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MNPOBJIEMU AHAJI3Y EJIEKTPOEHIHE®AJIOT'PAM
METOJAMM HEJIITHIHHOI ATMHAMIKHU

Anomayin. Y cmammi po3enioaemvcsi NUMAHHA BUKOPUCMAHHS MemoOi8 HeNiHiliHol Ou-
Hamiku ma npoonemu auanizy ingopmayii, wo Haoama y 6ueiiadi OAHUX HACOBUX pAOIG
enekmpoeHnyeghanocpam 3uamux 3 nayienmy. Haoano oenso naykosux docsiecnenv ma npoonem
wo matoms micmo. Ilokazano, wo euxopucmanms pekypenmnoi diazpamu (recurrence plots,
RP) mae cymmesi nedoniku, axi nos’sasami 3 eizyanizayiero ingpopmayii Ha eKpaHi MoHimopy
KOMN tomepa, momy 3anponoHO8aHO HACMYNHUL KPOK OOCHIONCEeHHS - 00PAXY8aHHs YUCeNb-
Hux nokasuuxie RP. Hasedeni obpaxosani nokaznuku RP 0oszsonunu 30iticnumu munizayiro
OMPUMAHUX OaHUX Ma eusHauumu mun axiu ompumas Hazey « HEALTHY-RP», wo 6i0pi3use
eninenmuuni ma He eninenmuyni munu EEI. Haoana munizayis 0opoonenoi inghopmayii piz-
HUX 0643 3 BUKOPUCTNAHHAM NOKA3HUKIE Xepcma.

Knrouosi cnosa: pexypenmuuii ananis, enekmpoenyeganozpaghis, pekypenmua oiazpama, na-

pamemp 3ampumKu, po3mipHicmes npocmopy ekiaoents, JROA ananiz, nokasnuk Xepcma.

Beryn i mera. Benuka kinbkicTe MoHOTpadiii, AOMOBiAeH, KOHPEpeHIid NpucBIYeHa
npo0OiieMaM BUSIBIICHHS Ta MPOTHO3YBAHHS HEBPOJIOTIYHOTO PO3JIaay — eMisencii, o Xapak-
TEPU3Y€ETHCS PANTOBUMHU HalagaMH CEHCOPHOTO 30YIKEHHS, MOB'S3aHUMH 3 aHOMAaJbHOIO
EIEKTPUYHOIO aKTUBHICTIO TOJIOBHOTO MO3KY [1-5]. 3aBmaHHs, sike 10ci He BUpIIIeHe, MOJsITae
y MPOrHO31 HacTynmHoro Hamaay. CucreMa BUSBICHHS HamaJliB HA OCHOBI eleKTpoeHIedano-
rpamu (EEI') € MeTosmoM HeiHBa3MBHOI JiarHOCTUKHM pedpakuiiHoi emiiencii. 3 orisny Ha
HeniHidHMM Xxapaktep curHamiB EEIT 6arato JocCiiHUKIB BUKOPHUCTOBYIOTH METOJHU
HEJNHIAHOI AuHaMiku. Y 0araThbox poOOTax MPOMOHYIOTHCS BUKOPUCTaHHS METOAY PEKy-
peataux giarpam (RP), ana orpumanns xapaktepuctuk EEI, a yncenbHi mapameTpu pexy-
pertaux aiarpam (JRQA), mponoHyrOThCS 3aCTOCOBYBATH I 3aBlaHb kKiacudikaiii iHdop-
marii EED" sik mpeuKTaibHi, iKTaabHi Ta HOpManbHi kiacu [16-20].

AHaJi3 ocTaHHIX JociigxeHb i nmyOaikauniii. ¥ crarti [6] nmpencraBieHuil cucreMa-
TUYHUIA OTJISA] BUSBJICHHS CMUJIENTHYHUX HamajiB Ha ocHOBI EEI 3a momomororo MaiimHHO-
ro/rTmuOOKOT0 HaBYaHHS. 3 BOTO OTJISAAY BUIUIMBAE, 10 METOAM, BUKOPUCTAHI B JIOCIIKEeH-
HSIX, TIPEJICTABUIIN HACTYIHI PE3yIbTaTH 3 BIAMOBIIHUMU TOMUIKAMU 1 0OMEXEHHSIMHU:

- 2D-CNN mogeni a1 BUABIEHHS Hanaais - 96%;

- mozeni LSTM-RNN s BusiBiienss Hamazais -96%;

- Mmozeni CNN-RNN s BusBienas Hamaais — 94%.
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Asroenkozep (AE) — 1ie Mojennb MaIIMHHOTO HaBYaHHS 0€3 BUMTEIS, SIKA MPEJICTABIISE
pi3HI BXiZHI HapamMeTpH Ta Hpaiioe 3 (yHKLI€ (CTHCHEHHS, NEKOMIIPECisA) Yy MOEIHAHHI 3
HEHPOHHOIO MEPEKEIO J1aja TakKi pe3yIbTaTH:

- mozeni AE s Buasiaenns nanaznis -95%;

- Mozeni SVM juis BusABIIeHHs Hamnamis -97%;

- mozaeni KNN st BusiBnenHst Hanais - 98%.

[Ipu BUKOpUCTaHHI HEMPOHHUX MEpPEX 1 MAIIMHHOTO HAaBYaHHS MOTPIOHO mindupatu
HallMEHIIy MiIMHOXHUHY O3HAK JUIs 3HIKEHHs CKiIagHocTi Moneni. [lokasano, mo aHami3 ro-
noBHuX KoMnoHeHT (KPCA) € BiAmoBiIHUM METOJIOM HETIHIHHOTO CKOPOYECHHS Il BUOOPY
o3Hak. KPCA mae Taki OCHOBHI IlepeBaru nepej iHMMyA MeTO1aMu BUOOPY O3HAK:

1) ycnimHo 006po0IIsIOTECS HEMiHiHI JaHi;

2) He moTpiOHA HeNiHilHa onTUMI3allis;

3) pospaxynku KPCA myske mpocTi 1 cX0ki Ha 3BuuaiiHi po3paxyHku PCA;

4) xinpkicth PCA He mOoTpiOHO BCTAaHOBIIIOBATH TEpel MOJEIIOBaHHM [28].

Binmitumo, mo KPCA € BiAMOBiTHUM METOJIOM KOMYBaHHS JUIsSl aHUX 3 HEJIHIHHOIO
CTPYKTYpOro OaratoBuiB. BiH IIMPOKO BHKOPHCTOBYETHCA B Pi3HUX Habopax JaHWX, BKIO-
YJar4H MPUKJIAIHI JaH1 PO 3I0POB's, TaHI JATUYHKIB 1 300paskeHHsT 00IIaUsl.

Buxonstau 3 orysiny poOit, Citiji 3a3HAYUTH, 10 B TIarHOCTHUIlI €MUICTITUIHUX TPUIAIKIB
poOJIeMH MOYKHA y3araJbHUTH HACTYITHUM YHHOM:

a) mepimra npobjemMa Mmojsrae B ToMy, IO BEIUKI HA0OpW JaHWX MPO HAMaJH B JaHUN
Yac HEAOCTYIHI Uil IIMPOKOi NMEpeBIpKH 3arporOHOBAHMX MOJENeld MAaIllMHHOTO HaBYaH-
Hs/DL 17151 BUsABIEHHS Ta Kiacudikalii eniiencii;

b) 6araro HabopiB JaHUX BKJIIOYAIOTH JIMIIE KOHKpeTHI (parmMenTu curHamis EEIL, mo
HEJOCTaTHBO JIJIS JIOJIATKIB, JIe BUSBJICHHS Ma€ IPYHTYBATUCS Ha PEAIbHUX CHUTHAJIAX y pe-
aJIbHOMY 4aci;

C) OCKUIbKHU JUIsl HAJIEXKHOT BasifaIii MOeNl MAalllMHHOTO HAaBYaHHSI NIl BUSIBJICHHS Ta
Kiacudikaiii eniIenTHYHUX HamajiB HeoOXi Ha BEJHMKA KUIbKICTh HaOOpIB JaHHX, OYJ0 J10-
KJ1aZieHo Oararto 3ycuib Ui o0'eHaHHA HasBHUX HaOopiB nanux EEIT mns miei metn. OxgHak
BCE I1I€ CKJIaHO 00'eAHATH 111 HAOOPH 1aHUX, OCKIJIbKM BOHU MAlOTh Pi3HI MapaMeTpu Ta Oyau
OTpHUMaHi 3a BIJHOCHO Pi3HUX YMOB BHOipkH [28];

d) Mozem MamMHHOTO/TTMOOKOTO HABYaHHS BHMAralTh 3HAYHUX OOYHMCIIIOBATBLHUX
pecypciB A iX peanizallii B IpaKTHYHOMY CEpEeOBHILLL;

€) JUIA JTOCTIAHUKIB, K1 MPAIOI0Th HaJ BUSBJICHHSIM Ta MPOTHO3YBAHHIM EIMIJICNITHY-
HUX HamajaiB, 0COOJMBO B KpaiHax 3 HU3bKUM Ta CEpeAHIM PIBHEM JOXOJY, TOCTYII JO BHCO-
KOIPOJIYKTHBHUX arapaTHUX PECypCiB JIIs BIPOBA/DKEHHS MOJCNel TITHOOKOTO HaBYaHHS
4acToO € KJIF0YOBOIO mpobiiemoro. He3Baxkatoun Ha Te, mo Google Hamae moTykHI 004YHCITIO-
BaibHI cepBepH (Tutatrdopma Google Colab To1m0), Bee 11e icHYI0Th OOMEXEHHS 100 00CsTY
JAaHUX, 0 TePealoThCs Ha TaKi CepBEPH, 1 yacy, HE0OX1THOTO cepBepaM Il BAKOHAHHS 3a-
BJIaHb.

VY pob6orti [21] Oyna mpoBeneHa kiacudikaris enuIenTUYHUX HAMaAiB 3 BUKOPUCTAHHSIM
peKypeHTHUX rpadikiB Ta METOMIB MAIIMHHOTO HaBYaHHS. Y [22] MpOMOHYETHCS BUSBICHHS
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emiyerncii 3 BAKOPUCTAHHSIM 3rOPTKOBOI HEMPOHHOI Mepexi, B [23] mpeacTaBieHuit OTsg BU-
SIBIICHHS €MIETICIi 3a JIOTIOMOTOI0 3pO3yMLIOTO IITYYHOTO 1HTENEKTY, B [24] omucaHO BUsB-
JICHHS CMUJIENTUYHOTO Hamany 3a AaHuMu curHany EEI 3 BUKOpUCTaHHSIM anropuTMiB Ma-
NIMHHOTO HABYaHHS 3 ONTHMI3AIli€l0 TineprnapaMmerpiB, B [25] po3risiHyTo 6araTOKIIacoBY
kiacudikamio po3yMoBoro HaBanTaxeHHs Ha ocHOBI fNIRS 3 BUKOpHCTaHHSAM pEeKypEeHTHHX
niarpam i CNN-LSTM, y [26] 3anponionoBano anani3 curHaiiB EED" nis BusBiieHHs HarasiB
3 BUKOPHCTaHHSM TpadikiB MOBTOPIOBAHOCTI Ta MOMeHTiB Yebiueda, B [27] 3anmpornoHoBaHa
kinacudikamis eniienTHYHUX HAINaJiB HAa OCHOBI MiIXOAY MPIOPUTETY TIAAKOCTI 3 BUKOPH-
cranHaMm [HMepex.

OcHoBHUII MaTepian gocaifkeHHsl. Y poOoTi [7] po3risHYTO BUKOPUCTAHHS METOTY
HETHIMHOTO PEeKYPEHTHOTO aHaji3y 10 MpoOJieMH THImi3alii iHdopMarlii, o HajJaHa y BU-
TS YaCOBUX PSIIB €JIEeKTpoeHIedanorpaM 3HATHX 3 manieHTy. OnucaHo MeToIuKa BU3HA-
YeHHsI CXOBaHOI iH(popMarii A HbOTo psiy Ta ii BAKOPHCTAHHS JJIsl TOOYTOBU BiIMOBIIHOT
pexypenTtHoi niarpamu (recurrence plots, RP) y Touku 3nimanus iHpopmanii. [Tokazano, mo
BUKOpHUCTaHHA RP Mae cyTTeBi Henomiku, sKi OB s13aHi 3 Bi3yaiizaii€eo iHpopmMarlii Ha ekpa-
Hi MOHITOpPY KOMII'I0TE€pa, TOMY 3alpOlOHOBAHO HACTYMHHMH KpOK JOCHiKEHHS - 00-
paxyBaHHS YHCENbHUX MoKa3HuKiB RP. Ix oOpaxyBaHHs MOTpiOHO 3MiHCHUTH 1y KOXKHOI
TOYKH 3HIMaHHS iH(pOpMaIlii, B IKOCTI SKUX Oyi0 3amponoHoBaHo y3atu Touku (O1, 02, Pz) -
1€ TIpaBe Ta JiBe MOTHJINYHE Ta TiM'sSTHE BiiBeACHHA. {111 OTpMaHHS YMCEeNbHUX 3HAYEHB I10-
ka3HuKiB RP mpormonyBanocs BUKOpUCTOBYBaTH cepenoBuiie Marinad ta po3poOieHuit s
nporo naker crptools [16]. HaBeneni oOpaxoBani uucenbHi nokazuuku JRQA ananizy no3Bo-
UM 3AIMCHUTH THUIMI3AII0 OTPUMAHUX JaHUX Ta BU3HAUUTH THUN SIKIH OTPUMaB Ha3BYy
«HEALTHY-RP», mo Biapi3use enuienTuyHi Ta He enientuyHi Tunu EEI'. YV poOorti, npuii-
HATO JJIA MALIEHTY, 110 MA€ eMUICTITHYHI 3aXBOPIOBAHHS 1€ MOXKYTh OyTH:

- mpeikTanbHuil (mepes HamaaoM) — Mepiof, M0 XapaKTepU3yeThCs MOSBOIO OMITHUX
BIJIXWJICHB BiJl HOPMAJIBLHOTO CTaHy,

- iKTaJbHUH (BlacHe caM Hamaj) — HasBHI XapakTepHi MPOsSBU MATOJOTIYHOI aKTHB-
HOCT1 MO3KY;

- TOCTIKTaJIbHUH (TiCIs HAMaay) — 3aracaHHs MaToMOTIYHO aKTUBHOCTI;

- IHTepiKTaJIbHUH (MK HamagamMu) — BiICYTHI IPOSBU NATOJIOTIYHOI aKTUBHOCTI.

OTtpumaHi pe3ynbTatu B po6oTi [7] Oynu nopiBHsHI 3 00pobnenumu ganumu EEI 3 Oa-
3u gaHux [14] bonHcekoro yHiBepcutety. Ilicns orpumanss 13 ¢aiinis C-6a3u nanux JRQA
MOKAa3HUKIB 0YJI0 BUKOHAHO J0JAaTKOBO PO3PaxyHOK Moka3Huka Xepcra. Ilicns uporo mist ot-
pUMaHUX AaHUX OyJI0 BUKOHAHO KiacTepu3amito. KiIbKiCTh KiacTtepiB, OTpUMaHe Ui L€l
0a3u JaHuX, JOpiBHIOE 4 (Tmepen HamaaoM), a B TaOnuIl 1 mpeacTaBlieHl iX MiHIMaabHI Ta
MakCcHMaJbHI 3HaYeHHS Moka3HuKa Xepcta. [IpoBeneHo mopiBHSAHHS po3noauty iHdopmarii
(aitniB) 3a knacTepamu JUIsl MOKa3HUKIB XepcTa Ta ocHOBHUMH JRQA moka3HMKamH Mokasza-
JI0 HE3HAYHY iXHIO pO301KHICTB JIJIsl IEBHOT KUTBKOCTI KJIaCTEPIB.

3ayBakuMo, 110 JUIsl po3paxyHKy napameTpiB JRQA moka3HUKIB HEOOXITHUNA PETelb-
HUW BHOIp Ta pO3paxyHOK 3HAYEHb PO3MIPHOCTI MPOCTOPY BKJIQJACHHS (m), mapaMmerpa 3a-
TpuUMKH (T), BUOIp 3Ha4eHHs mopora (threshold) mst RP, siki cyTTeBO BIUIMBAIOTH Ha PE3yiib-
TaTH Bi3yallizallii, po3paxyHKy Ta IMOJAIbIIOT0 aHaJi3Yy.
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Taomuns 1
3HaueHHs oKa3HUKIB XepcTa kiacrepiB C-6a3u
Kiacrep 3 1 2 0
min 0.70298 0.75400 0.79534 0.83513
max 0.73568 0.79008 0.80484 0.88390

Jlam Oyno BuKoHaHO 00poOKyY ganux D-06a3u (micis Hanmagy) Ta po3paxyHOK MOKa3HUKA
Xepcra. s nporo BuUmajaky Oyno OOYMCIIEHO CEpellHI 3HAYCHHS METPHK IMOKAa3HUKIB, SKi
MpeACTaBICH] B TaOIUIII 2.

Tabmus 2
[TopiBHSHHS cepeaHIX 3HaYCHb NTOKA3HUKIB KiacTepiB 6a3u D
Kiacrep RR DET L TT ENTR Xepct

1 0.0284 0.4957 6.2538 113.4272 2.6548 0.7569
2 0.1377 0.4988 32.1135 550.7158 4.2988 0.8643
3 0.0736 0.4982 10.1015 288.9781 3.0851 0.7637
4 0.0466 0.4971 7.8728 179.6339 2.9104 0.7879
5 0.0226 0.4942 5.1091 88.0179 2.3352 0.7751

Kpim 1poro, citig 3a3HaunTé po30iKHICTh iH(pOpMaIii 310poBUX mamieHTiB 6a3 A ta B i
npeAcTaBiIeHoi y podori [7].

BucnoBku. Takum unnom, gocBig oOpoOku iHpopmaiii EEL, 3 ypaxyBaHHAM pe3yiib-
TaTiB MPEACTaBICHUX y [6], 103BOJISIE CTBEP/KYBATH, 1110 YCIIIXIB Y HAMPSMKY POTHO3YBaH-
HS Hamajay emnuierncii noku mo Hemae. Jlocarayro rapHuii nporpec y Hanpsami oopooku EEI 13
MeToro kiacudikaiii ixHpoi iHpopMmaiii. Jlami moTpiOHO MpoBecTH aHami3 PO3MOILTY Kila-
CTEpIB MO 3HAYEHHIO MOKa3HUKAa XepcTa Ta BUSHAUYUTUCS Y OTPUMAHOI i€epapXii 3 TOUKHU 30py
CTaHy nauieHTiB kinacrepy. [loku oTpumaru Taky iHdopmalio He Mae MOXIUBOCTI. OmHaK
MpOrpec y BU3HAYEHHI MPOTHO3YBaHHS JaTH Hamaay BHU3HAUYaTUMETHCS MOIIYKOM METOMIB
ctucHeHHs 1Hdopmanii EED', tTuny nokasnukis JRQA ananizy abo MeronaMu moJi0HUMH 10
KPCA, sixi BUKOPUCTOBYIOTh y MOJEISAX MAIIMHHOTO/TInO0Koro HaByaHHs. llITyuynuii inTe-
nekT 6e3 BHOOpPY Ta MpOmo3ullii HOMy BIAMOBIAHOI MaTeMaTUYHOI MOJIEJ MOKH IO HaM He
nornomoxe. lle moxe OyTH NOCATHYTO HpU CTUCKAaHHI Ta aHami3l peanbHUX AaHux EEI
HEMHIMHUMH METOJaMH, IUIIXOM HOILIYKY MPUXOBAHOIO BiJ] HAC 1HILIOTO MOKa3HHUKa abo 1o-
Ka3HUKIB 1H(pOpMAIIIT Ta MOMIIMBOI 1X 3aJIEKHOCTI BiJl MOBEMIHKH 1HIIIOTO HEBIJOMOTO TIOKH
MOKa3HUKA IMAIlIEHTY.
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Problems of analysis of electroencephalograms
by methods of nonlinear dynamics

In this paper, the analysis of the problems of processing electroencephalograms by non-
linear dynamics methods is made. It is shown that the results obtained by different methods,
including machine/deep learning methods, neural networks allow classifying an epileptic sei-
zure based on EEG data with an accuracy of 94% or higher. The problems that occur when
performing these studies are indicated. The problems of analyzing data taken from different
databases that arise when using nonlinear dynamics methods are considered. Their compari-
son and clustering are carried out according to the JRQA indicators of EEG data analysis and
Hurst indices. However, it is currently not possible to identify an analytical dependence in the
direction of predicting an epileptic seizure.

Key words: recurrent analysis, electroencephalography, recurrent diagram, delay pa-
rameter, dimension of the embedding space, JRQA analysis, Hurst index.

Bino3sopos Bacuib €BreHoBuY — 10KTOp (Pi3MKO-MaTEMaTHIHUX HaAyK, Ipodecop kadenpu
KOMIT FOTEPHUX TEXHOJOrid  J[HIMPOBCHKOrO HAI[IOHANBLHOTO YHIBepcHTeTy iMeHi Olecs
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THE ROLE OF CAD IN THE DEVELOPMENT OF ENGINEERING SOLUTIONS
FOR THE METALLURGICAL INDUSTRY: EXPERIENCE IN USING ANSYS,
AUTOCAD, SOLIDWORKS AND MATLAB

Abctract. The article examines the features of using modern software tools for designing
products in the metallurgical industry, in particular, such as ANSYS, AutoCAD, SolidWorks,
and MATLAB. In particular, attention is paid to their advantages and disadvantages in the
context of specific metallurgical tasks, such as modeling technological processes, designing
mechanical components, and analyzing thermal and mechanical loads. Separately, the appli-
cation of ANSYS for numerical modeling of the metal rolling process is considered, MATLAB
for modeling thermal processes in furnaces, as well as the use of AutoCAD and SolidWorks
for creating geometric models and designing rolling mills. The results of the analysis show
that each of the software products has its own strengths and weaknesses, which determines
the appropriateness of their use depending on the specifics of the tasks. The authors provide
recommendations for choosing tools, based on the requirements for accuracy, productivity,
and cost. The scientific novelty of this work lies in the development of an innovative mul-
tiphysics approach that combines the integration of powerful software tools (ANSYS, Auto-
CAD, SolidWorks, MATLAB) for modeling complex metallurgical processes with an emphasis
on mechanical, thermal and structural analysis. This approach allows to significantly in-
crease the accuracy of engineering calculations, which is of great importance for the optimi-
zation of technological lines in metallurgy, in particular in the context of advanced analysis
methods and improvement of design techniques in difficult production conditions.

Keywords: computer-aided design, computer modeling, engineering calculations, technical
standards, data analysis

Statement of the Problem. The majority of both rolling and auxiliary equipment of the
metallurgical industry of Ukraine was developed and put into operation at the beginning of
the 20-th century [1-2]. Despite the rather reliable performance, over time of operation and
the rapid development of technological processes in metallurgy, there was a need not only for
a deep modernization of existing equipment, but also for the development of fundamentally
new designs [3-5]. Also, in a situation of uncertainty caused by martial law, conducting real
experiments to verify or refute various aspects of technological processes becomes an ex-
tremely difficult task. Therefore, methods of simulation modeling and experiments in the de-
velopment of metallurgical equipment are becoming increasingly important [6-7].
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In this regard, a natural question arises of system analysis and determination of the most
optimal software products of computer-aided design (CAD) systems, which would be useful
to designers in designing and improving not only the main and auxiliary equipment, but also
the technological processes themselves.

Designing products in the metallurgical industry requires the use of advanced software
tools to solve complex engineering problems. Computer-aided design systems play a key role
in modeling, analyzing, and optimizing metallurgical processes, but the issue of determining
the most rational product that meets the principles of functionality, cost, and performance re-
mains unresolved. This study focuses on the analytical justification of the feasibility of using
software tools Ansys, AutoCAD, Matlab, and SolidWorks, taking into account their strengths
and weaknesses in the design of a metallurgical product.

Analysis of recent research and publications. In modern research, software such as
ANSYS, AutoCAD, SolidWorks, and MATLAB are actively used to model and analyze pro-
cesses in materials science and metallurgy.

ANSYS is used for numerical modeling of technological processes, in particular, rolling
of aluminum alloys in liquid nitrogen and asynchronous hot rolling of composite materials, as
well as for the analysis of deformations, temperature changes and stresses in materials, which
allows obtaining accurate results on the mechanical properties and structure of
materials [8-10]. This software allows taking into account not only macroscopic characteris-
tics, but also microstructural changes, which are important for predicting the behavior of ma-
terials under different conditions.

Jagadish et al. demonstrate the use of ANSYS to model the rolling process of an alumi-
num alloy in liquid nitrogen. In their work, they compare the results of numerical simulations
with experimental data, which allows confirming the accuracy of the modeling and adaptation
of the simulations to specific production conditions [8]. Yi et al. analyze the effect of friction
on the rolling process, using ANSYS to simulate deformations and stresses in materials. This
allows for accurate prediction of the behavior of materials under different operating condi-
tions, which is important for optimizing technological processes, in particular in rolling
mills [9].

Urs P., et. al. argue that MATLAB is a powerful tool for modeling thermal processes,
particularly in metallurgical furnaces. They use MATLAB to solve differential equations de-
scribing temperature dynamics in different sectors of the furnace, which allows predicting
temperature changes and determining the time of transients. This approach helps to increase
the accuracy in predicting thermal regimes [11].

SolidWorks is widely used in the modeling of mechanical systems, in particular in met-
allurgy and the design of rolling mill components. The software allows you to develop three-
dimensional models with high accuracy and integrate them with other tools for analyzing the
mechanical properties of structures, all of which are discussed in [12] and [13]. SolidWorks is
actively used in creating models of alloys and steel profiles, which allows you to effectively
analyze and optimize structures.

Sawant MS, Jain NK, Nikam SH, Chen L.-Y., et al. review the application of AutoCAD
for modeling powder metallurgy processes. The researchers emphasize the accuracy of meas-
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urements and the creation of geometric models, which are important for effective planning
and control of technological operations in metallurgical processes [14].

Thus, software in these studies plays an important role in numerical modeling, analysis,
and development of new technologies in materials science and metallurgy, but requires a care-
ful approach to the selection of tools and resources to ensure high accuracy and efficiency.

Purpose of the Study. The study aims to provide an analytical basis for the selection of
CAD tools for the design of engineering products in the metallurgical industry. Evaluating the
features, advantages and disadvantages of Ansys, AutoCAD, Matlab and SolidWorks, the
main objectives of the study are to determine the most effective software tool, based on func-
tionality, cost and productivity.

Statement of the main research material. ANSYS software is a powerful tool for
conducting detailed numerical simulations in the field of materials science and metalworking
technology. In the context of studying the rolling processes of various materials, ANSYS
provides high accuracy and efficiency of modeling, which makes it useful for optimizing the
parameters of technological processes, such as rolling of aluminum alloys in liquid
nitrogen [8], asynchronous hot rolling of composite stainless steel plates [9], cold rolling of
reinforcement [10]. Modeling with ANSY'S allows you to take into account complex physical
phenomena that are difficult to study without using numerical methods, in particular, changes
in temperature, stresses, deformations and their interaction, which allows you to achieve
realistic and accurate results [8]. It can also be argued that one of the main advantages of
ANSYS is the high accuracy of modeling.

The work of Jagadish et al. clearly confirms that the use of ANSY'S allows for accurate
modeling of the rolling process of an aluminum alloy in liquid nitrogen, which is confirmed
by the coincidence of numerical results with experimental data. The analyzed CAD software
tool provides a high level of flexibility in setting the model parameters, which allows adapting
simulations to specific production conditions. This is especially important for specific
technological processes, such as rolling in cryogenic conditions or assessing the effect of
friction on the process result, as shown in the studies of Yi et al. and Sui et al [9, 10].
Modeling in ANSYS allows you to take into account even microstructural changes in
materials, which is critically important for obtaining a high-quality connection between layers
in composite materials or for predicting the development of grains in metals at different
temperature regimes [10]. However, as in any other software, the use of ANSYS has its
limitations and disadvantages. One of the main ones is the high dependence of the results on
the quality of the input data. Errors or inaccuracies in the data can significantly distort the
results of simulations, which requires a careful approach to collecting experimental data. In
addition, to achieve optimal results, ANSYS requires powerful computing equipment, since
modeling complex processes requires significant investment resources, which can be a
limitation for academic institutions and scientific organizations. Another significant problem
is the difficulty of configuring the software to perform specific simulations, which requires
highly qualified personnel. Another drawback is that ANSYS does not always fully take into
account microstructural changes in materials, which can be critical for the study of ultrafine-
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grained (UFG) materials, where even the smallest changes in the microstructure can
significantly affect the mechanical properties of the material [9].

AutoCAD is one of the most widely used programs for creating and manipulating
graphical models, and its applications cover a wide range of industries, from mechanical
engineering and architecture to additive manufacturing and geology. The program provides
high accuracy and flexibility in design processes, which makes it useful for numerous
scientific and engineering tasks. An important advantage is the ability of AutoCAD to
perform precise measurements and create complex geometric models, which allows it to be
used for process modeling in powder metallurgy, mining and metallurgical planning, and
rolling production, where accuracy plays a critical role.

One example of successful use of AutoCAD is its use to measure the area of dilution
and deposition of Ti-6Al-4V powder in the MPTAAM process (additive manufacturing). It is
known that AutoCAD is used to analyze optical images of samples and measure the
deposition geometry, which is important for comparing experimental data with theoretical
models and numerical simulations [14]. In another context, AutoCAD is used to create 3D
models of geological objects, such as open pits, which allows improving the planning of
mineral extraction and visualizing spatial relationships between geological layers [12]. In
addition, AutoCAD is widely used to model lattice structures in additive manufacturing,
where high accuracy is critical for the subsequent optimization and manufacture of such
structures [15]. This confirms the versatility and effectiveness of the program in various
scientific and industrial fields.

One of the main advantages of AutoCAD is its ability to provide high accuracy in
measurement and modeling processes. This is especially important for industries such as
additive manufacturing, where the accuracy of each component is critical to achieving the
desired result. In addition, AutoCAD allows you to process and analyze large amounts of
data, which makes it a useful tool for complex scientific and industrial tasks. It is also worth
noting the convenient interface that allows you to design geometries with high accuracy and
prepare models for further processing in other programs, such as Autodesk Within or Altair
OptiStruct, which specialize in topology optimization [15].

However, there are some limitations that need to be considered when using AutoCAD.
One of these is the difficulty of learning the program for new users, especially those who are
not experienced in working with CAD systems. Given the complexity of some tasks, such as
accurate modeling of complex geometries or integration with other software products, users
need to have some technical knowledge to use the program effectively. In addition, AutoCAD
requires significant computing resources to process large 3D models, which can be a
limitation when using the software on machines with insufficiently powerful
characteristics [12]. Reduced automation of measurement processes can also be a problem,
especially when processing a large amount of data, which increases the complexity of the
tasks performed.

Features, advantages and disadvantages, characteristics of ANSYS and AutoCAD soft-
ware products are given in Tables 1 and 2.

SolidWorks software is a powerful engineering modeling tool that has found wide ap-
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plication in fields such as metallurgy, mechanical systems development, and educational
technology. With its capabilities for creating highly accurate 3D models and integration with
other engineering programs, SolidWorks significantly improves the design and analysis of
mechanical properties of materials and structures.

Table 1
Characteristics of ANSYS and AutoCAD software products™
Modules (ele- | Scope of application in
Software tool | ments) of the [the metallurgical indus-| Productivity Valuation
software tool try
ansys mechani-|Modeling of thermome-
cal, ansys flu- | chanical processes, |High, depends| CADFEM Ukraine , Up
ANSYS ent, ansys |analysis of the strength| on system |to $150,000 per year for
workbench, of metal structures, |configuration| a multi-user license
ansys Is-dyna |hydrodynamics of melts
autocad me- | Creation of drawings | High for 2D
AutoCAD chanical, a}uto- and glevelopment of drayvmgs, Autodesk
cad electrical, |technical documenta- | medium for $5893
autocad plant 3d tion 3D
Table 2

Features, advantages and disadvantages of ANSYS and AutoCAD software products*

Software tool Features Advantages Disadvantages
- high accuracy of
Software package for | modeling - High license cost
engineering analysis, | - a wide range of | - High requirements
ANSYS including  modules | modules for different | for computing re-
for mechanical, | types of analysis sources
thermal and hydro- | - the ability to ana- | - Need for special
dynamic calculations | lyze complex physi- | training for users
cal processes
- intuitive interface - high subscription
Software for creating | - a wide selection of | cost
2D and 3D drawings, | drawing and 3D | - less convenient for
AutoCAD used for design and | modeling tools complex 3D model-

tion

technical documenta- | - support for a large

number of file for-
mats

ing compared to oth-
er CAD systems (e.g.
SolidWorks)

* Source: developed by the author
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The positive features of SolidWorks are the high accuracy of modeling complex geome-
tries, which provides high-quality and detailed display of objects. The software also supports
integration with other numerical analysis programs, such as ANSYS, which expands the ca-
pabilities of engineering analysis [13]. In particular, SolidWorks is particularly useful for cre-
ating models of rolling mill components [16], alloys and steel profiles [17], which significant-
ly increases the efficiency of these processes. The disadvantage of SolidWorks is its high li-
cense cost, which can be a significant barrier for small companies, educational institutions or
research organizations, where budgets may be limited. The cost of the license makes the soft-
ware less accessible, requiring additional costs to ensure the use of its full functionality. Giv-
en this high cost, the implementation of SolidWorks can be a difficult task for many organiza-
tions.

In modern scientific research in the field of materials science, metallurgy and engineer-
ing, MATLAB software is actively used for processing, modeling and analysis of complex
processes, including mechanical testing, thermal processes and studies of microstructures of
materials. One of the main areas of application of MATLAB is the processing of experimental
research results and modeling of physical processes in various branches of technology.

One example is a study conducted to evaluate the interfacial strength and mechanical
properties of aluminum foam (AFS) sandwich structures fabricated by foaming precursors and
hot pressing. In this case, MATLAB was used to process the results of tensile and microhard-
ness tests, as well as to analyze deformation processes using digital image correlation (DIC).
MATLAB allows for precise analysis of the stages of material deformation using specialized
image processing algorithms, which significantly increases the accuracy of determining the
mechanical properties of materials [18]. Another example of the use of MATLAB concerns
the modeling of thermal processes in metallurgical furnaces. In this area, MATLAB/Simulink
is used to simulate temperature dynamics in different sectors of the furnace, which allows
studying the impact of different user access scenarios to the furnace control system on tem-
perature processes. MATLAB is used to solve differential equations that describe thermal dy-
namics using numerical methods, such as the Dormand —Prince method. This allows achiev-
ing high accuracy in predicting temperature changes and determining the time of transient
processes [11]. Within the framework of metallographic research, MATLAB was used to de-
velop a universal method for digital analysis of microstructures of metals and alloys.
MATLAB algorithms are used to process digital images of microstructures, which allows au-
tomating the process of measuring geometric parameters of structural elements, such as fer-
rite, pearlite and martensite, as well as to assess the influence of these parameters on the me-
chanical properties of the material. As a result, MATLAB significantly simplifies and accel-
erates the analysis process, reducing the likelihood of errors that may occur during manual
measurement [19]. Among the disadvantages of using MATLAB, one can note the difficult
adaptation of the program to specific metallographic tasks, which requires significant time
and resource costs for developing specialized code. In addition, processing large amounts of
data can require significant computing resources, which can be a problem for enterprises with
limited access to modern support equipment. Another limitation is the need to integrate
MATLAB with other software products, such as ImageJ or Excel, which complicates data
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processing and creates a risk of errors during the stages of information transfer between pro-

grams.

Features, advantages and disadvantages, characteristics of SolidWorks and MATLAB
software products are given in Tables 3and 4 .

Table 3
Characteristics of SolidWorks and MATLAB software products*
Modules (ele- Scope of applica-
Software tool ments) of the tion in the metal- Productivity Valuation
software tool lurgical industry
Analysis of heat
simulink, optimi- | treatment processes,
zation toolbox, | mathematical mod- High when
o . . Mathworks
MATLAB curve fitting eling of metallurgi- properly $1015
toolbox, control | cal processes, pro- configured
system toolbox duction optimiza-
tion
. . design of metal
solidworks simu- struc?ures stress
. lation, solidworks . - High for com- Softkeys
SolidWorks . . analysis, creation of
flow simulation, plex 3D models $5854
: 3D models of
solidworks pdm .
equipment
Table 4

Features, advantages and disadvantages of SolidWorks and MATLAB software products*

Software tool Features Advantages Disadvantages
- support for parametric | - high license cost
Software for 3D mod- | modeling - high hardware re-
SolidWorks e!ing, mechan?cal Qe- - large library of standard | quirements
sign, and engineering | parts - less powerful for
analysis - integration with other en- | complex analysis
gineering programs compared to ANSYS
- flexibility in mathematical .
calculatiori. and optimiza- - high cost of modules
Powerful software en- tion - high entry threshold
vironment for mathe- I for new users
MATLAB matical calculations, | a large set of libraries for - limited support for

modeling and data
analysis

modeling physical processes
- possibility of automation
and programming of algo-
rithms

3D modeling com-
pared to CAD pro-
grams

*Source: developed by the author
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Conclusions. Designing products in the metallurgical industry requires the use of
advanced software tools to solve complex engineering problems. Computer-aided design
systems play a key role in modeling, analysis and optimization of metallurgical processes, but
the issue of choosing the most rational product that provides the principles of functionality,
cost and productivity still needs to be clarified. This study focuses on the analytical
justification of the feasibility of using software tools Ansys, AutoCAD, Matlab and
SolidWorks, taking into account their strengths and weaknesses in the design of a
metallurgical product.

ANSYS, AutoCAD, SolidWorks and MATLAB software are actively used for
modeling and analyzing processes in metallurgy. ANSYS is a powerful tool for numerical
modeling of technological processes, in particular metal rolling, taking into account
temperature changes, stresses and deformations. MATLAB is effectively used for modeling
thermal processes in metallurgical furnaces, and SolidWorks is used for designing mechanical
components of rolling mills. AutoCAD, in turn, is an important tool for modeling geometry
and precise measurements in metallurgical processes.

The scientific novelty of the study lies in comparing the effectiveness of various
software tools in the context of specific metallurgical design tasks, such as modeling of
rolling processes and optimization of technologies. The latest methods are taken into account,
which allow reducing costs and increasing productivity while maintaining high modeling
accuracy.

In conclusion, we can note that ANSYS software has high modeling accuracy and
adaptability to specific conditions, but requires powerful computing equipment and highly
qualified personnel. SolidWorks and AutoCAD provide effective tools for mechanical design,
and MATLAB increases the accuracy of predicting thermal processes. Therefore, for each
specific project, the tool should be carefully selected, based on its features and requirements.
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Ponv CAIIP y po3pooui inxceneprux piuiens 0na memanypiitHoi 2any3i:
ooceio 3acmocysanns ANSYS, AutoCad, SolidWorks ma MATLAB

Y ecmammi pozensoaemuvca eadxcausicmv UKOPUCMAHHA CYUACHUX NPOSPAMHUX 3AC00i8
0J151 NPOEKMYBAHHS THHCEHEPHUX PiuleHb V Memanypeiunit eanysi, 30kpema npozpam ANSYS,
AutoCAD, SolidWorks ma MATLAB. Oensa0 oxonntoe sk iXHi CUTbHI, MaK i c1adKi cmopoHu,
30Kpema 8 KOHMeKCmi Cneyu@iuHux mMemanypeiiHux 3a60aHb: MOOEN08AHHA MEXHOA0IYHUX
npoyecis, npOEKMY6AHHA MEXAHIYHUX KOMNOHEHMIB, 4 MAKONC AHAII3 MEN08UX | MeXAHIYHUX
HasanmasiceHvb. Ocobaugy ysazy npuoineno zacmocysantio ANSYS ona uucenvnozo mooento-
sanus npoyecy npoxkamxu memanie, MATLAB Ons mepmiunux npoyecié y neuax, a maxoxic
AutoCAD i SolidWorks onss cmeopenus ceomempuunux mooenei ma npoEKmy8anHs NPOKam-
HUX cmauis. Baoicnueum acnekmom € me, wjo KOJiCHe npocpamue 3abe3nedyeHHs MAc 8010
cneyu@iKy BUKOPUCIAHHS, WO 3YMOBIIOE HEeOOXIOHICMb MOYHO20 GUOOPY IHCMPYMeHmy 3a-
JIEACHO 8I0 MUNY 3A80AHHS, BUMO2 00 MOYHOCMI, NPoOyKmusHocmi ma eapmocmi. Poszensoa-
EMbCAL IHMe2payis yux iHcmpymeHmis 0iis 3a0e3neyeHts 8UCOKOI MOYHOCMI IHIHCEHEePHUX PO~
3DAXYHKIG | 80OCKOHANIEHHS MEeMOOUK NPOEKMYBAHHS 8 CKAAOHUX 8UpoOHuuux ymosax. Ha-
npuxnad, ANSYS 0o3zsonsne nposecmu oemanvruil ananiz depopmayitl i memnepamypHux 3min
6 mamepianax, wo 00360JI51€ ONMUMIZY8AMU MEXHONIO02IYHI npoyecu 8 Memanypeii, 30Kkpema
NPOKAMKU ANOMIHIEGUX CNaasie ma Komnozumuux mamepianie. MATLAB, y ceorwo uepey, 6u-
KOPUCMOBYEMbCAL OJisl PO38'A3aHHA OUDEPEHYIATIbHUX PIBHAHb, WO ONUCYIOMb MEPMIUHY Ou-
Hamiky 6 neuax, a AutoCAD i SolidWorks akxmueno 3acmocogyromvcs 0151 NPOEKMYBAHHS §
MOOeNI08AHHS MEXAHIYHUX CUCMEM, 30KpemMa KOMNoHeHmie npokamuux cmauis. Kpiv moeo, 6
cmammi niOKpecieHo 8aXCIU8ICMb 6UOOPY NPOSPAMHO20 3a0e3nedeHts 3 YPaXy8auHIM AKOC-
mi 8XIOHUX OAHUX, OOCMYNHUX 0OUUCTIOBAILHUX pecypcis i Keanighikayii kopucmysauis. [Ipo-
2PaMHI NPOOYKMU MArOMb C8OI nepesazu, maki K eucoka mouHicms mooentosanns 6 ANSYS
abo 3pyunicms y pooomi 3 AutoCAD, ane i psao obmedsicenb, KIOUAIOUU BUCOKY BAPMICIb
Jiyensit i nompeby 8 NOMYACHUX 0bYUCTIO8aATbHUX cucmemax. Haykoea nosusna pobomu no-
Js2a€ 8 po3pooyi My1bmughizuuHo2o nioxooy, o NOEOHYE Pi3Hi NPOSPAMHI IHCIMPYMEHMU OISl
MOOeNI08aHHS CKIAOHUX MEMANYPIIUHUX NPOYECi8, o 00360JIA€ 00CASMU BUCOKOI MOYHOCTI
IHOICEHEePHUX PO3PAXYHKI6 ma onmumizayii mexunonociunux niniu. Lle easxcaueo ons niosuwen-
H5l egheKmusHoCmi UPOOHUYMBA T SHUINCEHHS BUMPAM HA emanax npPoEKMy8aHHs.

I'pevannii Ouekciii MukonaioBuu - nokrop dinocodii (Ph.D.), mouenr, noueHt kadenpu
MeTallypriiHoro o6yagHaHHs, 3anopi3bKUi HalllOHAIbHUN YHIBEPCHUTET.
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I.C. ImuTtpiesa, /1.B. bimamnos
AHAJII3 EMOIIIA 3 BAKOPUCTAHHSIM BUPA3IB OBJINYY S
TA I'OJIOCOBUX O3HAK

Anomayin. Y pobomi npedcmasneri memoou 0s po3ni3HABAHH TOOCbKUX emoyill. Posnizna-
BAHHSL IIOOCHLKUX eMOYIl - Ye 2a1y3b WMYYHO20 [HMeNeKmy, wo WeUOKO PO38UBAEMbCA | MAE
sadicIuBe 3HAUeHHs OISl NOJINUEHHS 83AEMOOTL 1100unU 3 Komn'tomepom. OOnak Oinvuicmo
CYYACHUX cucmem pPO3Ni3HABAHHI eMOYIll 0OMedHCeHi BUKOPUCTNIAHHAM MITbKU 00HO20 Ocepe-
J1a OAHUX 20]I0COBUX XAPAKMEPUCIUK, AOO0 8UPA3i8 00NUYYS, WO 3HUNCYE MOUYHICMb | Cil-
KiCMb pO3Ni3HABAHHS 68 CKIAOHUX YMO08ax. B yitl cmammi po3ensoaromscs Memoou posnisHa-
BAHHS eMOYill 3 BUKOPUCNAHHAM 080X OCHOBHUX KAHAIE - 2010C08020 MA 8i3yalbHO20. V
npoyeci 00CHIONHCEHHS AHANIZVIOMbCA HASBHT NIOX00U U000 pO3NiZHasanus emoyiu. s ana-
i3y emoyiu posenaHymo mexuonoeii ResNet (0na 300pascens), SER (0ns 36yky). Ocobnusy
yeazy npuoineHo ananizy u 00pooyi aKyCmuyHux XapaKxmepucmux, makux K iHMoHayis, 2yy-
Hicmb, MmeMn MOGIeHHs | MPpUBALicmsb Nay3, d MaKo#C SUKOPUCTNAHHIO Memoodie KOMN tomep-
HO20 30py 011 0emeKyii 8Uupazie 0OIuYYs, MaKux K NOCMIWKA, 3amucHymi 2you abo Hacyn-
JieHi oposu. Lle docniodcenns npocysae 2any3b GUSYEHHA eMoYill, 3abe3neuyouu Kpauje posy-
MIHHS eMOYTUHUX CIAHIE THOOUHU.

Knrouosi cnosa: posniznaeanms emoyii, po3nisHa8aHHus emoyili uepe3 38K, pPO3NI3HAGAHHSL

emoyiti 3a 0OauyuAM, MawuHHhe HaeuawHs, SVM, xomn'tomeprnuii 3ip, enuboke Ha8YaHHA,

CNN.

IMocTanoBka npodaemu. IIpobGiema po3nizHaBaHHs €MOL MOIArae B TOMY, 110 €MO-
i1 JIIOJMHU MPOSIBIIAIOTHCS OaraTorpaHHo Ta 3MiHHO. CydacHi CUCTEMHU pO3Mi3HABaHHS eMO-
il Ha OCHOBI aHaNi3y rojocy abo BUpa3iB OOIMYYS MaIOTh NMEBHI OOMEXEHHS, SKi BIUIMBa-
IOTh Ha iX TOYHICTb 1 CIPOMO’KHICTh Y peaJIbHUX YMOBaX.

Mera i 3aBaaHHs A0caizkeHb. BUBUMTH MoJieni Uil po3Mi3HaBaHHS €MOLIN 3 BUKO-
PHUCTaHHSIM aKyCTHMUYHHX 1 BI3yaJIbHUX JIJAaHUX JJIS TIOKpAIEHHS TOYHOCTI Ta CTa0lIbHOCTI CHC-
TEMH B YMOBAax peajbHOI B3a€MO/Ii1, 1[0 JAaCTh 3MOT'Y TOUHIIIIE IHTEPIPETYBAaTH €MOIIiiHI cTa-
HU JIIOJIUHU.

Emortiiine po3nizHaBaHHs 3 BUKOPUCTaHHIM IITy4HOro iHTenekty (LLI) oxormiroe Kinb-
Ka PI3HMX IiJIXO/IB, AKi JalI0Th 3MOTY CUCTEMaM aHaJi3yBaTH eMOIIil JIIOUHH.

Po3rnsiHeMO TEXHOJOTiI0 pO3Mi3HaBaHHS eMOLii 3a BHpasamu obmuuus. Lle oaun i3
HAMMOIMMPEHIIINX METOIB, SIKUH BUKOPHCTOBYE KOMIT'IOTEPHUH 31p AJIs aHAIII3y MIMIKHU JIIO-
iy, 1 Moske 3HaXOIUTH 1 BU3HAaYaTH BUpa3u o0y (ycMillka, HacyIuleHi OpoBHU TOIIO) i
Ha OCHOBI I[bOTO BH3HAYATH €MOIlii, TaKi K IACTsI, CyM, 3IMBYBaHHs, 37ICTh Ta IHIIII.

© JImutpiena 1.C., bimanos JI.B., 2025
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Jlnst po3B'si3aHHs 1i€i 3a7a4i BAKOPUCTOBYIOTH Pi3HI METOJIM MALIMHHOTO HABYAHHS Ta
rTMOOKOTr0 HAaBYaHHA, a OJHUM 13 Halle()eKTHBHINIMX MiIXOAIB € BUKOPUCTAHHS TIIMOOKUX
HEHPOHHUX Mepex (30Kpema, apxiTekTyp, Takux sik ResNet, SVM, CNN Ta inami)[1].

OOpobka Ta aHali3 300paxKeHb OOJIMY € KIFOYOBMM €TallOM I Yac pO3Mi3HABaHHSA
eMoIIiit 3a MiMikoro o0amyus. Lleit mporec BKiItoyae Kibka BaKJIMBHX KPOKIB, sIKi JOroMara-
IOTh MIATOTYBATH 300paXCHHS JJIsl TOAAIBIIO] KiIacH(iKaIlil eMOoIiii.

VY mepuiomy erami, HoTpiOHO crodaTKy ineHTHdiIKyBaTH oOaMu4st Ha 300paxkeHHi. Lle
HA3UBAEThCA JeTeKuieto 00amy. Ha 300paxenHi 001nyus Moxke OyTH HEUiTKUM a00 4acTKOBO
3aKpUTHM, a TAKOXK MOXYTh OyTH KiJIbKa 00714, BUKOPUCTOBYIOTBCS Pi3HI METOAM IS BUSB-
JIeHHs 00J1MY Y 300paXKeHHI.

Ha npyromy etarmi micist qeTekmii o0auadst MU OTPUMYEMO KOOPJMHATH MPSMOKYTHHUKA,
0 00MeXye 00JIMYYs, IO J1a€ 3MOTy C(OKYCYBATUCS TUIBKH Ha OJHIN MUISHII 300paKeHHS
JUISL TIOIAJTBIIIOTO OTpaltoBaHHs (IuB. puc 1).

== E

Pucynok 1 — Jlerekist oomuyust

Ha tpetpoMy erari micist TOTo, K 0OJUYYS BUSBJICHO, BAKJIMBO BUKOHATH KUIbKa KPO-
KiB 10 00poOKH Ta aHamni3y. s modaTky nmoTpiOHO 3MIHUTH pO3MipH IS ToAayl 300paskeHHs
B HEHPOHHY Mepexy, po3Mip o0Jn4usi Mae OyTH CTaHAAPTU30BAaHUM, 3a3BHYail, BUKOPHUCTO-
BY€ETbCs po3Mip 224x224 mikceniB. s Toro mo0 Mojenb Morja MmpaiioBaTé 3 OJHAKOBUMU
po3MipamMH 300paxkeHb, a TaKOX Ul MPUCKOPEHHs oOuMcieHb. [Homi, 300pakeHHs 00IuY
KOHBEPTYIOTBCS y BIATIHKM Ciporo, IJisi CHpPOLICHHS OOpoOKu. AJe cydacHi MOZENi 4acTo
MPALIOIOTh 13 KOJIbOpOBUMH 300pakeHHsIMU (RGB), 1106 BpaxoByBaTH OUIBII TOHKI J€Tai.
Hopwmanizanisi, miciast 3MiHA po3Mipy 1 MOKIIMBO IIEPETBOPEHHS KOJIBOPY, 3a3BUYail HOpMai-
3YIOTh MIiKCENbHI 3HaUeHHs, 11100 BOHU NepedyBaiu B OJHOMY Aiana3oHi. Hanpuknan, y Hel-
POHHUX MepeXax 4acTO 3aCTOCOBYETHCS HOpMallizallisi, A€ 3HaueHHd mikceniB Big 0 go 255
MPUBOIATHCS A0 Aiana3ony [0, 1] abo [-1, 1]. [ns nominmeHHs 3araibHUX 3110HOCTEH MOaem1
BUKOPHUCTOBYIOTh ayTMEHTALlil0 JJAaHUX, HAIPUKJIAJl, TIOBOPOTH, BiTOOpakeHHs, 3MIHU SICKpa-
BOCTI, KOHTpAcTy Toulo. Lle jonomarae yHUKHYTH NepeHaBYaHHS 1 MOJIMIIUTH 31aTHICTh MO-
JIeJTi CIIPABJIATUCS 3 PI3HUMH YMOBAMHU.

Ha getBepTromy erani Mozenb abo alrOpUTM BUTATYE KIIFOUOBI XapaKTEPUCTUKU (O3HAa-
KH) 13 300pa)KeHHs, SIKi MOXKYTh JOIOMOITH B Kiacudikarii emoriil. [l 1boro BUKOPHCTO-
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BYIOTh Cy4acHi METOJM MAIIMHHOTO HAaBYaHHS, 3rOPTKOBI HEHPOHHI Mepexi, s BUITyYCHHS
o3Hak. L[i Mepexi BUaTh BHIIydyaTH MPOCTOPOBI O3HAKH, TaKi K KOHTYPH, TEKCTYpU Ta 1HIII
0COOJINBOCTI.

Ha n'sTomy erami BU3HA4YaeThCS TEOMETPis OONMYYS, BUKOPHCTOBYIOTHCS TPaIuIliiiHi
METOAM JUIsl BU3HAUYEHHS TOYOK Ha OOJMYYl Ta iXHBOrO aHami3y (BiACTaHb MK OYMMa, KYT
HaXWIy poTa Tomo). /s mporo eramy Mo)KHa BUKOPUCTOBYBATH ““3TOPTKOBI HEMPOHHI Mepe-
x1” (CNN). Lli Mepexi BUKOPUCTOBYIOTH (DiJIbTPH, 100 BUSBIATH BaXKJIMBI Bi3yajbHI O3HAKU:
(popma obsmyusi, BUpa3u ovei i T.1.).

Pucynok 2 - BusnaueHHs TOUOK Ha 00144l

[Ticna ompaifoBaHHs Ta aHaii3y 300pakeHHS OOMMYYS HA HACTYMHOMY eTari BiI0yBa-
€TbCS BUKOPHCTaHHS Kiacu(ikaropa, KU nepeadadyae eMolio o0ingus 3a 300paKeHHSM,
IPYHTYIOUMCh Ha JaHUX O3HaKax. [[ns kiacudikaTopa eMo1lii BUKOPUCTOBYIOTh pi3HI alropu-
T™H, SK-0T ResNet, abo Residual Network, 1o ciyrye ocHOBOO A1 0araTbox 3aBJlaHb KOM-
n'roTepHoro 30py. ResNet eekTuBHO Aae 3Mory HaB4aTH rIHOOKI HEMPOHHI Mepexi 3 OUIbIIT
Hix 150 mapamu [2]. 3a BUTATHYTUMU paHillle O3HAKaMU MOYKHA JJOHABYUTH MOJIENb JIIsI Kia-
cudikanii emoii. ITicns Toro sik Mozenb HaBUEHA 1 IPOTECTOBAHA, BU MOYKETE BUKOPHCTOBY-
BaTH i1 17151 iepei0aueHHs eMOIliil Ha HOBUX 300paXeHHIX. A TaKOXK MOYKHA BUKOPHUCTOBYBa-
i Support Vector Machine (SVM) - anroput™, skuii 6yaye rineprlomMHu A HOAUTy pi3-
HUX KJIaciB.

Jaini po3riasHeMO TEXHOJIOTII0 PO3Ii3HABAHHS €MOIIii 3a roiocoM, abo MmapamiHrBiCTH-
Ky, sIKa BUBYAE, SIK JIIOJU MEPEaloTh eMOIiiHI CTaHU 3a JOTIOMOTOI0 OCOOJIMBOCTEH MOBH,
TaKMX SIK IHTOHAIIisI, TEMII, TYYHICTh, BUCOTA TOJIOCY Ta iHII TOJOCOBI XapakTepuctuku. Llei
Ipollec Ma€ BaKJIMBE 3HAYEHHS B raily3l MCHUXOJIHIBICTUKH, KOTHITUBHUX HAyK 1 IITYYHOTO
iHTenekTy. Konmu Mu ciyxaemMo KOrock, MU 1HTYITHUBHO PO3IMi3HAEMO HE TUIBKH 3MICT CIiB, a i
eMollii, sIKi BOHU BUCIIOBIIOIOTh. Hanpukias, sKIIO JIIOJUHA TOBOPUTH 13 MiJBUILIEHUM TEM-
IIOM 1 BUCOKMM TOHOM, II€ MO>KE CBITYMTHU PO pajicTh ab0 XBHIOBaHHS. SKuIo ii ronoc HU-
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YW 1 TOBUIBHINIUH, 116 MOKE BKa3yBaTh Ha CMYTOK abo po3dapyBaHHs. [Ipukiaam TexHo-
noriii: Emotion Recognition (SER), Neural Networks (CNN)[3]

J10 OCHOBHHX aCIEKTiB MapaliHrBICTUKH, 10 TOTIOMAararoTh pPO3Mi3HABATH €MOIIii 3a TO-
JIOCOM, HaJIe)KaTh TaKi MapaMeTpy MOBJICHHS:

1. ToHABHICTH TOJIOCY - 1€ HAMBAKIIUBIIIMKA €IEMEHT Y BU3HAUYCHHI EMOIIIITHOTO CTaHy
JIOUHY, TOMY 1[0 BOHA 0€3MocepeHhO MOB's3aHa 3 il eMOIIHHOI0 PEaKIli€r0 Ha CHUTYAIlilo.
Ton Mo>xe mepeaaBaTy HaBITh TOYHIIII eMOIii, HIX cami ciioBa. BHcokuii TOH 4acTo acoriro-
€THCS 3 MO3UTHUBHUMH €MOIIISIMH, TAKUMH K paaicTh a0o 30ymkeHHs. Hu3pkuii TOH MOXe cH-
THAJII3YBaTH PO CyM, po3dapyBaHHs a00 BToMy. KonnBaHHS B TOHI (MOHOTOHHICTE), MOXYTh
BKa3yBaTH Ha XBWJIFOBAHHS, 3IMBYBaHHS a00 1HTEpEC.

2. I'y4HicTh TOJOCY MOXE €(EeKTUBHO BinoOpaXkaTW €MOILIMHUIN CTaH, OCKUIBKU JIFOAN
CXWJIBbHI MiJBUIYBATH TYYHICTh Y MOMEHTH CHJIBHUX €MOIIii 1 3HIKYBATH 11 B OLIBII CITOKiHi-
HUX a00 CyMHHX CTaHax. BHUCOKMH piBE€Hb T'YUYHOCTI YacTO BKa3ye Ha THIB, JIIOTb, arpeciio,
30y/pKkeHHst a00 TpuBory. Hu3bka ry4HicTh, KOJIM JIFOIMHA TOBOPUTH THUXO, 1€ MOXKE OyTH T10-
B'SI3aHO 31 CMYTKOM, HYABI'0I0, JETIPECi€r0 a00 HEBIEBHEHICTIO. PanToBi 3MiHM T'y4HOCTI, Pi3Ki
MIBUIICHHS 1 3HIKEHHS TYYHOCTI MOXYTh CBITYHTH TIPO TE, IO JIFOJUHA ITEPEKUBAE CHIIbHI
€MOIIii, TaKi SK 3JIMBYBaHHS 200 IIIOK.

3. Temn MOBJIEHHS 1€ MIBUKICTb, 3 SIKOIO JIFOJJMHA BUMOBJISIE cJI0Ba. BiH Bimirpae Bax-
JUBY POJIb Yy PO3ITi3HABaHHI €MOIIil, OCKIIPKH HA €MOIIMHOMY TJIi TEMIT MOBJICHHS 4acTO 3Mi-
HioeThes. [lIBuika MoBa yacTo BKa3ye Ha 30y/1KeHHs, TPUBOTY, cTpec ab0 XBUItOBaHHA. [lo-
BUJIbHE MOBJICHHSI MOK€ CUTHAJII3yBaTH MPO CMYTOK, BTOMY, jAenpecito abo po3aymu. [lepep-
BU 1 TTay3u B MOBJICHHI, IIe MOYKE O3HA4YaTH, [0 JIIOAMHA HEPBYE, CYMHIBAETHCS, HAMAT A€THCS
nia10paTi NpaBUIIbHI ClIOBa a00 MEepEeKUBaE.

4. TnToHAIlisI MOBH I1€ 3MiHAa BUCOTH TOJIOCY Ta 1HIIMX HOTO XapaKTEPUCTUK YIIPOIOBK
MOBJICHHS, SIKa JIoNIOMarae nepeaaBaTd eMoLiiiHi BiATiHKY. [TigiioM 1HTOHAII, 116 MOKe BKa-
3yBaTH Ha 3MBYBaHHS, XBUIIOBaHHS a00 iHTepec. CrajJ 1HTOHALli MOYE CUTHaJII3yBaTH PO
3aBEpUICHHSI TYMKH, CIIOKIA abo cyM. 3MiHHA 1HTOHAIis, 11€ KOJIM 1HTOHAI[ISl BapilOETHCS MPO-
Tarom ¢paszu, 11e Moke OyTH 03HAKOIO 30YKEHHS, paloCT1 UM IHTEpECY.

Jlig aHani3y Ta po3mi3HaBaHHS €MOIIil Ha OCHOBI r0JIOCY YacTO BUKOPUCTOBYIOTh Me-
TOJY MAIIMHHOTO HaBYaHHS. Mozeni kiacudikaiii MOXyTh MPaIlOBaTH 3 aJITOPUTMAMHU: JIO-
riCTMYHA perpecis, MeToJl onopHUX BekTopiB (SVM), Helponni mepexi. Lli Moaeni MoxXyTh
OyTH HaBuU€H1 Ha HabOp1 AAHUX 13 3a3/aJeri b PO3MIYEHUMH E€MOIIISIMHU, HAlIPUKIAJl, 3 BUKO-
pPUCTaHHSM ayaiohaiiiB, sIKi MICTATh Pi3HI eMollii (THIB, paaicTh, CMYTOK TO1I0)[4].

AKyCTHYHI 03HAKH Ta X Bar' BU3HAYAIOTHCS HACTYITHUM YHHOM:

E=w-FO+w,-V+w,-T+w,-P,
ne E - emoniliHuii MOKa3HUK,
FO - ocHoBHa "acToOTA,
V - I'y4HICTb,
T - TeMIT MOBIICHHS,
P - TpuBanicts nays,

W, ,W,,W,, W, - Baru, siKi BU3Ha4arOThCs B IIPOLIEC] HABYAHHS MOJIE.
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Kosxen i3 mux mapameTpiB Ma€ pi3HUI BHECOK Y 3arajbHYy OLIHKY €MOIlii, IXHi Bar MO-
KyTh OYyTHM HaJlalITOBaHI HAa OCHOBI HaBYAJbHUX JaHHUX, NpeACTaBlieHa OJOK cxema
(nuB. puc 3).

Pucynok 3 - AKycTH4HI 03HaKH Ta iX Baru

Jlyist OGUTBIIT HAOYHOTO YSIBIICHHS PO3ITi3HABAHHS €MOIIIH 32 TOJIOCOM MOXKHA YSIBUTH, SIK

MOXYTb 3MIHIOBAaTHCS aKyCTUYHI XapaKTEPUCTHKH MPH PI3HUX eMOoIisX (auB. Tabm. 1)

Tabmuns 1
AKYCTHYHI XapaKTEpUCTHKHU IPU PI3HUX EMOIIISX
Emomist OcHoBHa wacto- | I'yunicts (V) Temn moBnenss | [laysu (P)
ta (FO) (T)
Paoicmy Bucoxka Cepennsi/Bucoka | llIBuaka Koportki
Cym Huspka Cepennsi/uuspka | [loBibHa Tpusani
I'nis Jlyxe BuCOKa Bucoka [IIBuaxa Koportki
Cmpax Bucoka Bucoka [IBuaka Tpusani

Jns knacudikanii eMorii MOXXyTh OyTH BUKOPHUCTaHI ME€BHI TOPOTOB1 3HAUYEHHS IUX Xa-
PaKTEpPUCTHUK.

BucHOBOK. Po3risiHyTI B poOOTI METOM pO3Mi3HABaHHs €MOLiH 3a BUpa3aMH o0IuYus
1 po3mi3HaBaHHA €MOILIill 3a TOJIOCOM - 11€ JIB1 Pi3HI TEXHOJIOTIi, KOXKEH 3 SIKHX BUKOPUCTOBYE
pi3H1 BUIM IaHUX IS aHAJI3y Ta IHTepIpeTalii eMOLii.

Po3mnizHaBaHHs eMoIliil 3a BUpa3aMu oOIMYYs - 1€ CKJIaJHE 3aBJaHHs B ranxy3i KOMI'to-
TEPHOT0 30py 1 MMUOOKOro HaBYaHHA. BukopucranHs monenei, Takux sk ResNet, nae 3mory
e(eKTUBHO PO3B'A3yBaTH MOCTABIEHI 37a4i, 3aBASKH IITMOOKOMY HaBYaHHIO 1 3[aTHOCTI BUTS-
I'YBaTH CKJIA/IHI O3HAKH 13 300paXkeHb 00IMY.

Po3mnizHaBaHHs eMOIliil 3a TOJIOCOM IPYHTYEThCS Ha CKJIaJHOMY aHali3i 0e3miyi akycTH-
YHHUX O3HAK, TAKHX SK 9acTOTa, TYYHICTh, TEMI MOBJICHHS, IHTOHAIIS Ta iHImi. 111 03HaKU Mo-
XKyTh OyTH MiJiIaHI aHaJi3y 3 BUKOPUCTAHHIM PI3HUX MAaTEMAaTUYHMX 1 CTATUCTUYHUX MOJIe-
JIel, TaKUX SK MallMHHE HaBYaHHS 1 HEHPOHHI Mepexi, /U1 TOYHOI Kiacu(ikawii eMoIii.
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Analysis of emotions using facial expressions and voice features

This article presents methods for recognizing human emotions. Human emotion
recognition is a rapidly developing field of artificial intelligence that is essential for
improving human-computer interaction. However, most modern emotion recognition systems
are limited to using only one data source of voice characteristics or facial expressions, which
reduces the accuracy and robustness of recognition in complex environments. The problem
with emotion recognition is that human emotions are multifaceted and variable. Modern
emotion recognition systems based on voice or facial expression analysis have certain
limitations that affect their accuracy and performance in real-world conditions. This article
discusses methods of emotion recognition using two main channels - voice and visual. The
study analyzes existing approaches to emotion recognition. For the analysis of emotions, we
consider ResNet (for images) and SER (for sound) technologies. Particular attention is paid
to the analysis and processing of acoustic characteristics such as intonation, volume, speech
rate and pause duration, as well as the use of computer vision methods to detect facial
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expressions such as a smile, pursed lips or furrowed brows. This research is advancing the
field of emotion research by providing a better understanding of human emotional states. In
the course of this work, we have considered methods of emotion recognition:

Emotion recognition from facial expressions and emotion recognition from voice are
two different technologies, each of which uses different types of data to analyze and interpret
emotions.

Emotion recognition from facial expressions is an exciting task in the field of computer
vision and deep learning, with numerous applications in various industries. Emotion
recognition from voice is based on a complex analysis of many acoustic features such as
frequency, volume, speech rate, intonation, and others. These features can be analyzed using
various mathematical and statistical models, such as machine learning and neural networks,
to accurately classify emotions.

Keywords: emotion recognition, audio emotion recognition, facial emotion recognition,
machine learning, SVM, computer vision, deep learning, CNN.
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P.C. Cutnuk, Bik.B. 'natymenko
METO/ 3ABE3IIEYEHHS JTOCTOBIPHOCTI TA HIJIICHOCTI
MEPCOHAJIBHUX JIAHUX, 1110 OBPOBJIAIOTHCS B BJIOKUEMH-CUCTEMI

Anomauyis. B ymosax cmpimkoi yughposizayii ma 3pocmarnus Kitbkocmi Kibep3acpos ocoonu-
80i" akmyanvbHocmi Habysae npobiema 3axucmy NepCoHANbHUX OAHUX V CYYACHUX iHgopma-
yitinux cucmemax. Texnonozia 610KYelH, 3a80AKU CBOIM 81ACMUBOCMAM HE3MIHHOCMI MA Po-
3n00IIeHOCMI, CMBOPIOE HOBI MONCIUBOCMI OJisl 3aXUCMY OAHUX, NpOme 8UMA2AE pPO3POOKU
cneyianizo8anux memooie sabesneuenus ix docmogipnocmi ma yinichocmi. Jlocniodceno cne-
Yughiuni suKIuUKU, NO8'sI3aHI 3 6epughikayiero ddicepen Oanux ma KOHmpoiem 3a ix moougika-
yiero 8 yMosax posnoodileHoi cucmemu Ha 6a3i mexHonoeii onoxyeln. Y pobomi 3anponono-
BAHO HOBUL MemoO 3abe3nedenHs YiliCHOCmi ma 00CMOBIPHOCMI NePCOHAILHUX OAHUX, WO
bazyemuvcs Ha MamemMamuyHiu Mooei OYiHKYU 00CMOGIPHOCMI OAHUX 3 BUKOPUCMAHHAM KOM-
niekcHoi @ynkyii’ eanioayii ma xonyenyii "0ogipenux Odcepen”, wo 00360aun0 nidGUWUMU
PiseHb 3axuweHocmi Oanux ma asmomamusysamu npoyec ix eepugikayii . Pospobneno ap-
Ximexkmypy cucmemu 3 I€EpApXiuHol0 CMPYKMypoi 8y31ié eepuikayii ma mexauizmamu
VIPAGNIHHA HCUMMEBUM YUKIOM Oanux. Pezynomamu docnioscenns niomeepoicyroms eghex-
MUBHICMb 3aNPONOHOBAH020 MemoOdy Ol 3abe3neyeHHs 6ANaHCY MIdC 3aXUCIOM NePCOHANb-
HUX OGHUX MA 3PYYHICMIO iX BUKOPUCTNAHHS 8 PEeATIbHUX YMOBAX.

Knrouoei cnosa: nomoxku oanux, ingpopmayitini cucmemu, 610K4eliH, NPOMUCTIOBICMb, TAHYIO-

2u nocmauans, Blockchain.

ITocTanoBka npodjemu. B ymoBax cTpiMkoi nudposizaiii cycniabCTBa Ta 3pOCTarouoi
KUTIBKOCTI Kibep3arpo3 ocoOlMBOi aKTyaJbHOCTI HaOyBa€ NMUTAHHS 3aXUCTy MEPCOHAIBHUX
JIaHuX rpoMajsiH. TexHonoris OJ0K4YeiH, 3aBIsKU CBOIM (yHIaMEHTaJIbHUM BJIACTHBOCTSIM
HE3MIHHOCTI Ta PO3MOAIIEHOCTI, MPEACTaBIsE COOOI0 MEPCIIEKTUBHUMN IHCTPYMEHT ISl 3a0€e3-
nedeHHs 0e3neku nepcoHanbHUX JaHux. OJlHaK, BIPOBAHKEHHS 11i€] TeXHOJIOTIT 17151 00poOKU
NEPCOHATIBHUX JAHUX CTBOPIOE HU3KY CHENM(IYHMX BUKIIMKIB, MOB'SI3aHUX 13 3a0€3MeUeHHIM
iX JOCTOBIPHOCTI Ta ITiCHOCTI [1].

Ocob6nuBoi yBaru notpedye npobieMa Bepudikaiii [Kepea JTaHUX Ta KOHTPOIIO 3a iX
Mo udiKaIliero B paMKax OJoKueiHH-cucTeMu. TpaauiiiHi MEeTOIH 3aXUCTy iH(popMarlii BUSB-
JISIFOTHCSI HEIOCTAaTHRO €PEKTUBHUMHU Yepe3 cHeludiKy po3noaiIeHoi apXiTeKTypu OJoKuei-
HY Ta 0COOJIMBOCTI OOpPOOKM MEPCOHANIBHUX JaHUX. J[omaTkoBUM (haKTOpOM PU3HUKY € HE0O-
X1HICTh 3a0€e3MeueHHs BiMOBITHOCTI BUMOTaM 3aKOHOJIaBCTBA II0JI0 3aXUCTY MEPCOHATBHIX
JAHUXTA MOJIMBOCTI BHECCHHS 3MiH JIO IaHUX 3a 3alUTOM cy0'ekTa [2].

© Curnuk P.C., 'narymenko Bik.B., 2025
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Icaytoui pimeHHs 4acTo (OKYCYIOThCS Ha 3araJibHUX acleKTax Oe3MmeKu OJOKYeHH-
CHCTEM, He BPaxoByIO4H crenudiky podoTH 3 nepcoHaabHUMH JaHuMu. Lle cTBoproe motpely
B pO3po0I1Ii crieriaaizoBaHUX METO/IB, Ki 0 3a0e3neuyBaii HeOOXiJHHIA PiBEHb JOCTOBIPHOC-
Ti Ta HUTICHOCTI MEPCOHATBHUX JAHUX MpH X 00poOIi B OIOKYEHH-CHCTEMI, OJTHOYACHO BiJI-
MOBIIaf0YM HOPMATHBHUM BUMOTaM Ta 3a0e3neuyroyn HeoOXiHy THYYKICTh y KepyBaHHI J1a-
Humu [3].

AHaJi3 ocTaHHIX J0CTiKeHb i myOJikanii. B monepeaasomy gociimkenHi Oymo po-
3TJISTHYTO METOJIOJIOTIYHI 3aca il BIPOBAKECHHS TEXHOJOTI] OJ0KUYeiH B iH(opMarlliiiHi cuc-
TeMHu B pamkax konmemnuii "lHayctpii 4.0" Ta 3anmpomoHOBaHO MigXOAN A0 KEPyBaHHS IMOTO-
KaMH JIaHUX y Takux cucremax [4]. [Ipore nuraHHs 3a0e3neyeHHsT OC3MEKU MEPCOHATBHUX
JTAHUX Y KOHTEKCTI OJOKYEHH-CUCTEM MOTpedye OKpeMOoro TIMO0OKOro AociimkeHHs. BHecok
Yy PO3BHUTOK I[LOTO HANPSMKY 3pOOMIN poOOTH, IPUCBSIYCH] 3arajJbHUM NPUHIUIIAM OE3MEKH
OJIOKYEHH-CUCTEM Ta OCOOIMBOCTSIM IX 3aCTOCYBaHHS Uil 3aXUCTY KOH(QiAeHUiiHHOI iH)Op-
marrii. OcobamBa yBara NMpUAUISETECS MEXaHI3MaM KPUNTOTpagiqHOro 3aXUCTy Ta METOAaM
BepudiKallii JaHUX y pO3MOAUICHUX chucTeMax [5].

BaxxnuBuM HampsMKOM JOCTIIKEHb € po3po0Ka METOIiB 3a0e3eueHHs BiIIOBIIHOCTI
OJIOKYEHH-CUCTEM BUMOTaM 3aKOHO/ABCTBA IMPO 3aXUCT MEPCOHANBHUX AaHUX. JlOCiigHUKH
30CepeIKYIOTh YBary Ha CTBOPEHHI MEXaHI3MiB, IO JTIO3BOJISIFOTH peai3yBaTH IPaBoO Ha 3a-
OyTTs Ta MOXIMBiCTh MOAM(Dikamii JaHuX 06e3 MOpyIIeHHs HUTICHOCTI O1ok4einy [6]. Okpe-
MUl HaIIPsIMOK CKJIQJal0Th POOOTH, MMPUCBSIUEH] PO3POOII CMAPT-KOHTPAKTIB VIS YIIPABITiHHS
JIOCTYTIOM JI0 TIEPCOHATIBHUX JaHUX Ta aBTOMATHU3AIlil PoIeciB X 00pookw [7].

AKTyallbHUMH 3aJIMIIAIOTHCSI MUTAHHS 1HTErpalli OJOKYEHH-CUCTEM 3 ICHYIOUMMH 1H-
dopMariiHuMu cuctemMamMu 0OpoOKH MEPCOHATBHUX JAAHUX Ta 3a0e3MeueHHs iX CyMICHOI po-
6otu. JlocHiAHUKM TaKOoX NPUIUISIIOTH yBary mpoOiemMaM maciuTaboBaHOCTI pPIllIEHb Ta OIl-
TUMI3allii MPOYKTUBHOCTI MPH 30€peKeHH] He0OX1JHOTO piBHS Oe3neku [8].

Mertoro ocHiIKEeHHs € 3a0€3MeUeHHsT JOCTOBIPHOCTI Ta IMIJIICHOCTI MEPCOHATBHUX Ja-
HUX, 0 00pOOJIAIOTECS B OJOKYEHH-CUCTEMI 3aBIAKH PO3pOOIl HOBOTO METOJy Ha OCHOBI
MaTeMaTUYHOT MOJIEJII OLIHKU TOCTOBIPHOCTI JIAHUX, II0 BPAXOBY€E KOMIUIEKCHY (DYHKIIIIO Ba-
mipanii ans Bepudikauii HMGpPoBOro MiANKUCY, NEPEBIPKH IUTICHOCTI JIaHIIOKKA Bepciii Ta Ba-
Jmijamii MeTajanux. 3anponoHOBaHU MeTo/1 0a3yeThes Ha KOHIEMIT "oBIpeHUX Kepen" Ta
iepapxivHiii CTPYKTYypi By3JiB Bepuikarii 3 anmroputMom kKoHceHcycy Proof-of-Authority,
10 JI03BOJIsIE 3a0€3MeYUTH BUCOKHM PIBEHBb 3aXHCTy NMPHU 30€peKeHHI MOXKIUBOCTI KOHTPO-
JIH0BaHOI MOM(IKaIli JaHUX.

OcHoBHA yacTHHA. B cyuacHHX yMOBax TexHOJOTis 0JIoKYelH HaOyBae Bce OUIBIIOTO
HOLIMPEHHS ISl 3aXUCTY NEPCOHATIBHUX JaHUX 3aBJISKH CBOIM (DyHIaMEHTAIILHUM BIACTHUBO-
CTSIM HE3MIHHOCTI Ta po3nojineHocti. OCHOBHUMH BUKJIMKAMU IIPU POOOTI 3 MEPCOHATBHUMU
JTaHUMH B ONOKYEHH-CUCTeMax € 3a0e3MedeHHs HafiitHoi Bepudikarii JKepen NaHuX, KOHT-
poJIb 3a iX MoJudiKalli€ro Ta CTBOPEHHS e()eKTUBHUX MEXaHI3MIB BaliJallii B yMOBax po3Io-
nineHoi apxitektypu. TpaauuiiiHi MeToau 3axucTy iH(oOpMallii He TMOBHICTIO BiJNOBIJAIOTH
UM BUMOT'aM yepe3 CHenu(iKy po3MOoAIIEHOI apXiTeKTypu OJIOKYEeHHY Ta 0COOIMBOCTI 00-
pPOOKM NEPCOHANBHUX JAaHUX, L0 3YMOBIIOE HEOOXITHICTH PO3pOOKH CIeliali3oBaHUX pi-
IICHB.
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3anpornoHOBaHU MeTOJT 0a3yeThcsi HA MaTEMATHYHIA MOJENi OLIHKH JOCTOBIPHOCTI
MEPCOHATBHUX AAHUX Y PO3MOALUICHINH OJIOKYEHH-CHUCTEMI, 1€ KOXKEH eJIeMeHT Janux D mpen-
CTaBJISIETHCS SIK KOPTEXK:

D=(V,S,T,H M),
ne V - Bepcist 1aHux;
S - nudpoBmii mianuc mKepena,
T - yacoBa miTKa,
H - xem nonepeaHboi Bepcii;
M - meranani Bepudikarii.
JIOCTOBIpHICTh JaHUX OIIHIOETHCS Yepe3 KOMILIEKCHY (DYHKIIIFO BaJTiIaIlii:
F(D) = 0(1V(S) + (XzT(H) + (X3C(M),
ne D - nabip naHux, 1o nepeBipseTses,
V(S)€ [0,1] - bynkuis Bepudikarii muppoBOro miamnucy;
T(H) € [0,1]- dyHKLis epeBipKHU HiTICHOCTI JIAHIIOXKKA BEPCIi;
C(M)e [0,1] - pynkuis Bamigamii MeTaaHKX;
01, 02, O3 - BaroBi Koe(illi€HTH, 1110 BU3HAYAIOTH MIPIOPUTETHICTH PI3HUX ACHEKTIB MEPEBIPKH.

[HTerpanbHU TOKa3HUK JOCTOBIPHOCTI PO3PAXOBYETHCS SIK:

R=F(D) x II(1 - Py)
ne P; - iMoBipHICTh KOMIIpOMeETAIIil i-r0 piBHS BepHu]ikarii.

Kinneswmii mokasuuk R 3Haxoauthes B aianasowi [0,1], me:

R =1 o3Hauae makcuMalibHy JOCTOBIPHICTD JTAHUX;

R = 0 o3Hauae MOBHY HETOCTOBIPHICTH JITAHUX.

B ocHOBI MeTOAy JIEKUTh KOHIEMIIA "MOBIPEHUX JpKepen" - CIeliaibHO aBTOPU30Ba-
HUX BY3JIIB MEpeXi, sIKi MatoTh IPaBO BHOCUTU Ta MOAU(]IKyBaTH nepcoHanbHi gaHi. Koxen
TaKMi BY30JI XapaKTepU3YEThCS BIIACHUM PIBHEM JOBIPH, SIKUH AMHAMIYHO OHOBIIIOETHCS Ha
OCHOBI icTOpIi onepartiil.

ApXiTeKTypa cucTeMH Iependadae CTBOPEHHSI 1€papXiuHOI CTPYKTYpHU BY3JIB BepUPi-
Kallii, e KO’KeH pI1BeHb BIJMOBIJA€ 3a MEBHUN aceKT mnepeBipku AaHux. Ha mepuromy piBHI
3NiHCHIOEThCs 0a3oBa Basigalis (opMaTiB JaHUX Ta MEepeBIpKa BIAMOBITHOCTI BCTAHOBICHUM
cxemaM. [Ipyruii piBeHb 3a0e3neuye kpunrorpadiudy Bepudikaiio nudpoBUX MIANUCIB Ta
MepeBipKy MOBHOBAXKEHD JKepena JaHuX. TpeTiil piBeHb pealli3ye CKJIaJHl MEXaHI3MHU Mepex-
PECHOI MePEeBIPKH TaHUX Ta IX Y3TO/HKEHHS 3 ICHYIOUMMH 3aIHCaMH.

BaxxnuBuM eneMeHTOM METOAY € CHUCTeMa YIPAaBIIIHHS JKUTTEBUM IIUKIOM JaHHX, fKa
3a0e3neuye MOXJIMBICTh KOHTPOJIbOBaHOI Moauikaii iHpopMmalii npu 30epexeHHi icTopii
3MmiH. Lle gocsraerbes yepe3 BIPOBAIKEHHS CIIELIaJIbHUX CMapT-KOHTPAKTIB, SIKI peaii3yloTh
JIOTIKy 0OpOOKHM 3amuTiB Ha MOAU(IKAIII0 JaHUX Ta 3a0€3MedyloTh aBTOMAaTH30BaHE BUKO-
HaHHS HEOOX1THUX TIEPEBIPOK.

MeTox TakOK BKJIFOYAE MEXaHI3MH 3a0e3ledeHHs BIIIIOBIIHOCTI BUMOraM 3aKOHOaB-
CTBa ILIOJI0 3aXUCTy MEpPCOHANbHMX JAaHuX. Lle mocsraeThcs yepe3 BIOPOBAIKEHHS CHUCTEMH
KepyBaHHs 3rojlaMy Ha oOpoOKy JaHUX Ta MEXaHi3MiB peaii3alii npaBa Ha 3a0yTTs. Baxmnu-
BOIO OCOOJIUBICTIO € MOYKJIUBICTh CEJICKTUBHOTO BUIAJICHHS TAHUX O€3 MOPYIIEHHS UTICHOCTI
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O5oK4eliHy, 0 peali3yeThcs yepe3 MexaHizmu soft-deletion ta mmdpyBanHs qJaHuX 3 moja-
JBIIUM 3HUIECHHSIM KITIOUiB.

HaykoBa HOBU3HA 3aIIpONIOHOBAHOTO METOJY TOJISATAE y po3poOIli Miaxoay 10 3ade3rme-
YEHHS JOCTOBIPHOCTI Ta IIJIICHOCTI MEPCOHAIILHUX AAHMX Yepe3 BIIPOBAPKEHHS JUHAMIUYHOL
cuctemu Bepu(ikalii 3 BUKOPUCTAHHSIM MATEeMAaTUYHOTO amapary Teopii WMOBIpHOCTEH Ta
KpunrorpadiuHux MexanizmiB. Ha BinMiHy BiJ iCHYIOUHMX pillleHb, METOJ 3a0e3Meuye MOXK-
JHMBICTh KOHTPOJIHOBAaHOI MoaudiKalii 1aHuX 0e3 MOpYIIeHHsS NPUHIMIY HE3MIHHOCTI OJIOK-
YeliHy, 1110 TOCATAE€THCS Yepe3 HOBUI MEXaHi3M BEpPCIOHYBaHHS Ta BaJliJallii 3MiH.

Peanizauiss merony. IlpakTuyna peamizamist 3alIpONOHOBAHOTO METOJY 3MIMCHIOETHCS
Yyepe3 pO3rOpTaHHS CIENiani30BaHOi OJIOKYEHH-CUCTEMH, 1110 BUKOPUCTOBYE MOIU(IKOBAaHUN
anroput™ KoHceHcycy Proof-of-Authority (PoA) 3 nogarkoBuMu MexaHi3Mamu BepHQikaiii
ISl poOOTH 3 MEPCOHATBHUMU JAHUMU.

ADpXITEKTYpa CUCTEMH CKJIAZAETHCS 3 HACTYITHUX KIFOYOBUX KOMIIOHEHTIB:

1. MepexeBuii piBeHb:

- MoaudikoBanuii MPOTOKON KOHCEHCYCY POA 3 miaTprMKOI0 OaraTopiBHEBOI BepH-
dikamii

- Cucrema JMHAMIYHOTO PO3MOILTY HABAHTAKEHHS MIX BY3JaMH

- MexaHi3Mu CHHXpOHI3aIlii CTaHy 3 IMiITPUMKOIO YaCTKOBOI perutikaiii

2. PiBeHb CMapT-KOHTPAKTIB:

- KonTpakT ynpaBiiHHS JOCTYIOM 3 TIATPUMKOIO POIBOBOI MOei

- KonTpakT BepcioHyBaHHS JaHUX Ta YIPABIIHHS KUTTEBUM IIUKIOM

— KoHTtpakTu ayauty Ta MOHITOPUHTY Olepalii

3. PiBeHb nomarkis:

— API nns iHTerpariii 3 30BHIIIHIMU CUCTEMAMU

— InTepdeiicu agmiHICTpyBaHHS Ta MOHITOPUHTY

— Monaymi renepariii 3BITHOCT1 Ta aHAJIITUKH

TexHiuHa peainizallis CHCTEMHU BKJIIOYA€ BIIPOBA/KEHHS HACTYIHUX 1HHOBALIMHUX Me-
XaHI3MIB:

KirouoBuM eneMeHTOM peaiizallii € cucTeMa CMapT-KOHTPAKTIB, SIK1 3a0€3Me4yI0Th aB-
TOMAaTH3AaIlI0 IPOLECiB BepuPiKallii Ta yrpaBiIiHH JaHUMU. KOHTpaKkTH peani3yloTh CKIaaHy
JIOTIKYy TIEPeBIpPOK Ta Badijarii, BKIIOYAIOYM MEXaHI3MH KPOC-BasliJiallii JaHUX MK Pi3HUMH
moxepenamu. OcoOnuBa yBara NpUAUIAETHCS ONTUMI3ALIl TPOJYKTUBHOCTI Ta 3a0€3MeUeHHI0
MacIITabOBaHOCTI PILLICHHS.

Cuctema BKJIIOUAE CTICIiai30BaHi KOMIIOHEHTH JJI1 POOOTH 3 PI3HUMHU THIIAMHU TIEPCO-
HAJIbHUX JJAHWX, BPAXOBYIOUH X crienn(iKy Ta BUMOTH JI0 3aXHCTy. KIFOUOBUMH TeXHIYHUMH
1HHOBAIIISIMU €:

1. MexaHi3M BepCiOHYBaHHS JJaHUX 3 BUKOPHCTAHHSM CHCTEMH KOHTPOJIIO Bepciil Ha
OCHOBI JIEPEBOBHJIHOT CTPYKTYpH JaHUX. Taka CTpyKTypa J03BOJIsi€ 30epiraTi MOBHY 1CTOPIIO
3MIH Ta 3a0e3Meuye MOXKJIMBICTh BIJCTEKEHHS BCiX Moaudikaiiil mepcoHalbHUX naHux. Ha
BIIMIHY B1JI TIPOCTOTO JIAHITIO’KKA OJIOKIB, JIEPEBOBUAHA CTPYKTYpa J03BOJISE MIATPUMYBATH
napayiesibHI T1TIKA 3MiH Ta iX TMoJajbiine 00'€qHAHHS, IO BXKIWBO MPH pOOOTI 3 TIEpPCOHATb-
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HUMH JIJaHUMHU B PO3NOJIEHOMY cepenoBuii. KoxkHa Bepcist JaHUX 30epiraeThest sIK OKpEeMHA
BY30JI JIepeBa 3 HACTYIMHOIO CTPYKTYPOIO:
Version = {
id: UUID,
data: EncryptedData,
parentVersion: Hash,
timestamp: Integer,
signature: Signature,
metadata: |
validatorSet: [NodeID],
trustScore: Float,
validationProof: Hash
}
}
2. AJTOPUTM TICEBIOKOIY PO3MOIIJICHOIO0 KOHCEHCYCY 3 MiATPUMKO Bajialii mepco-
HaJIbHUX JIAHUX:
ValidationConsensus (data) {
validators = SelectValidators (data.type)
validationResults = []
forvalidatorinvalidators {
result = validator.Validate (data)
validationResults.append (result)
}
consensusReached = CalculateConsensus (validationResults)
returnconsensusReached
}
3. CucreMa KepyBaHHS JOCTYIIOM Ha OCHOBI PO3IIMPEHOT POJIHLOBOI MOJIENI, SIKa Bpaxo-
By€ HE TUIbKH POJ1 KOPUCTYyBauiB, ajieé i JOJAaTKOBI aTpUOYyTH Ta KOHTEKCT omepauii. Taka
MOJIETb JO3BOJISE peani3yBaTl THYYK] MOJITUKH JOCTYIY, 1110 BPaXOBYIOTh Pi3HI apaMeTpH:
POJIb KOpUCTYBaya, TUIl JaHUX, Yac JOCTYIy, MiCIle AOCTYIY, iICTOpit0 onepariil Tomo. [Ipa-
BHUJIA JJOCTYITY OMHUCYIOTHCSI HACTYITHOK CTPYKTYPOIO:
PolicyRule = {
userRole: String, // Pojb KoOpMCTyBauva (amMiHicTpaTop, OHNeparop,
aynomuTop)
dataType: String, // Twun HepPCOHAJIEHMX IAHUX
operation: String, // Twun omeparii (YMTAHHS, 3amnmuc, MoOMpikariiis)
timeRestrictions: { // YacoBl oOOMexXeHHS HOCTYIIY
allowedHours: [Int], // Jo3BoJsIeHI I'OOMHM HOCTYIIY
allowedDays: [String] // JJO3BOJIEHI HHI1 TMXHS
Vs
locationRestrictions: { // TI'eorpapiuHi oOOMEXEeHHS
allowedIPs: [String], // JozBoseHl IP-ampecwu
allowedRegions: [String] // Jo3BoJsieHI perioHu

}s
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MexanizmMu auepeHiioBaHOT0 JOCTYIY Ta KOHTPOJIIO 32 BUKOPUCTAHHSAM JIAaHUX 4Ye-
pe3 cucTeMy CMapT-KOHTPAKTIB, IO 3a0e3redyye aBTOMATUYHY Bajilalilo IpaB JOCTYIy, ay-
JUT BCIX Omepariii 3 JaHUMH, KOHTPOJIb 32 JOTPUMAHHIM IOJITUK OE3MEeKH Ta. aBTOMATUYHE
BUKOHAHHS NPOLEAYP BiAKIUKAHHS JOCTYITY

BucHoBKH. 3anpornoHoBaHui y poOoTi MeTo]1 3a0€3MeUeHHS JOCTOBIPHOCTI Ta LLJIICHO-
CT1 MEPCOHATBHUX JAHUX y OJIOKYEHH-CHCTEMI MPENCTaBIIsi€ COO0K0 KOMILICKCHE pPillleHHS,
110 BPaxOBYE SIK TEXHIUHI aCMEKTH 3aXUCTy 1H(OpMaLlii, TaKk 1 HOPMAaTUBHI BUMOTH /10 00p00-
KU TIEPCOHAIBHUX JaHUX. Ba)IIMBOIO MepeBarolo € MOXKIUBICT 3a0e3MeueHHs 0anaHcy Mix
3aXMCTOM JIaHUX Ta 3PYYHICTIO X BUKOPUCTAHHS, 1110 IOCATAETHCS Yepe3 BIIPOBAIKEHHS THY-
YKMX MEXaHI3MiB, TAKUX SK CUCTEMa KE€PyBaHHs JOCTYIOM Ha OCHOBI PO3LIMPEHOI POJIbOBOI
MOJIeITi, CMapT-KOHTPAKTIB Il aBTOMAaTH3allii mpoueciB Bepu@ikamii JaHUX Ta MEXaHI3MH
IQepeHIIiiioBaHOTO TOCTYITY 3 KOHTPOJIEM 32 BUKOPUCTAHHSM JIaHUX.

[Moganemmii pO3BUTOK METOIY Tepeadadae BIOCKOHAICHHS MEXaHI3MiB aBTOMaTH3amii
nporieciB Bepudikaiii, MpakKTUYHOI peasti3allii Ta BIPOBAKEHHS Ta PO3LMIMPEHHS MOXKIHUBOC-
Tel iHTerpamii 3 pi3HUMHU iH(HOPMAIITHUMHU CUCTEMaMH: BKJIIOYalOYM KOpIopaTuBHi 0a3u na-
HUX, CUCTEMH €JICKTPOHHOTO JOKYMEHTO00Iry Ta JAep)KaBHI PEECTPH, Y SKHX MO>KHA BIIPOBa-
JUTH BUKOPHCTAaHHS TexHOJoOrii OyokuelH. [lmanyeThcst TakoX po3poOKa JOJATKOBHUX iH-
CTPYMEHTIB aHaJli3y Ta MOHITOPHHTY JUIS IiJBUIICHHS €(EKTUBHOCTI BUSIBJICHHS MOTEHITi-
HUX 3arpo3 Ta 3a0e3MeYeHHs TPEBEHTHBHOTO 3aXUCTY JIaHUX.
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Method for ensuring the reliability and integrity of personal data processed
in a blockchain system

Recent research and publications. Blockchain technology has shown significant poten-
tial for securing personal data through its fundamental properties of immutability and distribu-
tion. However, existing solutions often focus on general blockchain security aspects without
considering the specifics of personal data processing and compliance requirements.

The aim of the study. Development of a specialized method for ensuring the reliability
and integrity of personal data in blockchain systems while maintaining compliance with data
protection regulations and enabling controlled data modification.

Main material of the study. The paper presents amethod based on a mathematical model for
data reliability assessment using a complex validation function and the concept of "trusted
sources". Conclusions. The designed method provides a comprehensive solution that balances
technical security aspects with regulatory requirements for personal data processing.
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I'narymenko BikTopis BosioguMupiBHa — TOKTOp TEXHIYHHX HayK, mpodecop, 3aBinyBad
Kadeapu iHOpMALIHHUX TEXHOJIOTIN 1 cUCTeM YKpaiHCHKOTO JIEPKaBHOTO YHIBEPCUTETY Ha-
YKH 1 TEXHOJIOTI].

Cutauk Poman CepriiioBuu — acnipanTt xadenpu iHPoOpManiiHUX TEXHOJIOTIH 1 CUCTEM
YKpaiHCHKOTO Iep’KaBHOTO YHIBEPCUTETY HAYKH 1 TEXHOJIOTI].
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O.I1. T'oxuid, 1.O. Kaninina, B.O. I'oxwuii, B.B. lumo
CUCTEMHUM NIIXLJI O IPOTHO3YBAHHS ITOMUTY
HA EJIEKTPOEHEPT'TIO HA OCHOBI MAILIMHHOT'O HABYAHHS

Anomayis. Y cmammi docnioxceno cucmemuuil nioxio 00 upiuilerHs npooaemu npocHo3y-
8aHHs NONUMY HA eleKmpoeHepeilo 8 YKpaiHi Ha OCHO8I Memooi8 MAUUHHO20 HABYAHHSL.
IIpeocmasneno nocuioouicms emanie 0OpOOKU OAHUX NPU PO38 A3AHHI 3a0ayi NPOSHO3)6AH-
HSl Memooamu MAwuHHo20 HaguanHs. Po3ensanymo memoo0onozito supiuieHts 3a0a4i npocHo-
3y8anHsa Ha yacosux psoax. Ilpoyec npoenosysanns cxknadaemovca 3 n'amu emanie. Ilepuiuii
eman exaouac 30ip, ananiz ma inmepnpemayiro oanux. Hacmynuuii eman exnouae npoyeoy-
pu 00CniodcenHss ma niocomosku oanux. Tpemiti eman - eman MOOenOBAHH CKIAOAEMbCS 3
MPbOX YACMUH: NIO20MOBKA HAOOPY OAHUX O MOOEN08AHH S, 8UDIp | Ha8YaHHS Modenell |
oyinka ix saxocmi. Yemeepmuii eman — eman npo2HO3Y6aAHHA MA PO3PAXYHOK AKICHUX NOKA3-
HUKi@ npocnosie. Ha n'amomy emani UKOHYIOMbCsa npoyedypu niosuwjeHHs eghekmugHocmi
obpanoi mooeni npocrno3yeanusa. Ha emani mooentosanns suxopucmogy8anucs maxi Mooeiui:
ARIMA, GAM, ANN i BSTS. [Iposedeno ananiz moodeneii i Ha 0OCHOBI KOJNCHOI Modei no6y0o-
8ano0 npocHo3u. [na nobyoosanux mooenetl 3 HauKpawumuy NOKA3HUKaAMU AKOCMI po3paxoea-
HO npo2Ho3Hi 3HauenHs. [Ipocnosu nopiguiosanu 3 danumu eanioayitinoi eubipku. /[ns eubopy
onmumanvHoi moodeni gukopucmosysanu maxi nokasvuku: MAPE, MAE, MSE, RMSE. Haii-
Kpawi pezynomamu noxkazana mooenv BSTS.

Kmiouosi cnosa: Forecasting, Electricity demand in Ukraine, Machine learning methods,
Data processing, Methodology of forecasting, ARIMA, GAM, ANN, BSTS.

Beryn. MeToau MalmMHHOTO HaBYaHHS 3HAYHO MiABUIIYIOTh €()EKTUBHICTh BUPILICHHS
TaKuX MpoOJIeM MAIIMHHOIO HaBYaHHS, K KJIAcH]iKallis, perpecis Ta NporHo3yBaHHsA. Aje
3aCTOCYBaHHS KOXXHOT'O METOAY BUMAarae BpaxyBaHHS 0COOIMBOCTEH HAOOpY JaHMX, CIOCO0Y
NPEJCTaBICHHS JaHUX, OCOOIMBOCTEN 3a/1adi, 110 PO3B’A3yeThcA. TOMY OAMH 13 MiIXOAIB 0
BUpIILIEHHS MPOOJIeEM IPOTrHO3yBaHHS MOJIATa€ B CHCTEMATUYHOMY BUKOPUCTAaHHI KUJIBKOX MO-
JieNiell MPOrHO3yBaHHS 3 MOJANIBIIMM BUOOPOM MOJIENI, SIKa Ja€ HalKpallli pe3yiabTaTH.

Cporo/iHi CIOXKHMBaHHS €HEprii B YChbOMY CBITi CTPIMKO 3pOCTa€ yepe3 3pOCTaHHs MOMH-
Ty Ha eJIEKTPOCHEPTiI0 Yepe3 MOCTIHHO 3pocTaiode HaceIeHHs MJIaHEeTH, MaclITaOHUI pO3BU-
TOK MPOMHCIIOBOCTI Ta TEXHOJIOT1H, MiABUILEHHS PiBHS KUTTA, MAaCIITa0HY 1HAYCTpiani3aliio
B KpaiHax, 10 pO3BHBAIOTHCA, 1 HEOOXITHICTh MIATPUMYBATH BUCOKI TEMIIU CTAJOr0 PO3BUT-
Ky. EnexTpoeHepreTika € 0CHOBOIO €KOHOMIYHOTO MOTEeHIany Oyb-sKoi kpainu. Llg ramys3p
BITHOCUTBCS J0 Taiy3eil KpuTHUHOI 1HPACTPYKTYPH, SIKI TIOBUHHI JTy’e HIBHJKO pearyBaTu
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Ha 30BHIIIHI 3MiHH, TaKi IK CTUXIHHI TMXa, BIMCHKOBI [Iii, a TAKOXK HA 3MiHY YMOB Ha PUHKY
€JIEKTPOCHEePTii.

[TporHo3yBaHHs MOMUTY HA €IEKTPOCHEPTII0 B YKpaiHi ChOTOAHI € CTPATETIYHO BAXKIIU-
BUM IHUTaHHSAM, OCKUIBKHM B YMOBaX BiffHM Ta MOCTIMHUX aTak Ha €HEPreTUYHY iHPPACTPYKTY-
Py HEOOXiTHO ONEPATUBHO PO3MOAUIATH EHEPrOPECypPCH AJIs 3aI0BOJICHHS MOTPEO Pi3HUX TH-
1B CII0)XKUBAYiB.

BpaxoBytoun 11i gakTopu, CTBOPEHHS aICKBAaTHHX 1 TOYHUX MOJENCH MPOTHO3YBaHHS
MIOTUTY Ha €JICKTPOCHEPTiI0 € HEOOX1THUM 1 BAXKITUBUM ISl TOYHOTO TIAHYBAHHS 1HBECTHIIIN
y BUPOOHHIITBO Ta PO3IOJILT €JIEKTPOCHEPrii. 3araabHOI0 CKIAJHICTIO PO3POOKH SIKICHUX TPO-
THO31B € BU3HAYCHHSI IOCTATHBOI KUIBKOCTI 1H(OpMALii 1y moOy10BH MPOTHO3ZHUX MOJIEIIEH.
S0 MaHUX HEJAOCTaTHBO, TO IPOTHO3 Oyae HeToUHUM. [1o1i0HNM YHHOM, SKIIO iH(OpMAITis
€ HETOYHOIO a00 HAJIUIIKOBOIO, MTONIEPEIHsI 00pOoOKa JaHUX 1 CTBOPEHHSI MOJEJEH ISl PO-
THO3YBaHHS Oyne CkiIaJgHuM. ToMy BHHHKA€ HEOOXITHICTH ITiIBUIIEHHS TOYHOCTI MPOTHO3-
HUX MOJIeJIeH 32 paXyHOK BUKOPUCTAHHS Cy4acHUX €(hEeKTUBHUX METO/IIB 1 MIXOIiB.

B nanniit poOoTi JOCTIKYEThCS CUCTEMHHIA TIAXIJT 10 BUPIMICHHS 3aBJaHb IPOTHO3Y-
BaHHs. [y BUPINICHHS 3aBJaHb MIPOTHO3YBAHHS BUKOPUCTOBYIOTHCS Pi3HOMAHITHI METOIH i
MO/IeJi MAaIIMHHOTO HABYAHHS, IJIS pealtizamii MporpaMHUX MOJYJTiB BAKOPUCTOBYETHCSI MOBA
nporpamyBaHHs R, Ta cepenopuie po3podku RStudio.

IMocTanoBka npodsaemMu. Metoro 7aHHOT poOOTH € JOCHTIKEHHS 1 po3poOKa Ha OCHOBI
CUCTEMHOI'0 MiIX0/y METOJI0JIOT1I BUPILIEHHS 3aJ]a4 IPOrHO3YBaHHS 3a JOIIOMOI0K0 METO/IB
MAIIMHHOTO HABYaHHS. A TaKOX JIOCIIINTH 3a7ady MPOrHO3YBAHHS MOTUTY Ha EIEKTPOCHEP-
rito B YkpaiHi. [IopiBHATH e(pEeKTUBHICTh PI3HUX METO/IIB MAIIMHHOTO HABYAHHS Y BUPIIICHHI
3aJ1a4i IPOTHO3yBaHHS MIOMUTY HA EIIEKTPOSHEPTIIO.

AHaJii3 oCTaHHIX J0cailzKeHb. Y poOoTi [1] HaBeeHO aIrOpUTM MPOrHO3YBAaHHS MOT-
pebu B elIeKTpPOCHEeprii, sfiKa MOB’sg3aHa 3 MAKCUMAJIbHUM HABAHTAXKCHHSIM B €JICKTPOMEPEKI.
ABTOpamu 00rpyHTOBaHO Ta 3actocoBano meton CBP. HabGip nanux i mapamerpu merony Oy-
JIM HAJIAITOBAHI Ta ONTHUMI30BaH1 TOpUIHUM METOAOM. Takui MmiJxXia J103BOJISE 3MEHILNUTH
3arajibHy MOXUOKY MpOorHo3y. ['10puaHuii MeTo 0a3yeThCs Ha MOEIHAHHI MOJIel HEHPOHHOI
Mmepexi, metogy ARIMA Tta moaugikoanoro merogy SVR.

VY po0ori [2] m1st 0OpoOKH BUXITHUX JaHUX BUKOPUCTAHO aJTOPUTM IITYYHOI O/KOJIN-
HO1 KOMOHi1. [[)1s1 MpOrHO3yBaHHS MOMUTY Ha €JEKTPOCHEPTII0 alrOPUTM BUKOPHCTOBYBABCS B
MOETHAHHI 3 aHCAMOJIEBUMH MOJICIIAMH. P He3aJIe)KHUX BXITHUX 3MIHHUX OYyJI0 BUKOPHUCTA-
HO JUIS CTBOPEHHS MOJesiel OJHOPIAHOro aHcaMOIIo. 3anponoHOBaHa aBTOpaMH MOJIEb aH-
caMOro 3a0e3neuye OUTBII TOYHI MPOTHO3W. ABTOpPH [3] MPOMOHYIOTH TMOEIHATH MOJCIb
npsIMOi HEHPOHHOI MEpexi 3 apXITEKTYpOI 3rOPTKOBOI HEMPOHHOI Mepexi AJisi MPOrHO3Y-
BaHHS TIOMUTY Ha eNeKTpoeHeprito. Takui MiAxiJ BUSABUBCA Haile@exkTuBHIIMM. MeTtoau
rIUOOKOT0 HaBYaHHS TaKOX 3aCTOCOBYBaHCA B [4]. YV TOKyMEHTI 3p00JIEHO TPOTHO3 MOMUTY
Ha €Heprilo Ha OCHOBI CTaTHUCTUYHMX JaHMX 3a MomepeAHi poku. J{is Outeln riuboKoro BU-
BUYCHHS JIaHUX BUKOPUCTOBYBABCS METOJ KJIACTEPHOTO aHami3zy. HaBaHTaxkeHHs Oyno Kiacu-
¢bikoBaHO 3a IEBHUMHU MEpioAaMH Ta MPEJICTaBICHO y BUIJIAAL KinactepiB. [Iporuo3 monurty Ha
€JICKTPOCHEPTiI0 OIIHIOBAIH 3a JOTIOMOTOI0 HelipoMepekeBUX mMojeneit 1 SVM.
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VY crarti [5] npeacTaBieHo MiAXia IO MPOTHO3YBAHHS TOIUTY Ha €JIEKTPOCHEPTi0 Ha
OCHOBI TiOpuaHOT Mozeni. Moxaens moOynoBana 3a pgomomoror komOiHarii ARIMA Ta
LSSVM. PesynbraT mporHo3yBaHHs MOKA3yIOTh, 10 TaKWH MiAXiA 10 MOOYI0BH MO 10-
3BOJISIE BPAXOBYBAaTH aHOMAaJIbHI 3HAUYEHHS B JaHUX. Y poOOTi [6] aBTOpH BHKOPHCTAINA MO-
JIeTb PErpeciiiHoOro aHali3y JUIsl IPOrHO3YBaHHS MOIMUTY Ha €IEKTPOCHEPTiI0 B PI3HUX raly-
351X TIPOMUCIIOBOCTI.

J1J1s OIIHKHY MIKOBOT'O MICSYHOTO MOMUTY Ha €IEKTPOCHEPTiI0 B [7] BUKOPHCTOBYBAIHCS
HactymnHi Metoau: Meton ANFIS, cnemnianbauii MeTo 0OOpOOKM JaHUX Ta Pi3HI MOJENI HEu-
POHHUX Mepex. Y MO€AHaHH] i3 3aPONOHOBAHUMH MOZAESIMH OyJI0 BHSIBIICHO, 11O Il METOIU
Kpalie MmigxosaTh IS BU3HAYCHHS IMIKOBOTO TOIMUTY Ha elleKTpoeHepriro. Y [8] BiH omyOi-
KyBaB JIOBIOCTPOKOBI IPOTHO3U TMOIMUTY Ha eNeKTpoeHepriro B I'pemii, a TaKo) BUKOPUCTAB
3B'SI30K MK YaCOBHUMH psJIaMH Ta €(EKTUBHUMH KiJIbKOMa KpUTEpisiMUA. Moienb OIIHKH BH-
TpaT IOCIiKEHO 3 BUKOPHCTAHHIM AaHUX, 310paHux Mk 1999 ta 2013 pokamu. Brums Bu-
POOHHIITBA EIEKTPOCHEPTil B €BPOMEUCHKUX KpaiHaX ITiJ 4ac KapaHTUHY AOCIIHKEHO B poOO-
tax [9,10].

VY po6orax [11,12] nocmimkeno eeKTUBHICTh Pi3HUX MIAXOIB 1 CTpATETii s MPOTHO-
3yBaHHS IIO/ICHHOTO CIIOKMBaHHS eHeprii. ABropH [13] mocmipKyBaiy miaxix 10 MpOrHO3Y-
BaHHS HABAHTA)XCHHS B €JIEKTPUYHIN MEpEkKi 3a OMOMOTOI0 METOIB IITYYHOTO IHTENEKTY.
ABTtopamu [14] po3po6ieHO MOJIENb TPOrHO3YBAHHS MOMUTY HA EIEKTPOSHEPTir0 IS )KUTIIO-
BHX 1 KOMEPIIHHUX OyIiBeIh Ha OCHOBI aHCAaMOJIEBUX METOJIB. PO3TIIIHYTO KOPOTKOCTPOKO-
BE€ IPOrHO3YBaHHS.

VY [15] aBTOopHu BukopucroBytoTh Mozeni SVR y noeananni 3 WOA, 110 BKIIIOYae Ha-
BUAHHS Ha OCHOBI eniTh Ta xaotudHoi omno3uilli (ECWOA) mist mokpaiieHHs: pe3yabTaTiB
MPOrHO3yBaHHA. Pe3ynpTaTH eKCHepHMEHTIB IMOKa3yloTh, 110 BpaxyBaHHS 1H(opmalii mpo
L[IHU Ha €JIEKTPOEHEPTil0 MPU3BOANUTH A0 MiABUIIEHHS TOYHOCTI MPOrHO3YBaHHA. Y poboTax
[16,17] po3risimaroThCs MIIXOAW HA OCHOBI aJITOPUTMIB MAIIMHHOTO HABYaHHS JJIsl T1JBU-
IIEHHSI TOYHOCTI KOPOTKOCTPOKOBHUX MpPOrHO3iB. BukopucroByBamucsa Taki meroau: SVM,
LSTM, SVR Ta ancambiieBi CTpYKTYpH.

VY [18] nnst oTpuMaHHSI MPOTHO3HUX 3HAYEHb EJIEKTPOEHEprii BUKOPUCTAHO CE30HHO
CKOpPHUTOBaHYy perpecito. Y po0oTi [19] aBTopu Ha KOHKPETHUX MPHUKIAgaX MPOJEMOHCTPYBa-
mu nepeBary LSTM nan SVM y 3aiaul nporHo3yBaHHsI IOMUTY Ha eleKTpoeHeprito. Y [20—
22] Oynu moCHiIkKeH1 pi3HI apXITEeKTypHd HEWPOHHUX MEPEX y MO€JHAHHI 3 €BPUCTHUYHHUMU
TOPUTMAaMH TS TPOTHO3YBaHHS TIOMUTY Ha EIIEKTPOCHEPTII0 B PI3HUX KpaiHax.

Metoaosorusi BUpillleHHs 3aB/IaHb NPOrHo3yBaHHs. [locnioBHICTH eTamniB 00poOKu
JaHUX TPHU PO3B’sI3aHHI IPOrHO3HOI 3a/1a4l HaBeZieHa Ha puc. 1. BoHa ckianaeTscs 3 HaCcTyI-
HUX eTalliB: 301p aHuX, JOCTIHKEHHS Ta MATOTOBKA JIaHUX, MOOY0BA Ta HABYaHHS MPOTHO-
3HUX MOJIEJeH, BUOIp HaMKpaluxX MOJENEeH Ta pO3paxyHOK MPOTrHO31B, OIliIHKA Ta MepeBipKa
SIKOCTi TIPOTHO3iB. [27-28].
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Pucynok 1 - [TocnigoBHICTh €TariB BUPIIICHHS 3a/1a4 MAIIMHHOTO HaBUAHHS

[adopmariitna Moaens A BUPIMIEHHS 3a7a4l IPOrHO3YBaHHS 3a J0MOMOIOI0 METO/IIB
MAaIIMHHOTO HAaBYAHHS OMKCAaHa 3a JOTIOMOT00 HACTYITHOTO HA0OPy €JIEMEHTIB:
ML, = {NData;,NL,_,.,NSp...,MA;, Mod,,MP_,Us.}

Data’ Data’
ne NData_T — nabip HaOboOpiB IaHUX, SKi 0OPOOJSIIOTHCS MPU BUPIIMICHH] 33/1a4i MAITMHHOTO
naByanHs; NL_Data — Ha0ip HeniHiIiHOCTeH TaHuX, SKi BpaXOBYIOThCS MPU BUPIIICHHI 3a/1a4l
mammHaHoro HaBuanHsa;, NS_Data — Ha0ip HecTarioHapHUX MPOLECIB, SIKI BPAXOBYIOTHCS MPU
BUpIIICHHI 3a7a4i MalMHHOTO HaBuaHHS; MA_T — Habip MeTOoaiB aHali3y Ta MOINEPEAHbOI
00poOku MacuBiB ganux; Mod_T — Habip MeToiB MOOYI0BH MOJIENI Ta METO/IiB MOJICTIOBAH-
HS Ul BUpIIIEHHS 3aJaul MalMHHoro HaBuaHHs; MP_T — Habip MeTo/iB MPOrHO3yBaHHS Ha
OCHOB1 MMOBIPHICHOT'O CTaTUCTUYHOI'O aHaNi3y 3 YpaxyBaHHSAM HEIIHIMHOCTI Ta HECTalllOHa-
pHOCTi fanux; US_T - 11e HaOlp HeBU3HAUYEHOCTEH Mijl yac BUPIIIEHHS 3ajjaul MallMHHOTO Ha-
BYAHHS.

Ha ocHoBi po3pobneHoi iHpopmartliiiHoi Mo/ieli CTBOPEHO OMUC €TaliB BUPILIEHHS 3a-
Jlad TIPOTHO3YBaHHs Ta pPO3pOOJIECHO METOI0JIOTII0 BUPILIEHHS 3ajadl MPOTHO3HOTO MOJIENIO-
BaHHs Ha YaCOBMX psAJax, sKa Ipe/ICTaBlIeHa Ha PUCYHKY 2.

Mertonosoris Oyna po3po0ieHa Ha OCHOBI CUCTEMHOro Minxoay. Metomosoris mpen-
CTaBJIeHa Y BUTJISAL MOCIIJOBHOCTI HACTYNHUX eTamniB. [lepmuii eran HeoOXiaHui Aiis 300py,
aHaJi3y Ta IHTeprpeTanii BUXiAHUX HaHuX. [Ipu 3aBaHTakeHHI HaOip JaHUX aHAJI3YeThCH,
BU3HAYAETHCSI HOTO CTPYKTypa Ta 0COOJIMBOCTI OKpEMHX aTpUOyTiB. Y pe3ynbTari momnepei-
HbOI 00pOOKM JaHMX HAOIp TOTYEThCA JUIS MOAAIBIIOTO aHAJI3y — IHTEIEKTYaJIbHOTO aHaNli3y
JTAHMX.
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Pucynok 2 - Metoposoris BUpimeHHs 3a1a4i IpOrHO3HOTO MOJICITFOBAHHS Ha YaCOBHX PsJax
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Ha nepuwiomy erami BinOyBaeThcs 30ip maHux. /[pyeuti etam niepeadadae mpoueaypu a0-
CIII/DKEHHS Ta MIATOTOBKY JaHUX. AHATI3yeThCS OMMCOBA CTATHUCTHUKA JJIsI KOXKHOI 3MIHHOI,
1IeHTU(]IKYIOTHCSI BIICYTHI Ta aHOMaJlbHI 3HAU€HHS, BU3HAYA€ThCS PIBEHb aBTOKOPEIIIii,
11eHTU(IKYIOTHCS HEJIIHIMHICTD 1 HECTAL[IOHAPHICT JAHUX Ta iX THIH, aHATI3yEThCS reTepoc-
KEJJAaCTUYHICTh Ta aHAJII3YETHCS MPOLIEC HA IHTETPOBAHICTD.

Tpemiu etan - eTanm MOJICTIOBaHHS CKJIQJA€ThCS 3 TPHOX YACTHH: IMIATOTOBKAa HAOOPY
JAHUX JJIS MOJICTIOBaHHS, BUOIp 1 HaBUAaHHS Mojieliel 1 omiHKa ix sikocti. [lepen mouaTkom
MOJIETIIOBAHHS IM1ITOTOBJIEHU HA01p JaHUX PO30MBAETHCS HA HAaBYAJIbHY Ta TECTOBY BUOIPKH,
a TaKOX CTBOPIOIOTHCS HabOpu /s nepexpecHoi nepeBipku. [Ipu Bubopi Mozeni alroputMu
MOJIETIIOBaHHS MEPEBIPAIOTHCSI HA HaBYAJIbHINA BUOIpI 1 BUOMpaeThcs HallKpalluid 3a NeBHHU-
MU KPUTEPISIMHU SKOCTI.

Yemeepmuii etan — eTan NoO0YyA0BU MPOrHO3IB Ta OLIHKM iX skocTi. Ha m'atomy erami
BUKOHYIOTHCSI TIPOLIEYPH IiJIBUIIEHHS €(EeKTUBHOCTI 00paHOoi Mojeil MporHo3yBaHHs. J{is
PI3HUX METOJIB MOJICNIOBaHHS JUISl MiJIBUIIEHHS SKOCTI MOXHA BHUKOPHUCTOBYBATH HACTYIIHI
METOAM: YCKIJIQJHEHHS CTPYKTYpH MoJeli, 3MiHa ii crnenudikauiid, 3MiHa TOmoJorii Mojeni
(Ta/abo ¢yHKLINH akTUBAI1), BAKOPUCTAHHS JOJATKOBUX aJTOPUTMIB, KOMOIHYBaHHS MPOTHO-
3HUX 3HAYCHb.

BaxnrBor 0cOOMBICTIO IPEICTABICHOTO METOY € Bi3yalisaiis. 3a JOMOMOTOk0 Bi3y-
aizanii Ha KO)KHOMY eTari MOXXHa CKOpPEeryBaTH MOCHIJOBHICTh il 1 TOBEPHYTHUCS A0 IOIe-
penHix eramiB. Etanu Merogy mMaroTh 0COOIMBOCTI, 10 BiIOOpa)karoTh MPEIMETHY 00JIaCTh
BUPILLIEHHS TPOOJIEMH.

IIporno3yBaHHsi MONUTY Ha ejekTpoeHeprito. Hadip nanmx. [lanHi 11 IporHo3y-
BaHHS TOIMUTY Ha EJIEKTPOCHEprilo B YKpaiHi MpeJCTaBIeHO Ha BeO-pecypci Jep:KaBHOTO
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oreparopa puHKY enekTtpoeneprii [23]. IaTepBan yacy CrOCTEpEKEHHS OXOIUIIOE MEpPion 3
01.07.2019 o 04.10.2024. HaGip MiCTUTh IOTOAWHHI JaHi PO 00CATH EIeKTPOEHEeprii, mpo-
JaXi eneKTpoeHeprii, monut Ha Hei B MBT TO/ B enexkTpoMepekax Ykpainu ta iHu (puc. 3).

'data.frame': 69385 obs. of 10 variahles:

% date : chr  "2019-07-01" "2019-07-01" "2019-07-01" "2019-07-01"
% hour cint 1234567 8910 ...

§ energy_system : chr  "Burshtyn peninsula" "Burshtyn peninsula" "Burshtyn
§ price : hum 939 939 939 939 939 939 939 939 2040 2040 ...

§ amount_sales : num 313 241 259 153 153 ...

§ amount_purchase : num 313 241 259 153 153 ...

§ amount_sales_nominated © num 313 241 259 153 153 ...

§ amount_purchase_nominated: num 364 334 320 320 317 ...

% demand : num -50.7 -93.3 -60.8 -167.9 -164.5 ...

§ price_cap © num 959 959 959 959 959 ...

Pucynok 3 - Ctpykrypa HaOOpy JaHUX «EIECKTPUKAY

3MiHHA 3 TOAMHHUKOBUMHU TO3HAUYKAMHU B JIEHb BKJIIOYAETHCS 10 3MIHHOI 1HAEKCYBaHHS
JaTH Ta 4acy, a 3MiHHA MOMUTY BUOMPAETHCS 3 HAOOPY AK pe3yNabTyroua 3MiHHA. 3a3HAYAETb-
cs, 10 3MIHHA energy system mnpuiimMae nuiie Tpu 3HadeHHs: miBocTpiB bypmrun, OEC
VYxpainu, OEC Vkpainu (cunxponizoBaHo 3 cucreMamMu ENTSO-E). 3nauenns uiei 3MiHHO1
1o 24 motoro 2022 poky O0yio po3aiieHo Ha 1Bl okpemi mifcucremu: «€C Ykpainn» ta «by-
PIITUHCHKHIA eHeproocTpiBy. 3 24 motoro 2022 poky ykpaiHCbKa €HeprocucTeMa CHMHXPOHI-
30BaHa 3 eBponeicbkor eHeprocuctemMoro ENTSO-E. Takum unnom, 1o 24 mrotoro 2024 po-
Ky B JlaTaceTi MICTATHCSA JaHi MOMUTY OKPEMO JJIs ABOX IMIJICUCTEM, a JAJIsl pO3PaxXyHKy 3ara-
JBHOYKPATHCHKUX MOKA3HUKIB 3HAUYEHHS AJIS IIUX MiJCUCTEM MiJICYMOBYIOThCS (pUC. 4).

> # Aggregation of the demand of individual power grid subsystems into one time series
> energy_demand <- data.frame(datetime = unique(dataSdatetime), demand=0)

> for(i in 1l:Tength(energy_demand$datetime))

+ 1

+ energy_demandfdemand[i] = sum(data$demand[which(data$datetime==energy_demandSdatetime[i])])
+

[—

Pucynok 4 - ®@parMeHT Koy 715 arperyBaHHs MOMUTY
OKPEMHUX M1ICUCTEM E€JIEKTPOMEPEXK1 B OJJUH YACOBHUH s

[Ticnst mepeBipku B HabOpi JaHuX Oyno 3HAlAEHO S5 BIJICYTHIX 3HadeHb. BincyTHi 3Ha-
YEHHsI MalOTh PIYHUI 1HTEpPBaJ 1 PEECTPYIOTHCS B KiHII Oepe3Hs a0o Ha nmovatky kBiTHs. Has-
BHICTh PO3pUBIB IOB'I3aHa 3 MEPEX0/I0M FOJIMHHUKIB Ha JITHIM yac. BpaxoBytouw, 1o 3ara-
JBHUI 00CST CcrIoCTepeXeHb CTAHOBUTH 69 385, 1715 3aroBHEHHS IPOMYIIEHUX 3Ha4€Hb BUKO-
puctano metoa LOCF [24]. Tlicns aHanmizy 4acoBHUX PAJIB 4acTOTY BUOIPKH OyJ0 3MEHIIICHO.
[ToroauHHI CIOCTEPEIKEHHS MOMUTY Ha €JIEKTPOCHEPrit0 B HA0Opi Oyyu arperoBaHi B cepel-
HBOZI00O0BI.

Jls moGy10BY MPOTHO3HUX MoJiee MU BUKOpUCTanu yacTuHy gaHux 3 01.06.2022 no
04.10.2024, 3a BUHATKOM IMKOBUX AUISTHOK psiay Oym3bko 24.02.2024 (puc. 5). Ha pucynky
BHJIHO, IO TIOTIUT MOKE TIPUIMATH BiJ’€MHI 3HaUEHHS — 1€ BIAMOBIA€ CUTYaIlii, KOJU 00Cs-

TH IPOJIaXy €IEeKTPOeHePrii NepeBUIIYIOTh 00CATH KYIiBJIi.
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Demand for electricity in the energy system of Ukraine
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Pucynok 5 - I'padix pparmenrta gacoBoro psany energy demand

BaxnBoro yMOBOIO MOOYI0BU HaJIMHHUX NPOTHO3HUX MOJENEN € PO3YMIHHS CTPYKTY-
pu yacoBux psaaiB. Jekommnosuis psay merogoM STL [25,26] no3Bonuia BU3HAYUTH OCHOBHI
IPUHIUIM MOJIENIOBaHHs. [IMOTeTHYHA HECTAI[lOHAPHICTh YacOBOT'O PSy MiATBEPKYEThCS
tectamu JlroHr-bokca Ha HesanexHicTh, po3mupenuM tectoMm Jliki-Dymnepa, Tectom KPSS
Ha piBEHb cTalioHapHOCTI Ta TecToM Diminca-IleppoHa Ha OMHUYHUN KOPiHb.

Yacosi psaau Oynu mepeBipeHi Ha HENiHIMHICTh 32 JOMOMOTOK HAaO0OpYy CTaTUCTHYHUX
TecTiB. Pesynbratu BuUnpoOyBaHb MIATBEPAMIN Bi3yaldbHY HENIHIMHICTH PSIy, OCKIIBKH P-
3HadyeHHs MeHuie 0,05. I'eTepockeacTUYHICTD psAAy MiATBepAXKeHa TectoM Makieona-Jli (p-
3naueHHs meHie 0,05). B pe3ynbrari TECTiB BU3HAYAE€THCSA KUIBKICTh HEOOXITHUX AU(EpeH-
miamii i ce30HHUX AudepeHIraliil s oTpUMaHHs CTalliOHapHOTO YyacoBoro psany. s mepe-
BIPKM YacCOBHMX psJ/IB Ha aBTOKOpenswilo Oyiau BukopHucTaHi Tectu JlapOiHa-Barcona Ta
Bbpeiima-I'otdpi. 1 000X TecTiB oTpuMaHi p-3HadeHHs 3Ha4HO MeHmi 3a 0,05, mo niaTeep-
JKY€ aBTOKOPEJIAL0 YacoBoro psany. I'padiku BubipkoBoi aBTokopesuiinoi pynkuii (ACF)
1 yactkoBoi aBTokopesnsauiiHoi ¢ynkuii (PACF) Ha pucyHky 8 BiANOBIJAIOTH OYIKYBaHHSIM:
aBTOKOpeIsiiiiiHa yHKIIE MOHOTOHHO 3MEHIIYETHCS 31 301IbIIEHHSM YacOBOT'O 3CYBY.

Pe3ynbraTtu nmonepenHbOro aHamizy miATBEPHKYIOTh HAJIEKHICTh JOCTIIKYBAaHOTO MPO-
1IeCy /10 KJIacy HeJIIHIMHUX 1 HeCTalllOHapHUX.

IMoGynoBa Ta oniHKa NMPOrHO3HMX Moaesel. ETanm MoAemoBaHHS MOYMHAETHCS 3 TI0-
Ity Ha0opy JaHUX Ha JIBl YaCTHMHM: HaBYaJIbHY Ta TecToBY BuOipku. OctaHHi 14 crocrepe-
KEeHb (IBOTHKHEBHH Jiana3oH) 30epiratoTbes sIK TECTOB1 CIIOCTEPEKEHHS, 110 BIATOBIJIAE TO-
PHU30HTY MPOTHO3Y B 14 MTHIB AJIT KOPOTKOCTPOKOBOTO MPOTHO3YBaHHS (puC.6 ).
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Pucynox 6 - HaBuanbHi (4opHUif) Ta TECTOBI (CHHI) IaHi
11010 IMHAMIKH CepeIHBO000BOT MOTPEOH B EIEKTPOCHEPTil
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Ha erami monentoBaHHS B SIKOCTI 0a30BUX MOJIENEN MPOTHO3Y OYyJIM BUKOPUCTaHI Ha-
cTynHi craructudai mojem: ARIMA, MeTon MmiJrOHKH aJUTUBHUX PETPECIHHUX MOjelei
(GAM), mryuni HeiiporHi Mepexi npsmoro nomupeHHs (NNAR), 6alleCOBCbKI CTPYKTYpHI
mopeni yacoBux psaaiB (BSTS). Bubip uux mozaeneit o0ymMoBineHHiA 1X 3aTHICTIO pO3Mi3HaBa-
TH CKJIaJIHI 3aKOHOMIPHOCTI B pAJax peajbHOTO Yacy 3 ypaXyBaHHSM HEJIHIHHOCTI Ta HecTa-
[[IOHAPHOCTI JOCIiKyBaHOTO Tpoiiecy [27].

IIporHo3yBaHHs Ta oliHKA pe3yJabTaTiB. Mojeni 3 HaKpal¥Mu OKa3HUKaMHU SKOC-
Ti OyJIM MOKJIAZIeHI B OCHOBY PO3paxyHKY MPOrHO3HUX 3HaueHb (Tabum. 1). IlokasHuku skocTi
MoJIeNiell BU3HAYAIM Ha JAOCIiTHOMY 3pa3Ky. s BuOopy onTuManbHOT MOAETi BUKOPUCTOBY-
Banucs Taki nokasuuku: MAPE, MAE, MSE ta RMSE.

Ha pucynky 7 moka3aHo Bi3yalli3aiiro MPOrHO3HUX 3HAYEHbB JJI YaCOBHX PSIIIB TOMUTY
Ha CJIEKTPOCHEPTII0 B YKpaiHi, moOymoBaHuX 3a qoromororo mojern BSTS (M7). Yopaa niHis
npezacrasisie 50 HABYAIBHUX JaHUX, CHHS JIIHISL IPEJCTaBIsE MPOrHO30BaHI 3HAYECHHS Yaco-
BOTO psny. JKOBTI kpanku Ha rpadiky — e JaHi JOCTIKYBAHOTO 3pa3ka. 3elieHi IMyHKTUPHI
TiHiT 00MexyI0Th 95% MOBipUMii IHTEPBAI TPOrHO30BAHUX 3HAYCHbD.

Taomus 1
[TopiBHsUTbHA TAONHUIS KPUTEPITB AKOCTI MPOTHO3Y VIS PI3HUX MOZEIEH
Types of models RMSE MAE MAPE MSE
ARIMA (1, 1, 2) 360.778 320.009 3.578 130160.77
(2,0,0)
GAM (annual and
weekly seasonal 387.664 339.114 3.704 150283.38
components)

BSTS (robust local linear
trend + autoregressive

289.527 215.634 1.002 83825.84
component + weekly
seasonality component)
NNAR (n=15, Sigmoid, 45, 430 314,993 3289 123926.34
maxit=5000)
§ |
-
01.08.é024 15.08.2024 01.0;.2024 15.09.2024 01.10.2024

time

Pucynok 7 - Bisyanizallis IporHo3HUX 3Ha4€Hb ISl parMeHTa 4acOBOI'O Py
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[IpencraBneni pe3ynbTaTH AEMOHCTPYIOTh €(EKTUBHICTH BUKOPUCTAHHS MOJEIEH
BSTS nns BupimeHHs 3amad nporHo3yBanHs. [lomanbiie mokpamieHHs pe3yabTaTiB IPOrHO-
3yBaHHS MO>KJIMBE 32 PaXyHOK BUKOPHCTaHHS KOMOIHOBaHMX MPOTHO31B [27, 28].

BucHoBku. Y poOOTI IPEICTABICHO JOCIHIIKCHHS CUCTEMHOTO IMiIX0Iy 0 MPOTHO3Y-
BaHHA. byna po3risiHyTa 3ajada MpOTrHO3YBaHHS MONUTY HAa €JIEKTPOCHEprilo B YKpaiHi 3a
JOTIOMOTOI0 METOJIIB MAIIMHHOTO HaBuaHHs. JlOCIIHKEHHS MPOBOAMIN Ha OCHOBI JaHHMX
2019-2024 poxkiB. Po3pobiieHo Ta mpeacTaBIeHO MOCIHIIOBHICTh €TammiB 00pOOKH JaHUX MPHU
PO3B’sA3aHHI 33734l MPOrHO3yBaHHS METOJIaMH MAaIIMHHOTO HaBuaHHs. [lociioBHICTE BKIIO-
YJae HACTYIHI KPOKH: 301p TaHUX, TOCIIHPKCHHS Ta MirOTOBKA IaHUX, MOOYI0Ba Ta HABYaHHS
MoJIesIel IPOTHO3Y, BHOIp HalKpaloi MoJieNi Ta po3paxyHOK IMPOTHO31B, OIIHKA Ta IepeBipKa
SKOCTI TIPOTHO3iB. 3alpoNOHOBAHO 3arajibHy METOAWKY BUPIIICHHS 3a7ad MPOTHO3YBAaHHS
YaCcOBHUX PsAIIB Ha OCHOBI METOJIB MAIIMHHOTO HaBYaHHA. PimeHHsS 3ama4i MpOrHO3yBaHHS
CKJIaJaeThes 3 M'aTu eramiB. Ha nmepmomy erami 37iiicHIOeTRCS 301p, aHAMI3 Ta IHTEpIpeTaLis
nanux. Ha gpyromy erami npoBOISTHCS TOCTIIKEHHS Ta MPOLEIypH MiArOTOBKH JaHuX. Tpe-
Till eTam - eTan MOJCIIOBAaHHS CKJIANAEThCS 3 TPhOX YACTHH: MIArOTOBKAa HAOOpy JaHUX UIS
MOJICTIIOBAaHHsI, BUOIp 1 HAaBYaHHS MOJEJEH 1 OlliHKa iX skocTi. UeTBepTuil eram — eTam mpo-
THO3YBaHHS Ta BH3HAYEHHS SKOCTI MporHo3iB. Ha m'stomy erami BUKOHYIOTBCS MPOLEAYpH
MiABUIIEHHS €PEeKTUBHOCTI 00paHoi Mojelni nmporHo3yBaHHs. Ha erami moxenmtoBaHHsS Oymnu
Bukopuctani Taki mozeni: ARIMA, GAM, ANN rta BSTS. Byno npoBeneHno neransHuii aHa-
73 Mojienielt 1 3po0JIeHO MPOTHO3M HAa OCHOBI KOKHOI Mojeni. st moOympoBaHux Mozenei 3
HaWKpalluMHU MMOKa3HUKAMHU SIKOCT1 pO3paxoBaHO MPOrHO3HI 3HaueHHA. [Iporno3 po3pobusises
Ha 2 TwxHI. [IporHo3u nmopiBHIOBaNM 3 JaHUMHU BaslijaniiHoi Bubipku. s BuObOpy ontuma-
JILHOT MOJIeNI Ta 11 OI[IHKKA BUKOpHUCTOBYBanucs Taki nokazuuku: MAPE, MAE, MSE, RMSE.
Haiikpami pesynapTatu nokazana monenb BSTS. lle miarBepmxye edeKTHBHICTH Moneml
BSTS npu nporuo3zyBaHHi Ha peaJlbHUX JIaHUX.
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System approach to forecasting electricity demand based on machine learning

The article explores a systemic approach to solving the problem of forecasting electrici-
ty demand in Ukraine based on machine learning methods. The sequence of data processing
stages when solving the forecasting problem using machine learning methods is presented.
The methodology for solving the forecasting problem on time series is considered. The fore-
casting process consists of five stages. The first stage includes data collection, analysis and
interpretation. The next stage includes data research and preparation procedures. The third
stage - the modeling stage consists of three parts: preparation of a data set for modeling, se-
lection and training of models and assessment of their quality. The fourth stage is the fore-
casting stage and calculation of quality indicators of forecasts. At the fifth stage, procedures
are performed to increase the efficiency of the selected forecasting model. At the modeling
stage, the following models were used: ARIMA, GAM, ANN and BSTS. The models were ana-
lyzed and forecasts were built based on each model. For the built models with the best quality
indicators, forecast values were calculated. The forecasts were compared with the data of the
validation sample. To select the optimal model, the following indicators were used: MAPE,
MAE, MSE, RMSE. The BSTS model showed the best results.
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INTELLIGENT PROCESS CONTROL FORECASTING SYSTEM
BASED ON ARTIFICIAL NEURAL NETWORK

Abstract. The research is aimed at developing a neural network model for network data pro-
cessing, which can be used to control technological processes in modern metallurgical pro-
duction at various stages of metal processing. The proposed system is characterized by high
speed, accuracy, reliability and efficiency, which contributes to improving product quality.
The system includes a cluster of network sensors that can be reconfigured and connected to a
high-performance distributed system. It also provides a mechanism for redundancy of key
components and is aimed at increasing the efficiency of the technological process at each
stage.

Keywords: distributed computer system, reconfigurable network, neural network, computing
nodes, sensor cluster, laser scanners, learning algorithms.

Problem statement. The need for modern systems for controlling process parameters is
the basis of the strategic potential for the development of the industry and has important
scientific, technological and economic significance. In metallurgical production, a number of
problems arise related to the control of process parameters and their control systems. The
main ones include:

Inaccuracy of the geometric parameters of rolled products, which is expressed in the
deviation of its thickness and width. At the same time, unevenness of the thickness and width
of the rolled products can lead to non-compliance of the product with quality standards due to
roll wear, temperature fluctuations or other factors.

Problems with flatness, in this case, waviness or curvature of the rolled surface
complicates its further processing and reduces the aesthetic characteristics of the product.

Surface defects are associated with various mechanical damage. Scratches, dents and
other defects can occur due to contact with equipment or foreign particles during the process.

Metallurgical defects such as cracks, porosity, or inclusions of unwanted elements can
occur due to imperfections in the starting material or process disruptions.

Uneven temperature distribution leads to internal stresses. In this case, uneven heating
or cooling of the metal can lead to internal stresses that negatively affect the mechanical
properties and durability of the product.

Thermal deformations, which are expressed as a difference in temperatures across the
cross-section of the rolled product, can cause it to warp or other undesirable deformations.

© Shvachych G., Moroz B., Shcherbyna P., Olishevskyi I., Moroz D., 2025
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Equipment wear due to roll deformation. Constant contact with hot metal leads to roll
wear, which can affect the quality of the rolled product and require frequent replacement or
repair work.

Breakdowns of auxiliary equipment. Malfunctions in the feed, cooling, or other
auxiliary mechanisms can lead to downtime and reduced productivity.

Modern methods for solving these problems include the use of distributed systems with
clusters of network sensors for data pre-processing. The use of neural networks in
combination with infrared sensors and laser scanners opens up new horizons for improving
the processes of rolling and rolling of metals, reducing costs and increasing product quality.

Monitoring and control of temperature regimes of rolled products in this case leads to
the improvement of technological processes and increasing the efficiency of its functioning.
At the same time:

— the use of non-contact infrared sensors allows for accurate monitoring of the metal
temperature in real time, ensuring prompt response to deviations in temperature regimes.

— the use of neural networks for the purpose of analyzing data from infrared sensors
allows for the prediction of possible deviations in temperature regimes and the suggestion of
corrective actions for uniform heating and cooling of rolled products.

High-precision control of geometric parameters can be carried out on the basis of laser
scanners and neural networks. Thus, the use of laser scanners allows you to obtain detailed
three-dimensional models of rolled products in real time, detecting the slightest deviations
from the specified parameters. At the same time, processing data from laser scanners, neural
networks can detect patterns and predict possible deviations, which allows you to quickly
adjust the process parameters.

Automated detection and classification of metal surface defects is implemented based
on the use of convolutional neural networks (CNN). In this case, thanks to the ability to
recognize complex visual patterns, CNN networks can effectively detect and classify defects
on the surface of rolled products. Images of the metal surface obtained using laser scanners
can be analyzed by the CNN network for quick detection of defects.

Forecasting and management of equipment wear can be controlled based on equipment
condition sensors. Installing such sensors to track vibrations, temperature and other
parameters of equipment operation allows you to obtain data on its condition in real time. By
analyzing data from sensors, neural networks can predict the time until a possible failure of
equipment components, which allows you to plan maintenance and prevent unexpected
breakdowns.

This approach helps solve a number of problems, increasing product quality and overall
production efficiency.

Analysis of recent research and publications. Modern cluster network interfaces are a
key component of industrial distributed systems. They include high-speed data transmission
technologies. Among them are: InfiniBand - provides low latency and high bandwidth, which
makes it ideal for high-performance computing; Ethernet (10/25/40/100GbE) - widely used in
industrial systems due to its compatibility and flexibility, as well as support for software-
defined networks (SDN); Fiber Channel - used for high-performance data storage, providing
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fast access to large amounts of information; PCle over Fabric - allows for the effective
combination of computing resources in distributed systems, improving scalability and
efficiency of equipment use.

Consider the problem of rolling based on the use of infrared sensors in a cluster. Thus,
in the process of rolling metals, especially when using high temperatures and high processing
speeds, it is extremely important to constantly monitor technological parameters to ensure
accuracy, quality and safety of the process. Infrared sensors are effective for this purpose, as
they allow non-contact monitoring of temperature, movement and deformation of the
material. The role of infrared sensors in the rolling process is as follows:

— Temperature control. Infrared sensors are used for non-contact measurement of the
temperature of the metal passing through the rolls. This is critically important, since
temperature determines the plasticity of the material and its ability to deform. The correct
temperature regime ensures the efficiency of material processing and prevents its overheating
or insufficient heating.

— Roll speed control. Infrared sensors can measure the speed of material movement
through the rolls. This is important for adjusting the operating parameters of the rolls and
achieving accuracy in processing, especially in cold rolling, where changes in the speed of
rotation of the rolls can affect the properties of the finished product.

— Material condition monitoring. Infrared sensors located at several points in the rolling
line allow monitoring of the condition of the metal at different stages of processing. This can
include measuring material thickness, detecting defects or irregularities on the metal surface.

— Creating clusters of infrared sensors for rolling. To increase efficiency and reliability
in the rolling process, several infrared sensors can be combined into a cluster. This allows for
uniform monitoring of a large area or several parameters simultaneously.

— Temperature monitoring over the entire processing area. A cluster of sensors can
create a network for measuring temperatures at all stages of rolling, from preheating to the
final forming stage. This allows for real-time process adjustments, avoiding overheating or
underheating of the metal.

— Surface defect analysis. Thanks to several sensors scanning the metal surface, defects,
cracks or other problems can be effectively detected at the rolling stages. This allows for
timely action to be taken to eliminate them and prevent product defects.

— Redundancy and safety. In the event of a sensor failure, the other sensors in the cluster
can compensate for its functions, ensuring system continuity and reliability. This is important
for ensuring smooth operation in the rolling process, where even minor failures can lead to
significant losses.

The integration of infrared sensors into a cluster in the rolling process allows for high-
precision monitoring and control, ensuring control of temperature, speed and material
condition at all stages of processing. This allows not only to increase process efficiency, but
also to improve product quality and ensure safety. The choice of an appropriate network
interface significantly affects the efficiency of industrial distributed systems. At the same
time, high-speed networks provide minimal delays in data exchange between cluster nodes,
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which is especially important for real-time [1]. High throughput allows for simultaneous
processing of large amounts of data without the formation of “bottlenecks”. Flexibility of
configuration allows for adapting the system to specific production requirements, including
dynamic load distribution. The reduction in energy consumption is explained by the fact that
the latest interfaces use less energy-consuming data transmission mechanisms, which reduces
the overall cost of system maintenance [1].

The advantages of using neural networks in controlling metallurgical production
parameters can be considered as follows:

— Improved accuracy of ANN measurements provide higher accuracy of parameter
analysis compared to traditional methods. This is achieved through the use of deep learning
algorithms for recognizing complex patterns, automatic error correction through
self-learning [4].

Optimization of technological processes ANN allows you to automatically adjust
process parameters to increase efficiency. At the same time, the following tasks are solved:

— Optimization of temperature regimes in metallurgy [5].

— Control of material dosing in chemical production [6].

— Control of engine rotation speed in robotics [7].

— Automation of control and reduction of the human factor.

The use of neural network systems reduces the likelihood of human errors: reduced
dependence on operators, automatic detection of deviations and quick decision-making [8],
prediction of malfunctions. Fault prediction algorithms can prevent accidents and reduce
repair costs: predicting equipment wear, determining the risk of engine overheating, analyzing
product quality, and predicting defects [9].

It is worth noting the challenges and limitations that arise in this context. One of the key
aspects is the high computational complexity, since the effective operation of neural networks
requires significant computing resources, in particular, the use of GPUs and TPUs for training
models. In addition, such systems are characterized by high energy consumption
requirements [10].

Another important factor is the need for large volumes of training data, since the quality
of neural networks directly depends on their quantity and reliability. At the same time, there
may be difficulties with access to real production data, as well as the risk of retraining on
incomplete or incorrect data sets [11].

Special attention should be paid to the requirements for explainability of decisions,
which is especially relevant for critical industries such as aviation, medicine, and energy. In
these areas, it is important to understand the logic of the ANN decisions made, which
necessitates the development of algorithms to explain the results obtained [12].

Unsolved part of the problem. Modern systems do not provide a comprehensive
approach to the implementation of the technological process, combining product quality
optimization and parameter matching to accelerate data processing. In addition, such systems
lack mechanisms for system parameter prediction, which limits their effectiveness.

To date, the impact of the type of network interface and the performance of a distributed
system on the overall efficiency of operation has also not been sufficiently studied. Most
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existing solutions are either too simplified at the controller level or excessively complex due
to the complex architecture of the equipment and the high need for additional computing
resources. This significantly complicates the universalization and scaling of such systems,
making them unsuitable for widespread implementation.

The purpose. The purpose of the research is to develop a neural network for analyzing
data from a cluster of sensors, which will ensure maximum versatility, efficiency and
productivity in metal pressure processing systems. In addition, the system must be highly
reliable and energy-efficient. The device units must be equipped with mass-production
computing equipment.

The research also aims to:

— Development of methods for optimizing the rolling and rolling process by integrating
the obtained data into the production control system.

— Automation of detection and classification of metal surface defects to improve product
quality.

— Forecasting and prevention of technical equipment malfunctions based on analysis of
wear and condition of rolls and auxiliary mechanisms.

— Development of algorithms for adaptive control of rolling parameters to ensure
process stability under variable conditions.

— Reduction of production costs and increased energy efficiency through precise
temperature control and optimization of rolling parameters.

These goals will allow us to create an intelligent process control system that will ensure
high product quality, minimize defects, and increase productivity.

Main research material presentation. Let us define the design features of the neural
network construction (fig. 1). The graphical model of the constructed neural network in-
cludes:

Input layer:

Input data: 6 values from infrared temperature sensors and 3 values from laser scanners.
Total: 9 input neurons.

Hidden layers:

One or more hidden layers for detecting complex patterns in the data. The number of
neurons depends on the complexity of the task. Two hidden layers: the first hidden layer: 64
neurons, the second hidden layer: 32 neurons.

Output layer:

The output layer depends on the purpose of the analysis. If the classification task is con-
sidered, then there will be one or more neurons for each class. If the regression task is, then
the output can be one neuron for predicting a certain value. For simplicity, let's assume that
the task is regression, then one neuron at the output for predicting the value.

Activation functions:

ReLU (Rectified Linear Unit) is usually used for hidden layers, as it works well for
tasks where nonlinearities need to be modeled. For the output layer, depending on the task,
Linear can be used for regression or Softmax for classification.
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Training algorithm:

To train the network, you can use the Backpropagation algorithm with an optimizer,
such as Adam or SGD.

Algorithm and data processing. To build a graphical model of a neural network that
analyzes data from six infrared sensors and three laser scanners, the following structure was
proposed:

Infrared sensors (6 pieces): Used to measure temperature, distance, or object detection.
Data from these sensors is represented as a vector of six elements, where each element corre-
sponds to a measurement from a specific sensor.

Laser scanners (3 pieces): Generate high-precision data on the distance to objects in
space. Data can be represented as a vector or matrix that describes the spatial geometry taking
into account several measurements from each scanner.

The received input data is pre-processed, normalized, and transmitted to the neural net-
work for further analysis, pattern recognition, and prediction of key parameters of the produc-
tion process.

Let's consider the data processing algorithm in a neural network.

teaden 3 20

Fiure 1 - Structural diagram of a neural network
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Neural network architecture. For the combined analysis of data from infrared sensors
and laser scanners (fig.2), a multilayer neural network with the following structure is used:

Input layers:

Layer 1: Input data from 6 infrared sensors (vector of 6 values).

Layer 2: Input data from 3 laser scanners. If each scanner transmits several measure-
ment points, the data can be represented as a vector or matrix.

Data processing:

Layers for infrared sensors: Processing can be carried out through several fully connect-
ed or convolutional layers, allowing to highlight key features.

Layers for laser scanners: Data is processed using convolutional layers or even recurrent
neurons, if it is important to take into account spatio-temporal variability.

Data fusion and further processing:

After separate processing, the data from both groups of sensors is combined through a
concatenation layer, which allows taking into account all available characteristics.

Then, it is possible to use several fully connected layers, the number of which depends
on the complexity of the task.

The output layer depends on the purpose of the network:

If a classification problem is solved, then a layer with several neurons is used (accord-
ing to the number of classes).

If a regression problem is investigated, then the output layer contains one neuron for
predicting a numerical value.

Functionality of infrared sensors:

Infrared sensors are used to measure temperature and distance, which helps to determine
the position of objects, their proximity and temperature state in the production process.

Figure 2 - Layout of infrared sensors: 1 — sample (rod of the required diameter),
2 —measurement zone (segment), 3 — infrared sensor in the cluster
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Let us consider the features of using laser scanners. It should be noted that laser scan-
ners provide more accurate and detailed data on spatial geometry. They can also be used to
create 3D models of objects or map the environment, which is important for analyzing the
shape, location and movement of objects.

The analysis also allowed us to identify the types of neural networks for solving the
problems set in this study. These are:

— Convolutional Neural Network (CNN): most suitable for analyzing spatial data, such
as images or 3D objects, so it can be used to process information from laser scanners.

— Fully Connected Neural Network: best suited for working with tabular data, in partic-
ular information obtained from infrared sensors.

Data preparation and effective training of a neural network consists of the following:

— Cleaning and normalizing data, since different types of sensors can operate in differ-
ent ranges of values.

— Selection of the appropriate loss function:

For regression tasks — mean square error (MSE).

For classification tasks — cross-entropy.

To implement individual neural networks that analyze data from six infrared sensors
and three laser scanners, the Keras library with TensorFlow in the Python programming lan-
guage environment was used.

Conclusions. The conducted research has shown that the use of neural networks,
clusters of infrared sensors and laser scanners opens up significant opportunities for
improving product quality, optimizing production processes and reducing costs. The
integration of modern technologies not only automates parameter control, but also allows you
to predict deviations, ensuring stability and efficiency of production.

The key benefits of implementing the proposed intelligent technology are as follows.

Increasing the accuracy of the geometric parameters of rolled products.

Laser scanners provide continuous measurement of the thickness, width and flatness of
rolled products, which helps to minimize deviations from standards. Neural networks analyze
the data received and automatically adjust the operating modes of the rolling mill, ensuring
stable quality of the final product.

Reducing surface defects.

The use of deep neural networks (CNN) in combination with laser scanners allows you
to detect even the smallest defects on the metal surface in real time. This allows you to
quickly eliminate problems, reducing the need for reprocessing or product scrapping.

Optimization of temperature regimes.

Infrared sensors provide precise control of metal temperature at all stages of processing,
which allows to avoid non-uniform heating or cooling. Neural networks predict temperature
fluctuations and automatically adjust heating and rolling regimes, which helps to reduce
internal stresses and thermal deformations.

Forecasting and reducing equipment wear.

ISSN 1562-9945 (Print) 55
ISSN 2707-7977 (Online)



«Cucremni texHogorii» 3 (158) 2025 «System technologies»

Intelligent analysis of the condition of rolls and auxiliary equipment allows to predict
their wear and prevent emergency situations. This significantly reduces repair costs and
extends the service life of the equipment.

Automation of control and increasing energy efficiency.

Intelligent algorithms provide adaptive control of the rolling process, which allows to
reduce energy costs and optimize the use of materials. This not only improves the economic
performance of production, but also reduces the environmental load.

In addition, the implementation of modern technologies allows: to ensure stable product
quality without the need for frequent manual checks, to reduce waste and minimize costs for
additional processing, to speed up production processes through real-time parameter control,
to reduce equipment failure rates and ensure continuous production.

The implementation of the technologies presented in this study is a key stage in the
modernization of production, which contributes to the creation of intelligent metallurgical
enterprises.
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Inmenexmyanvha cucmema npocHO3y6aHHA YRPAGIAIHHA MEXHOI0ZIYHUM NPOUECOM
Ha 0CHOGI WIMYYHOI HeUPOHHOT Mepeci

Hocniooicennsn cnpsamosani Ha po3pooOKy Mooeni HetpOHHOI mepedci 0 0OpodKu Me-
pedcesux OaHux, sSKa mMoxce 6ymu eUKOpUcCmana Oisl YNpaeiinHs mexHoa02IYHUMU NPOYeCcamu
8 CYUACHOMY MeMAnypeiuHoMy 8UpOOHUYMEI Ha PI3HUX emanax obpobku memany. 3anpono-
HOBAHA cUucCmemMa BIO3HAYAEMbCS BUCOKOIO WBUOKOOIEID, MOYHICIIO, HAOIUHICMIO ma egek-
MUGHIiCMIO, WO CHpuse nokpawjenHio sikocmi npoodykyii. Cucmema 6xknouae Kiacmep mepe-
JHcesux OamuuKie, AKi MOJHCHA peKOHGhicypysamu ma NiOKIouYumu 00 8UCOKONPOOYKMUBHOL
po3nodinenoi cucmemu. Bona maxodic 3abe3neuye mexamizm pe3epey8ants Kirouo8Ux KOMNo-
HEHMIB i CNPAMOBAHA HA NIOBUWEHHS e(heKMUBHOCTI MEXHOI02ITYHO20 NPOYeCy HA HA KOJHC-
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Ye.S. Panasenko, V.Ye. Belozyorov
CLASSIFICATION OF EYE STATE BASED
ON EEG DATA USING RECURRENCE ANALYSIS

Abstract. The relevance of this study is driven by the growing interest in portable EEG devic-
es and the need to develop efficient algorithms for analyzing brain activity with limited tech-
nical resources. This paper addresses the problem of classifying brain states based on elec-
troencephalography (EEG) data to distinguish between two specific states: relaxation and
concentration. The classification of open and closed eyes is examined, as eye closure is asso-
ciated with increased relaxation. A classification method based on the quantitative analysis of
recurrence plots, which is one of the approaches of chaos theory, is proposed and compared
with traditional brain rhythm analysis. Experimental results showed that the recurrence anal-
ysis method outperforms spectral analysis in classification accuracy, particularly for the O1
point, where accuracy increased from 86% to 95%. The optimal parameters for phase space
reconstruction were determined: delay 25 ms and dimension of the embedding space 4, which
are consistent with the spectral characteristics of the signal. Feature importance analysis re-
vealed that the most significant parameters for classification are entropy, the length of white
vertical and diagonal lines in recurrence plots, as well as determinism and laminarity. The
obtained results may be useful for developing EEG analysis algorithms in portable devices
and applications in the fields of brain-computer interfaces and cognitive training.

Keywords: EEG classification, open and closed eyes, recurrence analysis, recurrence plots,
chaos theory, brain rhythms, phase space, spectral analysis, SVM, determinism.

Statement of the problem. This paper addresses the problem of classifying brain states
based on EEG, specifically distinguishing between relaxation and concentration. The classifi-
cation of open and closed eyes is examined, as eye closure is typically associated with in-
creased relaxation. Therefore, analyzing this phenomenon may contribute to a better under-
standing of relaxation mechanisms.

Recently, an increasing number of portable EEG devices, such as MyndPlay and
Muse [1], have emerged. These devices are relatively low-cost, making them accessible to a
wide range of users. This creates a demand for data processing algorithms capable of operat-
ing with fewer electrodes and lower-quality signals compared to full-scale medical equip-
ment.

Processed brain state data can be useful for self-monitoring, allowing users to analyze
how their habits affect brain activity. This may contribute to increased productivity or im-
proved rest quality. Additionally, such technologies can help individuals train their ability to
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consciously adjust their state according to situational needs, for example, enhancing concen-
tration during work or facilitating relaxation during rest.

A promising direction is also the use of such technologies for controlling devices “by
the power of thought,” which can be especially useful for people with paralysis.

This article explores the classification of brain states using chaos theory methods, par-
ticularly through the analysis of recurrence plots. Additionally, this approach is compared
with classification based on brain rhythm analysis, a classical method of EEG signal pro-
cessing.

Analysis of the latest research and publications. Currently, there are several main ap-
proaches to EEG signal processing. The first approach is based on brain rhythm analysis us-
ing spectral analysis, which was examined in a previous study [2]. That study focused on sig-
nal classification based on the alpha rhythm. The essence of this approach is to calculate the
amplitudes of each signal frequency, after which the power of the corresponding frequency
bands is determined. These bands are known as rhythms: delta rhythms (0.5-4 Hz), theta
rhythms (4-8 Hz), alpha rhythms (8-12 Hz), beta rhythms (12-30 Hz), and gamma rhythms
(>30 Hz). As demonstrated in the cited work, the alpha rhythm contains the most information
regarding the state of open or closed eyes.

An alternative approach is based on the application of chaos theory. Since brain signals
are quasi-periodic, this method also demonstrates effective results. The study by Farzad [3]
reviews 55 studies on the application of chaos theory to EEG analysis. The author states:
“The evidence from 55 articles suggests that cognitive function is more frequently assessed
than other brain functions in studies using chaos theory. The most frequently used techniques
for analyzing chaos include the correlation dimension and fractal analysis. Approximate,
Kolmogorov and sample entropy account for the largest proportion of entropy algorithms in
the reviewed studies.” This work emphasizes that the choice of delay and dimension of the
embedding space are critical parameters that significantly affect the analysis results.

A notable study by Kusuma Mohanchandra [4] examines theoretical approaches of cha-
os theory to EEG data analysis for brain-computer interfaces (BCI). The study states that cor-
relation dimension is widely used as a quantitative parameter for describing attractors and has
proven effective in characterizing brain dynamics at different sleep stages. Moreover, this pa-
rameter is applied to differentiate between normal subjects and patients with pathologies such
as epilepsy, Alzheimer’s disease, dementia, and Parkinson’s disease.

Another important study [5] focuses on the use of various approaches to three-
dimensional phase space reconstruction for five different brain activity states. EEG signals
corresponding to these states in seven subjects were analyzed using methods such as deter-
minism, phase graph, power spectrum, approximate entropy, correlation dimension, and Lya-
punov exponents. Although each method has its advantages and limitations, the results con-
firm the nonlinear dynamic nature of brain activity. In particular, determinism analysis
showed that the EEG signal occupies an intermediate position between a random and a deter-
ministic process, indicating a possible chaotic nature of brain activity.

The study by Furman [6] proposes a combined approach of short-time Fourier Trans-
form and recurrence quantitative analysis to improve classification accuracy (STFT-RQA)
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and compares it with classification based on time-delay embedding and recurrence quantita-
tive parameters (TD-EMB-RQA). The STFT-RQA method demonstrated high efficiency,
achieving an overall accuracy of 88.2%. Parameter optimization increased accuracy to 95.9%
when using 194 selected features. At the same time, TD-EMB-RQA classification proved less
effective than STFT, as the analysis of RQA features did not reveal significant discriminative
ability, yielding an average accuracy of 80%. However, the removal of redundant components
in the cross-validation scheme improved accuracy to 89.2% for 80 selected parameters.

Studies conducted in this and previous works have highlighted the importance of the
10 Hz frequency for the closed-eye state, which can be considered a fundamental frequency of
brain activity. This phenomenon was examined in detail by Garcia-Rill [7], where it is ex-
plained that 10 Hz represents the brain’s natural “idling” frequency in a resting state. A de-
crease in this frequency may lead to impaired sensorimotor function, as perception at frequen-
cies below 10 Hz becomes less effective. Conversely, an increase in the alpha rhythm fre-
quency to the beta or gamma range occurs when the reticular activating system (RAS) is acti-
vated in response to sensorimotor stimulation. Indirect evidence from fMRI studies of cere-
bral blood flow supports this concept, as alpha rhythms (particularly the occipital and mu
rhythms) correlate with reduced cerebral blood flow, indicating lower brain activity.

Objective. The aim of this article is to develop an algorithm that classifies the given da-
taset and evaluates its accuracy in comparison with the results obtained through spectral anal-
ysis. Special attention is given to a qualitative analysis of the obtained data, which will help
identify the most influential parameters of recurrence analysis in the classification process.

Additionally, the study explores the nature of the relaxed state, particularly by analyzing
the key characteristics of signals. Identifying the most significant parameters and their impact
on the analysis results will provide a deeper understanding of the underlying mechanisms of
the system’s state and contribute to improving classification approaches for similar data in the
future.

Presentation of the main material of the research. The EEG Motor Move-
ment/Imagery Dataset [8] was used for analysis. It contains over 1,500 EEG recordings last-
ing from one to two minutes, collected from 109 participants. During the experiment, partici-
pants performed various motor and imagery tasks while 64-channel EEG signals were record-
ed using the BCI2000 system [9].

Each participant underwent 14 experimental sessions, including two baseline trials (one-
minute each) - one with open eyes and the other with closed eyes. Additionally, three two-
minute trials were conducted for each of the four tasks. Participants were instructed to open
and close their fists in response to a target appearing on the left or right side of the screen or
to imagine performing this movement. Furthermore, additional tasks required them to open
and close both fists or both feet, depending on the target position.

The recordings are presented in the EDF+ format, containing 64 EEG signals recorded
at a frequency of 160 Hz, along with an annotation channel. The annotations include codes
indicating different states: TO for rest, T1 for the initiation of movement (real or imagined) of
the left fist or both fists, and T2 for the movement of the right fist or both legs. The recordings

60 ISSN 1562-9945 (Print)

ISSN 2707-7977 (Online)



«Cucremni texuoorii» 3 (158) 2025 «System technologies»
were obtained using electrodes based on the international 10-10 system, which excludes cer-
tain specific electrodes. The EDF+ format is adapted for use with the PhysioToolkit
software [10].
Each participant has a unique identifier ranging from S001 to S109, along with 14 files
labeled RO1-R14, containing the corresponding EEG recordings. Thus, each recording file is
represented in the format SsssRrr.edf, where s denotes the participant number and r repre-

sents the experiment stage. In this study, recordings from the following stages were used:

» 1 -—resting state, eyes open;

» 2 —resting state, eyes closed.

Signal Normalization. Preprocessing of the signal is critical for recurrence analysis. In
particular, noise removal is an important step, as demonstrated in previous studies. In this ex-
periment, the following types of noise were eliminated: low-frequency noise (<2 Hz), which
may reflect head movements and blinking; 50/60 Hz noise caused by interference from the
AC power grid; and high-frequency noise from muscle activity (>50 Hz). To achieve this, the
Short-Time Fourier Transform (STFT) was applied using a Hann window with a segment size
of 1 second [2].

The next important step is signal normalization, which allows data obtained from differ-
ent electrodes, participants, and time points to be brought into a unified numerical range. In
Rolink’s study [11], Z-score normalization was applied for electrocardiogram processing, as
well as normalization of 30-second segments based on standard deviation.

In this study, Z-score normalization with 1-second segments was used for EEG signal
processing. To ensure the continuity of the normalized signal, the segments were merged us-
ing a Hann window.

The Hann function [12] is defined as:

2mn mn
wln] =0.5 |1 — cos (—)] = sin? (—), 0<n<N.
N N
A key feature of this window is that the sum of the function and its copy, shifted by

half the window size % equals one:
mn
wln] + wln + N /2] = sin® (F) +sin? | ———=~ | =

= sin? (%) + cos? (%) = 1.

Thus, if the signal segments overlap by half, following the scheme

N
[0,2H],[H,3H],[2H, 4H], [3H,5H]..., H = >

then their recombination results in a restored signal without distortions. This processing tech-
nigue is known as windowing.
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Since the signal recording has finite boundaries, their handling must be considered. The
simplest approach is to pad the signal with zero values at the beginning and end, and then re-
move these values after recombination.

The formula for Z-score normalization [11] is given by:

X —H .
z; = , 1=20,...,N,
o

where x; is the value of a discrete data array, IV is the size of the array, z; is the normalized

value, u is the mean of the array, and o is the standard deviation.

Signal for SO03R02 O1
Before normalization

200 A
0 .
—200 A
After normalization
2.5 1
0.0
_25 .
30.0 30.5 31.0 31.5 32.0 32.5 33.0
Time, s

Figure 1 - Signal normalization

Figure 1 shows the normalized signal for the O1 electrode with eyes closed. It can be
seen that the signal values after normalization fall within the range [—3,3]. In some cases,

such as during blinking, the values may reach up to 5, but the overall distribution remains ap-
proximately within the range [—2.5,2.5].

Recurrence Analysis. Recurrence analysis is used to study dynamical systems that may
exhibit complex and nonlinear behavior. To analyze time series data such as EEG signals, a
phase space is constructed. Let u; be the time series of the EEG signal. To represent it in the

phase space, the method of time delay embedding is used. The embedding vector is
defined [13] as:

X = (ufr Wypgr s uz’+i'm—ljr)
where T is the time delay, m is the number of dimensions (embedding), u; is the input signal,

and x; is the resulting point in the m-dimensional phase space. This approach allows for the
construction of a multidimensional representation of the original signal.

62 ISSN 1562-9945 (Print)

ISSN 2707-7977 (Online)



«CucremHi texnonorii» 3 (158) 2025 «System technologies»
Next, to analyze recurrence, the recurrence matrix R;;, i,j = 1,...,m is introduced,

which determines whether the system returns to one of its previous states:

R,; = 0(e—llx; —x; II)

where || x; — x; || is the distance between two points x; and x; in the phase space, € is the

threshold that determines when two points are considered recurrent, and & is the Heaviside

function, which takes the value 1 if the condition is satisfied, and 0 otherwise.
A recurrence plot is a visualization of the matrix R; ;, 1, j = 1,..., m, where recurrent

events are shown as black dots. Patterns in this plot help identify features of the signal’s dy-
namics, such as differences between the eyes-open and eyes-closed states.

Additionally, numerical quantitative measures can be computed from the recurrence
matrix [14], such as:

* L.in (Minimum diagonal line length): the minimum length of a diagonal line in the
recurrence plot considered for the calculation of determinism.

* Vinin (Minimum vertical line length): the minimum length of a vertical line considered
for laminarity.

* Wyin (Minimum white vertical line length): the minimum length of a white vertical
line used to calculate trapping time.

* RR (Recurrence rate): a measure of recurrence that indicates the percentage of recur-

rent points in the matrix:
N
1

i.j=1
* DET (Determinism): the proportion of points forming diagonal lines:
1ot LP(D
PET =T 1P
L (Average diagonal line length): the average length of diagonal lines:
oy, LP(D)
= 3N P

'!-='!-rnin
* L. (Longest diagonal line length): the length of the longest diagonal line in the plot.
DIV (Divergence): the reciprocal of the longest diagonal line length:

1
DIV = —.

max
* L...r (Entropy of diagonal lines): the entropy of diagonal line lengths, which reflects

their diversity:
N

Loner=— ). P(Dlogp(D).

I=lmin

LAM (Laminarity): the proportion of points forming vertical lines:
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N vP(v)

V=Vmin

¥ vk
» TT (Trapping time): the average length of vertical lines:
vev . VP(W)

., P

V=Vmin

LAM =

T =

* Ve (LoOngest vertical line length): the length of the longest vertical line in the plot.

* Voner (Entropy of vertical lines): the entropy of vertical line lengths.

« W (Average white vertical line length): the average length of white vertical lines (gaps
between recurrent events).

* W4 (Longest white vertical line length): the length of the longest white vertical line.

« W;;, (Longest white vertical line divergence): the reciprocal of the longest white vertical
line.

* W, (Entropy of white vertical lines): the entropy of white vertical lines.

DET : - . -
"R (Ratio of determinism to recurrence rate): the ratio of determinism to recurrence rate.

LAM . _ - . . S
i (Ratio of laminarity to determinism): the ratio of laminarity to determinism, indicat-

ing the proportion of trapped states in the system.
Here:
« N is the number of points in the analyzed time series, or the number of points in the
phase space forming the recurrence matrix.
« 1 is the length of a diagonal line in the recurrence plot. It corresponds to the number of
consecutive recurrent points forming a diagonal.
« v is the length of a vertical line in the recurrence plot. It corresponds to the number of
consecutive recurrent points forming a vertical line.
« P(1) is the number of diagonal lines of length [ in the recurrence plot.
« P(v) is the number of vertical lines of length v in the recurrence plot.
Determining the parameters T and m is a crucial step in the reconstruction of the

phase space. There are several approaches for selecting the optimal value of the delay t, with

two main methods being: the mutual information (MI) method and the autocorrelation
method [15].

The MI method is used to analyze the interdependence between the values of the time
series and its time-shifted version. However, in the case of quasi-periodic series with harmon-
ics of decreasing amplitude, this approach may yield incorrect results, as the choice of T may

be based on insignificant high-frequency components.
The autocorrelation method is a more traditional way of determining 7 and is based on

calculating the correlation coefficient between the original signal x(t) and its delayed copy

by 7. This approach was introduced in the book [16]. The value of t is typically chosen at the
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point where the autocorrelation coefficient p drops to the level of 1 /e**. The most common

types of autocorrelation used are Pearson correlation and Spearman correlation.

There are various methods for determining the dimension of the embedding space, with
the most common being the box-counting method, the correlation dimension method, and the
false nearest neighbors (FNN) method.

The false nearest neighbors (FNN) method is one of the most widely used approaches
for geometrically determining the minimal dimension of the embedding space n when recon-

structing the state space [15]. It is based on the idea that, in an insufficiently dimensional em-
bedding space, neighboring points may appear close to each other due to the projection of a
higher-dimensional space onto a lower-dimensional one. The method allows determining the
optimal n at which the relative number of false neighbors becomes minimal.

To apply this method, the time series is repeatedly embedded into a sequence of m-
dimensional Euclidean spaces over a range of increasing values of m. The core idea is that
once the minimum dimension of the embedding space m is reached (i.e., m = n), the dis-
tance between neighboring points does not change significantly with further increases in m.
In other words, the Euclidean distance d,,(i, j) between a point P, € R™ and its nearest
neighbor P; € R™ changes minimally when the dimension of the embedding space increases
tom + 1.

If the dimension of the embedding space m is too small, then the points are considered
false neighbors if their pairwise distance increases significantly when m is incremented. This
change in distance between nearest neighbors embedded in R™ and R™** is quantitatively
assessed using the false nearest neighbors ratio:

R, = lrdﬁzﬂ[irf} - fiﬁz [i,j).
\ dz,(i, j)

Next, R; is compared to a tolerance threshold R,,; to distinguish false neighbors, con-
sidering them false when R; = R,,;. In this study, we choose R.,; = 15. By applying this
threshold to all points, we can compute the percentage of false nearest neighbors, FNN Pg -

If the system is noise-free, Pgy, should reach zero once a sufficient dimension of the
embedding space is achieved. However, in the presence of additional noise, Pg, may never

reach zero. Therefore, it is common practice to use a cutoff percentage for FNN to determine
a sufficient dimension of the embedding space 1. We use the commonly adopted threshold

Pryn = 10%, which is suitable for most applications involving moderate noise.
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Both methods are implemented in the Teaspoon mathematical package for the Python
programming language for signal processing [17], which was chosen for use in the experi-
ments.

During the experiments, it was found that determining the parameters T and m without

windowed normalization led to ambiguous results. However, after normalization, it became
possible to clearly identify the values of these parameters. When analyzing EEG signals in the
eyes-closed state across different participants, it was determined that the dimension of the
embedding space is m =4 and the time delay is T = 4, which corresponds to 25 ms

(t = 4/160), based on a sampling rate of 160 Hz. Figure 2 shows the computed values of T

and m for all recordings.

Autocorelation and FNN results for O1 channel
Opened eyes Closed eyes

100 A

%

50 A

40 A

10
T T

Figure 2 - Calculated T and m for dataset recording

These results are consistent with spectral analysis, where a peak in power at 10 Hz is
observed in the eyes-closed condition. This indicates that the system returns to approximately
the same state every 100 ms. Thus, in the eyes-closed state, brain dynamics can be represent-
ed as periodic motion in a 4-dimensional space with a time delay of 25 ms, forming a com-
plete cycle over 100 ms. This confirms that the chosen parameters align with the physiologi-
cal characteristics of brain activity.

Recurrence Plots. To construct recurrence plots, the PYRQA module [18] was used,
which provides optimized computational efficiency. PyRQA is based on OpenCL technology,
allowing the use of a GPU to accelerate mathematical operations through parallel execution.
This significantly reduces computation time compared to traditional approaches.

According to the study [19], using OpenCL speeds up the construction of recurrence
plots by more than 5 times compared to OpenMP, which utilizes all CPU cores. When com-
pared to single-core execution, the speedup can reach up to 28 times. This makes PyRQA an
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efficient tool for analyzing large EEG datasets, which is crucial for studying the complex dy-
namics of brain signals.

Analysis of recurrence plots for eyes-open and eyes-closed states revealed significant
differences in the behavior of the brain’s dynamical system. The eyes-open state is character-
ized by a chaotic structure or a focus on a single state, indicating more complex and variable
activity. In contrast, the eyes-closed state shows long diagonal lines, which indicate periodici-
ty in the process. Frequency spectrum analysis confirmed that this periodicity corresponds to
10 Hz, which aligns with the concept of the 10 Hz rhythm as the brain’s “idling” state. An
example of this phenomenon is presented in Figure 3.

Reccurence plot for S003 O1, =3, m=4, 1=4
Opened eyes (R01) Closed eyes (R02)

RR=0.208
DET=0.764
L=3.286

L max=206.000

RR=0.279
DET=0.971
L=11.586

L max=467.000
DIV=0.002

L entr=2.678
LAM=0.992
TT=4.553
V_max=38.000
7l V_entr=1.810
W=11.409

W _max=85.000
W_div=0.012
W_entr=2.149
DET/RR=3.487
LAM/DET=1.021

- DIV=0.005

v ¢l Lentr=1.308
£ LAM=0.887
gl TT=3.797
#4 V_max=41.000
V entr=1.754
W=12.043
W _max=353.000
W _div=0.003
| W_entr=3.112

| DET/RR=3.671
‘| LAM/DET=1.161

Figure 3 - Recurrence plot

Recurrence Quantitative Analysis. To analyze the obtained recurrence plots, quantita-
tive measures were computed using the PYRQA module. Calculations were performed for all
109 recordings in the dataset, separately for the eyes-open and eyes-closed states, as well as
for the Af7, Af8, O1, and O2 electrode locations. The data were segmented into 2-second in-
tervals to compute time-dependent metrics.

To identify the parameter that best separates the eyes-open and eyes-closed classes, a
metric R was introduced. Classification accuracy was evaluated separately for the eyes-open

(4,) and eyes-closed (A.) cases. The overall classification accuracy was defined as
A = min(4,, A_.) to ensure balance between the classes.
The mean absolute difference between R, and R was calculated for each participant

using the formula:

n
1
Daug = HZ | Raug —R|.
=0
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This value reflects how much the obtained R values for each participant deviate from

the average value R, ..

Analysis of Table 1 shows that the most informative features for classifying the eye
state (open or closed) are determinism (DET), entropy of vertical lines (V,,..), average

length of white vertical lines (W), and longest white vertical line divergence (W;;,,).

These recurrence analysis parameters make it possible to distinguish the structure of
time series in eyes-open and eyes-closed states. In particular, high DET values indicate great-

er regularity and predictability in signal dynamics, which is characteristic of the eyes-closed
state. Similarly, the entropy of vertical lines (V,,-) reflects the variability of transitions be-

tween states, which tends to be more chaotic with eyes open.
Thus, the obtained results confirm that recurrence analysis can be an effective approach
for automatic classification of eye state based on EEG signals.

Table 1
results of a simple classification of open and closed eyes
Parameter Point | A A, A, Rayg Davg
DET Af7 60.91% |60.91% |72.73% |0.26 0.04
DET Af8 61.82% |61.82% | 70.00% |0.25 0.04
DET 01 58.18% | 58.18% |58.18% | 0.23 0.01
DET 02 55.45% | 55.45% |62.73% | 0.23 0.01
Voner AfT 66.36% | 66.36% | 70.91% |54.77 15.29
Voner Af8 60.00% | 60.00% | 73.64% |54.11 14.85
Voner 01 58.18% | 58.18% |68.18% | 45.81 5.28
w 01 55.45% | 55.45% | 55.45% | 1.95 0.04
w 02 55.45% | 55.45% | 55.45% | 1.95 0.05
Wi Af7 69.09% | 77.27% | 69.09% | 407.38 48.20
Wi Af8 70.00% | 80.00% | 70.00% | 399.70 53.55

Classification Using Support Vector Machine. The Support Vector Machine (SVM)
method with C-support vector classification [20] was applied to improve the accuracy of eye
state classification. The RBF (Radial Basis Function) kernel was used, enabling effective
handling of nonlinearly separable classes. The model was configured with parameters
C = 100 and ¥y = 1, which control the classifier’s flexibility and the scale of influence of

individual data points.

The implementation was carried out using the scikit-learn library [21], which utilizes
LIBSVM. This ensures efficient optimization of the separating hyperplane and improves clas-
sification accuracy compared to the threshold-based method using recurrence features.

Eye state classification (open or closed) was initially performed based on brain rhythms
divided into frequency bands: delta (0—4 Hz), theta (4-8 Hz), low alpha (8-10 Hz), high alpha
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(10-12 Hz), low beta (12-16 Hz), mid beta (16-20 Hz), high beta (20-30 Hz), low gamma
(3040 Hz), and mid gamma (40-50 Hz).

For classifier training, the first half of each participant’s recording was used, and the
second half was used for testing. The resulting classification accuracies for different elec-
trodes were: Af7 —89.38%, Af8 — 87.40%, O1 — 86.80%, O2 — 86.51%.

Next, recurrence quantitative measures were used for classification, which significantly
improved the results. Accuracy increased to: Af7 —94.41%, Af8 —93.85%, O1 —95.38%,
02 —95.77%. This indicates that recurrence features are more informative for classifying eye
states compared to brain rhythm frequency analysis.

Thus, classification based on recurrence measures demonstrated higher accuracy, espe-
cially in the occipital region of the brain (O1, O2), where primary visual processing takes
place. This confirms that recurrence analysis methods more effectively capture patterns asso-
ciated with changes in eye state than frequency-based approaches.

Thus, classification based on recurrence measures demonstrated higher accuracy, par-
ticularly in the occipital region of the brain (O1, O2), where primary visual processing occurs.
This confirms that recurrence analysis methods are more effective at detecting patterns asso-
ciated with changes in eye state than brain rhythm frequency analysis.

Analysis of the influence of individual parameters using the SHAP module (Figure 4)
showed that the most significant features for classification are the inverse of the longest white
vertical line (W;;,,), the entropy of white vertical lines (W,,..), the average diagonal line

length (L), the longest white vertical line (W},,,..), the longest vertical line in the plot (V;,14).
and laminarity (LAM). This indicates that the structure of white vertical and diagonal lines in

recurrence plots plays a key role in recognizing the eye state.
High
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Feature 13
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Feature 12
Feature 17 . -
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Feature 8
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Figure 4 - Determining the most influential classifier parameters
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Conclusions. Thus, the use of quantitative recurrence measures for eye state classifica-
tion proved to be more effective than traditional brain rhythm analysis. For the O1 electrode,
classification accuracy based on recurrence features reached 95%, compared to 86% when
using brain rhythms. This confirms that methods from chaos theory may be more effective for
analyzing quasi-periodic brain signals.

The optimal minimum segmentation length for the signal is one second. Smaller seg-
ments result in the loss of useful information. At the same time, the complete absence of seg-
mentation makes the signal more susceptible to low-frequency noise, which distorts its dy-
namics, increases the system’s dimensionality, and significantly degrades the quality of the
recurrence plots.

The delay T used for phase space reconstruction is 25 ms, and the dimension of the em-

bedding space m is 4. This is consistent with the results of spectral analysis, where a peak at

approximately 10 Hz is observed in the eyes-closed condition. Since the period of oscillations
at this frequency is 100 ms, the chosen delay T = 25 ms corresponds to one-quarter of the

cycle, which is optimal for accurate phase space reconstruction. Therefore, the selected values
of T and m are well-justified. In future work, we will attempt to construct a system of differ-

ential equations that describes the chaotic behavior of signals in the human cerebral cortex.
Studying the attractors of such a system using the methods proposed in [22] may provide ad-
ditional insights into brain states associated with relaxation and concentration.

When constructing a simple classifier using optimal threshold search, it was found that
the most influential parameters are determinism (DET), entropy of vertical lines (V,,4), av-

erage length of white vertical lines (W), and longest white vertical line divergence (Wj;,).

Analysis of influential parameters in the SVM classifier revealed that the key features for
class separation are the inverse of the longest white vertical line (W;;,,), entropy of white ver-

tical lines (W, ,.-), average diagonal line length (L), longest white vertical line (W},,,..), long-
est vertical line in the plot (V,,4,), and laminarity (LAM). This highlights the importance of

various aspects of the structural organization of recurrence plots for accurate differentiation of
eye states.
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Knacudgpikayia cmany oueit na ocnosi EEI'-oanux
3 BUKOPUCMAHHAM PEKYPEHMHO20 AHAI3ZY

Axmyanvricme yici cmammi 3yMOGIEHA 3POCMAIOYUM [HMEPEcoOM 00 NOPMAMUBHUX
EET-npucmpoie ma neobxionicmio po3poOKu e@ekmusHux aicopummie ananizy Mo3K080i
AKMUBHOCMI 3a 0OMedCeHUX MexHiYHuX pecypcis. Y yiti cmammi poszensioacmucs npobrema
Karacughikayii cmanie Mo3Ky 3a oanumu erekmpoenyeganozpaghii (EEI) 3 memoio pospisHeH-
HSl KOHKDEemHUX 080X CMAHI8 po3ciabieHocmi ma KoHyeHnmpayii. /Jocniosxcyemovcsa kiacughi-
Kayiss 8IOKpUMUX | 3aKpumux ouell, OCKLIbKU 3aKpumms o4dell adcoyiroemsbcs 3 Ni08UUEHOI0
po3scaabaenicmio. 3anponoHo8ano memoo Kiacu@ixayii Ha 0CHO8I KilbKiCHO20 aHali3y peKy-
PeHmHUx diazpam, wo € 0OHUM i3 nioxXo0ig meopii xaocy, ma npogedeHo 1020 NOPIGHAHHI 3
MPAOUYItIHUM AHATI30M MO3KO8UX pummie. Pe3yniomamu excnepumenmis nokazanu, wjo me-
MO0 PeKypeHmHO20 aHANi3y nepesepulye CNeKmpalbHull aHaliz 3a mouyxicmo Kuacugixayii,
30xpema 01 mouxu O mounicms 3pocna 3 86% 0o 95%. Busnaueno onmumanvhi napamem-
PU peKoHcmpyKyii ¢paz06020 npocmopy: 3ampumka 25 Mc i po3MIipHiCmb npocmopy 6K1a0eH-
HA 4, Wo ¥32000CYEMbCAL 31 CNEKMPATLHUMU XAPAKMEPUCMUKAMU CUSHALY. AHANI3 8adCIUB0-
Ccmi 03HAK NOKA3as, Wo HAUOLIbW 3HAYYWUMU napamempamu 01 Kiacugikayii € eHmponis
ma 008HCUHA OLIUX 8EPMUKAILHUX [ OIA2OHANLHUX NIHIN HA PeKYPEeHMHUX diacpamax, a ma-
KOJIC OemepMinism i naminapricmo. Ompumani pe3yibmamu Moxcyms 0ymu KOPUCHUMU Ol
po3pobku aneopummie ananizy EEI" y nopmamusnux npucmposx ma 3acmocyeams y cghepi
Helpoinmepghelicia i KOZHIMUBHO20 MPEHYBAHHSL.
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DEVELOPMENT AND EXPLORATION OF PARALLEL TECHNOLOGIES
IN STOCHASTIC PROGRAMMING TASKS

Abstract. This research examines parallel technologies for modeling tasks using the Monte-
Carlo method. The actuality of these studies is explained by the fact that the Monte-Carlo
method has had and continues to have a significant impact on the development of computa-
tional mathematics. It is shown that the main essence of the method lies in the random simula-
tion of a large number of scenarios and statistical processing of the results, which explains
the inherent possibility of its parallelization. It is noted that since individual iterations of the
Monte-Carlo method are typically independent of one another, they can be easily distributed
among several threads or nodes of a cluster system. This makes the method ideal for parallel
and distributed computing. The main aim of the research is to highlight peculiarities of par-
allelizing computations in solving a wide range of applied tasks. Calculation schemes that
ensure increased performance and speed are presented. The effectiveness of the proposed ap-
proach is illustrated by studies and graphical interpretations of convergence and approxima-
tion of the developed approach.

Keywords: parallel computing, stochastic modeling, random process, method convergence,
approximation, computation scheme.

Problem statement. The Monte-Carlo method has significantly influenced and contin-
ues to influence on the development of computational mathematics methods, particularly nu-
merical integration methods. In solving many problems, it successfully combines with other
computational methods, complementing them.

The essence of the Monte-Carlo method is as follows. Let it be required to find the val-
ue a of a certain studied value. To do this, a random variable X is chosen, whose mathemati-
cal expectation is equal to a, i.e. M(X) = a.

Practically, this is done as follows: n experiments are conducted, resulting in n possible

2%

values of X; their arithmetic mean is calculated: )_( = i , and ; is considered as the esti-
n

mate (approximate value) a* of the desired number a, that is, a = a* =X.

Since the Monte-Carlo method requires large number of experiments, it is often re-
ferred to as the method of statistical trials. The theory of this method shows how to choose the
most appropriate random variable X and find its possible values. In particular, methods for
reducing the dispersion of the involved random variables are being developed, which leads to
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a decrease in the error that occurs when replacing the sought mathematical expectation a with
its estimate, a*.

The most important characteristic of the method is the estimation of its error. Since this
is of significant importance, let's consider some approaches to error estimation for the Monte-
Carlo method to understand its essence.

Let n independent trials (n possible values of X were experimentally implemented) be
conducted to obtain the estimate a* of the mathematical expectation a of the random variable

X, and let the sample mean X be found based on these trials and accepted as the desired esti-

mate when @~ = X. It is clear that in the case of repeating the experiment, different possible
values of X will be obtained, leading to different mean values and, consequently, a different
estimate a*. Hence, it follows that obtaining an exact estimate of the mathematical expecta-
tion is impossible. Naturally, the question arises about the magnitude of the permissible error.
For clarity, let's limit ourselves to finding only the upper bound & of the permissible error with

a given probability (reliability) 7 namely: P(‘Y — a‘ <o)=y.

It is worth noting that the upper bound of the error &, which we are interested in, is noth-
ing other than the "accuracy of the estimate™ of the mathematical expectation based on the
sample mean value in confidence intervals. Let's consider the following three cases.

1. The random variable X is normally distributed, and its standard deviation ¢ is known.

In this case, with confidence vy, the upper bound of the error is
t-o | (1)
Jn

where n is the number of trials (experimental values of X); t is the argument value of the La-

5=

place function at which ®(t,) = y; o is the known standard deviation of the random variable

X.

2. The random variable X is normally distributed, and its standard deviation o is un-
known.

In this case, the upper bound of the error with reliability y is determined as follows:

t -S
s=-" @)

N

where n is the number of trials; S is the "corrected" standard deviation; ty is the Student’s t -

statistic.

3. The random variable X is distributed according to a law that differs from the normal
distribution.

Under this condition, with a sufficiently large number of trials (n > 30) and reliability
approximately equal to vy, the upper bound of the error can be calculated using formula (1), if
the standard deviation o of the random variable X is known; if the value of o is unknown, its
estimate S — the "corrected" standard deviation — can be substituted into formula (1), or for-
mula (2) can be used.
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Let's emphasize, that the larger the value of n, the smaller the difference between the re-
sults, given by both formulas. This is explained by the fact that as n — oo, the Student's dis-
tribution approaches the normal distribution.

From relations (1) and (2), it follows that the error of the Monte-Carlo method is in-
versely proportional to the square root of the number of trials. This characteristic will be used
as the basis for further study of this method's error.

From the above description, it follows that the Monte-Carlo method is closely related to
the tasks of probability theory, mathematical statistics, and computational mathematics. When
considering the task of modeling random variables (especially uniformly distributed ones),
number theory methods also play an important role in this case.

The given statements show that the convergence of the Monte-Carlo method is conver-
gence in probability. This circumstance should hardly be considered disadvantage, as proba-
bilistic methods largely justify themselves in practical applications. As for problems that have
a probabilistic description, the convergence in probability is, to some extent, even natural
when solving them.

Analysis of recent research and publications. Among numerical methods in mathe-
matical calculations, there has been a recent resurgence of Monte-Carlo methods [1-4]. This
name refers to a group of numerical methods based on obtaining a large number of
realizations of a stochastic process, which is constructed in such way that its probabilistic
characteristics coincide with the corresponding parameters of the problem at hand. Monte-
Carlo methods are used for solving problems in industries of physics, mathematics, econom-
ics, optimization, control theory, and others. Fundamental works on Monte-Carlo methods
appeared in 1955-1956. Since then, many scientific works have been written, describing the
application of this method [5-10]. Even a superficial review of the titles of these works allows
one to conclude that the Monte-Carlo method is applicable for solving practical problems in
various fields of science and engineering.

The distinctive feature of Monte-Carlo methods is their experimental nature. For clarity,
we will refer to a procedure as a Monte-Carlo method, if it involves the use of statistical sam-
pling techniques for an approximate solution given mathematical or physical problem.

Monte-Carlo methods have had a significant impact on the development of computa-
tional mathematics and continue to do so, while in solving certain classes of problems, they
successfully combine with other computational methods and complement them. Their applica-
tion is particularly justified for problems that allow a probabilistic theoretical description.
This is explained both by the naturalness of obtaining a response with a certain given proba-
bility in problems with probabilistic content, and by the significant simplification of the solu-
tion procedure. Currently, there are statistical methods for solving certain classes of partial
differential equations, integral equations, eigenvalue problems, and systems of linear algebra-
ic equations.

Among other computational methods, the Monte-Carlo method stands out for its sim-
plicity and versatility. Slow convergence is a significant drawback of the method, but this ar-
ticle will describe its computational modifications, that ensure high convergence rates under
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certain assumptions. However, the computational procedure becomes more complex, bringing
it closer to other procedures in computational mathematics. The convergence of the Monte-
Carlo method is probabilistic convergence. This fact should hardly be considered a disad-
vantage, as probabilistic methods are often highly effective in practical applications. The con-
vergence of the Monte-Carlo method is probabilistic convergence. This circumstance should
hardly be considered disadvantage, as probabilistic methods largely justify themselves in
practical applications. As for problems with probabilistic descriptions, when solving them,
convergence in probability is, to some extent, even natural. This explains the inherent possi-
bility of parallelizing the method. Since individual Monte-Carlo iterations are typically inde-
pendent of each other, they can be easily distributed across multiple threads or nodes in a
cluster system. This makes the method ideal for parallel and distributed calculations.

Finally, it should be noted that the accuracy of the method's calculations heavily de-
pends on the quality of the pseudo-random number generator used, while the speed of calcula-
tions is determined by the function describing the analyzed process and, of course, the per-
formance of the "compute unit" itself. Today, the clock speed of modern processors has sur-
passed the GHz threshold, and the amount of random access memory in personal computers is
measured in gigabytes. Considering that the relevant class of tasks will be processed using
parallel computing, the performance of the “compute unit" is no longer a limiting factor (but
rather a determining one) for the application of power-sensitive numerical algorithms in solv-
ing multidimensional problems. A practical illustration of the method's operational mecha-
nism and some fundamental features of its implementation will be examined in the context of
solving typical applied problems.

The purpose. The research aim is to improve understanding of the behavior of the
Monte Carlo method in parallel computing and to identify optimal load distribution strategies
to ensure fast and accurate convergence. Development and analysis of the efficiency of paral-
lelizing the Monte-Carlo method is implemented using the Python programming language.
Main focus is on studying the convergence of the method, examining the impact of parallel-
ization on the accuracy and convergence speed, as well as assessing the scalability of compu-
tations on multi-core processors.

Main research material presentation. Many software applications developed for sin-
gle-processor computing systems lack an adequate level of parallelism. Attempts to parallel-
ize them at the level of individual loops often do not yield the desired results, leading to low
code performance.

The Monte-Carlo method occupies a prominent position among different numerical
methods in mathematical calculations. However, its use has been limited in the past due to the
substantial computational resources it requires.

It is important to highlight, that the Monte-Carlo method allows finding an approximate
solution to a problem at a specific fixed point, without requiring knowledge of the solutions at
all points in the grid domain. This makes it notably different from, for instance, traditional
methods of solving the Dirichlet problem.

The simplified computation scheme using the Monte-Carlo method is shown in Fig. 1.
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Random
number Computer Analyzer
generator

Figure 1 - Monte-Carlo method calculation scheme

The application of this method provides a new way to view the idea of parallelizing
computations and using parallel computing technologies. As intermediate calculations can be
carried out independently across different processor cores, their results can be consolidated on
a dedicated "analyzer" core. This allows the parallel computing algorithm to be represented
with a scheme, as illustrated in Fig. 2.

According to this scheme, a single random number generator assigns a specific random
value to each "compute unit". However, this architecture has a significant drawback: the con-
stant transmission of information through communication channels creates delays and reduces
system's performance. Additionally, the quality of random number generator can affect the
result, as repetitions or similar values may occur in the sequence of random numbers. Howev-
er, these factors do not have a significant impact on the calculation error.

Computer
* (Core 1)
Computer
(Core 2)
Random Analyzer
number |— (Master
generator | | | Core)
Computer
(Core n)

Figure 2 - Monte-Carlo parallel computing algorithm

The experience in developing parallel computations allowed to improve this scheme.
The modified algorithm, shown in Fig. 3, assumes that each compute unit has a separate ran-
dom number generator. This removes the necessity for constant data transmission between the
generator and the processing cores, greatly accelerating the computation process.

Thus, Monte-Carlo algorithms demonstrate high resilience to changes in input data,
provide maximum parallel efficiency, and minimize computation time. By appropriately dis-
tributing computing cores, it is possible to organize parallel execution of calculations across
the entire domain, thereby improving the overall system performance.
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Figufe 3 - Modified Monte-Carlo parallel computing algorithm

Realization of parallel computations was carried out using the Python programming
language. It is worth mentioning that Python is currently one of the most widely used pro-
gramming languages for developing and modeling parallel computations. This is attributed to
its ease of use, extensive library ecosystem, and an active developer community, that continu-
ously enhances tools and shares expertise. The use of Python for realization parallel computa-
tions is explained by several key factors, including ease of modeling, the availability of spe-
cialized libraries, a wide range of tools for handling large volumes of data, as well as integra-
tion with modern hardware accelerators such as graphics processing units (GPUs) and tensor
processing units (TPUS).

The popularity of Python continues to grow rapidly alongside the development of paral-
lel computing and artificial intelligence. This makes it an ideal option for both academic re-
search and commercial use in the field of deep learning. A number of prominent companies,
such as Google, Facebook, and OpenAl, extensively utilize Python in their developments,
thereby reinforcing its dominance in the realms of artificial intelligence and parallel pro-
gramming.

One of Python's key advantages is its convenience for rapid prototyping. Due to the in-
terpreted nature of the language, developers can swiftly experiment with various parallel
computation architectures, adjust model parameters, and obtain real-time results, which sig-
nificantly accelerates the development process.

In addition, Python is renowned for its high compatibility with other programming lan-
guages and frameworks. For instance, modules such as Cython facilitate seamless interaction
with C/C++, thereby significantly enhancing computational performance. Python also inte-
grates seamlessly with leading big data processing tools, such as Apache Spark, making it a
versatile solution for machine learning and data analysis tasks.

Thus, Python remains the leading programming language for implementing parallel
computations, offering exceptional flexibility, ease of use, and a powerful toolkit for handling
complex computational tasks.
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The software implementation of the computations was developed based on the princi-
ples of object-oriented programming. This approach is justified by the fact that object-
oriented programming facilitates the creation of modular, reusable, and scalable parallel com-
putations. Through encapsulation, inheritance, and polymorphism, efficient systems for multi-
threaded and multi-processor data processing can be built. Therefore, a class was created to

perform the necessary calculations:
class Integral:

def init (self, a, b, integrand, integral mlt=1):
self. a = None

self. b = None

self. integrand = None

self. wvariables = None

self. integral mlt = None

The following libraries were also utilized, enabling efficient work with computations in
both numerical and symbolic mathematics, as well as facilitating the implementation of mul-
tiprocessing programming:

import numpy as np

from sympy import sympify, zoo, SymplifyError

from multiprocessing import Pool, cpu count

from functools import partial B

import time

NumPy was used as the primary library for working with multidimensional arrays and
performing numerical computations. For the purpose of these studies, it supported array ma-
nipulation and the use of optimized functions for efficient calculations.

sympify() function from the symbolic computation library SymPy was used to convert
the necessary data into a symbolic expression; the symbol zoo was employed to denote unde-
fined values arising in mathematical expressions; the SympifyError class was utilized to han-
dle errors occurring due to incorrect input in the sympify() function. These elements facilitate
symbolic computations, enabling the efficient handling of mathematical expressions and ex-
ceptional cases.

Multiprocessing library was utilized for the implementation of parallel computations.
Pool class in the multiprocessing module allows creation of a pool of processes for parallel
task execution. It creates a specified number of processes and distributes tasks among them,
which allows efficient utilization of multi-core processor resources.

cpu_count() function returns an integer representing the number of processor cores
available for computation. In this research, it was utilized to determine the optimal number of
processes for multiprocessing tasks. This function enables the automatic configuration of a
process pool (Pool) to ensure efficient resource utilization. It has proven to be exceptionally
useful when handling intensive computational workloads, such as machine learning, big data
processing, and parallel algorithms.

partial function from the functools module enabled the creation of new functions based
on existing ones by predefining certain arguments. This not only streamlined function calls,
where specific arguments are frequently used, but also facilitated the passing of functions as
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parameters in multithreaded code. Moreover, it contributed to the development of new func-
tion variations without redundant code duplication.

time library has provided the capability to work with time.

monte_carlo_method_parall method performs parallel computations by leveraging the
multiprocessing library, effectively distributing the computational load among several pro-
cesses:

def monte carlo method parall (n: int, integral: Integral,

**kwargs) :
cpu cnt = cpu count()
if-; <= cpq_é;t:
chunks = [1] * n
else:
chunk size = n // cpu cnt
remainder = n % cpu cnt
chunks = [chunk size + 1 1if i1 < remainder else
chunk size for 1 in range(cpu cnt)]
monte partial = partial (monte carlo method, inte-
gral=integral, **kwargs)
with Pool (processes=cpu cnt) as pool:
results = pool.map (monte partial, chunks)
return np.mean (results)

At the first stage, method determines the number of available system cores, using the
cpu_count() function. Then, if the number of cores is greater than or equal to the number of
points to be generated, each process handles one point (if there are more points than cores,
some processes may remain unused). If the number of points exceeds the available cores,
method calculates cluster size — number of points each process should handle, by performing
integer division of the total number of points by the number of cores. In cases where the
points do not divide evenly, the remainder is distributed uniformly across the processes using
the following expression:

chunks = [chunk size + 1 1if 1 < remainder else chunk size for 1
in range (cpu cnt) ]

Then method utilizes the partial function to create a partial function, that incorporates
the common arguments required for all processes to compute the integral values (specifically,
the integral object and additional parameters passed through kwargs). This partial function is
based on the monte_carlo_method.

monte partial = partial (Integrator.monte carlo method, inte-
gralzinte&fal, **kwargs) B B

After the distribution of points, the monte_carlo_method_parall method utilizes the
Pool from the multiprocessing module to initiate several parallel processes. Pool invokes the
created partial function across multiple processes, passing it the corresponding number of
points for processing. The results from each process are stored in the results variable:

results = pool.map (monte partial, chunks)

Once all processes are completed, method calculates the average of the obtained partial
results using the mean function and returns the final outcome.
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The initial data for the class of problems under study are wrapped in the condition irf
__name == " main_ ":

w 4

' main ”:
integral = Integral (0, 1, “(exp(-x)+1)**27)
n = 60000

start time = time.time/()

if name ==

result = monte carlo method parall (n, integral)
end time = time.time ()
exé;_time = end time - start time

Furthermore, to evaluate the efficiency of parallelization, the computation time for both
sequential and parallel algorithms is determined. In the given case, an integral is computed for
a function that lacks analytical quadrature solutions.

The efficiency of the parallel code was assessed by measuring its acceleration and paral-
lelization effectiveness. These metrics were calculated using well-established formulas from
parallel computing theory.

speedup attained by executing a parallel algorithm on n cores, in comparison to sequen-
tial execution, is determined by the following formula:

S(n)=ti, 3)

n

where S is the acceleration; # is the time taken to solve the task on a scalar processor; ¢, is the
time taken to solve the task on a processor with n cores.

Therefore, acceleration is calculated as the ratio between the execution time of a task on
a scalar processor and the time taken by the parallel algorithm. The parameter n serves to rep-
resent the computational complexity of the problem at hand.

The efficiency of parallelization is determined by the following formula:

E(n)=— =2, @)
t.-n n

For this type of computation, the effectiveness of parallelization represents the average
duration of the algorithm's execution during which processor cores are actively involved in
solving the task.

It should be noted that the control experiments were conducted using a computer with
the following specifications:

Processor type: Core(TM) i5-11400H; clock frequency: 2.70GHz; number of cores: 6.

In accordance with expressions (3) and (4), the following efficiency estimates of the
code parallelization were obtained: S(n) = 4,469; E(n) = 0,745.

Analysis of the conducted research revealed the following. Efforts to improve the quali-
ty of parallel computing based on one metric (such as speedup or efficiency) may lead to a
deterioration in another metric, as the quality indicators of parallel computations are often
conflicting. An increase in acceleration is typically achieved by increasing the number of pro-
cessor cores, which, however, often results in a efficiency decrease. Conversely, enhanced
efficiency is frequently attained by reducing the number of processor cores(with the ideal case
of perfect efficiency, E(n) = 1, being effortlessly achieved by using a single-core processor.
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As a result, the development of parallel computation methods often involves selecting a cer-
tain compromise, taking into account the desired acceleration and efficiency metrics, as it
demonstrated by the presented studies.

The peculiarities of studying the accuracy using the Monte-Carlo method were as fol-
lows. It is known that the accuracy of the Monte-Carlo method possesses several distinctive
features. The initial test revealed, that the computational error is dependent on the number of
tests, denoted as n. This indicates that as n increases, the obtained results approach the actual
value, and the absolute error gradually diminishes. On average, the theoretical convergence

rate of the Monte-Carlo method is determined as follows O(l/\/n_), meaning that the error

decreases inversely proportional to the square root of the number of trials.

To verify this, nine series of approximations were conducted: first approximation in-
volved 50 points, second 100 points, and so on up to 50,000 points. Each experiment was re-
peated 30 times for each set of points, after which the average absolute error was calculated.
Since the Monte-Carlo method relies on randomly generated points, the error can vary de-
pending on the quality of the random sampling. Therefore, to minimize the impact of ran-
domness, each experiment was repeated multiple times, and the resulting outcomes were av-
eraged. Based on this data, a graph of the mean absolute error was constructed for sample siz-
es of 50, 100, 500, 1000, 2000, 2500, 5000, 10,000, and 50,000 tests.

Fig. 4 illustrates the convergence of the Monte-Carlo method.

Let us analyze the obtained results. The graph illustrates the dependence between the
absolute error and the number of points, n, in the Monte-Carlo method. Upon examining it,
the following conclusions can be drawn:

— the typical convergence behavior O(1/ \/n_ ) of the Monte-Carlo method is confirmed;

Absolute error
$65% - N~ (-1/2)
—
E
5}
2
=
8 10—2 -
<
107 10° . 10¢
Number of points (N)
Figure 4 - Monte-Carlo convergence graph
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— increasing n leads to a decrease in the error, albeit slowly, which is a characteristic
feature of this method;

— the actual error aligns well with the theoretical estimate, indicating the correct imple-
mentation of the parallel algorithm;

— the x-axis (number of points) and y-axis (absolute error) are presented on a logarith-
mic scale, providing a clear depiction of the power-law relationship.

Fig. 5 presents a graph depicting the convergence approximation of the Monte-Carlo
method.

An analysis of this dependency reveals, that for small values of n (up to 500-1000), sig-
nificant deviations from the exact value occur, due to the high variance of the method when
the number of samples is insufficient. In some cases, certain values may even fall outside the
expected range, which is characteristic of the stochastic nature of the Monte-Carlo method.

At the same time, as the value of n increases, the method begins to stabilize. Starting
from approximately 3000—4000 points, the results converge almost entirely with the exact
value. This confirms the fundamental principle of Monte-Carlo: as the sample size grows, the
method yields increasingly accurate results.

Approximation of an integral
--- Exact integral value

N

-

| I
N = o

Approximate value of the integral
|
w

|
B

1000 2000 3000 4000 5000
Number of points (N)

Figure 5 - The approximation convergence curve of the Monte-Carlo method

Conclusions. Research explores parallel technologies for modeling Monte-Carlo tasks.
The relevance of the conducted studies is underscored by the fact that the Monte-Carlo meth-
od has had, and continues to have, a profound impact on the development of computational
mathematics techniques. It has been shown that its use is especially appropriate for solving
problems that can be described in theoretical and probabilistic terms. This is due to both the
natural process of obtaining a solution with a given probability in probability-based tasks and
the considerable simplification of the solution procedure.

This inherent ability to parallelize the method arises from the fact that individual Mon-
te-Carlo iterations are generally independent of each other, making them easy to distribute
across multiple threads or nodes within a cluster system. This characteristic makes the method
especially well-suited for parallel and distributed computing. As a result, the main focus of
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the research was to explore the intricacies of parallelizing computations in the context of solv-
ing a diverse array of applied problems.

It is worth noting that parallelizing the Monte-Carlo method is an important and rele-
vant area in contemporary computational science, as it significantly enhances the speed and
efficiency of calculations. With the availability of powerful processors and GPUs, this ap-
proach is widely applied across various fields of science and industry.

The calculation schemes that enhance productivity and performance are presented. The
effectiveness of the proposed approach is demonstrated through research and graphical inter-
pretations, showcasing the convergence and approximation of the developed method.

Finally, it should be highlighted that the Monte-Carlo method is a highly effective tech-
nique for addressing a broad spectrum of practical problems. It is easy to implement, and its
error can be minimized by increasing the sample size.

Like any method, Monte-Carlo has its drawbacks. For instance, when working with a
small amount of data, the variance becomes excessively high, and in such cases, it is often
preferable to turn to alternative approaches.
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Po3pooka ma 0ocnioxcennsa napanenbHuX mexHo02ii
3a0ay CMoOXacmuuHo20 nPoZpamyeanHs

YV 0ocniooicennsix pozensioaromscs napaneibhi mexHono2ii MoOent08ants 3a0ay memo-
oom Monme-Kapno. Ilokazano, wo ocnogna cymos memooy noasieac y 6UNA0KO8OMY MOOeNI0-
BAHHI 8ENUKOI KLIbKOCMI CYeHapiie ma cmamucmudti 00podyi pe3yibmamis, ujo NOSCHIOE
NPUPOOHY MONCIUBICMb 11020 PO3NApanentosants. Biosnawaemocs, wo ocKintbku okpemi ime-
payii memody Monme-Kapno 3a3zeuyail He3anexicHi 0OHA 8i0 00HOI, iX 1eeKo po3noodiiumu
MidiC KilbKOMa nomokamu abo 8y3namu KiacmepHoi cucmemu. Lle pooums memoo ioeanvHum
0151 napaneibHux i po3noodileHux oouuciens. Ilpusooamvcs cxemu obyuciens, sKi 3abe3ne-
YyIme 30i1bUeHHs NPOOYKMUSHOCMI Ma weuokooii. Egexmuenicms 3anponoHo8ano2o nio-
X00y MOCmMpyemMbcsi O0CHIONCEHHAMU ma epapiunumu iHmepnpemayismu 30idcHocmi ma
anpoxkcumayii po3pooaenoco nioxooy.
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O. Inkin, V. Belozyorov
HYBRID MODELING OF EEG: THE FITZHUGH-NAGUMO-LORENZ MODEL

Abstract. The paper presents a method of modeling electroencephalographic (EEG) signals
using a hybrid biophysical model that combines the FitzHugh-Nagumo dynamics and the
chaotic Lorentz system. A comprehensive approach to optimizing the model parameters based
on neural networks is developed, which automatically adjusts the parameters to maximize the
fit to real EEG data. The proposed model demonstrates the ability to reproduce the charac-
teristic features of EEG signals, including the main rhythms and the corresponding spectral
characteristics. An interactive software tool developed in MATLAB provides a convenient in-
terface for use. The results demonstrate the potential of this approach for both neuroscientific
research and clinical applications in the diagnosis and modeling of pathologies.

Keywords: EEG, FHN, FHNL, Lorenz system, neural network, modeling, parameter optimiza-
tion, MATLAB.

Problem definition. The study of the principles of human brain functioning remains
one of the most difficult scientific challenges in history. Significant progress has been made
thanks to comprehensive research at the intersection of biology, neurochemistry, genetics, and
more. However, with each new discovery of the functions and areas of brain activity, more
and more additional questions arise, which is why there is still no generally accepted compre-
hensive theory of brain function. Therefore, one of the key tasks of the analysis and adaptabil-
ity of existing research methods is to create a dynamic system that will cover the dependence
of those activity parameters that most characteristically affect the studied condition factor,
disease symptom, or physiological process.

Research goal. Develop a mathematical model of EEG and a controlled parameter
space with manual or neural network control of brain dynamics.

Overview. Electroencephalography (EEG) is widely used in both basic neuroscience re-
search and clinical practice. Despite significant advances in signal recording accuracy, the full
potential of EEG remains unrealized. A promising area of development is the introduction of
computational models for the comprehensive integration of electrophysiological data, network
models (at the level of neuroimaging), and behavioral aspects.

The main objective of this work is to create a computational model that integrates cellu-
lar processes at different spatial levels and establishes clear correlations with empirical EEG
data.

A model is represented as a set of equations describing the relationships between varia-
bles. It is noteworthy that there are models for various spatial scales [1, 2, 3], ranging from
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single-cell impulse activity to macroscopic oscillations. Equations are used to model the
changes in each variable over time or, in some cases, to find analytical solutions to the inter-
dependencies between variables. The dynamics of the resulting time series is influenced by a
set of parameters that can be calculated from available data (for example, a model that simu-
lates the excitation of a certain type of neuron may include a time constant determined from
rodent experiments) or systematically modified for research purposes. The main task is to cre-
ate time series that can be compared with empirical data.

The clinical application of EEG patterns is of great importance. Psychiatric and neuro-
logical disorders affect an increasingly large proportion of the population, including both pa-
tients and their caregivers, causing enormous economic and humanitarian costs to healthcare
systems worldwide [4]. One of the main obstacles to improving patient care is the lack of in-
dividualized diagnosis, prognosis, and treatment planning [5]. Computational models can be
adapted to individual characteristics by adjusting parameters to fit specific data (by directly
setting measured parameters or by searching for values that match time series to recorded da-
ta). The optimized parameters can be linked to clinical markers, symptoms, and behaviors,
which allows, for example, to differentiate pathologies. The use of personalized models pro-
vides additional diagnostic capabilities in the form of modeling parameters and results, signif-
icantly assisting clinicians in diagnosis and treatment planning [6, 7].

FitzZHugh-Nagumo model (FHN). The FitzHugh-Nagumo (FHN) model was devel-
oped in the early 1960s as a simplified version of the more complex Hodgkin-Huxley model.
In 1961, Richard FitzHugh proposed a mathematical simplification that preserved the key
qualitative properties of neuronal dynamics but significantly reduced the computational com-
plexity. Independently of him, Jinichi Nagumo and his colleagues created an electronic circuit
in 1962 that realized these equations.

The FitzHugh-Nagumo model describes the dynamics of the neuronal membrane poten-
tial and the recovery variable through a system of two differential equations:

dv v y3 W

- — — — t

dt 3 +I()

dW 1)
E=E(V+ﬂ—bW}

where V represents the membrane potential, W - recovery variable, I{t) - external current
(input signal), €, a, b - model parameters. The parameter € reflects the difference in the time
scales of the potential dynamics and the recovery variable, while a and b affect the bifurca-

tion properties of the system.

The model demonstrates important biophysical properties, including threshold excita-
tion, all-or-nothing action potential generation, refractory period, and various dynamic modes
arising from bifurcations in the parameters.

Lorentz system. The Lorentz system, developed by meteorologist Edward Lorentz in
1963 while studying atmospheric convection, is a classical three-dimensional system of non-
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linear differential equations that has become a fundamental contribution to the development
of chaos theory and nonlinear dynamics.
The Lorentz system is described by the following equations:

rodX v
dt—t’f[ —X)

dy

S—=Xx(p—2)—V

o X2 @)
az XY — BZ

N dt —F

where X, ¥ ta Z — state variables, g, p and f§ - system parameters. This system demon-

strates chaotic behavior at certain parameter values, in particular, the classical values ¢ = 10,
! :
p=28andff = 3 lead to the formation of the Lorentz attractor.

Lorentz's key discovery was the demonstration of deterministic chaos, a phenomenon in
which minimal differences in initial conditions lead to radically different trajectories over
time, which revolutionized the understanding of the predictability of dynamical systems and
established fundamental limitations to long-term forecasts.

Hybrid model FHNL. We integrate the FHN model and the Lorentz system into a sin-
gle hybrid model. For a system with cap N neurons, the model is described by a system of

2N + 3 differential equations:

(dv; v N :
dar VE-—?—W} "‘IEEG(t)‘i-E;':lSsynMﬂ’}r i=(1,N)
W — e, +a—bw), i = LW

{ dX v x

a9 ©

d—1;=X[p—Z)—P'

dzZ

\ = XY - pz

where Iggg (t) - interpolated real EEG signal or generated input noise, gs,,,, - strength of syn-
aptic connection, W;; — matrix of connections between neurons.

Signal generation and optimization methods. The synthetic EEG signal is generated
as a weighted sum of neuronal membrane potentials with the addition of high-frequency com-
ponents:

J.F'Ir

EEG(t) = Z a;Vi(t) +n(t) @
i=1
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where a; - weighting coefficients for each neuron, n(t) - high-frequency noise that

provides realistic signal characteristics. Additionally, bandpass filtering is applied in the range
of 0.5-40 Hz, which corresponds to standard EEG frequencies.

For further effective neural network training, a set of time and frequency characteristics
is extracted from the EEG signal: mean value, standard deviation, skewness, kurtosis, maxi-
mum and minimum values, median, median absolute deviation, variance, power in key fre-
quency bands, relative power, power ratio, and entropy indicators.

To predict the optimal model parameters, a feed-forward neural network with the fol-
lowing architecture is used:

- Input layer: the dimension corresponds to the number of extracted features;

- Two hidden layers with 20 and 10 neurons, respectively;

- OQutput layer: 7 neurons corresponding to the model parameters;

- Activation function: hyperbolic tangent;

- Learning algorithm: Levenberg-Marquardt.

- Inputs are normalized before training to ensure better performance.

Software implementation. The software implementation of the FHNL hybrid model,
developed in MATLAB, is a comprehensive toolkit that integrates the numerical solution of a
system of differential equations using the fourth- or fifth-order Runge-Kutta method (ODE45)
with machine learning-based parameter optimization mechanisms and an interactive graphical
interface. The core of the system consists of functions for modeling neuronal dynamics, calcu-
lating the error between real and simulated EEG signals, and generating synthetic EEG data,
supplemented by components for working with neural networks, including extracting time
and frequency characteristics from EEG signals, automatically generating training data sets,
training a neural network, and predicting optimal model parameters (Fig. 1).

Input Feature
Real EEG Data .
Extraction
'
]
: Feafures
]
:
' Neural Network Optimal Parameters
Hidden Layer 1 (20) Predict epsilon

—
Hidden Layer 2 (10) a, b, gSyn
sigma, rho, beta

Compare for Training

Output Layer (7)
(Lorenz parameters)
Configure.
F¢edback Loop
L
L FHN-Lorenz Generate Simulated
""""""""" Model EEG Signal

Figure 1 - Structure of the program implementation
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The intuitive graphical interface (Fig. 2) provides interactive control of model parame-
ters via sliders, real-time visualization of real and simulated EEG signals, neural activity, and
Lorenz attractor, and provides functionality for loading EEG data in various formats (CSV,
MAT, EDF), training a neural network, and exporting results, demonstrating an effective
combination of computational neuroscience, machine learning methods, and interactive visu-
alization in a single software solution for researchers and clinicians.
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Figure 2 - Graphical interface with interactive elements for EEG modeling

To demonstrate the modeling results, the parameters of different EEG scenarios were
determined and the corresponding model was synthesized (Fig. 3).
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EEG Simulation

EEG Simulation

Time

Smaated EEG Sigral . Seulated EEG Signal

—  ———w O = —
] P

Figure 3 - (a) anxious cognitive processing € = 0.1, a = 0.75, b = 0.85, g;,,, = 0.15,
o =10, p = 30.0, f = 2.667; (b) drowsy state e = 0.05, a = 0.6, b = 0.7,
Gsyn = 0.09,0 = 9.5, p = 25.0, f = 2.5; (c) primary epileptic seizure € = 0.02,
a=040b=0.6,gs;, =03, 0=10,p = 35.0,f = 3; (d) absence € = 0.03,

a = 0.45,b = 0.65, g, = 0.25,0 = 10, p = 32.0,f = 2.9

The presented MATLAB script implements a comprehensive system for processing and
analyzing real electroencephalographic (EEG) data using an integrated computational model.
The system supports the loading of EEG data in various formats (MAT, CSV, EDF), after
which the signal amplitude is normalized to ensure the stability of the simulation, and the
loaded data is stored as a time series with an appropriate sampling rate (Fig. 4).
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Figure 4 - Uploaded data compared to a synthetic signal without parameter optimization
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Next, a comprehensive analysis of the EEG signal is performed, extracting significant
characteristics in both the time domain (mean, standard deviation, variance, skewness, kurto-
sis, maximum and minimum values, signal range, median, interquartile range, median abso-
lute deviation) and frequency domain (power in key EEG bands: delta, theta, alpha, beta,
gamma; relative power in each band; ratio of powers between different bands), as well as non-
linear characteristics such as approximate entropy to detect signal complexity and regularity.

To optimize the model parameters, a feed-forward neural network is used (Fig. 5),
which has a multilayer architecture with two hidden layers (20 and 10 neurons, respectively),
normalization of input characteristics and output parameters, a maximum number of training
epochs of 1000, a minimum gradient of 1e-7, a maximum number of validation runs without
improvement of 20, and a data distribution of 70% for training, 15% for validation, 15% for
testing. The process of generating training data for the neural network divides the input EEG
data into separate segments, for each segment generates random combinations of model pa-
rameters in certain ranges, simulates the model with real EEG as an input signal, calculates
the root mean square error between the simulated and real EEG, creates pairs of "EEG charac-
teristics - optimal parameters™ for training the neural network, and duplicates the best parame-
ters in the data set to increase their significance.
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Figure 5 - Structure of the neural network

The next step is to use the trained neural network to predict the optimal model parame-
ters based on the characteristics of the new EEG signal by extracting the characteristics, nor-
malizing these characteristics using the parameters stored during training, passing the normal-
ized characteristics through the neural network, denormalizing the output parameters to obtain
real values, and generating a structure with the optimal model parameters. The neural network
optimizes seven key parameters of the FHNL model: €, a and b (define the dynamics of the

neuron), gsy, (the strength of synaptic connection between neurons), and @, p, § (parameters
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of the Lorentz system that define chaotic dynamics). After optimizing the parameters, the sys-
tem runs a simulation with the optimized parameters and evaluates the quality of the simula-
tion through the root mean square error between the real and simulated EEG, correlation coef-
ficient, and visual comparison on graphs, allowing you to export simulation results, model
parameters, and quality metrics for further analysis and use (Fig. 6).

Amplitude
_&’ (=]
L2 =] in

atn

Time (s}

Figure 6 - Downloaded data with a synthetic signal after parameter optimization,
e =0.396,a = 0.899,b = 0.1,g,,, = 0.094,06 =20,p = 10, =5

Thus, the presented script implements the full cycle of EEG data processing from down-
loading to optimized modeling using neural network technologies to automatically select the
optimal parameters of the FHNL model, which allows to effectively simulate neural activity
and reproduce real EEG signals with a certain accuracy and correspondence to the original
data.

Conclusions. 1. This paper presents a new approach to modeling EEG signals using a
hybrid FitzHugh-Nagumo-Lorenz model and parameter optimization based on machine learn-
ing. The developed model demonstrates a high ability to reproduce the characteristic features
of real EEG signals, while maintaining the biophysical basis and interpretability.

2. The proposed neural network approach to parameter optimization greatly simplifies
and speeds up the process of model tuning for specific EEG data. An interactive software tool
developed in MATLAB provides a user-friendly interface for researchers and clinicians.

3. The results indicate the potential of this approach for both basic neuroscientific re-
search and clinical applications in the diagnosis and modeling of pathologies. Further research
will be aimed at expanding the model's capabilities and adapting it for specific practical tasks.

4. The Lorentz system made it possible to take into account some dynamic aspects of
the behavior of signals arising in the human cerebral cortex. Therefore, one of the next tasks
will be to study a new hybrid model, the chaotic behavior of which will be set by the systems
presented in the works [8, 9].
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T'iopuone mooenrosannusa EEI: moodens Diyxvro-Hazymo-/lopenya
Y cmammi npeocmasneno nosuii memoo mooenr08anus enekmpoenyepanocpagiunux
(EET) cuenanie 3a 00nomoeoi 2iOpudHoi 6ioghizuunoi moodeni, AKa NOEOHYE OUHAMIKY
Diyxvro-Hacymo 3 xaomuunoro cucmemoro Jlopenya. Po3pobneno xkomniexcuuii nioxio 0o
onmumizayii napamempis Mooeii Ha OCHOBI HEUPOHHUX Mepedic, W0 00380.18€ A8MOMAMUYHO
Hanawmosysamu napamempu 0as Makcumaniohoi sionosionocmi peanvhum EED danum. 3a-
NPONOHOBAHA MOOENb OEeMOHCMPYE 30AMHICMb BI0MBOPI0SAMU XAPAKMEPHI 0COOIUBOCMI
cuenanie EET, exmouaouu ocHOGHI pummu ma GiON0GiOHI CNeKmpaibHi XapaKmepucmuxu.
Iumepaxkmugnuii npoepamuull iHcmpymenm, po3podnenuti 6 cepedosuuyi MATLAB, 3a6e3ne-
yye 3pyunull inmepghetic 0 00CIiOHUKI6 ma KiiHiyucmie. Ompumani pe3yiomamu ceiouamas
npo NomMeHYian ybo2o nioxooy K OJisi YYHOAMEHMANbHUX HEeUPOHAYKOBUX 00CTIONHCEHb, MAK |
0J151 KNIHIYHO20 3aCMOCYB8AHHSA 8 OlACHOCMUYI MA MOOeN08AHHI HeUpONnamonoaiil.
Knwuosi cnosa: EEI, FHN, FHNL, cucmema Jlopenya, netiponna mepedxca, mMooenio-
eanus, onmumizayis napamempis, MATLAB.
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ATPUBYTUBHE HACUYEHHSI KOHCTPYKTUBHO-ITPOAYKIIMHOI MOJEJI
AIJITHKUA CUCTEMMU EJIEKTPOIIOCTAYAHHSA TAT'U
MOCTIMHOI'O CTPYMY

Anomayis. Pawniw po3pobnena 3azanvHa KOHCMPYKMUBHO-NPOOYKYIHA MOOelb OLIAHKU
eleKMpPONOCMAYanHs ma2u NOCMItIHO20 CMPYMY 30a2a4yemubcs iHgopmayicro 3Havens ampu-
OYMuKU CKIA008UX eleMeHmis. Y 3anedcnocmi 8i0 mo2o AKUM YUHOM IHMEPNPemyeEmbCsa Mo-
delb 3acobamu aneopummiuHo20 KOHCMPYKMOpAa HopMyHOmsbcsa pi3Hi KOHCMPYKMUGHI CU-
cmemu. OOHa 3 HUX NpU3HAYEHa OISl BUNAOKOB020 BU3HAYEHHS 3HAYEHb AMPUOYIMUKU e/leKN-
POYCMAamKy8auHs ma Noi3HOI cumyayii 3 MHOMCUHU NOMEHYIIHO MOJICIUBUX 3 Memoto pop-
MYBAHHA DI3HUX 6apiaHMi8 3a AKUMU NPULMAE DIUEHHS eKcnepm w000 GUKOPUCHAHHSL
eHnepeii pexynepayii. Ha ocnosi excnepmuux oanux y nooanvuiomy 0yoe ¢hopmysamuce cu-
cmema Kepy8anHs 3a HedimKor J102ikow. [pyea — 0nsa 360py inghopmayii wjooo cmamny enex-
MpooOIaOHaHHs ma Noi3HOI cumyayii 3 peanvHux 06°€kmié 0/l Kepy8aHHs PO3N0OLIOM
elekmpoenepeii y asmomamuyHomy pesicumi. Lleti nioxio npooemoncmposarHo Ha NPUKIAoi
cchopmosaroi cxemu AiHIUHOL OISAHKA eeKMPONOCMAYAHHS 3 MPbOMA NIOCMAHYIAMU.

Knrouosi cnosa: koHcmpykmueHo-npoOyKyiliHe MOOeNt08anHs, msea NOCMIUHO20 CMpPYyMY,

GopmanvHi epamamuxu, KOHCMPYKMOp, NPocpamHe 3abe3nedents, iHpopmMayitini mexHon02ii.

Beryn. Jlana po6oTa BUKOHaHa Y KOHCTPYKTUBHIN Mapajinrmi CIpUHHATTS CBITY JIFOJIU-

HOIO 1 BIJIIIOBIJTHOTO MiJIXOAY /10 MPOrpaMyBaHHs (OCHOBH 5IKOi 3aknazieHi y [1, 2]).
OCHOBHI OJIOKEHHST KOHCTPYKTHBHOI Tapaaurmu [ 3]:

— CBIT CIPUMMAETHCS K CYKYIHICTh KOHCTPYKIIN 1 KOHCTPYKTUBHHX MPOIIECIB;

— KOHCTPYKIIIT CKJIQAI0ThCA 3 ICSIKUX €JIEMEHTIB 1 THIITNX KOHCTPYKIIIi;

— KOHCTPYKTHUBHHUH IPOLEC CKIANAEThCS 3 €IEMEHTApHUX JiH (JUCKpeTHUX abo Here-
PEPBHUX, IETEPMIHOBAHUX a00 CTOXACTHYHUX 1 T.1.) Ta 1HIIUX MPOIIECIB;

— €JEeMEHTH, KOHCTPYKIi, MPOMIXKHI (POPMH KOHCTPYIOBaHHS MOB’s3aHI M1k COOOI0
JEeSIKUMH BiTHOLIICHHSMU 3B’ SI3yBaHHS;

— @JIEMEHTH KOHCTPYKIH, MpOMiKHI (OpMH KOHCTPYIOBaHHS, KOHCTPYKIii, BiTHO-
IIEHHsI Ta oTepallii — KoXeH Mae CBii Habip aTpuOyTiB;

— npu GopMyBaHHI KOHCTPYKIIIH BUKOPUCTOBYETHCS TpiaJia: BIHOIIEHHS — OIepallis
— BIJIHOIIICHHS.

IIlogo OCTaHHLOTO MOJOKEHHS:
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— y anre0pi, HAIPUKIIAJ [UTAX YUCENl 3 3aJaHOI0 OMEpAIli€l0 JOIABAHHSI, 3aIuC
«5+7» cipuiiMaeThCs SIK BIAHOIIEHHS: Tpeba ckiacTu 5 1 7, B pe3yabTari onepaii ckiiaJaHHs
oTpuMaemMo pe3ynbraTr 12. ToOTo 3a BiIHOLICHHSIM BHKOHYETHCS OMEpallisi B Pe3yibTaTi sIKOT
3HHKA€E iHPOPMAIIis PO MOYATKOBI CKIIAI0BI;

— Y KOHCTPYKTHUBHIH Mmapaaurmi, HanpuKiIaa OIpyd BUPOOHHUIITBI aBTO JABEPIATA CIif
MPUYCTIUTH 10 KOpmycy. Maemo Tpiady: BiAHOMIEHHS (CiJ MPUYENUTH) — orepalis (mpu-
YEIUICHHS1) — BIAHOMIEHHS (TpUYeIIeHo0). Y pe3ysbTaTi omepallii 3aJIMIalThCs BCl apry-
MEHTH (€JI€MEHTH) 3 HOBUM BiTHOIIICHHSIM.

Jana poOota € nmpoaoBKeHHSIM poOOTH [4] 1 HampaBlieHa HA BUKOPUCTAHHSI MOXKIIUBO-
CTel YaCTKOBOTO BiJHOBJICHHS BHUTPAUCHOI Ha TATY €HEPrii IUIIXOM ii peKyrepartii, 1o 103-
BOJISE 3MEHIINTH CHOKMBaHHSA €Heprii Ha TIepeBEe3eHHs 3a PI3HUMHU OI[IHKaMH Ha
10...40 % [5].

AHaJIi3 OCTaHHIX JOCTIKeHb 1 myOJrikaniii.

1l]looo Koncmpykmuenozo nioxody (incmpymenmapiro). 3a METO BUKOPUCTaHHS
KOHCTPYKTOPH MOJUISAIOTH Ha [3]:

— MOPO/KYIOUi, sIKI 33JJaHUMHU TMPaBHJIaMU BUKOHYIOTh (POPMYBAHHS KOHCTPYKIIii
(omHi€el 200 MEKTBKOX) a00 KOHCTPYKTHBHHX IPOLIECIB;

— TpaHchopMmyrodi, sIKi 32 OJIHI€I0 KOHCTPYKIi€r (TI MOJEIIT0) GOpMYIOTh iHIIY.
Hanpuxknan, nporpaMmy y Kogax npouecopy y KOHCTPYKTUBHUUN NPoLEC 11 BUKOHAHHS

— aHami3ymoui, fKi BHUKOHYIOTH aHali3 KOHCTpyKIiil. Hampuknaa, mepeBipatd 4u
MO’K€ KOHCTPYKIis OyTu cpopmMoBaHa 3a HassBHUMHU NpaBUiaMH (HANpUKIAL, y TPaHCIATO-
pax);

— ONTUMI3YIOYi/aanTyo4i, sIKl 37aTHI 3MIHIOBaTH CTPYKTYPY KOHCTPYKIIi (CKia-
JIOB1, X TIOPSZOK Ta 3B SA3KH);

— QJITOPUTMIYHI — B NO€JAHAHHI 3 1HIIMMHU KOHCTPYKTOPAaMH CTBOPIOIOTH KOHCTPYK-
TUBHY CUCTEMY: MOJI€Jb €JIEMEHTIB, MPOMDKHUX (OpM 1 MOMIIMBHUX OIEpaliil HaJ HUMHU
MOETHYETHCS 3 MOJIEIUIIO BHYTPIIIHBOTO BUKOHABIS, SIKUM BMi€ BUKOHYBATH BCl ONepariii.

VY naniit pobOTI 3a1IpoIIOHOBAHNUN HOBUM BUJ KOHCTPYKTOPY — 30arauyBay, KU 103BO-
Jsi€ HACUTUTH 1H(OopMali€ro chopMOBaHy MOPOIKYOUHUM KOHCTPYKTOPOM KOHCTPYKIIO IS
MOJIaJIbIIIOT0 aHalli3y a00 BUKOPHCTAHHS.

Il[o00 3a0aui enepzoeghexmuenocmi (npuxknaonoi 3adaui). 3riHO 3 OCTAHHIMU J0-
CIIIJKEHHSIMHU, BIPOBAPKEHHS CYYaCHHX CHCTEM PEreHEepaTHBHOIO TajlbMyBaHHsS 3HA4YHO
HiABUILYE €(PEKTUBHICTH pOOOTH €NEKTPUYHUX 3aJII3HUUYHUX TPAHCIIOPTHUX CUCTEM [6].

BigHoBrnenHs: Ta 30epiraHHs 3HAYHOI YAaCTHHW €HEPTii, BTpayeHOl TMijJ Yac Tajib-
MyBaHHsI, Ha0yBalOTh 0COOIMBOI BaXXJIMBOCTI. PO3BUTOK TeXHOIOTIH 30epiranHs eHeprii, Ta-
KHX sIK OaTapei Ta CynepKOHACHCATOPH, 103BOJIsE €hEeKTUBHIIIE BUKOPUCTOBYBATH pereHepa-
TUBHY €HEPriio, 1110 B CBOIO Yepry MOKPAIIy€e €KOJOTIYHY CTIMKICTh 3aJII3HUYHOTO TPaHCIIOP-
Ty [7].

PexyneparuBHa eHeprisi € CyTTEBOIO JUIsl MIJIBUILIEHHS €HEProe(eKTUBHOCTI, €KO-
JIOTIYHOCTI Ta O€3IMeKH BHCOKOIIBHAKICHUX 3aJli3HMIIb. |HHOBaIIHI MIAXOAW O YIPaBIiHHS
EHepri€l0 O3BOJSAIOTh 3HAYHO 3MEHIIUTH BUTPATH Ha E€JIEKTPOCHEPrii0 Ta 3HU3UTH BUKHUIU
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MapHUKOBUX Ta3iB, POOJSYM 3aII3HUYHUI TPAHCHOPT OUIBII €KOJOTIYHO YHCTHM Ta €Heproe-

epss, 5 epss,, epss,
thy4 tfaa tfan

ESD| |'& v | [ESD N ¥ | [ESD N 4

¢dexruBHEM [8, 9].

10 16 18 19 25 27 28 34 36
— ’—l }_4
A SW.o SWog ~| SWsis
Wy SWap SWag
¢l 39 Clas Clag
tr )
konis 1

cl g5

cl 45 ' KOHTaKTHa Mepexa
_tr ,
.‘.L. Konis 2 |

Pucynok 1 — CtpykTypHa cxema AUISTHKY eJeKTPONOCTayaHHs

1. Buk/IageHHs OCHOBHOIO MaTepiaxy
1. Ilocmanoska 3adaui. Y mnonepenHiii po0OoTi [4] mpencTaBieHa KOHCTPYKTHBHO-
HNPOAYKLiiHA MOJIENb JUISHKUA CUCTEMH €JIeKTPOIOCTaYaHHs TATU IOCTIHHOTO CTpyMy.
Sk npukian, chopMoBaHa cxema JBOKOJIMHOI AUITHKY 3 IBOMA MOTATaMHM sIK Ha puc. 1.
OnHouacHO cpopMoBaHa ceHTeHLiHa popma:
| =((esd,, -sw,, x(cr, : (sw, -aci))-tf , -epss,))-(cl,, -tr, -cl,):(cl,)-
(((esd, -sw,, x(cry : (sw, - aci,,))-tf,, -epss,,))x(cl, : (cl, -tr,-cl - (1)
((esd,, -sw,, x(cr,, : (sw -aci,,)) tf_, -epss,,)))).
[Tosuayku 10 puc. 1 Ta cenrenuiiinoi dopmu | (repminanu andasity T, KOHCTPYK-
topy C,. [4]) 3 BiamoBiaHO0 aTpHOYTHKOIO:
-y, EPpss - 30BHIIIHS CHCTEMa eNeKTporocradanHs 3 atpubyrom U, - piBeHs
BX1/IHOT HalIpyru MEPBUHHOT MEPEXI;
2K U, ,Uomtf — TIOHWKYIOUMH Tpancdopmarop 3 atpuOyramu 77 — K.K.O., K —

koediuient tpancdopmaunii, U, ,U =~ — BxigHa Ta BuxigHa Hampyra;

in?

- u_ CI' — BUNpAMIISAY 3 BIANOBIIHUMHU aTpUOyTaMy;

n*Uln' out
= UL Uy acCl —1HBepTOp;
W W,V eSd — HaKOoIMN4YyBa4d CJIICKTPOCHEPI1l 3 anI/I6YTaMI/II W — IIOTOYHHNHU

piBeHb 3apsmy HakomudyBada, W =~ — MakcHManbHa €HepreTHYHHA €MHICTh, V — IIBHJ-

X

KICTh €HEeprooOMiny (3apsay/po3psny), 7 — koedimieHT e)eKTUBHOCTI 30epiraHHs €Heprii,
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LXK cl - tarosa mepexa 3 arpubyramu: L — noBkuHa JiIsSHKM, 0 — ONUTOMUMN

omip Mepexi, X - BEKTOpP PO3MIpHOCTI N , BM3HAYa€ IIOJIOKEHHS IEPEMUYOK Ha Oararo-
KOJIIMHUX IUISHKAX

- ’Ptl’ eIEKTPOPYXOMHUIi CKIIaJ 3 aTpUOyTaMu V — pexkuM pyxy, | — monoxen-
HS HA MDKIIICTaHIIMHIA 30Hi, P — MOTYKHICTB sIKa CLIOXKHMBAETHCS a00 BUILISAETHCS,

U, Uy U T — PETYIATOD HANPYTH BUIPAMIIAYA, U — BekTop po3miprocTi N

KOKEH €JIEMEHT AKOro U, — peryjiboBaHi PiBHI BUXIJHOI HAIIPyTH;

op ptapt SW  — TepeMukad, PP — IOCTiIMHE MNOJOXKEHHS Inepemukauda, Pt —

THMYacoBe MOJIOKEHH: Ha Jac tpt .

KpiM 3a3HaueHux Buile aTpuOyTiB, BCl TEpMIHAIU MAlOTh iAeHTU(DIKyIOUnid aTpuOyT
Id , axuil mo3Ha4aeThCsA iHAEKCOM TepMiHamy abo HE TepMiHalIy i JO3BOJISAE OJHO3ZHAYHO
BU3HAYUTH KOHKPETHE 00JIaTHAHHS CUCTEMH EICKTPOIOCTaYaHHS.

BinHomenns 3B'a3yBaHHs y ceHTeHUilnili Gopmi | 3amarore mocminosHe i mapanenbhe
3'€/IHaHHS €JICMEHTIB CIIEKTPHYHOro Koa (Tadi. 1)

Tabmums 1
BinmnoBigHICTh MO3HAYOK BIAHOIIEHb Ta CTPYKTYPHUX CXEM

BinnomeHnHs a-b a:b axb

CrpykrypHa a a -
a b 4 F *!
cxema b b

Yy JAaHOMY JIOCJ'Ii,Z[)KCHHi IIOCTAaBJICHA 3aJgayda p03p06KI/I KOHCTPYKTUBHUX CUCTEM JIBOX

NpU3HAYEHb: IMITYBaHHS 1H(pOpMAaLii 10JI0 CTaHy eNeKTPOYCTaTKYBaHHs Ta MOI3HOI CUTYyaIlil
Ta BIAMOBIJHUX €KCIEPTHUX BUCHOBKIB I110JI0 BUKOPHCTAHHS €Heprii peKymneparlii; aBToMaTu-
30BaHOi CUCTEMU KEPYBaHHS PO3IOJIIIIOM IMOTOKIB €HEprii pexymneparii.

2. Cnenianizanis KOHCTPYKTOPY ATPMOYTHBHOIO HACHYEHHSI MoJesi IUISTHKU
eJeKTponocTavyanus. BuzHaunMo cmeniajizanilo KOHCTPYKTOpY — Mojeni (CTpYKTypHOL
CXEMH) CUCTEMH TATOBOTO €NIEKTPONOCTauYaHHS:

C,. <M e 2oy A >[4] Ta Moaudikarii #oro C~ZE <|\/| D Y AZE> , (2)
ne A, =AUA UA,, A =M, T, UN,, Z ={06,0} =={, * ¥},
D ==+, >, o4, } 0= ==, vaoxkuan: = — Bignocun (i Bianosi-
JIHUX OTleparliii) 3B'13yBaHHS €IEMEHTIB KOHCTPYyKIiid, @ — omepariit Hax atpubyramu, © —
omepariii BuBesneHns, 1,, N, — tepminaniB ta Herepminanis, A — indopmauiiine 3abe3me-
yeHHs koHcTpytoBaHHs (I3K) y3aranbHeHOTro KOHCTpYKTOpA.

Moaudikosanuit kouctpykrop C,. Bupisuserses Bix C,. MHOXHHOIO omepauiit Haj

arpubyramn @ ={=", +%, >3, ", 1", 1"}
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I3K A, MicTUTh BH3HAYCHHS, JOIIOBHEHHS Ta OOMEKEHHS, SIKI YTOUHIOIOTH aidasiT,

aTpuOyTH HOCIS, BIAHONICHHS IMiJCTAHOBKH, 33aJal0Th OCOOJMBOCTI BHUKOHAHHS OIEpaIlii

HiI[CTaHOBKI/I Ta BUBCACHHS.

HpaBI/IJ'IaMI/I IIICTAHOBKHA MAalOTh BUTJISAL v, . <Sr, g . :<gl,r’gz,r >> cV¥ , e Sr —

Hablp aJbTEPHATUBHUX BIJHOLIECHB MIJCTAHOBKH, (J, — HAOIp onepaniii HaJ aTpuOyTaMu sKi
BUKOHYIOThCS 110 onepartii migcranosku (g, ) Ta micns wei (g, ).

BigHonieHHs miICcTaHOBKU , > Mae aTpuOyT AOCTYNHOCTI: Akmo 77 =trué — BigHO-
IICHHSI TOCTYITHE JIJIsl BAKOPUCTAHHS, B IHIIOMY BUTIAJKY — Hi.

TepminaneuuM angasitoM T, € MHOXHHA €JIEMEHTIB CUCTEMH TSAIOBOIO CHEPronocTa-

YaHHSI, CIIO)KWBAHHS Ta TIEPETBOPEHHS EJIEKTPOCHEPTii B MEPEXKi MOCTIHHOTO CTPYMY 3aTi3HHUIIb,
TpaMBalHUX Ta TPOJEHOYCHUX JIiHIM Ta METPOIOJITEHIB 3 X CYTTEBHMH JUIS I[LOTO 3aBIAHHS

BIACTHBOCTSMH — aTpubyTamu. EneMenTH GyaeMO MO3HA4aTH MaJMMH JIATHHCHKMMH CHMBO-
JaMH, HapUKIaJ, , @ TepMiHai a 3 arpubyToM X , X @ arpubyt X TepmiHany a .
Onepauii nax arpubyramu: =(a,b) — npucBoenns 3madenns b 3minmii a;
+(a,b,c) — mpucsoenns cymu smauens b i C 3mimmiii @ , >(a,b,C) — npucsoenns a
3HAYEHHS true SIKIIO b>c i false B iHIIOMY BUIAJIKY;
T (a,b,..), N (a,b,...), T(a,b,...) BBenenns BuBeeHHS 3HAUECHD aTPUOYTIB BiMOBITHO.

Konkpern3aniss KOHCTPYKTHBHO-TIPOJIYKIIHHOT CTPYKTYpH TNOJArae y pO3LIMPEHHI
aKCIOMaTHKU MHOXKHHOIO KOHKPETHUX MPaBUJ MPOAYKIIHN Ta 3aBJaHHI KOHKPETHUX MHOXHH
TEpMiHaIIB Ta HETEPMiHATIB:

Cre =M 20 A Z) 2 Cpe =M, 20, Ay) ®3)
me A, =A,. UA,.
I3K A, MICTUTb HACTYIIHI JOIOBHEHHSL.
Herepminaneunit  andasir N, CKJIAaJa€ThCsl 13  JONMOMDKHUX  €JIEMEHTIB

N, = {o,a, B, 7} . Houarkoswuii HeTepminan — o .
I3K A, MiCTHTb II IpaBHJIA MPOIYKIIIi.

HCpI_HC IMpaBUIIO MICTHUTD BiIIHOI_I_IeHH}I, 1o Hajgae€ MOXKJIUBICTh CKCIICPTY OTPUMATH
CKpaHHY (I)OpMy 3 306pa)KCHH$IM CXEMH Ta MOKIIUBICTIO BBCIACHHA CKCIICPTHUX BHCHOBKIB:

v,=(s,=(c>a),g,, =509, =(T(c):=(,1):=(m1)) @)
ITpu po36opi popmu | apyre npaBuiio npuzHAYEHO IS IPOMYCKY 3’ €IHYIOUUX CHMBOJIIB:

SZ=<a—>(a|a—>)a|a—>-a|a—):a,|a—>><a,|> )
W, = '
i 0,,=¢6,0,,=¢
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IlpaBuna v/, ...y,, npusHaveHi Juis 300py iHpopMallii 11010 CTaHy KOHKPETHOIO €JIEeKTpHY-

HOro oOJagHaHHS IUIBHHUII Ta MOi3HOI curyamii (® — mo3HaueHHs Oyab sSKOi omeparii

3B’A3yBaHHA y CeHTeHIianbHil Gopmi | ):

v, =(s, =(a—epss, ®a),g,,=¢,0,,=(TUg-epss,), +(i,i,1)). (6

B S4:<a—>tfi®a>,g4’l:¢9, .
Va= 9., =(T(mptf, katf,, U, tf U Jtf), +(i,i,1))/ 0
S, = cr,®a), 9., =¢,
w5—<5 o>, 9). 92, = . > ®
9,, =( (pter,, U, Jer, U o), +(i,i,1))
S, = aci, ®a), g,,=¢,
we—<6<a% Befguze > ©
95, =(T (ptaci,, U, Jaci,, U, Jaci,,), +(i i 1))
s,=(a—esd, ®a), g,, =¢,
W, = | - . (10)
9,, =(T (ptesd, W Jesd W __Jesd, V Jesd,), +(i,i 1))
S8z<a—>cli®a>,g“:5,
Ve = o . ’ (11)
ds, =(T (ol Locl,, Xcl,,ncl,), +(ii,1))
S, ={a—>1r ®a),9,, =¢,
wg=< oot Oa), 0,2 > 12)
9y, =(T W tr,, Iatr,, Ptr), +(i,i,1))

s, =(a—>m ®a),g,,=¢
= ' _ , (13
Vo 910,2:<$(U‘Jrni,uin@rni, UoutArni,UArni,nArni),+(i,i,1)> (33

S. ={(a—>SW. a), =g,
(//11:< 11 < i > gll,l >, (14)

9.., =(T(PPJsw,, ptJsw,, tpt dsw ), +(i i 1))

[TepeBipka 3akiHueHHs po306oOpy ceHTeHIianbHOi hopmu | 1Is BU3HAYEHHS 3HAYEHD
aTpuOyTiB:

) :<512:<a 2B 9, =(=(k,2), :=(i,1)>>
12 912,1:<:(b’k’1)’>(771’i’N)’&(7711771,b)> ,

IlpaBuna y,,... ¥, IpU3HAYCHl I BH3HAYCHHS KEPYIOUMX JIM JUIS PaliOHAIBHOIO

(15)

BUKOPUCTAaHHS €Heprii pekymnepartii:

p—oepss, -p| fotf - p| gocr -S|
S,.=( f—aci,-p| p—esd, -p,| p—cl, -S|
Vis = potr B, pocl B |f—>m, -p ’ (16)

9131 =€ Y3 :<+(i N ’1)>
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N e Y T R N AV AR
u1=é09y,=¢

Sis =<ﬂ—)SWi ®,3>, Q955 =6,
U5, =(¥ (PP sw,, ptsw,, tptdsw,), +(i,i,1), +(m,m,1))/

Vis = (18)

ITepeBipka 3akiH4eHHs po300py ceHTeHMianbHoi Gopmu | 1st oTpruManHs 3anponoHo-
BaHUX EKCIEPTOM DPIllICHb:

Sie =<ﬂ n2—>7> 9161 =<=(b,|( 1), >(772’i N )’&(772’772’b)>’

Vie = . , (19)
Oy, =( =(k,1),:=(i,1))
dopmyBaHHS LUKITY 300Dy iH(MOpMaILii Ta KePYIOUUX JIiH:
Vi :<Sl7 :<7 773—)0(> 9174 :< > (77;,m,M )>’ 972 :8>’ (20)
3. Busnauennsa anzopummivHux KOHCMPYKmMopie. ANTOPUTMIYHUN KOHCTPYKTOP [2]:
C,=(M,,Z,,A,), (21)

BHUPI3HIETCS BiJl IHIIUM TH, 10 HOCik M , BKIItoyae anropuT™Mu Ta MHOXKHHHY iX BXITHUX Ta

puxinanx gamux — M, S{A [ U (U (X (A )UY (A))), ne A, — nesxuit anmropurm
: APV,

(inentudixkoBannii sk A ) 3 nHabopom Bxiguux (X ) ta Buximamx (Y ) mamux. M,
, . 0 0 . . .
000B’s13K0BO BKIIIOUae 6a3oBi anroputmMu A Ta A, sKi peamizyroTs omepamii X, Ta aeski
o . Y
CKOHCTpYitoBaHi anropurmu A, || .
Busnaunmo  nBa  anroputmiudi - konctpyktropu  C, . =(M, X, A, ) Ta
Cro=M 20 A, )

I3K AA'lBKJ'IIOLIae aKCIOMAaTHKy Yy3arajlbHEHOIo anropurMmiuHoro [1, 2] koHcTpykropa Ta
BH3HAYa€ CEMAHTHUKY anroput™miB 3 M,
0 1A A . . . .
- A’ |, — KOMIIO3HILis AIrOPUTMIB, OCITIZOBHE BUKOHAHHS aIrOPHTMY Aj mics
i 07
anroputmy A, ;
- A% : A Z true;
, |, — YMOBHE BUKOHAHHS: alTOPUTM A, BUKOHYETHCS SKIIO yMOBA ;
- A,|', ; — peamisye omeparlifo miICTAHOBKM: 3TiJHO BiIHONICHHS IiJCTAHOBKH
hlghi

|, —1, y norouniii cenrenmianeniit dopmi f,; suxomye saminy I, wa | ;

fi Q . .
A i A
- 4 |fi g 5 |o‘,‘]—’ — AJITOPUTMH {K1 pCaANI3yIOTh OICpallll HaCTKOBOI'0 Ta MOBHOI'O

Busoxy, Tyt f,f ; — ¢opmn, o — akcioma, V' - MHOXKMHA IIPaBHII MIACTAHOBKY; () - MHO-

*KuHa c(hOPMOBAHUX KOHCTPYKIIIH;
a TaKOX aJITOPUTMH IO peai3yloTh orepalii Haj aTpudyramu:
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— A, |} — npucBoenHs;

a .
— A, |, — BU3HAUEHHS CYMH YHCE;

a . . .
— A, |, —mopiBHsAHHA Ha Ginbe;

A |306pam(EHHﬂ Ha ekpanHiil Gopmi
9 lab..

— peauizanis oneparii «Tr: (bopMyeThCS 1 BUBOAUTHCS
exkpaHHa (hopma 3 300paKEHHSM EIEKTPUYHOI CXEMH 1 TOJSMU JUIsl BBOY/BHBOJY 3HAYCHb
aTpuOyTiB;

ab..y 6aszi oanux . . .
AlO | — pcan3aiid ornepamni «$ ». BUIIAAKOBHUM YHMHOM BHU3HAYAIOTh-

ab..

s 1 BUBOAMTHCS HA eKpaHHY (hopMy Ta y 0a3y TaHUX 3HAUYEHHS aTpUOYTiB;

a,b..y 6azi oanux
All |a,b...

peamizanis omeparii «¥»: Bu3HAUEH] EKCIIePTOM KepyBaHHS
30epiratoThest y 0a3i JaHUX.

Jpyruit anroputmiunuit koncrpykrop C, ,=(M,,,%,,A, ,) npusnauennit nns nu-
CTaHIliifHOTO 300py iH(OpMAIli MOJ0 CTaHy EJIIEKTPOYCTATKYBaHHsS Ta IIOI3HOT CHUTYyaIii
JUISHKY ~ €JICKTPOIIOCTAYaHHsI TIOCTIHHOTO CTPyMy Ta aBTOMATH30BAaHOTO KEpYBaHHS
po3mnoiioM eHeprii pekymeparii. BiH BUPI3HAETLCS BiJ MEPIIOrO JIMIIE NSIKUMU aJTOPHUT-
MaMHu, a came:

A, |, , —mycrnii anroputm;

A, [0 — peamisauis omnepauii «J »: OTpUMaHHS BUMipSHHX 3HA4eHb IOKA3-

HUKIB pOOOTH €JI€KTPOYCTaTKYBaHHS Ta MOi3HOI CUTYallii;

b... . .
A, [0 peamizauis onepaii «b»: nepeaya BU3HAYCHOTO KePYBaHHS Ha 3aCO0M

KEepyBaHHS.
4. Cucremu KOHCTPYIOBaHHS - iHTepnperanis KOHCTPYKTOPY
C,ec =M. ,Z,.,A,). V pesynsrari iHTeprperalii KOHCTPYKTOPY OTPUMYEMO CHCTEMY

KOHCTPYIOBaHHS sIKa MOE€JHYE MOJIENb 3aC001B KOHCTPYIOBAHHS 1 BHYTPIIIHBOI'O BUKOHABIIS Y
BUTJISIZII QJITOPUTMIYHOTO KOHCTPYKTOPA.

[lepma KOHCTpYKTHBHA cucTeMa 37aTHa (opmalizyBaTH 3HAHHS €KcHepTa o0
PO3MOALTY €Heprii pexymnepariii Ha AesKii AUIAHII eHepro3ade3nedeHHs :

<6ZEK =M 212 A3>’ CA,l:<MA,1’ZA’AA,1>>IHd =(M 212 A5>' (22)

ZE ZEKI 1 ZE?
ne Ay =A, UA, UA,, y cBow uepry I3K A, BcraHOBIIOE BiANOBiAHICTH omepauisM (y

AKOCTI iX aTpuOyTiB) aJITOPUTMIB aJITOPUTMIYHOTO KOHCTPYKTOpA:
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A ={(A, |:,:,|q ) 4=), (A, |::\1} =),
(A2, J1=), (Al Ji=),
(A [ =), (A R, 4),

A [ d>),
( 8 Lb c ) (23)
(A8 |b’c d>),
Ag |:<’>g;.7..amzﬁuﬂ Ha ekpanHiu gopmi 4J T)’
(Alo |a:Ey 6azi danux ‘J $)’
(All |:Ev 6azi danux <J \L)}
[Ipuknan peanizauii 1i€i KOHCTPYKTUBHOI CHCTEMU HaBeACHO y Tabmuisx 2 1 3.
Tabmauus 2
Indopmartis 1y MPUUHATTS piieHHs (TPUKIIaT)
esd, SW,, tf, epss,;

m W ! Wmax’ v ! pp pt tpt m, k ! Uin Uout’ UES’
B.o. | Mk | Mk | MHx/c ¢ | Bo. | BO. | kKB | B <B
0,88 12 30 0,07 off | on | 120 | 0,89 | 15 6 3,0 3,3
0,87 10 30 0,13 off | on | 150 | 0,9 10 35 3,5 3,3
0,86 28 30 — off 0,92 | 30 | 110 3,8 3,3

aci sSW ., Cry, esd,

m, Uin’ Uout J pp pt tpt m Uin’ Uout m, W ! Wmax’
B.O. B B » € B.O. kB | kB | B.Oo. | MIIx | MJDx
0,89 2,8 3,8 off | on 20 089 | 295| 28 0,88 47 50
0,89 3,9 3,9 off | on 50 0,89 3,5 3,9 0,86 20 50
0,88 3,6 3,7 off 0,89 3,8 3,6 0,89 40 50

esd, SW tf,, epss,, aci

v ! PP pt tpt ! s k ! Uin’ Uout UES’ m Uin' Uout
M/x/c c BO. | BO. | kB | ,kB «B BO. | xB | »xB
off 0,89 | 1,5 | 110 3,5 3,3 0,88 3,6 3,5
0,16 off | on 180 0,9 10 35 3,5 3,3 0,87 3,8 3,7
0,33 off | on 30 0,92 | 30 110 3,7 3,4 0,85 3,9 3,8
SW cr,, esd,, SW
pp pt tpt , n, (U, U, 7. | W, W _, |V, pp pt
M/Ix
104
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c B.O. kB | ,xkB | B.0. | MIIx | MJIx /c
on 08 | 34 | 33| 08 5 30 0,16 off on
on 087 | 34 | 3,2 | 0,88 25 30 50 off
on off 190 0,9 33 | 33| 0,87 10 30 0,67 off on
SW 4 tf., epss., aci, SW
tpt ! UN k ! Uin ’ Uout UES ' . Uin Uout pp pt tpt » €
c B.O. B.O. kB , kB B B.O. kB | . kB
150 | 0,89 32 110 3,4 3,4 0,88 | 38 | 39 on | off 50
0,89 66 220 3,5 3,3 0,89 | 39 | 40 on | off 90
30 0,88 11 35 3,3 3,2 09 | 36 | 3,7 on
Cr36 C|39 tr-41 C|45
n Uin’ Uout’ P L, kM n Xio | Xg, 4 I, P, P
B.O. | xB kB | OM/km KM | KM KM | MB | Om/km
T
09 | 34 3,3 0,057 15 2 6 8 | pexyn. | 8 2,5 | 0,057
0,88 | 35 3,4 0,057 18 2 4 | 10 Tsra 10 | 0,8 | 0,057
0,89 | 3,3 3,2 0,057 14 2 8 6 Tsra 6 15 | 0,057
CI 45 CI 49 CI 51
L, n X, X,, KM £ L, n X, | X,, kM | P2, L, n
KM KM Om/kM | KM KM Om/ | KM
KM
1
5 | off 4 8 0,059 17 2 4 8 0,0 | 15 1
57
1
8 | off 4 8 0.06 19 1 2 0,0 | 15 1
57
14 | off 4 8 0,057 15 1 2 0,0 | 15 1
57
CI 51 tr53 CI 55
X, KM | X,,KM |4 |, xm P, pP,OMkm | L, | n | x ,km| X,,km
MBT KM
1 TATa 10 1,7 0,058 15 | 1 2
2 pex. 2 0,8 0,058 15 | 1 2
2 pex. 4 1,1 0,059 12 | 2 4 6
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Tabnuus 3
Pexomenparii excriepra (MIpUKIIaI)
Ne n/n SW, SW SW
Pp pt tpt ,c| PP pt tpt ,c pp pt tpt ,c
1 off on 120 off on 20 off
2 off on 150 off on 50 off on 180
off off off on 30
SW SW ,, SW
Pp pt tpt ,c| PP pt tpt ,c pp pt tpt ,c
1 on off on 150 on off 50
2 on off on off 90
on off 190 off on 30 on

Jlpyra KOHCTPYKTHBHA CHCTEMa MOJICIIOE PEAIbHY CHCTEMY PO3IIOJLTY €Heprii pekyre-
partii Ha aesKii TUISHII eHepro3ade3reueHHs:

<CZEK =M Sy 'A3>’ CA,Z =M A,l’zA’AA,2>> | —C

ZEKI 1

=(M ;.20 A), (22)
e A, =A,UA,,UA,.

[{um nokasaHo sIK y Teopii KOHCTPYKTUBHO-IIPOAYKLIHHOTO MOJIETIOBaHHS 3MiHa IHTEp-
npeTarii KapJMHaJIbHO 3MIHIOE (DYHKI[IOHAIBHICTh CUCTEMH.

5. O6roBopennsi pe3yJbTartiB. Y monepeaHiil cratti [4] mpeacTtaBieHa MOJENb sKa
103BOJIsIE (POPMYBATH MHOXKMHY MOTEHLIHHO MOXJIMBUX CXEM JUISHOK CUCTEMHM €JIEeKTPOIIO-
crayaHHd. Lls ctatt4 € i npogoBxkeHHAM. TyT nmpeacTaBieHi KOHCTPYKTOPI K1 JO3BOJISIOTh:

— HAlNOBHUTH MOJENI NMpeACTaBieH] y [4] 3HaueHHAMU aTpUOYTHKH 1 pilIEHHSAMHU
eKcIiepTa 010 PO3MOLITY €HEpTii peKyIepalii;

— KepyBaTH CTaHOM €JIEKTPOYCTATKYBaHHS Y PeajbHIi CHCTEMI €JIeKTPOIIOCTauaHHs
JUISIHKY €J1eKTPONOCTaYyaHHs MOCTIHHOTO CTPyMY AJisl €PEKTUBHOTO PO3NOALTY €Heprii peKy-
nepatii.

3anuuiaeTbcs MUTAHHS SKUM YUHOM (opMyeThbesi came kepyBaHHs. Ll 3amaua Ha oc-
HOBI K€pYBaHHS 3 HEYITKOIO JIOT1KOIO Oy/ie pO3TIIsIHYTa Y HACTYIHIN CTaTTI.

BucHoBku. OJHIM 13 OCHOBHUX HaIPSIMKIB PO3BUTKY €KOHOMIKU YKpaiHU € eHepros-
OepexeHHs, 1110 MOB'A3aHO 31 CKJIQJHOIO CUTYALI€I0 HA pUHKY €HEeproHOCITB.

PartionanbHe BUKOpHUCTaHHS €Heprii peKkymneparii Ha MijcTaBl BUKOPUCTaHHS MOJe-
Jiei Ha CydacHHUX MPUHIMIIAX JO3BOJISIE 3HAYHO 3201113 DKYBaTH €HEPropecypcu.

[IpencraBiaeni  pe3yabTaTd  PO3LIMPIOIOTH  MOMJIMBOCTI  KOHCTPYKTHBHO-
MPOAYKIIITHOTO MOJIENIOBAHHS Y YaCTHHI 1H(OpMAIiiiHOrO HamOBHEHHsI aTpUOYTUKU €JIEKT-
pPOyCTaTKyBaHHS 3 METOIO MOJAIbIIOI aBTOMATH3AIlil KepyBaHHs PO3MOILIOM €Heprii peKyre-
pauii.
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Attribute saturation of the constructive-synthesizing
model of the DC traction power supply system section

This article is one of three that collectively explore the solution to the problem of recu-
perative energy distribution for its rational use. The solution is achieved through construc-
tive-production modeling, and the fundamental principles of this approach are outlined.

Building on the previous article, a general constructive-synthesizing model for the DC
traction power supply section was introduced. This model tackles several challenges, includ-
ing reducing electricity consumption in both railway and urban public electric transport sys-
tems. Its core objectives involve identifying the availability and specifications of traction sub-
station equipment and optimizing the use of recuperation energy. Furthermore, it can address
other issues related to the design of traction power supply systems. An illustrative example of
a linear power supply section layout with three substations is also presented.

In the current article, additional attribute data of the constituent elements enriches the
previously developed general constructive-production model of the DC traction power supply
section. By interpreting the model through algorithmic constructor tools, various constructive
systems can be formed. One such system is designed to randomly determine the attributes of
electrical equipment and train scenarios from a set of potentially possible options. These al-
ternatives are then evaluated by experts to inform decisions regarding the use of recuperation
energy. Future development will focus on creating a fuzzy logic-based control system using
this expert data. Another system is aimed at collecting real-world data on the state of electri-
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cal equipment and train scenarios to enable automated energy distribution management. The
approach is exemplified by a developed scheme of a linear power supply section featuring
three substations.

The next article will show how the system for managing recuperation energy distribu-
tion using fuzzy logic is constructed.

Keywords: constructive-synthesizing modeling, direct current traction, formal gram-
mars, constructor, software, information technologies.

I'yna Anton IropoBHY — JOKTOp TEXHIYHUX HayK, podecop JJHIIPOBCHKOrO MeTamypriiiHo-
ro IHCTUTYTY YKPaiHCHKOTO I€P>KaBHOT'O YHIBEPCUTETY HAYKH 1 TEXHOJIOT1H.

IBanoB Ouexcanap [leTpoBUY — KaHIUAAT TEXHIYHUX HAYK, JOUEHT JIHIIPOBCHKOTO iHCTH-
TYTy 1HQPACTPYKTYpHU 1 TPAHCHOPTY YKPaiHCHKOTO JEPKaBHOTO YHIBEPCHUTETY HAYKH 1 TeX-
HOJIOT'1H.

Hlunkapenko BikTop IBaHOBHY — JIOKTOp TEXHIYHMX HaykK, nmpodecop JIHIMPOBCHKOTO iH-
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K.1O. OctpoBebka, A.FO. 3umornsia, A.O. Ko3akosa
MOJIEJTIOBAHHSI HEUPOMEPEKEBOI'O AJITOPUTMY
JJI51 AHAJI3Y JE®EKTIB BIZIEOIIOTOKY

Anomayis. B pobomi 3pobaeno 02110 Ha icHYO4i HAYKOBI pobomu 3 aHAli3y 8i0e0 HA BUsE-
JIeHHs1 Oeqhekmie ma mexHol02il yupposozco moeneuns. Pozensdaemvcs cmeopenns oama-
cema, po3noodiny oanux no eubipkam. Onucyemvcsa HABYAHHS HeupoMepedcesux mooenell ma
OMPUMAHHS pe3yibmamie HasuaunHs. Peanizayii memooy ukopucmauHs Hae4eHoi HelUpOHHOI
Mepedicesoi mooeri.

Knouoei cnosa: meiipomepedsica, 320pmkosa HeupoHHA Mepedca, Oama-cem, Oedexm,

sideoghatin, 6i0eOMpPancaAYis, 8i0COMOBIEHHL.

Beryn. CyuacHi mxepena iHdopmaliii BUTICHUIN TenebaueHHs 3 rpadika MOBCAKICHHO-
ro >KUTTS. 3apa3 3aMiCTh aHAJOrOBOro TenebaueHHs IepeBary BUKOPUCTOBYIOTh LM(pOBE.
ITpoTokonu nepeaaui ayaio Ta Biileo B HU(POBUX MAKETaX MPOJOBXKYIOTh AKTUBHO BHUKOpU-
CTOBYBATHUCS HE TUIBKU B IU(poBOMY TerebayeHHi, ane 1 B iHIuX chepax.

Metoro pobOTH € MOJIEIOBAHHS HEHPOMEPEKEBOro aaropuTMy JAJs aHajizy Je(deKTiB
BiJICOMOTOKY.

Onuc BUMOr JJisi BHpPilleHHs1 MOCTaBJIEHOro 3aBJaHHs. Ha ocHOBI mpoBeneHOro
aHaJi3y /U1 BUKOHAHHS IIOCTaBJIEHOTO 3aBJJaHHs HEOOX1THO BUKOHATH TaKl MMyHKTH.

1. 3pobutn Habip 300paxeHb, M0 MICTATh KaJpu 3 Ae(eKTaMu TpaHCIALI].

2. Po3miTuTH oTpUMaHuii Habip 300paXkeHb TUMHM MOMUJIOK, 300paXkeHi Ha KaJpi.

3. Bubpartu icHyrouy HelipoMepeKHY MOJIeNIb Ta HABYUTH i HA CTBOPEHOMY JaTaceTi.

4. HanucaTtu mporpamy, sika BUKOPUCTOBYBaTUME HAaBUEHY MOJIENb Il BUSBIECHHS Jie-
(exTiB Ha BiJi€o.

Jlns peasnizanii MOTOYHUX BUMOT TaKOX HEOOX1THO BUKOPUCTOBYBATH AoaaTkose [13:

1. Jlns BIATBOpPEHHS MOTOKOBOTO BifeoTpaHcisauii Oyae BukopucraHo VLC
mediaplayer. Lleii Mexnianieep Mae MOXIJIMBICTh BiATBOPEHHs (hailyliB TOTOKOBOTO MOBJICHHS,
nporpae OUIbIIICTh KOJIEKIB, Ma€ BIAKPUTUN BUXITHUNA KoA. [ HaBuaHHS HEHPOHHOT Mepexi
HEOOX1THO CTBOPHUTH JIaTaceT 13 300paKeHHIMHU Je(PEKTiB BiI€OTPAHCIISLI.

2. Jlna ctBopeHHs 300pakeHb 13 nedekTamMu MOTpiOHO oTpuMmatu (aiii BigeoTpaHc-
JALIT 13 MPIOPUTETOM MTOMMUJIOK MAKETIB TPEThOro piBHSA. [l BHECEHHS B MaKeT MOMMIIOK Oy-
7ie BUKOpUCTaHO nporpamue 3abe3neuenHs TSDuck.

TSDuck e open source I13 st maninynsniit 3 TS-norokamu. SIk BXOA BMi€ MpaioBa-
tu 3 IP, http, hls, dvb-tronepamu, dektec dvb-asi nemonynsaTopom, € BHYTpIlIHII reHeparop
TS-noroky Ta untanus 3 ¢aitnis. Sk Buxig moxe Oyrtu 3amuc y ¢aiin, IP, hls, dektec dvb-asi
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ta HiDes monynsatopu, mieepu (mplayer, vle, xine) ta drop. Mixk BXOZ0OM 1 BUX0OI0M MOXKHA
BKIIIOUUTH Pi3HI Mporecopu Tpadiky.

3. 1Ilo6 oTpumyBaTH TexHIUHY iH(pOpMaIiO Mpo (Hail, Mo MICTUTH BiICOTPAHCIISLIIO,
Oyne Bukopuctano nporpamy Mediainfo.

Medialnfo — e HeBenmka OE3KOIITOBHA YTUIIITA, KA JO3BOJSIE OTPUMYBATH TEXHIUHY
iHpopMaLio mpo mMeaiadaiinu.

4. Jlna Bupi3aHHS KaJpiB 13 BiJIe0 BUKOPUCTOBYEThCS mporpama Kdenlive.

Kdenlive — ue adpesiarypa Binq KDE Non-Linear Video Editor. Ile moctynuuii penak-
TOp 3 BIAKPUTUM BHXIJTHUM KOJIOM, CyMICHHH 13 mpucTposiMu Linux, Mac ta Windows. Bin
HaJla€ CTaHJAPTHI IS rayry3i mapaMeTpu pelaryBaHHs Ta IIUPOKUN CHEKTp aynio-, Bijeo- Ta
KOMITO3UIIHUX €(PeKTiB.

Habip Buxopucranux nanux. Ilindip Bizeo nns crBopenHst HaOopy nanmx. s
HaBYaHHS HEHpoMepe)keBOI MoOJeNi HEOOXiTHO MaTH JaraceT i3 300pakeHHsIMH ae(eKTiB
TpaHcsnii. Bupimmiay cTBOpUTH CBiif 1aTaceT JaHMX BUKOPHCTOBYIOYHM BUTBbHI JpKepena. 3a-
BaHTA)XCHO BiJICO 3 BUIBHUX JDKEPEJ, SIKI TPAHCITIOIOTHCS U(poBUM TerrebadyeHHsM. byio 3a-
BAaHTAXKEHO BiJICOTPAHCIIALIIO IU(PPOBHUX Telenepenad HACTyMHUX (OPMATiB: MYJIbTHUTEMH,
CHOPT, HOBHHHU, HAyKa, NETEKTUBH, TBOPH XYIOKHBOI KYJIbTYpH, Mepeaadi Mpo TBAapHH, pe-
KJlamMa, CHTKOMH Ta KoMeiliHi moy. Ha koxen ¢opmat Oyiio 3aBaHTaxeHo 01m3bpko 10 Bigeo-
3anuciB. Y cymi Oyno 3aBantaxeno 100 Bigeo daiinis. Yci Bigeo3anucu Oylin KOHBEpTOBaHi y
¢dopmar noroxoBoro mosienHs " TS" 3 Bukopuctanusm nporpamu VLCMediaplayer.

Jlyisi cTBOpEHHsI TIEpBMHHOTO HAaOOpy AaHWX BUKOPUCTOBYETHCS IpOTrpaMHe 3abesre-
yeHHs TSDuck.

ExcnieppuMeHTanbHAM HUITXOM OYJO BHUSBJICHO, IO IS OTPUMAHHS MaKCHMallbHOL
KUIBKOCTI JIe()eKTiB B1JICONOTOKY, HEOOXITHO 30UIBIIUTH MAKCHUMAaJIbHY KUIBKICTh OITOBHX
MOMMJIOK Ha makeT (max_pkt err).

[Io6 nepelTu 10 PO3MITKH Jaracera, HeoOXiAHO 3 (pailiB BIACOTPAHCIALIl BUpI3aTU
KaJIpH, 10 MICTATH 1e(PEeKTH 300parkeHHS.

[Iporpama mia BimeomoHtaxy Kdenlive mae iHCTpymeHTapii st oOpoOku ¢aiiiis
BieoTpanciaiii «TS». 3a J0MOMOrow 1bOro MpOrpaMHOrO 3a0e3NeueHHs] 0ya0 BHUpPI3aHO
1000 xampiB 3 po3aUTBHOIO 3/1aTHICTIO BUCOKOT yiTKOCTI (1280x720) y hopmarti «.png».

300pakeHHS 3 HU3BKOIO SKICTIO BUAAJICHO.

Po3miTka nepBuHHMX AaHuX. st po3mMiTKH 300pakeHb O0yJI0 BUKOPUCTAHO MPOTPaMy
Label Studio.

Jns HaBuaHHS HEWPOMEPEKEBOi MOeN BUpI3aHW HAOIp KanapiB 3 aedexrtamu Oyiio
po3Mimeno y nporpami Label Studio. [ns xoxxHoro tumy nedexty Oylio BU3HAYEHO KJIac.
Crioci6 po3miTku cermenTiB — Bounding boxes.

OcHOBHE 3aB/IaHHST HEUPOMEPEKEBOT MOJIEIi — BUSBIICHHS JIUIIE KaJIPy 3 1e(DEKTOM.

KisbkicTs po3MiveHux o0s1acTeil KOKHOro kjaacy. Y po0oTi HelipoMepexki 0yi0 BU-
KOPHCTAaHO CAMOCTIIHO MIATOTOBIEHUI HAOIp NaHUX 3 ypaxXyBaHHAM (aililiB BiA€OTpaHCIAIIN
3 neexraMu Kaapis.

Hatacet cknamaerbes 3 1016 300pakenn: 816 300paxens i3 nedexramu ta 200 300pa-
’KEHb 13 3BHYAHUMU KaJpaMHU BiICOTPAHCIIALIT, IKi He MICTATh aedekTiB (Pucynok 1).
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Pucynoxk 1 - KinpkicTs po3miueHux 001acTeil KOKHOTO KiIacy

36ip TpeHyBaJIbHOI, TeCTOBOI, BajifaniiiHol BUGIpKU. Y qaHOMy BUNIA/IKY, IIOO HEM-
poMepeka MPaBUIIbHO HABYWIIACS BHSIBJISITH ITOMUWJIKH BiJCOTPAHCIALIT, HEOOXITHO PO3IOIi-
JUTH 300paXKEHHS HAa TPEHYBAJIbHY, TECTOBY Ta BaliJaIiiiHy BUOIPKY Tak, MI00 KiJIBKICTh 30-
OpaXeHb 3 MEBHUM KJIACOM IMPHUOJIU3HO 3a70BONIbHsUIA criBBimHOmEHHIO: 70X20X10. ITicms
PO3MOJILTY JAaHUX, BUHILIO: 686 300paXkeHb Y TpeHyBallbHINA BuOipui, 225 y tecTosiil, 105 y

BaiiauiiHii (Pucynok 2).
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Pucynoxk 2 - 30ip TpeHyBaJbHOI, TECTOBOT, BasliJalliifHOT BUOIpKH

Peanizauisi HelipomepexHoi Moaei. /[ HaBuaHHs Oyno oOpaHO MOJENb BHUSBIICHHS
o0'extiB, YOLO.

YOLO — 1ie cuctema (Mepexa) BusineHHs 00'ektiB. Moaem YOLO migxoasts ans 3a-
BJIaHb: BUSBICHHS 00'€KTIB, CerMEHTallli eK3eMIUIIpiB, Kiacudikailii, Opi€HTOBAHOTO BUSIB-
nenHd. HaiiGinbmoro nepesaroro YOLO Haj iHIIUMH apXiTEKTYpPaMH € HIBUAKICTb.
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Jis mojanbioro HaB4aHHS Oynu oOpaHi HaWIIBH/IIA Ta HAWTOYHIIIA MOJIENb BEPCii
YOLOvVS ta YOLOVS, mo0 ai3Hatucs sika 3 MOJeNIel MPOJIEMOHCTPY€E HANKpaluii pe3yib-
taT. Y Tabmuui 1 npeacrasieHo kinbka Bubpanux mozaeneit YOLO Ta ioro mokasHUKH.

Tabmums 1
[Tokazuuku moneneit YOLO
. Makcumanpauii | [lIBuaKicTh 00pOOKH mAPval
HaitmenyBanHs . . .
No ) po3Mip 300pa- onaHiel pororpadii | (cepemHsi TOUYHICTH BH-
mozeni YOLO .
YKEHHS (mc) SIBJICHHS 00'€KTIB)
1 yolov5x6u.pt 1280 1,06 56,8
2 yolov5n6u.pt 1280 3,81 42,1
3 YOLOvVS8X.pt 640 3,53 53,9
4 YOLOvV8n.pt 640 0,99 37,3

{06 3po3yMiTu sKi HEOOXiqHI mapaMeTpH, HeOOXiIHO OYJI0 MPOBECTH TEpIIe OILIHHE
HaBYaHHs. byna oOpana mojenb 3 HaOUIbIIOW MBHUIAKICTIO HaB4aHHS — YOLOv8n.pt, 3
KUTbKiCcTIO enox — 50, Ta po3AUTbHOO 31aTHICTIO 300paxkeHs — 400x400. Pe3ynbratu HaBuaH-
HS IPEJICTaBJICHI HA pUCyHKax 314

3 pucyHkiB 3 1 4 MOXHa AIMTH HEBTILITHOTO BUCHOBKY, II0 MOJIEb HE BIIPI3HSAE TOMUII-
KU BIJICOTpaHCIALIT BiJ] 3BUUaiHUX 00'€KTIB, 110 3HAXOAATHCA Ha KaJpi, aje 3HaXOIUTh 30HY
KaJIpy, J€ 3HaXOASIThCS IOMUJIKH.

05 . Confusion Matrix Normalized g,
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Pucynok 3— Pe3ynbraT HaBYaHHS MOJei Pucynok 4 — MaTpuliis moMHIIOK

IEpHmIoro HaB4YaHHA

JIns1 MOBTOPHOTO TECTOBOTO HaBYaHHS 3MIHMMO TOKa3HUK PO3JAUIBHOI 3aTHOCTI Kap-
TUHKU 10 MakcuMyMmy (640). KibKicTh enox HaBYaHHS 3aJIMIIAETHCS HE3MIHHOO, IS OLIbII
TOYHUX MOJIEIEeH KITBKICTh €moxX Oy/e 3MEHIIeHa, Y 3B'SI3KYy 3 OOMEXKEHHSIM Ha 0O0UYHCIIO-
BaJIbHI pecypcu. Mojienb HaBYaHHS HE 3MIHIOEThCA.

Ha pucynkax 5 ta 6 mokaszasi pe3y/ibpTaTi IOBTOPHOTO TECTOBOTO HABYAHHS MO/IEITI.
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Pucynoxk 5 — Pe3ynbrar apyroi cpoou Pucynok 6 — MaTpulis moOMHIIOK APYroi

HaBYAHHS MO cripoOU HaBYAHHS

HaBuanus moaeneii YOLO Tta pe3yiabraTn HaBYaHHs. Ha OCHOBI Mepuinx TECTOBUX
cpo0 HaBYaHHS MOXKHA 3pOOMTH BHCHOBOK, IO PO3/ijbHA 3JaTHICTh 300paKeHb — BKpai
BXIMBUM mapameTp. SIKIIO AKICTh 300pakeHHS HAATO HU3bKA, TO HeHpoMepeka He 3MOXKE
BIIPI3HUTH JPiOHI MOMUJIKH 300paKeHHsI Bl 00'€KTIB pO3TAIIOBAaHUX HA 300pa’KeHHI, TAKUM
YHUHOM, HEOOX1JIHO BCTAHOBUTH MaKCHUMAaJIbHO MOXKIIMBUNA JTO3BLJ JJIs HABYAHHS KOXKHOI MO-
neni. Takox 17 OTpUMaHHS HaMKpalux pe3yibTaTiB 3MIHIOBAIMCS TileprapamMeTpu Mojie-
neit. Ilig yac HaB4aHHA Mojenel Oylo MOMIYEHO, IO Ha MiJICYMKOBUM pe3ylnbTaT BILTUBAE
3Ha4yeHHs rinepnapamerpa "batch" (kinbkicTh 300paxkeHb, IO OOpOOJSAIOTHCS 33 OAMH
POXi).

HeiipocereBsie mogeni YOLO 3axumieni Bif epekTy MepeHaBYaHHS — II€ JTOCITAEThCS
ABTOMATUYHUM 30€peKeHHSIM MapaMeTpiB, Y IKUX HEHpPOHHA MEpexy Mae MiHIMalbHE 3Ha-
YEeHHSI TTOMUJIKH.

VY Tabnuii 2 HaBeAeHO ¢iHANBbHI 3HAUEHHS 3MIHHUX HaBUaHHS KOXKHOT MOJIEI.

Tabmums 2
3HaueHHs apaMeTpiB HaBYaHHS MojieNei
. . KinpkicThb
MakcumanbHui [IIBuaKiCTH mAPval (cepenns
Mogens . L . 300paxeHb, 110
No po3mip 00poOKM O/THIE€T | TOYHICTH BHSIBJICH-
YOLO . 00pOOISIFOTECS
300paxeHHss | ¢ororpadii (mc) Hs 00'€KTIB) :
3a OJIMH MPOXia
1 | yolov5x6u.pt 1280 1,06 56,8 8
2 | yolovbn6u.pt 1280 3,81 42,1 4
3 | YOLOvVS8x.pt 640 3,53 53,9 16
4 | YOLOvV8N.pt 640 0,99 37,3 12
Haiikpami ~ pesynbTraTM  HaBYEHMX  MoJeNedl  HaBUaHHS  HaBeJeHI  Ha

pucynkax 7 — 10.
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Confusion Matrix Normalized

VG Confusion Matrix Normalized

background 8

Pucynox 7 — Haiixparmmii pe3ynbraT Matpuili  Pucynox 8 — Haiikpammii pe3ynbraT MaTpuili
MOMMJIOK MoJieni yolovSx6u.pt MOMMJIOK MoJieni yolovSn6u.pt

Confusion Matrix Normalized

0 Confusion Matrix Normalized -

06

Pucynox 9 — Haiikpammii pesynbrat Matpuni  PucyHok 10 — Haiikpamuii pesysnbrar mat-
nommiiok Mozieni YOLOv8x.pt puti nomuaku moaeni YOLOv8n.pt

BHCHOBOK. 3 OTpUMaHHX pe3yJabTaTiB MOXKHA JIHTH HEBTIIIHOTO BHCHOBKY, IO
HalO11b11101 TOYHICTIO Yy BUSBIIEHHI Je(eKTiB Mae HaBueHa Mozienb Y OLOvEX.pt.

[Ticns oTpuMmaHHS HaWKpalluX pe3yJbTaTiB HaBYaHHS Mojeneil Oyjao BHSBIEHO, 11O
HaO1IBbIINI T03BUI BIUIMBAE SIKICTh BUSBJICHHS MOMUJIOK JIMILE /IO IEBHOTO 3HAYEHHS.

Ha naniii BuOipii HaBYaHHS JAOCTaTHBHOIO PO3AUIBHOIO 3/ATHICTIO I JETEKTYBAaHHS
300paxkeHs € 540x540 mikcemis.

Ob6uncnioBanbHi pecypeu cepBicy Google Colaboratory oOMexxeHi Jiist 6€3KOIITOBHOTO
BUKOpPUCTaHHSA, ToMy i Mozaeneil YOLOv8X.pt ta yolovSx6u.pt Oyio CKOpOYEHO KUIBKICTh
ernox HaB4aHHA. HaBiTh 13 MEHIIOIO KUIBKICTIO €noX HaB4aHHSA mMozaenb Y OLOvVEX.pt 3moria
[IOKa3aTH HaMKpalIuil pe3ybTar.

Jlis mojaneioro BUKOPUCTAaHHS Oy/e BUKOPHUCTOBYBAaTHCh HaBUEHa HeWpoMepexena
Mozenb YOLOvV8X.pt.
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Simulation of a neural network algorithm for the analysis of video flow defects

The paper provides an overview of existing scientific works on video analysis for defect
detection and digital broadcasting technologies. The creation of a data set, data distribution
by samples are considered. The training of neural network models and obtaining training re-
sults are described. Implementation of the method of using a trained neural network model.

From the results obtained, we can draw an unfortunate conclusion that the trained
model YOLOV8x.pt has the highest accuracy in detecting defects.

After obtaining the best results of model training, it was found that the highest resolu-
tion affects the quality of error detection only up to a certain value.

On this training sample, a sufficient resolution for image detection is 540x540 pixels.

The computing resources of the Google Colaboratory service are limited for free use, so
the number of training epochs was reduced for the YOLOvV8x.pt and yolov5x6u.pt models.

Even with fewer training epochs, the YOLOv8x.pt model was able to show the best re-
sult. For further use, the trained neural network model YOLOv8x.pt will be used.

Keywords: neural network, convolutional neural network, data set, defect, video file,
video broadcast, video broadcast.
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J1.0. Kononog, B.O. €pmokpatses, A.3. Llikomis
BU3HAUYEHHS NAPAMETPIB KOJIUBAHb EJJACTUYHOI'O CUTA
BIBPALIMHOI'O TPOXOTA METOJAMMH SIBHOI
TA HESIBHOI JTUHAMIKHU I'YMOBOI'O EJIEMEHTA

Anomayis. I poxouenus € 00HOI0 3 OCHOBHUX Oonepayiti npu nepepodKU CUNKO20 Mamepiay.

Y npoyeci excnayamayii Koncmpykyii npociearouux no8epxoHb NOBUHHI MAMU BUCOKI NOKA3-
HUKU e@DeKmMUBHOCMI npoyecy 2pOXOUeHHs, wob MIHIMI3Y8amu MONCIUBOCMI 3AKPYNHEHHS.
abo 3a0pibnenocmi Knacugixoeano2o mamepiany po3paxyHKo8oi KpynHocmi.

Ha xagheopi eanysesoco mawunobyoysanns YVVHT po3pobreno Ho8y KoHCmpyKyito eracmu-
YHOI NPOCIOUOI NOBEPXHI, AKA MAE BUCOKT eKCNAYAMAYIUHI NOKAZHUKU POOOMU.

Mema pobomu: uznayeHHs OUHAMIYHUX NAPAMEmPI8 PYX) eleMeHmi8 elacmuyH020 KapmKo-
6020 cum 8iOpaAyYILiHO20 2POXOMY.

Pospobnena moodenv kapmkosozo eracmuunozo eremenma cuma Onsi OUHAMIYHO20 AHANI3Y 3a
00NOMO02010 MemMOOy CKIHUEHHUX eJleMeHmIs.

T'yma mooeniosanacs neniniiinum 2ineperacmuynum mamepianom 3 mooenno Neo-Hookean.
Ilposedenuti OunamiuHull po3paxynox mMemooamu sa6HOi ma Hes8HOI OUHAMIKY MA BU3HAYEHO
1020 KiHeMamuyHi Xapakmepucmuxku moyox (nepemiuyeHns, weuoKicms ma npuckOpeHHsl).
[llsuokocmi ma nepemiwjeHHs MOYOK eleMeHma eiacmudyHo20 cuma iopayiuno2o epoxomy
npu pi3HUX Memooax po3e'si3anHs Maroms He3HAYHI GIOMIHHOCMII.

Hauibinvwi siominnocmi € wooo npuckopens. ¥ paszi Explicit Dynamics mae micye nosea eu-
COKOYACMOMHUX KOTUBAHb NPUCKOPEHD 13 00CUNMb OINbULOIO AMAITMYO010.

IIposedeni po3paxyHku niomeepoxcyioms 30iNbUeHH AMNIIMYOU KOJIUBAHL eleMeHmMI8, W0
NPOCIIOE NOBEPXHI 2POXOMY, 8 NOPIBHAHHI 3 AMNIIMYO0K KOAUBAHHS KOpoba epoxomy. Lle
C8I0UUMb NPO XOPOULY OUHAMIYHOI AKMUBHOCMI 3aNPONOHOBAHOI KOHCMPYKYIT cuma.
Ompumano 3anexchocmi amniimyou KOIU8aHb MOYOK: NpU CMALOMY pyyi 2poxomy 6i0 yac-
momu 8iopamopa; 610 MOOYIs NPYHCHOCHI e1ACMUYHO20 eleMeHmA.

Knouoei cnosa: aena ma nesisna OuHamiku, eracmudne cumo, 8iOpayiiHutl 2poxom

IlocranoBka npoodJemMu. [ poxoueHHs € OJHOIO 3 OCHOBHHX OTEpalliil pH mepepoOKu
CUIIKOTO Marepiaily. Y mpoleci ekcrutyaranii KOHCTPYKI[iT MPociBatoYuX MOBEPXOHb MOBUHHI
MaTH BHCOKI IMOKa3HUKH €(PEKTUBHOCTI MPOLIECY IPOXOUYCHHS B 3aJIEXKHOCTI BiJ] YMOB KJIacH-
¢ikamii 1 Sk MOXHa J0BIIe 30epiraT MOCTIMHUMHU PO3MIpU MPOCIBAlOYMX OTBOPIB (LIUIMH),
100 MiHIMI3yBaTH MOXJIMBOCTI 3aKpyIHEHHs a0o 3aJipiOHEHOCTI Kiiacu(iKOBaHOTO Martepia-
Jy pO3paxyHKOBOI KpymnHocTi [1, 4].

Bumoru, 1o npea'siBisitoThCS 0 MPOCIFOUHUX MOBEPXOHb MOYKHA peani3yBaTH JJIsl HOBOL
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KOHCTPYKILIi Pe3NHO-METarIeBOi MOBEPXHI KOJIOCHUKOBOTO THUITY, IIO HPOCIIO€, MiABUIIEHOT
JTMHAMIYHOT aKTMBHOCTI, IO BOJIOJI€ 30HAMH, Ta NMpHU3HAYCHA JUIsl BUKOPHCTAHHS HA BiOpa-
IHHUX TPOXOTaX METAypPriiHOr0 BUPOOHHUIITBA 3 METOIO MOJIIIIIEHHS SKOCTI PO3IIJICHHS 1O
¢paxiism MeTanypriiiHoi MiHepainbHOT cupoBuHU [1, 3].

Ha xadenpi ramyzeBoro mamuuoOyayBanuss YIVHT po3po0ieHO HOBY KOHCTPYKIIiO
eJIaCTUYHOI POCiI0YO0T MOBEPXHI, IKa Ma€ BUCOKI eKCIUTyaTaliliHi nmokasHuku podoru [1, 3].

3aranpHUl BUA KOHCTPYKIII T'yMO-MeTaleBOi KOJOCHUKOBO-KapTKOBOI MOBEPXHi, IO
Ipocitoe, mpencTaBieHo Ha puc. 1. Jlns 3abe3medeHHs MPOCTOTH MOHTAXY 1 JE€MOHTaXY,
MPONIOHYETHCSI, SMOHTYBATH (TIPUBAPUTH) KOJIOCHUKH 2 JI0 3BapHOI paMu 3, 110 3HIMAETHCA.

EnacTuuHi KapTKOBI €IEMEHTH 2, 3 TIOMEPEIHIM PO3TATYBAHHIM JKOPCTKO BCTaHOBIIO-
IOTHCS («HACAIKYIOTHCS») Ha 30BHIIIHIO MTOBEPXHIO TMOAOBXKHBOI KOJIOCHUKOBOI omopu 1, 3a-
BIISIKM CBOIM IPY>KHUM BJIACTHBOCTSIM «OOXBAadyIOTh» ii 3 HATATHEHHSIM CBO€IO KPi3HOIO BHY-
TPIIIHBOIO MTOPOKHIHOIO, a TAKOXK JAOAATKOBO (DIKCYIOTHCS Ha Hill 32 OTIOMOTOIO CIeIiajb-
HOTO MPOQLITIO.
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Pucynoxk 1 - 3araneHuil B KOHCTPYKIIT cUTa

IlepeBaroro HOBOi KOHCTPYKIIiT TUHAMIYHO-aKTHUBHIM MOBEPXHI € Te, 110 3aXMCT Bix ad-
Pa3sUBHOIO 3HOCY 30BHIIIHBOI MMOBEPXHI METAJIEBUX KOJOCHUKOBHUX OIOP MPOBOJUTHCS CaMU-
MU €JTaCTUYHUMH KapTKOBUMH €JIEMEHTAaMH, OCKUIbKM BOHHU HE Juile (GopMyroTh camy MoBe-
PXHIO, [0 TPOCIIOE, alie 1 o CYTi € (yTEePOBKOIO BIACHOI CHCTEMH KPITUICHHS 10 Kopoba BiO-
pamiifHOro rpoXxoTy.
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B nanwmii yac BiCyTHI METOJUKU PO3paxXyHKY KIHEMAaTHUHUX IapaMeTpiB poOOTH enac-
TUYHOTO CUTA JAHOTO THITY.

Merta pocmipkeHHS- Meta poOOTH: BU3HAUYCHHS JUHAMIYHUX MTapaMeTPiB PyXy elIeMEH-
TiB €JIACTUYHOT'O KapTKOBOT'O CUT BiOpaLifHOTO TPOXOTY..

3anaui, sIKi HEOOX1AHO BHPIIINATH:

1. Po3poOutu Mojienb BU3HAYEHHS AMHAMIYHUX MApaMETpiB PyXy €JEMEHTIB 3a JOI0-
MOT'OI0 METOIa CKIHYEHUX EJIEMEHTIB,;

2. Bu3HauuTH MOJENb TIIepeNacTUYHOTO MaTepiay, SKUM MOJEITIOBAaTUMEThCS T'yMa, 3
SAKOT'O BUTOTOBJICHUH IIPYKHUU E€IIEMEHT;

3. Po3rnsHyTH BUMYIIEHI KOJIMBAaHHS KOJIOCHUKOBOTO 3 BUKOPUCTAHHSAM METOMIB SIBHOI
Ta HESIBHOT IMHAMIKH.

BuKJ/1aJeHHs OCHOBHOIO MaTepiaay AociiikeHHs. Bubip mozaeni rineperacTHaHOro
Marepiany 3aJIe)KHuTh BiJl THITY AedopMaliii, BITaCTHBOCTEH MaTepiaiy Ta aianazoHy aedopma-
ii, sKi ToTpiOHO onucaTu. Himkde HaBeqeHO OCHOBHI MOJIENI Ta iX 3aCTOCYBAHHS B 3aJICK-
HOCTI BiJl XapakTepy aedopmariii [5, 6].

Model Strain range
Neo-Hookean Up to 30%
Mooney-Rivlin 30%-200%
Polynomial
Yeoh Up to 300 %
Ogden Up to 700%

7Tak sx nedopmariii B mpyxHOMY enemMeHTi OyayTh He Outbie 30%, To oOupaemo Mo-
nenb Neo-Hookean. Jlanuit marepian BiANOBiIa€ 3BUYAWHUM MapKaM T'YMH, sika BUKOPHUCTO-
BYETbHCS [IPU BUPOOHMIITBI JeTasiel )i TIpHUYO-MEeTalypriiHUX MiIPUEMCTB.

MeTtoau BupillleHHS MOCTABJEHUX 3a4a4. Y JUHaMILI TBEPAOro Tija Ta 0OUMCIIOBA-
JHHOT MEXaHIKM METOJM BHPIIICHHS 33Ja4 JUHAMIKHM IUTATHCSA Ha sBHI Ta HesBHI (Implicit)
3aJIXKHO BiJl c10co0y OOUMCIICHHS CTaHy CHCTEMHU Ha HACTYITHOMY YacoBoMYy Kpoiii [6, 7].

SIBHI MeToaM OOYMCIIOITH CTaH CHCTEMH B MI3HIMIMM MOMEHT 4Yacy Ha OCHOBI CTaHy
CHCTEMH B MTOTOYHUI MOMEHT 4acy, B TOW 4Yac SK HESBHI METOJU 3HAXOJATh PillIEHHs, BUPi-
IIYIOYH PIBHSHHS, 10 BKJIFOYAE SIK TOTOYHUN CTaH CUCTEMHU, TaK 1 Mi3HILIE.

AGo inakme. HesaBHMi Ta sIBHUI aHali3 PI3HATHCS y MIAXOJ1 10 30UIbLIEHHS Yacy. Y
HESIBHOMY aHaJli31 KOKeH TUMYaCOBHUI KPOK Mae 31MTHCS, ajle MOXHA 3aJ]aTH JJOCUTh TpUBai
IOPUPOLICHHS. 3 1HIIOTO OOKY, IPU SBHOMY aHaji31 KO>)KeH TUMYacOBUHM KPOK HIYOTO HE BUHHI
CXOJUTHCS, ajie y TOMY, 1100 pileHHs OyJI0 TOYHHUM, 301NbLICHHS Yacy MaioTh OyTH ayxe
MaJIuMH.

JUis BUpIIIEHHS Hamoi 3ajadi pO3MVISHEMO JiBa METOJIM pIlIeHHS, $KI MOXHa
peai3yBaru.

MopenoBaHHsl JMHAMIKH PYXy €JIEeMEHTIB eJJaCTHYHOI0 KaPpTKOBOIO cHUTa Bi0pa-
HiliHOT O rpoxoTA.

IIpuiimeMo, 1m0 TOYKHM KOpPoOa I'pPOXOTy 3AiMCHIOIOTH JIiHINHHI KOJMBaHHS 3a rap-
MOHIHHUM 3aKOHOM i3 NOCTIHOI0 aMILIITY1010.
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Toxi nmepeMilieHHs TOYKU KPIIJICHHS €TaCTHYHOTO €JIEMEHTa CUTa MOKHA 3aIHCaTH Y
BUIJIA,
X(t)=a-sin(w-t)
7€ a - aMIUTITy/Ja KOJIMBaHb , M
@ -UUKIIYHa (KpyroBa) 4acToTa KOJIMBaHb IPOXOTY (BiOpaTopa), pau/c.
BinmoBigHO, MIBUAKICTH MEPEMIIIEHHS JOPIBHIOBATUME

v(t) :%x(t) =a-w-cos(w-t)

PimenHs nmpoBoauiiocs 3a 3aCTOCYBaHHAM MporpaMHoro 3adesneueHus PrePoMax, sike
€ Tpe- Ta mocThpolecuHrom st Bupimrysada Calculix [8,9].

B pesynbrari pilieHHS: OTPUMYEMO KiHEMaTHYHY XapaKTEPUCTHKY TOYOK €JIeMEHTa eJa-
CTUYHOTO CHTA: MEePEMIICHHS, IBUIKOCTI Ta IPUCKOPEHHSI.

Jlani HaBeseHI pe3yJIbTaTh MOJICIIOBAHHS JUIS BUIIAJKY KOJMBAaHb 3 HACTYITHHUMH Mapa-
merpamu: a =0,002 v =2 mm, vacrora w=24,5 Ty =157 pao/c, mo Bignosimae 4actori
obepranHs Baimy BiOparopa 1470 06/xB.

Kpok interpyBanns juist HesisHoi Mexaniku AT =0,0001.

AHaJIi3 OTPUMaHUX pe3yJIbTaTiB MOJAETIOBAHHS.

Ha puc. 2 nokazani nedopmariii, o BUHAKAIOTh y MPYXHOMY €JeMeHTi. SIk 6aunmo,
MakcuMaibHi aedopmarii ctanoBiATh 1,2%<30%, ToMy pillleHHS PO BUKOPUCTAHHS MOJIEINI
Neo-Hookean e BurpaBiaHuMm.

Ha puc. 3, 4 nokasani fesiki OTpuMaH1 KIHEMaTH4YHI 3aJI€KHOCTI 3a PI3HUX METOJIB pi-
IIEHHS JUTsl XapaKTePHUX TOYOK €JIaCTUYHOTrO enemenTa 1, 2, 3 ta 4 (puc. 1).

Ilpumimxa : Ha pUCYHKAX TPUUHSATI TaKi MO3HAYEHHS:

[Tepma 6ykBa — meTon po3s'sizanns: E — sBHuii meton Explicit Dynamics; T - HesiBHMIA
meton Implicit Dynamics.

Jlpyra — KiHeMaTu4YHa XapaKTepUCTHUKA: & — MPUCKOPEHHS; V — MIBUJKICTb; S — IEpEMiI-
IICHHS.

Baza BinHOCUTBCS 10 KIHEMATUYHUX XapaKTEPUCTUK T. 4 (MicCIle KPIIJICHHS MPYXHOTO

eJIeMeHTa J10 OaJIKK Kopoba TpoXoTy).

TOSTRAIN:E11
Unit: /
Automatic

+0.06972

[ +0.06487 ©
+0.06001 )

L 4005515

L +0.05029

L +0.04543

L +0.04057

— +0.03571
— +0.03086

+— +0.001764
— -0.003154
— -0.008013
— -0.01287

Max: 0.06972
Node id: 4940

[T LTI

Pucynok 2 - Jlepopmariii, 110 BUHUKAIOTh Y IPY>KHOMY €JIEMEHT1
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3 rpadikiB MOXHA JIWTH BUCHOBKY, 1[0 IMIBUIKOCTI 1 MEpeMilIeHHS TOYOK 1, 2 1 TphoX
€JIEMEHTa CHTa TPOXOTY BiIOYBAIOTHCS MPAKTHYHO OTHAKOBO.

Ha puc. 5 HaBeaeHO MOPIBHSAHHS MIBHIKOCTI Ta TMEPEMIIICHHS TOYKH | eleMeHTa enac-
TUYHOTO CHTA BIOpAIiiiHOrO TPOXOTY MPH PI3HUX METOJAaX PO3B'sI3aHHs. 3 SKOTO BHIHO, € He-
3HAYHI BIIMIHHOCTI y 3HAUEHHSX, HAOYTUX PI3HUMHU METOJJaMH PO3PaXyHKY.

3aranpHe 30UTBIIICHHS aMILTITYIM KOJIMBAHHS TOYKH | TIOPIBHSAHO 3 aMILTITYI0I0 KOpoOa
rpoxoty (T. 4) cTaHOBUTH NpuOIM3HO 45%.

AHaJIOTIYHA TEHJEHIISl CIIOCTEPITaeThCs 1 sl IHIIMX TOYOK Ta MPH MOMIPHUX 3MiHAX

napameTpiB TyMH.

“r‘“ flh

50
-50 7 0.16
-150
-250 ——Eal —Eaz2 Ea3 EaBaza
a)

0,16

-0,7 ——FEvl Ev2 ——Ev3 =——LvBaza
0)
0,0035
0,0025
0,0015
0,0005
-0,0005 0,16
-0,0015

-0,0025

-0,0035

Esl Es2 Es3 EsBaza

Pucynok 3 - KinemarnyHa xapakTe€pUCTHKa TOUOK €JIeMEHTa eJIacTUYHOTO cuTa BiOpamiiHo-
r'0 TPOXOTY IPU SIBHOMY METO/II BUPILICHHS AUHAMIKH 3aJI€KHO BiJ] yacy:
2 . .
a) MPUCKOPEHHs, M/C *; ) MBUAKICTH, M/C; B) IEPEMIIIICHHS, M
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0,160

—Tal —Ta2 Ta3 =—=TaBaza
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Pucynok 4 - KinemarnyHa XapakTepUCTHKA TOUOK €JIEMEHTA eTaCTUYHOTO CUTa BiOpaIiitHOro
IPOXOTY IIPU HEIBHOMY METO/I1 BUPILICHHS TMHAMIKU 3aJIEKHO BiJl 4acy:
2. . :
a) MPUCKOPEHHsI, M/C *; 0) MIBUAKICTh, M/C; B) TIEPEMIIIICHHS, M
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Pucynok 5 - [lopiBHSIHHS KIHEMaTHYHHUX XapaKTEPUCTUK TOUOK €JIEMEHTA €JTACTUYHOTO CUTA
Bi1OpaliifHOro rpoXoTy 3a Pi3HUX METO/IIB BUPILIECHHS TUHAMIKU 3aJIe)KHO B1J] 4acy:
a) IBUJKICTb, M/C; 0) IEpeMILICHHS, M
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Pucynok 6 - ITopiBHSHHS npuckopens (M cz) TOUYKH €JIEMEHTa eJI1aCTUYHOTrO CUTa Bi-
OpalifHOTO TPOXOTY 3a PI3HUX METOIB PO3B'sI3aHHS AMHAMIKH 3aJI€KHO BiJ Yacy
(cexr): Eal — sBuuit meron Explicit Dynamics; Tal - HessBHUI MeTON
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SIk BHJIHO HAMOLIBIII BIAMIHHOCTI € 100 MpUcKopeHb. Y pasi Explicit Dynamics mae
MICIIE TIOsSIBa BUCOKOYACTOTHHUX KOJIMBaHb MPHUCKOPEHb 13 TIOCUTH OUTBIIO aMILTITYAO0, 110
NPU3BOJUTH JI0 «3aIIYMJICHOCTI» pe3ynbTariB. Lle MosiCHUTH OCOONHMBICTH SIBHOTO METOMY
nauHaMikd. Kpok nmpu po3paxyHKy SIBHIM METOJIOM iHTETpyBaHHs MaB 3HaueHHs ~ 10 ~7 cex.

Ha puc 7 HaBeneHa 3aeXHICTh aMILTITYIM KOJIMBaHb TOYKH | TIpU pyci, 110 BCTAHOBHB-
cs1, BiJ yacToTH BiOparopa. 3 rpadika BHIHO, 110 31 301IBIICHHSIM YaCTOTH KOJIMBAaHb TPOXO-
Ty, aMILTITy/Ia KOJIMBaHb 30UIBIIYETHCS, 32 MOCTIMHOI aMILIITYyai KopoOa rpoxoTy. Alle mpu

vacToTi Oiabmie 35 I'l, BimOyBa€eThCs pi3Ke 30UIBIICHHS AMILTITYAd KOJMBAHHS, IPH IOJa-

JBIIOMY 301JbIIEHHI YacTOTH KOJIMBAHHS MEPECTal0Th OyTH NEPIOJAWYHUMH 1 3'ABISETHCA

OUTTS.

=/0,0086x2 - 0,2801x + 4,601
2=0,9967

<
|

. 3pUR|KONNBaH

/ (6uTrs)

CTiMKi KONMBaHHA

YacTtota, I'l

AMrmiTyaa, MM
o = %] w = o (#)] ~J

10 15 20 25 30 35 40

PucyHoxk 7 - 3anexHICTh aMIUTITYIM KOJIMBAaHb TOUKU | €aCTUYHOrO €JeMEHTa MPH CTAIOMY
pYLU IPOXOTY Bl 4aCTOTH BiOpaTopa (aMILIITYAa KOpoba rpoxoTy a=2 MM)

Po3rnsiHeMO BIUTMB KOPCTKOCTI (€IaCTUYHICTh) MaTepiany MPYXKHOIO €JIeMEHTa Ha JIU-
HaMiuHy aKTHBHICTb cUTa. Tak K, MU pO3TJIs1a€MO TiNepenacTUYHUN MaTepial 3a MOAEIIII0

Neo-Hookean, To sk XxapakTepHCTHKY elaCTHYHOCTI Bi3bMeMO mapameTp Cyg.

4 5
T 45 X
= A y =9E-05x* - 0,006x3+0,1534x2- 1,7215x+ 9.9991
S RZ+0,9926
= 35
SO Xe...
E 3 ~-IN.... x
5 25 TR
< X
2
2,5 7,5 12,5 17,5 22,5

Monyns npyxkHocTi, MIla
Pucynok 8 - 3anexHicTh aMILTITYIM KOJMBAHb ITiJT 9ac PyXy TPOXOTY BiJl MOAYJIS IPYKHOCTI

€JIACTUYHOTO eJIeMEHTa (aMIUTiTya Kopoda a = 2 MM)

124 ISSN 1562-9945 (Print)

ISSN 2707-7977 (Online)



«Cucremui Texnonoriiy 3 (158) 2025 «System technologiesy

Jlnst 3HaueHb mapametpiB Cyp = 5 ... 25 MIIa, raka 3anexHicTe HaBeneHa Ha puc. 8. 3

SIKOI BHJIHO, IO 31 3pOCTaHHSAM NapameTpa, BilOyBaeThCsl 3MEHIICHHS aMILUTITYIU KOJMBaHHS
TOYKH 1.

BucHoBku. Po3pobiieHa Mo1e1h KAPTKOBOTO €IACTUYHOTO €IIEMEHTA CHTA JIJIsl TUHAMI-
YHOTO aHai3y 3a JIOTIOMOTOI0 METOAY CKIHUEHHUX €JIEMEHTIB.

['yma wmopemioBanacs HENIHIMHUM TilepenacTUYHUM MarepiagoM wmozewuto Neo-
Hookean.

3a nonomororo nakera PrePoMax nmpoBenenuii AMHaMiYHUN PO3paxyHOK METOJaMHU SB-
HOI Ta HESBHOI AMHAMIKU T'YMOBOTO €1aCTUYHOTO €JIIEMEHTAa MOBEPXHI Ta BU3HAUYEHO HOTO Ki-
HEMAaTUYHI XapaKTEePUCTUKH TOYOK (IepeMillleHHs, IIBUAKICTh Ta IPUCKOPEHHS).

MaxkcumansHi gedopmartii cranoBisTh 0,12%<30%, TOMy pillIeHHS PO BUKOPHCTAHHS
mozeni Neo-Hookean e BuripaBaanum.

[IBHIKOCTI Ta MEPEMIIIEHHS TOYOK €JIEMEHTa SJIACTUYHOTO CUTa BIOpAI[ifHOTO TPOXOTY
IpY Pi3HUX METOJIaX PO3B'A3aHHS MAIOTh HE3HAYHI BIIMIHHOCTI.

Haii6inpmi BiAMIHHOCTI € 00 MPHUCKOpeHb. Y pasi Bukopuctanus Explicit Dynamics
Ma€e Miclie MosiBa BUCOKOYACTOTHUX KOJIMBAaHb MPUCKOPEHb 13 JIOCHTH OUTBIIOI aMILTITYAOIO,
110 MPHU3BOJUTH /IO «3aIIyMJICHOCTI» pe3yibTatiB. Lle MokHa MOSICHUTH OCOOJMBICTH SIBHOTO
Meroxy auHaMmikk. Kpok mpu po3paxyHKy SBHUM METOJOM IHTETPYBaHHS MaB 3HA4YCH-
mi~10"¢.

[TpoBeneH1 po3paxyHKU MiATBEPIKYIOTh 30UIbIIEHHS aMILTITYId KOJIMBAaHb €JIEMEHTIB,
1110 TPOCIIO€ MOBEPXHI IPOXOTY, B MOPIBHAHHI 3 aMIUTITY/I0I0 KOJIMBaHHS Kopoba rpoxory. Lle
CBIAYUTH MPO XOPOILY JUHAMIYHOT aKTUBHOCTI 3alIpOIIOHOBAHOI KOHCTPYKIIIT CHUTA.

OTpuMaHO 3a1€KHOCTI aMILTITY/AX KOJIMBAaHb TOYOK: MPH CTATIOMY PYL TPOXOTY BiJl 4a-
CTOTH BiOpaTopa; BiJ MOJyJIsl IPYKHOCTI €1aCTUYHOTO €JIeMEHTA.
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Determination of oscillation parameters of the elastic screen of a vibrating sieve
using explicit and implicit dynamics methods for a rubber element

Screening is one of the key operations in the processing of bulk materials.

During operation, the design of screening surfaces must ensure high efficiency depend-
ing on classification conditions and maintain consistent sieve aperture sizes for as long as
possible to minimize oversize or undersize fractions of the classified material.

The Department of Industrial Engineering at UDUNT has developed a new design of an
elastic screening surface with high operational performance.
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The objective of the study is to determine the dynamic parameters of motion of the ele-
ments of a card-type elastic screen in a vibrating sieve.

A finite element model of the card-type elastic screen element was developed for dynam-
ic analysis.

The rubber was modeled as a nonlinear hyperelastic material with the Neo-Hookean
model.

A dynamic calculation was performed using both explicit and implicit dynamics meth-
ods, and the kinematic characteristics of selected points (displacement, velocity, and acceler-
ation) were obtained.

The maximum deformations ranged between 0.12% and 30%, which justifies the use of
the Neo-Hookean model.

Velocity and displacement results showed minor differences between the methods. How-
ever, acceleration values revealed more significant discrepancies. Explicit dynamics intro-
duced high-frequency oscillations with greater amplitudes, leading to noise in the results.
This is due to the inherent characteristics of the explicit integration method, which used a
time step of approximately ~10-7sec.

The study also established the dependence of oscillation amplitude on the vibrator fre-
quency and on the elastic modulus of the screen element.
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0.0. XKyxos, B.I. 'opbenko
BUKOPUCTAHHSA YACOBHUX PAJIIB TA HEUPOHHUX MEPEX LSTM
JJIA ITEHTU®IKALIL CTAHIB BYJIMKA

Anomayin. booiconu € sadcnugum enremeHmom Hawioi exocucmemu ma eKoHoMiKu. 3 0210y
HA 3a2po3u, 3 AKUMU CIMUKAIOMbCSL NONYIAYIL 60XCi, po3podKa egheKkmusnux memoais ix mo-
HImopuHay ma 30epedcenHs € KpumudHo eaxciugor. Memoio pobomu € po3pooka memoois
BUKOPUCMAHHS YACOBUX PAOI8 MA HEUPOHHUX Mepedic Ha ocHosi apximekmypu LSTM ons ioe-
Hmugbikayii pisHux cmanie eynuxa. B axocmi dxcepena oanux Onsi Hag4aHHA Mmooeneti 6y1o
BUKOPUCMAHO BIOHOCHI OaHi Npo 6azy ma memnepamypy 8Viuxda, ad maxKodic 8i00MOCmi npo
yac ma micays. Ha ocnosi yux danux 6y10 nHagueno 08 Mooeii, AKi NOKA3AIU 3a008LIbHI pe-
3yIbmamu y 3a0ay po3nizHa8aHHs MOYKOBUX CINAHI8 MAKUX K POiHHA, 000A8AHHSA NPUKOPMY
nAaciyHuxom, abo 30ip nacivHuKom meody, ma Oinbu 2100AIbHUX, MAKUX K PO3iepie Nicis 3u-
MU ma cmepms KoNOHIi. Pesynomamu pooomu yux mooeneu noKa3aiu no3umueHy eghexmus-
Hicmb ni0X00y 3aCMOCYB8AHHSA YACOBUX OAHUX MA HEeUPOHHUX Mepedic 04 i0enmughikayii cma-
Hig 6VNIUKY.

Kniouosi crosa: netiponni mepeoici, LSTM, uacosi psiou, tensorflow, monimopune sazu, poinnus

0021cin, O0HCONU, MOHIMOPUHE OOIHCONUHO20 BYIUKA

ITocTanoBka npo6Jjemu. bkonu € Haa3BUYAaHO BaXXJIMBUMHM JUIS MIATPUMKH €KOJIO-
riuHoi piBHOBaru Ta (hyHKI[IOHYBaHHS 0araThbOX €KOHOMIYHUX CEKTOpiB . BoHM Bifirparotsb
KIIIOYOBY POJIb y 3alIWJICHHI 3HAYHOI YaCTUHM CBITOBHMX MPOJIOBOJIBUUX KYJIBTYp, 3a0e3meuy-
I0YM Hallle XapyyBaHHS Ta MiATpuMyroun OiopizHoMaHiTTA [1,2]. [IpoTe momysmsuii Omkin y
BCHOMY CBITI 3a3HAIOTh 3HAYHOI'O CKOPOYEHHS, 1[0 BUKJIHMKA€E Cepilo3He 3aHenoKoeHHs . Llg
TEH/ICHIISl 3yMOBJIEHa PI3HUMHU (aKTOpaMHM, cepell SIKMX BTpaTa CepelOoBHUIIA MPOXKHUBAHHS,
IHTEHCUBHE CIJIbChKE T'OCHOJAPCTBO, BUKOPUCTAHHS MECTHLM/IIB, 3MiHA KJIIMaTy, XBOpoOu Ta
wiKigHuKY [3,4]. 3 orisiay Ha KPUTHYHY POJb 0K, po3poOKa e)EeKTUBHUX CUCTEM MOHITO-
PHUHTY CTaHy IXHIX KOJIOHIM € BKpail BaxJnMBow0. PaHHE BUsBICHHS NpoOjIeM, TaKUX SIK XBO-
pob6u, BTpaTa MaTKu abo MiArOTOBKA /10 POTHHS, J03BOJIsI€ TACIYHMUKAM BYACHO BTPYYaTHUCS Ta
3aro0iraTv 3HaYHUM BTpaTaM.

Tpanuiiitai MeToan MOHITOPUHTY OKOJIMHUX CIMEH, Takl SK Bi3yalbHI OTJISIN, MOHI-
TOPUHT Baru ByJHMKa Ta aKyCTHUHHUI aHaji3, MalOTh CBOi OOMeXeHHs . BizyanpHi orsiuu €
Cy0'€eKTHUBHUMH, TPYJAOMICTKUMHU Ta MOKYTh MOPYIIYBAaTH KUTTS KOJOHIT . MOHITOpPUHT Baru
HaJae 3arajpHy iH(OpMaIlio, aje He 3aBXKJIM BUABISE KOHKPETHI MpoOieMH . AKYCTHYHHM
aHaJi3 MoXxe OyTH YCKJIaJHEHWH HAaBKOJIMIIHIM IIYMOM Ta MOTpelye JOCBiAYy Ul 1HTepIpe-
tarii . L{i MeTou yacTo He 103BOJIAIOTH 3/iiiCHIOBaTH Oe3nepepBHUI Ta BCEOIUHUN KOHTPOJIb
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3a cTaHOM OKLN . Y 3B'SI3KY 3 IIMM 3pOCTa€ yBara 710 BUKOPHCTAHHS IITYYHOTO 1HTEJIEKTY Ta
MAaIIMHHOTO HAaBYaHHS, 30KpeMa HEHPOHHUX MEpPEX, ISl MOHITOPUHTY CTaHy OPKOJIMHUX Ci-
Mel. HelipoHHI Mepexi 37aTHI aHaNi3yBaTH CKJIAJHI JaHi, OTPUMaHi 3 PI3HUX JATYHKIB Ta
JDKEpEdI, UIs BUSBJICHHS 3aKOHOMIPHOCTEW Ta MPOTHO3yBAaHHS CTaHy ByJIuKa [5].

Cepen pi3HUX THIB HEHPOHHHX MEpPEeX, Mepexi JOBroi KOPOTKOYACHOI mam'aTi
(LSTM) € ocobimBO nopeyHUMHE il €(PEKTUBHOTO aHAJI3y YaCOBHX JAaHUX, IO HAJAXOMATH 3
Bynuka . 3aatHicTe LSTM 00po0isiTé mOCHiI0BHI /aHi Ta BHUSBISATH JOBIOCTPOKOBI 3aJeXK-
HOCTI pOOUTH iX 1I€aIbHUMHU JJIs1 aHAJI3y TaKUX MapaMeTpiB, sIK TeMIIepaTypa, BOJIOTICTh, Ba-
ra ByJIMKa, aKyCTUYHI CUTHAIM Ta aKTUBHICThH OJIKLJ, SIKI 3MIHIOIOTBCS 3 YacoM. Bukopucran-
H1 LSTM no3Bosisie (ikcyBaTH YacoBi 3aKOHOMIPHOCTI, IIO BigoOpakaloTh pi3HI CTaHU
0pKoNMHOT ¢iM'T, Ta 3a0e3nedye HeiHBa3UBHUH 1 Oe3repepBHII MOHITOPHUHT [6].

AHani3 gociimkens i myduaikaniii. OcraHHIME POKaMHU MOHITOPUHT OJUKOJHMHOTO BY-
JIMKa 32 TOTIOMOTOI0 HEHPOHHHUX MEPEX € aKTYaIbHOIO TEMOIO 0araTtbox JOCHiHKEeHb. 30Kpe-
Ma, 3TOPTKOBI Ta PEKYPEHTHI HEUPOHHI MEpEXi MOKa3yloTh NO3UTUBHY JMHAMIKY y MOKIIH-
BOCTSIX BU3HAYCHHS 3/I0POB Sl BYJHUKY.

OpHUM 3 MPUKIAIIB BUKOPHCTAHHS 3TOPTKOBHX HEHPOHHHX MEpex B obiacti O/pKo-
JSPCTBA € AOCHTIKEHHA[ 7], K1 yCHIIIHO BUKOpUCTANH ix B moennanHi 3 [IKBM s inenTu-
¢ikamii O/pKIT 3 MAIKOM Ha BXOAl Y ByJIuK. Llel migxix BUKOPHUCTOBYE TEXHOJIOTil 0OpOOKH
300pakeHb B MOEIHAHHI 3 HEHPOHHUMHU MEpeKaMH HaJaroud iH(QOPMAIIiIO PO PiBHI aKTUB-
HOCTI BynuKa. [IpooBKyroun TeMy BUKOPUCTaHHI Bi3yaibHOI iH(opMartii, ocmigHiukamu| 8]
OyJ10 pO3pO0JIEHO MOJIENI, IO TO3BOJISIOTH 1IeHTH(DIKYBATH OK0Ty Ha (OTO Ta JATH OI[IHKY
il 3m0poB’10. B ix poOoTi Oyno Bukopuctano moaenb Mask RCNN, 1o xou 1 crpasisuiack 3
3aaueto imeHTrudikamii 6K, ajae MoJenb Moryia oOpoOUTH TIMBKU 2-3 KaJpu B CEKYHIY.
Takox, B gociipkerHi [6] moka3zaHo ycHiliHe BUKOPUCTAHHS HEHPOHHUX MEPEK IS 1IeHTH-
¢ikauii cTaHiB ByJMKa Ha OCHOBI TEMIIEPATypHUX JAaHUX. B pesynbpTaTax 1i€i podoTH HaBene-
HO, 1110 HEHpOHHA Mepeka 11eHTu(ikyBana 11 BIpOriIHUX CTaHIB POIHHS, 9 3 SAKUX AIHCHO
BIIOYJIMCh, a 1HII MaJld TEMIIEpaTypHUI MAaTTEPH JaHUX CXOXHUI Ha mouyaTok poiHHsA. Ha oc-
HOBI IIHOTO MOKHO 3pOOWTH TPUITYIIEHHS, 110 BUKOPUCTAHHS JOJATKOBHUX JaHUX OKPIM TeM-
nepaTypu MO MOKa3aTH MO3UTUBHUN Pe3yNbTaT HA TOYHICTH 1AeHTH}iKamii. o mporo Bu-
CHOBKY TaKOX NpUHIUIKM B gochimkeHHi[9], ne Oyno moka3aHO ycHiliHE BHUKOPHUCTAHHS
LSTM Tta MeToniB 31UTTA ay/1io Ta TEMIIEPATYpPHUX JAaHUX JUIs IPOTHO3YBAHHS CTaHy POIHHS.
[Toxibne mocmimkeHHs 3 3actocyBanHsIM LSTM B mapi 3 aygiomanumu Oyid TPOBEIAEHO IS
1IeHTH(IKalli CTaHy BIACYTHOCTI MaTku y ByIuKky|[10].

B o6nacti 3actocyBanns LSTM Ta nanux 3 HaOOpy IaT4MKIB MOKHA BUIUIMTU JOCHI-
mxeHHsA[11], B skomy OyJI0 3amporOHOBAHO MOJIENb Ul TMepe0avYeHHs Bark BYJHKa Ha OC-
HOBI JIaHUX TIPO TEMIIEPATYPY, BOJOTY, Ta aKTUBHOCTI OJIK1)1 Ha BXOJIl Y BYJIHK.

[TimcymoByrO4H, TOCTIDKEHHS] B 00J1aCTl 3aCTOCYBaHbh HEUPOHHUX MEPEXK ISl MOHITO-
PHHTY Ta BU3HAYCHb CTAaHY BYJIMKA € aKTyaJIbHOIO TEMOO 0araTboX CydyacHHX HayKOBHUX JIOC-
JHKEHB, 0 TAaKOXK XapaKTEPHU3YIOTHCS BEIUKOI BapIaTUBHICTIO MIIXO/IB 3aBISKH ITUPOKO-
My CHEKTpPY JaHUX 110 MO>KHA OTPUMATH MiJl Yac MOHITOPUHTY Bynuka. Lleit miaxin migkpec-
JII0€ MOXJTMBOCTI BUKOPUCTaHHSI HEHPOHHUX MEpEX I Mepea0adeHHs] MaiOyTHIX CTaHIB y
BYJIUKY.
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MeTo10 A0CTiIZKEHHA € PO3poOKa MOJIeel Ha OCHOBI PEKYPEHTHOI apXiTEeKTypH HeH-
ponnux mepexxk LSTM mns imentudikamii pisHHX CTaHIB BYJIHMKAa Ha OCHOBI YaCOBUX JaHHUX
PO BiTHOCHY Bary Ta TEMIEpaTypy.

BukJjiag ocHOBHOTo MaTepiajy Aoc/igxKeHHs. 3 OISy JITEpaTypu MU 6a4MMO, 110 B
3aJIeKHOCTI BiJl JaHMX HEHPOHHI MEpeXi MOXXYTh JOMOMOITH B iJeHTH(IKALii IIHUPOKOTO
CIIEKTPY CTaHiB ByJHMKa. B boMy JOCHIPKEHHI OCHOBHA yBara Oyna mpuaiieHa HACTyTHHM
CTaHaM:

— Hopmanvhuii cman, MO XapaKTePU3YEThCS 3BUYAWHOIO JMHAMIKOIO KOJIHMBAaHb TE€M-
nepaTypy BCEpeUHi BYJIHKA.

— Poinna. el cTan cynpoBOIKY€ETHCS PI3KUM 3HMKEHHSM Baru BYyJMKa Yy 3B’SI3KYy 3
BUJIBOTOM 3HAYHOI yacTHHM O/pKi. [TomepenHi qociiKeHHsT BKa3yBaJld Ha 3HIDKEHHS BHYT-
pimHBOi TemnepaTypu npubmuszno Ha 0,5°C mepen modaTkoM pOiHHS, OAHAK 4Yepe3 HecTali-
JBHICTD JAHUX MPO TEMIIEPATypH, iX MOEIHAHHS Ta MOJAIBIIY iHTEPHOJSIII0 MOTOYHUX J1a-
HUX, pOOUTH aKIEHT Ha TEeMIIEpaTypHi JaHi B KOHTEKCTI 1Li€i 3a1a4i Hemae ceHcy. Bapro 3a-
3HAYHTH, 110 POTHHS MEPEBAKHO CIOCTEPIraeThCs HANPHUKIHII BECHIHOTO Mepioay abo Ha 1mo-
YaTKy JIiTa.

— Meoo36ip. XapakTepu3yeThCsl MOCTYIOBUM TMiABHINCHHSM Bard BYJIMKA, IO CBiJI-
YUTh PO HAKOIMUYEHHSI HEKTapy Ta Horo nepepoOKy Ha Mexl.

— Hooasanns npuxkopmy - XapaKTepU3YETbCAd PI3KUM 30UIBIICHHSIM MacH BYJIHKA,
CIpUYMHEHE BTPYYAHHSM IaCiYHHKA.

— Bunyuenmns meoosux pamox - XapakTepU3yeTbCs PI3KUM 3MEHIIEHHSIM Baru B pe3yJib-
TaTi Jii MaciyHMUKa 3 B1IOOPY MEJOBUX PAMOK.

— 3acubenv 60sconuHOI KONIOHIT - BU3HAYAETHCS BIACTYHICTIO 3HAYHOI JUHAMIKHU Baru, a
TaKOX JIOCSITHEHHSIM €KBUIIOpPiyMy B TEMIIEpaTypHHMX JAHUX MK BHYTPILIHIM CepeOBUIIEM
BYJIMKA Ta 30BHILIHIM.

— Buxio 3 3umieni - XapaKTepU3yeThCs MOCTYIOBUM MiIBUILIEHHAM BHYTPIIIHBOI T€M-
nepatypu BYJIHMKa TpoTAroM Aekinbkox mi6. Llel mpouec BimOyBaeThcs mpu cradimizariii
CHPUATIMBUX TEMIIEPAaTYpHUX YMOB HAaBKOJUIIHBOI'O CEPEIOBUINA Ta BapilO€ 3aJ€KHO B[
reorpaiyHOro po3TallyBaHHS BYJIMKIB Ta BUJIOBOI IPUHAIEKHOCTI O/IK1I.

3 ypaxyBaHHSIM BHIL€3a3HAUEHUX XAPAKTEPUCTHUK, IS 1AEHTU(IKaALIi cTaHIB OJKOIU-
HOTO BYJIMKa OYyJ0 BUKOPHCTAaHO KOMIUIEKC MapaMeTpiB, 110 BKIOYAE Macy BYJIHMKa, BHYTpI-
IITHIO Ta 30BHILIHIO TEMIEPATypH, a TAKOXK JIaH1 IIPO MICSIb Ta Yac.

B sixocTi mkepena qaHuxX IS IEPIIOi Mojesi Oyj0 BUKOPUCTAHO HAOIp JaHUX 3 TUIaT-
dopmu Kaggle[12], 110 MiCTHTh XpOHOIOTIYHI 3aIMUCH MOXBUIMHHKUX IMOKa3HUKIB CEHCOPHUX
MPUCTPOIB, BCTAHOBJIEHUX Y BynHKax mpotsroM 2019-2022 pokis. Cepen maHuX L0 HajAae
el naTaceT MOKHA BUIUIMTHU JIaHl PO Bary BYJIMKA, aHi MPO 30BHINIHIO Ta BHYTPILIHIO Te-
MIIEpaTypy, @ TaKOX JlaHl MpPO BOJOTICTh BcepeanHi Bylnka. OCHOBHOIO MEPEBArol0 LbOT0O
Ha0Opy JaHUX B KOHTEKCTI TOCIIKEHHS € HAasBHICTh MITOK IIOJ0 CTAaHIB BYJIMKA y TIEBHUX
YacOBUX MPOMIDKKaX, 30KpeMa Taki Mojii K poiHHS, 1IHCHEKIis ByJUKa MAaCIYHUKOM, Ta Mpo-

BEIEHHS ITAroiBIl OMKOJINHOI CiM 1.
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Y mpotieci MepBUHHOTO aHATI3y JaHUX OYJIO BUSBIICHO MEBHI HEJOMIKH 31 CTA0UIBHICTIO
3HA4YeHb, MEPIOAIB 3 BIICYTHIMH JaHUMH Ta apTe(PaKkTH y BUTIIAI EKCTpEMaTbHUX (MaKCUMa-
JHHHUX a00 MiHIMAIbHUX) 3HAYCHb, HIMOBIPHO, CIPUYMHEHUX MOMHUIKAMH 3YUTYBaHHS CEHCO-
piB. [lns aganramii 70 UX HEAOMIKIB OYJIO CTBOPEHO JONMOMiKHUN (aitn meramanux. Llei
daiin MicTuTh cnenudikaiio YacOBUX Jiala3oHiB MPOTITOM SKUX JaHi JEMOHCTPYBAJIU CTa-
OUTBHICTD, TEPETIiK MOIN 10 BiAOYBAIUCH y IbOMY Jliama3oHi, a TAaKOX JaHi AKi Kpaiie irHo-
pyBaTH Yepe3 MOMIKO/PKEHHS. MeToI0JIOTIYHO BaXKIMBHUM € T€, 110 TOYKOBI MO11, TaKi sIK po-
iHHs, Oynu TpeCTaBieHl B IboMy (haiiiai oJHI€r0 1aTOk0, TOMI SK I IJI00ATbHUX CTaHiB, Ta-
KHX SIK MeJ1030ip ab0 KoJarc KOJIOHi1, OyJI0 3aCTOCOBAHO IMiIX1/1 MUKJIIYHOI peecTpartii 3 mepi-
onuuHicTiO 25 roaun. ChopmoBanuii y pe3ynbrati (aitn MicTUTh 64 4acoBi Jiama3oHH, 110
3a0e3meuye CTAaTHCTUYHO 3HAYYIY BHOIPKY JJIs TOOYIOBH Ta BaJIiIallii MOJCIICH.

[Tponiec momnepenHboi 0OPOOKH NAaHMX 3IIHCHIOBABCS 3TiIHO 3 PO3POOJICHUM alTOPUT-
MOM, III0 BKJIFOYAB HACTYITHI €TaIu:

1. Aepecayin oanux: Tpancdopmallis NEPBUHHUX MOXBWIMHHUX JaHUX Yy |5-XBUIMHHI
IHTepBaNIX I aHANli3y TOYKOBHX CTaHIB Ta 4-TOAMHHI IHTEPBAIM JUIA TJIOOATBHUX CTaHIB 3
BUJAJICHHSAM HAJUIMIIKOBUX a00 HEepeleBaHTHHX 3aIlUCIB, IO J03BOJIMJIO ONTUMI3yBaTu 00-
YHCIIOBAIBHY CKIIAHICTh MOJIeNIel Oe3 3HauHOi BTpaTH iH)OPMaTHBHOCTI.

2. CenexmugHuii ekcnopm O0ianazoHie: eKCIIOPT BUKIIOYHO TUX YaCOBHX CETMEHTIB, IO
BiJIMIOBIIAFOTH ITONIEPETHHO BU3HAYCHUM CTAOITLHUM Jlialla30HaM Ta MICTSTh LIJIbOBI1 CTaHU.

3. Inmepnonsyiss ma nopmanizayis 0anux: 3aTIOBHCHHS TOOJAMHOKUX IPOITYCKIB Yy J1a-
HUX, 3aCTOCYBaHHS METOJIIB IHTEPHOJIALIT Ta 3IJIaJ)KyBaHHS /10 YaCOBUX PAIIB Baru Ta TEM-
nepaTypy Ui 3MEHILEHHs! BIUTUBY IIyMY.

4. Po3paxyHox noxionux 3HaueHb: OOUMCIIEHHS HOBUX O3HAK, a caMe: BIJHOCHY 3MiHY
Baru y BIICOTKax MOPIBHSHO 31 3HAUEHHAMM Ha 3-My Ta 5-My KpPOKax, CEpeAHbOTr0 3HaYECHHS
BHYTPILIHIX CEHCOpIB TeMIepaTypH, BIJHOIIEHHsS 30BHIIIHBOI TEMIEpaTypH A0 CEPeaHbOT
BHYTPILIHBOI.

Jns 3agaudi inentudikamnii craniB 0yno po3poOsieHo 1B HeHpoMepekeBi MOJIeNi, 110 Bi-
JPI3HSIOTHCA 32 CBOIM (DYHKILIOHAJIbHUM MTPU3HAYESHHSM.

— Mooenv ona idenmugpikayii moukoeux cmauie: NMpU3HAYEHA JUIS BHUSBICHHS KOPOT-
KOYaCHHX TOJiH, TAKUX SK POTHHSI, MiATOIOBYBAHHS Ta BIUIYYSHHS MEIY ITACIYHUKOM.

— Mooenv ona enobanvnux cmanis. ChoxkycoBaHa Ha kiacu@ikalii TPUBIUX CTaHIB,
BKJIIOYAIOYM HOPMaJIbHUM CcTaH (YHKIIIOHYBaHHS KOJIOHIi, 3aru0esb KOJIOHII, Mepioj BEeCHs-
HOTO PO3BUTKY (pO3irpiBY) MicCiis 3UMIBJI Ta aKTUBHUNA Me10301p.

[Tporiec MmiArOTOBKM AaHWUX JUIsi HaBYAHHS MoJemi iaeHTHdikaiii TOYKOBUX CTaHIB
CKJIaJIa€ThCS 3 HACTYITHUX KPOKIB:

1. @opmysanns eikon danux: s KOXKHOI IITHOBOI MOJIi OyI0 BUALIEHO YaCOBHM 1H-
TepBaJ, 10 OXOIUTIOE 8 TOJIMH JI0 MO1i Ta 4 TOAWHM IMICIIS HE.

2. Ceemenmayisi 0aHUX 3 BUKOPUCTNIAHHAM PYXOMO20 GIKHA: 3aCTOCYBAHHS METOMY Cer-
MeHTaIli] 3 BIKHOM y 24 3anucu (6 ToJIMH) 3 KPOKOM 3MilleHHs | BiJl OYaTKy 4acoBOro Jiamna-
30HY JI0 OCTaHHBOT'O MOKJIMBOTO cerMeHTy. J[nsi 3abe3nedyeHHs] cTaOUIbHOCTI MpoIecy Ha-
BUAHHS Ta MiABUIIEHHS TOYHOCTI iAeHTH}IKAIi OyJ0 BIPOBAHKEHO BHYTPINIHIM YaCOBHUMA
Oydep y 6 3amuciB - CETMEHT HE MO3HAYABCS SK TaKUH 110 MA€ TOJII0 SKIIO I[IJIhOBA OIS
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noTparJisuia B KpaifHi 6 3anucis. bydep 103Bomnsie TapaHTyBaTH HasBHICTH IOBHOTO TONEpPe/I-
HBOTO HAOOPY XapaKTEPUCTHUK IS KOPEKTHOTO BU3HAYCHHS.

3. Panpmomizariisi CluCKy CETrMEHTIB.

4. Bbanancysanns ceemenmis. Llb 1IbOTO KPOKY - OTPUMAaHHS PIBHOMIPHOTO PO3MOILTY
CETMEHTIB 3 PI3HUMH CTaHAMH Ta 0e3 BUpakeHUX cTaHiB. OCKUIbKH JIesSKi CTaHH MalOTh MEH-
e TIPEJICTABJICHHS B MMOYAaTKOBOMY HaOOpi naHuX (22 cerMeHTH 3i cTaHoM 300py Meny), a
iHIi 3Ha4HO Oinbine (381, mpukopm), GamaHCOBaHHS BiAOYBajIOCh A0 3HAUYEHb HAOIMIKEHHX
710 KUTBKOCTI CETMEHTIB 3 CTaHOM poiHHs, To6TO 120.

5. Po3zoinenns 36anrancosanoeo nabopy ceemenmis Ha HaBuanbHy (80%) Ta TecToBy
(20%) Bubipku. TecToBa Bubipka BUKOPUCTOBYBAJIACh BUKIIFOUHO JJIsl (DiHAJIBHOL OLIHKU Tpe-
HOBAHOI MOJIEI.

[Ticns mpouecy miAroToBKH, (hiHATBHUI HaBYaIbHUN HaOlp MaB HACTYHNHUHN PO3MOJLT
kinaciB: 30.3% cermenTiB BianoBiganu crany poinus, 30.3% - minxrogoByBanHd, 6.5% 3 03Ha-
Kamu 300py Meny Ta 32% 6e3 BupaxkeHoro crany. [lns HaB4aHHA Mozeni Oyli0 BUKOPUCTAHO
HACTYITHI XapaKTEPUCTHKH: BIJIHOCHA 3MiHa Bark mojo0 N-3 KpoKy, micsib, roauHa. Ha Pu-
cyHKy | HaBeneHa Bi3yalizallisi MoJiell HeHpPOHHOI Mepexi. 3 Hel BUHO 1110 HeHpPOHHA Mepe-
’Ka BUKOPUCTOBYE 1Ba mociioBHuX mapu LSTM g BusBneHHs 3anexHOCTel y 4aci, a Ta-
KO BUKOPHCTOBYE MakeTHa Hopmaiizauis Ta Dropout mis crabimizamii Ta perynspusarii.
Buxigauii map 3 CMrMoiTHOIO aKTHBAIIEIO TeHEPY€E MPUTHO3H IS 11eHTUdIKalLlii CTaHiB.

input_layer BatchNormalization

Dropout
BatchNormalization
Dense
LSTM Activation
Activation
BatchNormalization
BatchNormalization
Dropout
Dropout
Dense
LSTM Activation

Activation

Pucynok 1 - CtpykTypa Mojeni HeHpoHHOT Mepexi

HaBenena moaens HelipoHHOI Mepexi HaBuanach mpotarom 100 ernox 3 3HaAYCHHSIM Ia-
pametpy batch size 16. Ilig yac HaB4aHHS MOJel OyJI0 BUKOPUCTAHO METO aJalTUBHOI OTI-
tumi3zaiii mBuAKocTi HaBuaHHA ReduceLROnPlateau, mo m103BoJisie aBTOMaTUYHO 3MEHIITYBa-
TH MBUAKICTh HABYAHHS TI1]] YaC TPEHYBAHHS MOJIEIN, KOJIH 11 MPOAYKTUBHICTH MIEPECTAE MOK-
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pamyBaTuch. [Iporpec TpeHyBaHHS y BUTIISAI METPUK (PYHKII BTpAT Ta TOYHOCTI HABEICHO

Ha Pucynky 2.
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Pucynok 2 - [Iporpec TpeHyBaHHS MOJIe1 1IeHTH(IKAIIT TOYKOBUX CTaHIB

[Ticnss HaB4aHHSA MojeNb Oyla MPOTECTOBaHA Ha OKpeMil BHOIpII JaHUX METOAAMHU

classification_report Ta classification_report 6i6miorekn sklearn pe3yiabTaTu 4oro HaBEACHO Y

Tabmuui 1. 3aranpHa TOYHICTH MO I ieHTH(IKALI TOYKOBHX CTaHIB BYJHKA CTAHOBHUTH

96%.
Tabmums 1
Pesynbratu TecTyBaHHS MO 1IeHTH(DIKAIIIT TOYKOBUX CTaHIB
Touwnicts | [ToBHOTa | F1
Poinuusa
0 1.00 0.98 0.99
1 0.95 1.00 0.98
TouHiCTB: 0.98
Iliozo0oeysanns
0 1.00 1.00 1.00
1 1.00 1.00 1.00
TouHicTh 1
3abip medy
0 1.00 0.97 0.99
1 0.60 1 0.75
TouHiCTh 0.97
3arajbHa TOYHICTh 0.96

[Ipomiec mMATOTOBKM MaHWUX I HABUYAHHS MOJIENI, CIPSIMOBAHOI Ha iMeHTU(]IKaIiIO

r00anbHUX CTaHIB (HOPMaJIBHHUI CTaH, 3aru0eib KOJIOHII, BECHSHHA PO3BUTOK, MEI0301p),
BUKOHYBABCS 32 METOOJIOTI€I0, MOIOHOI0 10 OMHUCAHOI JIJIT TOYKOBHUX CTaHIB, OJHAK 3 HU3-
KOOI KJTH04oBUX Moaudikarii. 111 BIIMIHHOCTI 3yMOBJI€HI BUKOPUCTAHHSM JIaHHUX, arperoBa-
HUX 10 4-TOAMHHUX 1HTEPBaJIiB, Ta OCOOIMBOCTSAMH aHOTYBAaHHS TPUBAJIMX CTaHIB 3a JOMIOMO-
rOI0 MOBTOPIOBAHUX YaCOBUX MITOK.
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30kpeMa, 3 OISy Ha 30UTBIICHHI YacOBUW KPOK arperailii (4 TOJuHU), Ui KOXKHOTO
3aIMucy, 10 MO3HAYa€e MEeBHUH r100anbHUN cTaH, OyJi0 BUIUICHO IMPIIUI KOHTEKCTHUH Iia-
Ma30H JIaHUX, IO OXOIUIIOE 1O 52 TOAMHHU 10 Ta MiCis BIANOBIAHOT 4acoBOi MiTKU. Po3mip
CerMeHTa JUIi aHajizy Oyno 30epexeHo Ha piBHI 24 eNeMeHTIB, 0 NpH 4-TOJUHHINA AUCKpe-
TH3amii BiAmoBigae TpuBasocti y 96 roaun (4 nodu). Takuit po3mip BikHa OyB 0OpaHuil AJist
YMOXKJTUBJICHHS! 3aXOIUICHHS JIOBIOTPUBAJIO] JWHAMIKM TOKAa3HUKIB CEHCOPIB, IO OXOILTIOE
KiJTbKa /110, 110 € pesieBaHTHUM /IS iieHTH(]iKalii r1o0anbHUX CTaHIB BYJIHKA.

VY 3B'I3Ky 13 3aCTOCOBAaHHMM METO/IOM IOBTOPIOBAHOT'O AaHOTYBAaHHS TPUBAJIMX CTaHIB,
MPOILIeC CerMeHTallii OyJI0 JOMOBHEHO €TaroM eJliMiHaIlli MOTEHIIIHO TyOII00unX CerMEeH-
TiB, 10 MOTJIM BUHUKHYTH Y€pe3 MepioIuyHe MapKyBaHHsS OJTHOTO i TOTO K CTaHy, /Uil YHU-
KHCHHS HQ/UTUIIIKOBOCTI Y HaBUabHIN BUOipIi. [iis HaBdanHs i€l Momeni 0yio BUKOpHUCTaA-
HO HACTYITHI TPH XapaKTEPUCTUKH: BiJIHOCHA 3MiHA Baru BYJIMKA IOJIO TPETHOTO MOMNEpe/I-
HBOTO 4acoBOT0 Kpoky (N-3), BiIHOIIEHHS 30BHIIIHBOI TEMIEpaTypH 10 CEPEeIHBOI BHYTPIII-
HBOI TEMIIEPATypH BYJIHKA, MiCSIIb.

ApxiTekTypa Mozeni Takox Oymna moaudikoBana. KiodoBuMu BinmMiHHOCTSAMH € 30i-
JbIIEHHS B 3 pa3u KUIbKOCTI HeHpoHiB y mapax LSTM, ta BukopuctanHs QyHKIii BTpaT A
OararokiacoBoi kiacudikamii. Mogens Oyma HaByena npotsirom 100 emox 3 mapamerpom
batch size 16. Ha pucyHky 3 HaBeIeHO MPOrpec HaBUYAHHS MOJIEII.
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Pucynok 3 - [Iporpec TpeHyBaHHS MoIei 1IeHTH(IKAIIT IITI00aIbHAX CTaHIB

Pe3synbratu TecTyBaHHS MoJeni HaBeAeHO Ha Tabuuui 2. O1iHKa NpOayKTUBHOCTI PO3-
pobienoi moaeni ytst i1eHTHdIKAI] TI00aTbHUX CTaHIB Ha TECTOBIM BHOIPIll BUSBUJIA BUCOKY
3aranbHy epekTuBHICTh. CyKymHa TOYHICTh MOJIEINI, III0 BPaXxOBY€E BCl1 CTaHU, JOCSTIA JIEB'sI-
HOCTAa IBOX BIJCOTKIB.

AmHani3 eeKTUBHOCTI A OKPEMHUX CTaHIB IOKa3aB OCOOJIMBO BUCOKI pe3yibTaTH JJIs
inmenTudikaiii nepioaiB «BecHsHOTO PO3BUTKY» Ta «Menozoopy». Y Bumnaaky «BecHsHOTO
PO3BHUTKY» MOJIEIb J0CSTIIA MPAKTUYHO 17I€aThHUX MOKA3HUKIB 32 BCIMA KJIIFOYOBHMH METPH-
KaMH, 3a0e3MeUYnBIIN CTOBIACOTKOBY TOUHICTh Kiacudikamii. Inentudikamnis crany «Menos-
01p» TaKOX MPOJEMOHCTPYBaJIa MaKCUMaJIbHI 3HAYEHHSI TOYHOCTI, MOBHOTH Ta F1-mipu st
KOPEKTHOTO BU3HAUEHHS I[bOTO CTaHy, IPU LbOMY 3arajibHa TOYHICTh Kiacudikamii s el
O1HapHOI 3a/1a4i Oyna 3adikcoBaHa Ha BUCOKOMY PiBHI y JI€B'SHOCTO M'SITh BIICOTKIB.
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Ta0mmms 2
PesynbTatu TecTyBaHHS MojeNi ineHTU]IKAIT TTIO0ATBHIX CTaHIB
TouHicTh IToBHOTA F1
Cmepmsb
0 0.92 1.00 0.96
1 1.00 0.88 0.93
TouHicTh 0.95
Pos3iepis nicrs 3umu
0 1.00 1.00 1.00
1 1.00 1.00 1.00
TounicTh 1.00
Hopmanvnuii cman
0 0.96 0.96 0.96
1 0.91 0.91 0.91
TounicTh 0.95
Meoozbip
0 1 1
1 1 1 1
TouHicTh 0.95
3arajgpbHa TOYHICTh 0.92

s crany «3arubenb KOJIOHID» MoOJieNnb MOKa3aja BIAMIHHY TOYHICTb NpH BHSBICHHI
CaMoro CTaHy, TOOTO MPAaKTUYHO HE TeHepyBasla XMOHUX CIIPAIlOBaHb 1110710 3arudeni, 0JHaK
JIeII0 MOoCTymajacs y MOBHOTI, MPOITYCKAalOUM HEBEJHMKY YacTKy pealbHUX BHMajakiB. He3pa-
Karouu Ha 1e, 30amaHcoBaHa F1-mipa 3anuinanacsi BUCOKOIO, a TOUHICTh OiHapHOI Kiacudi-
Kallii A7 [bOTO CTaHy TaKoXk Oylia 3HA4YHOIO, HA PiBHI JEB'STHOCTA M'ATH BiACOTKIB. Po3mi3Ha-
BaHHs «HopMasbHOro cTany» XapakTepusyBajocs 100pe 30aJaHCOBaHUMHU MOKa3HUKAMH TO-
YHOCTI Ta MOBHOTH Il BUSBJICHHS LIOTO CTaHy, IO Big0Opa3miocs y BUCOKOMY 3Ha4eHHI
F1-mipu. 3aranbHa TOYHICTH KJIacH(iKallii HOpMaIbHOTO CTaHy TaKOX OyJia Ha piBHI JIEB'sIHO-
CTa I'SITH BiJICOTKIB.

Takum YuHOM, PO3pOOICHA MO/IENb MPOJIEMOHCTPYBaja BUCOKY HaJiMHICTh y pO3IMi3Ha-
BaHHI KIIFOUOBUX TNIOOANBHUX CTaHIB OJDKOIHHOI CIM'T, 3 OCOOIHMBO BHCOKOIO €(hEeKTHBHICTIO
JUIS CTaHIB BECHSHOTO PO3BUTKY Ta Me[0300py, Ta 30alaHCOBAHOIO NMPOIYKTHUBHICTIO IS
i1eHTudiKalii HOpMaJIbHOTO CTaHy Ta 3aruoei KOJIoHil.

BucHoBKkH. Y mpoBeACHOMY AOCTIKEHHI PO3pOOICHO MiAXi 0 MonepeaHboi 06poo-
KM YaCOBUX JIaHMX 3 OPKOJMHOTO BYJIMKY, 1[0 BKJIIOYAE arperauiio JaHuX J0 ONTHUMi30BaHUX
1HTepBaliB, BUOIPKOBUI eKCHOPT CTaOLIbHUX Jiana30HiB, 3aCTOCYBAaHHS METO/IB 1HTEPIOJIS-
il Ta HOpMaJi3alii YacoBUX ps/iB, Ta BUKOPUCTAHHS PyXOMOIo yacoBoro BikHa. Ilepia mo-
Jielb, CIPSIMOBAHA Ha PO3II3HABAHHS TOYKOBHMX CTaHIB, TAKUX SK POIHHS, MiATOJJOBYBAaHHS Ta
BIWJIYYEHHS My MAaCiYHHKOM, JIOCATJIAa 3arajlbHOI TOYHOCTI Ha piBHI 96%, NEMOHCTpYHOUH

0COOJIMBO BUCOKI MOKa3HUKH Ul BUSBICHHA MiArofoByBaHHs (TouHicTh 100%) Ta poiHHA
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(Tounicte 98%). JIpyra Mojens, npu3HadeHa i igeHTH]IKaIii rI00aTbHUX CTaHIB BYJIHKA,
30KpeMa HOPMAJIbHOTO (PYHKI[IOHYBaHHS, 3aru0eni KOJOHIi, BECHIHOTO PO3BUTKY Ta MEI03-
0opy, MoKa3ana 3araibHy TOUYHICTh y 92%, 3 HAMBUIIUMU MOKA3HUKAMH JJIsl PO3IMi3HABAHHS
CTaHIB BECHSIHOTO PO3BUTKY Ta MEI0300pYy.

[Momanpmri JOCiKEHHS MOXKYTh OYTH CHpPSMOBaHI Ha ieHTHU(IKALII0 OUIBIIOTO CHEeK-
TPY CTaHiB BYJIMKY, @ TAKO’K BUKOPHCTAHHS B IPOIECI TOJATKOBUX XapaKTEPHCTUK TAKHUX SK
BOJIOTa, ay/110/IaHi, Ta TOYHIIII JaHi PO TEMIEPATypy.

JITEPATYPA

1. Overview of Bee Pollination and Its Economic Value for Crop Production / S. A. M.
Khalifa et al. // Insects. 2021. Vol. 12, iss. 8. Art. 688.
URL.: https://doi.org/10.3390/insects12080688
2. BB eKocHCTEMHUX TOCTYT Ha aKTHBI3AIID PO3BUTKY CLIILCHKOTOCIIONAPCHKOTO BUPOO-
HUUTBA // Exonomiunuti yaconuc Boauncekozco nayionanvnozo yuieepcumemy imeni Jleci
Vrpainxu. 2021. Ne 1 (25). C. 37-51.
URL.: https://doi.org/10.29038/2786-4618-2021-01-37-51
3. A scoping review on the effects of Varroa mite (Varroa destructor) on global honey bee
decline / S. Warner et al. // Science of The Total Environment. 2024. Vol. 906. Art. 167492.
URL.: https://doi.org/10.1016/j.scitotenv.2023.167492
4. Editorial: The decline of wild bees: Causes and consequences / M. A. P. Lima et al. //
Frontiers in Ecology and Evolution. 2022. Vol. 10. Art. 1027169. URL:
https://doi.org/10.3389/fev0.2022.1027169
5. A Low-Cost, Low-Power, Multisensory Device and Multivariable Time Series Prediction
for Beehive Health Monitoring / N. Andrijevi¢ et al. // Electronics. 2022. Vol. 11, iss. 5. Art.
783. URL.: https://doi.org/10.3390/electronics11050783
6. Kviesis A. Application of neural networks for honey bee colony state identification / A.
Kviesis, A. Zacepins // 2016 17th International Carpathian Control Conference (ICCC)
(High Tatras, Slovakia, 29 May-1 June 2016) : proceedings. Piscataway : IEEE, 2016. P.
413-417. URL: https://doi.org/10.1109/CarpathianCC.2016.7501133
7. Sledevic T. The Application of Convolutional Neural Network for Pollen Bearing Bee
Classification / T. Sledevic // 2018 IEEE 6th Workshop on Advances in Information,
Electronic and Electrical Engineering (AIEEE) (Vilnius, nuctomax 2018 p.) : marepianu.
Piscataway : IEEE, 2018. C. 1-4. URL: https://doi.org/10.1109/AIEEE.2018.8592464
8. Braga D., Madureira A., Scotti F. Ta in. An Intelligent Monitoring System for Assessing
Bee Hive Health / D. Braga, A. Madureira, F. Scotti ta in. // IEEE Access. 2021. T. 9. C.
89009-89019. URL.: https://doi.org/10.1109/ACCESS.2021.3089538
9. Kwon K.-H., Kim J.-S., Lee H.-B. Forecast of Bee Swarming using Data Fusion and
LSTM / K.-H. Kwon, J.-S. Kim, H.-B. Lee // dcs. 2019. T. 20, Ne 1. Art. 1. URL:
https://doi.org/10.9728/dcs.2019.20.1.1
10. Ruvinga S., Hunter G. J. A., Duran O., Nebel J.-C. Use of LSTM Networks to Identify
‘Queenlessness’ in Honeybee Hives from Audio Signals / S. Ruvinga, G. J. A. Hunter, O.
Duran, J.-C. Nebel // 2021 17th International Conference on Intelligent Environments (IE)

136 ISSN 1562-9945 (Print)

ISSN 2707-7977 (Online)



«Cucremni texuoorii» 3 (158) 2025 «System technologies»
(Dubai, United Arab Emirates, ueps. 2021 p.) : marepianu. Piscataway : IEEE, 2021. C. 1-4.
URL: https://doi.org/10.1109/1E51775.2021.9486575
11. Khairul Anuar N. H., Md Yunus M. A., Baharudin M. A. ta iH. An assessment of
stingless beehive climate impact using multivariate recurrent neural networks / N. H. Khairul
Anuar, M. A. Md Yunus, M. A. Baharudin Ta in. // IJECE. 2023. T. 13, Ne 2. C. 2030-2039.
URL: https://doi.org/10.11591/ijece.v13i2.pp2030-2039
12. Senger D., Gruber C., Kluss T., Johannsen C. Weight, temperature and humidity sensor
data of honey bee colonies in Germany, 2019-2022 / D. Senger, C. Gruber, T. Kluss, C.
Johannsen // Data in Brief. 2024. T. 52. Art. 110015.
URL.: https://doi.org/10.1016/j.dib.2023.110015

REFERENCES

1. Khalifa, S. A. M., Elshafiey, E. H., Shetaia, A. A., EI-Wahed, A. A. A., Algethami, A. F.,
Musharraf, S. G., AlAjmi, M. F., Zhao, C., Masry, S. H. D., Abdel-Daim, M. M., Halabi, M.
F., Kai, G., Al Naggar, Y., Bishr, M., Diab, M. A. M., & El-Seedi, H. R. (2021). Overview of
Bee Pollination and Its Economic Value for Crop Production. Insects, 12(8), 688.
https://doi.org/10.3390/insects12080688
2. The impact of ecosystem services on the intensification of agricultural production. (2021).
Economic Journal of Lesya Ukrainka Volyn National University, 1(25), 37-51.
https://doi.org/10.29038/2786-4618-2021-01-37-51
3. Warner, S., Pokhrel, L. R., Akula, S. M., Ubah, C. S., Richards, S. L., Jensen, H., &
Kearney, G. D. (2024). A scoping review on the effects of Varroa mite (\Varroa destructor) on
global honey bee decline. Science of The Total Environment, 906, 167492,
https://doi.org/10.1016/j.scitotenv.2023.167492.
4. Lima, M. A. P., Cutler, G. C., Mazzeo, G., & Hrncir, M. (2022). Editorial: The decline of
wild bees: Causes and consequences. Frontiers in Ecology and Evolution, 10, 1027169.
https://doi.org/10.3389/fev0.2022.1027169
5. Rigakis, 1., Potamitis, I., Tatlas, N.-A., Psirofonia, G., Tzagaraki, E., & Alissandrakis, E.
(2023). A Low-Cost, Low-Power, Multisensory Device and Multivariable Time Series Pre-
diction  for  Beehive  Health  Monitoring.  Sensors,  23(3), Article 3.
https://doi.org/10.3390/s23031407
6. Kviesis, A., & Zacepins, A. (2016). Application of neural networks for honey bee colony
state identification. 2016 17th International Carpathian Control Conference (ICCC), 413—
417. https://doi.org/10.1109/CarpathianCC.2016.7501133
7. Sledevic, T. (2018). The Application of Convolutional Neural Network for Pollen Bearing
Bee Classification. Sledevic, T. (2018). The Application of Convolutional Neural Network for
Pollen Bearing Bee Classification. 2018 IEEE 6th Workshop on Advances in Information,
Electronic and Electrical Engineering (AIEEE), 1-4.
https://doi.org/10.1109/AIEEE.2018.8592464
8. Braga, D., Madureira, A., Scotti, F., Piuri, V., & Abraham, A. (2021). An Intelligent Moni-
toring System for Assessing Bee Hive Health. IEEE Access, 9, 89009-89019.
https://doi.org/10.1109/ACCESS.2021.3089538

ISSN 1562-9945 (Print) 137
ISSN 2707-7977 (Online)



«Cucremni texHogorii» 3 (158) 2025 «System technologies»
9. Kwon, K.-H., Kim, J.-S., & Lee, H.-B. (2019). Forecast of Bee Swarming using Data Fu-
sion and LSTM. Journal of Digital Contents Society, 20(1), Article 1.
https://doi.org/10.9728/dcs.2019.20.1.1
10. Ruvinga, S., Hunter, G. J. A., Duran, O., & Nebel, J.-C. (2021). Use of LSTM Networks
to Identify “Queenlessness” in Honeybee Hives from Audio Signals. 2021 17th International
Conference on Intelligent Environments (IE), 1-4.
https://doi.org/10.1109/IE51775.2021.9486575
11. Khairul Anuar, N. H., Md Yunus, M. A., Baharudin, M. A., lbrahim, S., Sahlan, S., &
Faramarzi, M. (2023). An assessment of stingless beehive climate impact using multivariate
recurrent neural networks. International Journal of Electrical and Computer Engineering
(VECE), 13(2), 2030. https://doi.org/10.11591/ijece.v13i2.pp2030-2039
12. Senger, D., Gruber, C., Kluss, T., & Johannsen, C. (2024). Weight, temperature and hu-
midity sensor data of honey bee colonies in Germany, 2019-2022. Data in Brief, 52, 110015.
https://doi.org/10.1016/j.dib.2023.110015

Received 07.04.2025.
Accepted 10.04.2025.

Using time series and Istm neural networks for identification of hive states

Bees are an essential part of our ecosystem and economy. Given the threats facing bee
populations, developing effective methods to monitor and conserve them is critically im-
portant. Traditional methods of monitoring bee colonies, such as visual inspections, hive
weight monitoring, and acoustic analysis, have their limitations. Visual inspections are sub-
jective, time-consuming, and can disrupt colony life. The aim of this study is to develop and
evaluate methods employing time-series analysis and LSTM neural network architectures for
the identification of various beehive states. The research focuses specifically on utilizing time-
series data pertaining to hive weight and temperature, supplemented by temporal information
(hour and month), to train models capable of distinguishing these different conditions.

Data for training includes relative hive weight/temperature and time/month details,
sourced from dataset which contained crucial state/event labels. The preparation process in-
volves handling data instability and gaps using metadata, aggregating the data (into 15-min
or 4-hour intervals), applying interpolation and smoothing, performing feature engineering
(like calculating relative weight change), segmenting data into time windows (6 hours for
point states, 96 hours for global states), balancing the classes, and splitting the data into
training and testing sets. Two LSTM models were developed. The first model identified point
states (swarming, feeding, honey removal) using features like weight change, month, and
hour, achieving 96% overall accuracy. The second model classified global states (normal
function, colony death, spring warm-up, honey collection) using features such as weight
change, temperature ratio, and month, reaching 92% overall accuracy. These results confirm
the effectiveness of utilizing LSTMs combined with time-series sensor data for the reliable
identification of diverse beehive states.

Key words: neural networks, LSTM, time series, tensorflow, weight monitoring, bee
swarming, bees, bee hive monitoring
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O.M. lllonceknii, I.O. Manens
KJACU®PIKALISI TA TPOCTOPOBUM AHAJII3 MOKEXK Y CUCTEMI
OIIEPATUBHO-IUCIHETYEPCBKOI'O YIIPABJIIHHS

Anomayis. 'Y cmammi po3ensinymo MOACIUBOCMI 3ACMOCYBAHHA CYUACHUX [THGOpMAYIUHUX
MexXHON02I, 30Kpema Memoodie 00poOKU BeluKux OAHUX, WMYYHO20 IHMeNeKmy ma
MAQUIUHHO20 HABYAHHA, OJIsI AHANI3Y ONepamusHoi iHgopmayii, Haxonuuemoi 6 cucmemi
onepamuero-oucnemuepcokoeo ynpasiinusa (COLY) Ionosnozo ynpaeninna JJCHC YVkpainu
v Jlvsiscokiti oonacmi. Cucmema gyukyionye 3 2007 poky i akymynroe enukuil 0ocsae 0anux
npo Haod3zeuuatini noodii, exuoyaoyu iHghopmayito npo cuau ma 3acoou, munu nooii, 0cob06ull
CK1a0, mexHiune 3a0e3neueHms mouo.

Memoto docnidxcenHs cmano cmeopents iHghopmayilinoi mooeni 0 ananizy Ui npocHo3y8aH-
HA pUBUKOBUX cumyayin. Y medxcax pobomu peanizo8aro KilbKa emanis: nonepeoHe CmpyK-
MYpPY68aHHs Ma OYUWeHHs OaHUX, popmyeanus 6uUOIpoK 3a Kiacugikamopamu, demanizayis
Mmunie nogicedxic, 2e0K00Y8anHs aopec i 8isyanizayis pe3yibmamis y eueiadi meniosux Kapm.
3anpononosano nioxio 00 cemMaHmuyHo20 aHanizy MeKCmosux noJie ma epyny8aHus nooii 3a
Mmunamu, wo 0ae 3mMo2y SHyuKo hopmysamu UOIpKU 0Jisk NOOAILUUUX OOCTIONCEHD.

Kurouosi cnosa: eenuxi oani, CONY, xnacughixayin noodiil, nooicedxca, ceogizyanizayis, npo-

2HO3y8anHA pu3ukie, wmyunui inmenekm, JCHC Vkpainu.

Po3BuToK iH(MOpMAIIfHUX TEXHOJIOrIH, 30KpeMa MEeTOJliB OOpOOKM BENUKUX JaHHX,
IITYYHOTO IHTEJIEKTY Ta MAIIMHHOI'O HaBYaHHS, BIIKpUBAE HOBI1 MEPCIEKTUBHU Il OaraToBeK-
TOPHOTO aHaji3y HakonudeHoi iHpopmarii. Lle 103Bosg€ 3HAYHO IIBUIIIE TA TOYHIIIE BUSIB-
JSATH 3aKOHOMIPHOCTI, MPOTHO3YBAaTH PU3MKH Ta MNpUAMATH OOIPYHTOBaHI YHpPaBIIHCHKI
pilIeHHs!.

VY T'onoBHOMy ympaBiiHHI JlepkaBHOi ciyx0Ou YKpaiHU 3 HaJ3BHUYAHMX CUTYyalliil y
JIsBiBCBKIN 00acTi 3 2007 poky (yHKIIOHYE CHCTEMa ONEepPaTUBHO-AUCIIETYEPCHKOrO yIpaB-
ninasg (COLY), sxa akymyintoe 3HauHME oOcsar omepaTuBHOI iH(opmauii. DyHKIIOHATBHI
moxxnuBocti COZY 3abe3nedyroTh AMCHETYEpaM OMEpaTHBHE YXBaJE€HHs pillleHb LIOJ0 3a-
Jy4eHHs1 HeOOX1THUX CUJI 1 3aco01B JJIs pearyBaHHs Ha HaJa3BUYaiiHi cutyamii [1,2].

VY 6a3i 1aHUX CHCTEeMM MICTUTHCS MOBHA JOBiAKOBA 1H(OpMaLis, HeoOXiTHa s edek-
TUBHOTO MPUIHATTSA pilleHb. 30KpeMa, BOHa BKJIIOYAE BiJOMOCTI PO 0COOOBHI CKIIaj, 3ay-
YeHUH 70 OOHOBOro YepryBaHHS; KUIBKICTh JIAHOK Ta30JMMO3aXMCHOI CIyKOu; HasBHUX
BOJIiiB; TEXHIYHUI MapK y 60HOBOMY pO3paxyHKY Ta pe3epBi i3 3a3HaYEHHSM HOro TeXHIYHHX
XapaKTepUCTHK; 3alacH MajbHOr0 Ta MIHOYTBOPIOBAaYa; aBapiiiHO-pATYyBaJbHE OOJaTHAHHA
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KOKHOT'O TPAHCIOPTHOTO 3aco0y, 3rPyMOBaHE 3a MOXKEKHO-PATYBATLHUMH ITiIPO3ALTIaMHU
BCHOTO TapPHI30HY.

OxkpiM 1pOTO, Y cucTeMi QPyHKIIOHYE TeoiH(OpMaLlIMHUN TOPTAJ, IO HAJIA€ aKTyalbHI
JlaHi 1010 TOTOYHOTO CTaHy ONEPAaTUBHOI 0OCTAHOBKH, 30KpeMa Ipo aKTUBHI MOii, 3aIy4eHi
pecypcu Ta cTaH JpKepen BoJgornocTayanHs. Takox reoindopmariiiHa cucteMa MiCTUTh HU3KY
JIOBITHUKIB 13 MPOCTOPOBOIO MPHUB’SI3KOI0, BKIIIOYa0uu iH(popmarito [3,4] mpo moTeHuiitHO
HeOe3neyni 00’€KTH, aaMIHICTPaTUBHUHN MOMLN, JAEP)KaBHI MOXKEXKHI YacTUHH, TOp(oBHUIIA
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Pucynok 1 -

OcHOBHMI NOTIK JaHMX, iK1 00poOIIsie ccTeMa, CTOCYEThCS peecTpallii moii, Harpas-
JIEHHS CWJI Ta 3aco0iB, CypOBOAY nepediry Haa3BuuaHux cutyariit (moxex, A TII Tomo) Ta
ix ¢ikcauii B apxiBi. CaM (paxT 30epexeHHs TaKuX JaHUX YK€ Ma€ BaXKJIMBE 3HAYEHHS, OJJHAK
e OUIbIIY LIHHICTh CTAHOBUTH AHANITUYHUM MOTEeHIIa 1€l iHPopMallil y MOeAHAHHI 3 Cy-
YACHUMHU MOXKJIUBOCTAMH [5], siKi 3’siBUnucs 3 MoMeHTY BripoBapkeHHss CO/Y. 3okpema 3a-
IIKaBUJIO MOKJIMBICTh (popMyBaHHs 1H(GOpMaLIHHOI MOJENl Ha OCHOBI IIUX JTAHUX IS TIPO-
THO3YBaHHS PH3UKOBHX CUTYaIlil.

3a/U1sl TOCSTHEHHS L€l METU JOCIIKEHHSI OYyJIO CTPYKTYypOBaHE y KibKa OCHOBHUX
eTaris.

[Tepmmit eTan pociipkeHHsT TiepeadayaB MonepeaH0 oOpoOKy MaHWX, 110 BKJIIOYasia
CTPYKTypyBaHHS 1H(opMallii, BUSIBICHHS Ta KOPEKIII0 MOMIIOK, epeBipKy opdorpadiuyHoi
MPAaBUJIBHOCTI, a TAKOXK 3a0€31eUeHHs] KOPEKTHOCT1 BBEICHHS TUIIIB 1 KJIacU(iKalIHHUX 03HAK
y BIAMOBITHUX MoJAX 6a3u nanux [6,7]. s peanizarii MOMyKy CeMaHTHYHO MOJIOHUX CIIiB
Oyno npoeneHo TokeHizanito onuciB 400 000 moxiii, 3apeecTpOBaHUX Yy CUCTEMI ONEpaTHB-
Ho-ucnetruepcbkoro ynpaiiHHsa (COAY). Yei onucu Oyno 00’eHaHO B €IUHUN TEKCTOBUI
MacHB, Ha OCHOBI SIKOT'O BHOKPEMJICHO YHIKaJbHI CJIOBa 3 ypaxyBaHHAM opdorpadiuHux He-
TOYHOCTEH.

Ha nacrynnomy erani Bukopucrano ¢peitmBopk FastText [8] nmist anamizy orpumanoro
TEH30pa CIIiB, 10 JIAJI0 3MOTY 11eHTH(]IKYBaTH JEKCEMH, KI HalJacTille BXXUBAIOTHCS y 0e3-
MoCcepe/IHIi OIU3BKOCTI O/IHA 10 0JIHOT B onucax nmoAiil. [le 3a0e3neuniio MOXIHUBICTh BU3HA-
YeHHS CeMaHTUYHMX "cycimiB" ciiB. Y mporieci aHani3zy Oyso IpOTeCTOBAHO KiJIbKa MiIXO0JIiB
JI0 MOJEJIOBAaHHS CEeMaHTHYHOI CXO0XKOCTi, 30kpema mozeni Skip-gram ta CBOW. Ilepen
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(dbopMyBaHHSIM MOJIEIl MPOBEACHO IMOMEPEIHIO MiJrOTOBKY JAHHMX: BHIYYEHO CTOM-CIIOBA
(excuuHi onuHUIN 0€3 3HAYHOIO CMHCIIOBOTO HABAaHTAXEHHA) Ta 1IEHTH(IKOBAHO BIIACHI
Ha3BH, Takl SK Mpi3BHUILA, iIMEHA, 10 0ATHKOBI 3asBHHUKIB 1 HAYAJbHUKIB KapayiiB, a TaKOX
crienianxi3oBaHi TEPMiHH, 1110 HE BIUIMBAIOTh HA CEMAHTUYHUN KOHTEKCT.

Ha ocHoBi 00po0iieHuX JaHuX CTBOPEHO MOJIEINb MOIIYKY CEMAaHTHYHO CXOXKHX CIIB,
sKa 3HAMIIUIa TPAKTUYHE 3aCTOCYBaHHA y po3podui BeO-3acTocyHKy Ha 6a3i Python Flask [9].
Lleit iHCTpYMEHT J103BOJISIE 3IMCHIOBATH TONIYK MOl 32 3MICTOBOIO CXOXKICTIO, IO € 0CO0-
JMBO KOPHCHUM Y BUIMAJKaX, KOJM KOPUCTYBad HE MA€ YiTKOTO YSBIEHHS PO (HOpMYITIOBaH-

HS1 TIOLIYKOBOT'O 3alKTy. Pe3ynbTaTs hOro eTamy Bi3yai30BaHO HA pUC. 2.
3anut

H BHMKOHaTH

CemaHTHuyHO Bam3bki o Moxkexka cyxol TpaBM Ta YarapHUKY C/10Ba:
YarapHWKa; o4epeTy; CyXai; TPaBK; YarapHWUKW; YarapHUKIB; YarapHWKy; CTePHI; YaparHuky; Tpaemi; Moxexs

Data count is 26091

3bepertu

Data Tun MicTo Appeca MosigoMneHHa
2024-09- 6 3MMHA BOOA rOPOAOUBKA BY/. 6/H [Moxexa cmiTTA Ha

28 BiAKpWTIN TepuTopii
18:11:11

2024-09- 6 BONCBKH Moxexa cyxoi Tpaeu Ta
28 YyarapHMKy

12:54:52

2024-09- 6 OXKnalB Moxexa cyxol Tpaeu Ta

Pucynok - 2 Intepdetic Be6-3aCTOCYHKY JUIS MONIYKY CEMAHTUYHO CXOXKHUX MOJIN
Ha ocHoBl ganux COIY

Hactynuuii eran nocmiJkeHHs mnependayaB (opMyBaHHsS BHOIPKM Ha OCHOBI KJla-
cudikaTopiB, IHTETPOBAHUX y CUCTEMY OIEpaTUBHO-AMcIeTYepchbkoro ympasiinHsa (COLY).
Jlns uporo Oyno pozpobaeno SQL-3amur [10,11,14], skuii 3ab6e3neuyBaB BHOIPKY JaHUX II0-
70 KUTBKOCTI MOJIH, BITHECEHUX JO0 MEBHOro THIy abo Kiacy. BaxkiauBo BpaxoByBaTH, IO
3HAa4YHA YacTKa 3apeecTpOBaHMX MOl Maja HaBYaJIbHUH, TPEHYBAJbHUI a00 mepeBipOYHUN
xapaktep. Taki 3axoau, sk nmokexxHo-taktuyHi HaB4yaHHs (IITH), BiampauroBanHs HOpMma-
TUBIB YU MepeBipka O0HOBOT TOTOBHOCTI, CIIPSIMOBAHI Ha BJIOCKOHAJIIEHHS MMPAKTUYHUX HAaBU-
YOK 0COO0BOI0O CKJIay B yMOBaX BIJICYTHOCTI peaibHUX HaJ[3BUYAHUX CUTYAIliil.

OKpiM TOTO, MiSTIBHICTD MOKEKHO-PATYBAIBHOI CITY>KOM HE 0OMEXYEThCS pearyBaHHIM
Ha TOXEeXi, aJUKe BOHA BHKOHYE TakoXX (YHKII psATyBaibHOI ciyxOu. Binmoimno, no ii
KOMIIETEHIIi1 HaJIe)kKaTh BUI3/IM Ha JOPOKHBbO-TPAHCIIOPTHI MPUTOU, TABOJIKHU, CTUXIIHI JInxa

Ta HaJaHHS JOMOMOTH HaceleHHIo. Taki omeparlii CTaHOBJISTH 3HAYHY YAaCTHUHY 3arajbHOT
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KUJTBKOCTI BHi311iB. Pe3ynbraTu anamisy po3nojidy BUi3iB 3a THIIAMH Ta KJlacaMu NoJii 0yio

y3arajibHEHO U MPEACTABICHO Y BiJICOTKOBOMY CITiBBIIHOIICHHI HA PUCYHKY 2.

amn
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Pucynok - 3 BincoTkoBuil po3mo/iia BUI3/iB MOKEKHO-PATYBAIbHOI CIYXKOU
3a Tunamu nofiit y cucremi COAY

Hactynuuii eran nocnijkeHHs OyB NMPHUCBSUEHHMH AeTanizauii Ta pO3MIMPEHHIO THIIO-
JIOT'11 MOXKEXK HIITXOM BUOKPEMJICHHSI CTIeU(pIUHUX MiIKAaTeropii, skl He 3HaXOIATh IPSIMOTO
BiJJOOpakeHHsT B 0a30Biil CTPYKTYpi CHCTEMH ONEPAaTHUBHO-AMUCIETUEPCHKOTO YIpaBIiHHSA
(COY). Takuil miaxin cTaB HEOOXIAHMM Ui MiJABHILEHHS TOYHOCTI aHali3y Ta MPOTHO-
3yBaHHS Ha/J3BUYAHMX CHUTYyaIllll HA OCHOBI HAaKOIMYEHUX JaHUX. 30KpeMa, aHaJli3 IOBHOTO
00csry 3apeecTpoBaHUX y 0a3i MOXKEXK JO3BOJIMB YMOBHO PO3IMOAUINTH iX Ha JIBI OCHOBHI Ka-
TEropii: Moexi, 1110 BUHUKAIOTh Ha BIJKPUTUX TEPUTOPISIX, 1 MOXKEXKI, JTOKAII30BaHI B MEKaX
3a0y10BH.

L1 xareropii, y cBoO uepry, 0yso miJgaHo moJaibllid AudepeHialli 3 ypaxyBaHHIM
cnenudiku 00’ €KTIB 1 yMOB BUHUKHEHHSI MoAIN. [0 rpynu mokex Ha BIAKPUTHX TEPUTOPISIX
BIJTHECEHO TaKl MiJAKATEropii, sIK MoeXi TOPPOBHUIL, 3aropsiHHS B eKocucTeMax (JIicH, CTENH,
JyKH), @ TaKOX 1HIIUACHTH, OB’ sI3aH1 13 3aiMaHHIM CMITTS YH 1HIIMX BiAX0[iB. BogHouac
KaTeropis Moxex y 3a0yZ0B1 OXOIUTIOE HIMPUINM CIIEKTp 00’€KTIB 1 BKJIIOYAE MIATPYIH, TaKi
SIK TIOXKEXKI B )KUTIIOBUX OyJMHKAX MPUBATHOTO CEKTOPY, HAa TIPOMHUCIIOBUX ITiITPUEMCTBAX, Y
TOPTrOBEIBLHUX IIEHTPAX, CKIAJICHKUX TMPUMIMIEHHAX Ta IHIIAX 00 €KTaX TOCIOAapChKOi
IISTILHOCTI.

3anpoBa/KeHHSI Takol JeTani3oBaHOi Kiacuikaiii Aano 3MOry He JIMIIE CHUCTeMa-
TU3YBaTH HasBHI JaHi, a i BUSBUTHU XapaKTepHI 3aKOHOMIPHOCTI BUHUKHEHHS MOXKEX 3a1exK-
HO Bij TuIy TepuTopii un o0’ekra. lle, y cBOIO 4epry, CTBOPIOE MEPEyMOBH JJIsi BIOCKOHA-
JICHHS aHAJTITUYHUX MOJEJNEH 1 MiABUIICHHS €(DEKTUBHOCTI YIPABIIHCHKUX PIlIEHb Y JisIb-
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HOCTI TOXKEKHO-PATYBAJIBHOI CITyKOU. Pe3ynbpraTtu nporo eramy kiacudikarii npencTaBieHo
Ha puC. 4, AKUN UTIOCTPYE TUTIOJIOTT MOXKEXK.

Cino
DOaua
Fapax 0.569% 0-25%
1.44%
TpaHcnopT
1.64%

MpuBaTHe rocno,
2.87%

THWi
5.62%

BipkpuTa TepuTopis
45.2%

focnopapcbka bypiens
9.32%

Xutnoewui 6yp
22.15%

Pucynok - 4 CrtpyKTypa TUIIOJIOTIT MOXKEX 32 OCHOBHUMHU Kateropisimu B cuctemi COLY

3aBAsiKM MPOBENEHINM KaTeropu3allii mojiid 3a TUmaMu Oyno 3a0e3MeYeHO MOXKIIHUBICTh
THY4KOro (opMmyBaHHsS BHOIpOK, IO BiJKPHBA€ IMEPCIEKTUBU ISl MOJAJIBIIONO aHali3y
BIUIMBY PI3HOMaHITHUX YMHHMKIB HAa BUHMKHEHHS Ta MepeOir KOHKPETHHUX THIIIB 1 MiJTHUIIIB
Ha/3BUYaiiHUX moxaid. Takuil miaxia cnpuse CUCTEMAaTHYHOMY JOCIHIIKEHHIO 3aJIeKHOCTEH
MK XapaKTEepUCTHUKaMU MOJIIN 1 KOHTEKCTyaJlbHUMHU (haKTOpaMH, 110 iX AETEPMIHYIOTb.

Ha nomarok g0 1mporo, 0yso peanizoBaHO MeXaHi3M reokoayBaHHs [12], skuil KOHBep-
Ty€ TEKCTOB1 a/IpeCH y MPOCTOPOBI KOOPAMWHATH, L0 A0 3MOTY KUIBKICHO OLIIHUTH KOpe-
JALII0 MDK BUHUKHEHHSM PH3MKOBHX CHUTYallld 1 TEpUTOPIAIbBHUMM XapaKTepUCTHKaMU
00’ekTiB. Llei eram cTaB OCHOBOIO JJIsi CTBOPEHHS aHAIITUYHUX IHCTPYMEHTIB 13 BUCOKHUM
piBHEM ITPOCTOPOBOI JAeTai3allii.

Oco0nuBY yBary mpHIUICHO Bi3yamizaiii OTpUMaHUX JaHUX, SKa BIITpae KIOUYOBY
pOJIb y TIPENICTABIICHHI PE3YJIbTATIB MOCHIKEHHS. JJI1 IIbOTO BUKOPHCTAHO TETUIOBI KapTH,
10 BiI0OpakarOTh 1HTEHCHUBHICTh BUHUKHEHHS HAJA3BHYAWHUX MOAIN 3aJ€XHO BiJl iXHBOTO
reorpadiyHOTO PO3TANTyBaHHSA. BaXIWBICTH TaKOro MiAXOAY TOJSATAE Yy HOTo 34aTHOCTI
HAOYHO LIIOCTPYBATH MPOCTOPOBI 3aKOHOMIpHOCTI [13], moneruryroun iHTepapeTanio cKiaji-
HUX JNaHuX. [HydkicTe (opMyBaHHS 3alMUTIB Ui MOOYAOBH TEIJIOBUX KapT 3a0€3MevyeThCs
3aBASKHM 1HTerpamii QUIBTPIB 3a YacoM 1 THUMAMH TOJiH, IO JIO3BOJISE€ aJanTyBaTH
Bi3yautizallito J0 crenu(piyHuX aHaTTHIHUX ToTped. KpiM Toro, po3pobieHa cucrteMa mnepei-
0auae MOXJIMBICTh HAKJIaJaHHS Pe3ysIbTaTiB MOMEPEIHIX MOIIYKIB OJIMH Ha OJIHOTO, 1110 3Hau-
HO PO3IIMPIOE TTOTESHITIaT MOPIBHSIBHOTO aHaJi3y Ta BUSBICHHS JOBTOCTPOKOBHUX TCHJICHIIIH.
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i ¢yHKIioHATBHI MOXIIMBOCTI HiJABHIIYIOTH €(QEKTHBHICTh NPEACTABICHHS aHATITHYHUX
BUCHOBKIB 1 CIIPUSAIOTH IPUHHATTIO OOIPYHTOBAaHHUX YIPABIIHCHKHUX PIllICHb.

PesynbraTi 1bOT0 €Tamy, BKIIOYHO 3 MPUKIAI0M TEIIOBOI KapTH Ta JOCTYIHUMH (Pisib-
TpaMu, IIPEICTABIICHO Ha PUC. 5.
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Pucynok - 4 TennoBa kapTa iHTEHCUBHOCTI HaJ3BUYalHUX MOJ1H 13 THYYKUMH (PUIBTpaMu
3a yacoM 1 Tunamu y cuctemi COY

Pe3yabTaTH. Y mporeci TOCHiIKEHHS BCTAaHOBJIECHO, IO 1H(OpMallis, HAKOIUYEHa B
cucTeMi onepaTuBHO-nucnerdepebkoro ynpasiinas (COY), Mae 3HauHMN aHANMITUYHUHN TTO-
TEHIliall [yl MPOTHO3YBaHHs HaJI3BMYaiHuMX curyauiid. [IpoBeneHo GaraTopiBHEBE CTPYKTY-
pyBaHHS Ta KiacuQiKallio MOAiH, 0 Jajlo 3MOTy JeTali3yBaT THUIIOJIOTIIO0 MOXKEX HMUIIXOM
BUOKPEMJIEHHSI HOBHX ITiJIKaTeropil, siki He Oynu npencTasieHi B 0a3oBiit ctpyktypi COLY.
30KkpemMa, BJIAJIOCs] CUCTEMAaTU3yBaTH JIaHi, PO3IOIUIMBILIY MOKEX1 HA OCHOBHI I'PYIU Ta iXHI
HiATUTIH, IO CIPHUSIIO MOTTUOIEHOMY PO3YMIHHIO CTIeNU(pIKN TaKUX MOIIH.

OnHUM 13 KITIIOYOBUX €TamiB 0OpOOKM JaHUX CTaJI0 T€OKOAYBAaHHS TEKCTOBHX aJpec i3
NOJAJIBIIMM TEPETBOPEHHSAM iX y MPOCTOPOBI KOOPAMHATH, IO YMOXIJIMBWIIO aHaNli3 TepH-
TOpiaJIbHUX 3aKOHOMIpHOCTEH BUHUKHEHHs HaJ3BHUYaiiHMX cuTyaliil. J{is peamizamii 1poro
npoliecy BUKOPUCTAHO CydacHi reoiHopMariiiiHi TexHonorii, 30kpema cepic Nominatim,
KM 3a0e31euye TOUHE 3ICTaBICHHS aJipec 13 KOOpIAWHATaMH, a TakoXK po3mupeHHs PostGIS
i 6a3u ganux PostgreSQL, mo miarpumye edekTuBHYy 00poOKy IpOCTOPOBHUX 3anuTiB. OT-
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pUMaHi TEONmPOCTOPOBI JaHi CTald OCHOBOIO JUIsI KUTbKICHOI OI[IHKM IHTEHCHUBHOCTI HAJ[3BU-
YaliHUX MOJIIH 3aJIe)KHO BiJ reorpadiuHuX XapaKTepUCTUK 00’ €KTIB.

Bizyamizauis pe3ynbraTiB 3AiHCHIOBANACS 3a JOMNOMOTOI0 TEIUIOBUX KapT, SIKI HAOUHO
Bi0OpakatoTh MpOCTOpOoBi Kopensmii. Jlns mporo 3actocoBano JavaScript-GpeiiMBOpK
Leaflet, mo 3a0e3neuye iHTepaKTUBHE BiOOpa)keHHs KapTorpadiuHuX JaHHX, y MOEIHAHHI 3
BIJKPUTUM CEpPBICOM PEHJIEPHUHTY MPOCTOPOBUX JAHHMX 3a MpoTokoioM Web Map Service
(WMS). Li iHCTpYMEHTH T03BOJIWIIN CTHIII3YBaTH Ta €()EKTUBHO MPEACTABIATH reorpadpiuny
iH(popMallito, amanTyouu ii 10 notped anamizy. Po3poliieHa aHaTiTHYHA MOJICITh BUPI3HAETh-
Csl THYYKICTIO ¥ (hopMyBaHHI BUOIPOK, 110 BIAKPUBAE MOMXIIMBOCTI JJISl TOCIIKCHHS BILTUBY
pi3HOMaHITHUX (aKTOPIiB HA AUHAMIKY MOJIIH.

BucnoBku. [IpoBenene moCiiKeHHS MiATBEPIMIO BUCOKY I[IHHICTh HAKONUYCHUX Y
CONY nmaHux sIK OCHOBH JJISl MIPOTHO3HOI aHAJITHKH Ta IiJIBUIICHHS €()EeKTUBHOCTI peary-
BaHHS Ha HaJ3BHYaiiHI cuTyanii B mismbHOCTI [lepxkaBHOT cinyxOu YKpaiHu 3 HaA3BUYAHHUX
curyaniii (JICHC). 3anpornoHoBanuii miaxig 10 CTPyKTYpyBaHHs Ta Bizyamizamii iHpopmarii
CTBOPHB MIIIHYy OCHOBY JUUIsl IHTErpallii iIHTEeIeKTyaIbHUX IHCTPYMEHTIB y MPOLECH MPUHHATTS
VIPaBITiHCHKUX PIillICHb.

[lepcneKTHBY MOJANIBIIMX JOCITIKEHb OXOIUTIOIOTh KUIbKa KIIOUOBHX HampsMis. [lo-
nepie, BIOCKOHAIICHHS MOJIENI MOXKIIMBE Yepe3 1HTETrpallito J0JaTKOBUX JDKEpeNl JaHuX, Ta-
KHX SIK METEOPOJIOTIuHI TOKa3HUKH M iH(opMarlist 3 loT-mpuctpois, Mo miABUIIUTG TOYHICTH
nporHo3is. [lo-apyre, METOONOTIIO AOMITHHO JANTYBATH 10 aHATI3Y IHIIUX TUIIIB HAIA3BH-
YailHUX CUTYyaIlill, 30KpeMa MOBEHEH UM TEXHOTCHHUX aBapii, Uisi po3poOKH yHIBEPCATBLHOTO
aHAJIITUYHOrO 1HCTpyMeHTy. Hapemiti, CTBOpeHHsS IHTEpaKkTUBHUX BeO-iHTEep(eiciB 13
(GYHKIIEIO HAKJIaJaHHS pe3yJIbTaTiB aHali3y MoOXKe TpaHC()OpMYBaTH MOJENb Y MPaKTUYHUN
IHCTpYMEHT peaJIbHOT0 Yacy JUIs OMNEpaTHBHOTO IUIAHYBAaHHS Ta YIPABIIHHA pecypcaMu
JICHC.
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Classification and spatial analysis of fires in the operational
dispatch management system

The article explores the potential of applying modern information technologies,
specifically big data processing methods, artificial intelligence, and machine learning, to
analyze operational information accumulated within the Operational Dispatch Management
System (ODMS) of the Main Directorate of the State Emergency Service of Ukraine in Lviv
Region. Operational since 2007, this system has amassed a substantial volume of data on
emergency incidents, encompassing details about response forces and resources, event types,
personnel, technical equipment, and more.

The study aimed to develop an information model for the analysis and prediction of risk
scenarios. Several stages were implemented within the research framework: preliminary data
structuring and cleaning, sample formation based on classifiers, detailed categorization of
fire types, geocoding of addresses, and visualization of results through heatmaps.
Additionally, an approach to semantic analysis of textual fields and event clustering by type
was proposed, enabling flexible sample generation for subsequent investigations.

Keywords: Big data, event classification, fire, geovisualization, risk prediction, State
Emergency Service of Ukraine.
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A.O. Kypb0a, €.0. MoazaneBcbkuit
OI'JISII ICHYIOUYMX TEXHOJIOI'TH CKJIAJICBKOT'O OBJIKY
3 BUKOPUCTAHHSM IITYYHOI'O IHTEJIEKTY

Anomayin. 3pocmarnHs 3HaAUeHHA CKIAOCHKOI 10o2icmuKky 8 ymosax 2nobanizayii ma yugposoi
mpaucghopmayii eKOHOMIKU BUMACAE NIOBUWEHHS epheKMUBHOCMI YNPAGIIHHA 3aNACAMU.
Tpaouyitini memoou 061Ky He 30amui 3abe3neyumu HeoOXIOHY MOYHICMb I WEUOKICIb
aHanizy 8enuKux 00CsA2i8 OaHux, wo Npu3eooums 00 8Mpam i 3HUNCEHHS KOHKYPEHMOCnpo-
moorcnocmi. Buxkopucmanns LI 6iokpusae Ho6i Modxcaiusocmi 01 asmomamu3ayii npoyecis,
onmumizayii pecypcig i NpoecHO3Y8aHHs NONUMY 8 PearbHOMY 4aci. Y cmammi posenanymo
memoo inmepnem-peui (loT) ma cucmemu ynpaeninusa ckraoamu (WMS). Ilpasunvna cucme-
Mma ingenmapusayii Oyoe 3anedxdcamu 6i0 IHOUBIOYANLHUX nompeb i moodwcaugocmei. s
yeniwnozo enposaddcenns LI 6 nocicmuxy HeoOXiOHUUl KOMNIEKCHUU NIOXIO, WO BKIYaAc
PpOo3pobKy uimkoi cmpameeii enposadcenns LI, epaxosyrouu memy, pecypcu ma nOmeHYititi
PUBUKU.

Knrouosi cnosa: wmyunuii inmenexkm, n1o2icmuxa, YnpasiinHs, 3anacu, cKiaoCoKuil ooiK, iH-
mepHem-peyi, po3nooil.

Beryn. YV cyyacHOMY CBITI poOJIeMH JIOTICTUKY, K 1 0araTb0X 1HIINX TEXHIYHUX Taly-
3eii, HaMararoTbCs BUPIIIUTH 32 JOMOMOTOI0 IITYYHOIO 1HTENEKTY. [l yCHIIIHOTO BUPIMIEH-
HS 3aBJlaHb ONTHMI3alii CKIaJChKOro 00Ky HEOOX1JHO 3aCTOCOBYBATH CydacHI TEXHOJIOTI,
a TaKOXX OLIIHUTH PIBEHb BIPOBAHKEHHS IUTYYHOTO 1HTEJIEKTY B JIOTICTUYHI CUCTEMH.

[Tpu aHami3i icHyrOuuX poOIT 3a I€I0 TEMOIO, K BITUM3HAHUX BUEHUX TaK 1 3aKOP/IOH-
HUX KOJIET, CIIOCTEpIraeThes JAeska CynepewinBicTs cymxkenb [1-12]. Cepen HaiOIbII akTy-
QJIbHUX POOIT MOXHa BUAUIUTH HacTynmHux aBTopiB: E. Bapni, A. M. I'amxuncekuii, O. B.
I'op6enxko, . Ix. bayepcoke, 1. JIx. Kmocc, Jx. JI. Kainaro, JIx. . ITad, k. Hamipo,
M. Kpicrodep, P. b. IByTs, A. I'. Kansuenko, €. B. Kpukascbkuii, M. K. Kynep, /1. M. Jlam-
oept, C. A. Hapymesuu, M. A. Oknannep, I'. A. Ilnaxyra, FO. B. [Tonomaprona, B. 1. Cep-
rees, . B. ®enpkoBuy, 10. B. KpaBuunkara 1a iH.

PobGora cknany siBiisie co00r0 CKIIaTHUNA KOMITJIEKC B3aEMOIIOB'SI3aHUX TPOIECIB, KOKEH
3 SKUX BHMAara€ peTelbHOr0 KOHTPOJIO AJii 3a0e3nedyeHHs] e(peKTUBHOI poOOTH CHUCTEMH B
mimomy. L1 mporecu BKITIOUAIOTH OpraHi3alliio CKIaJAChKOro MPOCTOPY Ta HOTO OMTHUMI3AIIIIO,
ypaxyBaHHs TOBapiB Ta PEryJspHY 1HBEHTapH3allil0, 0OpoOKYy 3aMOBJIEHb Ta AOCTaBKY IpPO-
TYKITIT 3 BIAMOBITHOIO JOKYMEHTAITIETO.

IcHye Tpu OCHOBHI KaTeropii CKJIaJChKUX OMepartii:

© XKypba A.O., Momzanescekuii €.0., 2025
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1. 3abe3neuenns 3amaciB. [locTaBka ToBapiB Ha CKJIaJ] BKJIIOYae B cebe MpuiioM mpo-
AYKLIi BiI MOCTayaqbHUKIB, EPEBIPKY 11 KIJIBKOCTI Ta SKOCTI Ta BBEACHHS JaHUX B OOJIKOBY
cucremy. ['oloBHa MeTa mosArae B TOMY, 100 3HAMTH ONTUMAalbHY KiJBKICTH TOBapiB Ha
ckiazi 0e3 HaUIIKy a00 HEOJIIKY.

2. Cxitancpkuii OOMiK. YTpUMaHHS ONTUMAIBHOI KITBKOCTI TOBapiB Ha CKIIAMI 3 iX po3-
MIIIEHHSM Y PI3HHX MICISIX, PETYJISIPHUNA KOHTPOJIb 32 HUMH, IPOBEJICHHS 1HBEHTAapH3allii Ta
ypaxyBaHHs 3aJTUIIKIB [T 3a0e31eueHHs 00Ky MPOIYKIIi.

3. Po6ora 3 posnozainom. IlinrotoBka Ta KOHTPOJIb BUKOHAHHS 3aMOBJICHB, BiJBaHTa-
’KCHHS TOBapiB KJIi€HTaM ab0 JTOCTAaBKa HA iHINI CKJIQJM, OpraHi3allis JOTiCTUKU JTOCTABKU Ta
yIpaBiIiHHS 000POTOM YIIaKOBKH.

KoxeH 13 nux mnpoiieciB BUMarae 3Ha4HUX 3yCHIIb 1 piHaHCOBUX pecypciB. Tpamuriiiai
METOAM ypaxyBaHHS Ha CKJaJll 4aCTO HE CIPABJISIOTHCA 3 PO3BUHEHUM 00'€MOM JaHMX 1 IO-
TpeOOro B OHOBJICHIH iHpopMmarii [11].

3arajgoM Cy4acHi JOCIIJ)KEHHs BH3HAa4aloTh MOTEHIINMHI MepeBard Ta BUKJIWKU BIPO-
Ba/DKCHHSI IHHOBAIIHHUX TEXHOJIOTIH B YIPaBIiHHSA JOTICTUKOIO MiANPUEMCTB.

Cepen mepeBar MOXKHa BiJ3HAYUTH: IIJBUIIECHHA €(PEKTUBHOCTI, MiHIMI3allisl BHUTpPAT,
OINTUMI3ALlisl MApIIPYTIB, MOKPALIEHHS SKOCTI OOCIyrOBYBaHHS, 3MEHILIECHHS Yacy JOCTaBKHU,
TOYHE YIPaBIIHHS 3alacaMi, aBTOMAaTH3allis IPOLECIB, YIPaBIiHHA B peaJlbHOMY 4aci,
OpIEHTHP HA CKOJIOTIYHI TPUHITUTIH.

B Toii camuii yac cydacHi CKJIaqu CTHKAIOTHCS 3 HHU3KOIO mpoOiem. Cepen sKUX: He-
TOYHOCTI B 1IHBEHTapu3allii; Hee()eKTUBHE BUKOPUCTAHHS MIPOCTOPY; 3aTPUMKHU B 00poOIIl 3a-
MOBJIEHb; CKJIAJIHICTh Y B1I0OP1 TOBapiB Y peaJbHOMY Yaci; BUCOKI OmepaliiiHi BUTpatu [6].

Orasap icHywouux pimenb. OpHak Hapsay 3 MoOxJMBOCTAMH iHTerpamii LI B
JIOTICTUYHY Taiy3b TaKOX BUHUKaIOTh Mpobiemu. Bona miniliMae nutaHHs mpo Oe3nexy na-
HUX, €TUYHI CTAaHAAPTH 1 HOPMATUBHI ACMEKTU BUKOPHUCTAHHS IITYYHOIO IHTENEKTY. Takoxk
BKJIMBO BpaxyBaTH MOTEHIIWHUN couiaibHuil Ta ekoHoMmiyHui BB I Ha morictuky,
0c00JIMBO B KOHTEKCTI 3MiH Ha pUHKY IpaLli Ta B3a€EMOIIi 3 JTIOICBKUMHU PECYpCaMHu.

OnHUM 3 BaXXIIMBUX MUTaHb € BUOIp 1 oNTUMI3alis anroputmiB. Bubip npasuiibHOro am-
TOPUTMY MAIIMHHOTO HaBYaHHS a00 MeTOy IIMOOKOro HaBYaHHS MOXe BIUIMHYTH Ha edex-
TUBHICTb 1 TOYHICTb CUCTEMH.

[Tigxonu, sIKi BAKOPUCTOBYIOTHCS JJIsl IPOTHO3YBAHHS MOMUTY, MapUIpyTU3aLlii TpaHc-
nopTy abo ympaBlliHHS 3aracaMy, MOBMHHI OYTH pPETENIbHO BHBUYEHI Ta ONTHMI30BaHi Ui
KOHKPETHUX JIOTICTUYHUX 3aBJIaHb.

[le ogHuM BakiauBHM acrnekToM € iHTerpauis I 3 icHyloYMMH JTOTICTUYHUMH CHUCTe-
Mamu. Lle moxe BriItogatu: po3poOky API, cTBopeHHs iHTepdeiiciB ans B3aeMoali MIX pi3-
HUMU CUCTEMaMH Ta aJIalTallilo ICHYIOUUX J1aHuX (popmarax, siki MoxKyTh 3po3ymiTu LI

[Iutanas macmTaOyBaHHS € IIe OJIHIEI0 O0JAcTiO, MO BHUKIMKae TpyaHomi. [To mipi
3pocTaHHs OOCATY JaHUX 1 3aBAaHb, SIKI HEOOX1IHO OOpOOIATH, MOKE BUHUKHYTH HEOO-
X1IHICTh B ONTHUMI3AIlll apXITEeKTypH CHUCTEMH, BHUKOPUCTAHHI pPO3MOJIICHHX OOYHCIIEHB 1

OTIPAIIOBAHHI BETUKUX OOCSTIB JaHUX B PEXKHUMI PEaIbHOTO Yacy.
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OpuH 3 MeTOMIB, SIKUM HaOMpae MONYISIPHICTh B YKpaiHi, ue intepuer-pedi (IoT) [1].
Bin npencrapinsie co6010 peBONIOLINHY KOHIETIIIIO B CBITI Cy4YaCHUX TEXHOJIOT1H, 0COOIUBO B
KOHTEKCTI CKJIaJIChKOro 00miKy. Lle Mepexka B3a€MO3B'I3aHUX MPUCTPOIB, 3JATHUX aBTOHOMHO
30upaTH, mepenaBaTd Ta OOPOONSATH [aHi, BIJKPUBAIOYM IIUPOKI MOMKIMBOCTI JJISi OII-
TUMI3aIii CKJIAJIChKUX MPOIIECiB, MiBUIICHHSI TOYHOCTI OOJIIKY Ta 3HAYHOT'O 3HIKEHHS OIle-
pauiiinux Butpar [3].

VY cdepi cknancpkoro o0diKy BUKOPUCTOBYeThCs Hinmid psan loT-mpuctpois, koxkeH 3
SKHX BIJirpa€e CBOIO YHIKaJbHY POJb y MiJBUINEHHI e(peKTUBHOCTI poboTH. OJHUM i3 KITIO-
yoBuX ejeMeHTIB € RFID-miTku Ta niuniabHUKY. LS TeXHOIOris 103B0JIsS€ aBTOMATUYHO 1]1€H-
TU(]IKyBaTH 00'€EKTH 3a JTOMOMOTOI0 PAIIOCHTHAJIB, IO OCOOIMBO KOPUCHO JIJIS IIBUIKOI Ta
TOYHOI 1HBEHTapHU3allii, a TAKOXK JJIsl BIJICTEKEHHS MEPEMIIlIEHHSI TOBAPIB y pealbHOMY 4Yaci.
RFID-miTku, npukpimieHi 10 ToBapiB [9], migmoHiB a0 KOHTEWHEPIB, 3HAYHO 3HUKYIOTH
HMOBIpPHICTb MOMMJIOK IPH KOMITJIEKTALlli 3aMOBJIEHB 1 CIPOILYIOTh ITPOLIEC YIPABIiHHA 3ara-
CaMH.

B ocranni poku HaOymna NOMyNIpHOCTI cUcTeMH ypasiiHHa ckianamu (WMS). WMS-
cucrema (Warehouse Management System, cuctema ynpasJliHHS CKJIaJlOM) — LI€ CUCTEMa aB-
TOMATHU3aLi] CKJIaJly 3 aIpECHUM 30€epiraHHsM, sIKa JI03BOJISIE ONIEPATHUBHO, B PEKUMI peaslbHO-
r0 4Yacy yNpaBJSITH CKIIQJOM; OTPUMYBATH iH(POPMAILiI0 MPO CTaH CKIAay B Oyab-SKHX PO-
3pi3ax; ONTHMIi3yBaTH BHKOPHCTAHHS BCIX MarepiajibHUX, (pIHAHCOBHX, TPYAOBUX PECYpCiB
CKJIay 3a JOMOMOTOIO IUIaHYBaHHS, aHAJI3y 3aBaHTAXEHOCTI CKIIAJICBKOTO MPOCTOPY Ta J0-
CTYITHOCT1 TOBapiB.

B ocHOBI 1aHuX crucTeMU JiexKaTh TEXHOJIOTII:

- aBTOMaTU4Ha 1/leHTUudIKalis 3 BUKopucTaHHsIM panioxBuiib (RFID) ans po3paxyHky
koziB RF-MiTok abo cTaH1ii ckaHyBaHHS IITPUX-KOIB;

- aJpecHoro (KOMIpKOBOTO) 30epiraHHs 3 PO3MOJAUIOM Micisl 30epiraHHs TOBapiB Ha
CKJIa/ll 3 ypaxyBaHHSIM YCIX BUMOT YMOB 30epiraHHs;

- BIAJJQJIGHOTO YNPpaBIiHHS MepcoHanoM 3a Jomnomoror TepminaniB 30opy JlaHux
(T310);

- MOOUIBHUX KOMIT'FOTEPIB, NMpamorodnx 3 Wi-Fi Ta TeXHoori€r0 pagioyacTOTHOI 11eH-
tudikamii (RFID)

IlepeBarn BukopucranHa WMS. Cucremu WMS cTBOpeHi creuiainbHO Ui TOTO,
1100 MaKCHMaJIbHO ONTHMi3yBaTH (YHKIIIi OMEPaTUBHOTO YHPABIIHHS CKIAJ0M 3 aJpEeCHUM
30epiraHHsM 1 MiABUIUTU caMy eeKTHBHICTb Oi3Hecy B ychoMy. ITiaBuieHHs epeKTUBHOCTI
BUKOHAHHS CKJIQJICBKHUX OIepaliil € OJHUM i3 LUIAXIB 3HWKEHHS BUTpAT KOMIIAHii, 110 Ja€
MEeBHI KOHKYPEHTHI TepeBar B Cy4yaCHOMY KOHKYpPEHTHOMY Oi3Hec-cepenoBuill. Cucrema
WMS no3Bosisie BupilyBaTH BeCh KOMIUIEKC 3aB/laHb B paMKax 3-X TOJIOBHUX Omepalii Ha
CKJIa/I1: IPUIHSATTS, PO3MIILIEHHS, BIIIPAaBKH.

B pamkax mporecy mpuiiomy cucreMa WMS nmo3Bojsie: OnepaTHBHO 3a0e3nedyBaTh
Cy0y mpuiiomMy iH(popMallii Mpo OYiKyBaHI HAJIXO/KCHHS; KEPYBATH BJIACHUM IIPOIIECOM
MPUHOMY 3 BIJICTEKEHHSM KIUIBKOCTI, SKOCTI Ta MOJAIBIIOTO MEPEMIIIEHHSI TOBapy MiCIs

npuiioMy (TpaH3UTHHM KJII€EHTOM a00 Ha BHU3HAYCHOMY, 3a3HAYECHOMY B CHCTEMI MICIIi);
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copMyBaTH ONHUC 1 MAKET JOKYMEHTIB IO KO)KHOMY HOBOMY TOBapy Ha CKJaJli; ONEpaTHBHO
BIJIPaBJISITH AaHi PO HOBI TOBapU B KOPIOPATUBHY iH(OPMAIliiiHY CHCTEMY KOMITaHii.

JloricTuka po3MIllIEHHS B CHCTEMI 3JIIHCHIOETHCSI aBTOMAaTHYHO 3 MIHIMAJIBHOIO y4acTIO
MEPCOHATY 32 3alaHUMH KPUTEpisIMU MOOYJ0BH KOMIpOK 30epiraHHs Ta mpaBwil 30epiraHHs
3amaciB. Lle 103Bosisi€ 3HU3UTH PU3HK 1e(EKTy Ta BTPATH, 301UIBIINTH IBUIKICTH PO3MIIICHHS
TOBapy Ta MAaKCUMAJIBHO ONTHUMI3YBaTH CKJIaJICBKUI MPOCTIp.

Cucrema WMS 3abe3nedye Ouiblry TOYHICTH poOOTH CKJIaay B MPOIECI BiJBAaHTAXKCH-
Hs1: BiOIp 1 KOMIUIEKTALli 3aMOBJICHHS 3 (POPMYBAaHHSAM ONTUMAIBHOTO MOPSIKY 3 MiHIMAaJIb-
HUM YHUCJIOM MEPEMIIICHb BUXOJSYM 3 BIAMOBITHOCTI; 3BUIBHEHHS KOMIPOK 1 ONTHMI3aril
30epiraHHs BIJIMTOBITHO 10 BUMOT, IO MIPEI'SIBISIOTHCS 013HECOM JI0 TOBapy, 110 30epiraeThb-
cs, cerugiKyu KOMIIaHii 1 caMUX TOBapiB (HANMPHUKIIAJ, BIIBAHTAKCHHS IMEPIIUX TOBApPIB, L0
MOCTYIIIN Ha CKJaj paHime Beboro - npuHiun FIFO); BceGiuna nepeBipka Bigdopy 3a KpH-
TepisMH, 33JaHUMH B CHCTeMi (Bara, sIKiCTh, KUIbKICTh Ta 1H.); aBTOMAaTHYHI KOMIUICKTAIIii
najeT BiJIMOBIAHO A0 3aJJaHUX BUMOT KOHKPETHOT'O 3aMOBJICHHSI.

Cyuachi cuctemu WMS miaTpuMyroTh TaKOX 1 onepailii «00epHEeHO1 JIOTiICTUKI, TOOTO
MOBEPHEHHS BiJIBAHTAXXCHHUX paHillle ToBapiB. BUKOpUCTaHHS CHCTEMHU YIPaBIiHHS aIpeCHUM
CKJIaJIOM Jla€ KOMIaHii 6€3CyMHIBHI IlepeBaru B 00JIacTsAX: pealizailii cTpaTerii Ta METH KOM-
nanii; 3a0e3nedyeHHs1 OUTBII TOYHOI Ta YiTKOI B3a€MOJIi B JIaHIIO31 MOCTa4aHb; (HOPMYBaHHS
HAHOUTBII TOBHOI 0a3u JaHHUX MO CKJIAJICBKUM ONepallisiM, HeOOX1HOT [T IPUAHATTS TIPaBo-
BUX YIPAaBIiHCHKUX PillleHb; ONTHUMI3allis TPYAOBUX PECypCiB OpraHizallii Ta iXx MOTHBAIi] Ha
pesynbTat; Bix 10 1o 20% 3011bIIyETHCS MPOMYCKHA 3/IaTHICTh CKJIAJly; CEPEIHIN Yac CcTaH-
JapTHUX omepalii (mpuiioM, BiIBaHTaXXEHHsI, IEPEMIIIEHHS) CKOpouyeThes B 3 pasu; Ha 40%
3HMKYETbCS PE3EPB CKIIAJCHKOIO 3alacy; CKOPOUYYeThCS Ha YBEPTh KUIBKICTH HEOOX1IHOTO
MepCcoHay; NanepoBUil TOKYMEHTOOOIT CKOPOUYETHCS 10 MIHIMYMY [7].

JlBoMa HaiiBimoMmimuMu MeTojgamu yrpasiinas 3amacamu € VMI (Vendor-Managed
Inventory), abo «3amacu, kepoBaHi mocradanbHukoM», i JIT( Just-in-Time) , abo «rouHo
BuacHO». OOUBa NOMOMAraloTh BUPOOHUKAM 3MEHIIUTH BUTPATH Ta MiABUIUTH ONEpalliiiHy
€(EKTUBHICTb.

Jlorictuka Hapa3i 3HaXOAUTHCS Ha TOMY €Talli PO3BUTKY, KOJIM 1ICHYIOTh Pi3HI aJIbTepHa-
TUBHI NUISXU yNpaBiiHHA 3anacaMu. [lianpueMcTBo-MmoKymnemns 3amMicTb Toro, mod odopmito-
BaTH 3aMOBJICHHS MOCTA4allbHUKY Ha MOCTAaBKYy, MOK€ OOMIHIOBATHCA 3 HUM 1H(OpPMAIII€IO
PO 3amuT ad0 MPOAaXK MPOIYKIIil, @ TAKOK HAsBHI B TIOKYIIIA 3aMacy. [HIIMMH cioBamH, 1mo-
cTaualbHUK Oepe Ha ce0e BIAMOBIMANBHICTH 3a MOMOBHEHHS 3amaciB crokMBaya. JlaHa cu-
cTeMa OTpuUMaja Ha3By «YIpaBIiHHS 3amacamMH IocTadajibHUKa» abo TexHojoriio VMI
(Vendor Managed Inventory).

VMI — nie crioci6 onTumizamii JisSIbHOCTI B JIAHITIO31 MMOCTABOK, B paMKax sIKOTO TOCTa-
YaJlbHUK OTPUMYE JOCTYM J0 JaHHUX MPO 3amacH KJl€eHTa 1 3000B’s13aHUM MIATPUMYBATH iX Ha
3a3/aJIeTiIb OTOJIOMIEHOMY PiBHI [4].

Came VMI-miaxin m03Bossi€e CKOPOTHUTH JIOTICTHYHI BUTpaTH Ha 30epiraHHs Ta 00CIy-
TOBYBaHHS 3aIlaciB 3a paxyHOK B3a€MOJII MOKYIIIS Ta MocTadaibHUKA. Bukopuctanas miei
CUCTEMHU BUT1JHO SIK CIIO’KHMBayaM, TaK 1 MOCTayaJIbHUKAM, OCKUIbKH CIIOXKHBadl MOXYTh 3HU-
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3UTH piBEHb 3alaciB, MOCTAYAJbHUK OTPUMYE MOXKIUBICTH OUIBII TOYHOTO IUIAHYBaHHS
rpagika BUpOOHHUIITBA Ta PO3MOILTY Yyepe3 0OMiH iH(oOpMali€ero 31 crioxkuBayeM [8].

[Tpaktuyna peamnizanis TexHosuorii VMI Ha mianpueMcTBi Moxxe OyTH 3ampoBapkeHa Ha
NPaKTUIl HACTYMHHUM LUIAXOM [5]: po3MillleHHs TOBapiB Ha TEPUTOPIi KOMIIaHii-3aMOBHHKA
0e3 crutaté 10 Ti€l MOpH, KOJM LeH TOBap He BUKOpUCTaHMN ab0 HE MPOAAHUH; MOCTiiiHA
NPUCYTHICTH MPEJICTABHUKA MTOCTAYaIbHUKA HA TEPUTOPIi 3aMOBHHUKA; PETYJISAPHI TOCTaBKH J10
3a3/1aJeriib BCTAHOBJIEHOTO PIBHS MOKYIILS; CAMOCTIMHUN aHali3 i NPUUHATTS pillIeHb PO
3aMOBJICHHS TIOCTABOK TOBAPIB MOCTAYaIbHUKOM.

[lepeBaru miisi criokMBaya: MOKPALICHUN aHaJi3 PUHKY (IMOHATTS KYIIBEIbHUX IEpe-
Bar); 30UIbIIEHHS MPOAAXY; 3HUKEHHS PIBHS TOBapHO-MaTepiabHUX I[IHHOCTEH; 3HM)KCHHS
PiBHsI 3amaciB.

[TepeBaru /i nocTayanbHUKA: CKOPOUEHHS Yacy 1 3aTpaT Ha YIPaBIIiHHS OIOBHEHHSIM
3araciB; 30UTbIICHHS MMPOJIAXKY 32 PAXYHOK 3MEHILIEHHS BEJIMKOI KUTbKOCTI 3amaciB.

JIT — ue 36anancoBana cucrema, sika 3a0e3nevye MIaBHUH 1 MIBUIKHUMA MOTIK MaTepiaiiB
Kpi3b cucteMy. OCHOBHa i/1€s [IOJISTae B TOMY, 11100 3p0OUTH Mpoliec HAaMKOPOTIINUM, BUKOPH-
CTOBYIOUM PECYpPCH ONTHUMAJIbHUM crocoOoM. CTyMiHb JOCATHEHHS L€l METH 3aJIeKUTh Bij
TOT0, HACKUIBKH JIOCSATHYTI JIOAATKOBI (JOMOMIXKHI) LT, Takl SK: BUKJIIOUEHHs 3001B Ta mo-
PYLICHb MPOLIECY BUPOOHUIITBA; pO3p0oOKa THYYKOI CHCTEMH; CKOPOUYCHHS 4acy MiATOTOBKH
JI0 TIPOLIECY Ta 3arajioM BCiX BUPOOHWYMX TEPMiHIB; 3BEICHHS 10 MIHIMyMy MarepialbHHX
3araciB; BUKIIOUEHHS 3aiiBIX BUTPAT.

Yac miAroToBKH 1 BUPOOHMYI TEPMIHM MOJOBKYIOTh IPOLEC, HIUOTO HE J0AAI0UU MPHU
bOMY J10 BapTocTi BUpoOiB. KpiM TOro, TpuBanmicTh IIUX TEPMIHIB HETaTHMBHO BIUIMBAE Ha
THYYKICTh cucTeMU. OTKe, IX CKOPOYEHHs TyXe€ BaKJIUBE 1 € OJHIEI0 3 IIeW MOCTIHHOTO
ynockonanenss [10].

Jlorictnuna xonuenuist JIT xapakrepu3yeTbcs HACTYITHUMHU HapaMeTpaMu: MiHIMallb-
HUMHU (HYJIbOBUMH) TapaHTIMHUMU/CTPaXOBUMH 3amacamu MarepiajibHux pecypciB (MP),
HaniBgalpukaris (HII) ta rorooi npoxayxuii (I'Tl); KOpoTKuMU BUPOOHUYMMH (JIOTICTUYHU-
MH) LIMKJIAMH; HEBEMUKUMHU 00'emamu BUpoOHMLITBA I'T] 1 momoBHEeHHs 3amaciB; B3a€MOBITHO-
cuHaMu (1o 3aKkymiBisiM MP) 3 HeBeNMKOIO KiIBbKICTIO HAIIMHUX MOCTayaJIbHUKIB 1 MEpeBi3-
HUKIB; €(eKTUBHOI 1H(OpMAIiHO MiATPUMKOIO; BUCOKOIO sikicTio I'TI Ta jmorictuuHOrO
CcepBicy.

Cuctema JIT — ne cucrema, sika BUKOPUCTOBYETHCS MEPEBAXKHO B CepiiHOMY BHPOO-
HUIITBI.

Brposamkenns konnenii JIT Mae sk TO3UTHBHI, TaK 1 HETaTUBHI CTOPOHHU.

KirouoBa nepeBara JIT cuctem — 3HMKEHHUI piBEHb 3amaciB 1 K Pe3ylbTaT - CKOPO-
YEHHSI CKJIAJICBKMX IpPUMIIIEHb, BUCOKA SIKICTh, THYYKICTb, CKOPOYEHHSI TE€PMiHIB BHUPOO-
HUITBA, BUCOKA MPOAYKTHUBHICTb, MIJBUIICHHS MPOJYKTUBHOCTI Ta €(PEKTUBHOCTI BUKOPH-
CTaHHs 00JaJJHaHHS, CBOEYACHA JOCTAaBKa, 3HIKEHHS 00’eMiB Opaky Ta mepepoOoK, a TaKoxkK
3MEHIIICH] BUMOTH JI0 CKJIQJICHKUX TTPUMIIICHb.

o memomikiB cuctemu JIT BimHOCATBHCS:

- HU3BKHH PiBEHb 3amaciB poOUThH OyIb-sAKi 3pHBH y POOOTI JIOTICTUYHOI CUCTEMHU KPH-
TUYHHMU;
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- U BBEJICHHSI CUCTEMH MOXKYTh 3HaJOOMTHCS BEJHKi 3MiHH, SKHX CKJIaTHO JOCATHYTH
Ha npaktwmi [ 12].

3pemToro, MpaBUibHA CHCTEMa IHBEHTapW3allii 3ajeXaTuMe BiJ 1HAWBIAyalbHUX I10-
TpeO 1 MoxkmBOCTEH [2].

BucnoBku. /I yenimuoro Buposapkenns I B nmorictuky HeoOXiJHUNA KOMILIEKCHHUMA
MiAX17, 0 BKIIOYa€e po3poOKy 4iTKOi cTpaTerii BhpoBamkenns 1l BpaxoByroun mety, pe-
Cypcu Ta moTeHIiiHI pusuku. llocriliHe HaBYaHHS Ta BAOCKOHaJeHHS anroputmiB LI,
BIJIMOBIAHO /0 KOHKPETHHUX JIOTICTUYHUX 3aBJlaHb, OE3MEKH JaHWUX Ta 3aXUCTy KOoH(iIeH-
uiitHoi iHdopMmarii, a TakoX po3poOky ernyHux npuHuumiB LI, mo rapantyioTs cnpaBen-
JIMBICTb, IPO30PICTh Ta KOHTPOJIb. Y 3B’S3KY 3 LIUM MOAAJIbILE AOCHIIPKEHHS, YAOCKOHAJICHHS
Ta aKTyaji3alis CTpaTerii BIPOBaXKEHHS aBTOMATH30BAHUX TEXHOJIOTIH A e(heKTHBHOro
po3BuTKy iHTerpauii 111 y soricTuuHi npouecHu Ta JOCATHEHHs ITOCTAaBICHOI METH € aKTyaslb-
HUMH.
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Overview of existing warehouse accounting technologies using artificial intelligence

The modern pace of industrial development requires new approaches to solving logistics
problems. To achieve the necessary effect of automation, rationally use artificial iteleect. loT
technologies and warehouse management systems (WMS). As well as just-in-time inventory
management methods and VMI (Vendor-Managed Inventory), or “supplier-managed invento-
ry”, allow to partially solve these issues. Each of the considered methods has its own ad-
vantages and disadvantages. Therefore, the optimal choice depends on the specific task. For
the successful implementation of artificial intelligence in logistics, a comprehensive approach
is required, which includes the development of a clear strategy for the implementation of arti-
ficial intelligence, taking into account the goal, resources and potential risks. Continuous
training and improvement of artificial intelligence algorithms, in accordance with specific lo-
gistics tasks, data security and protection of confidential information, as well as the develop-
ment of ethical principles of artificial intelligence that guarantee fairness, transparency and
control. In this regard, further research, improvement and updating of strategies for the im-
plementation of automated technologies for the effective development of artificial intelligence
integration logistics processes and achievement of the set goal are relevant.
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LII. Maniniy, f1.B. IBanuyk
OCOBJIMBOCTI POSMIIIEHHSA MIKPOCEPBICIB CUCTEM YIIPABJITHHSA
HABYAHHSAM Y I''BPUJJHUX XMAPAX

Anomayisn: 'Y cmammi npuoiniemovca yeaea pisHUM RIOX00AM Ma Memooam pO3MIUeHHs.
MIKpOCcepeicie 'y Xmapax, a maxkodc 0COOIUBOCMI iX 3ACMOCYBAHHA NPU PO3MIUEHHI Y
2IOPUOHITL XMapi MIKpOcepsicie cucmem YNpasiinHia HA84aHHAM. AKMYanbHicmb 00CAIONCEHHS
NOJNIA2AE Y MOMY WO NEPEHECeHHs Y XMAapy 6UCOKOHABAHMAICEHUX CUCMmeM YNPA6IiHHA HA6-
YAHHAM 3 BENUKOI KIbKICMIO IHmecpayiiHux 36 S13Ki8 3 IHWMUMU cepsicamu € 00CUMb CK1A0-
HUM 3A80AHHAM, 5IKe He 3a8COU MOICHA SUPTUUMU 3d OONOMO2010 ICHYIOUUX Memoodis. Me-
Mo 0aH020 00CNI0NCEHHA € PO3POOKA piuieHHs OJisl BNOPAOKYBAHHS NOMOKI6 OaHUX npoyecy
PO3MIiUeHHs MIKPOCEPBICi8 3 BUKOPUCMAHHAM DIZHUX Memoodie ma 8paxy8aHHIM 0COOIUBO-
cmell 0C8IMHIX [Hopmayiunux cucmem. 3a80AKU GUKOPUCMAHHIO MemOo0y CHMPYKMYPHO20
AHAaNizy CMBOPEHO cxemy NOMOKI68 OAHUX ABMOMAMU308AHO20 POIMIUIEHHS MIKPOCEpP8ICi6 Cu-
cmem YNPAGNiHHA HABYAHHAM Y 2IOpuoHitl xmapi. Takodxc po3ensHymo pizHi mMemoou po3-
MileHHs. MIKpOCep8Ici8 y XMapax. NpakmuyHi ma HAyKosi, a MmaKolc NOPIBHAHO iX HeOOiKU
ma nepegazu. Buznaueno ocno6Hi nOKa3HUKU OYIHKU Mepexce8oi 00CMYNHOCMI, SKI 3aCMoCo-
8yromvCs 01l pO3MIWEeHHs MIKpocepsicie. 3a80aKuU 3anponoHOBaHill cxemi NOMOKI8 OAHUX
ABMOMAMUZ0BAHO20 PO3MIWEHHSI MIKPOCEPBICI8 Y 2IOPUOHIU XMapi 8UHAYEHO CnOCOOU 800C-
KOHAJIeHHs1 Memo0ié po3nooiny MIKpocepeicie makum YUHOM wob 60HU 0ABANU KOPUCT)EA-
yesi 0OCMAaMHI KOHMPOIb HAO NPOYECOM, A MAKONC 8PAXO8YBANU OCODIUBOCMI cUCHEM
VNPAGNIHHA HABUAHHAM.

Knrouosi cnoea: mikpocepsic, xmapa, cepeep, konmetnepuzayis, cucmema ynpaeiinHsa HA6-

YAHHAM, )CMapHi obyUcIeHHA.

IMocTanoBka nmpoOJemu. /[y opranizaiii HaB4aJIbHOTO MPOLECY B 3aKJalax OCBITH
Y4acTO BHUKOPHCTOBYIOTBCSl €JICKTPOHHI CHCTEMH YIMpaBiiHHS HaBuaHHsAM (aHri. Learning
Management Systems) tumy Moodle Canvas LMS, Forma LMS ra iumi [1]. Oxxiero i3
HaOUTBII momynsipHUX cucteM ynpapiinag HaByaHHsIM (CYH) B Vkpaini € Moodle, ska Bu-
KOPHUCTOBYEThCS OararbMa 3akiagaMu Bumioi ocBity (3BO) Ta iHIIMMKM HaBYaIBHUMH 3aKiia-
JaMu. 3a3BHYail AKIIO MoJ1i0Ha CUCTeMa BUKOPUCTOBYETHCS Y HEBEITMKUX 3aKJIa1aX OCBITH, 1€
3arajioM He OijibIlle THUCSYl Y4HIB, TO JJIS ii po3MillleHHS MOXe OyTH 10CTaTHhO BUKOPHCTAH-
HSl CEpBEPHUX DPECYpCIB XOCTHHTY YM BIpTyaJbHOro cepsepy y xmapi [2]. Ilpu momiOHuMX
MmacmTabax 3a3BU4yail He MOTPIOHO BUKOHYBATH HISIKMX CKJIAJHHUX 3aBJaHb 3 CHCTEMHOIO
ajMiHicTpyBaHHA 4M miaxonaiB DevOps (akponiM Bia anri. development i operations) s
PO3MIILIEHHS MOAIOHUX CHUCTEM Ta MIATPUMKH iX poOoTH. IIpore, A HaBUANbHUX 3aKiajliB
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OimpIIoro MacmTaly, TaKUX SK YHIBEPCHUTETH 13 KUIBKICTIO cTyzaeHTiB moHan 7000 ocib 3a-
3BHYail ckinaaHo posmimyBarn CYH Ha 3BHYaifHOMY XOCTHMHTY UM CEepBEpax IOYAaTKOBOTO
piBus [3]. Jns BucokonaBantaxkeHnx CYH moxke OyTH HETOCTaTHRO PECYpPCiB OJJHOTO CepBe-
py 1 moTpibHO mykatu cnocoOu mMacmtaOyBaHHs 0a3 AaHUX, (HaHIOBUX CXOBUII Ta O0YHCITIO-
BaJIbHUX MOTY)KHOCTEH MK Pi3HUMHU cepBepaMu abo B Mexax xmapu. binsm cydacHi CYH na
MOYaTKy, MPU BCTAHOBJICHHI, MAIOTh MOJIJ HAa MIKPOCEPBICH, SKi PO3TOPTAIOTHCS B OKPEMHUX
KOHTEHepax Takux cepemopuinax, sk Docker un Kubernetes [4] i MOXyYTh OyTH MiIKITIOUE-
HUMU 10 XxMapHuX cxoBuil Tty AWS S3 Tta SharePoint, a Takox 10 XxmMapHUX 0a3 JaHUX
(DynamoDB, Firebase). Takox 6araro CYH MaroTh IHPOKY IHTETPAIIiio 3 IHIIMMH pecypca-
MU HAaBYAIHHOTO 3aKJIaay, HAPHUKIAA 3 0i0JII0TEYHUMHU pecypcamu, IHCTPYMEHTaMH PO3p00-
KH TIPOrPaMHOTO 3a0e3rnedueHHs, a0 HaBiTh i3 CHCTEMOIO MPOKTOpWHTY [1]. TakuM unHOM
3arajibHa CEpBEpHAa iH(oOpMaliiiHa CHCTeMa HAaBYAIBHUX 3aKJIQ/IiB MOXE OYTH pO3IOijeHa
MK PI3HUMH cepBepamMu ab0 XMapaMu.

3 movaTkoM MmoBHOMAcIITaOHOI BiiiHM B Ykpaini Oarato 3BO mepemicTuiu meBHy 4a-
CTHHY CBOiX iH(popMamiiHuX pecypciB y myOmiuni xmapu (mampuknan y CILIA ta €spori),
3aJIMIIAI0YM TIPU [OMY IHTErpallito i3 cBOiMH pecypcamu Ha (Di3MUHUX cepBepax, Kl y HUX
3aMuImIMch B YKpaiHi. Lle 3ymoBieHO Hacammepen THM, IO PO3MIIICHHS YCiX OHJIaiH-
pecypciB y XMapHOMY CEpEOBHIII MOKe OyTH HEJOLUILHO, Yepe3 Te IO IIe MOXKe OyTH 3aHa-
ATO TOPOTOBAPTICHO Ta CIPUYMHATH CIOBUIbHEHHS HOCTyny. Tak sk Ha i3WYHHX cepBepax
3a3BHYail BCTAHOBIIOIOTHCS MEHII KPUTHYHI cuUcTeMH, abo iHQopmamliliHi CUCTeMHU SKi HE
MO>KHa OyJI0 BUHECTH 3a MEPUMETP JIOKAIBbHOI MEpeKi OpraHizailii, TOMy JOCHIJKEHHS Me-
TO/1B PO3MIILIEHHSI MIKPOCEPBICIB CUCTEM YIPABIIIHHS HaBYAHHSM Yy FOPUIHUX XMapax € ak-
TyaJbHHM.

Mera npocaigaxeHHss. MeToo IbOro JOCHIAKEHHS € CTBOPEHHS pIIIEHHS AJis OIl-
TUMI3allli TOTOKIB JJaHWUX y MPOIEC] PO3MIMIEHHS MIKPOCEPBICIB, 3aCTOCOBYIOUYH Pi3HI METOU
Ta BpaxoBYIOUHU cHeluQiky OCBITHIX 1HPOPMAIIHHUX CUCTEM.

AHaJi3 ocTaHHIX J0C/iIxKeHb i myOaikamii. 3akimaau OCBITH SIKi Mij Yac MOBHOMAC-
mTaOHOI BIMHM HE pO3IJSAald MOXIUBICTh PO3MIIIEHHS CBOiX OHJIAH-PECYpPCIB Y
nyOIIYHKUX XMapax abo 3BUYAlHUX cepBepax M03a MeKaMU KpaiHU CTHUKAIOThCS 13 pPUSUKAMU
3HMKEHHS JOCTYITHOCTI MiJl 4ac 3HECTPYMJIEHb, MOLIKOJKEHHS KaHaIIB 3B’SI3Ky Ta BTpaTH
JAaHUX BHACTIIOK paKkeTHUX Ta JAPOHOBHMX aTaKk Ha LMBUIbHY iHpacTpykTypy. Ha mMomeHT
HalMCaHHS JAHOI CTaTTI 1€ 3aJIMIIAETHCA IS YKPATHCBKUX KOMITaHIM Ta OpraHi3aiii
HaNOUIbII BarOMUM apryMEHTOM JJIsi CTBOPEHHS KOH(Irypaliii 3 po3nouioM o04uCcIeHb MiXkK
MyOIIYHOI0 XMapO0 Ta MICIIEBUX CEpBEPIB (AHIJI. ON-premises) Ha TEXHIYHOMY MalJJaHuuKy
opranizaniii. [logibnHi koHpiryparnii xMapHUX 1HGOPMAIIHHUX CUCTEM HA3UBaIOTHCS T1OpU -
HUMU XMapaMmu. ['i0puiHa XMapa CKJIaaeThes 3 IPUBATHOT YaCTUHU Ha CepBepax opraHizarii
Ta T1I0pUAHOT XMapH, sKa HAJJAEThCSI MOCTa4YaIbHUKOM XMapHUX MOCHyT [2].

Cepen iCHYIOUMX HaNPSIMKIB JOCIIIKE€Hb, IPUCBSIUYEHUX BUKOPUCTAHHS MIKPOCEPBICIB y
CVYH ocob1uB0o MOXHA BUJUIMTH JOCIIKEHHS METO/IB MOOYA0BH e€(eKTUBHOI apXiTEKTypH
CVYH [3] 3a g0moMororo 3acTOCyBaHHS PI3HUX MIAXOAIB OpraHizaiii KOMIIOHEHTIB OHJIAiH-
cepBiciB. Po3rasHyTO Miaxoau po3moIisieHHsT MIKpOCEPBICIB HA OCHOBI CUCTEMH JOCBIIY pe-
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amzamii pi3aux Bepcii API, posmoaimy 3a jgoMeHamu, 3B’s3KamMH 3 0a3aMu JaHHX Ta
MiKcepBicHOT iHTerpamii. IlpuaineHo yBary anamizy NpPOTOKOJIB OOMIHY JaHUMH MiX
MiKpOCepBicaMu Ta X MOJEISMH, 3IHCHEHO MOPIBHSIHHS MPUHIIMITIB OPKECTpallii Ta XOpeo-
rpadii (opranizarii TpaH3aKIliii MiXK MiKpocepBicamu). Y JOCTiIKEHI PO3TIISIHYTO PUHIIUITN
opranizauii MmoayiapHOI cTpykTypu CYH 1 HaBeZeHO CIOKMBaHHS PeCypcCiB peastizali€ero ap-
XITeKTypH, M0OYI0BaHOI HA OCHOBI 3aIIPONIOHOBAHUX Y JOCIIIKEHHI METO/IIB.

JlocnmiKeHHIo mepeyBaiy BUBYeHHs MikcepBicHoi iHTerpauii CYH i3 cuctemamu pe-
MO3UTOPIiB HABYATBHUX MaTepialiB Ta akaJeMIYHUX TeKCTiB [S5]. Y BHBUYEHHI CTHOCOOIB
MiKcepBiCHOT B3aeMo/iii po3rissHyTo npotokos OAI-PMH [5] ta #ioro peanizaiii y mporpam-
HUX 0i0moTeKax pi3HUX MOB IpOTrpaMmyBaHHs. PO3TIsSHYTO MIKHApO/IHI CTaHJAPTH CTPYKTY-
poBanux naHux Ha ocHOBi Dublin Core Ta iioro momanbiuii BrumB Ha inTerpanito CYH i3
peno3uTopisiMu MartepiaiiB. Y HayKoBii mpari [ 1] po3riasiHyTo MOXIIMBICTh MIJIOTHOTO 3aIyc-
ky CYH y mexax omHoro (akynprery Ha npukiami cucremu JetlQ [1]. Xowa y camiii
myOmikarii 6e3mocepeIHpO IHOTO HE 3Tay€eThCs, aJie Ha OCHOBI 11 JaHUX Ta JTaHUX HABEICHUX
y crarTi [3] MOXkHA MOOAYUTH TIEBHI €Tary €BOJIOIIl CUCTEMH YIPABIIHHS E€JIIEKTPOHHUM
HABYAHHSIM Ta ii TOCTYIIOBHI PO3IOIiT HA OKPEMi MiKPOCEPBICH.

[HIIMM  BUIIAIKOM  MIDKCEpBICHOI iHTerpaimii, SKWid BIUIMBAE HA  ITOMAIBIIHA
MikpocepBicHu# posnonin € inrerpamis CYH mporecoMm i3 cuctemMamu MpoKTOpuHTY [6]. Y
Ipaii po3rITHYTO METOIM IHTETPaIlii IIMX CUCTEM MiXk COOOF0, a TAKOK OMUCAHO SIKHMHU CaMe
JAHUMH BOHU OOMIHIOIOTECA MK c00010. Y KOHTEKCTI JaHOTO JOCHIUKEHHS T03BOJISAE BU3HA-
YUTH, K 1HTErpalis 3 NPOKTOPUHIOM BIUIMBaE Ha XMapHy apxitektypy CYH. V Haykosiit
npaui [7] onucyeTbCcsl METOJT ONTUMI3aLlli MpoIlecy PO3MILIEHHS MIKPOCEPBICIB y XMapi, 1€
MPOIMOHYETHCS PO3MOJAIICHHIO BEJIMKOTO CEPBICY Ha PsiJ MIKPOCEPBICIB 13 3a0€3MeUeHHSIM
HalMEHIOTo piBHS TpadiKy MIXX HUMH, @ TAKOXK YIAKOBYBaHHIO iX y BIpTyajbHI MAlllUHU 13
BpaxyBaHHSIM OOMeXeHb y pecypcax. [Ipu HU3bKOMy piBHI iHTerpaiii Mk BeO-caiitamu abo
OHJIAMH-CEepBICAMH OpTaHi3allii MiKpOCEpPBICH TOCUTH JIETKO PO3MOJUIATH Mk CEpBepaMH Ha
TEXHIYHOMY MalJaHYMKy OpraHizamii Ta myOJiYHId XMapl mocradajlbHUKA. AJMIHICTpaTOp
ad0 MEHe/)Kep BHM3HA4Yae€ XMapHHUH OIOKET Ha MPIOPUTETH POOOTH KOXKHOIO CalTy 4u
cepBicy, BIANOBIIHO 0 YOTro 1 3/IIHCHIOETHCS PYYHUI po3noaii. bibln ckiIaHOO € cuTyartis,
y sIK1i MK cepBicamu (a00 MiKpocepBicaMM) ICHY€E JOCUTh BUCOKUHN PIBEHb 1HTErpaLlii.

Icaye mocuThk Garato METOIB Ta MIAXOMIB JUISI IPUHHATTS PIMICHH MIO0 PO3MIIICHHS
MIKpOCEpBICIB y TiOpUAHUX XMapax. IcHye aB1 Kareropii MOAIOHMX METONIB Ta MiAXOIB:
MPAaKTUYHI MIIXOAM, K1 HIOJ€HHO BUKOPUCTOBYIOTH DevOps-iHxeHepu AJisi MPOEKTYBaHHS
XMap, a TaKOXK HAyKOBI METOJIH, 3alpONOHOBaH1 nociiaaukamMu. Cepesr po3poOIeHNX CIiib-
HOTOI0 DevOps-iHKeHepiB s MPOEKTYBaHHS XMapHHUX TEXHOJIOTIH € Habip Halkpaimmx
MPAKTHK, 110 ONUPAIOTHCS Ha PILIEHHS, sIKI FapHO ce0e 3apeKOMEH IyBaJId Y BIJOMUX peajizo-
BaHUX NpoekTax. HaykoBi METOAM MalOTh MPaKTHYHE 3aCTOCYBAHHSI JIUIIIE SKIIO y iHKEHEPIB-
MPAKTUKIB IOCTaTHHO KBami(ikamii mo0 ix Bukopucratu. Hezpaxkaroun Ha HAyKOBY I[IHHICTb,
3a3BUYail iX HEJNErko IHTErpyBaTH y MPOTpaMHI IHCTPYMEHTH, IO BUKOPHUCTOBYIOTHCS
DevOps-irmkeHepaMu, 0COOJIMBO SKIIO Y JOCTIIHUKIB Maj0 MOXIIMBOCTESH IS CHIBIIpaIi i3
PO3pOOHUKAMU ITUX ITHCTPYMEHTIB.
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VY coepi DevOps icHYIOTh HACTYIHI MPAKTHYHI MiAXOIU TEPUTOPIATIBEHOTO PO3MIIIEHHS
MIKpPOCEpBICIB y MYJIbTHPETIOHAIBHUX XMapax: pO3MIIIeHHSI MIKpOCEPBICIB 3a perioHamu 3
HAHOUTBIIUM CHIOXKUBaHHSAM iX Tpadiky [8], BHKOpUCTaHHS TI00AIBHOTO IHCTPYMEHTY Oa-
JAHCYBaHHS HABAaHTA)KEHHS, PEIUTIKAIlisi MIKPOCEpBICIB MiX perioHamMH, po3moJiIeHHS 0a3
JaHUX 32 perioHamu, BHKOpPHCTaHHS TexHoiorii Service Mesh [4], a Tako)X BUKOPUCTAHHS
Al-iHCTpYMEHTIB IPUUHATTS PIilIEHb 100 PO3MIIIEHHS MIKPOCEPBICIB y MYJIbTHPETiOHATb-
HUX XMapHHUX cepepoBuinax [2]. Maibke BCi OomucaHi MiIXOIW MPAIIOIOTh Y MYJIBTHPETiO-
HAJIBHUX XMapax, aje pa3oM 3 THM HE MPOMOHYIOTh TI€BHUX PEKOMEHIAIIH 3 MPUHHATTS
pillieHb 11010 PO3MIIEHHS OKPEeMHX MIKPOCEpBICIB y IMEBHIM YacTHHI riOpuaHoi Xmapu —
npuBaTHii um myOmiyHii. Al-iHcTpyMeHTH [9] mist mpUHHATTS MOMIOHUX pillleHb 3a3BUYAN €
cepBicaMH TEBHOTO IMOCTavyajJbHUKA XMapHUX mnociyr, Hanpukiaag AWS Trusted Advisor,
Azure Analysis Services Ta Google Active Assist [9]. BoHu BUKOpPHCTOBYIOTH 30KpeMa Hay-
KOBI METO/IH, 3aIPOITOHOBAHI Pi3HUMH JOCIITHUKAMH, ajl€ BiAAI0Th epeBary THM METOJIaM,
AKi Hali6inbIme 3aTpeOyBani KiierTamu [2]. X 3acTocyBaHHS € GiNBII MPAKTHYHUM JUIS MYITh-
TUPETIOHANBHUX XMap, IO HAJAIOTHCS THM CaMUM I[OCTA4aJbHUKOM, 10 i cam Al-
iHCTpyMeHT. JlaHi IHCTPYMEHTH B IIJIOMY JOCHTBH MO3UTHBHO ce0e 3apeKOMEHIYBAIN OKpPIM
CTBOPEHHS TIOpUIHMUX XMap, A€ € iHQpacTpyKTypa, sKa MOBHICTIO HE KOHTPOIIOETHCS THM
CaMUM MOCTa4aJIbHUKOM XMapHUX MOCIYT [2].

[opsix 3 MpakTHYHUMHU MiIXOAaMU NPUNHHATTS pIilIeHb HIOJ0 TEPUTOPIATILHOTO PO3-
MIIIEHHS! MIKPOCEPBICIB € TaKOK HAYKOBI MIIXOM Ta METOAM U BUPIMIEHHS Ii€l MpoOiIeMu.
Came qu1st TIOpUAHKX XMap ICHY€E MiIX1A AJIs PO3MIILIEHHS MPOrpaMHUX KOMIIOHEHTIB y XMapi
Ha OCHOBI BU3HAYEHHsI IHTEHCUBHOCTI Tpadiky Mix HuUMH [10], ane y HbOMYy He NPUIIIEHO
yBaru caMMM MikpocepBicaM. Takoxk ICHye METOJ] ONTUMI3allli pO3MILIEHHs] MIKpPOCEPBICIB 31
3MEHIICHHSIM MDKMaIIuHHOTO Tpadiky [7], ane He mependadyeHoO HOTro 3acTOCYyBaHHS Yy
riopuaHuX Xxmapax. Y 1HIIOMY METOJIl PO3MIIIEHHSI MIKPOCEPBICIB 3alPOIIOHOBAHO BUKOPHU-
CTaHHS HEYITKOi Joriku [11]. ¥V nmeskux HayKOBHX METOJaX Ta MiJIX0JaX aKIEHT 3pOOJICHHI
Ha MepexeBux mnapamerpax. Cepen HUX MOKHA BUAUIMTH MIAXIJ y BUTJIAII MOJITHKUA OTI-
THUMI3allii JeHeHTPaIi30BaHOT0 PO3MIIIEHHS CEPBICIB Y TYMaHHUX 00uucieHHsax [12], B sxo-
My NPUIUIEHO yBary KUIbKOCTI MEPEKEBUX MEPEXO/IIB Y XMapax Ta croco0aM ix 3MEHIIEHHS.
[le ogHMM MiIXOI0M, JI€ BPaXOBYIOTHCSI MEPEKEBI METPUKHU € PO3MIIIEHHS CEPBICIB ISl CyC-
MUIBHUX MEpeKeBUX Mikpo-xMmap [13]. V iHmHKX iCHYIOUMX HayKOBUX METOAax Ta MiAxXojax
OUTBIIIE TMPUIUTSIETHCS yBara po3MIIIEHHIO OOYHCIICHh Y MYJIBTHPETIOHATBHUX XMapax, 0e3
MoJAUTy Ha MyOJiyHI Ta MpUBaTHI XMapu Ta/abo 0e3 30cepekeHHS yBaru came Ha
MIKpPOCEPBICHIH apXITEKTypi: METOJl PO3MIIIEHHS BIPTyaJbHOI MAaIllMHU 3 BpaXyBaHHSAM IpO-
MMYCKHOI 3aTHOCTI JaTaneHTpiB [14], miaxia po3MileHHs BIpTyalIbHUX MAIllUH 3 ypaxyBaH-
HSIM PO3IIMPEHHS MEPexi naTareHTpy [15], MeTon po3MilieHHs 00YHCITIOBATILHUX PECYPCIB Y
po3noiieHux xmMapax [16], Moziens po3ropTaHHsl MIKPOCEPBICHHUX J10aTKIB OCHOBI IpadikiB
BaptocTi [17], a Tako TeHeTHUHMA mTpadHUd METOA I po3MimeHHs: SaaS-cepsici [18].
31e0UThIIIOTO TOCTITHUKU Ta 1HXXEHEPH, SIK1 3alPOTIOHYBAIU JJIsl IIHOTO OMHCAHI METOIU Ta
MIJXOAH, HE MPOBOJATH BEIUKOI PI3HUII MK BIpTyaJIbHUMHU MallMHaMH, KOHTEHHepamH Ta
PO3TOPHYTHX Y HUX MIKpOCEpBicax.
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Takox 3anMuIIaeThCcsi He BUPIIEHUM MUTAHHS BUKOPUCTAHHS OUTBII JEIIEBUX CIIOTOBUX
XMapHHUX Ta JIOKAJBHUX OOYMCIIOBATBHUX PECYPCIB JUIsI MEHII KPUTHYHUX 3aBAaHb. Y JaHIi
poboTi MmIaHyeThCs 30cepeauTH (POKyC camMe Ha PO3MINICHHI KOHTEHHEPH30BAHHUX
MIKpOCEpBiCIB Y MEBHUX YacTUHaX riopuanoi xmapu. [Ipu npoekryBanHi iHpopMaliiftHux cu-
CTeM B OOYHMCIIOBATBHUX XMapax, 30KpeMa Ha OCHOBI MIKPOCEpBICIB, Mepes apXiTeKTOpaMu
ta DevOps-iHKeHepaMu CTaBUTHCS 1IiJIb, 100 TaKi CHCTEMH MOTJM HaHOUIbII e€EeKTUBHO
MpamroBaTy, Oyiia MIBUAKO Ta MOCTIMHO JOCTYITHUMH 3 Mepexi [HTepHeT IJis mepcoHary KOM-
naHii-KopucTyBaya Ta ii KJI€HTIB, a TAKOK HE CTBOPIOBAJIM HA/UTMIIIKOBHX BUTPAT HA iX yTpH-
maHHA. [Ipu mpoekTyBaHHI iH(GOpPMALIHUX CUCTEM Y TIOPUAHUX XMapax 3aBXKIW BHHHUKAE
By3bke Micue (aHri. bottleneck) mixk oOoma dyacTMHAMM Takoi XMapu: IMPHBAaTHOI Ta
nyOmigno1 [2]. BuHUKHEHHS Tpo0ieM Ha MexXi 000X XMap 9acTo MPU3BOIUTH JI0 Jerpaaaii
SIKOCTI POOOTH CEpBICIB, IO MPAIIOOTH Y TIOpUAHUX XMapax. J[Jis MpoBEICHHS OMIHIOBAHHS
SKOCT1 poOOTH Pi3HUX PO3TOPHYTHUX Y XMapi CEpBiCiB 3a3BHUail MOTPIOHO POBOJUTH MOHITO-
PUHT PI3HUX METPHK, SIKI JUIT KOXKHOTO XMapHOTO CEpBICY 4acTo € iHAuBiAyadpHUMH. Pi3Hi
nociigHuky [15,16] Ta xmapHi apxiTekTopy [2,4] BUIUISIOTH MOKA3HUKHA MEPEKEBOI JTOCTYTI-
HOCTI PO3MIIIEHUX Y XMapi CepBiciB sSIK HAWOUIBII yHIBEpCATbHI METPUKH JIJIsl OLIIHKH SIKOCTI
ix poOOTH 31 CTOPOHH KiHIIEBOTO KOPHUCTyBayJa.

Cepen IUX MOKAa3HUKIB MOKHA BUUTHTHA HACTYITHI:

— amTaiim (aHrir. uptime) — yac 6e3nepepBHOi poO6OTH 1H(GOPMAITIHHOI CHCTEMU;

— dac BiATyKy cepepa (a6o TTFB) — wac y MmimiceKkyHIax 10 MEpmIoro OauTy,
HA/IICJIAHOTO CEPBEPOM 3 MOMEHTY 3aITUTY;

— 3aTpuMKa makeTiB (abo 3aTpUMKa MIHTY, aHTJ1. PiNG) — Yac y MiTICeKYHIaX CKiTbKA
MaKeT MPOXOIUTH BiJl KIIIEHTA J0 CepBepa 1 Ha3a;

— KUIBKICTh MEpEeKEeBHX TepexoiB (aHri. traceroute hops) — KiUIBKICTh MPOMDKHUX
MEPEKEBUX BY3JIIB MK KJIIEHTOM Ta CEPBEPOM.

i 9oTMpH OCHOBHUX MOKa3HUKA MOKHA BUKOPHUCTATHU Il TOTO, 1100 OLIHUTU MEpekKe-
BY JOCTYIHICTh 1HOpPMALIHHUX CUCTEM Y T1OpUAHUX XMapaX. AnTaiiM — 11€ OCHOBHHI mapa-
METp, 3a JOMOMOTOI0 SIKOTO MOXKHA OI[IHHTH HACKUIBKH CHCTEMa CTaOUTRHO Mpalioe Ta
30epirae 30BHIIIHIO JIOCTYIHICTh 3 Mepexi IHTepHeT. AnTailM BUMIPIOETHCS Y BIICOTKax 1
BiJJ0Opakae CKUJIBKM 4acy B pik cucTema Oyiia J0CTynHOI0. [IpoTuiexxHuM NOHATTIO anTaiMy
€ mayHtaim (anri. downtime), sikuii BiqoOpaskae CKiJIbKH 4acy B ik cucTeMa Oysia HeOoCTYII-
HOM. PiBeHb anraiimy 3a0e31meuyeThes MOCTaYaTbHIKOM XMapHHX TTOCITYT 3TiTHO «YTOIH PO
piBenb mocnyr» — SLA (anrn. Service Level Agreement). 3rinHo 3araibHONPHUHSATAM CTaH-
JapTaM XMapHOI Ta TeleKOM-1HIycTpii npuilHaTHe 3HaueHHs SLA konmuBaeThest Mk 99,9%
Ta 99,999% [lo npuknany npu SLA 99,9% nns nocrayaabHUKA JOMYCKAETHCS HACTYITHHI yac
HEJIOCTYITHOCTI MOCHYT: moAeHHO — 1,44 xBunuHu; mMOTHX)HEBO — 10,08 XBUIWH; MIOMICSYHO
— 43,8 xBuiMH; mopiyHo — 8.76 roauH [19]. B yMoBax BUKOpUCTaHHS TiOpUIHOI XMapH 3a-
Oe3nevyeHHs BUCOKOIO pPIBHS anTaiiMy MOKHA JIETKO JIOCSTHYTH JIMIIE y MyONiuHINd YacTHHI
xmapu 3aBasku SLA, y TOM 4ac K y CBOiM BJIacHI{ NMpUBATHIM XMapi KOMIIaHIS-KJIIEHT Mae
cama 0aTu TIpo PiBEHb anTaiMy, 10 HE 3aBXKJIU JOCSIKHO 1 (iHAaHCOBO BUMpPABAAHO. [HIIUM
MMOKAa3HUKOM SIKUH TIPOTIOHYETHCS BHUKOPHCTOBYBATH MJIsi OIIHKUA 1H(QOPMAIIMHUX CHUCTEM Yy
riopunHux xmapax € vac Biaryky cepsepa (TTFB). Bin HaiiOinbpmn 4iTko BigoOpakae Ha-
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SIBHICTh BHYTPIIIHIX BY3bKHX MICIIb y PO3TOPHYTIiH y XMapi iHdopMmarliiniid cucremi. 30kpe-
Ma, 3poctanHs 3arpuMku TTFB y ribpuaniit xmapi moxxe OyTH 00yMOBIEHE PO3PHUBOM KpH-
TUYHUX 3aJIKHOCTEH MK CHOPIAHEHUMH MIKpOCEpBiCaMu, sIKi ONMMHWIIACH y PI3HUX YaCTH-
Hax XxMapu. Y TakoMy BUMaJKy Ha 30inbmienHs 3arpuMku TTFB Moxxe BimmBaTu Benmuka Jau-
CTAHIIsI MK TIPUBATHOIO Ta MyOJIYHOIO YaCTHHAMHU XMapH, IO XapaKTePU3YEThCS POCTOM
3aTPUMKH TAKETiB Ta 30UIbIIEHHSIM KUTBKOCTI MEpekeBuX rnepexofiB. IIpore, 1i moka3HUKH
JaJIeKO HE 3aBXKIH KOPEIOIThCS 3 yacoM 3arpuMku TTFB, ockinbku Ha 1eil mapameTrp Mo-
KYTh BIUTUBATH TAKOXK MOMMJIKH KOH(Irypallii cepBiciB y XMapi, a TAKOK MOMIJIKA JOMYIIEHI
IIpU IPOEKTYBaHHI Ta po3podii MikpocepsiciB. ToMy 1ii JABa MOKa3HUKHA BUKOPUCTOBYIOTHCS
IIPU OLIHIII MEPEKEBOT TOCTYIMHOCTI iIH()OPMAIIITHUX CUCTEM OKPEMO.

e ogHIM MEpEKEBUM MapaMETPOM SKHI BILTUBAE HA SKICTh POOOTH OHJIAHH-CEPBICIB
€ 3aTpHMKa TIepeayi makeTiB. [i MOJKHA BUMIpATH BiIHOCHO MEBHOTO XOCTa (HATIPHKIA cep-
BEpY) 3a JIOTIOMOT0I0 BUKOPUCTAHHS MepekeBoi yruiitu ping [2]. IloxgiOna 3aTpumKa 3a3Bu-
Yaii € KPUTHYHOIO NIPY BUKOPUCTAHHI OHJIAWH-CEPBICIB, IO MPAIIOIOTh B PEKUMI pEaTbHOTO
qacy, Hanpukiag VolP-tenedonis, KoH(pEpeHI-3B 30K, OHJIAWH-Paio, BiIEOCTPIMU Ta OH-
naifH-irpu. [Ipu 301IbIIEHH] 3aTPUMOK NAKETIB A0 HEMPUHHIATHOTO PiBHS SKICTh IIUX CEPBICIB
MOYMHAE TaaTH 1 Il 3aTPUMKH BiIOOPaXKAIOTHCS Y BUTIISAI BIIYYTHHX KIHIIEBOMY KOPHUCTY-
BaveBi 3aTPUMOK 3B’s3Ky. 3a3BHYail /U1 BeO-CEPBICiB, /Ie HE BUKOPUCTOBYIOTHCS KOMYHIKaIIis
B PEXHMIi peabHOr0 Yacy Ie JHIe Tpu3BoAuTh 10 30unbmenHs TTFB Ta 3a3Buuaiil He qyxe
CWIBHO TIOTipITye poOOTy BeO-T0AaTKIB uM BeO-caiTiB. OfHAK Iel mapaMeTp MOXKe TpaTh
BaYJIMBY POJIb MPU BUSABIEHHI MPOOJIEM 31 MIBUAKOMIIEI0 MDKXMApHUX 3B’A3KIB y TiOpuIHIN
xMapi. 3poCTaHHs IBOTO MapaMeTpy MOXe BITOOPa3UTHCh HAa MIBHAKOJII MEBHUX CEPBICIB,
JOCTYI JI0 SIKUX B1AOyBa€TbCs 3 1HIIOI YACTUHU TIOpUIHOI XMapH, HAPUKIAJ PesiHUX
6a3 naHux [2]. 30BHILIHS 3aTPUMKa [TaKETIB [103a MeXaMH MPUBATHOI Ta IMMyOJ1YHOI YacTUHA-
MU T1OpUIHOI XMapH, K1 HayTh yepe3 [HTepHeT, He 3a1eKUTh BiJl BHYTPIIIHBOI KOH(Irypaiii
XMapy, a HaTOMICTh 3aJ€KHUThb BiJl TOIOJIOTIi B3a€MO3’€IHaHHSA MaricTpajlbHUX IHTepHeT-
MpoBaiiIepiB, TOUOK OOMIHY Tpadiky Ta iX MpomycKHUX 3AaTHOCTeH. [1oni0Ha KOH IOHKTYpa
iX B3a€MO3’€JHAHb HE € TTOCTIMHOIO 1 MOKE TOCTIMHO 3MIHIOBATHUCH B 3AJIEKHOCTI BiJ] aBapiii-
Hux cutyauid, DDoS-arak [2]. B InTepHeTi 3aTpumka MHakeTiB BUMIpsiHa 3a JOIOMOTOIO
ICMP Ping He 3aBk11 € TOKa3HUKOM SIKOCT1 3B’SI3KY, OCKUIBKH Y JACSTKUX MEpPEexKax MPOTOKOI
ICMP mosxe matu HUK4Hi npioputeT QoS HiXk 1HIII MpoTokonu. HatomicTs 115 aHami3y or-
TUMaJIbHOCTI PO3MOJULY MIKPOCEPBICIB BCEpEIUHI XMapu JaHHUM mapamMeTp J03BOJISE€ BU3HA-
YaTHu HasBHICTh BY3bKUX MICIb Y MEPEXEeBiil KOH(Irypaiii Ta yHUKaTH X BUHUKHEHHS Y IO-
JANbIIOMY.

Pa3om 13 nepmrmMu TppoMa NMOKa3HUKAMH OLIIHKH MEpEeKeBOi IOCTYITHOCTI € TaKOX YeT-
BEPTUH — KilbKICTh MepeXkeBHX NEPEXOMiB. IX MO’HA BHMIpATH BiIHOCHO IEBHOIO XOCTa
(HampuKJaa cepBepy) 3a JOMOMOTOK BUKOPHCTAaHHS MepexeBoi yTwiiTu traceroute [2]. Lleit
MOKA3HUK € TAKOX KOPUCHHUM IS aHAITI3y ONTUMAJIbHOCTI PO3MIIIEHHSI MIKPOCEPBICIB ycepe-
IUHI XMapH, MpoTe, K 1 3aTpUMKa MaKeTiB, BOHa MOK€ OyTH KOPUCHUM JIHILE JUISl OLIIHKU
Mepeki BcepelnHl XMapu. Xo4a ICHye TyMKa, L0 € YiTKa KOPEJsIis MK 3aTPUMKOIO Tepe-
Javl TAKeTiB Ta KUTHKICTIO XOITiB [2], aje BOHA CIIOCTEPIraeThes Mo OUTBIIINA Mipi JIMIIE B i7e-
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QIBHUX YMOBAaX, HalPUKIIAJ B HABYAJIbHUX MEPEKEBUX CTEHJAX, B AKHX HEMA€ CIIPaBKHBOTO
tpadiky [14].

Sxmo y xwmapHiil iHpoOpMamilHIA CHUCTeMi ICHYE JKOpCTKa 3B’A3HICTD MIX
Mikpocepsicamu (puc. 1), To 11e CTBOPIO€E psia MpoOiIeM y CTaOiIbHOCTI Ta MPOAYKTUBHOCTI
TaKOi CHUCTEMH, OCKUIBKH JOPCTKAa 3B’SI3HICTh € aHTUnaTepHoM. Sk i B 00 €xTHO-
OpIEHTOBAHOMY MPOTPAMYBaHHI, KOJH TPU KOPCTKIN 3B’SI3HOCTI MIKPOCEPBICIB OJIUH 13 HUX
aBapiiHO 3aBepllye poOOTYy — TOAI BCI 1HIII CEpBICH TaKOXX HE 3MOXYTh HOPMAaJbHO
IpaloBaTi. BropsaKyBaHHs apXiTeKTypH 3B s3KiB HA3WBAIOTh JACKYIUTIHIOM, SIKE MMOKJIMKAHE
3pOoOUTH KOXKEH MIKpOCEpBiC OUIBII HE3aJIe)KHUM Ta caMOoCTidHUM. [IpaBuibHUN migxin 10
JIEKYIUTIHTY MIKPOCEpPBICIB mependavyae MOTPUMAHHS MPUHIMITY €IWHOI BiAMOBITAITBHOCTI
(anrz. Single Responsibility Principle), y sikiii koxeH mikpocepsic a0o HOro oKpeMuiit MOTyJIb
BUKOHY€E JIMIIE OJHE KOHKpETHE 3aBHaHHs. {71 BU3HAYEHHS CTYIEHIO 3B S3HOCTI y CHUIb-
HOCTI pPO3pOOHUKIB TPOrPaMHOTO 3a0€3MEUYCHHS BUKOPHCTOBYETHCS METPUKA 3B S3HOCTI
Coupling(C) [20]:

Coupling(C) =1 — :

d;+2 X +d,+ 2o+ 0 +2 g +w+r

1)

ne di — KUTbKICTh BXIAHMX IMapaMeTpiB AaHHUX, Cij — KUJIbKICTh BXIJIHMX KOHTPOJIbHHUX Tapa-
MeTpiB, dy — KUIBKICTh BUXIJIHUX NapaMeTpPiB JaHUX, Co — KUIBKICTh BHXITHUX KOHTPOJBHUX
napameTpiB, gq¢ — KUIbKICTh TTI00aNbHUX 3MIHHUX, SIKI BAKOPUCTOBYIOTHCA SIK JaHI, g¢ — KiJlb-
KiCTh T7I00aTbHUX 3MIHHUX, SIKI BUKOPUCTOBYIOTHCS ISl KOHTPOIO, W — KIJIbKICTh BUKIIUKA-
HUX KOMITOHEHTOM (fan-out), I — KiJIBKICTh KOMIIOHEHTIB, [0 BUKJIMKAIOTh KOMIIOHEHT, KU
posrisaaerses (fan-in).

Mocnabnexa 38'AMHICTE
(Loose Coupling)

HopcTea 38'A3HICTE
(Tight Coupling)

G Em o Em o Em o Em Em Em Em Em E Em Em Em

Pucynok 1 - Pi3Hi cTyneHi 3B 13HOCTI MK MIKpOCepBicaMu

Yum OinbInii piBeHb 3B’ SI3HOCTI Mae MOJYJb a00 MIKpOCEpBIC, TUM Oulbllle 3HAUYEHHS
3HaueHHs1 Mae mnapamerp Coupling (C), 3HaueHHs sikoro BapitoeThes Bif 0,67 (crmabxa
3B’3HICTH) A0 1,0 (cuibHa 3B’s13HICTH). KpiM 3B’S3HOCTI B apXiTEKTYpi MIKpOCEPBICIB, SIK 1y
00’ €KTHO-OPIEHTOBAaHOMY IPOTPaMyBaHHI I'pa€ BaXKJIUBY POJIb TaKOXK Take MOHATTA AK KO-
re3iss. Koresist — 11e CcTymiHb 3UeIjIeHHS €IEMEHTIB BeepearHi MOyl uu MikpocepBicy. Ko-
re3ist 1 3B’SI3HICTh Maibke 3aBXkKIH OOTOBOPIOIOTHCS Pa30M, OCKUIBKHM BOHH TICHO B3a€MO-
MOB’sI3aHI, ajge y TOW JKE€ Yac KOre3is HE 3alleKUTh BiJ KUIBKOCTI 3B’SI3KIB MK
enemenTamu [21]. Lle Mo)xHa MOMITUTH 30KpeMa 13 OrJIsiAy Ha (GOpMYITy BUSHAUCHHS CTYIICHS
Koresii:
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NE¥
coh(c, k) = .

k k
J.F'lr + J.r'lrc + J.F'lrE

()

ne N — KUIbKICTb €JIEMEHTIB, C — KOMITIOHEHT, 10 PO3MJIAAA€ThCS, K — KITFOY KOMIIOHEHTY.

IloToxkn 7aHuMX aBTOMATH30BAaHOI'0 PO3MillleHHs MiKpocepBiciB y riOpuaHii xmapi.
Y MiKpocepBiCHOMY MiJXOA1 A0 MPOEKTYBaHHSI XMapHUX iH(POPMAIiTHUX CUCTEM Kore3is 3a-
JISKUTH BiJl KUIBKOCTI MOJYJIB Y KOHKPETHOMY MIiKpOCEpBici Ta X B3a€MO3B’S3KH 3 MOJYIIS-
MU B IHIIOMY MIKPOCEpBICI, OCKUIBKH KOXEH MIKPOCEPBIC 3a3BUYall CKJIAJAE€THCS 3 PI3HUX
B3a€MOIIOB’ SI3aHUX MOJYJIiB. BHCOKO3B’s13H1 MiKpocepBicH OUIbII YyTIHMBI JO BIUIMBY Pi3HHX
¢bakTopiB MepexxeBoi KOH}Irypallii, Taki SK MBUIKICTh KaHay, CTaOLIBHICTD 3B 53Ky, (ppar-
MEHTAIlis TaKeTiB, CTUCHEHHs Ta mupyBanHs [22]. He3Baxkarouu Ha Te 10 PO3TISHYTI HAY-
KOBI METOJH IMOKa3aJii XOpoury e(eKTUBHICTh, ajie MiJ Yac pPo3rsiay OCOOIMBOCTEH iX 3a-
CTOCYBaHHSI BUSIBJIECHO, 1110 BOHM HE JalOTh [IOBHOTO KOHTPOJIO HaJ MPOLECOM HMPUUHSATTS
pimerb. ToMy, Ha pUCYHKY 2 BHIUICHI OKpEMi IpoIecH B icHyrouux meronax (dirypu 1-4),
3aBJISIKM PO3UICHHIO SIKUX KOPHCTYBAad MOXE OTPUMATH OLIBIINI KOHTPOJIb HA/I MPUHHATTIM
pitens. JlaHui miaxix 103BOJISIE BAOCKOHAIMTH aBTOMATH3AIil0 TPOIECY MPUNUHSATTS PIIICHb
100 PO3MIIIEHHSI MIKPOCEpPBICIB y TiOpHUIHIN XMapi BHIUIMBIIN TPU OKpPEMi MPOIECH SKi
nepenyBaTUMyTh Bepudikarii moyaTkoBoi KoHQIiryparii, a came: aHali3 MepekeBol
3B’SI3HOCTI MIXK MIKpOCEpBiCaMH, MPOTHO3YBAHHS IMOTPEON MIKPOCEPBICIB Y XMapHUX pecyp-
cax, aHaji3 MPIOPUTETIB KiOEP3aXUIICHOCTI KOXKHOTO MIKPOCEPBICY, a TaKOXK caM IPOIIeC
NPUKAHATTS pillleHb, sSKuil Oyne BinOyBaTtuch mmicis BepHdikamlii moyaTkoBoi KOH]iryparii.
[Ipu po3podii MeToly aHaii3y MEpe’KeBOi 3B’SI3HOCTI MIK MIKpOcepBicaMU HEOOXIJTHO I0-
CIIIJIUTH, SIK1 € PI3HOBUAM 3B S3KIB MIXK PI3HUMHU MIKpOCEpPBICAMHU Ta IHIITUMH XMApPHUMH KOM-
MOHEHTAaMH, Ta BU3HAUUTH fK1 3 HUX MOXYTb OyTH pO3/1I€HI MDKXMapHUM 3B S3KOM 1 IO Ha
11e BIUIMBAE. {71 IbOro HEOOXIMHO JMOCIHIIUTH K MEpPEeXeBUN Tpadik MEperacThcs MK pi3-
HUMU yacTuHaMu xmapu. [Ipu noOynosi xmapHoi apxiTekTypu CYH Ha 0cHOBI MiKpocepBiciB
y XMapl MOXYTb CIIOCTEpPIraTHUCh HACTYIIHI BUIU TpadiKy MK MiIKpocepBicaMu: Oe3nocepeiti
API-Buknuku, 0OMiH TTOBIJOMJICHHSIMH, Tpaik J0CTyy 10 0a3 JaHUX, a TAKOXK 3alUTH BiJl
MepeKEBUX KIIEHTIB [3].

[IpakTuHo peanidyBatu (yHKI[IOHYBaHHS MOJIIOHOI CXE€MHU NOTOKIB JJaHUX SIK Ha pHU-
CYHKY 2 MOXJIMBO y BUIJISAlI 1H(POpMAIIITHOI CHCTEMH y Ha OCHOBI MikpocepsiciB. Taxuit
M1JX1]1 JO3BOJUTH MO€AHATH Pi3HI TEXHOJOTII, K1 OyAyTh BUKOPHUCTAHI MIPH peasizalii THX 4u
1HIIMX MeToaiB 1 Mojenei. [TlomiOna iHdopmariiiiHa cucteMa 3M0ke 3a0e3MeUnTH KOPUCTYBa-
4YeBl MOXKJIMBICTh OTPUMYBATH 1HQOPMAIIIIO PO HUHIIIHIA CTaH T1I0pUIHOI XMapH, PO MOXK-
JIUBI MMOAAJIBIII CIIeHapii HI0/I0 pO3MILIEHHS MIKpOCEPBICIB Y LIIbOBIM TOpuaHINi XMapi, a Ta-
KO BHKOHYBATH MOJIETIOBAHHS MEPEPO3NOALTY MiKpocepBiciB. IIpu BUKOHAHHI NMPaKTUYHOI
peanizaiii moaioHOI 1HGOpMaIiitHOT cucTeMH HEOOX1HO TepeadaunTH Pi3HI eTarmu B3aEMO/IIT
3 KopuctyBaueM. Ha moyarkoBoMy eTarni KOpUCTyBad MOBHHEH MaTH MOKJIMBICTh OTPUMYBa-
TH 1H(pOpPMALIiIO PO HUHINIHIHN cTaH T1OpUAHOT XMapH Ta MIKPOCEPBICIB, K1 y Hill pO3MillIeHI.

HactymauM 4YMHOM KOpHCTyBad TIOBHHEH MAaTH MOXIIMBICTH BHKOHYBATH aHAJi3
3B’SI3HOCTI MK MIKpOCEpBICAMHU, a TaKOXK MPOBOAMUTU aHaJll3 iX MPIOPUTETIB Kibep3axwuiie-
HocTi. JIJI bOro IPONOHYEThCS BUKOHYBAaTH MOJEIIOBAHHS 30BHIIIHIX BTOPTHEHb AJIS KOXK-
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HOTO MIKpOCEpBICY 100 CHOPOCHTH BHM3HAYCHHS TPIOPUTETY Kibep3axucry. [HIMM
000B’S3KOBHM €TaroM y pO3MIIIEHHSI MIKpPOCEPBICiB y TiOpUIHiM XxMapHi Mae OyTH MPOTHO-
3yBaHHs 3a0€3MeueHHs] MIKpPOCEPBICIB XMapHUMH pecypcaMu. Xo4a iCHYIOTh MPaKTHYHI IiJI-
XOJM JUTSt KOH(IrypyBaHHs MPOTHO31B Y XMapax JJIsl yHIBEpCATbHUX XMAapHUX 00YUCIIEHb [2],
asie € HeoOX1IHICTh Y CTBOPEHHI OibIn crenudiyHux MeToniB abo Mozeneil Uit riOpuaHux

xmap ta CYH.
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Pucynok 2 - CxeMa NOTOKIB JaHUX aBTOMAaTH30BaHOT'O PO3MIILIEHHS MIKPOCEPBICIB
y ridpuH1i XMapi

[Tpu BukOpHCTaHHI MPUBATHOI XMapH 3pOCTaHHS pecypciB oOMexeHe HaBSHUMU CepBe-
pamu, TOMY JUIsl TTOAAJIBIIONO MaciiTa0yBaHHsS MPHUBATHOI XMapH HEOOXIAHO 3aKyNOBYBAaTH
YU OpEHIyBaTH HOBI (DI3WYHI CEpBEPH, IO HE 3aBXKIW MOXIHUBO 3poouTH. s mybmivHol
XMapu MaciTabyBaHHSI CUCTEMH HE MOTpedye 3aKymiBii HOBUX CEpBEPIB, aje € 3a3BUuail J0-
POXXYMM pillIeHHSAM [2] HIK 3aKkymliBis cepBepiB. [locTayanbHUKN XMapHUX MOCTYT MPOIMOHY-
I0Th aBTOPO3IIMPEHHS MOCIYT SIKIIO0 MOYaTKOBO 3aMOBJIEHOr0 00’eMy HelocTaTHbo. OpHak
el mporec HeoOXiTHO KOHTPOIIOBATH Ta 3IMCHIOBATH MPOTHO3YBaHHS POCTY MaciiTadiB
1H(pOpMaIIHHUX CUCTEM.
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BucnoBku. IIpoBeneno anamiz ocoOIMBOCTEH iCHYIOUMX METOIU MPUHHSATTS PIlICHb
I0JI0 PO3MIIIEHHS MIKPOCEPBICIB Y XMapax, 3aBJISIKH SKOMY 3’SICOBAHO III0 iICHYIOUI METOIN
PO3MIIIEHHS € JOCTaTHBO €PEKTHBHUMHU, aJie JAI0Th Maj0 KOHTPOIIO HAJI MPOLECOM apXiTeK-
TOpaM XMap, IO € OUIbII BaXJIUBUM NPU AUHAMIYHOMY POCTi CIIOKMBAHHS XMapHHX pe-
cypciB CYH ta 30utbmenH:o ix ¢yHkumioHany 3 yacoM. s ¢popmyBaHHS OayeHHS MOJATb-
IIOr0 PO3BUTKY METOAIB po3MimieHHs MikpocepBiciB CYH y ribpuaniii xMapi BU3HaY€HO OC-
HOBHI TTOKa3HUKHU JOCTYITHOCTI Ta 3B’SI3HOCTI MIKPOCEPBICIB.

Takox 3ampOIOHOBAHO CXEMY MOTOKIB IaHUX MPOIECY aBTOMATU30BAHOT'O PO3MILICHHS
MiKpocepBiciB y TiOpuaHiii XMapi, sika BiaNOBigae peaiisiM (yHKIIOHYBaHHS Ta PO3BUTKY
CVH. Icuyroui Ha JaHUi MOMEHT IHCTPYMEHTH PO3ITi3HABaHHS Ta aHaJi3y MPOrPaMHOT0 KOAY
JIO3BOJISIIOTH BJIOCKOHAIIUTH PaHIIIe ICHYIOUYlI METOIU JOCTI/KEHb TIOPUIHUX XMap Ta 0C00-
JUBOCTEH pO3TOpTaHbh MiIKpocepBiciB y HuX. KpiM TOro morpelyroTh MOJANIBIIOTO J0-
CIIIJPKEHHS BIUIMB 1HAMBIyaTbHOT apXiTEeKTypH MIKpPOCEpBICiB Ha 1X po3MillleHHs y Ti0puHii
XMapi, a TaKOX SK pU3MKH KibepOe3neku XMap BIUTMBAIOTH HA JaHUI MpOLeC MPUHHATTS
pimens. Came TOMY Yy MOAAIBIIOMY TOTPIOHO JTOCHITUTH MPOIEC PO3TOILTY MiKPOCEPBICHHX
00YHCIIeHB Yy TIOPUIHUX XMapax 3 BpaxyBaHHSIM OCOOJIMBOCTEH ()YHKIIIOHYBaHHS Ta PO3BHT-
Ky CYH, a TakoX pO3BHHYTH 3alpOIIOHOBAHY iI€0 aBTOMAaTHU3aIlil JaHOTO MPOLECY, 3ampo-
MMOHYBATH HOBI UM BIOCKOHAJICHI METOIM a00 MOJIEINI, [0 PEali3yIOTh OKPEMI iX TPOIIECH.
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Features of microservices placement of
learning management systems in hybrid clouds

The article focuses on various approaches and methods for deploying microservices in
the cloud, as well as the specifics of their application for hosting microservices in a hybrid
cloud environment for learning management systems. The relevance of the study consists in
the problem that migrating high-load learning management systems (LMS) with numerous
integration links to other services to the cloud is a complex task that is difficult to be solved
using existing methods. LMS’es such as Moodle, Canvas LMS, Forma LMS, and others are
often used to organize the educational process in Ukrainian educational institutions. One of
the most popular LMS in Ukraine is Moodle, which is used by many higher education institu-
tions and other educational establishments. Many LMS have extensive integration with other
resources of the educational institution, such as library resources, software development
tools, or even proctoring systems. The overall server information system of educational insti-
tutions can be distributed across different servers or clouds and proper solutions for this pro-
cess should be found. The aim of study is developing a solution for organizing data flows in
the process of deploying microservices using various methods including the features of educa-
tional information systems. Using the structural analysis method, a data flow solution for the
automated deployment of microservices in learning management systems within a hybrid
cloud environment created. Also various methods for deploying microservices in the cloud
were examined, both practical and scientific, comparing their positive and negative effects.
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Key metrics for assessing network availability for microservice deployment have been identi-
fied. The proposed data flow solution for the automated deployment of microservices in a hy-
brid cloud provides ways to improve microservice distribution methods giving users sufficient
control over the process including features of learning management systems.
Keywords: microservice, cloud, server, containerization, learning management system,
distributed cloud computing.
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A.C. Crenanesnko, 1.O. Casnina
MOJUPIKOBAHUM METO/ KYPCOPHOI MATTHALII
TA ®LUIbTPALIL JAHUX YV BUTJISIII TAKETY NPM

Anomayin: I{s cmamms npucesaueHa po3pooyi Moougikosanoeo memooy KypcopHOi
nazinayii, wo mae niompumky ochosuux o6az oanux ma ORM cucmem, naoae moowcrusicmo
BUKOPUCMAHHS KOMNJIEKCHUX hinbmpayii ma copmyeanHs 0aHux, iHoekcayii 3anumie moujo.
Ilpoananizosani HaseHi piwenHs, GUNAOKU ix sukopucmanms, nepesazu ma Heoouiku. Cghop-
MOBAHO MOOUGDIKOBAHULI MEeMOO, AKULL MiCmums 6 co0i 6UO03MIHeHi ma noKpaujeni hyHKyio-
HanoHi modcaugocmi icHyrouux NPM naxemis, pazom 3 Hosumu enposadswcennsamu, wo 3oce-
peodiceri Ha 30inbuleni ehekmuenocmi ma yHigepcanvhocmi 3anumie 0o 6a3z oanux. Ilpoge-
0eHO aHaniz 3anponoHosano2o piuents. Haseoeno nomenyitini Hanpamu nooaIbLUUX PO3ULU-
PeHb ma noninuienb Memooy.

Knrwouosi cnosa: kypcopna nacinayis, 6asa oanux, ORM cucmema, ¢inompayia oanux, inoek-
cayia 3anumis, NPM naxem, neuimxuti nowyx, copmysanHs 3iummsam ma Kynow, OiHapHe

oepeso, xeul-QyHKYis.

IlocTranoBka nmpo6saemu. KoxxHoro qHs Bce OubIe i OiIbINE SICKTPOHHUX Mara3uHiB,
KaTaJIOTiB Ta JI0JIaTKIB 3’ABISETbCA B Mepexi IHTepHeTy. bunbuiicts 3 momiOHUX pecypciB
MICTHUTB JI0OBOJI BEIMKY KUIBKICTh JIaHUX (HANpUKIaJ, MepeiK IHCTPYMEHTIB Ta aBTOMOOLIb-
HUX 3aIYacTUH Ha BIJAMOBIIHOMY BeOcCaiiTi), i € HEOOXiAHICTh B iX 3py4HOMY BiOOpakeHH1
Ha BeOcTopiHLi. OIHUM 31 croco0iB PO3OUTTS JaHMX HA HEBEIHMKI «HAOOpW» € MariHaiis.
OpHak mpu BHOOpI MeToAy HariHaiii, o0 Halkpaie MiJXOAWUTh MiJ 3ahadi KOHKPETHOTO
BeOpecypcy, BUHMKAE polieMa, OB’ sA3aHa 31 CKIaHICTIO iMIuIeMeHTalii. CboroaHi Haimo-
NYyJSIPHIIIMMU MeToaMu € odceTHa Ta KypcopHa nariHamii [1]. Ilpote, Ha BinMiHy BiJ od-
CETHOTO MiAXO0y, METOAM peaiizallii sIKoro J0BOJI IMIMPOKO BiZIOMiI Ta PO3MOBCIOJIKEHI, pe-
amizaiiss KypcopHoi mariHamii (abo mariHaiii 3a TOKEHOM, fIK ii Ille Ha3WBaIOTh) BHUMArae
OLTBIN TJIMOOKKX 3HAHB Ta BMiHb po3poOHHKA [2]. OkpiM TOro, Ha Ieii MOMEHT iCHYE JyKe
oOMexeHa KUTBbKICTh MaKeTIB JaHUX, AKi Ha/laloTh BXKE TOTOBMM (DYHKI[IOHAT JJIsl IMIUIEMEH-
Tallil KypCcOpHOi MariHaiii, i )KOJIeH 3 HUX HE € JIOCTaTHbO YHIBEPCAIbHUM: MIATPUMYETHCS
tinbku ogHa ORM (Object-Relational Mapping — 00’ ekTHHO-pensIiiiHE BiIOOpaKEHHSI) CH-
cTeMa, abo o7Ha HaTWBHA 0a3a qaHux. Jlo TOro * MmoJiOHI pillleHHA HEe MaloTh B co0i imruie-
MEHTAIliI0 1HAEKcallii 3amuTiB s MiJBUIIEHHS e€(EeKTUBHOCTI; BIICYTHS OMNI[iOHANbHA (ilb-
TpaLlisi/COPTYBAaHHS JITaHUX 32 OOpaHUM MapaMEeTPOM.

Takum ynHOM, MpoOeMa y BiJICYyTHOCTI YHIBEPCAJIBHOTO Ta ONTHUMI30BaHOTO METOIY
nariHaiii € akTyaJbHOIO Ta MOoTpedye nocmimkeHHsa. Tomy y naHiit poOOTi IPONMOHYEThCS PO-
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3poOuTH MOAM(]IKOBAaHUI METOA KypCOpHOI mariHamii ta (GiapTpamii JaHuX y BUTIISAL TaKeTy
NPM, sikuii BUPIIIUTH HEJOJMIKH HASSBHUX METO/IB.

AHaJIi3 OCTaHHIX J0C/TiKeHb 1 myOJikanii. [cHye qBa MeTOAM BUKOPHUCTAaHHS Kyp-
COPHOI MariHaiii B MPOeKTax OyIb-sIKOTO PiBHS CKJIATHOCTI: HAMMCaHHS 1 BpY4YHY PO3pOOHHU-
KOM Ta HaJAIITYBAaHHS BCIX HEOOXiMHUX (DYHKIIOHATBHUX MOMIIMBOCTEH OINICIA; a0 K BH-
KOPHUCTaHHS BXKE ICHYIOUOTO pillieHHs, B OCHOBHOMY, y Burisiai nakery NPM (Node Package
Manager), ockinbku NPM € HalimomyJIipHIIIAM MaKeTHUM MeHekepoM tuiatdgopmu Node.js,
sgKa, B CBOIO dYepry, € OAHUM 3 IiaepiB cepexn rtuiargopm s OEKEHI YacTUH
Be03acTOCyHKIB [3].

Ockinbku peanizalisi KypcOpHOI nariHamii Bpy4Hy MOKe 3aifHATH YUMaJIo 4acy HaBiTh y
JOCBIUYEHNX PO3POOHUKIB, MOAIOHUI MiAXiJ BUKOPUCTOBYETHCS MOBOMI pinko. Bukopucran-
HSl K ICHYIOUMX TOTOBUX PIIICHb MIAXOIUTH JAJIEKO HE Uil BCIX TPOEKTIB Yepe3 HU3BKY
YHIBEpCAJIbHICTh HASBHUX METOJIB, MPAKTUYHO MOBHY BIJICYTHICTh ommid ais ¢imbTpa-
ii/COpTYBaHHS JaHWX 32 3aJaHUM TapaMeTpOM Ta HE HaWKpamly MBUAKOIIO 3amuTiB (B
HACJIIZOK BiJICYTHOCTI 1HJEKCaIlii 3a1uTiB).

PosrnsiHemo neranpHime HaiOinem nomysspHi maketh NPM, mo mictsate B cobi
(byHKIIOHATTBHI MOYKITMBOCTI KypCOPHOT MariHamii JaHuX.

Mongodb-cursor-pagination — sk MO)KHa 3/10TaIaTUCh 3 HA3BHU, TOJOBHOK Ta €IUHOIO
3aJauero IbOro makeTy € pobora 3 6a3or0 mannx MongoDB, BukopucToByrOUH HAaTUBHHIA
npaiiBep. OCHOBHUMH TIepeBaraMu € MpoCTOTa y BUKOPUCTAHHI Ta ETaTbHUHA onuc QyHKITiO-
HaJIbHUX MOJMBOCTeH. Cepes] HEAOMIKIB CIOCTEPIraeThCsl BIACYTHICTh MIIATPUMKHU 1HIIMX
0a3 nmaHuX, MOBUIBHA poOOTa HAJ 3aMUTaMH 3 KOMILJIEKCHHM YHIKQIbHUM KIIIOYEeM Ta BiJl-
CYTHICTh MOKJIMBOCTI OOpaHHs MMOJIs ISl COPTYBaHHs [4].

Mongoose-relay-paginate — marinariist 3 BukopucranasiMm ORM cucremu Mongoose, Ta,
BIINOBIAHO, 6a3u nanux MongoDB. IlepeBaru: 3po3yMina JOKyMEHTAlisl, IIBUAKI 3alIUTH J10
0a3u 1aHUX HE3aJIeXkKHO BiJl CKJIaJHOCTI JaHuX. Hegomiku: aHanoriuHo 10 BUILE PO3TIISTHYTOTO
pilleHHs BiJCYTHICTh MIATPUMKH iHmMX 0a3 manmx ta ORM, komruiekcHuX ¢inbTpamii Ta
COPTYBaHHS TOIIIO.

Typeorm-cursor-pagination — marinaris 3 Bukopuctanasim ORM cucremu TypeORM 3
niaTpuMKor Oinbmiocti persmianx (SQL) 6a3 manux. [lepeBarm: uymoBa TOKyMEHTAIlid,
MIITPUMKA YUMAaJIOl KITBKOCTI 0a3 JaHuX, HassBHA MOKJIIMBICTh 0a30BOTO HAJIAIITYBaHHS COP-
tTyBaHHs. Hemomiku: BincytHicTh miarpumkun MongoDB (xou cama ORM i mpartoe 3 1iero
0a3010, IPOTE B LIbOMY IaKeTI BOHA HE JOCTYIHA 3 MEBHUX NMPUYMH), HATAIITYBAHHS (l1b-
Tparii [5].

Sequelizejs-cursor-pagination — marinaris 3 Bukopuctanasm ORM cucremu Sequelize 3
MIATPUMKOIO JEIKUX penAliinaux 0a3 manux (Takux sk PostgreSQL, MySQL, SQLite). TTepe-
Barv: MpoCTOTa B peaisallii, MOKJIMBEe 0a30Be HAAIMITYBaHHS (UIbTpAIlli Ta COPTYBaHHS Ja-
Hux. Hemomiku: miarpuMka oOMEXEHOI KITbKOCTI 0a3 JaHWX, BIJCYTHICTh KOMIUIEKCHUX
HaJalITyBaHb (PUIBTpAIlil Ta COPTYBaHHS JIaHUX, TOCEPEAHs TOKyMeHTalis [6].

Meta pocaigkenHsi. MeTo JaHOTO TOCHIKEHHSI € MiJBHINCHHS €()EeKTUBHOCTI Ta
YHIBEpCaJIbHOCTI KypCOPHOI MariHaii mIsxoM po3poOKH Ta MPOTpaMHOi peaizallii MeToxy,
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y SIKOTO Yac 3amuTiB Oy/ie CYTTEBO CKOPOYEHUH, Ta KIIBKICTh 0a3 TaHMX, IO MiATPUMYIOTHCS,
Oyne OUTBINOI, aHDK B ICHYIOUHMX pINICHHSX. BiAmoBimHO 10 BKa3aHOi MeTH HEOOXiJTHO
PO3B’s3aTH TaKi 3a/1a4i: OTJISIHYTH HAsBHI METOJM peai3amii KypCcOopHOi mariHarii, 3amporio-
HYBaTH HOBHH METOJ 3 KPAIOK MIBUAKOJIEI0 Ta OLIBIIOK YHIBEPCATBHICTIO, CKCIICPUMEH-
TAJIBHO MEPEBIPUTH €(EKTUBHICTD PO3POOIEHOTO METOY.

BuK/aJeHHs] OCHOBHOIO Martepiajy aociimxkeHHs. OgHie0 3 mepmMx pedel, ski
BapTo o0aymaTtu, € BHOIp QopmaTy peami3amii 3ampornoHOBaHOTO Meroay. OCKUIBKU
JavaScript € omHi€l0 3 HAWMOMyNISPHIIIMX MOB MpOrpamMyBaHHS MJsi peamizaiii BeO3a-
crocyHkiB, Node.js — 1ie tuiardopma 1S iMIIeMeHTallii 0eKeH 1 YaCTHHH T0AaTKiB, a NPM —
HalimonmynsipHimmii nakeTHud MeHemkep Node.js, To Oymo oOpaHo came peami3aililo Mo-
T(IKOBAHOTO METOTy KypCOpHOI nariHaiii ta ¢pinbrpanii qanux y Burisiai nakety NPM [7].

[aker NPM no6ynoBauuii 3 BukopuctauusM dpeitmBopky Nest.js. Horo 6ymo o6pako,
OCKIJIbKM BiH BHKOPUCTOBYE CTaTHYHO THITi30BaHy MOBY TYPeScript, mMae 4iTKy MOAYJIbHY
CTPYKTYpY, Ha/Jla€ MOXJIMBICTh IHKAICYJIALII METOJIB, Ta, HAWTOJOBHINIE, Ma€ MIATPUMKY
ycix HeoOxiaaux 6a3 manux ta ORM cucrem.

OcHOBHUMH (PYHKI[IOHATEHUMH MOXKIIMBOCTSIMH 3aIPOITOHOBAHOTO METO/Y €:

— miaTpuMKa Oarathox 0a3 manux (PostgreSQL, MySQL, SQLite, MongoDB roiiio) ta

ORM (TypeORM, Mongoose, Sequelize tomo);
— BJIaCHE KypCOpHA MariHailis y BUTIISAAI METOAY Kiacy, mo iMmnoptyerses 3 NPM ma-
KeTy;

— OMNI[IOHANIbHA KOMILIEKCHA (ibTpallis JaHHX;

— OMIIiOHAJIbHE KOMIUIEKCHE COPTYBAaHHS JaHUX;

— OMIiOHAJIbHA 1HJIEKCAIlisl 3alMTIB Y BUIISLII METOY Kiacy, 1o iMnopryerscs 3 NPM

TaKeTy.

Pozrnsinemo aeranbHille KOXKEH 3 HABEIEHUX ITyHKTIB.

3amis 3a0e3nedeHHs podotu Oimbimocti 6a3 ganux Ta ORM cuctem Oyno obpaHo Kia-
COBY CHUCTEMY, JIe KOXKEH METOJ] BIANOBIIA€ 3a IMIUIEMEHTALlI}0 KypCOPHOI MariHalli B IeBHIN
0a3i gaanx yn ORM. Takwii migxix 103BOJIsIE BUKOHATH IMITOPT JIMIIE OJHOTO CEPBICY, Ta
HaJa€ JOCTYI J0 BCIX MOro (yHKIIOHAJIBHUX MOXJIMUBOCTEH. (7151 HATUBHOTO MIIKIIOUEHHS
10 6a3 JaHuX OYJIO BUKOPUCTAHO ICHYIOUI MAaKeTH JaHUX, 1110 HAJaloTh MOXKJIUBICTh BUKOPH-
CTaHHS HEOOXITHUX JpaiBepiB 0a3 maHuX Ta ix meromiB. Jns Bukopucranas ORM cucrem,
aHAJIOTIYHO 70 HATUBHOTO IMIJAKIIOYEHHS 0a3 gaHuX, Oyino BUKopucTaHo nmaketn gaHux NPM,
AK1 MICTATh B c001 MOTP1OHI cepBicH Ta PpyHKLIT podoTH 3 cucTeMoro. OCKUIBKHM B OUIBIIOCTI
BUIAJIKIB KOPHUCTYBau 3allPOIIOHOBAHOTO MOJM(IKOBAaHOTO METOAY KypCOpHOi mariHamii y
Burianal nakery NPM He Mae HeoOX1AHOCTI y BHKOPHUCTaHHI BCIX HasBHUX 0a3 JAaHUX Ta
ORM, Oyio BUKOPHCTAHO JWHAMIYHE ITiIBAHTAXCHHS TAKETIB — TOOTO, HANPUKIIAMI, SKIIO
KOpHCTyBau (MpOrpamicT) BUKOPUCTOBYE JJIi KypCOpPHOI mariHamii juuie 6a3y gaHux Post-
greSQL ta ORM cucremy TypeORM, nwime BiAMOBigHI MAaKeTH JaHUX OYAyTh JIOJaHI B
ctpyktypy NPM makety 3anponoHOBaHOTO pillleHHS.

[Ipomec KypcopHOi mariHailii B 3alipOTIOHOBAHOMY METO/I1 € OUIBIII KOMIUIEKCHUM, HiXK
TpaauIliiiHe TariHyBaHHs, OCKUTbKU BKJIIOYAE HE JIMIIE TTPOCTE PO3AUICHHS BETUKOT0 HAOOpy

JIAHUX 32 KOHTPOJbHUMH TOUYKaMH (Tak 3BaHMMH KypcopaMu), a W JOJATKOBY JIOTIKY (ijb-
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Tpauii Ta coOpTyBaHHs. 3aNpONOHOBAHE PIIICHHS Ma€ ANTOPUTM, SKUWA CKIAJA€ThCA 3 TAKUX
YaCTHUH:

— BaJIiJaIis JaHuX, 0 HAAXOASTh JO METOY;

— BW3HAYCHHS KIII0Ya COPTYBaHHS JAHHX;

— CTBOpEHHS 00'ekTa (UIbTpaIlli JaHUX;

— JEKOJyBaHHS OTPUMAHOTO Kypcopa;

— CTBOPEHHS 3amuTy 110 0a3u JaHUX, 10 MICTUTh B ceOe cOpTyBaHHS Ta (iabTpaIliio;

— BHWKOHAHHS 3aIUTy T4 OTPUMAaHHS BIAMOBiII, 00pOOKa TaHUX;

— cdopMyBaHHs 00'€KTa BIAMOBIII.

Posrnsinemo neranbHille KOXKHY YaCTUHY.

VYci meronu, HezanmexHO Bix 0a3u ganux yn ORM, mpuiiMaroTh Maibke OJHAKOBUU
Habip mapamerpiB. O60B’si3k0BUMH €: liMit — KiTbKICTh JaHHX, SKY HEOOXiIHO MOBEPHYTH;
Ha3Ba NEPBUHHOTO KJII0Ya CYTHOCTI/TOKYMEHTa (B pa3i BiICYTHOCTI KIIt0Ya COPTYBAHHS, COP-
TyBaHHS BigOYBaeThCS caMe 3a TEPBUHHHUM KIIOYEM); Ha3Ba CYTHOCTI/Tabnuii Ta
BIIMOBITHUIA MeToN JpaiiBepa 0a3zu manux/penozutopii ORM cucremu. OniioHaTbHUMU €:
Kypcop (Touka BiJUTIKY, LIIO PO3ALISAE J1aHi), MOXke OyTH BIJICYTHIM y pa3i 3aBaHTa>KEHHS IO-
YaTKOBOTO HA0OpPy JaHMX; THII Kypcopa (next abo previous), 1o Bka3ye Ha HampsMm (OTpH-
MaHHS HAOOpy JaHHMX MICIs Kypcopa YM JI0), V pasi BIACYTHOCTI BUKOPHCTOBYETbCS NEXt;
KJIFOY COPTYBaHHS — I0JIe CYTHOCTI/IOKyMEHTa (CYyTHOCTI AJis HepelsaiiHuX 0a3 naHux, J0-
KyMEeHTa AJis peisiiiaux); 00’ ekt Qinbrparmii ganux (neBHuil Habip mapametpiB). Ilepen
(dhopMyBaHHSIM 3alUTy BUKOHYEThCS 0OpoOKa Ta Bajifallis BXIJHUX TMapaMmeTpiB. 30Kpema,
MEePEBIPSAETHCA, IO JIMIT € HaTypajJbHUM YHCIOM, a THUI Kypcopa BKa3aHO sK NeXt uum
previous, 6e3 iHIIKMX 3HAYCHb.

[Ticns Bamimamii AaHMX BU3HAUYAETHCS KIIHOY COPTYBaHHS AaHuUX. s modarky Ie-
pEBIpSIETbCS HAsBHICTh BKa3aHOTO KJI0OYa COPTYBaHHA. B pasi #loro BiJICYyTHOCTI cOpTyBaHHS
B110YBA€THCS 3a MEPBUHHUM KJIFOUEM, Ha3Ba SIKOTO MEPEIAETHCS B TapaMeTpax MeToa. SKIio
K KIIIOY COpPTYBAHHSI NPUCYTHIM, COpPTyBaHHS JaHMX BiAOyBaeThcsl 3a HUM. OKpIM LbOTO,
KJIOY MOK€ OYTH KOMIUIEKCHUM (IpUiMaTu AEKUIbKa 3Ha4eHb BOJHOYAC), TOJ1 COPTYBaHHS
B110YBA€THCSI BOAHOUYAC 32 BCIMa MEPEaHUMHM TOJISIMU JJI 30UIbIIIEHHS YHIKaTbHOCTI. Bax-
JMBO 3a3HAYUTH, IO COPTYBAHHS Ma€ BHKOHYBATHCH 33 YHIKQILHUMH 3HAUCHHSIMH, 1HAKIIE
MO>K€ BUHUKHYTH Ipo0JieMa 3 TOBTOPEHHSM 3aIKCiB a00 HEKOPEKTHOIO KIIBKICTIO JaHUX, 110
MTOBEPTAIOTHCS METOOM.

Jlam cTBOprOETHCS 00’ €KT (UIbTpallii JaHux. Y pasi nepegadi neBHUX (GuIbTpiB y mapa-
MeTpax METOy, 00 €KT CKIaJaTHMEThCS 3 TBOX YMOB: OTPUMAaHHS JIaHUX Micis abo 10 3aa-
HOTO Kypcopa (3aJie’KHO BiJl Ty Ta HasBHOCTI Kypcopa) Ta BJacHE MepeaHuX B METO/I Ja-
HuX. B iHmomy Bunaaxky Quibtp Oyzae 3/11iCHIOBATH MOUIYK JIHUIIE 32 KypCOPOM. 3BICHO, SIKIIO
HeoOX1IHO OTpUMaTH MNepiuii Habip AaHuX (Kypcop He 3aaaHuil), Ta 0e3 JH0AaTKOBHX MHapa-
MeTpiB (inbTpalii, KiHneBuil 00’ekT (inbTpa Oyae nepegaHuil B 3anmutT 10 06a3u JaHHUX IO-
poxkHIM. O0’€KT naHMX, KWW MpHUIIMae METOJl, € CTAaTUYHO TUII30BaHUM Ta CIeL1ajIbHO PO-

3po0JICHUI NJIs1 MIATPUMKH pi3HUX 0a3 maHux. BiH Moke sK KOMOIHyBaTH JEKiJIbKa yMOB
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BOJIHOYAC, TaK 1 OyTM MaKCHUMaJbHO MPOCTHM, HANPUKIAMA, 31 3BUUYAHUM MOBHOTEKCTOBUM
MONIYKOM [ 8].

OcTtanHiM KpoKOM niepea popMyBaHHSIM OCTaTOYHOTO 3alUTy 10 0a3u JaHUX € IeKOIY-
BaHHs Kypcopa. J[ns ybe3nedeHHs TaHuX TMpU CTBOPEHHI Kypcopa (OCTaHHIA KPOK METOIY)
BUKOPHCTOBYETHCS KOJYBAaHHS 3a JIOTIOMOTOI0 alroputMmy base64. BinnoBiqHo, Ui KOPEKT-
HOT'O OTPUMAaHHS JaHuX 3 0a3u nepe (GOpMyBaHHSM 3aIUTy TOKEH JEKOIYETHCS 3a JIOTIOMO-
TOI0 MojieNi Toro x base64.

[Ticist BCiX MiATOTOBYMX MPOIECIB, OMUCAHUX BHIIE, BiIOYBAETHCS CTBOPCHHSI 3aIHTY
70 0a3u JaHuX, SIKUM MICTUTH B c001 ONIIil cOpTyBaHHs Ta (PinbTparii. 3aUT J0BOJI CYTTEBO
BIJIPI3HSAETHCS B 3aJIeXKHOCTI Bix 60a3u nmanux ta ORM cucremu, ToMy KOKE€H METOJT BpaXxOBYeE
i crerudiky.

Jani BinOyBaeTbCsi BUKOHAHHS 3aIIUTY Ta OTPUMaHHS BIAMOBIiAl Bix 6a3u ganux. [lepen
HAJICWJIAHHSM 3aIIUTY TaKOX BiAOYBAa€ThCs I0IaTKOBA MEpEeBipKa Ha BiJICYTHICTh MOXKIIMBOCTI
Bukopuctanas SQL-in’ekmil, 1y 3a0e3medeHHs] HeJOTOPKAHOCTI TaHUX, 110 30epirarThes B
6a3i. Ilicis orpumaHHs BignoBinl BimOyBaeTbcst 00poOKa TaHMX, SKI HaIXoAsTb. Bona €
VHIKITBHOI JIJIs1 KOXKHOT 6a3u manux tTa ORM cucremu, uepes pizauit opmar BiAmoBizi, To-
My 3a JIOTIOMOTOI0 CHEIiadbHUX (YHKIIH OTpUMaHi JIaHi MepeTBOPIOIOTHCA B YHI(IKOBaHUN
dopmar, skuii Oyne HagaHui y Biamosigi. OKpiM I[bOro, Ha IIbOMY KPOIIli BiIOYBA€ThCS KO-
BaHH: KypcopiB (IIpo 110 OyJI0 ONMCAHO BHIIIE).

Brnacue, octaHHili KpOK, B SIKOMY OTPHUMYEThCS BindopMaToBaHWii 00’€KT Ta HaJCH-
Ja€ThCs SIK BIAMOBiML MeToAy. BiH Mae Taki mapamerpu sik data (Habip oTpuMaHUX JaHUX),
cursorNext (3akomoBaHHN KypcOp OCTaHHBOI'O C€IIEMEHTY 3 Habopy JaaHuX), CUrsorPrevious
(3aK010BaHU# KypcoOp MEPIIOro eJIeMeHTy 3 Habopy manux), valuesNumber (kiinbKicTh JaHuX,
110 OyJIO OTPUMAHO).

Posrnsinatoun neranpHile KOMIUIEKCHY (DUIbTpallio, MOkKHa TOOyyBaTH TaKy MaTeMa-

TUYHY MOJIEINb:

filter = Af.T(f) = Q #! (1)
ne filter Buctymae B pomi GyHKII, sKa (aKTHYHO € PEKYPCHBHHM KOMITLIATOPOM IPEIH-
KaTiB, 1[0 PEKYPCHBHO MPOXOIHUTH JIOTiuHE JepeBo (inbTpiB f i 3aCTOCOBYe MpaBHIIO Bim0O-
pa)keHHsI TSl IEPETBOPEHHSI KOJKHOTO By3j1a Ha HEOOXiIHY yMOBY. Y CBOIO 4epry, sKiio [ €

KOMITO3UTHUM JIepeBOM (TOOTO, Ha MpaKkTHULl yMOBa (IIbTPY MICTUTH BOJHOYAC JIEKIJIbKa
omepaniid, Takux sk AND, OR, NOT Ttomo), To QyHKIis TpaHchopmarlii TaHUX Ma€ TaKHA
BUTJISI:

T =THIRT() @ .. RT(f) #
ne &) sBucrymae B pouti sjorigroro ornepatopa (AND/OR/NOT i T.mw.).

)

VY ¢BOIO yepry, KOMIUIEKCHE COPTYBAHHS JJAHUX Ma€ Takuil Burisaa. Hexaii:
- b=1{d 10 Qs e dn} — MHOXXMHA €JIEMEHTIB (HaIlpUKJIAJ, 3aIMCIB B TAOJHII YU J0-

KYMEHTI).
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- K=k 1 kg, ffn;] — BIIOPSIKOBAHUH HAOIp KIIOYIB COPTYBaHHS (HAPUKIIAI, MOJIS
id Ta createdAt).

— dir; € {1, 1} — HanpsMok copTyBaHHs JUIs KOXKHOTO KJIFOUA.
— ¢ = (v, v3, .., V) — Kypcop.

Toni nns Beix enementiB d € D) BUKOHYEThCS:

vs <t, k(d)= v,
3t € [1,m] Taxe, mo s {kt (d) = v, axmpo dir, = 1‘} #

k.(d) = v., akmo dir, = 1
4 t ]1'; t (3)

Haoctanok po3riisiHeMO 1HACKCAIliI0 3aluTiB. 3araioM, iHJIEKC — I[e OKpeMa CTPYKTYpa,
sKa 30epirae KO0 MEBHUX KOJIOHOK TAOJIMI pa3oM i3 MOCHJIAHHAMHU Ha BIATIOBIAHI 3aIUCH
(psiaxm). IHoexc ¢yHkmioHye moaidoHO M0 andaBiTHOTO MOKaXYMKAa B KHU3i: BiH J03BOJISE
IIBUJIKO 3HAWTH MOTPiOHI naHi 6e3 HeoOXiTHOCTI MeperyisgaTH Bech 3MICT Tabmumi. Y HaBe-
JICHOMY METOJIi BUKOPUCTOBYEThHCS JCKUIbKa Pi3HUX BUAIB iHaekcanii: B-Tree, Hash ta Com-
pound. B-Tree BUKOPUCTOBYETHCS JUTS 1HCKCAIIIT 3aIUTIB 3a MapaMeTpaMu, sIKi MOXKYTh OyTH
pi3HEX THITIB. Y CBOiil oCHOBI B-Tree iHIEKC BUKOPHUCTOBYE aJTOPUTM IOIIYKY B 30aJIaHCO-
BaHOMY Ta BiJICOPTOBAHOMY OIHAPHOMY JEPEBi, /Ie BUCOTA KOXKHOI TUTKH 3TUIIIAETHCS MalkKe
OJHaKOBOIO. YacoBa CKJIQJHICTh 3allUTIB, IO BUKOPUCTOBYIOTH MEH IHIEKC, CKIIAJae

O(log n) — ce6to € norapudmiunoro. Taka MIBUIKOMIIS JOCSITAETHCS 3aBISKH TOMY, 10 B-

Tree 30epirae BenuKUil 00CST KIIIOUIB Y KO)KHOMY BY3Ji. L{e 3HM)KY€e KUIBKICTh PIBHIB, K1 IO-
TpiOHO mpoitu mix yac momyky. Hash iHnekc BukopuctoByeTbes ans momyky 3a PK
(Primary Key — mepBuHHHI KIIF0Y) Ta Ma€ MOCTiHHY CKiaaHicTh, a came O(1). Compound

1H/IEKC BUKOPUCTOBYETHCS IS MOIIYKY Ta (IbTpalii 3a KiIbkoMa mapaMeTpamMHu OJHOYacHO

Ta Ma€ TaKy X CKJIaJIHICTh, sk i B-Tree, O(log n), ockijbKu TakoX BUKOPHCTOBYE BIIOPSI/I-

KOBaHi fepesa [3].

Pe3yabTaT eKcHepUMEHTAJIBHHMX JAOCTiuKeHb. JloCIHiUKeHHs BiIOyBaJuCh Ha
CHeLiaJIbHO MiArOTOBJIEHOMY IPOEKTI, B SKOMY BHKOPUCTOBYBAIMCH BCi 0a3u naHux ta ORM
cucteMy, skl maTpuMyroTbest NPM makerowM, 1110 MicTUTh B 001 3apOIIOHOBaHUM MOAN(DIKO-
BaHMH MeToJ]l KypcopHoi mariHauii manux. Kypcopna marinamis npoimnuia ycmimzo B 100%
BUIAJIKIB, KOJIM B MeTOIX Oynu TepenaHi BaiiiHI JaHi; 0OpoOka MOMWIIOK BiATpaloBaia y
BUNAJIKy HEKOPEKTHUX JaHMX. CopTyBaHHs Ta (IIbTpaLlisi BUKOHAIU CBOIO POJb KOPEKTHO B
94% BumnaakiB (€ TOBOJI CKJIaIHI Ta MAJIOPEATiCTUYHI KEWCH, SKi Hapa3i He MOKPUTI JIOTIKOI0).
TecTyBanHs iHJeKcallil 3aMUTIB OBEPHYJO Taki pe3ynbTatu it 6asu PostgreSQL (puc. 1) Ta
MongoDB (puc. 2).
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DATABASE m INDEX SORT FILTER AVG LATENCY (MS)

PostgreSQL

PostgreSQL

PostgreSQL

PostgreSQL

PostgreSQL

PostgreSQL

PostgreSQL

PostgreSQL

PostgreSQL

PostgreSQL

PostgreSQL

PostgreSQL

TypeORM

TypeORM

TypeORM

TypeORM

Sequelize

Sequelize

Sequelize

Sequelize

+

9.7

60.7

240.8

10.8

14.1

233.2

196.9

6.4

7.9

432

190.3

Pucynoxk 1 — Pe3ynpraTn TecTyBaHHsI KypcOpHOI nariHarii B 6a3i maaux PostgreSQL
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DATABASE m INDEX SORT FILTER AVG LATENCY (MS)

MongoDB TypeORM + - - 9.7
MongoDB TypeORM + + - 11.3
MongoDB TypeORM - - - 208.6
MongoDB TypeORM - + + 164.1
MongoDB Mongoose + - - 10.1
MongoDB Mongoose + + + 13.0
MongoDB Mongoose - - - 84 .1
MongoDB Mongoose - + + 398.5
MongoDB - + - - 5.3
MongoDB - + + + 6.4
MongoDB - - - - 60.1
MongoDB - - + + 2423

Pucynok 2 — Pesynbratu TecTyBaHHS KypcopHoi narinarii B 6a3i qanux PostgreSQL

IHm pensiiiai 6a3u naHux, Taki sk, Hanpukiaan, MySQL ta SQLite, MaroTh cxoxi mo-
ka3HukHU 10 PostgreSQL; mepensiiini — moaioui 7o MongoDB.

BucnoBku. JlocnimkeHHsT MPUCBSIYEHE PO3POOI MOIU(DIKOBAHOTO METOIY KYpPCOPHOT
narifamii ta Qinprpanii qanux y Buriasal nakery NPM. 3anpononoBanuii MeTon 103BOIISIE
MIJIBUINATHA TIBUAKOMIIO 3amMUTIB A0 0a3u MaHWX 3aBISKH BUKOPUCTaHHIO 1HACKCIB. BiH €
VHiIBepCaJIbHUM, OCKUTBKH MiATPUMYE OCHOBHI 0a3u nanux ta ORM, Hagae MOXIMBICTB (iib-
TPYBaTH Ta COPTYBATH JIaHl 3a 3a/laHUMU TTapaMeTpaMH TOIIO.

Pe3ynbratu TecTyBaHHS MOKa3ylOTh YCHINIHICTh IMILIEMEHTAIlIl 3alIpPOIIOHOBAHOTO Me-
TOAY /7151 OUTLIOCTI BUIAJKIB BUKOPUCTAHHS KypCOPHOT MariHarii.

ITomanpire mOCHIMKEHHS MMONATAaTUME B MOJIIMBIN OITMMI3alli JaHUX 3a JOIIOMOTOXO
Kel-Ta0iuIb (K1 TIATPUMYIOTHCS IEBHUMH 0a3aMy JaHUX), PO3B’S3aHHs MHUTaHb 31 CKIa]-
HUMH BUIAJKaMHU KOMIUIEKCHUX (UIbTpaIii Ta COPTYBaHHS JaHMX, SIKI Hapas3l He MiATPUMY-
IOTHCS, IOKPUTTS KOJy T€CTaMH, Ta MiATPUMKa OUIbINOI KiTbKkocTi 06a3 manux ta ORM cu-
CTEM.
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Modified method of cursor pagination and data filtering as an NPM package

This article is devoted to the development of a modified cursor pagination method that
supports major databases and ORM systems, provides the ability to use complex data filtering
and sorting, query indexing, etc. Existing solutions, their use cases, advantages and disad-
vantages are analyzed. A modified method is formed that includes modified and improved
functionality of existing NPM packages, along with new implementations focused on increas-
ing the efficiency and versatility of database queries. The proposed solution is analyzed. Po-
tential directions for further expansion and improvement of the method are given.

The purpose of this research is to increase the efficiency and versatility of cursor pagi-
nation by developing and software implementing a method in which query time will be signifi-
cantly reduced and the number of databases supported will be greater than in existing solu-
tions. In accordance with the stated goal, it is necessary to solve the following tasks: to re-
view existing methods for implementing cursor pagination, to propose a new method with bet-
ter speed and greater versatility, to experimentally verify the effectiveness of the developed
method.

At the moment, there is a very limited number of data packages that provide ready-
made functionality for implementing cursor pagination, and none of them is universal enough
(only one ORM system or one native database is supported). In addition, such solutions do
not include the implementation of query indexing to increase efficiency; there is no optional
filtering/sorting of data by the selected parameter. Thus, the problem of the lack of a univer-
sal and optimized pagination method is relevant and requires research. Therefore, a modified
method of cursor pagination and data filtering is proposed in the form of an NPM package,
which will solve the shortcomings of existing methods.

Keywords: cursor pagination, database, ORM system, data filtering, query indexing,
NPM package, fuzzy search, merge and heap sort, binary tree, hash function.
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J.C. Bep6oswuii, 1.O. Casmina
METO/I J1JI1 ABTOMATHUYHOI NEPEBIPKU JTJOKYMEHTIB HA
BIANNOBIIHICTb HOPMATHUBHUM BUMOI'AM

Anomayia: L{a cmammsa npucesuena pospooyi epekmusHo2o memoody asmomMamuyHoi ne-
pesipku ¢hopmamie OOKyMeHmMi8, AKUU 00360JISIE 2apanmysamu ix 6i0N0BIOHICMb NeGHUM
cmanoapmam ghopmamyeanus. Ilepeenanymo ma npoananizo8aHo HAsA6HI NIOXOOU, WO BUKO-
PUCMOBYIOMb CUCTEMU HA OCHOGI Npasul i Memoou MAUUHHO20 HABYAHHA. 3anpOnOHOBAHO
MOOugikoeanutl memoo, AKuU 00’€OHYE AK CMPYKMYPHY, MAK i JIHSGICMUYHY NepesipKy.
IIposedeno nopieusanbHUll aHali3 3aNPONOHOBAHO20 Memo0dy 3 HAAGHUMU nioxooamu. Taxkodic
3anponoHO8aHO NOMEHYIUHI HANPAMKU NOOANLULUX OOCTIONCEHD.

Knrouosi crnosa: asmomamuuna nepegipka 0OKyMeHMi8, HOPMAMUBHI 8UMO2U, hopMamyean-
Ha DOCX, LanguageTool API, Word API, siocmanv Jlegenwimerina, cmpyKmypHuil auaniz

meKcmy, OnMuMIi3ayisi nepesipKu meKcnty.

ITocTanoBka npo6jeMu. ABTOMaTUYHA MEPEBIPKA TOKYMEHTIB Ha BiIOBIIHICTh HOP-
MaTUBHHM BUMOT'aM € Ba)KJIMBUM 3aBJIaHHSAM Y cdepi OCBiTH, HAyKu Ta AioBOACTBA. JlOKy-
MEHTH, TaKl sIK TUIUIOMHI poOOTH, HAYKOBI CTATTI Ta TEXHIYHI 3BITH, MalOTh YITKO BU3HAYEHI
BUMOTH JI0 (popMaTyBaHHS, BKIIOYAIOYM PO3MIp MIPUPTY, MUKPAIKOBI IHTEPBAJIH, BICTYIH,
HYMepalilo CTOpPiHOK Tomo. HeBiAMoBiAHICTE MM BHUMOIaM MOXE MPU3BECTH 10 HEOO-
X1IHOCTI HOBTOPHOTO peJaryBaHHs, 1110 MOTpedye JOAAaTKOBUX BUTPAT Yacy Ta pecypciB.

Ha cboroani OinblIicTh MepeBipoK (opMaTyBaHHS BUKOHYETbCS BpPY4YHY, IO € TPY-
JIOMICTKUM TPOLIECOM, CXWIBHUM J0 TIOMMJIOK. JlesiKi mporpamHi pilieHHs, Taki sk BOyJOBaH1
NEepeBIPKU y TEKCTOBHUX peJaKkTopax, MaloTh 0OMeXeHY (DyHKIIOHAIbHICTh 1 HE 3/1aTHI 3a0e3-
NEYUTH KOMIUIEKCHUM aHaji3 JOKyMeHTa. [HIi cucTeMu nepeBipku 0a3yloThCsl Ha KOPCTKHX
m1a0JIoHax, 10 He BPaXxOBYIOTh MOXKIIMBUX Bapialiid y ¢popMaTyBaHHi, a00 BUKOPUCTOBYIOTh
MalllMHHE HAaBYaHHS, sIKE MOTpeOye BEIUKUX OOUNCIIIOBAIIBHUX PECYPCIB.

TakuM YMHOM, aKTyaJbHOIO 33Ja4el0 € pO3pOOJCHHS aBTOMATH30BAHOTO METOMY Iie-
PEBIPKU JOKYMEHTIB, KU JJ03BOJISIE aHATI3YBATH SIK XapaKTEPUCTUKU (OpPMATyBaHHS JOKY-
MEHTa, TaK 1 TpaMaTU4Hi Ta CTHJIICTMYHI MOMWIKH, IPU LBOMY 3a0€3Me4Uyl04l BHCOKY TOY-
HICTb 1 IPOAYKTHBHICTh POOOTH CUCTEMHU.

Meta pocaimzkeHHss. MeTor0 J1aHOTO JTOCTIKEHHS € IMiJBUIIEHHS TOYHOCTI Ta edek-
TUBHOCTI TIepeBIpKHM (OpPMATyBaHHS JOKYMEHTIB LUIIXOM PO3pPOOKH Ta MpOrpamHoOi pe-
amizaiii MeTofy, SIKHd aBTOMAaTUYHO TEepeBips€ BIAMOBIIHICTh JOKYMEHTIB HOPMATUBHUM
BUMOTaM, 3MEHIIIYI0UU NOTPedy y py4HOMY KOHTPOJII.

© Bepo6osuii JI.C., Casmina 1.0., 2025
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AHaJni3 ocTaHHiX aocaikenb i myoaikaunii. Hassai MeTonu nepeBipku popmaTyBaH-
HSl JOKYMEHTIB MO>KHa YMOBHO PO3AUIUTH HA JIBA OCHOBHI MiJXOIU: METOAM, 3aCHOBAHI Ha
(bikcoBaHMX MpaBUIIAX, 1 METOU, SIKI BUKOPHCTOBYIOTh MAalllMHHE HABYAHHS JJIsl aHAJII3y TEK-
cry. [lepmmii miaxia 703BOJIsLE 3A1MCHIOBATH MEPEBIPKY BiANOBITHOCTI MIEBHUM MapaMeTpam,
TaKUM K MIPUPTH, PO3MIPH TEKCTY, MUKPSAAKOBI iHTepBayn Toio [1]. Bin 3abe3neuye Buco-
Ky TOYHICTh MpU POOOTI 3 JOKYMEHTaMH, II0 MAlOTh JKOPCTKO PErJIaMEHTOBaHI CTaHIAPTH,
OJTHaK Ma€ OOMEXEHY aIallTUBHICTD /10 pi3HUX BapiaHTiB ¢opmaryBanus [2]. Apyruii miaxin,
10 BKJIIOYA€ BHUKOPHCTAaHHS TEXHOJOTiH 00poOku mpuponHoi moBu (NLP), anamizyBatu
CTPYKTYpPY JAOKYMEHTA, BU3HAYATH 3ar0JIOBKH, a03allH, CIIUCKU Ta IHIII eJIEMEHTH TeKCTy [3].
JlocimipkeHHsT OKa3yloTh, Mo Metoan NLP MoxyTh 3a0€3MmeunTH BUILY THYYKICTh y Iie-
peBipmi ¢dopMaTyBaHHS, TO3BOJISIFOYM BPAXOBYBATH KOHTEKCTHI OCOOJMBOCTI JOKYMEHTIB,
MpOTe BHUMAara€ 3HaYHUX OOYHCIIOBAIBHUX PECYPCiB Ta CrEeU(IYHUX HATAMTYBAaHb MOJEINI
JUTSL KOYKHOTO BUTIAAKY [4].

EdexTuBHicTh nepeBipku GpopmaTyBaHHS MOKE OYTH IiIBUIIICHA 3aBISIKH BUKOPHCTAH-
HIO T10pHIHOTO METO/Y, SIKUH MOEAHYE MepeBaru 000X miaxoiB. BogHovyac Takuii MeTox Bu-
Marae ajianTaii 10 pi3HUX BUJIB JTOKYMEHTIB 1 BAOCKOHAJICHHS alTrOPUTMIB 0OPOOKH TEKCTY.
Kpim 11p0r0, HasiBHI pilleHHS AJ1s TIepeBipKH (OpPMaTyBaHHS 4acTO 30CepePKEH1 Jnie Ha Oa-
30BHX IMapaMmeTpax i He 3a0e3MedyroTh KOMIUICKCHUH aHali3 BIAMOBITHOCTI JOKYMEHTIB BCIM
HEOOX1THIM BHMOTaM.

3anpononoBanuii MeTol. OCKUTEKY OUTBIIICTH KOPUCTYBAUIB TPAIIOE 3 TOKyMEHTAMH Y
¢dopmari DOCX Ha nepcoHalIbHUX KOMII'IOTEpax, caMme el ¢popmar 0yino oOpaHoO K OCHOBHUI
Ui pearizaiii nepeBipku dopmatyBanas. DOCX-daitnu 30epiraioTh JeTaibHy 1H(QOpMAIIiio
PO CTPYKTYPY NOKYMEHTA, BKJIIOYAIOYM IIPU(TH, IHTEPBAIH, BIJICTYIIM, HyMEpallilo Ta 1HIII
Ba)XXJIMBI MTapaMeTpH, 110 JO3BOJIsIE BUKOHYBAaTH MOBHOLIHHUMN aHami3 gopmaTtyBanHs. Taka ne-
tamizanig Jaaux poobuts DOCX ineansHuM gopmaroMm Juisl 3a/1a4, OB SI3aHUX 3 aBTOMATU30-
BaHOIO MEPEBIPKOIO BIAMOBIIHOCTI JOKYMEHTIB CTaHapTaM.

OpHi€10 3 KITFOYOBUX OCOOJIMBOCTEH IIbOTO METOAY € BUKOPUCTaHHSI TOPUIHOTO MiIXOAY,
10 NOEAHYE TPaIULIHI aNroOpuTMIUHI NepeBipku ¢popmaryBaHHs 3 MoxuBocTsIMU NLP. Taka
IHTerpalis J03BOJIsIE HE JIMILE JOCSATTH BUCOKOI TOYHOCTI B MEPEBIPLI JOKYMEHTIB, ajie i 0X0-
IIUTH SIK CTPYKTYPHI, TaK 1 JIHTBICTUYHI €JIEMEHTHU. 3aBJSKU 1IbOMY METO/]I CTa€ OLIbII YHIBEp-
CaJIbHUM, OCKUIBKM MOke OyTH a/lanTOBaHU MiJ pi3HI CTaHAAPTH (OPMATyBaHHS, L0 € BaXK-
JUBUM Ui aKaJIeMidYHUX poOIT, SIKI MaroTh crenu@iuHi BUMOTU. Y MOPIBHSIHHI 3 HasBHUMU
PIIIICHHSIMH, 1110 OOMEXYIOThCS JIIe 0a30BUMU acriekKTaMu opMaTyBaHHsI, TIeH Mmiaxia 3a0e3-
nevye rvOIry 1HTErpalio Ta MOXIIMBICTh HANAIITYBAaHHS CeUU(IYHUX MTPABUI JJIsi KOKHOTO
PO3AUTY TOKYMEHTA.

VY mporieci po3poOKH METOTY pO3TIISAAINCH Pi3HI MAXOAM IJIs peati3allii J7aHOTO METO-
ny. Jns peamizanii 6yno o6paHo MoBy mporpamyBaHHs Python, ocKibKM BOHA Haja€e MUPOKI
MO>KJIUBOCTI JIJIs1 pOOOTH 3 TEKCTOBUMHU JJOKYMEHTaMH, 0OpoOKku (popmaTyBaHHS Ta IHTErpaii
3 010J110TeKaMU IITYYHOTO 1HTENEKTY.

Jlnst mepeBipku ¢gopMaryBaHHS OyJno JOCTI/DKEHO JEeKUIbKa CIYIIHWX BapiaHTIB:
python-docx, Aspose.Words, Ta Word API. IIpo6aemoro Bukopuctanus python-docx Oyia
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TOYHICTH NMEPEBIpOK. SIKIIO JIeTKi acCleKTH JOKyMEHTa (HalpuKIIaa po3mip mpudTiB, po3mipu
BIJICTYIIB TOIO) OyJIO MEPEBIPUTH JIETKO, TO J0 OLIBII CKIAJAHUX €IEMEHTIB (popMaTyBaHHS
(HampuKJIaJg HYMEpOBaHI CIUCKM, TaOJNWIi TOIIO) JaocTymy B3arani He wmae. Lomo
Aspose.Words, To TOJTOBHMM MiHYCOM BHUSIBUJIACh OTPeOa JIilleH311, OCKUILKH MpOoTrpaMHe 3a-
Oe3nedeHHs PO3po0IIOBAIOCh BUKIIOYHO siK Oe3komroBHe. [Ipore Word API 3amoBonbHUB
OinpIIicTh HEOOXiAHMX MoTped. Xod BiH 1 BUMarae JeTalbHOrO po3yMiHHA XML-cTpykTypn
JOKYMEHTIB BiH Hajia€ TTMOOKUI PIBEHb JOCTYIY 0 CTPYKTYPHHX KOMIIOHEHTIB JJOKYMEHTIB,
SIK TIPOCTHX, TAK 1 CKJIAHUX, 0 3a0e3MeUy€e BUCOKY TOYHICTh IMEPEBIPKU (hOpMaTyBaHHSI.

Jlyist epeBipKM HASBHOCTI CTHJIICTUYHHUX 1 TPaMaTUYHUX MOMHIIOK OYJl0 PO3TISHYTO
JIBa BapiaHTH peastizallii: BUKOPUCTAaHHS HATPEHOBAHUX Mozenei, Bukopuctanus APIL. Bymno
PO3TIIIHYTO JCKiTbKa HATPEHOBAHUX MOJICIICH 1 BUSBIICHO JICKUIbKa BAXKIIMBUX HEJIOJIKIB: BU-
coki Bumor# 10 oouucmoBaibaux pecypcis (RAM, CPU, GPU, hard drive memory); BiaHoc-
HO HU3bKa TOYHICTH MOJEJEH Ui yKpaiHChKOi MOBH a00 B3araji BiICYTHICTH i MiATPUMKH;
NOKJIalaHHsl Ha KOHKpeTHi Bepcii Python. Oxnak API moBHicTIO BUpINIyBaio Ii MPOOJIEMH.
byno po3risinyro nekineka BapiantiB APl: Grammarly Ta LanguageTool. OouaBa nokasanu
JIOBOJII TOYHI pe3yJbTaTH, IPOTE rOJ0BHUM Henoiikom Grammarly crama riara 3a BUKOpH-
cranHsa. Tomy g peamizamii riOpugHOro Mmigxomy, BHKOpuUcTOBYIOTCS Word API Tta
LanguageTool API.

Posristnemo Oi1b1I IeTanbHO KOXKEH 3 HaBeneHnx kommnoHeHTiB. Word API Hagae moctyn
JI0 CTPYKTYPHHX €JeMeHTIB IokyMeHTa y ¢opmati DOCX Ta 103BOJISIE OTPUMYBATH JICTATBHY
iH(opMallito 1po foro ¢popmaryBaHHs, 30KpeMa MPUQPTH, BIACTYIH, OIS, IHTEPBAIM Ta 1HIII
CTpYKTYpHI Xapakrepuctuku. Word API npaiitoe 3 TOKyMEHTOM $IK 13 JEPEBOIOIIOHOIO CTPYK-
Typoro, noaioHoo 10 Document Object Model (DOM), 1o j1a€ MOKJIHUBICTH OOPOOJIATH JTOKY-
MEHT Ha PiBHI OKpeMHX eneMeHTiB. Hampukiaa, TOKyMeHT MOXHA PO3JILIUTH Ha JIOT1YHI Ya-
CTHHH, TaKl sIK 3arOJIOBKH, Naparpadu, CIUcKy, TabIuIl, Ta 00pOOISATH KOKHY 3 IIUX YACTHH SIK
okpemuil "nianazon". L{g cTpykTypa 103BOJIsIE TOYHO BU3HAUYATH, /10 SKUX €JIEMEHTIB 3aCTOCO-
BYIOTBCS TI€BHI TIpaBmiia (pOpPMaTyBaHHs, IO TAKOXK CIIPOIIYE MEPEBIPKY KOHKPETHUX YAaCTHH
JOKYMEHTa (HampuKJaJ TUTYJIbHOI CTOPIHKH, 3MICTY, OCHOBHOI YaCTHHM TOIIO), 1 Ja€ 3MOTY
NEepEeBIPSITH BIAMOBIAHICTh KOKHOTO 3 HUX CTaHAapTaM [5].

LanguageTool API BukopuCTOBY€eThCS U1 IEPEBIPKU TPAMATHKH, CTHIIICTUKU Ta opdo-
rpadii nokymenrta. Lle Bigkpure pillieHHs AJIs aHaJli3y TEKCTY, sIKe MOEIHYE MTpaBuUiia MepeBIpKU
rpaMaTUKH Ta aJrOpUTMH MalIMHHOrO HaBuaHHS [6]. LanguageTool miaTpumye 6aratroMoBHUMN
aHaJi3 TEKCTY Ta J03BOJISIE BUSBITH IOMIJIKH Y PI3HUX aCMEKTax MMChMa, BKIIIOYAI0UH rpama-
TU4YHI, oporpadiuHi Ta cTUIICTUYHI NopyiieHHs. OcHOBHUM npuHuun podotu LanguageTool
MOJISITa€ 'y BUKOPUCTaHHI 0a3M JIHTBICTUYHUX MPaBUII, SIKa MICTUTh TUIOBI IIA0JIOHU MOMUJIOK,
a TaKOX MOBHHX MOJIENICH, HABYCHUX Ha BEIMKHUX Kopirycax TeKcTiB. [Ipu anHami3i qokymeHTa
API nepeBipsie K03KHE CIIOBO Ta peYEeHHS, OPIBHIOIOYH iX 13 BOyAOBaHUMHU NpaBuiamu. [lonat-
KOBO 3aCTOCOBYIOTHCSI CTATUCTHYHI MOJIENI, 110 JTO3BOJISIFOTH BU3HAYATH KOHTEKCTYaJbHI TIO-
MWJIKM Ta HETOYHOCTI y QopmymoBaHHsIX. Kpim Toro, cepBic Moke 11eHTH(]IKYBaTH
CTHJIICTUYHI MOPYUIEHHS, TaKl K HaaAMIpHE BUKOPHCTaHHS MAaCUBHOTO CTaHy, HaJITO JOBI1 abo

CKJIQ/THI PEYCHHs, HEBIAMOBIIHICTH (hopMaIbHOr0 ab0 HedOpMaILHOTO CTUIIIO HamucaHHs. e
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JI03BOJISIE aHANI3yBaTH HE JMIIe (POpMalibHI MMOMMWIIKH, aje i MOKpallyBaTH 3arajbHy SIKiCTb
TeKcry [7].

[Ipote, He3BakalOUM HA HATPEHOBAHICTH 1Ii€1 MOJIEINI, BOHA BCE OHO Majia IOTSHIIAM IS
BIOCKOHANIeHHA. be3 Bukopuctanus Qimbrpaniii APl Hagae moBomi 6arato MOMMIKOBUX pe-
3yJBTATIB, MOYMHAIOYH 3 HEMPABUIBHUX MPOMO3UIIN I BUIIPABICHHS CJIB, 3aKIHUYIOUH pe-
3yJIbTaTaMu, SIKi 30BCIM HE MalTh ceHcy. s po3B’si3aHHs 1i€i mpobiaemu Oyino BUPIIICHO
CTBOPHUTH CIHCOK IrHOPOBAHUX CIIiB, SIKi HE OYAYTh MEPEBIpATHCH. AJie 1 IbOTO OYIIO HEAOCTaT-
HBO, OCKiIbKH APl MOKe HagaBaTH MOMMIJIKOBI CJIOBA JJIsl BUNIPABJICHHS a00 K BHI03MiHIOBATH
ix y BumpaBieHiil Bepcii (Hanmpukiiaja 3a BinMiHKoM). Tomy Oyi0 BHpIIIEHO BUKOPHUCTOBYBATH
¢buIbTpyBaHHS CITIB 32 IOTIOMOTO0I0 BificTaHi JIeBeHIITelHA.

Bincrans JleBeHmreitHa — e Mipa pi3HHIII MK IBOMA PSIIKAMH, SIKa BU3HAYA€ MiHIMaJb-
HY KUIBKICTB Orepalliii (BCTaBKH, BUAAJICHHS a00 3aMiHM CUMBOJIIB), HEOOXITHUX U1 IEPETBO-
peHHS OAHOTO psinka B iHmmMH [8]. s oburcnenns Bijcrani JleBeHTeliHa 3a3BUYail BUKOPH-
CTOBYETBHCSI 0a30BHI alNTOPHUTM, SIKHI repeadadae moOyaoBy Matpuili po3mipom (n + 1) x (m +
1), 1e n i m — AOBXHWHU NMOPiBHIOBaHUX PsinKiB. [Ipy boMy omneparii BCTaBKH, BUIAICHHS Ta
3aMiHM CHMBOJIIB MalOTh OJTHAKOBY Bary. @opMyBaHHS MaTpHIli 31iHCHIOETHCS 32 JOMTOMOTOIO
HACTYITHOTO PEKYPCUBHOTO BHpa3y:

Dypg=0
D;_y;-1 + O(equal,nonchange)
. | Di—y -1+ 1(replace)
D;j = min D;_y;  + llinsert)
D;iy + 1(delete)

Jns BiacraHi JIeBeHIITeHA ICHYIOTh Takl BEPXHS 1 HUKHS MEX1:

— Jlucranmis JleBeHIITelHa HE € MEHILIOIO 3a PI3HUIIO JOBKHHH PSJIKIB, IO TMOPIB-
HIOIOTBCS

— BoHa He € 61100 JOBXKHWHU HAlI0BILIOTO psiiKa

— Bowna gopiBaroe 0 Toxi i TUTBKHA TOJI, KOJU PSAKU OJHAKOBI (OAHAKOBI CUMBOJIM Ha
OJTHAKOBHUX MO3UIIISX) [9].

Pe3syabTraTn ekcrnepuMeHTAJbLHMX JOCHIIKeHb. Y XOJlI EKCHEepUMEHTy OyJo Ie-
peBipeHo 60 GakasaBpChKHX POOIT CTYIEHTIB momnepenHix pokiB. OCKIIbKUA I pOOOTH BKE
MIPOXOAUIN HOPMAaTUBHUM KOHTPOJIb 1 Oy JOMYIIEHI 0 APYKY, OUIKYBalIOCs, IO KUIbKICTh
BUSIBJICHUX TIOMUJIOK Oyzie MiHIMalbHOTO. [IpoTe aHaii3 mokasas, 1o HaBiTh y MEPEBIPEHUX J0-
KyMEHTaX MICTHJIOCS JOCTaTHbO MOMMJIOK (pOpMaTyBaHHS Ta TpaMaTUYHUX HETOYHOCTEH.

[Teperipka 3a momomororo Word API no3Bonmia aBTOMaTWYHO OILIHUTH BiJMOBIIHICTH
JOKYMEHTIB BUMOTraMm MIOAO WIPU(DTIB, po3MIpiB TEKCTY, MDKPSAKOBOTO IHTEpBaly, MOJIB
CTOPIHOK, CTPYKTYPH 3arojiOBKiB, MapKOBaHUX Ta HyMEPOBAHUX CIHCKIB TOIIO. TOUYHICTH Te-
peBipkH mapameTpiB (popMaTyBaHHS, BU3HAYeHA IUISIXOM MIIPaXyHKY YacTKHU MPAaBUIbHUX I10-
3UTHUBHUX BUSBJIECHb CEpel YCIX 3HAMIEHUX OMUIIOK, focsria 96%.

AHani3 rpaMaTMYHUX Ta CTWIICTUYHUX TIOMMJIOK BHKOHYBAaBCSl 3a JONOMOIOIO
LanguageTool, pe3ynbTaT SKOTro OLHIOBAIHCS 32 (OpMyIIoH0:
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TP +TN

TP+TN+ FP + FN

TP — KigbKICTh MPAaBWIBHUX BHIPABJICHb, IO BIANOBIIAIOTh EKCIIEPTHOMY pimneHHio, FP —

Accuracy =

KUIBKICTh HEMPAaBWJILHUX BHIpaBieHb, FN — kinbkicTh gomymeHux LanguageTool mommiiox,
TN — KUIBKICTh TIpaBWJIBHO TMPOIrHOpOBaHWUX MOMMIIOK. TounicTh LanguageTool ckiana
65u3bko 92%, npu HbOMY HalOLUIbIIA KUTBKICTh BUIIPABJICHb CTOCYBANacs IpaMaTUKU, OCKLIb-
KU 11 4ac py4HOi NEPeBIPKU TEKCT 37e0LTBIIOr0 NEPErisAaeThCsl IOBEPXOBO.

KpiM mokpariiieHHs1 TOUHOCTI, aBTOMATH3AaIlisl 3HAYHO CKOPOTHIIA Yac aHalli3y TOKYMEHTIB.
Skio paHimie nepeBipka OJHOrO JOKYMEHTa 3aiimarna 0iu3bko 30 XBHIMH, TO 3 BUKOPHCTaH-
HSIM aBTOMAaTU30BaHOI CUCTEMH Iiei yac ckopoTuBcs a0 3 xBuiauH (y 10 pasziB mBuame). byno
BUSIBJICHO, 110 MIBUJKICTh MEPEBIPKH 3aJICKUTH BiJl 00CATY AOKYMEHTa: podoTta Ha 60 cTopiHOK
aHaJi3yeTbesl mpuOIM3HO 3a 3 XBWIMHY, a HA 100 cTOpiHOK — 3a 5 XBUIMH. JIJis JTIOJIMHU K
noBHa nepeBipka 100-cTtopiHkoBoro nokymeHTa 3aiimMae 3040 XBWIMH, 3aJ€KHO Bif CKIIaj-
HOCTI 3MICTY.

BucnoBku. J{ocnimkenns Oyno npucBsueHe po3poOiii KoMOIHOBAaHOTO METOAY aBTOMa-
TUYHOI MEPEBIPKU JOKYMEHTIB Ha BiAMOBIIHICTh HOPMAaTUBHUM BHMOTaM. 3alpOIOHOBAHMIMA
migxin, mo 06’eqnye Word API s mepesipku dopmatysanus ta LanguageTool APl s
aHaJi3y TEKCTY, JI03BOJISIE TOCSTTH BUCOKOI TOYHOCTI M yHiBepcaibHOCTI. Pe3ynbraTtu moka-
3YIOTh, IO METOJ 3HAa4YyHO MOKpaIlye e(heKTUBHICTh Ta TOYHICTh MEpeBipkH (hopMaTyBaHHS,
ABTOMATHU3YIOUH 3aBAaHHS, SIKI 3a3BHUYall BUKOHYIOTHCS BPYUHY. Y MalOyTHIX JTOCIHIIKEHHSIX
TUTAHYEThCS YAOCKOHAIMTH METOJ Ui MIATPUMKH JTOJAaTKOBUX (opMaTiB JOKYMEHTIB Ta
PO3IIUPUTH MOKIUBOCTI aHANi3y CKJIATHIIIMX CTUIICTUYHUX BHMOT, IO 3a0€3MeYuTh IIe
OLIBII BUCOKY AN TUBHICTh T HAAIMHICTh CUCTEMH.
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Method for automatic document verification for compliance
with regulatory requirements

This paper focuses on developing an efficient method for automatically verifying docu-
ment formats, ensuring they meet specific formatting standards. Existing approaches utilizing
rule-based systems and machine learning techniques are reviewed and analyzed. A modified
method that integrates both structural and linguistic checks is proposed. A comparative anal-
ysis of the proposed method against existing approaches is conducted. Potential directions for
further research are proposed as well.

The study reviews current approaches, including rule-based systems and machine
learning techniques, evaluating their effectiveness in detecting formatting inconsistencies.
While rule-based methods offer precision and transparency, they are limited in adaptability to
complex document structures. Conversely, machine learning techniques demonstrate greater
flexibility but often require extensive labeled datasets and struggle with interpretability. To
address these challenges, a hybrid approach is proposed, combining structural analysis with
linguistic verification. This method integrates predefined formatting rules with natural lan-
guage processing methods to enhance accuracy and adaptability.
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The proposed system is implemented using Word API for structural verification, while
LanguageTool API is used to analyze textual aspects to identify stylistic and linguistic devia-
tions. Key formatting aspects evaluated include font consistency, margins, line spacing, para-
graph alignment, and numbering styles. Additionally, NLP responses are filtered using Le-
venstein distance to prevent false and senseless results.

Keywords: automatic document validation, regulatory requirements, DOCX formatting,
LanguageTool API, Word API, Levenshtein distance, structural text analysis, text validation
optimization.
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O.A. Conysmn, JI.A. Jlromenko
JTOCIIKEHHSA MOXJINUBOCTEN BUKOPUCTAHHS WEBASSEMBLY
JJI51 PO3POBKU BUCOKOIMPOAYKTUBHOI'O KOAY Y BEBJAOJATKAX

Anomayia: OOuieio 3 0OCHOGHUX nPOOIeM iHmepnpemosanux mMog, maxkux sk JavaScript, € ix
obmedicena weuoKoOis y NOPIGHAHHI 3 KOMNITbOBAHUMU Moeamu. Inmepnpemoganuii KoO u-
KOHYEMbCsL NOGLIbHIE, WO MOJICEe CNPUYUHAMU 3AMPUMKU Y POOOMI 3ACMOCYHKIE, 0COOIUBO
V 8UNaoKkax oopobKu eenuKkux 00cacié OaHUX 4u 8UKOHAHHA CKIAOHUX 00uucieHb. [[isi noodo-
JIaHHsL Yyiel npodiemu SUKOPUCMOBYIOMbCS PISHOMAHIMHI Memoou onmumizayii JavaScript
k00y. OOHUM i3 HAUOLILW NepCneKMUBHUX piuleHb € mexnonolis WebAssembly. WebAssembly
00380J151€ BUKOHY8AMU KOO I3 NPOOYKMUBHICMIO, HADIUNCEHOI0 00 WEUOKOOII HU3bKOPIGHEeBUX
mos, maxux sk C, C++ abo Rust. Cepeo conoenux nepesae WebAssembly e moocnusicme
KOMRINAYIT KOOY 3 PISHUX MO8 NPOSPAMYBANHA Y WBUOKUL | KOMRAKMHUL hopmam, AKUll 6u-
KOHyembcs Oe3nocepednvo y Opaysepi. Lle 3nauHo noxkpawiye npooykmusHicmv 6eb3a-
CMOCYHKIB, 3a0e3neuyodu KOpucmyeais Oiibll NIAGHUM MA WUEUOKUM 00CBI00M 83AEMOOII.
IIpome nomenyian WebAssembly we ne noeuicmio poskpumuil. IcHye HeobXiowicms y no-
0anbuwomy po3eumky ma B00CKOHANEHHI Memoodie e@heKmusHo20 KoOY8aHHs, U0
komninoemocsa y WebAssembly, 3 memorw OocscHenHs MAKCUMATbHOI NPOOYKMUBHOCII CY-
4acHux 6e63acmocyHKis.

Kniouosi cnosa: JavaScript, WebAssembly, onmumizayis, npodykmusHnicms, 6e03aCmoCyHKU.

ITocTanoBKka nmpo6JjeMu. Y cydacHOMY CBITI, JIe 3pOCTal0Th BUMOTH JI0 IMIBUJKOJII Ta
e(eKTUBHOCTI Be03aCTOCYHKIB, pobiaemMa 3abe3MeyeHHs BUCOKONPOIYKTUBHOTO BUKOHAHHS
Koy HaOyBae ocoOnuBOi akTyanpHOCTI. TpaauuiiiHi mporpamHi 3acobu Taki, sik JavaScript,
Xxo4a i 1o0pe ajanToBaHi A1 po3poOKU iHTep(deiCiB KOpUCTYBaya, CTUKAIOTHCS 3 0OMEXeH-
HSIMU TPU BUKOHAHHI CKJIAJHUX OOYMCIIOBAJIBHUX 3ajiay, 10 MPHU3BOJIUTH 10 3HMXKEHHS 3a-
rajJbHOI IPOAYKTUBHOCTI 3aCTOCYHKIB, OCOOJIMBO MPHU poOOTI 3 BEAUKUMHU 00CSATaMU JTaHUX YU
IHTEHCUBHUMM ~ QJTOPUTMIYHMMHU  omepamisiMu. B  1bOMy KOHTEKCTI 3acTOCYBaHHS
WebAssembly € mnepcrnekTUBHUM pIlIEHHSM, sKe 00ilisge Maike HaTUBHY IIBUIKICTh BHKO-
HaHHS KOAY 3aBJISIKH KOMITUIALIT B HU3bKOPIBHEBHIA 0AaNTKO/, 110 MOKe BUKOHYBATHCS O€310-
cepenHbo y Opaysepi. Ilpore, He3BakalouMm Ha OYEBHJHI Ie€peBard, BUKOPUCTAHHS
WebAssembly anst po3poOKy BUCOKOMPOIYKTHBHOTO KOAY B BE03aCTOCYHKAX CTHKAETHCA 3
pPSAIOM BHMKJIMKIB, a caMe: HEeoOXIJHO 3abe3neynTH e(pEeKTHBHY IHTErpamiio 3 iCHYIOUYHMHU
BEOTEXHOJIOT1SIMU, BUPILIUTH MUTAHHS CYMICHOCTI MK PI3HUMH IIaT()opMamMu Ta rapaHTyBa-
TH 0e3NeKy BUKOHAHHs KOJy B yMOBaX IHTEpHET cepenoBHina. OKpiM TOro JOCHIKEHHS B
obyacTi onTUMIizallii yHIpaBiIiHHS NaM'ATTIO Ta €HEProClOoXUBaHHS, a TAaKOXX aHaJi3yBaHHIO
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MoXxIIMBOCTEH KoMOinyBaHHS WebAssembly 3 iHIIMMU MOBaMU MpOrpaMyBaHHS, € KPUTHUHO
B)XJIMBUMH 7151 TIOBHOLIIHHOTO PO3KPUTTS MOTEHIIay i€l TexHomuorii. Takum ynHOM, HEOO-
X1ZIHICTh KOMIUIEKCHOTO JIOCITIJDKEHHST Ta PO3pOOKM HOBUX METOOJOriH iHTerpaii
WebAssembly y BeOpo3poOKy € aKTyalbHOIO 3a/1a4€t0, BUPIMICHHS SIKO1 JO3BOJUTH 3a0e3te-
YUTH CTBOPEHHS MPOIYKTHBHUX IIBUAKOIIIOUMX BEO3aCTOCYHKIB 3 MiHIMI3alli€l0 €HEPTO Ta
KOMII FOTEPHUX PECypPCiB.

AHani3 ocTaHHIX Aoc/ilKeHb i mydJikaniii. B octanni poku Oyno mpoBeaeHo 6e3iiy
JOCTIPKEeHb Yy Tally3i onTuMi3alii Be63actocyHkiB. Cepes METOIB, IO CIIPUSIOTH ITiBUIICH-
HIO TPOAYKTHBHOCTI Be03aCTOCYHKIB, MOKHA BUAUIUTH MiHIMi3amio po3Mipy JavaScript-
¢aiiniB, onTHMI3aliio 3aMUTIB 10 cepBepy (30kpema, yepe3 Bukopuctanus GraphQL), Buxo-
pUCTaHHS KEIyBaHHs, 3aCTOCYBaHHS MPOTrpecuBHUX BeO3acTocyHkiB (PWA), a Takox BIpo-
Ba/DKCHHS aCHHXPOHHOTO 3aBaHTAXCHHS KOMITOHEHTIB. WebAssembly sik metox onrumizarii
3'SBUBCS BITHOCHO HemoaBHO (2017 pik), 1 KUTbKICTh HAYKOBHX ITyOJiKaIiii mpo Hei Ha ja-
HU MOMEHT HE JIy’KE€ BEJIMKA.

VY poboti "WebAssembly Performance Analysis: A Comparative Study of C++ and
Rust Implementations" [1] aBTopu mOCHiIKYIOTh MPOAYKTUBHICTE WebAssembly-momymis,
3TeHepOBaHUX i3 mporpam, Hanucanux Ha C++ Ta Rust. MeToro € mopiBHSHHS €PEKTUBHOCTI
BUKOHAHHS 3aBJIaHb, TAKUX K COPTYBAHHS Ta MHOXXECHHS MaTpHIlb. Pe3ynbraTe mokasaiu, mo
MOJyJi, CTBOpeHI 3 Koay Ha Rust, ITeMOHCTpPYIOTH BHUIIYy IIBUAKICTh Ta C€PEKTHBHICTH
MOPIBHSIHO 3 MOAYsiMU Ha C++.

VY crarTi "WebAssembly versus JavaScript: Energy and Runtime Performance" [2] no-
CIITHUKH TPOBOJSATh CHCTEMAaTHYHE BHUBYCHHS CHEPrOCIIOKMBAHHS Ta Yacy BUKOHAHHS
WebAssembly y nopiBHsiHHI 3 JavaScript. BukopucroBytoun Mikpo-OeHUMapKu Ta pealibHi
3aCTOCYHKH, BOHM BHUSBWIM, 10 WebAssembly mepesepirye JavaScript 3a mBHIKICTIO Ta
eHeproe(eKTUBHICTIO, X0Ua PI3HULA 3aJI€KUTh BlJ] KOHKPETHUX 3a/1a4 Ta Opay3epis.

VY nocnimxenni "Empowering Web Applications with WebAssembly: Are We There
Yet?" [3] anamisyerbcsi, sik Opay3epHi pymrii onTuMi3yroTh BukoHaHHsS WebAssembly vy
nopiBHsHHI 3 JavaScript. Pe3ynbratu nokasywoots, mo WebAssembly mMoxe OyTu mBummmm
3a JavaScript mais HeBeNMKHX OOCSTIB JaHUX, ajie MpH 30UIbIICHHI PO3MIpy BXITHUX TaHUX
JavaScript moxe mepesepuryBatu WebAssembly depes arpecusnim JIT-ontumizamii. Kpim
toro, WebAssembly crioxxuBae Oisipiiie mam'siti 4epe3 CBOKO JIiHIHHY MOJIEITb TTaM ' sITi.

VY crarti "Bringing the Web Up to Speed with WebAssembly" [4] mpencraBneno ap-
xitexktypy Ta MmoxkiauBocti WebAssembly sik mopTaTHBHOTO HH3BKOPIBHEBOTO 0AaWT-KOAY, IO
3a0e3mevye KOMIAKTHE TIPEICTaBIICHHs], €()eKTUBHY BaJliJIallif0 Ta KOMIIUIAIIIO, a TAKOXK 0e3-
NeYHe BUKOHAHHS 3 HU3HKUMH HAKIIQJHUMHU BUTpAaTaMH. ABTOPH MiJIKPECIIOIOTH MOTEHITia
WebAssembly 1151 3HaUHOTO MABUILEHHS IPOAYKTUBHOCTI B€0-3aCTOCYHKIB.

TakuM 4YMHOM, HE3Ba)KalOUW Ha BiJTHOCHO HEBEIMKY KUIbKICTh HAyKOBHX IMyOJiKalliid Ha
temy WebAssembly, mpoBeneHi TOCTIPKEHHS MOKa3ylOTh 3HAYHUIN TOTEHINIal i€l TeXHO-
JoTii AJIA MIJBULICHHS MPOIYKTUBHOCTI BeO3acTocyHKiB. OnHak, BUOIp MOBH MpOrpaMyBaH-
HS, 3 sIKOT cTBOproeThbest WebAssembly-Moaysb, a Takok THM 3a/1a4l MOXYTh CYTTEBO BILIU-
BaTH Ha KIHIEBI MOKa3HUKH MPOAYKTHBHOCTI.
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Merta aocJaiIsKeHHs - BUSHAYCHHS KIIFOUOBUX MOKIUBOCTeH iHTerparii WebAssembly
[P CTBOPEHHI BUCOKOMPOIYKTUBHUX BE03aCTOCYHKIB JJIsl BUSIBJICHHS IE€peBar 3aCTOCYBaHHS
WebAssembly Ta BU3HAa4MTH CTpaTerii BUKOPHCTAHHS IIi€i TEXHOJIOTIi B cydacHiil BeOpo-
3po61i. BusHavaerscst mpoaykTuBHICTE WebAssembly-kony B MOPIBHSHHI 3 aHAJIOTTYHUMH
peanizamismu Ha JavaScript i3 3actrocyBanasM komminstopa Cheerp [5].

BukJjan ocHoBHOro 3micty. OcobauBoCTi opraHizalii maM’sTi Ta crnocodu ii BUKOpHU-
CTaHHS MalTh Oe3mocepeiHid BIUIMB Ha MPOAYKTHBHICTH mporpam. WebAssembly Ta
JavaScript BUKOHYIOThCS Y cepeloBHILI pyiIiiB JavaScript, mpoTe iX MiAX0au 10 BUKOHAHHS
KOy Ta yIpaBIIiHHS I1aM’SITTIO CYTTEBO Pi3HATHCSA [6].

Bipryanbna mammna WebAssembly omepye kinbkoma perioHamu mam’sti (puc.l).
[Tam’ATH KEpOBaHOTO KOJY MICTHTB Oe3mocepeqHpo Ko nporpamu WebAssembly ta goctyn-
Ha BUKJIFOYHO BipTyanbHil MamuHi. B 3B’s13ky 3 mum WebAssembly xon He Moxke ii 3unTyBa-
TH 49U 3MiHIOBaTH. KepoBaHM CTEK BUKIHKIB 30epirae ajapecw MOBEpHEHHS, IMpPEACTaBICHI
TUTIOM 132, SIKHH TaKO’K BUKOPUCTOBYETHCS JUIS MIO3HAYECHHS BKAa31BHUKIB Ta aJipec y Ham sTi.
Bin 3a0e3neuye BiICTe)KEHHSI aKTUBHUX BUKIIMKIB (DYHKIIIH 1 3aXUIIIa€ BiJl aTak, M0 0a3yrOTh-
Ccsl Ha MiIMiHI ajpec nmoBepHeHHs. KepoBaHMii CTEK OIIHKM BUKOPUCTOBYETHCS JUIS Tepeaadi
napamMeTpiB IHCTPYKILIAM 1 30epekeHHsI iX pe3yibTariB. BiH MOke MICTUTH 4OTHPH 0a30Bi
tunu WebAssembly — 132, 164, 32 ta {64, m1o BiANOBi1al0Th LITUM YKCIIaM 1 4ucIaMm 3 Iia-
BaOYOI0 KPaIKoIo, 3aK0A0BaHUM Ha 32 abo 64 6itu [7].

JliniliHa mam’sITh MPU3HAYEHA I 30C€piraHHs HECKAISAPHUX THUIIB JaHUX, TaKUX SK
PSIKHM, MAaCUBU Y CHHUCKHU. BoHa sBisie 00010 €1MHUI HeNepepBHUIN CErMEHT, Y SIKOMY BiJ-
CYTHI1 MOHSATTS MpaB JOCTYILY, TOMY YCi laHI MOXKHa SIK YUTaTH, Tak 1 3anucysatu. Kpim toro,
JiHiiHa mamM’ATh He BUKOPUCTOBY€E MEXaHI3MM paHjioMizauii aapec, ssk-oT ASLR a6o PIE, ski
HiATPUMYIOTHCSL BCIMa OCHOBHUMH ONEpaI[ifHUMU CUCTEMaMH. YIIPABIiHHS LI€0 MaM’sITTIO
MOKJIAJAETHCS. HA MIporpamy, aje y OUIBIIOCTI MOB MPOrpamMyBaHHS 1 BIANOBIAHUX KOMITLIS-
TOpIB CTPYKTYypa OpraHizallii mam’sTi aHaJori4YHa HaTUBHUM BHKOHYBaHUM (aiiiaM 1 BKIIO-
Ya€ CTEK, Kylmy Ta 30HY IS CTaTUYHUX a0o0 3a3/iajieriip BU3HA4YeHHX 3HaueHb. LI 30HU
30epiraloTb OCHOBHY YaCTHHY JIaHMX, PO3MOAUIEHUX BIAMOBIIHO IO BUXIAHOTO KOJY Ta BUKO-
PUCTOBYBAHOT'O KOMITLISITOPA.

JlokanbHi Ta rino0anbHi 3MiHHI WebAssembly € no1aTkoOBUM MeXaHI3MOM KepyBaHHS
nmaMm’ATTHO. SIK 1 CTeK OIlIHKH, BOHU OOMEXeH1 YoTHpMa 6a30BUMHU THMaMH. [ 106anbH1 3MiHHI
JOCTYITHI Y MEXKax yChOT0 MOJYJIS, a JIOKAJIbHI — JIMIIE B MEKaX BUKOHYBaHO1 GyHKIIi. 3Ha-
YEHHS WX 3MIHHUX 00POOJISIFOTHCS 3a JOTIOMOTOI0 CTEIiabHIX 1HCTPYKIIIH 1 30€piraroThcs y
BH3HAYECHIN TaONHIll, HEAOCTYNHIN 3 JiHIAHOT maM’aTi. BogHOuac BapTo 3a3HAYUTH, IO CY-
YacHl IHCTpyMeHTapii 3a3BHyail He BiZJOOpakaroTh JIOKAJIbHI Ta IJ100aIbHI 3MiHHI 3 MOB MpO-
rpamyBaHHs Oe3nocepeHbo Ha 3MiHHI WebAssembly.

Komninsatopu WebAssembly BUKOPHCTOBYIOTh JiHINHY NaM’ATh JUIsl CTBOPEHHSI CXEMH
pO3TallyBaHHs 1aM’sITi, 10 BKJIIOYAE TPU 30HH, a caMe: CTEK, KyIly Ta 30HY JJs CTaTUYHUX
nanux. Lli 30HM MOXyThb OyTH OpraHizoBaHi pPi3HMMH CIIOCOOaMH, 1 Ha MpPaKTHULI pi3HI
KOMITUIATOPH MPUIMAIOTh Pi3HI PIlIEHHS, 1110 MPU3BOJUTD 0 PI3HUX CXeM. Y 1iif cTarTi Oyzae
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30CepeKEHO yBary Ha ABOX BapiaHTax, goctynmHux y LLVM [8] toolchain: «stack-first» Ta

«no-stack-firsty» (puc. 1).
WebAssembly instance

Linear Memory Managed Memory
/ Stack first No Stack First \ Global variables
OR {Default)
Global Global Global
—| variable #1 | variable #2 | variable #3
heap Local variables (one table for each function call)
Local Local Local
heap #1 | ariable #1 |variable #2 |variable #3
42 Local Local Local
stack grows variable #1 |variable #2 variable #3
data
I
grows
stack Retum Code
address 0 d
47 [Pkl memory
: #2
data Retum
address Operand
0 0 #1 #1
Call stack Evaluation stack

Pucynok 1 - Maxker nam'siti BipTyanpHoi Mamian WebAssembly

3a 3amoBuyBaHHIM LLVM BukopucroBye cxemy «no-stack-firsty, me 3ona ganux ¢ik-
COBAHOTO PO3MIPY PO3TAIlIOBaHA 3a HAMHIKUYUMHU ajapecamu. Jlami iige crek, SKuil 3pocTae y
HaNpsSIMKY /10 MEHIIUX aJpec, a Kylna — Yy HalpsAMKY /10 OutbluX. BiaCyTHICTH 4iTKOrO po3-
MexyBaHHs 1mam’aTi B WebAssembly o3Havae, 110 nepenoBHEHHs cTeka (TOOTO CUTYyallisl, KO-
JIU WOTO PO3MIMPEHHS TOXOAUTH 0 3ITKHEHHS 3 1HIIIOK 30HOK0) MOXKe O€3CIITHO MOIIKOIUTH
JlaHi y 30H1 AaHuX. Yepes 1eit Heomik po3poOoHukH Rust 3ampononysanu cxemy «stack-first»,
Jie CTeK pO3TalllOBaHUN Ha HMKYUX aJIpecax, a 30Ha JaHUX 1 Kyla — Ha BUIIUX. Takuil miaxisg
NPU3BOJMTH A0 aBapiiiHoOro 3aBepuieHHs: poboT WebAssembly runtime y pasi nepernoBHEHHs
CTeKa, OCKUIbKHM CTEK OyJie 3poCTaTH 10 HEJONMYCTUMHX (HETaTMBHHUX) ajipec, He IMepe3arnu-
CYIOUHM 1HIII JaHi, II0 Ja€ 3MOTY OJJHO3HAYHO BUSIBUTH MEPETIOBHEHHS Ta YHUKHYTU Hemepe-
6auyBanoi nmoBeaiHkH. CTaHOM Ha ChOTOJIHI BiH OyB MPUMHATHH 3a 3aMOBUyBaHHAM y Rust, y
Zig, a B LLVM 00roBop1oloTh MOXJIUBICTh 3pOOUTH HOTO CTaHAAPTHUM.

OpHak, 171 JOCATHEHHS BHCOKOI NMPOJYKTHBHOCTI HEJIOCTATHBO JIMIIE BPaxOBYBAaTH
Mozenb mam’aTi. He MeHIm BaxnuBUM € aHami3 omepariii mepemadi manux mix JavaScript i
WebAssembly, 1m0 cynmpoBOKY€EThCS cepialli3alli€lo Ta Jaecepiami3allic€lo CKIaJHUX CTPYK-
TYp.

3aranom, npaBuibHE BUMIPIOBaHHS MPOAyKTHUBHOCTI WebAssembly mae oxorutoBaTu
HE JIMIIE 3arajlbHUi Yac BHUKOHAHHS alTrOpUTMY, a W Takl acleKTH, SK IHIIani3alis
WebAssembly, nepenaya nanux mix JavaScript 1 WebAssembly, a Takoxx BUTpaTH yacy Ha
nepeMUKaHHs KOHTeKCTy BukoHaHHs. WebAssembly anroputm mae HactymHi (a3 BUKOHAH-
HS:
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3ammyck WebAssembly (wac Bijx iHimiani3arii MoIys);
BXi1 y ¢yHKIito 3 JavaScript;

Jiecepianizalis mapamMeTpis;

BUKOHAHHS aJITOPUTMY;

cepiainizanis pe3yabTaTiB;

ok whnE

MOBEPHEHHS 10 KOHTEKCTY JavaScript.

WebAssembly y cBoiif 0CHOBI miATpUMY€ JUIIEe YOTUPU MpUMiTHBHI TUnH ( 132, 164,
32 Ta f64). Lle o3Havae, 10 CKIIA/IHI THUIH, TaKi SK PSIAKH, MAaCUBHU, 00'€KTH 200 CTPYKTYypO-
BaHi JaHi, HE € YaCTMHOIO HOT0 BHYTPIIIHBOTO MpecTaBieHHs. PoOoTa 3 TaKUMU CKIaJHUMHU
CTPYKTYypaMH 3aJIe)KUTh Bl MEXaHi3MIB cepiamizawii Ta gecepiaizaiii, siki BAKOPHCTOBYIOTh
KOMIIUIITOPH MOB IPOTPaMyBaHHs, 0 TpaHCITIOITheS B WebAssembly. Tak y C/C++ 3a3Bu-
Yaii MPaIoIOTh 3 MOKAKYMKAMH Ta BUAUICHHSIM IIaM siTi, BUKopucToByroun malloc Ta free, a
cami CKJIaaHI CTPYKTYpH IepenaroThes depe3 Oydepu B mam’sati WebAssembly. Ananoriaao
B Rust ympaBmiHHA mam’sSTTIO BiOYBa€eTbCs Yepe3 CUCTeMy BosiofiHHs (ownership), a mpu
komrisinii B WebAssembly BHKOPHCTOBYEThCS TE€BHHH MeEXaHIi3M I B3aeMOJil 3
JavaScript, mampuximan wasm-bindgen, sKkuii MOXE aBTOMaTHYHO NEpEeTBOprOBaTH Rust-
o0'exTH B cepianizoBaHi popmatu [9].

Y JavaScript B3aemomis 3 WebAssembly 3a3Buuaii  BigOyBaeThCsi  uepes
WebAssembly.Memory, ne Benmuka o0acTh maM’siTi BUKOPHUCTOBYETHCS SIK MAacHB OalTiB
(ArrayBuffer). CknaaHi cTpyKTypH IEpEeTBOPIOIOTHCS y BiAMOBIAHI MacUBU OaiTiB mepesn re-
penauero B WebAssembly, a 3BOpoTHE nepeTBOPEHHS 3/1HCHIOETHCS MTPU 3UUTYBaHHI JaHUX.
JUis  1bOro BHUKOPUCTOBYIOTHCA O10MIOTEKM Ta KOMMUIATOPHI YTHJIITH, Taki SK
AssemblyScript [10], skuit amantye TypeScript mns WebAssembly, ado Emscripten st
C/C++.

Takum yuHOM, €PEKTHBHICTH POOOTH 31 CKIAAHUMHU CTpykTypamu y WebAssembly
3HAYHOIO MIPOIO 3aJIeKUTh BiJ] 00paHOI MOBHM IpOrpaMyBaHHs Ta ii MeXaHI3MiB O0OpOOKHU
nam’saTi. OnTumizanis cepiaiizaiii Ta jecepianizalli, a TakoX MiHIMI3allisl KONIIOBaHHS Ja-
HUX € KIIFOYOBUMH acCTIeKTaMH IS TiABUIIEHHS MTPOAYKTUBHOCTI.

Ile mae cyrTeBe 3HaYeHHs MpU AOCTIHKeHHI mBUAKOAIT WebAssembly. Amke cama
nuiie cepianizamist ckiagHux JavaScript-o0’exTiB B OaiitoBuil ArrayBuffer 1 3BopoTHs ne-
cepiaizalis MOXYTb 3alHATH Oiibllleé Yacy HDK BHKOHAaHHS CaMOro ajiroputMy y wasm-
¢yknuii. Ha mictuarax 1 1 2 HaBeneHi BOynoBaHi QyHKIIT komminaropa AssemblyScript, ski
JecepiaizyroTh(0MyCKalTh) CKIaIHI CTPYKTYpH JaHHHX 10 3po3yminoro ains WebAssembly
¢dopmary Ta cepiayizyloTh IX Ha3aj MIiCHs 3aBEpLICHHS BUKOHHAHHS (YHKIII y KOHTEKCT Ja-
vaScript.

Jlictunr 1 - dykHiis __lowerArray

function _ 1liftArray(liftElement, align, pointer) {
if (!pointer) return null;
const dataStart = _ getU32(pointer + 4),

length

values

___dataview.getUint32 (pointer + 12, true),

new Array (length);
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for (let i = 0; i < length; ++i) values[i] = 1liftEle-
ment (dataStart + ((i << align) >>> 0));

return values;}

Jlictunr 2 - Oyxuiis __ liftArray
function _ lowerArray (lowerElement, id, align, values) {
1f (values == null) return 0;
const length = values.length,
buffer = exports. pin(exports. new(length << align,
1)) >>> 0,
header = exports. pin(exports. new(l6, id)) >>> 0;
___setU32 (header + 0, buffer);
___dataview.setUint32 (header + 4, buffer, true);
__dataview.setUint32 (header + 8, length << align, true);
dataview.setUint32 (header + 12, length, true);
o for (let i = 0; i < length,; ++i) lowerElement (buffer + ((1
<< align) >>> 0), values[i]);
exports. unpin(buffer); exports. unpin(header);
return header;}

Komu wasm-¢dyHkuis notpedye mnepeTBOpeHHs BEIUKOI KITbKOCTI JaHUX, MpeICcTaBlie-
HHX B Javascript-o6’ekrax, B 3po3ymiiuii opmar byte-macuBy, wasm Oyie sk MpaBrIIo MoKa-
3yBatd Tripmuii nepdopmanc Hixk JavaScript. Ile cBimuuTh mpo Te, MO BiANOBIIHUM
BapiaHTOM BuKopucTtaHHs WebAssembly € Bunanku, konu BXiAH1 JaHi MPOCTI, epeaaya aa-
HUX OOMEXeHa, ajie BOHM BUKOPHUCTOBYIOTHCS IS CKJIQAHUX OOYHMCIIEHB, SIKI JAl0Th Oarato
BUXIJIHUX PE3YNbTaTIB.

BpaxoByroun 11e, OCHOBHY yBary JaHOTo JOCIIIPKEHHs 30CEpe/PKEHO Ha aHajli3l mpo-
nyktuBHOcTi WebAssembly y mopiBHsHHI 3 JavaScript B yMOBax 130JIbOBaHOTO BUKOHAHHS
aNropuTMiB 0€3 nepesadi KOHTEKCTY.

[Ninotesa gocmimkeHHs noJsirae y npunyiieHHi, mo WebAssembly 3n1aren 3a6e3neuntu
BUIIY NMPOJYKTUBHICTh Y BUKOHAHHI O0YUCIIIOBAIbHO-IHTEHCUBHUX aJTOPUTMIB Y IMOPIBHSIHHI
3 JavaScript 3a paxyHOK MHoIepeiHboi KOMNUIALIT y 0alTKO/ Ta €eKTUBHILIONO yIpaBIiHHSI
nam’TTI0. OUIKYEThCS, 1110 CaMe Y CLEHapiixX 13 00MEXEHOI0 Mepeladyeto CKIaAHUX CTPYKTYp
naHux Mix JavaScript 1 WebAssembly, octanHil mpoieMOHCTpY€e 3HaUHY TepeBary B IIBU/I-
Koii.

VY SKOCTI TECTOBUX TPHUKIAAIB OOpaHO aIrOpPUTMH JTiHINHOT anredpu 3 HaOOpy
o6enumapkiB PolyBenchC [11]. Ile mo3Bomsie mpoBecTH 00’ €KTHUBHE MOPIBHSIHHS CHPOi 00-
YUCITIOBAJILHOI MPOJYKTUBHOCTI 000X TEXHOJIOTIH 0e3 BIUIMBY 30BHINIHIX (akTopiB. Y Tabd-
mumi 1 mpencrasinero 20 nporpam Ha C 3 Habopy 6erumapkis PolyBenchC.
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Taomuns 1
benumapku PolyBenchC
No | benumapk Onuc
1 | 2mm Two matrix multiplications
2 | 3mm Three matrix multiplications
3 |atax Matrix transpose vector multiplication
4 | bicg BiConjugate gradient
5 | cholesky Matrix decomposition
6 | deriche Smoothing filter (Deriche)
7 | durbin Toeplitz systems solver (Durbin's algorithm)
8 | floyd-warshall All-pairs shortest paths
9 |gemm General Matrix Multiplication
10 | gemver Multiple Matrix-Vector Multiplication
11 | gesummv Summed Matrix-Vector Multiplication
12 | gramschmidt Orthogonalization (Gram-Schmidt process)
13 | lu LU decomposition
14 | ludcmp LU decomposition (compact)
15 | mvt Matrix vector multiplication
16 | symm Symmetric matrix multiplication
17 | syr2k Symmetric rank-2k update
18 | syrk Symmetric rank-k update
19 | trisolv Triangular matrix solver
20 | trmm Triangular matrix multiplication

Ha puc.2 naBeneno

nporeaypy BuMiproBaHHS mnpoayktuBHocTi WebAssembly ta

JavaScript, sika cKJIaIa€ThCs 3 YOTHPHOX ETAIliB:

1. Tpancopmaliist BUXITHOTO KOJY.

2. Kowmmimsris y Wasm/JS.
3. PosropranHs.

4. 306ip naHuX.

=

Benchmarks
(C Source code)

! Replacing

1 Incompatible |

\._Functions

Source Code
Transformation

JS_’ RALLIELELILILLLEL! % _> !
Compiled ¢ Instrumenting | J;’>
Ch%rp s | Lo'fider aan t IS with Loade
> i+ Testing Script |
Tra:sformcd \‘M"’ R 0 ) —
C Potatiis 3
Orgrams Cinilitisi Compiled|  Deployment WA
Tl P EI WASM | Instrumentation EIWASM with

L1d

' Measuring in !
i Chrome and !
. Firefox

Data Collection

Loader

Pucynok 2 - BumiproBanus npoaykrusHocti WebAssembly Ta JavaScript

Test 1
l-ll Results |

Ockinbky JIesiki peartizamii alrOpUTMIB MaId MMOMUJIKM KOMITUIALIHM, BUITPaBIILEMO iX Ha

NepUIoMy eTarli, 3aCTOCOBYIOUM TpaHc(opMallito BUXigHOTO Koay. Tpanchopmariisi BUXiAHO-

ro Kojay mependaudae 3aMiHy HECYMICHMX KOHCTpYKUi MoBu C, sKi HE HIATPUMYIOTHCA
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Cheerp. Ha npyromy erami kommiatoemo 20 nporpam Ha C 3a momomororo Cheerp ais reHe-

pamii WebAssembly Tta JavaScript. IlonmepeaHbo [0 KOMIUIALIT JJ0Ja€EMO KOA  JUIS

BUMIPIOBaHHS 4Yacy BHUKOHAHHA aJropuTMiB. Ha TpeTpboMy eTami CTBOPIOEMO MiHIMaJIbHY

HTML-cropinky ans 3aBanTakeHHs nporpam Ha WebAssembly/JavaScript. Ha getBepromy

eTari 3amyckaemo 3renepoBani nporpamu WebAssembly/JavaScript na HTML-cropinkax i

30MpaeMo JaHi MPO Yac BUKOHAHHS Ta BUKOPUCTAHHS IaM’STi 3a JIOTIOMOTOI0 BOYIOBaHHMX

IHCTpYMEHTIB po3poOHHKa y Opay3epax. B Tabmuii 2 HaBeneH1 pe3ynbTaTH IPOBEIEHOTO J10-

CJIIJIPKEHHSI.
Tabmuws 2
Yacosi nokazuuku Bukonanus WebAssembly i JavaScript
Po3mip gara- JavaScript WebAssembly | Performance Ratio
Anroputm
cery Cep. yac (c) Cep. uac (¢) (JS/IWASM)
3mm SMALL 0.016500 0.003060 5.392157
3mm MEDIUM 0.056000 0.051440 1.088647
3mm LARGE 5.266580 8.851160  |INSOISOSOICEENNS
atax SMALL 0.003960 0.000640 6.187500
atax MEDIUM 0.008160 0.002780 2.935252
atax LARGE 0.047140 0.027160 1.735641
bicg SMALL 0.005160 0.000820 6.292683
bicg MEDIUM 0.009360 0.002380 3.932773
bicg LARGE 0.049800 0.024320 2.047697
cholesky SMALL 0.011280 0.006940 1.625360
cholesky MEDIUM 0.088400 0.132020
cholesky LARGE 14.906300 21.574020 -
deriche SMALL 0.024220 0.001520 15.934211
deriche MEDIUM 0.069100 0.013540 5.103397
deriche LARGE 0.901520 0.273100 3.301062
durbin SMALL 0.001900 0.000580 3.275862
durbin MEDIUM 0.002820 0.000880 3.204545
durbin LARGE 0.011560 0013400  |HNOECAEETN.
floyd SMALL 0.022100 0.013540 1.632201
floyd MEDIUM 0.282500 0.219700 1.285844
floyd LARGE 46.080300 38.256420 1.204512
gemm SMALL 0.005780 0.001580 3.658228
gemm MEDIUM 0.025000 0.018420 1.357220
gemm LARGE 1.300060 2.171760 _
gemver SMALL 0.005220 0.000740 7.054054
gemver MEDIUM 0.012180 0.002700 4511111
gemver LARGE 0.065880 0.043280 1522181
gesummyv SMALL 0.003480 0.000700 4.971429
gesummyv MEDIUM 0.006260 0.001100 5.690909
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gesummv LARGE 0.045220 0.019140 2.362591
gramschmidt SMALL 0.008900 0.001180 7.542373
gramschmidt | MEDIUM 0.025680 0.027900 |
gramschmidt LARGE 3.681840 4.257600 |
lu SMALL 0.012500 0.006600
lu MEDIUM 0.099860 0.151680 |
lu LARGE 18.965720 27.973800
ludcmp SMALL 0.012920 0.006280
ludcmp MEDIUM 0.111520 0.143000 |
ludcmp LARGE 19.636700 24.696860
mvt SMALL 0.005020 0.000620 8.096774

Ha puc. 3 HaBenmeHO pe3ynbTaTH EKCIIEPHUMEHTIB, y skux WebAssembly mpoaemoH-
CTpPYBaB Kpallly IIBHIKOJIII0 HAa ICBHUX aJITOPUTMAX 3 BU3HAYCHUM PO3MIPOM BXIJHUX JTaHUX.
VY cBorO uepry, Ha puc. 4 MokazaHi eKCriepuMeHTH, e JavaScript moka3aB cebe Kparie Ha iH-
[IMX aJTOPUTMaXx 3 IHIIUMH PO3MipaMH BXiJHUX JaHUX.
WASM Wins (JS/WASM ratio > 1) - Full Data
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TakuMm 9MHOM, AOCHIPKEHHS MpoaykTuBHOCTI WebAssembly 1 JavaScript mo3Bommiio
OTPUMATH HH3KY BaXIUBUX pe3ynbraTiB. [lo-mepme, WebAssembly mnponemoHcTpyBaB
ICTOTHY niepeBary y BHKOHAaHHI OOYMCITIOBAJIbHO IHTEHCHBHHUX QJTOPUTMIB HA MaJIUX Ta Ce-
penHix obcsarax maHux. Y Oararbox BUNAAKax (QikcyBajocs HpUCKOpeHHS B 5-15 pasis
nopiBHsHO 3 JavaScript. HaiiBumry npoaykruBHicte WebAssembly nokaszas y 3amauax, mo
NOB’s13aH1 3 JIIHIHHOIO anre0poro, (PiIbTpaIli€l0 CUTHANIB Ta CUMYJISILISIMA — 30KpeMa, y Ta-
KHX anropuTtMax sik deriche, atax, trisolv, gemm, bicg.

[To-npyre, y BUMAaAKy BEIMKUX HAOOPIB JAaHHMX CIIOCTEpiraiacs 3MillaHa AUHAMIKa: ya-
ctuHa anroputmiB (cholesky, lu, syr2k, trmm) mpamroBana mBuame y JavaScript a6o 3
MIHIMaJIHHOKO pi3HUIIEIO. Lle MOsSCHIOEThCS THM, 110 BEJMKI 00’ €MU JTaHUX 30UTBIITYIOTh BUT-
paTi Ha cepiamizaliro/necepianizamito, IHIIIaTi3allil0 MaM’ATi Ta  3aBaHTAKCHHS
WebAssembly-moaysis, Toai sik pyrrii JavaScript (Hampukiag, V8) akTHBHO ONTHMI3YIOTh
JIOBTOTPHUBAJIl OOYMCIICHHS. Y TaKUX CIEHApiAX TpaaulidHuil JavaScript, 3aBAsSKH mpsSMOMY
JOCTYITy 10 00’€KTHOI MOZAETI Ta ONTHMI3alii pymIiiB, MOXe BUSBUTHCS OLIbII MPOTYKTHB-
HHM.

TakuM 9MHOM, Pe3yJbTaTH MiATBEPDKYIOTh, 0 WebAssembly € HaiOimbIn TOIUTEHUM
y KOHTEKCTax, JIe:

— CTPYKTypa AaHUX € TPOCTOIO;
— o0miH mMixk WebAssembly ta JavaScript miHiMansHuii;
— 00YHMCIICHHS 30CepeKeH] y camiit wasm-(yHKIIii,

— KPUTUYHO BaXKJIMBA MPOAYKTHUBHICTb.

Ha ocHOBI mnpoBeaeHOro MAOCHIKEHHS JOLUIBHO PEKOMEHAYBAaTH BHUKOPUCTAHHS
WebAssembly y BeO3acTocyHkax, 10 MOTPEOYIOTh BHCOKOI OOYHCITIOBAIILHOI MPOIYKTHB-
HOCTI 32 YMOB MiHIManbHOTro 00OMiHYy gaHumHu 3 JavaScript. HallepexkTupHime st TeXHOIOTIsA
nposiBiIsie cede y BUKOHAHHI MaTEeMAaTUYHUX Ta JIOTTYHUX OOYHUCIIEHb, 30KpEMa B aJrOpUTMax
JiHIMHOT anredpu, ¢uibTparii, 00podil CUTHANIIB, CUMYJISLISAX, KOJIM CTPYKTypa BXIIHUX Ja-
HUX € MPOCTO, a cama oOpoOka 3ocepemkeHa Becepenuni WebAssembly-monyns. ¥V Takux
Bumagkax WebAssembly 103BoJisie TOCSATTH 3HAYHOTO MIPUCKOPEHHS MOPIBHIHO 3 JavaScript,
0CO0JIMBO Ha MAJIUX 1 cepe/IHIX Habopax JTaHUX.

ToMy IOLUIBHUM € KOMOIHOBaHMM MiAX1J: OOUMUCITIOBATIbHI «Trapsdl TOUKH» peaii3oBy-
10Tbcs 3a gomnomororo WebAssembly, a 3aranbHa Jiorika 3acTOCYHKY, 0OpoOka momid i
B3aemoniss 3 DOM 3zamumarotsess y JavaScript. Kpim Toro, BaKiIMBO KOMILIIOBATH
WebAssembly-moayni 3 Makcumanbaumu ontumiszamismu (-O3, -Ofast) i 000B’s13k0BO Tpo-
BOJUTH TECTYBAaHHS KOXKHOT'O KOHKPETHOI'O BUMAJKY, 1100 OOIPYHTOBAHO OLIHHUTU AOLLIb-
HICTh 3aCTOCYBAHHS I[1€1 TEXHOJIOTI].

BucHoBku. JavaScript 3anuIiaeTbcss OCHOBHOIO MOBOIO BEOPO3pOOKHM 3aBISKH CBOIH
yHiBepcaabHOCTI, 1HTerpamnii 3 DOM Ta moTyxHUM pyilisM BUKOHaHHS. OgHAK HOTo 1HTEp-
IIpEeTOBaHa MpUpPOJa CTBOPIOE OOMEXKEHHs MPH BHUPILIEHH] 3a]1a4, SKI MOTpeOyIOTh BHCOKOT
MPOJYKTUBHOCTI.

WebAssembly, sk komminpoBaHa aqbTepHATHUBA, HAJIa€ CYTTEBI MEPEBark y MIBUAKOMII,
0COOJIMBO ISl OOYMCITIOBAIBHO BAXKKUX 3a/1ad, 110 peaizyloThcsi MoBamu tuiy C/C++ abo
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Rust. Moro MoxmBocTi 3a6e3medyioTh NPOAYKTHBHICTb, OIM3bKY 10 HATHBHOI, Y Gpaysep-
HOMY CEpEOBHILI, IIPH LFOMY 30epiraroun miarhopMHy HE3aIEKHICTb.

Tema mociiKeHHS € aKTyalbHOIO Y 3B’A3KY 3 IMOCTIMHUM 3pOCTaHHIM HOTPeO y BUCO-
KOINPOAYKTUBHUX BEOI0JaTKaX, 30KpeMa y rainy3sx:

— (iHAHCOBOTO MOJICITIOBAHHS;

— MAaIIMHHOTO HaBYaHHS B Opaysepi;

— Bi3yasizamii BeTUKHUX JaHUX;

— IrpoBOi iHAYCTPII.

[IpoBenenuit ananiz miarBepkye, mo WebAssembly € edhekTHBHUM IHCTPYMEHTOM
JUTS TIOKpAIICHHS MBUIAKOMII BeOqoaTKiB. BogHouac #ioro BUKOpUCTaHHS TIOBHHHE 0a3yBa-
THUCh HA TOYHOMY PO3YMIiHHI apXiTEeKTYpH 3aCTOCYHKY, XapakTepy 3ajad i 00cAry naHux, siKi
nepenaTbesa. Y MalOyTHhOMY OYIKYETHCS IOJAIBINE BIOCKOHAJICHHS 3acOo0iB iHTerparii
WebAssembly y BeGcepenoBuiie, o e O61IbIIe pO3MUPUTh MOKIMBOCTI HOTO IPAKTUYIHOTO
3aCTOCYBaHHS.
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Research of WebAssembly usage for high-performance code
development in web applications
The paper examines the potential of using WebAssembly in web applications to ensure
high performance. It is shown that WebAssembly technology allows achieving nearly native
speed compared to JavaScript due to bytecode compilation. The performance of WebAssem-
bly is analyzed using linear algebra algorithms with PolyBenchC benchmarks. The research
results demonstrated that WebAssembly shows advantages in executing computationally in-
tensive algorithms with small and medium data sizes. The main factors affecting WebAssem-
bly's efficiency when processing large data volumes are identified.
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M.M. Hecrepenko, B.B. Beaminb
NEPEMIINEHHSA NOBITPAHUX BKJIIOUEHD Y JIETKOBETOHHUX CYMIIIHAX
IIPU BIBPAIIIHHOMY YIIIILHEHHI

Anomayin. Y cmammi posensinymo npoyec 8iopayiiHo2o YwilbHeHHs NOLICMUPOIOemoHHOL
CYMIWI 3 YPaxyBaHHAM X8UNb0OB020 30V0duCceHHs. AKmYanvHicmb 3yM0O61eHd HeoOXiOHIiCcmIO Ni-
O0BUWEHHSL OOHOPIOHOCMI MA 3HUNCEHHS NOPUCMOCTE JlecKODemOoHHUX 8upobis. Memoro doc-
JIOJCEHHST € CMBOPEHHS OUHAMIYHOI MoOeli cucmemu «niamgopma — OemonHa cymiuly ma
BU3HAYEHHS eheKMUBHUX percUuMie yuintbHenHs. Memodamu 0ocniodcents € anarimuyne mo-
0et08aHHs, YUCENbHUL PO3PAXYHOK 2PA0i€EHmMI8 MUCKY MAd AHANI3 NepeMiyeHHs: NOSIMmPSIHUX
BKIIIOUEHb Y cepedosuui 3 UCOKoI0 8 ‘azkicmio. OmpumaHno 3anedcHocmi weuokocmi opeughy
bynvbawox 8i0 napamempis siopayii ma 008edeHo nepesazu KOMOIHOBAHO20 KOIUBANLHO20
30y0oicenns. Pesynomamu moocyms Oymu GUKOPUCMAHI Ol ONMUMI3Ayii pedicumis yujiib-
HeHHsL } 8UPOOHUYMEBI NOICIMUPONDOEOHY.

Knrouosi cnosa: nonicmuponbemon, eiopayiiine yujitoHeHHs, KOMOIHOBAHI KOIUBAHHS, NOGIM-
PAHI 8KNI0OUEHHS, OUHAMIYHULL TMUCK, X8UTbOSGI ehekmu, MoOelb YCMAHOB8KU, AMNIimyoa, 2pa-

OdieHm mucky, opetigh 6y160aulox.

IMocTanoBka npodjaemMu. OJHUM 13 BaXJIMBUX YMHHUKIB, 110 BU3HAYa€ SKICTh JIETKO-
0eTOHHUX BHUPOOIB, € e(peKTHBHE BUAAJICHHS MOBITPSHUX BKJIIOYEHb IiJ 4ac BiOpaliiiHoro
yuiibHeHHs. HasiBHICTh 3aMKHEHHMX a00 YacTKOBO 3B’SI3aHMX MOBITPSHHUX IOP HEraTUBHO
BIUIMBA€ Ha OJHOPITHICTh CTPYKTYPH, LIUIBHICTh Ta MIIHICHI XapaKTEpPUCTHUKU Martepiamy.
MexaHi3MHU NepeMillleHHs MOBITPS B JIETKOOETOHHUX CyMIIIaX BiJIPI3HAIOTHCS BiJl BaXKHX
OeTOHIB uepe3 OCOOJIMBOCTI CTPYKTYPH, MEHIY T'yCTHHY Ta HiBHIIEHY Ae(popMaTHBHICTbH
3al0BHIOBAYA.

AHaJi3 0CTaHHIX A0CTiKeHb. YIIPOJOBXK OCTaHHIX JECATHIITh MpobaeMa IiJIBUIIECH-
HS e(peKTHBHOCTI BiOpaIifHOrO YIIIJIbHEHHS JIETKUX OETOHIB, 30KpeMa MOJiCTUPOIOETOHY,
NpUBEPTAE 3HAYHY yBary JOCHiAHUKIB. Y poOoTtax [1 - 4] BcTaHOBIEHO, 1110 XapakTep po3Ino-
JIUTy IMHAMIYHOTO THCKY y CTOBII OETOHHOI CyMillli CYTTEBO BIUIMBAE HA MPOLIEC BUTICHEHHS
MOBITPSHUX BKIIIOYEHb, a IMITyJIbCHE 30y KeHHs 3a0e3nedye piBHOMIpPHUH I'paJi€HT THUCKY,
110 CTIpHsI€ MOKPAIIEHHIO CTPYKTYpHU Martepiany.

3Ha4yHa KUIbKICTh mpatpb [1, 3, 4] npucBsueHa TOCTiKEHHIO PyXy MOBITPSIHUX OynbOa-
IIOK Y B’SI3KOMY CEpEeJOBHUIII Ta iX B3a€MOJIl 3 KOJIMBATbHUMH MOJIIMU. 30KpeMa, IMOKa3aHo,
10 y BUIAAKY FApMOHIYHOTO 30y/PKEHHS B OETOHHOMY cepeloBUIll (pOpMYyIOThCs 30HU Je-
npecii, SKi MOXXYTh BUKJIMKATH MOBTOPHE BTATYBAaHHS IMOBITPs, L0 MOTIPIIY€E YIIIJIbHEHHS.
Tako BCTaHOBIJIEHO, IO MiJ BININBOM KOMOIHOBaHMX (BEpTHKAJIBHUX 1 TOPU30HTAIBHUX) KO-
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JMBaHb TMOBITPSHI BKIIOUEHHS MEPEMIIIYIOThCS 10 CIipaienoiOHiii TpaekTopii 3 eeKTHB-
HUM Jiper(hoM 10 TOBEPXHi.

AKTyaJbHUM HalpsMOM CYYaCHUX JOCIHIIPKEHb € MOJETIOBAHHS B3a€MOAil OeTOHHOI
CyMiIIIi 3 BiOpamiifHOO mIaThOPMOIO K MaCOBO-TIPYKUHHOI cucteMu [2, 5, 6]. Takwmii miaxiz
JI03BOJISIE BpAaXyBaTH JIWHAMIKY 30y KEHHs, 1eMI(yBaHHS Ta Pe30HAHCHI ePEeKTH, SKi CyTTe-
BO BIUIMBAIOTh HA €()EKTUBHICTH YIIIJIBHEHHS, OCOOJIMBO B YMOBAaX BUKOPHCTAHHS JIETKUX 3a-
MOBHIOBAYiB, TAKHX SIK MOJICTUPOJIbHI KYJIBKH.

He3Bakatroun Ha HasBHI HAampalioBaHHA, HEIOCTATHHO JOCHIPKEHUM 3aJIUIIAETHCS
BIUIMB BUCOTH OETOHHOTO APy Ta Pi3HUX PEKUMIB HA MEPEMIIICHHS MOBITPS Y HOIICTUPOJI-
OeToHi mpu Koro BiOpamiiiHOMY yurinbHeHHI. L{e 3ymMoBm0oe morpeldy y moganbiiomMy A0CIi-
JDKeHHI JaHOT TPOOJIEMATHKH 3 METOIO TT1IBUIEHHS SKOCTI JISTKOOCTOHHUX BUPOOIB.

Meta gociigxedb. MeToO OCTIIKEHb € PO3pOOJIEHHS Ta OOTPYHTYBaHHS MaTeMaTH-
YHOT MOJIeJN Tpolecy BiOpamiifHOTO YHIUTBHEHHS MOJICTUPOIOETOHHOI CyMili 3 ypaxyBaH-
HSM JIMHAMIYHOI B3aeMOJii Mix BiOpariiiHor 1uiargopmoro, 6ETOHHOK CyMIMIIIIO Ta Gop-
MOIO, @ TaKOX JOCTI/DKCHHS BIUIMBY PEXHUMIB KOJIHMBAJIHHOTO 30yIKCHHA Ha CPEKTHBHICTH
BUJIAJICHHS MTOBITPSHUX BKJIIOYCHb.

BukiiajgeHHs1 0CHOBHOI0 MaTepiany aociigkeHHs. J{ocaiKeHHS pO3MOILTY THHAMI-
YHOT'O THCKY IT0 BHCOTI CTOBIA CyMili [4] CBIYaTh, M0 IPH IMITYIBCHOMY 30YIKEHHI CTBO-
PIOETBCS PIBHOMIPHUH TPAiEHT TUCKY O€3 30H HETaTUBHOTO THCKY, IO CIIPUSE €PEKTUBHOMY
BUTICHEHHIO TOBITPs 13 cymimi. HaTOMiCTh TapMOHIYHE HAaBaHTa)KEHHS CYIPOBOJIKYETHCS
JIOKaJIbHUMH 30HaMH JIeTIpecii, K1 € PKepeioM BTOPUHHOTO IM1ICMOKTYBAaHHS MOBITPSL.

Buxopucrtanas KOMOIHOBaHHMX KOJMBaHb (OJHOYACHE BEPTUKAJIbHE Ta TOPU3OHTAJIbHE
30yIKEHHS) 103BOJIsIE 3a0€3MeUUTH 00'EMHE YIIUIBHEHHS CyMillll: BEPTUKAJIbHI IMITYJIbCH aK-
THBI3YIOTh CIUIMBAHHS BKJIIOYEHb, @ TOPU3OHTAIbHI — CHPUSIIOTH X HMEPEMILIEHHIO IO BUIBHOI
noBepxHi a00 614HMX 30H (popmu [4]. Pyx 4acTHHOK MOKHA pO3IJIAaTH K HEBEJUKI Mepio-
JIMYHI KOJMBAHHS /7S BEJIMKHX 1 SIK CYLIJIbHE 3aBUXPEHHS Jp10HUX YAaCTHHOK [7].

PyX noBITpsIHUX BKJIIOUEHB Y JIETKOOETOHHIN cyMilll Moke OyTH 3MO/EIbOBAHO 3a J10-
MOMOTr010 KpuTepiiB PeifHonbaca Ta piBHSAHB TAPOJAUHAMIKH Ul PYXY CPEpUYHUX YaCTHHOK
y B’SI3KOMY CE€pEeIOBUIIII :

Re = ,Od .Vnog ’ (1)

Y7,
1€ O — ryCTHHA CyMilli,
d — xapakTepuuit fiameTp 6yIbOANIKK HOBITPSAHUX BKIIOUEHb,
V — MBUIKICTH TiAHOMY,
/L — TMHaMI4Ha B S3KICTh CEPEJOBHIIIA.
Po3B’sa3yroun piBHSAHHA LI yMOB JaMiHapHoro migiiomy Re <1, orpumaemo kpuruu-
HUl niametp OynbpOaIiky, 31aTHOT 10 €(eKTUBHOTO CIUIMBAHHS:
18uv
d=, |[— )
P9
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Po3paxyHok mokasye, 1o s Jerkux O0eTOHIB (HU3bKa I'yCTHHA, BUCOKA B’SI3KICTh) I1O-
BITpsiHI OynbOammku niamerpoM Mmerme 0,5 MM MOXYTh 3aIMIIATHCA B TOBIII CyMilll, SIKIIO
HE CTBOPUTH JOCTATHHOTO I'PAIEHTA TUCKY.

BuBuaroun pyx moBiTpstHUX OyiabpOaIiok mig Ji€r0 MepioAUnYHUX KOJIMBAaHb, BCTAHOBIIE-
HO, 110 aMIUTITy/a MepeMilieHHs OyabOalKy y TpU pasd NEepeBUIYE aMIUIITYAy KOJIMBaHb
camof cymimi: Ug,, =~ 3U,

Lleit epeKT MOSICHIOETHCS THM, LIO0 MOBITPSHE BKIIOUYEHHS Ma€ Maly Macy, TOMy YyTJiIu-
BO pearye Ha 3MiHHM NPUCKOPEHHS cepeaoBuIla, popmyroun nudepeHiiioBanmii pyx (apeiid)
y HapsSAMKY MaKCHUMAJIbHOTO I'PAJiEHTA TUCKY.

Ha mpaxTuii 3acTOCOBYIOTBCSI TPU THITM KOJHMBAJIHHOTO HABAHTAXKECHHS: BEPTHKAJIBHI,
TOpPH30HTANIbHI Ta KOMOiHOBaHI KoiuBaHHsA [7]. IIpu BepTUKaTbHOMY TapMOHIYHOMY PEXKHMI,

3MiHa TUCKY B OETOHHOMY CTOBIII OIMUCYETHCS (DYHKIIIEIO:
P(z,t) = py(2) + Ap-sin(at) (3)
e Pg (Z) — CTaTUYHUHU THCK HA BUCOTI Z , Ap-sin(a)t) — aMIUTITYAa TUHAMIYHOTO THUCKY, IO

NEePIOINYHO 3MIHIOETHCS 3 YACTOTOIO () . B TakoMy 1O THCKY MOBITPSHI BKIIIOYECHHS 3a3Ha-
I0Th IMKJIIYHOTO CTUCHEHHS Ta PO3IIMPEHHS, 110, OJHAK, HE 3aBXK/IU CYIIPOBODKYETHCS edek-
TUBHMM IX BHIITOBXYBaHHSAM. SIK moka3ywooTh excriepuMeHTH BeneHHI Kb «BibporexHikay
[TonTaBCHKOI MOJITEXHIKM HA OKPEMUX BHCOTaX MOXKYTh YTBOPIOBATHCS IUISHKU BiJl’€MHOTO
HaJUIUIIKOBOTO THUCKY:

Pt _q
oz '

VY 1ux 30HaX BUHUKA€E JOKAJIBbHUN MIACMOKTYIOUMM e(eKT, KUl mepemKkompKae miaio-

(4)

My OysbOaIIoK 1 HaBITh MOKE BTATYBATH MOBITPS Ha3aJl y TUIO CyMIllli, 0COOJIMBO MPH MOIIa-
pOBOMY YIIUTHHEHHI.

[Tpu iMIynbCHOMY (HENEPIOJUYHOMY) peXHUMI 30yIKEHHS, KOJIMBAaHHS HOCSTh KBa3lili-
HIMHUI XapakTep, 10 OMUCYEThCA CTYMIHYACTUMHU (QYHKIISIMH a00 KOPOTKUMH TpUTepamMu

THCKY:
P = Py + LA, ®

ne O(t— tn) — nenbTa-pyHKIis, sKa Mozientoe iMmyibe y moment t, a A — Binnosinua am-

wityaa. Y oMy BHUIAJKYy IIBUIKUN HepexiJ depe3 IpaJi€eHT THUCKY BHKIMKAE XBHIIbOBHM
3CYB CyMillli, @ TPAJIEHT AUHAMIYHOTO THCKY 8_ > 0 cnpsamoBye NOBITPsAHI GyIb0AIIKH 10
Z

30H 3 MEHIIUM OMOPOM — MEPEBAKHO Bropy abo y BIIbHI MOPH, 110 CIPHUSE aKTUBHOMY OYHU-
HIEHHIO CTpyKTypu. CaMme iMIyJIbCHE YIIIJIbHEHHs 3a0e3ledye YMOBH, MPHU SKUX MOBITPSHE
BKJIFOUEHHS MITPY€ HE LUKIIYHO, a 3 YITKO BUPAXEHUM Apei(oM y HAPSIMKY PO3BAHTaXKEH-

Hi:
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dt6y s op
YD f _’d' ’ ’ 6
dz pe U, p (6)

TOOTO MIBUAKICTh BEPTHKAIBHOTO MEepeMIlieHHs OyIbOaIIKi BU3HAYAETHCS MTOX1THOIO Bl TH-

CKYy, i glamMeTpoM, B’SI3KICTIO CEPEIOBHUINA Ta TYCTUHOIO cyMimii. 3rigHo 3 [1], komu rpaaieHT
TUCKY TIEPEBUIIYE KPUTUYHE 3HAYCHHS, TOYMHAETHCS JJABHHOMOI0HE CIUTMBAHHS BKIIFOUCHb,
SIKE 32 KOPOTKHH MPOMIKOK Yacy paguKaIbHO 3MIHIOE CTPYKTYPY IIapy.

VY Bunanky KOMOIHOBaHUX KOJMBAaHb, BEKTOP KOJMBAIBHOTO 30Y/KEHHS MOKHA PO3T-
JS/IaTH SIK CYyMY JIBOX HE3aJIC)KHHX TaPMOHIYHUX BIUIMBIB I10 BEPTHKAJII Ta TOPH3OHTAIII:

a(t) = A-sin(wt)-Z2 + A,-sin(at + @)X (7)
ne A,, A, —ammtiTynu BEpTHKAIBHOTO i TOPU30HTANBEHOTO KOJIMBAHHS,
@ — (da3oBuii 3cyB.

Takwuii pexuM IPU3BOAMTH 10 CKIATHOI TPAEKTOPIi MepeMileHHs MOBITPSAHUX Oynp0a-
IIOK:

dt
= Vapen =Va V= f(Vp, i, p.d,0,A)’ (8)

BinnosigHo 1o ¢hopmynu (8) ae OynbOanika BUKOHYE cripaienofionuii apeiid 3 Hapo-
CTAIOYOI0 MIBUJKICTIO, 11O JO3BOJIAE€ YHUKHYTH ii 130JIALii B JOKAJIBHUX Kamiisipax CyMiIi.
Came kOMOiHOBaHE HaBaHTAa)KEHHs 3a0e3reuye HaWBHIY MMOBIPHICTh BHUBEICHHS MOBITPS
HAaBiTh 3 BAKKOIOCTYITHUX 30H MOOJIN3Y apMaTypH 4u O1YHUX MOBEPXOHBb (POPMH.

BaxnuBo 3a3HaunTH, 110 XapakTep PO3MOJLTY TUCKY 3aJIEXKHUTh TAKOX BiJ] BUCOTH Oe-
TOHHOTO CTOBIIA, /1€ BEPXHI IIapy MAIOTh MEHINIE CTAaTUYHE HaBaHTAXEHHS 1, BIJIMOBIJIHO, 110O-
BITps B HMX BHXOIMTH JIErmie, TOAI SK HIKHI MOTpeOyroTh abo 30UIbIIEHHS YacTo-
TH/aMIUTITYM KOJIMBaHb, a00 Mojadi JOAATKOBOTO TUHaMiyHOro THcKy. Came TOMy crocre-
pIiraroThCs AUISHKY 3 BT’ €MHUMHU TUCKaMU Y HIDKHIA YaCTHHI, SIKi CBITYaTh MPO HEOCKOHAT1
PEKUMHU YIIIJIBHEHHS IPU TAPMOHIYHOMY HaBaHTa)KEHHI.

Takum uymHOM, aHai3 JUQEpeHLIHHOro po3NOJUTy TUCKY Ta MOXIJTHUX HIBHIKOCTEH
PYXy MOBITPSIHMX BKJIIOUEHb JI03BOJISIE OOIPYHTYBaTH BHUOIp peKuUMy BiOpaliifHOTroO yILiib-
HEHHsI JJIs1 JOCATHEHHS! HalBUINOT OJTHOPIAHOCTI Ta MiHIMaJIbHOI MOPUCTOCTI JIETKOOETOHHUX
BUPOOIB.

Mogens yiiabHEeHHS MOJICTHPOIOETOHY i Ai€to BiOpauiiHoro 30ymkeHHs. [lomicTu-
POJIOETOH € PI3HOBUIIOM JIETKOOETOHY, Y SIKOMY SIK 3alIOBHIOBaY BUKOPHCTOBYETHCS CITiHEHUH
noJiicTupod cepuuHoi popmu 3 HiameTpoM 3—6 MM. 3aBISKU HU3bKiH rycTusi (15-25 kr/m?),
KYJIBKH TTOJIICTUPOJTY 3HAUHO 3MIHIOIOTh MEXaHIYHY MOBEIIHKY CyMIIll Mij yac BiOpamiiHoro
YIIUTbHEHHS. ['yctuHy ~ TOJMICTHPONOETOHY ~ NpH  poO3paxyHKax  NpUHMAEThCs

Poos =600K2/ 2°.

VY maremMaTHuHiil MOZeNi YUIUIbHEHHS MOJMICTUPOIOETOHHOT CyMillli OCHOBHUMHM JIOITY-
IICHHSAMH € TaKi nmonoxeHHs. O0’eMHa KOHIIEHTpALisl TOJIICTUPOILHOTO 3alIOBHIOBAaYa CTAHO-
BUTH Npu6IU3HO 60%, 1110 CYTTEBO BIUIMBAE HA MEXaHIUHI Ta TUHAMIYHI XapaKTePUCTUKU Ma-
tepiany. [lomicTuposibHI KyabKH AiaMeTpoM 3—6 MM BBa)KaIOTHCSI PIBHOMIPHO PO3IOIITICHU-
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MU y KBa31130TPOITHOMY CEpeAOBUIII, MPH FOMY MK HUMH HPUCYTHIH PO3YMHOBHUI IMpoIIa-
POK, sIKMil 3a0e3mneuye nepenady HampykeHb 1 GOpMyBaHHS CTPyKTypH cymimii. Iloitps B
CHCTEMi MPUCYTHE K Y BUIIAII BIAKPUTHX TOP, IIO CIIOJYYAIOTHCS 3 30BHILIHIM CEPEOBH-
IeM, TaK 1 y (opMi 3aKPUTHX MIKPOIYCTOT, PO3TAIIOBAHUX MIXK 3alIOBHIOBAYEM, L0 BIUTMBAE
Ha 3arajJbHY NPYKHICTH 1 3AaTHICTH 10 YIIUTbHEHHA. Ba)XIIMBOIO CKJIaI0BOIO MOJIEINI € Bpaxy-
BaHHS B3aeMOJii MiX IUIaT(HopMor0, GOPMOIO Ta OETOHHOIO CYMIIIIIIO, KA OMUCYETHCS SIK
MacoOBO-TIPY)KMHHA CUCTEMA 3 JeMII(yBaHHSIM.

JluHamidHa MOJIETTh CUCTEMH «IUTaT(hopMa — MOIICTUPOIOETOHHA CYMIIID» MOJCTIOETHCS
SK OJHOBUMIPHUN NMPYKHUH OCLMIIATOP i3 Macolo, )KOPCTKICTIO OMOpP 1 CHJIOBUM TapMOHIY-
HUM 30y/KeHHSAM. PiBHSHHS pyXy miuatdopmu 6e3 cymimri

mX + X + kx = F, sin(at),
ne M=1000 H — maca pyxomoi pamu,
k =120000 H/m — %OpCTKiCTh BEpTHKAIBHHUX OIIOP,
C — xoedimieHT nemmdyBaHHs (OLIHIOETHCS EKCIIEPUMEHTAIBHO),
F, — ammuiityna 36ymxyrouoi cu,

() — KyTOBa 4acToTa.
JIJ1st KOXKHOTO 3 TPHOX peKUMiB (Tabn. 1) MM MOKEMO 3HANTH PEakKilito CUCTEMH Y BHU-

sl amrutityau A, sika, 3TiJHO 3 KIACHYHUM TapMOHIYHHM 30Y/KEHHSAM, CTAHOBHTH
F
2\2 2

J(k—me?)? + (cow)

AMITTITYIM nepeMilieHHs miaTdopMu 0e3 CyMillll BU3HAUEHI €KCIIEPUMEHTaIbHO (Tal-

A= 9)

mung 1). Ane miciig 3aBaHTaKE€HHS CyMIIIIIIO 3arajbHa Maca CUCTEMH 3pOCTa€E Ha
mcyMiLu :pHCG.\/cyM :p(LBH)’ (10)
ne L B H — sayrpimni rabapuru popmu.

Tabmuns 1
Pexumu BiOpaniitHoro 30yakxeHHs
KyroBa wacrora AMIUTiTYna cunm | AMILTITYJa KOJIMBaHb Ija-
Pexcm o , pan/c F,.H Thopmu 6e3 cyMilri, MM
1 290 2100 0,4
250 1700 0,6
3 180 1300 0,8

MoskHa BU3HAUUTU 3MIHY PE30HAHCHUX XapaKTEPUCTHK 1 aMIUNITYAM PyXOMOi pamH Bi-
OpaliiiHOl yCTaHOBKH:

k
&= |—— . (1
m+ mcyMim

YpaxoByround HasBHICTh TMOJICTHPOIBHUX KYJIbOK JIOKAJIbHI TPAIIEHTH THUCKY (OpMY-
IOTHCSl Y BY3bKHX MIKTIPaHYJISIPHUX MPOMDKKaX, B’ SI3KICTh PO3YMHOBOI YAaCTHUHU 1 11 quHAMIY-
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Ha nedopmallis BU3HAYa€ MBUIKICTh BUTICHEHHS MOBITps. Uepe3 aMopdHy CTPYKTypy 3aro-
BHIOBa4a e(pEKTUBHE YIIiITLHEHHS 3aJICKUTh BiJl YaCTOTU KOJIHMBaHb IUIAT(HOPMH Ta TPUBAIOC-
Ti BILJTUBY.

HIBuAKiCTh MiAOMY MOBITPSIHUX OyiIb0AIIOK y CyMIIll MOKHA OLIHUTH 33 MOIH(IKO-
BaHUM 3akoHOM CToOKca:

L :E(pa_pHOB)-g.dzl
MiAHoM.nog 9 ,Ll

Ane i BiOpaniiHOTO peKUMy MU PO3TIIAJAEMO MITPAIliio 3 ypaXyBaHHIM TUHAMIYHO-

(12)

IO TUCKY

a =a-Vp(t). (13)
dz

BinmoBigHO MPOBIBIIM PO3pPaXyHKH MOKHA CTBEPIXKYBATH, IO MJis CyMillli BHCOTOIO
H = 50 MM BIJIMB IMHAMIYHOTO HABAHTAKCHHSI MEPEIAE€THCS MOBHICTIO, 1 TOBITPSIHI BKJIIO-
YEeHHsI MIrpYyIOTh 110 MOBepxHi, a mpu H > 150 MM edeKTUBHICTD YIIIIbHEHHS 3a1€KUTh BiJ
KOMOiHaIIii: JocTaTHROTO 30y/KeHHs (pexkuM 1 abo 2) Ta 3MeHIlIeHHs Yacy Ail, 100 YHUKHY-
TH TICEBIOIUIACTUYHUX IMOTOKIB y cymimi. Haiikpama eekTHUBHICTh MONICTUPOIOETOHHUX
cyMimeit 6yae npu pexkumi 1 (290 pan/c, 2100 H), konu cuctema HaOIMKa€THCS 0 YMOB pe-
30HAHCY.
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Movement of air voids in lightweight concrete
mixtures during vibration compaction

The article investigates the process of vibrational compaction of polystyrene concrete
mixture under the influence of combined harmonic excitation. The relevance of the study is
due to the need to improve the structural uniformity and reduce the porosity of lightweight
concrete products by optimizing compaction regimes. The study addresses the specific
problem of inefficient air inclusion removal in mixtures with a high content of deformable
polystyrene aggregates. The aim is to develop a dynamic model of the "platform — concrete
mixture — mold" system and to determine optimal vibration parameters that ensure effective
expulsion of air bubbles. The research methodology includes analytical modeling of dynamic
pressure fields, numerical estimation of air bubble drift velocity using modified Stokes law,
and evaluation of pressure gradients during vertical, horizontal, and combined excitation
modes. The results demonstrate that combined excitation significantly enhances the upward
migration of air inclusions due to spiral drift and pressure wave interaction. The highest
compaction efficiency is achieved near the resonance frequency of the system. The findings
can be applied to improve the technological parameters of vibrational compaction in the
production of polystyrene concrete elements.

Keywords: polystyrene concrete, vibrational compaction, combined oscillations, air
inclusions, dynamic pressure, wave effects, setup model, amplitude, pressure gradient, bubble
drift.
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V.V. Strelbitskyi
RESEARCH OF OPERATING RELIABILITY OF PORTAL CRANES
"GANZ" 5-30 RIVER PORT

Abstract. Portal cranes are a key piece of equipment in any modern port. They perform the
indispensable function of moving cargo between ships and the coastal zone, guarantee
prompt and productive handling of containers, various cargoes, bulk materials and other
types of products, which directly affects the speed of cargo turnover and profitability of the
port. The efficiency of loading and unloading operations in river ports is largely determined
by the availability and serviceability of portal cranes. However, unfortunately, in Ukraine a
significant part (over 90%) of these cranes have already exhausted their service life, but
continue to be actively used. This creates a serious problem, as stable and uninterrupted
operation of portal cranes is critical for continuous functioning of the port infrastructure.The
study analyzed malfunctions of the mechanisms of GANZ portal cranes with a lifting capacity
of 5 tons that occur during operation under heavy load conditions in a river port. Within the
framework of the study, 16 cranes of the same type with a lifting capacity of 5 tons, operating
in the grapple mode in the water areas of river ports, were selected.

Data from the maintenance and repair logs of these cranes for the period from 2015 to 2022
were used for the analysis.

Based on the collected data, the availability factors were calculated.

The analysis of the study results showed that the largest number of failures was found in the
mechanisms for moving, lifting and changing the reach of the crane boom. The main reasons
for the failure of the lifting mechanisms are the wear of brake pulleys, destruction and wear
of shafts and bearings in gearboxes. The failures of the slewing mechanisms are mainly due to
damage to the coupling that connects the gearbox to the open gear. Failures of the boom
outreach change mechanisms are caused by damage to the rack and pinion teeth, hinge joints,
bearings, and dampers.

The identified malfunctions of the mechanisms were caused by non-compliance with the
established requirements for their operation and repair. The cause of defects in the
mechanisms is a violation of the operating procedures and repair processes.

Keywords: portal crane, reliability, availability, failure.

Introduction. Portal cranes are the real workhorses of any modern port. These powerful
and tall structures play a critical role in the process of transferring cargo from ship to shore
and back again [1-11]. They ensure efficient and fast handling of containers, general cargo,
bulk materials and other types of goods, which directly affects the speed of turnover and
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economic efficiency of the port [2-11] . Loading and unloading operations in river ports
largely depend on portal cranes [1-11]. Unfortunately, in Ukraine, the majority of these cranes
(over 90%) have already reached the end of their service life, but continue to be heavily
used [4-8]. This poses a serious problem, as the reliable operation of portal cranes is critical
for the smooth functioning of port lines [2-11]. The operation of such cranes under cyclic
loads leads to the accumulation of fatigue damage, which increases the risk of breakdowns
and accidents. Therefore, ensuring the safe and reliable operation of portal cranes, either
through modernization or replacement, is a crucial task [1-13].

Given that portal cranes are a key element of the technological process, their reliable
and uninterrupted operation directly affects the efficiency of port lines [2,4-9].

Literature Review

Nowadays, insufficient attention is paid to the study of reliability of portal crane
mechanisms operated for more than 35 years in sea and river ports, as evidenced by the
analysis of works [1-9].

Insufficiently in-depth study of processes occurring in metal structures significantly
reduces the probability of timely detection and prevention of various defects.The use of
cranes with defects can lead to the destruction of metal structures and accidents with
casualties. In this regard, each portal crane requires individual and detailed study [6,9]. Given
the annual increase in the volume of cargo transshipment in the world, this problem is of
particular relevance. Predicting equipment breakdowns is crucial to minimize maintenance
costs, downtime and safety risks [13-16].

The purpose of this paper is to analyze failures of mechanisms of portal cranes
“GANZ” 5 with overtime periods of operation in the river port.

Research methodology and results. For the study, 16 cranes of the same type, each
with a lifting capacity of 5 tons, were selected, operating in grab mode in the waters of sea
and river ports.

The information contained in the relevant maintenance and repair logs of the respective
cranes from 2015 to 2022 was used for the analysis. The frequency of visual inspection of the
cranes was once every six months during the observation period.

Statistical data on crane failures were collected directly at the ports, at the place of crane
operation, from crane operation passports and logbooks, as well as from the shift mechanic's
department and other port services,

Reliability analysis of portal cranes implies consideration of the working process as a
set of failure and recovery flows. As a key reliability parameter a complex indicator - availa-
bility factor - is used (Kr):

— TM
P (1)
T,+T,
where Tu - is the average operating time between crane failures for a specified period of
time;
Ts - is the average recovery time for a specified period of time.
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The availability factor is determined by two key parameters: the length of time the unit
has been in operation 7xu and the time taken to repair the unit 7s. Repair time represents the
period required to repair a crane malfunction. This indicator is of paramount importance in
evaluating and comparing different designs, as it directly reflects the crane's ability to perform
its functions over a period of time. This makes it possible to analyze the dynamics of changes
in the characteristics of various crane installations depending on their service life.

The availability factor was determined for each of the 16 cranes and the results were av-
eraged (Fig. 1).

A comparison of crane reliability levels shows two extremes (Fig.1), which are
associated with the arrival of investors in ports and, consequently, an increase in the amount
of money spent on crane maintenance and repair.
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0.90 /I\
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2015 2016 2017 2018 2019 2020 2021 2022
Year
Figure 1 - Dependence of average values of availability coefficients Kr
on portal cranes operation time (year)

The histogram of probability distribution of the amount of cargo lifted by the portal
crane in each cycle of its operation, during the transshipment of bulk materials under the
warehouse-ship option for the navigation period is shown in Fig. 2.

Analysis of the results of the study showed that the largest number of failures was
identified in the traveling, lifting and luffing mechanisms of the crane (Fig..3).

The main causes of failures of lifting mechanisms are wear of brake pulleys, destruction
and wear of shafts and bearings in gearboxes. Failures of slewing mechanisms are mainly
associated with damage to the coupling connecting the gearbox to the open gear. The main
causes of failure of lifting mechanisms are brake drum wear, damage and wear of shafts and
bearings in the gearboxes. Failure of slewing mechanisms is most often associated with
damage to the coupling connecting the gearbox to the open gear. In addition, in the process of
research at half of the cranes was found wear of rollers of slewing and support devices.

The key element of any crane installation is the lifting mechanism.The analysis of Fig. 2
shows that during the working shift the crane mechanisms are subjected to uneven load. In
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reality, the trajectory of the grab is formed under the combined influence of the lifting, boom
reach, swivel and running gear. Fluctuations in luffing speed cause inconsistencies in grab
velocity due to the flexible steel wire connection. To address this, the grab's speed alteration
must be managed and attuned until synchronization is achieved. This is due to the uneven
scooping of cargo by the grapple. In addition, as follows from the figure, two grapples with
different scooping volumes were used for cargo reloading.

30
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Figure 2 - The histogram of probability distribution of the amount of cargo lifted by the portal

crane in each cycle of its operation, during the transshipment of bulk materials under the
warehouse-ship option for the navigation period

l]_-J_J

Lifting Luffing Traveling Slewing
mechanism mechanism mechanism mechanism

Figure 3 - Luffing mechanism of portal crane «Ganzy»

The main failures of the traveling mechanism come from the gearbox and the open gear
support (Fig.4).
It should be noted that they were similar to failures of the crane “Gantz ”16.
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Failures of the boom outreach mechanisms are related to damage of rack teeth, swivel
joints, bearings and dampers. Replacement of shock absorbers is not difficult. It should also
be noted the following failures of the outreach mechanism: loosening of gearbox fastening,
damage of laths, lath attachment units to the boom, wear of shock absorber rods.

Among the most typical failures of the boom and metal structures it should be noted:
cracks in the lower portal tighteners, welds of the lower column support and portal head,
damage of fastening bolts. The appearance of cracks can be attributed to poor welding quality
and unsuccessful design.

In almost all the examined stocky metal structures, water was found inside.

) | | |

Open gear Reducer Fixing the Others Anti-theft
transmission gearbox capture

Figure 4 -The main failures of the traveling mechanism portal crane «Ganz»

Practically in all examined chunky metal structures water was found inside, which
contributes to premature failure, Besides, in 3 cranes corrosion damage of elements of metal
structures of the boom was revealed, which exceeds permissible norms. As a consequence,
the booms of the cranes were replaced with new ones. These lesions can be explained by
gross violation of painting technology and untimely maintenance and repair activities.

The defects in the mechanisms were caused by non-compliance with the rules of use
and improper repair. Violation of the rules of use and repair technology led to defects in the
mechani In the course of the study, the nature of the damage occurring in the crane
mechanisms was determined. The information obtained will allow specialists involved in the
operation of crane equipment to optimize the planning of preventive maintenance work, as
well as the volume and range of spare parts and components needed for
replacement.sms.Improper operation and poor repair caused defects in the mechanisms.

Conclusions. The study analyzed malfunctions of the mechanisms of GANZ portal
cranes with a lifting capacity of 5 tons that occur during operation under heavy load
conditions in a river port. Within the framework of the study, 16 cranes of GANZ of the same
type with a lifting capacity of 5 tons, operating in the grapple mode in the water areas of river
ports, were selected. When comparing different portal crane models, the availability factor
serves as a key reliability indicator to gauge their performance. Defects in machinery are the
result of non-compliance with operating rules and repair technology. It was found that the
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main causes of failure of the lifting mechanisms are wear of brake drums, damage and wear of
shafts and bearings in gearboxes. The failure of the lufing mechanisms is mostly due to
damage to the clutch that connects the gearbox to the open gear. Failures of the boom
outreach change mechanisms are caused by damage to the rail teeth, hinge joints, bearings
and damping devices. In the course of the conducted research, the specifics of damage
occurring in the mechanisms of crane equipment were revealed. The data obtained will allow
crane operators to plan preventive maintenance more efficiently, as well as determine the
optimal volume and range of spare parts and components needed for replacement. Predicting
equipment breakdowns is crucial to minimize maintenance costs, downtime and safety risks.
Predicting equipment breakdowns is crucial to minimize maintenance costs, reduce
downtime, and prevent safety hazards.
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Jocnioxcennn ekcniayamauittHoi HAOIIHOCMI NOPMATbLHUX KPAHIG
"I'AHIT"' 5-30 piuxkoeux nopmis

Ilopmaneni kpanu € KnouosumM 001AOHAHHAM 0)0b-AK020 CYYaACcHO20 nopmy. Bonu eu-
KOHYIOMb He3aMIHHY (YHKYII0 nepemMiueHHs: 6AHMAadiCi6 Midc CYyOHAMU Ma NPUOEPe*CHOI0 30-
HOI0, 2apanmyloms OnepamuHy ma npooyKmueHy 00poOKy Kowmeunepis, pi3HOMAHIMHUX
BAHMANCIB, CUNYYUX Mamepianie ma IHuWux 6udie npooykyii, wo 6e3nocepeonbo BNIUBAE HA
weuoKicms  eanmasicoobicy ma npudbymkosicme nopmy. Egexmusnicmv eanmaosicHo-
PO3BAHMAACYBANLHUX POOIM ) PIUKOBUX NOPMAX 3HAYHOIO MIDOIO 8USHAYAEMbCS HAABHICIIO
ma CNpasHicmio NOPMAIbHUX Kpauie. Ane, na scanw, 8 Yxpaini 3nauna wacmuna (nonao 90%)
Yux Kpamie egice 8i0Npayiosana ceiti pecypc, aie npooosHCYe aKmMusHO UKOPUCTOBYBATNUCS.
L]e cmeoproe cepiio3Hy npobiemy, ocKilbKu cmabiitbha ma be3nepebitina poboma nopmaib-
HUX KPAHi8 € KpUMUyHow 0jisi be3nepedilinoco QyHKYIOHY8aHHs NOPMOBOT IHGpACmMpPyKmypu.
YV oocnioscenni npoananizosarno necnpasnocmi mexamizmie nopmanvrux kpauie GANZ ean-
MAd€CONIOUOMHICIIO 5 MOHH, AKI BUHUKAIOMb NIO YAC eKCNIyamayii 8 yMosax 8eiuKo2o Haead-
HMAMCeHHs. 8 PIuKo8oMy nopmy. Y pamkax oocnioxcenHs Oyno 6idiopano 16 oOHomunuux
KpaHie 6aHmManiconiouoMHiCmo 5 moHH, Wo npayonms  epelhepHomy pexrcumi Ha akeamo-
PIAX pIUKOBUX NOPMIE.

Hna ananizy oOyau 8uKopucmaui Oaui JHCypHaie mexHiuHo2o 00CIY208)8aHH MA pemo-
HmMY yux Kpawuise 3a nepioo 3 2015 no 2022 pix.

Ha ocnoei 3ibpanux oanux po3paxosano KoegiyicHmu 00CmynHoCmi.

Ananiz pesynomamie 00cnioxcenHs noKa3as, ujo HabiibuLy KilbKicmb 8i0M0O8 8Us8NEHO
8 MexXaHizMax nepemiujeHHs, niouomy ma 3minu eunbomy cmpiiu Kpana. OCHOSHUMU NPpUYU-
Hamu 8uxo0y 3 1a0y NIOUOMHUX MeXAHIZMI8 € 3HOC 2ATbMIGHUX WIKIBI8, PYUHYBAHHS MA 3HO-
WieHHsl 8aie i NIOWUNHUKIE Y KOpoOKax nepeday. Biomosu mexarnizmie nosopomy 6 0CHOBHO-

ISSN 1562-9945 (Print) 215
ISSN 2707-7977 (Online)



«CucremHi Texnonorii» 3 (158) 2025 «System technologiesy

MY RO8'SI3aHI 3 NOWKOONCEHHAM Mypmu, sKa 3'€OHye KOpoOKY nepedau 3 8i0Kpumoio nepeoad-
yero. Biomosu mexanizmis 3minu GUIbOMY CMPIIU GUKTUKAHI NOWKOONCEHHAM 3Y018 3y0uac-
moi petiku, WapHipHux 3 €0HAHb, NIOWUNHUKIE | AMOPMUZAMOPIS.

Buseneni necnpagnocmi mexanizmie GUHUKIU BHACTIOOK HEOOMPUMAHHS 6CMAHOBNEHUX
suMo2 woodo ix excnayamayii ma pemonmy. Ilpuuunoro deghexmie mexaniamie € nopyuienHs
pedcumy excnayamayii ma pemOoHmHUX npoyecie.

Knouoei cnosa: nopmanvruii Kpaw, HAditiHICMb, 20MOBHICIb, 8I0MO8A.

Crpeaboinbkuii Bikrop BacuiboBUY — JOLEHT, KaHAWAAT TEXHIYHUX Hayk, kadenpa Ilia-
HOMHO-TPaHCHIOPTHI MAIIMHHU Ta IHXUHIPUHT TOPTOBOT'O TEXHOJOTiYHOTO oOsnaaHanus, Oxe-
CbKHUI1 HaIllIOHATBbHUN MOPCHKHI YHIBEPCUTET.

Strelbitskyi Viktor Vasylovych — PhD, associated professor, Hoisting and transport
machines and engineering of port technological equipment, Odessa National Maritime
University.
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PE®EPATHU

YK 519.2:004.9

binoszeopoB B.€., 3aitnes B.I'., IToropeno O.B., Xwmxa O.JI. IIpodiaemu anamizy
eJleKTpoeHledasorpam MerogamMu HediHiliHol AuHamikm // Cuctemui TexHosorii. Perio-
HAJILHUA MDKBY3IBChKHI 30ipHHUK HAyKOBHX TIpailb. - Bunyck 3(158). — uinpo, 2025. — C.3 - 9.

VY nanoi po6oTi 3pobiieHo aHami3 mpobdiaemM 0OpoOKHM eneKkTpoeHIedanorpaM MeToaMu
HeniHiiHOT nuHaMiku. [TokazaHo, 0 OTpUMaHi pe3ylbTaTH PI3SHUMU METOJaMHU, BKIIIOYAIOUH
METOAM MAIIMHHOTO/TITMOOKOT0 HaBUaHHS, HEMPOHHI MEpeXi T03BOJISIOTH BHKOHATH Kila-
cudikamito Hamaxy emninerncii 3a qanumu EET 3 Townictio Bin 94% Ta Bume. Bkazano mpo-
OJieMu, sIKi MalOTh MICIIe MiJ 4ac BUKOHAHHS IUX JIOCHIKEHb. PO3TIsIHYTO MpoOIemMH, 1110
BUHUKAIOTh NP BUKOPUCTAHHI METOMIB HEJIHIMHOI IWHAMIKH, aHANI3y JaHUX B3ATHX 3 pi3-
HuX 0a3. [IpoBeseHo iX MOPIBHIHHA Ta KJIACTepU3allis 3a JaHUMH Noka3HUKiB JRQA anamizy
naanx €€I° ta mokasaukamu Xepcra. OMHAK BUSBUTH aHATITUYHY 3AJICKHICTD Y HAMPSIMKY
IIPOTHO3Y Haray eniJiencii 3apa3 He BIAETHCA.

bi6:1. 28, Tabu. 2.

YK 621.9:004.94

I'pewannii O.M., Bacunsuenko T.O., BnacoB A.O., IBaxuenko O.I1., Bepaunyo M.B.
Poanr CAIIP y po3po0ui iHskeHepHHX pillleHb J1Jisi MeTaJdypriiiHol raaxysi: gocsin 3acro-
cyBansa ANSYS, AUTOCAD, SOLIDWORKS ta MATLAB // CucremHi TEXHOJOTII.
PerionanpHuil MiXKBY3iBChbKHI 30ipHHK HayKoBHX mpailb. - Bumyck 3(158). — uinpo, 2025. —
C.10-20.

PosrnsiHyTo 0COOGIMBOCTI BUKOPHCTAHHS CyYaCHUX MPOTPAMHUX I1HCTPYMEHTIB IS
MPOEKTYBAHHS MPOIYKTIB METATYypriiHOl ramy3i. BusHaueHi nepeBaru Ta HEJO0MIKH KOHKpPET-
HUX MPOTPAMHHX MPOAYKTIB Y KOHTEKCTI METATypTiiHUX 3aBAaHb, TAKUX SK MOJICITIOBAHHS
TEXHOJIOTIYHUX IPOLECIB, MPOEKTYBAHHS MEXAHIYHMX KOMIIOHEHTIB, aHaJI3 TEIUIOBUX 1 Me-
XaHIYHUX HaBaHTa)KEHb. 3allPONIOHOBAHUN MYJIbTU(DI3UUHUN MIIX1], 110 TOEAHYE B cOO1 1HTe-
rpauio noTyxHux nporpamiux iHcTpyMeHTIB (ANSYS, AutoCAD, SolidWorks, MATLAB)
JUIST MOJIEIIOBAHHS CKJIQJIHUX METTYPTriMHUX TIPOILIECIB 3 aKIEHTOM Ha MeEXaHIYHUH,
TEPMIUYHUN Ta CTPYKTYPHHI aHami3.

KirouoBi cioBa: aBTOMaTu30BaHE MPOEKTYBaHHS, KOMIT IOTEPHE MOJIEIIOBAHHS, 1HXKE-
HEpH1 PO3PaXyHKHU, TEXHIYHI CTAH/IapTH, aHATI3 JaHUX.

bi6a. 19, Tabn. 4

YJIK 004.934

HmutpieBa 1.C., bimanos /I.B. Anani3 emouiii 3 BUKOPHMCTAHHAM BHPAa3iB 00 1u44s
Ta roJiIocoBHX 03HaK // CucTeMHI TeXHOOT1i. PerioHanbHUN MIKBY31BCbKUNA 301pHUK HAYKOBUX
nparib. - Bumyck 3(158). — duinpo, 2025. — C.21 - 27.

CrarTs npucBgyeHa JOCHIPKEHHIO CUCTEM PpO3ITI3HABAHHS €MOIIil, SKi BUKOPHUCTOBY-
I0Th K TOJIOCOBI, Tak 1 Bi3yaldbHI JAaHi. Y pPOOOTI pPO3IISAAIOTHCS OCHOBHI METOIU
OTIpAIIOBAHHS aKyCTMYHUX O3HaK 1 BUpa3iB oOimyusa. Oco0nuBy yBary NpuauIeHO aHami3y i
00po0I11l aKyCTUYHUX XapaKTEPUCTHUK, 5K, IHTOHAIIISI, TYYHICTh, TEMII MOBJIEHHS 1 TPUBAJIICTh
may3, a TaKo)K BUKOPHUCTAaHHIO METOIB KOMITIOTEPHOTO 30PY IS JACTEKIIii BUpa3iB 00IndYsl,
TaKUX SIK TTOCMIIIIKa, 3aTUCHYTI TYOH a00 HacyTuIeH1 OpOBH.
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bi6m. 4, 11. 3, Tabm. 1.
YK 004.623
Cutnuk P.C., I'natymenko Bik.B. Meroa 3a6e3ne4yeHHsi 10CTOBIpHOCTI Ta wijticHOCTI

MEePCOHAIBLHUX JIAHUX, 110 00POOJISIOTHCA B 0JI0KYeiiH-cucTeMmi / CuctemHi TexHouorii. Peri-
OHAJIbHUI MDKBY3IBCBKMI 30ipHMK HayKOBHX mpaib. - Bumyck 3(158). — Hduinpo, 2025. —
C.28 —35.

Po3pobneHo komIiekCHUE MeTo 1 3a0e3MedeHHs JOCTOBIPHOCTI Ta IUTICHOCTI IepcoHa-
JHHUX JaHUX y OJOKUYECHH-CHCTEMaxX 3 BUKOPUCTAHHSAM JMHAMIYHOT cHCcTeMH Bepudikaltii. 3a-
MIPOIIOHOBAHO MaTeMaTHYHYy MOJIEJb OLIHKH JTIOCTOBIPHOCTI JaHUX Ta apXiTEKTYpy CHCTEMH 3
lepapxi4HOI0 CTPYKTYpPOIO BY3JiB BepHdikallii. PeanizoBaHo MeTo Ui OJIOKYEHH-CUCTEMH 3
MO (piKOBAaHUM AITOPUTMOM KOHCeHCycy Proof-of-Authority st 3axucTy maHux npu 30e-
PEeKEHHI 3pyYHOCT] IX BUKOPUCTAHHSI.

bi6m. 7.

YK 004.85

Toxwuit O.I1., Kaninina 1.O., T'oxwuit B.O., Jlumo B.B. CucremHuii mixxix 10 nporuo-
3yBaHHSI MONMHTY HAa €JIEKTPOEHEPTil0 HA OCHOBI MaIIMHHOTO HaB4yaHHs // CucTemHi Tex-
HoJorii. PerionanbHui MiXBY31BCbKUI 30ipHUK HAayKOBHX mpaib. - Bumyck 3(158). — duimpo,
2025. - C.36 - 47.

VY cTarTi 1OCHiKEHO CUCTEMHUN MMiIXiJ MO BUPIMICHHS MPOOJIEMHU MPOTHO3yBaHHS I10-
MIUTY Ha EJEKTPOCHEPrilo B YKpaiHi Ha OCHOBI METO/iB MallMHHOTO HaBuaHH:. [Ipencrasie-
HO TOCJIIJIOBHICTH €TamiB 00poOKH JaHMUX MPH PO3B’sI3aHHI 33/1a4l IPOTHO3YBAHHS METO/IaMU
MAIIMHHOTO HaBYaHHS. PO3IIISTHYTO METOOJIOTiI0 BUPINICHHS 33j1adi MPOTHO3YBAaHHS Ha Ya-
COBUX psi/Iax.

bi0x. 28.

Y JIK 004.8:62-50

HIBaunu I'.T"., Mopo3 b.I., lllep6una I1.0., Onimescekuii L.I'., Mopo3 JI.M. InTenek-
TyaJIbHa CHCTeMa NMPOTrHO3YBAHHS YNPABJIHHS TEXHOJOTiYHHM MPOLECOM HA OCHOBI
IITY4HOI HelipoHHOI Mepexi // CucrteMHi TexHoJIOTIT. PerioHanbHuid MiXKBY31BChbKHI 301pHUK
HAYKOBHX Ipailb. - Bumyck 3(158). — qninpo, 2025. — C.48 — 57.

JlocixeHHsT CIpSIMOBaH1 Ha po3poOKy MoJIelll HEMPOHHOT Mepex1 JIJIsi 00poOKU Mepe-
KEBHX JIaHUX, sIKa MOYKe OyTH BHKOPHCTaHA JUIS YIPABIIHHS TEXHOJOTIYHUMH TPOIIECAMU B
CydacHOMY MeETalypriiHOMy BHPOOHHUIITBI Ha PI3HHX eTamax oOpoOKu MeTrany. 3amporoHO-
BaHA CHCTEMa BIJ3HAYAETHCS BHCOKOKO IMIBUAKOMIECI0, TOYHICTIO, HAIIWHICTIO Ta €EKTUBHIC-
TIO, TIIO CIIPHUsIE TIOKPAIIEHHIO SKOCTI MpoayKiii. CrcremMa BKITFOYAE KacTep MEPEKEBUX J1aT-
YHKIB, K1 MOKHA PEKOH(]IrypyBaTH Ta MiJKJIIOYUTH A0 BUCOKOMPOAYKTUBHOI PO3MOJIIICHOI
cucreMu. BoHa Takox 3abe3nedye MexaHi3M pe3epBYBAaHHS KIFOUOBUX KOMIIOHEHTIB 1 CIpS-
MOBaHa Ha IiJIBUIIECHHS €(EKTUBHOCTI TEXHOJIOTIYHOTO MPOIECY Ha Ha KOKHOMY MOTO eTaIi.

bi6m. 14, in. 2.
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YK 519.2:004.9
[Tanacenko €.C., binozsopos B.€. Knacudikauis crany oueii Ha ocHoBi EEI'-nanux

3 BUKOPUCTAHHSIM PeKypPeHTHOro aHaJjidy // CucremHi TexHouorii. PerioHabHUi MiXKBY3iB-
CBHKHIA 301pHHUK HAYKOBHX Ipallk. - Bumyck 3(158). — {aimpo, 2025. — C.58 — 73.

AKTyanbHICTD IIi€] CTaTTi 3yMOBJIEHA 3POCTAOYUM IHTEpecoM a0 nopratuBHuX EEI-
NPUCTPOIB Ta HEOOXIAHICTIO PO3POOKH e(EKTUBHHUX AITOPUTMIB aHAIi3y MO3KOBOI aKTHBHOC-
Ti 32 OOMEXEHHX TEXHIYHUX pecypciB. Y Wil cTaTTi po3risnaeTbes npobiema Kiacugikamii
CTaHIB MO3KY 3a AaHuMu enekrtpoenuedanorpadii (EET) 3 MeToro po3pi3HEHHS KOHKPETHUX
JIBOX CTaHIB po3ciabiaeHocTi Ta koHeHTpatii. JJocaimkyerbes kinacudikailis BIAKPUTHX 1 3a-
KPUTHUX OYeH, OCKUIBKH 3aKPUTTS OYEeH aCOLIIOETHCS 3 MiJBUILEHOI0 po3ciabieHicTio. 3amnpo-
MMOHOBAHO METOJ Kiacudikallii Ha OCHOBI KUIBKICHOTO aHAJI3y peKypEHTHUX Jiarpam, IIo €
OJTHUM 13 MiAXOJIB TEOpii Xaocy, Ta MPOBEAECHO HOTO MOPIBHSAHHS 3 TPAAULIHHIM aHATI30M
MO3KOBHX PUTMIB.

Biou. 22, in. 4, Tabm. 1.

YK 004.8:62-50

[Baunu I'.I"., lllepouna I1.0., Kabauenko O.B., Onimescekuii L.T'., Imyk I1.0. Po3po-
0Ka Ta J0CTi/IZKeHHs MapajieJIbHUX TEXHOJIOTIH 32124 CTOXaCTHYHOr0 mporpamyBanHs //
CucremHi TexHoOTi1. PerioHanbHMiA Mi>KBY31BChKHIA 30ipHUK HAyKOBHX Tpatlb. - Bumyck 3(158).
— Huimpo, 2025. — C.74 — 86.

VY [ocnipKeHHIX PO3TIIAIAI0ThCS MapaiebHl TEXHOJIOTIi MOJICIIOBAHHS 33a/1a4 METOAOM
MomnTte-Kapno. [1okazaHo, 1110 OCHOBHA CyTh METOJIy IMOJSTAE Y BUIIAJKOBOMY MOJICTIOBaHH1
BEJIMKOI KUIBKOCTI CIIEHApiiB Ta CTaTUCTUYHINA 00poO1ll pe3yabTaTiB, U0 MOSICHIOE IPUPOJIHY
MO>KJIUBICTh MOTO po3mapaientoBaHHs. Biq3HauaeTres, M0 OCKUIBKK OKpeMi iTepaliii MeToay
MomnTe-Kapno 3a3Buyail He3aexHi 0J{Ha B OJIHOI, iX JIETKO PO3MOAUIATH MK KUTbKOMA TO-
TOKaMu a0 By3JaMM KJacTepHOi cuctemu. Lle poOute mMeTos inealbHUM JIJ1s TapayieIbHUX 1
posnoaineHnx o0uuciaeHb. [IpuBOASTECA CXeMH OOUYMCIIEHbB, sIKI 3a0€3MeuyOTh 301TbIICHHS
MPOAYKTUBHOCTI Ta MIBUAKO/II. EQEKTUBHICTH 3alIpONIOHOBAHOTO MIIXOY LIIOCTPY€EThCS 10-
CIIJDKEHHSAMHU Ta rpadiuHUMU 1HTEpIpeTauisMu 301KHOCTI Ta almpoKcUMaliii po3po0iIeHoro
X0y .

bi01. 10, 1. 5.

YK 612.8:004.8

Iakin O.A., binozsopos B.€. I'iopuane monenoBannst EEI': mogens ®@ituxbsio — Ha-
rymo — Jlopenna // CuctemHi TexHouorii. PerioHabHUI MiXXBY3iBChKHI 30IpHUK HAYKOBUX
npatip. - Bumyck 3(158). — duinpo, 2025. — C.87 — 95.

Ile mocaimkeHHs MpeacTaBisie KOMOIHOBaHY MaTeMaTU4YHY MOJENb JUIsl 1HTepIpeTanii
CUTHAJIB eNeKkTpoeHuedarorpaMu, o noeanye piBHaHHA Dituxpio-Harymo 3 cucremoro xa-
ocy Jlopenna. byno po3po0ieHo HEMPOHHY MEpPEXKy, siIka aBTOMAaTUYHO HAJIAINTOBYE MOJIEIb
BIIMOBITHO 10 peanbHux AaHux EEI'. Jlanwuit miaxin yCmimmHO BiITBOPIOE KIFOUOBI OCOOIH-
BocTi Ta putMu EEI', a cynposiane nporpamue 3abe3neuenns B MATLAB nonermye peani-
3arit0. MeTos € IepCIeKTHBHUAM SIK JJIs1 HAYKOBUX JOCIHIDKEHB, TaK 1 ISl MEIUIHOTO 3aCTO-
CyBaHHJ B JIIarHOCTHIIl 3aXBOPIOBaHb MO3KY.

bi67. 9, in. 6.
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YK 004.94+510.23+510.25+512.567+629.4
I'yna A.L, IsanoB O.I1., Illunkapenko B.l.,, Cabnin O.l. ATpuOyTHBHEe HACH4YEHHA

KOHCTPYKTHBHO-TIPOAYKUiIHOT MoJeJ1i TITHKH CHCTEMH eJIEKTPONOCTAYaHHS TATM 10-
crifinoro crpymy // Cucremni texHouorii. PerioHabHUiI MKBY3IBChKHI 30IpHUK HayKOBHX
npaip. - Bumyck 3(158). — duinpo, 2025. — C.96 — 109.

Panim po3pobinena 3aranbHa KOHCTPYKTHBHO-TIPOAYKIIHHA MOJIENb IIJISTHKU €JIEKTPO-
MOCTAa4YaHHS TATH MOCTIHHOTO CTpyMy 30aradyeTbcs iH(pOpMaIi€l0 3HA4YeHb aTpHOYTUKU
CKJIAJJOBUX EJIEMEHTIB. Y 3aJIeKHOCTI BiJl TOTO SIKUM YMHOM IHTEPIPETYETHCS MOJAEH 3aCO-
0aMu aNrOpPUTMIYHOTO KOHCTPYKTOpa (OPMYIOTHCS Pi3HI KOHCTPYKTHBHI cuctemu. OnHa 3
HUX NpPU3HAYEHA JJIS BUIIAJKOBOIO BU3HAUYEHHS 3HAUYEHb aTPUOYTUKU €IEKTPOYCTATKyBaHHS
Ta MOI3HOI CUTYAIlll 3 MHOXXHUHH MOTEHIIIHHO MOXJIMBUX 3 METOI (JOPMYBaHHS Pi3HUX Bapia-
HTIB 32 SKUMU TPUHMAaE PIillIeHHS eKCIEPT 010 BUKOPUCTAHHS eHepril pekynepaiii. pyra —
I 300py 1HQOpMAIl MO0 CTaHy eIeKTPOoOoOIaJHAHHS Ta IMOI3HOI CHUTYyallli 3 pealbHUX
00’€KTiB JUIs KEPYBaHHS PO3IIOALIOM €JIEKTPOCHEPTii Y aBTOMATUYHOMY PEKHMI.

bi6n. 9, in. 1, Tabn 3.

YK 004.93

Otcposcrka K.1O., 3umornsag A.1O., KozakoBa A.O. MoaesiroBaHHs1 HeiipoMepe:KkeBo-
ro aJropuTMy s aHajiizy aedektiB Bigzeomoroky // CucreMHi TexHoorii. PerioHanbHui
MDKBY31BCHKHI 301pHUK HAYKOBUX Tpallk. - Burmyck 3(158). — uimnpo, 2025. — C.110 — 116.

B po6oti 3po0iieHo o Ha iCHYIOUl HAyKOBI pOOOTH 3 aHai3y BiJle0 HA BHSBJICHHS
nedeKTIB Ta TEXHOJOT1H MUGPOBOTr0 MOBJIEHHS. PO3TisgaeThcsi CTBOPEHHS /1aTa-ceTa, pO3Io-
Uy AaHUX 1o BUOIpkaM. ONUCYyeThCs HaBYaHHS HEHpoMepexeBUX MOJeNel Ta OTpUMaHHS
pe3ynbTaTiB HaBuaHHsS. Peanizanii MeTony BUKOPHCTAaHHS HaBUE€HOI HEMPOHHOI MepeKeBOi
MoJiel.

bibn. 5, 11. 10.

YK 622.3:622.7

Kononos J1.0., €pmokparbes B.O., Likomnis A.3. BusHaueHHsI mapaMeTpiB KOJMBaHb
€JJACTUYHOI0 cHTa BiOpauiiiHOro rpoxoTa MeToaMHM SIBHOI TA HeSIBHOI AUHAMIKH I'yMO-
Boro ejemeHTa // CucreMHi TexHOJOTI. PerioHasbHHI MiXKBY3IBChKHI 30IpHUK HayKOBHX
nparib. - Bumyck 3(158). — duinpo, 2025. — C.117 — 127.

The work is devoted to determining the dynamic parameters of the movement of the
elements of the elastic card sieve of the vibrating screen.

A model of the card elastic sieve element for dynamic analysis using the finite element
method has been developed.

bi61. 9, in. 8, Tabm. 1.

YK 004.8

Kyxos O.0., I'opbenko B.l. Bukopucranusi 4acoBux psiiiB Ta HelPOHHUX Mepex
LSTM nas inenrudikamii craniB Bysmka // Cuctemni TexHouorii. PerionaabHuii MibKBY3iB-
CBbKHH 301pHUK HAYKOBHX Ipallpb. - Bumyck 3(158). — dninpo, 2025. — C.128 — 139.

B mpomy nocnipkeHH1 pO3TIIsIa€ThCsl BUKOPUCTAHHS YaCOBUX PAAIB Ta PEKYPEHTHUX
HeripoHHUX Mepex LSTM mnsa imentudikamii craniB 6pKonuHOr0 Byauka. Po3po6ieHo mija-
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X1 10 monepeHp01 00POOKH YacOBUX JAHUX 3 OJKOJIIMHOTO BYJIHUKY, IO BKIIOYAE arperario
JAHUX 10 ONTHMI30BAaHUX IHTEPBaJiB, BUOIPKOBHI €KCIIOPT CTAOUIPHUX Jiama3oHiB, 3aCTOCY-
BaHHS METOJIIB IHTEPIOJIALIT Ta HOpMaii3alii yacoBux psiniB. Ha ocHOBI nux ganux Oyio po-
3po6JeHO MBI MOIeNl I 11eHTU(DIKAII] TOYKOBUX Ta III00AILHUX CTaHIB.

bi6m. 12.

YK 004.6

[Honcekuit O.M., Maneus [LA. Knacugikanis Ta npocTopoBuii aHaJIi3 OKeXK y CH-
CTeMi onepaTUBHO-AMCIETYepCchbKoro ympaJiiHHs // CucremHi TexHojorii. PerionanbHuii
MDXKBY31BChKHH 301pHUK HAyKOBHX TIpailb. - Bumyck 3(158). — ninpo, 2025. — C.140 — 148.

VY cTarTi JOCHIKEeHO MOXKIMBOCTI 3aCTOCYBaHHS Cy4acHHX iH(OpPMAIIMHUX TEXHOJIO-
riif, 30KkpeMa MeTOJiB OOpPOOKHM BEIMKHX JIaHUX, IITYYHOTO IHTENEKTY Ta MAIIMHHOTO Ha-
BYaHHS [UIA aHaNi3y ONepaTHBHOI iH(popMalii, HaKONMYEHOi B CHCTEMi OIIEpaTUBHO-
mucrieraepcbkoro ynpasiiaasa (COI'Y) Nomosroro ynpasminas JCHC Ykpainu y JIbBiBChKii
oOacti. 3arponoHoBaHo iHGOpMaIliifHy MOJENb JUIsl IPOTHO3YBAaHHS PU3MKOBHUX CHUTYAIii,
10 BKJIFOYAE €TaIi CTPYKTYPYBaHHS JaHUX, Kiacu]ikallii momii, reokoyBaHHS ajpec Ta Bi-
3yami3alii pe3yJbTaTiB y BUTJISAI TEIUIOBUX KapT. Po3pobieHo miaxia 10 CEeMaHTUYHOTO aHa-
73y TEKCTOBHX JIaHUX Ta THYYKOTO TPyIyBaHHS MOiH 3a Tunamu. [IpogeMoHCcTpoBaHO mpak-
TUYHY IIHHICTh MOJEN JUIs ONTUMI3allil pearyBaHHs Ha HaJ3BHYAiHI CHTYallii, 30Kpema mo-
KEXI, 3 ypaxyBaHHSIM IPOCTOPOBUX Ta THITOJIOTIYHUX OCOOIMBOCTEH.

bi6u. 14, in. 4.

YK 004.8

Kypb6a A.O., Moazanescekuii €.0. Oriisig iCHyl04HX TeXHOJIOTiH CKJaJChKOro 00-
JiKY 3 BAKOPHCTAHHSIM INTYYHOro iHTesekTy // CrcteMHi TexHouorii. PerioHaibHuil MKBY-
31BCHKHI 301pHUK HAYKOBHUX TIpallk. - Bumyck 3(158). — {ainpo, 2025. — C.149 — 156.

3poCTaHHs 3HaY€HHs CKJIAJCHhKOI JIOTICTUKU B YMOBax TrioOanizauii Ta quppoBoi TpaH-
chopMallli eKOHOMIKM BHMAarae MiBUIIEHHS e€()eKTHMBHOCTI yNpaBiiHHS 3amacamu. Tpagu-
L1MHI MeTOIM 00JIIKY He 3/1aTH1 3a0e3MeYnTH HeOO0X1IHY TOUYHICTb 1 MIBUAKICTh aHaJlI3y BEJU-
KHUX 00CATIB IJaHUX, 1110 IPU3BOJUTH 0 BTPAT 1 3HMKEHHS KOHKYPEHTOCIIPOMOKHOCTI. Buko-
PUCTaHHS IITYYHOTO IHTEJEKTY BIJIKpPHUBAE€ HOBI MOKJIMBOCTI JUIsl aBTOMaTHU3allli MPOLECIB,
ONTHUMI3aIlil pecypciB 1 IPOrHO3YBaHHS MOMUTY B peajJbHOMY 4aci. J{ocmiKeHHS cipsMOBaHE
Ha BHM3HAUEHHS CYYAaCHOTO pPiBHA pO3pOOOK ajanTaiii MITY4HOTO IHTEJEKTY /A0 3aBAaHb
CKJIa/ICBKOTO OOJIIKY.

bi6x. 12.

YK 004.75

Maminiu [. II., IBanuyk . B. OcobauBocTi po3mimeHHsi MikpocepBiciB cucrem
ynpaBJiHHS HABYAHHSAM Y riopuaHux xmapax // CuctemMHi TexHOJOTII. PerioHaabHuii Mix-
BY3IBCHKHI 30ipHUK HAYKOBHUX Tpallh. - Bumyck 3(158). — Ininpo, 2025. — C.157 — 170.

VY cTaTTi NpuAUIAETHCS yBara pi3HUM MiX0AaM Ta METOJIaM PO3MIILIEHHS MIKpPOCEpBICIB
y XMapax, a TakoX 0COOJIMBOCTI iX 3aCTOCYBaHHS MPHU PO3MIIIEHH] y T1IOpUIHIA XMapi MIKpo-
CEpBICIB CUCTEM YIPaBIIHHSA HaBYaHHSM. 3aBJSKU 3alPONOHOBaHIN CXeMi MOTOKIB IaHUX aB-
TOMAaTHU30BAHOTO PO3MIIICHHS MIKPOCEPBICIB y T1OpUIHINA XMapi BU3HAYEHO CIIOCOOU BIIOCKO-
HaJCHHS METOMIB PO3MOJLTY MIKPOCEPBICIB TAKUM YHHOM 1100 BOHHU JaBajdl KOPHCTYBadeBi
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JOCTaTHIA KOHTPOJIb HAJ| IPOIIECOM, a TAKOX BPaxOBYBAIH OCOOIMBOCTI CHCTEM YIPaBIiHHS
HaBYaHHSIM.

Bi6m. 22, . 2.

VK 004.65

Crenanenko A.C., Casmina [.O. MoaugikoBanuii MmeToa KypcopHoi narinauii ta ¢i-
JbTpamnii 1anux y Burisai nakery NPM // Cucremni texnonorii. PerioHaibHUIT MIKBY31BCh-
Kuii 30ipHUK HayKOBUX Ipatib. - Bumyck 3(158). — duinpo, 2025. — C.171 — 180.

Lls crarTs mpucBsiueHa po3poOii MOAU(IKOBAHOTO METOLy KYypCOpHOI mMariHaiii, 1o
Ma€ MiATPUMKY OCHOBHHUX 0a3 manux ta ORM cuctem, Hajae MOXIUBICTH BHKOPHCTAHHS
KOMIUIEKCHUX (DiIbTpallii Ta copTyBaHHS JaHMX, iHAEKcalil 3anuTiB Tommo. [IpoananizoBani
HasBHI PIlICHHS, BUNIAJIKU 1X BUKOPUCTAHHs, mepeBaru Ta Henoiiku. ChopmoBano moaudi-
KOBaHHI METO/I, SIKHI MICTUTh B COO1 BUIO3MiIHEHI Ta MOKpaIleHi (pyHKI[IOHAIbHI MOKIHBOC-
Ti icHytounx NPM makeriB, pa3oM 3 HOBUMH BIPOBAHKEHHSIMH, IO 30CepeKeH] Ha 3011b-
IeHI e)eKTHBHOCTI Ta YHIBEpCAILHOCTI 3amuTiB 0 0a3 manux. [IpoBeneno anami3z 3amporio-
HOBAHOTO pinieHHs. HaBeneHo MOTEHIiiHI HANPsIMHA MOAANBIINX PO3IIUPEHb Ta TOJIMIICHb
METOAY.

bi6. 8.

VK 004.4:004.8:681.3.06:004.912

Bep6Ooswii J[.C., Casmina 1.O. MeToa 1Jisi aBTOMATHYHOI NepeBipKH TOKYMEHTIB Ha
BiMoOBiHicTL HOpMaTUBHUM BuUMoraM // CuctemHi TexHOJOTII. PerioHaabHUi MI>KBY3iBCh-
KUii 30ipHUK HAYKOBUX Mpailb. - Bumyck 3(158). — duinpo, 2025. — C.181 — 187.

I ctarTa npucBsiueHa po3poOiii e(peKTUBHOIO METOJY aBTOMATUYHOI MEpeBIpKU Gop-
MaTiB JOKYMEHTIB, SIKMI JJ03BOJISI€ TapaHTYBaTH IX BIANOBIJHICTh MEBHUM CTaHAApTam Qop-
MaryBaHH. [lepernsHyTo Ta mpoaHaai30BaHO HAsBHI MiAXOIH, IO BUKOPHCTOBYIOTh CHCTEMH
Ha OCHOBI MpaBWJI 1 METOAM MAIIMHHOTO HaBYaHHS. 3alpOIIOHOBAHO MOAN(DIKOBAaHUI METOI,
AKUN 00’€lHy€e K CTPYKTYpHY, Tak 1 JIHI'BICTUUHY NepeBipKy. [IpoBeaeHO MOpiBHSUIbHUN
aHaJIi3 3apOIOHOBAHOTO METO/TY 3 HasIBHUMH ITiIX01aMH. TakoX 3alpOorOHOBAaHO TOTEHITiH-
H1 HAIPSIMKHU MOJAJIBIINX JOCITIIKEHb.

bi6. 9.

YK 004.43: 004.054

Conysn O.A., Jlomenko JILLA. JlocaigxkeHH MOXKJIMBOCTell BHUKOPHCTAHHA
WebAssembly 17151 po3po0Kku BHCOKONPOAYKTHBHOr0 Koay y Beomomarkax // Cucremni
TexHoJor1i. PerioHanbHU MI>KBY31BCbKUHM 301pHUK HAYKOBHX Ipallb. - Bumyck 3(158). — [nimnpo,
2025. - C.188 — 200.

PosrasinyTo MoxknuBocTi BukopuctanHs WebAssembly y BeG3acToCcyHKax st 3a0e3-
MEeYEeHHs BUCOKOI MpotykTuBHOCTI. [lokazano, mo TexHonoriss WebAssembly no3Bossie nocs-
I'TH Maii>ke HaTUBHOI IIBUJKOAII y MOpiBHSAHHI 3 JavaScript 3aBAsSKd KOMIUIALIT B GalTKO.
[IpoananizoBaHo npoaykTuBHicTh WebAssembly Ha npukiaai aaropuTMiB JiHIHHOT anredpu
3 BuHKopucTtaHHsM OeHumapkiB PolyBenchC. Pesymbprate pocmimxkeHb mMoOKa3aad, IO
WebAssembly nemMoHCTpye TiepeBaru y BAKOHaHHI 004K CIIIOBATILHO IHTEHCUBHUX aJITOPUTMIB
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Ha MQJIUX Ta CepeaHiX oOcsrax naHux. BuzHadyeHo OCHOBHI (pakToOpH, 110 BIUTHBAIOTH Ha ede-
KTUBHICTH WebAssembly mpu 00po01ii BeMKHUX 00CATIB TaHUX.

bi6n. 11, i1. 3, Taba. 2.

VK 666.9.033

Hecrepenko M.M., Benmias B.B. IlepemilieHnsi noBiTpsiHMX BKJIOYEHb Y Jierkooe-
TOHHHX cymimax mpu Bidpauniiinomy ymiinbHenni // Cucremni TexHouorii. PerionanbHuii
MDKBY31BChKHI 301pHUK HAYKOBHUX Tpallb. - Bumyck 3(158). — {ninpo, 2025. — C.201 — 208.

VY cTarTi pO3MIIHYTO MPOLEC YUIUIbHEHHS MONICTUPOIIOSTOHY 3 YpaxyBaHHSM BIUIUBY
XBWIBLOBHX e(ekTiB. [l00ynoBaHO TUHAMIYHY MOJIENb CUCTEMHU «IIaTgopma — OETOHHA Cy-
Mim — QGopma» Ta JOCHIIKEHO €(PEeKTUBHICTh TPHOX PEKUMIB KOJMBAIHHOTO 30YIKCHHS.
BceraHnoBneHno, mo KoMOiHOBaHI KOJIMBaHHS (BEPTHKAIBbHI + TOPU30HTANBHI) 3a0€3MEUyIOTh
cripanenonioHuii apei¢ MOBITPSHUX BKIIOYEHD i CHPUAIOTH aKTUBHOMY OYHIIEHHIO CTPYK-
TypH. Pe3ynbprati MOXKyTh OyTH BUKOPUCTAHI JUIs ONTUMI3allii TEXHOJIOTIYHUX PEXKHUMIB YIIIi-
JHHEHHS B YMOBAX BUPOOHHIITBA JIETKOOETOHHUX BUPOOIB.

bi6ma. 7, Tabxa. 1.

YK 621.875.56

Crpenb0inpkuii B.B. JlocaikeHHs ekcmiiyaTaniiHoi HagiliHOCTI MOPTAJILHUX Kpa-
HiB "T’AHII" 5-30 piukoBux nopriB // Cucremni TexHouorii. PerioHanbHuil MIKBY31BCHKHIA
30ipHHUK HayKOBHX Tpallb. - Bumyck 3(158). — dninpo, 2025. — C.209 — 216.

VY po6oTsI Oynu MpoaHalli3oBaHi HECTIPABHOCTI MEXaHI3MiB MOPTAINBHUX KpaHiB «I aHI»
BAHTAXKOMITHOMHICTIO 5 TOHH, IIT0 BUHUKAIOTh MPHU €KCIUTyaTallii B pilYKOBOMY MOPTY. AHamI3
pe3yNbTaTiB 1OCIIKEHHSI TI0Ka3aB, 110 HallOUIbIIa KUIBKICTh BiIMOB OyJIO BUSIBIIEHO B Me€Xa-
HI3Max MepeMilleHHs, TiAIoMY 1 3MIHU BIIIbOTY KpaHa. OCHOBHUMHM MPUYMHAMH BIJIMOB Mij-
HOMHMX MEXaHI3MIB € 3HOC T'aJbMIBHUX ILIKIBIB, pyHHYBaHHS 1 3HOIIYBAaHHS BaiB 1 MIAMIHUII-
HUKIB B pEIyKTOpax.

bi6u. 16.
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UDC 519.2:004.9

Belozyorov V.Ye., Zaytsev V.G., Pohorielov O.V., Khizha A.L. Problems of analysis
of electroencephalograms by methods of nonlinear dynamics // System technologies.
N 3(158) - Dnipro, 2025.- P.3 - 9.

In this paper, the analysis of the problems of processing electroencephalograms by non-
linear dynamics methods is made. It is shown that the results obtained by different methods,
including machine/deep learning methods, neural networks allow classifying an epileptic sei-
zure based on EEG data with an accuracy of 94% or higher. The problems that occur when
performing these studies are indicated. The problems of analyzing data taken from different
databases that arise when using nonlinear dynamics methods are considered. Their compari-
son and clustering are carried out according to the JRQA indicators of EEG data analysis and
Hurst indices. However, it is currently not possible to identify an analytical dependence in the
direction of predicting an epileptic seizure.

Bible 28, tab. 2.

UDC 621.9:004.94

Hrechanyi O.M., Vasilchenko T.0O., Vlasov A.O., Ilvakhnenko O.P., Vernydub M.V.
The role of CAD in the development of engineering solutions for the metallurgical indus-
try: experience in using ANSYS, AUTOCAD, SOLIDWORKS and MATLAB // System
technologies. N 3(158) - Dnipro, 2025.- P.10 — 20.

The features of using modern software tools for designing products in the metallurgical
industry are considered. The advantages and disadvantages of specific software products in
the context of metallurgical tasks, such as modeling technological processes, designing me-
chanical components, analyzing thermal and mechanical loads, are determined. A multiphys-
ics approach is proposed, combining the integration of powerful software tools (ANSYS, Au-
toCAD, SolidWorks, MATLAB) for modeling complex metallurgical processes with an em-
phasis on mechanical, thermal and structural analysis.

Key words: computer-aided design, computer modeling, engineering calculations, tech-
nical standards, data analysis

Ref. 19, table 4.

UDC: 004.934

Dmytriieva I.S., Bimalov D.V. Analysis of emotions using facial expressions and
voice features // System technologies. N 3(158) - Dnipro, 2025.- P.21 — 27.

The article is devoted to the study of emotion recognition systems that use both voice
and visual data. The paper discusses the main methods of processing acoustic features and
facial expressions. Particular attention is paid to the analysis and processing of acoustic char-
acteristics such as intonation, volume, speech rate and pause duration, as well as the use of
computer vision methods to detect facial expressions such as smiling, pursed lips or furrowed
brows.

Ref. 4, fig. 3, Table 1.
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UDC 004.623

Sytnyk R., Hnatushenko Vik. Method for ensuring the reliability and integrity of
personal data processed in a blockchain system // System technologies. N 3(158) - Dnipro,
2025.- P.28 — 35.

A comprehensive method for ensuring the reliability and integrity of personal data in
blockchain systems using a dynamic verification system has been developed. A mathematical
model for data reliability assessment and system architecture with a hierarchical structure of
verification nodes is proposed. The method has been designed for a blockchain system with a
modified Proof-of-Authority consensus algorithm for data protection while maintaining usa-
bility.

Refs. 7.

UDC 004.85

Gozhy O.P., Kalinina 1.0., Gozhy V.O., Dymo V.V. System approach to forecasting
electricity demand based on machine learning // System technologies. N 3(158) - Dnipro,
2025.- P.36 — 47.

The article explores a systemic approach to solving the problem of forecasting electrici-
ty demand in Ukraine based on machine learning methods. The sequence of data processing
stages when solving the forecasting problem using machine learning methods is presented.
The methodology for solving the forecasting problem on time series is considered.

Refs. 28.

UDC 004.8:62-50

Shvachych G., Moroz B., Shcherbyna P., Olishevskyi I., Moroz D. Intelligent process
control forecasting system based on artificial neural network // System technologies.
N 3(158) - Dnipro, 2025.- P.48 — 57.

The research is aimed at developing a neural network model for network data pro-
cessing, which can be used to control technological processes in modern metallurgical pro-
duction at various stages of metal processing. The proposed system is characterized by high
speed, accuracy, reliability and efficiency, which contributes to improving product quality.
The system includes a cluster of network sensors that can be reconfigured and connected to a
high-performance distributed system. It also provides a mechanism for redundancy of key
components and is aimed at increasing the efficiency of the technological process at each
stage.

Libr. 14, ill. 2.

UDC 519.2:004.9

Panasenko Ye.S., Belozyorov V.Ye. Classification of eye state based on EEG data
using recurrence analysis // System technologies. N 3(158) - Dnipro, 2025.- P.58 — 73.

The relevance of this study is driven by the growing interest in portable EEG devices
and the need to develop efficient algorithms for analyzing brain activity with limited technical
resources. This paper addresses the problem of classifying brain states based on electroen-
cephalography (EEG) data to distinguish between two specific states: relaxation and concen-
tration. The classification of open and closed eyes is examined, as eye closure is associated
with increased relaxation. A classification method based on the quantitative analysis of recur-
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rence plots, which is one of the approaches of chaos theory, is proposed and compared with
traditional brain rhythm analysis.

Bible 22, ill. 4, tab. 1.

UDC 004.8:62-50

Shvachych G., Shcherbyna P., Kabachenko O., Olishevskyi 1., Ishchuk P. Development
and exploration of parallel technologies in stochastic programming tasks // System tech-
nologies. N 3(158) - Dnipro, 2025.- P.74 — 86.

Study investigates parallel approaches to problem modeling using the Monte-Carlo
method. It has been demonstrated that the core of this method lies in the random modeling of
a vast number of scenarios and the statistical analysis of the results, which explains its inher-
ent parallelizability. It is noted that since individual iterations of the Monte-Carlo method are
usually independent of each other, they can be easily distributed across multiple threads or
nodes in a cluster system. This makes method ideal for parallel and distributed computing.
The calculation schemes that enhance productivity and performance are presented. The effec-
tiveness of the proposed approach is demonstrated through research and graphical interpreta-
tions, showcasing the convergence and approximation of the developed method.

Bi6a. 10, in. 5.

UDC 612.8:004.8

Inkin O.A., Belozyorov V.E. Hybrid modeling of EEG: the Fitzhugh-Nagumo-
Lorenz model // System technologies. N 3(158) - Dnipro, 2025.- P.87 — 95.

This study presents a combined mathematical model for interpreting electroencephalo-
gram signals that combines the FitzHugh-Nagumo equation with the Lorentz chaos system. A
neural network has been developed that automatically adjusts the model to match real EEG
data. This approach successfully reproduces the key features and rhythms of the EEG, and the
accompanying MATLAB software facilitates implementation. The method is promising for
both scientific research and medical applications in the diagnosis of brain diseases.

Bible 9, ill. 6.

VK 004.94+510.23+510.25+512.567+629.4

Shynkarenko V., Guda A., Sablin O., Ivanov O. Attribute saturation of the construc-
tive-synthesizing model of the DC traction power supply system section // System tech-
nologies. N 3(158) - Dnipro, 2025.- P.96 — 1009.

The previously developed general constructive-synthesizing model of the DC traction
power supply section is enriched with information on the values of the attributes of the con-
stituent elements. Depending on how the model is interpreted by the algorithmic designer,
various structural systems are formed. One of them is intended for randomly determining the
values of the attributes of electrical equipment and the train situation from a set of potentially
possible ones in order to form different options according to which the expert makes a deci-
sion on the use of recuperation energy. The second is for collecting information on the state of
electrical equipment and the train situation from real objects for controlling the distribution of
electricity in automatic mode.

Bibl. 9, il. 1, tabl.
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UDC 004.93

Otsrovska K.Yu., Zymogliad A.Yu., Kozakova A.O. Simulation of a neural network
algorithm for the analysis of video flow defects // System technologies. N 3(158) - Dnipro,
2025.- P.110 — 116.

The paper reviews existing scientific works on video analysis for detecting defects and
digital broadcasting technologies. The creation of a data set, data distribution by samples are
considered. The training of neural network models and obtaining training results are de-
scribed. Implementation of the method of using a trained neural network model.

Bibl. 5, ill. 10.

UDC 622.3:622.7

Kononov D.O., Tsikolia A.Z., Ermokratev V.A. Determination of oscillation parame-
ters of the elastic screen of a vibrating sieve using explicit and implicit dynamics meth-
ods for a rubber element // System technologies. N 3(158) - Dnipro, 2025.- P.117 — 127.

The work is devoted to determining the dynamic parameters of the movement of the
elements of the elastic card sieve of the vibrating screen.

A model of the card elastic sieve element for dynamic analysis using the finite element
method has been developed.

Bibl. 9, Fig. 8, Tab. 1.

UDK 004.8

Zhukov 0.0., Horbenko V.I. Using time series and Istm neural networks for identi-
fication of hive states // System technologies. N 3(158) - Dnipro, 2025.- P.128 — 1309.

This study examines the use of time series and LSTM recurrent neural networks to iden-
tify beehive states. An approach to preprocessing temporal data from beehives is developed,
which includes data aggregation into optimized intervals, selective export of stable ranges,
application of interpolation methods, and time series normalization. Based on these data, two
models were developed to identify events and global states.

Bibl. 12.

UDK 004.6

Shopsky O.M., Malets I.A. Classification and spatial analysis of fires in the opera-
tional dispatch control system // System technologies. N 3(158) - Dnipro, 2025.-
P.140 — 148.

The article explores the possibilities of using modern information technologies, in par-
ticular big data processing methods, artificial intelligence and machine learning for analyzing
operational information accumulated in the operational dispatch control system (OSCU) of
the Main Directorate of the State Emergency Service of Ukraine in Lviv region. An infor-
mation model for predicting risk situations is proposed, which includes the stages of data
structuring, event classification, address geocoding and visualization of results in the form of
heat maps. An approach to semantic analysis of text data and flexible grouping of events by
type is developed. The practical value of the model for optimizing response to emergencies, in
particular fires, taking into account spatial and typological features is demonstrated.

Bibl. 14, ill. 4.
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UDC 004.8

Zhurba A., Modzalevskyi Y. Overview of existing warehouse accounting
technologies using artificial intelligence // System technologies. N 3(158) - Dnipro, 2025.—
C.149 — 156.

The growing importance of warehouse logistics in the context of globalization and
digital transformation of the economy requires increasing the efficiency of inventory
management. Traditional accounting methods are unable to provide the necessary accuracy
and speed of analysis of large volumes of data, which leads to losses and a decrease in
competitiveness. The use of artificial intelligence opens up new opportunities for process
automation, resource optimization and demand forecasting in real time. The study is aimed at
determining the current level of development of artificial intelligence adaptation to warehouse
accounting tasks.

Bibl. 12.

UDC 004.75

Malinich L.P., Ivanchuk Y.V. Features of microservices placement of learning
management systems in hybrid clouds // System technologies. N 3(158) - Dnipro, 2025.—
C.157 - 170.

The article focuses on various approaches and methods for deploying microservices in
the cloud, as well as the specifics of their application for hosting microservices in a hybrid
cloud environment for learning management systems. The proposed data flow solution for the
automated deployment of microservices in a hybrid cloud provides ways to improve
microservice distribution methods giving users sufficient control over the process including
features of learning management systems.

Ref. 22, fig. 2.

UDC 004.65

Stepanenko A.S., Saiapina 1.O. Modified method of cursor pagination and data
filtering as an NPM package // System technologies. N 3(158) - Dnipro, 2025.— C.171 — 180.

This article is devoted to the development of a modified method of cursor pagination,
which has support for basic databases and ORM systems, provides the ability to use complex
data filtering and sorting, query indexing, etc. Existing solutions, their use cases, advantages
and disadvantages are analyzed. A modified method has been formed, which includes
modified and improved functionality of existing NPM packages, along with new
implementations focused on increasing the efficiency and versatility of database queries. The
proposed solution is analyzed. Potential directions for further expansion and improvement of
the method are given.

Bibl. 8.

UDC 004.4:004.8:681.3.06:004.912

Verbovyi D.S., Saiapina 1.0. Method for automatic verification of documents for
compliance with regulatory requirements // System technologies. N 3(158) - Dnipro,
2025.— C.181 —187.
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This article is devoted to the development of an effective method for automatic
verification of document formats, which allows to guarantee their compliance with certain
formatting standards. Existing approaches using rule-based systems and machine learning
methods are reviewed and analyzed. A modified method is proposed that combines both
structural and linguistic verification. A comparative analysis of the proposed method with
existing approaches is conducted. Potential directions for further research are also suggested.

Bibl. 9.

UDC 004.43: 004.054

Soluian O., Liushenko L. Research of WebAssembly usage for high-performance
code development in web applications // System technologies. N 3(158) - Dnipro, 2025.—
C.188 — 200.

The paper examines the potential of using WebAssembly in web applications to ensure
high performance. It is shown that WebAssembly technology allows achieving nearly native
speed compared to JavaScript due to bytecode compilation. The performance of
WebAssembly is analyzed using linear algebra algorithms with PolyBenchC benchmarks. The
research results demonstrated that WebAssembly shows advantages in executing
computationally intensive algorithms with small and medium data sizes. The main factors
affecting WebAssembly's efficiency when processing large data volumes are identified.

Ref. 11, fig. 3, tab. 2.

UDC 666.9.033

Nesterenko M.M., Vedmid V.V. Movement of air voids in lightweight concrete
mixtures during vibration compaction // System technologies. N 3(158) - Dnipro, 2025.—
C.201 - 208.

The paper investigates the compaction process of polystyrene concrete under the
influence of wave excitation. A dynamic model of the “platform — concrete mixture — mold"
system is developed and three vibration excitation modes are analyzed. It was found that
combined oscillations (vertical + horizontal) generate spiral drift of air inclusions and
promote effective structure cleaning. The results can be applied to optimize compaction
regimes in the production of lightweight concrete products.

Ref. 7, Table 1.

UDK 621.875.56

Strelbitskyi V.V. Research of operating reliability of portal cranes "GANZ" 5-30
river port // System technologies. N 3(158) - Dnipro, 2025.— C.209 — 216.

The robot analyzed the malfunctions of the mechanisms of Gantz portal cranes with a
lifting capacity of 5 tons that occur during operation in a river port. Analysis of the results of
the study showed that the greatest number of failures was found in the traveling, lifting and
luffing mechanisms of the crane. The main causes of failures of lifting mechanisms are wear
of brake pulleys, destruction and wear of shafts and bearings in gearboxes.

Ref. 16.
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