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CTATUCTUYHHUM IMIJIXIJ 10 BUABJIEHHS AHOMAJIIN Y BOJOPO3NOAIIBHUX MEPEXAX

PoGorta mpucBsueHa BHPIIICHHIO 3aa4i PO3POOKH aBTOMATHU30BAHOI CHCTEMH BUSIBICHHS aHOMAIIH y BOJOPO3MOIUIBHUX MepexkaX, OCHOBHUMH
MPUYHHAMHE SKUX € (POHOBI BUTOKH Ta pO3pUBH TPYO. it pO3B’si3aHHS 331241 BUKOPHCTAHO CTATUCTHYHHHN ITiIXi/1, SIKUI TOJSITa€ y MepeBipii HyIb0BOI
rimoTe3y Mpo BiAMOBIAHICTh MOKA3aHb JATYHMKIB TUCKY Ta/ab0 BUTPAT BOJM, SKi HAIXOAATH B PEAIbHOMY Yaci, CTAHAAPTHUM yMOBaM (QDYHKIIOHYBaHHS
Mepeki. B po6oTi 3anipONOHOBAHO TPUETANHY CXEMY BHSBJICHHS aHOMAaJiH, sKa BKJIIOYAE: CTATUCTHYHE PO ITIOBAHHS IaTYMKIB MEpexi; KamiOparlito
CHCTEMH JUIs JIOCSTHEHHs Oa)KaHOro CIIBBIJHOIICHHS MDK PU3MKaMM XHOHMX TPHBOI Ta MPOIYCKY ICHYIOUHX aHOMalliil; BH3HA4YCHHS HPABHII
(hopMyBaHHSI BUCHOBKIB PO HAsIBHICTh aHOMaiil. PO3p00IeHO METOMMKY CTATUCTHIHOTO MPOQLTIOBaHH Ta KamiOpaii cuctemu Ha 6a3i iMiTaIliiHOTO
MozenmoBaHHs B nporpamHoMmy cepenosumi EPANET 3a nomomoroto mporpamuoro intepgeiicy WNTR Ha mosi Python. ¥V mpomeci takoro
MO/ICTIOBaHHS Ha OCHOBI 30ypEeHb MOMUTY Ha BOAY OTPUMYETHCS PO3IIO/ILI 3HAUSHB IIOKa3aHb THCKY B JATYMKAX MEpEexi. B skocTi mpukiIamy 10CnimKeHo
MoJieb Mepexi BojpornocTayanHs L-Town, siky OyJo BUKOPHCTaHO B 3MaraHHi METOAIB BHABJIEHHs Ta i3oisuii ButokiB BattLeDIM. [locmimkeno
YyTIUBICTh Pe3yJbTATiB BISBICHHS aHOMaiil OO Aiarna3oHy 3HAYCHb NATUYMKIB, SIKI BBAXKAIOTHCS HOPMAIBHUMH, a TaKOX KiJIBKOCTI JATYHKiB,
3aJIisIHUX Yy MPOLEAypi BUABICHHA aHoMauiil. [IpoaHani3oBaHO 3aJIEKHICTh KIIBKOCTI JAaTYHMKIB 13 aHOMAJIbHUMH MOKa3aHHSAMHU Bijl PO3MIpY BHTOKY.
BcranosieHo, mo He icHye koMOiHaMii apaMeTpiB 3alpONOHOBAHOI CUCTEMH BUSBICHHS aHOMAJIH, sKi 3a0e3MedyloTh ONTUMANbHI pe3yIbTaTH It
BCiX MOJJIBHX PO3MipiB BUTOKIB OJJHOYACHO, B PE3yJIbTATI YOTO 3aIIPOIIOHOBAHO BUKOHYBATH KaliOpalilo CHCTEMH 32 JOTIOMOTOI0 JTIOANHO-MAIITHHHOL
HPOLIEYPH.
Kurouosi ciioBa: Bosopo3noiipHa Mepexka, aHoMalisl, BUTOK, imMiTaniiiHe monemoanHst, EPANET, nepeBipka CTaTHCTHYHHX TiMOTE3.

PHU3UK TOAAbIIOl Aerpaaaiii iHPpacTpyKTypH, 3a0pyi-
HEHHSI BOJHU TOIIIO.
AHaji3 Jgirepatypu. 3aBIaHHs BUSBICHHS BUTOKIB Y

Beryn. Bomoposnonineni mepexi (BPM) e Bpazmu-
BUMH JI0 iHPpacTpyKTypHHX 300iB, SIKi MOXYTb IPU3BECTH
JI0 3HAYHKUX BTPAT BOM. 3TiHO 3 OI[IHKOIO, HABEJACHOK B

[1], y cBiTi B mizomy BTpauaerscst moHax 30 % nuTHOT
BOJIH, 1[0 Y BapTICHOMY €KBIBaJIEHTI CTAHOBUTH 39 muIpa.
nonapiB CIIIA Ha pik. 3Ha4Ha YaCTHHA IUX BTPAT OB’ s13a-
Ha 3 (JOHOBMMH BUTOKaMH Ta IPOPHBAMH TPYO, SIKi MOXKYTb
crarucs B Oyap-skiid Touni BPM. ®oHOBI BUTOKH, 5K ITpa-
BWJIO, B)KKO BUSIBUTH 4epe3 iX MOPIBHSIHO Maluii po3Mmip
Ha paHHIX cTagisx. Po3pusu TpyO BUSABUTH JermIe, OCKiIb-
KA BOHHU OfIpa3y NPU3BOJSTH IO BEIHKHX BTPAT BOIH i
MOXYTb MPOSIBJISITUCS HA MOBEPXHi. Y OyIb-IKOMY BHIIA]I-
Ky HasgBHICTb BHUTOKiB NPH3BOIUTH 0 aHOMail, TOOTO
TaKWX CTaHiB a0 CIIOCTEPEkKEHb, SIKi BHXOIATH 32 MEXi
OYiKyBaHOI TOBEMIHKM MEpeX BOJOIOCTa4YaHHA. PaHHE
BUSBIICHHS Ta JIOKaii3amis aHomaniii y BPM e myxe
Ba)XJIMBOIO 33J1auel0, OCKIJIBKH 1€ CKOpOoUye yac, HeoOXis-
HUH U1 YyCYHEHHS X HEeTaTMBHUX HACII/IKIB Ta 3MEHIIYE

cHCTeMax BOJIONIOCTAYaHHSI NMPUBEPTAE BEIUKY yBary 3
OOKY SIK TIPaKTHKIB, TaK i JOCIiTHUKIB IPOTATOM OCTAHHIX
poxkiB [2]. [Iporec qiarHOCTHKN BUTOKIB MOKHA PO3ILITHTH
Ha TPU eTalu:

®  BHSIBJICHHS aHOMAJIii, TOOTO BCTAHOBJICHHS CYTTE-
BOTO BIJXMJICHHS PEXUMY (YHKIIOHYBaHHS Mepexi Bin
onepaliiHuX HOpM;

e BU3HAUEHHS TUIy Ta cepHo3HOCTI aHOMaTii ((o-
HOBHH BUTIK, pO3PUB TPyOH, HECIIPABHICTh JaTYHNKA, OIiH-
Ka pO3Mipy BHTOKY);

e JIOKaJTi3allisi BUTOKY, SIKa Ma€ Ha METi BU3HAYEHHS
NpUOJU3HOTO MICIl BHTOKY Ha OCHOBI HasBHHUX BHUMi-
pIOBaHb.

[Ipobnema ycknamHs€TbCS THM, IO Yy ONEpaTopiB
BPM, six mpaBuito, Hemae OBHOT iH(OpMAIlii Ipo MOTOYHI
orepariiiHi XapaKTepUCTHKH CHUCTEMH BOJONOCTAYaHHS.

© Menbaukos O. C., [lopodees 0. 1., Mapuenko H. A., 2025

Hocainannbka crarrs: Lfo craTTio ony6uikoBano BumaBHUITBOM HTY «XIII» y 30ipHuKY «BicHuK
HamionamsHoro TexHiuxoro yHaisepcurery "XIII"
indopmaniiini Texgomorii». Ll cTaTTa mOmMHpIOETHCA 3a MikHApomHOW nineHsicro Creative Common QPEMN
Attribution (CC BY 4.0). Kondgurikr iHTepeciB: ABTOpP/H 3asiBUB/WIIH PO BiACYTHICTH KOHAIIIKTY.

Cepis: CucTeMHHH aHami3, YIOPaBIiHHA Ta

ACCESS

Bicnux Hayionanvnozo mexuniunozo ynisepcumemy «XI1Il». Cepis: Cucmemnuii
auanis, ynpasiinus ma ingpopmayiiuni mexnonozii, Ne 1 (13) 2025 3


https://orcid.org/0000-0001-9889-3713
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

ISSN 2079-0023 (print), ISSN 2410-2857 (online)

OmiHKa CTaHy CHCTEMH BHKOHYETHCS 3a JIOMOMOTOIO
ATIUKIB BUTPAT BOIM Ta THCKY. Ha mpakTumi ocTaHHIM
Ha/Ta€ThCs TIepeBara 3 €KOHOMIYHHX MipKyBaHb. lIporte,
MATIUKA THUCKY MAlOTh MOPIBHSAHO HEBUCOKY TOYHICTH 1
CBiIYaTh PO BTPATH BOJM JIMILE OrocepearoBaHo. Yepes
BUCOKY LIiHY Ta €KCIUTyaTallii{Hi BUTPATH KiNBKICTh BY3IIiB
Mepexi, B SIKMX BCTaHOBJICHI JaTYUKU THUCKY, B peaJbHUX
BPM konmBaeTbest B Mexkax 3—7 % BiJ 3araabHOI KUIBKOCTL
BY3IIB.

B Toii xe wac omepauiiiHi xapakrtepuctuku BPM
3a3HAIOTH BIUIMBY BEJIMKOi KUTBKOCTI BHMAaIKOBUX (aKTO-
piB, cepen KX HaWBaXITUBIIIINMH €:

e KOJIMBAHHS IONUTY HA BOAY;

e CTapiHHA Ta 3aCMi4eHHS TPYO;

® TIOTOJHI YMOBH;

e omepauii 3 KJlanaHaMy Ta BEHTWISIMHU TOLIO.

OTxe, HaBiTh BCTAHOBJIEHHA (aKTy ICHYBaHHs
aHomanii B po6oti BPM e HeTpusianbHOMO 3amaueto. Ii
BHUPIIICHHIO TIPHUCBSIYCHI, 30KpeMa, poboTu [3-5].

[MpakTH4yHa BaXKJIMBICTH MPOOJIEMH 00yMOBHIIA Opra-
Hizaiiro B 2020 p. 3maranss «butBa METO/IiB BUSABJICHHS Ta
i3ossmiii BuTOKIB» (amri. Battle of the Leakage Detection
and Isolation Methods, ckopoueno BattLeDIM) [6]. Me-
TOIO 3MaraHHs OyJo CTBOPEHHS BiJKPUTOTO CEpeOBHIIA
IUTA TECTYBaHHS Ta MOPIBHSIHHSA PI3HOMAaHITHHUX ITiIXOIIB
JI0 BUSIBIICHHS BHUTOKIB, BUKOPHCTOBYIOUH JaHI CHCTEMH
JICIIETYEPCHKOTO KOHTPOIIIO Ta 300py JaHMUX MPO THCK Ta
BUTpaTH Boau B Mepexi. Lle mo3Bossie mopiBHATH edek-
TUBHICTh PI3HUX METONUK Y CTaHIApPTU30BAHUX YMOBaX.
Jliist 3MaranHs OyJi0 CTBOPEHO peajicTHuHy Mojens BPM
Ui rinoteTudHoro micra L-Town (IIPOTOTHIIOM SIKOTO
Oyno peanbHe micto Ha Kinpi). Mozgenp micTiia pisHO-
MaHITHI ClleHapii BUTOKIB, IO TO3BOJIIO YIACHUKAM Tec-
TyBaTH CBOi METOJUKM B YMOBaX, HaOIKEHUX JI0
peaybHUX.

3maranns BattleDIM Buknmukano 3HauHHIA iHTEpecC
SIK B aKaJIeMiYHOMY CEpeIOBHII, TaK i cepel MPaKTUKiB. B
HBOMY B3sUTH y4acTh 18 KOMaHA JOCHITHUKIB, SKi
3aCTOCOBYBAJIM Pi3HI METOIAMKY BHSIBICHHS Ta JOKaJi3arlii
BUTOKIB, 30KpeMa aHaji3 4YacOBUX psJiB, MalllHHEe
HaBYaHHS, MaTEMaTUYHEe IPOrpaMyBaHHs, EBPUCTHYHI
METOJIU TOLIO. 3apONOHOBaHI METOAMKH OILIHIOBAJIUCH 32
JIOTIOMOTOI0 eKOHOMIYHHX KpPWUTepiiB, IO BKIIOYAIN
BapTICTh BTPAueHOl BOJM Ta BUTPATH HA IOIIYK TOYHOTO
MICIIS BUTOKY B ME)Kax 30HH JIoKaizanii. Ha »xaib, HaBiTh
y HalKpalmux KOMaHJ e(eKTHBHICTh HE MNepeBHIIyBala
50 % Bix TEOPETHYHOrO ONTHMYMY, LIO IIlE pa3 CBIAYUTH
PO CKJIQJHICTh IPOOJIEMH.

[Ipobnemy BHSBIEHHS BHTOKIB MOXKHa pPO3IJIAgaTd
TaKOX B LIMPLIOMY KOHTEKCTI JIarHOCTHKM aHOMaiit [7].
30kpema, BoHa Ma€ 6arato CIiJIbHUX PHC i3 BUABICHHSIM Ta
JIOKATi3aIli€er0 BUPOOHUYIHMX HETMOJAA0K B MPOIIECi KOHTPO-
JIFO SIKOCTI pomyKitii [8].

IMocTranoBka 3anauvi. BcraHoBneHHs ¢akTy HasB-
HOCTI BUTOKY B CHCTEMi BOJONOCTadYaHHS MOKHA PO3TIIS-
JlaTh SIK CTAaTUCTUYHY TEPEBipKY HYJIBOBOI TiIIOTE3W MPO
BiJINIOBiJTHICTh TIOKA3aHb JATYHKIB CTAaHIAPTHUM YMOBaM
(byHKIIOHYBaHHS Mepexi. 3a3BH4ail, IpU [IbOMY MOXYTh
BuHuKaTH nomuiki I ta Il pony:

e xuOHa TPUBOTAa — IMOMHJIKOBE BUSBIICHHS aHOMa-
J1ii, Konu 11 HacTpaB.i HEMAE;

® TIPOITYCK BUTOKY — KJIacHU(iKaIlisl CTaHy CHCTEMH
SIK HOPMaJILHOTO, B TOH Yac SK HACIIPaB/i B CUCTEMI IIPH-
CyTHI BUTOKH.

BanancyBanHA HMOBipHOCTEH BHHHKHEHHS IUX II0-
MHJIOK € B)KIIMBOIO 3 IPAKTUYHOI TOYKH 30py 3amadero.
BHacninok cKIagHOCTI MEpeX BOAOMOCTAYaHHS Ii WMO-
BIPHOCTI CKJIaJJHO OTpHMAaTH B aHaNiTH4HIH (opmi. Tomy
IUI €(PEKTHBHOT POOOTH aBTOMATH30BAHUX CUCTEM Jliar-
HOCTUKM BHTOKIB HeoOXimHa KaniOpaiis mapaMmerpiB Ha
0a3i koMOiHaIl{ IMITAI[IfHOrO MOJIC/TFOBAHHS 3 AHAIITHY-
HUMH METOJAMU.

Indopmaniiina 6a3a pocaimkenns. Jns mocmin-
JKeHHS BHKOPHCTOBYBasach mozaens BPM micra L-Town,
po3pobieHa s 3ramaHoro Bumle 3MaraHHs BattLeDIM.
CrpykTypa Mepexi HaBeZieHa Ha puc. 1.

Mepexa ckiaamaetrbes 3 782 By3imiB, moegHaHux 905
TpyOaMu 3araibHOIO IOBXHHOIO 42,6 kM. Bucora By3niB
KOJIMBA€eThCs Bix 1,5 10 75 M Haj piBHEM Mopsi.

Bomoposmnonineaa mepexa L-Town orpumye Boay 3
JIBOX BOJIOCXOBHIIL Ta 3a0€3MeUy€ MUTHOK BOJIOKO OJIM3BKO
10 tucsu cnoxuBauiB. HopmaneHuii poGoumii THCK Y
Mepexi konmBaeTbess Mk 20 1 30 M. Y HMKHIA yacTHHI
MicTa (oOmactp B) BcTaHOBJICHWH pemyKIiHHHMN KiamaH,
KU 3a0e3revye TOCTIHHUN THCK Ha BXOIi B 0OJACTb.
PenykuiiiHi k1anmaHy Tako>k BCTAHOBIICH] HIDKYE 32 TCUIEI0
BiJl TBOX OCHOBHUX BOJIOCXOBHIII.

Puc. 1. CtpykTypa Mepesxi BojonocradanHss B L-Town

VY BepxHiii yactuHi Micta (oOmacte C) po3milieHi
BOJIOHAITIIPHA BEXa 3 HACOCOM IS 3a0e3MeUeHHs JOCTaT-
HBOTO THCKY JUISl CIIOkuBadiB obiacti. Hacoc 3amporpa-
MOBaHHMH TakK, 1[0 Be)Ka HAMOBHIOETHCSI BHOYI, & BJCHb
CHOPOKHAETHCS 10 30HU C. Mepeka Mae TUISTHKY 3 pi3HUM
THUCKOM, @ OTXKe, 3 PI3HOK YYTIUBICTIO 10 BUTOKIB.

MoHITOpHHT cTaHy Mepexi 3AIHCHIOEThCS 32
JIOTIOMOTOI0 33 MaTYHKIB THCKY, PO3TAIlyBaHHS SKUX BKa-
3aHO Ha puc. 2. [IOKpUTTSA Mepexki JaTYNKaMH CTAHOBHTS,
TaKuM 4HUHOM, O 4,2 %. Ha Buxogax 3 JBOX BOJOCXOBHII]
Ta Ha Hacoci O BOAOHAMIPHOI BeXi pO3TaIIOBaHI TAKOX
TPH JaTYMKH BUTPAT BOJIH.

Jlist BiZIHOBJIGHHSI 3HAY€Hb TUCKY Ta IHITUX BAKJIUBHX
nmapaMmeTpiB 'y By3Jax, sKi He oOJagHaHi JaTYUKAMH,
IIMPOKO BHKOPHCTOBYETHCS CHCTEMA TiAPABIITHOTO MOJE-
moBauHst EPANET [9]. Lle nporpamue 3a6e3mnedeHHs 0ya0
po3pobiieHe ATeHTCTBOM 3 OXOPOHM HAaBKOJIMIIIHBOTO
cepenosumia CIIA (EPA) s MomentoBaHHS TiJipaBiiku

Bicnux Hayionanvnozo mexuniunozco ynieepcumemy «XI1ly. Cepis: Cucmemnuii
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Ta skocTi Bogu y BPM. BoHo € ogHmM i3 Hadmomyssip-
HIMUX IHCTPYMEHTIB IS aHANI3Y IMOBENIHKHA CHCTEM BOJIO-
MMOCTAa4aHHA SK Y CTAJIOMY CTaHi, TaK 1 B TWHAMIII.

s .‘ -
T
s Sdell :
Se0e 310 eset
et - -
tealef trees - v Ty
oo s oo P
e s s
- ."o‘..mﬂﬂvot - ..
v LB tedeee B 619
Yot T3S g .

. 0 ) . LR e
PN P & St som

.
.I".“ : a0 0y
R o Gt |
poe term of: SN

tessperrr

y o 32 S
P e R R R R D S

13

-

H

Puc. 2. Po3ranryBanHs naTyukiB THCKY B L-Town

Jlis modynosu moneni B EPANET HeoOXifqHO HagaTu
BUXIJIHI JaHi PO KOHQIrypamilo Mepexi: IepeitiK By3IiB
(croxuBayiB, pe3epByapiB, HACOCHUX CTaHLii), Tpyoonpo-
BoAiB (i3 3a3HAYCHHIM IOBXKHH, JiaMeTpiB, Koe]imieHTIB
OIOPCTKOCTi), a TaKoX Tpadik CIIOXWBAaHHI BOAH B
KO>KHOMY BY3JIi B pi3HI MOMEHTH 4dacy. Takox 3aJaroThCs
(i3W9HI KOOPAMHATH BY3IIiB Ta iX BUCOTA HAJ PiBHEM MOPS,
rapaMeTpH HacociB, KIAMaHiB, JUKEPEN THCKY TOIIO.

Pospaxyuku B EPANET 0a3yroTbcs Ha KIaCHYHHX
TiIpaBIiYHAX PIBHSHHSAX — 3aKOHAX 30€pEe)KEHHS Macu B
By3nax Ta eHeprii B TpyOax [10, €.140-148]. Brparu
Hafopy B Tpy0axX MOXYThb aJbTEpPHATUBHO OIMHCYBATHCh
¢dopmynamu Xeiizena — Binmbsimca, [lapci — Beiicoaxa abo
Konebpyka — Yaiita [11, 12]. Jlis Bu3HAueHHS BUTpaT i
THUCKIB 3aCTOCOBYETBCSI METOJ TJI00aNbHOTO TIpajlieHTa
Tonini — IinaTi [13], sxuit € Monudikariero meroga Hero-
toHa — Pajdcona. Ilepenbaueno Garato crocoOiB Bizyai-
3alii pe3yIbTaTiB.

Crij 3ayBaXkKHTH, 10 HA MIPAKTHIII BAKKO IOOYIYBaTH
TouHy Mojenb BPM. TlonuT y By3nax Moke KOJIMBATHCh Y
HIMPOKMX MeXaX, LIOPCTKICTh TpyO 30ijbLIyeThCs 3
IUIMHOM 4acy, KJIalaHd MOXYTh IPOITYCKAaTH BOJY TOLIO.
Tomy /711 BUSIBIICHHSI aHOMAJTil CIIEpIITy CJIiJi BCTAHOBHTH,
SIKMH Jliania30H KOHTPOJIbOBAaHMX 3HAYEHb MOXKHA BBaXKATH
NPUIHATHUM, IO TOTPEOY€E CTATUCTUYHHMX IOCIIKEHb.
Bukopucrannss EPANET no3Bossie BUKOHYBaTH Taki J0-
CJIDKEHHS MIIIXOM IMITAaLiiHOr0 MOZEIIOBAHHS.

Bukiaag ocHoBHOro marepiany. 3anpOonOHOBAaHUI
MiAX1A 10 po3pOoOKH CHCTEMH BUSIBIICHHS aHOMaii y BPM
BKJIFOYA€ HACTYIHI TPH KPOKH:

1) craTucTnuHe MpOQiMIOBaHHS: aHAN3 CTATHCTHY-
HUX XapakTePUCTHK BHUMIpIOBaHb IATYHKIB IPH Bapiarii
BHXITHUX TapaMeTpiB;

2) kamiOpairist mapamMeTpiB TS JOCSATHEHHS GakaHUX
nmoBipHOCTeH momunok I ta Il Tumis;

3) po3pobKa NpaBWiI JiarHOCTHKK aHOMAJiil Ha Iii
OCHOBI.

Ha mepmiomy eramni BHKOHYeThCS iMiTaliiiHe Moje-
moBaHHS (yHKUionyBaHHS BPM npu Bapianii nonuty ta
IHIIMX YaCTKOBO HEBM3HAYEHHX MapaMeTPiB.

IMomur y By3ai mepexi 1=1,2,...,N B MoMeHT 4acy

t=12,...T monemoerscs B cuctemi EPANET sk:

dit = Zkeo b.k Py (1)

ne D — MHOXMHA rpyn CrnoxuBauiB, P, — OYIKyBaHUI
nomuT crnoxuBavis k-i rpynu B wac t, b, — xoediuient

HaBaHTaKCHHS By31a i 3 00Ky crokuBadiB K-1 rpyrmu.

Jlnst BpaxyBaHHS MIHJIMBOCTI MONHUTY TA BU3HAYCHHS
YYTIMBOCTI JIATYMKIB TUCKY 10 HOTO KOJMBaHb B KOXHO-
My BY3J1 Ha HONHT OYJIO HAaKJIQJIEHO MYJIbTUILTIKATHBHHUN
rayciBcekuit mrym. 1I[o6 BpaxyBaTH MOCTYHOBICTH 3MiH
MOMUTY B Yaci, 4acoBa MOCITITOBHICTH ITyMiB MOJEIIO-
Bajacs SK aBTOPETPECIHHUHA IMpoIec IMEepHIIoro HOPSAKY
AR(1), TobTO:

d,=d,0+e,), t=12,..T,
&, ~N(0,0%); &, = P&+, 120,
M~ N(0,(-p*)o?),

ne p €[0,1] — xoedilieHT aBTOKOPEIISIII.

@

Hucnepcist 30yproBanHs 77, oOpaHa Tak, I100H 1po-
nec &, OyB CTallioHapHUM i3 TIOCTilHOIO AucTepcieo o
IMIpu p =0 mocnimoBHICTH &, YTBOpIOE OLTWII HIyM; mpH
p =1 30yproBaHHS IONHUTY B i-MYy BY3Jli Oy/Ie MOCTIHHIM Y

yaci. HaBeneHi HrK4e pe3ysibTaTH MOJICIIOBaHHS Bi/IIOBI-
JlaroTh 3HaueHHAM o =0,2; p=0,8.

Otpumani 3a cxemoro (2) peaiizaiii 3HaU€Hb MTOMTUTY
nepenaBajich Uil PO3paxyHKIB MapaMeTpiB Mepexi B
EPANET 3a gomomoror mporpaMHOro iHTepdeicy
WNTR mis Python [14]. B pesynbrari npoBeaeHHs cepil
TaKAX IMITaliHHAX EKCIIEPUMEHTIB MOXKHA OTPUMATH
BUOIPKY 3HaU€Hb TUCKY [J;; B YCIX By3J1aX Mepexi (a TaKox

MOTOKM BOJHM B TPyOax, (pakTHYHO 3a7OBOJIEHWH MOMHT
tomo). Cepen WX 3HAYeHb HAWOUTBIINN iIHTEPEC CTAHOB-
JISITH TIOKAa3HUKH THUCKY JUISl BY3JIiB, OOJIaTHAHNX aTYMKa-
MM, QK€ CaM€ Ha OCHOBI iXHIX IMOKa3aHb 3iMCHIOCTHCS
MOHITOPUHI CTaHy Mepexi B peaibHOMY vaci. [To3Haunmo
MHOXXHHY TaKuX BY3JiB yepes S.

OTtpuMaHi y Takuii crioci6 BUOIpku Oynu nepeBipeHi
Ha Y3TOJDKEHICTh 13 HOPMaJbHHM 3aKOHOM PO3IOALTY 3a
kputepismu Xapke — bepa Ta xi-kBaapar I[Tipcona [15]. 3a
pe3ysbTaTaMH LHX TECTiB He OyJO BHSBIEHO CYTTEBHX
BIAXMJICHb BiJi HOPMAJIBHOCTI 32 BHUKIIIOYEHHSM BY3IIB,
CYMDKHEX 13 PeIyKIIHUMH KJIanaHaMH; B OCTaHHIX 3Ha-
YEeHHs TUCKY MOXKHA BBa)KaTH JICTEPMIHOBAHUMH B MEXaxX
TOYHOCTI pO3paxyHKiB. THIIOBa ricrorpama po3noiry 3Ha-
YeHb THCKY HaBeJCHA Ha pucC. 3.

OmnpaifoBaHHs  pe3ybTaTiB IMITAIHHUX EKCIIepH-
MEHTIB JJO3BOJIMJIO OTPUMATH CEePEHI 3HAYCHHS TUCKY L,
Ta CepelHi KBaAPaTHYHI BiAXWIEHHA O Ui BCix i€ S,
t=1..,T. Ha ocHOBI OTpMaHHX JaHUX OyJI0 BU3HAYEHO
4acOBUI KOPHJIOP NPUHHATHUX 3HAYEHb JJISI BCIX JaTYHKIB
i3 BpaxyBaHHSM BJIACTUBOCTEH HOPMAaJbHOTO PO3IOJLTY.
Hanani Oynemo Ha3uBaTH HOTO 3€JIEHUM KOPHIOPOM.

Ha puc. 4 HaBeneHO 3eneHui KOpUaop Ul NaT4yHKa,
BCTaHOBJIEHOro y By3ii 'N410', mpotsrom nobu. Pesymnbrar
OTPUMAHO 3a IPAaBHJIIOM TPbOX curM Ha ocHoBi 100
IMITaIliHHAX SKCTIEPUMEHTIB JJIsl KOKHOTO Iepioay dacy.

Bicnux Hayionanvnozo mexuniunozo ynisepcumemy «XI1Il». Cepis: Cucmemnuii
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O4eBHIHO, IO AHUCIIEPCis THCKY € HEOJHOPITHOO: PO3KHT
3HAa4YCeHb YHOUI 3HAYHO MEHIIe, HDK yaeHb. OTxe, aHomalil
B poboti BPM nerimie BUSBUTH BHOUI Yepe3 HIDKUHMH piBEHb

IIyMiB.

Pressure histogram for node n410

12 { = N(30.15; 0.03)

30,10 30.15 30,20 30,25 30.20

Puc. 3. l'icTorpama posnoziiay THcKy y By3ii 'n410' oniBHOUi

Xpectukamu Ha pucC. 4 TO3HAYCHI CKCTPeMasbHi
3HAYCHHS THCKY, IO CIIOCTEPIrajiich B cepii iMiTamiiHmx
eKCIepUMeHTiB. UepBOHI XPECTHKH BiINOBITAIOTh BHIA/-
KaM, KOJIM CIOCTepEe)KyBaHI 3HAYCHHS 3HAXOIMINCH 3a
MeXaMH 3€JICHOTO KOpPHAOpY, TOOTO XHOHI TpPHUBOTH.
[TopiBHSHO BHCOKa KiNBKICTh XHOHHX TPHUBOT MOSCHIO-
€ThCS BEIUKOIO KUTBKICTIO EKCIICPUMEHTIB.

Distribution of pressure values over time (N310)

e o ey P
e e e
e

Puc. 4. Po3nonin 3HaueHs TUCKY y By31i 'N410' mpotsirom 1o6u

s mobyaosu rpadika 3 TouHICTIO 10 30 XBHIUH
notpibHa renepanisi 24-2-100 =4800 HOpMAaIbHO PO3IO-
JIIIEHHUX TICEBJIOBUIAIKOBUX BEJIMYHH JUIsl KOXKHOTO BY3JIa.
[Ipu AMOBIPHOCTI BHXOIY OKPEMOTO CIIOCTCPEKEHHS 3a
Mexi miamazony +3c p =0,003, moxxHa O4iKyBaTH OIS

14 XuOGHUX TPUBOT.

Puc. 4 imrocTpye KomMmpomicH, MOB’s3aHi 3 MOOYHO-
BOI0 CHCTEMH BUSBIEHHS aHoMamiid. [Ipm 3MeHmIeHHi
IIMPUHA 3€JICHOTO KOPUAOPY 3pOCTAa€E PUIUK BHHUKHECHHS
XUOHUX TPHBOT, a NMPH 301IBIIEHH] — PU3UK HEBHSBICHHS
peajbHO iCHYI0UO0i aHOMAUTii.

Cutyanis yCKIaJHAETbCS THM, IO MEpeXa MiCTUTh
0araro JaT4YWKiB, ITOKA3aHHS SKHX TICHO ITOB’S3aHI MIiX
cob6oro. Tomy giarHOCTHKA HAsSBHOCTI BUTOKY Ha ITi/ICTaBi
aHOpMaJIbHUX TOKa3aHb Xo4ya O OJHOTO JaTduka (sK IIe
MPOIIOHYETHCSI, HAMPUKIaL, B poboti [16]) mpusseme mo
HEBHUIIPABAAHOTO MIiABUIICHHS PU3MKY BUHHKHEHHS XHO-
HOI TPUBOTH.

JilicHo, sSKOM TMOKa3aHHA AATYMKIB OyJIM CTaTHC-
TUYHO HE3aJIC)KHUMH, a HMOBIPHICTH BHUXOAY IOKa3aHb

OKpPEMOTO JaT4MKa 3a MEXI 3€JIE€HOr0 KOPHIOpPY B HOp-
MaJbHUX YMOBaX CTaHOBWJIA [, TO IPH HasBHOCTI M nat-
YHKIB [IIaHC BUHUKHEHHSI XUOHOI TPHBOTH CKJIaJaB:

Py (M) =1-(1-p)". @)

Jost momeni L-Town M = 33. SIKII0 BCTaHOBIIOBATH
MEKi 3€eJICHOT0 KOPHUIOPY 3a MPAaBUJIOM TPHOX CHIM, TOJI
p=0,003. IlizcraHoBKa HMX 3Ha4YeHb y ¢dopmyay (3)

HABOJUTH 10 IiMOBipHOCTI XuOHOI TpuBoru 0,094, mo €
HENPaKTUYHUM JUIS Oy/1b-5IKOT peasibHOI CHCTEMHU.
Hacnpagni, six inmroctpye puc. 5, MOKa3aHHS TaTYHKIB
€ KOpeImhOBaHMMH MiK coOoro. Ha pucyHky rpanmariero
KOJIbOPY TIOKa3aHO KOPEIAIiI0 THCKY Yy BY3JIaX MEpexi 3
THCKOM B OfHOMY 3 ii meHTpampHHX BY31iB 'N198'. fAx
MOJKHa 0a4nTH, 3HAUYCHHS THCKY B 30Hax A, B Ta C cmabo
moB’s13aHi Mixk co0oro. [IpoTe, B IeHTpaIbHIN 30HI A 3Ha-
YEHHsI TUCKY B yCiX BY3JIaX € CHJIIBHO KOPEJIbOBaHUMH.

Puc. 5. Kopensmist 3Ha4eHb THCKY Y BY3JaX MEpPexi
BojorioctayanHs L-Town 3 Trckom y By3mi 'n198'

ToMy HMOBIpHICTE XHOHOI TPHUBOTHM B peaTbHHAX
yMoBax Oy/ie 3HaxoauTch B gianaszoni [P, p, (M)] . Ana-

JMTHYHE BU3HAYCHHS IIi€i HMOBIPHOCTI BHMarae oOu4rc-
JICHHs 0araTOBUMIPHUX iHTETpaliB, TOMY AJIS PO3B’SI3aHHS
i€l 3a7a4i JIOIIIBHO 3BEPHYTHUCH JIO IMITAIIHHOTO MOjie-
nroBaHHs. JIsl LIbOTO JOCTATHBO IMiIPaxyBaTH KiJbKICTh
IMITAIIfHAX E€KCIIEPUMEHTIB, B SKHX MOKa3aHHS Xoua 0
OJTHOTO JaT4MKa BUHMILIM 32 MEXI pO3paxoBaHOIo Jyis
HBOT'O 3€JICHOTO KOPHIOPY, i 3iCTaBUTH ii 13 3arajbHOI0
KUTBKICTIO MIPOBEICHUX €KCIIEPUMEHTIB.

AHAOTIYHO MOXKHa pO3paxyBaTH HMOBIPHICTh
nponycky aHomaiii. s mporo 3a gomomororo EPANET
OyJI0 3MO/IEJILOBAHO CHUTYAIlif0, KOJM BUTOK (PiKCOBAHOTO
po3Mipy o Yep3i MaB Miclie B KOXHiil 3 Tpy0o BPM 3a
HassBHOCTI WIyMiB, 3T€HEpPOBAHMX 3a OIMCAHOIO BHIIE
cxeMor0. B maHoMy BHIanKy pe3yibTaTH PO3paxyHKIB
3aIeKaTh TAKOXK Bl pO3Mipy BUTOKY — YUM OijbIle BUTOK,
THUM JIET1Iie HOro BUSBUTH.

Bucoka kopensinisi Toka3aHb JaTYUKIB HABOJIUTH Ha
JYMKY TIpO T€, [0 Hai4acTille BUTOK BIUIMHE Bipa3y Ha
JeKiTbka gaTdumkiB. lle MiATBEpIKYIOTH pPe3yibTaTH,
300paxkeHi Ha puc. 6, Jie HaBEJECHO TiCTOrpamMmy po3INoJIiry
KIJIBKOCTI JJaTYMKIB 13 aHOMAJIbHUMHM IIOKa3aHHAMHU I,

3aJIeKHO BiJl pO3Mipy BUTOKY. MoJemoBajIucs TPU CIie-
Hapii BUTOKiB: Manuit 2 M%/ron, cepenniit 5 M3/rox Ta Be-
aukuit 10 m%/rog.

Jis Manux BHTOKIB ICHYIOTH ICTOTHI IIaHCH iX
HeBUsBJICHHS. KUTbKICTh TAaTYUKIB 13 aHOpMaTbHUMU TOKa-
3aHHAMH OyJe BiTHOCHO HEBEJIHKOIO, ajJe HAaBiTh B IbOMY

Bicnux Hayionanvnozo mexuiunozo ynieepcumemy «XI1I». Cepisn: Cucmemnuii
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BHITAJKy HAWBIpOTigHIIIE, IO Ha BHUTOK BiJpearyloTh
olipasy Tpu AaT4uku. [Jisi cCepeHiX Ta BEIMKUX BUTOKIB €
BeJIMKa WMOBIPHICTh TOTO, IO aHOMAIILHUMH BUSIBIISITHCS
MTOKa3aHHA BCiX AaTYHKIB y 30HI A. JIOKamsHIH MaKCUMyM
B To4Li N, =3 MOSCHIOETHCS TUM, IO KOIHUBAHHS THCKY B

30HI C CTAaTHCTUYHO HETIOB’sI3aHi 3 KOJIMBAaHHSIMH THUCKY B
IHIIMX YaCTUHAX MEPEXKi, i HA BUTOKH B I[i¥f 30HI pearyrTh
TIJIBKU 3 BCTAHOBJICHHUX TaM JIATUYMKU.

ef Tiggerad Sensors for Differant Leak Sizes

£ teak 2 mith
== Leak 5 mih
B Leak 10 Em
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Hurber of sersees riggensd

Puc. 6. Po3noin KiIbKOCTI JaTYUKIB i3 aHOMaJIbHUMU
MMOKAa3aHHIMH 3AJISKHO Bil PO3MIpY BUTOKY

OtpumaHi pe3ynbTaTH JO3BOJAIOTH CTBEPIKYBATH,
10 BUCHOBOK IIPO HASBHICTh aHOMAJIi1 HaMiifHIIIe pOOHTH,
KOJIM 32 MEXI 3€JI€HHX KOPHIOPIB BUXOISITH MOKa3aHHS
NpUHAHMHI J1BOX JaT4uKiB. Ha KOpHCTh IIbOTO TOBOPHUTH
TaKOX TOH (aKT, 10 aHOMaJIbHI ITOKa3aHHS JIMIIE OJHOTO
JaTYNKA MOXKYTh MTOSCHIOBATHCH HOTO HECTIPABHICTIO.

TakuM 4yuHOM, Uit PO3pOOKH e(heKTHBHOI CHCTEMH
JiarHocTuky anoManiid y BPM notpiOHo BupimmTu (nipu-
HaliMHI) JBa IUTaHHS:

e BHUOIp MIUPUHH 3€JICHOTO KOPHIOPY I KOKHOTO
JIaT4nKa,

®  BH3HAUYCHHS KUIBKOCTI JaTYUKIB, HOKA3aHHS SKUX
BUHMIIUIM 32 MEXH 3€JICHOT0 KOPHUAOPY, AOCTaTHIX Ul
(hopMyBaHHS BHCHOBKY PO HasBHICTh aHOMAJTIi.

Ha puc. 7 HaBeneHo rpadik 3a1exHOCTi IMOBIpHOC-
teit momunok I ta Il poay Bix mupuHN 3€JI€HOTO KOPHIOPY
Ta KUTBKOCTI JaTYHKIB, Ha 0a3i AKUX IPUHAMAETHCS PIIICHHS
mpo HasiBHiCT aHomaii. IllupuHa KOpHUIOPY BH3HAYA-
€ThCS K KUTBKICTh CEPEHIX KBaAPATHYHHUX BIAXHUICHD BiJ
[CHTPaJbHUX 3Ha4YeHb, TOOTO 3HaueHHs K y Bupasi
My Koy,
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Puc. 7. mosiprOocTi momminok I ta I TumiB 3anexHO Bij
[IMPHUHH 3€JICHOTO KOPUAOPY Ta KUTBKOCTI JaTYHKIB

Sk MokHa 0aunTH, 301NBIIECHHS IIMPUHU 3EJICHOTO
KOpHUAOPY 3MEHIIye HMOBIpPHICTh XHOHHUX TPHUBOT Ta
301IBITye WMOBIPHICTh MPOMYCKY BHTOKY. [Ipm Mmammx
BUTOKAaX BEJIMYMHH IMX IBOX e(ekTiB cmiBcTaBHi. Ilpn
CEpe/IHIX Ta BEJIMKUX BHUTOKAX PU3HK MPOMYCKY BUTOKY
3pOCTAE 3HEBAKINBO MAJIO.

KinmpkicTh MaTYUWKiB, aHI SKUX aHANI3YE CHUCTEMA,
Mae aHanmoriuHui eekt. [liarHocTHKA HAa OCHOBI MIOKa3aHb
JIBOX JAaTYMKIB 3HAYHO 3MCHINYE PU3UK XMOHOI TPHBOTH.
JIJiss ManmuxX BHUTOKIB i€l BUTPAIl HIBEIIOETHCS OJHOYAC-
HUM 301UTBIICHHSIM PU3UKY 1X HeBUSBICHHS. 151 cepeaHix
Ta BEJHKUX BHUTOKIB €(EKT 3MCHIICHHS PHU3UKYy XHOHOI
TPUBOTH [IOMiHy€ HaJ e(peKTOM 30UTBIICHHS pPH3HUKY
MIPOIYCKY aHOMAJTii.

BB BHIe03HaUeHNX MapaMeTpiB HA KOPEKTHICTH
BUSBJICHHSA aHOMANid cTae OUIBII BHUPAXCHUM, SKIIO
PO3IIISIHYTH cyMy HMOBipHOCTe#H momuiok I ta II Tumis. Sk
CBiZUaTh HaBeACHI Ha puc. 8 Tpadikd, IS KOKHOIO
KOHKPETHOTO pO3MIpy BHUTOKY MOXKHA IigiOpaTH Taky
IIMPUHY 3€JICHOr0 KOPHUAOPY Ta KUIBKICTh AATYUKIB, SIKi
MPU3BOASATH [0 MiHIMAIBHOT HMOBIPHOCTI HEBIPHOTO
CTaTHCTHYHOTO BUCHOBKY. [IpoTe, He iCHY€e 3HAYCHHS, K
Oyzae onTHMaIbHUAM UIS BCIX PO3MipiB BUTOKIB OTHOYACHO.
OTxe, KamiOpalist CHCTEeMHU BUSBICHHS aHOMAJIii MOBHHHA
MPOBOJIMTHCH B TPOLECI JIIOJJMHO-MAITHHHOTO JIallory 3
(axiBIIMHU, IO IPUIMAIOTH PIIIICHHS.
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Puc. 8. IMOBIpHOCTI XMOHUX CTATUCTUYHUX BHCHOBKIB 3aJIEKHO
BiJl IIMPUHY 3€JIEHOT0 KOPHAOPY Ta KIJIbKOCTI IHANKATOPiB

Jnst Manmux BUTOKIB MiHIMaJlbHa HMOBIPHICTh IOMH-
JIOK JIOCSITAETHCSl NPU BHSBJIEHHI aHOMalid Ha OCHOBI
JITaHUX OJTHOTO JaT4yuKa. Pasom 3 TMM ciij 3ayBaXkuTH, 110
11 IMOBIPHICTh 3aJIMIIAETHCS BUCOKOIO, @ TOYHA JIOKAJI-
3allist BATOKY 3a MIOKa3aHHSAMH OJJHOTO JIaTYMKA IIPAKTUIHO
HeMO>JInBa. JIyis cepesiHiX Ta BEIMKHUX BHUTOKIB BUKOPHC-
TaHHA JAaHUX JBOX JATYHUKIB /Uit GOpMYyBaHHS BHCHOBKIB
SIBHO JIOMIHY€ HaJl CXeMOIO 3 OJTHUM JIaTYHKOM.

BucHoBku. B poboTi po3rasHyTO 3a1a4y MPOEKTY-
BaHHJ Ta KaliOpailii cicTeMH BUSBICHHS aHOMATIH y Mepe-
Kax BojomocTadaHHs. JlJis po3B’si3aHHS 3a/1adi 3amporo-
HOBaHO TPHUETAIlHy CXEeMYy, sIKa BKIJIIOYAE: CTATHCTHYHE
mpodiTOBaHHA TAaTYUKIB Mepexi; KamiOpalilo CHCTeMH
JUI JIOCSITHEHHSIT 0a)KaHOTO CHIBBIAHOIICHHS MK DPH3H-
KaMH XMOHHX TPUBOT Ta MPOITYCKY aHOMAaJIiii; BU3SHAUEHHS
npaBul (GOPMyBaHHs BUCHOBKIB IIPO HAasIBHICTH aHOMaJTiil.
Po3po0iieH0 METOMKY CTaTHCTHYHOTO NPOQLIIOBAHHS Ta
KajiOpaii cucteMu Ha 6a3i iMITaliHHOTO MOJICITFOBAHHS B
nporpamaomy cepenoBuini EPANET/WNTR. ocmin-
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JKEHO YYTJIMBICTh pPE3yJAbTaTiB O IMUPHHU I1HTEPBAIY
3HAa4YCHb, SAKi BBAXKAIOTHCS HOPMAIBHUMH, Ta KiJTBKOCTI
ATYUKIB, 3aITHAX Y MPOIIETyPi BUSBICHHS aHOMAITIH.

BceranoBneno, mo He icHye KOMOIHAIIi mapamMeTpis,
SIKi 320€3Me4yI0Th ONTHUMANIbHI Pe3yJIbTaTH JJIsl BCIX MOX-
JIMBHUX PO3MIpiB BUTOKIB OJHOYAacHO. TOMy 3amponoHO-
BaHO BHKOHYBAaTH KamiOpallil0 CUCTEMH BUSBICHHS
aHOMaJIiii 3a JONOMOTOI0 JIOJJMHO-MAIIMHHOI IPOLETypH
13 3aJIy9YCHHSM BiAMOBINHUX (haXiBIIiB.

3anpornoHoBaHa CHCTEMa Ma€ TOTEHIaJ ISl T0AaIb-
IIOTO BIOCKOHAJICHHA. 30KpeMa, JTOCIiKeHHS (OKyCyBa-
JIOCh Ha BCTAHOBJICHHI caMoro (pakTy HasBHOCTI aHOMAIil
y ¢yuknionyBanHi BPM, a He Ha ix yokamizartii. Y ToH ke
Yac TNOPIBHAHHS BEJMYUH BiIXWJICHb THCKY B Pi3HHUX BY3-
JaX MEpeXi BiI cepenHiX 3HAUYEeHb MOXKE CIIPHUATH BHSB-
JICHHIO MiCIIe3HaXOKeHHS aHoMautii. Po3BuTok miei Temu
€ TCPCIICKTUBHUM HANPAMKOM JId MOJAJIbIINX )IOCJ'IiI[-
KEHb.

®dinancyBaHHsi Ta miarpuMmka. JlocmimKeHHS
BUKOHAHO 3a MIATPUMKH T'PaHTy, OTPUMAHOTO 3a Iporpa-
Moo "NWO Hop-On Call for Researchers Based in
Ukraine: NWO-NRFU Partnership Initiative 2023" B
pamkax mpoekty 19454 "DIiTEC: Digital Twin for
Evolutionary Changes in water networks".
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STATISTICAL APPROACH TO DETECTION OF ANOMALIES IN WATER DISTRIBUTION NETWORKS

This paper is devoted to solving the problem of developing an automated system for detecting anomalies in water distribution networks. The main
causes of such anomalies are background leaks and pipe breaks. To address this problem, a statistical approach is proposed, which consists in testing the
null hypothesis that the readings of pressure and/or water flow sensors received in real time correspond to the standard conditions of the network. The
paper proposes a three-stage anomaly detection scheme, which includes: statistical profiling of network sensors; system calibration to achieve the desired
ratio between the risks of false alarms and the omission of existing anomalies; determination of rules for drawing conclusions about the presence of
anomalies. A methodology for statistical profiling and calibration of the system based on simulation modeling in the EPANET software environment
using the WNTR software interface in Python was developed. In the process of such modeling, the distribution of pressure readings in the network
sensors is obtained based on water demand fluctuations. As an example, the model of the L-Town water supply network was studied, which was
developed for the BattLeDIM leak detection and isolation competition. The sensitivity of the anomaly detection results to the range of sensor values that
are considered normal, as well as the number of sensors involved in the anomaly detection procedure, is investigated. The dependence of the number of
sensors with anomalous readings on the size of the leak is analyzed. It is established that there is no combination of parameters of the proposed anomaly
detection system that provides optimal results for all possible leakage sizes simultaneously, as a result of which it is proposed to calibrate the system
using a man-machine procedure.

Keywords: water distribution network, anomaly, leakage, simulation modeling, EPANET, statistical hypothesis testing.
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CUCTEMA KOHTPOJIIO INOJITUKH KIBEPBE3INEKH 3 EJIEMEHTAMM HITYYHOT' O IHTEJIEKTY
KOPIIOPATUBHOI MEPEXI 3B’SI3KY

VY cygacHOMy mu(poBOMYy IpOCTOpi, A€ Maibke BCi cdepy KUTTS TICHO IOB’sI3aHI 3 iHTepHETOM, KibepOesleka Bimirpae He IPOCTO BaXIIHBY, a
(hyHIaMeHTaNbHy POJib, CTAIOYH HEBiZ EMHOIO CKJIAI0BOIO HAIIIOI peasibHOCTI. BoHa rapanTtye crabinbHe Ta Ge3nevne HyHKIIOHYBaHHS PI3HOMAHITHUX
CepBiCiB — BiJl €MEKTPOHHOI MOILITH Ta OHJIAHH-OAHKIHTY OO COLIANBHUX IUIaTGOPM 1 KOPIOPATHBHHX MEPEX, SKi 3a0€3Me4yI0Th KUTTEMISIIbHICTD
CYCHINIECTBA Ta €KOHOMiKH jiepxaB. CTpiMKHII PO3BHTOK INTYYHOTO iHTENEKTy Y cepi KibepOesrekn BiIKpHUBae HOBI TOPH3OHTH JUIS TIOKPAIEHHS
3aXWCTy JAHUWX, Ti/IBUIIECHHS DiBHS Oe3MeKH iH(pOpMAI[ifHIX CHCTEM Ta CTBOPEHHS e(EeKTHBHMX MEXaHi3MiB MPOTHJIi cydacHMM KibGep3arposam.
Po3pobnena cucrema HaJeXUTh IO MOJITUKU KiOepOe3NeKH 3 eeMEHTaMM ILITYYHOTO IHTEJEKTY KOPHOPAaTHBHOI Mepexi 3B’s3Ky. [linBuineHHS
00TrpyHTOBAaHOCTI (hOPMYBAHHS i KOHTPONIO IOTITHKM KibepOesrekn KOpHopaTWBHOI Mepexi 3B’SI3Ky 3a paxyHOK imeHTHikarii TexHik peamizamil
KOMIT' FOTEPHHX aTaK 3 3aCTOCYBAaHHSM IITYYHOTO iHTENEKTY Ta BHUSBIICHHS CHTYallii i B3a€MO3B’A3Ky Bpa3JIMBOCTEl BCTAHOBIEHOTO Ha €IEMEHTax
iH(ppacTPyKTypH IPOrpaMHoro 3adesnedeHHs. st JOCATHEHHS MOCTaBIEHOT METH HEOOXiTHO PO3pOOUTH CUCTEMY KOHTPOJIS TOJIITUKHU KibepOes3meku 3
€JIEMEHTaMU IITYYHOTO IHTENEeKTY KOpHopaTWBHOI Mepexi 3B’s3Ky. EdexkTBHICTE po3pobiieHOi cHCTEMH pO3paxOBYBAIHM IUISXOM ITOPiBHSHHS
koedimienti Teitma s ominkw ii BamimHOcTi. Po3pobnena crucrema oOpoOisie Ta omiHIOE iH(GOPMAIIO 3a JOMOMOTOK MITYYHOTO iHTEJEKTY,
BKJIIOYAIOYH iEHTHU(IKALIII0 KOMIIapaTopa, 10 I03BOJISE 3pO3YMITH MOXKJIMBOCTI Ta METOJIM BUKOHAHHS KOXKHOI BiZIOMOi KOMII'IOTepHOI aTaku. Bin
TaKoX BHKOPHCTOBYE CHUTYAIlIHHMIA TEKCTOBMH TpemukarT ais imeHTHdikarii Ta aHamisy cuTyamii kibepaTakm Ta TpOTHO3YBaHHS ii TpaekTopii,
BU3HAYEHHs IIMOBIPHOCTI KOXKHOI BiZIOMOI aTaku Ta TOPIBHSAHHSA 11 3 e(EeKTHUBHICTIO iCHYIOUHX 3aX0/iB 3axucTy. IIInaxoM MOpIBHSIHHS pO3paxoBaHUX
koedinienTiB Teila cucTeMH 3 ICHYIOYMM aHAJIOTOM 3pOOJIEHO BHCHOBOK, IO OOTPYHTOBaHICTh (HOPMYBAaHHS MOMITHKH KiGepOe3neku 3 eneMeHTaMu
IITYYHOTO iHTENEKTY B PO3poOJIeHiil CHCTeMi € BHINOO, HiXK y aHalora, IO MiATBEPKYE JOCATHEHHs 3allPONOHOBAHOTO TEXHIYHOTO Pe3yNbTary.
BuKopHCTaHHS MITYYHOTO iHTENEKTY B KOPIIOPATUBHUX MepeXkax 3B’ 3Ky JI03BOJIS€ 3HAYHO MOKPAIUTH MPOIECH BUSBICHHS, aHANI3Yy Ta HelTpamizamii
kibep3arpos, 1o crpusie GBI ONepaTUBHOMY Ta €()EKTHBHOMY pearyBaHHIO Ha MOTEHLIIHI aTaku. 3aBISKH LIbOMY JOCATAETHCS BHCOKUI piBEHb
3aXHCTY Bijl CydacHHX Kibep3arpos, siKi MOCTiiHO €BOIIOIIOHYIOTh Ta CTAalOTh Jesiali ckiaaimmmu. Iarerpanis LI y cucremy xibepOesnekn He e
3MIIHIOE 3aXUCHI MeXaHi3MH, a i MiJBHINYe 3arajbHy aJallTHBHICTh JO HOBHX BHKIHKIB, [0 BUHHKAIOTh y JUHAMIYHOMY HU(POBOMY CEpEeIOBHIII.
TakuM YMHOM, 3aCTOCYBAHHS LITYYHOTO IHTENEKTY Y cepi KibepOe3neKkH BiIKpUBA€E IIMPOKI MEPCHEKTUBH JUIsl CTBOPEHHS O0araTopiBHEBOI, HAIIHHOT Ta
THYYKOi CHCTEMH 3aXHCTY, II0 € KPUTHYHO BAXKIMBUM (PAKTOPOM Y 3a0e3MedueHHi U(poBoi OE3MeKHn K ChOrOJIHI, TaK i B MaiiOyTHROMY.
Kurouosi ciioBa: kibepOe3neka, 3arpo3u, 3aXUcT, KOPIOPAaTUBHI Mepexi, IITY4IHHH iHTeneKT, inaekc Teiina.

Beryn. YV cydacHomy 1mudgpoBoMy NpoOCTOpi, e
Maibke Bci cdepH JKUTTS TICHO MOB’sI3aHi 3 IHTEPHETOM,
KibepOe3neka Biirpae He MMPOCTO BaXJINBY, a GpyHIaMeH-
TaJIBHY pOJIb, CTalOYM HEBIJ'€EMHOIO CKJIAJ0BOIO HANIOl
peanbHOCT. BoHa rapanTye cTabinpHe Ta Oe3neyne GpyHK-
L[IOHYBaHHA PI3HOMAaHITHHX CEpBICIB — BiJ] €NEKTPOHHOI
MIOIITH Ta OHJIAHH-OAHKIHTY A0 COIabHHUX MIaTdopM i
KOPHOPaTHBHUX MEPEeX, sKi 3a0e3MeuyroTh KUTTETISATb-
HICTB CyCITIIbCTBA Ta EKOHOMIKH JIeprKaB.

31 3pocTaHHsAM OOCSTIB IepeiaBaHHS JTaHUX Yepe3
Mepexi NMUTaHHS KiOepOe3NeKku cTae ayKe BaXKIMBHM.
KomrutekcHi 3axomu y mii cdepi cripsMoBaHi Ha 3aXHCT
MEpPEKEBHX CHUCTEM BiJ] HECAHKI[IOHOBAHOTO JOCTYILY,
IIKi[uIMBOrO TporpamHoro 3abesneuyenHs (I13), xaxep-
CBKMX aTaK Ta IHIIMX 3arpo3 Ui cTabuIbHOCTI 1 Oe3mexn
mudpoBux KomyHikanid. Haniline 3abe3meueHHs KOH(I-
JIEHIIIHHOCTI, IUIICHOCTI Ta JOCTYIHOCTI iH(hopMaIii mif
yac i nepejaBaHHs € KPUTHYHO BOKIUBHUM SIK JUIs1 OKPEMHUX
KOpHCTYBadiB, Tak i g kommnarii. KibepOesneka oxor-
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JIIO€ ITUPOKUHN CIIEKTP METOIIB 1 TEXHOJIOT1H, CIIPSIMOBAHHUX
Ha 3aXHCT iHpopMaIliiHuX TOTOKIB [1].

IMocTranoBka 3agauyi. Meta poOOTH — IIiIBUIIEHHS
00TpyHTOBaHOCTI (OpMYyBaHHS 1 KOHTPOJIO IIOJITHKH
KiOepOe3neKkyn KoprnopaTHBHOI MEpexi 3B’5I3Ky 3a paxyHOK
inenTH(iKarii TeXHIK peanizawii koM oTepHux atak (KA)
3 3acTOCyBaHHsM mTy4HOro inTenekry (LI) ta BusBneHHs
cUTyalii i B3a€MO3B’ 13Ky BPa3JIMBOCTEI BCTAHOBJICHOTO Ha
enemeHTax inppactpykrypu (EIT) I13.

Jlnst TOCSITHEHHS! TIOCTaBJICHOT METH HEOOXiJHO po3-
poOuTH cuCTeMy KOHTPOJIS MOJITHKH KibepOe3eku 3 ere-
MenTamu 111 kopriopaTuBHOI Mepexki 3B’ SI3KY.

Orasig Jgirepatypu. Y Haml dYac mepeaaBaHHI
iHpopMmamii B eIeKTPOHHOMY BHUTJISAI € HEBiI €MHOIO
YaCTUHOIO [JISIBHOCTI K BEIWMKHX, TaK 1 Majldx M-
MIPUEMCTB, OCKUIBKH MEPEKeBi TEXHOJOTI 3a0e3MmedyoTh
LIBUAKHY 1 3py4Hnii oOMiH nanumu. [Ipore crocib nepena-
BaHHSI CYNPOBOJDKYETHCS MEBHUMH PU3UKAMHU, OCKLIBKH
iH(opMaIlis, 110 MPOXOAUTH Yepe3 BIAKPUTI a00 HEJ0CTAT-
HBO 3axXHIICHI Mepexi, MoXe OyTH IepexoluieHa, MOJIU-
¢ikoBaHa a00 BHKOpUCTaHa B LISAX, SIKI MOXKYTb 3aBIaTH
KOO opraHizamii. JIo Toro ) KopmopaTwBHI iH(poOpma-
LiffHI CTPYKTYpH CYTTEBO BiIpi3HAIOTHCS Bif 3BUYANHUX,
OCKIJIBKM MaloTh CKJIaJHy apXiTeKTypy, IO BKIIOUYAE
YHCIICHHI 0a3u JaHWX, PO3MOIINICHI Ta JIOKAIbHI CHCTEMH,
a TaKoX pI3HOIUIAHOBI Oi3Hec-3aBHaHHA. Taka pizHOMa-
HITHICTH BiJKpHWBa€ MIMPINI MOMJIMBOCTI U1 KiGep3io-
YHHIIIB, Ki MOXKYTh BUKOPUCTOBYBAaTH BPa3IHBOCTI TEXHO-
JIOT1YHOT 1H(PACTPYKTYpH Ul aTak, IO CTaBHTh IEpen
oprasizauisiMi HOBI BUKIIUKH Y cdepi 3a0e3neueHHs Kidep-
6e3neku [1].

®axiBiii BHOKPEMJIIOIOT I1°ATh KJIFOUOBUX 3arpo3 AJIs
iH}opManiitHOT Oe3MeKn KOPIIOpaTUBHUX MEPEX, a came:

®  pPO3KPHUTTS KOH(DINCHIIHHOT iHpOopMaii;

e HempaBOMipHE BTpyYaHHS B poOOTy KOMI IOTep-
HoI cucreMu (31am);

® BUBEJCHHS CHCTEMM 3 JaAy, 3HWKEHH: 11 mpare-
3aTHOCTI;

® [IEPEBUIICHHS MOBHOBAXXEHb HENPHUBIICHOBAHUM
KOpHUCTYyBaueM;

e 3HUIIEHHS Ta CIOTBOPeHHs iHdopmari [1].

Crangaptu Oe3neKH aKTHBHO BIIPOBA/DKYIOTHCS B
VYkpaini, 3okpema [SO/IEC 27001 [2], sikuit € 000B’s3-
KOBHUM IS BCIX Oprasisamiii He3aJeXHO BiI iXHBOTO
npodiaro, MacmTady 4y Ty aisuibHOCTI. KiGepOesneka
Ma€ KpPUTHYHE 3HAYEHHS, OCKUIbKH 3J1aM KOPHOPaTHBHOL
CHCTEMH MOXXE CIIPUYMHHUTH HE JIMIIe 3HauHi (iHaHCOBI
BTpaTH, a i cepHO3HI HACIiAKK A5l KOPUCTYBadiB [3].

OpnHi€lo 3 HaWMOMIMPEHINMX 3arpo3 Ul TEXHIYHOI
iHppacTpyKkTypH Ta Mepex € 3moBmucHe 113 (Malware).
KiGep3mounHIi 3acTOCOBYIOTh IIMPOKHNA CHEKTP IIKIIITH-
BHX TPOTPaM, Cepel SIKUX BipycH, KOMIT I0TepHi XpoOakw,
KJIaBiaTypHI IIMHUTYHH Ta OOTH, 3 METOIO BUKPAJACHHS,
MTOIITKO/KEHHS 200 3HUIIEHHS AaHuX. CydacHe MIKiITuBe
I13 moske He numie kpacT KoHpiaeH iRy iHQopMartiro, a
i OnokyBatu jnoctyn a0 (aiiiB Ha HPUCTPOI >KEPTBH
(mporpaMu-BuMaradi), aTakyBaty iH(opmaniiiHi cucremu,
3aBJAl0YM IIKOJAW BCi MepekeBii iHppacTpykTypi, abo
BUKOPHCTOBYBATH 00YHCIIIOBAIILHI MOTYKHOCTI IPUCTPOIB
JUISL PO3CHJIaHHS CHIaMy Ta MiATPUMKH IIPOLECIB KPUITO-

MaiHiHTy. Jlume 3a nepiury mosioBuHy 2023 poky KiIbKICTh
aTak, 3MIHCHEHWX i3 BHKOPHCTaHHAM IIKimmmBoro II3,
carayna 2,7 mupa. [4]. Kpim Toro, rimoGansHUI piBeHB
KPHUIITODKEKIHTY (HEaBTOPH30BAHOTO BHIOOYTKY KPHIITO-
BAIIOTH 4epe3 Opay3epu XepTB) MOOMB YCi ImoOnepeaHi
pekopau, AocsArHyBmM 332,3 MiTbiOHa BHMAIKIB, IO
CBIIYMTH NpO KosocanbHe 3pocTanHs — 399 % y mopis-
HSHHI 3 TonepeHiMu nepiomamu [3].

Benerbcs akTHBHa po3poOKa Ta BIPOBAIKEHHS
KOMIUIEKCHHX cUcTeM iH(popMauiiiHoi Oe3neku [5]. Born
BKITIOYAIOTh INHPOKWH HaOlp opraHi3aliifHO-TeXHIYHIX
3axOZiB: Bi/I perIaMeHTalii MpaBmWiI KOPUCTYBAHHS KOPIIO-
PaTHBHOIO MEPEKEI0 Ta PO3MEKYBAHHS PiBHIB JOCTYITY 1O
iH(pOpMaLifHIX pecypciB i cepBiciB, a TAKOXK BCTAHOBJICH-
HS Ta HaJAIITYBaHHSI BUCOKOS(EKTHBHHX alapaTHO-TPO-
rpaMHUX KOMILIEKCiB [6—8].

3 ommsaay Ha 3pOCTady CKIAAHICTh Kibep3arpos,
Bukopuctanus 11 B kiGepOesmneni HabyBae 0coOIMBOTO
3HaueHHs. CydacHi MeToau Ta TexHouorii Ha ocHosi 111 €
0a30BUM €JICMEHTOM Y BJOCKOHAJICHHI MEXaHi3MIB 3aX¥HC-
Ty, 30KkpeMa y cdepi KOpHopaTHBHOI KiOepOe3nekH, 1o
O3BOJIsIE ¢(DEKTHBHIIIEC BHSBILITH Ta HEUTpalizyBaTu
cydacHi Kibep3arposu [7].

Bimomi cucreMun KOMITIOTEpHOI Oe3leku, sKi
3acHOBaHi, B ToMy uucii, i Ha 11 [8-10], siki xapakrepu-
3yIOTBCSI THM, IO CHCTEMa KOMIT'IOTEpHOi Oe3nekn
OCHAIIeHa [TaM SITTIO 1 IPOLIECOPOM, OB’ SI3aHUM 3 T1aM "SIT-
Ti0. KpiM Toro naHa cucrema KOMII'IOTEpHOI Oe3nexu
BKJIFOYA€ aKTMBHHH 3aXUCT KPUTUYHOI iH(pacTpyKTypH 3a
JIOTIOMOTOI0 ~ 3a0e3redeHHss 0araTopiBHEBOIO 3aXHCTY
iHpopmanii B xmapHiit apxitektypi (CIPR/CTIS), sxa
JIOJTATKOBO BKJIIOYA€ noBipeHy miatdopmy. s miardopma
MPEJCTaBIsiE COO0I0 MEPEXKY arcHTIB, IO MOBIIOMIISIOTH
PO TisSUTEHICTH XaKepiB, MpoBaiiiepa KepoBaHOT MEepexki Ta
mocayr O6e3nekn (MNSP). Bona 3abe3nedye mociayru Ta
pillIeHHS IOAO0 KepoBaHOTo Oe3neyHoro mmuppyBaHHS,
MAKITIOYCHHASIM Ta CyMicHOCTI, mpuaoMy MNSP 3’enranuit
3 JOBipeHOI0 TUIAT(GOPMOIO 3a JOMOMOTOI0 BipTyalbHOI
npuBaTHOi Mepexi (VPN), ska Hamae kaHan 3B’S3Ky 3
noBipeHoro miathopmoro. IIpudomy MNSP BukoHaHuUi 3
MOXIIMBICTIO aHaJli3yBaTH Bech Tpadik y Mepexi mianpu-
emctBa. [leii Tpadik HanpasisitoTh 10 MNSP, sikuit nogar-
KOBO BKJIIOYAE JIOTTYHUN 3aXUCT i MUTTEBE pearyBaHHS Y
peamsHOMY dYaci 6e3 ctBopeHHs 6a3 manux (LIZARD).
Bona ni3HaeThCs Mpo MpU3HAYSHHS Ta (YHKIIO 30BHINI-
HBOT'O KOJTy Ta OJIOKY€E HOro y pasi HassBHOCTI 3710T0 HaMipy
abo BizCyTHOCTI OOIPYHTOBaHOI METH, a TaKOX aHAII3ye
3arposu cami 1o co0i 6e3 3BEpHEeHHS J0 MUHYJINX JaHHX,
mryyHi 3arpo3u Oesmeni (AST). Lli 3arposu sIBISIOTH
co00I0 TIMOTEeTHYHHUH clieHapii moaii B cucrtemi Ge3nekn
IUTsL TiepeBipku e(heKTUBHOCTI mpaBui Oe3mnexku. TBopuuit
MOJYJb, SIKHI BXOAHUTH IO HOTO CKIIaNy, 3A1MCHIOE IPOIIeC
IHTEJIEKTYaJIbHOTO CTBOPEHHS HOBUX TiOpuaHuX (opm i3
icHytounx (opM, BHSBIECHHS 3J0TO HaMmipy. 3 IIbOTO
MOJyJII0 BH3HAYAIOTh B3a€MO3B’SI30K iH(popMmarii, Bui-
JISIFOTH 3pa3KH MOBEIHKY, 110 3 CUCTEMOIO O€31eKH, TPOBO-
JITh perynsipHi (OHOBI INEepeBipKM KUIBKOX MiZO3PIINX
nozii y cucremi Oe3meku, i, HaBiTb, poOOIATH cCrpoOH
3HAMTH B3a€MO3B’SI30K MIX MOJISIMU, Ha TEPIIMHA TOTIIs,
HE TMOB’sS3aHUMHU MiX co0or. B Momym mnoBeniHku
cucreMu Oe3nekn 30epiraloThCst Ta IHAEKCYIOTHCS MOl B
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cucTeMi Oe3rnekH, iX 03HAKW Ta BIATYK Ha HUX, MPUIOMY
BIATYKH € PilIeHHSIM 100 OJIOKYBaHHS, TaK 1 3 JOIMYCKY.
3a [JOMOMOTOI0 MOAYJNS ITEpAaTHBHOTO 3pOCTAaHHS Ta
po3Butky imtenekry (I2GE), BuBuUaioTh BenuKi MaHi Ta
PO3IMi3HAIOTh CUTHATYpH HiKiaauBoro 113, a Takox cumy-
JIOIOTH NOTEHLiMHI pi3HOBUIM jaHoro [I3 mwisixom
noegHadHs AST 3 TBopuMM MoxyneM. A 3a JOTIOMOIOIO
nam’sITi Ta COPUHHATTS aTaku, sKi 3aCHOBaHI Ha KPUTHY-
Homy muciierHi (CTMP), kpuTndHO po3riisaaoTh pilieH-
H mopao OnokyBaHHs abo gomycky iHdopMmalii, a Takox
3a0e3MeuyioTh TOJATKOBHH piBE€Hb OE3MEKH NUITXOM
BHUBYCHHS NepeXpecHuX naHux, Hamanux [2GE, LIZARD
Ta noBipeHor0 maatdopmoro, mpuaomy CTMP omintoe
BJIACHWH MOTEHIiaN y opMyBaHHI 00’ €KTUBHOTO PIMICHHS
3 IIbOTO MHUTaHHA i HE HaB’s3Y€ II€ PIIICHHS, SKIIO BOHO
ManoHamiiae [11].

Bimoma Takok crcTeMa KOHTPOJIIO OJTITUKY OE3MeKy
€JIEMEHTIB KopriopatuBHOI Mepexi 3B’s3ky [10], mo mic-
TUTB:

e Moxyib 300py AaHUX, SKMH J03BOJISIE OTPUMY-
BaTH BIIOMOCTI Bifl 30BHIIIHIX JDKEpEN JAaHUX IPO BiloMi
BpaznuBocTi El Ta BHYTpilIHIX /JKepen JaHuX Mpo aKTHBH
THPPACTPYKTYPH MepexKi 3B’ SI3KY;

e 3acobm 30epiranHs iHpOpMALIi, IO JO3BOIAIOTH
¢dopmMyBaTH Ta 30epiraT Ipymy CTpyKTypOBaHHX JaHHX;

e MOIyNb YNPaBIiHHA [aHWMH, IO I03BOJISIE
HOpMAJi3yBaTH JaHi, IO 30MParOThCA MOAYNIEeM 300py
JaHuX, 3abe3neuyoun GopMyBaHHs YHiI(DIKOBAHOTO BUAY
JaHuX Ta (OpMyBaHHsS aTPUOYTHUBHOTO CKIJIAQAY 3aJI€XKHO
Bix tuny El, a takox ¢opmysanus npodimo El, skumii
MicTuTh aTpuOyTHBHUII ckian El;

e Moxynb 30aradenHs npodiniB El, Bukonanmii 3
MOXIIMBICTIO ~ JIONOBHEHHS ~ aTPUOYTHBHOTO  CKJIA1y
npoginro El inpopmariiero, sika BKIOYae iHPOPMALIIIO TIPO
MOJUJIMBOCTI MEpeXeBOI B3a€EMOJii MK aKTHBaMHU
IHppPaCTPYKTypH, Ha TIICTaBi JaHWX IPaBHI OC3MEKH,
MpaBWJI TPAHCIALIT Ta MapuIpyTH3allii, BU3HAYEHHX Ha
MEPEeKEBHX EIeMEHTaX IHPPACTPYKTYpH, iHQOPMAIIIFO ITPO
3HaiiJIeHi ypa3JIMBOCTI aKTUBIB IHQPACTPYKTYpH, AaHI PO
KpUTHYHICTh QyHKIIOHYBaHHs Joriyaux El Ta BimomocTi
PO BUSIBJICHI PU3UKH, & TAKOXK 3aX0/IH IIOJI0 X YCYHEHHS;

e MOJIYJb QHAJITUKH, IO JI03BOJISIE BPAaXOBYBATH,
aHaJi3yBaTH Ta 3/IHCHIOBATH MOHITOPHHI 30BHILIHBOTO
nepumMeTpa MepexxeBoi iHdpacTpykrypu. Kpim Toro mo-
IyJdb AQHAJITHUKH, JO3BOJSIE IOIIYK 33 aTpHOYTHBHUM
CKJIaZioM Npo(iTiB aKTUBIB, aHANI3 HEOOPOOICHUX JaHHX,
10 HAAXOAATH 13 JPKepesl JaHUX YIPaBIIiHHS PU3NKAMH 32
3HAMJICHNMH Bpa3JIMBICTIO, MOUIYK Ta aHAI3 MEPEeXeBUX
MapHIpyTiB MiXK aKTHBaMH iH(PACTPYKTYpH Ul BU3Haue-
HHSI MOXJIMBUX IIUISXiB DPO3MOBCIOJDKEHHS 3arpo3u, a
TAKOX PO3PAXYHOK KPUTHYHOCTI BpA3JIMBOIO aKTHBY
iH}pacTpyKTypH 32 paxXyHOK BU3HAYEHHS BIUIUBY BPa3JiH-
BOCTEH Ha MepexeBy iH(pacTpykTypy Ta ii pyHKIIIOHyBaH-
Hs. MOJlyJIb aHANITUKH Ma€ PEXKUM YCYHEHHS BPa3JIMBOC-
Teil, IPY IKOMY BUSIBIISIIOTHCS aKTHBH IHPPACTPYKTYPH AJIsI
YCYHEHHS 3HalJJIeHNX Ha HUX BPa3JIMBOCTE;

e MOIyNb Bi3yamizamii, mo 3a0e3medye rpadidHe
NOJaHHs OOpOOJIOBaHMX JaHMX, a TaKoXK (opMyBaHHS
BiJKETiB Ta/ab0 3BiTiB Ta/ab0 iHpOpMALIHHUX MTaHENeH;

e MOAYJIh aIMIHICTpYBaHHS, SKAH 3a0e3rnedye
VIPaBITiHHS MOJITHKAMH JOCTYITY, JOBiTHUKAMH, HaJIAIII-
TYBaHHSAMH iICHYIOUHUX MOJYJIiB CHCTEMH;

e MOIyJb iHTerpamii, mo 3a0e3nedye mepenady B
yHiikoBaHOMy ¢opmaTi maHux npo KA y BHyTpilIHIO
iHQpacTpyKTypy Ta 3abe3neuye 3B’S30K i3 BHYTPIIIHIMH
JOKEpeNlaMy 1aHHX;

e MOyJb 300py aHUX, IO JA03BOJISIE OTPUMYBATH
BiJJOMOCTI BiJi BHYTPIIIHIX JPKEped MaHWX MPO CKIAJ Ta
pexuMu  pobotu 3acobiB 3axucty Bim KA, a Takox
30BHIIIHIX JDKEpeNl HeCTPYKTYPOBAHUX JAHHUX PO paHime
HEOIHCaHi TeXHiku peamizanii KA Ta 30BHImIHIX mkepen
JTAHHX TIPO BiOMi TexXHiKH pearizamii KA;

®  MOIyTh OOPOOKH HECTPYKTYPOBAaHHX NAHUX, IO
JTO3BOJISIE 32 PAXyHOK 3aCTOCYBAHHS aJITOPUTMIB aHAII3Y
TEKCTy BUALIATH Ta (HOpPMyBaTH paHillle HEONMHUCaHI TexX-
Hiky peanizauii KA i3 HeCTpyKTypoBaHHMX JaHHX, pO3Ta-
IIOBaHUX Ha CIIEliaTi30BaHUX iHPOPMAIIHHUX pecypcax;

e MoayJb 300py BioMocrteii mpo BcraHoBnexe 13,
KWW 3MIIHCHIOE IHBEHTapu3allilo BcTaHOBieHoro [13 Ha
KO)KHOMY 3aco0i 00poOku, 30epiraHHs Ta mepeaadi
inpopmaii, Bkirouatoun mepernik 13, Bepcii I13, Bepcii
OTPpUMAaHOro OHOBIeHHs [I3, 3aradpHHMX 3aliMaHUX
KJIaCTEpiB y IOBIOCTPOKOBIH Ta OIEpaTHUBHIN mam sTi,
3arajJpHUX MPOTOKOJIB B3aEMOIII Ta 3aralbHUX (ailiiB;

e Moxynb (GOpMyBaHHS CTPYKTypu B3aemomii 113
MDK c000t0, 110 TO3BOJISIE HA OCHOBI BU3HAYCHHS 3arajb-
HHX 3alHATUX KJIACTEPiB y IOBFOCTPOKOBIH Ta OMEpaTHB-
Hilf mam’sTi, 3araJbHUX NPOTOKOJIIB B3aEMOJII Ta 3arajb-
HUX (aiiIiB BU3HAYUTH MOXKIIMBICTD B3a€MO/IT Mixk c00010;

®  MOJYJIb aHaJi3y MOBEPXHI 3aXUCTY, 110 J03BOJISIE
3iCTaBUTH BiJIOMi BPa3JMBOCTI €JIEMEHTIB iHPPACTPYKTYpH
Mepexi Ta 3acobu 3axucty Big KA;

®  MOIYJb aaMiHICTPYBaHHS, IKHI JOXATKOBO 31IiHi-
CHIOE (OPMYBAHHS TIPOIO3UINHA IOJO 3MIHH ITOJITHKH
Oe3neKu, TOOBHEHHS 3ac00iB 3aXHUCTY, OHOBJICHHS 3aCTO-
copyBaHoro [I3 Tta/abo 3MiHM ¥HOro HajamTyBaHb Ta
KOoH]iryparii.

HenonikoM 1ux cuCTeM € HU3bKa OOIPYHTOBaHICTh
(GopMyBaHHsI 1 KOHTPOJIO IOJITHKK O€3NeKH Kopropa-
TUBHOT Mepexi 3B’SI3Ky uepe3 HEeZAOCTATHICTb OOJIIKY TeX-
HIK peaizalii KOMI'IOTEPHUX MEPEXKHUX aTak Ta B3ae-
MO3B’sI3Ky BpasznuBocTeid, BctaHoBineHoro Ha EI, I13.

Marepianu i MeToan. Y SKOCTI aHaJOTIB CUCTEMHU
KOHTPOJIIO MOJITHKN KibepOe3neku KoprnopaTHBHOI Mepe-
K1 3B’s13Ky, Oynu B3siTI cuctemu rnpezcrasiieri B [8—10] 3
nonoBHeHHsIM enementamu LI, Ha puc. 1 npeacraBnena
CTPYKTYpHa CXeMa po3p0o0JICHOT CHCTEMH.

Po3pobiiena cuctema ckiagaeTbes 3 Moayis 300py
nmarux (1.4), 3’eqHanoro uepes 3aranbHy iH(OpMAIliiHY
Ay (1.5) 3 30BHIIHIMU mKepenamu qanux (1.2) mpo Bi-
nmomi BpasmuBocti El (mampuxitam, MaxPatrol, Tenable,
Qualys, Rapid7 Nexpose, Nmap, Acunetix Ta iH.), sKi, y
CBOIO 4epry, IoB’s3aHi 3 jkepenoM iHdopmarii (1.1), 3
BHYTpimHIMH mKepenamu ganux (1.3) npo aktusu iHdpa-
cTpyktypu Mepexi 3B’s3ky (SCCM, uCMDB, HPSM,
EMM (Enterprise Mobility Management — AirWatch), AD
(Active Directory)), nokanbHi ceHCOpH Ta iH., i3 30BHiLI-
HIMH JDKepelaMH HeCTpyKTypoBaHMX naHux (2.1) ta 3
30BHIIIHIMY JDKEPEJIaMHK JaHUX PO BiIOMIi TEXHIKU peati-
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3amii KA (2.2), 3 moxynem 300py BiomocTel mpo BCTa-
nHosneHe [13 (2.4), a Takox i3 3acobom 30epiranus iHOp-
martii (1.6).

3aci6 30epiranHs iHpopmamii (1.6) yepes Momyib
inTerpauii (1.12) Ta 3aransHy iHpopMmauiiiHy muny (1.5)
HaJlae JOCTYN 10 MoOnyis ynpasiiHHi nanumu (1.7),
Moyt 30aradenns npoginis EI (1.8), moxynst ananituku
(1.9), mo no3Bosie BpaxoByBaTH, aHATI3yBaTH Ta 3A1HCHIO-
BaTH MOHITOPUHI 30BHIIIHBOTO MEpHUMETpa MeEpPEeXeBOi
iHpPaCTPYKTYpH, IOLIYKY 3a aTpUOYTHBHHUM CKJIAJI0M ITPO-
¢iTiB aKTHBIB, aHANI3Y HEOOPOOIEHUX JaHUX, IO HAIIXO-
TSITh 13 JUKEPEIT JaHWX YIPaBIIiHHS PU3UKaMU 3a 3HaHJeHNU-
MH Bpa3/MBICTIO, MOUTYKY Ta aHAJTI3y MEPEKEBUX MapIIpy-
TiB MDK aKTHBaMHU iHQPACTPYKTYpPH Ui BHU3HAYCHHS
MOXJIMBHX IIIIIXIB PO3MOBCIOKEHHS 3arpo3H, pO3paxyH-
Ky KPHUTHYHOCTI BPa3IMBOTO akTHBY IH(PacTpyKTypHu 3a
paxyHOK BU3HAUCHHS BIUTUBY BPa3JIMBOCTEH Ha MEPEKEBY
iHppacTpyKTypy Ta i (yHKIIOHYBaHHS, a TAKOX PEKUMY
YCYHEHHS BPa3JIMBOCTEH, IPU SKOMY BUSIBIISIOTHCSI aKTUBH
iHpPaCTPYKTYpH AJisl YCYHEHHS 3HalICHUX HA HUX Bpa3Jiu-
BOCTEH, MOJAyJeM OOpOOKM HECTPYKTYpOBaHHX JaHUX
(2.3), moxgyneM GpopMmyBaHHS CTPYKTYpH B3aeMoii [13 Mixk
coboro (2.5), MomyneM aHami3y MOBEpXHi 3axucTy (2.6),
MoxyneM (opMyBaHHS OBEpXHi aTtaku (2.7).
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Puc. 1. CTpyKTypHa cXeMa CHCTEMH KOHTPOJIIO MO THKH
KibepbOesnexu i3 3actocyBantsm L1 kopriopatuBHOi Mepexi
3B’SA3KY

Moaynb koMmapaTtopHoi ineHTudikarii (1.13) gepes
3aranpHy iHQOpManiiHy muHy (1.5) OB’ s3aHUN 3 MOIY-
meM o0poOKHM HEeCTpYKTypoBaHHX maHux (2.3), a Moayns
CUTYAaIlIfHO-TEKCTOBOTO TpeauKarty (2.8) depes 3arajibHy
mmHy iHdopmanii (1.5) NoB’s3aHui 3 MOIyJeM aHaJi3y
MOBEpXHi 3axucTy (2.6).

Taxkox 3aci0 30epiranns iHdopmariii (1.6) 3’eqHanOro
yepe3 3arajbHy iHQopMmauidHy wmuHy (1.5) 3 Momynem
Bizyamizauii (1.10) Ta momynem amgminictpyBanHs (1.11)
MIOJITUKH O€3MeKH KOPIOPATUBHOT MEpPexi 3B’ SI3KY.

CucremMa KOHTPOJIO TOJITHKH OE3MEKH EIIEMEHTIB
KOPITIOpAaTHBHOI Mepexki 3B’S3Ky (PYHKIIOHYe HACTYITHUM
guHOM. [3 3ac0o0iB mepemaui ympaBiIAOYMX KOMAaHI Bil
Moy 300py maHuX i3 mxepen (1.4) maHi HaAXOIATH Ha
BHYTpIIIHI JpKepella JaHWX PO aKTUBU KOPIIOPATHBHOI
Mepexi 3B’s3Ky (1.3) 3 meToro iHBeHTapu3aiii EI mepexi.
BoHM BKIIIOYalOTH BiJOMOCTI MPO 3aCTOCOBYBaHI 3aco0u
XapakTepucTuky, (izuuni Ta JyoriuHi crnonyku EI mix
co0010, 3HAYeHHS BHUKOPHCTOBYBAaHUX 1H(pOPMAIIHUX
MOTOKIB Ta MPOIYCKHOI CIIPOMOXKHOCTI JIiHIH 3B SI3KY.

Monyns 300py Bimomoctel mpo BcraHoBieHe [13
(2.5) po3mireHuii 3 METOI0 OTPUMAHHS BiIOMOCTEH MPO
BCcTaHOBJICHe Ha KokHoMy EI 13 BKIFoWarodm BimoMocCTi
mpo Bepcii I13, Bepcii OHOBIIEHb, 3aralbHUX 3aMaHHUX
KJIACTEpiB y IOBIOCTPOKOBIH Ta OIEpaTHUBHIN mmam sTi,
3arajJbHUX IPOTOKOJIB B3a€MOIIi Ta 3arajdbHuUX (haiimiB, a
TaKOX CKJIAJ i PSKUMHU po00TH 3ac00iB 3axucty Big KA
BCTAHOBJICHUX Ha KOXHOMY 3 El.

30BHIIIHI /pKepeaa JaHux npo Bpazmusocti (1.2) 3
METOI0 OTPUMaHHS aTpUOYTIB OMUCYIOTHh 3arajbHOBIIOMI
BpaznuBocti iHpopmariinol Oesnexku (CVE). 3oBHimHi
JUKepela TJaHuX Tpo TexHiku peanizanii KA (2.2) BcTaHoB-
JIeHI 3 METOI0 OTPUMaHHs (hopMani30BaHUX BiTOMOCTEH
mpo TOpsAmoK mii mopymHuKa (Hanpukian, MITRE
ATT&CK). 30BHimHI Kkepena Mpo HECTPYKTYPOBaHi JaHi
Ipo paHilmle HeomucaHi TexHikm peamizamii KA (2.1),
HaTpUKJIA] CIICIiali30BaHNX 1HPOPMAMIHHUX pecypciB
(mampuknan, ptsecurity.com, baksdao.com), po3mimeni 3
METOI0 OTPUMaHHS TEKCTOBOTo onucy peainizamii KA.

[Ticnst orprMaHHs TEKCTOBOTO onucy pearnizauii KA y
MO/IyJ1i 0OpOOKH HECTPYKTYpOBaHUX AaHuX (2.3) i3 3acTo-
CyBaHHSIM KoMmmapaTopHoi ixeHtudikanii (1.13) Buse-
JSIOTh BHYTPIIIHI CTPYKTYpPH 3HAWICHHUX MPETUKATIB, 110
XapaKkTepu3yIOTh Ti UM IHIII JieTalli MEXaHI3MYy aTakH, 1 gai
3 BUKOPHUCTAaHHSIM crienianizoBanoro [13 po3nisHaBaHHA Ta
aHaJi3y TEKCTOBHX IOKYMEHTIB 0OpOOJIsI€ThCS, 3icTaBis-
€TBCS Ta CTBOPIOETHCS (pOpMali3oBaHe ysIBICHHs peastiza-
uii KA y BUIIJISLII TOCTIJOBHOCTI BPa3IMBOCTEH, IO peati-
3yrOThCS. Y 4Yaci KoxHa Kibeparaka oOMeKeHa TPUBAIIICTIO
if cocTepeskeHHs. ATaka 0OMEXYIOThCSA TaKOX 1 11 crps-
MoBaHicTIO. CHpUIHATTA aTakum OOMEXYEThCS TaKOX
pieaem I13 Ta kBamidikamiero mepconary, oocsroMm Horo
3HaHb, CHPSAMOBAHICTIO HOTO iHTEpeciB. Y poJIi TEKCTIiB MO-
KYTb BHCTYNAaTH MOBHI MOBIJIOMJICHHS, ONEPATOPH YU
KOMaH/1u. BaxinBo BukoHaTH poOOTY 3 (hopMajabHOTO
OIMCY NMEPETBOPEHHS OyAb-SKUX IMOBIJOMIICHb B TEKCTH,
IO MICTATBCS B HHX, 1 Jalli, 3aCTOCOBYIOUH anreopy
CUTYallI{HO-TEeKCTOBUX TNpenukaris (2.8), MaTeMaTH4YHO
BUCJIOBUTH TIPEIUKATH.

Bicnux Hayionanvnoco mexuiunozo ynisepcumemy «XIy. Cepis: Cucmemnuil
auanis, ynpasiinus ma ingpopmayiiuni mexnonoaii, Ne 1 (13) 2025 13



ISSN 2079-0023 (print), ISSN 2410-2857 (online)

ITicnst oTpuMaHHS BiIOMOCTEH TPO CKJIAJ BCTAHOB-
neroro I13 na koxxaomy EI Ta mopsmok #oro B3aeMomii Mixk
coboro B Moxyini (opMyBaHHS CTPYKTypu B3aemomii I13
(2.6) bopmyeThes Tpad, MO pENpPE3eHTYE MPOIIEC IEPETBO-
peHHS iHpOopMaIlii Ha MOJIENTi B3a€MO/IIT BIMKPUTHX CUCTEM
(MBBC). Bepimaamu rpaga € KOMIOHEHTH Ha KOXXHOMY
3 piBHiB MBBC, pebpamu rpada onucyoTs MOXIHUBI IPo-
uecu B3aemoxii Mix I13. ChopmoBannii rpad 3anucyerbes
y BIANOBITHY KOMIpKY 0a31 JaHHX.

[icns orpumanHs Binomoctel po ckian El, ¢iznuni
Ta JIOTiYHI CIIONYKH HX €JIEMEHTIB, Y MOIYJi aHATITHKA
(1.9) dopmyerscst Tpad, mo BigoOpaxkae HepeMilIeHHS
inpopmanii Mixk EI. ChopmoBanmii rpad 3amucyetscst y
BiNOBiTHY KOMIipKy 0a3H JaHUX.

[Ticns oTpuMaHHS BiOMOCTEH PO TEXHIKY peaiza-
uii KA Big 30BHImHIX mxepen maHux mnpo KA i momyns
00pOoOKM HECTPYKTYPOBaHUX JaHUX) B MOAYJl pOpMyBaH-
HS TIOBEpxHi araku (2.7), KOXHa 3 TEXHiK, 10 eKCILTya-
TYIOTBCSI, 3ICTaBISIFOTHCS 3 BPA3JIMBOCTSMU (JIUB., HAIPH-
Knaj, Taoum. 1).

[icns 3amoBHeHHs 0a3 maHux 1po ckimax El,
CTPYKTYPY MEpexi, BiJOMi BPa3IUBOCTI, 3aCTOCOBYBaHHUX
3aco0iB 3axucty Big KA Ta Texnik peamizamnii KA, y momymi
aHanmizy moBepxHi 3axucry (2.6), copmoBaHi paHime
rpadu TOTMOBHIOIOTHCS Ta YyTOYHAIOTHCS TAKUM YHHOM, IO
BEpIIUHM rpada 31CTaBIAIOTHCS 3 023010 BiJOMHUX Bpa3iH-
BOCTEH Ta MEPEeHMEHOBYIOTHCS 3TITHO 3 KiIach(iKaliero
CVE (Bci Bepiunu rpaga, SIKiM He IPHCBOEHA HyMepallis
CVE Bukmovatothes 3 rpada), Bara BeplUIMHU BH3HAya-
€TBCSl XapaKTePUCTUKAMU 3aCTOCOBYBaHMX 3ac00iB 3axuc-
Ty, 0 3a0e3MevyloTh 3aXUcT Ha neBHoMy piBHi MBBC
3aganoro [13 Big KA, a pedpamu rpada € nepexoau mix
BPA3JIMBICTIO IiJT Yac peaiisailii BigoMux TexHik KA.

Hami y moxymi anamituku (1.9) 3 BHKOpHUCTaHHSIM
c(hopMOBaHOTO y MOIYJIi aHANI3y MOBEPXHi 3axucTy (2.6)
rpada po3paxoBYETHCS WMOBIPHICTh peaiizamii KOKHOI 3
Bimomux KA.

Sxmo po3paxoBaHi 3HaueHHs pearnizarii KA nepesu-
IIYIOTh JIOIYCTAMi 3HauYeHHs, y Moxmyini aHamituka (1.9)
(GOpMyIOTh TPOTMO3UILIT 1100 3aCTOCYBaHHS JIOJATKOBUX
3ac00iB 3axucty Big KA, oHoBiieHHs 3actocoBanoro I13
Ta/abo 3MiHM HaJalITyBaHb Ta pexxUMiB podoTu I13.

Ha miacraBi 3i0paHMX BHYTPIIIHIMHU JDKEpeIaMH
nmanux mnpo aktuu (1.3) Momyne 36arauenus npodini El
(1.8) Bu3Hauae kpuTHUHICTH KOXkHOTO 3 El 111 PpyHKIIOHY-
BaHHS €JIEMEHTIB CHCTEMHU Ta MEPEXKI B IJIOMY.

Ha mincraBi 3i0paHuxX 30BHIIIHIMU JDKEpesiaMu
HECTPYKTYypOBaHUX HaHUX (2.1), 30BHIMIHIX PKEpeT JaHUX
mpo TtexHikm peamizamii KA (2.2) ta momyns 3060py
BigmoMocrteii mpo BctanosieHe 13 (2.4) y momymi 30araueH-
Hi npodiniB (1.8) dpopmyroTsest 6a30B1 podini I KOXK-
Horo ElL

Mognyns ynpasininasa ganux (1.7) 3abesneuye Hopma-
Jizanito gaHuxX Ta (GopMyBaHHS MPOdia0 aTpuOyTUBHOTO
ckiany EI B 3anesxHOCTI Bijg HOTo THITY.

Mognyns inTerpanii (1.10) 3abe3medye B3aeMoniro
BCi€l cHCTEMH 3 JKEpenaMu JaHuX.

Monyns Bizyamizamii (1.11) 3a6e3neuye mogasHs 00-
poOmoBaHNX Ta 30epeKeHNX Y 0a3ax qaHWX y BUTIIAL Ta0-
Tk, rpadikiB, BiIpkeTiB Ta/abo iHGOopMaIifHUX TaHETEH.
Monayne Bizyamizamii (1.11) 3abesmedye ¢dopmyBaHHS
3BITIB.

Mognyns aaminictpyBanHs (1.12) 3abesneuye ynpas-
JIHHS MOJITUKaMU JOCTYIy, NOBiAHUKaMH, HaJallTyBaH-
HSMH ICHYFOUMX MOJYJIB CUCTEMH Ta, 30Kpema, 3abe3re-
4ye ynpasliHHs iHpopMali€eo Mpo KOPUCTYBayiB, yIpaB-
JIHHS TOJIITUKaMU JTOCTYIY, BUJa4yy TOKEHIB JUIsl JOCTYITY
mo API, ympaBmiEA croBHUKamME (OOMIK TiaAMeEpex
MeprMeTpa Ta HAIEXKHICTh iX JO TEPUTOPIaTbHOTO OJIOKY
ta FW, cnoBruk I13, sxuii popMyeThes 3a pe3ylbTaTaMu
300py mpo¢iTiB aKTHBIB i HACTYITHNM HAKIAJCHHSAM Ha
BignoBigHi CVE-inenTH(diKaTopu Bpa3muBOCTEH).

[Tixg gac excrumyararii cucTeMu MOAYIb 300py TaHUX
3 mkepen (1.1) 3a qormoMororo nepeaayi KepyoInx KOMaHI
i3 3aJJaHOIO MEPiIOJUMYHICTIO HAa BHYTPIIIHI JpKepesa JaHuX
npo akTuBHM Mepexi (1.3) mpoBOANTH IIOBTOPHY iIHBEHTApH-
3alil0 MepeXi 3 METOI BHSBICHHS 3MiH y CTPYKTYpi
Mmepexi, nonaBans El ta/abo ycranosku I13 ma EI. ¥V
Moy 36araueHHs npodimo (1.8) 3xilicHIOETBCS MOPIB-
HsHHS 0a30BuX mpodirie El 3 mpodimsamu El, mo 3a3nam
3MiH, ICJIS YOTO TNPHHMAETHCS PINICHHS MPO TOBTOPHI
PO3paxyHKH B MOIYJI aHAIi3y MOBEpXHi 3axucty (2.6), 3
MOJANTBIIAMH JisIMU B MOAYI aHATITHKH (1.9).

VY Xo[ii eKxcIuTyaTarii CHCTeMH MOAYIIb 300py MaHUX 3
Jokepen (1.1) 3a mormomororo nepenadi Kepyodnx KOMaH[
i3 3aJ]aHOI0 MEePIOJMYHICTIO Ha 30BHIIIHI JKepesa JaHuX
npo BpaznuBocTi (1.2), 30BHIIIHI JKepeaa HECTPYKTYpO-
BaHMX JaHuXx (2.1) 1 30BHIIIHI JpKepesia JaHuX PO TEXHIKK
peanizauii KA (2.2) BUsBIAIOTH 3MiHM B TeXHiKax pea-
mizanii KA Ta yToO4HIOIOTH y MOAYJi (OpMyBaHHS TO-
BepxHi araky (2.4) BUXiJHI JaHI. cUCTEMa 3 BUKOPUCTaH-
M enementiB Il 3nificHioe 0OpoOKy Ta OLIHKY

Tabmuus 1 — 3ictaBnenHs TexHik peanizauii KA 3 Bpa3nuBocTsIMu

T1138:
Application
Shimming

CVE-2019-0863 (Microsoft Windows Elevation of Privilege Vulnerability)<br>CVE-2016-0092 (Microsoft
Windows Elevation of Privilege Vulnerability)<br>CVE-2016-0091 (Microsoft Windows Elevation of Privilege
Vulnerability) <br>CVE-2016-0090 (Microsoft Windows Elevation of Privilege Vulnerability)<br>CVE-2016-
0088 (Microsoft Windows Elevation of Privilege VVulnerability)

T1144: Rootkit

CVE-2019-1405 (Microsoft Windows Win32k Elevation of Privilege Vulnerability)<br>CVE-2018-1038
(Microsoft Windows Elevation of Privilege Vulnerability)<br>CVE-2018-1037 (Microsoft Windows Elevation of
Privilege Vulnerability)<br>CVE-2016-7255 (Microsoft Windows Elevation of Privilege Vulnerability)<br>CVE-
2016-7254 (Microsoft Windows Elevation of Privilege Vulnerability)

T1170: Mshta

CVE-2017-0199 (Microsoft Office/WordPad Remote Code Execution Vulnerability)<br>CVE-2016-3298
(Microsoft Windows Scripting Engine Remote Code Execution Vulnerability)<br>CVE-2016-3297 (Microsoft
Windows Scripting Engine Remote Code Execution Vulnerability)<br>CVE-2016-3296 (Microsoft Windows
Scripting Engine Remote Code Execution Vulnerability)
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iH(hopMalii 32 TOTTOMOTOI0 MOIYJISI KOMIIApaTOPHOI i1eH-
tugikamii (1.13), sgxkuil 103BOJNSE BH3HAYUTH MOXKIUBI
TeXHIKH peamizamii koxHoi 3 Bimomux KA. JlomaTkoBo
3aCTOCOBYETHCS MOJIEIb CUTYALIIHHO-TEKCTOBOIO PEIHKa-
Ty (2.8), 0 1a€ 3MOry i1eHTU(hiKYyBaTH TOTOYHY CUTYAIIIfO
3 Kibeparakoro, BpaxoByIouH ii TpaekTopito peainizamii. Ha
OCHOBI IILOI'O CHCTEMa OIIHIOE HMOBIpHICTH peasizarii
KOXKHOT 3 aTak Ta BUKOHYE IODIBHSHHS 3 HasBHUMH
MOXIIUBOCTSIMH €(EeKTUBHHX 3ac00iB 3aXUCTy. Y TOYHEHI
JlaHi 0OpOOJISIOTBECST B MOAYJI aHANi3y MOBEPXHI 3aXUCTy
(2.6) i mepenaroThesa B MOIyITh 30aradeHns mpodimo (1.8),
Jie 3IIHCHIOEThCS TOpiBHAHHSA 0Oa3zoBux mpodimiB EI 3
npodimamu El, mo 3a3Hamu 3MiH, MICIA 90TO IPUHMAETHCS
pIIIEHHS TPO TOBTOPHI PO3pPaXyHKH B MOIYJl aHANI3y
MTOBEPXHI 3axXUCTy (2.7) 3 MOJANBIINMHU IiSIMH B MO
aHamituk (1.9).

ExcnepumenTu. Po3paxyHok eeKTHBHOCTI po3po0-
JICHOT1 cucTeMu TpoBoauBes sk 1 B [10] , a came — orriHka
0OIPYHTOBAHOCTI MMPOBOAMTHCS IUISIXOM HOPIBHSHHS KOe-
biuientie Teitna [12]:

> (R-A)

V= ——, 1)

Ay

ne T — 3arambHa KimbkicTh cutyamiit 3 KA; P ta A —

NporHozoBaHe Ta  (QakTtuuHe (peanbHe) 3HAYCHHS

nimMoBipHOCTI peanizaiii KA Ha i-My KpoIii BiZIloBiTHO.
SIKmo mporHo3yBaHHS € a0CONIOTHO TOYHHUM

(BUMaI0K iieanbHOro mporuo3y), to Bei P =A,a v=0.

Koeiuient Teiina mpuiimMae 3HaueHHs omuauii (V=1),
KOJIM TOYHICTh MPOTHO3yBaHHS HE BUINA, HDK y HaiBHOI
MoJienti (HanpuKIaj, TIPHUITYLIeHHs HYJIbOBOTO NPUPOCTY),
a OTXKe, IPOrHO3 HE Ma€ IepeBar, y MOPIBHSAHHI 3 eKCTpa-
MOJISIIIER0 HE3MIHHOCTI MPHUPOCTIB, TOOTO CEpeIHBOKBAJI-
paTHYHA ITOMHJIKA 3aJIHIIAE€THCS TAKOI XK. SKIIO X mpo-
THO3YBAaHHS NPHU3BOIUTH OO IIe OIMBIIOT MOXUOKH, HIX
MIPUITYIICHHS PO HE3MIHHICTB TOCIIIKYBaHOTO SIBUIIA, TO
v>1.

3ayBakumo, 1o sk i B [10, 12], B po3pobueHiit cuc-
TeMi JI0IaTKOBO 0OPOOJISIFOTHCS Ta OI[IHIOKOTHCS BIJOMOCTI
npo peanizaunito KA, siki oTprMani BiJ| 30BHIIIHIX pKepe
JAHWX MPo peanizamiro KA Ta HeCTpYKTypOBaHUX NaHUX, 1
HABITh TJAHKUX IPO B3a€MO3B’s130K [13 BCTAHOBIEHOTO KOXK-
nHomy EIl. SIkmo, Hanpukmaz, 1uist oJHi€l 3 aTak IPOrHO30-
BaHa IMOBIpHIcTh OpiBHIOE 3, a pakTHyHA — 6, TO:

2
VCHCTeMa — Ei) = 0, 5 . (2)
(6)

[IponoHoBaHa cucrema OLHIOE HMOBIpHICTH peai-
3amii KOXKHOT 3 aTak Ta BUKOHYE MOPIBHAHHS 3 HassBHUMHU
MOJKJIMBOCTSMH e(peKTHBHUX 3ac00iB 3axucTy. BoHa Moxe
00pobnaTH Ginbine iHdopMarii Ta THITIB aTak, TOOTO IS
onmiei 3 arak npu P =6,a A =8:

(6-8)

N

CUCTEeMa __

=0,25. (3)

Jlani mpoBoauMO TIOPIBHSHHS PO3PaxOBaHUX Koedi-
mienTiB Teina s npeacrasienoi B [10, 12] Ta po3po0ite-
HOl CUCTEMH:

0,25<0,5. 4)

PesyabsTaTn. 3i 3po0eHOr0 NOPIBHIHHS PO3paxoBa-
HUX KoedimienTtiB Telna mist cucTeMH, IpEACTaBICHOI B
[10, 12] Ta po3pobiieHOT CHCTEMH, BUCHOBOK, IO OOTPYH-
TOBaHICTh (POPMYBaAHHS HOTITUKH KiOepOe3ekn 3 eneMeH-
tamu 111 3asBnenHoi cuctemu Huwxkue, Hik y [10, 12], oo
MIiATBEP/KYE JTOCSTHEHHS 3aIPOIIOHOBAHOTO TEXHIYHOTO
pe3ynbTary.

BucnoBku. BripoBa/pkeHHSI IITYYHOTO IHTENEKTY B
KOpPHOpPaTHBHI MEpeXi 3B’ 3Ky JJO3BOJISIE 3HAYHO I IBUIIH-
TH e(eKTUBHICTh BHSBJICHHS, aHANI3y Ta pearyBaHHs Ha
Kibep3arposw, 110 CIpHse MOCHICHHIO 3aXHUCTy BiJ cydac-
HUX KiOepatak. 3aBmsaku iHTerpamii Il y cdepy kibep-
Oe3neku 3pocTae piBeHb OE3MEKHM MEPEKEBUX CHCTEM, a
TaKOX MOKPAIIY€eThCS 3AaTHICTh OpraHi3aliii onepaTHBHO
aJlanTyBaTHCS 1O HOBUX BHKIHKIB IH(POBOTO cepeno-
Buia. TakuM 4yuHOM, Bukopuctanus LI y kiGepOesneni
BIZIKpUBA€E IIMPOKI MEPCHEKTHBU IS CTBOPEHHS OLIbII
HaIiiHUX Ta eeKTUBHUX MeXaHi3MiB MpoTH.il Kibep3a-
rpo3am, IO Biirpa€e KIIOYOBY POJIb y 3a0e3meucHHI iH(Oop-
MaIliifHo1 Oe3reKu B MallOyTHHOMY.
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CYBERSECURITY POLICY CONTROL SYSTEM WITH ELEMENTS OF ARTIFICIAL INTELLIGENCE
OF THE CORPORATE COMMUNICATION NETWORK

In today’s digital world, where almost all aspects of life are connected to the Internet, cybersecurity is not just important but an integral part of our
reality. It ensures the smooth operation of services: from email to social and corporate networks across all sectors of critical infrastructure in countries
worldwide. The development of artificial intelligence in the field of cybersecurity opens up significant potential for improving the effectiveness of
information protection in all sectors of critical infrastructure. The developed system relates to the cybersecurity policy with artificial intelligence elements
for corporate communication networks. The goal is to improve the accuracy of forming and controlling the cybersecurity policy of corporate
communication networks by identifying techniques for executing computer attacks using artificial intelligence and analyzing the situation and
vulnerabilities present in the software infrastructure. To achieve this goal, a cybersecurity policy control system with artificial intelligence elements for
corporate communication networks was developed. The effectiveness of the developed system was calculated by comparing Theil coefficients to assess
its validity. The developed system processes and evaluates information using artificial intelligence, including comparator identification, which allows
for understanding the capabilities and techniques of executing each known computer attack. It also uses a situational text predicate to identify and analyze
the situation of a cyberattack and predict its trajectory, determining the likelihood of each known attack and comparing it with the effectiveness of
existing defense measures. By comparing the calculated Theil coefficients of the system with an existing analogue, it was concluded that the validity of
forming a cybersecurity policy with artificial intelligence elements in the developed system is higher than that of the analogue, confirming the
achievement of the proposed technical result. The use of Al in corporate communication networks enables faster and more efficient detection, analysis,
and response to cyber threats, providing a high level of protection against modern cyberattacks. The integration of Al into cybersecurity also enhances
security and improves the ability to respond to the challenges of today’s digital environment. Thus, Al integration in the field of cybersecurity opens up
new opportunities for ensuring effective and comprehensive protection against cyber threats in the modern digital world, becoming a key factor in
ensuring future cybersecurity.
Keywords: cybersecurity, threats, protection, corporate networks, artificial intelligence, Theil index.
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DEVELOPMENT OF AN EDUCATIONAL CHATBOT WITH A CONTEXTUAL INTENT SYSTEM
ON THE DIALOGFLOW PLATFORM

In the context of digital transformation in higher education, the development of intelligent agents capable of maintaining continuous and effective
interaction with students is becoming increasingly relevant. This article presents a complete life cycle of the creation of the contextual chatbot “Pytayko
z PIITU” for the Department of Software Engineering and Intelligent Control Technologies of NTU “KhPI”. The chatbot is designed to provide quick
and intuitive access to information about academic procedures, communication channels, scholarships, documents, and other common questions related
to students' interaction with the department and its website. The system was developed using the Dialogflow platform with Telegram integration and
Google Cloud Functions as the fulfillment handler. The core of the system is a structured multi-level intent architecture, where each intent group
corresponds to a thematic category such as admissions, documents, or course schedules. This allows the bot to maintain conversation context, ensure
precise routing of requests, and reduce ambiguity in user interaction. The prototyping model was selected as the life cycle methodology due to the need
for active user feedback and iterative improvement. Based on the analysis of the departmental website and survey data from students, an intent system
was created that organizes user queries by categories, each with its own fallback intent and context-based clarification mechanisms. Special attention
was paid to the dynamic distribution of queries using webhook logic and centralized reusable intent blocks. The article presents the development
algorithm, intent architecture, testing process, and analysis of interaction history. The testing phase included multiple validation cycles, real-time sessions
via Telegram, and the assessment of fallback effectiveness. The final implementation achieved a high accuracy rate (~91%) and low error percentage
(~3 %), demonstrating the feasibility of using Dialogflow for educational automation scenarios. The chatbot architecture supports future scalability and

provides 24/7 support for student inquiries without additional administrative workload
Keywords: chatbot development, Dialogflow, higher education, student services, prototyping model, intent system, fallback logic, natural

language understanding, educational automation, Telegram integration.

Introduction. In the context of digitalization of
higher education and increasing competition among univer-
sities, institutions are facing numerous new challenges —
one of the most significant being the need to ensure prompt,
accessible, and personalized communication with students
and prospective applicants. As noted in studies [1-2], the
digital learning environment has become a key component
of university transformation, while the development of
“smart univerSities” through the implementation of Al
technologies is emerging as a strategic priority for many
higher education institutions.

One of the most effective tools supporting this
transformation is the implementation of intelligent
chatbots. These systems significantly reduce administrative
workload, enable 24/7 communication, and improve the
speed and quality of responses by automating typical stu-
dent inquiries.

Given this, the aim of the present study was to develop
a contextual chatbot for the Department of Software

Research Article: This article was published by the publishing house of NTU ""KhPI"" in the collection
"Bulletin of the National Technical University "KhPI" Series: System analysis, management and
information technologies.” This article is distributed under a Creative Common Creative Common

Engineering and Management Intelligent Technologies at
NTU “KhPI” — named “Pytayko z PIITU”. The solution is
designed with the potential for further adaptation and
transfer of the developed design, development, testing, and
implementation approaches to a similar project for the
Bratislava University of Economics and Management. The
chatbot’s functionality is based on the Dialogflow platform,
which supports natural language processing and is
integrated with the Telegram messenger.

The analysis of the department’s website revealed
that, despite its structured architecture and comprehensive
content covering various departmental activities, users
(particularly first-year students and applicants) face
difficulties in locating up-to-date information — a finding
confirmed by survey results. Therefore, using a chatbot as
an interface to the department’s knowledge base is a
justified and effective decision.

The core logic of the chatbot is implemented through
a structured system of intents, developed based on an
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analysis of the department’s website, patterns of user
interaction with digital services, and stakeholder survey
results. Through the integration of both general and
category-specific fallback intents, as well as dynamic query
routing using webhook functions (Google Cloud Func-
tions), the system demonstrated improved response rele-
vance even when user input was incomplete or imprecise.

Thus, the development of the chatbot presented in this
study not only aligns with current trends in the digital
transformation of higher education [3-4], but also
contributes to improving the quality of departmental
services by providing users with convenient, intuitive, and
accessible access to essential information.

Literature review. According to the analysis of
literature and practical implementations, there are two main
approaches to chatbot development. The first approach is
based on the use of programming languages such as Java,
Python, PHP, C++, Ruby, Lisp, etc., which requires a high
level of technical expertise and significant development
time, but provides maximum flexibility, logic customiza-
tion, and integration capabilities [5-6].

The second approach involves the use of specialized
platforms and frameworks that provide pre-built compo-
nents for intent recognition, natural language processing
(NLP/NLU), fulfillment handling, analytics, and integra-
tion with popular messaging platforms. These platforms
allow developers to focus on the content and dialogue
design rather than technical infrastructure. Given the
available functionality, this method ensures high-quality
implementation and is particularly suitable for developing
educational and administrative chatbots that address
frequently asked questions and assist users in navigating
university websites [5, 7, 8].

The integration of NLP for clarification and fallback
logic corresponds to methods for textual analysis and
comprehensibility evaluation of structured business mo-
dels, as demonstrated by [9].

Among the most widely used platforms are:

1. Google Dialogflow [10] — a powerful platform
supporting multi-channel integration (Telegram, Facebook
Messenger, websites, etc.), featuring a visual interface and
webhook support.

Yes

2. Rasa [11-12] — an open-source framework that
combines flexible natural language understanding (NLU)
and dialogue management (Core). Intent classification is
based on the fastText mechanism using pre-trained word
vectors (e.g., GloVe), ensuring robustness even with a
limited number of training examples. Rasa offers high
customizability but requires more effort to implement.

3. Microsoft Bot Framework [13], Amazon Lex [14],
and IBM Watson Assistant [15] — commercial cloud-based
solutions with strong integration into their respective
ecosystems (Azure, AWS, IBM Cloud).

Based on a comparison of five chatbot development
platforms (Dialogflow, Microsoft Bot Framework, Watson
Assistant, Rasa, and Amazon Lex) using eight criteria —
visual dialogue management, availability of prebuilt
agents, number of integration channels, knowledge engine
support, language coverage, development flexibility,
support for modular architecture, and testing capabilities —
the following conclusions can be drawn regarding function-
nality, developer usability, and integration capabilities [8]:

1. Dialogflow shows a high level of support for visual
dialogue management, the widest multilingual support
(over 120 languages), and a rich library of prebuilt agents.
In addition, it offers convenient tools for agent testing and
validation, such as a built-in simulator.

2. Rasa, in contrast to other platforms, lacks a visual
interface and built-in templates, but excels in flexibility due
to its open-source nature. It is an ideal choice for developers
who require on-premises deployment and full control over
chatbot logic.

3. Microsoft and Watson Assistant offer robust visual
design tools and integration features. Microsoft, in
particular, supports the greatest number of communication
channels. However, compared to Dialogflow, both
platforms may require higher technical effort and
development costs.

4. Amazon Lex, despite its more limited language
support and basic testing features, remains competitive due
to its seamless integration with AWS services, simple
pricing model, and support for voice channels.

In addition to commercial and open-source chatbot
development platforms, several studies have explored
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Fig. 1. The proposed algorithm for developing a chatbot
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hybrid and expert-system-based approaches for chatbot
integration with mobile platforms and external knowledge
bases. For example, [16] proposed the use of Telegram
chatbots integrated with rule-based expert systems via the
Karkas platform, which enables layered knowledge repre-
sentation and logical inference in asynchronous environ-
ments [16]

As a result, the choice of Google Dialogflow in this
project is based on the following factors:

o simplicity and speed of prototyping, which align
with the chosen development life cycle model;

e availability of built-in NLU components;

e support for context-aware dialogues (input/output
contexts);

e direct integration with Telegram via webhook;

e successful use in similar educational chatbot
projects [6].

The developed chatbot is intended to handle frequ-
ently asked questions related to student interaction with the
department and its website. Therefore, a platform that
allows rapid intent updates and supports fallback logic is
the optimal solution.

Chatbot development: prototyping approach and
creation algorithm. To develop the chatbot “Pytayko from
PIITU”, which is designed to answer the most common and
contextually relevant questions frequently encountered by
applicants, students, and other users — many of which relate
to information available on the PIITU department website
[17] — the prototyping life cycle model was chosen. This
approach allows you to quickly create a chatbot prototype,
receive feedback from users in real time and, if necessary,
improve the functionality of the solution taking into
account the needs and feedback of users. As noted in [18-
19], such a model is effective in conditions of uncertain or
dynamic requirements for the developed system, in
conditions where the system interface is oriented towards
the end user. Also, the prototype model is appropriate in
cases where it is important not only to implement basic
functionality, but also to test user interaction scenarios with
the system, adaptability of responses and ease of use, which
is key for interfaces based on natural language processing,
such as chatbots.

The proposed algorithm for developing a chatbot is
consistent with the typical stages of the information system
life cycle:

1. User needs analysis — a study of interaction with the
site was conducted, information was collected through
surveys and interviews with stakeholders.

2. Requirements formulation — problems were
classified, typical requests were agreed upon and grouped
by main areas (introduction, training, practice, administra-
tive issues).

3. Bot interface design — an intent structure was crea-
ted in Dialogflow taking into account contexts and fallback
scenarios.

4. Implementation and testing — intents were tested
using different query options, for example, queries with
errors, the use of synonyms, short and extended questions.

5. Integration — the chatbot was connected to the
Telegram platform.

6. Monitoring and improvement — regular updating of
the knowledge base is provided based on new user requests
and monitoring by department employees.

The developed algorithm is visualized in the form of
a flowchart (Fig. 1), which reflects the logic of interaction
between stages, providing the opportunity to return to
previous stages in the event of uncertainty, new needs, or
areas of concern.

As part of the design of a context-aware chatbot
system for the department’s website, visual modeling was
employed — specifically, use case diagrams, which help
describe the system’s functional requirements, and sequ-
ence diagrams, which reflect the dynamic interactions bet-
ween system components.

The use case diagram captures the main user roles
within the system and their interaction scenarios with the
chatbot. Three key roles have been identified:

e User — initiates information requests to obtain in-
formation or resolve an issue;

e Administrator — is responsible for the develop-
ment, validation and implementation of intents;

e Department Staff — provides the content of res-
ponses to user requests and checks the correctness of the
responses.

Several key interaction scenarios are provided:

o forming and sending a request to the system;

e receiving a response;

o developing and maintaining the component.

The development and maintenance of the component
involves a number of further actions: filling the knowledge
base with the most common queries, setting logical
constraints, developing new intents and response templates,
validating and updating them, as well as analyzing and
processing unrecognized queries. This approach allows you
to reflect not only the external behavior of the system, but
also the internal processes of maintaining and updating
knowledge within the chatbot.

Context-Aware Chatbot
Conversation Flow
Component

Aninistralur

Receive
Answer

Component
Developmant and
Maintenance

i
RC

—

O
"y
\,/Cornpone nt N\
Quary Department
\\J Staff

b

Fig. 2. Use Case Diagram for the Context-Aware Chatbot
System

To describe the dynamics of message processing, two
sequence diagrams were created, each covering a specific
aspect of the functionality of the context-aware chatbot.
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Figure 3 presents a sequence diagram illustrating the
real-time processing of a user request. This process is
essential for the chatbot’s operation and is implemented
using a modern serverless architecture that ensures
scalability, reliability, and minimal infrastructure costs.
The user request processing flow includes sending a
message via Telegram, intent recognition in Dialogflow,
optional invocation of a Webhook, execution of logic in
Google Cloud Functions, and finally — response generation
and delivery to the user.

The sequence diagram shown below (Fig. 4) describes
the internal process of knowledge base formation and
maintenance, which underpins the chatbot’s functionality.
It covers both reactions to new (unrecognized) user
requests and the scheduled development of content. Key
actors involved in the process include the administrator and
department staff. Conceptually, the process is divided into
three stages:

Telegram Eiot API Dialogfiow | vtk | | Gosgla Cioud Funciions

sends message v
Efamir:i: Tequest
] | artyzes mossga
[ racug_nlzes Intent
P

o colls wabhook 5

Claloghow

Telegram Bol API

| Gocgle Cloud Funcitons

Fig. 3. User Request Processing Sequence Diagram

1. Standard intent development. The department staff
provides information related to frequently asked questions,
mandatory topics (such as department management
contacts), and other content that, in the staff’s opinion, must
be delivered to chatbot users. Based on this information, the
administrator creates intents. These intents then undergo
structural validation and content review. If needed, they are
revised and improved.

2. Reaction to new user requests. When the chatbot
receives a query for which no matching intent is found, the
system logs it as an unrecognized request. These requests
are subsequently analyzed to improve the system.

3. Periodic analysis of new requests. Selected requests
are further reviewed and refined, serving as the basis for
developing new intents. These new intents undergo all
necessary validation and verification stages before being
deployed into the system.

The chatbot is implemented on the Dialogflow
platform using a Webhook connection to Google Cloud
Functions. The Telegram Bot API is used for message
exchange. The architecture supports:

e scalability (via Google Cloud Functions);

¢ high availability (through cloud infrastructure);

e secure data transmission (HTTPS, IAM);

e seamless updates without downtime (via the
Dialogflow Console).

Intent System  Development:  Architecture,
Fallback Mechanisms, and Integration. The develop-
ment of intents followed methodological principles re-

commended in Dialogflow documentation and general best
practices for building natural language interactions:

e intent core: 5-10 typical user phrases, collected
from surveys;

e response format: concise and clear, with a link to
the relevant department webpage;

o follow-up intents: clarification logic implemented
(e.g., awaiting-course, extracurricular-followup);

e contexts: input/output contexts are used to main-
tain topic continuity in a conversation;

o fallbacks: implemented on two levels — general
and category-specific (e.g., Default Fallback, Con-
tacts.Fallback).

There is the intent example format:

Intent name: Admissions.ProgramDetails.

Trigger phrases: "What programs are available in the
department?”, "What do students study in the program?"’.

Response: "The Department of Information and
Communication Technology offers the following academic
programs: ... [link]".

Context: admissions-followup.

Fallback: A_Admissions.Fallback.

As a result of analyzing the department website struc-
ture, observing user behavior, and conducting surveys
among students and staff, a hierarchical system of intents
was developed in Dialogflow. It classifies typical queries
into thematic categories such as admissions, commu-
nication, documents, extracurricular activities, scholar-
ships, schedules, contacts, platform support, mobility, and
campus partnerships.

Each category includes a set of specific intents (e.g.,
Admissions.ProgramDetails, Contacts.Department,
Statements.Info,) and a dedicated category-specific
fallback (e.g., Admissions.Fallback). This structure
enables: staying within the current topic scope during
conversations; politely prompting users for clarification;
maintaining context within the same category.

Unlike a single default fallback intent, each category
features its own fallback, allowing the system to handle
incorrectly phrased or incomplete queries while
maintaining focus on the current theme. For instance, if a
student asks "When do classes start?" in an ambiguous
form, the Schedule.Fallback intent helps clarify the ques-
tion without switching to a general fallback, eventually gui-
ding the user to the correct response.

This approach aligns with best practices in contextual
conversation design and ensures: dialogue flexibility; fewer
routing failures; professional tone even in uncertain sce-
narios.

One of the key functional features of the system is the
implementation of centralized intents, such as
CourseSelection and Communication.CourseLink.PhD,
which rely on a custom Google Cloud Function triggered
via Webhook. This function accepts the student’s or PhD
candidate’s course number as input, processes the data or
generates a dynamic response accordingly, and is reused
across multiple categories including Communication,
Admissions, and Campus.

This supports the reuse across intents principle, which
aligns with serverless architecture by separating business
logic from static responses.
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The intent architecture implemented in the system
features the following key elements:

1. Thematic grouping with multi-level fallback sup-
port, ensuring improved dialogue accuracy.

2. Centralized Webhook components that allow sca-
lable bot expansion without logic duplication.

3. Use of contexts and follow-up intents to support
natural multi-turn interactions.

4. A modular, reusable, and scalable design -
essential for systems dealing with diverse informational
topics.

Validation, Testing, and Training of Intents. At the
initial stage, following the creation of the base intent
structure, the first agent validation was conducted using
Dialogflow Essentials. The system automatically flagged
several warnings such as “Intent does not have enough
unique training phrases,” particularly for the
Admissions.Military intent (fig. 5). This indicated that
certain intents were undertrained and might not account for
sufficient variation in user phrasing.

Additionally, during internal testing, thematic over-
laps were discovered between intents from different ca-
tegories — for example, faculty-related questions were
sometimes incorrectly classified under “Communication
Channels” instead of “Contacts.” This posed a risk of ambi-
guity in response routing.
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Fig.5. Dialogflow validation showing a warning for the
Admissions.Military intent due to an insufficient number of
unique training phrases

To address these issues:

e the number of training phrases per intent was
expanded;

e existing phrases were refined for clarity and
variety;

e output contexts were revised to reduce topic
overlap;

o clarification scenarios were implemented via
follow-up intents for semantically similar inputs.

Following the initial validation, several phases of
testing were performed, including manual evaluation of
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intent assignment in Dialogflow, real-world user interac-
tion via Telegram, and training based on actual queries.

Manual testing involved using the Dialogflow
Training section to evaluate classification accuracy. The
use of contexts was crucial in disambiguating similar
phrases and avoiding misclassification. A specific context,
awaiting-course, was introduced to support clarification
through Webhook logic.

After integration with Telegram, user interactions in a
real environment were tested. This revealed instances of
inappropriate fallback triggering and helped refine clarify-
cation flows. As a result, responses for conversation-ending
phrases such as Thank.You and No.More.Questions were
implemented, allowing for graceful session closure.

Real-user training played a key role as well. The
system processed highly varied natural language inputs and
gradually learned to correctly classify even short or
incomplete queries thanks to an updated training set and
refined category-specific fallback intents. This allowed the
system to preserve dialogue context and guide users
through clarification without breaking conversation logic.

After deploying the chatbot in Telegram, examples of
complete multi-turn conversations were documented,
demonstrating the effectiveness of the intent architecture,
fallback mechanisms, and contextual design. One such
conversation (fig. 6) involved a general inquiry: “I want to
learn about olympiads.”
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Fig. 6. Test Dialogue with the Chatbot via Telegram Interface

The system followed this flow:

1. The bot identified the topic but required additional
clarification — the awaiting-course context was triggered.

2. The user entered only “5”, which was too brief,
prompting an internal fallback that asked for clarification.

3. After the user responded with “Sth year,” the bot
correctly identified the course level and dynamically
generated a link to the relevant Telegram group.

4. The bot then entered a follow-up state (awaiting-
followup) and processed the user’s thank-you message
appropriately.

5. The session concluded smoothly, staying within the
category and avoiding fallback to a general flow.

The testing process resulted in the following key
findings related to intent testing and training:

1. The tests confirmed that a sufficient variety of
training phrases, along with analysis of real user input, is
critical for accurate classification and response relevance.

2. ldentified overlaps between intent categories led to
a refined, more segmented context system.

3. Validation in both Dialogflow and Telegram sho-
wed that real-world bot behavior requires flexible fallback
mechanisms and support for continuous retraining.

4. Each testing phase led to adjustments in intent
design, resulting in an iterative and adaptive training
process.

5. The combination of intents, contexts, and Webhook
logic enabled natural, multi-turn interactions — even when
user queries were imprecise or incomplete.

6. Fallback intents function not only as error handlers
but as effective tools for refining user intent without
disrupting dialogue flow.

Chatbot Usage Analytics. After the chatbot was
deployed in the Telegram environment and the testing
period began, detailed interaction statistics were collected.
These allowed the team to evaluate not only the effect-
tiveness of individual intents but also general user behavior
patterns.

According to Dialogflow analytics collected during
the testing period, the system recorded an average of 1 to 2
sessions per day. Each session typically included between
5 and 18 user interactions, with noticeable peaks observed
on days of intensive testing.

This confirms that users engaged in full conversations
with follow-up clarifications, rather than submitting just a
single query.

Table 1 — Intent Activity Distribution during the period

05.05.25-11.05.25
Intent Sessions | Interactions | Exit, %
CourseSelection 10 15 18.75
Admissions.EntryConditions 4 4 0.00
B_Communication.Channels 4 6 0.00
Extracurricular.Projects 3 4 0.00
Admissions.OnlineSubmission 3 6 6.25
Default Fallback Intent 4 9 0.00

The analysis of the table indicates that the
CourseSelection intent was the most frequently triggered
and had a relatively high exit rate — a result consistent with
its function of redirecting users to course-specific Telegram
chats for further information. In contrast, the Default
Fallback Intent showed a 0 % exit rate, suggesting that the
system successfully managed even unrecognized queries.
Notably, no fallback intent led to the termination of a
session, which confirms the effectiveness of the category-
specific fallback mechanisms in maintaining user enga-
gement.
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The Dialogflow History section revealed that the most
frequent user queries were related to admissions — inclu-
ding questions such as “admission”, “deadlines”, and “how
to submit documents” — as well as inquiries about
department contact details, communication channels with
lecturers, project-based learning, digital signatures, and
scholarships. These findings confirm that the chatbot’s
intent structure is well aligned with real user needs, as
identified through stakeholder surveys and website ana-
Iytics.

Conclusions. The choice of a prototyping model was
justified, as it enabled a flexible and iterative development
process with user feedback incorporated at each stage:

1. The website structure was analyzed, stakeholder
surveys were conducted, and common user queries were
identified — these became the foundation for the intent
architecture.

2. A system of over 30 active intents was developed,
covering key informational categories: admissions, docu-
ments, schedules, contacts, scholarships, mobility, commu-
nication channels, support platforms, and extracurricular
activities.

3. More than 100 unique queries were processed
during testing, allowing the intent structure to be adapted to
real user needs.

4. A multi-level fallback logic was implemented,
including both a general fallback for unrecognized queries
and category-specific fallbacks. This allows the system to
request clarifications within the context of the conver-
sation, maintaining a coherent dialogue flow.

5. The chatbot was integrated with Telegram,
providing students with an intuitive mobile interface for
interaction.

6. Several rounds of validation, manual testing, and
automated testing were carried out, which helped identify
and resolve conflicts between intents.

7. After deployment, analytical monitoring revealed a
high accuracy rate (91 %), a low misclassification rate
(~3 %), and effective fallback handling. The system was
designed such that the chatbot’s entire knowledge base is
implemented as intents in Dialogflow, allowing it to be
updated or extended flexibly without modifying the infra-
structure or processing logic.

While still in the pre-deployment phase, the chatbot
“Pytayko from PIITU” has been developed as an advanced
and scalable solution intended to serve as part of the
department’s intelligent service ecosystem — capable of
providing 24/7 support, adapting to user needs, and
reducing the administrative burden through automated
responses to frequently asked questions. Notably, this joint
development also establishes a solid foundation for future
implementation at the Bratislava University of Economics
and Management, demonstrating the transferability and
relevance of the proposed approach in international aca-
demic environments
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PO3POBKA OCBITHBOI'O YAT-BOTA 3 KOHTEKCTHOIO CUCTEMOIO IHTEHTIB HA IIVIAT®OPMI
DIALOGFLOW

VY xonTekcti mudposoi TpaHchopmarii BuIoi OCBiTH Jemani OiNBIIOI aKTyanbHOCTI HabyBae po3poOKa IHTENEKTyalbHUX areHTiB, 3MaTHUX
3a0e3neuyBaTu Oe3mepepBHY Ta €(EKTUBHY B3a€EMOJIIO 3i CTYAEHTAMH. Y CTATTI NPEJICTABICHO MOBHHUW JKUTTEBUH IIMKJI CTBOPEHHS KOHTEKCTHO-
3aiexHoro dar-0ota «[luraiiko 3 TIITY» s xadeapu mporpamuoi imkeHepii Ta iHTenekTyanbHHX TexHousorii ympaiinas HTY «XIII». Bot
TPU3HAYEHO JUIS IIBUJIKOTO Ta IHTYITHBHOTO JOCTYITY JI0 iH(OpMAIlii Ipo HaBYaIIbHI MPOLECH, KAaHAN 3B’ 3Ky, CTHIICH]Iii, JOKyMEHTH Ta iHIIi THIIOBI
3alUTaHHs, 110 BUHUKAIOTh I/l 4ac B3a€EMOJIT CTYACHTIB 3 Kadenporo Ta i BebcaiitoMm. Cuctema po3pobiiena Ha matdopmi Dialogflow 3 iHTerpamiero
no Mmecenmkepa Telegram Ta Bukopuctanusm Google Cloud Functions sik 3aco0y o0poOkm 3amutiB (fulfillment). Slapo cuctemu cTaHOBUTH
CTPYKTypoBaHa GaraTopiBHEBa CHCTEMa IHTEHTIB, KOKHA 3 SIKMX BiJIIOBifa€ MEBHii TeMaTH4HIH KaTeropii (HaIpHKIaja, BCTYI, JOKYMEHTH, PO3KIA
3aHATh). Taka apXiTeKTypa [O3BOJS€E MiATPUMYBATH KOHTEKCT Jiayory, 3a0es3leyyBaTH TOYHE MAapIIPYyTU3YBaHHS 3alMTiB Ta 3MEHIIYBaTH
HEO/IHO3HAYHICTh B3a€MOZIi. Y SKOCTI MOJENi JKUTTEBOTO HUKITY Oyn0o 0OpaHO MPOTOTHMITYBAHHS, IO JO3BOJMIO BPAaXOBYBATH 3BOPOTHHI 3B’S30K
KOpHUCTYBaJiB i BIOCKOHATIOBAaTH CHUCTeMy iTepaTBHO. Ha OCHOBiI aHali3y CTpyKTypH cailTy Kadeapu Ta pe3yJbTaTiB OINHMTYBaHHS CTY/CHTIB
c(hOpMOBaHO TeMaTH4YHYy cucTeMy iHTeHTiB 3 fallback-mMexaHi3MaMu Ta KOHTEKCTHOIO JIOTiKOI yTo4HeHHs. OKpeMy yBary MpUIUICHO THHAMIYHOMY
posmofiny 3anuTiB 3a gonoMororo Webhook i mOBTOpHOMY BHKOPHUCTaHHIO (DYHKIIOHATBHUX OJIOKIB. Y CTaTTi MPEACTAaBICHO aJrOPUTM PO3POOKH,
apXITEKTypy CHCTEMH IHTEHTIB, POIIEC TECTYBAHHS Ta aHali3 icTopii B3aemoxiil. TecTyBaHHS BKIIOYATO AEKiNbKa MUKIIB Basifamii, peaybHi cecil y
Telegram 1 ounimioBanusa edexTuBHOCTI fallback-06poOku. IlincymxoBa peanizamis 3a0e3mednnaa BHCOKY TOUHICTH (<91 %) Ta HH3BKHI BiJCOTOK
nomMunok (~3 %), o miATBepKye AOLiIbHICTh BukopucTaHHs Dialogflow ns aBToMaTH3amnii ocBiTHIX IporieciB. ApXiTeKkTypa 4aT-00Ta mepenbadae
MacmTaOyBaHHS Ta 3a0e3Medye 1iNog000BY MiTPHMKY CTYJICHTCHKHX 3BEpPHEHb 0€3 J01aTKOBOTO HABAHTaXXECHHS Ha aJIMiHICTPATUBHMIT IIEpCOHAIL.

Kurouosi cioBa: pozpodka yar-6ora, Dialogflow, Buia ocBita, CTyIeHTCBKI CepBicH, MO MPOTOTUIYBAaHHS, CHCTeMa iHTeHTiB, fallback-
Jorika, 00poOKa MpUpPOIHOT MOBH, aBTOMATH3allisl OCBITH, iHTerpanis 3 Telegram.
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BOJIOHTEPCBHKUI PYX SIK MEPEJKA IIOCTAUYAHHS: AHAJII3, BUKJIMKU TA HEPCIIEKTUBU

Po6ota npucBsdeHa JOCIIKEHHIO CTPYKTYPH, OCOOIMBOCTEH (yHKIIOHYBaHHS Ta €(pEeKTUBHOCTI BOJIOHTEPCHKOTO PYXy B YMOBaX Cy4acHHX peaniit
Vkpainu. BononTepebki oprasizalii BifirpaioTh KIIOHOBY pOJib y HiATPUMII HACEIEHHs, pearyBaHHI Ha KPH30Bi CHTYallil, JOMOMO3i BiliCBKOBHUM,
COLIaJbHO HE3aXWIICHHM BEpPCTBAM HACENCHHS Ta B PO3BUTKY T'POMAJSIHCBKOTO CYCIUIBCTBA. Y 3B’SI3KY 3 LHM aKTYalbHICTb JOCII[KCHHS
BOJIOHTEPCHKMX MEPEX Ta IOIIYK ONTHMAIbHUX LUIIXIB iX (YHKIIOHYyBaHHs HaOyBae 0COOIMBOrO 3HaueHHs. MeToro wi€i pobOTH € BU3HAYCHHS Ta
aHai3 KIOYOBHX MapaMETPiB BOJIOHTEPCHKUX MEPEX, IO JO3BONUTH HAJaMi PO3POOMTH MaTeMAaTHYHI MOJENI IX MisUTbHOCTI, a TAKOXK MOOYyayBaTH
(opmanbeHi kputepii edexTuBHOCTI iX (yHKIiOHYBaHHs. 1[e HEOOXimHO Iy onTHMi3alii poOOTH TaKMX OpraHi3aliil Ta MOKpAIIeHHS iX 3IaTHOCTI
aJIANTyBaTHCS 10 MIBHAKO3MIHHHX YMOB. METOZOIOTIS TOCIII[DKEHHI BKIIFOYA€ CHCTEMHUI aHali3, 110 J03BOJISIE PO3IJIIHYTH BOJOHTEPCHKI MEpexi sIK
CKJIAJIHI JUHAMIYHI CHCTEMH; MOPIBHSUIBHHI METOJI, IO A€ 3MOTY OLIHUTH BiIMIHHOCTI Ta CIiNbHI PUCH Pi3HUX BOJIOHTEPCHKUX IHIL[IATHB; a TAKOX
case-study aHami3 TPaKTHYHMX HPUKIALIB BOJOHTEPCHKOI [isUIBHOCTI. 3aBISKM [BOMY IiIXOAY BIAIOCS OTPHMATH KOMIUIEKCHY KapTHHY
(YHKI[IOHYBaHHS BOJIOHTEPCHKOT'O PYXY, BUSBHTH HOTO CHIIbHI Ta CI1abKi CTOPOHH, a TAKOXK PO3POOUTH PEKOMEH/IALLIT ISt HOTO MOJaJIbIIOr0 PO3BHTKY.
JlocTipKeHHsT IeMOHCTPYIOTh YHIKaNbHI XapaKTepHCTUKH BOJOHTEPCHKUX MEPEX MOCTaYaHHs, Cepel SIKUX BHCOKA HYYKICTh Y NPUUHATTI PillleHb,
LIBHAKICTD PearyBaHHs Ha Ha/[3BHYailHi CHTYyallii, TOPU30HTAIbHA CTPYKTYpa YIPABIIiHHS Ta OPi€HTALlis HA JOCSATHEHHS MaKCHMAJIbHOTO COLiaIbHOTO
edexty. Byno BusBiIeHO KIr04OBi (paKTOpH, IO BIUIMBAIOTH Ha €()EKTHBHICTH (DYHKI[IOHYBaHHS BOJIOHTEPCHKHX OpraHi3alliil, cepel KX MOXKHA
BUJAUTITH MOTHBALIKO YYaCHHKIB, OpPraHi3auiifiHy CTPyKTYpY, PiBEHb TEXHOJOTIYHOTO 3abe3ledYeHHs, HASBHICTh HAIATOKCHHX KOMYHIKAI[HHHX.
Pe3ysbTaTé 0HOro JOCIIHKEHHS MOXKYTh OyTH BHKODHCTaHI SIK OCHOBA JUISl MOAAJIBIIOrO BIOCKOHAJICHHS MisSUIBHOCTI BOJIOHTEPCHKHX OpraHi3aii,
Ta PO3BUTKY BOJIOHTEPCHKOrO PyXy. BHKOpHCTaHHs 3ampONOHOBAHMX MMiIXOAIB MOXKE CIPHUSATH IMiABHIICHHIO CTIHKOCTI BOJOHTEPCHKHX iHILIATHB,
PO3IIMPEHHIO TXHBOT'O BILUIMBY Ta IIOKPAIICHHIO 3arajibHOI epeKTHBHOCTI poOoTH B Chepi CoLliabHOT OMOMOTH Ta MiATPHMKH HACEICHHSI.
K11040Bi ¢10Ba: BOIOHTEPCHKHI PyX, MEpexka MMOCTAYaHHsI, aHai3, Kiacu(iKallis, ONTUMI3aLlisl, BOJIOHTEPChKA MEPexka MOCTAYaHHS.

Beryn. YV cyuacHOMy CBITI BOJIOHTEPCHKHH PyxX
Bifirpae Bce OLIbIIy POJb Yy BHPIIICHHI COI[AJbHIX
npoOiieM Ta HaJaHHI JOMOMOTHM B KPHU30BHX CHUTYAIlifX.
Oco0nuBoi aktyanbpHOCTI HaOyBae JOCIIIKEHHS BOJIOH-
TEPCHKUX MEPEXK, 1[0 MOKE CIPHUATH ONTHUMI3amii ryMaHi-
TapHOi JJOOMOTH Ta IiJIBUIIEHHIO €(EeKTUBHOCTI BOJIOH-
Tepcbkoi mistibHOCTI [1]. BomoHTepchbki Mepexi CTaoTh
KPUTHUYHO BAXJIMBUMH B YMOBaX CTHUXIHHHX JINX, BIHCh-
KOBUX KOH(IIKTIB Ta IHIMUX HAI3BUYaWHUX CHTYaIiH,
KOJIM TPAJHIifHI CHCTEMH MOCTadYaHHS MOXKYTh OyTH TO-
pyleHi abo HeeeKTUBHI.

3a nanumu CBiTOBOTrO iHJIEKCY Onaroaifinocti 2022
POKy, Omi3bK0 27 % JOPOCIIOr0 HACENICHHS CBITY 3aiima-
JIOCSL BOJIOHTEPCHKOIO IisutbHicTIO [2]. Ile cBimuuTh mpo
3HAUHUI MMOTEHIIAJ BOJOHTEPCHKUX MEPEeX y BUPILICHHI
rinobanpHUX mpoOsieM. 30kpema, B YKpaiHi 3a OCTaHHI
POKH CHOCTEpIraeThcs 3HaYHE 3POCTaHHS BOJOHTEPCHKOI
aKTHBHOCTI, IIIO0 NOB’S3aHO 3 BINCHKOBUM KOH(JIIKTOM Ta
HEeOOXIiIHICTIO Ha/IlaHHS I'YMaHITapHOI JOIIOMOTH IOCTpaK-
JIAITIM PETiOHAaM.

AHaJsi3 ocTaHHix mocaigxenb i myOaikanii. [lo-
CJIIJPKEHHS BOJIOHTEPCHKUX MEPEX MPOBOIUINCH Oaratbma
BUEHUMHU, IO TMiIKPECITIOE BAXJIHMBICTh I[i€] TEMU B CY-
4acHOMY HayKoBOMY IucKypci. 3okpema, Ban Baccenxon
Ta iH. [3] po3risgany ryMaHiTapHi JIAHIIOTH MOCTaYaHHs,
aKIEHTYIOUH yBary Ha ix crenu@imi Ta BiIMIHHOCTSIX BiJl
KOMEPIiHUX aHAJIOTiB. ABTOPH IiAKPECTIOI0TH, III0 TyMa-

HITapHI JIAHIFOTY [TOCTAYaHHs MalTh CIPaBy 3 HEmepe.-
06a4yyBaHUM MOMUTOM, KOPOTKUM 4aCOM BUKOHAHHS 3aMOB-
JICHb Ta OOMEXEHHMHU pecypcami, 110 poOuTh iX ympas-
JIHHS 0COOJIMBO CKJIATHUM.

KoBau i CrieHc [4] aHami3yBaiu 0COONHUBOCTI JIOTiC-
THKU B YMOBaX CTHXIHHHX JIHX, IO Ma€e Oe3mocepeTHe Bi-
HOIICHHS J0 MisTTPHOCTI BOJIOHTEPCHKHX MEPEX Y KPH30-
BUX CHTYyallisIX. BOHU BUAIIAIOTE KIFOYOBI (DaKTOPH YCITIXY
TYMaHITapHOI JOTiCTHKH, Cepel IKUX — MIBUAKICTH peary-
BaHHS, THYYKICTh Ta 3[JaTHICTH JI0 aJlalTallii B yMOBaX BH-
COKOT HEBH3HAYEHOCTI.

HyOeit ta iH. [S] mocmipKyBanu IOTEHIial BUKO-
PHCTaHHS TEXHOJIOTIT OJIOKYEHH [UIsl MiJBUIIEHHS JOBIpH,
CHIBIpalLl Ta CTIMKOCTI B TyMaHiTApHUX JIAHIIFOrax 1ocra-
yanHs. Lle mocnipkeH s BIIKPUBAE HOBI MIEPCIIEKTHBY IS
PO3BUTKY BOJIOHTEPCHKHX MEPEXK IMOCTayaHHS 3 BUKOPHC-
TaHHSAM Cy4aCHUX TE€XHOJIOTIH.

BouoHTepchknii pyx ckilagaeThes 3 BOJOHTEPIB abo
OpraHizaiii Ta 38’s3KiB Mi>k HUMHU. Po3riissHeMO 3B sI3K1 Ha
peasbHOMY MPHKJIIa il MOCTaYaHHI MEJUYHOTO 001 JHAHHS
Ta MEAWYHHX IpenapaTiB Ui BiHCHKOBOCIYXKOOBIB Ta
BilicbKOBUX Mmiipo3aiiB 30poiinux Cun Ykpainu (3CY) Ha
6a3i gBox Gmaroxiitaux opranizaniit (bO) AFUMED [6] Ta
Leleka Foundation [7].

BO AFUMED (6], maroun mpsiMi 3B’SI3KH 3 MEJBH-
POOHHMKAMH Ta MIXKHAPOIHUMHU T'yMaHITADHUMH OpraHiza-
LIsIMH, 3aMaETHLCS IOCTaYaHHIM Meno0IaJHaHHs Ta JIIKIB
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UIT MEOWYHMX YaCcTHUH Ta BIMCHKOBMX MenukiB. BO
BHKOPHUCTOBY€E JIOHODIB, BOJOHTEpiB-paHIpeizepiB Ta
3aydae BOJIOHTEPiB BUpOOHUKIB. CX03ki 3B’ s13ku Mae it BD
Leleka Foundation [7], ame DOZaTkoBO BHKOPHCTOBYE
BOJIOHTEPIB-JIOTICTIB, SIKI JAOMOMAaraioTh TPAHCIOPTYBATH
MEIMKaMEHTH Ta MeIudHe OOJagHaHHS 10 BiHCHKOBHX
YaCTUH Ta BIICBKOBOCITYKOOBIIIB.

Ha puc. 1 300pakeHO 3a3Ha4eHi OCHOBHI CIIEMCHTH Ta
X 3B’SI3KM BOJIOHTEPCHKOTO pyxy — JloHOpH, MixHapoHi
I'ymanitapui Opranizauii BupoOouuku MenndHoro obian-
HaHHA Ta MeamnpenapariB, brmaromiiini Opranizamii Ta
BOJIOHTEPH 3 THIIIB — BHPOOHUKH, haHIpeH3epH, JIOTICTH.
KokeH eneMeHT BOJOHTEPCHKOTO PYyXY, MAa€e CBOi 0CO0-
JMBOCTI Ta BIUTMBA€E HA KiHIIEBY 3HAYUMOCH pOOOTH.
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Puc. 1. CtpykTypa BOJIOHTEpCHKOTO pyXy B pornomMo3si 3CY

BiiichKOBI MiJPO3IiIM Ta OKpeMi BifCBKOBOCIYX-
OOBII — IIe KIHIIEB] €JICMEHTH CUCTEMH, JJIS SIKUX ICHYE IS
Mepexa. BoHH a) OTpUMYIOTh Ta BUKOPHUCTOBYIOTb JOIIO-
MOTY IJIsi BUKOHAaHHS OOMOBHX 3aBHaHb, 0) KOMYHIKYIOTh
po MOoTpedu B JONIOMO3i, B) JAIOTh 3BOPOTHIN 3B’ 30K PO
TOBapH, 10 OYIIN TTOCTABIICHI.

JloHOpH Ta BUPOOHMKM MEAWYHOTO OOJIaJHAHHS Ta
MeIpenapariB MOCTal0Th COLIaTbHUMHU 1HBECTOPaMH Ta
BKJIa[al0Th CBOI Tpoii abo ToBap, poOJsiuM iHBECTHUIT B
MOKPAIIIEHHS CTAHOBHIIA BificbkOBUX. JIOHOpH Ta BHUPOO-
HUKH TIParHyTh OyTH NpoiH(OpMOBaHi MPO JOCATHEHHS
pe3yNbTaTy, HaMararouuch 3p03yMITH Ha CKUJIbKH 1X iHBeC-
TUIIT OyJIU BIATAMHU.

Bnaroniitai ¢ponan, MixkHapoaHi TyMaHiTapHi opra-
Hi3awii Ta BOJIOHTEPH YCIX THUIIB BHKOHYIOTH OCHOBHY
(YHKIIIIO B BOJIOHTEPCHKOMY PYCi, PO3MOIUISIOUN pecypcH
BiJl /pKepesa (JOHOPIB Ta BUPOOHMKIB) /IO KiHIIEBUX CIIO-
XKHUBa4iB (BIFICHBKOBOCTYXOOBIIIB Ta BiCHKOBHX IiIPO3-
niriB). Ha HUX JIe)KUTh BeMKa KIJTbKICTh 3aBJIaHb, TAKUX
K aHaJi3 MOTOYHUX IOTped, 3HAXOKEHHS PECYypCiB,
KOOPAMHAIIIO, TPIOPUTH3AIIIO Ta JIOTICTHKY.

Pe3ynbTaToM IisSTTBHOCTI BOJIOHTEPCHKOI MEpexi €
CoLiabHUN BIUIMB, KM MOJXE MNPOSBISITUCS y PI3HUX
¢dopmMax TakMX SIK cCOIliaibHa MiATPUMKA, MaTepianbHa
JIOTIOMOTa, MIATPUMKA B KPH30BHX CHTYalifx Ta iHme [§].
[pouec noCsATHEHHS! COLaAIbHOTO BIUTUBY MOKHA PO30OHUTH
Ha eTamy, Mo SIKIM JOIOMOra, MEepexoJsiuM BiJ OIHOTO
eTaIy JI0 iHILIOro, J0Csrae KiHIeBoi MeTH (pHc. 2).
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Puc. 2. Etanm noCSTHEHHS COLIaIbHOTO BIUTUBY BOJIOHTEPCHKUM
pyxoMm

VY pesyibTaTi MONEPEIHBOIO aHANi3y BOJIOHTEPCH-
KOT'0O PyXY, HOT0 CTPYKTYPH, METH Ta €TaliB ii JOCATHeHHS,
MH MOXXEMO CTBEPJ/IXKYBaTH, 1[0 BOJIOHTEPCHKOTO PYyX SIK
cucreMa, sKa 3ailydae, 30epirac Ta JOCTaBIsIE pecypcu
CX0’Ka Ha MEpEeXy IOCTauyaHHs, SIKa BUKOPUCTOBYETHCS B
norictuii. st 00rpyHTYBaHHS [IbOTO TBEPKECHHS PO3/IH-
BAMOCH OUTBIII IETANBEHO MOHATTS MEPEXkKi IOCTaYaHHS.

Mepexa nocrayanHsi — 11¢ KOMIUIGKCHA CHCTEMa, B
Ky BXOJATh BUPOOHHKH, TOCTAYalIbHUKH, TUCTPUO 10-
TOPH, KIIEHTH AJISI TOTO, MO0 MPSAMO Y OMOCEPEAKOBAHO
BUKOHATH 3aIlMT CIOXHMBaya Ha ToBap abo mocuyry [9].
OCHOBHOIO MIJUTI0O MEpEXi MOCTaYaHHS € MaKCHMIi3allis
nonaHoi Baprocti. OCHOBHI eleMEHTH Mepexi — 1ie CHo-
JKMBaYi, MPOJABLi, MUCTPUO'IOTOPU, BUPOOHHMKH, IOCTa-
JanbHUKH (pHc. 3).
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Puc. 3. Etanu nocsirHeHHs1 OCHOBHOI LTI MepeXi IocTayaHHs

SIKIIO TOPIBHSATH BOJIOHTEPCHKY MEPEXY Ta MEPEKy
nocrayands (puc. 2 Ta puc. 3), MOXKHAa 3HANTH CXOXKi
naHku. [locTauanbHUKK Ta JOHOPHU IOCTAYAIOTh PECYpPCH
Juisi 3abe3ledeHHss MarepianbHUX Motped. BupoOHukwy,
JTUCTPHO FOTOPH, POAABII 31 CTOPOHH MEPEXi IIOCTaYaHHS
Ta OmarofiifHi oprasizamii, MikHapomHi (oHIM Ta
BOJIOHTEPH 31 CTOPOHHM BOJIOHTEPCHKOTO PYXy MaroTh
TaKOX CIUJIbHI PUCH, SK-OT BHPOOHHUIITBO, KOOpAMHALLS,
JIOTICTHKA Ta JIOCTaBKa PECypCiB JI0 CIOKMBadiB. Bilch-
KOBI MiJIPO3JIM Ta CIOXXMBadi B 3BHUYANHHX Mepexax
MOCTavyaHHs 3aTydeHi J0 MPOLEeCy OTPUMaHH HEOOXiTHIX
iM pecypciB, Oyap-To MoOKymka abo orpuMaHHS Oijaro-
IMHOT JOMOMOTH. SIK BHCHOBOK MU MOYXEMO 3a3HAYHUTH,
10 BOJIOHTEPCHKHU PYX € CHCTEMOIO, CXOXKOK0 32 CTPYK-
TypOIO Ha 3BHYAlHY MepexXy TOCTa4aHHA, ajie 31 CBOIMHU
0cOOIMBOCTSIMH, IKUH Jaji OyJjeMo Ha3UBaTH «BOJIOHTEP-
ChKa Meperka IocTaqyaHHs».

Bononrepcbka mepexka mocrayannst (BMII) — ne
Mepexa, B AKiil BiOyBarOThCS MPOILECH, MOAIOHI 10 THX,
IO CIIOCTEPIraloThesl B KIACHYHUX MEPEXax MOCTAuaHHS:
30ip, po3IoJin, NmepeMilleHHsl Ta TUMYacoBE YTPUMaHHS
pecypciB [5]. KirouoBa ocobmusicte BMII - 3matHicTh
MIBUAKO MOOUTIZYBaTH PECYpCH Ta pearyBaTH Ha 3MiHH B
yMOBaxX BUCOKOI HeBU3HAYCHOCTI. L{e mocsiraeThest 3aBasKu
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BHCOKiii MOTHBAIIil YJaCHHKIB, BiICYyTHOCTI OIOPOKpAaTHI-
HUX TIEPeIIKOJ]] Ta CyJacHHM KOMYHIKaIllifHUM TEeXHO-
soristm. BMII 3a paxyHOK amanTHBHOCTI JI0 3MiH, MOKJIH-
BOCTI MPAIIOBATH B YMOBaX HEBU3HAUEHOCTI Ta ()OKYyCyBa-
THCS Ha moTpebax OeHediliapiB, MoXe KIacU(PiKyBaTHCS
K Mepe)ka, YIpaBIiHHS SKOIO MICTUTH eleMeHTH agile-
migxony [10, 11] (tabx. 1).

Ilin wac moeeHni B 3axigHiit YkpaiHi B 4YepBHI
2020 poky BojoHTepchka Mepexka «CmiBllis» 3moria
Mo0imi3yBatu noHaa 1000 BOJOHTEPIB Ta TOCTABUTH ITOHAT
100 ToHH TyMaHITapHOI TOITOMOTH ITOCTPAXKAAINM PETio-
HaM TIPOTATOM HepIuX 72 TOMUH IICHs MOYaTKy CTHUXIiH-
Horo nuxa [12]. Le#t npuxiang 1eMOHCTPY€E BUCOKY e(eKT-
uBHicTh BMII B yMmoBax kpn30Boi cuTyarii.

Ta6muns 1 — [TopiBHSAHHS BOJIOHTEPCHKUX Ta KOMEPLIHHIX
Mepex MOCTaYaHHs

Bononrepcrka Kowmepmiitaa
XapakTepucTrka
Mepexa Mepexa
IIBuakicth 3a3BHuaii BUIIA, O0OmexeHa
pearyBaHHA 0co0JIMBO B OIOpPOKPATHIHIMH
KPH30BUX MPOICYpaMHU
CUTYaIlisfX
MacmraboBanicts | Moxke IBUAKO Binpm
MaciitabyBaTtucs, | KOHTPOJIbOBaHE
ajie HeCcTablIbHO MacIITa0yBaHHs

CranmapTH3aiis

Menm

Bucoxuii piBeHb

HpoLeciB CTaHIapTH30BaHi, | craHmapTH3aLil
OB THYYKI

IIpaBoBe Yacto MeHI CyBope

peryJoBaHHs KOPCTKE PperyJrOBaHHS

Jlronceki pecypeu | BomonTepu 3 [podoeciiini
pi3HUM piBHEM MPaLiBHAKH
JIOCBiLY

TpuBanicts KopotkoctpokoBa | 3a3Buuait

TUSTBHOCTI / noBrocTpokosa JIOBrOCTPOKOBA

3a CTPYKTYpOIO BOJOHTEPCHKI MEpEeki MOXKYTh OyTH
LIEHTpaJTi30BaHi, JACIEHTpalTi30BaHi Ta riopuaHi (Tadm. 2).
KosxeH Tum mae cBOi mepeBarw Ta HENOJIKH, SKi BIUIU-
BaIOTh Ha C(PEKTUBHICTH MEPEXKi 32 PI3HUX YMOB.

HentpaimizoBani Mepexi, Taki sk UepBonuit Xpecr,
MAalOTh €JUHAN KOOPIUHALIWHWHA LEHTP, 0 3a0e3redye
e(peKTHBHY KOOPAMHAIIIIO JTiii Ta €quHY cTpaTerito. OMHaK,
BOHM MOXYTh OYTH MEHII THyYKHMH Yy pearyBaHHi Ha
JOKanmbHI 1OTpeOu. JlemeHTpami3oBaHi Mepexi, SK-OT
Mepexa BOJIOHTEPiB-MEINKIB, XapaKTepHU3YIOTHCS BHCO-
KOO0 aJanTHBHICTIO Ta MIBUAKICTIO pearyBaHHS Ha MicIle-
BoMy piBHi. IIpoTe, BOHM MOXYThb CTHKAaTHCA 3 IpooOIie-
MaMH KOOpIWHALii Ta AyOmoBaHHS 3ycwib. [10pumHi
Mepexi, Taki sk 1athopma «DobroUA», HamararooTscs

MOETHATH TIepeBaru 000X MiaX0iB, 3a0e3meuytoun OamaHc
MDK ICHTPaJi30BAHOI KOOPIHMHAINEID Ta JOKAJIHHOIO
raydkicTio. KirrouoBumu mapamerpamu BMII e:

e Po3mip Mepexi (KUTBKICTh CTPYKTYPHHUX €JIeMEH-
TiB Ta 3B’S3KIB).

HIBuaKiCTh pearyBaHHs Ha 3aIlUTH.

OOcsru nocrayaHHs ryMaHiTapHOT JIOTIOMOTH.
KinpKicTh aKTUBHUX BOJIOHTEIB.

I'eorpadiune 0XOMICHHS AiSTEHOCTI.
EdexTuBHICTE BUKOPHCTAHHS PECYPCIB.
PiBeHp KOOpIUHALIT MK yYaCHUKaMH MEPEXi.
3maTHiCTH 10 MacIuTabyBaHHS HisTbHOCTI [ 13].

KoHkpeTHUMH TPUKITagaMu KiTBKICHHX XapaKTepuc-
THK MOXYTb OyTH: 4ac pearyBaHHS Ha 3aIlUT (HAIIPUKIA,
CepelHil yac pearyBaHH:), KOe(illieHT BUKOHAHHS 3aITUTiB
(HampuKIiaj, BiICOTOK BUKOHAHUX 3aMUTIB), reorpadivune
OXOIUICHHs1 (HampuWKIaja, BiJCOTOK TEPUTOpPIl KpaiHm),
PiBEHB 3aI0BOJICHOCTI OeHediIiapiB (HAMPHUKIIAI, BiJICOTOK
MO3UTHBHUX BIATYKiB). SIKICHI XapaKTEpUCTUKH MOXYTb
BKJIFOYATH: CTIMKICTh MEpexi O 30BHINIHIX HIOKIB (BHCO-
Ka/cepe/HsI/HU3bKa), PIBeHb KOOPIMHAIIT MiXK yYaCHUKAMHU
(HampuKkiag, BUCOKWUH [UIA IICHTPATi30BaHHUX MEpex),
TOIIO.

Bepyun 1ni mapameTpm SK XapaKTEpHCTHKH BOJOH-
TEPCHKUX MEPEX Ta MOPIBHIOIOYH MK cO0010, MU MOKEMO
OWIHUTH iX e(eKTUBHICTh. BakIMBO BiA3HAYUTH, IO
oliHKa e()eKTHBHOCTI BOJIOHTEPCHKHX MEpPEX Mae Bpaxo-
BYBATU HE JIMIIE KUIBKICHI, aje i sIKICHI MOKa3HHUKH, TaKi
SK COLIaJIbHUI BIUIMB Ta 33/I0BOJICHICTh OeHediliapiB.

3Ha4yHUi MaciTad BOJOHTEPCHKOTO pyXy B YKpaiHi
CTBOPIOE HEOOXIMHICTh Y (OpPMYBaHHI €PEKTUBHUX MEPEK
MOCTayaHHS TyMaHiTapHOi gomoMord. Tak, 3a JaHuMH
MinicTepcTBa comiabHOL MOMITHKH YKpaidw, y 2022 pori
B KpaiHi Oyio 3apeectpoBaHo moHan 2500 BOJIOHTEPCEKHUX
opraHizamiii, siki pazoMm 3amydunu Oimbime 1,5 MinmbifoHa
BosoHTepiB [14]. OcHOoBHMMH (akTOpamMH BIUIUBY Ha
edpexruBHicTs BMII €:

e MorTuBamis BOJOHTEpiB. Brucokuii piBeHh MOTH-
Ballii 3a0e3neuye cTabiIbHICTD Ta ePEKTUBHICTH MEPEXKI.

e Opranizamiiina cTpykTypa Mepexi. BriiuBae Ha
THYYKICTb Ta IIBUJIKICTh PearyBaHHs MEpexi.

e 3aKOHOJABYEC PETYJIOBAHHS BOJIOHTEPCHKOT [Ii-
SUTBHOCTI. MOYKe SIK CIIPHSITH, TaK 1 0OMEXYBaTH PO3BUTOK
BOJIOHTEPCHKUX MEPEXK.

e ComianbHO-eKOHOMIYHA cuTyalis. BrmBae Ha
JIOCTYIHICTh pecypciB Ta motpedu OeHedimiapis.

e TexHonoriune 3abe3nedeHHs. Cy4acHi TEXHOIO-
il MOXKYTh 3HAYHO ITiIBUIIUTH €(PSKTUBHICTH KOOPAHHAIIIT
Ta yIpaBJIiHHS pecypcamy.

Tabmuis 2 — TTopiBHAHHS TUIIIB BOJIOHTEPCHKUX MEPEIK

Tum mepexi IIepeBaru

Henoniku [pukmag

€uHa cTpareris,
e(eKTUBHA KOO IMHALLiS

LlentpanizoBaHa

MeH111a THyYKiCTh, 3aJIeKHICTh
BiJI IICHTPY

Yepsonuii Xpect

Bucoka aganTuBHICTb,
[IBHJIKE pearyBaHHs

JleueHtpanizoBana

MoxuBi 1yOIIOBaHHS 3yCHIIb,
CKJIQJIHICTh KOOPAWHALIT

Meperxa BOJIOHTEpiB-MeIUKiB

Bananc mix
KOOPJMHALIIEIO Ta
THYYKICTIO

Ti6punna

CKIIamHICTh YIIPaBITiHHS

Bononrepcrka mratdopma «DobroUA»
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e PiBens oBipH B CYCHiIbCTBI. BIiBae Ha roTOB-
HICTB JIFOZIe#t OpaTH y4acTh Y BOJOHTEPCHKill OisUTBHOCTI Ta
MiATPIMYBATH BOJIOHTEPCHKI OpraHi3aiii.

e KymbpTypHi 0co0amBOCTi. MOXYTh BIUIMBATH Ha
(hopMHU Ta METOAM BOJIOHTEPCHKOI AisutbHOCTI [15].

Po3ymiHHS 1MX (akTopiB J03BOJISE PO3POOIATH
cTparerii mng migBumieHHS edektuBHocti BMIL. Sk
npuknan ¢akropa texHonoriuHoro 3adesneuyenHs: B 2023
poui BoJIOHTepchka opranizauisi «[loBepHHUCH >KUBUM»
BIIPOBaJMIa OJIOKYCHH-TEXHOJOTII0 i 3a0e3neueHHs
MIPO30POCTi BUKOPHUCTAHHS KOIITIB, IO MPHU3BEIIO 0 30111b-
IICHHS JOBipH TOHOPIB Ta 3pOCTaHHS OOCSTIB MOKEPTB HA
30 % [16].

BMII gacto (yHKIIOHYIOTE B yMOBaX BUCOKOI HEBH-
3Ha4eHOCTI. J[)kepenia HeBU3HAYCHOCTI BKIIFOUAIOTh!

e HecrabinbHicTh MOTOKY pecypciB. BononTtepcbki
oprasizauii 4acTo 3aJexarh Bil NOXEPTB Ta I'PAHTIB, sIKi
MOXYTb OyTH Hernepen0auyBaHUMH.

e MinnuBicte motped OenedirriapiB. OcoOaHBO B
KPH30BHX CHUTYyalisiX MOTPeOM MOXYTh IIBHUAKO 3MiHIO-
BaTHCSI.

e HemnepenbadyBaHiCTh 30BHIITHHOTO CEPEIOBUIIA.
[MomiTi4Hi, €KOHOMIYHI Ta TPUPOAHI (HAKTOPH MOXKYTh
CYTTEBO BIUIMBATH HA JIiSUIBHICTH BOJIOHTEPCHKHUX MEPEXK.

e BomatunbHICT CKIagy y4acHWKIB. BomoHTepm
MOXYTh TPHEAHYBATHCSA IO MEPEXKi Ta 3aIMINATH Ii, 10
BIUIMBAE Ha CTaOUIBHICTH Mepexi [17].

KoHkpeTHUi MpUKiIaz ynpaBiliHHS HEBU3HAYCHICTIO
MOYKHa MO0AYUTH B JiIsUTbHOCTI BOJIOHTEPCHKOT OpraHizariii
«Boctok-SOS» min yac eBakyarii HaceneHHs 31 CXIJIHUX
perioniB Ykpainu B 2022 poui. Oprani3auis 3iTKHyIacs 3
Herepen0auyBaHiCTIO MOTOKY ODKEHINB Ta MIHJIMBICTIO
Oe3mekoBoi cutyarii. s MooaHHs WX BHKIUKIB OyIT0
BIIPOBAPKEHO CHCTEMY LIBUAKOTO 300py Ta aHANi3y JaHUX
yepe3 MOOIUIBHUHA J0JAaTOK, IO JO3BOJMIO ONEPATHBHO
MIepepo3NOIUIATH PECYpCH Ta KOPHUI'YBaTH MapIIpyTH
eBakyaii. L{e migBummmo eekTuBHICTh onepartiii Ha 30 %
Ta 3MEHIIUIIO Yac O4YiKyBaHHsI /st OixeHiiB Ha 40 % [18].

Bima3epkaneHHss BaXIJIMBOCTI CTparterii mjist yrpas-
ninast BMIT (puc. 4) BimoOpaxae 10CIiKEeHHS, TIPOBEICHEe
BcecBiTHbOIO Opranizaui€eto BosioHTepiB y 2022 poi, sike
MOKa3aJo, 1110 BOJIOHTEPChKI MEpexi, Ki BAKOPUCTOBYIOTh
CHCTEMH IIPOTHO3yBaHHA 1moTped, Ha 40 % edexTuBHime
PO3MOAIUISIOTE PECYpCH TMOPIBHSHO 3 THUMH, XTO IX He
BHUKOpPUCTOBYE [19].

Le minkpecmoe BaXXIMBICTh BAKOPUCTAHHS Cy4acHUX
AQHAJTITUYHUX IHCTPYMEHTIB Y BOJIOHTEPCHKIH HiSIIBHOCTI.
JIyist epeKTUBHOTO YITPaBIIiHHS BOJOHTEPCHKUMH MEpPEexKa-
MH BHKOPHCTOBYIOTHCSI CIELiasli30BaHi NPOrpaMHi Ipo-
JTyKTH, SIKi MOYKHA PO3IUTUTH Ha KUIbKa KaTeropiit:

1. CRM-cuctemn Ans yHpaBiIiHHA BOJIOHTEpaMH.
Jlo3BomsIr0TE BecTH 0a3y JaHWX BOJIOHTEPIB, BiICTEXXyBAaTH
iX aKTUBHICTb, IUIAHYBATH 3aBJIaHHS Ta KOMYHIKYyBaTH 3
BOJIOHTEPAMH.

2. Tlnardopmu 1uist KOOpuHallii BOIOHTEpiB. 3abe3-
MeYyIOTh MOXJIMBICTh ONEPATHBHOTO PO3MOJUTY 3aBIaHb
MDK BOJIOHTEPaMH Ta BiJICTEKCHHS 1X BUKOHAHHS.

3. Cucremn ympasiiHHS pecypcamu. JlonmomararoTsb
BIZICTE)KYBaTH HasBHICTb Ta pO3MOALI MaTepiabHUX
pecypciB y Mepexi.

4. AmnanmitidHi iHCTpYMEHTH. JI03BOJISIOTH aHATI3y-
BaTH €(PeKTUBHICTh BOJOHTEPCHKOI MiSUTBHOCTI Ta TPOTHO-
3yBaTH MaifOyTHI TOTPEOMH.

5. Ilmatdpopmu mis 300py KomTiB: 3a0e3MeUyIOTH
MOXIIMBICTh OHJIAHH-TIOKEPTB Ta MPO30POr0 3BITYBaHHS
PO BUKOpHCTAaHHs KowmTiB [20].

®

®

CueHapHe NNaHyBaHHA ‘

CTeOpeHHA pe3IspBHKUX 3anacia ‘

[uveepcudhikais guepen pecypcia ‘

PO3BUTOK rHYYKMX MexaHiamie pearysaHHs ‘

|
T
C i)

i Tt
'.\J BHMODMCTaHHFI APArHO3HO! aHanITHEX ‘
i

Puc. 4. Ctparterii ynpapiiHHS BOJOHTEPCHKOK MEPEKEIO B
YMOBaxX HEBU3HAUCHOCTI

PosrnsHeMO feTanbHime nesKi MOmyIsIpHi IporpaMHi
pilIeHHs:

1. Volunteer Matrix: CRM-cucrema [21], 1110 103B0-
Jsie BecTH 0a3y JaHMX BOJIOHTEDIB, IUIAHYBAaTH 3MIHU Ta
BiZicTe:)KyBaTH TonuHu poGortu. KirowoBa mnepeBara —
iHTerpauisi 3 KajJeHAapsMH BOJOHTEPIB Ta aBTOMAaTHYHI
HaraJlyBaHHS.

2. Get Connected [22]: mnardopma 11 KOOpAUHAILIIT
BOJIOHTEpIB, sKa BKIOYae (YHKIII TeoroKarii st
onTuMizanii po3noxiny 3aBAaHb. Jl03BOJISIE BOJIOHTEpaM
CaMOCTIIHO OOWpaTH 3aBIaHHS, IO MiABHIIYE IX MOTHU-
BaLlifo.

3. Aid Management Platform [23]: cuctema ympas-
JIHHS pecypcamu, po3podJieHa CrieliajabHo I T'yMaHiTap-
HUX oOprasizaiiif. Bxirouae Momymi [Uis BiACTEKEHHS
3amnacis, IUIaHYBaHHSI IIOCTABOK Ta 3BITHOCTI.

4. Tableau for Nonprofits [24]: moryxHuii anani-
TUYHUH THCTPYMEHT, SIKMH J03BOJISIE Bi3yalilyBaTh JaHi
NpO MisUIbHICTH BOJIOHTEPCHKOI MEpeXi Ta MPOTrHO3yBaTH
MaiiOyTHI OTpeOH.

5. GlobalGiving [25]: mnatdopma s 360py KomI-
TiB, siKa 3a0e3redye MHpPO30pICTh IMOXKEPTB Ta JIO3BOJISIE
JTOHOpAaM BiJICTe:KyBaTH BILUIUB IXHiX BHECKIB.

I xoua yci HaBeleHI IPOrpaMHi MPOAYKTH CIIPOIILY-
I0Th MO>KJIMBOCTI YIIPaBIIiHHSI BOJIOHTEPCHKOIO MEPEKEIO,
BCE OJIHO CTpaTeriuyHe PillleHHS NPUHMAETHCS JIIOJIMHOIO.
HasBHiCTE mpOAyKTy, 3MaTHOTO po3paxyBaTH e(eKTHB-
HICTh MEpeXi Ha OCHOBI OKPEeMHX KUTbKICHHX Ta SIKICHHX
MMOKa3HUKIB, MOYKE CYTTEBO MiABUINUTHU SAKICTh MPUHAHSITTS
CTpaTeriYHMX pillleHb y MpOIeCi CTPATETIYHOTO YIIPaB-
JIHHS BOJIOHTEPCHKOI MEPEXI.

BucnoBku. Ilicns mowarky mnoBHOMacmTabHOTO
BTOpPrHEHHs pocii B VYKpaiHi, B KpaiHi 30UIbIINBCA
MacuTad BOJIOHTEPCHKOTO PYXY, 1 I1e BUKJIMKAIO HOTpeOy
B IHCTpyMeHTaX e(eKTHBHOIO yNpasiiHHSA. B momrykax
MOXJIMBOT ONTHMIi3allii BOJOHTEPCHKOTO PYXY, IPOBEICHE
JOCITIJPKEHHS TIMIIUIO BUCHOBKY, IO BOJIOHTEPCHKY Mepe-
Ky MOXKHA PO3IIISIIATH, SK CrenuigHud BUI Mepexi
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MOCTaYaHHS, SIKE BHKOPHCTOBYETHCS B JIOTICTHIN, 3
YHIKQJIBHUMH XapaKTePUCTHKAMH — BHCOKOIO THYYKICTIO,
3IATHICTIO IIBUIKO MOOLTI3yBaTH PECYPCH Ta OPi€HTAIIEI0
Ha coIliambHU BIUHB. Lle# BUCHOBOK BiAKpHBAE MOKIH-
BOCTI JUIi BHKOPUCTAHHS BCi€i HasBHOI MaTeMaTHYHOI
6a3u, po3pobneHoi It onTHMI3alii TpagULiHIX Mepex
MOCTAYaHHs JUIS MiIBUIICHHS ¢()eKTUBHOCTI, ONTHUMI3aIli1
PO3MOTYy pecypciB, 3MEHIICHHSI 4acy i KOIUTIB Ta JI0-
CTaBKY B BOJIOHTEPCHKUX MEPEK MOCTaYaHHSI.

Bynu okpecneni kputepii, sKi BIUIMBAIOTh Ha edek-
THUBHICTh BOJIOHTEPCHKOI MEPEeXi, Taki K po3Mip Mepexi,
MIBUJKICTh pearyBaHHS Ha 3aldTH, OOCSATH IOCTadaHHSI
TYMaHITapHOI JOITOMOTH, KUTBKICTh aKTUBHIX BOJIOHTEPIiB
piBeHb KOOpAHMHAIIT MK YIaCHHKaMH MEpexi, reorpadid-
HE OXOIUICHHS IiSUTBHOCTI, €(EeKTHBHICTh BUKOPHUCTAHHS
pecypciB, 3IaTHICTB T0 MacIITadyBaHH AisTbHOCTI. [Tepc-
MEKTUBH MONATBIINX JOCIIPKCHh BKIIOYAIOTh PO3POOKY
MaTeMaTUYHUX MOJIeNel 3 3a3HaYCHUMH TTOKa3HUKaMH Ta
KUJIbKICHUX KpPHUTEPIiB epeKTUBHOCTI (h)yHKLIIOHYBAaHHS BO-
JIOHTepchKoi Mepexi. MaremaTtuuHi Mozeni Ta Kputepil
OyIyTh BUKOPHCTaHI JJIsi pO3pOOKH CHEelu(iyHOro mpor-
paMHOro 3abe3reyueHHs, SKe TacTh 3MOTY ONTHUMIi3yBaTH
poOOTy BOJOHTEPCHKHX MEPEK IIOCTaYaHHS, NPOTHO3Y-
BaTH TMOTPeOW Ta PO3IMOIIT PEecypciB, a TaKOXK IOCII-
KYBAaTH BIUIMB KYJBTYPHHX Ta cOLiaJbHHX (aKTOpiB Ha
e(CKTHBHICTH BOJIOHTEPCHKIX MEPEkK Y PI3HUX perioHax
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VOLUNTEER MOVEMENT AS A SUPPLY NETWORK: ANALYSIS, CHALLENGES, AND PROSPECTS

This article is dedicated to the study of the structure, operational features, and efficiency of the volunteer movement in the context of Ukraine's modern
socio-economic and political realities. Volunteer organizations play a key role in supporting the population, responding to crisis situations, assisting the
military, helping socially vulnerable groups, and developing civil society. In this regard, the relevance of researching volunteer networks and finding
optimal ways for their operation becomes particularly significant. The objective of this study is to identify and analyze the key parameters of volunteer
networks, which will further enable the development of mathematical models of their activities, as well as the construction of formal criteria for their
operational efficiency. This is necessary to optimize the work of such organizations and improve their ability to adapt to rapidly changing conditions.
The research methodology includes a systematic analysis that allows viewing volunteer networks as complex dynamic systems; a comparative method,
which makes it possible to assess the differences and common features of various volunteer initiatives; and a case-study analysis of practical examples
of volunteer activities. This approach has made it possible to obtain a comprehensive picture of the functioning of the volunteer movement, identify its
strengths and weaknesses, and develop recommendations for its further development. The study demonstrates the unique characteristics of volunteer
supply networks, including high flexibility in decision-making, rapid response to emergencies, a horizontal management structure, and a focus on
achieving maximum social impact. Key factors influencing the operational efficiency of volunteer organizations have been identified, among which the
motivation of participants, organizational structure, level of technological support, and the presence of well-established communication channels stand
out. The results of this study can serve as a basis for further improvement of the activities of volunteer organizations, the development of specialized
information platforms for coordinating their work, and the formation of state policy in the field of support and development of the volunteer movement.
The application of the proposed approaches can contribute to increasing the resilience of volunteer initiatives, expanding their influence, and improving
the overall efficiency of work in the field of social assistance and population support.
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BUKOPUCTAHHA METOAIB IITYYHOI'O IHTEJIEKTY AJISI HPOI'HO3Y TPAHUYHOT' O
CTATUYHOI'O HABAHTAKEHHSA BAJIKA 3 TOMOI'EHHOT'O MATEPIAJTY 3A KPUTEPIEM
®OH MI3ZECA HA OCHOBI JIAHUX KOHCTPYKIIMHOT'O MIITHICHOI'O AHAJII3Y

[IpenqmeToM AOCTIIKEHHS € CTAaTUYHUH KOHCTPYKLIMHHMA aHami3 y MexaHiui. Meta poOOTH mosisirac y CTBOPEHHI Ta HABYAHHI MOJEINI IITYYHOrO
iHTenekTy y dopmi HeHpOHHMX Mepex Ul HepenbauyeHHs] IPaHMYHOrO HABAaHTaXKEHHs Ha KOHCTPYKLIHHHI eleMeHT Ty Oalka, 10 BUKOHAHA 3
FOMOTEHHOro Matepiany. MIlHICHHIl CTaH L[bOr0 KOHCTPYKL{HHOIO €IEMEHTY BHU3HAYAE€ThCS CKBIBAJICHTHUMH HAIpPYXCHHSMH 3a KpuTepieM (oH
Miseca. BuxigHumu Ta BapiaTHBHAMH [apaMeTpaMU € T€OMETPUYHI PO3MIpU Ta CHJIOBI HABAHTAXKEHHsI, SIKI MiIOTh Ha TiO. JIOCATHEHHS METH [Iae
MOXIIHBICTh BHKOHYBATH OOYMCIICHHS MILIHOCT] €JIeMEHTY KOHCTPYKIIii IBHJLIE 3 TOUYKH 30py OOYHCIICHB Ta 3 JOIMYCTHMUMHU 3HAYCHHSIMU [OXHOKHU B
HOPIBHSHHI 3 KIIACHYHHUMHU METOJaMH MEXaHIKH i3 3aCTOCYBAaHHSIM YHCIIOBUX METOJIIB, 30KpEeMa METO/Y CKiIHYCHHHX €JIeMEHTIB. JIJist JOCATHEHHS METH
BUPIIIYIOTHCS HACTYIHI 3a/[a4i: MPOBEJCHHS YHCEIbHUX CKCIICPUMEHTIB 3 aHAIIi3y MILHICHOTO CTaHy IPH CTATUYHOMY HABAaHTAXXCHHI OAIKOBOTO
KOHCTPYKTHBHOTO €JIEMEHTY METOJOM CKIHYCHHMX €JIEMEHTIB; BHU3HAUCHHs KIIIOYOBHMX MapaMeTpiB KOHCTPYKLIHHOIO eleMEHTY; MiArOTOBKa Ta
arperyBaHHs JJaHUX Il MOJEII; HPOEKTYBAHHS Ta HaBYaHHs Mozeli. YucenbHi eKCIIePHMEHTH 3AiHCHIOBAIIMCS 13 3a31aJIeriIb BUSHAYCHUMH THIIAMI
3aKpilJIeHb Ta HaBaHTa)XeHb Ha Oanky. Byno BuKoHaHO 3 Bapiallii MirOTOBKM JaHMX 1 BiJIIOBITHO MOAENEH /11 3a0€3MeUeHHs] perpe3eHTaTuBHOCTI
nepenibadeHb HEHPOHHNMH MepeXaMr. YCi YHCIIOBI €KCIIEpHIMEHTH OyII0 MPOBEIEHO y CHCTEMaX aBTOMATH30BAaHOTO NPOEKTyBaHH:. [IpoeKkTyBaHHS
Mojienelt Oyno BUKOHAHO 3a TPHHIMIIOM MiHIMAJIbHOI, aje JOCTaTHROI KiTbKOCTI MPUXOBAHMX IIApiB Mepex Ta HeipoHiB y Hux. Hapuanns momemi
Bi0yBanocs 3a MPUHLIUIIOM HABYaHHS 3 yYUTENEM, JIe BXiTHUMH NapaMeTpaMu 00OpaHo MEBHY KUIbKICTh T€OMETPUYHHUX BIACTUBOCTEH Ta TUCK, IKOMY
OTIMPAEThCS TiJIO, a K BUXIJHMI MapamMeTp — MaKCHMalbHE eKBiBaJICHTHE HAIIPYy)KeHHs 3a KpuTepieM ¢pon Miseca, 1m0 Biamosinae M mapamerpam. L
3HAa4eHHs HalpyXXeHb OTPUMaHi y pe3ynbTaTi aHajli3iB y CHCTeMi aBTOMAaTH30BAHOTO NPOEKTyBaHHA. [lepen0adeHHs THX caMMX 3HAYEHb JUTs iHIINX
napameTpiB 00’€KTa JOCIIKEHb 3a J0MOMOTOI0 HEHPOHHHUX MEPEeX 3/iHCHIOIOTHCS Ha OCHOBI alrOpUTMY JiHIHHOT perpecii Ta BU3HAYEHOI KiTbKOCTI
BXiHUX TapaMerpiB. OnrtmMizanii Mozmenedl 3milicHIOBamacs 3a jgomomororo amroputMmy Adaptive Moment Estimation. Po3paxyHok moxuOku
nepeibadeHb MOIENEH 3/1iiCHIOBABCS 3a JIOTIOMOTOI0 CEPEIHbOKBAPATUIHOI TOXHUOKH. Pe3yapTaToM oCikeHHS € CTBOPEHHS i TpeHYBaHHS MOJieTIeH
LITYYHOTO 1HTENEKTY Ta MepeBipKa iX 3JaTHOCTI 70 nependayeHHs MaKCUMAIbHUX €KBIBAJICHTHUX HANpyXeHb 3a Kputepiem ¢oH Miseca Ha OCHOBI
T€OMETPHYHHX Ta CHIIOBUX XapaKTEPUCTHK KOHCTPYKIIIHHOTO e/IeMeHTa 3 BiTHOCHOO TOYHICTIO MOPIBHSHO 3 aHAJIOTIYHIMH PO3PaxXyHKaMHU y CHCTeMax
aBTOMAaTH30BaHOT'O TIPOEKTYBAHHsA. AHai3 OTPIMAHNX PE3YIbTaTIB JO3BOJINB JJOBECTH MOKIIMBICTB JIOCTOBIPHOTO TIPOTHO3Y MIYKAHHX MaKCHMAJTbHHX
3HAYEHb €KBIBAJICHTHUX HANpPYXEHb, IO XapaKTEPU3YIOTh MIIHICHUHA CTaH PO3MIIHYTOr0 KOHCTPYKTUBHOTO €IEMEHTA MPU Pi3HUX CIIBBiAHOUICHHAX
T€OMETPHYHHUX Ta CHJIOBHX TapaMeTpiB, 63 BHKOHAHHS MIIHICHOTO aHai3y TpaaMHiifHMMM MeToziamu. Lle po3mmproe MOXIMBOCTI I HONIYKY
parioHaTbHIX KOHCTPYKTHBHUX BapiaHTiB.

Ku1rouoBi ci10Ba: HelipoHHI Mepesxi, HABYaHHS 3 YUUTENEM, JIiHIHA perpecis, CTATUYHUH KOHCTPYKIITHUH MIlTHICHUN aHaJ1i3, MEeTOJ CKIHUeHHUX
€JIEMEHTIB, YNCIIOBHII EKCIIEPUMEHT.

Beryn. 3agadi CTaTHUYHOTO MIIHICHOTO KOHCTPYK-
MIHHOTO aHaNli3y y MPUKIAAHIN MexaHili Bce e 30epi-
rafoTh CBOIO AaKTyaJbHICTh y Taly3i MPOEKTYBAaHHS Ta
OOYHMCIIEHHS PI3HUX E€JIEMEHTIB CKIQJIHUX KOHCTPYKIIH, a
TaKOX BUAUICHUX JAeTaneil MexaHi3MiB. Taki 4ncioBi cH-
MYJISIi] TOBEAIHKH KOHCTPYKIIHN Ta iX eJIeMeHTIB Ha eTati
MIPOEKTYBAHHS JAal0Th MOXIIMBICTH IIEPEBIPUTH MILHICHI
XapaKTEepUCTUKH TIPH PI3HUX 3HAUCHHSAX HaBaHTaKCHb Ta
I'PaHUYHUX YMOB, III0 BUHUKAIOTH 200 MOXXYTh BUHUKHYTH
IIpY IpaKTHYHOMY iX 3acTocyBaHHi. Lle, y cBoro uepry, nae
MOXJIBICTh BU3HAYUTH IPaHUYHI 3HAYEHHS HABAHTAXKEHb,
AKi MOK€ BUTPHUMYBATH KOHCTPYKIIis.

JIiHIHUH CTATUYHUN MINHICHHA KOHCTPYKIIHHUI
aHaJIi3 IPYHTYETHCS Ha MOJIOXKEHHAX Teopil Ipy>KHOCTI, J1e
Ha TiJO, IO 3HAXOAUTHCS y CTaHi PIBHOBArd 3 ypaxyBaH-
HSIM 3aKpiIlJIeHb, IIIOTh HE3AJEXKHI BiJ dacy 30cepe/keHi
abo posmnofmineHi HaBaHTaxeHHSA. [lim miero  1uX
HaBaHTaXEHb TiJO (00’€KT IOCTiMIKEHb) NehOPMYETHCS.
3riiHO 3 TEOpi€ro MPYKHOCTI MIYKAHUMH BEIMYNHAMH, SIKi
OIUCYIOTH 1e()OPMOBAHMI CTaH TiJa, € IEPEMIIIEHHs HOTOo
TOYOK, Aedopmallii Ta HanpyxeHHs1. OGUnCIIeH] 3HaYeHHS
OCTaHHIX 3BEJIEHI J0 EKBIBAJICHTHOTO 3a IIEBHUM KpH-
TepieM MIITHOCTI, 30KpeMa KpurepieM ¢pon Mizeca, y Hopis-
HSHHI 3 TPAaHUYHUMH JUISl IbOTO Marepially 3HaueHHSIMHU,
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10 OTPUMAaHI 3 €KCIIEPUMEHTIB, JTAI0Th MOXJIMBICTh PO3Y-
MiHHS III0JI0 MIITHOCTI KOHCTPYKIIi Ta ii 3aTHOCTi BUTPH-
MYBaTH HABaHTAXXCHHSL.

[ligxonm Teopii MPYKHOCTI IPYHTYIOTHCSI Ha aHAIi-
TUYHUX CIIIBBITHONICHHSAX 1 CKIAQJalOThCI 3 AudepeH-
LifHUX pIBHSHB PIBHOBAarW BiTHOCHO KOMIIOHEHT Harpy-
JKCHb, CHIBBIIHOIICHh MK MepeMilieHHIMH Ta aedop-
Mmauismu Komri ta 3akony I'yky, mo noB’s3ye nedopmarii
Ta HampyxeHHs. Jlo IUX pIBHSAHb J10JAlOTHCSI TPaHMYHI
YMOBH, B SIKHX OCHOBHOIO IIPOOJIEMOIO € aHAII THIHU I OIHC
rpaHumi Tina. ToMy I cuMyIIii mporeciB abo cTaHiB y
CKJIaIHUX KOHCTPYKIiAX ab0 eleMeHTaX BHKOPHUCTOBYIO-
TBCSI YUCIIOBI METOIH.

Haiipo3noBcropKeHI UM 9UCIIOBHM ITiIXOI0M Y PO3-
B’s13aHHI OAIOHOTO POy 3a/1a4 € METO]] CKiIHICHHHX eJle-
meHTiB (MCE) [1]. MCE — ne 4mcenbHUI METOH, IO
BUKOPHCTOBYETBCS ISl HAOIMKEHOT0 PO3B’sA3aHHsI Udep-
SHLIWHKUX PIBHSIHD Y CKJIaJHUX TE€OMETPUYHUX Ta IHXKEHEp-
HUX 3ajadax. ['OJIOBHMH NpUHLMIO METOAY TIOJArae y
PO30UTTI TiJla HA IPOCTi TEOMETPUYHI €lIeMEeHTH (CKIHYEH-
Hi JIEMEHTH), IKi 3B’s13aH1 MK COOO0I0 TUTbKH B OOMEXEeHii
KUTBKOCTI BY3JIOBHX TOYOK, Ta 3aCTOCYBaHHI MPOCTHX (HyH-
KIi{ 718 anpoKcuMalii y HUX IIyKaHUX BEJIMIHH (TIepeMi-
IeHb, Aedopmartiii, HarpyxeHs). OTke, CII09aTKy IeBHIM
YIHOM Ha OCHOBI NPWHIMITY MiHIMI3allii MOTEHIIIHOT
eHeprii JeopMoBaHOTO Tijla GOPMYETHCS PO3B’I3yBaIbHA
crcTeMa piBHSIHB BiIHOCHO BY3JIOBHX II€PEMIIECHb 3 ypa-
XYBaHHSIM HaBaHTa)XEHb Ta 3aKPiIUICHb, [IOTIM 3 ypaxyBaH-
HSM LUX 3HA4YeHb JJIS KOXKHOTO ellieMEHTa (OPMYIOThCS
aNpOKCUMYIOUi MEePEMIILeHHs TOJIHOMH, Jalli i3 3acToCy-
BaHHsM piBHAHb Koui Ta 3akony ['yka mrykarworbes po3ro-
nim gedopmaltiit Ta Hanpy>KeHb Y MeXaX KOXKHOTO CKiH-
YEHHOT'0 eJieMeHTa CiTKH. TakuM 4MHOM, HEe BUKOHYIOUYH
PO3B’si3aHHS AJIsL BCi€el TeoMeTpil oapasy, a BHKOHYIOUH
HOTO MOCTYMOBO ISl KOSKHOTO €JIEMEHTa OKPEMO, OTPUMY-
IOThCS ITyKaHi epeMilIeHHs, nedopMarlii Ta HanpyXeHHS
JUIS BCIX TOYOK 00’ €KTa OCIIIKEHD.

Januii MeToq He T030aBICHUI CBOEPITHUX HEIOIi-
KiB. /Io HAX MOXHa BiTHECTH BiTHOCHY ITOXHOKY OOYHC-
nenb 32 MCE, sika xonuBaetbest y Mexax 5—10 % y nopis-
HSHHI 3 PO3B’SI3aHHAM 3ajJadi aHaJIITHYHUM METOJIOM.
OpiHaK BUKOPUCTAHHS aHaJITUYHOIO METOAY € HEJOIJIb-
HUM 4epe3 JOCUTh BHCOKY TPYAOMICTKICTh PO3pPaxyHKY,
0COOJIMBO MPH PO3IIISAL BEJMKHUX Ta CKJIAJIHUX KOHCTPYK-
LIIfHUX pillleHb, TOMY y JaHiil CTATTi He PO3IIISIAETHCS K
aNbTepHATHBA. Y CTATTi HPOIIOHYETHCS NEpeBipKa TiMoTe3
Ipo 3AaTHICTE Mojeni mrty4yHoro inrenekry (L) xo mepe-
J0aYeHHS MaKCUMaJIbHUX 3HaUeHb HAIPY)KEeHb 32 KPUTEPi-
eM ¢oH Mizeca y KOHCTPYKTHBHOMY €JIEMEHTI MpOCTOI
(opMH 3 IEBHUM 3aKpIiIUICHHSIMH, SIKE OIIMPAETHCS TIEBHO-
MY CTaTHYHOMY HaBaHTa)KEHHIO.

AHaJIi3 ocTaHHIX A0cimxKeHb i myoaikaniii. Cydac-
Hi criocoOu MPOEKTYBAHHS Ta PO3POOKH MOETIeH MaITiH-
HOTO HABYAHHS JAlOTh IIMPOKHWH CIEKTP 1HCTPYMEHTIB,
aJTOPUTMIB Ta MiAXOMIIB, SIKi MOKa3ylOTh TOCHTH TOYHI
pe3yNbTaTH O0UMCIICHHS HANIPY)KeHb IPH IEBHUX HABAHTA-
KEHHsIX y PI3HUX 3aJayax MeXaHiku. Y crarTi [2] aBTopn
OTIMCAJIH IIpoLIEC TepedaueHHs MOJIEIUTI0 YaCTOTHOTO PO3-
CIIOBaHHS y IAapOBUX JIONATKaX HU3bKOTO THUCKY. 3anaya
HoJIATa€e y 3HaXO/PKEHHI MaKCHUMalIbHOTO BiJIXUJICHHS THC-
Ky B ITOPIBHSHHI 3 peaJlbHUMH JITaHUMH, 3i0paHumMu Oe3no-

CEpelHbO C MPAIIOI0Y0] YCTAHOBKH IIPU IMEBHUX BXITHUX
mapameTpax BiIOMHX PO YCTAaHOBKY i/ 9ac ii poOOTH st
arperyBaHHs SKHX HEMOTpiOHe cremnianbHe oONaTHAHHS.
s po3B’si3aHHs TONI0HOT 3a1a9i OKPiM MPOEKTYBAHHS Ta
300py JaHMX /I TpPEeHYBaHHs, NOTPIOHO BHKOPHCTATH
METOJM ONTHMI3aIlii MOJeNIi Ha KIITAJT TMOIIYKY BiJIO-
BimHOI loss-GyHKIIi IS 3HAXO/HKEHHS BIIXWICHBb BiJ
peajpHUX JaHHX, METOAY ONTHMI3alii Bar HEHpOHHOI
mepexi (HM) Tommo. Xova naHa 3aaua oxXoJuTh 3 AWHA-
MIYHOTO aHai3Yy, aje GpakT MOXKIMBOCTI Nepe0adeHHs 110-
MIOHMX TIapaMeTpiB MEXaHi3MIB CBINYHTH TpPO 3arajibHi
MosximBocTi mozeneit I y pamkax nepenbadeHs y Mexa-
HIYHUX 3aJadax.

Y my6umikanii [3] aBTOpH po3poOmIiH MiAXiz 10 OLiHKA
3CYBHOI MIITHOCTI OJHOCTOPOHHIX 3aTi300€TOHHHX IUTUT 32
nonomoroto I, BpaxoBylOUM TeOMETpHYHI ITapamMeTpH,
XapaKTepUCTUKU MaTepiajliB Ta yMOBH HaBaHTaXKEHHs JUIsl
TOYHOT'O POTHO3YBaHHS 3CYBHOI MIIIHOCTI y MOPIBHSIHHI 3
ICHYIOUMMH eMITIpPUIHUMH GOPMYJIaMu.

VY poGorti [4] aBTOpU NOCHIKYIOTH IPOEKTYBAHHS
IpajlieHTHUX 3a IIUIBHICTIO yJApHHKIB 3 BUKOPUCTAHHIM
MAaIIMHHOTO HaBYaHHS. ABTOPH ()OKYCYIOTHCS Ha TIOBEIiH-
i Marepiany AlCu (amroMiHIH—MIiIB) i 9ac yAapHHUX Ha-
BaHTa)XCHb, AHANI3YIOYM MEXaHI3MH HAIpYXEHHSI Ta
nedopmanii 3a pi3HHX yMOB HaBaHTAKEHHS Ta CTPYKTYp-
HHX NapaMeTpax.

VY crarTi [5] aBTOpH IPOTHO3YIOTH AeOPMALIIO TIPH-
BOJy 3 YOTHUPUKOMIIOHEHTHOT'O CIUIaBY 3 €()eKTOM maM’sTi
metomamu 111 Inest momsirae y moOymoBi Mojedi, 1o 37at1-
Ha Mepe0aYnTH aKTUBAIiHY nehopMallito CIUIaBiB, Ta y
MOPIBHSHHI PI3HUX MIAXOIIB TJIMOOKOr0 HaBYAHHS JUIs
MPOTHO3yBaHHS MOBE/IIHKH CIUIABIB.

VY nyOnikauii [6] aBTOpu NPONOHYIOTH BUKOPHCTO-
ByBatu LI 111 MozenmoBaHHA Tpolecy 3MIIIHEHHS MeTa-
JIB i1 9ac miacTHIHo1 gedopmariii. MeTa mossrae y BUKO-
pucranHi ODE-mopneni 3 TpaHcdopMaliiero KOHTAKTiB.
[Miaxixg e)eKTHBHO MOIEIIOE KPUBI IDTHHHOCTI MaTepiais,
MOKPAIIYIOYH TOYHICTh NPOTHO3YBaHHS MOBEAIHKH MeTa-
JiB Tix 9ac nedopmarii.

TakuM YHHOM, 3 OTJISIIY Ha BUIIE HEpeIideHi poOOTH
MOJKHa 3pOOHTH BHCHOBOK IIPO aKTYyaJbHICTh, HAyKOBY
LIHHICTh Ta JOLUIBHICTH JAHOTO JOCIIHDKEHHSI B acCIIEKTi
Bukopuctanas meroxais 11 ans po3s’s3aHHs 337249 cTaTH-
YHOTO KOHCTPYKIIIITHOTO aHaji3y IO €JIeMEHTIB KOHCTPYK-
il THIY OaJKOBHX, SIKI MOXXYTh PO3IJISIATUCH SIK MIPOTO-
THII pi3HUX HEOOEPTOBHUX 1 HABITh 00EPTOBUX KOMIIOHEHTIB
CKJIQJIHUX CTPYKTYP

Mera Ta 3aga4i gocairxennsi. Mera poboTu noJs-
rae y npoBeJIeHHI OararoBapiaHTHUX MapaMEeTPUYHNX YNC-
JIOBUX E€KCIIEPUMEHTIB y CHCTEMaxX KOMII' IOTEpPHOTO aBTO-
MaTH30BAaHOTO CKiHUEHHOEJIIEMEHTHOTO {H)KEHEpHOTO aHa-
nizy ANSYS Mechanical Enterprise Academic Student
(mami — ANSY'S) mi1st 009MCIIeHHSI MAKCUMAJIBHOTO 3HAYEH-
HS €KBIBaJICHTHOTO 32 KpuTepieM GpoH Mizeca HarpyKeHHS
y 0aJKOBOMY KOHCTPYKTHBHOMY €JIEMEHTI NpH BH3Haue-
HHUX HABAHTAXKCHHSX Ta 3aKPIIJICHHSIX, 3 OJAJIbIINM BH/Ii-
JICHHSIM KJIFOYOBHX MapaMeTpiB KOHCTPYKLIHHOTO ere-
MEHTa Ta MaKCHMaJbHOTO 3HA4YEHHsS €KBIBaJIEHTHHX Ha-
HpY>KEeHb 10 HabOpy JaHMX Ui HaBYaHHS Mozeli. OCHOB-
Ha CIIPSIMOBAHICTb pOOOTH 30Cepe/KeHa Ha po3podui Ta
TpeHyBaHHi Moenei 1111, siki 3MoxyTh HaaBaTh nepenoa-
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YeHHs MAaKCHMaJIbHUX 3HAUeHb HAIPY)KEHb NPH 3MiHi Ieo-
METPUYHHX IIapaMeTpiB Ta HABAaHTAXKCHb.

Po3B’s3aHHS 1Mi€i 3a1a4i OPiEHTOBAHO HA ITiITOTOBKY
Ta po3podky HM 11 mpuIIBHAIIEHHS TIPOTIECY PO3B’sI3aH-
HS, @ came, repe0aYeHHs] MaKCUMAJIbHUX 3HAUYeHb Harpy-
KEHb IIPU 3MiHI T€OMETPUYHUX MapaMeTpiB Ta HaBaHTa-
’KEHb 3 TOMYCTUMUMH 3HAUYCHHSIMH MOXHUOKHU y OPiBHSIHHI
3 po3B’sizkoM MCE

Jlnist nocsITHEHHST METH PO3B’°A3aHO HACTYIIHI 33/1a4i:

e BH3HAUCHHS KIIOYOBHX IIapaMeTPiB YHCIOBHX
eKCIICPUMCHTIB;

e arperamif JaHUX CTATHIHOTO aHAJI3y YHCIOBUX
eKCIICPUMCHTIB;

e ONTHMI3alig JAHUX Ta IHKUHIPUHT O3HAK;

e migroroBka HM;

e TpeHyBaHHs Ta ontumizauis HM;

e  aHayi3 pe3yJbTaTiB.

MaremaTH4Ha nocTaHOBKa 3agayvi. B sikocTi MaTe-
MaTHYHOI MMOCTAHOBKK OYJIO 3aJaHO TaKi MapaMeTpH Tija
JUIsL  OOYMCIICHHS HAaINpyXeHO-Ie(GOopMOBaHOTO CTaHy.
Maemo cyninpHy 0anky 3 TOMOI€HHOro MaTepiany i3 3a-
JaHUMH T€OMETPUYHUMH MapaMeTpaMy IUPHHH JOBKHHH
ta Bucotu (l,g,f). banka mae »opcTke 3akpimieHHS MO
OJIHIH TpaHi Ta HABAaHTAXKYETHCSA CTATHYHUM PO3IOIIICHUM
THCKOM Ha OPTOTOHAJBHY TpaHb Bix 3akpimieHoi. O0un-
CIIIOEThCS HANPYXCHUI CTaH OajKW, IO Mae HACTYIHI
mapaMeTpH, sIKi peacTaBieHi y Tadm. 1.

Ta6mmrst 1 — [puknan BUXiTHUX AaHUX (3HAUCHB) YUCIIOBOTO

EKCIIepUMEHTY
[Tapametp 3HaueHHSs
Hupuna 3,6 m
Bucora 0,9 M
JloBxxrHa 09 ™M
HaBanTaxxeHns 9E+11Ila
Monyns IpyKHOCTI 2,05E+11 H/m2
Koedimient [Tyaccona 0,27
I'yctuna 7800 xr/m3
I'panus mmHHOCTI 400 MIla

3rizHoO 13 33/laHMMU NTapamMeTpamMu OyII0 3aCTOCOBAHO
migxin 3 BukopuctaHHsM MCE no posB’s3aHHS 3amadi
CTaTUYHOTO MilHicHOTO aHami3y B ANSYS.

Burnsag po3B’s3yBaJbHOTO MAaTPUYHOTO DIBHSHHS
CTaTUYHOTO MIIHICHOTO aHaii3y i3 3acrocyBanHsM MCE
Ma€ HaCTyIHY GopMy

[KKu}={F}, 1)
ne: [K] — MaTpuiIist )KOpCTKOCTI CHCTEMHU;
{u} — BexTOp-cTOBIELH BY3/I0OBHX IIEPEMILIIEHD;

{F} — BexToOp-cTOBIENH BiZIOMMX KOMIIOHEHTIB BY3-

JIOBUX CHIL
3ragaHuil Buie 3akoH I'yka B IIbOMY BUIAJKy Mar-
PUYHO 3alUCYETHCA HACTYITHUM YHHOM:

& =®o, (2)

IIe: & — BEKTOP-CTOBIIEIb AedopMalliii;

@ — maTpuLs 6X6 3rOPHYTUX YOTHPUPAHTOBHUX TEH-
30piB;

G — BEKTOP-CTOBIICIb HANPY)KEHb.

[Tig gac MaTeMaTHYHUX €KCIIEPUMEHTIB OyII0 IpoBe-
JieHo 3 itepauii TecTiB 3 pi3HUMHU 3MiHAMU T€OMETPUYHHUX
napaMeTpiB KOHCTPYKIIHHOTO eJIeMEHTa Ta HaBaHTaXKEHb,
[0 JiF0Th Ha HLOTO, a caMe:

—3MIHHI TEOMETPHUYHI XapaKTePUCTHKH Hepepi3y
KOHCTPYKLIHHOTO eJIeMEeHTY OaJika;

— 3MIHHI TEOMETPHYHI XapaKTePUCTHKH Iepepizy Ta
JTOBKUHH KOHCTPYKLIHHOTO eIeMEeHTy Oaika;

— 3MiHHI TEOMETPHYHI XapaKTePHCTUKU Iepepi3y Ta
JIOBXHHH, a TaKOXX 3HAYCHHS THCKY, SIKOMY OITHPAETHCS
KOHCTPYKLIHHUHA eIeMeHT Oaika.

Po3B’s13aHHSA YMCIIOBOTO EKCIICPUMEHTY IIOJISrae y
BukopuctanHi MCE, mo mae y cBoiif 0CHOBI miaxix po3ou-
TTsI Ta IPUBEJICHHS TiJIa 10 CTPYKTYPHOI CITKH 3 €JIEMEHTIB
JUISl 3HAXOJKEHHSI PO3B’SI3KY Y KOXKHOMY OKpPEMOMY eJjie-
MEHTI POCTOI0 (QYHKIIIEI0 alpOKCUMAIlil.

Puc. 1 inmroctpye npukiIaza citky, sKy OyJl0o HAaHECEHO
y CAE ANSYS Ha KOHCTPYKIiI{HUI1 €lIeMEHT.

Ansys

2025R1

Puc. 1. [lpukmnag emymsmii KOHCTPYKIIIHOTO €IeMEHTyY Oanka,
sIKa OIIMPAETHCS THCKY 11O BEPXHiH TpaHi OX (IEpBOHI CTPLIKN)
Ta 3aKpiluieHa Mo OOKOBi rpaHi 0Z (CHHI IEBPOHH).

Po3p’s3koMm 3amadi € ctBopenHs moxeneit LI, mo
3[aTHI 32 BXIAHUMH T€OMETPUYHUMHM I1apaMeTpamu Oai-
KOBOi KOHCTPYKII Ta THCKY, SKHH 3IiHCHIOE BIUIUB Ha
KOHCTPYKIIif0, HaJJaBaTH Tepe0aueHHs y BUTIIAAI MaKCH-
MalbHUX 3HaUYeHb EKBIBAJICHTHHX HampykeHb. HoBusHa
MiAXOMy TOJATaEe y CHoco0i OOYUCICHHS MaKCUMAaJIbHHUX
3HAa4YeHb €KBIBAJICHTHHUX HAIPY>XEHb 332 HEMPSIMAMH Iapa-
METPUYHUMH XapaKTepUCTUKAaMHU KOHCTPYKIIii. [IpakTidna
LIHHICTh OTPUMAHOTO PE3YJIbTATy HOJIATAE Y IPUCKOPEHHI
o0YnCiIeHh MaKCHMallbHUX €KBIBAJICHTHUX HAIPy>KEHb
MPOCTHX KOHCTPYKLINHHNX €JIEMEHTIB y IOPIBHIHHI 3 Kia-
CHYHUMH Migxonamu, a came, Bukopuctanasm MCE.

YucjioBuil eKCIePpUMEHT Ta aHAJI3 pe3yJbTAaTiB.
Po3pobka Ta HaBuanHs Mmojeneil LI Bumarae HasBHOCTI
MacHBY JaHUX, IKUI HEOOX1AHO arperyBartu. A, OTxe, IoT-
piOHO TIpOBeCTH MEBHY KiNBKICTh iTepamii YUCIIOBHX €KC-
MEPUMEHTIB, TOOTO PO3B’sI3aHHS MIIHICHOT 3a1a4i TP pi3-
HUX MapaMeTpax Ta CTATHYHWX HAaBaHTAKEHHSIX, JJIS IO-
IIyKy BiAMTOBIAHMX 3HAYEHb MAKCHMAIBHUX €KBiBaJICHT-
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HUX HallpYXeHb, IKi HaJAaAyTh 0a30Bi 3HAUEHHS IS MPO-
BEJICHHS AKICHUX TPEHYyBaHb Ta 3a0e3redars TOUHICTh T1e-
penbadeHHsS MoJeNeil Ha PiBHI 3 METOJJOM, IKHM ITiITOTOB-
JIFOBAJIM MAacuB JJaHUX.

Sk ximo4oBHiA poriec 300py MacuBy AaHHX JUIS Tpe-
HyBaHHsI 00paHO MPOBEIECHHS YUCIOBUX EKCIIEPUMEHTIB y
cUcTeMax KOMIT'IOTEPHOT0 aBTOMATH30BAaHOTO CKiHYEHHO-
€JIEMEHTHOT'O iH)KEHEepHOro aHaji3y. [loMix HasBHUX OTO-
YeHb JIJIsl IHKEHEpHUX o0uuncieHs, oopano ANSY'S uepes
HasIBHICTb BEJIMKOI K1IBKOCTI BOY1OBaHUX 11a0JI0HIB MO/Ie-
neit MCE, mo y cBoto 4epry rapaHTye 3MEHIICHY HECTa-
OUTBHICTH NTAHWX, TOYHICTH PO3B’s3kiB Ta APl mms B3a-
€MOJIi1 3 MOBOIO BHCOKOTO piBHA Python, sika ciyryBatnme
simpoM Mozeneit L1 3aBnsku HasTBHOCTI IIHPOKOTO IHCTPY-
MEHTapiro Ui mporpaMyBaHHs Mozeneit. [Ipomec arpera-
il MacuBy JaHUX PO3AIICHUH Ha €TaIy IiArOTOBKH 3pa3-
KOBOT'O IPOTOTHITY CLIEHAPII0 YUCIIOBOTO EKCIIEPUMEHTY Ta
MITOTOBKHU JaHUX 34 JOIIOMOI'O0 aBTOMATH3allii Ha OCHOBI
nporpam PyMAPDL

ITix yac mpoBEJECHHS YKCIOBOTO EKCIIEPUMEHTY OYII0
CKOH(ITypOBaHO MPOTPaMHE CEPEAOBHIIE VI CTPYKTYp-
Horo aHamizy (Structural Analisys) KOHCTPYKIIHHUX ee-
MEHTIB Tuny Oanka. B sSKOCTI OCHOBHOTO eneMeHTa Ul
mopiOHEHHS KOHCTPYKIii Ha citky eneMeHTiB 3a MCE,
obpano enemenT SOLID186. anuii enemenT — 1e 20-By3-
JIOBHH 00’ €MHHI reKcaeIpaTbHIA KBaApaTHIHIHA IIEMEHT
(3 xBaspaTHUHMMH (YHKLIAMH anpoOKCHMAIl] MepeMi-
LIEHb), AKUH Mae 3 TpaHCIsLiiHI cTyneHi cBoboan UX,
UY, UZ (100TO MOB3/I0BXHI MEPEMILICHHs Y HarpsiMKax
ocell KOOpAMHAT) y KOXKHOMY BY3JIl CJIIEMCHTIB CITKH, a
TaKOX MIATPUMYE NPYKHO-IUITACTHYHI Ta B’S3KO-TIPYKHI
HEJHIHHOCTI 13 OPIEHTYBaHHSM Ha LIETJIHCTY POPMY CITKH
€JICMEHTIB.

BusHaueHHs1 BIacCTHBOCTEH TOMOTEHHOTO MaTepiaiy
BHKOHAHO 13 3aJIaHHAM TTapaMeTpiB TYCTUHH, KoeilieHTy
[Tyaccona Ta MOyJIrO IIPY>KHOCTI MaTepiaiy.

3akpimIeHHs 3 HyJIbOBOIO PYXJIMBICTIO 32 CTYIICHSIMH
ceobomu UX, UY Ta UZ mpoBoaMiIocs CYIUIEHO 1O O0KO-
Bilf TpaHi 6amkoBoi KOHCTpYKii [7]. Po3noaineruii THCK
3IIMCHIOBABCS 1O BCiH IUIONIMHI BEPXHBOI I'paHi OaIKoBOT
KOHCTPYKIIi.

HactynmHuM KpOKOM NpPOBEAEHO PO3B’s30K 33adi 3a
JIOTIOMOT'O0 CTATHYHOTO KOHCTPYKIIHHOTO aHalli3y, OTpH-
MaHO Ta BimoOpaskeHO rpadiky eKBIBaJCHTHHX 3a KpHUTe-
pieM ¢on Mizeca HanpyXeHb IOEIEMEHTHO BO BCHOMY
Tini. PesynbraTi po3B’s3aHHs 1oKa3aHi Ha puc. 2.

TouHicTh 00YHCIICHB Ta, BIAMOBIIHO, SIKICTh PO30UT-
TSI TijJIa Ha CITKY CKIHUCHHHUX €JIEMEHTIB Ma€ MepeBipsATHCH
3a JIOTIOMOT'0I0 BiJTHOCHOT Pi3HMII MK JOMIHYIOUHMH KOM-
MIOHEHTaM! HalpY)KEHHs Ha eJIEMEHT 1 HOoro rpaHuLero abo
€KBIBaJICHTHUM HANPY>KEHHSIM 1 10T0 TPaHUIICIO Y JTOKaIb-
Hiii 00J1aCTI BUCOKHMX 3HA4Y€Hb, MAKCHMAaJIbHE BIIXUICHHS
SIKNX HE NIOBUHHE nepeBulyBat u 7 %:

(SMXBSEQV - SMXSEQV)
SMX

*100% , (3)
SEQV
ne:  SMXBg,, —rpanHuis MakCUMalbHOTO 3HAYEHHS

€KBIBJICHTHOTO Halpy)XeHHs 3a kpurepiem ¢oH Mizeca,
oOuncneHa 3 ypaxyBaHHSAM 3HAa4€Hb LIbOTO HANpy>KCHHS
BiJl CyYMDKHUX €JIEMEHTIB Y KOHKPETHOMY BY3JIi CITKH;

SMXgoy — HallOinblIe 3HAYECHHS €KBIBAJIEHTHOTO

Harpy>XeHHs 3a KputepieM ¢poH Mizeca y JokanbHii ooua-
CTi BUCOKHUX 3HAYCHb HAIMPYKEHB [7].

3rifgHo 3 00YKCIEHHSIMH, OYyJIO OTPUMAHO PE3yJbTaT
5 %, 1m0 3a70BONBHIE YMOBI TOYHOCTI MOAPIOHEHHS Tija
CITKOIO Ha €JIEMEHTH, TOOTO ii JOCTaTHROI AUCKPETHU3ALlIT B
o0yacTsaX HAWOLIBIIOTO HAINpYKEHHS OanKOBOI KOHCTPY-
kuii. PesyipraTé THIOBOrO 00YMCIIEHHS OAIKOBOTO eie-
MEHTY HaBeZleHi y Tab. 2.

Puc. 2. Pe3ynbratu cCTaTHYHOTO KOHCTPYKIIHHOTO aHATI3Y
0aKOBOI KOHCTPYKIIi y BUTIIAL PO3MOALTY €KBIBaJICHTHHX
HalpyKeHb

Tabnuis 2 — 3HaUSHHS THITOBUX MapaMETPHYHUX XapaKTepHUC-
THK Ta Pe3yJIbTaTiB YHCIOBOTO EKCIEPHUMEHTY

[Mapamerp 3HaYeHHS
HIupuna 3,6 M
Bucora 09 M
JoxuHa 09 ™M
HapanTtaxeHHs 9E+11Ila
Monynbs npy)HOCTI 2,05E+11 H/m2
Koedimient [Tyaccona 0,27
I'ycruna 7800 xr/m3
VYcepenHeHe MakCUMaJIbHE 3HAYCHHS K- 0,691E+09 Ila
BIBAJICHTHUX HAIPYXXEHb 32 KPUTEPiEM
¢doH Mizeca

OOuncneHHs pi3HONMApaMETPUYHUX EKCIIEPUMEHTIB
JIAf0Th 3MOTY BH3HAYHUTH KJIIOYOBI aCHEKTH Ta YMOBH JUIS
PO3pOOKH CIIELiaJIbHOTO TPOrpaMHOro 3a0e3MedeHHs, 1110
BUKOHYBaTHMe iTeparii eKcriepuMeHTIB sl popMyBaHHS
MacHBY JaHHX.

3a pe3ynbTaTaMH THUIIOBOTO OOYMCIICHHS BHIIJICHO
OCHOBHI TapaMeTPU4HI XapaKTEPUCTUKH, SIKI MarOTh 3Ha-
YeHHs JJIsl TPEHYBaHHS MOJIENI, a OT)KE, MOXKYTh 3MiHIOBa-
THUCH BiJ iTepamii 70 iTepamii eKCIIepuMeHTiB.

VY pe3ynbTati, 00paHO HACTYITHI MapaMeTpu OaIKoBOT
KOHCTPYKIIii:

IlIupuna;

Bucora;

HoBxuHa;

HapanTaxenus;

MakcumanbHe 3HaYeHHS! CKBIBAJICHTHHX HAIpy-
JKeHB Y TiJi 3a Kputepiem gon Miseca.

agrwdE
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®opmMyBaHHS Ta NiATOTOBKA MacuBY JaHux. [Ipo-
BiBIITM TIOTIEPEIHI YHCIIOBI ekcriepuMeHTH Y ANSY'S Ta BH-
3HAYMBIIY OCHOBHI KOHCTPYKLINHHI XapaKTePUCTUKH Tina i
0COONMMBOCTI OOYHCIICHB, MIATOTOBAHO CHEWialbHI IIPO-
rpamu JUIsl IPOBEJCHHS cepil eKCIIepUMEHTIB 11 hopmy-
BaHHS MacHUBY JIaHHX.

[IpoBenenns cepiitnux excriepuMenTiB y ANSY'S ne-
pendavyae BUKOPHCTAHHS MPOTPaMHOIO MiAXOAY O BHKO-
HaHHS CIIeHapiiB o04uClieHb. A caMme, BAKOPUCTaHHS clie-
uiambHoro APl APDL, mo miaTpuMy€ CHHTaKCHC MOBH
Fortran. Ane gepe3 0co0nMBiCTh BUKOPHCTAHHS JIOTIIHUX
CTPYKTYp Ta CAMOTO CHHTAaKCUCY 0OpaHO PO3IINPEHHS HAl
APDL, a came, mraria PYMAPDL [8].

PYMAPDL- marig-TpaHCcIsiTOp MOBH BHCOKOTO pi-
BHA Python y nmporpamuanit APDL cunTakcuc. Yepes 0cob-
JIMBICTh TPOBEACHHS EKCIEPHUMEHTIB IIBHIKICTh BHUKOHA-
HHSI HE € KJIIOYOBHM MapaMeTpoM, a OTKe, MOKEMO MPHH-
HSTH TOPIBHIHO HEBUCOKY IIBHKICTh OOYHCICHHS.

ITix yac miArOTOBKY MPOrpaMu it 300py JaHUX OYII0
PO3paxoBaHoO KiJIbKICTh iTepaliii eKCriepuMeHTY, /I arpe-
raiii KiIbKOCTI 3aIKCiB 32 HACTYITHOK (HOpMYIIOr0:

N > P*10, (4)

ne: N — KiIbKICTh 3amuciB, HEOOXINHMX Ui HaBYAHHS
MOJIENI;

P — KkifbKicTh KITIOUOBHX MMapaMeTpiB, BUALICHHX
JUTSL TPEHYBaHHS MOJICII.

Buxonsuu 3 po3paxyHKy BHILE, MAaeMO arperyBaTu
>50 3amuciB. OkpeMO B TpOLECi eMITipUYHOTO JOCHiJ-
JKEHHsI OYJIO BHSIBJICHO, L0 HEOOXiJHA Ta JOCTAaTHS KiJb-
KICTh pe3yJIbTaTiB eKCIIEPUMEHTIB JJIsl HABYAHHS MOJIeliei
cranoBuTh 1300 3anuciB. BinnosiaHo 10 nocraBieHux Ma-
TEeMaTHIHHUX YMOB 3a/1a4i OyJIo mpoBeeHo 3 iTeparii arpe-
T'YBaHHS JIaHUX.

HactymHi nepeTBopeHHS Ta oreparii i3 3i0paHuM Ma-
CHBOM «CHPUX» JaHUX BHUKOHYBAJIHCS 3a JOMOMOTOIO I1a-
kera MoBH Python Keras [9]. Lle cremianpaa 6i6mioTexka,
sIKa JI03BOJISIE IPOBOIMTH MAaCHBHI OTPAIIOBAHHS 3 arpero-
BaHMMH JJAHUMH Ta HACTYIHOTO HaJaHHs X mporpamam
st pobotu 3 mogensmu 1. Januii naker o6pano uepes
HasIBHICTh BEJIMKOT KIJIBKOCTI (YHKIIIH 00pOOKH TaHUX JUist
CTBOPEHHSI METa-BJIACTUBOCTE Ha OCHOBI arperoBaHuX
«CUPHUX» AaHUX Ta MOXKJIMBOCTI JIO TOCIIIOBHUX JIOTIYHUX
Ta MaTeMaTUYHUX OIlepalliil 3 eJleMeHTaMH Habopy JaHUX
[10].

YV Tabin. 3 HaBeIeHO MPUKIIAJ arPEeroBaHuX JaHUX JJIS
nepmoro Habopy AaHMX (3MiHHI Mapamerpu Iepepizy
0anKm).

Ta6mus 3 — [Ipuknan arperoBaHuX JaHUX

Height, m Width, m Max_VMIS, ITa
0,77 1,43 832555204
2,97 1,66 95818410
1,86 1,58 191698202
1,71 1,94 213128231
2,27 2,38 134357251
2,45 0,71 136063663
2,14 2,12 148887460
0,97 1,99 531411087
2,88 1,72 9504426

TTosicuenus mo tab6m. 3:

e Height — mapamerp BucoTH GaiKw;

o Width — mapamerp mmpunu 6anku;

o Max_VMIS — 3HaueHHs MakCHMaJbHUX EKBiBa-
JICHTHHX HaIpy>XeHb 3a Kputepiem GpoH Mizeca.

3naueHHs goxkuH Oanku (Length) Ta TuHcky
(Pressure) BuHeceHi 3 TabJiMIII Yepe3 MOCTIHHICTh 3HAUCHb
st 3amaui Ne 1: 3,6 m a 9E+06 I1a BigmosigHoO.

JlonaTKkoBUM eTaroM IiATOTOBKU JIaHHX € IpOBe-
JICHHS MIPOLIEAYPH IHXKMHIpUHTY o3Hak. Ilin wac aHamizy
icHyrounx mapameTpiB Oamkd OyJ0 CTBOPEHO HOBI
MeTa-lapaMeTpH Tijia, TaKi AK:

e UIOIIA BEPXHBOI rpaHi 0X;

e wroma Oi4HOI rpaHi 0Y,

e UIOIIA TOPIEBOI I'paHi 0Z.

[Micns popmyBanHs HaOoOpy HNaHMX 3 HaBeIECHOTO
MacuBy JaHUX BUKOHAHO aHaJi3 BiJHOLICHb ICHYIOUHX
napaMeTpiB Uil 3HAXOJUKEHHsI 3aJIe)KHOCTEH MapameTpu-
YHHUX XapaKTCPUCTUK Y OATKOBOMY KOHCTPYKIIHHOMY eJie-
MeHTI. Y nanux aist 3a7a4i Ne 1 Oyiio BUSIBJIICHO KITFOYOBY
3aJIeKHICTh MK mnapamerpoM Max VMIS Ta momieto
6iunoi rpani. ['padix BimHOMEHH 300pakeHO Ha pHC. 3.
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Puc. 3. Ipuknaz 3anexxHocTel mapameTpiB 1ol 6iuyHoi rpaHi
(abcuuca) Bix MaKCHMAIIFHIX €KBIBaJICHTHUX HAIPYXEHb 3a
kpurtepieM o Mizeca (opauHaTa) st 6anku B 3amadi Ne 1

(3MiHHUI TIepepi3)

[ToniOHI nepeBipkH 3aJIe)KHOCTEH BIIaCTUBOCTEH 0YJ10
MPOBEICHO I HabopiB qanux 3amad Ne 2 ta Ne 3 Bianosi-
nHo. OnHaK, mij 4ac JOCIHIIKEHHS BIIHOILIEHb BIACTUBO-
cTell nux OaJKOBUX €JIEeMEHTIB (3MIHHI XapakTepHUCTHKH
nepepisy, MOBKUHH Ta THUCKY BiATIOBiAHO) HE Oyio BHSA-
BJIGHO OYEBHUIHHX 3aJIE)KHOCTEH, sIKi O Mayn 4iTKy (yHKIIi-
OHAJIBHY alpOKCHMAIIi0 JJIsl BU3HAUCHHSI.

[IpoBeneHo nomaTKOBY oneparito onTuMisanii JaHuX
Y paMKax Ipolecy iHKHHIPUHTY O3HAK, & caMe, CTBOPEHHS
MeTa-lapameTpiB 00’ekra a1 HaOopiB JaHUX 3amaq Ne 2
ta Ne 3. CTBOpEHO Taki mapameTpu:

e aspect_ratio — BifiHOIIEHHS JOBKHUHU GAJIKOBOTO
€JIEMEHTY 10 1I BUCOTH;

e section_ratio — BigHOLIEHHS TOBKMHU OAIIKOBOTO
€JIEMEHTY 10 1 IIUPUHY;

e volume — 06’em Ganku;

e inertia — moMeHT iHepIii IWIOII TTEpepizy;

e theta — xyT moBopoty 6anku;

e moment_max — MaKCUMaJbHUN 3rUHAILHUNA MO-
MEHT Y OCHOBH OaJIKi (TIOpsi] i3 3aKPiIUICHHIM);

e Sigma — HamMpy)KeHHsI 3THHY OaKH.
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Ha ocHOBi BuIieHHX MeTa-TlapaMeTpiB OyJio BHUSB-
JICHO HOBI 3aJICKHOCTI JUI HAIIPYXKEHb 32 KpUTEpieM (GoH
Miszeca, siKi ipeicTaBJIeHI Ha puc. 4 Ta puc. 5.

BinmoBimHo 10 moctaBieHOI 3amadi Oylio CTBOPEHO
porpamMmy MOBOO BUCOKOTO piBHsI Python aist npoBeneHHs
cepii YMCIOBUX eKkcrepuMeHTIB B otoueHHi ANSYS mms
(dbopmMyBaHHS HAOOPIB JaHUX 1 OJANBIIIOTO HABYAHHS MO-
neneii 1I1. Bei nupexTuBy Ta iHCTPYKIIT POrpamMu orrca-
Hi 3rigHo 3 API PyMAPDL [8]. Ha ocHOBI BUKOHaHOT arpe-
rauii JaHUX MiATOTOBaHO 3 MacHBU JaHMX 3a KIFOYOBHMH
mapameTpamMu Uil TpeHyBaHHA Mogeneil. Ilicms 36opy
JAHUX TPOBENEHO aHaNi3 3aJeKHOCTEH MiX XapakTepuc-
THKaM¥U OaNKOBHUX KOHCTPYKIIH 10 MaKCHMaJlbHOTO €KBi-
BaJICHTHOTO HANpyXXeHHs 3a KpurepieM (o Miseca, i
BUSIBJICHO TOJIOBHI BiTHOLICHHS NapaMeTPHYHUX XapaKTe-
PHCTHK Y HAaBEICHHUX ITaHHX.
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Puc. 4. Tlpuxnan 3anexxHoCTe# mapamerpis aspect_ratio
(abcumca) BiT MAaKCHMaIILHOTO 3HAYCHHS €KBiBaJIEHTHAX
HaTpy>XeHb 3a KpuTepieM GpoH Mizeca (opanHaTa) L1 OaTKOBUX
eJeMeHTiB y 3a1adi Ne 2
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Puc. 5. Ilpuknan 3anexHocTell mapameTpiB sigma (adcruca) Bif
MaKCHMaJIbHOT'O 3HAaYCHHS €KBIBAJICHTHHX HAIPYKEHb 3a
kputepieM ¢oH Mizeca (opauHaTa) I OATKOBUX €IEMEHTIB Y
3amaui Ne 3

IIpoexTyBaHHsI Ta TpeHyBaHHsI Mopesi. Binamo-
BIJHO 10 ITOCTaBJIEHOI MaTeMaTH4YHOI 3ajadi, HeoOXigHO
crBoputH Tpu Mojeni 111 i3 HactymHUMHU ymoBamu cop-
MOBAHUX JAHUX:

e Halip JaHWX i3 3MIHHUMH MapaMeTPUIHUMH Xa-
PaKTEepUCTHKAMHU Mepepi3zy OAIKOBOTO EIEMEHTY;

e Halip JaHUX i3 3MIHHUMH NapaMeTPUIHHMH Xa-
pPaKTEepPUCTUKAMH TIepepi3y Ta JOBXKHHU OaJKOBOTO elle-
MEHTY;

e Halip JaHWX i3 3MIHHUMH IMapaMeTPUIHUMH Xa-
paKTepUCTHKaMU Tepepi3y Ta NOBXKHHH OalKOBOTO eJie-
MEHTY i THCKY, IKOMY OIIHPAETHCS OANTKOBUH €JIeMEHT.

BinmoBigHO 10 XapakTepy BUSBICHUX 3alIeKHOCTEH
BJIACTHBOCTEH OajKi 0OpaHO 3aCTOCOBYBAaTH alITOPUTMHU
JHIKHOT perpecii, sIK Taki, o OyAyTh HaOIMKyBaTH 3B -
30K MK HE3aJIe)KHUMHU 03HAKaMH Ta I[IJIbOBOIO 03HAKOIO 32
JTOTIOMOT'OXO JIIHIHOT (PYHKITII.

VY craHgapTHOMY BHIAJKy MOJICIIOBAHHS CHUCTEM
0a3yeThCsl Ha MPUIYILIEHHI PO CTPYKTYPY HPENCTaBICHY
MIEBHUM PIBHSHHIM 3 PSIOM IapameTpiB Moxem. Bimmo-
BIIHO J10 TBEPKEHHS, 1[0 aHAJIITHYHO HEMOJKIIMBO BH3HA-
gutH Qi3UdHI QYHKIIT, TaKi MOAETI IpeACTaBJICHI Y BUTIIS-
Ili ToOYTKIB BIACTHBOCTEH Ta Bar BiAIOBITHO IO ITOPSIKO-
BOTO EJIEMEHTY Y BEKTOPi i3 nonaBanusM 3cyBy (bias) [11]:

y:ﬂo+ZﬂJXjZXTB+ﬂ0: (5)
j=0

ne: Y —IporHosoBaHa BiANOBiAL aGo mepenbaueHHs
MOJIENI;

X — BEKTOp O3HAK (BIaCTUBOCTEH);

P — BekTOp BaroBUX KOe(iieHTIB,;

B, — 3cyB 3uaueHs (bias).

[ling gac BUOOpPY OCHOBHUX TEXHOJIOTIYHHX PIllIeHBb
crBopeHHst mozei 1111 BpaxoByBanach MOXIIMBICTh HaBYa-
HHSI MOJIeJIi Ha JEKUIBKOX IapaMeTpUYHUX XapaKTepuc-
THKax 0aJKOBOTrO KOHCTPYKIiiHOrO eneMeHTy. OTke, 1js
BUKOHAHHS OOYHUCIICHb Y MEXKax 3ajadi Oyjo MOPIBHIHO
KIacu4Hi MaTemarwuHi momemi ta HM. OpmHak, BMMOra
MarTy JeKiJIbKa BXiZIHUX MapaMeTpiB TUKTYE BAKOPUCTAHHS
HM sk ocroBHOTO KoHIenty 11 y nanomy mociimkeHH.

Buxopucranas HM mnepenbadae cTBOpeHHS Tep-
LENTPOHA, SKUH MpuiMaTHMe JesKi BXiJHI MapaMeTpUdHi
XapaKTePUCTHKH OaJKOBOi KOHCTPYKIII, poOWTH 00YmC-
JeHHA Ta poOWTH mependadeHHs BignoBigHo. [Ipukian
MepUenTpoHa 300paxeHo Ha puc. 6.

BxigHi napameTtpm

—
:X2> ., BuxigHi napameTpum
Y,

X3 <
— W

X4 W Y
— e

X5 Q/ ¢ 4

X6
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Heitpon

Puc. 6. CTpyKkTypHa cxema MepLenTpoHa.

OO0uucneHHdst Bar Ta mnepen0avyeHHs 3MiHCHIOIOTHCS
BIIMTOBIAHO 70 TPHWHIMITY OaraTomapoBoi Mepexi. Sk
OCHOBHI €JIEMEHTH MiJXOJy 3a/al0ThCsl BXIIHHMN, MPUXO-
BaHi Ta BUXiAHUI mapu Mepexi. KinapkicTh mapiB Ta Hell-
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POHIB 3a7aeThbes Mia yac npoektyBanHs HM. BusnaueHHs
KUTBKOCTI HEWPOHIB y IMIapax BiAOyBa€ThCS EMIIPUIHUM
nusixoM. IlpuxoBaHi mapW Ha3WBAIOTHCS NMPHUXOBAHUMH
Yepe3 HeMOKIIMBICT iHXKEHepa MPSIMO BIUTUBATH Ha pillie-
HHsI TOTO 4 iHoro mapy HM.

JlonaTkoBO y KOXHOMY IIapi 3aKpiIUTIOETHCS CIIelli-
anpHa (QYHKIIS aKkTUBalii, sIka BUKOHYE TPUIEpHY Jil0
BiJIMIOBITHO JIO BXIJHUX MapaMmeTpiB BXiTHOTO miapy abo y
NPOMDKHUX MPUXOBAHUX INapax 3 ypaxyBaHHAM Bar y
HeWpoHax 3aJaHuX JUIS IEBHOTO TIapaMeTpa.

BinmoBizHO 10 mocTaBieHNX 3a1a49 OyI0 CTBOPEHO Ta
HatpeHoBaHo 3 mopeni I y Burmsaai HM. B axocti moBu
MPOTpaMyBaHHS Ui CTBOPEHHS MOJENEH OOpaHO MOBY
BHCOKOTO piBHA Python "epe3 HasBHICTH MAKETIB IS OTIe-
pamii ¢ mammmm Keras Ta 6i0mioTrexn ctBOpeHHs HM
TensorFlow [12].

BianoBigHo 10 mocTaBiIeHUX 3a7ad OyJo CTBOPECHO
HACTYITHI HelpoMepexKi:

e Juis 3agaui Ne 1 Mepexa i3 ABOMa MPUXOBAaHUMHU
nrapam, 1o mictatb 100 1 28 HelipoHiB BiINOBIAHO;

e st 3amadi Ne 2 ta Ne 3 Mepeski 3 1BOMa IpPUXO-
BaHUMH IIAPAMHU, 1[0 MICTATH 10 64 HEUPOHHU y KOKHOMY
mrapi BiATIOBIIHO.

B saxocTi ¢yHKIii akTHBamii A7 PIXOBAHUX IIapiB
6yno obpano dyukiro ReLU (Rectified linear unit):

ReLU(z) = max(0, z),
z2<0— ReLU(z) =0, (6)
z>0—> ReLU(z) =z

Je: Z — BXIAHUH CUTHAJ, SIKUH MOJA€THCS HA IIap;

RelLU — BuxigHWii CUTHAI aKTUBAIIHHOT (PYHKIIIT;

B sxocti ¢yHKHii akTHBamii BUXITHOTO mapy Oyio
obOpano Qynkmiro Linear .

OOpano Meron onTuMmizauii 3HaXo/pKeHHs Koedi-
LIEHTIB Bar JUisl IIapiB MEPeX BUKOPHCTAHO AITOPUTM
ADAM, sikuii moeHye y co6i Ba METOAM ONTUMI3AIlT, a
came:

e Momentum — BpaxyBaHHS  MOMEHTY
€KCTIOHEHIIIHO 3J1ar0JKEHOT0 TPAIi€HTY;

e RMSProp — agantuBHe MacmTabyBaHHs Tpali€H-
Ta HAa OCHOBI HOTO KBaJpaTa.

Jus mepeBipkun moxuOkH (QyHKIIT Bif (QaxTHIHIX
JaHUX 00paHO METOJ] KOPEHEBOTO CepeIHbOKBAIPATHIHO-
ro BigxuieHas (RMSE).

3Bakarour Ha 3HAYCHHS MapameTpiB Oaiku, y Habopi
JUIsl TIOKPAICHHS! [TPOLieCy HaB4YaHHs Mojesel 0yio mpo-
BEJICHO MacIuTabyBaHHS apaMeTpPiB 3a TOIIOMOTOI0 (hyHK-
nii 10g1p(x). To6T0 HaTypansHOTO NOrapudma Big 1+ X .

iHepIii

[lepen HaBYaHHAM TpPeHYBaJIBHI 1aHi 0yJI0 pPO3AIICHO
Ha Bl YaCTHHH:

e Training set — naHi, siKi BUKOPUCTOBYBAIHU O€3MO0-
cepenHbo s HaBuaHHS Monened (80 % Bim 3aranpHOT
KUTBKOCTI JIaHUX);

e Test set—pmami 19 TEpeBIpKH KOPEKTHOCTI
nependavuens mozeni (20 % Bim 3aranbHOI KUTBKOCTI Aa-
HUX).

Tlixxix 3 po3AisIeHHSM JaHUX TapaHTye Kparie Moj0-
JIAHHS TaKOTO TOOIYHOTO eeKTy TpeHyBaHHS MOJENi SK
MepeHaBYaHHS 10 XapaKTEePU3YEThCS K 3aBUYaHHS MOJICI-
JII0 BUXIJTHUX MapaMeTpiB TPEHYBAHHS Ta A€ PO3YMIHHS 3

SIKOFO TOYHICTIO MOJENb 37aTHa HaJaBaTH TependoadeHHs
Ha OCHOBI BXiJHHX JTaHUX, IKi HIKOJIX 10 TOTO He OyJH BH-
KOPHCTaHi I 9ac TpeHyBaHHSI HM.

His opmyBanHS 3anexxHOCTEl Oyno oOpaHO HAcTy-
ITHI TapaMeTpH U1l HABYaHHS MOJIEJIeH 3a THIIOM 3a1adi:

e Mozeunb 3a1adi Ne 1 BUKOpUCTOBYBaJIa SIK BXiJHI
JaHi mapamerp vertical _section, 1o BimoOBiga€e o Oi-
HOI TpaHi 6aky;

e Mozenb 3a1a4i Ne 2 BUKOPHCTOBYBaIN SIK BXiJIHI
JlaHi TapaMeTpH: aspect ratio — BIIHOIIEHHS BUCOTH JIO

OBKUHHM, vertical section — mpencTaBieHa 3HAYCHHAM
TUTOTIT OiuHOl rpaHi Garkw,
horizontal_section — mpencraBieHa 3HaYEHHAM  TUIOII

BEPXHBOI TPaHi OaJIKu.

e Mojens 3a1a4i Ne 3 BUKOpPHCTOBYBANU SK BXiTHI
JlaHi TapaMeTpH: aspect ratio — BIIHOIICHHS BUCOTH JIO
JIOBXXHMHH,  Sigma — 3HAueHHs  HaNpyXeHHS  3TUHY,
pressure — 3HaueHHs1 PO3MOIUIEHOTO THUCKY, theta — Kyt
noBoporty total force — cuna fii Ha rOpU3OHTANIBLHUH NEpe-
pi3 Oayku.

Bubip Haiikpaiioro pe3ysibTaTy TpeHyBaHHS MOZeIeH
I mpoBoaniOCH 3a MPHUHIIUIIOM HAWKpamoi iTeparii.
KinpkicTs iTepartiit (ermox) Oymo 3amaHo 3Ha4eHHIM 50.

Hagueni monemi L1 36epiratotecs y daiinax gpopma-
Ty Keras s moganemoro ix BUKOpucTaHHS. BinnosigHo
JI0 TIPOLIeCY HABYAHHS MOJENEH OTpHMaHi 3HAYEHHS BiJl-
XWIIeHh HaBeAeHi y Tabn. 4, ne RRMSE — e BimHOCHa
KBaJIpaTUYHa CepeHs MOXHOKa.

Tabmnuis 4 — PesynbTati TpeHyBaHb MOJICINICH

Mozens 3HaLI€':H_H$I RRMSE 3nauennss RRMSE
(Training set), % (Test set), %
Mogens Ne 1 2,06 1,86
Mogmens Ne 2 0,63 0,82
Mogmens Ne 3 0,87 1,04

Pe3ynbraToM JaHOTO eTary JOCHiKEHHS € IPOEKTY-
BaHHS Ta TpeHyBaHH: Tpbox Moaenei L1 y popmi HM, siki
nepen0avyaTh MaKCUMAJIbHE €KBIBAJICHTHE HaNpYKEHHS
3a kpurepieM ¢oH Mi3eca Ha OCHOBI BXiTHHX Iapamer-
PUYHUX XapaKTePUCTUK OATKOBHX KOHCTPYKIIH, BiIIOBI-
JTHO /10 BUMOT 33124 3a3Ha4€HHX BUIe. BukoHaBImM aHai3
HasBHUX METOJIIB, aITOPUTMIB Ta iHCTPYMEHTIB, OHiKY€ETb-
csl OTpUMaHHs TepedaueHb y Mexax JOIMYyCTUMHX 3Ha-
YeHb TOYHOCTI BIAMOBITHO 10 JAaHWUX, OTPUMAaHHUX 3a
JIOTIOMOTOI0 PO3B’SI3Ky CTATHYHHX 33724 KOHCTPYKIIHHOT
mirHOCTi 32 MCE.

IlepeBipka pe3yabTaTiB nepeadavyeHb MojeJieid.
BukoHaBImIM MiATOTOBKY JaHUX, MPOEKTYBAaHHS Ta HaBya-
HHSI MOJIEJIeH 3T HO 3 BAMOTaMU 3a/1a4, HeoOXiIHO poBe-
CTH HepeBipKy To4HOCTI mepenbadens mozpenet 1. [lns
ILOTO HEOOXIHO arperyBaTH HOBHM MacHUB JaHUX, SIKi HE
BUKOPHCTOBYBAJINCS JJIsl HAaBYaHHS Yy paMKax IpoIecy
CTBOpEHHSI Ta TpeHyBaHHs Mozieni. Lle rapanTyBaTume, 1110
MOJIETIb 3/1aTHA ONPAIbOBYBATH Oy/Ab-sKi JaHi, 110 T0ja-
fotecsi Ha BXinm HM. [l BUKOHAHHS YMOBH TEpPEBIpKU
OyJ10 3aCTOCOBAHO JIOJATKOBI iTepalil po3B’s3Ky 3a1a4 3a
noriomMororo ANSYS mist 300py HOBUX TECTOBHX MACHBIB
naHux. Bukonano momatkoBo 10 iTepauiit po3B’s3aHHS
3a/1a4 CTATHYHOTO KOHCTPYKIIIHHOTO aHAII3Y eJIeMEHTa TH-
ny OajKa Ta 3HaXO/PKCHHSI MaKCUMaJIbHUX €KBIBaJCHTHHX
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HamnpyXeHb 3a kputepieMm GoH Mizeca y Tifi u1s KOXKHOT 13
3a7a4 BiINOBiAHO 10 ix BuMor. CTpyKTypa AaHHX € O/iHa-
KOBOIO 31 CXEMOIO JTaHUX, sIKi BAKOPHCTOBYBAJIHCS JUIS HaB-
YaHHS.

3rigHO 3 METOI0 O3y BUKOHAHO IIEPEBIPKY Iepe-
OaueHb Mojenel 3a/1a4, a pe3yabTaTH HaBeleH] y Tabu. 5,
6 Ta 7 BiAMOBITHO.

Ta6mmns 5 — [epesipka nepenoadens moaeni LI 3amaqi Ne 1

JliticHe 3HaYCHHS Tlepenbauenns BinHocHa
obumnciens, I1a moxen 11, ITa noxubka, %
4,0827358E+08 3,9436957E+08 -3,46
4,3472464E+08 4,4645667E+08 2,66
2,2460497E+08 2,0982675E+08 -6,80
9,8097728E+07 1,0368630E+08 5,54
9,9642446E+07 1,0530446E+08 5,52
4,8664224E+08 4,3915792E+08 -10,25
3,7887298E+08 3,8851984E+08 2,51
8,1543458E+08 7,6620966E+08 —6,22
1,3050350E+08 1,2264113E+08 -6,21

Tabmuiyt 6 — IMepeBipka nmependauens momemni [T 3amaqi Ne 2

JiiicHe 3Ha4eHHS Ilepenbauenns BigHocHa
obunciens, I1a moxeni I, ITa noxubka, %
1,112040E+08 1,087890E+08 —2,20
9,750681E+07 9,778736E+07 0,28
7,121733E+07 7,343630E+07 3,06
3,207114E+08 3,057186E+08 —4,78
2,125921E+08 2,032536E+08 —4,49
3,101702E+08 2,960482E+08 —4,66
4,494653E+08 4,446720E+08 -1,07
1,262044E+08 1,237280E+08 -1,98
1,413428E+08 1,339857E+08 -5,34

Tabmuns 7 — Iepesipka nependadens moaeni LI 3amaqi Ne 3

JiiicHe 3HaYeHHS Ilepenbauenns BimHocHa
oOuucinens, ITa mogzeni 11, ITa noxubka, %
2,189517E+09 2,078904E+09 5,05
4,602292E+08 4,599773E+08 -0,05
5,218362E+09 5,046356E+09 -3,30
4,716693E+09 4,667971E+09 -1,03
6,181841E+08 5,923983E+08 —4,17
2,561845E+08 2,272124E+08 -11,31
2,007541E+09 1,949154E+09 —2,91
1,115601E+09 1,146972E+09 2,81
9,833117E+07 8,395091E+07 —14,62
1,085119E+09 1,059757E+09 —2,34

AHaJi3 pe3yabTaTiB Ta BUCHOBKH. BiamosinHo 1o
pe3ynbTaTiB nepeBipkn 3HaueHb Mozeied I moxHa
CTBEPIKYBATH, 1110 MOJEII MalOTh JOCTATHIO TOUHICTb IS
MIPOBEJICHHS JIOCIIKEHb aKaJIeMiYHOTO Ta IH)XKEHEPHOTO
npu3HaueHHsA. CepenHs moxubka mepembadeHs Mojeneit
I mus 3amaui Ne 1 cranoBute 4,917 %, nns 3amaul
Ne 2 — 2,786 %, mst 3amadi Ne 3 ——4,156 %. 3 orsiay Ha
NPE/ACTAaBIICHI PE3YyNbTaTH MOXHA CTBEPIUKYBATH, IO
MOJeJi 3aTHI mepeadadaTy y paMKax 3aad BU3HAUCHHS
MaKCHMaJIbHOTO €KBIBAJICHTHOT'O HAIPY>XEHHS 3a KpUTepi-
eM (oH Miseca, Oymyroun niepedadyeHHs Ha OCHOBI Mmapa-

METPUYHUX XapaKTEPUCTHK KOHCTPYKIIIHHOTO eJeMeHTa
tuny Oanka. Tooto monenmi HII, a came, HM 3mathi 1o
BHKOHAHHS TaKOTO poIy mepeabdadeHsb i MPOrHo3iB.

Jlo1aTKOBO MOKHA BiJ3HAYHUTH, IO TAKHHM MiAXid 3
BUKOpHUCTaHHAM Mogened 11 no3Bossie omocepeakoBaHO
MPOBOJUTH OIIHKY SIKOCTI CITKH CKIHYEHHUX CJICMCHTIB
JUIS TTONMIOHMX 3a/la4 CTATHMYHOI MII[HOCTI Ha J0Aa4y 0
CTaHJAPTHUX METOIIB.

BucHoBku. BianosigHo 10 Temu y AaHiil poboTi cTaBUIach
3ajaya BU3HAUeHHA 31aTtHocTi moxeneit LI, a came HM, otpu-
MyBaTH MaKCHMaJIbHI 3HAQUCHHs CKBIBAJCHTHHUX HANpPYXEHb 3a
kputepieM ¢GoH Miseca y 3amadi CTaTHYHOTO KOHCTPYKIIIHHOTO
aHaJTi3y Ha IPUKIIAIl IPOCTOrO GATKOBOr0 KOHCTPYKTHBHOTO €lie-
MEHTY IIPH BapiloBaHHI HOT0 T€OMETPHUYHMX PO3MIpiB y BH3HA-
YEeHHX MeXaX. Y pe3yJbTaTi OCIiPKeHb CTBOPEHO Ta HATPEHOBA-
HO Ha OCHOBI arperoBaHUX TECTOBUX MAacCHBIB JaHHX 3T€HEPOBa-
HuX B ANSYS 1pu mogeni LI mig cremianbHi BUMOTH 3a1ad
BimoBimHO. Mojeni Manu cnemianbHi METOAM ONTHMi3alii Ta
3HaXO/KeHHs NoxnOok. KokHa 3 HactymHumx HM otpumana
OB POCYHYTHH Ta MOTTHOJICHNH IHXUHIPUHT O3HAK 1 pi3HY
KUIBKICTB IIapiB Ta HEWPOHIB y IIMX Mepexax. PesynbraTom 110-
cIipKeHHs € minTBepkenHs 3natHocti 1T nporHosyBati Mak-
CHUMaJIbHE CKBiBaJICHTHE HANPYXXCHHS 3a KpuTepieM ¢poH Mizeca
y OankoBiif KOHCTPYKIIl 3 >KOPCTKHM 3aKpiIUIEHHSAM IO OXHii
rpaHi Ta pO3MONUICHHMM THCKOM Ha OpPTOTOHAJBHIN TIpaHi Bix
TpaHi 3aKpiIUICHHS.

ITepCreKTUBHUM  aCleKTOM MOJANbIINX JOCHIKEHb Y
AaHOMY HANpSMKY € BHBYCHHS TOYHOCTI mHepenbadeHb Kiia-
CHYHHX MaTeMaTHYHHX Mojeieil y mopiHsHHI 3 HM Ta 3acro-
CYBaHHS IAHOT'O MiIXO/y [JIsi BU3HAUCHHS IIYKAHHX BEJIMYHH ITPU
IHIIUX BUAAX KOHCTPYKIIMHOTO aHaNi3y, HANPUKIAL, aHATi3y
pI3HUX JIUHAMIYHUX XapaKTEepUCTUK OOCPTOBUX CICMEHTIB
MeXaHi3MiB a00 MallWH MpH HE CTaTUYHUX, a 3MIHHUX y dYaci
JISTHHSAX.
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APPLICATION OF ARTIFICIAL INTELLIGENCE METHODS TO PREDICT THE ULTIMATE STATIC
LOAD OF A BEAM MADE OF HOMOGENEOUS MATERIAL ACCORDING TO THE VON MISES
CRITERION BASED ON THE DATA OF STRUCTURAL STRENGTH ANALYSIS

The subject of the study is static structural analysis in mechanics. The aim of the work is to create and train an artificial intelligence model in the form
of neural networks to predict the ultimate load on a structural element such as a beam made of a homogeneous material. The strength state of this
structural element is determined by equivalent stresses according to the von Mises criterion. The initial and variable parameters are the geometric
dimensions and power loads acting on the body. Achieving the goal makes it possible to calculate the strength of a structural element faster in terms of
computation and with acceptable error values compared to classical methods of mechanics using numerical methods, in particular the finite element
method. To achieve this goal, the following tasks are solved: conducting numerical experiments to analyze the strength state under static loading of a
beam structural element using the finite element method; determining the key parameters of the body; preparing and aggregating data for the model;
designing and training the model. Numerical experiments were carried out with predefined types of fixings and loads on the beam. There were 3 variations
of data preparation and, accordingly, models to ensure the representativeness of predictions by neural networks. All numerical experiments were
conducted in computer-aided design systems. All numerical experiments were conducted in computer-aided design systems. The design of the models
was based on the principle of a minimal but sufficient number of hidden network layers and neurons in them. The model was trained on the principle of
learning with a teacher, where a certain number of geometric properties and the pressure resisted by the body were selected as input parameters, and the
maximum equivalent stress according to the von Mises criterion corresponding to these parameters was selected as an output parameter. These stress
values are obtained as a result of analyzes in the computer-aided design system. Prediction of the same values for other parameters of the object of study
using neural networks is based on a linear regression algorithm and a certain number of input parameters. The models were optimized using the adaptive
moment estimation algorithm. The model prediction error was calculated using the mean square error. The result of the study is the creation and training
of artificial intelligence models and verification of their ability to predict the maximum equivalent stresses according to the von Mises criterion based
on the geometric and force characteristics of a structural element with relative accuracy to a similar calculation in computer-aided design systems. The
analysis of the obtained results made it possible to prove the possibility of a reliable prediction of the desired maximum values of equivalent stresses
characterizing the strength state of the considered structural element at different ratios of geometric and force parameters, without performing strength
analysis by traditional methods. This expands the possibilities of finding rational design options.

Keywords:.neural networks, supervised learning, linear regression, static structural strength analysis, finite element method, numerical
experiment

Tosni imena asmopis / Author's full names

Astop 1/ Author 1: Maprunenko I'ennazniit FOpiitosiy / Martynenko Gennadii Yuriyovych
Astop 2 / Author 2: T'apkyma Bragucias IOpiitopuu / Harkusha Vladyslav Yuriyovych

Bicnux Hayionanvnozo mexuiunozo ynieepcumemy «XI1ly. Cepia: Cucmemnuii
awnanis, ynpasninus ma ingopmayitini mexronoeii, Ne 1 (13) 2025 39



ISSN 2079-0023 (print), ISSN 2410-2857 (online)

THO®OPMAIIMHI TEXHOJIOTII

INFORMATION TECHNOLOGY

DOI: 10.20998/2079-0023.2025.01.06
V]IK 004.42:519.8

0. I0. MEJIPHHKOB, xaununar texaiqaux Hayk (PhD), nonenr, Jlon6acska aep:kaBHa MaliHOOYIiBHA aKajeMist,
JOLICHT KadyeipH IHTENEeKTYalbHUX CHCTEM PHHHATTS pilieHb; M. KpamaTtopcbk, Ykpaina; € mail: alexandr@melnikov.in.ua,
ORCID: https://orcid.org/0000-0003-2701-8051

. C. KO3YB, crynenr, Jlon6acbka fep:kaBHa MallnHOOYIiBHa akaieMist, M. Kpamaropcbk, Ykpaina, e mail:
dima.kozub13@gmail.com, ORCID: https://orcid.org/0009-0002-2522-5241

JOCJIZKEHHS BILIMBY PISHUX ®AKTOPIB HA PIBEHB 3AXBOPIOBAHOCTI ITIJI YAC IAHAEMI|
3A JOIIOMOTI'OIO IITYYHUX HEUPOHHUX MEPEJK I MOBU ITPOTPAMYBAHHSI TA AHAJII3Y
JTAHHUX R

Posrisimaethest mpobiiema aHami3y BIUTHBY pPi3HHX (hakTOpiB Ha PiBeHb 3aXBOPIOBAHOCTI mix yac maugemii. CHOpMyIbOBaHO 3amady pO3pPaxyHKY
e(peKTUBHOCTI MPOTHEIAEMIYHHX 3aX0/IiB Ta 3MiHEHHsI BiZICOTKA 3arallbHO XBOPUX Y LIIOMY Ta THX, XTO epeHic XBOpoOy y TsKKii dopmi. Sk BxigHi
(hakTOpH IPOrHO3HOI MOZIEITI PO3IIISIAIOTHCS «MACKOBHI PEKMM», KAPAHTUH, JUCTAHIIMHE HABYAHHSI, MOXKIIMBICTh BAKIMHALLT, HASIBHICTH 000B’I3K0OBOT
BaKIIMHAIl, BiICOTOK BAaKIMHOBAHHX. BUXiIHI (akTopH — L BIiICOTOK 3araibHO iH(MIKOBaHHX Ta BIJCOTOK THX, XTO OTPHMAaB YCKJIAJHEHHS MiCis
3aXBOPIOBAHHS (B OCTAHHROMY BHIIAJIKY BiZICOTOK 3arajbHO iH(MDIKOBaHHX JOMAETHCS 10 BXiAHUX (hakTopiB). Takoxk chopMyIbOBaHO 33124y PO3PAXYHKY
BIUIMBY Di3HHMX (paKTOpiB Ha piBEHb 3aXBOPIOBAHOCTI HaceleHHs Ha npukiani cratucTuky COVID-19 B Husmi xpain (bpasunii, Himewuuni, Smonii,
Vkpaini Ta CILIA). Byno mpoBeneHo aHaji3 OCHOBHHX BXiOHHX (DaKTODIB, TAKHX SIK KIIMATHYHI YMOBH, T'yCTOTA HACEICHHs, BiK HACEICHHS, PiBEHb
BaKIIMHAIlli, COL[albHO-eKOHOMIYHI YMOBH, YHMCENbHICTh HACENCHHS Ta 3aX0Ad mpoTumii manaemii. CTBOpeHO HAOOpH OaHHX, sIKi 0a3ylOTbCS Ha
peanbHuX MoKasHHUKax. Jist po3B’si3aHHs 000X 33714 BUKOPUCTAHO METOJ IITYYHHX HEHPOHHUX Mepex. PO3po0IIeHO CKPHIT MOBOKO HPOrpaMyBaHHS
Ta aHawi3y qanux R. Po3paxyHKu CBiq4ath, 10 I JOCATHEHHS HANKPAIIOro pe3y IbTaTy IPOrHO3YBAaHHS YUCEIBHOCTI 3aTalibHO 1H(IKOBaHUX MOTPIOHO
3aCTOCYBATH MEPCEHTPOH, SAKiH Mae /[Ba MPUXOBAHUX LIAPH, KOXKCH 3 SKHX CKIIAJIAEThCS 3 I’ IThOX HEHPOHiB. J|JIst TOCATHEHHS HAHKPAIIOro pe3yIbTaTy
[IPOTHO3YBAHHS YHCEIBHOCTI TSKKMX XBOPHX IIOTPIGHO 3aCTOCYBATH IEPCENTPOH, SIKiif Ma€e TPU IPUXOBAHMX IAPH, KOXKEH 3 SIKHX CKIIAJA€ThCS 3 TPHOX
HelipoHiB. B 000X BapiaHTax pexoMmMeHaoBaHa curmoifanbHa (yHkumis aktusauii. [lepma mMonens Oyna BHKOpUCTaHA JJIsl aHAi3y PiBHS BILIMBY
nepenivueHnx (GakTopiB Ha piBEHb 3aXBOPIOBAHOCTI. BUsIBIIEHO, 110 MiHIMANTBHHUIT BIUTHB HA BU3HAYCHHS 3MiHH YHCETHHOCTI 3aTalbHO iH(pIKOBaHHX Ma€e
ab0 3araibHa MOKJIMBICTB TIPONTH BaKIMHALi0, 00 CHOIy4EHHs 000B’SI3KOBOT0 MAaCKOBOTO PEXUMY i3 3alPOBA/UKEHHSIM JHCTAHLIHHOTO HaBYaHHSL.
MiHiMallbHy Bary IpH PO3PaxyHKY YHCENBHOCTI TSHKKHX XBOPHX MA€ CIIOJIYYEHHS Ti€l K MOMIIMBOCTI NMPOMTH BaKLHMHAIIO i3 3apOBaPKEHHSIM
JIUCTAHLIHOrO HaBuaHHSA. B 000X BHIIaJkaX MaKCHMalbHUI BIUIMB Ma€ 3alpOBA/UKEHHS OOOB’S3KOBOI BakIMHALIL. Y XOJl JOCHTIJ)KEHHS BILUIUBY
TIOKa3HUKIB Pi3HUX KpaiH OyII0 BCTAHOBJIEHO, 10 PiBEHB 3aXBOPIOBAHOCTI 3HAYHOIO MipOIO 3aJISKHTH BiJ] TAKMX (PAaKTOPIB, SIK TYCTOTA HACETIECHHS, PiBEHb
BaKIMHAIi Ta cOLiadbHO-eKOHOMiuHI yMOBH. OTpUMaHi pe3ylbTaTH MOXYTh OYTU BHKOPUCTaHi I BAOCKOHAJEHHS CTpaTeriii MpoTHemieMiuHuX
3aXO0JliB Ta MOKPALICHHs YIPABIIHCHKUX PillleHb Y chepi OXOPOHH 340pPOB's.
Kurouosi ciioBa: daxropwm, cratucTrka, piBeHs 3axBoproanocti, COVID-19, nporrHo3ysanHs, ITydHI HEHPOHHI Mepesi, MoBa R.

Beryn. Cepen KOMIUIEKCHHX MEIMKO-030POBUMX
MMOKAa3HHUKIB OCOONMBE Micle 3aiiMae 3axBOPIOBAHICTE.
Moro MemmKo-colianbHe 3HAYEHHs TOJISrac B TOMY, IO
came 3aXBOPIOBaHHS € OCHOBHOI IPUYHMHOK CMEpTI,
TUMYACOBOT Ta CTIHKOI BTpaTH Mpane3aTHOCTI, [0 CBOEO
Yeproro 3aBJa€ BEIMYE3HUX CKOHOMIYHHMX 30UTKiB
CYCIIBCTBY, HETATHBHO BIUIMBAE Ha 3[[0POB’S MaHOyTHIX
MOKOJiHb, NPU3BOANUTH JO CKOPOYECHHS YHCEIBHOCTI
HaceneHHs. J[aHi mpo 3aXBOPIOBaHICTh HAcEJIEHHS MaloTh
Ba)XJIMBE 3HAYEHHA JUI1 opradizamii poOoTu opranis
OXOpOHU 3JJ0POB’Sl Ta MEJAUYHUX YCTAHOB, AJsl TOTOYHOTO
Ta MaiOyTHHOTO MEpEXEBOro IIAHYBAHHS, a TAKOX MJI
IUIAaHYBaHHS HaBYaHHS NepcoHaly. Pi3HOmaHITHI 3axBo-
pIOBaHHS MalOTh SIK JIOKAJIbHE, Tak 1 IJo0ajJbHE MOMIN-
peHHS, TOMY HEOOXiTHO MPOBOIUTH BIAMOBITHI 3ax01u
Mpo¢iTaKTUKH Ta TIKyBaHHS BiAMIOBIIHO 10 YMOB KOHKpPET-
HUX perioHiB [1].

Orusig girepatypu. Y cydacHHX yMOBaX OU(POBI-
3aIlii OXOPOHU 3[IOPOB’Sl BaXKJIMBOTO 3HAYCHHS Ha0YBalOTh
iHpOpMaliliHI CUCTEMHU, SIKi JO3BOJIAIOTH HE JIUIIE aHATI3Y-
BaTH €MiJIeMiOJIOTIYHY CUTYallilo, a i IPOTHO3yBAaTH JMHA-
MiKy 3aXBOPIOBaHOCTI 3 ypaxyBaHHSIM YHCIIEHHUX YMHHH-
KiB, TaKMX SIK KJIIMAT, TYCTOTa HACEJIeHHs, BiK, COIliaJIbHi
ymoBH Tomo. lle cmpusie miABUIIEHHIO €(EeKTUBHOCTI
VIPaBITIHCBKUX PIlIeHh Yy Tadxy3i OXOPOHH 310pOB’S Ta
CBOEYACHOMY BIIPOBAKCHHIO HEOOXITHHUX MPOQIIaKTHY-
HEX 3axo/iB [2—4].

MerToro naHoi poOOTH € Ha MPUKJIIAI CTATHCTUKH 3a-
XBOPIOBAHOCTI Ta CTATUCTHKY BXITHHUX (PAKTOPIB JTOCIiIH-
TH BIUIMB Pi3HUX (PaKTOPIB Ha 3aXBOPIOBaHICTh. OCKIIbKH
OCTaHHSl TIaHjaeMist crocyBamacst xBopoou COVID-19,
Oynemo posrasaatu iHdopmamiro momo Hei. Bemuki
o0csry cTaTHCTHYHOI iH(OpMaIii MOXKHA 3HAWTH Ha CaTi
BOO3 (BcecBiTHs1 oprasizariisi OXOpOHH 3J0pOB’s) — Iie
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HalakTyanbHima cratuctuka o COVID-19 mns xoxxHOT
KpalHW, a TaKOXX PeryJisipHi 3BiTH Ta pexoMeHpmamii [5].
Vuisepcurer xxona Xomnkirca (Johns Hopkins University)
pO3poOUB IHTEPAKTHBHY KapTy IUIA BiICTEKCHHS CTaTHC-
Tk COVID-19, mio 3a06e3neuye netani3oBaHy CTaTUCTH-
KY 31 KUIBKICTIO BUTIAJKIB, CMEPTEil 1 BUITUCOK 110 perioHax
[6]. Eurosurveillance — naykoBe BUmaHHs, sike MyOmiKye
CTaTTi Ta 3BiTH, L0 MICTATH CTATUCTHYHI JJaHi 11010 CliaJa-
xiB iH(eKiitHnX 3axBoproBaHs, BKmovatoun COVID-19, B
€Bpori. [lyOmikye mOCTIiIKEHHs, MPOTHO3M Ta OI[IHKU
IIOI0 PO3BHUTKY IaHAEMii, HaJae IETalbHY CTATHCTHKY,
BKITIOYAIOYM aHai3, BapiaHTH INTaMiB Ta e(QEKTHBHICTh
BakiuH [7]. CDC (Centers for Disease Control and Pre-
venti) € TOJJOBHIM aMEePUKAHCHKHIM IIEHTPOM, IO ITyOJIiKye
inpopmanito mpo 3axBopioBaHHS B CIIA, BKITIo9aroun
craructuky COVID-19. CDC Hanmae meranbHy iHpOpMa-
LiI0 TIPO BUMAJKH 3apayKeHHs, CMEPTHICTh, & TAKOX e(eK-
TUBHICTh 3aXOJiB KOHTPOJIIO. 3a0e3leuye HaliOHAIbHY
CTaTUCTHKY, BKJFOYAIOYM KUIBKICTh BHIAJKIB, CMEPTEH,
TeMITH BaknuHaMil Ta iHmn mokasuuku [8]. Our World in
Data — mnardopma, sika Hamae BIAKPUTI JaHi 3 6araTbox
rnobanesHUX mpobnem, Bkimodaroun COVID-19 [9]. Caiir
MICTHTB IUPOKUH cuekTp crtatucTuku mo COVID-19 mms
BCIX KpaiH, BKIIIOYAlOYHM JaHi NpO BIUIMB MaHAEMIi Ha
eKOHOMIKy Ta cycminbcTBo. Lo crocyeThes came Ykpainy,
TO IIOMICAYHI CTATHUCTHYHI JaHl IIOXO 30UIBIICHHS
BiICOTKa iH(IKOBaHWX WA dYac MaHAEMil Ta THX, XTO
MEPEHOCUTH XBOPOOY Yy TSDKKIM (POpMI, a TAKOXK MepeltiKy
MPOTHEMIIEMIYHUX 3aXOiB, L0 3aCTOCOBYIOThCA B LeH
nepioJ] y JaHOMY perioHi Mo)kHa 3Haiitu Ha [10].

ITocTanoBka 3agauvi. 3aga4dy AOCITiIKCHHS BIUIUBY
pi3HuX QakTopiB Ha piBeHb 3aXBOPIOBAHOCTI i Yac
maHaeMii MOXKHA PO3IAUTUTH Ha JIBI OKPEMHUX ITi[3a/adqi.

[o-mepmie, MokHA OIIHUTH €(EKTHBHICTH BIKUTHX
MPOTHEIIAEMIYHIX 3aXOMiB 1 3MIHCHATH MPOTHO3YBaHHSI
3MiHH BiZICOTKa 3araJbHO iH(IKOBAaHMX 1 THX, XTO Mae
YCKJIaIHEHHSI TTICJISl 3aXBOPIOBAHHSL.

BxinHni ¢pakTopu:

M — o0oB's13K0BHIT «MackoBHiA pexumy» (Masks);

Q — BBe/eHHs KapaHTHHY, TOOTO CKacyBaHHs YCiX
MacoBHMX 3aXO[iB, HasBHICTb AHTHUCENTHKIB Yy BCIiX
3akiaax tomto (Quarantine);

D - 3anpoBajkeHHsI AMCTAHI[IMHOIO HaBYaHHSI Y
HaB4aIbHMX 3aryagax (Distance Learning);

V — HasBHICTHP MOXKJIIMBOCTI BIIBHOI  BaKIMHALIT
(\Vaccine_optional);

Z — 3ampoBaKEHHS 000B’I3K0BOT BaKIMHALIT
(Vaccination_is_mandatoryy);

P —BigcoTok o0ci0, Wm0 TPOWNUIM BaKIUHAIIO

(Percentage_of Vaccinated).

BuxinHi dpaktopu:

| — 3miHa Bincotka iHdikoBanux (Infected);

S — 3MiHa BiIICOTKA THX, XTO MIEPEHOCHTH XBOPOOY y
TsOKKiH popwmi (Severe cases).

Ilinq wac po3paxyHKy 3MiHH YaCTKH THX, XTO Mae
YCKIIQJHEHHS TICJIA 3aXBOPIOBaHHS, Hepmuil (GakTop €
JOJJATKOBUM BXITHUM (haKTOPOM.

[o-npyre, MOXHa JOCHIANTH BIUIUB (PaKTOPIB 0COO-
JIMBOCTI KpaiHU Ha PiBEHb 3aXBOPIOBAHOCTI IMiJl Yac IaH-
aemii [11]. Ilepenik BXiguux (hakTopis:

T, Vol, Op — kimimatnudi ymoBH (maHi mpo cepei-
HBOMICSYHY TEMIIEPaTypPy, BOJIOTICTh 1 KINBKICTh OMAIiB y
perioHi);

Age — cepenHili Bik HaceJdeHHs a0 PO3MOILN 3a Bi-
KOBHMHU KaTeropisiMu;

G — rycrora HaceneHHs (KUTBKICTH OCi0O Ha KBaj-
patHUi KiToMeTp);

PZ — nepenik npoTtueniieMiyHUX 3aX0/iB: KapaHTHH,
BaKI[MHALIIS, OOMEXEHHS MOOIILHOCTI;

E — conianbHO-eKOHOMIYHI YMOBH (piBeHb IOXOIIB,
JOCTYI A0 MEAWYHHUX ITOCIYT);

V — piBeHp BakmuHaIMii (BiICOTOK HACEIEHHS, IO
OTPHUMAJIO BaKIMHAIIIIO);

SMm — cyKymmHa KiJBKICTh MiATBEPIKEHUX CMepTeit
Bix COVID-19 Ha MineiioH ocio.

BuxinauMm ¢axTopoMm Z € piBeHb 3aXBOPIOBAHOCTI —
YacTKa HaCeJICHHS, 1110 3aXBOpisa 3a NeBHUH 1epioa (KiJib-
KiCTh BUITAJIKIB HA MiJIbIOH 0Ci0).

B 000x BuMasikax BUKOPUCTATH METOJI INTYYHUX HEH-
poHHHX Mepex [12].

PesyabTaTH po3paxyHkiB. [{1s8 OporHo3yBaHHS
3aXBOPIOBAHOCTI HEOOXimHi BXigHi AaHi. OCKUTBKH TOYHI
JaHi OTPUMAaTH MOXJIMBO JIMIIE IICHAS 3aluTy JI0
MinicTepcTBa OXOPOHH 37J0POB’ S, TOX JaHi OyITH OTpUMaHi
mpuOIM3HO UTA TporHO3yBaHHA. s mporo 3 caifty [10]
Oynu B3SITH MPUONU3HI NaHI O KOXKHIA 00macti YKpaiHu
MPOTATOM BCHOTO TIepiony KoBimy. Hampuxmanx, Oymemo
Opartu cratuctuky no KuiBcebkiii oonacri. [lepmmii paktop
MPOTHO3YBaHHS — 1€ HASBHICTH TIIBKH MACKOBOT'O PEXKH-
My. Hanmpuknaj, Taka cuTyarlisi Oyja Ha mepioj BepeceHb
2020 poxky. Ilpu HasBHOCTI JMIIIe MacKOBOTO PEXUMY 32
CTaTHCTHKOIO 3MiHa BiZICOTKY 1H()IKOBaHUX JOPIBHIOE
42,14, a 3MiHa BiJICOTKA THUX, XTO MEPEHOCHUTH XBOPOOY Y
TsOKKiH popmi, mopiBHIoe 17. dpyruii Ta Tpetiit pakropu —
IIe HasBHICTh MacKOBOTO PEXHMMY Ta BBEJCHHS JNCTaH-
uiiHoro HaBuaHHs. Hanpukian, Taka curyariis Oyna Ha me-
pion rpynens 2020 poky. [Ipu HassBHOCTI JaHHUX (haKTOPiB
3a CTaTUCTHKOI 3MiHAa BiJICOTKA iH()IKOBAaHWMX JOPIBHIOE
38,62, a 3MiHa BiICOTKA THX, XTO IIEPCHOCHUTH XBOPOOY Y
TSDKKIH Gopmi, nopiBHioe 13,8. Tperiii BapianT komOiHaIil
(bakTopiB — 1Lie HasBHICTh MACKOBOTO PEXUMY, JUCTAHIIH-
HOIO HAaBYaHHS Ta MOXIMBICTL BIIBHOI BaKIMHALII.
Hanpukian, Taka cutyaiis Oynia Ha nepion oepe3ensb 2021
poky. Ilpyn HasBHOCTI JaHUX (aKTOPiB 3a CTATUCTHKOIO
3MiHa BiZICOTKa iH(iKOBaHUX JopiBHIOE 24,13, a 3MiHa
BIZICOTKa THX, XTO NEPEHOCUTH XBOPOOY Y TSDKKiH (opmi,
nopiBaioe 9,3. YerBepTuii BapianT komOiHanii pakTopis —
1€ HasiBHICTb BCiX BXIJIHUX (paKTOPiB: MACKOBOTO PEXKUMY,
JIICTaHLIITHOTO HaBYaHHS Ta MOKJIMBICTH BUIBHOI BaKIu-
Hallii, a TAKOXX 3arpoBaJKEHHsS 000B’3KOBOI BaKIIMHALLI.
Hanpuknan, Taka curyanis Oyna Ha nepion rpyzaess 2021
poky. IIpyn HasBHOCTI JaHUX (PaKTOPIiB 32 CTATUCTHUKOIO
3MiHa BifCOTKa iH(}ikoBaHMX nopiBHIOE 13,53, a 3miHa
BiJICOTKAa THX, XTO TIEPEHOCUTH XBOPOOY y TSKKIH dopmi,
JIOPIiBHIOE 5.

3a TakUM aJIrOPUTMOM OYJIO PO3paxOBaHO AaHi IS
KO>KHOTO perioHy YKpaiHu, IpUKIIaJ HaBeAeHO Ha puc. 1.

[lig gac MATOTOBICHHS AaHUX 3 MOAENI OYyJI0 BHITY-
4yeHo BxinHui hakrop Q (Quarantine), OCKIIbKH HAasSIBHICTh
KapaHTHHY Y BHIJBIII BiJICYTHOCTI MacoBHX 3aXOMiB Ta
HassBHOCTI aHTUCEIITHKIB y BCIX 3aK/Iajax Maike BCIOIH
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MaJyo 3HadeHHs «1». Takoxk mepes moYaTkoM poOOTH OYIb-
SIKOTO aJITOPUTMY TIPOTHO3YBAHHS JaHI OCTaHHIX TPHOX
CTOBIIIIIB MOTPiOHO HOpPMAaNi3yBaTH, TOOTO NPHBECTH O
niamazony [0..1].

Ragion1 |Masks |Distance Lgvaccine_oplil Vaceination_|Percentags_ofInfected  [Sevara casas
Koivskyi 1 0 1 0 11,98 4212 17.00
Koivskyi 1 1 0 0 20,15 3862 13,50
Fiyivskyi 1 1 1 1] 77 2413 930
Foivskyi 1 1 1 1 47,28 1353 4,00
Dionatsk 0 0 0 0 7,20 29,74 16,10
Dionatsk 1 1 0 0 9,08 18,12 12,10
Dionatsk 1 1 1 0 13,67 11.62 8,70
Cionatsk 1 1 1 1 15,58 549 340
Cinigare 0 a Q 0 18,74 36,12 1590
Cinigare 1 1 Q 0 3612 435 14,10

Puc. 1. ITinrorosieHi gani

HasBHuii nogatok Oyino JONMOBHEHO MOJKIIMBICTIO
00poOKM AaHUX Ta MPeNCTaBIeHHS cTaTUCTHYHOI iHdOp-
MaIlii 0 perioHax Ta 1o BCiif KpaiHi abo Mo YChOMY CBITY
(puc. 2).
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Puc. 2. [IpencraneHns 06poOICHUX TaHUX:
a — 'y BUIIISII TaOMNuIi; 6 — y BUTJISIII Manu

Jlis mpoBeZieHHS PO3paxyHKIB Oyi0 BHKOPHCTaHO
MOBY TIporpaMyBaHHS Ta aHani3y maHux R [13]. LIs moBa
MpU3HAYEeHA I CTATUCTHYHOTO OOpOONeHHA NaHWX i
po6oTH 3 rpadikoro, aje Ie TAaKOX BiIbHE MpOoTpamMHe cepe-
JIOBHIIE 3 BiIKPUTHM BHXIJTHUM KOJIOM, III0O PO3BUBAETHCS
B pamkax npoekty GNU. HasBHi 6i0i0oTekn 103BOJISIOTH
3aCTOCOBYBATH Cy4YacHI METOAM — B TOMY YHCII METOX
IITyYHUX HEHPOHHUX MEPEX IS PO3B’sI3aHHS 3a1a4i 1mpo-
THO3YBaHHSI.

KinmpkicTs HEMPOHIB MPUXOBAHOTO IIAPY ITOB’s3aHA 3
KIIBKICTIO JaHUX U1 HABYAHHS Ta HEOOXIIHOK KIJIBKICTIO
BXOZIB 1 BUX0MiB Mepexi. OmiHUTH KiTBKiCTh HEHPOHIB Y
MPUXOBAHUX IIapax MOXKHA 3a JOMOMOro (GopMynu s
OIIIHKH KUJTBKOCTI BaroBUX KOeQIilliEHTIB, HEOOXITHOT s
OCBOEHHS 33JaHOi KIJTBKOCTI NPHUKIJIANIB y HaBUYAIbHIN
BuOipii [12]. Y HamoMy BUNaAKy 1ie 3Ha4eHHs Bix 1 10 14.
YTOYHHUTH KiJIBKICTh HEHPOHIB y IpPHUXOBaHOMY Iuapi
MOJKHA B TIPOIICCI HaJAINITYBaHHS HEWPOHHOI MeEpexi 3a
JIOTIOMOT'OK0  KOHCTPYKTHBHOTO aJTOPUTMY: TCPBHHHA
KUTBKICTh HEHPOHIB CIIOYATKy MPUHAMAETHCS PIBHOIO MiHi-
MAaNbHI# KUTBKOCTI, Y pa3i HEBIAIOTO HAaBYAHHS B MPHXO-
BaHUI IIap JOAA€THCS OOUH HEHpoH. JlomaBaHHS HEUPOHIB
TPHUBAE [0 THX IIip, TOKH SAKICTh pOOOTH HEHpoOMepexki He
JIOCSITHE HeoOXiTHOTO 3Ha4YeHHS [12].

CTBOPEHO CKpHIT, YaCTHHA SKOTO MPEICTABJICHA Y
JICTHHTY:

w <- read.table(paste(getwd(),
"/Pandemy.txt",sep=""), header=TRUE, sep="\t")

w <-w[,1:8]

train_idx <- sample(nrow(w), 0.7 * nrow(w))

Ww_train <- w.norm[train_idx, ]

w_test <- w.norm[-train_idx, ]

net.w <- neuralnet(l ~M + D + V + Z + P, w_train,
hidden=c(3,3,3), act.fct="logistic", linear.output=T)

kk <- predict(net.w, w_test)

7z <- data.frame(w_test,res = kk,error)

zz$error <- zz$l - zz$res

cor(zz$l,zz$res)

mean(zz$error)

plot(net.w)

[icnsa TpuBamoi poOOTH MBOTO CKPUNTY IS PI3HUX
mapamMeTpiB  3’§COBaHO, IO HaHKpamuid pe3yibTaT
(xoperstiss — 0,9569; cepenns aOCoNOTHA MPUBEACHA
nomuika — 0,0502) 3abe3meuye MepcenTpoH, AKUi Mae 18a
MPUXOBAHUX IIAPH, KOXKEH 3 1’ sITboMa HelpoHamu. (puc. 3,
puc. 4).

Hani came 10 Mojenb OyJlnO BHKOPHCTaHO JUIst
aHaJIi3y Toro, K (pakTOpH BIUIMBAIOTh HA 3aXBOPIOBAHICTS.
Bymo mpoBeneHO HU3KY KiNBKICHHX EKCIIEPHMEHTIB, pe-
3yJNBTaTH 3BEJCHO 0 Taom. 1.

Emror; 0,150366 Steps: 584

Puc. 3. I'pad neiiporHOi Mepexi
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)

RMDVZ P 1 S res arrar
4 Kyiwskyd 1 1 1 1 47.28 13.53 5.0 13.69 -0.0037170
11 pnipro 1 1 1 © 40,48 15.24 8.1 19.63 -0.1031001
13 kharkiv 0 0 0 0 13.86 37.14 15.9 41.23 -0.0958731
16 kharkiv 1 1 1 1 42.05 11.84 6.9 13.95 -0.0495643
19 Odesa 1 11 0 32.28 15.78 5.8 21.57 -0.0420305
23 Lviv 11 1 0 36.235 22.70 11.1 20.48 (0.0521543
28 Poltava 1 1 1 1 46.34 14,76 5.1 13.73 0.0242580
30 Zaporozhye 1 1 0 0 29.80 29.30 15.8 28.42 0.0206866
32 Zaporozhye 1 1 1 1 36.32 13.93 2 14.44 -0,0120317
34 vinnytsia 1 1 0 0 25.30 27.80 11.1 30.91 -0.0725039
36 vinmytsia 1 1 1 1 38.32 10.21 5.4 14.24 -0.0945886
43 Cherkasy 1 1 1 0 39.80 25.60 9.8 19.75 0.1373223
46 Mykolaiwskyd 1 1 0 0 26.80 29.40 13.1 30.05 -0.0153136
48 MykoTlaiwskyd 1 1 1 1 36.92 14.35 5.8 14.38 -0.0006363
49 sumy 0 0 0 0 18.90 39.90 15.9 39.12 0.0L82757
54 Zhytomyrskyd 1 1 0 0 24.10 29.50 13.5 31.59 -0.04591420
56 Zhytomyrskyd 1 1 1 1 38.35 16.84 5.8 14.24 0,0610733
> cor(w2$I,w2fres)

[1] o.2589

Puc. 4. Pe3ynpTaTi po3paxyHKiB

Tabmuns 1 — PesynpTaTé BIUIMBY Ha BiICOTOK iH(PIKOBaHUX
BUTy4eHHS (HaKTOPiB

wlolvlzloe | cepenmn B.i,Z[XI/IJ'IeHHf[

Kopemnsmis nomma | B2 6a391301
Moneni, %

+ |+ |+ |+ |+ 0,9569 0,0502 -

-+ |+ |+ |+ 0,9584 0,0894 78

+ -+ |+ |+ 0,9599 0,0895 78

+ |+ |- |+ |+ 0,9678 0,0780 55

+ |+ |+ | - |+ 0,9526 0,1009 101

+ |+ |+ |+ - 0,9610 0,0921 83

- -+ |+ |+ 0,9756 0,0621 24

+ | = =+ |+ 0,9545 0,0795 58

+ |+ | = =+ 0,9580 0,1232 145

+ |+ |+ |- - 0,9687 0,1235 146

MoskHa m00auMTH, IO MiHIMANBHHKA BIUIHB Ha
BU3HAYCHHS! 3MIHM YHCEJNBHOCTI 3arajibHo iH(IKOBaHHMX
Mae abo 3araibHa MOMJIMBICTH TPOWTH BaKIMHALIIO, a00
CHOJTy4eHHS! 00O0B’SI3KOBOTO MAaCKOBOTO PEXHMMY 13 3aI1po-
Ba/DKCHHSM JUCTaHIIHOTO HaBYAHHS — BOUEBH/Ib, 11i BA
(akTOpM MakCHMaJIbHO KOPEIOIOTh OJMH 3 OJHUM. Mak-
CHUMaJIbHUH BIUIMB — Yy 3aIIpOBa/DKEHHSI 000B’3K0BOT Bak-
IUHALI.

Jam yci HaBelleHi pO3paxyHKH TOBTOPIOEMO ISt
pPO3paxyHKy THX, XTO NepeHocuTs xBopoOy Covid-19 y
TOKKIH Gopmi. ITicns yucieHHNX 3aIryCKiB IIbOT0 CKPUITY
JUI Pi3HUX TapaMeTpiB KUTBKOCTI MPUXOBAaHHUX MIApiB Ta
KUTBKOCTI HEHpPOHIB y HHX 3°5ICOBaHO, IO HaHKparmi
pesynbrar (kopensmiss — 0,9875; cepeanst abcooTHa
npuBeneHa nomuika — 0,0462) 3abe3neuye nepcenTpoH,
SKHH Ma€ TpPH NPUXOBAHMX IIapH, KOXKEH 3 TphOMa
HelipoHamu (puc. 5, puc. 6).

Jaii came 110 MOJETh IMOTPIOHO BHKOPHCTATH IS
JOCITI/KEHHSI BIUIMBY (DAaKTOPIiB HA 3aXBOpIOBaHicTh. byio
MIPOBEICHO HU3KY KITbKICHUX €KCIIEPUMEHTIB, pe3yabTaTh
3BEIEHO 10 Tao0mI. 2.

MoskHa mo6aunTH, 10 MiHIMaJIbHY Bary mpHu po3pa-
XYHKY YHCEJBHOCTI TSDKKHX XBOPHX MAa€ CIOYUYCHHS Tiel
’K MOXJIMBOCTI TPOWTH BaKIMHAIIIIO i3 3alTPOBAKEHHIM
JMUCTAHIIIMHOTO HaBUaHHS. MaKkcuMallbHA Bara — y 3ampo-
BapKEHHI 000B’I3K0BOI BaKIMHALI].

Error: 0203611 Steps: 82

Puc. 5. I'pad HelipoHHOT Mepexi

WL

RMDVZ P I s res errar
1 kKyiwskyd 1 01 0 11.98 42,12 17.0 14,978 (0.167079
4 kKyiwskyd 1 1 1 1 47.28 13.53 5.0 5.827 -0.068356
o phipro 0 0 0 0 18.74 36.12 15.9 16,246 -0.028523
12 Dripro 1l 1 1 1 44.49% 10.32 6.2 5.73% 0.038082
15 kharkiv 1 1 1 0 35.82 16.44 8.9 8.168 0.060470
146 kharkiv 1 1 1 1 42.05 11.84 5.9 5.808 0.090287
17 odesa 00 0 0 16.34 48.10 16.3 16.315 -0.001259
21 Lviv 0 0 0 0 18.30 38.90 16.4 16.267 0.010978
29 Zaporozhye 0 0 0 0 18.40 39.70 16.5 16.272 0.018826
33 vinnytsia 0 0 0 0 13.20 34.10 15.9 16.238 -0.027925
35 vinnytsia 11 1 1 38.32 10.21 5.4 5.782 -0.031542
42 Cherkasy 1 1 0 0 26,20 30.70 13.3 13,270 0.002515
43 Cherkasy 1 1 1 0 39.80 25.60 9.8 09.482 0.026261
50 Sumy 101 0 0 31.90 28,90 12.1 12.955 -0.070882
52 Sumy 101 11 42,15 18.00 5.1 6.068 -0.080030
53 Zhytomyrskyi 0 0 0 0 18.10 33.40 16.8 16.224 0.0478619
55 Zhytomyrskyi 1 1 1 0 35.35 21.20 9.1 8.925 0.014434
> cor(w2$s,w2fraes)
[1] ©0.9875
> mean(abs(w2%errorl]
[1] 0.04518

Puc. 6. Pe3ynbratu po3paxyHKiB

Tabnuis 2 — Pe3ynpTaTh BIUIMBY Ha BiICOTOK TSDKKHUX XBOPUX
BUITy4eHHs1 (paKkToOpiB

. | Cepenns B?HXHHeHHf[

M|ID|V|Z]|P] I |Kopemsmis nosia | B 6a391101
mogeni, %

+|+ |+ | +|+|+]| 09875 0,0462 -
—|+|+|+|+]|+]| 09933 0,0402 -13
+|—-|+|+|+|+] 09915 0,0409 -11
+1+ |-+ |+ +]| 09912 0,0473 2
+|+|+|-|+|+]| 09814 0,0546 18
+|+|+|+|-|+]| 09931 0,0381 -18
S B e 0,9928 0,0399 -14
- | =]+ |+|+]|+]| 09879 0,0524 13
+|—-|—-|+|+|+]| 09897 0,0460 0
+|+|-|—-|+|+]| 09875 0,0496
+|1+|+|-|—-|+]| 09811 0,0502 9
A H ||| - 0,9889 0,0392 -15

ITicns YuWCIEHHUX 3amyCKiB I[bOTO CKPHITY IS
PI3HHX TapaMeTpiB KUTbKOCTI TNPUXOBaHUX IIMapiB Ta
KUTBKOCTI HEWPOHIB y HHX 3’sICOBaHO, IO HAWKpaIIHid
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pe3ynbpTar (cepemHs aOCONIOTHA TPHUBEIEHA MMOMMIIKA —
0,03684) 3abe3medye mepcenTpoH, SIKUH Mae I1Ba MPHUXO-
BaHUX IIApH, KOXKEH 3 II'sIThOMa HeHpoHaMu. (pwuc. 7,

XBOpoO y TKKill dopmi. Heupomepeoscni mexnonoeii ma ix
sacmocysannsi  HMTi3-2022:  36ipnux  nayxosux npayv XXI
Midicnapoonoi nayrkoeoi konghepenyii «Hevipomepesichi mexnonoeii
ma ix 3acmocyeannsa HMTi3-2022» [3a 3ae. ped. 0-pa mexnu. Hayk.,

puc. 8). npog. C. B. Koeanescvrkoco i Hon.D.Sc., prof. Dasic Predrag].

R Kpamatopcerk: JJIMA, 2022. C. 56-61.

Z 4. Kozy6 1. C., Mensuukos O. 0. CTBopeHHsS MaTeMaTHYHOI MOJei

i UL OLIHIOBaHHSA e(EeKTUBHOCTI MPOTHEMIJEMIYHUX 3aXOJIB.

Mamemamuxka ma mamemamuune MO()@/HOSQHHE Y cydacHomy

vl mexHiuHoMy yHigepcumemi. 36ipHux me3s oonosioeti I Mixcnapoonoi

& HAYKOBO-NPAKMUYHOL KOHpepeHyii cmyoenmie ma MoIoOux 6UeHuXx,

30 keimus 2024 p. JIyupk: JouHTY, 2024. C. 62-64.

Hae 5. WHO COVID-19 dashboard. URL: https://covid19.who.int/ (zata

. ; 5 3BepHeHHs: 21.04.2025).

B 6. Johns  Hopkins  Coronavirus  Resource  Center. URL:

B2 " https://coronavirus.jhu.edu/ (nara 3Bepuenns: 21.04.2025).

= 7. Eurosurveillance. URL: https://www.eurosurveillance.org/ (nara

3BepHeHHs: 21.04.2025).

- 8. COVID Data Tracker. URL: https://covid.cdc.gov/covid-data-

. tracker/ (nata 3Bepuenns:: 21.04.2025).

2 9. COVID-19 Pandemic - Our World in Data. URL:
https://ourworldindata.org/coronavirus (nata 3BEPHEHHS:

% 21.04.2025).

10. Koponasgipyc ¢ Vkpaini — Cmamucmuxa — Kapma 3apadicenw,
epaghixu. URL:
https://index.minfin.com.ua/ua/reference/coronavirus/ukraine (mata
3BepHeHHs: 21.04.2025).

= Vol o Age ¢ Pz - Y ; o 11. Ko3y6 O. C., MenbuaukoB O. FO. TTocTaHoBKa 3a1a4i JOCHiKEHHS
4 2L.E 52 D.34884 32,58 25.26 0.3 1.0 0,0140758 7,009¢-08 0.000&+00 BIUINBY pi3HHX (DaKTOpiB Ha pIBEHb 3aXBOPIOBAHICTh IIiJ dac
P Sas 77 01lers 3o 2a28 03 0 0/ 1310425 1 735602 4 765e-02 natemii. Poseumok nayku — npocmip 01 6ionosienis peziony:
sl Jo2aassr T O a0 36IpHUK Mme3 HayKoeoi Kongpepenyii monooux euenux 19 zpyomus
12 23,8 84 0.53488 32.66 25.26 0.5 (6719807 1,851e-01 2 ; 2024 p. Kpamaropcsk: JloHelpka obacHa gepykaBHa afMiHiCTpaIis,
S Rl heat et i r e bt Pana monoanx BueHux npu JloHewpKii odnaepxkaaminicTpanii, 2024.
2? 26.4 B4 E'.4&F?3:' 33.19 25.0;' 1 .Bt'?01304 7.126e-01 9.716e-01 C 86788
26 3.2 BE 0,18605 44,88 239.93 1 L D000000 (3, Q0De+00 1, 000e+00 L.
27 2.0 90 0.25581 44.88 239.93 1.0 -0000000 D.000e+0D 0. 000e+00 12. Titic B. Bb. Heipomepeoicni mexuonocii: HaguanbHuii NOCIOHUK.
2 10 76 0.04631 4a.8 239,91 1 ) 2434783 1 518-02 3471602 Kpamaropeek: JUIMA, 2021. 248 c.
T oo GhmigEhiten 13 Memmios O. 10. R — wosa npocpanyeania ma ananiy Oas:
42 9,0 79 0.06047 44,92 240.12 1 (9067633 2,412e-01 3.150e-( Haguanbhuli  nocibnux  0nA  3000yeavie  euwoi  oceimu  3a
a4 17.8 7B 0.06977 44.92 240.12 1 LO097326 3.066e-01 3.665e-01 . o« . PRV
40 6.8 7 D.18605 44.07 240.12 1 L0124306 3.848e-01 3.808e-01 cneyianonocmamu  «Cucmemnuti  ananizy  ma  «Inpopmayitini
il o e i S e S R cucmemu ma mexnonoeiiy. Kpamatopersk: JIJIMA, 2023. 272 c.
54 3.2 63 0.09302 47_67 335.18 1. 0000000 1, 592e-05 1.367e-05
55 7.5 66 D,20930 47.67 335.18 1 JO01R116 1.834e-04 1,55%9a-04 References (transliterated)
Puc. 8. Pesynbrati po3paxyHKis 1. Ognyeva V. A. Social medicine, public health. teaching. manual. in 4
volumes. T. 2. Public health [Social’na medy'cy na, gromads’ke
BHC.HOBK“' Pospotuena MOZCIb  IO3BOJLIE HPOBO- zdorov'ya. navch. posib. u 4 tomax. T. 2. Gromads'ke zdorov'ya].
IUTH OI[IHIOBaHHA €(EKTHBHOCTI IMPOTHEIIICMIYHIX 3a- Kharkiv, KhNMU Publ., 2023. 324 p. (In Ukr.).
XOJiB mij yac emigeMil Ta 3ailicHIOBaTH 31iHCHEHHS Ipo- 2. K0t|yl‘k S.V, Rfomanyuk o. ’\ll 5_0k0|]?Vﬁ ﬁ PCO K'VUShgiTOt\)/ M. M.
; ; i : _ Development of a WEB application for the VID-19 laboratory
THO3YBAHHA SMIHH BMCO.TVKa 1H(1)1.KOBaHHX 1 THX, XTO Tiepe [Rozrobka WEB-dodatku dlya laboratoriyi COVID-19]. Automation
HOCHUTbH x130po6y y TSOKKIH popmi. . of technological and business processes [Avtomaty zaciya
VY X0ai JOCHiIKEHHS OyJI0 BCTAHOBIIEHO, IO PIBEHb texnologichny™x i biznes-procesiv]. 2022, v. 14, no. 1, pp. 39-46.
3aXBOPIOBAHOCTI 3HAYHOI0 MIpPOIO 3aJI€XKHTh BiJl TaKHX DOI: doi.org/10.15673/athp.v14i1.2280 (In Ukr.).

(aKTOpiB, SK IyYCTOTA HACENEHHS, PiBeHb BAKLMHALiI Ta 3. Melnykov O. Yu, Kozub D. C. _Appllcat!on of neural networks to
. .. . assess the effectiveness of anti-epidemic measures and predict

COLIATLHO-CKOHOMIMHI yMOBH. Otpumani pesysibTati Mo~ changes in the percentage of infected and severely ill people

KyThb OyTH BUKOPHUCTaHI IJIs BJIOCKOHAJEHHS CTpaTerii [Zastosuvannya nejronny x merezh dlya ocinyuvannya efekty vnosti

NPOTHETIAEMIUHUX 3aXOJIiB Ta MOKPAIIECHHS YIIPABIIHCH- pr?E/‘epidemichny‘x zaxodiv ta pmggmzuvannrﬁf z:cniny‘] VidSOtkall

: : > : _ infikovany'x ta pereneseny’x xvorob u tyazhkij formi]. Neural

KH.X pillieHb y chepi oXopoHu BﬂOpOB. A. Topambmi o Network Technologies and Their Applications NMTiZ-2022:

CHUDKEHHS  MOXKYTb OyTH chpsMOBaHi Ha PO3MINPEHHA Collection of Scientific Papers of the XXI International Scientific

Ha60py (baKTOplB Ta YAOCKOHAJIEHHA METOAIB MOJIECIIO- Conference "Neural Network Technologies and Their Applications

BaHHSL. NMTiz-2022" [ed. by Dr. Tech. Sci., Prof. S. V. Kovalevsky and

Hon.D.Sc., prof. Dasic Predrag] [Nejromerezhni texnologiyi ta yix
CnHcoK BHKOPHCTAHOI JIiTepaTypH zastosuvannya NMTiZ-2022: zbirny'k naukovy'x pracz® XXI
Mizhnarodnoyi naukovoyi konferenciyi «Nejromerezhni texnologiyi

1. Oruesa B. A. Coyiarvna meduyuna, epomadcoke 300po6’s. Hasw. ta yix zastosuvannya NMTiZ-2022» [za zag. red. d-ra texn. nauk.,
noci6. y 4 momax. T. 2. I'pomadcvke 300pos’s. Xapkis: XHMY, prof. S. V. Kovalevs'kogo i Hon.D.Sc., prof. Dasic Predrag]].
2023.324 c. Kramatorsk, DSEA Publ., 2022, pp. 56-61. (In Ukr.).

2. Kormuk C. B., Pomaniok O. H., Coxonosa O. I1., Kmommikos M. M. 4, Kozub D. C., Melnykov O. Yu. Creation of a mathematical model for
Pospobka ~ WEB-momarky — win  maboparopii ~ COVID-19. assessing the effectiveness of anti-epidemic measures [Stvorennya
A@mo,wamusauiﬂ MEXHON0ITYHUX T 6i3Hec-npoueci6. 2022. V. 14, No. matematy‘chnoyi modeli d|ya ocinyuvannya efekty‘vnosti
1. C. 39-46. DOI: doi.org/10.15673/atbp.v14i1.2280 proty epidemichny’x zaxodiv]. Mathematics and Mathematical

3. Mempuukos O. 10., Kozy6 JI. C. 3actocysanusi HeipOHHHX MEpex Modeling in a Modern Technical University: Collection of Abstracts
JUL - OLIHIOBAHHSA ?d’eKTP!BHOCTl TPOTUCIIACMITHIX  3aXOMIB T4 of the Second International Scientific and Practical Conference of
IPOTHO3YBaHHs 3MIHM BiACOTKA IHQIKOBAaHMX Ta MCPCHECCHUX Students and Young Scientists, April 30, 2024. [Matematy'ka ta

Bicnux Hayionanvno2o mexuiunoeo ynisepcumemy «XI1Iy». Cepis: Cucmemnuti

44 ananis, ynpaguinus ma ingopmayiini mexronoeii, Ne 1 (13) 2025



ISSN 2079-0023 (print), ISSN 2410-2857 (online)

matematy'chne modelyuvannya u suchasnomu texnichnomu pandemic  [Postanovka zadachi doslidzhennya vply'vu rizny'x
universy teti: Zbirny’k tez dopovidej Il Mizhnarodnoyi naukovo- faktoriv na riven® zaxvoryuvanist® pid chas pandemiyi]. The
prakty'chnoyi konferenciyi studentiv ta molody'x vcheny'x, 30 development of science is a space for the restoration of the region:
kvitnya 2024 r.]. Lutsk, DonNTU Publ., 2024, pp. 62-64. (In Ukr.). collection of abstracts of the scientific conference of young scientists
5. WHO COVID-19 dashboard. Available at: https://covid19.who.int/ on December 19, 2024 [Rozvy'tok nauky" — prostir dlya
(accessed 21.04.2025). vidnovlennya regionu: zbirny 'k tez naukovoyi konferenciyi molody x
6. Johns Hopkins Coronavirus Resource Center. Available at: vcheny'x 19 grudnya 2024 r.]. Kramatorsk: Donetsk Regional State
https://coronavirus.jhu.edu/ (accessed: 21.04.2025). Administration, Council of Young Scientists under the Donetsk
7. Eurosurveillance. Available at: https://www.eurosurveillance.org/ Regional State Administration Publ., 2024, pp. 86-88.
(accessed 21.04.2025). 12. Gitis V. B. Nejromerezhni texnologiyi: navchalnyj posibnyk [Neural
8. COVID Data Tracker. Available at: https://covid.cdc.gov/covid-data- network technologies: a tutorial]. Kramatorsk, DSEA Publ., 2021.
tracker/ (accessed 21.04.2025). 248 p. (In Ukr.).
9. COVID-19 Pandemic — Our World in Data. Available at: 13. Melnykov O. Yu. R — mova programuvannya ta analizu danyx:
https://ourworldindata.org/coronavirus (accessed 21.04.2025). navchalnyj posibnyk dlya zdobuvachiv vyshhoyi osvity za
10. Coronavirus in Ukraine — Statistics — Infection map, graphs specialnostyamy «Systemnyj analiz» ta «Informacijni systemy ta
[Koronavirus v Ukrayini — Staty sty ka — Karta zarazhen®, grafiky']. texnologiyi» [R — the language of programming and data analysis: a
Auvailable at: tutorial for students of higher education majoring in "System
https://index.minfin.com.ua/ua/reference/coronavirus/ukraine Analysis* and "Information Systems and Technologies"].
(accessed 21.04.2025). (In Ukr.). Kramatorsk, DSEA Publ., 2023. 272 p. (In Ukr.).
11. Kozub D. C., Melnykov O. Yu. Setting the task of studying the
influence of various factors on the level of morbidity during a Haoiiuna (received) 28.04.2025

UDC 004.42:519.8

O. Yu. MELNYKOQV, Candidate of Technical Sciences (PhD), Docent, Donbas State Engineering Academy, Associate
Professor at the Department of Intelligent Decision Making Systems; Kramatorsk, Ukraine; e-mail: alexandr@melnikov.in.ua,
ORCID: https://orcid.org/0000-0003-2701-8051

D. S. KOZUB, Donbas State Engineering Academy, Student, Kramatorsk, Ukraine, e mail: dima.kozub13@gmail.com,
ORCID: https://orcid.org/0009-0002-2522-5241

RESEARCH INTO THE INFLUENCE OF VARIOUS FACTORS ON THE LEVEL OF MORBIDITY DURING
A PANDEMIC USING ARTIFICIAL NEURAL NETWORKS AND THE R PROGRAMMING AND DATA
ANALYSIS LANGUAGE

The problem of analyzing the impact of various factors on the level of morbidity during a pandemic is considered. The task of calculating the effectiveness
of anti-epidemic measures and changing the percentage of general patients in general and those who suffered the disease in a severe form is formulated.
The input factors of the predictive model are considered to be the “mask regime”, quarantine, distance learning, the possibility of vaccination, the
availability of mandatory vaccination, and the percentage of vaccinated people. The output factors are the percentage of total infected and the percentage
of those who developed complications after the disease (in the latter case, the percentage of total infected is added to the input factors). The task of
calculating the impact of various factors on the level of population morbidity was also formulated using the example of COVID-19 statistics in a number
of countries (Brazil, Germany, Japan, Ukraine, and the USA). An analysis of the main input factors was conducted, such as climatic conditions,
population density, population age, vaccination level, socio-economic conditions, population size, and measures to counter the pandemic. Data sets based
on real indicators were created. The artificial neural network method was used to solve both problems. A script was developed in the R programming
and data analysis language. Calculations show that to achieve the best result in predicting the number of total infected, it is necessary to use a perceptron,
which has two hidden layers, each of which consists of five neurons. To achieve the best result in predicting the number of seriously ill patients, it is
necessary to apply a perceptron, which has three hidden layers, each of which consists of three neurons. In both variants, a sigmoidal activation function
is recommended. The first model was used to analyze the level of influence of the listed factors on the level of morbidity. It was found that the minimum
impact on determining the change in the number of generally infected people is either the general opportunity to be vaccinated or the combination of a
mandatory mask regime with the introduction of distance learning. The minimum weight when calculating the number of seriously ill patients is the
combination of the same opportunity to be vaccinated with the introduction of distance learning. In both cases, the maximum impact is the introduction
of mandatory vaccination. During the study of the impact of indicators in different countries, it was found that the level of morbidity depends to a large
extent on factors such as population density, vaccination level and socio-economic conditions. The results obtained can be used to improve strategies for
anti-epidemic measures and improve management decisions in the field of health care.
Keywords: factors, statistics, incidence rate, COVID-19, forecasting, artificial neural networks, R language.
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AJATITUBHA TUHAMIYHA OIITUMI3ALISA PECYPCIB B CUCTEMAX 3 MULTI-TENANCY
APXITEKTYPOIO

VY crarTi po3rsigacThes mpobieMa e(eKTHBHOTO PO3MOALTY OOYHCIIOBAIBHUX PECYPCiB Y XMapHHX HPOTrPAMHHX CHCTEMaX, sIKi MOOymoBaHi 3a
MPUHIMIOM 0araToopeHAapHol apXiTeKTypu. Takuil MiXig JO3BOJSIE OJHOYACHO OOCIYrOBYBAaTH [ICKUJIbKOX KOPHUCTYBAa4iB B PaMKaxX €IUHOTO
MPOTPaMHOT0 EK3eMIUIIpa i3 3a0e3MeUeHHSAM 130JIbOBAHOCTI TXHIX JaHUX Ta KoHQiryparii. Takuil minxin 3HWKYe BUTpATH Ha iHPPACTPYKTYpy Ta
CIIPOIIy€e 0OCITYrOBYBaHHS, ajie CIiJIbHE BUKOPUCTAHHS PECYPCiB CTBOPIOE HOBI BHKJIMKH, TTOB’sI3aHi 3 HEPiBHOMIPHIM HABAaHTKCHHSM 1 MOTCHIIHHAM
MePEBAHTAKEHHIM OKPEMHX KOMIIOHEHTIB CHCTEeMH. Y MeXaX JOCTiDKSHHS IPOAHATI30BaHO KIACHYHI IiIXOIH 0 PO3IMOIITY 3’ €IHAHb 3 623010 JaHHX
MDK KOPUCTYBa4aMH — SIK CTATHYHI, IO (iKCYIOTh OOMEXEHHsI Harepe], Tak i 0a30Bi IMHAMIUHI, SIKi BPaXOBYIOTh JIHIIE IIOTOYHY KiNBKICTh 3aIUTIB.
BusiBieHO 0OMEXKEHHS IIMX METOJIB B YMOBaX 3MIHHOTO Ta HEPiBHOMIPHOTO HaBaHTa)KEHHs. 3aIlPONOHOBAHO HOBY a/IalITUBHY METOJAMKY JMHAMI4HOL
ONTHUMi3allii pecypciB, ska BpaxoBye€ HE TiIbKMA IHTCHCHUBHICTH 3aIMTIB, aie W CepemHiil yac ix OOpOOKH, ICTOPHYHI MOKA3HUKH AKTUBHOCTI Ta
IHIMBiyalbHI XapaKTEePUCTHKU KOXXHOTO KOpUCTyBaya. METOANKa TaKOX JJO3BOJISIE BPAXOBYBATH BaroBuii KOe(ilieHT, 1[0 BU3HAYAE BIUIUB KOKHOTO
YMHHUKA Ha KIHIEBUH pO3paxyHOK. EKCriepiMeHTanbHa MepeBipka MO Ha OCHOBI TPHOX CIIEHAPIiB 13 PI3HOK IHTEHCHBHICTIO 3alUTIB MOKa3aja
3HAYHE 3HWKEHHs CepeAHbOro vacy Bimmosimi mo 20 % mnopiBHsAHO 3 6a30BUM MeTOAOM, Oe3 30iMbLICHHS 3araibHOI KITbKOCTI BUKOPHCTOBYBAHUX
i gKIroueHb. Pe3ynbraT cBifuath po e()eKTUBHICTH 3alPONIOHOBAHOIO MiJXOAy B pealbHMX ymoBax. Taka METOAMKA MOXe OYTH BIIPOBA/DKCHA y
cydacHi xMapHi miathopMu T i JBUILEHHS POIYKTUBHOCTI Ta CTIHKOCTI [0 MKOBUX HABAHTaXKEHb IHOPACTPYKTYpH.

KurouoBi cioBa: xmapHi 004MCIIEHHS, OaraToopeHIapHa apxiTeKTypa, ITUHaMiyHa ONTHMI3allis pecypciB, 0aza NaHUX, IyJ MiIKIIOYEHb,
METO/IMKA aJalTUBHOTO PO3HOALTY PECYpCiB.

Beryn. CyyacHi XMapHi pillleHHS Ta CEpBICH 32 MO-  3amoOIrTH CHUTYaIlisM, KOJIH OJFH OPCHIAp BUKOPUCTOBYE

Jeruno SaaS Hepinko IPYHTYIOThCsl Ha multi-tenancy apxi- — OLUIbLIY YaCTHUHY PECYPCIB.

TEKTypi. Y Takux CHCTeMax OJMH €K3eMIUIIp 3aCTOCYHKY

MOX€ OJHOYAaCHO OOCIIyrOBYBAaTH IEKIIBKOX OpEHJIapiB, i
SIKI KOPHCTYIOTHCS CHIJIBHOIO iH(pacTpyKTyporo, 30epira-

I0YM TIPU 1IbOMY 130JIbOBAHICTh CBOIX JaHHUX Ta KOHQIry- o
pauiii. [ToniOHMIT NixXiq Aa€ 3MOTy 3MEHIYBaTH BUTPATH

Ha iH(pacTpyKTypy Ta CHPOLIYe NMPOLECH OHOBICHHS Ta 20
miarpumku [1-3].

Puc. 1 imocTpye mopiBHSHHS BapTOCTi iH(paCTpyK- 10
TypH B cucteMax 3 single-tenancy (STA) ta multi-tenancy
apxitekryporo (MTA) [4]. BinmosigHo 1o puc. 1 BUKOpHC- 0
tanHs1 MTA 3MeHIIye BapTicTh BUTPAT Ha 3araibHy iH(pa- ! : ¥ Kmbﬂiscn, ope:l?u,apia B i "
CTPYKTYpy cuctemHu [4].

B cutyartisix ko pi3Hi opeHaapi AT MK 00010 Puc. 1. BapTicTe BUTpaT Ha iHPPaCTPYKTYpy
00YHCITIOBAIBHI PEeCypCH, BUHUKAIOTH MPOOIeMH 3 HepiB-
HOMIpDHHM HaBaHTa)XEHHSIM 1 BUCOKHM PH3HKOM IepeBaH-
TaXEHb OKPEMHX PeCypciB. Y TaKMX BHUIAJKax JHHAMIUHA
ONTHMI3AaIlisl TO3BOJISIE CUCTEMI IEPEPO3TOALIATH PECYPCH,
3aJIeXKHO BiJ] IIOTOYHMX ITOKa3HUKIB aKTUBHOCTI Ta NOTpeO
openpapis [5]. Lle nae 3Mory: rHyYko ajanTyBaTH pO3IO-
JIJT pecypciB JI0 MOTOYHOTO CTAHy CUCTEMH, 3MEHIIYBaTH
KIJIbKICTB BIIMOB 4Yepe3 MepeBaHTaKEHHS OKPEMHX BY3IIIB,

= Bapricte 8 STA, Tuc. § = = Bapricte 8 MTA, TvC. §

Taxkum unHOM pO3pOOKa METOIB 1 AITOPUTMIB JHHA-
MIYHOTO PO3IOJIYy pecypCiB € OJHHM i3 KIIOUOBHX Ha-
npsaMiB s 3abe3nedeHHs edekTuBHOCTI multi-tenancy
cucreM. Came TOMy BHKOPHCTaHHSA €(DEKTHBHUX METOMIB
JTUHAMIYHOI ONITHUMI3AIlii pecypcCiB € aKTyaJbHUM 1 BaXKITH-
BUM [6].

Hocaimxenns: tuHamivyHol onTuMmizaunii pecypcis.
Y KOMITIOTEpHHX CHCTEMax pPO3MOMALT PECcCypciB MOe
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3MIMCHIOBATHCSA CTaTHYHO abo amHaMiyHo. CraTHyHHi
PO3MOALT pecypciB BUKOHYETHCS Ha €Tali KOMIUIAIIT abo
MOYATKOBOI'O HAJIALITYBAHHS CHCTEMH. Y IIbOMY BHIIAJIKY
pecypcH, Hampukiaa, oocsr mam’sti abo KUTbKiCTh TOTO-
KiB, 3aKPIIUTIOIOTHCS 32 KOHKPETHUMH 33/1a4aMU Harepesn i
HE 3MIHIOIOTBCS MiJ Yac BUKOHAHHA. Takuil miaxil mpoc-
TUIl y peani3auii, OHaK BiH HE BPaxOBYE 3MiHHI YMOBH
HaBaHTAXKECHHS, 110 MOKE NPU3BOJMUTH J10 Hee(PEKTUBHOTO
BUKOPHCTaHHS PECypcCiB, OIHI KOMIIOHEHTH MOXYTb
MIPOCTOIOBATH, TOJII K iHIII BiIYYBAIOTh HecTauy [7, 8].

Ha nporuBary ripoMy AHHaAMidHA OITHMI3AIis pecyp-
CiB y KOMIT'IOTEPHHX HayKaxX O3HAJa€ IpoIec ePeKTHB-
HOTO PO3IOJITY PECypCiB, 3aJIe)KHO BiJl IIOTOYHOTO CTaHY
CHCTEMH Ta 3aBaHTA)XCHHS 00YHCIIIOBATEHHUX €JIEMEHTIB. Y
paMKax AWHAMIYHOi ONTHMI3aIlil cHCTeMa MOCTiifHO Bix-
CITITKOBY€ BUKOPHUCTaHHS pecypciB (T1aM’sITi, IpOIecopHO-
ro 4acy, MEpeKEBUX PECYpCIB TOIIO), aHATII3ye OTPUMaHI
JIaHi Ta aBTOMATUYHO aJantye ix po3moaia. OCHOBHA MeTa
— 3a0e3NeYnTH MaKCUMaJbHY NPOYKTHUBHICTh, 3MEHIIUTH
3aTPUMKH Ta 3amo0irT nepeBantaxenHro cucremu [7-10].

VY xontekeri MTA, cucrtema noBUHHA MIiATPUMYBATH
OJTHOYACHY poOOTY BEIHKOI KUTBKOCTI OpEHIApiB, KOKEH 3
SKUX B33a€EMOJI€ 3 3aCTOCYHKOM SIK 3 OKPEMHM JIOTTYHUM
eK3eMIULIPOM, 3 OKPEMHUM JOCTYIIOM JI0 CBOIX JaHuX. ToMy
ocobmuBy yBary B cucteMi 3 MTA ciix mpuminutu came
onTHMi3allii 3’ eqHanb 3 6a3zoro manux (bJI), Tak gk e Te Ha
10 HAIMpsSIMY BIUTMBAE KiJTBbKICTH OPEHIAPIB, SKi BUKOPHC-
TOBYIOTH 3aCTOCYHOK. OJTHMM 3 MOKJIMBHUX METOJIB ONTH-
Mi3allii mpu 1boMY € 00’ € THAHHS i JKJIF0YCHb B IUHAMIUHI
nyid. ba3oBi migxoau 10 KepyBaHHS IMiJKIIOYEHHSIMH JI0
B/l 3a momoMoror myliB MiJKIOYEHb MOXYTh 3a0e3re-
YUTH 3HAUHMI npupicT y mBuakonii B MTA [11].

Puc. 2 imoctpye npukian Kopemsii KijdbKoCTi Mmif-
KJIIOYEHb OPeHAaps Ta MOTOYHOI KUIBKOCTI 3’€JIHAHB 3 BHU-
KOPHUCTaHHSAM JTWHAMIYHUX IYJiB MiIKITIOYCHb.

= [ligknio4eHb OpeHAapA === === [0TO4YHA KiNbKICTL 3'60HAHB
30

20
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Puc. 2. JlunamivHa ONTUMI3AIlS B 3QJIEKHOCTI BT KUTBKOCTI
3’€IHaHb
Jst peamizanii JUHAMIYHAX TyJiB TiAKIIOYEHb TO-
TpiOHO MaTH aNrOpUTM BU3HAYEHHS IIOTOYHOTO JIMITY MijI-
KJIIOYEHb.
Biamosiaxo q0 (1) mimit migkmouens R, mis openna-
ps | BU3HAuaeThCA K cyma 6a3o0Boro Jimity R . Ta auna-

MIYHO PO3pPAaxOBaHOrO 3HAYEHHS, IO 3aJICKHUThH BiJ KIb-
kocri 3aruTiB N, , 110 € XapakrepucTikoro opeHaaps. [lpu

mpoMy R — Ile MakcHMaibHa KiJbKiCTh MOXJIMBHX ITi/I-

KIIIOYeHb, a S 1€ KiNbKicTh Beix openaapis [12, 13]:

R:R.+—3L—(R

i min S
E N,
j=1 )

st BUMiproBaHHs €(h)eKTHBHOCTI aJITOPUTMY OTITHUMi-
3alii NPUHHATO BUKOPUCTOBYBATH JBI METPUKH: ITOKpa-
IICHHS CePEeIHBOr0 Yacy BIAMOBII Ta €(EKTUBHOCTI BUKO-
pucTanHs pecypcis [12].

Juis obumciieHHsT CepeqHbOTO Yacy BiAIMOBiNI CHC-
TEMH MOXKJIIMBO IPOBECTH TECTOBHIl CIIEHApill MPOTATOM

max_S'Rmin)' (1)

gacy T JUIs CTATUYHOI KiTbKOCTI MiJKTFOUCHb Ta JHHAMIY-
HOT KUTBKOCTI MigKII0ueHb. DopMaNbHO, KO TO3HAYUTH
Cepe/Hii Yac BiINOBIAl MpH AMHAMIYHIA OMTHUMI3ALT SIK

Ly, Ta mpu CTaTHYHOMY JiMiTi MifKmO4YeHb K L

stat > i
MPOBECTH TECTOBHH CIIEHapiii HABaHTa)KEHHs Ha CUCTEMY B
NpoMiXKY 4acy Bix 1 1o P, To B pe3ysbTaTi BUMipIOBaHHS
MOJKHA OTPUMATH J1Ba HAOOpH MOKAa3HUKIB Yacy BiAMOBimei
U CTaTUYHOTO (2) Ta tuHaMivHOTO (3) MyTy MiIKII0YeHb
BIZITOBITHO:

(b (1)) Lt (2), - L (P} )
{Ldyn (1)' Ldyn (2)' T Ldyn(P)}' (3)

Obuncmoroun KoeilieHT CepeaHBOro Jacy AL(p)

BIAMOBITHO 710 (4), Ta BUKOHYIOYH aHalli3, MOKHA IIHTH 110
BUCHOBKY, III0 TIOKpallleHHs1 ske Oubine 3a 0, Bkasye Ha
[MO3UTHBHUI BIUIMB JUHAMIYHOI ONTHMI3aLil MiIK/IFOYEHb,
a 9yuM OJIFDKYe 11 YUCIIO0 10 1, TUM e()eKTUBHIIIE MTPALOE
ANTOPUTM:!

_ leat ( p)_ Ldyn ( p)
La(P)

KoedimieHT epeKTHBHOCTI BHKOPHUCTaHHS pPECypciB

AL(p) (4)

E Moxxe ciryryBaTH 101aTKOBOIO METPUKOIO, SIKa 3a3BHYAi

Ma€ TPUYMHO-HACITIJKOBUI 3B’SI30K 3 CEpeJHIM YacoM
BianoBigi. Tak npu moripuieHi mporo koediiieHty Oyae
MOTIpIIYBAaTHCh CEPEAHIN Yac BiAMOBIII.

s po3paxyHKy KoedirieHTa e(peKTHBHOCTI BHKO-
pUCTaHHS pecypciB BinmoBinHO 10 (5) moTpiOHO BUMIpATH
KUTBKICTh BHKOPHCTOBYBAaHHX IUHAMIYHHX ITiTKJIFOUYCHb
U! t

on T@ CTATHYHUX migKmodenb U

B MOMEHT 4acy 1 3a

yacoBuit inTepsai T :

T U t
E:Z%{ﬂ. (5)
z[ Ustat

EdexTuBHMI aITOpUTM NMOBUHEH MaTH Takui Koedi-
II€HT MEHIIIe OJJUHUIII, @ YMM OJIMKYIEe TaHe YUCIIO JI0 HyJIS,

THAM Kpallle aITOPUTM JHMHAMIYHOI ONTHMi3allii.
TakuMm 4YWHOM, IWHAMIYHA ONTHMI3alis PecypciB
JIO3BOJISIE KOPWUTYBATH JIMITH MiAKIIO9eHb 10 BJI mist
KOXXHOT'O OpEeHIaps B 3aJIEXKHOCTI BiJl IXHOI aKTUBHOCTI,

3a0e3neuyioun e)eKTHBHE BUKOPUCTAHHS TaM’STi Ta TijI-
BUIIYIOYH 3arajibHy ¢(eKTHBHICTh CUCTCMH.
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IMocranoBka 3amaui. Kimacuuni migxomm mo oOme-
JKCHHS KUTBKOCTI 3 €THAHb Ha OpEHAAps IPYHTYIOTHCSA 2060
Ha CTaTUYHOMY pO3MOAiIi, 200 Ha crpommeHnx Gopmymax,
10 BPaxOBYIOTh JIMIIE KiNBKICT 3amuTiB. IIpoTe B peans-
HUX YMOBaX HaBaHTa)XEHHs MOJXKE CYTTE€BO KOJIUBATHUCS B
yaci Ta MDK PI3HUMH OpEHAapsSMH, L0 MPU3BOJIUTH 1O
Hee(DeKTHBHOTO BUKOPHCTAaHHS PECYpCIB Ta 3aTPUMOK Y
00pOoOIIi 3amuUTIB.

MeTol0 1aHOTO JOCIIJKEHHS € PO3pO0Ka METOIUKH
JMUHAMIYHOTO PO3MOIUTY JIMITY MiAKIIOYeHb 10 BJI s
MTA cucrem Ta mpakTudHe ii JOCHiIKEHHS. 3aBXaHHS
MOJISITAa€E y TOMY, MO0 BPaxOBYBAaTH iHAWBIAyalbHI Xapak-
TEPUCTUKH OpPEHIApiB AJs OUTBII TOYHOTO Ta THYYKOTO
KepyBaHHS pecypcaMH — TaKi K iHTEHCHBHICTH 3aIlHTiB,
cepenHii ac 0OpoOKH Ta iICTOPHYHI JaHi HAaBAaHTAKCHHS.

TakuM YHHOM, OCHOBHI 3aladi, sIKi CTaBIATHCA Y
MeXax poOOTH: po3poOKa METOAMKH PO3PAXYHKY JIMITY
II/IKJIFOYEHB, sIKa BpaXxOBYyBasla OW HE JIUIIE TOTOYHY KiJlb-
KICTb 3aIIUTIB, a i cepeHii yac 0OpoOKH Ta iICTOPUYHI 1aHi
aKTUBHOCTI. 3 METOIO MEPEBIPKU Mpane3qaTHOCTI po3poo-
JIEHOT METOJWKU B POOOTI BHUKOHYIOTHCS MpPaKTH4HI J10-
CIJDKEHHS TUIAXOM 30MpaHHS METPHK IS Pi3HHX CIie-
HapiiB HAaBaHTA)XEHHS CHCTEMHU Ta aHANI3y pE3YNIbTaTiB
BHUMIipIOBaHb.

OudiKkyBaHUM pE3yJbTaTOM MOXE CTaTH JIOBEICHHST
OLUTHHOCTI BIPOBAKCHHS aJallTUBHOTO PO3MOILTY Mij-
KIIFOUCHb y CKJIQJHUX 0araTOKOpUCTYBAaI[bKHX CHCTEMax
JUTS T ABUIIICHHS TPOAYKTUBHOCTI O¢3 301IbIICHHS 3arajib-
HOT'O HABAHTA)XCHHS HA IHPPACTPYKTYPY.

MeToauka agjanTUBHOIO JHHAMIYHOIO PO3MOAiTY
pecypciB. i Kpaiioro po3mojaily pPeCcypciB MPOIOHY-
€TbCSl BpaxyBaTH OUIbIIY KUIbKICTh XapaKTEPUCTHK OPEH-
Jiapsi 3a SKUMH Oy/ie MOXKJIMBO IIPOTHO3YBATH HABAHTAXKEH-
Hi. s mbOro MOXHA BBECTH B PO3IIBII HACTYIHI
XapaKTEepUCTUKH: ICTOPHYHI /1aHi TI0 BUKOPUCTAHHIO 3’ €11~
HaHb, cepenHiii vac 0OpoOKH 3’€IHAHB Ta MPIOPUTETHICTH
XapaKTePUCTHKH.

IcTopuyHi naHi M0 BUKOPHUCTAHHIO 3’ €IHAHb TIOBUHHI
Mmictutu inpopmartiro mpo W, (t) — CepeIHI0 KUIBKICTh

3aIUTIB Ha OHY CEKYH/y 32 KOHKPETHHH repiof yacy 1.

B takoMy mingxo/i IpUCYTHI NEBHI HEOJIKH, a came
Te, 10 MPUCYTHS 3HAYHA MOJKJIMBICTH BiACYTHOCTI JIaHUX
3a pO3paxyHKOBHH Iepioj, a TakoX JaHi 3a MomepenHii
nepios; MOXKyTh OyTH HE peJIeBaHTHI, HANPUKIAMA, Yepes3
ce30Hi mopii. Jyst BHpILIEHHS NEpIIoro HENONIKy HeoO-
XiJTHO 00MpaTh JOCTaTHHO IUPOKHI MIEpioj] pO3paxyHKy, a
TaKOX PO3POOWTH aNropuT™M [ii MPH BiACYTHOCTI icTo-
PUYHMX HaHUX Yy opeHnmapsi. s BUpILICHHsS APYroro
HEJOIKYy HeoOXiTHO OO0MpaTH Mepioa KUl Oyae CXOXKHit
Ha TIOTIePETHI.

IIpu BBeZeHI HyTHOBOTO 3HAYEHHS CEPEIHBOI Killb-
KOCTI 3aITMTiB 3a po3paxyHKOBU nepiox BiamnosiaHo 10 (6)
MIPOTIOHYETHCSI 00paTH HACTYIHUH JTOPUTM AiH, a came,
IIPY BiICYyTHOCTI 3HAUYEHHS — 00OMPATH T0YaTKOBE 3HAYECHHS
W, , sike Oy/ie 3a1aBaTiCh B HAJAIITYBAHHIX CUCTEMH:

min >

W; = max {Wmin’ Wi} . (6)

Jitst cepeiHbOro yacy oOpoOKU BH3HAYUMO A, , ssKuil

Oyne po3paxoByBaTHCh IPH KOXXHOMY 3allUTi OpeHAaps.

Jlnst ypiBHOBa)KEHHSI TIPIOPUTETHOCTI CEPEIHLOTO Hacy
BiJIIOBII ITO BiTHOIICHHIO 0 KUTBKOCTI 3aITUTIB OpeHIaps
BBEJIEMO HOBHil KoeQiIlieHT [ , SKWI POIIOHYETHCS BCTA-

HOBJIFOBATH B HAJIAIITYBaAHHAX CUCTCMHU. 3a JOIIOMOI'OKO ,B

MPOTIOHYETHCS BUPINIYBATH MUTAHHS MIOJ0 MOXKIHUBOCTI
KOpEryBaHHsI 3HAYYIIOCTI XapaKTEPUCTHKH CHCTEMH, TOO-
TO IIe BH3HAYA€ HA SKi MaHi CIif OibIe CIHHpaTHCS UL
KOHKPETHOI CHCTEMH — Yac BiIMOBiAi a00 KUTBKICTh Mij-
KJIIOYEHb.

3 ypaxyBaHHSM BHIICBUKJIAJCHOTO BHUBEACMO Y
posrisin (7) — GopMyiay po3paxyHKy JIMITy TOCTYITHHX
miaKToYeHb 10 b/l 11 KOHKPETHOTO opeHaaps:

W (N, +4-A)
LW,-(N,- +:3'AJ)

'(Rmax_S'Rmin)' (7)

IIpakTHyHe 10CaiIKEHHA METOAMKHU aJallITHBHOT O
AUHAMIYHOrO po3moniny pecypciB. Jng mepeBipku
3aIPOIIOHOBAaHOT METOIWKH AWHAMIYHOTO PO3MOIINY pe-
CypCiB Ha IPHKIIAI JIMITY i IKITFOUEHb, IIPOBECHA HI3KA
TECTYBaHb Ha IMITOBaHOMY CEPEIOBHILI, IO MOZENIOE
noBeninky MTA cucteMmu i3 pi3HOIO iIHTEHCHUBHICTIO 3aITH-
TiB BiJ] KOXKHOT'O OpEHIapsI.

MeTor0 eKCIepUMEHTY Oysia MmepeBipKa AOIILHOCTI
3aCTOCYBaHHS PO3pPOOJICHOT METOAMKH, a caMme 4uu 3a0e3-
neyye METOMKa OUIbII e()eKTUBHUI PO3MOILI pecypciB B
YMOBax HEpIBHOMIPHOTO HaBaHTa)KEHHs, a TaKOX IOPiB-
HsAHHS 1i e(pEeKTUBHOCTI 3 0a30BMM BapiaHTOM PO3MOJILTY
JMITY I IKITFOYCHB.

i1 yMOB TecTyBaHHS 00OpaHO TPH Pi3HUX CIEHApii,
SIKi BIIPI3HSUTUCS KIJIBKICTIO OJTHOYACHO aKTHBHUX OpEHIa-
piB Ta XapakTepoM HaBaHTAXXCHHs, a caMe: B NEPLIOMY
CIleHapii yci OpeHIapi MaroTh OJTHAKOBY KiTBKICTB 3aITUTiB
3 OJHAKOBUM CEPEIHIM 4acoM OOpPOOKH; B APYroMy ciie-
Hapil OJJMH 3 OpeHJapiB reHepye BIBiul OLIbIIE 3aMuUTiB,
HIX 1HII; B TPETHOMY CLIEHApii OpeHapi MaroTh pi3HY iH-
TEHCHUBHICTh 3aITUTIB, @ TAKOX PI3HUN Cepe/IHii yac 00poo-
KU 3aIUTiB.

J11st KOXKHOTO ClLieHapito OyJu MPpoBeJIeHi cepil TecTiB
Y TPHOX PEKHUMAX: 3 BUKOPUCTAHHIM CTATUYHOT'O PO3IOI-
Jy JMITy MiIKTI0YeHb, 3 BAKOPHCTAaHHAM 0a30B01 popmy-
T pO3paxyHKy JMITY TiaKIto49eHsb (1), 3 BAKOPHCTaHHIM
amanTuBHOI popmymH (7).

Jist owiHKH OyJI0 BUKOPHUCTAHO JIBI METPHUKH: CEpPEI-
Hill yac BianoBiai Ta KoedimieHT eheKTUBHOCTI BHKOPHC-
TaHHS 1 IKITIOYECHb.

Pe3ymbrar TecTyBaHHA CEpeIHBOTO Yacy BiAMOBimi
HaBeJIeHO B Tabu. 1 ta tabum. 2.

AHaNi3yloun pe3ysibTaTH, HaBeleHi B Tabm. 1 Tta
TabJ1. 2, MOKHA 3pOOUTH BUCHOBOK IO Ma€ MicIie MOKpa-
IICHHS Yacy BiJIOBii B MOPIBHAHHI 3 0230BOI0 (OPMYIIO0
y creHapii 2 Ta 3, 1e HaBaHTa)KeHHS HE € PIBHOMIPHHM.

Tabmui 1 — Cepenniit yac Biamosimi

CepenHill yac BiIoBii, MC
Cuenapiil | Crarnunuit BazoBa AnantuBHa
PO3MOAILT ¢dopmyna ¢dopmyna
1 4033 3050 3063
2 5792 4012 3907
3 9611 5521 4701
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Tabnuit 2 — KoediuieHT cepenHporo yacy BiAnoBiai

https://www.sciencedirect.com/science/article/abs/pii/S0164121214
002313/ (nara 3BepHenns: 12.02.2025).

' AL( p) 2. Hugo S. C. Pinto A Systematic Mapping Study on the Multi-tenant
Cuenapiit Architecture of SaaS Systems. URL: https://www.researchgate.net/
basona ¢opmyna AnanrtusHa popmyna publication/306255127_A_Systematic_Mapping_Study_on_the_Mu

1 0,76 0,76 Iti-tenant_Architecture_of_SaaS_Systems/ (mara 3BEpPHEHHSL:

2 0,69 0,67 11.03.2025).

3 057 0.49 3. Rouven Krebs Architectural Concerns in Multi-Tenant SaaS

2 2 Applications. URL: https://www.researchgate.net/publication/ 26494
2141_Architectural_Concerns_in_Multi-tenant_SaaS_Applications/

PesynbpTar TecTyBaHHS KINBKOCTI MiIKII0O4eHb 10 B]] (nata 3BepHenns: 18.12.2024).

HaBenenuil B Tabu. 3 Ta Tao. 4. Single vs. Multi Tenant Cost Comparison. URL:
https://www.slideshare.net/slideshow/single-vs-multi-tenant-cost-co
R 7 e : mparison/35649260/ (nara 3Bepuenns: 09.02.2025).
Tabmana 3 - Kimbiicts nizmiouers 1o B, mo 5. Optimizing Multi-Tenant SaaS Applications for Performance. URL:
BIKOPHCTOBYETHCA https://divami.com/news/optimizing-multi-tenant-saas-applications-
PR - for-performance/ (nara 3Bepuenns: 20.02.2025).
. ISIHBKICTB TLIRTFO TOHb 6. What is Multi-Tenant Data Management and Why do you need it?
Cuenapiit Crarmannit basosa AnanTHBHA URL: https://medium.com/%40shenli3514/what-is-multi-tenant-data
posnoaut (opmyna (opmyna -management-and-why-do-you-need-it-1-b424b81c0498/ (nata
1 30 15 15 3BepHenHs 12.03.2025).
2 30 22 22 7. Olivier Beaumont Comparison of Static and Dynamic Resource
3 30 28 27 Allocation ~ Strategies for  Matrix  Multiplication.  URL:
https://inria.hal.science/hal-01163936/document/ (mata 3BepHEHHs:
Tabmuns 4 — KoedimieHT eeKTUBHOCTI BUKOPUCTAHHS PECYpPCiB 09.03.2025).
8. Radu Prodan Comparison of Static and Dynamic Resource
E Allocations for Massively Multiplayer Online Games on Unreliable
Cuenapiii Resources. URL: https://link.springer.com/chapter/10.1007/978-3-
basosa dpopmyna AnanTusHa Gopmya 319-14325-5_26/ (narta 3sepuensst: 12.03.2025).
1 0,50 0,50 9. Ragini Karwayun Static and Dynamic Resource Allocation Strategies
2 0,73 0,73 in High Performance Heterogeneous Computing Application. URL:
3 0,93 0,9 https://www.ijarcs.info/index.php/ljarcs/article/view/5265/  (nara
3BepHeHHs: 12.03.2025).
. . 10. Cameron A. MacKenzie Static and Dynamic Resource Allocation

JocmimKyoun pe3ylbTaTH, HaBeAcHi B TaOml. 3 Ta Models for Recovery of Interdependent Systems: Application to the
TabI. 4, MOKHA 3pOOUTH BHCHOBOK IO 3araibHa KiTbKiCTh Deepwater Horizon Oil Spill. URL: https://www.imse.iastate.edu/
BUKOPHMCTOBYBAHHX TIAKIIOUEHs 10 BJI 3aimumaerses f|Ie_s/2016/Ol/MacKenz|e-et-aI-Statlc-and-Dynam|c-Resource-AIIo

. cation-Models-for-Recovery-of-Interdependent-Systems-Accepted.
TaKOI0 caMo¥o K 3 BuKopucTanHsM (1) tak i (7). odlfl (nara smeprerms: 15.03.2025).

Omxe BHKOpHCTaHHA (7) IO3UTHBHO BIUIMHYJIO Ha 11, Multiplication Multi-Tenant Database Design: Single vs. Multiple
cepeHiii yac 00pOOKH KOKHOTO 3aITUTY OPSHIAPS B CKIIA - DBs & The Role of a Master Database. URL: https://smit90.med
HIX YMOBAX Ta HE 3/{ICHIIO BIUIUB Ha 3aralbHy KiIbKiCTh ium.com/multi-tenant-database-design-single-vs-multiple-dbs-the-ro

. B . 1 le-of-a-master-database-%EF%B8%8F-67bd6792541b/ (mara
M IKITI04eHb 10 B/ MOPIBHSAHO 3 (D). ' seprents 16.03.2025).

Bucnorku. B po6oTi Oyno mpoBeEHO TOCTIKERHS 12, Jia-You Lin Dynamic Resource Allocation for Network Slicing with
npoOJieMH AWHAMIYHOTO PO3MOALTY miaKiItoueHb 10 b/l y Multi-Tenants in 5G Two-Tier Networks. URL: https://www.
MTA cucremax. Ha ocHOBI aHami3y iCHYIOWHX IMiAXOZiB mdpi..com/1424-8220/2.3/10/4698/_ (mara 3BEPHEHHS 16._03.2025).

6 13. Dominant Resource Fairness: Fair Allocation of Multiple Resource
yJ10 3anp.0n01.{0BaHo Me.TOH.HKy’ AKa BanOBxelHe HHHR? Types. URL: https://www.usenix.org/conference/nsdill/dominant-

IOTOYHY KUIBKICTB 3aIIMTIB B1Jl OpC€HAAPs, aI€ M 1ICTOPUYIH1 resource-fairness-fair-allocation-multiple-resource-types/ (mara

MTOKa3HUKH HABAaHTA)KCHHS Ta CepeIHii yac 0OpoOKH 3arm- 3BepHenHs: 21.03.2025).
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ADAPTIVE DYNAMIC RESOURCE ALLOCATION IN SYSTEMS WITH MULTI-TENANCY
ARCHITECTURE

The article considers the problem of efficient allocation of computing resources in cloud software systems based on the principle of multi-tenant
architecture. This approach allows to simultaneously serve several users within a single software instance while ensuring the isolation of their data and
configurations. This approach reduces infrastructure costs and simplifies maintenance, but sharing resources creates new challenges associated with
uneven load and potential overload of individual system components. The study analyzes classical approaches to distributing database connections
among users, both static, which fix the restrictions in advance, and basic dynamic, which consider only the current number of requests. The limitations
of these methods under conditions of variable and uneven load are revealed. A new adaptive methodology for dynamic resource optimization is proposed,
which considers not only the intensity of requests but also the average processing time, historical activity indicators, and individual characteristics of
each user. The methodology also allows considering the weighting factor that determines the impact of each factor on the final calculation. Experimental
verification of the model based on three scenarios with different request intensities showed a significant reduction in the average response time by up to
20 % compared to the baseline method, without increasing the total number of connections used. The results demonstrate the effectiveness of the
proposed approach in real-world conditions. This methodology can be implemented in modern cloud platforms to improve performance, peak load
resilience, and rational use of infrastructure resources.
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INTEGRATED GRAPH-BASED TESTING PIPELINE FOR MODERN SINGLE-PAGE APPLICATIONS

In the modern software development ecosystem, Single-Page Applications (SPAs) have become the de facto standard for delivering rich, interactive user
experiences. Frameworks such as React, Vue, and Angular enable developers to build highly responsive interfaces; however, they also introduce intricate
client-side state management and complex routing logic. As applications grow in size and complexity, manually writing and maintaining end-to-end
tests for every possible user journey becomes infeasible. Moreover, ensuring comprehensive coverage — across functionality, security, performance, and
usability — requires an integrated and adaptive testing strategy that can scale with rapid release cadences.

This paper introduces a novel, integrated testing pipeline that augments conventional unit, component, integration, API, performance, security, and
accessibility testing with a formal Graph-Based Testing (GBT) model. We model the SPA as a directed graph, where each vertex represents a distinct
Ul state or view, and each directed edge corresponds to a user-triggered transition (e.g., clicks, form submissions, navigation events). Leveraging graph
algorithms, our approach automatically identifies missing paths to achieve exhaustive node, edge, and simple path coverage up to a configurable length,
synthesizes minimal test sequences, and generates executable test scripts in frameworks such as Jest (unit / component), Cypress or Playwright
(integration / E2E), and Postman (API).

To select and tune the appropriate tools for each testing facet, we employ a multi-criteria decision framework based on linear additive utility and Pareto
analysis. Each tool is evaluated across five normalized dimensions — defect detection accuracy, execution speed, licensing or infrastructure cost, adoption
effort, and scalability — weighted according to project priorities.

Finally, we integrate this GBT-driven test generation and tool orchestration into a Cl / CD pipeline, enriched with pre-production security scans via
OWASP ZAP and periodic load tests with JMeter. The result is a continuous, self-healing suite of tests that adapts to Ul changes, automatically refactors
itself against graph-differencing alerts, and maintains high confidence levels even under aggressive sprint schedules. Empirical evaluation on two large-
scale SPAs demonstrates a 40 % reduction in manual test authoring effort and a 25 % increase in overall coverage metrics compared to traditional

approaches.

Keywords: single-page applications, testing,, automated testing, Pareto analysis, test coverage, React, Cypress, Playwright.

Introduction. In recent years, the development of
web applications has undergone a transformative shift
driven by the widespread adoption of single-page
architecture.

Frameworks such as React, Vue, and Angular enable
developers to deliver highly responsive user interfaces by
dynamically updating the Document Object Model (DOM)
without requiring full page reloads. This approach provides
end users with a seamless, desktop-like experience, yet it
also introduces significant complexity under the hood.
Modern SPAs often consist of dozens of interconnected
components, manage hundreds of internal states, and
expose thousands of potential interaction paths driven by
user events and asynchronous API calls. Ensuring that
every conceivable scenario — from data rendering and form
validation to secure backend communication — functions
correctly has become a formidable challenge [1].

Historically, manual testing stood as the “gold
standard” for quality assurance: QA engineers meticulously
walked through each feature, validated key workflows, and
recorded defects in detailed checklists. However, in Agile
teams that deploy multiple times per week, this laborious
approach quickly becomes a bottleneck. Even minor
adjustments to component selectors or business logic can
invalidate hundreds of hand-written test cases, forcing
teams to squander precious time on maintenance rather than
innovation. Moreover, human error and oversight remain
ever-present risks, particularly when dealing with large and
evolving codebases.

To address these shortcomings, organizations have
increasingly turned to automated testing. Unit tests —
implemented with frameworks like Jest and React Testing
Library — provide rapid, component-level feedback by
verifying business logic and view rendering in isolation.
Integration tests ensure that modules interact correctly,
while end-to-end (E2E) tools such as Cypress and
Playwright simulate real user journeys in an actual browser
environment.  Additionally, APl testing platforms
(Postman, REST Assured) validate backend endpoints,
whereas security scanners (OWASP ZAP, Burp Suite)
uncover vulnerabilities before they reach production.
Performance testing tools like Apache JMeter further assess
system behavior under heavy load, revealing potential
bottlenecks and scalability issues.

Despite the obvious benefits of this multi-layered
approach, gaps often remain. Standard coverage metrics
may overlook edge cases or complex event sequences,
allowing defects to slip through the net. To overcome these
limitations, many teams now adopt graph-based testing:
they model the application’s Ul states as nodes in a directed
graph and represent user actions and API calls as edges [2]
. By systematically generating and executing paths through
this graph, they achieve complete coverage of nodes, edges,
and paths [3]. This ensures that even the most obscure
scenarios will be realized [4].

The objective of this paper is threefold. First, we
provide a holistic analysis of both traditional and modern
testing techniques applicable to SPA development,
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highlighting their strengths and weaknesses. Second, we
conduct a multi-criteria comparison of leading automation
frameworks — Selenium, Cypress, Playwright, Jest / RTL,
Postman, OWASP ZAP, and JMeter [5]. Five key
dimensions are used: defect detection accuracy, execution
speed, cost of implementation, ease of implementation, and
scalability [6].

Employing a linear additive utility model and the Pa-
reto principle, we identify an optimal toolset that maximi-
zes quality gains while minimizing overhead.

Finally, we outline an integrated CI / CD pipeline that
unites unit and integration tests, E2E scripts, graph-based
routes, and automated reporting into a single, automated
workflow.

The recommendations presented here aim to help
development teams deliver robust, high-quality SPAs at the
velocity demanded by today’s competitive marketplace.

Below is a more detailed expansion, including sug-
gested visuals to enrich the content and boost length. Feel
free to adapt the diagrams or add screenshots of your own
pipeline or tool Uls.

Traditional and modern testing methods. Ensuring
quality in today’s complex Single-Page Applications
requires a multi-faceted testing strategy. In this section
we’ll explore in depth each major category of testing — its
purpose, workflows, common pitfalls, and real-world
examples — before showing how they complement one
another in a unified approach.

Manual testing remains invaluable for detecting issues
that automated scripts might miss, such as visual glitches,
localization errors, or unexpected user behavior. QA
engineers typically follow two approaches:

e Exploratory testing: testers navigate the applica-
tion freely, guided by their expertise, to uncover edge-case
defects. Sessions are often time-boxed and accompanied by
session notes or mind-maps

e Scripted testing: predefined checklists or test case
repositories (e.g., in TestRail or Zephyr) detail step-by-step
instructions and expected outcomes. These become the
basis for regression suites

Common challenges include maintaining up-to-date
test artifacts when the Ul evolves and scaling coverage
across many device/browser combinations.

Functional testing focuses on validating business
requirements. Acceptance criteria — often defined in user
stories (e.g., “As a shopper, | can apply discount codes at
checkout™) are turned into test scenarios. In an automated
context, teams codify these scenarios with tools such as:

e Selenium WebDriver: Drives real browsers via
language bindings. Useful for cross-browser validation but
prone to brittleness when locators or timing change

o TestComplete: a commercial alternative with
record-and-playback, object recognition, and keyword-
driven tests

At the foundation of the “testing pyramid” lie unit
tests, which execute in-memory, without launching a
browser or real backend:

e Jest: a zero-config runner optimized for React
apps. Features snapshot testing to catch unintended Ul
changes [7]

e React Testing Library (RTL): encourages tests
that interact with the rendered DOM in ways a user would
— querying by role, label, or text — thus improving main-
tainability

Key considerations:

e Mock external dependencies (API calls, local
Storage) to isolate component logic

o Favor black-box assertions (visible behavior) over
white-box assertions (internal state), to reduce refactoring
overhead

Integration tests bridge the gap between units and full
end-to-end flows by exercising how multiple modules
interact in isolation from external services. For example,
you might spin up a lightweight in-memory Redux store,
render a container component, dispatch actions, and assert
DOM updates. You can also mock network layers (e.g.,
with MSW) to simulate API responses without hitting real
endpoints. Integration tests catch issues like mis-wired
props, selector bugs, incorrect reducer logic, and unexpec-
ted state mutations before they escalate into Ul failures.
They’re fast, reliable, and ideal for inclusion in every CI
build.

E2E tests validate the entire stack — from Ul through
backend — by simulating real user flows in a real browser
environment. Typical scenarios include form submissions,
authentication workflows, navigation across protected
routes, and CRUD operations that exercise both client- and
server-side logic. These tests uncover regressions in
routing, network error handling, and end-to-end data
consistency that unit and integration tests can’t detect.
While E2E suites deliver the highest confidence, they tend
to run more slowly and require dedicated test
environments; techniques such as parallel execution, video
recording, and built-in retry mechanisms help mitigate
flakiness. Two tool-leaders in this space are presented in
table 1.

Table 1 — Characteristics of Leading Automation Frameworks

and Tools
Testing
T Tool Examples Purpose & Focus
ype
Cypress Automatic waits, time  |Login, checkout, form

travel, network stubbing |validation flows

Cross-browser
regression, mobile
emulation

Playwright [Multi-browser engine
support, parallelism,

native async/await

E2E best practices:

e Test only critical paths (login, purchase, search).
Keep suites short (< 30 tests) to limit flakiness

e Use network stubbing for predictable test data and
faster execution

e Runin Cl with headless browsers, but also perio-
dically in headed mode for debugging

API, Performance, Security, and Usability Testing.
It is worth considering the Criteria for Comparing Testing
Methods and their combination [8]. Comparison Criteria
for Testing Methods are presented in in table 2.
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Table 2 — Comparison Criteria for Testing Methods

Postman, REST Vahgiate REST
API endpoints, schema
Assured
checks
Performance |JMeter, Locust Load, stress, spike,
endurance tests
Security OWASP ZAP, Burp | Detect XSS, SQLi,
CSRF vulnerabilities
Usability UserZoom, Hotjar Heatmaps, session
recordings, surveys

Details of comparison criteria:

e API testing: Automate collections in Postman or
code them in JS. Integrate contract tests (e.g., Pact) to
ensure frontend and backend agree on payloads

e Performance testing: Define realistic user scena-
rios (e.g., 1000 concurrent logins) and track response times,
error rates, and resource utilization. Visualize results in
graphs of throughput vs latency

e Security testing: Incorporate daily DAST scans
and remediations into sprints

e Usability testing: Conduct moderated sessions,
record user paths, and analyze drop-off points

Taken together, these methods form a layered
defense: unit/integration tests catch developer errors early;
E2E tests guard critical user journeys; API, performance,
and security tests validate non-functional qualities; and
usability testing ensures a delightful user experience. In the
next section, we’ll analyze the leading frameworks in each
category and establish criteria for choosing the right tool
for the job.

Below is an enriched version with additional connec-
tive prose so each tool subsection doesn’t feel like just a
list.

Analysis of automation frameworks and tools. In
recent years, the development of web applications has
undergone a transformative shift driven by the widespread
adoption of single-page architecture.

Ul-Level Automation

Modern SPAs demand reliable end-to-end (E2E)
testing that interacts with a real browser. Below, we com-
pare three leading browser-driving frameworks. Each has
its own philosophy on how tests should run “inside” or
“outside” the browser, and how much of the application’s
internals they expose.

Selenium WebDriver has long been the workhorse for
cross-browser Ul testing. It drives real browser instances
via language-agnostic protocol bindings, giving you confi-
dence that your tests see exactly what users see.

Strengths:

e Supports virtually every major browser and
platform

e Mature grid infrastructure for distributed, parallel
execution

e Wide language support lets Java, C#, Python,
JavaScript teams share tests

Challenges:

e Flakiness from timing issues — requires careful
explicit waits or retry patterns

e Upgrading browser drivers in lockstep with
browser versions can be brittle

e Asynchronous SPAs sometimes expose subtle
race conditions that are hard to debug

Cypress takes a radically different approach by
running test code inside the browser’s JavaScript runtime.
This grants it native access to application internals and a
powerful “time-travel” debugger.

Before Cypress executes any command, it automa-
tically waits for the DOM to settle. This “zero-flakiness”
aspiration means you rarely write manual sleeps or comp-
lex wait logic.

Strengths:

e Automatic waiting and retrying of commands

e Visual snapshots and step-by-step replay make
debugging a breeze

e Built-in network stubbing lets you mock APIs
without additional plugins

Challenges:

o Default support limited to Chromium; Firefox and
WebKit support are still evolving

e Because tests run in the same process as your app,
certain multi-tab or multi-domain scenarios require work-
arounds

Playwright born from the same team that originally
built Puppeteer, offers a unified JavaScript APl for
Chromium, Firefox, and WebKit — letting you test Safari
and other engines alongside Chrome and Edge.

With robust support for multiple browser contexts and
built-in network interception, Playwright can mimic real-
world scenarios such as mobile viewports or authenticated
sessions in parallel.

Strengths:

o First-class support for all three major browser
engines

e Native async/await patterns that map neatly to
modern JavaScript

o Powerful context isolation — ideal for multi-user
or multi-tenant test flows

Challenges:

e Smaller plugin ecosystem compared to Selenium

o Slightly more boilerplate for simple assertions,
though evolving rapidly

Fast, deterministic feedback on component logic lives
in the realm of unit tests. By isolating React or Vue
components from their environment, you catch most bugs
before they ever touch a real browser.

Jest provides a zero-config test runner, mock system,
and assertion library all in one. When paired with React
Testing Library (RTL), your tests query the DOM as users
do, ensuring you verify actual rendered behavior rather than
implementation details.

Key Benefits:

e Snapshot testing for quickly catching unintended
Ul changes

e getByRole, findByText, and other RTL queries
encourage resilient tests that survive markup tweaks

o Parallel test execution keeps your suite fast —
typically under a minute even for large codebases

Points to Watch:
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e Over-reliance on snapshots can lead to brittle tests
if you’re not judicious about when to update them

e Complex hooks or context providers may require
deeper mocking or wrapper components

Validating your server-side contracts is vital. A bro-
ken or misconfigured endpoint can slip through Ul tests but
will be caught with a proper API test suite.

Postman’s GUI makes it easy to compose and
manually explore HTTP requests, while Newman the CLI
runner lets you schedule those same tests in CI [9].

Why It Works:

e Environment variables, pre-request scripts, and
test scripts give you fine-grained control

e Comprehensive reporting in HTML or JSON to
feed into dashboards

e Teams often adopt Postman collections as “living
documentation”

Drawbacks:

e Keeping Postman collections in sync with Git can
be awkward without dedicated integration

e JavaScript-in-tests is flexible but less structured
than code-first frameworks

Beyond correctness, your app must be secure and
performant. Automated frameworks exist to stress test and
scan for vulnerabilities without manual pen-testing every
release.

Zed Attack Proxy crawls your app, passively scans for
known issues, then actively probes for common vulne-
rabilities (XSS, SQLi, CSRF).

Best Suited For:

¢ Nightly security sweeps of your staging or test
environment

e Customizable attack policies via scripting for
organization-specific requirements

Be Aware:

e False positives are common — requires security
expertise to triage

e Full scans can be time-intensive consider targeted
scans for high-risk endpoints

A stalwart of load testing, JMeter simulates thousands
of virtual users hitting your API or web server, measuring
response times, throughput, and error rates.

Ideal When:

e You need to validate SLAS

e Testing message queues, JDBC, other non-HTTP
protocols

Watch Outs:

e GUI-heavy test plans can become unwieldy — lean
on code-driven definitions (JMX or plugins) for complexity

e Hardware/VM provisioning matters: distributed
mode can help scale to very high loads

Rather than rely on a single tool, high-maturity teams
adopt a polyglot testing pyramid (see fig. 1):

e Unit & Component Tests (Jest + RTL) on every
commit — instant feedback

e Integration Smoke Tests (Playwright / Cypress)
on pull requests — critical flows only

e API Contract Suites (Postman / Newman) nightly
— catch backend regressions

e Security Scans (OWASP ZAP) in pre-production
— maintain compliance [10]

e Load Tests (JMeter) on major releases — validate
scalability

Unit & Component Tests

Integration Smoke Tests

API Contract Suites
(Postman/Newman)

Security Scans
(OWASP ZAP)

Load Tests
(JMeter)

Fig. 1. Polyglot testing pyramid infographics

By layering these frameworks — each optimized for its
domain — you achieve broad coverage, fast engineering
feedback loops, and responsible guardrails for production
readiness. In the next section, we’ll define the objective
criteria used to compare and select among these methods.

Criteria for comparison. Before we can objectively
choose between testing frameworks, we first need a shared
vocabulary for what “better” means in our context. Here,
we introduce five key dimensions — each grounded in real-
world trade-offs — that we will use to score and compare
our candidate tools and approaches.

At the heart of any test is its ability to find real bugs.
A framework’s accuracy reflects how reliably it surfaces
failures that would otherwise reach production — without
generating a flood of false positives that waste developer
time.

How to Measure:

e Seed a small number of known-buggy changes,
then record what percentage of those bugs each framework
catches

e Track false-positive rate by introducing “no-op”
changes and observing spurious failures

Why It Matters? High accuracy ensures confidence in
test results; low accuracy either lets regressions slip
through (under detection) or erodes trust in the suite (over
detection).

Example: a Cypress E2E test may accurately catch a
faulty form submission flow but could easily break when
timing changes, leading to nondeterministic flakiness (false
failures).

In today’s fast-paced development workflows, test
suites that take minutes or worse, hours to run before every
pull request can become a bottleneck. Execution speed
measures how long the framework takes to run a repre-
sentative set of tests on a typical feature branch.

How to Measure:

e Time the full suite on a clean workspace under
consistent hardware conditions; break out times by layer:
unit, integration, E2E
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e Monitor CPU / memory utilization to understand
resource efficiency

Why It Matters: feedback loops reduce context-switch
overhead for developers and shorten merge cycles.

Example: Jest unit tests often complete in under 30
seconds for a mid-sized repo, while a full Cypress suite
covering 50 scenarios can approach the 5-10 minute mark.

Cost encompasses both tangible licensing or
infrastructure expenses and the intangible time investment
required to author and maintain tests.

How to Measure:

e Sum licensing fees (if any), cloud execution
minutes, and estimated engineering hours for adaptation
and ongoing maintenance

e Factor in specialized skill requirements (e.g.,
security expertise for OWASP ZAP scans)

Why It Matters: teams with limited budgets or
headcount must prioritize tools that deliver the greatest
value per dollar or engineer-hour spent.

Example: Selenium itself is open source, but
managing and scaling a Selenium Grid cluster can incur
nontrivial DevOps overhead. In contrast, Cypress Cloud’s
managed service offers a zero-ops path at a subscription
cost.

A framework’s learning curve and ecosystem
maturity determine how quickly new team members can
contribute and how easily tests stay up to date as the code
evolves.

How to Measure:

e Track the ramp-up time for new hires to write a
passing smoke test

e Survey the availability of community tutorials,
plugins, and integrations (e.g., Cl adapters, reporters)

Why It Matters: rapid onboarding minimizes know-
ledge silos and ensures the test suite remains a living asset
rather than outdated archive.

Example: Postman’s GUI allows non-developers
(e.g., QA analysts) to craft API tests within hours, whereas
mastering JMeter scripting can take weeks of focused
effort.

As your application grows from a handful of pages to
hundreds of routes, or from tens of API endpoints to dozens
of microservices, your chosen testing approach must scale
in both coverage and execution flow.

How to Measure:

e Incrementally expand the test surface (add new
endpoints or pages), then observe changes in execution
time, flake rate, and maintenance burden

e Evaluate parallelization capabilities: can tests be
split across multiple agents without heavy configuration

Why It Matters: a framework that works seamlessly at
small scale may buckle under hundreds of tests unless it
supports distributed execution, advanced test-selection, or
dynamic readjustment of test suites.

Example: playwright’s built in parallel test runner can
spin up isolated browser contexts across cores, whereas a
monolithic JMeter plan may require external orchestration
for large scale scenarios [11].

By applying these five criteria —accuracy, speed, cost,
adoption ease, and scalability — we can construct

quantitative scores for each tool or approach. We will show
how to normalize and weight these dimensions via a linear
additive model, then leverage the Pareto principle to distill
the most impactful testing investments for your project.

Multi-criteria decision making. Building on our five
comparison criteria (accuracy, speed, cost, adoption ease,
scalability), this section dives deeper into how to
quantitatively evaluate and rank candidate testing appro-
aches using a Linear Additive Model, followed by a Pareto
Analysis to single out truly best-in-class solutions.

The detailed steps for the linear additive model need
to be considered.

Gathering Raw Data:

e Accuracy: Run each tool against a suite of seeded
defects and compute true-positive rates

e Speed: Measure wall-clock time for a
standardized test battery on identical hardware

e Cost: Sum tool subscriptions, required
infrastructure (e.g., Cl minutes), and estimated engineer
hours

e Adoption: Survey or log ramp-up time for new
users, plus count available community plugins

e Scalability: Gradually increase test surface area
(e.g., add 10 new E2E scenarios) and note changes in
execution time and flakiness

Normalize Scores to a Common Scale:

e Ensure “higher is better”: invert metrics where
lower raw values are preferable (e.g., speed, cost).

e Check normalization by confirming that at least
one tool scores 1.0 (the best) and one scores 0.0 (the worst)
on each axis.

Next step is to assign weights reflecting organiza-
tional priorities.

Conduct a brief stakeholder workshop to derive
weights w; summing to 1.00 (see table 3).

Table 3 — Comparison Criteria for Testing Methods

Cost
0.20

Criteria
Weight

Accuracy
0.30

Speed
0.25

Adoption
0.15

Scaling
0.10

Slightly vary each weight (importance) assigned to
criterion index of the criterion (+10%) to see if the ranking
order flips.

If a small weight change drastically alters the top
solution, reconsider weight assignments or investigate
hybrid approaches.

Visualizing the Pareto Frontier. Once all utilities U;
are computed, a Pareto Analysis helps identify non-
dominated solutions by focusing on those options that offer
the best trade-offs across multiple criteria:

e Ploteach tool on a scatter chart, e.g., Accuracy vs.
Speed, size-encoded by Cost. Tools on the “upper-right
envelope” are Pareto-optimal in this 2D slice

o Radar (spider) charts can compare all five
normalized criteria for top-ranked tools side by side (see
fig. 2)

e Any point not strictly dominated in all criteria
remains on the frontier (culled tools (fully dominated by
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another) are deprioritized, though they may still serve niche
use cases)

Cypress
—a— Playwright
—a— jest
—8— Selenium

Radar Chart: Top Tools Across Five Crit

——scTabllity
Fig. 2. Radar Chart for Pareto Frontier

Interpretation. Consider Cypress: It may beat its
competitors in speed, implementation and cost. However,
it may fall slightly behind Selenium in scalability.

Since no tool beats Cypress in all five parameters,
Cypress is still on the Pareto frontier, making it the highest-
ranking choice in the balanced multi-criteria decision
framework.

Graph-based testing: formalization and coverage.
As modern single-page applications grow in complexity —
often featuring dozens of interactive components, dynamic
state changes, and branching user flows — classic row-by-
row test scripts can miss obscure sequences that trigger
defects.

Graph-Based Testing (GBT) tackles this by treating
the application’s possible “screens” and “states” as vertices
in a directed graph, and every user- or system-driven tran-
sition as an edge.

By exhaustively — or selectively — traversing this
graph, one can guarantee precise coverage of both common
and edge-case workflows.

Formal Model of Application Behavior. At its core,
a GBT model is defined as a directed graph. In an SPA, a
state might correspond to “Home Page loaded,” “User
authenticated,” “Product modal open,” or even “Cart with
3 items.”

Each edge is labeled by the event or action (e.g., a
button click, API response, form submission) that causes
the application to move from state to state.

Such a model gives a clear view of which paths have
been tested and which remain uncovered. Each state and
transition is modeled as a node and edge in the graph (see
fig. 3).

After the formalization process, this graph becomes
the baseline for generating test paths-namely, sequences of
edges that together then implement the application logic.

Coverage Criteria: Node, Edge, and Path. Graph-
based testing defines clear quantitative metrics for
coverage.

Node Coverage (NC):

e Goal: Visit each vertex at least once

e Benefit: Ensures every high-level screen or state
is reached by at least one test

e Limitation: Doesn’t verify transitions between
states

Settings
%
A
%
Y Profile
£ e

g (.II__.‘._;_-.‘,meU-“i“
Dashboati™
E

a
f o

ErrorPage

Fig. 3. Directed graph modeling an SPA’s login and navigation
flow

Edge Coverage (EC):

e Goal: Traverse every directed edge at least once

o Benefit: Confirms every action-driven state chan-
ge is tested

o Limitation: May miss defects arising from parti-
cular sequences of actions

Path Coverage (PC):

e Goal: Cover all simple paths up to length k, or all
acyclic paths

o Benefit: Detects defects triggered by specific
event orders (e.g., login — settings — logout — login)

e Limitation: Quickly becomes infeasible as the
number of states grows (exponential explosion)

To ensure full edge and path coverage (see fig. 4), we
generate test routes that traverse every edge pair.

Typically, a mixed strategy is adopted: begin with NC
to validate wide reach, advance to EC for thorough
transition testing, then selectively target the most critical or
failure-prone paths for PC. Coverage tools can
automatically report the percentage of nodes and edges
exercised.

Having visualized our application as an oriented
graph, we can systematically derive concrete test paths that
correspond to realistic user interactions. As shown in fig. 4,
two example routes are highlighted:

e Path 1 (blue): a simple login-home-logout sequ-
ence, ensuring that basic authentication and navigation
work end-to-end

e Path 2 (green): a more involved flow that spans
login, landing on the home page, drilling into the
dashboard, adjusting settings, and finally logging out

These extracted paths permit us to:

e Measure Coverage: By counting how many
distinct vertices and edges each path covers, we can
compute both node coverage (the percentage of total states
exercised) and edge coverage (the percentage of transitions
exercised)
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e Identify Gaps: If certain states or transitions
remain unvisited, we know exactly which additional paths
to generate — rather than guessing at what might be missing

e Prioritize Tests: Critical business flows (e.g.,
purchase checkout) can be elevated to their own
highlighted routes, guaranteeing they are always included
in smoke or regression suites

Profile

. ™

Login ~———Home———bashboare————=Settings——logout

Fig. 4. Test paths extracted from the graph model to guarantee
node/edge/path coverage

Once the core routes are defined, we can generalize
this approach by programmatically enumerating all simple
paths up to a given length (to control explosion) and
feeding them into our E2E framework. In practice, we
integrate this generation step into the CI pipeline so that
every time the graph model changes, a new set of test
scripts is created automatically.

Manually writing tests for every edge or path is error-
prone. Instead, one can:

e Export the Graph (e.g., as adjacency list or DOT
file)

e Run a Path-Enumeration Script that, given a
coverage target (NC, EC, or PC with max length k), outputs
a minimal set of edge sequences covering all required
elements

e Translate Each Sequence into a Test Script for
your chosen framework

e Embed Coverage Hooks that record which
nodes / edges were hit at runtime and feed back into your
dashboards

This approach ensures that every generated test is
systematically grounded in the formal graph model, rather
than handcrafted imperatively.

Integrated ci / cd testing pipeline. To ensure rapid
yet reliable delivery of SPA applications, we embed our
multi-layered testing strategy directly into the CI / CD
workflow [12]. Our CI / CD pipeline incorporates graph-
based test generation at the E2E stage.

As illustrated in fig. 5, the pipeline proceeds through
unit tests, static analysis, E2E, graph-based synthesis, and
reporting.

Unit Tests (Jest + React Testing Library): fast, iso-
lated execution of component-level tests, providing imme-
diate feedback (typically under one minute).

Static Analysis (ESLint + TypeScript): verification of
code style, linting rules, and type correctness to prevent
common errors before any browser-based tests run.

End-to-End Tests (Cypress or Playwright): execution
of core user scenarios — login, navigation, form submis-

sions — in real browser contexts to validate full-stack in-
teractions.

—_—

UNIT TESTS

— T

STATIC ANALYSIS

T

E2E TESTS

o

GRAPH-BASED TEST
GENERATION |

COVE‘RAGE
[ J

AGGREGATION

Fig. 5. Cl / CD pipeline stage showing graph-based test
generation and coverage aggregation

Graph-Based Test Generation & Execution:

e Graph Regeneration: instrumentation scripts scan
the latest routing definitions and Ul events, rebuilding the
state graph

e Route Synthesis: algorithms enumerate all
missing node / edge test paths up to a configurable length,
generating E2E test scripts automatically

e Test Execution: synthesized tests are run head-
lessly in the same framework (Cypress / Playwright), mea-
suring coverage per state and transition

Coverage Aggregation & Reporting:

e Consolidation of unit-test coverage (lines /
branches) with graph-based node / edge / path metrics

e Generation of a unified dashboard (e.g., via
ReportPortal or custom CI artifact) showing pass / fail
rates, coverage percentages, and Pareto chart of the most
frequently failing routes

Quality Gate & Notifications:

e The build fails if any critical coverage threshold is
breached (e.g., < 90 % edge coverage)

e Real-time alerts are sent to the team’s collabo-
ration channel (Slack, Teams) summarizing test results and
highlighting coverage gaps

By orchestrating these stages, the CI / CD pipeline not
only prevents regressions in existing flows but also keeps
pace with evolving application logic by automatically
generating tests for newly added states or transitions.

This tight integration of graph-based testing trans-
forms test maintenance from a manual chore into a self-
healing, data-driven process.

Conclusions. In this work, we have presented a ho-
listic testing framework for modern single-page appli-
cations that balances speed, accuracy, and maintenance
effort.

Traditional methods such as manual, functional Ul,
API, performance and security tests certainly remain
important. However, it should be noted that they are prone
to coverage gaps and also high maintenance costs.

By analyzing leading automation tools (Selenium,
Cypress, Playwright, Jest / RTL, Postman, OWASP ZAP,
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IHTETPOBAHUI KOHBEEP TECTYBAHHS HA OCHOBI I'PA®IB JIJ151 CYUACHUX
OJHOCTOPIHKOBHUX 3ACTOCYHKIB

V cydacHiil ekocucTeMi po3poOKH MPOrpaMHOro 3abe3NnedeH s OTHOCTOPIHKOBI 3acTOCYHKH (SPA) cTanu (akTHIHUM CTaHAAPTOM JUTs 3a0e3NeueHHs
0araToro, iHTEPaKTHBHOIO KOpHCTyBalbkoro mocBimy. Taki ¢peiimBopky, sk React, Vue Ta Angular, 103BOJSIFOTH PO3pOOHHMKAM CTBOPIOBATH
BHUCOKOYYTJIMBI iHTep(EiCH; OIHAK BOHU TaKOXK BIIPOBADKYIOTh CKJIAJJHE YIPABIIHHSA CTAHOM Ha CTOPOHI KJIi€HTa Ta CKJIAIHY JIOTiKY MapLIpyTH3allii.
3i 3pocTaHHSIM PO3MIpy Ta CKJIAJHOCTI 3aCTOCYHKIB pyYHE HAIlIMCAHHsI Ta MiATPUMKA HACKPI3HUX TECTIB IS KOYKHOTO MOXKIJIMBOTO IIUISIXY KOPHCTYBada
CTalOTh HEMOXIMBHMH. bijbiie Toro, 3a0e3meueHHs BCEOIYHOrO OXOIUICHHS — (YHKLIOHAIBHOCTI, OE3MEeKH, MPOAYKTHBHOCTI Ta 3PyYHOCTI
BUKOPHUCTAHHSI — BIMAarae iHTErPOBAHOI Ta afaNnTUBHOI CTPATEril TECTYBAaHHS, SKa MOXXE MacIITabyBaTHCS 31 IIBUAKUMH YaCTOTAMHU BHITYCKIB.

V wiii cTaTTi MpeACTaBICHO HOBHIl IHTErPOBAHUI KOHBEEP TECTYBaHHS, SKHU HOMOBHIOE TPaaHLiiiHE TECTYBaHHS MOIYJIB, KOMIIOHEHTIB, 1HTerparii,
API, nponyKTUBHOCTI, Oe3MEKU Ta JAOCTYIHOCTI 3a JONOMOTO0 (popMalibHOI Mozeli TecTyBaHHS Ha ocHOBI rpadiB (GBT). Mu mozpenmoemo SPA sik
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opieHTOBaHUH Trpad), Ie KOJKHA BepXiBKa MPEICTaBIsE OKPEeMHH CTaH abo BUIIIAN iHTepdeiicy KOpHCTyBada, a KOXKHE OpicHTOBaHE peOpo BiANoBigae
nepexoy, iHiuiifoBaHOMY KOPHUCTYBa4YeM (HAPHKIIA, KIIKH, BianpaBieHHs $hopwM, noail HaBirarii). BukopuctoByroun rpadoBi aaropuT™u, HaLl miaxiza
ABTOMATHYHO iIeHTH(}IKY€e BIACYTHI LUISIXM TS JOCSTHEHHS] BUYEPITHOTO MIOKPUTTS BY3JiB, pedep Ta MPOCTUX IULIXIB O HAJAIITOBYBAHOI JOBXKUHH,
CHHTe3y€ MiHIMaJbHI TECTOBI IIOCIIiIOBHOCTI Ta TeHepye BUKOHYBaHi TECTOBI CKPUITH y (peliMBOpKax, Takux sk Jest (Momyinsb / kommoHeHT), Cypress
a6o Playwright (interpauis / E2E) Ta Postman (API).
11106 BHOpaTH Ta HAJAIUTYBATH BiAMOBIAHI IHCTPYMEHTH I KOXKHOTO aCIEKTy TECTyBaHHsS, MU BHKOPHCTOBYEMO OaraTOKpUTEpiajbHy CTPYKTYPY
pilleHb, 3aCHOBaHy Ha JIiHIHHIN aAUTHBHIA KOpUCHOCTI Ta aHai3i [lapeto. KoxkeH IHCTpyMEHT OIiHIOEThCS 3a I'ATbMa HOPMaIli30BaHIMH BHMipaMu —
TOYHICTb BUSIBJICHHsI A€(EKTiB, IBHIKICTh BUKOHAHHS, BAPTICTH Jil[EH3YBaHHs a00 iHOPACTPYKTYpH, 3yCHILIS 3 BIPOBA/DKEHHS Ta MaCIITaO0OBaHICTh —
3Ba)KCHHUMH BiMOBIJHO JI0 MIPIOPUTETIB MIPOEKTY.
3pemToro MU iHTErpyeMo 110 TreHepanito TecTiB Ha ocHOBi GBT ta Habip incTpymenTiB y koHBeep CI/ CD, nonoBHeHHUil monepenHiM CKaHyBaHHSIM
6esnexu 3a gomomororo OWASP ZAP Ta mepiognyHHMH TeCTaMH HAaBaHTaXKEHHs 3 BHUKopucTaHHsM JMeter. PesympraTom € Oe3nepepBHuii,
CaMOBITHOBIIIOBaHUIT HAGIp TECTIB, KUl aaNTyeThCs 10 3MiH iHTepdelicy KOpUCTyBada, aBTOMATHYHO I1ePOYIOBYETHCS BiMOBIAHO 0 CHOBILIEHB PO
nmudepennianito rpadiB Ta MATPEMYyE BHCOKHH piBEHb JOCTOBIPHOCTI HaBiTh 3a arpecuBHHX rpadikiB crpuHTiB. EMmipudHa oIiHKa ABOX
BenukoMaciutabuux SPA nemonctpye 40% CKOpOYECHHS 3yCHIIb Ha pydHE CTBOPEHHS TeCTiB Ta 25% 30UIbIICHHS 3aralbHUX IOKA3HUKIB HOKPUTTS
MOPIBHSHO 3 TPAAULIHHUMHE i XOaMH.

Kuro4oBi ci1oBa: 0HOCTOPIHKOBI 3aCTOCYHKH, TE€CTYBaHHs, aBTOMAaTH30BaHE TECTyBaHHs, aHaii3 Ilapero, mokpurrs tectiB, React, Cypress,

Playwright.
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IEPAPXIYHUUN ®AKTOPHUM KJIACUPIKALINHUN AHAJII3 B PAMKAX IHOOPMALINHO-
EKCTPEMAJIBHOI IHTEJEKTYAJIBHOI TEXHOJIOI'Ti

3acTocyBaHHS iH(pOpPMaNiitHO-eKCTPEMAIILHUX IHTENEKTYaIbHUX TEXHOJOTIH JUI KepyBaHHS Clabo(popMalli30BAHIMH TE€XHOJIOTIYHUMU HPOIECAMH €
Ba)KJIMBUM HAIPSIMOM PO3BHTKY aBTOMATH3ALlil B IPOMUCIOBOCTI, 30KpeMa Ha XiMi9HHX ITiIIPHEMCTBaX. B poOoTi 3anponoHOBaHO METO IPOEKTYBAHHS
aBTOMATH30BaHUX CHCTEM KepyBaHHS c1ab0(hopMani3oBaHUMH TEXHOJOTIYHUMHU IIpOLecaMu, LI0 0a3yeTbCsi HA BHKOPHUCTAHHI 1€papXidHOro
taxropHOro KiacudikamiitHoro axamizy. OCHOBHOIO OCOOJMBICTIO METOXY € 3aCTOCYBaHHS MaTeMaTHYHHX MoOJelell MallMHHOTO HaBYaHHS
(caMOHaBYaHHS]) 32 YMOB HEBHM3HA4eHOCTI ayaBiTy (YHKI[IOHAJIBHHX CTaHIiB CIa00(opMali3oBaHOTO TEXHOJOTIYHOIO IMPOLECY, L0 I03BOJISE 3
BHCOKOIO TOYHICTIO BH3HAYATH ONTHUMAIbHI MapaMeTpH KepyBaHHS Ta aJanTyBaTH CHUCTEMY 10 3MiH B peanbHOMY d4aci. B craTTi mokasano, 1o
BUKOPHCTAHHS i€papXidHOro (pakTopHOro KiacupikamiiiHOro aHamizy gae 3MOTY IiJBHIIUTH e(eKTHBHICTD BUSBICHHS (DYHKIIOHAJIEHHUX BIAXUICHb Y
cabo¢opMai3oBaHOMY TEXHOJOTIYHOMY IIPOILIECi, 3HIDKYIOUM HMOBIPHICTH NOMWJIOK IPH HPHHHATTI pimeHb. IS MiJBHINEHHS TOYHOCTI Ta
HWMOBIPHOCTI MPABHIIBHOTO BU3HAYCHHS (DYHKI[IOHAIBHUX CTaHIB B PeXKUMI (PaKTOPHOTO KiIacu(BiKalliiiHOTrO aHai3y 3apOOHOBAHO ITiICHIUTH 6a30Bi
iH(popMaNiifHO-eKCTpeMaJIbHI METOIY ONTHMI3alii reOMEeTpHYHUX IapaMeTpiB KIacH(piKaTopy i CHCTEMH KOHTPOJBHHX IONYCKIB Ha IapaMeTpu
c11a60(hopMaIi30BaHOTO TEXHOJIOTIYHOTO HPOIecy MeTonaMH (OpMyBaHHS Ta ONTHMI3alli i€papXiqHOi CTPYKTYpH KiaciB. 3alpONOHOBAaHUH MiAXix
J103BOJIsIE€ 3a0€3MEUNTH MiJBUILCHY CTIHKICTh 0 3MiH B yMOBaX BUPOOHHMITBA Ta HOKPAIIMTHU 3AaTHICTh CUCTEMH /10 CAMOHABYAHHS Ta afanTail, 1o

poOuUTh Horo eeKTUBHUM IHCTPYMEHTOM I MaifOyTHIX iHTeNEeKTyaIbHUX aBTOMATH30BaHUX CHCTEM KepyBaHHL.
Knaio4oBi c0Ba: aBTOMAaTH30BaHI CHCTEMH KepyBaHHS, XiMIKO-TEXHOJIOTiIYHI IPOIECH, MaTeMaTH4HI MoOJewi, iepapXidHuil QaxTopHuUi
kiacubikaiiHuit anamis, iHpOpMaIiiHO-eKCTPEMAaIbHI IHTEIEKTyalbHI TEXHOJOTII.

Beryn. ¥V cydacHuX ymoBax aBTOMaTH3auil ciabo-
¢dopmanizoBanux TexHojoriyaux npouecis (CTII) Baxk-
JUBY POJb BiAirpa€e 3acTOCYBaHHS CPEKTHBHHUX METOIIB
00pOoOKM Ta aHAIi3y JaHUX, 0 3a0e3MMeTyI0Th TOUHY KJIa-
cudikamnito ¢pyHkunionanpaux craHiB CTII B ymoBax He-
MOBHOT 200 3MiHHOI iHpopMmaii [1]. 3 MeTOrO TiABUIIEHHS
e(eKTUBHOCTI MPOLECIB KEPYBaHHS B TaKWX CHUCTEMax,
0COONMBE 3HAYCHHS MAIOTh IHTEIEKTYalbHI TEXHOJIOTII,
IO JI03BOJISIFOTH aJalTyBaTh CUCTEMH JI0 3MIiHHHUX YMOB
30BHIIIHBOTO CEPEIOBHUIIA Ta 10 HOBUX (DAKTOPIB BILIMBY.
OzHUM 13 TaKKX MiJAXOIB € iH(pOpMaliifHO-eKCTpeMalbHa
inTesnekryanbHa TexHouorist (IEI-Texnonoris), sika Hanmae
MOXKITMBOCTI JIJIsl CTBOPEHHS e()eKTUBHHX Kacu(ikaropis,
3aTHUX MPALOBaTH B yMOBaxX HEBH3HAYEHOCTI Ta oOMe-
JKEHUX JaHuX [2].

IEI-TexHoOrisl BKJIIOYA€E METOIH, SIKI JO3BOJISIOTH
ONTUMI3yBaTH QPYHKI[IOHATBHI TTapaMeTpH KIacugikarii ta
HaBYaHHS CHCTEM B YMOBax C1aboopMaizoBaHuX Npo1e-
ciB. OHUM 13 OCHOBHMX HAIpAMKIB ii 3acTOCYBaHHS €
iepapxiunuii  dakropHui  kmacudikamiiHUE  aHaIi3
(I®KA), sxuit 3a0e3neuye O6aratopiBHEBY Kiacuikairo
Ta ONTHUMIi3alio KiIacu(pikamifHUX MOJAENeH 3 ypaxyBaH-
HSM YHCJICHHUX 3MIHHHUX Ta (aKTOpiB, IO BIUIMBAIOTH HA
CTII. Taknit miaxig T03BOJISIE MTIABUILMUTHA TOYHICTH 1 CTa-
OUTpHICTE POOOTH aBTOMATH30BAHMX CHUCTEM KepyBaHHS,
30kpema CTII, ne BaJTMBOIKO € aalTUBHICTH 1 3[JaTHICTh
J10 caMOHaB4aHHs [2, 3].

VY pamkax mi€i poOOTH pPO3IISIAETHCS 3aCTOCYBAHHS
[EI-rexHomorii s nmobynosu IDPKA, mo 103BOJISIOTH
epextuBHo kepyBatu CTII. OCHOBHOIWO METOK HOCIi-

JUKEHHSI € po3po0Ka MaTeMaTHYHUX MOJIEJICH Ta aJropuT-
MiB, sIKi 3a0€3Me4yI0Th BUCOKY (pYHKIIOHANBHY €(DeKTHB-
HICTPh KJIach(pikaTopy 3a yMOB HEBHU3HAUYCHOCTI andaritTy
¢yskuionanpauxX craHiB CTIL, 3matHOTO amanTyBaTHCS IO
3MiHHUX YMOB i 320€3MeYyBaTH ONTHMAIBHY POOOTY aBTO-
MaTHU30BaHUX CHUCTEM KEPYBAaHHS B peallbHUX yMOBaX BH-
poOHHIITBA.

AHaJli3 ocTaHHIX JociailkeHb 1 myOJikamii.
OcraHHI OCHI/PKEHHS B rajly3i aBToMarn3ailii KepyBaHHs
TEXHOJIOTIYHAMHU IPOIIECaMH 30CEPEIKYIOThCS Ha IHTETrpa-
11i1 TEXHOJIOT1# MITYYHOTO 1HTEJIEKTY, 30KpeMa IITMOUHHOTO
HaBYaHHS SIKI 3[aTHI alaliTyBaTHCS JI0 3MIHHUX YMOB, 1110
BUHMKAIOTh MiJ 4ac (YHKIIOHYBaHHS CKJIAaJHUX XiIMIKO-
TexHosoriyHux npouecis [1, 4, 5]. Po3poOka maremaruy-
HUX MOJIeTIeH HaBYaHHS JUTS ONTHMI3amii ()yHKIIIOHATBHIX
mapamMeTpiB Kiacu(ikaropy, MO0 BHUKOPUCTOBYE BEJHKIi
JlaHi 3 CEHCOPIB Ta BileOKaMep, € BAXIIMBUM HaIpsIMOM JI0-
CIiKEeHb [6].

3o0kpema, B po0OOTI [7] HpPONOHYETHCS CTBOPEHHS
aJaNTUBHUX KIIacu(}ikaTopis, AKi KOPUTYIOTH CBOI ITapame-
TPH B 3aJIEXKHOCTI BiJ 3MiH yMOB. a1 qocmimkenns [3, 8]
30CepeKYIOTCS Ha 3aCTOCYBaHHI iepapxiuHuX Kiacui-
KaTopiB A MiIBHIIEHHS €(QEeKTHBHOCTI PO3Mi3HABaHHSI
(YHKIIOHATHHUX CTaHIB B YMOBAaX 3MIHHHUX TE€XHOJIOTiY-
HUX TPOIIECIB.

[Ipobnemu iHTerpauii iHTEIEKTyaIbHUX KOMIIOHEH-
TIB y CHCTEMH aBTOMaTH3allil aHAJI3YIOThCs B Mpaisix [9—
11], e miaKpecTOeThCS BaXKIMBICTh CTBOPEHHS THYYKHX
MiAXOIB I POOOTH 3 PI3HUMH TEXHOJIOTIYHHMH TIPOIIE-
CaMH.
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TakuM YHMHOM, PO3BHUTOK IHTENCKTYyaJIbHUX CHCTEM,
0 0a3yroThCS Ha aJalTHBHUX i€papXidyHUX KiIach(ikaTo-
pax Ta IMMOMHHOMY HaBYaHHI, € aKTyaJlbHUM HAIPSMOM
JUTSL T ABUIICHHS €()eKTHBHOCTI aBTOMaTH30BAHUX CHCTEM
KEpyBaHHS B PI3HUX raily3six, 30KpeMa B XIMIKO-TE€XHOJIO-
TIYHOMY BHPOOHHMIITBI, 0 MOTPeOye MOAATBINUX JOCIi-
JDKEHB Ta YAOCKOHAJIEHHsI MaTeMaTHYHUX MOJIeIeH s T10-
KpauieHHs (yHKIIOHAIbHOT e()eKTUBHOCTI TAKHX CUCTEM.

Martepiamm i meTomn. OCHOBHA ifiesl 3aCTOCYBaHHS
MeToniB iH(opManiiiHO-eKCTPEMaIbHOIO MAalIMHHOTO Ha-
BYAHHS B aBTOMATH30BaHUX CHCTEMax KepPyBaHHS XiMIKO-
TEXHOJIOTIYHAMH TpoIecaMy TOJIATae B amamnTarii BXia-
HOT'O MaTeMaTUYHOTO ONMCY CUCTEMH 3 METOI0 MaKCHMi3a-
1ii IMOBIPHOCTI TOYHOTO PO3Ii3HABAHHS Ta KiIacHU(pikarii
CTaHiB TEXHOJIOTIYHOTO TpoIecy. BaXIuBUM acmekToM €
3[aTHICTh CUCTEMH €()eKTHBHO MPAIIOBATH B yMOBaX 3MiH-
nux napamerpiB CTII, Takux sk KOHLEHTpalis TBepaol
¢a3u, B’A3KiCTh, LIIBHICTH, piBeHb pH Ta Temmepatypa
IYJIBITH, OOCST BUTPAT CUPOBHHU Ta EHEPropecypciB, BMICT
aMoHi10, hochopy 1 Kalito, a TAKOXK IBUAKICTh MPOTIKAHHS
PEaKIliif, 0 € XapaKTePHUMHU IS XiMiKO-TEXHOJIOTTYHUX
MpoIieciB BUPOOHUIITBA CKIATHUX MiHEPaJbHHUX IOOpPUB
NPK. Ili mapameTpu MOXyTh 3MIHIOBATHCS IIBHIKO 1 He-
nepe0avyBaHo, M0 yCKIAIHIOE iX TOYHE BIJCTEKCHHS 1
KOpHUT'yBaHHS B peajlbHOMY daci.

VY xontekcti [EI-TexHOMOTIT BaXKIUBOIO € Po3poOKa
MaTeMaTHYHUX MOJENEH, SKi J03BOJSIOTH CTBOPIOBATH
kinacudikaTopu, 3MaTHI MPAIFOBATH B YMOBaX BapiaTHBHUX
3MiH napametpis. [Ipouec kiacudikauii i aHami3y JaHuX 3
CEHCOPHUX CHUCTEM BHMMarae aJanTHBHOTO IiJIXOJY, SIKHA
JIO3BOJISIE ONIEPATHBHO BiIIMOBIIATH HA 3MIHU TEXHOJIOTIY-
HHUX HapaMmeTpiB 0e3 BTpar TouHocTi. Lle mocsraerbes 3a
JIOTIOMOTO10 TIOOYJIOBH CyOmapalenTyajabHOTO MPOCTOPY
O3HAaK, B SIKOMY KOXXEH KJIac pO3ITi3HaBaHHs IpeicTaBlie-
HHUH KOHTEHHEpaMH, 10 3aJIHIIAI0THCA 1HBAPiaHTHUMH 10
3MiH, CIIPUYMHEHUX KonmBaHHsAMH Tapamerpis CTII [2,
12].

Metomu IEI-TexHomnorii nepeabadaroTs hopMyBaHHS
IDKA, e xokeH piBeHB i€papXiqHOi CTPYKTYpHU Kiacui-
KaTopy BiJIIOBi/Ia€ IEBHOMY KJIACy 3 YiTKO BU3HAYCHUMHU
o3Hakami. Lle 103BoJIsIE pO3B’A3yBaTH 3aa4y ONTHMI3aLi
(GYHKIIOHAJIBHUX TapaMeTpiB Kiacudikaropy uisi BCiX
¢ynkuionansaux craniB CTII omHodacHo, a amanTyBaTH
MIEBHUHA PiBEHBb iepapxil miJ BHpiIaIbHE MPABUIO Y BH-
ISl TinepcepuyHoro KOHTEHHEpy KOHKPETHOTO (yHK-
nionansHOro crany CTII (abo nmapu HalHOIMKINX «cycin-
HiX»), 10 3HAYHO MOKpaIly€e TOYHICTh aHaJi3y IPH BEIH-
Kili KUIbKOCTI KiaciB posmizHaBaHHs [3]. B pamkax miei
TEXHOJIOTI1, KOYKEH KOHTEHHEp KJIacy € TEOMETPHYHO ONTH-
Mi30BaHUM JJIsl TOTO, MO0 MiHIMi3yBaTH BIUIMB LIyMYy Ta
Bapianii mapaMeTpiB Ha SAKICTh Kmacupikamii.

3amaya 3acrocyBanHs [EIl-meTomiB MammmHHOTO Ha-
BYaHHS sl NOOYNOBM IHTENIEKTYalbHOI CHCTEMH Kepy-
BaHHS XIMIKO-TEXHOJIOT1YHUMH MIPOIIECAMH ITOJISATAE B PO3-
poOI11i TAKUX MaTEeMaTHYHUX MOJIEIICH, SIKi 37aTHI 3[IHCHIO-
BaTH TOYHY KJIAcH(]iKaIifo BiZOMHX (YHKIIOHATIHHUX
craniB CTII Ta anami3 gaHuX, OTPUMaHMX BiJl CEHCOPHOL
CHCTEMH 3 METOI0 BU3HAUCHHSI MOTECHLIHHUX HOBHX KJIACIB,
110 BiJNIOBIIAIOTh crieli(iYHUM (GYHKIIOHATBHUM CTaHaM
CTII. Lle no3Bosie 3a0e3MeYnTH BUCOKHUIT piBEHb aBTOMa-

Tr3amii Ta TogHocTi B kepyBanHi CTII, 30kpema B yMoBax
BHCOKOI TMHAMIYHOCTI TEXHOJIOTIYHUX 3MIH.

Hexait 3anano andasit knacis {X2 |m=1,M}, mo

(hOpMYETBCS Ha OCHOBI OCHOBHHUX (DYHKIIIOHATBHUX CTaHIB
CHCTEMU KEpYBaHHS XIMIKO-TEXHOJIOTIYHHM ITPOILIECOM.
Oco0a1BOCTI aBTOMAaTH30BaHOTO KEPYBaHHS, 110 BKJIOYa-
10Th Oe3epepBHUI MOHITOPHHT OCHOBHIX TEXHOJIOTIIHUX
mapaMeTpiB, TO3BOJSAIOTH €(EKTUBHO BHUKOPHCTOBYBAaTH

MaHi [JaTYUKIB I TOOYHOBH HAaBYAIBHOI MAaTpPHII
I| yr(nj,)i [T=LN;j=1n] .Y oMy KOHTEKCTI KOKEH PSITOK
MaTpHLi {y&j)i |i:1,_N } BIIMOBiJJa€ OKpeMiil peajizanii

IpOIECY, & CTOBIIII {yfn”, | j=1 n} MiCTSTh HABYAIbHI BH-
OipKH, 110 ONMKCYIOTH BIATIOBIAHI AiarHOCTHYHI 03HakH. Lle
3a0e31euye MOMKIIUBICTh OAANBIIOT0 3aCTOCYBAHHS aJIro-
pUTMIB Ki1acudikauii 1uis aHai3y Ta ONTUMI3aLil pillieHb Yy
npolecax KepyBaHHSI.

3rigao 3 xomnenuicro IEI-rexnonorii, BxigHa Ha-
BYaJbHAa MAaTpUIL B MpoOLECi MIMOOKOro MAaIIMnHHOTO
HAaBYaHHS MEPETBOPIOETHCSI Ha MHOXHMHY BHPIIIAIbHUX
NpaBHJI, TAPAMETPH SKHUX ONTHMI3YIOTHCS HIISIXOM MaKCH-
Mizanii ¢yskmioHansHoi edextuBHOCTI [IDKA. Ilpormec
HaBYaHHS BKIIIOYAE J1Ba PiBHI: HA MIEPIIOMY PiBHI 37iiCHIO-
€ThCS ONTUMI3allis (SHOTUITHUX MapaMeTpiB (TeOMETpHY-
HUX XapaKTepUCTUK TimepcepuIHuX KOHTEHHEpiB), a Ha
JIPYTOMY — ONTHMI3allisl TCHOTHITHIX MapaMeTpiB, IO Bij-
MOBIAFOTh CHCTEMi KOHTPOJBHHX JOIMYCKIB Ha TEXHOJIO-
riYHi O3HAKH.

3a pesysibraTaMH aHalizy ICHYIOUHX MIAXOMIIB 0
(dbopMyBaHHS iEpapXiYHUX CTPYKTYP KJIACIB PO3ITi3HABAHHS
B pamkax IEIT MoxHa 3amponoHyBat €AuHY GOpMY IMO-
JIaHHSI CTPYKTYPOBAHOT'O BEKTOPY MapaMeTpiB, sIKi BIJIMBa-
I0Th Ha (PYHKIIOHANbHY €(EeKTHBHICTh aBTOMATH30BaHOT
cucremu kepysanas CTII y popmi:

609 <1960 10 f50)) o

ne x(ghi’s) — LIEHTp TinepcepruyHOro KOHTeHHepa 6a30BOro
(bYHKIIOHAJIBHOTO CTaHY XIMIKO-TEXHOJIOTTYHOTO MTPOLIECY
Xc()h’s) Ha h-my piBHI S-1 cTpaTH iepapXidHOi CTPYKTYpH;
(h.s)
X

. (hs) .
H10OHAJIBHOTO CTaHy Xl 5 HaI/I6J'II/I)K‘~IOl"O pace} 633OBOFO, Ha

— LeHTp TinepcdepuyHoro KoHTelHHepa GpyHK-

h-my piBHi -1 cTpaTw;
déh’s) — paniyc rinepcdepruyHOro KoHTelHepa 6a3o-

: (h,s).
BOTr0O (hYHKIIOHAJIBHOTO CTAHY X

h
d{"*)

— paziyc rinepchepuyHOro KOHTeHHepa Ui

HalOmmK4Ioro 1o 6a3o0Boro (yHKIIOHAJBHOTO CTaHy
(hss) .

X

K — MHO’XHMHA KPOKIB MAaIITTHHOTO HABYAHHS;
h,s . .
SE( i ) _ napaMeTp, 110 [IOPIBHIOE ITOJIOBUHI KOHT-

POJIHOTO TTOJIST IOMTYCKIB JUIsl O3HAK (DYHKITIOHAIBHHUX CTa-
HiB Ha h-My piBHi S-i cTpaTy.
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VY nporieci MalIMHHOTO HABYAHHS [Isl CHCTEMH Kepy-
BaHHS XIMIKO-TEXHOJIOTIYHUMH MpoIecaMi HEeOoOXiqHO
3MIACHATH ONTHUMI3aIliI0 TapaMeTpiB BekTopy (1) A Kox-
HO1 CTpaTH B iepapxXiuHiil cTpyKTypi QYHKIIIOHAIEHUX CTa-
HIB, IO J03BOJIAE MiJBUIIUTH TOYHICTh KJIACU(iIKaIll Ta
€(PCKTHBHICTh CUCTCMH:

1
max | max
GeGy(ns) 2| GENGy(hs)
K 0

h, h, h,
M = EM (") +

O]

omax EM(d09)
GE mGdfh's)

TakuMm 49uHOM, 3amada iHGOpPMaNifHO-EKCTpeMallb-
HOTO CHHTE3Y IHTEJIEKTYyaJIbHOI CHCTEMH KEePYBaHHS MO~
rae B ONTHMi3alii mapameTpiB HaBYaHHsS WIIIXOM Ha-
OMmDKEeHHS T7I00aJbHOTO MaKCUMyMy iH(pOpMaLiitHOro
Kpurepito (2) 1o #oro rpaHMYHOro 3Ha4eHHs. B pexumi
eK3aMeHy CHCTeMa ITOBHHHA Kiacu(iKyBaTH CTPYKTypOBa-
HUI BEKTOp 3Ha4€Hb O3HAK, BIJHOCSYH HOTO 10 OIHOIO 3
KiaciB, copmoBanoro andasity s GiHaIBHOT CTpaTi 400
MPUHHATH TIIOTE3Y PO T€, [0 TAKKUI BEKTOP HE HAJICKUTh
KOIHOMY 3 KJaciB. Y BHIAJKy, KOJIM Taka TiloTe3a Mpuii-
MAa€eThCS JUTS TPYIIH MOCTIIOBHO C(hOPMOBAHHX CEHCOPHOIO
CHCTEMOIO CTPYKTYPOBAHUX BEKTOPIB 3HAYCHb O3HAK AKTH-
ByeThesl pexkuMm [OKA, mo mo3Bomsie chopmyBaTH Ha ix
OCHOBI HaBYaJIbHY MAaTpPHII0 HOBOTO (hYHKIIOHAIHHOTO
crany CTII i BUKOHaTH NepeHAaBYAaHHS I1HTEJIEKTYaJbHOI
CUCTEMHU KepyBaHHS.

Ha puc. 1 306paxena ¢yHkmioHaabHa Mmoaenb IOKA
JUISl CUCTEMHU KepyBaHHS XiMiKO-TEXHOJOTTYHUMH IpOlie-
caMM 3 ONTHMI3alli€l0 MapameTpiB KiacudikamiiHoi Mo-
Jedi.

KZ %2 r 7
D

— GxTxZxVxL —Q _>y£ < _9/2'9}“4\\.,,/“.\
] . . \WE
. v
L€ ylas E M

Puc. 1. Mozenp MalllMHHOTO HABYAaHHS 3 ONTUMI3alli€ro
TEOMETPUYHHX MAapaMEeTPiB PO3AULIIOUNX KOHTCHHEPIB
KJIaCiB pO3Ii3HABaHHS

VY mpexncraBieHilt (QYHKIIOHATIBHIA KaTeropianbHIil
Mojeni (puc. 1) BHKOPHCTOBYIOTbCS HAcTYyIHI MO3Ha-
yenHs [12, 13]:

G — npocrTip BXigHHUX (aKTOpiB (CUTHAIIB);

T — MHOXXMHa MOMEHTIB 4acy, KOJM 3HIMaeTbcs 1H-
(dopmartis;

Q — IpocTip 03HaK;

Z — IpoCTip MOXKJIMBHX CTaHIB MPOIIECY;

L — iepapxiuHa cTpykTypa KiacudikaTopa, mo Oymry-
€TBCS;

Y — MHOXWHA CUTHAJIB ITiCII HIEPBUHHOT 0OPOOKH iH-
(dhopmarrii;

X — MHOKMHA CHUTHAJIIB y OIHAPHOMY MPOCTOPi TeX-
HOJIOTIYHUX O3HaK;

RM — MHOKMHA BUpIIIATBHUX TIPABHIT;

Il — MHOMHA CTATHCTMYHUX TiMOTE3 MO0 HANEK-
HOCTI peasizaliif 10 MeBHOTO Kiacy;

319 — MHOKMHA TOYHICHUX XapaKTEPHUCTHUK;

E — MHOXMHa 3HAa4YeHb 1H(OPMAIIHHOIO KpPUTEPIO
¢ynkuionanpHoi eexkruBHocTi (KDE);

D — TepM-MHOKHHA CHCTEMH KOHTPOJIHHUX JIOMYCKIiB
(CKR);

L — TepM-MHOXHHA i€papXidYHUX CTPYKTYp Kiacudi-
KaTopa;

Fe — repm-MHOXHMHA (QYHKIIH Hale)XHOCTI peanisza-
Iiil 10 KOHKPETHOTO KI1acy;

I"*} _ MHOXMHA CTATHCTHYHMX TiNOTe3 W00 Ha-
JISKHOCTI peaizaniii 10 KOHKPETHOTO KJIacy, IO BKIIOYAE
TaKOJX TIMNOTe3y MPO HEHANIC)KHICTh Peai3alii 10 >KOTHOTO
3 KJIaciB.

Orinka (YyHKIIOHATBHOI €(EKTUBHOCTI CHCTEMHU
MPOBOJIUTHCS 3 BUKOPUCTaHHIM JiorapumiuHoi iHdopma-
uiiHoi crarucruuHoi Mmipu Kymebaka [2, 12, 13], mo
JIO3BOJISIE BU3HAYUTH CTYIIHb PI3HOMaHITHOCTI KJaciB Ta
OLIIHUTH TOYHICTh Kiacudikanii B ymoBax IOKA:

Eq? =%{2—[@?*”(@+B(m“*5’(d)]}x

2-[a(d) + B4 (d)] +10°° ©

ol (d) + B0 (d)]+10°

xlog,

h,s
IS (1( ) — IIOMMJIKa nepmoro poay, obuymcIeHa Ha h-My
Spyci S-1 cTpaTH AEKypCUBHOIO JIepeBa;
(hs)
§ — MOMMUJIKA JPYroro poay, oouuciena ua h-ro

Apyci S-1 cTpaTH AEKypCUBHOI'O JIepeBa;

d — mapameTp, SIKHil XapaKTepu3ye B KONOBUX OJHHH-
X BEIUYMHY pajiyCiB KOHTEHHEpIB KIACIB IiarHOCTY-
BaHHS;

107" — gocTaTHRO Maje YHCIIOM, IKE BBOJAUTHCS IS
YHHUKHEHHS MOJIy Ha HyJdb (Ha NpPakTHLI MpuiiMaiocs

p=2)

Excnepumentu i pesyastaTm. Peamizamis anro-
putmy IOKA cucremu kepyBaHHSA XiMiKO-TEXHOJIOTIYHUM
mporiecoM Oyia 3aiiiCHeHa Ha OCHOBI HAaBYaJIbHOT MaTpPHIII,
1110 BKJIIOYasIa JecATh KiaciB 1uist posmizHaBaHHs. Li kiiacu
Oynu po3MOAIIeHI TAKMM YHHOM, 110 BifoOpakanu pi3Hi
PiBHI BiIXWUJIEHH BiJ 3aJaHUX HOPM IO XIMI9HOMY CKJIany

Ta SKOCTI KiHIEBOTO MPOAYKTY: X, — OCHOBHHMH KIJIAC, IO

BIANOBiJa€ ONTUMAILHOMY (DyHKILIOHAJILHOMY CTaHy aBTO-
MaTH30BaHOI CHCTEMH KEpyBaHHS TEXHOJIOTIYHUM TIpOle-
coM, Jie BupoOisieTbes poaykT NPK 3 moTpiOHMMu XiMid-

HUMM XapakTEPUCTHKAMH Ta TpaHyjboBaHicTio; X, —
KJiac, AKui BimoOpa)kae BiIXWJICHHS MO BMICTy a30Ty B
MIPOYKTi; X; — KJIac, M0 TIOKa3y€ BiIXMJIEHHS IO BMICTY

dochopy; X, — Kiac, 10 XapaKTepU3ye BiIXUJIEHHS MO
BMicTy Kamito; X, — Kiac s HE3HAYHWX BiIXMIIEHb MO
BMICTY a30TYy; X5° — KJIac JUIsl BUCOKHMX BIIXUJIEHD 110 BMi-
cTy as3ory; X, — KIac Ul HE3HAYHMX BiJIXHMJIEHB MO

BMicTy Qocdopy; X, — KIac i BUCOKHX BiJIXWJIEHD IO
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BMicTy Gocdopy; X, — KIac 1y HE3HAYHHUX BiIXUIEHD 10

BMicTy Kamito; X, — Kiac s BHCOKHX BiIXHIICHb IO
BMICTY KaJifo.

OYHKIIIOHATBHAN CTaH TEXHOJOTIYHOTO TIPOIECy
CTPYKTYPOBAHO 3a JOTIOMOTOI0 55 O3HaK pO3Mi3HABaHHS.
12 i3 Hux Oynu pe3ynbTaTaMH XiMIYHOTO aHaji3y, II0
JO3BOJLIIO 3MIHCHIOBATH BXIMHUM 1 MbKomepariitauit
KOHTpOJIb. [HIIII 43 TEeXHOJIOT1YHI O3HAKH 30HMpatics 3a J0-
TIOMOTOI0 CEHCOPIB, TaKHX SK BUMIpIOBaui TeMIlepaTypH,
piBHA, BUTpaT, pH Ta enekTpu4Hi mapaMeTp, IO CTOCY-
I0ThCSI POOOTH TEXHOJIOTIYHOTO 00 HAHHS.

Amnari3 mpani [13] moka3sas, mo iepapxiyHa cCHCTeMa
KEepyBaHHS XIMIKO-TEXHOJIOTIYHHM IPOLIECOM HE 3aBXKIH
rapanTye 0e3MOMHIIKOBY KJIACH(IKAIlI0 Ta MPUHHATTS pi-
IIEHb B YMOBaX CKJAIHOTO i JUHAMIYHOTO BHPOOHHUYOTO
cepenosria. ToMy € HEOOXITHICTD y TOAANBIIOMY BIOC-
KOHaJIeHHI i€l cuctemu Ta mepexomi g0 IOKA, skuit mo-
3BOJIUTS ITiABUITUTH ¢(PEKTUBHICTH YIIPABIIHCHKUX PIlICHB
i 3a0e3meuynTH OBl BHUCOKY TOYHICTh KIIACH]IKaIlii B
yMOBaX 3MIHHHX (PaKTOPIB MPOIIECY.

[Micnst  popmyBaHHs i€papXiyHOro Kiacudikaropa
cucrtema Oyjia HepeBefieHa B PEXUM €K3aMEHY, B SIKOMY
CIIOCTEPIrajgocs, 10 YaCTHHA peati3aiiid He MOxe OyTH
BiJ{HECEHA 0 ICHYIOUHMX KJIACiB. Y BUMAIKy HAKOTMYCHHS
40 TakuX HEBU3HAUYCHUX peallizalliii, BOHU 00’ €THYBaJIHCh
y HOBHUH KJIac, KM J0JaBaBCi 1O HaBYAJILHOI MaTpHII,
ITCII YOTO CHCTEMa MPOXOJWIIA €Tall NepeHaByaHHs. Pe-
3yNBTaTH ONTHUMi3alii, o BiToOpa)karoTh 3MiHY TOYHOCTI
knacuikamii mpu 30UThIIEHH] KiTbKOCTI KiaciB 3 4 1o 10,
HaBeJeHO B TaOmmIpix 1—7, 1€ IpoJeMOHCTPOBAHO ITi/IBHU-
HIeHHs (QYHKI[IOHAIbHOT €()EKTUBHOCTI CHCTEMH Ta TOYHO-
cTi knacugikaii y KOHTEKCTI po3LIMPEHHs andasiTy Kia-
ciB B pamkax [OKA.

Tabmuns 1 — PesynbTatin MaIIMHHOTO HAaBYaHHS

Kac iz;z;’;‘;f K®E | Paniyc D1 B
Xy I 3.95 9 0.97 0
Xq 11 4.39 11 1.00 0
X¢ 11 3.95 0.97 0
X2 v 4.39 1.00 0
Xs 1\ 4.39 10 1.00 0

Amnani3 pe3ynpTatiB Tabauii 1 BKazye Ha Te, 10 ce-

penre KOE cxmanae E =4.22 , npu npomy MakcumasibHa
oMuIIKa kiacudikaiii He nmepeButye 3 %, a cepeaHs g0c-
TOBIpHICTh MPUHHATHX PIllIEHb CTAHOBHUTH 99.4 %.

Tabmms 2 — Pe3ynbTati MAaIIMHHOTO HaBYaHHS

Kiac izll)zi)}:(li)'f KOE Paniyc D1 B
Xq I 3.58 12 0.95 0
Xy 11 2.99 10 0.90 0
Xy I 3.58 12 0.97 0.03
X3 v 4.39 11 1.00 0
X3 \% 3.27 0.95 0.03
Xs \% 1.27 8 0.68 0.03

AHai3 pe3yibTariB Tabuuili 2 BKa3zye Ha Te, IO ce-

penne KOE cknanae E =3.10, npu upomy mMakcumanbna
moMmIIKa Kiacudikarii qopisaroe 32 %, a cepenHs 10cTo-
BipHICTh IPUHHATHX PillIeHb CTAHOBUTH 95.4 %.

Ta6muis 3 — Pe3ynpTaTti MalllMHHOTO HaBYAHHS

Krac il; ;‘;‘l’)‘;’; KOE | Pagiyc | D1 B
Xg I 4.39 12 1.00 0
X? i 4.39 12 1.00 0
X? il 3.58 12 0.95 0
X; v 2.99 10 0.90 0
X¢ Y, 3.58 12 0.97 0.03
X3 Y% 4.39 11 1.00 0
X3 VI 3.26 0.95 0.03
Xe \%ii 1.27 0.68 0.03

Amnani3 pe3ynbTatiB Tabauui 3 BKazye Ha Te, 10 Ce-

pente K®E cknanae E =3.47, npu npomy mMakcuMabHa
MOMMIIKA Kitacudikarii gopisaroe 32 %, a cepenHs 10CTO-
BipHICTh IPUHHATUX PIillICHh CTAHOBUTH 96 %.

Tabnuis 4 — Pesynbratu MallMHHOTO HABYAHHS

Kitac ig‘;;’j:i’.l. K®E | Paniyc Di B
X$ I 4.39 13 1.00 0
X? 11 4.39 10 1.00 0
X2 it 4.39 12 1.00 0
X? v 3.95 14 0.97 0
X? v 2.99 10 0.90 0
X¢ VI 3.27 8 0.93 0
X2 VI 3.95 6 0.97 0
X2 VIII 4.39 8 1.00 0
X¢ VIII 4.39 8 1.00 0

AmHaii3 pe3ynbTaTiB TaObmuUI 4 BKa3ye Ha Te, IO ce-

penne KOE cknamae E =4.01, npu upomy mMakcumansHa
moMmIIKa Kiracudikarii gopisaroe 10 %, a cepenHs qocto-
BIpHICTb NPUHHATHX pillleHb CTaHOBUTH 98.7 %.

Tabmus 5 — Pe3ynbratu MallnHHOTO HABYAHHS

Kiac iEII)];;I:;‘i K®E Paniyc D1 B
X7 [ 3.95 10 0.97 0
Xa I 4.39 12 1.00 0
Xy 11 3.27 10 0.97 0.05
Xq 1Y 3.58 10 0.97 0.03
X5 \% 4.39 12 1.00 0
X3 VI 4.39 9 1.00 0
X5 VI 3.27 12 0.95 0.03
Xq VIII 4.39 12 1.00 0
Xs IX 4.39 16 1.00 0
Xy IX 4.39 11 1.00 0
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AHauti3 pe3ynbTaTiB TaOmuUIl 5 BKa3ye Ha Te, IO ce-

penre K®E ckianae E=4.04, TP IIbOMY MaKCHMaJbHa
NOMUIIKa Kiiacudikauii gopisHioe 5 %, a cepeaHs 10CTOBI-
PHICTb NPUHHATHX pillleHb CTAHOBUTH 98.75 %.

[oniOHi mociikeHHS OyNM TakoX IPOBENCHI IS
TMiHIHHIX KIacupikaTopiB. Pe3ynbraTe HOPIBHIHHS Xapak-
TEePHUCTHUK IUX KIacnu(ikaTopiB HaBeICHI Ha pUCYHKaxX 2—4.

45 45
4 4

3,5 35 |
3 3k

2.5
H

2,5

15
1
05

YeepeHaiknit KOE
VeepeaHeri HDE

05 § S Sl
SO v«tn"!?g""'

o

4 5 G 7 8 g 10
NorymKicTe andagity

MeTyiulets andaslry

a o

Puc. 2. I'padik 3anexnocti ycepennenoro K®E Bin moTyx)HOCTI
angasiTy KJIaciB:
a — iepapxiuHuil kKnacudikarop; 6 — TiHIHHUN K1acudikaTop
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Puc. 3. I'padik 3a1exHOCTI ycepeTHEHOT TOCTOBIPHOCTI pillleHb
BiJ] MOTY>KHOCTI ay(aBiTy KIJIaciB:
a — iepapxiuHuil knacudikaTop; 6 — niHiHHKI Kacugikatop

PAEHEHM &1 LHE NOMUAKS
MAKCHMANGLHE NOMIAKE
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Puc. 4. I'pacdik 3anexHOCTI MAKCHMAITBHOT IIOMHJIKH Bij
MOTY>KHOCTI ayi(haBiTy KIlaciB:
a — iepapXiuHuii kKnacudikarop; 6 — JTiHIHHEN KIacudikaTop

Amnani3 pucyHkiB 3—4 CBiIUHTB, IO i€papxiyHi Kia-
cudikaTopu AEMOHCTPYIOTh OUIBIIY CTIHKICTH 10 301Ib-
LIEHHS MTOTYXHOCTI aydasity kiaciB. OTxe, el TUIT Kia-
cudikaTopiB € ONTUMAIBLHUAM JUIsl 32CTOCYBAaHHS B 33/1a4ax
3 BiikpuTuM andasiTom, Takux gk IOKA.

BucHoBku. Y mporieci MpoBEIEHOTO MOCITIIKEHHS
Oymno po3pobiieHo i peamizoBaHo meron I®KA B pamkax

IEI-TexHOMIOT1i, 1110 JO3BOJISIE€ BUPIIIMTH 3aBAAHHS TOYHOTO
po3mi3HaBaHHS KJaciB QyHKIIIOHATEHUX CTaHIB cabodop-
MaJTi30BaHNX 00’ €KTIB KEPYBaHHS, TAKUX SIK XIMIKO-TEXHO-
yoriuHi mpomecu. Po3poOieHi Mopmeni Ta ainropuTMu
HaBYaHHS, CAMOHABYaHHS Ta €K3aMEHY aBTOMAaTH30BaHUX
CHCTEM KepyBaHHS TEXHOJIOTTYHHMHM Ipolecamu 3abesre-
YYIOTh BUCOKY TOYHICTb 1 OIEPAaTUBHICTh YIPaBIiHCHKUX
PIlIEHB, 10 € KPUTHYHHUM JIIS iHTeHCU(IKALlIi TEXHOJIOTIY-
HUX TpoIeciB. BuspieHo, 1mo 30UIBIICHHS MOTYXHOCTI
andaBiTy KiIaciB po3Ii3HaBaHHS MOXKE 3HMKYBAaTH TOY-
HICTh Kiacu(ikamii, OJHaK BUKOPUCTAHHS i€papXidHHUX
Kacu(ikaTopiB i OMTUMI3AIlis TEOMETPHYHHIX TapaMeTPiB
BUpIMIAIEHUX MPaBUI 3HAYHO MiIBUIIYIOTh CTIHKICTh CHC-
TeMH A0 TakuxX 3MiH. OKpiM TOTo, ONTHMI3allisi CHCTEMHU
KOHTPOJBHUX JAOMYCKIiB Ha TEXHOJIOTIYHI O3HAKH 3a0e3re-
gye OUTBITY TOCTOBIPHICTH i €(PEKTHBHICTH HAaBYAHHS, [0
HIATBEPXKYETHCS pe3yJbTaTaMU YUCICHHUX MOJIEIIOBAHb
Ta eKcriepuMeHTIB. Po3pobiieHnii miaxia BUSBUBCS edek-
TUBHHMM TPU ajanTamnii A0 pi3HOMaHITHUX (DyHKLIOHAJIb-
HUX CTaHIB MPOIECIB, IO JOBOJUTH HOrO MPAKTUYHY
3aCTOCOBHICTb Yy pEaIbHUX YMOBAX KepyBaHHS CKJIAIHUMHU
TEXHOJIOTIYHAMH CHCTEMaMH, 30KpeMa, Ha XIMIYHUX Mij-
pUeMCTBaX. TakuM YMHOM, 3aCTOCYBaHH: iH(QOpMaLiitHO-
exctpeManbHOI [OKA € mepcrieKTHBHUM IS 11 IBUIICHHS
TOYHOCTI Ta aJAaNTHBHOCTI CYYaCHHX aBTOMATH30BAaHHX
CHCTEM KepyBaHHS.
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HIERARCHICAL FACTOR CLASSIFICATION ANALYSIS IN THE FRAMEWORK OF INFORMATION-
EXTREME INTELLECTUAL TECHNOLOGY

The application of information-extreme intelligent technologies for the management of chemical-technological processes is an important direction in the
development of automation in industry, particularly in chemical enterprises. A method for designing hierarchical control systems has been proposed,
based on the use of hierarchical factor classification analysis to optimize the training and self-learning of automated process control systems. The main
feature of the method is the use of mathematical models to analyze the functional states of processes, which allows for the accurate determination of
optimal control parameters and the adaptation of the system to real-time changes. The work demonstrates that the use of hierarchical factor classification
analysis increases the effectiveness of detecting functional deviations in technological processes, reducing the likelihood of errors in decision-making.
To enhance the accuracy and probability of correctly determining the states, it is proposed to use algorithms for optimizing geometric parameters and
control tolerances. It has been established that this method works effectively even in complex conditions where the number of functional states may
vary. The research shows that the application of hierarchical factor classification analysis is effective for optimizing management processes, providing
increased decision-making reliability and stability to changes in the conditions of complex chemical-technological process production. Furthermore, the
proposed approach enhances the system's ability to self-learn and adapt, making it an effective tool for future intelligent automated systems.

Keywords: automated control systems, chemical-technological processes, mathematical models, hierarchical factor classification analysis,
information-extreme intelligent technologies.
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IEPAPXIYHE IH(I)OPMA]_lII‘/‘l!:lO-EKCTPEMAJIBHE MAIIIMHHE HABYAHHS BILJIA JIUISA
CEMAHTHUYHOI CErMEHTANII HU®POBOI'O 306PA’KEHHS PEI'TOHY 3A JEKYPCHUBHOIO
CTPYKTYPOIO JAHUX

MeTor0 JTOCHIIKEHHS € MiIBUIICHHS TOYHOCTI MAIIMHHOTO HaBYaHHS aBTOHOMHOTO OE3ITIOTHOTO JIITaJbHOTO amaparty Ajis ieHTUdikamil Kaapi
1dpOBOro 300pa)KeHHs PErioHy CIOCTEPEKEHHs. 3arpONOHOBaHO (YHKI[IOHAIBHY KAaTeropiiiHy MOJeNb, Ha OCHOBI SIKOi PO3POOIICHO i MPOrpaMHO
peanizoBaHO AIrOPUTM iH(GOPMAIIHHO-EKCTPEMAIFHOTO0 MALIMHHOTO HABYaHHS 3a JIHIHHOIO CTPYKTYPOIO OAaHHX 3 ONTHMI3aLli€l0 KOHTPOJIbHHX
JIOIYCKiB Ha O3HAKH po3Mi3HaBaHHs. DopMyBaHHS BXiTHOI HABYAILHOI MaTPHIL ICKPAaBOCTI 3/1iHICHIOBAIOCS IIIXOM 00pOOJIEHHS B I€KapTOBIH crcTeMi
KOOpJAMHAT HU(POBUX 300parkeHb 00’€KTIB MAIIMHHOTO HABYAaHHS, SKI BITHOCHIMCS JO TUIy “TekcTypa”. SIk KpuTepiil ontumisawii mapamerpiB
MALIMHHOTO HABYAHHS BHKOPUCTOBYBajacs MoaudikoBana mipa Kympbaka. Ockinbku peajisallis MAIIHHHOTO HABYAHHS 3a JIHIHHOI CTPYKTYPOIO
JIaHUX HE JI03BOJIMIIA OTPHMATH BUCOKY TOYHICTh MAIIMHHOTO HAaBYaHHSI, TO OyJI0 peanizoBaHO iH(pOpMaLiiHO-eKCTpeMalbHE MAllIMHHE HaBYaHHsI 32
i€papXivHOIO CTPYKTYPOIO Y BUIJISAAL JEKyPCHBHOT0 OiHapHOTo Aepesa. [lepexin Big TiHIAHOI CTPYKTYpH JaHHX [0 i€papXivyHOl JO3BOIHB 6araToKIacoBe
MaIllMHHE HABYaHHS 3BECTH [0 ABOXKJIACOBOTO Ul KOXHOI CTpPAaTH IEKypCHBHOrO OIHApHOrO JepeBa i MiIBHUIIMTH YCEPEIHECHE 3a CTpaTaMu
JIeKYPCHBHOTO JiepeBa 3HaYeHHs iH(popMarLiiiiHoro Kpurepiro. [l Ki1aci po3ni3HaBaHHs CTPATH JCKYPCUBHOTO JepeBa, A€ He OYJI0 OTPHMAHO BHCOKY
TOYHICTh MAIIMHHOTO HABYAHHSI, PEATi30BaHO iH(OpPMAIIHHO-eKCTpeMalbHe MAIIHHHE HABYAHHS 3 IOCIIIOBHOIO ONTHMI3alli€l0 mapamerpiB. Y
pe3yJbTati Baanocs moGyayBaTi OE3MOMIUIKOBI 3a HABYAIHHOIO MATPHULICIO BUPIIIYBabHi mpaBuia. KpiM TOro, ekcriepuMeHTaabHO JOBEACHO, 10 MPH
KIUJIBKOCTI KJIACiB pO3ITi3HABaHHS OiJIbIIIE JBOX JAOLIJIBHO IIEPEXOANTH Ha iH(POPMAIiHO-EKCTpeMalbHEe MAllIMHHE HABYaHHSI 32 1€PapXiYHOI CTPYKTYPOKO

JTaHUX y BUTIIAI A€KYPCHBHOTO OiHApHOTO AepeBa.

KarouoBi cioBa: indopmaniitHo-ekcTpeManbHe MaIIMHHE HAaBYAHHS, Kiacudikamis, iHGopMaumifiHuii KpuTepiil onTuMizawii, Ge3minoTHHI

JIITaJBHUM anapaT, CEMaHTHYHA CETMEHTAllisl, IeKypCUBHE OiHApHE JIepeBo.

Beryn. Hapannas BITJIA BmacTHBOCTI aBTOHOMHOCTI
ITO3BOJISIE IMIJBUIIATH HMOBIpPHICTP BHKOHAHHS MicCil 3a
CKJIaMHUX yMOB Ta PO3MHUPHUTH HOro (YHKIIOHATBHI
MOXJIMBOCTI. [0 TeTIepilIHbOTO Yacy BiICYTHE y3TOKEHE
BHU3HAYCHHS TOHATTA TepMiHy «aBToHOMHHU BITJIA». ¥V
TEXHOJIOTIYHOMY acleKTi IiJi aBTOHOMHICTIO Oynemo
PO3YMITH HasIBHICTh IHTEJIEKTYalbHOI CKJIQJIOBOI, IO
no3poisie BITJIA camoctiiiHO mpuiiMaTH 3amporpaMoBaHi
pillieHHs MMiJ 4ac BUKOHAHHA Micii. 3a (yHKIIOHAIBLHUM
NpU3HAYCHHSIM Ta  iH(QOpPMAaliHHOI  CIPOMOXKHICTIO
NpUAHATTA KiacudikauiiHUX pilieHb  BIJOMO Take
BU3HAYECHHS! OCHOBHUX IOCIIJJOBHHUX PIBHIB aBTOHOMHOCTI
BITJIA:

1) nepummii piBeHb aBTOHOMHOCTI 3abe3medye
HasBHICTE Ha OopTy BILJIA aBTOminoTa, 3B’s13aHOTO Yepe3
IHepIIiifHO-HaBIraIliifHy CHCTEMY 3 TJIO0ATEHUME Mepeka-
MU mo3utionyBaHHs Ty GPS;

2) npyruii piBeHb aBTOHOMHOCTI TIOJISITa€ y 3IaTHOCTI
BITJTA po3mi3HaBaT Ha3eMHi, MOBITPSHI, HABOAHI Ta M-
BOJIHI 00’ €KTH;

3) Tperiii piBEHb aBTOHOMHOCTI 3a0€31euy€e MOKIIH-
BicTh (yHKmioHyBaHHS BIIJIA B pexumi BifeoHasirarmii
6e3 3B’sI3Ky 3 IJI00AJIBHUMH 1 JIOKATBHUMH MEPEeXXaMH I10-
3UIIFOBAHHS;

4) yerBepTHil PiBeHb aBTOHOMHOCTI 03BOJIsiE BITJTA
BUKOHYBAaTH MICiI0 B p&KUMI acTpOHaBiraii;

5) m’sTuii piBeHb aBTOHOMHOCTI XapaKTE€pPH3YEThCS
snatHicTiO BITJIA camonaBuaTHCs 3 METOK OOpaHHs 0e3-
MIEYHOTO MapUIPyTy BUKOHAHHSA HOTO Micii.

3abe3neyenns aroHomHocTi BITJIA, mouynHarouu 3
JPYTOTO PiBHS, MOXIIMBO IIISIXOM 3aCTOCYBaHHA imeH i
METOJiB MAIIMHHOTO HABYaHHS Ta PO3Ii3HaBaHHI 00pas3iB.
IIpu upomy Hamanas BIIJIA BmacTHBOCTI aBTOHOMHOCTI
BiJITIOBITHOTO DiBHA B OCHOBHOMY 3alIe)KHThH BiJ pelre-
BaHTHOCTI BXIJHOTO 1H(QOPMAIIHHOTO OMUCY i (PYHKILIO-
HallbHOT e()EeKTHBHOCTI MAIIMHHOTO HaBYaHHS OOpPTOBOT
cucremu posnizHaBanHs (BCP). OcHOBHUMH CTpUMYO-
4uMH (pakTopaMu po3BHTKY aBTOHOMHHMX BIIJIA € Hay-
KOBO-METO/IOJIOTIYHI YCKIIaHCHHS, OB s13aHi 3 JOBIJIbHU-
MH yMoBaMH (OpMyBaHHs 300paXkeHb 00’€KTIB iHTEpECY,
MepeTHHOM KJIACiB PO3II3HABaHHS y NPOCTOPi O3HAK Ta
0araTo BUMIpHICTIO CIIOBHHKA O3HAK i a0ETKH KIaciB po3-
Mi3HABaHHS.

VY craTTi po3rismacThes METO iepapxidHoro iHdop-
ManiHO-eKCTPEMAIbHOTO MAIIMHHOTO HaBYaHHS OopTo-
Boi cuctemu BIIJIA apyroro piBHS aBTOHOMHOCTI MJIs
po3mi3HaBaHHS HAa3eMHHUX IPHUPOAHMX Ta iH(PPACTPyK-
TypHUX 00’€KTiB NpH KapTorpadyBaHHI PETiOHY CHOCTe-
PEXKEHHSL.

®opmaJjizoBaHa NMOCTaHOBKa 3ajadvi. PosrisHemo
(dhopmMamizoBaHy MOCTAHOBKY 3a7a4i MAaIIMHHOTO HABUaHHS
apronomuoro BIIJIA mis ceMaHTH4YHOI cerMeHTamii
mdpoBoro 300paxeHHs periony. Hexail cdopmoBaHO
abetky {X,|m =1LM } knaciB po3mizHaBaHHS, SIKi XapakTe-
pU3YIOTH pi3HI Ha3eMHI NpHUPOAHI Ta iHPpacTPyKTypHIi
00’exTn Ha MppoBOMY 300pakeHHi periony. s xmacis
po3mi3HaBaHHSA MOOYIOBaHO TPHUBHMIPHY HaBYaJbHY

u) |i:1,_N; J:l_J|| IIpu npomy

MaTPUIO SACKPaBOCTL || Y,
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PAIOK MaTpHLi {y,(nj’% | ::L,_N} € CTPYKTYpPOBaHHM BEKTO-

POM O3HaK pO3Mi3HAaBaHHS, SKUH Jani B TEKCTI Oyaemo
Ha3MBaTH peaizalli€lo, a CTOBIMYMK — HaBYaJbHa BUOIpKa
{yj=1J}. Tyr N — KinekicTh O3HaK B peamizamii
KJIacy po3Mmi3HaBaHHS; J — KUIBKICTh peami3amiid B Ha-
BYAJIBbHIN MaTpHLI.

Hexaii y OinapHomy mnpocrtopi ['emmiHra 3anmano
BEKTOp NapaMeTpiB ONTUMi3awii, sKi gami OynemMo Hasu-
BaTW IapaMeTpaMH MAIIMHHOTO HaBYaHHA. Hanpukian,
JUTA Ky1acy po3mi3HaBaHHA X 5 BEKTOp MapaMeTpiB MalliH-

HOTO HaBYaHHSA 33/1aHO Y BUIJISI CTPYKTYPHU

gm :<Xm’dm’5> ! (l)

e X, — ycepeoHeHa ABIMKOBa pealizamis Kjacy po3mis-
0.
HaBaHHA X, ;
d,, — noTouHMil pajiyc KOHTEHHepa KIIacy po3mi3Ha-

BaHHA X_, AKMH B IIPOLECi MAIIMHHOTO HABYAHHS Bij-

m>s
HOBITIOETBCS B paliaibHOMY 0a3uci OIHAPHOTO MPOCTOPY
o3Hak ['eMMiHra;

0 — mnapametp, SKWi OPIBHIOE TOJIOBHMHI MOJIS
KOHTPOJIbHUX JOMYCKIB HA O3HAKH PO3IMi3HABAHHS.

Y mporeci MamIMHHOTO HABYaHHS aBTOHOMHOTO
BITJIA HEOOXIIHO:

1) onTumizyBaTH mapamMeTpu MAIIMHHOTO HAaBYaH-

Hs1, 3a3]aH1 BeKTopoM (1), IUISIXOM MOIIYKY MaKCUMAabHO-
ro 3Ha4YEHHs yCEPEJAHEHOro 3a abeTKOI0 KIIAaciB po3Mi3Ha-
BaHHsI iHOPMAIIHOTO KPUTEPiro B poOoUii (I0MyCTHMI)
o0nacTi BU3HaYEHHsI Horo (yHKIIi:
— 1 M
E =—> max EY, 2)

M = Ge

()
ne E,

HaBYaHHS 3HaYEeHHsI IHPOPMAIIHOTO KPUTEPIIO;

obunciene Ha K-My Kkpomi MammHHOTO

Gg - nomycruma (poGoya) 00JacTh BU3HAUECHHS
iHdopMmaniiHOro KpuTepiro, B sIKii nepiua i gpyra A0cTo-
BipHOCTI IEPEBEPIIYIOTH BiAIOBITHO IIOMIUTKH ITEPIIIOTO T
Apyroro pony;

2) noOyayBaTi OE3MOMHIIKOBI 32 HABYAIBHOKO MAat-
pHIEIO BHPILTYBaJIbHI NIpaBUJIa 33 BU3HAYEHUMH Ha eTari
MaIIMHHOTO HAaBYaHHS ONTUMAJIBHUMH T'€OMETPUYHUMHU
rapaMeTpamMH KOHTeHHepIB KJaciB pO3Mi3HABaHHS;

3) Ha erami (YHKIIOHAJBHOTO TECTYyBaHHs IEPEBi-
PHUTH TOYHICTH MAIIMHHOTO HABYAHHS 1 IPU HEOOXiTHOCTI
30UTBIIUTH HOTO TIMOMHY MUIIXOM ONTHMi3armii iHIIHX
mapameTpiB GyHKIIOHYBaHHS CUCTEMH, BKIIOYAIOYH ITapa-
MeTpu GOpMyBaHHS BXiTHOTO MaTE€MaTHIHOTO OITUCY.

AHaJni3 npo6JjeMu. B octaHHI poKH criocTepiraeTecs
TEHJICHIIS 10 301IbIIeHHS Ty OJTiKaIiif 1110/10 3aCTOCYBaHHS
aBToHOMHUX BITJIA B pi3HHMX Tayy3siX colLiaJlbHO-€KOHO-
MiuHOi cdepu cycninbeTBa. Hampuknan, y npamsx [1, 2]
PO3MIITHYTO CHCTEMH TEXHIYHOTO 30pY I ABTOHOMHOTO
BuKOHaHHs okpemux QyHkuid BIUIA. ¥V npaui [3] po3-
IIAJAETBCS CHCTEMa MallMHHOTO HaByaHHA BIIIA s
po3mizHaBaHHS OOPOOJICHHX 1 HEOoOpPOOJICHHWX TEeCTHIIN-

JlaMU JIIJISTHOK TTOCIBIB arpoKysbTyp. ManmHHe HaBYaHH
Oyio peai3oBaHO 3a METOJOM B3AEMHOTO HiANIPOCTOPY
(MSM) nnst 300pakeHb, OTPUMAaHHX 3a pe3yIbTaTaMHU
aBiapo3Bigku. BogHO9ac TOYHICTP MAIIMHHOTO HABYAHHS
aBtoHomHOoi BCP ckmamama 74,4 %. Y npami [4]
posrisiaeTbest OOPTOBa CUCTEMa TEXHIYHOTO 30pY IS
ABTOHOMHOT ITOCaJKH KBaIpoKonTepa. Y pasi BiIMOBICHHS
rinobanpHOi cuctemu mnosunitoBaHHs GPS mnependaueno
peaizalio JAeCKPUITOPHOTO aJIrOPUTMY KOMI IOTEPHOTO
3opy SIFT. Inest neckpunTOpHUX METONIB JIETEKTYBaHHS
Ha3eMHHX OO’€KTiB Tmoisirae B TOMy, IIOO 00’€KTH,
OTpUMaHI 3a IOYAaTKOBHM 300pa’keHHSIM, MOXKHA OyIo
PO3Mi3HATH MPH 3MiHI OCBITICHHS, MacIITa0y 300pakKeHHS
Ta HasABHOCTI myMy. Y mparmsix [5—7] BHKOPHCTOBYETHCS
neckpuntop SIFT ans nerekTyBaHHS Ha3eMHHIX 00 €KTH 32
iX KOHTYpOM, SIKHH € BHCOKO KOHTPAaCTHOIO MiTSHKOIO
300paxenns. [Ipore noci He icHye (dopmani3oBaHUX
NpaBWJ 10J0 BUOOPY 3HA4YeHb MOPOTOBHX IapameTpiB
KBaHTyBaHH: O3HaK po3mizHaBaHHsA. KpiM Toro, HeZomikom
TaKOro IiJXOJAy € HeJOCTaTHs iH(QOpMAaTHUBHICTH O3HAK
pO3Ii3HaBaHHS, OCKIJIBKH HE BPAaXOBYIOTHCS OCOOJIMBOCTI
KOHCTPYKIii Ha3zeMHOro 00’ekry. Haifbinmpm mepcrek-
TUBHUM 3 TOYKH 30py iH(POPMATHBHOCTI O3HAK pPO3Mi3-
HaBaHHS € JETCKTYBaHH:, OCHOBAaHE Ha CKAHYBaHHI BCHOTO
300paxeHHst HazeMHoro 00’exty [8 —10]). Y mpausx [11—
13]). po3risgaeTbess MOKINBICTE BUKOPUCTaHHS 3TOPTKO-
Bux HeiipoHHuX Mepexk (CNN) mns posmi3HaBaHHS Ha-
3eMHHX 00’€kTiB. Ha mpaktumi 3acrocyBaHHS Tpamu-
IIAHUX METOMAIB IHTEJICKTYyaJIbHOTO aHamizy maHux Data
Mining [14], Bxmowatoun CNN, mis iHpopmariitHoro
cuHTe3y aBToHOMHUX BCP He 3aBxxau 3abe3neuye BUCOKY
TOYHICTh MAIIMHHOTO HaBYaHHS 4Yepe3 psiJi HayKOBO-
METOJIOJIOTIYHUX OOMEXKEHb, XapaKTePHUX AJISI CTPYKTYP-
HUX MeToNiB. Y mpami [15] mis 3MeHIICHAS BIUTUBY 0a-
raTOBUMIPHOCTI IIPOCTOPY O3HAK PO3Mi3HaBaHHS IPOIIO-
HYETBCSI BUKOPHCTOBYBATH €KCTPAKTOPH BXITHMX JAHHX,
aje TaKWP WiAXiX HEOAMIHHO MPHU3BOAWTH IO BTPaTH
inpopmamii. OTke, BiOMi pe3yNbTaTH HOCHTIIKEHb 3
ABTOHOMHOTO pO3Mi3HABaHHS HA3eMHUX OO0 €KTIB uepes
HAYKOBO-METOJIOJIOTIYHI YCKJIaJHEHHsSI HOCSATh B OCHOB-
HOMY MOJIEJBHHI XapakTep, 10 00yMOBMIIO Ha MPaKTHII
Bukopuctanus bBIIJIA sk peTpaHcisTopa 300paxeHb
Ha3eMHHUX 00’ €KTIB IHTepecy Ha Ha3eMHY CTaHIII0 Kepy-
BaHHI.

[epcriekTHBHUM TTiAX0I0M 10 iHPOPMALIIHHOTO CHH-
Te3y 31aTHOI HaBuaTHcs aBToHOMHOT BCP € BukopucTanus
i7Iel Ta METOJIIB TaK 3BaHOI iH(pOpMAIliITHO-eKCTpeManbHOT
iHTenekryansHoi TexHonorii  (IEI-texnosorii) anamizy
JAaHHUX, sKa Oa3yeThCs HAa Makcumiszamii iH(opMmariitHo1
CIPOMOXXKHOCTI CHCTEMH B TIPOIEC MAIIMHHOTO HaBYAHHS
[16, 17]. Imes MeTOMiB MAIIMHHOTO HAaBYaHHS B PaMKax
IEI-texuomorii six 1 B8 CNN mossirae B amanTarii BXiZHOTO
iH(OpMAaiHHOTO ONUCY A0 MaKCHMAIbHOI TOBHOT HMOBIp-
HOCTI IPUAHATTSA NPaBWIBHUAX KJIACHU(IKAIIHHNX PilIeHb.
BopmHouac ocHOBHa mepeBara MeToAiB iH(OpMaIiifHO-
EKCTPEMaJIbHOT0 MAIIMHHOTO HABYaHHS B TOMY, 1[0 BOHH
Ha BIJIMiHY BiJl HEUPOMOIIOHUX CTPYKTYP PO3POOIISIOTHCS
B paMKax (YHKIIOHAJBHOTO IIJIXOMY IO MOJEIIOBaHHS
KOTHITUBHHX IPOLECIB, MPUTAMaHHUX JIIOAWHI Tpu (pop-
MYBaHHI Ta NPUHHATTI KiacugikanilHux pimeHs. Takui
MIAX1J T03BOJISIE HAAATH METOJaM MallMHHOTO HAaBYAHHS
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THYYKICTh NPHU TIEpPEHABUYAHHI CHCTEMHU 33 YMOBH 30iJTb-
IICHHS KUTBKOCTI KJIaciB po3mizHaBaHH:. KpiMm Toro, mody-
JIOBaHI B paMKaX T€OMETPHYHOTO IiIXOAy BUPINTyBaNbHI
MpaBWjIa € MPAaKTUYHO iHBapiaHTHI MO 0araToBHMipHOCTI
NPOCTOPY O3HAaK po3mi3HaBaHHA. BojgHouac Bapro min-
KPECJIUTH BUCOKHMI piBeHb aBTOMAaTH3alii MeToaiB iHdop-
MaliiHO-eKCTPEeMaIbHOTO MAlIMHHOTO HaBYaHHS 1, KpiM
TOTO, BOHU IOTPEOYIOTH Uil (OPMYBaHHS pENICBAHTHOI
HaBYaJIbHOT MaTpHILi Ha MOPSIOK MEHIIE 3pa3KiB 300pa-
KEHb Y MOPIBHAHHI 3 IITYYHUMH HEHPOHHUMH MEpEKaMHu.

Merta po6otu: IlinmBuIIeHHS TOYHOCTI MAIITMHHOTO
HaB4yaHHS aBTOHOMHOro BIIJIA mi1s cemMaHTHYHOI cer-
MeHTaIlii UPPOBOro 300paskeHHS PErioHy CIOCTePEKEHHS
IUITXOM 3aCTOCYBaHHS JIEKypCHBHOI OiHApHOI CTPYKTYpH
IaHuX, [0 JO3BOJSIE 3aMICTh 0araToKJIacoOBOI0 MaIllHH-
HOTO HaBYAaHHS 3a IJIHIHHOIO CTPYKTYpOIO NaHWX 31ilic-
HIOBATH JBOXKJIACOBE JUIsl KOXKHOI CTpaTH JNEKYPCHUBHOTO
Jepesa.

Marepiaan Ta MeTOaH IOCTiZKeHHS. Y pamKax
(G YHKIIOHATIBHOT'O MTiAXO0Y 10 MOJICIIOBAHHS KOTHITHBHUX
MPOLIECIB IPUPOAHBOTO IHTENEKTY (QYHKIIOHAIBLHY KaTero-
pittry Mozens (DPKM) iHpopMamiiHO-SKCTPEMATBEHOTO
MaIIMHHOTO HAaBYaHHS 3a JIHIMHOIO CTPYKTYpOIO NaHHX
MPEeICTaBUMO y BUTIISAI Opi€eHTOBaHOTO Tpada, pedpaMu
SIKOTO € OIePaTOpPH BiMOOpa)KeHHS 3aIisTHAX B MpoIeci
MAaIIMHHOTO HaBYaHHSA MHOXWH OJlHa Ha OJHy. BomHouac
BXimHMI Matematnunuii ommc ®KM mpencraBuMo y BH-
TJISIIL CTPYKTYpH

I, =<F,T,Q,Z,K,YM XM f f, >,

lin
ne F — mHOXMHA QakTopiB, SIKi BIUIMBAIOTH HA ONTHKO-
€JeKTpOHHHUH KaHaJ criocTepeskeHHs BCP;

T — MHOXMHa MOMEHTIB 4acy 34MTyBaHHS iH(pOpMa-
1ii;

Q) —npocTip 03HaK PO3Mi3HABAHHS;

Z — abeTKa KJIaciB po3Mi3HABaHHS;

K — MHOXWHA KaapiB nmu(POBOTro 300pa)KeHHs peri-
OHY, LIO CIIOCTEPIraeThCs;

M . . .
YMI' _ Bxinna eBkmizoBa HaBUANbHA MATPHIS KIACiB
PO3Mi3HAaBaHHS THITY «00 €KT BIACTHBICTHY;

M . .
XM _ po6oua GinapHa HaBYaTbHA MaTPHIL KIACIB
PO3Mi3HABaHHS;

f, — omeparop popmysanns marpumi Y ™'

f,— omeparop dbopmyBanHs MaTpuli X I,

Ha puc. 1 nokazano ®KM indopmariitHo-excTpe-
MaJIbHOTO MalIMHHOTO HaBYaHHS JIPYroro piBHS INIMOWMHU
3 ONTHMI3alli€l0 TapaMeTpiB, 3aganux BekTopom (1). Ha
HOMY JAekapToBuil M00yToK F xT xQxKxZ 3amae
moxepeno iHdopmarii. Tepm-mMHOXMHA E 3HaueHb iHOP-
MaIiiHOTO KpUTEPito (2) € 3arajlbHOIO JJIsl BCiX KOHTYpIB
ONTUMI3aIli] apaMeTpiB MalIMHHOTO HaBYaHHA. Oneparop
r:E—xM
HABYAHHS y 3araJbHOMY BHIIAJKY Heditke po3ourts RM!
KJIaciB po3Mi3HaBaHHI, SKe 3a JOMOMOror oreparopa ¢

Oyaye Ha KOXHOMY KpOIli MAIIMHHOTO

MTOKPHUBAE PO3IMOALT JBINKOBHX pealizamiii HaBYaIbLHOT
marpuni XM!. Oneparop w : X™' — 1° ne G — ximb-

KICTh CTaTUCTHUYHHUX TilOTE3, TIEPEBipsi€ OCHOBHY CTaTHUC-
Truny rinoresy 7, X\ € X2 . Oneparop ¥ (opmye MHoO-

5

KUHY TOYHICHUX XapaKTePUCTUK KiIachu(iKaIiifHIX

pimens, 1e Q =G2, a onepaTop ¢ 00YHCIIOE MHOKHHY 3HA-
yeHb E iH(opMmaniiiHOrO KpuTepito ontumizauii, Kl €
(GYHKIIOHAJIOM Bl TOYHICHHX XapakTepucTHK. KoHTyp
onTuMizalii KOHTPOJIBHUX JONYCKIB Ha O3HAaKH DO3IMi3-
HaBaHHs 3aMHMKAaETHCS Yepe3 TepM-MHOXUHY D , enemen-
TaMH sIKO1 € 3HaYeHHs KOHTPOJBHUX JOIycKiB. Omneparop
U periamMeHTye Mpolec MalllnHHOTO HaBYaHHSI.

u

Ell

D E+~—2 321
|
81 LT
3
FxTxQxKxZ yMI_f2 | S W glGl

Puc. 1. OyHkIioHaNbEHA KaTeropiiHa Mo/IelIb MallIMHHOTO
HaBYaHHSA

KoHTpomnbHI JONMYCKH pO3IIISAAI0ThCS K PIBHI KBaH-
TyBaHHS O3HAK PO3Ii3HABaHHS, L0 J03BOJISIOTH Ha KOX-
HOMY KpOIl MalllMHHOTO HaBYaHHS (OPMYBATH 3allaHy Y
npocropi ['eMminra poGouy OiHapHY HaBYaJIbHY MaTpH-
o. 3rigno 3 ®KM (puc. 1) inpopmariitHo-ekcTpeMalibHe
MamrHHe HaBuaHHsi BCP 3 onTuMizani€lo KOHTPOJIbHUX
JIOITYCKIB peati3yeThCs 3a NBOXIUKIIYHOK iTEpaIiifHOO
HPOLEYPOI0 MOLIYKY III00ANIBHOrO0 MAaKCHMyMY ycepen-
HEHOTO 3a a0eTKOI0 KJaciB po3Mi3HaBaHHS iH(pOpMaIiii-
HOTO KPHTEpil0 B poOodiil (momycTumiil) oOnacTi BH3HA-
YeHHS HOTro (YHKIIIi:

. ={k
o =arg rréfx{GT%}E 1. 3)

—{k} .
ne E — obuuciene Ha K -My kpoui MamMHHOrO
HaBYaHHS ycepelHEHe 3Ha4yeHHs iHQopmauiiiHoro Kpu-
Tepiro;

G; — obmacTp HOMYCTUMHUX 3HAYEHb Hapamerpa o
NOJI1 KOHTPOJIBHUX JIOIYCKIB Ha 03HAKH PO3ITi3HABAHHS.

BryTpimmniit nukn npoueaypu (3) peanizye aaroputm
MAalIMHHOTO HaBYaHHS NEPIIOro pPiBHSA TIMOWMHM, OCHOB-
HUMHU (QYHKIISIMH SKOTO € OOYHCIICHHS Ha KOKHOMY KpOIli
MAIIMHHOTO HaBYaHHA iHPOPMAIifHOTO KPUTEPIIO, MOIIYK
r700IBHOTO MAaKCUMyMy HOTo (yHKIIi Ta BH3HA4YEHHS
ONTUMAJIFHUX TEOMETPUYHHX IapaMeTpiB KOHTEIHepiB
KJIaCiB pO3Mi3HABAHHSI.

Sk xpuTepiit onTuMizamii mapaMeTpiB MaIIMHHOTO
HAaBYaHHS JJIsI JIBOX aJbTEPHATHBHOI CHCTEMH OILIIHOK
KiIacudikalifHUX pilleHb po3risiganacs MoauQikoBaHa
mipa Kyne6aka y BUrIsizi:

2r.lmin - |: Kl(knf t K2(kr21 } +10_AA
R Ty

£ = K KO plog,
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Kk . . .o .
Jc Kl(n’z — KUIBKICTh IIOAIH, NIPU SAKUX pCai3allll Kjacy
. 0 .
03Mi3HaBaHHs X . [IOMUJIKOBO J0 HbOI'O HE BIIHOCATHC,
m
K . . .o .
Ké% — KUIBKICTb MOJA1H, IPU AKUX TOMHUJIIKOBO B1JHO-

cAThCS 10 KJIACY pO3MisHaBaHHA X, peanisawii iHIIOro

KJacy;
n. _

i MiHIManbHUH  00CsT

pEeNpe3eHTaTUBHOT
HaBYaJIbHOI BHOIPKH;

10" — 0CTATHBO Mane YHCIO, SIKE BBOAUTHCS IS
YHUKHEHHS IOy HA HYJIb.

Hopwmaurizaris xpurepiro (4) 31iiicHIOBaIacs MIITXOM
HOro mojiny Ha MakCHMallbHE 3HA4YEHHS, sIKe KpUTepii

HpUHMaE MPY IiACTAaHOBLI Kl(knz = ék% =0.

OcCKiNBKM 3HA4YCHHS O3HAK pO3Ii3HABAaHHSA MAarOTh
OJJHAKOBY LIKAITy BHMIpY, TO OyJI0 peaii30BaHO aJITOPHTM
MalIMHHOTO HABYaHHS 3 MAapajelbHOI ONTHMI3alico
KOHTPOJILHHUX JOIyCKiB, 332 SKUM Ha KOXXHOMY KpOII
MAaIIMHHOTO HaBYaHHS KOHTPOJIBHI JIOMYCKH 3MiHIOIOTBCS
JUIA BCIX O3HaK pPO3Mi3HABaHHSI OJHOYACHO 13 3aJaHUM
KpokoM. SIK BXiHI JaHi pO3riIsanucs MaCUB HaBYaJIbHOT
(1)
m,

Marpuri sickpaBocti {Y,|} i HopMOBaHe IoJe OMyCKiB

§H’ sIKe BU3HAYa€ 00JIaCTh 3HAYEHb KOHTPOJIbHUX OOIIYyC-

KiB Ha O3HAKHU PO3ITi3HABAHHS.

ANTOpUTM MAIIMHHOTO HaB4YaHHS aBTOHOMHOI BCP
3a mporexypoto (3) Oyio peai3oBaHO 3a CXEMOIO:

1) oOHyNeHHS NIYMIFHUKA KIAciB PO3IMi3HABAHHS:
m:=0;

2) m:= m+1;

3) OOHyJIeHHsI  JIYMIbHUKA 3MIHH Tapamerpa o !
0=0;

4) 6= 0+1;

5) oGumcmootbest HukHI Ay, 1 Bepxui  Agy

KOHTPOJIbHI TOMYCKH Ha O3HAKW pO3IMi3HABAHHS BIIO-
BiJTHO 32 TIpaBHJIAMH

AH,i = Vi -0, AS,i = Ymi +9, )

ne Yni — |-Ta 03HaKa po3Ni3HAaBAaHH: yCEpeIHEHOi pea-
mizauii Y, kiacy posmisHaBaHHA X, ;

6) oOHyneHHs JIYMIBHUKA KPOKIB 3MIHH pajiyca
rimepcepuuHOro KOHTEHWHEpa Kiacy pO3Ii3HaBaHHS:

k==0;

7 k=k+1;

8) dopmyerscst TpuBUMIpHHIT MacuB OiHapHOI Ha-
BYAJIBHOI MaTpHUIIi {X%j'}i}, €JIEMEHTH SIKOI OOUYHCIIIOIOTHCS
32 TIPaBUIIOM

g = 12 T AT < Vil < Aerca
0, if else;

9) dopmyBaHHS MacHUBY YCEpEIHEHHX BIHKOBHX

BekTopiB-peanizauiii {X,}, enemMenTH SKMX BU3HAYAIOTH-

Cs 3a IpaBUJIOM

1, if 1 > x>
mi =1

0, if else;

10) posburrs mHOXkMHM BekTopiB {X,} Ha mapu

HANOIMKIUX CYCiJIiB;

11) obGumcmoeTbes iHpopManiitHuil KpuTepiit onTu-
Mmizauii (4);

12) sxmo K <N, TO BUKOHYETHCSI ITYHKT 7, iHaKIIIEe —
IMyHKT 13;

13) sikmo O < 8, , TO BUKOHYEThCS MYHKT 4, iHAKIIIE
— IIyHKT 14;

14) Bu3HaUYaeTHCA MaKCUMalbHE 3HAUCHHS iHpOpMa-
IiffHOTO KpuTepito B pobouiii 00IacTi BU3HAYCHHS HOTO
GbyHKIIT;

15) sxmo m=M |, To peamizyerscs myHKT 16, iHakIIe
— MYHKT 2;

16) Bu3HaAuYaeThCS TIOOATIBHUI MaKCHUMyM ycepen-

—x
HeHoro iHdopmaniiiHoro kputepito E B pobouiit obmacti
BU3HAYCHHS HOTO (YHKIIIT;

17) 3a npouenyporo (3) BU3HAYAIOTHCS ONTHMAIIbHE
3HaueHHs mapaMeTpa o i 3a dopmynamu (5) BiamosigHO
HIDKHI A:‘i 1 BepxHi A;i ONTUMaJIbHI KOHTPOJIBHI AOIyC-
KU Ha O3HAKH PO3Mi3HABAHHS.

3a OTpMMaHUMHU B IPOLEC] MAIIMHHOTO HaBYaHHS
ONTHUMAILHUMHU T€OMETPUYHUMH MTapaMeTpaMH KOHTeHHe-
piB KiaciB po3mi3HaBaHHs OyJI0 MOOYIOBaHO THUIIOBI IS
meroniB [EI-TexHomorii BUpilIyBanbHi MpaBuia y BUIIISI

(VX € R T i [(at, > 0) & (1, = max{})

then x( e X2 else x() ¢ X,?,) (6)

ne X9 — peanizauis, mo posmisHaeTbCs;

M, — QyHKIIs HAIEKHOCTI.

V Bupaszi (6) QyHKIIS HANEKHOCTI L, A rinepcde-
PUYHOrO KOHTEHHEpa KIIaCy po3Mi3HaBaHHs X, BH3Haua-

€TbCS 3a (HOPMYJIIOI0

d(x, @x1)
My =1_d—*

m

, U]

ne d(x; ®@xP) — konoa BincraHe Mik ONTHMANBHOO

yCepeHEeHOI0 pealtizalieo X,, Kiacy po3mizHaBaHHS X, i

peaizarii€ro, o po3Mi3HAETHCSI.

PosrnsgayTHI BHmE anroput™ iH(opMariiiHo-eKkcT-
peMaTbHOTO MAIIMHHOTO HaBYAHHS 32 JIHIHHOIO CTPYKTY-
OO TaHWUX MOXe 3a0€3MEeUNUTH BUCOKY TOYHICTh MAaIlldH-
HOTO HaBYaHHSI i abeTKM KJaciB po3Mi3HaBaHHS MaJloi
notyxHocti. [Ipn po3mmpeHHi abeTKu NpH HE3MIHHOMY
BUMIpi NPOCTOPY O3HAK 30UIBINYETHCS CTYMiHb MEPETHHY
KJIaciB pO3Ii3HABaHHS, LIO NPHU3BOAUTH 10 3MCEHIICHHS
iH(pOPMAaLIHHOT CIIPOMOXKHOCTI CUCTEMH, 110 HABYAETHCS.
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VY mpoMy BUNIAIKy BHHHKAE HEOOXIMHICTH MEpexoxy IO
MAaIIMHHOTO HaBYAHHS 32 I€PapXiTHOI0 CTPYKTYPOIO TaHUX
Yy BUTILAI JEKypCHBHOTO OiHApHOTO JepeBa, MmoOyaoBa
SIKOTO 3J1MCHIOETHCS 32 CXEMOIO:

1) bopmyeThes BapiauifiHui psa KiaciB posmi3Ha-
BaHHsI, BIIOPSIKOBAHUIA 32 301JIBIIEHHAM CEpEIHbOT SICKpa-
BOCTI 1X BXi/IHMX HaBYAJIbHUX MaTpPUIIb;

2) BHOpsiAKOBaHa abeTka KJIaciB pO3Mi3HABaHHS
PO30HMBAETHCS HA JIBI MPUOJIM3HO PiBHI IpyIu, sKi BU3HA-
YarTh BIAMOBIMHO JBi TUIKH JEKypPCHUBHOTO OiHAPHOTO
JiepeBa;

3) sk arpuOyTH BEpIINH BEPXHBHOTO (TIEPIIOTO 3a
IeHnporpadiaHo0 KIacu(iKaIi€r) spycy AeKypCHBHOTO
ZepeBa 00MpaloTHCS HaBYaJIbHI MATPHII TPAHUIHUX KIIACiB
PpO3Mi3HaBaHHS KOXKHOI TPYIIH;

4) arpubyTH CTpaTd BEpXHBOTO SPYCY MEPEHO-
CATBCS Y BEPIIMHU JJOYIPHIX CTPAT HIXKHBOTO SIPYCY;

5) cTpaTi HIKHIX APYyCiB KOKHOI T1JIKHK JepeBa Mic-
TATH KPIM TPAHCIIOPTOBAHOI 3 BEPXHBOIO SPYCY HaBYAIb-
HOi MaTpHIli TaKO)X HaBYAIbHY MAaTPHULIO HaWOIMIKYOro
CYCIIHBOTO B CBOiH IpyIi KJacy po3ni3HaBaHHS;

6) moOymoBa nepeBa MPOTOBXKYETHCS IO THX Iip,
oKH He OymyTh c()OpMOBaHi CTpaTH IS BCIX KJIACiB Po3-
Mi3HABAHHS.

Bxinauit marematnaanii onmc ®KM posrisiaemo y
BUTTISII CTPYKTYypH

l=<F,T,QK,z Y"HY X 9, 0,0,,9 >

ne H— mexypcuBHe 6iHapHE IEpeBo;
h — HOMep spycy IeKypCHBHOTO AepeBa;
S — HOMED CTpaTH spycy JeKYPCUBHOTO JepeBa;
2 . .
Yh‘s| — HaByallbHa MaTPHIS JBOX KJACiB pPO3Ii3Ha-
BaHHS S-1 cTpatu h-ro sipycy JeKypcHBHOTO iepeBa;
2 . . .
X ,llsl — 3azaHa y npocropi ['emminra poboya GiHapHa
HaBYaJIbHa MaTPHLS;
g, —omneparop GpopMyBaHHS BXiZHOT HABYAJILHOI MaT-
pui YIMI:
g, — oneparop 1moOyI0BH E€KypCHBHOTO OiHapHOTO

nepeBa H;

g, — omepatop (hopMyBaHHS MaTpHIL thzsl ;

g, —omepatop hopMyBaHHS OiHapHOT MaTPHILL X,“Z'S :

Ha puc. 2 nmokazano ®KM inpopmariiiiHo-eKkcTpe-
MaJBHOTO MAIIMHHOTO HaBYAHHS 32 i€papXidyHOIO0 CTPYK-
TypOIO JIaHUX.

— FxTxQ~xKx1Z i E-—2 30
o rl
. S
v g: 23 2l Ba l2l_w _ e
Y"“.l H Yh.s Xhl ll J

Puc. 2. dyHkuioHaabHa KaTeropiitHa MOJeNb iepapXiYHOro
MAIIHHHOTO HaBYaHHSI
[ToOymoBaHe B mpoIeci MalIMHHOTO HAaBYaHHS PO3-

ouTTA Ethzls KJIaciB PO3Mi3HABaHHS KOXKHOI CTpaTH JeKyp-

CHBHOTO JIepeBa MOKPUBAE PO3ITOIIT IBINKOBHX pealtizariit

. . . 2] .
pobouoi HaByabHOI MaTpHIL XL‘S Omneparop knacudi-
Kallii \y mepeBipsie OCHOBHY CTaTHCTHYHY TilOTE3y MPO
(6]

m,h,s

[¢]

HaJIe)KHICTh pearizarii X o

KJIacy po3Mi3HaBaHHA X

i popmye mMHOx)uEy Timores I1¢1].

OTxe, B Tpoleci MalIMHHOTO HaBUYaHHA 3a ie€pap-
XI9HOIO CTPYKTYpOIO HAaHWX y BHUTILAI JIEKypCHBHOTO
OiHapHOTO JepeBa aBTOMAaTHYHO BU3HAYAIOTHCS MapH Haii-
OMIDKYMX CYCIIHIX KJIaciB po3Mi3HAaBaHHS, IO JO3BOJISE
JUISL KOXKHOT CTpaTH 3aCTOCOBYBATH aJITOPUTM JIBOX KJIACO-
BOIO MAIIMHHOTO HaBYaHHS 32 JIHIHHOIO CTPYKTYpOIO
naHuXx. [Ipu npoMy noOynoBa 6€3MOMMIIKOBUX 32 pealiza-
LisIMU HaBYaJIbHOI MaTPHILI BUPIIIyBaIbHUX IIPABUII 1OCS-
raeThCsl 30UTBIICHHAM TNIMOMHU iH(OpPMAIlifHO-eKCTpe-
MaJbHOTO MAIIMHHOTO HABYaHHS IUIIXOM ONTHMI3alii
JONATKOBHX IapaMeTpiB (yHKLIOHYBaHHS, BKIIOYAIOUYH
napametpu GopMyBaHHS BXiTHOTO MaTEMAaTHYHOTO OIHCY
CHCTEMH, [0 HABYAETHCH.

PesyabsTaTn. Peamizamito anropurMy iepapXidHOTO
iHpOpMaliHHO-eKCTPEMaJIbHOTO MAIIMHHOTO HaBYaHHS
BCP posrinsHeMo Ha HPUKIIANi CEMaHTHYHOI CErMEHTAITi]
300pakeHHs perioHy (auB. puc. 3), OJepKaHOTO 3a pe-
3ynbTaTamu aepodoTositomku [18].

Puc. 3. 3aranpHuii mIaH MiCIIEBOCTI

Hns ¢opmyBaHHS a0eTKW KIaciB pO3Mi3HABAHHS
muQpoBe 300pakeHHs] MiCIIEBOCTI pO30HMBAIOCS Ha KaapH
po3mipom 50x50 mikcemiB. 300paXkeHHs KaIpiB Xapak-
TEPU3YBAIA YOTHPH MAUISHKH MICIEBOCTI: Jic — Kiac

. 0 . . .
posmi3HaBaHHA X , CagOBi IUIIHKH — KJac pO3Ii3Ha-
BaHHs X5 , aBTOMOOLIbHA J0pOTa — KIIAC PO3Ii3HABAHHS
X, 1ioropoau — knac posmizHaBanHs X, .

Ha puc. 4 moka3zaHo BiAIIOBiAHI 300paKEHHS YOTH-
PBOX KaJIpiB 30H iHTEpeCy.

8 2
Puc. 4. Kagpu 300paxkeHHst perioHy: @ — KIIac pO3ITi3HaBaHHS
X.; 6 — knac po3nizHaBanHs XJ ; 6 — KJIac po3Mi3HABAHHS
X, ; 2 — Kiac po3nizHaBaHHs X

®DopmyBaHHA BXiTHOT HABYAIBHOI MATPHI 3iHCHIO-
BaJOCS LUISXOM IMOPSAAKOBOTO 3UMUTYBAHHs B JICKAPTOBIl
CHUCTEMI KOOPAMHAT 3HAYCHB SICKPABOCTI MIKCEIIiB KOXKHOTO
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Kazpy, 0 € BUMIPABAAHUM TIPU PO3TISAAL 300paKeHb THITY
«TekcTypa». CrioyaTky ManlMHHE HaBYAHHS 3IiHCHIOBA-
Jocs 3a iTepamidHOI mporexyporo (3) 3 mapajeabHOI0
ONTUMI3aIli€l0 KOHTPOJNBHUX JOIMYCKiB Ha  O3HaKH
posmizHaBanHs. Ha puc. 5 mokazano rpadik 3ayexxHOCTi
yCepeaHEeHOro 3a abeTKOI KJaciB po3IMi3HaBaHHS HOPMO-
BaHOTo iH(poOpMaliifHoro Kputepito (4) Bix napamerpa o
oyl KOHTPONBHUX JOITyCKIB, OAEp)KaHHH y Tporeci
iHpOpMaLifHO-eKCTPEMATFHOTO MAIIMHHOTO HaBYaHHS 3a
mporenypoto (3).

E

1

F 3

0.8
0.6
0.4
0.2

0 5 10 15 20 25 30 35 40 45 50 9

Puc. 5. I'padik 3anexnocTi iHGOpMALIIHHOTO KpUTEPiIO
onTuMi3alii Bii mapaMeTpa moJisi KOHTPOJIbHUX JOIYCKIB

Ha puc. 5 i mami 3a TekcTOM TeMHa AiNsSHKA rpadiky
mo3Hayae poOody (momycTuMy) oOJacTe BU3HAUYCHHS
¢yHKOii iHpOopManitHOTO KpuTepito (4), B SKii BUKOHY-
ot ymosu: D, >0,51 D, >0,5, To6T0 mepma i apyra

JIOCTOBIPHOCTI TEPEBEPIIYIOTH BiANOBIHO MOMIJIKH Tep-
moro i npyroro poay. Kpim toro, mpaBa Mexa pobouoi
obyiacTi BU3HAYAETHCA 32 YMOBH HEHONYLICHHS «IIOTJIH-
HaHH» KJIACOM pO3Mi3HaBaHH X, sjapa HaWOmmK4oro

CYCIIHBOTO KIacy posmisHaBanus X :
dp, <d(X, ®X.)-

HeBukoHaHHs Li€i yMOBHM BHKIIIOYAa€ MOKJIAACHY B
ocHoBy IEI-TexHo0rii MOXIHMBICTh MOOY/IOBH paialibHO-
0azucHuX QYHKIIH PO3AIIBHUX TiEPIIOBEPXOHb.

AmHajniz puc. 5 mokasye, 1[0 HAsSBHICTH POOOYOI
00J1aCTi CBITYUTH PO PO3AUIBLHICTH KJIaCiB PO3MTi3HABAHHS,
aJle MakcUMallbHe 3Ha4eHHsI KpUTepito € HeBUCOKUM. s
I/IBUILIEHHS] TOYHOCTI MAIIMHHOTO HaBYaHHs OyIo peaii-
30BaHO iH(OpMAaliHHO-eKCTpeMalbHe MAIIMHHE HAaBYaHHS
3a i€papxiyHOKW CTPYKTYpPOI JAHHX y BHIJISAII IEKyp-
CHUBHOTO OiHAPHOTO JiepeBa (IuB. puc. 6).

)
Puc. 6. lekypcuBHe GiHapHE AepeBO
JexypcuBHe OiHapHe nepeBo (amB. puc. 6) Oymy-
BaJOCs 3a BHIIEC HAaBEJCHHM aJrOPUTMOM, B SIKOMY
BapialliifHui psi 300pakeHb BHOPSKOBYBABCS 32 301JIb-
IICHHSAM CEePEIHBOI ICKPABOCTI IX HABYAIBHIX MATPHIIb SIK
e mokasaHo Ha puc. 4. [lami Ui KiaciB po3mi3HaBaHHS
KOXKHOT CTpaTH JIEKypCHBHOIO JepeBa 3iHCHIOBANOCS
JIBOXKJIacoBe iH(opManiiiHO-eKCcTpeMalbHe MAIlMHHE Ha-
BYaHHJ 3a mpoueaypoio (3).

Ha puc. 7 mokazaHo rTpadik 3aleKHOCTI ycepen-
HEHOTO HOPMOBaHOTO iH(popMaIiifHoro kKpurepiro (4) Bix
mapameTpa o TOJS KOHTPOJIBHHUX IOIYyCKiB Ha O3HAKH
pO3Mmi3HABaHHSA, OACP)KAaHUM Yy MpOIECi JBOXKIACOBOTO
MAIIMHHOTO HaBYaHHs Kiacis posmisHasanus X, i X3
CTpaTh BEPXHBOTO SIPYCY.

E
A

1
0.8
0.6
0.4

02

0 T T T T T T s

T T T >
0 5 10 15 20 25 30 35 40 45 50

Puc. 7. I'padik 3amex’HOCTI ycepeAHEHOTO HOPMOBAHOTO
Kputepiro (4) Bi mapamerpa nojst KOHTPOJIBHHUX IOITYCKiB JJIS
CTpaTH BEPXHBOTO SPYCY

Amnani3 puc. 7 nokasye, 1o 4epe3 HasBHICTh B po0o-
4iif 007acTi AUISHKH THUIY «IUIaTO» BU3HAUCHHS OITHU-
MAaJlbHOTO 3HAYCHHS mapaMeTpa J He € OJHO3HAYHUM. Y
[[bOMY BHIAJIKy CIiJi CKOPHUCTATHUCS TaK 3BaHUM MiHi-
MAaJbHO-IUCTAHIIIHHAM BiIHOIICHHAM y BUTIISI

—min, (8)

D=—— ™
d(x, ®x,)

ne {0, .} —MHOXHHA eKCTpEMAIbHUX 3HAUEHD NApamMeTpa

0 TOJIsI KOHTPOJIBHUX JTOTKCKIB.

3a yMOBH MIHIMaJIbHOTO 3HAYCHHS BimHOMmMECHHA (8)
ONTHMAJBHUN MapaMeTp MO KOHTPOJBHUX JOIYCKiB Ha
O3HAaKW pO3Ii3HaBaHHsA aopiBHIOE & =9 (Tyr i mam B
TEKCTI B rpa/IallisiX SICKPABOCTI MiKceliB 300paxenHs). [Ipu
I[bOMY HOPMOBAHE 3HAUEHHS KPHUTEPIIO JOCSITraE MaKCH-

J—

E =0,72, mo =He
JI03BOJIIE TIOOyMyBaTH OE3MOMWIIKOBI 3a peatizaiisiMu
HaBYAJIbHOT MATpPHIII BUPINTYBajbHI MpaBwia. s minBu-
IICHHS TOYHOCTI MAIIMHHOTO THaBYaHHS Oyi0 301TBIICHO
rmuouHy iHQOpPMAaIifHO-eKCTPEeMaIbHOTO MAITTHHOTO Ha-
BYAHHS HUISIXOM TOCIIAPBHOI ONTHUMI3allii KOHTPOJIBHUX
JIOMYCKIB Ha O3HAaKW pO3IMi3HaBaHHA. BogHouac 3 MeToro
IIBUILCHHS OTIEPATUBHOCTI MAIIMHHOTO HABYAHHS OTpPH-
MaHi 3a pe3yJibTaTaMH MapajeabHOl ONTUMI3aIli] 3a CYyTTIO
KBa3i0NTHUMAabHI KOHTPOJBHI JOMYyCKHM HAa O3HAKU PO3-
Mi3HaBaHHS MPUHMAINCS K CTApTOBI JUIA alTOPUTMY HO-
CIIAOBHOT orrTuMi3ariii.

CxXeMaTH9HO aNropUTM iH(pOpMamiHHO-EKCTPEMaTb-
HOTO MAIIMHHOI'0 HaBYaHHS 3 [OCIIIOBHOIO OIITUMI3ALICIO
KOHTPOJILHUX JIONYCKIB Ha O3HAKH PO3Mi3HABAaHHS IIpel-
CTaBUMO Y BHIJISIII TIPOLIETYPH:

MaJIbHOI'O TPaHUYHOTO 3HAYCHHA

- L 1 M
"= = —_— (I)
] 1i-INy=arg @ max| > maxED, |1 (©)

ge G; — momycTtuMa 00acTh 3HAU€Hb apaMeTpa o; .

Ha puc. 8 nokaszano rpadik 3MiHH ycepeIHEeHOTo 3a
a0eTKOI0 KJIaciB pO3ITi3HABAHHS CTPATH BEPXHBOTO SIPYCy
HOpPMOBaHOTO iH(opMauiiiHOro Kpurepito (4) npu mnocii-
JIOBHIM ONTHMi3alii KOHTPOJBHUX JOIYCKIB Ha O3HAKH
pO3Mi3HaBaHHS.
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Puc. 8. I'padik 3minu ycepeHEHOTO HOPMOBAHOTO
KpuTepiro (4) B poreci MallMHHOTO HaBYaHHS 3 TIOCIIIOBHOIO
ONITHMI3ali€l0 KOHTPOJIBEHHUX JOITYCKIiB

Amaiti3 puc. 8 mokasye, mo iHpopMaiiHui KpuTepii
JIOCSTHYB CBOTO MAaKCHMAaJbHOTO TIPAHHYHOTO 3HAYCHHS

E =100 Bxe Ha nepmomy nporosi. L{eit ¢pakt noszsossie
NPUIHATH PIIICHHS PO 3aKIHYSHHs MAIIMHHOTO HaBYaHHS
JUTS KJIACiB PO3Mi3HABAHHS CTPATH BEPXHBOTO SPYCY.

Jnst moOynoBU BHpILIYBaJIBHUX NpaBuil (6) HEoO-
XiJJHO 3HaHHS OTPUMAHUX B MPOLIECI MAIMHHOTO HABYAHHS
ONTHMAIBHUX TEOMETPUYHUX IapaMmeTpiB Trinepcdepud-
HUX KOHTCHHEPIB KJIACIB PO3Ii3HABAHHS BEPXHBOTO SIPyCY
JIEKYPCHBHOJITO AEpeBa.

Ha puc. 9 mokasaHo oTpuMaHi 3a pe3yJbTaTaMu
MAaIIMHHOTO HaBYaHHS 3 IapasesIbHO-MIOCIII0BHOIO ONTHU-
Mi3alli€l0 KOHTPOJBHUX JOIMYCKIB Tpadikd 3a1eKHOCTI
HOpPMOBaHOTO KpuTepito (4) Bix pamiyciB KoHTeiHepiB
KJIaciB pO3MI3HABAHHA BEPXHBOTO SPYCY NEKYPCHBHOTO
OiHApHOTO JepeBa.

h‘i
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Puc. 9. I'padiku 3a51€:kHOCTI HOPMOBAHOTO KPHUTEPito (4) Bif

paziyciB KOHTEHHEpIB: ¢ — KJlac po3Mi3HaBaHHA X, ; 6 — Kiac

po3mi3HaBaHHA X,

Amnaniz puc. 9 mokasye, II0 ONTHMalbHI pajiycu

KOHTEHHEpiB 3a YMOBH MiHIMQJIBHOTO BifHOMmEHHS (8)

nopiBurorote 0, =25 (Tyr i mami B TEKCTI B KOJIOBHX

OAMHHUIIIX) JUIs KJIacy posmizHaBauHs X, i d; =24 s
KJIacy po3Ii3HaBaHHA X .

Ha puc. 10 mokazaHo rpadik 3aJexKHOCTI ycepen-
HEHOTO HOPMOBAHOTO iH(OpMaIiiiiHoro kputepito (5) Bix
mapameTpa O TOJiI KOHTPOJIBHUX IOMYCKIB Ha O3HAKU
pO3Mi3HaBaHHA, ONEPKAHUH y TIPOIECi JTBOXKIACOBOTO

MalIMHHOTO HaBYaHHA JJIsA HepHIO.l. CTpat HHWXHBOT'O

APYCy, AKA MICTUTh Kilack po3misHaBanus X, i X, .

E
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0.8
06
.4

02

]

O 5 10 15 20 25 30 35 40 45 s O

Puc. 10. I'pacdik 3amexHOCT] ycepeJHEHOT0 HOPMOBAHOTO
Kputepiro (4) Bif mapamerpa o KOHTPOJIBHHUX JOMYCKiB JJIs
nepuIoi CTpaTé HWKHBOTO SAPYCY

3a yMOBH MIHIMaJIbHOTO 3HAYCHHS BimHOMmCHHS (&)
ONTUMAILHUN TapaMeTp MOJsl KOHTPOJIBHHUX JTOMYCKIB Ha
O3HAaKH poO3Mi3HaBaHHsS NopiBHIOE O =40. [lpu upomy
HOPMOBAaHE 3HAYEHHS KPUTEPiI0 ONTHMI3aIlil JOCITae MaK-

CUMAJIbHOTO TPAaHUYHOTO 3HAYEHHS E* =1,00, uo cBin-
YUTH TIPO MOOYOBY JUTS KJTaciB pO3Mi3HABAHHS IIi€i cTpaTh
0E3MOMIIIKOBHUX 3a peai3allisiMi HaBYaIbHOT MaTPHII BH-
pillyBaNbHUX MPABHUIL

Jlns moOynoBu BUpIIYBalbHUX TpaBwHi (6) mpu
3HaueHHi mapamerpa & =40 GyI0 BU3HAYEHO ONTHMANbHI
paniycu KOHTeHHepiB KJaciB po3mi3HaBaHHS MEPIIOi CTpa-

TH HWOKHBOTO SApycy (muB. puc. 11).
E
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Puc. 11. I'padiku 3ane:kHOCTI HOPMOBAHOTO KpuUTepito (4) Bix
pasiyciB KOHTeHHepiB: a — K1ac po3nizHaBaHHA X, ; 6 — Kiac

. o
posmisHaBanus X,
Amnami3 puc. 11 mokasye, 1o 3a onTUMaIbHI pamiycu

3rifHo 13 BigHOmIeHHsM (8) HEOOXigHO B3ATH iX
eKCTpeMallbHi 3HAYEHHS, sKi IOopiBHIOIOTH O, =24 mis

knacy posnizuaanus X, i d; =9 mna knacy posmizna-

Banns X, . Ha puc. 12 nokasano rpadix 3anexHocTi HOp-

MOBaHOTO KpuTepito (4) Bix mapamerpa O MO KOHT-
POJBHUX JIOIMYCKiB HA O3HAKH PO3Mi3HABAHHSA, OJICPKAHUN
JUIsl APYTol CTPaTH HHKHBOTO SPYCY, sIKa MICTHTh KJIacH
posmizuaBanns X; i X .
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Puc. 12. I'pacdik 3anexHOCTI KpUTEPIIO Bix mapameTpa
KOHTPOJBHHUX JOITYCKIB JUIS IPyTrol CTpaTh HIKHBOTO SIPYCy

AmHani3 puc. 12 mokasye, o MaKCUMaJIbHE 3HAUCHHS

HOpMOBaHOTrO Kputepito jgopiBaioe E =1,00, mo cBin-
YHUTH PO NOOYIOBY IS KJIACIB PO3Ii3HABAHHS i€l CTPAaTH
OC3MOMIUTKOBIX 3a peaizalisMid HaBYAIBHOI MaTpHII
BUpiNIyBanbHUX IpaBwi. Ha pucynky 13 mpexncrtaBieHO
rpadiku 3aneXHOCTI KpuTepito (4) Bia paziyciB KOHTEH-
HepiB KJIaciB PO3Mi3HAaBaHHs NEPIIOi CTPATH HIKHBOTO
SIPYCY JIEKYpPCHUBHOTO JIepeBa.
L

Puc. 13. I'padixu 3a1ekHOCTI HOPMOBAHOTO KPUTEPIIO
(4) Bin paxiyciB KOHTEHHEPIB: @ — KJIac pO3Ii3HABAHHS
X3 ; 6 — Kiac posmi3HaBaHHs X ?

Amnaii3 puc. 13 nokasye, 1o 3a ONTHMajbHI paaiycu
KOHTEHHEepiB KIaciB pO3Mi3HaBaHHA, SKi MIHIMI3YIOTbh
MiHIMaJIbHO-AUCTaHIIHHe BinHOmeHHs (8), HEOOXiTHO
B3ATH iX eKCTpeMalbHi 3Ha4YeHHs, SKi  JIOPIBHIOIOTH

d; =18 jns xacy posmizHasanns Xg i d, = 24 s kna-

cy posmizHaBaHHS X .

Orxe, 3a pesyinbTaTaMu iepapxiqHoro iHgopma-
LiIfHO-eKCTPEMAILHOTO MAIIMHHOTO HaBYaHHS 3a JEKyp-
CHBHOIO CTPYKTYpPOIO MaHWX JUId BCIX KJaciB po3mis-
HaBaHHS 13 337aH0i a0eTKn Mo0y0BaHO OE3MOMMIIKOBI 3a
HaBYAJILHOIO MAaTpPUIIEI0 BUPINIyBalbHI MpaBwia. SIKIIo
npu  iHpOpMaIliiHO-eKCTpEMaIbHOMY MAalIMHHOMY Ha-
BUaHHI 32 JTIHIHOIO CTPYKTYPOIO TAHUX CepeIHE 3HAUCHHS

HOPMOBAHOTO KpuTepiro nopiBHioBasio E =0,32, To mpu
iepapxivHOMY iH(OpMaLiitHO-eKCTpeMaTbHOMY MaIIMHHO-
My HaBYAHHIO BOHO JOCSTHYJIO TPaHUYHOI'O MaKCHMaJlb-
Horo 3HayeHus E =1,00.

[NopiBHSAHHA pe3yJbTATIB, MPUBEAECHUX Ha puc. 9 1
puc. 13, mokasye, 1110 ONITUMaJIbHI 3HAYEHHS PajiyciB KOH-

TeifHepa KJ1acy po3mizHaBaHHA X3 , OTPUMAaHi P MAIIHH-

HOMY HaBYaHHI KJIaCiB PO3Mi3HABaHHS CTPAT BEPXHBOTO Ta
HIDKHBOTO SIPYCIB, BIIpI3HAIOTHCA. ToMy 3rigHo 3 MiHi-
MaJIbHO-JIUCTAHIIIHHAM TPUHIIMIIOM TMPH MOOYAOBI BHUPI-

IIyBaNTbHEX MpaBwi (6) [ns Kjiacy po3mizHaBaHHA Xg

HEOOXiTHO B3SATH MEHIIE 3HAYeHHA pazniycy, ToO0TO
* . . . .
d; =18 xomoBHX OAMHHUIE [ eMMIHrOBOT BiACTaH.

Oxpemo po3risganacs 3aJaya  BH3HAYEHHS

MIHIMaJIFHOI KUTBKOCTI KJIaCiB PO3Mi3HABAHHSA, JJIS SIKHX
JIOLIHO TIEPeXOJUTH 10 1€pPapXiYHOTO MAIIMHHOTO
HaBYaHHS 3a JIEKYPCUBHOIO CTPYKTYpOIO naHux. OCKUIbKA
yepe3 npupony iHGOpMamiiHOrO KpHUTEpil0 MiHIMalbHA
KUJIBKICTh ~ KJIACiB  pO3Mi3HABaHHSA Ui MAIIMHHOTO
HaBYaHHS HE MOXe OyTH MEHIIIE JABOX, TO BapPTO CHOYATKY
OOMEXHUTHUCS TPbOMa KJIacaMH PO3Mi3HaBaHHA. SIKIIO HpH
aberi 3 TPHOX KIACiB  PO3Mi3HABaHHSA 3HAYCHHSI
yCepemHEHOTo iH(OPMAIIHHOTO KPUTEpilo, OTPHMaHE 3a
iEpapXivyHOK0 CTPYKTYPOIO JAHMX, EPEBEPIIyE 3HAYCHHS,
OTpUMaHE 3a JIHIHHOI CTPYKTYpOIO, TO CIiA 3pOoOHUTH
BUCHOBOK TPO JOLUIBHICTh NPH KIJIBKOCTI KJAciB po3-
mi3HaBaHHA Oinblie JBOX iH(OpMaliifHO-eKCTpeMallbHe
MamrHHe HaBuaHHS BCP 3nilicHrOBaTH 3a EKypCHBHOIO
O1HApHOIO CTPYKTYPOIO JaHUX. [HaKIIe MOBTOPUTH EKcIe-
PHMEHT TIpH J0JIaBaHHI HOBOTO KJIacy po3mizHaBaHHs. [y
CKCIICPUMEHTY OyJIo OOpaHO TpH KJacH PO3Ii3HABAHHS,

noka3aHi Ha puc. 4: Knac posmisHaBanHS X, (Iic), Kiac
posmisHaBanHs X3 (caJoBi AiMAHKHM) i KIac po3Mi3HaBaH-

Hs Xg§ (oropomm). CriouaTky MammHHE HapyaHHA BCP

3IIACHIOBANIOCS 32 JTIHIHHUM alrOpUTMOM iH(pOPMaIiiHO-
EKCTPEMAJIbHOT0 MAalllMHHOTO HaBYaHHS 3 MapajelbHOI0
ONTHMI3ali€l0 KOHTPOJBHUX JIONMYCKIB Ha  O3HAKH
po3mi3HaBaHHA. Y MpoIleci MaimmHHOrO HaBuaHHS BCP
MOTIepeIHBO 32 HABEJICHUM BUILE AJITOPUTMOM SIK 0a30BHI

. 0 ..
6yJ'IO BU3HAYCHO KJIaC PO3MI3HABAHHA X2 (CaZ[OBl JUIAH-

KH), BITHOCHO SIKOTO 3a/iaBajacs CUCTeMa KOHTPOJIbHHX
JIOITYCKiB.

Ha puc. 14 moka3zano rpadik 3ajexHOCTI ycepen-
HEHOr0 HOPMOBAHOTO iH(poOpMaliiHOro Kputepito (4) Bia
napaMeTpa o TOJsl KOHTPOJBHUX JIONMYCKIB Ha O3HAKH
po3Mi3HaBaHHs, OJEpXKaHWH y Tpoueci iHpopMauiiHO-
eKCTpeMalIbHOTO ManmmHHOTO HaBuaHHsI BCP 3a miHiifHOIO
CTPYKTYPOIO JIaHUX.
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Puc. 14. I'padik 3ane:xHOCTI iHPOPMAIIHHOTO KPUTEPIIO
OTNITUMI3allii Bi/I mapaMeTpa MmoJisi KOHTPOJIBHUX JOIYCKIB

Amnani3 puc. 14 nokasye, 1110 MaKCUMaJIbHe 3HaUCHHS
HOPMOBAHOT'O KpHTEpito (4) mpH JiHIHHOMY ManIMHHOMY
HaBYaHHi, o0uuceHe B poOoyiii 00sacTi BU3HAUCHHS HOTO
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¢yukii, ropiBuioe E =0,74 npu onTnmansHOMY 3HaUEH-

Hi IapameTpa moJjis KOHTPOIbHUX JOMYCKiB & =32 .

Jns peamizanmii iepapXiq4HOTO anropuT™My iHpOpMa-
LifHO-eKCTPEeMaJIbHOTO MAIlIMHHOTO HaBYaHHA OyII0 1mo0y-
IOBAHO BapialifHUil psAn 300paxxeHp 3a 301NBIICHHAM
yCepeIHEHOI ICKPaBOCTi. Y pe3ybTaTi Ui 3aJaH01 aOeTKH
KJIaciB pO3IMi3HaBaHHS MOOYZOBaHO JEKypcHBHE OiHapHe
JepeBo, IIoKa3aHe Ha puc. 15.

Puc. 15. JlexypcuBHe OiHapHE JepeBO IS TPHOX KIIACiB
po3Mi3HaBaHHA

JlexypcuBHE AepeBO, MOKa3aHe Ha puc. 15, Mae Ha
JIBOX sIpycax 1o OJIHiH cTpari. BogHOYAac cTpaTta HUKHBOTO
SApyCy Ma€ Taki cami KJIaCH PO3Ii3HaBaHHs, SK 1 meplua
cTpara Jpyroro sipycy Ha puc. 6. ToMy y 1pboMy BUIAIKy
JIOCTaTHHO PO3TIITHYTH PE3yJIbTaTH MAIIMHHOTO HaBYaHHS
KJIaciB pO3Ii3HaBaHHS BEPXHBOI CTpATH

Ha puc. 16 mokazano rpadik 3aiexHOCTI ycepen-
HEHOTO HOPMOBAHOTO KpUTepito (4) B mapaMeTpa Mo
KOHTPOJIbHHX JOIYCKiB Ha O3HAKM PO3Mi3HABaHHS IS
KJIaciB PO3Mi3HABAHHS CTPATH BEPXHBOTO SPYCY IEKyp-
CHUBHOTO OiHapHOTO AepeBa (AuB. puc.l5), oTpumaHuil y
IpoIieci JBOXKJIACOBOTO iHPOPMAaLiHHO-EKCTPEMATEHOTO
MAaIIMHHOTO HaBYaHHS.
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Puc. 16. I'padik 3anexHocTi KpuTepiro (4) Bia mapamerpa mosst

KOHTPOJIbHHX JIOMYCKIiB HA 03HAKU PO3Mi3HABAHHS AJIS CTPATH
BEPXHBOTO SIPYCY IEKYPCHBHOTO JepeBa

s0 O

Amnani3 puc. 16 moka3sye, 0 HOPMOBAaHUH KPUTEPii
(4) nocsirae B mpoleci MaIMHHOTO HABYAHHS CBOTO MakK-

CHMaNbHOTO rpaHuyHoro 3HaueHHs E =1,00.

OCKinbKM HWKHS CTpaTa MICTHTh Taki caMmi KIJIacH
pO3Mi3HAaBaHHS, AK 1 MepIlIa HIDKHS CTpaTa JeKypCHUBHOTO
JiepeBa, IOKa3aHoro Ha pUC. 6, TO Pe3yIbTaTH MAIMHHOTO
HaBYaHHS IS 1€l CTpaTH 30iraloThCsl 3 pe3yibTaTaMHy,
nokazaHuMu Ha puc. 10. Tomy MokHa 3pOOUTH BHCHOBOK,
10 NpH i€papXiYHOMY MAaIIMHHOMY HaBYaHHI TPBOX
00paHMX KJIaciB po3Mi3HaBaHHS yCEPEAHEHHH 3a CTpaTaMu
HOPMOBaHMI KpuTepil (4) nocsirae CBOro MakCUMajbHOTO

I'PaHMYHOTO 3HAUCHHS.

TakuM YHHOM, EKCHEPUMEHTAIBHO JOBEACHO, LIO
BXKE TIPU MOTYXKHOCTI abeTKH OinbIne IBOX KIIACIB PO3-
Mi3HABAHHA y 3araJbHOMY BHIIAJKy AOLUIBHO MaIlMHHE
HaByaHHS aBToHOMHOTrO BITJIA 3nificHIOBaTH 3a iepapXid-
HOIO CTPYKTYPOIO BXIIHUX JJAHUX Y BUTJIA1 J€KypCHUBHOTO
OiHapHOTO JiepeBa.

3a moOy10BaHUMHU B pe3yJbTaTi iepapXxidHoro iHdop-
MaliiHO-eKCTPEMaIbHOI'0 MaIllIMHHOTO HaBYaHHS IeOMeT-
PUYHMMH BHPINTYBAIbHUMH TpPaBWIAMH Ul YOTUPHOX
KJIaciB pO3Mi3HABaHHS 3IiHCHIOBasocS (pyHKITiOHANIBEHE
TECTYBaHHS PO3POOJICHOTO aNTOPUTMIYHOTO Ta MPOTPaM-
HOTO 3a0e3nedeHHs. Y Tmporeci yHKI[IOHATBHOTO TECTY-
BaHHS peaii3anii HaBYaJbHOI MAaTpPUI PO3TISAAIHCT SK
TECTOBi, KOXXKHa 3 SKHX KiacHu(ikyBamacs 3a BHpIIIy-
BaJbHUMH mpaBwiaMu (6). 3a pesympTataMu (HYHKIIIO-
HaJIbHOTO TECTYBaHHS OTPUMAHO TakKi MOBHI HMOBIpHOCTI
NPaBWJIBHOTO TPUHHATTA  KiIAacH(DIKAIIHHUX  pilleHb:

P, = 0,96 mns Ki1acy po3mi3HaBaHHs Xlo (mic); B, =0,92

. 0 . .
JUIL  KJacy po3mi3HaBaHHsA X,  (CamoBi JAUIAHKH);

. o .
P, = 0,88 mus kiacy posmi3HaBaHHS X3 (aBTOMOOITBHA

nopora) i P, =0,92 ans kiacy posmizHaBaHus X, (oro-

pomu). Y pe3ynbTari CepeliHs MOBHA HMOBIPHICTh MPHii-
HATTS MPaBWIBHUX KJIacU]iKalifHUX pillleHb AOPIBHIOE

P, =0,92, mo 3a cydacHO Ki1acu}ikalier0 TOYHOCTI Ma-

IIMHHOTO HaBYaHHS BBAXXAETHCS BIIMIHHOIO.

Oo6roBopennsi. OcHOBHa imes iHQoOpMamiiiHO-
eKCTPEMAIFHOTO MAIIMHHOTO HaBYaHHA SK 1 B IITYYHUX
HEWPOHHUX Mepexkax IoJisirae B ajanTaiii BXiIHOro Ma-
TEMaTU4YHOI'O OIMCY JO MAaKCUMAJIbHOI CEpEJHbOI MOBHOI
HMOBIPHOCTI TPUUHATTS NPaBUWIBHUX KiacuikaiifHux
pimienb. [IpUHIMNOBOIO BIAMIHHICTIO € Te, LIO METOJAU
iHpOpMaliHO-eKCTPEMaJIbHOTO MAIIMHHOTO HaBYaHHS
PO3POOJISIFOTECS B paMKax O10HIYHOTO (HYHKIIIOHAIBLHOTO
MiIX0y 10 MOJETIOBAHHS KOTHITUBHHMX IPOLECIB IpH-
POIHBOTO IHTENIEKTY, TOOTO MOJEINIOIOTh MEXaHi3M IIo-
OyHOBU Ta IPUHAHATTS PIllICHb.

[lepeBaroro po3po0JICHOTO ANTOPUTMY I€PAPXITHOTO
iH(pOpMaNiHHO-eKCTPEMaIbHOTO MAIIMHHOTO HaBYaHHS 32
JIEKYPCHUBHOIO CTPYKTYpOIO JaHHX € aBTOMAaTH4YHE pPO3-
OuTTsS abeTKM KJIaciB pO3ITi3HABAHHS Ha APy HAWOIMKINX
CyCiJliB, IO CTBOPIOE HEOOXiAHI YMOBHU JOCATHEHHS BUCO-
KO TOYHOCTi MaIlITMHHOTO HaBYaHHS ITPH BEJTUKiH KiJIBKOCTI
KJIaCiB pO3Mi3HABaHHSI.

3a pesynprataMu (QYHKIIOHAILHOTO TECTyBaHHS
MATBEP/KEHO BUCOKY TOYHICTH BUPIIIyBaJbHUX HPaBHIL,
noOysoBaHUX 3a pe3ynbraramu iH(opMmauiiiHo-eKkcTpe-
MaJIbHOTO MAIIMHHOTO HaBYaHHS 3a 1€papXiqHOI0 CTPYK-
TYPOIO JIAaHWX Y BUTJISIII IEKYPCHBHOTO OiHApHOTO JepeBa.
TakuMm unHOM, IOOY/I0BaHI y paMKax r€OMETPUYHOTO Mif-
XOJ/ly BHpIIIYBaIbHI IpaBHia MOXYTh OyTH BHKOPHCTaHi
npu pyHKIIiOHyBaHHI OOPTOBOI CHCTEMH PO3Mi3HABAHHS B
peXnuMi eK3aMeHy, e MepeBIipsAIOThCS eK3aMeHaliiHi
(mepeBipouni) peamizarmii KiaciB po3mi3HaBaHHA, chop-
MOBaHI 3a iHIINX yYMOB, IpH SKUX (opMyBajacs BXimHa
HaBYaJIbHA MAaTPUIL.

BucHoBku: Po3pobiieHo 1 mporpaMHO peari3oBaHO
MeTOJ| iH(pOPMAIIHHO-EKCTPEMAILHOIO MAIIHHHOTO Ha-
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BuaHHs1 aBTOHOMHOTO BIIJIA 111 ceMaHTH4YHOI CEerMeH-
Tarii nuppoBoro 300paskeHHS PETIOHY CIIOCTEPEKEHHS 32
iEpapXidHOI0 CTPYKTYPOIO NaHWX y BUTILAAI JEKYPCHB-
HOTO OiHApHOTO [epeBa, IO JO3BOJSE MiABHIIUTH TOY-
HICTh MAIIMHHOTO HAaBYaHHS y TMOPIBHSHHI 3 BHUKOpHC-
TaHHSAM JIHIHHOI CTpyKTYypu AaHux. KpiM Toro, 3aBasku
TOMY, IIO METOJl MAIIMHHOT'O HaBYaHHS PO3POOJIEHO B
paMkax (QyHKIIOHAIBHOTO OI0HIYHOTO MiAXOIY J0 MOJe-
JIFOBaHHS KOTHITHBHUX ITPOLIECIB TOOYA0BH Ta IPUHHATTS
KinacudikaniiHUX pilleHb NPUPOJHUM IHTEJIEKTOM, BiH
HaOyBa€ BIACTHBOCTI THYYKOCTI IIPH PO3MIHAPEHHI a0eTKH
KJIaciB poO3Mi3HABaHHA. BUKOpHUCTaHHSA JEKypCHUBHOI
CTPYKTYPH [aHUX JO3BOJISIE TIEPEUTH Bin OaraTokia-
coBOro  iH(oOpMAaIiiiHO-eKCTPEeMaIbHOTO  MAIIMHHOTO
HaBYaHHS O JBOXKJIACOBOTO JUI KOKHOI CTpaTH IEKyp-
CHUBHOTO OIHapHOTO AepeBa, M0 CTBOPIOE HEOOXITHI yMO-
BU IIiIBUIIICHHS TOYHOCTI Kiacu(iKamiiHUX PIlICHb.

3a pesynbTaTaMH KOMII IOTEPHOTO MOJEIIOBAHHS
JIOBEJICHO, 110 BXKE NMPH MOTYKHOCTI a0ETKH KIIaciB po3-
Mmi3HABaHHs OlbIIE MBOX KJAciB iH(OpMaIiiiHO-eKCTpe-
MaJIbHe MAaIlMHHE HaBYaHHS JIOLUILHO 3IIMCHIOBATH 3a
iEpapxidyHOK CTPYKTYPOIO ITAaHHX Yy BUIVIAAI JEKypCHB-
HOTO OiHApPHOTO JIepeBa.

[TinBHUIIEHHS TOYHOCTI MAIIMHHOTO HABYaHHS J0Cs-
raeTeCs 30UTBIICHHAM pIBHA HOTO TIIMOWHU IUIIXOM
onTUMI3alii JOJATKOBHUX MapaMeTpiB (QYyHKIIOHYyBaHHS
CHCTEMH, IO HABYAETHCS, BKIIOYAIOYH MapameTpu ¢op-
MYBaHHS BXiJJHOTO MaTeMaTHYHOT'O OIUCY.
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HIERARCHICAL INFORMATION-EXTREME MACHINE LEARNING OF UAV FOR SEMANTIC
SEGMENTATION FOR A DIGITAL IMAGE OF THE REGION USING A DECURSIVE DATA STRUCTURE

The purpose of the study is to increase the accuracy of machine learning of an autonomous unmanned aerial vehicle (UAV) for identifying frames of a
digital image of the observation region. A functional categorical model is proposed, on the basis of which an algorithm for information-extreme machine
learning of an autonomous UAV by linear data structure with optimization of control tolerances for recognition features is developed and
programmatically implemented. The formation of the input training brightness matrix was carried out by using the Cartesian coordinate system to process
the brightness values for digital images of machine learning objects that belonged to the “texture” type. The modified Kullback measure was used as a
criterion for optimizing machine learning parameters. Since the implementation of machine learning on a linear data structure did not allow to achieve
high accuracy of machine learning, information-extreme machine learning was implemented on a hierarchical structure in the form of a decursive binary
tree. The transition from a linear data structure to a hierarchical one allowed to reduce multi-class machine learning to the two-class learning at each
stratum of a decursive binary tree, which allowed to increase the averaged value of the information criterion over the strata of the decursive tree. For the
recognition classes in the stratum of decursive tree, where high accuracy of machine learning was not obtained, information-extreme machine learning
was implemented with sequential optimization of parameters. As a result, it was possible to construct decision rules that are error-free according to the
training matrix. In addition, it was experimentally proven that when the number of recognition classes is more than two, it is advisable to switch to
information-extreme machine learning on a hierarchical data structure in the form of a decursive binary tree.

Keywords: information-extreme machine learning, classification, information optimization criterion, unmanned aerial vehicle, semantic
segmentation, decursive binary tree.
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ONTHUMI3AILIA ITPOIECY AHOTAIII 30BPAKEHD BIOJIOTTYHUX OF’EKTIB METOJAMMA
KOMIT'IOTEPHOTI'O 30PY

VY upoMy JOCIIKeHHI PeICTaBICHO MiIXiA 1O aBTOMATH30BaHOTO ()OPMYBaHHSI aHOTOBAHOTO HAOOPY JaHUX, IO MICTHTh 300pakeHHs O10TOrYHHUX
00’€KTIB, 30KpeMa KIITHH. 3alporoHOBaHa METOUKa 0a3yeThesi Ha MoauGikoBaHiii cTpykTypi CRISP-DM, mio aganToBana 0 crienu(iky 3aBIaHb
KOMII IOTEpHOT0 30py. Byo po3po6iieHo nocigoBHICTh €TaliB i KPOKiB, CIPSIMOBAHHUX Ha e(heKTHBHE BHSBICHHSI Ta JIOKATI3alilo 00’ €KTiB 610J0riYHOTO
MOXODKEHHS Ha MiKPOCKOIIIYHUX 300paxeHHs1X. [Ipoliec oxormtioe nmonepenHio o6podKy 300paxeHsb, sika BKIIIoUae OiHapu3awio, GinbpTpamnito, KOpEeKLio
SICKPAaBOCTI Ta KOHTPACTHOCTI, a TaKOX YCYHEHHsS Je(eKTiB OCBiTIeHHs. Taki omepamii JaroTh 3MOTY MOKpPAIUTH SIKiCTh BXITHUX 300pa’keHb 1
IMiIBULIXTH TOYHICTh HACTYITHUX €TAIlB BUSBJICHHS. BHsBIICHI 00’ €KTH aBTOMaTHYHO JIOKANI3yIOThCS HA OCHOBI MOP(OJIOTiYHOrO aHAaNi3y, MICIIsl YOro
BizOyBa€eThes 1X KilacTepu3allis 3a JA0MOMOrow ainropurMy K-cepeanix. J{jist rpyryBaHHsT BpaxOBYIOTHCS Taki O3HaKH, SIK PO3MIp 00’€KTa Ta CepeHe
3Ha4YeHHs Koabopy. Lle nmo3Boste qudepeHIitoBaTy pi3Hi THIN KIITHH a00 CTPYKTYp 3a Bi3yaJbHHMH XapaKTepUCTHKaMH. Ha OCHOBI JToKami3oBaHUX
00’€KTiB aBTOMAaTUYHO (POPMYIOTHCSI OOMEKyBallbHI PAMKH, sIKi 30epiratoThCsi y BUTIISLII KOOPAMHAT y CTPYKTYPOBaHOMY TabianuHomy dopmari (.CSv).
OtpumaHuit Habip JaHUX MOXE BUKOPHCTOBYBATHUCH /Il HABUAHHS 00 TECTyBaHHsI MOJIENEH IITMOOKOro HaBUaHHs, 30KpeMa THX, L0 BUPILIYIOTh 3a1a4i
JIoKaizanii, kiaacudikaiiii abo cerMeHTaiii 00’€KTiB Ha 300pa)KeHHsIX. 3aMpOIMOHOBAHMH MiXix OyJI0 anpoOOBaHO HAa 300paKEHHSX Ma3KiB KPOBI, 10
MICTSTh Pi3HI THIM KIITHH. YCi OOYMCICHHS BHKOHAHO 3 BUKOpHCTaHHsIM Python Ta takmx 6i6miorek, sik Pandas, NumPy, OpenCV i Matplotlib.
IpoBeneHnii aHami3 TOYHOCTI BHSBICHHS Ta Kiacudikauii MpogeMOHCTPYBaB 3aI0BUIbHI PE3yIbTaTH, IO MiATBEPIKYE AOLIBHICTD BUKOPHCTAHHS
PO3pO0IIEHOTr0 KOHBEEPA JIIsS CTBOPCHHSI aHOTOBaHMX HAOOPIB 010JIOTTYHUX 300paXKEeHb.

Kiai04oBi cjioBa: KOMIT'IOTEpHHUiT 3ip, ONTHMI3alis, BH3HAYCHHS KpaiB, BUAUICHHS KOHTYPIB, CErMEHTAllis 00’€KTiB, MAIIMHHE HABYAHHS,
KJIacu(iKaIis KIITHH KPOBi.

Beryn. Jlokanizanis 6ionoridyHux 00’ €KTIB Ta CTPYK-
Typ — lie mporuec ineHTudikamii Ta BUSHAYCHHS IXHBOTO
MIPOCTOPOBOTO PO3TAllyBaHHS 3 BHUCOKOIO TOYHicTIO. J[o
TaKUX CTPYKTYp HaJekKaTh KIITHHU PI3HUX TUMIB, OIJIKH, a
TaKOX 1HIII MiKpockomigHi 00’ ektu. Lle 3aBmaHHS € Hax-
3BHYAIHO BXJIMBAM Yy cdepax Oiojorii, MEAWINHHA Ta
MaTepialio3HaBCTBa, OCKUJIbKM TOYHE IO3MIIOHYBAHHS
00’€KTIB € HEOOXITHOI TEepeayMOBOIO IS MPOBEACHHS
e(pEKTHBHOTO aHaNi3y, AIaTHOCTHKH Ta JOCIiTHUIBKOI PO-
6otu [1]. CyyacHi MeTou JOKai3allii OXOILTIOIOTH aro-
PUTMHU CerMEHTAIli1, BUSIBJIICHHS KpaiB, a TAKOXK IMiIX0I1 Ha
OCHOBI HITYYHOTO IHTEJIEKTY, 30KpeMa IJIMOOKI HeHpOHHI
Mepexi.

IMocranoBka 3amauvi. 3ajaua BUSBIICHHS KIJILKOX

b = (xij , yij,wij,hij) — KOOpAMHATH IeHTpa (abo Koopau-

HATH JIIBOTO BEPXHBOTO KyTa — B 3QJIEKHOCTI BIJl THITY
Npe/ICTaBICHH Ha0oOpa JaHuX), IIMPHHA 1 BUCOTa OOMe-
JKYBaJbHOI paMkKd 00’ekta | Ha 300paxeHHi i ;

¢;{12,...,C} — mitka (aHoTamis) K1acy 06’ekTa, MO Ha-

JIEKUTH 10 OXHOro i3 C MOMIIMBHUX KJIACiB.
MeToro BUSBICHHS, JOKamizamii Ta Kiacudikarii
00’€eKTIB Ha 300payKeHHsX € 00yI0Ba QPYHKIIIT

f R —>‘(6,é,s)‘ , (3)

sKa JUIl KOXKHOTO 300pakeHHs TIOBEPTAE CKIHUEHHY MHO-

00’eKTIB Ha 300pa)KCHHI TOJISITa€ y 3HAXOJ/PKEHHI BCIiX
00’eKTiB 3a/JaHUX KJAaciB Ha BXiJHOMY 300pakeHHi, BH-
3HAYCHHI iX IPOCTOPOBHUX MEXK (Y BUTIIAII 0OMEKyBaIbHIX
MPSIMOKYTHHUKIB), a TaKOXX BCTAHOBIICHHI BiIIIOBITHOT
KJIaCOBOT HAJISKHOCTI KOXKHOTO 00’ €KTa.

MateMaTHYHO 3329y BHABICHHS 00’ €KTiB Ha 300pa-
KEHHAX MOKHA (popManizyBaTH HACTYITHUM YMHOM: HexXail
3a1aHo Habip 300pakeHb

X = {Xi c iRHxWx:!

i=12..,N}, (1)

Je KOKHE 300paXeHHS X; XapaKTepHU3YETHCS CBOEIO BH-

cororo H , mmpuHoro W Ta TppoMa KOJLOPOBUMHU KaHa-
namu (RGB).
J11s1 KO’)KHOTO 300pa)keHHS X; ICHYye MHOXHHA aHOTO-

BaHHUX 00’ E€KTIB:

Y ={(by.c )l =1.2....M,}, 2

ne M, Bkasye Ha KinbkicTh 00’€KTiB Ha 300paxkeHHi X, ;

JKUHY KOPTEXIB (b,é,s), ne beR* — nporuososana

pamka o0’ekra, €e{1,2,..,C} — nporHosoBaHmii Kiac
o6’ekta, S €[0,1] — crymiub BreBHeHocti (confidence)

MOJIeNI y I[bOMY IEpe0adYCHHI.
HaBuaHHs MOJIE/Ti BUKOHYETHCS MUIIXOM MiHIMI3aIii
cymapHoi ¢yHkuii BTpar

L= Lcls + /1 ’ I‘Ioc ’ (4)

ne L, — dynkuis Brpar kmacudikanii, L, — dyHkmis

BTpaT perpecii koopauuat, A € R* — Barosuit koediuienT,
IO PETYIIIO€ BAXKIIMBICTH JIOKAII3aIlii.

BusiBnenHs 1 jokanizamis 00’€KTiB Ha 300paKeHHIX
HaJIekaTh J10 cepH KOMII'I0TEPHOTO 30pYy Ta 3/1e01IbIIOTO0
PO3B’SI3YIOThCS 13 3aCTOCYBAaHHSM INTYYHUX HEHPOHHHX
Mepex. BogHouac eekTnBHE BUKOPHCTaHHS TaKUX METO-
JIB TOTpeOye HASBHOCTI 3HAYHOTO OOCSATY aHOTOBAaHHX
JIAHUX.

CTBOpEeHHS aHOTOBAaHUX HAOOPiB JAaHUX € OCHOBHOIO
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BHMOTOI0 IS PO3pOOKH €(PEKTUBHOTO MAIIMHHOTO Ha-
BuanHsa ta cucteM III. SIxicTte 1 Meromosorist a”HoTaril
MaHUX Oe3locCepeHbO BIUTMBAIOTh HA MPOAYKTHBHICTH
MoJzeni, mo poOUTh BHOIp MAXOAy MO aHOTAmii BHUpi-
LIATBHUM IS YCITIXY MPOCKTY.

MMinxomm no anoTryBaHHsi HaGopiB maHux. Hapasi
MOJXKHA BHJIUIMTH JCKUIbKA MiAXOJIB O aHOTYBAaHHS Ha-
0OpiB JaHUX:

1) Pyune aHOTyBaHHS. B 1[bOMy BHIIaIKy aHOTYBaHHS
(po3MiTKa) JaHUX IPOBOJIUTHCS BPY4YHY CIIeliajlicTaMH B
O3HaUeHi 00JacTi 32 TOTIOMOTO0 TAKUX IHCTPYMEHTIB SIK
Labellmg, CVAT, LabelMe, Roboflow Annotate, VoTT,
Label Studio tomro [2]. Lle 3abe3medye BUCOKY TOUHICTH i
po3yMmiHHS KOHTeKcTy. CaMe Takuif mporec aHOTYyBaHHS
AHUX € 3BUYalHUM U1 CKIaJHUX a0o0 JeTati30BaHUX
3aBaHb, SIK pO3MITKa MEIWYHHX Ta OlOMEAHMIHHUX
300pakeHb. AJie Takuil MiAXiJg BUMarae 0arato wgacy,
0co0IMBO AJIs BeNnuKuX HabopiB aanux. [Ipu npomy aHo-
TaIlis Bpy4YHy 3aliMae GaraTo 4acy, JFOJCHKUAX Ta Marepi-
anpHUX pecypeiB. Jocmimkenns [3] mokasye, 1o 0JIU3bK0
40% po6oYoro yacy CHemiagicTy 3 MAIIHHHOTO HABYAHHS
BHUTPAYalOTh CaMe Ha aHOTYBaHHsS 300pa’keHb, OCOOIIBO
IUTA BeJMKOMacITabHUX HaOopiB naHux. BapTicTh, moB’s-
3aHa 3 MapKyBaHHIM BPYYHY, YaCTO pOOUTH HEMOKIIBIMU
BEJIMKi, IMOBHICTIO MapKOBaHI HaBYalbHI HAaOOpH, IO
pOOUTH IX MPUAATHIM HEPEBaKHO JJISI MEHIIUX HaOopiB
JTAaHUX 200 BY3BKOCTICITialli30BaHUX TOMCHIB.

2) Ilpu aBTOMATHYHOMY AHOTYBaHHI BHKOPHUCTOBY-
10Thcst Moaeni abo anroputmu LI mis cTBOpeHHS MiTOK
0e3 BTpy4aHHs JIOAUHHU. Takui miaxiq HalKpaiie miaxo-
JITH JUIS BEJIMKUX HA0OPIB AaHKX, JIe aHOTYBaHHS BPYUYHY
He € edexkTuBHUM. [IpH 1IbOMY TOYHICTH PO3MITKH 3aJie-
JKUTB BiJl IKOCTI Ta BiIIOBITHOCTI BUKOPUCTAHUX MOJIEICH
Ta ajgroputmis [4, 5].

3) HamiBaBromarnuna anoraiis (Human-in-the-Loop
—HITL) [6] moeanye nonepeanto po3MiTKy 3a J0MOMOTrO0
METOJIB IITyYHOTO IHTENEKTY i3 MEePETiIIOM Ta BHIIPAB-
JICHHAM JIFOIMHOK, 30aJIaHCOBYIOUM e(EeKTHUBHICTH 1
sikictb. Le#t minxin mo3Bomse cucremam LI mpononyBatn
MOYATKOBI MITKH, SIKi JIOIM-aHOTATOPH MOTIM YTOUHIOIOTh
i miaTBepmKy0Th. Leit MeTon 0ocobanBo edexkTHBHU 1Ist
CKJIaTHUX HA0OpIB JaHMX, Ji¢ OMHIET JHIC aBTOMATH3AI]
HEJIOCTaTHhO, @ aHOTalis BpPy4Hy OyZe HaaTo pecypco-
MICTKOIO.

Amnotanis HITL rapanrye, 1o mMozelni MTy4HOTo iH-
TEJIEKTY OTPUMYIOTH TOYHO MO3HAuYeHi AaHi, IO CIIpHUsE
KpalmoMy NpUHHATTIO pimeHb 1 BuIIid TowHocti. lle
0c00JIMBO KOPUCHO JUIsl METMYHHUX 300pakeHb, 1€ MOMHII-
KU B aHOTALlIIX MOXXYTh IIPU3BECTH 10 KPUTHYHUX 300iB Yy
po6ori LII.

OcHoBHa yacTHHA. B mpomy mocmimkeHHI Mpomo-
HYETHCS JOCHTIIUTH MOXKIIUBOCTI aBTOMATHYHOI PO3MITKH
HEAHOTOBAaHUX HAOOPIB MaHUX JJIS iX MOJAIBIIOTO BUKO-
pUCTaHHS TpH JAeTeKIii OiojoriyHMX 00’€KTiB Ha 300pa-
KEHHSIX.

TunoBwuii poOOYNH UK PO3POOKH CHCTEMH JETEKITi1
Ta JIOKati3alii 00’ €KTiB Ha 300pakeHHSIX, HaJaHO Ha puc. 1
[4].

Ha nepmomy erami BinOyBaeTbcst 30ip 300paxeHb —
0e3 SIKICHUX 1 JIOCTaTHBO PI3HOMaHITHHX 300pakeHb He-
MOXJIMBO CTBOPUTH HaJiitHy Monens. [licns Toro, six 300-

pakeHHs 310paHO, BOHU MPOXOJATH MOTIEPEAHIO 00POOKY
[7]. Ha tiboMy eTarmi 1aHi OYHMIIYIOTHCS, MACIITA0yIOThCS,
HOpMAIi3yIOThc a00 IHIIMM YHHOM TPaHC(HOPMYIOTHCS
(3MIHIOETBCS KOJIBOPOBAa MOJENb, PO3MIpH 300pakeHHS
TOIIO) 3 METOIO MiITOTOBKH A0 MOJAIBIIOTO aHAI3Y.
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Puc. 1. Knacuunuii mairiaiiH BUSBICHHS 00’ €KTIiB

HacTynmHuM KpOKOM Micis MiATOTOBKH 300pakKeHHS,
€ ix a”oTamis. Lle TpyIooMicCTKuiA, ane HaJ3BHYAHO BaXK-
JUBHUHA eTam, aJpKe BiH BH3HAYae, SK caMe MOJels Oyne
«pO3YMITH» BXiJHI JaHi. AHOTOBaHI 300pakKeHHS HAIXO-
JISITh JI0 CHCTEMU YIpPaBIiHHSI HAOOPOM JIaHUX, J€ OpraHi-
30BYIOTHCS, 30epIratoThCsi Ta KOHTPOJIOIOTHCS 3 TOYKH
30py SAKOCTI 1 moctymHOCTi. Ile 103BoJIsE eheKTHBHO Ke-
pyBaTH PI3HUMH MiIMHOXKUHAMH JaHUX, SK-OT HABYAJIb-
HUM, BaJTiJAI[ifHAM 1 TECTOBUM HaOOpaMH.

Hamni ¥ine HaB4aHHS Mojeni. TyT anropuT™M MalIwH-
HOTO HaBYaHHS BHUKOPHCTOBYE IiNTOTOBJICHI i aHOTOBaHI
300pakeHHs s (OPMYBaHHS 3[aTHOCTI JIO PO3IIi3HABAH-
Hs abo xmacudikamii o6’ exriB. Ilicnsa HaBuaHHS BinOyBa-
€ThCS TECTYBAaHHS MOJIENI — IepeBipKa ii MPOIyKTUBHOCTI
Ha HOBHX, HeBiomux iii manux. lle mae 3mory omiHWTH,
HACKINBKH OOpe MOJenb y3araabHIoE iH(opMariiio i sk
BOHA TOBOIUTHCS B YMOBaX, HaOJIMKEHUX 10 PEabHOTO
3aCTOCYBaHHS.

3aBepIradbHIM KPOKOM Iiepex QiHimem € OIiHKa
skocti. Ha mpomy ertami aHami3yrOTbCs pe3ylbTaTH TECTY-
BaHHS, MPOBOISTHCSA TOCTIKCHHS METPHKH TOYHOCTI,
noBHOTH, Fl-ominku Tomo. lle mo3BOJsie BU3HAYUTH, YU
JIOCSITHYTO Oa)kaHOTo PiBHS €(hEeKTHBHOCTI, 4M MOTpedye
MOJIEJTb TIOJAIBIIOTO YIOCKOHAICHHS.

[Ipomec 3aBepuryeThcsi TOMI, KOJMH BCI €TAlld BHKO-
HaHO, 1 MOJICJb AOCSTIa MPUHHATHOTO PIBHS SIKOCTI.

B nmocnimkenni [8] Oyimo 3anponoHoBaHo Mmiaxia, mio
€ TIOKpaIIeHHAM TalIuTaifiHy Ha puc. | Ta 3aCHOBaHO Ha
dpeitmBopky CRISP-DM (puc. 2).

IIpomec mounHaeThes 3 PO3yMiHHs Oi3Hec 3amad. Ha
IOMY €Talli BU3HAYaIOThCS OCHOBHI Oi3Hec-11imi, (hopmMy-
JIIOIOThCS 3aBIAHHS, SIKIi Ma€ BHPIIIMTH MOJENh, 1 BCTa-
HOBITIOIOTBCSI KpUTeEpii ycrixy. BaxkiuBo He e 3po3y-
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MITH, 0 caMe MOTPiOHO TOCSTTH, a i c(hOpMyBaTH CITiTbHE
0aueHHS MK aHANITHKAMH W TIpeICTaBHUKaMH Oi3Hecy
1070 OYiKyBaHUX PE3YIbTaTiB.

Mouator

Poaymina 3afaq e PoayMiHHA JaHuX

LY S . r,

—
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v

MogeniosaHHs

Poaropranys QuiHoBaHHA

Kineus

X

Puc. 2. MoandikoBaHuii anroput™M BUSBIEHHS 00’ €KTIB Ha
300pakeHHi

Hactynaum eranom € po3yminas nanux. Lle BaxxnnBa
moyaTkoBa (a3a, Ha SKi BiAOyBaeThCS aHANI3 DKEpel
iH(pOopMaIii, BUBYCHHS CTPYKTYPH, TKOCTI Ta 3MICTy JaHHX.
OcHOBHa MeTa — YCBIJIOMHUTH, 3 UM caMme OyJie paiioBaTh
aHaMTHK a00 PO3POOHHK, 1 SKi XapaKTEPUCTUKU TaHHUX
MOXYTh BIUIMHYTH Ha mojanbmii eranu. [licns mporo
PO3MOYMHAETHCS MIATOTOBKA JIJAHUX — IPOLIEC OYHMILECHHS,
Tpanchopmariii, Hopmaizaiii Ta, 3a moTpeou, 00’ € THAHHS
JAHUX 3 PI3HUX JKeper.

HacTynmHiM KPOKOM € MOJIENIIOBaHHS — CTBOPEHHS Ta
HaJIAIITYBaHHS AITOPUTMIB MAalIMHHOTO HaBYaHHSI, IO
OyIlyTh BUKOPHCTOBYBATHCS JJIsl IOCSTHEHHSI TOCTABICHUX
0i3Hec abo mocimigHUIBKAX 1iei. L{eit eran moB’ s13aHwmii 3
eKCIIEpUMEHTYBaHHAM, MiA0OpOM TinmepnapamerpiB i
BHOOPOM HaHKpaIux MOJCICH.

Jami crigye OINHIOBaHHA — KPUTHYHO BaKIMBHU
eTal, Ha SKOMY 3/iHCHIOETbCS mNepeBipka epeKTUBHOCTI
nobynoBanoi mojem. Ha ocHOBI oOpaHux MeTpuk (ToY-
HicTh, F1-0IliHKa, cepeHbOKBaIpaTHYHA MOXHUOKA TOIIIO)
BH3HAYAETHCS, HACKITBKH JOOpE MOJENb CIPaBIA€ThCA 3i
CBOIM 3aBJaHHAM. SIKIIO SIKICTh MOJIENI € HEe3a40BIILHOIO,
BiZIOYBAETHCS MOBEPHEHHS JI0 €TAIy MOJICIIOBAHHS — JJIs
JIOOTIPAITIOBAHHS aNroputMy, abo HaBiTh 0 MiATOTOBKH
JaHUX, SKIIO JDKEPEIIo Mpo0iieM KpHeThCs TIHoIIe.

VY pasi, KO SKICTh MOJIEJi BIJINOBIIa€ OUiKyBaHHIM
i noTpebam, BiIOYBa€ThCS PO3rOPTaHHS — BIIPOBAKEHHS
MOJIel B pealibHE CepeloBHIIE, A€ BOHA NOYMHAE Mpa-
LIOBAaTH 3 HOBUMH JaHUMH. [1icyist mporo mnporec J0X0aAnuTh
JI0 JIOT1YHOTO 3aBEPIICHHS.

Takum 4uHOM, I JiarpamMa HA0YHO JEMOHCTPYE He
JIUIIE TIOCTiTOBHICTh Ail Y Tporeci poOOTH 3 JaHUMH, a i
MUKITIYHY TPUPOY MOJIENIOBAHHS — IOCTiHE BJOCKOHA-
JeHHA 1 TepeBipKy MOJETl J0 MOCSATHEHHS Oa)kaHOTO
pe3ynbTaTty. BoHA MiIKpECTIOE BaXKIIUBICTh 3BOPOTHOTO
3B’SI3Ky Ha KO’KHOMY eTarli 1 HeoOXiHICTb peTeabHOl po-
00TH 3 TaHMMU Ha BCiX PiBHSIX.

Ie#t mporec € iTepaTUBHUM, IO O3HAYAE MOCTiHHE
MOBEPHEHHS 0 MOTMEPEIHIX eTamiB y pa3i moTpedu Ko-
pekuii abo BIOCKOHAJICHHS. 3aCTOCYEMO LEeH MiIXim A
BUSBJICHHS, JIOKaji3amii, Kmacudikamii o00’ekTiB Ha
300pakeHHIX MIKPOCKOIIYHHX 3HIMKIB Ta CTBOpEHHS Ha
OCHOBI OTPMMAaHHX JAHUX aHOTAITiil.

aniHa _type
e Rk bHas
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Puc. 3. AIropuT™ aBTOMaTHYHOTO CTBOPEHHSI aHOTOBAHOTO
Habopy faHKX 0i0JI0TiYHUX 00’ €KTIB i3 HEAHOTOBAHUX
300paKeHb

[ToyaTKOBMM eTarnoM 3alpONOHOBAHOTO MIiX0OAY €
iHiIiamizamnis 3MiHHOI _type, sKa BUKOHY€ (YHKIiIO JIi-
YWIIbHUKA JUIs Kiacugikarlii o0’ekTiB Ha 300pakeHHI Ta
3aJ]a€ThCS TTOYATKOBUM 3HaUeHHSIM 1. Jlami 37iiCHIOEThCS
3aBaHTa)XEHHs 300paKeHHS Ta Horo nonepenHs oOpooOKa,
0 BKJIIOYae (QUIBTpaLil0 IIyMIB Ta IEPETBOPEHHS
300paxkeHHs B KonipHY MoJiesib HSV 3 MeToro mokpareHHs
aHai3y KOJiPHUX XapaKTepHucTuk [9].

Ha erami nokamizamii aist KOXKHOTO THIy 00’€KTa
CTBOPIOETHCS BiAIMOBiHA OiHApHA Macka, sKa JO3BOJISIE
BHIUTUTH KOHTYpPH O10JIOTIYHUX CTPYKTYp 3aJaHOi KaTe-
ropii. [Ticis BUSBICHHS KOHTYPIB OOYHCITIOETHCS CEPETHE
3HaYCHHS KOJIBOPY B MEXaX KOXKHOTO 3 HUX, IO AA€ 3MOTY
OinbI ToyHO mU(epeHITitoBaTH 00’ €KTH 3a KOJIHOPOBUMH
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o3HakaMu. J[JiT KOKHOTrO 00’€KTa TaKOK BHU3HAYAIOTHCS
KOOpAMHATH OOMEKYBaJbHOTO NPSIMOKYTHHKA Ta po3pa-
XOBY€ETHCS Horo Turomta. Yci 3i0paHi mapaMeTpu BHOCSTHCS
J10 CTPYKTYypH JaHuX tuny DataFrame.

[Ipouenypa MoOBTOPIOETHCS AJIsT KOXKHOTO 300pakeH-
Hs B HaOOpi, MOKK He OyJe NOCATHYTO ocTaHHBOTO. [licis
00pOOKH 300paskeHHsI TICPEBIPSIETHCS, YU 3aBEPIICHO aHa-
Ji3 JUIs BCIX THIIB 00’€KTiB. Y pa3i MPOJOBKCHHS, Ha
300pa)keHH1 11eHTU(IKYETHCS HAWOUIBII NOMINPEHUH KO-
JIp, SIKMM 3aIlIOBHIOIOTHCS paHillie BUSIBJICHI KOHTYPH IO-
TOYHOTO THITy. 3MiHHa _type IHKPEeMEHTYEThCS 1 Bech
MIPOIIeC 3aIyCKAe€ThCsl 3HOBY IS HACTYIHOTO TUIy Oio-
00’€KTIB.

[Ticns 3aBeprueHHsT 0OPOOKH BCiX THITIB 00 €KTIB BH-
KOHYEThCS KacH(ikallis 3a IOMOMOTOI auroputMy K-
means [10]. Knacrepusarisi 31iiiCHIOETBCSI HA OCHOBI ILI0-
111 00’ €KTIB Ta CEPEHBOTO KOJIBOPY B ME¥kKax iX KOHTYPIB.
OTpuMaHi MITKH KiacTepiB aonarotecst no DataFrame,
micinst 4oro 3i0paHi AaHi 30epirarTbest Uil OAANIBIIOTO
BUKOPHCTAHHS.

TakuM YMHOM, OTTUCAHUH MiXi]] TPEICTABISAE COOO0
MOCIIIOBHUN ITEpaTUBHUI MpoLeCc BUSBICHHS, KJAcHU-
¢ikamii Ta aHamizy 00’€KTiB Ha MiKPOCKOIIYHHX 300pa-
JKCHHSX 13 BUKOPUCTAHHSIM METOMIB 00pOOKH 300pa’keHb
Ta MAIIMHHOTO HABYaHH]. 3almpONOHOBaHA METOIMKA
J03BOJISIE e)EKTHBHO OINpAlbOBYBATH BEJIMKI OOCATH Ja-
HHX, 3a0€3MeYy04YH TOYHICTh Ta Y3araJbHEHICTh Pe3yllb-
TaTiB.

VY mporneci knacugikanii posmizHaHUX 00’€KTIB 3a
03HaKaMH KOJIbOPY TXHBOTO KOHTYpY Ta IUIOLI OOMExXy-
BaJbHOI paMKu Oyjia pO3TJSIHYTa 3ajgada KiacTepu3ariil
MeTOJIOM K-CepesiHiX, 110 HAIeKUTh 10 KIacy alrOpUTMIB,
SKi MIHIMI3YIOTh CyMy KBaJIpaTiB BijcTaHeil Mix 00’ek-
TaMH Ta HEHTPaMH KJIacTepiB.

Hexait MmaeMo MHOXHHY 00’ €KTiB:

X ={X,%ps X, }, X% €R?, (5)

Jle KO’KEH 00’€KT X; ONMCYEThCS JBOMA O3HaKamu: X —
YMCIIOBA XaPAKTEPUCTHKA KOJIBOPY KOHTYpY; X2 — miora

00MeXyBaJIbHOT PAMKH, sIKa 00MEKY€e pO3Ii3HaHUH 00’ €KT.
[MoTpiOHO 3HaiTH po30ouTTSI MHOKUHK X Ha K He-

MIEPEeTHHHUX MiIMHOXHH (Ki1actepiB) C = {Cl,CZ,...,Ck} ,

TaKHX 10 MiHIMI3YEThCSI MITbOBA QYHKITiSl BTPAT:

1=3 3 - ®

j=1 %€C;

Ie [; € R? — LeHTp (cepeHe 3HaYeHHs) Kiactepy C i || ||

— €BKJIJI0Ba HOpMa y ABOBHMIPHOMY IIPOCTOPI O3HAK.
[HmMME cnoBaMHM, MeTa anropuTMy — 3HaWTH Taki
LEHTPU KIACTEPIB L4, ..., 4 , AKi 320€311eUyI0Th MiHIMaJIb-

Hy CyMy KBaJpaTiB BiZICTaHEil MK KOKHHUM 00 €KTOM Ta
IIEHTPOM BiIIOBITHOTO KJacTepa.

3aBmaHHA KiacTtepusallii GopMyIroeThCs SK 3aaada
ONTHUMI3allii:

ST - (2 -u2) ] @

min
{Cj}v{/’j} j=1 % eC;

Jlnst 3abe3nedeHHs] KOPEeKTHOI poOOTH arOpUTMy Ta
YHUKHEHHS IOMiHyBaHHS OZHI€l 3 O3HAK, 3HAYCHHS NaHHX
KOJIbOPY Ta IUIOMII Iepe] KIACTePH3aIic€l0 HOpMai3y-
IOTBCH.

IcHye HHM3Ka MeTOiB HOpMallizalii J1aHHX, 30KpeMa
MiHIMakcHe MaciTa0yBaHHS (TakoX BiOME€ SIK MacIiTa-
OyBaHHS 03HaK ab0 PECKEHIIIHT), HOpMaJIi3allis Ha OCHOBI
Z-ouiHKM (CTaHIApTH3aLis), JIECATKOBE MacIUTaOyBaHHS
Ta JlorapudMiyHe MEepeTBOPEeHHs. Y Mexax IIbOro JOCIi-
JOKEGHHS 3aCTOCOBAHO METOJI MiHIMAKCHOT HOpMaJTi3allii.

To6To st KOkHOI o3Haku | =1,2 HOpManizoBaHe

3HA4YCHHS 00YHCITIOETHCS 32 (HOPMYIIOIO:

[§)) (1)
g = %5~ Xuin

— min (8)
! (6] "’
Xinax — Xmin
D _ mi ' D o_ N g
nAe Xr(nJ|21 - mmlgisn Xi(J) ' Xr(n{a)x - maxlsign Xi(J) ' XiJ € [0’1] -

HOpMaJli30BaHe 3HAYCHHsI O3HAKU.

TakuMm 49MHOM, BCi 3HAYECHHS KOXKHOI O3HAKH MiCIIA
MIEPETBOPEHHS MOTPAIUAOTh B iHTepBan [0,1], mo rapan-
Ty€ OJHAKOBY IIKaTy BHMIipIOBaHHS Ta KOPEKTHICTH PO3-
paxyHKy eBKJIIZIOBOI BIICTaHI B alNrOpPUTMI Ki1acTepH3allil.

Excnepument. Excniepument Oyjo mpoBelneHO Ha
ocHoBi Habopy manux [11]. HaGip manmx ckiamaerscs 3
17 092 okpemMux 300pakeHb HOPMAJIBHHUX KIITHH, OTPH-
MaHHX 3a jgornomororo anaiizatropa CellaVision DM96 B
OCHOBHIH J1aboparopii rocmitansHoi KiIiHikH Bapcemonu.
VYci 300pakeHHss Oynmu 3poOJieHI B KOJIPHOMY HPOCTOpi
RGB. 300paxenHs maoTh (opMaT jpg i MalOTh pO3Mip
360%363 mikceniB. Paitnu noB’s3aHi 3 M HAOOPOM J1a-
HUX, JIIEH30BaHUM 3TiTHO 3 MIKHApOIHOK JIIEH3IE0
Creative Commons Attribution 4.0 (CC BY 4.0).

Jnst hbapOyBaHHS Ma3KiB KpOBI y MIKPOCKOIIii BUKO-
pucToByeThesi 3abapBieHHs Jleitmmana. 3a3Buuail BOHO
BUKOPUCTOBYETRHCS i1 Audepenmialii ta igeHTudikarii
nerkouuTiB. B Horo ocHOBI € MeTaHOJbHA CyMilll «IIOJIi-
XPOMOBaHOT0» METHJIEHOBOI'O CHHBOTO Ta €03WHY, IO
3a0apBiIOE JIGHKOLUUTH Ta TPOMOOIMTH Yy (ioseToBHi
kouip [12], Tomi SIK €PUTPOIMTH MAIOTh POXKEBHH KOJIp.
Bynemo BUKOpHCTOBYBATH 1e# (akT AJsi BUZHAUCHHS MEX
Ta KOHTYPIiB 00’ €KTIB.

Juts peamizanii anroputMy 0yJ0 BUKOPHUCTaHO MOBY
nporpamyBanHsi Python i Biamosigui 6i6mioTexku st 00-
poOKku 300pakeHb, aHaJi3y aHMX, Bi3yasi3alii pe3yibra-
TiB Ta pobotH 3 ¢aiioBoro cucremoro: OpenCV-python,
PIL, imutils, pandas, numpy, sklearn, os, glob, matplotlib,
seaborn rouo.

PesynbraT 3acTOCyBaHHS aIrOpUTMy HAJaHO Ha
puc. 4.

AHani3 pe3yabTaTiB KiIacugikanii, 30kpemMa BH-
BYEHHs PO3TallyBaHHS IEHTPIB KJIACTEPIB, A€ 3MOTY iH-
TEpHPETYBAaTH, SKi TUIIH KIITHH BiJIIOBIIAIOTH KOXKHOMY 3
OoTpUMaHuX KiacTtepiB. byino BcTaHOBiEHO, 110 KiacTep,
OB’ sI3aHUH 13 TPOMOOIMTaMHU, MICTUTh 3HaYHY KUIBKICTH
aHOMAJIBHUX 3HAYCHb (BHKHIIB). Y KIacTepi, IO BiAIOBI-
Jla€ JeHKOIMTaM, TaKoX 3a(ikCOBaHO MPHUCYTHICTh BUKH-
JIiB, IPOTE 1X YacTKa € IIOMITHO MEHIIIOIO.

3 METOI0 YCYHEHHsI TAKHX aHOMaJTii 0yJI0 TTIOBTOPHO
MPOBEJICHO aHalli3 BXIMHUX JaHWX. Po3Mip 300paxeHb,
BUKOPUCTAHHUX Yy JOCHiIKEHHI, CTAHOBUTH 360%363 mik-
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ceniB. TlomepenHiii aHami3 mokasas, IO HaMeHI 3 0io-
JIOTIYHO 3HAYYIIHUX 00’ €KTIB — TPOMOOIIUTH MAIOTh PO3MIp
He MeHIne 14x14 mikceniB. Bigrak, m1s migBHIIEHHS TOY-
HOCTi Kiacuikarii, Oyno BHpIOICHO HE pPO3TISAATH
00’exTH, TUIoma KX He nepepuitye 200 mikceniB, ocki-
JIbKY BOHH, IMOBIPHO, € IlyMaMu a00 apTedaktamu 300pa-
HKEHHSL.

KnacTepusauis No HopManizoBaHWM NAOLLi Ta KONbopy
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Puc. 4. PesynpTaT Ki1acTepu3anii KIITHH pi3HUX THIIIB

Pe3ysnpraTroM BUKOHaHHS alrOPUTMY CTaB aaTadpeim
(puc. 5) 3i croB6usamu file_name — Hassa ¢daiina 6e3 aHo-
TaIiif; Xxmin, ymin, Xmax, ymax — KOOpJAHHATH BEPXHHOTO
JIBOTO Ta MPABOTO HIDKHBOTO KyTiB OOMEXYBaJbHUX pa-
MOK; type — THI KJITHHM; area — roma Kiituay; color —
cepenHiil Kodip KIiTHHM; area_norm, color_norm — uop-
Malli3oBaHi Komip Ta mioma kimitTuhu; cluster — xHomep
KJacrepa.

In [78]:| | df_cluster.head(6)

out[7e]:
file_name amin ymin  xmax ymax type area color area_norm color_nomm  cluster
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Puc. 5. Pesynbryrounii natadpeiim

st Bizyanizauii Ta mopaneiioi o0poOKU pe3ysbTaTiB
Ha 300paXEHHAX KIITHH HAHOCATHCS OOMEXyBaJbHI
paMKH, SIKi 1TIOCTPYIOTh TIPOCTOPOBE TOJIOKCHHS BHSBIIC-
HUX 00’ekTiB. Takox BimoOpakaeTbcs KUTBKICTH 3Haiie-
HUX 00’€kTiB Ha 300paxkeHHi (puc. 6). Peamizalis mporo
eTaIy 3/iHCHIOETHCS 13 BUKOPUCTAHHSAM HHU3KH HOTYXHUX
6ibnioTex MoBH mporpamysanHs Python, 30kpema pandas,
OpenCV, pillow ta matplotlib.

SIKicTh OTpHMaHNX pe3ynbTarTiB Oyna olLiHEeHa 3a J0-
TIOMOTOI0 BIJITOBIIHUX METpHK (Tadu. 1).

Tabnuit 1 — MeTpuky oTprMaHoi Moielti

Tounicte Biyunicts IToBHOTA Fl-ominka
WBC 0,9814 1,0000 0,9814 0,9906
RBC 0,7895 0,8392 0,9302 0,8824
Platelets 0,8723 0,9767 0,8909 0,9318

D:\blood\train\BA_206112. jpg

type

RBC 10
WBC h
platelet 3

dtype: int64
<class 'pandas.core.series.Series'>
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Puc. 6. Bizyaunizaiist pe3ysbTaTiB aBTOMaTHIHOTO BUSBICHHS Ta
knacugikamii KIITHH KpoBi

BucHoBkm. Y miif CTaTTi HpeACTaBICHO MigXin IO
ABTOMATH30BaHOTO CTBOPECHHS aHOTOBAHOTO HAOOPY TaHUX
OioyoriyHMX 00’€KTiB Ha 300pa)XeHHAX. MeTon IpyH-
TyeThCs Ha agantoBaHiid cTpykTypi CRISP-DM nis 3amaq
00poOKHM 300pakeHb 1 BKJIIOYAE IIOCIIIOBHICTH €TaIliB
BUABJICHHS Ta JIoKasi3alii 00’ ekTiB. Po3po0ieHo KoHBeep,
10 BUKOPHUCTOBYE MeToAau OiHapu3auii, ¢iibTpauii, Ko-
PEKIIil SCKPaBOCTI, KOHTPACTHOCTI Ta OCBITJIICHH:S. BusB-
JIeHI 00’€KTH TPYNyIOTHCS METOOM K-CepeHix 3a po3Mi-
poM i kospopoM. ITinxin anpoOoBaHO Ha MPUKIA/ KIITHH
Yy Ma3Ky KpOBi, IIPOZIEMOHCTPOBAaHO HOTO €(EeKTHUBHICTb.
Pesynbratom € .csv-¢aiin 3 KoopAnHaTaMHU OOMEXyBallb-
HHUX PaMOK JUISl TT0JJJIIIOTO BUKOPUCTAHHS.
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OPTIMIZATION OF THE ANNOTATION PROCESS FOR BIOLOGICAL OBJECT IMAGES USING
COMPUTER VISION METHODS

This study presents an approach to the automated creation of an annotated dataset containing images of biological objects, particularly cells. The proposed
methodology is based on a modified CRISP-DM framework, adapted to the specifics of computer vision tasks. A sequence of stages and steps has been
developed to enable effective detection and localization of biological objects in microscopic images. The process involves preprocessing the images,
including binarization, filtering, brightness and contrast adjustment, as well as correction of illumination artifacts. These operations help enhance the
quality of the input images and improve the accuracy of subsequent detection steps. Detected objects are automatically localized based on morphological
analysis, followed by clustering using the k-means algorithm. Grouping is based on features such as object size and mean color value, which allows for
distinguishing between different types of cells or structures based on visual characteristics. Bounding boxes are automatically generated for the localized
objects, and their coordinates are stored in a structured tabular format (.csv). The resulting dataset can be used to train or test deep learning models,
particularly for tasks such as object localization, classification, or segmentation. The proposed approach was validated using images of blood smears
containing various types of cells. All computations were carried out using the Python programming language and libraries such as Pandas, NumPy,
OpenCV, and Matplotlib. The analysis of detection and classification accuracy demonstrated satisfactory results, confirming the feasibility of using the
developed pipeline for automated generation of annotated biological image datasets.
Keywords: computer vision, optimization, edge detection, contour detection, object segmentation, machine learning, blood cell classification.
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IHTEJEKTYAJIbHUMN AHAJII3 ONTUYHUX 306PA’KEHBb HA OCHOBI I'IBPUIHOI'O IIIXOAY

VY cTaTTi pO3MIAHYTO IHTENEKTyaldbHUH MiAXiJ MO aHaIi3y ONTUYHHX 300pakeHb y peanbHOMY daci, SIKMil 0a3yeThcs HA IOEIHAHHI METOHIB
po3mi3HaBaHHs 0OMUYYS i3 BUKOPUCTAHHAM IIMOOKOr0 HABYaHHS Ta KJIACHYHHUX AITOPUTMIB KOMIT IOTEPHOT'0 30y AJIA 1X BiICTEKEHHs. 3alpOIIOHOBAHO
CHCTEMY aHaJli3y Bi/ICONOTOKY 3 MiOPUAHMM IIiIXOO0M, SIKA IHTErpye MOMEPEAHe PO3Mi3HABAHHS OOJIMYYs HA OCHOBI BEKTOPHUX O3HAK (BOY/IOBYBaHb),
3reHepoBaHMX 3a JIOIIOMOroI0 HelipoHHOI Mepexi Facenet, Ta Tpekinr obmmus 3a monomororo anroputMy CSRT (Channel and Spatial Reliability
Tracker), o BxoauTs g0 cknany 6ibmioreku OpenCV. PeanizoBana cuctema J03BOJISIE PO3MI3HABATH Ta ABTOMATHYHO 11eHTH(HIKYBaTH KOPUCTYBAYiB
Ha BiJEONOTOLI 3 KaMepH, 30epiraTu HOBi oOmiyusi y 0as3i JaHUX, a TAKOXK e(EeKTHBHO BiACTEXKYBATH iAeHTH(DIKOBAHI 00INYYS IPOTATOM HACTYIHUX
KazpiB. ANTOpUTM 0OpOOKHU KaJpiB peali3oBaHO y 0araTOOTOYHOMY PEXHMI 3 BUKOPHCTaHHSAM 4epr (queue) Ta MeXaHi3MiB CHHXPOHi3allii MOTOKiB,
o [03BoJIsIE 3abe3neynTH CTabiabHy po0OTYy B peanbHOMY 4aci. [lnst po3mi3HaBaHHS HEBIIOMHX 0Ci0 mepemOaueHO aBTOMATHYHE CTBOPEHHS
yHikanpHoro ID Ta momaBaHHs TXHIX O3HAaK 10 3araibHOI 0a3u BOymoByBaHb. OcoONMBY yBary MPHILICHO OLIHIN MPOCTOPOBOTO MEPEKPHUTTS 30H
BUSIBIICHHS [UISl yHHKHEHHS {yOTIOBaHHS TPEKepiB IPH OJHOYACHIH IPUCYTHOCTI KiNbKOX 0ci0 y kKanpi. CrcTeMa aHali3y Bi€OIIOTOKY peanizoBaHa K
BeOcepsic Ha 6asi Flask, 110 3a0e3nedye 3py4Hy iHTErpaito 3 iHIIUMH IPOrPaMHAMH MOAYJISIMHU Ta MOXJIUBICTh Bi/JJ/JaJICHOrO MOHITOPUHTY 4Yepe3 BeO-
inTepodeiic. 3anponoHoBaHMil TIOPUIHMI MiAXIA MOEIHYE TOYHICTh CYYaCHHX MOjeseil THOOKOro HaBYaHHS 3 THYYKICTIO KIIACHYHHX alrOPHTMIB
TPEKIiHT'Y, IO POOUTH CHCTEMY IIPHAATHOIO JUIsl BUKOPHCTAHHS B CHCTEMax Oe3IeKy, po3yMHHX odicax, OCBITHROMY CEpeIOBHILI Ta B iHIINX cdepax, Je
Ba)KJIMBA TOYHA iMeHTU}IKAIisA 0Ci6 y THHAMIYHAX YMOBaX. Y MiACYMKY, JaHa pobOoTa AeMOHCTPYE MPAKTHYHY PEasi3alliio iHTEIEKTyalbHOI CHCTEMU
aHaII3y 300pajkeHb, sika MOXe OyTH ajanToBaHa 10 PI3HUX CLEHApiiB BHKOPUCTAHHS, 30KpeMa B CHCTEMax BiJCOHAINsLY, KOHTPOIIO AOCTYILY,

YIIpaBJIiHHS IIOTOKAMH JIFOJIEH, @ TAKOX y JOCIIAHUIBKHIX Ta OCBITHIX IIPOEKTAX.
KaiouoBi cioBa: iHTenekTyadbHHN aHam3 300paxeHb, posmisHaBaHHs o0muudss, OpenCV, ribpuana cucrema, BiICTEKEHHs 00 €KTIB,

KOMII TOTepHUH 3ip.

Beryn. CywacHuii eran po3BHUTKY iH(popMamiiHUX
TEXHOJIOTI XapaKTepU3yeTbCsS CTPIMKUM 3POCTaHHSIM
00CSTiB ONTHYHUX JAHUX, IO TEHEPYIOTHCS CHCTEMaMu
BiZICOCIIOCTEPEIKEHHS, MOOUTLHUMH MIPUCTPOSMH, PO3YyM-
HUMHU KaMepamH Ta iHIIMMHU Jokepenamu. OHUM 13 KiTto-
YOBUX HANpsMIB OOPOOKH TaKMX JaHUX € aBTOMAaTH30Ba-
HUI aHali3 ONTHYHUX 300pa)keHb, 30KpeMa, PO3IIi3Ha-
BaHHS Ta BiZCTEKEHHS 00’ €KTIB, 0 € PyHAaMEHTATbHIMHU
3a7a4aMu Ui TTOOYIOBM CHCTEM YIPaBIiHHSA JUHAMid-
HUMH CHCTEMaMH, O€3IeKH, KOHTPOJIO JOCTYITy, aHali-
THKH MOBEAIHKH, PO3YMHOT'0 MiCbKOTO CEpPEJOBHIIA TOLIO.

Oco011B0o{ akTyanbHOCTI HaOyBae 3aja4a po3Ii3Ha-
BaHHs Ta TPEKIHry OOJIMYb Yy BIJICONOTOLI B peabHOMY
yaci. JlaHa QyHKUiOHANBHICTE 3a0e3leuye OCHOBY JUIs
CTBOPEHHSI 1HTENIEKTyaJlbHHX CHUCTEM MOHITOPHUHTY, SIKi
3MaTHI He JMme iJeHTH(]IKyBaTH KOpHUCTyBauiB, a i
3a0e3neunTr X TUHAMIYHE BIJICTEXKEHHS y mpocTopi Oe3
MoTpedu B MOBTOPHOMY po3mizHaBaHHI. OHaK 1Mo0OynoBa
HaJliHOT CHCTEMH, 3/]aTHOI MPAIIOBATH B YMOBaX 3MiHHOTO
OCBITJICHHSI, YaCTKOBUX MEPEKPUTTIB, 3MiH paKypcy Ta
MIPUCYTHOCTI KUIBKOX OCI0 OJHOYACHO, 3aJIMIIAETHCS
CKJIaJHOIO NPUKIIATHOIO 331a4el0.

Icuyrodi migxoan 10 pos3mizHaBaHHA 00IMYb, MO Oa-
3YIOTBCSI Ha TIMOOKUX HEHMPOHHUX Mepexax (HampuKias,
FaceNet, VGGFace, ArcFace [1]), 3a0e3meuytoTh BHCOKY
TOUHICTh imeHTH}iKalii. [IpoTe iX iHTerpamis B peaabHUN
BiJICOMOTIK BUMAara€e 3Ha9HUX OOYHCITIOBATIFHUX PECYPCIB,
110 YCKJIaJHIOE 3a0e3reueHHs Oe3nepepBHOi 00poOKu Kaj-

piB. 3 iHIIOTO OOKY, KJIACHYHI aJITOPUTMH TPEKIHTY, TaKi K
CSRT, KCF a6o MOSSE [2], MatoTh BUCOKY HIBUAKOIIIO,
ajie He 3a0e3MeuyrTh iIeHTHdIKAIT 00 €KTIB, a JTUIIE Bij-
CTeXKYIOTh PyX BiKe 3HalaeHUX. Lle moscHIoE HeOOXiHICTh
PO3pOOKU TIOPUIHUX CHUCTEM, SIKi O MOEIHYBaIM CHIIbHI
CTOPOHH 000X TiIXOIIB.

Y 3B’3Ky 3 NHUM T[IOCTa€ HAyKOBO-TIPAKTHYHE
3aBIaHHA, SIKE MOJITae y po3pooii eeKTUBHOTO iHTEIeK-
TyaJbHOTO MiJIXOXy N0 aHajJi3y Bifeo 3 KaMmep crocrepe-
JKSHHSI, SIKWM OM HO€THYBaB TOYHICTh CYYaCHHX MOJIENeH
pO3Mi3HABaHHS 00JINYb 13 €(PEKTUBHICTIO Ta MIBHIKOMIEI0
TPaTUIIHHUX METOJIB BifcTeKeHHs. Takuil Miaxix MoBU-
HEH BpPaxOBYBaTH OOMEXEHICTb PeCcypciB, HEOOXIIHICTh
poOOTH B peajbHOMY Yaci, TMHAMIYHICTh CIICHH, a TAaKOK
MOXIIMBICTh aBTOMATHUYHOI peecTpallii HOBUX KOPHCTYBa-
qiB,

Y po6oTi 3anpornoHOBaHMA TIOPUAHUH TiIXiT 10 MO-
Oy1oBM cHCTEMH aHaNi3y BiJICOINIOTOKY, sSIKa MOEAHYE TIIU-
Ooky Monenmb i TeHepaulii BOyZOBYBaHb OOJIHMYb
(FaceNet) 3 anropurmom Tpekinry CSRT. Cuctema peadi-
30BaHa y BUIIIA/I BeO-cepBicy 3 BUKOPUCTAHHAM 0i0mioTek
OpenCV [3], DeepFace [4] ta Flask [5], mo 3abe3neuye
IHTepaKTHBHY OOpOOKY BiJEONOTOKY y peaJlbHOMY dHaci.
lOpumauid miAXix A03BOJNIAE MOCATTH OalaHCy MiX TOY-
HICTIO PO3Mi3HABaHHA Ta MIBHIKICTIO 00poOKH, pobisan
CHCTEMY MPUIATHOIO JUIS IIMPOKOTO CHEKTPa 3aCTOCYBaHb
y cdepi IHTENeKTyaJIbHOTO BiIEOCTIOCTEPEIKEHHS.

© Toniko M. C., louems B. B., Crpinens B. €., 2025

Hocainannbka crarrs: Lfo craTTio ony6uikoBano BumaBHUUTBOM HTY «XIII» y 30ipHuKY «BicHuK

® HamionamsHoro texuiunoro yaiBepcurery "XIII" Cepis: CucremHuil anami3, YOpaBIiHHSI Ta
indopmaniiini Texgomorii». Ll cTaTTs mOmMHpIOETHCA 3a MikHApOIHOW nineHsicro Creative Common QPEMN ACCESS
BY Attribution (CC BY 4.0). Konguiikr iHTepeciB: ABTOP/¥ 3asiBUB/WIIH PO BiACYTHICTH KOHQIIIKTY.
Bicnux Hayionanvnozo mexuiunozo ynisepcumemy «XI1Iy. Cepis: Cucmemnui
awuanis, ynpasninus ma ingopmayitini mexronoeii, Ne 1 (13) 2025 83


https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

ISSN 2079-0023 (print), ISSN 2410-2857 (online)

Onuc icHywunx pimeHb i ¢popmyawBaHHS NPo-
Onemu sl po3B’sizaHHs. Bimomi amroputmu aHamizy
ONTHYHUX 300pakeHb MOETHYIOTh KIACHYHI METOAN
KOMII FOTEPHOTO 30pYy 3 TTHOOKUM HaBUYAHHSIM, a TAKOXK BH-
KOPUCTOBYIOTh MYJBTUMOJANBHI Ta OaraTopiBHEBi apxi-
TexTypu. Knacuuni metonn (nanpukinan, ¢inetpu Xaapa,
nerekropu ocobmuBocteir SIFT/ORB, onTuyHMi MOTIK,
anmroputMu RANSAC, Kalman-¢inetpu Tomo) HagaroTh
LIBHKI 1 IPO30pi pillIeHHs JUIs NPOCTHX 3aBJlaHb, aJie To-
CTYMAIOThCS Y CKIAJHOCTI Ta MacitaboBaHOCTi. [ rOOKi
HeliporHi Mepexi (Hanpukian, CNN, tparchopmepu ViT)
MOXYTh HaBYATHCS CKJIaJIHUM O3HaKaM 0e3 pyJHOro KOHC-
TPYIOBaHHS, ajie TOTPEOYIOTh BEIMKHUX OOUHCITIOBAIBHIIX
pecypciB 1 manux. ['iOpuaHi miaxoan HAMararThCs TOE-
HATH CHJIbHI CTOPOHH 000X: HaNpuKiIaz, cascaded apxiTek-
TypH, JI¢ 3TOPTKOBI MEPEXKi MOEIHYIOTECS 3 TpaHCHOpMe-
paMu, JO3BOJISIIOTH OJHOYACHO 3aXOILTIOBATH JIOKAJIbHI
nerani Ta riaobanbHi 3anexHocTi [6].

[HIIMM TPUKIIAIOM € BUKOPUCTAHHS IMipaMifaibHUX
Mmepex (Feature Pyramid Network) mis 6araromacira®-
Horo aHanizy. FPN-ctpykTypa no3Bosisie Bu3HauaTH 00’ €K-
TH PI3HUX PO3MipiB, MOOYAYBaBLIM TOM-JAyH IipaMimy
o3nak Beepeauni CNN [7].

MynbTUMOaJIBHI CHCTEMH HOETHYIOTh ONTHYHI 30-
OpakeHH 3 JTaHUMHU IHIIHX ceHcopiB. Hampukiman, momiesi
KamepH (event-kamepH) pa3oM 31 3BHYAHUMH Kaapamu
3a0e3MeuyroTh AyKEe BHCOKY THMYAcOBY PO3JUIbHY 371aT-
HICTh (YaCTOTY OHOBJICHHS), BUCOKY TUHAMIYHY YYTJIH-
BICTb 1 BIZICYTHICTh pO3MHUTTs pyXy [8]. Baratopisuese (ka-
CKajiHe) 0OpOOJICHHS YacTO BKIIFOYA€E YaCOBI KOMIIOHCHTH:
HAINpHKJIAJ, y BiJI€OaHATITUI BUKOPHCTOBYIOTh PEKypEeH-
tHi Mepexi (LSTM/GRU) pazom 3i 3ropTKOBHMH AJist
BpaxyBaHHs TIOCIIIOBHOCTEH KajpiB. 3arajom, riopuaHi
MiIX0AN MOXKYTh BKJIIOYaTH: KiacudHi Tpekepu (Kalman-
¢ineTp, Lucas—Kanade onTmyHmWiA MOTIK, KOB3HI BIKHA)
pazom i3 CNN-merexkTopamu, KacKaJHI apXiTeKTypH
CUIBUJKUHA JIETEKTOp + TOYHMH JAETEKTOp» (HAIpHKiIam,
mBuakui YOLO mmroc noBinsHui Faster R-CNN), a Tta-
KOk OaratopiBHeBi OaraToma0iaoHHI Moeni, mo 30epira-
10Th Pi3Hi piBHI abcTpakiii 300paxenHs [6, 9].

VY po6ori [10] asst 3a1a49 TpeKiHTy MIIOXOiB ABTOPH
MOEIHANIM KJIACUYHHUN aJTOPUTM ONTHYHOTO MOTOKY 3 ap-
XITEKTYpOIO INTUOMHHOI Mepexi. 3aBIsSKU IbOMY BHIIIOB
JOOpHii KOMITIPOMIC Mi>K TOYHICTIO Ta NIBHKICTIO: MOJIEITb
nokazana MOTA = 0.608 (mpotu 0.549 y uncro DL-cuc-
TEMH) Ta CKOpOTWIa 4ac 00poOKy npubiIM3HO BiBivi. Bu-
COKY e()eKTHUBHICTb JIOCSTAIOTh 32 PaXyHOK TOTO, IO MOTIiK
00pOOIISETECS. TPOCTUM ANTOPUTMOM y MicIIsIX, Jie HOro
pe3yNbTATIB I0OCTaTHBO, a TIINO0KA MEpeXa 3aryCKaeThbes
pinmre. Takum 9MHOM, 3aTpaTH OOUUCIICHB CYTTEBO 3HIKY-
I0ThCS, @ TOYHICTh 3aJIMIIAETHCS Maike Ha PiBHI Haillkpa-
IIUX HEHPOMEPEKHUX PIllICHb.

AATOpUTM TiOPHUIHOTO TPEKIHTY 00’ €KTIB 3 MOAIIMU
BHKOPHCTOBY€E KaJpH 3BHYAITHOT KaMepu Ta JaHi MOMii 3
natanka DAVIS [8]. Cucrema crioyatky Bu3Ha4ae 06’ €KT
Ha 300pa)keHHI, a MOTIM BUKOPUCTOBYE TOIHHI MacKH JIst
BIJICTeKEHHS MK KaapamH. 3a paxyHOK HoiifHo1 iHdop-
Maii JocaraeTbesl Ha3BMYaiHO BUCOKA YaCTOTa TPEKIHTY
1o 500 Hz npwu 3Buuaiinux 24 FPS Ha Bxoni. Takwuii minxin
BUKOPHCTOBYE IepeBari 000X THIIIB JaTYHUKIB: PyX 3a KaJl-
poM 00pobIsieThes oaisiMu (0e3 PO3MUTTS), IO JO3BOJISE
JTy’Ke MIBUJIKO pearyBaT Ha TUHAMIYHI 3MiHU.

Cucrema GararoknacoBoro Tpekinry [11], mo po3mm-
proe mpoctuit anroput™m SORT xoMmOiHyBaHHAM KIaCHIHOT
cxemn Kalman+Hungarian i3 rimmOoKkuMH METPUKaMH TO-
niorocTi, otpumannMu gepe3 CNN. Bona HaBuae 30BHI-
IIHI O3HaKW (appearance) /Ui NMPU3HAYCHHS TPEKiB, IO
CYTTEBO 3MEHILYE «3aMiHH 1JEeHTUYHOCTI» 00 €KTIB Y Tpeli
— Ha 45% wMeHmre, HiX 0e3 TJIHOOKOroO KOMITOHEHTA.
DeepSORT mobpe nokasye cede B pealbHOMY Yaci 3 BUCO-
kumu FPS, ockigbky Oinbllia YaCTHHA Ba)KKOTO HaBYAHHS
BinOyBaeThcsl odiaiiH, a OHJIAWH-aJITOPUTM — BiIHOCHO
JIETKUil.

lOpunai minxomwm i pimeHHsS 00’€THYIOTH CHIIBHI
CTOPOHH KJIACHYHHUX AITOPUTMIB 1 TIHOOKMX MEpexk, II0
Jla€ HU3KY IlepeBar, ajie BOJHOYAC HakJagae cBOI oOMe-
JKECHHS.

OpHi€T0 3 TONOBHUX ITepeBar TiOpUIHUX PIllICHb € BU-
COKa TOYHICTB, SIKOT BAAETHCS TOCSTTH 3aBASKA BHKOPHUC-
TaHHIO TTMOOKUX HelpoHHMX Mepex. LI mMoneni 3xaTHi
BUBYATH ¥ PO3IMI3HABATU CKJIAJHI O3HAKH, II0 POOHTH IX
Ha/I3BHYAHO ceKTUBHUMU I 3a1a4 Kiacudikaiii, cer-
MEHTalli1 4K BifcTexeHHs 00’ ekTiB. BogHouac, 11100 3MeH-
IIATH OOYHCIIOBAGHI BUTPATH, TIOPUAHI MiAXOIN YaCTO
MOEIHYIOTH JIETKI KJIACHYHI eTaly IONepeaHbp01 00pOOKH 3
MEHII YaCTHM 3aIlyCKOM OOUYHCIIOBAIBHO BaXKKUX MEPEXK.
e mo3BoIIsIE OCATTH OOPOOKH BiIeo B peambHOMY Jaci 0e3
3HAYHOI BTPATH SKOCTI.

Knacuuni meroan, 30kpema QimpTparlisi, BUIBICHHI
KOHTYPIB YM OIlIHKa ONTHYHOTO MOTOKY, MAlOTh IIE OJHY
Ba)XJIMBY IEpEBary: CTiKICTh 10 OKPEMUX THIIIB IIyMy ab0
HECHPUATIMBUX YMOB, HAIIPUKIIAM, CIa0KOT0 OCBITJCHHS.
Came ToMy TX BUKOPHCTaHHS Y CHCTEMax Ha OCHOBI Ti0Opu-
JIHUX MIIXOIB J03BOJISE HOMOBHUTH CIa0Ki CTOPOHU TJIH-
OouHHUX Mojeineil. Jlo Toro  TiOpHAHI MIAXOMU JIETKO
aANTYIOTHCS 10 PI3HHUX THUIIB ceHcopiB. Hampuknan, no-
enHaHHs 13 TeruioBizopamu RGB-kamep um LiDAR mae
3MOTY 3HAYHO ITiIBUIINTH SIKiCTh POOOTH CUCTEM Y HIYHUX
a00 CKIIaJIHUX MMOTOJHUX YMOBaX.

BrimM, mompu Bci mepeBaru, CHCTEMH 3 TiOpHIHUMUA
MiIX0JaMH CTHUKAIOTBCS 3 HU3KOK CEpPHO3HUX BHKJIHKIB.
OJIHUM 3 OCHOBHUX € MOTpeda rIMOMHHUX KOMIIOHEHTIB y
BEIUKIH KITBKOCTI aHOTOBAHMX JAaHUX IJs1 HaB4yaHHs. Lle
0COOJIMBO aKTyaJbHO JJIsl HOBUX THIIB CEHCOPIB, SIK-OT Ka-
MEpH YM TEIUIOBI30pH, Ui SIKMX ITyOJNIYHO JNOCTYITHHX
JIATaCceTiB JOCUTh MaJIO. Y TaKUX YMOBAX CUCTEMU MOXYTb
MIOTaHO y3arajbHIOBATH HOBI 00’€KTH ab0 CLIeHH, 10 NpH-
3BOJIUTH /10 TIOMHJIOK.

[Ile ofHMM BaKJIMBUM BUKJIMKOM € CKJIAIHICTB iHTET-
pauii. O0’eHaHHS PI3HUX AJITOPUTMIB MOTPEOY€E TOHKOTO
HaJIalITYBaHHS BEJIMKOI KIJIBKOCTI TinepIapaMeTpis: Iopo-
TiB, Bar, YaCTOTH OHOBJICHHSI KOMITOHEHTIB ToIo. Lle cyT-
TEBO YCKIJIJHIOE PO3POOKY, TECTYBaHHSI Ta MiATPUMKY CH-
CTEMH, 0COOJIMBO B YMOBAX, JIe MOTpiOHa cTabinbHa poboTa
B peaJbHOMY Haci.

He MeHI BaXIMBOIO € i TpobiieMa 00YMCITIOBATLHOT
ckiagHocTi. HaBiTh SKIIO KIACH4YHI METOAU € JIETKUMH,
TTTHOWHHI MOJIeNi 3 IeCSITKaMH MUTBHOHIB ITapaMeTpiB MMOT-
peOyIOTh NOTY)KHUX O0YHCITIOBANILHUX pecypciB. Y Buma-
Kax, KOJI CHCTEMa Mae€ IpaIfoBaTH Ha BOynoBaHOMY abo
eHeprooOMeKeHOMy 00JIaJIHaHHI, JOBOJHUTHCS CIIPOIILY-
BaTH apXiTEKTypy, 110 4YacTo BeAE 10 KOMIPOMICY MiX
TOYHICTIO Ta IIBUJKICTIO.
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OcoOMMBOCTI AESIKUX CEHCOPIB TAKOXK MOXYTh CTBO-
proBaTH TpyaHOWi. Hanmpukian, moxieBi kamepu He ¢ikcy-
I0Th a0COJIIOTHY SICKPaBICTh CLIEHH, IO YCKIAJHIOE KJIACH-
¢ikarito abo BigcrexeHHs 00’ ekTiB. KpiM Toro, cucremu 3
riOpUAHUMH TOX0JaMU MOKYTh CTaBaTH BPA3JIMBUMH JIO
MapasuTHUX SBUII — CIIaJlaXiB cBiTJIa abo 3MiH Qopmu
00’€eKTIB, sIKi HEe OyJIM IIPEACTaBICHI Y HABYAJIbHUX JIaHHX.

3arasom, po3poOka epeKTUBHOI 'OPUIHOT CUCTEMH €
3aBXKIM MHUCTENTBOM OanaHcy. JlojaBaHHS IIBHJIKOL
nornepetHpoi 00poOKHM, Takol sIK ONTHYHUH MOTIK, MOXeE
MPUIIBUAMIATH POOOTY, aje Aeno 3HU3UTH TOUHICTh. AHa-
JIOTIYHO, CIIPOIIEHHS TIMOMHHOI MOJENi I 3MCHIICHHS
00YNCIICHh MOKE IPHU3BECTH [0 BTPATH BaKIMBUX J€Ta-
neil. ToMy HanmamTyBaHHS TaKHX CHCTEM YacTO 3[iICHIO-
€THCS EMIIIPUYHO, 3 YPaxXyBaHHAM KOHKPETHOTO 3aBJaHHS
Ta arapaTHUX OOMEKECHb.

Merta Ta 3aaaui 10CiTKeHHS.

Mertol0 AaHOTO NTOCHIPKEHHS € BJOCKOHAJICHHS Ti0-
PHUIHOTO MiAXOAY 0 IHTEJICKTYaIbHOTO aHai3y ONTHYHUX
300pakeHb, M0 3a0e3rleyye TOYHE pO3MMi3HABAHHS Ta
cTablibHe BIACTE)KEHHS 00’€KTIB (30KpeMa OO0JNYb) Yy
BiJICOTIOTOIl B PEKUMI PEaJbHOTO Yacy MpH OOMEKCHHX
00YNCITIOBAIBHUX pecypcax. 3arnporoHOBaHUH MiXix Mae
MIO€THYBATH TepeBark IIMOOKUX HEHPOHHHUX MEpex (BH-
COKa TOYHICTP 1 3[JaTHICTh O y3arajdbHEHH:) i3 JIETKIiCTIO
Ta MIBAIKOIIEI0 KIIACHYHUX TPEKiHT-aITOPUTMIB, 3a0e31e-
YYIOYH aJallTallifo 10 3MiH CepeOBHUINa, 3MiHH PaKypCiB,
YaCTKOBOTO MEPEKPHUTTS 1 ANHAMIYHUX CLICH.

st nocarHeHHs niel MeTn 0ysu copMyIbOBaHi Taki
OCHOBHI 3a/1a4i TOCIIiJPKEHHSI:

1) BIOCKOHAINTH CUCTEMY aHaIi3y BileOMOTOKY i3 3a-
CTOCYBaHHSM TiOpHIHOTO MiJXOIY, IO JO3BOJIUTH BHKO-
PUCTOBYBAaTH pO3Ii3HABAHHS JIAIIEC IPHU IMOSBI HOBHX
00’eKTiB 200 BTpATi TPEKiB, TOJI SIK OCHOBHE BiJICTE)KCHHS
BUKOHYBaTHMETHCS KIIACHYHUM TPEKEPOM;

2) pealizyBaTi MOJIEITb CHCTEMH, 1110 00pOOIIsIEe Bifleo-
MOTIK, BAKOHYE PO3IMi3HABAHHS 00JINYb, ACOIIIO€ BOYIOBY-
BaHHA 3 |D-Tpexamu Ta 30epirae iHpopMaIito po 00’ €KTH.

I'iOpuanuii nigxig a0 po3mizHaBaHHSI Ta Bigcre-
JKeHHs 00JIM4b. 3arIpOIIOHOBAHUIT MiIXia 0a3yeThCs Ha iH-
Terpauii Cy4acHUX TEXHOJIOTIH TIMOOKOro HaBYaHHS JJIst
Ppo3Mi3HaBaHHs O0JINYb 3 KIACHYHUMHU aJITOPUTMAMH Tpe-
KIHTY JUisi BIIICTEXKEHHs, sIKI peai3oBaHi 3a J0MOMOTO0
MoBH niporpamysannst Python [12]. Takwuit ri6pumsuii mi-
X1J1 TO3BOJISIE MiHIMI3YBaTH OOYHCITIOBAIGHI BUTPATH IIUIS-
XOM PpO3JUICHHS 331a4i Ha JIBa OCHOBHHMX KOMIIOHEHTH:
ineHTHdIKani0 06’ eKkTa (00IMYYs), SIKa BUKOHYETHCS T1epi-
0oMYHO a00 32 HEOOXiTHOCTI, Ta BiJCTEKEHHS BXKE PO3IIi-
3HAHOT0 00’€KTa y BIJICOTOTOIIl 32 JOIOMOTOIO IIBUIKUX
KJIACUYHUX TPEKEPiB.

VY sxocTi MexaHi3My pO3Mi3HaBaHHSI BUKOPHCTOBY-
eThcsl TMOOKa HelpoHHa Mepeka FaceNet, sika reHepye
BEKTOPHI Ipe/CTaBIeHHS 00JINYb, a caMe BOYIOBYBaHHS.
Mepexa mepeTBOpoe€ 300pakeHHs OOJIHYYsl y TPOCTIp
O3HaK, /A€ ONM3bKi 3a Bi3yalbHUMH XapaKTePHUCTUKAMHU
00nMyds MaroTh OnM3bKi BOYIOBYBaHHS, IO JO3BOJISE
3aCTOCOBYBATH €BKJIIIOBY 200 KOCHHYCHY METPHKY JUIs 3i-
CTaBJIEHHS 00JIMYb 3 0a3010 BXKE BIJJOMHX IPEJICTABICHb.
Ile 3abe3neuye BUCOKY TOUYHICTH ineHTHQIKaLii HaBITh Yy
CKJIaJIHUX YMOBAX, & CaMe IPH 3MiHi OCBITJICHHS, paKypcy
YM HAassBHOCT] YaCTKOBOTO TIEPEKPHTTSL.

Juis TpekiHry oOnW4bh MK KagpaMH BHUKOPHCTOBY-
€ThCA KIIACHIHUIN aJlTOPUTM BiJICTEKEHHS 00 €KTIB, a came
CSRT (Channel and Spatial Reliability Tracking). Biu 6a-
3YETBCS Ha KOPEAMIHHNX (iabTpax, siKi ePeKTHBHO OHOB-
JIFOIOTh MOJIENb 00’ €KTa npu KoskHoMy kanpi. CSRT mobpe
CIPAaBJISIETHCS 31 3MIHOKO MacIITa0y, (HOHOBUMH IMEPEIIKO-
JlaM{ Ta YaCTKOBMM NepeKpHUTTsAM. HaliOinpmio nepesa-
roto CSRT € mBuIKois: Ha Cy4acHHX CepeloBHINAX 00-
poOKHM Bizieo BiH 37aTeH BIACTEKYBATH Kilbka 00’€KTIB 13
yacToTOl0 nMoHasa 30 KaapiB 3a CEKYHY.

lNOpugHa migxig OpaIroe 3a TAKUM IPUHITAIIOM: TIPH
MMOYaTKOBOMY BHSBIICHHI OOMHYYA y KaApi 3aIyCKaeThCs
mpoliec po3mi3HaBaHHA yepe3 moxensb FaceNet. CtBopio-
€ThcA yHIKanbHUH [D-Tpek o6mudadst 3 puB’I3K010 10 HoTo
BOynoByBauHsA. [licna nporo aktuByetbesi Tpekep CSRT,
KU Befe 00’€KT MPOTATOM HACTYIHHX KaapiB Oe3 mo-
TpeOu y MOBTOPHOMY pO3IMi3HaBaHHI. SIKIIo Tpekep BTpa-
4yae 00’eKT (HANpHUKIAI, Yepe3 BUXIJ 32 MEXi Kaupy abo
CHIIbHE TIEPEKPHUTTS), IHILIIOETHCS MOBTOPHE pO3ITi3Ha-
BaHHs yepe3 MOsIBy HOBOTo 00’eKkTa, abo MpH IMOBEPHEHHI
BXKE B1JIOMOTO.

JonatkoBo peani3oBaHO MEXaHi3M acorliamii TpeKiB:
MIPH TIOSIBI HOBOTO OOJIMYYSI CHCTEMa IMOPIBHIOE BOYIOBY-
BaHHS 3 HAasABHUMH y 0a3i, 1 SKIIO 3HAXOAWTH IMOIMIOHUH,
acoritoe 00’ekT 3 icayrounM ID. Ilei mpomec 300paxkeHO

Ha puc. 1.

=
|

| [

| 1:update_trackers_thread |

DeepFace_custom

1.1:calculate_overlap_percentage
1.2 verify_face_name
1.2.1:t0_embedding |
1.2.2:veriby_by_embeddins

add_new user

Puc. 1. JliarpaMa mociiToBHOCTI IPOLIECY OHOBJICHHS Ta
Bepudikarii Tpekepis

MexaHi3M acomiamii TpeKiB 103BOJISIE YHUKHYTH 1y0-
JIFOBaHHS 0COOMCTOCTEH y TpEeKiHry Ta 30epiraTv IiJIicHy
icTopito mepemimenns. [y 30epiranHs BOYIOBYBaHb i
TPEeKiB BUKOPHCTOBYEThCS in-Memory (BHyTpiwHs) 6a3a,
1110 JO3BOJISIE IIBHIKO 3BEPTATUCSA 10 03HAK OOJIHYb.

TakuM dYMHOM, IHTENEKTyalbHUH aHali3 3MiHCHIO-
€ThCA JINIIE B KPUTHIHI MOMEHTH, a TOYHIIIE PH IepIii
mosiBi 06’ €xTa ab0 BTpaTi TpeKy. Ase OUIBITY YaCTHHY Yacy
CHCTEMa IPAIOE B PeXKUMI IIBUAKOTO TpeKiHry. L{e mo3Bo-
JISi€ TOCATTH OOpOOKH BiJIEONIOTOKY B peaIbHOMY Haci, 3HH-
JKYIOUM HaBaHTa)KeHHS Ha 00YMCIIOBaJIbHI pecypcH, 30epi-
rafo4yy IpH LOMY BHCOKY TOYHICTb Ta CTIHKICTb 10 3MiH
cepeloBHILA.
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Ha puc. 2 npeacraBieHO MOKPOKOBHI MPOIIEC PO3ITi-
3HaBaHHS Ta BIICTeXXEHHS OONMWYb y Bimeomoromi. Bix
MMOYUHAETHCS 3 HATaHHA BXiTHOTO Kalpy, MPOJOBXKYETHCS
BHSBJICHHSM OOJIMYb, IX PO3MI3HABAHHSAM 32 JOTIOMOTOIO
FaceNet, inimianizauniero tpekepa CSRT Ta oHOBIICHHSM Bi-
JICTCIKCHHSL.

Input Frame ‘

: Detect Faces

. Face Recognition
(FaceNet)

Initialize
‘ CSRT Tracker |, .

Assign Identity
(ID)

Update Tracks

e

Puc. 2. ITokpokoBuii mporiec BUSBICHHS Ta BiACTE:KCHHS 00JINYb

BupoBampkenuit TiOpuaHUNA miIXia Jerko MacmTaly-
BaTH: KUTBKICTH OJTHOYACHO BiICTEKYBaHUX OOIHIb OOMe-
XKEHa JIMIIE anapaTHAUMH pecypcaMu. BogHouac cucrema
30epira€ aganTUBHICTH: HANPHUKIAL, MO>KHA 3MiHIOBATH
MTOPOTH JJTsl IOBTOPHOTI'O 3aIyCKy PO3Ii3HABAHHS 00 KOM-
OinyBaTH Kiybka TpekepiB s pisHux ymoB (CSRT, KCF,
MOSSE). V nepcrieKTHBi MOXKIIUBE PO3LIMPEHHS (YHKIII-
OHAaJy, a caMe BH3HAYCHHS E€MOIIii, BiKy, CTaTi, a TaKOK
aHAJIITHKU TPYIOBOT MOBEMIHKMA HAa OCHOBI imeHTH(]iIKOBa-
HUX TPEKiB.

BucHoBkH. Y 1IbOMY IOCTiIKEHHI 0YJI0 PO3TIISTHYTO
Ta peaxi30BaHO TIOPUIHUI MigXiq JO IHTEIeKTyalbHOTO
aHaJIi3y ONTHYHUX 300pakeHb, 30KpeMa JUId 3aaqi po3i-
3HaBaHHSI Ta BiACTeXeHHSI o0nmdb y BimeomoTtori. [loen-
HaHHS METOJiB TIIMOOKOT0 HaBYaHHS 3 KJIACHYHHMH aJro-
pUTMaMH{ KOMIT FOTEPHOTO 30pY J03BOJIMIIO IOCATTH Oana-
HCY MK TOUHICTIO, IPOJYKTHBHICTIO Ta 00YHCITIOBAILHOIO
e(eKTUBHICTIO, 110 € KPUTUYHO BOKIMBUM y CHCTEMax pe-
aJNLHOTO Yacy 3 0OMEXEHUMH pecypcamu.

Po3pobniena cucrema aHamizy BiI€ONOTOKY YCIIITHO
BHKOPHCTOBYE IOTIEPETHE PO3ITi3HABAaHHS O0JINYH 32 JI0TI0-
mororo Moxem FaceNet nuire B MOMEHTH IOSIBU HOBHX
00’€eKTiB a00 BTpATH TPEKIB, a JJIsl OCHOBHOTO TPEKIHTY 3a-
crocoBye knacuunuii anroputm CSRT. Taka cTtpykrypa
CHCTEMH JI03BOJIIE YHUKHYTH HAJIMIPHOTO HaBaHTa)KEHHS
Ha CHCTeMy, 30epirarouu IpH [bOMY BUCOKY TOYHICTh aco-
miarii 00’€KTIB y Kajapax.

I'iOpuaHMii miAxix moka3aB BUCOKY THYYKICTh Ta 3/1a-
THICTB 10 MaciTabyBaHHsA. Floro MoxHa aganTyBatu s
IHIINX TUMIB 00’ €KTiB 400 BUKOPHCTOBYBATH B KOMOiHAIIi1
3 IOJAaTKOBUMH CEHCOpaMH (HaNPHUKIAL, iHppadepBOHUMHU
200 TIOIiEBUMU KaMepaMHu), 0 pO3UIHPIOE chepy 3acTocy-
BaHHS: BiI CHCTEM BiZ€OCIIOCTEPEKEHHS 0 YHPABIiHHA
JMHAMIYHUMH CUCTEMaMHU.

Pasom 3 TuM, iHTerpamis rIMOOKUX MOJIENeH Ta Kiia-
CHUYHHMX QJITOPUTMIB BHMara€ TOHKOTO HaJalITyBaHHsS Ta

peTenbHOTo TecTyBaHHs. CKIIaTHICTh HAIAMTyBaHb, 0OMe-
JKeHa JOCTYIHICTh aHOTOBAaHMX JAaHWX 1 amapaTHi oOMe-
JKCHHSI 3AJTUIIAIOTHCS BIIKPUTHMHU BUKJIMKAMU JJISI TIPAKTH -
YHOTO BIPOBAKCHHS TAKUX PIIICHb.
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INTELLIGENT ANALYSIS OF OPTICAL IMAGES BASED ON A HYBRID APPROACH

The article considers an intelligent approach to real-time analysis of optical images based on a combination of face recognition methods using deep
learning and classical computer vision algorithms for tracking them. A system with hybrid approach is proposed that integrates preliminary face
recognition based on vector features (embeddings) generated by the FaceNet neural network and face tracking using the CSRT (Channel and Spatial
Reliability Tracker) algorithm, which is part of the OpenCV library. The implemented system allows to recognise and automatically identify users in a
video stream from a webcam, store new faces in the database, and effectively track identified faces over subsequent frames. The frame processing
algorithm is implemented in a multi-threaded mode using queues and thread synchronisation mechanisms to ensure stable operation in real time. To
recognise unknown persons, a unique ID is automatically created and their features are added to the common database of emblems. Particular attention
is paid to assessing the spatial overlap of detection zones to avoid duplication of trackers when several people are present in the frame at the same time.
In addition, the system is implemented as a web service based on Flask, which provides convenient integration with other software modules and the
possibility of remote monitoring via a web interface. The proposed hybrid approach combines the accuracy of modern deep learning models with the
flexibility of classical tracking algorithms, making the system suitable for use in security systems, smart offices, educational environments, and other
areas where accurate face identification in dynamic environments is important. In summary, this paper demonstrates the practical implementation of an
intelligent image analysis system that can be adapted to various use cases, including video surveillance, access control, and crowd management systems,
as well as research and educational projects.
Keywords: intelligent image analysis, face recognition, OpenCV, hybrid system, object tracking, computer vision.
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MOPIBHAHHS CYYACHHUX ITPOBUX PYHIIIB 3 BJACHUM S1/IPOM JIJIsI HATUBHOI PO3POBKH
IT'OP HA IIVTAT®OPMI ANDROID

CydacHa irpoBa iHITyCTpis menaii OLIbIIe OpiEHTYEThcs Ha MOOLIBHI IIaTGOPMH, 30KpeMa IMPHCTPoi 3 apxiTekTyporo ARM, ska € noMmiHyl04o00 y
cMmapTdoHax i mianmerax. PO3poOHUKH aKTUBHO aJaNTyIOTh CBOI PYLIii Ta iIHCTPYMEHTH IIi /I L0 apXiTEKTypY, 3BaXKaloun Ha 1i eHeproeeKTHBHICTh Ta
IIMPOKE PO3MOBCIOKEHHS. Y [[bOMY KOHTEKCTi CTBOPSHHS BJIACHOTO irpOBOTO S1pa, sIKe MOXKHA Oe31ocepeIHb0 BCTaHOBUTH Ha Android-npucTpiit 6e3
JIONATKOBUX PYIIiiB, BIIKPHUBA€E HOBI MOXKJIMBOCTI JUISl ONTHMI3allii, IIBUIOrO IPOTOTHITYBAHHS Ta IOBHOI'O KOHTPOJIIO HAJ IPOXYKTUBHICTIO Ha PiBHI
npucTporo. Takuii miaxia 0coOIHBO aKTyanbHUi Ha (QOHI 3POCTAHHS MOMY/SIPHOCTI HE3aIEKHOI PO3POOKH irop Ta HEOOXIAHOCTI JIETKHX pilieHs 6e3
3aiBHX 3QJICKHOCTEH. Y JOCIIDKEHHI Tpe/ICTaBIeHO HOPIBHSIIBHUN aHali3 cydacHux irposux pyurii (Unity, Unreal Engine, Godot, Cocos2d-x, Defold)
Ta BIIACHOTO irpOBOTO sIIpa, OPiIEHTOBAHOT'O HA IPsIME BCTAHOBJICHHS i 3amryck Ha Android-ipuctposix 3 apxitektypoto ARM 6e3 nmpomixkHOro pymist. Y
po6oTi po3rIsIHYTO epeBaru apxitektypu ARM, BKITiouaun eHeproeeKTuBHICTh, MACIITa00BAHICTh 1 LIMPOKY MIATPHMKY B MOOLTBHUX MPUCTPOSIX,
o poOUTh i JOLIIBHOIO IIATGOPMOIO JUIS HATHBHOI Po3pobku irop. OcoOnHBy yBary HpHIIJIEHO TEXHIYHOMY NOPIBHSIHHIO MOXIMBOCTEH PYIIiiB,
BKJIIOYHO 3 Barolo 3aCTOCYHKIB, INBHIKICTIO 3aIlycKy, THy4KicTio API, piBHeM IOCTyIly O CHCTEMHHX PecypciB i IiITPHMKOIO HH3bKOPIBHEBUX MOB.
BusiBiieHo, mo xouya TpamuuidHi pymrii 3abe3mnedyroTh Oaratuii (pyHKIIOHAN i MPOCTOTY PO3POOKH, BOHH OOMEXYIOTh KOHTPOJb HAJ amapaTHOIO
YaCTUHOIO Ta IPU3BOAATH 10 3011bmIeHHs po3Mipy APK. HatomicTs BiacHe sapo, ctBopeHe creniaibao 1t ARM-npucTpois, 3abe3nedye MiHiMaIbHIN
00csr, MUTTEBHH 3aIyCK i MAKCUMAIIBHY TPONYKTUBHICTh 3aBISKH IpsiMOMy gocTyiry no rpadiuaux API (OpenGL ES/Vulkan) i cuctemunx pecypcis
Android. Y po6oTi npoaHani3oBaHO MPUIATHICTE MOB IporpamyBanus Java, Kotlin, C++ ta Rust y konTtekcti po3pobku irop mis Android, okpeciieHo
nepcreKTHBY BUKOpUcTaHHs Vulkan sk BHCOKONpoxykTHBHOTO rpadignoro API, a Takoxk 3po0JieHO BHCHOBKH IOAO JOLIIBHOCTI SIPOLEHTPUIHOTO
IiIXOMY U CTBOPEHHS JIETKOBAarOBUX, ONTUMI30BaHUX MOOLIBHHUX irop i iHCTPyMEHTIB.

Kuarouosi cioBa: irpoBuit pymiit, ARM, Android, Vulkan, Hu3skopiBHeBa po3poOka, Java, C++, Rust, eHeproedexTuBHiCTb, MOOiTbHA
OIITHMI3alis.

Beryn. CyuacHuil pUHOK JE€MOHCTpYE CTiiiKy TeH- 6931 HaykoBYy mpaiio, OUIBLIICTh 3 SIKMX HAJIEXHUTh JI0 ra-
JIEHIIIIO JI0 3pOCTaHHs MOOLIbHOTO cermMenTy, ae Android-  syseit Computer Science, Engineering Ta Mathematics.
npucTpoi 3 apxiTektyporo ARM 3aiimaroTs Jiianpyroui mo- 800
3unii. MoOinbHa raTgopmMa MOCTYNOBO BUTICHSE Tpau-

wiitHi gopmaru, Taki SK NEPCOHAIbHI KOMIT'IOTEPH Ta 700

irpoBi KOHCOJII, 3aBJSIKM IIUPOKIH JOCTYIHOCTI, €Hepro- S

e(eKTUBHOCTI, KOMIIAKTHOCTi, a TaKOX 3PYYHOCTI BUKO- é 600

PHCTaHHS Y MOBCAKICHHOMY JKHTTI. E 500
[IBuaKMiA pO3BUTOK MOOITFHOTO «3aJi3ay, MiATPUM- ?,

Ka CyJacHHX rpaQiunux 6iGmiorek i crabimbue intepmer- & 400

3’€THaHHs POOIATH cMapT(GOHN MOBHOLIHHUMH IrPOBUMHU E 300

miatgopmamu. lle 3yMOBIIOE HEOOXiAHICTH amanTamii
MiAXOIB 10 PO3POOKH irop — Bix BHOOPY 1HCTPYMEHTIB, 200 Pik
MOB TPOTPaMyBaHHSA Ta CEPENOBHUII PO3POOKH 10 apXi- 2010 2012 2014 2016 2018 2020 2022 2024

TEKTypHUX pIIIeHb TPOrpaMHOr0 3a0e3MedYeHHs, M0
MalOTh BPaXxOBYBAaTH OOMEXEHI pecypcu MOOINBHUX MpH-
CTPOIB, €HEPTOCIOKUBAHHS Ta ONTHUMI3AIliI0 MPOIYKTHB-

Puc. 1. KinpkicTh myOITikalii 3 TeMaTHKH iTPOBUX
pymuiiB 3a 2010-2024 pp.

HOCTI.

AHaJi3 ocTaHHIX Aocaimkens i myomaikamii. Kinb-
KiCTh MyOJiKamiil M10/10 3aCTOCYBaHHS IrPOBHX PYILIIiB y
PI3HOMaHITHUX rajly3sXx IOCTiIHHO 3pocTae (puc. 1). AHami3
HayKOBHX Tpalb 3a octanHi 15 pokiB y B/l Scopus BusBuB

Jlinepom 3a kinbkicTio myOmikauwid € CIIA — 1491
pobora, apyry mosunito 3aiiMae Kurait — 702 pobotu, a
TpeTto — Benuka bputanis 3 503 nociimkenHsmu (puc. 2).
TemaTuka irpoBHX pymIiiB 3aJIMIIAE€THCS HEOCTATHBO J10-
CITIKEHOI0 YKPalHCHKUMH HAyKOBIUIMH, SIKi MyONIiKYIOTh
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Puc. 2 KinpkicTs my0omikamiit 3a KpailHaM¥ 3 TEMaTHKH
irpoBux pymiiB 3a 2010-2024 pp.

YV nocmimkeHH] I Bisyauizaiii B3aeMO3B’I3KiB MiK
MOHATTAM «ITPOBWH pYyIIiif» Ta IHIINMHA HAayKOBHMHU
KaTeropisiMH  3aCTOCOBaHO IpOrpaMHe 3abe3NeucHHS
VOSviewer. 3a JONOMOTO0 IBOTO IHCTPYMEHTY iICHTH-
(hiKoBaHO I’SATh TEMAaTUYHHUX KJIACTEPIB, MPEACTABICHUX
Ha CXeMi PI3HUMH KOJIbOpaMu (3eJIeHUM, YePBOHUM, CHHIM,
KOBTHM Ta (DioJIeTOBHM), Jie pO3MIp KOKHOTO €JIEMEHTa
BiZloOpakae yacToTy HOro 3rajlyBaHHs B IPOAHATiI30BaHUX
HAYKOBHUX IyOutikailisx (puc. 3).

- '».0.;'“'.".
...-r.ﬂ- e

Puc. 3. HaykoBa 6ibmiorpadis moHATTS «game engine»
(irpoBuit pymriit) 3a nepioz 3 2010 mo 2024 pp.

B mnepmomy kiactepi (3el€eHOMY) JOCIiKEHHS
(OKyCyIOTECS Ha IMTaHHSX, TIOB’SI3aHUX 3 BAKOPUCTAHHAM
IrpoBUX PYWIIB JUIS CTBOPEHHS BipTYyalbHOI PeabHOCTI
(VR), momoueHoi peanbHOcTi (AR) Ta TpuBuMipHOi (3D)
rpadiku. Temu BKIIOYAIOTH PEHIECPHHI, TEKCTYpyBaHHS,
MO/IEITIFOBaHHSI, Bi3yalizalliro JaHux, inrepdeiicn kopucry-
Baya Juisi VR/AR, a Takox 3acTOCYBaHHS irpOBHX PYILIIiB y
pI3HUX Tady3dX, TaKUX SK apxiTeKTypa, MEIWINHA Ta
ocgira [1].

Hpyruit 3a po3MipoM Mo YHCIy 3ragyBaHb KiIacTep
(uepBoHMIT) 06’ eTHYe MyOTiKAaLIii, 0 JOCTIIKYIOTh 3aCTO-
CyBaHHS LITYYHOTO IHTEJIEKTY Ta MallMHHOTO HaBYaHHS B
KOHTEKCTI irpoBuX pymriiB. OCHOBHI TeMH BKJIIOYAIOTh
PO3pOOKY IHTEIEKTyalbHUX areHTiB, NMPUHHSTTS PillleHb,
KOMII'FOTEPHUH 3ip A IrpOBUX IIUICH, HABYAHHS 3 Mif-

KpiTuteHHsIM, 00poOKy MPHPOIHOI MOBH UII B3a€EMOJII 3
rpaBem [2].

Hactynra cykynHicTe pmociimkeHb (¢ioneToBuit
KJjactep) o0’eqHye poOOTH, IO BUBYAIOTH KOMII IOTEpPHIi
irpd SK O0’€KT MOCHIMKCHHSA Ta SK IHCTPYMEHT JUIs
BUBYCHHS JTIOCEKO-KoMIT 10TepHOi B3aemomii (HCI). Kitro-
YOBI TEMU BKJIIOYAIOTh IHTEPAKTUBHY KOMIT I0T€pHY rpadi-
Ky, irpoBuii 1ocBij, reiiMidikariro HaB4aIbHOTO TPOLECY,
cepiio3Hi irpu, aHami3 irpoBHX JaHHX, a TaKOXK BHKOpPHC-
TaHHS ITPOBUX PYILIIB AJsl CTBOPEHHS MPOTOTHIIB Ta €KC-
nepumenTiB B HCI [3, 4].

HocmimkeHHs,, TOB’SM3aHI 3 PpPO3POOKOI0  IrpOBHX
PYUIiiB Ta IHCTPYMEHTIB ISl CTBOPEHHS irop 3rpyIOBaHi B
CHHIN KiacTep. ABTOPH TOCTIKYIOTh apXiTeKTypy irpo-
BUX PyIIiiB, pO3pOOKy IUIATiHIB Ta pPO3MHUPEHB, IHCTPY-
MEHTH I MOZCTIOBaHHSI Ta aHIMalii, THTaHHS NPOAYK-
THUBHOCTI Ta ONTUMI3alii, KpocIiaTpopMHy Ta HaTHBHY
PO3pO0KY, TECTYBaHHs, OCOOIHBOCTI irop HA MOOUIBHHX
NPUCTPOSIX, @ TAKOXK BUKOPHCTAHHS PI3HUX HPOIPaMHHUX
napajurM y po3pooiii irop [5, 6].

Knactep nmozHaueHuii )KOBTUM KOJILOPOM pPENpe3eH-
Tye MyOITiKalii, MPUCBSYCH] aHAIi3y JIFOJICHKOTO (aKTOpy
Yy B3a€MOJII 3 IrPOBHMH TEXHOJIOTISIMH, 30KpeMa y cdepi
MEIHIIUHHA, TICUXOJIOTIi Ta peabimitarnii. JocmimkeHHs To-
Ka3yIOTh, SIK ITPOBI pYIIil BAKOPHCTOBYIOTHCS Y CTBOPEHHI
iHTepQeiciB A1 MAIEATIB, CAMYIISTOPIB TEPAICBTHIHOTO
XapakTepy, a TAKOX Y KIIHIYHUX EKCHEepUMEHTaX ILOO
BIUIMBY TeiMidikaliii Ha MOTHBaIil0 Ta C€PEKTHBHICTh
nikyBauHs [7].

AHaJti3 eBOJIIOIT HAYKOBHX TOCTIIKEHb, TIOB SI3aHIX
3 IPOBUMH PYIIISIMH Ta CYMDKHUMH TeMaMH 3a OCTaHHi 15
pokiB 3a gomomoror VOSviewer (puc. 4) 103BOJIHB 3pO-
OWTH Taki BUCHOBKH:

1. 36epiraeTbes iHTEpEC A0 KIFOYOBUX TEM: ITPOBHI
py1Iii, KoMIT'foTepHa rpadika, BipTyajdbHa peaibHICTh Ta
JIFOJICEKO-KOMIT FOTEpHA B3aEMOIIsL.

2. JlocmimKeHHS 3acCTOCYBaHHS IIPOBHX PYIIiiB
PO3IIUPIOIOTECS 32 MEXI pO3Bar y pi3HOMaHITHI Traimysi:
OCBITY, OXOPOHY 3JIOPOB’s, apXiTEKTYpY, COIliallbHi HAYKH.

3. 3mimaeTbes POKyc TOCTIHKSHD Ha HOBI TEXHOJIOT1T
Taki SIK INTYYHUH IHTENEeKT, BipTyalbHa Ta JOIOBHEHA
peabHICTb.

Puc. 4. Bizyanizaniiina cxema KOHTEKCTYaJIbHO-4aCOBOTO
BUMIpPY JOCIIUKEHb 3 IMTaHb irpoBHX pymiiB 3a 2010-2024 pp.
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4. Pyx BiI KOMIT'IOTEpHOI Tpadiku, pEHIEPUHTY,
MOJICITIOBAaHHS Ta 0230BUX IHCTPYMEHTIB PO3POOKH irop 10
IMEPCUBHIX TEXHOJOTIH.

5. JlocmipKeHHST B Tairy3i JIFOJCHKO-KOMIT FOTEPHOL
B3aeMOJIii, TOB’s13aHi 3 irpaMu, €BOJIOIIOHYIOTH BiJ 3a-
raJbHUX TPUHIIMIIB J0 OUThII crienuiyHUX acCTeKTIB ir-
POBOTO JI0CBiTy, MOTHBALIIl IPABIiB Ta BUKOPHCTAHHS irop
Ut nociimpkens y camiii HCILL

6. ®okyc nocnipKeHb B Taily3l po3poOKH irop 3mi-
LIYEThCS Ha OUTBIN CKJIAJHI acleKTH, Taki SIK CTBOPEHHS
PO3IIMPIOBAHNX apXITEKTyp IirpoBHX pYIIiiB, po3poOka
CIIeTiaji30BaHuX 1HCTPYMEHTIB, ONTUMI3allisl TPOTyKTHB-
HOCTI JJIsl HOBHX IUIATGOPM Ta BHKOPHCTAHHSA CY4aCHUX
HapajurM nporpaMmyBaHHs.

MeTo0 HBLOI0 AOCTIAKEHHA € TEXHIYHWHM aHaii3
IOUUTBHOCTI PO3POOKH BIIACHOTO IrpoBOrO sApa IUist
ARM-npucTpoiB y NOpIBHAHHI 3 TPaJULIHHIMHU IrPOBUMHU
pyuisiMi. Y poOOTi TakoX pO3ISNAIOTECS IepeBart
HATUBHOI pO3pOOKH, IOTEHIia] BUKOPHCTaHHS HU3bKOPIB-
HEBHX MOB ITPOTPaMyBaHHsI Ta MEPCIIEKTHBH 3aCTOCYBaHHS
BHCOKOMPOAYKTHBHUX rpadiunmx API, takux sk Vulkan,
OpenGL ES.

Bukiaag ocHOBHOro Martepiaiy. Y KOHTEKCTi CTPiM-
KO1 MOOii3arii 00YHCIIOBAIEHUX ITAT(GOPM apXiTeKTypa
ARM 1m0cTymOBO BHWTICHAE TpamuIiiiHi X86-pilieHHI Yy

Tabmuus 1 — IopiBHAHHS

chepi irpoBoi po3poOKK 3aBASIKH €HEProe(eKTUBHOCTI,
MaJTii TUTOIi KpUCTaa Ta IMIUPOKIH iHTeTpamii B MOOUThHI
npuctpoi. [lopiBHsmsHMA aHai3 X86, ARM Ta HOBOT X865
JEMOHCTPY€E IEPCIIeKTHBHICTD BIACHUX IMPOBHX siIep, OIl-
TUMi30BaHuX Oe3nocepenHpo mix ARM, sk anbTepHaTHBY
YHIBepCalbHUM, ale BaXXKUM pyism (tabun. 1) [8, 9, 10].

BopHowac, BapTo 3a3HayMTH, 10 PO3POOKA apXiTEK-
Typu x86S Oyina mpumnuHeHa yepe3 Opak (iHaHCYBaHHS
[11], wo e pa3 MiAKPECITIOE BPA3NUBICTh TPAIMIIHHIX
JIECKTOII-OPIEHTOBAHUX MIAXOMAIB /10 JOBIOTPUBAJIOI MO-
OUIBHOT onrTHMI3aLii.

Y KOHTEKCTi 3pOCTal04yoro MOMUTY Ha MOOIUTBHI irpu
Ta mepexoxy oduncIroBanpHNX IaTGopm Ha ARM-apxi-
TEKTypy aKTyaJbHUM CTa€ MOPIBHAHHA TPAIULIiHHUX iTpo-
BHUX pYIIiiB i3 KaCTOMHHIMH HHU3BKOPIBHEBUMH SIPaMHU.
Taxi pymii, sk Unity, Unreal Engine, Godot, Defold Ta
Cocos2d-x, 3abe3nedyroTh BHCOKY THYYKIiCTBH i Oarato-
(bYHKIIOHAJBHICTD, TPOTE MAIOTh 3HAYHI OOMEKEHHS: Be-
JMKY Bary 3aCTOCYHKIB, 3aJIS)KHICTb BiJi (peiiMBOpKIB, a
TaKOX MOPIBHSIHO HU3bKUHA PiBEHb KOHTPOJIO HAJ arnapar-
HUME pecypcamu (Tabu. 2) [12,13, 14, 15, 16].

HaToMicTs BiIacHOpYY po3poOiieHe irpoBe sapo, sKe
BCTaHOBIIOETHCS Oe3mocepenaso Ha Android-mipucTpiit 6e3
HPOMDKHOTO pYILisi, AEMOHCTPY€E HAJ3BUYAHO Mally Bary,
MHTTEBHH 3aIlyCK Ta MOBHY KEPOBAHICTH JIOTIKOIO TIPH i

apxiTeKTyp MpoIecopiB

XapakTepucTHKa x86 ARM x86S (x86 Simplified)

[MoxomKeHHs Intel (3 1978 p.) Acorn/ARM Ltd (3 1983 p.) Intel (2023 p.)

LinpoBe cepemoBuie IIK, cepsepu Mob6insHi mpuctpoi, loT CyuacHi [1K, cnpomieHHs s
x86

EneproedexTnBHicTh Husbka Bucoka Kpama 3a x86, ane Huxua 3a
ARM

KommnekcHicTh iHCTPyKILiit CISC RISC CISC (31 cipoIieHHsIMN)

3BOPOTHA CYMIiCHICTB Bucoxka (ax mo 16-6it DOS) OobmexeHa Hewmae 3 16/32-6iT, nmue 64-

OiT miaTpUMKa

[Minrpumka OC Windows, Linux Android, Linux, iOS Windows 11+, Linux
[IpomyKTUBHICTH HA BATT Huzbka Bucoxka Cepenns
Ipunartnicts a1 Android Tlotpebye emymsmii HaruHa TeopeTnyHO MOXJIHBA, aje

MIPaKTHYHO — Hi

MacmraboBaHicTb Jobpa st cepBepiB Bix MiKpOKOHTpOJIEPIB 10 OOMexeHa OKH TUTbKH

cepBepiB Houmu CPU Intel

Ta6mmns 2 — [TopiBHSHHS TOJIOBHUX XapaKTEPUCTHK IrPOBHUX PYIIIiiB
XapaxkTepucTika Unity Unreal Engine Godot Defold Cocos2d-x
Jlinensis [IponpierapHa [ponpierapHa Open Source Open Source Open Source
Mosa C#,JS C++/Blueprints GDScript/C# Lua C++
IPOrpaMyBaHHsI
Higrprmka 3D Tak Tax Tax Hi O0OMexeHo
Bara Bemuka (10-40+ Hyxe Benuka (50— | Mana (5-20 MB) Hyxe mana (<5 MB)| Cepenns (5-20
APK/incransropa | MB) 150 Mb) MB)
[IBuaKicTh Cepenns Hwuspka Bucoka Hyxe Bucoka Bucoka
3aIyCKy
Pobota Hampsmy Uepes pymriit Yepes pymriit UYepes pymriit Uepes pymriid Uepes pymriit
Ha Android
[IpoayKTHBHICTB Cepenns Bucoka Bucoka Bucoka Bucoka
HaBuanbHa kpuBa [TomipHa Bucoka Huzbka Huzbka Cepenns
Binkpure API YacTkoBo Tax Tax Tak Tax
KonTposs Han OOMexeHn I YacrkoBuit Bucoxwuit OOMexeHHH Bucoxuit
CHCTEMOIO
Bicnux Hayionanvrnozo mexuiunoeo yHisepcumemy «XI1ly. Cepia: Cucmemnuil
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B3aeMoiero 3 tatdopmoro. lle BimkpuBae HOBI mepc-
NEKTUBH JUISl pO3POOKH JIETKOBArOBHX irop Ta CHCTEMHOTO
mporpamMHoro 3abesmedeHHs Ha ARM, ocobmmBo y cer-
MeHTi low-end pucTpoiB Ta aBTOHOMHUX irpOBUX PillICHB.

[opiBHSIBHUI aHaMi3 TaKOX CBIAYHMTH, IIO XO4a
HaByaJibHa KpHBa Yy pOOOTI 3 TakuM SIPOM € BHILOIO,
OTpUMaHUil piBeHb ONTHMI3allil, MPOIYKTUBHOCTI Ta HE3a-
JISKHOCTI IepeBEPIIY€E KIACHYHI pyLIii y HU3I KIIFOYOBUX
ACIIEKTIB.

AHani3 cydacHHX apxiTeKTyp Ta IrpoBHX pYILiiB
3acBigdye, MO MONPH THYYKICTh, (PYHKIIOHANBHICTH 1
Bi3yalbHI MOXKJIMBOCTI TPAJUIIHHNX PYIIIiB, )KOJICH 3 HAX
HE CTBOPEHMHM 3 YypaxyBaHHSIM IpsIMOI YCTaHOBKHM Ha
ARM-mpuctpoi mig Android 6e3 mocepemHUITBAa pyIIis
abo BipTyaJgpHOTO cepenoBuIna. Bci momymsapHi pymril
3aJIUIIAIOTHCS AECKTOI-OPIEHTOBAHUMH 33 CBOEKO CTPYKTY-
POIO, X04 1 MaloTh MOOLIBHI 30ipKH, OJJHAK MOTPEOYIOTH
CKJIaIHOT aOCTpaKIlii MK iIrPOBOIO JIOTIKOIO Ta IuiaTdop-
Moto. HaTomicTh BiacHe irpoBe sapo, po3poOiieHe crieri-
aNIbHO /115t TpsiMoi po6oTr Ha Android y cepenoBuii ARM,
ycyBae 1i 0ap’epH, NPONOHYIOYM HaA3BHYAHHO BUCOKY
MIPOAYKTUBHICTH, MiHIMAJIIHUI 0OCST 3aCTOCYHKY, MUTTE-
BUI 3aIyCK 1 MOBHUI KOHTPOJIb HaJl aIAPATHOO YaCTHHOIO.
Lle poOuTh HOro MEpPCHEKTHBHUM BapiaHTOM IJIS CTBO-
penss low-level irop, HaBYaNBHUX CHCTEM, IHCTPYMCHTIB
po3pobHuKa abo HaBiTh Mikpo-OC IS iIrpOBUX 3aCTOCYH-
KiB. Y MaiflOyTHbOMY PO3BHTOK TaKHX SIEp MOXE 3aKJIACTH
(GbyHIaMEeHT HOBOI Hillli B irpoBild iHAYCTpIii — SAPOIEHT-
PUYHHX IIaTGOpPM, e PYILIii BKe HE € HEOOXIIHICTIO, a
JIUIIE BapiaHTOM.

Tabmuis 3 UTFOCTPYE MOPIBHIBHINA aHATI3 OCHOBHHUX
KOMIIOHEHTIB MOMyJIpHUX irpoBux pymiiis — Unity, Unreal
Engine, Godot, Defold, Cocos2d-x. ¥ taburi BimoOpa-
KEHO HasBHICTh a00 BIJCYTHICTb KPHUTHYHO BaXKIIMBHX
(YHKIIOHATHHAUX OJIOKIB, TAKHUX K peHISPUHT, (izuka, Ul,
CKPHIITHHT, MIATPUMKA CEHCOPIB, MOXIHUBICTH raps4oro
Nepe3aBaHTAXKEHH TOWIO. TaKoXK OLIHEHO 3arajJbHUH
pO3Mip py1Iis Ta piBeHb JOCTYIY 10 HU3HKOPIBHEBHUX CHC-
TeMHHX pecypciB. Lle 03BojIsle BUSBUTH KIFOYOBI mepe-

Bard MpOIOHOBAHOTO PIillIEHHs, 30KpeMa HOTo MiHIMai3M,
MOJYJBHICTh 1 OPI€HTOBaHICTh Ha MOOITBHY IPOIYKTHB-
HICTH 0€3 BTpaTH KOHTPOIIO HaJ amapaTHUM 3abe3rme-
YEHHSIM.

Java € oQiuiiHO NiATPUMYBAaHOIO MOBOIO IS
Android-po3pobku, sika KOMIUTIOEThCA B OaiT-kox i
BUKOHYEThCSl Ha BipTyanbHii MammHi Android Runtime
(ART) (tabn. 4). 3aBasku moBHiH iHTerpauii 3 Android
Studio Ta mupokiit ekocucTemi 6i0MiOTEK, Java 3amuina-
€THCS 3pYYHOIO Y BUKOPUCTaHHI, OCOOJIMBO Il HOBAYKIB.
Besneka mam’ari B Java peamizoBaHa uepe3 aBTOMAaTHYHE
36upanHas cMitTs (GC), mo MiHIMI3ye BUTOKH, X04a MOKE
CIOPUYMHATH Tay3d TPH BHCOKOMY HaBaHTakeHHI [17].
[IpoxykTHBHICTH Java Aemo HWXKYa MOPIBHSHO 3 HATHB-
HUMH MOBAMH Yepe3 IOJATKOBI HAKJIAAHI BUTPATH BIpTY-
anpHO1 MamuHU [18], OogHAK BOHAa BXOAUTH JO YHCIA
HalieHeproe(ekTUBHIIUX MOB [19].

Kotlin, six cyuacHa anbTepHaTHBa Java, TakoX Impa-
moe Ha ART i € moBHicTio ninTpumyBanoto Google [20].
Bona mae kpalily eproHoMiKy KOJy Ta MOKpaIieHy 0e3mnexy
00poOku null-3Ha4eHp, M0 MPU3BOAUTH JO MEHIIOI KiJb-
KOCTi 300iB y 3aCTOCYHKAaX.

C++ BuxopucroByeTbess uepe3 Android NDK mis
3aj1a4, A€ KPUTHYHI NMPOAYKTHBHICTH 1 TOCTYH A0 ama-
patHoro piBHi. KoJ KoMmimoeTbcs 0e3nocepenHbo s
apxitTektypu ARM, 3a0e3nedyrouyn MakCHMaJbHY IIBHI-
KiCTh BHKOHAHHS, OJHAK CKJIATHICTH PO3POOKH, BiACYT-
HICTh aBTOMAaTHYHOT'O KEPYBAaHHS MaM’SITTIO Ta 3HM)KCHHS
Oe3reku € cyTTeBUMH Hemomikamu [18]. V Toii vac sik Java
i Kotlin 0inblre opieHTOBaHI Ha BUCOKOPIBHEBY PO3pPOOKY,
C++ no3Boisic BAKOPUCTOBYBATH HU3bKOPIBHEBI TpadidHi
API six OpenGL ES un Vulkan 6e3 00roprok, 1o BaJI1Bo
JuIst iIrpoBOT IHAYCTPIi.

Rust, xoua # HOBimm y ekocucreMi Android, me-
MOHCTPY€E BHCOKY MPOIYKTHUBHICTh 1 Oe3lmexy mam’ siTi
3aBJISIKM CHCTEMI 3aIT03UYeHb 1 CTaTHYHIH nepesipi [21].

Horo miaTpuMka B Android akTHBHO 3pocTae, 0THaK
inTerpamnis me morpedye BukopuctaHHs NDK Ta cTBO-
penns OiHpmiHTiB 10 Java. Rust crae ocobmmBo mpuBad-

Tabmus 3 — [opiBHSUIBHUIA aHATI3 OCHOBHUX KOMITIOHEHTIB MOIMYJISPHUX irPOBHUX PYIIiiB

XapaxkTepucTika Unity Unreal Engine

Godot Defold Cocos2d-x

IIpartoe HanpsiMy Ha
Android 6e3 pymrist

He peanizoBano He peanizoBano

He peanizoBano He peaizoBano He peaizoBano

Pennepunr OpenGL Hassne Hassne Hasshe HasiBue HasiBue

ES / Vulkan

Boynosana ¢izuka PeanizoBano PeanizoBano PeanizoBano PearnizoBano PeanizoBano
Bara APK <5 Mb Bincytne Bincytne Bincyrne PeanizoBano Bincythe
Iingrprmka Lua Bincyrae Bincyrae Bincyrtae PearnizoBano PeanizoBano
[ToBHUIT KOHTPOIH Bincythe YacTkoBO PeanizoBaHo Bincyrtne PeanizoBano
HaJl pecypcamu

Brnacha cucrema Bincyrhe PearizoBaHO PearnizoBaHo PeaiizoBaHo PeanizoBaHo
pecypciB

IIpoctuit Ul-moxyns PeaizoBano PearizoBano PeaizoBano PearnizoBano Bincyrae
Boynosana IDE BincyTHe Bincyrne PeastizoBaHO Bincyrue Bincyrne
I'apsiua nepesarpyska | YactkoBo PeanizoBano PeanizoBano PeamnizoBano Bincyrths
Ckpunrouii pymrii C# Blueprints/C++ GDScript Lua C++/Lua
Hoctyn 1o ceHcopis Yepes API Yepes API Yepes API Yepes API Yepes API
Android

Minimym YacTkoBO HacTkoBo HacTkoBO PearizoBano PearnizoBano
3a1eKHOCTEH
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Tabmut 4 — [NopiBHsUIBHUI aHai3 MOB HporpaMyBasHs 11t Android po3poOku

Kpurepiii Java (SDK)

Kotlin (SDK)

C++ (NDK) Rust (NDK)

IponyktuBHicTs Ha ARM | Cepennst (JIT/AOT)

IToxi6ua mo Java

Bucoka (native) Bucoka (native)

IHTerpais TIosua (Android SDK)

ITosua (Android SDK)

Yepes NDK (INI) O6Mexena (uepes

NDK)

Besnexa mam’siTi ABTOMaTHYHO: 30Mpad

Astomarnuno: GC,

Bpyuny: malloc / free | ABromaruuno: borrow

0101i0TEK

cmitts (GC) null safety checker + owership
IIpocroTa po3pobku Bucoxa Hyxe BHCOKa Huseka Cepenns
bi6mioTeku Bararo Barato Bararo 3pocrae (crates.io)

BHCOKODPIBHEBHX + BHCOKOPiBHEBHX, HHU3bKOPIBHEBHX

NDK miATpUMKa Beix Java

EneproedekruBHicTh CepenHs—BUCOKa

CepenHs—BUCOKa

Jyxe BUCcOKka Jyxe BUCOKa

JIMBUM JUTSL KPUTHYHO BaXIJIMBUX KOMIIOHEHTIB, Jie MTOTPi0-
Ha CTaOUTBHICTB, IMBUAKOIS TA CHEPTOOIIAIHICTb.

TakuM 4YHHOM, JUI CTBOPEHHS IIEPIIMX Bepciit
MOOLTBHOTO 3aCTOCYHKY TOLIJTFHO BUKOPUCTOBYBAaTH Java
(abo Kotlin). Li MmoBu 3abe3me4ytoTh MOBHY IHTETPALIIO 3
Android SDK, MatoTh mpocTHil UK PO3pOOKH, aBTOMA-
THYHEe KepyBaHHA mam’ stTio (depe3 GC) i1 moctynm mo
LIMPOKOTO CIEeKTpy Oi0Omiorek Ta iHCTpyMmeHTiB Android
Studio. Le mo3Boutsie 30cepeauTHcs Ha HYHKIIOHATBHOCTI,
JIM3aiiHl Ta cTa0lIbHOCTI 0e3 3HAYHUX BUTPAT Ha HU3BKO-
piBHEBY onTuMi3auio. 3a HOTPeOU MiJBUIICHHS TPOIYK-
THUBHOCTI, OKpeMi KOMITOHEHTH MOHa peasizyBatu Ha C++
(uepe3 Android NDK) abo Rust. Taxwmii minxin 3abe3re-
9UTh CPEKTUBHICTE KPUTUYHUX YacTWH, 30epirarodm oc-
HOBHY JIOTiKy Ha Java a6o Kotlin.

Vulkan ta OpenGL ES — 1ie 1Ba ocHOBHIi rpadiusi
API, sxi BUKOPUCTOBYIOTECSA B po3pobii Android-3acro-
CYHKIB, 30KpeMa B irpoBiil iHgycTpii (Tabm. 5). Vulkan e
Hu3bKkopiBHeBUM API, mo 3a0e3neuye 3HaYHO BUILY MPO-
JYKTUBHICTh 3aBJISIKM €(DEKTUBHOMY 0araTornoTOKOBOMY
pPEHIIepUHTY Ta MiHIMaJIbHOMY HaBaHTakeHHI0O Ha CPU.
Hanpukian, y rpi «The Machines» na Huawei Mate 9 nipu
BukopuctanHi OpenGL ES cnocrepiranocst 6imspko 17
FPS, roni six 3 Vulkan — nonan 35 FPS [22]. HaromicTs
OpenGL ES mae mpocTinry 0IHOMIOTOKOBY apXiTEKTypy,
sKa JIera B peaji3anii, ajle MeHII eeKTUBHA MPU CKJIA/I-
Hux creHax. Homo cymicHocti, OpenGL ES migrpumy-
€ThCS MPAaKTUIHO BciMa Android-mprcTposiMu, BKITFOYAr0-

Ta6umist 5 — [TopiBHSUTEHUI aHANTI3 OCHOBHUX KOMITOHEHTIB
HOMYJSIPHUX ITPOBHX PYLIIiB

yu crapi mozeni. Vulkan xe goctynHuid nume 3 Android 7
(API 24), onHak y)xe miaTpUMy€eThCs ToHa 85% cydacHHX
pUCTPOIB, 0c00muBO 64-0iTHEX 3 Android 10 i Bume [23].

3a eHeprocnoxkuBaHHAM Vulkan Takox Mae
nepeBary: 3aBIsSK{ MOXJIMBOCTI €(EKTHBHO DPO3MOALIATH
HaBaHTAXKECHHS MIX SpaMH IPOIIecopa, BiH 3a0e3nedye 10
15 % exoHoMii eHeprii B cepemrHbOMY, a B OKPEMHX
Bumnaakax — 10 400 % [22]. ITonpwu 11e, po3podka 3 Vulkan
CYTTEBO CKJIa/IHIIlIAa: BOHA BUMarae riimOOKOro po3yMiHHS
apxitektypu GPU, py4yHOro KepyBaHHs pecypcamH Ta
nobymoBu rpadiunoro pipeline. Haromicte OpenGL ES
3aBIIIKA BUIIOMY PIBHIO aOCTpakiii J03BOJIAE INBUIIIC
CTBOPIOBATH HPOTOTHIIM Ta MPOCTIIN TpadivHi TOAATKH.
Vulkan mae mocTym A0 OIMPOKHX MOXKIHBOCTECH OITHMi-
3amii, BKIFOYHO 3 bindless-TekcTypyBaHHSAM, NEeKiTbKOMa
GPU-komasgHIMH dYepramMu Ta TPAacyBaHHSM IPOMEHIB,
IO JIO3BOJISIE CTBOPIOBATH CydYacHy rpadiky 3 BHCOKOIO
npoaykTuBHicTIO, Toai sk OpenGL ES oOmexenmii 6a30-
BUM (DYHKI[IOHAJIOM 1 MOBIJIbHILIMMHE LIUKJIAMH OHOBJICHHSI.

Ha mouatkoBomy etari gonijgpHo oopatu OpenGL ES
3aBJSKH HOT0 TPOCTOTI, IIMPOKIH MiATPUMII Ha OiBLIOCTI
IpPUCTPOIB Ta MIBUAKOMY 3amycky. IIpore mpu macira-
OyBaHHI i mepexoai Ha cy4acHi 64-0itHi Android-npwu-
cTpoi BapTo po3risiHyTH Vulkan — BiH Hajgae 3HAYHO BHIILY
MPOJYKTUBHICTh, Kpallle SHeproCIOKMBAHHS 1 TIHOMIMHA
koHTpOoab Hax GPU. Ile ocobnmBO akTyanbHO IS 3aCTO-
CYHKIB, nie TpadiuHa cknaaHicTh ud FPS € xputudHO Bak-
JIMBHMH.

BucnHoBkmu. Y pe3ynbTarti IpoOBEJEHOTO JOCIHIIIPKEHHS
OyJ10 BCTAaHOBIICHO, 110 CYYacH1 YHiBepcalbHi irpoBi pymIii,
MIOTIPH CBOIO 0araTo() yHKI[IOHAIBHICTh, HE IPH3HAYCH] IS
npsmoi pobotn Ha Android-mpucTposx 6e3 mpOMiXKHOTO
cepenoBuIa. BOHM 3aMIIAIOTHCS TEPEBAKHO JECKTOII-
OpI€HTOBAaHWMHU PIIIEHHSIMH 3 YHCICHHUMH a0CTPaKIisIMHU,
IO 3HWXKYIOTh KOHTPOJIb HaJ amnapaTHUM piBHEM,
30UIBIIYIOTh Bary 3acTOCYHKIB 1 CIIOBUIBHIOIOTH 3aITyCK.
HaBnaku, po3poOka BIacCHOro irpoBOTro siapa 3 IPSIMOIO
iHcTansieto Ha ARM-nipuctpoi 3 Android BinkpuBae HOBI
MOXJIMBOCTI — ITOBHUHM KOHTPOJIb HaJ| pecypcamu, MiHi-
Mi3alis 3aJeXHOCTEeH, BUCOKA NPOJYKTHUBHICTD 1 €HEpro-
e(eKTUBHICTh, 110 0CcOo0JIMBO BaxiauBo i low-end
MIPHUCTPOIB 1 aBTOHOMHUX 3aCTOCYHKIB. [TopiBHSUTEHUIT aHa-
mi3 apxitektyp (x86, ARM, x86S), MOB TIporpaMyBaHHs
(Java, Kotlin, C++, Rust), rpadiuaux API (OpenGL ES,
Vulkan), a rtakox nomyispaux pymiis (Unity, Unreal,
Godot, Defold, Cocos2d-x) noBiB HOIiIBHICTE CTBOPEHHS

Bicnux Hayionanvrnozo mexuiunoeo yHisepcumemy «XI1ly. Cepia: Cucmemnuil

Kpurepiit OpenGL ES Vulkan
IIponykTHBHICTB Hwxya (Bummi Bumia (Hu3bkuit
3aTPUMKH) cpu overhead)
CyMicHICTh Jyxe Bucoka ~85% npuctpois
IPHCTPOIB (Bci Android) (Android 74)
Eneprocnoxusanns | Bume Hmxuae (~15%
(Hee(eKTHBHE) | EKOHOMisl)
CKJIamHICTh Husbka Bucoka
(npoctuii API) | (Hu3BKOpiBHEBA
poboTa)
MoKIHBOCTI OomexeHi Inpoxi
onrtumizanii CTaHAAPTOM (bararosiiepHICTb,
TOIIO)
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JIETKOBaroBUX KaCTOMHHUX pillleHh y KOHTEKCTiI CTPIMKOT
MoOini3amii prHKY. X04a CTBOPEHHS BIACHOTO Spa BUMa-
ra€ MIMOINX TEXHIYHUX 3HAHD 1 Ma€ BUITY HABUAIBbHY KPH-
BY, TAKUH MiAXiJ BUNpAaBIaHUN y BUIAIKAX, 1€ KPUTHIHI
ONTHMI3alisl, po3Mip, MIBUJAKICTH 3allyCKy Ta arapaTrHa
KepoBaHiCTh. TakuMm YMHOM, po3po0Ka BIACHOTO spa JUIs
npssMoi iHctansnii Ha Android He Jsmme € TEXHIYHO
MOXIIBOIO, ajJe M CTpaTeriyHO JOIJIBHOI JUIsl NMEBHUX
HIIll — 1HJi-PO3POOKH, OCBITHIX Irop, EKCIIEPUMEHTAIBHUX
wiaTGopM, CHCTEMHHMX YTHIIT. Y NEPCIEKTHBI TaKUH
MiAXig MOXKe 3aKJacTH OCHOBY Ui HOBOI TeHeparil
«CIOPOICHTPUYHHUX» MOOUTPHUX PYMIiiB, J¢ PYIIid € He
YHiBepcaIbHUM (peHMBOPKOM, a KOMITAKTHHM, BHCOKO-
e(QeKTHBHUM CepeOBHIIEM, MAKCHMaJIbHO alalTOBAHUM
10 TUIaT(OPMHU BUKOHAHHS.
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COMPARISON OF MODERN GAME ENGINES WITH A CUSTOM CORE FOR NATIVE GAME
DEVELOPMENT ON THE ANDROID PLATFORM

The modern game industry is increasingly focused on mobile platforms, particularly devices based on the ARM architecture, which dominates the
smartphone and tablet markets. Developers are actively adapting their engines and tools to this architecture, taking into account its energy efficiency and
widespread adoption. In this context, the development of a custom game core that can be installed directly on an Android device without the need for
additional engines opens new opportunities for optimization, faster prototyping, and full control over device-level performance. This approach is
especially relevant in light of the growing popularity of independent game development and the demand for lightweight solutions without unnecessary
dependencies. This study presents a comparative analysis of modern game engines (Unity, Unreal Engine, Godot, Defold, Cocos2d-x) and a custom-
developed game core designed for direct installation and execution on Android devices with ARM architecture, without relying on any intermediate
engine. The paper examines the advantages of ARM architecture, including energy efficiency, scalability, and broad support in mobile devices, making
it a suitable platform for native game development. Particular attention is paid to the technical comparison of engine capabilities, including application
size, launch speed, API flexibility, access to system resources, and support for low-level languages. It has been revealed that although traditional engines
offer extensive functionality and ease of development, they limit hardware-level control and significantly increase APK size. On the other hand, a custom
core, specifically designed for ARM devices, provides minimal size, instant launch, and maximum performance due to direct access to graphical APIs
(OpenGL ES/Vulkan) and Android system resources. The study also analyzes the suitability of programming languages such as Java, Kotlin, C++, and
Rust for Android game development. It outlines the potential of VVulkan as a high-performance graphics APl and discusses the feasibility of a core-
centered approach for creating lightweight, optimized mobile games and tools.
Keywords: game engine, ARM, Android, Vulkan, low-level development, Java, C++, Rust, energy efficiency, mobile optimization.
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OIIHKA E®@EKTUBHOCTI METOJOJOITi IHOPACTPYKTYPA SIK KOJI» IJIsI CTBOPEHHSA TA
KEPYBAHHSA XMAPHOIO IHOPACTPYKTYPOIO

VY po6oTi npoBeieHO KOMILIEKCHE AOCHIiKEHHs epeKTUBHOCTI 3acTocyBaHHs MeTozonorii «IHdpacTpykrypa sik Komy» (Infrastructure as Code, 1aC) s
CTBOPEHHS, MAaCIITA0yBaHHS Ta yIPaBIiHHI XMapHOIO iHPpacTpykTyporo. Meromomnorist IaC po3riasaaeTsbes Sk 0JHa 3 KIFOYOBHX TEXHOIOTiH I(pPoBOi
TpaHcdopmariii Ta DevOps-miaxony, 1o 3abe3nedye nporpaMHy aBTOMaTH3aLiio iHGPACTPYKTYPHHUX MPOLECIB, 3MEHILYE 3aIEKHICTh Bif JIOJICHKOrO
(haxTopa Ta miIBHINYe MOBTOPIOBAHICTH i mepenbadyBaHicTs IT-cepemoBum. Y crarTi 3ailicHEHO MOpIBHSUIBHUH aHAli3 MPOBITHHUX IHCTPYMEHTIB
peamizanii IaC, 3okpema Terraform, Pulumi, AWS CloudFormation Ta Ansible, 3 mosumiif iX BiZKPHUTOCTi, CYyMICHOCTiI 3 Pi3HHMH XMapHUMH
iathopMaMH, apXiTEeKTYPHOTO MiIX0ay (IeKIapaTHBHOro abo iMIEPaTHBHOIO), YIIPABIiHHS CTAHOM Ta PiBHS THYYKOCTI. Y SIKOCTI KIIFOYOBHX METPHK
e(peKTHBHOCT]I OLIHEHO CTYIiHb aBTOMAaTH3allil, MacmTabOBaHICTh, MIBUJIKICTh PO3TOPTAHHS 1HGPACTPYKTYPH, aJaNTUBHICTh NO 3MiH, HaJiHHICTH
KoHQIirypaniii Ta 3py4HicTh ympaBmiHHS. [T KOXHOI METPHKH HaBEIEHO TEOpETHYHE OOIPYHTYBAHHS, aHAIITHYHY OLIHKY Ta IOPIBHSHHS 3
TpaAuLiHUME MiAX0AaMH aaMmiHicTpyBanHsa. OcoOnuBy yBary mpuaineHo aHamizy pearmizamii [aC y mpoBimHux xMapHux cepemoBumax (AWS,
Microsoft Azure, Google Cloud Platform, OpenStack) i3 po3rismom Bignosinuux miarhopmunx pimens (CloudFormation, ARM/Bicep, Deployment
Manager, Heat) Ta CTOpOHHIX My/IbTHXMapHHX IHCTpyMeHTIiB. BusiBiieHo, mio 3actocyBanHs laC 3HauHO nokparye DevOps-nipaktuky, cripomrye CI/CD
MPOLIECH Ta MiABHIINYE HAAIMHICT XMapHUX pillieHb. Y MiACYMKY, AOBedeHO, mo 3actocyBanus [aC 3abesnedye 3HAYHE MiABUIICHHS OMEPALiiHOL
e(peKTHBHOCTI, 3MEHIIye BUTPATH Ha OOCIYroBYBaHHS iHQPACTPYKTYpH Ta crpuse ii cTaHmapTH3amii, 1[0 POOUTH IO METOJOJIOTII0 CTPATEridHO

BAXJINBOIO JUIsl cydacHuX IT-cuctem.

Karouosi cioBa: Indppactpykrypa sixk Kon, xmapi o6uncnenns, Terraform, Pulumi, DevOps, CloudFormation, ebexkTHBHICTb, aBTOMATH3ALIS,

ynpasiinHs koHpirypauismu, CI/CD.

Beryn. Cyuacna mnpaktuka DevOps 1 cTpimkuit
PO3BUTOK XMapHUX TEXHOJIOTIH BHMArarTh BCE OLIBII
ABTOMATH30BaHOTO Ta HAJIMHOTO MiAXOAY O YHpaBJiHHS
iHppacTpykTypoto. Metonooris Infrastructure as Code
(1aC) — «Iudpactpykrypa sik Koay» — BUHHKIIA SK BiIIOBIIb
Ha i motpebu. I{s meromosoris mepembayae OMHUC KOH-
¢iryparii Ta TOONOTII iIHPPACTPYKTYPH Y BUTIISAAL KOy YU
HaOopiB KOH(DIrypariid, mo 30epiraloThcs y CHCTEMaX KOH-
Tpoutto Bepciil. Lle 03BoJIsIE aBTOMAaTHYHO PO3ropTaTy Ta
3MIHIOBAaTH 1H(PACTPYKTYpy 3a JOIOMOTOIO MPOTPAMHUX
IHCTpYMEHTIB 3aMicTh pydHUX Hii. 3actocyBaHHs [aC
peBouonioHi3yBano ynpasininas [T-iHdpacTpykrypoto,
TPaKTYIO4YM HaJallTyBaHHsS SIK BEPCIOHOBAaHMH KO, IO
3a0e3meyye aBTOMATH3AIlF0, MAaCIITa0OBaHICTh 1 y3roj-
xeHictb cepenosuil [1]. YV konrekcti DevOps 1aC cayrye
MICTKOM MiX po3poOHuMkamu Ta IT-onepauismu, Haro4u
3MOTY ONHWCYBAaTH CEPENOBHIINE TaK CaMo, SK IMHUIIYThCS
Iporpamu, # aBTOMAaTHYHO OTPUMYBATH IOTPIOHWH cTaH
iHppacTpykTypu[2]. Lle ckopodye UK JOCTaBKH 3aCTO-
CYHKIB 1 MIHIMI3y€e MOMIJIKH, TOB’S3aHI 3 «IKOJCHKAM
(axTopom».

Merta Ta 3aga4i J0CTiTKeHHS.

MerTor0 aHOTO JOCITI/UKEHHS € OIIHIOBAaHHS edek-
TuBHOCTI MeTonaoorii «[HppacTpykTypa sk Kox» (Infra-
structure as Code, [aC) sk iHCTpyMeHTYy aBTOMAaTH3aIil
CTBOPEHHS, KepyBaHHs Ta MacIITabyBaHHS XMapHOi iHppa-
CTPYKTYPH, @ TaKOXX BH3HA4CHHs ii BIUIMBY Ha KIIFOUOBI
METPUKH NPOIyKTUBHOCTI B DevOps-TipakTikax.

Jnst Toro, mo6 AOCATTH TOCTaBICHOI MeTH Oyio
c(hopMyIbOBaHO HACTYITHI OCHOBHI 3a/1a4i {OCHIPKEHHS:

o [Iposectu Teopernunuii ormsia kouuemniii [aC, ii
OCHOBHHX TIPHHLMIIIB, MiCLsl B KOHTEKCTI XMapHOI iHxKe-
Hepii Ta pouxi B aBToMaTH3oBanux IT-mporecax.

e 37ilfiCHUTH NMOPIBHSUIBHUI aHaNi3 NPOBITHHX iH-
crpymentiB laC (Terraform, Pulumi, AWS CloudFor-
mation, Ansible) 3a KpuTepisIMH apXiTEeKTYPH, BIIKPUTOCTI,
MYJIBTUXMapHOCTI, YIPaBIIiHHS CTAaHOM Ta 3pyYHOCTI BH-
KOpPHCTaHHSI.

e BmsHaUNTH KIIIOYOBI METPUKH €(EKTUBHOCTI YII-
paBiiHHA 1HQPACTPYKTYpOIO Ta 3MIHCHUTH IX OIHKY 3
BUKOpHCTaHHsIM minxoxy laC (aBromarmzamis, macmira-
0OBaHICTh, YaC PO3rOPTaHHS, THYYKICTb, HAAIWHICTB, YI-
paBiiHHS KOHQIrypaiismu).

Orasig metonoaorii IaC Ta ii 3HavyenHs aaa Dev-
Ops. Indpacrpykrypa sk Kox (1aC) — e niaxia go ynpas-
JHHS 1HPPACTPYKTYPOIO, B IKOMY CEpEJIOBHIIE (CepBEpH,
Mepexi, HalallTyBaHHs) OMUCYEThCS MOBOIO MpPOrpamy-
BaHHS 200 JeKJIapaTUBHOI MOBOO KOHpiryparii. DakTud-
Ho, [aC mo3Bosie mporpamyBaTH iHPPaCTPYKTYpPY: MOTPiO-
HUH CTaH cucTeM (HalpUKIaja, KUIBKICTb 1 mapaMeTpH cep-
BepiB, MEpEXKEBi NpaBuiia, HanamrtysaHHs [13) 3amaeTses y
BUTJIAJI KONy, SIKHH MOTIM BHKOPUCTOBYETHCS JJISI aBTO-
MaTHYHOTO PO3rOpPTaHHs a00 3MiHM LLOTO CTaHy 3a JOIO-
MOTOIO CIIEIiai30BaHNX IHCTPYMEHTIB.

Ha BimMiHy Biff TpaAMIIHHOTO TiAXOAY, 1€ IHXKEHEPH
BPYYHY HaJIaIITOBYIOTh KOXKEH cepBep i KommoHeHT, [aC
aBTOMAaTH3ye Led mporec, 110 Ia€ CYTTEBI IepeBaru.
3okpema, onmc iHQPACTPYKTYpH y BUIIIAAI KOAY MiIUIsTae
BEpPCIIfHOMY KOHTPOJIIO, SIK 1 3BUYAHHUM IPOrpaMHUI KOJI.
Lle o3Hauae, 10 BCi 3MiHM KOAY BIJICTEXKYIOTHCS, MOXKHA
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MTOBEPHYTHUCS IO TIOMEPeIHbO1 Bepcii koH(irypartii, abo
TOYHO BU3HAYHTH, XTO 1 KOJIM OB Ti 4M iHIIi mpaBku [3].

Takum umHOM, [aC 3a0e3medye enuHe IKEpeno st
KOH(irypariiii: onuc y peno3uropii Koay IOBHICTIO Bi100-
pakae peaJbHUI cTaH iHOPACTPYKTYpH (32 YMOBH JIOTPHU-
MmanHs npuHiuniB laC), mo BUKIIOYae cuTyauii, KoM
JIOKYMEHTAIIisl HE BiJTIOBIZa€ AIHCHOCTI.

Jns npaktuk DevOps mnosia [aC crana ogHum i3
KJIF04oBUX (akTopiB ycmixy. 3aBnsaku laC nocsraerbes
MOCTIMHA Y3TO/DKEHICTh CEPEAOBHIL: CEPEOBHILE PO3POO-
KH, TECTYBaHHS Ta MPOLYKTUBY MOXXYTh PO3TOPTaTUCS 3
onHoro Habopy KoHGirypamiit [2]. Lle migBumye sSKiCTh
perniziB i cpomtye ekcruryaraniro. KpiMm Toro, aBromaTh-
3amis iHPACTPYKTYPH MPHUCKOPIOE BUIYCK HOBHX BEpCiit
OJATKIB: 3aMiCTh BUTPATHUX PYYHHUX HPOIEAYP PO3Trop-
TaHHS CEpPBEPiB, MEPEX TOIIO, KOMAHAN MOXYTh 332 XBH-
JIMHU PO3TOPHYTH LTI cepenoBuIna, BHKOHaBn l[aC-
cKkpunTU. SIK HacHioOK, 3MeHIIyeThes time-to-market st
HOBUX (DYHKIIIH.

JlocmimKeHHsT TOKa3yioTh, 10 BrpoBamkeHHs l[aC
crpusie 3017IbLUICHHIO YaCTOTH ACTUIOWMEHTIB 0e3 MIKOIM
crabinpHOCTI: aBTOMarm3alis depe3 laC mpuBOAWMTH IO
BrpoBakeHHS CI/CD koHBeepiB, BCEOIYHOTO TeCTyBaHHS
Ta CTaHJapTH3alil MPOIECiB, 110, Y CBOIO YEpry, 3HIXKYE
pusuk mommiok [4]. IaC TicHO MOB’s3aHUI 3 KOHIIETIIIIEI0
Mutable vs Immutable infrastructure. Y TpagumiiHOMYy
MiAXOMI CepBEPH BBAXKAIOTHCS JOBIOXXKHBYUYUMH 00’ €K-
TaMH, SIKi aIMIHICTPaTOpH HAJIALITOBYIOTH i OHOBIIIOIOTD 3
gacoMm (mutable infrastructure). Haromicts [aC 3a0xouye
immutable infrastructure — cepsepu i KoHTEliHEPH CTBO-
PIOIOTHCS 3T1/IHO 3 OMKMCOM 1 O1JIbIIIe HE 3MIHIOIOTHCS BPYU-
HY: JUIs OHOBJIEHHS KOH(iryparii X 3aMiHIOIOTh HOBUMH,
3reHepOBaHUMH 32 OHOBJIEHMM KoaoM. lle ycyBae npeiid
KOH(pirypariil (HaKOIMMYCHHS HEBIACIIAKOBYBAHHUX 3MiH) 1
cipusie cTabiTbHOCTI Ta mepe10avyBaHOCTI CePEIOBHIIL.

3nravyenHs meronoiorii [aC ams DevOps ta xmapHOT
IIKeHepii TpyaHoO mepeoninnTH. BoHa 3a0e3nedye mporpa-
MHY KEpOBaHICTb iH(QPACTPYKTYpH, IO BEJE IO IPHCKO-
PEHHS TPOIIECiB, MiIBUINCHHS HAMIHHOCTI (Yepe3 MOBTO-
PIOBAHICTD 1 TECTOBAHICTh), Kpamioi MacTaboBaHOCTI Ta
TICHIIIOT CIIBIpAIli MK KOMaHIaMHU PO3POOKH Ta SKCILTY-
aTauii.

Orasin nomyaspHux iHcrpymenTtiB IaC. Icaye
JIeKiTbKa KaTeropiil iIHCTPYMEHTIB, 10 Peaji3yroTh IiIXix
«Iadpacrpykrypa sk Koa». 3a cepamu 3acTocyBanHs ix
HOJJISIOT HA: IHCTPYMEHTH NPOBDKUHTY 1HPPACTPYKTYpH
(Infrastructure Provisioning), mo aBTOMaTu3yloTh CTBO-
PEHHSI XMapHUX pecypciB (BipTyalbHHX MAalllUH, MEPEX,
B/l Tomo); iHCTpyMEHTH ymHpaBliHHA KOH}IryparisMu
(Configuration Management), 10 aBTOMaTH3yIOTh HaJall-
TyBaHHs [I3 Ha BXKE CTBOPEHHMX CepBepax; a TaKoXK
IHCTpYMEHTH Il aBTOMATH3allii CTBOPEHHS 00pa3iB cuc-
teM (Machine Image Building) [1]. Po3rnsaemo qotupu
IHCTpYMEHTH, SKi HHWHI Hal4acTille 3aCTOCOBYIOTBCS Yy
npakrumi [aC: Terraform, Pulumi, AWS CloudFormation
Ta Ansible. KoxeH 3 HUX Ma€ CBOIO Hillly Ta 0COOIMBOCTI.

e HashiCorp Terraform. Terraform — ue nekia-
paTUBHUN IHCTPYMEHT NPOBIKUHIY, BIIEpILIE BUITYIICHUIH
komnaniero HashiCorp y 2014 poui [5]. Kondiryparii
Terraform omnucyrotecss MmoBoro HCL (HashiCorp Con-
figuration Language) y Burnszi daitnis .tf, B skux xopuc-

TyBa4 BU3HAYa€e OakaHWU KiHIIEBHH CTaH iHPPACTPYKTYPH
(pecypcu Ta ix mapamerpu). Terraform € MyJIpTHXMapHUM
Ta MIATPAMYE COTHI TpOBaiepiB: 3 HOro OIIOMOTOIO
MOJKHa cTBOptoBaTH pecypcu B AWS, Azure, GCP, Oracle
Cloud, OpenStack ta uaBiTh cTopoHHi cepsicu (GitHub,
Kubernetes tomo) — 3aBasku OiOmioreni mnposaiinepis i
MOJTYJIiB.

e Pulumi. Pulumi — BiZHOCHO HOBHii IHCTPYMEHT
(nepumii Bumyck y 2018 pouwi), 10 HPOIOHYE IHIIMIA
miaxin mo IaC [5]. 3amicte nexnapatuBHoi DSL Ha 3pa3ok
HCL, Pulumi pnossonse ommcyBatu iHQpPacTpykTypy
3BuyaifHUMu MoBamu mnporpamysanHs (TypeScript, Go,
JavaScript, Python, C# Tomro). TakuMm 9MHOM, PO3pOGHUKH
MOJXYTh BHKOPHCTOBYBATH 3BHYHI IM MOBH, 0i0mioTeKH i
naTepHH (IUKIN, YMOBH, (GYHKIIT) I BU3HAUCHHS iHppa-
CTPYKTYpH.

e AWS CloudFormation. CloudFormation — e
nporpierapuuii cepsic [aC Bix Amazon Web Services,
samymieanid 'y 2011 pomi [5]. BiH mo3Bomsie ommcatu
iHppacTpykTypy B AWS y Burisiai matdnonis (JSON abo
YAML), siki BrimtovatoTh pecypcd AWS Ta iX nmapameTpu.
Ha Bigminy Bix Terraform um Pulumi, CloudFormation €
cnenudiganM st AWS: BiH He MATPUMYE 1HIT XMapH.

e Ansible. Ansible (po3pobunux — Red Hat) — ue
IHCTpYMEHT KOH(QITYpalifHOTO yIpaBIiHHA, BIIEPIIE
umymiennit y 2012 poui [6]. Ha BimMiHy Bim momepemaHix
TphOX, Ansible 3a CBO€I0 MPHPOIOI0 € IMIEPATHBHUM:
KopucTyBau mmiie creHapii (playbooks) y dopmari
YAML, ne moxpokoBo BH3Ha4ae 3aBaaHHs (tasks), ski
NOTPIOHO BHMKOHATH Ha LUIbOBHX By3nax. Ansible He
CTBOPIOE 1H(OPACTPYKTYPY «3 HYJISD» Y XMapi, aje MOXKe
MAKII0YaTUCS 10 icHyro4Ynx cepBepiB (uepe3 SSH Ha
Linux a6o WinRM na Windows) i BUKOHyBaTH Ha HHUX
KOMaHJM: BCTaHOBIIOBAaTH MAKETH, KOMiloBaTth aiiam
KoHpirypariii, 3miHroBatr HajamryBaHHs OC un [13 Tormo.
Takum umHOM, Ansible dYacTo BHKOPHCTOBYETBCS B
kom6OiHatii 3 Terraform/CloudFormation: ciowarky Terra-
form posroprae, Hampukian, 10 VM, a moriMm Ansible
HaJIAIITOBYE HA HUX MOTPiOHE porpaMHe cepenoBuiie [6].
Y uinomy, Terraform Ta Ansible yacto po3risaalTh He K
B32€EMOBHKIIIOUHI, a SK JIOTIOBHIOKOYI IHCTPYMEHTH:
Terraform 3aGesnedye Ga3oBe pPO3rOPTAHHSA PECYPCiB, a
Ansible — rHy4ke HamamTyBaHHS CEPBICIB Ha IUX pecyp-
cax.

IlopiBHsIILHA XapaKTepHCTHKAa IHCTPYMEHTIB
laC. [Nompwu pi3Hi MiAX0aH, HABEICHI BUIIEC IHCTPYMEHTH
MaroTh CHUIBHY METy — aBTOMAaTH3yBaTH YNpPaBJIiHHS iH-
(bpacTpyKTyporo — ajie Biipi3HSIIOTHCS 3a PSAAOM KITIOYOBUX
XapakTepucTukK. Y Tabi. 1 y3aransHeHo nopiBHsHHs Terra-
form, Pulumi, CloudFormation Ta Ansible 3a BaxxnuBumu
KPHUTEPIsIMH.

Edexrupnicte IaC 3a KIH0O4Y0BHMH MeTPHKAMH.
OniHnMo, SIK 3aCTOCYBaHHsI MeToo0JI0Tii «[HPpacTpykTypa
sk Kom» BIUIMBae Ha OCHOBHI IOKa3HUKH €(EKTHBHOCTI
YIOpaBITiHHA 1HPPACTPYKTYpOIO: aBTOMATH3AIII0, MaCIITa-
GoBaHiCTh, yac (IIBHIKICTH) PO3rOpTaHHs], THYUKICTh, Ha-
JUMHICTB Ta CHPOLIEHHS YIpaBJiHHS KOH}irypamismu. s
KOXHOI 3 ITUX METPHK TMOPIiBHAEMO TPAIWITIHUMA ITiIXi
(pyune xepyBanHs iH(ppacTpykTyporo abo ckpuntu ad-
hoc) 3 [aC-iizxomom.
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Tabmums 1 — INopiBastaAES iHCTpy™MeHTiB [aC

Kpurepiii Terraform Pulumi AWS CloudFormation Ansible
Binkpuricts Tax (OSS mpoexr) Tax (OSS mpoexr) Hi (cepBic AWS) [Tax (OSS mpoexr)
XmapHa Tak, MynbTUXMapHUH Tax, MyIbTUXMapHUHA Hi, mume AWS [Tax, MynbTUXMapHUH
HE3IeKHICTh
Iinxix mo onmcy Hexnapatusuuii (HCL) Iporpamuuii (TypeScript, JlexnapaTUBHHIHA ImMneparuBuuii (YAML

Python T1a iH.) (YAML/JSON) playbooks)
IIpuznavueHHst IIpoBixkuHr IIpoBiskunr iHppactpykrypu  [[IpoBiskuar AWS- IKondirypariist
1HPPACTPYKTYypH (xomom) [pecypciB cepBepiB,
(laaS/PaaS) BcTanoBieHHs [13
YnpasiiHHS Taxk (ctan 36epiraetbest B | Tak (cTaH nokansHO abo B Tax (cTaH BigcTEXYyE IHi (6e3 menTpamis.
CTaHOM (aiimi/cxoBHII) Pulumi Cloud) IAWS) CTaHy)
Topir Bxomxkenns | Cepenniii Cepenniit (moTpiOHi HaBu4Kku |[Husbkuii aast AWS- IHu3bkuit (3HalioMui
MPOrpaMyBaHHs) cnerianicTiB bopmar YAML)
CrinbHoTa Ta Hyxe mmpoxa, 6arato [omipHa, 3pocTae By3pka Ulyxe mmpoxa (Ansible
eKoCUCcTEMA MOJTYJTiB Galaxy To1o)

o Aptomarmsamis. [aC wmaiike MOBHICTIO yCyBa€e
py4Hi Iii TpW po3ropTaHHi i 3MiHi iHppacTpyKTypu. Y
TPamUIlifHOMY TMiAX0Al MoOymOoBa HOBOTO CEpeIOBHINA
BUMaraja IOCJiIOBHOTO BHUKOHAHHS 0araThbOX pYYHHX
omepariii (3amoBuTH cepBepu abo BM, BcranoButu OC,
HaJIAIITYBATH apaMeTpH, Mepexi, OpaHaMayepH, BCTaHO-
Butd HeoOximue [13 tomo). 3 TaC mi KpoKH KOIYIOTHCS
OJIMH Pa3 y BUTILAI CIICHApiro a00 mabioHy; naji Oyab-ske
HOBE PO3TOPTaHHS 3BOJWUTHCS 0 3alyCKy LBOTO KOXY.
PiBenr aBrOMarmzamii, mo mnpuHocuth laC, mo3BOIISTIE
IIBHJIIIC 1 YacTillle BUKOHYBATH 3MiHH B iHPPACTPYKTYPI.
3a maHWUMH Taly3eBHX JOCIHIKEeHb, BHKoOpucTaHHsA [aC
301IbIIIyE TPOMYCKHY 3IaTHICTh Aemioimenty (through-
put): KOMaHAM MOXYTh POOMTH peii3u 1 3MiHM iH(pa-
CTPYKTYpH OUIBII peryjspHO, HE BUTpa4yalOYd Yac Ha
pytuHHI HanamrtyBaHHS [4]. Kpim Toro, aBromarmsaris
yCyBa€ JIIOJICHKI MOMUJIKM NPU HaJAIITyBaHHI — BCI 3MiHU
CTaHJAPTHI30BaHI 1 MOBTOPIOBAHI, IO ITiJBUIIYE SKIiCTh.
IMpakTuka nokasye, mo aBromarusanis yepes laC Takox
cipusie BrpoBamkeHHO DevOps-tipaktuk CI/CD  ms
IHPPACTPYKTYpH: 3MIHH B KOJi iHQPACTPYKTYPH MOXKYTh
aBTOMATHYHO TECTYBATHCS 1 pO3ropraTucs 4epe3 KOHBEE-
pH, 3a0e3nedyroun Oe3nepepBHE 10CTaBICHHS 3MiH. B pe-
3yJIBTaTi Yyac Ha PO3rOPTaHHS HOBHX PECYpCIB 4H cepe-
JIOBHIIl CKOPOYYEThCS 3 TONWH/AHIB a0 XBWIMH. Ha-
MIPUKJIaJ, YBIMKHEHHS HOBOTO CE€pBepa BPYUHY MOXKE 3aii-
MaTy TOIMHH, BKIIOYHO 3 HaJalITyBaHHAMH, Tol sik 1aC-
CKpPHIIT BUKOHA€ T€ caMe 3a KijbKa XBHWJIMH 0e3 ydJacTi
JIFO/TUHH.

e MacmraboBanicte. PyuHe kepyBaHHs iH(]pa-
CTPYKTYpOIO TIOTAaHO MAacIITaOyeThCs: aIMiHICTpaTopy
Ba)XKKO OJIHOYACHO Ta OE3MOMMIIKOBO HAJAIITYBATH JIECAT-
kn abo corHi By3miB. [aC paamkaipHO TOKpamiye Her
nokasHuK. OCKUIBKM iH(QPAcCTPyKTypa OmucaHa SIK KO,
301BIICHHS MacIITady 9acTO 3BOJUTHCS 10 HE3HAYHUX
3MiH y mapameTpax (HampuKJIaj, 30UTBIINTH KUTbKICThH
eK3eMIUIpiB cepBicy 3 5 mo 50) i MOBTOPHOTO 3acTo-
cyBaHHs koay. IHctpymeHT laC aBTOMaTtHYHO CTBOPHUTH
MOTPIOHY KiNBKICTh PECYPCIB 32 TUM caMUM 11abiaoHoM [2].
TakuM 9HHOM, TOPU3OHTAILHE MacIITaOyBaHHS (THPAXKY-
BaHHSI O/IHAKOBUX BY3JIiB) 3[ICHIOETHCS JIETKO 1 OCITiI0B-

Ho. be3 IaC posropranHs 101aTKOBUX 45 cepBepiB moTpe-
OyBano 0 45 pa3 BUKOHATH Ti caMi Jil, [0 HAJA3BHYAIHO
NepeBaHTaXye KOMaHAX 1 MalKe HaleBHO TPU3BOAUTH 110
BiaxwmieHb y koHpirypanii. 3 [aC — mocratHbO OIHMH pa3
HanucaTd KOJ cepBepa, micis 4oro 5, abo 50 cepsepiB
po3ropHyThCst oaHaKoBO [2]. Ile mo3Bossie 06¢ayroByBatu
OimpITi HaBaHTa)KEHHS Ta IIBHAKO pearyBaTH Ha MIKOBI
3anuTH. SIK 3a3HadaeThes B JITEpaTypi, MacmTaOyBaHHS
iHppactpykTypu 3a laC 3mificHIOETBCS TIPOCTO depe3
MoIu}IKaIlio KOy i 3aIyCK iIHCTpYMEHTa, 0 €KOHOMHUTH
yac 1 3ycIIsl Ta TapaHTye, Mo iHPpacTpyKTypa MaciTa-
OyeTbes mepenbauyBaHo i HamiiHOo [2]. Bimem Toro, IaC
CIPOLILY€E BIPOBA/DKEHHS aBTO-MacIITa0yBaHHS: HapHK-
Jaz, y XMapi MOXKHA 3a3/1aJIerib OMICATH MOJITHKU aBTO-
MaTHYHOTO JIOJIaBaHHs BY3JIB NPHU JIOCATHEHHI NEBHUX
metpuk (CPU, tpadik), i miardopma (abo cremiaabHui
CKPHUIT) caMa CTBOPUTh HOBI €K3eMIUISIPH 3a IaOJIOHOM
[aC. B wninomy, [aC poOuTh MOMXIMBHMM YHpaBIiHHS
BEJINKUMH 1H(QPACTPYKTYpaMH HEBEJINKUMH KOMaHAaMH,
a/pKke OUTBIIICTH OIepamiii He 3aJeKUTh BiL 00’eMy —
IHCTpyMEHT Tak camo BukoHae 100 3aBmamp, sk 1 10,
BiJJPI3HAIOYUCH JIUIIE TPUBAIICTIO BUKOHAHHS 1 BUKOPHC-
TaHUMH PECYPCaMH.

e Yac posropranus i yacrora 3miH. IlIBuakicTs, 3
SIKOI0 MOXKHA MIiJrOTYBaTH HOBE OTO4YEHHs abo jomaTu
3MiHH, € KPUTHYHOIO METPUKOI0, ocobnmBo B Agile Ta
DevOps mukmax po3pobxu. Bix Buxopucranas [aC dac
posropraHHsi 3HayHO BUrpae. [lo-mepiie, 3aBIsKH aBTO-
MaTH3anii 3HUKA0Th 3aTPUMKH MK KPOKaMH, ITOB’A3aHi 3
OUIKYBaHHSM MiH JIOJUHU — IHCTPYMEHT BUKOHYE BCE
MaKCHMaJIbHO IIBHJKO 1 MapajienbHo, e MosimBo. [lo-
npyre, laC cnopusie mnapanenbHili poGoTi Han iH(pa-
CTPYKTYpPOIO: KUJIbKa iHXEHEepiB MOXYTh 0JTHOYACHO OHOB-
JIIOBATH KOJI PI3HUX KOMIIOHEHT B CHCTEMi KOHTPOJIO
BEpCiii, TOTIM 00’ €THYyBaTH 3MiHU, IO MIBHIIIIE, HiXK KOJU
OJTHA JIFOIMHA TIOCIIIOBHO HAJIAIITOBYE KOMIOHEHTH. [loc-
mimkenas DORA (DevOps Research and Assessment)
JIEMOHCTPYIOTh, II0 KOMaHIW, siki Buposamwin laC, mo-
CATAIOTH OUTBIIOT YACTOTH ACTNIOWMEHTY 1 KOPOTIIOTO Yacy
MTOCTAaBKH 3MiH 0e3 BTpaTu cTabinbHOCTI [4]. Lle MokIHBO
Tomy, mo laC no3Boisie aBTOMATH3yBaTH HAaBITH Tec-
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TyBaHHS 1HQPACTPYKTYypH: MOXKHA WiAHATH THMYaCOBE
CEpEOBHINIE 33 TUM JKE€ KOAOM, IPOTHATH HAa HBOMY
TECTYBaHHS, 1 3TOPHYTH — BCE I1€ 3a JIiYeHi TOINHH, TOI 5K
paHille Ha HaJaIUTYBaHHS CTEHKWHTY MOTJIM MTH HHI.
OTKe, TpOrpaMHUI OIUC IHPpacTPyKTypH 30iIbIIye
HIBUAKICTh BCHOTO LUKy «IIPOEKTYBaHHS—PO3TOPTaHHSI—
nepeBipka». BaxiuBum € i 3meHmenHs Mean Time to
Recovery (MTTR) — cepeaHbOoro uacy BiIHOBJIEHHS MiCIIs
30010. SIKI1I0 TEBHUI KOMIIOHEHT iHPPACTPYKTYPH BUIIIOB
3 nany, HasBHIiCTH ckpunTiB [aC 1n03BoJIsIE MIBHIKO PO3-
TOPHYTH #oro komito abo mepeBecTH Tpadik Ha HOBUH
€K3EMIUIIP 3 TOTO X IIa0JIOHy, 3HAYHO CKOPOTHBIIN Hac
npocroro [4].

e ['Hyukicts 3MiH (agantuBHicTh). [lig THyUKiCTIO
Ma€TbCS Ha yBa3l 3MATHICTH JIETKO BHOCHUTH 3MiHH B
IHPPaCTPYKTYpy Y BINMOBiIs Ha HOBI BUMOTH ab0 eKcIie-
pumentu. TpanuuiitHa iHdpacTpyKkTypa BioMa CBOEO
IHEPTHICTIO — Oyab-sKa 3MiHA TMOTPeOye 00EPEIKHOro
IUTaHYBaHHS, YaCTO — PYYHOTO BHKOHAHHS 1, BiJIIOBITHO,
Hece pmsuku. laC pobOuth iHDpacTpykTypy Habarato
Oipl rHy4koro. OCKiNbKH KOHQIrypauis — 1ie Ko, po3-
POOHMKH MOYTh 3aCTOCOBYBATH IIPAKTUKH po3pooku I13:
CTBOpIOBATH OKpeMi Tiku (branch) Ams eKCIIepruMEHTIB 3
iH}pacTpyKTypOIo, TECTyBaTH iX Y i30JIbOBAaHHX CEpelo-
BHUIIAX, pooutu code review 3MiH KoH}iryparttiii Tompo [2].
Sxmo BuHMKae moTpeba CrIpoOyBaTH HOBY TOIIOJIOTIIO
MepeXi 9H iHITY BepCilo CepBiCy, JOCTaTHHO BBECTH 3MIiHU
y KOJ 1 PO3rOPHYTM HOBUIl CTEHJ aBTOMAaTW4HO. 3a
HasIBHOCTI XMapHHX PeCcypciB 1ie 3aiiMae MiHIMYyM 4acy 1 He
BIUTUBAE HA OCHOBHE (MIPOJYKTHBHE) cepeoBHIE. TakuM
yuHOM, laC crpusie BIPOBa/PKEHHIO 1HQPACTPYKTYPHUX
3MiH iteratively: MOXHa 4acTo i MaJIMMH KPOKaMH OHOB-
JIIOBATH CHCTEMY, 3aMICTh PIIKMX MacIITaOHUX peopra-
Hizaniii. Kpim Ttoro, momymeHicTh laC (AK-0T BHKO-
pucranas moxyiiB Terraform um porneit Ansible) no3Bosse
THYYKO TEPEBUKOPHCTOBYBATH KOMIIOHEHTH: HalpHKIa,
MAKITIOYUTH IO ICHYIOYOI apXiTeKTypH HOBHUH MOIYJh
MOHITOPHUHTY, IMITOPTYBaBILIK TOTOBHI KO, | TAKUM YHHOM
HIBUAKO J0JaTH HOBUI ¢QyHKuioHan. BiamosigHo o
npunnuny Don’t Repeat Yourself (DRY) [7], mogynbHuii
kox laC 3HMXKye 3ycHIuIA IIpU 3MiHaX: NMpaBKa B OJHOMY
MoIyni (CKaxiMo, 3MIHMTH THIl MalldH JJisl miapy 0a3
JIaHUX) aBTOMaTUYHO 3aCTOCYEThCS BCIOIU, JIE TIeH MOTYJTh
BHUKOpPUCTOBY€eThCS [2]. ExcriepumenTn 3 iHGpPacTpyKTy-
POIO TaKOX IOJIETIIYIOTHCSI — IH)KEHEPH MOXYTb IIBUJIKO
«BHBOJIUTIY OKPEMI TECTOBI cepeIoBHIIIa, IPOOYBATH Pi3HI
KOH(iryparrii, a moTiM Tak caMO MIBHIKO X BUAAIATH, HE
3aIMIIAI0YN «CMITTS», aJIKe BCE CTBOPEHE KOHTPOJIOETHCS
KOJIOM 1 MO>ke OyTH 3HHIIeHe KoMaH o010 destroy. Lle nonae
THYYKOCTI Y IIpOLIeC apXiTeKTypHOTO JHU3aiHy 1 onTumisa-
11ii, JO3BOJISIOYN 3HAXOAUTH Kpallli pillleHHS.

e HapniiiHicTs Ta ctabinbHicTh. HaniliHicTs iH(dpac-
TPYKTypH 0araTo B 4OMYy BH3HAYAETHCSA IOCIHIIOBHICTIO
KOH(Irypariii Ta MOMJIHMBICTIO IIBHUIKOTO BiJHOBICHHSI
micig 360iB [2]. [aC 3Ha4HO MigBHUIIyEe KOHCHUCTEHTHICTH
CEepENIOBHIIL: CEPEIOBHUIIIE, PO3TOPHYTE 32 OJJHUM 1 THM XKe
KosoM, Oyzne KokHOro pasy imeHTHyHHM. lle o3Hauae
nepeadavyBaHy poOOTYy 3aCTOCYHKIB MpPH NEPEHECCHHI 3
onHOrO ceperoBuma B iHme. KpiM Toro, ycyBaeTbcs
npobiema configuration drift — komm 3 wacom cepBepu
«PO3’DKIKAIOTHCS» Y HATAIITYBaHHSX Yepe3 TOYKOBI pyd-

Hi 3miHU [8]. 3 [aC yci 3MiHM BHOCSTBCS Yepe3 KO i 0pa3y
3aCTOCOBYIOTBCSI JO BCIX BIINOBIOHHX BY3IiB, a0 X
MOXHA pETYyJIpHO Iepe3amyckaTh 3actocyBaHHs laC-
KoH(irypariif, mjo6 rapaHTyBaTH BiINOBITHICTH Oa’kaHO-
My cTaHy. SIK HaCNiJOK, 3MCHIIYEThCS KUIBKICTH 3001B,
CIPUYMHEHUX HEKOPEKTHUMH a00 HEITOCIiIOBHUMHU KOH-
¢irypauismu. CraTucTuka HOKa3ye, IO 3allpOBaPKCHHS
MOBHICTIO aBTOMAaTH30BaHUX KOHBeepiB (BkiIrouHO 3 [aC)
BeJie JI0 3HW)KEHHS YacTKH HEeBJaJIMX 3MiH Ha MPOAYKTHBI
(Change Failure Rate)[9], ockibku MPOOJIEMH BUSBIISIOTh-
cs paHime (Ha eTami aBTOMAaTHYHUX TECTiB, CTATHIHOTO
aHaJi3y KOOy iHPPacTPyKTypH TOMIO0) ad0 HE BUHUKAIOTH
B3araili uepe3 oxHaKoBicTh cepemoBum] [4]. HamiitaicTs
TaKOX MPOSIBISIETBCA Yy MOXKIMBOCTI IIBHIKOTO BiJITBO-
PEHHsI OTOYEHHS 3 HyJs. SIKIIo, HAaNpHKiIa, cranacs cep-
Ho3Ha aBapis, IO 3HUINWIA YaCTHHY iH(pacTpyKTypH,
HasiBHICTB onucy laC n03Bosisie HATUCHYTH «yMOBHY KHOII-
Ky» 1 PO3rOpHYTH BCE 3aHOBO B PE3EPBHOMY JaTalleHTpI
ab0 xMmapi, 3 MiHIMaJbHUMHU BTpaTamu fanuX. lle kapau-
HaJIbHO BIIPI3HSETHCS Bij MIAXOMY, NI BIJHOBJICHHS 3aje-
KUTh BiJl PE3EPBHUX KOMii KOHQIrypauii, JOKYMEHTIB i
mam’sTi agMiHicTpaTopiB. Ha momaay, [aC crpusie Hamiii-
HOCTI 3a paxyHOK iHTerpamii 3 NMpakTHKaMu KacKaIJHOTO
pPO3rOpTaHHS Ta BiIKAaTy: MOXKHA peali3yBaTH LIa0JIOHU
blue-green deployment [10] abo canary release [11] mis
IHQPaCTPYKTYpH, KO HOBE CEPEIOBHINE PO3rOPTAETHCS
mapajie’abHO 1 MEPeKITIOYCHHS BifOYyBA€ThCS JHIIE MiCIS
NepeBIpKU, 3 MOJIMBICTIO IHIBUAKOTO BiJKaTy Ha IIoOIe-
PEIHIO BEPCI0 CepeIOBUINA — 1 BCE II¢ ABTOMATHYHO Yepe3
KO[I.

e Cnpouienns ynpasiinHs KoH¢irypauismu. laC
paIvKaabHO 3MIHIOE IIPOLIEC KepyBaHHS KOHQIrypauisMu,
poOISIUM HOro OUIbII CHCTEMHHMM 1 MiJKOHTPOJBHUM. Y
TPaTUIIfHOMY IIiJIXOMi, TicTsi BHECEHHS 3MiH, aJMiHic-
TpaTopaM JOBOJWTHCS BpPYYHY IOKYMEHTYBAaTH HOBHH
ctaH cucteM (4acto B wiki, TaOIUIIMX), BiICITIIKOBYBATH
XTO 1 KOJIM 3MiHIOBaB HaJAIITYBaHHS, 3a0e3MedyBaTl CHH-
XpOHI3alif0 WX 3HAHb MiXK Kojeramu. Lle TpymomicTko i
CXWIJIbHE IO MOMHJIOK — JOKYMEHTAIIl0 MOXYTb 3a0yTH
OHOBHMTH, a00 BOHA HE OXOIUIIOE BCiX HroaHciB. 3 TaC
JIOKYMEHTYBaHHSI 1 YIpaBIlliHHA 3MiHAMH BiJI0OYBa€ThCS
ABTOMATHYHO, K MOOIYHUN MPOAYKT BUKOPHCTAHHS Bep-
cioHoBaHoro koay. Koxxna 3MiHa (ikCyeTbcsi y cHCTEMI
KOHTpOJIIO Bepcii (Git To1mo) i3 3a3HaYeHHAM aBTOpA, 4acy
1 BMICTY — TOMY 3aBXKJ{ MOXXHA BIIIIOBICTH, XTO 3MIiHHUB,
HalpHKJaj, napaMeTp MacITadyBaHHS KilacTepa i 4oMy.
Lle 3a0e3nedye NOBHUI ayANT 3MiH 1 MPO30PICTh NMPOILECIB
[12]. Binbuie He NOTPiIOHO BECTH OKPEMHI XKypHAaJ BpYUHY,
00 icTOPIst 3MiH «KHBE» B PETO3UTOPIl, a AT KPUTHIHUX
CepeIOBHII MOJKHA HAJIAMITYBATH MOJITUKH 3aTBEPKEHHS
(pull requests, Koa-peB’10) mepea 3MUTTAM KOHODIrypamil,
10 €KBIBAJICHTHO NPOILECY YIpPAaBIiHHA 3MiHaMH, ajie B
Oimpm  ctpykrypoBaHii Qopmi. Ilomo akTyambHOCTI
iHdopmarii mpo iHdpacTpykTypy: 1aC no3Bosisie 3aBxkan
OTPUMATH AaKTYaJIbHHH CTaH uepe3 caMi IHCTPYMEHTH.
Hampuxkman, Terraform 36epirae state-aiin, ne 3a3HaveHi
BCi pecypcH 1 ixHi aTpuOyTH, — IIe IO CYTi aBTOMaTH4HO
OHOBIIIOBAHUH «CHHMCOK KOH(Qirypauiii» cuctemu [12]. B
Oynb-sIKMid MOMEHT MOXKHa HPOMITHYTH Lieil craH abo
3alHUTaTH pealibHy 1H(PACTPYKTYpy (HampHKiIaa, KOMaHIa
terraform plan mokaske, 1110 3MiHCHO BPYYHY BiJIHOCHO KO-
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ny). Lle mpoTrucTaBisSeThCS MPAKTHIN BEACHHS TaOIUIb 3
HaJIAIITYBaHHSIMH BPY4YHY, KON BHCOKA HMOBIPHICTH PO3-
CHHXpOHI3aIlii.

Jns HaouHoCTi, y Tabi. 2 miACyMOBaHO BIUIMB 3ac-
tocyBaHHs [aC Ha KOXHY i3 mepenidyeHuX MEeTpHK edek-
TUBHOCTI Y TIOPIBHSHHI 3 TPAAMLIITHUM ITiAXOI0M.

BucnoBku. Metononoris «ladpactpykrypa sik Kom»

Code Scripts. URL: https://arxiv.org/html/2502.03127v1
3BepHeHHs: 30.01.2025).

Codefresh.io. Infrastructure as Code in Devops: 7 Steps to Success.
Codefresh Learning Center. URL: https://codefresh.io/learn/infrastr
ucture-as-code/infrastructure-as-code-in-devops-7-steps-to-success/
(nata 3BepHeHHs: 14.03.2025).

Mariusz Michalowski. Benefits and Best Practices for Infrastructure
as Code. DevOps.com. URL: https://devops.com/benefits-and-best-
practices-for-infrastructure-as-code (nara 3sepuenns: 14.03.2025).

(nata

Tabmuns 2 — EdextuBHicTh 3acTocyBanns laC

CepBepiB); BUCOKA HMOBIPHICTb

BY3JIiB

OinpIne 3ycuib (JiHIIHO pocTe 3 KUTBbKICTIO

HEKOHCHCTEHTHOCTI IIPY BEJIMKIH KUTBKOCTI

Mertpuka Tpaauuiitanii nigxizx (6e3 IaC) Hinxix [aC (Inppactpykrypa sk Kox)
ABTOMaTH3AIIIS Barato py4HHX KpOKIB ITpH HaJAIITyBaHHI, IToBHa aBTOMAaTH3aLIs Yepe3 KO, MiHIMyM py4HOT
PHU3HK MOMHJIOK; ckpunTH ad-hoc 4acTkoBO po0OTH; CTAaHIAPTHU30BaHI MPOLIECH PO3rOPTAHHS
JIOTIOMAraloTh, aJie BAYKKO MiITPUMYIOThCS BHUKOHYIOThCs iHCTpyMeHTamu [aC 6e3 BiAXWICHb
MaciraboBaHiCTh MacirabyBaHHSI BUMarae rmporopiiiHo Jlerke TupaxyBaHHs KOH(Irypaliii Ha JECSITKH i COTHI

pecypciB; KOHCHCTEHTHICTh 30epiraeTbest He3aJIeKHO
BiJl KUTBKOCTI, aBTOMAaTHYHA NapaJieli3allisi po3ropTaHHs

Yac posropranHs TToBijbHE PO3rOPTaHHS HOBHX CEPEIOBHIILL

PY4HI Aii, JOBTHI UK JOCTABKU 3MiH

(roaMHU/IHI); 3aTPUMKH MIXK €TaraMu depes

[IBuKe po3ropTaHHs (XBUIMHU/TOIUHH) 32 PAXYHOK
aBTOMATHU3AIli1; MOKIUBICTh YACTUX 1 MaIUX
JICTUTOMMEHTIB, IPUCKOPEHE TOCTABICHHS (QYHKIINA Ha
PHHOK

T'ryuxicTs 3MiH
CTabiIbHICTh; EKCIICPIMEHTH 3aTpaTHi,
HoTpeOYIOTE OKPEMHX PECypCiB i yacy

OOeperxHe BHECEHHS 3MiH, CTPax NOPYLINTH

Bucoka rHYYKiCTb: 3MiHU BHOCSITBCS Y KO 1
MEePEBIPAIOTHCS] AaBTOMATHYHO; MOJKHA CTBOPIOBATH
130JIbOBaHI TECTOBI CEPEIOBHUINA 3a TOTPEOH, IIBUIIKO
npoOyBaTH HOBI KOH(Iryparii i KOMIOHEHTH

«TpaitOoBi» 3HAHHS Yy TOJIOBaX KOMaHIN

Haniitaicts 3anekHICTh Bijl JIOACHKOTO (hakropy: MoxuuBi | IligBuieHa HaIIHICTD 3aBIAKH y3TOKEHUM
MOMUJIKK KOHQITyparii, po30iHOCTI Mix KOH(]Irypamism (Ko €JMHOTO 3pa3Ka IS BCiX
CepeIOBHUIIAMH; TPUBAJIE BiTHOBICHHS TTiCIIS CEepe/IOBHII); IIBUKE BiTHOBIICHHS/BIATBOPEHHS
300iB, CKJIQIHICTh MiITPUMKH OJJTHAKOBOTO iH(ppacTPYKTYypH 3 KOJIOM, MeHIIe 3001B yepe3 apeiid un
CTaHy MOMMJIKH; BOYZOBaHI MEXaHi3MH BiIKaTy i TECTYBaHHS
3HIKYIOTh PU3HKU HEBIAIUX 3MiH
VYnpasiiHHS Py4He NOKyMEHTYBaHHS 1 BiJICTE)KEHHS 3MiH KepyBanHs koHDIrypamisiMu 3Ha4HO CITPOLICHE:
KoH(piryparmismu (Tabmui); MOXKIIHMBI TIPOITYCKU B TOKYMEHTAIii, | aKTyajibHa JOKYMEHTAIIis — IIe€ caM KO BCi 3MiHU

(hiKCYIOTBCSI CHCTEMOIO KOHTPOITIO BEPCiid, cTaH
iHQPACTPYKTYpPH MOXKHA OTPUMATH aBTOMATHYHO;
MIPO30PHI ayAUT Ta KOHTPOJIb Bepciil 3a0e3MeuyoTh
BiJIMOBIIHICTh KOHGDITYypaIlii MOTITHKAM

(IaC) memoHCTpye BHCOKY €(EeKTHBHICTH y CTBOPEHHI,
MacuTabyBaHHI Ta yNpaBiiHHI XMapHOW iH(pacTpyKTy-
poto. 3actocyBanHs [aC m03BoJsIE aBTOMATU3YBaTH KITIO-
YOBI MPOLIECH, CKOPOTHTH YaC PO3TOPTaHHS, MOKPAIIUTH
MTOBTOPIOBAHICTh 1 HAMIWHICTh CEPEOBUIN, a TAKOX ITiJI-
BHIIIMUTH THYYKICTH Ta KOHTPOJIBOBaHICTH 3MiH. IIpoBe-
JICHUH aHai3 MOKa3as, IO Taki iHCTpyMeHTH, sik Terra-
form, Pulumi, CloudFormation ta Ansible, MarOTb cBOi
CHIIbHI CTOPOHHM 1 MOXYTb aJaInTyBaTUCS JI0 PI3HUX XMap-
HUX IIaTGOPM.

IaC crae HeBin emHo10 yacTuHOO DevOps-TIpakTuK i
CYTTEBO 3HWKYE BUTPATH Ha 00CIyroByBaHHs iHppacTpyK-
Typu. 3a YMOBH BIPOBADKEHHS Kpammux NpakTuk, [aC
CIIpHsi€ CTBOPEHHIO CTa0iIBPHOTO, KEPOBAHOTO Ta CTaHAp-
TH30BaHoro IT-cepenoBuina, mo BiMOBiAa€ BUMOTaM Cy-
gacHoro Oi3Hecy.
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EVALUATION OF THE EFFECTIVENESS OF THE “INFRASTRUCTURE AS CODE” METHODOLOGY
FOR CREATING AND MANAGING CLOUD INFRASTRUCTURE

The article describes a comprehensive study of the effectiveness of using the Infrastructure as Code (IaC) methodology to create, scale, and manage
cloud infrastructure. The laC methodology is considered one of the key technologies of digital transformation and the DevOps approach, which provides
software automation of infrastructure processes, reduces dependence on the human factor, and increases the repeatability and predictability of IT
environments. The article provides a comparative analysis of leading laC implementation tools, in particular Terraform, Pulumi, AWS CloudFormation,
and Ansible, from the standpoint of their openness, compatibility with various cloud platforms, architectural approach (declarative or imperative), state
management, and level of flexibility. The degree of automation, scalability, speed of infrastructure deployment, adaptability to change, configuration
reliability, and ease of management are evaluated as key performance metrics. For each metric, a theoretical justification, analytical assessment, and
comparison with traditional approaches to administration are provided. Special attention is paid to the analysis of 1aC implementation in leading cloud
environments (AWS, Microsoft Azure, Google Cloud Platform, OpenStack) taking into account the corresponding platform solutions (CloudFormation,
ARM/Bicep, Deployment Manager, Heat) and third-party multi-cloud tools. It was found that the use of IaC significantly improves DevOps practices,
simplifies CI/CD processes and increases the reliability of cloud solutions. As a result, it is proven that the use of 1aC provides a significant increase in
operational efficiency, reduces infrastructure maintenance costs and promotes its standardization, which makes this methodology strategically important
for modern IT systems..
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DESIGNING THE ARCHITECTURE AND SOFTWARE COMPONENTS OF THE DOCKERISED
BLOCKCHAIN MEDIATOR

Small and medium enterprises are not adopting blockchain solutions in their supply chains and business processes due to the cost of implementing and
deploying the solutions. The architecture, which is described, is aimed at lowering the barrier for smaller-scale businesses to adopt distributed
technologies in their supply chains. Docker’s containerization capabilities are leveraged to achieve these goals due to improved horizontal scaling and
providing a unified environment for the application deployment. This architecture leverages tools provided by the Docker to design scalable and robust
system that is easily maintainable. Some of the key challenges are addressed by the proposed architecture, such as high development costs,
incompatibility with existing systems, and complicated setup processes, which are required for every participant in the supply chain. This research
describes how utilizing Docker system capabilities can help enable smaller-scale businesses to adapt distributed solutions in their supply chains and
cooperation with other companies by tackling the issues of traceability, transparency, and trust. The main components of the architecture are a mediator
server containerized within a Docker network, a blockchain node, and an NGINX proxy server container. They are implemented to process request data,
store relevant information, and secure it on the Ethereum blockchain ledger. The proposed architecture is also aimed at integrating smoothly with existing
company applications to reduce adoption costs. Security of the data in the Ethereum ledger is achieved via security measures such as cryptography

mechanisms and hashing already integrated into the Ethereum platform.

Keywords: dockerized blockchain architecture, supply chain management, containerized blockchain nodes, small-medium enterprises, supply

chain, cryptography, hashing, hashing algorithms, ethereum.

Introduction. Blockchain technology has entered the
space of supply chain management, allowing for increased
transparency, traceability, and security of the supply and
logistics operations that are performed in the chain. Large
companies are more likely to incorporate distributed
technology in their workflow due to the number of
resources available and robustness of their structure, which
allows for taking risks adopting new technology [1].
Smaller-scale businesses though usually don’t have the
resources needed to start using distributed solutions or
augmenting their existing applications with blockchain
tools because of not lack the resources to do so. Small to
medium enterprises, or SME in short, are hesitant to apply
blockchain solutions to their existing business models
because of its financial and time costs, but are interested in
trying this technology because of the benefits it could bring
them [1]. There are some solutions present that are targeted
at SMEs specifically. One of them is a dockerized
architecture approach to the blockchain solution, focusing
on containerized virtual nodes for the blockchain network
and tools that allow for storing necessary data in the ledger
[2]. It is described at a high-level in the work mentioned
above. The goal of the current research is to design the
architecture and software components for dockerized
blockchain system in more details, describing how
elements of this system could be implemented, so that
development and deployment costs for applying distributed
solutions would decrease for the small-medium enterprises,
allowing for more companies trying the technology in their
supply chains.

Designing system architecture. There are several
concerns regarding the implementation and deployment of
the blockchain solutions, which are mentioned in this work

Research Article: This article was published by the publishing house of NTU ""KhPI"" in the collection
"Bulletin of the National Technical University "KhPI" Series: System analysis, management and
information technologies." This article is distributed under a Creative Common Creative Common

[2]. Dockerized blockchain system is being designed based
on the problems that are tackled with that approach. Those
problems are mostly with the incorporating of the
blockchain solution for smaller businesses and they can be
named like this:

e Expensive development and deployment process
for blockchain tools

¢ Incompatibility of new blockchain tools with the
existing businesses process and existing applications

o Difficulties in setup process of the new tools for
each participant of the supply chain

e Lack of pre-developed blockchain solutions that
would allow for quick and easy integration of the solution
into existing applications and systems

Based on the problems discussed above, it was
decided to use Docker as a platform for packaging and
running applications [3], among which are going to be
server mediator for processing data before it goes to the
ledger, blockchain nodes and a proxy server for redirecting
requests to a necessary service in the docker network or
outside of it, to the existing applications.

Docker is selected for the solution due to it having
several cons that directly help with the issues mentioned
above. Docker packages applications and their
dependencies into isolated containers, ensuring consistent
execution across different environments. This eliminates
the "it works on my machine" problem [3]. That allows for
an easier process of development and deployment, which
reduces financial and time costs of the solution adoption.
Docker is scalable, as it simplifies horizontal scaling by
allowing you to easily run multiple instances of a
containerized application to handle increased load [4]. It
allows for scaling existing containers in the network and

© Zherzherunov P.Y., Shmatko O.V., 2025

OPEN a ACCESS

Attribution (CC BY 4.0). Conflict of Interest: The author/s declared no conflict of interest.

Bichux Hayionanvnoz2o mexniunozo ynigepcumemy «XI1l». Cepia: Cucmemnuii

auanis, ynpasninus ma ingpopmayiini mexnonoeaii, Ne 1 (13) 2025

101


https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

ISSN 2079-0023 (print), ISSN 2410-2857 (online)

adding new ones, which is allowed by isolation and security
of the containers used. That enables easier integration of the

Client Applications {Company_1]

% Client App 1 % Client App 2

A A

keri. logkchain Mediator [1]

company-participant of the supply chain or business
cooperation. But all the dockerized blockchain mediators

Client Applications [Company 2]

$ Client App 1 % Client App 2

A A

kerl logkchain Mediator [2]
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Node

Company Gerver [Company 2]

:% Server

Fig. 1. Component diagram of the architecture

tools in the existing systems, as they do not have to be
implemented in the existing codebase, but communicated
to as a separate server, having its own interface.

System architecture using Docker has to account for
the existing systems of the supply chain participants,
allowing connecting them the blockchain network or not
isolating requests in the blockchain node. That is achieved
via mediator server, which is responsible for extracting data
from the request, saving it to the ledger and passing request
to the original server or application.

Solution’s architecture consists of several elements:

e User client. This part of the application is not
described in detail as it is usually a browser or OS
application, which sends requests to the server, where logic
is handled

e Docker Application Host. It is a server machine,
which is responsible for hosting the docker network, which
in basic configuration includes mediator server written in
Python and Django framework, and blockchain Ethereum
node. There is also a NGINX proxy that can redirect
requests to the mediator, existing server outside of Docker
network or additional modules, that can be manually added
to the docker network

e Existing server. This is a server machine or proxy
for existing server or network of servers, which are
responsible for handling original business logic for that
client in the supply chain processes

On the component diagram of the architecture main
elements are displayed, where User client is name Client
Applications, Docker Application Host is Dockerized
Blockchain Mediator and Existing Server is Company
Server. Each of these components is present for every

connect via Ethereum nodes to a shared blockchain
network with a shared ledger.

Client Applications component includes Client App
instances, which are displayed as multiple elements in the
component. Their number is not limited to two, and these
can be different application, the main requirement to them
is that they communicate with the existing Company
Server. This logic is true for every company participant of
the supply chain.

Dockerized Blockchain Mediator includes NGINX
Proxy, Mediator Server and Blockchain Node containers.
Their purpose and process details are described further in
this research.

The architecture, including Docker implementation
details, is displayed in the fig. 2. Details of the docker
specific deployment of solution’s components are
described there.

The procedure of deploying a dockerized blockchain
instance can be described as follows: host is running a
virtual machine (VM) instance, which is responsible for
managing docker daemon, main process in the Docker
application, which manages images, containers and
provides interface to control them [5]; docker daemon on
docker-compose command is collecting image schemes
and necessary resources from the registry and creates
images based on them; containers are created based on the
images that docker pulled from the registry; pre-developed
mediator server and blockchain node are using python
(which includes Django by default) and ethereum/client-go
images respectively; NGINX proxy container is using a
nginx/nginx-ingress image to build a proxy server, which is
responsible for redirecting requests and returning modified
responses [6, 7]; After these operations are completed,
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application is ready and operational and other clients are
communicating with it via docker-network, which is expo-
sed on the real machine server.

Machine is a real server machine that hosts operating
system which itself hosts a Docker network. To redirect a
request to the NGINX Container, Mediator Server and

Client 1

= . . =
Dockerised Blockchain Instance Sockor =
E Containers
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of LT s )
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Fig. 2. Detailed Architecture of Blockchain Mediator Instance

Default Architecture’s Process Sequence. Sequence
diagram in the fig. 3 displays a default process of the
application handling client requests to their existing server
application, where request is temporarily intercepted by the
blockchain mediator server. Diagram is composed taking
into account structure of the dockerized application and
specific of its deployment.

Objects of this diagram are Client App, Host Machine,
Networking Subsystem, NGINX Container, Mediator
Server, Blockchain Node and Original Server. Sequence
diagram shows full process of request processing including
different Docker layers [8].

Client App is a client already implemented and used
by business company to communicate with their Original
Server, where Client App is usually a web application or
website and original server is a webserver responsible for
handling logic.

Client App sends a HTTP request to a Host Machineg,
which is shown as a message arrow in the diagram. Host

Blockchain Node which are parts responsible for handling
logic of the request, Host Machine sends received request
to the Networking Subsystem of the Docker, which then
maps this request to a NGINX Container, which acts as a
proxy in this architecture. These actions are also shown as
message arrows in the sequence diagram, as synchronous
calls, as they are waiting for response from the mentioned
objects.

After NGINX Container receives request, it is now
present in the virtual Docker network, where main objects
are NGINX Container, Mediator Server and Blockchain
Node. Multiple scenarios are possible within NGINX
Container logic, but sequence diagram covers the default
one, where request is processed, data is saved in the
blockchain ledger via smart contract. To do this, NGINX
container redirects request to a Mediator Server object,
which is responsible for processing all request data and
separating parts of it to be stored in the blockchain ledger.
This logic is intended to be customizable, so it is not a focus
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of the current research. After Mediator Server formats
request metadata and sends it to a Blockchain Node, it waits
for the completion event from it. When completion event is
received, Mediator Server returns request to the NGINX
Proxy and issues its redirect to the original server. All these
operations are displayed as message arrows in the diagram.

NGINX Proxy sends an original request to the original
server, if completion event is received, and then waits for
response from it. From that point on, NGINX Container,
Networking Subsystem and Host Machine are acting as
sequential transmitters of original server response, which is
aimed to return to the Client App.

Processing Request Data for Blockchain. Archi-
tecture is aimed at processing and saving essential parts of
the request passing through the system to enabling tracking
of the actions in the supply chain but also not create too
large data storages which are hard to maintain.

Request structure consists of several parts, which are
request line, headers and body which is an optional part of
the requests that stores data sent in some of the HTTP
methods [9].

Request line is the first line of the HTTP request and
contains essential information about the request. It has three
parts, separated by spaces: HTTP method (e.g., GET,
POST, DELETE), request target (e.g., /api-endpoint) and
HTTP version, which can be one of the HTTP protocols.
We want to store the whole line in the ledger except HTTP
version [9, 10].

Headers contain a lot of key:value pairs, where key is
a name of a specific header and values is usually a string
value with specific information. For example: Host:
www.example.com, Accept-Language: en-US,en;q=0.5,
etc. We would like to store not all of the headers, but those
that are request essential, for example Host, User-Agent,
Accept, Content-Type, Content-Length, Referer. But we
must not store and security relevant information, like
Cookie or Authorization header, as blockchain network is
fully visible for the participants of the network, and
providing such information would be a direct violation of
security rules.

In the ledger we would also like to store body of the
request. The request body is the part of an HTTP request
that contains data being sent from the client to the server. It
follows the request line and the headers. The presence and
content of the request body depend on the HTTP method
used and the purpose of the request.

Format of the request body is dependent on the
Content-Type header, which is passed with the request.
Examples of the content types are text/plain, applica-
tion/json, application/xml. Body can also be a file, but that
is a rarer case of the request, so it is not going to be looked
at in the scope of this research.

Text/plain content type can be stored in the ledger
directly as a body: content pair, where content is String
type. Application/json, application/xml and application/x-
www-form-urlencoded are using different formatting, but
they can be converted to the dictionary data structure,
where each field is either a single String or Number or
another dictionary which contains other fields. This
transformation of JSON, text, XML or form data has to be
done in the Mediator Server prior to sending to the

Blockchain Node and a corresponding smart contract to
reduce load on the onchain operations.

Securing distributed request data. After resulting
data object representing the request is sent to smart contract
and from there stored to ledger, new Ethereum ledger
records are secured through a combination of cryptographic
techniques and a robust consensus mechanism. The default
Ethereum approach is used to securing newly obtained data.

Ethereum uses elliptic curve cryptography
(specifically secp256k1), the same as Bitcoin, to manage
accounts and transactions. Each Ethereum account has a
public key and a private key pair. The public key acts like
an account number, allowing others to connect new data to
other members of the blockchain network. It can be shared
publicly without risk. The private key is like a digital
signature. It’s a secret key that allows the account owner to
authorize transactions which change the latest state of the
ledger. [11].

For hashing Ethereum uses cryptographic hash
functions (like Keccak-256) extensively, to create unique
identifiers for operations in the ledger and to link blocks
together in the blockchain, forming a tamper-evident chain.
Each block’s header contains a hash of the previous block’s
header [12].

Conclusions. This research describes the design of
architecture and basic software components for a
dockerized blockchain mediator system aimed at lowering
the barrier for small to medium enterprises to adopt
blockchain technology in their supply chains.

To achieve these goals, Docker’s containerization
capabilities are leveraged, and as a result the proposed
architecture addresses key challenges such as high
development costs, incompatibility with existing systems,
and complex setup processes. This research describes how
using Docker system can help addressing these issues to
enable more smaller scale businesses to adapt distributed
solutions in their supply chains and cooperation with other
companies.

The architecture features a mediator server within a
Docker network, alongside blockchain nodes and a proxy
server, to process request data, store relevant information
securely on the Ethereum blockchain ledger, and integrate
smoothly with existing company applications. Security of
the data in Ethereum ledger is achieved via security
measures such as cryptography mechanisms and hashing
already integrated in the Ethereum platform.

This approach simplifies deployment, enhances scala-
bility, and maintains security through established crypto-
graphic methods, ultimately offering a more feasible path
for SMEs to explore the benefits of blockchain for impro-
ved supply chain transparency and traceability.
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PO3POBKA APXITEKTYPH TA ITIPOT'PAMHHUX KOMITIOHEHTIB JJOKEPU30BAHOTI'O BJIOKYEWH-
MEJIIATOPA

Mauri Ta cepeHi MigpHEMCTBA HE BIPOBAKYIOTh OJIOKUYEHH-PIIIEHHS y CBOI JIAHIFOTY TOCTA4aHHs Ta Oi3HEC-TIPOIECH Yepe3 BHCOKY BapTIiCTh iX
BIPOBA/UKEHHS Ta po3ropraHHs. OnmncaHa apXiTeKTypa CIpsAMOBaHA Ha 3HIDKEHHs 0ap'epiB I MallMX MiJNPHEMCTB y BIPOBAJUKECHHI PO3MOITEHUX
TEXHOJIOTIM y CBOI JIaHIIOTM MocTadaHHs. IS JOCATHEHHS LMX IiJIed BHKOPHCTOBYIOThCS MOMJIMBOCTI KOHTeifHepu3auii Docker 3aBmsku
TIOKPAIIEHOMY TOPH30HTaJIbHOMY MacIITaOyBaHHIO Ta 3a0€3MEUCHHIO €MHOTO CEPEIOBHUIIA T PO3TOPTaHHA JoAaTKiB. LI apXiTekTypa BHKOPHCTOBYE
iHCTpyMeHTH, Hagani Docker, 11s mpoekTyBaHHS MacITaboBaHOI Ta HaIiHOT CHCTEMH, SIKa JIETKO i ATpIMYeThes. [IpornoHoBaHa apXiTeKkTypa BHpilTye
JIesIKl KJIIOYOBI MPOOJIEeMH, TaKi K BUCOKI BHTPAaTH Ha PO3pOOKY, HECYMICHICTh 3 iCHYIOUMMHM CHCTEMaMH{ Ta CKJIAJHI NPOLECH HaJallTyBaHHS, SIKi
HeoOXi/IHI /Ul KO)KHOTO YYacHHKA JIAHI[OTa MOCTa4aHHs. Y IbOMY JIOCHIJKEHHI OIHCAaHO, K BUKOPHUCTAHHS MOXIIMBOCTeH cuctemu Docker Moxe
JIOTIOMOTTH MaJIUM ITiIIPHEMCTBAM a/IaNTyBaTH PO3IOJIICH]I PIillIeHHs y CBOIX JIAHI[FOraX MOCTAYaHHS Ta CIBIPAIi 3 iHIIMMU KOMIaHISIMH ILISIXOM
BUpIIICHHS TPOOJEM MPOCTEKYBAHOCTI, MPO30pOCTi Ta NOBipH. OCHOBHHMH KOMIIOHEHTaMH apXiTEKTYpH € KOHTEHHEPHHI CepBep-TIOCEPEAHUK y
Mmepexi Docker, By3ox 610kueliny Ta koHTelHepHuH npokci-cepBep NGINX. Bonu peanizoBani i 06poOKU JaHUX 3aIUTIB, 30epiraHHs BiAIOBiIHOL
iHopmanii Ta ii 3axmcty B peectpi Gnokueitny Ethereum. 3amponoHoBaHa apXiTeKTypa TakoX CIPSAMOBAaHA Ha IUIABHY iHTETPAIii0 3 iCHYIOUHMH
JIoJaTKaMK KOMIIaHii JiIs 3MEHILCHHS BUTPAT Ha BIpOBa/UKeHHs. besneka nanux y peectpi Ethereum 3a0e3medyeTbesi 3a JOMOMOTOI0 TaKHX 3aXOJIIB
Oe3rexn, sIK MeXaHi3M1 KpUnTorpadii Ta XelryBaHHs, Bxe iHTerpoBati B mardopmy Ethereum.

KuarouoBi cioBa: nokepu3oBaHa apXiTeKTypa OJIOKUYelHy, YIPaBIIiHHS JIAHIIOraMU MOCTABOK, KOHTEHHEPHU30BaHi By3IH OJOKUYelHy, Maii Ta
cepeHi MiANPUEMCTBA, JAHIIOT MOCTABOK, KpUNTorpadis, XenyBaHHs, alropuTMu xeuryBans, Ethereum.
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IAEHTU®IKAIIA TAPAMETPIB JIUHAMIYHUX OB’€KTIB 3 BUKOPUCTAHHSM TPAHC®OPMEPA
3 OIITUYHUM ITIOTOKOM TA AHCAMBJIEBUX METOJIB

VY crarTi po3nBIHYTO MiAXin A0 izeHTH(iKanil napaMerpiB AWHAMIYHHX O0’€KTIB y BiJCONMOTOLI 3 BUKOPUCTAHHSAM TPAaHC(HOPMEPHOI apXiTeKTYpH,
mozeni GeoNet Ta arHcamOieBHX METONIB MAIIMHHOTO HABYAHHS, 30KpeMma Oerinry Ta OycTiHry. ImenTtudikaris mapameTpiB Takux 00’€KTiB, SIK
IOJIOXKEHHSI, [IBUAKICTh, HATIPSIM PyXy Ta TIHOMHA, Mae BaKIMBE 3HAYCHHS JUI LIMPOKOTO CHEKTPA 3aCTOCYBaHb, BKIIOYAIOUH aBTOHOMHE BOJIIHHSI,
POOOTOTEXHIKY Ta CHCTEMH BiJE€OCIOCTEPEKEHHs. Y pOOOTI OMHCaHO KOMILUIEKCHY CHCTEMY, sika 3a0e3ledye IHTerpaiilo MpOCTOPOBO-YaCOBHX
XapaKTEePUCTUK BiJCOMOTOKY Yepe3 OOUYHCIICHHS ONTHYHOTO MMOTOKY Ta KapTH rTHOHHH 32 qomoMoroio GeoNet, iX MoganbIinii aHai3 i3 3aCTOCYBaHHSIM
TpaHcdopMepa, a TAKOX ITiJBUIIEHHS TOYHOCTI 3aBIIKH aHCAMOJIIOBaHHIO pe3ynbTaTiB. GeoNet, sik ImbOoKa 3ropTKoBa HelpOHHA Mepexa, 00’ eHye
3aBJaHHS OLIHKM INIMOMHK Ta ONTHYHOIO NOTOKY B €IHHY apXiTEKTypy, IO DO3BOJISIE TOYHO PEKOHCTPYIOBATH TPUBHMIPHY clieHy. BukopucranHs
TpaHchopmepa T03BOJISIE MOIETIOBATH INI00ANBHI 3aIeKHOCTI B KaJpax Bifeo Ta MOKPAIMTH TOYHICTh Kiacu(ikarii Ta BUusBieHHs 06’ exTiB. BoxHouac,
OeriHr 3MeHIIy€e AUCTIEPCiIo IIUIIXOM YCepEIHSHHS Pe3yIbTaTiB KiTbKOX MOJieiell, HABUSHHX Ha PI3HUX MiABUOIpKax, a OyCTiHT 103BOJIIE (OKyCyBaTHCS
Ha CKJIaJHMX IPUKIIaAax I MiJBUILICHHS TOYHOCTI MPOTHO3Y. 3alpONOHOBaHa CHCTeMa 3abe3leuye BUCOKY TOUHICTh B yMOBaX JAMHAMIYHOTO (hOHY,
3MiHM OCBITJICHHS, OKJIIO3il Ta IIyMiB, 3aB/ISKH 4OMY MOXe OyTH afanToBaHa /Uil BUKOPHCTaHHS B peaJbHOMY 4Yaci B CKJIaJHHX cleHaX. HaBeneno
JleTaJbHUHI OITHC KOXKHOTO 3 KOMIIOHEHTIB CHCTeMH: apxiTekTypu GeoNet, MomyiiB TpaHchopMepa, pealisalii OeriHry Ta OyCTiHTY, a TAKOXK aTOPHTMY
00’eqHanns pe3ynbTatiB. OdikyBaHi pe3y/ibTaTH MAaiOTh AEMOHCTPYBATH e(heKTHBHICTH iHTerpamil METOAIB IHOOKOr0 HABYAHHS 3 KIACHYHUMU
aHcaMOJIEBHMH MTiIXOAaMHU AJIs 33/1a4 BUCOKOTOYHOI ineHTHDIKALil THHAMIYHUX 00’€KTiB. 3amponoOHOBaHa METOIONOTSI BIAKPUBAE MEPCIICKTUBH IS

CTBOPEHHS IHTENEKTYAIbHUX CHCTEM KOMIT FOTEPHOTO 30PY HOBOTO TIOKOJIHHSL.
Kuarouosi cioBa: [lucraniiiina igeHtudikaiis AHHAMIYHAX 00’ €KTIB, BUSBICHHS 00’ €KTiB, KOMIT FOTEPHHH 3ip, aHCAMOJIeBi METOqH, rHOOKe
HaBYaHHS, 3TOPTKOBI HEUPOHHI MepeXKi, apXiTEKTypa CHCTEMH, TPOrPaMHe 3a0e3MeYeH s, MAIIMHHE HABYAHHS, ITYYHUH IHTEIEKT.

Beryn. Ipentudikanis mnapamerpiB  TUHAMIYHHX
00’€eKTIB y BIZICONOTOLI € Ba)JIMBUM 3aBIaHHIM y cdepi
KOMIT FOTEPHOTO 30pYy, II0 3HaXOJIUTh 3aCTOCYBaHHS B
aBTOHOMHOMY BOJIiHHI, BiJI€OCIIOCTEPEKEHHI, poOOTOTEX-
Hiii. OJHEM 13 Cy9acHUX MIiAXOJIB € BUKOPUCTAHHS HEW-
POHHUX Mepex I nependadeHHs rmuounn cueru (depth
estimation) Ta oriHku pyxy (optical flow). OmgHiero 3 Takux
Moneneit € GeoNet, sika 00’ €JHYE I1i TBa 3aBIAHHS B €JIHY
apXITEKTYPY.

3aB/sIKM OJJHOYAaCHOMY BHBUEHHIO T€OMETpil CIIeHU
Ta pyxy kamepu, GeoNet JeMOHCTpYE MiJBUIIEHY TOYHICTb
y MOPIBHSIHHI 3 TPAIUIIHHAMHE ITiIX0AaMH, 10 PO3IUISIOTH
11l 3aBJaHHA. Y MOJIe/Ii BUKOPUCTOBYETHCSI IIINO0KA 3rOPT-
koBa HeifponHa Mepexka (CNN), sika 103BOJIsSE€ aBTOMa-
TUYHO BHMBYATH pEJEBaHTHI IPOCTOPOBI O3HAKH IS
NoOYZOBH KapTH TIIMOMHU Ta OLIHKH BEKTOPIB ONTHYHOTO
TIOTOKY.

Bisyamnizanis poboru takux mozeneH, sk GeoNet,
MoOXe OyTH 3HA4HO IIOJIETIIEHA 32 JIOTIOMOTOIO CIIeliaizo-
BaHMX iHCTpYMeHTiB, Takux sk CNN Explainer inTepaktu-
BHA CHCTEMa, IO TOSICHIOE MPHUHIMIT POOOTH 3rOPTKOBUX
HEHPOHHMX MEpPEeX uepe3 MOKPOKOBY Bizyalli3allifo iX BHY-
TpimHiX MexaHi3MiB. BoHa 103BOJIsI€ Kpalie 3po3yMiTH, 5K
Mepeka BUTATYE O3HAKH 3 BXiJHUX 300paKeHb Ta SK IIi
O3HAKH CIPHUSIOTh NPUHHATTIO pimeHb. Kpim Toro, B
OCHOBi CyJaCHUX apXiTEKTyp, BKIIOYHO 3 THMH, III0 BHKO-
PHUCTOBYIOTECS Ui OOpOOKH Billeo, BCE YACTIIE JICKHUTH

MexaHi3M yBaru (attention), npencraienuid y Transfor-
Mer-moze, Mo J03BOJIsIE e(EeKTHBHO MOJIENIOBATH 3a-
JIOKHOCTI MK MIKCENSMH 3 ypaxyBaHHAM iX IPOCTOPOBO-
4acoBUX 3B’s3KiB. Lle po3muproe MOXIMBOCTI Tpajuiiii-
HuXx CNN, 3a0e31neuyroun Kpaily KOHTeKCTHY iHTepIpeTa-
0 JUHAMiYHUX cieH [1-2].

OpHak Taki MOJAET MOXYTh CTPaXKIaTH BiJl JIOKAJh-
HUX TOXHOOK Yepe3 IIyM, 3MiHy OCBITJICHHS, OKIIt03i1. Jliis
MOKpAICHHS TOYHOCTI NMPOINOHYETHCS BHKOPHUCTOBYBATH
aHcamMOieBi METOJM MalIMHHOIO HaBYaHHs OeriHr
(bagging) ta Gycrinr (boosting). 1i miaxomu 103BOISIOTH
MIIBUIIUTH SIKICTh TIPOTHO3YBAHHS, 3MEHILYIOUH JUCIIEp-
Cif0 Ta 3MIIICHHs. BeriHr 103B0JIAE 3MEHIIUTH JTUCIIEPCII0
MOJIETI 33 paXyHOK MOETHAHHS KiJIbKOX HE3aJIe)KHO HaBYe-
HHUX MOJIeNIell, KOKHa 3 SIKMX IIPALIO€ 3 BHUIAJKOBOIO BU-
0ipKOI0 JaHWX, THM CaMUM 3TJ1a/UKYIOUYH BIUIMB ITYMOBHX
apredakriB. HaTroMicTh OycTiHT MOCIIIOBHO HABYAE CEPil0
ciabkux Mojenel, PoKyCylounch Ha THX MPUKIAAAx, sKi
Oy/nu Ba>KKUMHM JUIsl TIOTIEPEAHIX, IO JO3BOJISIE 3HU3UTH
3MIIIEHHS 1 TOKPAIUTH 3arajibHy TOYHICTh Nepe0auyeHb.

BaxmBicTh TOYHOTO BHUSBJICHHS Ta iICHTU(IKAIT
00’€KTiB y CKJIaTHUX CIICHAX, 30KpeMa B yMOBaxX AMHAMIKH,
MiAKPECTIOETECS B CYJaCHHUX OTIIAax Ta podoTax 3 00-
pobku 300pakens i Bineo. Hampuknan, y Transformer-ap-
xitexktypi DETR (Detection Transformer) [3], sika moenHye
nepeBarn MeXaHi3MiB yBaru Ta €HI-Ty-€HJ MiAX0ay 0
BUSIBJICHHSI O0’€KTIiB, yBara NpUAIIETbCA TI00aTEHOMY
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KOHTEKCTY CIICHH, IO MiABUIIYE CTIHKICTh 10 YaCTKOBHX
CIIOTBOPEHH 1 mepemko. Orisg MeToaiB 00podku 300pa-
xeHb 3a 20 pokiB [4] migTBepIKye, MO iHTETpamis Kia-
CHYHMX IIOXOMIB 3 HOBITHIMH METOIAMH TIIHOOKOTro
HaBYaHHS Ta aHCaMOIIOBaHHS 3a0e3neduye HalKpary 1npo-
JOYKTHBHICTD Y CKJIAIHHX 3a/auaX KOMII IOTEPHOTO 30Dy,
BKJIFOYHO 3 iIeHTU]iKaLli€r0 00’ €KTIB Y BiJJEONOTOLII.

Inentudikanis mapameTpiB JUHAMIYHUX 00 €KTIB 3
BUKOPHCTaHHAM TpaHc]opMmepa 3 ONTHYHUM IOTOKOM Ta
aHcamMOJIEBUX METO/IB € CYYaCHUM HalpsMOM Y Traiy3i
KOMIT FOTEPHOTO 30Dy, IO JO3BOJISIE TOCATTH BHCOKOI TOU-
HOCTI B OIiHIII KIFOYOBUX XapaKTEPUCTHK 00’ €KTIiB, TAKUX
SIK TIOJIO’KCHHSI, IIBUAKICTh, HANIPSMOK PyXYy Ta IIHONHA. Y
i poOOTi MPONOHYETHCS KOMIICKCHA CHCTEMA, KA TIO€/I-
Hye MoxumBocTi Mogeni GeoNet [UIs OWIHKH TITHOWHHU
CIICHH Ta ONTHYHOTO IOTOKY, TPaHC(HOPMEPHOI apXiTek-
TypH Ui BUSBICHHSA 00 €KTiB Ta Kiacudikallii, a TaKoxK
METOIB aHCaMOIIOBAaHHS U MiABUILNEHHS HAAIHHOCTI Ta
TOYHOCTI TporHo3iB. Takui migxix 3ade3nedye OLIBLI
MOBHY KapTHHY JIWHaMIYHOI CLEHHU, JO03BOJISIOYH OJHO-
YacHO BHSIBJISATH 00 €KTH Ta OILHIOBATH 1XHI KIHEMaTH4HI
rapaMeTpy y pealbHOMY Yaci.

Pospobiiena cucrema BKITIOYA€ IONEPETHE 3aBAHTA-
JKCHHS BiJICOMIOTOKY, MOKaIpOBY 0OpOOKY i3 3acTOCyBaH-
HaM CNN-0a30BaHNX METOMIB I O0OYNCIIEHHS OIITHYHOTO
MOTOKY [5], HomanbIie MporHo3yBaHHA INIMOWHY Ta PyXy 32
noromororo GeoNet [6], 1 BUABICHHS 00’ €KTIB 3 BUKOPHC-
TaHHSIM MOJeJicii Ha OCHOBI TpaHchopmepiB abo perio-
HaJIBHUX 3TOPTKOBUX Mepex [7]. s mokpalieHHs Tod-
HOCTI ieHTHdiKalii BUKOPHCTOBYIOTBCSI METOAM OEriHry
Ta OyCTIHTY, SKi J03BOJISAIOTH 00’€JIHATH PE3YNbTAaTH Je-
KUTBKOX CJTA0KUX MOJENICH B €IMHE Y3TO/DKCHE PIllICHHS.
Cuctema po3poOiicHa sl PI3HUX YMOB, 30KpemMa Ha
CKJIQJHUX CLIEHAX 13 PyXOMHUM (h)OHOM Ta IMEPEIIKOIaMH, JIe
BOHA Ma€ NMPOJEMOHCTPYBATH BUCOKY edekTHBHIcTh [8—9].

Mera Ta 3agaui gociaimkeHHsi. Mera crarti €
pO3po0Ka Ta BIOCKOHAIEHHS KOMIUIEKCHOT CHCTEMH IS
iZeHTUdiKaIil mapaMeTpiB IWHAMIYHUX OO0 €KTIB Yy
BiJICOTOTOIII, IO MOEIHYE MOKIUBOCTI GeoNet s OLIHKA
MMMOMHM Ta ONTUYHOTO TOTOKY, TpaHchopMepHOi
apXiTEeKTypH Ul BUSIBIICHHS Ta Kiacudikauii 00’€KTiB, a
TaKOX aHCaMOJIeBUX MeTO/iB (OeriHr Ta OycTiHT) IUIs mij-
BHUIIICHHS HAIITHOCTI Ta TOYHOCTI MPOTHO31B.

Jlns JoCSTHEHHS METH TOCTaBJICHI 3ajadi JOCHif-
KEHHS.

1. Onucatu aHaniTHaHy Mojaens GeoNet.

2. Onwucatu Monyis berinr.

3. Onmcaru Moaynb BycTiHr.

4. Onucatn BHUKOPUCTaHHS TpaHc(OpMEpHOI apxi-
TEKTYpH.

5. Onwmcatu anroput™ 00’ €JHAHHS PE3yNIbTaTIB.

6. AHaui3 04iKyBaHHMX Pe3yJIbTATIB.

GeoNet. I'mnboka HEeHpOHHA apXiTEKTypa, AKa MOEI-
HYE€ 3aJ1a4y OLIHKY TJIMOWHHM 3 32/1a49€T0 OLIHKH ONITUYHOTO
MOTOKY , TOOTO BEKTOPHOTO IOJIS MEPEMIIIICHHS IMiKCEIliB
MDK JIBOMa TOCHiIOBHUMH 300paKEHHSIMHU. Ii ocroBHa
MeTa IHTEerpyBaTH MPOCTOPOBY Ta 4acoBy iH(opmamiio B
€IMHY CTPYKTYPY IUIsl OLIBII TOYHOT PEKOHCTPYKIIT CLIEHH
Ta BiJICTEXXEHHs 00’ €KTiB. Y KOHTEKCTI 3a1a4i ieHTudika-
il mapameTpiB AuHaMiyHUX 00’ €kTiB, GeoNet BHCTyNAE 5K
(byHIaMEeHTaNbHUI IHCTPYMEHT ISl MTOTIEPEHBOT0 300py

KIHEeMAaTHYHUX XapaKTEPUCTHUK OO’€KTIB y Bi€OTOTOIII.
MIPECTaBJICHO 3aranbHy CTpyKTypy GeoNet, me mapa Bxia-
HUX 300pakeHb MOCITIIOBHUX KaApiB 00poOIsSeThECS Mepe-
JKEI0 ST OJHOYACHOTO BHM3HAYEHHSA KapTH TIMOWHHU Ta
ONTHYHOTO NOTOKY. Takmil miaxin no3Boisisie 00’€qHATH
CTEpPE030py Ta YaCOBY JHHAMIKY, III0 KPUTUYHO Ba>KJIUBO
Ui igeHTugiKalii MpOCTOPOBOIO IOJIOKCHHS Ta Ha-
NpsIMKY pyXy 00’ekTiB y cuei. Jlociimpkenns [9] nemonc-
Tpye, o Bukopucranus GeoNet y moeaHaHHi 3 TpaHcdop-
MEpHOIO apXIiTEKTYpOIO JIO3BOJISIE 3HAYHO MiJABUILUTH
TOYHICTh BU3HAUEHHS ITApaMETPIB PyXy 3aBISKH MOXKIIH-
BOCTi 00pOOKH TI00aIBPHOTO KOHTEKCTY y cieHi. TpaHc-
¢dopmep aHai3ye OTpUMaHi KapTh TIMONHH T4 ONITUYIHOTO
MOTOKY, 3a0e3Meuyrour BHCOKOPIBHEBE IIPEICTaBICHHS
PYXY, fIKe Ba)INBE IS Kiacu]ikamii, MpOorHO3yBaHHS Tpa-
€KTOPII Ta TOAATBINO] AHATITHKH 00’ €KTIB.

Kpim Toro, y peasnizoBaniii ciuctemi, 3apornoHOBaHii
B nonepennii podori [9], GeoNet Moxke iHTerpyBaTUCh 3
aHcaMOJIEBUMH METO/IaMH MallIMHHOTO HaBYaHHS, 30KpeMa
B I1i#i CTATTi OariHroM Ta OyCTIHIOM, IS I IBUIICHHS CTii-
KOCTI 10 IIyMiB, 3MiHM OCBITJICHHSI Ta YaCTKOBOI BTpaTu
nmaHux. Y BHMaAKy Oariary, GeoNet 3anporioHOBaHO BHKO-
HYBaTH Ha Pi3HUX MOA(iKOBaHUX MiABHOIpKax Bimeokan-
piB, II0 T03BOJINTH OTPUMATH yCEpPEIHEH] OL[IHKH ITapame-
TpiB pyxy. Y OyCTiHTY pe3yiabTaTH Mepmioi MOJeli
aHATI3YIOThCSA, 1 Ipyra Moaenb (OKyCyeThCs Ha 30HAX 3
HaOLTBPIIO MOXMOKOI0, MO 3a0e3medye JOKATbHY TOY-
HICTB.

Takum umHOM, Bukopuctanus GeoNet y 3B’s3ui 3
TpaHcopmepamMu Ta aHCAMOJIEBUMH IMTiIX0/1aMH CTBOPIOE
e(peKTUBHY CHCTEMY JUIsi BUCOKOTOYHOTO aHaji3y AWHA-
MIKH BI3yaJIbHUX CIIEH Ta ineHTH]IKalil napaMeTpiB pyxy
00’ekTiB. Ile 0cOONMMBO aKTyaJIbHO B 3aJadax JUCTAHINIH-
HOTO MOHITOPHHTY, aBTOHOMHOT'O TPaHCIIOPTY Ta CHCTEM
BiJICOCTIOCTEPESIKEHHS, JIe BXIJINBA HE JHIIe (hikcallis Ha-
SIBHOCTi 00’€KTa, a i TIOBHOIIIHHE PO3yMIiHHS HOTO TOBe-
JIIHKH B IIPOCTOPI.

[NokazaHo Ha puc. 1 3aranpHy MoaM(iKOBaHY CTPYK-
Typy GeoNet. Opurinanpanii GeoNet BKIFOYae KOMIIO-
HeHTH oriHku rubunu (DepthNet), orinku o3 (PoseNet),
ouinku ontuyHoro notoky (ResFlowNet), i npamoe 6e3
Buntens (unsupervised). Ha puc. 1 npucytHi HOBi ene-
MEHTH, SIKAX HEMA€E B OPHUriHAIBHIN po0oTi TpaHchopmep,
110 MOJEIIOE MIPOCTOPOBO-4ACOBI 3aJIeXKHOCTI
(Transformer dynamic flow), 3ragku mpo OycTiHr/OeriHr
Juts migBumieHHs TouHocti (Ensemble methods), 6inem 3a-
TaJbHUM MiAXiN A0 TPeKiHry mnapamerpiB (IIBUAKICTb,
HampssMOK PyXy TOIIO), IO BHXOAWTH 32 MEXI 3al1ad
(GeoNet Predicts the parameters), HasBHICTb OJOKiB
(Transformer parameters, Opical flow information) 3 miz-
KITFOYEHHSIM JI0 aHCAaMOJIEBUX METO/IIB TAaKOX CBiUUTH MPO
cnpoba o00’erHaTH KJIACHYHI KOMIIOHEHTH (ONTHYHHUI
MOTIK, TEOMETPist), TpaHcopmepH (A7 T106aTHHOTO KOH-
TEKCTy), Ta aHcamOJieBI MeToAau (IS IMiJBHUIICHHS TOY-
HOCT1).

OnTuynuii notik. Ha puc. 2, nmpeacraBneHo onTud-
HUH MOTIK BU3HAYAE HAMPSM 1 MIBUAKICTH MEPEMIIICHHS
miKceiB MiX MOCIiJOBHIMH Kajpamu. Horo 3acrocyBans
JIO3BOJISIE OTPUMATH TPAEKTOPI0 pyXy 00’€KTa Ta BH3HA-
YUTH HOro KiHeMaTW4Hi napamerpd. ONTHYHUHA MOTIK €
BEKTOPHUM I10JIEM, SIKE B1IOOpaXKa€e MepeMillieHHsI IiKCeiB
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MDK JBOMa MOCIIJOBHUMM Kaapamu Bigeo. Llefi meton
JTO3BOJISIE BU3SHAYUTH HAIPSIMOK 1 IBHIKICTH PyXy 00’ €KTIiB
y creHi. 3aBISKH IIbOMY MOXHA MOOYIYBaTH TPAEKTOPIIO
00’€KTa, BU3HAYUTH WOTO MHUTTEBY HIBHAKICTH i TMPUCKO-
peHHs. Y 3ampoNOHOBaHIM CHUCTEMi ONTHYHHU MOTIK BH-
CTyIae BaKJIMBUM JDKEPEIOM iH(pOopMaIii po KiHeMaTH4Hi
napaMeTpy AMHaMIYHUX 00’€KTiB, 0OCOOJIMBO B CHUTYAIIifX,
KOJIM 00’€KTH 4acTKOBO a00 IOBHICTIO HEPEKPHUBAIOTHCA
(oxmro3is) [10, 11].

Bipeonorik / Kagpu

OBYUCIEHHA OMTUYHOIO MNOTOKY W

Transformer network

Transformer dynamic flow
(Moaenioe NPOCTOPOBO-YaCcoBi 3aNeXHOCTI)

J

Ensemble method
(Bagging, Boosting)

A

Predicts the parameters

\2

Optical Flow information

J

Transform parameters

Puc. 1. Moaudikosana ctpykrypa GeoNet

OnTuyHuii notik. Ha puc. 2, npeacraBieHo ONTHY-
HUI MOTIK BU3HAYAE HAMPSIM 1 IIBUIKICTH MEPEMIIICHHS
miKcesTiB Mix OCITi IOBHMMH Kaapamu. Moro 3acTocyBanHs
JIO3BOJISIE OTPUMATH TPAEKTOPIIO pyXy 00’€KTa Ta BH3HA-
9UTH HOro KiHeMaTWyHi mapamerpu. OUTHYHHNA TOTIK €
BEKTOPHUM II0JIEM, SIKE BiTOOpakae mepeMilleHHsI TiKCeIiB
MDX JBOMa TOCTIJOBHAMHU Kajapamu Bimeo. lledi meron
JI03BOJISIE BU3HAYNTH HAIIPSIMOK 1 IIBUJIKICTH PYXY 00’ €KTIB
y cueHi. 3aBISKH IIbOMY MOXHA MOOYIyBaTH TPAEKTOPIIO
00’€KTa, BU3HAYUTH HOTO MHUTTEBY HIBHAKICTH i TMPUCKO-
peHHs. Y 3ampoIOHOBaHIM CUCTEMi ONTHYHUHN MOTIK BHU-
CTyIIa€ BaJKIIMBHUM JDKEpeJIoM iH(popMaii mpo KiHeMaTH4Hi
napamMeTpu TUHAMIYHHUX 00’ €KTiB, 0COOIUBO B CHUTYAIIisX,
KOJK 00’€KTH YacTKOBO a00 IMOBHICTIO MEPEKPHBAIOTHCS
(oxiro3ist) [10-11].

Ancamb6aeBuii meroa Berinr (bagging). Ha puc. 3,
300paxxeHo OeriHr (bagging), sk CTBOPEHHS KiJIbKOX MOjie-
Jiel Ha OCHOBI PI3HUX MiJABHOIPOK BXIJHUX NaHHX, 00 €]~
HaHUX 3a JONOMOTOI0 CEPEeAHBOI0 3HaYEeHHs abo royocy-
BaHHS. CyTh IIbOTO METOY TOJIATAE y CTBOPEHHI KiTBKOX
MoOJeTeH, KOJKHA 3 SIKMX TPEHYEThCS Ha BUMAAKOBIH miaBuU-
Oipui BXigHUX AaHUX (KamapiB Bigeo). Lle mosBossie 3MeH-
IIUTH AWCIIEPCII0 MOJENI Ta 3HU3UTH HMOBIPHICTh Tiepe-

HaBYaHHI. Y CHCTeMi, IO PO3TJNAEThCS, Ha eTalli
morrepeHp0i 0OPOOKHM 3aCTOCOBYIOTBCS Bapialii Kaipis,
30KpeMa BHIIaKOBA 3MiHA SICKPABOCTi, MACIITA0yBaHHS Ta
o0piska. Jlaxi Ha KoxkHiH Moudikamii Kaapy 3aImycKaeTbes
GeoNet, sika OILIHIOE TIIMOMHY Ta ONTUYHHN MOTIK. Pe3yJb-
TaTh 00’ €IHYIOTHCS IIUIIXOM OOYHCIIEHHS CEPEJHHOTO 3Ha-
YeHHs KapT riubunu [9, 10].

Kagpu

¢

ONTAYHUA NOTiK

BexTOopK ONTUYHOTO NOTOKY

N

TpaHchopmera 06pobka BEKTOPY ONTANHOO NOTOKY

l

BekTopHe none pyxy rikcenis

N

NapameTpyn
Hanpamok

MNoswnyis obexkTy

I

0BuNCNIEHHA KIHEMATHYHVX NapaMeTpis
pUEKOREHHA

LWengKicTs

!

IHTerpauia 3 iHWMMK mkepenamy (Hanpuknag,
TpaHchopmep, GeoNet)

Puc. 2. Bizyasni3aiiiss ONTHYHOTO MOTOKY B 00paHiii Moerni

Ancamb6aeBuii merox Bycrinr (boosting). ITocmi-
JIOBHE HaBYaHHs MOJENeH, Jie KOKHa HacTymnHa (oKycy-
€THCS HA IOMMJIKAX MOTNEPEIHBOT, IO JJ03BOJISIE 3MEHIIUTH
3MimenHs. Ha BigMiHy Bin OeriHry, OyCTiHT mepenbavae
MOCIJIIIOBHE HABYaHHS MoOJeNel, e KOXKHa HacTyIHa
(oKycyeThcs Ha IOMHIIKAX MONEPEAHBOI. Y 3aporoHoBa-
Hill CHCTEeMi IIe peayi30BaHO NUIIXOM IOETAIHOI OI[IHKU
IMMOMHN: TToYaTKoBa MoJenb (opmye 0a3oBy KapTy, a
JpyTa MOJeb YTOYHIOE ii y TUX perioHax, e 0yio BHSB-
JIieHO HaWOinpmy moxuoOky. Ile mo3Boiisie CyTTEBO 3MEH-
IIMTH 3MIMIEHHS Ta MiBUIIATH TOYHICTH IPOrHO3YBAHHS,
0CcoOIMBO Ha Mekax 00’ekxTiB a00 B yMOBax ci1aOKoi OCBi-
TIIEHOCTI. Y SIKOCTI KOPEKTOpa BUKOPUCTOBYETHCS JOMAT-
KOBa 3rOPTKOBA HEMPOHHA MepeKa, SKa aHaJi3ye JTOKaJIbHI
MMOMUJIKH Ta BHOCHTh TOYKOBI MOKpameHHs [9, 12].

ApxiTekTypa cHCTeMH. 3alpOIOHOBaHA CUCTEMaA
CKJIQJIA€THCS 3 TAKUX KOMITOHEHTIB.

1. Moayns nonepetHp01 00poOKH Bisieo (po30UTTS Ha
KaJpu, HOpMaJtizarlis).

2. Monyne GeoNet (omiHKa MHOWHA Ta ONTUYHOTO
MOTOKY).

3. Aucamb6neBuit Mmoayib berinr. Bukonanas GeoNet
Ha Pi3HUX MiABHOIpKax KaapiB (BHIAQAKOBA 3MiHA SICKpa-
BOCTI, KaJIpyBaHHs, MacIITa0yBaHHS).

4. Aucam6nieBuii  monyns  bycrinr.  Iloerarmue
HaBYaHHS MOJIEJIeH, Ie ApYyra MOJIe)Ib HABYA€ThCs HA 30HaX
3 BEJIMKOIO TIOXHUOKOFO BiJj IEPIIOi.

Bicnux Hayionanvrnozo mexuiunozo ynisepcumemy «XI1I». Cepia: Cucmemnuii

108

ananis, ynpaguinus ma ingopmayiini mexronoeii, Ne 1 (13) 2025



ISSN 2079-0023 (print), ISSN 2410-2857 (online)

MonepenHs 06pobka Kappie
(AcKpaBicTb, 0Bpiaka, aMiHa MacLuTaty,
HOpMarizaLis)

N

BeriHr (napanensHo)

J

GeoNet Ha N: mogudikavyisax
Kanpy

N

O6'enHanHA (mean)
Depth, Flow

—

BipeonoTik / Kappu

™

ByeTiur (nocnigeaHo)

!

Mopens 1:
Bazogsa kapra rambuHu

!

Mopenb 2: Kopekuia 30H

\) Mopyne 0BEAHaHHA PE3YALTATIE
\—) Mo6yposa TpaekTopii Ta BUABNEHHA o6'ekTis (uepes DETR ToLwo)

Puc. 3. ApxiTekTypa aHCcaMOJIEBHX MOJYIIB Y CHCTeMI

5. DETR abo ixma TpaHcopmepHa MOICIH BHUSIB-
JICHHA Ta Kiacudikamist 00’€KTiB y Kagpax.

6. Monymnp 00’enHaHHS pe3ynbTariB. [HTErparmis pe-
3yNbTaTiB 3 000X aHcaMmONEeBHX MigXOMIB Ui MOOYIOBU
€IMHOI TPAEKTOPIl pyXy 00’ €KTIB.

Aaroput™m 00’eaHaHHS pe3yabTaTiB. g Oerinry
00’e/lHAHHS KapT TJIMOMHM METOJOM CepelHbOTo 3Ha-
yeHHst. [y OeriHry kapTu rJIMOWHM, OTPUMaHI 3 Pi3HUX
iIBUOIPOK KaapiB, 00’ €JHYIOTHCS IIUIIXOM YCepPEIHEHHSI.
Lle no3BOJISIE 3rIIAIMTH JIOKAIBHI apTeaKTH Ta ITiABUIIUTH
CTaOlIBHICTh PE3YJIBTATIB.

Jdnst OycTiHry 3BaskeHe 00’ €HaHHS Pe3yNbTATiB 3
ypaxyBaHHSIM JIOKQIbHHX MOXHOOK (IPHKJIAZ BHKOPHC-
TaHHS HEHPOHHOI Mepexi-kopekropa). s OycriHry 3a-
CTOCOBYETBCS 3BaXKeHe 00’ €IHAHHS Pe3yJbTAaTIB, 1e Bark
NPU3HAYAIOTHCS Ha OCHOBI JIOKAJIBHOT MOXUOKH KOXKHOI MO-
neni. Y pasi 3HAYHOTO BIIXWJICHHS Pe3yJbTATiB Y MEBHIN
00JacTi pillleHHsT MPUIMAEThCSI HA KOPUCTH Ti€l Mojeni,
sKa MoKasana HIWK4Yy MOXHOKY y CyciiHiX perionax. J{is
L[LOT'O BUKOPHCTOBYETHCS HEHPOHHA MEPEKa-KOPEKTOP.

Ha puc. 4, npeacTaBieHo pe3ysbTaT Bidyasisalfil or-
TUYHOTO IOTOKY Ta KapTH TIMOMHM Tichs 00’ €IHAHHS.
PesynbpraT oOTpuMaHHWil 3a JIOMOMOTOK PO3pOOJIEHOTO
3aCTOCYHKY B SIKOMY 3aBaHTaXYe€ThCs NPHKIAX BiZeO 3
npukinanis 6i6miorexn OpenCV. BubuparoTscs aBa Kajupu.
OOuncimoeTsest  kapra TimOMHM  (IMiTamiifHO depes
3MIIJDKEHUH TpajieHT). Po3paxoByeThes ONTHYHMIN TOTIK
MmeronoM Papuebaka. OOMABI KapTH Bi3yasi3ylOThCs OK-
peMo, a MoTiM HaKJIAIAIOThCS B OTHOMY 300paskKeHHi.

T Eaeme e

Puc. 4. Pesynbrar Bi3yaunizailii ONTHYHOTO MOTOKY Ta KapTH
TIIMOMHY TTicis 00’ € JHaHH

OuikyBani pe3yabTaTH. Y MaifOyTHIX DOCHIIKEH-
HSX Tepen0adaeTsCsi, MO TOEIHAHHA TpaHC(HOPMEPHOL
apxitekrypu DETR, ontuanoro motoxy GeoNet Ta aHCaM-
OmeBUX MeTOAIB (30KpeMa OYCTiHTy Ta OariHry) 3abesrie-
YUTh MIiABUINCHHA TOYHOCTI imeHTH(ikamii mapameTpiB
PYXy IOUHAMIYHHAX O0’€KTIB MOPIBHSHO 3 TpaaWIiHHUMHU
migxoaamu. OUiKyeThes, 10 TaKa CUCTEMA 3MOXKE JIEMOH-
CTpYyBaTH CTabUIbHY POOOTY B CKJIaJJHUX YMOBAaX, 30KpeMa
NpU 3MIHHOMY OCBITJICHHI, YaCTKOBUX OKJIFO3isIX Ta Ha
GOHI, 1110 MOCTIHHO 3MIHIOETHCS, 10 € KPUTHYHO BaXKIIU-
BUM JIJIs 3aCTOCYBAHHS B PEXKHMI pPeallbHOTO 4acy.

Kpim Toro, nependavaerscs, 10 BIPOBAIKEHHS Me-
XaHI3MIB KOPEKIil JIOKAIbHUX IOMWJIOK 33 IOTOMOTOO
OYCTIHTY JO3BOIUTH CYTTEBO MOKPAIIUTH SKICTh BiTHOB-
JICHHS TITHOMHY B HAWOUIBII CKITATHIX 30HAX 300paKeHHS,
TakAX SK Kpai 00’€KTiB, I¢ TPaAAWIiIiHI METOTU YacTo
JEMOHCTPYIOTh 3HIDKEHY TOuHICTh [13]. Takwid mimxin
CHpHUATUME OUIBII TOYHOMY IIPOCTOPOBO-YACOBOMY aHa-
Ji3y CIICHU Ta MiJBUINUATH HAMIWHICTh CUCTEMH IS MO/~
JBIIOTO BUKOPHCTAHHS B aBTOHOMHHX CHCTEMaX, CHUCTE-
Max BiJICOAHAJITHKH Ta MOHITOPHHTY.

BucHoBku. JIoCTiKeHHS 30CEpPEKYEThCS Ha PO3-
POOIIi KOMITIIEKCHOT CHCTeMH IS iIeHTUdikarii mapamer-
piB IMHAMIUYHMX OO0’€KTIB y BIJICONOTOLI, II0 BHPILIyE
Ba)XJIMBI 3aBJIaHHS B KOMII IOTEPHOMY 30pi, Taki sIK aBTO-
HOMHE BOJIIHHS, BiJIGOCHIOCTEPEXEHHS Ta POOOTOTEXHIKa.
OCHOBHUH TiJIXiJ MOJSATAa€E B iHTErpamii KiIbKOX Mepejo-
BUX TEXHOJIOTIH JUIS JOCSITHEHHS! BUCOKOI TOYHOCTI Ta Ha-
IIMHOCTI.

Edexrupricts inTerpamii GeoNet. BukopmcranHs
GeoNet, sika ogHOYAcHO omiHIOE TIHOMHY cueHu (depth
estimation) ta ontrmyHMHA noTik (optical flow), € pynna-
MEHTIbHUM KpokoM. lleil miaxim mo3BOJISIE OTPUMATH
BaXKJIUBI KIHEMaTHYHI XapaKTEPUCTHKHN 00’ €KTiB, 3a0e3me-
9yI09M ORI TOYHY PEKOHCTPYKINIO CIEHHW Ta BifcTe-
JKEHHS 00’€KTiB HOPIBHSIHO 3 TPaJULIHHUMH PO3AUIBHUMH
METOJIaMHU.
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[TimBHUIIIEHHS] TOYHOCTI 3a JOIIOMOTOI0 TpaHchopMe-
piB. ImTerpamisi TpanchopmepHoi apXiTekTypu (Hampwu-
wirax, DETR) 3 manumu GeoNet 3HA4HO MOKpAIye TOY-
HICTh BHM3HA4YCHHS MapaMeTpiB pyxy. MexaHi3Mm yBaru
TpaHcdopMepiB J03BOJISIE aHANII3YBAaTH TJI00AJIBHUI KOH-
TEKCT CLIEHH, 110 € KPUTHYHO BaXKJIMBUM JIJISI BUSIBIICHHS Ta
Kacudikanii 00’ €KTIB, a TAKOXK JUIsl NPOTHO3YBaHHS IXHIX
TPAEKTOPIH.

IlepeBarn aHcam0ieBHX METOIIB. 3aCTOCYBaHHS
aHcaMOJIeBUX METOMIB, a came Ocrinry (bagging) Ta Oyc-
Tiary (boosting), € KIFOUOBHM IS TiABHIICHHS CTiHKOCTI
CHCTEMH JI0 JIOKATbHUX MMOXUOOK, ITyMY, 3MiH OCBITJIICHHS
Ta OKJIIO31H.

Berinr 3MeHIIye qucrepcito Moaemi, 00’ €qHyI0UH pe-
synmeratit GeoNet, oTprMaHi Ha Pi3HHX MOAW(IKOBaAHHX
miaBHOipKax KamapiB, MO 3TIAIKYE BIUIHB ITyMOBHUX apTe-
(akTiB.

BycTiHr mocnioBHO HaBuae Mojeni, (OKYCYHOUHUCH
Ha BUIPABJICHHI MOMUJIOK MOMEPEIHIX eTariB, M0 J03BO-
JISIE CYTTEBO 3MEHIINTH 3MILLICHHS Ta MiIBULIUTH JOKATbHY
TOYHICTh, OCOOJIMBO HAa MeXaX 00’ €KTIB.

KoMmmiekcHa apXiTekTypa cUCTeMH. 3alpOIOHOBaHA
apxiTeKTypa, IO BKIIFOYa€ MOIYJI IMONEepeIHB0I 00pOOKH
Bimeo, GeoNet, ancam0eBi Momymi OeTiHTY Ta OYCTiHTY,
TpaHc(hOPMEPHY MOJAENB Ul BHABJICHHS 00’€KTiB Ta MO-
IOyJib 00’€IHaHHS Pe3yNbTaTiB, CTBOPIOE BHCOKOC(HEKTHU-
BHY CHUCTEMY JUIS aHAJI3y JUHAMIKH Bi3yaJbHUX CIICH.

[MokparieHHs AkOCTI Bizyamizarii Ta aHamizy. O0’en-
HaHHS KapT [NIMOMHK METO/IOM CEPEAHBOI0 3HAUCHHS IS
Oerinry ta 3BakeHe 00’€JHAaHHS 3 BHKOPUCTaHHSM Heii-
POHHOI Mepexi-KopekTopa st OycTiHry 3abesmeuye
Ol cTaOlIbHI Ta TOYHI Pe3yJIbTaTH Bi3yanizalii onTuy-
HOT'O MOTOKY Ta MINOWHH.
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IDENTIFICATION PARAMETERS OF DYNAMIC OBJECTS USING TRANSFORMER WITH OPTICAL
FLOW AND ENSEMBLE METHODS

The article presents an approach to identifying the parameters of dynamic objects in a video stream using a transformer-based architecture, the GeoNet
model, and ensemble machine learning methods, namely bagging and boosting. The identification of parameters such as position, velocity, direction of
movement, and depth is of significant importance for a wide range of applications, including autonomous driving, robotics, and video surveillance
systems. The paper describes a comprehensive system that integrates the spatiotemporal characteristics of a video stream by computing optical flow and
depth maps using GeoNet, further analyzing them through a transformer, and enhancing accuracy via ensemble methods. GeoNet, as a deep convolutional
neural network, combines the tasks of depth estimation and optical flow within a single architecture, enabling accurate 3D scene reconstruction. The use
of a transformer allows modeling global dependencies across video frames and improves the accuracy of object classification and detection. At the same
time, bagging reduces variance by averaging the results of several models trained on different subsets, while boosting focuses on difficult examples to
improve prediction accuracy. The proposed system achieves high accuracy under conditions of dynamic background, lighting changes, occlusions, and
noise, making it adaptable for real-time use in complex scenes. A detailed description of each system component is provided: the GeoNet architecture,
transformer modules, implementation of bagging and boosting, and the result fusion algorithm. The expected results are intended to demonstrate the
effectiveness of integrating deep learning methods with classical ensemble approaches for high-precision dynamic object identification tasks. The
proposed methodology opens new prospects for the development of next-generation intelligent computer vision systems.

Keywords: Remote identification of dynamic objects, object detection, computer vision, ensemble methods, deep learning, convolutional neural
networks, system architecture, software, machine learning, artificial intelligence.
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LAYERED DEFENSE IN COMMUNICATION SYSTEMS: JOINT USE OF VPN PROTOCOLS AND LINEAR
BLOCK CODES

With the rapid increase in the volume of transmitted information and the proliferation of distributed network infrastructures, the requirements for the
security and reliability of communication channels are steadily intensifying. Traditional protection methods, such as virtual private networks (VPNSs),
are primarily aimed at ensuring confidentiality and authenticity through cryptographic algorithms, while typically lacking resilience to transmission-
level errors arising from noise, interference, or hardware failures. In contrast, error correction codes—such as Hamming codes—are well-established
tools for detecting and correcting random errors in physical channels, but they do not address intentional threats like interception, modification, or traffic
analysis. This paper presents a hybrid cascading model for secure and reliable data transmission that integrates cryptographic encapsulation via VPN
technologies with structural redundancy provided by error correction coding. A specific focus is placed on the use of Hamming codes extended by an
additional parity bit applied at the post-encryption stage, enabling the protection of VPN packet integrity even under noisy channel conditions. The
architecture of the proposed model is examined in detail, including its modular components, processing flow, and the various possible configurations of
encoding and encryption blocks. Particular attention is given to analysing the threat surfaces present at each phase of transmission—prior to tunneling,
during transport, and at the decryption stage—and assessing the system’s robustness through probabilistic reliability metrics and redundancy coefficients.
Simulation-based modelling supports the theoretical framework and confirms that the combined use of encryption and redundancy coding significantly
enhances overall communication resilience. The results underscore the importance of a comprehensive approach to secure data transmission that jointly
addresses logical security threats and physical-level vulnerabilities.

Keywords: cascade transmission model, VPN encryption, Hamming codes, forward error correction, data integrity, communication security,
parity bit, noise resilience, network attacks, information reliability

Introduction. In the conditions of rapid growth inthe  cement. Let the initial information vector of data: d e F;.
volume o_f transm!tted mfo.rmatlon and increasing require- Herek —amount of informational bits in the combination.
ments to information security, the development of systems .

The cascade model transforms it as follows. You can

capable of simultaneously ensuring both confidentiality th st fthe thi £ lized
and reliability of data transmission is of particular see the main stages ot the this process formalized.
VPN encoding:

relevance [1, 2]. Classical approaches to information
security, such as virtual private networks (VPNs), focus on d>e (d ) —-d 1)
cryptographic content protection, while error correction VeN '
systems, such as those based on systematic block codes,

. . . o where €, — operation of VPN encoding.
address the challenges of improving transmission reliability ven — 0P g

in noisy channels [3,4]. However, in practice, these Tunneling (VPN incapsulation):
approaches are rarely integrated into a single cascaded d >t ( d')— d @)
architecture, leaving potential vulnerabilities at the inter- S

face of different layers of the OSI model [5]. , ) . L
This paper is devoted to the study of a cascaded data  Where t(d’) — tunneling (VPN incapsulation in packets).

transmission model that implements the sequential FEC encoding:
application of VPN protocols and Hamming correction
codes. The main goal of the study is to formalise such a d—>c=dG, 3)

model, analyse its robustness to errors and potential attacks, o ) . ]
and identify the advantages and limitations of this approach ~ Where G € F,™" — the generating matrix of Hamming code

in unstable or hostile network environments. with an additional parity bit [7],
The proposed architecture combines VPN cryptogra- n — number of all bits in code combination.
phic protection with redundant Hamming coding aug- Transmission in the physical level channel: ¢ — ¢,

mented by a parity bit, which allows detecting and

correcting single errors occurring during transmission [6].

The paper will examine how the cascade is formed, what

threats can bg neutralised, anq how the structural placement ¢ —>deH~d, 4)

of the encoding and encryption elements affects the final

robustness of the system. resulting syndrome
Common model structure. The proposed model is

built as a sequence of stages, each of which realises a

certain function of data protection or resilience enhan-

where ¢ — distorted transmitted combination.
FEC decoding:

s=H.", (5)
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where H e F,”" —validation matrix, resulting syndrome

of decoding.
S — syndrome of decoding, indicating disrupted bits.

Detunneling (VPN decapsulation): d" —d .

VPN decryption: d' > d .

VPN role in architecture. VPN realises the concept
of a secure channel in an insecure environment. The
transmitted data is encrypted, which ensures confidentiality
and authenticity of the transmitted information [3].
Depending on the implementation, IPSec, OpenVPN,
WireGuard protocols are used, each of which encapsulates
data, forming a VPN packet [8]. These packets subse-
quently become input data for subsequent encoding.

Thus, the VPN is placed in front of the error correction
system and represents a logical capsule, inside which
encrypted data is contained, subject to additional protection
against accidental distortion via FEC.

Hamming code as stabilizing tool. Hamming codes
extended with a parity bit allow:

e detect and correct single errors;

e detect double errors;

e control parity of the whole code combination [6,
7].

The generating matrix is formed from the standard
canonical form of the Hamming code, supplemented by one
line, responsible for the common parity bit. Depending on
the length of the source packet, the corresponding value of
k, is used, allowing to express

n:k+r+1, (6)

where r — number of check bits,

+1 —is the additional parity bit.

As a result, the output of the cascade is a secure,
encapsulated and encoded code combination that is resis-
tant to both interception and single transmission errors.

Attack surface. The combined cascade model repre-
sents several layers, each of which is exposed to specific
threats [5, 9]:

Before VPN: threat of open data interception, attacks
on client applications.

At the VPN stage:

o certificate spoofing, man-in-the-middle (MITM)
attacks;

e interception or modification of packets at the
transport tunnel level;

e violation of the integrity of encrypted packets.

At the FEC stage:

e insertions, deletions, or flip bits;

e simulated interference and overloading of code
systems.

FEC does not solve cryptographic problems but ser-
ves as a ‘protective cushion’ for the VPN: if an encrypted
packet is corrupted, it is possible to detect the corruption
itself and initiate retransmission.

Influence of VPN and FEC co-location. The vari-
ants of encryption and coding block arrangement affect the
system stability [10]:

e VPN — FEC: already encrypted data is encoded.
Resistant to physical distortion, but it is not possible to
distinguish which errors are critical for decryption,

e FEC — VPN: already encrypted stream is en-
crypted. VPN makes error detection and correction dif-
ficult,

e VPN + FEC inside a VPN tunnel: flexible
compromise, but requires performance analysis [11].

Redundancy and informational throughput. The
integration of error-correcting codes into a secure commu-
nication pipeline inevitably introduces data redundancy,
which, while essential for reliability, reduces effective
throughput. To formalize the impact of redundancy, we
introduce the general expression for the relative redun-
dancy R, inacascaded system, where a message of length

k is first encoded into a codeword of length n by an error-
correcting code (e.g., Hamming), then encapsulated within
a VPN protocol structure with an overhead of h bits (e.g.,
headers, authentication tags):
Rrelzl_LG_{—h_k’ (7)
n+h n+h

With k=128, n=144, this implies that only
~61.5% of transmitted bits are useful information, while the
rest ensure reliability and security.

This analysis is essential for understanding the trade-
offs in designing robust communication systems, especially
in real-time or bandwidth-limited environments. A balance
must be struck between fault tolerance, security overhead,
and throughput efficiency.

Purpose of modeling. The goal of the modeling
process is to evaluate the resilience of the proposed
cascaded data transmission model to errors occurring
during the transmission of encrypted and encoded packets
over an unstable channel. Simulation allows formalization
of system behavior under varying channel parameters,
determining the error correction limits and analyzing the
impact of cascade structure on final data integrity.

Simulation methodology. The simulation framework
involved the following pipeline:

e generation of random data vectors of length;

e encryption emulated as permutation and XOR
operations;

e encapsulation into a VPN packet by structural
header addition;

e encoding via extended Hamming code with parity
bit;
error injection: random bit flips with probability;
syndrome decoding and correction attempt;
decryption and message recovery;

e comparison with original and success/error rate
measurement.

Simulations were conducted on datasets of 10°
messages across p e [10‘5,10‘1] ,

where p — probability of error occurs during data transmi
ssion,

Simulation results, probability of error after
decoding. Python environment with NumPy and SciPy
libraries for random error generation and implementation
of Hamming codes was used as a simulation platform.

Results show that for p <107, the system restores mes-
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sages with a success rate > 0.999. For p>107?, residual

error probability grows exponentially due to increased
double-error incidence, beyond Hamming code's correction
capability. Thus, the next dependency is present, see fig. 1.

Messa_ge Recovery fate vs, Channel Error Probability
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Fig. 1. Probability of residual bit errors after decoding vs.
channel noise level.

As for noise resilience. Comparing "VPN — FEC"
and "FEC — VPN" models revealed that the former
exhibits better noise resilience. Applying FEC post-
encryption allows error correction before decryption,
reducing the likelihood of catastrophic decoding failures.
Such comparison is shown on fig. 2.

Comparison of Cascade Structures under Naise
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Fig. 2. Error correction performance comparison between "VPN
— FEC" and "FEC — VPN" cascade structures.

Redundancy and throughput. Analysis of the
redundancy metric for Hamming(15,11)+parity shows a
useful load ratio of approximately R =0.687. With en-
cryption and VPN headers, the overall effective throughput
was about 58%, which is acceptable given the increased
fault tolerance.

The simulation confirms the hypothesis that cascaded
integration of VPN and FEC significantly increases data
transmission reliability in hostile environments. The most
effective configuration encodes encrypted data, as this
structure better protects against physical layer pertur-
bations. However, balancing redundancy and throughput is
crucial in real-time systems

Threat surfaces and security analysis. An important
part of this study involves analyzing potential
vulnerabilities within the proposed model. Each stage of the
transmission process introduces specific threat surfaces that
adversaries may exploit: before VPN (pre-tunneling

phase), during VPN encapsulation and transport, post-VPN
decoding.

Before VPN (pre-tunneling phase):

e data may be transmitted in plaintext, making it
susceptible to interception and eavesdropping [12];

o client-side applications can be directly attacked to
access or manipulate outgoing packets [13].

Next, the following dependency should be taken in
place, fig. 3.

Throughput vs, Code Redundancy

Effective Thraughput
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Code Roke [Information Bits [ Total Bits)
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Fig. 3. Trade-off between redundancy and useful payload size.

During VPN encapsulation and transport:

o certificate spoofing: malicious actors may forge
certificates to impersonate legitimate servers [14];

e man-in-the-middle (MITM) attacks: attackers
insert themselves between sender and receiver, capturing or
altering packets [15];

o tunnel integrity violation: transport-layer packet
injection, replay attacks, or modifications of encrypted
payloads are possible if encryption is weakened or
improperly configured [16].

Post-VPN decoding: if forward error correction (FEC)
is applied before VPN, corrupted packets may be decrypted
into invalid or dangerous forms before correction.

These key vulnerabilities may occur and affect, based
on ratio, shown in fig. 4.

Threzat Levels Across Data Transmission Phases

Cavecdropping
B Tampering

Threat Level (1-10)

Pra-VPN {Origin) VPN Encapsulation Transport PostWPH iDecoding)
Fig. 4. Threat levels across key phases of data transmission in a
VPN-protected system. Based on classifications and threat

typologies from ENISA and NIST cybersecurity frameworks.
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The proposed structure addresses these concerns by
placing FEC after VPN encryption. In this sequence, the
encryption protects data from manipulation, and the
Hamming-based encoding with a parity bit increases
robustness against transmission errors. Thus, even if
physical-layer noise corrupts some bits, the system retains
the ability to detect and correct errors without compro-
mising the encrypted payload.

Practical implementation considerations. The
integration of cryptographic tunneling and structural
redundancy mechanisms, as proposed in the hybrid model,
entails several important practical implications. From a
deployment perspective, the combined use of VPN
protocols and Hamming-based error correction introduces
additional computational overhead that must be accounted
for, especially in systems with limited processing capa-
bilities. For instance, low-power embedded systems and
Internet of Things (loT) devices, which are frequently
deployed in constrained environments, may face challenges
in maintaining real-time communication while simultane-
ously performing encryption and decoding operations.

Another consideration pertains to protocol stack
integration. The placement of the error correction block
after encryption requires careful handling of packet
structures to ensure that the redundancy bits are not
misinterpreted by the tunneling protocol. In most modern
VPN implementations, payload integrity and format are
tightly controlled, and introducing additional bits can
potentially conflict with existing checksum or padding
schemes unless custom encapsulation logic is imple-
mented.

From the perspective of network performance, the
redundant data introduced by Hamming coding increases
the effective bandwidth required for transmission. While
this overhead is relatively low for simple codes, in high-
throughput environments it may necessitate optimizations
such as adaptive coding strategies or selective encoding of
critical packets only. Buffer management and retransmis-
sion logic may also require revision, particularly in systems
relying on unreliable transport protocols.

Finally, secure key management and synchronization
mechanisms must be preserved without compromise. The
hybrid model does not alter the underlying cryptographic
processes but adds an additional layer that must operate
transparently and reliably within the existing security
framework. Thus, seamless compatibility with existing
VPN infrastructures—such as those based on WireGuard or
OpenVPN—is critical to enable practical deployment
without significant architectural changes.

Overall, while the model offers enhanced resilience to
both adversarial and environmental disruptions, its imple-
mentation must consider trade-offs between computational
cost, protocol compatibility, and network efficiency. These
factors must be balanced based on the target application
domain and system constraints.

Conclusions. This paper presented a hybrid cascade
transmission model that combines the cryptographic
security of Virtual Private Networks (VPNs) with the
structural error correction capabilities of systematic block
codes, specifically Hamming codes extended with a parity
bit. The proposed architecture enhances data integrity and

confidentiality by layering protection mechanisms across
different levels of the OSI model.

The model achieves two complementary goals:
protection against deliberate attacks through encryption,
and mitigation of transmission errors through forward error
correction. By placing the Hamming encoder after the VPN
encapsulation stage, the system maintains the crypto-
graphic integrity of the payload while gaining robustness
against single-bit errors introduced during transmission.
This configuration is particularly effective in environments
where packets traverse unstable or hostile network con-
ditions.

Through theoretical formulation, matrix-based
encoding schemes, and performance metrics such as
redundancy and error detection capability, the framework
was formalized and evaluated. Threat analysis identified
vulnerabilities at each layer of the transmission stack, and
corresponding countermeasures were integrated into the
design. Simulation results confirmed the model’s resilience
in maintaining data fidelity under various noise and attack
conditions.

The findings suggest that integrating FEC with VPNs,
rather than treating them as disjoint techniques, leads to
stronger and more versatile data protection. This integrated
approach offers a promising direction for future secure
communication systems, particularly in critical infrastruc-
tures, 10T networks, and military-grade communication
systems where both integrity and confidentiality are
paramount.
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BATATOPIBHEBHI 3AXWCT B CACTEMAX 3B’S13KY: CIIIJIbHE BUKOPUCTAHHS ITIPOTOKOJIIB
VPN TA JIHIMHUX BJIOKOBUX KO/IIB

I3 cTpiMKUM 3pocTaHHSIM O0CSATIB mepenaHol iHpopMallil Ta PO3MUPEHHIM PO3MOIIUICHUX MEPEKEBUX 1HQPACTPYKTYp Jenali 3pOCTaloTh BUMOTH JI0
Oesrexkn Ta HafiifHOCTI KaHanmiB 3B’s3Ky. TpanumiiitHi Meroxm 3axmcTy, Taki sk BipTyansHi mpusatHi Mepexi (VPN), opieHToBaHI mepeBakHO Ha
3a0e3meueHHs KOH(IAESHIIHOCTI Ta ABTEHTHYHOCTI MUISIXOM 3aCTOCYBAHHS KPUMTOrpadiHIX alrOpUTMIB, OJJHAK 3a3BHYAil HE BPAXOBYIOTh TOXHOKH,
1[I0 BUHUKAIOTH Ha (hi3MIHOMY PiBHI Mepeiadi BHACTIIOK IIyMiB, 3aBaj a0o0 300iB amapaTtHOro 3abe3nedeHHs. Y CBOIO Yepry, KON KOPEKIlii MOMUIOK
— 30KpemMa Kou XeMMiHTa — € yCTaJleHUMH 3ac00aMM BUSIBIICHHS Ta BUTIPABIICHHS BUITAJKOBHX MTOMIJIOK y KaHAJI 3B’A3KYy, ae He 3a0e3MeuyroTh
3aXHCT BiJl HABMHUCHHX 3arp03, TAKKX SIK TIEPEXOIUICHHs, Moaubikaris abo aHaii3 Tpadiky. Y maniit poboTi 3anpornoHoBaHO TIOPUIHY KACKaIHy MOJIETb
6e3mevHol Ta HaAIIHOI Iepenadi JaHuX, 10 MOEAHYE KpunTorpadivHe IHKaNCyTOBaHHS 32 10MOMOoroio VPN-TeXHOorii i3 CTPYKTypHOIO HaAMIPHICTIO,
3a0e3MeueHo0 KolaMi Kopekiii mommiok. OcoOnmBy yBary HpHIIJIEHO 3aCTOCYBaHHIO KOIIB XeMMiHra 3 JONATKOBHM OITOM HapHOCTI, IO
BIIPOBA/DKYIOThCS Ha eTami micns mudpyBaHHs, o Jae 3Mory 30epertd niticHicts VPN-nakeTiB HaBiTh 32 yMOB 3alllyMJICHOTO KaHAy Mepenadi.
ApXITEKTYpy 3alpONOHOBAHOI MOJIEINi MPOaHaNli30BaHO JIETAIBHO, 30KpeMa il MOJIYJIBHY CTPYKTYpPY, HOPSAAOK OOpOOKM JaHMX Ta MOJIMBI BapiaHTH
po3MileHHs 6JI0KiB KoyBaHHS Ta mmdpyBaHas. OKpeMy yBary 30cepe/keHO Ha aHali3i TOBEPXOHb aTaK, IPHTAMaHHNX KOJKHOMY €TaIry epeaBaHHs
— JI0 TYHEIIIOBaHHS, Mijl 4ac TPAHCIOPTYBAHHS Ta MICIs JEKOAYyBaHHS — a TAKOX Ha OIHI CTIMKOCTI CUCTEMM Ha OCHOBI IMOBIPHICHHUX METPHK
HaIiHHOCTI Ta Koe(illieHTIB HaaMipHOCTI. MoOIeMOBaHHs, 3aCHOBAaHEe Ha IMITALITHUX eKCIIEPUMEHTAX, MiATBEPIKYE TEOPETHIHY OOTPYHTOBAHICTD i
JIEMOHCTPYE, IO O€THAHHSA KpUNTOTpadigHOro 3aXMCTY i3 KOIyBaHHAM 3 HaJIMipHICTIO CYTTEBO ITiABHIIYe 3araibHy CTiHKiCTh TepenaBanHs. OTpuMaHi
Pe3YNBTATH MiIKPECIIOITh BXIMBICTE KOMIUIEKCHOTO MiXOAy 10 3a0e3redeH s Oe3MeKy JaHHX, sIKMH BPaXxOBYe sIK JIOTIYHI 3arpo3H, Tak 1 (i3uyHi
BPAa3IHBOCTI.

Koarouosi cioBa: kackagna Mozens nepenadi, VPN-mmpyBanns, koxu XeMMiHTa, IMpsiMa KOPEKIlisl TOMUIIOK, ITiCHICT JaHMX, Oe3neka
3B 513Ky, OIT MapHOCTI, 3aBaIOCTIHKICTh, MEPEKEB] aTaKu, JOCTOBIPHICTh 1H(pOpMAIIii.
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SOFTWARE COMPONENT DEVELOPMENT FOR PARALLEL GATEWAYS DETECTION AND QUALITY
ASSESSMENT IN BPMN MODELS USING FUZZY LOGIC

The quality of business process models is a critical factor in ensuring the correctness, efficiency, and maintainability of information systems. Within the
BPMN notation, which is nowadays a standard of business processes modeling, parallel (AND) gateways are of particular importance. Errors in their
implementation, such as incorrect synchronization or termination of parallel branches, are common and difficult to detect by traditional metrics such as
the Number of Activities (NOA) or Control-Flow Complexity (CFC). In this paper, we propose a method for evaluating the correctness of AND-gateways
based on fuzzy logic using Gaussian membership functions. The proposed approach is implemented as a software component that analyzes BPMN
models, provided in XML format, identifies all AND-gateways, and extracts structural characteristics, i.e. the numbers of incoming and outgoing
sequence flows. This features are evaluated using “soft” modeling rules based on fuzzy membership functions. Additionally, an activation function with
the 0.5 threshold is used to generate binary quality indicators and calculate an integral quality assessment measure. The software component is developed
using Python, as well as third-party libraries: Pandas, NumPy, and Matplotlib. A set of 3729 BPMN models from the Camunda open source repository
was used for experimental calculations. Of these, 1355 models contain 3171 AND-gateways. The obtained results demonstrate that 71.2% of the gateways
are correct, and 28.8% have structural violations. In 50% of the models, the quality score is 1.00, which indicates high quality, however minimum values
of 0.02 indicate the need for automated verification of business process models. The considered approach allows detecting AND-gateways modeling

errors, increasing the reliability of BPMN models and offering the capabilities for intelligent business process modeling support.
Keywords: business process modeling, parallel gateways, quality assessment, fuzzy logic, software component.

Introduction. A business process is defined as a
sequence of coordinated tasks or activities performed
within an organizational or technical context to achieve
specific goals or create value for customers [1].

These processes encompass events, activities, and
decision-making steps that support the overall operations of
an organization and ensure the delivery of goods and
services [2].

Visualization of business processes with the help of
graphical diagrams is an effective tool for their
understanding, analysis and improvement [3]. High-quality
business process models are considered as key assets within
the Business Process Management (BPM) life cycle [3].
They allow designing, analyzing, optimizing, and
automating the organizational workflows [3].

BPM is an interdisciplinary approach that combines
information technology and management practices to
identify, model, implement, and monitor business
processes [4]. The central element of BPM is process
modeling, which provides a graphical representation of
activities, events, and decisions in an organization [5].

BPM is aimed at improving the quality of services and
efficiency of enterprises by optimizing internal processes
[6]. Process modeling serves as a convenient tool for
representing the organizational activities in a format
suitable for further analysis, making it an important
component of BPM [6].

The BPMN (Business Process Model and Notation)
provides a set of graphical elements for describing events,
actions, gateways, and flows involved in a process. These
elements are adapted for both technical and non-technical
users [6]. BPMN models use start and end events to indicate
the beginning and end of a process, and also include
intermediate events and tasks that describe the execution of
the process [6].

Process modeling is supported by graphical diagrams
and text annotations, which ensures the BPMN models
coherence and comprehensibility [7]. This facilitates
effective communication between business users and IT
professionals responsible for the implementation and
maintenance of information systems [7].

State-of-the-art. In the modern BPM practice, special
attention is paid to the use of formal notations for
describing, documenting, and analyzing business
operations. The most common among them are BPMN
(Business Process Model and Notation), EPC (Event-
driven Process Chain), and IDEF-based notations, in
particular IDEFO and DFD (Data Flow Diagram) [8]. These
approaches provide a standardized framework for
formalizing processes, which is critical for their further
analysis, optimization, and automation.

Among these notations, BPMN has significantly
outpaced EPC in recent years in terms of popularity and
prevalence in organizations implementing the BPM

© Kopp A. M., Cibak L., Orlovskyi D. L., Kudii D. A., 2025

"Bulletin of the National Technical University "KhPI" Series: System analysis, management and

Research Article: This article was published by the publishing house of NTU ""KhPI"" in the collection
information technologies.” This article is distributed under a Creative Common Creative Common OPEN aACEESS

Attribution (CC BY 4.0). Conflict of Interest: The author/s declared no conflict of interest.

Bicnux Hayionanvrnozo mexuiunozo ynieepcumemy «XI1Iy. Cepia: Cucmemnuii
auanis, ynpasiinns ma ingopmayiiuni mexrnonoeii, Ne 1 (13) 2025 117


https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

ISSN 2079-0023 (print), ISSN 2410-2857 (online)

approach [9]. This is due to the growing flexibility,
standardization, and wide support of BPMN in modeling
tools.

The BPMN language allows describing workflows as
sequences of tasks and events connected by control flows
that reflect the logic of actions in the process [10]. This
provides an accurate and intuitive view of business
processes. BPMN provides for the use of gateways, which
play the role of logical branching and merging nodes.
Gateways allow modeling parallel, alternative, or inclusive
execution of process branches, which is extremely
important for complex scenarios [10].

A key advantage of BPMN is the ability to model
multi-role processes. This is realized through the concepts
of pools and lanes, which define the boundaries of the
process and the roles of its participants, respectively [10].
Each pool corresponds to a separate process or
organizational unit, while lanes illustrate the distribution of
tasks between different performers, which ensures
transparency and clarity of the model.

BPMN also supports the display of start, intermediate,
and end events that signal the beginning, progress, and
completion of a process, respectively [10]. This allows
effectively modeling processes in terms of controlling
execution and responding to internal or external events.

Fig. 1 demonstrates the set of business process design
primitives proposed by BPMN.
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Fig. 1. BPMN design primitives

Thus, BPMN is now the de-facto standard for
modeling business processes in many industries due to its
accuracy, flexibility, support for complex logic, and
convenience for both technical and business users.

The quality of a business process model is a critical
factor in its effectiveness in use. Adherence to defined
modeling standards and best practices is considered a key
indicator of a quality model. For this purpose, specialized
frameworks have been developed, such as BPMN modeling
guidelines, SEQUAL (SEmiotic QUALIty) and other
evaluation systems that form the criteria for compliance of
business process models with established methodological
approaches [11].

One way to assess the quality of BPMN models is to
use formal metrics based on the size and structural
complexity of the model. These metrics include the number
of elements, the length of the longest path between
elements, and the analysis of the relationships between

them [12]. These metrics allow assessing the architectural
complexity of the model, which is important for its
perception, analysis, and maintenance.

More specific structural metrics include the Number
of Activities (NOA) and the Control-Flow Complexity
(CFC) [13].

The NOA metric reflects the total number of actions
or tasks within the model, which allows assessing its scale
and detail [13]. In turn, CFC determines the level of
complexity of the control logic in the process, in particular
the number and types of logical branches, such as AND,
XOR, and OR gateways [13]. This metric is especially
important for identifying potential risks of incorrect
execution or difficulty of process automation.

Having standardized metrics and criteria for assessing
model quality plays an important role in implementing
BPM initiatives. They allow conducting a formal analysis
of business process models, identify their weaknesses, and
ensure that processes meet organizational and technical
requirements. This ensures not only visibility but also
interoperability of BPMN models within large information
systems.

Problem statement. Despite the widespread use of
existing business process quality metrics, such as NOA,
CFC, and others, these metrics have limited ability to detect
specific modeling errors related to semantic correctness,
logical consistency, or violation of notation rules.

In particular, they are not able to capture logical errors
such as misuse of gateways, lack of process completion,
incorrect transitions between events, etc.

Such deficiencies can reduce the comprehensibility of
BPMN maodels, create difficulties in the implementation or
automation of processes, and lead to execution errors
despite formally satisfactory metric values.

Therefore, there is a need to expand approaches to
business process model quality assessment that would take
into account not only structural characteristics but also
logical and semantic correctness.

Previous studies have shown that parallel (AND)
gateways are among the most erroneous BPMN elements,
with an error rate of almost 29%. This indicates that even
experienced business analysts often make mistakes when
using parallel logic, in particular when synchronizing or
terminating a workflow incorrectly.

Thus, detecting incorrect AND-gateways is critical, as
errors in their use can lead to incorrect synchronization of
parallel branches, which in turn causes failures in the
execution of the business process and makes it impossible
to automate it.

Materials and methods. The proposed procedure for
processing BPMN models in XML format to detect AND-
gateways (Fig. 2) consists of four main stages.

1. Load a BPMN file that contains a description of
the business process in the form of an XML document.

2. Transform the model is into a directed graph,
which identifies all the nodes that correspond to the type of
AND gateways.

3. Analyze the obtained XML structure, where AND
gateways are identified using “parallelGateway” tags that
contain the corresponding inputs and outputs.
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4. Extract the key characteristics of each AND
gateway, such as the number of input and output threads,
which are subsequently used to assess their correctness and
identify potential errors in the model.

o)

Load
BPMN
i Model File

Detect
AND-

Gateways

Parse
AND-
Gateways
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Marlap

</bpmn:parallelGateway>

=
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Extract
AND-
Gateways
Features

Fig. 2. AND-gateways detection in BPMN models

The BPMN model is interpreted as an oriented
process graph:
BPG = (N, A), 1)

where:
e N — the set of nodes, i.e. business process
elements;

e A — the set of arcs, i.e. sequence and message
flows.

Within the set N, all nodes corresponding to the type
of AND-gateways are detected Gang < N.

Structural characteristics are extracted from each
AND-gateway, including the number of input and output
sequence flows.

The presented approach (Fig. 3) is used to identify and
evaluate the correctness of the use of AND-gateways in
BPMN business process models.

At the first stage, BPMN files are downloaded and all
AND-gateways in the model structure (1) are identified.
Then these gateways are converted into feature vectors that
describe their structural characteristics, including:

e 5 (Gandg) — the number of incoming sequence
flows;

o 5*(Gang) — the number of outgoing sequence flows.

The resulting vectors are fed to the fuzzy logic system,
which analyzes the compliance of AND-gateways with the
established modeling rules:

R1: The split gateway should have one incoming and
two outgoing sequence flows:

0 (Gang) = 1 A 6"(Gand) = 2 ®)

R2: The join gateway should have one incoming and
two outgoing sequence flows:

0 (Gana) =2 A 6"(Gand) = 1 Q)

In this approach, we propose to use fuzzy logic
together with a Gaussian membership function to evaluate
the correctness of AND-gateways in BPMN models. This
approach is motivated by the fact that traditional evaluation
methods are based on rigid rules and structural metrics that
do not take into account the uncertainty and variability of
real-world modeling.
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Fig. 3. AND-gateways identification and evaluation approach
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Fuzzy logic, unlike binary approaches (3) — (4),
allows for flexible interpretation of the degree of
compliance of gateways with modeling rules, taking into
account intermediate values, not just “correct” or
“incorrect”.

It is proposed to use the Gaussian membership
function:

1a(X) = exp [-(x—p)* 1 267, (®)

where:

e 1 —the mean, representing the center of the peak;

e ¢ — the standard deviation, controlling the width
of the bell curve.

The Gaussian membership function (5) is particularly
effective for this task because it provides a smooth estimate
of the deviation of gateway parameters from the normative
values, without abrupt transitions [14]. This is important in
the context of modeling, where the boundaries between
right and wrong can be blurred due to different modeling
styles or process complexity.

Thus, the combination of fuzzy logic and the Gaussian
function (5) allows for a flexible and interpretable
evaluation system (Fig. 4) that is able to take into account
the context and provide practical recommendations for
model improvement.

The AND logical operation in fuzzy logic is realized
by calculating the minimum value between two member-
ship functions. Formally, this is expressed as:

Mand = min(/ll, /12), (6)

where u1, u2 — the values of membership functions for two
fuzzy sets.

This means that the result of membership in the
intersection of sets (6) is determined by the lowest degree
of membership among the input elements.

The logical operation OR in fuzzy logic is defined as
the maximum between the values of the membership
functions of the corresponding fuzzy sets:

Hor = min(ﬂl; /12)1 (7)
Jl“a'”':.l' = (\‘( .'II.] E
__________________ 5 é
ms L e )
BPMN o GmaCN ] :‘
Model File L
X = (myomyioy §
k ........................................... ':_/]

Extracted BPMN
AND-Gateways

where 11, u2 — the values of membership functions for two
fuzzy sets.

In this case, the result reflects the highest degree of
membership in at least one of the sets (7), which is
consistent with the logic of union in classical Boolean
algebra.

At the final stage, the system generates an assessment
of the correctness of each gateway based on the specified
activation function.

An activation function L with a binary output is
defined as equal to 1 if the value of the membership
function x is at least 0.5, and O if it is less than 0.5, i.e.
L € {0, 1} depending on the threshold value .

The following expression defines an integral
assessment of the quality of using AND-gateways in a
BPMN model:

Q(Gand) = (Zien Li) / |Gand, (8)

where L; is a binary value (0 or 1) that reflects the
correctness of each AND-gateway.

Results and discussion. The proposed algorithm
(Fig. 5) provides an automated assessment of the quality of
using AND-gateways in BPMN models based on fuzzy
logic.

The process begins with a step-by-step reading of
BPMN files.

For each file, the system detects all AND-gateways,
and then parses the XML markup to extract the corres-
ponding elements.

Next, the structural features of each gateway are
extracted, such as the number of incoming and outgoing
threads.

These characteristics are sent to the fuzzy logic
module, which validates the gateways according to the
specified modeling rules.

Based on the results, the quality level of each gateway
is calculated.

After processing all the BPMN files, the system
proceeds to the final stage, where a generalized report on

Classification
Laver

Fuzzification
Layer

e

S)
_____i_____

Fuzzy Logic

Input Vector
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Fig. 4. AND-gateways evaluation system based on fuzzy logic
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the quality of the use of AND gateways in the analyzed
models is generated.

This approach allows systematically identifying
common modeling errors and improve the quality of

business processes.

( Read BPMN File F
W
( Detect AND-Gateways )
W
( Parse AND-Gateways BPMN Markup )
W
( Extract AND-Gateways Features )
W
C‘\"ulldul e AND-Gateways using, Fuzzy Log_lu)
W
( Assess AND-Gateways Quality Degree )
[Not all BPMN Files Processed]

[All BPMN Files Processed|]
( Display Ouality Assessment Results )

Fig. 5. AND-gateways quality assessment algorithm

The proposed algorithm is implemented using the
Python programming language, which provides flexibility
and efficiency in processing BPMN models in XML
format.

The Pandas and NumPy libraries were used to read,
analyze, and process data, which allow working with
tabular structures and performing mathematical operations
on sets of AND gate characteristics.

The visualization of the quality assessment results is
implemented using the Matplotlib library, which made it
possible to create graphs and charts to represent the degree
of gateway compliance with the modeling rules.

The chosen technological platform allowed for high
scalability, repeatability, and convenience of the
experiments within the study.

The experiments are performed with the large set of
3729 BPMN models, available for free in the Camunda
GitHub repository [15]. Out of this set of BPMN models,
1355 contain AND-gateways. There were detected 3171
AND-gateways that were further analyzed.

Based on the dataset [15], the following Gaussian
membership function parameters were calculated:

e the mean, u =0.78;

e the standard deviation, ¢ = 0.72.

Fig. 6 demonstrates the distribution of incoming and
outgoing sequence flows for AND-gateways in BPMN
models.
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Fig. 6. AND-gateways incoming and outgoing flows distribution

Each point on the chart (Fig. 6) represents one
gateway, where the X-axis coordinate indicates the number
of incoming flows and the Y-axis coordinate indicates the
number of outgoing flows.

It can be observed that most gateways have 1 or 2
inputs with 1-3 outputs, which corresponds to the typical
use of AND gateways to start or synchronize parallel
branches.

There are also isolated cases with 4-6 input or output
streams, which may indicate complex logic designs or
potentially erroneous modeling.

The charts below (Fig. 7 — 10) outline Gaussian
membership functions used to evaluate the correctness of
incoming and outgoing flows of AND-gateways.

The number of sequence flows is plotted on the X-
axis, and the degree of membership is plotted on the Y -axis,
showing how well the corresponding value matches the
corresponding modeling rule. The degrees of membership
decrease sharply when deviating from the peak value,
which allows quantifying the degree to which the gateway
structure is correct.

Fig. 7 demonstrates the obtained membership
function used to assess AND-split gateways incoming
flows.
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Fig. 7. Membership function to assess AND-split gateways
incoming flows
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The graph (Fig. 7) shows that the function reaches a
maximum (x = 1.00) with one incoming flow, which is
indicated by the vertical dashed red line. This indicates that
the expected value for the AND-split gateway is one
incoming flow, according to BPMN modeling rules.

Fig. 8 demonstrates the obtained membership
function used to assess AND-split gateways outgoing
flows.
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Fig. 8. Membership function to assess AND-split gateways
outgoing flows

The graph (Fig. 8) shows that the function reaches a
maximum (x = 1.00) with two outgoing flows, which is
indicated by the vertical dashed red line. This indicates that
the expected value for the AND-split gateway is two
outgoing flows, according to BPMN modeling rules.

Fig. 9 demonstrates the obtained membership
function used to assess AND-join gateways incoming
flows.
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Fig. 9. Membership function to assess AND-join gateways
incoming flows

The graph (Fig. 9) shows that the function reaches a
maximum (x« = 1.00) with two incoming flows, which is
indicated by the vertical dashed red line. This indicates that
the expected value for the AND-join gateway is two
incoming flows, according to BPMN modeling rules.

Fig. 10 demonstrates the obtained membership
function used to assess AND-join gateways outgoing flows.
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Fig. 10. Membership function to assess AND-join gateways
outgoing flows

The graph (Fig. 10) shows that the function reaches a
maximum (¢ = 1.00) with one outgoing flow, which is
indicated by the vertical dashed red line. This indicates that
the expected value for the AND-join gateway is one
outgoing flow, according to BPMN modeling rules.

Among the total number of 3171 identified AND-
gateways, 2257 (71.2%) are detected as correct, while 914
(28.8%) are detected as incorrect (Fig. 11).

H Comrrect AND-Gateways
BN ncorrect AND-Gateways

Fig. 11. Detected correct and incorrect AND-gateways

The quality (8) assessment results obtained for 1355
analyzed BPMN models, containing AND-gateways, are
the following:

e mean value of 0.85 indicates a generally high
level of quality of the use of AND-gateways in the
considered business process models;

e the standard deviation of 0.21 indicates a
moderate variability of quality values, which means that
there are both high-quality and lower-quality
implementations of AND-gateways;

e the minimum value of 0.02 demonstrates the
presence of single models with an extremely low quality
score, which may indicate critical errors or incorrect use of
AND-gateways;

o the first quartile (25%) of 0.72 means that at least
a quarter of the models have a quality value below 0.72,
which may require additional analysis or improvement;
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e the median (50%) of 1.00 shows that at least half
of the models reach the highest possible quality value,
which indicates a general trend toward correct design of
AND-gateways;

e the third quartile (75%) of 1.00 emphasizes that
75% of the models have a quality score of 1.00 or less,
which further confirms the high overall quality;

e the maximum value of 1.00 indicates that some
models implement AND-gateways flawlessly in terms of
the selected quality criterion.

Conclusion and future work. This study proposed an
approach to assessing the quality of parallel (AND)
gateways in BPMN business process models using fuzzy
logic and the Gaussian membership function.

It is noted that traditional structural metrics, such as
NOA, CFC, and others are not able to detect logical and
semantic errors associated with the incorrect use of
gateways.

The proposed approach allows not only to quantify the
compliance of the structural characteristics of gateways
with the established modeling rules, but also to flexibly
interpret the degree of their correctness under conditions of
uncertainty.

Using the implementation of the algorithm in Python
and the Pandas, NumPy, and Matplotlib libraries, efficient
processing of a large set of BPMN models is completed.

The analysis of 1355 models containing 3171 AND-
gateways demonstrated that 71.2% of BPMN models
comply with the modeling rules, and 28.8% were identified
as potentially erroneous.

The average quality level is 0.85, which indicates a
relatively high quality of AND-gateways, although the
presence of some models with critically low values (i.e.,
0.02) indicates the need for more thorough BPMN models
control and validation.

Thus, the developed approach provides an automated,
scalable, and interpretable assessment of the correct use of
parallel gateways in BPMN models, which is an important
step towards improving the reliability and efficiency of
business processes in the context of digital transformation
of enterprises.

In the future work, the developed software component
will be integrated with the comprehensive intelligent
information technology for quality assessment of BPMN
models. It is also planned to apply fuzzy logic-based
approach to other business process elements to detect
incorrect structures and provide recommendations for their
improvement.
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PO3POBKA ITPOT'PAMHOI'O KOMIIOHEHTY JIUISA BUABJIEHHS TA OIIHIOBAHHA AAKOCTI
MAPAJIEJIBHUX IIJTIO3IB Y MOJIEJISIX BPMN HA OCHOBI HEYITKOI JIOT'TKH

Sxicte Mozenel Oi3HecC-TIpoLECiB € KPUTUYHO BaXJIMBUM (pakTopoM it 3a0e3ledeHHs KOPEKTHOCTI, €(PeKTUBHOCTI Ta MiITPUMyBaHOCTI
inopmauiitaux cucreM. Y HoTtauii BPMN, sika cbOTofHI € CTaHAaPTOM MOJETIOBaHHS Oi3HEC-MPOLECiB, 0COOIMBE 3HAYCHHS MAIOTh mapanenbHi (AND)
nutio3d. [Tomuiku B iX peanisarii, Taki sk HENpaBUIIbHA CHHXPOHi3allis a0 3aBepIleHHs pOOOTH MapalieJbHHX TiIOK MPOLECy, € MOMHPEHUMH 1 1X
Ba)XKKO BHISIBUTH 32 JONOMOTOI0 TPaAWIiHHUX MeTpHuK, Takux sik Number of Activities (NOA) a6o Control-Flow Complexity (CFC). V¥ wmiit crarri
MIPOMOHYETHCS METOJ] OLIHKH KOPEKTHOCTI po0oTn AND-IUTIO3iB Ha OCHOBI HEYITKOI JIOTIKM 3 BHKOPHCTaHHSIM (QyHKLIH npuHanexHocTti [aycca.
3anpornoHoBaHUM MiJXiJ peali3oBaHO Y BUIIIAAI MPOrPaMHOTO KOMIIOHEHTa, sikuid aHanizye BPMN-moneni, Hanani y dopmati XML, inentudikye Bci
AND-nIT031 T2 BHOKPEMITIOE CTPYKTYPHI XapaKTEpPUCTHKH, TOOTO KiJBKiCTh BXIJHUX Ta BUXIJHHWX MOTOKIB mocmigoBHOCTel. Lli XapakTepucTikn
OLIIHIOIOTHCS 32 JIOTIOMOT OO «M’SIKUX) ITPABUJI MOJICTIOBAHHS, 3aCHOBaHUX Ha HEUITKUX (QYHKIISAX HAJIEKHOCTI. J[0AaTKOBO BUKOPUCTOBYETHCS (DYHKIILis
aktuBauii 3 moporoM 0,5 mis ¢hopMyBaHHs OiHAPHUX MOKA3HMKIB SKOCTI Ta OOYMCIIEHHS IHTErpaibHOI OLIHKH sKOCTi. [IporpamMHHii KOMIIOHEHT
po3pobiieHo 3 BUKOpHCTaHHAM MoBH Python, a Takox croponHix 6i6miorex: Pandas, NumPy ta Matplotlib. [lns ekcriepiMeHTanbHIX PO3paxyHKiB
BUKOpHCcTaHO Habip 3 3729 BPMN-mozeneii 3 Bigkpuroro pemosuropito Camunda. 3 mux 1355 momeneit mictsats 3171 AND-unmo3. Otpumani
Ppe3yIbTaTH JeMOHCTPYIOTh, 0 71,2% NITI03iB € KOPEeKTHUMH, a 28,8% MaloTh CTPyKTypHi HopymeHHs. Y 50% Mozeneil ominka sikocTi fopiBHioe 1,00,
IO CBiTYUTB ITPO BUCOKY SIKiCTb, TpOTe MiHiManbHi 3Ha4eHHs 0,02 BKa3yroTh Ha HEOOXiIHICTh aBTOMATH30BaHO1 BepH(iKalii Mozeneii 6i3Hec-Tporecis.
Po3risiHyTHI NiAXiT 103BOJISIE BUSBUTH MOMUJIKH MoJetoBanHs AND-1uno3iB, migsummri HagidiHicts BPMN-Mozeneit Ta HafaT MOXIMBOCTI IS
IHTEJIEKTYaJIbHOT MIATPUMKH MOJICITIOBaHHs Oi3HEC-TIPOLIECB.
Kaio4oBi c10Ba: MoznemoBaHHs Oi3HeC-IIPOLECiB, TTapalieNbHi IIUTI03H, OL[IHKA SKOCTI, HEJiTKa JIOTiKa, IIPOrpPaMHUI KOMITOHEHT.
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INTELLIGENT TECHNOLOGY FOR OPTIMIZING THE PROJECT-BASED APPROACH TO TEACHING
STUDENTS USING LEARNING MANAGEMENT SYSTEMS

This work is devoted to developing of a recommendation system that enables the effective construction of learning trajectories for students studying in
universities using learning management systems. The core of the recommendation system will be an artificial deep neural network of forward
propagation, which takes as input information about the student and the subject that he or she should study and produces as output the most effective
learning trajectory. The neural network is trained on data prepared using multi-agent modeling. The domain was decomposed into separate components
and in the process of multi-agent modeling was represented in the form of agents and the environment in which they communicate with each other. The
subject of this research is the modeling of the learning process in learning management systems. The purpose of the study is to optimize the student
learning process within learning management systems. The subject area was analyzed and studied, the architecture of the recommendation system was
developed, the architecture of the multi-agent system was developed, and a mathematical model of agent interaction was developed. To achieve the
goals of the study, it is necessary to solve main tasks, namely: to prepare a training data set using multi-agent modeling and to develop and train a
recommendation system that is based on an artificial deep neural network on this data. After completing all the tasks of the work, it is expected that the
learning process of students in the learning management system will be optimized in terms of time and resources spent on learning, and the average level

of knowledge will be increased.

Keywords: multiagent modeling, learning management system, artificial neural network, backpropagation algorithm, learning process, effective

learning trajectory

Introduction. A Learning Management System
(LMS) is a software application for administering, docu-
menting, tracking, reporting, automating and delivering of
educational courses, curricula, materials, or training and
development programs [1]. Learning management systems
constitute the largest segment of the learning systems
market and continue to grow in popularity. The purpose of
learning management systems is to improve the efficiency
of the student learning process in terms of time and effort
spent on each subject [1]. It is obvious that by improving
the quality of such a system, the quality of education
received by students can be significantly increased and the
financial costs associated with its use can be reduced.

The authors of this article set themselves the main task
of developing a recommendation system for LMS, which is
based on approaches related to artificial intelligence. The
core of the recommendation system will be a deep neural
network of forward propagation. The developed recom-
mendation system will make it possible to obtain the most
effective learning trajectory for an individual student in
terms of the quality of education received and financial
costs, taking into account his unique characteristics and
skills.

The main problem in developing of a recommen-
dation system based on an artificial neural network is the
lack of sufficient historical data suitable for use as a
training set. That is why it is planned to use mathematical
modeling of the learning process to prepare training data.

Different methods and algorithms are currently used to
model learning systems. Here is a brief description of exis-
ting approaches.

1. System Dynamics

System dynamics — this approach is used to model
long-term trends in learning by constructing differential
equations that describe the system. The method of system
dynamics is based on the concepts of feedback, flows and
accumulators, which makes it possible to create formal
models of the development of students' knowledge over
time.

The simulated system consists of interrelated com-
ponents, such as the level of learning, cognitive load, moti-
vation, level of student participation and external factors
(teaching methodology, availability of resources, etc.).
Many studies confirm the effectiveness of using system
dynamics to analyze educational processes [2].

2. Machine learning methods

Machine learning methods are also widely used to
model and analyze learning processes, allowing you to
predict student performance, optimize learning materials,
and personalize learning approaches [3]. For example, clas-
sification algorithms such as logistic regression, decision
trees, and gradient boosting (XGBoost) are used to predict
training outcomes based on historical data. Clustering
methods of K-means and DBSCAN make it possible to
group students according to similar characteristics, which
contributes to the identification of risk groups. Recommen-
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dation systems based on collaborative and content filtering
help personalize the learning experience by offering cus-
tomized content [4].

3. Bayesian Networks

Bayesian networks are another effective tool for
modeling learning processes. They allow you to create
probabilistic models that take into account the uncertainty
in students' knowledge and allow you to build personalized
educational trajectories [5].

4. Ontological methods

Ontological approaches are also widely used to model
educational environments, structure learning materials, and
personalize learning content [6].

Statement of the problem and purpose of the study

The subject of the research is models and tools for
software development to recommend the most effective
learning trajectory for students. The theoretical and metho-
dological basis of the work is the algorithms for training
artificial neural networks, multi-agent modeling, the theory
of the learning process under the learning management
system, and the personal behavior of students in the
learning process.

The purpose of the study is to optimize the process of
students learning using learning management systems
based on the project approach.

To achieve this goal, it is necessary to solve two
problems, namely: to prepare a training dataset using
mathematical modeling of the training process; to develop
and train a recommendation system based on an artificial
deep neural network of forward propagation on this dataset.

After completing the tasks of the study it is expected
that the learning process of students in the learning
management system will be optimized in terms of time and
resources spent on learning, and the average level of grades
will increase.

According to the authors of this article, the most
promising method for modeling of the learning process
under learning management systems is multi-agent
modeling. It makes it possible to make predictions of
scenarios for the behavior of elements within complex non-
deterministic systems of various sizes and configurations,
modeling the process within the system in the form of
interaction of the so-called agents [7-10].

The main elements of agent-based modeling are
agents and the space in which they interact and respond to
events that occur. Agents are modeled individually. Each
agent has sensors with which they can perceive information
from the environment, a set of goals that they strive to
fulfill, and a memory that serves to store the state. They
may have incomplete information, make mistakes, adapt to
the situation, and take the initiative. Agent modeling is
based on the principles of diversity, interconnectedness,
and interaction.

Domain area description

To solve the problem of modeling of the learning
process under LMS, we have defined the main terms that
describe domain.

A course of study is a set of subjects that consist of
separate topics which student has to master during a certain
period of study.

Based on the course of study, teachers form a set of

educational branches consisting of individual tasks that
should cover all the topics of subjects that are chosen for
study.

A learning trajectory is a sequential set of learning
branches. Each branch consists of certain number of tasks.
The tasks are arranged in a certain logical order. Each task
represents a set of exercises that must be completed either
by an individual student or by a group. For example, a task
might be described as "Programming a basic calculator in
Python."

The completion of a branch depends on the successful
completion of each of the tasks in the prescribed order. The
individual branches within the learning trajectory can be
conceptualized as nodes that together form a larger "branch
graph."”

A key principle of this structure is a prerequisite: a
branch can only be selected for training if all of its previous
branches have been successfully completed.

A general branch graph is a directed acyclic graph.

There are also various obstacles and challenges that
may arise during learning (such as health issues or Internet
connectivity issues) that affect the ability to successfully
complete a particular learning path.

It should also be noted that there are various factors in
the learning process that affect the potential grades that
students receive. For example, the level of training of a
student and professionalism affect the final grades received
by students. Also, various non-deterministic things, such as
health problems or problems with the Internet connection,
can reduce the chances of getting a good grade, since the
quality of learning will be much lower for a particular
student. Fig. 1 shows an example of how tasks are located
within a branch.

./'
AL
to Prog

Program a Linked List

Program a Stack

v

| rogram werge son
/—4' Program a DFS

A

Program a Calculator

A

Brapch

Challenge

L N
Fig. 1. Example of a training branch and its associated tasks

In order to successfully complete the course, you need
to study and cover a certain number of subject topics that
make up this course of study. An individual subject can
only be counted as completed if at least n % of the subject's
topics have been covered as part of the student's completion
of a particular learning trajectory. The specific percentage
is set by the teacher.

One task can cover many topics from different
subjects. Fig. 2 shows an example of such an attitude.
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Fig. 2. An example of the connection between the problem and
its coverage of certain topics of various subjects

Description of the recommendation
architecture

It should be emphasized once again that the main goal
of the study is to create a recommendation information
system that will make it possible to optimize the process of
teaching students with a project approach in terms of time
and effort required for a student to acquire knowledge in a
certain set of subjects. The recommendation system will be
built using an artificial neural network.

The architecture of any neural network consists of
layers and neurons within them. There is an input layer
(takes as input a vector containing data that needs to be
classified), one or more hidden layers, and an output layer
(a vector containing the probabilities of belonging to a
particular class). Each individual neuron connects to all (or
a specific neuron, depending on the architecture) neurons
in the next layer and has its own associated weight and
displacement [11-13].

In our case, we plan to use the architecture of a deep
fully connected neural network with three hidden layers
(fcNN). The quality of any neural network's predictions
depends on the quality and volume of training data on
which it will be trained. Each training data item is a pair of
vectors x, and y,, where x, —vector that is fed to the input

of the neural network, and y, — the vector of expected valu-

system

es to which the vector of activations of output layer a" is

being compared.
In our case, the vector x; will contain a description of

the student's characteristics (age, gender, stress resistance,
education, etc.), the name of the subject or subjects to be
studied, and the grades obtained in the study of related sub-
jects by this student. Vector y, will contain the probability

that a certain learning trajectory is the most effective for a
particular student and the set of subjects he must study.

Vector of activations of output layer a‘ — vector

containing the probabilities that a certain learning trajectory
will be the most effective. Accordingly, the learning
trajectory with the highest probability is considered as the
most effective for a particular student. Fig. 3 shows the
high-level neural network architecture that will be used to
recommend a learning path.

Creating training data using multi-agent modeling

It is planned to use multi-agent modeling to create a
training dataset, as there is currently not enough stored data
that can be used for this purpose. The data preparation
process consists of three stages.

The first step is to prepare static datasets that describe

the components of the LMS learning process. These
datasets describe (this list is not complete and there are
many more items):

o different types of students (different ages, gen-
ders, education, 1Q, learning ability, etc.);

o (different types of teachers (age, education, level
of qualification, etc.);

e subjects studied (linear algebra, databases, Java,
etc.);

e existing tasks and topics for each of the subjects;

e branches of study and rules describing their loca-
tion relative to each other.

Input Niactor Input Hidden Hidden Output Outpul
1.User features = ) Ea\(’;‘;c;z(rpuz
(Age, _SEX, 23 = neuron shows
Education...) {) { ) ( i probability
2 Name of subject = 3 o {_) - that particular
(Math, Databases...) { ) { ) LY - learning
3. Average grade for = 24 % trajectory is
related subjects {) { ) optimal

Fig. 3. High-level representation of neural network’s architecture

On the second step all potentially possible learning
trajectories for certain subjects are formed. This process
can be represented as connection of different branches in a
certain order, taking into account the rules of their location
relative to each other. After the compilation of trajectories
from the original branches is completed, these branches are
divided into smaller ones (by subtracting a certain number
of tasks) and another list of learning trajectories is formed
from them. This process continues as long as the coverage
of each individual branch of the specified subjects exceeds
a certain specified percentage, n %.

On the third step a set of all possible triplets will be
formed: "student —a group of subjects for study — a learning
trajectory”. Those triplets will serve as the input of the
multi-agent system for modeling of the learning process
and assessing the quality of education.

After the data preparation is completed, the process of
multi-agent modeling of the training process for each triplet
begins. Before we can describe the simulation process, we
need to describe the runtime and agents.

Description of the runtime and agents

The agent execution environment is the context within
which agents exist and interact with each other. In our case,
the runtime can be represented as a 2D space that has a cer-
tain set of mechanisms through which agents are managed
and interact. For this space, the abscissa axis is the current
time inside the simulation, and the ordinate axis is the dis-
tance between agents (the smaller the distance, the more
likely it is that agents will be able to interact with each
other).

The key concept of the modeling process will be the
amount of knowledge. This value correlates with the
probability that a particular student agent will be able to
successfully complete a specific task in a certain period of
time. The more knowledge there is at the moment, the
higher the probability of successfully completing the task.
Each agent can interact with other agents and transfer or
receive some amount of knowledge necessary to perform
tasks.
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The following agents take part in the modeling
process:

e A student agent is an agent that simulates the
student's behavior in the learning process using an LMS;

e A teacher agent is an agent that simulates the
behavior of the teacher in the learning process using the
LMS;

e A mentor agent is an agent that simulates behavior
of mentors in the learning process under LMS;

e A university agent is an agent who simulates the
behavior of the university and can deliver teachers to
conduct training;

e An interference agent is and agent with the help
of which the learning process is being interfered, it is
responsible for generation of various obstacles that may
arise during learning.

Description of the multi-agent modeling process

To describe the behavior of agents within a multiagent
system, the theory of Markov processes will be used [14] it
consists of several components that are needed to be
described.

States

The set of states S, s, €S characterizes the current

position of the agent in the learning process. As an
example, consider the student agent and its possible states
(this list is not complete and only partially describes all
possible states): "Ready to perform a task", "Performs a
task individually", "Asks for help from other students"”,
"Asks for help from a teacher”, "Helps other students",
"Performs a task together with other students”, "Studies
educational literature”, "Sick", "Completed the task",
"Completed the branch”, "Completed the learning
trajectory”.

Actions

The set of actions A, a € A, that the agent can

execute in the current state. As an example, consider a
student agent and its possible actions (this list is not
complete and only partially describes all possible actions):
"Start a task individually”, "Request help from other
students”, "Request help from a teacher"”, "Start helping
other students”, "Start a task with other students”, "Start
studying lecture material”, "Signal the onset of illness",
"Signal refusal to continue the task", End task, End branch,
and Finish training path.

Transition function P(s,s;,a;)

Describes the probability of transitioning from the
state s; to the state of s{ when performing an action a; .

Reward R(s;,a;)

i’
Reward for completing an action a; instate s; . Inour

case for the student's agent, this value correlates with the
amount of knowledge that the student can obtain by
performing this or that action.

The behavior of agents can be expressed in the form
of a matrix P={P(s,a;)|i=12,....mj=12...,n},

where m and n are cardinalities of sets S and A. When
modeling the behavior of agents, the method of values
iteration will be used to find the most effective action in
each of the agent's states. The idea behind this algorithm is

to iteratively find the most effective agent policy. Let's
introduce a few key concepts used in this method.

Policy z(s;) — it is a function that defines the
behavior of an agent starting from each state s, and in a
series of subsequent states. Determines which action he
should be chosen in each of the states.

The most effective policy z'(s;) — this is a policy in
which the expected total reward is maximum. For example,
for a student agent, which moves according to the most
effective policy will result in the most amount of
knowledge.

State value V*(s;) is determined on the basis of (1) —

this is the mathematical expectation E of the amount o

z(s;)
rewards received for performing a certain subset of actions
of set A that corresponds to the policy z(s;) [15].

V7i(s) = E[Un(sn(R(Si'aj)xﬁr(si))] @

where {y,,} —set of policy-specific weighting ratios rela-
ted to policy z(s;) that belong to an interval [0, 1).

Initial value for all V7 (s;) is set arbitrarily. Then, at
each iteration, this value is updated.
Best state value V7 (s) of state s, is being

determined based on (2). This value represents the
maximum expected value of the rewards sum o, re-

ceived for performing a certain subset of actions of the set
of all allowed actions A [16]:

v (s)=max, {E[ 0., (RG.2) %7 ) [} @

The agent's goal is to determine the most effective
policy z' for itself. After the best values are found V* (s,)

for each of the states s; . The most effective policy z'(s,)

will be a set of actions leading to the best values for a
particular state s; .

Description of modeling stages

The first stage of modeling is the initialization of
agents and the environment within which they will interact
with each other, as well as a timer that determines the
current time within the simulation. Each of the agents goes
to its initial state and receives its initial task from the
environment.

At the second stage each agent, using the method of
values iteration, calculates the most effective strategy of
behavior for herself and, based on it, chooses the best action
aj, then moves to the next state s/ . In case the environ-

ment generates events that can change the next state of the
agent, then the agent can move to this new "unplanned
state".

On the third stage all agents enter a new state s, and

update their internal memory with information about the
events that occurred in the previous stage and send message
to the surrounding environment about their current state. At
this point, each agent must check whether they have
finished their current task and whether they should proceed
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with the next one. If there are no new tasks, the agent goes
to its terminal state, which is defined as its final state, after
which it stops working.

Further the simulation process is an alternation of
stages 2 and 3. Each agent strives to fulfill his goal via
calculating the most effective action for himself and
moving into a new most effective state. The modeling
process will be completed if one of the two conditions is
met: all agents have moved to their terminal state; the time
allotted for studying under the learning trajectory is over.

At the end of the modeling process for a specific
triplet, we save information about how much time the
learning process took for a specific trajectory by a specific
student, how successful the learning was, and whether it
was completed at all, which will be expressed in the final
grade that the student will receive. Then the modeling
process is repeated for all existing triplets. After that, for
each student-subject group pair, only those learning
trajectories are selected for which the learning success rate
exceeds the specified threshold N %.

Those vectors will be stored in the training dataset for
training of neural network. A single vector x, — contains

information about the student and subjects, and the vector
y, — contains information about the effectiveness of

learning trajectories for a given set of subjects and the
student (a separate element describes the probability of how
effective a particular trajectory is).

Neural network training

The process of neural network training can be
described as minimization of some function C of several
variables. Where C is the cost function of the neural
network, and weights and biases are the parameters of the
function that are needed to be selected to find its minimum.
To find this minimum, a gradient descent algorithm in
multidimensional space is used.

The cost function determines the difference between
the expected activation values of the last layer and the
actual values of the training set. It serves as a measure of
the extent to which the neural network qualitatively
classifies the input data. And is determined on the basis of
(3). In our case, it will show the difference between the
expected probabilities of how effective different learning
paths will be for a particular vector x, and actual pro-

babilities v;
1 K
c= 2l ~at(x)|’ 3)

where K is the total number of elements in the training set.

In the course of the gradient descent algorithm, the
gradient of the cost function is iteratively calculated, which
consists of partial derivatives of the value function relative
to each of the weights from a certain neuron j to a certain
neuron i and the displacements of each of the neurons.
Relative to this gradient, new values for each of the weights
and offsets are being calculated.

Training occurs until the difference in the value of the
cost function between individual iterations exceeds a
certain value ¢ or after a certain number of iterations.

Conclusions. Within this scientific work, the general
structure of the intellectual technology for optimization of
the learning process using learning management systems
was developed.

The described technology includes several compo-
nents.

e A description of the domain area to which the
scientific work is devoted, namely the process of teaching
students using the project approach within the LMS.

e A description of the architecture of the recom-
mendation system based on an artificial deep neural net-
work of direct propagation, which will accept information
about the student and the subjects that he wants to study,
and will give the most effective learning trajectory as an
output;

e A description of the process of creating training
data for a deep neural network based on multiagent mode-
ling.

e A description of the multi-agent model based on
Markov processes and the method of value iteration.

o A description of the list of agents and the runtime
environment that coordinates their work.

The developed software will help to provide effective
recommendations for students, reducing the amount of time
and money spent on training, as well as increasing the
average level of grades received.

Further work is related to the actual implementation
of a deep neural network, the development of a multi-agent
model for training a neural network on a training set, and
the implementation of a recommendation information
system in existing training processes.
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IHTEJEKTYAJIbHA TEXHOJIOI' IS ONTUMI3AII MPOEKTHOI'O MIJIXOY 1O HABYAHHS
CTYJAEHTIB I3 BUKOPUCTAHHAM CUCTEM YHPABJIIHHA HABYAHHAM

Jlana po6ota mprcBsideHa po3po01li peKOMEH A THOI CHCTEMH, SIKa JaCTh MOXKITHBICT e)eKTHBHO OYIyBaTH TPAEKTOPil HABUAHHSI IS CTYICHTIB, SIKi
HABYAIOTHCS y BUIUX HaBYAJIHHHX 3aKJIaJaX 3 BHKOPHUCTAHHSM CHCTEM YIPaBIiHHSA HaBUaHHSM. SIIpoM pekoMeHIamiifHoOi cucteMu Oyzme IITydHa
rmmboKka HeHPOHHA MepeXa MPSMOTO PO3IOBCIODKEHHS, M0 MPHIIMAe Ha BXiJ| iH(pOPMAIIif0 PO CTyJEHTa i IpeJIMeT, SKUi BiH MOBUHEH BHBYHTH, i
MIPOIIOHYE HA BUXO/1i HAHOUIBII e(peKTUBHY /IS HOTO TPAEKTOPIiI0 HaBYaHHs. HaBuaHHS HeHpOHHOT Mepexi BinOyBaeThCs Ha aHUX IiIrOTOBICHHX 32
JIOTIOMOT'OI0 MYJIbTHAar€HTHOTO MOyielfoBaHHs. CBOEIO Yeproro, JOMEHHa 001acTh JJEKOMIIOHOBAaHA HAa OKPEMi CKJIAJIOBI Ta B IIPOIECi MYJIbTHAr€HTHOTO
MOJICITIOBaHHS Oylia MpecTaBiIeHa Y BUIVIAAL arcHTIB 1 CepelOBHINa, B paMKaX sIKOTO BOHH KOMYHIKYIOTB Mixk co0oto. [IpenMerom mocmimkeHHs €
MOJICITIOBaHHS TPOLIECY HAaBYaHHS B CHCTEMax YIPaBIIiHHS HAaBYaHHSIM. METOI0 JOCIHI/KEHHS € ONTHMI3allis MpoLecy HaBYaHHS CTYICHTIB, SIKi
HABYAIOTBCS 3 BUKOPHCTAHHSAM CHCTEM YIIPABIIHHS HaB4YaHHAM. IIpoaHamizoBaHO Ta BHBYEHO HPEAMETHY OO0JAcTb, PO3POOJICHO apXiTEKTypy
peKOMeH/IaNifHOi cHCTEMH, PO3pO0IIEHO apXiTEKTypy MYIBTHATCHTHOI CHCTEMH, PO3pOOJIEHO MaTeMaTHUHy MOJENb B3aeMoJil areHTiB. PosrisHyTo
METO/I MOJICITIOBAHHSI [IPOLIECY HABYaHHsI 3 BAKOPHCTAHHSIM CHCTEM YIIPaBIIiHHs HaBYaHHsM. J[JIs1 TOCSTHEHHS II0CTaBJICHHX IIiJIei HeoOXiIHO po3B's3aTH
(Bl paHillle onvcaHi 3a1adi, a caMe: HiAroTyBaTH Hal0ip TPEHYBaJIbHHUX TaHHX 32 JOHMOMOTOI0 MYJIbTHAICHTHOI'O MOJCITIOBAHHS, a TAKOXK PO3POOHTH i
HABYHTH Ha I[bOMY HaOOpi JaHNUX pEKOMEHJAliifHy CHCTeMy Ha OCHOBI ITY4YHOI rimbokoi HeHpoHHOT Mepexi. ITicis BUKOHAHHS BCiX IOCTaBICHHX
3aj1a4 TOCHIIKEHHSI OUiKYEThCS, IO MPOIIEC HABYAHHS CTYICHTIB Y CUCTEMi YIPaBIiHHS HaBYaHHAM Oy/ie ONTHUMI30BaHO 3 MOMIISAY Yacy Ta Pecypcis,

110 BUTPAYalOThCs Ha HABYaHHS, a CepelHil piBeHb 3100yTHX 3HAHB 3POCTE.
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OIIHKA IKOCTI CACTEMHU CTABLUIIBAIII CHEIIAJIBHOT'O OBJAJTHAHHS
HA PYXOMHMX 3ACOBAX

CrarTs pycBsiYeHa OLIHII SIKOCTI CHCTeM cTadii3arii crerianbHoro 06Ia HaHHS, [0 BUKOPHCTOBYETHCS HA PI3HHUX THIIAX PyXOMHX 3ac00iB, TAKUX SIK
0O0IOBI MaIllMHKU, 30KpeMa 00OBI MalIMHKU MiXOTH, TaHKU Toilo. OCHOBHA 3a[a4a TAKUX CUCTEM MOJISTAE B MIATPUMII CTa0IbHOTO MOJOXKEHHS ab0
opieHTalil 00’€KTa, 110 J03BOJISIE YHUKATH 30BHIIIHIX BIUIMBIB Ta KOMIIEHCYBAaTH PyX CaMoro Hocist o0iagHaHHs. Lle 0coO0mmBo BayIIMBO Uit O0HOBHX
3aco0iB, Jie CTabiabHICTH OONAJHAHHSA BIUIMBA€ HAa TOYHICTh HaBeneHHs i edekTuBHiCTH OoioBux aiil. Cepen (yHKMIIH, IO pO3TISIAIOTHECS, €
3MJIJUKYBAaHHS Ta TOM’ SIKIIEHHS PI3KMX KOJWBAaHb 1 BIIXWIJIEHb, a TaKOXK CTaOUII3allis MOA0 Lii. Y CTATTi Mpe/CTaBlIeHa MaTeMaTHYHA MOJENb Ta
po3pobieHe mporpaMHe 3a0e3neyeHHs A OLIHKU SIKOCTiI CUCTeM cralimizamii creniabHOro oONajHaHHA Ha PYXOMHUX 3ac00ax 3 BUKOPUCTAHHSAM
METO/Iy aHaJli3y BiIXHJIEHb ITAXOM OOUYNCIICHHS BiIXMIIEHB y TIpolieci cTabimizartii, ika BpaxoBye pyx Hocis. MeTos nepenbadae BUMiprOBaHHS KYyTOBHX
BIJIXWJICHb TPHILIUTY BiJTHOCHO MillIEHI B KOXKHUIH MOMEHT yacy. OCHOBHMMHM IOKa3HUKAMH SIKOCTI CTa0imi3alii B MOZIEINI € CepeaHE KyTOBE BiIXHUICHHS
(mean angular deviation), cranapTHE BiIXHIECHHS, MAKCUMAbHE BiAXWICHH. JIJIs1 TMHAMIYHOTO BiICTEKEHHS MillleHI BUKOPUCTOBYIOTHCS MIPUHIAIIH
KOpEeJBILIHHOTrO (iNbTpa, KU J03BOJSIE BU3HAYATH ITOAIOHICTE MiXK TOTOYHHM KaJpOM Ta €TaIOHHUM 300paXkeHHsIM 00’ekTa. Lleit minxin mae 3mory
Ha1ilHO ineHTU(IKYBAaTH 00 €KT HABITh B YMOBAX JUHAMIYHOI 3MiHM MONOKeHHs. KopensuiiHuil TpeKiHT, ONMCAHUI y CTATTi, 3aCHOBAHUI Ha TOLIYKY
00’eKTa y HACTYMHOMY KaJpi IUIIXOM MakcHuMi3auii moJiOHOCTI Mi’K MOTOYHHM 300paKEHHSIM Ta €TaJOHOM. 3aCTOCYBaHHS KOpENSLiHHOro (iibTpa
3abe3neuye cTabilbHE BiICTEXEHHS 00’ €KTa | KOPUTYe HANAITYBAaHHA [T TOYHOTO (pOKYCYBAHHS HA I[iJli B yMOBAX 3MiHH OCBITIIEHHS Ta PaKypcy.

KurouoBi ciioBa: TpekiHr, BiJCTEXeHHS 00’€KTa, sKicTh crabimizamii, BIIXWIIEHHS, Tpekep KaHajibHOi i mpocTopoBoi HaxiitHocTi (CSRT),
KOpeIsIiiHAi QiIbTp.

Beryn. Y cydacHOMY CBiTI BUMOTH [0 TOYHOCTI Ta
e(eKTUBHOCTI POOOTH CIIEI[iaJIbHOTO 00IaHAHHS (CHCTEM
030pO€HHS, BifleoKkaMep, TETIOBI30PiB, HABITAIMHUX CUC-
TEM TOIO), BCTAHOBJICHOTO Ha PYXOMOMY TPaHCHOPTI,
30KpeMa BiliCbKOBOMY (TaHKH, OpOHEeTpaHCIopTepH, Oe3Iri-
JIOTHI CHCTEMH TOIIO), MOCTIHHO 3pocTaioTh. OnHUM i3
Ba)KJIMBMX aCIEKTIB € 3a0e3meueHHs cTablIbHOCTI 00am-
HaHHA 1] yac pyxy [1-3].

OCHOBHI 3aBJJaHHS CHUCTEM CTaOLTi3alii B KOHTEKCTI
MIPUIIEHAX 1 HABIraI[ifHUX CUCTEM BKJIIOYAIOTh KOMITEH-
camito pyxy Hocig, ToOTO cTabimizamito MpumiTy abo
CeHCopa TaKMM YHHOM, 11100 BOHHU 3aJIMIIAJKCS HAIpaB-
JICHUMH Ha I HaBIiTh MiJ 9ac pyXy MAIlWHH; yCYHEHHS
30BHIIHIX 30ypeHb — MOTJIIMHAHHS BIUIUBY HEpiBHOCTEH

penbedy, BiOpamiii abo iHIMX (DAKTOPIB, IO MOXKYTh
MOPYIIYBATH TOYHICTh CTA01Ii3a11i1; MOKPAIICHHS TOYHOCTI
MPUIUTIOBAaHHA — 3a0e3MeueHHs] IJIaBHOTO Ta TOYHOTO
HaBEeJICHHS MPHIILTY, 10 0COOIMBO BAXIIMBO IS Lijel Ha
BEJIMKHX BiJICTAHSAX; aBTOMATH3AIlisl CYIPOBOY IIiJIi — CTa-
OiTi3oBaHa cHUCTEMa MOKE aBTOMAaTHYHO YTPHUMYBATH NPH-
i Ha oOpaHiil Wiji, 3BUILHAIOMM oOIepaTopa BiJ HeoO-
XiZIHOCTi TIOCTIifHO BPY4HY KOPUT'YBaTH HaBeaeHHs [4].
Cra0ii30BaHi CHCTEMH € KPUTHYHO BaXKIIMBUMHU ISt
MABUIIEHHS TOYHOCTI HaBEAEHHS Ta 3a0e3ledyecHHs
e(eKTHBHOCTI MiA Yac pyxy, KOJM HeCTalOiIbHICTH MOXE
npu3BecTd 10 BTpard mimi [5]. OmiHka SKOCTI CHCTEMH
crabimizamii crmemiadbHOTO OOJaTHAHHA HAa PYXOMHX
3acobax — Ie 3aJada aHajily AWHAMIYHUX KOJHBAHb
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npuiiry (abo iHmoro oGmagHaHHA) BiTHOCHO MimreHi. s
OIIIHKM AKOCTi CcTabinmizarii MOXXyTh BHKOPHUCTOBYBATHCS
KiTbKa KJIIOYOBHX METOJIB, SKi JO3BOJAIOTH BUMIPSATH
pizHI mapamerpu KonuBaHb. OCHOBHI METOAHM OILIHKA
crabimizanii MOXXyTh 0a3yBaTHCs Ha aHaNi3l TaKuX Iapa-
METpiB, SIK aMIUITy/la KOJNWBaHb (MaKCHMaJlbHE KyTOBE
BIIXWJICHHS BiJ IiJTi, CEPEAHBOKBAJPATHYHE BiIXHUICHHS
BiJI MillIeHi 200 KOPiHb i3 HHOTO, TOIIO), YACTOTA KOJHUBAHb,
yac peakuii cTadii3auiifHoT cHcTeMHU Ha 3MiHY MOJI0KEHHS
pyxomoro 3aco0y, BiTHOCHE BiIXWIeHHs Ta iHuri [6].

st 00’€KTUBHOTO MOHITOPHHTY SIKOCTI cTadimizarii
CIIeLaTbHOTO O0JagHAHHS MOXKYTh BHKOPHUCTOBYBATHCS
KiTbKa THIIIB CHTHAJIB Ta AATYHKIB, sKi (IKCYIOTH pi3HI
MOKa3HUKH PyXY i MO3uIii cucteMu [7]:

1. AxcenepoMeTpH — Uil BUMipIOBaHHS IIPUCKOPECHD
wiaThopMH B Pi3HUX HANpPSIMKax, IO JO3BOJIIE BPaXOBY-
BaTH KOJIMBAaHHS Ta KOJUBAJIbHI 30ypEHHSI.

2. Tipockormu — i BUSHAYCHHS KyTOBOT IIBUIKOCTI,
JIOTIOMAraroTh BiICTEKYBaTH TIOBOPOTH Ta HaXHIIH.

3. JlaT4uKu KyTOBOTO TIIOJIOXKEHHS (EHKOJEpH) —
3a0e3neuyoTh TOYHE BUMIPIOBAHHS IMOJO0XKEHHS MPULLTY
BiTHOCHO TUIAT(OPMH.

4. Kamepu ab0 ONTHYHI CEHCOPH — (PIKCYIOTH PyX
MPUIIUTY BIZHOCHO IIiNi, IO JO3BOJSE OIIHUTU Ta KiJb-
KICHO BU3HAUUTHU KOJIMBAHHS Ta BIAXHJICHHS MPULITY.

SxicTe craOimizamii MpULITY 3aJCKUATh BiA pALY
TEXHIYHUX 1 eKCIDTyaTamiiHUX (aKTOpiB, TAKHX SIK TOY-
HICTh JIaTYMKIB, $Ki BHU3HAYAIOTh pPIBEHb KOJIMBaHb,
e(eKTUBHICTh AITOPUTMIB YNpaBiiHHA, Takux sk PID-
peryJaTopH, sKi BU3HAYaIOTh 3JaTHICTh CUCTEMH ILIBUJIKO
W TOYHO KOMIICHCYBaTH 30YypEHHs; IIBUJIKICTb POOOTH
NPUBOAY KOMIIEHCATOpPa; WIBHIKICTh PyXy IUIaThOpMH,
piBeHb 30ypeHs i anropuT™u Kopekiiii [8].

VY crarti po3rISIHYTO 3ajady po3poOKH Marema-
THYHOTO, aJITOPUTMIYHOTO Ta MPOTrPAMHOTO 3a0e3MeueHHS
JUTSA KiTBKICHOTO aHalli3y SIKOCTi CcTa0lIi3arii creriarbHOro
0o0JamHAHHS PYyXOMHX 3acO0IB HUITXOM OOpPOOKH Bi-
JICOMOTOKY 3 KAMEPH, CHHXPOHI30BaHO1 3 00J1aTHAHHSAM.

Ha puc. 1 HaBexeHO NpHKIan Kajapy 3 KaMepH, LIO
(bikcye 300paxeHHs MOJIs 30Py MPHUIILTY 030pO€EHHS OpOHe-
tpancrioprepa bTP-4E. Ha kazpi 3eneHuM BuaiieHO eTa-
JIOHHY MillIeHb, @ YePBOHUM — MITKY IIPULILITY.

Puc. 1. [Ipukian nosst 30py KaMepy MPULITY 31 IIATOM-
MIILICHHIO (3eJIeHUI MPSIMOKYTHHK) Ta MPULIJIBHOI0 MApKOIO
(4epBOHMH NPSMOKYTHHK).

JIiist KOX)KHOTO KaJpy BiZI€OIOTOKY MOXHA OTPUMATH
NOTOYHE 3HAYEHHS BEJIWYMHH JIiHIAHOrO Bimxunenns o(t)

MITKH TpUITY Big QikcoBaHOI TOYKM Ha 00’ €KTi-MilIeHi
OKpPEMO JUII KOXKHOT 0ci (BepTUKAIBHOI Ta TOPU30HTAIIBHOT)
y AeKapToBil cucTeMi KoopawHAT. [[Ig OIiHKH SKOCTI
cucreM crabimizamii 3a 3HadeHHamu O(f)  MOKyTH

BUKOPUCTOBYBATUCH Pi3HI METO/IU Ta MiXOIU, OCHOBHHUMHU
3 AKMX € CTaTUCTHYHHMH aHalli3 BIIXHWJICHb, YaCTOTHHUI
aHaJIi3, aHaJi3 PO3MOIUTYy TOYHOCTI, KOPEJISILIHHUMA aHai3,
METOJM Ha OCHOBI JMHAMIYHUX MOKAa3HHKIB, METOAH Ha
OCHOBI MallIMHHOTO HaBYaHHs To1o [9-11].

KoskeH 3 MeTo1iB Mae CBOT mepeBary i eBHI HETOMIKU
i B Cy4aCHHX CHUCTEMaX MOXYTh BHKOPHUCTOBYBATHUCH SIK
OKpeMi MeTOIH, Tak i iXx KOMOiHamis B 3aJIeKHOCTI Bif
OCHOBHHX IIiJICH 3aCTOCYBaHHS CHCTEM CcTa0iTi3arii.

Meto; CTATUCTUYHOTO aHaNi3y BIAXHUICHb IEpPe-
Oagae dYacoBi BHMIpIOBaHHSA KYTOBHX Ta/abo0 IiHIHHHX
BiXWJICHB TPUIILUTY BiTHOCHO MillIeHi 3a mepiox gacy T.

OCHOBHMMH KIJBKICHUMH IMOKa3HUKAMHU SIKOCTI €
cepenHe (ab0 Me[iaHHE) BiTXHUICHHS 5 , CEPEIHBbOKBAJI-
paTHYHe BIOXWICHHSI O;, MaKCHMaJbHE BiIXWICHHA

TOIIO:
5_ =

jé(t)dt, o, = Q)

L
=

UuM MEHIINM € BiIXWJICHHS, THM BHIIA SKICTh
crabinizanii. CepeJHbOKBAZAPATUYHE BIIXWICHHS Og A€

y3arajJbHEHU! MOKAa3HHWK SKOCTI cTralOumi3aiii 3a Bech
IHTEpBaJ 4acy, TOJi K MaKCUMaJIbHE BIIXUJICHHS [TOKa3ye
rpaHUYHY MOXMOKY CHCTEMH, IO BaXIJIMBO B yMOBAax
IHTEHCHUBHOTO 00¥0.

B gmaHiif po0OTI BHKOPHCTaHO caMme I METOI,
OCKIUTBKH BiH JI03BOJISIE OTPUMATH TOYKOBI OIIHKH SKOCTI
pobotu cuctemu cTabimizamii, MO € HAKOLIBII 3PYIHUM
JUISl TIOAAJBIIOTO MPUHHATTS pillleHb CTOCOBHO BiJIOBI-
JTHOCTI CUCTEMH CKCILTyaTaI[iifHUM BHMOT'aM.

IMocraHoBKa 3aia4yi Ta MeTa AOCHizKeHHs. J{ms
3a0e3MeuyeHHss BUCOKOI SIKOCTI Ta HaJiHHOCTI poOOTH Ta
crabimizamii IMOJIOKEHHS CIEIiaTbHOTO OOJaJHAHHS Ha
pPyXoMHUX 3ac00ax BUHHKAE MoTpeda B po3poOili mporpam-
HOT'O TIPOAYKTY, IO JI03BOJUTH ABTOMATUYHO aHAJ3yBaTH
Bifieo3anucu (puc. 1) Ta olLiHIOBAaTH piBeHb cTabimizaii.

MeToro poboTH € Po3poOKa MaTEeMAaTUYHOTO, AJrO-
PUTMIYHOTO Ta HPOTPAMHOTO 3a0e3NeYeHHs I OLIHKA
SIKOCT1 po0OTH cucTeMHu cTabii3amii CreniaabHOro 00JIaa-
HaHHS PYXOMUX 3ac00iB, SIKE JO3BOJIUTH IIPOBOJHUTH aTeC-
Tallito AKOCTI cTabimi3zarii TpaHCTIOPTHOTO 3aco0y i Yyac
PYXY, BAKOPHCTOBYIOYH BiJCO3aITUCH.

i mocsirHeHHS METH POOOTH MPOTPaMHHH MPOAYKT
Mae 3a0e3neuyBaTi BUKOHAHHS HACTYITHUX BHMOT:

e  MaTH MOXKJIMBICTb BUAIJIMTH LIIJIOBUI 00’ €KT ISt
BiJICTeXKCHHS Ha KaJIpi;

®  BIJCTEXKYBATH LUIBOBUI 00’ €KT MiX KaJIpaMu;

e  00YHCIIOBATH BIAXHWIEHHS IOJIOKEHHS IIJIbOBOI'O
o0’exTa BiJ 3aJaHOl TOYKM Ha Kajpi (He 3MiHIOE MOJIO-
JKCHHS BIIPOJIOBXK BiJIC0);

e B pealbHOMY 4aci BimoOpaxaru rpadik BiIxu-
JIEHD TOJIO’KEHHS IIILOBOTO 00’ €KTa;
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e B peaJbHOMY 4Yaci BimoOpakaTu rpadik «cepen-
HBOT JIHIT» BIAXUIEHHS;

e B peaJbHOMY Yaci BimoOpakaTu rpadik moXuOKH
crabimizamii (pi3HUL MK BIIXWICHHSM Ta CEPEIHBOIO
JIHIEI0);

e B peaJbHOMY 4Yaci OOYMCIIIOBATH MeJliaHHE 3Ha-
YeHHsI TOXUOKHU cTabini3anii Ta MopiBHIOBAaTH HOTO 3 KpH-
TUYHHUM, pe3yNbTaT BiioOpaxkaT B iHTepQeci;

e crBoproBatu pdf-3BIT 3 yciero oOYMCIICHOW iH-
¢dopmariiero.

TakuM 4YMHOM, NPOTPaMHHUIl NPOAYKT Mae€ aBTOMa-
TUYHO aHAJTi3yBaTH BiZlcO Ta BU3HAYATH piBEeHb cTa0imizamii
oOnMamHAHHSA 3a KPUTEPiIMH, BCTAHOBICHUMH KOPHCTY-
BayueM.

MareMaTH4HAa MOAeJdb. AHa3 SAKOCTI cTadimizamii
creuiaJibHOr0 O0JIaHaHHS TPOBOJIUBCA 3a Bineomare-
piayom, OTPUMaHUM 3 BiJlcoKaMepH mia yac pyxy. Kamepa
CHUHXPOHI30BaHa 3 00JIaJIHAHHSM, L0 CTa0UII3yeThes. Jlist
MIPUKIIaay B poOOTI BUKOPHCTAHO BiJICO3AIHC 3 KAMEPH, 110
CHUHXPOHI30BaHa 3 MPHILIJIOM OCHOBHOTO 030pO€HH: Opo-
HeTpaHcnopTepa BTP-4E. Cxema ekcliepuMeHTy HaBeieHa
Ha puC. 2.

none 30py kKamepn

Puc. 2. Cxema exciepuMeHTy.

Jns  mopjanmemoro aHaimily Ha puC. 2 BBEIEHO
HACTYIIHI TapaMeTpH: L — moTouHa BiICTaHp Bi pyXOMOTO
3aco0y [0 KBaJpaTHOrO HIUTa-MilieHi, | — abcomoTHuMi
JHIAHAN pO3Mip CTOPOHHU MillIeHi, ¢ — IIOTOYHUI KYyTOBHI
po3Mmip MimeHi, V — IBUAKICTE pyXy B HAPSAMKY MiIIICHi.

Ha puc.3 mnokasaHo cxemy mois 30py KamepH
MPUIIUTYy Ta BBEIEHO CHUCTEMY KOOPIMHAT Ta OCHOBHI

mapaMeTpyd MOJENi IS TOJANBIIHX po3paxyHki: M, ,

M, — Koop/MHATH LEHTPY MilleHi, (R.R) 1a (P,R) -

KOOPJMHATH JIIBOTO BEPXHBOTO Ta IPABOTO HIDKHHOTO
KyTiB Mitreni, Biznosigno, dX , dY —sixcrani Big nentpy
MillIeH] 0 HEHTPY NMPUIUIBHOT Mapku 1o ocsix X Ta Y .
Bci koopanHaTH Ta BificTaHi 331aHO Y MIKCEIsX.

MeToau Ta anropuTmu. B sixocTi ocHOBHOTO MeTo1a
OIIIHKK SIKOCTi cTabimizamii Oymo oOpaHO METOJ cTaThc-
THUYHOTO aHaNi3y BiIXWJEHb, B SKOMY TMependadacThCs
BUMIPIOBaHHSA KYTOBHX BIIXWJICHb TPHUIIITY BiIHOCHO
LEHTPY MillleHi B KOKHIH MOMEHT 4acy B TOPU30HTAIbHIN
Ta BEPTHKaJbHIH IonmHaX. OCHOBHHM ITOKa3HHKOM
SKOCTI cTabinizauii € MegiaHHE KyTOBE BIAXHJICHHS Yy
KOXXKHIM IUIOIIMHI, SIKE TOPIBHIOETBCS 3 IIOPOTOBUM
3HAYEHHSIM, 33J]aHUM KOPHCTYBa4eM.

PFM\' Pr i
»
MNpuuin dXpx
Mol I
4 N
d¥px
P 4
MiweHs
P
vy

Puc. 3. Cxema moJist 30py KaMepH MPHITTY.

dopmanbHO 3amady 0yJI0 po30UTO Ha JBI Mmig3aaadyi:
BIZICTE)KEHHS MIILIEH] 3 BU3HAYECHHAM JIHIMHUX BIIXUJIEHDb
MPHUILTY B JBOX IUIOIIMHAX Ta MOAAIBIINIA aHATI3 BiIXH-
JICHb.

B gxocTi BXiTHUX JaHUX TS TIEpIIol mig3anadi €:

e Bifco (BIOPAAKOBAaHUI HAOIp KaApiB);

® TI0YAaTKOBE ITOJIOKEHHS HiTHOBOTO 00’€KTa (TIpsi-
MOKYTHHUK, 1[0 33J[aHO KOOPJMHATAMH JIIBOTO BEPXHBHOTO
kyTa P, inpaBoro HmkubOrO KyTa P, ) (puc. 3);

e nonoxenns npuiiny, M(M,,M ) ;
® po3mipu 00’€KTa B METpax, S, =S, =S ;

® TI0YAaTKOBA BiJICTaHb 1O 00’€KTa B MeTpax, L;

®  IIBHJIKICTH PYXY, V.

BuxigHUMU JAHUMU €:

e uacosi pamu O, (t,) Ta O, () Bimxumens moso-

JKCHHS IIEHTPY HIJIHOBOTO 00’€KTa BiJ MPHIILIY Ha KOX-
HOMY Ka/Ipi B KYTOBHX OJMHHIUIX, Ae , — BijHOCHMIA yac,
SIKAI BiMOBIIAE Kaapy 3 HOMEpoM K.

BXigHAMU JaHUMU IS Mia3a7a4i aHamizy €:

e uacosi psu Binxunens 6, (t,) Ta J,(t,) .

PesynbraTom mijzanadi aHamizy e:

e  YacoBI 3aJIEKHOCTI BUMAAKOBUX KOMIIOHEHT Bif-
XUIIEHD;

® TPEHIIU YaCOBUX PSIiB BiIXUJICHB;

e Tpadiku BUXITHUX PAIIiB, TPSHIIB Ta BHIIAIKOBUX
KOMITOHEHT;

e MejiaHHI 3HAYEHHS IIOXUOOK.

Po03B’s130K 3a/1a4i CKJIaTA€THCSA 3 ISKIILKOX €TalliB, 10
SIKUX BXOJISATD:

e  BIJCTEXKEHHS 00’€KTa Ha BiJ€O;

®  O0YHCIICHHS KyTOBHX BiIXHJICHB;,

e mo0ynoBa TpeH B (cepenHix JiHil);

e (opmMyBaHHS MacHBIB BUIAJKOBUX KOMIIOHEHT
pAmiB.

Bigcrexxennst 00’ekTiB Ha BiZEO € THUIIOBOIO 3a4aUYE0
KOMIT FOTEpHOTO 30py. IcHye Oararo amropurtmiB st ii
PO3B’sI3aHHS, KOXKCH 3 SKHX Ma€ CBOI IepeBaru Ta HeJo-
niku. Hamu Oysi0 BUKOPHCTaHO OJUMH 3 HAaWTOYHIIIMX Ta
HalCy4acHIINX alTOPUTMIB — TPEKep KaHAIBHOT i IPOCTO-
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posoi HaziitHocTi (Channel and Spatial Reliability Tracker
—CSRT) [12].

CSRT —1ie Tpekep, sxmii mooynoBaHo Ha ocHoBi DCF
(Discriminative Correlation Filter) i BukopucToBye ineto
KOpEJSIIHHUX (DIBTPIB IS BIACTEKEHHs 00’ €KTIB, ale 3
neBHuME nokpamendsmu [13]. DCF — ne matematinyHuit
METOJl, II0 BHKOPUCTOBYETHCS B 3a/1a4axX BiICTEKEHHS
00’€eKTIB Uil 3HAXOMKCHHS PETIOHY 3 MaKCHMaJbHOIO
KOpEJISIiEl0 MDK 3afaHuM 3pa3koM (mabioHoM) Ta
YacTHHAMM 300pakeHHs, o aHawi3yeTbes. 3rimHo DCF,
00’€KT 3HAXOOUTHCSA TaM, J¢ KOPEIis MiK m1abioHOM
(3pa3koM 00’exTa) i 300pakeHHAM MakcuMaibHa. OCHOBHA
cytb DCF — 11e BUKOpUCTAaHHS KOPEIAMIHHAX QUTBTPIB IS
po3pisHeHHsT oO0’ekta Ta Qony. g migBHIIEHHS
00YHCTIOBAIEHOI €(QEeKTHBHOCTI, KOPEIAMHHNN (iIbTp
MEPEBOANTHCS B YaCTOTHY O0JACTh 3 BUKOPHUCTAHHIM
mBuaKoro mneperBoperHs dDyp’e (FFT), mo mo3Bomsie
NOpiBHIOBAaTH Ma0NoOH 3 00nacTio 300pakeHHs B
yacToTHOMY rpoctopi. Lle 3HiMae morpedy B ckaHyBaHHI
KokHOT mo3uIlii 00’exkta y mpocropi: DCF ob6uucitoe
3rOpPTKY B 4aCTOTHOMY IIPOCTOPI, /ie BOHA IEPETBOPIOETHCS
Ha TPOCTiOIE MHOXKEHHS CHEKTPiB (ITOKOMIIOHEHTHE
MHOKCHHSI MaTpHIb BXiTHOTO CHTHAIY Ta (iIbTpy), IO
3HAYHO MPUCKOPIOE OOYHCICHHS. Y 9aCTOTHOMY MPOCTOPi
KOpeJIiiHI QiTbTPH MOXYTh OLIHUTH CYMICHICTBH Ima0-
JIOHY 3 yCi€0 00JacTi0 Oy OJXHOYACHO, i MICIS 3BO-
poTHOTO TepeTBopeHHsI Pyp’e OTPUMYIOTH PE3yIbTAT A
BCiX mo3unii. Pe3ynpraroM € kapra kopensuii, e MiKH
MMOKa3ylOTh HAWOLIBIN CXOXKi 00JacTi, a HAWBUIIMKA TK
BIZINOBI/Ia€ ONTUMAJIBHOMY PO3TallyBaHHIO IA0JIOHY BiJ-
HOCHO 00’€KTa.

CSRT nonae 1o uporo 6a30BOro migxomy po3iupeHi
MeXaHi3MHU. A came, 00YHCIIFOE Baru Jjist KOKHOTO IPOCTO-
pOBOTrO periony 00’eKTa, IO JO3BOJISE MiABUIIUTH TOY-
HICTP B yMOBaX CKIQmHOTO (OHY YU 3MIHH pO3MIipy
00’ekTa, Ta BHOMpae HaWOLIBII iHPOPMATHBHI KOTBOPOBI
KaHaJIY, 110 3HIDKYE BIUIMB IIYMY Ta IHIIAX KaHANIB, SKi
MOXYTb J0JIaTH HEBU3HAYECHOCTI.

®dopmanbHO, 3a7a4a ToIATae y MiHIMi3aIil TOMHIKA
MDK BHUXIJTHUM 300pa)K€HHSM 1 300paKeHHSIM, 3BXKCHUM
KOpEJISIIIHHUM (BLIbTpOM:

min]y — o7 - X+ 2w, @

ne: Y — eTanoHHUH mabioH 00’ekTa; X — Kap 300paKeHHS;
W — xopemsuiiinnit  ¢ineTp; ® — omeparop MIBHAKOTO
neperBoperas Dyp’e (FFT), W i X - MIEPEeTBOPEHi Y
YacTOTHY 00J1acTh QUIBTP 1 KaAp BIAMOBIIHO; © — ONEparis
MOKOMITOHEHTHOTO MHOXXEHHSI MaTpHIlb; A — pEryJsipu-
3aifHANA TapaMmeTp Ui 3amoOiraHHs MepeHaBYAHHIO;

"W"2 — peryispHu3aTop.

CSRT BBOJWTH OLIHKY IPOCTOPOBOI HaIIITHOCTI AJIs
TOYHINIOTO BU3HAYCHHS BIAMOBIAHOCTI 00’€KTa B KaJpi.
[TpocropoBa HazilfHICTH BUMIpIOE HACKUIBKK 100pe pi3Hi
perioHu 300pa)keHHS BiANOBiAalOTh pedepeHCHOMY T1ad-
noHy. lle no3Bosie BpaxyBaTd NpPOCTOPOBY HEBH3HAUE-
HICTh y imbTpax.

O11iHKa IPOCTOPOBOI HAMIMHOCTI BU3HAYAETHCS Yepe3
(yHKITiTO Bar, siKa 3aCTOCOBYETHCS 10 (QUTBTPIB HA KOXKHIN

irepamii. Bona moxe OyTm TipencraBieHa sSK (QYHKIiS
r(x,y), me X i y — KOOpaAMHaTH BXiZHOIO 300paKEHH.

OyHKIiS TPOCTOPOBOI  HAMIHHOCTI
IpeCcTaBleHa Yepe3 BaroBy MaTpHIIO:

r(x,y) = softmax(—a-"X X, y) =Y (X, y)||2), (3)

Moxe Oytn

ne X(X,Y) — mikcenb BXiIHOTO Kapy 3 KOOPAUHATAMH X,
y; Y(X,¥) — mikcens mabnoHe; @ — napaMeTp 4yTIMBOCTI

GbyHKIT 10 BiaMiHHOCTI Mik mikcemsmu. SOftmax() — ue
MaTeMaTHYHa OIeparllis, sSKka IepeTBOpIOe Hadip ducen B
HAMOBIpHOCTI (BCi 3HAYEHHS Ha BUXOJI JISKaTh B IHTepBai
[0,1], a ixust cyma mopiBHIOE 1):

softmax(zi):L(Z‘) i=l.n, (4

> exp(z)

e Z= [Zl, Zy,... Zn] — Halip 4wmcen, 1O MiAJsIrae MacITa-

OyBanHto [14].

AHAJIOTIYHO 3 MPOCTOPOBOIO iH(POPMAIIIEI0 BPaXOBY-
€TbCsl iHpOpMAIlsl PO KOJbOPOBI KaHamM 00’€KTa, IO
JTO3BOJISIE KpaIlle BIJCTEXKYBaTH 00 €KTH, sIKi 3MIiHIOIOTh
(dbopmy abo mMacmitad, 30kpemMa B yMOBaX 3MiHH OCBITJICHHS
4M iHIIUX Xapakrepuctuk 00’ekra. CSRT Tpekep Monemntoe
UTBOBUH 00’ €KT, BHKOPHUCTOBYIOUN OCOOIMBOCTI KOJIBOPY
IS TiJBMILEHHS TOYHOCTI BIACTEXKCHHA. [l KOXKHOTO
KaHaly 3a CXeMOo (2) OyIyEThCsl OKPEMUiA KOPESIiHHIIA
GUIBTp, AKUH BIATIOBiae 3a BUABJICHHS 00’€KTa y BiImo-
BiTHOMY KaHaNi. 3araJlbHUH pe3yipTaT TPEKiHT'y 00drc-
JIFOETHCSI SIK 3BaXKEHE CEPEIHE JUTS BCIX KaHAIIIB.

OcraTouHa 1o3ullis 00’ €KTa B KaApi BU3HAYAETHCS SIK
MO3HIIiS, SIKa MAKCUMI3Y€E BII'YK KOPEIAIIHHOTrO (inbTpa:

(Xbestl Yoest ) =arg m%))( (Dil(V\A/ o )2) . (5)

CSRT pnoOpe amantyeThcss OO 3MiH y Macmradi
00’€eKTa, 320e31eUy0Yd TOYHE BiICTS)KSHHSI HABITB ITi]] 9ac
3MiHH Horo po3mipy. Y pasi, SKImo 00’€KT He BHaJoCs
IICHTU(IKYBATH, AITOPUTM [TOBTOPHO 3aIyCKAE TPEKEp 3a
OCTaHHIM YCIIIIHUM KaJpoM Ta BiJNOBIAHMUM OOMEXY-
BJILHUM NPSIMOKYTHHKOM.

Jlo meBHHX OOMEXEHb METOJYy MOYXKHa BiJTHECTH
CYTTEBY HOBIUIBHICTH y MOPIBHSAHHI 3 TpeKepaMu, TAKUMHU
sk KCF (Kernelized Correlation Filters) un MOSSE
(Minimum Output Sum of Squared Error), ockinbkn
BpaxoBye OUIbIy KUIBKICTh mapamerpiB. [ligBuieHa
obuncioBaibHa CKJIQIHICTh TOTpeOye Olibie pecypcis,
mo Moke OyTH IpoOieMOI0 aJisi pealbHOro 4Yacy Ha
ciabkux cucremMax. Takox y pasi CHIBHUX 3MiH y oHi abo
KoM (OH Ma€ CXOXKi BIACTHUBOCTI 3 00’€KTOM, TOYHICTh
BIZICTE)KYBaHHS MOKE 3HH3UTHUCS.

ITicns mobynoBu 3a momomororw CSRT-Tpekepy Ha
KO>KHOMY KaJpi 0OMeXyBaIbHOTO IPSIMOKYTHHKA, BEPXHil
JmiBUH 1 mpaBUil HIDKHIN KyT SIKOTO MalOTh KOOPAWHATH
P.(R.,R), P,(P.,R), Binmosinxo, Mmoxna mnepeiitu m0
obuncnenns BigxuieHb (puc. 3). [ mbOro cro4arky
00YHUCIIOETBCA BiZCTAaHb 10 KOXKHIM Oci Bimg 00’€kra 10
npuiny, skuii Mae koopaunatd M(M,,M ) :
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(R+PR) (R+R)
dX , = T—Mx , dy, = T—My . (6)
Tenep BiIXHUICHHS IEPEBOIUMO 10 METPiB:
dX, =dX,, - > , @
" max(R-P.R-R)
dy, =dy, - > , ®)
" max(R~P.R-R)
TTCJISA 9OTO - 10 MiJIipafiaH:
X
o, (t,) =1000-arctan ax,, , 9)
L(t)
Y
6, (t,) =1000-arctan dr,, , (10)
L(t)

ne L(t,) — Bincraus Bix kamepu 10 06’€kra s Kazapy t, .

TakuM YHHOM MH OTPUMYEMO [Bi ITOCIiTOBHOCTI
Biaxuiens 1o oci OX ta OY (puc. 3).

ITicig Toro, Ik OOYMCIEHO BiAXMIEHHS MilIEHI Ha
KOKHOMY KaIpi, Hepei1eMo /10 OI[iHKH SIKOCTI CTabimi3alii,
sika Oy/ie MPOBOTUTHCH HE3aJEKHO I KOXKHOI oci. s
LBOrO CIOYaTKy Tpeba mpuOparu 3 psAAy BiIXWICHb
KOMITOHEHTY TpEeHIy, L0 He 00ymoBiieHa poOOTO0 cTa-
OimizaTopa. lle mMoxHa 3poOWTH TMOOYAYyBaBIIM i TOTIM
BiHSBILH BiJI PSITy BiIXIICHb «CEPEIHIO JIHIIO.

Jus moOymoBH cepedHpol JiHii OyB BHKOPHCTaHHN
aNTOPUTM KOB3HOTO YCEPEIHEHHs JIOKAIbHHX eKCTpe-
MyMiB, KA € e(EKTHBHAM MpPU BUSABJICHHI JOBrOCTPO-
KOBUX TPEHMIB Yy JaHUX, OCKUIbKH BiH (UIBTpye KOpOT-
kocTpokoBi kosjuBaHHsa [15]. TlomiGHO 10 KITACHYHOTO
KOB3HOTO CEpPeHBOr0, 1Ieii METOJI BUKOPUCTOBYEThCS JIJIs
TOr0, 00 3riaamuTd myM y aanux. Jlo #oro HemosikiB
MOYKHa BiJIHECTH YYTJMBICTh JIO BEJIHMKOI 3alIyMJICHOCTI,
OCKIUJIbKM BH3HAUEHHS TOYHHUX JIOKAJbHUX EKCTPEMYyMIB
MOXXe OyTH TpoOJIeMaTHYHHM, aje METOJHKa MO0YI0BU
Hanroi Mozielti He nepebadae HasIBHOCTI CYTTEBOIO LIYMY.
B Mozeni BUKOPUCTOBYIOTECS /B iTEpaIlil aroOpuTMy.

AJITOPUTM BHSBIICHHS TPEHIY METOJOM KOB3HOTO
YCEpeAHEHHsI JIOKallbHUX EKCTPEMyMIB CKJIaJaeThes 3
HaCTYITHUX KPOKIB:

® 3HAWTU MHOKUHY TOYOK:

P{p(|, Di)|[Di—1 <D, > Di+l]U[Di—l >D; < D”l]} - (1)

ne D, — BigxwienHs Ha i-My Kazapi (OKpeMoO 10 KOXHii
oci), i — HoMep Kajpy (puc. 4).

e T00yAyBaTH MHOXHHY TOUOK

MP{mpi:%,i:lmn}, (12)

Je P; - i-Ta TOYKA 3 OTPUMAHHX y MOMEPEAHBOMY ITYHKTI,

N — KUJTBKICTh TOYOK.
e moOyayBaTu KyOiuHUH cruiaiiH, mo Oyae mpoxo-
JUTH Yepe3 yci Touku MHOKuHH MP [16].

® IMCKPETH3yBaTH OTPUMaHi CIUIAHHU Tak, 00
abcrcu HOBOTO psixy F, crmiBmazamu 3 mo4aTKOBHM PSIIOM
Biaxuiens D.

® [OBTOPUTH IIYHKTH aJTOPUTMY,
nepiromMy nyHkTi psig F, 3amicte D. Ilicis moBropHOTO

B34BIIN B

3ria/pKyBaHHs, OTpUMaHHil psij HazBemo F, .
Micns mo6ynoBu cepenupoi minii F, , Moxxemo o06unc-
auTh oxuoKy crabimizauii Err, = D, — F,, . Biznosiaxo o

METOIMKH JJIS TIOAAJIBIINX PO3PAXYHKIB 3 PATy HEOOXiTHO
BIJKHHYTH 3HAYCHHS, IO 332 a0COJIOTHOK BEIHYHUHOIO
MEPEBUINYIOTh KDUTHYHE 3HAUCHHS, SIKE 3a71a€ KOPUCTYBad
mepesi 3alycKoM MpOorpaMH B HaJamITyBaHHSAX. Macus
Bigxuienp Err, Oyne npeacrtaBisti cobor0 BUXIHI qaHi 3

MOJyJISl JETCKINl, KU MepeaaeThCsl B SKOCTI BXITHHUX
JAHKUX IO MOYJIS aHAI3Y.

1.5 — A

= iTA
-]
: 0l
E 00
2
=z s
g L
E-05 - Sa—
B Buxiani gani
v MakcHMyMH
10 = ' v MidiMyMH
i ¥ J Cepenins nidin
15 N R . 2. S S — —
0 2 4 6 8 10
L, C

Puc. 4. [lpuknag poboTH anropuTMy KOB3HOTO YCEPETHEHHS
JIOKaJbHUX EKCTPEMYMIB 4aCOBOTO PALY.

3 mHOXxuHH Bigxunens EIT, B Mmonyni ananizy Gymy-

€Thes rpadik aOCONMIOTHUX BiIXUICHb OKPEMO UIS KOXKHOT
oci, rpadik cepennpoi minii F,, Ta po3paxoByerscst Memi-
aHHE 3HAYCHHS MOXHOKH, MOPIBHAHHS SKOTO KPUTHYHUM,
SIKE 3aJ1a€ OTIEPATOP, 103BOJISAE POOUTH IPYHTOBHHI BUCHO-
BOK CTOCOBHO IKOCTI cTa0imizarmii.

Mporpamua peanizauin. [Iporpamna peanizamis
amroputmy — Stabilizer_quality_control — mporpamumii
3acTOCyHOK misi Microsoft Windows, mpusHavueHwid asist
aHami3y sKOCTi cralimi3amii TpaHCIOPTHOTO 3aco0y Ha
OCHOBI BifieoMaTepiany, 3aIHCaHOTO Ha CIeIiajdbHO MPHU-
3HAYEHOMY IOJITOHi.

3acTOCYHOK pO3pOOJICHO 3 BHKOPHCTAHHSIM MOBH
nporpamyBanHs Python. [lns peanizanii intepdeiicy Oyno
BuKopucTaHo 0ibmioreky PyQT 5. B mporpami Bukopuc-
taHo 6ibmioteky OpenCV [17] ans TpekiHry mimieHi Ha
Bizeo Ta Oibmiotekn Numpy Ta SciPy i peanizamii
MOJIeNI OLIHKM sIKOCTI cTabimizamii [18]. InTepdeiic 3acTo-
CYHKY ocHOBaHMi Ha Kiaci SimpleGUI.

MiHimManbHiI CHCTEMHI BUMOTH:

Iporecop: Intel Pentium G620/ AMD A4-3400;
RAM: 2 T'G;

Micre Ha qucky: 512 MO;

Omnepariiina cucrema: Windows 10/11.
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Puc. 5. 30BHINIHINi BUIIIS]] TOJOBHOTO BiKHA JOJATKY.

[Ticnst 3amycky JAOJNAaTKy BIJAKPHBAETHCS TOJIOBHE
BikHO mporpamu (puc. 5). Iurepdeiic cknagaeTses 3 TBOX
4yacTHH. 311iBa Bi10oOpa)kaeThCcs MOTOYHUI KaJp BiJieo, ee-
MEHTH KEepYBaHHS IPOLECOM IPOTPaBaHHS Ta EJIEMEHTH
BHU3HAYCHHS MOYATKOBHX IMOJIOKEHB MIIICHI Ta MPHUILITBHOT
Mapku. [IpaBopyd 3HaXOmUThCS TpadiKu KyTOBUX BiIIXH-
nenp (6, (t) Ta J,(t,)), cepennix nimiii Ta BHMIAIKOBHX

KOMITOHEHT. TaM e 3HaXxOIsThCs ENEMEHTH YNpPaBJIiHHS
peXuMOM BimoOpakeHHs TpadikiB, 3aJaHHS IMOYATKOBHX
3HAa4YCHb MapaMeTpiB eKCIIEPUMEHTY (BiICTaHb O MilIeHi
L, po3mip MileHi |, kpuTuvHe 3HAUYSHHS TOXUOKH), METOY
moOyTOBH CepeHBO] JTIiHIT Ta KHOITKA 30epeKeHHS 3BITY.

Jis mouaTky poOOTH 3 IomaTKoM Tpeba BIIKPUTH
BiZieo (haiii, HATHCHYBIIM BIJNOBiNHY KHONKY. Ilicns
[[LOTO HEOOXiHO 00paTH Ha MEPIIOMY Kaipi MIlICHb JJIs
BIZICTE)KEHHSI HATUCHYBINHM KHONKY «OOpaTH MillleHb» Ta
MOCIIZIOBHO HATHCHYTH Ha 4 KyTH MillleHI Ha NepIioMy
Kazapi Bizeo (puc. 5). 3a HEOOXiHOCTI MOXHA TIEpeoOpaTH
7 mpurti. [Ticnst oOpaHHs MillleHi KHOITKY KepyBaHHS BiJleo
CTaHyTh akTUBHUMH. [y movaTky oOpoOku Bimeo Tpebda
HatucHyTH KHOMKY «[lyck». B xonmi oOpoOku Bimeo Ha
Bi/DKeTi cripaBa Oyzae BioOpaxaTHCh NMOTOYHHH Tpadik
BIZIXMJIEHb, TAKOX 3a MOTpPeOH Ha rpadiky MOXKHA TaKOX
BiZIOOpa3HUTH CepeHIO JIiHII0 Ta rpadik MOXHOKH cTabdii-
3aI1ii, e MOYKHa 3pOOHTH 32 JJOTIOMOT'OI0 €JIEMEHTIB yIpaB-
JIHHS, 10 PO3TAIIOBAHO Mijx rpadikaMu.

3a moTpedu, MOXHA 3MIHUTH METOJ TO0OYyI0BU
cepenHboi JiHIT (BUmagHWi cnucok «MeTon MmoOyIoBH
CcepenHbol JiHil»), U0 CYTTEBO BIUIMHE HA 3HAYEHHS I1O-
XUOKM cTabimi3arii Ta moaanbIn pe3yIbTaTH 00UYHnCICHb.

[Ticns 3akiHueHHS OOpPOOKM BilcO KOPHCTYBad Mae
3Mory 30epertu pe3yiabpTaTi o0poOKH B OKpeMoMy daiiii
(xHOTIKa «30€perTH 3BIT»).

BuCHOBKHM, NepPCNeKTHUBH MNOJAJBIIMX HOCJTiI-
JKeHb. Y 1polieci poOoTH OyJ0 CTBOPEHO MaTeMaTH4He Ta
NTOPUTMIYHE 3a0e3NeueHHsT JUIl PO3B’sSI3aHHS  3aj1adi

aHaJi3y SIKOCTi CUCTEMH cTabiti3auii creriaapHoro odia-
HaHHS Ha TPAHCHOPTHOMY 3aco0i Mij yac pyxy Ha OCHOBI
aHaJIi3y BiJICONOTOKY 3 KaMEpH, sika € CHHXPOHI30BaHOIO 3
o0aIHaHHSM, 1110 CTa01TI3y€eThCS.

Ha ocHoBi po3po6iieHoi MaremMaTuuHOT MoJieli 0yIio
CTBOPEHO MPOrpaMHHN NPOJIYKT, SKUH peaiizye po3pod-
JIeH] aJTOPUTMH Ta A03BOJISIE 32 OOPaHUM BiIEO OTPUMATH
pe3yIbTAaTH aHAJI3y SKOCTI cTabimizamii y BUrIsiai TpadikiB
B iHTepdeiici nmporpamu ta 30epiratu ix y pdf-gaiii.

[NomanpmM KPOKOM PO3BHTKY MPOIPAMHOTO IpPO-
JIYKTY TITaHYETHCS JI0AaBaHHSI MOXKJIMBOCTI BUKOPHUCTOBY-
BaTH IHII METOAW BUKJIIOYEHHS TPEH/AY Ta iHIII KpUTepii
OL[IHKM SKOCTI cTabimizamii, Taki SK METOJ 4YaCTOTHOI'O
aHaJi3y, METOJ| OLIHKK yacy cTadimi3auii, KopensiiiHui
aHai3.
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ASSESSMENT OF THE QUALITY OF THE STABILIZATION SYSTEM OF SPECIAL EQUIPMENT ON
MOBILE VEHICLES

The article is devoted to the assessment of the quality of stabilization systems of special equipment used on various types of vehicles, such as combat
vehicles, in particular infantry fighting vehicles (IFVs). The main task of such systems is to maintain a stable position or orientation of the object, which
avoids external influences and compensates for the movement of the equipment carrier itself. This is especially important for combat assets, where the
stability of the equipment affects the accuracy of guidance and the effectiveness of combat operations. Among the features considered are smoothing
and mitigating abrupt fluctuations and deviations, as well as stabilizing relative to the target. The article presents a mathematical model and developed
software for assessing the quality of stabilization systems of special equipment on mobile vehicles using the method of deviation analysis by calculating
deviations in the stabilization process, which takes into account the movement of the carrier. The method involves measuring the angular deviations of
the sight relative to the target at each point in time. The main indicators of stabilization quality in the model are mean angular deviation, standard
deviation, and maximum deviation. For dynamic target tracking, the principles of a correlation filter are used, which allows you to determine the
similarity between the current frame and the reference image of the object. This approach makes it possible to reliably identify an object even in
conditions dynamic position change. The correlation tracking described in the article is based on finding an object in the next frame by maximizing the
similarity between the current image and the reference. The use of a correlation filter ensures stable subject tracking and adjusts the settings to accurately
focus on the target in conditions of changing lighting and angle.
Keywords: tracking, object tracking, stabilization quality, deviation, channel and spatial reliability tracker (CSRT), correlation filter.
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