I JOCITIDKCHD
XapaKTEPHCTUK PYIIOPHHUX aHTEH 32 yMOB 0araTtoMoiOBOI
POOOTH XBUIICBOIIB, IO MIATBEPIDKYE MPAKTUIHY HIHHICTH
Ta CKIAJHICTh aHANi3y TakKWX CTPYKTyp. Lle 3ymoBiroe
motpedy B po3poOIi METOMWKH, sKa O MOeqHyBaia
JNOCTYITHICTD peajli3amlii 3 JOCTaTHHOIO TOYHICTIO [UIS
MPOBEJICHHS ~ TEXHIYHO  KOPEKTHHX  BHMIpIOBaHb
napameTpiB pynopHux anteH y HBU-zianasoHi.

3. Pe3yJbTaTH A0CTiIKEHHSA METOAUKH
BUMIipPIOBAHHS OCHOBHHUX IapaMeTPiB aHTEH
HA/IBHCOKHUX YaCTOT

3.1 BumiproBanus giarpaMu cnpsiMOBaHOCTi aHTeH

VYcranoBka st BumiproBanus JIC anten (puc. 1, a)
cknagaerbesi 3 reHepatopa HBY 3  mepenaBanbHOIO
AHTEHOI0 THILy «IlipaMilaldbHHUI PYyTopy; MpHUiMaIbHHUX
(mocmimKxyBaHHX) aHTeH, B SIKOCTI SIKUX
BUKOPHCTOBYIOThCSI BIIKPHTHI KiHELlb XBUIIEBOY, £ Ta H
CEeKTOpiaJbHI Ta MipaMilaJbHUN PYIIOPH; JIETEKTOPHOL
CEKIli; BUMIPIOBAIFHOIO MpHIaaAy Ta IOBOPOTHOTO
MPUCTPOIO; CTAJOHHI AHTCHU 3 BIIOMHUM KOe(Dil[ieHTOM
T ICUJICHHSI.

JlabopaTopHa yCTaHOBKa TMpAIfO€ B Jiana3oHi
xump g0 10 ITu. HBY eneprins TeHepaTopa
BUIIPOMIHIOETBCS TI€PEABAIBHOI0 PYHNOPHOIO aHTEHOIO
y BUTBHHHA TPOCTIp 1 HAAXOOUTH HAa MPHHMANBHY

(mocmimxyBany) aHteHy. [licns JeTekTyBaHHA B
JNETEeKTOpHIM  cekuii  CHrHal  HAaAXOAWTh  Ha
BUMIPDIOBaJIbHUI ~ TIpWJiajl, sIKWil  BU3HAa4Yae  Horo

BeJIMUMHY. [10BOpOTHHI MPUCTPIi O3BOJISIE 3MIHIOBATH
OpIEHTAI[II0 JOCIIPKYBAHOI aHTEHU B TOPHU3OHTAJIBHIH
IUTOIIMHI, MM 3a0€3MeYy€eThCs MOKIMBICTE 3HATTS J[C
y 1l mwiomuHi. Benuunna curuany, mo npuiMaeThes
Ha BUMIPIOBAJIILHOMY IPWJIaJi, NPsAMO IMPONOpLiiiHa
ammrityni JC i1 3amexuts Bif opieHTalii nIpuiAMambHOT
AHTEHH BIJIHOCHO MEPeAaBaibHOI.

3nsTa 3asekHicTh Binnoigae J[C mo mOTyXHOCTI,

BinbHui

2 MepepaBanbHa A
npocTip

3 JocniaxysaHa
aHTeHa

aHTeHa

XapaKTCpUCTHKa JACTCKTOpa IIpH

MaJIuX PiBHAX CUTHAITY
KBaJpaTU4HA, a piBeHb
BHITPOMiHIOBAHOTO CUTHAILY

OCKIJIBKH BOJIbT-aMIICpHa
5 BMMIpIOBaanMM
npunap

f
1 HBY- (( eTeKTopHa
reHepatop 4 CceKuin

reHeparopa nabopaTtopHOi
YCTaHOBKH JIOCUTh MaJIUH.

EtanonHa . L.

aHTeHa 3.2 BumipioBanus koedimienra
_____ MiZICHJICHHS AHTEHH
MepeaaBanbHa BinbHui [ocnipxysaHa :

2 aHTeHa npocTip 3 aHTeHa : VYcranoska A
i BUMIPIOBaHHS KoedirieHTa
1 HBY- )) ':D (((( Rerextopra | ;| 5 Buviposansimi | | TTACHIICHHS (puc. 1, 6)
Tenepatop 40 npunag cKkiagaeTees 3 reHepatopa HBY 3

Puc. 1. CtpykrypHa cxema naboparopHoi yctanosku (1 — HBY reneparop;
2 — mepejiaBaNbHa aHTEHA; 3 — OCHIKyBaHa NpUiiMalibHa aHTeHa; 4 — IETeKTOpHA
cekuis): a — BumiproBanss JIC anret (5 — BUMiproBalIbHHI NPHJIan); 6 — BUMIpIOBaHHS
koediuienrta migcuineHns (5— aHaiizaTop crekTpa; 6 — eTalOHHA aHTEHA)

NepeaBajJbHOI0 aHTEHOI0 TUILY
«TipamifaIbHAN pymnop»;
€TaJIOHHOI MpHIManbHOI aHTEHU;
NpUAMaNbHUX  (TOCIIHKYBaHUX )
AHTCH; JICTCKTOPHOI CeKmii Ta

BUMipIOBTLHOTO TIPHIAIY.
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JlabopaTopHa ycTaHOBKa TpaIloe B Jiama3oHi
xunb g0 10 TTu. HBY enepris reneparopa 3a
JIOIIOMOT'010 TIepeIaBaAlIbHOT aHTEHU BHIIPOMIHIOETHCS B
IpocTip 1 HaaXOIUTh Ha NMpHHAMalbHY aHTeHy. llicis
JICTeKTYBaHHSl CUTHAJl HAJXOJWTh Ha BHMIipIOBaJbHUM
npwia. BenuunHa curHaiy, 110 NpUAMAEThCS, OPSIMO
MponopuiiHa BeMWYMHI  KoedimieHTa  ITiICHICHHS
JOCITIKYBaHO! aHTEHH.

BumiproBanas Koeilli€eHTa IACHICHHS aHTEH
TIPOBOAUTHCS METOIOM TTOPIBHAHHS (METOIOM €TaJIOHHOT
anTenn). Llelt MeTox € HAUTIPOCTIMINM 1 JOCUTH TOYHHM.
B stkoCTI eTaioHa BUKOPUCTOBYETBCS aHTEHA, KOS(ILliEHT
MIJICUIICHHS SIKOT BiJOMHII a00 MOke OyTH BHU3HAYCHUU
TEOpEeTHYHO abo  eKclepUMeHTaldbHO. [lopiBHSHHS
JOCII/DKYBaHOI AHTEHHM Ta €TaJOHOi IPOBOAMTHCS B
peXUMI TpHUtoMy a00 BUIPOMIHIOBAHHS. 3 BHU3HAYCHHS
koeQillieHTa MIJCUICHHS BUIUIMBA€E, L0 IOTYXHOCTI
BUTIIPOMIHIOBAHHS JOCIIKYBaHOI Ta €TaJlOHHOI aHTEH
TMIPOTIOPIIiHHI TX Koe]imieHTaM ITiICHIICHHS:

Pc _ Gic Pic
5. "o CGic=Cero = @
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D
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™o
18 1507 60
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16 EN 180 — 140
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14 i 20 25
_6 20
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A5N 12 | ‘
15 2 3 M 5789101520%

Sk BuaHO 13 ciBBigHOMIEHHS (1), 111 BU3HAYCHHS
KoedillieHTa  MIACHICHHS  JOCHIIKYBaHOI  aHTEHH
JOCTaTHBO 3HATH KOE(ILIEHT MiJCHICHHS eTajoHa Ta
BIJIHOILICHHS X IOTY>KHOCTEH BHITpOMiHIOBaHHS. Yepes
Te, mo y Bupasi (1) BUKOPHCTOBYETHCS BiJIHOIICHHS
MOTYXXHOCTEH, BH3HAYCHHSA A0COJIOTHUX 3HAYEHb IHX
BEJIMYMH BUMIipIOBATH HE MOTPiOHO.

VY nmaniii poboTi B AKOCTI E€TAJOHHOI AaHTEHHU

BUKOPHCTOBY€ThCS  BIAKPUTHI KiHEIb XBHJICBOAY,
KOeQII€HT i ICHIICHHS SKOTO € TaKUM:
4n
GET = —20,81ab'|’]a y (2)
A
a i b BigmoBizHO po3Mipy HMIMPOKOT Ta BY3bKOI CTiHOK
XBHJIEBOLY.
[Ipu  pospaxyHKy  KkoeQillieHTa  TiJCHIICHHS

PYIIOPHUX aHTEH 3 JOCTATHBOIO YISl MPAKTUKH TOUYHICTIO
MOYKHA 3HEXTYBaTH BTPATAMH Ta CKOPHUCTATUCS rpadikom
3aiexxHocTi koedimienta copsimoBanol i (KC) Bix
ENIEKTPUYHKUX PO3MIpIiB pynopa (puc. 2), BBaXKaIOUH, 1110

G=Dng, my=1I. 3)
De
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Puc. 2. 3anexnicts KC/] Bin po3mipiB po3kpuBy pymopa: a — H — cektopHOro; 6 — E-cextopHOTO

Hns  BusHaueHHs KCJI HeoOXimHO 3aMipsATH
BUCOTY pyropa R i 3 ypaxyBaHHSIM BiJIOMOT JOBXHHH
XBHWJII BUOpaTH BIANOBiAHY KpuBY Ha rpadiky. ITorim,
BUMIPSIBILIM BEJIWYHMHY PO3KPUBY pyINopa, BH3HAYUTH
BIJIHOLLICHHS] BEJIMYMHU PO3KPUBY 10 JOBXKHHH XBHJI,
micisi 4Oro 3a BEPTHKAJIBHOI IIKAIOK  3HAUTH
BIJINIOBiJTHE IS TaHOTO PyIlopa 3HAYEHHS KoedimieHTa
nigcunenns. KoedilieHT mifgcuiieHHS mHipaMiganbHOTO
pyIopa po3paxoByIOTh 3a (opMyIIor0

!

KondguikT inTepecis

ABTOpH [eKIapyroTh, IO HE MAalOTh KOH(DIIKTY
IHTEpeCciB CTOCOBHO JAHOTO JTOCIIPKEHHS, B TOMY YHCIi

(hiHaHCOBOTO, OCOOMCTICHOTO XapaKTepy, aBTOPCTBA UH
IHIIOTO ~ XapakTepy, 110 Mir OM BIUIMHYTH Ha
JOCII/DKEHHSI Ta HOTrO pe3yNbTaTH, NpelCTaBieHI B
JlaHif cTarTi.

®@iHaHCYBaHHA
(inancoBoi

HocmimkeHHas  mpoBoamwiocs — 0e3

MiATPUMKH.
JocTynHicTb 1aHuX
Pykomuc He Mae 1MOB’I3aHUX JaHUX.
BuxopucranHs 3aco0iB IITY4YHOI 0 iHTeJIEKTY

ABTOpH MIATBEPKYIOTh, 110 HE BUKOPUCTOBYBAIIH
TEXHOJIOTiI IITyYHOTO IHTEJIEKTY NpPH CTBOPEHHI
TIpeCTaBIeHO] POOOTH.
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Methods of Experimental Measurement of the Main Parameters of Antennas of the Ultra-High Frequency Range
Yrii Gichko, Serhii Mazor, Tetyana Khranovska, Heorhii Krykhovetskyi

Abstract. Relevance. The article considers the method of experimental measurement of the main parameters of
antennas of the ultra-high-frequency (microwave) range, in particular the radiation pattern and gain. Object of research: horn
spiral and vibrator antennas, which are widely used in microwave communication, radar and telemetry systems. Subject of
research. Methods for measuring the main parameters of microwave antennas. The purpose of the study: development,
substantiation and experimental implementation of a method for measuring the main parameters of microwave antennas, in
particular the radiation pattern and gain, using a laboratory installation optimized for the conditions of the educational and
applied technical environment. Research objectives. To develop and experimentally implement a method for measuring the
radiation pattern and gain of microwave antennas. Research methods: experimental studies, methods for measuring the
parameters of microwave antennas, comparative analysis and mathematical processing of measurement results. Research
results. The article analyzes a laboratory setup that allows measurements in the range up to 10 GHz using the Keysight N5173B
EXG X-Series Microwave Signal Generator, Keysight N9010A EXA spectrum analyzer, transmitting pyramidal horn antenna,
receiving antenna and detector section. The open end is used as a standard waveguide, which allows theoretically or
experimentally to determine the basic parameters of radiation. Conclusions. The scientific novelty of the work lies in the
practical combination of the classical measurement technique with modern approaches to the analysis of antenna characteristics,
which can be used both in the educational process and in the development of effective antenna systems for communication
systems. Compared to similar works, the article describes in detail the procedure for determining the directional action coefficient
using graphical dependencies, which simplifies the process of evaluating antennas for real technical applications.

Keywords: horn antenna; microwave frequencies; radiation pattern; antenna gain; reference antenna; antenna parameter
measurement; microwave radiation, directivity; experimental methodology.
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DISCRETE INTEGER MODEL OF COMPLEX TIME-DIVISION SIGNALS
WITH A PERIODIC STRUCTURE

Abstract. Background. The determination of approaches to the analytical synthesis of ensembles of complex time-
division signals without the use of a search-and-correction procedure is relevant for reducing the computational complexity
of synthesis of complex time-division signals with a periodic structure. Subject of the study: a discrete integer model of
complex time-division signals with a periodic structure and conditions for determining the cardinality of the set of discrete
positions of the ensemble and achieving no more than one pulse overlap. Objective: development of a discrete integer model
of complex time-division signals with a periodic structure and establishment of conditions based on this model for
determining the cardinality of the set of discrete positions of the ensemble and achieving no more than one pulse overlap for
each mutual discrete shift of signals. Research tasks: to develop a discrete integer model of complex time-division signals
with a periodic structure; to determine the cardinality of the set of discrete positions of the ensemble; to determine the
conditions for achieving no more than one pulse overlap for each mutual discrete shift of signals. Methods. The methods of
discrete integer modeling and the apparatus of linear Diophantine equations were applied. Results. The mutual coprimality
of the numbers of pulses in a pair of signals is a necessary and sufficient condition for the existence of no more than one
integer solution of a linear Diophantine equation and the occurrence of no more than one pulse overlap for any mutual discrete
shift. Conclusions. The minimum cardinality of the set of discrete positions for a pair of signals is determined as the least
common multiple of the numbers of pulses in this pair, and for an ensemble as the maximum of such values obtained for all
pairs of signals, which ensures the same duration of ensemble signals and constant integer pulse placement steps.

Keywords: complex time-division signals; periodic structure; discrete integer model; linear Diophantine equation;
coprime numbers; set of discrete positions; pulse overlap.

1. Introduction
1.1 Research relevance

The development of ultra-wideband access systems
for low-power applications follows several directions.
Study [1] considers regulatory limitations, physical-layer
specifications, and standardized impulse-radio
communications. Equipment and standards compatibility
across the physical layer, medium access control, and
upper layers is investigated in [2]. The development of the
physical layer is addressed in [3] through requirements for
higher speed, lower power consumption, and fewer
hardware resources. Transmitter and receiver architectures
are considered in [4]. The characteristics and practical
applications of ultra-wideband technology are analyzed in
[5]. Study [6] focuses on advances in ranging, sensing, and
data transfer in ultra-wideband systems. Study [7] analyzes
the current use of IEEE 802.15.4 impulse-radio ultra-
wideband technology and prospects for further adoption.
Impulse-radio sensing and directions for its practical
application are investigated in [8]. Study [9] considers the
operating principles of ultra-wideband wireless systems,
modulation schemes, and channel characteristics. Ultra-
wideband radio-link quality is investigated in [10].
Distance- and frequency-dependent characterization and
modeling of indoor ultra-wideband propagation channels
under line-of-sight and non-line-of-sight conditions are
investigated in [11]. A reconfigurable memristive pulse
generator with pulse shaping for operation in the
3-5 GHz ultra-wideband range is proposed in [12]. A
digitally configurable impulse-radio ultra-wideband
transmitter based on a switching oscillator, with tunable
pulse width and pulse position for high-data-rate and low-
power operation, is proposed in [13]. IEEE 802.15.4a
supplements IEEE 802.15.4 by adding alternative physical
layers for low-rate wireless personal area networks [14].

IEEE 802.15.4z incorporates enhancements to ultra-
wideband physical layers and ranging techniques [15].
IEEE 802.15.3f extends the millimeter-wave physical-
layer specification to the 57-71 GHz band [16]. The
reviewed results confirm that impulse transmission is a
promising direction for further research.

Under conditions of a steady increase in the density
of radio services and the number of users, a potential
limitation of further development of ultra-wideband
access systems based on the IEEE 802.15 family of
standards is the use of a shared channel and probabilistic
access mechanisms, when each end device can transmit
data only if the channel is considered free, and in the case
of overlapping transmissions, signals of different users
become distorted and lost. The above limitation can be
eliminated by transition to code-division multiple-access
systems, which makes it possible to provide guaranteed
simultaneous access for a certain number of users.

A significant stage in the development of synthesis
of ensembles of complex impulse signals was the
approach proposed in [17], which provides synthesis of
ensembles of periodic complex impulse signals with
minimum energy interaction (hereinafter referred to as
complex time-division signals with a periodic structure),
for which no more than one pulse overlap occurs under
arbitrary time shifts, making such ensembles suitable for
use in asynchronous ultra-wideband systems. A
characteristic feature of such ensembles is the
constructive difference in signal energies caused by
different numbers of equal-duration pulses in each signal
[17, 18]. At the same time, synthesis of such signal
ensembles is performed using a search-and-correction
procedure [17], which leads to high computational
complexity of the synthesis procedure.

Thus, the relevant research task is to determine
approaches to analytical synthesis of ensembles of
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complex time-division signals without using a search-
and-correction procedure, which will significantly
reduce the computational complexity of synthesis and
provide possibilities for software-controlled adjustment
of signal parameters in ultra-wideband code-division
multiple-access systems. This enables software synthesis
and reconfiguration of ensembles directly in transceiver
devices by changing their parameters, creating
prerequisites for adaptive modification of the operating
mode of an ultra-wideband access system.

1.2 Literature review and problem definition

The approach proposed in [17] provides synthesis, by
an  exhaustive-search-and-correction  procedure, of
ensembles of periodic impulse signals with minimum
energy interaction, for which no more than one pulse
overlap occurs under arbitrary time shifts, making such
ensembles suitable for asynchronous ultra-wideband
systems. A characteristic feature of these ensembles is the
inherent difference in signal energies caused by different
numbers of equal-duration pulses in each signal, while
their  improved cross-correlation  properties and
preservation of these properties under arbitrary time shifts
make ensembles of impulse signals with minimum energy
interaction promising for use in ultra-wideband code-
division multiple-access systems.

The construction of an ensemble of complex impulse
signals with minimum energy interaction is performed in
two stages [17]. First, the parameters of the impulse
sequences that must satisfy the necessary synthesis
condition are determined. Then, for the determined initial
parameters, the sufficient condition of minimum similarity
is checked. For the impulse sequences of the ensemble, the
initial parameters are defined as

n1 > nz > > nL,

niTi = T,l = 1, ...,L,
where n; is the number of pulses in sequence i; T; is
the pulse repetition period of sequence i; T is the duration
of the ensemble signals.

The above relations define the initial parameters of
the impulse sequences but do not guarantee satisfaction
of the sufficient condition of minimum similarity.
Therefore, after the initial parameters have been
determined, satisfaction of the sufficient condition of
minimum similarity must be verified:

,1<i<j<,

max R;j (1) < \/Tn]
where R;;(t) is the cross-correlation of impulse
sequences i and j at time shift t; T is the time shift
between the sequences; L is the ensemble size.

The minimum-similarity condition for signals in the
ensemble is achieved in [17] only by a separate
exhaustive-search-and-correction  procedure,  which
consists in sequentially checking, for each pair of
impulse sequences and for each mutual discrete time
shift, compliance with the constraint on the maximum
cross-correlation value; if the condition is violated, the
parameters of one of the sequences are corrected and the
check is repeated until the sufficient condition is satisfied
for all pairs of sequences in the ensemble.

Thus, the synthesis procedure for ensembles of
complex signals with minimum energy interaction consists
in forming an initial ensemble of periodic impulse
sequences in which the sequence with the largest number of
pulses is assigned the smallest initial period, whereas larger
initial periods are selected for the remaining sequences so
that all their pulses are fully located within the specified
signal duration. Then, for each pair of sequences and for
each discrete time shift, the admissible cross-correlation
value equivalent to the condition of no more than one pulse
overlap is calculated. If the condition is not satisfied, the
parameters of one of the sequences are corrected, after
which the verification is repeated iteratively. This
synthesis procedure is based on exhaustive search and
correction and has high computational complexity.
Therefore, the known synthesis method does not provide a
sufficient analytical basis for computationally efficient
synthesis of complex-signal ensembles.

1.3 Research objective and tasks

The objective of the study is to develop a discrete
integer model of complex time-division signals with a
periodic structure and to establish, based on this model,
the conditions for determining the cardinality of the set
of discrete positions of the ensemble and achieving no
more than one pulse overlap for each mutual discrete
shift of signals. To achieve this objective, the following
tasks were defined:

—to develop a discrete integer model of complex
time-division signals with a periodic structure;

— to determine the cardinality of the set of discrete
positions of the ensemble;

— to determine the conditions for achieving no more
than one pulse overlap for each mutual discrete shift of
signals.

The research results will enable the synthesis of
ensembles of complex time-division signals based on the
analytical determination of their parameters without the
use of a search-and-correction procedure, which will
reduce the computational complexity of synthesizing
such signal ensembles.

2. Materials and methods

The object of the study is the process of formation
and analysis of complex time-division signals with a
periodic structure, in which the pulse start times are
specified by discrete positions. The main hypothesis of
the study: the application of a discrete integer model of
complex time-division signals with a periodic structure
provides analytical determination of the ensemble
parameters without the use of a search-and-correction
procedure.

The following conditions are adopted for the
construction of the discrete integer model.

Condition 1. Complex time-division signals with a
periodic structure have the same duration within the
ensemble.

Condition 2. The pulses of the signals have the same
duration.

Condition 3. The position of a pulse is determined
by the moment of its start on the set of discrete positions
of the signal.
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Condition 4. Pulse overlap is determined by the
coincidence of the numbers of discrete positions of their
starts.

Condition 5. The periodic structure of signals is
determined by constant integer pulse placement steps.
The methods of discrete integer modeling and the
apparatus of linear Diophantine equations are applied for
the construction and analysis of the mathematical model.

The construction of the discrete model involves the
transition from pulse start times to discrete position
numbers, which makes it possible to determine the
conditions of pulse overlap through the existence of
integer solutions of a linear Diophantine equation.

3. Results of development and research of
the mathematical model

3.1 Construction of the mathematical model of
complex time-division signals with a periodic
structure based on linear Diophantine equations

To construct and analyze the discrete integer model,
we use the apparatus of linear Diophantine equations
[19-21].

Let us assume that pulse positions are determined by
their start instants, while pulse overlap is defined by
coincidence of these instants. We introduce a discrete
integer model of a complex time-division signal with a
periodic structure, whose pulse positions are defined on a
set of discrete integer quantities—signal positions. The
elements of the set of signal positions correspond to all
possible pulse start instants over the signal duration
(hereinafter, the discrete set of signal positions). Pulse
positions are the signal positions occupied by pulses of the
corresponding sequence, and pulse overlap between two
signals is determined by coincidence of the numbers of
these positions. We pass from time to integer position
numbers so that the overlap of two pulses is determined by
coincidence of the position numbers of their start instants.

For each of the signals numbered i and j, considered
as a signal pair, we define a time interval T;, identical for
both signals of the pair, within which the start instants of
their pulses of duration T, are determined as pulse
positions on a set of N;; discrete integer quantities —
signal positions:

Tij = Ni]"[u'

Each discrete signal position m =0,...,N;;
corresponds to the time instant mr,; the value m = N;;
corresponds to the right boundary of the interval T;;.

The numbers of the discrete positions at the starts of
the kth pulse of signal i and the Ith pulse of signal j are
denoted by m; , and m;;, respectively. Since the discrete
model takes into account only pulse start instants, pulses
of duration t,, occupy the half-open intervals:

[mpetu, (M + 1));

[m; it (M) + 1))
Because the pulse start instants are multiples of
their duration t,,, pulse overlap in time is possible only

when the pulse start instants correspond to a signal
position with the same number within the interval

0,...,N;; — 1. Therefore, in the adopted discrete model,
the pulse-overlap condition is defined as equality of the
pulse-position numbers: m;, = m; ;.

It should be noted that the end instants of the last
pulses in signals i and j lie outside the interval T;;. This
is a limitation of the adopted discrete model but must be
taken into account when implementing the signal-
ensemble synthesis algorithm.

The periodic structure of complex time-division
signals i and j is defined through the constant integer
pulse-placement steps Q; and Q;, which, for the numbers
of pulses n; and n; on the set of N;; discrete positions, are
determined by the relations:

Q= . Q; = —
which show that, on the set of N;; discrete positions for
the pair of signals i and j, the periodic structure of each
signal spans an integer number of steps.

For signals i and j, denote the pulse numbers by k
and [, respectively, and define the pulse-number ranges
on the set of N; discrete positions as
k=1,..n 1=1,..,n.

Let the initial positions of the first pulses of signals
i and j be the integers d; and d;, respectively, with 0 <
d; < Q;,0 <d; < Q;. Hence, the zero position m = 0,
corresponding to time instant t = 0, is not the initial
position of the first pulse of either signal. The discrete
position numbers of pulses m;, and m;, can then be
defined by the linear relations:

m;g = di + (k - I)Qi' mj,l = d] + (l - 1)Q]

The mutual discrete shift between signals numbered
i and j—Cj; is specified as an integer number of
positions, with 0 < C;; < N;; — 1.

The pulse-overlap condition defined by equality of
their discrete position numbers m; , = m;;, for the mutual
discrete shift C;; and cyclic transmission, understood here
as repetition of the periodic signal structure after
completion of transmission, is written by introducing the
transmission-cycle number r as an integer:

mi =m;; + Cjj + N,

where the mutual discrete shift C;; defines the
displacement of the signals in discrete positions, while
the product of the transmission-cycle number r and the
cardinality of the set of discrete positions N;; is added to
the right-hand side of the pulse-overlap condition to
account for cyclic transmission. For further analysis
within the time interval Ty;, it is sufficient to consider the
transmission-cycle numbers r = 0 and r = —1: for r =
0, the term rN;; is zero, whereas for r = —1, the term
—N;; appears on the right-hand side of the pulse-overlap
condition and accounts for positions of the preceding
cycle relative to the time interval T;;.

Substituting m;, = d; + (k —1)Q;, m;;, =d; +
+(l = 1)Q; into Eq. m;; = m;; + C;; + rN;; yields an
equality relating pulse numbers k and [ of signals i and j

to the quantities d;, d;, C;;, and rN;;:
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Rearranging the terms so that the terms depending

on the pulse numbers remain on the left-hand side gives
the linear equation:

Where CU + (d] - dl) + rNij iS the difference
between pulse positions specified by the mutual shift C;;,
the difference between the initial positions d; — d;, and
the shift by an integer number of signal positions rN;;.

For  convenience, in the  expressions
m;p = di + (k - l)Ql‘, mj‘l = d] + (l - 1)Q1, we
replace the numbers of steps from the first pulses to
pulses numbered k and [, equal to (k — 1) and (I — 1),
respectively, with the intermediate integer variables x =
k—1, k=1,..,n, y=1-1, l=1,..,n,
x=0,..,n;,—1, y=0,..,n; — 1. Hence, the pulse-
position-number relations are m;,q = d; +x0Q;,
m;,.1 = d; + yQ;. After the same substitution in the
equality Q(k—1—-Q;U-1)=C;+(d—d;)+
+rN;;, we obtain the linear Diophantine equation:

Qix — Q;y = Cyj + (d; — d;) + TNy,

where  x is the number of Q; steps from the first pulse
of signal i to pulse numberk =x+1,x =0, ...,n; — 1;
y is the number of Q; steps from the first pulse of signal
jtopulsenumberl =y +1,y=0,..,n; — 1.

It should be noted that after the substitutions
x =k —1,y =1—1, the intermediate variables x and y
become the direct unknowns of the linear Diophantine
equation. Each pair of variables (x,y) determines the
pulse numbers of signals i and j considered within the
time interval T;;. Fig. 1 shows an example of pulse
placement for two signals on the set of discrete positions
for nl-=3, dl-=5, nj=5, d]:3, NU:15’ T':O,
Tij = NijTu = 15, m= 0, 'Nl] = 0, ...,15, CU = 0.

j

N =15
Qi=5
k=1 k=2 | k=3 |
: x=0 x=1 | x=2 |
E | | i
o H
g .
=1 [ 1=2 =3 =4 =5
y=0 | y=1 y=2 y=3 y=4
i) | : | | i |
: o i 0
I =3 | : 0=3 !
di=5
TR e e e e e R L LR R P (e

Discrete position number, m

Fig. 1. Example of pulse placement
for complex time-division signals with a periodic structure

The figure shows that pulse positions are determined by
their start instants, whereas pulse overlap is determined by
coincidence of these instants. Thus, in the constructed discrete
integer model, the presence of pulse overlap between two
complex time-division signals with a periodic structure is

determined by the existence of an integer solution of the linear
Diophantine equation within the established ranges of the
variables. The integer variables define the numbers of steps
from the initial positions of the first pulses of the two signals,
while the coefficients of the variables define the pulse-
placement steps of the corresponding signals. Thus, the
obtained model provides a basis for further determination of
the number of integer solutions of the linear Diophantine
equation depending on the mutual discrete shift and for
establishing the condition under which the number of pulse
overlaps between a pair of complex time-division signals with
a periodic structure is minimal.

3.2 Determination of the cardinality of the set
of discrete positions for the ensemble

Complex time-division signals with a periodic
structure within an ensemble must have the same duration.
In the introduced discrete integer model, each signal
corresponds to a set of discrete positions at which pulses
may be placed; therefore, equal duration of the ensemble
signals corresponds to equal cardinality of this set.

For a pair of signals, integer pulse-placement steps
are possible if the cardinality of the set of discrete
positions is a common multiple of the numbers of pulses
in both signals. The smallest possible interval
corresponds to the least common multiple of the numbers
of pulses in the pair. For the ensemble, all signal pairs
must be taken into account; therefore, the cardinality of
the set of discrete positions must be no smaller than the
largest of the minimum values required for the individual
pairs. Thus, for the ensemble as a whole, N must be
selected so that the following inequality is satisfied:

N > 1;?3?§LLCM(711-, n;),
which establishes the lower bound on the cardinality of
the set of discrete positions for the ensemble: the time
interval defined for all signals of the ensemble cannot be
shorter than the largest among the minimum intervals
required for the individual signal pairs. The equality

N = 1ggéLLCM(ni,nj)
defines the minimum cardinality of the set of discrete
positions, common to all signals of the ensemble, that
provides equal duration of all ensemble signals, integer
pulse-placement steps in the signals, and the maximum
possible signal energy per unit time for fixed pulse
duration and fixed numbers of pulses in the signals.

3.3 Determination of the condition for achieving
no more than one pulse overlap under
arbitrary mutual discrete shift

Based on the introduced discrete integer model, we
determine the condition for achieving no more than one
pulse overlap for each mutual discrete shift. For the
asynchronous mode, cyclic signal transmission is taken
into account, that is, repetition of the periodic signal
structure after completion of transmission.

We determine the minimum cardinality of the set of
discrete positions for a pair of signals that provides
integer pulse-placement steps and the same time interval
T;; for both signals. We take into account that, for fixed

pulse duration t,, and fixed numbers of pulses n; and n;,
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decreasing the time interval T;; increases the signal
energy per unit time. Therefore, the cardinality of the set
of discrete positions N;; is determined from the condition
of the smallest possible time interval T;;.

For the cardinality of the set of discrete positions for
the signal pair N;;, the numbers of pulses n; and n;, and
the pulse-placement steps Q; and Q;, we write the equality:

Nij =Qin; =Q;n,
which implies that N;; must be a common multiple of n;
and n;.
Any common multiple of n; and n; can be

expressed through their least common multiple
LCM(n;,n;) and a natural multiplicity factor g:

Nij =q- LCM(ni,nj).
If g > 1, the value N;; exceeds the least common
multiple by a factor of g, while the time interval T;;

exceeds the smallest possible interval by a factor of gq.
Therefore, the minimum value of N;; is attained at g = 1:

Nij = LCM(ni,nj).
The product of n; and n; equals the product of their

least common multiple LCM(n;n;) and greatest
common divisor GCD(n;, n;):

n; le = LCM(ni,nj) . GCD(nl-,nj),
hence the minimum cardinality of the set of discrete
positions for the signal pair is
Ny =
GCD(ny,n;)
which determines the shortest time interval:
Tij = NU Ty

It should be noted that increasing N;; relative to
LCM(n;,n;) results only in additional repetitions of the
periodic structure over a longer time interval.

We now generalize the results obtained for a signal
pair to the ensemble, considering the ensemble as the set
of all signal pairs. During synthesis of an ensemble of
complex time-division signals with a periodic structure,
we ensure compatibility of the periodic structures of
individual signals and determine the cardinality of the set
of discrete positions N, common to all signals of the
ensemble. For this purpose, for each pair of signals i and
Jj,1<i<j<L,weselectavalue N thatisamultiple of
both the number of pulses n; in signal i and the number
of pulses n; in signal j. For each signal pair, this choice
ensures that the periodic structures of both signals are
placed an integer number of times on the set of discrete
positions. Thus, for the ensemble as a whole, N must be
selected so that the inequality

N > max LCM(ni,nj),

1<i<j<L

which establishes the lower bound on the cardinality of
the set of discrete positions for the ensemble: the time
interval defined for all signals of the ensemble cannot be
shorter than the largest among the minimum intervals
required for the individual signal pairs. The equality

N = max LCM(ni,nj)

1<i<js<L
defines the minimum cardinality of the set of discrete
positions, common to all signals of the ensemble, that
provides equal duration of all ensemble signals, integer
pulse-placement steps in the signals, and the maximum
possible signal energy per unit time for fixed pulse duration
and fixed numbers of pulses in the signals. The condition
under which the number of pulse overlaps for a pair of
signals does not exceed one for each value of the mutual
discrete shift C;; can be defined by assuming that, for a given
mutual discrete shift C;;, there are two distinct integer
solutions of the linear Diophantine equation, each
corresponding to one pulse overlap, with the sets of
quantities for the first and second solutions being
(x4, y1,11) and (x,,y,,1,), respectively. Subtracting the
linear Diophantine equation for the set (x5, y,, 1) from the
linear Diophantine equation for the set (xq,yy,11)
eliminates the mutual discrete shift C;; and the difference

between the positions (d; — d;), yielding the relation:

Qi(xy — x3) — Qj()ﬁ —y) =(— TZ)Nij:
where variables x; and x, take values from 0 to n; — 1,
while variables y, and y, take values from 0 to n; — 1.

For the case in which the numbers of pulses n; and n;
are coprime, that is, GCD(n;, n;) = 1, it can be shown that
the assumed two distinct integer solutions for the same
mutual discrete shift C;; have identical values of x, y, and r
and therefore coincide. Hence, for each value of the mutual
discrete shift C;;, there can be no more than one integer
solution of the linear Diophantine equation, and each integer
solution corresponds to one pulse overlap. Thus, coprimality
of the numbers of pulses n; and n; is a sufficient condition
for the number of pulse overlaps for a signal pair not to
exceed one for each value of the mutual discrete shift C;;.
When the greatest common divisor of the numbers of pulses
n; and n; is greater than one, GCD(n;, n;) > 1, it can be
shown that there exists a value of the mutual discrete shift
C;; for which the linear Diophantine equation has two
distinct integer solutions that determine two separate pulse
overlaps at different discrete positions m = d; and m =
d; + N;;/GCD(n;,n;) for the same value of the mutual
discrete shift. Thus, if the greatest common divisor of the
numbers of pulses in a signal pair is greater than one, there
exists a mutual discrete shift for which at least two separate
pulse overlaps occur at different positions.

Thus, taking into account the conclusion regarding
the corresponding sufficient condition, coprimality of the
numbers of pulses in a signal pair is a necessary and
sufficient condition for limiting the number of pulse
overlaps to one for each value of the mutual discrete shift.

4. Discussion of the results of the
mathematical model investigation

To display all integer solutions of the linear
Diophantine equation corresponding to pulse-overlap
events for all values of the mutual discrete shift C;;
between signals i and j, and to confirm the obtained
necessary and sufficient condition for limiting the
number of pulse overlaps to one, we use the solution map

176



ISSN 2073-7394

CucreMu yripaBiliHHs, HaBiraiii Ta 38's13ky. 2026. Ne 3

shown in Figure 2 for an example pair of complex time-
division signals with a periodic structure having the
parameters n; =3, n; =5, N;; =15, d; =5, Q; =5,
d; = 3, Q; = 3. The numbers of pulses in the signals
n; = 3 and n; = 5 satisfy the equalities GCD(3,5) = 1,
LCM(3,5) = 15.

In Fig. 2, each row contains one marked cell;
therefore, for each shown value of the mutual discrete
shift C;;, the linear Diophantine equation has one integer
solution corresponding to one pulse-overlap event, and
the absence of a second marked cell confirms the absence
of a second integer solution for the same value of C;;.

14 A

131 = o
o 0
J 1]
£ 101 [
G ' B
5 0]
2
= s
2 o
3
=

1 o B

ol L . :

01 5 10 15

Discrete position number, m

Fig. 2. Map of solutions of the linear Diophantine
equation for a pair of signals with n; = 3,n; = 5,
NU = 15,di =5, QL‘ = S,d] =3, Q] = 3. Black cells
correspond to r = 0; white cells correspondtor = —1

Thus, the presence of one marked cell in each row of
the solution map establishes, for the pair of signals with
n; = 3and n; = 5, no more than one integer solution and
no more than one pulse-overlap event for each value of the
mutual discrete shift, which, for the example considered,
corresponds to the necessary and sufficient condition
established above for limiting the number of pulse
overlaps to one. Therefore, coprimality of the numbers of
pulses in a signal pair is a necessary and sufficient

condition for achieving no more than one pulse overlap
under an arbitrary mutual discrete shift for complex time-
division signals with a periodic structure, as confirmed by
the analysis of the constructed map of solutions of the
linear Diophantine equation for the signal pair. A further
direction of this research may be the consideration of the
continuous component of the mutual time shift of complex
time-division signals with a periodic structure

5. Conclusions

1. Pulse overlap for a pair of complex time-division
signals with a periodic structure at a given mutual
discrete shift and transmission-cycle number s
determined by the existence of an integer solution of the
linear Diophantine equation.

2. The minimum cardinality of the set of discrete
positions for a signal pair is determined as the least
common multiple of the numbers of pulses in that pair,
and for the ensemble as the largest of such values
obtained for all signal pairs, which provides equal
duration of the ensemble signals and constant integer
pulse-placement steps.

3. Coprimality of the numbers of pulses in a signal
pair is a necessary and sufficient condition under which,
for any mutual discrete shift, there is no more than one
integer solution of the linear Diophantine equation and
no more than one pulse overlap occurs.
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JlnckpeTHa misoynceaIbHA MOeNb CKJIATHAX YacOPO3TITI0BATBLHAX CHTHAIB 3 MEPioAMYHOI0 CTPYKTYPOIO
0. C. Xyuenko

AHoTalisi. AKTyaJbHiCTh. AKTyaJbHNM € BH3HA4YEHHS IUIIXiB aHATITAYHOTO CHHTE3y aHCaMONIiB CKIAJHHUX
4acOpO3ALTIOBAJIbHAX CHIHAIB 0e3 3acTOCyBaHHS MepeOipHO-KOPUTYBaIbHOI MPOLEAypH Ul 3MEHIICHHS OOYMCITIOBAIBHOL
CKJIQ/THOCTI CHHTE3y CKJIAHUX YacOpPO3ALUTIOBAIBHIX CUTHAIIB 3 MEPIOIUYHOI0 CTpyKTyporo. IIpenMer J0C/TiqKeHHs: THCKpPEeTHA
LIJIOYHCeNbHa MOJIENb CKJIAJHUX YaCOPO3ALTIOBATPHUX CHUTHAIIB 3 TEPIOIMYHOI0 CTPYKTYPOIO Ta YMOBH BH3HAYEHHS MOTYXKHOCTI
MHOKHHHU JMCKPETHUX MO3UINIH aHCaMOIIO 1 JOCATHEHHS He Oibllle OJHOTrO CyMIleHHs iMImyJbCciB. MeTa mocainkenns:: Mertoro
JIOCITIDKEHHST € PO3POOJICHHS JUCKPETHOI IIOYMCEIbHOI MOJET CKIaJHUX YacOPO3AUTIOBATGHUX CHTHATIB 3 MEPIOAUIHOIO
CTPYKTYPOIO Ta BCTAHOBJICHHS Ha il OCHOBI yMOB BU3HAUSHHS IIOTY)KHOCTI MHOYKHHH JTUCKPETHHX TO3HILIH aHCAaMOJIIO i TOCSATHEHHS
He OUIblIe OJHOTO CYMIIEHHS IMIYJBCIB JUIA KOXKHOTO IMICKPETHOTO B3a€MHOT'O 3CYBY CHTHANIB. 3aBAAHHS JOCTIIZKEHHS:
PO3POOHTH AUCKPETHY LIIOYHCENBHY MOJENb CKIAJIHUX YaCOPO3UTIOBAIBHAX CHIHANIB 3 MEPIONYHOI0 CTPYKTYPOIO; BU3HAUUTH
MOTY KHICTh MHOYKHHH TUCKPETHUX MO3HILIH aHCAaMOITI0; BU3HAYUTH YMOBH JOCSATHEHHS He OUIBIIE OTHOTO CYMIIIEHHS IMITYJIbCIB IS
KOXXHOTO JICKPETHOTO B3a€MHOT'O 3CyBY CHTHAIIB. MeToau J0CTiX:KeHHs. 3aCTOCOBAaHO METOAM AWCKPETHOTO HIOUHCEITBHOTO
MOJIEJIFOBAHHS Ta anapar JIHIHHNX AiopaHTOBUX piBHsAHB. Pe3yabTaTH gociimxkeHHs. B3aemHa npocToTa KUIbKOCTEH iIMITyJIbCIB Y
napi CUTHaJiB € HEOOXiZHOI Ta JOCTaTHHOIO YMOBOIO iCHYBaHHS HE OUIbIIE OAHOTO I[IJIOYHCENBHOTO PO3B’S3KY JiHIHHOTO
nioaHTOBOrO PIBHSHHS Ta BUHUKHEHHs He OiJIbIlIe OHOTO CyMIIIEHHS IMITYJIBCIB TSl Oyb-SIKOTO B3aEMHOTO AMCKPETHOTO 3CYBY.
BucHoBKkH. Bi3HaueHO HaiiMeHIy MOTY)KHICTh MHOXKHHH JUCKPETHUX MO3MIUN AJIs NTApU CUTHAJIB SK HalMEHIIe CITTbHE KpaTHe
KUTBKOCTEH IMITyNIBCIB y M Tapi, a Ui aHCaMOJI0 — SK HAaWOLIbIIe 3 TaKMX 3HA4YEeHb, OJIEP)KaHHX U BCIX Map CHTHAIIB, IO
3a0e3mneuye 0JJHAKOBY TPHBAIICTH CUTHAJIB aHCAMOJIIO Ta IIJIOYUCENBHI CTalll KPOKU PO3MILIICHHS IMITYJIECIB.

KawuoBi ciaoBa: ckiagHi 4acopo3AiOBaNIbHI CUTHAJHM; MEPIOAMYHA CTPYKTYpa; QUCKPETHA LIJIOYUCENbHa MOJCTb;
niniiiHe nioaHTOBE PiBHIHHS; B3aEMHO MPOCTI YHCIIa; MHOKHHA JUCKPETHHX MO3ULIN; CyMIIIEHHS iIMITyJIbCIB.
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MOJUPIKOBAHU METO/ HEOPTOI' OHAJILHOI'O MHOXKHHHOTI'O
JOCTYILY 3 HAPHIAJIBHUM CHHEKTPAJIBHUM KOAYBAHHAM JJIS
MOBLIbHUX BY3J0OBUX IIU®POBUX TPOIIOCPEPHUX CTAHIIN

Anoranisn. IIpenmer. MoaudikoBanuii MeTo] HEOPTOrOHAIHHOTO MHOXHHHOTO JOCTYNMYy 3 MapLialbHUM
CHEKTPaJbHUM KOJyBaHHAM aOOHEHTCHKUX CHTHAJIIB AJs MOOIIBHOI By3/10BOi HdpoBoi TponochepHoi cranmii. Mera.
AHamiTH4HO OOIpyHTYBaTH (OpMYyBaHHS Ta PO3MAUTICHHSA KUIBKOX a0OHEHTCHKMX CHTHANIB y CHOUIBHOMY 4YacOBO-
4acTOTHOMY pecypci TponocdepHoro kanainy. 3aBaaHHs. BusHauntu cTpykTypHO-(QyHKIIOHATIBHY cXeMy GpopMyBaHHS
TPYNOBOTO CHUTHAJy Ta PO3MITEHHS Aa0OHEHTCHKMX CHTHANIB, (OpMalizyBaTH MaTeMaTHYHHH OIMC Iap IiaIbHOTO
CIEKTPAJIbHOTO KOIYBaHHS, IOCIIAWTH BUKOPHCTaHHS OPTOTOHAIBHHUX MOJIHOMIB JUIS CHHTE3y YaCTOTHHX BaroBHX
(GyHKIIN, a TaKOX IEPEeBIpUTH OTPUMAHI aHATITHYHI 3aJI€KHOCTI IUIIXOM CXEMOTEXHIYHOTO MOJENIOBaHHSA. MeToau.
3acTOCOBAaHO AHANITHYHUN ONHC CHUTHAIBHUX MEPETBOPEHB, Z-MIEPETBOPEHHS, YACTOTHUN aHami3 Mu(poBuX (iIBTPIB,
po3KkiIaa BaroBUX (YHKIIH 32 OPTOrOHAJBHUMHU IMOJIHOMAaMH Ta CXEMOTEXHIYHE MOJENIOBAHHS YaCTKOBOTO BHIIAIKY
nepenataoi ¢pyHkmii. Pe3yabraTu. 3anponoHoBaHO GOpPMYBaTH A KOKHOTO a0OHEHTCHKOTO CUTHAY 1HIHMBITyalbHUH
CHEKTPaJbHO-CHEPTETUIHUN NPOdiIb K JOAATKOBY O3HAKY HOTO PO3IUICHHS MiCIs HEOPTOTOHAIBHOTO CYMIICHHS.
OTpuMaHO aHANITHYHI CIHIBBIJHOIICHHS Ui HepelaTHUX (yHKOIH HapriaabHUX KaHaliB 0OpPOOKH, CHEKTpaibHO-
SHEePreTHYHHUX NMPOQLTIB 1 YaCTOTHUX BaroBUX QyHKHiH. [TokazaHO MOMIJIMBICTH 3acTOCYBaHHS IoJIiHOMIB JlexaHnpa,
Yebumonra Ta [erenbayepa mns KepyBaHHS (GopMoOr TpodimiB. Pe3ymbTaT CXEMOTEXHIYHOI'O MOJICIIOBAHHS
HiATBEpIUIN OTPUMaHi aHATITUYHI 3aJIeKHOCTI (POPMYBaHHS CHEKTPAIbHO-CHEPreTHYHNX HPODLTIB IS PO3TIITHYTOTO
YaCTKOBOTO BHMAAKy. BHCHOBKHM. 3ampolOHOBaHMK MiAXid BH3HAYAE CHTHAIBHO-aJITOPUTMIYHY  OCHOBY
0araToKOpHCTyBanbKoro (i3MYHOTO piBHA TPOHOC(HEpHOI CTaHMII Ta CTBOPIOE MEPEIYMOBH [UIS IiABHILEHHS
e(eKTUBHOCTI BUKOPUCTAHHS YaCTOTHOTO PECYpCy i CTIHKOCTI pO3iIeHHsI a0OHEHTCHKHX CUTHAIIB.

Kno4oBi cioBa: HEOPTOroHaNbHUH MHOXHHHHI JOCTYI; IaplialbHE CHEKTpalbHe KOIyBaHHs; MOOLTbHA By3JI0Ba
mudpoBa TpomochepHa CTaHIisL; TponocdepHHH KaHAT; IOCTIIOBHE YCYHEHHs iHTepdepeHUii; QinbTp 3 KiHIIEBOIO
IMIYJIBCHOIO XapaKTEPUCTUKOI; OPTOTOHAJIBHI TOTIHOMH.

1. Beryn
1.1 AKTyaabHICTh TEMATHKH

Y cywyacHUX TpomOC()epHUX CTaHISIX 3B S3KY
CIIOCTEPIraeThCsl MEPeXia Bifl CIEIialli30BaHUX CHCTEM
BEJUKOI TIIOTYXKHOCTI 110 UU(PPOBUX TPAHCIIOPTHUX
CHCTEM 13 TIPOrPaMHO BU3HAYYBaHUMH Pa/IiOMOJIEMaMHU,
aJIalITUBHUM KOJYBaHHSM 1 MOJYJISLIEIO0, MiJATPUMKOIO
IHTEPHET-TIPOTOKOJTY, TBEPJAOTIILHUMH ITiICUITIOBAYaMU
MOTYXHOCTI,  YaCTOTHMM  ab0  TOJIspU3aliiHIM
PO3HECEHHAM 1 3MEHIIEHUMH  MacorabapuTHUMHU
napaMerpamMi. PO3BHTOK IbOTO HampsiMy 3yMOBJIICHHUH
moTpebO0 B Oprasizamii MO3arOpH30HTHOTO 3B’S3KY
(Beyond-Line-of-Sight, BLOS) 6e3 000B’s13k0BOI

3aJeKHOCTI  BiJl CymyTHHKOBOI abo  kabenbHOI
indpactpykrypu [1-3].
TpomocdepHi  cucteMu  3B’A3Ky  JOLIJIBHO

3aCTOCOBYBATH SIK aJIbTEpPHATHBHI ab0 pe3epBHI 3acodm
3a BIJICYyTHOCTI, TOIIKOMKEHHI ab0 eKOHOMIYHOI
HEJIOLITFHOCTI BUKOPUCTAHHS  BOJIOKOHHO-ONTHYHOL
iHGPACTPYKTYPH, a TAKOK 32 OOMEKEHOTO JOCTYMy 0
CyMyTHUKOBOTO pecypey [4,5]. TloimomieHus mpo
3aCTOCYBaHHS 3aC00iB pa/lioeIeKTPOHHOI OOPOTHOM /IS
MOPYIICHHS POOOTH CYIyTHUKOBHX MEpEX MiJ duac
POCIHCHKO-yKPaTHCHKOT BiliHU [6] JIOAATKOBO
ATBEPKYIOT HEOOXiTHICTh pe3epByBaHHSA
CYNyTHUKOBHX KaHaliB aipTepHaTHBHUMH BLOS-
3aco0aMu. 3a TaKMX YMOB TPOIOC(EepHHN 3B’ SI30K MOXKeE
3a0e3meuyBaTy  MIOBUINCHHS  CTIHKOCTI  CHCTEMH
YIIPaBJIiHHSA Ta MiATPUMAHHS IPOITYCKHOI CIIPOMOYKHOCTI
TPAaHCIIOPTHOTO CEIMEHTa MEPEXIi.

TeHneHIiF0 pO3BUTKY LU(PPOBUX aTaNTUBHUX
CHCTEM 3B’s13Ky B Mexax mpsimol BuammocTi (Line-of-
Sight, LOS) i mo3a 1i Mmexamu (BLOS) miaTBepmxyoTh
XapaKTEepPUCTUKU CY4YaCHUX CEpiHUX TponochepHux
crauiiii [1-3], HaBezeHi B Ta0u. 1.

Tabnuysa 1 — XapakTepucTHKH TponocgepHUX cTaHuii

HIBuakicts | Pesxum pagiosinii /
Cranuis nepeaaBaHHs MepexKeBa
nanux, Moit/c TOMOJIOTist
Comtech COMET 1o 60 LOS, BLOS / PtP
Cubic GATR 1o 210 LOS, BLOS / PtP
Ultra 1&C Archer 1o 180 BLOS / H&S
Tpagumiiiao TponochepHui 3B’A30K

OpraHi3oBYIOTh 3a TOIOJOTIEID «Touka—Touka» (Point-
to-Point, PtP) abo 3a naHLIOrOBOI TOMOJOTIEH 3
npoMiXHOKW peTpancisiieo [1-3]. BoaHouac s
MoOYyZOBH BY3JIOBUX MEpEX MOXE 3acCTOCOBYBATHCS
TONOJIOTisl  «UeHTp—aboHeHTehki cranuii»  (hub-and-
spoke, H&S) [4]. 3a B3aemoiero By31iB Taka TOTOIOTisS
€ (QyHKIIOHANBHO OJM3BKOIO OO CXEMH «TOYKa—
6ararotouka» (Point-to-Multipoint, PtMP), ockinbku
ONMH TEHTPaJbHUI BY30J B3aEMOAIE 3 KiJbKOMa
BiganeHnMu aboHEHTChKUMHU cTaHIisiMu. [Ipote H&S
He € TOTOXHOI0 PtMP Ha ¢i3muHOMy piBHI, OCKUIBKH
3B’SI3KH  IIEHTP—A0OHEHTChKA  CTAHISL»  MOXYTh
peaii3oByBaTHCS SK CYKYNHICTh He3asexHHX PtP-
panioiiHif, KOXXHAa 3 SKHX BHKOPHCTOBYE OKPEMHIH
anapaTHUN ab0 YacOBO-4aCTOTHHIA pecypc.
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Tomomnorist PtMP BU3HAyae MEPEKEBY
KoH(iryparito, amre camMa 10 co0i HE BCTaHOBIIOE
MEXaHi3My OJHOYAaCHOTO BHKOPHCTaHHS CIIUIBHOTO
4acOBO-YaCTOTHOT'O pecypcy KilbKOMa aOOHEHTCHKUMHU
cTaHlisMu. Peamizamlis Takoro pexuMmy TOTpedye
BIINOBITHOTO METOAY MHOXHHHOTO JIOCTYIy Ta
CHUTHAJIbHO-aITOPUTMIYHAX  3aco0iB  (opmyBaHHA i
po3ninieHHS a0OHEHTCHKHX CHTHANiB Ha (Qi3sHgHOMY
piBHI.

Y mpoaHami30BaHUX BIIKPUTHX OINHKCAX CEPIHHHUX
TponocepHMX  CHCTEM  HEAOCTAaTHBO  PO3KPHUTO
peanizamito 0araToCTaHUIHHOTO JOCTYIy, 3a SIKOTO
By3JIOBa CTaHIis OJHOYACHO OOCIYyroBy€e KijJbKa
aOOHEHTCHKMX  CTaHLId Yy  CHUIBHOMY  4acoBO-
qacToTHOMY pecypci [1-4].

Y [7] 3ampomoOHOBaHO KOHIICMI0 MOOUITBHOT
By3110B01 1idppoBoi TpomochepHoi cranmii (MBI TpC),
armapaTHa CTPYKTypa $Koi 3a0e3ledye MOKINBICTh
poboTH B KIHIICBOMY, HPOMDKHOMY Ta BY3JIOBOMY
peXnMax 1 CTBOpPIOE TIEPEOIyMOBH UL OpTaHizarii
3B’s3Ky 3a Tomonorieto PtMP. 3a3HaueHe TexHiuHE
pilICHHS BU3HAYAE AIApPAaTHO-CTPYKTYpHY OCHOBY
(GyHKIIOHYBaHHS CTaHLii y By310BoMy pexumi. [Ipote
BOHO HE BH3HAYAE CUTHAJIBHO-AJITOPUTMIUHOTO CIIOCOOY
(GbopMyBaHHS T[PYMOBOrO CHTHALY Ta PpPO3AUICHHS
CUTHAJIB KUIbKOX a0OHEHTCHKUX CTaHIIH y CHUIbHOMY
4acOBO-YaCTOTHOMY pecypci.

JlonaTtkoBy CKJIaJHICTh peasizanii
0aratocTaHIiHHOTO JIOCTYITY Ta pO3IiJIeHHS
a0OHEHTCHKUX CHUTHAIIB CTBOPIOIOTH BiIMIHHOCTI YMOB
MOMIMPEHHS PagioXBWIb Ha OKPEMHUX TPOHOC(HEpHUX
HarnpsiIMKax, 10 CIPUYUHSIOTh HEOJHAKOBI aMILIiTy THO-
(ha30Bi CIIOTBOPEHHS, YaCTOTHO-CEJIEKTHBHI 3aBMUPAHHS
Ta pi3Hi piBHI MOTYKHOCTI MPUHHATHX CUTHAIIB [§, 9]. 3a
TaKUX YMOB BY3JIOBa CTaHIlsl Mae 3a0e3redyBaTH He
JMIIe KOMyTalilo abo perpaHcinito Tpadiky, a i
po3aiieHHsT aO0OHEHTCHKUX CHTHaJiB Ha (i3MYHOMY
piBHi.

Otxe, JIOCITIIKEHHS METO/IIB CITJIBHOTO
BUKOPDHCTaHHS ~ 4acOBO-YaCTOTHOTO  pecypcy  Ta
po3nineHHs aboHeHTChkuX curHamiB 'y MBITpC e
aKTyaJbHUMH.

1.2 Anani3 JitepaTypHux JKepest
i BU3HaYeHHs Po0JieMHU

VY cucremax pamio3B’si3ky OaraTOCTaHITIHMI
JOCTYN  TPAAWIIHHO peali3yloTh 3a  JOTOMOTOIO
OpPTOTOHAIBHOTO MHOXHKHHOTO pgocTtymy (Orthogonal
Multiple Access, OMA). ¥ mpaui [10] cuctemaTi3oBaHo
MPUHIUIIA ~ YaCTOTHOTO, YacoOBOTO Ta  KOZOBOTO
po3moxainy pecypciB  Mixk aboHeHTamu. Y [11]
PO3TISIHYTO TEOPETHYHI OCHOBU 0araTOKOPHCTYBAIbKUX
CHUCTEM 3B’S3Ky Ta YMOBH PO3IUICHHS CHTHATIB Y
npuiiMadi. OpToroHagbHE BUAICHHS PECYPCIB CIIPOIIYE
MpuiiMaHHA, OJHAK TOTpedye pO3MOAUTYy JOCTYMHOL
CMYTH 4YacToT, 4acy ab0o KOJOBOTO TPOCTOPY MiX
aboHeHTaMH. Y 3a3HAYCHHX MpaIsgX HE PO3IISTHYTO
OJIHOYACHE TepefaBaHHS  KUIBKOX  a0OHEHTChKHX
CHUTHANIB y CHIUJIBHOMY 4YacOBO-YaCTOTHOMY pecypci
TporochepHOTro KaHaTy.

v [12] 3aIPOIIOHOBAHO
HEOPTOTOHAJILHOTO ~ MHOXXHHHOTO  JOCTYITY

KOHIIENLIIIO
(Non-

Orthogonal Multiple Access, NOMA) 3 po3aijieHHsM 3a
notyxHictio (Power-Domain  NOMA, PD-NOMA).
Merton mnepexbayae CyMIIIEHHS CHTHANIB KiJbKOX
aOOHEHTIB y CHUIBHOMY pecypci 3 pi3HUMHU PpiBHAMHU
MOTYXHOCTI Ta IX PO3/UJICHHS 32 JOIIOMOT'0I0 TIPOLIETyPH
MOCITIIOBHOTO  yCyHeHHs iHTepdepentii (Successive
Interference Cancellation, SIC). BogHouac po3risiHyTe
pilIeHHsI Opi€eHTOBaHE HAa CTUTBHUKOBHH PamioJOCTYII i
He  mepenbadae  (GOpPMyBaHHA  IHAWBITyaIbHUX
JaCTOTHO3AJICKHUX CHEKTPATbHO-CHEPTETUIHUX
poQiTiB K JOOATKOBOI 03HAKH PO3IIICHHS CHTHAIIB.

VY texuiunomy 3BitTi 3GPP [13] cucremati3oBaHo
pesyibratn  jpocmimpkeHHs NOMA  gnst  cuctem
paniogoctyny 5SG New Radio (NR), 30kpema cTpykTypu
nepefaBayiB, MpOUEAYpU NPUHMAaHHS, CKIAIHICTH
0araToKOpUCTYBaI[bKOTO JETEKTYBaHHI Ta MOXIJIHBI
CUTHaJbHI mnociigoBHocTi. [lpore 1ell  JOKyMeHT
BH3HAYa€e 3araipHi mmigxomm it mepexx NR 1 He
BcTaHOBMIOe Merony NOMA, apmanToBaHoro Jo
YaCTOTHO-CENIEKTUBHOTO TPOIIOC(HEPHOTO KaHALy Ta
By310B0i Tomonorii MBI TpC.

YV pobori [14] HaBemeHO KiIAacH]IKaIiF0 METOMIB
NOMA 3 po3iiiecHHSM 32 TOTYXKHICTIO Ta KOJIOM,
NpOAaHATI30BaHO  MPHUHIUOM  1X  TepelaBaHHS 1
NpUiiMaHHs, a TaKOX OCHOBHI HamNpsIMHU TNPaKTUYHOI
peanizauii. ¥ metogax NOMA 3 KOZOBHM PO3JIIJICHHIM
(Code-Domain  NOMA, CD-NOMA) posnineHHs
KOPHUCTYBa4iB 3a0€3ME€UY€ThCS CICHIaTbHUMHU KOJTOBUMHU
KHUTaMH abo PO3piKEHIMHI CUTHAJIbHAMHU
CTpyKTypamu, Tofi ik y PD-NOMA 0CHOBHOIO 03HaKOIO
€ pi3HUOA piBHIB moOTyXHOCTI. OpmHak y [14] He
pPO3MIITHYTO ~ BHKOPUCTaHHS  KepoBaHoi  Qopmu
CIIEKTPAIbHO-CHEPTeTHYHOTO MpO(diaI0 SK J0JaTKOBOI
O3HAKW PO3IUICHHS a0OHEHTCHKIX CHTHAIB.

VY [15] NOMA mnojaHo sIK y3araJbHCHHH IMiaxi,
3a SIKOTO KiJbKa KOPHCTYBadiB OOCIyrOBYIOTHCS B
OTHOMY  pecypcHOMy  Omomi, a IX  CHTHalu
PO3PI3HAIOTECS 32 MOTYXHICHUMH, KOJOBHMH abo
IHIIUMH O3HaKaMu. ABTOpaMH BH3HA4Y€HO NpoOiIeMu

pO3MoaiTy pecypcis, 0araToOKOPUCTYBALBKOTO
JETEKTYBaHHS Ta TpPakTH4HOI peanisamnii. I[Ipore
MTUTAHHS GopMyBaHHS  CHEKTpPaJbHUX  O3HAK

A0OHEHTCHKUX CHTHAIIB 3aco0aMu MUPPOBUX PiIBTPIB
i3 KIHIICBOKO IMITyJIbCHOIO Xapakrepuctukoro (KIX) Ta
ix BukopuctaHHs mig yac SIC He mocmimKeHo.

V [16] posrasHyTO po3BuTOK NOMA /10 KOHIIETIIii
MHOKHHHOTO JIOCTYIy HacTymHoro mokomiHHa (Next
Generation Multiple Access, NGMA), sika nependayae
rHyuke moenHanHs NOMA 3 0GaraToaHTeHHUMH
CHCTEMaMH Ta IHIIMMHU TEXHOJOTISIMA (DI3MIHOTO PiBHS.
Y mii pobOoTi Takok BH3HAYEHO HEOOXiIHICTH
ypaxyBaHHS CKJIQIHOCTI TNpHiiMada Ta HPAKTHYHHX
obmexeHb peanizanii. BogHodac He 3ampornoHoBaHO
CTPYKTYPHO-(YHKI[IOHAJIbHOT'O pileHHs Juis
GararocTaHIiifHOrO nOCTymy B Tponocdepniit PtMP-
CHCTEMI Ta HE pO3IISHYTO CHHTE3 IHIWBIIyaIbHUX
CIIEKTPAIBHUX MPOQ1isIiB KOPUCTYBaUiB.

VYV [17] BUKOHAHO KPUTHYHHMHA aHaJi3 Cy4acHOTO
crany NOMA Ta mokazaHo, IO TepeBaru
HEOPTOTOHAJIBHOTO JOCTYIly 3aJeXaTh Bi yMOB
3aCTOCYBaHHsI, CIOCOOY TpYIyBaHHS KOPHUCTYBadyiB,
CKJIQJIHOCTI mpuiiMaya Ta 3aTpuMku 006poOku. Lle Brkazye
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Ha HEOOXiZHICTb OKPEMOT0 OOIPYHTYBaHHS CUTHAJILHUX
03HAK 1 AITOPUTMY PO3AIIEHHS JUI1 KOXKHOI KOHKPETHOT
cucremu. [Ipore B [17] He pO3MISHYTO pO3ALIECHHA
CUTHAJIB 3a iXHIMH CIIEKTpalbHO-€HEPTeTHYHUMHU
npodisiIMA  CHTHANIB Yy  YaCTOTHO-CEJICKTHBHOMY
TpomnochepHOMY KaHaJIi.

VY [18] mpoanaizoBaHO MMO€THAHHS 0araTOHECYIHX
(¢opM curHAJNIB i3 METOAaMH MHOXXHHHOTO JIOCTYIy Ta
BU3HAYCHO IXHI TIepeBarn W OOMEXKEHHS, OJHAaK He
po3TIsTHYTO (pOpMYBaHHS IHIWBIMyabHUX CHEKTPaIbHO-
€HepreTUIHUX MpodisiB aO0OHEHTCHKUX curHAMiB. Y [19]
3alpONIOHOBAHO BJIOCKOHaNeHy cxemy NOMA nans
3MEHIIICHHS MiXKaOOHEHTChKOI iHTepdepeHLii Ta HIKOBOTOo
(bakTopa, MpoTe PO3/IICHHS CUTHAIIB HE IPYHTY€EThCS Ha
KEpPOBAaHOMY CIEKTpaJbHOMY 3BaxyBanHi. Y [20]
MPOAHaTi30BaHO HMOBIPHICTh CHMBOJIFHOI NOMMIIKH B
cuctemax NOMA i3 SIC, ane He BpaxoBaHO YaCTOTHO-
CENIEKTUBHUH TPOTIOC(EpHHUIA KaHa 1 CHeKTpalibHI 03HAKH
a0OHEHTChKUX curHaINiB. OTXke, i poOOTH JONOBHIOIOTH
aHaJi3 BIIOMHUX IAXOMIB, alleé HE BUPIOIYIOTH 3a1ady
MapIiaJIbHOTO CTIeKTpansHOTro KomyBaHHs st MBI TpC.

Amnamiz mxepen [10-20] mokazaB, mo Bigomi
MeTo OMA mepe0a4aroTh OPTOTOHATBHUN PO3IMOILT
pecypciB, PD-NOMA  BHKOpUCTOBYE NEPEBa)KHO
BiIMIHHOCTI piBHIB oTy)HOCTI, a CD-NOMA — ko081
KHATH a00 CheliajgbHI CHTCHAJIBHI CTPYKTYpH. Y
MPOaHai30BaHKX MPaIIX HE BU3HAYEHO CTPYKTYPHOI Ta
MaremarnuHoi peanizanii NOMA mns MBLTpC, y sxiit
YaCTOTHO3AJIC)KHI CHEKTPANBbHO-CHEPTeTHIHI PO
a0OHEHTCHKMX  CHTHANIB  (OPMYIOTBCS  3aco0ammu
mudpoBoi KIX-dimpTpariii Ta BHKOPUCTOBYIOTBCA 5K
JOJATKOBI O3HAKH 1X PO3JILICHHS.

TakuM  4YMHOM, HEBHPILICHOIO  3aJIMIIAETHCS
mpobiieMa pO3pOOJICHHST CTPYKTYPHO-(DYHKIIOHATEHOTO
Ta MaTeMaTHYHOro MeToay (OpMyBaHHS i PO3AiIEHHS
KUTbKOX a0OHEHTCHKHMX CHUTHAIIB y CIIJBHOMY YacOBO-
yactotHoMY pecypci MBI TpC 3 ypaxyBaHHSIM 4acTOTHO-
CEJIEKTUBHUX CIIOTBOPEHb TPONOC(HEPHOro KaHay.

1.3 MeTa i 3aBaaHus Q0CTiIKeHHs

Mera pobOoTH moisArac B aHAJITHYHOMY
0oO0TpyHTYBaHHI (POpPMYBaHHS Ta PO3IINICHHS KLTBKOX
aOOHEHTCHKUX  CHUTHQJIIB Yy  CIIJIBHOMY  4acOBO-
YaCTOTHOMY pecypci TporochepHOro KaHaiy Ha OCHOBI
Mo/ (ikoBaHOTO METOJy HEOPTOrOHAJIBHOTO
MHOXHHHOTO JOCTYIy 3 HaplliallbHUM CIEKTPaJIbHUM
koxgyBanEsM it MBHTpC, mo ¢yHkiionye 3a
tonosoriero PtMP. JIiis TOCATHEHHS MOCTaBJICHOT METH
HEOOXiJTHO pO3B’sI3aTH TaKi 3aBJIaHHS:

— BU3HAUUTH CTPYKTYPHO-(DYHKIIOHAIBHY CXEMY

(opMyBaHHS TpPYNOBOTO CHTHANY Ta PO3AUICHHS
a0OHEHTCHKUX CHTHAIIIB;
— opmaiizyBatu MaTeMaTUYHHHA 9115(¢

MapIiajJbHOTO CHEKTPaIbHOTO KOAYBaHHS B Z-00J1aCTi Ha
ocHOBi nu¢posoi KIX-dimprpartii;

— TOCTiANTH MOKITUBICTh BUKOPHUCTAHHS
OPTOTOHAIBHUX TIOJIIHOMIB JUIS CHHTE3y YacTOTHHX
BaroBux (OyHKIH mapIiialbHIX KaHaJIiB 00poOKH;

—TIEpEBIPUTH OTPUMAHI AHATITHYHI 3aJIEKHOCTI
(opMyBaHHS  CHEKTPAIbHO-CHEPTeTHYHUX  TpodiiB
OUIIXOM ~ CXEMOTEXHIYHOTO  MOJICNIOBaHHSA IS

PO3IIISHYTOTO YaCTKOBOT'O BUIIAZIKY NepeaTHOl (hyHKIil.

2. Marepiajan i MeTOaH T0CTiIKEHHS

O0’€KTOM ITOCTIKCHHS € TPOIecH (OpPMyBaHHA
IPYIIOBOTO CHTHAIy Ta pPO3JUICHHS a0OHEHTCHKHX
CUTHAJIIB y CHITBHOMY 4YacOBO-YaCTOTHOMY pecypci
MBUTpC. IIpeamerom nociiiKeHHs € MOAUDIKOBAHUIA
meron NOMA 3 mapuiaJibHUM — CHEKTPaJIbHUM
KOJlyBaHHSIM aOOHEHTCHKHX CUTHAJIIB.

OcHOBHA TinoTe3a AOCIIHKEHHs TOJISITaE B TOMY,
o0 IHAWBIAYyaJ bHI CHEKTPATbHO-CHEPTeTHYHI Mpodiii
a0OHEHTCHKMX  CHTHANiB, c(hopMOBaHi  3acob0amu
mudposoi KIX-¢pinprpamii, MOXKyTh BUKOPHCTOBYBATHUCS
SIK JTOJTATKOBI CHUTHANBHI O3HAKH MiJ 9ac iX PO3IiICHHS
mponexyporo SIC.

Jns moOynoBr MaTeMaTHYHOI MOJEINi HPUHHATO,
mo K aDOHEHTCHKHX CHI'HANIB OJIHOYACHO HEPEIaroThCs
y CHUIBHOMY YacoBO-4acTOTHOMY pecypci. KoxxeH
CUTHaJ OOpOOJISIETECS. B OKPEMOMY MaplialbHOMY
KaHaJli, 4YacTOTHA XapaKTePUCTHKa sKoro Qopmye
IHIUBITyalbHUH CHEKTPaJbHO-EHEPreTUUHUH Npodisb.
Y 4yacToTHili 00JIACTI CHEKTpP TPYIOBOIO CHTHATY
X(Q) BU3HAYEHO CHIBBIAHOIEHHIM:

K
X@) = ) X (@),
k=1

ne Xi(Q) = S(Q)Hi(e’/?) — crextp k-ro curmamy micns
HapIiagbHOTO CIEKTPAIBbHOTO KOayBaHHs;, K — iHmekc
napIiiajbHOro KaHaiy 00poOku; Si({2) — CIeKTp CHUrHaIy
10 koxyBauss; Hy(e/?) — gacrorHa XapakTepucTka K-ro
napuiaibHOrO KoJepa.

TponochepHuii KaHanm MONAHO Yy3arajJbHEHO K
JIHIWHAA 4YaCTOTHO-CEJIEKTUBHMAM KaHa 3 aJIUTHBHUAM
LIyMOM, y SKOMY TPYNOBHH CHTHAJ 3a3HAa€ 4aCTOTHO-
3aJICKHHUX aMIUTITY THO-()a30BHX CIIOTBOPEHb.

MMapuianbae CIICKTpaJIbHE KOJyBaHHS
¢dopmanizoano sk muppory  KIX-dinerparniro.
Iepenatny ¢yHKmito K-ro mapmiansHOTO KaHay
00pOOKH 33]aHO Y BUTJISLIL:

L—1

He@ = ) Iy fmlz™, M
m=0

ne hi[m] — xoedinienTrn iMIyIBLCHOT XapaKTEePUCTUKH
KIX-dimetpa; L, — noexwaa KIX-dimeTpa, TOOTO

KIJIBbKICTh Koe(IIieHTIB fioro IMITyJILCHOT
XapaKTepUCTHKH; M — iHIEKC BIUIIKY IMIyJIbCHOI
XapaKTEePUCTHKH.

YacToTHa XapakTepHCTHKa (UIbTpa BH3HAYAETHCS
migcranopkolo z =e/? y (1), a chmekrpanbHO-
eHepreTHuHuil npodins aOOHEHTCHKOTO  CHUTHAITY,
chopMoOBaHUI BIANOBIMHUM TMapIliaIbHUM KaHAJIOM
00po0KH, 3371a€ThCS SIK:

W (Q) = |He ()], 2)

e Q€ [Qunin; Qmax] — HOPMOBaHa KyTOBa YacToTa,
pan/BimnK; Qumin, Qmax HIKHS Ta BEpPXHA MEXIi
JOCIIJKYBAaHOTO YaCTOTHOTO iHTEPBAIy BiIIOBIIHO.
Omxke, ¢opma mpodimo W, () 6GesmocepeaHbo
Bu3HavaeThCs QyHkiieto Hy (z), 3amanoro y (1).

Jlnst  KepoBaHOTO CHHTE3y YaCTOTHMX BaroBHX
(yHKLI BUKOPHCTAHO IX CKIHYEHHE amnpoKCcHUMarlliiHe
TIOJIAHHS 33 CHCTEMOIO OPTOTOHAIBHUX 0a3UCHUX (DYHKITIN:
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M-1
We() = di ) ey 9,00, 3)

r=0
ne wp(x) — wuwacrotna BaroBa ¢yHKuist k -ro

MapHianbHOTO KaHaly oOpoOku; dj — HOpPMYyBaJbHHUI
Koe]ilieHT; i, — KOoeDilieHTH OpPTOrOHAIBHOIO
poskiany; g,(x) — 6a3ucHi opTOrOHANBHI (QYHKIIT; I —
iHAekc OasucHOl (GyHKIii; M — KUIBKICTh YJICHIB
cKiHgeHHOro poskiany; x € [-1;1] — Hopmosana
4acTOTHA 3MIiHHA.

Jis mepexomy BiA TONIHOMIaJBHOTO ITONAHHS

YaCTOTHOI BaroBoi ¢ysKmii bi (o) YaCTOTHOI
xapakrepuctuku KIX-dimpTpa 3MiHHY X HOB’S3aHO 3
HOPMOBAaHOIO  KyTOBOIO  d9acToToro ()  JiHIHHUM
BiZIOOpaXECHHSIM:
X(Q) _ 20— Qmax - Qmin
Qmax - Qmin
Jns mnepmoi 3omm  Haiiksicra Q € [0;w] we
CIIBBITHOIICHHS HA0YBa€ BUTILIY:
20
x=—-1
T

[MoniHoMianbHy (QYHKIIO Wy (X) PO3IISIHYTO SK
OaxkaHy [iliCHyY 4YacTOTHy BaroBy (yHkuio K-ro
napuiaJbHOro KaHany. bakaHy KOMIUICKCHY YacTOTHY
XapaKTepUCTHKy  JiHiHHO-¢pa3zoBoro  KIX-¢dimprpa
3a/1aHO CITiBBIIHOIIIEHHAM.

. —jLg—1)
N —jQLe—1)
Hi (&) = wi(x(@)e™ 2,
a BIATOBINHUI CIEKTPaIbHO-CHEPTETHYHUN TMPOdiIh
BU3HAYAETHCS:

Wiea (@) = [wi (x()]".

VY 3aranpHilf TOCTAaHOBI Koe(ili€eHTH IMITyIbCHOT
XapakTepucTuku My [m] MoxyTe OyTH BH3HAYEHi
METOJIOM HaWMEHIIUX KBAJPAaTiB NUISXOM MiHiMi3arii
BIZIXMJIEHHST 4acTOTHOI Xapakrtepuctiku KIX-dinbrpa
Bix Hk,d(ejﬂ) Ha JIACKPETHIH dYacTOTHIH ciTmi 3
ypaxyBaHHSAM yMOBH cuMmerpii koedimientiB. Tum
MO HOMIABEHOTO 0a3ucy, KiTbKICTh WICHIB po3kianxy M
i moBxwHA QimbTpa Lk MOKYTH OyTH 00paHi 3a KpuUTepiem
MIHIMYMY ITOXHOKH alpOKCHMAIIii.

Sk OasucHi (QyHKIII PO3MIAHYTO IMOJMIHOMH
Jlexxannpa, YebumoBa Ta ['erenbayepa. Bubip Tumy
6a3ucy, TMOPSIKY HOJIHOMIB i KOe(illieHTiB pO3KIaLy
BM3Havyae (opMmy wactoTHOi BaroBoi ¢yHKHii Ta
BIJIMOBIHOTO CIIEKTPATLHO-EHEPTETUIHOTO MPODLITIO.

CTpykTypHO-(DYHKIIOHATBHY peati3amilo METOIy
TOCITIIKEHO LIISIXOM aHam3zy TOCITOBHOCTI
CHUTHANIbHUX TIEPETBOPEHb IMiJ dYac (QOpMyBaHHA
IPYIIOBOTO CHTHAIYy Ta PO3JUICHHS a0OHEHTCHKHX
curHaiiB.  [lpoueaypy  HOCHIIZOBHOTO  yCyHEHHS
iHTepdepeHii po3rIITHYTO Ha CTPYKTYPHOMY PiBHI SIK
TIOCITIZIOBHE OLIIHIOBaHHS, PEKOHCTPYKIIIO Ta
BiJTHIMaHHS BHECKiB OKpEMIX a0OHEHTCHKHX CUTHAIIB i3
MIPUIHATOTO TPYNOBOTO CUTHAIY.

BxigaumMu mapameTrpaMu aHANITHYHOI MOJENi €
KUIBKICTh ~ MapIliaJIbHAX — KaHaliB, KOeQIIlieHTH Ta
JOBXKMHU IMITYJIbCHUX XapakTepucTuk KIX-¢inbTpis,
TAN 1 TIOPSOK OPTOTOHAIBHOTO TIOJIHOMiaTbHOTO

0azucy, KoedilieHTH poO3KiIagy Ta HOPMYBaJbHI
koedimieHTH.  Po3paxyHKOBUMHM  BEJIMYMHAMH €
nepenaTHi (GYHKII] mapriagbHUX KaHaiB, iX 4acTOTHI
XapaKTEpUCTUKH, YacTOTHI  BaroBi  ¢yHKuWii Ta
CIEKTPAIbHO-CHEpreTHYHl  npodiai  aOOHEHTCHKUX
CHUTHAIB.

Jns  mepeBipkHm ~ OTpHUMaHUX  AHAJITHIHHUX

3aJIeKHOCTEH BHKOHAHO CXEMOTEXHIUYHE MOMAETIOBAHHS
gacTkoBoro  Bumaaky  KIX-dimetpa 3 aBoma
HEHYJIbOBUMH BiJTiKAMH IMITYJIbCHOI XapaKTePUCTHKH Y
Moy Circuit Design mporpaMHOTo cepeoBHUIa Ansys
Electronics Desktop (AEDT) 2025 R2. Ilepemathy
(YHKIIIO peani3oBaHO CyMYBaHHSM IPSIMOI CKJIaJ0BOi
CUTHaJIy Ta WOro 3arpuMaHoi Komii 3 (a30BHM 3CyBOM
180°. di3n4Hy 3aTPUMKY BU3HAUCHO SK

Tp = pTA = ]g,
A
e P — 3aTpUMKa, BHPaKEHa KiTBKICTIO BINJIKiB; T, —
nepioj] Auckperu3aiiii, ¢; f; — vacrora quckperusauii, I'm.

YacroTHmii aHami3 BHKOHaHO 3acobamm Linear
Network Analysis B miamazoni 0—40 MI'1; 15 3HaYeHb
LTOYHCIIOBOTO TapameTrpa 3aTpuMku P=1 i p=2.
CrHexTpajbHO-€HEPreTHYHUN TMpodiib BU3HAYAIH  SIK
KBaJ[paT MOAyJis KoeQillieHTa MepeaaBaHHsI CXEMHOI
MOJIeTi Ta 3ICTABISIM 3 BIiJIOBIZHOI aHAJIITUYHOIO
3aJISKHICTIO.

CraTUCTUYHI METOIU HE 3aCTOCOBYBAJIH, OCKIJIBKH
JOCIHI/DKCHHSI Ma€ aHAIITHYHUH 1 CXEMOTEXHIYHUIM
xapakrep. [IpoBeneHe MoJenroBaHHS HeEpeBipsie JHIIE
PO3MIITHYTHI YaCTKOBUI BHUMANOK nepenaTHoi QyHKII{
Ta HE OXOIUTIOE MOBHOI 0AaraTOKOPUCTYBalbKOI MOJEII,
BIUIUBY ITOXMOOK OLIHIOBaHHS KaHAIy, 3aJMIIKOBOI
iHTepdepeHIi # MOXUOOK CHHXPOHI3alii, a TaKOX He
nependavae OIIHIOBaHHS ITOKAa3HUKIB e(eKTUBHOCTI
MOM(IKOBAHOTO METOJY.

3. Pe3yabTaT po3pooKu
Ta A0CIiAKeHHs MOAM(]IKOBAHOT0 METOY
HEOPTOrOHAJIBHOT'0 MHOKMHHOI'0 JOCTYIY 3
NapuiaJbHUM CHEeKTPAJIbLHUM KOAYBaHHAM

3. 1 CTpykTypHO-pYHKIiOHAIBHA CXeMa
moaudikosanoro meronry NOMA

CTpyKTypHOIO OCHOBOIO peauizarii
3alpOIIOHOBAHOTO MeToay € 0Oa3oBa KoHQiryparis
MBUTpC [7], naBenena Ha puc. |. AHTeHHa cucTemMa
CTaHLii MICTUTH (pa3oBaHy aHTeHHy perritky (DPAP) i
niarpamodopmyBansHy cxemy (APC). IlpuitmamsHa
yacThHa 0a30Boi KoHGirypamii Mae pgBa mNpHUiiMadi
(ITpm 1, Ipm 2) ta rereponuH (I'er), a mepegaBanpHa —
nepenasady (I1px).

Jo crxiamy ™onema BXOIATH cymarop (X) i
Moxyartop (M), a KaHaJOyTBOPIOBAJbHAa araparypa
(KYA) mictuTh anapatypy 06araTocTaHIiifHOTO JIOCTYILY
(ABl), xomyrtarop kaHamiB (K) 1 wmynpTHIUIEKCOD-
nemyabTuiiekcop (M-1).

bazoBa koHiryparlis Mae 1Ba mpuiiMaIbHi Ta OJUH
nepeaBadbHUA  TPakT HaaBucokux dactor (HBY).
Takuii ckimag BiAmoBimae MiHIMaIbHIN —amapaTHii
moOya0Bi  BY37OBOi  CTaHIii. Y  pO3TOpPHYTHX
KOH(Iryparisx KUTBKICTB MIPUHMAaITEHUX i
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nepenaBanbHux HBY-TpaktiB Moke OyTm 30inmblneHa
BIZIMOBITHO 10 KUIBKOCTI OJHOYACHO OOCIyroBYyBaHHX

TpOl'[OC(I)epHI/IX Hal'[pSIMKiB, BUMOI' 10 PO3HECCHHA,

PE3CpBYBaHHA Ta HpOHyCKHOi Cl'[pOMO)KHOCTi.

KYVA i
[}
|
1
[}
I
|
|
:le]JpUBi
o~ K (e M-I | Kananm

IIpa

Puc. 1. ba3osa ctpykrypna cxema MBI TpC i3 ABoMa npuiiMansHIMH Ta OOHUM niepenaBanbHuM HBY-TpakTamu

y 3arpoIOHOBaHIN peadizamii ¢dysKmii
MapIiaJbHOTO CHEKTPAIHHOTO KOAYBAHHS Ta PO3ALICHHS
aOOHEHTCHKUX CUTHAIIB BUKOHYIOThCS 3acobamu AB/] i
1 poBoro MozeMa. V3aranbHeHy cXemy
MoudikoBanoro merogy NOMA HaBeneHo Ha puc. 2.

Ha puc. 2 Bukopucrano Ttaki mosHadeHus: Cp —

meperBoperas Dyp’e; HAIl — mmdpo-arazoroBuit
neperBopioBad; M — moaymsitop; HK — ekBiBaneHTHUI
HerepepBHUi  TpomocepHuin  kanaim; M —
JeMOIYNATOP; AIIIT - aHaoro-uudpoBuii
neperBoptoBay; [1Y] — 670K MOCTIJOBHOTO yCyHEHHs
inrepdepenuii; ILUID — 6ok MWBUIKOTO NEpeTBOPEHHS

napiiaapHuil  crekTpanbHuil  komep K-ro kamany  ®yp’e; Di — mexomep K-ro mapiiianpHOTO KaHamy
00poOku; 3IIIpd — 610K 3BOPOTHOIO MIBHIKOTO  OOpPOOKH.

C P —» D
G P —» D,
SUMIp@| [ LIAIL » M HK M p| AL p| IV p| LIIp®
C: [P » 5 —» D

Puc. 2. Cxema HEOPTOTOHATBLHOTO MHOYXHHHOTO JTOCTYITY
Ha OCHOBI MapIiaIbHOTO CIIEKTPAIFHOTO KOAYBaHHS Ta MOCIIOBHOTO YCYHEHHS iHTeppepeHIIii

VY mnepenaBambHOMY TpaKTi KOXEH a0OHEHTCHKHI
CHTHAT HAIXOOWTh 1O BIINOBITHOTO MAPHIAFHOTO
crnektpaibHoro Konepa Cy, y SKOMy BUKOHYETHCS IIA(PpOBa
KIX-¢inbrpanis. Taka ¢insrpamis GopMmye s KOXKHOTO
a0OHEHTCHKOTO CHTHANLY 1HAWBIIyaJIbHUI CIIEKTPaIbHO-
eHepreTHyHuil  mpodine 13 3aJaHUM  PO3MOJIIOM
MOTY>KHOCTI B MeXax po6odoi cmyrH gacToT. [licis mporo
CHTHAJIN CYMYIOTBCS, a COPMOBAHUIA TPYTIOBHI CIIEKTp 32
noniomoroto 3UITIpd mepeTBoproeThcs Ha TPYHOBHI
mudpouii curHan. [ami BiH Hagxomute Ha L[AITI,
MIePEHOCUThCS Ha Hecydy vactoty fn 1 mepenaerscs yepes
HK, y sikomy 3a3Ha€ aMIutiTyaHO-(ha30BHUX CIIOTBOPEHb Ta
YaCTOTHO-CEJICKTUBHUX 3aBMHUPAaHb.

VY npuiiManbHOMY TpakTi HPUHHATHI CUTHAI TiCIs
npoxomkenHs yepe3 HK memonymroerscs B Oxomi M,
MePEeTBOPIOETHCST B HU(POBY GopMy 3a TOTIOMOTOIO
AIIT Ta Hagxonuts o 6soka ITYI. Biok TV pazowm i3
HITI® i mexomepamu Dy YTBOPIOE iTEpamiiHUNA KOHTYpP
PO3UICHHST CUTHAJIB: TICIS OIIHIOBAaHHS YEepProBOTO
a0OHEHTCHKOTO CHTHAITy HOTO BHECOK PEKOHCTPYIOETHCS

Ta BIJHIMAETHCS BiJ] MPUHHATOTO TPYNOBOTO CHIHAIY.
OTxe, CTPYKTYpHO-(pYHKITIOHATEHA peaizaris
noroBHIOE amapaTHy ocHoBy MBLTpC wmexanizmMom

(dopMyBaHHS TpPYINOBOTO CHTHAlIy Ta PpO3JIUICHHS
A0OHEHTCHKMX CHTHANIB Yy CHUIBHOMY  YacoBO-
4acTOTHOMY pecypci. [HIMBigyasbHI CIIEKTpaiIbHO-

eHepreTuyHi Mpodisli BUKOPHCTOBYIOTHCS SK JOJATKOBI
CUTHAJIBHI O3HAKK TOPSA 13 PIBHAMH NPHAHATOI
MOTY)KHOCTI Ta MOXYTh YypaxOByBaTHCA I dYac
TMIOCITIZIOBHOTO yCyHEHHs iHTepdepeHtii.

3.2 AnaJjiTH4HI 3271€2KHOCTI NAPIiaILHOTO
CHEKTPATBbHOI0 KONYBAHHS

MaremaTHaHy MOJIETb napIiagbHOTO
CIIEKTPAIEHOTO KOJYBaHHS 33JaHO CIIiBBiIHOLICHHIMHU
(1)-(3) y posmini 2. Anani3 crmieeigaomens (1) i (2)
MOKA3ye, M0 CIEKTPATbHO-eHePTeTHUHIUHI TIPodins K-ro
a0OHEHTCHKOTO CHUTHAIY Oe3MocepeiHbO BU3HAYAETHCS
Koe(imieHTaMu Ta JIOBKHHOIO IMITYJIbCHOT
XapakTepucTuky Bignosigaoro KIX-dinerpa.
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3mina  mapamerpiB  KIX-dinmprpa  3abe3neuye
(opMyBaHHS BiJMIHHUX YaCTOTHO3AJICKHUX TMPOQLIB
a0OHEHTCHKHMX CHUTHAJIB 0e3 po3moiiny pobodoi cMyry Ha
HeTIepeKpUBHI 4acTOTHI KaHaiH. [licisi HEOPTOrOHAIBLHOTO
cyMilieHHs popMa NpodiTio MoKe BUKOPUCTOBYBATHCS SIK
JIOIaTKOBA O3HAKA IIiJ{ Yac OLIHIOBAHHS Ta PEKOHCTPYKIIi

curHaniB y nporenypi SIC.
IMommpeni gactoTHi BaroBi (yHKHii OyIoyrOTh Ha
OCHOBI  TPHTOHOMETPHYHHX  CKJIAOBHX, 30KpeMa

cos?(Q) ta sin?(Q) [21,22]. Jna ysaraibHEHOro
KepyBaHHS (OpMOIO PO iIiB BHKOPUCTAHO CKIHICHHUHA
po3kiman (3) 3a CHCTEMOIO OpPTOTOHANBHUX Oa3UCHHUX
¢ynkuin. Takuif 3anmc nae 3Mory (GopMyBaTH CIMEHCTBO
BaroBux (QYHKIIH nusixoM BHOOpYy THIy Oasucy,
nopsiaky — QyHkmid, koeQillieHTIB  po3kiamy — Ta
HOPMYBAJIBHOTO KOeQiIlieHTa.

3.3 CuHTE3 YaCTOTHUX BaroBux (GyHKui
HA OCHOBI OPTOrOHAJIBLHUX MOJIiHOMIB

Jnst  cuHTe3y YaCTOTHHUX BaroBux  (YHKILH
mapiaTbHUX KaHaJIiB 00poOKH TOILIJIBHO
BUKOPHCTOBYBAaTH OPTOTOHAIIBHI MOJIHOMH, 30KpeMa

moninomu Yebumona I ta Il pony, Jlexannpa, a Takox

TTOJIIHOMHU I'erenbayepa [23]. Hamani
BHKOPHCTOBYBATHMEMO Taki mo3HaueHHs: T,(x) —
noninom Yebumosa I pony; U,(x) — momiHoM

Yeoumona 11 pomy; P,(x) nostiom Jlexanspa;

C,(la)(x) — moninoM ['erenbayepa 3 mapamerpom . TyT
N — MOpS/IOK TMONIHOMA; @ — TapaMeTp, IO BH3HAYAE
KOHKpeTHe ciMeiicTBo mostinomiB ['erenbayepa.

BukopucraHHsi OpPTOTOHAJIbHUX MOJIHOMIB Ja€
3mory (¢opMyBaTH pi3HI YacTOTHI BaroBi ¢yHKIiT
napiiajgbHUX KaHaliB OOpOOKH HUISIXOM BHOOPY THITY
0asucy, TMOpSAAKY  MOJIHOMIB 1 Koe(illieHTiB
OPTOTOHAIEHOTO PO3KIALTY.

Jis  imocTpariii  BIACTHBOCTEW ITONIHOMIiaTbHHUX
0a3uciB PO3TITHYTO MOJTIHOMH TopsakiB N =1,....5.
BukopucTaHHS HEBUCOKHX MOPSAAKIB 00MEXKY€E KITBKICTD
WIEHIB PO3KIagy Ta 3MEHIIYE OOYHCIIOBAIBHY
CKIIaTHICTh (POPMYBaHHS YaCTOTHHUX BaroBUX (DYHKIIIH.

Jnsi y3araJpHEHOTO TOJAHHS Ta MOXKJIHMBOCTI
cuHTe3y moiiHoMiB YebumoBa | pomy HOBIIBHOTO

nopsaky n =1  wMoxe  OyTM  BHKOPHUCTaHO
CHIBBITHOILICHHSI:
)I
T@%—Z(ns T @ @
ne q = |n/2], s — iHgeKc migcyMOBYBaHHSI.

Hominomu T, (x) mis n = 1,...,5, orpumani 3 (4),

MAarOThb BUI'JIAI:
TI (x ) =X,

T,(x) = 2x% -1,
T;(x) = 4x3 — 3x,
T,(x) = 8x* —8x2 +1,
Ts(x) = 16x° — 20x3 + 5x.
[oninomn Yebumiosa Il poxy MoxyTs OyTH 3a1aHi
PEKYPEHTHUM CITiBBiTHOIIICHHSIM:

Un+1(x) = ZxUn(x) - Un—l(x)a n=1 (5

IMoninomu U, (x) s n = 1,...
MAarOTh BUIJISL:

,5, otpumani 3 (5),

U, (x) = 2x,
Uy (x) = 4x% — 1,
Us(x) = 8x3 — 4x,
Uy(x) = 16x* — 12x% + 1,
Us(x) = 32x5 — 32x3 + 6x.
IMoninomu T, (x)
GyHKIIEIO:

OpPTOTOHANBHI 3  BaroBOIO

pr(x) = (1 —x?)712,
a moninomu U, (x) — 3 Baroro:
py(x) = (1 —x*)'2,

[Moninomu Jlexanapa mopsaky n =1 MOXyTh
OyTH 3aJaHi peKYPCHTHUM CITiBBiTHOIICHHSIM:

(n + DPyya(x) = 2n + DxB(x) — nPp_y(x), (6)

[ominomu B,(x) mas n = 1,...,5, orpumani 3 (6),
MArOTh BUTJISII:

Pl (x) =X,
P, (x) = 3x2 —
2X) = 2 >
PyG) = 5x3 —
3(X) = 2 >
35x* —30x% +3
P4 (x) = 8 )
63x° — 70x3 + 15x
Ps(x) = 3 .
IMomiwomun P,(x) yTBOPIOIOTH OPTOTOHAIBHY
CHUCTEMY 3 BaroBoro (pyHKIIi€10:
pp(x) = 1.
[Moninomu Terenbayepa € mapaMeTpUYHUM

CIMEHCTBOM OpPTOTOHAJIBHUX MOJIHOMIB. 3a YMOBH

1 .
a>—-,a#* 0 BOHU MOXKYTh OyTH 3amaHi Gpopmyioro:

q
@ B s I'a+n-—s)
Cn (x)_;( D F sl (n = 29)1

3(7) man=

(2x)"725. (7)

1, 2, 3 oTpuMy€EMO:
Cga) (x) = 2ax,

Cga) (x) = 2a(a + l)x2 -

Cga)(x) = ga(af +1)(a+ Z)x3 —2a(a + 1)x.

[MomiHoMHM BHIIMX TOPSAKIB  BH3HAYAIOTHCS
Ge3rocepeHbO 3a CIiBBiHOMIEHHM (7).
IMoninomu I'erenbayepa YTBOPIOIOTH

OpTOTOHANIEHY CHCTEMY 3 BAarOBOKO (DYHKILI€I0:
Pe(X) = (1 —x)*Y2, a>-1/2, a=+0.

3B’s13km MiXk momiHOMamu [ erenbayepa, Jiexxanapa
ta Yebummona Il poy BU3HA4aIOTHCSI TAKUM YHHOM:

P (x) = Py (), ®)
CP(x) = Up(x). ©)
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3’530k MK nomiHomamu [erenbayepa Ta
Yebummona | poy oTpuMy€eThCs y TPaHUYHOMY BUIIAJKY
a — 0 gepes HOpMOBaHy Gopmy:
CP(x) 2

GO0 = lim———="T,(x), n=1 (10)

Hageneni cnieBigHomeHHs (8)—(10) mokas3yroTs, mo
noiHomu Jlexxarnpa ta YeOHioBa MOXKYTh PO3TIIIATHCS
SK OKpeMi BUMaakd abo TpaHu4HI (opMH TOJIIHOMIB
[erenbayepa.

Ile 1mae 3Mory  BHUKOPUCTOBYBaTM  €IMHMI
rapamMeTpU30BaHui 0a3KC VISl CHHTE3y YaCTOTHUX BarOBUX
(yHKUIN napuiaJbHUX KaHaIiB 00pOOKH.

Orxe, noninomu T, (x), U, (x), P,(x) Ta CP(x)
MOXYTh BHKOPHCTOBYBATHCS SIK OPTOTOHANIBHI Oa3MCHI
byukuii g, (x) y (3) s anpoKCUMAIifiHOrO MOJaHHS
YacTOTHOI BaroBoi QpyHKIti wy, (x).

Bubip Tuny mnoniHOMianbHOTO 0a3ucy, MOPSIKY
HOJIIHOMIB 1 KOe(illi€eHTIB Cp, Ja€ 3Mory (opMyBaTH
pi3Hi uyacToTHI BaroBi (yHKILIT HapliajdbHUX KaHAJiB
00pOOKH Ta KepyBaTH CIEKTPaIbHO-CHEPIeTUUHUMH
npodiIsIMU BiINOBIAHUX a0OHEHTCHKUX CUTHAIIIB.

3.4 CxeMOTexHiYHa NepeBipKa aHAJITHYHUX
3aJ1e5KHOCTel VISl YaCTKOBOT0 BUIIAJIKY
nepegaTHoi GpyHKuii

3aranpHa nepenatHa ¢ynkuis KIX-dinerpa k-ro
mapuianbHOTO KaHamy oOpoOku 3amaHa y (1). [Jma
UTFOCTPaTUBHOTO  aHamizy  (OpPMH  CIIEKTPajbHO-
SHEPreTUYHOTO NMPO(III0 MOXKHA PO3IIIAAATH OKPEMHH
kimac KIX-dimpTpiB i3 ABOMA HEHYIHOBUMH BiJTiIKAMH
IMITYJIbCHOT XapaKTEePUCTUKH:

Hep(@ =1-27, p=1  (11)

Jie p — 3aTpUMKa y BiJUTiIKaXx MK JBOMa HCHYJIbOBHUMH
KOoe(illieHTaMH IMITyJIbCHOI ~XapaKTepHCTHKH. Taka

nepenatHa (QyHKUis € yacTkoBMM Bumaiakom (1), mms
AKOTO HEHYJIbOBUMH € jiutie Koedirientu hy ,[0] = 1 Ta
hiplp] = —1, a ana inmuEx 3HAa4eHb M BUKOHYETHCS
hyp[m] = 0.

Iicns migcranoBku z = e/? y (11) orpumyemo
YaCTOTHy —XapakTepucTuky Gimerpa Hy,(e/®), a
BIJIMOBIMHUH  CIEKTPaIbHO-CHEPreTUYHUH  npodiib
38/1a€ThCS SIK:

Wk,p =

- : Q
= |Hp(@®)|* = |1 — e7P2|* = 4sin? (p7>

OCKiNTbKH MaKCHMalbHE 3HAYCHHS CHEKTPAbHO-
enepreTuaHoro mpodimo Wy ,(Q) B posraHyTOMY
YacCTOTHOMY 1IHTEpBaji MOpiBHIOE 4, HOPMOBaHUA
po¢inb Wk‘p (), 3HaueHHs SKOTO HAJNEKATh iHTEPBATY
[0;1], Bu3HAUaETHCS SK:

— Wi, (Q Q
Wi, (Q) = —k'i( ) = sin? (pT)
AHai3 HaBeJCHOI 3aJeKHOCTI TMOKasye, IO

mapaMeTp [ BH3Ha4a€e KINBKICTh 1 IIOJIOKEHHS
eKCTPEMYMIB CIIEKTPaIbHO-CHEPIETUYHOTO Mpodiiio B
Mexax mepioi 30au Haiiksicta. s p = 1 HopMoBaHUit
po¢iTb MOHOTOHHO 3pOCTAE BT HYJIS IO OAWHUIIL, a IS
p = 2 mocarae MakcUMyMmy 3a 3HaueHHsS Q/m = 0,5 Ta
HYJBbOBI 3HAueHHS Ha MeXax JOCIiKyBaHOTO
iHTEpBaNYy.

3a METOJMKOI0, HaBeICHOIO B PO3ALIL 2, Y MOIyJi
Circuit Design nporpamHoro cepenosuma AEDT 2025
R2 BUKOHAaHO CXeMOTEXHIUHE MOJICTIOBAHHSI YaCTKOBOT'O
Bunaaky KIX-dpinprpagmsip=1ip =2,

OTpuMaHi HOPMOBaHI CIEKTPaIbHO-CHEPTETHYHI
mpoQii 3iCTaBICHO 3 AaHANITHYHIMH 3AJIEKHOCTSIMA Ha
puc. 3.

1.0

Wk.p(g)

0.0 ' T r T
0.0 0.2 0.4 0.6 0.8 1.0
Qfrm
—— AHaJliTUUHa 3aJIeXHIiCcTh, p= 1 ° AEDT, p=1
AHaJliTUYHA 3aJ1eXHicTb, p=2 v  AEDT,p=2

Puc. 3. HopmoBasi crieKTpansHO-eHepreTHaHi npodii
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3icTaBieHHS Ha PUC. 3 AEMOHCTPYIOTh Y3IOKSHHS
3MOJICIbOBAHUX Ta AHAIITHYHO BHU3HAYCHUX NPOQiNiB
s p=11p=2. lle niaTBepkye OTpUMaHy 3aJI€XKHICTh
Mk napamerpoM 3aTpuMku KIX-¢inerpa Ta dopmoro
CHEKTPaJbHO-CHEPreTUYHOro  MHpodimo B Mexax
PO3IIIAHYTOTO YaCTKOBOTO BUITAJIKY.

4. O0roBopeHHs1 pe3yJbTaTiB

3amponoHoBaHa CTPYKTYpHO-(QYHKI[iOHATbHA
cxema MoxugikoBanoro wmeroxy NOMA BH3Hauae
MOCTITOBHICTE (DOpPMYyBaHHS TPYIOBOTO CHTHAIIY Ta
po3nineHHs aOOHEHTCHKMX CHTHANIB Y CHUIBHOMY
gacoBo-gacToTHOMY pecypci MBUTpC.

OCOOJMBICTIO CXEMH € BBEJICHHS MNapLiaibHUX
CHEKTpaJbHUX KOJAEPIB 1 AeKoxepiB, siki GOopMyIOTh Ta
BHUKOPUCTOBYIOTh IHWBIAyabHI CIEKTPaJIbHO-
eHepretnuHi npodini aboHeHTChKMX curHaiiB. lle
JIONIOBHIOE anapatHy cTpykrypy MBLTpC, nHaBeneHy Ha
puc. 1, CHTHaJbHO-JITOPUTMIYHIM MeXaHi3MOM
0araToCTaHIIITHOTO AOCTYIY, peaji3alifo SKOTOo ITOIaHO
Ha puc. 2.

CmiBBigHomeHHs (1)—(3) BCTaHOBIIOIOTH 3B’SA30K
MiX KoeQillieHTaMH IMITyJIbCHOI XapakTepuctuku KIX-
¢irpTpa, MOro YACTOTHOIO XapAKTCPUCTHUKOIO Ta
CHEKTPaJbHO-CHEPIeTUYHIM TPO(dieM abOHEHTCHKOTO
curHaiy. Omxke, 3MiHa koedinieHTiB i noBxunu KIX-
¢inpTpa Jae 3MOTY ¢dbopmyBatu BiZIMIHHI
4acTOTHO3aJIeKHI podini Oe3 moxiny podoyoi cMyru Ha
HemepekpuBHI uyacToTHi kaHanu. Lle 3abe3mneuye
MOXIIMBICTh BHKOPUCTaHHS (OPMH  CIEKTPaJIbHOTO
pO3MOATY eHeprii sK MONATKOBOI O3HAKH IiJ dYac
OLIIHIOBaHHS, PEKOHCTPYKIIT T IOCITIJOBHOTO YCYHEHHS
a0OHEHTCHKUX CHTHAIIIB.

INopannst yacToTHNX BaroBuX (QyHKIiH 3a cucTeMamMu
OPTOTOHAIGHHMX IIOJIIHOMIB Jla€ 3MOTY MapaMeTpUYHO
KepyBaTH (JOPMOIO CIIEKTPaJbHO-CHEPTeTHYHNX MPOoQiTiB
LUIIXOM BHOOpY THUITy 0a3ucy, MOpSAKY TONIHOMIB i
koedimientie  poskmany. Criseiguomienns  (8)—(10)
MOKa3yloTh, Mo momiHomu Jlexxanapa Ta Yebumona
MOXYTh PO3IIISIIATUCS SIK OKpEeMi BHIIAJIKU a00 rpaHHU4Hi
¢opmu  mominomiB  [erenbayepa. lle mae 3mory
BHUKOPHCTOBYBAaTH IapaMETPU30BAHUN IONIHOMIaIbHHH
0azuc Ui CHHTE3y YACTOTHHX BaroBHX (DYHKIIHA
MapIiaTbHAX KaHATIB 00POOKH.

CXeMOTeXHIYHE MOJEIIOBAHHS JBOBIIIIKOBOTO
KIX-¢inpTpa, 3amaHoro cmiBBigHomenHsMm  (11),
[OKa3alo TPAaKTUYHUH 30ir  3MOJAENBOBAaHHX  Ta
AQHAITUYHO BU3HAYCHWX HOPMOBAHUX CHEKTPaJbHO-
eHepreTnuHUX mpo¢imB. OTpuMaHWi  pe3ynapTar
TOSICHIOETHCS Oe3mocepeHiM 3B’ SI3KOM MK
rapameTpoM 3aTPUMKH P, YACTOTHOIO XapaKTEPUCTHUKOIO
KIX-¢inbTpa Ta MOJ0XKEHHIM EKCTPEMYMiB POQiITIO.

Ha Bigminy Bigx PD-NOMA [12, 14,15], ne
OCHOBHOIO O3HAKOK PO3AUICHHS CHTHANIB € PI3HHISA

PiBHIB TIOTY>KHOCTi, y 3alpOIIOHOBAHOMY METO[i
JI01aTKOBO BUKOPHCTOBYETHCS ¢dopma
YaCTOTHO3aJIESKHOTO CIIEKTPaIbHO-CHEPTeTHIHOTO

npodimo. Ha Bimminy Bim CD-NOMA [14, 15], ne
PO3MIJICHHS KOPHUCTYBadiB 3a0e3MeUyeThCsl KOIOBUMHU
KHHATaMH abo ClieiaJIbHUMA CUTHAJIbHUMM
CTPYKTypaMH,  3alpollOHOBaHWK  miaxim  dopmye
CHUTHAITbHI 03HaKH 3acobamu 1udpoBoi KIX-dinprparrii.

TakuM YMHOM, BIIMIHHICTIO 3aIPOIIOHOBAHOTO
METO/y € HOEIHAHHS HEOPTOTOHAIBHOIO CyMIllEHHS
CUTHAJIIB, KEPOBAHOTO CIIEKTPAIILHOTO 3Ba)KyBaHHS Ta
TpoLeypu SIC y CTPYKTYpi MBI TpC.
3arpornoHoBaHUi METO 1aB 3MOTY BU3HAYUTH PHHIIUIT
CTPYKTYpHO-(PyHKITIOHATBHOL peadizamii
OaraTocTaHIIITHOTO JOCTYITY, (dopmarizyBaTH
mapuiansbHe CIeKTpaibHe KomyBaHHSA K nuppoBy KIX-
¢inpTpanito Ta chopMyBaTH MaTeMaTHYHy OCHOBY
CHHTE3y YaCTOTHHX BaroBux G¢yHKmii. [Ipaktudane
3HAYCHHS pe3yJbTaTiB TMOJSATa€ B MOMIJIHMBOCTI
MporpamMHoOl pearizaiii mapiiajbHUX CHCKTPATbHUX
KoZIepiB i aekojaepiB y mudpoBomy momaemi MBIITpC.
3MiHa Koe(ilieHTIB KIX-dinbrpis CTBOPIOE
NepelyMOBH JJISl afanTalil ClieKTpaTbHO-€HEPTeTHIHNX
MpodiIiB 70 XapakTEPUCTHK OKPEMHUX TPONOChepHHUX
HaIpsMKiB.

3anpornoHOBaHMH METOA CIiJ 3acTOCOBYBAaTH 3
ypaxyBaHHSAM TaKUX OOMEXEHb:

-y poOoTi He 3amaHO mMapaMeTpudHoi abo
CTaTHCTHYHOI MOJIEeN TPOrmoc(hepHOTro KaHaIy;

—HE [OCHIDKEHO BIUIMB ITOXHOOK OI[IHFOBAHHSI
KaHaJTy Ta CHHXPOHI3aIlil CUTHAJIIB, a TAKOX 3aJIHIITKOBOT
inrepdepenuii micas SIC;

— HEe BU3HAYCHO JOIyCTUMUHN CTYIIHb HEPEKPHUTTS
CIEKTPAIbHO-CHEPreTHYHUX  MPOQUIB 1 TpaHUUHY
KUTBKICTh OZHOYACHO OOCITyroByBaHUX aOOHEHTCHKUX
craHiid. KpiM Toro, mnpakTHYHE 3aCTOCYBaHHS
3alpPONIOHOBAHOTO  MIAXOAY  MOTpedye  YacTOTHOI
eKBaJi3allii Ta peKOHCTPYKIIil BHECKIB OKPEMIX CUTHAIIB
y IpuiiMaibHOMY TPaKTi.

HenmomikoM  mpoBeneHOTO0  JIOCHIIKEHHS €
BIJICYTHICTh TIOBHOi 0araToKOpHCTYBambKOlI MOJENi Ta
KiJIbKICHOTO TOPIBHSHHS 3allPOIIOHOBAHOTO METONY 3
OMA, PD-NOMA i CD-NOMA 3a 0IHaKOBHUX
NOYaTKOBUX YMOB. CXEMOTEXHIUHa TepeBipKa OXOILII0E
naume 4vacTkoBuii Bumagok KIX-dimeTpa 3 aBoma
HEHYJIbOBUMH BiJUIIKAMH IMITyJIbCHOI XapaKTePUCTHKH.
Tomy MOXKJIUBE i ABUIICHHS CIEKTPAJIbHOI
e(eKTHUBHOCTI Ta CTIHKOCTI PO3AUICHHS CHUTHATIB CIIi
po3msiaTH SIK OOTPYHTOBaHY HEpPEeIyMOBY, a HE SK
KUTBKICHO TATBEPIKCHY IIEpeBary.

[Moganpmmii  PO3BUTOK JIOCHIPKEHHS JIOLIJIBHO
CTIpsIMyBaTH Ha PO3POOJICHHS ajJrOpUTMY PO3PaxyHKY
KOEQIIiEHTIB OPTOTOHANEHOTO PO3KIany Ta KPHUTEpiiB
BHOOPY HONTIHOMIaJIBHOTO 6a3HCy, JOCTIHKEHHS BIUTUBY
KUTBKOCTi aDOHEHTCHKUX CHTHAJIIB, CTYTICHS MIEPEKPUTTS
mpodimiB, mopsaaky ~KIX-¢imerpiB 1 moxmbokx
OILIIHIOBAaHHS KaHAIly Ha SIKICTh po3fineHHs. HacTymHIM
€TarioM JIOCITIPKEHHS MatOTh OyTH MOJICITIOBAHHS TIOBHO1
0araToKOpUCTYBal[bKOi ~ CHCTEMH B  YaCTOTHO-
CEJIEKTUBHOMY Tpomnoc(epHOMYy KaHaJi Ta MOPiBHSHHA
moaudikoBanoro merony 3 OMA, PD-NOMA i CD-
NOMA 3a criekTpasibHOI0 €()EeKTUBHICTIO, IMOBIPHICTIO
6iTOBOT TMOMWIIKH, BiJHOUIEHHSM CHTHalIy JO CYMH
iHTepdepeHuii Ta  mymMy, piBHEM  3aJMIIKOBOi
inrepdepenuii  micas  SIC  #  00YHMCITIOBANBHOIO
CKJIQ/IHICTIO TIpUiiMaya.

5. BUCHOBKH

V crarti po3poOiIeHO Ta AHATITHYHO OIMCAHO
MoaudikoBaHUI METOI HEOPTOTOHATLHOTO
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MHOXXKUHHOTO JOCTYIy 3 HapliajbHUM CIEKTPaJIbHUM
konyBaHusaM st MBITpC, mo QyHkuionye 3a
TOTIOJIOTIEI0 PtMP. Buznaueno CTPYKTYpHO-
(byHKIIOHATBHY cXeMy (opMyBaHHS I'PYHOBOTO CUTHAILY
Ta pO3JAUIEHHS A0OHEHTCHKUX CHUTHAIIB Y CIIIJIBHOMY
JaCcOBO-4YaCTOTHOMY pecypci.

[Mapmiansae CHEKTpaJbHEe KOJlyBaHHS
¢opmamizoBano sk mudpoBy  KIX-dimprpariro.
BcranoBieHo, Mo KoedimieHTH Ta JOBXHUHA IMITYIbCHOL
xapakrepuctukun KIX-¢inpTpa Bu3HauaioTe (opmy
CIEKTPATBbHO-EHEPTeTUIHOTO TPO(diar0 aOOHEHTCHKOTO
curHaimy. lle  1mae  3Mory  BHKOPHCTOBYBaTH
YaCTOTHO3AJIECKHUN MPOQIUIb SK TOJATKOBY CHI'HAJBHY
03HaKY I1iJ] 9ac pO31IEHHS HEOPTOTOHAIBHO CYMIILIEHUX
CHUTHAJIB.

[TokazaHO MOMIJIMBICTP BUKOPHCTAHHS IIOJIIHOMIB
Jlexxannpa,  YeOumoBa Tta  [erenbayepa sk
OpPTOTOHAITEHUX Oa3mcHIX hyHKIIH JUTS
IapaMeTPUYHOTO CHHTE3Y YaCTOTHHUX BaroBHX (DYHKIIIH
mapuiaTbHUX KaHaJiB 00poOku. Bubip momiHOMiatbHOTO
0azucy, MOPSAOKY TOJTIHOMIB i KOS(IIiEHTIB pO3KIALy
BM3HaYae  (opMy  BIAMOBIZHOTO  CIIEKTPaIbHO-
E€HEePreTHYHOTO POPIITIO.

Jnst posrmstHyToro dvactkoBoro Bumaaky KIX-
(buIBTpa pe3yNbTaTH CXEMOTEXHIYHOTO MOJICIIFOBAHHS 32
p=11p =2 y3romKyThCs 3 aHATITHYHO BU3HAYEHUMHU
HOPMOBaHUMU CHEKTPaJIbHO-EHEPreTHYHUMH
npodissiMu. Lle miaTBeppKye OTpUMaHy 3aJIeKHICTh MiXK
mapameTpom 3atpumkun KIX-¢pimetpa Ta dopmoro
POdIIIO B MEXax PO3MITHYTOI0 YaCTKOBOT'O BUITAJIKY .

[IpakTiuHe 3HAa4YeHHS pe3yJbTaTiB IOJSATaE B

MOJJIMBOCTI ~ IIPOrpaMHOi  peaiizauii  napriaJbHHAX
CIIEKTpaIbHUX KozepiB y mudposomy monemi MBI TpC
i BUKOpHCTaHHS cQopMoBaHMX npodimiB My dYac
po3nineHHss ~ aOOHEHTCHKMX  CHTHaNiB.  BojHouac
KiJIbKICHE MIJBUILEHHS CIEKTPaIbHOI e(eKTHBHOCTI Ta
CTIMKOCTI  pO3OUTIEHHS B  MeEXax IPOBEICHOTO
JOCIIJKEHHS HE MiATBEPIKCHO.

[MomampIm gocmimKeHHS AOIIFHO CTIPSIMYBATH Ha
pPO3pOOIIEHHS aNrOpUTMy PO3paxyHKy KoedilieHTiB
OPTOTOHAJIIBHOTO ~ PO3KJIAay, MOJETIOBAaHHS IIOBHOI
0araTOKOPUCTYBAIlbKOi ~ CHCTEMH Ta  IOPIBHSHHA
moaudikoBanoro merony 3 OMA, PD-NOMA i CD-
NOMA 3a noka3zHHKaM¥ e()eKTUBHOCTI.

Kondguikr inTepeci

ABTOpH 3asBISIOTH TPO BIJACYTHICTH KOH(DIIKTY
iHTEepeciB, 30KpeMa (DiHAHCOBOTO, AaBTOPCHKOTO YH
IHIIOTO ~ XapakTepy, SAKHA Mir OH BIDIMHYTH Ha
JIOCTIKeHHST a0o pe3yJibTaTH, OIyOJiKOBaHI B I
CTaTTI.
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Modified Method of Non-Orthogonal Multiple Access with Partial Spectral Coding
for Mobile Nodal Digital Troposcatter Stations

Oleksii Kovalenko, Vitaly Pocherniaiev, Serhii Ivko

Abstract. Subject. A modified non-orthogonal multiple access method using partial spectral coding of user signals for
a mobile nodal digital troposcatter station. Objective. To analytically substantiate the generation and separation of multiple
user signals in a shared time-frequency resource of a troposcatter channel. Research tasks. To define the structural and
functional diagram for composite-signal generation and user-signal separation; formulate a mathematical description of partial
spectral coding; investigate the use of orthogonal polynomials to synthesize frequency-weighting functions; and verify the
derived analytical relationships through circuit-level simulation. Methods. The methods included analytical modeling of signal
transformations, the z-transform, frequency-response analysis of digital filters, expansion of weighting functions in orthogonal -
polynomial bases, and circuit-level simulation for a particular transfer function. Results. An individual spectral-energy profile
was proposed for each user signal as an additional discriminating feature after non-orthogonal superposition. Analytical
expressions were derived for the transfer functions of partial processing channels, spectral-energy profiles, and frequency-
weighting functions. Legendre, Chebyshev, and Gegenbauer polynomials were shown to be suitable for controlling the profile
shape. Circuit-level simulation confirmed the derived analytical relationships for spectral-energy profile formation in the
particular case considered. Conclusions. The proposed approach provides a signal-processing and algorithmic foundation for
the multiuser physical layer of a troposcatter station and establishes a basis for improving spectrum utilization and the rob ustness
of user-signal separation.

Keywords: non-orthogonal multiple access; partial spectral coding; mobile nodal digital troposcatter station; troposcatter
channel; successive interference cancellation; finite impulse response filter; orthogonal polynomials.
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XapKiBChKHIA HAI[IOHATHPHUN YHIBEPCUTET PaIiOeNeKTPOHIKH, XapKiB, YKpaiHa

METOIUKA PO3PAXYHKY OBEPXETY LIVE-MIT PALIIT
BIPTYAJIBHUX MAIIIMH HA BA3I KOHHEIIIII PECYPCHOI'O KYBA NRC

AHoTalisi. AKTyaJbHICTb. AKTyalbHi BUMOTH 10 CHEProe(eKTHBHOIO Ta aJalTHBHOTO (DYHKIIIOHYBAHHS CY4aCHHX
JaTa-1EHTPIiB 00YMOBJICHI CTPIMKOIO PO30yIOBOI0 XMapHOTO CErMEHTAa. 3a TaKMX YMOB IHCTpyMeHTapii mirpauii BM y
rapsyoMy pexuMi cTae (GyHIAMEHTOM THYYKOrO pO3MOiny amapatHoro (oHmy. 3aBAsSKH 3AaTHOCTI MEpeMillyBaTH
BipTyaJlbHI MallMHM B Hpoleci IXHBOI poOoTH 6e3 KPUTHYHUX Iay3 y JOCTYII O JOAATKIB, aJMiHICTPAaTOPH YCIIIIHO
BUPIIITYIOTh MIPOOIEMH ONTHMI3amii XKHUBJICHHS IUIIXOM KOHCOJIJalil HaBaHTa)KeHb, YCYBAlOTh JIOKAIBHI ITepeBaHTaKEHHS
XOCTIB Ta 00CITyrOBYIOTh TEXHIUHY 0a3y Oe3 3ynmuHKH Oi3Hec-mporeciB. 3 iHIIoro 60Ky, nmpouexypa 6e3nepepBHOi Mirpamii
HEMUHYYe TIOPOJPKY€E IapasuTHI BUTpaTH pecypciB. OyHkiionyBaHHS iTepatuBHuX cxeM (Pre-Copy) BuMarae mocTiiHOTO
MEPEXOIUICHHST MOIM(piKOBaHUX OJIOKIB ONMEPaTHBHOI MaM'siTi, TXHBOI MOBTOPHOI mepeaadi Ta (iHATBHOTO Y3TOMKCHHS
koHTekcTiB CPU, 1o cyTTeBO nedopmye pecypcHHid mpodiib cepBepiB. Sk HACIiOK, BAHUKAIOTh Pi3Ki CTPUOKH yTHITI3aLii
O0OYHUCITIOBATIBHUX SIIEP TINEPBi30POM, BUUEPITYEThCS MICTKICTh KaHAIB Mepeaadi JaHuX 1 3p0oCcTae yac BIAryKy. XaoTHUHUI
200 HepaliOHATBPHAHN 3aITyCK TAKUX MPOLEAYP CTBOPIOE PH3UKH B3aEMHOTO MPUTHIYSHHS CYCiTHIX 3a1a4, 300iB Y BUKOHAHHI
HopMaTuBiB SLA i HaBiTh PH3MK 3alMKICHHS Iepefadi MaHHWX, KOJIHM CTOPIHKM IIepe3aluCyloThCS MIBUAIIE, HIX
HaJICWIIAIOTECS Mepexero. IIpeaMeT mocaimKeHHs: NPOIECH BUHUKHEHHS Ta METOAWKH PO3PAXYHKY HAKJIAJHHX BHTpAT
(Tapa3suTHOTO HAaBaHTAXXEHHS Ha OOYMCIIOBAIBHI SIIpa, TaM'aTh 1 MepeXeBi KaHaJM) IIiJ] 9ac )KUBOI Mirpamii BipTyaJIbHUX
MallvH, a TaKOX MaTeMaTHYHI MOJeNi M aJrOpuTMH X HPOCTOPOBOTO OLIHIOBAHHS Ha OCHOBI BEKTOPHO! KOHIICTIIIii
pecypcHoro kydoa NRC. MeTa poc/inieHHsi: MiABUIICHHS e()EKTUBHOCTI JUHAMIYHOTO KEPYyBaHHI pecypcaMu XMapHOTO
JaTa-IEHTPY Ta 3armoOiraHHs MopymeHHsM yroa SLA HUIsIXoM po3poOJIeHHS MOAEN i METOAY OLIHIOBAaHHS HAKJIAJIHUX
BHUTpAT >KMBOI Mirpamii BIpTyaJbHHX MAaIlMH Ha OCHOBI BEKTOPHOTO IpocTopy pecypcHoro kyoa NRC. 3aBaanus
npociimkenns. ChopmymnroBati KpuTepiid MiHiMi3amii HaBaHTaXXEHHS 3 YpaxyBaHHAM €MHOCTI cepBepiB y Moaeni NRC Tta
pearizyBaTi anropuT™M BUOOPY HIBOBHX XOCTiB y kiaci Load Balancing. Metoau nociixzkeHHsi. MeTo 1 BEKTOPHOTO Ta
0araToBMMIpHOTO T'€OMETPHYHOIO aHaNi3y, METOAM CHUCTEeMHOTO aHalidy Ta Teopii cucreMm, Teopis rpadiB Ta
JIepPEBOIIONIOHNX CTPYKTYp HaHuX. Pe3yabTaT gociigxkenns. JJoBeneHo, mo epeKTHBHA MIiCTKICTh XOCTIB 3MEHIIYETHCS
Ha BEJIMYMHY BEKTOPHOTO OBEpXedy Mirpamii, 10 YHEMOXKJIMBIIOE HMOMMIIKOBE IIEPEBAHTAXKEHHS CHCTEMH B IpoLeci
BUKOHAHHs 0aJaHCYBaJbHUX omepamiid. 3amponoHOBaHa cxema GOpMy€e MaTeMaTHUHy OCHOBY I PO3POOKH aganTHBHUX
anroputMiB penokarnii BM i3 rapaHTOBaHUM ITOTpHMaHHSAM IpaHUYHUX YMOB Ky6a NRC.

KarwuoBi cioBa: mirpaiis BipTyalbHUX MAIllMH; Nlepeiada JaHUX; alCOPUTM IMITaIlil BiANany; TCHETUYHUI aJrOPHUTM;
exocucrema [HTepHety peueil.

3IATHOCTI KaHaJiB 3B’sA3Ky. SIkumio mporec Mirparii
IHILIIOETBCST 0€3 HAaJIeKHOTO PO3pPaxyHKy HOTOYHHUX
HOTY>KHOCTEH, BUHUKA€ e(EeKT «TalaciuBOro Cycimay
(noisy neighbor), 3pocrae JTaTEeHTHICTh I BHHHKAIOTH

1. Beryn

1.1 AKTyaJIbHiCTh AOCTiIKEHHS

CrpiMka nudpoBizaiis, 3pOCTaHHS  OOCSTIB

00poOKM BEJIMKHX JaHMX 1 MacIuTaOyBaHHS XMapHHUX
ueHTpiB 00poOku manmx (LJOJl) BHCYBalOTH XKOPCTKi
BAMOTH JO THYYKOCTi, €Heproe()eKTUBHOCTI Ta
0e3mepepBHOCTI  (PYHKIIOHYBaHHS  OOYHCITIOBAIILHOT
iHppactpykrypu [1]. DyHIaMEHTANEHUM MEXaHi3MOM
OTIEPaTHBHOTO KEPYBaHHS pecypcaMH B CydacHOMY
BIpTyalli30BAaHOMY CEpEIOBHII € TEXHOJOTIS (OKHBOI»
mirparii Bipryanpaux mamus (Live VM Migration) [2].
Bona 3a6e3neuye afuHaMiuHEe yCYHEHHS NEpEeBaHTAXKECHD
Ha (Qi3MYHUX cepBepax, KOHCOJIAAIiI0 HABAHTAKEHHS 3
METOI0 BHMKHEHHS HE3aJisfHOTO OONagHaHHSA Ui
€Hepro30epeKeHHs, a TaKOX IPOBEJICHHS TEXHIYHOIO
00CIIyroByBaHHs amapaTHOl YacTUHH 0Oe3 TOMITHOI
3YIHMHKH KIIEHTCHKUX CEPBICIB.

IMpore mnpakTH4Ha peanizamis XUBOI Mirpamii
HEMUHYy4Ye CYIIPOBOJIXKYETHCS (opMyBaHHIM
BTOPMHHOTO HABAaHTAXEHHS — HAKIAJAHUX BUTpar
(overhead) [3]. Irepauiiine KomiroBaHHA maM’ATi
(3okpema  3a  amropurMamu  turmy  Pre-Copy),
Oe3nepepBHa (ikcarrist Ta JTIOHAJICUITAHHS
MonudikoBaHnx cTopiHOK (dirty pages), a Takox
(hiHaTpHA CHHXPOHI3aIlisg CTaHy MPOIEcopa CTBOPIOIOTH
piski cruteckn yrwmizanii - CPU  rinmepsizopom i
CHPUYMHAIOTh ~ 3HA4YHY  JAETpajialliio  HPOITyCKHOI

MacoBi MOPYIIEHHS YroA HpO piBeHb OOCIyroBYBAaHHS
(SLA). V Haifripmmx BHITQJKaX BHCOKAa IHTCHCHUBHICTP
repesanucy Tmam’ATi  JoJaTKaMH  IPU3BOJHUTH IO
PpO30DKHOCTI iTepalifHOrO MpoIecy, KOJIH Mirparis
3aIUKITIOETHCSI, BUCHAKYIOUH PECYPCH CUCTEMH.

Binpuiicte  KNaCMYHMX €BPUCTHK 1  MoJelnei
IUIAaHYBaHHS ~ PO3MVISIAIOTh  PEeCypcH  130JIbOBAaHO
(TIepeBaKHO OPIEHTYIOUHCH JIUIIIE HA TIPOIIECOPHI ITUKITH
a60 3aragpHAN 00CAT OMEpPaTHBHOI MaM'ATi), ITHOPYIOUH
CKIagHy  OararoBuMipHy  iHTepdepeHLil0o  MiX
OOUYMCITIOBAJIbHUMK, €MHICHUMH Ta  MEpPEXEBUMHU
KOMITOHEHTAaMH.  3aCTOCYBaHHS BEKTOpPHOI  Mopeni
pecypcHoro ky6a (Network-Resource Cube, NRC)
JI03BOJISIE KOMILIEKCHO (hOpMaiti3yBaTh CTaH CEpBEpiB i
nepedir oBepxeny B €JMHOMY KOOPJHHATHOMY MPOCTOPI
R3 (Compute—Memory—Network). Ile yMmoxIuBIHOE
TOYHHHA TNPEIUKTUBHUHA PO3PaXyHOK CYIYTHIX BTpar
MIPOAYKTUBHOCTI, 3a1I00iraHHsI BUXO/Iy HaBaHTAXECHHS 3a
MEXIi arnapaTHUX MOXKIJIMBOCTEH XOCTIB Ta IiJABHUINECHHS
CTaOIBHOCTI CHCTEM TUCTIETYCPU3AIlii.

Taxkum YHHOM, pPO3pOOJIEHHST ~ METOIMKHU
PO3paxyHKy HaKIaJHWUX BHTpaT live-mirparii Ha oCHOBI
KoHIlenuii pecypcuoro kyoa NRC Ta 1i anropurmivyHa
iHTerpaniss B KOHTYyp OallaHCyBaHHsS HaBaHTAXKCHHS €
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aKTyaJIbHOIO HayKOBO-IIPUKJIaTHOIO 3aj1auelo,
CHPSIMOBAHOIO Ha MiJABHIIEHHS SIKOCTI 00CITyroByBaHHS,
KEpOBAHOCTI Ta CHEPreTUYHOT e(heKTHBHOCTI Cy4acHHX
XMapHUX 1HPACTPYKTYP..

1.2 Anani3 jgiTepaTypHux qKepen
i BU3HAYeHHS NPo0dJaeMH

[MutanHs onTuMi3amii  po3MilIeHHS  3aBIaHb,
KOHCONIJamii BipTyalbHHX MAaIIMH Ta MiHIMi3amii
HakmagHuX BuUTpar y xmapaux L[OJ] mepeOyBaroth y
LEeHTpi yBarn OaraTboX MPOBIAHUX BITYM3HSHUX 1
3aKOPIOHHUX JOCIITHUKIB.

Teopernuni 3acanu nporokoiniB Pre-Copy Ta Post-
Copy live-mirpanii 3akmageni B pobGorax [5, 6].
Po3BHUTKOM aHATITHYHUX MOJIETIEH AJIsl OLIIHIOBAHHS Yacy
Mirpamii Ta dYacy NpPOCTOI0 3aJIe)KHO BiJ TEMITy
MoudiKkarii CTOPIHOK TaM'sTi 3aiiManack TOCIiTHUIBKA
rpymu mia kepiBuunreoMm C. Axyma [7].

HAns  BupimeHHs  3amad  0araTOBUMIpHOTO
MaKyBaHHS pIOK3aka Mg 4ac wirpanii BM mmpoxo
3aCTOCOBYIOTBCSl CBOJIOLIIHI aJrOpUTMH, HalpUKIAL,
anmroput™ Kaxatis [8]. Cipo6u y3aranbHUTH pecypCHHA
npodijab By3/iB y BUMIA OaraTOBUMIPHUX BEKTOPIB Ta
rimepky6iB pobumucs B pobotax [9, 10], a Takox y
JIOCTIDKCHHSIX BEKTOPHOTO JOMiHyBaHHs pecypcis [11].
Komnmemniiisi pecypcHoro ky6a (Resource Cube) Takox
eMi30/IMYHO pO3MIsianacsi B KOHTEKCTI CTaTHMYHOTO
IUIAHYBaHHA 3amad y cepenoBumax OpenStack Ta
CloudSim [12, 13].

OTxe Ha OCHOBI IPOBEJICHOTO aHai3y podit [5—13]
€ MiJACTaBH CTBEPIKYBaTH, IO NpodieMa MOJrae y
BiJICYTHOCTI KOMIDIEKCHOI MaTEeMaTHYHOI MOJeNi Ta
AITOPUTMIB  ONTHMi3amii pPO3MIMIEHHS BipTyalIbHUX
MalllMH, 5Ki 0 0JJHOYaCHO BpaxOBYBaJK OaraTOBUMipHi
pecypcHi OOMEKEHHS BY3JIiB, MPOCTOPOBY TOIOJIOTIHO
Mepexi Ta TpPaH3UTHUH  JUHAMIYHMH  OBepXen
6e3mocepeIHbO B MPOIIECi X Mirpariii.

2. Marepiaju i MeTOIH 10CTiIKEHHSA

OO0’eKTOM  JIOCHIJDKEHHS ~ BHUCTYNa€  MPOLEC
JMHAMIYHOTO KEpPyBaHHS Ta IEPEepO3NOALIY pecypciB
XMapHOTO IEHTPY OOPOOKH JaHUX B yMOBAaX BUKOHAHHS
live-mirparii BipTya bHUX MaIIWH.

Metomu nocmimkeHHs ~— 0a3ylOThCsl Ha Teopii
rpadiB Ta JEpeBONMOAIOHUX CTPYKTYp AaHUX, METOHaX
CHCTEMHOT'0 aHAJIi3y Ta TEOPii CHCTEM.

Y mpomeci po3poOku  MeTONy — KepyBaHHS
PO3IOJIIOM  OOYHCITIOBAIEHOIO PECcypcy TyMaHHOTO
mapy MOOLTBHOTO BHCOKOWIUIFHOTO IHTEpHeTY peueit
Oyma 3acTocOBaHa HHU3Ka PI3HOMAHITHHX METOIIiB Ta
AITOPHUTMIB.

MaremaTruHa MOZEIL Mirpaiiii Ha 6a3i pecypcHOTro
ky6a NRC 06a3yeTbcsi Ha KIIIOUOBHX 3acajax Teopii
BEKTOPHUX TPOCTOPIB i HOpMauizalii B N-BUMipHOMY
eBKJIIZIIBOMY mpocTopi. Bekropuuii cran By3na ta BM
XapakTepu3yeThesl pecypcamu QisuyHoro Bysna (Hi) Ta
BUMOTraMH BipTyansHOT Matiuau (VM), siki OnuCyroThCs
BEKTOPaMH y HOPMOBAHOMY HPOCTOPI:

r= (Ucpu. Uram, Unet), |U| € [01 1]-

OO0'em 1 3anac minHocTi NRC Br3Hauae pecypcHui
KyO, TakoX BiH BH3HA4ya€ AOIYCTUMY poOOUy 00JacTb.

3amac CTIHKOCTI XOCTa PO3PAaXOBYETHCS K EBKJIIIOBA
BiJICTaHb BiJl IOTOYHOT TOYKH CyMapHOTO HaBaHTaKEHHS
H; 1o KpUTHIHIX MEX TinepKyoa:

d(HL', 1) =

= \/(1 - u'cpu)2 + (1= Uram)® + (1 — Uper)®

LinpoBa ¢yHKLiS BHU3HAYAETHCS OalmaHCOM MIiX
3MEHIIIEHHSIM E€HEPTOCIIOKUBAaHHS, MiHIMI3aIli€l0 Yacy
Mirpariif i HeomymeHHsM opymeHHsT SLA:

F= aXCOStplacement +

Tmig
+ ﬂxf Omig (t)dt + 7XPenaltyinterference:
0

Ie o, fTa y— BIATIOBiIHI BaroBi koeimieHTH, Trmig —1ac

mirpanii, CoStyigcement y3arajibHeHa BapTICTh

Mirpanii, Op;; — YacoBi BUTpaTH BapiaHTy Mirparii,
Penaltyinterference - IHTpa(i)Ha (I)YHKI_[iFI.

Cucrema HepiBHOCTEH-OOMEKEHb  (OPMYETHCS
XKOPCTKMMHU OOMEKCHHSIMH HENEPEBHILECHHS CyMapHHX
BEKTOPIB pecypciB Hall €MHICTIO Ky0a By3lla B KOXKCH
MOMEHT 4acy Ha PO3INIAaEMOMY YacOBOMY IHTEpBaLy

te [O, Tmig].

Takum 9rHOM, pO3pOOKa CIICIiaTi30BaHOT METOTHUKH
pO3paxyHKy HakJIaHUX BHTpPAaT Yy KOOpAMHATax
tpuBuMmipHoro npocropy NRC ycyBae 3a3HaueHi

NPOTalvHY, 3a0e3Neyyloud Iepexifi BiJi pPeaKkTHBHOIO
YCYHEHHsI  TEPEBAaHTAXEHb [0  MPEAMKTHBHOTO
BEKTOPHOTO KePyBaHHS CTIHKICTIO CHCTEMH.

3. Pe3yabTaTH po3po0KH i A0CTiKeHHS
BeKTOPHOI Mojesb mpocTopy NRC Ta
(opmastizanisi HAKJIAAHUX BUTPAT Mirpauii

3. 1 MaTteMaTH4YHA MO/IeJIb BEKTOPHOI MoeJTi
npoctopy NRC

PosrnsiHEMO 3a3HaYeHi KaTeropii 009MCITIOBaIbHO-
KoMmyHikalitaux pecypciB (OKP) sk Tpu BuMipm
abcTpakTHOTO 00'€KTa. 3aBISKH MPOLEAYPi HOpMaITi3arii
Metpuk OKP y3710BXK KOXHOI KOOpPIMHATHOI OCI,
CYKYNHUH TMyJ JOCTYIHHUX MOTYXHOCTeH (i3uuHOi
iHppacTpykTypu MHOXHMHHU F BigoOpaxaerbes y dpopmi
onuHNYHOTO Kyba [14] (puc. 1). Lleii KoHIIeNT BU3HAYEHO
sk HopMaii3oBaHuil pecypcuuii ky0 (Normalized
Resource Cube — NRC).

MoBoI0 BeKTOpHO{ anredpy rpaHUdHa MOTYKHICT
BIpTyaJli30BaHMX pECypciB 3a KOXXHMM i3 0a30BHX
HanpsiMiB (C, M, N) 3a1a€TbCcsi ONMHUYHUMH 0a3UCHUMHU
optamu npoctopy NRC.

AHaJITHYHI BEKTOPH HASIBHOCTI, pe3epBYBaHHS Ta
3alUTy pecypciB  BinoOpaxkaloThes —Oe3rmocepeaHbo
BcepeauHi onuHIIHOTO 00'eMy NRC.

Bexrop nasBHOCTI pecypciB (BHP) xapakrepusye
IHTeTpaJbHMHN anapaTHUH NOTeHMian yciel MHOXHHH F i
crnpsiMoBaHui 13 moyarky koopauHat (0, 0, 0) y
MpOTHISKHY BepmuHy (1, 1, 1):

BHP=C+M+N.

Bekrop Buminenus pecypciB (BBP): BimoOpaxkae
gacTKy Tphox ThiiB OKP, yxe anokoBaHy IiqMHOXKHHI
aKTUBHUX BipTyaJlbHUX MamuH VA V.
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(0,1,1)

(1,1,1)

(1,0,1)

(0,0,0)

Puc. 1. 'eomerpuuna intepnperanis npoctopy NRC Ta B3aeMHe po3rantyBaHHs BEKTOPIB CTaHy CUCTEMHU

Hopwmauizamis komnonentis C, M, N 3aiiicHIOeThCS
Oe3mocepeTHRO BiTHOCHO 3Ha4YeHb BekTopa BHP.

Bekrop 3amumikoBux pecypcie (BPP): Bu3nauae
HEBUKOPUCTAHUH pe3epB CUCTEMH 1 (OPMYEThCS K
reoMeTpUYHa Pi3HUIIS:

BPP = BHP - BBP

Bekrop 3amuty pecypciB B3Pvn: akymymoe
Bumoru 10 OKP 3 60oky okpemoi BipTyallbHOT MalllMHU Vi
€V 1 oOuYMCIIoETBCSI  4Yepe3  BEKTOPHY  CyMY
HOpPMaJTi30BaHMX CKJIAJ0BUX Aj KOXKHOTO THUITY PEeCypcy.

PiBenb rapMOHIHHOCTI (30anaHcoBaHOCTI)
3aBaHTa)XXEHHS 1H(YPACTPYKTypH OLIHIOETHCS CTYIEHEM
mpocTopoBoro 30imkeHHs HanpsMmkie BHP ta BBP. 3a
YMOBH iXHBOi HOBHOI KOJIIHEapHOCTI CIIOCTEPIraeThCs
iZeaTbHO  pIBHOMipHa  YTWIi3alis  MPOICCOPHUX
MIOTYXKHOCTEH, OIEpaTHBHOI MHaM'siTi Ta MepeXeBHX
iHTepdeiiciB. Inmd  KiNBKICHOI  OWIHKH  MEPEeKoCy
HaBaHTa)KEHHS BBOAMTHCS BEKTOP IUCOANIAHCY PECypCiB
(B/IP), 1110 € BEKTOPHOIO PI3HUIICIO MiXK OPTOTOHAIBLHOIO
npoekuicto BBP na romoBHy pgiaronans BHP i
(hakTUYHUM NOJIOKEHHSIM BekTopa BBP:

BJIP = projgp (BBP) — BBP=
B (BBP x BHP
~ \ |BHP|2

Take mpocTopoBEe MPENCTABICHHA Ja€ 3MOTY
BUKOPHUCTOBYBATH  MOIYJb |B)1P| K  I[UJIOBHH
onTuUMi3aIiitHui KpHUTEpii B aIrOpUTMax
MIePEePO3IOIiTy HaBaHTAKCHHS.

3okpema, miJ yac BHOOPY BipTyaJIbHOTO iHCTAHCY
VneV st koHcomiganii Ha (i3MIHOMY BY3Ji mepeBara
HAJla€ThCSI TOMY pO3MILIEHHIO, SIKE MAaKCHMajbHO
MiHIMI3ye fa0BXHHY BekTopa BJIP, 3abesneuyroun
piBHOBary mix ocsimu C, M i N.

AHalTH4YHE JIOCHI/DKEHHS TPOUENyp IKHBOL
Mirpauii (six iTeparuBHOro KomniroBanHs Pre-Copy, Tax i
nepenadi Ha BuUMory Post-Copy) cBiguuth, 110
MEPEHECeHHs] TOCThOBUX CHUCTEM CTBOPIOE BTOPHHHE
HaBaHTA)XKEHHS Ha (isuuHi By3am [15, 16].

OCKUTbKH KITFOYOBUM TIPOIIECOM Mirpallii BUCTYTIae
(oHOBa CHHXpOHI3aIlis MaM'ATi Ta IMepenada CTOPIHOK

) BHP — BBP).

Yyepe3 MEpeKeBy MiZICUCTEMY MiX CEPBEPOM-IDKEPEIIOM i
cepBepoM-mipuitmadem  [17, 18], To ronoBHUMH
CIIOKMBAaYaMH y TAKOMY BHIIAJIKy CTAlOTh PECYPCH THIIIB
M (RAM) Tta N  (Network), momoBHeHi
OOUMCIIIOBAJIbHUMHE ~ BUTpaTaMH  mpolecopa  Ha
CTHUCHEHHS Ta N(pPyBaHHS.

Bigrak, BekTOpHa MOJENb pECypcHOro Kyba
notpedye OOOB'S3KOBOTO BpaxyBaHHS CYNyTHHOTO
osepxeny mirpaii, BekTopa OKPyp .

PeanpHuii 00OCST NOCTYMHOro (OHIY CHCTEMH B
mepioJ  OUHAMIYHOTO  OallaHCYBaHHS  KOPHTYETHCS
BiZIHIMaHHSAM Napa3UTHOTO HABAHTAXKCHHS:

BH P}Z[OCT. (t) = BHP = OKPHP)KM(t)

ToOTo epekTHBHA MICTKICTh XOCTIB 3MEHIIYETHCS
Ha BEJIMYMHY BEKTOPHOIO OBEpXeAy Mirpamii, o
YHEMOXKJIMBIIIOE TTOMUIIKOBE MEPEBAHTAXKEHHS CUCTEMU
B IMpOIECI BHUKOHAHHS OaTaHCYBaJbHHUX OICPAIliil.
3ampornoHoBaHa cxema (OpPMye MaTeMaTHYHY OCHOBY
JUTSL pO3POOKH aIalITHBHHUX alTOPUTMIB peokarii BM i3
rapaHTOBaHWM JIOTPUMAHHSIM TPaHUYHHX YMOB Ky0Oa
NRC.

YMOBH MOJETIOBAHHS: CEpisl EKCIIEPUMEHTIB Yy
cepenoBumli CloudSim wa BuOipmi 3 100 ¢izuaaHX
By3niB (heterogeneous hosts) Ta 400 BipTyaibHUX
MallluH i T CTaHJIapTU30BaHUM JUHAMIYHAM
HaBaHTaxkeHHsM (PlanetLab traces).

Hwkue HaBemeno 3BemeHy Tabnwmiro (tadm. 1)
pe3yJsbTaTiB €KCIIePUMEHTAILHOTO MOPIBHSHHS
3alpONOHOBAHOTO BEKTOPHOTO METO/AYy Ha OCHOBI
npocropy NRC i3 TpaguuiiiHumMm —anropurMamu
GayaHCyBaHHS Ta KOHCOJIAAL] BIpTyaJbHUX MaIINH:

— BFD - Best Fit Decreasing,

—FFD - First Fit Decreasing,

—DVFS - nunamiyHe peryJioBaHHS Hampyra u
4acTOTH 0€3 MPOCTOPOBOTO aHAIII3Y MEPEKi.

3aBIsIKH  BpaxyBaHHIO BEKTOpa HaKJIAaJHUX
Burpatr OKPHp.XM y dopmyni goctynmHOTO (OHIY
pecypciB BJAJIOCS YHUKHYTH BTOPHHHOTO
JIABUHOIIOX1O0HOTO TepeBaHTaXEHHS XOCTIB-
PELMITIEHTIB, IO CKOPOTHJIO 3arajbHy KIJIBKICTh
Mirpaniii i3 960—1180 no 645.
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Tabnuysa 1 — Pe3yabTaTn eKCIepuMeHTAIbHOT0 MOPiBHAHHS 3aNPONOHOBAHOI0 BEKTOPHOI0 METO/IY HA OCHOBI
npocropy NRC i3 TpaguuniliiHumMu ajJropurMamMu 0aJIaHCYBaHHA Ta KOHCOJiaNLil BIPTYaJbHUX MALIUH

Kpurepiii / Tpanuuiiinuii | Moudicosan Espucruka na 6asi | 3anpononosan
I\EI)GT Elca P HFI?D ﬁﬁ BED CPU-noporis Hii MeTo]1 Ha E¢exr / Tloninumenns
p (IQR / MAD) 6a3i ky6a NRC
KinpkicTs Sumkenns y ~3.1 pazu
nopyuens SLA 9.42% 6.85% 4.12% 1.34% BiTHOCHO 0a30BUX
(SLAV, %) MiIXOIiB
Cepemiii MOIYID BupiBHIOBaHHA
p6Il ]glyp 0.481 0.392 0.315 0.118 3aBaHTaKEHHS 110 0CAX

aucbanarcy BJL C. M, N 1a 62.5%
Cymapra CKOpOUYEHHS 3aHBHX
KUTBKICTB KUBUX 1420 1180 960 645 poteH

. i penoxkaniit Ha 32.8%
mirpauii BM
3aranpHUl yac
oBepxey 3MEeHIEeHHs
Mirparii 312.4 248.6 194.2 116.5 HaBaHTAKEHHS HA

mepexy Ha 40.0%
2 Tiig, XB
Cepeuiiii uac 3HWXKEHHS Nay3H
npocroio BM 1.84c 152¢ 1.15¢ 0.68 ¢ CeDBICIB Ha 48/8%
(Tdowntime, c/ BM) P .
Bunanku xomisiit [ToBHe ycyHeHHS 3a
MepesxkeBoi oci N 84 61 43 0 paxyHOK JHHAMI4HOTO
(BUKHMIM 32 MEXi 3MCHILICHHS
Ky63.) BH PnocTynHmZ
Inrerpansue JlonaTkoBa eKOHOMIs
CHOXUBaHHS 184.2 162.5 145.8 138.4 @JIEKTPOCHePTii
eneprii (kBt-rox) Ha 5.1% — 14.8%
Amroputvu  BFD T1a IQR  opienryroteest  Bektopa BHP, 1m0 3amobirae  mepemdacHomy
MEPEeBaXHO HA YTHJII3AIlIO MPOIECOpa, M0 MPU3BOIMWIO  BHYEPIAHHIO  OJHOIO  pecypcy TMPH  3HAYHOMY

10 43—-61 BumagKy BUYEpHaHHS CMYTH IPOITyCKaHHS.

Bekroppua momenr kyba NRC  rapantye
nepeOyBaHHs pO0O0YOi TOYKM BCEpENUHI OAWHHIHOTO
00'emy 0, 13, 3BiBIIN BUTIAIKH TIEPETIOBHEHHS MEPEXKI 10
HYJIA.

KommnekcHa miHimizamist Hopmu BJIP 3a06e3mednna
CHHXPOHHE BHBIUJIbHEHHS BY3bKHMX MICIb CHCTEMH,
3aBJIIKM YOMY MeTpHKa mopymeHHs SLA 3Hu3mmnacs 1o
MiHiManbHOTO 3HaueHHs 1.34%.

4. O0roBopeHHs pe3yJibTATIB
AOCJTi/IZKEeHH S

Y pob6oTi TpoBeAeHO TOPIBHAJIBHUN  aHali3
(YHKIIOHYBaHHS PO3POOJICHOTO METOAY Ta KIACHYHUX
ananoriB (FFD, BFD, moporogi epuctuku IQR/MAD)
3aCBiUMB SIKICHI IIEpEeBary Nepexoay BiJl OTHOBUMIiPHHX
METPHK 10 KoHuenuii TpusuMipHoro npoctopy NRC.

Ki1ro4oBi KinbKicHI Ta SIKICHI aCIeKTH OTPHUMaHHX
pe3yabraris (Tabm. 1):

Minimizalisi IpoCTOPOBOTO MUCOANAHCY: 3aBASKH
onTuMizalii PO3MILIEHHS 3a KpHUTepieM MiHiMizamii
JOBXHWHHM BekTopa aucbanancy BIIP, cepenniit moka3HuK
nepexocy yrrtizamii 3an3uBcs 10 0.118 (mominmeHHs Ha
62.5\% mopisastHO 3 BFD).

Ie cBimuuTh PO OJIM3BKICTH TPAEKTOPIT CyMapHOTO
HaBaHTaXXCHHS JIO TOJOBHOI IPOCTOPOBOI JiaroHai

HEIOBAHTAXCHHI 1HIITHUX.

JlikBimamiss MepeXeBHX KOII3id 1 «rallaciIiBOTO
cycima»: y Tod Jac sk eBpuctuku Ha 0a3i CPU-moporis
reaepyBanu Big 43 nmo 84 BUMAKIB TEpEBUILCHHS
MepexeBoi eMHOCTI, y Momeni NRC meit mokasHHK
3BesieHo 10 0.

Le mocsarHyTo dYepe3 NPEeIUKTUBHE ITUHAMIYHE
3MEHIIEeHHS e()eKTHBHOIO 00CATY pecypciB:

BHP socrymuii(t) = BHP - OKP ypu(t).

TumMuacoBe pe3epByBaHHS CMYTH MPOITYCKAHHS Ha
niepiof] Tmig YHEMOXKITMBITIOE IPU3HAYECHHS PELUITIEHTOM
X0CTa, KU HE Ma€ JOCTATHBOTO 3aracy MIITHOCTI IS
nporrycky ¢oHoBoro tpadiky mirparii.

3HM)KEHHS TPAH3UTHOTO OBEPXEy Ta CTa0UIbHICTD
SLA BU3HAYaE 3aro0iraHHs JIAaBUHOIIO{1IOHUM
TOBTOPHUM MITpallisiM TO3BOJIMIIO 3MEHIIUTH 3arajibHy
KUIBKiCTh penokariii Ha 32.8\% (mo 645 Bumajkis), 110
CKOPOTHJIO CYMapHHil Yac 10JJaTKOBOTO HaBaHTaXKEHHS
mepexi Ha 40.0% (mo 116.5 xB).

Sk Hacminok, koedimieHT aerpaganii SLA (SLAV)
3HM3UBCA 710 1.34% (y 3.1 pa3a HIKYe, HIXK y TOPOTOBUX
€BpPUCTHK, 1 B 7 pa3iB HWX4e, HIX y kiaacuuHoro FFD).

Eneprerununa e(PCKTHBHICTB: CKOpPOYCHHS
MapasuTHOI'O HABAHTAXXCHHS Ha OOYMCIIOBAIBHI spa,
3YMOBJICHE 3MEHILEHHSIM KUTBKOCTI LUKJIIB
CTUCHEHHS/IH(PYBaHHS ram'saTi rinepBizopom,
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3abe3nednio JI0ZIaTKOBE 3MEHILECHHS
€HeprocIoXXuBaHHs iHppacTpykTypu 1o 138.4 kBr-ron
(exonomis Bifg 5.1% mo 14.8%).

OnTHUManbHOIO IS IEPEHECCHH 200 KOHCOiaanii
€ Taka BipTyaJbHa MallMHAa VN, YU BEKTOp 3aIlHTY
B3Pvn 3mermye eBkminoBy Hopmy B/IP. YV HaBeneHOMY
MIPUKIIAAI TPIOPUTETOM € BHBUIHHEHHS IPOIECOPHOTO
pecypey (C) abo mipcemenns BM i3 mepeBakaHHAM
MepexeBoro Tpadiky (N), mo zHabmmkae Bekrop BBP o
niaronani BHP.

BpaxyBanns osepxeny OKPHp.Kp Ha04HO
MOKaszye, M0 AOCTYIHHMH IPOCTIp Ul PO3MILEHHS
HOBUX IHCT@HCIB THMYacoOBO 3BYXYEThCS (B MpPUKIaA
MEpPEeKEBHIA JTIMIT 3HIKY€eThes 3 1.0 10 0.50).

IrHopyBanHs 1pOoro (Qakropa B KIACHYHHUX
ITOPUTMax MPU3BOJIUTH O MUTTEBOTO HEPEIIOBHEHHS
KaHaJly Ta 3pOCTaHHs 3aTPUMOK I1aKeTa.

5. BucHOBKH

1. Po3po0neHO KOMIUIEKCHY MaTeMaTHYHy MOJEIb
Ta METOIUKY OIIiHIOBaHHS oBepxeny live-mirpamii BM
Ha 0a3i HOpMmami3oBaHOTO pecypcHoro kyda NRC, mo
J03BOJISIE€ (hOpMalTi3yBaTH B3a€EMOIIF0 OOUHCITIOBATIFHIIX,
€MHICHHX 1 MEpPEeKEBUX MMapaMeTpiB BY3JiB AaTa-IEHTPY
B €/IMHOMY KOOpJIMHATHOMY TIpocTopi R3,

2. llpenuxkTHBHE BpaxyBaHHS JMHAMIYHOTO
oBepxeny: Jlosemeno, mo ¢opmaiizailisi HaKJIaJHUX
Butpar y Bursial Bektopa OKPip.u(t) Ta iioro
BiMHIMAHHSA BiI BekTopa moBHOI MicTkocti BHP
3anobirae jaerpajanii KaHadiB 3B'S3Ky 1 BUHHKHEHHIO
epexTy  «ramacmuBoro  cycima». lLle  rapanTye
JIOKaNi3alifo pob0o4oi TOYKM CHCTEMH BUKIIOYHO
BCepeMHi JonycTuMoro ob'emy ky6a [0, 1] 2 mpotarom
ycporo iHTepBaiy Tmig, MOBHICTIO HIBEITIOIOYH MEPEKEB1
BHKHUIH (3HWKEHHS 3 43—84 1o 0).

3  EdexrtuBHicTE  KpHTepito  aucOamaHCy:
3acTocyBaHHSI €BKJIIIOBOT HOPMHU BEKTOpa JucOasiaHcy

BIIP sk onTuMi3amiiHOrO KpUTEpil0 B Kiaci 3axad
OayaHCyBaHHS HaBaHTa)XEHHs 3a0e3redye rapMOHIHHY
KOJIIHEapHICTh BEKTOpPIB BHIUICHHS Ta HasBHOCTI
pecypciB.

e 3abe3neuymnio CckOpoYeHHS ucOalaHCy Ha
62.5% Ta 3HWKEHHS KUIBKOCTI MOPYIIEHh HOPMAaTHBIB
SLA no pexopaaux 1.34%.

4 3ampomoHOoBaHa MeTOoAWKa (opMmye HamiHHWHA
ANTOPUTMIYHAN 0a3WC Ui METAaCBPUCTHIHHUX METOJIB
IUTAHYyBaHHSA (30KpeMa TEHETHYHHX aJrOPUTMIB Ta
iMiTamii Bignanmy) y XMapHHUX 1 TYMaHHUX CEpeIOBHUINAX,
CKOPOYYIOUYH 3arajbHy KiJbKICTh BUMYIICHUX Mirpamii
Ha 32.8% Ta 3aomamkyroun 1o 14.8% enexrpoeHeprii
IIPY KJIACHYHOMY MeToni, B 1,1-1,6 pasis.

[Ipu BenmMKOMy HaBaHTa)XEHHI HAa TYMaHHMHU Iuap,
oinbiie 80% BiJg MaKCUMaIbHO MOYKIUBOTO, IOKA3HHUKH,
110 PO3IIISIANNCS, Mai)ke HE BIIPI3HSIINCS.

KonduikT inTepecis

ABTOpH JAEKIapyIOTh, IO HE MAIOTh KOHQIIKTY
IHTepeciB CTOCOBHO TAHOTO AOCIIKCHHS, B TOMY YHCII
(hiHaHCOBOTO, OCOOHCTICHOTO XapaKTepy, AaBTOPCTBA UH
IHIIOTO  XapakTepy, MO0 Mir OW BIDIMHYTH Ha
JOCIIJDKEHHSI Ta HOTO pe3yibTaTH, NpPEICTaBIeHI B
JlaHiil cTaTTi.

®@iHaHCYBAHHSA

JocmimxeHHs 6e3  (iHaHCOBOI

M ITPUMKH.

IIPOBOJIMIIOCS

JocTynnicTb 1aHux
Pykonuc He Mae NoB'sI3aHUX JaHUX.
BukopucranHs 3ac00iB IUTYYHOI'0 iHTEJIEKTY

ABTOpH MiATBEPKYIOTh, 110 HE BUKOPUCTOBYBAJIH
TEXHOJIOTIT IITyYHOrO IHTEJEKTY NpPH CTBOPEHHI
HpeCTaBIeHOT POOOTH.
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Methodology for calculating the overhead of live migration of virtual machines
based on the NRC resource cube concept

Nina Kuchuk, Serhii Pyrozhenko

Abstract. Relevance. Current requirements for the energy-efficient and adaptive operation of modern data centers are
driven by the rapid expansion of the cloud computing segment. Under these conditions, live virtual machine (VM) migration tools
have become a fundamental component of flexible hardware resource allocation. The ability to relocate virtual machines while
they are running, without critical interruptions in application availability, enables administrators to address power optimization
issues through workload consolidation, eliminate local host overloads, and perform infrastructure maintenance without interrupting
business processes. On the other hand, continuous migration inevitably generates resource overhead. The operation of iterative
schemes (Pre-Copy) requires continuous tracking of modified memory blocks, their repeated transmission, and final
synchronization of CPU contexts, which significantly distorts the resource profile of servers. As a result, sharp increases in
hypervisor utilization of computational cores occur, data transmission channel capacity is exhausted, and response time increases.
Chaotic or inefficient initiation of such procedures creates risks of mutual interference among neighboring tasks, violations of SLA
requirements, and even the risk of transmission loops, when memory pages are rewritten faster than they can be transmitted over
the network. Subject of the study: processes of generating and methods for calculating overhead (additional load on computational
cores, memory, and network channels) during live migration of virtual machines, as well as mathematical models and algorithms
for their spatial assessment based on the vector concept of the NRC resource cube. Objective of the study: to improve the
efficiency of dynamic resource management in a cloud data center and prevent SLA violations by developing a model and method
for assessing the overhead of live virtual machine migration based on the vector space of the NRC resource cube. Research tasks.
To formulate a load-minimization criterion that takes into account server capacity within the NRC model and to implement an
algorithm for selecting target hosts in the Load Balancing class. Research methods. Methods of vector and multidimensional
geometric analysis, methods of systems analysis and systems theory, graph theory, and tree-based data structures. Results of the
study. It has been demonstrated that the effective capacity of hosts decreases by an amount corresponding to the vector migration
overhead, which prevents false system overload during load-balancing operations. The proposed framework provides a
mathematical basis for developing adaptive VM relocation algorithms with guaranteed compliance with the boundary conditions
of the NRC cube.

Keywords: virtual machine migration; data transmission; simulated annealing algorithm; genetic algorithm; Internet of
Things ecosystem.
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'THcTHTYT CrieniansHOro 38’ A3Ky Ta 3aXuCTy iHdopmanii HanioHansHOro TEXHIYHOTO yHIBEpCUTETY
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3 HaykoBO-0CIIiIHMI IHCTUTYT BOCHHOT po3Binku, Kuis, Vkpaina

METO/I JIOI'IKO-ITMHAMIYHOI'O YIIPABJIHHS ®YHKIIOHAJBHOIO
CTIMKICTIO EJEKTPOHHOI KOMYHIKAJIIFIHOT MEPEXI
HA OCHOBI IIU®POBOI'O JIBIMHUKA

AHoTaunis. AKTyajbHicTh. 3a0e3neueHHs (YHKIIOHATBHOI CTIMKOCTI Cy4acHHX €IEeKTPOHHUX KOMYHIKAIlIHHUX Mepex
B yMOBaX 3pOCTaHHS IHTEHCHBHOCTI KiOep3arpo3, CTPyKTypHOI JAMHAaMIKM Ta 30UIBIIEHHS KUTBKOCTI IHIMACHTIB
indopmariiiHoi Ge3mexkn NOTpedye pO3pOOICHHS HOBHUX METOJIB aJanTHBHOTO YIPABIIHHS, 34aTHHX ONEPAaTHBHO
pearyBaTi Ha 3MiHy Oe3mekoBoro crany Mepexi. IIpeamer gocaimKeHHS: METOX JIOTiKO-AMHAMIYHOTO YIIPABIIIHHS
(YHKIIOHAIBHOIO CTIMKICTIO €IeKTPOHHOI KOMYHIKaIiHHOT Mepeki Ha OCHOBI IidpoBoro IBiiiHIKa. MeTa H0CTiaKeHHs:
MiABUIICHHS (QYHKIIOHATBHOI CTIMKOCTI €JIeKTPOHHO-KOMYHIKamiiHOI Mepeki B yYMOBaX BHHUKHEHHS iHIWACHTIB
iHpopmManiiiHoi Oe3nekn Ta 3a0e3MeUYeHHs aJalTHBHOTO YIPaBIiHHS 1i O€3MEKOBUM CTaHOM. 3aBIAHHS JOCJIiIMKEHHS:
3MIMCHUTH (hopMaTi3allito MPOCTOPY MOXKJIMBHX CTaHIB €JICKTPOHHOI KOMYHIKaliHHOI MepexXi Ta MoIid iHpopmamiiHol
0e3MeKr, CHHTE3yBaTH METOI JIOT1KO-AWNHAMIYHOTO YIPaBIiHHSA Ha OCHOBI 3aCTOCYBaHHS TEXHOJIOTiH HU(POBOTO IBIHHHKA,
BU3HAYNUTH MeXaHi3MU Horo iHterpaunii i3 SIEM-cucremamu Ta miaTBepaIuTH eeKTHBHICT METOAY €KCIEPUMEHTAIEHIMHI
JOCIIDKEHHSIMH. MeTOAM MOCTiUKeHHS . JIOTiKO-IMHAMIYHE MOJENIOBAHHS], MaTeMaTUYHE MOJENIOBAHHS, CHCTEMHUH
aHaii3, nUQpoBe ABIHHUKOBE MOJENIOBAHHS Ta €KCIEPUMEHTAIBHI JOCTiIpKeHHs. Pe3yabpraTtH pocaimkenHHs. Y crarti
pO3po0IeHO MaTeMaTH4YHy MOJeNb YIPABIiHHS, aNrOPUTM aJalTHBHOTO pearyBaHHS Ha IHIMISHTH iH(popMamiiHol
0e3MeKr Ta apXiTeKTypy HU(PPOBOro ABiiHMKA, IO 3a0e3medye MPOTHO3YBaHHS PO3BUTKY MOMIH, OIIHIOBAHHS MOXKIHBHX
cIeHapiiB 1 GpopMyBaHHS KepyHUuX Aill y peaJbHOMY MacmTadi dacy. 3alpOIIOHOBAHUHA B CTaTTi METOJ 0a3yeTbcs Ha
(dopmanizanii MHOKHHH CTaHIB Mepexki, moaid iHdopmaliiiHOT Oe3meku, MpaBMI MEPEeXodiB MK CTaHAMH Ta CHHTE3i
KEepYIOUHX BIUIMBIB 13 BUKOPUCTAHHSM JIOTIKO-JMHAMIYHOI MOJeNi i 1udpoBoro ABIMHUKA, IHTETPOBAHOTO IO KOHTYPY
cucteM ympaBniHHA iHQopMamiero Ta mnoxismu Oesnekn (SIEM). BucHoBkm. ExcnepuMmeHTanmbHa IepeBipka
3aIpOIIOHOBAHOTO METO/Y IIiATBEpMIIA IMiJBHUIIEHHS e()eKTUBHOCTI YIpaBIiHH QyHKI[IOHAIEHOIO CTIHKICTIO €IeKTPOHHOT
KOMYHIKaliifHOT Mepesxi 3a paxXyHOK CKOPOUYEHHS CepeTHbOI0 4acy BHSBICHHS IHIMJICHTIB, 3MEHIIICHHS Yacy BiTHOBICHHS
MICJIA HUX Ta MiJBHIICHHS ¢()eKTHBHOCTI JIOKami3allii JeCTPYKTUBHUX BIUTHUBIB MOPIBHSIHO 3 TPATUIIHHHUMHU ITiJXOJaMH.
IIpakTnyHe 3HaueHHS POOOTH MONATaE y MOMIIMBOCTI IIOETAITHOTO BIPOBA/KEHHS 3aIllPOMIOHOBAHOIO METOAY Y
KOPIIOPaTHBHUX Ta OIEPATOPCHKUX EJIEKTPOHHMX KOMYHIKaIlifHMX Mepekax 0e3 cyTTeBoi Monaudikamii icHyrodoi
iHppacTpyKTypH iHpOpMAaIiifHOT Oe3meKH.

Kno4oBi cioBa: enekTpoHHa KOMyHiKaliliHa Mepexa; (YyHKI[IOHalIbHA CTiHKICTh; METOA JIOTiKO-AMHAMI4HOTO
YIpaBIiHHS, UPPOBUI MBIHHUK; JOTIKO-IHHAMIYHA MOJENb; IHIUICHTH iH(opMariiiHoi Oesneku; SIEM; aganTuBHE
YIPaBIIiHHS; YIIPABIIHHS MOAISIMI OE3IEKH.

HEJJOCTaTHBO  BPaxoOBYIOTb  NPUYMHHO-HACIIJIKOBI
3B'S3KH MIX TOJISIMH, CTPYKTYpPHY AWHAMIKY MEpexi Ta
3MiHY i ()YHKIIOHAJIBHOTO CTaHy B YMOBAaX PO3BHUTKY
iHIMAeHTIB  iHGopMarlliiHoi  Oesmeku. OmgHuM 13

1. Beryn
1.1 AKTyaJIbHiCTh TEMaTUKH

CydacHi eJeKTpOHHI KOMYHIKAIiiHI  Mepexi

(EKM) mHanexaTh A0 KJiacy CKIATHHX PO3IMOIUICHUX
opraHi3aniiHO-TEXHIYHUX CHUCTEM, (YHKIIOHYBaHHS
SKAX  CYNPOBOJKYEThCS  OE3MEPEPBHOIO  3MIHOIO
TOTIOJIOTIi, PeXUMIB poOOTH, iH(POPMAIIHHUX TOTOKIB
JaHUX 1 OE3MEeKOBOTO CTaHy. 3pOCTaHHA KiTBKOCTI
Kibep3arpo3, IHTEHCHUBHOCTI iH(pOpMamiiHUX BIUIHBIB,
CKIIQAHOCTI MEpeXeBUX CEepBICIB Ta BHUMOT O
Oe3repepBHOCTI X (YHKIIIOHYBaHHS iICTOTHO Mi/IBUIIY€E
BUMOTU 10 3a0e3nevyeHHs (QYHKIIOHAIBbHOI CTIHKOCTI
TaKUX MEpEeX.

Icuyroui 3acob6u ympasninHs EKM nepeBaxnO
OpI€HTOBaHI HA MOHITOPHHT, JOKATI3aIlif0 iHIUICHTIB,
pe3epByBaHHS pecypciB, OamaHCyBaHHS HaBaHTAKCHHS
abo mATpUMaHHSA MOKAa3HHKIB SIKOCTI 0OCIyrOBYBaHHS
(QoS/QoaE).

Pa3om i3 Tum OunbinicTs cydacHux SIEM-, SOAR-
ta SOC-pimeHp peami3yloTh MEePEeBaXHO pPEaKTUBHHMA
TIPUHIIHIT 00po0IeHHS TTOTii Oe3meku,
BUKOPHCTOBYIOYHM CTAaTHU4YHI IpaBWia KoOpessiuii, o

HaWOUIBII NMEPCIEKTUBHUX HAIPSMIB PO3BUTKY CHCTEM
YIPaBIiHHSA € BHKOPHCTaHHS TEXHOJOTil LH(ppPOBOTO
ngiinuka (L1J]), sika 3a0e3neuye cTBOPEHHs TMHAMIYHOT
mudpoBoi Mozmeni Mepexi, NPOTHO3YBaHHS PO3BHUTKY
IO/ Ta OLIHIOBAHHS HACIIKIB KEPYIOUHX BIUIMBIB 0€3
pU3MKy s peaysbHOi  iHQpacTpykTypu. IIpote
OUTBIIICTh ICHYIOUMX IAXOJIB 3aCTOCOBYIOTH HOTO
MEepeBaXHO K 3acid MOHITOPWHTY ab0 MOJENTIOBAaHHS,
TOJl SIK MHUTaHHS BUKOPUCTAHHS [LOIO BIPTYaJIbHOTO
3ac00y SIK aKTUBHOTO €JIeMEHTa KOHTYpY YIpaBJiHHS

(YHKIIOHATIBHOIO  CTIMKICTIO MEpexi 3ajHIIaroThCs
HEIOCTATHHO JOCHIIHKEHUMHU.
HaykoBa mpobnema monsrae y BiJCYTHOCTI

(hopMai3oBaHOTO METO/y, KU MOEIHYBaB OH JIOTiKO-
JUHAMIYHE  MOJENIOBAaHHA  CTaHIB  €JIEKTPOHHOL
KOMYHIKalliifHoi Mepexi, aHanmi3 moxii iHpopmMariiHol
Oe3reKky Ta MOXJIMBOCTI Iu(poBOro nBiiiHWMKA JUIs
CHHTE3Y aJaNTHBHHUX KEPYIOUYHMX BIUIMBIB Y peajbHOMY
MacmTabi gacy.

© Cambopcekuii 1. 1., 3amyxnwuii O. B., Jlozoa H. T., 2026
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3 orgy Ha 1€ aKTyalbHHUM € pO3pOOJIeHHS

METOY JIOTiKO-JMHAMIYHOTO yIpaBIiHHS
(YHKI[IOHAJIBHOIO CTIHKICTIO €JIeKTPOHHOI
KOMYHIKaIiiiHoi Mepeki Ha OCHOBI  LH(pPOBOTO

NBifiHMKA, AKUH 3a0e3meuye (opmalizaiio MIpoCcTopy
CTaHiB MEpeXi, NpPaBWI TIEPexXodiB MK HHMH,
MIPOTHO3YBAaHHS PO3BUTKY IHIMMACHTIB iH(pOpMAamiiHOL
Oe3mekn Ta CHHTE3 KepYyI4HX i, CIpSIMOBAaHMX Ha
MATPUMAaHHS (QYHKIIOHATBHOI CTIHKOCTI Mepexi B
YMOBAaX AWHAMIYHUX JIECTPYKTHBHHX BIUIHBIB.

1.2 Anauqi3 JgiTepaTypHux JKepes
i BU3HaYeHHs MpodJaeMu

OcranniMu pokamu LJ] po3risiiaeTses sIK OJUH i3
HaAWOUIBII MEPCIEKTUBHUX HAIPSMIB PO3BUTKY CHCTEM
yIpaBIiHHS CKJIQJIHUMH SJIEKTPOHHUMHU
KOMYHIKaI[IfHUMHK Ta KiOep(pi3MYHUMH CUCTEMaMHU.
OCHOBHUMHM HampsiMaMH CYYacHHUX JIOCHI/DKEHb €
mo0Oy10Ba apXiTekTyp HNU(PPOBUX ABIMHUKIB, iHTETpaLlis
ix i3 cucremamu KibepOesneku, 3abe3neueHHS
(YHKIIOHATBPHOI CTIMKOCTI MEpeX Ta aBTOMATH3aIlis
MIPOIIECiB IPUUHATTS PIillICHb.

OmHuM i3 TepUIMX HANPSAMIB  PO3BUTKY €
3aCTOCYBaHHs IHM(POBOro MBIMHMKA I YHpPaBIiHHS
momisMu  iHGopMaIiiHOT  Oe3MeKH  eICKTPOHHHUX
KOMyHiKaliiiunx  Mmepexx. Y  poborax [1, 2]

3alpONOHOBAaHO KOHLENTYaJbHi MiAXOAM N0 iHTerpaii
I i3 cucremamu ympaBiiHHS iH(GOpMAIlE€D Ta
nogissmu  Oesneku  (SIEM), dopmarnizoBaHo oxpemi
€IIEMEHTH  JIOTIKO-JMHAMIYHOTO OIHCY MEpEeKEBUX
CTaHiB 1 BHW3HAYCHO 3arajbHi MPUHIUIHA MO00YIOBH
muppoBUX Monened MOOITPHHX  KOMYHIKAIIHHUX
MEpex.

[Homanpmuii po3BUTOK LILOTO HANIPSIMY IOB'S3aHUM
i3 mocmimkeHHsMH apxitektypu ILIJ] enexTpoHHHX
Mmepex. Tak, y po6orax [3, 4] 3anpornoHoBaHO CydvacHi
apxXiTeKTypHi  pinieHHss 1oOymoBn  Mepex  LIJI,
BHU3HAYCHO MPUHIUIM B3a€MOIT HUGPOBUX MOJCIeH i3
TEIEKOMYHIKAIIHHO 1HQPACTPYKTYPOIO Ta OKPECICHO
MEepPCIEeKTUBH 1X BHKOPUCTAHHS Yy MepeKax HOBOTO
MOKOJIiHHSA.  BomHowac — 3a3HaueHi  JIOCHIIDKEHHS
30CepeKeHI MEepeBaXHO Ha IMUTAHHSIX apXITEKTypHOL
opranizanii [/l i mpakTHYHO HE PO3TIAAAIOTH 3aladi
CHHTE3Y aJIJallTUBHUX KePYIOUHX BILTUBIB.

OxpeMuii HampsM CTAaHOBIATH  OCHIJKCHHS
3acTOCyBaHHS  IMOPOBHX  IBIMHUKIB y  cdepi
kibepOe3nekn Ta 3abesmedeHHs KibepcTidkocTi. Y
pobotax [5—7] mokazaHoO €PEeKTUBHICTH BUKOPHCTAHHS
mudpoBUX ~ MojeNeld ans  aHamizy  Kibep3arpos,
OIIIHIOBAHHS BPA3JIMBOCTEH, MOJENIOBAHHS CIIEHapiiB
aTaK Ta MATPUMKH MPOIIECIB pearyBaHHS Ha IHIUICHTH
iHpopmaniitHoi Oe3mekn. Pasom i3 TWMm OiTbHIICTH
3aIPONIOHOBAHMX pileHs OpieHTOBaHa Ha
MOJICTIIOBaHHS a00 OLIHIOBaHHS CTaHy CHCTEM 1 He
nependavae noOynoBH 3aMKHEHOTO KOHTYPY
aJalTUBHOTO YNpPAaBIiHHSA (PyHKIIOHAIBHOIO CTIHKICTIO
MEpex.

BaxnmBe 3HaueHHs Ui PO3BUTKY METOIIB
VIPaBliHHA  CKJIQJHUMH JUHAMIYHAMUA  CHCTEMaMH
MaloTh JIOCHIDKEHHSI Y Taiy3i JIOTiKO-JIMHAMIYHOTO
MOJICITIOBAaHHA Ta TiOpHIHUX JIUHAMIYHHX CHCTEM. Y
poborax [8, 9] 3ampomoHOBaHO MaTeMaTHYHi 3acaau

OIKNCYy  CHCTEM, TMOBEIiHKA SKMX  BH3HAYAETHCS
MOETHAHHAM JMCKPETHUX NOAId Ta Oe3nepepBHHX
npoueciB. Came Taki MOAeNi € HaWOLIbII MPUIATHUMH
st popMmartizanii nporeciB 3MiHM CTaHIB €JEKTPOHHHX
KOMYHIKAIliIMHUX ~MEpPEeX TijJ BIUIMBOM IHIMJCHTIB
iHpOopMaIiHHOI Oe3neKH.

OyHpaMeHTa bHI TPUHIHUIN TOO0YI0BH HHU(PPOBUX
IBIMHMKIB, X mepeBarn, OOMEXeHHS Ta MpobiIeMH
PO3BHUTKY CHCTEMAaTH30BaHO y HayKoBii mparti [10], sika
(axTHIHO cTana 6a30BOIO IS MMONANBIINX TOCIiIKEHD
LbOro HaykoBoro HampsMmy. [lomanmpmuii po3BUTOK
KOHUeNUii UUGPOBUX MABIMHHUKIB A HIATPUMKH
MPOIIECiB pearyBaHHs Ha KiOepiHITUICHTH
npencraBieHo 'y pob6oti [11], me 3ampomoHOBaHO
iHTerpyBary udpoBi MOzENi 13 CHCTEMaMH pearyBaHHs
Ha iHIUOeHTH. Pasom i3 Tum nutaHHs (opmanizamii
NPOLIECIB YIPaBIiHHS CTaHAMHM MEpeXi Ta CHHTE3Y
KEPYIOUHX BIUIUBIB 3JIMIIAIOTHCS BiJKPUTHMH.

[lepcrieKTHBHICTE PU3HK-OPIEHTOBAHOTO IMiIAXOIY
JI0 VIPABIiHHSA CKIaTHIMH OpPTraHi3aliiHO-TeXHIYHUMHU
cucTeMaMu OOTPYHTOBaHO y poboti [12], ne mokazaHo
JNOUUTGHICT BpaxyBaHHS pIBHSA pPHU3UKY IIiJ dYac
(dbopMyBaHHS ~ yNpaBIIHCBKUX  piieHb. [IpakTuuHi
aCMeKTH CHHTE3y MOJENEH YNpaBliHHS CKJIQJIHUMHU
JUHAMIYHMMH ~ 00'€eKTaMH 3  ypaxyBaHHIM IOJIH
Ge3meKu JocimKeHo y poooTi [13], y skiit chopmosano
OKpeMi TMPHHIUIHN MOOYIOBH  JIOTiKO-JAMHAMIYHHX
MOJIeJIed JUIsl CUCTEM YIPaBIliHHs O€3MEKOIO.

OTxe, aHAJI3 CyYacCHHUX JOCIHIIKEHb CBIAYUTH, IO
CBOTOJIHI TOCTaTHBO IPYHTOBHO OINPAallbOBaHO ITUTAaHHS
apxiTekTypu TH(GPOBUX IBIHHHUKIB, MOJCITIOBAHHS
kibep3arpos, iHTerpamii nupposux moxener i3 SIEM-
CHCTEMaMH Ta BUKOPUCTaHHS JIOTiKO-IHHAMIYHOTO
HiIXoAy A ONMUCY CKJIQJAHUX JWHAMIYHUX IPOLECIB.
BoaHouac npakTHYHO BiACYTHI KOMIUICKCHI METO/IH, SKi
MOEAHYBAU O JIOTIKO-IMHAMIYHE MOJICIIIOBAHHS CTaHIB
EKM, 1mdpoBuii NBIMHUK SK aKTUBHUH €JIEMEHT
KOHTYpY  YINpaBIiHHS Ta  MEXaHI3MH  CHHTE3y
aJaNTUBHUX KEPYHOUYHMX BIUIMBIB, CHPSIMOBAaHHMX Ha
niaTpuManHs 11 QyHKIIOHANBHOI CTIMKOCTI B yMOBax
PO3BUTKY IHIUAEHTIB iHpopMamiiiHoi Oesmeku. Came
YCYHEHHS 3a3HAYCHOTO JOCTIAHULBKOTO  PO3PHBY
BU3HAYA€E AKTyaJbHICTh 1 HAYKOBY CIIPSIMOBAHICTh JTaHOI
pobotu.

1.3 MeTa i 3aBaaHHs JOCTiTKeHHT

Meroro poboTm € po3podka METOMy JIOTiKO-
muHaMigHOro  ympasminEt EKM  Ha  ocHOBI
Bukopuctanus /] mis migsumenss i1 GpyHKIioHapHOT
CTIHKOCTI B  yMOBaX BHHUKHEHHS  IHIUCHTIB
iHpopManiitHoi O6e3mekn Ta 3a0e3MeYeHHs aJalTHBHOTO
yHOpaBIiHHA 11 6€3IEKOBUM CTaHOM.

Jns [OCATHEHHS IIOCTaBJICHOT METH JOILIJIBHO
MpoBecTH (opMalizallilo MHOKHHU CTaHIB Ta MOMIIH
koprnopatiuBHoi EKM, po3pobutn mnpaBmia nepexomin
Ta NPUYUHHO-HACIIJKOBHX 3aJIS)KHOCTEH, MOOYIyBaTH
ITOPUTM JIOTiKO-TMHAMIYHOTO yTIpaBIiHHS,
copmyiroBaty npasuia iHrerpauii JIIM 3 icHyrounmu
SIEM-cucremamu EKM Ta MPOBECTH
eKCIIePUMEHTAIIbHI ClieHapii /Ul OLIHKH e(eKTHBHOCTI
po3pobiieHoTO METO.y. IToennanHs JIOTiKO-
JMUHAMIYHOTO Miaxonay 3 koumerieo [1J] Ta momieBum
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KOHBEEPOM JI03BOJIMTH HE JIMILE aHAJI3yBaTH IHIMICHTH
iHpopMaliiiHOi Oe3nekH, a i 3A1HCHIOBATH MIPOAKTUBHE
yIpaBiiHHS (3MiHA MPaBWJI, 10 BU3HAYAIOThH MOJITHUKY
JOCTYITy JIO PECypCiB MEpexi, CErMEHTAIisl, 130JIsIlis
By31iB). lle 3abe3meuynTh MOKIMBICTH aJalTHBHOTO
yOpaBIiHHA (QYHKIIOHAJIHHOIO CTIHKICTIO MEpeki B
yMOBax TOCTifHOT Bapiamii MUHAMIYHHX 3arpo3 Iiit
mudpoBiit CTPYKTYDI. [paxTrune 3HAYCHHSA
JOCIIKEHHS Tependadae CyMiCHICTD 3allpOIIOHOBAHOTO
METOJy 3 THIIOBUM CTEKOM KOPIOPAaTUBHUX CHCTEM
6esmeku (SIEM, Opokepu moBimomiieHb, TpadoBi 6a3u
naHux, playbooks) Ta MOMXIMBOCTI HOro IHOETAIHOTO
BIIPOBAJPKEHHS 0e3 paauKaabHOl epeOyaoBH ICHYIOUOT
CTPYKTYPH CHCTEM YNpaBiiHHS iHQOpMaLiero 1 moaismMu
6e3nexu kopnopatrBHoi EKM.

2. Marepiayu i MeTOIU A0CiIKEHHS

Bigmitimo, mo EKM e ckianHor0 opraHizaiiifno-
TEXHIYHOIO JJMHAMIYHOI CHCTEMOIO 3 0araToBUMipHUM
MPOCTOPOM ~ CTaHIB, CTPYKTYPHOIO MIHJIMBICTIO Ta
MOIEBOI0 TPUPOAOIO JAErpajaniiHux mporecie. B
yMOBax ICHyIOUMX Hapasi KiOep3arpo3, BiJMOB
€JIEMEHTIB,  TIEPEBAaHTAXEHb 1  JECTPYKTHBHHX
iHpOpMaNifHIX BIUIMBIB KPUTHYHUM MOKAa3HHUKOM ii
SIKOCTI € (DYHKIIOHAJNbHA CTIHKICTh, TOOTO 3IAaTHICTH
30epiratu AOMyCTHMI mapaMeTpu (HyHKIIOHYBaHHS abo
BIIHOBIIOBAaTH IX 3a OOMeXeHWH 4dYac mmicisa [il
nectabinizyrounx (HakTopis.

IcHyroui  MeToAM  YOpaBIiHHA  Mepexamu
MEPEBAXHO OPIEHTOBAaHI HA ONTHMI3AIII0 OKPEMHUX
napameTpiB (MapupyTu3alii, MPOMyCKHOI 3IaTHOCTI,
OanaHCyBaHHSI HABaHTA)XXEHHS), IPOTE HE 3a0€3MeUy0Th
(dbopMani3oBaHOTO  ONMUCY  IPHUYMHHO-HACHIJKOBUX
3B’SI3KIB MK TOAISIMH Oe3MeKH, MepexoaMH CTaHIB Ta
KepylOUMMH  BIUIMBaMH B €IMHOMY  JIOTiKO-
JuHaMiyHOMY npoctopi. [lopsin 3 mmMm KopropaTuBHa
EKM posrnsgaeTbest K OaraTopiBHEBa CHCTEMa, IO
BKIIFOYAa€ PIiBHI JOCTYIY, TPAHCIIOPTY, CEpBICIB Ta
Oesmekn. Ha koxHOMY piBHI (YHKI[IOHYIOTH BY3JIH,
KaHAIM, pecypch Ta cepBicH, sKi 3a0e3medyroTh
LUTICHICTh  IHQOpMAlIHHUX MOTOKIB Ta MIATPUMKY
0i3HeC-TIPOIIECiB.

Taka  OararopiBHeBa CTPYKTypa 3yMOBIIIOE
CKJIJHICTh Oprasizamii Ta peamizaiii yrpaBJiHHS,
OCKIJIbKH BiZIMOBa 200 aTaka Ha OKpeMHH ii KOMIIOHEHT
MOY€E CIPUYMHNTH KacKa/Hi e()eKTH, 1110 BIUINBAIOTH Ha
BCIO Mepexy. Y mpboMmy KoHTekcti EKM Bucrymae
00’€eKkTOM yTpaBIiHHS, SIKMI norpedye
(¢opMali3oBaHOTO ONMUCY CTaHIB Ta TOMIA Ui
3abe3nedeHHs QyHKIIOHATBHOI CTIHKOCTI.

3. Pe3yabTaTu po3po0KH i AocTixKeHHS
MeTO/Y JIOTiKO-IMHAMIYHOI0 YIIPaBJIiHHSA
¢pynkuionaabHoro criiikicrio EKM
Ha ocHoBIi L]

3. 1 MaTemaTn4Ha MojeJb, 0 onucye cranu EKM,
nojii 6e3mexku Ta IX KopeJsiuio 3 PyHKUIOHATLHOIKO
cTiiikicTiO Mepexi

IIpencraBuMO  MaTeMaTH4HY  MOJCHb,  sSKa
¢opmansHO omucye cranu EKM, mopii Ge3neku Ta ix
KOPEJISILIO 3 QYHKI[IOHAIEHOO CTIHKICTIO MEPEexKi.

3amamo:

S= {Sl, S, S } — MHOXHMHA MOXI/IUBHUX CTaHIiB
EKM,;

E={e.e,.., em} — MHOHHA Ol Ge3MeKH;

U ={upup,...uc} -
BIUIMBIB.
Toxi omeparop mepexony CTaHiB BU3HAYUMO SIK

F:SxExU — S, )

MHOXXHWHA  YIPaBJIAIOINX

ne Qc S —obnacth PyHKLIOHATIBHOI CTIHKOCTI.
YMOBY (PYHKI[IOHANBHOI CTIMKOCTI, sIKa TOJIATAa€E B

tomy, mo EKM — cucrema nosepraerbes 10 obnacti Q

3a  CcKiHWeHHHMH  jgomyctmmmit  wac T <Tyqy

(dopmarizyeMo y BHIIIAII:

Vs(tg)eQ, VeeE, JueU :F(s(t),eu)eQ (2)

VYopapninas ~— nomisimu  Oesneku EKM
BU3HAYMMO Y BUIVISLII (PYHKIIIT
u=ao(S,E). 3)

BruuB ynpasninas 6e3nexoro EKM nonsirae B
MiHiMi3amii (yHKIiOHaNIa BiIXwWJIeHHS Bij oOmacti
CTIMKOCTI:

J :ItoA(to +TH(s(t),Q)dt > min.  (4)
Mognens L1/] onuieMo 3aIexHICTIO BUILY
S(t+At)=F(5(t), e(t), u(t)), (5)

ne $(t) — ouinenuii cran mepesxi L1

Ipynryrounce ma (1)~(5) BigMiTuMo, 1m0
pukopuctanHs L[/l y moeqHaHHI 3 JOTIKO-AHHAMIYHUM
onepaTropoM @(S E ) 3a0e3neuye  MiATPUMAHHA

(yHKIIOHATBHOT CTifiKOCTI Mepexi [UITXOM
MPOTHO3YBAHHS MEPEXOoMiB MiX ii MOXKJIMBUMH CTaHAMH
Ta CHHTE3y YTNPABIIHCHKUX BIDIMBIB, IO MiHIMI3yIOTbH
BiIXmiIeHHS Bix oOmacti Q. DyHKIIOHATBHA CTIHKICTD
BU3HAYAETHCS SIK 3JaTHICTH Mepexi 30epiraTv IiIbOBI
(byHKUIT Ta piBEHb CepBiCY IPH BUHUKHEHHI MO/Iii, aTak
YH BIJIMOB.

Lle nocsiraetbcst 3aBIsIKM KEpOBaHid mepedy1oBi

KoHirypartiit Ta aZlaliTUBHOMY YIPaBITiHHIO
pecypcamu.

[Toka3HUK (QYHKIIOHATBEHOI CTIHKOCTI Cy4acHHX
KOMYHIKallifHNX ~ Mepex  Mae  0OaraToBHMIipHUH

xapakrep. BiH BrJIIOYae TexXHI4HI, OpraHizamiiHi Ta
MIPOLEAYPHI aCHEKTH, & TAKOX 3AaTHICTh O IIBUIKOTO
BiJTHOBJICHHS TICJIA BIUIMBY 1HIUACHTIB iH(pOpMAamidHOT
Oe3meKu.

ToMy ¢yHKIiOHaNBHY CTIHKICTH y HaHid poOoTi
OyZnemMo TpakTyBaTH sSIK IHTETPAJbHY BIACTHBICTH
cuctemMH, MmO 3abe3medye Oe3MEpepBHICTH CEPBiICiB
HaBiTh 32 YMOB IHTEHCHBHHUX JeCTa01Ii3yI0unX BILIHBIB.
JUis  KimBKICHOI OINHKH (YHKIIOHATBHOI CTIHKOCTI
BHKOPHCTAEMO Habip METPHK, 10 OXOILTIOIOTH K SKICTh
ceppicy EKM, Tak 1 T KepoOBaHICTh MpH JiKBimamii
JNECTPYKTUBHUX BIUIMBIB O€3MIEKOBUX IHIIUACHTIB, a
came:
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e sxicmb cepegicy: cepennii yac Biaryky (RTT),

npormyckHa  3garHicts  (BPS/PPS),  nmocrymHicTs
KPUTHUYHHX CEPBICIB.

e Keposawicmb:  CEpeNHI 4yac  BHABJICHHSA
inmunenry (MTTD), cepenHili 4ac BiIHOBICHHS
(MTTR), wd4actoTa XHOHHX CIIpallOBaHb CHCTEM
MOHITOPHUHTY.

e inmezpanbHull iHOeKC pu3uKy: TIOKa3HUK, SIKHH
BpaxoBy€ HMOBIPHICTP BHHUKHEHHS IIOAIA Ta iXHIiH
MTOTEHIIiHMH BIUTUB Ha (yHKIioHyBaHHSI EKM.

BinMmiTMO, IO 3aCTOCYBaHHS 3aIpOIIOHOBAHHUX
METPHUK JO3BOJISIE HE JIMIIE OIHUTH IMOTOYHUI CTaH
Mepexi, a i MOpiBHATH e(eKTHBHICTb PI3HUX METOJIB
ynpaBiiHHS ii (yHKIIOHAIBHOIO CTIHKICTIO. 30KpeMa, y
0araTopiBHEBHX Mepekax, SKUMH € KOpPHOPaTHBHI
EKM, iHTerpanbHi MOKa3sHUKM AAIOTh 3MOTY HE JIMIIE
MOJICIIIOBATH  KackagHi e(QeKTH B MEpexi, aje
MIPOTHO3YBATH HACHIIKU YIIPABIiHHSI MOIiIMH OC3IECKH.

Bkazane cBimunth, mo Qopmanizamis EKM sk
00’€KTa yIpaBIiHHS Ta KPUTEPiiB HOTO (PyHKITIOHAIBEHOT
CTIMKOCTI CTBOPIOIOTH OCHOBY Ayl moOyxosu JIZIM 11/1,
sIKa 3abe3nedye aJlaliTUBHE yTpaBIiHHSA
kopnopatuBHolo EKM y nuHaMidyHOMY cepemoBHILi
oesmekoBux 3arpo3. IIJ] xopmoparuBHoi EKM Oyze
PO3TJSLIATH B KOHTEKCTI peaiizallii KepoBaHOI crucTeMa
CTaHIB, IO BiO0Opakae sIK MOTOYHHMN (QYHKIIOHATBHUHA
CTaH MepexXi Tak 1 11 peakwilo Ha MOXIIUBI 30BHILIHI i
BHYTPIIIHI MO

o  MHOXHMHH
BKITFOUHUTH:

cranie. EKM mnpomoHyeTbes

e Normal - mratHe ¢yHKIiOHYBaHHS 0e3
IHIM/ICHTIB;

o Degraded — wuyacTkoBa merpazgaiis cepeiciB
Mepexi;

e UnderAttack — akTuBHa aTaka Ha Mepexy abo
aHOMaNbHUI Tpadik;

o Isolated — cermenTaltist uu i30S BY3IiB IS
JIOKai3amii iHIUACHTY;

e Recovery — mpomec BiTHOBIECHHS TiCIA
IHITUICHTY .
Jns mpuxiamy — BigMITHEMO, IO, OIS

«aHoManbHuit Tpadik» y crani Normal moxe npussectu
no mepexony y cran UnderAttack 3 Buxonanusm mii
«aktuBanis rate-limity. Jlns 3MeHIIEHHS KiJIbKOCTI
XMOHMX  CHpAIfOBaHb  3aCTOCOBYETBCS ~ MEXaHi3M
MATBEPKEHHS NoAil (KBOpyM abo yacoBi BikHA), IO
JIO3BOJISIE  BPaxOBYBAaTH KOHTEKCT Ta  KOPEILIIo
CHUTHAIIIB

[Ipy oMy OyneMo BpaxOBYBAaTH AECTPYKTHUBHI
BIUTHBH TaKHX MOIi:

e mepexcesux  (3MIHM  TpadiKy, BiIMOBH
KaHaIliB);
e Oesnexogux  (CIpoOM  HECAHKIIIOHOBAHOTO

nocryiy, DoS-araku, BUSBICHI Bpa3IuBOCTI);

e xepyiouux (3miHa ACL, cerMeHTaris, i30Js1is
By3lla, 3acTocyBaHHs rate-limit- oOmexenHs wactoTw
3aIIUTiB).

JIJis KO’)KHOTO CTaHy BH3HAYA€THhCS HAOIp MpaBHII
TIEPeXOiB, IO OMUCYIOTh PEAKII0 CHCTEMH Ha MOl
dopmarizarist 3MiIACHIOETECS Y BUIIAI (Tabm. 1).

Tabruys 1 — Enementapsi ¢pynkuii onepauiii, kepoBanux ingopmaiero

IMoTounwmii cran . HogBwuii ctan . .
IMonis (event Konrtekcr (context is1 (action
(state) s ( ) ( ) (new_state) Aist ( )
OTtpumMaHo Cucrema B HOpMaJIbHOM - JloryBaHHs 1oii, CIIOBIIIICHHS
Idle P PM Y Monitoring ry A, =
MMOAi0 Oe3IMeKn pexumi ormeparopa
- Bussneno . Hancunannas nonepemkeHas
Monitoring . KputuuHicts cepenss Alert Al pet ’
aHOMAJIiI0 30ip JOJaTKOBHX JaHUX
brokyBaHHs mocTymy,
. Busiieno . . CHOBIIICHHS aJMiHiCTpaTopa,
Monitoring AHOMATiIo Kputnunicts Bucoka Critical AKTHBALLIS TPOTOKOJTY
pearyBaHHS
oni 3ammyck mporeayp oM’ sIKIIeHHS,
oJtist . . -
Alert . A Cucrema y crani Alert Mitigation PC3CPBHC KOTIIOBAHHS,
miATBEpKeHA .
aKTUBIi3aLisa 0e3nexku
[Tonis . Lo JloryBaHHs IHIMIEHTY K
Alert A Cucrema y ctani Alert Monitoring Y HIICHTY
OMHUJIKOBA XHOHOTO CIPalbOBYBaHHSI
- 3arposa s o BigHOBIIEHHS HOPMAJIEHOTO
Critical >arp Cucrema y crani Critical Monitoring A pMallby
JKBiZOBaHa peXuMy, TeHepallis 3BiTy
S Tlom’ ax1reHHst N e o TloBepHEHHS O MOHITOPHHT
Mitigation . Cucrema y crani Mitigation Monitoring P Ao M PHHLY,
yCIIiIHe OHOBJICHHS aHAITHKH 3arpo3
s Eckananis, nosigoMieHHs,
e TTom’siK1IIEHHS e L. . -
Mitigation . Cuctema y crani Mitigation Critical aKTHUBALls aBap1iHOTO
HEYCIIIHe
HPOTOKOJY

Jus  peamizanii npaBwin nepexoay (tabm.l)
po3pobiieHa apxitekrypa L[/l sk kepyrodoi HaaOymoBU
EKM. Bona peanidyerbcs sSK 0araTOKOMITIOHEHTHA

cUcTeMa, 10 BKJIIOYAE: MOAYJH 300py MOii; Opokep
TOBIZIOMJICHB JJI1 MapIIpyTHU3allii TOTOKIB; aHATITHIHE
PO 3 JIOTiKO-JAMHAMIYHOIO MOJEIUTI0; TpadoBy 0asy
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JaHWX JUI1  30CpeKEHHS CTaHIB Ta MEPEXOJiB;
inTerpanito 3 SIEM s xopensuii mofiii; opkecTpaTop
JUIs BHUKOHAHHA Kepyrouumx mid. Takuii miaxina

3a0e3nedye CyMICHICTh 13 THIIOBUM KOPIOPAaTHBHUM
crekom EKM 0e3 HeoOXigHOCTI  pajMKalbHOI
nepeOynoBH iHppacTpyKkTypH (puc. 1).

il | IHTerpauin
3 SIEM

o

Mogynsb 360py Bpokep

AHaniTmuHe appo

Jloriko-arHamivHa

e

==

Moaent dsg

noain noBiAOMNEHL

Opkecrpatop

I'padosa
Gaza paHux

Puc. 1. Apxitekrypa II/1 six kepyrodoi Hanoynosu EKM

Y miif kepyrooui HagOymOBI TONITHKY TOCTYITY
(ACL — Access Control Lists) posrmsgarumemo sk
KITIOYOBI YIIPaBIIHCBKI Tii Ta OXHOYACHO SK 00’€KTH
KoHTpomio 3a craHamu EKM. VmpasmiHceki —mii
BH3HAYAIOTh KOHQITYpaIiifHuil cTaH MepeXi Ta MOXYTh
Oytu 3MiHeHI y BignoBigs Ha mopii Oesmeku. ACL
3aCTOCOBYIOThCSI Ha PI3HUX PIBHSX, a caMe:

edge/CE-router -  KOHTpPONH  OOCTYMy  JIO
nepudepiiHIX MPHUCTPOIB;

@aepson - hinpTpariist Tpadiky;

SG/NSG y sipmyanizoeanux cepedosumyax -
CerMeHTallis y XMapHHAX iHppacTpyKTypax

koprnopatuBHoi EKM;

MiKpoceemenmayiss - 130JIis HA PIBHI OKpEeMHX
CepBiciB UM KOHTEHHEPIB.

Iarerpamis ACL y mnoriko-TuHaMIYHHH KOHTYD
JI03BOJISIE peaNli3yBaTH aJaNnTHBHE YIPABIIHHSA, KOJIH
/I ue nwuiie BigoOpakae CTaH CHCTEMH, a W aKTHBHO
3MiHIOE T KOHpirypamiro st 30epexeHHs 3allaHOTO
piBHS GYHKIIOHAIBHOT CTIMKOCTI.

OCHOBHHUM 3aBJIaHHSIM 3JIalITUBHOTO YIPABJIiHHS €
MiHIMI3alis 4acy Jerpajaiii Ta iHIUICHTY, a TaKoX
OoOMeXeHHsI KackaJHUX e(QeKTIB y KOpIOpaTuBHIH
EKM. Line moisirae y 30epeeHHI KpUTHYHUX CEPBiCiB
HaBITh 32 YMOB aTak 4 BiAMOB. [y IbOro HEOOXimHO
3a0e3NeunTH aJanTHBHE pearyBaHHA Ha TNOAil, IO
BKJIIOYa€ HE JIMIIE IXHE BHSBJIEHHA, a ¥ aKTUBHI

ynpasisitoui  BrimmBn  Ha  EKM, a  came: 3winy
KoH(iryparmiii Mepexi, cerMeHTamiro abo i30JIALiI0
MEpPEeKEeBUX  BYy3JIiB. MeTON  JIOTIKO-ITWHAMIYHOTO

YOpaBIiHHA TPOIIOHYETHCS peali3yBaTH y BHIVIAMI
QITOpUTMy, IO TOEAHYE OOpOOKYy TOiil, OIIHKY
KOHTEKCTYy Ta BHKOHAHHS KEPYIUHX M. AJTOPUTM
MPEACTABUMO Y BUIIISAI MICEBJOKOY:
1. Ompumamu noodito 3 nomoxy (mepedicesy,
beznexosgy abo Kepyouy).
2. Buxowamu wuopmanizayiro nooii (yHigixayis
dopmamy, ycynenus 0yOn08aHy).
3. Oyinumu xouwmexcm.
— MONOJI02IsA MepedCi;
— HOMOYHUL CMAH Yuhposozo OGIHUKA,
— KOpenayist 3 IHuUMU NOOISIMU.

4. 3acmocysamu npasuna nepexodig: (state, event,
context) — new_state + action.

5. Onosumu epagh cmanis yughposoeo 0siliHuKa.

6. Buxonamu xepyrouy Oiro (playbook):

—3smina ACL;

— ceamenmayis abo i3onayis eysna;
— akmueayis rate-limit;

— [HWi KOH@I2YPayitiHi 3MIHUL.

7. 3anucamu pe3ynomam y JHcypHan nooii ma
nepedamu y SIEM — cucmemy ons xopensayii 3 L[J].

Po3pobiieHuii anroput™ 3ade3nedyye IMUKITIYHHHA
MIPOILIEC YNPABIIHHS, J€ KOXXHAa HOBA MOXis OHOBIIIOE
MOJIENb CTaHIB i 3aIyCKa€E BiIMOBITHI peaKlii.

3anpornoHOBaHUH METOJI IHTETPYEMO 3 iICHYIOUHMH
cucremamu Oe3nexn EKM.

Bpaxyemo, mo SIEM — cuctema peanizye GyHKIii
300py Ta Kopemsamii moxiét, Tomi sk IIJ] 3abe3meuye
JIOTIKO-TUHAMIYHE YIpaBIiHHS CTaHAMH Mepexi Ta
OPOTHO3YBAaHHS HACTIAKIB OE3MEKOBHX IHIIM/CHTIB
JNECTPYKTUBHHX BIUIMBIB. lle CTBOpIOE 3BOPOTHHIA
3B’SI30K: CHCTEMa HeE JIMIIEe AETeKTY€ IHIMICHTH, a |
AKTUBHO 3MIHIOE KOHQITYpAIito MEPEeXi IS JIOKaTi3arii
3arpos.

Taxuit miaxix K03BOISE TIEPEHTH Bifl PEaKTUBHOTO
MOHITOPUHTY 70 MPOAKTUBHOTO YIpaBIiHHS
(YHKI[IOHAJIBHOIO CTIHKICTIO.

Ilppy mpomMy  peamizamis  MeToAy  JIOTIKO-
JUHAaMIYHOTO  yNpaBiiHHSA 3a0e3mnedye  ajanTHBHE
pearyBaHHSI Ha IHIUJEHTH Y KOPIIOPATUBHUX Mepexax,
MMOEJHYIOYH aHaNi3 TOIii, MPOrHO3yBaHHSA CTaHIB Ta
BUKOHAHHS KePYIOYHX [l y pealbHOMY Yaci.

3anponoHOBaHUI ~ METOJl  JIOTiKO-AMHAMIYHOTO
yOpaBmiHHSA (YHKI[IOHAIBHOIO CTIMKICTIO MOXe OyTH
peanizoBaHMH Yy BUTJISAI MOIYJIBHOI CHCTEMH, IO
mpamroe  y  ceperouiii  Linux ta  minTpumye
koHreinepu3aniro (Docker/Kubernetes).

MiHiMaTbHI BUMOTH BKJIFOYAIOTh:

— CepBEpHI pecypcH Uit 00poOKH MO/Iii,

— Opokep TOBiIOMJIEHb (HANpHKIAL,
Kafka abo RabbitMQ),

—rpadoBy 6a3y manux (Neo4j) mias MOIEITIOBaHHS
cTaHiB Ta iHTerpaito 3 SIEM-cucremamu.

Apache
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Taka apxXiTekTypa MHO3BOJIIE  MAacCHITa0yBaTH
pIIICHHS BiIIOBITHO IO HABAaHTAXCHHS Ta 3a0e3medye
CYMICHICTb 13 THIIOBUM KopropatuBHuM ctekom EKM
[1,2,13].

3. 2 ETanu BOpPOBaJKeHHs] METO/Y JIOTiKO-
AUHAMIYHOTO ynpaBJiHHA GyHKIiOHAILHOIO
criiikictio EKM Ta peanizauis I /]

BrpoBakeHHs METOIy MPOTIOHY€EThCS
3IIMCHIOBATH MOCTAITHO, a caMe:
Eman 1: 1]l  ¢yHKImiOHYe  SK  iHCTPYMEHT

MOHITOPHHTY, IO Bi0Opakae CTaH MEPEeXi Ta KOPEJIoe
noJii 6e3 BUKOHAHHS KePYIOUYHX JIiH.

Eman 2: Cucrema Qopmye pexoMeHAaIlii om0
kepyrounx mii (3mina ACL, cermeHTaris), siki MOXYTb
OyTHu MATBEPDKEHI OMEPAaTOPOM.

Eman 3: ludposuit NBIMHUK 3A1HCHIOE
ABTOMAaTHYHE BUKOHAHHS KEPYIOUMX [iil y peasbHOMY
gaci, 3a0e31edyodn aanTHBHE YIPABIiHHA CTIHKICTIO.

3anpomoHOBaHWHA TOETATHWA MiAXiJ BTUICHHS
METOIy CYTTE€BO MiHIMI3y€ DPH3UKH OECTPyKTUBHUX
BIUIMBIB IHOWACHTIB iHpopMamiiiHOoi Oe3mekn Ta
JO3BOJISIE TIOCTYIIOBO iHTETPYBATH METOXA Yy KPUTHUHY
indopmaniiiHy iHQpacTpyKTypy — KOPIIOpaTHBHI
EKM.

Y ngaHomy MeTodl mepembadeHo, IO OKpiM
¢yukuii ynpasninas, [[J] Moxxe BUKOPHCTOBYBaTHCS SIK
BipTyasibHa J1aboparopist Ui TECTyBaHHS CLEHapiiB
inmunentie. B EKM, HaB4aHHS 00CIyroBYHOUYOTO
MepcoHay Ta Baiimamii ix migrotoBkd. Lle mo3Boiste
Oe3MeYHO TIepeBIipATH HOBI MONITHKH JOCTYIy Ta
AITOPUTMH pearyBaHHsA Ha IHIMICHTH Oe3 BIUIMBY Ha
peampHy Mepexy IUQpOBOTO 3B’s3Ky. Takwmil Mmimxif
0COOJIMBO BAXJMBUAM UIT MOOUIBHMX CTIIBHUKOBHX
OTEepaToOpChKUX MEpeX, J€ HaBiTh KOPOTKOYACHI
BIZIMOBH MOXYTh TPHU3BECTH JI0 3HaYHUX (DIHAHCOBUX
BTpaT.

Peamizamis LI/l rpyHTYeThCcsI Ha po3poOIeHiit
METOAuIl Ta OyIyeTbcs 10 MPUHLIMIY MOJENIBHO-
MO/JTYJIbHOT TOIIOJIOTI.

/I ckmamaeTbes 3 TAKUX CKIATOBUX:

1. I'pagosa moodenv mononocii -
BY3JIH, KaHAJH Ta IXHi CTaHMU.

2. Mooyne nputiomy nodiu - 3abe3nedye 30ip Ta
HopMautizarito ganux i3 SIEM-cuctem EKM.

3. Mooynb noziko-OunamivHux npasui - peaiisye
TAOIULIO TIepPexo/IiB Ta MIPUYUHHO-HACIIIKOBI
3aJIeKHOCTI.

4. Mooyn peaxyii —
YOpaBiIsAIOdi BIUIUBH .

CuctemMa MOXe 3allyCKaTHCS MOJYJBHO, IO
JIO3BOJISIE€ IHTETPYBATH OKPEMi KOMIIOHEHTH TIOCTYIIOBO.
Hampuknan,  mouyaTkoBe — BNPOBADKEHHS  MOXKE
oOMe>KyBaTHCs JHIIe TPadoBOI0 MOJIEIUTIO T2 MOAYJIEM
npuiioMy MOZIH, a 3roJI0M JJOIOBHIOBATHCS KEPYIOUNMHU
MeXaHi3MaMH.

BinmiTiMo, o peaizaiis Ta iHTerparis METOIy y
KOpIIOpaTUBHY EKM 3a0e3MeUnTh ToeTaIHe
BIIPOBA/KCHHSA, CYMICHICTh i3 iICHYIOUHMH CHCTEMaMH
Oe3nekn Ta MOXKIWBICT, BuUkopuctanHs II[J[ sk
e(eKTUBHOTO  IHCTPYMEHTY  YIPaBJIiHHSA  TOMisIMH
Oe3MeKH.

BimoOpaxae

peamidye BiANOBimHI

Jns mepeBipkd eeKTHBHOCTI 3alpOIIOHOBAHOTO
MeTony OyJIo NPOBEICHO CEpilo EeKCIEePUMEHTAIbHUX
CIIeHapilB y TECTOBOMY CEpEAOBHIIl KOPIOPATHBHOI
Mepexi.

3 BpaxyBaHHAM pekomenpauiii [1, 2, 13] Oyio
3MOJETHOBAHO TP THUIIOBI CUTYAIIil:

Hopmanvuuii pescum. Mepexa ¢yHKIIOHYe 0e3
IHITMOCHTIB, yCi CcepBiCH MJOCTYIHi, MOXii Oe3meKn
BincyTHi. Lleif crieHapiii BUKOPHUCTOBYEThCA K 0a30BHIA
JUTSL IOPIBHSHHS.

DoS/anomansvruii mpagix. Ha MEpEexy
CIPSIMOBYETHCS ~ BHCOKMH  MOTIK  3amlMTIB, IO
MIPU3BOJNUTH 10 EPEBAHTAXXEHHS KaHANIB Ta Aerpajanii
CEpBICIB.

Komé6inosanuii cyenapii. IloenHaHHs arakd Ha
piBHI  Oe3mekn  (HECAHKI[IOHOBAHMH  JOCTYH) 13
Jerpajaiiero  cepBicy  (3HW)KEHHS  MPOIYCKHOI
3IaTHOCTI), IO CTBOPIOE CKIIAIHI MPUIMHHO-HACIITKOB1
3B’ SI3KH.

3. 3 Ouinka epeKTHBHOCTI MeTOXY
JIOTiKO-AMHAMIYHOI0 YIPABJIiHHA
¢yunkuionaabHoo crilikicrio EKM

Jna OLIIHKH e(eKTUBHOCTI
3aCTOCOBYBanucs Taki merpuku [13]:

e MTTD (Mean Time to Detect) — cepenniii uac
BUSIBJICHHS 1HIIUCHTY.

e MTTR (Mean Time to Recovery) — cepenniii
Yyac BIZHOBJEHHs IIiCNs I1HUUAEHTY iH(pOpMAIiHHOT
Oe3meK.

e RTT (Round Trip Time) — cepemniii uac
BIZITYKY CEpPBiCiB.

e PPS/BPS — mpomyckHa 31aTHICT y HaKeTax Ta
0iTax 3a CeKyHIY.

e Yacmrka nokanizo8anux iHyuoenmis - BiICOTOK
BUMAJIKIB, KOJIH HIMICHT OYB 130/IbOBaHUN 0€3 BILUTUBY
Ha Bcto EKM.

PesynpraT mokazayiu, 10 3aCTOCYBaHHS JIOTiKO-
nuHaMigHoro meroy 3 LI/ go3Bosse ckopotut MTTD
y cepeansomy Ha 30%, a MTTR — Ha 25% nopiBHSHO
3 TPATUIIIHHUMH ITi7XO0TaMH.

KpiMm Toro, KinmbpKiCTh XHOHHX CIIpalfOBaHb
CUCTEMHU MOHITOPUHTY 3MEHIIIMIACS 3aBIISIKA
BHKOPHCTAHHIO MEXaHI3My MiATBEPIKCHHS TOIIH.

[paktnunnii edekt Bim peamnizarmii po3pobieHOro
METOJIy JUIsl OllepaTopa KOPIOPATUBHOI MEPExki MOJIsTae
y HACTYITHOMY:

e IIBHUIIC BUSBJICHHS IHIIUAEHTIB Ta
CKOPOYEHHSI Yacy pearyBaHHs Ha IHIUICHTH;

e MOXJIMBICTB KOHTPOJIbOBaHOT
cerMeHTa 6e3 MOBHOTO MaJiHHS CepPBiCiB;

e 30epexeHHS KPUTHYHHX (QYHKIIA Mepexi
HABITh y BHIIQJIKy KOMOIHOBaHHMX aTak-IKepen MOJIii
Oe3neKu;

e BHUKOPHUCTaHHS JTUHAMIYHOTO oA SIK
IHCTpYMEHTY Uil TECTyBaHHSA CIICHapiiB arak Ta
HaBuaHHs oOciyroBylodoro kopnopatusHy EKM
MEPCOHANTY.

TakuM YHMHOM, EKCIIEPUMEHTAJIbHI pPE3yJIbTaTH
MITBEPKYIOTh  €(QEKTUBHICT  3allPOITIOHOBAHOTO
METOJy Ta HOro TPaKTHYHY JOUUIBHICTD  JIJIS
KOPIIOPATHBHHUX i OTIEPATOPCHKUX MEPEK.

MeTOoay

130J111 1
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4. O0roBopeHHsI pe3yJabTaTIiB J0CiIKEeHHS
MeTO/Yy JIOTIKO-ANHAMIYHOI0 YIIPABJIIHHS
¢dynkuionaabHomo crilikictio EKM Ha

ocHogi I1JI
3anponoHOBaHUH METOJ JIOTiKO-JIMHAMIYHOTO
yIpaBIiHHS (YHKIIIOHATBHOIO CTIHKICTIO
€NeKTPOHHOT KOMYHIKaliiHOI Mepexi HaiOinbI

e(heKTUBHUIN Y 0C3MEKOBUX CEPEAOBUINAX 13 BUCOKUM
MIOTOKOM  MHOJMIH Ta  CKIQAHMMU  TNPHYUHHO-
HACJIIKOBUMHU 3B’ I3KaMH.

VY Bkazanmx ymoBax nuHamiwHmi L[] 3abe3meuye
IIBHIKE BUSBJICHHS 1HIWICHTIB, KOPEIAIII0 CHTHAIIB Ta
aZlaniTUBHE pearyBaHHS.

BonHowac y Mepexax i3 HU3bKUM HaBaHTa)KCHHSAM
abo BIACYTHICTIO KOpENbOBaHHX 3arpo3 e(eKT Bix
3aCTOCYBaHHSI METOJY MOXe OYTH MEHII BHPaKEHUM,
OCKUIbKM ~TPaAMUiifHI MeXaHi3MH MOHITOPHHIY Ta
pe3epByBaHHS Hapas3i IIe 3aTHI 3a0€3MEYUTH JOCTATHII
piBeHb QYHKIIIOHANBHOI CTIHKOCTI.

Oco6nmBO BiAMITHMO, 110
auHamiyoro  IIJI y  kopmopatuBHY
CYIIPOBOXKYETHCSI HU3KOIO PU3HKIB.

CyTb IMX PU3HUKIB MOJISTAE B HACTYITHOMY:

Pecypcni  obmesicenns. BuKOHaHHS aNTOPUTMIB
JIOTiKO-IMHAMIYHOTO YIPABIiHHA HOTPEOY€E TOTATKOBHX
00YNCITIOBAILHUX PECypCiB, IO MOXE IMPU3BECTH 10
NIEPEBAHTAKCHHS CHCTEMH Yy BHIIAJKy MacIITaOHHX
IHIIUEHTIB.

Pusux self-DoS. HekopektHa koH]irypariist abo
HaJaMipHa KUTBKICTh KePYIOUHMX i MOXXe CHPUYHMHUTH
HeOakaHy  JErpajailii0  CepBICIB  EJICKTPOHHOI
KOMYHIKaI[iifHOT Mepexi.

Cymicnicms i3 icHyrouumu cucmemamu. [HTETpais
3 SIEM-cucremamMu BHMara€e peTeiabHOro Y3TOIKEHHS
¢dopmariB momii O€3MeKHd Ta TONITHK JOCTYITy, IO
MoOke OyTH CKJIAHUM Y TeTepOTeHHUX 1H(OpMAIiHHNX
iHppacTpyKTypax.

JIroocekuii  ghakmop. ABTOMATH3AIlS KEPYHOUUX
niii motpebye n0Bipu 3 OOKYy ONEepaTopiB, y BHIIAIKY
HEJIOCTATHHOTO  KOHTPOJIIO MOXIIMBI ~ IOMHIIKH Y
MPUAHATTI HUMHU PIllIeHh UIOAO JIKBIZAIii HACIIKIB
BIUIMBIB 1HIIMJIEHTIB iH(OpMaLiiiHOT Oe3reKu.

CdhopmysiboBaHi yMOBH 3aCTOCOBHOCTI METO.Y

IHTeTpalis
MEPEXKY

Ul MiHIMI3amil pHU3UKIB Ta 3a0e3neueHHS HOro
e()eKTUBHOCTI IOJISTAIOTH B HACTYITHOMY:
Ceemenmayis ~ cepedosuuya. BrnpoBamxeHHst

nudpoBoro nBiifHMKA Mae 3IiHCHIOBAaTHCS MOETAaIHO,
MOYMHAIOYM 3 OKPEeMHX CErMEHTIB  eJIEeKTPOHHOI
KOMYHIKaIliifHOT Mepexi.

Koumpons 0ocmyny. Buxopucranns ACL Ta
MOJTITUK Oe3TeKH MTOBUHHO OYyTH IHTETpOBaHE Y JIOTIKO-
JUHAMIYHHAN KOHTYp JUISL 3amobiraHas
HEKOHTPOJIbOBAHUM 3MiHaM.

Jlivimu pecypcie. BcraHOBIEHHS OOMEXEHb Ha
KUIBKICTh ~ OJIHOYACHHUX KEPYIOUMX i JI03BOJISIE
YHUKHYTH NEpEBaHTAXKECHHS MEPEXI.

Banioayis cyenapiis. Tlepen BIpOBa/KEHHSIM Y
NIPOJYKTUBHE  CEpPEOBHINE HEOOXIiZHO  TecTyBaTH
creHapii y «BipTyasbHii adbopatopii» LI

TakyuM 4YMHOM, 3ampONOHOBAHUII METOA Mae
3HaYHMUH MOTEHIal VIS MiJBUILEHHS (YHKIIOHAIBHOT

CTIMKOCTI KOPIIOPaTUBHHMX Ta OINEPAaTOPCHKHX MEPEK,
MpoTe HOro e(eKTUBHICTh 3aJ€XHUTh BiJ yMOB
3aCTOCYBaHHS Ta IMPAaBHJIBHOTO YIPABIIHHS IMOAISIMHU
Oe3mexH.

5. BucHoBku

Y craTti BUpINIEHO aKTyaJlbHE  HAyKOBO-
MPUKJIaAHE 3aBJaHHS pPO3POOJIEHHS METONy JIOTiKO-
JMHAMIYHOTO YIPaBIiHHS (YHKIIOHAJIBHOIO CTIHKICTIO
CJICKTPOHHOT ~KOMYHIKallifHOI Mepexi Ha OCHOBI
mudpoBoro BiiiHMKa, SKUH 3a0e3neuye aJalTHBHE
pearyBaHHS Ha IHIHWICHTH iH(oOpMariiiHOi Oe3mexn
nuaxoM  ¢opmaiizamii  mpOCTOpYy CTaHIiB  MEpexi,
MpaBHUJI TIEPEXOIiB MK HHUMH Ta CHHTE3y KEpyHOUMX
BIUTUBIB.

HaykoBa HOBH3HA 3allpONOHOBAHOIO METOXLY
ToJIsIrace y o€ AHAHHI JIOTIKO-IMHAMIYHOTO
MO/JICITIOBAaHHS, IU(PPOBOr0 JBIMHHKA Ta MEXaHI3MiB
aJanTUBHOTO  YIpPaBIiHHA B  €IUHOMY  KOHTYpi
HiaTpUMaHHs (YHKIIOHAJIBHOI CTIHKOCTI €NeKTPOHHOI
KOMyHiKaliiiHoi Mepexi. Ha BiaMiHy Bix icHyroumx
HiIX0/1iB, 3aIIPOIIOHOBAaHUI METO/ 3a0e3reuye He JIHIIe
MOHITOPHHT 1 KOpeIIifo monii  iHpopMamiiHOL
Oe3mekn, a ¥ TMPOTHO3YBAaHHS PO3BUTKY IHIMIICHTIB,
(¢bopMyBaHHS KepyIOUHMX BIUIMBIB Ta IIiATPUMaHHS
(YHKIIOHATBPHOT ~ CTIMIKOCTI Mepexi B peaJbHOMY
Macmrtabi gacy.

y mporieci
MaTreMaTUuHy
yIpaBJIiHHS, c(hopMOBaHO
CJICKTPOHHOI ~KOMYHIKAIliHHOI ~MEpekKi, BHU3HAYCHO
npaBuja MEpPeXojiiB MDK HHMH, 3alpOIOHOBAaHO
QITOPUTM aJaNTHBHOIO YNPABIIHHSA Ta apXiTeKTypy
mudpoBoro  ABiiiHMKa, iHTerpoBanoro i3 SIEM-
CHCTEMaMH.

ExcniepuMeHTanbpHa  MepeBipka  MiATBepAuia
eeKTHBHICTH  3alPONOHOBAHOTO ~ MeTomy.  Moro
3aCTOCYBaHHS 3a0e3ledyye CKOPOYCHHS CepeaHbOro
qacy BUSABJIICHHS Ta JTKBimaii IHIIAIEHTIB
iHpopmamniiiHoi Oe3mekw, miABHIIYE e()EeKTUBHICTH
JoKamizamii  JeCTpyKTMBHMX  BIUIMBIB 1  CHpUSE
HiITPUMaHHIO (YHKIIOHAJIBHOT CTIHKOCTI €NeKTPOHHOT
KOMYHIKaI[iifHOT Mepexi MOpPIBHSHO 3 TpaAWLiHHUMU
HiIX0/IaMH.

IOCIIIKEHHS
MOJENb

po3pobieHo
JIOTiKO-TUHAMIYHOTO
MHOXHUHY CTaHIB

[MpakTvyHa  WiHHICTH  po0OTH  moJsirae  y
MOJKJIMBOCTI MOETAITHOTO BIPOBAKEHHS
3alpOIIOHOBAHOTO METOJY B  KOPIOPAaTHBHHX Ta
OIIEPATOPCHKUX ENIEKTPOHHHUX KOMYHiKalliifHAX
Mepexxax ©0e3 icroTHOI  MozepHizamii  iCHyro4oi

iHppacTpyKTypu iHpOpMAaIiiHOi Oe3NmeKH, a TaKoX Yy
BUKOPHCTaHHI HIM(POBOTO [BifiHMKAa SK CEpelOBHIIA
JUII MOJENIIOBAaHHS CIEHApiiB IHIMICHTIB, NEPEBipKH
MoMTHK  Oe3mekn  Ta  MATPUMKH  NPHAHATTA
YOPaBIiHCHKHX PillIeHb.

[MonampIm gocmipKeHHS AOIUIBHO CTIPSIMYyBaTH Ha
TaKe:

e MacmitaOyBaHHsS 3alpPONOHOBAHOTO  METO.Y
JUIsi  0araTopiBHEBMX €JEKTPOHHMX KOMYHIKAIIITHHX
MEpex,

e IHTErpamif0 METOIIB MAIIMHHOTO HABYAaHHS
UL MPOTHO3yBaHHS PO3BUTKY IHIIMICHTIB
iHpopmaniiiHo1 Ge3neky,
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e  aBTOMAaTHYHWI CHHTE3 IOJITHK yNPABIiHHS Ta
PO3LIMPEHHS ($yHKIIOHATBHUX MOXKIJIUBOCTEH
uudpoBoro ABIHHHMKA ISl MIATPUMKH ABTOHOMHOTO
YIpPaBIiHHS MEpe)kaMH HACTYHHUX HOKOJIIHb.

Konduikr inTepecis

ABTOpH JIEKJIApyIOTh, IO HE MAIOTh KOH(IIKTY
IHTEpeCiB CTOCOBHO J@HOTO JIOCHII/DKEHHS, B TOMY YHCII
(hiHAHCOBOTO, OCOOWCTICHOTO XapakTepy, aBTOPCTBA UM
IHIIIOTO XapakTepy, IO M OM BIUIMHYTH Ha JOCIiHKESHHS
Ta Horo pe3yJibTaTH, peJICTaBlICeH] B IaHIl CTATTI.

@iHaHCYBAHHSA

JocmimxeHHs
MiITPUMKH.

npoBoamnocss  0e3  QinaHCcOBOT

JocTynHicTb 1aHuX
Pyxonmc He Mae MOB’SI3aHNUX AAHUX.
Buxopucranns 3aco0iB INTY4YHOI 0 iHTeJIEKTY

ABTOpH MiATBEPKYIOTh, 110 HE BUKOPUCTOBYBAIIH
TEXHOJIOTi IITyYHOTO IHTEJIEKTY NpH CTBOPEHHI
TIpeACTaBICHOT POOOTH.
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Method of logical-dynamic control of functional stability of an electronic communication network
based on a digital twin

Ivan Samborskyi, Oleksii Zaluzhnyi, Nadiia Lozova

Abstract. Relevance. Ensuring the functional stability of modern electronic communication networks in the
context of increasing intensity of cyber threats, structural dynamics and an increase in the number of information security
incidents requires the development of new methods of adaptive management capable of promptly responding to changes in
the security state of the network. Subject of research: the method of logical-dynamic control of the functional stability of
an electronic communication network based on a digital twin. The purpose of the study: to increase the functional stability
of the electronic communication network in the context of information security incidents and to ensure adaptive
management of its security state. The objectives of the study: to formalize the space of possible states of the electronic
communication network and information security events, to synthesize the method of logical-dynamic control based on the
use of digital twin technologies, to determine the mechanisms of its integration with SIEM systems and to confirm the
effectiveness of the method by experimental research. Research methods: logical-dynamic modeling, mathematical
modeling, system analysis, digital binary modeling and experimental research. Research results. The article develops a
mathematical model of management, an algorithm for adaptive response to information security incidents and a digital twin
architecture, which provides forecasting of the development of events, assessment of possible scenarios and formation of
control actions in real time. The method proposed in the article is based on the formalization of a set of network states,
information security events, rules of transitions between states and the synthesis of control influences using a logical-
dynamic model and a digital twin integrated into the circuit of information and security event management systems (SIEM).
Conclusions. Experimental verification of the proposed method confirmed an increase in the efficiency of managing the
functional stability of the electronic communication network by reducing the average time of incident detection, reducing
the recovery time after them and increasing the efficiency of localization of destructive influences compared to traditional
approaches. The practical significance of the work lies in the possibility of phased implementation of the proposed method
in corporate and operator electronic communication networks without significant modification of the existing information
security infrastructure.

Keywords: electronic communication network; functional stability; method of logical-dynamic control; digital twin;
logical-dynamic model; information security incidents; SIEM; adaptive control; Security event management.
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