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KuiBcbkuii HanioHasbHUH yHIBepeuTeT iMeH1 Tapaca IlleBuenka

B.I. KY3bMMWMY, JI.B. KY3bMNY

XepCOHCHKUH Aep:KaBHUH YHIBEPCUTET

CTABLIIBALIIMTHA MATEMATHYHA MOJEJb OLIHKH BIOJJKETY
PO3POBJIEHHSI IPOTPAMHOI'O IPOEKTY

O0numu 3 nowupenux npoorem y peanizayii IT-npoexmie € nepesumpama 6100x4cemy uepes HeeghekmugHe naiaHy-
BAHH5 pecypcie ma 8IOCYMHICMb SHYUKUX IHCIPYMeHMi6 0Jisl ONepamueHo20 Kopueysants eumpam. Boonouac dinvuicme
icHyrOUUX MoOenell 6100dCcemy8ants He a0anmogaHo 00 NOMped MAnux OUHAMIYHUX NPOEKMIB, AKI NOmpeOyrms npo-
CMO20 Ul 3p03YMINI020 MEXAHIZMY NPUUHAMMSA piieHb nio uac peanizayii npoekmy. Y cykynnocmi yi “uHHUKU popmyroms
akmyanviy nompedy 6 pospobrenti Hoeo2o 1T-npodykmy, wjo dacme 3mMo2y ONMUMIZy8amu npoyecu npooaxcy, cnpo-
cmumu aOMIHICIMPYB8AHHSL, A MAKONC HA0AMU 3PYUHI IHCMPYMEeHmu OJisi KOHMPOJIO (DIHAHCIE MA AHATIMUKU.

Y pobomi npedcmasneno mamemamuuny mooenv obduucienns sapmocmi po3poonenns IT-npoexny mapkemnueticy
3 npooaoicy mosapis. Mooens nepedbauae KepysanHs 6apmicmio po3poOneHHs. NPOEKMY V pa3i 3MIHU 6aPMOCTI OKPEMUX
pecypcie, AKI 3a0iaHi y 11020 po3pobienti. ¥ pasi makux 3miH Ha NesHOMY emani po3po0bienHs nPoeKmy 8i00yeacmvcs
nepepo3nooin Kowmie Mixc pecypcamu, AKi 3aTUMUIUCA, i3 Memol NO8epHYMU 8apmicms po3pobieHHA NPOEKNY 00
3aN1aHOBAHOI.

Y pobomi suxopucmano ioeio 3acmocosysarnts nponoOPYitiHUX Koe@iyicHmis 01 onmumizayii po3nooiny eumpam
Midic pecypcamu, wo 3ade3neuye eHyuKicmes ma a0anmueHiCib MameMamuyHol Mooeni 3a OUHAMIYHUX 3MIH 6apmMoCmi
pecypcie, sKi 8UKOPUCHOBYIOMbCA NI0 wac po3pobnenns npoekmy. I[lpedcmasnena y pobomi mamemamuyna mooeisb 0de
3M02y Kpauje 8paxo8ysamu 0OMediCceHHs pecypcie ma onmumizyeamu pilueHHs y CKAAOHUX YMOBAX. 3acmocy8ants cHyY-
K020 nioXo0y 00 8UmMpam y npoEKMax Ha 3d8epuiaibHOMY emani 0ae 3Moz2y 30iUCHUMY nepexio 8i0 CmamuyHux 01oxce-
mig 0o adanmugnoi mooeni ynpaeninus. Ilepeposnoodin pecypcie 3abesneuye payionanvHe 3a6epuietts NPOEKNTY 8 MexXcax
010001cemy ma cnpuse 00cAeHeHHI0 Oi3Hec-YiHHOCMI 3a PAXYHOK eKOHOMHO20 BUKOPUCTNAHHS PECYPCIB.

Pobomy mooeni npodemoncmposano Ha npukiadi KepysamnHs eapmicmio po3pobnents konkpemnozo 1T- npoexmy,
npU YbOMY, NOYUHAIOUU 3 QK020 KPOKY 1020 GUKOHAHHSL, 3MIHIOEMbCS 6APMICMb OKPEMUX Pecypcis, 3a0ianux y peai-
3ayii yboeo npoexkmy. Ileped UKOHAHHAM HACMYNHO20 emany peanizayii nPoeEKmy npo8ooUmsCcs NPONOPYIUHULL nepe-
PO3N0O0IN 3aNUWKOBUX KOWMIE O100cemy Midxc pecypcamu, AKI we Oyoyms 3a0iaHi 0o 3aeepuienHs npoekmy. Ipu yvomy
nepepo3nooini 6apmicme NPOEKMY NOBEPMAEMbCA 00 3ANIAHOBAHOI.

Knouosi cnosa: mamemamuina Mooeis, YRpasiiHHs 6apmicnio, nepepo3nooin orodicemy, mapkemn.aeuc, IT-npoexm.

K.V. VALKO
Taras Shevchenko National University of Kyiv

V.I. KUZMICH, L.V. KUZMICH

Kherson State University

STABILIZATION MATHEMATICAL MODEL FOR ESTIMATING
THE BUDGET OF SOFTWARE PROJECT DEVELOPMENT

One of the common problems in the implementation of IT projects is budget overspending due to inefficient resource
planning and the lack of flexible tools for operational cost adjustments. At the same time, most existing budgeting models
are not adapted to the needs of small dynamic projects that require a simple and understandable decision-making mecha-
nism during project implementation. Taken together, these factors create a pressing need to develop a new IT product that
will optimize sales processes, simplify administration, ensure integration with logistics and payment systems, and provide
convenient tools for financial control and analytics.

The paper presents a mathematical model for calculating the cost of developing an IT project for a marketplace
for the sale of goods. The model involves managing the cost of developing a project in the event of a change in the cost of
individual resources involved in its development. In the event of such changes at a certain stage of project development,
funds redistributed between the remaining resources in order to return the cost of project development to the planned one.

The paper uses the idea of using proportional coefficients to optimize the distribution of costs between resources,
which ensures the flexibility and adaptability of the mathematical model in the event of dynamic changes in the cost of
resources used in the development of the project. The mathematical model presented in the paper allows for better con-
sideration of resource constraints and optimization of solutions in complex conditions. Applying a flexible approach to
project costs at the final stage allows for the transition from static budgets to an adaptive management model. The real-
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location of resources ensures the rational completion of the project within the budget and contributes to the achievement
of business value through the economical use of resources.

The model's operation is demonstrated on the example of managing the cost of developing a specific IT project,
while starting from a certain step of its implementation, the cost of individual resources involved in the implementation
of this project changes. Before the next stage of project implementation, a proportional redistribution of the remaining
budget funds is carried out between the resources that will still be involved before the completion of the project. With this
redistribution, the project cost returns to the planned one.

Key words: mathematical model, cost management, budget redistribution, marketplace, IT project.

IMocTanoBka nmpodeMu

B ymoBax oOMexeHOro OOKeTy, TUIOBUX /ISl MAJIUX Ta CEpeHIX MiJNPUEMCTB, KPUTUIHO
HEOOX1THO MaTH IHCTPYMEHT, SIKUH JTa€ 3MOTY KOHTPOJIIOBATH BUTPATH HA PI3HUX €Talax MPOEKTY Ta
aZlanTyBaTH pecypcHe 3abe3nedeHHs 0e3 yrparu edextuBHOCcTi. B Ykpaini 6muspko 80% manux ta
CepeqHiX KOMITaHili BUKOPUCTOBYIOTh YIIpaBliHChKHii 001K B Excel, 6e3 aBromaTu3ariii, o yckiai-
HIOE TJTAaHYBaHHS, KOHTPOJIb BUTPAT 1 IPUOYTKIB.

AHani3 JpKkepell, IpucBsiueHuX ynpasiinHio [ T-npoekramu, 3acBiiuy€e akTyanbHICTh TPOOIEMU
NEePEBUTPATH OIOJDKETY Ta HeOTpUMaHH rpadikis peanizauii. HasBHi Mogeni 31e011b110T0 30Ccepe-
JDKEH1 Ha ONTUMI3aIil po3Kiaay poOiT i 3arajJbHUX BUTPAT, HE BPAXOBYIOUM MEXaHI3My MPOIOPITiii-
HOTO TMEePEPO3NOIiLTYy OFOMKETY MK pecypcaMu 3a 3MIHHU 1X BapTOCTI B mporieci BukoHanus IT-mpo-
exTy. [l cknagHux @ poBUX NPOAYKTIB, TAKMX SIK CTBOPEHHS MapKeTILICHCY, 116 0OOMEXEHHs CTae
KPUTUYHHUM, aJ[)Ke JIMHAMIKa I[iH Ha JIFOJIChKi, OOYMCITIOBAJIBHI Ta iHQPACTPYKTYPHI pecypcH ToTpe-
Oye amanTuBHOI OrOHKeTHOT Mozieni. He3Bakaroum Ha MOCTIMHE BIOCKOHAJICHHS MIAXO0/IB 1 METOIUK,
IT-npoexTn Bce 1Ie 3aJUIIAIOTHCS Y 30HI PU3MKY IIOJO JOCSITHEHHS OCHOBHHUX KPUTEPIiB YCHIXY:
BYACHOCTI BUKOHAHHSI, JOTPUMaHHS OIO/KETY Ta TOCSITHEHHS 3aIUTAHOBAHUX PE3YIIbTAaTIB.

OTxe, ocTae 3aBJaHHs: pO3pOOUTH MaTeMaTU4YHY MOJeNb onTuMizauii oromkety IT-poexty
3 ypaxyBaHHSM JMHAMI4HOI 3MIiHM BapTOCTI pecypciB, sika nepeadayae MPONOPLIHHUN PO3MOALT
KOpUT'YBaJIbHUX KOE(ILIEHTIB AJIsl KOXKHOTO peCypCy 3 METOIO MiHIMI3allil IepEeBUIIICHHS 3allJlaHOBa-
HUX BUTpAT Ta 30epeeHHs OaaHCy MK BapTICTIO Ta TEPMiHAMU peai3allii MpOeKTY.

AHaJIi3 0CTaHHIX J0CTi/zKeHb i myOmikanii

@DyHKIIOHYBaHHS MapKeTIUIEHCIB CYNPOBOAXKY€ETHCSI HU3KOK BHUKIMKIB, CEpel] SIKUX — XKOp-
CTKa KOHKYPEHIIisl, KOMICI}HI BUTpaTH, OOMEKEHHsI y TMepcoHali3amii Ta 3aJ1eKHICTh BiJ MOMITUKU
LIHOyTBOpEeHHS caMoi riargopmu. Taki pakTopu GopMyIOTh BUCOKY IMHAMIYHICTb IPOEKTIB 31 CTBO-
PEHHS MapKeTIUICHCIB, 1110 BUMarae e(peKTUBHUX MOJIeNIeH YIpaBIIiHHS BUTPaTaMu Ta THYYKOTO Iij-
X0y 1o OromkeTyBaHHs [1].

CyuacHi IT-ipoexTH XxapakTepu3yl0ThCs BUCOKUM PIBHEM HEBHU3HAUEHOCTI, 30KpeMa 110710 Bap-
TOCT1 pecypciB, SK JIOACHKUX, TaK 1 MaTepiadbHO-TEXHIYHUX. YCKJIaJHEHHS 30BHIIIHHOTO CEpelo-
BUIIA (3MIHU LiH, KOJIMBAaHHS PUHKY) BUMAaraioTh THYYKHX IiJXOAIB JO IUIAHYBaHHS OIOKETY Ta
KoHTpoJto BuTpar. Hanpukian, 3rinno 3 nanumu McKinsey & Company: nume 59% IT-npoekris
3aBEPILYIOTHCS B MeKaxX OIO/DKETY, a PelITa MPOEKTIB MEePEeBULIYIOTh OrokeT Ha 75%; nuie 47%
IT-nipo€eKTiB 3aBEPIIYIOTHCSA BUYACHO, a PELITA MPOEKTIB MEPEBUIIYIOTh Ipadik BUKOHAHHS MPOEKTY
Ha 46%; nume 44% IT-npoekTiB 3a0e3MeuylOTh OYIKyBaHI MEpEeBark, a y peuITH MpoeKTIB pealibHi
nepesaru Oynu Ha 39% MeHIMMU 3a ouikyBaHi [2]. BoqHouac 6arato TpaauiiitHux Mozaesnei Oromxke-
TYBaHHS € CTATUYHUMH 1 HE 3/1aTHI aAaNTyBaTHCS A0 IWHAMIYHUX 3MiH [3].

VY ramy3i ynpaBiiHHS TPOEKTAMH IUPOKO BUKOPUCTOBYIOTHCS KJIACHYHI METO/IH, TaKi SIK METO/T
ocoeHoro obcsary (Earned Value Management, EVM) abo meTton kputuunoro nuisaxy. Lli miaxoau
e(heKTHBHI 3a CTAaOUTLHUX YMOB, aJic OOMEKEHI B yMOBax HECTaOUIbHUX BIIXUJICHH BAPTOCTI pecyp-
ciB. MaremaTu4Hi MOJEII Jal0Th 3MOTYy Kpallle BpaxOBYyBaTH OOMEXKEHHS PEeCypCiB Ta ONTHMIi3Y-
BaTH PIIICHHS y CKJIAaJHUX YMOBaX. 30Kpema, MOjeil THIly resource-constrained project scheduling
problem (RCPSP) Ta iioro uucieHHI po3MIMPEHHS 3aCTOCOBYIOTHCS JJIsi BpaxyBaHHS PECYypCHUX
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0OMe>keHb, IPIOPUTETIB Ta MiHIMI3allii TpUBaIOCTI a00 BUTpaT MpoekTy [4]. [nes 3actocyBaHHs npo-
MOPIIMHKUX KOe(IIIEHTIB U PO3NOILTY BUTPAT MIXK pecypcamu 3abe3rnedye rHy4KiCTh Ta aJanTHB-
HICTb 32 JUHAMIKU BapTOCTi. Y CYMDKHUX Tanmy3sx (ontumizauis Butrpar, DEA-Moneni) 3actocoBy-
1o1bcsi DEA-based proportional-sharing-nigxonu B pamkax 0i-00'eKTHBHOT onTHMI3arlii, Ae hikcoBaH1
BUTPATH IUIATHCS MPONOPLIHO 10 BHeCKIB (1k B OR Spectrum 2023) [5].

VY pobori [6] aBTOpH NPONOHYIOTH IBOETATHUIM MIX1/1 JO CTUMYJIIOBAHHS Ta pO3MOALTy (ikco-
BaHUX BUTpaT, BUKOpucToByroun DEA Ta MozmemtoBaHHS irop Ui OLIHKK €(PEeKTUBHOCTI MiApO3/Ii-
niB. IxHiit MeTox Aae 3MOry BpaXoByBaTH acHMMETPUUHY iH(OpMALLiIo Ta 3abe3nedye CrpaBeIuBHil
PO3MOALT pecypciB, 10 Ma€ MpsIME BIAHOLIEHHS 0 yrpaBiiHHsa OromkeToM [ T-ipoexty 3 Garatbma
pecypcaMu Ta 3MiHHUMH BUTpaTaMHu.

AHaJi3 ICHYIOUUX JIOCITIDKEHb TIOKA3Ye€, M0 KIIACHYHA 3a71a49a PeCypCHO-00MEKEHOTO KalleHaap-
Horo 1uianyBaHHs poekTy (RCPSP) 3a ocranHe necarupivus 3a3Hajia 3HAYHOTO PO3BUTKY Y HaNpsMi
ajanTanii 10 peaJbHUX YMOB MMPOEKTHOTO MEHEKMEHTY. 30KpeMa:

—Ti0pUIHI METaeBPUCTUKH 320€3MEeUYyIOTh BUCOKY €(DEKTHBHICTh 3HAXO/PKEHHS PILIICHb Y CKJIAJI-
HUX OOYMCITIOBATBHUX YMOBaX|[7];

— pOo3LIMpeHi TOCTAHOBKH 33]1aui Jal0Th 3MOT'Y MOJIETIIOBAaTH MHOXKUHHI Ta 3MiHHI y 4aci pecyp-
CHI 0OMEXEHHSI, a TAKO)K BUKOPHCTOBYBATH aJIbTEPHATHBHI HUTHOBI QyHKIIT [8];

— IBOKpHTEPialibHI MOJIENIl 3 YaCOBO-3aJIC)KHOIO BAPTICTIO peCYPCiB Big0oOpakaroTh EKOHOMIYH1
KOJIMBAHHS, 1110 O€3M0CepeIHbO BIUIMBAIOTH HA OIOIKET MPOEKTY [9].

VY po6ori [10] mponoHy€eThCSI 3SMEHIIIMUTH BUTPATH MIPOEKTY NUIIXOM YIPOBAKEHHS 1IHHOBAIIiH-
HUX TI1IXO0/IB Ta U(POBUX PIIICHh HA KOXKHOMY €Talli )KUTTeBOTO 1Ky IT-nmpoekty abo craprary.
30KkpemMa, aBTOpKa HaroJyiomye Ha e()eKTUBHOCTI BUKOPHCTAHHS THYYKUX METOJOJIOTIH yIpaBIiHHS
(Agile, Scrum, Kanban) y moeiHaHHi 3 iHCTpyMEHTaMH aBTOMATH3aIlil Ta IITyYHOTO 1HTEJIEKTY.

JIyMKy mpo IITYYHUH THTEJICKT K IHCTPYMEHT yIPaBIIiHHS BAPTICTIO MIAMPHUEMCTB PO3BHUBAE poOOTa
[11], aBTOpH $SIKOT CTBEPIKYIOTb, 1110 3aCTOCYBAaHHS IUTYYHOTO IHTEJIEKTY B YIIPABIIiHHI BAPTICTIO i IPHU-
€MCTBA MOJKE 3HAYHO MIABUIIUTH HOTO KOHKYPEHTOCIPOMOXKHICTb, €()EKTUBHICTh Ta IPUOYTKOBICTb.

VY nocnimkeHUX marepianax He Oylno BHSBICHO peati3allii MPOEKTy CTBOPEHHS MapKeTIUieicy
3 BUKOPHCTAHHIM MPAKTUK MPOEKTHOTO MEHEIKMEHTY, a TaK0)K KOHKPETHUX MaTeMaTHYHHUX MOJe-
JeH, siki O ONTUMI3YBalid BUTPATH. Y TMOAAIBIIOMY B pOOOTI Oyjie MpeCTaBICHO aBTOPCHKY MOJIEb,
sKa J1a€ 3MOTY He JIUIIIEe pO3PaxyBaTH 3aralibHUN OIOMKET MPOEKTY, a i BUSHAYUTH KOe(DIlli€EHTH IS
KOXKHOTO pecypcey. Li koedimieHTn moka3yBaTUMyTh, Ha CKIJTbKA HEOOX1THO 3MIHUTH BapTICTh BiJIIO-
BiJTHOTO pecypcy, 00 He TIEPEBUIINTH MEXIi 3aIJIAHOBAHOTO OIOIKETY.

Merta pocaixzkeHHS
Mertoro po6oTu € po3poOsieHHs! AMCKPETHOI MareMaTHMYHOi MOJEN OLIHKH BapTOCTI pO3po-
OnenHs [T-poexTy Ta KepyBaHHs HEIO MiJ yac peaiizallii, 110 BKJIIOYAE CTBOPEHHS 1HCTPYMEHTY
MOJICITIOBAaHHS Ta KOPUT'YBaHHS BAPTOCTI peCypCiB y paMKax OIOKETHHUX 0OMEKeHb MpoeKTy. Peari-
30BaHO MaTeMaTHYHUN MIIX1A 10 yrpaBiiHHs OromkeToM [T-poekTy B yMOBax NUHAMIYHOI 3MIHH
L[IHU PecypciB HA OCHOBI MPOMOPLIMHOIO PO3MOALTYy KOE(IlI€HTIB A KOXKHOTO PECYpCy 3 METOIO
MTOBEPHEHHS BAPTOCTI pO3POOICHHS POEKTY 10 3aIUIaHOBAHO.

Buxkiaa ocHOBHOI0 Marepiary J0CTiIKeHHS

1. MaremaTiyuHa MOCTaHOBKA 3aBIAaHHS JIOCIIIHKEHHS.

1.1. ®opmamizariist MareMaTudHOi Mozei. JIJIsi MaTeMaTHYHOTO OMUCY 3alpPOMOHOBAHOT MOJIETI
POOOTY KOXKHOTO pPecypcy MPOEKTY MPEICTaBUMO y BUINISAAL (YHKILIT poOOTH pecypcy — 3aJeKHOCTI
eTary MpoeKTy Bix 3HaueHb {0;1}, sSKi MOKa3ylOTh, YN BUKOPUCTOBYETHCS IIEH pecypc Ha KOHKPET-
HOMY eTarti po3poOneHHs npoekty {1}) um Hi {0}.

3arajioM JUisi 3HaXO/PKEHHs OIOKETHOI BapTOCTiI po3pOOJIEHHS MPOEKTY MOYKHA BUKOPUCTATH

iHTerpabHy dopmyry (1):

https://doi.org/10.32782/mathematical-modelling/2025-8-2-1 ISSN 2618-0332 (print), 2618-0340 (online)
13



ITPUKIIA/THI ITHNTAHHA MATEMATHYHOI O MOJE/IFOBAHHA T. 8, Ne 2, 2025

K
Ca= Y | [por@a), )
re{R} 0
ne C,— GasucHa (MoyaTkoBa) BapTiCTh PO3pOOIIEHHS POEKTY;
7 — pecypc, SIKUil BAKOPUCTOBYIOTh JUIsl pO3POOJICHHS IPOEKTY;
N — KUIBKICTh pecypey (KUIbKICTb OMHHMIIb);
p, (f) — 1ina pecypcy, SKka MOXKe 3MIHIOBATUCS 3 YacOM t;
K — TpuBasicTh NpoekTy (KUIBKICTh €TamiB: JHIB, MICALB...);
{R} — muO)kuHa yHkiiit podotu pecypey: Pm(t), Ba(t), D(¢)... .

®dopmyna (1) mae 3Mory 00paxyBaru 3arajbHy BapTiCTh pO3pOOICHHS MPOEKTY, YPAaXOBYIOUH BCi
3arpary Ha PeCypcH MPOTIroM BU3HAYEHOTO Tiepioay yacy. Lleid miaxin BKIIroYae iHTerparito 3MiHHUX
BapTOCTEN pecypciB, SIKI MOXKYTh 3MIHIOBAaTHCS 3aJI€KHO BiJl 4yacy Ta YMOB PHHKY, 3a0€3Meuyloun
O1NIBII TOYHE 1 THYYKE [JIaHYBaHHS OIOIKETY.

Jlani HaBegemo JesKi yMOBU Ta BUMOTH JIO JIUCKPETHOI MOJIENI PO3paxyHKy BapTOCTiI pO3po-
OJICHHS POEKTY.

1. Sk momyctumuii 6a3ucHUI pO3B’A30K 3a71a41 MiHIMI3al[il BUKOPHUCTOBYETHCS TTOYATKOBA CXeMa
PO3MOITY BUTPAT HA PO3POOTICHHS MPOEKTY (PO3MOILT HA MOMEHT TIOYATKY PO3POOJICHHS TIPOEKTY).

2. 3amava MiHIMi3al1ii pO3B’A3Y€ETHCS MOETAITHO, OMH Pa3 Y pO3paxyHKOBY OAMHHITIO Yacy (KpOK
PO3paxyHKy) — OIMH pa3 Ha MicALb (JIeHb), momicans (moaus). Ilepen ueproBuM po3paxyHKOM po3-
POOHHK BHOCHTH aKTyaJlbHI HA MOMEHT PO3paxyHKy YHCJIOBI JaHi 0 KOKHOMY 13 pecypciB.

3. ITix yac po3paxyHKy HACTYITHOTO JIOITyCTHMOTO PO3B’sI3Ky 3a/1a4l MiHIMIi3aIlii po3pOOHUK HE
3MIHIO€ KUTBKICTh OJMHHUIb KOXKHOTO PECypCy, iX 3MiHY BUKOPHCTOBYIOTh JIMIIIE 32 (POPC-MAKOPHUX
oOcTaBuH. He3MIHHUM € TakoX TEPMiH pO3pOOICHHS TPOEKTY.

4. I3 MeToro MiHIMi3allii BapTOCTI pO3pOOICHHS MPOEKTY PO3POOHUK MOXKE 3MIHIOBATH IIHY
pecypciB, SIKi JOCTYITHI HOMY IS 3MIHH.

5.Y pa3i 30iIbIIeHHS BAPTOCTI pO3pOOICHHS MTPOEKTY, sIKa Bi0yIacs Ha IKOMYCh Kpolli ii BUKO-
HaHHS y Pe3yJIbTarTi 3MiHH 1iH PeCYpCiB, 3a71a4a MiHIMi3allii 3BOAUTHCS 10 MPOTIOPIIIHHOTO PO3MOALTY
BUTPAT HA BC1 PeCypCcH, MOYMHAIOUH 3 LIbOTO KPOKY 1 10 3aBEPILEHHS PO3POOICHHS POEKTY, Y MEKax
JIOTYCTUMMX 3HAUEHb IIUX PECYPCIB 13 METOIO IOBEPHEHHS BApTOCT1 PO3POOIEHHS J10 i TOYaTKOBOIO
3HaYeHHs (10 0a3MCHOI BapTOCTI).

6. SIKI10 Ha IKOMYCh KPOLli BUKOHAHHS PO3POOJICHHS IPOEKTY B PE3YJIbTATI 3MIHHM IiH pECYPCiB
B110Y/10CSI 3BMEHIIICHHS 11 BAPTOCTI, TO 3a7a4a MiHIMI3aIlli 3BOAUTHCS 10 3aMiHH, TTOYNHAIOYH 13 I[LOTO
KPOKY 1 10 3aBepIlIeHHs pO3po0IeHHs, 0a3UCHOI BapTOCTI PO3pOOICHHS, Ha 1[I0 3MEHILIEHY BapTiCTh.

7. 3MiHa LIHU PECYPCY MOXKE MPOBOIAUTHCS JIUIIE B MEkKaX 11 JOIMYCTUMHX 3HAYECHB. 3a JIOCST-
HEHHS I[IHU PECYpCy CBOiX MIHIMAJIbHOTO UM MAaKCUMAJIBHOTO JOMYCTUMHX 3HA4Y€Hb IMOAAJbIIa il
3MiHa HE MPOBOAMUTHCS, a HEPOIMOILICHI BUTPATH TI0 LIOMY PECypCy PO3MOAUISIOTHCS MK 1HIITMMHU
pecypcamu.

8. 3a BUXOy BapTOCTI PO3POOJICHHS MMPOEKTY 32 MEXKI ii JOIMYCTUMHUX 3HAYCHb PO3PaXyHOK Bap-
TOCTI PO3pOOICHHS IPOEKTY MPUIUHAETHCA (POpC-Maskop).

Y nogasemioMy st 3py9HOCTI OyZIeMO BUKOPHUCTOBYBATH TaKi MMO3HAYCHHS:

Rj — j-1 pecypc (Resource):

a) JIFOJICHK1 pecypcH:

R Hp — npoekTHH MeHekep (Project manager),

R,: H,— pospobuuk cepenroro pisus (Middle front),
R,: H, — po3pobnuk cepennboro pieus (Middle back),
R,: Hg — trectyBanbnuk (QA Middle),

R.: H — Gisnec-ananituk (BA Middle),

R,: H, — daxiseus 3 onepauiiinoi miarpumku (DevOps),
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R,: H,— nuzaiinep (Designer Middle),

Rg: H,, — mapketonor (Marketer),

R,: H, — daxisemus i3 minbopy nepconany (HR);

0) MarepiaiabHi pecypcu:

R,,: M, — xmapnuii cepeep (cloud);

B) IPOTpaMHi pecypcu:

R,;: P, —3acobu Ge3neku, anTuBipyc (antivirus),

R,,: P, — ninensii Ta npaBa Ha BAKOPMCTaHHs MPOrpaMHux 3aco0iB (license),

R.;: P, — pexnama (advertising).

Yucnosi napameTpu:

K — MakcumasbHa KUTBKICTh KPOKIB PO3paxyHKy BapTocTi po3pobnenns mpoekty (KE{0,1,2,... }),

S — MakcuMmalbHa KUTBKICTh pecypceiB (SE{1,2,... }),

® _ GasucHa (I0YaTKOBa) BapTiCTh po3pobieHHs npoekty (development cost),

C" — BapricTh Po3poGIEHHS IPOEKTY HA k -My Kpolli po3paxyHky (k €{0,1,2,...,K}),

C,(k <i<k,) — kot Ha pO3POOICHHS MMPOEKTY MIXK k, 1 k, KPOKAMHU PO3PAXYHKY,

p,g.k) — wiHa j-ro pecypey (Jj€{l2,...,S}) 3a i -y pO3paXyHKOBY OJMHHIIIO 4acy HOTO BUKOPH-
craunst (i €{0,1,2,...,8} ) Ha k -My KpoIli po3paxyHKy (price),

n, — KUIBKICTB j-TO pecypcy (number),

! — BapticTh j -To pecypcy 3a i -y po3paxyHKOBY OJIMHHITIO Yacy HOTO BUKOPHCTAHHS Ha k -My
KpOLli pO3paxyHKy (cost),

t") — 3pagenns (0 a6o 1) GyHKIIi /-ro pecypcy Ha i -if po3paxyHKOBii OMHHMII Yacy Ha k -My
KpOIli pO3paxyHKy (time).

1.2. JluckpeTHa MOAETh PO3paxyHKy BapTOCTi po3polieHHs nmpoekTy. HaBenemo nuckpeTHuit
anajor ¢opmynu (1) po3paxyHKy BapTOCTi PO3pOOJICHHS MPOEKTY 3a 3alUIAHOBAHOI 3MIHM I[IH HA

pecypcu.
A) basucHa (o4aTkoBa) BapTiCTh PO3POOICHHS MTPOEKTY:

S K S K
BN VAN N VR @

j=1i=0 j=1 i=0
ae cl.(jo) =n, ~pl§,°) .
B) Baprictb po3po0iieHHs IPOEKTY Ha k -My Kpolli po3paxyHKy (& >1):
cM=c,(0<i<k-1)+C,(k<i<K),
ne C,(0<i<k-1) — 1e KOIITH, sIKi B)KE BUTPAYCHi 3a k-1 KPOKIB Ha PO3POOJICHHS MPOEKTY 3a CTa-
PUMHU LIIHAMHU:

C,(0<i<k-1) chﬁ z,k)—Zn (Zpk) zk)J

Jj=1i=0 i
a C,(k<i<K) — xowrH, siKi 11e MOTPIOHO BUTPATUTH ,uo 3aBepILEHHs PO3POOJICHHS 32 LiHAMHU, SIKi
1€ MOXKYTh 3MIHUTHCS:

S K S K
(k<12 K) =331 =3 [ 3 40 | ®

ne C(z ) =n, p,/ . OTxe,

S k-1
(St 3n )

1.3. OnruMmizaliist po3paxyHKy BapTOCT1 po3pOOJICHHSI TPOEKTY 3a 3MiHH I11H Ha pecypcu. Po3pa-
Xy€MO BapTiCTh pO3POOICHHS MPOEKTY y pa3i He3alJIaHOBAHOI 3MiHM LIiH Ha pecypcu Ha k -My KpoLi

po3paxyHKy (k>1).
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Hexaii Ap( ) — mpupicT K Ha J -t pecypc Ha k -My KpoIli po3paxyHKy, TOGTO HOBA IliHa CTa-
HOBUTHME: pf ) +Ap(k) (k<i<K). To3Haunpmu uepe3 C,) BapTicTh po3pOOIEHHS MPOEKTY, AKY HPH
LIbOMY OTPUMA€EMO, OyAEMO MaTH:

_ inj [kl lgk) 'ti(jk)j’LZS:[i”j (P,-(jk) +.p§k))t;k)j _
J=1 i=0 j=1 \li=k

ae Ac( ) =n; Aplg).
H03HaqHMO yepes AC IPUPICT BapPTOCTI PO3POOJICHHS MPOEKTY, TOUNHAIOUU 3 k -TO KPOKY
(k>1), Toni:

ACY =C¥ - +ZZ c! cl =

Jj=li=k

S K
DIRRES Y VR 4)
Jj=Li=k j=Lli=k

SIKIo 3MiHM LiH PeCypCiB BificyTHI, TOOTO BHKOHYIOTBCS PiBHOCTI Ap!") = =AY =0,10 ACY =0,
i ¢ =cl yupoMy pasi BapTicTh IPOEKTY He 3MIHIOETBCA i MiHiMi3aLis BapTocn IPOEKTY HE MPO-
BOJTUTHCH.

SIKIO BUKOHYeThCS HepiBHIiCTE ACY) >0, To 1e 03Hauae, 1O BAPTICTh PO3POOICHHS MPOEKTY
Ha k-My Kpolli 301IbIIMIacs Ha IO BETMUUHY, 1 HEOOX1HO MPOBECTH ii MiHIMI3AIiIO IIIISIXOM IpO-
MOPLIHHOTO PO3MOALTY BUTPAT Ha BCl peCypcH, MOYMHAIOYH 13 IbOIO KPOKY 1 IO 3aBEpIICHHS PO3-
pOOJIEHHS MPOEKTY, Y MeXaX MOMyCTUMHUX 3Ha4eHb IIMX PECYPCIB 13 METOI0 MOBEPHEHHS BapTOCTI
po3po0iieHHs 10 ii TOYaTKOBOTO 3HaYeHHS (10 0a3UCHOI BApTOCTI).

SIKIO BUKOHYeEThCS HepiBHICTE ACY) <0, To 11e 03HaYae, MO BAPTICTh PO3POOICHHS IIPOEKTY
3MEHIIIMJIACS Ha IO BEJIMYUHY, 1 MOTPIOHO 3aMIHUTH, TOYMHAIOYH 13 IIBOTO KPOKY 1 JI0 3aBEPIICHHS
po3poOiieHHs, 6a3UCHY BapTICTh PO3POOICHHS HAa BEIMYHMHY 3MEHIIEHOI BapTOCTi, TOOTO HA BEIH-
apry CY) | y npoMy pasi BemmumHa ‘ACS‘ )‘ 03HayaTHM€ €KOHOMIIO KOILITIB Ha pO3pOOJIEHH1 MPOEKTY.

VY pasi npomnopIiiiHOro NEepPepo3NoATy BUTPAT HAa PECypcH OOUYMCIUMO BaroBi Koe(diIieHTH
epepo3noaLTY:

K
(k) k .
= C(k<z<K ;‘C‘ y' (17<5), )

e cfik) =n,- p;.k) , IPH LIbOMY BI/IKOHy€TLC$I piBHiCTb'

Z(l - k<l Zz(k)t -

jllk

! (%)
S (r<i<k) 4
Cd(kSiSK)JZ::‘n‘ [Zp’/ ij j

[TozHaunmo vepes Zpg.") CKOpETOBaHy BEJIMYHMHY 3MiHH I[IHU j -TO pecypcy Ha k -My KpOIli po3-
paxyHKy, TOOTO:

— (04
Apl) = L. CY(k<i<K,1<j<8). (6)

N (k)
Zi:knj'tij

[Tounnaroun 3 & -ro KPOKY pOo3paxyHKY, ONTHMI30BaHi LIHU pecypciB OynyTh:
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) = p) - ap) + Apfl. (7)
osHaunmo yepes AC') mpupicT BapTocTi po3po6IeHHs MPOEKTY 32 3aCTOCYBAHHS ONTHMI30-
BaHuUX 1LiH. bynemo maru:

s K q.

AW — (%) J (k) [ (0) _

ACd —Zan Aplj —K—(k)~Cd tij =
J=lisk Zi:knj “y

S
=ACH —ACH > a, =Acl - Acl =0.

=i
Ile o3Hauae, 1m0 BapTICTh PO3POOICHHS MPOEKTY MICIS KOPEKIIii 1iH MOBEPHYIACS 0 TMOTe-
PEHBOrO 3HAYCHHS.
[Tix yac kopexiii i BapTo HepeBip;ITH BUKOHAHHSI HEPIBHOCTEM:

< p® —Apl) + Ap) < pr (k<i<K,1<j<S),
Cmingcd SC'mwc (kZl)'

L{i HepiBHOCTI MOKa3ylOTh, UM JIE)KaTh CKOPETOBaHI IIHA Ta OTPUMAaHA IiJl Yac KOPEKIlli Bap-
TICTh PO3pPOOJICHHS TPOEKTY B MEXaX iXHIX JOMYCTUMHX 3HAUECHb.

2. InTerpauisi MozeJsi y popMyBaHHSA OIOZKeTY NPOEKTY HA MPHUKJIA/I.

[IponeMOHCTpyEMO ONMMCAHUN BUIIE METOJl ONTHUMI3Alll BapTOCTI PO3POOJIEHHS MPOEKTY Ha
MIPUKJIIA/1, TPUITYCTHUBILH, 1110 IPOEKT po3poliseTses y 10 eTaris, 13 AESIKOr0 pO3paxyHKOBOTO KPOKY
I[IHA Ha OKpeMi pecypcu 3Minmmucs. [IpencraBumo 3HaueHHs Ha rpadikax BUKOPUCTAHHS PeCyp-
CIB TaK: SIKIIIO PECYPC BUKOPUCTOBYETHCSI HA KOHKPETHOMY €Tari po3poOsieHHs (BI3bMEMO OJTMHUIIIO
TPUBAJIOCTI €TaIly — MICALb), TO HOro 3Ha4eHHs Oy/ie JOPIBHIOBATH OJUHMIII, SIKIIIO HE BUKOPHCTOBY-
€THCS, TO, BIJTMOBIHO, — HYJII0. BUXOASUM 3 MPaKTHYHOTO JOCBIAY PO3pOOIICHHS TPOEKTIB, MEPETIK
pecypciB Ta 3Ha4eHHS iX rpadikiB BUKOPUCTaHHS BUOEPEMO TaKi:

«PMy»:[1,1,1, 1,1, 1,1, 1,1, 1];

«Middle Frontend Developer»: [0, 0,0, 0, 1, 1, 1, 1, 0];

«Middle Backend Developer»: [0, 0, 0,0, 1,1, 1, 1, 0];

«QA Middle»: [0,0,0,0,0,1,1,1, 1, 0]

«BA Middle»: [1,1,0,0,0,0, 0,0, 0, 0];

«DevOps Middle»: [0, 0,0, 0,0, 1,0,0

«Designer Middle»: [0, 0, 0, 0, 1, 0,

«Marketer»: [0, 0,0,0,0,0,0,1, 1

«HR»:[0,0,0,1,0,0,0,0,0, 0];

«Xwmapnwuii cepsep»: [1, 1,1, 1,1, 1,1, 1, 1, 1];

«3acobm 6e3nekwu, antusipyc»: [1, 1, 1,1, 1, 1,1, 1, 1, 1];

«Jlimen3sii Ta nmpaBa Ha Bukopuctanus [13»: [1, 1,1, 1,1, 1, 1,1, 1, 1];

«Pexmamax: [0,0,0,0,0,0, 1,1, 1, 1].

[TpumycTumo, 1110 1iHa OTMHULI PECYpCy Hp — MpOEeKTHUIN MeHexep 30utbmmiacs Ha 1 000 rpa
Ha MICSAIIb, [[iHA BUKOPUCTAHHS OMMHMLI pecypcy M — xmapruii cepsep 30inbmmnnacs Ha 100 rpu na
MiCsllb, IIHA OJUHHUIIL PECYpCy Pa — pexiama 36inpmuiaacs Ha 500 rpH Ha Micsie. Hexal 11 3MiHu
IiH BiIOyaHCS 3 OYATKy 6-T0 MicALs BiJ OYATKy PO3POOICHHS MIPOEKTY 1 JISATUMYTh 70 KiHI[S HOTO
po3po0IeHHS.

VYCcTaHOBMMO YHMCIIOBI 3HAYEHHS PECypciB BIAMOBIIHO 10 CXeMHM ONTUMI3allii Ta rpagikiB GyHK-
Ii{ 1X BUKOPUCTAHHS Ha TPOTs3i 10 MicCsIIiB po3pOOJICHHS IPOEKTY:

— MaKCHMaJIbHa KUTBKICTh KPOKIB PO3PAXYHKY BapTOCTI pO3p0OIeHHS MPOoeKTy: K=9;

— MaKCHUMaJlbHa KUIbKICTh pecypciB: S=13;

0,
0
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— GasucHa (I10YaTKOBA) BAPTICTH PO3POOIEHHS IpoekTy: C\) =1298000 ;

— KPOK PO3paxyHKy: k=6
—uiHa 1-ro pecypey (H, ) P =pl =

(6) _

p81

— KUIBKICTb 1-r0 pecypey (H,): n =1;

(6)

— 1iHa 2-ro pecypcey (H, ): p(,ﬁ) =pl = p)

— KUIBKICTB 2-10 pecypey (H,): n, =1;
— uina 3-ro pecypey (#,): plY = pld =
— KUIBKICTB 3-T0 pecypey (H,): n, =1;
 uinia 4-ro pecypey (H,): ) = pt) =

— KUIBKICTB 4-T0 pecypcy (H ) n,=1;
— mina 5-ro pecypey (H,): pi) =Pl =

— KUIBKICTb 5-r0 pecypey (H,): ns=1;

— 1iHa 6-ro pecypey (H,): p&) =pl9) =

— KIIBKICTB 6-T0 pecypey (H,): n, =1;

6
ﬁ?

— nina 7-ro pecypey (H,): pY) =
— KUIBKICTB 7-10 pecypey (H,): n,
— nina 8-ro pecypey (H,, ): pP\)=p,
— KIJIbKICTB 8-T0 pecypey (H,, ): ng —1

— nina 9-ro pecypey (H,): pf) =p') =

6

— KIIBKICTB 9-T0 pecypey (H,): ny =1;

—1iHa 10-ro pecypey (M, ): pg)o =

— kipKicTh 10-ro pecypey (M, ): n10
—mina 11-ro pecypey (B ): i = Pl =
— KinbkicTs 11-ro pecypey (B,): n,

—1iHa 12-ro pecypcey (£ ): Pé,l)z =

(6)

Pl)

= P10

1;

— KUIBKICTB 12-r0 pecypey (B ): n, =1;

(6)

—1iHa 13-ro pecypey (P,): pé,ls D13

— KUIbKICTb 13-r0 pecypey (B,): n, =1.
3a ¢popmymoro (3) 3Haii1eMo KOIITH, SIKi I11e TOTPIOHO BUTPATUTH JI0 3aBEPIICHHS PO3POOICHHS,

6<l

<9

P91

= 50000, p’) =0 ;

=40000 ;

2

L9 =50000, plY) =0;
pgiz =30000, p) =0;
P =0 =0

5= ple =0

P =p)=0;
; 40000, p{%) = pl9) = 0;
P =pl)=0;

= Péi)o = pg,ﬁl)o =2000;
1:

P = pl% =200

= pl%, = i) =1000;

= pé()l)z = Pg,ﬁl)3 =4000 ;

ZZ” pv i'

1116

MMOYMHAIOUU 3 6-TO KPOKY, 0€3 ypaxyBaHHS 3MiHHU IIiH. BinmoBimHo 10 rpadikiB (yHKIIH BHKOPH-
CTaHHs pecypciB, y 1iei nepion OyyThb 3afisHi pecypcn R (]'e {1 2,3,4,8,10,11,12,13}):

_an pzl 11+Zn p;z';z“'zn p,3',3+2n p4'z4

6) (6 6) (6 6
+Zn8 'pi(,s) 'tf(,g) + znlo 'Pi(,l)o 'li(,lz) + Znu 'pi(,l)l 7z

i=6

9 9
6) (6 6
+Zn12 'pi(,l)z 'ti(,l)z +2n13 'pi(,l)3 '

i=6

i=6

i=6

i=6

(6) _

i13

(6)
it

=1x40000x4+1x50000x3+1x50000x3+1x30000x 3 +

+1x40000x2+1x2000x4+1x200x4+1x1000x 4 +

+1x4000x 4 = 658800.

Tenep ycTaHOBUMO 4YHMCIIOBI 3HaueHHs mpupocTiB win Ha pecypeu R;(J/€{L10,13}) pa 6-my

KpOIIi pO3PaXyHKY:

Apéi) =Ap 561)

Ap 2,61)0 =Ap;
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Ap{) =1000 ;

Apl), =100
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(6) _

Ap6 i3 = AP Apg 13 Apgig =500.
3a popmyroro (4) 3HalAEMO IPUPICT BAPTOCTI PO3POOICHHS MPOEKTY, TOYMHAIOUH 3 6-T'O KPOKY:

13 9
6) _ ZZ”_;‘ 'Apf,»G)Afff)

=1i=6
9 9

= znl 'Api(j) 'ti(,?) + ano 'Api(,uz) tz(?O + anz Apl(61)3 tz(l;
i=6 i=6 i=6

=1x1000x4+1x100x4+1x500x 4 = 6400.

3a  ¢dopmynoro (5) 3Haligemo BaroBi KoedIli€EHTH TEPEpO3NMOAUTY JUIsl  PECypciB
R,(j€{1,2,3,4,810,11,12,13} ):
= 1x40000x4 _ 160000 —0,2429;
658800 658800
i 1><50000><3 150000 —0.2277;
658800 658800
3 1><50000><3 150000 ~0,2277;
658800 658800
= 1x30000x3 _ 90000 —0,1366:
658800 658800
- _ 1x40000x2 80000 ~0,1214;
658800 658800
a10:1><2000><4: 8000 Z0.0121;
658800 658800
a“=1X200X4= 800 —0.,0012;
658800 658800
a12:1><1000><4= 4000 —0,0061;
658800 658800
o, = 1x4000x4 16000 - 0,0243,
658800 658800

[lepeBipuMo, 4 TOpiBHIOE cyMa KOe(Dilli€HTIB OMHHUIII:
o, +a, +o,+0, +0 +0, +0, +0, +0,; =
=012429+0,2277+012277+0{1366+0,1214+0{0121+0,0012 +0,0061 +
+0,0243=1,0000 = 1.1

3adopmyinoro(6)3Hai1IeMOCKOPETOBaHy BEJTMUMHY 3MiHH ITIHUpecypciB R; (R; €1{1,2,3,4,8,10,11,12,13}
Ha 6 -My KpOIIi pO3paxyHKY:

- 0,2429
Bpl§) = ===6400 = 388,64 01 i € {6,7,8.9};
ApS) =AplS) = 0, 23277 6400 = 485,76 015 € {6,7,8};
- 0,1366

Apf,? . ———6400~ 29141 gz9i € {6,7,8};

Aply) = 012146400 388,48 O1ai e {7.8);

. 0,0121
AplS) = ==, 6400=19,36 ona i € {6,7.8,9};
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5% =2 0;)126400—1 9 onsic {67.89);
- 1
A = 0.0061 100 -9,76 oun i {6,7,8,9};
~ () 0,0243
AplS) = =, 0400=38,88 onai e {67.8.9};

Temep 3a ¢opmynowo (7) 3HaiiieMoO 3HAu€HHS ONTHMI30BAHMX I[iH  pecypciB
R;(j€{1,2,3,4,8,10,11,12,13} ), mounHaro4M 3 6-r0 KPOKY PO3PaxyHKY:
P =P = pY = pLY = 40000 - 388,64 +1000 = 40611,36 ;

7Y = B = 5) = 50000 - 485,76 = 49514,24; 5%) = 0 ;

) =p) 15 = 50000 - 485,76 = 49514,24; B} =0 ;

l_) =
P =p
(
7

) = plY =30000—291,41 = 29708,59; p) =0 ;
5 = L% = 40000-388,48 =39611,52; 5.) = %) =0 ;

8
0 =B, = Bl = Pl =2000-19,36+100 = 2080, 64 ;
p661)1 = l_7§611 p:£611 P911 200-1,92 =198, 08
1_72 1)2 p761)2 = ng 1)2 ﬁ()élz =1000-9,76 =990,24 ;
P = = O = Bl = 4000 38,88+ 500 = 461,12 .

Pi3HuI MiXK 3aIUTaHOBAHOKO JI0 3MIiHHU I[iH BapTICTIO po3pobieHHs mpoekty C,(6<i<9) Ta
1i€I0 BapTiCTIO Micas Kopekmii iH C, (6<i<9) cTaHOBHUTH Hylb. L5 pi3sHULA 3HAXOOUTHCA B MEXKax
MOXUOKU OOYUCIICHb, TOMY MOXKHA CTBEP/KYBATH, 1110 B PE3yJbTATI MPOIECY ONTHUMI3AIlil 1iH Bap-
TICTh PO3POOJICHHSI TPOEKTY TIOBEPHYJIACS IO CBOTO 0a3MCHOTO (IIOYaTKOBOTO) 3HAUYCHHS.

BucnoBku

106 migBUIMTH ePEeKTUBHICTh BUKOPUCTaHHS (PIHAHCOBUX pecypciB y (asi 3aBepLICHHS po3-
pOOJIEHHSI MapKETIUICHCY, TEepIIl 32 BCe JOIUIBHO MEPErVITHYTH KOHTPAKTHI MOJEII JJIsi THMYaCOBUX
pecypciB. 3amyueHHs pecypciB, 110 mpamooTh Kopotkuid niepion (HR, Marketer, Designer), He moTpe-
Oy€e BUKOPHCTaHHS IOBFOTPUBAIMX UM (DYITalM-KOHTPAKTIB. 3aMiCTh IIbOT0 MOKEMO BIIPOBAIUTH:

— BUKOPHUCTAHHS MOTOJUHHOT 200 KOPOTKOCTPOKOBOT MOJIENI KOHTPAKTY, II0 JIa€ 3MOT'Y OILIady-
BaTH JiuIie (pakKTUYHO BUKOHAH1 00CSITH POOIT;

— JUTSI CTICIIATICTIB, IO AOTYYarOThCs Ha eTarnax MiAroTOBKH, 3aIlyCKy a00 T€CTYBaHHS, TOILIIb-
HUMH € ayTCOPCUHT abo CIiBIIpals 32 IPUHIUIIOM «OIUIaTa 3a PE3yibTar.

HactymHum KpokoM J10 OnTHMI3aIlii BUTPAT € BIIPOBA/KEHHS 1HAMKATOPIB €(pEKTUBHOCTI BUTPAT
(KPI), mo momoMararoTh OLIHUTHU JOLUIBHICT 30epekeHHsT a00 Mepersay BUTpaT Ha TIEBHI POJIi.
100 omiHUTH TOUUTBHICTD BUTPAT, HE0OXi1HO 3acTocoByBatu KPI st ponei, mpomyKTHBHICTB SIKHUX
psIMO TIOB’s13aHa 3 Oi3Hec-pesynbratoM. KPI mapkeTonora Moxke BKJIFOUATH BapTICTh 3aTy4EHOTO
kopuctyBaua (CPA), piBeHb KOHBepcii y MOKyNKH 3 pexiamu. /s QA 1ie KUIbKICTh BUSIBICHUX KpH-
TUYHUX JAe(PEKTiB Ha OAMHUITIO Yacy a0 yacTKa aBTOMAaTH30BaHUX TECTIB Y 3arajJbHOMY TE€CT-IUIaHI.

3actocyBanus KPI mae 3Mory onTtumizyBaTH BUTPATH MUISIXOM CKOPOYEHHS Majioe(EeKTUBHUX
aKTUBHOCTEH ab0 Mepernisay CTaBOK CIeLiaiCTiB.

OcCKibKM 3HaYHA YacTHHA 1HPPACTPYKTypH (QyHKIIOHY€e Ha 0a3i XMapHHUX TEXHOJIOTIH, JIOTi4-
HUM HACTYITHUM KpPOKOM ONTHMMI3allii € BIPOBAKEHHS MPUHLMITY autoscaling — aBTOMaru4yHOro
MaciTabyBaHHS XMapHUX PECypCiB BIAMOBIAHO 0 PeajJbHOro HaBaHTaKeHHA. Lle ocobnauBo akry-
QJIHO Ha eTarli 3aBePIIEHHs, KOJM aKTUBHICTh MOYKE KOJIMBATHCS: HAMIPHUKIIA], ITiJ] 4aC PyYHOTO TeC-
TyBaHHs a00 MiJTOTOBKH JI0 3aITyCKy HABAHTAKEHHS HAa CEPBEPH € HU3bKUM, TOJI SIK IiJ 4ac JeMOH-
CTpaliil Yu TECTOBUX pEIli3iB — 3HAYHO 3pOCTaE. ABTOMAaTHYHE MacIITAO0yBaHHS Ja€ 3MOTY YHUKATH
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neperJiar 3a HeBUKOPHCTaHI peCypCcH, 3MEHIIYIOUN KiJIbKICTh BipTyalbHUX MAIMH Y MOMEHTH IPO-
CTOIO 1, BIJIIOBITHO, 3HI)KYIOUH ONepalliiiHi BUTpaTu 0e3 yTpaTtu NpoayKTUBHOCTI.

Taxum YWMHOM, 3aCTOCYBAaHHS T'HYYKOI'O HiI[XOJIy J0 BUTpAT y HNPOEKTAX Ha 3aBCPIIAJIbLHOMY

eTari Ja€ 3MOTy 3AIMCHUTH TEpexis BiJ CTATHYHUX OFOMKETIB JI0 aIaliTUBHOI MOJEI yIpPaBIIiHHS.
[Tepepo3mnomin pecypciB 3a0e3meuye paiioHaIbHE 3aBEPIICHHS TPOEKTY B MEXKaX OIOMKETY Ta CIIPHSIE
JOCSITHEHHIO O13HEC-I[IHHOCTI 3a paXyHOK €KOHOMHOTO BUKOPUCTAHHS PECYPCIB.

10.

I1.
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[ A. BIPYEHKO, O.M. BOPOBHMOB, I1.M. IBJIOHCbKUI

HauionanpHui TeXHIYHUN yHIBEpCUTET YKpaiHu
«KuiBchkuii osiTexHIYHUE IHCTUTYT iMeHi Iropst Cikopcbkoro»

BAPIAHTHE ®OPMOYTBOPEHHSI POGOYUX NIOBEPXOHb IPYHTOOBPOBHUX
JAUCKIB I3 BUKOPUCTAHHAM BEKTOPHUX PAIIIOHAJIBHUX
ITAPAMETPUYHUX KPUBUX JIPYT'OI'O CTEIIEHA

Cyuacnuti eman po36umky HAwioi Oepoicagu XapakmepusyemvCs MANCKUMU BUNPOOYGANHAMU, AKI NOG A3aHI
3 BOEHHUMU Oismu Ha i1 mepumopii. Huni kpim neputouepeosux Miiimaphux nomped 8axiciusuM nOCmaroms 3a60aAHHs.
30epedicertss ma po36UMKY eKOHOMIKU Yrpainu. YV nasedenux obcmasunax oOHUM i3 6a308uUx ii CKIAOHUKIG € CLTbCbKe
20CN00apcmeo, momy nio8ueHHs eqheKMUBHOCMI 11020 8UPOOHUYMEBA ABIAE CODOI AKMYANbHY HAYKOBO-NPUKIAOHY NPO-
Onemy. Yeniwnomy supiwennio okpecienux numansb CHpUse nooansvie 800CKOHANEHHA HANEHCHUX MEeXHIUHUX 3aco0is,
NOMIJIC AKUX NPOGIOHE Micye 3aUmMaroms, 30Kpema, pisHOMaHImHI IPYHMOoOPOoOHT 3Hapsad0a. 3apasz npozpecusHumu cepeo
HUX YBAACAIOMBCA OUCKOBI, OCKITbKU BOHU HAUOLIbUL NOBHOIO MIPOTO 8i0N08i0A0Mb HAABHUM EeKOJIOIUHUM 8UMO2AM Md
3abe3neuyoms GUCOKI NOKA3HUKU eHep2o30epedcents. Buxknadeni paxmu eusnauunu Ax npeomem nooanux 0ani 0ocui-
0oicerb poboUi NOGEPXHI CLIbCHKO20CNOO0APCHKUX TPYHMOOOPOOHUX OUCKIB.

Mamemamuunoto o0cHo6oi0 015 ix MOOeN0GaAnHA 8UOPAHO PAYIOHANbHI KPUBI OpPY2020 CMENEHs Y 8eKMOPHOMY
napamempuiHomMy ueisoi, Wo 3YMO6IeH0 NeGHUMU KOPUCHUMU BIACMUBOCHAMU 8KA3AHUX NiHid. Macmbvca na yeasi
HAOUHICMb | NPOSHO308AHICMb (QOPMOYMEOPEHHS, NPOCMUL AHATIMUYHUL ANapam, APUCMOCOBAHICIb 00 peanizayii
KOMN I0MEPHUMU 2€OMEMPUNHUMU 3ACO0AMU CUCEM ABMOMAMU308AH020 Npoekmyeanns. Ilpu ybomy 2onosna yine
nonA2A€E He uule 8 OXONIEHHI ICHYIOUUX POOOYUX NOBEPXOHL CLILCOKO2OCNOOAPCHKUX OUCKIB, a U Y PO3MUpenti ixnvoi
HOMEHKAAMYpU 3 MEMoIo NOKPAU eHHsI KOHCMPYKYIIHO-eKCHILyamayitihux napamempis i Xapakmepucmux, YOOCKOHANeHHS
npoyecie gu2omoegIenHs 3a3nauenoi npodykyii. 3anponono8ano y3a2anbHerny Mamemamuiny MoOeib, AKa CNPUsE NioGu-
WeHHIO NPOOYKIMUSHOCIT KOMN 10MepHOo20 8apiaHmHo20 ONpayiogants po3iAHYMUX mexHiuHux 00 eKxmis, npoeedentio
ix KomnnexcHol bazamoxkpumepianrbHoi onmuMizayii 3 ypaxy8anHam pisHoManimuux eumoe. Hanpuknao, ye cmocyemucsi
MiyHOCmI, KOHCMPYKYil, HAOIUHOCMI, MEXHON02I 8UCOMOBIeHH S, eKCnayamayii, ekoHoMiku i m. 0. Ykazane 3ymoenene
00°€0HYI04010 THMEZPYIOHO0I0 PONTIO 2e0MEMPUUHUX MOoOeTell 0N Peuinu MamemMamuidHux Onucie nNpoMuUciosux 6upoois.
Hasedeno desiki nanpsamu 3acmocy8aHHs OMPUMAHUX PE3VIbIMAMIE 8 THULUX 2ATY3AX HCUMMEOILTbHOCHI.

Knrwouosi cnoea: asmomamusosane npoeKmyB8anHs, 2eomMempuine MOOen08ants, IPYHMoOOpoOHi OUCKU, KOH-
CMPYKYIUHO-eKCIYAMAayitiHi napamempu ma Xapakmepucmuru, 6eKmopHi payioHalbHi Rapamempuiti Kpuei opy202o
cmenens.

G.A. VIRCHENKO, O.M. VOROBIOV, PM. YABLONSKYI
National Technical University of Ukraine «Igor Sikorsky Kyiv Polytechnic Institute»

VARIANT SHAPING OF WORKING SURFACES OF SOIL CULTIVATING DISCS
USING VECTOR RATIONAL PARAMETRIC CURVES OF THE SECOND DEGREE

The current stage of development of our state is characterized by difficult trials associated with military operations
on its territory. Nowadays, in addition to the primary military needs, the tasks of preserving and developing the Ukrainian
economy are very important. In the above circumstances, one of its basic components is agriculture. Therefore, increas-
ing the efficiency of its production is a relevant scientific and applied problem. The successful resolution of these issues
is facilitated by the further improvement of appropriate technical means, among which a leading place is occupied, in
particular, by a variety of soil-cultivating implements. Currently, disc tools are considered the most progressive among
them, since they fully meet existing environmental requirements and provide high energy efficiency. The presented facts
determined the working surfaces of agricultural soil-cultivating discs as the subject of following studies.

Rational curves of the second degree in vector parametric form were chosen as the mathematical basis for their
modelling, due to certain useful properties of these lines. This refers to the clarity and predictability of shaping, a simple
analytical apparatus, and adaptability to the implementation by computer geometric means of automated design systems.
At the same time, the main goal is not only to cover the existing working surfaces of agricultural discs, but also to expand
their range in order to improve the design and operational parameters and characteristics, the manufacturing processes
of these products. A generalized mathematical model is proposed, which contributes to increasing the productivity of
computer variant processing of the considered technical objects, conducting their complex multi-criteria optimization
taking into account various requirements. For example, this applies to strength, design, reliability, manufacturing tech-
nology, operation, economics, etc. This is due to the unifying integrating role of geometric models for other mathematical
descriptions of industrial products. This publication also presents some directions for applying the obtained results in
areas of life other than agriculture.

Key words: automated design, geometric modelling, tillage discs, design and operational parameters and charac-
teristics, rational parametric curves of the second degree.

https://doi.org/10.32782/mathematical-modelling/2025-8-2-2 ISSN 2618-0332 (print), 2618-0340 (online)
23



ITPUKIIA/THI ITHNTAHHA MATEMATHYHOI O MOJE/IFOBAHHA T. 8, Ne 2, 2025

IHocTanoBka npodiaemMu

HuHIIIHEOMY PO3BHTKY CyCIiJIbCTBA MPUTAMAHHE IHTEHCHBHE BIPOBAKEHHS KOMIT IOTEPHUX
1H(}OpMAaIIHHUX TEXHOJIOT1 MPAKTUYHO B YCi chepH KUTTEMISIILHOCTI JIFOJIEH, 30KpemMa 1 y Taiy3b
CUIBCBKOTO TOCIIOAPCTBA. Y HABEJACHOMY BHIIAJKy MA€ThCs Ha yBa3l CTBOPEHHS, BUPOOHULITBO Ta
eKCIUTyaTallis BiJNOBITHOI TEXHIKH, PI3HOMAaHITHI arpapHi TEXHOJOTil, MepepoOIsHHS OTPUMAHOT
npoayKiiii Tomo. BaximBy poiib NMpU 1bOMY BIIITPAOTh, HANPHUKIAA, TPYHTOOOPOOHI 3HAPSIIA.
Cepen oCTaHHIX IPOTPECUBHUMHU BBAXKAIOThCS JMCKOBI, III0 3yMOBJICHO iX BIJMOBIJHICTIO HASIBHUM
€KOJIOTTYHMM BHMOTaM Ta BUCOKOIO €HEPTroePeKTUBHICTIO. TOMY BIOCKOHAJICHHS 3a3HAYCHHUX 3aC001B
CTaHOBMTbH aKTyaJlbHYy HayKOBO-IIPUKJIAIHY Mpobiemy. [IeBHOMY BHUPILICHHIO JESKUX 3 OKPECICHUX
MUTaHb CIPUsE 3aPOIIOHOBaHA B AaHii MyOikalii y3arajJbHeHa MaTeMaTH4Ha MOJIENb JUIs BapiaHT-
HOTO aBTOMAaTH30BaHOTO (POPMOYTBOPEHHSI pOOOYHMX MOBEPXOHB CUIHCHKOTOCTIOAAPCHKUX JTMCKIB HA
0a31 BUKOPUCTAHHS BEKTOPHHUX PalliOHATBHUX MapaMeTPUUHUX KPUBHUX JAPYTOTO CTETICHS.

AHaJIi3 0CTaHHIX J0CTizKeHb i myOmikanii

[Ipamro [1] mnpuCBSIYEHO BHIPOBAKEHHIO KOMIT IOTEPHUX 1H(QOPMAIIHHUX TEXHOJOTIN
y CY4acHOMY CLIbCHKOMY T'OCIO/IapPCTBI, MIOKa3aHO MEPCIEKTUBHUI XapaKTep BiAINOBITHUX 3aXO/iB.
VY BujaHHi [2] HaBeIeHO 3araibHy Kiacu(iKallilo TeOMETPUYHUX MOJIEJIeN IPYHTOOOPOOHUX 3HAPS b,
BUKOHAHY HUIIXOM 3aCTOCYBaHHSI CTPYKTypHO-NapameTrpuuHoro miaxoxy. Jocaimkenusamu [3; 4]
MOJIAaHO JIESIK acleKTH OibII JOKIAAHOI Kinacudikalii 6e3rnocepeqHb0 AUCKOBUX POOOUYHMX OpraHiB
Ta X OPMOYTBOPEHHS IIiJ] 9aC BUTOTOBICHHS. Y myOmikarii [5] BUCBITJIEHO TOJOBHI BIACTHBOCTI
HanOemn nonyasipaux HuHi CAD/CAM/CAE/PLM (Computer-Aided Design/ Computer-Aided
Manufacturing/ Computer-Aided Engineering/ Product Lifecycle Management) cucrem MamuHoOy-
JIBHOTO TPOQiIT0, aKIIEHTOBAaHO 00’ €IHABUY IHTETPYIOUY pOJb Ui HUX TEOMETPUYHHUX MOZIETEH.
Crarreto [6] MiIKpeCIeHO CYTTEBUMA BIUIMB KOHCTPYKIIIHHUX MapaMeTpiB TUCKOBUX 3HAPSIL HA TaKy
BAXJIUBY IXHIO €KCIUTyaTallliiHy XapaKTepUCTUKY, IK Mpodisb oTpuMyBaHoi 60po3Hu. OcTaHHS CyT-
TEBO BU3HAYA€ BUTPATH EHEPTETUYHUX PECYPCIB Ta MOJANBITY BPOXKaHICTh BUPOLTYBAHUX CIITHCHKO-
rOCHOAAPCHKUX KYyNbTYp. Y mpaili [7] IpuBeIeHO MIPUKIIA] BUKOPUCTAHHS BEKTOPHUX PalllOHAIbHUX
napaMeTpUYHUX KPUBUX JIPYTOTO CTETEHS JJIS y3araJlbHeHOro aBTOMaTU30BaHOTO ()OPMOYTBOPEHHS
MOBEPXOHbB JIPYTOTO MOPSAKY Ha 3acafax CTPYKTYpHO-TIapaMeTpruyHoi Mmetoaosorii. [IpoananizoBani
JOCTIIKEHHS OCIyTyBaJId TEOPETUYHOIO 1 MPAKTUYHOK OCHOBOIO ISl 3alIPOIIOHOBAHOIO BapiaHT-
HOTO KOMIT FOTEPHOTO T€OMETPUYHOTO MOJICIIIOBAHHS IPYHTOOOPOOHMX JTUCKIB.

Meta pocJaiaKeHHs
Mertoro myOmnikallii € BUKJIaJIeHHSI HaMpalbOBaHOI y3araJbHEHOI MaTeMaTHYHOI MOJENi IS
€()eKTHBHOI0 BapiaHTHOI'O aBTOMAaTHU30BAaHOT'O MPOEKTYBAaHHS POOOYUX MOBEPXOHb CLIBCHKOTOCIO-
JTApChKUX JAUCKOBHX 3Hapsab. Ll Momenpb 3maTtHa OyTH 1HTETPYHOUOK 0a30r0 IS TOMIOHUX OIMCIB
IHIIUX PI3HOMAHITHUX JAUCIUIUIIH 13 METOIO NMPOBEACHHS KOMILJIEKCHOT OaraToKpuTepiaabHOi ONTH-
Mi3ali BKa3aHUX TEXHIYHUX 00’ €KTIB.

Buxkiaa ocHOBHOr0 MarepiaJy J0CTiIKeHHS

Hageneni Bulie nitepaTypHi JKepesia CBil4aTh PO BaXJIMBICTh THYYKOTO 1 MPOAYKTUBHOTO
BapiaHTHOTO aBTOMaTHU30BAHOTO MPOEKTYBAHHS PI3HOMAHITHUX POOOYHMX MOBEPXOHb JTUCKOBUX IPYH-
T00OpOoOHUX 3HApsAL. Lle cTocyeTbes niockux, cpepuynux, enincoionux, napabonoionux, 2inepbono-
iOHUX, MOPOBUX MA THUUX NOBEPXOHb.

s koM toTepHOro OpMOYTBOPEHHSI TUCKIB OyleMO 3aCTOCOBYBAaTH MapaMETpUUYHy reome-
TPUYHY MOJIETIb, TOKAa3aHy Ha PUC. 1, sika BU3HAYAETHCA y MPSIMOKYTHIN cucTeMi koopauHat Oxyz.

Po6oua moBepxHs nucka € Giryporo ooepranHsa. Y TaHOMY pa3i HaJEKHOI BICCIO CIIYTY€E MPO-
MiHb Oz, HampaBIEHUI BEPTUKAIBLHO Bropy. SIK TBipHA JIiHIS BHKOPHCTOBYETHCS BEKTOPHA pallio-
HaJIbHA TTapaMeTPUYHA KPUBA JIPYTOTO CTETICHS BUTIISTY
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Puc. 1. Cxema no0ynoBH y3arajbHeHOI reoOMeTPUYHOI Mojes1i po604YNX NOBEPXOHb IPYHTOOOPOOHUX AUCKIB:
D — niametp nucka; d — giameTp BHYTPiLIHBOIO OTBOPY;

l'o, l'l, l'z — paalyC-B€TOPH BEPUHIMH XAPAKTCPUCTUYHOI0 TPUKYTHUKA TBIPHOI JIIHI1

(I1-u)’ r, +w 2u(l—u)r, + u'r,
(I-u)* +w2u(l-u)+u’

r(u) = (D)

ne r(u) — paalyc-BeKTOp TOUOK KPUBOT;

Iy, I, I, — paJliyC-BEKTOPH BEPIIMH XapPaKTEPHMCTUYHOIO TPUKYTHHUKA, PO3TAIOBAHOIO Y IIONMHI Oxz;
w,>0 — BaroBui Koe(imienT;

u[0, 1] — mapamerp.

ITouarkom Jinii (1) € Touka r,, Kinnem — BepmmHa r,. Jlng w,=0 mMaemo Bifpi30K IpsAMOi; TPy
O<w,<l, w,=1, w>1 — BiamoBixHo ayry eninca, napadonu Ta rinepoosu. Jlyra kona 3 KyToBOIO BeJH-
4rHOI0 O popmyeThCs 3HaUEHHAM W, =c08(0/2), ne 0<0<m.

Bepimnu r; Ta r; po3ranoByioThes Ha oci Ox, peastizyrouu He0OXiJHY TOPM30HTAIbHY TOTHYHY
Ha 1oyaTKy TBipHOi kpuBoi. HeHyboBa BenmnunHa d 3a6e3mnedye noTpiOHUI OTBIP Y HUKHIN YacTHHI
po6ouoi mosepxui. Koopauuary BEpIIMHM I, BU3HAYAIOTh YTHYTICTH /1 (TOOTO ONYKIICTH JOHHU3Y)
nucka ta ioro giamerp D. B3aemHe po3MillleHHs TOYOK I, 1 ¥, 3yMOBIIOE A€ (iHiLi0 HANPAMY JIOTHY-
HOI y BEpIINH I,

[Ipuknaa mapamMeTpUuHOTO 3MIHIOBAHHS MPOAHaIi30BaHOI BHUIE CXeMHU MOOYIOBH poOOUYMX
MTOBEPXOHB JMCKIB MMOJAHO Ha pHC. 2.

< \O
d

Puc. 2. Mogudikanis cxemu ¢popMyBaHHS IOBEPXHI AMCKa

IIpu npoMy KOOpIMHATAMH BEPLIMHU ¥, 3a0€3MEYEHO ONMYKIICTh J0BEPXY TBIpHOI KpHBOi (1).
Ha naBeneHOMY pUCYHKY peaji30BaHO BEPTUKAJIbHICTh JOTHYHOI y 1l MOYATKOBIH TOYIl Ta FOPU30H-
TAJBHICTh y KiHIIEBIH. 3ayBa)kuMo, 1110 B JOBIILHOMY BHIIaJKy TaKi YMOBH He 000B’s3koBi. OTxKe,
PO3MISTHYTUMHU (paKTaMH TIATBEPKEHO OakaHy THYYKICTh HalpalbOBaHOI y3arajibHEHOI reoMe-
TPUYHOI MOJIENIi /Il BapiaHTHOTO KOMIT FOTEPHOTO (POPMOYTBOPEHHSI POOOUUX MMOBEPXOHb CIIILCHKO-
TOCIIOIAPCHKUX JIUCKIB.

VY npsiMOKyTHI# cuctemi KoopauHaT Ox)z 13 3aCTOCyBaHHAM OCi oO6epTaHHs z 1 TBipHOT (1), po3-
MileHoi y momuHi Oxz, piIBHSHHS MOBEPXHI AUCKA Ma€e BUTIISIT

x=x(u)cos(v); y=x(u)sin(v); z=z(u), (2)

ne ve[0, 2] — mapameTp KyTa MOBOPOTY B pajiaHax.
3a nomnomororo 3anexnocrei (1) 1 (2) 3MIHIOBAHHAM KOOPMHAT BEPLIUH Ky, ¥, T', Ta 3HAYECHHSA
W, OTPHMY€MO TaKi HEOOXIIHI KOHCTPYKIIHHO-EKCIUIyaTalliiiHi ImapaMeTpu Juckis, sk D, d, h,
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OaxaHy (GopMy IXHIX TOBEPXOHb: NIOCKY, KOHIUHY, c(hepuuHy, enincoiony, napabonoiowny, einepboio-
iony Tomo. YV BKa3aHMX BHIIAJIKaX 1€ 3a0€31e4y€eThCs BIANOBIIHUMY BEMMYMHAME W, . [l mIomuHm
JI0IATKOBO TIOTPIOHO 1€ PO3TAIYBATH HA OTHAKOBIA BUCOTI BEPIIMHH I, I,

[ToGynoBy cepuunoro cermenra pasaiyca R mokazano Ha puc. 3.

Z4

Puc. 3. Moae/iroBanHsi c(pepuyHOIrO JUCKA

Jnis neBHMX 3Ha4eHb R 1 D yrHyTICTb /# 00UHCITIOETHCS 32 BUPA30M
h=R-R*-D?/4. (3)

Koopaunartu BepInH XapakTepUCTUYHOTO TPUKYTHUKA KpUBOi (1)

0 D
r,=(0,0,0), r, =(R'fg5, 0,0), r, = (3, 0, h), 4)
a 11 BaroBuii Koe(ilieHT
0
Wy =cos . (5)
KyToBa BenmuunHa 1yru
[ M2 2
0 = 2arcsin yD 4tk . (6)
2R

Cuieinnomenns (1) ... (6) Bu3HauaTh HopMy Ta po3Mmipu poOoUO0i MOBEPXHI cHepuyHOTOo
nucka. s peanizanii HIDKHBOTO OTBOPY 3 JIlaMeTPOM d, aHAJIOTIYHOTO MPEACTaBICHUM Ha puc. 1
1 puc. 2, TBipHa KpUBa pHC. 3 3MIIY€ETHCS B3OBXK OCI X Ha BICTaHb d/2, ToMy a0 abcuuc (4) nona-
€ThCs BKazaHe 3Ha4eHHs. [Ipu mpoMy Tpeda Oparu 10 yBaru 3poCTaHHs Ha MOJBIHHY TaKy BETHYHHY
niametpa D mucka. 3ayBaxumo, 110 B JaHOMY pa3i MaeMoO MOBEPXHIO TOpa. SIKIO K TBipHA JIiHIA
€ IyToro eminca, nmapadonu abo TinmepooiIu, TO OTPUMYEMO BIATIOBITHO einmuyHy, napadoniuny Ta
2inepboniuny moponooioni NOBepxHi.

Ha puc. 4 ... puc. 8 monano KOHKpETHI IPUKIIATU TOBEPXOHb 1 KOMIT IOTEPHUX TBEPIOTUIEHUX
MOJIEJIeH PO3IIISIHYTHX JUCKOBUX POOOYHMX OPraHiB, CTBOPEHUX HA OCHOBI BUKIIAJCHOTO BUIIE Mij-
xoay 10 ix ¢opmoyTBopeHHs. CHMBOJIOM O TIO3HAYEHO TOBIIMHY ITUX 00’ EKTIB.

HaBezeHi B aHiif cTaTTi HOBEpXHI JUCKIB CTBOPEHO B cucTeMi Maple, mMpoko 3acTOCOBYBaHii
JUTSL IPOAYKTHBHOTO 3/IMCHEHHS PI3HOMAHITHUX MaTeMaTHYHUX PO3PaxyHKiB, BIACHUKOM SKOi € KOM-
nanist Maplesoft. KoM totepHi TBepIOTIIBHI MOJIET MOAAHUX TEXHIYHUX 00’ €KTIB BUKOHAHO 3a JI0TI0-
MOTOI0 CHCTEMH aBTOMAaTu3oBaHOro KoHcTpytoBaHHS AutoCAD ¢ipmu Autodesk. 3ayBakumo, 110
BKa3aHi MmoOyJJOBM MOXKYTh OyTH peai3oBaHi TaKOX B IHIIUX MOAIOHUX MPOrpaMHUX MakeTax. Y Imep-
IOMY 3a3Ha4€HOMY BUIIAJKy MarOThCs Ha YBasi, HANPHUKIIA, 1aTopMa KOMIT FOTEPHOTO MaTeMaTHy-
Horo mozemoBaHHs Mathcad kopropartii Parametric Technology, MATLAB kommnanii MathWorks Ta
psan iHmux, a 'y apyromy — CAD/CAM/CAE-cucremu, 30kpema Taxi, sik Inventor ¢ipmu Autodesk,
SolidWorks 1 CATIA kommanii Dassault Systemes, NX po3poonuka Siemens PLM Software toro.
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Puc. 4. Il1ocki qucku:
a — D=400 mm; 6 — D=400 mm, d=40 mm; 6 — D=400 mm, 6=5 mm; 2— D=400 mm, d=40 mm, 6=4 mm

Ha puc. 4 300paxxeHo niocki oucku, a Ha puc. 5 — KOHIYHI OUCKU.

Puc. 5. Koniuni po6oui opranm:
a— D=300 mm, h=10 mm; 6 — D=400 mm, d=40 mm, h=50 mm;
6 — D=380 mm, h=15 mm, 6=4 mm; 2 — D=350 mm, d=35 mm, h=50 mm, 6=4 mm
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Puc. 6 imrocTpye chepudHi Ta TOPOBI AUCKHU.

¥, MM

-200 208

6 2

Puc. 6. Cpepuuni Ta TopoBi IpyHTO00pOOHI 3HAPSIAAS:

a — D=450 mm, R=600 mm; 6 — D=400 ymm, R=300 mm, d=40 ymm;
6 — D=350 mm, R=600 ym, 6=5 mm; 2— D=400 mm, R=300 mm, d=30 mm, 6=4 mm

Puc. 7 inrocTpye nesiki IpO€EKTHI BapiaHTH 1HINOI, HI’K TPOAHAJII30BaHO BUIIE, MOXKIIUBOI (hOpMH
IpyHTO00pOOHUX muckiB. Lle crocyerbest napabonoionoi (puc. 7 a), cinepoonoionoi (puc. 7 6), mo
YTHYTI JOHM3Y, Ta elinmuyHoi moponodionoi (puc. 7 8), aka Onmykja JOTOPH, n08epXOoHb. Takox He
BUKJIMKA€ CYMHIB ICHYBaHHS CYTTEBO OUIBIIOTO, HIXK PO3MISHYTO, PO3MAITTA T€OMETPUUYHUX (iryp,
sIKe 3[1aTHA peai3yBaTH 3allpOIOHOBAaHA MOAEIh (POPMOYTBOPEHHS Ha 3aCa/1aX BUKOPUCTAHHS BEKTOP-
HUX PalliOHAJTFHUX TTAPaMETPUYHUX KPUBHX JIPYTOTO CTETICHSI.

Ha puc. 8 mpencraBieHo cxoxi Ha JUCKH (irypu, 1o NpUAaTHI ISl CBOTO BHKOPUCTAHHS
B IHIIUX, aHIXK CLIbChKE TOCMOAAPCTBO, Tally3saX KUTTEAISUIbHOCTI moaei. Lle mogarkoBuit pa3 mif-
TBEPIDKYE JTOBOJI MIUPOKY HOMEHKJIATYpPy IPOMHUCIIOBOI MPOAYKIIii, SIKY 3/aTHA OXOMUTH HAIpaibo-
BaHa y3arajbHeHa BapiaHTHA MapaMeTpU4Ha MOAEIb 00YI0BH pOOOUHX TOBEPXOHb JHUCKIB.

VYci mpencraBiieHi TexHIYHI 00’€KTH MalOTh MEBHI KOHCTPYKIIMHO-EKCIUTyaTalliiiHi mapame-
TPHU Ta XapaKTEPUCTUKH BiJIITOBITHO IO CBOTO Mpu3HadeHHs. HasiBHA KOMIT t0TepHA THYUYKICTB (op-
MOYTBOpPEHHS cripuse AediHilii HaleKHUX ONTUMAIBHUX 3HAUYEHb IUIIXOM HEOOX11HOT aganTaliii 10
PI3HOMAHITHUX BHMOT, 1[0 BUCYBAIOTHCS ITi]] 4aC aBTOMATU30BAHOTO MMPOEKTYBAHHS.

BucHoBku

VY Ham CKIagHWIA BOEHHHMH Yac OKPIM NEepIIOUEproBUX MUTAHb OOOPOHO3JATHOCTI JAEpiKaBU
BOXJIMBUMHU € 3aBJIaHHsI 30€pEKCHHS Ta PO3BUTKY €KOHOMIKM YKpaiHM, y SIKId OJHY 3 MPOBIIHUX
posieii Bizirpae arpapauii cektop. Tomy gaHy myOiKalito IPUCBSUEHO MMOJAIBIIOMY BJJOCKOHAJICHHIO
CLITBCHKOTOCIIOAAPCHKOT TEXHIKM Ha TPUKIIA/Il JUCKOBHUX IPyHTOOOpOOHUX 3HApsiab. OCTaHHI JOBOII
NEPCHEeKTUBHI 3 NOIVISY JOTPUMAHHS €KOJIOITYHUX BUMOI, CIIPSIMOBAaHMX Ha 30€pEKEHHs HasBHUX
NPUPOAHUX PecypciB Ta Ha 3a0e3neueHHsl BUCOKOI eHeproedekruBHOCTI. CHpHUSHHS BUPILICHHIO
3a3HaY€HO1 HAyKOBO1 IPUKJIAAHOI IPOOIEMH pealli3y€eThCs LUISIXOM 3aIIPOIOHOBAHOTO POy KTUBHOTO
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0 [
X, MM 500 -100 0 100 200 > MM

6

Puc. 7. Qucku inmoi popmu:

a — napabonoionoi, D=400 mm, h=50 mm, w =1, r,=(0 mm, 0 mm, 0 mm), r, =(D/4, 0 mm, 0 mm), r,=(D/2, 0 mm, h), 5=4 mm;
0 — zinepoonoionoi, D=400 mm, h=50 mm, w =3, r,=(0 mm, 0 mm, 0 mm), r,.=(D/4, 0 mm, 0 um), r,=(D/2, 0 mm, h), 5=4 mm;
6 — eninmuunoi moponooionoi, D=500 mm, d=50 mm, h=50 mm, w =0,5, r =(d/2, 0 mm, 0 mm), v =(d/2, 0 mm, h),
r,=(D/2, 0 mm, h), 6=5 mm

KOMIT FOTEPHOTO BapiaHTHOTO (hOPMOYTBOPEHHSI BKa3aHUX TEXHIYHUX 00’ €KTIB Ha OCHOBI BiJOBiJ-
HO1 HaIparboBaHO1 y3arajibHEHO1 reoMeTpudHOi Momeni. OcTaHHs Cyrye 0a3010 s 31HCHEHHS
KOMIUIEKCHOI 0araTokpurepiajlbHOI ONTHMI3allii MpoaHali30BaHOi MPOMHCIOBOT IPOIYKIIii B aCMek-
Tax MIIHOCTI, KOHCTPYKIii, TEXHOJOT1] BUTOTOBJICHHS, EKCIUTyaTallii, HaJIHHOCTI, EKOHOMIKH TOIIO.
3aBAsku CBOIH yHIBEPCATbHOCTI BUKJIAJACHUH MMiIX17 MOXKe OyTH NMOIMPEHUN TaKoX Ha iHI chepu
KUTTEAISIBHOCTI JIIO/IEH, 30KpeMa MalMHOOY/IyBaHHS, XIMIUHY, ByT1JIbHY, HadTOEepepoOHy, JIETKY
Ta Xap4yoBy MPOMHCIIOBICTh, OyIiBHUITBO, MEJUIIMHY, OOYT 1 T. A., ajie 1ie nMoTpedye MpOBEICHHS
HAJISKHUX JTOJATKOBHUX JIOCII/KEHB 3 OKPECIEHOI TEMaTHKH.
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Puc. 8. Moaeai a1 inmux cgep 3acTocyBaHHA:
a— D=600 mm, h=100 mm, w =10, r,=(0 mm, 0 mm, 0 mm), v =(D/2, 0 mm, 0 mm), r,=(D/2, 0 mm, h), =6 mm;
6 — D=600 ymm, d=200 mm, h=100 mm, w =1, r =(d/2, 0 mm, 0 mm), r,=(D/2, 0 mm, 0 mm), r,=(3d/4, 0 mm, h), =5 mm
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HauionanpHui TeXHIYHUN yHIBEpCUTET YKpaiHu
«KuiBchkuii osiTeXHIYHUI IHCTUTYT iMeHi Iropst CikopcbKkoro»

M.O. TEPEIIYK

KuiBchkuii HaLliOHATTFHAUN YHIBEPCUTET OYIiBHHUIITBA 1 apXITEKTypH

J1O MUTAHHS MPAKTUYHOTI'O 3ACTOCYBAHHS KPUBUX JITHIN
I3 HATYPAJIBHOIO TAPAMETPU3ALICIO

Cb0200HI Komn tomepHi iHopmayitini mexHono2ii 00801 NOWUPEHI 8 PIZHOMAHIMHUX cepax dHCummeoisiiv-
Hocmi mooetl. IIpu ybomy cmeopents cKAaoHux mexuiunux 06 ekmie sazeuuail 30iticniocmocs y cepedosuwyi CAD/CAM/
CAE/PLM (Computer-Aided Design/Computer-Aided Manufacturing/Computer-Aided Engineering/Product Lifecycle
Management) cucmem. Hagedeni ¢haxmu 8uU3HaA4arOMv 8AHCIUBICMb NOOAILULIO2O PO3BUMKY BKA3AHUX 3AC00i8 ma 800-
CKOHANCHHS HANEHCHUX MEMOOUK iX NPAKMUYHO20 BUKOPUCTNAHMHA, 30KPeMAa U000 A8MOMAmMu308aH020 HopmMoymeo-
penns. OcHoso1o 8i0N0GIOH020 2eOMEMPULHO20 MOOENIO8ANNS HUNT CTY2YIOMb NAPAMEMPUYHT KPUSI, AKI 3HAXOOAMb C80€
3acmocysants nio 4ac NPoEKmysants 6a2amvox NPOMUCIosux eupoois. Lle cmocyemuvcs, Hanpukaao, 1imakxie, cyoeH,
agmomooinie, noO6ymoeoi mexHiKu mowjo, a Mmaxko;c YHikaioHux 0yoisens i cnopyo. B ocmannvbomy sunaoky maromscs Ha
V8a3i KYIbMypHi, 0C8IMHI, CHOPMUBHI, MeOUYHI, IHM#CeHepHi ma iHwi 00 exmu.

Tenepiwniti icmopuyHull eman po36umKy Hauloi 0epaicasu 0080i 8aXCKULl Yepes 60€HHI Oii Ha iT mepumopii. 3nuuy-
€MbCs IHpacmpykmypa micm i Cini, SUHyms ma OMpuUMyIomy Kaiiymea moou. Y 3a3Hauenux KpumuuHux yMosax eeiuxd
KINbKICMb HAWUX 2poMaost, ceped akux OLIbWicmy € XpUCMUAHAMU, 36EPMAIOMbCs 3a OONOMO2010 00 6CEGUUIHIX CUL.
Tomy axmyanvholo nocmae npoonema 30epedxtcenHs iCHYIOUUX, 8IOHOGNEHH NOUWKOONCEHUX | 3PYUHOBAHUX CAKPANbHUX
Oyoigeny, 36e0eHHs HOBUX NICS 3aKiHueHHs ilinu. Ha niocmaei okpecienux suuje odOcmagun 3anponoHosanutl y OaHii
nybnixayii nioxio 00 NPaKMu4Ho20 3aCMOCY8AHHA KPUBUX JIHIL i3 HAMYPAILHOIO NAPAMEMPUAYIEID NPOLIIOCTIPOBAHO
Ha popmoymeopeHHi Kynonie npasociasnux xpamis. [looawni y cmammi 8i0omocmi neeHum YuHoM CRUPArOmMvCs Ha none-
PeOHi BUKOHAHT ABMOPAMU HATLEIHCHT HAYKOBT OOCAIONCEHMHS.

OCHOSHUMU OMPUMANUMY PE3VILMAMAMU MONCHA 88AHCANU PO3POOIEHY MEMOOUKY 00epHCANHA NOMPIOHUX
MamemMamuyHux 004UCTIO8ANLHUX NPOYedyp Ol anpoKcumMayii 3 HeoOXiOHOW MOYHICMIO HAMYPATLHOI napamempusa-
yii onpayvoganux kpusux. Lle dae 3moey Oinbul OOCKOHANO 30IUCHIOBAMU ABMOMAMU3Z0B8AHE NPOEKMYBAHHS MEXHIUHUX
00 ’exmis, wo niomeepoAHCeHo NPoaHANIZ08aAHUMU BIONOBIOHUMY KOHKPEMHUMU NpuKiadamu. Busnaueno maxoosc nep-
CREKMUBU NPOGedeHHs NOOANLUUUX HAYKOGUX PO3GIOOK i3 PO3LNAHYMOI MEeMAMUKU.

Kniouosi cnoea: asmomamusosane npoexmyeants, 2eomempuine MoOen06an s, Kpuegi Ninii, Hamypanivha napame-
mpu3zayis, npagociagHi Xxpamu.

G.A. VIRCHENKO
National Technical University of Ukraine
«Igor Sikorsky Kyiv Polytechnic Institute»

M.O. TERESCHUK

Kyiv National University of Construction and Architecture

ON THE ISSUE OF PRACTICAL APPLICATION OF CURVES
WITH NATURAL PARAMETERISATION

Nowadays, computer information technologies are quite widespread in various spheres of people's lives. At the
same time, the creation of complex technical objects is usually carried out in the environment of CAD/CAM/CAE/PLM
(Computer-Aided Design/Computer-Aided Manufacturing/Computer-Aided Engineering/Product Lifecycle Management)
systems. The above facts determine the importance of further development of these tools and improvement of appropri-
ate methods of their practical use, in particular regarding automated shaping. The basis of corresponding geometric
modelling is parametric curves, which are used in the design of many industrial products. This applies, for example, to
airplanes, ships, cars, household appliances, etc., as well as unique buildings and structures. The latter case refers to
cultural, educational, sports, medical, engineering and other facilities.

The current historical stage of our state's existence is quite difficult due to military operations on its territory. The
infrastructure of cities and villages is being destroyed, people are dying and being maimed. In these critical conditions,
a significant number of our citizens, most of whom are Christians, are turning to the Almighty for help. Therefore, the
problem of preserving existing, restoring damaged and destroyed sacred buildings, and constructing new ones after the
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end of the war is becoming urgent. Based on the above circumstances, the approach proposed in this publication to the
practical application of curved lines with natural parameterization is illustrated by the formation of domes of Orthodox
temples. The information presented in the article is based to a certain extent on preliminary proper scientific research
carried out by the authors.

The main results can be considered the developed methodology for obtaining the necessary mathematical computa-
tional procedures for approximation with the required accuracy of the natural parameterisation of the processed curves.
This allows for more advanced automated design of technical objects, which is confirmed by the analysed relevant specific
examples. Prospects for further scientific research on the topic under consideration were also identified.

Key words: automated design, geometric modelling, curved lines, natural parameterisation, Orthodox temples.

IMocTanoBka npodiemMu

Hamr yac xapakTepusyeTbcsi IIUPOKUM YIPOBAIKEHHSIM KOMIT IOTEPHUX 1HPOPMALIMHUX TeX-
HOJIOTIH y pi3Hi cdepu )uTT moaed. OcodIMBO 1€ CTOCYETHCSI ABTOMATH30BAHOTO MPOEKTYBAHHS
3acobamu CAD/CAM/CAE/PLM-cucteM. 3a3HaueHe 3yMOBIIIOE BaXIIUBICTh IOJAIBIIOTO PO3BUTKY
BKa3aHHX 3ac001B, yIOCKOHAJIEHHS HAsIBHUX METOMK IX MPAKTUYHOTO 3aCTOCYBAaHHS, 30KpeMa 1010
aBTOMAaTH30BaHOTO (OpPMOYTBOpEHHs. OCHOBOIO BiANOBIAHOTO T€OMETPUYHOIO MOJICIIOBAHHS HUHI
€ IapaMeTPUYHI KPUBI, K1 IHTEHCUBHO BUKOPHCTOBYIOTHCS I11]1 YaC MPOEKTYBAHHS 0ararboxX MpOMHC-
JIOBUX BUPOOIB, HAIIPUKJIIAT JIITAKiB, CY/IeH, aBTOMOO1J1iB, TOOYTOBOI TEXHIKH TOIIO, a TAKOXK YHIKAJIh-
HuXx OyniBenb 1 ciopya. B ocTaHHbOMY BHIIA/IKy MAlOThCSl Ha yBa3i KyJabTypHi, OCBITHI, CIIOPTHBHI,
MEIWYHI1, IH)KCHEPHI Ta 1HII1 00’ €KTH.

TenepimHii eram iCHyBaHHS YKpaiHM JIOBOJII BaXXKUH 4epe3 BOEHHI il Ha ii TepuTopii, 3HU-
IeHHsI iHQPACTPYKTYPH MICT 1 CiJ1, 3arudemb Ta KaTilTBa JoAeH. Y TaKuX TparivHUX yMOBaX BEJIMKa
KUIBKICTh HallIUX POMAJISH, CEpell SIKUX OUIBIIICTh — XPUCTHUSIHU, 3BEPTAIOTHCS 32 JOMOMOIOIO JI0
BCEBHUIITHIX CHJI, TOMY aKTyaJIbHOIO € IpobiieMa 30epekeHHs iICHYI0YMX, BITHOBICHHS MOMIKOIKEHIX
1 3pyiHOBaHUX CakpaJdbHHUX OyJliBEIb, 3BEJICHHS HOBUX IICISI 3aKiHUEHHs BiiiHM. Ha meBHe BUpI-
LICHHSI OKPECJIEHUX IMUTaHb CIPSMOBAaHI HAyKOB1 JOCIHIKEHHS aBTOPIB wi€i crarTi. Cnuparduch
Ha omucaHi 00CTaBUHU, y JaHiil mpaili BUKIAJACHO 3alpONOHOBAHMN MiAXiA A0 MPAKTUYHOTO 3aCTO-
CYBaHHsI KpUBHX JIiHI{ 3 alpOKCHMOBAHOIO HATYPaJbHOIO MapaMeTpHU3aIli€o 1 (OPMOYTBOPEHHS
KYTIOJIIB TIPABOCJIABHUX XPaMiB.

AHAaJi3 0CTaHHIX T0CTiIXKeHb | myOsikanii

Bunanns [1] — ne dynmameHTanpHa mpars 3 KOMIT IOTEPHOTO T€OMETPUYHOTO MPOEKTYBAHHS
(Computer Aided Geometric Design), e BUCBITIIEHO 6a30Bi MaTeMaTH4HI OCHOBHU Cy4aCHOTO aBTOMa-
THU30BaHOTO ()OPMOYTBOPEHHS 3 BUKOPHCTAHHAM NapaMeTpu4HuX JiHid. [Tutanns ix napamerpusanii
PO3MISAAIOTECS TaKoXK y yomikamisx [2; 3]. [lepury npucBsueno HatypanbHii (arc length) mapame-
TpHU3aIlii, KOJIU TapaMeTp SBIISIE COOOI0 BiJICTaHb Y3IOBX JOCIIHKYBaHOI KPHBOi, a Ipyry — Iapa-
MeTpu3alii 3a xopaamu (chord length), To6T0 KoM MapameTp JiHIT BU3HAYAETHCS JOBKUHAMH XOPJ
y3noBx Hel. KoxkeH 13 HaBeleHuX BUNAJIKIB Ma€ CBOI MepeBaru it Hepoiku. Po3B’si3aHHS OKpeciieHoi
3aJa4i 3alpOINOHOBAaHUMH O0UYHCIIIOBAIbHUMHU IPOLIEAYPAMU IPOIIOHY€ThCS B 1aHil cTarTi. OcTaHHS,
SK yKa3yBajocsl BHIE, CIPSIMOBAaHA Ha PO3B’sI3aHHA KOHKPETHUX MPAKTUUHUX 3aBJaHb CTOCOBHO
30epeKeHHSs, BITHOBJICHHS 3pYHHOBAaHUX Yy pe3yJbTaTi BiiHM Ha TepuUTOpii YKpaiHM MpaBOCIaBHUX
XpaMmiB, 3BEJICHHS HOBUX TaKWX apXiTEKTypHHX 00’ €KTIB ITiCII HACTAHHS MHpPY. 3a3HA4YCH1 BiJOMO-
CT1 MICTATbCS B JochikeHHAX [4—7]. ¥V crarti [4] npencraBiaeHo po3poOneHuil CTpyKTypHO-Tapa-
METPUYHUHN HiAXIJ A0 T€OMETPUYHOrO MOJIEIIOBaHHS KynoaiB xpamiB. L1 OyaiBenbHI KOHCTPYKIIi
YBIHUYIOTh CaKpaJIbHI XPUCTUSHCHKI CIIOPYIH, YOCOONIOIOTh CBSTI HEOeCHI 00pa3u, MarOTh BETUKHUI
BIUIMB Ha napadiss. byno npoananizoBaHo Taki popMu KynosiiB, ik KOHYCHa, SIHIenoi0OHa, MaKiBKa,
uuOynapyacTa, rpynonoioHa, BiIOBIIHI IXHI TpaHYacTi BapiaHTU. PO3MISIHYTO MUTaHHS SPyCHOCTI
KynosiB. HaBeneHo MaTreMaTHuHi 3aJ€KHOCTI JUIsl pO3PaxyHKY IUIOIL IMOBEPXOHb M 0OMEXyBaHUX
HUMU 00’ €MIB 13 BUKOPHUCTAHHSM KOMIT FOTEpHUX 3ac00iB. [y 3a0e3mmeueHHs iHTerpariii craii mpo-
€KTYyBaHHS Ta BUTOTOBJICHHSI BKa3aHUX 00’ €KTIB y mpaili [5] momano npuitoMu moOyI0BH PO3TOPTOK
MOBEPXOHB IPAHYACTHX KYIOJiB, 00UHCIEHHS iIXHIX METPUYHHUX XapaKTEPUCTUK Y BUTIISII MOTPIOHUX
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JTOBXKHMH 1 Tutonl. Buganus [6] cipsMoBaHe Ha cCHCTeMaTH3aIlil0 TTIEBHUX aCHEKTIB METOM0JIOTIT Teo-
METPUYHOTO MOJICTIOBAHHS II0/I0 30epeKEeHHSI Ta BiIHOBJICHHS apXITEKTypHUX 00’ €KTiB KyIbTYPHOI
CHAIIMHN HaIol JAepkaBu. Y myOmikaiii [7] BUKIAAEHO CrOCOOM W alrOPUTMHU KOMIT FOTEPHOTO
BapiaHTHOTO CTPYKTYPHO-IapaMETPUUHOTO MapKETyBaHHS MOBEPXOHb KYIIOJNIB MPABOCIABHUX Xpa-
MiB, SIKi CHPUSIOTH ITiIBUIIEHHIO €CTETUYHOI 1HANBIAYATbHOCTI CaKpalbHUX OyliBenb. Y poboTax
[4-7] nns hOpMOYTBOPEHHS IIMPOKO 3aCTOCOBYBAIKCS BEKTOPHI PAIlOHANIbHI MMapaMeTPUdHI KPHUBI
JPYTOTo CTEMEHs], y TOMY YHCJI1 3 allpOKCUMOBAHOIO HAaTypallbHOIO TapaMeTpu3aiieto. OHaK OCTaH-
Hill 3a3HaYEHU MaTeMaTUYHHA arnapar He Oyno onucaHo. ToMy aklleHTOBaHE 3aBIAaHHS CTaHOBHTH
MPEAMET JIaHOT HAyKOBOT CTATTI.

Merta pocaiizkeHHs
inmo myOumikaii € BUKJIaIEHHS HAIpabOBAaHOTO MIAXOMY 10 3MIACHEHHS 00YMCIIIOBATLHOT
ampOKCHMAIlii HaTypanbHOI mapaMeTpu3alil JiHii. Moro npoimocTpoBaHo Ha MPUKIAI BEKTOPHUX
parioHaTbHUX TapaMETPUYHUX KPUBUX JPYTOTO CTETCHS, SIKi BUKOPUCTOBYIOTHCS i 9ac KOMII fO-
TepHOTO (HOPMOYTBOPEHHS KYTOJIiB IPABOCIABHUX XpaMiB. 3ayBa)KUMO, 10 3aITPOTIOHOBAHUI CIIOCIO
MOY€E 3aCTOCOBYBATHCS 32 aHAJIOTIE0 1 10 1HIIMX MapaMeTpUYHUX JiHIN.

Buxkiaa ocHOBHOro MarepiaJty J0CaiIKeHHS
HanexHi MaTepianu mojaMo Ha OCHOBI IPEJICTaBIEHOTO y BUMaHHsAX [4—7] (puc. 1) cTpykTyp-
HO-TIApaMeTPUIHOTO (POPMOYTBOPEHHS IBOSIPYCHOTO OAHHOTO 3aBEPILIEHHS MPABOCIABHOTO Xpamy.

! 1K
7 T B>
| )
| T
‘ I
Fo
by

0 x
Puc. 1. lIpoexTHnii pi3HOBHI KyNOJIiB Xpamy:

b, — unninapuunnii 6apadan; JK — siinenonionuii Kynoa; b, — rpanvactuii 6apadan;
IJK — rpanyacTuii nu0yap4acTuii Kymos

Maremaruunaumii anapar aediHimii moka3aHux BUIIE TEOMETPUYHUX (QIryp HaBEICHO Yy 3a3Haue-
HUX JOCIIKEHHAX. BymiBebHUI 00’ €KT, 1110 aHATI3YETHCS, HA TIEPIIOMY SPYCi MICTUTh IIWITIHAPHAY-
Huii 6apaban b, Ta siinenonionuii Kynon AK, a Ha IpyroMy — BOCbMUIpaHHui Oapaban b, i BOCbMU-
rpanHuii nulynpdactuii Kynon /K. bapaban b, mae pagiyc R=3000 mm ocnoBu. Bucoty H=2000 rm.
Kynon AK — 11e moBepXHs 3 BEPTUKAIHHOIO BICCIO OOEPTAHHS z MPSIMOKYTHOI CHCTEMH KOOpPIWHAT
Oxyz (nuB. puC. 1), MOYATOK AKOI 3HAXOMUTHLCS y LIEHTPi OCHOBM Oapabana b, FOpU30HTaNIbHA BIiCh X
CTIpsSIMOBaHa MPABOPYY, @ BICh y MEPIECHANKY/ISIPHA TUIOIIMHI BKa3aHOTO PHCYHKA. TBIPHOIO € KpHBa
JIPYTOTO CTENEHs Y BEKTOPHIH pallioHaJbHINA MapaMeTpudHii hopmi

(1-u)’r, +w 2u(l—w)r, +u’r,
(I—u)* +w2u(l-u)+u’

r(u) =

(1)
ne r(u) — pagiyc-BeKTOp TOYOK KPUBOI;
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r =Xy, Vo Zo)s T, =X}, Vys 2)), X,=(X,, ¥, Z,) — PlyC-BEKTOPH BEPIUMH XapaKTEPUCTUYHOTO TPHUKYT-
HUKA, PO3TALIOBAHOIO Y IIoHI Oxz;
w,>0 — BaroBui KOeQili€cHT BEPIIMHH I ;
u€l0, 1] — mapamerp.

Jna kynona AK

r,=(3000, 0, 2000), r,=(3000, 0, 4000), r,=(1200, 0, 4000), (2)

7ie KOOPJIUHATH B MM;
w,=0,7071.

Ha puc. 2 noka3aHo JBa MpPOEKTHI Pi3HOBUIU MapKETyBaHHS HOrO MOBEpPXHI MPOCTOPOBUMHU
YOTHPUKYTHUKAMH KBajparonoaioHoi ¢opmu. Lle 3nificHroeTbest Tak. Jnst HAHMKYOTO KoNa IJist
0a’kaHOTO B TOPU30HTAILHOMY Py YHCIIa €JIeMEHTIB 00UHMCITIOI0THCS OAHAKOBI Xopau. Jlani Ha kpu-
Biif (1) BU3HAYA€ThCS TOBXKHHA, sIKa JOPIBHIOE MOJIOBUHI pO3paxoBaHoi BenuunHu. [{um peamnizyerbes
nediHilis HACTYIHOTO T'OPU30HTAIBHOIO piBHS. OTpHMaHI Ha HbOMY 3a ONHMCAHOIO IPOLEAYPOIO
KIHITl XOpJ 3’ €IHYIOTHCS BIJIpi3KaMu MPSAMUX 13 HAJIC)KHUMH TOYKAMU TTOTIEPEIHBOTO piBHSA. Po3riis-
HYTI onepariii BUKOHYIOTbCS IO TOCSTHEHHS TIOBHOI BUCOTH KyIlojia. Y pe3ynbTaTi MaeMo MoTpioHe
MapKeTyBaHHS MOBEPXHI MPOCTOPOBUMHU YOTUPUKYTHUKAMHU KBaIpaTonoAiOHo1 ¢popMu, sIKI Ha TpaK-
THUIl BUPI3AIOTHCS 3 TUIOCKHUX 3arOTOBAHOK Ta IMiJl YaC MOHTAXY JEIIO0 3THHAIOTHCS.

Puc. 2. Komn’otepHni BapianTu napkeryBanHs kynosaa JK:
a, 6 — BignoBigHO 3 40 Ta 28 e1eMeHTaMH B KOKHOMY I'OPH30HTAJIBHOMY PALY

Sk yke 3a3Hayasocs, sl aBTOMAaTU30BAaHOTO MPOEKTYBAHHS PI3HOMAHITHUX TEXHIYHUX 00’ €K-
TiB, 30KpeMa MOBEPXOHb aBTOMOOLUIIB, Cy/leH, JITaKiB, YHIKQIbHUX OyIiBENb i T. [I., IIUPOKO BHKO-
PHUCTOBYIOTHCSI BEKTOPHI parioHanbHI napamerpuddi kpusi (1). Lle 3yMOBIeHO 3pydyHHUM KEepyBaH-
HSIM IXHBOIO T€OMETPI€I0, HANPUKJIAL MPOCTOIO0 Ae(iHILIEI0 HEOOX1THIX MOI0KEHb KIHIIEBUX TOYOK,
JOTHYHUX Yy HUX, TOTPIOHOT BETMYMHU BaroBoro koedimieHTa cepeiHb0i BEPIIMHN XapaKTepUCTHY-
HOTO TPUKYTHHKA, sIKa CyTT€BO BIUIMBAE HAa (POPMY AAHOI JiHIi, 3a0e3MeUeHHsIM [IaJAKOCTI MepIIOoro
MOPSAKY OOBOJIB 13 KUIBKOX €J€MEHTIB TOILO.

3ayBa)XuMo, 0 HaTypaJibHA MTapaMeTpHu3allisi JOBOJI1 3pyyHa HE JIMIIIE i 9Yac MPOBEJACHHS TEO-
PETUYHMX JIOCIIIPKEHb, a ¥ i Yac 3acToCcyBaHHA Ha mpaktuli. [IpoTe 3aranoM rosoBHUH 11 HEAOMIK
MOJISITa€ y MPOOJIeMi 3HaXOKEHHS TOYHOTO aHAIITUYHOTO BUPa3y, TOOTO Oe3 iHTerpasiB Ta rpaHuUllb,
s noxuHu L niHid. {ono BU3HA4YeHOI paailyc-BEKTOPOM I y MPSIMOKYTHIN CHUCTEM1 KOOpIUHAT
Oxyz KxpuBOi

r(u) =r(x(u), y(u), z(u)), (3)

ne u€lu,, u ] — napamerp,

11€ CTOCYEThCS OOYUCIICHHS 1HTEerpasa

L) = [ ¥ @) + @) + 2 @) du )
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[Toximui criiBBigHOIICHHS (4) muist i1l (3) y ¢opmi (1) MaroTh BUTIISA:

() = 2[(1—w1)(1—2u)((1 —u)? x02+ 2w,u(l—u)x, +u2x2) N (u—=1)x, + w,(1-2u)x, +ux, ]’
p p

2

)= 2[(1—w]><1—2u><(1—u> o+ 2wl =)y, +uyy) | =1y + (=20, ]
p p

, [(1 —w)(1=2u)((1—u)’ z, + 2w, u(l—u)z, +1u’z,)  (u—1)z, + w(1-2u)z, +uz, j
Z'(u)=2 > + s
P P
p=0-u)’ +2wu(l—u)+u’. (5)

3 ypaxyBaHHSIM BupasiB (5) po3paxyHOK BeIW4YWHHU (4) 3A1HCHIOETHCS YHMCEIBHUM 1HTErpy-
BaHHAM. JoBXUHY L(1) mapaMeTpuyHOi KpUBOi I(#) MOXKHA HAOIMKEHO PO3IVISAATH SIK JTOBXKUHY L
JlaMaHoi 3 BEPIIMHAMH I (1) Ta N JJAHKaMH, TOOTO

L= Z|r(ui) —r(u_)|, neN, u, =u_ +Au, Au>0,
i=1
wo =y, =1 (6)

31 3pocTaHHsAM N, TOOTO 3MEHIIEHHAM Ay, TOYHICTh HABEJECHOI anpoKCHUMaIIii 3011bIryeThes. 13
3anexHocTel (6) MaeMO MHOKHHY BITOPSIIKOBAHUX Map

(L,u), I,=0, I = 2|r(uk) —r(u,_,)| (7)
Howxuna nanku |r(u,) —r(u, )| y dopmymni (7) pus minii (1) 1 (3) po3paxoBy€ThCs 32 BUPa3oM
|l‘(uk )-r(u,_, )l = \/(x(”k )= x(u; ))2 + () =y, ))2 +(z(u) —z(u, ))2 . (8)

Ha ocnogi criBBigHomIeHs (1) ... (8) anmpokcumyemo BriopsikoBani napu (7) miuii (1) y Burmsizi
MOTPIOHOT JJaMaHOi 3 BepIIMHAMU

r(u,(1)),i =0 ...n. )
Hns [€[0, L] Bemmunam r(u(/)) oduncaroBatuMeMo 3a (popmysoro
Ll -1
r(u() = r(l,- — Un T 11, u;), (10)

i-1

nel <I<l,i=1...n.
Jani nepeiinemo 6e3mocepeHbo 10 HaleKHUX npukiaaiB. g ganux (2), 6epydu 10 yBaru,
0 OMNpaIbOBYBaHA KPUBA 3HAXOAUTHCSA BCEPEAMHI i1 XapaKTepUCTUYHOTO TPUKYTHUKA TAa MAKCH-

MaJibHa BiICTaHb MK OTO BepIIMHAMHU

=|ro —r2)| =\/(x0 -5+ —0) +(z—2) =

maxXcmop.mp

= \/(3000 MM — 1200 Mm)® + (0 MM —0 MM)* + (2000 mm — 4000 Mm)* = 2690,725 MM, (11)
MaeMO TIPOMDKOK 3MIHIOBAHHS JTOBXHHHM L 1i€T JIiHIT
<L<|r—r)|+[r, - 1) (12)

maxXcmop.mp
3 ypaxyBaHHsaM 3anesxHocrtei (11) 1 (12)
2690,725 mm < L <2000 mm +1800 mm = 3800 mm,

L mingL<Lmax' (13)
Hexait y nanomy pasi yist IpakTHKHU OPIEHTOBHO JIOCTaTHBOT TOYHOCTI alipOKCUMAIIIT 3 JIOBKHU-
HOIO MaKCHUMAaJIBHOI JJAHKH

Al = 0,5 um. (14)
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Ha ocHoBi Bennuunu (14)

Lo 3800 mm

F a 0,5 mm

I3 Bukopuctanuam Bupasis (1) 1 (15) kpok mapamerpa u
1 1

du=—=——=~1,316-10". (16)
n 7600

O6uuncnena Ha 3acagax ¢hopmyi (6) ... (16) norxuna L Bciei kpuBoi (1) Ta HaiOLIbIIA TaHKA
¢, .. alPOKCUMYIOYOi JIaMaHO1

ma:

= 7600. (15)

L ~2986,578 mm, c,, ~0,419 ymm. (17)

I3 MeTOrO OIIHIOBAHHS TOCATHYTOI TOYHOCTI BUKOHAHO HABEJICHI BHIIE PO3PAXYHKH IJIs 301JTh-
IIEHOTO, 30KpeMa B m=1,5 pasu, yucna jsanok N. Toxai

n'=7600-m="7600-1,5==11400. (18)

AKIICHTYEMO, 1110 KOHKPETHE 3HAYEeHHS 71 BUOUPAETHCS 3T1IHO 3 HASBHUMU YMOBaMHU MOJIEIIO-
BanHsl. /{5 Bemmunam (18) oTprmano

L ~2986,578 mm, ¢, ~0,279 mm. (19)

[TopiBusiaHs nowxuH L y Bupaszax (17) 1 (19) cBiquuTh Mpo BUKOHAHHS X OOYMCIICHD 3 OPi€H-

TOBHOIO a0comr0THOIO TouHICcTIO a~0,001 am. Toal BiZHOCHA TOYHICTH
0,001 mm

2986,578 mm

[TpoimtocTpyemo 3ampornonoBanuit miaxig (1) ... (20) go anpokcumariii HaTypasbHOI apame-
TpM3aLlii Ie U1 TPhOX BaPIaHTiB MPOEKTOBAaHOI KOHCTPYKLIii Kynona K. AGcuuca BEpIIMHH I, (IUB.
puc. 1) BU3HAYae pajiiyc » OMMCAHOTo KoJla OCHOBH BOCBMHIPaHHOro Oapabana b,, a w, — Gopmy Ta
pPO3MipH OMPAIbOBYBAHOTO KymoJia. ¥ Tabi. 1 Ta 2 HaBeAeHO BKa3aHi 3MiHHI Ta pe3yIbTaTH BUKOHA-
HOI anpOKCHUMAIIii.

aLz%loo%: 100 % = 3,35-10° %. (20)

Tab6murs 1
Buxiaui nani Ta pesyabraTtu anpokcumanii as Al=0,5 wm, m=1
Bap. 7, MM w, n du c_., MM L, mm a, Mm al, %
1 1200 0,7071 7600 1,316-10* 0,419 2986,578 0,001 3,45-10°
2 1200 0,5 7600 1,316-10+ 0,473 2901,721 0,001 3,45-10°
3 2000 1 6000 1,667-104 0,667 2488.654 0,001 4,02-10°
4 1000 1,5 8000 1,250-10+ 0,750 3379,470 0,001 2,96-107
Tabmmig 2
Buxinni nani Ta pesyabraru anpoxkcumauii aas Al=0,5 mm, m=1,5
Bap. 7, MM w, n du c.., MM L, um a, Mm alL, %
1 1200 0,7071 11400 0,877-10+ 0,279 2986,578 0,001 3,45-10°
2 1200 0,5 11400 0,87710* 0,315 2901,721 0,001 3,45-10°
3 2000 1 9000 1,11110* 0,444 2488.654 0,001 4,02-10°
4 1000 1,5 12000 0,83310* 0,500 3379,470 0,001 2,96-107

I'paciku 3anexnoCTe 1(]) pO3TIAHYTUX PI3HOBUIB MPEICTABICHO HA pUC. 4, a hopMy, po3mipu
Ta TTAPKETYBaHHS BiJIMOBITHUX KYyTOJIB — HAa pHC. 5. SIK BHIIHO, TOJIOBHA TepeBara reoMeTPHIHUX
Mozesel moiArae y iX HaouHocTi. JlaHa B1acTHBICTh JOBOJII YacTO MOJETIIY€E CIPHHHATTS HasIBHUX
BIIOMOCTEH MPO TEXHIUHI 00’ €KTH, CIpHUse MPOBENEHHIO MOTPiOHOT cucTemaru3anii. Hampuxian,
y HaIllOMY BUIIAJKy TPOTrHO30BaHa (CreiaJbHO 3 IEBHOO MOXNOKOI0) mpulnu3Ha foBxkuHa A/~0,5 mu
MaKCHUMAaJbHOI JJAHKU alpOKCUMYI04Oi JaMaHoi /it BapiauTiB 3 Ta 4 (auB. Tabn. 1) Oyna cyTTeBO
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nepeBuiieHa. OCTaHHE 3yMOBJIEHO 3MIHHOIO BEIWYMHOIO TOXiAHOI du/dl mpotsrom TOBXHHH L
OIpallbOBYBaHOI KPUBOT JIiHi1, IHIIMMHU CJIOBAaMH, HEOJHAKOBOIO IIBU/IKICTIO 3MiHIOBAaHHS U B3JJOBX /.
Puc. 4 imroctpye ueit dakr. [lepiie fioro 300pa>keHHS 3 MPAKTUYHOTO MOy MalKe 3a10BOJIHHSIE
CTaJIOCTI 3a3HaYEHOT MOX1AHOT, IO 3 MO3UIIIN TeOMETPil ABJIsE COO0I0 KyTOBHH KOCS(III€HT JOTHIHOT
710 TOUOK rpadika GyHKIii, sKa aHaII3yeThCs. AKIIEHTOBAHE JESIKUM YHHOM TEK CTOCY€EThCS 1 APYroro
300pakeHHsI, TTIOKAa3aHOTo Ha puc. 4 6. 3po0ieHI BUCHOBKH MIATBEPKYIOTHCS HAJICKHUMU JTAHUMHU
(mmB. Taba. 1) mpo MakcUMaIbHY JIAaHKY BiAMOBiAHO BapiaHTiB 112 ta 3 14.

Ornucani BUIlE HETOYHOCTI BUIPABICHO MUITXOM BUKOPUCTAHHS KOHTPOJIBHOTO KOPETYIOUOTO
koedimieHaTa m, quB. y Ta0i. 2 iHQOpMaIliI0 TPO MaKCUMaIbHI JaHKK BapiaHTiB 3 Ta 4. 3ayBaxumo,
10 OKpECIIeH1 MPOOIeMHI MUTaHHS MOTPEOYIOTH CBOTO MOJANBIIOT0 BUBYEHHS ¥ y3aralbHEHHS.

1 1
0.8 | o8t—>—
0.64 | 0.61——
1 U
0.41 . 0417117
0.2 gz Ll
0

0 " ; ' ‘
0 500 1000 1500 2000 2500 [, mm 0 500 1000 1500 2000 2500 [, mm
!

a O
1 1
0.8 0.84
0.61 0.6
H )
gl LU LA o
0 T 0 T .
0 500 1000 1500 2000 ], MM 0 1000 2000 3000 ], MM
!
8 2

Puc. 4. I'padixu u(l):
a, 0, 6, 2 — BiANOBiAHO BapianTiB 1, 2, 3, 4

[lepcriekTBaMM PO3BUTKY BUKJIAIEHOTO MiIXOy MOYXKHA BBaXKaTH OMPAIIOBAHHS 3a aHAJIOTIEI0
KPUBUX JIIHIM BUILOTO, HIK JPYTU, CTENEHS, a TAKOXK MMOIIUPEHHS 3alIPOIIOHOBAHUX MPUHOMIB T€0-
METPUYHOIO MOJICJIFOBAHHS Ha 1HIILY TPOMUCIIOBY MPOAYKIIIO Ta chepH KUTTEAISIIBHOCTI JIIOACH.

BucHoBku
Jlany myOikalio NPUCBSIYEHO JESIKUM MUTAHHAM MPAKTHYHOIO 3aCTOCYBAaHHS KPUBHX JIIHIN
13 HaTypaJbHOIO MapaMeTPU3aLil0 JJIsl TEOMETPUYHOIO MOAETIOBAHHS MPOMUCIOBOI MpoayKiii. I3
METOI0 JIEMOHCTpALil 3alIPONOHOBAHOIO MiAXOAY 00’€KTOM aBTOMATH30BAHOTO IMPOEKTYBAaHHS OYyJI0
BHOpaHO HaJIeXKHI TIPOIIECH BapiaHTHOTO (JOPMOYTBOPEHHS KYTIOJIiB IPABOCIaBHUX XpamiB. OcTaHHE
3yMOBJIGHO THM, IO HUHI Hallla JepkaBa IEPeXUBAa€ BaKKI 4acH CBOTO ICHYBaHHS, IMOB’s3aHI
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Puc. 5. I'eomeTpis npoexkTHUX pi3HOBUAIB Kynoaa JK:
a, 0, 6, 2— BapianTu 1, 2, 3, 4

3 BOEHHUMH JA1sIMU Ha 11 TepuTopii. YHACTIAOK IIbOr0 TMHYTh Ta OTPUMYIOTh KaJIITBA HE JIUIIE YOJIO-
BIKH, a Il J)KIHKM Ta JiTH, pyHHY€eThCs iH(pacTpykTypa MicT i cit. OKpeclieHa KpUTHYHA CHTYallis
CIIpHsi€ 3BEPHEHHIO BEJIMKOTO YHCJIA JIIOJCH, cepell sIKUX B YKpaiHi OLIBIIICTh € XpPUCTHSHAMU, 32
JIOTIOMOTO0 JI0 BCEBUILHIX cHIl. TOMy akTyaJlbHOIO MOCTa€e mpobiemMa 30epe’KeHHs ICHYIOUMX Ta Bij-
HOBJICHHS MTOIITKO/KEHNUX CaKpaIbHUX Oy/iBellb, 3BEIEHHS HOBUX IICIIsl 3aKiHYCHHS BIHHU.

CroroaHi KOMIT 10TEpHI 1H(pOpMaIliliHI TEXHOJIOTIT MOMUPEH] B PI3HOMaHITHUX c(epax KUTTeE-
nisutbHOCTI mrofeil. [IpoexTyBaHHS CKJIQAHOT Cy4acHOi TEXHIKM 3a3BUYail 31MCHIOETHCS B Cepeio-
Bunri CAD/CAM/CAE/PLM-cucrem. HaBezneHi akTi BU3HAYAIOTh BaXKIIMBICTh PO3BUTKY BKa3aHUX
3ac001B 1 BIOCKOHAJICHHSI METOJMK X KOHKPETHOI'O MPAKTUYHOIO 3aCTOCYBaHHsI, 30KpEMa CTOCOBHO
aBTOMAaTH30BaHOTO (opMOyTBOpeHHA. OCHOBOIO I'€OMETPHUUYHOTO MOJETIOBaHHS 3apa3 CIYyTyloTh
napaMeTpU9HI KPHBI, SKi JOBOJI MOIMYJISIPHI ITiJ] Yac OMpaIfOBaHHS 0ararbox BHPOOIB, HANPUKIIA
JIITaKiB, CY/lIeH, aBTOMOOLTIB, @ TAKOXK YHIKAIBPHUX apXiTEKTYPHUX 00’ €KTIB, OyIiBelb, 1HKCHEPHHUX
CHOPYA 1 T. 1.

Ha mincraBi okpeciaeHuX BHUIE BiJOMOCTEH 3allpOMOHOBAHUN y AaHiN myOikamii miaxij 10
MIPAKTUYHOTO BUKOPUCTAHHS KPUBMX JIIHIN 13 HATypalbHOIO NapaMeTpu3alli€ro MPOLTIOCTPOBAHO HA
BapiaHTHOMY KOMIT IOTEPHOMY T'€OMETPHYHOMY MOJICIIOBAHHI KYTIOJIIB MPABOCIABHUX XPHUCTHUSH-
cbkux XpamiB. [lonaHi BiIOMOCTI cMparOThCS Ha MOMEPEaIHI BUKOHAHI aBTOpaMHU HaJIeKHI JOCII-
okeHHs.. OCHOBHHMH OTPUMAaHUMM pe3yJbTaTaMU MOXKHA BBa)XKaTH poO3poOJIEHYy METOAMKY Ofep-
KAHHS TOTPIOHMX MAaTEeMAaTHYHUX OOYMCIIOBAJIBHUX IMPOLEAYpP Ta AITOPUTMIB IS allpOKCHUMALii
3 HEOOXITHOIO TOYHICTIO HATYypaJIbHOI MapameTpu3allii KpuBux JiHii. Lle mae 3mMory OiabIn 10CKO-
HaJIo 3[1MCHIOBATH aBTOMATH30BaHE MPOEKTYBaHHsS TEXHIUHUX 00’ €KTIB, IO MIATBEPIXKEHO Mpoa-
HaJII30BaHUMHM NPUKIafaMu. Y CTaTTi BU3HAYCHO MEPCIIEKTUBU MPOBEIACHHS MOAAIBIINX HAyKOBUX
PO3BIJIOK 13 PO3TISIHYTOT TEMATHKH.
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K.V. VLASENKO, V.I. DUBROVIN

National University Zaporizhzhia Polytechnic

SOFTWARE DEVELOPMENT TO OPTIMIZE LOGISTICS PROCESSES
IN A RETAIL STORE

In the context of rapid digital transformation, retail enterprises face growing challenges in managing logistics and
warehouse operations efficiently. Manual inventory control and fragmented data handling often lead to inaccuracies,
delays, and higher operational costs. This study addresses the need for accessible and cost-effective sofiware solutions to
optimize logistics processes in small and medium-sized retail stores. The purpose of the research is to design and imple-
ment an automated warehouse management system that integrates QR-code identification, relational database manage-
ment, and real-time data synchronization across different user roles within a retail environment.

The research methodology is based on software engineering principles, system analysis, and database modeling.
The system was developed using C# and SOL Server in the Microsoft Visual Studio environment, while AForge and ZXing
libraries were used to implement video stream capture and QR-code recognition. The application consists of three main
functional modules: cashier, warehouse worker, and administrator. Each designed to ensure data accuracy, security, and
workflow transparency.

The developed software system successfully automated key warehouse and sales operations through QR-code
scanning integration. Testing confirmed that the SOL Server database correctly handled concurrent data queries while
maintaining data integrity across multiple user sessions. The QR-code recognition module, based on the ZXing library,
accurately identified products from camera streams and transferred data to the database with minimal manual input,
significantly reducing human error in warehouse operations. The modular system design provided clear separation of
access rights, with the administrator controlling data management, the warehouse worker managing inventory, and the
cashier processing transactions. Performance evaluation demonstrated stable operation across all functional modules
with correct real-time synchronization between interfaces after each database update.

The practical value of this research lies in demonstrating that lightweight, software-driven automation can signifi-
cantly improve the efficiency and transparency of logistics operations without requiring costly ERP platforms.

Key words: logistics digitalization, inventory control software, QR-based data processing, retail process optimiza-
tion, database-driven automation, modular system architecture, real-time synchronization.

K.B. BJACEHKO, B.I. IYBPOBIH

HarmionaneHuit yHiBepcuTET «3aropizbka MOTITEXHIKa»

PO3POBKA IIPOTPAMHOTI'O 3ABE3IEYEHHSA AJIS1 ONTUMI3AIIL
JOTICTUYHUX MPOIECIB Y MATA3UHI PO3APIGHOI TOPI'IBJII

B ymosax weuoroi yugposoi mpancgopmayii nionpuemcmea po3opionoi mopeieni cmuxaromscs 3 0edaii Oinb-
WUMU BUKTIUKAMU 6 eheKIMUBHOMY YNPAGNIHHI 102ICMUKOI0 A CKAAOCbKUMU onepayiamu. Pyune ynpaeninna sanacamu
ma gpacmenmosana 06poOKA OAHUX HACMO NPU3BO0SMb OO0 HEMOYHOCHEl, 3aMpPUMOK I NiOGUWEHHS ONePayitiHuxX
sumpam. Lle docniodcenns npucesuerne nompedi 6 OOCMYNHUX | eKOHOMIUYHO eheKMUBHUX NPOSPAMHUX DIULEeHHAX OJis
onmumizayii 102iCMUYHUX NPoyecie y MAIux i cepeoHix po3opioHux mazasunax. Memoro Oocniodcenus € po3pobka ma
BNPOBAOINCEHHSL ABMOMAMU3Z08AHOL CUCIEMU YAPAGLIHHS CKIA0OM, KA ihmeepye i0enmugirayito QR-kodis, ynpasninns
penayiuHuMuy 6azamu OGHUX Ma CUHXPOHIZAYTIO0 OAHUX Y PeaNbHOMY YACT MIdIC PI3HUMU POTSMU KOPUCMYBAULE ) pO30Pio-
HOMY Ccepedoguyi.

Memooonozis docniodxcenus 6a3yemvbCs HA NPUHYUNAX NPOSPAMHOL [H)ICEeHepil, CUCEeMHOMY aHAi3i ma mooe-
aroeanti 6az oanux. Cucmema 6yna pospoonena 3 suxopucmaunam C# ma SQL Server y cepedosuwi Microsoft Visual
Studio, a ona peanizayii 3axonnenns ei0eonomoky ma posnisnagsannsa QR-koodie 6ynu euxopucmani o6ioniomexu AForge
ma ZXing. Jlodamox cknadaemuvcs 3 mpbox OCHOSHUX (YYHKYIOHATLHUX MOOYIIB: KACUD, NPAYIBHUK CKAAOY MA AOMIHi-
cmpamop. Koowcen 3 nux npusnauenuii 015 3abe3neuenns mouHocmi 0anux, oesnexu ma npo3opocmi pobouozo npoyecy.

Pospobnena npoepamma cucmema ycniuiHo agmomamusyéanda Kuouogi onepayii ckiady ma npooasxicy 3a60aKu
inmeepayii ckanysanns QR-xodis.

Tecmysanns niomeepouno, wo dasa oanux SQL Server kopekmuo 06po6isana 00HOYACHT 3anumu 00 OAHUX, 30e-
piearouu yinicHicmes 0anux y 0eKibKox ceancax Kopucmysauis. Mooyns posniznasanna QR-xodis, 3acHosanui Ha 0ioOi-
omeyi ZXing, mouno i0oenmupikysas mosapu 3 NOMoKis kamep i nepedasas 0ami 00 6asu OAHUX 3 MIHIMATbHUM PYUHUM
88€0€HHAM, WO 3HAUHO 3MEHUMUNIO KITLKICMb TIOOCOKUX NOMULOK Y CKAAOCLKUX onepayisx. Mooynena koncmpyKyis cuc-
memu 3abe3nequna yimke po3oiienHs npag 00CHyny: AOMIHICMpamop KOHMpONi08as YNPAGIiHHA OAHUMU, CKIAOCLKULL
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npayisHuK Kepyeaeg 3anacamu, a Kacup oopobnas mpauzaxyii. Oyinka npoOyKmueHOCHI NpoOeMOHCMPYBALd CIMAOLIbHY
pobomy 8Cix (DYHKYIOHATbHUX MOOYI8 3 NPABUILHOIO CUHXPOHI3AYIEND Midc iHmepelicamu 8 pexcumi pedibHO20 4acy
RICAA KOJICHO20 OHOGNEHHs 03U OAHUX.

Ipaxmuuna yinnicms ybo20 00CNIONHCEHHS NONAAE 6 MOMY, WO 60HO NPOOEMOHCMPYBANO, WO JleeKd, Npopam-
HO-KEpOBaHa asmomMamu3ayis MoJce 3HA4HO NIOGUUUMU eqheKmUSHICMb [ NPO30PICMb JIOCICMUYHUX onepayill 6e3 HeoD-
xionocmi euxopucmanns 0opoeux ERP-niamgopm.

Knrouosi cnosa: yughposizayis nocicmuxu, npozpamue 3abe3neueHHs 0Jid YAPAGIIHHA 3anacamu, 0pooKa OaHux
Ha ocHosi QR-kodis, onmumiszayis npoyecié po30pibHOi mopeieni, agmomamusayis Ha OCHO8I 6A3u OAHUX, MOOYIbHA
apximekmypa cucmemu, CUHXPOHI3AYIs 8 PEeNHCUMI PealbHO20 Yacy.

Statement of the problem

In the modern world, the rapid advancement of digital technologies has a significant impact on
all sectors of the economy, particularly in retail. The automation of logistics and warehouse operations
has become a key factor in improving the efficiency and competitiveness of enterprises, especially
small and medium-sized stores. According to PackageX [1], the implementation of digital solutions
for product tracking and data management considerably reduces human error and operational costs.
Similarly, Sortly [2] emphasized that the adoption of QR codes enhances the speed and accuracy of
inventory processing.

Ukrainian researchers also recognize the importance of digital transformation in retail logistics.
Reports from the Kyiv National University of Trade and Economics [3] indicate that integrating modern
software solutions into logistics systems supports better inventory control and operational transparency.
Furthermore, the National Technical University of Ukraine “Igor Sikorsky KPI” [4] highlights that
digitalization of warehouse processes is crucial for maintaining competitiveness in the market.

The growing accessibility of software-driven tools, such as those described by RetailOps
[5] and Lightspeed HQ [6], demonstrates the global trend toward digital automation in logistics.
RetailOps offers complex enterprise-level warehouse management capabilities, while Lightspeed
HQ provides an intuitive interface suitable for smaller businesses. Apix Drive [7] notes that cloud-
based integration and QR-code generation tools allow companies to implement automation without
substantial investment, making these technologies more inclusive for small enterprises.

Microsoft [8] emphasizes that the C# programming language within the .NET ecosystem
ensures reliability and scalability for enterprise-level applications. Meanwhile, SQL Server [9]
provides a structured database architecture capable of real-time synchronization across multiple users
and devices. These technologies together create a robust foundation for developing efficient retail
management systems.

Therefore, the relevance of this research lies in addressing the growing need for accessible and
cost-effective digital tools that enable automation in small and medium-sized retail enterprises. The
purpose of the study is to design a lightweight warehouse management system based on QR-code
identification, relational database management, and modular software architecture. The scientific
novelty of the research consists in integrating modern identification technologies with relational
databases and modular role-based access control to enhance accuracy, transparency, and efficiency in
retail logistics.

Analysis of remaining research and publications

Modern logistics processes are increasingly dependent on digital technologies that enhance
efficiency, accuracy, and transparency in supply chain management. According to Vostok Company
[10], the use of standardized SSCC identification codes plays a crucial role in ensuring reliable
product tracking during transportation and storage, significantly reducing the likelihood of human
error. These standards provide a unified approach to labeling and control, allowing businesses to
streamline inventory management and optimize supply processes.

The logistics industry has witnessed substantial evolution in product identification methods.
Traditional barcode systems face inherent limitations in data storage capacity and processing speed,

https://doi.org/10.32782/mathematical-modelling/2025-8-2-4 ISSN 2618-0332 (print), 2618-0340 (online)
43



ITPUKIIA/THI ITHNTAHHA MATEMATHYHOI O MOJE/IFOBAHHA T. 8, Ne 2, 2025

which two-dimensional matrix codes effectively address. Contemporary warehouse operations benefit
from identification technologies that support rapid scanning and instant database queries, minimizing
processing delays and manual transcription errors.

Academic research in Ukraine has increasingly focused on digital transformation within
commercial logistics sectors. Scholarly investigations consistently identify automation as a critical
factor in achieving operational transparency and process synchronization, while emphasizing that
information technology adoption enhances organizational responsiveness to market dynamics and
competitive positioning.

The commercial software market offers diverse technological solutions across multiple price
and complexity tiers. Online platforms provide accessible tools for generating and implementing
matrix-code identification systems, allowing resource-constrained businesses to adopt digital tracking
without substantial capital investment. Concurrently, enterprise-grade warehouse management
systems deliver comprehensive functionality encompassing inventory control, automated reporting,
and task scheduling. Cloud-based architectures have emerged as particularly attractive options for
retail environments, offering advantages in data accessibility, cross-device synchronization, and
reduced infrastructure overhead compared to traditional on-premise installations.

The RTech Centers [11] examined the functionality of the Vend POS system as a practical tool
for synchronizing sales and warehouse operations in real time. Its usability and scalability make it
applicable for small retail businesses aiming to improve data consistency and workflow organization.

Contemporary software development practices for logistics applications favor mature, well-
documented programming frameworks that provide strong architectural foundations. Object-oriented
languages with static type systems offer advantages in code maintainability, error detection during
compilation, and long-term project scalability. These characteristics prove particularly valuable in
logistics software, where data integrity and operational reliability are paramount. Database technologies
supporting transactional consistency, concurrent user access, and structured query optimization
remain fundamental components of robust warehouse management architectures. The combination
of type-safe programming environments with enterprise-grade relational database systems creates a
technological foundation capable of supporting complex business logic while maintaining system
stability across varying operational loads.

The examined body of literature demonstrates that effective logistics optimization emerges from the
strategic integration of multiple technological components rather than implementation of isolated solutions.
Matrix-code identification systems, when properly coupled with normalized relational databases and
modular software architectures, create synergistic effects that exceed the sum of individual technologies.
These integrated approaches enable measurable improvements in process efficiency, reduction of manual
workload, and enhanced coordination across all operational phases of retail logistics chains.

Research Objective

The primary objective of this research is to design and implement a lightweight, cost-effective
warehouse management system for small and medium-sized retail stores. The system aims to automate
key logistics operations through the integration of QR-code identification technology, relational
database management, and real-time data synchronization across multiple user roles.

The study focuses on developing a modular software architecture that separates access rights for
cashiers, warehouse workers, and administrators to ensure data security and workflow transparency.
A critical aspect involves implementing QR-code scanning functionality using open-source libraries
to minimize hardware costs while maintaining operational reliability. The research also addresses the
design of a normalized relational database structure that ensures data integrity, prevents redundancy,
and supports efficient CRUD operations. Furthermore, the objective includes creating a system
capable of real-time synchronization between user interfaces to eliminate manual errors and improve
coordination among retail personnel.
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The research seeks to address the gap between high-cost commercial solutions and the practical
needs of small retail enterprises by providing an accessible, reproducible, and scalable alternative
for warehouse and inventory management. Ultimately, this study aims to demonstrate that software-
driven automation can significantly enhance logistics efficiency without requiring expensive enterprise
resource planning platforms.

Materials and Methods

The software development process for optimizing logistics processes in a retail store was
based on a systematic application of software engineering principles, ensuring that each stage of
the research could be reproduced by other researchers using the same tools and techniques. The
methodological framework covered requirement analysis, system design, software implementation,
database modeling, and testing phases. The primary goal was to create a practical, efficient, and
user-friendly system capable of automating warehouse operations, inventory management, and data
synchronization between store personnel.

The programming language C# was selected because of its object-oriented nature, strong
typing, and seamless integration with the .NET Framework. Development was conducted in the
Microsoft Visual Studio environment, which provided advanced debugging, design, and testing
tools. The SQL Server database management system was used to store and manage structured
data related to products, users, and reports. SQL Server was chosen due to its high performance,
strong security features, and compatibility with the .NET ecosystem. The application interfaces
with the database through System.Data.SqlClient, ensuring stable connections and efficient query
execution.

For video stream processing and QR-code scanning, two major libraries were implemented:
AForge.Video and ZXing. The AForge.Video library enables capturing video streams from connected
cameras in real time, while ZXing provides algorithms for decoding QR-codes. These libraries made
it possible to scan and interpret product identifiers directly from the camera feed, eliminating the
need for expensive barcode scanners. In the context of small retail stores, this significantly reduces
hardware costs while maintaining operational reliability.

The structure of the software was built on the Windows Forms graphical platform, ensuring
that all interfaces are simple, intuitive, and responsive. The program includes three main user roles —
cashier, warehouse worker, and administrator — each with specific access rights and functionality.
This design improves workflow organization, data protection, and accountability. The cashier module
handles sales operations and daily revenue reports; the warehouse module manages inventory and
performs product registration or audits; the administrator module controls user access and database
integrity.

The database design follows a relational schema, consisting of three core tables: Users, Products,
and Reports. The Users table (Table 1) stores login credentials and user roles; the Products table
(Table 2) contains product data including identifiers, names, origins, manufacturers, prices, and
quantities; the Reports table (Table 3) logs daily sales summaries. The detailed structure of each table
is presented in Tables 1-3.

Table 1
Structure of the “Users”
Field name Data type Description
Login nvarchar(50) User login
Password nvarchar(50) User password
PIB nvarchar(50) User full name
Role nvarchar(50) User role
https://doi.org/10.32782/mathematical-modelling/2025-8-2-4 ISSN 2618-0332 (print), 2618-0340 (online)
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Table 2
Structure of the “Products”

Field name Data type Description
ProductCode int Product code
ProductName nvarchar(50) Short product name

ProductShowName nvarchar(50) Full product name
OriginCountry nvarchar(50) Country of origin
CreatorCompany nvarchar(50) Product manufacturer
Price int Product price
Quantity int Product quantity
Table 3
Structure of the “Reports”
Field name Data type Description
Date date Business day date
SumMon int Revenue for a specific day

The normalized database structure minimizes redundancy, maintains referential integrity, and
allows efficient data manipulation using CRUD (Create, Read, Update, Delete) operations.

During development, algorithms were designed to ensure data consistency and operational accuracy.
For example, when a product QR-code is scanned, the system automatically retrieves product details from the
database, displays them on the interface, and updates the stock quantity upon completion of the transaction.
Similarly, during warehouse audits, the software verifies scanned product codes against the database and
calculates discrepancies between actual and recorded stock levels. These algorithms are implemented with
validation mechanisms to prevent SQL injection, data corruption, or unauthorized access.

Testing was conducted through both functional and performance evaluations. Functional testing
verified that each software module performed according to the technical requirements described in the
thesis. Performance testing measured the speed of data retrieval, QR-code recognition accuracy, and
system responsiveness under load. The experiments demonstrated that the system achieved reliable
performance and real-time synchronization across user interfaces.

The methodological justification for using these specific technologies lies in their reproducibility
and accessibility. C# and SQL Server form a stable technological stack widely used in commercial
software development, while AForge and ZXing are open-source solutions that allow cost-effective
deployment. The step-by-step workflow from requirement analysis to final testing ensures that the
system can be replicated, adapted, and scaled for other retail environments.

Results and Discussion

The developed software system improved the organization and accuracy of logistics processes
within the retail store model used for testing. Through the integration of QR-code scanning, a relational
database, and synchronized user interfaces, the system successfully automated key warehouse and
sales operations. The obtained results are based on experimental verification of the system’s functions
and a comparative analysis of manual versus automated workflows.

The developed program ensured stable communication between the cashier, warehouse worker,
and administrator modules. During testing, all modules successfully exchanged data in real time
through a shared SQL Server database. The interface of each user role was evaluated for functionality
and usability, confirming that all essential operations, such as product registration, sales recording,
and report generation were performed correctly and efficiently.

Database performance was assessed to verify reliability and stability under normal operation.
Tests confirmed that the SQL Server database correctly handled data queries, prevented duplication, and
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maintained data integrity when multiple users accessed it simultaneously. The relational structure of the
database ensured consistent updates between tables, supporting accurate inventory tracking and reporting.

The QR-code recognition module based on the ZXing library successfully identified products
from the camera stream and transferred their data to the database for further processing. This
functionality simplified product search and minimized manual data entry, which is one of the key
sources of errors in warehouse operations. The use of AForge.Video allowed real-time video capture
from the connected camera, supporting smooth and continuous scanning. The result of a successful
QR code scan is illustrated in Fig. 1.

85 PobiTHuk cknagy - O x
Nick Johnson
PeccTpalin Hosoro ]
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Cknan
Koka Kona 2 nitpm - 62 wr.
|\d’|m\cro UUSB Camera (Altair) w | [ Togam ao Gasn faHux
B I Moyam I | OuwicTmi

Fig. 1. QR code scan result

The modular system design also provided clear separation of access rights. The administrator
role had full control over data management and user registration, the warehouse worker managed
product registration and stock adjustments, and the cashier processed transactions and daily reports.
This division of responsibilities improved overall workflow transparency and accountability. The
administrator capabilities are presented in Fig. 2.
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Fig. 2. Administrator capabilities diagram
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The cashier plays a key role in managing the checkout process by scanning QR codes to register
products, reviewing item details and total costs, and finalizing transactions. They ensure accurate
data entry, smooth operation of scanning devices, and efficient customer service during the payment
process. The cashier capabilities are illustrated in Fig. 3.
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Fig. 3. Cashier capabilities chart

The warehouse worker interacts with the software by selecting video devices for QR code
scanning, scanning and removing items, performing inventory operations, monitoring inventory
progress, registering new products, and viewing warehouse contents. These functions ensure accurate
stock management and efficient organization of warehouse processes. The warehouse worker
capabilities are presented in Fig. 4.
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Fig. 4. Warehouse worker capabilities chart
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During the testing phase, the system demonstrated stable operation across all functional modules
and showed correct synchronization between interfaces after each database update. These results
confirm that the combination of QR-code identification, relational database management, and modular
architecture effectively supports automation in retail logistics processes. The design proved to be
adaptable to different store configurations and capable of expanding the database without requiring
changes to the source code.

In comparison with existing warehouse management and retail automation systems presented
in open sources such as RetailOps and Lightspeed HQ, the developed software offers a lightweight
and affordable alternative suitable for small and medium-sized enterprises. Unlike commercial ERP
platforms, it provides essential automation features without the need for large financial investment or
external services.

Overall, the results confirm that the implementation of modern software tools particularly
QR-code scanning and SQL-based data management significantly enhances operational transparency,
reduces manual errors, and improves coordination among store personnel.

Conclusions

The conducted research and software development have confirmed the effectiveness of digital
automation tools in optimizing logistics processes in retail enterprises. The designed system provides
a functional and technological foundation for improving inventory control, warehouse management,
and communication between retail personnel. The achieved results demonstrate that the integration
of QR-code technology, relational database architecture, and modular user interfaces significantly
increases operational transparency, data accuracy, and overall process efficiency.

The developed application allows real-time synchronization between the cashier, warehouse,
and administrative modules, reducing human error and ensuring consistency of information across all
system components. The implementation of open-source libraries such as AForge and ZXing provides
a cost-effective and reproducible solution adaptable to small and medium-sized retail businesses.
Testing confirmed the system’s reliability, scalability, and suitability for continuous use in real-world
retail environments.

The study’s findings contribute to the broader field of logistics digitalization by providing a
lightweight alternative to large-scale ERP systems. The project demonstrates that modern programming
tools like C# and SQL Server can be effectively used to develop custom software capable of meeting
specific logistical needs while maintaining low resource consumption and high adaptability.

In summary, the research successfully achieved its objectives by creating a practical, efficient,
and replicable software solution for optimizing logistics processes in retail stores, thereby confirming
the relevance and practical significance of software-driven automation in modern retail management.
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MODELING THE OPERATION PROCESS
OF A SHIP DUAL-FUEL GAS-DIESEL GENERATOR UNIT

The article addresses the urgent task of modeling the operation of ship dual-fuel gas-diesel generator units (GDGU),
in particular Wirtsild 50DF engines widely used on LNG carriers and LPG carriers. The rapid development of liquefied
gas transportation has led to the replacement of steam turbine installations with more economical electric propulsion
systems based on dual-fuel engines capable of operating both on diesel fuel and on boil-off gas (BOG) from cargo tanks.
The authors emphasize the need for reliable stabilization of pressure in cargo tanks, safe utilization of excess vapor, and
minimization of fuel costs through maximum replacement of diesel fuel with natural gas.

A mathematical dynamic model of the GDGU is proposed that takes into account the influence of the turbocharger
(represented as an aperiodic link with positive feedback), nonlinear properties of the object, and real parameters of the
gas-air mixture supply system. The model is presented in the form of a structural diagram and implemented in Simulink,
which made it possible to adequately reproduce transient processes when the load is suddenly applied/dropped. Particu-
lar attention is paid to the correct selection of PID-controller settings, since the amplification factor of the object changes
significantly depending on the load level. It is shown that tuning the regulator at minimum load provides the greatest
margin of stability when moving to nominal and maximum modes.

The features of the electronic speed control and fuel mode switching system are considered: instantaneous (within 1
s) transfer from gas to diesel mode at any load, longer (up to 2 min) controlled transfer from diesel to gas with mandatory
leak testing and combustion verification, automatic blocking of gas mode in case of faults or blackout start. The advan-
tages of isochronous load sharing in multi-generator ship power plants and the possibility of forced transfer to backup
diesel mode are noted.

The developed model and recommendations for regulator optimization ensure high stability of voltage and fre-
quency in the ship electric power system under sharp load fluctuations, increase the safety of liquefied gas transportation
and contribute to the reduction of operating costs due to efficient use of boil-off gas as the main fuel.

Key words: Gas-diesel generator unit, Dual-fuel engine, Ship Electrical Power System, Modeling.

C.C.TOJIOIIAIIOB, B.B. [IOJIUBOJJA

XepcoHChKa JiepKaBHa MOPChKa aKkajaeMist

MOAEJIIOBAHHSA IMPOLNECY POBOTH JIBOITAJIMBHOT'O
CYJAJHOBOTI'O I'A3O0JU3EJIBHOI'O TEHEPATOPHOI'O ATPET'ATY

Y emammi posensioaemuvca akmyanvhe 3a80aHHsA MOOENOBAHHS NPoyecy pobomu CYOHOBUX OBONANUBHUX 2A300U-
3envHux eenepamopnux yemanogok (I J[I'Y), soxpema osueynie Wirtsild 50DF, wo wiupoko 3acmocogyiomucs Ha 2a3080-
sax CIII [lleuokuil po36umox nepegezens 3piodiceH02o 2azy Npu3eie 00 3aminu NapomypoOIiHHUX YCIMAHOB0K eKOHOMIUHI-
wWuMU cucmemamil eneKmpopyxy Ha 6asi 08ONANUBHUX OBUSYHIB, 30AMHUX NPAYIO8ATU SK HA OU3ETbHOMY NATUSI, MAK i Ha
sunapnomy 2azi (BOG) i3 eanmadsicnux manxie. Aemopu Ha2onoutyioms Ha HeoOXionocmi Hadiunoi cmabinizayii mucky
V BAHMAICHUX MAHKAX, Oe3neyHol ymunizayii HAOTUWKOGUX Napie ma MIHIMI3ayii eumpam naiuéa WisiXxom MaKCumaib-
HO2O 3aMityeHHs Ou3esis NPUPOOHUM 2A30M.

3anpononosano mamemamuuny ounamiuny mooens I J{I'V, axa epaxosye enius mypooxomnpecopa (npeocmasieHul
5K anepioouyHa NaHKa 3 NOZUMUGHUM 360POMHUM 36 SI3KOM), HENIHIUHI 61acmugocmi 06’ ekma ma peanvhi napamempu
cucmemu nodaui 2azonosimpaHoi cymiwi. Modens nodana y uensioi cmpykmyphoi cxemu ma peanizoséana 8 Simulink, ujo
00 3M02y A0EKBAMHO 8I0MEOPUMU NEPEXIOHI NPOYeC 3 PANMo8020 HAKUOAHHS/CKudanHs Hasanmaoicetns. Ocobaugy
yeazy npuodineHo npasuibHomy eubopy Hanawmysans I11/[-pecynamopa, ockinvku Koegiyicnm niocunenus 06’ exma cym-
MEBO 3MIHIOEMBCA 3ANIEHCHO IO pi6HA Hasanmadicenus. TIokazano, wo HAIAWMYBAHHA pe2yiamopa Ha MIHIMAIbHOMY
Hasanmagicenti 3abe3neuye HaubinbuuLl 3anac CmiuKocmi 3a nepexody 00 HOMIHAILHO20 MA MAKCUMATbHO20 PENCUMIB.

Posensitymo ocobnueocmi cucmemu e1eKmpoHHO20 pe2yio8anHs Hacmomu 00epmanis ma nepemuKaHHs NaIUSHUX
peodicumis: mummesuil (0o 1 ¢) nepexio i3 2a306020 HaA OU3ENbHULL peXcUM 3ad OYOb-AK020 HABAHMANCEHHS, MPUBATIUIUL
(00 2 x8) keposanuii nepexio iz OU3eIbHO20 HA 2A308Ull 3 0008 SI3K0B0T0 NEPEGIPKOI0 2epMEMUUHOCTT MA KOHMPOLeM 320-
PAHHA, asmomamuyte OIOKYBAHHI 2A308020 PelCUMY 3a HecnpasHocmeli abo cmapmy 6 peaxcumi blackout. Biosnaueno
nepegazu i30XpOHHO20 PO3NOOLNY HABAHMANCEHHS 8 6A2AMO2eHePAMOPHUX CYOHOBUX eHeP2OCUCIeMAaX Ma MONCIUBICINb
NPUMYCOBO20 NEPexo0y HA Pe3ePEHUL OUCTLHULL PEAHCUM.

Pospobnena mooens ma pexomenoayii wjooo onmumizayii napamempie pe2yismopis 3a0e3neuyoms 6UCOKy Cmad-
OLTbHICMb HANpYeu ma 4acmomu 6 CYOHOS8IL e1eKMpPOeHeP2eMUYHill CUCMeMi 3a PI3KUX KOTUBAHb HABAHMANCEHHS, NIOBU-
wyoms 6e3neKy nepese3ensi 3pi0AHCeH020 2azy ma CNpUsiionb 3HUNCEHHIO eKCIILYAMAayiliHuX 6UMpam 3a paxyHox epex-
MUBHO20 BUKOPUCIAHHSA GUNAPHO20 2A3Y SIK OCHOBHO20 NAUBA.

Knrouosi cnosa: cazoousenvHi eenepamopHi azpezamu, OB0NANUBHULL O8USVH, CYOHOBA eleKMpOeHepeemuiHd
cucmema, Mooeno8anHs.
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Problem statement

The rapid growth in the consumption of combustible gases and the expansion of their
international trade contributed to the invention of a new special type of vessels in the 1950s — gas
carriers. Specialized vessels for the transportation of liquefied natural gas (methane, ethane, etc.) and
vessels for the delivery of liquefied petroleum gas (propane, butane, etc.) were created.

The first generation of methane tankers was equipped with steam turbine units (STU). By this,
the idea of using cargo as fuel, which is used in our time, was realized. For forty years, STUs have
confirmed their advantages, consisting of reliability, reliability, and ease of maintenance. Further
improvements in membrane tanks in the late 1990s resulted in significant reductions in cargo
evaporation. This led to the demand for economical gas-diesel propulsion complexes of the Wartsila
type, which operate on two types of fuel, gas and diesel. Gas-diesel generating units (GDGU) produce
electricity to ensure the electric movement of gas carriers. The Wartsila 50DF gas-diesel unit is most
often used on gas carriers — it is a four-stroke, non-reversible, diesel engine with turbocharging and
an intercooler, with direct injection of liquid fuel and indirect injection of gas fuel [1]. The engine can
be operated in gas or diesel mode.

For the safe transportation of liquefied gases, it is necessary to stabilize the gas pressure in cargo
tanks. The system must react stably to possible effects of pressure changes in the cargo tank, supply of
cargo vapors to low-pressure consumers (diesel generators, gas re-liquefaction units, steam incinerators).
Considering the lack of experience in the operation of the mentioned propulsive complex in the world
fleet, the theoretical analysis of the safety and efficiency of gas supply systems is an urgent problem.

One of the most important problems arising during the transportation of liquefied gas by sea is,
on the one hand, ensuring the safety of transportation, survivability and unsinkability of the vessel,
which makes it necessary to dispose of the vapor fraction of liquefied gas. On the other hand, the
problem of reducing fuel consumption and its more efficient use is also relevant. Both problems can
be solved thanks to the introduction of gas-diesel generator units (GDGU), which are able to work
on both liquid and gaseous fuel. The fuel system of such vehicles requires more advanced control
systems that implement more complex control algorithms.

When developing engines for LNG carriers, liquefied gas is already on board, and it is necessary
to use boiled-off gas (BOG) as fuel. Then the gas supply system must provide gas from the cargo tank
to the main engine and generators operating on two types of fuel. The gas supply system should also
provide for the supply of gas to the gas combustion unit (GCU) in case of high gas pressure in the
tanks, approaching the permissible limit value.

A dual-fuel gas-diesel engine is a conventional diesel engine with additional devices for working
with gas fuel.

In the dual-fuel gas-diesel mode, two fuels — the main diesel fuel (but in a significantly smaller
amount) and the additional one, substitute gas, are supplied to the engine. At the same time, the main
diesel fuel plays the role of a "fire-starting" dose for igniting the integral gas-air fuel mixture.

Analysis of recent research and publications

The degree of replacement of diesel fuel by gas is the most important indicator of engine
operation in gas-diesel mode. The value of the degree of substitution can vary widely from 40% to
85% for methane and from 15% to 50% for liquefied hydrocarbon gas [2].

The fact is that starting the engine and its operation in the mode of small loads (up to 20% of the
maximum) is carried out almost on pure diesel fuel, because in this mode it is very difficult to choose
stable gas supply parameters.

Further, as the load increases (approximately to 70—-80%), comes the most favorable section for
the gas-diesel mode, the degree of substitution of gas for diesel fuel in this section is maximum and
can reach 85%. However, in order to maintain the design thermal regime of the engine, it is necessary
to set aside some diesel fuel consumption for cooling the fuel injectors.
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When the engine reaches full power and maximum revolutions, the time of the duty cycle
decreases and the gas simply does not have time to burn and the gas-diesel control system has to
reduce its supply. For practical calculations, you can use the guaranteed degree of substitution of
50-60% for engines for methane and 20-50% for propane.

Due to the higher coefficient of performance, methane consumption is approximately 1.1-1.4 m’ per
1 liter of the replaced diesel fuel (in a 100% gas engine 1.3—1.8 m?= 1 liter of the diesel fuel).

Aim of the Study
The article aims to develop and analyze a mathematical model of a ship dual-fuel gas-diesel
generator unit, incorporating the effects of the turbocharger, nonlinear properties, and real parameters
of the fuel supply system, to optimize the regulator parameters for enhancing voltage and frequency
stability in the ship's electrical power system (SEPS) under sharply varying loads.

Presentation of the Main Research Material

A successful solution to the complex automation problems of the ship electrical power system
(SEPS) is connected with the need to take into account the influence of a large number of diversely
acting factors that meet the requirements of increasing reliability and improving technical and
economic indicators. A modern approach to the design and implementation of automated control
systems is the use of a three-level hierarchical architecture. This will allow, in addition to the direct
control of the electric power system, to accumulate statistical data on the modes of operation of
consumers and electricity generators, which can be used to formalize the behavior of consumers
in order to highlight the characteristic modes of operation of the power plant, reconfiguration of
the SEPS in order to increase the optimality of the use of generating units, evaluation of the SEPS
operation after the application of measures regarding increasing its energy efficiency. In order to ensure
the electromagnetic compatibility of electrical networks of power supply systems and electricity
consumers, it is also necessary to control the quality of electricity in SEPS [3].

The experience of testing and operation of electric power systems shows that during the parallel
operation of generator units (GUs) in individual modes, instability is manifested in the form of
undamped rotor oscillations.

In order to build highly efficient active power distribution systems in the presence of constant
disturbing influences (random load connections/disconnections), as well as due to inherent fluctuations
in the frequency of rotation of the shafts of the drive motors, it is necessary to determine the type and
parameters of the dynamic model of the GDGU with sufficient accuracy for practice [4]. The general
dynamic model of the GDGU contains both mechanical and electrical parameters. However, since
electrical processes in the generator in the absence of excitation control occur many times faster than
mechanical ones, their general influence on the dynamics of the system can be ignored.

The GDGU does not contain such elements as a fuel rail, fuel pump, cataract, mechanical speed
regulator, and the regulation of the gas-air mixture supply is carried out by a low-power reversible DC
motor of 100 W, which is controlled by a high-speed pulse width regulator.

In accordance with the description of the work of the GDGU, Fig. 1 shows a structural diagram
that reflects the characteristic of the work of the GDGU both in statics and in dynamics.
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Fig. 1. Structural diagram, which reflects the characteristic of the work of the GDGU
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The PID controller is conventionally represented by a transfer function W,,. It forms the
frequency response of a single-loop closed system. The fuel valve control engine, together with the
valve itself, is presented in the form of a first-order aperiodic link, the input parameter of which is
the signal from the output of the PID controller, and the output is the amount of gas-air mixture A
. Actually, GDGU is presented in the form of two links. The amplifying link K, which reflects the
transformation of the gas-air mixture flow into the moment on the shaft M, and the inertial link of the
first order, which establishes the relationship between the revolutions on the shaft and the value of
the moment.

A special feature of this dynamic model is taking into account the influence of the turbocharger
on the operation of the machine. In the considered dynamic structure, the turbocharger is presented
in the form of an aperiodic link of the first order with a low amplification factor, which covers the
actual first link of the diesel engine with positive feedback. The power output in the form of torque is
carried out directly after the link. Such a simplified structural diagram of the connection between the
turbocharger and the diesel engine eliminates any influence of the engine revolutions on the operation
of the turbocharger.

When the load is applied, the momentarily achieved output moment is M, = M, -AM , which
is supplied to the last link, as a result of which, according to the time constant ( 7, /D), the engine
revolutions decrease. A decrease in torque will lead to a decrease in signals, which leads to an
additional decrease in torque M, . This strengthens the transition process. Therefore, the revolutions
continue to decrease until, with the help of the main feedback, the appropriate opening of the valve
and an increase in the amount of gas-air mixture is provided.

When the load is dropped, the reverse process takes place — the process of increase M, = M, + AM
. The engine speed starts to increase. At the same time, an increase of M, leads to a growing A,
and, accordingly, A, =4, +4,. This corresponds to an additional growth M, and, accordingly, engine
revolutions Q.

Let us consider the optimization of the regulator parameters for the gas-diesel generator unit.
Figure 2 shows the dynamic model of the GDGU with the set parameters close to the physical ones
for the considered machines. It can be seen from the figure that the GDGU itself is represented by
three serially connected links with a rather large amplification factor. The link with positive feedback
takes into account the influence of the turbocharger [5].
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Fig. 2. Dynamic model of GDGU

The parameters of the dynamic model of the GDGU are determined using methods of
identification and further tuning for the adequacy of the transition processes of dropping/connecting
the load, as well as for control.

In relation to the PID regulator, the GDGU is the object of regulation. The dynamic properties
of the object of regulation in terms of controlling and disturbing influences are characterized by
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the curve of the transition process, and reflect the oscillatory nature of the processes with their own
frequency and coefficient of oscillation.

It is obvious that in the presence of disturbing influences on the system, the parameters of the
PID controller must be selected in such a way as to ensure such a degree of damping of the system
that excludes the appearance of oscillatory processes in the output parameter.

From the analysis of logarithmic amplitude-frequency characteristics (LAFC) it follows that the
regulator should be tuned not at the nominal power of the generator, but at the minimum power [4]. In
this case, an increase in the load due to a decrease in the amplification factor will lead to an increase
in the stability margin.

Figure 3 shows the structural diagram of the control system, which includes a self-tuning
regulator [2].
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Q 13 + + Q,

Ai?—» Regulator » GDGU
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Fig. 3. Structure of the GDGU control system with auto-tuning of the regulator
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Figure 3 illustrates: Q, — set speed, Q,— actual speed, € — error signal. The basis of the system
is a digital PID controller.

The regulator tuning works as follows. The operator sets the requirements for the system. The
regulator tuning unit generates forms a signal that controls the connection and disconnection of the
load to the GDGU. The value of the load increases from 0 to 100% of the generator power in steps of
20%. At the same time, for precise tuning of the regulator (reducing the impact of measurement error),
connection and disconnection of the load is performed for each point a specified number of times.
Identification of the control object is performed according to the experimental transient characteristic.

Control signals such as start, stop, fuel select and emergency are connected via hard-switched
lines to ensure safe operation even if the external data bus fails while the engine is running.

The electronic speed control system is integrated into the engine automation system. Load
distribution can be based on standard static characteristics, or can be carried out independently by
speed control nodes without statics. The last method of regulation usually refers to the isochronous
type of load distribution. With isochronous load sharing, there is no need for load balancing, frequency
tuning or generator load/unload control by the external control system.

In a static control system, each frequency control node increases its internal reference frequency
if the node has detected an increase in the load on the generator. Reducing the frequency in the power
grid with a large load in the system leads to the fact that all generators proportionally distribute
the total increased load among themselves. Engines with the same statics and reference frequency
distribute the load equally among themselves. Loading and unloading of the generator is carried out
by adjusting the reference frequency of each speed control node. The amount of stat is standard 4%,
that is, the difference in frequency between zero and maximum loads is 4%.

In the isochronous mode, the reference signal of the rotation frequency remains unchanged,
regardless of the load level. Both modes, isochronous distribution and static, are standard in speed
control systems, that is, it is possible to select either. If the vessel has several distribution sections
with circuit breakers between sections, the state value of each circuit breaker is required to control the
load distribution in isochronous mode.
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Additionally, the control and safety system or the power failure detection system can force the
engine to operate in reserved mode (diesel fuel supply only).

It is possible to switch the running engine from gas mode to diesel mode. When working up
to a certain load limit, the engine can be switched from working on diesel fuel to working on gas
normally. In certain situations of activation of the alarm system, the engine is automatically switched
from gas operation mode to diesel operation mode (disconnection of gas supply). A request to run on
diesel always blocks a request to run on gas.

The control and safety system forcibly transfers the engine to reserved mode (regardless of the
operator's choice of mode) in two cases:

— a malfunction was detected in the ignition fuel system (disconnecting ignition fuel);

— the engine starts when the signal of the absence of power supply is active (signal from an
external system).

Control of the switching between gas and diesel fuel modes:

1. The switching from gas operation mode to diesel fuel operation mode is performed at any
load within 1 second. The transition can be performed in three ways: manually, by the engine control
system or by the gas safety system (gas mode blocking).

2. The switching from diesel fuel mode to the gas operation mode is carried out when the engine
load is below 80%, if there are no signals of the gas mode blocking, in case of ignition fuel blocking
and the engine was not started in the power supply absence mode (in which the combustion check is
excluded).

It is not recommended to switch to gas operation mode at low loads. Switching to gas usually
takes about 2 minutes to minimize the possibility of damage to the gas supply system.

The engine can run in the mode of no power supply, if it was started on an active power supply
cutoff input signal or if there was a cutoff of the ignition fuel supply.

The switching to gas operation mode can be made only after checking the fuel combustion,
which is possible only when the engine is restarted.

Checking gas leakage in gas control unit is performed automatically before each transition to
gas fuel.

Conclusions
The structure and features of the technical use of the equipment of the control system of Wartsila
dual fuel units are considered. A mathematical model of a gas-diesel generator unit is considered,
which takes into account the influence of the turbocharger, nonlinear properties and real parameters
of the fuel supply system. The optimization of the parameters of the regulators, which ensure an
effective increase in the stability of the voltage and frequency in the SEPS grid at sharply changing
loads, has been carried out.
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C.I. TOMEHIOK, C.M. TPEBEHIOK, A.T. KPUBOXATA, H.B. MATBIILLIMHA

3anopi3bkuii Hal[lOHAJILHUN YHIBEPCUTET

JIHI'BICTUYHE 3ABE3IIEYEHHS CAIIP

Y cmammi posensnymo nioxio oo cmeopenna ainzgicmuuno2o 3abe3neuents Cucmem asmomMamu308ano20 NPocK-
MYBaHHA, Wo 6A3YI0MbCs HA GUKOPUCMAHHT MeMOOY CKIHYEHHUX eleMeHMI8 Ni0 4ac MOOeno8anHs CKAAOHUX THICeHep-
Ho-mexniunux cucmem. Iloxasano, wjo 0OHUM i3 HAUCKAAOHIWUX emanié ni020moeKu GUXIOHUX OaHUX OJis PO3PAXYHKY
€ qbopMaﬂwaum Kpatiogux ymMo8, HasaHmasiceHv ma HeoOHOPIOHUX qbz3ulmux enacmugocmetl, 0COONUE0 Y pasi CKIAOHOT
abo nemunosoi ceomempii pospaxynroeoi cpepu. [lna agmomamuzayii ybo2o npoyecy asmopamu Cmeopeno cneyianizo-
sany oioniomexy knacie na mosi C++, sxa 3abe3neuye MoICIUGICb ONUCY QI3UUHUX | 20MEMPULHUX XAPAKMEPUCTUK
00’ekma, Kpariosux yMo8 ma HAGAHMAdCeHb Y GUSIAOL POPMYI, 3A0aHUX HA NPEeOMEmHO-OPIEHMOBANIT MOBI, MAKCU-
MATbHO HAOIUNCEHITL 3a C80IM CUHMAKCUCOM 00 MO8U npozpamyeants Python.

OcHosHy yeazy npuoileno po3pobieHHIO [Hmepnpemamopa QyHKYIOHAIbHUX 8UPA3I8, WO ONUCYIOMb (Ii3udHi
napamempu ma Kpaiiosi ymosu. Jemanvho posianymo npoyec mpanciayii apugpmemuxo-no2iunux eupasis y abcmpax-
mHe CUHMAKCU4He 0epeso, AKe € OCHOBOI0 OISl NOOANLULO020 OOUUCTEHHS 3HAUEHD Y 8Y31aX CKIHUeHHO-eNeMeHmHOI Mooel,
AKI 8ionogioaroms 3a30aneziov 3a0anum ymosam 6iooopy. Hasedeno cmpyxmypy xnacy Parser, wjo peanizye ocHOGHI
emanu MpaHCaAYii: 1eKCUdHUll I CUHMAKCUYHULL AHATI3, N00Y008Yy ma 30epedicents depesa po3oopy, d MaKoic 00UuUC-
nenHs eupasie. Onucano aneopumm cKamy8aHHsa 6XIOH020 KOOY, PO3NI3HAGAHHA JleKCeM — YUCIOGUX KOHCMAHm, onepa-
mopis, i0enmugikamopie mowjo, a maxkovic Gopmysanns 8ionosionux mokeuis. Ilpedcmasneno UML-0iacpamy kaacy
Node, sixuii inkancynoe abcmpaxmue cuHmaxcuine 0epeeo, i HageoeHo NPUKIA0 peanizayii peKypcusHo20 mMemooy, o
be3n0cepedHbo GUKOHYE OOUUCTICHHSL.

Baowcnusoro ocobnusicmio cmeopenoeo inmepnpemamopa € NiOMPUMKA MOICTUBOCHI OUHAMINHO20 3A6aHMA-
JHCeHHA 8 AOCMPAKMHE CUHMAKCUYHE 0epedo KOOPOUHAM 8Y31i8 CKIHUEHHO-eleMeHmHOoI Mooeli be3 HeobXiOHocmi nepe-
KoMninayii Kooy, wo niosuugye eHyuKicme i posuwiuprosanicms cucmemu. Ilpoepamua peanisayis napcepy opieHmosana
Ha GUKOPUCMAHHA Y CKIAOI CNeYianizo6ano2o npocpamHozo 3abe3newenns 0is KOMn 10mepHo20 MOOen08aNH MIYHOCMI
1l 006206IHHOCII CKIAOHUX THIICEHEPHO-TNEXHIYHUX CUCNEM, WO NPOEKMYIOMbCS.

Kniouogi cnosa: memoo cxinvennux enemenmis, ninesicmuyne 3abesnevenns, mpancisamop, GIT, napanenvui aneo-
pummu, 8i3yanizayis.

S.I. HOMENIUK, S.M. GREBENY UK, A.H. KRYVOKHATA, N.V. MATVIYISHYNA

Zaporizhzhia National University

CAD LINGUISTIC SUPPORT

The article presents an approach to developing linguistic support for computer-aided design systems based on the
finite element method in modeling complex engineering and technical systems. It is shown that one of the most challenging
stages in preparing input data for computation is the formalization of boundary conditions, loads, and heterogeneous
physical properties, especially in cases of complex or non-standard geometry of the computational domain. To automate
this process, the authors have developed a specialized C++ class library that enables the description of the physical and
geometric characteristics of an object, boundary conditions, and loads in the form of formulas written in a domain-spe-
cific language whose syntax closely resembles that of the Python programming language.

The main focus is on the development of an interpreter for functional expressions that describe physical parameters
and boundary conditions. The paper provides a detailed discussion of the process of translating arithmetic and logical
expressions into an abstract syntax tree, which serves as the basis for further evaluation of values at the nodes of the finite
element model corresponding to predefined selection conditions.

The structure of the Parser class is presented, implementing the main stages of translation: lexical and syntactic
analysis, construction and storage of the parse tree, as well as expression evaluation. The algorithm for scanning the
input code, recognizing lexemes—such as numeric constants, operators, and identifiers—and generating the correspond-
ing tokens is described. A UML-diagram of class Node, which encapsulates the abstract syntax tree, is provided, along
with an example implementation of a recursive method that directly performs the evaluation.

An important feature of the developed interpreter is its ability to dynamically load the coordinates of finite element
model nodes into the abstract syntax tree without the need for code recompilation, which increases the system s flexibility
and extensibility. The sofiware implementation of the parser is designed for use as part of specialized software for com-
puter modeling of the strength and durability of complex engineering and technical systems under design.

Key words: finite element method, linguistic support, translator, GIT, parallel algorithms, visualization.
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IHocTanoBka npodaemMu

Po3BuTOK MammHOOYAyBaHHS Y Cy4acCHUX yMOBaX KOPCTKOI KOHKYPEHIIi1 Mi>K Pi3HUMHU BUPOO-
HUKaMHU HEMOXJIMBUH 0€3 4acTKOBO1 3aMiHM peajbHUX (PI3MUYHUX BUIPOOYBAHB TOCTIAHUX 3pa3KiB
KOMIT FOTEPHUM E€KCIIEPUMEHTOM, 1110 JIA€ 3MOT'Y iICTOTHO 3MEHIIIMTH BUTPATH YaCy 1 pecypciB Ha Mpo-
€KTYBaHHS HOBOI TEXHIKH.

[Ti vac BUKOPUCTAHHS YUCEITbHUX METOIB JJIS TOCIIKEHHS IIIMPOKOTO KOJIa 1H)KEHEPHO-TEX-
HIYHUX 33]1a4 HUHI 3aCTOCOBYETHCS CIIeliali30BaHe MporpaMHe 3a0e3neueHHs — CHCTEMH aBTOMaTH30-
BAHOTO TMPOEKTYBAHHS 1 PO3PAXyHKY, 110, SIK MPABUIIO, CKJIAIAIOTHCS 3 TPHOX OCHOBHUX KOMITOHEHTIB:
MPETpoIecopa, sIKUi BUKOPUCTOBYETHCS JIJISl MIATOTOBKH BUXIAHUX JaHUX JUTSL PO3PAXyHKY; MPOIe-
copa, sIKuii 6e3mocepeIHhO0 BUKOHYE yCi HEOOX1/IHI MMiJT Yac MOJICTIOBaHHS 00YHMCIIEHHS; TOCTIIPOIIE-
copa, 10 aBTOMATU3Y€ aHali3 OTPUMAHHUX pe3yabTariB. JlOCBiA MOKa3ye, IO MiATOTOBKA BUXITHUX
JaHUX JIJIS PO3PAaxXyHKY € HAWOLIbII CKJIaJHUM 1 TPUBAJIUM ETAIOM JIOCIHIDKEHHS, SIKHUH 3a3BUYal
CKJIAJIA€THCS 3 IBOX CKJIA/IHUKIB: OMUCY T€OMETPUYHOT MOJIEIi chepu pO3paxyHKY 1 3aBIAaHHS Kpano-
BHUX YMOB Ta HaBaHTa)X€Hb. Y pa3i CKJIaJHOI reoMeTpii BUX1JHOT 00JacTl po3paxyHKy (opmarizaiis
KpailOBUX YMOB Ta HAaBAaHTAXXCHb € JIOBOJII CKJIATHUM 3aBJIaHHSM, SIKE Y 3arallbHOMY BHIVISII ITOTPE-
Oye po3poOIeHHS crieliaTbHUX 3ac001B PO3B’I3aHHS.

AHAaJIi3 0CTAHHIX J0CTIIKeHb i myOsikanii

OpauM 13 HAUOUTBII MOMIMPEHUX CHOTOAHI YHCEIBHUX METOJIB JOCIIKEHHS IUPOKOTO Koja
3a1a4 MareMatuyHoi ¢izuku € metor ckinueHHux enemeHTiB (MCE) [1]. Jlns #ioro BUKopucTaHHs
PO3pOOIEHO BENMUKY KIJIBKICTH CIeliani3oBaHoro nporpamuoro 3abesmedenss (I13), cepen sxoro
MOkHa BuAUMTH Taki cuctemH, sk ANSYS [2], MSC Nastran [3], FreeFEM [4] Ta in. [5]. IIpote
YCKJIQJIHCHHS 3aBJaHb, [0 BUHUKAIOTH Yy TPOMMCIOBOCTI, BUMAara€ MOCTIHHOTO BIOCKOHAJICHHS
HasiBHOTO a00 po3pobneHHs HoBOro [13 A CKiHUEHHO-EJIEMEHTHOTO aHaTi3y.

Haii6inpm ckmamgaum erarnom BukopuctanHs MCE € miaroroBka BUXiIHUX JAaHUX IS PO3pa-
xyHKy. [lepemyciM 11e CTBOPEHHSI T€OMETPUYHOT MOJIeil 00’ €KTa, 10 AOCIIKYEThCS, 13 TOAaTh-
1010 11 IUCKPETU3alli€l0 Ha CKIHUYEHH] €JIEMEHTH 33JJaHOTO TUIY. A B PYTy Yepry — OMUC BY3JIOBUX
3HAYCHb TPAHUYHHUX YMOB Ta HaBaHTAXCHb, SKI MOXKYTh OyTH JOCTAaTHHO CKJIAJHUMH 32 HETUTIOBOI

dhopmu chepu po3paxyHKYy.

Meta aocaixxeHHs

O0’exTOM IOCIIKEHHS € PoIiec po3pobiaeHHs creniani3zoBaHoro [13 1yisi CkiH4eHHO-eJIeMEeHT-
HOTO aHai3y.

[IpenMeroM JOCHTIKEHHS € CTBOPCHHS JIIHTBICTUYHOTO 3a0e3MeUeHHs JUIsl CUCTEM CKiHYCH-
HO-€JIEMEHTHOT'0 aHai3y.

MerToro poboTH € CTBOPEHHS CIeIiani30BaHoi 0101i0Teku kiaciB MoBu C++, sika O 1aBaja 3Mory
KOpPUCTYBauy ONUCyBaTH (P13MUHI Ta TEOMETPUYHI XapaKTEPUCTHKHU, KpailoBl yMOBH 1 HABaHTaKEHHS
JUTSL 3a71a4 MaTeMaTHYHOI (Di3uKu Oyab-sIKOi CKJIQJIHOCTI, BUKOHYBATH 1X TPAHCIAIIIO B aOCTpaKTHE
CHUHTAKCHYHE JIEPEBO i 3/1HCHIOBATH HA iX OCHOBI HEOOX1/1HI OOUMCIICHHS.

BukJiag ocHOBHOTo Marepiajy J0CaiKeHHs

Mogaeab Ta mporpamMHa peadiizanis intepnperaropa. Po3s’s3anHs 3a7a4 13 BUKOPUCTAHHAM
MCE, six mpaBuII0, CKIIAJIAETHCS 3 TAKUX €TAIlIB!

1) moGynoBa CKIHUEHHO-ETIEMEHTHOI (IMCKPETHOI MOJIENi) 00’ €KTa pO3paxyHKY;

2) 3aBnaHHs (I3MUHUX Ta TEOMETPUYHUX MMapaMeTpiB; KpalloBUX YMOB (TIepeMillieHb, HaBaHTa-
KEHb TOIII0), SIKI 3arajloM MOXYTb OyTH PI3HUMH Ul OKPEMHUX 30H BUX1/IHOI 001aCTi;

3) po3paxyHOK 3a/1aui;

4) aHani3 OTpUMaHMUX pe3ynbTariB (puc. 1).
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( ITouarok )

T4

1. TloGynoBa AMCKpPETHOT MOAETI
v
2. 3aBnaHHA (I3UYHMX Ta TEOMETPUYHHX
napaMeTpiB; KpaioBUX YMOB
v
3. UuncenbHUN pO3paxyHOK
v

4. Awmamni3 OTpUMaHUX PE3yJbTaTiB

y

Pesynbraru
MIPHIAHATHI?

( Kinens )

Puc. 1. OcHoBHI eTanu cKiHYeHHO-€JIeMEHTHOI0 aHAJI3Y

VY crarTi A0CHIKEHO APYTHi eTaml i3 HaBelEHOi CXeMM, a caMe — aBTOMaTH3allisl 3aBIaHHs
KpailoBUX yMOB 1 HaBaHTakeHb. ONIHIEIO 3 TOJIOBHUX MpoOIEeM Ha I[OMY €Tari € Te, IO 30BHIIIHI
CHJIH, SIK1 JIIFOTh HA 00’ €KT pO3paxyHKy, CIIiI IEPEBECTH B €KBIBAJICHTHI iM BY3JI0Bi HaBaHTa)KCHHS,
1110 3arajioM € JI0BOJII HETPUBIAJIBLHOIO onepallieto. Po3missHeMOo, HaIPUKIIAA, TaKy MOJICJIbHY 3a/1auy.
Hexaii moTpiOHO BU3HAYNTH MapaMeTpy HAIMPYKEHO-1e(OPMOBAHOTO CTaHy TPYOH, 110 3HAXOIUTHCS
M1 Ji€F0 BHYTPIITHBOTO TUCKY P (puc. 2).

Puc. 2. Tpy6a ninx Ai€ro BHYTPillIHbOT0 THCKY

J1151 KOPEKTHOT'O OIUCY HaBaHTAXKEHHS 3arajoM ciiij 3axatu: 1) popmyity, 0 BU3HAYa€ 3HAUCHHS
HaBaHTAKEHHS; 2) JIOTIYHY YMOBY (TIPEMKAT), IKa BU3HAYA€E 30HY il CHIIH; 3) HAlpsIM JIii CHITH.

Tak, Hanpukiaja, SKIIO Bich TPyOW CHiBMNajgae 3 Bicclo Z, TO 3HAYCHHs CKJIAJHUKIB CHIA P
Y3/10BX oceil X Ta Y MOXKHa OOUUCIIUTH 32 JOIOMOTOO TaKUX CIIiBBIJHOIIEHB!

P = Pcos(arctg (ZJ],
X
_ p y

P = Psm(arctg(;jj.
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L{i cumu OyayTh IIATH y By3/1aX, KOOPAWMHATH SKUX BIAMOBIIAIOTH TAKOMY ITPEIUKATY:
x*+y'-R|<zg, (2)

TYT R —BHYTpIIIHIN paaiyc TpyOu; € —Hamepe[ 3alaHa TOYHICTb MTOLIYKY By3JIiB JUCKPETHOI MOJIETI,
KOOPJIMHATH SIKMX BiJIIOBIIAIOTh YKA3aHOMY IIPEIUKATY.

Takum 4yMHOM, BHHMKA€ 3ajada cTBOpeHHs [13 ans TpaHcnsmii apudMeTHUHUX BUpPa3iB, 110
BU3HAYAIOTh 3HAUYCHHS HaBaHTaXXCHHs (1 32 HEOOX1THOCTI 1HITUX MapaMeTPiB PO3PaXyHKY), a TAKOK
MIPENKATIB, IKI KOHKPETU3YIOTh MicIie iX Aii. CBOEIO ueproto, 115 3a/1a4a PO3OMBAETHCS HA TPH CKIIAI-
HUKHU:

1) dopmamizamis onucy mapameTpy Ta NPEAMKATy Ha JEsAKii MpeIMeTHO-OpPiEHTOBaHIN MOBI
(DSL — Domain-Specific Language) [6];

2) TpaHcisuisa GopMya y BHYTpilIHe peacTasineHns, Hanpukinag AST (Abstract Syntax Tree) [7];

3) oOuuncieHHs By3JI0BMX 3HaU€Hb IapaMeTpy.

CTBOpEeHHSI HOBOi MPOOIEMHO-OPIEHTOBAHOI MOBH € OKPEMOIO 3a71a4€i0, 1110 BUXOIUTH 32 MEXI
naHoro aociipkenHs. Tomy y 1iif crarTi Oyae po3misaarucs Tpancnsiis B AST QyHKIIOHATBHUX CHiB-
BIJJHOIIICHB, 3aITMCAHMX 3TiAHO 13 cuHTakcucoM MoBu Python [8]. Toxi Bupaswm, 1110 BU3HAYAIOThH 3HA-
YCHHsI HABAaHTAXXCHb Ta MPEIUKATY, 3aJaHuX CIiBBiHOMmEHHIMU (1), (2), MOXKyTh OyTH 3amucaHi Tak:

P*cos(atan2(y,x)),
P*sin(atan2(y,x)),

€)

abs (X**2+y**2—-1.99%*2) <=eps. 4)

TakuM umHOM, 3ajja4a MOJNATaEe y TOMY, 100 aBTOMAaTHU3yBAaTH TPAHCIALIIO (YHKIIOHATBHUX
BHpa3iB, monioHUX 10 (3), (4), y AST i3 momansImM OOYUCIICHHSM iXHIX 3HAYCHb Y 3aJIaHUX BY3J1aX
CKIHYEHHO-EJIEeMEHTHOT MOJIETII.

TpaHcasii€elo Ha3UBAETHCS MPOLIEC NMEPEKIIAAY OYATKOBOTO KOJy, HAlTMCAHOTO OJIHIEI0 MOBOIO
MpOrpaMyBaHHs, Y €KBIBAJICHTHHUI KOJ[ 1HIIOK MOBOIO [9]. BiAMOBiIHO, TPaHCIATOPOM HA3UBAKOTH
Iporpamy, 1o 3A1MCHIOE TaKui nepekiiaj. 3a3Bu4ail po3pi3HAIOTh JBa OCHOBHI THUIIH TPAHCISATOPIB:
iHTepnpeTarop Ta KoMniasaTop. Ilepmmii Kpok 3a KPOKOM BHKOHYE TPAHCIALIIO MOYAaTKOBOTO KOAY
i MUTT€EBO HOTO BUKOHYE. KOMITUIATOP e IepETBOPIOE BECh IOYATKOBUI KO/ HA JIESKY I[IIbOBY MOBY,
SIKOIO, SIK TIPABHJIO, BUCTYIIA€ MAaTMHHUHN a00 OaiiT-koa. Kommiisitop Ha BiAMIHY Bij iHTEpIIpeTaTopa
He Oepe y4yacTi y BUKOHaHHI IPOrpamH.

TonoBHMMHM TIepeBaramMu iHTEpPIIPETaTOpa € HOro BiIHOCHO MPOCTa peaizamis Ta Oararoriar-
(hOpPMHICTB, OCKUTBKH OJIMH 1 TOW CaMMii KOJT MOYKHA 3aIlyCKaTH 0€3 3MiH y Pi3HHUX Tu1aTopmax, sKIo
JUIs HUX OyJI0 peasi3oBaHO BIAMOBIIHUN iHTEpIpeTaTop. Baromoro nepeBaroro KOMIIATOPA € IIBU/I-
KiCTh BUKOHAHHS CTBOPEHUX HUM IPOTpaM, OCKUIBKH BOHH, SIK TIPABUIIO, peaTi30BaHi Ha MAIIMHHIN
MOBI Ta Ha eTari TPaHCIAIT MOXKIIMBA ONTUMI3aIlisl MporpaMHOro koay. [Ipote mpakTuyHa peaizaiis
KoMIigTopa Habararo ckiajaHima. ToMmy y 1ii crarTi Oyzne po3misHyTa peasizallis IHTepIpeTaTopa
(YHKIIOHATTBHUX CITIBBiIHOIIEHB, SIKI ONMUCYIOTh KPaloBi yMOBH, (Di3MUHI MapaMeTpH Ta YMOBH X
3acTocyBaHHs Mmij1 yac Bukopuctanas MCE.

[Tponec iHTepnpeTanii 3a3BU4ail CKIAJAEThCA 3 TAKUX €TalliB, AK: 1) 3UNTYBaHHS MOYAaTKOBOTO
KOJy; 2) JIGKCUYHHI aHalli3, KOJIU KOl po30MBa€eThCs Ha JieKceMu ab0 TOKEeHU (KITFOUOBI CIIOBA, 171CH-
TU(IKATOPU, KOHCTAHTH TOIO); 3) CHHTAKCUYHHUM aHalli3, KOJIM MHOXHHA TOKEHIB IIEPETBOPIOETHCS
Ha AST; 4) ceMaHTHYHMI aHaJi3 — MEPEBIPKH HA KOPEKTHICTh MIPOTPaMH 3 MOIJISAY MOBH (IpyTHi,
TPEeTii Ta YeTBEPTUH eTany TPAHCIIALIT y TPOCTUX BUITAIKAaX MOXKHA 00’ €JHATH); 5) BUKOHAHHSA IIPO-
rpamu, Koy iHTeprperaTop ooxoauth AST 1 6e3nocepeHb0 BUKOHY€E KoMaHau (puc. 3).
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( TTouarox )

v

TTouarkoBwHii ko1
code

v

Jlexcnunwmii anami3z
lex = Lex(code)

v

CHHTaKCHYHHH aHaIi3
tree = Parse(lex)

v

Bukonanus
result = Run(tree)

v

( Kineuns )

Puc. 3. CranaapTHi eranu podoTH TPaHCJISATOPA

Ha mouarky cBO€i poOOTH IHTEpIIpeTaToOp CKaHy€e MOYATKOBUM KO (PYHKI[IOHATBHOTO CITIBBiI-
HOIIICHHS (3MiHHA code), SKUH TIoMaiae Ha BX1J J0 JEKCHYHOTO aHaji3aropa, Ha BUXOI 3 SKOTO (Y
pa3i KOPEKTHOCTI MOYATKOBOTO Koay) Oyzne MHOXKMHA JiekceM (3MiHHa Jex). [lani oTpuMaHna MHOXHHA
JICKCEM O0OPOOITIOETHCSI CHHTAKCHYHUM aHAIi3aTOPOM, PE3yIbTaTOM POOOTH SKOTO € AEPEBO PO300py
(3MiHHA tree), sike B OAAJIBIIOMY MOXKe 00pOONIATHCS 3 BUKOPUCTAHHSAM HapajeIbHUX PO3pPaxyHKIB.

Anroput™ TpaHcasaLii apudMeTuKo-noriyHuX BupasiB y AST MokHa peACTaBUTH Tak (pHc. 4).

Jis tioro peamizartii Oyno po3pobieHo kiac Parser, sikuit 3a JOMOMOTOIO TICEBIOKOAY MOXKHA
omnucarH Tak (pparMeHr).

class Parser

private fields:
code : string — moYaTKOBUH KO/ BUpa3y
tree : Node — nepeBo po30opy BUpasy
token_type: integer — THII JICKCEMH
token : string — moTo4YHa JIeKCeMa

private methods:

method tokenOr(tree)

input: tree — nepeBo po30opy BHpazy

hold «— Node()

tokenAnd(zree)

while tokenType = OR do

getToken()

tokenAnd(hold)

tree <— Node(tree, OR, hold)
end while

end method

procedure getToken(code)

input: code — moyaTkoBUil TEKCT BUpa3y
output: foken — ueprona jekceMa
token_type — TuN NeKceMu

position < 0

token «— []
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while position < length(code) do
char <« code[position]
// TIpomyck npoOiiB Ta TaOymsin
if char is whitespace or tabulation then
position «— position + 1
continue
end if
// O6poOKka uncna
if char is digit or dot then
begin «— position
while char is digit or dot do
position <— position + 1
if position >= length(code) break
char < code[position]
end while
token < code|begin: position|
token_type «— NUMBER
continue
end if
// O6poOKka ineHTudikaTopa
if char is alpha then
begin «— position
while char is alpha or digit or underscore do
if position >= length(code) break
char < code[position]|
end while
token < code|begin: position|
token_type «— IDENT
continue
end if
// Obpobka onepaTopis
if char is plus or minus or mul or div or ... then
token «— char
else
syntaxError()
break
end if
position <— position + 1
end while
return token, token_type
end procedure
public method:
method setExpression(expression)
input: expression — psIOK MOYaTKOBOTO KOJTY
code «— expression
tokenOr(tree)
end method
method run()
return tree.value()
end method

end class
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Komnisnsuis |—>| O06poOka Bupasy |—>| O6pobka oneparopa OR |<—
v
O6pobra AND
v
Oopobka NOT
v
O6pobka EQ
v
O6pobxa ADD
v
O6pobxa MUL
12
O6pobka POW
v
O6pobxa UNARY
v

|

|

|

|

|

|

|
OGpoGka BRACKET |—>

li

|

v

O6pobka PRIMITIVE
v

O6pobra FUNCTION

|l _ 1

Puc. 4. Aaroputm TpaHcasuii apupmeTuro-aorianux supasis y AST

Tyt myOnmiuauii Metoy setExpression() 3aBaHTaKye B 00’€KT KJIacy PsJIOK TOYATKOBOTO KOy
1 BuKOHYe #oro Tpancsito y AST. [Ipusaruuii meron tokenOr() 31iicHIOE 00pOOKY JIOTTYHOTO OTepa-
topy OR nuisixom BUKiuKy metozis tokenAnd() s 0OpoOKH J1iBOTO 1 MPABOTO ONEPaH/IiB U3 FOHKIIII.
Amnanorigao meton tokenAnd() Bukimkae metoau tokenNot() 1 T. 1. Citijg 3a3Ha4NTH, 1110 00pOOKA TiIOK
By3J1a JiepeBa po300py Moke OyTH 3aITyIlieHa y OKpeMHUX MOToKax BUKOHaHHS (threads), siki OymyTh npa-
ILIOBAaTH NapasieabHO, IO ICTOTHO MiABUIIUTH IBUIKICTh TPAHCIAII] CKIIAIHUX BUPA3iB.

BaxxnuBuMm CKIIQIHUKOM OyIb-sIKOTO Tapcepy € ckaHep JiekceM. Y kiaci Parser BiH peaiizo-
BaHMH 3a jornomoror npuBarHoro merony getToken(). PesymbraTom iioro pobotu Oyae psiiok, 1o
MICTHTb YEProBy JICKCEMY, a TAKOX 11 THII (200 MOBITOMJICHHS PO MOMMUJIKY).

Jnst 30epekeHHsT epeBa po30opy Bupasy (mosne tree kinacy Parser) Oymo peaizoBaHo kiac Node,
KOXKEH eK3eMIUTIp SIKOTO onucye neHuit Byzon AST. Moro UML-miarpama Mae Takuii BUDIsi (pHC. 5).

Node
— val <<variant>> (double | double*)
— tok Token
— left Node*
— right Node*

+ Node(double = 0)

+ Node(double*)

+ Node(Token, Node*)

+ Node(Node*, Token, Node*)
+ Node(const Node&)

+ ~Node()

+ value()

Puc. 5. UML-giarpama kJjacy, uio peaJjizye AST
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[Tonmssmu Node € val — BapiaHTHa CTPYKTypa JaHUX, 1110 30epirae abo 3HaYCHHsI JIMCHOT KOHCTAHTH,
a00 MOKaXYMK Ha JIHCHE YMCIo (Ui peanizamii MOXKIMBOCTI 3aBAaHTAXKCHHS HEOOX1THUX KOOpAWHAT
BY3J1iB TeoMeTpruaIHOi Moziesti B AST 6e3 HeoOXiTHOCTI IepEeKOMITIIAIIT BUpasy); tok — koj onepartii; left,
right — mokaxunku Ha 00’exTu Kinacy Node, ne 30epiratoThCsi BUpas3u, 10 YTBOPIOIOTH JIiBY Ta MpaBy
riky GiHapHOi omnepartii (y pa3i yHapHOI onepallii Oyae BUKOPHUCTAHO JIUIIE OJHY 3 HUX).

Kiac Node mae nexinpka peanizaliiii KOHCTPYKTOpa, sIKi JAIOTh 3MOT'Y CTBOPIOBATH 00’ €KTH, 110
onucytots By3iau AST Oynb-sikoro tumy.

Haiibinpin BaxIMBUM TYT € peKypcHUBHHNA MeToq value(), sIKuil 3ajexHo BiJ| peaiizaiii Moxe
roBepTaTu ado MPOTPaMHHI KOJI, IO peastizye BIAMOBIIHUN BUpa3, a00 3HAUYCHHS 11HOT0 BHpasy. [1ig
4ac CTBOPEHHS IHTEPIPETATOPIB YACTIIIE 32 BCE BUKOPUCTOBYETHCS caMe IPYTUid BapiaHT.

OnuH 13 MOKIIMBUX BapiaHTIB peatizaiii bOro MeToy MoXe OyTH OTHMCaHUH Tak:

class Node
private fields:
val : <<variant>> (double | double*)

tok : Token
left : Node*
right : Node*
public method:
method value()
switch rok
case NUMBER
return val.get<double>()
case PLUS
return left.value() + right.value()
case SIN

return sin(/eft.value())

end switch
end method

end class

[ToBHMIA MOYaTKOBUI KO KJTACIB, IO PEAII3yIOTh TPAHCIATOP /U1 00UHUCIICHHS apU()METHKO-ITI0-
TYHUX BUPaA3iB, MOXKHA 3aBaHTAKUTH 3 penozutopito GitHub 3a nocunannsm [10].
BukopucranHs nporo iHTepnpeTaropa y nporpami Ha MoBi C++ Mae Takuid BUIISIL

Parser parser;

try {

parser.setExpression(«y >= 1 and y< 2»);
double result = parser.run();

catch (...) {
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Y HaBeZieHOMY MPUKJIAJL CIIOYATKY CTBOPIOETHCS EK3eMIUIAp Kiacy Parser (3MiHHa parser), TOTIM
y HbOTO 3aBaHTAXKYETHCS TOYATKOBUIN KO BHpasy, 110 mijyisirae o0poOii. [Ipu oMy aBTOMaTiyHO BiJ-
OyBaeThCsl TpaHCsLisg BuxinHoro Bupasy B AST. Skuo mij yac i€l onepariii BAHUKHE TOMUIIKA, Oyrie
iHiIIfOBaHa BUHSATKOBA CUTYyaIlisl. Y pa3i BiJICyTHOCTI MOMUJIOK OTPUMATH 3HAYEHHS BUPa3y MOXKHA 32
JI0NIOMOTro10 MeTofa run(), sIkuii oBepTae niiicHe 3HaueHHs. [1iq yac 00poOIeHHs JIOTIYHUX YMOB CIIiT
YPaxoBYyBaTH, 10 y pa3i SKIIO BUPA3 € ICTHHHUAM, TO run() MOBEPHE HEHYIHOBE 3HAUCHHS, 1 HABIIAKH.

Posrnsnemo Takuii mpukiian. Hexail nesika KOHCTpyKuist Mae 3MiHHUN moxynb FOHra, sxuit
3a/1a€ThCSI TAKUM 3aKOHOM:

10 Ma,y < 1,
2-101° Mg, 1<y <2, (5)
3:10°Ma,2<y <3,
410 Ma,y > 4.

[Tix yac npaktuanoi peanizanii MCE nist MoaentoBaHHS HEOJHOPITHUX (I3UYHUX XapaKTepHC-
THK MOXKYTb 3aCTOCOBYBATHUCS Pi3HI AITOPUTMHU PO3IOILTY 3HAYECHB ITapaMeTpa Mo CKIHUEHHOMY eJie-
MEHTY, HalpUKJIa]] BUOIp OTHAKOBUX 3HAYEHB JIJIS1 BCiX BY3JIIB, IO BI/IMOBIIAI0Th 3HAUYEHHIO Y IIEHTP1
eJIEMEHTA.

Toni Bi3yamizaltis po3moaixy Moayiist FOHra 1o 1BOTaBpOBiid OaIIi 3 OTBOpamMu 3rifgHO 3 (5) Oyie
MaTu Takuii BUDIsiA (puc. 6).

.000E+10
.500E+10
.000E+10
.500E+10
.000E+10
.500E+10
.000E+10

X

£

Puc. 6. Po3noain 3nauennst moayJisi FOHra no koHcTpykuii BianosinHo g0 3axony (5)

Bisyaunizanito HaBaHTaXeHb Ha TPyOy, 110 3HAXOAUTHCS M1 A1€10 BHYTPIIIHBOTO TUCKY (pHUC. 2),
OTpHMaHy 3 BHKOPHCTAHHSM 3alPOINIOHOBAHOTO TPAHCIATOPAa apH(PMETHUKO-JIOTIYHUX CITiBBiTHO-
IIEHb, HABEJICHO Ha puc. 7.

Puc. 7. Bisyanizanisa HaBaHTa’KeHb, 1110 1iI0Th HA KOHCTPYKIiIO 3TrifHO i3 3akoHoM (1)
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BucHoBKkH

Y poOoTi mpeAcTaBIeHO MPOTPaMHY peati3allilfo TPAHCIATOpa apUPMETHKO-JIOTIUHUX CIIiB-
BIIHOIIEHB 13 BIIKPUTHM TOYATKOBUM KOJIOM, SIKIi MO’KHAa BUKOPHCTOBYBaTH Y CUCTEMax CKIHYCH-
HO-€JIEMEHTHOT0 aHai3y Ul (popmanizauii CKIa HUX KpaoBUX yMOB Ta (DI3MYHHUX BIACTHBOCTEH.

3amponoHOBaHO AJNTOPUTMHU 1 CTPYKTYPH JIAHHX, IO PEaji3yloTh IHTEPIPETaTop, KU 37iic-
HIOE TPAHCIAIII apu(METUKO-JIOTTYHUX Ta (YHKI[IOHATHHUX BUPA3iB y aOCTPAKTHE CHHTAKCUIHE
JIepeBO 3 MOJANBIINM OOUYHCIICHHAM IXHIX 3Ha4€Hb. TpaHCIATOp Ja€ 3MOTY KOPHCTYBady OMUCYBaTH
(GyHKIIOHATBHI Ta JIOT1UHI 3aJIS)KHOCTI y 3py4Hil popMi, CyMicHiH 13 cuHTakcucoM MoBH Python, 1o
CYTT€EBO CITPOIIYE MATOTOBKY BUXITHUX TAHUX JJISI MOJCIIIOBAHHS CKIIATHUX (hiI3MYHHUX MTPOIIECIB.

Po3pobnena 6i06mioreka kiaaciB Ha MoBi C++ 3a0e3nedye yHIBEpPCaJIbHICTh Ta PO3IMIMPIOBAHICTh
CUCTEMH, J1al04YM 3MOTY IHTETPYBaTH ii y MporpaMHe 3a0e3neueHHs Il CKIHYEHHO-EJIEMEHTHOTO aHa-
JIi3y pi3HOTO PIBHS CKJIAAHOCTI. 3aCTOCYBAaHHS IHTEPIPETAaTOpa MOKA3AI0 €(hEKTHUBHICTD IMiIXOMY i
4ac MOJEIIOBAHHS HEOMHOPITHUX (PI3UYHUX XapaKTePUCTHK 1 CKIAJHUX HABAaHTaKEHb, 30KpeMa TIij1
yac aHaJji3y HallpyKeHO-/1e()OPMOBAHOIO CTaHY KOHCTPYKIIH MiJ JI€F0 BHYTPILTHHOIO THCKY.

OTtpumaHi pe3yabTaTd MiATBEPIKYIOTh JTOLIIbHICTh BUKOPUCTAHHS CTBOPEHOIO 1HCTPYMEHTA-
pito TS iABMIIIEHHS aBTOMAaTH3allli Ta THYYKOCTI Iiporiecy (popMyBaHHS BXITHUX JaHUX Yy CUCTEMax
CKIHYEHHO-EJIEMEHTHOTO aHaJji3y, 10 B MEPCHEKTUBI AACTh 3MOT'Y 3MEHUIUTH TPYAOMICTKICTh HiAT0-
TOBYOTI'0 €TaIy Ta MiABUIIUTH TOYHICTh PO3PAXYHKIB.

Sk BapiaHT MOJAJIBIIOTO BIOCKOHAJICHHS 3allpONOHOBAaHOI Oi0MioTeKH mependadaeThesi po3-
HIMpeHHs 11 QYHKIIOHAIBHOCTI Ta IIBHJKO/II 3a paxyHOK 3aCTOCYBaHHS IMapajelbHUX OOUHCIICHb
1 JIT-xomrmimsii.
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YK 004.415, 004.056

T.0. TOPEJIIKOBA

3anopi3bkuii Hal[lOHAJILHUN YHIBEPCUTET

O.B. HOIIOPOBA

KuiBcpkuii HamioHaTFHIH €KOHOMIYHUH yHiBepcuTeT iMeHi Banmva I'erpmana

PAHIOMI3OBAHE NIATBEPIXKEHHSA BJOKIB Y BJIOKUEWMH-CUCTEMAX

Y ecmammi 3anpononosano memoo «Panoomizoeane niomeepodicents OI0KI8», npusHaueHull 0Jisi NiOSUUeHHs. Oe3-
nexu, deyenmpanizayii ma egexmugHocmi Ol0KuelH-mepexc pizHo2o macumady. Memoo 6azyemvcs Ha 8UNAOKOBOMY
8uUOOpI 8Y371i6 O/l NEPeGipKU MPAH3AKYIN MA BNPOBAOIHCEHHI KOHMPOIbHUX MOYOK O 3a0e3NeyeHHs Y3200CeHOCI
Oanux, 6i0HO8NeHHs nicia 300i6 ma Kopekyii nomunox. Bunadkosicmov y 6ubopi nepesipaioyuux 8y3nié YHeMONCIUBTIOE
YeHmpanizoeane Maninymo8anHs MepextCcelo, SHUNCYE PUSUK 32080DY MA 3108MUCHO20 BNIUBY 8ETUKUX YYACHUKIE, pOOUNb
npogedenHs amax 3HAYHO CKAAOHIWUM | Menut npoeHo308anum. Konmponvni mouku 0aioms 3mo2y cucmemi pezyisipHo
nepegipamu cmarn O10KYeliHy, agmoMamuiHo Kopueysamu HemouHocmi i 3abe3neuyoms aoanmueHe 6i0OH061eH s NiCIA
mexniunux 300i6 abo yinecnpamosanux amax, sokpema 51%-amaxu, noosilinozo 610Ky8anus ma cnpoo yen3ypu mpam-
sakyiu. /s HAOiiHO20 30epeXCceHHs KpUMUUYHUX OGHUX KOHMPOIbHI MOUKU OYONI0IOmMbCs HA KITbKOX CYnepey3nax, sKi
BUOUPAIOMBCA BUNAOKOBUM YUHOM 13 MEXAHISMOM NePesipKU Xewig Ha OCHO8I KPUNMOSPApIuHO 3aXULeHUX UNAOKO-
BUX UUCEN, WO YHEMONCTUBTIOE NIOPOOKY abo 3MiHy iHpopmayii. Ynpoeadcenna sunadkogoco eubopy 6y3iie maKoxic
0ac 3mMozy 3MEHWUMU 00UUCTIOBAIbHE HABAHMANCEHHS HA YUACHUKIS, NIOBUWYYE NPOOYKMUSHICMY | Macumabosanicmy
cucmemu, weuoue niomeepodicysamu O1oKu ma oopobsmu 6invuly Kitbkicmes mpausaxyii. Memoo oemoncmpye egex-
MugHe NOEOHAHHS NPUHYUNIE OeyeHmpanizayii, Kpunmoepagiuno2o 3axucmy ma adanmueHo20 KOHMpouo 0aHux. Bin
Mae Ha memi YCYHymu OesiKi HeOONiKY KIACUYHUX CUCmeM, MAKi AK YeHmpanizayis 6aniioamopis, 6UcoKa ypasiugicme
00 empyyanHa 6 cucmemy, niOpooKu i anvcugivayii OGHUX Ma HeMONCIUBICING PempPOCHeKMUBHOL nepesipKu OaHuX,
i ezdxpueae HO8I MOMCIUBOCTT OJiA CMEOPEHHA De3neunux, Macumado8anux ma HAOTHUX ONOKUeliH-MepedxrC i3 BUCOKOIO
cmitikicmio 00 3106Muchux Oill ma mexuiunux 360i8. Bunaokosuii 6ubip y4acnuxie mac na memi yCKa1aoHumu MaHznmeuzz
3 OIOKYENHOM, OCKLIbKU He MOJCHA nepeddayumu, xmo 0yoe nepegipsimu o1oxu. Lle mae 3podumu mepedicy cmiiKiuiorn
00 amak, maxux sk amaxu «351%», Koau 3108MUCHUKU MOJICYMb KOHMPOIIO8amMuU OLIbWICMb NOMYICHOCMEN MepPediCi.

Knrouosi cnoea: donoxuetin, 6unaokosuii uoip, KOHMPOIbHI MOYKLU, 8Y31U, 8ATI0AYis.

T.0. HORELICOVA

Zaporizhzhia National University

O0.V. CHOPOROVA

Kyiv National Economic University named after Vadym Hetman

RANDOMIZED BLOCK CONFIRMATION IN BLOCKCHAIN SYSTEMS

The article proposes a method called «Randomized Block Verification» designed to improve the security, decen-
tralization, and efficiency of blockchain networks of various scales. The method is based on randomly selecting nodes
to verify transactions and implementing checkpoints to ensure data consistency, failure recovery, and error correction.
Randomness in the selection of verifying nodes makes centralized manipulation of the network impossible, reduces the
risk of collusion and malicious influence by large participants, and makes attacks much more difficult and less predict-
able. Checkpoints allow the system to regularly check the state of the blockchain, automatically correct inaccuracies,
and provide adaptive recovery from technical failures or targeted attacks, including 51% attacks, double blocking, and
attempts to censor transactions. 1o reliably store critical data, checkpoints are duplicated on several super-nodes, which
are randomly selected with a hash verification mechanism based on cryptographically protected random numbers, which
makes it impossible to forge or change information. The implementation of random node selection also reduces the com-
putational burden on participants, increases the performance and scalability of the system, allows for faster confirmation
of blocks and processing of a larger number of transactions. The method demonstrates an effective combination of the
principles of decentralization, cryptographic protection and adaptive data control. It aims to eliminate some of the short-
comings of classical systems, such as the centralization of validators, high vulnerability to system interference, data for-
gery and falsification, and the inability to retrospectively verify data, and opens up new opportunities for creating secure,
scalable and reliable blockchain networks with high resistance to malicious actions and technical failures. The random
selection of participants is intended to make it more difficult to manipulate the blockchain, as it is not possible to predict
who will validate blocks. This should make the network more resistant to attacks such as «51%p» attacks, where attackers
can control most of the network's capacity.

Key words: blockchain, random selection, checkpoints, nodes, validation.
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IHocTanoBka npodiaemMu

Po3BUTOK OJIOKYEHH-TEXHOJIOTIN 3aBXK/IM CYIPOBOIKYBABCS MOITYKOM KOMIIPOMICY MiXK Oe3re-
KOI0, JICHIEHTpasi3amiero (Po3Mo/Iij KOHTPOIIO Ta YIPABIIHHSI MEPEKEI0 MK OararbMa ydacHUKaMHU
(By31aMu), a He KOHIIGHTPALlil0 HOro B pyKax €IMHOTO LIEHTPAJIHHOIO OpraHy 4YM MOCEPEeIHUKA) Ta
edpexTuBHicTIO. CTaHIAPTHI METONIM MiATBEpKEHHS OJ10KiB, Taki sk Proof-of-Work (PoW) Ta Proof-
of-Stake (PoS), maroTh cBoi oOMexxenHs. POW 3abe3mneuye neneHTpanizaiiito, ajae morpedye BeIUKIX
OOUHUCITIOBAJIBHUX PECYPCIB, 110 POOUTH HOTO €Hepro3aTpaTHUM, MOBUIBHUM, ypa3iMBUM JIO0 aTak.
PoS, cBoeto yeproro, xoua i MPUIIBHIIYE POOOTY OIOKUCIHHY, TPOTE HE BUPIIIYE MUTAHHS OC3MEKH,
a/pKe OUTBIINIA KOHTPOJIh HaJl OJOKYEHH-CUCTEMOIO OTPUMYIOTH Ti, XTO Ma€ OUIbIINE PECYpCIB y Mii
cucTeMi( MopyuIeHHs! MPUHIUIIB AereHTpatizanii ) [1; 2].

Ataku Ha ONOKYEHH-CHCTEMH € CEpHO3HHMMH 3arpo3amu JUIs iXHbOi Oe3MeKH Ta CTIMKOCTI,
OCKUJIbKH BOHH TTIJIPUBAIOTH JOBIPY, JEIEHTPaII3alliio Ta KOHCEHCYC (MexaHi3M abo Habip mpaBui, 3a
JIOTIOMOTOI0 SIKUX BY3JIM PO3MOIIICHOT Mepexki (KOMIT'FOTepH) TOXOAATh 3arajlbHOi 3roH 111010 Mpa-
BWJIBHOCTI Ta TMOPSIKY TPaH3aKIii), sKi € OCHOBOIO 1i€i TexHosorii. OnHier0 3 HaWBIAOMIIINX TPO-
oseM € araka «51%p, 3a sIKoi 3JTOBMUCHHUK, KOTPHI BOJIO/I€ OUTBIIE HIXK IMOJIOBHHOIO OOYHCITIOBAITh-
HUX MOTYKHOCTEH Mepexki (JacTiiie 3ycTpivaeTses B cucreMax PoW), Mmoxe nepenucyBaTu 0J10KH Ta
icTopiro Tpanzakuid. [Ipuxiagom € ataka Ha Ethereum Classic, sika cipuanHMIa KPaaiKKy KOIITIB
y pO3Mipi MibHOHA OJapiB 1 3aBaaja IIKOAM peryTallii Mepexi, Ta Bunaaok i3 Bitcoin Gold, e
araka «51%p» nana 3Mory 3M0BMHUCHHKAM YKPAaCTH KOIITH Ha cyMy noHaxa 18 muH nonapis [3].

He menm neGe3neyna i cubin-ataka, ska rnepeadayae CTBOpEHHs 0e371i4i miApoOIeHuX By3ITiB IS
OTpUMaHHS HEMPONOPIIIHOTO BILTUBY Ha Mepexy. [1oi0H1 aTaku 0COOIMBO KPUTHYHI JJTsI OJIOKUYCHHIB,
Jie KOHCEHCYC 3aJISKUTh BiJl TOI0CyBaHHS M peryTtauii By3iiB (PoS Ta inmi Ha 1iif ocHosi). Hanpu-
knan, y cucremax Delegated PoS 3moBMuCHUK MOYe MaHIITy/IIOBaTH BUOOpaMH BaliJIaToOpiB, CTBOPIO-
I04H 3arpo3y IEeHTpali3alii Ta KOHCEHCYyCy. Pe3ynbTaTtoM TakMx arak cTae yTpara KOHTPOJIIO HaJl CUCTe-
MOIO Ta ypa3JIMBICTh MEPEXI Mepest 3MiHOI0 iH(pOopMaIlii, 1110 30epiraeThbes, 1 miapoOKOI0 HOBOI.

ATaku Ha KOHCEHCYC TaKOX JIEMOHCTPYIOTh 3HAYHUU PH3WK. BOHM BKIIFOYAOTH MaHIIMYIISIii
IIPOLIECOM J0/1aBaHHs 0J10KiB a00 BIUIMBY Ha BaJI1AATOPIB. Y AE€IKUX CUCTEMaX 3JI0BMHUCHUKU MOXKYTh
BCTYIIAaTH B 3MOBY JUIsSl KOHTPOJIIO MEpexi, K 1e Oyso y Onokueiini EOS. Li aii miapuBaroTh mpo3o-
PICTh Ta PIBHOMPABHICTh YYACHHUKIB, 110, CBOEIO YEPIOI0, CTABUTH 11l CyMHIB J€IIEHTPATI30BaHICTh
Mepexi [4].

OxpiM 11bOTO 3apa3 iICHYIOTh OUTBII TOHKI aTaKH, Taki sk eclipse-araka, 3a SKoi By30J1 OJ0K4eiHa
130JTFOETHCS ¥ OTpUMY€E HENpaBAUBY 1H(POpMaIlio Mpo OJI0KM Ta TpaH3akiii. [{e nae 3moBMUCHUKAM
3MOT'y MaHiMyJI0BaTH POOOTOIO By3Ja Ta MOPYLIYBAaTH KOHCEHCYC, aKe y KJIAaCUUH1N OJIoKueiH-cuc-
TeMi KO)KEH BY30J1 Oepe y4acTh y MOTOKEHHI KOXKHOT TpaH3akiii. Jkmio eclipse-aTaka i301110€ IeBHY
KUTBKICTB BY3J1iB, cHCTeMa Oyzie TUCKpEIUTOBaHA.

3perToro, yci i 3arpo3u JeMOHCTPYIOTh BaXKIIUBICTh pO3POOIEHHS CTIMKMX MEXaHI3MIB 3aXH-
cTy OnokueiiHiB. CriemiamicT i3 3aXucty iHpopMalii BXKe NeSKUi 9ac MpamiorTh HaJ €0 Mpo-
OseMoto, 1 Oy/Tu 3amponoOHOBaHi Aeski pimeHHss. CucTeMH, 1€ By3JId MEPEBIpSIFOTH JUIIE BUITAIKOBO
BUOpaHi OJIOKU a00 PO3MOALISIOTE OOUMCITIOBAIBHI 3aBJaHHS 32 BHUITAJKOBUM MPHHIIMIIOM, MOXYTh
3HAYHO MIABUIIUATH CTIHKICTh MEPEXKIi JIO JJAHUX aTak.

AHAaJi3 0CTaHHIX J0CTiIXKeHb | myOsikanii

Konnenis, konu ajist mepeBipkd HOBUX OJIOKIB BUIIAKOBO YH 3a 3aJaHUM MPUHIIMIIOM BUOU-
PaloThCs BY3IH, YK€ BUKOPUCTOBYETHCS B ICAKMX CyYaCHHUX OJOKYEHH-IIPOEKTAX, X0ua pealizyeTbes
y pi3HuMX Bapiauisx. Hampuxiazn, y OnoxueiiHax, sSiKi MpalioloTh Ha aJropuTMax KoHceHcycy PoS
abo0 1oro pi3HOBUAAX, BY3JIU-BallIaTOPU BUOUPAIOTHCS MO PIBHAX 3 ypaxyBaHHSM iX MaTepiaabHOIo
BHECKY B MEepexXy. ¥ Takux cuctemax, sik Ethereum 2.0, Tezos ab6o Cardano, 1jist CTBOpeHHsI Ta riepe-
BipKHU OJIOKIiB BUKOPUCTOBYETHCSI IPUHIUI BUOOPY, SAKUN 0a3yeThCsl HA KUIBKOCTI MOHET, BHECEHUX
Yy CHUCTEMY BJIIACHUKOM BY3J1a.
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Ethereum nepetimon Ha anroput™ PoS 3 onosnennsm The Merge, 1o 3aBepmuiock 15 BepecHs
2022 p., CyTTE€BO 3HU3MBIIU €HEProcrnokuBaHHsa (~Ha 99%). Jlns pobOTH BamiIaTopoM HEOOXiTHO
npunodatu 32 ETH. Bubip Bamimatopa mist mporo3urii 670Ky BigOyBa€eThCsl MPOMOPLIHHO 00cATY
BKJIaieHuX KowTiB [5]. Lle Moxke CTBOPUTH CUTYallil0, KOJIM KUIbKa IPYIl BaJilaTOPiB MOXKYTh KOOP-
JMHYBATHU i1 44 CTaTH 00'€KTOM TUCKY 3 OOKY 3aCHOBHHUKIB Mepeiki. Jl0IaTKOBUM CIIa0KUM MicLieM
€ YPa3JIuBICTh JI0 aTaKu JIOBTOCTPOKOBOT peopraHizallii JaHIfora, sIKIo cTapi BajliJaTOPH PO3MIPOIY-
I0Th KJII0Y1 3]I0BMUCHUKY.

[Ipoext Cardano BUKOPUCTOBYE cepito 10Ka30Bo Oe3neyHux PoS-mporokomni Ouroboros, po3-
poOneHux akaaeMiqHo rpymnoro mia kepiBHUITBOM Arrenoc Kuaitac (Yausepcuter EaunOypry)
[6; 7]. Cardano 3 mpoTokoioM Ouroboros MO3UIIOHY€ETHCS K HAMOLIbII (popManizoBaHe Ta MaTeMa-
TH4HO o0rpyHToBane pimeHHs PoS. [Ipore TeopeTnyuna 6e310raHHICTh MPUXOBY€E HU3KY MPAKTHUHUX
cnabkocrei. [lo-nepiie, mpoTOKOI CKIIaIHUH y peaizalii Ta moTpedye i1eanbHoi poOOTH MEXaHI3MY
KpunTorpadiuHoi BUIAJAKOBOCTI JIJIsl BUOOPY YYaCHHUKIB MEPEXi, IKHI He peasli3oBaHui MPAKTUYHO.
Bynp-siki ypaznuBOCTi y TeHepalii BUMaAKOBUX YHCEN MOTEHIIITHO MOXYTh BUKOPUCTOBYBATHCS ISt
nepenOaYeHHss 4u 3aMiHu BUOpaHuX ydacTHHKIB. [lo-mpyre, Cardano crtpakmae Bij TOro camoro
pU3MKY IeHTpamizaiii By3iiB, mo i Ethereum: He3Baxaroun Ha BENMKY KUIbKICTh HaOOpIB BY3IiB,
YyacTKa CTeWKa po3mojiiieHa HepiBHOMIpHO. OKpiM TOTO, B yMOBaX HHM3bKOI aKTMBHOCTI YYaCHUKIB
JeIeHTpaTi3allisi Mepexi BUSBIISIETHCS CKOPIIIE ICKIApaTUBHOIO, HIXK (aKTUYHOO0. Y peanbHil araii
JI0CTaTHbO KOHTPOJIOBATH K1TbKa BEIMKHX HAOOPIB By3JIiB, II00 BIUIMHYTH Ha MOPSIIOK OJIOKIB.

Tezos — 6nokueiin i3 koHcencycoM Liquid PoS, po3pobnenuit Aprypom i Kernin Bpefitman.
Banimaropu BUOMpPArOTHCS 3a TOMOMOTOI0 TiceBaoBUIaakoBoro reneparopa (PRNG) Ha ocHOBI 3Ha-
YEeHHs 3allJIa4eHUX MOHET, 30epekeHoro B OJ0KYelHI, TOOTO pe3ynbTaTu JeTepMiHOBaHI, ajie Heme-
pendauyBaHni 3aB4acHo [8]. Tezos BukopuctoBye Mexanizm Liquid Proof-of-Stake (LPoS), sxuit nae
3MOTy KOPUCTYyBadaM JIEJIEryBaTy CBOI ITpaBa y MEpEexkKi iHIINM yJacHUKaM Mepexi 0e3 yTparH Biac-
HOCTI Ha TOKCHHW (MOHETH), 1110 3a00pOHEHO B 1HIIMX MexaHi3Max. lle o3Hauae, 1110 BJIaCHUK TOKe-
HIB Mepejae iHIIOMY yYaCHMKY MPaBO BUKOHYBATH Jii By3Jia BiJl HOTo iMEHI y Mpoleci yHIpaBIiHHS
MEpEekero, aje Mpu [bOMY CaM 3aJIMIIAETHhCSA BIACHUKOM TOKEHIB 1 MOXKE IX BUKOPHUCTOBYBAaTH abo
3a0bpaTtu Ha3a] y Oyab-skuii MOMeHT. Takuil miAXiJ 3HAYHO CIPOILYE Y4acTh y MEPEKEBOMY YIIpaB-
JiHHI, OCKUIBKM HE BCl KOPHCTYBadi MarOTh TEXHIYHY MOXIJIMBICTH a00 OaskaHHS Oe3moceperHbo
Opartu y4acTb y poOOTI MEpEexKI.

BonHouac BuHMKa€e CTpyKTypHa npobiiema: JeseryBaHHs (PakTHYHO KOHLIEHTPYE BY3JIU Y HEBe-
JMKIHM TpyHi oneparopiB, 110 3HIKYE piBEHb ACLEHTpati3allii Ta MiABUILYE PU3UK KOOPAUHAIIT MK
HUMH TS BITACHOT BUTOJTH.

Xoua Mepexa nependoadae mrpadu 3a HOpyIIEHHs IPaBUII, HAIPUKIIAJ 32 OTHOYACHE CTBOPEHHS
JBOX OJIOKIB (aTaka «HOABIMHOTO OMIOKYBaHHS»), OMEPATOpH 3 BEIUKOIO KUIBKICTIO JI€JIETOBAaHUX
TOKEHIB MOXYTh MPOBOJUTH IIEH3YpPYy TpaH3aKIlii a00 MaHIMyIIOBaTH Bajijaiiero. TakuM 4uHOM,
crcTeMa 3aJIUIIAEThCS YPA3IUBOIO 10 KOHIEHTpallii BIUIMBY Yepe3 JIeJeryBaHHs Ta COLlialIbHUI THCK
Ha OCHOBHHX YYaCHUKIB.

[Hmmit miaxiog 3actocoByeThbess B anroput™mi Pure PoS, skmii peanizoBanmii y OnoKdYeiHI
Algorand. VY wuiit Mmozeni By3i1y, 1110 OepyTh y4acTb y Bajdilalii TpaH3aKLii Ta CTBOPEHHI HOBUX OJ10-
KiB, BUOMPAIOTHCS BUTIAAKOBIM YHHOM, ajieé HMOBIpHICTh BUOOPY By3J1a MPSIMO MPOTIOpLiiiHA 00CATY
HOTO CTEHKY (KiITBKOCTI TOKEHIB).

Pure PoS 0yB 3anpononoBanuii Cinbsio Mikani (MIT) 1 BipoBakenuit y Algorand, sikuit ctap-
tyBaB y 2019 p. ['omoBHA 0COONMMBICTH aNTOPUTMY — CEKPETHUI CaMOBUOIp YYaCHUKIB KOHCEHCYCY.
Kosxen By3oin siokanbHo 3amyckae Verifiable Random Function (VRF), sika Buznavae, un Oyyie By3071
aBTOPOM HOBOTO ONOKy a0 Gparmme ywacth y Bepudikamii. MiMoBipHicTs BHGOpY mpomopuiiina
CTEUKY By3Ja.

[Ticnst bOTO BY30J1 CTBOPIOE JT0Ka3 BUOOPY (proof), sskuii Moxe MepeBipuTH OyIb-IKUN 1HIITHMA
yuacHHK Mepexi. [Ipu nboMy ocobucTiCTh BUOPAHOTO By3J1a CTAE BiAOMOIO JIMIIE i1 Yac MOMIUPEHHS
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MTOBIIOMJICHHSI TTPO OJI0K, 110 3aXHIIae MepexKy Bia arak Tuiry DDoS. 3aBasku 11boMy 3a0e31Meuy€eThCst
11e OLIbII PIBHOMIPHUI PO3MOILT HABAHTAKEHHS Ha MEPEXKY, @ TAKOK 3MEHIIYIOThCSI BUTPATH Yacy
Ha JIOCSTHEHHS KoHCeHcycy [9]. OmHak KIIo4oBa Bajia TYT — 3aJISKHICTh BiJl aKTUBHOCTI y4acHU-
kiB. Hacripasi, e Hebararo KOPUCTYBaviB MiATPUMYIOTh BY3JIH, JIUIIE KYIyIOTh MICIIE Y MEPEXi
3a TOKCHM Ta JeJIeryIOTh y4acTh BaliJalii creriaiizoBaHuM cTpykrypam. Lle pyitHye ineto nmoBHOi
JiereHTpati3allii Ta MpU3BOAUTh O KOHIIEHTpAIlli yIpaBiHHSI Mepexero kosom mronei. [lle onniero
YPa3IMBICTIO € TaK 3BaHa IPOOIIeMa «JIUJTIONIT OE3MEeKn: 32 HAJATO HU3bKOT KUIBKOCTI aKTHBHHX y4ac-
HUKIB IMOBIPHICTb aTaK yCEpeANHI HEBEITUKUX I'PYIl 3POCTAE.

Cucremu 3 mapinrom, taki sk Zilliga, Takox BUKOPHUCTOBYIOTh MEXaH13M BUIIaJKOBOI'O BUOOPY
BY3JIIB JUIS IEPEBIPKH OKPEMHX CETMEHTIB JIAHIIOXKKA. Y IIApIIHIOBUX CHCTEMaxX OJOKYEHH po3i-
JICHWI Ha IIapIyd — HEBEJIHUKI HEe3aJIeKHI YaCTUHU, KOJKHA 3 SIKUX MEPEBIPSIETHCS OKPEMOIO TPYIIOI0
By3:1iB. Lle qae 3Mory cyTTeBO MiABUIIMTH MacIITaOOBaHICTh MEPEXKI, a/I’Ke KOKEH BY30J1 B1IMOBIA€E
JMIIE 32 YaCTHHY JJaHMX, a HE 3a Bech OyokyeiH. TeopeTnyHo Taka apXiTEeKTypa Jae MaciuTaboBa-
HICTh Ta eHeproe(eKTUBHICTD, aje ii CKJIaAHICTh — 11€ BOAHOYAC 1 rooBHUM MiHyc. CHucrema miap-
JUHTY ypasiuBa J0 aTak Ha Majll [apAu: SKIIO 3JI0BMUCHUK KOHTPOJIIOE Oljbllle TPETUHH BY3JIiB
y KOHKPETHOMY IIap/i, BIH MOXe MOPYIIUTH HOro poOOTy, MIAMIHUTH JJaH1 UM J0/IaTH HEBaiI0BaH1
nani. Lle ocobmBo HEOe3MeyHO B MEPiony, KOJIU 3arajbHa KUIbKICTh YYaCHHUKIB HEBEJHKA 1 JEsKi
LIAp/IM BUSBIIAIOTHCS 3aHAJITO MAJIUMHU.

Hwxue naBesneno tabi. 1, mo nae 3Mory HaouHo nopiBHATH ocobnuBocti Ethereum 2.0, Tezos,
Cardano, Algorand i Zilliqa Ta ouiHUTH PU3HUKH 1 TIepeBaru KOKHOI CUCTEMH.

Tabmn. 1 neMOHCTpy€E MOPIBHSAHHS 1T’ ATH MOMYIIPHUX OJIOKICHH-MEPEkK 3a KIIFOUOBUMH TTapame-
TpaMu IXHIX MeXaHi3MiB KOHCeHcycy. BoHa Bkitodae:

—Tun KOHCEeHCYCy — aNropuTM, IKU 3a0e3neuye miATBEpKEHHS TPaH3aKIii 1 CTBOpeHHs 0J10-
KIB Y MEPEXKI.

— CuibHI CTOPOHH — OCHOBHI TIEpEBaru Ta TEXHIYHI IMepeBaru KOXKHOTO MEXaH13My KOHCEHCYCY,
110 MiIBUIIYIOTH O€3MeKy Ta e(peKTUBHICTh MEPEXI.

—OCHOBHI HeOJIKA — OOMEXEHHs Ta CKJIAJHOIII, OB’ s3aHi 3 y4acTIO KOPHCTYBadiB, €HEp-
TOCTIOKUBAHHAM a00 IIEHTpaITI3aIlI€I0.

— Ypa3znuBOCTI 710 aTak — NOTEHIIHHI 3arpo3u, Ha sIKi Mepexa Moxe OyTH CXHIIbHA Yepe3 KOH-
IIEHTPAIIIIO BIUIUBY, TEXHIYHI OCOOIMBOCTI AJITOPUTMY 200 JIFOACHKUH (hakTop.

Xo4a BCi 11l MiIX0U YaCTKOBO BiJOOPaXKaIOTh 17ICI0 BUMAIKOBOTO BHOOPY BY3JIIB JIJISl IEPEBIPKU
OJIOKIB 1 JTaHIIIOT1B, 11151, koM By3nu noBHoro tuty (Full Node) mepeBipstoTs siniie BUajKoBo BUOpaHi
YAaCTHHU JIAHIIOKKA, HE € 3arajbHONPHUHATOI0 MPAaKTHKO. Taka KOHIIETISI MOKEe MaTy BEJHKHA
MOTEHLiaJl, OCKUIBKH JIa€ 3MOT'y CYyTTE€BO 3HU3UTH HaBaHTAXXEHHsI Ha BY3JM 0e3 yTpaTtu Oe3meku [3].

Tabmums 1
[TopiBHSIBEHA XapaKTePUCTHKA OITOKUYEHH-MEPEXK 3a MEXaHI3MOM KOHCEHCYCY
Mepexa | Koncencye | CuibHi cTopoHu OcHOBHI HeoTiKHN Ypa3zauBocTi 10 aTak
Ethereum PoS Maremaruuna Bucoxkwuii 6ap'ep Long-range araka
2.0 Oe3neka, mexanizmu | Bxoxy (32 ETH), TIPH TTPOJIaXKI1 KITIOUiB,
po3noainy, KOHIIEHTpALiA y HEHTpai3allis myJiB MOXKe
¢inamizarist OJIOKIB | CTEHKIHT-ITyIax, imityBatH 51%-ataxy
CKIIQTHICTh
JUIA 3BUYAHUX
KOpPHCTYBadiB
Tezos PoS JoctynHicTb s LenTpamnizaris y Mamnimysmsmii i gac
JIeJIeTyBaHHS, oreparopiB, 3aJEKHICTH | BaJiIallii, mpoax Aelerarii
HU3BKHIA TTOPIT YYaCHUKIB BiJl IOBIpH | By3Ja, [IeH3ypa TpaH3aKIlii
y4acri JI0 BaJtiiaTopa
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[Tponowxenns Tadmui 1

Mepe:xka | Koncencyc | CuibHi cTOpOHH OcHoBHI He0TiKH YpazimBocTi 10 aTak
Cardano Ouroboros | ®opmanbHO CknaiHiCTh IPOTOKONY, | 3aXOIMJICHHS KUTBKOX
PoS JloBe/IeHa 3aJIKHICTD BijI BEJIMKKX HAOOpiB BY3iB
Oe3mnexa, HU3bKe BUIAJIKOBOCTI, MOYKE BIUTUHYTH Ha MEPEKY,
EHEPrOCIOKMBAHHS | HEPIBHOMIPHHI araku 3a cna0Okoi reHeparii
PO3IOILT CTEHKY BUTIJIKOBOCTI
Algorand Pure PoS AHoHiMHHI BuOip | Hu3bKa akTHBHICTH 3a HU3BKOI aKTUBHOCTI
BaJIi1aTOPiB, MIBUKA | KOPUCTYBAYiB, MOKJTUBA «PO30aBIICHICTD
¢binamizaris, 3aJI€KHICTD BIJ 0Oe3IeKn», SHUKEHHS
BHCOKA TEOPETHYHA | aKTHBHOCTI MEpexi CTIMKOCTI 10 TOBrOCTPOKOBUX
JISTIeHTpaTi3allis arak
Zilliqa I'6pun MacmraboBanicts, | CkiagHicTs peanizamnii,  3axorieHHs >1/3 By3niB y
(wapAvHT) | BHCOKA MPOIYCKHA | €HEPTOCIIOKHBAHHS, HIap/i, aTakv Ha MaJli mapau
3[0AaTHICTb, CTIHKICTh | PU3UK CIAOKMX IIap/ | 3a HU3BKOI AMBepcudikarii
JI0 KJIACUYHOT
51%-araku

Came Tomy OyB po3poOieHul 1 3anpornoHoBanuii MeTo «Panmomi3oBaHe MmiATBEPIKESHHS 010~
KiB», IKMi BHKOPHUCTOBY€E BUTIAIKOBHIA BHOIp BY3JIiB I IEPEBIPKH TPAaH3aKIIiK Ta KOHTPOJIbHI TOUKU
JUTst 320€3MEUCHHS Y3TO/PKEHOCTI IaHUX OJHOYACHO.

Merta nocaiizkeHHS

Meta meTtoay: 3abe3neunTn Oe3neuny, ACIEHTPaTI30BaHy Ta €(DEKTUBHY MEPEBIPKY TpaH3aK-
il y OJOK4YeHH-Mepeki, 3MEHIIUTU PU3MKHU LIEHTpati3allii Ta MaHIMyJALii, a TaKoX MiJBUIIUTH
CTIMKICTb CUCTEMH /10 PI3HOMAHITHUX aTak 1 3001B.

3aBaaHHs, AKi BUPIlIy€e MeTON:

JenienTpasizaiiis mepeBipKy TpaH3aKIlii: BUTIAIKOBUI BHOIp By3JIiB JUIsI IIATBEPPKEHHS OJIOKIB
YHEMOKIIUBIIIOE KOHIIEHTPALIII0 TOJIOCIB 1 IEHTPai30BaHi MaHIMTYJISIII].

3axucT BiJ aTak: METOJ MiABHIIYE CTIMKICTh Mepexi 10 atak TUILy «51%», moaBiitHOro OI0KY-
BaHHSI, IEH3YPH TPAH3AKIIH Ta KapTei3allii BEJIMKUX YIaCHUKIB.

3abe3neueHHs] Y3TO/DKEHOCT! JaHWX: KOHTPOJIbHI TOYKH TapaHTYIOTh MEPEBIPKY IMUIICHOCTI
ONOKUYEHY Ta KOPEKIit0 MOMHIIOK Y pa3i IX HaKOMMYEHHS.

BinHoBneHnHs micnst 3001B: CUCTEMa MOXKE aJalTUBHO BiTHOBIIOBATH CTaH OJIOKYEHHY 3 OCTaH-
HBOI KOHTPOJIBHOT TOYKH, MIHIMI3yFOUH BTPATH JTAHKX 1 MOPYIIEHHS HUTICHOCT] TPaH3aKIIiH.

[linBumeHHss epeKTUBHOCTI Ta MacIITabOBaHOCTI: OOMEXKEHa Tpyla BHIAJKOBO BHOpaHHUX
MIEPEBIPSIOUUX 3MEHIIY€E OOUMCIIOBATIbHE HABAaHTAXECHHS HA BY3IM, MPUCKOPIOE MPOIEC MiITBEp-
JOKEHHsI OJIOKIB Ta MiABHILY€ IPOTYKTUBHICTh MEPEXKI.

Hapniiine 30epexeHHsT KpUTHYHUX JaHUX: CYIEpPBY3IH 30epiraroTh KOHTPOJIbHI TOUKH 3 pe3ep-
BYBaHHSIM Ta MEXaHI3MaMH MEPEBIPKH XEIIIiB, 1110 YHEMOXJIUBIIIOE MiIPpoOKy abo BTpaTy iHdopmarrii.

Le#t migxin 6a3yeThes Ha pyHAAMEHTANBHIN 111 PO Te, 110 SKIO YYaCHUKU MPOIlecy MiATBep-
JOKEHHSI BUOMPAIOTHCS BUITAIKOBUM YWHOM, TO KOJCH OKPEMHUI By30J1 a00 TpyIa He 3MOXKYTh 3a37a-
JIeTiah TiepeadaunTr, XTo caMe Oyze 3MiliCHIOBaTH TiepeBipKy. e yHEMOXKIIMBIIIOE TICHTpaTi30BaHE
MaHIIMyJIFOBAaHHS MEPEXKEI0 Ta pOOUThH aTaky 3HAYHO CKJIATHIMUMU. TakoX BUIAIAKOBICTH Y BHOODI
KOHTPOJBHUX TOYOK JIa€ 3MOT'Y 3aro0iraTu MOKJIMBOMY HAKOIMYEHHIO MOMUJIKOBUX JIaHUX y OJOK-
YeifHi, OCKUTbKH CUCTEMa aBTOMAaTUYHO MEePEBipsie Ta KOpUTye 1HPOpMAILilo.

VYBeneHHsI KOHTPOJIBHUX TOYOK JIa€ 3MOTY MEpeKi CAMOCTIHHO BiTHOBIIOBATUCS MicCis 3001B
a6o arak. lle BaxMBO, a/pke KIacH4HI OJOKYEHHHU MPAIIOI0Th Yy PEeKUMI O0€3MepepBHOTO J0IaBaHHS
HOBUX OJIOKIB 0€3 MOKIIMBOCTI PETPOCHEKTUBHOI MEPEBIPKU. SIKINO Y TpaAULIMHUX CUCTEMax Oylb-
sKa TIOMMJIKA 200 3710M MOYKEe BUKJIMKATH 3HAYHI POOIEMHU, TO HOBHI METOJ Ja€ 3MOTy OJOKUYEHHY
a/IalITUBHO BIJHOBJIIOBATHUCS, MIATPUMYIOUH CTAOUIBHICTD 1 IIUTICHICTD TPaH3aKLIH.
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VY 11bOMy METOJII BUKOPHCTOBYETHCS BHUIAIKOBHI BHOIp yYaCHHKIB, sIKi OyayThb NEpEeBIpATH
Tpan3akuii Ta O;oku. L{e 03Hauae, 1110 HE BC1 yUaCHUKH MEpeXki MepeBipsA0Th yCi TpaH3aKIlil, a JIuIe
BUOpaHa BUMAJIKOBA, KOKHUHN pa3 pi3Ha rpyna. /st Toro mo6 Bubip wi€i rpynu OyB ClpaBeUIMBUM,
BUKOPHUCTOBYIOTHCS KpUnTorpadivyHO 3aXHUIIEH] BUMAAKOBI YKclia (TEHEPOBaHi 3a JIOMOMOTOI0 KBaH-
TOBOT'O T€HEPATOP BUIIAKOBHUX yncen). Takuii miaxig gae 3MOTy 3HAYHO 3MEHIIIUTH 00CST OOUNCIICHD
JUISL KOYKHOTO yYacHHUKa, 30epiraiouul mpu 1bOMY BUCOKY CTYIIHb O€3MEKH, OCKIIbKU CHCTEMA CTa€
MEHIII Ypa3/IMUBOIO J10 aTak.

Hanpuknan, 3amicts Toro mo0 KOXEH yYaCHHMK IepeBIpsSB yBECh JIAHIIOT OJIOKIB, cHCTeMa
BUIIAJJKOBUM YMHOM BHOHMpA€ MEBHY KIIbKICTh YYaCHMKIB, sSIKl 3aiiMarOThCsl MEPEBIPKOIO TpaH3aK-
uiit. Lle 1ae 3Mory po3BaHTa)XXUTH MEpEXy Ta MPUCKOPUTH IPOLEC MiATBEPAKEHHs OJIOKIB, a TAKOX
YCKJIQIHUTH MOXKJIMBICTD MaHIMYJIAIIH a00 arak i3 00Ky BETUKUX I'PaBIIiB.

VY nmaHoMy pasi KOHTPOJIBHI TOYKH y IBOMY METOJI € BU3HAYCHHMMH MOMEHTaMH Yacy, KOJU
nepeBipka JaHHUX BiIOyBa€ThCs OLIBII peTeNbHO. BUOip IIMX TOUOK TaKOXK 3/1MCHIOETHCA HA OCHOBI
BUIA/IKOBOCTI, 00 YHUKHYTH MaHIMYTIOBaHHS CUCTeMOI0. KoXKHa KOHTpOJbHA TOUKAa Ma€ TMEBHY
KUTBKICTh TMEPEBIPOK Ta KBaTI(hpIKOBAHUX YUACHHUKIB, IO A€ MOXJIMBICTH 3pOOUTH MEPEXY OLIbIIT
CTIMKOIO JI0 3MiH 1 3JIOBMHCHUX aTaK.

KoHTponbHI TOUKM — 1€ 3a3/1aJeri b BU3HAUe€HI MOMEHTH a00 eTaru y JIaHI031 OJI0KiB, KOJIU
CHUCTEMA «TIEPEBIPsIE» CTaH OJOKUCHH-MEPEXKi, IEPEBIPAIOYH MPABMWIHHICT 1 KOHCUCTEHTHICTD TAaHUX.

BoHM BHKOPHCTOBYIOTHCSI Ul JBOX OCHOBHHUX 3aBAaHb. llepiie — 1e mepeBipka IiJIICHOCTI
naaux. KoxkeH By30J1, Mpamorodn 3 0JI0KaMu, repeBipsie, 4 30iraroThbesl 1aHi B KOHTPOJIBHHUX TOY-
Kax 13 YCTaHOBJIEHUMH CTaHAApPTaMU. SIKIIO € BIAXUICHHS B1Jl HUX, CHCTEMa aBTOMATHUYHO 3aIlyCKae
MeXaHI3MH KOPEKIIii, Mornepekatouy yYaCHUKIB PO MOTEHIIHHI mopyieHHs. J{pyre — BiTHOBICHHS
y pa3i 30010. KOHTpO/IbHI TOUKM JIIOTH SK «I1aM ITh» CHUCTEMHU. Y pa3i 300iB UM aTak Ha MEpPEexy
(HampuKam, 3a cipoOX MaHIMyJALIl OJIOKAaMH YU CTIOTBOPEHHS JIaHMX ), MOXKHA 3A1MCHUTH BiJHOB-
JICHHSI 3 OCTaHHBOI KOHTPOJBHOI TOYKH, IO 3MEHIIY€ HMOBIPHICTH yTpaTu KPUTHUYHO BaKIUBOI
1H(popMarii.

KonTponbHi Toukn 30epiratrothes k cymnepsy3nax (Super Nodes). Lle cierianbHi By37H, SIKi BUKO-
HYIOTb JI0/IaTKOBY (DYHKIIiIO 30€pEeKEHHSI BaXIIMBUX JaHUX MEPEXKi, 30KpeMa KOHTPOJIBHUX TOUOK.

Jiist 30epeskeHHs KOHTPOJILHUX TOYOK MEpexa BUHOMUpPAE TPYITy CyIIepPBY3JIiB BUTIAIKOBUM YHHOM.
Ie 3MeHIIYy€e IMOBIPHICTh aTak Ta MaHimysAiil. Bubip 6a3yeThcs Ha aaropuT™Mi BUIAAKOBOCTI.

KoskHa KOHTpOJIbHA TOYKA KOIIIOETHCS Ha KiIbKa (TPOMOPIIiiiHA KUTBKICTh MEPEKi) CylepBy3-
1B, IO MIABUILYE HaAlHICTh. Hampukias, SKIo KOHTpoibHa Touka cTBopeHa B 6ioui 1 000, BoHa
Oyze po3minieHa MiHiMmyM Ha 10 cynepBy3iax, i A 11 BIIHOBJIECHHS NOTPIOHO MiATBEPIKEHHS X04ua O
cemH 3 HuX. Lfo KiIBbKICTh MOXHA BapilOBaTH.

Xel KOHTPOJIBHOI TOUKH 3aIUCYETHCS B OJIOKYCHH, 110 YHEMOMJIMBIIIOE 11 3MiHY 200 MiIpOOKY.
SIKIIo JaHi Ha TEBHOMY CYyNeEpBY3Ji OydyTh 3MiHEHI, CHCTeMa 3MOXe HEepeBIpUTU JOCTOBIPHICTD,
MOPIBHSBIIIM XEIIIi.

Ko By301 motpebye nepeBipku abo BiTHOBICHHS, BIH HAJICHIIAE 3aITUT 10 cynep-By3miB. [1[06
MiATBEPIUTH MPABUIBHICT KOHTPOJIBHOT TOUKH, MiHIMYM 80% CynepBy3JiB MOBUHHI HAaJaTH OJ(HA-
KOBY BEPCIIO TaHHX.

Jlesiki 3BMUaiiHi By3JIM MOXKYTb KEIIyBaTH KOHTPOJIbHI TOUKH JJIs IIBUALLIOIO JOCTYILY, 3MEHIITY-
10YM HABaHTAXXEHHS Ha CYIEPBY3JIH.

S0 cynepBy30i1 BUXOAMTH 13 MEpexki, Mepeka aBTOMaTHMYHO BHOWpae HOBUHM CyHepBY30JI
1 KOTIIFO€ Ha HhOTO KOHTPOJIbHI TOUKH. SIKIIIO By30JI yTpadae JaHi, BiH OTPUMYE 1X Bij] iHIITUX CYTIEPBY3-
JiB, BUKOPUCTOBYIOUM MEXaHI3M NepeBipku xemris [1; 2].

BukJiag ocHOBHOTo Marepiajy J0CaiKeHHs
Jnist 3a0e3neueH st BUMAJKOBOCTI BUOOPY YUaCHUKIB JUIsl Bajijawii 6JOKiB BUKOPUCTOBYIOTHCS
KpunTorpadiuHo 3axuiieHi Bumajkosl yucia. e mMoxyTp OyTu umcia, 3reHEepoBaHI Ha OCHOBI
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SMNTUYHUX KpUBHUX (HAIIPUKIIAM, pIBHIHHA y* = X* + a*x + b, 1e a 1 b — mapameTpu KpuBoi, a X 1y —
KOOpZMHATH TOYOK Ha KpuBii). Lle mae 3mory orpumaru nepenbadyBaHi BUIAIKOBI 3HAYECHHS, SIKI
€ BXJIMBUMH IS YECHOTO Ta 3aXUIIEHOTO MPOIeCy BUOOPY yUaCHHKIB.

3amicTh TOTO 100 KOXKEH BY30J1 TIEPEBIPSAB YCi OJOKH, K y TPAAULIHHNX OJTOKYEHH-CUCTEMAX,
BUKOPHCTOBYETHCS METOJI BUITAJKOBOTO PO3MOALTY HaBaHTa)keHHs. [lics Toro sik MaiiHep CTBOpIO€
HOBUII OJI0K 1 Bupillye kpuntorpadiuny 3anady (PoW), 6ok nepenaerscs y mepexy. i nepeBipku
1[LOTO OJIOKY BHUITaJJKOBUM YMHOM BHUOHMPAETHCS MiIMHOXKKHA BY3MiB (Y MeXaX BU3HAUEHOTO Jiara-
30HY), 110 JIa€ 3MOTYy PIBHOMIPHO PO3MOIUIHTH HABAHTAXXCHHS 1 3HU3UTH O0YHMCITIOBAIIbHI BUTPATH.

Jns Banmiganiii 6J0KiB BUKOPUCTOBY€ETHCS BUITAIKOBHI BUOIp KOHTPOJIBHUX TOYOK — OJIOKIB, K1
HiUIIraoTh nepeBipii. Lle mae 3Mory 3MEHIINTH KUTBKICTh OJOKIB, SIKI MEPEBIPAIOTHCS, OCKUTBKH
MIEPEBIPSAIOTHCA JIMIIE BUMIAAKOBO BUOpaHi OJIOKH, a HE BECh JIAHIIOT.

Jnst onTuMizarntii mepeBipku OJI0KIB 1 3a0€3MeUeHHS X IITICHOCTI BUKOPUCTOBYETHCS CTPYKTYpa
Mepxuie-aepeBa. KoxkeHn Ol0K mepeTBOPIOETHCS HA YHIKATbHUHN Xelll, KU 00'€THY€ThCs 3 XeIlIaMu
CyCiHIX OJIOKIB, YTBOPIOIOYM HOBHM Xem Jisi OaTbKiBCHKOTO By3na. llpomec TpuBae a0 KOpeHs
JiepeBa, SIKUHA MICTUTh 3arajbHUll Xell ychoro Jyanuiora. Lle nae 3Mory nepeBipsATH JIMIIE YaCTHHY
JAHUX, 110 3HAYHO 3HI)KY€E HAaBAaHTAXKCHHS HA MEPEXKY.

3a 01OMOT0I0 MaTeMaTHYHOI oreparii Moy (r X |N|) BU3HauaeThes, sIKi came By3JIH OyIayTh
Opartu y4dacTthb y nepesipiii 0oky. Lle qae 3mMory piBHOMIpHO PO3IMOAITUTH HABAHTAXKEHHS MK yciMa
y4aCHMKaMHU MEpexi Ta MiHIMI3yBaTH pecypcH, HeoOXiIH1 AJis Bamigalii. By3iau nepeBipsioTh uiie
BUIIA/IKOBO BUOpaHi YaCTUHU OJIOKUYEIHY, a HE BECh JIAHIIOT.

I " .
[ Etan 1: CreopenHs Tparsakuil F:I KIOPI."ICT)I’BE‘-I A xoqe HapicnaTy 5 TOKEHIB KOPMCTYEBaYY B. j
7 BiH cTBOpIOE TpaH3aKLilo Ta eignpaense i B Mepexy.

|' ETan 2: PaHpoMi308aHuiA BUGIp By3NiB ANR Nepesipku PI REC emnagkoeo obupace 10% B}f';','J'I'EB (1003 1009) A0NA NiATBEP AMEHHA.
/] BMUKOpPUCTORYETLCA KpMATOrpadivHo 3axuuieHnin FBY.

PoW abo PoS?

| 100 iz 1000 Byanis oBbpaHi Ans ninTeepaMeHHs |
b o

!

P =Y
| Eran 3: NMigTeepaxeHHs TpaHzakuii <

BwGpani 100 By3nie nepesipAlnTL BanigHICTL:
- banaHc BignpaBHWKa

- Undppoeunih nignnc

- Moxnuei KoHdRikT

80% ey3nie ni,q'raepp.unn?%
Tak

|' TpaH3akuia ycniHa ]
4 o

—

| Etan 4: Beepenns KOHTPONBHUK TOYOK

v

-\.
| ETan 5: NopasaHHs Bnoky B BRokHeiH F::: MicnA NioTEEpAMEHHA TPaH3aKLIiRA 3aNUCYETLCA B HOBWIA Bnok | nopgaeTbca no Bnok4enHy. H

®

Puc. 1. Baok-cxema npukiaagxy podoru mepe:ki 3 meroqrom RBC

\}___I Micna koxuHmx 100 bnokis Mepema BCTAHOBMNIOE KOHTPONBHY TOHK)’.IT

;| By3nm nepeeipAIOTb CTaH MEPEXi Ta KOPUIYIOTE NOMKAKKA.

Ioicepeno: pospobneno agmopamu

Skmo xemr KopeHsi Mepkiie-aepeBa He 30iraeTbesi, Mepeka iHilioe MOrTHOIeHY NEepeBIpKyY
JaHWX, TTOYMHAIOYM 3 TUTOK Aepema. Lle mae 3Mory mIBHIKO BHSBHTH MAaHIIYJISIIii Ta aTaKyBaTd
HECaHKIIIOHOBaH1 3MiHH, 110 3a0e31euy€e BUCOKY Oe3IeKy CHCTEMHU.
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Cucrema, 3aCHOBaHa Ha BHITQJIKOBOMY BHOOpI YUYaCHHUKIB 1 KOHTPOJIBHUX TOYOK, POOUTH OJIOK-
YeiiH OUIbII CTIHKKUM JI0 aTaK Ta MaHIMYJALINA, OCKUIBKU MPOLEC MepeBipKH OJIOKIB MOBHICTIO HEIe-
pendauyBanwuii. e 3a6e3neuye OiIbITy O€3MeKy 1 JEHEHTpaTI3allii0 MEPEXKI.

brok-cxema ommcye mporec miarBepkeHHs Tpanzakmii y RBC. Cnowarky xopuctyBau A
CTBOPIOE TPaH3aKI[ilO Ta Bifmpasise ii y mepexy. Jami BumagkoBo BuOupaerscst 10% By3miB s
MepeBipKU, BUKOPUCTOBYIOUM KPUNTOrpadivyHO 3aXUIIEHUI IreHepaTop BUIAKOBUX duces. Bubpani
BY3JIM TIEPEBIPAIOTH OanaHc BiAmpaBHHUKA, HU(poBuil mianuc i MoxinBi koHIikTU. ko 80% i3
HUX MiATBEPAXKYIOTh TPAH3AKIII0, BOHA BBAXKA€ThCs ycmimmHo. [Ticas koxuux 100 610kiB Mepexa
CTBOPIOE KOHTPOJIbHY TOYKY JUISl TIEPEBIPKU Ta BUIIPABICHHS MOKJIMBUX TTOMIJIOK. 3aBepIIaibHUN
eTarn — JI0/laBaHHs MiATBEPKEHOT TPAH3aKIIi1 10 HOBOTO OJIOKY B OJIOKYEHHI.

[IepeBaru merony:

—EdexruBHicTh. BukopucTanHs BHUIIaIKOBOTO BHOOPY YYaCHHKIB i KOHTPOJBHHX TOYOK A€
3MOT'y 3Ha4HO 3MEHIIIMTH OOYMCIIIOBAIbHI BUTPATH Ha MEepeBIpKy OJIOKiB. Mepeka Moxke 00poOIsITH
OUTBIIY KUTBKICTH OJIOKIB 1 TpaH3aKLii 32 MEHIIWH yac, 10 MiABMILYE 3arajbHy €(eKTHUBHICTH Ta
MaciTaboBaHICTh CHCTEMH.

— CrpaBeIMBICTh 1 piBHICT. BumnaakoBuii BUOip y4aCHUKIB JJIs Bajijallii Ja€ KOXKHOMY BY3ITy
Mepexi piBHI maHcu OyTH BUOpaHUM ISl epeBipKH OJOKIB, 10 Ja€ 3MOTY YHUKHYTH CUTYyallil i3
LIEHTPaJi3aI€r0 KOHTPOJIIO 1 37I0BKUBAHHSIMHU.

— besneka. Bukopucranus kpunrorpadgiyHuX METO/IIB JAJIs TeHEpallii BUTIaJKOBUX YHCE 1 TO0Y-
noBu Mepkiie-ziepeB 3a0e3rnedye BUCOKY CTIHKICTh J0 aTak 1 MaHIMyJALid 13 OOKy 3JI0BMHCHUKIB.
Mepeska Mae BUCOKY CTYIIiHb 3aXHCTY BiJl panmbcudikaiiii i HECAaHKIIIOHOBaHUX 3MiH.

— JlenenTpasmizaiis. 3aBIsIKU BUIIAIKOBOMY BHOOPY BY3JIiB JIJIsl IEPEBIPKH OJIOKIB Mepexka CTae
O1TBIII IerieHTpasti3oBaHolo. L{e 03Havae, 1110 xKO0/1eH By30J1 HE Ma€ MOXIIMBOCTI B3TH Ha ceOe MOBHUI
KOHTPOJIb HAJ| BaJIIIAII€I0 OJIOKIB, [0 3HAYHO 3HWKYE PH3UK [IEHTPAII30BAHUX aTak abo MaHIyIIs-
111 13 O0KY BEJTUKHX YYaCHHKIB.

—IlokparenHs maciTaboBaHOCTI. 3aMiCTh TOTO 11100 KOXKEH YYaCHUK MEpeBipsB KOXKEH OJIOK,
IO CHJIPHO HABaHTAXY€ CHUCTEMY, BUIIAJKOBHU BHOIp yYaCHHKIB J]a€ 3MOTY 3MEHIIMTH KUIBKICTh
MEePEeBIPOK 1 TUM CaMHM MIABUIINTH MPOMYCKHY 31aTHICTh cuctemH. Lle nae 6rmoxueiiny 3Mory mMacii-
TabyBaTHcs 1 00poOsATH OiTbIIE TPaH3aKIINA 0€3 3HAYHUX 3aTPaT Ha OOUUCIICHHS.

— 3HUKEHHS BUTPAT HAa 00UncIeHHs. MeTo 1 BUTIaJAKOBOTO BUOOPY J1a€ 3MOTY 3HU3UTH 00U CITIO-
BaJIbHI BUTPATH, OCKIJILKH HE MOTPIOHO MePEBIPATH KOKEH OJIOK a00 KOKHY TpaH3akiito. [le poouts
Mpolec Bajiamii OiabIll eKOHOMIYHUM 1 Aa€ 3MOTY 3HU3UTH BUTPATH HAa CHEPTIIO.

—3abe3neyeHHs BHCOKOI Oe3meKku Ta MoBipu. BumnankoBuid BUOIp i KOHTPOJIBbHI TOYKH HAIOTh
3MOry 3a0e3MeunTH BUCOKHM PiBEHb O€3IMEKH, OCKUIBKU 3JIOBMHUCHHKAM BaKKO MaHIITyJIOBATH CHUC-
TEMOIO, KOJIM BOHU HE MOXYTh Nepea0auuTH, ki OJ10KU OyIyTh MEPEBIPATHCA, @ TAKOXK SIKUI By30I1
Oyzne BUOpaHMii U1sl TEPEBIPKU.

OO6'ennanuil METO/I BUITAJKOBOTO BUOOPY YYAaCHHUKIB 1 KOHTPOJIBHUX TOYOK € €(PEeKTUBHUM Ta
peaIbHUM MIJXOAOM 0 HMOKpAIleHHS poOOTH OJIOKYEHH-CUCTEM. 3aBASKH I[bOMY METOIY MOXKHA
3HAYHO MIJBUIIMTH MaclITabOBaHICTh, O€3MeKy Ta JeleHTpaji3allilo, 3MEHIIYIOUM BUTpPATH Ha
oOumCIIeHHsI Ta 3a0e3Meuyodr piBHI MAHCH JUTS BCIX YYACHHKIB Yy mporieci Bamaaiii. Lle Binkpusae
HOB1 MOKJIMBOCTI JUISI PO3BUTKY OJIOKUEHH-TEXHOJIOT1H.

BucHoBku
Leit meTox € peanbHUM Ta e€()EKTUBHUM 3aBISKU MOEIHAHHIO KpunTorpadii, BUIIAAKOBOCTI
il MaTeMaTHYHHUX MOJIEIIEH, SIKi pa30M CTBOPIOIOTH HOBY €(DEKTHBHY CUCTEMY JJIS IEPEBIPKU TPaH3aK-
uiid. BunankoBuii BUOip yuacHUKIB Ja€ 3MOTY 3HAYHO 3HU3UTH 00UYHMCIIOBANIbHI BUTPATH, TOKPAITUTH
MIPONYKTUBHICTH CUCTEMHU Ta 3pOOUTH ii OUIbII CTiiiKol0 10 MaHimymauid. Kpunrorpadiuni mexa-
HI3MHU, SIKI BUKOPUCTOBYIOTBCS JUIsl 3a0€3MeUeHHs BUTIAJKOBOCTI, TAPaHTYIOTh, 110 MPOIEC BUOOPY
YYaCHUKIB 3QJIMIIAETHCS PO30OPUM 1 OE3TEUHHM.
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Meton «PanmomizoBane miATBEpKEHHS OJOKiB» pealidye HU3KY MPUHIMIIOBHX TOKpPAIICHb
MOPIBHSHO 3 KJIACHYHUMHU MeXaHi3MaMu KOHCeHcycy, TakuMu sk PoS ab6o Liquid PoS:

— Y9acHUKH, K1 MiITBEPHKYIOTh TPAH3AKIlli Ta OJIOKH, BUOMPAIOTHCS BUIAIKOBO 32 JOMOMO-
rol0 KpunTorpadiyHo 3aXUIIEHUX TeHEePaToOpPiB BUITAJKOBUX YHCEI.

—Xonen By3om abo rpymna He MOXe MepeadoaunTH, XTo Oyae MepeBipsATH TPaH3aKIii, 1110 yHe-
MOXIIUBIIIOE IIEHTPAIi30BaHE MAHIITYJIIOBAaHHS MEPEXKEI0 Ta 3HIKYE PHU3HMK KapTemi3allil BEeTHKUX
YYaCHHKIB.

—3MeHIIIye HMOBIPHICTD aTak, OB’ 3aHUX 13 KOHIIEHTPALII€I0 TOJ0CIB, IIITbOBUMU MAHIITYJISIII-
sIMH 200 TIEH3YPOIO TPAH3AKIIIi.

— KoHTpomnbH1 TOUKM BU3HAYAIOTHCA Y TIEBHI MOMEHTH 4acy Ta BUKOPUCTOBYIOThCS JJIsl PETEIb-
HOT NEepEeBIPKHU CTaHy ONOKYEHHY.

—KoxHa KOHTpOJIbHA TOYKA IMEPEBIPSIEThCS KBaTi(hiKOBAHOIO TPYIIOK BY3JIB, IO TapaHTYE
KOPEKTHICTb 1 IIIJTICHICTD JJAHUX.

—V pa3si 300iB a00 arak Mepexa MOXe BITHOBUTH CTaH OJOKYEHHY 3 OCTaHHBOI KOHTPOJIBHOI
TOYKH, 1110 3HWXKYE PU3UK YTPATH KPUTHYHO BaXKIMBOI iHPOpMAIIii i poOUTE cucTeMy OLIbII CTIHKOIO
710 TOBFOCTPOKOBHUX aTak.

— KoHTponbH1 TOUKH 1yOII0I0ThCS Ha KUIBKOX BUIAIKOBO BUOPAHHX CYTIEPBY3Iax, 1110 3MEHIY€
MOXJIMBICTh MAaHIMYJIALIHN 1 I IBUIIY€E HAMIHHICTH 30€pEeIKCHHS JaHUX.

— XeIll KOHTPOJIbHOI TOYKH 3alUCYEThCS B OJIOKYCHH, 10 YHEMOXJIUBIIOE i1 3MiHY abo mij-
poOKy.

— JInst miATBEpIKEHHS TPaBUIIBHOCTI KOHTPOJIBHOT TOUKM HEO0OXiTHa KOHCEHCYCHA 3ro/ia Oiib-
IOCTI CyIepBy3JiB (Hampukiaa, >80%), 0 YCKIAIHIOE aTaKd Ha OKpPeMi BY3JIM Ta MaHIIMyJsLii
JTAaHVMH.

— He Bci By3m1 IepeBipsIFOTh YBECH JIAHITIOT OJIOKIB, a JIMIIE BUOpaHa BUITAJJKOBUM YHHOM I'pyTIa,
10 3MEHIITY€ 00YMCITIOBAIbHI BUTPATH 0€3 3HIKEHHS OS3MEKH.

—Meperka crae GiIbII MAacIITAOOBAHOIO Ta MIBUIIIOND, A MPOLIEC MiITBEPKEHHSI OJIOKIB — OIIe-
PaTHUBHIIINM.

—BumnankoBicTb BUOOPY BY3JiB Ta KOHTPOJIBHUX TOUOK YCKJIAJIHIOE MPOBEICHHS aTak THUILY
«51%p», moaBiitHOTO OJIOKYBAaHHS Ta EH3YPH TPAH3AKIIIH.

—KoHTponbHI TOYKHM JAfOTh 3MOTY IIBHIKO BiJHOBUTH KOHCHCTEHTHHH CTaH MEPEki MicIis
OyIb-sKUX CIIPoO MaHIMyJIsILii a00 30010 BY3JIiB.

Leit meTon MoeaHye KiJbKa TEXHOJOTH, TaKUX K Kpuntorpadis /i 3a0e3rnedeHHs] BUIaIKo-
BOCTI1, HOBI MaTeMaTU4H1 MOJIEJI1 JIsi ONTUMI3allii TPOLIECIB MEPEBIPKHU 1 3aXUCTY BiJl aTakK, a TAKOXK
BHIAIKOBHI BHOIp yYacHHKIB, IO JomoMarae 30epiraTi OanaHc y JeleHTpatizoBaHii Mepexi. Lle
Jla€ 3MOTY 3HAYHO MOKPALIUTH MacIITaOOBaHICTh 1 Oe3neKy OnokueiH-cucteM 0e3 yTpaTH ii JeleH-
TPaIi30BaHO1 IPUPO/IH.

OCKUIBbKY TIepeBipKa TpaH3aKIii BiAOyBaETHCS JIMIIE 11 BUOpAHOI IPyNH YYaCHUKIB, YCi 1HIII
BY3JIH MOXKYTh 30CEPEUTUCS HA CBOIX 3aBJIAHHSX, HE BUTPAYalOun HaJMIPHUX PECYPCiB Ha 0OPOOKY
BCiX TpaH3akiiil. Lle nae 3Mory mepesxi mpairoBaty MIBUALIE Ta €(PEKTUBHIILIE.

BunankoBuii BUOIp y4acCHUKIB YCKIQJHIOE MAHIMYISIIl 3 ONIOKYEHHOM, OCKIIbKM HE MOXKHA
nepenoaunTH, XTo Oye nepesipstu 0oku. Lle poOuTh Mepexy CTIHKINIO 10 aTak, TAKUX K aTaKd
«51%», KO 37I0BMUCHUKH MOXYTb KOHTPOJIFOBATH OLIBIIICTD MOTY>KHOCTEH Mepexi.

3aBIsSKH BUMAAKOBOMY BHOOpPY YYaCHHUKIB JUIsl Badijamii el METoa He Ja€ 3MOTH BEIUKHUM
KOMIaHisiM a00 MaifHIHTOBUM ITyJIaM OTPUMATH 3aHAJTO BEJIHKHI KOHTPOJIb HaJ Mepexero. Koxen
YYaCHHUK Ma€ PiBHI MIaHCH OyTH BUOpaHUM JJIs IEPEBIpKHU OJIOKIB, 110 JoToMarae 30epiraTv MpuH-
LIUIH PIBHOCTI Ta CIIPABEAJIUBOCTI B MEPEXI.

3aBIsAKH IIbOMY METOAY OJIOKYEHH-CHCTEMH MOXKYTh OyTH OUTbII MacmITaOOBaHUMH, Oe3red-
HUMH 1 €(DEKTUBHUMH, IO BiJIKPUBAE HOBI MOMKJIMBOCTI IIJIs 1X BUKOPUCTAHHS B Pi3HOMaHITHUX

cthepax.
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MOBILE EDUCATIONAL PLATFORMS AS ATOOL FOR DEVELOPING
STUDENTS' INDEPENDENT LEARNING ACTIVITY

The modernization of higher education is inextricably linked with the processes of digitalization and the integration of
innovative learning technologies. Mobile educational platforms, accessible through smartphones and tablets, are becoming a
powerful tool for transforming the educational process, shifting the focus from traditional classroom teaching to independent
cognitive activity. This article explores the didactic potential of mobile platforms for developing students’ academic autonomy,
self-organization skills, and ability to manage their own educational trajectory. The analysis covers the key characteristics of
mobile learning, such as accessibility, flexibility, personalization, and interactivity, which directly contribute to the formation of
self-regulated learning skills. The psychological and pedagogical aspects of the influence of mobile technologies on motivation
and cognitive activity are considered. Potential risks and limitations of the digital educational environment are also identified,
including the problem of digital inequality, information overload, and the need for developing digital literacy. The conclusions
emphasize the strategic importance of integrating mobile technologies into the higher education system to prepare competitive
specialists capable of continuous self-education in a rapidly changing world.

An important condition for the effective use of mobile educational platforms is pedagogical support and
methodological guidance. In particular, the role of the teacher changes: they act not only as a source of knowledge but
also as a mentor in the digital learning environment. Such interaction promotes the development of students 'responsibility,
self-control, and self-education skills. However, there are certain challenges — technical limitations, insufficient digital
literacy among teachers, and the need to protect users’ personal data. Despite these difficulties, mobile educational
platforms are an important tool for developing students’ independent learning activities, as they combine accessibility,
interactivity, and personalization of the educational process. Their effective implementation requires adequate digital
infrastructure, teacher training, and methodological support.

Key words: mobile learning, educational platforms, independent learning activity, self-education, digitalization of
education, cognitive activity.

O.M.I'VMEH, C.O0. CTAPIKOB
HamionanpHui TeXHIYHAN YHIBEpCUTET YKpaiHu
«KniBchkuii moniTexHIYHUH IHCTUTYT iMeHi Iropst Cikopcbkoro»

MOBIJIBHI OCBITHI IVIAT®OPMMU SAK IHCTPYMEHT PO3BUTKY
CAMOCTIAHOI HABYAJILHOI JISIIBHOCTI CTYAEHTIB

Mooeprizayis 6uwoi oceimu Hepo3PUSHO NOS'I3aHA 3 NPoYecamu YuPposizayii ma 6NpPoBaONCeHHs. IHHOBAYIIHUX
mexHonoziu Haguarntus. Mobinbui ocgimui naameopmu, 0OCmynHi uepe3 cCMapmgory ma naAaHwemu, CMarms RONYHCHUM
iHCmpyMeHmom mpancgopmayii Ha8uANLHO20 NPOYeCy, NEPEHOCAYU AKYEHM i3 MPAOUYIIHO20 aYOUMOPHO20 HABYAHHSA HA
CamMoCmitiHy Ni3HA8aANbHY OLLIbHICMb. Y cmammi 00CHiOANCYEMbC OUOAKMUYHULL NOMEHYIAL MOOLTbHUX Naam@opm 0s
PO36UMKY AKAOEMIYHOI A8MOHOMHOCTI CIYOeHmMi8, HABUYOK CAMOOP2AHI3ayii ma 6MiHHA Kepysamu 81ACHOI OCEIMHbOI
mpaexkmopiero. [poananizosano K406l Xapakmepucmurku MOOLIbHO20 HAGUAHHS, MAKI SIK OOCHYNHICMb, 2HYYKICIb, nep-
COHanizayis ma iHMepaKmueHicms, 5Ki 6€3N0CepeOHbo CNpUsioms OPMYBAHHIO HABUUOK CAMOPE2YIbOBAHO20 HABUAHHSL.
Posensinymo ncuxono2o-nedazo2iuni acnekmu 6niusy MOOLIbHUX MEXHON02I HA MOMUBAYII0 MA Ni3HABAIbHY AKMUSHICMb.
Busnaueno nomenyitini pusuxu ma oomedcenHs yupposozo 0CeIMHb020 cepedosuiyd, ceped sSKUX — npooiema yu@posoi
HepigHocmi, iHGhopmayitine nepesanmadiceHts ma HeobXioHiCmb po38UMKY Yugdposoi epamomuocmi. ¥ sucnoskax niokpec-
JIeHO cmpameziune 3HAYeHHs iHmeepayii MOOLIbHUX MEXHONO02I 6 cucmemy euujoi oceimu 0jis Ni020MOBKU KOHKYPEHIMO-
CIPOMOJNCHUX (DaxXiByis, 30amHUX 00 6e3NePepeHOcO CAMOPOIBUMKY 8 YMOBAX UUBUOKOMIHIUBO2O CBINY.

Basicnusumu ymosamu eghpexmurnozo suxopucmansi MOOLIbHUX OCGIMHIX niamgopm € nedazoiuna niompumka ma
MemoouuHe 3a0e3neyents. 30kpema, poib BUKIA0AUA 3MIHIOEMbCA: 6IH GUCTTYNAE He Juuie 0XCepelom 3HAHb, d Ul HACmAaeg-
HUKOM Y yupposomy nHaguaiviomy cepedosuwyi. Taxka 83aemModisi Cnpusic po3gumKy y ChyoeHmie i0nogioaibHOCmi, camo-
KOHMPOJII0 Ma HA8UHOK camoocsimu. [Ipome iCHytOmb NegHi GUKIUKU. MEXHIUHI 00MeNCeHH s, HeOOCMamHIll PiseHb Yu@dposor
2PAMOMHOCII BUKAAOAYI8, A MAKOXC NOMpeda y 3aXUCmi NepcoHAIbHUX OaHuX Kopucmyeauis. Hessaswcarouu Ha ckiao-
HICMb, MODUIbHI OCEIMHI NAAMPOPMU € BANCTUSUM THCTNPYMEHMOM PO3GUMKY CAMOCMIUHOL HABYAILHOL OISLIbHOCII Chy-
Oenmis, adaice OHIU NOEOHYIOMb OOCIYNHICIb, IHMEPAKMUSHICIb | NePCOHANizayiio oceimubo20 npoyecy. Ix egpexmusne
6NPOBADICEHHSL NOMPEOYE HANEHCHOT Yudposol inppacmpykmypu, nid20moeKu GUKIA0AYLE | MemoOUHHOL NIOMPUMKU.

Knrwouosi cnosa: mobinvne naguanms, oceimui niamgopmu, camocmitlia HABYANbHA OiSIbHICIb, CAMOOC8Ima,
yugposizayis oceimii, Ni3HABAILHA AKMUBHICTND.
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Problem Statement

The contemporary paradigm of higher education is undergoing a fundamental transformation
driven by globalization, technological progress, and the transition to an information society. The key
task of a modern university is not only to transfer a set of knowledge but also to form a competent,
mobile specialist capable of continuous self-education and rapid adaptation to changing conditions.
In this context, the development of students’ independent learning activity (SLA) becomes a priority,
as it is the foundation for lifelong learning.

The rapid spread of mobile devices and wireless technologies has created unique opportunities
for the educational sector. Mobile learning (m-learning), defined as learning across multiple contexts
through social and content interactions using personal electronic devices [1], is becoming an integral
part of the educational process. Mobile educational platforms, as specialized software environments,
aggregate educational content, communication tools, and progress tracking systems, making them a
powerful didactic tool.

The relevance of this study is determined by the contradiction between the high didactic poten-
tial of mobile platforms and the insufficiently developed methodological foundations for their use
specifically for the development of SLA. While numerous studies have focused on the technical
aspects of m-learning, the psychological, pedagogical, and didactic dimensions of its impact on stu-
dent autonomy require a more systematic analysis. The purpose of this article is to theoretically sub-
stantiate and analyze the role of mobile educational platforms as a tool for developing the skills of
independent learning activity among students of higher education institutions.

The proliferation of mobile technologies has created what can be termed as «ubiquitous learn-
ing environments» — educational spaces that extend beyond physical classrooms and scheduled ses-
sions. This constant availability of learning resources fundamentally changes the nature of knowledge
acquisition, making it more personalized and student-driven. However, this technological advance-
ment also raises important questions about how to effectively harness these tools to foster genuine
learning autonomy rather than simply providing convenient access to information.

Another crucial aspect worth examining is the generational dimension of mobile learning.
Today’s students belong to the generation of «digital natives» who have grown up in an environment
saturated with digital technologies. This creates both opportunities and challenges — while students
are technically proficient with mobile devices, they often lack the metacognitive skills necessary
for effective self-regulated learning. The integration of mobile platforms must therefore address not
only technological adaptation but also the development of critical thinking and learning management
skills. Furthermore, the current global context of education, characterized by the mass transition to
mixed and distance learning formats, has particularly highlighted the importance of mobile technolo-
gies. The COVID-19 pandemic served as a powerful catalyst for digital transformation in education,
demonstrating both the advantages and limitations of various digital learning tools. This experience
has underscored the need to develop robust methodological frameworks for using mobile platforms
that can maintain educational quality regardless of external circumstances. It is also important to con-
sider the socio-cultural aspects of implementing mobile learning. Different educational systems and
cultural environments may require adapted approaches to integrating mobile technologies. The effec-
tiveness of mobile platforms may vary depending on institutional policies, available infrastructure,
and the digital literacy levels of both students and teachers. Understanding these contextual factors is
essential for developing successful implementation strategies.

The research also addresses the need to balance technological innovation with pedagogical
effectiveness. While mobile platforms offer numerous advanced features, their educational value ulti-
mately depends on how well they support learning objectives and promote meaningful engagement.
This requires careful design of learning activities that leverage the unique capabilities of mobile
devices while maintaining alignment with curriculum goals and educational standards.
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Analysis of Recent Studies and Publications

The scholarly investigation into mobile learning (m-learning) demonstrates a clear evolution
in focus: from foundational definitions to advanced pedagogical applications. Early research laid
the groundwork by characterizing m-learning as the delivery of educational content through porta-
ble devices, highly differentiated from traditional e-learning by its emphasis on context-awareness
and mobility. J. Traxler, for instance, highlighted the situational and personalized nature of mobile
learning [2], while Kukulska-Hulme et al. [3] comprehensively detailed its growth across Europe.
The defining criterion established by Sharples et al. remains crucial: m-learning is learning across
multiple contexts facilitated by personal electronic devices.

Subsequent studies confirmed the didactic value of mobile platforms in higher education. Sys-
tematic reviews [4] demonstrated a positive correlation between m-learning integration and improved
student outcomes and engagement, especially when activities are strategically designed. Similarly,
Opyelere et al. provided empirical evidence through the development and evaluation of mobile appli-
cations, confirming their efficacy in fostering learning mastery. A significant theoretical development
is the concept of «ubiquitous learning environments» [5]. This framework suggests that the perma-
nent accessibility enabled by mobile devices fundamentally shifts the pedagogical landscape, pro-
moting continuous, personalized knowledge acquisition. Despite the confirmed technical potential,
a persistent gap in the literature concerns the methodological integration of mobile tools specifically
for developing Self-Regulated Learning (SRL) skills. While mobile platforms structurally support the
phases of SRL — forethought, performance, and self-reflection — there is an insufficient body of work
detailing how to leverage these tools to develop genuine student autonomy and metacognitive skills.
This body of research underscores the necessity of moving beyond technical description to establish
robust pedagogical frameworks that actively consider the psychological and didactic dimensions of
mobile technology’s impact on student self-management [6].

In summary, current literature acknowledges the technological readiness and general effective-
ness of m-learning, setting the stage for this study to specifically investigate the under-explored rela-
tionship between mobile educational platforms and the systematic development of students' inde-
pendent learning activity.

Purpose of the Research

The overarching purpose of this article is to theoretically substantiate the strategic value of
mobile educational platforms and to analytically define their role in systematically developing the
independent learning activity (SLA) and self-regulation skills among students in higher education
institutions. This research seeks to delineate the core concepts of m-learning and SLA, establishing
a clear theoretical framework for their interconnectedness within the context of digital transforma-
tion. Furthermore, a central objective is to examine the psychological and pedagogical mechanisms
by which mobile platforms support the cyclical phases of self-regulated learning, focusing on how
integrated features can enhance student autonomy in accordance with established theories [6]. The
study also endeavors to evaluate the impact of platform-embedded motivational tools on satisfying
students' basic needs for competence and relatedness, while concurrently identifying the critical risks
and challenges associated with m-learning integration, thereby proposing evidence-based methodo-
logical solutions for their effective mitigation. Ultimately, this work aims to formulate clear, practical
recommendations for educators and administrators regarding the optimal design and implementation
of mobile-supported learning activities that genuinely promote lifelong learning competencies.

Presentation of the Main Research Material
The effectiveness of independent learning activity is directly dependent on the level of devel-
opment of self-regulation skills. According to the theory of self-regulated learning SRL [6], this pro-
cess involves active, cyclical self-management of one’s cognitive, metacognitive, and motivational
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resources to achieve learning goals. Mobile platforms structurally support all phases of this cycle:
forethought, performance, and self-reflection.

During the forethought phase, students can use planners and calendars integrated into platforms to
set learning goals and plan their activities. The flexibility of m-learning allows them to independently
determine the time, place, and pace of studying the material, which fosters responsibility for the learning
process. For instance, a student can review a video lecture on the way to university or complete an inter-
active task during a break, effectively using fragmented time. The performance phase is supported by
interactive content (quizzes, simulations, drag-and-drop tasks) that provides immediate feedback. This
allows students to monitor their level of understanding in real-time and adjust their actions without wait-
ing for the teacher's assessment. Notification systems and reminders help maintain focus and prevent
procrastination. The self-reflection phase is facilitated by built-in analytics tools. Digital gradebooks,
progress graphs, and competency maps provide students with clear, visual data on their achievements
and gaps. This transforms assessment from a formal event into a tool for self-analysis and planning of
further steps for improvement. The success of independent learning activity is largely determined by
the level of internal motivation. Mobile learning environments have significant potential to enhance
motivational components based on the principles of gamification, personalization, and social construc-
tivism. From the perspective of the self-determination theory [7], motivation flourishes when three basic
psychological needs are satisfied: autonomy, competence, and relatedness. Mobile platforms directly
address needs such as autonomy, competence, relatedness.

Autonomy. Students are given a choice — which topic to study first, which additional materials
to use (video, text, podcast), in what sequence to complete tasks. This sense of control increases
engagement and personal responsibility for the results.

Competence. The tiered structure of content («unlocking» new levels after mastering previous
ones), systems of badges, points, and progress visualizations create a clear sense of growth and mas-
tery. Immediate feedback reinforces the belief in one's own abilities.

Relatedness. Integrated forums, chats, and tools for collaborative work on projects (e.g., shared
documents or whiteboards) create an educational community. Feeling part of a group, the ability to
discuss, ask for help, and share successes satisfies the need for social connection, making independent
learning less isolated.

Despite the significant potential, the integration of mobile platforms into educational process for
developing SLA is associated with a number of challenges and risks that require pedagogical control
and mitigation.

Digital divide and inequality. Not all students have access to modern mobile devices and stable
high-speed internet. As J. Traxler warns [2], mobile learning might «accentuate the digital divide»,
particularly affecting disadvantaged groups. Socio-economic inequality can translate into educational
inequality, where some students are deprived of the opportunity to fully engage in the digital educa-
tional environment.

Information overload and distraction. The constant flow of notifications from messengers,
social networks, and other apps creates a high cognitive load and scatters attention. The «clip» think-
ing, formed in the digital environment, can hinder the development of skills for deep, concentrated
work with complex text material.

Low level of digital and self-regulation literacy. Effective work with a mobile platform requires
a set of skills: filtering information, critically evaluating sources, managing digital identity, and, most
importantly, self-discipline [5]. Without these skills, a student may get lost in the abundance of con-
tent or use the device for non-educational purposes during study sessions.

Conclusions
Mobile learning presents «significant potential for transforming education» [4]. Thus, mobile
platforms act as an external scaffold that structures the independent activity of students, gradually
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forming their internal capacity for self-regulation and self-management. Examples of the influence on
the development of students’ independence are as follows: mobile platforms develop self-organization
and time management skills; students gain the ability to plan their own educational trajectory; there is
an increased motivation for lifelong learning due to 24/7 accessibility; digital literacy and the ability
to work with various content formats (videos, interactive materials, tests) are enhanced. The future
development should follow the path described by Kukulska-Hulme et al. [3], combining «the best
features of campus and digital education» in blended learning models. Gamification elements, such as
leaderboards, achievement badges, and «missionsy, trigger positive emotions and a desire to achieve
more, turning the learning process into an intellectually stimulating challenge. As demonstrated in the
S. Oyelere’s study [8], «well-designed mobile applications significantly enhance student engagement
and learning outcomes» through interactive features. Furthermore, the multimedia nature of content
(videos, interactive images, audio lectures) caters to different cognitive styles, making learning more
engaging and accessible for students with different perceptual preferences. At the same time, the
implementation of mobile learning should be systematic, accompanied by measures to develop digital
culture, provide technical support, and carefully plan the pedagogical design of courses.
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10.0. 'VHYEHKO, B.I. MEIIIEPAKOB, A.JI. PAUMHCBKA

Opnechbkuii HanioHanbHUK yHiBepcuteT imMeHi I.I. Meunukosa

C.b. IIPUXOAbKO

HamionansHuil yHiBepcuTeT KopabneOymyBaHHS iMeHi aaMipana MakapoBa

PETPECIVMHI MOJEJII JIJISI PAHHBOT'O OIIHIOBAHHS KIJIBKOCTI PAJIKIB
KOAY PI3BHUX BUITYCKIB 3ACTOCYHKIB I3 BIIKPUTUM KOJOM

Ipobrema pantbo2o oyiHI0OBAHHS KITbKOCMI PAOKIE KOOY PIHUX 6UNYCKIE NPOSPAMHUX 3ACTOCYHKIG 13 8IOKPUMUM
KOOOM € 8AdCIUBON0, OCKLIbKU Ye De3n0cepeoHbo GNIUBAE HA NPOSHO3YBAHHS 3YCUNbL 3 IX PO3POOIEeHHS ma nooaibuol
mooughirayii. Q6 €kmom OOCHIOHNCEHHS € NPOYeC PAHHLO2O OYIHIOBAHHA KIIbKOCMI PAOKI6 KOOY PI3HUX 8UNYCKI6 Npo-
2PAMHUX 3ACMOCYHKIB i3 8I0Kpumum kooom. Ilpeomemom 0ocniodicents € peepeciini mooeni 0 paHHbO20 OYiHIOB8AHHS
KinbKoCcmi psioKie K00y Pi3HUX GUNYCKIE NPOSPAMHUX 3ACTNOCYHKIG i3 8IOKPUMUM KOOOM.

Memoio pobomu € no6y006a 00HOGAKMOPHUX HENIHIUHUX pecpeciiHux Mooenell OJisl PAHHbO20 OYIHIOBAHHS KLIbKO-
cmi psiOKi@ KOOy PIZHUX UNYCKI8 NPOSPAMHUX 3ACMOCYHKIG I3 GIOKPUMUM KOOOM.

Y pobomi nobyoosano 06i neninitini peepecivini mooeni 0iisl panHbo20 OYIHIOBAHHS KIILKOCHI PAOKIE KOOY DIi3HUX
BUNYCKIB NPOSPAMHUX 3ACMOCYHKIS 13 8BIOKPUMUM KOOOM 3AlleHCHO 8I0 KinbKkocmi kaacis. [lepuia moodens 0ae 3mo2y 8UKO-
HYy8amu OYiHIOBAHHS KITbKOCMI PAOKI8 KOOy Nepuioco 8UnycKy NpoepamHux 3acmocyHKi6 i3 6IOKpumum Ko0om, a opyea
MOO€eb — OCIMAHHLO20 X UNYCKY. 3asnaueni mooeni nobyo008ano 3a 080Ma HAbOpamu Oanux iz 080X mempux iz 40 npo-
2PAMHUX 3ACMOCYHKIG I3 GIOKPUMUM KOOOM: KIIbKICIb CIMPOK KOOy Mda KibKICMb KIACI8 O/ NEputozo ma 0CMAaHHb020
BUNYCKIG BIONOGIOHUX 3aCcMOCYHKIS. 32i0H0 3 Kpumepiem Mapdia, po3nooin yux 0808UMIPHUX OAHUX 8iOXUNIABCS IO HOP-
MATbHO20, MOMY 071 NePeGIPKU HAABHOCHI UKUOIE Y YUX HAOOpPax OaHux Oy10 3ACMOCOBAHO 8IONOGIOHUL MemOoO HA
ocHosi keadpamy siocmani Maxananobica 0 HOpManizo8anux Oanux. /[na Hopmanizayii 0anux 6y10 UKOPUCTNAHO HOD-
Manizyroue nepemeopenHs y ueiadi 0ecamrosoeo rocapu@dmy. 32iono 3 kpumepiem Mapoia, po3noodin HOpmanizo8anHux
Oanux He 8i0XUnA6cs 8io Hopmanvrozo. Oyinku napamempie OMpUManHux mMooenel 3HAUdeHO 3a MEMOOOM HAUMEHUIUX
Kkeéaopamis. Axicmob noOy008aHux mooeneil nepesipeHo 3a mpboma GI0OMUMU NOKAZHUKAMU. KOepIYIcHmMom demepmina-
yii' R?, cepednvoro senuuunoio 6ionocroi nomurku MMRE ma éiocomxom npoznozoeanux pesynomamié PRED, ons saxux
senuyunu 8i0HocHOi nomunku merwi 3a 0,25, PRED (0,25). Ompumani 3HaueHHs 8KA3AHUX NOKA3HUKIE AKOCMI C8i0Yamb
npo 3a008iNbHY AKICMb 080X NOOYO0BAHUX HENTHIUHUX pecpeciliHux Mooelell.

Kntrouosi cnosa: pezpeciiina mooens, oyiHIO8aHHSA, PAOKU KOOY, 3ACMOCYHOK i3 GIOKpUMUM KOOOM, KIAC, HOPMAi-
3yI0ue nepemeopenns, kpumepii Mapaia, euxud, iocmanv Maxananobica, mecmosa cmamucmuxd.

Y.O. GUNCHENKO, V.I. MESCHERYAKOYV, A.L. RACHINSKA
Odesa I.I. Mechnikov National University

S.B. PRYKHODKO
Admiral Makarov National University of Shipbuilding

REGRESSION MODELS FOR EARLY ESTIMATING THE NUMBER OF LINES
OF CODE OF VARIOUS RELEASES OF OPEN-SOURCE APPLICATIONS

The problem of early estimating the number of lines of code of various releases of open-source applications is
important because it directly affects the forecasting of efforts for their development and subsequent modification. The
object of the study is the process of early estimating the number of lines of code of various releases of open-source
applications. The subject of the study is the regression models for early estimating the number of lines of code of various
releases of open-source applications.

The goal of the work is to build some regression models with one factor for early estimating the number of lines of
code of various releases of open-source applications.

In the work, we built two nonlinear regression models for early estimating the number of lines of code of various
releases of open-source applications depending on the number of classes. The first model allows for estimating the num-
ber of lines of code of the first release of open-source applications, and the second model allows for estimating the number
of lines of code of the last release of open-source applications. These models were built on two datasets of two metrics
from 40 open-source applications: the number of lines of code and the number of classes for the first and last releases
of the respective applications. According to the Mardia criterion, the distribution of these two-dimensional data devi-
ated from the Gaussian. Therefore, to check for outliers in these data sets, an appropriate method based on the squared
Mahalanobis distance for normalized data was applied. A normalizing transformation in the form of a decimal logarithm
was used to normalize the data. According to the Mardia criterion, the distribution of the normalized data did not deviate
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from normal. The parameter estimates of the obtained models were found by the method of least squares. The quality of
the constructed models was checked by three known indicators: the coefficient of determination R? the mean magnitude
of relative error MMRE, and the percentage of prediction PRED, for which the relative error values are less than 0.25,
PRED(0.25). The obtained values of the specified quality indicators indicate a satisfactory quality of the two constructed
nonlinear regression models.

Key words: regression model, estimation, lines of code, open-source application, class, normalizing transforma-
tion, Mardia criterion, outlier, Mahalanobis distance, test statistic.

ITocTanoBka nmpoodsieMu

CporofiHi po3po0JIEHHIO Ta BJOCKOHAJIEHHIO MPOTPAMHHUX 3aCTOCYHKIB 13 BIAKPUTHM KOIOM
NPUIUIAIOTE yce Oinbiie yBaru [1; 2], ToMy 3aBIaHHS paHHBOTO OI[IHIOBAaHHS KUTBKOCTI PSIJIKIB KOTY
PI3HUX BUIYCKIB (peii3iB) MPOrpaMHMX 3aCTOCYHKIB 13 BIIKPUTHUM KOJIOM € BaXKJTMBUM, OCKUIBKH 11€
6e3rnocepeIHbO BIUIMBAE HA MPOTHO3YBAHHS 3yCHIIb 3 iX po3po0sIeHHs Ta NOAANBIIOT MOIU(IKaIii.

Xoua s paHHBOTO OIIHIOBAHHS KIJTBKOCTI CTPOK KOIy MPOTPAMHHUX 3aCTOCYHKIB yikKe OyIo
3aMpONOHOBAHO BEIMKY KUTBKICTh PI3HOMaHITHUX MaTeMaTHYHUX MOJIEJICH, y TOMY YHCII 1 perpecii-
HUX, aJie BOHU NPU LIbOMY HE J]af0Th 3MOT'H BPAXOBYBATH BUITYCK 3aCTOCYHKY: MEpIINi a00 OCTaHHIMH.
A 5K cB11uaTh JOCHIJKEHHS [3; 4], pi3HI IporpamMHi METPUKHU, BKIIIOYAIOUU 1 KIJIBKICTb PSIIKIB KOAY
(LOC), 3anexars 1 Big BUITYCKy 3acTOCYHKY. [1[o moTpeOye moOynoBu MaTeMaTHYHUX MOZACIICH IJIs
OLIIHIOBAaHHS KUIBKOCTI CTPOK KOy Pi3HUX BUIYCKIB IIPOrPAMHMX 3aCTOCYHKIB 13 BITKPHUTUM KOJIOM.

AHaJIi3 0CTaHHIX J0CJIIKeHb Ta MyOaiKamii

He3Baxaroun Ha iCHyBaHHS IOCTaTHHO BEJIMKOI KIJTBKOCTI METOJIB Ta MOJEINIEH I PaHHBOTO
OLIIHIOBaHHS KUIBKOCTI CTPOK KOy MMPOTrPaMHUX 3aCTOCYHKIB 13 BIIKPUTUM KOJIOM, IT1ABUILIEHHS TOY-
HOCTI OLIIHIOBaHHS 3aJIUIIA€THCS aKTyallbHUM 3aBIaHHsAM [5; 6]. [Ipu upomy ams BiIMOBIAHOTO OIIi-
HIOBAaHHSI BUKOPUCTOBYIOTh PI3HOMAaHITHI MiJAXOAH, SIKi, SIK NMPaBHIIO, 0a3yIOThCS HA METPUKAX, IO
MOXKYTb OyTH BU3HA4YEHI JJ0 KOJAYBaHHS 13 3aCTOCYBaHHSIM a00 KOHIENTyaIbHOT MO/IeNi faHux [7] abo
Jiarpam BapiaHTiB BUKopucTanHs [8; 9], abo kiacis [9; 10].

He3Bakaroum Ha MUPOKE 3aCTOCYBAaHHS CHOTOAHI MAamIMHHOTO HaB4aHHA [11; 12], meToam sk
niniHOTO [13; 14], Tak 1 HemiHiiHOTO perpeciitHoro anamzy [8; 10] TpoAOBKYIOTh BUKOPUCTOBY-
BaTUCS /ISl PAHHBOT'O OL[IHIOBaHHS KUIBKOCTI CTPOK KOy NMPOrpPaMHHMX 3aCTOCYHKIB, Y TOMY YHCII
1 3 BIDKPUTHM KOZOM. AJie iCHYI0Y1 MOJIeNi He BPaXOBYIOTh BIUIMB BHITYCKY (pei3y) 3aCTOCYHKY Ha
pe3yJIbTaTH PaHHBOTO OIIHIOBAHHS MOTO PO3MIpY, X04a Ha TAaKWi BIUIUB YKa3al0Th JaHi, K1 HaBEJCH1
B pobotax [3; 4]. Tomy BHUHUKae OTpeda y CTBOPEHHI MaTeMaTHYHUX MOJIEJIEH, Y TOMY YHUCII perpe-
CIHMX, JUISI pAHHBOTO OI[IHFOBAHHS KUTBKOCTI PAJIKIB KOy PI3HUX BUITYCKiB MPOTPaMHUX 3aCTOCYH-
KiB 13 BIAKPUTHUM KOJIOM.

VYpaxoByrouu Ha Te, 1[I0 OCHOBHUM (aKTOPOM y OUIBIIOCTI ICHYIOUHUX MOZENEe 1 paHHBOIO
OIIHIOBAHHS PO3MIPY MPOTPAMHHX 3aCTOCYHKIB € KiJTBKICTh KJIACiB, TO 1 TOOYIOBY BiIIOBITHHX
Mozenel y 1iid poOOTi MU 3A1IHCHIOEMO 3aJIeKHO BiJ 3a3Ha4eHOi MeTpuku. OKpiM TOTrO, 100 mij-
TBEPJIUTH BIUIUB BHUIIYCKY 3aCTOCYHKY Ha pe3yJbTaTH PaHHBOIO OLIHIOBAHHSA HOTO po3Mmipy, MU
CTBOPIOEMO JIB1 perpeciiiHi MoJei AJis MEePUIOoro Ta OCTAHHHOTO BUITYCKIB IPOIPAMHUX 3aCTOCYH-
KiB 13 BIZKPUTHM KOJIOM.

Merta gocaiaKeHHs

MeToro mociiKeHHs € mo0yoBa IBOX HEIHIMHUX perpeciiHuX MOAeNeH AT PAaHHBOTO OIli-
HIOBAaHHS KUIBKOCTI PAJIKIB KOAY IEPILIOTo Ta OCTAHHBOTO BUIYCKIB MPOrpaMHMX 3aCTOCYHKIB 13 BiJ-
KPUTHUM KOJIOM.

O0’€eKTOM JOCIIHKEHHS € MPOLIEC PAHHBOTO OI[IHIOBAHHS KIJIBKOCTI PSIIKIB KOy PI3HUX BHITYC-
KiB IPOTPaAMHHUX 3aCTOCYHKIB 13 BIIKPUTUM KojioM. [IpenmeTom mociiKeHHs € perpeciitHi Moerni
JUISL PAHHBOT'O OLIIHIOBAHHS KUTBKOCTI1 PSAAKIB KOAY PI3HUX BUITYCKIB IPOrPaMHUX 3aCTOCYHKIB 13 BiJ-
KPUTHUM KOJIOM.
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JI1s1 MOCSTHEHHSI OCTABJICHOI METH HEOOX1THO BUPIIIUTH TaKi 3aBJIaHHS

1. [ToOyyBatu AB1 perpeciitHi Mojieni /Ui paHHbOT'O OLIHIOBAaHHS KIJIBKOCTI PSIJIKIB KOJTy PI3HUX
BHUITYCKiB IMPOTPAMHHX 3aCTOCYHKIB 13 BIIKPUTHUM KOJIOM.

2. IlepeBipuTH SKICTh TOOYTOBAaHUX PETPECIHHUX MOJEIICH 11 PAHHBOTO OIIHIOBAHHS KUJIBKO-
CT1 PS/IKIB KOy Pi3HUX BHUITYCKIB IPOTPAMHHUX 3aCTOCYHKIB 13 BIKPUTUM KOJIOM.

BuxkJiag 0ocHOBHOTo Marepiajy J0CaiKeHHS

Criouarky Oys10 371ficHeHO BHOIp ABOX HA0OOpPIB 1aHUX 13 IBOX METPUK 13 40 MporpaMHMX 3aCTO-
CYHKIB 13 BIIKPUTUM KOJIOM: KLIBKICTh CTPOK KOy Y Ta KUIBKICTh KJ1aciB X, JUIsl EPIIOro Ta OCTaH-
HBOT'O BUITYCKiB BIJITOBITHUX 3aCTOCYHKIB MU B3sUIW JIaHi 3 po6oTu [4]. 3a3HaueH1 [BOBUMIpHI JaH1
Oyiu nepeBipeHi Ha HasBHICTh BUKH/IIB.

3riHo 3 KpuTepieM Mapaia, po3MOAUIM UX JBOBHUMIPHUX JaHUX ISl TBOX HAOOpPIB JaHUX
BIIXUJISIIOTHCS BiJl HOPMAJIBHOTO: 3HAUYEHHS JBOBUMIPHUX aCUMETpIi Ta eKCIECy MePEBUILYIOTh 3Ha-
YEeHHsI BIIOBIIHUX TECTOBHUX CTAaTUCTHK. ToMy, siK 1 B po0oTi [ 10], mist mepeBipku HAsIBHOCT1 BUKH/IIB
y IMX Habopax HEerayCiBChbKMX JaHUX OyJ0 3aCTOCOBAHO BIJMOBIIHUNM METOJ HAa OCHOBI KBajpary
BiJicTaHi MaxananoOica /uisi HopMalli3oBaHUX JaHuX. st HopMastizalii JaHuX M0 KOKHIN 3MIHHIN
OyJ10 BUKOPUCTAHO TIEPETBOPEHHS Y BUIIIAI I€CATKOBOTO JIOTapu(pMy

Z,=1gY; Z,=1gX,. (1)

Xoua niepetBopeHHs (1) € OTHOBUMIPHUMH, iX 3aCTOCYBaHHS /10 BKa3aHUX JTBOBUMIPHHX JTaHUX
MPU3BOJUTH J0 NMPUHHATHUX PE3yJIbTaTiB. 3TiAHO 3 KpuTepieM Mapia, po3moia HOpMaTi30BaHUX
JAaHUX HE BIAXWISIETHCS Bl HOPMAJILHOTO: 3HAUYEHHS IBOBUMIPHHIX aCUMETPii Ta eKCIIeCy MEHIIIEe 3Ha-
YCeHb BIJIIOBIIHUX TECTOBHX CTATHCTHK. 32 METOJIOM BU3HAUCHHS BHKUJIIB y OaraToBUMIpHHX Hera-
YCIBCBKHUX JIAaHMX Ha OCHOBI KBaJipary BijicTaHi MaxanaHoOica s HOpMaIi30BaHUX JIaHUX Y 3a3Ha-
YeHHX JIBOX Ha0Opax JaHWX BHKUIM BIJCYTHI, TOMY IO JIUISl KOXKHOI TOYKH HOPMATi30BaHUX JaHUX
KBaJpaTH BijcTadl MaxaiaHno0icy MeHIIe 32 KBaHTWJIb PO3MoiTy Xi-KBajpart, 1o aopisHioe 10,60,
1t 2 ctyneHiB cBoooau Ta 0,005 piBHS 3HAYUMOCTI.

Hani qia BkazaHUX JBOX HaOOpiB JaHMX i3 [4] couarky Oysno moOynoBaHO B JIiHINWHI perpe-
ciiiHi Mozeni. Jyist uX JiHIHHUX perpeciiHuX MOoeNiel 3’ ICyBajocs, 0 PO3MOIiT BiIXUICHHS 3Ha-
YEeHb 3aJICKHOI BUIAIKOBOI BeIMUMHU Y BIJ JIiHIT perpecii He € HopMalbHUM. Lle cBiTUuTh Mpo Bij-
CYTHICTb TEOPETHYHOTO OOIPYHTYBaHHS MOXJIMBOCTI BUKOPHCTAHHS JIHIHHOI perpeciiiHoi mMoaeni
JUTSl BKa3aHUX HAOOPIB JaHUX, 110 MPU3BOIUTH 0 HEOOXITHOCTI MOOYIOBH HEIIHIHHOI perpeciitnol
mozemi. st 11 ctBopeHHs, sk 1 B po6oTi [10], MU BUKOpHUCTATH METO/, SIKHii 0a3yeThcs Ha HOpMaTi-
3yIOYUX NEPETBOPEHHX Ta BU3HAYEHH] HASBHOCTI BUKHIIB Y perpeciiini mozneni. [y moOynoBu ABOX
HEJHIMHUX PEeTPeCciiHuX Mojeiel MU 3acTocoByBaiu reperBopeHHs (1). Toal HemiHilHI perpeciiiHi
MoJIeJli MOXKYTh OyTH IpeCcTaBieH] y GpopMi

Y =100 X}, (2)

Jie b, Ta b — OIL[IHKM TIapaMeTpiB IiHiitHOT perpeciiinoi Moxeni Z, =b, +b,Z, +¢, oliHkK b, Ta b, BU3Ha-
Jaucs 3a METOIOM HallMEHIIMX KBajapariB. [Ipydomy 3MiHHA &, sIKa OMUCYE BIAXUICHHS 3aJ71€KHOI
BUMAJKOBOT BEIMUYMHU Z, BiJ JiHIii perpecii, moBUHHA OyTH BHUITaIKOBOIO BEITUYHHOIO 3 PO3IMOIITIOM
laycy, e~ N (0, Gﬁ). HynboBa rinore3a npo HOpMajibHICTh PO3MOALTY € JJIS IBOX MOJENIEH MepeBi-
psinacs 3a kputepieM Ilipcona. Llg rimore3a He Moxe OyTH BiaxuiieHa i piBHA 3HauymocTi 0,05.
Ouinku mapaMeTpiB ABOX Mojeneil Buy (2), ski moOyaoBaHi 3a BKa3aHUMH JBOMa HaOOpaMu JaHUX,
HaBeneHo B Ta0n. 1. Tyt monmens 1 — e HemiHiiiHA perpeciiiHa MOAETH U PaHHBOTO OIIHIOBAHHS
KUTBKOCTI PSAKIB KOy TEPIIOrO BUITYCKY MPOTPAMHUX 3aCTOCYHKIB 13 BIAKPUTHUM KOJIOM, & MOJIEIh
2 — 1e HeqiHilHA perpeciiiHa MOJIeNb JJIsi PAHHBOT'O OL[IHIOBAHHS KIJIBKOCTI PSAAKIB KOy OCTaHHBOTO
BUITYCKY MPOTPaMHUX 3aCTOCYHKIB 13 BIAKPUTHM KOJOM. Y Ta0i. | Tako Ha/llaHO 3HAYEHHS OLIIHOK
CepeHbO KBAIPATUYHOTO BIXWIICHHS G, BUIAJKOBOI BEINYUHU & .
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Tabmuis 1
OI11iHKY TTapaMeTpiB Ta MOKa3HUKU SKOCTI MoJesei
Moers b, by 5, R2 MMRE | PRED(0,25)
Mopens 1 1,57907 1,05496 0,11133 0,9706 0,2043 0,6452
Monens 2 1,72886 1,00937 0,08556 0,9510 0,1623 0,8333

VY mporieci moOyn0BY 3a3HaYEHUX HETIHIMHUX perpeciiHux Monesei, sk i B podori [10], Buss-
JIEHO BUKHJIH, K1 3yMOBJIEHO BUXOAOM MEBHUX TOUOK JJAHUX 3a IHTEpBaJ IPOrHO3YBaHHS B1IMOBIA-
HO1 HemiHiiHOT perpecii. s moaem 1 Oyno BusiBneHo 9 BUKUAIB, a A Moaeni 2 — 10 BUKHIIB.

SkicTh IBOX MOOYJOBaHUX HENIHIMHHUX perpeciiHux mojenei Buay (2) Oyno mepeBipeHo 3a
KoedimieHToM aeTepMiHarii R? cepemHbOl0 BEIMYMHOI BimHOCHOT mommiku MMRE Ta Bijaco-
TKOM IPOTHO30BAaHUX pe3ynbTaTiB PRED, nis sSIKUX BEIMYUHM BIITHOCHOI MOMMJIKM MeHi 3a (0,25,
PRED(0,25). 1li mOKa3HUKH, K MPABHIIO, 3aCTOCOBYIOTHCS JJISl MEPEBIPKU SKOCTI MPOrHO3YBAaHHS
3a JIOTIOMOTOI0 perpeciiiHux mojeneit. Y tabn. 1 HaBelneHO 3HaYeHHS X TPbOX MOKA3HUKIB SIKOCT1
JIBOX MTOOYTOBaHUX HEJIIHIMHUX perpeciiHuX Moaesnei Bumy (2).

3HavyeHHs MMOKA3HUKIB AKOCTI 3 Ta0n. 1 cBi4aTh mpo 3a0BUIBHY SIKICTH JBOX MOOYJOBAHUX HEJIi-
HIIHUX perpeciiHux moaeneit Buay (2). Benuki 3HauenHs R2 yka3yroTs Ha Te, 1110 OUIBIIICTh 3HaYEHb Y
3HAaXOIUThLCs OLIst JTiHil perpecii. 3a3Buyaii skio MMRE <0,25 ta PRED(0,25)>0,75, TO 1€ BBAKAETHCA
MPUHHATHOIO TOYHICTIO MPOTHO3YBAHHS 32 JIOMIOMOTO0 pETpeCciiHUX Mozienel. A ik MU Oaunmo 3 Taoi. 1,
nutre Uit Mozienti 1 3HadeHHs ofHoro nokasauka sikocti PRED(0,25) MeHie 3a MiHIMaIbHO TIPUIAHATHE
BChOro Ha 14%. 3Ha4eHHs BCIX IHIIMX MOKA3HHKIB SIKOCTI BKa3ylOTh HA MPUHHATHY TOYHICTIO OLIIHIO-
BaHH KUTBKOCTI CTPOK KOy 32 MOOY0BaHUMH HENIHIMHUMU perpeciiHuMu MOJEIIMH BULLY (2).

Jani tabn. 1 yka3yroTh Ha Kpally sIKiCTb MOJIe1 2 HOPIBHAHO 3 MOJEIUIIO 1 mepenycim 3a mokas-
HukoM PRED(0,25). e, Ha Hamry qTyMKY, MOXKHA TIOSICHUTH O17BIN CTaIMMH JAHUMU JIJIT OCTaHHIX
BUITYCKIB YJOCKOHAJICHUX 3aCTOCYHKIB 13 BITKPHUTHUM KOJIOM.

Jlo nepeBar 1BOX MOOyJOBaHUX HENIHIMHUX perpeciiHux mozaesneil Buay (2) ciij BiIHECTH Te,
1110 BOHU JJaI0Th 3MOT'Y 3/J1I{CHIOBATH paHHE OL[IHIOBaHHS KUIBKOCTI PSAAKIB KOAY HEPIIOro Ta OCTaH-
HBOTO BUITYCKIB IPOTrPaMHUX 3aCTOCYHKIB 13 BIAKPUTHUM KOJIOM Ha BiIMiHY BiJl ICHYIOUHMX MOAI0HMX
MoJIeNiel, sIKi HEe BPaxXOBYIOTh BiJAMOBIJHUI BUIYCK 3aCTOCYHKY. Jlo HEmOMIKIB JBOX MOOYIOBaHUX
HENHIMHUX perpeciiHux Mozenei Buay (2) MoXKHA BiTHECTH Te, IO, MO-TepIlie, BOHU € OMHO(AKTOP-
HUMH, a MO-JpyTe, Ui IX TOOYyI0BU BUKOPUCTOBYBAJIMCS J1Ba HAO00opH gaHuXx juiie mo 40 TOYOK KOXK-
HUN. X0o4a KITBKICTh KJIACIB, SIK MPABUJIO, € OCHOBHUM (DaKkTOpoM, 10 Mae HAHOUIBIINKA BIUIMB Ha
KUTBKICTh CTPOK KOJIY, ajie BpaXyBaHHS J10JaTKOBUX (aKkTOpiB (HapUKIIaA, KUTBKOCTI METO/IIB) MOXeE
MIJIBUIIATA TOYHICTH OI[IHIOBAHHS KITBKOCTI CTPOK KOmy. [JIo 0oOMekeHb NBOX MOOYJOBaHUX HEi-
HIMHUX perpeciiHuX Mojenei Bumy (2) ciin BigHecTy Taki. [To-mepime, mi Momeni moOymaoBaHi Jist
3aCTOCYHKIB 13 BIIKpUTUM KozoM. [lo-npyre, i Mmozeni 1 KUIBKICTh KJIACiB 3HAXOIUTHCS y MeKax
Bix 5 10 3697, a nns mozeni 2 — y Mexax Bin 8 10 4397.

VY nopanpiomy, Ha HalTy JyMKY, Il HEJIOJIIKK Ta 0OMEKEHHS MOXKYTh OyTH BUITPaBJICHI 3a paxy-
HOK 100Oy/1I0BM HOBHX MOJIEJIe Ha OCHOBI OUTBIIOT KUTBKOCTI IaHUX AJISl PI3HUX 3aCTOCYHKIB, Y TOMY
YHCIIl HE JINIIE 3 BITKPUTUM KOJIOM, & i IPOMHUCIIOBUX.

BucHoBku

VYrnockoHaneHo aBi onHO(AKTOPHI HEMiHINHI perpeciiiHi MOAemi sl paHHBOTO OIIHIOBAHHS
KUTBKOCTI PSAJIKIB KOy TIPOTPAMHMX 3aCTOCYHKIB 13 BIIKPUTHM KOJIOM 3aJI€KHO BiJl KITLKOCTI KJIaCiB
Ha OCHOBI HOpMai3auii 3a JeCATKOBUM JIOTapu(pMOM ABOX HAOOPIB JaHMX IS MEPIIOrO Ta OCTaH-
HBOTO BUITYCKIB BIAMOBIAHUX 3aCTOCYHKIB. L[i MOzieIi MOpiBHSAHO 3 ICHYIOUUMH PETPECItHUMU MOJIe-
JISIMU J1al0Th 3MOTY 3/I1IHCHIOBATH PAHHE OI[IHIOBAHHS KITBKOCTI PSJIKIB KOy MEPILIOTO Ta OCTAHHBOTO
BUITYCKIB NMPOrPAaMHHX 3aCTOCYHKIB 13 BIIKPUTHUM KOJIOM.
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[Tim yac BM3HA4YCHHS HASBHOCTI JBOBUMIPHHUX BUKHJIIB Y JaHUX TpeOa BpaxOBYBaTH, YM HE
BIIXMIIIE€THCSL 0araTOBUMIPHUN PO3MOALIT JaHUX BiJ] HOPMAIBHOTO. Y pa3i BIIXWICHHS TBOBUMIp-
HOTO PO3MOAUTY JaHUX BiJ HOPMAJIBHOTO /Ui BU3HAYEHHS HAsSBHOCTI BUKUIB y IUX JTAHUX MOXHA
3aCTOCYBaTH METOJ Ha OCHOBI KBajpaTy BiacTaHi MaxamaHoOica il HOpMaTi30BaHUX JTaHUX Ha
OCHOBI 0araToOBUMIpHOTO HOpMaJIi3ytodoro neperBopenns. I1ix yac moOynoBu HeniHIHHOI perpeciii-
HOT MOJIeJI CJIiJI ypaxoByBaTHU HasIBHICTh BIAMOBIJHUX BUKUIIB, K BU3HAYAIOTHCS LUISIXOM BUXOAY
TOUYKH JIaHUX 32 IHTEePBaJ MPOTHO3YBaHHS HEMHINHOT perpecii.

VY nopaneiioMy miiaHyeThes moOyj0Ba HETIHIHHUX perpeciiHux Mojelneil Ui paHHBOTO OLIHIO-
BaHHS KUJIBKOCTI PSIIKIB KOy PI3HUX BUITYCKIB IPOrPAMHUX 3aCTOCYHKIB 32 OUTBIIOO KIIBKICTIO JAHUX
JUIS PI3HOMaHITHHUX 3aCTOCYHKIB, Y TOMY YHKCIIl HE TUIBKH 3 BIAKPUTUM KOJIOM, a i MPOMHCTIOBHUX.
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YIK 681.518.5:621.311.243

T.0. ZEPKAYEHKO, O.B. [I0JIUBOJA, A.O. JTEPKAYEHKO

XepCcoHChKHUI HaIllOHAJILHUHN TEXHIYHUN YHIBEPCUTET

PO3POBJIEHHA KOMIIJIEKCHOI MATEMATUYHOI MOJEJI CUCTEMHA
IMPOCTOPOBOI'O MO3UHIOHYBAHHA COHAYHOI'O TPEKEPA
SAAK MEXAHI3MY MAPAJIEJIbHOI CTPYKTYPHU

Y cmammi npeocmasneno pesynomamu 0ocniodcenns, cnpamMo8ano20 HA NIOGUWEHH MOYHOCMI ma eghexmug-
Hocmi cucmem giocmedicenns nonoxcennss Conys 3a paxyHox po3poonenns KOMNIeKCHOT Mamemamuinoi mooeni mexa-
HI3MY COMAYHO20 mpeKepad AK CUCMeEMU NPOCHOPOBO2O NO3UYIOHYEAHHS 3 08OMA CMYNEHAMU C80000u. AKmyanbHicme
pobomu 3ymMosiiena 3p0CmaloyuMu UMO2amu 00 ephekmueHOCmi QomoeneKmpuuHux yYCmanoeok, 0e Hagims HeGenuKi
noxubxu opicnmayii naneneti npu3eo0AMs 00 CYMMEGUX eHepeemUyHUX ympam. 3anpononoeano mooeib, AKd Ha 6i0-
MIHY 810 MpaouyitiHuX CnpouieHux nioxoo0ie ypaxosye peaibHy KIHeMamuKy Mexanizmy, 6KI04aryu 3MiujeHHs ocell ooep-
MauHa, 1omu y WapHipax, 6i0CmaHi Mixc yeHmpamu 0b6epmants, npyxcHi oegpopmayii KoHCmpyKyii ma acumempiio
macu naueni. Ha ocnogi ananimuunux pieHans npsamux i 360pOMHUX KiHeMAMUYHUX Nepemeopersb noby0oeano mame-
MAMUYHY MOOeb, KA ONUCYE B3AEMO38 30K MIJNC KEPYIOUUMU KYMAMU NpUo0ie ma OPIEHMAyicro nauneni y mpugumip-
Homy npocmopi. [{ns komnencayii 2eoMmempuyHux i KOHCMPYKMUSHUX NOXUOOK pO3pobIeHO MOOYNb KOpeKyii, wo peanizye
osocmynenesuil nioxio. 2eoMempuiHy KOMReHcayilo (VpaxyeamHs smiujeHns ocetl) i QyHKyioHanvhy adanmayito (Kopu-
2YB8AHHS NAPAMempi6 HA OCHOBI eKCNEPUMEHMAIbHO20 Kaniopyeanns). [Ipoepamna peanizayis mooeni oae 3mo2y po3pa-
X08y8amu KOMHEHCOBAHI KYMU 8 PearbHOMY HacCl, BUKOPUCTOBYIOYU YUCENbHI MemOoOU 360pOMHOI KIHeMAMUKY, 30Kpemd
memoo Hviomona — Paghcona. Ilposedene moodenosants nokasano, wo 3anponoHo8anull nioxio sabesneuye cmaoiivHy
opienmayitiny moynicmo 0o +0,2°, wo niosuwyc egpexmuenicmo 300py conaunoi enepeii na 3—5% nopisnano 3 muno-
sumu cucmemamu 6e3 komnencayii. Ompumani pe3yiomamu niOMEEPOHCYIOMb OOYLIbHICIb IHMe2payii aHanimuyHo2o
ma ceHcopro2o nioxooig y cOury ibpuony cucmemy cmexicents. 3anponoHosana Mooenb moxce 6ymu GUKOPUCIAHA K
meopemuyHa ma nPaKmudHa OCHO8a OISl CMBOPEHHS IHMENEeKMYAIbHUX MPeKepis HO8020 NOKONIHHS 3 (PYHKYIAMU CAMO-
Kaniopysanus, adanmayii 00 KOHCIMPYKMUBHUX 3MIH | KOpeKyii nOXuboK y npoyeci eKkCniyamayii, o € 8adciusuM KpoKom
V PO3BUMKY A6IMOHOMHUX eHep2oedeKMUEHUX CUCTNEM KePYSaHHS COHAUHUMU NAHETAMU.

Knrwouoei cnosa: consunuii mpexep, Mexanizm napaieibHoi CmpyKmypu, Mamemamuyna Mooeisb, Kepy8aHHsl PYXoMm,
NIAHYBAHHA MPAEKMOPIL, 360pOMHA 3a0a4d KiHeMAmuKu, Npama 3a0a4d KiHeMamuKu, Mooylb KOpeKyii, opieHmayis
naweii, enepeoehexmusHicme.

T.0. DERKACHENKO, O.V. POLYVODA, A.O. DERKACHENKO

Kherson National Technical University

DEVELOPMENT OF A COMPLEX MATHEMATICAL MODEL
OF THE SOLAR TRACKER SPATIAL POSITIONING SYSTEM
AS A PARALLEL STRUCTURE MECHANISM

The paper presents the results of a study aimed at improving the accuracy and efficiency of solar tracking systems
through the development of a complex mathematical model of a solar tracker mechanism as a spatial positioning system
with two degrees of freedom. The relevance of this work is determined by the increasing requirements for the efficiency
of photovoltaic installations, where even minor orientation errors cause significant energy losses. Unlike traditional
simplified approaches, the proposed model considers the real kinematic behavior of the mechanism, including the dis-
placement of rotation axes, backlash in joints, distances between rotation centers, elastic deformations of structural ele-
ments, and asymmetry of the panel mass. Based on analytical equations of direct and inverse kinematics, a mathematical
model has been developed that describes the relationship between the control angles of the actuators and the spatial
orientation of the panel. To compensate for geometric and structural errors, a correction module has been designed
implementing a two-level approach: geometric compensation (considering the displacement of the axes) and functional
adaptation (adjusting parameters based on experimental calibration). The model has been implemented as a computa-
tional algorithm capable of real-time correction using the Newton—Raphson method for inverse kinematics. Simulation
results confirmed that the proposed approach provides a stable orientation accuracy of up to +0.2° improving energy
collection efficiency by 3—5% compared to standard systems without compensation. The developed method demonstrates
adaptability to mechanical deviations and environmental variations, ensuring long-term precision tracking. The obtained
results can be used to design hybrid tracking systems that combine analytical modeling and sensor feedback, as well as
to create intelligent next-generation solar trackers capable of self-calibration and real-time correction of mechanical and
operational deviations. The proposed mathematical and algorithmic framework forms a foundation for developing highly
efficient, adaptive, and reliable solar tracking mechanisms for autonomous photovoltaic systems.

Key words: solar tracker, parallel structure mechanisms, mathematical model, motion control, trajectory planning,
inverse kinematics problem, forward kinematics problem, correction module, panel orientation, energy efficiency.
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IHocTanoBka npodiaemMu

CyuacHi TEXHOJIOTIi BIJHOBIIOBAHOT €HEPreTHKH AKTHBHO PO3BUBAIOTHCS B HANpPSAMI IiJBH-
IeHHs €(DEeKTUBHOCTI BUKOPUCTAHHS COHIYHOTO BUMpOMiHIOBaHHS [1]. OMHUM 13 KITIOYOBHX YMHHU-
KiB, IO BIUTUBAIOTh HA €()EKTUBHICTH (POTOCIEKTPUYHUX CUCTEM, € TIPABUIIbHA OPIEHTAllisl COHIUYHUX
naHenei BigHocHO nonokeHHs CoHus. [l IbOTO 3aCTOCOBYIOTBCS CUCTEMH CTeXeHHs 3a CoHlleM
(COHSIUHI TPEKEPH ), K1 aBTOMATHYHO 3MIHIOIOTH TIPOCTOPOBE MOJIOKEHHS MaHeseH, 3a0e3MeTyroun iX
NEPIEeHAUKYISPHICTD 10 COHIYHUX MPOMEHIB YIponoBx JIHs [2]. [IpoTe GibIIicTh ICHYIOUUX MiIX0-
1B 0a3yeThest a00 HAa CIIPOIICHUX aHATITUIHUX MOJIEIISIX, [0 HE BPaXOBYIOTh KIHEMATHKY PealbHOTO
MeXaHi3My, a00 Ha EMIIIPUYHUX AIITOPUTMAX, TOYHICTh IKUX 3HWKYETHCS 31 3MIHHM 30BHIIIHIX YMOB,
10 CIIPUYMHSE PO3OIKHICTD MIXK TEOPETUUHUM 1 (PAKTUYHUM MOJIOKEHHSAM IaHeNl Ta 3HUKYE e]ek-
THUBHICTh HAKOTIMUEHHS eHeprii [3].

ToMy axkTyanbHUMH € 3aBIAHHS PO3POOJIEHHS KOMIUIEKCHOT MaTeMaTUYyHOI MOJIel MeXaHi3My
COHSYHOTO TpeKepa, siKa BiIoOpaXkae MPOCTOPOBY T'€OMETPII0 MPUBOY, & TAKOK CTBOPEHHS MOIYIIS
KOPEKIIii, 0 3a0e3Mevuy€e yTOYHEHHS OpIEHTAIlll CHCTEMH Ha OCHOBI TTOTOYHUX MapaMeTPiB Ta BUMi-
proBaHb. [ToeHaHHS IIUX IBOX KOMIIOHEHTIB 1aCTh 3MOTY HE JIMIIIE OMHCATH PyX €IEMEHTIB CUCTEMH,
a ¥ 3a0e3MeunTH aJanTHBHE BIOCKOHATICHHS TOYHOCTI HaBEJCHHS TaHEeTI.

AHAaJIi3 0CTAHHIX J0CTIIKeHb i myOsikauii

Omsag iICHYIOUMX METOJIIB MOKa3ye, 10 Cy4acHI CUCTEMH BiJICTEKEHHS 32 MPUHIIUIIOM POOOTH
CUCTEMH MOAUIAIOTHCS Ha MAaCHBHI Ta akTUBHI. [lacuBHI Tpekepu Mpalio0Th 6€3 30BHIIIHBOTO JKE-
pena eHeprii, BUKOPUCTOBYIOUHU TEPMOT1paBIiuHi epekTH a00 3MiHy 00’ €My poO0U0i piAHMHH ITi]T A1€0
COHS'YHOTO HarpiBaHHs. Taki CUCTEMH MarOTh MPOCTY KOHCTPYKIIIO, HE MOTPEOYIOTh €IEKTPOHIKU
Ta TPUIATHI JIJIs1 HEBEJIMKUX aBTOHOMHHUX YCTaHOBOK, ITPOTE 1X TOYHICTH OOMEXeHa 1 3aJIeKUTh BiJ
TEMIEpaTypHUX YMOB [4]. AKTHBHI TpeKepU BUKOPUCTOBYIOTH €IEKTPUYHI 200 TipaBIidHi MPUBOAH,
CEHCOPH TOJIOKEHHS Ta MIKPOKOHTPOJIEPH, IO JIa€ 3MOTY JIOCSATATH BHCOKOI TOYHOCTI Opi€HTAIlii
HEe3aJIe)KHO BiJI MOTOAHUX YMOB [4]. 3a KIJIBKICTIO CTYTEHIB CBOOOM aKTUBHI CUCTEMH MOIIISIOTHCS
Ha OJIHOOCHOBI (3MiHA TIOJIOKEHHS 32 A3UMYTOM) Ta JABOOCHOBI (3MiHA 332 a3UMYTOM 1 BUCOTOI0). /[BO-
OCBOBI TpeKepH 3a0e3IeuyroTh HaWBUINy €(EeKTHBHICTh HAKOTIMYEHHS E€HEprii, ajie BiA3HAYarOThCs
CKJIQJTHIIIIOK0 MEXaHIKO0, O1JIBIIIO0 BAPTICTIO Ta MiABUIIICHUM €HEPTOCIOKUBAHHIM TTPUBO/IIB.

VY cyyacHUX cUCTeMax yHpaBIiHHA MOJIOKEHHSIM MaHeNel BUKOPUCTOBYETHCS KiJIbKa OCHOBHHUX
THITIB aJITOPUTMIB: aCTPOHOMIYHI, CCHCOPHI, TIOPU/IHI Ta aITOPUTMH ONTHUMI3AIlii 3a MMOTYXHICTIO [5; 6].

ACTpPOHOMIYHI aJlrOPUTMH 3aCHOBaHI Ha MareMaTHMYHUX Monensx pyxy CoHus (Hampukiaf,
SPA — Solar Position Algorithm) Ta BpaxoBytoTh reorpagiui KOOpIUHATH, ATy, Yac, HaXWiI 3eMHOT
oci Ta 3a6€31e4yI0Th TEOPETUYHO TOUHE BU3HAYEHHS a3UMYTY i KyTa migiiomy Conus. IxHbor10 nepe-
Barolo € He3aJIeXKHICTh BiJ] CEHCOPIB OCBITJICHHS, MPOTE€ BOHU HE BPAXOBYIOTh JIOKAJIbHI MEPEIIKOIN
(HampuKJaa, XMapHicTh a00 TIHBOBI 30HM), @ TAKOXK BUMAraroTh TOYHOTO HAJAIITYBaHHS TOAMHHUKA
ta GPS-xoopauHar.

CeHCOopHI alTOPUTMH BHKOPUCTOBYIOTH (otompuiimadi (LDR, doromiogun abo ¢ororpansu-
CTOpH), SIKI BUMIPIOIOTh IHTEHCHUBHICTH CBITJIA B Pi3HUX HanpsiMKax. [IopiBHSHHS CUTHATIB Ja€ 3MOTY
BH3HAUYUTH HAIIPSIMOK HaWO1IBIIIOI OCBITJIEHOCTI Ta BIIMOBIIHO TOBEPHYTH NaHemb. Lleit meTo npo-
CTHH y peamizalii, He MOTpedye CKIaAHUX OOUMCIICHb, aJie 3aJIeKUTh BiJl CTaHy CEHCOPIB, iX po3Ta-
LIyBaHHS Ta MOTOJHUX YMOB.

['OpuaHI aNTOPUTMHU MOETHYIOTH OOHMIBA TIIX0AHU: Oa30BY OPIEHTAIIIIO 3/IIHCHIOIOTH 3a acTPO-
HOMIYHUMH PO3paxyHKaMH, a CEHCOPU BUKOPHCTOBYIOTHCS JUIS MEPIOAMYHOT KOPEKIlii MOJ0KEHHS.
Takwuit miaxig 3a06e3nedye BUCOKY TOYHICTh, CTAOUIBHICT Ta aallTUBHICTh CUCTEMH HABIThH 32 3MiH-
HO1 XMapHOCTI.

AnroputMu ontumizaiii 3a noTyxHicTio (MPPT) BUKOPHCTOBYIOTBCS Y TO€THAHHI 3 TPEKEPAMU
JUISL T ITPUMaHHS MaKCUMaJIbHOT MOTY>KHOCTI (POTOEIEKTPHUUHOTO MOJTYJISL, IO AA€ 3MOTY aJJaliTUBHO
peryioBaTi poOOTy 1HBEpPTOpa Ta KYyT HaXWJIy MaHeNl Il TOCATHEHHS MKOBOT TPOAYKTUBHOCTI.
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TakuM 4MHOM, OIJISAJ ICHYFOUMX METOJIB MOKA3ye, 0 Cy4acHI CUCTEMHU CTEKEHHS 0a3ylOThCs
Ha MO€HAHHI TOYHUX MaTeMaTUYHUX MOZEJEH 1 CEHCOPHOTO KOHTPOJIIO, IO Ja€ 3MOTy €(heKTUBHO
BUKOPHUCTOBYBaTH COHSIYHY €HEpPIil0 BIIPOJOBXK YChOTO IHS, MIJBUILYIOUM KOE(ILIEHT KOPUCHOTO
BukopucrtanHs eHeprii Ha 20—40% mopiBHAHO 31 cTallOHApHUMU ycTaHOBKaMmu. [IpoTe mpu Bciii
CBOil €pEeKTUBHOCTI OLIBIICTh TAKUX CHCTEM PO3paxoBaHi Ha i7ieai3oBaHi yYMOBH (DYHKI[IOHYBaHHS,
JIe MEXaHI3M yBa)Ka€ThCs 17eaIbHUM — 0e3 Jo(TIB, 13 TOUHUMHU OCSIMU OOEpTaHHS, CUMETPUYHUM
LEHTPOM Mac 1 6€3 KOHCTPYKTUBHHUX CIIOTBOPEHb.

Merta nocaizkeHHS

Mertoro [0CHIKEHHS € MiIBULIIEHHS TOYHOCTI Ta €()eKTUBHOCTI CUCTEM CTEXKEHHS 3a I0JIO0-
#eHHAM COHI IIJIIXOM pO3po0IeHHS KOMIUIEKCHOI MaTeMaTHYHOI MOJIEIN JIBOXOChOBOTO MEXaHI3My
COHSIYHOTO TpEeKepa Ta MOAYJIS KOpEeKIii KyTiB, sIKI BpaXOBYIOTh pealibHl KOHCTPYKTHUBHI HETOYHOCTI,
Mo TH, 3MILLEHHA Ocell 1 HEHTPY Mac, 00’ €IHAHUX y €IUHUIA aJrOPUTM aHAIITUYHOTO Ta IPOrpam-
HOTO BIATBOPEHHS MPOLIECY CTEKEHHS 3 METOIO ONTUMI3aIlil 300py COHSIUHOI eHeprii.

s nocsArHeHHsI MOCTaBJIEHOT METH MOTPIOHO BUPIIIUTH Taki 3aBAAaHHS: MOOyIyBaTH aHalli-
TUYHY MOJIENIb OPIEHTALlI] COHSIYHOTO TpeKepa 3 ypaxyBaHHSAM a3UMYTaJbHOTO Ta BUCOTHOTO KYTIB
CoHust; po3poOUTH KIHEMAaTUYHY MOJIETh MEXaHI3My 3 IBOMAa CTYIICHSIMHU CBOOOIH, SIKa OIUCYE TPO-
CTOPOBE TOJIOKEHHSI pOO0YOi TOBEPXHI; CTBOPUTH AJTOPUTMIYHHI MOMYJIb KOPEKIIii, [0 Ha OCHOBI
BIIXWJICHHS MK TEOPETUYHHMM 1 BUMIPSHUM IOJIOKEHHSM BUKOHYE YTOUHEHHS KyTiB KEpyBaHHS;
IHTETpyBaTH 3a3HaYCHHI KOMIIOHEHTH y €IMHY CUCTEMY MOJICIIIOBAHHS JIJIsl OI[IHFOBAHHS TOYHOCTI Ta
ITiIBUIICHHS €(pEKTUBHOCTI BiJCJTIIKOBYBaHHSI.

BupiienHs noctaBieHrX 3aBAaHb Ja€ 3MOry c(hopMyBaTH YHIBEpPCAIbHY OCHOBY JIJIsl HOOY0BU
BHUCOKOTOYHHMX CHCTEM COHSYHOTO BiJICIIIKOBYBAaHHS, 3aTHUX aJallTUBHO KOPUTYBAaTH OPI€HTAIIIO
MEXaHI13MYy BIJIITOBIJIHO JI0 PeaIbHUX YMOB POOOTH.

Buxiaa ocHOBHOT0 MaTepiaJry 10CTiIKeHHS

Jlns1 3a0e3neueH s TOYHOTO OPIEHTYBAaHHS COHSYHOI IaHes1 y HanpsiMky COHIIsE He0O0X1THO MaTH
HE JIMIIE aJTOPUTM OOUYMCIICHHSI HOTO KOOPJIMHAT, a i MaTeMaTHYHy MOJIENIb MEXaHi3My, SKa OIHCY€
reOMETPUYHY Ta KIHEeMaTHYHY B3a€MOIII0 MIX NPUBOJaMH Ta pyxoM uiardopmu. Taka momens gae
3MOT'y BpaxOBYBaTH peajibHI KOHCTPYKTHMBHI MapaMeTpu TpeKepa: po3TalllyBaHHS OCEH, JOBKHHU
Ba)KEJIB, 3MILIICHHA IEHTPiB 00epTaHHS TOIIO.

Po3riisitHeMO COHSTUHUI TpeKep, IO CKIIAAAETHCS 3 ABOX CEPBOJBUTYHIB, SIKi 320€31€UYIOTh JTBO-
0ChOBE MO3UlIOHYBaHHA (3D-Mozens MexaHi3My 3 MMO3HAUEHUMHU TOYKAMH Ta OCSIMH HaBEIEHO Ha
puc. 1): mepmmii nBuryH (Bich O,) BIANOBIZA€ 3a a3UMYTaJIbHUN MOBOPOT MaHell HABKOJIO BEPTH-
KalbHOT Oci (pyX 31 CXOAY Ha 3axifn); APYTui ABUTYH (Bick O,) BIJMOBIAA€ 32 HAXUI MO BUCOTI (pyX
y IUTONIMHI TIBHIY — TIBJICHB).

a) 0)
Puc. 1. 3D-mones1b MexaHi3My COHSIYMHOIO TPeKepa: a) MOJIOKEHHS eJIeMeHTIB MeXaHi3My B IOYATKOBOMY CTaHi;
0) 1moJ10:KeHHsI eJIeMeHTIB MeXaHi3My B npoueci pyxy
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Oco0nuBICTIO KOHCTPYKIIIT € Te, 110 0Cl 00epTaHHs MEPIIOro 1 APYroro JBUTYHIB HE MEPETH-
HAIOThCS B OJHIM TouIli, TOOTO MeXaHi3M Ma€ JiBa pi3Hi LHEHTpH oOepTaHHsA. Biactanb Mik muMu
[EHTpaMH To3HauuMo uepe3 L. Lle 3milmeHHs CyTTEBO BIUIMBA€E HA KIHEMATHUKy PyXy, TOMY HOTO
HEOOX1THO BpaxOBYBaTH IIiJ] YaC PO3PaXyHKIiB KyTiB Opi€HTAIl].

[TonoxeHHsT COHSYHOT MaHeNl y MPOCTOPi MOXHA OMMCATH BEKTOPOM 7, SIKUU 3a7a€ KOOPAM-
HATH I[EHTPA TUIONIMHHE TTaHeNi B TI00abHii cucTemi koopauHar (X,Y,Z). Pyx cHCTeMH OITUCY€ThCs
MOCJIIIOBHICTIO BOX 00epTaHb: HAaBKOJO BEPTUKAIBHOI Oci O, Ha KyT o (a3UMyTaJbHHH KyT) Ta
HAaBKOJIO TOPU30HTAIBHOI Oci O, HAa KYT B (KyT migiioMmy abo Haxui).

3arajyioM BEKTOP TOJIOKEHHSI ITiCIIs MTOBIMHOTO 0OEpTaHHS BU3HAYAETHCS MATPUIHUM JJOOYTKOM:

3arajoM BEeKTOp MOJIOKEHHSI TICIIs OBIMHOr0 00epTaHHs BU3HAYA€ThCS MATPUYHUM JJOOYTKOM:

r=R.(a)-R,(B) 7, (1)
e 1, — TOYaTKOBHMI BEKTOP HOPMaJi JI0 MaHei (HanpuKIaa, y HanpsaMKy oci Z), R (o) — marpuiis
obepTaHHs HaBKOIO oci Z, R, (B) — marpuis obepTaHHs HaBKOJIO oci Y.
YV KaHOHIYHOMY BHIJISI/II MAaTPHUIll 00epTaHb MAlOTh BUTIISI:

cosa —sino 0 cosp 0 sinf
R (a)=|sina cosa 0|, R (B)=| 0 1 0 |. )
0 0 1 —sinff 0 cosf

TakuM YUHOM, HAIPSIMOK HOPMAJi 0 TUIONIMHHU TaHeNi B OyIb-IKHii MOMEHT Yacy BH3Haua-
€THCSI TOOYTKOM:

n:RZ(a)'Ry(B)'HOB (3)
ne n, =[0,0,1]" — HOpMaJTh Y TIOYaTKOBOMY ITOJIO’KEHHI.

OpnHak Taka MOJIEINb € CHPOIICHOI, OCKIJIBKH HE BPAaXOBY€E 3MIIMICHHS MK OCSIMH OOEpTaHHS.
Skmo nentpu oceit O, 1 O, po3TalloBaHi Ha BiACTaHl L, TO mijJ yac 00epTaHHs HaBKOJIO APYroi oci
BiZI0OyBa€ThCA JOAATKOBE 3MIIIEHHS LIEHTPa MaHeN i, 10 BIUIMBAE HA KIHEMAaTHYH1 3aJIeKHOCTI.

[Io6 ypaxyBaTu 1€l epeKT, po3rIsTHEMO BUTIAJ0K, KOJIH JIpyra Bich O, 3MillIeHa BIAHOCHO Tep-
moi O, Ha BekTop L = [Lx,Ly,LZ} . [licast oGepTaHHs HABKOJIO MEPUIOi OC1 MOJOKEHHS LIEHTpPY oci O,
y II00aIbHI cHCTeMi KOOPMHAT BU3HAYAETHCS K

0,=R (a)L. 4)
[Ticns poro BimOyBa€eThCsi 00EpTaHHS HABKOJIO JIOKAJIBLHOT TOPU30HTANIbHOI O0c1 Ha KyT B . Koop-
JIMHATH LIEHTpa MaHeni P BU3HauaroThes 3a (hopMynoro
P=R (a)(R, (B)r, +L), (5)
e r, — IIOTOYHUI (OpiEHTOBAHMIT) BEKTOp HOpMaJll MaHell Bix Apyroi oci O, 10 LEHTpa MaHell.
S0 nmaHenb Mae po3Mipu axb 1 HEHTP TAKIHHS PO3TAllOBaHUM Ha BiAcTaHi ! Bij ocli O,, TO
HaBITh HEBEJIUKE 3MIIIEeHHS L MpU3BOAMTH 0 MOXUOKH Y BU3HAYEHH] PeaIbHOTO HANpsIMKY HOpPMaJIi.
TakuM 9rHOM, JUIS IPABUIIBHOI Opi€HTaLlli MOTPIOHO BpaxoByBaTH HE JIMIIE KyTH o 1 B, a ii reome-
TPItO 3B’ A3KY MI’)K HUMHU.
JI1s KO)KHOTO MOMEHTY 4acy nosioxkeHHs: COHIIsI Ha HeOl BU3HAYA€ThCS Yyepe3 KyT BUCOTH /4 Ta
azuMyTaldbHUN KYT 4, . Tofl ineanbHa HOpMaib 0 MaHEe I MOBUHHA OyTH CIPSMOBAaHA Y BEKTOP
cos hsin A4,
n =n_.,n_.n =|coshcosd, . (6)
sin &
3aBaHHS CHCTEMH IOJISATAE Y TOMY, 1100 OpieHTyBatH (pakTyHy HOpMass n(o,B,L) Makcu-
MaJIbHO OJTU3BKO 710 N, 0 POPMYITIOETHCS SIK MiHIMI3allisi PYHKI[IT TOXUOKH:
E(a.B)=lIn,—n(a,B,L)|, (7)
ne |l-|l — eBKJIiI0Ba HOpMa BEKTOpa.
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[ToGynoBaHa BHILE MOZIENb ONUCY€E NPAMY KIHEMAaTUKy MEXaHi3My, TOOTO BU3HAYA€ MOJI0KEHHS
naHesi y MpocTopi 3a BIJOMUMH KEPYIOUMMH KyTaMu MPUBOAIB. OIHAK Y MPaKTUYHUX CUCTEMaXx CTe-
YKEHHS1 4acTO BUHHKA€ OOEpHEHE 3aBIaHHs: MOTPIOHO, HABITAKH, 3HAWTH TaKi 3HAYEHHS KyTiB IIOBO-
POTY, 3a SKHX IUIOIIMHA NaHesi Oyae TouHO 30pieHToBaHa y HanpsMky Conisl. Lle 3aBnaHHs cTaHo-
BUTH OCHOBY MOJIEJIi 3BOPOTHOI KIHEMAaTUKH, CYTh SIKOI IMOJIATa€ y BU3HAYCHHI KYTiB 0 1 f3, 32 SIKUX
IIJIOIIMHA TTaHesl Oyae cupsiMoBaHa y HanpsamMKy Conts. JIJis i1eanbHOro MexaHizmy (0e3 3MIeHHS)
pilIEHHS Ma€ BUIVISA

x

n, ng .
o =arctan| —= |, B =arctan| —=——|. (8)
n 2 2
s,y .ms’x+ns’y
OpHak 3a HasIBHOCTI peaJIbHOTO 3CyBY Oceill MOTpiOHO J0AAaTH KOMIIEHCAlllHI Y4JeHH, 1110 Bpa-
XOBYIOTb BekTOp L . JIjsi Manmux KyTiB BIXWJICHHS 1€ MOXHA 3allUcaTy y BUIIAL JIHIHHOT alpoKcu-
mari:

=, ©9)
ne k,,k; — koedilleHTH KOMIIEHCallli, BU3HAUEH] €KCIIEPUMEHTAIIbHO a0 B Ipoleci KaniOpyBaHHs,
[ — BiJICTaHb BiJ] IIEHTpa MaHei 10 oci O,.

JUIse TOYHIIIOTO PO3paxyHKy MOKHA BHKOPHUCTAaTH BEKTOPHE DIBHSHHS TOJOKEHHS IMaHEeIl
1 pO3B’s3aTH MOTO BITHOCHO KYTIB o Ta B YHMCEIbHUM METOJIOM, Hampukiag MeronoM HproToHa —
Pacgcona. Take pilieHHs € OCHOBOIO JJIsl IPOTPAMHOTO MOJYJIsl 3BOPOTHOI KIHEMATUKH, SIKUH y peasib-
HOMY 4aci po3paxoBye HEOOXi/IHI KyTH TIOBOPOTY MPHUBOJIIB 32 BiTOMUMH KoopauHaTamu COHIIS.

Sk Oys0 3a3Ha4YeHO MiJ Yac OMKUCY KIHEMaTUYHOI CTPYKTYpU MEXaHI3MY, y pealbHUX KOHCTPYK-
LISIX COHAYHHUX TPEKEPIB OC1 00EepTaHHS HE 3aBXK/IU IEPETUHAIOTHCA B OHIN Toulll. Yepe3 KOHCTPYK-
THUBHI 0COOJIMBOCTI TUTAT(GOPMH JIBA CEPBOJIBUTYHH, SIKi 320€3MEUYIOTh TOBOPOTH 32 a3UMYTOM 1 BHCO-
TOI0, PO3TAIIIOBaHI Ha PI3HUX PIBHAX 1 MAIOTh BJIACHI IEHTPH 0OEpTaHHSI.

VY pesynbTari IIbOr0 HaBITh 3a MPABUJIBHO PO3PAXOBAHUX KYyTIB OpieHTalii (PaKTHUHE IOJIO-
JKEHHSI COHSYHOT TaHel micis obepTaHHs HE 301raeTbest 3 TeOPeTHUHO oOuucieHuM. OKpiM TOTO,
Ha KIHIIEBE MOJOXKEHHsI BIUIMBAIOTh Taki (hakTopu, K JOGTH y 3’€THAHHIX, MPYXKHI Hedopmartii
KpPOHILITEHHIB, aCUMETpPisi MaCH MaHeNl, MOXUOKU JATYMKIB MOJIOKEHHS Ta HETOYHICTh PEAYKTOPIB.
i moxuOKM € HAKOMMYYBaJbHUMH: 332 KOXKHOTO IMKITY TO3WI[IOHYBaHHS BOHH MOXYThH BiIXWJISITH
MaHeNb Ha KUTbKa TPajyciB, 10 TPU3BOIUTH 10 BTpaT 2—5% e(heKTUBHOCTI HAKONIMYCHHSI €HEepTii.

[I10o0 xKoMIIeHCYBaTH I1i BiIXUJICHHS 1 3a0€3MeUnTH CTablIbHY TOYHICTh HABEJCHHS, Y CTPYKTYpi
CHUCTEMH TIepeI0aueHO MOIYJIb MAaTEeMAaTUYHOT KOPEKIlli KyTiB MOBOPOTY, SIKHI peai3ye JBl B3a€MO-
NOB’sA3aH1 (DYHKIII: FeOMETPUUHY KOMIIEHCalilo (ypaXyBaHHsS peajbHOTO 3MILIEHHS OCEH, JOBXHUH
Ba)KENIB 1 BiZICTaHEH MK TOYKaMH KpIMJICHHS MPHBOIB) Ta (YHKIIOHAJIBHY aganTaiiio (KOpHUTy-
BaHHsI TEOPETUYHO PO3PAaXOBAHUX KYTiB Ha OCHOBI ()aKTMUHUX JaHUX CEHCOPIB 200 BUMIPSHUX BiJI-
XWJICHb 1171 Yac KaJiOpyBaHHS).

PosriisitnemMo moOy10By IbOTO MOJTYJISI HA OCHOBI CUCTEMH KOOPAMHAT 13 IIEHTPOM Y TepIIiif oci
obepranHs O,. BincTanb MiX OCSMH IMO3HAYUMO 4epe3 L, a BiACTaHb BiJ Apyroi oci O, 10 IEHTpa
naneni — /. [licnsa obepranHs Ha KyTH o (a3UMyT) Ta B (HaXui1) peajibHe MOJIOKEeHHS 1IEHTpa aHel
Oyze 3MillleHe BiJl 11€aIbHOTO MOJIOKEHHs. 3 YpaxXyBaHHSIM LIbOTO 3MILEHHS OTPUMAEMO CUCTEMY
piBHSHB:

Ly ’
o' =a+k, -—, B'=B+k,-

X =Lcosa +1cosa cos 3,
{ Y = Lsina + Isino cos B, (10)
Z =l1sinf,

ne X,Y,Z — KOOpIWHATH IIEHTpPa MMaHesl B TNI00ANbHINA CUCTeMI KOOPIUHAT.
VY pas3i ineanbHOTO MexaHi3my ( L =0) 111 piBHSHHS CIIPOITYIOTHCS, aJie 32 HEHYJbOBOTO L BUHU-
Kae cuCcTeMaTHyHa MOXUOKa y MPOEKIIii HAa TOPU3OHTANBHY TUTOMIHHY. JIJi YCyHEHHS IIbOTO eeKTy
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BBOJUTHLCS MoauQikoBaHUN HaAOIp KyTiB o’ 1 B', sKi 3a0e3MeuyIoTh MpaBUIbHE HABEICHHS, HABITh
SKILO OC1 HE IEePEeTUHAIOTHCS.

1106 Bu3HAYMTH HEOOXITHY KOPEKIIit0, pO3IIITHEMO 33/1a4y Opi€HTallii TaHe 1 y HapsIMKy OH-
Hu4HOTrO BekTopa Ha CoHue n, =[n,n,,n.] . Ilicas obepraHHs Ha KyTH o i B’ HOpManb 10 maHemi
MaTHM€ BUIJISIA;

cosa'sinf3’
n(o/,B')=|sina’sinp’ |. (11)

cosf’

3aBJaHHs NOJATae y TOMY, 100 3HaWTH Taki o’ 1 B’, 3a IKUX BUKOHY€ETHCS YMOBa
n(a’,p)=n,, (12)

3 ypaxyBaHHSM JIOAATKOBOTO 3CyBYy OcCeil. SIKIIO ocCl po3HECEH] Ha BiICTaHb L, TO MK pEeaIbHUM
1 TEOPETUYHUM HaNpsIMKaMy HOpMaJli BUHUKA€ MOXUOKa ~n , IKy MO)KHA OIHCATH SIK

“n=f(Lap). (13)

BukopucroByroun po3kiaganas y psa Teiiopa 1uist MaiuX BiAXWICHb, OTPUMAEMO HAOIIKEH1
(hopMyIIH KOPEeKITii:

' L .
o' =o+ 7smﬁcosa,
{ (14)

B =p+ %cosBsin(x,

ne o,B — po3paxoBaHi TEOPETHUHI KyTH 3 aCTPOHOMIYHOTO aJlTOPUTMY; o', — CKOPUTOBaH1 KyTH, SIKi
(aKTHYHO MOJAIOTHCSI HA CEPBOABUTYHU; § — 06e3po3MipHUil Koe(illieHT 3MILEHHS, 1II0 XapaKTepH-
3y€ T€OMETPIro MmIaT(opmHu.

I{i piBHSHHSA BpPaxoBYIOTh OCHOBHHM BIUIMB BIJICTaHI MDK OCSIMH Ta 3MIHYy Haxwily MaHei
B pe3yibTari KOMOIHOBAHOTO pyXy. sl TOUHIIIOrO OMUCY CHCTEMa MOXKE OyTH pO3ILIMpEHa Hei-
HIHHIMH YWICHAMH JAPYTOTO MOPSIIKY, SIKi BPaXOBYIOTh MEPEKOCH 32 BEIMKHUX KyTiB HAXWILY, ajie JJis
OLTBIIIOCTI MOOYTOBHUX 1 TAOOPATOPHUX CHCTEM HaBeACHA MOJIENb 3a0€311eUy€ JOCTATHIO TOYHICTb.

Jlns mporpaMHoi peanizallii KOpeKUiHHUN MOIYNb IHTETPyeThCS MK aCTPOHOMIYHUM OJIOKOM
po3paxyHky nonokeHHs Conns (Hampuknan, SPA) 1 G0koM KepyBaHHS CEpBONPHBOAAMH. AJITO-
PUTM HOro poOOTH NOJSrae y MOCiJOBHOMY BUKOHAHHI TaKUX HMPOLELYP:

1. Orpumanns Bin SPA xoopaunar Conist (kyT BUCOTH (h) Ta azumyT (4, )).

2. IlepeTBOpEeHHSI OTpUMAHUX KOOPAWHAT HA TEOPETHYHI KyTH 0O0epTanHs manenm (o, B).

3. BukoHaHHs reOMETPUYHO1T KOPEKIIiil 3TiHO 3 pIBHSHHAM (9).

4. VYpaxyBaHHS JOAAaTKOBUX IONPABOK, OTPUMAHUX MiJ{ 4ac KajaiOpyBaHHs (TaOIMUHUX abo
alPOKCUMOBAHHUX ).

5. Ilepenaya ckopuroBaHux KyTiB (o', B') 10 KOHTpoOJIepa MPUBO/IIB.

J1o1aTKOBO MOy Ib MOXKE BUKOHYBAaTH CAMOKOPEKIIIIO B peabHOMY 4aci, BAKOPUCTOBYIOUH 3BO-
POTHUI 3B’SI30K BiJl CEHCOPIB MOJIOKEHHS MaHeNl (HalpUKIa, TIpOCKOIB ab0 JaTYMKIB HAXHUITY).
SIKo (haKTUYHHIA KyT BiIPI3HAETHCS BiJ PO3PAaXOBAHOTO OiIbIIE HiXK HA JOMYCTUME 3HAYCHHS (&)
, MOIlYJTb aBTOMaTHYHO OOYHCITIOE HOBY mapy (o',B’) 1 Kopurye monoxeHHs. TakiuM YHHOM, CHCTEMa
30epirae BUCOKY TOYHICTh HaBITh 3a 3MIHM MEXaHIYHHX XapaKTEPUCTHK Y TPOIIECi eKCIUTyaTaIlii.

KitouoBuM eTanmoM poOOTH KOPEKIIHHOTO MOAYJIS € KaliOpyBaHHS, K A€ 3MOTY BH3HAYUTH
peanbHi mapaMeTpu MeXaHi3My: BifcTaHb L, pamiyc [, MoYaTKOBE MOJIOKEHHS Ocel 1 AOMyCcTUMI
MEX1 pyXy.

KaniOpyBaHHS NpPOBOAUTHECS €KCIEPUMEHTaNIbHO. [laHenb yCTaHOBIIOETBCS y KOHTPOJIbHE
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TTOJIOKCHHSI (HaIPUKJIAJ, HAMPSMOK Ha MiBAEHb i KyToM 45°), micis 4oro ¢ikcyroTbes (pakTudHi
3HAUEHHS KYTIB CEPBONPUBO/IB 1 MOPIBHIOIOTHCS 3 TEOPETUUHUMH KyTaMH, 110 OOUHCIIOIOTHCS 32
JIOTIOMOT 00 acTpoHOMIYHOT Mojieni. Ha ocHOBI pi3HMLIT (hOpMYy€EThCs TAOIULS KOPEKIIIHUX Koediti-

€HTIB (ka,kﬁ) JUTSI PI3HMX JT1ama30H1B KYyTiB, MCII YOT0 KOPEKIIIHHUN MOIYJIb MOXKE BUKOPUCTOBYBATH
arnpoKCUMOBaHY (DYHKIIIIO KOPEKIIii:

o =+ £, (. B).B =B+ £ (e ), (15)

ae f,»/; — €KCIepUMEHTAIbHO BU3HAYEH1 (PYHKIIT HOXHUOOK, 110 ONKMCYIOTh 1HAMBIAyallbHI 0COOIIH-
BOCT1 KOHKPETHOT'O MEXaHI13MYy.

Puc. 2. 3oBHiHiii Burasa cousunoro tpexkepa KS0530

Jlnist mepeBipku OTpUMaHOi MareMaTu4HOl Mojielli 3 BOyTOBaHUM OJIOKOM KOPEKIIii aHaJIITHYHI
BUpa3u OyII0 TIEpPETBOPEHO HA MPOTPaMHUI MPOAYKT, MPUAATHUH JIJIsl YACEIBHUX 00YHCIICHb, MOJIE-
JIFOBaHHS Ta KEPYBaHHS pealbHUM NPUCTPOEM. Pe3ynbpraru MoJenoBaHHs HaBeIeHO Ha puc. 3 Ta 4.
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Puc. 3. I'padikn 1uHAMiKH KyTiB OBOPOTY ABUIYHA, [0 BiiNOBiga€ 3a a3uMyTaJdbHU MOBOPOT (PYyX 3i cxony
HA 3axi1): a) opieHTanisA maxeJi BiTHOCHO oci Z; §) BiINOBiAHUI KyT NOBOPOTY ABHIYHA HABKOJIO 0Ci Z
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Puc. 4. I'padixku nuHaMiku KyTiB MOBOPOTY ABHIYHA, 1[0 BiAMOBiIa€ 32 HAXWJI MO BHCOTI (PyX y MJIOLIHHI
MmiBHIY — MiBAeHb): a) opieHTaNis MaHedi BiTHOCHO oci Y; 0) BiAmoBimHuii KyT moBOpPOTY IBHI'YHA HABKOJIO OCi Y
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BukopuctanHs MaTeMaTHYHOTO MOMYJIS KOPEKIlli KyTiB J1aj0 3MOTY 301IBIIMTH TOYHICTH Opi-
eHTamii naneni 10 +0,2° HaBITh 32 HAIBHOCTI MEXaHIYHUX 3MIIICHb Ta 3MEHIIIUTH HAKONTUYYBAIbHY
MMOXUOKY, 110 0COOIMBO BAXKIIUBO ISl CHCTEM, SIK1 MPAITIOI0TH 0€3 IMepe3aBaHTaXCHHSI TPOTSATOM TPH-
BaJIOTO Yacy. 3ampoIroHOBaHA MOJIEIIb JIETKO HAJAIITOBYEThCS TiJ Pi3HI TUIIH TpeKepiB (paMHi, Kap-
JaHHI, cepuyHi) Ta 3a6e31euye MOXKIMBICTh IHTErpallii 13 CCHCOPHUMHU CHCTEMaMH, 1110 3a0e3meuye
MMOBHOLIIHHUHN T1OpUAHUNA PEXUM POOOTH.

BucHoBku

VY crarti po3po0JeHO KOMIUIEKCHY MaTeMaTW4Hy MOJIeib, SKa BPAxXOBY€ sIK KiHEMaTHUHY
CTPYKTYpYy pe€ajbHOI0 MEXaHi3My, TaK 1 T€OMeTPUYHI MOXUOKH, BIACTUBI MPAKTUYHUM KOHCTPYK-
uisiM. Pozpobiena maremMaTnyHa MoJIellb MEXaHi3My Ja€ 3MOTY OIMCATH B3a€MO3B’ 130K MUK KyTaMu
MPUBOAIB 1 (PAKTUYHUM IOJIOKEHHSIM MaHeNll Yy TPUBUMIPHOMY mpocTopl. Monens noOy1oBaHO Ha
OCHOB1 MaTpUYHOTO IMpe/ICTaBICHHs] 00epTaHb 1 BpaXxoBye 3MIIIIEHHS Ocell 0bepTaHHs, 1110 3a0e3mne-
4ye TOUHIIINHA pO3paxyHOK peaibHOl opieHTanii moBepxHi naneni. Ha ii ocHoBi copmoBaHo anro-
PUTM 3BOPOTHOT KIHEMAaTUKH, KU 00UYMCITIOE HEOOXIAHI KyTH MMOBOPOTY MPUBOJIIB Il HABEACHHS
naHeni Ha CoHue. Po3po6ieHo Momynb KOpPeKIii KyTiB, SKUH KOMIEHCYE TeOMETPUYHI Ta KOHCTPYK-
TUBHI MOXUOKH MEXaHI3My Ta BPaXOBY€ BiJICTaHb MK OCSIMHU OOCpPTaHHS, TOBKUHH BaXKEJiB, IPYKHI
nedopwmariii Ta iHII1 peanbHi (hakTopu. BUKOpHUCTOBYI0YM HAONMKEHI PIBHSIHHS KOMIICHCAITlT, MOIYITh
KOpPHUT'y€ Kepyrodl KyTH B peaJlbHOMY 4aci, 3a0e31euyoun TouHe HaBeieHHs naHeni Ha CoHlle HaBiTh
3a BIAXWIEHb y KOHCTPYKIi. 3ampornoHoBaHa crcTeMa MOEAHYE TepeBaru aHaIITUYHOTO ITiIXOTY
Ta eKCIEPUMEHTAIBLHOTO KaliOpyBaHHs. Lle mae 3Mory He JuIe MiJBUINIATHA TOYHICTH Opi€HTAIlI],
a i 3a0e3MeunTH aJanTHBHICTh TpeKepa O 3MIHHMX YMOB €KCIUTyaTallii: 3HOCY JeTajei, TemIie-
parypHux nedopmariii i MmexaniyHux modTiB. Takum yuHOM, peaizallis MaTeMaTUIHOI MOJEINI Ta
MOJIYJISI KOPEKIIil KyTiB CTBOPIOE OCHOBY JIJIsl TOOYIOBH 1HTEJIEKTYaJIbHOTO MEXaHI3MY BiJCTE)KCHHS
CoH1ig, 1110 TOEHY€E BUCOKY TOUYHICTh, EHEProe(heKTUBHICTD 1 CTIHKICTh 10 KOHCTPYKTUBHUX HETOU-
Hoctel. Lle BimKpuBae mepcrneKkTUBy UIs MOJANBIION0 PO3BUTKY aBTOHOMHHUX CHUCTEM YIPABITiHHS
COHSYHMMHU MAHEISIMA HOBOTO MTOKOJIIHHS.
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YIK 681.5:628.16:004.8

B.B. JAYEHKO, M.JI. CYKAIJIO, 10.0. JJEBEJIEHKO

KuiBchkuii HalllOHAILHUI YHIBEPCUTET TEXHOJIOTIH Ta qu3aiHy

BATATOKPUTEPIAJIBHA OIITUMI3ALIA AZJAIITUBHUX CUCTEM
KEPYBAHHSA ITIPOONECAMMU BOJOOYHUIIIEHHA
3 BAKOPUCTAHHAM HEYITKOI JIOT'IKHA

Cmammio npucesaueno po3pobieHHIo ma 00CTIOHCEeHHIO Memo0onoeii bazamokpumepianvroi onmumizayii aoan-
MUBHUX CUCMEM KePYSaHHA NPpOYecamu 0000UUWEHHS A 3He3aAPANXCEHHs HA OCHOSI iHmezpayii KIacuyHux memooie
ABMOMAMUYHO20 KEPYSAHHSL I3 CyYacHumu areopummamu. Memoio docuiodcenns € cmeopenHs KOMNIEKCHOI cucmemu
Kepy6amHs, wo 3abe3neuye GUCOKY AKICMb NUMHOI 600U 3a MIHIMI3AYil eHepeemudunux ma pecypcHux eUumpam uepes
suxopucmanns adanmusHux I1/]-pecynisimopie, neuimkoi no2iku ma cenemuunux areopummis onmumizayii. 06 exmom
00CIIONHCEHHS € NPOYECU 3HEe3APANCEHHS 600U 8 YMOBAX HEBUSHAUEHOCMI NAPAMEmpie ma OUHAMIYHUX 3MIH IKOCME 8UXIO-
Hoi 600u. IIpedmemom 00CniONHCeHHs € anOpUmmuy A0anmueHo20 Kepy8anHs ma 0azamoxpumepiaibHoi onmumizayii ons
cucmem 6o0oouuugerts 3 sukopucmanusm Level-2 S-Function-6noxie y cepedosuwsi MATLAB/Simulink.

s OocseHeHHs: nOCMABIeHol Memu NPOAHANI308AHO MAMEMAMUYHI MOOENl KIHeMUKU 3He3apPadlCeHHs: 600U HA
ocnogi mooeni Yika — Bomcona 3 ypaxysannam memnepamypnux 3aiexchocmet, enaugy pH ma ounamixu posnady oesin-
Gexmanmis. Buxooauu 3 6umoe 00 AKOCMI npoyecy 3He3apaxcenis, ujo nepedbaiac sabesneuenHs HOpMamueHUX NoKa3-
HuKig sskocmi numnoi 600u 32iono 3 JCTY 7525:2014, minimizayiio cnodicugants peazeHmis ma eHepeemuinux umpan,
cpopmynvosano 3a0avy bacamoxpumepianvHoi onmumizayii 3 euxopucmannam memooy NSGA-II. VYpaxosyrouu neniniti-
HULL Xapakmep npoyecié ma HAsI8HICMb 30YPIOIOYUX (PAKMOPI8, 0OIPYHMOBAHO OOYLILHICMb 3ACMOCYSAHHS 2IOPUOHOT
apximexmypu, wo noeonye aoanmusni I1lJ[-pecynamopu 3 nedimkumu an2opummamu KepyeaHHs.

Pospobneno cmpykxmypy adanmuenozo pezynamopa 3 He4imKum KOHMYpoM HACMPOIOGAHHS NApaMempis, GUsHd-
YeHO QYHKYIT NPUHANEHCHOCIE OJ11 6XIOHUX MA GUXIOHUX JIIHEGICMUYHUX 3MIHHUX, A MAKONC chopmMosano 6azy npasui
Heuimkozo 6u6o0y. [lemanvro docniodnceno Level-2 S-Function-onok water_tank_level?2 i3 peanizayicio 2iopoounamiunux
PiBHAHL ma OUHAMIKU KOHYeHmpayii X10py, wo nokasas cmabinbry pobomy 3 nepepeayniogannam 10,55% oaa piena
600u ma 2,06% ons konyenmpayii xaopy. Jocniodicenns, npoederi 3 suKopucmanHsm imimayitnoi mooeni ¢ MATLAB/
Simulink, nokazanu eghexmuenicmo 3anponono6anoi memooonozii ma OOYINbHICMb 3ACMOCY8ANHA DA2AMOKpUmepianL-
HoI' onmumizayii 014 nioguweHHs AKOCMI pe2yIi08aHHsA ma eKOHOMII pecypcis.

Knrouogi cnosa: adanmuene kepysanus, bazamoxpumepianvua onmumizayis, nedyimxa nozika, I1[/]-pezynamop,
2EHeMUYHI aneopummu, 60000YuujeHHs, oesingexyis, Matlab, Simulink, S-@ynxyii.

V.V. DIACHENKO, M.L. SUKALO, YU.O. LEBEDENKO
Kyiv National University of Technologies and Design

MULTI-CRITERION OPTIMIZATION OF ADAPTIVE CONTROL SYSTEMS
FOR WATER TREATMENT PROCESSES USING FUZZY LOGIC

The article is devoted to the development and research of a methodology for multi-criteria optimization of adaptive
control systems for water treatment and disinfection processes based on the integration of classical automatic control meth-
ods with modern artificial. The purpose of this study is to create a comprehensive control system that ensures high quality
drinking water while minimizing energy and resource costs through the use of adaptive PID controllers, fuzzy logic, and
genetic optimization algorithms. The object of research is water disinfection processes under conditions of parameter uncer-
tainty and dynamic changes in raw water quality. The subject of research is adaptive control algorithms and multi-criteria
optimization for water treatment systems using Level-2 S-Function blocks in the MATLAB/Simulink environment.

To achieve the goal, the work analyzed mathematical models of water disinfection kinetics based on the Chick-Watson
model, taking into account temperature dependencies, pH influence, and disinfectant decay dynamics. Based on the require-
ments for the quality of the disinfection process, which involves ensuring regulatory indicators of drinking water quality
according to DSTU 7525:2014, minimizing reagent consumption and energy costs, the task of multi-criteria optimization
using the NSGA-II method was formulated. Taking into account the nonlinear nature of the processes and the presence of
disturbing factors, the feasibility of using a hybrid architecture combining adaptive PID controllers with fuzzy control algo-
rithms was substantiated.

The structure of an adaptive controller with a fuzzy parameter tuning loop was developed, membership functions for
input and output linguistic variables were determined, and a fuzzy inference rule base was formed. The Level-2 S-Function
block water_tank_level2 with implementation of hydrodynamic equations and chlorine concentration dynamics was stud-
ied in detail, showing stable operation with an overshoot of 10.55% for water level and 2.06% for chlorine concentration.
Research conducted using a simulation model in MATLAB/Simulink showed the effectiveness of the proposed methodology
and the feasibility of using multi-criteria optimization to improve control quality and resource savings.

Key words: Adaptive control, Multiobjective optimization, Fuzzy logic, PID control, Genetic algorithms, Water treat-
ment, Disinfection, MATLAB, Simulink, S-functions.
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IHocTanoBka npodaemMu

[Ipoliecu BOMOOYMINICHHSI Ta 3HE3apa)XCHHSI SIBJISTIOTH COOOI0 CKIIanaHi OararodaszHi CUCTEMU
3 HEJIIHIMHOI JUHAMIKOIO, 10 XapaKTePU3YIOThCS 3HAUHOIO HEBU3HAYCHICTIO BXIJHUX IMapaMeTpiB
Ta HasBHICTIO MHOKUHHUX KOH(ITIKTYIOUMX KpUTEpiiB onTuMizanii. TpaauiiiHi cuCTeMH KepyBaHHs
3 (IKCOBAaHMMH TTapaMETPAMH BUSBIISIFOTh HEOCTAaTHIO €()EKTUBHICTh 32 JMHAMIYHUX 3MIH SKOCTI
BHXIJTHOT BOAM, TEMIIEPATyPHHUX KOJIMBAHb Ta 3MIiH TiIpaBIIYHUX peKuMiB. CHCTEeMH 3HE3apakeHHS
IpaloTh KPUTHUYHO BAXIIUBY POJIb y 3a0€3MEUEHHI eMieMioIoriYHOl 0e3MeKH MUTHOTO BOJIONOCTa-
YaHHS Ta BIIMOBIIAIOThH 32 IHAKTUBAI[IIO TATOTCHHUX MIKPOOPTaHi3MiB JI0 PIBHIB, 110 BiJIOBIIAOThH
CaHITapHUM HOPMaM.

CyuyacHMi CTaH BOJOOYMCHHMX TEXHOJIOTIH XapaKTepHU3YETbCS 3pPOCTAIOYMMHU BUMOTAMHU J0
SIKOCT1 TTUTHOT BOJIM Ta MOCWJICHHSM €KOJIOTTYHHX CTaHAAPTIB, 10 3YMOBIIOE HEOOXIAHICTH YIIPO-
Ba/KCHHS 1HHOBAIIMHKX ITIIXOMIB 0 aBTOMaTH3alii nporeciB Ae3indexiii. [lokpamenns ehekTus-
HOCTI CUCTEM 3HE3apakeHHs Ta 3a0e3MeueHHs X HAAIMHOCTI B PI3HUX peXHMax eKcIUTyaTawii Mox-
JIMBE 3aBJSKM BUKOPUCTAHHIO Cy4yaCHHUX 3ac00iB MIKpPOINPOLIECOPHOI TEXHIKU Ta 1HTEJNEKTyaJbHUX
AJTOPUTMIB KEPYBaHHS, SIKI JAIOTh 3MOTY aJIalITyBaTHCS JI0 3MIHHMX YMOB Ta ONTHMI3yBaTH CITiBBiI-
HOIICHHS MIXK AKICTIO MIPOMYKIIil, CHEPreTUYHUMHU BUTPATAMU Ta CIIOKHMBAHHAM peareHTis [1].

MaremaruuHe MOJIEIIOBaHHS IPoLeciB e31H(eKIiT 6a3yeThCs Ha PyHAAMEHTAIbHUX KIHETHY-
HUX 3aKOHOMIPHOCTSIX 1HAKTUBAIlil MIKpOOPIaHi3MiB, sIKi onmUCyrOThcs Moaesto Yika — Borcona ta
il mopudikanismu. OnHAK MPaKTUYHA peati3amis e(eKTUBHUX CHCTEM KEepyBaHHS MOTpedye ypaxy-
BaHHS TEMIEPATYPHUX 3aJIEKHOCTEH KOHCTAHT HIBUAKOCTI peaKiii, BIUIUBY (13UKO-XIMIYHUX Mapa-
METpiB BOAM Ta AUHAMIKH po3mnaay peareHTiB [2]. OcobauBa yBara Mae NpUALISTUCS ONTUMAIBHOMY
JI03yBaHHIO J1€31H(EKTAHTIB, OCKUIBKH HaJMIPHE X BUKOPUCTAHHS MOXKE NMPHU3BECTH 0 YTBOPECHHS
TOKCUYHHUX IMOOTYHUX MPOIYKTIB, a HEAOCTATHE — JI0 HEAOCTATHHOTO PIBHS 3HE3APAKEHHSI.

AHAaJi3 0CTaHHIX T0CTiIXKeHb | myOsikamii

CyyacHi miaxoau 10 aBTOMaTHU3aIlii BOTOOYHNCHUX MIPOIIECiB 0a3yOThCS HA IHTErparlii KIaCHIHUX
METO/1iB TE€OpPil aBTOMAaTUYHOIO KEPYBAaHHsI 3 IHTEIEKTyaJbHUMHU aITOPUTMaMH, BKIIIOUAIOUN HEYITKY
JIOTiKY, alallTUBHI PETYIATOPH Ta eBotoLiiHI Metoau ontumiszauii. [1. Moxinapy (P. Mohindru) [1]
MIKPECITIOE, MO0 €()EeKTUBHICTh HENIHIMHUX XIMIYHUX MPOIECIB BOJTOOUYHINECHHS CYTTEBO 3aJIC)KHTh
Bijx iHTerpamii kinacuunux [II/[-perynsTopiB 13 TiOpUIHUMH HEYITKUMHU QJITOPUTMAMH KEpPYyBaHHS,
K1 3/1aTHI aJJalTyBaTUCS 10 3MIHHUX YMOB €KCIUTyarallii Ta 3a0e3rneuyBaTy ONTUMAaJIbHE CIIBBiIHO-
IICHHS MK SIKICTIO POIYKIIIi Ta peCypCHUMHU BUTPATaMH.

ABTOpH [2] BiI3HAYAIOTH, 110 AJIETEPHATUBHI Ta KJIACHYHI MPOIECH Ae31H(EKII BOIU MOTPeOy-
I0Th KOMIUIEKCHOTO MiJIXOTY /10 ONTHUMI3aLlii MapamMeTpiB MpoLecy, 0COOIMBO B KOHTEKCTI €HEepreTHy-
HOi e)eKTUBHOCTI Ta MiHIMi3alii BIULTUBY HA HABKOJIMIIHE CeperoBUIIe. ABTOpH [3] IEMOHCTPYIOTh
IHHOBAIIMHAM MIIX1]] 10 MIKpOOIOJOTIYHOTO YIPABIiHHSA SKICTIO BOAW B CHCTEMaX BOJOPO3MOILITY
3 BUKOPUCTAHHSM BHYTPIIIHBOTPYOHOTO TiipoeHepreTHYHoro Y®-3He3apaKeHHs, IO /A€ 3MOry
CTBOPHUTH (PYTYPUCTHUYHI CHCTEMH BOIHO-CHEPIreTHYHOTO 3a0e3MeueHHs 3 MiJABHIICHOI €(EeKTHUB-
HICTIO Ta aBTOHOMHICTIO.

HayxkoBi gociipkeHHs [4] miATBEpIKYIOTh IepeBaru 3aCTOCYBAaHHsS HEUITKOI JIOTIKH B CHUCTE-
Max KepyBaHHS BOJHUMH YCTaHOBKaMH, III0 IEMOHCTPY€E YHIBEPCAJIbHICTh HEUITKUX aJITOPUTMIB IS
BOJIOOYMCHUX TEXHOJIOTiH, OCOOIMBO B YMOBaxX HEBM3HAYEHOCTI MapaMeTpiB MPOLECY Ta 3MIHHUX
30BHIIIHIX YMHHUKIB. ABTOpH [5] po3poOmiu nokpamieHy Bepcito anroputmy NSGA-II 3 HOBiTHIM
riOpuAHUM ONEpPaTOPOM CXpELIlyBaHHS JJid 00’ €KTUBHOI onTUMI3alii poOOTH pe3epByapiB, 110 Bij-
KpHUBA€ HOBI MOXKJIMBOCTI JIJIs1 OaraTroOKpUTEpiasibHOT ONTUMI3AIli CKJIATHUX BOJOOYMCHUX CHCTEM.

Y pobori [6] aBTOpH MiATBEPIKYIOTH edekTuBHICTh GA-0a30Boi onTuMizaiii st GaratoBapi-
AQHTHUX CHCTEM KepyBaHH: piBHEM, 1[0 CTBOPIOE OCHOBY ISl PO3IIMPEHHS TOCIiIPKEHb Ha OaraToKpH-
TepiasibHi 3aaa4i BogoounieHHs. K. Mip3a ta A. ®@ap3i 1eMOHCTPYIOTh €(eKTUBHICTh ONTUMI3aLli
[II-kouTponepiB nis OGararobakoBux cuctem 3a ponomororo MATLAB/Simulink Ta renernuHoro
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anroputmy [7], o MiaATBEPIKY€E YHIBEPCAIBHICTh €BOTIOMIMHUX MXO/IB JUIsl CKJIAJIHUX TEXHOJIO-
T1YHUX 00’ €KTIB.

Meta pocJaiaKeHHs

MerToro 10CIiPKEHHS € PO3pOOJIECHHS KOMIUIEKCHOT METO/I0JI0T1T 6araToKpuTepialbHOT ONTHMI-
3auii aJanTUBHUX CUCTEM KEpyBaHHS MPOLlECaMH BOJOOYHILEHHS, 1110 IHTErpy€e MaTeMaTU4HI MOJIENI
KIHETUKH 3HE3apaKCHHS, aJITOPUTMHU HEUITKOT JIOTIKH Ta €BOIOIIHI METOIM ONTUMI3alii 1y1st 3a6e3-
MIEUEHHSI BUCOKOT SIKOCT1 MUTHOI BOAM 32 MiHIMIi3allil eHEPreTUYHHUX Ta PECYPCHUX BUTPAT.

O0’€KTOM JTOCIIJKEHHSI € MPOLIECH 3HE3apakeHHS BOJIU 3 BUKOPUCTAHHSM XJIOPYBaHHS B yMO-
Bax HEBU3HAYCHOCTI MapaMeTpiB Ta JUHAMIYHUX 3MiH SKOCTI BUXIJHOI Bomu. IIpemMerom moci-
JDKEHHSI € aJalTUBHI alrOPUTMHU KEPyBaHHS 3 HEUITKMM KOHTYpOM HACTPOIOBAHHS MapaMeTpiB Ta
MeTOoAM OararoKpuTepianabHOI ONTUMI3Alll HA OCHOBI T€HETUUHUX aJITOPUTMIB.

JU1sl 1OCSATHEHHS OCTaB/IEHOI METH HEOOX1IHO BUPIIINUTH TaKi 3aBJaHHS:

1. Po3pobneHHst MaTeMaTHUYHUX MOJIEIeH KIHETUKY 3HEe3apa)KeHHs BOJIU 3 ypaxXyBaHHIM TeMIIe-
paTypHHX 3aexHOCTel, BBy pH Ta quHamiku po3nany ne3iH(eKTaHTiB.

2. TlocraHoBka 3aja4i GaraToKpuTepiaabHOI ONTUMI3AIlT 3 ypaXyBaHHSIM SKOCTI peTy/IIOBaHHS,
CTIIO)KMBAHHS peareHTiB, EHePreTHYHUX BUTPAT Ta OE3MEKH MPOLIECy.

3. Po3pobnenHs riOpuaHO1 apXiTeKTypH aJlaiTHBHOTO KepyBaHHS, 1m0 moennye [T1J[-peryms-
TOPH 3 HEUITKOO JIOTIKOO JUIsl BU3HAUEHHS MTapaMeTpiB HaJallTyBaHHS.

4. Peanizamis Ta nociimkenHs Level-2 S-Function-61oky B8 MATLAB/Simulink ans monento-
BaHHS TUHAMIKH BOIIOOYMCHOTO MPOLECY 3 aAalTUBHIM KEPYBaHHSIM.

Buxkiaa ocHOBHOI0 MarepiaJy J0CTiIKeHHS
Mamemamuune mooentoganus KiHemuku 3uesapadxcenus 6oou. llpouecn 3He3apakeHHsS BOIH
XapaKTePU3YIOThCS CKIATHUMU (DI3UKO-XIMIYHUMH MEXaHi3MaMH, MaTeMaTUYHUN OMUC SKUX 0asy-
eTbcst Ha KoHmemnuii CT-3HaueHp Ta KIHETUYHHX MOJENAX 1HAKTUBAIlll MiKpoopraHizMiB. Mozaenb
UYika — BoTcoHa onucye 1HaKTHUBALI0 MIKPOOPraHi3MiB BIJIIOBIIHO JIO KIHETHUKHU MEPIIOTO MOPSAIKY
Ta € QyHIaMEHTAIBHOIO JIJIsI TPOEKTYBAHHSI CHCTEM JIe31H(DEKITii:

In(N/N,)=-ACW xC" xt, (1)

ne N/N, — koe(illieHT BHKUBAHHS MIiKpOOpraizmiB, ACW — xoedimieHT crierudigHOil JeTalbHO-
cTl, C — KOHUEeHTpalis aAe3iHpekTanTa (Mr/i), N — koedilieHT po30aBIeHHs, { — YaC KOHTAKTY (XB).
JUis IpakTUUHUX PO3paXyHKiB BUKOPUCTOBYETHCS JI€CATKOBUH Jorapudm, ne k = ACW /2.303 — koH-
CTaHTa MBUKOCTI peaKiii.

TemneparypHa 3aJI€)KHICTh KOHCTAHTH IIBUKOCTI OMMMCYETHCS CIIPOIIEHOI0 (DOPMOIO PIBHSHHS
Appeniyca, ne 0 — temneparypuuil koediuient. BrmuB pH ypaxoByeTbes uepe3 po3noain Gpopm
AKTUBHOTO XJIOpY Mix rinmoxyopHoto kuciororo (HOCI) ta rimoxmnopur-ionom (OCIY), ockiabku
e(DEeKTUBHICTh 3HE3aPAKEHHS CYTTEBO 3aJICKUTD BiJI CIIBBITHOIICHHS X (popm.

Aoanmuenuil pe2ynamop i3 Heuimkum KoHmypom nacmporogants. OCHOBOIO aJallTUBHOTO Kepy-
BaHHA € [1I/[-perymsarop i3 qTUHAMIYHO 3MIHHHMH ITapamMeTpaMH, 110 Ja€ 3MOTY CHCTEMi aJanTyBa-
THCS 70 3MIHHMX YMOB €KCIUTyaTaIrii. AJanTaliiHi 3aKkoHd 0a3yr0ThCs Ha aHaJli31 MOKa3HUKIB SKOCTI,
BKJIIOYAIOUM 1HTerpanbHy KBaaparuyHy noxuOky (ISE), mepeperymioBanus (OSP) ta uvac crabimi-
3arii (7). HediTka 5orika 3acTOCOBY€ThCS Jisi 0OpOOKM HEBU3HAUEHOCTI MPOIIECIB Ta BU3HAYCHHS
ONTUMAJIHUX MapaMeTpiB peryisropa. OyHKIIT IPUHAIEKHOCTI U1 TOXUOKU € BU3HAYAIOThCS SIK
TparnereinaibHi, o 3abe3neuye THyUKICTh Ta MPOCTOTY iHTepnperauii [4]. ba3a npaBun HediTKOrO
BHBOJIy BKJIFOYA€ €KCIEPTHI 3HAHHS TPO TOBEIIHKY CHCTEMH B Pi3HUX PEeKUMax, 30KpeMa: 3a BEIH-
KHX BIIXWIEHb PETYyJTOp 3a0e3Meuye MBUAKY PEakiiio, a 32 MaluxX — IJIaBHE JO0BEICHHS 10 3a/a-
HOTO 3HAYCHHS.
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['i6puana apxiTekTypa nmoeanye nepesaru [11/[-perynsropa Ta HEHiTKOI JIOTIKH, Jie BaroBi Koe-
GbIlieHTH aIanTyIOTHCS 3aJIe)KHO BiJl BEIMYUHH MOXUOKU. 3a Manux BigxuieHb aominye I1J[-ckman-
Huk (Bara 0.8), 110 3a0e3mne4yye TOUHICTb, a 32 BEJIMKUX — 30UIbLIY€ETHCS BIUIMB HEYITKOTO CKJIaHUKA
(Bara 0.6—0.7) st BHAKOI afganTariii 10 30ypeHb.

bazamoxpumepianona onmumizayis memooom NSGA-II. Cucrema BOZOOUMIIICHHS XapaKTepu-
3YETHCSI MHOKUHHUMH KOH(IIIKTYIOUUMU KPUTEPISIMU: AKICTh PETYJIIOBAaHHS, CII0’KMBAaHHS PEareHTIB,
E€HEepPreTUYH1 BUTPATH Ta Oe3neka mporecy [5]. @yHKIIisA SKOCTI perymroBaHHs BKIIOYAE THTErpaibHI
kputepii ISE, ITAE ta IAE 3 BignoBiguumu BaroBuMu koedirienramu. ExoHomMiuHa QyHKIIiS Bpa-
XOBYE€ BapTICTh XJIOPY Ta KOATYJISIHTIB, IOMHOKEHY Ha BUTpaTy Boau. EHepreTuuna QyHKIIs onucye
MOTYXHICTh HACOCHOTO 00naiHaHHs 3 ypaxyBaHHsaM KK/I.

Meton NSGA-II nae 3Mory 3HaiiTh MHOKUHY [lapeTo-onTUManbHUX pIllICHb, IO SBISIOTH
ONTHUMAaJbHI KOMIPOMICH MK KOH(IIKTYIOUUMHU HUIAMU. BuGip ocTaTouHOro pimieHHs 311HCHIO-
€THCSI 32 IOTIOMOTOI0 (PYHKIIIT KOPUCHOCTI, JIe Baru KPUTEPIiiB BiZOOpaKarOTh MPIOPUTETH Oleparopa
a00 TEeXHOJIOTi4HI BUMOTH.

Peanizayis Level-2 S-Function-onoky 6 MATLAB/Simulink. Level-2 S-Function-0mok water
tank level2 peanizye ckianHy IMHaMiuHy MOJENb pe3epByapa 3 aJalTUBHUM KEpyBaHHIM IMOjaui
Ta JJ03yBaHHA peareHTiB. CUCTeMa OMHMCYETHCS TiAPOAMHAMIYHUMU PIBHSHHAMU JUTS PiBHS BOJAU Ta
nudepeHIliaTbHUME PIBHSHHAMU JUT AUHAMIKH KOHIIEHTpAIlii XJI0py 3 ypaxyBaHHSM PO3Maay Ta
NONUTY Ha Ae3iH¢ekTanT [8]:

dh Qin B Quut

D _En T Xow 2
dt Atank ’ ( )

ne h—piBeHb Boau (M), O, —BUTpara Ha BXoi (M*/xB), O,, —BUTpara Ha BUXO/1 (M*/XB), A, =25 M>—

mioma pesepsyapa. Mojenb BUTIKaHHS omucyeThesi popmymnoo O,, = 1.5 x vh, mo Bizobpaxae

3aJISKHICTh BUTPATH BiJ PiBHS BOJIU.

Cucrema BuKopucToBYe nBa HesanexHi [11/[-perynaropu: nns piBusa Bogu (K, = 1.0, K; = 0.2,
K, = 0.015) ta mis konuentpauii xnopy (K, = 0.4, K; = 0.04, K, = 0.01) 3 xoedinientom dinsrpa
N =100 s 060x xoutypis [8]. [Touarkosi ymosu: i, = 1.2 m, C = 0.05 mr/m.

@ » outtime_data +» outh_data

time_data h_data

PID(s) *p D

3apaHHnA piBHs BoAW Moxi ao,quID Controller PiseHb Boam
water_tank_level2
PID(s) Level-2 MATLAB N
S-Function

3apaHHs xnopy MoxGAR xnopy PID2 KoHueHTpauis xnopy

“» out.Ccl_data

Ccl_data

Puc. 1. baok-cxema cucremu B Simulink

Peszynemamu mooentosannus ma amaniz. byno mpoBeeHO MOJAETIOBAaHHS CHUCTEMH POTATOM
300 cekyH[ 13 3aJJaHUMU 3HAYEHHSMH PiBHA Bomu 1.5 M Ta koHueHTtpaii xjaopy 0.35 mr/in. Cucrema
JIEMOHCTpPY€ CTa01IbHI IePeXiaHI XapaKTEPUCTUKHU 3 KITBKICTIO PO3paxyHKOBHUX TOYOK 9053 Ta KpokoM

https://doi.org/10.32782/mathematical-modelling/2025-8-2-11 ISSN 2618-0332 (print), 2618-0340 (online)
105



ITPUKIIA/THI ITHNTAHHA MATEMATHYHOI O MOJE/IFOBAHHA T. 8, Ne 2, 2025

interpyBanns 0.033 c. PiBeHb Boju XapakTepusyeTbes cepenHiM 3HadeHHs M 1.4691 M 3a cranmapt-
Horo BigxuieHHs 0.1351 m Ta nepeperyntoBanns 10.55%. KoHneHnTpaiis xJ1opy 1€MOHCTPY€ Kparili
MMOKa3HUKH 13 cepenHiM 3HaueHHsM 0.3204 mr/m, ctanmgaptauM BigxwieHHsM 0.0670 mr/im Ta MiHi-
MaJIbHUM TiepeperyntoBaHHsiaM 2.06%.

CrarucTUUHUN aHaii3 pe3yabTaTiB MiATBEPIKYE BUCOKY SKICTh perymtoBaHHs. Po3moain
MOXUOKH PIBHS BOJU XapaKTEPU3YETHCA MaTeMaTHIHUM criofiBaHHsM L = 0.0309 M Ta cTaHmapTHIM
BiaxuiaeHHsIM 6 = 0.1351 M 13 po3moaisioMm OIM3bKUM 710 HoOpMaabHOTO. [ToxnOKka KoHIIeHTpallii XJ10py
nemoHcTpye | = 0.0296 mr/n 3a ¢ = 0.0670 mr/n. Kopensauiiinuii ananiz yepes ¢a3oBuii moprper
JIEMOHCTPY€ HENIHINHY 3aJ€KHICTh MK PIBHEM BOJM Ta KOHIIEHTPALIEID XJIOPY, MIATBEPHKYIOUH
CKJIQJIHICTh JUHAMIYHOT B3a€MOJIT MapaMeTpiB.

PiBeHb BoOn

PaKkTUHHVA
= — —3apaHvi

KoHueHTpauia xnopy

o
'S

o
w
@

PakTnuHa
= = = 33anaHa

PiBeHb, M
KoHueHTpaujs, mMr/n
o (=]
urd =} N o
w (%) w w

o

0.05 ‘

0 50 100 150 200 250 300 0 50 100 150 200 250 300
Yac, ¢ Yac, ¢
a)
Moxubka piBHA BOgM MoxubKa KOHUeHTpauil Xnop!

06 E 0.35

05 1 03

04 1 0.25
= 03 £ 02
g 02 g 015
- <
o x
C 01 e 0.1

1] 0.05
01 1 0
-0.2 -0.05
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Yac, ¢ Yac, ¢

o4 ®dasoBuUiA nopTpeTt e x10% Kputepii akocri

0.35 14
‘§ 03 1.2
2
e 0.25 = 1 [T
x Tpaektopia % [ Xnop (xmaciwTab)
E 02 Moyarok 2 o8
= ® Kneys =
E_ ™
£ 0.15 06
g
z 01 04
-4

0.05 0.2

0 0 —
0.8 1 ) 14 1.6 18 ISE ITAE/100 IAE ISE ITAE/10C
PiseHb BOaW, M KpuTepii

B)

Puc. 2. lunamika OCHOBHUX MapaMeTpiB cHcTeMH:piBeHb BOAU Ta KOHIEHTpallis XJopy (a),
NoXuOKM piBHSA BOAU Ta KOHIeHTpauii xJjopy (0), pazoBuii mopTper Ta KpuTepii AKocTi (B)
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Posnoain noxubku piBHA BOAN

Poznoain noxnbku xno
6000 T T T T T T T 7000 T :Cl T T py T

10309 p=0.0296
1351 s 0=0.0670

u=0
5000 | 5=0

5000
4000

4000
3000

Yactora
YacTota

3000

2000
2000

1000

1000 T'—I_lﬂ; 1
| Bl . ) .

0.1 0 01 02 03 04 05 0 0.05 01 0.15 02 025 03

Moxubka, M MoxwnBka, mrin
a)
P, in pi Poanoain koHueHTpauil Xnoj
7000 el oo alhel]l 7000 A P Py
6000 M . 6000 ]
5000 1 5000 | |
© 4000 2 4000 ||
2 g
8 8
> 3000 F 3000 | |
2000 4 2000 | |
1000 1 1000 [ | [ |
0 o rr 0 [~ - B i
08 1 12 14 16 1.8 0 01 02 03 0.4
PiseHe, M KoHueHTpauis, Mr/n
WeunakicTe 3MiHK piBHA Kopenauis-=, EwICESEA]
5000 L P o pensauis&, A GO & Q { 300
0.35
5000 1 250
=
= 03
4000 1 z 200
5025
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5 3000 E .; 0.2 150
e ©
7 €015
2000 1 3 100
g
k) 0.1
1000 1 50
0.05
0 { 1] 0
-0.04 -0.02 0 0.02 08 1 12 14 16
dh/dt, mic PiseHb Boan, M

Puc. 3. CtaTucTHYHUI aHAJII3 Ta ricrorpaMu po3nofijy:po3nogiau moxuook piBHs BOAU Ta KOHIEHTPaUii XJopy
(a), po3noaiu piBHA BOAM Ta KOHIEeHTpaUii xsopy (0), BUAKICTH 3MiHN PiBHA Ta Kopeaslis (B)

Pesynbrati AeMOHCTpPYIOTh Mpale3JaTHICTh CUCTEMHM KEpyBaHHS Ta BHSIBIAIOTH IMOTEHIIIAJ
JUTSL TIOKPAICHHS Yepe3 6aFaTOKpI/ITepiaJILHy OIITUMI3ALIiIO. BI/IKOpI/ICTaHHSI merony NSGA-II nacte
3MOT'Y 3MCHILIUTH MEPepery/ItoBaHHs piBHs Boau 3 10.55% no 3—5%, MiABUIIUTH IMIBUAKOMIKO CHUC-
Temu B 1.5-2 pa3u Ta onTUMI3yBaTH CIIOKMBaHHS peareHTiB Ha 15-25% [9].

BucHoBku

Y Mexax IPOBEICHOrO JOCIIDKEHHS BCTAHOBJICHO, 1O 3a0e3MeYeHHs CTablIbHOT Ta e(eKTHB-
HOT pOGOTH CHCTEM BOJLOOUHILCHHS | 3HE3APAKCHHS B YMOBaX HEBU3HAYCHOCTI Ta OOMEKEHHUX pecyp-
CiB 10Tpedy€ YHPOBAKCHHS Cy4aCHUX 3acO0IB aBTOMATH3ALIl Ta IHTCJCKTyalbHUX alrOPUTMIB
KepyBaHHs. JI0CATHEHHS BUCOKOI €(PEKTUBHOCTI TAKMX CUCTEM MOXKIIUBE JIMIIE 32 YMOBU KOMILICK-
CHOTO IiJIXOY, IO IMOETHY€E MaTEMAaTHYHE MOJICITFOBAHHS KIHETUKH TIPOIIECIB, aJIalITHBHE KEPYBaHHS
Ta 6araToKpuTepiaabHy ONTUMI3AIlIO.

YpaxoBytoun crieludiky npouecy 3He3apaxeHHs Ta HeNliHiHH1I XxapakTep napameTpis 00’exra
KepyBaHHs, Y pOOOTI 00IpyHTOBAHO JOLIBHICT 3aCTOCYBAHHS T1OPUIHOT apXITEKTYPH, KA MOETHYE

https://doi.org/10.32782/mathematical-modelling/2025-8-2-11 ISSN 2618-0332 (print), 2618-0340 (online)
107



ITPUKIIA/THI ITHNTAHHA MATEMATHYHOI O MOJE/IFOBAHHA T. 8, Ne 2, 2025

apantusHi [1I/I-perynaropu 3 HEUITKUMHU aITOPUTMaMU Ul BU3HAUEHHS ONTHUMAJIbHUX HapaMeTpiB
HaJIAlITyBaHHsl. Peai3oBaHO CTPYKTypy a/lallTHBHOTO PErysiTopa, ChOpMOBAHO (yHKLIT IPHHAICK-
HOCTI IS JIIHTBICTUYHUX 3MIHHUX Ta 0a3y MpaBUJI HEUITKOTO BUBOIY, 1[0 BPAXOBY€E €KCIEPTHI ysB-
JICHHSI IIPO IOBE/IHKY CHCTEMH B PI3HUX PEXKUMaX (QyHKIIOHYBAHHSL.

EdexTuBHICTh 3alIpONOHOBAHUX le.ICHL MIATBEP/UKCHO Ha INPUKIIAJI MOJCIIOBAHHS OJIOKY
Level-2 S-Function water tank level2, sxuii peanizye rigpoauHamMiyHi piBHSIHHS Ta JUHAMIKY KOH-
LEeHTpalii XJIopy BiAMOBIAHO A0 TexHIuHOI mokymeHTtarii MathWorks o710 peamizamii Level-2
MATLAB S-Functions [8] 3acrocysanns anroputmy NSGA-II st pos3s’sizaHHst GararokpuTepi-
aJbHOI 3314l ONTHMI3ALi a0 3MOTY JOCSITH 30aJIaHCOBaHUX KOMIIPOMICIB MiX SIKICTIO perysito-
BaHHS, BUTPAaTaMH PEareHTiB, EHEProclnoKUBaHHAM Ta 6e3meKoro mpouecy. EdekTuBHicTh aHanoru-
HUX HiI[XO,Z[iB MiaATBEepIKyeThCs pesynbraramu K. Mip3a ta A. ®ap3i, AKi IeMOHCTPYIOTh YCIIIIHY
ontumizamito I1TIJ[-koaTponepiB mius 6ararobakoBux cuctem 3a jgornomororo MATLAB/Simulink Ta
TCHETUYHHX aJrOpuTMiB [7].

ImiTaniitne MoaentoBaHHs, MPOBEICHE B MEKAX poOOTH, MPOAEMOHCTPYBATIO BHCOKY TOYHICTh
Ta CTaOUIBHICTh CHCTEMH: CTATHCTHYHMI aHajli3 MOXMOOK MATBEPAMB iX HOPMAIbHHH PO3MOALL,
a piBeHb nepeperyitoBanus craHoBus 10.55% jurst piBHst Boau ta 2.06% /Uit KOHUCHTPALL XJIOPY.
OTpuMaHi pe3yJIbTaTy Y3roKyIOThCS 3 M1IX0JaMU, 3alIPOIIOHOBAHUMU aBTOpaMiu [9], siki po3poouin
0araToniIbOBUIA ACLIEHTPATI30BaHUN KOHTPOJIEP 71l OUMCHUX CIIOPY/ aKTUBHOTO MYJTY, IO MiATBEP-
JUKY€E TIPaKTUYHY €(EKTUBHICTh OaraToOKpUTepiaIbHUX METO/IIB Y BOJIOOUYHUIIICHHI.

InTerparist METO11B KIHETUYHOT'O MOIeNIfoBaHHs 3a UikoM — BOTCOHOM, a1anTUBHOTO KEpYBaHHS
3 BUKOPUCTaHHSIM HEUITKOT JIOTIKH Ta €BOJIIOIINHOI OararoKpuTepiasibHOI ONTUMI3allii, peai3oBaHa
y cepenouii MATLAB/Simulink, 3a6e3mneuye HOBHIl piB€Hb THYYKOCTI Ta TOYHOCTI JJII CHCTEM
ABTOMAaTHM30BAaHOIO KEPyBaHHs. 3aponOHOBaHa MeTo10JIor1s Bignosigae Bumoram JICTY 7525:2014
1040 SKOCTI NMUTHOI Boau [10] Ta cTBOpPIOE OCHOBY JUIsl pO3pOOJIEHHST aBTOHOMHUX BOJOOYHMCHUX

CHCTEM 13 MiIBUILIECHUMHU CTaHAAPTaMU Oe3MeKH, eHeproeeKTUBHOCTI Ta TEXHOJIOTTYHOT HalIHHOCTI.
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T.C. KATAJIIM, A.I'. LIIIIOPTA

HaunioHnanbHuii TeXHIYHUI yHIBEpCUTET «/IHIMPOBCHKA MOJIITEXHIKA»

O.B. BIJIOBA

VYkpalHChKHll Iep>KaBHUH YHIBEPCUTET HAyKU 1 TEXHOJOTIH

[.B. IEPBUHA, O.Z1. OHOITPIEHKO

JIHITpOBCHKNI Tep)kaBHUIN arpapHO-EKOHOMIUYHMH YHIBEPCHUTET

AHAJIITUYHI PO3B’A3KHU JEAKUX 3AJAY AJIA IJTACTUHU 3 OTBOPAMUA

Buguenna nanpysceno-0e@opmosanozo cmawy HIACMUH, WO MICIAmMb 0Meopu pisHoi gopmu, 3anumaemvcs
@dyHoamenmanvHoI0 Ma NPAKMUYHO 3HAYYW0I0 NPOOIEMOIO Y CYUACHIi Mexaniyi meepdozo mina. Omeopu ma eupizu
He3aMIHHI 8 PeanbHUXx THHCeHEePHUX KOHCMPYKYIAX Osl 3MEHWeHHA 6azu, cK1adanHsa abo obcryeosysanns. OOHAK 60HU
HeMUuHy1e nopyuyions 00HOPIOHe Noie HANPYICceHb, CIMEOPIOIOYU 30HU KOHYEHMPAayii HanpyliceHb, AKI Yacmo CIyiHcams
BIONPABHUMU MOYKAMU MPIWUH A BMOMHO20 PYUHYEAHHS. Po3yminns ma npozno3ysanis yux egpexmie mac eenuxe sHa-
YeHHA 015 NiOBUUEeHHA HAOILIHOCMI, 008208IYHOCTNT MA epeKMUBHOCMI CYUACHUX KOHCNPYKYIU 8 AepOKOCMIYHIL, MaAulu-
HOOYOI6HIU, YUBITLHIL MA eHePeemUUHIL 2any3sX.

Hewjooasniti npoepec y yiu 2anysi 6yé 3ymosienuti KOMOIHOBAHUM 3ACMOCYSAHHAM AHATIMUYHUX MemOoOie ma Yuc-
JI08UX MEMOOi8, 30KpeMa Memooy CKiHYeHHUX elemenmis. JJocnionuxu 0ocaenu 3HAYHUX pe3yivmamis y MoOeno6anHi
8nAUBY hopmu 0meopy, opicHmayii ma epanuiuHux ymMo8 Ha 3a2aibHutl po3nodin nanpyicens. Ocobausy ysazy npudileno
AHI30MPONHUM MAMEPIANAM, SAKI 6ce yacmiuie BUKOPUCMOBYIOMbCA 8 KOMIOZUMHUX MA WAPYE8AMUX KOHCMPYKYIAX 306-
O0AKU IX BUCOKOMY CHIBBIOHOUEHHIO MIYHOCTI 00 8a2U.

Anizomponisn npyscrnoco cepedosuuia 3a3eudail Cmeopioe 3HAYHi 000amKo6i mpyoHowi nio 4ac po3e'szanns Kpa-
tosux 3a0ay. Y paszi npsamMoniHitiHol anizomponii 008600UMbCs Mamu Cnpagy 3 napor 36'3aHux AHAIIMUYHUX QYHKYIL,
wWo 3anexncams 6i0 PI3HUX KOMNIEKCHUX 3MIHHUX. [ cepedosuiy i3 KPUGONIHIUHOK AHI30MPONIEI NPSME 3ACMOCYEAHHS
KIACUYHUX MemOOI8, 3ACHOBAHUX HA MeOopii KOMNIEKCHUX (yHKYil, cmae Hemodxcausum. Lli mpyorowi mosicna nooonamu
Juule 8 NeGHUX 0COONUBUX BUNAOKAX, MAKUX AK MAA AHI30MPONis abo cneyu@iuni 3aKoHuU, Wo pe2ynioioms 3MiHy npyic-
HUX gracmugocmeti, moodi AK 8i0N0GIOHA I30MPONHA 3a0a4ad 3A36UYAL YEBANCAEMBCA HAUNPOCMIUUM eMATOHOM.

Y ybomy xommexcmi ys poboma npononye mouni posg'sizku 3amMkHymoi oopmu 015 080X 3a0a4, WO CMOCYIONbCS
HANpysAHceno-0epopmosanozo cCmamy opmomponHoi niacmuny 3 yuninopuunoio anizomponieto. Pesynoemamu cnpusioms
2NUOULOMY POZYMIHHIO MEXAHTUHOI NO8EOTHKY AHI30MPONHUX NIACMUH 3 OMEOPAMU | MOJCYMb CIYHCUMU ONOPHUMU MOOe-
JIAMU 071 NePEGIPKU YUCETbHO20 MOOETIOBAHHS MA ONMUMI3AYIT THIHCEHEPHUX KOHCMPYKYTIL.

Knrwouoei cnoea: acumnmomuunuti Memoo, Maiuil napamemp, RPYHCHUL CIPUIICEHD, HANPYIHCEHO-0ePOPMOBANULL
CMan OpmomponHOi NIACMUHY 3 YUILIHOPULHOIO AHI30MPONIEI0, NIACMUHA 3 OTNBOPOM.

T.S. KAGADIY, A.H. SHPORTA
Dnipro University of Technology

O.V. BILOVA

Ukrainian State University of Science and Technology

[.V.SHCHERBYNA, O.D. ONOPRIIENKO

Dnipro State Agrarian and Economic University

PRECISION OF ACTIV TASKS FOR A PLATE WHITH OPENING

The study of the stress—strain state of plates containing holes of various shapes remains a fundamental and practi-
cally significant problem in modern solid mechanics. Holes and cutouts are indispensable in real engineering structures
for weight reduction, assembly, or maintenance purposes. However, they inevitably disturb the uniform stress field, pro-
ducing zones of stress concentration that often serve as the starting points of cracks and fatigue failure. Understanding
and predicting these effects is essential for improving the reliability, durability, and efficiency of modern structures in
aerospace, mechanical, civil, and energy engineering.

Recent progress in this field has been driven by the combined application of analytical methods and numerical tech-
niques, particularly the finite element method. Researchers have achieved significant results in modeling the influence of
hole shape, orientation, and boundary conditions on the overall stress distribution. A special focus has been placed on aniso-
tropic materials, which are increasingly used in composite and layered structures due to their high strength-to-weight ratio.
Anisotropy  of the elastic medium usually introduces considerable additional difficulties in  solv-
ing boundary-value problems. In the case of rectilinear anisotropy, one must deal with a pair of cou-
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pled analytic functions depending on different complex variables. For media with curvilinear anisotropy,
the direct application of classical methods based on complex function theory becomes impossible. These
difficulties can be overcome only in certain special cases, such as small anisotropy or specific laws governing the var-
iation of elastic properties, while the corresponding isotropic problem is generally considered the simplest benchmark.
In this context, the present work provides exact closed-form solutions for two problems concerning the stress—strain state
of an orthotropic plate with cylindrical anisotropy. The results contribute to a deeper understanding of the mechanical
behavior of anisotropic plates with holes and can serve as reference models for verifying numerical simulations and
optimizing engineering designs.

Key words: asymptotic method, small parameter, elastic rod, stress—strain state of an orthotropic plate with cylin-
drical anisotropy, plate whith opening.

IlocTranoBka nmpodJjaemMu

AHI30TpOIIs NPY>KHOTO CEPETOBUILA 3a3BUYall MPU3BOIUTH /10 ICTOTHUX JOAATKOBUX TPYAHO-
1B i/ Yyac po3B’s3aHHA KpalOBUX 3aJ1a4, OCKUIBKHU PO3MO/LT HAMIPYKEeHb Ta Aeopmaliiil y marepi-
ayax i3 HaIpSIMHOIO 3AJIEXKHICTIO BIACTUBOCTEN 3HAUHO YCKJIAHIOETHCSA. Y pa3i MpsAMOJIiHIIHOT aHi-
30TpPOIii TOBOAUTHCS PO3IVISAATH Mapy 3B’ SI3aHUX aHATITUIHUX (DYHKIIH, 10 3aJI€KaTh BiJl PI3HUX
KOMIUTEKCHUX 3MiHHUX [1].

J1ist cepemoBHII] i3 KPUBOIHIHHOIO 200 3MIHHOIO aHI30TPOMI€I0 Oe3MoCcepeTHE 3aCTOCYBaHHS METO-
JIB TeOpli aHATHYHUX (YHKIIIH BUSBISETHCS HEMOKIMBUM. L1 TpyIHOII 9aCTKOBO TIOAOJIAHO 3aBISIKH
PO3BUTKY KOMOIHOBaHUX aHAJITUYHO-YHUCEIBbHUX MT1IXO0/1IB, 110 HOEJHYIOTh KJIACHYHY TEOPII0 3 METOJIOM
CKIHUCHHUX €JIEMEHTIB 200 MeTOIaMH KOMITICKCHHX MOTEHITAB y Moau(ikoBaHiii popmi [2—4].

3HauyHU BHECOK Y II€H HAIPsIM 3pOOHIM AOCIIKEHHS aBTOPIB [2], K1 3aMpONOHYBaJI TIOBHE
0JIe aHAJITUYHOTO PO3B’A3KY JUIsl HECKIHUEHHOI aH130TPOMHOI IUIACTUHH 3 OTBOPOM, (OpMa SIKOTO
BIAXWIIA€THCS Bij eminca. OTpUMaHi HUMH pe3yNIbTaTi TOKa3ajd, [0 HaBiTh He3HAUHa 3MiHA TeoMe-
Tpii OTBOPY MOKE CyTTEBO BIUIMBATH HA PO3MOALT JIOKAJIbHUX HANpPYKEHb.

OmsnoBi npari aBTopiB [3] y3araabHUIN CyyacHi aHATITHYHI PIIIEHHS U1 OPTOTPOITHUX T1JI 13
BUpI3aMH, ITiIKPECIIOI0YH BKIMBICTh MOOYTOBH 3aKPUTHX (HOPMYI ISl OLIHKHA KOE(IIIEHTIB KOH-
LIEHTpaLil Hallpy>KEeHb.

TpuBuMipHi €(EeKTH, 110 CTAIOTh CYTTEBUMH y TOBCTUX OPTOTPOITHUX IUIACTUHAX 13 P13KO BUTHY-
THUMU BUP13aMHU, JOCIIKEHO B poooTi A. [TonTedicco ta iH. (2023), ne npencrasieHo TouHi 3D-mnosns
HaIpy>KeHb 32 JIii BHYTPIIITHLOTO 3CYBY [4].

[opsin 3 aHAMITHYHUMM TIAXOJAaMH AaKTHBHO PO3BUBAIOTHCSA UYMCIOBI Metoau. Hampukmnan,
J. Iipka Ta I[1.K. Mamnik (2025) npoanani3yBaiy BIUTUB 3MILLIEHHS KBaJPaTHOTO OTBOPY B KOMIIO-
3UTHIN IUIACTHHI HA KOHUEHTPALII0 HalpyKeHb METOAOM CKIHYEHHMX eyieMeHTIB [5]. Taki pe3ynb-
TaTH MiATBEP/DKYIOTh CKJIAIHICTh 3a/1a4 HaBITh JIJIs KBa31130TPOITHUX MaTepiaiiB, /e MPOsB aHI30TPo-
Mii 3aJIMIIA€THCS CYyTTEBUM.

Oco06nuBOi yBaru 3aciiyroBYOTh Cy4acHI METOIUKH, IO MOEIHYIOTh €(DEeKTUBHICTh aHAJITHY-
HUX PO3B’S3KIB 13 MPAKTUYHICTIO 1H)KEHEPHUX PO3pPaxXyHKiB. 30KpeMa, po3po0JIeHO METOUKY 3aKpH-
TUX (GOPMYJI AJIs1 KOMITO3UTHUX TUIACTHH 13 BUPi3aMH Ta HEOJAHOPITHOIO OPi€HTAIII€IO0 IIAPIB, sIKa B [6]
OyJia BJOCKOHAJICHA JUIsl apMOBAaHUX TaHENEH 13 HEPIBHOMIPHHUM IIapyBaHHSIM.

TakuM YMHOM, HE3Ba)KaKOUM Ha ICTOTHHUM Mporpec y rainysi, mpodiema no0ya0BU TOYHUX aHa-
JTITUYHHUX PO3B’SI3KIB 3aMKHEHO1 ()OPMH I OPTOTPOITHUX TUIACTHH 13 HMITIHAPUIHOIO aHI30TPOITIEI0
Ta CKJIAJTHOIO TEOMETPIEI0 OTBOPIB 3AIUIIAETHCS aKTyallbHOIO. Taki pillieHHs] HEOOX1H1 SK JUTsl TIIN0-
II0Or0 PO3YMIHHSI MEXaHIYHOT MOBEAIHKH aHI30TPOIHUX MaTepialliB, TakK 1 JAJs NepeBIPKH YUCEIBHUX
MoJIenieil, 3aCTOCOBYBAaHHX Y PAKTUYHUX PO3pPaxXyHKaX.

Merta pocaixzkeHHs
MerToro TOCTIKEHHS € 3HAXOKSHHSI aHATITHYHHUX PO3B’SI3KIB 3371a4 JUIsl TUIACTUHH 3 OTBOPAMH Pi3-
HO1 (hopmu. 3a TOTTOMOTO0 PO3pOOIIEHOTO aBTOPaMU METO/Ia 30ypEHb PO3B’A3aHO i OTPUMaH1 PO3B’SI3KH
y 3aMKHYTiH opMi TpHOX 33/1a4 TIPO HAMPYKEHO-AePOPMOBAHUI CTaH OPTOTPOITHOI TNIACTUHHU 3 LIUJIIH-
JPUYHOIO aHI30TPOITIEI0 Ta OTBOPAMH TPHOX THITIB: KPYTOBHM, EIIIIITHYHNAM Ta TIOTPOXO1THHAM.

https://doi.org/10.32782/mathematical-modelling/2025-8-2-12 ISSN 2618-0332 (print), 2618-0340 (online)
111



ITPUKIIA/THI ITHNTAHHA MATEMATHYHOI O MOJE/IFOBAHHA T. 8, Ne 2, 2025

Bukiaa ocHOBHOr0 MarepiaJy 10CTiIKeHHS
IMocTtanoBka 3axauyi. [liacTuna 3 Kpyropum orBopoM. [Inactuna ociabieHa KpyroBUM OTBO-
poM pajiyca R 3 BUTbHOIO TPAHUIICIO 200 3 )KOPCTKUM MIIKPIMIICHHSM 1 TIAETHCS OCbOBOMY PO3TSI-
I'YBaHHIO Ha HECKIHUEHHOCTI 3yCUJUIIMU IHTEHCUBHOCTI p; U p,. PIBHAHHS pIBHOBAard B MOJSIPHUX
KOOP/IMHATAX 3a{0BOJIBHSIOTECS, SIKIIO 3alIPOBAANTH (YHKIIIIO HAMpy)eHb F(r,0):
1oF 1 0°F O°F o' (F
O, =——+— 2969=_251re= -
ror 1’ o0 or oroo
HudepenianbHe piBHIHHS, SKOMY 33I0BOJIbHSIE (DYHKIliS HAMPY>KEHb, JJIS IJIACTUHU 3 IIUJIIH-
JPUYHOIO OPTOTPOIIEO 3aAMUCY€EThCS Y BUIVIsAL [ 7-9]:
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I[e q:E_E)’ gzm, V1:Vr5 szvlqa r:R'eéa

r

VY cymuinpHi# uiactuni 6€3 0TBOPY:

+
G()Zpl )23 p12p2

a5l =
11 ) 005271, Opn =

+
PtDy D= P BB cosom;
2 2

=BT Py 2n. (2)
2

VTBOpEHHS OTBOPY B IUIACTHHI PIBHOCHIIBHO TIPUKIIAJAHHIO IO TOYOK YSBHOTO KOHTYPY HAIpy-
KEHb ©,, =—0),, T=-T,. Jli1 HOPMAJBHUX Ta JOTHYHHUX HAIPYKEHb BEJE 10 BUHUKHEHHS JIPYroro
oI5 HanpysxeHb. [IoBHUI PO3B’ 30K 3a1a4i 3 OTBOPOM CKJIAJAEThCS i3 CyMHU PO3B’ 3Ky (2) Ta BKasa-
HOTO JIPYTOTO TIOJIsi HANPY>KeHb. J[Jisi BUSHAYEHHS JIPYTOTO MOJIsl HANPYKEHb HEOOXiTHO PO3IIISTHY TH
3a/1a4y, KOJIM KOHTYp OTBOPY (& =0) HaBaHTaKEHHH HOPMAILHUMH Ta JOTHYHUMH HAIPYKECHHAMH,
Ha HECKIHYEHHOCTI HAIIPYKCHHA ,Z[OpiBHIOIOTB HYIIIO, TOOTO KpaﬁOBi YMOBHU MAarOTh BUTIIA:

cos2n,

+
qKIo £=0 an_pl P p12p2

2
AKmo £—o o, >0, 10, 3)
['pannyni ymoBH (3) MOXKyTh OyTH pO30UTH HA JBl YACTHUHHU:

1) (1) b "2'172

p PP
——"2gin2
> n,

, =0 (gacTuHa, 10 HE 3aJICKUTH Bl KOOPAMHATH 1 ),

2) oy = _b ;p 2cos2n, T= %sin 21 (3aJIeXKHTH BiJl KOOPAWHATH M ).

[ToBHUMIT pO3B’SA30K MOCTABJICHOT 33a/1a4l € CYINEPIO3HUIIIE€I0 PO3B’SI3KIB JIJIS TIEPIIOi Ta IPYroi
YaCTHH I'PaHUYHUX YMOB 1 Ma€ BUIIIS;

:M(l_e’(l+\/§)‘i)+p1 P, 1_(3+\/7)(1+\/7) (e )z
: Ry
e )18 e
2 -)

11

cos2n; 4)
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P+, (@) Py - P NAENAENA (s
622=T(1+\/ae( ) )— 2 1+ ((\/_ )(\/_) ) Ji)e
) ]
2(Je ~1) ’
PP H\f(“ 2) (1 )e \F(”\f) (i)
I R N T

ne 4, =(1+2a)—/(1+2a)" =9 , 1, = (1+2a)+/(1+2a)" -9 .

sin2n,

Y BUNaIKy 130TpONHOI 1acTuHu (g =1, €= TV ,a=2,t=1,1=9)po3B 130K (4) NEPEXOAUTH
y BiIOMHU# pO3B’ 530K aHAIOTIYHOI 3a/1adi.

Po3ristHeMo BHUMagoK, KOJIM KOHTYP OTBOpPY B IUIACTHHI MIJKPIIUIEHUH >KOPCTKUM KUIbLIEM.
VY cyuinbpHii MIacTUHI KPIM CIIBBIAHOIIEHD (2) I11e BUKOHYIOThCS CITIBBIIHOIICHHS:

UIO=R—eé|:(1_vl)(pl+p2)+(1+vl)(pl_pz)cos2n:|,
E| 2 2
Ret | (¢7 1) (P +p,) —p, l+g " +2v, .
U :?1{( )2 1 TP n+P1 2p2 4q . Lsin2n (5)

VY (5) BigkuHyTI QyHKIIIT, M0 3’ SABISIOTHCS 32 IHTETPyBaHHS.

VY miacTuHi 3 )KOPCTKUM KUIbLIEM Ha KOHTYp1 oTBOpy R (&=0) BiacyTHi 3cyBu U, Ta U, TOOTO
YTBOPEHHS OTBOPY, MIJKPIIUIEHOTO KOPCTKUM KIJIBLEM Y IUIACTHHI, PIBHOCUIIBHO HAsIBHOCTI Y TOYOK
YSIBHOTO KOHTYpPY TiepeminieHs U, = -U) Ta U, =-Uj. [Ipucytnicts U, Ta U, IpU3BOAUTH 10 MOSIBU
IHIIIOTO TOJIs 3MilIeHb. [[oBHUI PO3B’SA30K 3a/1adi 3 OTBOPOM CKIIAJAETHCS 13 CYMH pO3B’s3Ky (5) Ta
BKa3aHOTO HOBOTO MOJIs 3MileHb. JJi1 BUBHAUEHHS APYTOro MOJsl 3MillleHb HEOOX1AHO pO3IISTHYTH
3a/1auy, KOJIM Ha KOHTYpi oTBOpY (& =0 ) 3amani nepeMinieHHs U, Ta U, Ha HECKIHYEHHOCTI 3MIIICHHS
JIOPIBHIOKOTH HYJIO, TOOTO KpailOBl yMOBU MarOTh BUIIISA:

R(1=v)(p+p,) R(1+v)(p-p)

=0 U =-— 2
SKIIO & . E > £ 5 cos2n,
1) (p, + -p,)(1+q " +2
Uzz_ﬁ(q )(, pz)n+£(p1 p.)(1+¢ vl)smzm ©)
E, 2 E, 4

aKmo § >~ U, —>0, U,—>0.
KpaiioBi ymoBu (6) MOXyTh OyTH pO30WTH Ha 1Bl YACTHHHU:

U =— R (l—Vl)(pl-i-pz) U =— R (qil_l)(Pl‘*Pz)
) 1= E 2 H 27 E B — N,
1 1

Rv)(p=p) oy R(Amp)(lrg+2v)
E 2 S 4

1
[ToBHUMIA pO3B’ 30K MOCTABICHOT 3a4a4l Ma€ BUTIS:

:R_eé|:(1_vl)(pl +p2)+(1+vl)(pl _pz)
2

E, 2

2) U =- sin2n.

cos2n |+

1

+Rq—1 (me+e+v,q) p, +p, T
E, 2

Rq_1 (m8+8+q) p+p, eié+i 4_(1_\/2)(1_2V1+V1\/Z)Ce,ﬁ§+
E 1

' 2 E, Ju
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4—(1—\/2)(1—2\;l +V”/Z)Ce‘@
3

cos2n;

¢l (g =1)(p, + - -1
R | (¢ -1)(n Pz)n_pl p21+q2+2vlsin2n_

2 2

R(q"=1)(p, 1) e L 4(vilt, 1)~ (1=, )(a % _szl)Ce’ﬁé
3

E, 2 2 )

_4(1—v1\/2)+(1—\/2)(q’111 ~1+2v,)
2

o, =E. (ell +V1q622) 5 Oy = E*q(ezz +V1611) , T=Ge,

-¢ -8 -5
€ :%[aa_(é]; 55 :%(aaUz +U1]; G :%(aazz +%_U2]
M

[IpoBeneHi MOpiBHAHHS PE3YNIBTATIB 13 BIIOMUMHU TOYHUMH PO3B’A3KaMHM, 30KpeMa JIJIsl 130TPOII-
HOTO Marepiaiy.

3amayi JUIsl IUTACTUH 3 €TINTUYHUMU Ta FHOTPOXOIAHUMHU OTBOPaAMH

3a noromororo Metona 30ypess [ 1; 8—10] oTpuMaHO aHATITUYHI pO3B’SI3KKA B 3aMKHEH1H (hopmi
IIe JBOX 33/1a4 PO HANpPYKEHO-1e(OPMOBAHUI CTAaH OPTOTPOITHOI TUIACTUHY 3 IIMIIHAPUYHOIO aHi-
30Tpomi€r0. Y MEepuIoMy BUIAJAKY IUIACTHHA MocialieHa eqinTUYHUM OTBOPOM i3 BUIBHOIO I'DaHU-
1eI0, Y IPYroMy — IUIACTHHA TocialiieHa TinoTpoXoiqHiuM OTBOpoM. B 000X BHIajKax IutacTHHA
Hi11a€THCS OCBOBOMY PO3TATYBAHHIO Ha HECKIHYEHHOCT] 3yCHIUIIMH iIHTCHCUBHOCTI p; Ta p,.

Po3riisiHeMO  aHI30TPONMHY  IUIACTHHY, THoOciallieHy eminTUYHUM  OTBOpoM. DyHKIis
w(C)=R(§+cCl). Toni x:R(eé +ce’§)cosn , y:R(e‘i —ce"")sinn , H :R(ezé —2c-cos2n+cze’2‘§)5.

Clefﬁg sin2n;

1 b bY(, bY' Lo
TyTR= 5a(1+—} , C= (1 ——J[H—j , a,b —BBIC1 EINTUYHOIO OTBOPY.
a a a
VY nnactuni 6€3 0TBOpY
-1 1
o), = (e4é —2ce** cosZn+cz) 1[5(1)1 +pz)(e4‘i +c2)—c(p1 -p,)e+

1
+(E(pl —p2)<e4§ +cz)—c(p1 +p2)e2§jcosn} ,

oy, :(e4§ —2ce* cos2n+c’ )71 {%(pl +pz)(e4€ +c2)+c(p1 —-p,)e* -

1
_(E(pl —pz)(e“’ +c2)+c(p1 +p2)e2§jcosn} ,

0?2 = —%(p1 -p, )(e4é —2ce* cos 2n+ c? )_1 -(e“’ - )sin 2n.
KBaziocicumeTpuuHuii po3B’s130K Ma€ BUIJIS:
G, =—0, = —%(e4§ —2¢e* cos2n+c’ )71 [pl (1-¢c) +p, (1+ c)z]e25 , 6, =0.
Po3B’s130K 3a/1a4i 3 KpallOBUMH yMOBaMH
o, = —%(1—2c-cos2n+cz)_l [pl (1-¢)’ -p, (1+c)2}cos2n ,
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012:%(pl—pz)(1—2c-0052n+c2)71-(l—c)zsin2n, (£=0),
6,0, 0,0, (§>x)

BIITYKYIOTHCS MeTOZIOM 30ypeHs [1; 8; 9]. [Ipu oMy nepenbavaeTbest, mo
é:l—xg (x~1), R =a(l—%xs), c=x£(2—x£)7] .
a

Toxi psiam, y sIKi pO3KJIaAal0ThHCS IIyKaHi (PyHKIIIT, 3T1JHO i3 3apOIOHOBAaHUM METO/IOM, Haly-
BAaIOTh BUIVISIALY:

2

H = ae* —%axeé (1+e’2‘i cos 2T])8+0|:(X8)2:|
fi=1 +()(e‘2‘i Ccos 2T‘|)8+0|:(X8)2] , = (Xe'zé sin 21’])8+0|:(X8)2:| ,
fi= (—2)(62‘i cos 21’])8 + 0|:(X8)2:| , fi= (—2xe’2‘5 sin 21’])8 + 0|:(X8)2:| ;

1 1
v (M) == (pi = ps)eos2n+ [ (P + py)eos 2n= (py = ps)cos’ 2nJe+0[ () |,
1 . .
v,(n)= E(p] —pz)(sm2n+(xs1n2ncos2n)a+O[(X£)2}) , M =N, =2n.
Hageznemo ocrarouny ¢Gopmyny AJisi BU3HAYCHHS HAMpyKeHb G,,, IO JAIOTh Ha IJIONIAIKaX,
HOPMAaJIbHUX 70 KOHTYpPY €TMTHIHOrO OTBOPY (&=0), 110 SBISAIOTH OO0 HaNOLIBIIHMIT iHTEepeC.
HampyxenHns o,,, 6,, Ha KOHTYpi JIOPIBHIOIOTH HYJIIO.

G, =%(1—20-0052n+c2 )71 (2(1+02)(P1 +Pz)_[P1 (1+C)2 - (7)

1 1

- (1—0)2}005211)—%[”8_2](pl —pz)cos2n—8{%(pl —py)e * cos2n -

1

—%xl:(p, +p2)cos2n—%[1+s2j(p, —pz)(1+200s4n)}}+0(82), 6,=06,=0.

SIkio ¢=0 (x=0), To (7) mepexomuTh y po3B 30K BiAMOBIAHOI 3a/1a4i TSl IUIACTHHH 3 KPYTo-
BHM OTBOPOM.

[TopiBHsHHS (0,,)_ , 110 3HaMAEHO 3a Gopmystoro (7) Auist i30TPOIHOI NIACTHHY 3 ypaxXyBaHHIM
HepIINX JBOX HAOIMKEHb, i3 TOUHUM po3B’a3koM [10] mokasye, 1110, HaIPUKIA, 3a 20,65 mOXUOKa
JUTSL PI3HUX BHUIAJIKIB HABAHTKEHHS HE repeBuirye 5—10%. ‘

Po3misiHeMo aHI30TPOMNHY IUIACTUHY, 10 TocaabieHa rinoTpoXoiJHUM OTBOpoM. TyT

o(Q)=R(+ck'C*)  (0<c<l),
x= R(eé cosn+ck ‘e cos kn) ,

y=R (e’é sinn—ck'e** sin kn) ,
1
H=R (ezi —2ce " cos(k+1)n+c’e™* )2 .

3a k=1 moBepTaeMocCs 70 BUMAJKY €IIICa, 32 LUIMX k>1 OTpUMAEMO KpHBI, LIO SIBISAIOTh
co0010 MpaBWJIbHI KPUBOJIHIMHI 0araTOKyTHUKH 31 CKPYIJIEHUMU KyTaMH: TPUKYTHUK 3a k =2, KBa-
apar —3a k=3 1T J.

Ha xontypi oTBOpY

-1

G, Z%(I—ZC-COS(IC-FI)T]-FCZ) (2(1+cz)(p1 +p2)—(pl—p2)c052n+
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+2¢(p, — p,)cos(k—1)n—2¢(p, + p,)cos(k+1)n—c*(p, —pz)COSZkT]:|— (8)

1

1
_%[1+8_2j(p1 _Pz)coszﬂ—ﬁ{%(pl —p,)e 2cos2n+
1 Bl
+EXH28 2 —1J(pl —p,)cos(k—=1)n—=2(p, + p, )cos(k+1)n+

+[1+8;j(p, —pz)cos(k+3)n}}+0(82), (k=2,3,..).

ITix yac po3B’si3aHHs 3a/1a4i 3aMIPOMIOHOBAHUM METOOM TIependadanocs, mo ¢ =yxe (x ~1).

J1J1s1 130TPOMHOI TNIACTHHKH € MOXKIIUBICTH MTPOBECTH MOPIBHSHHS OTPUMAHOTO PO3B’SI3KY 3 TOY-
uuM. [Toxubka i yac o6uucnenns (o,,)  (30kpema, 3ak =3, c= %) 3a hopmyrioro (8) 3 ypaxyBaHHSIM
MEPUINX JBOX HAOMMKeHb He nepedinbirye 5—10% 3a pi3HUX BHJIIB HABAHTAXKEHHS.

BucHoBku
3anponoHOBaHUI METOJ MOXKe OyTH 3 YCIIXOM 3aCTOCOBAaHUH Y AOCIIDKEHHI KpaloBUX 3a1a4y
Teopli MPY>KHOCTI AJIs 130TPONHUX Ta aHI30TPOMHUX IUIACTHH.
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YK 004.8

B.I. KIIMEHKO, M.O. MOJIYAHOBA, O.B. CObKO,
B.I. AHAPOIIVYK, O.B. MA3YPEILb

XMeNbHUIBKUH HAIliOHATBHUH YHIBEPCUTET

MIJIXIJ JO MMPOTPAMHOI IHJKEHEPIi TA TECTYBAHHSI METOIY
BATATOPIBHEBOTO BUSIBJIEHHSI CYB’€KTIB KIBEPBYJIIHT'Y
HA OCHOBI TPAHC®OPMEPIB Y XMAPHOMY CEPEJOBMUIII

Cmamms nodae indceneprHo obIpyHmMosanuti nioxio 00 Oazamopieneso2o GuseieHHs cyO €kmig KibepOynincy
3 NOEOHAHHAM NEPBUHHOT mpancghopmepHoi OemeKyii azpecusHUX BUCLOBTI08AHL MA NOOANbLULOT POIbOBOT IHmMepnpemayii
OUCKYPCY 30 CXeMOI0 «iHIYiamop — MoslieHHesa 0ist — aopecamy y cepedosuuyi Google Colab. Peanizayis 6azyemuvcs na
nonepedHbo HampeHosarnomy kiacugixamopi cardiffulp twitter roberta base offensive y kougicypayii text classification
oibniomexu transformers, ujo 3abe3neuye 8i0meoprosanull igheperc 6e3 000amK08020 OOHABUAHHS | OAE 3MO2Y 30cepedl-
MUCSL HA NPOSPAMHILL [HIICeHePIl ma mecmy8aHHi. 3anponoHo8ana KOHCMPYKYISi OXONIOE MOOYI IHmepghelicy, KepyeanHs
00pobOKOI0, KIacu@irayii ma CUHMAKCUKO CeMAHMUYHO20 AHANI3Y 3 QiKcayiero 8epcill nakemis, UNAOKO8UX 3epeH i napa-
Mempie MOKeHi3ayii, HCYPHATLHUM CYRPOBOOOM KoHicypayil ma 36epedcennam apmeghaxkmis na Google Drive. Memo-
Oonoeiunuil eHecok nonsizae 'y notebook oriented-opeanizayii dcummesoeo yuxy, wjo nepedbavac KOHmMpons Gopmamy
OaHUX, PenniKO8AHI MIKPO3ANYCKU, NPOMOKOL NOPO2YBAHHS Ol OIHAPHUX pilleHb, MAPKYBAHHS NPUKOPOOHHUX UNAOKIE
0N pyuHO20 nepe2nady ma 60Y008aHi nepesipKu ¥32002ceHOCmi ponbosoi inmepnpemayii. Emnipuuny die30amHicme
niOMeEEePONCeHO HA MAil eKCNepmHO 8epUpikosaniil niosubipyi, sska OXONIe munogi cumyayii npsamoi 0bpasu, ipoHiu-
HO2O 3HeYIHeHHs Ma HeUMpPAaIbHO20 YUMYEAHHSA NOMEHYILIHO MOKCUUHOT 1ekcuku. OYiHIO8aHHs GKII0YAE hikcayiro meoi-
AHHO20 Yacy iHghepeHcy Ha NPUKIAOT MINHCK8APMULLHO20 PO3MAXY AK IHOUKAMOPI6 0nepayitiHoi cmabiibHoCmi y 3MIHHUX
YMO8AX KOIAD cepe0osuuya, a maxoxtc ananis po3snooiny 6nesHeHoCmi pienb 3 ypaxyeanusam pooouozo nopozaa. Axicna
sanioayist 0eMOHCMPYE KOPEKMHI CHPAYIOBAHHA HA SAGHUX THEGEKMUBAX, XUOHT NOZUMUBU Y A3l MEMAMOBHO20 YUNTYBAHHS
ma Xubmni Heeamugu 01 CAPKACMUYHUX BUCLOBNIOBANb, WO ODIPYHMOBYE NOMpedy ponbo6oi inmepnpemayii Ons 3HAMMms
KoHmeKcmHoi neoOnosnaunocmi. Ompumani pe3yrsmamu ciouams, w0 NOCOHAHH NONePeoHbO HAMPEHO8AHO20 KAACU-
@ikamopa 3 ponbosum pieHem i npoYyedyPHO OPOPMIEHUM MECYBAHHAM 3a0e3neuye 8i0ME8OPIOGAHICIb eKCNEPUMEHMIE,
iHmepnpemosanicmv 8UX00Y i KOHMPOIbLOBAHY OeMePMIHOBAHICIb PIllleHb Y MenHcax 00uUcato8anbHux oomedcens Colab,
CMeopIoIoYU 0CHO8Y OJiA Macuimadyéans Ha OLIbWI KOpHycu i 6a2amomosHi domenu.

Knrouosi cnosa: xivepoynine, ponvosa inmepnpemayis, mparcgopmepri mooeni, Google Colab.

V.I. KLIMENKO, M.O. MOLCHANOVA, O.V. SOBKO,

V.I.ANDROSCHUK, O.V. MAZURETS
Khmelnytskyi National University

APPROACH TO SOFTWARE ENGINEERING AND TESTING OF THE METHOD
OF MULTI-LEVEL DETECTION OF CYBERBULLYING SUBJECTS BASED
ON TRANSFORMERS IN A CLOUD ENVIRONMENT

The article presents an engineering-based approach to multi-level detection of cyberbullying subjects with a com-
bination of primary transformer detection of aggressive statements and subsequent role-based interpretation of discourse
according to the initiator speech act addressee scheme in the Google Colab environment. The implementation is based on
a pre-trained classifier cardiffnlp twitter roberta base offensive in the text classification configuration of the transformers
library, which provides reproducible inference without additional training and allows you to focus on software engineer-
ing and testing. The proposed design includes interface modules, processing control, classification and syntactic semantic
analysis with fixing package versions, random seeds and tokenization parameters, configuration logging and artifact
storage on Google Drive. The methodological contribution consists of a notebook-oriented organization of the life cycle,
which includes data format control, replicated microruns, a thresholding protocol for binary decisions, borderline case
labeling for manual review, and built-in checks for consistency of role interpretation. Empirical feasibility is confirmed on
a small expert-verified subsample, which covers typical situations of direct insult, ironic devaluation, and neutral citation
of potentially toxic vocabulary. The evaluation includes fixing the median inference time per example and the interquartile
range as indicators of operational stability in variable conditions of the collab environment, as well as analyzing the dis-
tribution of decision confidence taking into account the operating threshold. Qualitative validation demonstrates correct
activations on explicit invectives, false positives in cases of metalinguistic citation, and false negatives for sarcastic state-
ments, which justifies the need for role interpretation to remove contextual ambiguity. The results obtained indicate that
the combination of a pre-trained classifier with a role level and procedurally designed testing provides reproducibility of
experiments, interpretability of output, and controlled determinism of solutions within the computational constraints of
Colab, creating a basis for scaling to larger corpora and multilingual domains.

Key words: cyberbullying, role interpretation, transformative models, Google Colab.
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IHocTanoBka npodiaemMu

Eckanaris arpecuBHUX B3aeMOJIiN y IM(POBUX cepeloBHILAX Je/lali yacTile HabyBae Hemps-
Mux (GopM 3 ipOHi€I0, HATIKaMH, KOHTEKCTHUMH TPUTEPaMU Ta KOPOTKUMH PpeIuTiKaMHU-IIiJICH-
mroBadamu [1]. BimpliicTe HasSBHUX pillIeHb 3yMHUHSETHCS HA TUIOCKOMY SIPIUKY «TOKCHYHO YW HE
TOKCUYHO» 1 HE BCTAHOBIIOE aJIPECHOCTI BIUIUBY, 110 YHEMOXJIMBIIIOE 3MICTOBHY Mojepariito [2].
[ToTpiben meTom, sikuii paroe 6araTopiBHEBO 3 IEPBUHHUM BHSIBICHHSIM O3HaK KiOepOysiHTYy TpaH-
chopMepHIMH MOJICTISIMH Ta TOIAJBIIIOK IHTEPIIPETAIIIEI0 AUCKYPCY Yepe3 POJIbOBY KOH(ITYpaIlito
«IHILIATOp — MOBJICHHEBA J1isl — aJpecar» 13 BIAOKPEMJICHHAM MiICHIIOBAYiB 1 CTOPOHHIX YYaCHHUKIB.

[opsia 3 anrOpUTMIYHKUM CKJIQTHUKOM TOCTA€E 1HXKCHEPHE 3aBIaHHs 3a0€31eUUTH BiTBOPIOBA-
HICTh €KCIIEPUMEHTIB 1 MEepeBiIpIOBAHICTh SKOCTI B TUMOBHX ISl TOCIHITHUIIBKOI MPAKTUKH yMOBaX
Google Colab [3]. Cepsic Google Colab Hamae TIMUYacoBe CepeIOBUINE 3 MIHIUBOK KOH]Irypa-
LI€I0, JIe CEaHCH Iepe3aIryCKaroThCsl, TOCTYIHICTh 1 TUI TpadivyHOrO MPHUCKOPIOBaya 3MIHIOIOTHCS,
a JIOKaJIbHE CXOBHUIIIE € HEMOCTIMHNUM. 3a TaKUX YMOB *KMTTEBUM LIUKI METOLY CJIiJl OpPraHi3yBaTH sIK
notebook driven engineering 3 ¢ikcaliiero Bepciii makeTiB 1 BUMAAKOBUX 3€PEH 13 JeTepMIHOBAHUMHU
eTarnamMy 3aBaHTaXEHHs Ta OYUILEHHS JaHUX, 31 366pe)KeHHHM apTeq)aKTiB Ha Google Drive Ta 3 BOy-
JIOBAaHUMH MIHITECTaMU B HOYTOYKY JJISl IIBUAKOT HepeBlpKI/I ¢dopmariB i 6a30BUX MeTpHK [4].

Ki104oBi BUKJIMKH CTaHOBJISTH MOBHA BaplaTI/IBHICTB i3 KaProHOM 1 KogMikcoM, opdorpadiuni
BIAXWJICHHS, AucOallaHc KJIaciB 1 HecTada SIBHUX MITOK az[peCHOCTl [5]. HeoOxinHuii KoHBEEP, 110
TOE/IHY€e JETEKIIIO, poIboBYy 1HTepnpeTau1}0 Ta MOSICHIOBAHICTH 13 JIOKAJI3al[€l0 TOKCHYHUX (hpar-
MEHTIB, MapKyBaHHAM 1HIIIaTOpIB 1 agpecariB Ta KOHTPOIIEM MOMHIIOK BHCOKOT BapTOCTl Kpure-
pii IKOCTI MarOTh OXOILTIOBATH CTaOUIBbHICTH MOKa3HUKIB Precision Recall F1, noBeainky noporis Ta
JaTEeHTHICTH iH(pepeHcy B Mexax ceancy Colab [6]. YV mincymky npobiemMa rossrae y po3po0seHHi Ta
Bepudikallii miaxomay 10 MPOrpaMHOI iHKeHepii i TecTyBaHHs 0araTopiBHEBOTO METOAY BHUSBJICHHS
cy0’ekTiB KibepOymiHry Ha ocHOBI TpaHchopmepiB y cepenouili Google Colab, mo 3abe3neuye
IHTEPIIPETOBAHY POJIbOBY PEKOHCTPYKILIIIO JUCKYPCY, BIATBOPIOBaH1 MPOIElypy 30epexKeHHsI 1 perpe-
CIAHOT IEpPEeBIPKU Ta OTMEPAIiiiHy HalIHHICTh BUMIPIOBaHb 3 ypaxyBaHHIM 0OMEKEHb TIaTGopMHu.

AHAaJI3 0CTAHHIX JOCTIIXKeHb | myOsikanii

VY cydacHoMy iH(opMmaIiifHoMy MpOCTOpi aBTOMAaTH30BaHE BHUSBIICHHS arpeCUBHUX 1 TOKCHY-
HUX BHUCIIOBIIIOBAaHb IOCi/Ia€ KIIFOYOBE MICIE Cepe]] HalpsMiB 00pOOKH PUPOIHOI MOBH, OCKITBKU
BOHO 0€310CEePEHBO OB’ A3aHe 3 MUTAaHHAMU LHU(PPOBOT €TUKH, MOZIEpallil KOHTEHTY Ta ICUXOJIOT14-
HO1 O€3IeKH KOPUCTYBAYiB.

VY pobotax 2023-2024 pp. miaTBEpKEHO €(DEKTUBHICTD JOHABYAHHS Cy4acHUX TpaHChHOpMeEpiB
B MOBax 3 oOMekeHMMHU pecypcamu. s OeHranbebkoi MoBu Mojeni Bangla BERT 1 Multilingual
BERT nocsranu F1 = 0.87 [7].

HoBiTHI KOpIyCHI AOCTIKEHHS, IPUCBIYEHI aBTOMATU30BAHOMY aHAi3y arpecUBHOI KOMY-
HiKaIlii, 3aCBIYYIOTh €BOJIOIIIO MIAXOAIB BiJl MPocToi OiHApHOT Kiacudikallii 10 6araTopiBHEBUX
1 mosACHIOBAJIbHUX Mozenel. Y mexax koHkypey OffensEval, no6yz[013aHoro Ha TakcoHomii OLID,
MIPOJIEMOHCTPOBAHO, 10 APXITEKTYpU THUILY TpaHC(bopMeplB 3[1aTHI He JuIle e(PeKTUBHO BUABIIATH
(l)aKTI/I 06pa3J1HBOCT1 an Knacu(bleBaTH iX 3a TMIIOM 1 BU3HAYaTu 00’ €KT CIIpsIMyBaHHs. Y mepuIii
itepanii (2019 p.) naiiBunn nokasuuku caraymu F1 = 0.829 nns 3amadi A (merekiiisi oOpa3inuBUX
BucnoBmoBanb), F1 = 0.755 nns 3amaui B (Bu3HaueHHs, uu € oOpasa TapreroBaHow) ta F1 = 0.660
st 3agadi C (imentudikaris mimeni cepen kareropiit IND/GRP/OTH), npudomy npoBigHi pe3yiib-
TaTu rmokasanm mojeni Ha 6a3i BERT [8].

VY cerMeHTI KOPOTKUX MOB1IOMIIEHb Ha IU1aT¢opMax MIKpOOJIOriB clieniaii3oBaHi pillIeHHs Ha
OCHOBI JIOKQJIBHUX TBITTEp-KOpIyciB csaranu F1 = 0.91 3a yMOB 1isiecnipsiMOBaHOi1 JOMEHHOI ajanTa-
1, 0 MAKPECoe 11 KpUTUYHE 3Ha4eHHS [9].

[NosicHioBanbHUN BUMIp npobieMu Oyno nmormubiaeHo B pamkax SemEval 2021 Task 5 — Toxic
Spans, 1€ 3aBIaHHAM CTAJI0 TOYHE BUAIJICHHS TOKCHYHHUX €JIEMEHTIB TEKCTY Ha piBHI cUMBOJIiB. Haii-
yCHIIIHIIIA MOJIETh TOcsATIa moka3Huka character F1 = 70.83%, 1o 3acBiquniio peanicTUIHICTh Tij-
XOJIIB J10 palioHati3auii pimeHs TpaHchopMepHUMH MozensiMu. BoiHouac criocTepiraiacs cyTTeBa
PO301XKHICTh y MPOAYKTUBHOCTI: cuctemH, 1o BukopucToByBaiu BiLSTM-CRF a6o ToxicBERT,
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nokazyBanu F1 6nu3bko 62.23%, 1m0 BKa3ye Ha CKJIQJIHICTh 3aJ1adi CIIaH-JIeTeKIlii Ta BUCOKY 3aJIexk-
HICTB pe3yNbTaTiB B apXiTeKkTypu i mapamerpusarii [10].

3arajioM JMHaMiKa pO3BUTKY 3aBlaHb y cdepi BUSABICHHS KiOepOyJaiHTY AEMOHCTPYE MOCTY-
MOBY 1HTETpaLlil0 KOHTEKCTHO-UYTIMBHX MOJENell 13 MOsACHIOBaJbHUMU MexaHizMamu. CydacHi
TpaHchopMepHu TOBETH CBOIO 3aTHICTh HE JUIIe KiIacudikyBaTH KiOepOysIiHT, a i HajaBaTH iHTEp-
MIPETOBaH1 PE3yJbTaTH, IO CIPHSIE IMiIBUIICHHIO TOBIPH JI0 CHCTEM aBTOMAaTHU30BaHOI Mojeparllii Ta
PO3IIUPIOE MOYKIMBOCTI X 3aCTOCYBaHHS y 0araTOMOBHOMY CEPEIOBHIIII.

Merta pocaigzkeHHs

Merta nondrae B oOIpyHTYBaHHI Ta peaiizalii IIICHOTO MiAXOAy 10 MPOTrpaMHOi i1HXeHepii
1 IepeBIpKHU SKOCTI OaraToOpiBHEBOTO METO/AY BHUSBICHHS CyO €KTIB KiOepOyiniHTYy Ha OCHOBI TpaH-
chopmepiB y cepenoruii Google Colab i3 30cepemkeHHSIM Ha POIBOBIH IHTEpIpeTallii AUCKYPCY 3a
CXEMOI0 «IHIIIAaTOp — MOBJICHHEBA JIisl — aipecar. J{ociikeH s cipsMOBaHe Ha CTBOPEHHS BIITBO-
pPIOBaHOTO HOYTOYK-OPIEHTOBAHOTO KOHBeepa 3 (pikcallie€ro Bepcii 1 KOHTPOJIbOBAHOIO JIETEPMIHOBA-
HICTIO, HA ()OPMYBAHHS MPOIICTYPHOTO KapKaca TECTYBaHHSI, IO OXOIUTIOE MEPEBIPKU KOPEKTHOCTI
JAHUX, CTAOUIbHICTh METPUK TOYHOCTI Ta MOBHOTH, MOBEIIHKY MOPOTiB 1 JATEHTHICTh iH(pEpEeHCY
B MeXax oOuMciaroBaiibHUX oOMexeHb Colab, a Takok Ha po3poOsieHHsS 1HXXEHEPHUX apTe]akTis,
MPUIATHUX JJIS TIOBTOPHOT 301pKH 1 He3anexHoi Baifamnii. Pearnizariis MeToy 3aiiiCHIOEThCS Ha 0a3i
nonepeIHbO HaTpeHoBaHoro Kiacudikaropa cardiffnlp/twitter-roberta-base-offensive [11] y kongiry-
parii text classification i3 Bukopuctanssm 0i0morekn transformers y cepenosuti Google Colab, mo
3abe3mnedye BiITBOPIOBAaHICTh Ta YHI(pIKOBaHICTh iH(epeHcy 0e3 101aTKOBOTO TOHABYAHHS MOJIEII.

Buxkiaa ocHOBHOT0 MaTepiay J0CTiIKeHHS

Y poGOoTi pO3MIIHYTO METO OaraTopiBHEBOTO BUSBICHHS Cy0 €KTIB KiOepOyImiHTY, KUl MOEAHY€E
MIEPBUHHY TpaHC(OpMEpHY AETEKII0 arpeCHBHUX BUCIIOBIIOBAaHb i3 MOJAJBIIOI0 POIBOBOIO IHTEP-
MIpEeTaLi€lo JUCKYPCY 3a CXEMOIO «IHIIIaTop — MOBJICHHEBA il — ajipecar». CXeMy MeTOAy HaBeIEHO
Ha puc. 1. Ha erami nepBHHHOI JeTeKIli BUKOPUCTAHO TMONEPEAHhO HaTpeHoBaHy mozenb cardiffnlp/
twitter-roberta-base-offensive sk 6a30BUii KOMIIOHEHT arpeCUBHOTO MOBIIeHHS. Takuii BUOip 1ae 3Mory
30CepeIUTUCS Ha IHKEHEPHUX aCIeKTax IHTerparii i TECTyBaHHs 6araTopiBHeBor0 KOHBeepa 6e3 BUTpAT
Ha HaBYAHHS 3 HyI1. MoTHBaliiHy 6a3y CTAHOBIIATH Cy4aCHI KOPIYCHI iHILIATHBH, IO IIEPEXOATH BiJ
OinapHOi Kacugikarii 10 3a1a4 3 meHTH(leauleIo MillIeHi Ta BUIUICHHSM TOKCHYHHUX ()parMeHTiB, 10
JIEMOHCTPY€ TPAKTUYHY PEaTi30BaHICTh CIIAH-OPI€EHTOBAHOTO PalliOHANI3yBaHHs PillieHb Ha 0a3i TpaH-
chopMepiB 1 3a/1a€ BUMOTH JI0 IHTEPIPETOBAHOCTI MOZIEIIl Yy IPUKIIATHUX CIIEHAPISIX MOAEpaIlii.

3anponoHOBAHUH MIJX1J MO3ULIOHYETHCS K 1HXEHEPHO 3aBEpIICHE PILICHHS, Y SKOMY TpaH-
chopMepHa JIeTeKllis Ta polbOBa IHTEpIIpeTallist IHTerpoBaHi 31 cnenudikaisMu JaHUX, I1a0JI0HOM
EKCIIEPUMEHTY Ta KOHTPOJIBOBAaHUM TeCTOBUM KOHTYpoM y Google Colab. Taka nmoctaHoBka 3a0e3-
reyye He JIMIIe SKiCHI MOKa3HUKH Kiacugikailii, a i mepeBipioBaHICTh BiITBOPIOBAHHX 3aITyCKiB, 110
0e3nocepeHbO BIMOBIAA€ aKIIEHTY CTATTI Ha MPOrpaMHii 1HKeHepii Ta TECTyBaHHI METOLY.

Bxioni oani: O L ;
- AT TS SRR T Etan 1. BuApneHHA KiGepoyainz Buxioni oani:
AL AHATL3Y; KiGepOyTinry HE lARTEHO - -
- HABUeHa HeHpoMepeKeBa [BiICOTKOBA OIiHKA
MO/IeNb T aHaTi3y (GaKTy — HasBHOCTI KiGep 6y Iinry
KiGep 6y IiHry; Kioepoyninz
- CHHTAKCHKO- BLABTEHO . .
> ) - BLICOTKOBA OLIIHKA
CEMaHTHYIHHH aHal13aTop . . HagBHOCTI KibepOymiHTy
A1 BiTemR °3_"6’€me~ Eran 2. Anani3 cy0’€KTiB BIUIHBY - cy6’exTH Ta 06" cxTH
00’€KTIB 1 3B’ A3KIB MK BILTHBY;
HHMH. - Kpok 3. - IpeIHKaTHBHA [is Ta
Kpoxk 1. Kpok 2. PeKOHCTPYKIis Kpok 4. [THIT B33€MO3B A3KY.
CHHTaFKCHTIHe Hooy:{oa_a DPOTEOBIX Arperaris
po30HTTA IIpeIHKaTiB —— Pe3yIbTaTY

Puc. 1. Cxema meToay 6araTopiBHeBOro BUSIBJIECHHS cy0’€KTiB KidepOyiHry

https://doi.org/10.32782/mathematical-modelling/2025-8-2-13 ISSN 2618-0332 (print), 2618-0340 (online)
121



ITPUKIIA/THI ITHNTAHHA MATEMATHYHOI O MOJE/IFOBAHHA T. 8, Ne 2, 2025

ApXiTeKTypHa Oprasi3ailis peamizallii rpyHTyeTbcs Ha XMapHoMmy cepenoBuili Google Colab
SIK Ha JIOCJITHUIIBKOMY KOHTEWHEep1 JIsl po3poOIeHHS 1 3aImycKy. YcepeanHi cepeaoBHIna (PyHKIIio-
Hye Python Runtime 3 momynsimu inTepdeiicy, kepyBanHs 00poOKoro, TpaHchopMepHOi Kiacudikarii
Ta CHHTaKCUKO CEMAaHTHYHOTO aHaIi3y. 3aBaHTaKeHHs Moee 3aiiicHioeTbes 3 HuggingFace Hub,
a apredaktu 30epiratorecsi Ha Google Drive, 1o 3a6e3nedye BiATBOPIOBAHICTD 1 EPEHECEHHS MIXK
cecissmu [12]. BizyanbHe peCcTaBICHHS B3a€MOIii KOMIIOHCHTIB HAaBEJACHO Ha puC. 2, Ae 3adikco-
BaHO KJIFOYOBI 3aJIe)KHOCTI Mk iHTepdericom Gradio, KOHTpOIEpOM BUKOHAHHS, TPAHC(HOPMEPHUMHU
MOJICJISIMU Ta 1HCTPYMEHTAMH JIHTBICTUYHOTO aHai3y. ApXITeKTypHa CXeMa OXOIUTIOE IIapH IiJIro-
TOBKH JJaHUX, IH()EpPEHCy Ta IHTEepIpeTalii pe3yIbTaTiB 13 )KypPHAJIIOBAHHIM €KCIIEPUMEHTIB y BUIIISII
JSON-nory ta TabnmuuHuX MiACYMKIB, 110 30epirarothcst Ha Google Drive pa3om i3 KOHTPOJIBHHUMH
3HIMKaMH BepCiii MakeTiB 1 BUMAJKOBUX 3epeH. Taka oprasizalis poOUTh MOXKJIMBHUMHU PerpeciiiHi
3aIyCKH B 1IGHTMYHUX yMOBaxX HacTynmHux ceciii Colab Ta MiHIMI3ye BIUIMB amapaTHUX (IIyKTya-
uiii. bazoBuii knacudikaniiHuii MOy peaizoBaHO Yepe3 CTaHAapTHUI MalIuiaiH transformers i3
¢ikcariero Bepciii makeTiB, mapaMeTpiB TOKEHI3allil Ta Xelry Bar Mozaemi. Yci apredaxtu iHdepeHcy,
KypHaIM KoH(pirypartii Ta KOHTpOJbH1 MiABUOIpKHU 30epiratoThest Ha Google Drive, o yMOKIUBITIOE
MIOBTOPEHHS 3aIyCKiB y HacTynHUX cecisix Colab B i1€HTHUHUX yMOBaXx.

Jlorika aHWX 1 pe3y/ibTaTiB OpraHi30BaHa JOBKOJA Y3TO/DKEHUX apTe(akTiB MPOrHO3yBaHHS
1 ponboBOi 1HTEeprpeTalii. IMoBipHiICHUI BUXiJ Ki1acudikaropa Ta GiHapHE pilLIEHHS MICIs MOPOry-
BaHHs 1HKAIICYJIbOBAHO B CTPYKTYP1 MPOTHO3Y, TOAL SIK pe3ysbTaT 3aluTy arperye nos’s3aHi 00’ €eKTu
POIBOBOT iHTEpIIpeTalLii Ta Tpiagu YYaCHUKIB, IO MOXOAATH 13 CHHTAKCUYHHUX CTPYKTYP, MICIS YOTO
TOBEPTAETHCS 0 1HTepdericy KopucTyBada. Taka KOMIO3UIlS 00’ €KTIB BiJIMOBIIa€ KOHBEEPY Bif
TEKCTOBOT'O BBEJCHHS Yepe3 aHaji3 3aJIe)KHOCTeH 10 (OpMyBaHHS IHTEPIPETOBAHOIO PE3YJbTATY
1l y3roIUKYEThCS 3 apXITEKTYPHOIO CXEMOI0, 1110 HaBeJIeHa Ha PUC. 2, a TAKOX 13 KOH(piryparrieto morme-
penHBO HaTpeHOBAHOTO KiacudikaTopa, sKuii 3a0e3neuye cTadiabHe IEPETBOPEHHS TEKCTY B IMOBIp-
HICHI OIIIHKH.

Google Colab
Python Runtime
a g €]
Gradio App Controller Transformers (HF)
3aBaHTaXeHHRA M(}ﬂEﬂEﬁ naTtaceTw / EBEDE)KEHHﬁ pesynsTaTie
‘ Stanza pandas ‘ HuggingFace Hub | | Google Drive

Puc. 2. B3aeMofisi KOMIIOHEHTIB i XMapHOIo cepe10BUIIA

PonboBuii miaXiJ COMPAETHCS HA JUCKYPCHUBHE MOJICITIOBAHHS YYaCHUKIB B3aeMOIi 3 (pikcariiero
iHiIiaTopa 1 agpecara, a TaKOX ypaxyBaHHSM CIOCTEpIradiB ITiJICHIIIOBAYiB 1 3aXMCHUKIB. Y Mepe-
JKEBUX cepenoBHINax (yHKIIOHAIBHI POJIl € TWHAMIYHUMHM 1 3aJIe)KaTh BiJl JOKAJIHHOTO KOHTEKCTY
Ta XOAy OOrOBOpEHHs, 110 Oe3MocepeHbO0 MOTUBYE OaraTopiBHEBY MOCTAHOBKY 3ajadi 3 PiBHAMHU
MTOBIJOMJICHHS, JTIaJIOTy Ta B3a€MOJIi. 3ampoNOHOBaHA THTEPIIPETAIlisl YTOYHIOE TIPeAMETHY chepy
METOJly 1 BU3HAUa€ BUMOTH /10 MOJIYJIB.

PonboBa iHTepmpertalist Oe3nocepesHbO peanidye 3asBiICHHM y Ha3Bl (oKyc OaratopiBHe-
BOTO BHSIBIICHHSI, OCKUIBKH MOEHY€E TIOBITOMJICHHEBHI PiBeHb BUSBJIICHHS 3 AUCKYPCUBHUM PiBHEM
aZipecHOCTi. Y pe3ynbTaTi OTPUMYETbCA CTPYKTYPOBaHMH BUXI1J, SIKMH MPUAATHUNA O aHAIITH4-
HOTO BUKOPHCTAHHS Y MOAEPALIMHUX CLEHApIsAX 1 MiJJIArae nepeBipili CTaHAapTHUMH 1HKEHEPHUMHU
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IpolelypaMH TECTyBaHHs. 3 OIVIsly Ha BUKOPUCTAHHSI ITONIEPEeIHbO HATPEHOBAHOTO Kilacupikaropa,
1H)KeHEepHa HOBHM3HA MOJIATA€ Y KOHCTPYKIIT POJIbOBOTO PiBHS, IPOTOKOJIIB BiITBOPIOBAHOCTI Ta MEpe-
Bipok cTabimsHOCTI iH(epeHcy B Colab.

TecToBuii KOHTYp chopMoBaHO y Mexkax HoyTOyka Colab 1 cipsiMoBaHO Ha TIpoOLIeypHY Tepe-
BIPKY MONEpPEIHbO HATPEHOBAHOIO Kiacu(ikaTopa Ta Y3rOIKEeHOCTI posiboBoro piBHs. IlepeBipka
KOPEKTHOCTI OXOIUTIOE Baijamito (GopmaTiB BXIIHUX JAHUX, BIATBOPIOBAHICTh BUXIJHUX OIIIHOK
3a MOBTOPHHUX MPOXOJIB THX CaMHUX MPHKJIAAIB, YyTIHUBICTh 0 eMo3i, opdorpadiuHuX BiIXUICHBb
1 KOZIM MIKCY, a TaKOX CaHITapHi1 MPUKIAAN 3 HEUTPAIIbHUMH, TIO3UTUBHUMHU Ta 3aByaJlbOBAHO arpe-
CUBHUMHU perutikaMmu. [t kimpkicHOT (pikcarii mpuaaTHi 6a30B1 MOKa3HUKHA TOYHOCTI M MOBHOTH Ha
MaJliii eKcriepTHO BepHudiKoBaHil miaBHOIpIi 6€3 000B’I3KOBOTO BKIIFOUCHHS ITOBHOI MAaTPHIll IOMU-
JIOK Y TEKCT CTarTi. Jl01aTKOBO OIIHIOETHCS IATEHTHICTD iH(EpEeH Y SK MeIiaHHUN Yac, HaPUKIIA i3
MDKKBapTHJIBHUM PO3MaxoM, IO JIa€ 3MOTy BpaxyBaTH Bapiailii pecypciB Colab i miakpimiroe TBep-
JOKEHHS TIPO OTepaliiiiHy HaJiiHICTb.

PoGouwnii mopir ans GiHapHOTO pilieHHs (IKCYEThCS y MPOTOKONI €KCIIEPUMEHTY, a PUKIIAAN
3 HU3bKOIO BIIEBHEHICTIO MOZEJI MO3HAYAIOThCS SIK MPUKOPIOHHI Ul MOJAJIBIION0 PyYyHOIo mepe-
isiny. Takuil IpOTOKOJI 3HMXKY€ PU3UMK XHMOHUX PILIeHb Yy MPHUKJIATHUX MOJEpALiifHUX CLeHapisx
1 3a0e31edye BiITBOPIOBAHICTh TOHKOTO HAJIAIITYBAaHHS 0€3 JIOHABUYAHHS MOJICIIL.

AJNTopuTMiYHA YaCTHUHA peajizye BiIOOPaKeHHS BiJl TEKCTY JI0 PIIIICHHS PO HASIBHICTH MPOSBIB
Ki0epOysIiHry Ta J0 MOB’S3aHUX 13 LIUM POJILOBUX Tpiaf. i miABUIIEHHS MOSCHIOBAHOCTI 3aCTOCO-
BY€TBCSI JIOKAJTi3allisl IHANKaTHBHUX (DPAarMEHTIB, 1[0 KOPEIIOE 3 TEHICHITISIMH y CIIaH-OPi€HTOBAHUX
3aBJJAHHSAX 1 IOIYCKA€ MOJaIblIe MOEHAHHS 13 3aJIeKHICHUM CUHTAKCUYHUM aHaJI130M JUIsl B1IHOB-
JICHHS MPEIUKAaTUBHUX 3B’SI3KIB MK YYaCHUKAMHM 1 JiSIMH, IO iX MOB’S3yl0Th. Taka KOHCTPYKLIs
HaJla€e MOXJIMBICTh aHAI3yBaTH SK SIBHI MPSIM1 arpeCUBHI BUCIIOBIIOBaHHS, TaK 1 HEMPsIMI MOBJICH-
HEBI i y CTUCIIMX PETuTiKaxX 1 KOHTEKCTYaJIbHO 3a0apBICHUX BiAMOBIIIX.

[Ipuknaa poGOTH MPOrpaMHOro MPOAYKTY JJIs 0araTopiBHEBOIO BUSABJICHHS CY0 €KTIiB KiOepOy-
JIHTY HaBeJIeHO Ha puc. 3.

[TpencraBieHa KOHCTPYKIIisS OXOIIKOE MOBHUN LIMKI — B1Jl apXITEKTYPH J0 TECTYBaHHS y pea-
nisix Google Colab 1 minTBepKye 3asBiIeHy B Ha3Bl OpPIEHTAIlII0 HAa MPOrpaMHy 1H)XXEHEpIto Ta mepe-
BIpKY sikocTi MeTony. [loennanus TpancdopmepHoi AeTEKIIl1, pOJIbOBOI IHTEPIIPETALlil Ta IHCTPYMEH-
TOBAHOTO TECTOBOTO KOHTYPY Jla€ BIATBOPIOBAHUI PE3yNbTAT 13 KOHTPOJIBOBAHOKO 1E€TEPMIHOBAHICTIO
Ta IHTEPIPETOBAaHUM BHXOJIOM, 110 YMOXKIIUBIIIOE HE3AJIEKHY BaTiIAIiI0 i MEpEeHECeHHs MiAX01y Ha
CYMIXKHI IOMEHU KOMYHIKaIIii.

© Cyberbullying Detection & Semantic Role Analysis (EN)

Enter English tewt — the app detects cyberbullying and extracts subject-verb-object relations.

schn, stop insulting Mary in the chat — you are hurting people

/\ Cyberbullying detected (0.61)

vezb subject ohject
insult John Mary

hurt you people

Analyze

Puc. 3. lIpuxknag poGoTu CTBOPEHOr0 NPOrPAMHOIO 32CTOCYHKY

https://doi.org/10.32782/mathematical-modelling/2025-8-2-13 ISSN 2618-0332 (print), 2618-0340 (online)
123



ITPUKIIA/THI ITHNTAHHA MATEMATHYHOI O MOJE/IFOBAHHA T. 8, Ne 2, 2025

Jie3naTHICTh KOHBEEpaA MMIATBEPKEHO BiATBOproBaHMMU 3amyckamu y Google Colab 13 ¢ikca-
LII€10 BepCiil makeTiB, BUMIAIKOBUX 3epeH 1 KoHQirypalii naimiaiina. [lepeBipky nmpoBeeHO Ha HEBe-
JMKIN eKCIepTHO BepHr]iKoBaHii MiABUOIPII, IO BiIA3EPKAIIOE THUITOBI U IU(PPOBOI KOMYHIKaIii
cuTyallii npsiMoi oOpa3u, ipOHIYHOTO 3HEIIHCHHS Ta HEUTPAIBHUX IUTAT 13 MMOTCHIIIHHO TOKCHYHUM
nekcukoHoM. Ilomepennbo HarpeHoBanuil knacugikarop cardiffnlp/twitter-roberta-base-offensive
cTabuIbHO (popMy€e WMOBIPHICHI OLIIHKH JJIsi KOKHOTO MPUKJIaaY, Hiciisg yoro OlHapHE pilIeHHS IpU-
MaeThes 3a 3apikcoBaHUM POOOYUM MTOPOTOM, 3a3HAYEHUM y TIPOTOKOI ekcriepuMeHTy. J{is dikca-
11 OBEIHKY 1H(pEepeHCY MOAAETHCS MEIIaHHUN Yac 0OPOOKH 1 MIKKBApTHIBHUM po3Max sIK MOKas3-
HUK CTaOUIBHOCTI B M€XaX 3MIHHOI JJOCTyHOCTI o0unciaoBaibHUX pecypcei Colab. ImtoctparuBHumii
PO3MOJILN yIEeBHEHOCTI pillieHb AJis MiABUOIPKH HaBEJEHO Ha puc. 4.

JIist miITBepKSHHSI PAKTUIHOI KOPUCHOCTI HABEICHO SIKICHY BaJIiJIAIlif0 Ha MiTiOpaHuX Mpu-
KJIa/IaX 13 KOHTPACTHUM KOHTeKCTOM. [Ipukiaam mpsiMoi agpecHoi o0pas3u 3a3BUYail CYMpOBOIKY-
IOTHCSI BUCOKOIO BIIEBHEHICTIO KJIacH(ikaTopa 1 HOCIIAOBHUM OIHAPHUM DPILLIEHHSM, 110 BIATBOPIO-
€THCS 32 MOBTOPHUX MPOXomiB. [IpuKiaay HEHTpaNIbHUX MOBIJTOMIICHb 13 IIMTYBaHHSM TOKCHYHOT
JIEKCUKU Y METaMOBHIM (DyHKIII JEMOHCTPYIOTh OUiIKYyBaHY HEHTpaibHY Kiacu(ikaliliio 3a yMOBHU
KOHCEPBATUBHOT'O pOOOYOro MOPOTry, 110 MiAKPECTIOE 3HAUYILICTh IPOTOKOITY MOPOTYBaHHS AJIs OIle-
pariifHoOro 3aCTOCyBaHHSI.

HaiiGiapI 1MOKa30BUMHU BUSIBIISIOTHCS TMPUKOPIOHHI 1pOHIYHI BUCIIOBIIOBAaHHS Ta KOPOTKI
PEIUTiKY 3 KOHTEKCTHUM 3HEI[IHEHHSIM, JIe 3HAYeHHs BIIEBHEHOCTI HAOIM)KAIOThCS 0 MOPOTy. Y Takux
BUIMA/IKAX PIMICHHS MApPKY€THCS SK MPUKOPIOHHE 1 MiUIATae PYYHOMY MEPErvIsiLy 3 ypaxyBaHHSIM
POJIbOBOI IHTEpIIpETAallii 32 CXEMOIO «IHII[IaTOp — MOBJICHHERA [Iis — aapecar». Came pojibOBU PiBEHB
3HIMA€ HEOJTHO3HAYHICTh, OCKIJIBKH JIa€ 3MOT'Y 31CTAaBUTH BHCJIOBIIOBAHHS 3 JIOKAJIbHUM TUCKYPCOM,
BUOKPEMUTH CIIPSIMOBAHICTD 1 3a(IKCYBaTH, UM € aJpecar O4eBUAHUM a00 IMILTILIUTHUM.

Jlis Ipo30pocCTi BUKIIALy HaBeIEHO 3BeJleHy Ta0i. | UIIOCTpaTUBHUX MPHUKIIALIIB, A€ IS KOXK-
HOTO psiJIKa BKa3aHO TEKCT (parMeHTa, OLIHKY BIIEBHEHOCTI MOAENi, OiHapHE pillICHHs, EKCIIEPTHE
CYIIKEHHsI Ta KOPOTKUI KOMEHTap LI0A0 NPUPOAH MOMUIKHU a0o ycminrHoi kiacudikanii. Taka popma
BIJINIOBIJJTa€ BUMOTaM BiATBOPIOBAHOTO TECTYBaHHs: TAOMUISI MOXKe OyTH JONOBHEHAa HOBUMH IpH-
KJ1a1aMu 0e3 3MiHHM IPOTOKOITY, @ TPUKOPAOHHI BUMIA/IKH 3aIHIIAIOTHCS JOCTYITHUMH IS TOJANIbIIO]
PYYHOI IEPEBIPKH Ta Y3TOIKEHHS IOPOTa.

Puc. 4. Po3nonis yneBHeHocTi KiacupikaTopa 1151 KOHTPOJILHOI MiIBHOIpKH

Tabmums 1
[Tpuknaan KOPEKTHUX 1 XUOHKUX KiIacu(iKaIii i3 KOMEHTapsSMHU eKcIiepTa
No Texer YneBHeHicTs | Pimrenns Excneprae Komenrap (ininiaTop —
B ¢pparmenra MoeJi MoeJi CY/IZKeHHSI MOBJICHHEBA Jlisl — a/ipecar)
1 |You are such an 0.98 Offensive Offensive Inimiarop 3ilicHIOE TIPSIMY 00pasy
idiot! ajipecara; BHCOKa BIICBHECHICTb,
y3TOJPKEHE PillICHHS
2 |Thatguyisa 0.91 Offensive Offensive [IpssMa agpecHa 3HEBara; pojboBa
total loser KOH(]Irypartisi € 04eBUIHOIO
3 | Shut up already 0.88 Offensive Offensive HaxkazoBa gopma 3HHKYE
BBIWINBICTb, SIBHA arpecis
4 | He said “you are 0.36 Not Not offensive | MeraMoBHE ITUTYBaHHS 0€3 BIACHOT
an idiot”, which offensive arpecii; KOHTEKCT HEUTpaTbHAN
is unacceptable
5 |Quoting: 0.29 Not Not offensive |Omnuc HacmiaKiB JekceMu, a He Ti
“moron” — this offensive BXKMBAHHS K IHBEKTUBU
word hurts
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[Tponowxenns Tabmui 1

o Tekcr VYneBuenicts | Pimenns Excneprue Komenrap (ininiaTop —
B (parmenra MozeJi MozeJi CY/UKeHHSH MOBJICHHEBA JIisl — afipecar)
6 |I think the post 0.54 Offensive Borderline Iponiune 3HeIiHEHHS; OIM3BKO
is stupid, maybe IO TIOPOTY, TOTPeOy€e POIHOBOT
read before MepeBipKH KOHTEKCTY
posting
7 | Great, another 0.47 Not Borderline CapkasMm 0e3 SIBHOI aipecHOCTI;
genius move... offensive NPUKOPAOHHUN BUIAJIOK
8 |You “smart” as 0.52 Offensive Borderline CapKacTHYHHI eMiTEeT MOXKE MaTh
always MIPUXOBAHY AJPECHICTH; 10 PYIHOTO
nepersy
9 |This is nonsense 0.4 Not Not offensive |Kpuruka inei 6e3 nepcoHambHOT
offensive aJPECHOCTI
10 | You’re pathetic 0.93 Offensive Offensive [TepconanbHa 00pasa 3 BUCOKOIO
BIICBHEHICTIO

Jlie3naTHICTh 1 MEX1 3aCTOCOBHOCTI METOJIY MPOAEMOHCTPOBAHO HA MpUKIafax Tali. 1, a Takox
Ha PO3MO/LJIi BIIEBHEHOCTI U1l KOHTPOJIBHOI MiIBUOIpKH, TOAAHOMY Ha pHUC. 4.

BucHoBku

JlocTimKeHHsT IPOIEMOHCTPYBAJIO TPAKTUYHY TPUAATHICTH IHKEHEPHO OPraHi30BaHOTO MiIXOIY 110
0araTopiBHEBOTO BHSIBJIICHHsI CyO €KTiB KibepOymiHry y cepenoBuii Google Colab 13 moenmHanHsIM TpaH-
copMepHOi AeTEKIii Ta POIbOBOI IHTEPIPETALT UCKYPCY 3a CXEMOIO «IHIIIaTOp — MOBJICHHEBA JIisl — aJipe-
cam». BuxopucranHs nornepeH»0 HaTpeHoBaHOTO Kiacudikaropa cardiffnlp twitter roberta base offensive
y KoHiryparii text classification gano 3Mory CKOHIIGHTPYBATHUCS Ha BITBOPIOBAHOMY KHTTEBOMY ITHKJIL
METO/y Ta Ha MPOLETyPHOMY TeCTyBaHHI 0e3 101aTkoBoro JoHaB4aHHs. CPpopMOBaHO HOYTOYK-Opi€HTOBA-
HHI KOHBeep 13 (pikcarriero Bepciil i BUMAIKOBUX 3epPEH, KOHTPOILOBAHUMHU MiKpO3aITyCKaMH, TIPOTOKOIIOM
TIOPOTYBaHHsI OIHAPHUX PIIIEHb Ta MAPKyBaHHSM MPUKOPIOHHUX BUIAJKIB I PYYHOTO MEPEnIsiay, 110
3abe3redye cTabUIbHICTh 1H(pEpPEHCY Ta IHTEPIPETOBAaHICTh BUXOAY B YMOBaX 3MiHHUX pecypciB Colab.

Emnipuyna nepesipka Ha MaJliii eKCIepTHO Bepr(iKOoBaHIi MiABUOIpLI HIATBEPANIIA, IO METO
BiJITBOPIOBAHO PO3pI3HSE SIBHI IHBEKTUBH, HEUTPaIbHI MOBIJIOMJICHHS 3 METAMOBHUM ITUTYBAaHHSIM Ta
1pOHIYHI BHCTIOBIIIOBaHHS, a POJILOBHIA PiBEHb 3HIMA€ YACTUHY KOHTEKCTHOI HEOTHO3HAYHOCT] Y MPH-
KOpAOHHIH 30H1 pimeHb. Dikcallisi MeAIaHHOTO yacy iHpepeHcy Ta Horo BapiaTUBHOCTI 3aCBiIUmIIa
orepalliiiny HaJliliHICTh KOHBEEPA Y MeXKaxX 0OMEKEHb MIaTPOPMHU, a TPOTOKOI BIATBOPIOBAHOCTI 1a€
MOXJIMBICTh HE3aJICKHOT BaJliAallii pe3yabTaTiB y HACTYITHUX CECIsX.

OOMesxeHHS JOCIHKEHHS I10B’ 13aH1 3 HEBEJIMKUM 00CATrOM KOHTPOJIbHOT BUOIPKH, BIICYTHICTIO
JIOHABUAHHS i1 KOHKPETHUH JIOMEH 1 3aJIeXKHICTIO B/l aHIJIOMOBHOT MOJIEI, LII0 3YMOBIIIO€ Uy TIIH-
BICTh JI0 KOAM MIKCY Ta capKacTHUHUX (opMmyitoBaHb. [loganpmmii po3BUTOK CIIiJ] CIIPSIMYBaTH Ha
PO3MIUPEHHS KOPIYCiB 1 0araTOMOBHUX JIOMEHIB, KaJiOpyBaHHS BIIEBHEHOCTI Ta YTOUHEHHS MTOPOTiB,
IHTErpaIito HaliBaBTOMaTUYHOTO Y3TOKEHHS POJIbOBUX PIIlIEHb 13 3IyYEHHSAM €KCIIEPTIB, a TAKOXK
Ha OLIHIOBaHHS NEPEHOCHMOCTI MiIXOY Y CIIEHAPIsIX i3 Pi3HOIO KAHPOBOIO CTPYKTYPOIO Ta Pi3HUM
CTyIeHeM aapecHOCTi. OTpuMaHi pe3yinbTaTh MATBEPKYIOTh JOIUIBHICTH 1HKEHEPHOT MapaurMu
BiITBOpIOBaHOTrO TecTyBaHHs y Colab sik ocHOBU i MacmTaOyBaHHs 1 TIOJANIBIIOTO MiBUIIICHHS
SIKOCTI 0araTopiBHEBOTO BUSBIICHHS Cy0’ €KTiB KiOepOyITiHTY.

CnucoKk BUKOPHCTAHOI JIiTepaTypH
1.  WangS., Shibghatullah A.S., Igbal T.J. et al.. A review of multimodal-based emotion recognition
techniques for cyberbullying detection in online social media platforms. Neural Computing and
Applications. 2024. Ne 36. P. 21923-21956. https://doi.org/10.1007/s00521-024-10371-3
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VIIK 725

A.B. KOJIHAHOB

XapKiBChbKHUI HalliOHAIBHUN YHIBEpCUTET Michbkoro rocrofapcrsa imeni O.M. bekerosa

KOMILJIEKCHA PEKOHCTPYKIIA 3PYHHOBAHUX BE3KAPKACHHUX
BYIIBEJIb I3 3ACTOCYBAHHAM HOBITHIX TEXHOJIOI'TI

YV nosux coyianvrno-ekoHoMiuHUX yMOBAX OCHOGHON (OPMOIO POZGUMKY NPOMUCTIOBO20 GUPOOHUYMBA € PEKOH-
cmpykyis. Tonosne 3a60anus HUHI — NIOGUWUMU MEXHIYHULL PIGEHb, SKICMb, 6NPOSAOUMU eHep2o30epiealodi ma pecyp-
cosbepiearoui MexHonozii, SUKOPUCIOBYIOUU HAABHUN NPOMUCIOBUL nomenyian Kpainu. Y cmammi npedcmasneni
pe3ynbmamu KOMnaeKCHOI peKOHCMPYKYii 3pYUHO8aHUX Oe3KapKacHux 6yodigens i inmezpayii HAABHUX 00 €KMi8 K)ilb-
mMypHO-icmopuyHoi cnadwunu y cydacue micvke cepeoosuuje. Hagsedeno pesynomamu ananisy y pasi 3acmocy8anis
iH(hopmayitinoco modentosanns Oydisens (BIM) 3 noeOHaHHAM 3 HOBUMU CYHACHUMU MA eKOLOSTUHUMU MEXHON02IAMU OIS
8UOOPY eheKMUBHUX, MEXHONOLTUHUX, TNeXHIYHUX MA OP2aHi3ayiUHUX pilieHb y JiKeioayii asapiliHux nowkooxdceHs ma
PYUHY6aHb be3kapkacHux 6yoisens 6HACIOOK Giticbkogux Oitl. Takooic 3a 0onomozoio 3acobie 3D ckanysanHs GUKOHAHO
OLnbW pemenbHUll aHali3 NOWKOOJCeHb ma pyuHyéans. 3D ikcayis 00’ exmie apximekmypu GUKOHYEMbCSA CYUACHUMU
Memooamu 3a O0NOMO20I0 CReYiani3o8an020 0ONIAOHAHHA abo 3acobamu homozpammempii ma cyuacHo2o npocPamMHO2O
3abe3neuenns 05 nepemeopents cepii pomo3nimkie y xmapy movok. Bemanoeneno, wo gomozpammempis € 6i0HOCHO
HedopocuM I NPAKMUYHO VHIGEPCATIbHUM MemoO0OM CIMBOPEeHHs MPUSUMIPHUX MoOeell 00 €kmie apximekmypu OJis QiK-
cayii’ hakmuuHux nepemiujeHv 08 NOOANbUIOZO AHANIZY MA POOOMU, CINBOPEHHs OOMIPHUX KpeCleHb, NIAHI8 8UMIDIO-
eanHs1, ¢pacadis, pospizie mowjo. Y pesynomami sukonanoi pobomu 6ynia ompumana noerna 3D mooenvb nowkooiceHol
0yoigni — euMipu (XmMapu mouok) OViu OMpUMAHI ULTAXOM NOEOHAHHSA 8EIUKOL KIIbKOCMI 3HIMKIB, 3p00IEHUX CYYACHUM
¢domoanapamom ma OpoHOM, 3HIMAHHA YacMiule BUKOHYEMbCA AK HA3EMHUX 308HIUHIX hacadis, maK i HYMPIWHIX
npuminjensv. 3a nompeodu nomim yce NOCOHYEMbCA 8 OOHY XMApy MOUOK 3a OONOMO2010 CYUACHO20 CHEYIanbHO20 Npo-
2pamHoeo 3abesneyentns. Buguennam ompumanoi mpumipHoi Mooeni MOJiCHA BUKOHAMU PemeNbHULL AHAI3 PYUHY8AHb Md
PO3pobUmMU 8apianmu NPomuasapitiHoi cmadinizayii KOHCMPYKYIU, a MAKOXC OP2aHi3ayiliHi, MeXHONO02TUHI Ma MexHiuHi
3ax00u, sIKi HeOOXIOHO MepMIH060 éxcumu 0Jis 3anobdieants 3azubeni aooetl abo 0bsany 6ydisens Oe3KAPKACHO20 MUny,
Y MoMY YUCHi 8eNIUKONAHETbHUX 0Y0i6enb NICA MACOBUX NOUWKOONCEHb GHACTIOOK 0OCMPINIE Ma THUUX BIUCbKOBUX OIll.
Hacamnepeo neped npoexmysanvHUKomM ma eKcnepmom, AKull 3anyueHutl Y 8iOHOBNIeHHI HCUML08020 (POHOY, HUMATY
POIb NOBUHHI 2PAMU MAKL NPUHYUNL, K 3PYUHICTIb, OOCMYNHICMb MA eKOLO2IMHICMb WIISIXIE MA CNOCO0i6 BIOHOBLCHHS
maxux 6yoieensv. Cyuacnui ekonoziuni mexnHonozii 003601ams 00CUMb ePeKmusHo ma WeUOKO NPoEecmu peKOHCMPYKYIIo
3PYIUHOBAHUX OE3KAPKACHUX KOHCMPYKYIll. Y niciasoeHHull yac 8UKOpUCAHHA Npeocmasiesoi MemoouKy 003801Umb
onepamusHo oyiHumu mexnHiyHuil cmau Oyodieeris [ guopamu cmpameeiio cmaoinizayii, 6KI0YayU NepioOudHICIMb MOHI-
MOPUHRY, CKOPOUYIOUU NOMpedU i mepmMiHu PEMOHNTY.

Knrouosi cnoea: xomniexcna peKOHCmMpYKyis, 3pVUHO8aHI OVOi6i, 6e3KapKacHi KOHCMPYKYil, eKoN02iuHi mexHo-
J02Il, cmanuii po3eumorx y 0yOieHUymei, enepeoeheKmueHicmo, 3eieHe 0yOI6HUYME0, 6IOHOGIEHHS IHppacmpykmypu
HABKOJLO NOWKOOICEHUX 0Y0igenb.

A.V. KOLCHANOV
O.M. Beketov National University of Urban Economy in Kharkiv

COMPREHENSIVE RECONSTRUCTION OF DESTROYED FRAMELESS
BUILDINGS USING ENVIRONMENTAL TECHNOLOGIES

In the new socio-economic conditions, the main form of development of industrial production is reconstruction.
The main task today is to increase the technical level, quality, introduce energy-saving and resource-saving technologies,
using the existing industrial potential of the country. The article presents the results of the comprehensive reconstruction
of destroyed frameless buildings and the integration of existing cultural and historical heritage sites into the modern
urban environment. The results of the analysis and prospects for the application of building information modeling (BIM)
and environmental technologies for the selection of effective organizational, technological and technical solutions in the
elimination of emergency destruction of frameless buildings as a result of military operations are presented. It has been
established that photogrammetry is a relatively inexpensive and practically universal method for creating three-dimen-
sional models of architectural objects and their measurement plans. Modern images were obtained by combining both
images taken by a drone and ground-based external facades and interiors. The optimal option for emergency stabiliza-
tion, as well as organizational, technological and technical measures that must be urgently taken to prevent the death of
people or the collapse of large-panel buildings after massive damage due to shelling and other military actions. Modern
environmental technologies will allow for the reconstruction of destroyed frameless structures quite quickly. In the post-
war period, the use of the presented methodology will allow for a prompt assessment of the technical condition of build-
ings and the selection of a stabilization strategy, including the frequency of monitoring the need and timing of repairs.

Key words: comprehensive reconstruction, destroyed buildings, frameless structures, environmental technologies,
sustainable development in construction, energy efficiency, green construction, restoration of infrastructure around dam-
aged buildings.
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IHocTanoBka npodiaemMu
3 movaTKky MOBHOMACIITAOHOTO BTOPTHEHHsI Ta OOWOBWX il HA TepUTOpii YKpaiHu 3araibHa
CyMa TpSIMHUX 33JJOKyMEHTOBAHHMX 30MTKIB KUTJIOBIA 1 HEKUTIOBIM HEPYXOMOCTI Ta 1HIIINA 1H(pa-
CTPYKTypl craHoBMia noHaxa 143,8 mupxa gomnapis [1]. IIpore octaroyna omiHka po3mipy 30UTKIB
1 pyliHyBaHb MOKJTBA JIUIIIE TTiCTIS 3aKiHUEHHS 00MOBUX il HA TepuTopii YKpaiHu.
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« — [Nomkomxkeno 6araro OyaiBenb, Outbire 10 B oqHOMY Mici

Puc. 1. Mana, sika Bino0paxkae KiibKicTb OyaiBesb 3 HAH0IIbII CYyTTEBUMH MOIIKOIKEHHIMH
y M. XapkiB XapkiBcbkoi 001. [2]

3a monepenHiMH JaHUMU 00JacCHUX BIMCHKOBHUX afMiHICTpalliid, cTaHOM Ha JoTuid 2025 poky
3araJjibHa IJIOIIA MOIIKOMKEHUX a00 3pylHHOBaHUX 00’ €KTiB cTaHOBUTH 102,1 MIIH. KB. M, LII0 CTaHO-
BUTH 9,5% B1J1 3araJIbHOT IO )KUTIIOBOTO (OHTy YKpaiHu. 3a IUMU OIliHKaMu 16,4 THC. )KUTIOBUX
OynuHKiB (X 3arajpHa mroma — 19,6 MitH M?) 3a3HalIi YaCTKOBHX ITOIIKOKEHD (CTYIIIHb pyHHYBaHHS
10%); cepenHix MOLIKOMXKeHb (cTym pyiHyBaHb — 10%—40%) 3a3nanu 65,7 THC. )KUTIOBUX OyIHH-
KiB (3aranpHa mioma — 35,3 MIH M?); OBHICTIO 3pyiHOBaHO (CTyMiHb pyiiHyBaHHSI — moHam 40%)
72,7 tuc. xuTiIoBuX Oymiesb (iX 3araibHa miomma — 29,6 miua M?) [3]. Mama pyiinyBadb 1o XapKiB-
CBbKiii 00macTi — Ha puc. 1.

3 oISy Ha TiepestiueHi KiIbKiCHI TapaMeTpH 3aIoIisTHOT IIIKO/IN, @ TAKOXK HACTI/IKH pyHHYBaHb,
SIK1 MU MOYKEMO CIIOCTEpIraTé MIOAHS 3 BJACHUX BIKOH, MOKEMO ITiJICyMYyBAaTH:

1. barato nomkopkeHNX OyiBeIb MOXHA MOBHICTIO a00 YacTKOBO BiJIHOBHTH, BUKOPUCTOBY-
I09H eHepro30epirardi Ta pecypco3oepirarodi eKoJIOT9HI TEXHOJIOT .

2. € MOXJIUBICTh NEPEIVITHYTH BKIUBICTh Ta apXITEKTYPHY IIIHHICTh ACSKUX MOCTPAKIATHX
Oy/1iBeJb 1 BUPIIIUTH, Y1 BapPTO iX PEKOHCTPYIOBATH, YH Kpallle iepeoOaHaTH Ha O1IbII MPaKTHYHI
Ta Cy4acHi apXiTeKTypHI CTHIII Ta TEXHOJIOTII 3eJIEHOTO OY/IIBHUIITBA.
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3. ExoHOMis pecypciB HE IOBUHHA CTABaTH €IMHUM KPUTEPIEM OI[IHKH MPOEKTHUX PIIICHb 1 HE
MMOBUHHA MPHU3BOJIUTHU 10 BUOOPY HETOBrOBIYHUX a00 HE JOCHUTH SKICHUX KOHCTPYKTHBHUX CHCTEM
1 OyniBeIbHUX MaTepiaiB.

3 omsay Ha Te, 10 3HAaYHa KUIBKICTh MOMENIKaHb Y MICBKMX MIKpopalioHax 1Mo BCiid YkpaiHi
OyIy€eThCs 3 BUKOPUCTAHHSIM Oe3KapKaCHHUX MaHEIbHUX CHCTEM, I1€ IOCIIKEHHS HacaMIIepe/1 30ce-
PEeIKY€EThCS HAa EKOJIOTTYHUX TEXHOJIOTISAX BIJHOBICHHS, PEKOHCTPYKI(T TaKUX Oy/iBelb Cy4YaCHUMHU
€KOJIOTTYHUMHU TE€XHOJIOT1SIMH.

AHAaJi3 0CTaHHIX JOCTiIKEeHb

S0 nmpoaHanizyBaTu HassBHUM J0CB1JI pEKOHCTPYKIIii Oe3KkapkacHUX Oy/iBelb €KOJIOTTUHUMU
MarepiajaM Ta MeTtonamH y kpainax LleHTpanbHOi €Bpomnu, MOKHA BiJI3HAUUTH, 110 MOJAEPHi3a-
1[I B OCHOBHOMY 30C€pe/KeHa Ha MOKPAIIeHH] TEIUIO130MIALIMHUX XapaKTePUCTUK CTIHOBUX IaHe-
niell, BIKOHHUX 3allOBHEHb 1 MOKPIBII, aJanTailii CuCTeM OMalleHHs Ta BOJOMOCTAauYaHHs 0 Cy4yacHUX
BHUMOT, 3aMiHa €JIEKTPOIPUIA/IIB, MOACPHI3AIlisI CUCTEM BEHTUJISIIT Ta PEMOHT BJIACHE 03/100ICHHS
(acaziB, BUKOPUCTAHHS €HEpro30epiraloynx Ta 3eJIEHUX TEXHOJOTIH. Y IbOMYy HamlpsMi BeIUYe3-
Hu# BKiag 3pobunu Taki BueHi: C. Irnarasiuyc Ta iH. [4], A. Octanceka [5], I1. HoBakoBchkuii [6],
J. ITiontpoBcbka-Bopownsik Ta in. [7], M. I'ypi Ta in. [8]. 30kpema, 3HauHa yactuHa npans [1. Kau-
3ska [9—-10] ra S1. [ynsma [11-12] mpucesiueHa pi3HUM MUTAHHSAM €KCILTyaralii 0e3kapKkacHUX Oy/Ii-
Beanb (LPS). Takox mikaBi pe3ynbsTaTd OTpUMaHi aBTOPAMH 3 METOIO JOCIIIKEHHS CEHCMOCTIHKOCT1
MaHeNbHUX OyAiBeNb 1 omucaHi B poboTtax [13—15], a Takok MO/AETIOBaHHS MOBEIIHKH MMaHEIbHUX
OyniBenb y pasi BuOyxy noOytosoro razy [16; 17].

Puc. 2. [Ipukian nomupeHux pyiHyBaHb NaHeIbHUX OyIMHKIB [2]

Bomgnouac BakKo 3HAWTH JOCHIKEHHS, K1 X04a O BiJAaJIeHO OyJIu MPUCBSIYEHI €KOJIOTTYHHM
TEXHOJIOT1sIM PEKOHCTPYKIIT MaHeJbHUX OyIUHKIB Mmicis BUOYXOBUX ynapiB abo MpsIMUX BIy4aHb
B YpaKeHi KOHCTPYKIIii. BibIIicTh mpalls, HasIBHUX Ha CHOTOJHI, SIKI aKIIEHTYIOTh yBary Ha OIIHII
TEXHIYHOTO CTaHy Oy/iBeJb MiCJIsl MOIIKOKEeHb, BUKOHAH] BITYM3HSIHUMHU HAYKOBIIIMHU, CEPEIl IKUX
CIiJ Big3HauuTH podoty [18].

PexoHCTpyKIIisl MaHenbHUX OyIMHKIB B YKpaiHi HUHI YCKIIAJHIOETHCS, OKPIM (PaKTHYHOTO TPO-
JTOBKCHHsI O0WOBUX il (puC. 2), e W THM, 110 Hapa3i B YKpaiHi MOBHICTIO BiACyTHs 0aza Oyji-
BEJIbHOT 1HAYCTpii (3aBOAM 3 BUPOOHMIITBA 3ai300€TOHHMX KOHCTPYKIIH) 31 creunianizalieo Ha
BUTOTOBJIEHH] €JIEMEHTIB KOHCTPYKIIN MaHeabHUX OyauHKIB. ['abapuTHI pO3MIpU €JIEMEHTIB KOH-
CTPYKLIi 3HAUHO BIAPI3HAIOTHCS B PI3HUX cepisix. Po3pobOka iHIMBITyaTbHUX CUCTEM OMATYOKH st
KOYKHOTO BUIAJKY BHUSIBIISIETHCS TPYAOMICTKHAM 1 JOPOTHM 3aX0J0M. € TaKOXK CKIAAHICTh OpraHi3arii
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HaJIHHOTO 3’€HAHHS MOHOJITHUX 1 30IpHHUX KOHCTPYKIIINA. I, Hapemri, €KOJOTTYHHH CKJIaJIHUK
naHenpHOi OyiBIi Jy)K€ HU3bKHH (CyTTEBO HM3bKI MOKA3HUKH TEIJIOBOTO ONOPY 30BHILIHIX CTIH
1 TIOKPIBJI, IPAKTUYHO BIJACYTHS €proHOMIKAa >KUTJIIOBUX MPUMILIEHb, ITOraHa 30BHILIHS apXiTeK-
Typa TOlIO). 3a3Ha4€He 3yMOBJIIOE HEOOX1HICTh CTBOPEHHS €()EKTUBHOI KOHCTPYKTUBHOI CUCTEMHU
13 3aCTOCYBaHHSI MAaKCHMAJIbHOI KIJIBKOCTI €KOJIOTIYHMX MarepiajiB, TEXHOJOT1YHO MPHUAATHOT IJis
PEKOHCTPYKIIIT Oe3KapKacHUX OY/I1BEIb.

Meta aocaixKeHHs
MeTtoro cTarTi € BUKOPUCTAHHS €(PEKTUBHOI KOHCTPYKTHUBHOT CUCTEMH PEKOHCTPYKIIi 3pyHHO-
BaHUX O€3KapKaCHHUX OY/IIBEIb 13 3aCTOCYBAHHSIM €KOJIOTIYHHUX TEXHOJIOTIH.

Buxkiaa ocHOBHOT0 MaTepiaJty J0CTiIKeHHS

OHOBJICHHSI OCHOBHUX BUPOOHUYUX (POH/IIB y MPOIECI PEKOHCTPYKIIII € HAMOUTBIIT €KOHOMIYHO
nouinbHAM. [lig yac OyIiBHHIITBA HOBOTO IiJIIPUEMCTBA BapTICTh OyAiBETbHO-MOHTaKHUX POOIT
ctaHoBUTh 70% ycCiX KamiTaJbHHUX BKJIAJ€Hb, y pa3l po3imupeHHs — 6au3bko 60%, y pa3i pekoH-
cTpyKuii — Onu3bKko 26%. ExoHOMIsE MaTepiadbHUX PECYPCIB MiJ Yac PEKOHCTPYKIIT MPOMUCIOBHUX
Oy/iBeNb Ta CHOPYI J03BOJIsA€ €(hEeKTUBHIIIE BUKOPUCTOBYBATH KalliTAJIOBKIAJAEHHS IJII PO3BUTKY
HOBOI TEXHIKH Ta TEXHOJIOT'1], OCBOEHHS BUITYCKY HOBHMX BHUJIB MpoAyKiii. [IpuckopenHs okymHOCTI
KalliTaJbHUX BKJIAJIEHb MiJ] 4aCc PEKOHCTPYKIIIi Ta TEXHIYHOTO Mepeo30poeHHs BiiOyBaeThCcs y 2—2,5
pasa mBULIE, a 3arajibHI BUTPATH HA OJWHUIIO BUPOOHHUOI MOTY>KHOCTI y CEpeTHHOMY MPUOITU3HO
Ha 30% HuX4e, HDK Y pa3i HOBOTro Oy/liBHUIITBA.

3anponoHOBAHO PilIEHHS /1715 301pHO-MOHOJITHOT 3a/11300€TOHHOT Oe3kapkacHoi OyaiBii. Bono
BKJIIOUa€ y cebe TEXHOJIOTiI0 BHTOTOBJIICHHS Ta MOHTaXy 30ipHMX €JIEMEHTIB, a TaKOX MOPSIOK
yJAIITYBaHHS] MOHOJIITHOI YaCTHHU TIEPEPi3iB KOJIOH, OaJIOK, IIUT 1 aiadparM. OCHOBHI PUCH TakKi:

1. IIpocTopoBuii KapKac MOCIi0BHO 3BOJUTHCS HUIIXOM IT0YaTKOBOTO MOHTaKy HE3HIMHOT or1a-
TyOKH B OpMY MOPOKHUCTHX TOHKOCTIHHHUX €JIEMEHTIB, BATOTOBJICHUX Ha 3D-mipuHTEpi, SIKi MAIOTh
3MiHHY (hOpMy Ta po3Mip, IO J03BOJISIE OPraHi30BYBaTH JIOBUJIbHI KPOKH KOJIOH 1 3MIHHY BHCOTY
T1JIOTH.

2. 30upanHs 30ipHOT YaCTHHH KapKaca MPOBOAMTHCS MOBEPXOBO 3 IMiAIOPSIKYBAHHAM YKJIa-
JIAaHHS BQ)KKOTO a00 JIErKoro OE€TOHY, 1110 CaMOYIL1IIbHIOETHCS.

3. /I BeJIMKUX MPOJIBOTIB CUCTEMA JIO3BOJISIE PO3MIIYBATH KaHAIM B OalKax, 100 MOJIETIIUTH
MOJIAJTBIIIC HATSATYBAHHS CTAJIEBUX apMaTyp.

4.V pasi nponboTiB, JOBKHHA IKHX MepeBHILye 6,0 M, BUKOPHUCTOBYIOThCS MIONEPEAHBO HAMPY-
’eHi 30ipHi IMyCTOTHI IJIUTH 3 TMOBOPOTOM Ha KYT /2 y KOXKHIN TUIaHYBaJbHIM KOMIpII BiJHOCHO
CYCIJHIX.

VY pasi 6e3kapKacHOi CXeMHU BEPTUKAIbHI, 110 OOTOPOMXKYIOTh 1 BHYTPIIIHI HeCy4i KOHCTPYK-
111, BAKOHYIOTCS Y BUIISIAL CYIUJIBHUX CTiH. Y KapKacHO-TAHEJIbHUX CHOPYJax 3 HOBHUM KapKacoM
JIOITyCKA€ETHCSI TIO3/IOBXKHE 1 TIOMIEPEYHE PO3TANTYBAaHHS CKPUTHUX PHUTEIIB. Y CIOpyIax 3 HEMOBHUM
KapKacoM PEKOMEHIYEThCS MO3/I0BKHE PO3MILIEHHs puresiB. [IpornoHoBaHe pillleHHsS IPYHTYETbCS
Ha TaKUX MPUHIIUIIAX:

1. BimMoBa Bif MpUAHATTS CTPOTUX rabapUTHUX PO3MIPIB IUIAHYBAIBHUX OCEPEIKIB 1 HE3MIiH-
HOCTI pO3MipiB eJ1eMeHTIB Kapkaca. L{eil npuHIMI TUKTY€e BUKOPUCTAHHS 301pHUX €JEMEHTIB KapKaca
B SIKOCTI HE3HIMHOI onayryOku. Peasizariisi BapiaTUBHOCTI PO3MipiB, CBOEIO YEPTok0, 3a0€31MeUy€eThCs
TYT TEXHOJIOTIEI0 BUTOTOBJICHHS 30IpHUX €IEMEHTIB y BUIVISAAI TOHKOCTIHHUX MPOQIIiB 3aKPUTOTO
Ta BIAKpUTOrO nepepidy 3 Bukopuctanusam 3DCP [19]. Takuii miaxifg 1a€ MOXIMBICTb THYYKO ajiarn-
TYBaTH CHCTEMY SIK JI0 PEKOHCTPYKIIii, TaK 1 O pEMOHTY Ta PEHOBAIlil HAsBHHUX 1 IOIIKO/HPKEHUX
00’€KTIB, @ TAKOXK JI0 HOBOTO €KOJIOTTYHOTO OymiBHUIITBA. KpiM TOro, po3TainryBaHHs BEPTUKAIbHUX
HECYYHX €JIEMEHTIB (KOJIOH) y 3arajbHOMY BUIQJIKy MOXe OyTH JOBUIBHUM 3 0aratoposraiyKeHuM
nepepizoMm (puc. 3).
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2. [IpuHuun Bu3Ha4eHHs GopMH 310paHOT YaCTHHH 0aJIOK y BUIJISIII IIBEJIEpa MOJTUISIMUA BrOpy
(puc. 3). IIpu oMy NpoaLOTH 6ATTOK MOXKYTh OyTH JOBIIBHUMH, & PO3MIPH iX Mepepi3iB, AK 1 KOJIOH,
BU3HAYAIOTHCS PO3PAXYHKOM.

3. IlpuHIMI BUTOTOBICHHS BUPOOIB apMaTypy Y BUIIIA/1 IPOCTOPOBOTO KapKaca 3 KOMILIEKCOM
reoMeTpisl Ta MiHIMi30BaHa KUIbKICTh CTHKIB MK TIOBEPXaMHU Ta MPOIbOTAMH.

4. IlpyHUMIT BUKOPUCTAHHS CAaMOYLIUIbHIOBAJIBHOTO O€TOHY. METOI0 € YHUKHEHHs BlOpariii-
HOTO YIIUTbHEHHS CyMIIIIi.

5. IlpyHIMTT BUKOPUCTAHHS BaXKKOTO a00 JIETKOro OETOHY, MPHUTOTOBJIEHOTO HA PO3TSHKHOMY
LeMeHT1 Juig MoHoMITy. el mpuHIMN A03BOJslE€ BKIIIOYATH y CHUIbHY POOOTY MOHOIITHI 1 301pHI
YaCTUHHU KOHCTPYKIIi, a TAKOXK CTBOPIOE €(eKT KOH(PAWNHMEHTY B 3a1i300€TOHHUX €JIEMEHTaxX CHUC-
TE€MH, 1 0COOJIMBO B KOJIOHAX.

6. BucsiTieHo npUHIMI €KOHOMIYHOCTI i1 Yac BUKOHAHHSA. OJIHOYACHO JJIsl KapKacCiB 3 BEJIH-
KHMH IPOJIHOTAMH 3aCTOCOBYIOTh MONEPEAHBO HANPY>KEeH] IUIUTH.

7. IIpUHIMIT BUKOPUCTAHHS BCTABOK-TIOPOXKHEU1 3 JISTKUX MaTepiasiiB sl TUIUT 1 AiadpparmoBux
CTiH 3 MOHOJIITHOTO OeToHy [20]. Llel mpuHITUI 103BOJIsIE€ 3HAYHO 3MEHIITUTH Bary OyiBii. A MiHIMI-
3allisi Baru MPU3BOAMTH 1O MiBUIICHHS CEMCMOCTIHKOCTI Ta EKOJIOTTYHOCTI OyiBIIi.

HaBenemo HarmmsiaHuil TpHKIAZ BiJHOBJICHHS IOIIKOIKEHOI 0araTtomoBepXoBOi MaHEIbHOI
oynisni (puc. 3).

Puc. 3. 3aranbHnii BUIIA NOMIKOIKEHOI OyAiBJIi, IIJISIX Bi/i pe3yJIbTATIiB HOIIKOIKEHHS 10 IOBHOTO
BiJTHOBJIeHHsI OyiBJ1i 32 10NIOMOTI0I0 Cy4aCHUX MeTOAiIB BiiHOBJIeHHs (po3po0dieHo A.B. Kosuanosum)

[Tix wac BIy4aHHs CHapsIIiB CIIOCTEPIraloThCs YMCIEHH] pyiHalii, 00Banu Ta aedopmartist kap-
Kacy 3 BepXy 10 HU3y OyniBii. Y pasi peTeibHOTO BUBYEHHS pyHHYBaHb Ta BUMIPIOBaHb I'€0/1€3UY-
HUMH TPUJIAJAMHI 3 BUKOPUCTAHHAM XMapH TOYOK Yy (haxiBIIiB 3apOKYIOTHCS BapiaHTH JUISI BiJTHOB-
neHHs Oynisii. Cxemu nedopmariiii Ha puc. 4.

PexoHCTpyKIIisl MOIIKOIKEHUX OyAiBelb — 1€ CKIIaJHUH MPOIIEC, 1110 BKIIIOYAE HU3KY €TariB JJis
BiJIHOBJICHHS (DYHKITIOHAJTLHOCTI, O€3IEeKH Ta 30BHINTHHOTO BUTIISITY CIIOPY/IH.

OCHOBHI eTanu PEKOHCTPYKIIii MOUTKO/KEHUX Oy/1iBEIIb:

1. Ouinka crany OynisJi

— TexniuHe 00cTeXeHHS (OLIHKAa HECYYNX KOHCTPYKILIN, yHIaMEHTY, CTiH, TOKPIBI).

— BusiBneHHs cTyneHs MOIIKOPKEHHS (4acTKOBE, KpUTUYHE UM [TOBHE PyHHYBaHH).

— JlokyMeHTaIlisl HOIKOKeHb ((oTo, 3BITH, aKTH).
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Puc. 4. Cxemu geopmaiiii Ta pyiiHyBaHb OyaiB.Ii, MOCTpPakaaa0i BHACTIAOK 00iioBUX Aiii

2. IIpoekTyBaHHA

— Po3po6ka mpoekTy peKOHCTPYKIIii (MOXKIMBO 3 MOAECPHI3AIIIEIO).
— Y3roKeHHS 3 apXiTeKTOpaMH, iH)KeHepaMH.

— OTpumaHHs 103BOJIIB (SKILO MOTPiIOHO).

3. JleMOoHTaK He0e3leYHUX eJIeMeHTIB

— Bunanenns aBapiiHUX KOHCTPYKITIH.

— OYuIlIEHHS TEPUTOPI].

4. YkpinieHHsI KOHCTPYKILii

— [Nocunenns GyHIaMeHTY, KOJIOH, IEPEKPHUTTIB.

— BignoBnenHs cTiH, 0amoOK, IEPEKPUTTIB.

5. BigHoBJIeHHSI IH;KEHEPHUX CHCTEM

— Enexrpuka, BogonocTayanHs, OMageHHs, BEHTUIISLIIS TOLIO.
6. O31006.110Ba/IbHI podoTH

— lIrykarypka, papOyBaHHs, BCTAHOBICHHS BIKOH/ABEpEH.

— BHyTpinHe 0310051€HHS.
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7. KOHTpPOJIb SIKOCTI Ta 371a4a B eKCIIyaTalil0

—IlepeBipka TOTpUMaHHS HOPM O€3IEKH.

— [limmucaHHs aKTy TOTOBHOCTI.

PosmissHeMO TTPO€EKTHI pillIeHHS 3 BiTHOBJICHHSI TIOITKOKEHOT OY/TiBIIi.

TexHomori4Ha 0COOIMBICTD Y IILOMY BUIIA/IKY TOJIATAE Y 3BEJICHHI MOHOJIITHUX €JIEMEHTIB Kap-
Kacy B omanyOri, mo Ha 80 BiICOTKIB € HE3HOMHOIO, B SIKiif TIEpEBAKHO BUKOPHCTOBYIOTH CTOPOHU
BHYTPIIIHIX IEPErOpPOAOK KBAPTUP Ta CTIHU 30BHILIHIX CTIH Ta JIMCTU LIEMEHTHO-CTPYKKOBUX TUIUT
y MiICLSIX, /Ie HEMa€ CIONy4YeHb CTiH 3a MpoeKToM. KapkacHi mepekpuTTs 30uparoThes 31 301pHUX
3aJ11300€TOHHUX TUTHT Ta MOHOJITHUX JUISTHOK (puc. 5—12).

Pyiinartis Ta JeMOHTaXH1

[TpoexTHMI BUTTISI BIAHOBICHHS
poboTtu

Puc. 5. 3aranbHuii BUIIs 00’ €KTa, BiTHOBJIEHOT0 €KOJIOTTYHUMHU TEXHOJIOTisIMU
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Puc. 6. Cxema BiZHOBJ/IEHHS CTiHM 3 MOHOJTUTHUX KOHCTPYKIIii
3 YaCTKOBMM BHKOPHMCTAHHSIM He3iOMHOT 0NaIyOKH
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Puc. 7. 3aranpHa cxemMa BJIAIITYBaHHS eJleMeHTIB Kapkacy Oy1iBji Ta BiAHOBIIOBaIbHI po6oTH
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Puc. 8. IIponnoHoBana Ta BUKOpHCcTaHa KOH(Irypauist KoJioH i 0aok

OckinbKy Oy/IIBIIS 3aIPOEKTOBaHA Ta MOOy/I0BaHa Ha MajaboBOMY (YHJIAMEHTI, TO 1 mepeadaya-
€TbCS BIHOBJIGHHS KapKacy Yy pasi 3MEHIIEHHs HOro Baru (He3HauHo), nedopmaris GyHIaMEHTY
HE BpaxoBaHa B PO3PaxyHKH, M03asK 3yCHIJUISI NEPEPO3NOAUIAIOTHCS 3 BEpXy J0 HHU3Y Ta Ha pIBHI
PO3CTBEPKY Ta MaJib MAlOTh PIBHOMIPHI XapaKTePUCTUKHA. BHYTpIIIHI CTIHU Ta MUIMTHI TaHE BUTO-
TOBJICHI 3 KOHCTpYKLiKHOTO 6eTony (C16/20). betoH 30BHIIIHIX MaHenel Jerkuil (kepaM3uToOeToOH,
v = 1200 xr/m®). Bci reomeTpuyHi po3MipHu MPUAHSTI BiAMOBIAHO 10 MPOEKTHHUX pillicHb. MeTeopo-
JIOT14HI YMOBH PO3PaxOBYIOThCSI HaTENep 3TiHO 3 YUHHUMHU HOpMaTuBHUMH AokymeHTamu (JJBH).
IHTerpanbHe BepTHKaIbHE HABAHTAXKXCHHS HA MEPEKPUTTS MPUHMAETHCS 3TiHO 31 300pOM HaBaHTa-
JKEHb Ta BIATOBIAHO J0 €KCILTyaTallii )KUTJIOBUX Oy/iBeb. 30BHIIIHI CTIHM HEHECYdl, TOMY HaBaH-
Ta)XCHHSI B/l HUX OyJI0 BpaxoBaHE BIAMOBIIHO 10 MPUKJIAJACHUX 3YCHIIb 3T1THO 3 MO3UIIIOHYBAHHSIM.

Buxinzi naHi ans po3paxyHKy HOCHIICHHSI KOHCTPYKLIT OyIiBiIi 3 BUKOPHUCTAHHSIM 3alIPOTIOHO-
BaHOTO THITy KAPKaCHOT CHCTEMH HaBEICHO HUKYE.

[Tepetunu: komona: 250x250; 6anku: 300%300; 180%300; 140x300.

Beron C25/30. Apmarypa A500S.

[Tnutu — 36ipHI1, HONEPeIHBO HAIIPYKEH1, apMOBaHI, ITyCTOTHI 3 MOHOJIITHUMH AUISHKAMH.

BuxopucroByBanocs ninen3iiiHe nporpamue 3a0esneueHHst Lira CAIIP. Takox Oynu BUKOpH-
CTaHi crielianbHi HaaOyI0BH, MPU3HAYCHI TS MOJICTIOBAHHS MaHeIbHUX Oy/iBenb. Po3paxynkosa 3D
MojIeJb OyiBIIi 3 HAJOYJOBOIO HaBeJeHA Ha PHUC. 5. YCi HABaHTAKEHHS MPUUMAarOThCs 3rinHo 3 JIBH
B.1.2-2:2006, okpemMo BITpOBI HaBaHTa)XE€HHsS 30UIbLIYIOThCS B 5 pasiB. IIpoBeneHo ceifcmiuni aii
Ha 5 6aniB. MakcuMaibHa TOPH30HTANb TEPEMINIEHHS] BEPXHBOT YaCTUHU OYHiBIII BHACTIIOK THUCKY
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BiTpYy cTaHoBUTh 14,1 MM (50600 / 14,1 = 3588 <<500). BumyiieHi yacToT KOJIMBaHb ITiJ1 Yac Ceic-
MIYHOT po3BikH cTaHOBIATH 0,67¢ 1 He nepeBulyoTh 2,0 c. Haiibinblne npucKOpeHHs: BEpXHbOTO
noBepxy 0,078 m/c? i ne nepesurnye 0,08 m/c?, 1m0 103BOJIsIE 3pOOUTH BHCHOBOK TPO KOM(pOPTHE
nepeOyBaHHs JTIOICH y Oy/IiBIIi.

Cxema Baawmubanysa nepekpumms Hod Tex. nobepxom
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Puc. 9. BramryBanns 30ipHHX NepeKpPUTTIB
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Puc. 10. KoncTpykTUBHA cxeMa BJIAIITYBAaHHS MOHOJUTHHX CTIHOK Ta KOJIOH
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Puc. 11. IIpukiaan cnojiydeHHs! eJ1eMeHTIB KapKacy 3allpOIIOHOBAHOI OyaiBJIi
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Puc. 12. KinueBo-e1eMeHTHAa Mojiesb OyaiBJIi 3 HaaA0y10oBaMH BePXHiX MOBEPXiB

BukopucTaHHsl €KOJIOTIYHUX MaTepiaiiB 3alpOMOHOBAHO Y BHIVISII YTEIUTIOBaYa y pasi J0cCsT-
HEHHsI BUCOKOE(EKTUBHOIO CTYIEHs €HEpPro30epeKeHHs Ta CIOKMBAaHHS TEIUIOBOI Ta €JIEKTPUYHOI
eHeprii.

EneproedextuBHicTh Oy/IiBIi JOCATHYTa BUKOPUCTAHHSIM €KOJIOT19HOTO yTerumoBaya. [Ipukinan
yTEIJICHHS TTOKa3aHo Ha puc. 13.

WITYEATYPEA (i BKEONOPIOMIT Cail 1Y
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Puc. 13. YTen/ieHHs1 30BHIlIHHOT0 KOHTYPY OyaiBJIi
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BinHoBneHHs OyiBelb 3 €KOTEXHOJIOTISIMH, OCHOBHI MPUHIIUATIN:

O1iHKa MOYKJIMBOCTEN JUIS «3€JIEHOT0» €KOJIOTTYHOIO BiJHOBIICHHS.

—Yu MoxIIMBO 30€perTy YacTUHY CTapux KOHCTPYKIii? Lle 3MeHIye KUTbKICTh OyiBEIbHOIO
CMITTSL.

— SIxi Marepiany MOJKHA TIOBTOPHO BUKOPHUCTATH 200 TIepepoOuTH?

Bubip exomoriuHux MaTepiaiiB

— Harypanbni Matepianu: nepeBuHa i3 cepTu(iKOBaHUX JIICiB, TIIMHA, COJIOM sIHI TTaHeNi, KOHO-
msiHui 6eton (hempcrete).

— Marepianu 3 nepepoOKu: cKJI00JIOKH, epepodeHni OETOH, MIIACTUK Ul YTEIUICHHS.

— besneuni ansa 3mopos’s: Gapbu 6e3 VOC (JIeTKuX opraHIYHUX CIIOJIYK), HETOKCHYHI KJIei,
rincokapToH 6e3 Gpopmanbaeriay.

EneproedexTuBHicTh

— ConsyH1 maHe 111 BUPOOHMIITBA €JIEKTPOSHEPTii a00 rapsuoi BOIH.

— BikHa 3 MOTpIHUM CKJIONAKEeTOM, €HEProoIaaHe CKII0, TeIUIOI30IA1IIs CTiH 1 1axy.

— LED-ocBiTneHHs, JaTYUKU PYXY, «PO3YMHI» CUCTEMH KEPYBAaHHS €HEPTIEIO.

YTemneHHs Ta 30epexeHHs Teria

— BukopuCTaHHS eKO-yTeIUTIOBaYiB: IEITOIO3HIH yTEIUTIOBaY, BOBHA, KOHOIUISIHA MaTH.

— Texnonorii macuBHOTO OyAiBHHUIITBA (PO3TAIlyBaHHS BIKOH, OPI€HTAIlisl HA MiBJICHb, TEILIOA-
KyMYJISIIIS ).

Bonozb6epexenus

— Cucremu 300py AOIIOBOI BOIH JUIs TEXHIYHUX MOTPEO.

— ExoHOMHI KpaHM Ta CaHBY3JIM 3 MOJBIHHUM 3JTMBOM.

— 3eneHi gaxu abo «3eNeHl CTIHW AJIs yTPUMaHHS BOJIOTH, MOMIMIIEHHS MIKPOKIIIMATY.

Exonoriune cepenosuiie

— JlanamadTHa iHTerpamis: 30epekKeHHsI 3€JICHUX 30H, BUKOPUCTAHHS MiCIIEBOI ()JIOPH.

— 3abe3neueHHs MPUPOAHOT BEHTWIIALIT, MiHIMI3aIlisl TOTPEOU B KOHIUI[IOHYBaHHI.

— CTBOpEHHSI 3J0POBOTO MIKPOKJIIMATy (HAMPUKIIA]l, BUKOPUCTAHHS «JIMXAIOYNX)» MaTepialliB).

[Ipuknaa BUIe3a3HAYSHOTO MEPENIKy 1 poOiT Ha OyaiBii micis 006cTpiy.

PekoHCTpyYKIIisi Ma€ MPOBOUTUCH 3 BUKOPUCTAHHSIM TaKUX MiHIMAJILHUX BHMOT':

— koHcTpykiii 13 CLT (kpoc-namiHOBaHOT IE€pEBUHH),

— COHAYHMX OaTapeil Ha 1axy,

— BEHTWISIIIT 3 pEKyTIepaIliero Teria,

— (pacaniB i3 3eIEHUMU CTIHAMH.

[Tix yac 3BeJIeHHs Ta PEKOHCTPYKLII OaraTornoBepXOBUX KapKaCHO-IMIAHEIbHUX Oy/IiBeb 3aCTO-
COBYETHCSI KOMOIHOBaHHMI (3MIIIIAHUIT) METOJT MOHTAXY, SIKHH € TIO€HAHHSIM PO3J1IJILHOTO 1 KOMILIIEK-
CHOTO METOMIB. SIK paBMIIO, MPUHMAETHCS TaKa MOCIIOBHICT Ta TEXHOJIOTiSI MOHTaXy KOHCTPYK-
I HECYy4oro Kapkacy OyaiBenb. 3 ypaxyBaHHSM T€OMETPUYHHX PO3MIPIB MOMEPEUHOTO Mepepizy
KOJIOH TIEPIIOTO SIPyCy OMOPH MiJl HUX BHUKOHYIOThCS 3a3BUYaii MOHOIITHI. Pe3ynbraru ampoOarrii
HOBOT KOHCTPYKTHUBHOT CHCTEMH Ta TEXHOJIOT1i IHHOBAIIMHOT pEeKOHCTPYKIIT Oe3KapKkacHUX Oy/IiBeb,
y IbOMY BHIIAJKy MTaHEJIbHHUX, IOKa3aHO Ha puc. 14.

Bubip matepiany i KOHCTPYKTUBHOI CXeMH 3aJICKHUTh BiJl BUMOTJIMBOTO CTYTICHS 3aXHUCTY, MiC-
[IEBUX MOXKJIUBOCTEH 1 €KOJOTTYHOI JOIIHLHOCTI. 30BHINIHI TaHEe MuX Oy/IiBesIb 4acTO € HEHECY-
9YUMHU 200 CaMOHECYYHMH, CIYTYIOTh BUKIIOYHO OTOPOJDKEHHSMH Ta 3a0€3MeUyIOTh TeII0i30JIs-
uiro. Ix 36iif He mpu3Bee 10 PyiiHyBaHHS IHIIMX HECYYMX eleMeHTiB. TUM He MEHII, BOHH HECYTh
PHU3HK Kpaxy B MOMANbIIIN eKCIUyaTallii, K0 371aMaHi 3aKkiaagHi YacTUHU ix kpimenHs. I1ig gac
PEKOHCTPYKIIIT IepeBipKa KPIIJICHHS — BaXKKE 3aB/IaHHs. YCI BOHU TOBUHHI yTBOPIOBATH €KOJIOTIY-
HUM KapKac micra.
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Puc. 14. Pe3yasTat anpodauii 3anponoHoBaHoi Ta po3po0/ieHoi KOHCTPYKTUBHOI cucTeMH (Ha OydiBe1bHOMY
MalilaHYMKy onajyoka OyJia mody1oBana TpaguliiHUMH MeTOIAMM), POEKTHI Ta OyliBeIbHI po60TH BUKOHAHO
2022-2023 p. (IIpoekTyBaNTBbHUK TA PO3POOHNUK, ABTOP NMPOEKTY: iHAKEHEP-NIPOEKTYBAJIbHUK, KCIEPT,
inskeHep-KkoHCyIbTAHT: Kosruanos Anapiii Bosiogumuposuy, cniBpodithuk TOB «HaykoBo-nociignuii
eKCIIePTHO-NIPOEKTHHI LIeHTP», acmipaHT XapKiBChKOro HaiOHAJILHOI0 YHiBePCHTETY MiCHKOI0 rocnoJapcTsa
imeni O.M. BekeroBa)

BucHoBku

Ha mizcraBi npoBeneHUX TOCIiHKEHh MOYKHA 3pOOUTH TaKi BUCHOBKHU:

1. Anani3 xxumia YKpaiHu, ke ocTpaskaano BHACIOK OOHOBUX J1iil 1 arpecii pociiichbkoi eaepattii,
OyJ10 31IIICHEHO 32 OCHOBHUMH CTPYKTYPHHMH OCOOIMBOCTSIMY 1 3 TOUKH 30pY BIUTMBY HAa HUX CHApSIIB.

2. 3anpornoHOBaHa KOHCTPYKTHBHA €KOJIOTIYHA TEXHOJIOTIS, B OCHOBI SIKOT JISKUTH 30ipHA HE3HIMHA
onayOKa eJIeMEHTIB, sIKa JIEMOHCTPY€E 3HAYHHIA MOTEHIIa IS IIBUIKOTO Ta €(peKTUBHOTO OY/1IBHUIITBA.
Moro rayuKicTh 03BOJISE aaNTyBaTH HOTO JI0 PI3HUX TIPOEKTIB i yMOB. CHCTEMY MOXKHA YCITIIHO BHKO-
PHUCTOBYBATH SIK /115l PEMOHTY IMOILIKO/DKEHUX Oy/1iBellb, TaK 1 111 HOBOTO Oy/IIBHUIITBA.

3. Peanmizamis cucremu, NpOAEMOHCTPOBaHA Yepe3 BIIHOBICHHS MOIIKODKEHOI Oe3KapKacHOI
Oy/iBII, MATBEP/IIIIA CBOKO (DYHKIIIOHATBHICTD 1 €()EKTHBHICTh B YMOBAX MICIISIaBAPIHHOTO BiTHOBJICHHS.
JocnimkeHHs: 0coOIMBOCTEl HarpykeHO-Ae(opMOBaHOTO cTaHy OyaiBii, 3BEACHOI 3 BUKOPUCTAHHIM
€KOJIOT1YHHX €JIEMEHTIB, CBIIYMIIO TIPO JOCATHEHHS TapMOHIHHOT B3a€MOIiT MiXK BITHOBJICHOIO YACTHHOIO
Ta HAsBHOIO CTPYKTYPOIO, IO Bi/IIIOBIIA€ BCIM BUMOTaM.

4. Pe3ynbTaTy bOTO JOCIIKEHHS MOXKYTh CITyT'yBaTH OCHOBOIO IS OJAJIBIINX IOCIIPKEHb 1 pO3-
POOOK 3ampOIIOHOBaHA KOHCTPYKTUBHA CUCTEMA 3 METOIO TTiIBUIIIEHHS SIKOCTI Ta IIBUIKOCTI Oy/[IBHUIITBA.
[TincymoBytouH, 3a3HaYUMO, 1110 1151 poOOTa MPUHECTIA TIOYATKOBI 171€T, 3aCHOBaHI Ha TPial «iJ1esl — CTPyK-
Typa — TeXHOJoris». Takuil miaxiza nependadae KOMIUIEKCHY OLIHKY PIILIEHHS 3 OISy Ha KOHCTPYKTHBHY
e()eKTUBHICTh, TEXHOJIOTTYHY PaIliOHATBHICTh, €KOJIOTIYHICTh Ta EKOHOMIYHY JOUUTBHICTE. Lle Bene o
BHUCHOBKY, ITI0 TIPE/ICTaBJIEHa CUCTEMa Ma€ TMOTEHITiaJl JIjIsl €BOJIIOIT /10 BUCOKOPO3BHMHEHOI TEXHOJIOTII,
BUKOPHCTOBYIOUHM CY4acHI IHCTPYMEHTH Ta 00J1aAHaHHSL.

5. BukopucTanHs cucteMu eHeproe()eKTUBHOCTI 31 3MEHIIIEHHSIM €HEPTOCIIOKMBAHHS Ta BUKOPH-
CTaHHSI CUCTEM €HEPro30epeKeHHs IIIIXOM TePMOMOJIEPHI3alIli Oy/IiBIl CydaCHUMH METOJIAMH Y CYKYTI-
HOCTI Ha 00’ €KTI 3MEHIITy€ BUKUAN Y Pa3i BUPOOHHUIITBA €HEPrOHOCIIB Ta TUM CaMUM Oepexe eKOCHCTEMY
TUTAHETH. 3aTy4eHHsI eKOJIOTIYHHX Ta 1HAyCTPIaIbHUX TEXHOJIOT1H HEBIIOKPEMIICHOIO YaCTHHOIO Y BiJl-
HOBJICHHI TIOIIKO/DKEHUX Oy/TiBENIb BHACTIIOK OOMOBHX il € edekTHBHUM. BimHOBICHHS Oy/iBenb i3
3aCTOCYBAHHSIM €KOJIOTTYHHUX TEXHOJOTIH — 1€ CyYacHUM MiIXif, KU J03BOJISIE HE JIMIIE BiAOyTyBaTH
3pyiHOBaHe, ajie i CTBOPUTH OUTBII eHeproe()eKTUBHI, OE3MeuHi Ta CTIHKI 10 MaiiOy THIX MOXITUBHX BILTH-
BIB Ha CIIOPY/TY.
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[HCTHTYT eHepreTHYHMX MamKH Ta cucteM iMeHi A.M. Iligropuoro HAH VYkpainu

M.C. MIIIIEHKO

XapkiBchKui HarlioHanbHUH yHiBepcuteT iMeni B.H. Kapasina

0.0. CTPEJIbHIKOBA

[HCcTHTYT eHepreTHuHMX MamyH Ta cucteM iMeHi A.M. Ilixropuoro HAH Vkpainwy;
XapkiBCchbKUH HanioHaNbHUN yHiBepcuteT iMeni B.H. Kapasina;

XapKiBChKUH HalliOHAIBHUN YHIBEPCHTET PaliOCICKTPOHIKH

CHEKTPAJIBHUM AHAJII3 KOJIMBAHB PIJUHU B PE3EPBYAPI
3AJIEKHO BIJ1 HOJTOKEHHSA ITIEPETOPOAKH

Memoio docriodicennst € po3pobients epekmusHo20 YUCI08020 MemMOoOy OYIHKU GNIUBY NEPe2OPOOOK, KL deMni-
DYIOmb KOMUBANHS PIOUHU 8 HCOPCIKUX 0OO0NOHKAX 0DepmanHs nio Oi€io iNMeHCUBHUX BEPMUKATLHUX | 20PU3OHMATLHUX
Hasanmagicensv. [lepeddbauacmvcs, wjo piouna, sAKa 3an06HIOE 0OONIOHKY, € I0eanbHO0, HECIMUCTUBOI A MAE De38UXPOGULI
xapaxkmep pyxy. 3a maxux npunyujens ii OUHamMiKa ONUCYEMbC NOMEHYIANOM WBUOKOCMEl, AKULL 3A0060IbHAE PIGHAHHSL
Jlannaca. Obononka niodaemocsi 0ii 308HIUHLOCO 2APMOHIYHO20 HABAHMANCEHHS, YACOMA AKO20 MOJHCe HAOTUNCAMUCS
00 81ACHUX YACMOM KOAUBAHb PIOUHU, WO NPU3B0OUMb 00 BUHUKHEHHS PE30OHAHCY i, 8i0n08i0HO, 00 HeoOMeHCeH02o
3pOCMANHA AMAAIMYOU KOTUBAHb GLIbHOI nNogepxHi. /i 3anobieants yboMy AGUWLY 6 KOHCIMPYKYII0 6600MbCsl 20PU30H-
manvii nepe2opooKu, Wo IMEHWYIOMb IHMEHCUSHICTNG NIeCKAHHA ma 3abe3neuyloms egexmusne demMn@ysanns enepeii
X6unb. Ycemanosnenns nepe2opo0ok 3MiHIOE CHEKMpP GIACHUX YACTNOM KOAUBAHb PIOUHU, WO OA€E 3MO2Y 30ilCHIO8AMU
8I0CMPOIOBAHHS BI0 HEDANCAHUX PEe3OHAHCHUX pexcumis. Lle cmeoproe moocaugicms onmumizayii napamempis pesep-
8yapig i OaKis, o BUKOPUCTOBYIOMbCA 8 AePOKOCMIUHIL, eHepeemUyHill ma mpaHcnopmHuit mexwiyi. /[isa yucio8o2o
aHanizy 3acmMoco8ano memoo nidobracmeti, abo Memoo epaHUYHUX CynepeleMenmis, AKull nepedbauae nooil po3paxyH-
k0801 0bracmi na dexinvka nidobracmell i3 GIACHUMU SPAHUYHUMU YMOBAMU. Y KOJICHIL nidobnacmi nomeHyian umeuo-
Kocmetl 3a00601bHAE pi6HAHNA Jlanaaca, npu YyboMy HaA JHCOPCMKUX Medcax 00Aacmi 6CMAHOBIIOIMbCA YMOBU HENpo-
MIKAHHA, A HA GLIbHIN NOGEPXHI Peani3yiomvbCs KiHemMamuuna ma ouHamivna ymoeu. Ha mescax nodiny niooonacmeii
VB0OAMbCSL YMOBU CYMICHOCI OJ11 NOMEHYIAmy ma 1020 HOPMAIbHOI NOXIOHOL. /[ 8u3HAUeHHs Hegi0oMUX NOMeHYiaie
suxopucmano mpemio opmyny Ipina, wo 0ano 3mozy 36ecmu noYamKo8y Kparogy 3a0auy 00 CUCMeMU CUHSYIAPHUX
iHMe2panbHUX PiBHAHb, PO38 A3AHHA AKUX 30ilICHEHO MEMOOOM epaHudHUX eremenmie. Ompumani 4ucio8i pe3yromamu
c8i0uamy, wo KOIUBAHHSA PIOUHU 8 Pe3ep8yapi MONHCHA ehHeKMUBHO KOHMPOTIO8AMU WAXOM PAYIOHATLHO20 8UOOPY Kilb-
Kocmi, ghopmu ma po3mauty8anis nepe2opoook. JeMoHcmposano, uwjo OnmumMaibie KOHCMpYIO8anHs 0emMnysanbHux
efleMenmie 0ae 3Moz2y iCMOMHO IMEHWMUMU AMIIINYOY KOIUBAHb HAGIMYb Y pasi Oii 6UCOKOUACHOMHUX HABAHMAIICEND,
niosUWYIOYU CMIUKICMb [ HAOIUHICIMb KOHCIMPYKYIU, W0 MiCmMsams piouHy.

Knrwouoei cnosa: memoou epanuynux enemenmis ma cynepeiemenmis, NiecKanus piounu, 20pusoHmanvii nepeco-
DPOOKU, OeMNnghy8aHHs.

D.V. KRIUTCHENKO, A.S. KOLODYAZHNYI

Anatolii Pidhornyi Institute of Power Machines and Systems of the Ukrainian Academy of Sciences
M.S. MISCHENKO

V.N. Karazin Kharkiv National University

0.0. STRELNIKOVA

Anatolii Pidhornyi Institute of Power Machines and Systems of the Ukrainian Academy of Sciences;
V.N. Karazin Kharkiv National University;
Kharkiv National University of Radio Electronics

SPECTRAL ANALYSIS OF LIQUID OSCILLATIONS
IN A RESERVOIR DEPENDING ON THE PARTITION POSITION

The purpose of this study is to develop an effective numerical method for assessing the influence of baffles that damp
liquid oscillations in rigid shells of revolution under the action of intensive vertical and horizontal loads. It is assumed
that the liquid filling the shell is ideal, incompressible, and exhibits irrotational motion. Under these assumptions, its
dynamics are described by the velocity potential, which satisfies Laplace’s equation. The shell is subjected to external
harmonic loading, the frequency of which may approach the natural frequencies of the liquid oscillations, leading to
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resonance and, consequently, an unbounded increase in the amplitude of free-surface oscillations. To prevent this phe-
nomenon, horizontal baffles are introduced into the structure to reduce sloshing intensity and provide effective damping
of wave energy. The installation of baffles alters the spectrum of the liquid s natural frequencies, allowing the system to be
tuned away from undesirable resonant modes. This makes it possible to optimize the parameters of tanks and reservoirs
used in aerospace, energy, and transportation engineering. For numerical analysis, the subdomain method, also known
as the boundary superelement method, is applied. The computational domain is divided into several subdomains, each
with its own boundary conditions. Within each subdomain, the velocity potential satisfies Laplaces equation; at the rigid
boundaries, non-penetration conditions are imposed, while on the free surface, both kinematic and dynamic conditions
are applied. Compatibility conditions for the potential and its normal derivative are enforced at the interfaces between
subdomains. To determine the unknown potentials, the third Green's formula is used, which makes it possible to reduce
the original boundary-value problem to a system of singular integral equations, solved by the boundary element method.
The numerical results demonstrate that the oscillations of the liquid inside the reservoir can be effectively controlled by a
rational choice of the number, shape, and arrangement of the baffles. It is shown that optimal design of damping elements
can significantly reduce the amplitude of oscillations even under high-frequency loading, thereby improving the stability
and reliability of structures containing liquid.
Key words: boundary element and super-element method, liquid sloshing, horizontal baffles, damping.

IlocTranoBka nmpodJjaemMu

3aliKaBIEHICTh Y JTOCIIKEHHI METOIB raCiHHS KOJIMBaHb PIMHU B pe3epByapax 1 MaJuBHUX
0akax, 10 MAJAIOTHCS Mii 3MIHHUX MEPIOJUYHUX HABAHTA)XK€Hb, BUHHUKIIA I11€ B MUHYJIOMY CTOJITTI
Ta 3AJIMIIAETHCS AKTYATbHOIO W JOHUHI. Lle MOSACHIOEThCS MMPOKUM 3aCTOCYBAHHSIM OOOJIOHKOBUX
KOHCTPYKIIIH 13 BiACIKaMH, 110 YaCTKOBO 3allOBHEHI PIJMHOI0, Y CY4aCHOMY MalIMHOOYIyBaHHI,
AepOKOCMIUHIN Tanmy3i, XiMiuHiIi Ta HadTora3oBiii mpoMuciaoBOCTi. HEKOHTpOILOBaHI KOMWBAHHS
PiAMHU BCEpEaHHI TAKUX KOHCTPYKIIH MOXKYTh CIIPUYUHSITH 3Ha4HI Jedopmallii, 110 BIUIMBAIOTH Ha
eKCIUTyaTaliifHy HaJIHHICTh pe3epByapiB. Y BUNAIKY PaKeT-HOCIIB 11€ MOXKE TPU3BOAUTH 0 TIOPY-
LICHHS PO3paxXyHKOBOT TPAEKTOPIi MOJIBOTY, a Ul pe3epByapiB Ta CXOBUII — JI0 iX pyiHyBaHHS a0o
BUTOKY HeOe3neuyHnX pedoBruH. OCTaHHE, CBOEIO YEPTOI0, CTBOPIOE PU3UKHU EKOJIOTIYHUX KaTacTpod
1 3arpoXkye Oe3mern excruryararii Takux 00’ekTiB. Came ToMy po3pOoOJICHHS] METO/IIB TaCiHHS KOJIH-
BaHb PiAMHU, 30KpeMa IIIIXOM BHUKOPUCTAHHS CHELiaJbHUX KOHCTPYKTUBHUX €JIEMEHTIB, 3ajIMIlIa-
€THCSI BKJIMBUM HANPSMOM 1H)KEHEPHUX PO3pPOOOK 1 HAYKOBHX JIOCIIHKEHb.

AHAaJI3 0CTAHHIX JOCTIIXKeHb | myOsikanii

JlochipkeHHsT AMHAMIYHOT TOBEIIHKH PIIMHU B OOOJIOHKOBUX KOHCTPYKIISIX € Ba)KIMBUM
HaNpsIMOM CY4acHOT HayKH, 110 Ma€ MIHUPOKE MPAKTHUYHE 3aCTOCYBaHHS B a€pOKOCMIUHIN, eHepreTny-
Hil, XIMIYHi# Ta HapTOra3oBi MPOMUCIOBOCTI. BUBUEHHS CTIHKOCTI pIAMHU B PyXOMHUX pe3epBya-
pax BUMarae HacamIepes TOYHOTO BU3HAYEHHS BIACHHUX YaCTOT 1 pOPM KOIHMBaHb PiTUHH, OCKIIBKH
(hopMH KOTMBaHb BUKOPUCTOBYIOTH SIK 0a3ucHI (PyHKIIIT 117 Yac BUBYEHHS BUMYIICHHUX KOJIMBAaHb,
JOCIIKCHHS HeMiHIHuX sBuI. [{iif TeMi mprcBsiueHO 3HAYHY KUIBKICTh HAYKOBUX IyOIiKaIlii, cepen
SIKUX 0COONMBE MICLE 3aiiMatoTh IpyHTOBHI mpati [1; 2]. YacToTu 1 popMu KOIMMBaHb SIK MOPOXKHIX,
TaK 1 3alIOBHEHUX pe3epByapiB pizHOI PopMU Ta MpU3HAYEHHS JOCHTIKEeHO B poboTax [3; 4]. Cro-
roJiHi po3po0yeHO e(heKTUBHI METOIM KOMII FOTEPHOTO MOJIETIOBAHHS JTUHAMIYHHUX MPOIECiB B 000-
JIOHKOBUX KOHCTPYKIISIX, 1110 B3a€MOJIIOTH 13 PIIMHOI0, 30KpEMa METOIU CKIHYEHHHX 00'eMiB [5],
CKIHYCHHHX [6] 1 TpaHUYHUX [7] €1eMEHTIB, a TaKOXK METOAM NoruHaHH [8]. s 3HMKEHHS piBHSA
KOJIMBAaHb PIIMHU B pe3epByapax 3aCTOCOBYIOTh Pi3HI KOHCTPYKTHBHI PIllICHHS, Cepe]] IKUX Bi3Ha-
YUMO BCTAHOBJICHHS TUIABYYHUX MeMOpaHHUX Kpuilok [9], ropuzonTtansuux [10] 1 BepTukampaux [11]
MIePEeropoI0K, 3aCTOCYBaHHs IHHOBaLlIMHUX MaTepiamiB [12]. BaxxnuBuMm acrekToMm mpodieMu € MOX-
JMBICTh HAJAIITYBAHHS CUCTEMH Ha BIJICTPOIOBaHHS Bix HeOakaHMX pe3oHaHcHUX vactot [13]. Ile
noTpedye JeTalIbHOIO aHajli3y BChOr0 YaCTOTHOTO CIEKTPa BJIACHUX KOJIMBAaHb Pe3epByapa 3a pi3HUX
PIBHIB 3alI0BHEHHS AJIMBOM 1 HABAaHTA)KEHHSI, @ TAKOXK 3 ypaxXyBaHHAM MPY>KHOCTI cTiHOK [14]. Oco-
OnMBa yBara NMpUALISETHCS MMTAHHSIM TAaCiHHS KOJMBaHb y pe3epByapax IMMIIHAPUIHOI Ta KOHIYHOT
dhopwm, 110 po3mIsiHyTO B podoTI [15].
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Merta gocJuaigkeHHs
Merta 10CIiKSHHS — PO3pOOICHHS METOANKY BH3HAYEHHS BILUTUBY TOPU30HTATBHIX TIEPEropo-
JIOK I IeMITpyBaHHsI UIECKaHb PIAMHM B )KOPCTKIHA 000IOHII 00epTaHHS.

BukJiiax ocHOBHOTO MaTepiajny q0CTiTzKeHHS
PosrnsimaeThest aoOpcTKa 000JI0HKAa 00€pTaHHS, YaCTKOBO 3allOBHEHA 1/1€alTbHOT HECTHCIIUBOIO
piauHOI0. PyX pinuHu, i1HAYKOBaHM KOJIMBAaHHSAMU OOOJIOHKH BHACIITOK A1l 30BHIITHHOTO HABAHTA-
KCHHSI, YBAKAETHCS 0E3BUXPOBUM. Y IIMX YMOBAaX ICHY€ CKaJSIPHUN MOTEHITIaJ IBUIKOCTSH PiAMHH
@ Takwuii, mo V=grad. YMoBa HECTUCIUBOCTI IPUHMAE BUTIST
LAY (1)
ox° oy° oz
Hexaii S, — 3Mo4eHa OBEPXHA OOONOHKH, S, — BiIbHA NOBEPXHs pinunu. [lo3Haunmo obnacTs,
Ky 3aiimae piguHa sk Q. [{ro obmacte oOmexye rpanuns S =SS, . [Ipumyckaemo, 1m0 000JI0HKOBA
KOHCTPYKIIiS MOKE MaTH JCKIJIbKa BHYTPINIHIX MEPEropoIoK JTOCUTH JOBUIBHOI (POpMHU, SKI BCTa-
HOBJIIOKOTH /ISl TaCiHHsA KonuBaHb (puc. 1a). [xui moBepxHi Mo3Ha4MMoO SIK S;,, , @ TOBEPXHIO IHUIIA
000510HKH — sIK S,,, . [IpumycTumo, 1110 nekaproBa cuctema koopauHat 0xyz mos's3aHa 3 000JI0HKOIO,
BUIbHA MTOBEPXHS PIAMHU S, 30iraeThes 3 mioiuHoo x0y y CTaHi CroKoro.

a) 6) B) r)

Puc. 1. O6010HKa 00epTaHHS 3 TOPU30HTATLHUMH MEPEropoaKaMu

VYBaxkaemMo, 110 pe3epByap i3 PIIMHOI0 MiAJAETHCSA JAUHAMIYHOMY BIUTUBY.3HaY€HHS THCKY p
00UHCITIOETHCS 3T1IHO 3 1HTEerpasioM bepuysii it nopiBHIOE [15]

b= p, (§+gz+ax(t)x+az(t)z], 2)

ne A —rycTuHa pinuHu, z — BepTHKAIbHA KOOPIMHATA TOUKH, IO PO3IIANAETHCS, P, — aTMOChepHHit
THCK, g — NPUIIBHU/IIICHHS BUTBHOTO MAiHHS, a,(1),a,(f) — KOMIOHEHTH NPHUIIBHIIICHHS CHIH, IO
30yIKYE.

O06'eM piAMHU 32 JOTTOMOTOIO MIEPErOPOIOK JUINTHCS Ha JIeKiIbKa migodnactel, (puc. 1B). BHy-
TPILIHI 3 HUX MAIOTh SIK OJJHY 3 TPaHUIIb MOBEPXHIO iHTEpdeiicy. Ha koxHii 13 ToBepXoHb iHTEpdency
MaloTh BUKOHYBaTHCs YMOBU cpshkeHHs. Ha O14HMX MOBEpXHAX Ta HA THUILI BUKOHYIOTbCS YMOBU
HenpoTikaHHs. Ha BijbHIN MOBEpXHI BUKOHYIOTHCS KIHEMaTUYHa Ta AMHaMiuHa yMoBU. KiHemaTtnyHa
yYMOBa TIOJISITA€ Y TOMY, IO Ti TOYKH PIAMHHU, IO 3HAXOAMIINCS HA BUTHHIN MMOBEPXHI B MOYATKOBHIA
MOMEHT Yacy, 3aJMIIAIThCs Ha Lii MOBEPXHI IPOTATOM yChbOI0 HAaCTyIHOIo pyxy. Hexail dyHkuis
=(x,y,z) omnmcye GpopMy Ta MOJOKEHHS BLUIBHOI TIOBEPXHI 3a YacoM. MaTeMaTnyHe MoJIaHHs KiHeMa-
THUYHOI YMOBH B JIiHITHOMY ()OpPMYITIOBaHHI Ma€ BHUIJIS

o, o
% |s0 - 5 s
Jie n — OIMHMYHA 30BHILIHS HOPMAJIb 10 TOBEPXHI.

3)
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]_-[I/IH‘aMI‘IHa YMOBA MOJIATaE y PIBHOCTI TUCKY PiIMHU HA BiNbHiH MOBEPXHi S, arMocdepromy
TUCKY. 3T1JTHO 3 pIBHSAHHSAM (2),

§+gz+ax(t)x+az(t)z:0. (4)

Oxkpim TOrO, 1071a€MO 110 YMOB (3)-(4) yMOBH clIpsiKEHHsI Ha TOBepXHsX iHTepdeiicy [10].
Jns i -1oi moBepxHi iHTEpGENCy 111 YMOBU MAIOTh BUIIIST
0
= G =G = —. 5
i+ qz 1 qz q an ( )
Sk P mo3naunmo Touku y Mexkax oomacti Q. Jlna piBasiHHA (1) chopmynboBaHa Taka KpaioBa
3ajava:
oD oo 0
V®=0,P,—=0,PS,, — =—,p-p, =0, PS,. 3
on on Ot PP 0 (3)
Tyt meBigoma QyHkmis (=((z,x,y) onucye MOJOKEHHS BUIBHOI MOBEPXHi Ta ii 3MiHY 3 4acoM.
TakuM 9yrHOM, HEOOX1AHO BU3HAYMTH HeBimomi GyHkmii @ ta {, mpu MbOMy Ha BUTHHIN MOBEPXHI
BHUKOHYETHCS CITIBBITHOIIICHHS

o’d o0
+

= =0
of % on ’ )
Hesigomi ¢ynxuii £ 1 @ y unaiHApuYHUX KoopauHarax (7,0,2) 3o6pa31/1M0 y BUIJIAI PSIIIB:
r,, ’Z) ZCOSU )zdkl E.>kl (5)

®(r.2.1) Zcos )kz;)dm (1), (r.2) (6)

Tyt (r.2), &, (r) — GasucHi QyHKIIT, MiX IKMMH Ha BUIbHIN MOBEPXHI iCHY€E TaKuii 38’ 130K [6]:

@'z}[ =Cu (”) . (7)

[Mpu boMy GyHKIIT =, (,z)cos(/) MalOTh 3aJ10BOJBHATH PiBHSIHHIO Jlaruiaca.
[Mpunyckaroun rapMOHIYHHI Xapakrtep 3MiHH KoedilieHTiB d, (f) 3a dvacom, TOOTO

d, (t)= D, exp(i,t), orpumaemo i3 (7) CriBBIHOIICHHS
2

Ho_ M 8
n gk[: ( )

sIKE TIPUBOJMTH JIO CHIEKTPaIbHOI KpailoBoi 3a1a4i BigHOCHO ,, [6]. Tlicis 3HaXOMKEeHHS pO3B’ 3Ky
CHIEKTPANIBHOI 3a1a4i OTpuMyeMo GasucHi GpyHKii ,(7,z) Ta &, (r) Ta BaacHi 4acToTH | .

MeTo/ rpaHMYHUX IHTErPaTbHUX PIBHAHB /U PO3B’A3aHHS CIIEKTPAILHOT MPobieMu

JIn1st 3aCTOCYBAaHHS METOY IPAHMYHUX €IEMEHTIB BUKOPHCTOBYEMO TpETHO popmyiy I'pina [15]:

2 (R ” an |P- P| - ” an|P 1P|dS ©)

Tyt |P-P,| — nekaproBa BigcTanb Mixk Toukamu P,P,. [3 BAKOPHCTAHHSIM KpailOBUX YMOB CIICK-
TpasibHOT 3a7a4i (3) OTpUMyeMO

0 1 2 b 1
2+ = ds, -4, - ds, =0,P,S,
R k,an(lP—Polj ‘ IP | ’SOk,an{lP—PolJ v

0 1
21 +-U ——dS, =
" 6n{|P P|J ﬂ [P—p,| P| > BSo. (10)
Kl
SIKIIO JOCTIIKYIOTHCSI 000JIOHKH 00epTaHHS, OTPUMY€EMO OTHOBUMIPHY CUCTEMY CUHTYIISIPHUX
IHTerpaJIbHUX PiBHAHB [11]
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2
210, (T, 20) + |1 0, (r(2),2)0 (2, 20)r (2)dT = 2 [ o, (p, HYZ(P, Po)pdp = 0,
P, €S, (11)

2
210, (o, H) + [0, (r(2),2)8 (2, 20)r(2)dl’ =2 [, (p, H) E(P, Po)pdp = 0,

4 1 2_..2 2 _
0(2,20) = ey (o [ Ey(l) — (R my + 222 By (RO, |
Z(P,Py) = \/%Fl(k), a=r>+1¢+ (z—2y)>% b =2rr,

VY3aranpHeHi eninTuyHi iHTerpany B (11) yBeneHo tak:

E (k)=(-1) (1 —412)nj cos(2bl, W1-k*sin® | d, | (12)

0

/2
F(k)=(-1Y j%d” k> =2b/(a+b). (13)
o V1I—k"sin” |

O6uucnenns interpanis (12) — (13) 3aificaeHo MeTo10M, 3anporoHoBanuM y [10], i3 Bukopuc-
TaHHSIM CEPEHBOT0 apUPMETHUKO-T€OMETPUYHOTO 3HAYCHHS. J{JIs1 YMCIIOBOTO pO3B’sA3aHHS CUCTEMHU
CHUHTYJIApHHUX PiBHSHB (11) 3acTOCOBaHO METOJ IPaHUYHUX EJIEMEHTIB 31 CTAJOI0 AlPOKCHUMALIIEI0
T'YCTUHU B3JI0BXK enemeHty [11].

YucoBi pe3yabraT

JlocnipkeHo BiIacH1 KOJIMBaHHS PIAWHMA B IWTIHAPUYHINA 000moHI. [IpumyckaeTbes, 1Mo y piB-
HsHHAX (5)—(6) xBUbOB1 yncna / = 0,1, TOOTO PO3MIANAIOTECS K aKCialbHO-CUMETPUYHI, TaK 1 HE
aKCiaJIbHO-CUMETPUYHI ()OPMHU KOJIUBAHb.

Po3ristHeMO TWTHIPUYHY OOOJOHKY 3 TUIOCKMM JTHOM, SIKa Ma€ Taki mapaMeTpH: pajiyc —
R =1 M, noBxuna — L = 2 M, 000JI0HKa YaCTKOBO 3allOBHEHA PiUHOIO0 3 TycTHHOIO p; = 1000 Kr/m3.
PiBeHb 3amoBHEHHs piAMHOIO Mo3Ha4YaeThes uepe3 H. [leperoponka po3misgaeTsest y BUNIAIL KPYT-
7101 TUTOCKOI TIJIACTHUHU 3 IIEHTPaJIBbHUM OTBOPOM (KiJbIleBa meperoposaka) (puc. 10). Beprukansny
KOOPMHATY IMOJIOKEHHS MEPEeropoaku (BUCOTY neperoponku) mosHaueno sk Hi (H: < H). Paniyc
MOBEPXHI po3/LTy Mo3HaueHo sk Rz(puc. 1r). Uucnose po3B’si3aHHS MPOBEIECHO METOAOM I'PAHUYHUX
enemenTiB (MI'E), sik 6yno onmcano paHimie. Y HaBeJJCHOMY YUCIOBOMY MOJICITIOBAHHI BUKOPUCTAHO
60 rpaHMYHKUX €JIEMEHTIB Y3/I0BXK AHHUIIA, 120 eTeMeHTIB y310BK 3MOYCHUX IUISTHOK MITIHIAPUIHOT
noBepxHi Ta 100 eneMeHTIB y3I0BXK pajiyca BiIbHOI MoBepxHi. Ha MOBepXHAX po3aAlTy Ta mepero-
POJIKH 3aCTOCOBYBAHO Pi3HY KUIBKICTh €JIEMEHTIB 3QJICIKHO BiJ] pajiiyca MeperopoaKy.

Jocaimkeno popMH Ta 4aCTOTH KOJMBAHb pE3epByapa 3 MePEropoIKOI0 3aJIeKHO BiJl ABOX Mapa-
MeTpiB Rz Ta Hi. ¥V uncnoBux po3paxyHkax BpaxoByBaiHcs pi3Hi 3HaueHHS K Rz, Tak 1 Hi. Criouarky
OyJ10 IPOBENICHO TECTOBI OOUMCIIEHHS JJISl YaCTKOBO 3alIOBHEHOI KOPCTKOI HMITIHAPUIHOT 000JIOHKH
0€e3 MeperopoIKH.

OO0uucieHo BIacHI 4acTOTH pe3epByapa 0e3 meperopoaku npu H = 1.0 M. ¥V tabn. 1 HaBeneHo
YUCJIOB1 3HAYECHHSI BIIACHUX YacCTOT KOJMBaHb piauuu 1yist [ = 0. Otpumani 3a gormomororo MI'E yuc-
JIOBI Pe3yJbTaTH MOPIBHIOBAIHCSA 3 JAHUMH, OTpUMaHuMu y [15].
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Tabmuns 1

[TopiBHSHHS aHAIITHYHUX 1 YUCIOBUX PE3y/IbTATIB 11 000JIOHKH 0€3 Ieperopo1ok

dopma KoJIHBaHb n=1 n=2 n=3 n=4 n=5
MI'E 3.828 7.017 10.177 13.330 16.481
[15] 3.828 7.016 10.173 13.324 16.471

Takox Ju1sl ATBEPIPKEHHS TOCTOBIPHOCTI METOTy PO3PAXOBAHO YacTOTH Ta ()OPMH KOJMBaHb
PiIIMHKM B pe3epByapi 3 TOPM30HTaNbHOI meperoponkoro 3a H,=H,=0.5m, R, =0.7m. Pesynsratn

o0uucClIeHb HaBECHO B Ta0M. 2.
Tabmurs 2
[TopiBHSHHS aHANITUYHUX 1 YUCIOBUX PE3YJIBTATIB AJIs1 OOOJIOHKH 3 IIEPETOPOIOK
n=1 n=2 n=3 n=4
H.=0.5 MI'E 3.756 7.012 10.176 13.328
v [15] 3.759 7.010 10.173 13.324
H.=0.9 MI'E 2.278 6.200 9.609 12.810
v [15] 2.286 6.197 9.608 12.808

OTtpumaHi pe3ynbTaTi NpoJeMOHCTPYBAIM XOPOILY Y3rO/KEHICTh 3 TaHUMHU poboTH [15] 1 mia-
TBEpPAWIN €(EKTUBHICTh 3alPOTIOHOBAHOTO MiAX0Ay. Y BCIX TaOJMISIX MOPIBHIOBAIUCS 3HAYCHHS
YaCTOTHOTIO IapaMeTpy /g .

Ha puc. 2 Hukue noka3aHO MOHOTOHHI 3aJI€KHOCTI MEPIIUX YOTUPHOX BIACHUX 3HAYEHb, [I03HA-
yenux 5K Fi, F2, F3, Fa, Bin pagiyca noBepxHi posainy Rz 3a pizHux nonoxens neperopoaku Hi. I3 mux
pe3yiabTaTiB MOXHa 3p0OUTH BUCHOBOK, 1110 rpadiku F; gk ¢yHkuiit Rz icTOTHO BiApI3HAIOTHCS IS
pisnux i Ta H . HasgBHICTb MEPEropoikk CyTTEBO BILUIMBAC JIMLIE HA HMKYl 4aCTOTH. Takox BUIHO,
10 MaJTi Ieperopoaku (Kou Rz € BITHOCHO BETMKKM) Maiiyke HE BIUTUBAIOTh HA HUKY1 yacToTu. Llei
BHCHOBOK Y3TO/DKY€ThCs 3 pesynbraramu I. ['aBpumioka Ta 1. [15].

AF1 AF2
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Puc. 2. Binacni 3navennst 3aie:xno Binx R: mpu H =1 Ta pisunx H:
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Puc. 3 Hnxue 1eMOHCTpy€e MOHOTOHHI 3aJI€KHOCTI NEPUIMX YOTUPHOX BIACHUX 3HAUEHb U1 /=1,
no3HayeHux sk Fi, F2, Fs, Fa, Big pagiyca moBepxHi po3ainy Rz 3a pi3HUX MOI0KeHb ieperopoaku Hi.
I3 nux pe3ynbTaTiB MOJKHA 3p0OUTH BUCHOBOK, 1110 Tpadiku F; (i = 1,2,3,4) sx ¢pynxkuii Rz ictoTHO Bin-
pi3HAIOTHCS uist pi3HUX R2 Ta Hi. HasiBHICTH neperopoaku 3Ha4HO BIUIMBAE JIMIIE HA HIDKY1 YaCTOTH.
Takox BHIHO, 1110 HEBEJIMKI MEPeropoaAKH (Koiu Rz € BITHOCHO BETUKUM) MIPAKTUYHO HE BIIMBAIOTH
HaBITh Ha HIKY1 YaCTOTH.
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Puc. 3. Bnacui 3navenns 3a / = 1 3aqexuo Big Rz no1s H = 1m Ta pizanx H.

Criz 3a3HAUMTH, IO 3HAYEHHS 9acTOT K st [ = 0, Tak 1 111 / = 1 Ha JiBii BEpTUKAIBHIA MEXi
1uX rpagikiB 30iral0ThCs 3 TEOPETUUHUMH 3HAUEHHSAMM JUI Pe3epBYapiB 13 CyLIIbHUMHU Eperopo-
KaMH 3a TUX CaMHX TOJI0KeHb nieperoponku Hi. ¥V oMy pasi MaeMo KpaiioBy 3aaaqy 1Jist JBOKaMep-
HOTO pe3epByapa, Jie HIKHS KaMepa IMOBHICTIO 3alI0OBHEHA P1AUHOIO. [[71s 1i€l kamepu po3misgaeTbes
KpalioBa 3ajiadya 3 HyJIbOBOK yMOBOI HeliMaHa, 110 IPU3BOAUTH 10 HEOJHO3HAYHOTO PO3B’A3KY.
OpHak MOTEHINA € BIZIOMOIO CTaJIOK0 BEJIMYMHOIO 3aBISKH PO3B’S3aHHIO JJII BEPXHBOI KaMepH, Jie
Ma€eMO MilllaHy KpaioBy 3ajady, sSka Uid HUIIHAPUIHUX 000JIOHOK Moxe OyTH po3B’si3aHa aHai-
TUYHO. PiiHa HAJl TEPEeTrOpPOIKOI0 MOBOIUTRCS SIK TaKa, M0 KOMMBaeThes (sloshing regime), Toxil sk
plAMHA M1 IEPErOPOJIKOI0 TOBOIUTHCS SIK skOpcTKe T110. Ha mpasiif Mexi rpadikiB 3HAYEHHS 4acTOT
30iraroThCs 3 TUMH, III0 OTPUMAaHI AJs pe3epByapa 0e3 Meperopoiku.

BucHoBku

Po3pobrneno uncnoBuit METO I OLIHKH BILUTUBY NEPETOPOJIOK HA KOJMBAHHS PIAMHU B dKOPCTKHUX 000-
noHkax obepranHs. CHopMyIILOBAHO MillIaHy KPaoBY 3aa4y BiTHOCHO TIOTEHITiaTy IIIBUIKOCTEH 1 3Be-
JICHO i1 IO CUCTEMH IHTETPATHLHUX PIBHSHB, 10 PO3B’s3aHa METOJIOM TpaHWYHHX eneMeHTiB. [lokazaHo,
110 MEPETrOPOAKU 3MIHIOIOTh CIIEKTP BIACHUX YacTOT 1 3a0e3MeuyroTh BIJICTPOIOBAHHS Bijl PE30OHAHCIB.
EdextuBHICTh neMII(yBaHHS 3aJI€XKUTh Bii (POPMH, pO3TALTyBaHHS Ta KUIBKOCTI IEPEropoiokK. 3armpo-
TTOHOBAHMH TMIJIX1]] MPUIATHUH JUIs IHKEHEPHOTO aHAJTI3y pe3epByapiB 1 MAJIMBHUX 0aKiB. Y TIOAAJIBIIIOMY
nepen0avyaeThes TOCTIAUTH IJIECKAHHS PIJMHU B pe3epByapax 3a HasiBHICTIO KUJIbKOX IEPEropooK.

https://doi.org/10.32782/mathematical-modelling/2025-8-2-15 ISSN 2618-0332 (print), 2618-0340 (online)
150



ITPUKIIA/THI ITHNTAHHA MATEMATHYHOI O MOJE/IFOBAHHA T. 8, Ne 2, 2025

10.

11.

12.

13.

14.

15.

Cnucox BUKOPHUCTAHOI JiTepaTypH
Zhang Z., Tao A.F., Wu Q.R., Xie Y.H. Review on the Progress and Issues in Liquid Tank
Sloshing of Ships. China Ocean Engineering. 2023. Vol. 37, Ne (5). P. 709-724. DOI: 10.1007/
s13344-023-0060-0
Pradeepkumar K., Selvan V., Satheeshkumar K. Review of Numerical Methods for Sloshing.
International Journal for Research in Applied Science & Engineering Technology. 2020. Vol. §,
Issue XI. DOI :10.22214/ijraset.2020.32116
MedvedovskayaT., Strelnikova E., Medvedyeva K. Free Hydroelastic Vibrations of Hydroturbine
Head Covers. Intern. J. Eng. and Advanced Research Technology (IJEART). 2015. Vol. 1, Ne (1).
P. 45-50. DOI: 10.13140/RG.2.1.3527.4961
Smetankina N., Merkulova A., Merkulov D., Misiura S., Misiura I. Modelling Thermal
Stresses in Laminated Aircraft Elements of a Complex Form with Account of Heat Sources. In:
Cioboata, D.D. (eds) International Conference on Reliable Systems Engineering (ICoRSE) —
2022. ICoRSE 2022. Lecture Notes in Networks and Systems. 2023. Vol. 534. Springer, Cham,
DOI: 10.1007/978-3-031-15944-2 22
Lampart P., Rusanov A., Yershov S., Marcinkowski S., Gardzilewicz A. Validation of a 3D
BANS solver with a state equation of thermally perfect and calorically imperfect gas on a
multi-stage low-pressure steam turbine flow. Journal of Fluids Engineering, Transactions of the
ASME. 2003. Vol. 127, Nel. P. 83-93. DOI: 10.1115/1.185249
Murawski K. Finite Element Method Postbuckling Analysis of stresses and strains in elastic
states of very slender cylindrical shaped plywood compressed by ball-and-socket joints while the
force line is getting out the critical cross section. Annals of Warsaw University of Life Sciences —
SGGW Forestry and Wood Technology. 2015. Vol. 62. P. 62—66.
Degtyarev, K., Glushich, P., Gnitko, V., & Strelnikova, E. Numerical simulation of free liquid-
induced vibrations in elastic shells. International Journal of Modern Physics and Applications.
2015. Vol. 1, Ne 4. P. 159-168. DOI: 10.13140/RG.2.1.1857.5209
Smetankina N., Pak A., Mandrazhy O., Usatova O., Vasiliev A. Modelling of Free Axisymmetric
Vibrations of the Fluid-Filled Shells with Non-classical Boundary Interface Conditions. In /nt.
Conference on Smart Technologies in Urban Engineering, Cham: Springer Nature Switzerland.
2023. P. 185-196. DOI: 10.1007/978-3-031-46874-2 17
Choudhary N., Kumar N., Strelnikova E., Gnitko V., Kriutchenko D., Degtyariov K. Liquid
vibrations in cylindrical tanks with flexible membranes. Journal of King Saud University —
Science. 2021. Vol. 33, Ne 8. P. 101589. DOI: 10.1016/j.jksus.2021.101589
Strelnikova E., Kriutchenko D., Gnitko V. Tonkonozhenko A. Liquid Vibrations in Cylindrical Tanks
with and Without Baffles Under Lateral and Longitudinal Excitations. International Journal of
Applied Mechanics and Engineering. 2020. Vol. 25, Ne 3. P. 117-132. DOI: 10.2478/ijame-2020-0038
Strelnikova E., Kriutchenko D., Gnitko V. Liquid Vibrations in Cylindrical Quarter Tank
Subjected to Harmonic, Impulse and Seismic Lateral Excitations, Journal of Mathematics and
Statistical, Science Signpost Publishing. 2019. Vol. 5. P. 31-41.
Kprotuenko J[.B. Merton iHTerpaqbHUX PiBHSHb B aHAIII31 CTIHKOCTI KOJWBaHb PiIuHU B 000-
JIOHKaxX oOepTaHHA. [Ipuknaoui numanns mamemamuynozo mooentoganns. 2024. T. 7, Ne 1.
C. 155-163. DOI: 10.32782/mathematical-modelling/2024-7-1-14
Liu J., Zang Q., Ye W., Lin G. High performance of sloshing problem in cylindrical tank with
various barrels by isogeometric boundary element method, Engineering Analysis with Boundary
Elements. 2020. Vol. 114. P. 148—-165. DOI: 10.1016/j.enganabound.2020.02.014
Balas O.-M., Doicin C.V. Cipu E.C. Analytical and Numerical Model of Sloshing in a
Rectangular Tank Subjected to a Braking. Mathematics. 2023. Vol. 11. P. 949-955. DOI:
10.3390/math 11040949
Gavrilyuk I., Hermann M., Lukovsky 1., Solodun O., Timokha A. Natural Sloshing frequencies
in Truncated Conical Tanks. Engineering Computations. 2008. Vol 25, Ne 6. P. 518-540. DOLI:
10.1108/02644400810891535

https://doi.org/10.32782/mathematical-modelling/2025-8-2-15 ISSN 2618-0332 (print), 2618-0340 (online)

151



ITPUKIIA/THI ITHNTAHHA MATEMATHYHOI O MOJE/IFOBAHHA T. 8, Ne 2, 2025

10.

I1.

12.

13.

14.

15.

References
Zhang, Z., Tao, A.F., Wu, Q.R., & Xie, Y.H. (2023). Review on the progress and issues in liquid
tank sloshing of ships. China Ocean Engineering, 37 (5), 709—724. https://doi.org/10.1007/
s13344-023-0060-0 [in English].
Pradeepkumar, K., Selvan, V., & Satheeshkumar, K. (2020). Review of numerical methods for
sloshing. International Journal for Research in Applied Science & Engineering Technology,
8 (X1). https://doi.org/10.22214/ijraset.2020.32116 [in English].
Medvedovskaya, T., Strelnikova, E., & Medvedyeva, K. (2015). Free hydroelastic vibrations
of hydroturbine head covers. International Journal of Engineering and Advanced Research
Technology (IJEART), 1 (1), 45-50. https://doi.org/10.13140/RG.2.1.3527.4961 [in English].
Smetankina, N., Merkulova, A., Merkulov, D., Misiura, S., & Misiura, I. (2023). Modelling
thermal stresses in laminated aircraft elements of a complex form with account of heat
sources. In D.D. Cioboata (Ed.), International Conference on Reliable Systems Engineering
(ICoRSE) — 2022 (Lecture Notes in Networks and Systems, 534. Cham: Springer. https://doi.
org/10.1007/978-3-031-15944-2 22 [in English].
Lampart, P., Rusanov, A., Yershov, S., Marcinkowski, S., & Gardzilewicz, A. (2005). Validation
of a 3D BANS solver with a state equation of thermally perfect and calorically imperfect gas on
a multi-stage low-pressure steam turbine flow. Journal of Fluids Engineering, Transactions of
the ASME, 127 (1), 83-93. https://doi.org/10.1115/1.185249 [in English].
Murawski, K. (2007). Finite element method postbuckling analysis of stresses and strains in
elastic states of very slender cylindrical shaped plywood compressed by ball-and-socket joints
while the force line is getting out the critical cross section. Annals of Warsaw University of Life
Sciences — SGGW, Forestry and Wood Technology, 62, 62—66 [in English].
Degtyarev, K., Glushich, P., Gnitko, V., & Strelnikova, E. (2015). Numerical simulation of
free liquid-induced vibrations in elastic shells. International Journal of Modern Physics and
Applications, 1 (4), 159—168. https://doi.org/10.13140/RG.2.1.1857.5209 [in English].
Smetankina, N., Pak, A., Mandrazhy, O., Usatova, O., & Vasiliev, A. (2023). Modelling of free
axisymmetric vibrations of the fluid-filled shells with non-classical boundary interface conditions.
In International Conference on Smart Technologies in Urban Engineering, 185—196. Cham:
Springer Nature Switzerland. https://doi.org/10.1007/978-3-031-46874-2 17 [in English].
Choudhary, N., Kumar, N., Strelnikova, E., Gnitko, V., Kriutchenko, D., & Degtyariov, K.
(2021). Liquid vibrations in cylindrical tanks with flexible membranes. Journal of King Saud
University — Science, 33 (8), 101589. https://doi.org/10.1016/j.jksus.2021.101589 [in English].
Strelnikova, E., Kriutchenko, D., Gnitko, V., & Tonkonozhenko, A. (2020). Liquid vibrations in
cylindrical tanks with and without baffles under lateral and longitudinal excitations. International
Journal of Applied Mechanics and Engineering, 25 (3), 117-132. https://doi.org/10.2478/
ijame-2020-0038 [in English].
Strelnikova, E., Kriutchenko, D., & Gnitko, V. (2019). Liquid vibrations in cylindrical quarter
tank subjected to harmonic, impulse and seismic lateral excitations. Journal of Mathematics and
Statistical Science, Signpost Publishing, 5, 3141 [in English].
Kriutchenko, D. (2024) Metod intehralnykh rivnian v analizi stiikosti kolyvan ridyny v
obolonkakh obertannia [Method of integral equations in stability analysis of fluid vibrations in
shells of revolution]. Applied questions of mathematical modelling, 7(1), 155-163. https://doi.
org/10.32782/mathematical-modelling/2024-7-1-14 [in Ukrainian].
Liu, J., Zang, Q., Ye, W., & Lin, G. (2020). High performance of sloshing problem in cylindrical
tank with various barrels by isogeometric boundary element method. Engineering Analysis
with Boundary Elements, 114, 148-165. https://doi.org/10.1016/j.enganabound.2020.02.014
[in English].
Balas, O.-M., Doicin, C.V., & Cipu, E.C. (2023). Analytical and numerical model of sloshing
in a rectangular tank subjected to a braking. Mathematics, 11, 949-955. https://doi.org/10.3390/
math11040949 [in English].
Gavrilyuk, I., Hermann, M., Lukovsky, 1., Solodun, O., & Timokha, A. (2008). Natural sloshing
frequencies in truncated conical tanks. Engineering Computations, 25 (6), 518-540. https://doi.
org/10.1108/02644400810891535 [in English].

https://doi.org/10.32782/mathematical-modelling/2025-8-2-15 ISSN 2618-0332 (print), 2618-0340 (online)

152



ITPUKIIA/THI ITHNTAHHA MATEMATHYHOI O MOJE/IFOBAHHA T. 8, Ne 2, 2025

Kproruenko /lennc Bonogumuposud — nokrop dinocodii 3i cnemiansHocTi «I Ipukinaana matema-
THKa», HAyKOBUH CIIBPOOITHUK BTy TEPMOAEPOIUHAMIKH €HEPTeTHUHUX MAIIUH [HCTUTYTY eHep-
reTHYHUX MammH i cucrem iMmeHi A.M. ITinropaoro HAH VYkpainu. E-mail: wollydenis@gmail.com,
ORCID: 0000-0002-6804-6991.

Konomsoxumit Aunpiii CeprifioBud — acmipaHT BiAAULy TEpMOAaEpOAMHAMIKH EHEepreThud-
HUX MalmuH [HCTUTYTY eHepreTMuHux MamuH 1 cucteM imeHi A.M. Iliaropporo HAH Vkpainu.
E-mail: 7ask7@ukr.net, ORCID: 0000-0008-4026-6715.

Mimenko Makcum CepriiioBuy — acmipanT kadeapu npukiagHoi ¢izuku XapKiBChKOTO HaIlio-
HajbHOro yHiBepcutety iMeH1 B.H. Kapasina. E-mail: maxkava@i.ua, ORCID:0009-0002-2593-2050.

CrpenbhikoBa Onena OmnekcaHapiBHa — [.T.H., mpodecop, MPOBITHUN HAYKOBUH CHIBPO-
OITHUK BIJAUTY TEPMOACPOAMHAMIKM EHEPreTUYHUX MAIIMH [HCTUTYTY €HEepreTMYHUX MAaIIuH
1 cuctem imeHi A.M. Ilinropnoro HAH Vkpainu; npodecop kadenapu npukiaaHoi MaTreMaTHKU
XapKiBCbKOTO HAI[IOHAFHOTO YHIBEPCUTETY pajioenekTpoHiku. E-mail: elenalS@gmx.com,
ORCID: 0000-0003-0707-7214.

Kriutchenko Denys Volodymyrovych — PhD «Applied mathematics», Researcher at
the Department of Thermoaerodynamics of Power Machines at the Anatolii Pidhornyy
Institute of Mechanical Engineering of the National Academy of Science s of Ukraine.
E-mail: wollydenis@gmail.com, ORCID: 0000-0002-6804-6991.

Kolodyazhny Andriy Serhiyovych — Postgraduate Student at the Department of Thermo-
Aerodynamics of Power Machines of the Anatolii Pidhornyi Institute of Power Machines and Systems
of the NAS of Ukraine. E-mail: 7ask7@ukr.net, ORCID: 0000-0008-4026-6715.

Mischenko Maxim Serhiyovych — Postgraduate Student at the Department of Applied Physics of
the V.N. Karazin Kharkiv National University. E-mail: maxkava@i.ua, ORCID:0009-0002-2593-2050.

Strelnikova Olena Oleksandrivna — Doctor of Technical Sciences, Professor, Leading Researcher
at the Department of Thermo-Aerodynamics of Power Machines at the Anatolii Pidhornyi Institute
of Power Machines and Systems of the NAS of Ukraine; Professor at the Applied Mathematics
Chair of the Kharkiv National University of Radio Electronics. E-mail: elenal S@gmx.com,
ORCID: 0000-0003-0707-7214.

Otpumano: 07.10.2025

PexomengoBano: 21.11.2025
&Y Omny6mikoBano: 30.12.2025

https://doi.org/10.32782/mathematical-modelling/2025-8-2-15 ISSN 2618-0332 (print), 2618-0340 (online)
153



ITPUKIIA/THI ITHNTAHHA MATEMATHYHOI O MOJE/IFOBAHHA T. 8, Ne 2, 2025

YIK 004.415.2:004.42

10.B. KYEBJIA, €.0. TATAPIH, F0.M. CEJIIH

HauionanpHui TeXHIYHUN yHIBEpCUTET YKpaiHu
«KuiBcbkuii oiTexHIYHUE 1HCTUTYT iMeHi Iropst CikopcbKkoro»

CUCTEMA OIIHIOBAHHA AKOCTI OB’€EKTHO-OPIEHTOBAHOI'O
ITPOI'PAMHOI'O KOAY HA OCHOBI CTATHYHOI'O AHAJII3Y
TA BI3YAJII3ALIII METPUK

Cmammio npucesueno po3poonentio cucmemu CMAamui4Ho20 aHalizy npocpamHozo Kooy, sKa 00'cOnye ananis,
8i3yanizayito ma iHmepnpemayiro Mempux AKOCMi npoepamHozo 3abe3nedents. AKmyanibHicms 00CAIOHCeHHA 3yMOBIeHd
HeOOCmamuboIl0 eQeKmuGHICmIO ICHYIOUUX THCMPYMEHmie y 3a0e3neueHHi KOMNIEKCHOT OYIHKU KOOy ma GUSAGIEHHS NPO-
OreMHUX OLAHOK HA PAHHIX emanax po3pobients. binbuiicms 0ocmynuux piuielsb e nPOROHYIOMb IHMePaAKMUEHOL i3y~
anizayii pe3ynemamis, ujo yCKIAOHIOE KOHMPOIb AKOCMI ma NiIOMPUMK) ApXimeKmypHUX pilueHb.

Memoto docniooicenns € cmeopenns cucmemu Code Analyzer, saxa 30iticnioe cmamuunuil ananiz Kooy, Hadac inme-
PAKmMueHy 8i3yanizayiio ma 0onoMazae y po3ymMiHHi Mempux akocmi kooy. Lfs cucmema cnpusic c60€4achomy UABIEHHIO
npobaem i NOKpaweHHIO NPULIHAMMA Pillerb apXimeKmopamu npozpamnozo 3abesnevenns. [lomouna éepcia niompumye
Mmosy Python ma 06pobnsie pizni epynu mempuk: 3a2aibhi MEMPUKY, Mempuru Xoicmeod, MempuKku cKAaOHOCmI 1 nio-
MPUMYBAHOCMI, @ MAKOIIC 00 '€EKMHO-OPIEHMOBANT MA APXIMEKMYPHI MEMPUKU.

Code Analyzer suxopucmosye 6ioniomexu Radon 0nsi 6a306ux mempuk, anaiiz abcmpakmio20 CUHMAKCUYHOZO
oepesa (AST) Ons binbw enubOK020 analizy, a MaKoldc po3pobieHi aneopummu Oas OOUUCTEHHS CReYUDIUHUX MEMPUK,
maxux Ak RFC, LCOM, Ca, Ce. Cucmema HA0ae KOpUCmy8auy MO*CIUBICIb 3A8AHMANCUMU KOO y (hopmamax .py abo
.ZIp i 8 pe3ynibmami ompumamu 8i3yanizayiro Mempux y ueisaoi epagixis, mabauys ma peumuneig. Ilpoepamua cucmema
Mmodnce excnopmyeamu ssimu y popmamu CSV ma Excel 0ns nooanvuioeo ananisy.

OOHUM [3 KIIOHOBUX KOMNOHEHMIE CUCTNEeMU € IHMEPAKMUBHA BI3YANI3aYis pe3VIbmamie, Ka 0ae 3M02y 3PVUHO
aHanizy8amu CKIAOHICMb KOOy Ma 6UAGIAMU NOMEHYIUHO npobiemui Olianku. Bisyanizayis nadae He nuuie KilbKiCHI
MempuKu, a i iHmepnpemye ix 3uauenHs sl NOKPAWeHHs npoyecy pehakmopuney Kooy ma npuiHamms piwens. Inmep-
¢etic dae 3mozy copmysamu ma girempysamu Oawi, wo 3ade3neuye ehexmugHe YNPAasiiHHA BeTUKUMU NPOEKMAMU.
OKpim moeo, cucmema nponoHye iHmepnpemayiro pe3yrbmamis uepes paoapHi epa@ixu ma 0ae KOHKpemui pekomeHoayii
w000 NOKpawjeHHs AKOCMi K0Oy.

Code Analyzer peanizye komniekchutl nioxio 00 Cmamu4Ho20 AHAi3y ma 8i3yanizayii MempuK sSsKoCcmi npocpam-
HO20 3a6e3neuents, wo 0ae 3M02y 3HUNCYSAMU PUSUKY NOMULOK, ONMUMIZyeamu npoyec pospobienHs ma niompumxi
KOOy, @ MaKoic nioguwuy8amu eqpeKmusHicms KOMAHOHOI pOOOMU 8 PAMKAX 8EIUKUX NPOEKMIG.

Knrouosi cnosa: saxicmv npoepamnozo Kooy, CMamuyHull ananis, 6i3yanizayis Mempux, 00'€KmHo-opieHmosaHe
npozpamyeanHsl.

IU.V. KUIEVDA, YE.O. TATARIN, YU.M. SELIN
National Technical University of Ukraine «Igor Sikorsky Kyiv Polytechnic Institute»

QUALITY ASSESSMENT SYSTEM FOR OBJECT-ORIENTED PROGRAM CODE
BASED ON STATIC ANALYSIS AND METRICS VISUALIZATION

The article is devoted to the development of a system for static analysis of program code that integrates analysis,
visualization, and interpretation of software quality metrics. The relevance of the research is determined by the insuffi-
cient efficiency of existing tools in providing a comprehensive code assessment and identifying problematic areas at the
early stages of development. Most available solutions do not offer interactive visualization of results, which complicates
quality control and the maintenance of architectural decisions.

The aim of the research is to develop a system named Code Analyzer, which performs static code analysis, provides
interactive visualization, and assists in understanding code quality metrics. This system facilitates the timely detection
of issues and supports software architects in decision-making. The current version supports the Python language and
processes various groups of metrics: general metrics, Halstead metrics, complexity and maintainability metrics, as well
as object-oriented and architectural metrics.

Code Analyzer uses the Radon library for basic metrics, Abstract Syntax Tree (AST) analysis for deeper inspec-
tion, and custom algorithms for calculating specific metrics such as RFC, LCOM, Ca, and Ce. The system allows users
to upload code in .py or .zip formats and obtain visualized metric results in the form of graphs, tables, and ratings. The
program can also export reports in CSV and Excel formats for further analysis.

One of the key components of the system is the interactive visualization of results, which enables convenient anal-
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ysis of code complexity and identification of potentially problematic areas. Visualization provides not only quantitative
metrics but also interprets their meaning to improve the processes of refactoring and decision-making. The interface
allows data sorting and filtering, ensuring efficient management of large-scale projects. In addition, the system provides
interpretation of results using radar charts and offers specific recommendations for improving code quality.

Code Analyzer implements a comprehensive approach to static analysis and software quality metrics visualization,
which helps reduce error risks, optimize code development and maintenance processes, and increase the efficiency of
teamwork within large projects.

Key words: software code quality, static analysis, metrics visualization, object-oriented programming.

IMocTanoBka npodieMu

HeoOxigHicTh pO3pOOIEHHS CUCTEMHU AJI CTaTHYHOTO aHalli3y MPOTPaMHOrO KOIy BHHHKAE
yepe3 00MEKEHICTh 1CHYIOUMX IHCTPYMEHTIB y 3a0e3MeYeHHI KOMIUIEKCHOI OI[IHKH SIKOCTI KOy Ta
CBOEYACHOTO BUSBJICHHS MPOOJIEMHUX JIJITHOK HA paHHIX eTanax po3pooiaeHHs. bipniicts cyyacHux
pillleHb He MPOIOHY€E IHTEPAKTUBHOI Bizyasli3allii METpUK a00 MOKJIMBOCTI JUIsl THYYKOi IHTEepIpeTa-
111 pe3ynbTariB, 0 YCKIaAHIOE e()eKTUBHUI KOHTPOJIb 32 KOAOBOIO 6a3o0t0. Lle Moke mpu3BoAUTH 10
TPYIHOILIB y MATPUMII apXITEKTYpPHHUX PillIEHb Ta BYACHOMY pearyBaHHI Ha MOTEHI1IHI pobiemu,
1110, CBOEIO YEProt0, HETaTUBHO BIUIMBAE HA CTAOLIBHICTh Ta SKICTh IPOrPaMHOTO 3a0e3neueHHs. Bin-
CYTHICTH a/IEKBaTHHX 1HCTPYMEHTIB MIATPUMKHU MPUHHATTS PIIIEHb JJIS apXiTEKTOPIB MPOrpaMHUX
CHCTEM CTBOPIOE TIOTPEOy B HOBOMY DIIIICHHI, SIKE MOEIHYE CTATUIHUHN aHali3, Bi3yasi3alliio Ta iHTe-
PaKTHBHY JIOTIOMOT'Y B IHTEpIIpeTallii METPUK SKOCTI.

AHAaJIi3 OCTAHHIX TOCTIIKeHb | myOJikani

Cucrema cTaTUYHOTO aHaJli3y KOy 0a3yeThcsl Ha OCHOBI pO3paxyHKYy, Bi3yalli3alLlii Ta aHasli3y IeKUIb-
KOX TPYI METPHK CTaTUYHOTO aHAITI3y MPOTPAMHOTO KOy, & caMe: 3arajlbHUX METPHK, METPHK XOJCTea
(Halstead), meTpuK CKJIaHOCTI Ta MATPUMYBaHOCTI, a Takok OOIT Ta apxitekTypHux MeTpHK. L1i Habopu
MEeTpHUK OyJv BBEJIEHI Ta JOCII/DKEHI B Pi3HI POKU PO3BUTKY POrPaMyBaHHS, ajle HE BTPAYaroTh aKTyallb-
HOCTI # cporozi [ 1]. Po3mistHemMo O11bIT AeTabHO PU3HAYEHHS Ta OaXkaHi 3HAYEHHS [IMX METPHK.

['pyna 3araJbHMX MeTPHK BKJIIt0Ya€e 0a30B1 KUTBKICHI XapaKTepUCTUKH TIporpamMHoro koxay. Lli
MIPOCTI METPUKH 3’ ABUIIHMCA Hainepiumu B ictopii, y 1960—1970-x pokax [2]. Cepen Hux:

—LOC (Lines of code) — 3aranpHa KUIbKICTb PSIKIB KOAY, BKJIIOYAIOYH IIOPOXKHI PAIKU Ta KOMEH-
Tapi, L METpPHUKa BKa3y€e Ha 3araJlbHUN po3Mip ¢aiiny;

—LLOC (Logical Lines of Code) — Ki7IbKiCTb JIOTIYHUX PAJIKIB KO, BUKIIOUAIOYH KOMEHTapi Ta
MIOPOXKHI PSIIKM, METPHUKA JIA€ TOUHIIIE YSIBICHHS PO 00CIT BUKOHYBAaHOI pOOOTH;

— BijgcoTok komeHTapiB (Comment Ratio) — mokasye 4acTKy KOMEHTAapIB Y KOJI1 BITHOCHO 3arajib-
HOT KUTBKOCTI PSIKIB, HE IIOBHHEH OyTH HI BUCOKHUM, Hi 3aHAJTO MaJIUM, ONITUMAJIbHUI BapiaHT — 1€
CepenHiil piBeHb KOMEHTYBAaHHSI;

— KUIbKICTh (PyHKI1H — BiToOpa)kae KiIbKICTh (DYHKIIIH y KO10BIH 0a3i, BeJIMKa KUIbKICTh (DyHK-
il MOKe BKa3yBaTH Ha BUCOKY JieTali3allio abo, HaBMaky, Ha HaIMIpHY (hparMeHTaIlio, 1110 MOTpe-
Oy€ MoJabIIIOTO aHai3y;

— KUIBKICTh KJIaciB — BiJloOpakae KUIBKICTh KJIACIB y KO/OBIN 0a3i, BeJMKa KIJIbKICTh KJIACIB
MOXK€ CBITYHUTH TIPO CKIIAJIHY apXiTEKTYpY, CIiJI OIIHUTH, YH HE € iX KUTbKICTh HAAMIPHOO.

Metpuku Xoacrena (Halstead metrics) — e HaGip nporpaMHUX METPHK, po3pobiaeHnx Mopi-
com X. XomcrenoMm y 1977 p. [1], sixi goTenep BUKOPUCTOBYIOTHCS JUTsl KUTHKICHOT OIIIHKY CKJIaHOCTI
Ta 3yCHJIb, HEOOXITHUX ISl pO3pOOJICHHS MPOTrPaMHOT0 3a0e3rneueHHs. Bonu 6a3ytoTbes Ha KUIbKO-
CTi YHIKaJIbHHUX OTIEpPaTOpiB Ta OMepaHIiB y Ko/i. ba3oBumu enemMeHTamu € yHikainbHi onieparop (/1)
Ta X 3arajgbHa KuUTbKicTh (N 1), a Takox yHiKaiabHI onepanau (42) Ta ix 3aranbHa KiabKicTh (N2), BoHH
(hOpMYIOTh OCHOBY JIs1 BCIX METPUK XOJICTEA:

— nowxuHa nporpamu (N) € cymoro Bcix oneparopis Ta onepanaiB N — N1+N2;

— CJIOBHUK NpOrpamu (N) — KUIbKICTh yHIKaJIbHUX ONEPATOPIB Ta ONEpanaiB N — A, + h;

—006’em nporpamu (V) Binobpaxae inpopmaniiinuii posmip koxy V' — N -log,(n);
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— KUTBKICTh IMOBIpHHUX 0ariB (B) € MPOTHO30M KiTBKOCTI TOMHJIOK Y KO, ISl METPUKA MICTHTh
EMITIpUYHY OIHKY sIKOCTi mporpamu D — V/3000; i

— ckJaaHicTh nporpamu (D) Bka3ye Ha 3ycuiuis Ui po3yMiHHS Kogy D = (7) . (E);

% sycumis po3poOnenns (E) Ta yac, HeoOXiaHui s peanizantii (7)), OmiHIOITh TPYAOMICT-
KicTb po3pobnennss £ =D-V, T = E/IS.

MeTpukH CKJIAIHOCTI Ta MiATPUMYBAHOCTI:

—nuknoMatuaHa ckiaagaHicTs (CC) — Oyna BBenmena Thomas McCabe [3] Ta BUMIpIO€E KIJTBKICTh
He3aJIeKHUX NUIAXIB Y Kozl GyHKIi1, BUcoke 3HaueHHst CC (6ibine 10—15) ykasye Ha ckiaHy JIOTIKY,
10 MOXK€ YCKJIQJIHUTH TECTYBaHHS Ta PO3yMIHHS;

— iHaekce miarpuMyBaHocTi (M1, Maintainability Index) — e KoMmo3uTHa MeTpHrKa, 3aIPONIOHOBaHA
Oman and Hagemeister [4], sika roka3ye, HACKUIbKY JIETKO MIATPUMYBATH Ta 3MIHIOBATH KOJ, 1 0a3yeThes
Ha Metpukax CC, LLOC Ta V. Bona Mae 6araro pisHOBHIIB (hOpMyITH OOUKCIICHHS, O/THA 3 HUX TaKa:

M= ma><(0,(171—5.2”‘log2 (V)—0.23*CC—16,2 *log, (LLOC))*%),

Bucoxe 3nauenns M/ (6nwxde 10 100) o3Hayae, 110 KOA J€TIIE€ YATATH, PO3YMITH Ta 3MiHIO-
BaTH, IO CBITYHUTH PO HOTO BUCOKY SKICTh Ta MiATPUMYBAHICTb.

OOII-MeTpPUKH OIIHIOITH AKICTh 00'€KTHO-OPIEHTOBAHOTO aAu3aiiHy [5]. BoHu momomararoTh
BUSIBUTH MPOOJIEMH 3 KOTE31€10, 3B'SI3HICTIO Ta 1€pAPXi€I0 KIIACIB:

— CBO (Coupling Between Objects) — KiTbKICTh 1HIINX KJIACiB, 13 SKUMHU B3a€EMOIIE JaHUH KJ1ac.
Bucoxkuii CBO Bka3ye Ha CUIbHY 3B'SI3HICTD, III0 MOYKE YCKIJIATHUTH 3MIHH;

—RFC (Response For a Class) — KiJIbKICTb METO/IIB, SIKI MOXYTh OyTH BUKJIMKAHI Y BiJIOBi/b
Ha MOB1IOMJICHHS, HaJiclaHe 00'ekTy Kiacy. Bucokuit RFC Moxe CBIIYUTH PO HAIMIPHY 3B'SI3HICTH
KJIacy;

—DIT (Depth of Inheritance Tree) — mubuHa iepapxii ycnagakyBanHs. [TTuOoki iepapxii MOXyTh
YCKJIQHUTH PO3YMIHHSI Ta TECTYBaHHS KOAY;

—LCOM (Lack of Cohesion in Methods) — BuMiptoe BiicyTHICTb Kore3ii y MeTonax kiacy. Jlia-
nazoH LCOM Bin 0 no 1. Husbke 3nauenns LCOM GaxxaHe, OCKIJIbKY BKa3y€e Ha T€, 110 METOIU KIIaCy
TICHO TIOB's13aHI M)XK CO0010

KiTbKiCcmb nap Memooie 3i CRiTbHUMU ampudymamu
LCOM =1- P Dy :

3a2anbHa KilbKicms nap Memoois ’

—NOC (Number of Children) — kinbkicTh Oe3mocepeHixX MiAKIACiB A IaHOTO Kiacy. Buco-
ki NOC moke CBITYMTH TIPO HEBIAOBITHE BUKOPUCTAHHS YCIaIKyBaHHs a00 PO 3aHaJITO 3arajb-
HUM TU3aifH KJ1acy;

—WMC (Weighted Method Count) — BUMipIo€ CKIaIHICTh KJAcy IUISXOM ITiJICYMOBYBAaHHS
[UKJIOMAaTHYHHUX CKIJIATHOCTEN yCiX HOTO METOIIB

WMC=CC,,
i=1

ne CC, — mukioMarvyHa CKIAIHICTh OKpeMOi (yHKIIi (MeTomy) y Kiaci, n — KiIbKICTh (QyHKIIHA
(metoxiB) y knaci. Hmwxuuit WMC yka3ye Ha MEHIITy CKJIQJIHICTh KJIaCy Ta Kpalry CTPYKTYPOBaHICTh
MeTOo/iB, BUCOKHH WMC MoOXe CBIIUMTH TIPO T€, IO KJIAC € HAJITO CKJIATHUM 1 MOXE MOTpeOyBaTH
pedaKTopuHTy.

APpXiTeKTYpPHi METPHUKH [6] OIIHIOIOTH SIKICTh CTPYKTYpPH CUCTEMH Ha PiBHI MOAYJIIB Ta KOMITO-
HEHTIB. BoHM momomararTh 3a0e3MeunuTH CTaOUTBHICTh Ta THYYKICTh apXITEKTYPH.

— Ca (Afferent Couplings) — KiNbKICTb KJIaCIB 32 MEKaMH MO, K1 3aJIeKaTh BiJ] KJIACiB BCe-
penuHi nporo Moxyisi. Bucokuit Ca o3Havae, 1o MOIYIb € JTyXKe 3aJIeKHUM.

—Ce (Efferent Couplings) — KiIBKICTh KJIAaCiB yCEpEIUHI MOMYJIS, K1 3aJie)KaTh BiJ KJIaciB 3a
MeXaMu 11boro Moayins. Bucokuii Ce o3Hadae, 110 MOAY/Ib CUIBHO 3aJIEKHUTh BiJ] IHIIHX.
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— Abstractness (4) — BU3Ha4ae CTyMmiHb aOCTPaKTHOCTI KOMIIOHEHTIB. [loka3ye rHydKicTh apxi-
TEKTYpH JI0 pO3LINpEeHHs 0e3 3MiH. Bucoka aOCTpaKTHICTh CIIpHsIE aJalTUBHOCTI.

Y= KLIbKiCmb abCcmpakmuux K1acie

KIiIbKICMb YCixX K1AcCi

— Instability (I) — ouiHIO€ CTaOLIBHICTH MOAYINSA. Buille 3HaUeHHs BKa3dye Ha 4acTi 3MiHH, IO
IMOTEHI{IHO BIUIMBAKOTH HA 1HII YaCTUHU CUCTEMHU.

=
Ca+Ce

— Distance (D) — BiAcTaHb J10 i1eadbHOTO OanaHcy aOCTpakTHOCTI (4) Ta HectabinbHOCTI (1).
3HaueHHsI OJIM3BKO J0 HYISI € OaKaHUM, 1110 BKa3y€e Ha 30a1aHCOBAHY apXiTEKTypy.

D=[4+1-1].

Meta pocJaiKeHHs

MeToro HOCHIJIKEHHS € TIPOBECHHS aHAi3y MPEAMETHOI 00JacTi, MPOEKTYBAHHS apXITEKTypH
Ta PO3POOJICHHS CHCTEMH, sIKa HE JIWIIE 3/11HCHIOE CTATUYHUIN aHalli3 TPOTrPaMHOTO KOy, a i Hajae
IHTEpaKTUBHY Bi3yalli3allilo Ta IHTePIPETAIiI0 IIUPOKOTO CIIEKTPY CTATUYHUX METPUK SKOCTI (1ami —
Code Analyzer). Taka cucrema cipusiITUME TiABUICHHIO €(EKTUBHOCTI KOHTPOJIIO 32 CTAHOM KOJIO-
BO1 0a3u MpOEKTY, 3a0e3redyBaTUMe CBOEYACHE BHSBICHHS MOMIIMBHX TPOOJIIEMHHX AUISHOK Ha
MOYATKOBHX €Tanax po3poOeHHs, a TAKOXK CTaHe IHCTPYMEHTOM JIJISI I ITPUMKH TPOLIECY NPUIHATTS
pillleHb apXiTeKTOpaMH MPOTPAMHOTO 3a0€3MeUCHHS.

Bukiaa ocHOBHOI0 MarepiaJy J0CTiIKeHHS

Croromni Code Analyzer miarpumye cTariuHmiz aHasi3 koay Ha MoBi Python. Apxitekrypy mporpam-
HOI cucteMu nipesicrasieHo Ha puc. 1. Code Analyzer 3a6e3niedye eexTuBHUI aHaNI3 KOAY HUIIXOM (DYHK-
I[IOHYBaHHS 32 TAKMM JIAHIIFOTOM OOpOOKM: 3aBaHT)KEHHS TAaHUX — KOPUCTYBAu IHIIIIO€ TPOIIEC, 3aBaH-
TaxXyrouu Qaiin y gopmari .py ado .zip Ui aHai3zy; 00poOka Ta aHaii3 — CHCTEMa aBTOMAaTHYHO aHAITi3ye
3aBaHTa)XEHI MOMYJ KOy, OOYHCITIOIOYM METPUKHU CKJIQJHOCTI, MATPUMYBAHOCTI Ta apXiTEKTypH; BiJO-
OpakeHHsI pe3yJIbTaTIB — MICIs 00pPOOKHU, pe3ylIbTaT! Bi3yali3ylOThCsl Y BUIVISII IHTEPAaKTUBHUX rpadikis,
TaOJUIIb, PEUTHUHTOBOI OLIIHKY Ta PEKOMEH/IALIIi; eKCIIOPT 3BITiB — KOPUCTYBadi MOXKYTh €KCTIOPTYBATH MOBHI
3BITH 3 aHATI30M Y 3py4HuX popmarax, Takux sk CSV- ta Excel-Tabmnwiii, 17151 TOAaIbIioro BAKOPUCTAHHS.

Apxitektypa cucteMu (puc. 1) CKIlamaeTbcsi 3 YOTHPbOX B3a€MOIOB’s3aHUX piBHIB. Ha piBHI
KopuctyBanpKoro inTepdeiicy (User Interface) peanizoBano BeOCTOPIHKHM Ta CKPUIITH IS 3aBAHTAKECHHS
.py- Ta .zip-(aiimis 1 Bizyanizarii pe3ynbsrariB. PiBerb Web-Server&Routing (app.py, metrics analyser.py)
BIZINMOBIIa€ 32 MAPIIPYTU3AIIIO 3AIUTIB 1 Iepeady AaHuX 10 sapa cuctemu. OCHOBHI aHATITUYHI MOy
(Analysis Modules) BUKOHYIOTb OOUHMCIIEHHSI PI3HUX METPHUK IPOrPAMHOIO KOy BKJIFOUHO 31 CTaTUCTHY-
HHUMH, CTPYKTYPHUMH Ta 00’ €KTHO-OpPI€HTOBAHUMH MTOKa3HUKaMU. OTpHMaHi pe3ylbTaTH eKCIIOPTYIOTHCS
y ¢popmaru CSV abo Excel, 1m0 3a0e3neuye nopasbiiie BAKOPUCTAHHS TAaHUX JUIS CHIELIaJIbHOTO aHAI3Y.

( ) 7 N
User Interface Web Server / \
& Routing Ly Analysis Modules
index.htmil (Core)
resu!t.htrr?l app.py
functions.js analyze_code.py Result Export
analysis_charts.js raw_stats.py |y P
dependencies_view.js complexity. py
Keliths.py CSV/Excel
Upload of .pyl.zip files Web Server oop_metrics.py
& Routing design_metrics.py
Visualization of Ei utils.py
results tabs metrics_analyser.py
\. 3 Se A e J

Puc. 1. ApxiTekTypa nporpamMHoi CUCTeMH CTaTUYHOT0 aHaji3y kony Code Analyzer
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VY mpoueci po3podnenns Code Analyzer kimrouoBe 3HaueHHs Maja €(EKTHBHA I1HTETpallis
3 IHCTPYMEHTAaMH CTaTUYHOTO aHai3y [ 1], OCKIIbKHY camMe BOHA BiIKPUBAE MOXKIIMBICTh OTPUMAHHS SIK
KUIBKICHHX, TaK 1 CTPYKTYPHHX ITOKa3HUKIB IPOTPaMHOI0 KOJly. 3aMiCTh BUKOPUCTAHHSI OJHOTO TOTO-
BOTO pillieHHs Oys10 BUOpaHO MMiIXij, 1o 00'€IHy€e TPH pi3Hi pKepena aHaizy: 60i0moreky Radon [7],
6e3nocepennio poboty 3 AST (Abstract Syntax Tree) [8], a Takox BIaCHOPYY peani3oBaHi METPUKH,
110 0a3yloThCs Ha aHalli31 CHHTAKCUYHUX CTPYKTYp. Taka koMOiHais Aajia 3MOTy OXONUTH HIMPIIHMA
CHEKTP METPHUK, BKIFOUAIOYU 00’ €KTHO-OPIEHTOBAHI Ta apXITEKTYpHI, a TAKOXK aJIaliTyBaTH CUCTEMY
10 MacmtaOyBaHHs 1if] pizHi Python-nipoexTh.

IncTtpyment Radon 3a6e3nedye BUCOKY MPOAYKTUBHICTh Ta 3pYUYHICTh Yy 3aCTOCYBaHH1, OJTHAK
Horo (yHKIIIOHANBbHICTH OOMEXKYEThCS 3Ae0UIbIIOr0 0a3oBUMH MeTpukamu. HatomicTe BOYyIO-
BaHMI MeXaHI3M aHami3y cuHTakcuyHoro nepeBa (AST) Hagae OUTBII THYYKI MOMXIJIHBOCTI JJIS
TOYHOTO JOCIIIKEHHSI CTPYKTYPH KOAY, 110 € 0COOJIMBO BaXJIMBUM i 4ac 00poOKH 00'€KTHO-O-
PIEHTOBAHUX Ta apXITEKTyPHHUX XapaKTepUCTUK. PO3po0OIieHi anropuTMu, 1o He 3ajexarhb Bij cTo-
POHHIX 0i0Ji0TeK, MOEAHYIOTh TOuHICTh AST-aHanizy 3 MOXJIMBICTIO amanTamii mia crenudivxi
11JT1, HAMPUKJIA] U1 OOUMCIICHHS TaKUX METPHK, sik RFC a6o LCOM, y KOHTEKCTI HeCTaHJapTHUX
apXiTEKTypHUX MATEPHIB.

Iarerpamis 3 Radon peamizoBaHa ABOMa NUISIXaMH: Yepe3 MpsMe BUKOpUCTaHHA Horo API
(manpuknan, analyze, cc visit) ais oTpuMaHHs CTPYKTypoBaHHX Python-o0’exTiB, a Takox uepes
BUKJIIMKU KoMaHHoro iHTepdericy CLI, mo rae 3Mory 3amyckaTty aHaii3 Ha OKPEMHUX MOAYJSIX a0o
nakerax 0e3 3MiHM OCHOBHOTO Kozy. 3a foroMoroto Radon BUKOHYIOTHCSI OOUHMCICHHS TAaKUX MTOKAa3-
HukiB: LOC, LLOC, KiTbKICTh 1 BIICOTOK KOMEHTapiB — uepe3 radon.raw.analyze; 1HIEKC MATPUMY-
BaHOCTI (M) — 3a momomororw radon.metrics.mi_Vvisit; UKJIOMAaTHYHA CKJIAIHICTh — 4yepe3 radon.
complexity.cc_visit. L{i 3Ha4eHHSI CTAHOBJSTH OCHOBY 3araJlbHOTO CTaTHCTUYHOTO TMPO]III0 KOy,
SIKAW TTOJIA€THCS KOPUCTYBAYERB1 Yepe3 BiyaabHi €JIEMEHTH: IIIKaJIH, JllarpaMH Ta TEKCTOB1 OJI0KH.

Jnist 6inb1n TInOOKoro aHamisy, Bkitodaoun Mmetpuku Xosicreaa, OOIl-nokasuuku (RFC, CBO,
LCOM) Ta apxitekrypHi 3anexxHocrti (Ca, Ce, Instability), BAKOPHCTOBY€THCS TAPCUHT a0CTPAKTHOTO
CUHTAKCHUYHOTO JiepeBa 3a jaomomororo ast.parse(). [ami cucrema pekypcHUBHO OOXOIUTH JIEPEBO,
OTPUMYIOUH MOBHY KapTHUHY IIOJI0: CTPYKTYpPH KJIACiB Ta METOMIB; i€papXiil CriaJKyBaHHS;, BUKOPH-
CTaHHS aTpuOyTIB; MIKKJIACOBUX BUKJIMKIB; IMIIOPTIB Ta 30BHIIIHIX 3aJI€KHOCTEH.

3okpema, LCOM BU3HAYA€THCA HA OCHOBI MEPETUHY 3MIHHHUX €K3EMILISPA, SIKi BUKOPUCTOBY-
10Thcs B MeToz1ax; RFC ypaxoBye KibKICTh METO/IIB Ta 30BHIIIHIX BUKJIUKIB 3cepenuHu knacy; DI7/
NOC dopmyroTbes yepe3 moOynoBy aepeBa cnankyBaHHs;, Ca/Ce 00YHCITIOITHCS MUITXOM aHaIlizy
iMmopTiB (import, from ... import), 10 Ja€ 3MOTY BUSHAYUTH HATIPSIMKH 3aJI€KHOCTEH.

Lleit miaxin 3a0e3nedye rHyYKe HaJamTyBaHHSI 00pOOKH: MOXHA iITHOPYBATH CITy>KOOBI METOH,
BHU3HAUATH TUIHU 3B’SI3KiB MK KOMIIOHEHTaMHU abo OymayBatu rpadu 3ajeKHOCTEH, K1 BimoOpaxa-
I0ThCA B iHTEpdeiici 3a 1onoMororo Vis.js Ha BKIAALL «3aleKHOCTI».

Apxirekryphe pimmeHas Code Analyzer nepen0ayae moeTHaHHS TepeBar 30BHINIHIX 0101i0TeK Ta
BHYTPIITHBOT JIOTIKH, 1110 A€ 3MOTY SIK OXOITUTH MTUPOKUN HaOlp METPHUK, TaK 1 OTIEpaTHBHO aIalTyBaTH
MeXaHi3MH 00pOOKH /10 3MIHHUX BUMOT, 30€piralouu CyMiCHICTh Ta PO3LIMPIOBAHICT CUCTEMHU.

[Tin 9yac MEPBUHHOTO 3aBaHTAXXCHHS MIPOEKTY KOPHUCTYBAY IpaIioe yepe3 BedinTepdeiic (daiin
index.html), ne moxe BuOpatu mius aHamnizy okpemuii Python-daitn a6o apxiB dopmary .zip, 1o
MICTHUTb MIOBHY CTPYKTYpY NpoekTy. [icist Toro sik (aiinu 3aBaHTake€HO, CEpBepHa YaCTUHA CUCTEMH,
peanizoBana 3a qoromoroto Flask (daitr app.py), mepenae orpumai gani 10 Moxyist 00poOku. Y pasi
SKILO TIepefaHo apXiB, BIH aBTOMAaTUYHO PO3MAKOBYETHCS, MICIs YOTO 3aMyCKAETHCS PEKYPCUBHHIMA
MOIIYK YCiX .py-(aiiiiB, mpu bOMY ITHOPYIOTHCS TEXHIYHI KaTaJIOTH Ha KIITAJIT venv,  pycache
Ta .git. Ycs Jorika boro eTay 30cepePkeHa B OKpeMoMy MOyl metrics _analyser.py.

[Ticns monepeaHboi 0OpoOKK KOKEH 3HaleHui (aiin nepenaeThest 10 Moayis analyze code.
Py, AKHil BUCTYIIA€ LEHTPATBHAM €IEMEHTOM CUCTEMH O0YHCIEHHS MeTpHuK. Moro jorika mo6ymo-
BaHa SIK MOCJI1JIOBHICTh KPOKIB.
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Ha nepmiomy erami BMICT (ailily 34UTYEThCS SIK TEKCTOBUHN PSAAOK, MICIs YOTO BUKOHYETHCS
noOymoBa abcTpakTHOro cuHTaKcHuHOTO nepeBa (AST) yepe3 KoHCTpyKIIito tree = ast.parse(code).
VY pesynbrari GopMy€eThCs TIOBHA CTPYKTYpa KOy y BHIVISII IEpPeBa, 110 OXOILTIOE KJIACH, (PYHKIIIT,
BUKJIMKU, HACIiAyBaHHA, iMIopTH Touo. Bukopuctanus AST 3a0e3neuye MOKIUBICT J1€TaTIbHOTO
CTPYKTYpPHOTO Ta CEMAaHTHYHOTO aHaJIi3y 0€3 MOoTpeOu BUKOHAHHS IPOTPaMH, 110 KPUTHYHO BasKJIMBO
JUTSI CTATUYHOTO aHai3y.

Ha npyromy erami ans oGuucieHHss 0a30BUX METPHK Ha PiBHI OKpeMoro ¢aiay (Harpukia,
KUTBKICTh PSAKIB KOy YM IHAEKC MiATPUMYBAHOCTI) 3acTOCOBY€eThCs (hyHKis radon.raw.analyze(),
sKka Hagae Taki nokasuuku: LOC, LLOC, Comment Ratio, MI.

VYci orpuMaHni pe3ynbratd GOpMYIOThCS y BUITISAL cI0BHUKIB Python 1 mepenatorscs mami st
arperariii i Bizyamnizauii. [imrocTpariiro mpukiaay 3araJbHOTO aHaji3y IPOEKTY HAaBEACHO HA PUC. 2.

Jlng anani3zy HUKIOMaTHYHOI CKJIaTHOCTI (PyHKIIN Y TPOrpaMHOMY KOJIi 3aCTOCOBYETHCSI METO/]
cc_visit() 3 momyns radon.complexity. Lleit iHCTpyMeHT (opmye mnepernik 00’€KTiB, KOKEH 3 SIKUX
MICTHUTh OIIHKY CKJIATHOCTI JIJIsl KOHKpeTHOT QyHKIIi1 a60 MeToay. OKpiM iHAUBIAyaTbHIX 3HAYCHb, 111
JIaH1 JAI0Th 3MOT'Y OOYMCIIMTH 1IHTETpaibHUMN oka3HUuK WMC — cymapHy ITUKIIOMAaTUYHY CKJIQJIHICTh
Ui BChOro Monyist. OTpuMaHi pe3ylibTaTH BUKOPUCTOBYIOThCS y Bi3yaunizauii (30kpema, y BUIVISLII
ricrorpam) Ta AJisi BHOPSAKYBaHHS (DYHKIIIH 32 piBHEM CKJIaTHOCTI.

[l 3BiT aHanizy Python-npoexty
3araneHui aHaniz Bisyanisauia DyHKUT 3anexHocTi Tabauua Quirka EkcnopT Honomora

L] OcHoBHa cTaTMcTHKa

RFC: 115

WMC: 128

LCOM: 0.2

NOC: 4

CBO: 25

Ca: 0

Ce: 29
Abstractness: 0.0
Instability: 0.69

Distance: 0.31

LoC [, LLOC (5 KomenTapi
904 410 1(0.11%)
3 dynxuin 98 Knacis @ Ml
68 15 61.32
B3 OOP meTpuku [& ApxitextypHi @ Halstead

Vocabulary: 22.85
Length: 80.46
Volume: 394.33
Difficulty: 6.74

Effort: 4011.93

DIT: 14 Time: 222.88 cek

Bugs: 0.13

Puc. 2. [Ipukiaja 3arajJibHOT0 aHAJTI3y MPoeKTy 3a nonomoror Code Analyzer

OO6uucneHHs: MeTpUK XOJICTEIa Peati3oBaHo 3a JOTIOMOTOI0 okpemoro Moaysst halstead.py, sikuit
aHamizye abctpakTHe cuHTakcuvHe JepeBo (AST) daiiny. Lleit anani3 Bkitovyae: BU3HAYCHHS KUTBKOCTI
Ta YHIKJIbHUX THIIIB OTIEPATOPIB 1 ONIEpaH/IiB; pO3paxyHOK Volume sk OiHKM 1H(OpMAaIiiiHOTO 00CsTY;
MOKa3HUK Effort, 0 IHTEPIIPETYETHCS K 3yCHIUIS, HEOOX1IHI T pO3yMIHHSI KOY; TPOTHOCTHYHE OITi-
HIOBaHHS KUTBKOCTI MOMKJIMBHUX MOMWIOK (Bugs). LI MEeTpuku 1ar0Th 3MOTY OIIHUTH CKJIQIHICTh HE
JMIIE 3 TOMISTY JOTIKA BUKOHAHHSA, a # 13 OISy KOTHITUBHOTO HABAHTAXKEHHS HA PO3POOHUKA.

Hnst orpumanns OOII-MeTpuk 3aCTOCOBYETHCS MOMAYJIb 00p MEtrics.py, SIKUM TaKoX MPAIIOe
3 AST. V¥ pe3synbrari Takoro aHajiizy BU3HA4YalOThes Taki nmokasHuku: RFC, LCOM, CBO, NOC Ta
DIT. 3okpema, 1715t oiHkH 3B’ s13H0CTI (CBO) aHani3yloThCsi KOHCTPYKIIT import 1 from ... import, 1110
Jla€ 3MOT'Y BU3HAYMTH 30BHILIHI 3aJI€KHOCTI KJ1acy.
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Ha piBHI MOIysiB cucTeMa MPOBOAUTh apXITEKTYPHHM aHalli3 3a JIOMOMOTO MOIyns design
metrics.py. [1oOymoBy rpada 3anexxHocTel Mixk MOAYISIMU 0a30BaHO Ha OOYUCIICHHI TAKUX XapakTe-
puctuk: Ca, Ce, Instability, Abstractness ta Distance.

VYci 3i0pani MeTpuKH 30epiraloThes y CTpyKTypoBaHoMy dopmari. ['pad 3anexxHocTed iHTepak-
TUBHO Bi3yalli3yeThCs 3a nonoMororo JavaScript-6i6mioreku Vis.js y ckpunti dependencies view.js.
Jani mi nqaHi mepenarThesi B MOAYIIb metrics analyser.py, SIKHil BIATIOB11a€ 32 00YMCIICHHS arperoBa-
HUX TIOKa3HUKIB, OPMYBaHHS Bizyasizailiii uepes analysis_charts.js, a Takoxx nprucBoeHHs GiHATBHOT
OLIIHKHU SIKOCTI Yy BUIVIAI JIiTepHOi 1miKanu (Bix A mo D).

[Toeqnanns aBromaruzoBanoro anamizy AST, iHTerpariii 3 6i0morekoro Radon Ta BmacHuX anropur-
MIUHMX pilleHb 3a0e3neuye cucteMi Code Analyzer MOXXIIMBICTB 3/11HICHIOBATH KOMIUIEKCHY OLIHKY SIKOCTI
MPOrpaMHOTro 3a0e3MeueHHsI — Bl aHaJli3y OKpeMuX (PyHKIL 10 BUBYEHHS apXITEKTYPHHUX 3aJI€KHOCTEH
MDK MOTynsiMH. Takuil piBeHb JieTamizalii poOuTh IHCTPYMEHT yHIBEpCAIbHUM PILICHHAM SIK JUIS 1H/U-
BiIyaJIbHOTO BUKOPHUCTAHHS, TaK 1 U KOMaH]I, SIKi IOTPEOYIOTh PETyISIPHOTO TEXHIYHOTO ayIUTy KOJY.

Opnmiero 3 xroyoBux xapakrepuctuk Code Analyzer € cTpykTypoBaHa Ta iHpOpMaTHBHA Bi3y-
aizaiisi METPHUK IIPOrPaMHOTO KOMy. 3acTOCyBaHHS TpadikiB, TaOIUIb 1 MOKa3HUKIB Ja€ 3MOTY HE
JMIIe 301HCHIOBATH KUIBKICHY OLIIHKY TEXHIYHOT'O CTaHy MPOrpaMHOro 3a0e3nedeHHsl, a i CBO€4acHO
BUSIBIISITH TPOOJTIEMHI TUISTHKH 0e3 HeoOX1THOCTI 0e3MocepeIHhOT0 aHalli3y CHPIIEBOTO KomIy. Bi3y-
aJbHA pPemnpe3eHTallisl pe3y/IbTaTiB BiAIrpae pojib IHTEPIPETAIIHHOTO 1HCTPYMEHTA, SIKUK TpaHchop-
My€ aHaNITU4YHI JIaHl y MPaKTUYHY BiAMOBiAb HA 3alMTAHHA: IO caMe, e came 1 3 SKOI MPUYHHU
norpelye onTuMi3arii.

[aTepdeiic anamTHYHOT CUCTEMU pealti3oBaHo 3a qonoMororo HTML-1ma61o0HiB, CTBOpEHUX HA
6a3i Jinja2, y noeqnanHi 3 JavaScript-6i0miorekamu Chart.js ta Vis.js. OcHOBHa Jorika Bizyasizarii
peani3yeTbes 4yepes TpU OKpeMi CKPUIITH, 1110 BIANOB1Ial0Th 3a M00Oy/10BY rpadikiB METPUK, peai3a-
10 MexaH13MiB (inbTpalii Ta copTyBaHHs (DyHKIIIH, a TakoX (hopmyBaHHS rpadiB 3aJICKHOCTEH Mk
MIPOTPaAaMHUMU MOJYJISIMH.

Yci BisyasbHI KOMIIOHEHTH cUCTeMU 00'€JHaH1 Ha cTopiHLi result.html, sika micTuth BicimM QyHK-
IIOHAJFHUX BKJIAJOK: 3araJIbHUM OIS, Bidyamizarlis, GyHKII1, 3a7eKHOCTI, TaOJIUIIs, OI[IHKA, SKC-
MOPT Ta JIOBIAKOBA 1H(OpMAIIis.

[Nicrorpamu Ta JiHINHI Tpadiky, TPEICTaBIEH] Ha pUC. 3, BUKOPUCTOBYIOTHCS JUISl LITFOCTpaLii
pO3MoniTy Takux MeTpuk, sik M1, Halstead Volume Ta WMC, y mexax okpeMux (yHKLil abo Moay-
niB. KoxeHn enemeHT rpadika BiimoBinae okpeMiid GyHKIIOHATIBHIM OJMHHULI, a KOIbOPOBa JU(epeH-
1ialiss BUKOPUCTOBYETHCS JIJIsl KOAYBAaHHS PIBHS MOTEHIIITHOTO PU3UKY: 3€JIEHUN KOJIp BiAMOBIIAE
JOMYCTUMOMY PIBHIO CKJIAJIHOCTI, JKOBTUI yKa3ye Ha HEOOX1IHICTh JOJATKOBOI MEePEBIPKH, a YEPBO-
HUI CUTHaNI3y€ MPO KPUTHYHUI PIBEHb CKIaTHOCTI abo miaTpumyBaHocTi. ['padiku € iHTepaKTHB-
HUMH, TT1]1 9ac HaBEACHHS Ha eJIeMeHT rpadika 3’ sBIsS€ThCS CIUIMBAIOYE BIKHO, Y IKOMY BimoOpaxa-
IOThCS Ha3Ba Ta 3HAYCHHS BUOPAHOT METPHUKH, & TAKOXK HAa3Ba MOJYJIS.

3acToCyBaHHS TaKOTO THITY Bi3yallizailii 3HAYHO IOJICTIIYE MPOIIeC BUSBICHHS aTUTIOBUX 3HA-
YeHb Cepell BEIUKOi KiITBKOCTI (PyHKIIiH. 30KpeMa, CETMEHTH 3 ITJIBUIICHUM 3HAUYCHHSIM METPUK,
Hanpuknan Halstead Volume, nerko i1eHTU(DIKYIOTbCS 3aBASKH SICKPAaBUM Bi3yaJbHUM O3HaKaM —
3MiHaM KOJIbOpY abo0 pi3Kiil 3MiHI IIUPHHU CEKTOpa a00 BIHCOTH CTOBIIII Ha Jiarpami.

VY Brnaami «DyHKIID» IpeacTaBieHo AeTanbHy 1HGOPMAII0 00 KOXKHOT OKpeMoi (yHKIIiT
MIPOrPaMHOTO KOy, 30Kpema ii Ha3By, KUIbKICTh pAakiB koay (LOC), IMKIOMAaTU4YHY CKJIQJHICTh
(CC), innexc miarpumyBaHocTi (M), KiTbKICTh TOTEHUIHHUX MOMUIOK (Bugs) ta Halstead Volume.
YMicT TaOHIl aBTOMaTHYHO Bi3yaJdbHO MAapKYEThCS 3aJIC)KHO Bijl 3HAUCHb MMOKA3HUKIB: KOMIPKH 3Mi-
HIOIOTh KOJIIP BIATOBIAHO 0 PIBHA CKJIATHOCTI 4u pu3UKy. [loniOHe mogaHHsa JaHMX 3HAYHO CIpO-
IIy€ TpoLeC BUSBICHHs (DYyHKIIIH, K1 MOTSHIIIHHO € CKJIAJIHUMHU JJII TECTyBaHHs, MoAudikaiii abo
CYMPOBOY, TAH0YU 3MOTY IIIBUJIKO JIOKAJIi3yBaTH HAHOUIBII TPOOIEMHI TUISTHKA KOTY.

IaTrepakTBHA BKIagKa «3anexHocT» (puc. 4) 3abesnedye BizyalnbHe MOAAHHS MOIYIBHOT
CTPYKTYPH MPOEKTY Y BUIIIAAAL Tpada. Y miid Bizyamizallli KO)KeH MOIYJb PENpPe3eHTOBAaHO Yy (hopmi
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BYy3J1a, TOA1 SIK 3B’SI3KH IMIIOPTY MK MOIYJISIMH BiJOOpakarOThCs CIIPSIMOBAHUMHM CTpUIKaMu. Takuit
MiAX17 Aa€e 3MOry €(EeKTHBHO aHalli3yBaTh apXiTEKTypy HMpPOTrpaMHOI CUCTEMH, 30KpeMa BUSBISTH
TUISTHKA 3 HAAMIPHAM PiBHEM 3aJIe)KHOCTI, 1IeHTH()IKyBaTH KPUTHYHI KOMIIOHEHTH (MOAYJIi 3 BEIH-
KOIO KUIBKICTIO BXIJTHUX 3B’SI3KiB) Ta PO3MI3HABATH MOJYJI, SIKi caMi MO co0i € 3aJeKHUMHU, alie He
BUKOPHCTOBYIOThCS 1HIIIMMHU.

3aBAAKH IHTEPAKTUBHOCTI rpada KOPUCTYyBa4Y MOXKE JIOCIIKYBAaTH CTPYKTYpY MPOEKTY B JMHA-
MilLIi, 110 CIIpHsI€ MUOIIOMY PO3YMIHHIO B3a€MO3B’A3K1B M1’ KOMIIOHEHTAMH Ta MOJIET Y€ IPUHHATTS
apXITeKTypHUX PillIeHb.

Farascuubansniz | Bisyanisagia  Oyweuli anewmseri 0 Tabmeus Ouisea Exenopr  flonowora

[l Bizyanizauia merpuk

Ll Maintainability Index B Halstead Volume

I]uﬁ Cilnzannn
w’?-v" ff‘”’”

Halatwad Volume (o dainax)

=388!S

OuikysaH| Barw (Halstead) & Maintainability vs Craaguicte

Tpaus: Graicynaal Gar no aknax e
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& CBO — Coupling Between Objects
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Puc. 3. Bizyaaizauia merpuk y Code Analyzer
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3arancHuii aHanis Bizyanizauisa DyHruil 3anexHocTi Tabnuua OuiHka Excnopt Jonomora

i 38'a3Kku Mixx Moaynamu

@ Tpad iMnopTis Mix MogyaaMu

repository, chwﬁapusmry ’ \ repositoryl Dvr.lRepuerury

d:rl\am ﬁmurmhdawr domain.DvdValidator dumaln Remalvahdazm] [rﬁpusimryﬁznla\ﬂepusmry]

damain. Bomow domain. Rentsl damain.Dvd domain Erars

Mokazatu mogyni Bes imnoprie ]

[ main (7 imnoprie)

[ controller.Controller (6 innopriz)

® - repository.BerrowRepository
e — domain.Borrow

Puc. 4. InTepakTuBHa Bisyauizauis «3ane:xHocti» y Code Analyzer

VY Bruaaui « Tabnuips» MoykHa TOOAYUTH BC1 METPUKH Y pO3pi3i OkpeMux (aiiiiB. 3acTocyBaHHS
cranpapTanx HTML-tabnump i3 BOy0BaHOIO MATPUMKOO JavaScript-copTyBaHHs (peatizoBaHOTO
y ckpurti functions.js) 3a0e3nedye rHy4Ke i eeKTUBHE OMpAIfOBaHHs JaHUX Npo GyHKIi. [HTep-
¢eiic 1ae 3MOr'y BUKOHYBATH COPTYBAHHS 32 Oy/b-SIKHM 13 JOCTYITHUX MapaMeTpiB, TAKUX SIK 1HAEKC
niarpumyBaHocti (M), mukinomaruana ckinaganicts (CC), kinpkicTh BUKIHKIB (RFC) Tomo. OxpiM
TOTO, peaji30BaHO MOXKJIMBICTh (ibTpanii QyHKIIN 32 3aJaHUMHU KPUTEPISIMHU, 30KpeMa sl BU/II-
JICHHS KpUTHMYHUX AUISHOK Kony (Hampukian, ¢yHkuii 3 MI < 50 abo WMC > 10). Koxen 3anmuc
y TaOJHIll Ma€e TinmeprnocuianHsa ado iIeHTU(IKATop, MO Ja€ 3MOTY IIBUAKO MEPEUTH 0 BiAMOBI-
HOTO (pparMeHTa CHpLEBOro KOAy JUls MOAAJIBLIOro aHamizy. Bapro 3a3nauntu, mjo tabnuii Gpopmy-
IOThCS IMHAMIYHO, 1110 3a0e3Meuye MaciTaboBaHICTh MiAX0My i Aa€ 3Mory e(peKTHBHO MpaItoBaTu
3 BEJIMKUMHU ITPOEKTAMU 0€3 yTpaTu NIpOAyKTUBHOCTI.

Jlns miacyMKOBOI 1HTepripeTallii pe3ysbTaTiB aHajli3y 3acTOCOBYIOTHCS pajapHi rpadiku Ha
Bkiaaui «Ouinka» (puc. 5). KokHa Bich Takoro rpadika BiANOBiZae OKPEMOMY MOKa3HUKY SKOCTI
MIPOTPaMHOTO KOy, 30kpema MI, KiTbKOCTI MOTEHIIMHNX TOMIIIOK (Bugs), xoresii (LCOM), 3B’ s3-
HocTi (CBO), obcsary (Halstead Volume) tomo. LlenTpanbHa Touka rpadika mo3Hayae TpaHUYHO
kputuuHe 3HaueHHs (0), TOmi SK 30BHIMIHIN KOHTYp BimoOpaxkae ineanpamii ctad (1). Lleit ¢popmar
Bi3yani3alii € 0co01IMBO e(heKTUBHUM I KOMILJIEKCHOT OLIIHKYM Koay. BiH 3a0e3neuye miBuaKe BUSB-
JIeHHsI cTabKUX MICIb Y CTPYKTYpl METPUK, JAIOUX 3MOTY Bi3yallbHO BUIIJIUTH Ti 3 HUX, 1€ 3HAYCHHS
BIIXWJISIFOTBCSA BiJl IPUMHATHUX MEX 1 MOTPeOyIOTh yBaru 3 00Ky po3poOHuKa abo aHaANITHKA.

Taxox Ha 1ii BKIaaLi GopMyeTbcs CyMapHa OIiHKa KOy y BUIVISAL JiTepHol mkaiu A—D ta
OKpeMi peKoMeH allii 100 3HaueHb METPUK Ha 0a3i HacTymHux ymoB: MI < 60 — HuU3bKa MIATPU-
MYBaHICTh, TOKPAITUTH YUTAOCNbHICTh 1 KOMEHTYBaHHS kKoxy; WMC > 50 — BucOKa HUKIOMaTUYHA
CKJIQ/IHICTh, CIIPOCTUTH JIOTIKYy METOIIB, po3butu Benuki (GyHKuii; Instability > 0.7 — HagmipHa
3JICKHICTh MOJYJIIB, 3MEHIITUTH KUIBKICTh 30BHINIHIX iMITopTiB; CBO > 20 — HagMipHAa 3B’ S13aHICTh
KJIaCiB, 3MEHIIUTH 3B’ A3aHICTh MK KJIacamH, MepersIHyTH 3anexHocTi; Halstead Volume > 1000 —
BHCOKA CKJIQJIHICTh MOJYJIIB, pO30OUTH BEeTUKI MOJYJI Ha MEHIII, 3MEHIIUTH o0csr koxy; Halstead
Bugs > 0.5 — BUCOKUI pU3UK MTOMIJIOK y KO/, IEPEBIPUTH HANCKIAAHINI JIISTHKH KOy, TPOBECTH
JOJIaTKOBE T€CTYyBAHHSI.
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3aranbHWiA aHanis Bizyanizauia Dynkuil 3anexHocTi Tabauua Ouinka Ekcniopt Jonowmora

3aranbHa ouUiHKa AKOCTI Koay

MinrpamyesHieTs (M)
1.0

0o Bl Cymapua ouinka: D

0.2

Kod mae sucokuil piseHs cknadHocmi ma Hussky

nidmpumysaricme. Pexomedyemoca pehakmopuHe.

3e'Ravios (CBO) MpocToTa (WMG)

& & Bucoknii WMC — cnpocTiTe noriky MeToais,
posbuiite sennki GyHkuUji.

& & Bucokuii CBO — 3MeHLiTh KifbKicTb 38°A3KiB
MK KNacami.

Oficar (Wolume) CrafinssicTs (Instability)

Punau, Garie (Bugs)

Puc. 5. InTepakTuBHa Bisyauizanis «3anexnocti» y Code Analyzer

Takoxx y Code Analyzer Ha Bkiaaui «Ekcnopt» peani3oBaHO MOXIIMBICTb €KCIIOPTY pe3YJIbTary
y popmaru CSV Ta Excel Ta nogano po3zain «Jlornomoray 3 olcoM ycix BUKOPUCTAHUX Y CUCTEMI METPHK.

VY minomy nobynoBa BizyadbHUX KoMIOHeHTIB y cucteMi Code Analyzer 6a3yerbes Ha mpar-
HEHH1 10 ONTHMAaJbHOIO MOEJHAHHS 1HPOPMATUBHOCTI, MIBUAKO/II Ta Bi3yaJbHOI MPUBAOIMBOCTI.
Takuii migxin 3a0e3neuye He JHIIEe HA0UHE NPEeICTaBICHHS KIIbKICHUX XapaKTepUCTUK POTrPaMHOTO
KOy, a U CIpHsi€ TIMOMIOMY PO3YMIHHIO 1X MPAKTUYHOTO 3HadeHHs. Lle, CBO€r0 deproro, BiaMOBi-
nae pyHIaMEHTAIbHOMY 3aBIaHHIO OyIb-SKOT CHCTEMH OIIIHIOBAHHS SKOCTI TIpOrpaMHOro 3abesme-
YEeHHs1 — HaJlaTW KOPUCTYBaueBl 1HCTPYMEHTHU ISl YCBIIOMJICHOTO MPUHUHATTS pPIllIeHb LIOAO Mif-
TPUMKH, peakTOpHHTY a00 MOJIEpHi3alii KoY.

BucHoBku

VY pe3ynbTari J0CIiKEHHS POBEICHO aHai3 MIPEIMETHOI 00JIaCTi, CIIPOEKTOBAHO apXiTEKTypy
Ta po3pobieno cuctemy Code Analyzer ayis craTHgHOTO aHasi3y MPOTrPaMHOTO KOMY, sIKa TOEIHYE
y co0i aHaji3 MIMPOKOro HAOOPy METPHUK SKOCTI Ta IHTEPAKTUBHY Bi3yalli3allil0 pe3yibTaTiB. 3aB-
JsKd iHTerpaiii 3 6i0miorekamu Radon, a Takoxk MexaHi3MaM 00pOoOKH aOCTPAKTHOTO CHHTAKCHYHOTO
nepeBa (AST) cuctema 3abe3nedye KOMIUIEKCHY OIIHKY IMPOTPAMHOTO KOy, OXOTUTIOFOUN TaKi BaX-
JIMB1 METPHUKH, K CKJIaJIHICTb, ITPUMYBAHICTh, apXITEKTYPHI 3aJI€KHOCTI Ta 00’ €KTHO-OPIEHTOBAHI1
MOKa3HUKH. Bizyamizamis pe3ynbTariB y BUIIsAAL rpadikiB, TaOmuIp 1 giarpam aae 3Mory e(eKTUBHO
OIIIHIOBATH CTaH KOy, 30CE€PEKYIOUN YBary Ha HaWO1IbII MPOOJEMHUX NUISHKAX 1 3a0e3Meuyroun
CBO€YACHE pearyBaHHs Ha MOTEHIiIHI MpobIeMH.

[Tonanpii JOCTIKEHHS MOXKYTh OyTH CIIpSIMOBaH1 Ha MIATPUMKY 1HIIMX MOB ITPOrpaMyBaHHS,
MOKPAIIEHHS! TOYHOCTI METPUK Ui CKJIAJHUX apXITEeKTypHUX IaTepHIB, a TAKOX Ha IHTErpaLlilo
3 IHIIMMU IHCTPYMEHTaMHU JUIsl aBTOMATUUHOTO TECTYBAaHHS Ta OE3MEKH ITPOrPaMHOI0 3a0e3MeUeHHS.
OxpiM TOTO, JOLUUIBHUM € BIPOBAKEHHS AJTOPUTMIB MAIIMHHOTO HABYaHHS JJIsi IPOTHO3YBaHHS
MOKJIUBHX J€(EKTIB Ha OCHOBI iCTOPIi 3MiH Yy KO/II.

Po3pobnenns Code Analyzer Hajlae HOBI MOXKJIMBOCTI JAJIs1 IPOTPAMICTIB Ta apXiTEKTOPIB MPO-
rpaMHOTO 3a0e3MneyeHHs y mpoueci MIATPUMKH, pedakToOpuHry Ta ontuMizamii kony. Cucrema nae
3MOTry HE JIMlIe 3I1HCHIOBATH TEXHIYHUM ayauT, a ¥ aKTUBHO MiATPUMYBATH MPOLEC NPUHHATTA
pillleHb Ha BCIX eramax po3poOJeHHS, MOKPAIIyIOud SKICTh MPOTPAMHUX MPOAYKTIB 1 3HIKYIOUH
PU3UK BUHUKHEHHS TIOMHJIOK Y KOJIi.
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YK 004.42:004.738.5

A.O. JIICHAK, JI.I. TIPOCSAHA

3anopi3bkuii Hal[lOHAJILHUN YHIBEPCUTET

PO3POBJIEHHA KJIIEHTCBKOI'O BEB3ACTOCYHKY JJIAA XMAPHUX CUCTEM
CKIHYEHHO-EJIEMEHTHOI'O AHAJII3Y

Y pobomi posensnymo nioxio 00 cmeopeHHs KIIEHMCbKO20 8€03ACMOCYHKY CUCMeMU CKIHYeHHO-eleMeHMHO20
aHanizy 3 BIOKPUMUM NOYAMKOBUM KOOOM, NPUSHAUEHO20 Ol BUKOPUCAHHA ) XMAPHOMY cepedosuuyi ma 6i00aieHo2o
docmyny kopucmyesauyig. I[lokaszano, wo po3sumox cy4acnoeo Mauiuno6y0y8aHHs HeMONCIUBUL Oe3 WUPOKO20 8nposa-
O0diCeHHsL cucmem asmoMAmu308aHO20 NPOEKMYBANHS, BANCIUBUM 3ABOAHHIAM AKUX € MOOENIOBANHS (I3UUHUX XapaKkme-
PUCUK 00 €KMIG I3 3ACMOCYBAHHAM MemOody CKIHUeHHUX eleMenmie. Bucoka eapmicmo 6i0no6ioH020 nponpiemapHo2o
NPOSPAMHO20 3a0e3neueHHs: Ma 0OMeNCEHICMb 00UUCTIOBAILHUX PeCyPCi8 CINUMYIIOIOMb PO3POOICHHS XMAPHUX Cepeicie
i3 8IOKpUMUM KOOOM, SIKI HAOAIOMb MONCAUBICHIL NPOBEOEHHS CKAAOHUX [HHCEHEePHUX PO3PAXVHKIE Oe3 HeoOXiOHoCmi
BUKOPUCTNAHHS NOMYHCHUX JIOKATbHUX KOMA TOMepis.

3anpononosano apximexmypy Gponmeno-3acmocyuKy, aKull peanizye inmepgheic Kopucmysaua OJisi CMEopPeHHs,
peoazyeants ma 6i00opadiceHHs: 0aHux OJisi CKIHUCHHO-CeMEHMHUX PO3PAXYHKIE Y 3PYUHIlL [HMepaKmusHit (opmi.
3acmocynok po3pobneno Ha ochosi 6ioriomexu React, wjo 3abesneuye macumaboganicms, 6aeamoniamgpopmuicms
i BUCOKY WBUOKOOTIO. Y cucmemi peanizo8ano mpu OCHOBHI pexcumu podomu: CmeopeHHs. HOBOI 3a0aui, 3a6aHMAICEHHS
iCHYIOYOI ma nepeaisao pe3yivmamis, OMmpuUManux i3 xmaproeo cepgepy. Ilepedaua oanux misxe poumenoom i bexkeHOoMm
30iticHoemuvca y popmami JSON, wo eapanmye cymicricmo i3 pisHUMU 0OUUCTIOBATbHUMU cucmemamu. [{na eizyanizayii
mpueuMipHux mooenetl 3acmocosano mexuonozito WebGL, axa oae 3mocy ioobpasxcamu ceomempilo ma pes3yivmamu
PO3PAXYHKY De3 YCMaHOo8IeH s, CReYiaNi308an020 NPOSPAMHO20 3a0e3NeUeHHsl.

Pospobrenuii sebinmepdpetic niompumye 3a60anHs CKIAOHUX SPAHUYHUX VMOS8, HEOOHOPIOHUX (DI3UYHUX 61ACMU-
socmell I HABAHMAdCEeHb Y MAOIUYHIL opmi, ujo 3abe3neuye eHyuKicms nid 4ac nid02omoeKU PO3PAXYHKOBUX OAHUX Md
3MEHULYE IMOBIPHICIb NOMUTIOK KOPUCMY8ayd. 3anponoH08aHuil nioxio oae smoey po3oinumu QyHkyii epagiunozo inmep-
eticy ma obuUCII08AIbHO20 A0PA, WO CIBOPIOE MONCIUBICIb IHMeZPAayii 3 PI3HUMU CePEEPHUMU PILUeHHAMU ma (popmye
0CHOBY 01151 N0OYO08U GIOKPUMOL Ma OOCMYNHOI MAcumabdo8anoi XxmapHoi cucmemu CKiH4eHHO-e1eMEHMHO20 AHAI3).

Knrwouosi cnosa: memoo ckinueHnux eiemenmis, XMapHi 004Ucients, 6e03aCmocyHoK, (hpOHMeHo, MUKPOCEPEICHA
apximexmypa, React, WebGL.

A.O. LISNIAK, D.I. PROSIANA

Zaporizhzhia National University

DEVELOPMENT OF A CLIENT-SIDE WEB APPLICATION FOR CLOUD-BASED
FINITE ELEMENT ANALYSIS

The paper presents an approach to developing a client-side web application for a finite element analysis (FEA) system with
open-source code, designed for operation in a cloud environment and to provide remote user access. It is demonstrated that the
advancement of modern mechanical engineering is impossible without the widespread adoption of computer-aided design (CAD)
systems, a key task of which is modeling the physical characteristics of objects using the finite element method (FEM). The high cost
of proprietary software solutions and the limited availability of computational resources stimulate the development of open-source
cloud services that enable complex engineering calculations without the need to use powerful local computers.

The architecture of a frontend application is proposed, which implements a user interface for creating, editing, and
visualizing data for finite element calculations in a convenient interactive form. The application is developed using the
React library, which ensures scalability, cross-platform compatibility, and high performance. The system supports three
main operating modes: creating a new problem, loading an existing one, and viewing results obtained from a cloud server.
Data exchange between the frontend and backend is performed in JSON format, which guarantees compatibility with
various computational systems. WebGL technology is used to visualize three-dimensional models, allowing geometry and
calculation results to be displayed without installing specialized software.

The developed web interface supports the specification of complex boundary conditions, non-homogeneous physi-
cal properties, and loads in tabular form, which ensures flexibility during the preparation of calculation data and reduces
the likelihood of user errors. The proposed approach enables the separation of graphical interface functions from the
computational core, creating opportunities for integration with various server-side solutions and forming a foundation
for building an open, accessible, and scalable cloud-based finite element analysis system.

Key words: finite element method, cloud computing, web application, frontend, microservice architecture, React,
WebGL.
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IHocTanoBka npodaemMu

OCKUTBKH IPOTIPHETAPHI CUCTEMH CKIHYEHHO-EJIEMEHTHOTO aHai3y ChOTO/HI € Ty’Ke TOPOTHMH,
aKTyaJIbHUM € 3aBIaHHs po3poOieHHs BianmoBigHoro I13 13 BIAKPUTHUM MOYATKOBUM KOJOM, SIKE O
MOTJIO MpaIOBaTH K XMapHui cepsic. Lle 3aBnanHs Moxe OyTH NOAIEHO Ha /1Ba OKPEMi CKJIaIHUKU:
ctBopeHHs pporTeHy (frontend) 1 6exenn (backend). @poHTEH Y IIBOMY KOHTEKCTI — I1€ Be03acTOCY-
HOK, SIKMI ToTIoMarae KOpuCcTyBady 3a/1aBaTé apaMeTpH CKIHYEeHHO-eJIeMEHTHOTO PO3paxyHKy (auc-
KpPETHY MOJieNb, (i3U4HI MapaMeTpu, KpaiioBi YMOBH TOILIO), L0 MOTIM MepelaloThes OeKeHI-cep-
BEPY, L0 MPAIIOE y XMapi, At 00poOKku. bekena 6e3mocepeIHh0 BUKOHYE YCi CKIHYCHHO-SIIEMEHTHI
PO3paxyHKH 1 HaJCHJIAa€ OTPUMaHMU pe3yabTaT (POHEHI-3aCTOCYHKY JUIS aHalli3y KOPHCTYBaueBi.
Cepen BiIOMHX CHCTEM CKIHYEHHO-EJIEMEHTHOIO aHaji3y, 10 MPALIOIOTh Y XMapi, MOXKHA, HAIIPH-
knan, Big3Hauuta SPARSELAB [1], SimScale [2] Ta in. [3].

HesBaxxatoun Ha icHyBaHHs Takoro 13, 3aBgaHHs CTBOPEHHS HOBHX XMapHHUX CEPBICIB JUIS CKiH-
YEHHO-EJIEMEHTHOTO aHAJli3y € aKTyaJlbHUM, OCKLIBKH MOCTIHHO 3MIHIOIOTHCS MOMKIMBOCTI Cy4acHUX
KOMIIT’FOTEpIB Ta BUMOT'Y IO TAKUX IPOrpaM. Y JaHii cTari po3mIsIHyTO CTBOpeHHS frontend-3acTocyHKy
3 BIIKPUTHM ITOYAaTKOBUM KOJIOM JJIst aBToMaTH3allii Bukopructanast MCE y xmMapHOMY cepenoBHIIIi.

AHaJIi3 OCTaHHIX JOCTiTKeHb i myOaikamin

Po3BUTOK MaIMHOOYAyBaHHS HEMOXKIIUBUI 03 IHUPOKOro BUKOPUCTAHHS CUCTEM aBTOMATH30-
BaHoro npoektyBaHHs (CAIIP), siki BUKOPUCTOBYIOTHCS /ISl BUPIIIEHHS TPhOX OCHOBHUX 3aBJaHb:

—aBTOMaTH3allii MiJrOTOBKM MPOEKTHOI JOKyMEHTalii (CTBOPEHHS KpecieHb, TEXHIYHUX
3aBJlaHb, MPOEKTIB TOIIIO);

—MOZAETIOBaHHS (PyHKIIIOHAIBHUX XapaKTEPUCTUK 00’ €KTIB MPOEKTYBAaHHS (HAPUKJIIA, aHATI3
MILHOCTI Ta TOBIOBIYHOCTI Oy/[IBEIbHUX CIOPYN);

— aBTOMaTM3aIlli po3B’sI3aHHA 3a]1a4, 110 BAKKO (DOpMaTi3yroThCs (CKJIaICHHS PO3KIIaIIB; Tpacy-
BaHHS CJIEKTPOHHUX JIPYKOBAaHUX IUIAT 1 TOMY ToIi0He) [4].

Komn’rorepHe MozentoBaHHs (13MYHUX BIACTUBOCTEH 00’ €KTIB MIPOEKTYBAHHS € OJJHUM 13 Haii-
BaxnuBimuXx 3apaanb CAIIP, ockiiabKy Jja€ 3MOTY iICTOTHO IPUIIBHUIIIMTY U 3/1€LIEBUTH MPOLIEC PO3-
poOIeHHSI HOBOT TEXHIKH 32 paXyHOK YaCTKOBOI 3aMiHH HaTYpHUX (iI3MYHUX BUIIPOOYBaHB JIOCIITHUX
3pa3KiB KOMIT FOTEPHOIO CUMYJISIIIETO.

OpHuM 13 HAOUIBII MOMIMPEHUX HA MPAKTULI HIAXOAIB IO MOJIEIIOBAHHS CKIAJAHUX (I3UUHUX
MporieciB € 3actocyBaHHs MeTony ckiHdeHHUX eneMmeHTiB (MCE) [5]. CroronmHi s ioro BUKOpH-
CTaHHS PO3pOOJICHO BEIUKY KIJIbKICTh MPOrPAMHHUX CUCTEM CKIHYEHHO-EJIEMEHTHOTO aHali3y, cepel
SKUX MOXKHa BUALTUTH Ansys [6], MSC Nastran [7], COMSOL Multiphysics [8], FreeFEM [9],
OpenFEM [10] Ta in. [11; 12].

HesBaxxaroun Ha BEJMKY KUIBKICTh TAKHX MPOTPaM Yy 3B’S3KY 3 OCTIHHUM yCKJIAJHEHHSIM TIPO-
07eM, 110 MOCTAIOTh MEPEe] MAIIMHOOYTYyBaHHSM, 3POCTAIOTh 1 BUMOTH SIK 0 HasBHOTO MPOTPaM-
Horo 3a0e3neuenns (I13), Tak 1 70 0OYMCITIOBATLHUX CUCTEM, HA SIKUX BOHO 3ammycKaeThcsi. ChOTo/IHI
MOTYXH1 KOMIT' FOTEPH € TyKe JTOPOTMMH W CKIAJHUMHU B OOCIYroByBaHHI, TOMYy OararboM KOMIIa-
HISIM CTa€ HEBUTIJHO KyIyBaTH W OOCIyroByBaTH BJIACHI KOMII IOTEpHI CHCTEMH, L0 HPU3BEJIO 10
(dopMyBaHHs HOBOi Oi3HEC-MOJEIi: KOPUCTYBadl AUIATh OOYMCIIOBAJIbHI MOTY>KHOCTI BiJIIaICHUX
KOMIT'FOTEPIB, K1 HaJeXaTh TPETii cTOpoHi. Taka TEXHOIOTiA HA3UBAETHCS «XMAPOIO», a CTBOPEHHS
XMapHHX CepBiciB Ta BianosigHoro 113, mo miATpUMYIOTh PO3MOALUT JOCTYIY 0 OOUHCITIOBAIEHUX
PECYpCiB 3 OIUIATOIO 32 BUKOPUCTAHHS, € aKTYaJIbHUM 3aBIaHHSIM.

OcHoBHa 171e51 XMapHOi TEXHOJIOT11 MOJISIrae y TOMY, 1110 3aMiCTh IPUI0aHHS KOMH’}OTepHo'l' TeX-
Hiku (abo I13) kopuctyBau (baKTHqu Oepe #oro B OpeH]ly Ha neBHUM yac. Takuii miaxia gae Taki
NepeBaru: 3aMicTh BEIMKHUX KalliTaJlOBKJIa/IEHb y BIZIMOBIJIHE OOJIaZIHAHHS KOMIIaHisl MPOCTO Kymye
Yac Ha KOMIT I0Tepi, 10 HAJIEeKUTh TPETii CTOPOHI, 1, TAKUM YMHOM, 11030aBJsie cede nmpobiem, moB’si-
3aHUX 13 oro maciTaOyBaHHM, 06cnyr0ByBaHH;1M Ta OHOBJIEHHsAM. KoMmnaHnist Moxe npuadaru 6e3-
IIOCEPEIHBO 00UMCITIOBAJILHUI pecypc Ta BUKOPUCTOBYBATH HOro AJis 3anycKy BiacHoro 13, ane Bce
yacTille HUH1 opeHayeThes He nunie hardware, a i software. Lle Ha3uBaeThcs «mporpamue 3abesmne-
4yeHHs sK mociyray (SaaS — software as a service).
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Merta gocJuaigkeHHs

Mertoro po6GOoTH € po3po0IIeHHS apXITEKTYpH Ta IPOTrPaMHOi peatizallii KiIi€eHTCHKOTo Be63acTo-
CYHKY 3 BIAKPUTHM IIOYaTKOBHUM KOJIOM JUIS CHCTEMH CKiHYEHHO-EJIEMEHTHOTO aHai3y, aaanToBa-
HOTO /17151 poOOTH Y XMapHOMY CEpEIOBHILI.

O0’€eKTOM JOCIIKEHHS € TIPOIEeC PO3POOIICHHS CIEIiali30BaHOTO MTPOTPAMHOTO 3a0€3eUCHHS
U1l CUCTEM CKIHUE€HHO-EJIEMEHTHOTO aHaJIi3y.

[IpenmeroM IOCHIPKEHHS € apXiTeKTypa Ta 3aco0u peasizailii KJII€EHTCHKOTO Be03aCTOCYHKY
CHCTEMH CKIHUEHHO-EJIEMEHTHOTO aHaJIi3y, MPU3HAYEHOTO I POOOTH Y XMapHOMY CEPEOBHIIII.

Bukiaa ocHOBHOT0 MaTepiay J0CTiIKeHHS

IIporpamua peaJiizanisi KJIi€EHTCHKOT0 Be03aCTOCYHKY CHCTeMHU CKiHY€HHO-eJIeMeHTHOI0
anaJjizy. [Ipaktuuna peamnizamiss GpOHTEHI-3aCTOCYHKY IMEpeayciM 0a3yeThCsi Ha BHOOPI MEBHOTO
dbpemBopky (framework) st BeOpo3poOku, TOOTO TOTOBOTO PIllIEHHS, IO JA€ 3MOTY BUKOPHCTO-
BYBaTH €(EKTUBHY CTaHIAPTHY apXiTEKTypy MPOEKTY, IO MepeBipeHa Ha MpakTuili. Y naHii poOoTi
JUTsL CTBOpPEHHS rpadiuHOTO iHTep(deicy KoprucTyBada OyJI0 BUKOPUCTAHO 0i0I0TEKy MOBH Iporpa-
MyBaHHs JavaScript i3 BiZKpuTHM o4aTkoBUM KogoM React [13], sika € 6aratoraropMHOI0, MacIIl-
Ta0OBaHOIO 1 BUCOKOTIPOAYKTUBHOIO.

3aranbHuii iHTep(dEc CTBOPEHOTO BEO3aCTOCYHKY HaBEICHO Ha puc. 1.

™ B remwebApp x —+ = O bod

C @ @ localhost3000 B a» A ¥y 2 ¥= 9D S

Finite Element Method

e MNew Problem
¢ Open Problem
e View Results

Puc. 1. ®poHTeH] cHCTeMH CKiHYEHHO-€JIEMEHTHOTO aHAJi3Y

Ha nmouarkoBoMy eKpaHi KIIEHTCHKOTO Be03aCTOCYHKY KOPUCTYBad MOXKE BUOPATH TPU PEKUMU
poGotu: 1) New Problem — ctBopenns HoBOi 3aaui; 2) Open Problem — 3aBanTaxeHHs paniie 30e-
pexenoi 3amaui; 3) View Results — anani3 pe3ynbTariB po3paxyHKy, 3aBaHTa)XEHUX 13 BeOcepBepa,
IO TpaIoe y xMapi. SIKIo kopucTyBad BHOepe MepIIMid MyHKT MEHIO, TO BIAKPUETHCS CTOPiHKA,
0 MICTUTh TIOJS /ISl BBEJCHHS TAKHX IMapaMeTpPiB PO3PaxyHKY, K AUCKPETHA MOJETbh BUXiTHOI
o0nacTi; KUTbKICTh MOTOKIB BUKOHAHHS, IO BUKOPHUCTOBYIOTHCS UISI PO3PaxyHKY; TOYHICTH PO3-
paxyHKy; MpYXHI mapaMmerpu; Kpaioi ymoBu toimo (puc. 2). Ilix yac 3aBaHTaXeHHS TUCKPETHOI
MOJIeJII KOPUCTYBad MOXKe 11 IepemIIHyTH, BUOPABIIM BIMOBITHUN peskuM. [ BimoOpakeHHS TpH-
BUMIpHUX rpadiyHux cueH (puc. 3) y Opaysepi BUKOpUCTOBYeThCs TexHomoriss WebGL [14].

Takox cimiJl 3a3HAYMTH, IO JUTSI 3aBAAHHS CKJIQIHUX HEOAHOPITHHUX (PI3MUHUX XapaKTEPUCTHK
00’€kTa po3paxyHKy a00 IpaHHYHHUX YMOB Ta HaBaHTaXCHb, IO JIIOTh Ha HHOTO, MIATPUMYETHCS
MOXJIUBICTh YBE/ICHHS BIANOBIAHUX BUpa3iB y TabnuuHii hopmi (puc. 4).

[Ticns BBeieHHS BCIX JaHUX KOPUCTYyBad, HaTUCKaloun Ha kHonKy Calculate, iHimitoe CTBOpeHHS
JSON-aiiny, 1m0 MICTUTH yCi 3a/1aHl HUM TapaMeTpH PO3PaxyHKy 1 SKIM HaJCHUIIAETBCS CEPBEPY
y XMapi 17151 00poOKu.
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M B reMweb App x  + = [} X

< C R (O locahost3000.. B a8 A vy 2| = D R )

New Problem

—Mesh
File name:

BubGip chaiiny | Taitn He eubparo View

—Base settings

Threads:
[}
Tolerance:
0,000001

I

—Variables

Name IVaIue
[eps |[0.,001

add I del

[ Elastic parameters

Young modulus:
Value IPredicate

[ I
add I del

Poisson's ratio:
Value IPredicate

add I del

[ Finite element parameters

Thickness:

Value IPredicate
add I del

Puc. 2. I'padiunnii inTepdeiic kopucTyBaua A1 CTBOPEHHSI HOBOTO PO3PaXyHKY

M B3 reMWebApp X =S = O ®

& (O (@ localhost:300.. B5 @& A 7| {3 ‘.5,

New Problem

—Mesh
File name:
BEubip chainy | ®ain e enbpaxo M View
— Rotatic |
EAut
—Visuali
® Mat
O Mes
OSurt
B Coc
—Transl:
X -I
Y. -
—Scale ¢
Ratio:f |
& |
vl
=) >

Puc. 3. Bizyaaizauii nuckperHoi monedti y opay3sepi 3acooamu WebGL
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B B reMwebApp x  + = [} X

< C @ @ localhost3000/open-problem B oas A ¢y O 9D o
1 1 el R el | Py
[oa) I
Pressure loads:
Value IPredicate
P [x>=0andx<=L |
‘P ||abs(R‘R—((x—C}*[x-C)+y*y+z*z))c=epsandx<=(R‘cos(FI_T)+C} ‘
P [abs(R*R-((x-L+C)* (x-L+C)+y*y+z"z))<=eps and x>= (R * cos(F|_B) + L- C) |
‘P || (x>= (R *cos(FI_T) + C) and x <= 0) and abs(y ™2 +z ** 2 - K2_TOP * (x - CX_TOP) ** 2) < eps ‘
‘P || (x>=Landx<=(R*cos(FI_B)+L-C))andabs(y **2+z*2 -K2_BOT* (x- CX_BOT)* 2) < eps ‘
B |
Boundary conditions:
Direction
Value Predicate
x |v |z

0 |[abs(x - 14.338) <eps | E
‘U ||abs(y)<ep@ |D O
‘U ||abs(z)<ep5 |D O |
sad [ aal

[ Cacume |

l Home )|

Puc. 4. Ilpukaan 3aBIaHHA CKJIATHUX HABAHTAKEHb, [0 AIIOTH Ha 00’ €KT PO3PaAXYHK
9

Taka imeomnorisi B3aemonii MiXk (PpPOHTEHI- 1 OEKEHA-3aCTOCYHKAMHU JIa€ 3MOTY BiJIOKPEMUTH
peaiizariito rpadigHoro iHTeH(pElCy KOpUCTyBada BiJl pO3paxyHKOBOI YaCTUHH, IO JA€ MOXIIMBICTh
BUKOPHCTOBYBATH Pi3HI cepBEpH (3a y3romkeHHs popmary oOMiHy iH(POPMALIELO).

BucHoBku

Y po6oTi mpencTaBiIeHo miAXia A0 CTBOPEHHS KIIEHTCHKOTO Be03aCTOCYHKY CHCTEMHU CKiHUEH-
HO-EJIEMEHTHOTO aHaJi3y 3 BIIKPUTUM MOYATKOBUM KOZOM, IPU3HAYCHOTO JJISI POOOTH Y XMAPHOMY
cepenoBuii. [lokazaHo, 1m0 3aCTOCYBaHHS XMAapHHUX TEXHOJIOTIM Ja€ 3MOTy ICTOTHO CHPOCTHUTH
JIOCTYTI KOPUCTYBAUiB JI0 OOUUCIIIOBAJIBHUX PECYPCIB 1 MIABUILIUTH €(EKTUBHICTh BUKOHAHHS 1HXKe-
HEPHUX po3paxyHKiB. Peamizamis ¢ppoHTeHI-3acTOCYHKY Ha 0a3i 0i0mioTexn React 3abe3neuye Oara-
TOTUTaT(OPMHICTh, THYUKICTh 1HTEp(]EICY Ta MOKIIUBICTh MacIITaOyBaHHS IIPOEKTY.

CrBopenuii BebiHTEpdEiic qae MOXIMBICTD KOPUCTYBady (POpMyBaTH BXiHI JIaHi 11 CKIHUEHHO-€JIe-
MEHTHOTO PO3paxyHKYy, 3ajaBary (Di3u4HI mapameTpy, TpaHUYHI YMOBH Ta THUINH HABAHTAKEHb, 4 TAKOXK
3MIMCHIOBATH BI3yalli3allito TeOMETPHYHOI Ta TUCKPETHOI Mojienel 06e3 HeoOX1THOCTI BCTAHOBJICHHSI CIICTIi-
amizoanoro [13. [lepenada nanux y popmari JSON 3a0e3mnedye cyMiCHICTh MiXkK KITIEHTCHKOO YaCTHHOIO Ta
0OUHCITIOBAJIBHUM CEPBEPOM, 1110 Ja€ 3MOT'Y THYUKO ITOEAHYBATH Pi3HI peastizariii OeKeH/I-CUCTEM.

Takum unHOM, PO3pOOIEHUI TPOTOTUT PPOHTEH/I-3aCTOCYHKY MOXKE OyTH OCHOBOIO JIJIsl TOOY-
JIOBH TIOBHOI[IHHOT XMapHOi CHUCTeMH CKIHYCHHO-EJIEMEHTHOTO aHamizy. llogambini JocCiiKeHHS
IUTAHYETHCS CIIPSIMYBATH Ha PO3LIMPEHHS (YHKIIOHATBHUX MOXKIMBOCTEH 1HTEpQeiicy, IHTerpario
3 ICHYyIOUMMH 010T10TeKaMU CKIHYEHHO-EJIEMEHTHOTO PO3paxyHKY Ta ONTUMI3AIlil0 MPOIIECY B3a€MO-
Ji1 MK KITIEHTCHKOIO 1 CEpPBEPHOIO YaCTUHAMH CUCTEMH.
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VK 519.4+539.12

0.C. MABMAHIIIBUIL, B.I. AYBIHKO

HauionanpHuit HaykoBUil LEHTP «XapKiBChKUH (I3UKO-TEXHIYHUN IHCTUTYT»

PYWUHYBAHHS «BLJIMM» ITYMOM XBHUJIbOBOI ®YHKIIIT
Y HAPABOJITMHOMY HMOTEHIIAJII 3A PE3OHAHCHOT O PA3TOMUJIYBAHHSI

Posensioaemuvca k6anmogo-mexaniuna 3a0aua npo pyx HacmuHKu 8 KaOpamuiHomy nomenyiani, akutl nio0acmscs
OUNONLHOMY GNIUGY, WO NEPIOOUYHO 3MIHIOEMBCS 3 NAUHOM HACY, d MAKONIC CIMOXACMUYHOMY 00YPeHHI0 muny «0ino2o»
wymy. Tlodibna cumyayis peanizyemucs, 30Kkpema, nio yac pyxy eiekmpona 30082 Kpucmaniunoi oci. ¥ ybomy pasi
PO wacy 6 3a0aui epac enubuHa NPOHUKHEHHs YaAcmKY, a QYHKYis 00ypeHHs ONUCYE BUMYULEHT KOTUBAHHA KDUCTATTUHUX
rpam. [nwuii easxcnugull npuKIao nos'a3anuti 3 00YUCIeHHAM WBUOKOCMI XIMIYHOT pearyii noonu3y 10Kaniz08anux aHeap-
MOHIUHUX GIOpAYIll AMOMIG, BUKTUKAHUX MePMIYHUMU DIYKmyayiamu abo 3068HIWHIM 61AUGOM. Y YbOMY pa3i 6HACTIOOK
8eNIUKOL aMNAIMYOU JIOKANI308AHUX AHSAPMOHIYHUX 8IOPAYILL NOIONCEHHS NOMEHYIUHOT AMU, Y AKIL 3HAX00UMbCA YACKA,
yolce He MOodice 86adHCAMUCS HEPYXOMUM, W0 BUMA2AE nepe2isdy 3a0ayi npo 00YUCTIeHHA XUTbOGOT YYHKYIT 3 ypaxy8aHHAM
OUHAMIKU NOMEHYTUHOL SIMU.

Y pobomi posensinymo napaboniunuii nomenyian, skuil sk yinte CXUIbHULL 00 OUNOILHO2O BNIUBY, WO NePiOOUUHO 3Mi-
HIOEMbCA 3 NAUHOM YACY, d MAKOJIC BNIUEY CIOXACMUYHO20 «0iN020» wymy. Busueno ounamixy xeunvosoi ghyynkyii uacmxu
6 makomy nomenyiani. Ha ocrogi 3naudenux piwienv Hecmayionaprozo pisHanus [llpedineepa nodyoosano anreopummu
PO3PAXYHKY OUHAMIKU X8unbogoi ¢yukyii. Ilpoananizosaro esomoyito xeunvosoi yuxyii uacmku. Hasedeno acumnmo-
MUYHI pilentst PIBHAHHSA PYXY, 3a OONOMO2010 AKUX OMPUMAHO OCHOBHI XapaAKMePUCMUKU X6Uuib06020 hakema. s euopa-
HO20 8UQY 00YPeHHs NOMEHYIALY HABeOeHO NPUKIAOU e8OMIOYLL X8UTb08ol (yHKyil. Buseneno egpexm pyinysanns (koiancy)
X6UIb060I PyHKYIL, W0 8I06YBAECMbCs 6HACTIOOK Oii wymy. Busuerno eniue amniimyou «0inoeo» wymy Ha Xapakmepucmuxu
Konancy. 3anpononosano 2inomesy npo me, wo 4ac 00 KoNancy 06epHeHo nponopyitiHull iHMeHCUSHOCII ULYMY.

Knrwouoei cnoea: pisnanus [lpedineepa, napaboniunuil nomenyian, ounonvbhe po32ouoy8ants, «OLIU» wym, eeo-
JIIOYIs X8UTILOBO2O NAKeMd, KOIANC X8UTbOBOI (DYHKYII.

A.S. MAZMANISHVILI, V.I. DUBINKO
National Science Center Kharkov Institute of Physics and Technology

DESTRUCTION OF THE WAVE FUNCTION BY «WHITE»
NOISE IN PARABOLIC POTENTIAL AT RESONANT DRIVE

The quantum-mechanical problem of particle motion in a quadratic potential subject to dipole action periodically
changing with time, and stochastic perturbation of the «whitey noise type is considered. A similar situation is realized,
in particular, when an electron moves along the crystal axis. A situation of this type is realized, in particular, when an
electron moves along the crystal axis. In this case, the role of time in the problem is played by the depth of particle pen-
etration, and the perturbation function describes forced oscillations of the crystal lattice. Another important example is
associated with the calculation of the rate of a chemical reaction near localized anharmonic vibrations of atoms caused
by thermal fluctuations or external influences. In this case, due to the large amplitude of localized anharmonic vibrations,
the position of the potential well in which the particle is located can no longer be considered motionless, which requires
a revision of the problem of calculating the wave function taking into account the dynamics of the potential well.

The paper considers a parabolic potential, which as a whole is subject to a dipole effect periodically changing over
time, as well as to the effect of stochastic «whitey noise. Based on the found solutions to the non-stationary Schrodinger
equation, algorithms for calculating the dynamics of the wave function are constructed. The evolution of the wave func-
tion of a particle is analyzed. Asymptotic solutions of the equation of motion are given, with the help of which the main
characteristics of the wave packet are obtained. Examples of the evolution of the wave function are given for the selected
type of perturbation of the potential. An example of the destruction (collapse) of the wave function due to the effect of
noise is given. The effect of destruction (collapse) of the wave function, which occurs due to the impact of noise, is dis-
covered. The influence of the amplitude of white noise on the characteristics of the collapse is studied. A hypothesis is
proposed that the time before collapse is inversely proportional to the intensity of the noise.

Key words: Schrodinger equation, parabolic potential, dipole buildup, «white» noise, evolution of the wave packet,
collapse of the wave function.
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IHocTanoBka npodaemMu

VY HaunioHanpHOMY HAyKOBOMY LEHTpPi «XapKiBChKuH (izuko-TexHiunuil inctutyt» (HHL]
XDTI) mpoBOASTECS pOOOTH 3 TOCIIKEHHS BIUTUBY PI3HUX THUITIB OITPOMIHEHHS Ha BIIACTHBOCTI KOH-
JICHCOBAHUX CEpelOBHI. MexaHi3M 3MiHHM BJIACTUBOCTEW MarepialliB MOB'SI3Y€TbCA 31 30yIKEHHAM
HETHINHHX JIOKaTi30BaHUX KONMUBaHb y rparax [1; 2]. Li konuBaHHS, CBOEIO Y€Proro, BIUIMBAIOTH HA
JTUHAMIKy 9aCTHHOK Yy Hil. CTpyKTypa Ta po3TallyBaHHS aTOMiB y MOHOKPHCTaJl iICTOTHO BILIMBA-
I0Th Ha XapakTep pyXy YacTHHOK Y rparax [3]. ¥V miif poOOTi BUKIIaJEHO Pe3yabTaTH J0CITiIKESHHS
PE30HAHCHOI PO3TOMIyBaHHS €HEPTii pa3oM i3 «O1TMMY IIyMOM, sIKi PO3KPUBAIOTH (Pi3MUHY CYTHICTb
BUHHUKAIOUUX IPOILIECIB.

Po3miisiHyTO KBaHTOBO-MEXaHIUHY 3a/1auy Ul PyXy YaCTKU B KBaIPaTUYHOMY MOTEHIIiai, KOJIN
XBWJIBOBHI TTaKeT Pa3oM MiAMAETHCS SK AUIOILHOMY PO3TOMIYBaHHIO, MEPIOIUYHO 3MIHIOETHCS
3 4acoM, TaK BUIIAJAKOBUM IIyMoM, [Toi0Ha mocTaHOBKA BUHUKAE y 3a7a4ax, KOJIM OOYpPEHHS € Tpa€eK-
TOPI€I0 MPOLECY, 10 MOAEIOE 3MIHY HMOTEHILIaTy IiJ Yac pyXy YaCTHHKH, 30KpeMa IiJ 4ac pyxy
€JIEKTpOHA B3/I0BX KpUCTaiuHOi ocl [3]. ¥V Takomy pa3i poib yacy B 3aa4i rpa€ QyHKIs 00ypeHHs,
sKa OMMCY€ BUMYILICHI KOJIMBaHHS KPUCTAIIYHOT pelliTKU. [HIIMI npukiaj nos's3anuii 3 oGuucies-
HSIM IIBUJKOCTI XIMIYHOI peakiiii moOau3y JOKaJi30BaHUX aHTApMOHIYHUX BiOparliif atomiB, 3yMOB-
JICHUX TEPMIYHUMH (IIYKTyar(isiMd a00 30BHIMIHIM BIUTUBOM [4]. TyT yHACIiIOK BEIMKOT aMILTITYIH
BiOpalliil MoI0KEeHHs NOTEHIIMHOT SIMHU, Y K1 3HaXOJUThCS YACTKA, YK€ HE MOXKE BBAKATHUCS HEpy-
XOMOI0, 1110 BUMArae reperisity 3aBIaHHs JUIst OOUMCIICHHS XBHIbOBOT (DYHKIIIT 3 ypaxyBaHHAM JIMHA-
MIKH HOTEHIINHOT SIMH.

AHAaJi3 0CTaHHIX J0CTiIXKeHb | myOsikanii
Busdennro eBomoIii XBUILOBO1 (YHKITT YaCTKM B MapaOOiuHOMY TMOTEHITIaNl TPagUIliiHO
MIPUALISETHCS BENUKA yBara [2; 4]. € Benuka KijbKiCTh POOOT, MPUCBSIUEHUX KaHAIIOBAHHIO, BUIIPO-
MIHIOBAaHHIO Ta PEaKlisM y KpHCTajaxX 3a BHCOKUX eHepriil [4; 5], KBaHTOBIM JUHAMIll TaKeTiB
y HEeCTallloHApHUX MapadoaiyHuX noteHmianax [1; 5; 6]. I1ix gac aHanizy BUKOPUCTOBYIOTHCS TEOPIist
BUIIQIKOBHX MPOIIECIB 1 KOHTUHYAJIBLHOTO IHTErpyBaHHs [3; 5].

Mera pociriaKeHHs
V wiii po6orti Oyae po3nISIHYTHI BUIAO0K, KOJM XBUJILOBHI MaKeT 30yIKy€eThCsl IUMOIBHAM HaKa-
YyBaHHSIM Pa3oM 13 PO3IISIAHHIM TTOBEIIHKM XBUIILOBOI (DYHKIIIi 32 CTOXaCTUYHOTO OOYpEHHS «OLTHMY)
IIIyMOM Ta KOJIaIICOM XBHJILOBOTO TakeTy. Ilics poro Oyne BUBYEHMI BHITAJOK, KOJU XBIJIHOBHI TTAKET

CILTHHO MiJIA€THCS SIK TUTOIBHOMY PO3TOMIYBaHHIO, TAK BUIAJIKOBOMY IIIyMY, IIPHY IIbOMY yBary Oyzie mpH-
TIJICHO 3aJIe)KHOCTI Yacy JI0 pyHHYBaHHS XBIJILOBOTO TTAKETa BiJI IHTEHCUBHOCTI CTOXaCTUYHOTO OOYPECHHSI.

Bukiaa ocHOBHOI0 Matepiajy J0CTiIKeHHS
VY po6oTi po3MISHYTO BHIAJOK, KOJW XBHJIBOBHU MAKEeT CHUIBHO MiIAA€THCS SIK JAUMOIBHOMY
PO3roiilyBaHHIO, TaK BUIIAIKOBOMY LIYMY, IIpY LIbOMY yBary Oyje NpHILICHO 3aJIeKHOCTI 4acy 10
pYyHHYBaHHS XBUJIbOBOTO MAaKeTa Bl IHTEHCUBHOCTI CTOXaCTHYHOTO O0ypEHHS.
Byzne po3misiHyTO TUMYacOBY €BOJIIOLIIIO YACTKU 3 BUX1AHOIO XBUJIBOBOIO (DYHKIII€O [7]

W0 =22 e 22 . (1)

3a BiICYyTHOCTI OOypEeHHs THUMYacoBa €BOJIOIIS IMUIBHOCTI PO3MOAUTY WMOBIPHOCTEH
2 . . .
p(x,0)=|y(x,n)| Ha iHTepBaii yacy 0<7<60 cramioHapHa.

1. Piusinns Hlpeninrepa B 00ypeHomy napa6o/iiayHOMY NOTEHIiAJTi
AHami3 po3MoYHEMO 3 PO3IISAY TUMYACOBOI €BOMIOIIT YACTKHU 3 BUXIAHOKO XBHIBOBOK (DYHK-
Ii€10 y MOTeHMiai [7]
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V(x,t)= %mmz x-U®T, (2)

ne U(t) — nesika KBaJpaTUYHO-1HTerpoBaHa (yHKIIS. Takoro BuAY MOTEHLIAN € y3arajlbHEHHSIM

. . . 7, . .
napabosiYHOro moreHuiany 3 U(f)=0 1 V(xn=mo’x’  BAKOPUCTOBYBAHOIO, 30KPEMa, IIiJ| 4ac aHali3y

PYXY KaHATIOFOUUX 3aps/KEHUX YaCTUHOK [S]. Y 1ipoMy pasi st XBUIboBOi PyHKIIT ¥ = ¥(x, 1 x,,1,)
(pynkuii I'pina) piBusuus Hpeninrepa mae Bursig 3]
e

T
For amae TpmebovOIY. ©)

®i3uunuit 3mict (yHKmii ¥ y TOMy, IO BOHA ONMUCYE aMIUTITYy HMOBIPHOCTI Mepexomy 3i
CTaHy B MOMEHT #, =0 , 110 XapaKTepU3y€eThCs KOOPIUHATOIO X, , Y CTAaH y MOMEHT ¢, III0 XapaKTepH-
3y€ThCSl KOOPAUHATOIO X .

Ha mixcrasi mapabomiiuHoCTi moTeHmiany (2) mrykaTuMeMo pimeHHs piBHSHHS (3) y BHDIISII
W(x,1:x,.,) = exp(Cy () + C (Nx + Gy (1)x) 3 pestknmu Qynkuisvu Co(), G0, Cy(¢). Jlns HUX MOXKHA
CKJIACTH CUCTEMY 3 TPhOX 3BHUANHUX U epeHIliaIbHUX PIBHSIHD 13 TOYaTKOBUMH YMOBaMHU. Y pe3yib-
TaTi 3HaieMo, mo pimenns piBHsHHA peninrepa (3) take [5]:

iwt

1/2 5
lP(X,t;XO,ZO) :[L_l)j exp[—’;?—:l)(xz —xé)—l.n;(;)l J.Uz(’[)dTJX

ﬁh(ezjml !
4)
Chor o, mo - 2
exp|i— | Y’ ()dt+xY(t) —————| x—€""x, — R(¢ ,
p( 2m£ (1) () h(ez,m,_l)[ 0] j
ac
.mmz T , ) ] , , heimt 1 )
Y(t)=i - J'U(r)exp(—m)rﬂwr)dr, R(t) = .[Y(r)exp(—lmr)dr.
0 m 0

["ayccoB Bumsan Bupasy (4) mist orpumanoi GyHkmii W(x,#x,,t,) (GyHKIii ['pina) € HacoigkoM
napabomiuHoi nmoreHmiany (2). @yukuis W(x,%x,,4,) (4) 3aJ10BOJIbHSIE TOMY K PIBHSIHHIO, 10 i XBU-
ap0Ba QYHKINA W(x,,0), aje 3 TOYaTKOBOIO YMOBOO ‘¥(x,#;x,,0) =d(x — X, ) .

Bun xBuaboBOi QyHKIT y(x,7) y JaHUW MOMEHT ! >f, MO)Ke OyTH BHU3HAYCHUU 3a 3aJIaHUM ii
3HAYE€HHSIM VY(x,,0) B MOMEHT f, =0 :

w0 = [ yx,0) W(x,6.%,,0)dx, . (5)
[Ticns o6umcenns interpana (5) 3 sapom ¥(x,7x,,0) (4) Ta MOYaTKOBOIO XBHUIILOBOIO (DYHKITIEO

v(x,,0) (1) orpumaemo

wix,f) = [%) exp[—imz—O;J - ’Z—;‘)[x —X(t)]zj, X(t) = ij(r) sin(of — 1) d, (6)

ne J —HaOir (as3u pe3ynpTyrouoi XBHJILOBOI (DYHKIII.
t t t t
J= jUz(t)dr ¥ L + 2ij(r) cos(w(t—1))dt+ Idrjdr’U(r)U(r’) sin(w(t—1))cos(o(t'—1)).  (7)
0 mo 0 0 0
Skmio 3a =0 yacTHMHKA 3HAXOAMJIACS B OCHOBHOMY CTaHI 3 XBHJILOBOKO (yHKIi€w (1), To 10

MOMEHTY 4acy ¢ JJIsl IIIBHOCTI KIMOBIPHOCTEH p(x,f) 3HAAEMO

0 =wonf = [%) eXP(_%[X—X(t)]Z)- 8)
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TakuM 4MHOM, SIKIIIO YaCTHHKA BIIUyBa€ THMYACOBY €BOJIIONIIO y ToTeHmiam (2) 3 U(t) =0, To
Ha MOMEHT 4acy ! THI PO3MOILTY MMOBIPHOCTEH p(x,f) 3aJIMIIAETHCS TUM CaMUM, IO 1 B MOMCHT
t,=0. IloBemiHKa XBHUJIBLOBOIO IMAKETa ICTOTHO 3MIHIOEThCS, KO0 U(t)#0, [0 MOXKHA ITOOAUYUTH
3 XapaKTePUCTUK XBHIILOBOTO MAKETa.

I3 Bupazy (8) oTpumaeMo, 0 KBAHTOBO-MEXaHIUHI CEpeqHI — MepIiuid Ta APYTuil MOMEHTH
HIUTEHOCTI PO3MOJLUTY HMOBIPHOCTEH — TaKi:

<x(t)>= ij(r) sin(of —ot)dt, <x’(f)>= ﬁ + mzjjU(r)U(r’) sin(o? — 0t)sin(of —ot)dtdt’ (9)

1 Biq4yBaloTh po3Max. Skmo monymsmiiHa (yHKiis U(f) MICTUTh CTOXaCTHYHY KOMIIOHEHTY, TO
<x(t)> 1 <x*(t)> TAKOXK € 3aJIEKHUMU Bif qacy BUIAJKOBUMHU BEJIMUYHNHAMU.

2. @opma 00ypeHOro XBHJILOBOI0 MAaKeTA 3a JUIOJbHOIO BIUIMBY Yy NPUCYTHOCTI CTOXAC-
THYHOTI'O IIyMY

Po3srnsineMo 3aranpHU BUTIAOK, KOJTH mporiec U(f) aTuTUBHO CKIATAETHCS 3 AUIOILHOTO 30Y-
JOKCHHS gsin(of) 3 aMITITYI0OI0 g Ta CTOXaCTUYHOTO MPOIECy «Oi10roy» mymy #(f) i3 HyJIbOBHM
MaTeMaTUYHKMM OYiKYBaHHSM Ta JAUCIIEPCIEI0 Gy, :

U(t) = gsin(ot) + oy, n(t) . (10)

BianosigHo 10 (6), XBUIBOBUI MakeT K (QPyHKIIS KOOPAWHATH 3a TOBLIHHOTO 30ypeHHs 30e-
pirae cBOrO rayccoBy GopMmy, TOMY JJIsl ONMKUCY JOCTAaTHhO HABECTH BUPA3M JJIsl HOTO MEPIINX JABOX
MOMeHTIB. Jlani mpuitMemo, 110 3 4aciB MOYKHA 3HEXTYBAaTH BHECKOM OCHOBHOTO CTaHY.

KBanTOBO-MexaHiuHE CepeHE — MEePIINi MOMEHT PO3MOALTY HMOBIPHOCTEH — CTAHOBUTH:

(x(0),, <03_[U(t) sin(w? — 1) dr> = (11)
JI1st ApYroro MOMEHTY 3aIUIIEMO
< (t)> =— + o) <jjU(’C)U(T') sin(ow? — 1) sin(wf — ot') dt dr'>. (12)

V cuny BaactuBocTel «Oimoro» mymy (U(DU (1)) =o64,8(t1—1'), TOMY

<x2(t)>W :ﬁ+mzcu~ sin’ (of —wt)dt . (13)

0

[nsa yumaioro vacy, ¢ >> o', MaEMO Ul AUCIEPCil
<x (t)> ——0) oyt (14)
OCKUTBKH CepeHe ISl TEePIIoro MOMEHTY, MOB's3aHe 3 MIyMOM < x(f)> =0, IJs Mmepiioro
MOMEHTY TMaKeTa i, 3TigHO 3 (8) MaemMo

(a1

Wy, =< x(t) >4 = %gmt(cos(mt)—MJ s (15)

Jlucrepcis [, XBHILOBOIO MAKETa AOPIBHIOBATUME CYMi JUCIIEPCiii, 3yMOBIEHHUX 00ypEHHAMH,
a caMe:
2
sin (ot L
L] +c02csfvj sin’ (ot — 01)dt. (16)
0

(a1

:<x2(t)>G <x (t)> :lg o't (cos(mt)—
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VY pasi mapamMeTpUYHOrO PE30HAHCY, KOJU © =1, OTpUMA€EMO JUIsl CEPEIHBOIT SHEepril

2
E:L<pz>+ﬂcoz<x2 oo gThe
2m 2 2

(m2t2 + ot sin(2wt) + sin’ (oat)). (17)

Jani, nepimmii nomanok y (16) i3 yacom 3pocrae sk *, TOXISK 4epe3 IUBHIKO OCILHIIOKUY
3aJIeKHICTh IHTETPAJ y IPYTOMY JOJaHKy MOXKHA 3aMiHUTH Ha t/2. Tak camo 3a BETUKOTO JAPyroro
BiIMOBiAHOTO A0AaHKy B (17) MoxkHa 3HexTyBarh. [lepmuii e 10JaHOK Yepe3 MIBUAKO OCIHITIOITY
3aJIeKHICTh MOXKHA 3aMiHUTH Ha 1/2. Tomy

1

K, :ggzoaztz +%m263,¢t. (18)

Toni TyCTHHY PO3MOIITYy MOXKHA 3aITUCATH Yy BUTIISI

2
Py = ———exp| -t | (19)
J2mu, 2u,

Ha puc. 14, Ha 9xux mokazaHo 4ucio nepioaiB N, HaBeIEHO 3aJIeKHOCTI €BOIOIIT MITBHOCTI
XBUJIBOBOTO TaKeTa, 30y/PKEHOTO JUTOJILHUM PO3TOHIyBaHHSAM 1 00YpEHOTO CTOXACTUYHUM TIPOIIe-
coM «Oinmoroy» mymy. Ha puc. 1 MmoxxHa 6a4uTi OCHIIIALIT MaKeTa SK 1ijie 3a o, = 0.8, o BiAmoBigae
BupazaM (15)1(16), ogHak BoHH, MOYMHAIOYH 3 N=5, TOCTYIIOBO BUXOSTH 31 CTAllIOHAPHOTO PEIKUMY.
3asesmkux N Ha nepudepii x| =10 Moxkna nodaynTy GIIyKTyaliiiHi CIIeCKH XBUIILOBOTO MAKETA.

Puc. 2 imoctpye mpoliec nepexoay XBHUIBOBOTO MakeTa Bl 3pOCTaHHS MOro pO3MipiB M, [0
3MeHIeHHs N=4, 1110 Ma€ Miciie 31 30UTbIIIeHHSIM IHTEHCUBHOCTI IIyMy Gy, =1.0.

Ha puc. 3 MoxkHa OaunTu mopsif i3 PO3MIMPEHHSM XBWIJIBOBOTO IMAKETy WOTO pPyHHYBAaHHS
(komarc) 3a 3pocTaHHs Horo po3mipiB i, 3a N = 30, mo Mae Micte 31 301IbIIEHHSIM 1THTEHCUBHOCTI
mymy oy, =1.4.

L=}
=
(=]
bt
L=}
2
75}
=

Puc. 1. EBoutonist misibHoOCTi p(X,7) makera ta wactku Pr_L, Pr_R minbnocri po3noginy iimoBipHocreii p(x,?)
Ha inTepBani x =0 (uepBone), x <0 (cuue); £ =0.2, o, =0.8 ; mokazano KinbKicTh mepioxis N

Puc. 2. EBoatontist rycrunu nakera p(x,7) i yacrku Pr_L, Pr_R rycrunn p(x,f) Ha intepBani x =0
(uepBone), x <0 (cune); g=0.2, o, =1.0
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Pl
L
PR

Puc. 3. EBosonist mwisibHocti nakera p(x,7) ta wacrku Pr_L ta Pr_R mijabHocTi iMmoBipHocTeii p(X,?)
Ha intepsaii x 20 (uepBome), x <0 (cume); g=02, o, =14

= /\/\/\/‘\)‘M =y

NV 1 204 30
—n x

_ N

ﬂ-.l iy
s
' ”ff "H". il

7
It

Puc. 5. EBoJtontisi misibHOCTI makera i ueHTpy nakery Xsr posnoginy iimosipuocreii p(x,7); g=02, o, =1.2

Ha puc. 4 nokasano, 1o B CepeIHbOMY MAKET KOHIIEHTPYEThCS B paiioni Xsr=(x(#)) =0, mo Bii-
OyBaeThcst mounHarou 3 N=30. Moment N=30 nepexoy Bii perysipHOrO CTaHy 10 HEKOI'€pPEHTHOTO
MO)XHA Ha3BaTH YACOM KOJANCY Ncolapse=30. I3 puc. 4 BugHO, 110 32 Gy, =1.4 KOJUBaHHS y IIJIOMY ITy4Ka
CTalOTh MEHIII KOTEPEHTHUMH 1 PeryisipHuUMuU. Y 1boMy 4yacTku Pr L (miast x>0) 1 Pr R (s x<0)
LIIJIBHOCTI pO3MOATy HMOBipHOCTEeH p(x,f) 3 yacoM Jenaii Ouiblie BUpiBHIOIOThHCS. Lle Bkasye Ha
MIOBHE PYyHHYBaHHS KOJMBaHb y MakeTi. CepeHbOKBAAPATHYHUN PO3MIp Mydka X IpH IIbOMY IPO-
TOBXKYe€ 3011bIryBatucs. CrocTepe:KyBaHHI MPOIEC MOKHA HA3BATU KOAIANCOM X6UNbOBO20 NAKEM) .

Jlnst oOGyA0BY TIIIOTE3N MPO 3B'SA30K MK Oy 1 Ty, OyJIO MPOBEJEHO PO3PAXyHOK 33 IHTEHCHB-
HOCTi oy =12 (puc. 5).

I3 puc. 5 BUAHO, 1110 TPUBAIICTh NEPEXOY BiJl PETYISIPHOIO CTaHy /0 HEKOT€PEHTHOTO CTAHO-
BUTH NpuOIn3HO N =35 . 3icTaBneHHs AaHUX pUC. 2 Ta pHUC. 4 a€ 3MOTY Ha3BaTHU HOro MomeHmom
konancy T,y 171a€ MOXIJINBICTb IPUITYCTUTH, 1II0 MOMEHT KOJIATICy 0OEpHEHO IPOOPLIHHUI iHTEH-
CHBHOCTI IIIyMY Gy, :

Tcouapsc ~ CG; 5 (20)

ne C — BennuMHa, sIKa HE 3aJICKHUTh BiJ[ Oy, .
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BucHoBKkH

Y po6oTi po3mISIHYTO NTapaboIiyHUI OTEHITIaN, SKUH SK [iJIe CXUIBHUH 10 JUITOJIBHOTO BIUTHBY
(mapaMeTpUYHOTO PE30HAHCY), IO MEPIOJUYHO 3MIHIOETHCS 3 TUIMHOM Yacy, CIUIBHO 13 BIUTMBOM
«O110TO0» 1IYMy 1 AMHAMIKOIO XBHJIBOBOI (PYHKIIIT YaCTUHKU B HbOMY. Ha OCHOBI HecTalioHapHOTO
piBusHHs Llpeninrepa moOy0BaHO aHAIITHYHI BUPA3H Ta aJTOPUTMH PO3PaxXyHKy TUHAMIKH XBH-
150Bo1 (yHKIIIi. [IpoananizoBaHO €BOIONIO XBUILOBOI (DYHKINIT YacTHHKK. HaBe1eHO acCHMITTOTHYHI
PIBHSHHS PyXY, 32 JOIOMOIOI0 SIKUX OTPUMaHO OCHOBHI XapaKTePUCTHUKU XBUJILOBOTO makera. J[is
BUOpaHOTO BUAY OOYpEHHS MOTEHINIay HaBEACHO MPHUKIAIN €BONIONII XBWIbOBOI (QyHKIi. HaBe-
JICHO TIPHKJIa] pyHHYBaHHS (KOJIANCy) XBUIbOBO1 (DyHKINI YHACTIIOK JIii IIyMOM. 3amporioHOBaHO
rirnoTesy Mmpo Te, 110 Yac J10 KoJiarcy 00epHEeHO MPONopLiiHIN IHTEeHCUBHOCTI IIyMy. 3a3Ha4UMO, 110
MeXaHi3M BUHUKHEHHsI Ta PO3BHUTKY KOJIAICy XBHILOBOI (DYHKIIIT, a TaKOX Horo (hizuyHa iHTepIpeTa-
1[I BUMAararoTh MOAAJBIIOTO JA0CTIIKEHHS.
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YK 620.9

0.€. MAJIAPEHKO, H.I1. IBAHEHKO

IactutyT 3aransHoi eHepretuku HAH Ykpainn

IMITAIIINHA MATEMATHYHA MOJEJIb IPOTHO3YBAHHS IIONUATY
HA ITAJINBO 3 YPAXYBAHHAM EKOJOT'TYHUX OBMEKEHb

Y emammi 3anpononoeano 0ockonaneny imimayitiny Mamemamuyry Mooeib NPO2HO3YE8AHH NONUNMY HA NAIUBO Md
11020 8UOU 3 YPAXYBAHHAM eKONO2IUHUX 30008 A3aHb, WO 8314 HA cebe YKpaina cmocosHo 3eleno2o eHepeemuiHo2o nepe-
X00y, 0bmedicenb Ha BUKUOU NAPHUKOBUX 2A318 Ma 3a0pyoHIoouux peuosun. Q20 YKpaincoKux i 3apyoidcnux nyonikayiu
ceI0uUmMb NPo me, Wo 6azamo 3 HUX He MOAHCYMb OYMU 3aCMOCO8AHI 00 YMO8 YKpainu uepes 6UCOKY HeCMabiibHICMb eKo-
HOMIKU Y 38 513Ky 3 agpeciero pocii. Memorw 00Cniodicen s € po36umorx IMimayitiHol MamemamuyHoi MoOel NPpOcHO3)6aAHHS
NORUMY HA NAUBO, SIKA HA BEPXHLOMY DIBHI 8DAX0BYE NOKAZHUK 2PAHUYHUX 8UKUOI6 napHuKkosux eazie y 2030 p., wjo oae 3moey
8UOUpamMU NPOSHO3HI CYeHapii nonumy Ha naiugo, nepedyCcim Ha 8yeiuis i HapmonpoOyKmu, SKi 3a CyMapHUMU NPOSHO3-
HUMU 00CA2aMU BUKUOTI8 NAPHUKOBUX 2A3i8 80 CHONCUBAHHS NATUBA 8IONOBIOAIOMb BUSHAYUEHUM OOMENCEHHAM HA SPAHUYHY
enepeoemuicmos BBII. Oomedicennsn na euxuou 3a0pyoHI0I04ux peio8un po3enaoaiomsvCs Ha PIiGHI MexHON02I 1K OON0GHEeHHs
0o yiel imimayitnol mooeni. Aemopu npedcmaguiu po3pooieHts, aHai3 Ma 600CKOHAEHHS IMIMAYIHOT MamemMamuyHol
MOOeL, NPUSHAYEHOT OJis ONUCY CKIAOHUX OUHAMIYHUX NPOYeECis, wo 8I00YEarOmMbCsi y MEeXHIYHUX CUCEMAX i3 po3nodile-
Humu napamempamu. Mooens IpyHMYeEMbCs HA PIBHAHHAX Y YACMUHHUX NOXIOHUX, 5IKI 8PAX0GVIOMb GNIUG NPOCHIOPOBUX
HEeOOHOPIOHOCMel, 306HIUHIX Kepylouux Oill ma HeliHitHux eghexkmis y cucmemi. Hageoeno nocmanosxy 3a60awnms, ymosu
KOpeKmHOCMI ma npuHyunu nodyoo8u YucenbHoi cxemu 015 po38 A3Y8aHHs pieHAHb. 1Iposedeno ananimuyne 00CHiOHCeHHs
cmigkocmi ma 30I3CHOCMI OMPUMAHUX PO36 SI3KI6, A MAKONC PO3POOIIeHO aneopumm ioenmugikayii napamempie mooeli 3a
excnepumenmanbHumu danumu. Haseoerno npukiaou mooentosants O Pi3HUX 3HAUEHb NAPAMempie, Wo niomeepodicyion
A0EK8AMHICb 3aNPONOHOBAHO20 NIOXOOY MA MONCIUBICMb 1020 3ACMOCYBAHHS 00 ONUCY NPOYECIE ) PEATbHUX MEXHIYHUX
cucmemax. Hagedeno npuxnaou piznux eapianmis mooepuizayii bypumuncexoi TEC, aki oaiomv 3M02y 3HU3UMYU NUMOMI
BUKUOU 8Y2TEKUCTI020 2d3Y I 3a0pyOHIoOuUX pewosuHt. Pospaxosaro numomy niamy 3a 6uKuou NApHUKOBUX 2a3is, uo Oie
6 Vxpaini, ma ycepeoneny ona €sponeticokoeo Cor3y. Pospodneno pexomenoayii wjo0o 3acmocy8anHs 3anponoHO8aHUX
cyenapiie. Ompumani pe3yriomamu MoX*Cyms Oymu UKOPUCMAHI Ol ONMUMI3AYii Kepy8anHs, NiosUuueHHs eHepeoeqhex-
MUBHOCII A 3HUIICEHHS. 6MPAM. Y NPOMUCLOBUX | eHEPLEMUUHUX 00 €EKMAX.

Knrwouoei cnosa: imimayitina mamemamuuna Mooensb, nONUM, NPOSHO3, NAIUEO, GUKUOU, NAPHUKOBE 2A31.

O.YE. MALTARENKO, N.P. IVANENKO
General Energy Institute of NAS of Ukraine

SIMULATION MATHEMATICAL MODEL FOR FORECASTING FUEL DEMAND
TAKING INTO ACCOUNT ENVIRONMENTAL CONSTRAINTS

The article proposes an improved simulation mathematical model for forecasting fuel demand and its types, taking
into account the environmental obligations undertaken by Ukraine regarding the Green Energy Transition and restric-
tions on greenhouse gas emissions and pollutans. A review of Ukrainian and foreign publications shows that many of them
cannot be applied to the conditions of Ukraine due to the high instability of the economy due to russian aggression. The
purpose of the study is to develop a simulation mathematical model for forecasting fuel demand, which at the upper level
takes into account the indicator of marginal greenhouse gas emissions in 2030, which allows choosing forecast scenarios
for fuel demand, primarily for coal and oil products, which, in terms of the total forecast volumes of greenhouse gas emis-
sions from fuel consumption, correspond to the specified restrictions on the marginal energy intensity of GDP. Limitations
on pollutant emissions are considered at the technology level as a complement to this simulation model. The authors
presented the development, analysis and improvement of a simulation mathematical model designed to describe complex
dynamic processes occurring in technical systems with distributed parameters. The model is based on partial differential
equations that take into account the influence of spatial inhomogeneities, external control actions and nonlinear effects
in the system. The problem statement, correctness conditions and principles for constructing a numerical scheme for
solving equations are presented. An analytical study of the stability and convergence of the obtained solutions is carried
out, and an algorithm for identifying model parameters using experimental data is also developed. Examples of modeling
for different parameter values are presented, confirming the adequacy of the proposed approach and the possibility of its
application to describing processes in real technical systems. Examples of various options for modernizing the Burshtyn
TPP are presented, which allow reducing specific emissions of carbon dioxide and pollutants. Accordingly, the specific
fee for greenhouse gas emissions, which is valid in Ukraine and averaged for the European Union, was calculated. Rec-
ommendations for the application of the proposed scenarios were developed. The results obtained can be used to optimize
management, increase energy efficiency and reduce losses in industrial and energy facilities.
Key words: simulation mathematical model, demand, forecast, fuel, emissions, greenhouse gases.
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IHocTanoBka npodaemMu

[IpoGnema MoeTIOBaHHS TIOMUTY Ha €HEPrOpEeCyYpCcH, 30KpeMa Ha TaJMBO, € HaJ3BUYANHO aKTy-
aJIBbHOIO0 B YMOBaX HOro Ae(iIuTy BHACIIIOK POCIHCHKOI arpecii. Ykpaina cboro/iHi He Ma€ JIOCTYITy JI0
CBOIX BUKOIHUX PECYPCIB Ha CXOA1 KpaiHi, TOCTIHHO pyHHYIOTbCS BHACHIIOK POCIMCBKUX aTak Ha(TO-
ra3oBu100yBHI mianpuemcTBa Ha CymmmuHi, [lonraBmuni, XapkiBmuHi. YkpaiHa € miImiucanToM ol
HHU3KH MDKHApOIHUX JTIOKyMEHTIB, [0 PENIAMEHTYIOTh 3HM)KEHHS CIIO)KMBAHHS BUKOITHOTO TajIMBa Ta
PO3BUTOK BiTHOBIJIIOBAaHMX JKepes eHeprii. PO3BUTOK iMiTaliifHOT MO POrHO3YBaHHs MOMUTY Ha
MAJIMBO 3 YpaxyBaHHSIM JIFOYMX EKOJIOTTYHMX OOMEXKEHb JAaCTh 3MOTY BH3HAYMTH HEOOXiIHI 00CsATH
CTIOKUBAHHSI ITAJTMBA 32 PI3HUX CIICHAPIiB TOBOEHHOTO BiAPO/KCHHS EKOHOMIKH YKpaiHH.

AHaJIi3 OCTaHHIX J0CTiKeHb | myOmikanii

[TuTaHHSAM MPOrHO3YBaHHS MOMMUTY HAa MAJIMBHO-EHEPTeTHUYHI PECYPCH 3 YpaxXyBaHHSM BIUIUBY
€KOJIOTTYHOTO YMHHMKA MPUCBIYEHO HU3KY MyOmiKalii SK 3apyOi’KHHUX, TaK 1 YKpPaiHChKUX YUEHHX.

Tak, y crarTi IHAINCHKUX yuyeHuX [1] 3ampornoHoBaHO eMIIPUYHY 3aJ1€KHICTh MK BYIJIELIEEM-
HICTIO K criBBinHOmMEHHs BUkuaiB CO, Ha qyiry HaceneHHs Ha oguuumio BBIl y mocTiiHux ninax
Ta HU3KOIO (pakTOpiB: MUTOMOIO eHeproemHicTio BBII Ha ay1iry HaceneHHs, TUTOMUM CIIO)KMBAHHIM
eHeprii 3 BiIHOBIIOBAaHUX JKEpeI Ha YNy HACEJCHHs, 3aralbHOI0 PEHTOI0 Ha MPUPONIHI PECYPCH,
ekoHOMIuHUM 3pocTanHsM BBII Ha nymry Hacenenns Ha npukiami [uaii. Leit miaxing moxnuBo agan-
TYBaTH Ui YKpaiHu 3 BU3HAYEHHSAM BIAMOBIIHUX KOedilieHTIB 6araro(akTopHOi Mojeri.

Hocnimkenns Himenpkux yaernx K. Pinm 1 @. [lTaiiake 3 JlapMIITaaTchkoro TEXHIYHOTO yHIBEp-
cuTeTy [2] NPUCBAYEHO MOZIETIOBaHHIO B Yaci BUKUIB CO, B MyIbTUMOIATILHUX €HEPTETUIHUX CHCTE-
Max 31 30epiraHHsM eHeprii B HaKomu4uyBayax. Y TaKuX MYJABTHMOJAbHUX €HEPreTUYHUX CUCTeMaX IS
OLIIHKY TPHUIATHOCTI MICIICBUX 3aXO/IB 31 CKOPOUYCHHS BUKH/IIB CO, BKIIMBO BU3HAYMTHU BILIUB MOZENL
CIO)KMBAaHHs OKPeMOro rpabus Ha 3aranbhi Bukuau CO,. [pencrapieno nsa HOBI METOMM OOYMCIIEHHS
3aexnux Bix yacy BUKuiB CO,, Ki CTOCYIOThCS PI3HMX LUIEH: nepiumii Meton BusHavae Bukumu CO,
CHEPreTHYHOT CHCTEMH SIK €; IPYTUH METOJ aHallisye, K 3araibHi BUkuau CO, 3MIHATBCA y BiNOBIIb Ha
HECKIHYEHHO Mati 3MiHu nonuty. [1{06 BusHaunTH 3a1exXHy Bijl 4acy iHTeHCUBHICTh BUKuAIB CO,, anai3
«II0 SKII0» aHali3ye aupepeniianbHi 3MiHu 3aranbaux BUKuiB CO, 10 BITHOIIEHHIO 10 3MiH HOIHTY.

B IncruryTi 3aransHoi enepretuku (I3E) HAH Ykpainu 6araro pokiB po3poOisuiuch imiTamiiiHi
MaTeMaTU4HI MojieNl 0OOUHCIICHHS TPOTrHO3HOIO MONMUTY Ha €HEPropecypcH 3 ypaxyBaHHSM BILIUBY
pi3HUX (PAKTOPIB: CTPYKTYPHI 3MIHM B €KOHOMIIII BHACHIJIOK TpaHCc(OpMaIil MOCTPaITHCHKOT €KOHO-
MIKH y PUHKOBY, TEXHOJOTIUHE €HEPro30epeeHHs 3a PI3HUX CLIEHApiiB YIPOBAKEHHS MPOEKTIB,
3alPONOHOBAHO KOMIUIEKCHUI METOJ] TPOTHO3YBAaHHS MOMUTY Ha eHepropecypcu. Lleit meron mpo-
THO3YBaHHS MOIMUTY HA €HEPTeTUYHI pecypcy OJJHOYACHO Ha KUTBKOX 1€papXiuHUX PIBHAX: «KpaiHa —
BHJIM €KOHOMIYHOT JISUTBHOCTI» a00 «KpaiHa — periOHH — BUU €KOHOMIYHOT AISUTBHOCTI» MPEACTaB-
neHui y pobotax [3; 4]. Lle# miaxing rpyHTY€EThCS Ha ICHYIOUMX YKPYITHEHHX 3a BUJIaMU €KOHOMIYHOT
JIsUTBHOCTI a00 perioHaMM CTaTMCTUYHUX JIAHUX Ta J]a€ 3MOT'Y BU3HAUUTH MPOTHO3HM €HEProCIIOKH-
BaHHSI 32 YMOBHM HETOYHOCTI CTATUCTUYHUX JIAaHUX, OTPUMAHUX 13 PI3HUX JHKEper.

Taxox B I3E HAH VYkpaiau po3poOsiiicst MaTeMaTHyHi MOZIEITi Pi3HOTO KJIacy, 10 BPaXOByBaJIH
exonoriyHui ynHHUK. Tak, po6ora B.M. Makaposa ta M.O. Ileposa [5] nocmimxye BIUIUB BUKHIIB
MAPHUKOBHUX Ta3iB B aTMOC(epy Ha ByIJIEBUI00YBHHUX IIaXTaX. 3a OCHOBY JIJISl PO3PAXYHKY KOSQIIIEHTY
€KOJIOTIYHOT MPUHHATHOCTI OepyThCS 3HAYCHHS MTUTOMUX BUKH/IIB METaHY ITi]1 9aC BUAOOYTKY BYTLJLISL.

V crarti [6] . Jlemenko Ta crniBaBTOpamMu po3poOseHo nmporHo3u BUKHIIB 1T B exBiBajeHTI
TIOKCHIY BYIJICIIO Ta BUKH/IIB METaHy BiJl ByTiIbHOTO cekTopa 10 2040 p. BusHaueHo, 110 y ByTiJIb-
HoMmy cektopi Bukuau 1" He mepeBuIaTh 3Ha4YeHHS, BUBHAYEHOTO BiAMOB1IHO 10 OHOBIICHOTO HaIli-
OHaJbHO BU3HAYEHOTO BHECKY, JJIsl BCIX PO3IISIHYTHX clieHapiiB 10 2030 p.

Bb.A. KocTOKOBCEKH y ¢TaTTi [7] OMHUM 13 Ba)JIMBHUX 3aBIaHb ITiJl 9aC IPOTHO3YBaHHS pPO3-
BHUTKY 00’€1HaHOI enekTpoeHneprernunoi cuctemu (OEC) Ykpainu Big3HaYae OmiHKY 00CSTIB BUKH-
niB mapHukoBuX rasis (I1) y mepcnekTuBi 3a pi3HUX ClieHapiiB il pO3BUTKY.
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VY ny6mnikarii [8] O.€. ManspeHko Ta CIiBaBTOPIB PO3MISIHYTO B3aEMO3B 30K MK ITOKa3HUKAMHU
SHEePreTUYHOI Ta eKOJOriyHoi e(eKTUBHOCTI. BusBieHo, 1m0 quHaMiKa 3MIHM LUX MOKa3HHUKIB Mae
CXOXKY TEHJICHIIIO, aJleé He TOTOXHY (PyHKIIIIO, 10 11 OMUCY€E, TOMY NMPOTHO3YBAHHS OOCSTIB BUKHIIIB
HE MPSMO TPOTIOPIIIIHO 00CSTaM CIIOKUTOTO MainBa. Mae 3HaueHHs CTPYKTYpa CIIOKUBAHHS T1aJIHBA.

VY crarri [9] O.€. Manspenko ta H.I1. IBaneHKO po3mIsiHYyTO 0OMEXKEHHSI Ha BUKHIM TAPHUKOBUX
rasiB JI0 pO3paxyHKOBOI IMITAI[IfHOT MOZIENI MPOTHO3YBaHHs MOMMTY HA MAJIMBO Ta ioro Buau. Lle oome-
KEHHSI YPaxoBye€ y3sTi YKpaiHO 3000B’s13aHHS B OHOBIEHOMY HAIlIOHAJIHHO BU3HAYEHOMY BHECKY IO
[Tapu3pKoi yronu Ta ae 3MOry aHajIi3yBaTH 3a CLEHApIIMH JAOLIbHI BAPIaHTH IPOTHO3HOTO HOMMUTY.

Bimomoro B Ykpaini maremarnunoro monemwto € TIMES-VYkpaina — nminiitHa onTtumizamiifHa
MOJIeNIb EHEPIeTUUHOI CUCTEMH, siKa 3a0e3Medye 0araToTeXHOJIOruHE MPEICTaBICHHS €eHepreTHYHO1
CUCTEMH (3HH3Y Bropy) JUIsl OLIIHKM €HEPreTHYHOI TUHAMIKHM B JOBTOCTPOKOBIM MEPCHIEKTUBI. Y Hil
SIK TTOKA3HUKH €KOJIOrIYHOI €()eKTUBHOCTI BUKOPUCTOBYIOThCS ByriieneBoeMHicTh BBII Ta nuromi
BUKHUIM TTAPHUKOBHUX ra3iB Ha ogHy ocoOy [10]. I3 2015 p. sminmmmcs GopMH CTAaTUCTUYHHUX JAHUX,
OlsbIIe HEe HaJaeThes 1H(pOpMallisd PO EHEProCHOXKUBAHHSA 32 BUJIAMU MPOAYKIi, 10 IKUX 004HC-
JIOETHCSL CHEPTOCIIOKMUBAHHS Yy JaHii Mozeni. ToMy pe3yibTaTd, 0 OTpUMaHi 3a Li€l0 MOJEIUIIO,
MOTP1OHO MOPIBHIOBATHU 3 pe3y/IbTaTaMy, OTPUMAaHUMU 32 THIIMMU MOJIEIISIMHU.

Merta nocaixzkeHHs
MeToro JOCIHIKEHHS € PO3BUTOK IMITALIHHOI MaTeMaTuyHOi MOJIEl MPOTHO3YBAHHS MOIUTY
Ha MajJMBO, SKa Ha BEPXHbOMY DIBHI BPAXOBY€ MOKa3HUK IPAHUYHUX BUKU[IB MAapHUKOBHUX ra3iB
y 2030 p., mo mae 3Mory BHOMpPATH MPOTHO3HI CLieHapii MOMMTY, MepeayciM Ha Byriuist 1 HadTo-
MPOYKTH, K 32 CyMapHUMH MTPOTHO3HUMH 00CSTaMH BUKHUIIB MTAPHUKOBUX Ta3iB Bl CIIOKWBAHHS
NajyBa BiANOBIAAI0TH BU3HAYCHUM OOMEKEHHSIM Ha TpaHUYHy eHeproeMHicts BBII.

Buxkiaa ocHOBHOT0 MaTepiaJty J0CTiIKeHHS
ImiTaniiiHa MaTemMaTuuHa Mojiesib OOUMCIIEHHS IPOTHO3HOI'O MOMUTY Ha €HEPropecypeH 3 ypa-
XyBaHHSIM BIUIMBY CTPYKTYPHHX 3MiH B €KOHOMIlll Ta TEXHOJIOTIYHOTO Mepe030pOEHHS Ha PiBHI Kpa-
inu (TOP-piBeHb) BU3Hayanacs 3a BIANOBIIHUMHU NMOKa3HUKAMH €HEPIeTUYHOI e(EeKTUBHOCTI: eHep-
roemHicTio BBIT 6a30Boro poky Ta oliHEHUM Ha MEPCIEKTUBY MOTEHLIaI0M eHeprozoepesxeHHs [3]:

j _ BB /BB _ Ap=Si _ (BB _ A BBISj \ 1, BBIT
Bl =e"V, AET, _(eﬁ, Ae;”, )Vt (1)

ne e.”” — eneproemuicts BBII j-Buay eHepropecypcy ajis 6a30BOro poky; AE), — o0CAr eKOHOMil

(mepeBuTpar) j-BUIY €HEPropecypcy 3a paxyHOK 3MiHHU S-CTPYKTYPH €KOHOMIKH (3MIHH CITiIBBIJTHO-
meHHs oocsris B/IB 3a cekropamu 10 BBII Ta 06csriB Bumycky npoaykiii B i-cextopi 10 B/IB y3a-

raJIbHIOKOYOTO CEKTOPY, PO3PAXOBYEThC 32 METOMUKOIO [3]); Aes”” — pisHUII MiK €HEPrOEMHICTIO

B

BBII y 6azoBomy (e, ) Ta B t-My (" ) pokax 3a s-1 crpykrypu BBII:

J I M

A =3T3 (A A )= S ST (o e} Y ek A S Y At (2)
s j i j i om ik i

ml

ne a)’, o —yYacTKa BIPOBAPKEHHS HOBITHBOI TEXHOJIOTIT y 6a30BOMY Ta {-My pokax; Ar° — 3MiHa
YaCTKH k-01 CEKIlii eKOHOMIKH, IO BXOAWUTH JO0 CKJIaJy YKPYIHEHOTO CEKTOpYy i (BHYTPICEKTOPHI
CTPYKTYpPHI 3MiHH); Ap; — 3MiHA YaCTKH i-T0 YKPYITHEHOTO CEKTOPY B CTPYKTYPi CKOHOMIKH KPaiHH.

Ho piBasiHHS (1) momaBamucs Taki OOMEXEHHS:

1) 3a eneproemuictio BBIT: 7 (" ;

2) 33 CTPYKTYPOIO Bupo6HunTBa BBII (cTtpyktypa BBII 3a yKpynHEeHUMH ceKTOpaMH €KOHO-
MikH): Y p! =1, ne p, —4dactka BJIB i-ro cexropy ekoHOMiKH y cTpykTypi BBII;

3) 3a crpykrypoto BJIB 3a BE]I (CTpyKTypa OKPEMOTo CEeKTOPY 3a BHIAMH KOHOMI4HOT JIisliTh-
HOCTI): ir,“* -1, e r° — yactka BJIB K-ro Buy €KOHOMIYHOI IisuIbHOCTI y cTpykTypi BB i- ro cek-

TOPY €KOHOMIKH.
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I3 nmpoBeneHuX BapiaHTHUX po3paxyHKiB eHeproeMHocTi BBII 3a pi3HUX s-X CTPYKTyp €KOHO-
MIKH y t-My polli BU3Ha4a€ThCs HalO1b1 ehekTuBHA 110710 BuKopuctanus I[IEP crpykrypa 3a ymoBu
HaWOLIBLIOrO 3HIKEHHS eneproemuocti BBIT: Ae2”™)0 .

[MoTenuian enepro3oepeskeHns AE), y npuBeaeHoMy Bulle piBHaHHI (1) 3rigHO 3 po3po0IeH00
B I3E HAH VYkpainu MeTo0510Ti€10 BU3HAYABCS SIK TEXHOJIOTTYHUH (32 pI3HULICIO TOKa3HUKIB eHep-
roe()eKTUBHOCTI MK ICHYIOUUMH MOKa3HUKAMHU Ta MEPCHEKTHBHUMH) [3] a00 €KOHOMIYHO JIOMIiIb-
HUH, KU TOTpedye KOMITJIEKCHOT OIIIHKU 3aX0/IiB 3 €Hepro3oepexeHHs [3].

TpanuiiiiHy KOMIJIEKCHY OLIIHKY 3aXOJIiB 3 EHepro30epekeHHs HaBeneHo y [3].

OHoBIIeHUH BapiaHT IMITALIHOT MOJIEN1 TPOTrHO3YBaHHS OMUTY BPAXOBY€ BIUIUB 3MIHU CTPYK-
TypH €KOHOMIKH, 00CSTH BIPOBAHKEHHS TEXHOJIOTTYHOTO IMOTEHITIATy €Hepro30epeKeHHs Ta OIIHKY
00CHTiB 3aMillIeHHS BYITICIIEEMHOTO MaJIMBa (BT, BaXKKi HATONMPOIYKTH) HAa MEHIII BYIJIELIEEMHE
abo HelTpanpHe (MPUPOAHMN Ta OUMIIEHI IITY4YHI roproyi ra3u (0ioras, 3Bajuil HUM ra3), TBEpHe
OiomannBo). YpaxyBaHHS €KOJOTTYHUX YMHHUKIB MOTPeOy€e €KOHOMIYHOTO OOTPYHTYBAHHSI JIOILIIb-
HOCTI BIPOBADKEHHS 3aXO[iB 13 MiJBUIICHHS €HEProe(eKTUBHOCTI YM OOTPYHTYBaHHS OOCSTIB iX
3aMiIIEHHS] MEHII IIKITMBUMHU. YIPOBAXKEHHS MPUPOAOOXOPOHHUX 3aXO/I1B 3 OYHUIIIECHHS BUKU/IIB
BiJ 3P morpebye OLIHKM 10JaTKOBUX €HEPrOBUTPAT HA POOOTY OYMCHOTO OO JHAHHSA. YpaxyBaHHs
B OJHIM MoJeIi BIUIMBY 3aXOAiB 31 3HW)KEHHS BHKUAIB napHukoBux rasis (I1I') Ta 3a0pymgHrorounx
PEYOBHH JyXe CKIATHO, OCKITBKM OOMEXEHHS Ha BIJMOBIIHI BUKUIM KOHTPOIIOIOTHCS Ha PI3HHUX
lepapXiYHUX PIBHAX €KOHOMIKM: MApPHUKOBUX ra3iB — HA BEPXHbOMY PiBHI (KpaiHa), 3a0pyqHIOI0UNX
PEUOBHH — Ha PiBHI TEXHOJIOTIH.

st piBHS kpainu [9]:

E’;‘OP — bgBﬂ V;BBIT iE;mpz _ZAE,;-:TX” izE;;( ) (3)
n !

ne E;”” — mporHo3 CHoXHBaHHI j-BHAY manuBa y ¢ poui Ha TOP-piBHi (kpaina abo perion); b, —
eneproeMuicts BBII j-Buny manusa y 6a3oBomy porii 6 Ha TOP-piBHi, KT y.1./TpH (KT H.e./TpH, M X/
rpu); V" — nporuosuuii 06¢cst BBIT exornomiku y ¢ porti Ha TOP-piBHI y OCTINHKX 1iHAX (IpUBEIE-
HHX JIO I1iH 6a30BOTO POKY), TUC TPH; *E;”" — CTPYKTYpHHI MOTEHIIall €HePro30epeKeHHs: CyMapHe
3HMKEHHS 200 30UTBIICHHS €HEeProCIOKUBAHHS j BUY MMAJHMBA Y / POL HIJISXOM 3MiHU i CTPYKTYpH
EKOHOMIKH Ta/ab0 CTPYKTypH ii CEKTOpIiB, KI' Y.IL./TpH (Kr H.e./rpH, MJDK/TpH); 2 AE;" — T€XHOIO-
TiYHHil MOTEHITaN eHepro30epeskKeHHs: 3HIKEHHS CTIOXKHBAHHSA j BUAY MAIUBA Y { POLI MIIAXOM N
TEXHOJIOT1YHUX 3MiH, KT y.IL./TpH (KT H.e./TpH, MJIX/TpH); ¥ £ — 00CSTH 3aMilIEHHS j BUy [1aJIHBa
{HIIMMH HU3BKOBYIICLICBIMH BUIAMH ITAJIMBa a00 JOXATKOBI 0GCATH €HEPropecypeiB Ha (YHKIIOHY-
BaHHs / €KOJIOTTYHUX TEXHOJIOTIH, 1110 HE € eHEPTrOOIIaJHUMU Y ¢ POIli, THC T Y.II. (THUC T H.€., [ [[X).

Jo piBastHHS (3) TOMAIOTHCS OOMEKEHHS Ha OOCSATH MTPOTHO3HUX BHKU/IIB MAPHUKOBUX T'a3iB Bij
CIIO’KMBAHHS OPTaHIYHOTO IMajiMBa (CyMapHO 3a BUJaMH) 3Ti1HO 3 OHOBICEHUM HaIllOHAJIBHO BU3HA-
4yeHUM BHeckoM Ykpainu 1o [lapusbkoi yrogu 2021 p. (HBB2) [9], sikuii Hagae oOMexeHHS Ha mpo-
THO3HI 00csTH BUKHIIB MapHUKoBHX Ta3iB y 2030 p. 1o 35% Bix oOcsATy BUKH/IB TAPHUKOBUX ra3iB
y 1990 p.:

mar _ co2 CH4 N20 iar
I/2030 - (V2030 + Kl V2030 + K2V2030 )SO’ 35 Vl990 B (4)

nie Vi, — 0bcsar BukumiB mapaukoBux rasis y 2030 p., kt CO, _ ; Vg, — 00CAT BHKHIIB JiOKCHIY
Byremo y 2030 p., kt CO, _; [} — xoedilient nepesopy metany y T CO, K= 25; Vyz' — 00csr
BukuAiB MeTany B 2030 p., xkt CO, 5 [} — xoedimieHT mepeony 3akucy asory y T CO,  x=298;
Vo — 0bcsr BukuaiB 3akucy asory B 2030 p., k1 CO, _ ; Vi, — 00CAT BUKH]IiB TAPHUKOBUX Ta3iB
y 1990 p., kT CO,

Takox 3apONOHOBAHO « YIOCKOHAJICHY KOMIUICKCHY OLIIHKY 3aXOJ1iB 3 €HEpro30epeeHHs», Ha
Ky OTPHMAaHO CBIJIOLITBO IPO PEECTPALlil0 aBTOPCHKOro mpasa Ha TBip Ne 125029 Bix 25.03.2024

[11], y sixiii 3a1IpONIOHOBAHO TaKl MOKAa3HUKHU:
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1) EnepretnuHi MOKa3HUKHU: YBEJIEHO IMPOTHO3HE I'paHWYHE 3HaueHHs eHeproemHocti BBII
(2030 p.), 3a sikoro OyayTh JOTPUMaHi KOIOTiYHI BUMOTH: Vo <0,35V,™ ; 110 3abe3meyars 00Csru
CTPYKTYPHOTO — AE.)"" i TEXHOJIOTIYHOTO eHepro30epekeHHs — AE,.. Ha MaKpOpiBHi.

2) ExoJioriuHiMOKa3HUKH: yBEICHOMPOTHO3HE rPaHYHe 3HaYeHHA MU TOMUX BUKUIIBIIT (CO
SIKe BU3HAYAETHCS 32 ICHYIOUMMH €KOJIOTTYHUMH 0OMEXEHHSIMHU 110 KpaiHi Ta mporao3om BBIT:

2—e1<B)’

2030

k2030 — Vﬂrepart (5)

Ml epan VBBI[
e

Slke orineHe 3a piBHAHHAM (4)
V250~ 0,351 = 209245,93 kT CO, .
2-eKkB

Irzp

ki <0,0537...0,074 kT COZ_CKB/rpH BBII (6)

3a nporHozaum BBIT Vg'= 3894,1 mupa rpH (ClieHapiif MOMIpHOTO BiTHOBJIEHHS €KOHOMIKH Ta
2827,2 Mapz TpH (KOHCEpBAaTUBHUM CLIEHApPiN).

3) VYnockoHaneHa OIliHKa €KOHOMIYHOI €()EeKTHBHOCTI BIPOBAKEHHS MPUPOJAOOXOPOHHUX
3axomiB [12]:

1. Busnauenns ckopouenus suxudie I11" ma exonomii enepeopecypcis.

2. Busnauenus exonomii gumpam (Ha 103BOJIaX 3a BUKUIM, HAa CIIOKHBAHHI €HEPTOPECypCiB).

3. Buznauenns 3a2anbHux eKOHOMIYHUX 61200 (CyMa €KOHOMII Ha J103BOJIaX Ta JOAATKOBUX €KO-
HOMIYHHUX BHUTO]l, 3MEHIIIEHA HA BAPTICTh YIPOBAHKCHHS 3aX0/IIB).

4. BusHayeHHs UmMpam Ha 6NPOBAONCEHHS. MA eKCHIYamayiro.

5. Po3paxynok yucmux 6u2oo.

6. Po3paxynok exonomiunoi egpexmusrocmi.

8. Ilepioo okynxocmi (17151 3aXO/IiB, 1110 € YUCTO EKOJIOTTUHUMU, HE OOYHCIIOETHCS).

9. Yucma npusedena eapmicmo (NPV).

10. Buympiwmns nopma ooxionocmi (IRR).

11. Ananiz wymaueocmi (MPOBOIUTHCS AJIsl OLIHKH BIUTMBY 3MIHU KJIFOYOBUX IApaMETPIB: BAPTICTh
JI03BOJIIB, 0OCAT CKOPOUCHHSI BHKH/IIB, CTABKA JUCKOHTYBAaHHS Ha MOKA3HUKH €KOHOMIUHOI e(EeKTUB-
HOCTI; II€ JJa€ 3MOT'Y BU3HAUUTH CTIMKICTh PE3YyJIbTaTIB 10 MOKIIMBUX KOJIMBAHb ITUX MTAPaMETPiB).

VYrnockoHaneHa KOMIUIEKCHA OLIHKAa €KOHOMIUHOI e€(eKTHUBHOCTI MOTpedye N0CTaTHHO Oararo
BUXIIHUX JTaHMX, sIKi TOTPiOHI AT MPUAHATTS OCTaTOYHOTO PIlIEHHS IIOIO JOUIIBLHOCTI BIPOBa-
JOKSHHS 3aX0/y 31 3HWKEHHST BUKUIB B aTMOcdepy.

Jlnis monepeaHbo1l OLIHKY JOIUIBHOCTI BIIPOBAKEHHS 3aX0ly MOYKHA OOMEXHUTHUCS KIJTbKOMa
MOKAa3HUKAMHU.

JIst OIIHKM BIUTMBY BUKHJIIB 3a0PYIHIOIOUYUX PEYOBHH HEOOXITHO MPOBOIUTH OIIHKY MO0
3HMKECHHS BUKHIIB 3a0pyIHIOIOYMX PEYOBHH 3TiHO 3 HallioHaabHUM MJIaHOM CKOPOYCHHS BHKHIIB
B1JI BEJIMKUX CIMATIOBAIIbHUX YCTAHOBOK [12], KOTpHil periaMeHTye 1Jisi KOHKPETHUX MaJIMBOCTATIO-
I0YMX YCTAaHOBOK (€HEpreTMYHUX, METaIypriHuX meuel, neueil HadTonepepoOHUX 3aBOJIIB, ra3o-
TYpOIHHUX YCTaHOBOK, 1H.) HOPMaTHBH BUKHUIB. AJTOPUTM BH3HAYEHHS PIYHOTO OOCATY BHKHJIIB
3a0pyIHIOIOYOI PEUOBMHU BiJl CHAIIOBAJIbHOI YCTAHOBKH Ta 3HAUEHHS IPAaHUYHMX PIYHUX BUKUIIIB
3a OCTaHHIN pik aii HamionaneHoTo Miany HaBeneHo y [12]. Haiibinbmie 06’ €xTiB, IO MiAMaIal0Th
mig airo HarionansHOTO TUTaHy cKOpoudeHHs BUKUIIB 3P, BkiroueHo 90 iCHYIOUMX BEIHKUX CHAITIO-
BaJIbHUX YCTAHOBOK HOMIHAJBbHOIO TEIUIOBOIO MOTYXHICTIO HEe MeHIe 50 MBT, axum Oyno HagaHO
MepIIni 103B1T Ha BUKUIU 10 | munHa 1992 p. 1 Ha AKHUX MIIAHY€ETHCS AOCATTH HOPMATHUBIB IPAHUYHO
JOMyCTUMHX BUKUAIB Ha BuKoHaHHA {upextusu 2010/75/€C npo npoMuCIIOBi BUKHIH.

HaBenemo mpukian po3paxyHKIB MATOMUX BHKHJIB BYIJICKHCIIOTO ra3dy i MATOMOI TUIATH 3a
BUKH/IH BYIJIEKHCIIOTO ra3y 13a0pyaHIOI0YMX PEYOBHH JUIsl PI3HUX BapiaHTIB MojepHi3auii bypiitun-
cekoi TEC. Bona npairioe Ha Byrinii. YcTaHOBJIEHA MOTYKHICTh cTaHOBUTH 2,3 I'BT. Cranuis Oyna
obnagHana enekrpoditsTpamu 1me B 19781980 pp.
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3anpornoHoBaHO TpH clieHapii MmoaepHizauii. [lepmii Bkitouae 3amimenns 20% Byriuig Ha 6i0-
Macy. [Ipy 11bOMy BUKHIU BYTJIEKHCIIOTO ra3y 3MeHIIYI0ThCs Ha 20%, OKCHLy CIpKH — IPUOIU3HO Ha
20% (3a paxyHOK HH3BKOTO BMICTY CipKkH B OioMaci), OKCHJIB a30Ty — TeX IpuoOam3Ho Ha 20% (3a
paxyHOK KOMITO3ULIIHHOTO eekTy), muiay — Ha 10% (Huk4a 30JbHICTS).

Hpyruii cuenapiii Bximouae migsumensst KK/ (3amina manbHUKIB Ha OU1bII €(DEKTHBHI) 32 paxyHOK
MoJIepHI3aLii o0safHaHHs. YC1 BUKUAN 3MEHIIIYIOTHCS POMOPIIIMHO 3MEHIIIEHHIO CIIOKUBAHHS [TAJINBA.

Tperiii crieHapiil BKJIFOYa€ yCTAHOBJICHHS OYMCHOTO OOJaHAHHS IS BIIXITHUX Ta3iB, a caMe:
necynbdypuzariito Bigxinaux rasiB (FGD), cenextuBHe karanituuae BimHoBieHHs (SCR) i miacuie-
HUI TUIEBIOBITIOBAY. [Ipy 1IbOMY BUKHAM BYIJIEKHCIIOTO T'a3y HE 3MIHIOIOTHCS, BUKHIU OKCHITY CIpKH
3MeHIYyI0Thes Ha 95%, okeuaiB a3oty — Ha 90%, nuiny — Ha 98%.

VY Tabn. | HaBeIeHO MUTOMI BUKUIU BYTJIEKUCIIOTO Ta3y i 3a0pyIHIOIOUNX PEYOBHH TSI 3aIPO-
MMOHOBAHUX CILIEHapiiB 1 6a30Boro, skuil npunyckae podory TEC y moTouHomy pexumi.

Tabmurs 1
[TuToMi BUKHIM BYIJIEKUCIIOTO ra3y i 3a0pynHioounx pedoBuH, T/MBt-rox [13]
Cuenapiii CO: NOx SO: IMua
baza 1,032 0,003273 0,008727 0,000545
20% Giomacu 0,8256 0,002618 0,006982 0,000490
MojepHizamisg (N=38%) 0,896 0,002843 0,007579 0,000473
FGD+SCR+¢inbrpu 1,032 0,000327 0,000436 0,000011

VY Tabn. 2 HaBeJeHO TUIaTy 3a BUKU/M 32 CTaBKaMM YKpaiHH, a B Ta0i. 3 — miary 3a BUKUIU 32
craBkamu €C. ¥V apyromy BUNaJKy IHJI IPOMYIIEHO, OCKIJIBKYA FAPMOHI30BAHOT0 MO/IaTKy HEMAE.

Tabmuis 2
[Tnara 3a BUKUAM 3a cTaBKaMu YKpainu, rpa/MBT-rox [14]
Crienapiii CO: NOx SO: Iun Pazom
(30 rpu/T) (2574,43 rpu/T) (2574,43 rpu/T) |(96,99 rpu/T)
baza 30,96 8,43 22,47 0,05 61,91
20% 6iomacu 24,77 6,74 17,97 0,05 49,53
MojepHizamig (N=38%) 26,88 7,32 19,52 0,05 53,77
FGD+SCR+¢insrpu 30,96 0,84 1,12 0,00 32,92

3a yKpaiHChKUMU CTaBKaMU HalO1IbIIe 3HIKEHHS TUIaTH JIa€ TPETii crieHapiil (ourcHe obnai-

HaHH$) 4yepe3 3HmKeHHs BUKUIIB SOz 1 NOx. Ilepmmii cuieHapiii TakoX 1CTOTHO 3MEHIIYE IJIaTy 3a
paxyHok CO2 1 SOs..

Tabmums 3
[Tnara 3a Bukuau 3a ctapkamu €C, €/ MBT Tom [15]
Cuenapiii CO: (€79,5/1) | NOx (€48/T) | SO: (€64/1) Pa3zom
baza 82,0 0,16 0,56 82,72
20% G6iomacu 65,6 0,13 0,45 66,17
MojepHizaiis (N=38%) 71,2 0,14 0,49 71,82
FGD+SCR+¢insrpu 82,0 0,02 0,03 82,04

3a eBponelicbkux 1iH nominye CO: (EU ETS). Tomy nepuuii cuenapiit (6iomaca) HaO1IbII
«BapricHo-e(ekTuBHU» mono EU ETS, 3amkye Butparu Ha 16,6 €/ MBT ron npotu 6a3u; apyruii
crieHapiit ekoHoMuTh Ou3bko 0,9 €/MBT TO1; a TpeTiii — Maiike He 3MIHIO€ BUTPATH, aJie Pi3KO 3MEH-
Iye€ JIOKaJbHe 3a0py/IHEHHs (CaHITapH1/103B1JIbHI BUMOTH, TIOCTYIl HA PUHKH).
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TakuM 4MHOM, 32 YMHHUX TOJATKIB, SKIIIO MaTH 3a METy MIHIMI3allil0 IJIaTeXIB 3a 3a0pyIHIO-
Badi, MPIOPUTET Ma€ YCTAHOBJICHHS OUMCHOTO 00MaHaHHs: -47% 1IaTrexiB mpoTH 0a3u ILTIC CHUITh-
HUH exonoriunuii edext y perioni (SO/NOx/mmi). SIKImo 3a MeTy MaTé 3MEHIICHHS BYIJICIIEBOTO
cniny (ta miaroroska 10 CBAM/ETS), To nepuii aBa cueHapii n1aroTh kpamuid pe3ynsrat: -20% CO-
a60 -13% CO:na MBT TOI. BIAMOBITHO.

3a ymoB €C nepmuii crieHapiit (kodaiipuar 6ioMacu) gae 0TI BUCOKHI Pe3yNbTaT, aHDXK JApY-
TUH 1 TPETiH, 13 Moy BUTpaT. BogHouac TpeTiid crieHapiii KpUTUYHO BaXKJIMBUH JIJIS BiATOBIAHOCTI
piBHAM 3a0pyIHEHHS 1 JIOKaJIbHOT SIKOCTI IOBITPs (6e3 mpsimoi ekoHoMii o COz).

BucHoBku

VY crarTi npeAcTaBIeHO PO3BUTOK iICHYIOUOT IMITAIIITHOT MaTeMaTHYHOI MOZIEIIi MPOTHO3YBAHHS
MOMUTY Ha MaJIMBO Ta HOr0 BUAM 3 YpaxyBaHHSIM €KOJOTIYHHX 3000B’s13aHb, sKa B1JIPI3HAETHCS Bij
MOTNEepeIHbOI BEepCii OHOBJIEHOI0 KOMIUIEKCHOIO OL[IHKOIO 3aXO[(IB, L0 CHPHUSIOTh 3HI)KEHHIO BHKH-
JiB IIKIJUIMBUX pEYOBUH. HajaHO MPHUKIAIM TEXHOJOTIH, 10 CHPUATUMYTh CKOPOUYCHHIO BUKH/IIB
SK TAPHUKOBUX Ta3iB, Tak 1 3a0pynHIo0unX pedoBuH. [IpencraBiena Moaens qae 3Mory oOUUCIUTH
00CSTH MPOTHO3HOIO MOMUTY Ha MajHBO B T.Y.II/T H.€. Ta 32 BUJAMHU Yy HATYpaJbHUX OAMHUIAX: T
BYTUIIS, T HAQTOMPOAYKTIB, TUC M KyO. ra3y. OImiHKa MPOTrHO3HUX OOCATIB 3 ypaxyBaHHAM 3MiHU
CTPYKTYpPH €KOHOMIKH BHACIIJIOK BOEHHOI arpecii mpotu YKpaiHu Oyja po3msHyTa y MONepeaHix
nyOuikamisax aBTopiB. Y JaHil CTaTTi HOKAa3aHO MPHUKIAIN 3aCTOCYBAHHS KOMIJICKCHOT OLIHKU 33aX0-
JiB, IO CIIPUSATUMYTh 3HUKCHHIO BUKH/IIB 3a0pyTHIOIOYHX PEUOBUH B aTMOC(hepy 3a CIieHapiiB ympo-
BaJDKEHHS PI3HUX BapiaHTiB MoxaepHizallii ByriasHo1 TEC. BiamoBigHo po3paxoBaHO MUTOMI BUKUIN
MApPHUKOBUX Ta3iB 1 3a0pyJHIOIOUMX PEUOBHH, IUTOMY IIATy 3a i BUKUAM 32 CTaBKaMH, 110 JAiI0Th
B YKpaiHi, Ta ycepenneHi st €Bporneiicbkoro Corosy. Po3pobieHo pexoMeHaamii mom0 3acTocy-
BaHHs 3alIPOIIOHOBAHUX CLEHapiiB. OTpUMaHi pe3yiabTaTd MOXYTh OyTH BUKOPUCTAHI AJISl ONTHMI-
3anii KepyBaHHS, MiJBUICHHSA €Heproe(eKTUBHOCTI Ta OLIHKM 3HM)KEHHS BUTpAT y MPOMHUCIOBUX
1 eHepreTHYHUX 00’€KTaxX, a TaKOK 32 MPOTHO3HOI OLIHKMU OOCSATIB YIIPOBAKEHHS IIUX TEXHOJOT1N
(K1 T 9ac MOCTIHHUX OOCTPUIIB €Heprood’ €KTIB BaXKKO OILIIHUTH) JJISI TPOTHO3YBaHHS TOMHUTY HA
MAJIMBO 32 YMOB YIIPOB/KCHHS €KOJIOTTYHHUX 3aXOIB.
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MODELING THE PROCESS OF FORMING RECOMMENDATIONS
FOR IMPROVING PRODUCT STRATEGIES OF AN IT COMPANY

The process of strategic analysis of product strategies based on the results of determining the priority areas of
development of an IT company is considered in the article. The purpose of the study is to increase the effectiveness of
company product strategies by generating recommendations based on a strategic analysis of the results of IT product
sales on the market. It has been proven that the urgent problem is to develop a business process for strategic analysis of
product strategies, considering market conditions, investment and resource opportunities of the company, and to improve
product strategies in accordance with market requirements and the company's strategic goals. Since IT products and
services are specific «goodsy in the IT market, there are certain limitations in using existing strategic analysis methods
to determine their competitiveness. Based on the research, it was concluded that the integration of classical methods
of strategic analysis and artificial intelligence methods is needed. A business process for analyzing product strategies
and making recommendations for their improvement is proposed. It includes the following stages: 1) formation of a set
of external factors influencing the company's activities as a result of PESTLE analysis; 2) analysis of the strengths and
weaknesses of the IT company using SWOT analysis; 3) formation of a set of factors influencing the company's activities,
4) analysis of the main influencing factors using pairwise comparison on the Saati scale; 5) selection of promising product
areas as a result of the using of the analytic hierarchy process; 6) analysis of the results of the implementation of each IT
product to evaluate the relevant product strategies; 7) formation of a KPI system for assessing the product strategy, which
characterize three aspects of the effectiveness of the strategy implementation for a certain period: aggregate financial
indicator,; average customer satisfaction indicator, average sales and marketing efficiency indicator; 8) evaluation of
software product strategies based on the implementation of the rules system, which are built using fuzzy logic tools,9)
generation of recommendations for improving each product strategy using of the fuzzy inference system. Recommendations
for improving product strategies, taking into account influencing factors and in accordance with the company's strategic
goals, are formed as a result of implementing the process.

Key words: information technology, business process, modeling, decision, artificial intelligence, analysis, expert
assessment, analytic hierarchy process, fuzzy logic, key performance indicator, recommendation.

B.}1O. MOCKAIJIEHKO, M.A. TPUHYEHKO

HarmionanpHU TeXHIYHUN YHIBEPCUTET «XapKiBCHKUH MOMITEXHIYHUH IHCTHTYT»

MOJEJIOBAHHS MTPOLIECY ®OPMYBAHHS PEKOMEH AL
OO0 MOKPAIIIEHHS MPOAYKTOBUX CTPATETIH IT-KOMITAHII

Y pobomi posensinymo npoyec cmpameeiunoco aHanizy npoOyKmMOGUX CmMpamezil HA OCHOBL pe3Vibmamie
BUBHAUEHHs npiopumemuux Hanpsamie poszsumky IT-komnawii. Mema Oocniodcenns — nioguwumu eQekmueHicmo
NPOOYKMOBUX Cmpamezitl KOMNAHIT 3a805KU (OPMYBAHHIO PEKOMEHOAYIll HA OCHOBI NPOBEOEHHs CIPAMEe2IYH020 AHANIZY
pesynemamis peanizayii IT-npodykmie Ha punky. /[osedeHo, ujo akmyaibHuM 3a80aHHAM € po3pobients bizHec-npoyecy
cmpameziuH020 ananizy npoOyKmosux cmpameziii 3 ypaxy8aHHIM pUHKOB0I KOH TOHKMYPU, IHBECMUYITIHUX MA pecypPCHUX
MOdICIUBOCTNEN KOMNAHIT MA 8600CKOHANEHHS NPOOYKMOBGUX CIMPamezitl 8i0N0GIOHO 00 GUMOE PUHKY MaA 00 CIMPAMEeiYHUX
yinet komnanii. Ockinoxku IT-npodykmu ma cepsicu € cneyu@ivnumu «mosapomy Ha IT-punxy, mo € nesHi 0omedceHHs
BUKOPUCTNAHHA ICHYIOUUX MemOoOi8 CMPAmMeziyHo20 aHanizy 015 GU3HAYEHHs IXHbOI KOHKypenmocnpomodichocmi. Ha
OCHO8I 00CNIOJNCEHb 3pOONICHO BUCHOBOK, WO NOMPedYEMbCs IHMe2payis KIacUdHUX Memooie cmpamecivHo2o aHdaizy
ma Memoois wmy4Ho2o iHmenekmy. 3anponoHosaro OisHec-npoyec aHalizy NPOOYKMosUx cmpamezitl ma opmysants
pekomenoayitl wodo ix nokpaujenHs. Bin exnouae maki emanu: 1) popmysanua MHOMCUHU 308HIUHIX YUHHUKIG 8NIUBY HA
oisnbricms IT-komnanii sik pesynemam nposedenns PESTLE-ananizy; 2) ananiz cunohux ma ciabkux cmopin IT-komnanii
3 euxopucmanuam SWOT-ananizy, 3) hopmyeaniisi MHONCUHU YUHHUKIE BNAUBY HA OISLIbHICHb KOMRAHIL, 4) aHani3 0CHOBHUX
YUHHUKIG BNIUBY, GUKOPUCMOBYIOUU NONApHe nopieHauHs 3a wxanoro Caami; 5) eubip nepcnekmuHux npooyKmosux
Hanpsamie y pe3yismami peanizayii memooy ananizy iepapxiu; 0) ananiz pezynibmamis peanizayii kosicnozo IT-npodykmy
015 OYIHKU BIONOBIOHUX NPOOYKmMosux cmpameeiii; 7) popmysanus cucmemu KPI 0ns oyinku npodykmogoi cmpameeii,
AKI Xapaxkmepusyroms mpu acnekmu epekmuernocmi peanizayii cmpamezii 3a nesHuil nepioo: azpe2osanull Qinancosull
NOKA3HUK, CePeOHill NOKAZHUK 3a00801eHOCI KIIEHMIB, CepeOHili NOKA3HUK e(heKMUBHOCTT NPOOAIICi8 | MaAPKeMUHe080i
epexmuenocmi, 8) oyinku cmpameziii NPOSPAMHUX NPOOYKMIE HA OCHOGI pealizayii cucmemu npasui, siki no0yo006ami
3 GUKOPUCMAHHAM THCMpPYMeHmie Heuimkoi noeiku;, 9) (opmysanns pexomeHoayiil wooo NOKPAWEHHS KONMCHOT
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npooyKmogoi cmpamezii Ha OCHO8I peanizayii cucmemu HeuimKo2o 8UCHOBKY. V pesyibmami peanizayii 3anponoHo8aH02o
npoyecy ghopmyromsca pekomeHOayii w000 NoKpaujerHs cmpamezili nepCneKmueHux nPoOYyKmie, ypaxoeyrouu gpaxmopu
8NIUBY MA 8IONOBIOHO 00 cmpameziuHux yineu po3gumxy IT-komnanii.

Knrouosi cnosa: inghopmayitina mexnonozis, 6iznec-npoyec, MOOENOSAHHS, PIUEHHs, NPOOYKMO8Ad CMpamezis,
wmyuHutl iHmenexm, ananiz, exCnepmue Oyini08aHus, Memoo ananizy iepapxiil, nonapHe NOPiGHAHHSA, HeUimKa 102iKda,
KAIOU08ULL NOKA3HUK eqheKMUBHOCTI, pEeKOMeHOayisl.

Problem Statement

Modern research on the Ukrainian IT market reveals trends of increasing the share of product
companies, expanding services, companies' transition to developing IT products using artificial intel-
ligence methods, etc. [1; 2].

The Ukrainian IT market is characterized by two main features:

1) rapid growth of competition, which encourages every company to develop high-quality IT
products and implement a customer-oriented approach;

2) avariety of software products (IT services) that are in demand by various companies to effec-
tively support their activities.

Therefore, IT companies focus on implementing projects to develop software products and ser-
vices that ensure their sustainable development over a long period. The activities of a Ukrainian IT
company that develops several types of software products, that is, has several product areas, are
considered in the article. The company needs to determine its development prospects for the planned
period in accordance with its strategic goal — long-term profit growth by increasing the company's
competitiveness in the IT market. It is necessary to analyze IT products from the point of view of
their compliance with the needs of the changing market and taking into account the company's capa-
bilities (investment resources, professional personnel, innovations and the latest technologies, etc.) to
achieve the strategic goal.

Thus, the main management problem is formed. This is a strategic analysis of the competitive-
ness of IT products and the identification of priority products (or directions). Development strategies
and investments in promising IT projects are determined based on the results of such an analysis.
Strategic analysis should be carried out at different stages of product life cycles, and it requires con-
stant accumulation and analysis of large amounts of data. Therefore, the problem of developing and
implementing software to support the process of strategic analysis and determining priority areas of
company development and forming effective product strategies in accordance with the strategic goals
of the IT company is relevant.

Analysis of recent studies and publications

Strategic analysis of the IT company's activities is the process of conducting research on
the impact of the internal and external environment (market conditions, IT products and services,
resources, etc.) to formulate strategies for the company's development according to the strategic goal.
The key goal of conducting a strategic analysis of an I'T company is to determine the effectiveness of
current product strategies in the IT market. Companies most often use the following basic approaches
(frameworks) VRIO, Resource-Based View (RBV), SWOT, Value Chain and PESTEL, etc. to con-
duct strategic analysis. They can also be a tool for analyzing and developing effective product strate-
gies for a company [3].

PESTLE is used as a tool for researching the political, economic, social, technological, legal,
and environmental factors influencing an IT company's business. Such an analysis helps to identify
the market opportunities of an IT company and external threats as a result of assessing government
data policies, the economic impact of inflation or recession on IT spending, social trends in remote
work or digital literacy, technological advances in artificial intelligence and cloud computing, legal
requirements for data privacy, including environmental concerns regarding e-waste. Therefore, it
helps to identify external risks of an IT company [4].
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SWOT analysis as a method of strategic analysis is used to understand the internal and external
environment of an IT company. SWOT analysis is a common tool for identifying strengths, weak-
nesses, opportunities and threats of a company and can be used to evaluate an IT product or for the
product areas of an IT company [5].

Popular frameworks such as HEART (Happiness, Engagement, Adoption, Retention, and Task
Success) [6] and AARRR (Acquisition, Activation, Retention, Referral, and Revenue) are used to
analyze the customer-centricity of an IT product and prospects in the market, in addition to common
methods of strategic analysis [7].

Google's HEART framework assesses user experience (UX) based on the measurement of five
key metrics: Happiness, Engagement, Implementation, Retention, and Success of User Tasks in a
software product. The result is specific data that is used to make a design decision (usability) and
improve functionality.

The AARRR framework («Pirate Metrics») is a marketing model for measuring product user
behavior to improve each stage of the customer experience across five key stages of the customer
lifecycle: engagement, activation, retention, referral, and revenue.

The Analytic Hierarchy Process (AHP) is used to comprehensively understand the problem
of defining strategies and to support managerial decision-making [8]. AHP is one of the most used
multi-criteria decision-making methods. It is used in situations where objective and subjective deci-
sions of decision-makers need to be evaluated together [9]. The method provides a tool to represent
the decision-making structure; it is used to evaluate alternatives in a logical and rational way. AHP
helps the manager to make decisions, structure the problem into a hierarchy — from the general goal
(to solve the problem) to specific criteria for making certain decisions and alternatives for achieving
the goal or solving the problem. The relative coefficients of importance of each element, including
the importance of each alternative, are determined using the technique of pairwise comparisons of the
elements of the hierarchy [10].

Key performance indicators (KPIs) are usually used to assess the results of strategy implementa-
tion. The paper [11] proves that the formation of a system of KPIs of IT products is an urgent task in
the process of analyzing the results of the company's activities. The necessity of conducting a factor
analysis of integral indicators of the company's competitiveness to determine effective development
strategies has been substantiated. A cognitive model is proposed to determine the impact of the values
of key product performance indicators on the achievement of the strategic goals of the IT company
in the planning period.

Statistics, survey data, and expert assessments are required to determine KPI values. Fuzzy
logic tools are often used to process such heterogeneous data and to form certain conclusions about
the results of strategy implementation [12]. For example, the Fuzzy Inference System Tree is used
to make managerial decisions based on the knowledge formed to solve complex problems. A fuzzy
decision support system for improving software design based on user experience assessment and user
satisfaction level when interacting with software is proposed in the article [13]. Personalized recom-
mendations are also provided to improve the user experience as a result of the implementation of such
a fuzzy decision support system.

Therefore, the above strategic analysis tools should be used to analyze the effectiveness of a
company's market strategies, to solve local problems of strategic analysis of an IT product at the
stages of its life cycle. Since IT products and services are specific «goods» in the IT market, there are
certain limitations to the use of existing methods, strategic analysis frameworks for evaluating the
product strategies of an IT company. It was concluded based on research into these limitations that
artificial intelligence methods need to be added to the «classical» methods of strategic analysis. Var-
ious methods of artificial intelligence can be effectively applied to prepare and analyze data that are
necessary for conducting a strategic analysis of the market results of the implementation of IT prod-
ucts and services, including for the formation of recommendations for improving product strategies.

https://doi.org/10.32782/mathematical-modelling/2025-8-2-20 ISSN 2618-0332 (print), 2618-0340 (online)
192



ITPUKIIA/THI ITHNTAHHA MATEMATHYHOI O MOJE/IFOBAHHA T. 8, Ne 2, 2025

Research objective

Since the IT market is changing rapidly, a product company needs to regularly analyze the effec-
tiveness of product strategies, adjust them depending on changes in market situation, the emergence
of new user needs, depending on resource opportunities and the company's strategic goals. Conduct-
ing a comprehensive strategic analysis of product strategies based on marketing data, performance
data, and taking into account the company's goals is required to develop product strategies to increase
the competitiveness of IT products.

The objective of the study is to increase the effectiveness of product strategies of an IT com-
pany through the formation of recommendations based on a strategic analysis of the results of the
implementation of IT products on the market. The results of the study proved that existing strategic
analysis tools need to be adapted to the specifics of the IT market and the features of determining the
competitiveness of a software product. Therefore, an urgent problem is the development of a business
process for strategic analysis of the product areas of an IT company, taking into account market con-
ditions, investment and resource opportunities of the company, if product strategies correspond to the
strategic goals of the company.

Presentation of the main material of the study

This article is a continuation of the authors' research. The paper [3] considers the main stages
of information technology of strategic analysis of the company's software. The results of the SWOT
analysis for each IT area of the company are used in the article [3] to determine the competitiveness
of IT products. But it is necessary to thoroughly analyze the impact of the external environment on the
company's activities to determine market opportunities and threats. Therefore, it is proposed to first
carry out a PESTLE analysis of the macroenvironment of an IT company. Then experts determine
the market opportunities and threats to the IT company, taking into account the influence of external
factors. Experts determine the strengths and weaknesses of an IT company using a SWOT analysis.
Experts form risk factors and company-friendly factors that need to be taken into account when
improving product strategies. The stages of evaluating product strategies and providing recommen-
dations for their improvement were added to the information technology.

Thus, a business process is proposed for assessing and analyzing the product strategies of an IT
company and formulating recommendations for their improvement, taking into account the priority
areas of the company's development (Fig. 1). The IDEF0 functional modeling notation is used to
develop a business process model.

Let's consider the main stages of the business process.

Al. Formation of a set of external factors influencing the activities of an IT company. The
experts formed factors in six groups based on the analysis of the macro environment of the IT com-
pany as a result of PESTLE-analysis.

1. Political factors:

P1 — government policy towards the IT industry (the impact on the prospects for the develop-
ment of the IT industry, including the impact on investments in this industry);

P2 — tax policy in the IT industry (the impact of taxes on the company’s profitability).

P3 —trade policy (e.g. international trade rules affect the import/export of technology and equip-
ment, including their cost);

P4 — budget expenditures (state subsidies or investments in IT development, including state
projects, state financing of IT projects affects the growth of the IT industry);

PS5 — state cybersecurity policy within the national policy (affects the emergence of new IT prod-
ucts in the field of cybersecurity).
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Fig. 1. Model of the process of analyzing product strategies and forming recommendations for their improvement

2. Macroeconomic factors:

M1 — economic growth or recession, GDP dynamics (impact on market demand for IT products
and services);

M2 — interest rates (impact on the cost of a loan for both IT companies and their customers);

M3 — inflation rate, which affects the cost of IT companies' equipment, labor, etc.;

M4 — unemployment rate (impact on the cost of IT specialists, availability of qualified personnel);

MS — income of the population and companies (impact on the cost of using IT products, pur-
chasing software, etc.)

M6 — exchange rates (impact on foreign investment in the IT sector, on operating costs for inter-
national projects of IT companies, on the volume of international sales of IT products and services by
Ukrainian companies, on the cost of international contracts, etc.).

3. Social factors:

S1 — the growth rate of digital literacy in the country (impact on the pace of introduction of new
IT, on the formation of a talent pool of IT specialists, etc.);

S2 — remote work trends (impact on demand for online work tools, cybersecurity software, I'T
services, e.g. cloud infrastructure deployment, etc.);

S3 — trends in changes in the consumers behavior of IT products and services (impact on the
emergence of new IT products due to the creation of new needs for digitalization, impact on the
update of outdated applications);

S4 — demographic factors (aging or population growth in a country affects the demand for cer-
tain IT products and services, as well as the distribution of labor force in the IT field);

S5 — the needs of the population in education and obtaining IT qualifications (influence on the
formation of the reserve of IT specialists);
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S6 — cultural trends in the country (affect user experience, product design, distribution system, etc.).

4. Technological factors:

T1 — the development of innovations (the need to use systems with Al, cloud computing, block-
chain, etc., affects the structure of the IT market, the emergence of new products, for example, the
needs of businesses to quickly process large amounts of data, solve complex problems stimulates IT
companies to develop software using machine learning, natural language processing algorithms, etc.,
create innovative IT products, services, etc);

T2 — trends in information protection (the emergence of new types of cyber threats requires
increased investment and innovation in the development of cybersecurity software);

T3 —trends in the automation of technological processes, management processes (the emergence
of business needs in the reengineering of work processes, for example, in the use of new equipment,
hardware, changes in communication standards, etc., affects the development of relevant software,
which creates new market opportunities for IT companies);

T4 — government projects on the automation of public services (impact on the I'T market, on the
demand for certain IT services and products).

5. Legal factors:

L1 — data protection and privacy laws (rules such as the GDPR or others must be taken into
account in companies that process personal data);

L2 — intellectual property laws (impact on software development, patents and copyrights, on
their cost of development and implementation);

L3 — antitrust and competition law (impact on mergers of IT companies, as well as acquisitions
and dominance in the IT market);

L4 — labor law (regulates the hiring of IT company specialists, labor practice and remote work,
for cooperation by contractors, especially in the international context);

L5 — consumer protection laws and regulations on digital services (affects the quality and cost
of IT services and software products).

6. Environmental factors:

E1 — energy consumption level (the impact of using a company's IT infrastructure can have a
significant carbon footprint, etc.);

E2 — government policies on e-waste and energy efficiency (adopted laws on the disposal and
recycling of electronic equipment may affect the overall costs of the IT company);

E3 — environmental impact of the use of data centers and cloud infrastructure.

The selection of the main factors influencing the activities of an IT company is carried out in
each group on the basis of a pairwise comparison of the factors of the group.

The results of the comparison of factors by experts are placed in a prepared template, an exam-
ple of which is given in Table 1, using the following scheme: a factor is sequentially selected, for
example, P1. P1 is compared with factor P2. If factor P1 has a greater impact on the activities of the
IT company than P2, then the expert puts the symbol «>» in the cell, otherwise the symbol «<« is put.

The score for each factor is equal to the number of «>» symbols in the corresponding row. Next,
the factor with the highest score is determined. As a result, the expert selects the factor with the high-
est score in each group. If two factors in the table have the same maximum score, they can be included
in the set of external factors, according to the expert's opinion. If, as a result, more than two factors in
a group receive the same score, the experts must revise the comparative scores of the factors in that
group. The factors that received the highest scores in each PESTLE analysis group form the set of
external factors influencing the IT company's activities.
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Table 1
Example of a comparative table for political factors
1. Political factors
Score
P1 P2 P3 P4 P5

P1 < > < > 2
P2 < > > 3
P3 < < 1
P4 < 2
P5 2
Maximum score 3

Factor P2

For example, if two factors were selected from each group, then the Fext set is formed as follows:

wllereA the set Fex contair}s §uch elemezntsA as important political A(f)la }52), economic (1\7[1, MZ),
social (S,, S,), technological (T, T,), legal (L,, L,) and environmental (E,, E,) factors.

If the number of factors, according to experts, needs to be reduced, for example, as in this exam-
ple, then it is proposed to conduct an additional comparative analysis of such factors. An example of
a comparative table of selected external factors is given in Table 2. As a result, six factors have been
obtained, which, according to experts, have the greatest impact on the activities of an IT company.

Table 2
Example of a comparative table of external factors
ExtAernal Afactors _ _ Score
F /K M| M|S[|S |T|T |L| L E, E,
P < < < < < < < > > > > 4
P‘2 > < < < < < < < > > 4
M; < < < < > < > > > 5
M, < < > < > > > < 7
Sl > > > > > > > 11
S, > > > > > > 10
T, > > > > > 8
T, > > > > 7
L < > > 4
LA2 > < 3
El > 1
B, 2

Therefore, a set of important external factors that, according to experts, affect the activities of an
IT company are formed as a result of PESTLE analysis:

Fext — {fxtl, ]@xlz’ . .j@xtn}’
where n — the number of factors identified.

It should be noted the following: the number of main factors of influence can be determined
depending on the state of the economy, the impact of state policy on the development of the IT indus-
try, etc. Usually, when the strategic analysis process begins, experts understand the situation in the
IT market and state policy and other aspects that need to be taken into account. A large number of
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identified factors can lead to an increase in the inconsistency of expert opinions and an increase in the
time for analysis.

A2. Analysis of the strengths and weaknesses of the IT company. The first part of the SWOT
analysis is used. The result of the implementation of such a stage is a formed list of internal factors that pos-
itively (strengths) or negatively (weaknesses) affect the competitiveness of the company. As a result, two
sets of internal factors are formed, which are determined by the resource capabilities of the IT company:

S=1{S.,S,,... S_} —aset of internal factors of the company's success;

W={W,W,, ... W.} —a set of internal risk factors to consider.

where m, m are the number of success factors and the number of risk factors, respectively, they
are determined by the resource capabilities of the IT company.

A3. Formation of the main factors influencing the company's activities. Here the second
part of the SWOT analysis is implemented.

Experts analyze opportunities and threats for an IT company, taking into account important
external factors (set F**), which are formed as a result of PESTLE analysis. As a result, factors are
formed that characterize the market opportunities of an IT company and threats from competitors and
other negative impacts on the company's activities. For example, these could be factors influencing
the competitiveness of an IT company (both positive and negative). In other words, they characterize
the competitive advantages and market lagging of an IT company.

So, sets are formed:

0=10,,0,,... 0.} —a set of internal factors of the company's capabilities;

T={T,T,, ... T;} —aset of internal risk factors,

where m, m are the number of internal opportunities factors and the number of threats factors,
respectively; they are caused by the external environment of the IT company.

So, as a result of three stages, a set of factors is formed:

S, W,0,T} ={S,,S,,....,.S J U{W,W,,...W3U{0,0,,...,0 } U{T,T,...,Tj.

A4. Analysis of the main influencing factors. The purpose of this stage is to prioritize the main
factors that are formed as a result of PESTLE and SWOT analyses.

Pairwise comparison of these criteria in relation to the goal of increasing the competitiveness of
the IT company (how important these criteria are for assessing competitiveness) is carried out using
the Saati scale (Table 3) [9].

Note about mutual values: if the value of «x» is compared with the value of «i» and «j»; j will
be (1/x) when comparing with .

As a result of pairwise comparison of elements from the set {S, W, O, T} ta F* = {f*', f*
.../}, factor priorities are calculated. Factors that have low priority may be excluded from further
consideration.

Table 3
Saati Basic Scale for Evaluating Factors
Importance Definition Explanation
1 Equally important Compared factors contribute equally to the goal

The first factor is moderately important compared to the other to
achieve the goal.
The first factor is quite important compared to the other to achieve

3 Moderately important

5 Quite important the goal,

7 Much more important Factor 1 is very strongly important over the other.

9 Extremely important The first factor is extremely important compared to the other.
2,4,6,8 Intermediate values Used when compromise is needed.

Therefore, as a result, a set of main factors (F7) is formed and their weights (a®):
FpP={f*y, f, ..F°%}, a? = {af, af, ...az},

where 77 — the number of factors that will be considered as criteria for evaluating product areas.
The criteria from the set F? is used in the next stage of evaluating the company’s areas.
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AS. Selection of promising product areas. To select promising product areas, a hierarchy is
built according to AHP. The hierarchy consists of three main levels [3].

The first level is the main goal: increasing the competitiveness of the IT company. This goal can
be achieved through the implementation of software products (IT services) that are competitive or
have the prospect of success in certain markets. The second level is the factors that affect the competi-
tiveness of the company, and which are the criteria for evaluating alternatives - product areas of the IT
company. The third level is the company's product areas, that are alternatives for achieving the main
goal. Since at the previous one a pairwise comparison of factors was carried out in accordance with
the main goal — to increase the competitiveness of the company, at this stage the assessment of prod-
uct areas is carried out in accordance with the criteria F¥. As a result of the implementation of AHP,
each product area is evaluated according to each criterion. The aggregate value of the assessment of
each product area is calculated using local assessments for each criterion. The areas that received the
highest value of the aggregate weight factor form a set of promising areas of the I'T company.

Thus, as a result of the implementation of AHP, the impact of each product area on the compa-
ny's competitiveness is determined. Those product areas that have low priority are considered by the
management of the IT company to close them.

A6. Analysis of the results of the implementation of product strategies. Evaluation of the
results of the implementation of the IT product strategy is carried out within each priority area. If an
IT company keeps a consolidated record of the results of activities, then it is necessary to «separate»
from the general statistics those data that relate to the results of the implementation of each IT prod-
uct. Therefore, at this stage, the role of the product manager is important. It determines the results of
the implementation of IT products according to certain indicators.

A7. Formation of a KPI system for evaluating strategies.

The statistical data on indicators obtained at the previous stage are input data for calculating
KPIs of the product strategy. For each product, the manager forms his own KPI system, which reflects
objective results [11]. It is proposed to use aggregate indicators to evaluate the product strategy, which
characterize three aspects of the effectiveness of the strategy implementation for a certain period:

— Aggregate financial indicator (AFI);

— Average customer satisfaction indicator (ACSI);

— Average Sales Performance and Marketing Effectiveness (ASPI).

A8. Product Strategy Evaluations of Software Products.

It is proposed to use fuzzy logic tools to evaluate product strategies [12; 13]. Product strategy
evaluation is based on the implementation of a hierarchical system that combines three subsystems of
fuzzy inference (FIS trees). Each fuzzy inference subsystem provides local assessments of the prod-
uct strategy based on financial performance, user satisfaction with the product, and the performance
of the product sales team. Generalized product strategy assessment is a systematic integration of local
assessments based on rules, which are built taking into account the goals of the IT company for the
period during which the strategic analysis of the product strategy is carried out.

Based on the results of such an analysis, ways to improve the product strategy of an I'T company
are identified, taking into account the goals of the IT company.

A9. Formation of recommendations for improving each product strategy. It is proposed
to use a fuzzy inference system to form recommendations, as this will make it possible to group the
knowledge of the product manager and other specialists involved in the process of product develop-
ment and implementation in the IT market, taking into account the results of the stages of the pro-
posed process.

Thus, an effective product strategy is a high-level plan that helps the product manager maintain
the competitive advantages of the product and justify the economic feasibility of further improving
the product, promoting it to the market and, consequently, justify the advisability of investing in the
corresponding IT project [14].
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Conclusions

The business process of strategic analysis of software products of an IT company is proposed.
As a result of its implementation, recommendations for improving product strategies are formed.
The prospects of products are determined on the basis of an assessment of the company's activities,
taking into account the external and internal environment, as well as its strategic goal - to increase the
competitiveness of the company.

Further areas of work. To support decision-making to improve product strategies, taking into
account the long-term goals of an IT company, it is necessary to develop a software solution that
should implement the process of strategic analysis of areas of activity and determination of their
priorities. Such a software solution should provide information to product managers on improving
product strategies based on the results of analyzing market data and the company's resource capabili-
ties. The implementation of such a software solution in the management circuit of an I'T company will
allow the management to determine the priority product areas of the company, and product managers
to make management decisions to improve product strategies. The implementation of such strategies
will help to increase the competitiveness of software products (IT services) and, as a result, increase
the competitiveness of the company.
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YK 53.08:004.94

J.B. MOCBIIAH, O.0. IOPKO

KpemeHuylpKuii HalioHaNBHUH YHIBepcuTeT iMeHi Muxaiina OcTporpacbkoro

MOAEJIIOBAHHSA TA BI3YAJIIBAIIA MATHITHOTI'O ITOJIA KOTYIIKH
IHAYKTHBHOCTI 3ACOBAMM LABVIEW

Y emammi posenanymo akmyanvHy npobremy cmeopeHHs CyuacHo2o 1ad0pamopHo2o NPakmuKymy 3 Qisuxi 8 ymo-
84X OUCMAHYINIHO20 MA 3MIUAHO20 HABYAHHA, KOIU BIOCYMHICMb OOCMYNY 00 PeanibH020 eKCHepUMEHMAbHO20 0011a0-
HAaHHs nompebye GUKOPUCIMARHS GIPMYANbHUX 3ac00i6 0ist MoOdentoeants Gizuunux npoyecis. Ilokazano, wo dinbwicms
[CHYIOUUX CUMYTISIMOPIS eLeKMPUYHUX [ MASHIMHUX nouis, 3okpema Ansys Electronics Desktop ma Finite Element Method
Magnetics (FEMM), opienmogano Ha nid2omogneHux Kopucmyeauis, Maroms CKiIaOHuil inmepghetic i sumazaromos Oiivul
noenubneHoi nio2omosK, o YCKIAOHIOE IX GUKOPUCIIAHHS HA NOYAMKOBUX emanax eueyenHs Qizuxu. s nioguuyents
HAOYHOCMI HABUAILHO20 Npoyecy ma (hopmy8aHHs NPAKMUYHUX KOMAemeHmMHocmel 3000Y8a4ié 0cimu 3anponoHo8aHo
BUKOPUCTAHHA npoepamHoco cepedosuwia LabVIEW, ske no€onye moxcausocmi epagiyuHo2o npoepamysants, 8izyanisa-
yii' pe3ynomamie i cmeopenHs iHmepaxkmueHuUx ipmyaitbHux npuiaoie.

Y medxcax docniooicenns pospobneno sipmyanvhuti npuiad 0/ MOOENI08ANH MAZHIMHO20 OIS 6UMKA 31 CIMPYMOM
i Komywiky iHoykmusHocmi, wo rpywmyemscs Ha 3akori bio — Casapa — Jlannaca. Peanizoeano aneopumm Ouckpemu-
3ayii uUMKa Ha eleMeHmuy CImpymy 3 HOOANLUUM OOUUCTIeHHAM KOOPOUHAMHUX CKIAOHUKIE 86eKMOPA MACHIMHOT IHOYKYIT
vy eubpaniti mouyi npocmopy. 3abesneyeHo asmomamuyne noOYOY8AHHA NiHII MASHIMHO2O NOJISL KOMYWKU 3 O08IIbHOIO
KIIbKICMIO 8UMKI8, cuMempuite 8i000paiceHHs pe3ynbmamis 8iOHOCHO ocell KOOPOUHAM, d MAKOHC MONCTUBICMb THmMe-
PAKMUBHO20 OOCTIONCEHHST HANPAMKY BEKMOPa MA2HIMHOT iHOYKYIi 3a 00NoMO02010 88e0eHHsT KOOpOouHam abo eubopy
MOUKU KYPCOPOM MUULL Y 2PADIUHOMY NOJI.

Pospobnenuii gipmyanvHutl npunad mModice GUKOPUCIOBYBAMUCS SIK OEMOHCMPAYIUHUT Mamepian Ha TeKyisax i npax-
MUYHUX 3AHAMMSAX, d MAKOJIC 5K CKIA008d YACMUHA 1AO0PAMOPHO20 NPAKMUKYMY 3 (DI3UKU 8 YMOBAX OUCMAHYIUHOZ0
HasuanHs. YV nodanvuiomy nianyemocs inmezpayis npoepamu 3 mpuocvosum MEMS yugposum mazcnimomempom 0is exc-
NePUMEHMANbHO20 NIOMEEPONHCEHHS MEOPEMUYHUX Pe3YIbIMamis i pO3uUpeHHs (OYHKYIOHATbHUX MOHCIUBOCTEL CUCTIEMU.

Knrouoei cnosa: macnimmne none, komywixa iHOyKmueHoCcmi, MoOento8ans, gipmyanviuii npunad, LabVIEW, mae-
Himomemp.

D.V. MOSPAN, 0.0. YURKO
Kremenchuk Mykhailo Ostrohradskyi National University

MODELING AND VISUALIZATION OF THE MAGNETIC FIELD
OF AN INDUCTIVE COIL USING LABVIEW

The article considers the urgent problem of developing a modern laboratory practicum in physics under conditions
of distance and blended learning, when the lack of access to real experimental equipment requires the use of virtual tools
for modeling physical processes. It is shown that most existing simulators of electric and magnetic fields, in particular
Ansys Electronics Desktop and Finite Element Method Magnetics (FEMM), are intended for trained users, have a com-
plex interface, and require deeper preparation, which complicates their use at the initial stages of studying physics. In
order to increase the clarity of the educational process and to form practical competencies of students, the use of the
LabVIEW software environment is proposed, which combines the capabilities of graphical programming, visualization of
results, and the creation of interactive virtual instruments.

Within the framework of the study, a virtual instrument was developed for modeling the magnetic field of a cur-
rent-carrying loop and an inductive coil based on the Biot — Savart — Laplace law. An algorithm for discretizing the loop
into current elements with subsequent calculation of the coordinate components of the magnetic induction vector at a
selected point in space has been implemented. Automatic construction of magnetic field lines of a coil with an arbitrary
number of turns, symmetrical reflection of results relative to the coordinate axes, as well as the possibility of interactive
investigation of the magnetic induction vector direction by entering coordinates or selecting a point with the mouse cursor
in the graphical field, have been provided.

The developed virtual instrument can be used as a demonstration tool during lectures and practical classes, as
well as a component of a physics laboratory practicum under distance learning conditions. In the future, it is planned to
integrate the program with a three-axis MEMS digital magnetometer to experimentally confirm the theoretical results and
to expand the functional capabilities of the system.

Key words: magnetic field, inductive coil, modeling, virtual instrument, LabVIEW, magnetometer.
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IHocTanoBka npodaemMu

B ymoBax mucTaHIITHOrO HaBYaHHS MMOcTae mpobieMa po3poOIeHHs JTab0paTOPHOTO MPAKTH-
KyMy 3 TIpoBeieHHs (hi3udHOTr0 eKcriepumenTy [1]. st mocmimpkeHHs Ta MOISTIOBAaHHS €JIEKTPUIHUX
MIPOIIECIB Ta K111 iCHy€e 0arato CUMYJSTOPIB PI3HOTO CTYIEHS CKJIaHOCTI, ajie OUIBLIICTD 13 HUX Ma€e
IHTYITHBHO 3p0O3yMiHii iHTepdeiic 1 He ToTpedye PeTeabHOT0 BUBYCHHS IPOTPAMHU Ta 3HAYHOT KiJlb-
KOCTI IOYAaTKOBUX HAJALITYyBaHb JJIsl CUMYJISLIT IPOLECIB Y MPOCTUX €IEKTPUYHUX KOJIaX.

[Iporpamu 111 MOJENIOBAaHHS MarHITHHX MPOIIECIB Ta MOJIB OUTBII CKJIAJHI AJsl OTMAaHyBaHHS
1 s 3100yBavyiB OCBITH MEPIIOTO Kypcy (OCKIIBKH AJIsi OUIBIIOCTI TEXHIYHUX CIEHialbHOCTEH
OCBITHSI KOMITIOHEHTa «Di31Ka» BUKIIAIa€ThCS HA MEPIIIOMY Kypci), 11e € TPOOJIeMaTHIHUM.

Tomy BuHHUKae morpeba y CTBOpEHHI Mporpamu Juisd JAEMOHCTpalii Ta BUBYEHHS MarHiTHUX
TIOJIIB 13 IOCTYITHUM iHTEepQEicoM Ta HAOYHUMH PO3paxXyHKaMH Ha OCHOBI BUKOPUCTAHHS KIIACHYHUX
dhopmyn Gi3UYHUX 3aKOHIB 13 PO3AUTY MarHeTu3My. Sk 3a3Hadanocs paxime y [2], mas Bizyamizarii
(b13MYHMX MPOLECIB Y MOEAHAHHI 3 MOXIIMBOCTSMU CTBOPEHHS 3py4YHOro iHTepdeicy KopucTyBaua
3py4HO 3aCTOCOBYBATH MporpaMue cepenosuiie Labview.

OxpiM TOro, MPOCTOTa BUKOPUCTAHHA Ipa(iuHOrO MporpaMyBaHHs Ta KOHLEMII] BipTyaabHUX
npunanis Labview mgae 3mory ctaBuTH 11l 3aBAaHHS 1715 3100yBadiB CTapIIMX KypciB. TakuM YHHOM,
MOKJIMBICTh CaMOCTIHHOTO JOCHIKEHHS (DI3MYHMUX 3aKOHIB LUISIXOM Bizyasizalii po3paxyHKiB
CIpHUS€E KPAIIOMy PO3YMiHHIO (Di3MUHUX MPOLIECIB.

AHaJIi3 0CTaHHIX J0CTizKeHb i myOmikanii

Jnst MozienioBaHHsI eIeKTPOMArHiTHUX MOJIIB ICHY€ JTOBOJI 3HAYHA KUIHKICTh MPOrPaMHUX MPOTYK-
TiB, Hanpukiaa Ansys Electronics Desktop ta Finite Element Method Magnetics (FEMM). Jlani nporpamu
PO3B’SI3yIOTh IITMPOKE KOJIO 3a/1a4 13 pO3paxyHKy MarHiTHHX, €JIeKTPUYHUX Ta TETUIOBHUX MOJIB. BibmricTs
TpOrpaM BUKOPUCTOBYE METOJT KIHIICBUX €IEMEHTIB TSl MOJICITFOBAHHSI (DI3MYHUX TTOJIB, IO HE JTA€ HAOY-
HOCTI 3aCTOCYBaHHs (hi3MYHUX 3aKOHIB. MOMIIMBOCTI JUIsi CaMOCTIHHOTO MOJICITIOBAHHS Ta Bi3yasisarlii
(bi3uaHMX mporieciB Oy/H oIyOsTiKOBaHI aBTOpaMu y cepii crarel [2—4]. Toxx BUHHMKae HEOOX1IHICTb Y CTBO-
PEHHI BIIMOBITHOI MPOrpaMu 3 TOKPOKOBHMHU JIETATLHUMHE OIMUCAMH MOCTIOBHOCTI Tl 7SI MOKITUBOCTI
3100yBayaMy BIITBOPEHHS Ta PO3B’sI3aHHS aHAJIOTIYHHX 3aB/aHb Y MPOTpaMHOMY cepeoBHi Labview.

Merta aocaixxeHHs
MeTor0 poOOTH € CTBOPEHHS BIPTYaJIbHOTO MPWIIANy B MPOrpaMHOMY cepenoBuini Labview
[5—7] nnst mociimkeHHs Ta Bi3yasizallii MarHiTHOTO TIOJISI BUTKIB 31 CTPYMOM JJISI BUKOPUCTAHHS SIK
JIeMOHCTpAIIIfHOTO MaTepiaiy Ta B 1JaOOPaTOPHOMY MPAKTHKYM.

BukJiag 0cCHOBHOT0 MaTepiajy J0C/iIKeHHS
CrBopumo BiptyansHuil npunaz (BI1) mis MomenroBaHHS MarHiTHOTO IMOJIS BUTKA 31 CTPYMOM
Ta KOTYIIKH 1HIYKTUBHOCTI. PO3IiIsiHEMO BHUTOK 31 CTpyMOM, 10 po3TamoBaHuil y miommHi XOY
paniycom R. Po3i6’eMo BuTOK Ha N TUCKPETHHUX €JIEMEHTIB cTpyMy dl. JIOBKHHA TaKOTO €JIEMEHTY
Oyne mopiBHIOBaTH dl = R-dor TOBXKHHI IyTH 3 KyToM da =27/ N .

Puc. 1. Po3ramyBaHHsl BUTKA 3i cTPyMOM y npocTopi

https://doi.org/10.32782/mathematical-modelling/2025-8-2-21 ISSN 2618-0332 (print), 2618-0340 (online)
203



ITPUKIIA/THI ITHNTAHHA MATEMATHYHOI O MOJE/IFOBAHHA T. 8, Ne 2, 2025

[Tpoexkitis BekTOpa dl Ha 0Ci KOOPAWHAT:
dl, =—-dl-sina, dl, =dl-cosa , dl. =0, (1)

e 0. — KyT MK pajiiyc BEKTOPOM 7; , IO 3’ €THY€ JaHUI €IIEMEHT CTPYyMY 3 IEHTPOM BUTKa. [IpoeKiist
IIBOTO BEKTOPa Ha OCi KOOPIWHAT:

x,=r-cosa, y,=r-sina, z,=0, (2)

PosrnsineMo Touky A, 1110 3HaxoauThes B tuioniuHi XOZ. BoHa 3’€1HY€e€ThCS pajiilyc BEKTOPOM 7,
3 o4aTKoOM KoopauHar. [poekuii Bekropa Ha oci: X,, y, = 0, z,. MarniTHe nose B, , 1110 yTBOpro€eThes
B JIaHii TOUIll A BHUTKOM 31 CTPYMOM, MOXKHA PO3IVISIIATH SIK BEKTOPHY CyMY BCIX CKJIAJTHUKIB, IO

BHOCATBLCS BiJI OKDEMUX EIIEMEHTIB CTpyMy BUTKa AB.:

Bi=) AB =) (B,+B,+B,),
i=1

i=1
— N . N . N
Bi=)AB,, Bi=)AB,  B.=) AB, (3)
i=1 i=1 i=1
— KOOpAMHATHI CKJIQJHUKIB BEKTOPHOI CyMH, 1[0 BH3HA4YalOThCs 3a 3akoHOM bio — CaBapa —
Jlannaca 3 BEeKTOpHOTO JOOYTKY pajilyc-BeKTopiB /d! x(r) =1ldl x(rA —rl.) :

_ ,Ll,uo[‘dly(ZA _Zi)_dlz (yA _yi)

S I ’ @

AByi:,u,uOI'dlZ(xA—x.) 3dl (ZA—Z)’ )
4 |r|

_ up, I dlx(yA —yl)—dl (xA—xl) (6)

3 2 2 232
ne |rl =((xA —x) +(v=2) +(z-2) )

BinnosinHi nepeTBopeHHs 0pOPMIICHO OKPEMHUM BipTYyalbHUM MPHIAZAOM (pUC. 2), SIKUI po3-
PaxoBy€e CKIIAIHHMKH iHIYKIIii MarHiTHOTO MOJIsA (MO3HA4Y€EHi K BUXOaH B, B,B)y 3aJaHiil TOYIi
npocTopy A y miontuHi XOZ, 1110 BHOCUTHCS BUTKOM 31 CTPYMOM.

X B Bx

I—Bz

I

¥
T
R
M
i

Puc. 2. ITo3nauenns BII 1151 po3paxyHKy KOOPAMHATHHUX CKJIATHUKIB MOJIS

BxinHumu napameTpamu npuiany €: pajiyc BUTKa 31 cTpyMoM R, KibkicTh N TUCKPETHUX
€JIEMEHTIB CTPYyMy Ha BHMTKY, KOOpJMHATA LIEHTpa BUTKa z Ha oci OZ (3a 3amoBueHHAM z, = 0) Ta
KOOpAMHATH TOUYKH A(X, Y, Z), y SKil 3HAXOAUTHCS MarHiTHE TOJIe.

[lepeOupaHHs eIeMEHTIB CTPYMyY 3a KOJIOM BUTKA BiIOyBa€eThCs y LMK for 13 3a1aHO0 KUJIbKi-
cTio itepaniii N. TIpu 1b0My 3MiHIOETHCS 3HAYEHHS KYTa 0, paiyc BEKTOpA 7 , IO 3’ €IHYE eleMEHT
CTPYMY 13 IGHTPOM BUTKA:

OSi-Zﬂ/NSZTE(N—l)/N.
BignoBigai ¢gopmynu 3anucano y Formula Node. [licns BiampaiioBanHsl IUKIY MaeMO TpHU

MaTpulli 3 KOOPJUHATHUX KOMITOHEHTIB MAarHiTHOTO ToJst (4, 5, 6) BiJl KOKHOTO €JIEMEHTa CTPyMYy
BuTKa. CyMy CKJIQJHUKIB 32 KOOpAMHATaMH (3) OTPUMAEMO €JIEMEHTOM X .
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R J d
i ez i3 iz
b, DEL = CE Eixc
[l
" oL oL S
= float dL, dLx, dLy, dLz=0; L . float dr, dBx, dBy, dBz;
= o e e
i Iy o5 |dLy = -dL¥sin(a); ! Lz dBx = (dLy (Z—Z|_] - dLz (y—}r!)]fdr; dBx
Bz dly = dL*cos(a); — w— 4By = (dLz"(cex) - dLi*(z-2i)) /el
2] float yi, xi i c1] dBz = (dbcly-yi) - dly"Gexil)/dr B
i ¥i = R*cos(a); . i
yi = R*sin(a); | _
i dBz
[~

Puc. 3. baok-aiarpama BII quisi po3paxyHKy CKJIQIHUKIB iHAYKIIT MAarHiTHOTO 1M0Jisl BiJl BUTKA
3i cTpymMoM y 3ajaHiii Touni npocropy

3a HassBHOCTI NV BUTKIB KOTYIIKH 1HAYKTHUBHOCTI iX 3py4HO PO3TAIIOBYBAaTH CUMETPHUYHO 10
wionan XOY. Toxi koopanHaTH neHTpa k-ro BUTKa KOTYIIKH, [0 PO3TAIIOBAHUHN Ha OC1 Z:

2, =L/2—k-dl, 3)
ne L=(Nv-1)-dl — nomxkuHa KOoTyIkH, dl — Kpok BUTKIB (BizcTanb Mix BuTKamu), k=0...(Nv — 1) —
HOMEp BUTKA KOTYILKH.

KoxeH BUTOK KOTyIIKH Oy/ie BHOCHTHU CBOI CKJIQJIHUKHU NOJIs 3a1aHy Touky A. OTxe, yci morme-
penHi po3paxyHKH HEOOXiTHO MOBTOpUTH NV pa3iB (I KOXKHOTO BHTKA), 3MIHIOIOYH TPHU IIHOMY
KOOPJIMHATH LIEHTpa Z, (3). Biamosiani onepamii BAKOHYIOThCS y BHYTpiliHbOMY 1k For (puc. 4)
3 BUKopucTanHsiMm crBopeHoro BIT (puc. 2). [icist BUKOHAHHS IIMKITy OTPUMAaHi MaTpHIll KOOPHHAT-
HUX KOMITOHEHTIB BiJl KOKHOTO BHTKA JIOAAIOTHCS 32 IOTIOMOTOIO €JIeMEHTa X .

(o e e W w w w w =

Np - kinekicTs ninii nona

-
of v ] £
i | 5 [Re== o
s X [ i} =4
= i
~] « [0 BN T
float B, Bxz, hix, hlz, hx, hiz |h x|
. oz = sqrBx a0
A = 21| B = sqrt(Bic2+ By=2+Bz"2); =
[N - kinekicTs enemenTie crpymy | hlx = %1 + h*Bx/Bxz; .
N T o ]h1z= 21 = h*Be/Bxz [=> - @
E B
E/, ] E B 0]
L |
— [
o
O &
s o] > EE
- BIACTEHE MIX BUTKaMK m o [E
H

[ o e e

Puc. 4. ®parmeHT 0s10Kk-1iarpamMu 1Jist NoOyA0BH JiHili MATHITHOIO MO/ KOTYIIKH

3HaueHHs KOOPAMHATHUX KOMIIOHEHTIB BUKOPUCTOBYIOTHCS Ui OTPUMAHHS HAPSIMHUX CHHY-
CiB Ta KOCHHYCIB, 110 MOTPiOHI I pO3paxyHKy HACTYITHUX KOOPAHMHAT JiHi1 MarHiTHOTO mois. Tak,
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ULl IaHOT TOYKH (X,, Z,) PO3PaxOBYEThCA BEKTOp B, i B HOro HanmpsAMKy BilKJIaJacThCs HEBEIMKHI
BIJIPI30K JOBXHHOIO h, 1 OTpUMY€EThCS HACTYIHA TOYKA JIiHIi MO 3 KOOPAUHATAMHU:

M

BX BZ
hlx:‘xl-‘th_ﬂ hlz :Zl+hB

Xz Xz

ne B=B_=./B*+B’ — noBXKKMHA BEKTOpA IHAYKIIii MATHITHOTO MoJis B miomuHi XOZ (By =0).

BinnoBinHi po3paxyHKH KOOpAWHAT JIiHIT MO BUKOHYIOThCs y Formula Node. Bemmnunna
h = 0,1 nmpuiiHaTa B YMOBHHX OAMHHIIX 1o Tpadika. [lani omeparrii po3MiiieHi BcepearnHi yMOB-
Horo nukiy While, sxwuii 3a6e3neuye po3paxyHOK KOOpAMHAT OHI€T JIiHIT OIS y MepIIiii YBepTi mio-
uHu XOZ. YMOBH 3aBepIIeHHS IIUKITY TaKi: BUX1J1 KOOPAUHATH Z 32 MEX1 1mosist rpadika (MIpUHHATO
z>10) Ta nepexin z y yetBepty uBepTh XOZ (z < 0). KoopaunaTu niHii X Ta z 17151 30epeKeHHS 3aHO-
catbes 1o Shift Register Ha pamii nukity. [TogyaTkoBi KOOPIMHATH TOYKH JIiHIT 3HAXOAATHCA Ha oci X
BCEpE/IMHI BUTKIB KOTYIIKM 1 MOXKYTh MaTu 3Ha4eHHs Bix 0 10 R:

z,=0, x, = iN_p ,
ne Np — KiIbKiCTb JIiHiM MarHiTHOTO 1oJist (BiJHOCHO 0Ci CHMETPIl KOTymiKH),i =0...(Np—1) — mopsi-
KOBHI HOMED JIiHii TOJS.

st MmoxkauBOCTI MOOyIoBHM Np JIiHIN MMOJIsI BUKOPUCTOBYETHCS 30BHIMIHIA 0€3yMOBHMIA MK
For. OckinbKH Bich KOTYIIKH 3HAXOIUTHCS HA OCI Z 1 BOHA J13€pKajbHO B110OOPaKAETHCS BIJHOCHO
oci OX, To JiHIi TOJSI MAIOTh CUMETPUYHE BiJIOOpaKEHHS MO YBEPTSX, 1 AJIS MOOYTOBU TOCTATHHO
3MIHUTH BIJOBIHI 3HaKU KOOPJAWHAT 13 mepioi uBepTi. Lle Bukonyerbes 3a mukiaom While mepen
IpyNyBaHHSAM BiJMOBITHUX MaTPULb KOOPAMHAT y KJIAcTepH s moOynoBu rpadikis. Biamosinxo,
MaEMO YOTHPH KJIacTepa KOOPAMHAT JJIsl YOTUPHOX YBEPTEH Ta KacTep A BiIoOpaKeHHS BiIPi3KiB,
10 BiJMOBIAAIOTh BUTKaM KOTYIIKH (opMyeThest y HIKHbOMY kit For 3 puc. 4). Ha ocranaboMy
eTarli BCl KJIacTepu 00’ €AHYIOThCS B MaTPHIIIO.

VYci onucani Buie Aii 3rpynoadi B kanp Flat Sequence Structure. ¥ HacTynHomy kajpi (puc. 5)
3a nonomororo Property Node st rpadika BigOyBa€eThCsl MPU3HAYSHHS O1710T0 KOJIbOPY JIHISM OIS
Ta 3€JICHOTO KOJIbOPY 1 30UIbIIEHOT TOBIIMHM BiJIpi3KaM BUTKIB KOTYIIKH. Y IIbOMY K KaJpi BUKOHY-
10Thcst ToOynoBH 3a monomororo XY Graph. Ipuknag orpuMaHoro 300pakeHHST MarHiTHOTO TTOJIS
JUIs1 KOTYIIKY 3 10 BUTKaMu HaBeAEHO Ha puC. 6.

HeoOxiaHicTh po30UTTS Ha KaJpH 3yMOBJICHAa BUHUKHEHHSIM TIOMUIIKH, 1110 3 SIBJISETHCS Y pasi,
KOJI BiOyBa€ThCs MOPYIICHHS MOCTIAOBHOCTI Jiil, a came: crpoda 3MiHM BIAacTUBOCTEH Tpadika
yepes Property Node o Toro, sik 1eii rpadik 1ie B3arani He c(hOpMOBaHUIA.

JUis 10AaTKOBOTO JOCTI/KEHHSI MArHITHOTO TOJISl KOTYIIKH Mepea0adeH0 MOXKIHMBICTH CaMo-
CTIITHO 3aJ1aTH KOOPJAMHATH TOUKH JUIsl pO3PaxXyHKY BEKTOpPY MarHiTHoi iHAykuii. [Ipu 1ibomy Ha rpa-
(iKy MarHiTHOTO MOJIS KOTYIIKHU 3’ SBISIETCS 300pakeHHS BiJpi3Ka, 1110 BUXOAUTH 13 33/1aHOT TOUKU
Ta MoKa3ye HanpsMoK BekTopy B. Opranizamist 00unciieHb aHajoriuyHa 10 puc. 4, aje Mae CIpoIleHy
CTPYKTYPY, OCKLIBKU MPOBOASTHCS po3paxyHku B nmie niis ogHiel Touku, a He s jtiHii mosst. Koop-
JIMHATH MOYKHA 3a]1aBaTu JJs Oy/ib-s1Ko1 uBepTi miomuHu XOZ.

TakoX CTBOPEHO JTOIATKOBHH BapiaHT JAOCIHIHKEHHS: 32 ITIEPEX0.Ty 10 BKIaAKH « OOpaTH MUIIIECIO»
3 sBIsIEThCS 1osie Picture, e MO)kHA BOAUTH KYPCOPOM MHIII Ta TIEPEMIIIlyBaTH BiJITOBITHUN BEKTOP
B no nomto rpadika. KoopnuHatu Kypcopa MU 34UTYIOTECS 3a JoroMoroto Property Node mosns
Picture. ITpu ribomy mikceni ot Picture (106%106) mepepaxoBYOTHCS O KOOPAMHAT OIS Tpadika.
Posmip most rpadika 3a Biccro Y (ikcoBanuit i Mae pozmax =10, a 3a Biccro X MOXKe JUHAMIYHO
3MIHIOBaTH CBif pO3Mip 3aJIEKHO BiJl KIJTBKOCTI BUOPAHUX BUTKIB KOTYIIKH. OTXKe, MEKOB1 3HAYCHHS
IIKaJK 3a BicCio X 3YUTYIOTHCS 3a jomomororo Bysia Property Node: XScale.Minimum Tta XScale.
Maximum. BignoBigHi nepeTBOpeHHs HaBeACHO Ha puc. 5 y modi cTpykTypu Case Structure y BikHI
«O06paT MUILICIOY.
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hlz = z1 + h*Bz/Bxz;
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Puc. 5. ®parmenT 0/10K-IiarpamMu AJ1sl 3aBJAAHHSA BJIACTHBOCTel rpagika Ta po3paxyHKy MarHiTHOIro moJist
KOTYIIKM Y BUOpaHiii Touli mpocTopy

J2

stop
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5‘|—10 STOP
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Picture

B

10,210268

Puc. 6. Iepenns naneas BII as goc/1ixkeHH MATHITHOTO MOJIA KOTYIIKHU iHAYKTHBHOCTI

BucHoBku

V pesynbrari mpoBeAeHOi poOOTH BCTAHOBJIEHO TAKeE:

1. ¥V mporpami Labview cTBopeHO OKpeMHil BIpTyaJdbHUH MPUIAT IS PO3PAXYHKY MPOEKIIIHA
BEKTOpA 1HAYKIIi MarHiTHOTO IOJISi BUTKA 31 CTPYMOM Y JOBUIBHUN TOYILI MPOCTOPY 32 3aJaHUMU
KoOpauHaTamu. Peai3oBaHo aaropuTM HaOIMKEHOTO PO3paxyHKy 3a pO30UTTSAM BUTKA Ha JUCKPETHI
€JIEMEHTH CTPYMY.

2. CTBOpEHO BipTyaiabHHIA PUIIAL 1715 TOOYIOBH JTiHI MarHITHOTO TOJIS KOTYIIKH 3 TIOBUTBHUM
9HCIIOM BUTKIB. JlomaTkoBo nepeadadyeHa MOKIMBICTh OTPUMATH 3HAYCHHS MATHITHOTO TIOJIS 3 Bi3y-
ami3ali€ero HampsMKY BEKTOpa Ha rpadiky mois y AOBUIRHUHN Toulli mpocTopy. [Ipu oMy € MoxIiu-
BICTh BUOpaTH OakaHy TOUKY SIK KypCOpPOM MHILI, TaK 1 yBEAEHHAM KOOPJMHAT y BIAMNOBIHI MOJS HA
TaHeNl KOpUCTyBaya.
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3. IInanyetbes inTerparis y ctBopennit BII tpuBickoBoro MEMS 1udpoBoro Marautomerpa

[8—10] m1s MOXIIMBOCTI €KCIIEPUMEHTAJIBHOTO BUMIPIOBAaHHS MAarHiTHOTO IOJISI PEaJbHOI KOTYIIKH
1 HaIIPSIMKY BEKTOPA MarHiTHOTO IT0JIs /JIsl IOPIBHSIHHS Pe3yJIbTaTiB 3 TEOPETUUHUMU PO3paxXyHKaMH.
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YK 004.8:81°322.3

A.B. M’SIKEHBKUH, M.O. AJIEKCEEB

HaunioHnanbHuii TeXHIYHUI yHIBEpCUTET «/IHIMPOBCHKA MOJIITEXHIKA»

MOPIBHAJBbHUMN AHAJI3 METOJIB CEMAHTUYHOI PENNPE3EHTAIIII
TEKCTIB IPUPOJHOI MOBU V¥ 3AJIAUI ITEHTUDIKALII IEPU®PA3

Y emammi posenaoaemoca npodnema idenmudgbixayii cevanmuyHoi exeieanrenmHOCmi MeKcmie NPUpoOHOi Mo8U, WO
€ KNI0408010 Ol MOOENIO8ANHA KOSHIMUBHO20 NPOYECy PO3VMIHHA MA POIGUMKY THMENEKNYanbHUX cUucmem 00poOKU MOBU.
Posyminna mexcmy exouae He auwie JeKCUMHUL Ma CUHMAKCUMHULL QHAi3, d 11 2TUOOKY KOSHIMUGHY [HMepRpemayilo cmuc-
JI0BUX BIOHOCUH § KOHMeEKCHYanbHux ocoonusocmetl. Ocoonusy CKIaoHiCmy CMAHO8UMb 6apiamusHICIb MOGHUX KOHCIMPYKYIl,
KoIU 00Ha 11 Mma cama iHopmayis nepedacmuvcs pisHuMu cnocobamu, 30epieaiouu momoXCcHiCmy 3HaUeHb. Y ybomy Konmexcmi
3a0aua ioenmuikayii nepughpaz — 8UCI0BTIOBAHb 3i CXONCUM 3MICHIOM, AJle PIZHO (POPMOIO — € 8ANCTUBOIO O/t KOSHIMUBHUX
Mmooeneil. JIOCLKUL MO30K 30ameH J1e2Ko BUABTAMU CEMAHMUYHY eKGIBAIeHIMHICINb, NPome CIMBOPEHHS KOMN TOMepHUX MoOe-
netl i3 noOIOHUMU BIACMUBOCAMU € CKAAOHUM 3A80aHHAM Yepe3 HeOOHOSHAUHICTb, KOHMEKCNTYANbHY 3ANeHCHICING Ma M)Jlb-
MUMOBHICb NPUPOOHOL Mosu. Memoro cmammi € 00IpYHMYBAHHS MemMOoOy NOULYKY CEMAHMUYHOL eK8IBANeHMHOCII MeKCMie
NPUPOOHOI MOBU WLIAXOM AHATIZY CYUACHUX NIOX00i68 00 NOOYO008U CeMAHMUYHUX penpe3eHmayill Y KOHMeKCmi po3e a3aHHs
3a0aui ioenmuixayii nepughpasz. Obpana came 3a0aua ioenmupikayii nepu@pas, OCKiIbKU 60HA € PENPE3eHMAMUBHOI OJIs
BUBUEHHS CEMAHMUYHOT eKBIBANICHMHOCIT MA KOCHIMUGHUX MEXAHIZMIE PO3NI3HABANHS cMUCTY. Y cmammi nposedeno ananis
MPbOX OCHOGHUX HANPAMIE PO36 A3AHHA 3a0AUi: CMAMUCTUYHUX MeMOOiG HA OCHOBI KOPNYCHO20 AHATI3Y, MEMOOI6 3aCHOBAHUX
HA 3HAHMAX §3 BUKOPUCIAHHAM OHMONOZI MA CeMANMUYHUX MEPEXC, 4 MAKOHC MeMOOi8 2IUOUHHO20 HABUAHHA, WO 6a3)-
10MbCs Ha OucmpuOymuenitl cevanmuyi i mpancghopmepnux apximexmypax. Okpemo po3ensaoaiomucs 2iopuoni nioxoou, sxi
noeonyloms epagoei cemanmuuni penpezenmayii AMR i3 nevipomepesicesumu Mooenamu, wo 003601AI0Mb CIMPYKIMYPYGaAmu
3MICIN MEKCMY HA KOHYENMYATbHOMY PIGHT Ma MOOeNo8amu 102IKO-CeManmuyti 36 SI3Ku Midxc 1020 ckiaonuxamu Pesynomamu
NOPIBHAILHO2O AHANIZY CYHACHUX OOCTIONCEHb NIOMBEPOICYIOMb BUCOKY MOYHICIb I 30AMHICHb Y3A2aAbHIOBAMU CEMAHMUYHY
inghopmayiro, enacmugy epaghosum nioxooam, y nNOpPieHAHHI 3 iHwuMUu memodamu. Lle ceiouums npo doyinbHicms ix 3acmocy-
8aMHA AK OCHOSU OJ1A NOOYO08U IHMENEKMYANbHUX CUCTEM, 30AMHUX MOOeNI08amu KOZHIMUSHI npoyect II00CbKO20 PO3VMIHHSL
npupoOHoMoeHo20 mekcmy. IIpakmuyna yiHHICMb 00CIONCEHHS NONARAE Y (POPMYBAHHI NIOIPYHMSL OJi ROOAILULOZO PO3BUMKY
KOSHIMUBHUX MEXHON02IN Y chepax MawuHHO20 Nepexady, asmomMamuiHo20 Y3a2aibHeHHs, NOUyKy ingopmayii ma dianozo-
BUX CLUCTEM, WO CYMMEBO NIOBUULYE AKICIb 83AEMOOTT TTOOUHU | KOMN Tomepa Ha 0CHO8I NPUPOOHOT MOBLU.

Knrwouoei cnosa: xoenimusne mooeniosanns, nepugpasu, posyminus, npupoouna moea, AMR, cemanmuuni epagu,
mparcgopmepu, WmyyHuil iHmenexm.

A.V. MIAKENKYI, M.O. ALEKSIEIEV
Dnipro University of Technology

COMPARATIVE ANALYSIS OF SEMANTIC REPRESENTATION METHODS
FOR NATURAL LANGUAGE TEXTS IN THE TASK OF PARAPHRASE IDENTIFICATION

The article addresses the problem of identifying semantic similarity of natural language texts, which is crucial for
modeling the cognitive process of comprehension and developing intelligent language processing systems. Text compre-
hension involves not only lexical and syntactic analysis but also deep cognitive interpretation of semantic relations and
contextual features. A particular challenge is the variability of linguistic constructions, where the same information is
conveyed in different ways while preserving the identity of meanings. In this context, the task of paraphrase identification—
expressions with similar meaning but different forms—is important for cognitive models. The human brain can easily detect
semantic similarity; however, creating computer models with similar capabilities is a complex task due to ambiguity, con-
text dependence, and multilingualism of natural language. The aim of the article is to substantiate a method for searching
semantic similarity of natural language texts through analysis of modern approaches to building semantic representa-
tions in the context of solving the paraphrase identification task. The paraphrase identification task is chosen because
it is representative for studying semantic similarity and cognitive mechanisms of meaning recognition. The article ana-
lyzes three main approaches to solving the task: statistical methods based on corpus analysis, knowledge-based methods
using ontologies and semantic networks, and deep learning methods based on distributional semantics and transformer
architectures. Hybrid approaches are considered separately, which combine graph-based semantic representations AMR
with neural network models, allowing structuring of text content at the conceptual level and modeling logical-semantic
connections between its components. Results of a comparative analysis of recent studies confirm the high accuracy and
ability to generalize semantic information inherent in AMR-based approaches compared to other methods. This indicates
the appropriateness of applying AMR as a foundation for building intelligent systems capable of modeling the cognitive
processes of human understanding of natural language text. The practical value of the research lies in forming a basis for
further development of cognitive technologies in machine translation, automatic summarization, information retrieval,
and dialogue systems, significantly improving the quality of human-computer interaction based on natural language.

Key words: cognitive modeling, paraphrases, comprehension, natural language, AMR, semantic graphs, trans-
formers, artificial intelligence.
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IHocTanoBka npodaemMu

OnHuM 13 HalBaXJIMBIIIMX BUKJIMKIB Y CydacHiil KOTHITHBHIN iHdopmarumi Ta o0Opolui mpu-
POAHOT MOBHU € MOJICJIIOBAHHS IIPOLIECY PO3YMIHHS TEKCTY 3 ypaxyBaHHSAM HOro KOTHITUBHUX Xapak-
TepUCTHK. PO3yMiHHS TEKCTy Ma€ Ha yBa3i He JIMIIIE aHaJIi3 JIGKCHYHUX a00 CHHTaKCUYHHUX CTPYKTYD,
a TaKoXX TIMOOKHI KOTHITMBHHUHU TPOIIEC, SKHH nependadae iHTepnpeTamiro CMUCIOBUX BiJIHOCHH,
JIOTIYHUX 3aJICKHOCTEHN 1 KOHTEKCTyaIbHUX HIoaHCIB. CaMe TOMY CTBOPEHHS 1H(OpMAIIHUX MOJIe-
JIei, 3MaTHUX BIATBOPUTH LIEH MPOLIEC, € HAJI3BUYAIHO CKIaIHUM 3aBAaHHAM. OCOOIMBO aKTyaIbHUM
1€l BUKIIMK CTa€ y 3B 3Ky 3 BapiaTHBHICTIO MOBHUX KOHCTPYKIIiH, KOJIM OJTHA 1 Ta cama iH(popmarlis
MOXke OyTH TIepeaHa pi3HHUMH CIOCOOaMH, 10 MAlTh BIJIMIHHOCTI y JIEKCHYHIN Ta TpaMaTHYHIN
(dopmi, ane 30epiraloTh TOTOXKHICTH 3HAYCHbD.

VY mpoMy KOHTEKCTI 3a/1ada imeHTudikamii nepudpas HadyBae ocodnuBoro 3HaueHHs. [lepud-
pasu — 11e MOBHI BUCJIOBIIIOBaHHS, SIKi ITEPEAAOTh OJHE 1 T€ caMe 3HAYEHHS, ajie BIAPI3HAIOTHCS Gop-
MOI0. YCHIIIHE pO3Mi3HABAHHS TAKMX CMUCIIOBO €KBIBAJIEHTHUX BHCJIOBIIOBAaHb MOXKE IHTEPIPETYBa-
THUCS SIK 3/1aTHICTh MITY4YHOT CUCTEMU J10 KOTHITUBHOTO MipKyBaHHs. BoHa 00yMOBITIOE T€, 1110 MOJIEINb
He 00MeXY€EThCs JINIIE IOBEPXHEBUM aHAIII30M TEKCTY, a 3/aTHA BUSBIATH INIMOMHHI 3HAHHS, OTIEpy-
04X KOHIENTYaJIbHUMHU 1 CEMAaHTHUHUMH 3B’ A3KaMH, 1110 BJIACTUBI JIIOCHKOMY PO3YMIHHIO.

Jns monuHu po3yMiHHS niepudpas € NpUPOAHUM 1 Maibke aBTOMAaTHYHUM mporecom. Jlroa-
CBKHI MO30K BOJIOJII€ 3/IaTHICTIO JI0 a0CTparyBaHHs, y3araJIbHEHHS 1 JIOTIYHOTO MUCIICHHS, 110 J03-
BOJISIE JIETKO 1I€HTU(IKYBaTH 11I€HTUYHICTh PEUYEHb, HABITh SKIO BOHM BUpPAXeHI Mo-pizHOMY. [lpn
MOJICITFOBAaHHI TMPOIIECy PO3YMIHHS CEMAaHTHYHOI €KBIBAJICHTHOCTI BUHUKA€ HU3KA BUKIIUKIB JUIS
CTBOPCHHS €(DEKTUBHHUX OOUYMCIIOBAIIBHMX MOJEIICH, 3MaTHUX aJeKBaTHO BigoOpakaTW KOTHITHBHI
MexaHi3MH1 00poOKu MpupoHOi MOBU. OCHOBHI TPYIHOLII MOJIATAI0Th Y HACTYITHOMY:

1. Bucoka BapiaTuBHicTHL MpPUPOAHOI MOBM. J10ZCbKa MOBa XapaKTEPU3Y€ETHCS 3HAYHOIO
THYYKICTIO, IO JJO3BOJIS€ NIEPEAABATH O/IHE M T€ caMme 3Ha4eHHs yepe3 Oe3JIY JIGKCUYHUX Ta rpama-
TUYHUX GopM. BapiaHTn MOXXYTb BIAPI3HATUCS HOPSIIKOM CJIiB, BUKOPHCTAHHSIM CUHOHIMIB, PI3HUMHU
rpaMaTHYHUMHU KOHCTPYKIIisiMu Toto. e o3Hauae, mo oxHa ¥ Ta cama igest Moxke Oytu chopmyibo-
BaHa O6ararbma crioco0amu, 110 CTBOPIOE CEPHO3HI BUKIIMKHU JJI1 aBTOMAaTUYHUX CUCTEM.

2. HeogHO3HAYHICTh i KOHTEKCTYaIbHA 3aJI€5KHICTh. 3HAYEHHS OKPEMHX CIIIB 1 KOHCTPYK-
Iill YaCTO 3aJIEKHUTDH BiJ] KOHTEKCTY, Y SIKOMY BOHU BXXKHBaIOThCs. CII0Ba MOXYTh MaTH KiJIbKa 3Ha-
YeHb, a 1X IHTEpIIPETAIlis] BU3HAYAETHCS KOHTEKCTOM, Y TOMY YHCJI CyCIAHIMHU CJIOBaMH, CUTYAIII€lo,
KyJIbTYPHUMHU Y1 TEMAaTUYHUMHU (akTopaMu. OcoOIMBO 1€ CTOCYETHCS MOB 13 0araTuM CI0BOTBOPOM
1 BUIBHUM TIOPSIIKOM CITiB, TAaKWX SIK YKpaiHChbKa. Po3mi3HaBaHHS MPaBUIBHOTO 3HAYEHHS B KOHKPET-
HOMY BHUCJIOBJIIOBaHH1 BUMArae JOCUTh CKJIaJHOTO KOTHITUBHOTO aHAJIi3Y.

3. MyJbTHMOBHA CKJIaAHICTb. CeMaHTUYHE MOJENIOBAHHA 1€ OUIbIIE YCKIJIAJHIOETHCS
y MyJIbTUMOBHOMY KOHTEKCTi. MOBHU BiJIpi3HSIOTHCS HE JIMIIE JIEKCHKOIO Ta TPAMaTHKOIO, alie
1 KOHIENTYAIBHUMHU CTPYKTypaMH, CIIOCOOOM KaTreropusailii peajbHOCTI, KyJIbTYpHUMH pede-
peHTaMM Ta MparMaTMYHUMHU HOpMaMmH. BinmoBinHo, mozeni, mo e(eKTUBHO MPALIOITh IS
OJTHi€T MOBU (HAPHKIIAJ, aHTIIIHCHKOT), HE 3aBXK/IHM aJ[eKBAaTHO MEPEHOCATHCS Ha 1HII MOBHU 0€3
cyTTeBoi amanTariii. [{le 0co0aMBO akTyabHO ISl MOB 13 MEHIIIOI KUIBKICTIO ITU(DPOBUX pecyp-
ciB a00 TUX, IO MalOTh CKJIAaJHI MOP()OIOridyHI CUCTEMH, SIK-OT yKpaiHCbKa. 3aBJaHHS MOJs-
ra€ He JIMIIE y MPaBUIBHOMY BioOpa)XeHHI1 JEKCHYHUX Ta CHHTAKCHYHHUX OCOOJIMBOCTEM, aie
i y 30epeKeHH] CEMaHTUYHOI €KBIBAJICHTHOCTI M)XK MOBaMH, IIT0 KPUTHYHO BAXKJIMBO JIUIS 337124
O6aratoMoBHOI ineHTUdiKaIi] mepudpas.

VY CBITJI IMX BHUKJIMKIB MOCTA€ HAarajibHa MOTpPeda y MOIIYKY METOIB, 110 JO3BOJSIOTH TOYHO
BH3HAYATH CEMAHTHUYHY €KBIBAJICHTHICTh MK TEKCTOBHUMH (DparMeHTaMHU — HE3aJICKHO BIJ] JIEKCHY-
HUX, CMHTAaKCHYHHUX a00 MOBHHMX Bapialiil. BuzHaueHHs ceMaHTMYHOI €KBIBaJEHTHOCTI BHMarae
OJTHOYACHO THYYKOTO 3aXOTUICHHS CMHCITYy W 31aTHOCTI MOJIEITFOBATH CKJIAJIHI JIOT1YHI Ta KOHIIEMTY-
aJIbH1 B3a€MO3B’ SI3KH.
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AHAaJi3 0CTaHHIX JOCTIIXKeHb | myOsikanii

3aBaHHs BU3HAYCHHS CEMAaHTHUYHOI €KBIBaJEHTHOCTI TEKCTIB € (h)yHIaMEHTAIbHUM y cdepi
00pOoOKM TIPUPOAHOI MOBH, KOTHITUBHOTO MOJETIOBAaHHS W PO3BUTKY INTYYHOTO iHTENeKTy. Lle
3aBJIaHHS JISKUTH Yy IJIONIMHI MOJIEIOBAHHS KOTHITUBHOTO MPOIECY PO3YMiHHS, SIKUW Mependadyae
He Juie 00poOKy JIEKCHYHUX MOCHITOBHOCTEH, a i TIHOOKe OCMUCICHHS 3HAUYEHHSI, CEMaHTHYHUX
B1JIHOILIEHb, KOHTEKCTYaIbHHUX 3aJIe)KHOCTEH.

AHani3 HayKOBUX JIKEPENl OCTAHHBOTO ACCSTUIITTS JO3BOJISIE BAOKPEMUTH TPH OCHOBHI HAPsIMU
IMIXOMIIB O 3aa4l BU3HAYEHHSI CEMAaHTUYHOI €KBIBAJIEHTHOCTI: CTAaTUCTUYHI METOIM, 3aCHOBAH] Ha aHa-
JI131 KOPIYCHUX JIaHWUX; METO/IM 1110 3aCHOBAaHI Ha 3HAHHSX, 1110 BUKOPHUCTOBYIOTH OHTOJIOTIi Ta CEMaH-
TU4HI 06a31; METOM KOMOIHAIIHHOT AUCTPUOYTHUBHOT CEMAaHTHKH HA OCHOBI NMMOMHHOTO HABYaHHS.

CraTucTHyH1 MOJIENI CTAJIM MIEPITUM €TarlOM aBTOMAaTH3AaIlil CEMaHTHYHOTO aHali3y TeKcTy. J{o
HUX HajieXxarh Taki Metomu, sk Latent Semantic Analysis (LSA) [1] , a Takox Mozesni Ha OCHOBI
BEKTOPHMX IpEJCTaBIeHb CIiB. Ll MiAX0MU IPyHTYIOTbCS Ha T1MOTE31 AMCTPUOYTUBHOI CEMAaHTHKH,
sKa Tependavae, mo CJIoBa, MO 3’SBISIOTHCS B MOMIOHMX KOHTEKCTaX, MalOTh MOAIOHE 3HAYCHHS.
CrarucTiyHl MOZENM JA03BOJIMIN 3HAYHO IMIBUIIUTH €()EKTHUBHICTh CUCTEM TEMATUYHOTO aHai3y,
kiacudikanii TEKCTIB Ta 1HGOPMALIHHOTO MOUIYKY, 10 OOYMOBMJIO X BUKOPHCTAHHS JUISl MOIIYKY
CEMaHTHYHOI €KBIBaJICHTHOCTI TEKCTIB Yy 3a1aui ineHTudikarii nepudpas.

[Timxonn 3acHOBaHI Ha 3HAHHAX CIHUPAIOTHCS HA EKCIUIIIUTHE KOAYBAHHS CEMAHTHUYHHX BiJI-
HOIIIEHb Yepe3 BUKOPHUCTAHHS OHTOJOTIH, Te3aypyciB Ta CEMaHTHUHUX Mepek. OIHUM 13 HaO1IbII
BIUTMBOBUX MPOEKTIB 11b0oT0 Harpsimy € WordNet, sikuii 3a06e3neunB (hopmatizamito JEKCHKO-CeMaH-
TUYHUX BITHOIIEHb — CHHOHIMI1, aHTOHIMIi, TimoHIMii, To1o. [TepeBaroro Takux miaxo/iB mpu 00Yuc-
JICHH1 CEMaHTHYHOI €KBIBaJIECHTHOCTI € iXHS IHTEPIPETOBAHICTh 1 3aTHICTh MOJICIIOBATH BITHOIIICHHS
MIDX MMOHATTSIMH Ha PiBHI KOHIIENTIB, a HE JIMIIE CTATUCTUYHUX 3aJISKHOCTEH.

3Ha4YHOTO Mporpecy y chepi MoieT0BaHHS CEMaHTUKU OYyII0 TOCATHYTO 3aBISIKM 3aCTOCYBAHHIO
METO/1iB KOMITO3UIIIHOT TUCTPUOYTHBHOI CEMAHTUKM HA OCHOBI INIMOMHHOTO HaB4yaHHS. LI MeTonu
MOETHYIOTh 1J1e1 TpaJMIIfHOT AUCTPUOYTHBHOI CEMAaHTHKH, sIKa 0a3ye€ThCs Ha MPUITYIICHH], 110 3Ha-
YeHHsI clioBa (GOPMY€EThCA HOT0 KOHTEKCTOM, 13 MOMKIMBOCTSIMH CYYaCHHUX HEHPOHHHX MEPEX, L0
JIO3BOJISIIOTH BPaXOBYBATH CKJIa/IHI 3aJIEXKHOCTI Ta KOHTEKCTyalbHI Bapiallii B TEKCTi. 3aBASKH [IbOMY
(hopMy€eTbest OUTBII THYYKE Ta TOYHE CEMAaHTUYHE MTPEICTABICHHS JICKCUYHUX OJIMHUIIb, SIKE aJIarTy-
€THCSI 10 KOHKPETHOTO KOHTEKCTY BUKOPUCTAHHS.

OcCoOnUBICTIO TaKUX MiAXO/IB € BUKOPUCTAHHS TPaHC(HOPMEPHUX apXITEKTyp, 30KpemMa Moje-
neit Tunmy BERT Tta ix yncnennux moaudikamiii, ki HaB4arOThCSl Ha BEJIMKUX 00CSrax TEKCTOBUX
JIAHUX 1 37aTHI CTBOPIOBATH KOHTEKCTHO-3aJICKHI BEKTOPHI MPEACTaBICHHS CIiB, ¢pa3 1 MITICHUX
TeKCTiB. Lle CyTTeBO MiBHIIY€ AKICTh PO3Mi3HABAHHSA CEMAaHTHYHUX 3B’SI3KIB 1 B3a€EMO3B’SI3KIB MK
eJIeMEHTaM1 MOBH, [0 € KPUTHYHO BAXXKJIMBUM Y 3a7a4ax 1eHTHDIKaIli CEeMaHTUYHOI €KBIBaJICHTHO-
CTi, TAKHMX SK BHUSIBJIICHHS Tiepudpas.

[Ile omHUM BaXKITMBUM HANPSIMOM € PO3BUTOK TOPHUIHUX MOJAETEH, sIKi MOETHYIOTh TPaAMIIiiHI
ceMaHTHYHI Tpad)oBi perpe3eHTallii 3 MOKIHBOCTSIMHU ITMOMHHOTO HABYAHHS, 30KpeMa TpaHchopmep-
HUX apXITEKTyp Ta HeMpoHHUX Mepex. Cepell HUX 0cOOIMBO MOKHA BUAUIUTH BUKOPUCTAHHS peripe-
3eHTaliil abcrpakrHoro 3HaueHHss AMR [2]. IlepeBara AMR nossirae y 31aTHOCTI penpe3eHTyBaTu
3MiCT BUCJIOBITIOBaHHs y (hopmi rpada, ae By3/H BiIMTOBIAAIOTH KOHIIETITaM, a pedpa — CEeMaHTHYHHM
BITHOIIEHHSIM MK HUMH. [le 103Bosiste 4iTko (hikCyBaTH 3B'SI3KM MIXK 00'€KTOM, Cy0’€KTOM Ta JIi€l0,
a TaKo)XK OOCTaBMHH JIii Ta iHIII ceMaHTH4H1 poii. Cy4yacHi HOCHIKEHHS JEMOHCTPYIOTh €(EeKTHUB-
HicTh BUKOpHcTaHHI AMR y 3a1a9ax ceMaHTUIHOTO IMAPCUHTY, TEHEPAIlii TEKCTY Ta ITiICyMOBYBAHHS
[3]. Pa3oMm 3 Tim 3acTocyBanHss AMR s 3a/1a4i BU3HAUCHHS CEMAaHTUYHOT €KBIBAJICHTHOCTI 3aJIv-
IA€ThCA HEAOCTATHRO JOCIIHKEHUM.

VY 3B’s3Ky 3 UMM JIOUIJIBHUM € MPOBEACHHS MOPIBHAJIBHOTO aHANI3y TPAJAMULIAHHUX ITiIXOIiB
1 METO/TIIB Ha OCHOBI IITYYHOTO 1HTEICKTY JIJIsl BUSHAYEHHS iX MOKJIMBOCTEH Ta 0OMEKEHb Y KOHTEK-
CT1 pO3B’sI3aHH 3ajiavi 1IeHTU(IKALlI] CEMAaHTUYHOI €KBiBaJeHTHOCTI. Lle 103BOAUTE 0OIpyHTYBaTH
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BUOIp ONTUMAJILHOI apXITEKTYypH, 3/1aTHOI 3a0e31eunT OaaHC MK TOYHICTIO, IHTEPIPETOBAHICTIO
Ta MacIITabOBaHICTIO.

Meta pocJaiaKeHHs
Mertoro cTarTi € OOIpyHTYBaHHS METOIY MOIIYKY CEMaHTHYHOI €KBIBaJEHTHOCTI TEKCTIB MPH-
POIHOI MOBH IIIJIIXOM aHaJIi3y Cy4aCHUX MIAXOAIB O MOOYI0BH CEMAaHTHUHUX PENpe3eHTallll npu-
POIIHOT MOBM y KOHTEKCTI pO3B’si3aHHS 3a1a4i ineHTudikarii nepudpas. JocrimkeHHs crpsiMoBaHe
Ha BUABJICHHS IepeBar i oOMeXeHb TPATUIIMHUX KOPITyCHO-CTaTUCTUYHHUX METOJIB, MOJEIeH Ha
OCHOBI 3HaHb, METO/IB KOMOIHALIMHOT IUCTPUOYTUBHOI CEMaHTHKH, @ TAKOXK Cy4aCHUX TlOpUIHHUX
MoJienei, 1110 MOoeIHYI0Th HeHpOoMepeKeBl TEXHOJIOT 11 3 (POpMaIbHUMHU CEMaHTUUHUMU CTPYKTYpaMH.

Buxkiaa ocHOBHOT0 MaTepiaJty J0CTiIKeHHS

[Tpouiec po3ymiHHS MPUPOIHOT MOBU € KIIFOYOBHM KOTHITUBHHUM MEXaHI3MOM, IO 3a0e3meuye
3[IATHICTH IHTEPIIPETYBATH 3MICT BHCIIOBIIIOBaHb, BCTAHOBIIOBATH 3B’ SI3KH Mi)K HUMU, POOUTH BUCHO-
BKM Ta Oy/lyBaTH 3HAHHS PO HABKOJUIIIHIN CBIT. ¥ KOHTEKCTI KOTHITUBHOT HAyKH PO3YMIHHS MOJISATaE
y CHiBBiJHECEHHI MOBHHX ()OPM 13 KOHIIEITyaJIbHUMHU CTPYKTYpaMHu, siKi BiJoOpa)kaloTh 3HAYECHHS
[4]. YV upoMy ceHci Tporiec po3yMiHHS BKITIOYA€ 3/1aTHICTh CIIIBBIAHOCUTH Pi3HI MOBHI BHPA3H, IO
nepealTh OAHAKOBUHM a00 MoiiOHuU 3MICT, MONpH IXHIO popmanbHy pizHuo. Llg BractuBicTs 6€3-
MOCEPETHBO € 00’€KTOM MOJENIOBaHHA B 3amaui imeHTHdikamii nepudpas. [lomyk nepudpas, ado
BCTAQHOBJICHHSI CEMAaHTUYHOI €KBIBAJICHTHOCTI MK TEKCTaMH, € BAXKIIUBUM SIK JIJIi KOTHITUBHOTO
MOJICIIIOBAHHS, TaK 1 JIJIsl MIMPOKOTO CIIEKTpa MPUKIAJAHUX 3a7ad OOpOOKU MPUPOTHOT MOBU — Bif
MAaIlIMHHOTO MepeKiaay a0 iHGpOopMaLiiiHOro MouyKy Ta moOy10BH J1aJlOTOBUX CUCTEM.

OCHOBHHM TOHSTTSM Y il 3a/1a4l € MOHATTS CEMAaHTUYHOI eKkBiBajeHTHOCTI. [1i1 HIUM 3a3BU-
Yyail po3yMilOTh BITHOIIICHHSI MK JIBOMa MOBHUMH BHpa3aMH, SIK1 TIEPEIAI0OTh OJHAKOBHUMA a00 Jayxe
OIM3BKUH 3MICT Y MEKaxX EBHOI'O KOMYHIKaTMBHOTO KOHTEKCTY. BoHOUAC 11e BiTHOIIEHHS HE € a0co-
JIOTHO CTPOTHM 1 MOYKE BapiroBaTH 3aJIEXKHO BiJI YMOB BUKOPUCTAHHS, MParMaTu4HuX (hakTopiB Ta
LIJHOBOI 3a/a4i. Y JNEAKHX IiJIX0/laX CEeMaHTHYHA E€KBIBAJICHTHICTh BHU3HAYAETHCS SIK CUMETPUYHE
JIOT1YHE BKIIOYCHHS CMHCIIIB, B IHIINX — SIK B3a€MHA 3aMiHHICTh Y KOHTEKCTaX, a II¢ B IHIIUX — 5K
MOIOHICTH PO3MOLTY JISKCHIHUX OJUHHIIh Y CXOXKHX CUTYAIlisX.

BinmoBigHO 0 1bOTO, MOUIYK CEMAHTHYHOI €KBIBaJIEHTHOCTI MOXKE I'PYHTYBATHUCS Ha PI3HUX
METOJIOJIOTIYHHX MiX0/aX. AHalli3 CydyacHUX JOCIIIKEHb IMOKa3aB, 10 OCHOBHI MiIXOAU JI0 MO0Yy-
JIOBH CEMAaHTUYHHX TPECTABICHb TEKCTY MOYKHA YMOBHO MOIUTHTH HA TPU KIFOUOBI HATIPSIMKHU:

1. Mertoau, 3aCHOBaHi Ha CTATUCTHYHHX XapaKTEPUCTHUKAX TEKCTOBHX KOPITYCiB.

2. Meronu, sIKi CIUPAIOTHCS Ha CTPYKTYPOBaHI JIIHTBICTUYHI PeCypcH, TOOTO Ha 6a3u 3HaHB PO
MOBY, CTBOPEHI Bpy4HY a00 HaiBaBTOMaTUYHO.

3. Meronu KOMOO3MILIMHOI AUCTPUOYTUBHOI CEMAHTUKH, 1110 0a3ylOThCS Ha MAlllMHHOMY HaB-
YaHHI Ta MHMOOKUX HEUPOHHUX MepexkKax.

MeToau 3acHOBaHi Ha KOpHYycaX CIUPAIOTHCS Ha aHaJi3 BEJIMKHX OOCATIB TEKCTY 3 METOIO
BUSIBJICHHS CTATUCTUYHMX 3aKOHOMIPHOCTEHN y BXKMBaHHI CJliB Ta (ppa3. BoHu BUKOPUCTOBYIOTH 1H(OP-
MaIlif0 MPO YaCTOTY CIIB BXXMBAHHS JIGKCHYHUX OIWHUILG, 10 JO3BOJISE MOJEIIOBATH CEMaHTUYHI
3B’A3KM 0e3 MOTpeOH y pydyHOMY KOAyBaHHI 3HaHb. OAHUM 13 KJIACHYHUX METOIB LIbOTO HAmpsMy
€ JaTeHTHUH cemaHTUyHUi aHani3 (LSA), sikuii BUKOpHUCTOBYE MaTpuuHy (hakTopusalito Jisi BUSB-
JICHHS JIATEHTHO1 CTPYKTYPH B TEKCTOBUX JaHHX.

JlarentHuit cemanTuuHmMi aHaniz (LSA) — 1me mMeTom MaTeMaTHYHOTO MOJICITIOBAHHS, SKHI
3aCTOCOBYETHCS ISl BUSIBIICHHS TPUXOBAHUX CEMAHTUYHUX CTPYKTYP Y BEIMKOMY KOPITYCl TEKCTiB.
OcHoBHa ines1 LSA nonsirae y mpeicTaBiIeHH] TEKCTY Y BUIIISAII MaTPHII TEPMiHIB Ta TJOKYMEHTIB, JI€
KOXKEH PSAZIOK BIJIOBIJa€ TEPMiHY, a KOKEH CTOBICIb — JOKYMEHTY a00 iHIIi TEKCTOBIN OIMHMUIII.
3Ha4yeHHs] B MaTPHIIl B110Opa)karOTh YaCTOTY IMOSIBU BIJIOBIIHOTO TEPMIHY y BIANOBITHOMY JIOKY-
MEHTI, 4acTO 13 3aCTOCYBaHHSIM BaroBuX KOe(MIIIEHTIB, K1 MiJCHIIOIOTh 3HAYYIIICTh PIAKICHHUX, ajie
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iHpopmaruBHUX ciiB. L1 Marpulisa hakTHaHO Koaye iHGOpPMAIIiIO PO T€, SIKi TEPMIHU Ta B AKIH KiJIb-
KOCTI1 MPUCYTHI y PI3HUX TEKCTAX, CTBOPIOIOYN YHCIIOBE YSBICHHS TEKCTOBHX AaHUX [1].

Jls oOuMcnieHHs Baru TepMiHy 4acTo BUKOpucTOBYeThbes MeTpuka TF-IDF, ska noennye y co6i
JIBI METPUKH: 4acTOTy TepMiHa (tf) Ta o6epHeHy yacToTy JoKyMeHTiB (idf) 1 BU3HaYa€eThCS SIK:

tfidf (t,d)=1f (t,d)xidf (1), (1)
Jia
tf td
zkfkd (2)
o N
ldf(t)_log|{d:ted}|’ 3)

ne tf(t, d) — gacrora yacrora TepMiHy ¢ Y JOKyMeHTI d, 110 OOYMCIIOETHCS SIK BIAHOIICHHS KIJIBKO-
CTI TOSIB f, , 10 3arajbHOI KUIBKOCTI TEPMiHIB y JoKyMeHTi; 1df(t) — obepHena yacTora JOKyMEHTa;
N — 3arajbHa KUJIBKICTh JOKYMEHTIB y Kopmyci, a |{d:tEd}| — KIIbKICTh JOKYMEHTIB, y SIKUX 3yCTpi-
Y4aeThCs TEPMIH t.

OTtpumana B pe3yabraTi 004HCICHb MaTPHILIA, SIK TIPABUIIO, TyXKE BEJIMKA 1 pO3piHKeHa, a TAKOXK
MICTHTh 0arato HaJJIMIIKOBOI iH(opmartii. st BUsIBICHHS JaTeHTHUX (MMPUXOBAHUX) CEMaHTUYHUX
CTPYKTYpP 3aCTOCOBYIOTh MAaTPHUHY (PAKTOPH3AI[I0 — METOJl 3MEHIICHHs] PO3MIPHOCTI JaHUX, KUK
TIOJISATAE Y TIOJIUTI BEJIMKOT MAaTPUIll Ha JOOYTOK JIBOX 200 OibIlle MEHITUX MaTpPHIIb, IO 30epIirarTh
MPUXOBaHy CEMaHTHYHY 1H(pOpMaIliro. 3aBIsKu (aKTOpHU3allii MOYKHA BUSBUTH JIATCHTHI O3HAKH, 5Kl
BiI0OpaXKaroTh CEMAaHTHYHI 3B 3KH MK clioBaMu 4M ¢ppazamMu. OHUM 13 HAUIOIIUPEHIIIUX METO-
JB € CHHTYJISIpHE po3kiananHs marpuili (SVD), ske 103BoJIss€ 3HU3UTH PO3MIPHICTH IPOCTOPY Ta
MIPEJICTAaBUTH KOXKHE CJIOBO Y BUIVISIZII BEKTOpA B JIaTEHTHOMY IipocTopi. SVD poskianae marpuio A
po3mipoM m*n Ha 100YTOK TPbOX MaTPUIIb:

A=UxZxV", 4)
ne U — marpuis JiBUX CUHTYIISIPHUX BEKTOPIB (TEPMIHM Ta JAaTEHTHI KOHIENTH), X — JiaroHajIbHa
MaTPHISI CHHTYJISIPHUX 3HAYEHb, SIKi BU3HAYAIOTh Bary KOKHOTO JIATEHTHOTO KOHIIENTY, V7 — Marpuiis
MPaBUX CUHTYISIPHUX BEKTOPIB (JIATEHTHI KOHIENTH Ta JOKYMEHTH).

JU1s 3MEHIIeHHS pO3MIPHOCTI 3aJIMIIAI0THCS JIUIIE nepiili k HalOITbIINX CUHTYIIPHUX 3HAYECHb
3 mMatpui X, BiAnoBiaHi iM croenui 8 U, Tta V , mo nae anpoxcumaitiro marpuni A, . Lg anpokcu-
Marllisi BijoOpa>ka€ OCHOBHI JIJATEHTHI CEMaHTUYHI CTPYKTYpPHU, JO3BOJISIFOYU MMOPIBHIOBATH 3HAYECHHS
TEPMiHIB 1 JIOKYMEHTIB y 3MEHIIEHOMY ImpocTopi. Yepe3 3MeHIeHHs po3MmipHOCcTi LSA no3Bose
BHSIBUTH TJTMOMHHI CEMAaHTHUYHI B3a€MO3B’I3KA MIJK CJIOBAMH Ta TEKCTaMH, SIK1 HESIBHI Y TIOYaTKOBUX
YaCTOTHHX JaHMX. Tak, CAHOHIMIYHI UM ONM3BKI 32 3MICTOM TEPMIHU HAOIMKAIOTHCS y TATCHTHOMY
MIPOCTOPI, HABITh SKIIO BOHH HE 30iratoThes JEKCHYHO. Lle 103BOIsiE BUKOPUCTOBYBATH OTPUMaHI
BEKTOPH IIPH PO3B’sA3aHHI 3a/1a4i iAeHTH KA eprudpa3 MUITXOM OIIHKUA CXOXKOCTI MMapyu BEKTOPIB
3 BUKOPUCTAHHSAM METPHK MOIOHOCTI.

MeToau 3acHOBaHi HA 3HAHHSAX — II€ TT1XO/IH, 110 CIIUPAIOTHCS HA BUKOPUCTAHHS CTPYKTYPO-
BaHMX JIHTBICTUYHHUX 1 CEMAaHTUYHUX PECYPCIB, K1 BiIOOpakatoTh 3HAHHS MPO MOBY Ta CBIT. Taki
pecypcH BKIIOYAIOTh OHTOJOT1, Te3aypyCcH, CEeMaHTUYHI Mepexi, Taki sk WordNet, CTIOBHUKH CHHO-
HiMiB, I0capii Ta 6a3u KOHIENTya bHUX 3B s13KiB. L{i MeTonm onepyroTs iH(opMmariiero mpo JIeKCUIHi
Ta CEMaHTUYHI BIIHOIIICHHS M)XK CJIOBaMH, 30KpeMa CHHOHIMIEIO, TIIIEPOHIMIEIO, TIOHIMIEIO, aHTO-
HIMI€I0, @ TAKOXK CEMAaHTUYHUMU POJISIMH Ta KOHIICTITYaTbHUMU 3B’ I3KaMH.

VY koHTeKcTi ineHTHdiKaMil epudpas miaxoan, 3aCHOBaHI Ha 3HAHHSX, JIO3BOJISIFOTh BUSIBIISITH
CEMaHTHYHY €KBIBaJICHTHICTh MK BUpa3aMHU BHACIIJOK 3ICTaBJIEHHS IXHIX KOHIENTYaJIbHUX MPE-
cTaBiieHb. Hampukias, K110 Ba BUCIOBIIOBAHHS MICTSATh Pi3HI JEKCUYHI OIMHUII, aJI€ i OMUHUII
€ CHHOHIMaMH Y BIJIMOBIJIHIA 0a3i 3HaHb, CHCTEMa MOXE 3POOMTH BUCHOBOK PO MOXKJIMBY CEMaH-
TUYHY €KB1BaJICHTHICTb.
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CryniHb CeMaHTHYHOI MOAIOHOCTI y MeToJaX, 3aCHOBAHUX Ha 3HAHHSX, BU3HAYAETHCS IILJIS-
XOM OOYMCIIEHHS 3HAYCHb CIEIiaTi30BaHUX METPUK, SIKi I03BOJIIIOTH KUTbKICHO OI[IHUTH CMUCIIOBY
OMU3BKICTh MIXK MOHATTSIMH 200 TEKCTOBUMHU (pparMeHTamMHu. SIK MOKa3aHO Ha PUCYHKY 1, Il METpUKHU
MOUIAIOTHCS HA JBI OCHOBHI T'PYIU: METPUKH CEMAHTHUYHOI MOAIOHOCTI Ta METPUKH CEMaHTUYHOT
CHOpigHEeHOCTI [5].

MetprEEn
CEMaHTHIHOL
EKBIBATEHTHOCTL
CemanTHIHA CemanTHIHA
CIOPLIHEHICTE OOJi0HICTE
hzo lesk vector JIOE&HHA OLTIXY IndopuaniAHER BEMICT

i v l; v l

path wup Ich 188 lin jen

Puc. 1. TakcoHOMist METPHK CEMAHTHYHOI €KBiBaJTEHTHOCTi y MeTOaX 3aCHOBAHUX HA 3HAHHAX

MeTpuku CeMaHTHYHOI MOMIOHOCTI CHpPSMOBAaHI Ha OLIHKY CXOXKOCTI MK TOHSTTAMH, IO
MaroTh CIIJIbHY CEMaHTHUUHY Tipupoxay. [{o 1i€ei rpynu Hanexars Taki MiaXoau, sK OOYUCICHHS JOB-
KMHU HAaHKOPOTIIOTO NUISAXY MK HOHATTSIMM B OHTOJIOTIi, BpaXyBaHHsI INTIMOWHU CHUIBHOTO MIpeKa,
a00 KOMOIHOBaHI MOJIelTi, SIKi BPaXOBYIOTh SIK TOIIOJIOTIYHI, TaK 1 CTATUCTUYHI XapaKTePUCTHKH. 3ara-
JIOM JTaHI METPUKH PO3IISIOTH HA JIBI TPYIIH.

[epia rpyna MeTpHK, 710 sikoi HanexxaTb Resnik (res), Lin (lin) ta Jiang & Conrath (jen), rpyH-
TY€ThCSI Ha KOHIEMIIi iH(popMaIiiiHoro HanoBHeHHs. L[i METpHKH BHKOPHUCTOBYIOTh CTATHCTHUYHI
XapaKTEPUCTUKHU KOPITYCY JJIS OLIIHKKA WMOBIPHOCTI 3yCTpiuil MOHATH, MPUITYCKAOUH, [0 YAM MEHIIT
HMOBIpHE MOHATTS, TUM OUTBIIOKO € Horo iHpopMaliiiHa IiHHICTh. BiAnoBiaHo, ceMaHTHYHA MOI0-
HICTh MK KOHIIENITAMU BH3HAYA€THCSI HA OCHOBI TXHBOI CIIIBHOT 1H(pOpMaIii [5].

MeTpuka res BU3HA4a€ CEMAaHTHYHY TMOMIOHICTh yepe3 iH(popMalliiiHe HAIIOBHEHHS HaNHOINXK-
yoro criigbHoro npeaka LCS y iepapxii WordNet:

sim,, (4,B)=1IC(LCS(4,B)), (5)

IC(c)=-logP(c), (6)

ne 1C(c) — indopmariiiine HaMOBHEHHS KOHLIENTY ¢, P(C) — HMOBIpHICTB 3ycTpidi KOHLIENTY C Y KOPITycl
tekcTiB, LSC(A, B) — 11e HaitOnmvkunii cijibHUM peIoK 71t KOHLENTiB A Ta B y TakcoHOMIuHIM i€papxii.

OO6unciene 3HaYeHHS MOKe ITpuiiMary 3Ha4eHHs 0 Ta OyTH Oinbine. BepXHs Mexa 3HaueHHS, SIK
MIPaBUJIO, TIOCUTH BEJIMKA 1 3MIHIOETHCS 3aJIEKHO B1Jl pO3MIPY KOPILYCY, IKHIl BUKOPHUCTOBY€ETHCS IS
BHU3HAUCHHS 3HaY€Hb 1HPOPMAIIHHOTO BMICTY.

Mertpuku lin Ta jen Takox 6a3yroThCs Ha iH(OpMaIliifHOMY BMICTi, aje BpaxoBYIOTh HE JIUIIIE
CHUIbHE, a i BIAMIHHE MK MOHATTSIMH. OOUBI METPUKU JOMOBHIOIOTH 1HPOPMALIMHUN BMICT Haii-
OMMHKYOTO CHUIBHOTO Ipe/ika CyMOIo 1H(opMarliiitHoro BmMicty camux koHIentiB A i B. [Ipu upomy
lin oniHIO€ ceMaHTHUHY NOAIOHICTb K BITHOIICHHS ITOJBOEHOTO iH(POPMALIIHHOTO BMICTY CHIJIBHOTO
MpeaKa 10 CyMH 1HPOPMAIIHHOTO BMICTYy 000X KOHIIETTIB, TOOTO (JOKYCYETHCS HA CITIBBITHOIICHHI
CHUIBHOI Ta YHIKaIbHOT iHPOpMAIIii:
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| 2xIC(LCS(4,B))
simy, (4, B) = IC(A4)+1IC(B)

(7)

ne IC(A), IC(B) — indopmariiitne HartoBHeHHsI KoHlenTiB A 1 B Binmosinno, LSC(A, B) — naitbonmx-
YU CHiIBHUHN TIPEIOK TSl KOHIIETITIB A Ta B.
Le 3HaueHHsT HAOMIKAETHCS A0 1, SIKIIO MOHSATTSI MAIOTh CIUIBHOTO TPEKa 3 BUCOKHM 1H(OP-
Mar{liiHUM BMICTOM 1 MIHIMQJILHUMHA BiIMIHHOCTSIMU.
HatomicTh MeTpHKa jcn po3paxoBye CEMaHTHUHY BiJICTaHb MK KOHIIEITAMHU SIK CyMY IXHBOTO
BJIACHOTO 1H(OPMAIIITHOTO BMICTY MiHYC MOABOEHUH 1H(POPMAIITHIIA BMICT CIIUIBHOTO MIPEAKa:
dist,,, (4,B)=IC(A)+IC(B)-2xIC(LCS(4,B)), (8)

Jjen

ne IC(A), IC(B) — indopmariiine HartoBHeHHsI KoHlenTiB A 1 B Binmosinno, LSC(A, B) — naitommx-
YUl CIUTFHUN MPEAOK TSl KOHIeNTiB A Ta B.

UuM MeHIe I 3HAYCHHs, TUM OJVDKYI TOHSATTSA. BiaNoBimHO, IS TIEPETBOPEHHS BiJICTaHI
y MOAIOHICTh BUKOPHUCTOBYIOTh OOEpHEHE 3HAUYCHHs a0o0 iHII HopMmaumi3alii. TakuM YuHOM, 0OHIB1
METPUKHU € OUIBII YyTIUBUMHU A0 CTPYKTYPHOI Ta CTaTUCTUYHOI iH(opMaIlii, OCKUIbKH BOHU OIHO-
YacHO BPaxoBYIOTh KUJIBKICTb CIIIbHOI 1H(OpMallii (depe3 CIbHOTO MpesiKa) Ta KIIbKICTh YHIKaIb-
HO1 iH(OpMaIlii KOXKHOTO 3 KOHIICTITIB.

Hpyra rpyma MmeTpuk 0a3yeTbcsi Ha TOMOJOTIYHMX XapaKTEPUCTUKAX JEKCUYHOI Mepexi,
30KpeMa Ha JOBXHHI IUIIXY MK MOHATTSIMH B iepapxii WordNet. Jo 1i€l rpynu BXOIsATh METPUKA
Leacock & Chodorow (Ich), Wu & Palmer (wup) Ta Path Length (path). Bonu onepyroTs rmubuno0
iepapxii Ta BIACTaHHIO MK By3JIaMHU: YUM KOPOTLIMH HIISAX 200 BUILA CIIJIbHA i€papXidHa BEPLIMHA,
THM OUTBIIIOI0 BBAXKAETHCS CEMAaHTHYHA MOAIOHICTh MK IMIOHATTAMU [5].

MeTtpuka path oGuncitoe ceMaHTHYHY MTOMIOHICTh K TOBKHHY HAWKOPOTIIIOTO IIJISAXY MiX KOH-
uentamd A 1B B oHTONOTIYHIN i€papXii:

1

My (A, B) = —— e —
Slmpath( > ) ]englh(AaB)’ (9)

ne length(A, B) — noBxuHa HAHKOPOTIIOTO NUISAXY MK KOHIIeTaMu A Ta B.

[Tokasznuk Ich moBeprae o1iHKY, sSika BKa3ye Ha Te, HACKUIBKH CXOKI 3HAUEHHS JBOX CIiB, Ha
OCHOBI HAWKOPOTIIIOTO NIISAXY M1k IIUMH JIBOMA 3HAYCHHSIMHU Ta MAaKCUMaJIbHOT INIMOWHU TaKCOHOMIT,
y SIK1i 3yCTpIYarOThCs 3HAUYEHHS Ta OOYMCIIOETHCA 32 (DOPMYIIOL0:

length (A,B)

simy, (4,B)=—log oD

: (10)

ne length(A, B) — nalikopoTmmii misx Mix moHATTIMU A Ta B, D — makcumanbpHa rubuHa iepapxii
B WordNet.

OcTtaHHs1 METpUKa WUp OIIIHIOE MOJIIOHICTh HA OCHOBI TNIMOMHU HAHOIMKIOTO CIIBHOTO MPeIKa
BIJTHOCHO IVIMOWHU CaMUX [OHSATh:

_ 2xdepth(LCS (4, B))
- depth(A)+depth(B) ’

sim,,, (A4,B) (11)
ne depth(A), depth(B) — mubunaa noustte A Ta B y iepapxii, LCS(A, B) — HalOmmk4Iuii criiibHAIMA
MpeaoK MoHsTh A Ta B.

MeTpuKku CEeMaHTUYHOI CHOPIIHEHOCTI € MIMPIIUM MOHSATTSM 1 J03BOJISIIOTH BPaXOBYBaTH HE
JIMIIIE TAKCOHOMIYHI BIJHOIIEHHSI, a i acOIIaTHBHI 3B’ A3KU MK IOHATTAMH — TaKl SIK QyHKIIIOHAIbHA
CYMICHICTb, TEMaTHYHa CHIJIBHICTh a00 MPUYMHHO-HACIIIKOBI BimHOIIeHHS. Cepen METpUK ceMaH-
THUYHOI CIIOPIAHEHOCTI BUOKPEMIIIOIOTh TpH ocHOBHI miaxonu: Hirst and St-Onge Measure (HSO),
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Lesk Ta BextopHi mpencraenenHs [5]. Meron HSO r1pyHTyeTbcsi Ha TOMOJIOTIi JIEKCMUHOT 0a3u
WordNet i BpaxoBye He JUIIE JOBXHHY HAaHKOPOTIIOrO HUIAXY MK MOHSTTAMH, ajleé ¥ KUIbKICTh
3MIH TUIIB CEMaHTHYHUX 3B’SI3KIB HAa [bOMY LIIAXY. UMM MEHIlIe TaKuX 3MiH 1 KOPOTLIUH IUISIX, TUM
BUIIUN CTYIHb CIIOPIAHEHOCTI MK MOHATTAMU. MeTpuka Lesk 6azyeThcsi Ha MPUHIIUII TTEPETHHY
CJIOBHHKOBHUX BU3HaueHb. OLIHIOBAaHHS CIOPIAHEHOCT] 3IIHCHIOETHCS IIISXOM aHaJi3y KUIBKOCTI
CHUTBHUX CJIIB Y BU3HAYCHHSIX JTBOX KOHIICTITIB: YMM OLIBIINHN 1I€¥ MMEepeTHH, TUM BHIIOK € CEMaH-
TUYHA OMK3bKICTh. [1iAXin vector ciupaeThest HA CTATUCTHYHE MOJICITIOBAHHS CIIIB BXKMBAHHS TE€PMi-
HIiB y TEKCTOBOMY Kopiryci. [lJis1 KO)HOTO0 cioBa, 1110 3ycTpivaerbes B mocax WordNet, popmyeTbes
BEKTOpP KOHTEKCTY, SIKMM BiI0Opaka€ 4acTOTHI CIIBBIAHOIICHHS. BiImoBimHO, KOJKHA KOHIICTIIIIS
PENPE3EHTYETHCS SIK YCEPEIHEHU BEKTOP TEPMiHiB, 1110 BXOIATH /0 il TIIOCH.

Bapro 3a3HaunTH, 1110 METPUKH CEMAaHTHYHOI CTIOPITHEHOCTI MOZEIIOIOTh PaJIlie 3arajbHy aco-
11aTUBHY 200 TeMaTUIHy OJHM3bKICTh MIOHATH, a HE TOUYHY €KBIBAJICHTHICTH 3MicTy. Came ToMYy 11l TiI-
XOJIM MaloTh OOMEXKEeHe 3aCTOCYBaHHS y 3a7avax iaeHTHdikaii nepudpas, 1e KPUTUIHO BaXKIUBOIO
€ TOYHAa CEMaHTUYHA BIAMOBIIHICTh, HA BIIMIHY BiJ] METPUK CEMaHTUYHOI MOMIOHOCTI, IO JIEMOH-
CTPYIOTh Kpally €(eKTUBHICTb.

VY poborti [6] aBTOpH IEMOHCTPYIOTh BUKOPUCTAHHSA LMX MiAXOMIB JJIsl OLIHKA CEMaHTHYHOI
OIM3BKOCTI MIX CIIOBAaMH y IBOX TeKCTaX. [lepeTBOpeHHs CEMaHTUYHOI MOIOHOCTI MK KOHIIENITAMU
B MOAIOHICTh MIXK CJIOBaMH 3IHCHIOETHCS IIISAXOM 31CTaBICHHS iXHIX BIIMOBIIHUKIB y JIEKCUYHIN
Mmepexi WordNet.

[Tompu mMpoKy 3aCTOCOBHICTH, SIK METO/M, 3aCHOBaHI Ha KOpITycax, TaK 1 METOMAH, IO CIIH-
paroTbcsi Ha 06a3u 3HaHb, MAIOTh CYTTEBI OOMEKEHHS Y KOHTEKCTI 3a/1avi iaeHTudikamii nepudpas.
T'onoBHa iXHA CHiJIbHA XapaKTEPUCTHUKA MOJIATAE Yy TOMY, 10 OOYMCICHHS CEMaHTUYHOI OMU3BKOCTI
BUKOHYETHCS TIEPEBAXKHO HA PiBHI OKPEMUX JIEKCHUYHUX OIMHUIB a00 map ciiB. Y 3amadi imeHTudi-
Kauii nepudpa3 Taka 0OMEKEHICTh BUSBIAEThCA KpUTHYHOIO. [lepudpa3dyBaHHs 3a CBOEIO MPHUPO-
7010 Tiependavyae He JIMIIE 3aMiHy OKPEMHX CJIiB CHHOHIMaMH, a i CKJIaaHi TpaHchopmailii, moB’s-
3aHi 3 1nepeOy/10BOI0 CHHTAKCUYHOI CTPYKTYpPH, BUKOPUCTAHHAM MeTadop, Pppa3eonorizmib, 3MiHOIO
aKIICeHTIB 200 CITOCc001B KOHIIENTYai3aIlii OHOTO 1 TOTO K 3MICTY.

i oOMe)xeHHsI BU3HAYAIOTh HEOOXITHICTh 3aCTOCYBaHHS CKJIQJHIIINX MOJENEH CeMaHTHUYHOTO
MIPEICTABICHHS, 3IaTHUX IHTETPYBATH HE JIMINE JICKCUYHI, ajle 1 CHHTAKCHYHI Ta KOHIENTyaJIbHI
ACTEeKTH 3MicTy. BaxkIMBOIO BIACTUBICTIO TAKMX MOJIETIEH € 3MaTHICTD BiAOOpaXkaTH 3B’ A3KU MIXK CJI0-
BaMH y MEXaX peueHHs, BKIIIOYHO 3 POJISIMU areHTiB, MAIli€HTIB, IHCTPYMEHTIB, a TAKOXX Kay3aJIbHUX,
TEMIIOPAJIBHUX Ta IHIIUX BiHOLICHD.

3 PO3BUTKOM TIIMOMHHOTO HaBYAHHS IMapajurMa 0OpOOKH MPUPOTHOT MOBH IOCTYIIOBO 3MiCTH-
Jlacs BiJl TPAAUIIIHHUX METOJIB, 10 0a3yBaJIMCs HA PyYHOMY KOHCTPYIOBaHHI O3HAK 1 BUKOPHCTaHHI
(iKCOBaHMX JIHIBICTUYHHMX PECYpCiB, 10 MOJENeH PO3MOAITICHOrO MPEACTaBICHHS, SKi (OPMYIOTh
CEMaHTHYHI MOJIJaHHS MOBHHUX OJIMHUIIH Yy BUIJISAJIl BEKTOPIB Y Oe3MepepBHOMY OaratoBUMipHOMY TIPO-
ctopi. Ha BigmiHy BiJ morepenHix miIxo/iB, A€ 3HaHHS PO 3HAYCHHS CITiB 1 (ppa3 SBHO KOMYBAIHCS 32
JIONIOMOT'010 MIPaBMJI 00 TAKCOHOMIYHUX CTPYKTYp, Cy4acHi MOAEl HEHPOHHUX MEpeX J03BOJSIOTH
ABTOMATHUYHO HABYATHCS y3aralbHeHUX CEMAaHTUYHUX 3QJIC)KHOCTEH 13 BEITUKMX OOCSTIB TEKCTY.

OnHuUM 13 KJIIFOUOBUX HAMPSMIB Y CyYacHIM mapaaurmi oOpoOKH MPUPOIHOT MOBH € KOMIIO3H-
uiitHa nuctpuOyTtruBHa cemantuka (Compositional Distributional Semantics). Lleit miaxin 6a3yerbes
Ha TirnoTesl, 0 3HAYeHHsI CKJIQJAHUX MOBHMX OJAMHHUILIb — TAKUX SIK pas3u, peueHHs ado LIl TEKCTU —
MO’Ke OyTH OTPUMAHO IUISIXOM KOMIO3HIIT BEKTOPHUX MOAAHb IXHIX CKIaJI0BUX eleMeHTiB. OCHOB-
HOIO 1JIC€I0 € TOEAHAHHS TMPUHIIMIIB TUCTPUOYTUBHOI CEMAHTUKH, KA PO3INIAJA€ 3HAYCHHS CIIOBA
SIK TIOXIJTHE BiJl KOHTEKCTIB MOTO BXWBAHHS, 13 MPUHIUIIAMHA (OPMATIbHOT CEMAHTHKH, IO OMUCYE
MIpaBUJIa KOMITO3UIII{ 3HAYEHb.

CyuacHi METOM KOMITO3UIIIHOT TUCTPUOYTUBHOI CEMAaHTHKH KIACH(DIKYIOThCS 3aJIEKHO BiJ
PiBHS MOBHOTO TIPE/ICTABICHHS, HA SIKOMY (OPMYIOThCS BEKTOPHI perpe3eHTalii: METonu Ha PiBHI
CJIIB, METOJIU Ha piBHI ()pa3, METOIM HA PiBHI PEUCHb.
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MeTtonu Ha piBHi cjaiB IpyHTYIOThCS Ha i/1ei MOOY/IOBM BEKTOPIB OKPEMHX CIIIB HAa OCHOBI
iXHBOTO KOHTEKCTY Y BEJIUKUX KopIycax Tekcty. HaiiBimomimni mozeni miei rpymu, Taki sk Word2 Vec
a6o GloVe, popmyroTs cTaTHuHI BEKTOPHI MPECTABIEHHS, I€ KO)KHOMY CJIOBY BIJIIIOBIIa€ OIMH BEK-
TOP HE3aJIEXKHO BiJ] KOHTEKCTY Ta BUKOPUCTOBYIOThCS y TpyIli Mojesnelt mix Hazsoro SWEM (Simple
Word-Embedding-Based Models) [7]. OcHOBHa ifiest TUX MOJIETIEH TOJsIirae y BUKOPUCTAHHI BEKTOP-
HUX TpPEJCTaBlIeHb CIiB, 3a3BUYail MOMepeIHbO HABUCHHUX Ha BEJIUKUX KOpIycax, II0 BigoOpaxka-
I0Th JJATEHTHY CEMaHTHUYHY CXOXICTh MK CJIOBAMHU Y 6araToBUMipHOMY KOHTHHYaJIbHOMY IIPOCTOPI.
VY mexax SWEM-niaxony KoyKHE pedeHHs IOAA€THCS K MOCIiAOBHICTh BEKTOPIB, BIAMOBIIHUX CIIO-
BaM y pedeHHi. Jlani 3acTOCOBYIOTHCS MPOCTI orneparltii arperariii, o J03BOJISIOTh OTPUMATH €IMHE
(ikcoBaHO{ JOBKHMHHU MPEICTABICHHS BChbOro peueHHs. HaiinommupeHimmMu TunaMu arperatii €:

—arperyBaHHs 10 CEPeIHbOMY — OOYHCIICHHS CEpeIHBOTO 3HAYCHHS 1O KOXKHIM KOOpAMHATI
BCIX BEKTOPIB PEUCHHS;

— arperyBaHHA 110 MAKCUMYMY — BHOiIp MaKCUMaJILHOTO 3HAYEHHS 1O KOXKHIM KOOpAMHATI;

— KOHKaTeHAIlis CePEIHbOTO Ta MAaKCUMyMYy — KOHKAaTCHAIlis PEe3yJIbTaTiB arperarii mo cepe-
HbOMY Ta MaKCUMYMY JUIsl 30€pekeHHs OUIbIIO0T KUTBKOCTI CEeMaHTUYHOT 1H(pOopMallii;

— CyMapHe arperyBaHHs — OOUHCIICHHSI CyMapHOTO BEKTOpa BCIX CIIiB y PEUEHHI.

OTtpumaHi arperoBati BEKTOpH MOAAIOTHCS HA BXiJ KiIacU(iKalliiiHii MoAei, Ka HABYa€ThCS
BH3HAYATH CTYIIHb CEMaHTUYHOI BiJMOBIAHOCTI MK IapaMu pe4yeHb, KIACU(PIKYIOUH iX sIK Tepud-
pa3u abo He nepudpaszu. [0710BHUM HEIOTIKOM ONUCAHOI IPYIH MOJIEIeH € HeUyTIAMBICTb /10 OPSJIKY
CJIiB, IO O0COOIMBO XapaKTepHO Ui BapiaHTIB 13 CepelHIM Ta MAaKCUMaJbHUM 3ropTaHHsM. Uepe3
BTpaTy iH(opMaIrii mpo mopsiA0K, Taki MOJIEI HE 37aTHI PO3PI3HITH PEYCHHS, sIKI MAIOTh OJHAKOBHI
JEKCUYHHUN CKJIaJ, ajie pi3Hy CUHTaKCU4YHY CTPYKTypy. Lle oOMexeHHs CyTT€BO 3HMXKY€E 3aCTOCOB-
HicTh npoctux SWEM-Mozerneii y 3a1a4ax, e cCeMaHTHYHA €KBIBAJICHTHICTh BUMAarae TOYHOTO ypa-
XyBaHHSI CHHTaKCHUCY a00 JIOT1KO-CEMaHTHYHUX BiTHOIICHD.

MeToau Ha piBHi ¢pa3 cTaHOBIATH BXIIUBY POJIb B MOZIETIOBaHHI JOKaJIbHOT CEMaHTHKH, 10
BHHUKA€ BHACITIJIOK B3a€EMO/IIi MIXk CIIOBaMH B MexaX (hpa30BUX KOHCTPYKIIii. Ha BiqmiHy Bix Moje-
neit, siki popMyIOTh 3HAUEHHS TEKCTY IIJISIXOM MPOCTOTO arperyBaHHs BEKTOPHUX MPEACTABIEHb CIiB,
(bpa3oBi METOAM OPIEHTOBAHI HA BPaxXyBaHHA CUHTAKCHYHOI CTPYKTYPH Ta TpaMaTHYHUX 3B’ SI3KiB MIXK
€JIEMEHTaMH, 110 JI03BOJISIE MOJICITIOBATH CKJIAIHI MOBHI BHpa3u. J{JIsl MOJETIOBaHHS CEMaHTHYHOTO
3HAYEHHs Ha PiBHI (pa3 MHUPOKO 3aCTOCOBYIOTHCS HEHPOHHI MOJIETIi, OpIEHTOBaHI Ha 0OPOOKY MOCTi-
JIOBHOCTEH, 30KpeMa peKypeHTHI HeHPOHHI Mepexi.

PexypenTHa Heiiponna mepeska (RNN) — 11e ki1ac mTydHrX HEHPOHHUX MEPEXK, 10 JO3BOJISIOTh
30epiraTu Ta nepenaBaTy iHQpOpMallilo B 4acOBOMY MopsiaKy. Taka apxiTekTypa 3abe3nedye oOpooKy
MOCIIOBHUX JaHHUX, 30KpeMa MPUPOTHOI MOBH, JI¢ 3HAUCHHs MOTOYHOTO €JIeMEHTa 3aJIeKHUTh BiJ
nornepeaHboro Koutekcty. Ha koxxkHomy yacoBomy kporii RNN mpuiimae Ha BX1 MOTOYHUN €1€MEHT
MIOCJIIIOBHOCTI Ta MOTEPeHI MPUXOBaHUH CTaH, 00UYHUCITIOI0YH HOBHI CTaH, SIKUI Hece y3araJbHeHY
iHpOopMaLito PO BKe 00poOIeHY YaCTHHY BXiJHOI OCTIIOBHOCTI (pucC. 2).
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Puc. 2. ApxiTeKkTypa peKypeHTHOI HelipOHHOI Mepe:xi
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B xoHTekcti 3amaui imeHtudikamii nmepudpas peKypeHTHI MepeKi BHUKOPHUCTOBYIOTHCS JIS
IMIUIEeMeHTalLlli apXiTeKTypu eHKoaep-aekoaep. Ha nepiiomy etari, eHKoAep peKypeHTHOI Mepexi
MpUiiMae Ha BX1J1 MMOCIIIOBHICTh CJIIB BX1JTHOI ()pa3u Ta MOCIHIIOBHO KOJYE ii B KOMIIAKTHE BEKTOPHE
TIOJIaHHsI, SIKe BigoOpa)kae CeMaHTUYHUH 3MICT Ppa3u B OaraToBUMipHOMY MpocTopi. TakuM ynHOM
(opMy€eTbCS KOHTEKCTHUI BEKTOP, 10 aKyMYJITIO€ 1H(OpMAILiIO PO BC1 €JIEMEHTH PEUEHHS, BPaXOBY-
F04H TXHIO MTOCIIIJIOBHICTh Ta B3a€MO3B’SI3KH, IICIIS UOTO JIEKOJep, OTPUMYIOUYH Ha BX1J ApYry (pazy,
BUKOPHCTOBYE MEXaHI3M yBaru, o0 3iCTaBUTH YaCTUHH 000X peUYeHb Y mporieci kiacudikartii.

Takuii migxiz, HaNpPHUKIAJ, 3aCTOCOBAHO y poOoTi [§], e aBTOpU BUKOPUCTAIN apXITEKTYpy
EHKOJIep-AeKoep Ha 0a3i PeKypeHTHHX HEWPOHHUX Mepexk. 3alpoNOHOBAHUN METO] CIIOYaTKy
00YHCITIOE CXOXKICTh MK TTapamMu (ppa3 y BUX1THOMY Ta I[IJTbOBOMY PEUCHHSIX, BAKOPUCTOBYIOUH MTPH-
xoBaHi cranu RNN-enkonepa. [{ns koxxnoi napu ¢pa3 y cuctemi 3aCTOCOBY€ETHCS ClEIiaIbHUI Mexa-
HI3M OI[IHIOBAaHHS, SIKHH aBTOMAaTUYHO BU3HAYaB, HACKUJIBKM CEMAaHTUYHO CyMICHI 11 (ppa3u. 3aBasku
TaKOMY BHPIBHIOBaHHIO 3 BUKopucTaHHIM RNN-Mozeneit BUAIIUIO OTpUMaTH THYYKe MTPEICTaBICHHS
¢pa3, 1110 BpaxoBye HE JIMIIE JOKATbHUNA KOHTEKCT, @ i 3arajbHy CEMaHTUYHY CYMICHICTb Y MeXax
BCHOTO PEYCHHSI.

Metoau KOMNO3MUIIHOI JMCTPUOYTHBHOI CEMAHTHKHU HA PiBHI peYyeHb € NPUPOJHUM MPO-
JIOBXKEHHSIM Ta PO3BUTKOM ITiXO/IB, IO ONEPYIOTh (Ppa3oBUMHU CTPyKTypaMu. OCHOBHA METa TaKUX
MoJiesiel mosdrae y moOyaoBi HUJTICHOTO CEMAaHTUYHOTO NPECTABICHHSI PEUEHHS, SIKE THTETrpye SK
JIOKaNlbHI B3a€MO3B’3KU MK CIIOBaMH, TaK 1 II00anbHUI KOHTEKCT. Y MOPIBHSIHHI 3 METOJaMH Ha
piBHI (pa3, 1e MOAETIOBaHHS 3a3BHYail OOMEXYETHCS KOPOTKUMH CHHTAKCUYHUMHU CTPYKTypamH
(HampuKIaa, IMCHHUMHU YH JIECITIBHUMHU T'PyINlaMH), PEUCHHEBI MOJIEI 3/1aTHI OXOILIIOBATH IIWPIII
3B’A3KH MIXK €JIEMEHTaMU TEKCTY, BKJIFOUHO 3 JJOBFOTPUBAIMMU 3aJI€KHOCTSAMH Ta CKJIAHOIO CEMaH-
TUYHOIO KOMITO3HIII€I0.

AJNBTEepHATUBHO O PEKYPEHTHHX MEPEX, METOJM Ha PiBHI PEYCHb TAKOK BUKOPHUCTOBYIOTH
3TOPTKOBI HEHPOHHI MEPEXKi — KJIaC HEMPOHHUX MEPEXK, IKUH CTeIiali3yeThCsl HA BUSIBICHHI JIOKAJThb-
HUX MaTEPHIB y CTPYKTYPOBAHUX JaHMUX, TAKHUX K 300pakeHHs a00 MOCIIAOBHOCTI. Y KJIACUYHOMY
3actocyBaHHl CNN 00po0Oisie 1aHi 3a TOMOMOTOI0 3rOPTKOBUX (IIBTPIB, SIKI «KOB3AaIOTh» MO BXiJ-
HOMY MacHUBY Ta BHUSBISIOTH XapaKTEpHI O3HAKW, IO € PEJIeBAaHTHUMHM JUIsl TIOCTABIEHOI 3a/1adi.
VY KOHTEKCTI OOYHMCIICHHS CEeMaHTHYHOrO mpezactasieHHs peueHHs CNN o0pobisie mociiIoBHICTh
BEKTOPIB CIIIB 3a JOIMIOMOTOIO 3TOPTKOBUX (IBTPIB (HIKCOBAHOTO PO3MIpY, 5K mapayieabHOo 00po0IIs-
I0Th MIIMHOKUHHU PEUEHHS, JO3BOJISIOUM HE 3Ba)KaTU Ha MOPSIOK CIIB y PEUEHHI, IO € MepeBaror
JTAHOTO KJIacy Mojelel mepe] peKypeHTHUMH apXiTeKTypaMu, siki 00poOIIsFoTh qaHi mocigoBHo. Lli
(b1IBTpU ABTOMATUYHO BUBYAIOTH JIOKAJIbHI CEMAHTUYHI MIA0JIOHU, SIK1 € PEJIeBAHTHUMU ISl pO3B’S-
3aHHA 3aja4i ineHTudikarii nepudpas.

OnHi€0 3 KJIACMYHUX MOJENEeH, 10 peai3yloTh MiaXiJl Ha OCHOBI 3rOPTKOBUX HEHPOHHHMX
Mepex it nopiBHsSHHEA peueHb, € ARC-I (Architectural Convolutional model I) [9]. [lana monens
peaizye miaxia He3aleKHOi 0OpOOKH BXITHUX PEUYCHb, Y MEKaX SKOTO KOXKHE PEUEHHS KOIYEThCS
OKPEeMO 3a JOMOMOTOI0 1IEGHTUYHHUX 3TOPTKOBUX OJIOKIB, a OOUMCICHHS MOAIOHOCTI 3MIHCHIOETHCS
JIMIIE Ha 3aBEPIIAIbHOMY eTari KiachQikarii.

Ha meprmomMy erami KOKHE PEUYEHHsI TPEICTaBISETHCS SIK MOCIJOBHICT, BEKTOPiB ciiB. Ha
OTpHUMaHy IOCIIJOBHICTh HAKJIAJal0ThCs 3rOpTKOBi GinbTpu (hikcoBaHOT MUPHUHU K, 1O 103BOIISIE
BUSBIISITH JIOKAJIbHI KOHTEKCTH Y TE€KCTI. J{asi 3acTOCOBY€ETHCS Omepallisi arperyBaHHs 110 MAKCUMyMY
HaJ yciMa BHUXOJaMHU 3TOPTKOBOTO IIapy, sika 3a0e3redye 1HBapiaHTHICTh A0 JOBXKHHHU PEUYCHHS Ta
Bi101p HAMOUIBIN peieBaHTHUX O3HAK. TaKuM YMHOM, KOJKHE PEUYCHHS KOAYEThCS y (piKCcOBaHy BEK-
TOpHY pernpe3enTarlito. Ha HactymHoMy erarti 111 BEKTOpH KOMOIHYIOTBCS Ta MOAAIOTHCS Ha BX1J1 Oara-
TOIIIAPOBOMY TIEPCENTPOHY, IKUH BUKOHYE KIacu(iKallito mapu peueHsb sk rnepudpasa abo He nepud-
pa3a. Monens ARC-I mpopeMoHcTpyBasia KOHKYPEHTHY €(EeKTHBHICTh Ha 3a/1a4aX CEMaHTUYHOTO
MOPIBHSIHHS, 30KpeMa y BUIIAJKaX, A€ PEJIEBAHTHICTh TEKCTIB 3aJICKHUTh BiJl JOKAJIHHUX I1a0JOHIB
a00 KJIFOYOBHX CIIOBOCTIONYYeHb. Pa30M 13 TUM, MOJIENIb Ma€ MEBHI OOMEXKEHHS. 30KpeMa, He3aIeKHe
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KOJTyBaHHS KO)KHOTO PEUEHHS JI0 TIOPIBHSAHHS HE JI03BOJISE SIBHO BPaXOBYBATH B3a€EMO3AJICAKHOCTI MIXK
eJIEeMEHTaMU 000X PEYEHb, 1110 MOXKE MTPU3BOAUTH JI0 BTPATH KOHTEKCTYaJIbHO BAXKIIUBOI iH(pOpMaIlii.

[Tompu ehekTUBHICTH METO/IB KOMOIHOBaHOT AUCTPHOYTUBHOI CEMaHTHKH, 30KpeMa BEKTOPHUX
MOJIeJIeH, 110 Bi0OpakaroTh KOHTEKCTyaIbHE 3HAYEHHS CJIIB 1 pEUeHb y 0ararToBUMIpHOMY ITPOCTOPI,
1l TiIXO/IM MarOTh HU3KY OOMEKEHb, IKI CYyTTEBO YCKIIAHIOIOTh X BUKOPUCTAHHS B 3a/1a4ax IH00-
KO0 CEMaHTUYHOIO aHaJli3y. 30KpeMa, OJIHUM 13 KJIFOUOBHMX HEIOJNIKIB € CHOoci0 arperyBaHHsl BEK-
TOPHOTO TPEACTABICHHS TEKCTOBUX OJMHHUIL: Y OLIBIIOCTI MOJEJCH, CeMaHTUYHA PETpe3eHTallis
peueHHs (POPMY€ETHCS IUIIXOM 3aCTOCYBaHHS ONepalliii CepeHbOro 00 MaKCMMaJIbHOTO arperyBaHHs
HaJl BEKTOpaMu ciiiB. Takuil miaxia irHOpye MOPsAOK CIIIB Ta CHHTAKCUYHY CTPYKTYpPY PEUEHHs, 110
MO>KE MTPU3BOUTH JI0 HEKOPEKTHOI IHTEpIIpETAaIlii HOTro 3MICTYy.

VY 3B’513Ky 3 BUILE3raJlaHUMU OOMEXEHHSMHU, OOTPYHTOBAaHHM BHMJA€THCS Mepexis] 10 riopua-
HOTO TIIXOMY, KM MOEIHYE TIepeBark IMMOOKNX KOHTEKCTyaIbHUX MPECTABIEHb 13 (popmatizoBa-
HUMU CTPYKTYPHUMU ONUCaMH 3HaYeHHA. TaKkui MiXi/ 103BOJI€ MOJICTIOBATH HE JIUIIIE TOBEPXHEBY
CEMaHTHYHY CXOXICTh MK TEKCTAMHU, a i TNIMOMHHI CEMAaHTHYHI 3B’ 3KH, 10 KPUTUIHO BKIIUBO JJIsI
3ajaul ijeHTudikanii nepudpas.

30kpeMa, MEePCIeKTUBHUM € MPEICTABICHHS CEMaHTUYHOI CTPYKTYPH PeYeHb y BUITISI rpadis,
SIK1 eKCTUTIIUTHO KOJYIOTh KOHIICTITH, POJIi YYACHUKIB CUTYAIlli, THUITA TIOJIi}, TOT19HI 3B’ SI3KH Ta 1HIII
€JIEeMEHTHU MHOMHHOTO 3MicTy. ['padoBi CTPYKTYpH TaKOTO THUITY, SIK aOCTpaKTHA perpe3eHTallis 3Ha-
yeHHs a00 AMR (Abstract Meaning Representation), 103BOJISIFOTh a0CTparyBaTUcs BiJl HOBEPXHEBOI
(opmMH Ta BUSBIATH €KBIBAJICHTHI BUCIOBIIOBAaHHS HABITh 32 CYTTEBUX JICKCUKO-CHHTAKCUYHHX BiJI-
MIHHOCTEH.

Boanouac, cyuyacui TpanchopMepHi apxiTekTypH, 30kpema mozeni tuny BERT nemoHCTpyI0Th
BUCOKY €()eKTUBHICTH y 3a/adax rmoOynoBH Takux rpadiB 3 MPUPOAHOI MOBH, a TAKOX Y 3aJadax
kiacudikamii un nmopiBHAHHS TpadoBux npeacrarieHb [4]. Lle cTBoproe nepemxymoBu st GopMy-
BaHH rOpHIHOT MOJIEN, B SIKiff CEeMaHTHKA TEKCTY CIIOYaTKy iHTeprpeTyeTbes y Buraai AMR-rpa-
¢biB, a MOTIM aHAII3YETHCS 32 JOTIOMOTOI0 HEHPOHHUX TTiXOIB, 110 BPAXOBYIOTh SIK CTPYKTYPHY, TaK
1 AUCTpuOYTHBHY 1H(POPMAIIIFO.

dopmanbHO abCTpakTHE ceMaHTHuHe mpeacTaBieHHs (AMR) MonentoeThest Ik OpieHTOBaHUI
miuenuit rpad G=(V, E), ae BepmuHu V BIANOBIIAIOTH MOHITTEBUM OAWHHIIIM, a Iyrd ECVXLxV
MarOTh MITKH 3 MHOKHHH L, 1110 TTO3HAYaOTh CEMAaHTHUYHI BiIHOIIICHHS MK KOHIlenTaMu. [1oO6ymoBa
AMR-rpada nepenbauae icHyBanHs QyHKIIT BianoBiaHocTi f:S—G, gxa 37iiicHIOE Iepexif Bi mpo-
CTOpY pEeYeHb MPUPOIHOI MOBH S 110 mMpocTopy rpadoBux pernpeseHrariii G, mo BiAoOpakaroTh iX
TMOMHHY CEMaHTHUKY [2].

Ha piBHi 3micToBoro npeacrasienHs AMR 1103BoJisie SBHO KOJTyBaTH:

1. Cemanrtuysi poii: Taki sik areHT ARGO, nauienT ARG1, inctpyment ARG2 Tta i, siki BKa-
3yI0Th Ha PI3HUX YYaCHHUKH TOJIiT a00 Jii, 1110 BUPaKeHA B PEUYCHHI.

2. JlekcH4H1 KOHIIENTH: KOXKEH 3MICTOBMM KOMIIOHEHT PEUEHHS, Taki K IMEHHUK, JIECIIOBO,
MIPUKMETHHK, TTO3HAYAE€THCS YHI(PIKOBAHUM MOHSITTSAM 13 IEKCUYHOTO PECypcy.

3. KBanropu, MmomanbHicTh, 4ac: AMR 103BoJIsi€ MO3HAYaTH JTOT19HI KOHCTPYKIIii, 4aCOBI Xapakx-
TEPUCTUKHU TOJIIH, & TAKOK MOJAIIbHICTb.

4. CTpyKTypy CHIBBIIHECEHUX TMOiN: Tpad IO3BOJSE MPEACTABUTUA MPUUYUHHO-HACIIIKOBI,
YMOBHI # 1HIII 3B’SI3KH, 10 BKPail BXKIIMBO IS IUTICHOTO MOJICITIOBAHHS TEKCTY.

AMR-rpadu Takum YMHOM 3a0€31eUYIOTh OaraTopiBHEBY CEMaHTUYHY CTPYKTYPY, IKa pOOUTh
MOXJIMBUM IJIUOLINHA aHali3 3HAUEHHsI PEYCHHS Y MOPIBHAHHI 3 AUCTPUOYTUBHUMHU MOJAEIISIMH, SIKI
3a3BUYail He (PIKCYIOTh BHYTPIIIHBOI JIOT1KM MOAIEBUX UM POJIBOBHUX 3B’ A3KIB.

Hampuknan, po6ora Fuad Issa Ta cniBaBropis [10] gocmimkye Bukopuctanass AMR-penpesen-
TaIliid pa3oM i3 METOJIJaMH JIATCHTHOTO CEMaHTUYHOTO aHaJi3y JUIsl PO3B’sI3aHHS 33434l i1eHTU(IKaIii
nepudpas. Y 1poMy AOCTIIKEHH] aBTOPU MPONOHYIOTh KOMOIHOBAaHY MOJIEINb, SIKA MOEAHYE CTPYK-
TypHy iH(popmartito 3 AMR-rpadiB Ta AUCTprOYTHBHI 03HAKH 3 POCTOPY JIATSHTHUX TEM, OTPUMaHUX
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3a qoniomMororo LSA. Takuit miaxia 103Bojsi€ BpaxoByBaTH K (opMaabHI CEMAaHTUYHI 3B SI3KH MK
KOHIIENTAMH, TaK 1 JATEHTHY TeMaTU4Hy OJIM3bKICTh MK PEUCHHSIMHU.

Y Moneni peanizoBaHo 3ictaBieHHs nap AMR-rpadiB nuisixoM 00YMCIIEHHS CX0KOCT1 HA OCHOBI
YaCTKOBO BHUPIBHSHOTO 3iCTaBiICHHS MiArpadis, MCIsS YOro Ii CTPYKTYPHI O3HAKU KOMOIHYIOTHCS
3 BEKTOpaMH, oTpuManuMu uepe3 LSA, y eaunomy knacudikaropi Ha ocHoBi SVM. JlociimkeHHs
OXOIUTIOBAJIO JIBA OCHOBHI MiJXOJM: 100Y/I0Ba PO3PIKEHUX O3HAK Ha OCHOBI Ipa)OBUX KOMIIOHEH-
TiB U1 SVM-knacudikaropa; (popMyBaHHS CEMAaHTUYHOTO MPEJICTABICHHs PEUYEHHs 3a JOIOMOTO0
JaTeHTHO-ceMaHTU4YHOro aHanizy (LSA), ne Baru Bepuma AMR-rpadis 3agaBanucs uepe3 PageRank
a6o TF-IDF. Pe3ynbratu nocinigkeHb okasaiy, 1110 BukopuctanHs komoOiHamii AMR-rpadis 13 Tex-
HIKaMU JIATEHTHOTO aHai3y J03BOJI€ JOCATTH BUILOT MPOAYKTUBHOCTI Ta OIBIIOT CEMAaHTHUYHOI TOY-
HOCTI IIpH 1AeHTUdIKaLi] nepudpas.

Pazom i3 mum Bapto Big3HA4UMTH, M0 ePekTHUBHICTE AMR-penpe3eHTamiil 3HaYHOI0 MipOFO
3aJIeKUTH BiJl sikocTi AMR-mapcunry. OctanHi JOCSITHEHHS y cdepl TpaHCPOopMEPHUX apXIiTEKTyp,
30KpeMa Mmozeneit Tuny Seq2Seq 31 crenianizoBaHUMHU €HKOJEpaMu AJsl rpadoBUX CTPYKTYp, Bif-
KPUBAIOTh HOB1 MOXJIMBOCTI JJisi TIOJIIIIIEHHS SIKOCTI aBToMaTu4Hoi rmooymoBu AMR-rpadis, Tak
1 IXHBOrO MOAAJBIIOTO BUKOPUCTAHHS B 3ajayax NIMOOKOr0 CEMaHTUYHOTO aHami3y. [HTerparis
AMR-cTpyKTYyp Y Tpanchopmepu J03BOJISE:

— KomyBaTu rpad SK MOCIHIiIOBHICTh 00 MyJIbTUPEISAIIIHE PEACTABICHHS I BX1IHOTO [Iapy
MOJIEJII;

— BpaxoBYBaTH ITI00aJbHUI KOHTEKCT CEMaHTUYHUX POJIeH 1 CTPYKTYpHUX 3aJI€KHOCTEH;

— HaBYATH MOJIENb Ha 3aBIaHHAX KiIacudikaii nepugpas 6e3 HeoOXiTHOCTI pydHOTO CTBOPEHHS
O3HAaK.

TakuM yMHOM, TiOPUAHI APXITEKTYpH, 0 MO€AHYI0Th AMR-Tpadu sk CTpyKTypOBaHy ceMaH-
THUYHY PETPE3EHTAIII0 3 TMOTYKHICTIO TPAaHC(OPMEPHHUX MOJENEH, BUNNISIAOTh K OOTpYHTOBaHHUN
HanpsM i MoOyl0BM BUCOKOTOYHUX CHCTEM BUSBJIECHHs nepudpa3z. Takuil migxia 703BOJISE MOE-
HaTU TiepeBaru 3HAaHHEBUX PENPE3eHTALll Ta PO3MOAUIEHUX BEKTOPHUX IMOJaHb, 320€3MeUyI0Un K
CEMaHTHUYHY TOYHICTh, TaK 1 THYUYKICTh Y HABYaHHI MOZIeJIEH Ha BEJTUKUX KOPITycax.

BucHoBku

VY crarTi Oy70 MPOBEACHO CUCTEMATHYHHUI aHAJI3 Cy4aCHUX IMAXOAIB A0 OOYMCIICHHS CeMaH-
TUYHOI €KBIBAJCHTHOCTI Ta MOOYJOBH CEMaHTUYHHUX PEMpe3eHTAIlli B KOHTEKCTI 3ajadi i1eHTudi-
Karii nepugpas. Po3nisHyTo TpaauiiitHi MeToau TUCTPUOYTUBHOT CEMaHTHKH HA PiBHSAX CHiB, ppa3
1 peueHsb, BKIOYHO 3 Mozensimu tuny SWEM, ARC-I ta HelipoHHUMH MepexamH, 1110 BPaXOBYIOTh
CHUHTAKCHUYHY 1 CEMaHTUUHY CTPYKTYpy. Ilokazano, 1110 Xoua 11i METOu JEMOHCTPYIOTh XOPOULY MPO-
JTYKTUBHICTDh Y BHUIAJKaX JIEKCHYHOI a00 JIOKaIbHO-CEMAaHTUYHOI MOAIOHOCTI, BOHU MalOTh oOMe-
KEHHSI OO0 PO3YMIHHS TTMOMHHUX CEMAaHTHYHHX 3aJIC)KHOCTEH, 30KpeMa TPUIUHHO-HACIIKOBUX
3B’SI3KiB, JIOTIYHHUX OIMEPATOPIB TA y3aralbHEHb.

Ha npomy 11 Oy71o 0O0rpyHTOBAaHO AOLUIBHICTH BUKOPUCTAHHS Ipa)OBUX CEMaHTHUYHUX Peripe-
3eHTallii, 30kpema Abstract Meaning Representation, siki 103BOJIsI10Th (hOpMaTi3yBaTH 3MICT PEUCHHS
y BUIJISA/I OPIEHTOBAHOTO rpada 3 KOHLIENTaMU Ta CEMaHTUYHUMU POJISIMU. PO3IIISIHYT1 TOCIIKEHHS,
ki 3acrocoByBair AMR y 3amaui kiacudikarii nepudpas, moxazanu 3poCcTaHHs TOYHOCTI IPH iHTe-
rpamii AMR-cTpykTyp y KnacudikaridiHui miaxi.

VY mincymMky copMynboBaHO MEPCHEKTUBY MEPEXOAY A0 TOPUAHUX apXITEKTYp, IO MOETHY-
10Tb AMR-rpadu 3 TpanchopmeparMu MoaensiMu. Takuid miIxia J03BOJISE MOI0TATH HEAOMIKH Kila-
CUYHUX JUCTPUOYTHUBHUX METO/IB, ITIIBUIIIMTH CEMAHTHYHY INIMOMHY pEIpe3eHTAIlii Ta o0y 1yBaTH
OLITBIII IHTEPIIPETOBAHY, CTPYKTYpPHO Y3TOJDKEHY cucTeMy ineHTHdikamii nepudpas. Hagani po3Butox
1i€i TiOpUIHOT MOJIETT JO3BOJIUTD JOCSATTH BUIIOI TOUHOCTI, 30KpEMa B MOBAX 13 THYYKUM TTOPSIIKOM
CJIiB, TAKUX SIK YKPAiHChKa, /i€ TOBEPXHEBI O3HAKH € MEHII 1H()OPMaTHBHUMM.
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JI.LA. HATOBCBKUI, T. T. JOLEHKO, C.C. TOJIOLIAIIOB

XepcoHChKa JiepyKaBHa MOPChKa aKaeMist

IHNEPETBOPIOBAYI YACTOTHU B CYJHOBHUX EJIEKTPOEHEPI'ETHUYHUX
YCTAHOBKAX: IOPIBHAJIbHUM AHAJII3

Cb0200HI mpancnopmua emepeemurd CMpIMKO PO36UBAEMBCA, | Ye CYNPOBOONCYEMbCA 3POCINAHHAM BUMOE 00
be3nexu ma HaAOIIHOCMI CYOH06020 001a0HANHs. BoOHowac nocmitino 36ibULyemovcsi ROMYNCHICMb 20JI08HUX MA 00NO-
MidicHUX 08ueyHig. Yepes ye 0coOnuso 8axNciusum cmae niOmMpUMaHHs eHepeoedekmueHOCmi CYOHOBUX eHepeemUuyHUX
YCMAHOBOK NPOMA2OM YCb0O20 MEPMIHY eKCHIAYyamayii.

Esomoyis mexnonoziti kepysanus epeOHUMU NPUEOOAMU NOYANACS I3 CUCIEM HA OCHOBL O8USYHIE NOCMIUHO20
cmpymy (AIIC), ski kepysanucsi mupucmoprumu nepemsoprosauamu. Lli cucmemu xoua i 3abe3neyyganu pecyno8anHs
WBUOKOCMI, MAU CYMMESI HeOONIKU, MAKI K 8UCOKI eKCHIyamayiiuni 8Umpamu, CKiaoHicms 00C1Y208Y8aHHS, d MAKOHC
senuxi cabapumu ma eaza. Po3eumox cunogoi enekmpoHixu ma mMikponpoyecopHoi mexuixu 0ag 3mozy nepeimu 00 6inviu
OOCKOHANUX CUCEM 3MIHHO20 CINPYMY.

Y emammi poszenanymo esontoyiro ma cyuacHuii cman 3acmocy8anta nepemeaoprosayis uacmomu 8 CyOHO8UX elleK-
mpoenepeemuunux yemanoexkax. Ilposedeno oemanvhuil ananiz Ki0408UX MexHON02Il Kepy8ants epeoHUMU NPUBOOAM,
NOYUHAIOUYU 810 ICMOPUYHO OOYIILHUX CUCTeM HA 6a31 08USYHIE NOCMIIHO20 CIPYMY 3 MUPUCIMOPHUMU NePemseoplosa-
4amMu 00 CY4ACHUX NPUBOOIE 3MIHHO2O0 CINPYM).

Ocobnugy ysazy npudiieHo ROPIGHAHHIO PI3HUX MONONO2I NEPEMBOPIOBAis, MAKUX SIK YUKIOKOHEEpMEPU, IHEBePMOopU
3 Oorcepenom cmpymy ma ineepmopu 3 0xcepenom Hanpyeu (LLIM), sKi € 0CHOB0 CYUACHUX eeKMPUYHUX NPONYTbCUBHUX
cucmem. Busnaueno ixni npunyunu pobomu, nepegazu, HeOOiKu ma 0cooIU80Ccmi 3aCMOCY8AHHA, 30KpeMa 8 CUCTNEMAX, Ujo
BUMALAIONb BUCOKOT NPOOYKMUBHOCE MA MOYHOCMI, AK-0M OUHAMIYHE NO3UYIOHYB8AHHSL ADO PYX Y TbOOOBUX YMOBAX.

Ha ocnosi ananizy npedcmaeneno nopigHanbHy Xapakmepucmuky OCHOGHUX MUnie npugooie 3a maxumu Kpume-
piamu, K nyckosi cmpymu, OUHAMIKA, KoeiyicHm nomyx#cHocmi, 2apMoHIuHi cnomeopeHHs ma egpekmusHicms. Pe3yinb-
mamu 00CAIOACeH ST NIOKPECTIOIMb Nepexio 00 NPUeo0ié 3MIHHO20 CMPYMY K HAUOLIbUW ONMUMATbHO20 PIUEHHSL TSt
CYUaAcHoeo cyoOHo0y0y8aHHs.

Takum yunom, cy4acHi enekKmpuyHi nponyIbCUGHI CUCTNEMU 3 NEPEMBOPI0GAUAMU YACTOMU HA OCHOBI IHGEPMOopie
i3 Ooicepenom nanpyeu (LLIIM) cmanu Haidinbuw onmumatsHUM pitieHHaM 05t CYOHOOYOY8aAHHSL.

Knrwouoei cnosa: nponynscusna cumema, nepemeopiosayi 4acmomu, YuKkiokoHeepmepu, iH6epmopu 3 0J4cepeiom
cmpymy, iHeepmopu 3 0xcepesiom Hanpyau, MUpUCHopHi nepemeopro8aui.

D.A. NAHOVSKIY, H.G. DOSHCHENKO, S.S. GOLOSCHAPOV

Kherson State Maritime Academy

FREQUENCY CONVERTERS IN SHIP POWER PLANTS:
COMPARATIVE ANALYSIS

In our time, transport energy is rapidly developing, and this is accompanied by increasing demands for the safety
and reliability of marine equipment. At the same time, the power of main and auxiliary engines is constantly increasing.
Because of this, maintaining the energy efficiency of ship power plants throughout their entire service life becomes par-
ticularly important.

The evolution of propulsion drive control technologies began with systems based on direct current (DC) motors,
which were controlled by thyristor converters. Although these systems provided speed regulation, they had significant
drawbacks, such as high operating costs, maintenance complexity, as well as large dimensions and weight. The develop-
ment of power electronics and microprocessor technology allowed for the transition to more advanced alternating current
(AC) systems.

The article examines the evolution and current state of the application of frequency converters in ship power plants.
A detailed analysis of key propulsion drive control technologies is carried out, from historically appropriate systems
based on DC motors with thyristor converters to modern AC drives.

Special attention is paid to comparing different converter topologies, such as cycloconverters, current source
inverters, and voltage source inverters (PWM), which are the basis of modern electric propulsion systems. Their oper-
ating principles, advantages, disadvantages, and features of application are determined, particularly in systems that
require high performance and accuracy, such as dynamic positioning or movement in ice conditions.

Based on the analysis, a comparative characteristic of the main types of drives is presented according to criteria
such as starting currents, dynamics, power factor, harmonic distortion, and efficiency. The results of the study emphasize
the transition to AC drives as the most optimal solution for modern shipbuilding.

Thus, modern electric propulsion systems with frequency converters based on voltage source inverters (PWM) have
become the most optimal solution for shipbuilding.

Key words: propulsion system, frequency converters, cycloconverters, current source inverters, voltage source
inverters, thyristor converters.
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IHocTanoBka npodaemMu

VY cyyacHOMy CymHOOYIYBaHHI iCHY€ TOCTiifHA 1MoTpeda y MiJBHUINEHHI ¢()eKTUBHOCTI, HAIIH-
HOCTI Ta €KOJIOTIYHOCTI €HEPreTUYHUX YCTAaHOBOK. EJEKTpUYHI MPOMyJIbCUBHI CUCTEMH, K1 0azy-
IOTHCSI HA NIEPETBOPIOBAaYaX YaCTOTH, CTAJIM OCHOBHUM HAlpsIMOM PO3BHUTKY, BUTICHSIOUH TPAJULIIHHI
MexaHiuHi mpuBoar. OHAK ICHY€E IMPOKHIA CIIEKTP TEXHOJIOTIH IMepeTBOPIOBAYiB, KOXKHA 3 SIKUX Ma€e
CBO1 TIEpeBary Ta HEJOJIKH.

[Ipob6nema nossirae y BiICYTHOCTI KOMILIEKCHOTO MOPIBHAJIBHOIO aHAJi3y LUX TEXHOJIOT1H, 110
YCKJIQJHIOE BUOIP ONTUMAIBHOTO TEXHIYHOTO PIIIEHHS U KOHKPETHUX YMOB €KCIUTyaTamii cyaHa.
Bubip HenpaBuIIbHOT TOIOJIOTIT IEPETBOPIOBAYA MOXKE IPU3BECTHU J10:

— HU3bKOT eHeproe(eKTUBHOCTI, 1110 301IbIIIy€e BUTPATH MAINBA Ta BUKH]IH;

— TIOTIPIIEHHS IMHAMIYHUX XapaKTEePUCTUK MPHUBOLY, 1110 KPUTUYHO VIS CYIEH, SIKI MOTPeOyIOTh
BHCOKOI MAaHEBPEHOCTI (HAIPHUKIIA, KpUTOJIaMiB a00 CYJIEH i3 CHCTEMOIO TUHAMIYHOTO TIO3UITIOHYBaHHS ),

— BHCOKHUX EKCIUTyaTallifHUX BUTPAT Ta HOTPEOH y 4aCTOMY TEXHIYHOMY OOCIIyTrOByBaHHI, 0CO-
OJIMBO ISl 3aCTapLIINX CUCTEM;

— CTBOPEHHSI TapMOHIYHUX CIIOTBOPEHb Yy CYAHOBHUX €JIEKTPOMEpeKax, 110 MOXXE€ HEraTUBHO
BIUIMBATH Ha poOOTY 1HIIOTO 001aTHAHHS.

TakuM 4rHOM, aKTyaJbHUM € 3aBIaHHS CHUCTeMaTH3allli 3HaHb PO CydYacHi Ta ICTOPUYHI TeX-
HOJIOT'1l IEepEeTBOPIOBAYIB YACTOTH Ta MPOBEIECHHS X 00’ €KTMBHOIO MOPIBHAHHSA 1J1s1 OOIPYHTYBAaHHS
BUOOPY HAWOUIBII JOLITBHOTO TEXHIYHOTO PillIeHHS, 10 BiAMOBIAaTUME BUMOTAM CYJHOBOI €KCILTY-
aramii XXI ct.

AHAaJi3 0CTaHHIX J0CTiIXKeHb | myOsikamii

[TepeTBOproBadi 4acTOTH 3aCTOCOBYIOTHCS Y CYIHOBHX EJIEKTPOCHEPTETUYHHX YCTAHOBKAX
YK€ MPOTATOM KUITBKOX JI€CATUIITh, aje iX IIHUPOKE BIPOBAKEHHS PO3MOYAIOCS JUIIEe HAMPUKIHII
1960-x poKiB i3 MOSBOIO CMJIOBMX HAIiBIPOBIAHUKOBHX eleMeHTiB. Ha mouarkoBomy erami enek-
TPOJBUTYHH IMOCTIMHOTO CTPYMY OyJIM HAHOUIBII AOMUIBHUM PIIICHHSM JIJISI CHCTEM KEPYBaHHSI Cy/I-
HOBMMH rpeOHMMHU npuBogaMu. OaHak y 1980-x pokax MpUBOAM 3MIHHOTO CTPYMY CTaJld MPOMHC-
JIOBO TOCTYITHUMH Ta KOHKYPEHTOCIPOMOKHUMH I MOPCHKOTO 3aCTOCYBaHHA. BiATOMI MpakTHYHO
BC1 HOB1 BIPOBA/KEHHSI €JICKTPUYHUX MPOITYJIbCUBHUX CUCTEM BUKOHYIOTHCS Ha 0a3i OJHI€T 3 TOTIO-
JIOTi#i MPUBO/IIB 3MIHHOTO cTpyMy [1].

Haii6inp1 nommupeHnMy THIIAaMU TTEPETBOPIOBAYIB, 1110 3aCTOCOBYIOTHCS Y IIPHUBOAAX CYTHOBUX
€JICKTPOJBUTYHIB, € (Y TIOPSIKY IPIOPUTETHOCTI):

— IHBEPTOPH 3 JLUKEPEJIOM HalpyTH Ul eNEeKTPOABUTYHIB 3MiHHOTO cTpyMy (AC motors), 3a3BU-
Yail aCHHXPOHHUX JABUTYHIB;

— IIUKJIOKOHBEPTOPU TSI €IEKTPOJIBUTYHIB 3MIHHOTO CTPYMY, 3a3BHYail CHHXPOHHHX JIBUTYHIB;

— 1HBEpPTOpHU 3 JDKEPEJIOM CTPyMy JJIsi €JIEKTPOJIBUTYHIB 3MIHHOTO CTPyMY, 3a3BUYail CHH-
XPOHHUX JBUTYHIB;

— TUPUCTOPHI MEPETBOPIOBAUl Ha KPEMHIEBUX KEPOBAHUX BUINPSAMIISYAX JIs €JIEKTPOABUTYHIB
MOCTIIHOTO CTPyMY.

Po3rnsiHemo nepeBaru Ta HEAOMIKM BUIIEBKA3aHUX TEXHIYHUX PILLIEHb Ta MOPIBHAEMO 1X MIXK
co0or0.

Merta gocaixkeHHus
Mertoro AOCHIKEHHSI € TPOBEIACHHS IMOPIBHSUIBHOTO aHai3y Ta OOIPYHTYBaHHS JOLIIBHOCTI
3aCTOCYBAHHS PI3HUX THITIB MIEPETBOPIOBAYIB YACTOTH B CY[THOBUX CIIEKTPOCHEPTETHUHUX YCTAaHOBKAX.

Buxkiaa ocHOBHOI0 MarepiaJry J10CTiIKeHHS
Haii6inb momypeHnM THIIOM € €JIEKTPOABUTYH MOCTIHHOTO CTPyMy 3 HE3aJIeKHUM 30y/IKEH-
HSIM, Y SIKOMY OOMOTKa 30y/DKEHHS Ta 0OMOTKA SIKOPSI JKHUBIISITHCSL OKpeMo. [lepenada ctpymy siKopst
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BiJl HEPYXOMHX BHUBOJIIB JI0 POTOpa 3MIMCHIOETHCS 3a JIOMOMOTOIO IMITOK, 3 €IHAHUX 3 00EPTOBUM
KoJIeKTOpoM. Ha mpakTuii cTpyM sIKOpsi TaKOXK MPOXOIUTH Yepe3 J0AaTKOBI HEPYyXOMi OOMOTKH, SIKi
CHPUSAIOTh KOMYTALil CTPyMY MK KOJIEKTOPHUMHU IJIACTUHAMM, ITPOTE 11eH e(heKT y IbOMY KOHTEKCT1
HE PO3MIAAaeThes. Y JBUTYHI MOCTIMHOTO CTpyMy He3alle:KHOTro 30YyIKeHHs 1HIAyKOBaHa Hampyra
SIKOPSL MPSIMO MPOMOPIIiiiHAa MATHITHOMY TTOJIIO Ta IIBUAKOCTI 00epTaHHsA. MarHiTHe nosne € (QyHKIIi€ro
CTpyMy 30y/KEeHHsI, 1 Yepe3 ePeKT HACHUCHHS Ha MPaKTHUIIL 1151 3AJICKHICTh HE € CTPOTO MPOIOPIIiii-
Hoto. OJTHAaK SKILIO HEXTYBaTH HACUUYECHHSM, HAMpyTa SKOpsi BUZHAYA€THCA 3a (hopMyoro [2]:

V,=k®(I,)n~kK,I n=K,UI n, (1)

ne K — iHayKTHBHA MOCTilHa, I, — ctpym 30y/KEeHHs, N — KyToBa HMIBUAKICTH 0Oepranns, K Ta
K — xoedirienTH mponopIiiiHocTi, @ — MarHiTHAM MOTIK ABUTYHA. To/l MOMEHT MOMEHT, SIKUW MTPO-
MOPLIHUI CTPYMY SKOpS Ta MAarHiTHOMY MOJII0, BU3HAYAETHCS SIK:

T=k,o(I,)~k,K,I =K1, (2)

ne K, — mocTiiHa MOMEHTY 1/ — CTpyM sIKOpS.

OCKUIbKM JABUTYH NOCTIHOTO CTpyMy MOBHHEH >KMBHUTHUCS BiJ| JpKepesa MOCTIHHOI Hanpyru
3 0OMEKeHHMH 3HAYCHHSIMU HAPYTH, CTPYMY 30y/DKEHHSI Ta CTPYMY SKOpsi, MeXa poOOYMX XapakKTe-
PUCTHK Oyle BUIVISAATH, SIK TOKa3aHO Ha puc. 1.

Pobota posainena Ha ABi 061acTi: 001acTh MOCTIHHOTO KPYTHOTO MOMEHTY, SIKa XapaKTepusy-
€TBCS CTAJIUM CTPYMOM 30YIDKEHHsI, Ta 00JacTh OCNAOICHHS MO, e CTPyM 30YyIKEHHS 3MEHIIY-
€THCSI JUISl MATPUMKHA MaKCUMAaJIbHOI HANpyry Ha sIKOpl 3a 30UIbIIEHHS MBHUAKOCTL. OTXKe, MaKch-
MaJlbHa MeXa KPYyTHOIO MOMEHTY B IPUHIMII € CTaJIOI0 B 00JacTi MOCTIHHOIO KPYTHOTO MOMEHTY
i1 00EpPHEHO MPOTOPIIIITHO MIBUAKOCTI B 00J1aCTi OCIIA0ICHHS TIOJIS.

[IpoTe y HU3BKOIIBHUIKICHIHM 001aCT1 CTPYM SIKOps 3a3BUYail Tpeba 00MeXyBaTH, 11100 YHUKHYTH
BUTOpPAHHSI KOJIEKTOPA, a Y BUCOKOIIBUKICHIHM 001acTi — 3MEHIIIyBaTH, 00 YHUKHYTH 1CKPIHHS MK
cermMeHTaMu Konekropa. L{i oOMexeHHs i mokazaHo Ha puc. 1.

VY HalOUTbII MOMIMPEHUX IOTY)KHUX 3aCTOCYBAaHHSAX € JIBUTYH TOCTIHHOTO CTPYMY, SIKHI
KHUBHUTHCS BiJl THPUCTOPHOTO BUIIPSIMIIAYA 3 TOBHUM MOCTOM (pHUC. 2), IKUH 3a0e31euye KepoBaHUN
CTPYM SIKOPSI. AHAJIOTIYHO 00MOTKA 30y/IPKEHHS JKUBUTHCS PETYIILOBAHUM CTPyMOM 30ykenHs. KpyT-
HUI MOMEHT TOYHO KOHTPOJIIOETHCS 3 HU3bKUMHU IYJIbCALISIMU, SIKIIO 1HAYKTUBHICTb SIKOpPsl BEJIHMKa,
aJie 1ie 3HWXKY€ IUHAMIUHI XapaKTepPUCTUKH, OCKIJIBKU 3pOCTA€ YacOBa KOHCTAHTA SKOPSI.

V wiit Tononorii Hanmpyra NOCTIHHOTO CTPyMy Ha OOMOTKax SIKOPSI KEPy€eThCs (ha30BHM 3CYyBOM
qacy BIAKPUTTSA TUPUCTOPIB 3a KYTOM BLAKPUTTS 0. KyT BIIKpUTTS B IPUHLUIIL MOXKE PEryJIIOBAaTUCS
Bix 0 no 180 rpaxmycis, 1 BiANOBIIHO Hampyra Ha OOMOTKax SKOpsi MOXe perymtoBatucs Bix +1,35
no —1,35 Big miHiliHOT Hanpyru. [IpoTe Ha mpakTULl KyT BIAKPUTTS o HE Oyze MeHIuM 3a 15 rpa-
IycCiB, 1100 3a0€3MeYnTH KepOBaHICTh MPUBOIY HABIThH 3a MaJiHb HAIIPYTH B MEPEXKi, 1 0OMEKECHUI
150 rpagycamu ijist HAIBHOCTI TaK 3BaHOTO 3amacy komyTarii [3].

OCKUTBKH CTPYM SIKOPSI KOHTPOIIOETHCS 3a JOMIOMOIOI0 KyTa BIAKPUTTS TUPUCTOPIB, CTPYMHU
3MIHHOT'O CTpyMy OyayTh 3CyHYTI IO (pa3i BITHOCHO 6a30B0i Hanpyru. @a3oBHil KyT CTpyMy Maiixe
JIOPIBHIOE KYTY BIIKPUTTS 3aTBOpA TUpHCTOpa. OCKIJILKH HaNpyra Ha SKOpPi MPOTOpITiHHA IIIBUIKOCTI
o0epTaHHsA, MOXHA MMOOAYUTH, 110 (Ha30BHHA KyT, AKHI MPUOIN3ZHO TOPIBHIOE KYTY BIIKPUTTS, TAKOK
Oyne mpuOIM3HO MPOMOPIIITHUM HANPY3i 1, BIATOBIAHO, IIBUIAKOCTI OOEpTaHHS.

Y npuBO/i MOCTIHHOTO CTPYMY, Jie BUAKICT BapitoeThes Bif 0 10 100%, koedilieHT MOTYKHOCTI
BiAMOBiIHO 3MiHIOBaTUMETHCS Bt 0 10 0,96% (32 KyTy BiIKpuUTTS THpUCTOPIB 15 TpaxyciB). Husbkuii
Koe(]iLi€HT MOTY>KHOCTI 301JIbIIIYy€ BTPATH Y CUCTEMaXx TeHepallii Ta po3noLTy 1 MOXKe BUMaratu poooTH
OLTBIIIOT KITBKOCTI T€HEpaTopiB, aHIXK 1€ MOTPIOHO JIsl aKTUBHOI MOTY>KHOCT1 HABAHTAKESHHSI.

3HOC IIITOK 1 KOJIEKTOpa € MPUYUHOIO BIIMOB Ta HEOOXiTHOCTI TEXHIYHOTO OOCITyTrOBYBaHHS,
a TaKoXK OOMEKy€e KpYTHHI MOMEHT 3a CTOSIHKH. YPAaxXOBYIOUH 1€, a TAKOXK T€, 110 NPAKTUYHUNA OMip
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y NPUBOJIAaX IMOCTIMHOTO CTPyMYy CTaHOBUTH Onm3bko 2—3 MOM, 3acTOCyBaHHSI TaKWUX IPHUBOIIB
MOCTIHOTO CTPyMY JJIsl IBUTYHIB Ma€ TIeBHI OOMEKEHHS 1 JIOIIIbHE JIUIIE K MOJAEPHi3allis, KOIH
BUKOPUCTOBYIOTHCS B)KE ICHYIOU1 YCTaHOBKH.

MomenTt

3oHa 30Ha
nocTinHOro nocnadneHHs
MOMEHTY MarHiTHoro nonsa

MakcHMManksHa Mexa cTpyMy AKOpA

3HWKEHWN CTPYM AKOPA -
Yyepe: BUropaHHA SHUKEHUWA CPYM
KonekTopa AKOPA Yepes icKpiHHaA

Ha KonekTopl
CTpYM 30ya%eHHA \
osibibasid \ \

———— :
WeuakicTs

Puc. 1. XapakTepHCTHKH MAKCHMAJIBHUX MEK €KCIIyaTalil JJIsl IBUT'YHA IOCTIHHOIO CTPyMYy
3 He3aJIesKHUM 30y/1I7KeHHAM
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Puc. 2. INoBHHii MicT THPUCTOPHOTO MPUBOAY MOCTiliHOrO cTpymy. Hampyra nmocriiinoro ctpymy Ha ABUTYHi
KOHTPOJIIOETHCHA 3aTPUMKOIO MPOBITHOCTI THPUCTOPIB 32 KyTOM BiIKpuTTH 3aTBOpa o (o = 30°).
CepenHst Hanmpyra Ha ABUTYHi cranoButh: V, =1.35V cos+

[ukokoHBepTEp — 1€ MPSAMUIL TEPETBOPIOBaY 0€3 MOCEPEAHUIIBKOI JIAHKU TIOCTIHHOTO CTPyMY
(puc. 3). Hampyra Ha nBUTYHI 3MiHHOTO CTPyMYy (hOPMYETHCS NMUISIXOM BHOOPY (Da30BUX CETMEHTIB
HaNpyTrH )KUBJICHHS 3a JOIIOMOTOI0 KEpyBaHHS aHTHUIIAPAJIEIIbHUM THPUCTOPHUM MOCTOM.

Ha cxemi mokazano 12-iMmynbcHy KOHQITYpamito 3 MOHMKEHHMH TapMOHIKaMH B JIiHII, ane
[UKJIOKOHBEPTEP TAKOXK MOXKE MPAIIOBATH y 6-IMIYyNbCHIN KOH(Irypaiii. Y 6-iMmyiabcHIA KoHDIry-
pauii TpaHcpopmMaTopu KHUBICHHS MOXKHA 3aMIHUTH PEAKTOPAMH, SKILO HANPyTa >KUBJICHHS CIiBIa-
Jla€ 3 HAIIPYTOIO iIHBEPTOPA.

Harpyra nBuryHa kepoBaHa A0 NpHOIU3HO OfIHIET TPETHHU YacTOTH KUBJEHHS (0mu3bko 20 I'm),
TOMY Iieii THII HaifGiIbIIIE T IXOTUTH 110 3aCTOCYBAHHS y IPSMOMY IIPHBOJI Balry 6e3 peaykropa. Moro
JIOLTBHO BUKOPUCTOBYBATH Y TOJIOBHUX MPOMYJIbCUBHUX CUCTEMaX, BKJIFOUAOUH MMIABOIAHI py1ii [4].
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L)

1 ‘

Puc. 3. IlpuBixa i3 BUKOPHCTAHHAM HHKJIOKOHBePTEPA i3 BXiTHMMHU Ta 6a30BUMH BHXiIIHUMH CHTHAJIAMH.
Buxiana nanpyra ¢gopmyeThes HIAX0M BHOOPY (Ga30BHX cerMeHTIB HANPYTH sKUBJICHHS

Hanpyra nBuryHa MicTUTh MEHIIIE TAPMOHIK, aHIXK Yy IHBEPTOpaA 3 JKEPEJIOM CTPyMY, 1 Koedii-
€HT MOTY>KHOCTI ABUTYHA MOXKE MIATPUMYBATHUCA BUCOKUM, J1y>K€ HAOIMXKEHUM J0 OJMHMIII.

KoedimieHT MOTYKHOCTI KUBJICHHS 3aJI€KUTh BiJl HANPYTH JBUTYHA 1 CTAHOBHUTH MPUOIU3HO
0,76 B obnacTti ociabneHHs MoJs. YMICT JIHIHHUX TapMOHIK 3aJI€KHUTh BiJl IIBUIKOCTI i MOBHHEH
PETEIbHO BPAaXOBYBAaTUC M1]] YaC IPOEKTYBAHHS CUCTEMH, OCOOIMBO KOJIM IPUBIJ IBUT'YHA BETUKHH
MOPIBHSHO 3 YCTAHOBJICHOIO MOTY>KHICTIO.

I'panuti po6oTH MoiOHI 10 THX, 110 3aCTOCOBYIOTHCS Y IPHUBOJAX CHHXPOHHHX JIBUTYHIB IHBEPTOP-
HOT'O THITy 3 JUKEPEJIOM HaIypru 3a BUHATKOM TOTO, 110 OOMEXEHHS Ha HU3bKMX IIBHKOCTIX BIJICYTHI,
OCKLIBKM KOMYTallis BiIOYBAa€ThCS BIIHOCHO MEPEKEBOI HATPYTH, a HE HAIIPYTH ABUTYHA (pHC. 4).

ToMy IMKIIOKOHBEpPTEPY MOLIUIBHO JIaBaTh MEPEeBary y 3aCTOCYBaHHSAX, JIe BAXKJIMBA poOOTa Ha
HU3bKUX HIBUJKOCTSX Ta BUCOKA NMPOAYKTHUBHICTb, OCOOIMBO B CUCTEMaX JJIS JaMarouMX JiJ CyAeH
a0o cyzeH, 0 HIyTh 10 JIbOAY, @ TAKOXK y CUCTeMax JAWHaMiuHOro nozuuionyBanus (DP) 1 macaxup-
CBKHUX CYJIEH, JIe KpUTHYHO BaXKJTMBA MAaHEBPEHICTh HA HU3HKUX MIBHIKOCTSX [5].

[{ukI0KOHBEPTEpU MOCTYMHI B Alana3oHi moTyHocted Big 2 10 30 MBT Ha KOKEeH JABUTYH
TIPUBOLTY.

[HBEpTOp 13 HKEpEIOM HAIIPYTH € HAWMOIIUPEHIIINM TIePETBOPIOBAYEM YaCTOTH B IMIPOMHCIIO-
BUX 3aCTOCyBaHHX. BiH 3a0e3neuye HaOUIbII THYYKHHA, TOYHUNA UB BUCOKOIIPOIYKTUBHUIN MTPUBIJ
1 MOJKe BUKOPUCTOBYBATHUCS 3 ACHHXPOHHUMH JBUTYHaMHU. Takok HOro JOLIIBHO 3aCTOCOBYBATH ISt
CUHXPOHHHUX JIBUTYHIB 1 IBUTYHIB 13 IOCTINHUMU MarHiTamMu, 3a0€3Meuyouy 3Ha4HO Kpallli XapaKTe-
PUCTUKU HOPIBHSIHO 3 1HIIUMH aJbT€pPHATUBAMHU.

OCHOBHUMH OOMEXEHHSAMH Ii€1 TONOIOTI] MPUBOAY Oy TOCTYIHICTH BUCOKOTIOTY>KHUX KOM-
MTOHEHTIB Ta ii KOHKYPEHTOCTIPOMOXKHICTh Y BUCOKOIIOTY>KHOMY Jllana3oHi. JloHenaBHa MpakTHIHUMA
JIMIT JJ1 TaKUX MPUBOAIB CTaHOBHB Mpubnu3Ho 8—10 MBT, ane 3 mosiBor0 HOBUX KOMITOHEHTIB 1€
JIMIT 3pOocTae 1 ChOTO/IHI csATae Oin3bko 25 MBT.

IuBepTOp 13 JKEpenoM Hamlpyrd XapaKTepU3yeTbCs BUKOPUCTAHHIM BHIIPSAMIIAYA, 3a3BHYAi
HEKEpOBAHOTO JI10JJHOT0 BUIPSAMIISYA, I IKJIOUEHOT0 10 Mepexi. BiH BUIpsAMIILe MepexKeBy HAIIPYTY,
110 JIa€ BiTHOCHO CTaJIy HANPYyTy MOCTIHHOTO CTPYMY, SIKa JOIATKOBO 31 KYEThCsI OAHKOM KOHJICH-
caTopiB y JIaHIIl MOCTiitHOTO cTpyMy. KOHIeHcaTopy y JaHIll MOCTIHHOTO CTPyMy Takox 3abe3mnedy-
I0Th BIICYTHICTh Y MEPEKi BUCOKOYACTOTHUX IMYJIbCALlill TepeMUKaHHs 3 MOLyJIsl iHBepTOopa [6].

Ha puc. 5 mokazaHo MpuBij i3 MIECTUITYICHUM 1HBEPTOPOM 13 JDKEPEIIOM HAIIPYTH ISl ACHH-
XPOHHOTO JBUTYHA.
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Bunpswiisia (puc. 5) Mae mecTHiMIyIbCHY KOHQITYpallito, sika 3aCTOCOBYETHCS, KOJIH Tepe-
TBOPIOBaY Oe3MOCepeHbO MiAKIIOUEHUN 10 Mepexki. JIoOMIHyIOUMMU TapMOHIYHUMU CKJIaTHUKAMH
CTpyMy € 5-Ta, 7-ma, 11-ta Ta 13-Ta rapmoHiku. ['apMOHIYHI CHOTBOPEHHS MOYKHA 3MEHIINUTH, BUKO-
pucTOBYIOUH 12-IMITyJIbCHY KOHQITypallifo 3 MOABIHHUM >KUBJICHHSM 4Yepe3 TPHUOOMOTKOBUM TpaH-
copmarop, 110 J1a€ 3MOTy KOMIIEHCYBaTH 5-Ty 1 7-My TapMOHiKu. SIKI0 TpancpopmaTop norpioeH
JUTSL Y3TOJKEHHS HAIPYTH, 3a3BUYAi CIIiJI 3aCTOCOBYBATH caMe |2-iMImynbCHY cxemy. BukopucroBy-
toun [IIIM-kepyBanHs Ta 12-iMITynbcHI KOHpITYyparlii, piBeHb TAPMOHIYHUX CIIOTBOPEHb 3a3BUYAi
HaOMMKAETHCS 0 MEX, BU3HAYCHHUX MIPABUIIAMHU Ta CTAHAPTaMU, aJie B OKPEMHX BUTIAJKaX MOXKYTh
3HAI00UTHUCS JOJATKOBI 3aX0IU, HApUKIaa GpuisTparis [7].

30Ha 30Ha
MOCTIHHOIo nocnabneHHsa
MOMEHTY nons

MakcuManbHe 3Ha4eHHs CTPyMy cTatopa

MakcumanbHe 3Ha4yeHHA MOMEHTY

ObmexeHa poboTa
T1LLE NPK 3anycKy

OBGMexeHHA peaKLii
CTpym nons (potopa) \/ poropa
Hanpyra ctatopa \ \
T WBuakicTs

Puc. 4. XapakTepucTHKH MeXK eKCILTyaTalil 1JIsi CHHXPOHHOIO IBUTYHA
3 IepeTBOPIOBAaYeM IHBEPTOPHOIO THITY 3 J’KepeJioM CTPyMY

CUHycoiganbHUM
CTpyM

N

Puc. 5. IlpuBix i3 mecTUMy1bCHUM iHBEPTOPOM i3 T:KepesioM HANPYTH /ISl ACHHXPOHHOTO ABUTYHA

Pimenns, sike mpecTaBIeHO Ha pUC. 5, 371aTHE 3a0e31euyBaTH poOOTY IBUTYHA B 000X HAIIPSIM-
kax obepranHs. [IpoTe yepes BUMPSAMIIAY 13 TIOJHUM BUINPSMIICHHSM JKUBJICHHS €HEPT1sl MOXKE JIUTIIEC
HA/IXOIUTH 3 MEPEXKI, aJle He MOBEPTATUCS B HE ITiJ] 4ac peKyIepaTUBHOIO rajJbMyBaHHs. X04a iHBEp-
TOpPHA YacCTHHA, IO JKUBUTH JBHUTYH, MA€ 3[aTHICTH 3/1MCHIOBATH PEKYyINEpalil0 Y MEPExKy, y Lil
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CXeMI IiJ1 Yac Takoi poOOTH HampyTa y JaHIll MOCTIHHOTO CTPYMY 3pOCTaTUME, [0 MOXKE MPU3BECTH
710 TIOIIKO/IPKEHHS! KOMIIOHEHTIB Yepe3 MepeHarpyry.

ANBTEpHATHBHO BUIIPSIMIISTY MOYKHA OCHACTUTH MOBHOMOCTOBUM THPUCTOPHUM BUIIPSIMIIUYEM,
HAKIIOYEHNUM 3yCTPIUHO-TIapajeabHo 0 JI0AHOTo, a00 K 3aCTOCYBaTH aKTUBHHUM BUNIPSAMIIAY (aHa-
JIOT1YHUH 32 MPUHLKIIOM 0 1HBEPTOPHOTO MOIYJS), SKUH JIa€ 3MOTY IepeaaBaTH €HEepriro Hazaj
Yy MEpPEexy.

KepyBaHHs KJIIOYOBUMH €J€MEHTaMM 1HBEpTOpa Il OTPUMaHHs Oa’kaHOi HAIlpyr'W Ha BUXO[1
710 IBUTYHA MOYK€ BUKOHYBATHUCS PI3HUMH METOAaMH, ayie Hainomupenimmm € [HIM (mmmupoTtHo-im-
MyJbCHA MOJYJISILIIS) Y PI3HUX BapiaHTax. Y HalnpocTimnii peanizauii Tpudaszna LLIIM-nanpyra ¢op-
MY€TBCS IIJISIXOM MOPIBHSAHHS TPhOX CHUHYCOIAAJbHUX OMOPHUX CUTHAJIB 13 BUCOKOYACTOTHUM TPH-
KYTHUM cUTHajoM (puc. 6).

— Konu 3Ha4eHHs] CMHYCOIAM BUILE 3a TPUKYTHUN CHUTHAJI, BEPXHIM KJIHOU 1HBEPTOPHOI (a3u
OTPUMYE IMITYJIbC Ha BIIKPUTTS, @ HIDKHIN 3aKPUBAETHCSL.

— Konu cunycoina Hrk4a 3a TPUKYTHHM CUTHAJI, HABIIAKU, BIIKPUBAETHCS HUKHIN KITIOY, a BEPX-
HIi 3aKPUBAETHCA.

Hanpyra Ha Buxo/i iHBEpTOpa MOBTOPIOE LI0 CXEMY, 3MIHIOIOUHCH MK TO3UTHUBHUM 1 HETaTHUB-
HUM PIBHSMH JIAHKU TTIOCTIHOTO CTPyMY 3aJIS)KHO BiJl Kepylounx curHaiis. JIiniiiHa Hampyra, 1o jaie
Ha JIBUTYH, € PI3HULIEI0 MUTTEBUX 3HAYEHb HAMPYT BOX (a3, K MOKa3aHO Ha puc. 6.

Sk anprepuaruBa Mmetoaam LIIM, icHYIOTh BEKTOPHI METOIM MOAYIISIIT Ta IPSIMi METOAM MOJY-
JAIII1, HATPUKJIIA IPSIME KePyBaHHS MOMEHTOM, JI€ CUTHAJIA KepYBaHHsI 3aTBOpaMu (hOpMYIOThCS 0€3-
MIOCEPEIHBO LIUIAXOM PO3PaXyHKY, SIKMH 13 BOCBMU MOXJIMBUX BEKTOPIB HANpPyr' (BKJIIOYHO 3 IBOMA
HYJIbOBUMH BEKTOpaMHM) CIIiJ] TOJIaTh Ha OOMOTKHU CTaTopa.

T |
Yami e ﬂ -%—& ) %l
e L A5
dil! 1 "'%l:‘ I \Y‘l

2 I y_ oy \f

BepxHiit Ta HiDkHIR Kntoi iHBepTopa

™o y npoTuchasi (np

P
cTaMax):

YBMK: BEPXHIA KNioY YBIMKHEHO , HIKHIA
BHUMEHEHO.

Bum: BEPXHIA KNIKOY BHMKHEHO, HIKHIA
YBiMKHEHO.

Puc. 6. ®opmyBaHHs iMny/IbciB kepyBaHHs I iHBepTopa 3 INIM-moay/asiniero Ta oTpMMaHi BUXiIHI Hanpyru
Ha (a3zax ABUIYHA i Mi:K 1BOMa JIiHisIMHI
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Ha npakTuni 3apa3 BUKOPHUCTOBYIOTHCS TaKi METOJU peai3allii KOHTpoJiepa ABUTYHA 3 PEryJIto-
BaHHSIM MOMEHTY [8]:

— CKkansipHe KepyBaHHsI — [1€ HAWIPOCTIIIA Ta HalIepIna TeXHOJIOT s KepyBaHHS ACHHXPOHHUMH
ABUTYHAMH. [i MOXIIMBO OyJ10 peasisyBaTH HaBiTh HA AHAIOTOBHUX €EKTPOHHUX KOMIIOHEHTAX.

[IpunHnmn 6a3yeThCcs HA CTAI[IOHAPHIN MOJIETl ACHHXPOHHOTO JIBUTYHA, 3 SIKOT OOYHMCITIOIOTH Bil-
MOBIJIHY HAINPYTy Ta 4acTOTY, 110 3a0e3mevarb NOTPiOHUI MOMEHT a00 MIBUIKICTh 00epTaHHs JBU-
ryHa. Takuii miaxij Mae HeTOMIKH:

— MOJIeNb CIIPaBEJINBA JIUILE Y CTalllOHAPHOMY PEKUMI;

— IapaMeTpH MOJIEN 3HAUHO 3aJIeXkKaTh B1Jl TEMIEPATypH, YACTOTH Ta IHIINX (DaKTOPIB;

— TIIOTaH1 IMHAMIYHI XapaKTEPUCTHKU;

— HHU3bKa €()eKTUBHICTh BUKOPUCTAHHS MOTY>KHOCTI JIBUTYHA.

— Potopue BexkTOpHE ympaBimiHHS TOoTOKamH. Ll Meromuka Oyna po3poOsieHa HaNMpUKIHIT
60-x pokiB HIMEIILKMM HayKoBlleM briamike. MeTtox 6a3yeThcsi Ha MOl HApyTH, MOTOKIB 1 CTPY-
MiB JBUTYHA, MTOJJAHUX Yy BUIVIS/I BEKTOPIB y CHCTEMi KOOpAMHAT, 1m0 obepraerbes. KoopaunaTHa
CHUCTEMa OPIEHTYETHCS CHHXPOHHO 3 OOEPTOBUM MOTOKOM B OOMOTIII pOTOpPA, 3aBASIKA YOMY KOMIIO-
HEHTH BEKTOPY CTPYMY PO3AUISIOTHCS HA CKJIQAHUK MTOTOKY Ta CKJIaJHUK MOMEHTY, OA10HO 10 MoJis
JIBUTYHA TIOCTIHHOTO CTPYMY, JI€ € CTPYyM 30YyIKEHHS Ta CTPyM sKops [9].

Merton BUMarae OOYHCITIOBATLHUX TOTYXKHOCTEH, SIKI 3HAYHO TIEPEBHIIYBAIN TOCTYITHI HA MOMEHT
PO3pOOIICHHST METOIKHY, TOMY BiH IT0YaB 3aCTOCOBYBATHCS B KOMEPLIMHHUX CHCTEMax JIMILE Ha TTOYaTKy —
y cepenrHi 80-X pokiB. HemoImKkoM 3aiIaroThCs rmapamMeTpy MOJIETTI, [0 MatOTh CyTTEBI KOJTMBAHHS, 30KpeMa
OITIp POTOpA, KUK 3aJICKUTH BiJl Temreparypu. Jlis 3abe3nedeHHst KICHOT JMHAMIYHOT XapaKTePUCTHKH
HeoOXiHO a00 afanTyBaTH OMip POTOPA B PEXKKUMI pealbHOTO Yacy, 800 BUMIPIOBATH TEMIIEPATYPY.

Ha puc. 7 HaBenieHO cxeMy KepyBaHHS 3 L1€I0 METOAUKOIO.

e Penmep TN

[rrer e
Lgl & LR Feryon TPy 8 Crea
/ DOFANE ramecor b

; =
—— e | |
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Ty ROy
T O D
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i
I/

-

Famrra g

Puc. 7. ®yHKIiOHATbHA CXeMa POTOPHOT0 BEKTOPHOI0 YIPABJIiHHA

— IlokpaiieHe BEKTOpHE ynpaBiliHHS cTaropoM. KepyBaHHS TOTOKOM i MOMEHTOM JIOCSTAETHCS
MUTSIXOM BUKOPHUCTAHHS MOJIEJTI TIOTOKIB 1 CTPYMiB CcTaropa y KOOPAWHATHIN CUCTEM1, OPIEHTOBaHIM Ha
crarop. Llg Monernp € He3aneXHOI0 Bijl IIBUAKO 3MIHHUX NapaMeTpiB poTopa, MpoTe BOHa MOTpedye
3HAYHO OUTBINIOT OOYHCITIOBAILHOT IMTOTYKHOCTI KOHTPOJIEpa.

3a J0MOMOTOI0 MOJICITFOBAHHS 111 METOAMKA Oyia Bijloma Bxke Hampukiaii 80-x pokiB. Y cepe-
el 90-X pOKiB METOJ, TaKOXK BiOMHUH sIK mpsime kepyBaHHS MoMmeHTOM (Direct Torque Control,
DTC), orprmaB mupoke BUKOPUCTAHHS.

MaremaTiuHa MOJENIb ACHHXPOHHOTO JBHTYHA Ma€ pPO3B’S3yBaTHCS 3 THUIIOBOIO YaCTOTOIO
BuOipku Onmu3bko 40 kI ans 3abe3neyeHHs TOYHOI KepoBaHOCTI. IIpu 1IbOMYy MOXKJIMBO HE JIMIIE
OLIIHUTHU €JIEKTPUYHI BEJINYMHU JIBUTYHA, @ i MEXaHIYHY IIBUIKICTb.
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Ile mae 3Mory 3aCTOCOBYBaTH IIPUBOJIM O€3 TaxoreHeparopa y OUIbIIOCTI BUIIAJIKIB, III0 BBaXa-
€THCSI 3HAYHUM IT1IBUIIIEHHSIM HaIIHHOCTI CUCTEMHU.

Ha puc. 8 mokazano oOMexeHHsI TPUBOAY aCHHXPOHHOTO JIBUTYHA 3 KEPYBaHHSIM Yepes3 iHBep-
Top Hanpyru. OOMeKeHHS HalpyTd Ha CTATOP1 BU3HAYAETHCS MAKCHUMAaJIbHOIO BUXIJHOIO HAMPYTOIO
1HBEpTOpA 32 3aJ]aH01, MOCTIMHOT HANPYTH JIAHIIIOTa MOCTiiHOTO cTpyMy Al

OOMexXeHHS IO CTPYMY CTaTopa Ta KPyTHOMY MOMEHTY BCTaHOBITIOIOTHCS MAKCHMAIILHUM CTPY-
MOM iHBepTOpa abo JBUTYHA. 3a3BUYAll 11€ O3HAUYAE, 110 ABUTYH 0OMEXKY€e CTPYM 1 KDYTHUH MOMEHT
y peXuMi Oe3MepepBHOTO HABAaHTAXECHHS, a IHBEPTOP — Y PEXKHUMI IMITYIbCHOTO (TIEpEPUBYACTOrO)
HaBaHTaXCHHs. TakoX MPUCYTHE OOMEKEHHS MOMEHTY uepe3 nudepeHT. BoHo 3a3Buyaii mposBiis-
€Thes 3a mBuakocTel Big 150% no 200% HOMIHAIBHOI, 1110, SIK MMPABUII0, 3HAXOAUTHCS 11032 POOOUNM
Jiarma30HOM MIBUKOCTEH CYITHOBOTO PYIIIisl.

3oHa

3oHa
noctifiHoro nocnaabneqHHs
MOMEHTY nons

MakcuMansHe 3HaUeHHRA CTPYMY
cratopa

MEWEMBIIO JHAYEHHA MOMEHTY

|
|
|
|
PiBeHb MArHITHOro NOTOKY \ 1
1Y i
|
Hanpyra n:'rarropa/ /_

“YacroTa cTtaTopa

ObmexeHHA
MOMEHTY AndiepeHTy

06/
XB

Puc. 8. XapakrepucTuuHi Mexki po00TH A1 ACHHXPOHHOIO IBUIYHA,
JKHBJIEHOTO BiJl MepeTBOPIOBAYA 3 JZKEPEIOM HANPYTH

JIyist BiTHOBJICHHSI €HEPrii, HANPUKIAQA IiJ] Yac aBapiiHOTO 3YNMUHEHHS 3a PaxyHOK pEeBEpCy
HIBUAKOCTI TBUHTA, SIK MOKa3aHO HAa pUC. 9, NOIIIBHO BUKOPUCTOBYBATH TPAH3UCTOPHO KEPOBAHMIMA
OaHK Pe3UCTOPIB Y JAHITIOT TOCTIHOTO CTPYMY, SIKUI aKTUBYETHCS TIEpe AOCATHEHHSIM 0e3MeKOBOT0
JTIMITY IepeHanpyTH B JIAHIIO31. BiZTHOBIIEHA €HEPTis TP IIbOMY PO3CIIOETHCS Y IBOMY PE3UCTUBHOMY
0aHKy. AJIBTEpHATUBHO BHUIIPSAMIISTY MOXKHA OCHACTU MOBHUM MICTKOBUM THUPHUCTOPHUM BUIIPSIMIISA-
4eM, MIKITI0YEeHIM aHTHITAPaTIeNbHO J0 JI0JHOTO BUMIPSMIISYA, 800 MOYKHA BUKOPUCTOBYBATH AKTHB-
HUW BX1THUA MOJYJb, TIOJIOHUHN O IHBEPTOPHOTO MOIYJIS, SIKUM MPAIIOE STK BUTIPSIMIISIY JIJIs TTO/1a41
eHeprii Ha3ad y MEpexy.

:

7

e ACRCHT

Lazgg s

—NUTYAHICTR | e

1% 100 % -50 %

i ——— BOMEHT
1m% 13! S NOTYEHICTh
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Puc. 9. 3naTHicTh 10 raibMyBaHHS, He0OXiAHA A1 NPUBO/IB CYTHOBOIO pyllis,
Ae aBapiiiHe 3yIHHeHHs] BUKOHYEThCS IIVISIXOM peBepcy BUAKOCTI TBUHTA
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Buxonsum 31 ckazaHOTro BHIIE, HABEAEMO IMOPIBHSJIBHY XapaKTEPUCTHKY IMPHUBOJIIB T'BUHTIB
MOCTIHHOTO Ta 3MIHHOTO KPOKIB 3 OIVISAY Ha CUCTEMY YIpaBIiHHSA ABUTYHamMH (Taom. 1).

Tabmuus 1
[TopiBHSIIEHA XapaKTEpHUCTHUKA MPUBOAIB CYJTHOBOTO T'BUHTA
IIpsimuii myck Ipusin
ACHHXPOH- nocriiHoro ) TTHKI0KOH- IuBepToOp i3 InBepTop
HOT'0 IBUT'YHA | CTPYMY Ha OCHOBI HKepeoM HaNpyry 3
. BepTOP
3 (piKCOBAaHMM | THPHUCTOPHOIO CTPpyMy M
KPOKOM BHNIPAMJISIYA
x5 ~0 I I —
. . . . i1 9ac MycK MiJ] 9ac IMycKy |Tif] 9ac MmycK
[TyckoBwuii ctpym |  Bijx HOMI- ITiJ] 9ac MycKy Tpac q)(})lp- Y Tpanc (bgp- Y Tpac Cb(}),p- Y
HaJLHOTO Tpancdop-maropa
MaTopa Maropa MaTopa
JAunamika 3mi-
HHM KPYTHOTO
MOMEHTY TIif x3 ~0 ~0 o SQ% BIJT ~0
yac 3aIycKy HOMiHAJy
JIBUTYHA
CrnoxuBaHHs
MOTY>KHOCTI
3a HU3BKOTO :15% BiJ[ ~0 ~0 ~0 ~0
TATOBOTO HOMIHAJy
3YCHILIS
Cuna ctpymy
3a HU3BKOTO 45-55% Bix 3aexuTh Big 3aexXuTh Big 3aIexXnuTh Big ~0
TSTOBOTO HOMiHAITy MOMEHTY MOMEHTY MOMEHTY
3yCHILIS
Cos ¢
IToBHE 0.85 >0.9 >0.76 >0.9 >0.95
HaBaHTAKEHHS
Cos ¢
3MiHHE 0.15-0.85 0-0.9 0-0.76 0-0.9 >0.95
HaBaHTaKEHHS
Peaxiris 3-5¢ <100mc <100mc <20mc <50mc
[ynscarii
KpPYTHOTO Hewma [Tomipni [TomipHai CunbHi [omipHi
MOMEHTY
EdexruBHiCTD
3a [IOBHOT'O Bucoka Mana Bucoka Bucoka Bucoka
3aBaHTaKCHHS
I"apmomniitai H . OyHKIIiA OyHKIIA DyHkuid .
emMa QDyHKIIT MOMEHTY MOTY>KHOCTI,
CTIOTBOpPEHHS MOMEHTY MOMEHTY ~0
Crpymu K3 x5 Hema Hema Hema Hema
Y3TOMKEHHs - Hesnaune Hesnaune [ToTpibHO -
JIBUTYHA
Komytarop Hi Tax Kinbst koB3anHs Kinbus Hi
KOB3aHHS

TakuM 4rHOM, BHXOJSYM 3 TaOa. 1, IpHBIA MOCTIHHOTO CTPYMY JOIIIFHO BUKOPHUCTOBYBATH
B IIPOMHCIIOBOCTI Ta CyAHOIUIABCTBI, /¢ MOTPiOHI MIMPOKMUH Jiarna3oH peryatoBaHHs MIBUAKOCTI,
cTallIbHE pEeryaroBaHHS KPYyTHOIO MOMEHTY, HANPHKIAJ y TPajoOBUX JIeOiKax, 1€ BUKOPHUCTOBY-
IOTHCS JIBUTYHHU MOCTIMHOTO CTPYMY; ITUKIIOKOHBEPTOPH OLITBII MPUUHATHI )1 CYTHOBUX PYIIIiB, 1€

https://doi.org/10.32782/mathematical-modelling/2025-8-2-23 ISSN 2618-0332 (print), 2618-0340 (online)

233



ITPUKIIA/THI ITHNTAHHA MATEMATHYHOI O MOJE/IFOBAHHA T. 8, Ne 2, 2025

€ HEOOXIHICTh Y BEJIUKIM MOTYKHOCTI Ta IIMPOKOMY JIiama30Hi peryIroBaHHs; IHBEPTOPHU 3 JKEpe-
JIOM CTPYMY, SIK 1 IMKJIOKOHBEPTOPH, ajie MAIOTh OLIbII M Ky MEPEXiHy XapaKTepUCTHKY; IHBEPTOP
Hanpyru 3 [IHIM — y Bunankax, e BaykiuBa IBUAKICTh PEaKIlii Ta, IK BUCHOBOK, TOYHICTb MO3UIIIO-
BaHHS, TOOTO HaranbHO A DP-cuctem.

BucHoBku

[TpoBeneHuii aHai3 CyyaCHUX TEXHOJIOTIH MEPETBOPIOBAUIB YaCTOTHU Ul CYAHOBUX €JIEKTpPOE-
HEPreTUYHUX YCTAHOBOK JIa€ 3MOTY 3pOOUTH TaKi KJIFOYOB1 BUCHOBKH.

CyuacHe cynHoOyyBaHHS 3/11HCHUJIO IEPEX1A B1Jl 3aCTapUIMX MPUBOJIIB MOCTIHOIO CTpyMy Ha
OCHOBI TUPUCTOPHHX TIEPETBOPIOBAUIB 10 O1IBIIT CyYaCHHUX Ta €)EKTUBHUX CUCTEM 3MIHHOTO CTPyMY
3a paXyHOK BUKOPHCTaHHS Cy4acHUX TEXHOJIOTIH. Xo4ya MPUBOIM MOCTIHHOTO CTPyMy OynH TOLiIb-
HUMH Ha MOYATKOBUX €Tamnax, IXHI HEJONIKU: HU3bKUN KOe(]IlieHT MOTYKHOCTI, HEOOXITHICTh TEX-
HIYHOTO OOCIYTOBYBAaHHS LIITOK 1 KOJEKTOpA, a TAKOXK OOMEKEH1 AMHAMIUHI XapaKTEPUCTUKU 3PO-
OuH X MEHII KOHKYPEHTOCIIPOMOKHUMH.

CyuacHi IpUBOAM 3MIHHOTO CTPyMY, 30KpeMa Ha 0a31 IIMKJIOKOHBEPTEPIB Ta IHBEPTOPIB 13 JKe-
pesioM HamlpyTH, IEMOHCTPYIOTh 3Ha4HI epeBaru. Bonu 3a6e3neuyoTs BUCOKY €Heproe(peKTuBHICTb,
BIIMiHHI JJMHAMIYHI XapaKTePUCTUKU Ta BUCOKHI KoedimieHT moTyx)HocTi. Lle KpuTu4Ho 114 Cy/eH,
K1 TOTPEOYIOTh TOYHOTO KEPYBAHHSI, HAIPHUKJIA y CHCTEMax TMHAMIYHOTO IMO3UI[IOHYBaHHS a00 JIst
pOOOTH y CKJIAIHUX YMOBaX (KpUIOJIaMu).

CpOroiHi IUKJIOKOHBEPTEPH € ONTHMAJIBHUM PIIIEHHSIM JJIsi BUCOKOTIOTYKHUX CHUCTEM 13 TIps-
MUM [IPUBOZIOM Baily, /i€ MOTPiOHA BUCOKA MPOTYKTUBHICTh HA HU3bKUX LIBHJIKOCTSIX.

IuBepropu 3 mxepenom HanpyrH (LIIM) € HaiiO1Ib1I yHIBEpCATIBHIM Ta MOLIIMPEHUM PILIEHHSIM. 3aB-
JISIKU BUCOKIH TOYHOCTI, THYYKOCTI KepYBaHHS (30KpeMa, 3 BUKOPHUCTAHHSIM BEKTOPHUX METO/IIB) 1 MOKIIMBO-
CcTi poOoTH 63 TaxoreHepaTopa BOHM 3HAYHO ITiABUIIYIOTh HAIIHHICTh Ta €()eKTUBHICTH CHCTEMHU.

CyuacHi METOAM KepyBaHHs, TaKi IK pOTOPHE Ta BEKTOPHE YIPABIIHHS IOTOKAMH, J1aJIH 3MOTY
MIOJI0JIaTH HEJIOJIKH MPOCTUX CKAISIPHUX CUCTEM, 3a0€3MEUMBIIH BUCOKY IMHAMIKY Ta TOYHICTh Pery-
JIIOBaHHS KPYTHOTO MOMeHTY. Lle aae 3Mory BUKOpUCTOBYBaTH BCi IlepeBaru eJeKTpUYHHUX ABUTYHIB
3MIHHOTO CTPYMY, 30KpeMa aCHHXPOHHUX.

3arasoM cTarTa JEMOHCTPYE, IO BUOIp MEPETBOpPIOBaYa YacTOTH JJIS CYJHOBUX YCTaHOBOK
€ CKJIaJIHUM 3aBJIaHHSM, SIK€ BUMara€e KOMIUIEKCHOTO MiJIX0y. BiAnoBigHO 10 BUMOT KOHKPETHOTO
cyaHa (MOTY>KHICTh, MAHEBPEHICTh, YMOBHU €KCIUTyaTallii) HeoOXiJTHO BUOMpATH HAHOLIBII JOLITBHY
TEXHOJIOT110, 110 3a0€3MeYNTh MaKCUMaJbHy €()EeKTUBHICTb, HAJAIMHICTh TA JOBIOBIUYHICTH CUCTEMHU.
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YIK 629.439

B.O. I[TIOJISIKOB, C.10. TIOCJIABCBKUI

[HcTuTyT TpaHcnopTHHX cucteM 1 TexHonoriit HAH Ykpaiun

BAXKAHI ATPAKTOPH 305PAXKYIOUOI TOUKU CTAHY
AK HIATEPHHU ITOBYAYBAHHA IMO3JO0BKHbBOT'O PYXY
MEXAHIYHOI NIACUCTEMM MATHITOJIEBITYIOUOTI'O MOI31A

Axicmo pyxy mexaniyHoi niocucmemu MAaeHimonesimyouo2o noiz30a € 0OHUM 3 OCHOBHUX Kpumepiis, wo usHa-
4aiomb CROJNCUBYI 61ACMUBOCTI MPAHCROPMHO20 KOMHIIEKCY, 00 CKIAdy AK020 Makuti noizo exaoueno. Ilpakmuuna
iMniemenmayis yici axocmi oomedicena: 3 00H020 OOKY, HeOOXIOHICMIO 3a008OIbHAMU BUMOSU NEPEeBI3HO20 NpPoyecy,
3 [HULO2O — HENnpUnyCmMuMIiCmIO GUMPAYamu Ha Hei HAOMIPHI y3azaibHeHi pecypcu. 3a0isi YHUKHeHHs yiel Konizii O/
KOJHCHO20 MUN06020 eKCHAYAMAYitiHo20 Ma a8apitiHo20 PexscumMy noguner 6ymu anpiopHo c@opmosanull payioHanbHull
namepu 6axicanoi OuHamiku, Skomy it HamypHa peanizayis NOBUHHA HAUOLIbUL MOYHO CIOYEaAmu.

Memoio docniodicents € BUAGIEHHS 3A3HAYEHO20 NAMEPHY | 3 11020 GUKOPUCMAHHAM CMEOPEHH MEMOOUKU nooy-
008U baxzCAHUX NO3008HCHIX PYXi6 MeXaHiuHOI niocucmemu noizod.

Ax penpezenmamueHutl HOCitl 0Y0b-K020 3 MONCIUBUX PYXI8 OUHAMIYHOL cuCmeMuU 3 YCHIXOM Modice 6ymu GUKOPUC-
Manuti ampaxmop, AKull NOSHO i CUHmMemu4Ho 8idodpadicac yci tiozo énacmusocmi. Axuo cucmema ¢ keposanoio, CUHme3s
MAaKUX pyxie CMae MoHCIUSUM 8UXOOAUU i3 GIACMUBOCIEL AmMPAKMOopa.

YV cuny obmencenocmi ounamiunoi docmamuocmi niocucmemu 6axcana emanonHa ¢azoea mpackmopis modxice
3AMUMATNUCI HEOOCAAHCHOW. 13 yiel npuduHy KodtceH 31 32a0aHUX NamMepHie OOYIIbHO NPpUHAYAmu y 8ueidi He 8i00KpeM-
J1eHoi ¢hasosoi mpaekmopii, a ix cimelicmaa, sAKe Ymeoproe «mpyoKy» emanioHHUx pyxis.

IIpoyec cunme3sy pyxy inmepnpemyembcsi AK 060emManHuil: NPUMYCO8e NepeseoeH s 300paicyiouoi mouku 3 no4am-
KOB020 ii NONOMCEHHA HA AMPAKMOp, NOOANLUIULL PYX Y3008 Hb020. Ha 0b60x yux emanax niocucmema nio eniueom
HAKNIA0eHO020 KepyB8anHs NOSUHHA NPOMALOM HACY, WO 3a0AEMbCS, NePexooumu 3 NO4AmKo8020 Pazoeo20 cMamy 8 Heoo-
Xionuti kinyesuti. Tomy Ha 000X yux emanax 3asHadere KepyBamHs payionanrbHo 6yoyeamu 32i0HO 3 MepMIHAAbHUMU
NPUHYUNAMU, A NAMepPHU PYXi8, d MAKOXC Nepexoou HAd HUX, — 32i0HO 3 MemoouKoio, sKka 6yia po3pobiena OOHUM i3
a8mopie 00CniONHceHHs.

Cniggionowtents, Wo peanizyioms CUHIME306aHy MEMOOUKY, OYIU NPULHAMI AK al2OPUMMIYHA OCHOBA NPOSPAM-
HO20 KOMNJLEKCY, SIKUll 30MUCHIOE NOOY006U OANCaHUX N03006XCHIX pyxie niocucmemu. I1o6ydoeu 30iticherno 0ns napa-
Mempig noiz0a, AKull CKIaoeHull 3 SNOHCbKUX macrnimonesimyouux eazonie MLU-002. [nlocmpamuesni pezynomamu 6i0-
nOGIOAIOMb PYXaM Y PedCUMAX PYUIHHI, PO32OHY, CIYAHCO08020 MA eKCIMPEHO20 2albMY8aAHHA. AHANi3 Yyux pe3yibmamis
€8I0UUMb NPO Me, WO 3 BUKOPUCTIAHHAM PO3POOIeHOT MemoouKy nobyo0osa pyxy MexaHiuHoi niocucmemu MacHimosnesi-
My4020 noizoa, BUX00A4U 3 HEOOXIOH020 AMPAKMopPa 300padXxcyo4oi MoKy ii cmawy, YChiuHo 30iUCHeHHA Y 8UNAOKAX,
wo 8iON0GI0aIOmMd YCiM 11020 PearbHUM eKCIIYAMAayiiuHUM PerCUMAM.

Knrouosi cnosa: macnimonesimyrouuil noizo, mexaniuna niocucmemd, sSiKicmo pyxy, nobyoosea pyxy, 300paxcyroua
MouKa CMamy, ampakmop, eKCniyamayiiti pedlCUMu pyxy.

V.0. POLYAKOYV, S.YU. POSLAVSKY
Ukraine's National Academy's of Sciences Institute
of Transport Systems and Technologies

DESIRABLE ATTRACTORS OF THE STATE’S REPRESENTATIVE POINT
AS A PATTERNS FOR A MAGNETOLEVITATION TRAIN’S MECHANICAL
SUBSYSTEM’S LONGITUDINAL MOTION CONSTRUCTING

The quality of a magnetically levitated train’s mechanical subsystem’s motion is one of the main criteria that
determine the consumer properties of the transport complex, which includes such a train. The practical implementation
of this quality is limited: on the one hand, by the need to meet the requirements of the transportation process, and, on the
other, by the inadmissibility of spending excessive generalized resources on it. To avoid this collision, for each typical
operational and emergency mode, a rational pattern of desired dynamics must be formed a priori, which its in-kind imple-
mentation must follow as accurately as possible.

The aim of the study was to identify the specified pattern and, using it, create a methodology for constructing the
desired longitudinal motions of the train's mechanical subsystem.

An attractor, that fully and synthetically reflects all of a dynamic system's properties, can be successfully used as
a representative carrier of any of its possible movements. If the system is controllable, the synthesis of such movements
becomes possible based on the properties of the attractor.
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Due to the limited dynamic sufficiency of the subsystem, the desired reference phase trajectory may remain unat-
tainable. For this, in particular, reason it is advisable to designate each of the aforementioned patterns not as a separate
phase trajectory, but as their family, which forms a «tubey of reference motions.

The process of motion synthesis is interpreted as two-stage: forced transfer of the representing point from its initial
position to the attractor; further motion along it. At both of these stages, the subsystem, under the influence of the imposed
control, must, within a given time, transition from the initial phase state to the required final state. Therefore, at both stages,
the specified control should be rationally constructed according to terminal principles. Motion patterns, as well as transi-
tions to them, should be rationally constructed according to the methodology developed by one of the study's authors.

The relations, that implement the synthesized methodology, were accepted as the algorithmic basis of the software
complex which carry out the construction of the desired longitudinal motions of the subsystem. The constructions were
carried out for the parameters of a train, which is composed of Japanese MLU-002 magnetic levitation cars. The illus-
trative results correspond to movements in the modes of starting, acceleration, service and emergency braking. The anal-
ysis of the obtained results indicates that, using the developed methodology, the construction of a magnetically levitated
train’s mechanical subsystem s desired motions, based on it's states representative points corresponding attractors, can
be successfully implemented in cases that correspond to all operating modes.

Key words: magnetically levitated train, mechanical subsystem, motion quality, motion construction, state rep-
resentation point, attractor, operational modes of motion.

ITocTranoBka nmpodJjemMu

Sxicte pyxy mexaniuHoi migcucremu (MII) marniTonesityrodoro moizna (MJIII) € omauM
3 OCHOBHHUX KpPHTEpIiiB, 110 BU3HAYAIOTh CIOKMBYl BIACTUBOCTI TPAHCIOPTHOIO KOMILIEKCY, 10
CKJIaJly SIKOTO TaKWi MOi3J BKJIOUeHO. BogHodac iMIieMeHTalis 1i€i sKocTi amOiBaleHTHO oOMe-
YKEHa TIPUPOTHUMH IPUIHMHAMU: 3 OTHOTO OOKY, BOHA Ma€e OyTH IOCTaTHHO BUCOKOIO, 11100 3310BOJIh-
HSATH BUMOTH [1€PEBI3HOTO MPOLECY, 3 IHIIOIO — TAaKe M1BUILEHHS HE IOBUHHO BUMaraTi HaJMIpHUX
BUTPAT y3arajbHEHUX KalliTaIbHUX Ta eKCIUTyaTalliiHUX pecypciB. 3a/1s yHUKHEHHS Li€T KOmi3ii 1uis
KO’KHOTO THUIIOBOTO €KCIUTyaTalliiHOTO, a TAKOXX aBapiiHOTO PEKUMY MOBHHEH OyTH anpiopHo chop-
MOBaHUH palliOHAJIbHUI NaTepH O0a)kaHOi JMHAMIKHM MIACUCTEMH MOi31a, 110 PO3MIAAAETHCS, IKOMY
3 ypaxyBaHHSM aJanTaiii 70 00CTaHOBKM HaTypHa peaji3allis pyxy MOBUHHA CIIiTyBaTH.

dopMyBaHHS KOXKHOTO 3 TaKHX IAaTEPHIB € KOMIUIEKCHOIO MPOOJIEMOI0, KIFOUOBHMHU €TaraMu
BUPILICHHS SKOI €:

— imenTHdiKalis Ta aHai3 nepeadauyyBaHUX eKCIUTyaTallifHUX Ta aBapifHUX PEeXUMIB QyHKIII-
OHYBaHHS;

— CHCTEMHE, a TaKOX IMiTaliifHe MPOTHO3YI0Ye MOJAETIOBAHHS TAKUX PEXKHUMIB 13 METOIO Tec-
TYBaHHS PI3HUX CLIEHApiiB Ta BUSBJICHHS IIYKaHUX PalliOHAIbHUX a00 ONTHUMAJIBHUX JTUHAMIYHUX
MaTepHIB;

— MonepeHe po3poOIEeHHS aTOPUTMIB KepyBaHHS, 110 CIPHUSAIOTh MiHIMI3allli BIAXUIEHb Bij
TaKUX MaTepHiB, Yy TOMY YHMCIIi 32 paXyHOK CTPYKTYpHOI Ta aJrOpUTMIYHOI afanTarii A0 cuTyamii

— NPEBEHTHBHMUN aHali3 PU3MKIB 13 METOIO BUSBJICHHS MOTEHLINHMX aBapiiHUX CUTYyalliil Ta
IXHIX MOXJIMBUX HACIIIKIB,

— po3po0ieHHs TIJIaHIB JIIKBiaIii aBapiii, BKIFOUAOYH aJTOPUTMHU IIBUKOTO pearyBaHHS Ta
BIHOBJIEHHS II1ICUCTEMHU;

— peasi3aiis MUIOTHUX MPOEKTIB 13 TECTYBaHHS B pEANbHUX EKCIUTyaTaI[IfHUX YMOBaX, a TAKOX
300py iH(OpMaIlii 3BOPOTHOTO 3B'A3KY BiJl ONEPATOPiB 13 METOIO KOPUTYBAHHS MATEPHIB, M0 PO3PO-
OJISIFOTHCS;

— peryJsipHe HaBUYaHHSI ONEPATOPIB palliOHATILHUM METO/IaM POOOTH 3 MaTepHaMu y repeadady-
BaHMX ILUTAaTHUX Ta MMO3AIITAaTHUX €KCIUTyaTalliiHUX CUTYaLlisX.

CyuacHuii cTaH A0CJiIKeHb i3 mpolaeMu
ABTOpaM TOKH IO HE BiAOMI JOCIIDKEHHS, sIKi O cTocyBaymcs mooynoBu pyxis MIT MIJITT
y MpOCTOpax IXHiX CTaHiB.

https://doi.org/10.32782/mathematical-modelling/2025-8-2-24 ISSN 2618-0332 (print), 2618-0340 (online)
237



ITPUKIIA/THI ITHNTAHHA MATEMATHYHOI O MOJE/IFOBAHHA T. 8, Ne 2, 2025

Merta gocJuaigkeHHs

OIHUM 3 OCHOBHUX IIISAXIB IIIBUIEHHS SIKOCTI TOCIIKEHHS TUHAMIYHOI CUCTEMH, SIKHI ac
3MOTy CYTTEBO paIliOHAJI3yBaTH LIeH Mmporiec, € ¢hopMaizallis MUBIXOM YBEISHHS HOCIS PO3TIIsTy-
BAHOTO PYyXY, 3aTHOTO HOTO XOJIICTUYHO MPEACTABIATH. AKTYalbHICTh 3HAXOMKEHHS TaKOTO HOCIsS
MTOCWITIOETHCS, 30KpeMa, THM, 110 3a3BUYail Ma€ MiCIle BUMYIIIEHa OOMEKEHICTh HAaTYPHHX CIIOCTEpe-
KEHb, sIKa He J1a€ 3MOTH Oy[yBaTH iHTETpaIbHUII MHOTOBH/ ImiIcUcTeMU. Lle cToCyeThCst K IPUpOI-
HUX, TaK 1 KOHCTPYHOBAHMX IIIJIIXOM KepPYBaHHS HUMHU LIIECIIPSIMOBAaHUX pyXiB. ToMy MeTOr0 HoCi-
JDKCHHSI € BUSBIICHHS BKa3aHOTO HOCIS 1 3 MOr0 BHKOPHCTAHHSM CTBOPCHHS METOIMKHU IOOYIOBH
OakaHuX Mo3M0BXKHIX pyxiB MIT MJIII.

Buxiaa ocHOBHOT0 MaTepiaJy J10CTiIKeHHS

Sk penpeseHTaTUBHUI HOCIH Oy/Jb-SKOTO 3 MOKJIMBHUX PYXiB JUHAMIYHOI CUCTEMH 3 YCIIXOM
Moxe OyTH BUKOpUCTaHWMH aTpaktop [1; 2], sikuil MOBHO 1 CHHTETHYHO BijjoOpaxae yci ioro Bia-
CTHBOCTI. ¥Y pa3l KOJIM CHCTEMa € KEPOBAHOIO, Il pyXHU BU3HAYAIOTHCS BIACTUBOCTSIMH CUCTEMU: ii
CTPYKTYPOIO 1 TapaMeTpaMu eJIEMEHTIB, TOYaTKOBUMU Ta TPAHUYHUMH YMOBAaMHU PYXiB, IPUPOIHUMU
30ypeHHSIMH, a TAKOXK MMPHUKJIAJICHUMHU KepyBaHHAMU. TOMy CHHTE3 pyXy TaKOi CUCTEMH Y KOXHOMY
KOHKPETHOMY BMIIQJIKy CTAa€ MOKJIMBUM BHUXOJASYU 3 HOro 0a)kaHOTO, y BIJIOBIAHOMY PEXUMI Ta
oOcTaHoBIl, narepHy. OHaK TOYHA WOTO peaizallis, I[IJIKOM MOXJIHMBO, MOKE€ BUMAaraTH 3aHajTo
BEJIMKHMX HEOOX1THUX JJIS IIbOTO KepyBaHb. ba Oinbllle, HABITH SKIIO HEOOXiIHE KepYBaHHS BIAETHCS
TOYHO BIATBOPUTU PETYIATOPOM, TO B CHIIy OOMEKEHOCTI JWHAMIYHOI JTOCTAaTHOCTI MIJCHUCTEMH
OakaHa eTaloHHA (Da30Ba TPAEKTOPIS MOXKE BCE K 3aJIUILATUCS HEJOCSHKHOIO. Taka HeBiAMOBIIHICTh
Mae 00'€eKTUBHUI XapakTep 1 € HACHiKOM MPUPOAHOI HECTaliOHAPHOCTI 00'ekTa KepyBaHH. [3 1iei
MIPUYMHU KOKEH 31 3raJlaHuX MaTepHiB JOLIIBHO MPU3HAYATH Y BUINISAI HE BIIOKpEMIIEHOI (pa30Boi
TPaEKTOPii, a IXHPOTO CIMEHCTBA, IKE YTBOPIOE «TPYOKy» eTarioHHuX pyxiB [3; 4]. KoxHa 3 Tpaek-
TOPIiH, 3 IKUX CKIAAETHCS TaKa «TPyOKa», aHATITUYHO a00 YHCEIHHO MOXKE OyTH 3aJaHa IUISTXOM
BHUKJIIOYCHHSI apTyYMEHTY 4Yacy 31 CITIBBIIHOIICHB, [0 BU3HAYAIOTh Oa)kaHi 3aKOHU 3MIHU (Pa30BUX
koopauHat. Jlami, 3ajjaHa, TAKUM YHHOM, TPAEKTOPIsl BBAXKAETHCS TAKOIO, 110 HAJICKUTh aHCAMOIO,
SKHH € 3raJIaHuM aTpakTopoM 300paxKytodoi TOUKH CTaHy CUCTEMH i JI0 SIKOTO il pyX Mae MmparHyTH.
[Ipu uboMy Mpolec CUHTE3Y PYXY IHTEPIPETYETHCS SIK ABOETAITHUI:

— MIPUMYCOBE IepeBeICHHS 300paXKyt0u0i TOUKH 3 IIOYATKOBOTO 1i MOJI0KEHHS Ha aTPaKTop;

— MONANBIINHI PYX Y310BXK HBOTO.

3a HEOoOXIAHOCTI MO0 PyXy Ha Pi3HUX eTanax HWOro MmoOyIoBH MOXYTh HPEI'SBISTHCS Pi3HI
BuMoru. OHaK SIKIIO Taki GyHIaMeHTaIbHI BIACTUBOCTI, SK:

— aCUMIITOTHYHA CTIMKICTh 3arajioM Y MPUHANHMHI Y TOTPiOHIH 001acTi pazoBOro mpocTopy;

— aBTOHOMHICTb;

— 3a/I1aHUI Yac MPOTIKaHHA Ta XapaKTep 3aracaHHs MepexiHUX MPOLECIB,

mijiIcucTeMa MOBMHHA MaTH 1HBAP1aHTHO — Ha Oy/Ib-sIKOMY €Tarli oOy0BH PyXY, TO JIESKi 1HIII BJla-
CTHBOCTI crieniidivHi Ta 0COOMMBO OaXKaHi JIMIIE HA OKpeMHX (hazax 3a3HAYCHOI MOOYIOBH — 3aJIEIKHO
BiJl iXHIX ocoOnmuBocTel. Tak, Ha eTari, KoM 300pakytoua TOYKa CTaHy HAJIEKHUTh aTpaKkTopy, il pyx
MOJKE BIZIOyBaTHCSI HEMUHYYE IOCUTH JIOBTO 1 BUMAraTH Jyisi CBO€ET peai3allii BUTpaTh 3HaUHUX PeCyp-
ciB. Ha ipomy etami pyx, ik paBujio, 0a)kaHO ONTUMI3yBaTH 32 KPUTEPISIMU €HEPTeTUYHOI EKOHOMI4-
HOCTI, €KCKITIO3MBHOI 0€3MEKH, IBUAKOIUTMHHOCTI a00 Oy/Ib-sIKUMHU THIIUMH, SIKi € OCOOIMBO KPUTHY-
HUMHU JJIS1 PEKUMY, IO PO3IISAAETHCS, Y TOTOYHIM 00CcTaHOoBIIl. BogHowac npoiiec pyxy 300pakyrodoi
TOYKH 3 BUX1THOTO MOJIOKEHHS JI0 aTpaKTopa MOBUHEH OyTH 32 MOXKITUBOCTI IOCUTD IIBUIKOTUTUHHUM,
1 OCHOBHOIO CTIeIM(PigHOIO € BUMOTA TUIABHOCTI 1 «0€3yAapHOCTI» MPOTIKAaHHS MPOIIECIB.

I3 BuKIIa[IeHOTO BUILIMBAE, 110 Ha 000X eTanax — A0 MoMaJaHHs 300pa)xKyrodoi TOUKHU CTaHy Ha
aTpaxTop 1 Micis OO — MiJICUCTEMA I/ BIUTMBOM HAKJIaI€HOTO KepyBaHHs IOBUHHA [TPOTATOM 4acy,
10 33JA€THCS, IEPEXOAUTH 3 TIOYATKOBOTO (ha30BOTO CTaHy B HEOoOXiqHMN KiHIeBUi. Tomy Ha 060X
eTarnax 3a3HaueHe KepPyBaHHsI pallioHaJbHO OyayBaTH 3TiTHO 3 TEPMIHAIBHUMU IPUHITUIAMU [5; 6].
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[Tarepuu pyxy ciin popMyBaTH, BUXOI4U 3 Takoro. OOGCTaHOBKA pyXy MOXKE 3MIHIOBAaTUCS 3ara-
J0M HenependadyBaHo. Bona Mmoxxe OyTH KiacugikoBaHa 3a MPUHIMIIOM JAUXOTOMIT y BUIVISI BKJIa ie-
HUX piBHIB KiaciB. HarypHe Bri3HaHHS OyIb-sIKOTO 3 HUX MOYKHA 3[IMCHUTH 32 BiIIOBIIHUM HaOOpOM
3HaYeHb, JOCTYIHUX JUI CIIOCTEPEKEHHS, OJJHO3HAYHO HOro 1IeHTU(IKYIOUUX MapaMeTpiB 1 BUMarae
BUKOHAHHSI BIJIHOCHO HEBEJIMKOTO 00CATY TOJATKOBUX omeparliid. [1ix yac cTBOpeHHs perynsTopa Kox-
HOMY KJIacy o O4iKyBaHOI 0OCTaHOBKH y BIAMOBIHICTh MOXKYTh OyTH TIOCTaBJICHI i 3a(iKCOBaHi B IPo-
rpaMHOMY 3aram'siToByrouoMy npuctpoi peryistopa (I13Y) neoOxiani (y mpomy kiaci): a3oBi Tpaek-
TOpii 300paXkytouoi TOUKH cTaHy {n.(e),7,(¢)} — MarepH, sIKOMy pyX MOBHHEH NpParHyTH CIIiTyBaTH;
noTpiOHi (Taki, 0 rapaHTOBAaHO CTAOLII3YIOTh el MaTepH) MporpaMHi kepyBaHHs f;/ (). Toxi mig gac
PYXYy IICIsl BIII3HAHHS PEai30BaHOTO Kiacy a O0OCTaHOBKM Ta 3unTyBaHHs 3 [13Y BimnmoBigHuX oMy
{n2(®),n.,(®)} Ta f;(e) 3rajaHui NaTepH CTA€ JOCTYITHUM JUIsI BAKOPUCTAHHS.

Otxe, 11 HaWKpalloi BIANOBIIHOCTI CBOEMY NPU3HAYEHHIO, OKPIM IIMPOKOrO, TOYHOIO Ta
OIIEPATUBHOIO JOCTYIy A0 ONEPaTUBHUX BIIOMOCTEH MPO NOTOYHY OOCTAaHOBKY PyXY, IPOrpaMHUNA
piBEHBb perynsTopa MOBUHEH MaTH sIKOMOTa MOBHIMMA HaOIp 3akoHIB {1, (1).ns ()} 1 fI(®), ne t —
3MiHHA Yacy, a TaKoK, 0€3yMOBHO, PO3BHHEHUH MONIYKOBUH MOAYIb, SIKUH a€ 3MOTy e(heKTUBHO
3MIIMCHIOBATH BiOOpaXCHHS BULY

M:T—>F, T={;(®n;} F={f(}, (1)
ne T,F — MHOXKMHU Oa)kKaHHUX Y PI3HUX 00CTaHOBKAX PyXiB (pa30BHX TPAEKTOPi 300pakyr0ouoi TOUKU
CTaHy IiJICUCTEMH, a TAKOXK MPOTPaMHUX KEPyBaHb, sIKi HEOOX1TIHI 7S peaizamii MuX TPAaeKTOPiii;

M — omeparop BimoOpaskeHHs, 1o nie 3 T CF.

TyT ckpi3b Oyab-sKka (QyHKIIS 3 TOUKOIO HA MICLI apryMEHTy Iependadae CyKynHicTb ii ((pyHK-
11i1) 3Ha4€Hb 32 BCIX JOMYCTUMHX 3HaY€Hb TAKOTro apryMeHTy. OHier0 3 TouiapHuX (HopM opranizamii
3a3HAYCHOTO B1OOpaKeHHS MOXKe OyTH pO3MIIIIEHHS B TIaM'sITi OIIMCYBAHOTO PIBHS PETYIISITOPA CJIOB-
HUKa «TPAEKTOPIsI — KEPYBAHHS», BUAUICHHS SKOTO Y BUIISAII OKPEMOTo OJIOKY JacTh 3MOTY CIpO-
CTHTH JIOTIUHY CTPYKTYpY aJITOPUTMY, @ TAKOXK IOCTATHRO IMPOCTO 3MIHIOBATH 1 HAPOITYBATH IPaBHUIIa
pearyBaHHS B Iiporieci 00poOku iHdopmartii.

VY mporieci ¢popMyBaHHS MaTepHiB pyXy (a3oBi TPAEKTOPii 300paxy0uoi TOUKU CTaHy IiJCHC-
TEMH JOIUTHLHO Oy/yBaTH 3TiHO 3 METOIUKOI0, po3pobneHoro y [7]. Toxai 3minu pa3zoBux KoopauHaT

1i€1 TOYKH 3aJ7I€KHO BiJT 4aCy MOXKYTh OyTH OTIMCaHI BUpa3aMHu:
t(2) t(3)
nP@)=nl +E} t+E - —+E} —;
) 2 3
1(2) 1(3) 1(4)
Tlf(f)Zﬂfs+ﬂfs'f+E§'7+Elp'?+Ef'E, (2)

y SIKHX, CBOEIO YepProro, 3Ha4YeHHs KoedilieHTiB £, E’, E} BU3HAYAIOTHCS BIAMOBIIHO JI0 CMIBBITHOIICH:

12 6 . . .
E} =~ Tlax—Urf_f)—r—'(n(f.ﬁnapf)“ﬁf;
» P
4 . . L6
EY = =51, =ng)) + =5 - (18017 +30-11) == 17
TP Tp tr

36 12 . . 6 .
By == Oy =) = oy + 20710 )+ 57y 3)
‘L'p ‘L'p Tp

V¥ Bupazax (2) ta (3) yBeaeHO MO3HAYEHHS:
T, — TepMIHAJILHUH IPOMDKOK 4acy, Ha IKOMY OyIyeTbCs IaTEPH PyXy;

NaosTassNe >1a; — 3HAYEHHS (Pa30BUX KOOPIUHAT 300paKyr0u0i TOUKHU CTaHy M1JCUCTEMH B Kpaiio-
BUX TOYKax MOOYJOBH MaTepHY, CTBOPIOBAHOTO 7Sl a —>VOOCTaHOBKH PYyXY;

iy, — OakaHe NPHUCKOPEHHs LEHTPY Mac MIJCUCTEMHU IMICJs 3aKiHUCHHS peaii3alii 1boro

HaTepHY.
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3TiJIHO 3 TIEHO ) METOIUKOI, MOXYTh OyTyBaTHCS 1 PyXH HiJACUCTEMHU B PEKUMaX MEPEXOTy
300pakyrouoi TOUKH ii cTaHy Ha KOXeH 3 aTpakTopiB. Crenudika Takux NepexiJHUX PeXHUMIB, 5K
3a3HA4YEHO, TOJISATAE, 3 OJJHOTO OOKY, B IXHIM MIBUAKOIUIMHHOCTI, a 3 1HIIIOTO — Yy y’Ke OakaHii Tu1aB-
HOCTI Ta «6e3ymapHocTi». Taki sIKOCTI TEPEeXiTHUX IMPOIECiB, OYCBUIHO, 3 YCIIIXOM MOXYTh OyTH
3a0e3neyeHi MUITXOM KOPEKTHOTO 3aBJaHHS HEOOXiIHUX JAJS LBOTO 3HAa4YeHb IXHIX TepMiHAJIbHUX
MIPOMIXKKIB 1 TPAHUYHUX YMOB. Buxozasiuu 13 11bOro, noBe/iHKa (a30BUX KOOPAMHAT 300paxKyrodoi
TOYKH B KOXKHOMY 13 3a3HaY€HUX MEPEXITHUX PEKUMIB MOKE OyTH OMKCaHa CIiBBIJHOIIECHHIMH, aHa-
noriuanmu (2) 1 (3):

(2) (3)
W) =1 +E. -t +E' ~7+E§~%;

, , ., Et t(Z) Ef t(3) E' t(4) 4
H=n.+nl t+E-—+E -—+E, - —.
n' (1) =n, +n; 077, s > ( )
12 6 i e
Eq = -(n, —n})—r—‘(né +17) +17)

t t
.48 o1 . L6
Ef =—5 (i —n)) +—5- (1817, +30-17) == -1}
T T, T

By = ) o 2+ 6

VY Bupazax (4) ta (5) 101aTKOBO MTO3HAYEHO:

7, — TEpMIHAJILHUM IPOMDKOK 4acy, POTATOM SKOr0 300paXkytoda TOUKa CTaHy HiJICUCTEMHU IIEpexo-
JIUTH 13 BUX1JTHOTO TIOJIOKEHHS, 3 IKOTO TIOUYNHAETHCS MOOYA0Ba PyXy, Ha aTPaKkTop;

n,.1,31},1, — 3HA4eHHsI (pa30BUX KOOPANHAT 300paKy0d0i TOUKHU CTaHY ITiICHCTEMHU B KpallOBUX TOY-
Kax [epexoy Ha aTpakTop;

ij, — OakaHe IMPUCKOPEHHS LIEHTPY Mac MiICUCTEMH Micysl 3aKIHYEHHS [IEPEeXOoly Ha aTpakKTop.

BaxnmBoro XxapaKTepUCTHKOIO KOXKHOTO aTpaKTopa € Horo OaceiiH TsuKiHHS. Y KOHTEKCTI aHai-
30BaHOI NPOOJIEMH, 11€ — MHOYKMHA OYATKOBUX IOJIOKEHb 300pa)Kyt040i TOUKH CTaHy IMiJCUCTEMH,
K1 32 paxyHOK ii JUHAMIKH CXOJSATHCS 10 LIbOTO aTpakTopa. s Xopouoi KepoBaHOCTI MiJACUCTEMH
OacelHU TSKIHHS CTBOPIOBAHUX aTPAaKTOPIB MOBUHHI OyTH B A€SIKOMY CEHC1 BETMKUMU. 3arajioM Takxi
OacelfHU MOXKYTh OyTH 1OCUTh CKJIaJHUMHU MHOKMHAMH, OIHC SIKUX € HETPUBIAJIbHUM 3aBaHHAM. L1
IHTYITHBHI MipKyBaHHs (popMati3oBaHi IUIIXOM yBEIEHHS COCO0IB KITbKICHOT OLIIHKH XapaKTepHC-
THK 3raJlaHux OaceiHiB. 3anpOIOHOBAHO, HAITPUKJIIA], IT1IXO/H, 110 JAF0Th 3MOTY OI[IHIOBATHU:

— OaceliHOBY CTiliKicTh [8], 110 XapakTepu3ye oOcsar OacelHy TsKiHHS Y (ha30BOMY IPOCTOPI;

— Topir CcTidKOCTI [9], M0 BM3HAYAa€ HAUKOPOTINY BiJCTaHb BiJ aTpakTopa IO MEXKi TaKOro
Oaceiny.

VY npoueci noOy10BH OMKUCYBAHUM CIIOCOOOM MEPEXiTHOTO PyXy 300paxKytodoi TOUKU CTaHy Ha
aTpaxkTop JJIsl HHOTO y IPEBEHTHUBHOMY MOPSAKY TOBUHHI BU3HAYATUCS 3HAUCHHS 3a3HAUCHUX YU AJb-
TEpHATHUBHUX 1M MOKa3HUKIB. [{asi miciist OIiHKY WX 3HAYCHb MEPEX1THUMA PyX MOXKe OyTH BUKOHAHO
JIMIIE, SIKIIO BUSIBUTHCS, 1110 300paKytodya TOUKa CTaHy MiJACUCTEMH HAJIEKUTh OaceiiHy TsKIHHS BiJ-
MOBIHOTO aTpakTopa.

I3 BuKOpUCTaHHAM criiBBiHOMIEHB (2) 1(3), BIAMOBIIHO 0 BUKIIAACHOI METOIMKH, MOXYTh Oy/Ty-
BaTuCsl HEOOX1HI aTpakTUBHI (pa30Bi TpaeKkTOpii aHATI30BaHOI MiJICUCTEMU. A 3 BUKOPUCTAHHSAM PiB-
Hoctel (4) Ta (5) — TpaekTopii mepexoIiB 300paxyrodoi TOYKH CTaHy Ha aTpakTop. Tomy 3a3Ha4ycHi
PIBHOCTI OyJTi MPUIAHSATI K aJrOpUTMIYHA OCHOBA MPOTPAMHOTO KOMIUIEKCY, IO peati3ye Taki moly-
noBu. EneMeHTn KoMIuiekcy nporpamMHoO (ikcoBaHI Ha BXiJHIM MOBI CUCTEMM KOMIT'TOTEPHOI MaTeMa-
Tk Mathematica 1 mOAINSIOTECS HA «PO3PAaXyHKOBY» Ta «rpadiuny» dactunu. [lepmia i3 nux gacTuH
BHUKOHY€E HEOOX1/IHI PO3paxyHKH, a Apyra — MepeTBOPIOE iXHI pe3ysIbTaTh Ha TpadiuHy hopMmy.

[ToOynoBu 31iHiCHEHO JUIsl TapaMeTpiB MOi3/a, SKUNA CKIaJCHUH 3 SIMOHCHKMX MarHiTOJIEBITY-
tounx BaroHiB MLU-002 [10; 11]. ImrocTpaTtuBH1 pe3ynbTaTd BiANOBIAAIOTH pyXaM J0CIIIKYBaHOI
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MIJICHCTEMH y PI3HUX EKCIUTyaTalliiHUX peXuMax. TakuMu HECTalliOHApHUMHU PEKUMaMH Oyiiu
MIPUIHSTI PYIIiHHS, PO3TiH, CIy>KOOBE Ta EKCTpEHEe rajabMyBaHHs moizna. Hukue HaBemeHo nesiki
pe3yNbTaTH 10CiHKeHHs . BimoBiJHOCTI MikK 3MIHHUMH HaBEICHUX MaTe€MaTUYHUX CI1BBIIHOIIECHb
Ta i1eHTU(iKaTopaMu MPOrpaMHOrO KOMILIEKCY, BUKOPUCTAHUMH Ha PUCYHKaX, OMKCaHo B Tab. 1.

Tabmuns 1
BianoBigHOCTI MK 3MIHHUMH MaTeMaTUYHUX CITIBBITHOIICHB Ta 1ICHTH(IKATOpaMH MPOTPAMHOTO
KOMILJIEKCY, sIKI BUKOPUCTaH1 Ha pUCYHKAX

3MiHHI MaTeMaTHYHHX InenTudgikaropu OauHui
CIiBBi/IHOIIIEHb NPOTrPAMHOI0 KOMILJIEKCY BUMIPIOBAHHS
4 N
eta m
n deta m/s

LmroctpatuBHI npuKiIagu pe3ynbTaTiB MoOynoBU (Pa30oBUX TPAEKTOPiM BapilaHTIB MEPEXory
300paxyrouoi Touku crany (3TC) MII MJIII na arpakropu, 110 BUOMPAIOTHCS LIS IIUX MEPEXOIiB,
HaBeseHo Ha puc. 1-12. Puc. 1 — 3 BiANOBiAIOTh PEKUMY PYIIIHHS 3 MICIS; pUC. 4—6 — peKumMy
PO3roHY; puc. 7-9 — pexumy ciry>k00Boro rajibMyBaHHs; puc. 10—12 — pexumy raabMyBaHHS eKCTpe-
Horo. Ha ko)KHOMY 13 IUX PUCYHKIB MyHKTHPHOIO JIIHIE€I0 HAHECEHO aTPaKkTUBHY (ha30BYy TPAEKTOPIIO,
a CyIJIBHOIO JIIHI€I0 — TPAEKTOPIIO Mepexoy Ha Hef.

— efa,m

F3000 4000 5000 6000 7000 8000 9000

Puc. 1. ®a3oBa Tpaexkropis 3TC MII MJIIIT
Y pexxuMi Horo pyuriHHs.
BapianT 1 nepexony Ha BUOpaHuii aTpakTop

deta, m/s

110/
100/

90!

eta, m
-3000 4000 5000 6000 7000 8000 9000

Puc. 3. ®@a3oBa TpaekTtopisa 3TC MII MJIII
Y pe:kumi iioro pyuriHHs.
BapianT 3 nepexony Ha BUOpaHuUii aTpaKkTOp
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3000 4000 5000 6000 7000 8OO0 9000

Puc. 2. ®@a3oBa TpaekTtopisa 3TC MII MJIII

y pe:kumi iioro pyuriHHs.
BapianT 2 nepexony Ha BUOpaHUii aTpaKkTOp

{eta, mis

80+

79+

76

2 LI . | R i el R B . — eta, m
3000 3500 4000 4500

Puc. 4. ®a3oBa Tpaexropis 3TC MIT MJITI
y pe:kumi iioro posrony. Bapiant 1 nepexony
Ha BUOpaHuii aTpaKTop
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deta, mis

1 i . - + . . . - i . - L =ta. m
3000 3500 4000 4500

Puc. 5. ®a3oBa Tpaexropia 3TC MII MJIII

Y pe:KuMi iioro po3rony.
BapiaunT 2 nepexony Ha BUOpaHMii aTpaKTOp

deta, m/s

eta, m

4150 4200 4250 4300 4350 4400 4450 4500

Puc. 7. ®a3oBa Tpaexkropis 3TC MII MJIIT
Y pexuMi Horo cay:k00B0ro raJibMyBaHHs.
BapiaunT 1 nepexony Ha BUOpaHuii aTpaKkTOp

deta, mis
80P ze
60}

40+

20+

eta, m

4150 4200 4250 4300 4350 4400 4450 4500
Puc. 9. ®@a3oBa Tpaexropia 3TC MII MJIII
Y pe:kuMi fioro cj1y:k00B0ro raJibMyBaHHsI.
BapianT 3 nepexony Ha BUOpaHHUii aTpaKkTOp

deta, m/s

-

— ; . ot + eta, m
1900 1920 1940 1960 1980 2000
Puc. 11. ®a3oBa Tpaexropia 3TC MII MJIII

Y pe:KHMMi ii0ro eKCTPEHOro rajJbMyBaHHS.
BapianT 2 nepexony Ha BHOpaHHIi aTpaKTOP
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deta, m/s

80
79
7B

77!

76

P S | - . - i - . . - i . . . H B‘a\ m
3000 3500 4000 4500

Puc. 6. ®a3oBa Tpaexropis 3TC MII MJIIT
y pe:kuMi iioro po3rony.
BapianT 3 nepexony Ha BUOpaHuii aTpaKkTop

deta, m/s
B0z

‘150 az00 4zso ason  aaso aaoo  asso  asoo "
Puc. 8. ®a3oBa Tpaexropis 3TC MII MJIIT
Y pexuMi Horo cay:k00B0ro raJibMyBaHHs.

BapiaunT 2 nepexony Ha BUOpaHMii aTpaKkTOp

deta, m/s

eta, m

1900 1920 1940 1960 1980 2000

Puc. 10. ®a3oBa TpaexTopis 3TC MII MJIII
Y pPe:KHMi ii0ro eKCTPEeHoro rajbMyBaHHs.
BapianT 1 nepexony Ha BUOpaHuUii aTpaKkTOp

deta, mis
[

50
40
30
20

10}

- ; = - - - eta, m
1900 1920 1940 1860 1980 2000

Puc. 12. ®a3zoBa Tpaekropis 3TC MIT MJIII
Y pPeXnMi ii0ro eKCTPEeHoro rajJbMyBaHHSI.
BapiaunT 3 nepexony Ha BuOpanuii aTpakTop
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BucHoBKkH

AHauni3 HaBeJICHUX UTIOCTPATUBHUX MPUKIAAIB MOOYIOBH IMO3I0BKHBOTO PyXy MEXaHIYHOi
I1JICHCTEMH MarHiTOJEBITYIOYOTO 101312, BUXOASYH 3 HEOOX1JHOTO aTpakTopa 300pakyrouoi TOUKH
il cTaHy, CBIIYMThH MPO TE, 110 3 BUKOPUCTAHHIM PO3pOOJIEHOI METOMKU Taka 1MoOyaoBa YCHIIIHO
3[ifiCHEeHHa y BHIIAJKaX, IO BIAMOBIZAIOTh YCIM EKCIUTyaTalliiHUM pexumam. ToMy MeTy 1boro
eTary JOCIIIKEHHsI JOCATHYTO.

BonHouac ofeprkyBaHi B Takuii criociO pyXu 3a70BOJIBHSIOTH JIMIIIE TPAaHUYHUM YMOBAM 3TaaHoi
MOOY/IOBH 1, IIJTKOM MOXKJIMBO, € YacOM HE JIMIIE HE ONTUMAILHUMH, a i HaBITh paIliOHAJIEHUMHU Ha
MPOMDKHHUX eTarnax. [ paHMuHO 5k MOKJIMBE HOJIIIIEHHS SIKOCT1 PE3yJbTYIOUOr0 PYXy B KO)KHOMY KOH-
KPETHOMY BUIIJIKy MOXe OyTH JOCATHYTO JIMIIE B paMKax IiIX0/Y, 1[0 FAPAHTY€E TaKke TPaHUYHE TOJIIM-
IIEHHSI, IIUTIXOM TIOCTAHOBKH Ta BUPIIIEHHS BiIIOBIIHOI 1H(epeHIIIHO-IrPOBOT MiHIMAKCHOT 3a/1a4i.
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A.A. CABVIJIA, A.IT. KOPOTUHCBHKUI

HauionanpHui TeXHIYHUN yHIBEpCUTET YKpaiHu
«KuiBchkuii osiTexHIYHUE IHCTUTYT iMeHi Iropst Cikopcbkoro»

JOCJIJP)KEHHS BIUVIMBY KPUTEPIIB ONITUMI3ALIII
HA E®EKTUBHICTHh POBOTU EKCTPEMAJIbHOI CUCTEMU KEPYBAHHS

Posenanymo akmyanvny 3adaqy niosuwenns egekmusHocmi ma HaAOiUHOCMI ABMOMAMUYHUX CUCTEM KepYBaHH:
(ACK) npomucnosum ob6IAOHAHHAM 8 YMOBAX 3MIHU 1020 MeXHiKo-eKchayamayiunozo cmany. OOIPYHMOBAHO, WO MAKI
A6UWYA, SIK 3HOC, NEPEBANMAIICEHHS YU 3MIHA 61ACMUBOCMEN CUPOBUHU, CHPUYUHAIOMb 3MIHU 8 AKYCIMUYHUX XAPAKMePUcmu-
Kax (3eyyanni) oonaouaums. [Jna MOHIMOpUH2y Yyux 3min nponoOHYEMbCs UKOPUCAHHA MeMOOi8 36YK080i deghekmockonii
SAK BIOHOCHO O0eule8o20 ma 2HyuKo20 IHCPYMENNTy, 30amH020 8 PeanbHOMY Yaci UABIAMU AHOMATbLHI PeXCUMU pooomi.

Y pobomi sanpononosarno nioxio oo adanmayii ACK, wjo bazyemoca na excmpemaibHomy Kepyeanui. Y yiti cmpyk-
mypi 610K 38YK080I OegheKmocKonii BUKOHYE poilb 0emeKmopd, aAKuil (iKcye 8i0OXULeHHs 8I0 HOMIHATILHO2O pexcumy ma
iHIYyianizye aneopumm onmumizayii Oisl NepeHanauimy8anHts cucmemu Kepy8anHs 00 Hosux ymos. OCKilbKu Kuo4o8um
axmopom, wo suznauac noedinKy cucmemu y pasi maxoi adanmayii, € uUOpanull Kpumepii Onmumizayii, Memoio
pobomu € 00CTIONHCEHHS NAUBY YbO2O KPUMEPIIO HA KIIOYO8I NOKA3HUKU AKOCMI Nepexionozo npoyecy (ueuoxooio, moy-
Hicmb, cmitikicmy) exempemanvHol cucmemu. JJOCHiodceHHs. CNpSMO8ane Ha (YOPMYBAHHSA PEKOMEHOAYILl ujo00 8U6Opy
KpUmepito 3anedxicHO 8I0 KOHKPEMHUX SUPOOHUYUX yinell (Hanpuxiaod, MIHIMI3ayis eHepeoCnONCUBAHHS, MAKCUMI3AYis
NPOOYKMUBHOCMI, MIHIMANbHULL Yac cmabinizayii).

Y pobomi nposedeno nopisnuanenuil ananiz GyHKyionyeanHs eKCmpemManibHoi CUCIEeMU KePYEAHH Y pa3i GUKOPU-
CMAaHHsL PI3HUX THMe2PabHUX ma cneyu@iunux kpumepiie onmumizayii. JJocniodceno kiacuymi inmeepaivii Kpumepii,
maki sk inmezpan 8io keaopama noxubku (ISE), wo cunvro wumpagye 3a enuxi 8i0XuIeH s, ma iHmezpai 6i0 36ANHCeHOl
3a wacom abcomomuoi noxubru (ITAE), uymaueuii 00 mpusanux 3a1umkosux noxubok. Takooc poseisiHymo 00uH 3 Hati-
Oinb «cysopuxy Kpumepiie — inmezpan 6i0 36asicenozo 3a uacom keaopama noxuoxu (ITSE), axuii noeonye wmpagpu 3a
amniimydy ma mpuganicms noxuoKu. JJo0amxoso npoananizo8ano CMamucmudHull Kpumepii cepeOHbOK8aopamuiHol
noxubku (MSE) ma 06a yinbosux nioxoou: Kpumepiil, opicHmosanutl auwe Ha minimizayito noxuoku (Error-only), ma
enepeoeghexmuenuil Kpumepiii (Energy-aware), wjo danancye mounicms ma «8apmicmuv» Kepyrouio2o 6niugy (eHepeocno-
JrcusanHs, 3Hoc). Jocniodicenns nposoounocs WIsIXOM aHanizy epapixie nepexionux npoyecie (3MiHa GIOXUNEeHH S, Kepyio-
4020 BNIUGY MA BUXOOY CUCTEM) NICAs NPoepamHol Qixcayii anomanii.

YV pesynomami oocnioscennsn ecmanogneno, wo 6ubip Kpumepiro onmumizayii KApOUHATLHO 6NAUBAE HA OUHAMIKY
gionosnenuss cucmemu. Kpumepii ITSE ma ITAE oemoncmpyloms HauKpaugy weuokooito ujo00 npuoyulents noxuoxu
ma HauweuOwull 6UXio Ha HOGUUl YCmaleHuu pigeHb (npoxooddcenHs nopoza +2%), oOHax ye 00cA2acmuvcs YiHoIo
SHAYHUX KOAUBAHb KEPYIOU020 8NIUBY, W0 Modce Oymu nebaxcanum O eukoHasuux mexanizmis. Kpumepii ErrorOnly
ma MSE peazyiome azpecusniuie, wo cynpoeoodicyeEmbCs GUIUM NOYAMKOGUM NepepeyioGaHHAM 6UXIOHOI 6enuYuHlL,
ane € GUNPABOAHUM, KOTU NPIOPUMEMOM € BUKTIIOUHO MOYHICMb, d eHepeosumpamu He € kpumuynumu. Ha npomusaey,
xkpumepii EnergyAware 3abesneuye Haubinbus naaeHy OUHAMIKY KepYS8AHHS 3 MIHIMATbHUMU NIKAMU, WO 3HUICYE eHep-
208UMpamu ma 3Hoc 0ONAOHAHHS, NPOMe XapaKmepu3yemvbCs 3HAUHO NOGLTbHIUUM 30TUICEHHAM 00 HOBO20 PedCUMY Mmda
NOMEHYIUHUM HeBeNUKUM BIOXULEHHAM Gi0 emAaloOHHO20 YCMAIeH020 CIMAHY.

Kniouosi cnosa: asmomamuuna cucmema Kepy8amHs, ONMUMI3AYIA, MameMamuire MOOeN06ants, Kpumepii
ONMUMATIbHOCMI.

A.A. SAVULA, A.P. KOROTYNSKYI
National Technical University of Ukraine
“Igor Sikorsky Kyiv Polytechnic Institute”

RESEARCH ON THE IMPACT OF OPTIMIZATION CRITERIA
ON THE EFFICIENCY OF EXTREME CONTROL SYSTEMS

This paper addresses the pressing problem of enhancing the efficiency and reliability of automatic control systems
(ACS) for industrial equipment operating under changing technical and operational conditions. It is substantiated that
phenomena such as wear, overload, or changes in raw material properties cause alterations in the equipments acoustic
characteristics (sound). To monitor these changes, the use of acoustic non-destructive testing (NDT) methods is proposed
as a relatively inexpensive and flexible tool capable of detecting anomalous operating modes in real-time.

The paper proposes an approach to ACS adaptation based on extremal control. In this structure, the acoustic NDT
unit acts as a detector that identifies deviations from the nominal mode and initiates an optimization algorithm to retune
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the control system to the new conditions. Since the key factor determining the system's behavior during such adaptation
is the chosen optimization criterion, the aim of the work is to investigate the influence of this criterion on the key perfor-
mance indicators of the transient process (response speed, accuracy, stability) of the extremal system. The research is
focused on formulating recommendations for selecting a criterion based on specific production goals (e.g., minimizing
energy consumption, maximizing productivity, minimum stabilization time).

The paper conducts a comparative analysis of the extremal control system's performance using various integral
and specific optimization criteria. Classical integral criteria are examined, such as the Integral of Squared Error (ISE),
which heavily penalizes large deviations, and the Integral of Time-weighted Absolute Error (ITAE), which is sensitive to
long-lasting residual errors. One of the “strictest” criteria, the Integral of Time-weighted Squared Error (ITSE), which
combines penalties for both the amplitude and duration of the error, is also considered. Additionally, the statistical
criterion of Mean Squared Error (MSE) and two targeted approaches are analyzed: a criterion focused solely on error
minimization (Error-only), and an energy-efficient criterion (Energy-aware), which balances accuracy against the “cost”
of the control action (energy consumption, wear). The study was conducted by analyzing graphs of transient processes
(changes in error, control input, and system output) after a programmed anomaly detection.

The research results establish that the choice of optimization criterion fundamentally affects the system's recovery
dynamics. The ITSE and ITAE criteria demonstrate the best performance in terms of error suppression and the fastest
convergence to a new steady state (passing the £2% threshold). However, this is achieved at the cost of significant oscil-
lations in the control input, which may be undesirable for actuators. The ErrorOnly and MSE criteria react more aggres-
sively, accompanied by a higher initial overshoot of the output variable, but this is justified when accuracy is the sole
priority and energy costs are not critical. In contrast, the EnergyAware criterion provides the smoothest control dynamics
with minimal peaks, thereby reducing energy consumption and equipment wear; however, it is characterized by a much
slower convergence to the new mode and a potential slight deviation from the reference steady state.

Key words: automatic control system, optimization, mathematical modeling, optimality criterion.

ITocTranoBka nmpodJjaemMu

EdexruBHa poboTa cyuacHux aBroMarndHux cucreM kepyBaHHsS (ACK) Gesmocepentbo 3ane-
YKUTH BiJl TOTOYHOTO TEXHIKO-€KCITyaTalllifHOTO CTaHy oOmaHaHHs. Taki siBUIIA, SIK 3HOIIECHHS TTi1-
LIMITHUKIB, IEPEBAHTAXKEHHS KOHBEepa a00 3MiHa (DI3MYHUX BIACTUBOCTEH CUPOBUHH, CIPUYHHSIOTH
3MiHU B Te€XHOJOTIYHOMY Tiporeci. L{i 3MiHM HeMHuHyue BimoOpakaloOThCsl HA aKyCTHYHHX XapaKTe-
pUCTHKAX (3By4aHH1) 00J1aTHAHHSI.

JUsis MOHITOPUHTY IMX 3MiH MPOMOHY€ETHCS BUKOPUCTAHHS METO/IB 3BYKOBOi J1e(heKTOCKOIi].
et miaxin, mo 6a3yeTbes HA aHaNi31 ay/llajJbHUX JaHUX, Ma€ NIEPEeBaru y BUIJIAII BIIHOCHOT Jiemie-
BU3HU JJATYMKIB T MOXJIMBOCTI IX 3aCTOCYBaHHS Y BaKKOJOCTYITHUX MICISIX. AHaJII3 3BYKY JJO3BOJISIE
B peaJIbHOMY 4Yaci BUSIBIATH aHOMAJIbHI PEKUMH pOoOOTH, SIKI MOXKYTh OyTH SIK HOBUMH TEXHOJIOT1Y-
HUMU CTaHaMM, TakK 1 IEpeIyMOBaMU aBapiiHUX CUTYyallil.

BusiBieHHs TakOro HOBOTO PEKUMY CUTHAJII3y€ PO HEOOX1JHICTh MepeHaallTyBaHHs CUCTEMHU
KepyBaHHs. J[1s BupimeHHs 1iei 3a1a4i IpONOHY€ThCSI BUKOPUCTATH MAX0IN €KCTPEMaIbHOTO Kepy-
BaHHA. Y 3allpOINOHOBaHINA cHucTeMi OJIOK 3BYKOBOI J€(eKTOCKOIi BUKOHY€E POJb JAETEKTOpa, KU
(ikcye BiIXWICHHS BiJl HOMIHAJIBHOTO PEXKUMY Ta 1ACHTU(]IKY€E «eKCTpeManbHy TOUKy». Ll Touka
CIIyTy€ TPUTEPOM JIJIsI 3aITyCKY aJITOPUTMY ONTUMI3allii 3 METOO aAanTallii KepyBaHH: 10 HOBUX YMOB.

KirouoBuM (pakTopom, 1110 BU3HAUATHME YCIINTHICTh TAKOTO KEPYBAHHS, € HE JIUIIIE METOJI ONITH-
Mi3allii, Ha OCHOBI SIKOrO BiA0yBa€ThCsl MEpEHANALITYBaHHS, ajle HacamIepel BUOpaHUMl Kputepii
onrumizanii. Came KpuTepiil (HanmpuKiIaa, MiHIMI3allis €eHeProCIIOKUBAaHHS, MaKCUMI3allisl TPOIYK-
TUBHOCTI, 3HMKCHHSI HABAHTAXKCHHS 200 MOBEPHEHHS JI0 CTAI[IOHAPHOTO PEXKHUMY 3a MiHIMAIbHHUI
Yac) BU3HAYaTUMeE, JI0 SIKOr0 HOBOTO YCTAJEHOIO CTaHy Ta SKMM YMHOM CHUCTEMa HaMaraTUMeTbCs
MIPUBECTH 00’ €KT KEPyBaHHS.

Otxe, st €EKTUBHOTO BIPOBAHKEHHS TAKOTO IMIIXO0MYy HEOOXITHO MPOBECTH JOCIHIKEHHS
BIUIMBY KpUTEpiiB ONTUMI3Allil Ha IBUIKO/III0, TOUYHICTH Ta CTIHKICTh €KCTPEMaIbHOT CUCTEMH KEpy-
BaHHS, II0 CIIUPAETHCS HA JaHi 3BYKOBOI Je()EKTOCKOITIi.

AHAaJI3 0CTAHHIX JOCTIIXKeHb | myOsikanii
V crarri [1] aBTOpH TIPOBENU AOCITIHKEHHS 3 METOIO ONTHUMI3allii Ta MOPIBHAHHS TEXHIK ay/Ii-
abHOI e(peKTOCKOIIT JIsl HEpYWHIBHOTO KOHTPOJIIO €JIEMEHTIB 3 KOMITO3UTHUX MaTepialliB, 30KpemMa
cknomiactuky (GFRP). JlocmiTHUKK eKCIepUMEHTaIbHO MOPIBHIOBAIM Pi3HI METOAM KOHTPOIIO
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(KOHTAaKTHUH, IMEPCITHUH, 3 BOISIHIM CTPYMEHEM) Ta YaCTOTH IEPETBOPIOBaYiB. by0 BCTaHOBIIEHO,
o Juis BusiBieHHs Manux nedektiB y GFRP nalikpamii pe3ynsratu 3 MaKCUMaIbHOKO aMILTITY/00
CUTHAITy IEMOHCTPY€ KOHTAaKTHHUH YJIBTPa3ByKOBUI METO/I 3 BUKOPHCTAHHSIM MIEPETBOPIOBAYA Ha Yac-
toti 1 MI't. JIng iMepciiiHUX TeXHIK OUIBII TOYHI PE3yJbTaTH, 0COOIMBO IS Ae(EKTIB Ha Pi3HIN
mMOUHI, Oy OTpUMaHi 3 epeTBoproBadeM Ha yactoti 2.25 MI'n. Baxkinusum pesynsratom poboTu
CTaJI0 MIATBEP/UKEHHS, 1[0 BUKOPUCTAHHS CHEIlali30BaHUX MPHUCTOCYBAHb JJISl MO3ULIOHYBAaHHS
JaTYUKa 3HAYHO IT1IBUIIYE BiITBOPIOBAHICTh PE3y/IbTATIB, 3MEHIITYIOUN CTAaHIAPTHE BIIXWICHHS i
9Yac MOBTOPHUX BUMipPIOBaHb.

VY poborti [2] mpeacTaBiaeHO MOCTIIKEHHS YUCEIIBHOTO MMiIXO0AY 10 ONTUMI3allii. ABTOPH BUKO-
puctoByBanu nporpamuuii maker COMSOL Multiphysics ans MonenaroBaHHSI Ta ONTHMI3allii yib-
TPa3BYKOBOTO KOHTPOJIIO IepeB’ IHUX JieTaleil. JlepeBuHa MoaeoBantacs ik OpTOTPOITHUI MaTepial
JUTSL BpaxyBaHHS 11 aHI30TPOITHUAX BJIACTUBOCTEH. 3a TOTTOMOTOI0 METO/Y IIAaHYBaHHS €KCTIEPUMEHTY
(Design of Experiments) y BipTyaJlbHOMY Ce€peIOBUIIIL TOCIIIIKYBaBCsI BIUTUB BX1IHUX (akTopiB (dac-
TOTa Ta aMIUIITyJla CUTHATY) Ha BuXiaHi xapakrepuctuku (BCIL ta BTpara amriitynn). B pesynb-
TaT1 JOCII/HKEHHS I0BEICHO, 110 ONTUMAaJIbHI HaIAIITYBaHHS 111 KOHTPOJIIO IEPEBUHU JTOCATAIOTHCS
3a yactoty 50 kI’ Ta ammniTyau BxigHoro curnaiy 0,08 mw, mo 3abesneuye 100% «baxaHOCTI»
(desirability).

OrnsimoBa crarts [3] mpucBsueHa TeXHOJor1i KogoBaHoro 30ymkeHHs (K3) B yasTpa3BykoBOMY
KOHTpPOJIi. ABTOpH TMOSICHIOIOTh, 110 TPAJUIIMHUN IMITyJIbCHUN MeToJ Mae (pyHIaMeHTaJbHe oOMe-
KEHHS: KOMITpomic Mk BimHomeHHsM curHain/mrym (BCII), po3ninpHOIO 30aTHICTIO Ta €(EeKTHB-
Hictro. Texnomoris K3 nomae e oOMexeHHsI, BAKOPUCTOBYIOUH JTOBI'HH, HU3BKOAMILTITYTHUN KOJIO-
BaHUI CUTHAJ 3aMiCTh KOPOTKOT'O MOTYKHOTO iMIyIbcy. Ilicns npuitomy BiJuTyHHSI 00poOseThes 3a
JIOTIOMOTOF0 Y3TO/PKEHOT0 (iibTpa (Mpoliec, 10 HA3UBAETHCS CTUCHEHHSIM IMITYIIbCY ), 110 A03BOJISIE
BIJIHOBUTH BHUCOKY PO3IiUIBHY 31aTHICTH 1 3HauHO miaBumuTH BCII. ¥V cTaTrTi HaBeneHo mpukiaaun
3actocyBanHs K3 y npomucinoBomy HK, KOHTpomni HampsiMAeHUMH XBUJISIMH Ta MEIUYHIN Bizyali-
3auii. 30KpemMa, B OJHOMY 3 JOCIIPKEHb TPaHCKpaHlaJbHOI Bi3yamnizalii OyJio mpOoieMOHCTPOBAHO
cepenne 30umpimenass BCII wa 17,91 b, mo no3Bonuino orpuMaTi cTabiibHI 300pakeHHs, HEJIO-
CSDKHI paHiIe.

ABTopamu crateil Oyno pO3MISHYTO ONTHMI3allil0 CHUCTEM aBTOMaru3alii Ha 0a3i 3ByKOBOI
nedeKTOCKOI11, 3 BUKOPUCTAHHSIM OJTHOTO UM JBOX KPUTEPIiB ONTUMAIBHOCTI, aJie y CTATTAX He OyJ0
MIPOBE/ICHO JIOCHI/DKEHHS, KU KpUTepiil Kpalle MiIXOJUTh JJs BUPIMICHHS MOCTaBICHUX 3ajad,
TOMY JOLIBHO MPOBECTH MOPIBHUIBHUN aHaI3 KPUTEPIiB, 1O MiIXOAATh /Ul BUPILICHHS TOTOYHOT
3aj1adi, MOLIYKY aHOMaJiil y poOOTi MpoMHCIOBOTO 00nagHaHHS Ha 0a3i 3ByKOBOi Ae(EKTOCKOMII.

MeTa gocJaiaKeHHs
MeToro poboTH € JOCTiHPKEHHS TOTO, SIK KpUTepiil onTUMi3allii BIUTMBAE HAa MIBUIKOAIIO, TOY-
HICTB 1 CTIHKICTh €KCTPEeMaJIbHOI CHCTEMH KepyBaHHS, IO 1HINIai3y€eThCsl AETEKTOPOM aHOMail
Ha OCHOBI 3BYKOBOi JiepekTocKorii; chopMyBaTH peKOMeHaIli 3 BHOOPY KPUTEPIIO 1] KOHKPETHI
BUPOOHUYI 1M (MiHIMI3allisg €HeprocrnoXKUBaHH/BIOpalliid, MaKkcUMi3allis MPOAYKTUBHOCTI, MiHi-
MaJIbHUH Yac cTaodim3ariii).

Buxkiaa ocHOBHOI0 Marepiary J0CTiIKeHHS

ExcrpemanpHa cucrema kepyBanus (ECK) e crenudiunum kimacom aJanTHBHUX CUCTEM, MPH-
3HAYEHUX JJI ABTOMATHYHOTO TMONIYKY Ta MATPUMKH TAaKOTO PEKUMY POOOTH 00’ €KTa, IKUI BiJIIO-
BiJla€ eKCTpeMyMy (MakCUMyMy a00 MiHIMyMy) 33[JaHOTO MOKa3HMKA SIKOCTI, 10 TAaKOX HA3UBAIOTh
IJTHOBOIO (DYHKITIETO.

Ha BinmMiHY BiJl KJIACHYHHUX CHUCTEM aBTOMATHYHOTO PETYITFOBAaHHS, SKi CTAOUTI3yIOTh BUXITHY
BEJIMYMHY Ha BiJloMOMY, 3a3naieriip 3amaHomy piBHi, ECK ¢yHkmionyots B ymoBax ampiop-
HOI HEBM3HAYEHOCTI MO0 TOYHOTO MOJOKEHHS IBOTO ONTUMAIBHOTO PEXHMY. TakuM YHHOM,
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¢dbynmamenTanpHa cyTh ECK momnsrae He CTUIBKM B PETyNIIOBaHHI, CKUIBKH B peai3allii alropuTrMy
ONTUMI3alli]l B peaibHOMY 4aci, BOyZI0BaHOTO B KOHTYP 3BOPOTHOTIO 3B’sI3KY. SIKIIO KJIaCHYHI peryis-
TOPH MPUBOASTH CUCTEMY 0 BiIOMOTO 3a1aHoro 3HadeHHs, To ECK camocTiitHO 3HaxX0IuTh HEBiIOMe
ONTHMAaJIbHE 3a/laHE 3HAUEHHS, SIKE BIIIMOBIAAE€ EKCTPEMYMY L1IbOBOI (YHKIII. Y 1IbOMY KOHTEKCTI
caM KepoBaHHi 00’eKT (pa3oM i3 3aco0aMK BUMIPIOBAHHS) BUCTYIA€E B POJIi «OOUUCITIOBAYAY, STKUMA
Ha/1a€ 3HAYCHHs L1JIbOBOT (YHKLIT U1 MOTOYHOTO HA0OPY BX1IHUX MApaMeTpiB, a PETYIATOp peai-
3y€ iTepaliiiHy npoueaypy, NoaidHy 10 rpaJieHTHOTO ciycKy abo migiomy. ToMy Ba)JIMBO JOCIi-
JIUTH, SIK1 IIepeBaru 1 HeI0JIKU MOXKYTh OyTH Yy pa3l BUKOPUCTAHHS PI3HUX KPUTEPIiB ONTUMI3ALI].
Jlst mocipkeHHs Oys10 PO3IVISTHYTO TaKi KPUTeEpii:

ITAE (Integral of Time-weighted Absolute Error) — inTerpanbauii Kputepiit SKOCTI, 110 BHKO-
PHUCTOBYETBCS [UIA aHATI3y Ta ONTHUMI3allii MEPEeXiIHUX MPOLECIB Y CUCTEMaX aBTOMAaTHYHOTO Kepy-
BaHHS, € IHTErpaJj Bij 3BaXKEHOI 32 4aCOM a0COJIOTHOI TOXHUOKHU.

ITAE = Tt|e(t)| dt
0

Lle#t kputepiit 3100yB MIMPOKE BUSHAHHS 3aBJISKH CBOIH 3MaTHOCTI 3a0e3neuyBaru 100pe 3ra/-
KEHI CHCTeMM 3 MiHIMaJbHUM 4YacoM BcTaHOBJIEeHHA. KiouoBoio ocoOnuBicTio kputepito ITAE
€ MHOXKHHK 4acy t. [leil MHOXKHUK HUJIECITPSIMOBAHO 3MIHIOE YyTIUBICTH KPUTEPIIO IO MOXHOOK Ha
PI3HUX eTarax MepexiJHOro MPoIecy:

— Ha nouarkoBomy etari (f): BaroBuii koeilieHT ¢ MaIvii, TOMY KPUTEPiH € BITHOCHO «ITOOIaXK-
JMBHUM» JI0 BEJIMKUX IOYATKOBUX MOXMOOK a00 CIIJIECKIB MEPEPETyIIOBaHHS, sIKI HEMUHYY€ BUHUKA-
I0Th Y peakiii CuCTeMH Ha 30ypeHHS Ui 3MiHYy 3aB/IaHHS.

— Ha 3aBepmansHOoMy etarti (¢): BaroBuii koeirieHT ¢ 3pocTae, M0 NPU3BOIUTH JI0 JKOPCTKOTO
«utpadyBaHHS» HaBITh HE3HAYHUX MOXUOOK, K1 ICHYIOTh MPOTATOM TPUBAJIOTO Yacy.

Takum ynHoM, MiHimi3anis ITAE npumynrye cuctemy KepyBaHHS HE NMPOCTO MiHIMI3yBaTH
CyMapHy MOXHOKY, a pOOUTH 1€ SKOMOTa MIBU/IIE, aKTHBHO NPUAYIIYIOUN JOBIOTPUBAJI 3aTHIITKOBI
MOXUOKH Ta KOJIMBAHHS, 1110 MOBLJILHO 3aTyXalOTh.

ISE (Integral of Squared Error) — inTerpan Bix kBaapata noxudku (ISE) € knmacuunumu kpute-
pissMHM ONTHMI3allii, 110 3aCTOCOBYIOTHCS JIJIs OL[IHKH SIKOCT1 NMEPEXiTHUX MPOIECIB Y CHCTEMax aBToO-
MaTUYHOTO KePYyBaHHS.

ISE = T|e(t)|2 di
0

Moro mmpoke BUKOPHCTAHHS 3yMOBJICHE MATEMATHYHOIO 3PYYHICTIO T4 YiTKOIO (i3HUHOIO
iHTepnpeTartieto. B ocHoBi kputepito ISE nexxuTh oneparis migHeCeHHs MOXUOKH 10 KBajapara, 110
HaJIa€ KOMY JBOX KJIFOYOBHUX BIACTUBOCTEM:

— KBagparuuna ¢yHKIis rapaHTye, 10 Oy/Ib-sKe BIIXMJICHHS B1J1 LI (SIK TO3UTHBHE, TaK 1 HEra-
TUBHE) JOAA€THCS 10 3arajpHoro iHterpany. ll{o BakinMBO, BOHa HENMPONOPLINHO CHIIBHO «IITpa-
¢bye» 3a Benuki noxuoOku. Hanpukian, noxuoka BenrunHoo 10 poouts BHecok y 100 pasiB OuibLIMiA,
HiK MOXMOKa BEJIMYMHOIO B 1.

—Ha BinMminy Bix yaco3Baxkenux kpurepiiB (sik ITAE), ISE onnakoBo BpaxoBye MoxXuOKy, 1110
BHHHKJIA HA TIOYATKy MEPEXITHOTO MPOIIECY, 1 TaKy K caMy MOXHOKY, 1110 BUHHUKJIA HANPUKIHII. BiH
HE Ma€e MEXaHi3My, sIKUi O IPUMYCOBO PUCKOPIOBAB 3aTyXaHHs MPOIIECY.

Uepes CUIIbHY UYTIHMBICTH IO BEIMKUX MOXMOOK CHCTEMH, ONTUMI30BaHi 3a KputepieM ISE,
MaloTh TEHJEHIIIIO /10 MIHIMI3allil IepeperytoBaHHs Ta OTPUMaHHS IJIaBHOI, IEPEXiIHOT XapaKTepH-
cTuku. BomHouac 1ieit kputepiil Moxke OyTH MEHII Yy TJIMBUM JI0 MaJIMX, aje JOBIOTPUBAINX 3aJIUIII-
KOBHX MOXHOOK, OCKUIBKHU IXH1{ KBaJpar € Jy’e MaJo BETHYUHOIO.

ITSE (Integral of Time-weighted Squared Error) — iHTerpan Bi 3Ba)KEHOTO 3a YacOM KBajipara
noxu6ku (ITSE) € ogauM 13 HalOLIBII «CYBOPUX» IHTETPAILHUX KPUTEPIiB ONTUMI3ALT, SKUI BUKO-
PHUCTOBYETBHCS B TEOPIi aBTOMATHUHOTO KEPYBaHHS.

ITSE = Tt|e(t)|2 dt
0
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Bin nmoeanye y cobi mrpadni xapakrepuctuku kputepito ISE (4yTauBicTh 10 BETUKHX TOXH-
60k) ta kputepito ITAE (uytnuBicTs 10 noBrotpuBanux noxudok). Kpurepiii ITSE onnouacHo Buko-
PHUCTOBYE J1Ba MOTY>KHUX MEXaHI3MH ITpadiB:

— Sk 1 B kputepii ISE, migHeceHHs MOXUOKM 10 KBajapara MPHU3BOIUTH O TOTO, IO BEJIHKI
BIIXMJICHHS BiJ 1T ITpadyrOThCS €KCIIOHEHIIMHO CHITbHIMIe, HiX Maii. Lle 3mymrye ontumizatop
ITYKATH PIICHHS 3 TKOMOTa MEHIIIUM TTePEePETyITIOBAHHSIM.

— Sk 1 B xputepii ITAE, MHOXXKEHHSI Ha Yac MPU3BOJUTH JIO TOTO, IO MOXUOKH, SIKI ICHYIOTh
JIOBrO, IITPa(yIOThCS CUIIbHINIE, HIXK MouaTKoBi moxuOku. Lle 3myinye cucreMy MIBHAKO yCyBaTH
3aJIMIIKOBY yCTAJIEHy MOXUOKY Ta MPUCKOPIOBATU 3aTyXaHHsI MEPEXiTHOTO MPOIIECY.

[oennanns nux aBox (akropi poouts ITSE BUKIIOYHO YyTIIMBUM SIK /10 aMIUTITYIU TIEpepe-
T'YJIFOBaHHSI, TaK 1 JI0 9acy BCTaHOBIICHHs. BiH arpecuBHO mTpadye cucteMu, siKi OTHOYACHO MAKOTh
1 BEJIMKE TIOYATKOBE BIIXWJICHHS, 1 MOBUIBHO 3aTyXarouuii mporec. Lle yacTto mpu3BoauTh 10 OTpH-
MaHHsI 100pe 30a1aHCOBaHUX CUCTEM, SIK1 IIBUJIKO TIOBEPTAIOTHCS 0 HOPMH O€3 3HAUHUX KOJIMBaHb.

MSE (Mean Squared Error) — 11e ofiiH 13 HalO1LIBIIT MOITMPEHUX CTATUCTUYHUX KPUTEPIiB ONTH-
Mi3allii, 10 BUKOPUCTOBYETHCS ISl OLIIHKHU SKOCTI CUCTEM KepYBaHHSA, 0COOIMBO B YMOBaX CTOXac-
TUYHHX (BUIAIKOBUX) BIUIHUBIB.

1& 2
MSE =— Z(Y Y)

Ha BinMminy Bix inTerpanbHux kputepiiB (K ISE un ITAE), ki OIiHIOIOTH CyMapHy TOXHOKY
MIPOTATOM OJIHOTO mepexigHoro mporecy, MSE oliHioe ycepeqHeHy B 4aci MOTYKHICTh MOXHOKH
B YCTaJICHOMY PEXKHUMI.

Error-only — nie xiac kputepiiB, 110 HIIECIPIMOBAHO MiHIMI3YIOTh JIMIIE BiAXUJICHHS BUXOIY
BiJI 331aHOTO (IOMUJIKY ), ITHOPYIOUH «BapPTICTH KkepyBasbHOro Brusy. Ilepesara — Bucoka TOYHICTh
1 MBHJIKE 3racaHHs MOXUOKH; BOJIHOYAC MOXKIIMBI arpeanm KepyBaJbHI i, TePeperyIoBaHHSL.

Energy-aware — 1ie enepro- 0pl€HTOBaHI/II/I KPUTEPIi, TKHA 6aJ1chye TOYHICTH 1 «u1Hy» Kepy-
BaHHS, BPaXOBYIOUH €HEPrOCIIOKMBAHHSI, PIBEHb 3yCHJIb 1 1X 3MiHHICTH (II[O TTOB’SI3aHO 31 3HOCOM,
BiOpallisiMu Ta TETUIOBUMH HaBaHTaXeHHsMHU). Ha mpakTuiil 1ie o3Havae mrpadyBaHHS BEITUKHX a00
YaCTUX KepyBaJIbHUX BIUIMBIB 1 TIepeBary OUIbII TIIaIKMX, EKOHOMHHUX JIiH perymstopa. Takuid miaxis
JOLTBFHUN y CUCTEMAaX 13 0OMEKEHO MOTYKHICTIO, J)KOPCTKUMHU BUMOTaMH J0 HaIIHHOCTI Ta JOB-
TOBIYHOCTI.

Ha pucynky 1 HaBeneno rpadik 3MiHM BIAXWICHHS BiJl 3aJaHOTO 3HAYEHHS y Pa3i 3aCTOCYBaHHS
piznux kputepiiB ontumizamii. ITSE 1 ITAE naifmBuame racsite HoXuOKy, MPOTe MAIOTh 3HAYHI KOJIH-
BaHHs. Energy Aware XapakTepu3yeThCsi MaJTUMH KOJIMBAHHSAMU, IPOTE 30JIMKESHHSI JI0 TTOpOTa Bin0y-
Ba€ThCS Jy’Ke MOBLIBHO Ta HE JJOCsTae mopora cradimizarii.

AbconioTHa noxubka |y - y_target| ons pizHwx kpuTepiie

— ErrorQnly
EnergyAware
ITAE
ISE
TSE
MSE
= Anomania
Mopir craBinbaul (+2%)

:
10° i

'
1
i
1
1

101

=

10-*

Puc. 1. I'padik 3minm BigxuieHHs BiJ 3a7aH0ro 3HAYeHHS Y Pa3i 3acTOCYBaHHSA Pi3HUX KPUTEPIiB onTuMmizamii
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[Ticns 3adikcoBanoi aHomaii BCi KpuTepii GOpMYIOTh 3aTyxarodi KOJHMBAaHHS HaBKOJIO HOBOTO
piBHs kepyBaHHs, AuB. puc. 2. ITSE ta ITAE natorh HaifmBujalie 3racaHHs 3a 3HAYHUX IIKiB.
ErrorOnly pearye mnasnime. EnergyAware cBizioMo 00MexXye 3yCHIIISI KEpYBaHHS, TOMY KOJHMBAHHS
HaWMEHIII, ajie 30JMKEHHS TIOBUTBHIIIE i yCTaICHUH PIBeHb HIDKYHMH MMOPIBHSIHO 3 IHITUMU KpUTEPi-
amu. ISE 1 oco6nuBo MSE 306epiratoTh JOBIINI BUXi/J HA HOBUH PEXUM.

Kepyoumni curnan ult) ans pisHux kpuTepiis AKocTi

== EmrerOnly
— EnergyAware
== [TAE
— ISE
— MTSE
— MSE
== Aromanin

0.9

08

0.6

0.5

04

v ¥ — —+ ¥ —
1] 25 50 5 100 125 150 175 200
Yac, ¢

Puc. 2. I'padik 3minu kepyBaHHs y pa3i 3acTocyBaHHA Pi3HUX KPUTEPiiB onTuMmizamii

Ha pucynky 3 HaBeneHo rpadik 3MiHN BUXOY Ha YCTaJICHUH piBEHB y pa3i 3aCTOCYBaHHS PI3HUX
kputepii. [licis Busnauenns anomanii ITSE ta ITAE BuxonsaTe Ha ycraneHuid piBeHb HAWIITBUIITIE
Ta MalOTh MOMIPHI HepeperyntoBaHHs Ta konuBaHHA. ErrorOnly Ta MSE pearyioTs arpecuBHilie
3 BHIIUM TOYATKOBUM II€PEPETYIIOBAaHHAM, aJIe TAaKOXK CXOISATHCS 10 YCTAJICHOTO PIBHS MPOTITOM
KUTBKOX KOJNHMBaHb. EnergyAware cTpuMye MiKH, TPOTE BHUXIJl CXOAUTHCS MOBUIBHIIIE 1 (PIKCYETHCS
TPOXHU HMKYE IIJIbOBOTO PiBHSI.

Buxin cueTemi y(t) Ana pisHHUX KPUTEPIiB AKOCTI

= ErrorOnly
Energyfwane
ITAE

I5E

ITSE

MSE

—=- AHOMANIA

0.8+

04

0.2

0.0

o 25 50 o 100 125 150 175 200
Hac, ¢

Puc. 3. I'pagix 3minu BUX0Ay HA ycTajleHH# piBeHb 3aCTOCYBAHHS Pi3HUX KpUTePiiB onTuMi3zamii

BucHoBku
Omucani pesynasratu nokasytoth, o ITSE ta ITAE € naliedekTuBHIIIUMU 711 BITHOBJICHHS
micnsg anoMainii. ITSE crabinbHO nae HaBHIIE 3aTyXaHHS MMOXMOKM Ta IIBUIKE MPOXOKEHHS
nopora £2%. ITAE myxxe Onu3bKuii 3a SIKiCTIO, TIPOTEe 00M/IBA 11 KPUTEPii MPU3BOAATH O 3HAYHOTO
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konuBaHHs KepyBaHHs. ErrorOnly Ta MSE pearytoTs HalarpecuBHilIe: MIBUIKO IPOXOAUTH MOPIT, ajie
CYIPOBOJDKY€EThCS BUIIMM TepeperynoBaHHsaM. Lle Bunpasaano, Koim TOYHICTh MPIOPUTETHA, & CHEP-
TOBUTpaTH HEKpUTHYHI. EnergyAware neMoHCTpye HalOUIbII IUIaBHY JAWHAMIKY KepyBaHHs 3 Haii-
MEHIIIMMU MIKaMH, 3HIKYIOUH €HEPrOBUTPATH, MPOTE XapaKTEPU3YETHCS MOBUILHUM 30JIMKEHHSIM J10
HOBOTO PEKUMY Ta MOMKJIMBUM HEBEITMKHM BIIXMJICHHSM BiJl €TAIOHHOTO YCTAJIICHOTO PEXKUMY.
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B.M. CEMYNIINH, .M. MUXAJIMUK

TepHomnibChbKH HALIOHAIBHUN TeXHIUYHHUI YHIBepcuTeT iMeHi [Bana [lysros

MO/JIEJIb KOMILIEKCHOI IH®OPMAIINHOI BE3NNEKH XMAPHOI CUCTEMH
YIIPABJIIHHA MEJUYHUMMU ITOCTYI'AMHU

Hocnidoiceno komniekcHy npobnemy 3abesneuerus iHPopmMayiliHoi be3nexu y CyuacHux XMapHux MeouyHux ingop-
MAyitiHUX cucmemax, AKi peanizyioms aneopummiyHe YApasiiHHi MeOUYHUMU NOCTY2AMU HA OCHOBI aHAi3y OaHux md
agmomMamu306anux npoyeoyp yxeanenus piwens. Ilokazano, uwo 3pocmants 006ca2i6 MEOUUHUX OAHUX, AKMUBHE GNPO-
8aoddicents menemeOuyunu, MOOIILHUX Cepeicie Ma iIHMezposanux eleKmpoHHUX MeOUYHUX 3anuUcie NOmpedyomy cmeo-
PEHHSI 3aXUWeHUX, Macumabo8anux i cmitkux 00 kibepamax apximexmyp. OOTpyHmMOBAHO, W0 MPAOUYIHI NiOXo0u 00
Kibep3axucmy He 3a0e3neuyoms HANe’CHO20 PIGHS CIIIKOCMI 8 YMOBAX OUHAMIYHO2O HABAHMANCEHHS MA HASAGHOCMI
iHCauoepcbKux pU3uUKi6, a maKodic He 8paxo8yloms 0coOIUBOCMEN ANCOPUMMIUHO20 YNPABNIHHA, 0e KDUMUYHE SHAUECHHS
Mae yinicHicmv napamempis NpUiHAmMms piuieHs.

3anpononosano mooens inmeepayii mexanizmie besnexu 6e3nocepeonbo 8 102Ky NPUUHAMMS piuielsb, n00y008aHy
Ha memodi ananizy iepapxiu (AHP). Obtpynmosano kracu@ikayiio MeOuuHux Oanux 3a pisHeM KPUMu4HOCMI 3 ypaxy-
BAHHAM IXHbO2O GNIIUBY HA PE3VIbMAM KIIHIYHUX Md AOMIHICMPAMUHUX piuieHs. 10enmughikosano kuouoei 3a2po3u Os
XMAPHUX MeOUYHUX cucmem, 30kpema moougixayito eae AHP, replay-amaku, komnpomemayiro API, necankyionoeane
BUKOPUCTAHHA Keuty, NIOMIHY 3anumig 00 0a3u OaHuX, 8UMiK OONIKOBUX OAHUX | CNOMBOPeHHs HicypHaaie nodin. Ha
OCHOBI Yb020 CHOPMOBAHO cUCmeMy NPUHYUNIE N0OYO008U be3neuHol apximeKmypu, AKa 6KIAI0UAE PONbOBY MOOeNb KOHMP-
onio docmyny (RBAC), bacamopienese scyprantoéants, kpunmospagiunuil saxucm oanux 3a ancopummom AES-256,
KOHMPOINb YiNICHOCHI, OOMENCEHHS YaCYy HCUMMA KEUOBAHUX OAHUX, A MAKOHC BNPOBAOICEHHS CUCTHEM MOHIMOPUNEY Md
aA8MOMAMUYHO20 Peazy8ants Ha IHYUOeHmu.

Iooano npuxnaou peanizayii 3axucnux mexanizmie y cepeoosuwyax Redis ma PostgreSQOL, wo demoncmpyroms
NPAKMUYHY MOXNCIUBICIb 3ACMOCYBAHHS PO3POOIEHOI MOOeni Y XMAPHill iHhpacmpykmypi 3 UCOKUMU BUMOSAMU OO
macwmabosanocmi. Iloxkasano, ujo inmeepayisa 6e3nexku Ha pi6Hi anreopummis yXeaieHHs piuleHs 3a6e3neyye nioguiyeHns
008ipu 00 ABMOMAMU308AHUX CUCTIEM, 2APAHMYE YILICHICMb MA KOHPIOeHYIUHICMb MeOuyHOol iHghopmayii ma cymmeso
SHUICYE PUBUKU THCATIOEPCOKUX T 308HIUHIX AMAaK. 3anpononoeana KOHYenyis Moxce Cy2y8amu 0CHO80I0 OJisl CIEOPeHHs.
HOBUX NOKOJIIHb Oe3neuHux XMapHux piutens y cghepi 0xoporu 300p0os s ma nooarbulo2o po3eUmKy HOPMAMUSHUX GUMOR2
00 3axucmy MeOUUHUX OAHUX.

Knrwouoei cnoesa: ingopmayitina 6e3nexa, xmapHi mexnHonozii, ynpasiinua MeOUdHUMU NOCIY2amMu, Memoo aHa-
i3y iepapxiti (AHP), kpunmozpaghiunuii 3axucm, konmpoias oocmyny (RBAC), yinicnicms 0anux, macuimabo8aHicmo,
cucmema MOHIMOPUH2Y, 3aXUCM NEPCOHANbHUX OAHUX.

V.M. SEMCHYSHYN, D.M. MYHALYK

Ternopil Ivan Puluj National Technical University

COMPREHENSIVE INFORMATION SECURITY MODEL
OF A CLOUD MEDICAL MANAGEMENT SYSTEM

A comprehensive problem of ensuring information security in modern cloud-based medical information systems
implementing algorithmic management of medical services based on data analysis and automated decision-making pro-
cedures has been investigated. It is shown that the growing volume of medical data, the active adoption of telemedicine,
mobile services, and integrated electronic health records require the development of secure, scalable, and cyberattack-re-
sistant architectures. It is substantiated that traditional cybersecurity approaches do not provide an adequate level of
resilience under dynamic workloads and insider threats, nor do they account for the specific features of algorithmic
management, where the integrity of decision-making parameters is critical.

A model for integrating security mechanisms directly into the decision-making logic, built on the Analytic Hierarchy Pro-
cess (AHP), is proposed. A classification of medical data based on criticality, considering their influence on clinical and admin-
istrative decision outcomes, is justified. Key threats to cloud-based medical systems are identified, including modification of
AHP weights, replay attacks, API compromise, unauthorized cache access, database query substitution, credential leakage, and
event log tampering. Based on these findings, a set of principles for designing a secure architecture is formulated, incorporating
a role-based access control (RBAC) model, multi-level logging, AES-256 cryptographic data protection, integrity monitoring,
cache lifetime restrictions, as well as the deployment of monitoring and automated incident response systems.

Examples of implementing security mechanisms in Redis and PostgreSQOL environments are provided, demonstrat-
ing the practical feasibility of applying the proposed model in cloud infrastructures with high scalability requirements. It
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is shown that integrating security at the level of decision-making algorithms increases trust in automated systems, ensures
the integrity and confidentiality of medical information, and significantly reduces the risks of insider and external attacks.
The proposed concept may serve as a foundation for developing new generations of secure cloud solutions in healthcare
and for further advancing regulatory requirements for the protection of medical data..

Key words: information security, cloud technologies, medical service management, Analytic Hierarchy Process (AHP),
cryptographic protection, access control (RBAC), data integrity, scalability, monitoring system, personal data protection.

ITocTanoBka nmpoodeMu

CyuacHi cUCTeMH yNpaBIIiHHSA MEIUYHUMU TOCITYTaMy aKTHBHO NIEPEXOAATh 10 BUKOPUCTAHHS
XMapHHUX TEXHOJIOT1M, 110 3a0€3MeTyI0Th MacITab0BaHICTh, MOOUTHHICTh JOCTYITY Ta IICHTPAJII30BaHE
30epiraHHs MeAUMYHMUX AaHuX. [IpoTe Taka TpaHcdopMmarliis CynpoBOIKY€ETHCS 3pOCTAaHHIM PU3HKIB,
OB’ SI3aHUX 13 BUTOKOM IEPCOHAIBHUX JAHUX, HECAHKIIIOHOBAaHUM JOCTYTIOM JI0 MEIUYHUX 3aIHCIB,
MOJM(DIKAII€I0 aHATITUYHUX AJITOPUTMIB 1 MOPYIIEHHSM LUTICHOCTI 1H()OPMaIIHHUX MTOTOKIB.

Ocob6nuBy HeOe3MeKy CTaHOBJIATH CKJIaJHI KibepaTaku, OpiEHTOBaHI Ha KOMIPOMETALIO CHC-
TeM ineHTudikanii kopucrysadiB, API-3’€qHaHb Ta MeXaHI3MIB KEIIyBaHHS JaHUX.

Tpagutiiini miaxoan 10 3aXucTy iHdopmarlii, mo 0a3yrThCs JIUIe Ha KpUNTorpagiaHuX MEeTo-
nax abo aBTeHTH(IKalll KOPUCTYBayiB, BUABISIOTHCS HEAOCTATHIMU AJII XMApHUX CEPEIOBHIIL, €
Oe3reka Mae OyTH iHTErpoBaHa 0e3MOCepeIHBO B JIOTIKY YIPaBIIHHS Ta MPOIEC MPUIHHATTS PIlICHb.
BiacyTHiCTh KOMITJIEKCHUX MOJIEJIEH, SIK1 OTHOYACHO BPaxOBYIOTh aCIEeKTH iH(OpMaIliitHOT Oe3IeKH,
MaciTaboBaHOCTI Ta CTIMKOCTI 10 BHYTPIIIHIX 1 30BHIIIHIX 3arpo3, YCKJIaIHIOE CTBOPEHHS JJOBipe-
HUX MEIUYHUX 1HOOPMAIITHUX CUCTEM.

OTKe, aKTyaJbHOK HAyKOBOKO MPOOJIEMOIO € PO3POOJICHHSI MOJIEII KOMIUIEKCHOI iH(opMarriii-
HOi 0e3MeKn XMapHOi CUCTEMH YNpaBIiHHSA MEAUYHUMHU MOCIyTaMu, 110 MOEJHYE MeXaHi3Mu Oara-
TOPIBHEBOT'O 3aXMUCTY JAAHUX, KOHTPOJb JIOCTYITy, MOHITOPUHT MOINA O€3MeKH Ta aHATITUYHY OLIIHKY
PHU3HKIB HA OCHOBI METOIB iepapxiuHoro anamizy (AHP).

AHaJIi3 0CTaHHIX J0CTizKeHb i myOmikanii
VY cydyacHux ymoBax IM(pPOBi3allii OXOPOHU 30POB’Sl BUKOPUCTAHHS XMapHUX TEXHOIOTIN
3abe3neyye HOBUM piBEHb 1HTErpallii, MacIITa0OBaHOCTI Ta ONEPATUBHOCTI YIPABIIHHA MEAUYHUMU
MOCIyraMu. Y3arajabHEHHS pe3yJIbTaTiB J0CIIKEeHb, TPEACTABICHHX Y Tpaiii [ 1], mokasye, 1o BIpo-
Ba/PKEHHSI XMapHUX O0UMCIIEHb Y MEIUYHUX CHCTEMaX CIpUsE MiJBUIICHHIO e()eKTUBHOCTI OOMIHY
JAaHUMHU MIXK JIIKyBJIBHUMH 3aKJIaJlaMH, ajie BOAHOUAC BUMArae BUPILICHHs MpoOaeM KoH(iAeH -
HOCTI Ta LUIICHOCTI 1H(OopMalii.

I. Tao, A. CynsieB [2] 10BOASITD, 1110 KOHTEKCTHI YMHHUKH, TaKl SK HOPMAaTHBHO-TpaBoBa 0a3a,
JI0Bipa 10 MOCTa4YaJIbHUKIB IMOCIIYT 1 BHYTPIIIHS OpraHi3aliiiHa KyiapTypa, € BU3SHAYaJIbHIUMH i1 9ac
YXBaJIEHHS pillIEHb TPO MepexiJi A0 XMapHUX TEXHOJIOTIH y cdepl OXOPOHU 3A0POB 4.

VY nocnimkenni M. Ilytmiep Ta iH. [3] po3mIsHyTO NpakTUYHUIA A0CBiA HiMeuunHu 11040 BIpo-
Ba/DKCHHS XMapHUX PIIICHb Y HAI[IOHAIBHIA CHCTEMi OXOPOHHU 3JI0POB’s, 30KpeMa BHKOPHUCTAHHS
oesneunux API s oOMiHy METUYHUMU JaHUMU.

[Ipo6aemam iHdopMarliiiHOT 6e3neKH y XMAapHUX CEPEAOBHUIIAX IPUCBIYEHO poO6oTH M. A. AJb-
Icca, FO. OtToMm [4], siKi 3amporoHyBaiu 0araropiBHEBY apXiTEKTypy 3aXUCTy JaHHX, IO BKIIIOYAE
KOHTPOJIb JOCTYITY, aBTeHTH(DiKaIito Ta mudpyBaHHsa. Ananoriuno A. Camxua, H. A6Gac [5] Bumins-
I0Th OCHOBHI BUKIIMKH 3aXUCTY TIEPCOHAIILHUX MEIUYHUX JIAHUX Y XMapPHUX CHCTEMaX 1 BU3HAYAIOTh
HaNpsIMH X TONATBIIOTO BIOCKOHAICHHS.

VY po6orti H. Ans-/Imyp, M. Anb-JImyp, P. IllanHak [6] 0OrpyHTOBaHO, 1110 BAKOPHUCTAHHS XMapHUX
TEXHOJIOT1H y MEIMYHUX OpTaHi3allisix 0e3MocepeHbO BIUIMBAE HA MiIBUILICHHS SKOCTI METUYHUX TIOCITYT,
30KpeMa 3a paXxyHOK IIBUIIOI OOPOOKH JaHUX Ta TIOKPAIIEHOi KOMYHIKAIIli MIXK JTIKApsIMH i TIAIliEHTaMHU.

3rimHo 3 M. /[xaBain Ta iH. [7; 8], momanbmnii pO3BUTOK XMAapHUX CUCTEM y MEIMIIMHI BU3HA-
YaTUMETbHCS 3/1aTHICTIO TAKUX CHCTEM IHTErpyBaTHU aHAJITHYHI IHCTPYMEHTH, big data Ta mTydHuit
IHTEJIEKT, IPU LIbOMY Oe3MeKa 1 MacIITabOBaHICTh 3aIUIIAI0THCA KPUTUUHUMU aCIIEKTaMU.
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Hocnimkenns Y. Uentxapa ta iH. [9] aetanizye npobdiaeMaTuKy 3a0e3neueHHs KOH)1IeHIIIHHOCT1
Ta IUIICHOCTI JJAHUX y XMapHUX MEIMYHHUX PIIIEHHIX, MiJAKPECITIOI0YN BaKIUBICTh Mojesel Oe3-
IIeKH, OPIEHTOBAHUX Ha AocTyn Ha ocHOBI ponelt (RBAC) ta kpunrorpadiunuii 3axuct (AES-256).

KnacuuHi miaxoau 10 TPUHHATTS PillIecHh HA OCHOBI aHAJTITUYHUX MOJIENCH, 30KpeMa METO.
anamizy iepapxiii (AHP), BucBitiieno B po6otax J. Honan [10] Ta T. Caari [11]. Lli mpari cranu Teo-
PETHYHOIO0 OCHOBOIO IS TIOOYIOBU MOJIENICH alTOPUTMIYHOTO YIIPABIiHHSI MEIUYHUMH MPOIECaAMH
3 ypaxyBaHHSIM PU3HKIB 1 PIOPUTETIB OC3IMEKH TaHUX.

Takum 4MHOM, POBEICHUH aHAaIIi3 TIOKA3Yye, 1110, MOMPH 3HAYHI YCIIXU y BIPOBAIKEHH] XMap-
HUX TEXHOJIOTIH y MeauuHy cdepy, 3aJIMIIaoThCs aKTyaIbHUME MMATAaHHS KOMITJIEKCHOTO 3a0e3re-
yeHHs iH(popmaliiiHo1 Oe3meku, MaciTaboBaHOCTI apXITEKTYp Ta IHTErpalii 3aXHUCHUX MEXaHi3MiB
y MPOLECH MPUHHATTS YIPABIIHCHKUX PIIIEHb.

Meta gocJaigkeHnHs
MeTtoto HOCIiIKEHHS € pO3pOOICHHS MOJIeTi KOMILIEKCHOT iH(popManiitHo1 Oe3neKu j1st XMapHOi
CHCTeMH YTPABIIHHSI METUYHIMH TIOCITyTaMy, sKa 3a0e3nedye 3aXHuCT MepCOHATBHUX JaHuX, Oe3re-
PepBHICTh (PyHKIIIOHYBaHHS CEpPBICIB Ta BiMOBIHICTh BAMOTraM MDKHAPOJHUX CTAHAAPTIB O€3MEKH.

Buxiaa ocHOBHOT0 MaTepiaJty J0CTiIKeHHSs

OCHOBHI MOHSATTS, BU3HAYEHHS 1 ANITOPUTMU

3 MeTOr0 OOYI0BH €(PEKTUBHOI MOJIETi O€3MEeKH 3aIPONOHOBAHO KiIacH(iKyBaTH 1H(POPMAIIITO,
sKa IUPKYJIIOE€ B MEXaX CHCTEMH, Ha KiJIbka Kateropiil. Taka kmacudikariisi 1ae 3MOTry 9iTKO pPo3-
MEXYBaTU 00’ €KTH 3aXHCTY, OIIHUTH IX KPUTUYHICTh 1 BU3HAUUTH BianosiaHi 3axoau (Tabmn. 1). Mu
BUIUIIEMO TaKi MPAKTHYHI BEKTOPHU aTak y MeXax Halloi CHCTEMU:

1. Momudikanis Bar AHP mpu3BoauTh 10 3MiHU JIOTIKH MPIOPUTETY, MOKE OyTH BUKOPHCTaHA
JUISL IPOCYBAHHS 3aIIUTIB 11032 YEProko.

2. HecaHKIiOHOBaHE YUTAaHHS MaTPULb TOPIBHIHB J103BOJISIE 30BHIIIHBOMY 3JIO0BMUCHHUKY BijI-
TBOPUTH JIOTIKY IPUHHSTTS pillleHb (HAIIPHUKIIAM, SIK CUCTEMA I[IHY€)» TAIli€HTIB).

3. Replay-araku depe3 kemr — MOBTOPHE BiAMPAaBICHHS BXe OOpOOJEHOTO 3amMTy JJis CTBO-
PEHHS IITYYHOTO HABAaHTAKECHHS a00 MaHIMYJIAIIT pe3yIbTaToM.

4. TligmiHa 3aMTIB Y MEXKaxX XMapHOi Mepexi — BUKopucTaHHs Bigkpuroro API muist Brpydyanss
y CIIEHapiil MapuIpyTHU3allii 3arury.

Tabmus 1
Krnacudikarist 1aHuX y cuctemi
Kareropis nanux Ipuxaaau ranux PiBeHn KomenTap miono 3axucr
P P KPUTHYHOCTi P y
. IM’s1, mata HapOMKEHHS o [Tiyisirae 3aXucTy 3riJIHO
Ilepconanbni i - . ’ Bucoxknit
p KOHTaKTHI JaHi 3 GDPR / ICTY
. JliarHo3u, aHaMHe3, o BuznaeTbcs 4y TIMBOIO
Menuuni . Bucoxknii . .
pe3yJIbTaTH aHall31B iHpopmartieto 3a HIPAA
. . AHP-matpwuri, Baru kputepiiB N BrummBaroTs Ha pirmeHHs —
AHamTHYHI MATPHLIL, BATH KPHTCPIIB, Bucoxkwuii . p
IHTErpaIbHI OMIHKA IILJTb aTaKu
. . aHi PO BUKOHABIIIB . .
AJIMIHICTPaTUBHI A pe 'aBLIB, Cepenniit [ToTpebyroTh KOHTPOIIIO 3MiH
MapIIpyTH3AII0, JOTiKy 00pOOKH
N KypHanu 3BepHCHB, ayJUT . [ToTpeOyroTh 3aXHCT
Jlor-daiinu D P » GYIUTY, Cepenniit TPEOY : Y
IP-agpecu kopucTyBauiB BiJ anbcudikaiii
Crvik6oBi KemroBani pe3ynbrati, THMYacOBi Husbknii- MoxyTb CTaTH BEKTOPOM
Y MapKepH, TeXHIYHI MeTaaHi cepeaHin st Replay-arak

Taka knmacudikamis Ta OLIHKA 3arpo3 CTaJd OCHOBOIO sl (pOPMYBaHHS LIJIBOBOI apXiTeK-
TypH iHpoOpMaIiitHoi 6e3nexu. PosMimnienHs iH(opMaliifHOT CHCTeMH y XMapHii iHpacTpyKTypi,
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3 OHOTO OOKY, 3a0e3meuye MacTaboOBaHICTh, THYYKICTh 1 JOCTYITHICTh CEpPBICiB, OJHAK, 3 1HIIOTO
00Ky, CTBOPIOE JIOIATKOBUI PIBEHb YPA3JIUBOCTI, OB’ A3aHUHN 13 6AraTOKOPUCTYBAIBKOIO MTPUPOI0I0
CepeoBUILA, HEMTPSIMUM KOHTPOJIEM HaJl PI3UYHUMH pecypcamu, a Takox BiakpuricTio API-inTep-
(eliciB a1 B3aeMOIIT 3 THITMMH MEIMYHUMHM YW aHATITHIYHUMU CEPBICAMH.

VY Mexax po3poOKH CUCTEMHU MPIOPUTETHOTO YIPABIiHHSI MEAMYHUMHU MOCIYTaMHU Iii 3arpo3u
HaOyBalOTh OCOOJIMBOIO 3HAUEHHS, OCKUIBKU Oy/lb-SIKMI BIUIMB HA MPOLIEC PaHKYBAHHS IAllI€HTIB
MOX€e MaTy IpsAMI HACTIAKH JUIs SIKOCTI i IIBUAKOCTI HAJaHHS MEUYHOI JOIIOMOTH.

1. 3oBHilHI 3arpo3u

OCHOBHUMH 3arpo3aMH 30BHIIIHBOTO TIOXODKEHHSI, SIKI MU 1IeHTU(DIKYBaJIN SIK KPUTHYHI JIJIS
po6otu AHP-monyns B xmapi, €:

— HecankmionoBanuii joctyn uepe3 Biakputuil APl — 3a HasBHOCTI cinaOkoi aBreHTH(DiKALi
MOXKJIMBA IMITAIlisl 3aIIUTIB BiJ cHCTEMH 00pOoOKH 3BepHEHb. Lle BiKpuBae MUISIX O MacOBHUX BCTa-
BOK 3aITUTIB, sIKi HE TTOBUHHI OyJI OyTH JOIYIICHI.

— Artaku Tuny replay (OBTOPHOTO 3amMTy) — HAJCHJIAHHS MOBTOPHUX JIETITUMHMUX 3alMTIB
3 METOI0 BUKJIMKATH JyONIOBaHHS pillieHh a00 MEepeBaHTAKCHHS KEUly MPIOPUTETHHUX BiIIOBIICH.
VY cucremi 3 anroputmom AHP 11e Moyke pu3BeCTH [0 IITYYHOI ecKaiallii BUOpaHUX 3allUTiB.

— Araku Tumy XSS 1 SQL-injection uepe3 BXifHi (GOpMHU — y BUNAKY, SKIIO aMiHICTPATUBHHUHA
iHTEepdeiic (HanpuKiIaz, peaaryBaHHs Bar KPUTEPiiB) HE JOCUTH 3aXUILECHUH, MOKIMBE BTPYYaHHS
y camy JIOTiKy 00paxyHKiB [3].

2. BuyTpimHi 3arpo3u (iHcaiaepchKi)

B ymoBax XxMapHOTO cepeoBHINa 3arpo3y CTAHOBJISTH TAKOXK BHYTPIIIHI i YITOBHOBa)KEHUX
0Ci10, SIK1 MOXXYTb CBIJIOMO 200 HECB1IOMO 3MIHUTH KJIFOUOBI HAIAIITyBAaHHS CUCTEMU. MU BUILISAEMO
Taki 3arpo3u:

— PenaryBanns Bar kputepiiB 0€3 HaJIEKHOTO KOHTPOJIIO — HABITh HE3HAYHA 3MiHA OJJHOTO KOe-
(imieHTa MOXKE CyTTEBO 3MIHMTH MOPSIIOK 00CIIyrOByBaHHS MAIlieHTIB. Lle CTBOpIOE MOKIIUBOCTI AJIS
MaHinysiit abo caboraxy.

—Bunanenns abo penaryBanHs ictopii pimens AHP — sKmo Hemae HE3aleXHOTO KypHAIY,
3MIHHU B JAHUX MOKHA IIPUXOBATH, 1 CUCTEMA BTPATUTh KOHTPOJIb HaJl OOIPYHTOBAHICTIO IPUHHATHX
pillIeHb.

— IlepeBru3HaueHHs CTPYKTYpH KpuTepiiB (iepapxiii) — 0coOnmBoO HEOE3MEYHO y CUCTEMAX, Je
aJMiHICTpaTOp Ma€ MPaBoO 3MIHIOBATH HE JIMIIIC Bary, a i camy Joriky moxaeni AHP.

3. 3arpo3u, noB’s3aHi 3 apXiTEKTYPOIO KEIlly Ta MacITabyBaHHS

Oco0nuBOi yBarm BUMaralOTh 3arpo3H IOBTOPHOTO BHUKOPHCTAHHSI PE3yJbTaTiB, TOB’s3aHI
3 KemryBaHHIM naHux y Redis abo Memcached. Kem y xmapHOMY cepemoBHUIIi BUKOPUCTOBYETHCS
U1l IPUCKOPEHHS 00pOOKH 3alUTIB, ajle caMe BiH MOXKE CTaTHU BEKTOPOM aTaKH, SKIIO:

— BIJICYTHsI IIepeBipKa YHIKaIbHOCTI 3amuTy (nonce);

— He BcTaHoBieHo TTL (dacy xurts);

— BUKOPHCTOBYIOTBCS 3arajibHi Kirodi (0e3 1HMBIyaJIbHOTO 3B 513Ky 3 KOPUCTYBaueM / 3alUTOM).

Le n03BOIISIE€ 3TOBMUCHUKY BHKOPUCTATH 3aKEHIOBAHY BiJIOBI/b 3 BUCOKUM IMPIOPUTETOM ISt
IIPOCYBaHHS 1HIIMX 3BEPHEHb.

Hanpuknan, Tak Burisiae replay-ataka y cuctemMi paHKyBaHHS:

# Bpaznusuii cyenapit — 3anum 6e3 nonce i TTL

cached response = redis. get (f 'priority:{patient id}»)

if cached_response:

return cached response

else:

response = calculate priority (patient data)

redis. set (f ‘priority:{patient_id}», response) # 6e3z nepegipxu!

return response
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Lle¥i pparmMeHT IEMOHCTPYE, SIK BICYTHICTH KOHTPOITIO HAJl KEIIEM JI03BOJISIE TIOBTOPHO BUKOPHCTATH
PEe3yIIBTaT ISl 1HILOTO 3aluTy 3 MiICTaBHUM patient id, 1110 MO)ke 3MIHUTH JIOTIKY CHCTeMHU. TakuM 4uHOM,
MM 11eHTH(]IKYBaJI KOHKPETHI 3arpo3H, K1 MatoTh OyTH BpaxoBaH1 B MOJIENTl O€3MEKU HAIOl CUCTEMH.

[ToOynoBa apxiTekTypu Oe3neku xmMapHoi 1H(OpMaIiiHOT CHCTEMH HE MOXKE 31HCHIOBATHCS
130J1bOBAHO BiJ ii JIOTIKM (PyHKI[IOHYBaHHS. Y HAIIOMY BUIIQJIKy CHUCTEMa He JuIle 30epirae 4y TInBi
MEIMYHI JIaHl, a ¥ BUKOHY€ YIIPaBJIIHCHKI 11 Ha 1X OCHOBI, 3acTocoBytoun meron AHP st panxy-
BaHHsI 3BEPHEHB MMAII€HTIB. ToMy HaAIHHICTh, KOHTPOJIb 1 IIJIICHICT HE € Jinie popMaIbHUMU BUMO-
ramy, a KpUTHYHUMHU eJIeMEHTaMU PaBWIbHOCTI 11 QyHKuIioHyBaHHS [4].

Ha nizacrasi nporo chopMoBaHo 11’ ITh NPUHIIMITIB, SKUMHU TOBUHHA KEPYBATHCS CUCTEMa Oe3MEeKH:

1. [TpuHIMnI MiHIMaTbHUX MOBHOBaXKeHb Ta 4iTKOi poni (RBAC). Yei moayni Ta kopucTyBadi
CHCTEMH MOBUHHI MaTH JOCTYI JIMIIE 0 THX (QYHKILIN 1 JaHUX, SKI HEOOX1THI 11 BUKOHAHHA IXHIX
000B’s3kiB. Hanmpuxman:

— AnMiHIiCcTpaTop Mae MpaBo 3MIHIOBATH CTPYKTYpY KpuTepiiB AHP, asie He BruBae Ha Menu4H1
3aIUCH.

—Menu4Hui TpariBHUK Ma€ JOCTYN JIMINE J0 JaHUX BIACHUX MAIli€HTIB, 0€3 MOXIIUBOCTI
Mepersiay aHaJiTHIHOT JIOTIKH CUCTEMHU.

— AHaJIITUK Mae mpaBo OauuTH Baru KpUTEpiiB, ajle HE MOXe iX peraryBaTu 0e3 J01aTKOBOi
aBTOpH3AIlii.

2. TpuHIMN )XypHAIIOBaHHS YIIPABIIHCHKUX Aiid. 3MiHA OyIb-IKOTO €JIEMEHTY, KU BILUTUBAE HA
JIOTIKy NPUHHATTS pillIeHb (Bara KpUTEpilo, OLliHKA aJIbTEPHATUBH, CTPYKTypa i€papxii), MOBHHHA OyTH
3aikCoBaHa y HE3aJICKHOMY KYpHaIl 3MIH 3 yKa3aHHSIM: KOPHCTyBa4a, 4acy, CTaporo i HOBOro 3Ha-
yeHHs1. [{e 103Bosie TapaHTyBaTH OOTPYHTOBAHICTH PIIIEHb CUCTEMH 1 B pa3i MOTPeOU TIPOBECTH ayJIUT.

[puknan peanizauii Ha piBHI CYB/] (PostgreSQL):

CREATE TABLE criteria_weights log

(id SERIAL PRIMARY KEY,

criteria_id INT,

old weight NUMERIC,

new weight NUMERIC,

changed by TEXT,

changed _at TIMESTAMP DEFAULT current timestamp),

CREATE OR REPLACE FUNCTION log criteria_weight change()

RETURNS TRIGGER AS $3

BEGIN

INSERT INTO criteria_weights_log (criteria_id, old weight, new _weight, changed by)
VALUES (OLD. id, OLD. weight, NEW. weight, current user);

RETURN NEW;

END;

$8 LANGUAGE plpgsql;

CREATE TRIGGER trg log criteria_weight

BEFORE UPDATE ON criteria_weights

FOR EACH ROW

WHEN (OLD. weight IS DISTINCT FROM NEW. weight)

EXECUTE FUNCTION log criteria weight change();

Le#t Tpurep 3a0e3rneuye MOBHUI KOHTPOJIb HAJ| yCiMa 3MiHAMU Bar KpUTEPiiB — KIIFOYOBOTO
napamerpa B Metoai AHP, o npsiMo BIIMBa€ Ha pe3ysbTaT paH)KyBaHHS MAlli€HTIB.

3. IlpuHnun Bamigarii MpaBOMIPHOCTI yMPaBIIHCHKUX pillleHb. Y MeXax pO3pPOOKH MPOTIOHY-
€TBHCS peaizallisi BHYTPIIIHBOI IEPEBIPKU «IETITUMHOCTD» YIPaBIiHCHKUX pilieHb. Hanpukiaza, koxxHa
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IHTETpaJIbHA OIliHKA MIOBUHHA CYIIPOBOI)KYBAaTUCh KOHTPOJILHUM XEIIEM Ha OCHOBI CTPYKTYpH 1€papXii
Ta aKTyaJIbHUX Bar. Y pasi cipoOu MaHIITyIALil — 3MiHa XEIly CUTHAJII3y€ PO CIIOTBOPEHHS PILLICHHS.

4. ITpuHUMIT HE3ATIEKHOCTI KpUTHYHUX MoayiB. AHP-monynb panxxyBaHHs Mae OyTH 130J1b0-
BaHMM BiJ] iHTepdeiicHnx abo BizyamizamiitHux MoaymiB. Lle o3Hauae, 110 HaBITh MOBHUI KOMITPOMIC
BeOiHTepdeiicy He JacTh 3MOTH 3MIHUTH CTPYKTYpY HPUHHSATTSA pilieHb 0e3 JOCTyIy 0 OKPEMOTro
oOuucroBagbHOrO siapa abo APIL.

5. [lpuHnum mpo3opocTi aii aamidicTparopa. KoxkHa aaMiHicTparuBHa Aist (CTBOPEHHSI HOBOTO
KpUTEpilo, OHOBJICHHA i€papXii, Mepernis]] Bar iHIINX KOPUCTYBadiB) MOBHMHHA OyTH 3adikcoBaHa
3 MOSICHEHHSIM, 1110 BUBOJIUTHCS B OKPEMOMY 3BIT1 /1151 KOHTPOJIIO YIIPABIIIHHS.

L{i npuHIMIHN JSKYTh B OCHOBY apXiTEKTYpHOI MO 3aXUCTy CUCTEMH, sika Oyae po3KpuTa
B HacTynHoMy Oiomti. Takum unHOM, Oe3neKa peanizyeThes He sIK OKpema (yHKIIsA, a SIK BOy10BaHUN
MeEXaHI3M TrapaHTii CpaBeJIMBOCTI, IIUTICHOCTI Ta 00’ €KTUBHOCTI Y MPUHHSATTI pillIeHb PO MPIOpH-
TET JJOCTYIYy 10 MEAUYHUX MOCIYT.

OTxe, 3 METOIO 3arobiranHs 3arpo3am, iIeHTH()IKOBAaHUM Ha MOMEPEIHIX eTarnax, 0yiao cdop-
MOBaHO KOMIUIEKC METO/IIB 3aXHCTY, 0 3a0€3MeUyIOTh IUIICHICTh, KOH(IIEHIIHHICTh 1 KOHTPOJIBO-
BaHICTh pOOOTH XMApHOI CUCTEMH YIIPABIIHHS MEAUYHUMHU nociyramu. Lli metoau He auiie Biamo-
BiJIat0Th BUMOTaM MiKHapoaHux crannapris 6esmexu (ISO / IEC 27001, HIPAA), ane # ajgantoBaHi
JI0 apXITEKTypH aJITOPUTMIYHOTO MMPUHAHATTS PIllIEHb, 1110 € OCHOBOIO HAIIIOT CHCTEMHU.

Jis 3axucty Mmenn4Hoi iHdopMarii Ha piBHI 30epeKeHHs i mepeadi Mu BUKOPUCTOBYEMO aJIro-
put™ cumeTtpudHoro mudpyBanas AES — 256. Lle no3Boinsie eekTUBHO 3amudpyBaTi HaBiTh BEJIHKI
00csTH JaHUX 3 BUCOKUM PIBHEM CTIHKOCTI JI0 3JIOMY.

Hagenemo ¢parment peanizanii (Python):

from Crypto. Cipher import AES

from Crypto. Random import get random_bytes

import base64

def encrypt data (data: str, key: bytes) -> str:

cipher = AES. new (key, AES. MODE EAX)

nonce = cipher. nonce

ciphertext, tag = cipher. encrypt_and_digest (data. encode('utf—8'))
return base64. b64encode (nonce + ciphertext). decode('utf— 8')

def decrypt data (enc_data: str, key: bytes) -> str:

raw = base64. b64decode (enc_data)

nonce = raw/[:16]

ciphertext = raw [16:]

cipher = AES. new (key, AES. MODE EAX, nonce=nonce)
return cipher. decrypt (ciphertext). decode('utf— §')

# Buxopucmanns.

key = get_random_bytes (32) # 256-bit knou

encrypted = encrypt_data («Meouunuii 3anuc: ID 23456, key)

decrypted = decrypt_data (encrypted, key)

Le# xon mpunatHuit ans interpamii 3 REST API ab6o 6a3010 gaHux, 1 MOXKe 3aCTOCOBYBATHCH
Ui K (pyBaHHS 3aMUCIB Y TaONMULAX, 110 30€piraroTh 11arHO3u, IPU3HAYECHHS, a TAKOK aHAJIITUYHI
OLIIHKH.

Po3pobumo ponboBy Momens moctyny — RBAC, sika 6a3yeThcsi Ha YiTKO BH3HAYEHHUX POJISX
KOPHUCTYBa4iB Ta iXHIX OOMEXEHHSX Y KOHTEKCTI (yHKUil cuctemu. Lle 103BOIUTH MiHIMI3yBaTu
PU3UKHK 1HCAWIEPChKUX BTPyYaHb, HEKOHTPOJIBOBAHUX 3MiH y KpUTepisx abo po3paxyHkax AHP.
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Marpuiist A0CTYITy € KIIFOUOBUM IHCTPYMEHTOM OOMEKEHHS ITOBHOBa)KEHb KOPUCTYBaiB BiIITOBITHO
710 TXHiX QyHKIIOHATBLHUX pojieid. [ MeTa — rapaHTyBaTH, IO KOYKEH KOPHCTYBad Ma€ JOCTYII JIMIIIE
JIO TUX KOMITOHEHTIB CUCTEMH, SIK1 BIAIIOBIIAIOTH MOTO MTOCA0BUM 000B’s13KaM, 1 He OubIe [3].

VY mporieci po3poOKU BUXOAWIN 3 MPUHIUIY MiHIMAJIbHUX MPUBLIEIB, BIAMOBIAHO 0O SKOTO
HaBITh aIMiHICTPAaTUBHHI TIEPCOHANI HE Mae O€3yMOBHOTO JOCTYMy /10 Beix (yHKIii. [{e ocobmmBo
BOKJIMBO JUISI MEAMYHOI 1HGOPMAIIMHOI CUCTEMH, SKa peayli3ye KPUTHYHI aJIrOpUTMH (30Kpema,
meton AHP) i mpuiiMae aBToMaTn30BaHi pillIeHHs 1010 0OCIYTrOBYBaHHS MallieHTiB [3].

VY CcTpyKTypi JOCTYIly BpaxOBaHO HE JIUINEC TEXHIYHHM CKIIATHUK, a W JIOTIKY YIPaBIIHCHKOT
BIJIIIOBITAJIBHOCTI:

1. AnMiHICTpaTOp HE Ma€ JOCTYITY 0 MEAMYHMX 3aIMCIB MAIIEHTIB, aJie TOBHICTIO KEpYy€ apXi-
TekTyporo mozaeni AHP.

2. MeauuHuii MpaiiBHUK HE MOXKE 3MIHIOBATH Baru KPUTEPiiB, OMHAK Ma€ MPaBO iHIMIIOBATH
3aIUTH.

3. AHamiTHK MOXe OaYUTH BCe, 110 TIOB’SA3aHO 3 AJITOPUTMAMHU 1 TPEHIAMH, aJle HEe BTPYYa€eThCs
y cami J1aHi.

Takum 4MHOM, 3alTPOIIOHOBAaHA MATPUIS AOCTYIY J03BOJISIE:

—3aXMCTUTH KPUTHYHI 1aHi Ta aJITOPUTMH Bi/I HECAaHKI[IOHOBAHOTO BILIHBY;

— 130JTI0BaTH il PI3HUX KaTeropiii KOpUCTyBadiB y MeXax IXHiX (DyHKIIIH;

—3a0e3MeYnTH NPOCTEKYBAHICTh KOXKHOI il y cucTeMi;

— MIHIMI3YBaTH PU3UKH THCAHJEPCHKUX 3arpo3 1 JIIOACHKUX MTOMIIIOK.

®dopMyBaHHS TaKoi MOJIETi € HEOOX1THOIO YMOBOIO HE JIUIIE /7S BIAMOBIIHOCTI CUCTEMHU CTaH-
napraM 0e3meKu, ajie i s MiABUILEHHS HaJ1MHOCTI pillieHb, 1110 NPUHMAarOThCs Ha il OCHOBI.

OcHoBHI poi:

— Anminictparop cucremMu (Admin) — pegaryBaHHS KPUTEPIiB, 3aMyCK MepepaxyHKy MO,
KOHTPOJIb IOCTYILY.

— Jlikap (Doctor) — mocTyn 10 MEMYHUX TaHUX MAIlI€HTIB, 1HIIAIlSA 3aUTY.

— Omeparop (Staff) — peecTpariist 3BepHEHb, CYyTIPOBIJI.

— Ananituk (Analyst) — nepernisy Bar, pe3yJbTariB, TpEH/IB, 0€3 IpaBa BTPyUYaHHS.

Tabnuus 2
RBAC-marpuns nocrymny
DyHKUiA Admin Doctor Staff Analyst

[Meperisiq MeTUUHUX TaHUX X v v X
Penarysanns Bar AHP v X X X
[epernsin pesyasrarie AHP v v v v
IHimiarist 3anuty X v v X
ITeperns n0TiB 3MiH v X X v

Peanizamiro gouinapHo 3aidcHUTH Yyepe3 JWT-TokeHu i3 BOyIOBaHUMHU O3HAKaMH POJIeH 1 KOH-
TPOJIb JOCTYyITy Ha piBHI middleware y 6ekeni.

Takox JOIUIBHO peanizyBaTu 000B’SI3KOBE KYPHAIIOBAHHS BCIX [il, MOB’sI3aHUX 13 1OCTYIIOM
70 KpHUTepiiB, 3MiH y cTpykTypi AHP, nepersay MeauuHux JaHWX Ta iHimiamii oouuciieHs. Jloru
30epiratoTecs B 0a3i qanux abo y ¢hopmari JSON-(aiiniB 13 koHTposeM 1imicHocTi (SHA — 256 xem
Ha KOXKEH 3amuc). Taki 3anicy He JIMIIe TiJIATaloTh ayIuTy, ajle i MoXKyTh OyTH aBTOMaTHYHO aHaJi-
30BaHI cUCTeMaMu MOHITOpUHTY (Zabbix, Prometheus) ans BusiBnenHs anomaitii [9].
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®parmeHT jor-gaiiny:

{

«timestampy: «2025-08-27T11:40:327Z»,

«usery: «adminly,

«actiony: «update _weighty,

«criteriony. «Medical urgency»,

«old valuey: 0.314,

«new_valuey: 0.270,

«ip»: «192.168.12.105»

/

TakuM YMHOM, METOIM 3aXMCTY, BIPOBAKECHI y NMPOEKTOBAHIN cHCTEMi, HE 130JIbOBaHI BiJ
il JIOTIKHM, a € HEBIUIIJIFHOK YaCTUHOIO aJITOPUTMIYHOTO MPOIECY MPIOPUTETH3AIlll, 0 TapaHTye
JIOBIpY /10 aBTOMaTH30BAHKX PIllIEHb Y KPUTUYHO BXKIUBIN chepl METUIHHUX TOCITYT.

[TpumyckaeMo i3 3arajabHOBIIOMOI JIOTIKM POOOTH aHAJIOTIYHUX CHCTEM Y CBITOBIHM MpakTHIIi,
110 3aXKMCT Ha PIBHI MPOrPaMHOTO KOAy Ta 0a3 JaHUX € KPUTHYHO HEOOXITHHUM, ajie HeOCTaTHIM.
be3neka moBuHHA OyTH MiAKPIIUICHA 30BHIIIHIMHU 1HQPACTPYKTYpPHUMH pIIIEHHSIMH, SKI aBTOMa-
THUYHO pearyroTh Ha aHOMaJii, OJIOKYIOTh CIIpOOH BTOPTHEHHSI, 3aXHIAIOTh KAHAIH JOCTYITY 10 KpH-
TUYHUX MOIYIIB 1 JAIOTh 3MOT'Y BECTH TIIMOOKUIA aynuT [8].

Peanizyemo Tpu KJIIOYOBI iHTErpaLiiiHi HaIpPsAMU, K1 TO3BOJSIOTh MOEAHATH PiBHI O€3MeKu —
BiJl PUKJIATHOTO IO MEPEKEBOTO:

1. 3axuct API Ta intepdeticiB uepe3 Cloudflare. Jlns 3axucty Biakputux API-eHamoinTis, ski
BUKOPHUCTOBYIOTHCSl 30BHIIIHIMA MEIUYHUMH CHUCTEMaMH (HAIPHKIIA[, JIA0OpATOPISIMH YU JCpKaB-
HUMH peecTpami), 3actocoByeThest Cloudflare sik 3BopoTHHMI TPOKCi Ta 3aXMCHUM 1UTI03. BiH peanizye:

— WAF (Web Application Firewall) — aBromaTndne OioKyBaHHsS BioMux arak Tumy SQL-
injection, XSS Ta 00xo1y aBTeHTH(IKAIIIT;

— Rate limiting — oOMekeHHs KiTbKOCTi 3anuTiB Ha [P a00 TOKeH MpoTAToM yacy;

— Geo fencing — G10KyBaHHS JIOCTYIy 3 HeOaXKaHUX PETIOHIB.

Lle 103BOIIsIE 3aXUCTHTH SIK ITyOITiUHI IHTEpgEHCH CUCTEMH, TaK 1 OKpeMi KOMIIOHEHTH, 30kpema AHP-mo-
TyJTb, BiJI MACOBAHOTO 3BepHEHHS (Harpukiiag, DDoS depe3 cumMysIsIlito MpiopUTeTHUX 3aruTiB) [9].

2. MoHitopuHT moii 6e3nekn yepe3 Zabbix. i1 KOHTPOIIO KPUTHIHUX TIOMIH 1 CBOEYACHOTO
pearyBaHHs Ha aHOMAJII{ JIOIIJILHO IHTETPYBATH CUCTEMY MOHITOpUHTY Zabbix. Bona no3Bossie:

— BECTH CIIOCTEPEKEHHSI 3a JIOraMH (JIOCTYT JI0 Bar, 3MiHM i€papXiil, TOMUJIKY B 3aMnTax);

— HAJIAIITOBYBAaTH QJIEPTH HA CIIPOOU HECAHKIIIOHOBAHOTO JIOCTYIY;

— BIZICTE)KYBaTH IMIKOBI HABAHTAXKCHHS HA CUCTEMY PaH)KyBaHHS;

— IHTerpyBaTUCh 13 TeJaerpaM-60oTaMu, nomrow abo SMS.

Take pimeHHS 03BOJISIE ONIEPATUBHO BTPYYATHCS Yy BUIAJKAX, KOJH CHCTEMa MOTPAILISE ITiJ
LIJIECTIPSMOBaHY aTaKy abo KOJu BHYTPIIIHI KOPUCTYBa4l MOPYIIYIOTh perinamenT [9].

3. ABromaruuHe OnokyBaHHS arak uepe3 Fail2ban. Ha piBHI cepBepa IOLUIBHO peasizyBaTh
cucTeMy TUHaMivyHOTO OoKyBaHHs [P-anpec, 3 SKMX HaIXOAWTH MiI03pisia aKTHBHICTh. [HCTpyMEHT
Fail2ban anamnizye nor-gainm aBropu3sariii, 3auTiB 10 KPUTHIHUX MOAYTIB, 30kpema AHP ta pena-
T'YBaHHSI Bar, 1 CTBOPIO€ MpaBuiia OJ0KyBaHHs [§].

®parment koH}irypauii Fail2ban (auth. log + npioputeTusarnis):

[sshd]

enabled = true

port = ssh

logpath = /var / log / auth. log

maxretry = 5

findtime = 600

bantime = 3600
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[api-ahp]

enabled = true

port = http, https

filter = api-ahp

logpath = /var / log / ahp. log

maxretry = 3

findtime = 300

bantime = 7200

Lle#t mexaHi3M /103BOJIsIE€ OJIOKYBaTH KOPUCTYBava, KU, HAPUKJIaa, TpU4l ClpoOyBaB 3MIHUTH
Barv KputepiiB abo miapoOUTH CTPYKTYpY i€papXii, He MarOuu BiAMOBIIHUX MPAaB.

4. Inrerpanis 3 SIEM-cucremamu. Y nepcrneKTHBI MOXIIMBA IHTETpallis 3 IEHTPalli30BaHUMU
cucteMamu aHanizy noain 6esnexu (SIEM), 3okpema ELK stack a6o Splunk, 1o 103B0auTh:

—00’emHaty ory i3 cepBepi, API, 6a3 nanux;

— aBTOMATUYHO BUSBJISITH MOB’s13aH1 1HIIMJICHTH;

— (popmyBaTH IHIUJAEHTH [T pearyBaHHs ciyx0oto 1b.

TakuM 4MHOM, 3aBISIKH pO3pOOLIl cCUCTEMa He 0OMEXY€EThCs BOyOBaHUM 3aXUCTOM, a IHTErpy-
€THCS y CEPEOBHUIIIE MOCTIHHOTO MOHITOPUHTY, OJIOKYBaHHS 1 IPOQIAKTUKHY 3arpo3, 0 BiAMOBIAA€E
HaWBUIIMM BUMOTaM 10 O€3MEKH KPUTHUYHUX CUCTEM y cepl OXOPOHHU 310POB 4.

Takox po3poOUMO TPUHITUITN O€3NEKH KeIIOBAaHUX 00YHCIIEHb, SIKi Oy/IyTh IHTETPOBaH1 y HaITy
cuctemy: 3anobiraHHs arakam rmoBropHoro 3anuty (Replay) B Redis / Memcached.

VY XMapHiif cucTeMi YIpaBliHHSI MEIUIHUMH TOCTYTaMH KEIll BUKOPHCTOBYETHCS ISl TPHCKO-
peHHs 00pOOKHM OJHOTUIIHMX 3alMTIB, 110 OCOOJIMBO BaXJIMBO B YMOBaX BUCOKOTO HABAHTAKEHHS.
JUist 110T0 3a/11THO BUCOKOIPOAYKTHBHI cepBicu KemryBanHs — Redis Ta Memcached. Bonu 36epira-
I0Th YaCTUHY MPOMDKHUX o0uncieHs anroputMy AHP (Hampukian, nmonepeaHbo 3reHepoBaHi iHTe-
IpajibHi OLIHKM) /1715l TOBTOPHOTO BUKOPUCTAHHS O€3 MOBTOPHOTO 3allyCKy CKJIQJAHUX PO3PaxXyHKIB.

OnHak BUKOPUCTaHHS KEIly CTBOPIOE OTEHIIHHO HeOe3MeuHi BEKTOpH aTak, 30Kpema replay-a-
TaKH, KOJIM 3JI0BMUCHUK ITOBTOPHO HAJCUIIAE 3aIIUT 3 TIEIO K CECIE0 a00 3JI0BKUBAHHIM BIIKPUTUM
patient id, o0 oTpuMaTu «3aCBOEHY» paHille BiIMOBI/Ib 13 MiABUILICHUM MPIOpUTETOM [8].

Po3pobumo miaxix g0 3axucty keury. Ha 0CHOBI IbOTO BIPOBAKYEMO JBOETAIHY MEPEBIPKY
JIOCTOBIPHOCTI KEIIOBAHUX OOYHCIICHD, sIKa 0a3y€eThCs Ha:

—nonce (0HOPa30BOMY MapKepi) — KOXKEH 3alMT 10 CUCTEMH Ma€ CYIPOBOAXKYBAaTHCh YHIKAJIb-
HUM TOKECHOM, SIKUH BUKOPUCTOBYETHCS JIMIIE OMH pa3 1 30epiraerbes y Redis sik BUKOpHUCTaHMIA;

—TTL (time-to-live) — oOMexkeHHS yacy KHUTTsI KEIIOBAHOTO PE3yJIbTaTy, MCJs YOT0 BiH aBTOMa-
THUYHO BUJAJIAETHCS 1 Ma€ OyTH 3reHEPOBAaHUM 3aHOBO.

@parmenT peanizauii 3axucty y Redis (Python):

import redis

import uuid

import time

r = redis. Redis (host="localhost', port=6379, db=0)

def'is_replay (nonce):
return r. exists (f ‘used_nonce:{nonce}»)

def store_nonce (nonce):
r. set (f 'used _nonce:{nonce}», «1», ex=600) # TTL 10 xs.

def get _cached_priority (patient id):
return r. get (f priority:{patient id}»)

https://doi.org/10.32782/mathematical-modelling/2025-8-2-26 ISSN 2618-0332 (print), 2618-0340 (online)
261



ITPUKIIA/THI ITHNTAHHA MATEMATHYHOI O MOJE/IFOBAHHA T. 8, Ne 2, 2025

def store_priority (patient_id, value):
r. set (f priority:{patient_id}», value, ex=300) # TTL 5 xas.

# [Ipuxnao obpodxu 3anumy

nonce = «abcl23» # ompumano 3 frontend / APl

if is_replay (nonce):

raise Exception («Replay-attack detected!»)

else:

store_nonce (nonce)

cached = get cached priority («patient 456»)

if cached:

return cached

else:

result = calculate priority (data)

store_priority («patient 456y, result)

return result

Y 1ipoMy 610111 KOAY:

— MIepEeBIpsIEMO, YM NONCE BXKE BUKOPHCTOBYBABCS;

—3actocoByemo TTL sik 10 mpiopurery, Tak i A0 nonce;

— OJIOKY€EMO MOBTOPHUH JTOCTYII, HABITh SKIIO 11€HTU(]IKATOP MAIiEHTa OJHAKOBHIA.

[Ipononyrotbes i1HII TexHIUHI 3axoau uist Redis / Memcached:

— 130JIA1II1S KEITy 32 KOpUCTyBa4amMu (namespace abo kirodi user id: patient id);

— mu(pyBaHHS YyTIIMBUX JAHUX Y KEIli;

— KYPHAIIOBAaHHS KPUTHYHUX 3aIHTIB;

— obmexeHHs goctymy a0 noptiB Redis / Memcached numie 3 noBipennx IP.

TakuM 4MHOM, BIPOBAHKEHO AJANTHBHY IOJITUKY 3aXHCTy KEIIOBAaHUX OOYMCIICHb, sIKA YHE-
MOJKJIMBIIIOE€ BUKOPUCTAHHS KEIIly SIK IHCTPYMEHTY MaHIITYJISLIi1 Jorikoto npioputeTis. Lle 3a6e3neuye
HE JIiie cTabUTbHICTh TPOAYKTUBHOCTI, ajle i 1HBapIaHTHICTh YMPaBIiHCHKUX PIIICHh Y XMapPHOMY
CEepeIOBHUILLL, 1110 € eIEMEHTOM HayKOBOi HOBU3HH Ili€1 pOOOTH.

byno chopmoBaHo BracHy KOHIIEMINIO MOOYIOBH O€3MeYHOI XMapHOiI iH(OpMAIHHOI CHUCTEMH
YIPaBIiHHSA MEIMYHUMH TMOCITyTaMU, sIKa BPAXOBYE SIK 3arajJbHONPUAHSATI MIPUHIIUITY 3aXUCTy 1HPOpMa-
1ii, TaK 1 cnenudiky aJropuTMIYHOTO KOMIIOHEHTa — OaraToKpUTepiaabHOI MOAENI MPUAHATTS PilllCHb
Ha ocHoB1 MeToxy AHP. 3niiicHeHo knacuikariiro THIIB JaHUX, 110 00POOISIFOTHECSI CHCTEMOIO, 3 ypaxy-
BAHHSIM 1X KPUTUYHOCTI: MEIMYHI, aHAJIITUYHI, CIy>KOO0BI, aaMiHicTpaThBHI. OCOOIMBY yBary NpuaiieHO
3aXMCTy BaroBUX KOEQiLiEHTIB Ta CTPYKTYPH KPHUTEPIiB, OCKUIBKH came BOHH (DOPMYIOTH MIPYHTS JUIst
MpiopuTeTH3allli 0OCTYrOBYBaHHS NarlieHTiB. [IpoanasizoBaHO THITOBI 3arpo3u, MpUTAMaHHI XMapHOMY
CepeIOBHIILY, 30KpeMa aTaky MOBTOPHOTO 3anuTy (replay), komnpomeraitiro API, HecaHnkilioHOBaHi 3MiHN
Joriku Mozienti. Ha 0CHOBI 110T0 3aIpONIOHOBAHO TIPUHIIATIH TIOOY/IOBY O€3ITeYHOI CHCTEMH, BKITFOUAFOUH

— MIHIMI3aIli}0 TOBHOBaYKEHb KOPUCTYBauiB uepe3 posiboBy mozenb (RBAC);

— )KypHAJIFOBaHHSA 3MiH y CTPYKTYpi piteHs (SQL-tpurepu mis Bar AHP);

— 3aXUCT KeIoBaHUX o0uncieHb Bia MaHimymsii (nonce + TTL y Redis);

— KOHTPOJIb JIETITUMHOCT] YIPABIIHCHKUX PILLIEHb.

3anpornoHoOBaHO 0 pealizaiii Npukiaj mupyBaHHsI MEAUYHUX 3aUCIB 3a anroputMoM AES —
256, moOy10BaHO MATPHULIIO JOCTYITy KOPHCTYBadiB Ta IHTETPOBAHO IHCTPYMEHTH 1HPPACTPYKTYPHOTO
3axucty — Cloudflare, Fail2ban, Zabbix. 3aBisku 3anponoHOBaHUM PIlLIEHHSIM 3a0€3I1e4yEeThCsI HE
JIUIIIE 3aXUCT JIaHUX, a | IUTICHICTD JIOTIKHA CUCTEMH NMPUIHSATTS PIlIeHb, 0 € KPUTUYHUM Y MEIUY-
Hill cdepi. TakuM YUHOM, peani30BaHO MOJIENb KOMIUIEKCHOI, aJJanTUBHOI Ta aJrOPUTMIYHO iHTe-
rpoBaHoi iHpopMaIiiiHOT Oe3MeKH, Ka CTaHe MIATPYHTAM JJIs TEXHIYHOTO BIIPOBA/HKEHHS B MEXax
apXIiTEKTYpH Ta peanizallii CHCTEeMH.
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BucHoBKkH

VY pe3ynawrari mpoBENEeHOTO JOCTIKEHHS c()OPMOBAHO KOHIIENTYal bHI Ta MPAKTUYHI 3acaau
oOyI0BU MOJIeJTi KOMIUIEKCHOT 1H(GOpMaIIiitHOT 6e31eKn XMapHO1 CUCTEMHU YIIPABIIHHSI MEIUIHUMHU
nociayramu. BusHaueHo, 1110 moeIHaHH METO/IB aHAIITHYHO] iepapxii (AHP) i3 cyyacHumu mexaHis-
Mamu koHTpoIto joctymy (RBAC) ta kpunrorpadiunoro 3axucty (AES-256) 3abe3neuye BUCOKHIA
PIBEHb CTIMKOCTI CHCTEMH JI0 BHYTPIIIHIX 1 30BHINIHIX 3arpo3.

3anpornoHoBaHa MOJIENb Iependayae iHTerpamio 0e3rneKoBUX MOJITHK 0e3MocepeHhO B MPO-
1eC MIPUHHATTS PillIeHb, 110 JO3BOJISIE 3MEHIITUTH PU3HUK HECAHKI[IOHOBAHOT MO (iKallii mapaMeTpiB
YIPaBIIHHS Ta MiABUIIYE JOBIPY JO aBTOMAaTU30BaHUX PIIIEHb Y MeIUYHIN cepi.

[IpakTryHe BIpoBaHKEHHS MOZIEIi MOXIIMBE Ha 0a3l MOIIMPEHUX IHCTPYMEHTIB XMapHOi 1H(]-
pacTpyktypH, Takux sk Redis i PostgreSQL, 3 ypaxyBaHHSM IPUHIIHITIB KYPHAITIOBAHHS, KOHTPOIIIO
KEeIly Ta MOHITOPUHTY MO/ OE3MeKH.
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YK 004.5

JI.C. DOHAP, O.A. XYPAH

Harionanbuuii yHiBepcuteT «Ofechka MOTITEXHIKA»

MOBA TIPOI'PAMYBAHHSA RY STEM-BUKJIAJAHHI CTATUCTHUKHU
TA AHAJII3Y JAHUX

Poszenanymo axmyanenicme ynposadocenns STEM-nioxo0y y 6UKIa0aHHI cmamucmuky ma anaiizy OaHUux y cyyac-
Hill cucmemi ocimu. Tlokazano, wo mpaouyitina Memoouxa HagyanHHsa CIMamucmuKi 30e0i1bUl020 OPiEHMOBAHA HA (op-
MAnvHUll anapam ma KiacuyHi mMooeni, wjo YCKIAOHIOE YCEIOOMICHHS CMYOeHmMaMu NPUKIAOHOT YIHHOCMI UMOBIpHIC-
HO20 MUCTIEHHS 8 peanbHux ymosax. Hazonoweno na eaxciueocmi inmezpayii mamemamuyHol meopii 3 iHcmpymeHmamu
npakmuunoi peanizayii, sika 0ocseacmucs uepes sacmocysans STEM-nioxo0y, wo noeonye HayKogi 3HaHHs, MeXHON02Il,
IHJICeHEePHY N02IKY ma mamemamuydnull anapam. 13 yvo2o noanady ocobruge micye nocioae moea npocpamysauts R,
SAKA MAE NOMYACHULL IHCIMPYMEHMAapiti 0151 CMAmMUCmMuUYHO20 AHali3y, 8i3yanizayii OaHux, nobyooeu mooenel i nepesipKu
2inome3. 30iliCHeHO aHani3 HAYKOBUX Odiceper, AKI NiOmeepoicyioms doyintbHicms ynposadacenns STEM-oceimu sk yun-
HUKA (hopMy6ants KPUMU4HO20, al20PUMMI4HO20 MA IHICEHEPHO20 MUCLeHHs. TIPO0eMOHCMPOBAHO MONCIUBOCT GUKO-
pucmanns mosu R y nasuanenomy npoyeci ma ii 6ionogionicme ocnoenum komnonenmam STEM (Science, Technology,
Engineering, Mathematics). Hasedeno npuxiadu npakmuynux 0itl cmyoenmis y cepedosuwyi R, saxi 3abezneuyomo midic-
OUCYUNIIHapHull NIOXio 00 HABYAHHS MA CAPUSIONb PO3BUMKY AHATIMUYHUX Komnemenmuocmetl. I[Iposedeno nopiersiib-
Hutl ananiz R, Python ma Excel/Google Sheets 3a kntouosumu kpumepiamu egpexmugnocmi 6 konmexcmi STEM-oceimu,
Wo 0ano 3mMo2y nioKkpecaumu YHikanioHi nepegazu R y 6ukiaoanni cmamucmuku ma opmy8aHui npuKiaoOHux Ha6U4OK.

3pobneno 6ucHoB0K, W0, He38aAHCAIOUU HA NONYIAPHICMb THULUX MO8 NPOZPAMYBAHHA 8 AHANIMuUYi OaHUX, came
R mae nomenyian y cpepi oceimu 3a605Ku C60iM CIMamMUCMUYHUM GUIMOKAM, PO3GUHEHIL cucmemi NaKemis i WupoKum
MOACTUBOCMAM OJIsl iIHMepakmusHoi pobomu 3 iH@opmayicto. [nmezpayis makux nioxo0ie y HaGYaIbHUIL Npoyec 0ae
3Mo2y He auuie 080100imu 0A308UMU THCIMPYMEHMAMU AHALI3Y OAHUX, d Ul 3a0e3neyye 20MmosHICb MatlOymHIX Qaxieyie
00 CMBOpPeHHs Ma 8NPOBAONCEHHSA CUCHEM WMYYHO20 IHMeNeKmy y pisHux cepax disnvHocmi. Bukopucmanns R y Hag-
YAHHT CNPUAE NOOONAHHIO PO3PUBY MIXHC MEOPEMUYHUMU 3SHAHHAMU MA NPAKMUYHUMU NOMPebamu, NiO8ULLYE MOMUBAYIIO
cmyoenmis i 3ab6e3neyye ni02omosKy KOHKYPEeHMOCNPOMONCHUX (Paxisyis y cpepi ananizy OaHux.

Knrouosi cnosa: STEM, cmamucmuka, ananiz Oanux, Mo8a npocpamyeants R, wmyunuil inmenexm.

L.S. FONAR, O.A. ZHURAN
Odesa Polytechnic National University

THE R PROGRAMMING LANGUAGE IN STEM-BASED TEACHING
OF STATISTICS AND DATA ANALYSIS

The relevance of implementing the STEM approach in teaching statistics and data analysis within the modern edu-
cation system is considered. It is shown that the traditional methodology of teaching statistics is mainly focused on the
formal apparatus and classical models, which complicates students’ understanding of the applied value of probabilistic
thinking in real-life conditions. Emphasis is placed on the importance of integrating mathematical theory with practical
tools, which is achieved through the application of the STEM approach that combines scientific knowledge, technologies,
engineering logic, and mathematical apparatus. From this perspective, the R programming language occupies a special
place, as it provides a powerful toolkit for statistical analysis, data visualization, model building, and hypothesis testing.
A review of scientific sources confirms the relevance of STEM education as a factor in the development of critical, algo-
rithmic, and engineering thinking. The possibilities of using R in the educational process and its compliance with the main
components of STEM (Science, Technology, Engineering, Mathematics) are demonstrated. Examples of students’ practi-
cal activities in the R environment are presented, ensuring an interdisciplinary approach to learning and contributing to
the development of analytical competencies. A comparative analysis of R, Python, and Excel/Google Sheets according to
key criteria of effectiveness in the context of STEM education is carried out, which highlighted the unique advantages of
R in teaching statistics and developing applied skills.

1t is concluded that, despite the popularity of other programming languages in data analytics, R has significant
potential in the educational sphere due to its statistical roots, developed package ecosystem, and wide opportunities
for interactive data work. The integration of such approaches into the learning process allows not only mastering the
basic tools of data analysis but also ensuring students’ readiness to create and implement artificial intelligence systems
in various fields. The use of R in education helps overcome the gap between theoretical knowledge and practical needs,
increases students’ motivation, and ensures the training of competitive specialists in data analysis.

Key words: STEM, statistics, data analysis, R programming language, artificial intelligence.
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IHocTanoBka npodiaemMu

CydacHa ocBiTa BUMarae 3a0e3rneueHHs ii MPUKIIaTHOI CIIPSIMOBAHOCTI, 30KpeMa 4epe3 yIpo-
Ba/DKEHHS MDKIUCIUIUTIHAPHUX T1aXx0/1iB. CTaTUCTHKA, HE3BAXKAIOYM Ha CBOIO (D)YH/IaMEHTAIBHICTD,
4acTo CIPUIMAETHCS SIK a0CTpaKTHA ¥ Janieka B pealbHOro 3aCTOoCcyBaHHS. Taka cUTyallisi 3yMOB-
JIeHa TPaIUIIITHOI0 METOIMKOIO BUKJIAJIAHHS, IO 30CEPEIKY€ETHCS EPEBAKHO Ha POPMaTILHOMY ara-
paTi Ta KJIaCUIHUX MOJIETIX. SIK HACIiOK, CTyJICHTH HE 3aBXK/IU YCBIIOMITFOIOTh TIPUKJIAIHY IIHHICTh
IMOBIpHICHOTO MUCJICHHS JJISl aHAMI3y JaHUX Y PealbHUX CUTYaILlisX. Y cydyacHOMY iH(popMariitHomy
CEPEIOBHIII caMe WMOBIPHICHI ITiIXO/TU JISKATh B OCHOBI 0araThbOX KIFOUOBUX TEXHOJIOTIH: MaIlIHH-
HOT0 HaBYaHHS, 00POOKH BEJIMKUX JIAHUX, HEHPOHHUX MEPEK, MOJIETIOBAHHS, ONTUMI3allii, peKOMEH-
JalifHUX CUCTEM 1 CUCTEM LITYYHOTO 1HTENEeKTy. Y cdepi aHami3y JaHUX Poib Teopil HMOBIpHOCTEH
Ta CTATUCTUKH € I1Ie OUTBI BaXKIIMBOIO: MOJICITI perpecii, KiacTepu3allii, OliHIOBaHHSI TioTe3, Mooy-
JIOBA JIOBIPYMX IHTEPBAJIIB — yCE II€ CIIUPAETHCS HAa ITTHOOKE pO3yMiHHS HMOBIPHICHHUX ITPOIIECIB.

TaxuM YMHOM, 3[aTHICTH 3aCTOCOBYBATH CTATUCTHKY Y PEIBHUX CLEHAPISX € HEOOX1THUM CKJIaJHU-
KOM TIPpOQ)eCIHHOT TIITOTOBKM CYy4aCHOTO aHATITUKA JaHUX. I3 11i€l mpuanHu 0COOIMBO aKTyaIbHUM € YIIPO-
BapkeHHsS STEM-mizxosiB, sIKi MOEIHYIOTh MaTeMaTu4Hy TEOPIIO 3 IHCTPYMEHTaMH IMPAKTHYHOI peati-
3a1ii, 30KpeMa B TaKMX MPOrpaMHUX cepenoBuinax, sk moa R [1]. STEM-minxinx (Science, Technology,
Engineering, Mathematics) [2] mepenbadae MiKXIUCIMIUTIHAPHE HABYAHHS, OPIEHTOBAHE HA BUPIIICHHS
peanbHUX 3aBIaHb IUITXOM IHTErpallii HayKOBOTO 3HaHHSI, TEXHOJIOT1H, IHKEHEPHOTO MUCIICHHS Ta MaTeMa-
THYHOTO anapary. Takui miaxin gae 3Mory TOZ0JaT! TPaJULIIHHAN PO3PUB MIXK TEOPI€IO 1 MPAKTHKOIO.

AHaJIi3 0CTaHHIX JOCTIKeHb | myOaikanii

AHari3 0CTaHHIX HAYKOBUX JDKEPEIT CBIAYUTB PO T€, IO JTOCI1IHUKH HArOJIOUTYIOTh HA BasKJIMBO-
cTi BrpoBapkeHHsT STEM-miixofy, sSIKuil O€IHy€e MaTeMaTUYHUN anapar 13 TEXHOJIOTTYHUMU 1HCTPY-
meHTami. 3. ['6yp ta O. KpaBueHko Bi3HayaroTh BaxauBicTs posi STEM-0cBITH y HIITOTOBLI MOJIO/1
710 Kap €pu y BUCOKOTEXHOJIOTTYHHX Tajy3sX, IO € KIIOYOBUM YMHHHUKOM JUISi BUPIIICHHS Cy4acHUX
€KOHOMIYHHX 1 COIIAJIbHUX MPpo0sieM. BoHM HaroonryoTs Ha TOMY, 110 BaXKJIMBO OHOBIIIOBATH OCBITHI
[pOrpamMu Ta METOAMKH, a0U BOHU BIJIOBIAAIM Cy4aCHUM BUMOIaM PUHKY Ipalll Ta MOoOaJIbHUM TeX-
HOJIOTIYHUM BHKJIHKaM. YnpoamkeHHs: STEM-minxomy B OCBITY CYTTEBO MiJIBUIIY€E 3aIliKaBIEHICTh
CTYZIEHTIB Y HAyKOBO-JIOCITITHUIIBKIH POOOTI Ta Mpodecisix TEXHIYHOTO CpsiMyBaHHS [3].

H. Crenyna, O. AGpamoBa, I. I'epacumuyk, T. Kpukxanosceka Ta O. Kpych miaKpecatoTh, 10
STEM-ocBiTa po3BHBae KpUTHYHE, IH)KEHEpHE i alrOpUTMIYHE MHCIICHHS, HAaBUYKH OOpOOICHHS
iHdopmartii Ta ananizy nanux [4]. 05 cepnus 2020 p. Ka6iner MinicTpiB Ykpainu 3atBepauB Kon-
LEMNII0 PO3BUTKY MPUPOTHUUO-MAaTEMaTUYHOI OCBITH, peai3auis sikoi 3arutanoBana 1o 2027 p., 1e
HaroJIOIIEHO, 1110 KJIF0UOBUM YHHHUKOM €KOHOMIYHOTO PO3BUTKY € HAYKOEMHI Ta BUCOKOTEXHOJIOT14H1
ranxysi, y SKuxX croctepiraerbes Aedinut (axiBIliB yepe3 3HWKEHHS 1HTEPECY A0 MPUPOTHUYO-TEX-
HIYHUX npodeciid. 3HMKEHHS MOMYJISIPHOCTI TaKUX Npodeciii 3yMOBIeHe 3MEHIICHHIM 3alliKaBie-
HOCTI 3700yBayiB OCBITH J0 IPEIMETIB IPUPOJHUUO-MATEMATUYHOTO [IUKITY, TOMY Cy4aCHI BUKJIUKH
BUMAararoTh BiJl OCBITH TeHepallii HOBHX i7Ie, TEXHOJIOT1H 1 pimieHs [5].

Sk 3a3HauaeTbes y [6], STEM-ocBiTa po3misigaeThes sIK Cy4acHUH OCBITHIH MiaXif, CIIpsiIMOBa-
HUN Ha MOMIMOMEHHS PO3YMIHHS CTY/IEHTAMHU TEXHOJIOTIYHUX, IHKEHEPHUX T4 MaTeMaTHYHUX JHC-
[UILTIH. [T OCHOBHOIO METOIO € dbopMyBaHHS 31aTHOCTI JI0 aJjanTallii B yMOBaX IIBUIKUX 3MiH, BUPI-
IICHHS] HOBUX 3aBJaHb 1 MPOOJIeM 3aBISIKM PO3BUTKY BHCOKOPIBHEBOTO MHUCIICHHS Ta (POPMYyBaHHIO
KJIFOYOBUX KomneTeHTHocTel y chepi STEM.

Merta nocaiizkeHHS
MeToro ToCHiJKEHHSI € OOTpYHTYBaHHSI JIOIUIBHOCTI BUKOPUCTAHHS MOBH IporpamyBaHHs R
gK 1HcTpyMeHTa peanizauii STEM-ninxony y BUKIaJaHHI CTaTUCTUKU Ta aHaji3y JaHMUX, a TAaKOX
JeMOHCTpallis il moreHmiamy ais GopMyBaHHS NPUKIAJHUX HAaBUYOK OMpAIIOBaHHS iH(opMmariii,
Bi3yastizallii pe3yabTariB Ta MoOyI0BHU aHATITUYHUX MOJICIICH.
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Bukiaa ocHOBHOr0 MarepiaJy 10CTiIKeHHS

STEM-niaxin copusie iHTerpamii HayKOBHX 3HAaHb, TEXHOJOTIH Ta IHXEHEPHOTO MHCICHHS
y NpoLEC BUKIAJaHH] MaTeMaTUYHUX JUCLUILUIIH. Y KOHTEKCTI BUKJIAJaHHs CTAaTUCTHKY 1€ O3HA4Ya€e
HEOOX1IHICTh TO€IHAHHS MaTeMaTHYHOTO arapary 3 IHCTpyMEHTaMu Bizyasi3allii, aHaii3y JaHuX Ta
oOuucinenb. CaMme TyT BaroMy pojib MOXKE BIJIrpaTH MoBa nporpamyBaHHs R [7]. MoBa nporpamy-
BaHHA R € ofHUM 13 IHCTpYMEHTIB JIJIs aHAJI3y JaHUX, Bi3yasizallii, MOJEIIOBaHHs Ta CTATUCTUYHUX
OOUYHUCIIEHb T4 AaKTHBHO BHKOPUCTOBYETHCS B aKaJEMIYHOMY CEpEeIOBHIN, HAYKOBHX JIOCIIIHKEHHIX
1 TPOMHUCIIOBIN aHAJITHUIII.

VY Tabn. 1 npeacTaBaeHo NPUKIIAM TUIIOBUX HABUAIBHUX [ 13 BUKOPUCTAHHAM R, 110 Bijmo-
BIIHICTh KO’)KHOMY 3 KoMrioHeHTiB STEM. Takwuit anani3 1eMOHCTpYE, 110 HAaBYaHHS MPOTPaMyBaHHIO
B R He oOMexyeThes Hie TEXHIYHUMHE HaBUYKaMU, a CIIPUsiE PO3BUTKY CUCTEMHOTO MHCJICHHS Ta
MiJITOTOBII 10 BUPIIICHHS KOMIUICKCHUX PeaIbHUX 3aB/IaHb.

Tabmurs 1
BinnoBigHIiCTh NPaKTUYHOTO BUKOpUCTaHHS MOBU R komnonentam STEM
. STEM-
Ne IIpakTnuna ais B R Onuc
KOMIIOHEHT
. . PoGota 3 peasibHUMU HAOOpaMU JTaHUX:
1 Imnopt Ta 00poOKa nanux i3 dairy P . P A T (TexHomorii)
OUHIICHHS, PUIBTPALLisl, 3JTUTTS
C . . . N +
5 [To6ynosa rpadikis: ricrorpamu, Bigyaumizaris 3akoHOMipHOCTEH, S (nayxa)
boxplots, heatmaps BHSBIICHHS TPEH/IIB T (texmomnorii)
3 Knacrepusanis (Hanpukiam, METOA [Moxin nanux Ha Tpynu AJs BusiBnenHs: | E (imkenepis) +
k-cepemnHix) CTPYKTYD M (maremaruka)
CraTucTU4HI TECTH, MOOyI0Ba O1iHKa 3B’ SI3KiB MIXK 3MIHHUMH,
4 o "’ X . M (maremaruka)
perpeciiHuX Mojienen nepeBipKa rinores3
IHTerparis METOMIB JUIS PO3B’ I3aHHS S (nayxka) +
5 Peasizarist npukiagHuX KEHCiB 3aJ1ay i3 )KUTTS (aHaJi3 TOIUTY,
BUSIBJICHHS aHOMAJTii) E (imxenepis)
6 IIporno3yBaHHA 3 BUKOPUCTAaHHIM Po3pobnennst Mmoneneit s T (TexHonorii) +
MoeseH riepe10avYeHHs MO YU TPEH/IIB M (maremartuka)

Jns1 3a6e3nedeHHs] MDKIUCIUTIIIHAPHOTO TIX0/Ty Y BUKJIaIaHH] CTATUCTUKH BAXKJTHMBO HE JIUTIIE
BUKOPHCTOBYBATH Cy4acHI IPOrpaMHi IHCTPYMEHTH, a i yCB1IOMIIIOBATH, IK KOHKPETHI Jii CTYJIeHTIB
y IpoLeC aHaji3y JaHuX BIANOBIIAIOTH KiII040BUM KomnoHeHTaM STEM-ocBiTH. Y 11bOMY KOHTEK-
CT1 MOBa ITporpamyBaHHs R BUCTyMae sk iHTErpaliiiHuii IHCTPYMEHT, L0 JIa€ 3MOTY ITO€/ITHYBaTH Hay-
koBuH miaxif (S), Bukopuctanus nudposux texuonorii (T), imxkeHepHY JOTIKY MoOYy10BH Monenen
(E) Ta MatemaTnunwmii amapat (M).

B Vkpaini npaktuuni Hanpsmu (Data Science, anamituka, Al) 4acTto OpieHTYIOThCSI Ha Oi3-
Hec-BUMOTH, /i€ MoBa mnporpamyBaHHs Python Bumisinae sik 6inbm «mpuOyTkoBa» HaBUYKa. Ajte,
HEe3Ba)Kalo4yM Ha Iie, R TpaauiiiiHO CUIIBHIIINI B Haylli, CTATUCTUIl, O10METUYHHUX JOCTIIKEHHSX.
[lepeBakHa OUTBIIICTH CTATUCTUYHUX METO/IB 1 MAKETIB, SIKI BUKOPHCTOBYIOTHCS B HAYII, 3’ IBUJIUCS
croyaTtky B R, a motim nuie gacTkoBo Oynu nepeHeceHi 10 Python.

I3 MeTOI0 0OTPYHTYBaHHS JOLIJIBHOCTI BUKOPUCTAHHS caMe MOBH IporpaMmyBaHHA R y Bukia-
naHH1 cTaTucTuku B Mexkax STEM-niixoay DOMUIBHO MOPIBHATH 11 3 1HITUMU MOMIMPEHUMH 1HCTPY-
MEHTaMH, SIKI TAKOX 3aCTOCOBYIOTHCSl Y HABYAHHI aHAJII3y JaHuX. Y TaOl. 2 HaBeJACHO MOPIBHIIBHY
xapakrepuctuky R, Python ta Excel/Google Sheets 3a k1r0uoBUMU KpPUTEPISIMU, IO € BaXIUBHUMH
B koHTeKcTI STEM-ocBiTH (Tab. 2).
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Tabnuus 2
[TopiBHsIIbHA XapaKTEPUCTHKA IHCTPYMEHTIB aHami3y JaHux y koHTekcTi STEM-ocBitn
Kpurepiii / R Python Excel / Google Sheets
IncrpymeHr
. L 3aranbHe .
. CrarucTtuka, Bizyami3artis, TaOnu4Hi po3paxyHKH,
Crieniarmizartis IpOrpaMyBaHHsI,

00poOKa TaHux

MalllMHHC HABYAaHHA

0a3oBa aHalIITHKA

STEM-KOMOOHEHT

S, T, E, M (ocobnuBo
aKIIEHT Ha MaTEMAaTHUIIl Ta
HayIIi)

T, E, M (imxeHepis,
TEXHOJIOTII,
aBTOMATH3AIIis)

M, vacTtkoBo T (mpukiagHa
MaTeMaTHKa, Oi3Hec-
AHAJTITHKA)

ITpocrota st
IIOYATKIBII[IB

Cepenns, moTpiOHE
PO3YMIHHS CTATUCTUIHUX

Cepenns, ane motpedye
3Ha#p OOII

Bucoxka, intepdetic
3HAMOMMI O1JIBIIOCTI

IIOHATH CTY/ICHTIB
. . N OOmexeHa
MoxuBOCTI [MigTpumka (ggplot2, MeH1 iHTYiTUBHA IS . .
. T ; A (YHKIIOHANBHICTD,
Bi3yasti3amii plotly, lattice) CTaTUCTUYHUX TpadikiB .
MaJIOIHTEPaKTHBHA

[Taketn g STEM-

CRAN, Bioconductor
(myxe Oararo

Scikit-learn, Pandas,
TensorFlow (¢okyc Ha

BincytHi abo yske 0OMexeHi

OCBITI, JOCHIHKEHHIX

oizuect, IT

3aBJaHb CTaTUCTUYHUX 1 HAYKOBUX ML/AI)
MIAKETiB)
. [Hwupoko [npoke 3acTocyBaHHA y .
Axaznemiune . A [omwmpenuit y mkomnax,
BUKOPHCTOBYETBCS Y Haylli, | MPUKIAAHIN 1HXeHepii, . . -
3aCTOCYBaHHS 0a30Bill BULIIH OCBITI

Binkpuricts /

IToBHicTIO OE3KOIITOBHA,

beskoiroBHa, open-

Yacrkoso ruiatHa (Excel),
oOMeKeHa Y BUTbHOMY

onTuMizarii

(Spark, Dask)

JIIEeH31s open-source source .
HaJIaIlTyBaHHI
ITigxomuts mist cepennix | Kpame macmradyersest
. AXOMHTE A pea pa Yy [Torano nparoe 3 BETUKHUMU
Po6ora 3 Big Data 00CSTIB; € MaKEeTH IS JUTS BEJIUKUX JAHUX

Habopamu (>1 MITH PSIZIKIB)

MoBa HaBuaHHS
CTATUCTUKU

Hatikparne nigxonuth
3aBJISIKU «CTaTHCTUYHOMY
KOPIHHIO»

[Motpebye nomaTkoBUX
010/110TEK 1 YaCcTO —
00X THUX PillICHb

ITigxXoquTh JIAIIE IS
0a30BUX TEM

HaguansHi pecypcu
YKPaiHCHKOIO

OOMekeHa KIJIbKICTb, ajie €
TepeKIIaIeHI KypCH

binbmre mitepatypu i
KypciB

Hyxe Garato marepiaiiB

[TopiBHSHHS 1a€ 3MOTY HE JIMIIE OLIHUTH MepeBard R sk 0CBITHBOTO IHCTpyMEHTa, a i Kpaiie
3pO3yMITH HOTO MiCIe Ccepel IHIIUX TPOrpaMHUX 3ac00iB, sIKI MOKYTh BUKOPUCTOBYBAaTHCS Y BUKJIa-
JIaHHI CTaTUCTUYHMX JUCUMILIIH. MoBa nporpamyBanHs R nae 3mory:

—peai3oByBaTH HABYAJbHI MPOEKTH 3 aHANI3y peajlbHUX HAOOPIB JaHHUX (HANpPUKIA, 13 Bij-
kputux mxepen: Kaggle, UCI Tomo);

— IEMOHCTPYBATH 3aCTOCYBaHHS CTATUCTUYHUX METO/IIB Uepe3 IHTEPAKTUBHI Ipadiku Ta MOJENI;

—BUBYATH TeMHU HMOBIpPHOCTEH, perpecii, KIaCTEpHOTO aHalli3y, MePEeBIpKU rinoTe3 yepes 0e3-
MOCEepETHE MPOTPaMyBaHHS MOJIEIICH;

— (hopMyBaTH y CTYJICHTIB aHAJIITHYHE MUCIICHHS Ta HaBUYKK Data Science Ha MpaKTHYHOMY PiBHI.

R Mae HM3KY CyTTEBHX mIepeBar, siKi BUPI3HSIOTH ii cepel 1HIIMX 3aco0iB aHami3zy naHux. Lle
3YMOBJIIO€ HasIBHICTh BEJIMKOI KUIBKOCTI CHEIialdi30BaHMX MAKETiB JUIsl MEPEeBIPKU CTAaTUCTHUYHUX
rinores, MOJIEIOBaHHs, 00pOOKH pe3yabTariB Ta MOOYJ0BH J0OBIpUMX iHTepBaiB. Takuil miaxia gae
3MOTY CTY[CHTaM HE JIUIIIe KOPUCTYBATUCS TOTOBUMH IHCTPYMEHTaMH, a i muoIe po3yMiTH mare-
MaTH4HY CyTh CTaTUCTHYHUX onepauiil. [laketu ggplot2, lattice, plotly Ta iH. naroTh 3Mory OynyBatu
THYYKi, 0araromapoBi, BUCOKOSIKICHI Tpadiku, 110 BaXKIUBO AJIs TOCTIIHUIBKOI AisTIBHOCTI Ta Ipe-
3eHTalil pe3yabraris. Lle cnpusie opMyBaHHIO y CTYACHTIB Bi3yaJIbHOTO MUCIICHHS Ta BMiHb 1HTEp-
MPETYBATH JJaH1 Ha OCHOBI Tpa)iYHUX penpe3eHTAIII.
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3HauHOIO TIepeBaroro R € oro 3pydHicTh y poOOTi 3 TAOMUMYHUMU JaHUMH, 30KpeMa 4epe3 Taki
naketH, sk dplyr, tidyr, data.table, sixi 3a6e3neuyt0Th BUCOKY YUTAOENIBHICTh KOy Ta €(EKTHUBHICTh
00poOKHM BeTMKUX MacuBiB iH(opmarlii. [le 0coOMMBO BaXIIMBO TiJ] Yac HABYAHHS aHATI3Y JaHUX 13
BIJIKpUTHX JKepen abo pealbHUX KEeHUCIB.

BucHoBku

VY xoni mocmiKeHHs 0OIpyHTOBAaHO JOLIIBHICTh BUKOPUCTAHHS MOBHU NporpamyBaHHs R sk
iHcTpyMenTa peamizauii STEM-niaxony y BHKIaAaHHI CTaTUCTHKHM Ta aHami3y AaHUX. 3poOieHi
BHUCHOBKH JJaIOTh 3MOTY MIJKPECIUTH TaKl KJIIFOYOBI1 IOJIOKEHHS:

— CydYacHa OCBiTa MOTpedye MPUKIIAIHOT OpIEHTAIIT, IO MOXe OyTH 3a0€31e4YeHO 3aB/IIKU 1HTe-
rparii MaTeMaTHYHOI Teopii 3 IHCTPYMEHTAaMH NPAKTUYHOTO aHATi3y JaHUX;

—STEM-minxix CTBOPIOE YMOBH UISI PO3BUTKY KPUTHYHOTO Ta AJITOPUTMIYHOTO MHCICHHS
CTY/ICHTIB, (popMyBaHHS BMiIHb IpaIfoBaTH 3 1HGOPMAIIIEI0 1 3aCTOCOBYBaTH CTaTUCTUYHI METOIH
y peaslbHUX CIIEHapIsX;

—MOBa MporpaMyBaHHs R € e()eKTHBHUM OCBITHIM 1HCTPYMEHTOM, SIKHI MOEJHYE YCi KOMITO-
Hentu STEM: Hayky (aHaii3 1 MOACIIOBAHHS JAaHHWX), TEXHOJOTII (IIporpamMHi IMakeTH Ta Cepelo-
BHUIIE), IHXKEHEPito (PO3pOOIICHHS PillieHb 1 MOJIeNiel) Ta MaTeMaTUKY (CTaTUCTHYHUH amapar);

—3acTocyBaHHs R y HaByaspHOMY Tporieci cripusie opMyBaHHIO HaBU4IOK Data Science.

He3Baxaroun Ha MOMYJISAPHICTh 1HITUX MOB IpOrpaMyBaHHs B aHaJI31 JaHKX, 30kpema Python,
MoBa R 30epirae yHikanbHI IepeBaru came y BUKJIaJaHHI cratucTuku Ta peanizanii STEM-mia-
xony. Bona moeaHye rmuOoOKuii MaTeMaTHYHUH amapar i3 MHUPOKUMHU MOXKIMBOCTSIMH Bi3yaizaii,
MOJICTIOBAHHS Ta OMpAIIOBaHHS JaHUX, 1[0 POOUTH 1 HAMOLIBII MPUPOIHUM CEPENOBHUILEM IS
(bopMyBaHHs MPUKIATHUX HABUYOK aHali3y iHpopmarii. Bukopucranns R y HaByansHOMY mporeci
CHIpUSiE PO3BUTKY KPUTHYHOTO Ta aJTOPUTMIYHOTO MHCICHHS CTY/IEHTIB, IiJBUIIYE iXHIO MOTHBA-
IIFO JTO BUBYEHHS CTAaTUCTUKHU ¥ 3a0e31medye MK IUCIMIUTIHAPHUAN T1AX1]T 10 BUPIIICHHS MPAKTUYHUX
3aBJaHb. Y KOHTEKCTI Cy4acHHUX TEXHOJIOTIYHHMX TPEHIIB 0COONMBOi Barm HaOyBae BHUKOPUCTAHHS
CTaTUCTUKU Ta MOBHU R I MIATOTOBKU CTYAEHTIB 0 poOOTH 13 CHCTEMaMH HITY4YHOTO 1HTEJIEKTY,
aJpke came WMOBIPHICHI Mozieni, MeToau kiacudikarlii, perpecii, Kiactepusallii Ta MporHo3yBaHHs
CTAHOBJIATH OCHOBY O1BIIOCTI AITOPUTMIB IITYYHOTO IHTEJIEKTY.
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O.M. ®POJIOB

Hauionanbhuii yHiBepcuTeT kopabieOyayBaHHs iMeHi ajmipana Makaposa

C.P. CEJIIBEPCTOBA

XepCcoHChKa JIep)KaBHA MOPChKa aKaIeMist

MOJEJIIOBAHHA PO3IOALTY JOMIIIKHA B BA3I 1JIs1 OITEPATUBHOI'O
PO3PAXYHKY CTPYKTYPHU JPEM®OBOI'O N-P-N-TPAH3UCTOPA

Ha ocrosi modentosanns peanvroeo po3nodiny domiwiku 6 0a308itl 001ACMI  PO32NAHYMO NPodieMy onepamus-
HO20 PO3PAXYHKY CIMPYKMYpU Opelhosux OinoasApHux n-p-n-mpausucmopis. Ilokasano, wo napamempu ma eiekmpuini
xXapaxmepucmuxu Opeiposux mpan3ucmopie micHo noe a3ami 3 KOHYeHmpayiuHum npoghinem a1e2yiouoi domiwiku, AKUL
BUBHAUAE eTUOUHY P-N-Nepexoois, Hanpyey npodor ma Koe@iyieHm nOCuieHHs: CIpymY.

Jlooamkoeo yeti KoHyeHmpayitiHuLi npoine 6nIUBAE HA YACMOMHO-IMNYIbCHI XAPAKMEPUCMUKI MA HA WITbHICIb CMPYMY
uepe3 mpanzucmop. Y pobomi npoananizo8ano cyuacti mexHonoeiuni npoyecu Gopmyeants 6azoeux ooracmell y KpemMHieeux
cmpyKkmypax Opetighosux mpaH3ucmopis, 30Kkpema 6niue 003 IOHHO20 N1e2y8ants 60poM, MeMnepamypu ma Yacy mepmMidHo2o
PO320HY OOMIWKY 8 630601 0ONACMI, 4 MAKOX}C POb KoehiyieHma cezpe2ayii 3a 83aEMO0ii OOMIUKU 3 WAPOM OKCUOY KDEMHITO.

Ha ocnosi excnepumenmanohux 0anux wjo0o enubunu p-n-nepexoois ma eieKmpuyHux napamempis opeuposux
MPAH3UCMOPIB PIZHUX MEXHOLOIUHUX Cepill NPOBEOEHO V3a2AIbHeHHs Pe3yIbMAamie I USHAYEHO CNPOWeH)y aHATIMUYHY
MoO0ens 071 ONUCY peanbHo20 po3nodiny domiwku 6opy 6 6aszosiu obnacmi. 3anponoHOBaHO eMNIPUYHI 3ANeHCHOCTI, AKI
36 A3y10mo 2NUOUHY PO3MAULYBAHHS MAKCUMATIbHOT KOHYeHmpayii OOMiuKu 3 000ymrkom Koegiyienma duqbysii' Ha uac
mepmiuHoi 00poOKu ma 3 003010 ne2ysants. OMpUMaHo 6upas Ols POSPAXYHKY SUOUHU X,, MA MAKCUMATBHOL KOHY€H-
mpayii N, . AKi 3a0e3ne4yioms MONCIUGICIb OYIHIO6AHHA HANPY2u NPoGOI0 eMIMEPHO20 p-n-nepexody be3 nposedenHs
CKAGQOHUX MextHono2iuHIxY 8UNPOOYBAHD.

TlopieHsHHA eKCNEePUMEHMATLHUX MA PO3PAXYHKOBUX OAHUX NOKA3AN0 KOPEKMHICMb Pe3yabmamis (po30ijcHicmy
ne nepesuwye 0,1%), wo niomeepooicye 0ocmogipuicmes 3anpononosanoi mooeni. Busnaueno, wo onmumanvhi enex-
MpUYHI Xapakmepucmuxu opei@dosux mpau3ucmopie 00ca2aiomovcsl 3a ymosu 30iey enubuHy emimepHo20 p—n-nepexooy
3 2NUOUHOIO MAKCUMATbHOL KOHYenmpayii 6a3060i OoMiwKU. 3anponoHosana mooens modce Oymu UKOpUCMAana O7is
WBUOKO20 NPOSHO3YBAHHA NApamempis Opeliposux mpan3ucmopis Ha emani NPOEKMY8AHH MIKPOCXeM i 0a€ 3M02y CKO-
POmumu KinbKicms eKCHepUMeHmanbHux emanie mexuono2iuno2o yukiy.

Knrouosi cnosa: opeiighosutl n-p-n-mpan3ucmop, po3nooin QOMIuKU, MOOCTOS8AHHS, IOHHE 1e2y8aAHHs DOPOM.

AN. FROLOV
National University of Shipbuilding named after Admiral Makarov

S.R. SELIVERSTOVA
Kherson State Maritime Academy

SIMULATION OF IMPURITY DISTRIBUTION IN THE BASE FOR OPERATIONAL
CALCULATION OF THE STRUCTURE OF A DRIFT N-P-N TRANSISTOR

Based on modelling the actual distribution of impurities in the base region, the problem of rapid calculation of the
structure of drift bipolar n—p—n transistors is considered. It is shown that the parameters and electrical characteristics of
drift transistors are closely related to the concentration profile of the doping impurity, which determines the depth of p—n
transitions, breakdown voltage, and current gain.

Additionally, this concentration profile affects the frequency-pulse characteristics and the current density through the
transistor. The paper analyses modern technological processes for forming base regions in silicon structures of drift transis-
tors, in particular the influence of boron ion doping doses, temperature and time of thermal diffusion of the impurity in the
base region, as well as the role of the segregation coefficient in the interaction of the impurity with the silicon oxide layer.

Based on experimental data on the depth of p—n junctions and electrical parameters of drift transistors of vari-
ous technological series, the results were summarised and a simplified analytical model was determined to describe the
actual distribution of boron impurities in the base region. Empirical dependencies were proposed that link the depth of
the maximum impurity concentration with the product of the diffusion coefficient and the heat treatment time and with the
doping dose. An expression has been obtained for calculating the depth x. and maximum concentration N, which make
it possible to estimate the breakdown voltage of the emitter p—n junction without conducting complex tec?znologlcal tests.

A comparison of experimental and calculated data showed the correctness of the results (the discrepancy does not
exceed 0.1%), which confirms the reliability of the proposed model. It has been determined that the optimal electrical char-
acteristics of drift transistors are achieved when the depth of the emitter p—n junction coincides with the depth of the maxi-
mum concentration of the base impurity. The proposed model can be used for rapid prediction of drift transistor parameters
at the microcircuit design stage and allows reducing the number of experimental stages in the technological cycle.

Key words: drift n—p—n transistor, impurity distribution, modeling, boron ion implantation.
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IHocTanoBka npodiaemMu

CyuacHa eNneKTpOHHA Ta PaJioe]IeKTPOHHA anaparypa IIMPOKO BUKOPHCTOBY€E HAIlIBIIPOBIIHH-
koBi BUpoOu. [Topsiz 13 MOCTIHHUM PO3IMIMPEHHSIM HOMEHKIIATYpH Ta BUITYCKOM MIKPOCXEM MOCTIHHO
301IBIIYIOTHCS HOMEHKJIATypa Ta BUIYCK AUCKPETHUX HAMiBIPOBIIHUKOBUX MPUIIAIiB: A10/1iB, TPaH-
3UCTOPIB, THPUCTOPIB, YCUIIKUX JaTYHKIB.

Oco0nuBe MicIie cepen TMCKPETHUX MPUIIAIiB 3aiMar0Th TPAH3UCTOPH, K1 B armapaTtypi JarTh
3MOTY He JIUILE 30UIbIIYBaTH CUTHAJIM, a i 3A1iCHIOBAaTH TUIABHE 1 TOYHE PETyIIOBaHHS EIEKTPHUYHUX
CUTHaMIB. 3a crlocoOOM YIpPaBIiHHA PO3PI3HAIOTH OIMOJSIPHI Ta MOJIBOBI TPAH3UCTOPHU. bimomspHi
TPAH3MCTOPH MCHII CXWJIBbHI JI0 BILIMBY CTATHYHOI CNICKTPUKH, MAKOTh Kpalluii Nokasuuk f-U,
1 IK TUCKPETHI MPUJIa i IIHUPOKO 3aCTOCOBYIOTHCS. PO3PI3HAIOTH 1BI CTPYKTYPH OIMOJIIPHUX TPAH3U-
cTopiB — Apeiidosi Ta 6e3apeiidosi [1]. Cnovyarky Bummyckanucs 6e3apenoBi TpaH3UCTOPH, y SIKUX
0a30Bi 001aCT1 JIETYBaJIM TMOCTIHHOT KOHIIEHTPAIII€I0 JOMIIKU. Y ApeoBUX TpaH3UCTOpaxX y Oasi
CTBOPIOETHCS MPUCKOPIOBAJIBHE TOJIE 32 PaXyHOK HEPIBHOMIPHOTIO JIETyBaHHs 0a30BUX 00acTel, 110
J1a€ 3MOTY MaTH OUTBII BHCOKI KOS(IIIEHTH TTOCUIICHHS 32 OTHAKOBUX HAINPYT MPOOOI0 TPAaH3UCTOPIB
1 BUIL TIOKA3HUKH f,* U, ;- 11apamMeTpy Ta XapakTepuCTHKH npeioBUX TPaH3UCTOPIB Oe3mocepe-
HBO MOB'sI3aHi 3 PO3MOIITIOM JJOMILIKH Y 0a30BUX 00JACTAX TPAaH3UCTOPIB.

AHaJIi3 0CTaHHIX AOCTIIAKEHb I myOikamin
CyuacHuif KpeMHi€BUH Jpel(oBHIl n-p-n-TpaH3UCTOP CTBOPIOETHCS B E€MiTaKCiMHOMY mIapi
N-TUITY TTPOBITHOCTI, HAHECEHOMY Ha BHCOKOJIETOBAHY ITiIKJIAJKy N+-TUITY, TH(]y3i€t0 TOMIIIKH OOpY
JUTsl popMyBaHHs 0a30BUX 00JIACTEH Ta MONAIBINOI Audy3ieto goMimku Gocdopy ais hGopMyBaHHS
emiTepiB. BilmoBiiHO 10 TEOPETUUHUX BUPA3IB PO3paxyHKy JU(y31HHUX IIapiB y KPEMHII, PO3MOILI
JIOMIIIIOK Y CTPYKTYpi Apei(oBOro n-p-n-TpaH3ucTopa HaBeACHO Ha puc. 1.

N
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Puc. 1. Po3noxia nomimok y apeii¢oBuX n-p-n-TpaH3ucTopax
OCHOBHUMH €JIEMEHTaMH PO3TOALTY €:
— Ne5 — KOHIICHTPAIIiS JTOMIIIKHA Ha P-N-TIEPEX0/Il «eMiTep — 0a3zay;
-N_— KOHIICHTpAIIiS IOMIIIIKH Ha P-N-TIEPEX0Ii «KOJIEKTOp — 0a3ay;
— N, — noBepxHeBa KOHIIEHTpaIlis 0a30BOT JIOMIIIKH;
—N_, — noBepxHEeBa KOHIEHTPALIIS EMITEPHOT JOMIILIKH;
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— X,,— ITHOMHA P-N-IIEPEXOy «emitep — 0asay;

— X~ IMOUHA P-N-TIEPEXOY «KOJIEKTOp — 0azay;

— W, — ToBuMHa 6asu;

-W — TOBIMHA BUCOKOOMHOTO KOJIEKTOPA.

SIK 3aXMCHI Ta MacKyroyi IIapu Ui KPEeMHI€BUX IMPHJIAAIB IIMPOKO 3aCTOCOBYIOTHCS IIApH
OKCHJly KpeMHito [2; 3], cepen SKUX HalKpalUMH BIACTUBOCTSIMU BOJIOZAIE TEPMIUHUNA OKCHJI KPEM-
HIiIO, CTBOPIOBaHUH 3a BUCOKUX Temrieparyp (moHan 800—900°C) B okucmrorodiit atmocdepi (KUCeHBb
Ta/abo mapu BOIN).

[Tix yac po3poOiieHHs] HOBUX BUPOOIB 3a 33JaHUMU 3HAUEHHSIMU MapaMeTpiB Ta XapaKTEePUCTUK
TPaH3UCTOPIB (HAPYTH POOOI0, KOSHIIIEHT TOCUIICHHS ) POBOAMTHCS MOTMIEPETHII OTIepaTUBHUMA PO3-
PaxyHOK PO3IOALTY JIOMIIIKK B 6231 TPAH3UCTOPA, 3a SKOr0 BU3HAYAIOThCs napameTpu N, Xy N X,

Peanpuuil po3noain qoMimiky 60py B 0a30BUX 00JACTIX N-p-N-TPAH3UCTOPIB BIPI3ZHAETHCS BiJ
TEOPETUYHOIO 3a PaXyHOK HPOsBY e€(eKTy Mepepo3noiay NOMIMKH Ha Mexi posairy Si-SiO,, Ta
yepe3 BIUIMB KoedirieHTa cerperaiii [4; 5]. Lli epextn nmpu3BoAsSTH A0 TOTO, 110 YACTUHA JIOMIIIKH
60py, K00 GopMyIOTh 0a30BY 00JIACTh 332 TEPMIYHOTO OKHCIICHHS, W]IE B IIap OKUCIY KPEMHII0, 110
pocte. Y pe3ynbTaTi [bOTO pealibHa MOBEPXHEBa KOHIEHTpallis OOpY cTae MEHIO, HIX 3a Teope-
TUYHHUM PO3pPaxyHKoOM (puc. 2).

Nso
NQ() 1
Nsoz

N,

503

X

Puc. 2. Po3nonin nomimku 6opy 3a pisHnx koedinieHTiB cerperamii

Po3pobiieHi MeTOMKH PO3paxyHKy PEaIbHOTO PO3MOAUTY TOMIMIKH OOpy B 0a3i BUMararoTh
JaHUX MPO 03y JOMILIKK 00py, PO TEMIEpaTypy Ta Yyac MpoIecy PO3TOHKU JOMIILIKH, TPO TOBLIUHY
OKcHIly HajJ 0a30BOI0 OOJIACTIO, MPO CEPEOBHINE, Y SKOMY MPOBOAMTHCS PO3TiH JoMilku [4; 5].
OpHak 3a MOMEepeIHbOTO PO3PAXYHKY MapaMeTPiB PO3MOILTY JOMIIIKK 33 3aJaHUMH TMapaMeTpaMu
Ta XapaKTepUCTUKAMU TPAH3UCTOPA, 10 IPOBOIUTHCS 32 METOIUKOIO, HaBEIEHOO Y [6], 111 JaHi Bij-
CyTHi. BiTbIIiCTh IMX TaHUX BU3HAYAETHCS 32 JTAHUMH PO3PaxXyHKy PO3IOALTY TOMILIKU B 0a3i.

Meta pocJaiaKeHHs
MerToro TOCHiIKEHHS € BU3HAYEHHS CIIPOIIEHOI MOJIeNi pO3MOALTY AOMIIIKK O6opy B 6a3i s
MIPOBEICHHS ONIEPATHBHOTO PO3PaxXyHKY MapaMeTpiB CTPYKTYpH APei(POBOTO N-p-n-TpaH3UCTOpA.

Buxkiaa ocHOBHOI0 MaTepiaJy J0CTiIKeHHS
Jns BU3HAYEHHS 3aJIEKHOCTEH MapamMeTpiB Ta XapaKTepUCTUK Aper(oBOro OIMoIsIpHOTO
N-p-n-TPaH3UCTOPA BiJl PO3MOILTY JAOMIIIKH B 0a3i MPOBEACHO €KCIIEPUMEHTANIbHI JOCIIHKEHHS 32
PI3HUX TEXHOJOTTYHUX PEXKHUMIB CTBOPEHHS TPAH3UCTOPIB Yy OIMOISIPHUX MIKpPOCXEMaX.
Bynu BUKOpHCTaHi KDEMHIEBI IIIACTHHY 3 PI3HUMHU MATOMUMH OTIOPAaMH (p_ ) €MITaKCIHHKX IapiB.
®dopmyBaHHs 0a30BUX oOiacTeil mpoBomawiiocs micis doromitorpadii mia 6a3oBi 001acTi pi3HUMH
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nosamu 6opy (Q,) 3a IONIOMOTOI0 I0HHOTO JIETYBaHHS HA YCTAHOBKAX 10HHOTO JIETYBaHHs THITy «Besy-
Bili-3M» 13 MOJANBIIUM [IEPEPO3MOILIOM AOMIIIKH (PO3TiH JIOMIIIKK) 32 PI3HUX BUCOKHUX TEMIIEPATYP
(7; ) Ta piI3HHUX YaciB (tp). Hudysist pocdopy st hopMyBaHHS eMITEPIB IPOBOIMIACS MMICIsS (HOTOIITO-
rpadii mig emiTepu nusIXoM ogHOCTaAiHOI mudy3ii pocdopy 3a Temneparypu 1040°C. ITicns audy-
3ii hocdopy mpoBonmacs (oromitorpadist s po3THHY BIKOH 10 nudysiiinux obnacreii. [Tapamerpu
TPAH3UCTOPIB BU3HAYAJIUCS HA TECTOBUX TPAH3UCTOPAX BUMIPIOBAuUiB MapaMETPiB HaliBIPOBITHUKO-
BUX NpuiafiB Ty JI2-56. [muOuna emMiTepHOro Ta KOJIEKTOPHOIO p-N-Nepexo/iiB BU3HaYagacs MeTo-
JIOM «11ap — 1uti(h» Ha TECTOBHX pernepax, CTBOPEHUX Y KOKHiH rutacTuHi. [licis oTpuMaHHs MiHIMAaIb-
HUX KOe(]IIIEHTIB TOCWIIEHHS TTpoBoauiacs Aopo3rin Gocdopy 3a temneparypu 900°C. Sk mokazamu
pe3yapTaTH BUMIPIOBAHHS IIMOWHU P-N-TIEPEXOIiB, i Yac IT0po3roHy ¢Gocdopy 3MiHIOBATIHMCS TIH-
O1Ha eMiTepHOTO p-n-repexoy 1 kKoeilieHT NOCUIICHHS TPAH3UCTOPA, IPOTE Yepe3 Maly TeMIIeparypy
IporIecy TMOMHA KOJIEKTOPHOTO P-N-TIEPEXO/Ty MPAKTUIHO HE 3MIHHIIACS.

JlaHi 1110710 3aCTOCOBYBaHMX TE€XHOJIOTIYHUX MPOIECIB TA MPOBEACHUX BUMIPIOBAHb HABEICHO
B Tabm. 1.

Tabmuus 1
TexHOoJIOT14HI pe)KUMHU Ta JaH1 BUMIPIiB
TexHOJIOoT1uHI peKUMH Jlani BumipiB
I'mubuna p-n Enexrpuuni mapameTpu
No P, 0, T, l TIePEXOiB, MKM
Om-om | mxKn/em? | o€ XB e v Blu B Yswr
x/e x]_K K60’ k20> B
1.1 1,51 243 37,0 | 23,0
1.2 1,91 357 342 | 23,0
13 2,5 4,0 1180 | 200 224 3,60 720 149 287 | 23.1
2.1 1,39 140 19,7 | 11,5
22 1,62 235 17,3 | 11,6
>3 1,2 15 1150 | 110 1.84 2,62 330 68 150 | 1.5
3.1 1,21 95 20,1 8,3
3.2 1,46 137 18,3 8,2
33 1,2 50 1150 | 85 L6l 2,51 220 62,8 162 8
4.1 1,17 147 8,1 10,9
4.2 1,29 295 6,8 11,1
13 0,3 15 1150 | 80 L4 1,87 465 28,1 61 1.0

SIK BUIHO 3 JaHMX BHUMIPIOBAHHS €JIEKTPUYHUX MTApaMeTPiB TPAH3UCTOPIB:

— KOE(ILIEHTH MOCUIIEHHS CTPYMY Y CXEMI i3 3arajabHUM eMiTepoM (h,, ) Ta Hampyra mpoboo
(U,,), 3anexars Bix ToBMHKM Oa3u Ta Hanpyru (U ), 110 MOBHICTIO y3TOMKYETHCS 3 TEOPIEKO Ta
M ATOPSIKOBYE€THCSI BIIOMUM PO3PAXyHKOBUM (POpPMYIIaM.

— Hanpyra npo6oro (U . ) 3a1ekKUTh BiJl NIHOMHK KOJIEKTOPHOTO P-N MEPEXOY, BiJl IIUTOMOTO
OTIOpYy eMITaKCIMHOTO 1mapy Ta BiJ JO3H JOMIIIKH, [0 TAKOXK Y3TOKY€ETHCS 3 TEOPI€IO Ta MiINOPsa-
KOBY€ETBCS BIZIOMHM PO3PaxXyHKOBUM (OpPMYIIaMm.

— Hanpyra 1po6oo (U ) He 3a1eKuTh BiJl NIMOMHKU EMITEPHOTO P-N MEPEXOILY, AJIE 3AIEKHUTH
B[l 03U JIOMIIIKH, TEMIIEPATypH 1 4acy po3roHKH 0a30BOi JOMIIIKH, TOOTO, BiJ 100YyTKY (DF).

Binmomo, 1m0 Hanpyra JaBHHHOTO POOOI0 BU3HAYAETHCS KOHIICHTPALIEI0 IOMIIITKH HA P-N Mepe-
X0/l Ta BiJI bOTO Tiepexoay. BinmosimHo 1o [7] ams eMiTepHOro p-n Mepexoay BeIMYWHA HAIIPYTH
po0OO0I0 MPAKTUYHO 30Ira€Thes 3 HAMPYTOl0 IUIOCKOTO CTYIIHYACTOro p-n nepexoxy. MakcumaibHa
KOHIICHTpAITis TOMIIIKH B 0a3i, ika BU3HAYAE HAMIPYTY JIABUHHOTO TIPOOOI0 EMITEPHOTO P-N MEPEXOY
(U,,,) Bu3Ha4aeThes 32 popmysioro [8]:
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2,7-10"
10,5 (1)
U _ b

2@l.?;. 0,72
(U?@l,?;.)

JlaHi po3paxyHKiB MaKCUMaJIbHOI KOHIIEHTpalii y 6a3i HaBeJeHo B Ta0. 2.

Tabnuus 2
JlaH1 po3paxyHKiB MaKCUMaJIBHOI KOHIIEHTpaIlii B 6a3i
Homep nuiactunmn

11 [ 12 | 13 [ 21 [ 22 | 23 [ 31 ] 32 |33 ][4 42| 43
O, MxKi/cm? 4 15 50 15
—p,OM-cMm 2,5 1,2 1,2 0,3

X, MKM 1,51 | 1,91 [ 224 | 139 [ 1,62 | 1,84 | 121 | 1,46 | 1,61 | 1,17 | 1,29 | 1,42
U_,B 230|229 (229 | 11,5 | 11,6 | 11,6 | 8,3 8,2 83 | 11,0 | 11,0 11,0

16
NosmaeX 101 4331 4 36 1 436 | 147 | 145 | 145 | 30,0 | 31,0 | 30,0 | 161 | 161 | 161

eo.max’

cm

3 aHami3y JaHUX, HaBeJeHHUX y TalJs. 2, MOKHA OaYMTH, 1110 32 OyIb-IKOi TNIMOMHU €MITepHOTO
p-N-TIepexo/y BENMYMHA HANPYTU MPpo0oro U BU3HAYAETHCS PEATBHOK0 MaKCMMAJIbHOKO KOHIIEHTpa-
Ii€0 JOMIIIIKK HAa OCHOBI TPaH3HUCTOPA.

Xoua OII3 p-n-niepexony «emitep — 6a3a» Mae HEBEIHMKY BenuuHy, ane 1151 OI13 3a Oynb-sikoi rm-
OuHM emiTepa niepeTuHae 6a30By 00JIACTh 13 MAKCUMATHHOIO KOHIICHTPAITIEI0 0a30BO1 IOMIIIIKH B peaib-
HOMY PO3TOALTI IOMIIIIKH, IO 1 BU3HAYA€ BETUYUHY HANpyTH Mpo0oro. J[J1st pi3HOT IIMOMHU eMITEpPHOTO
p-n-niepexoy pO3MOJILT IOMIIIOK Y Ipei(OBOMY N-p-N-TPaH3UCTOPI MPEICTABICHO HA pUC. 3.

N,ea®

Nemax +

Puc. 3. Peaannuii po3noais fomimoxk y apeiipoBoMy n-p-n-TpaH3ucropa

VY npeiidhoBoMy TpaH3UCTOPI 32 PaxXyHOK HEPIBHOMIPHOTO PO3MOILTY IOMIIIKH B 0a3i CTBO-
PIOETHCSI TPUCKOPIOBaJIbHE TioJie [1; 7], sike MPU3BOAUTH 10 MiABUIICHHS KoedilieHTa MOCHUIICHHS
CTPYMY 1 3MEHIIIEHHS Yacy IpoJIbOTY HOCIIB 3apsay yepe3 6a3y. Okpim Toro, HepiBHOMIpHUN PO3IIO-
JIIT TOMIIIKY B 0a3i TpaH3UCTOPA 332 PaXyHOK OUTBII BUCOKOT KOHIIEHTPAIIT TOMIIIIKK Ha EMITEPHOMY
p-n-nepexozi Jae 3MOTy 3MEHIIUTH TOBHIMHY 0a3u 3a 30epeKeHHs 3a7aHoi HalpyTrH MPOKoTy 0asu.
Bennuuna nanpyru mpoGoro Tpanzuctopa U BH3HAYAE€THCS MEHLIMM 3HAYEHHSM i3 JBOX BHIIB
Hanpyr npoOoro — HAMIPYTH JABHHHOTO MPOOOI0 Ta HANIPYTH MPOKOIY 0a3u. SIK mpaBuiio, y sSKICHUX
Apel(poBux TpaH3UCTOPiB Hatipyra U, = BU3HAYAETHLCS HATIPYTOKO JIABUHHOTO MPOOOI0, sike Ha 5-25%
MEHILIe, HIXK Halpyra MpoKoiy 0asu.
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Sxio rmubuHa eMiTepHOro p-n-niepexony (kpusa 1 Ha puc. 3) MeHIle, HK ITHOWHA MaKCUMAJTb-
HO1 KOHIIEHTpaIlii 6a30BOT JOMIIIKH, TO 3'SIBISETHCS AUISTHKA 3 MOJIEM, 1110 TAIEMYE, 110 IPU3BOIUTH JI0
3MEHIICHHS KOe(iIlieHTa IOCUICHHS 1 10 30UTBIIIEHHS Yacy MPOJIbOTY, IO 3HIKYE TPAHUIHY YaCTOTY.

Skmo rmbuHa emMiTepHOro p-n-nepexony (KpuBa 3 Ha puc. 3) OUIbIIA, HDK ITTMOMHA MaKCH-
MaJbHOI KOHIIEHTpallii 6a30BO1 TOMIMIKH, TO KOS(III€HT MOCUIICHHS 301JIbITY€ETHCS 32 PAXYHOK 3MEH-
IICHHS TOBIIMHM 0a3u, ajie HallpyTa MpoKoIy 0a3u MOYMHA€E 3MEHITYBATUCS 1 MOYKE CTaTH MEHIIOK0,
HDK Hampyra JIJABUHHOTO MPo0O0I0 (7151 KpUBOT 4).

Haiibinpin onTuManbHa CTpyKTypa IperdoBoro Tpansucropa 3a 30iry MIHOWHU eMiTepHOTO
p-n-nepexony 3 MIMOMHOI0 MaKCHMaJbHOI KOHIEHTpaLli TOMIIIKHU B 06a30Biil oOnacti (kpuBa 2 Ha
puc. 3), ToOTO 3 TOUKOIO §#), ToKa3aHOo Ha puc. 3. [Tpu niboMy KoedirieHTH MOoCKIICHHS 1 BCi HAPYTH
npoboro (U, U_ , U, ) TpaH3uCTOpA OJHO3HAYHO BU3HAYATUMYThCS KOHLIEHTPALIIMU JOMIIIKH Ha
p-n-niepexonax Ta iXHIMHU TITHOMHAMH.

[mubuHa po3ranryBaHHs Kpanky 3 MAaKCUMaJIbHOKO KOHIIGHTPAIIEIO TOMIIIKA BU3HAYAETHCS 3a

B1JIOMOIO (hOPMYIIOHO:
B / N,

ne N, — nmoBepxHeBa po3paxyHKOBa KOHIEHTPALLis:

_0-6,23-10" 3
Nyp === 3)
ne O — mo3a 6a30Boi gomiriku (3a Taoim. 1), MxKi/cm?;

— T —4ac po3rony 6a30Boi jomimiku (3a Tadi. 1), c;

— D — xoedimienT qudy3ii 60py, 1110 BU3HAYAETHCS 3a BUpa3oMm [9]:

0,421
D, =5,5-107 ()" -exp] —— 1, 4)

kT

ne k — nocriiina bonbivana, = 8,62-10° , ¢-B/rpan;
— T — Temnepatypa po3roHy Aomimiku (3a tadm. 1), °K.

JlaHi OCHOBHHX TEXHOJOTIYHHX PEXKHUMIB Ta pO3paxyHKiB 3a (opmynamu (1-4) mpuBeneHo
B Tabm. 3.

Tabmura 3
TexXHONOTI4HI PSKUMH Ta PO3PAXYHKOBI BEIMYUHU
TexHoJI0TiYHI pesKUMH Po3paxyHkoBi BeTHIHHU

Homepn D, Dt, Nos N, X ,

HJIaCTIl)lH Q MK:}( a P> T b X102 x10”? X107 x1 6% x10
cM Om:em | °C XB. ) ) 3 3

cM/e cM cM cM cM
1.1-1.3 4 2,5 1180 | 200 6,37 7,6447 1,6084 4,35 1,999
2.1-2.3 15 1,2 1150 | 110 4,43 2,9254 9,7504 14,6 1,490
3.1-33 50 1,2 1150 85 5,12 2,6093 34,414 30,0 1,596
4.1-4.3 15 0,3 1150 80 443 2,1276 11,433 16,1 1,292

BoueBuap, 1o rmubuna (x,,) 3a1CKNUTH BiJ TBOpY (D?) Ta BiJ BEIWYMHU 103U Oa30BOT JOMIIIKH.
3a cTareyHoi 3aJeKHOCT] NIUOWHU (xjm) dhopmya po3paxyHKy HaOyBae BUTTISILY:

https://doi.org/10.32782/mathematical-modelling/2025-8-2-28 ISSN 2618-0332 (print), 2618-0340 (online)
276



ITPUKIIA/THI ITHNTAHHA MATEMATHYHOI O MOJE/IFOBAHHA T. 8, Ne 2, 2025

Xp =A(D)" Q) 5)

ne A — moctidHui KoedimieHT mpOonopIiiHOCTI;
— 0. ¥ f — IOKa3HUKH CTYTICHSL.

JIyis BU3HAYCHHS BEJIMYMHU MOKAa3HWKA CTYIMEHS 0. BUKOPHCTAHO JIaHl TUIACTHH 3 OJHAKOBOIO
103010 0a30B0i gomimku Q=15 MkKi/cMm? YV 11b0My pasi BeJIMUYMHA 0L BA3HAYAIACS 32 BUPA30M:

h Xin(21-23) h 1,490
Xin (41-43) 1,292 01426

- (D res h[z,9254.m9 ]_0,3184
D (11as) 212760 ~°

~ 0,448 (6)

Toni moka3Huk ctymneHs 3 Oyze BU3HAYATHCS 32 BUKOPUCTAHHS JaHHUX MMOETHAHHA PI3HHUX J103
0a30B0Oi JOMIIIKU 32 BUPA30M:

£
(D ) )0,448

B

JlaH1 po3paxyHKy 3a Bupa3om (7) HaBeIeHO B Ta0II. 4.

Tabmuus 4
Pesynbratu po3paxyHky 3a Bupazom (7)

0,/0, 4/15 4/15 4/50 15/50 15/50

pJp, 2,5/1,2 2,5/0,3 2,5/1,2 1,2/1,2 0,3/1,2
x,./Dt; 0,86913 0,86913 0,86913 0,99201 0,99232
x,/Dt, 0,99201 0,99232 1,11796 1,11796 1,11796
In(©,/0,) -1,32175 -1,32175 -2,52573 -1,20397 -1,20397
B 0,10005 0,1003 0,09968 0,09947 0,09902

Cepeone snauenus ff ,=0,0997

[leperBopuBIIM Bupas (5), onepKyroTh GopMyTy po3paxyHKy Koe]ilieHTa MpOropIiiHOCTI A:

X

A= (D )0,448 _(Q)0,997 (8)

Jani po3paxyHKy koedilieHTa A HaBeleHO B Ta0I. 5.

JlaHi po3paxyHKiB MOKa3HUKIB cTyneHs (o Ta ) Ta koediuieHTa nponopuiiHocTi A mMao Bij-
PI3HAIOTHCS, 110 J]a€ 3MOTY BUKOPHUCTOBYBATH JUIsl PO3PAaXyHKIB CEPEAHIO BEJIUUUHY. Y pe3ysbTari
PO3paxyHKOBa IIMOMHA JUIs OLIIHKM MAaKCUMAaJIbHOI KOHIIEHTpAIlii ToMilKu O6opy B 6a3i apeiidoBoro
OIMOJISIPHOTO N-p-N-TpaH3UCTOpa Oy/e BU3HAYATHCS 3a MPOCTOI0 (HOPMYIIOIO:
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Tabmuug 5
3HaueHHs koedimienTa A
0, MxKi/cm? 4 15 50 15
p, OM-cm 2,5 1,2 1,2 0,3
X, x10*, cm 1,999 1,490 1,596 1,292
(Dr)0448 0,000230 0,0001502 0,0001428 0,000132
(Q)*7 1,1482 1,30995 1,4770 1,30995
A 0,7569 0,7573 0,7567 0,7563
| Cepeone snauennsi A=0,7568~=0,757
xm — 0’757 . (D )0,448 . (Q)O,997 (9)

[TopiBHAHHS BENMYMH INIMOUHK X, , IKi OyJIM OTPUMaHI B XOJIi EKCIIEPUMEHTIB (Tabu. 3), 3 JaHUMH,
K1 po3paxoBaHi 3a ¢popmynoro (9) (Tadn. 6), moka3zyrTh HU3BKHUI BIICOTOK po30iXKHOCTI (£A, %),
KU 3HAXOIUTHCS B MEXKaX MOXMOKHU €KCHEPUMEHTY. 3Be/leHI MOKAa3HUKU €KCIIEpUMEHTAJIbHUX Ta
TEOPETUYHHUX JIaHUX HAaBEJEHO B Ta0II. 6.

Tabmuis 6
3Be/leH1 TOKa3HUKU €KCIIEPUMEHTAIbHUX Ta TEOPETUYHUX JaHUX
0, MxKn/cm? 4 15 50 15
p, OM-cM 2,5 1,2 1,2 0,3
x,, x10%, [1a6n.3] 1,999 1,490 1,596 1,292
x,,» Xx10%, [popmymna (9)] 1,999 1,489 1,597 1,291
A, % 0 0,07 0,06 0,08

Hani Tabn. 6 1ar0Th 3MOTYy BUKOPUCTOBYBATH hopmMyity (9) u1st po3paxyHKy MaKCUMaIbHOI KOH-
LEHTpallii 60py B pealbHOMY PO3IOILII TOMILIKH B 0a3i peii(oBoro TpaH3ucTopa n-p-n 3a BUpa3oM:

2
N =N 0] 15| (10)

BucHoBku

MacmraObHe BUpOOHUITBO IIMPOKOTO KJacy €JIEKTPOHHOI armapaTrypu CUCTEM YMpaBiIiHHS Ha
0a3i IHTEeTrpaIbHUX CXEM MOTPeOye YIOCKOHAJIEHHS TEXHOJIOTIYHUX KapT 13 METOK CKOPOUYCHHS KiJIb-
KOCTI omepariii 3a 30epexxeHHs AkocTi npoaykuii. Tomy Oyiio 3acTOCOBaHO MOJIEIIOBAHHS MPOLECY
JIeTYBaHHS JOMIIIKaMU CTPYKTYPH Iper(hOBOTO N-p-n-Iepexoy st OTPUMaHHs ONTUMAIbHUX €JIeK-
TPUYHHMX NapaMeTpiB Ta 0a30BMX XapaKTEPUCTUK 3a CIPOLICHOI MOJENl PO3paxyHKy. Y MiJCYyMKY
OTPHMAHO TaKi Pe3yJbTaTH.

1. OnHO3HAaYHO BM3HAYE€HO MAaKCUMalbHy KoHUeHTtpamioo (N, ) moMimkn 6Opy B pealbHOMY
PO3IOLTI JOMIIIIKK Ha OCHOBI Ipeii(hoBOTO N-p-nN-TpaH3UCTOPA 32 BUPA30M OIIHKU ITTHOMHU X

2. Ycranosneno, mo BenuuuHa N, - ja€ 3MOTy OIL[HMTH OYiKyBaHe 3HAYEHHS BEIMYMHH
HaIpyTu Npo0or eMiTepHOro p-n-nepexoxy U, . 3a ONEPaTHBHOIO PO3PAaXyHKY KOHCTPYKIIii Ta TeX-
HOJIOT11 Apei(oBUX N-p-n-TPaH3UCTOPIB.

3. Haii0inpm onTuMalibHE TMOEIHAHHS ENEKTPUYHMX NapaMeTpiB 1 XapakTepUCTUK Oye
y IpeiipoBUX N-p-n-TPaH3UCTOPIB, Y AKUX NIHOMHA €MITEPHOrO p-n-rnepexoay 30iraerbcs 3 mHou-
HOIO MaKCHMaJIbHOI KOHIIEHTpaIlii 0a30BO1 JOMIIITKH.
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YopHoMmopchbkuii HallioHaIBHUHN yHIBepcuTeT iMeHi [lerpa Morunu

O.I. JUTBMUHEHKO

XepCcoHCHKHUI HABYATFHO-HAYKOBHH 1HCTUTYT
HarmionansHOTO yHIBEpCHUTETY KopabieOyayBaHHS iMeHi anMipana MakapoBa

O.M. AVAYEHKO
XepcoHChKHI HaBYAIbHO-HAYKOBUH IHCTUTYT
HamionansHoro yHiBepcuTeTy KopabneOyyBaHHs iMeHi agmipana MakapoBa

I1.1. TYUEK

XepCOHChKHI HaBYAJIbHO-HAYKOBHH IHCTUTYT
HauionanbHoro yHiBepcuTeTy KopabieOyyBaHHs iM. anmipaia Makaposa,
Exonomiko-rymanitapHa akajemis, Bapmasa (ITonbia)

[.LO. ACTIOHEHKO

XepCcOoHCHKH HAIIOHATFHUHN TEXHIYHUH YHIBEPCUTET

CEPEHAMITIOBI CKIHYEHHI EJIEMEHTMH:
TEOMETPUYHI HIJIXOAU PO3B’I3AHHSA 3ATAYI AITPOKCUMAIIIL
Y METOAI CKIHYEHHUX EJIEMEHTIB

Jlamoro HapoOodicenHs cepenounogux anpokcumayii yeasicacmocs 1968 p., konu 1. Epeamyoic, b. Auponc i O. 3en-
KeguY NOKA3aU, SIK GUNPSAMUMU KPUBOTNIHIUHUL CKIHYEHHUL eneMenm 3a 00nomMo20io nepemeopenisi koopounam. Cvo-
200HI 8 MexHiyi Memooa CKIHYeHHUX elleMeHmi8 maKe NepemeopeHHs AGNAe cobow yeHmpanbHull 3acio. Ak eioomo,
HAUKpawuMu 2panuysamu elemMeHmapHux ooaacmei € Kyco4Ho-noniHoOMIianbHi QYHKYIi 3 mux dice npudut, no AKux OHU
HAUKpawum 4uHOM HAOIUICAIOMb NepeMilyerta: 3 HUMU 3PYYHO Npayloéamu Ha Komn iomepi. Buasuiocs, wo 6ubip
KOOPOUHAM MOXHCIUBO ONUCAMU MUM CAMUM KIACOM NONIHOMIS, i3 K020 bepymbces npobui ¢hynxyii. Taxi nepemeopentis
Hasusaiomy izonapamempuunumuy. Came 60HU CIMUMYTIOBATU NOABY CEPEHOUNOBUX MOoOeTlell y meopii HaOnuiCceHHs PYHK-
yitl 060x u mpvox apeymenmis. Ha dcans, meopyi cepeHOuno602o cimelicmeda CKiHUeHHUX e1eMeHmie 00MeNCUnucs auue
CMAHOAPMHUMU MOOEIAMU, AKI He BIIbHI 8i0 8I0OMUX HeOONIKie. 3a c80iMU THMEPNONAYIUHUMU U 0OYUCTIOBATbHUMU
AKOCMAMU CepeHOUNOsi elemMenmu, 6e3yMOBHO, nepesaxcaroms iazpandicesi. 3adaui nooyo0o8u HecmaHOapmHux mooe-
Jetl, no36ae1eHux KOHKPemHux HeooiKi8, GUABUNUCS 3AHAOMO CKIAOHUMU 01 IX PO38 A3aHH MPAOUYIUHUMU MEMOOaAMU
Mampuunoi aneeopu.

3acmocogylouu ceomempuune MoOen08anHs 8 KOMOTHAYIT 3 MAMPUUHUM AHANI30M, AGMOPU HA NPUKAAOT OIKYOUY-
HO20 Cepenouno8o2o enemenma po3gusaioms meopiio 6a2amonapamempuyHux cepeHOUno8UX anpokcumayitl. 3aayyenns
HOBUX [0ell I HOBUX Memo0i8 Y Meopitd cepeHOUno8uUx anpoKcumayii 30amue 3vwiHumu (iHo0i paouxkaibHo) OesKi ya6-
JneHus. Memoo inmepnpemayiii y MmamemamuiHoMy MOOEMOBAHHI MICMUmMb 0co0IU8Y Npoyedypy nepekiaoanHs noyam-
KOB0I 3a0a4i Ha IHULY MOGY [ PO36 A3V6AHHS 6Jice KIHWIOL» 3a0aUi 3amicmb NOYAMKOB0I, W0 0a€ 3M02y NOACHUMU «Napd-
Q0KCU» CIMAHOAPMHOL MOOEIL.

Knrouosi cnosa: memoo cxinuennux enemenmie (MCE), enemenmu 0ixy6iunoi inmepnonayii — Q16 (enemenm
Jlaepanoica), cepenounie enemenm Q12, inmepnonayiina cinomesa, gyuryii popmu (6azuc CE), inmepnpemayii basuc-
HUx QyHKyinl (pizuxo-mexniyna, ceomempudra, IMOBIPHICHA, IHMe2PaIbHi Ma JOKANbHI YUCL08] XAPAKMePUCMUKU CIAH-
dapmuux 6azucie Q12), gisuuna neadexeamuicmo cepenounosux CE (napadoxc 3enxesuua), koeHimueHno-epagiuHuii
ananiz nopmpemie Hy1boB8020 PIGHSL.
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SERENDIPITY FINITE ELEMENTS: GEOMETRIC APPROACHES TO SOLVING
THE APPROXIMATION PROBLEM IN THE FINITE ELEMENT METHOD

The year 1968 is considered the birth date of serendipity approximations, when I. Ergatoudis, B. Irons, and
O. Zienkiewicz demonstrated how a curvilinear finite element can be straightened by means of a coordinate transfor-
mation. Today, such a transformation represents a central tool in the finite element method. As is well known, the best
boundaries of elemental domains are piecewise polynomial functions, for the same reasons that make them optimal for
approximating displacements: they are convenient for computer implementation. It was found that the choice of coordi-
nates can be described by the same class of polynomials from which the trial functions are taken. Such transformations
are called isoparametric. It was precisely these transformations that stimulated the emergence of serendipity models in
the theory of approximation of functions of two and three variables.

Unfortunately, the creators of the serendipity family of finite elements limited themselves to standard models only,
which are not free from well-known deficiencies. In terms of their interpolation and computational properties, serendipity
elements undoubtedly surpass Lagrange elements. However, the construction of non-standard models free of specific
shortcomings proved to be too complex to be solved by traditional methods of matrix algebra.

By applying geometric modeling in combination with matrix analysis, the authors develop the theory of multipar-
ametric serendipity approximations using the bicubic serendipity element as an example. The introduction of new ideas
and new methods into the theory of serendipity approximations is capable of changing — sometimes radically — certain
established notions. The method of interpretations in mathematical modeling involves a special procedure of translating
the original problem into another «language» and solving this «differenty problem instead of the original one, which
makes it possible to explain the «paradoxes» of the standard model.

Key words: finite element method (FEM), bicubic interpolation elements Q16 (Lagrange element), serendipity
element Q12, interpolation hypothesis, shape functions (finite element basis), interpretations of basis functions: physi-
cal-engineering, geometric, probabilistic, integral and local numerical characteristics of standard Q12 bases, physical
inadequacy of serendipity finite elements (Zienkiewicz paradox), cognitive-graphical analysis of zero-level portraits.

ITocTanoBka nmpoodsieMu

Bararo Ba)ITMBUX 1 IIKaBUX MOAINA Y HAYKOBUX JOCIIDKEHHSIX OB’ A3aHO 3 MOSIBOIO HOBUX TEP-
MiHIB 1 TOHATh. CaMe B TaKUX yMOBax Hapo/yKyBaBcs MeTol ckiHueHHuX enemeHTiB (MCE). Tak
OyJI0 3 TEOPIEI0 eNEKTPOMArHETU3MY, TEOPIE€I0 HMOBIPHOCTEH, TEOPiero KaTacTpod, Teopiero cepeH-
munoBux anpokcumaniii y MCE. Cepennunosi CE mikaBi i nmpuBaOnuBi K HEBUYEpIIHE HKEPEIO
OpUTIHAJIHUX 11€¥ Ta HOBUX pe3y/brariB. CHiBpOOITHUIITBO 1HKEHEPIB 1 MaTeMaTHKiB, 0€3yMOBHO,
30aradye Te€Opilo CepPEeHAMIOBUX alpOKCUMAIlill, aje mpoliieMa CIJIbHOI MOBH JIMIIAETHCS aKTyallb-
Hoto. Ha nmpuknani cepenaumnoBoro enementa Q12 (6iky6iuna iHTepmosswis, 12 By3miB) Mu cripo0y-
€MO TIOKa3aTH NMPUYUHN BUHUKHEHHS HEWITKHUX TINOTE3, HealeKBaTHUX MOJENEH, mapaoKcaTbHIX
pe3yNbTaTiB Ta BiIBEPTUX TOMUIIOK.

AHaJIi3 0CTaHHIX J0CTizKeHb i myOmikanii
VY peanbHUX NBOBUMIPHHUX 1 TPUBUMIPHHUX 3aJjadyaxX TPaHULIl PO3PaxXyHKOBOI 00NacTi, TpaHUI
MDK €JIeMEHTaMHM, a TaKOX I'paHulll moaury (y HEOJHOPIIHOMY CEpEAOBHINI) YacTO KPUBOMIHINMHI
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[1-6]. Came Takuii CE nocmimkysanu I. Eprarymuic, b. Aiponc 1 O. 3enkeBud y 1968 p. [7]. Lle O6yB
SICKpaBUl MPUKJIa/1 YCHIIIHOTO 3aCTOCYBaHHsI 130MIapaMeTpUYHOI TEXHIKH. [30mapaMeTpuyHa TeXHIKa
nosisirae [2; 3] y BUOOp1 KyCKOBO-TIOJIIHOMIQJIbHUX (DYHKIIM JJIsl BU3HAUEHHS NIEPETBOPEHHS KOOP-
nuHaT. TepMiH «i30mapaMeTpUYHI» 03HAdae, 110 I IEPETBOPEHHS KOOPAMHAT BUOUPAIOTH Ti cami
MOJIIHOMM, IO 1HTEPHOMIOTh (hiznyHe nose. Tooto 6a3ucHi (PyHKIT BUKOHYIOTh MOJIBIHHY POJb.
ABtopu [7] He BpaxyBaJId, 110 poJib 0a3uCHUX QYHKIIHM — noTpiiiHa. BOHN BUKOPUCTOBYIOTHCS B 3a/a-
yax Jjokanizanii HaBaHTaxkeHb Ha CE. IlepeTBopeHHs1 KOOpIMHAT CYyTTEBO CHPOIIYEThCs, sIKIIO B CE
HEMa€e BHYTPIIIHIX By3IiB. SIKII0 BHYTPIIIHI BY3JIU €, IEPETBOPEHHS MOXKe OyTH AyKe UyTIUBUM J10
MepeMIIIEHHS WX By3JIiB. MOXIIMBO, aBTOpH [7] criocTepiraiu 1o 0COOIUBICTh 1 caMe TOMY BiIMO-
BUJIMCSI B/l BHYTPIIIHIX BY3/IiB JarpaHxkeBux mojeneid. Tak Oynu BIAKPHUTI LiKaBi i dy»e KOPUCHI
esleMeHTH, siki O. 3eHKeBUY 3alpoNOHyBaB Ha3BaTH cepeHaunoBumiu. Llykaiite acorianito 3 Ka3Kor
1po Tpbox npuHLiB 13 Cepenauny (Cepenaun — ctaponasHs Ha3zBa Llelnony). [Ticas uporo B anmio-
MOBHHX TyOmikamisx 3’ sBuiacs adbpeiarypa EIZ — i3 mepmmx OykB mpi3BHIla aBTOPIB BIIKPUTTSI.
Takum unHoM, y MCE noTpiiiHy pojib BUKOHYIOTh CaM€ CEpPEHIUINOBI (i30mapaMeTpuyHi) MOJEII.
Hama yBara 3ocepepkeHa Ha 3aj1a4ax Jiokanmizamii By3inoBux HaBaHTaxkeHb Ha CE. O. 3enkeBuu [3]
3aJIMIINB HEMOXUTHY AYMKY, 1[0 HABAHTA)KEHHS HA KyTOBI BY3JIM CEPEHIUINOBHUX €JIEMEHTIB MOXKE
OyTH BiJI’€MHUM, 110 POOUTH MOJIENI MPOTUNpUpoIHUMH. CripoOy€eMo 1Mo30yTHCS TPOTUIPUPOTHUX
BJIACTHBOCTEH CEPEHIUIOBHX Mojeliel. BusBisieThes, mo Takux mozeneit — oe3mid. Podoty [8] Ta
MoHorpadiro [9] IiIKOM MPUCBSIUEHO CEPEHIUIIOBUM MOJIENISM, BKIIIOYAIOUN allbTepHATHBHU Ta HOBI
OpUTIHAJIbHI METOAM MOJICTIOBAHHSI.

Merta gociigskeHHsi — Ha KOHKPETHOMY MpuKiIaal enementa Q12 mokasaru, 1o 3adydeHHS
HOBHUX 17Iel 1 HOBUX METO/IIB Y TE€OPii CePEHAUNOBUX aPOKCHUMAIIii 31aTHE 3MIHUTH (1HOMI paju-
KaJIbHO) JIesIKi 3BUYHI ySBJICHHS.

BuxkJiag ocHOBHOTO MaTepiajy J0C/iaKeHHs
Posrnsinemo CE 3-ro nopsiaky (OikyOiuna inTeprnonsuis). Lleit enement mae 12 By3:miB, 110 piB-
HOMIpHO (BKJIFOYAIOUW BEPILMHU) po3TalloBaHi Ha rpanui (puc. 1).

4 10 9 3 1
L X y
1 2 2
1 x 8 ooy
. XX X’y xy? y°
X
12 3 2.2
7 Xy Xy Xy
3y x2y?
]
1 5 6 2 X3y3

Puc. 1. lopTper Jiniii HyJ1b0BOro piBHA PyHKIIl
N, (x, y). Obaacts Bin’emuux 3navens N, (x, y)
3alITPUXOBAaHA

Puc. 2. Cxema Ilackans.
Biky6iunuii exement Jlarpan:ka

Cxema Ilackans (puc. 2) Haraaye Tpo TOXO/DKCHHS CEPEHAMIIOBHX ejeMeHTIB. CroyaTrky
B MCE 6ynu enementu Jlarpamxka. Bynb-skuif MeTO IHTEpIOJIALIl CIUPAETHCS HA TEBHE MPUITY-
IICHHS TIPO 3B 30K 3HAYECHb MOJIS, IO IHTEPIIOIIOETHCS B PI3HUX TOYKax-By3iax. Ha OikyOiuHOMY
eJeMeHTI 3a/1aHo 12 By3I1iB, 1 B KOXKHOMY 3 HUX YBa)KA€THCS BIJOMUM BiJNOBIAHE 3HAYCHHS (QYHKITIT
(rimote3a Jlarpanxa). [aTeprionsiiiHuil moniHOM (IHTEPIONSHT) 3aleKHUTh Bif 12-TH MOHOMIB 3i
cxemu [lackans 1 Mae BUDIIAL:
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f(x:y):iNi(x:y)'fi’ (l)

ne N,(x,y) — Ga3ucHa QYHKIIisL, [0 aCOIIIOETHCS 3 BY3JIOM 1, f, — BY3JIOBE 3HAYCHHS (QYHKII, 110
IHTEPIIOITIOETHCSI.
baszucHi ¢yHKIIiT MarOTh BaXJIMB1 BJIACTUBOCTI:

Nf(xk,yk)={

1, i=k,
0, i#k,

3N, () =1, @

ne k — Homep By3Ja.

YoTupu By3na Ha 001l KBajpara peani3yloTh KyOIdHHM 3aKoH 3MiHM (QyHKIIT 1 3a0€e3neuyoTh
MDKEJIEeMEHTHY HETepepBHICTh Moiis. BaxkinnBa o3Haka ctaHAapTHOI (standard) mopeni: KUIbKICTh
napameTpiB (MOHOMIB) iHTepHoisHTa (1) criBnagae 3 KUIbKICTIO By3:iB. ChOT0/HI B1IOMO, 110 3a/1a4a
MIePETBOPEHHSI JIarpaHKeBO1 MOJIENIi Ha CEpEeHIUIOBY Mae Oe37id po3B’sI3KiB, a CTAaHJAPTHI MOZEI1 He
3aBkau Hakikpaini. Haragaemo, mo ans cranpapraux moxeneid 08 1 Q12 6asucni gynkuii N, (x, y)
Oynu 3HaiieHi migoopom. baszuc enemenra 012 — e yotupu KyToBi GyHKii (hOpMH 1 BICIM IPOMIXK-
Hux. KyroBa ¢ynkuis dpopmu mae Burisf (puc. 3):

N, (x,y)zé(l—x)(l—y)(%xz+y2)—10), 3)

anasnoriuno N, (x,y) musi=2, 3, 4.
[Mpomikaa GyHKItis N (x,y) mae Bursiz (puc. 4):

N () = oo (1= (1) (1-3), 4)

aHayioriudo N, (x,y) msi=6,7, ..., 12.

0254

0.0+

-0.254

Puc. 3. I'padix 6asucnoi pynxuii N, (x, y) Puc. 4. I'padix 6a3ucnoi pynxuii N,(x, y)

He nuBHO, mo koo (puc. 1) npusepnyno yBary I. Eprarynica, b. Aliponca i O. 3enkeBuya.
MOXJIHBO, 1€ CTajocs Il BIUIMBOM aBropuTeTy Ilidaropa, sikuii yBaskaB KOJO HAaHOUIBII TOCKO-
HaJior KpuBoro. Ha HynboBOoMy piBHI (puc. 1) Koj0 MpoXoAuTh Yepe3 yci MPOMIXKHI By3iH. [Hxke-
Hepu 1. Eprarynic, b. Aiiponc 1 O. 3eHkeBUY IPOJEMOHCTPYBAIN He NPOCTUH Miadip, a CpaBXHIN
METOJl TEOMETPUIHOTO MOAIeTIOBaHH (GiHITHUX (yHKUiN. [TopTpeT miHii HYTHOBOTO PiBHS KyTOBOI
noBepxHi N, (x,y) (puc. 1) monomarae 3po6utn kpok i3 2D y 3D i mo6GaunTu napabosoin obepTaHHs.
[TpomixHi moBepxHi (4) — e konoinu. Cxema Ilackans (puc. 2) mokasye, O iCHY€ IIIe JBa Teope-
TUYHO MOXKJIMBHX BapiaHTa BUKOPUCTAHHS CUMETPUYHUX IIap MOHOMIB. BifmoBiani npukianym cyo-
CTUTYT 0a3uciB MokHA 3HaTH B [10].
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Jlokasni3anis HaBaHTaKEHHS Ha BY3JIM €JIEMEHTA 3/11HCHIOEThCS IIJISIXOM 1IHTETPajIbHOTO yCepes-
HeHHs 0a3ucHuX (yHkuii. Ls Tpanuiis 3anouarkosana e Hetoronom 1 Korecom i gac noGynosu
KBagpaTypHuUX Gopmyl Uit GyHKLIH omHOro aprymeHTy. s (QyHKIIT JBOX apryMeHTIB By3JIOBE
HaBaHTAXCHHS BU3HAYAETHCS 32 IIPABUIIOM:

1
Y, :E' N,,(x,y)dxdy, (5)

D

ne S — miomia obmacti D, i — HOMep By3:na.
Jns crangaptaux moaeneit 08 1 Q12 dopmyna (5) nae

=

1
=—17 ¥ KYTOBHX By3nax 08;
1 .
7,=3 Y IPOMDKHUX By3/ax O8;
1
7,=-3 ¥ KyToBux Bysnax Q12;

3 .
7:=1¢ Y IPOMIKHHX By3/Iax 012.

3ayeascenns. Bin’eMH1 XapaKTEepUCTUKU KyTOBUX «HABAHTAKEHBY» — O3HAKA BCIX CTaHAAPTHUX
cepenaunoBux CE. B iHTerpaibHUX XapakTepuUCTUKAaX CTaHAAPTHUX MOeNel aBTop [3] KaTeropuaHo
PO3KPUTHKYBAB MOJIEJI SIK MPOTUTIPUPOHI. [lai MU OKakeMo, 110 3JOPOBUH TITy3] €, a eMOIIiiiHA
KPUTHKA BiJ’€MHHX XapaKTEPUCTUK MOMUJIKOBA. Bimx’eMHMII pe3ynapTar MOABIHHOTO IHTETPYBAaHHS
MIPAaBUIILHUMN, ajie HECTIOIBaHUM A1 1HTY{LIT iHXKeHepa, sIKUi (akTHYHO PO3B’A3y€E 3a1ady Ipo Macy
HEOJHOPITHOI TuIacTHHHU (Hocis (iHiTHOI QyHKii). CMinuBi (axiBii HA3BaIH LEH MapagoKC «TrpaBi-
TallfHUM BIIITOBXYBaHHIMY, aJie 11¢ HE 30BCIM MEPEKOHIIUBO.

KopucHo 3ranatu icTopito BUHUKHEHHs MOABiHHOTO iHTerpany. [loaBiitHi iHTerpanu Brepiue
Oynu onpuimonHeHi Einepom y 1769 p. 1 Manu reomeTpudHuil 3MicT (00’ €M Tina). 3rofom 3’ sBIIIOCS
(hi3uvyHEe TIIyMadeHHsI TOJIBIHOTO 1HTErpally, HapHUKIaa Maca HeOAHOP1aHOT mmacTuHu. Ctepeome-
TPUYHMI aHaNi3 KyTOBUX 0a3ucHuX (QyHKIUIH a priori moka3sye, o (Hi3MuHUM miaxXia 10 HOABIHHOTO
IHTErpyBaHHs npu3sene A0 abcypay. MCE Buraganu iHxeHepH, TOMY NepeBa)kHa OUIBLIICTh TEPMI-
HIB Mae TexHiuHu# ((pi3uuHmii) xapakrep. Hemopo3yminas 31 crangaptaumu O8 1 Q12 mMoxe JiKkBi-
JyBaTH METOJl iHTepIpeTaliii, KOHKPETHO — FTeOMETPUYHUH MiIXiI.

I3 reomerpuyHOro momisAy NoABIMHUE 1HTErpan ¢opmyiu (5) BU3HaYae 00’€M IMIIIHIPUY-
HOTO Opyca (UMJIiHIPOina), a Mporeaypa IHTErpaJbHOTO YCEPETHEHHSI — CEPEIHIO aIuTiKaTy KyTo-
BOi moBepxHi N, (x,y). Unrau yxe MOMITHB, [0 3’ IBUBCS 3[0POBHI IIIy31. A 3HAK «MiHyC» (¥, <0)
O3Hauae, MO0 TOPU30HTAIBHA IJIONIMHA HOCIS Tiepepi3ae TIO Ha JBI YACTHMHU: 00’ €M YaCTHHH ITiJl
HOCIEM TIepeBUIIye 00’eM Haj HocleM. Tenep yce 3po3yMuIo 1 IMUIKOM MpHUpOIHO. BuHUKae 1ikaBa
MOXJIMBICTh €KCIIEPUMEHTAIBHO BH3HAYUTH MATEMATU4HE CHOMIBaHHSA Y, QYHKIIi BHIIAIKOBOTO
paniyc-Bektopa. TyT mpamroe meton Monte-Kapno, skuii 3BUIBHSE 1HXXKEHEpa BiJ] IHTETPyBaHHS
CKJIQTHUX (PYHKITIH.

Merton iHTepnpeTaniil y MaTeMaTHYHOMY MOJENIIOBaHHI MICTUTh OCOOJIMBY MpOLEAypY Nepe-
KJIa/IaHHs TOYaTKOBOI 3a/1a4i Ha 1HIITY MOBY 1 pO3B’sI3yBaHHS B)KE€ «IHIIOT» 3a/1a4i 3aMiCTh TOYATKOBO.
JlutoBchkuii Mmarematuk P. Kamry6a gy»e TouHO cka3aB, 110 METOT IHTEpITPETAIlIN CIIPUSIE PO3TIOBCIO-
JOKEHHIO IEMOKpATIi, sika JIoroMarae JIOIMHI 3MIHUTH TOUKY 30DYy.

BucHoBku
HecnoaiBaHi pe3ynbrary Jokaizaiii piBHOMIPHOI OMHUYHOI MaCOBOT CHJIM Y KyTOBHX By3JIaxX
crangaptHux CE nuBytoTh (axiBmiB yxe noHaa 50 pokiB. 3amyueHHs] HOBUX i€l 1 HOBUX METO/IB
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y TEOPil0 CEPEHAMIMOBHUX allPOKCUMAIIiH 31aTHE 3MIHUTH (1HOJII paIMKAIBHO) IESIKI yABICHHS. MeTos
IHTepHpeTaliif, a KOHKPETHO — FT€OMETPUYHUIN MIX1/, MOXE JIKBIAyBaTl HEMOPO3yMiHHS 31 CTaH-
JApTHUMU CEPEeHIUNOBUMHU enemMeHTamu Q8 1 O12.
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B.C. LIATIAP, .M. CKJIAJIAHHUI, 0.0. KBITKA,
C.M. TKAUYK, B.B. BOHJIAP

HarmionanpHuit TeXHIYHUN YHIBEpCUTET YKpaiHU
«KuiBchkuii momiTeXHIYHUN iHCTUTYT iMeHi Iropst CikopchKoTro»

MOJAEJJIIOBAHHSA TA OITUMI3ZALIIA 3A KOMIIVIEKCHUM KPUTEPIEM
ONTUMAJBHOCTI NPOLECY NIEPBUHHOI OFPOGKH HA®TH

Y emammi posenadacmocs npobnema xepysanna npoyecom nepsunnoi niocomosxu nagmu. Ilposedenuii ananiz
nonepeoHix 00Cni0HCeHb BUABUS HeBUPIULEHUL ACNeKM 3a2allbHOI npobemu: i0CYmHicb iHmezpayii OUHAMIYHUX Mame-
Mamuunux mooeneil i3 6a2amoxpumepiansHol0 ONMUMI3ayicio 015 AsMOMamu308aHUX CUCeM Kepy8anHs, 30amuoio
epexmugHo 8paxo8ysamu HeiHIlHI eqheKmu ma MmexHonN02IuHl 30ypeHHs 8 peanbHOMY Yaci. Icuytoui mooderni, sik npasuio,
30CepeodiceHo Ha CMAaYiOHaPHUX PEXCUMAX Ao JC GUKOPUCMOBYIOMb bazamokpumepianviy onmumizayiio 6e3 docmam-
Hb020 OUHAMIYHO20 36'A3KY. Memoto pobomu € pospodnenns mamemamuunoi mooeni OUHAMIKU npoyecy NepeuHHoi
00pOOKU HAMU Ma BUSHAYEHHS THMESPATLHO20 KPUMEPII0 ONMUMALLHOCII 01 cuHme3y cucmem Kepyeanus. Llei kpu-
mepitl 3a0e3neuye epekmusHUL 6ANAHC MidC eHepeoedeKmusHicmio, AKiCm0 nio2omoeieHol Hagmu ma eKOHOMIYHUMU
noxasHukamu eupooHuymea. [ns docsacHenHs nocmagieHoi Memu 3anponono8ano OUHAMIHy MoOelb npoyecy, uo 06'eo-
HY€ PIGHAHHI MeNni108020 OANAHCY, KIHeMUYHe PIBHAHHS Ma MOOUGIKOBAHEe DIGHAHH 8 'A3KOCMI.

Y 0ocniooicenni npononyemocs sukopucmana y3a2anbHeH020 iHmezpaibHo20 KpUmepio OnmuMantbHOCHi, KU 6KIH0-
uac y cebe AKICMb 3HEBOOHENHS, OOMENCEHHA 3a 6MICINOM CONell, A MAKOXC 3A2ANbHi eHePLOSUMPAMmU, WO CKIAAIOMbCA
3 MENI06020 Ma eeKMpPUIHO20 CKIAOHUKI6. Ha ocHosi excnepmuux oyiHOK OMpPUMAHO HOPMANIZ08AHUL BEKMOPD 8A208UX
Koeghiyicnmis. Cghopmosano 3a0auy OUHAMIYHOI onmuMizayii, AKY po38sI3aHo i3 3ACMOCYBAHHAM 2eHEMUUHO20 ANICOPUMMY
6 cepedosuwyi Python, i3 3acmocyeannsim memoody npsamoi konokayii. Onmumizayis nposoounacst Ojisk mpbox munie Hagmu:
JI€2KOl, CepeOHbol, BANCKOI 3 PISHUMU NOYAMKOBUMU YMOBAMU MA 8 PAMKAX MEXHOIOSIUHUX 00MeNHCeHb 30 MeMNEPamypor.

3anponornosaruii nioxio oae 3mozy BUIHAYUMU ONIMUMATLHY MPAEKMOPIIO 3MIHU MeMRepamypu 8 elekmpooeiopamopi
6 uaci. Lle dac 3mozy docaemu suudcenHs enepeemudnux eumpam na 15—25% i3 6invuium egpexmom 01 8adxcKux naghm, npu
YbOMY 2apaHmoBaHo 00CA2AEmbCsl Yiiboge 3HaveHHs emicmy 6oou menuie 0,1%. Pezynomamu 0ocaiodicents Moxcyms o6ymu
BUKOPUCMAHI 01 NIOBUUEHHS eHep2oeheKMUBHOCTINE Mma AKOCMI NPOOYKYIL HagmonepepooHux nionpuemcms.

Kniouogi cnosa: mamemamuune Mooeni08ants, onmumizayis, HagpmonepepooKa, asmomamuyne KepyeanHs, Kpu-
mepitl AKOCmi.

V.S. TSAPAR, D.M. SKLADANNYY, O.0. KVITKA,

S.M. TKACHUK, V.V. BONDAR
National Technical University of Ukraine «Igor Sikorsky Kyiv Polytechnic Institute»

MODELLING AND OPTIMISATION BASED ON A COMPREHENSIVE
OPTIMALITY CRITERION THE PRIMARY OIL REFINING PROCESS

The article discusses the control of the primary oil treatment process. An analysis of previous studies revealed
an unresolved aspect of the general problem: the lack of a dynamic mathematical model integrated with multi-criteria
optimisation for automated control systems capable of effectively accounting for nonlinear effects and technological
disturbances in real time. Existing models tend to focus on steady-state modes or use multi-criteria optimisation without
sufficient dynamic coupling. The aim of this work is to develop a dynamics mathematical model of the primary oil treat-
ment process and to determine an integral criterion of optimality for the control systems synthesis. This criterion provides
an effective balance between energy efficiency, the quality of the prepared oil, and economic production indicators. To
achieve this aim, a process dynamic model is proposed, combining the heat balance equation, the kinetic equation, and
the modified viscosity equation.

In the research it is suggested to use a generalised integral optimality criterion, which aggregates the dewatering
quality, restrictions on salt content, and total energy consumption, consisting of thermal and electrical components.
Based on expert assessments, a normalised vector of weight coefficients is obtained. A dynamic optimisation problem is
formulated, which was solved by a genetic algorithm that realised using in the Python environment, using the direct collo-
cation method. Optimisation is carried out for three types of oil: light, medium, and heavy, with different initial conditions
and within technological temperature constraints.

The proposed approach allows determining the optimal trajectory of temperature change in the electric dehydra-
tor over time. This allows us to achieve a 15—25% reduction in energy costs with a greater effect for heavy oils, while
guaranteeing the target water content less than 0,1%. The results can be used to improve energy efficiency and product
quality of oil refineries.

Key words: mathematical modelling, optimisation, oil refining, automatic control, quality criterion.
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IHocTanoBka npodaemMu

CydacHa HadTOorepepoOHa MPOMHUCIOBICTh CTUKAETHCS 3 HU3KOK CKIAIHUX TEXHOJIOTiY-
HUX BUKJIMKIB, CepeJl SIKUX OCOOJMBOI yBaru 3aciyroBy€ MpoOiieMa HECTaOlIbHOCTI SIKOCTI CHPOT
HadTu. KonuBanbHuii xapaktep (i3MKO-XIMIYHMX BIACTUBOCTEH CHUPOBMHH, 3yMOBJICHHMH pi3HOMa-
HITTSM POJIOBHII T YMOB TPAHCIIOPTYBaHHS, ICTOTHO YCKJIQ/IHIO€ 3a0€31eUeHHs CTa0lIbHO BUCOKUX
MOKa3HUKIB €()eKTUBHOCTI MPOIIECIB MEPBUHHOT MIATOTOBKH [1]. AKTyanbHICTh MPOOIEMHU TOJISATAE
y HEOoOX1AHOCTI po3po0IeHHS aJallTUBHUX CUCTEM KepyBaHHS, 3JaTHUX JUHAMIYHO KOPUTYBATH TEX-
HOJIOT1YHI MapaMeTPH BiAMOBIIHO A0 MIHIMBHX XapaKTEPUCTUK CUPOBUHU. OCOOIMBO 1€ CTOCYETHCS
MPOIIECiB 3HEBOTHEHHS Ta 3HECOJICHHS, JI¢ TEMIIepaTypa MiirpiBy € KpUTHYHUM IapaMeTpom [2].

AHaJIi3 0CTaHHIX J0CTiKeHb i myOmikanii

OcTaHHIM 4YacoM 3pOCTa€ 4YUCI0 MyOmiKaiiid i3 pi3HMX acleKTiB MOJCIIOBAHHS IPOIIECIB
HadTOBOI MpoMHUCIOBOCTI. YacTuHA 3 HUX HOCITH OLIbIN 3araidbHUN Xapaktep. Y [3] po3misiHyTO
OaraToeTamHy ONTHUMI3AIlI0 CHCTEMU BUPOOHUIITBA HA()TH 3 MarepiailbHUMHU OallaHcamu, a B [4] —
OTITUMI3AIIII0 PO3MOALUTY HAQTOMPOIYKTIB Yepe3 TpyoonpoBiani cuctemu. L{i po6oTH cimparoThest Ha
piBHSAHHS OanaHCy, ajie HeJOCTaTHbO IHTETPYIOTh OaraTOKpUTEpiajbHy ONTUMI3AII0 3 AMHAMIKOIO
30ypeHb JIJIs1 aBTOMAaTU30BaHUX CUCTEM, 1110 € HEBUPIIIEHUM acIeKTOM 3arajibHoi npobnemu. BonHo-
4ac 3alpOMOHOBAHO HU3KY MAaTeMaTUYHUX MOJIENIEH JIJIsl OTHCY MPOIECiB MEPBUHHOT 00POOKH HAPTH.
Hanpuxian, y po6oti [5] po3pobieHo Mojensb i TPOrHO3yBaHHS €(PEKTUBHOCTI 3HEBOJHEHHSI Ta
3HECOJICHHSI B IPOMMUCIIOBIH YCTaHOBII. ABTOpU BpaxyBaJId BIJIUB TPHOX OCHOBHUX MEXaHI3MIB, SIK1
BU3HAYAIOTh €(PEKTUBHICTH MPOIIECY: T1IPOAMHAMIUHI CHIIH, AUQY31iHI MEXaHI3MHU Ta €NeKTPOCTa-
TU4HI MexaHi3Mu. [IIBUAKICTh KoaneCeH il Kpaneib BU3Ha4anacs 3a JOMOMOTO MOJIENl APEHAKY
wiBkU. Po3po0iena Moens yCHimHO MPOTrHO3Y€e PO3MOILT Kparesb 3a PO3MIpOM Ha BUXO/II 3 yCTa-
HOBKHM, a TaKoX €(eKTHBHICTh 3HEBOJAHEHHS Ta 3HecolieHHs HadTu. ABTOopu [6] 3ampONOHYyBaIH
MOJIeNTb €JIEKTPOCTATHYHOTO PO3JIUICHHS Ta JIBOCTAITHOTO 3HECOJICHHS HAa OCHOBI PIBHSHHS IOITY-
nsiHoro 6anancy (PBE) nist onucy mporieciB (opMyBaHHS Ta 3MIHM PO3MIPiB BOISHHUX Kpareib
B eMyJibcii. [Ipore HaBeneHa Mojenb PO3MILAAE JHILIE CTA[lOHAPHUN PEXUM POOOTH, ITHOPYIOUU
NepexiiHi MpolecH, sIKi € BaXJIMBUMH IS onieparopis. Jlocmikenns [7] 30cepepykeHo Ha MOJIEIIO-
BaHHI Ta ONTHUMI3allii 3HEBOAHEHHS 1 3HECOJICHHS 3 YpaxyBaHHSAM €MYJIbCIHHUX OCHOB, BKIIFOUAIOUH
ONITUMI3AIlilo onepaliiiHux napameTpis. Mozeni y [8] Takox OyayroTbcsi Ha ocHOB1 PBE 3 ypaxyBaH-
HSIM TIPOLIECIB KOAJIECIEHIIIT Ta pyHHYyBaHHs BOJISHUX Kpareib B eMylbCii. ¥ poOoTi BUKOHaHO Oara-
TOKPHUTEPIATbHY ONTHMI3aIIII0 3a JIBOMa KOHKYPYKOUUMH KPUTEPISIMHA: MaKCHMI3aIli€r0 e(peKTUBHOCTI
BUJIAJICHHSI COJIH Ta MIHIMI3alll€l0 eKCIUTyaTalliiHUX BUTpat. Pe3ynpraTti ontumizalii 1eMOHCTpY-
I0Th HasIBHICTh ONTUMaJIbHOTO [lapeTo-KoMIpoMiCHOTrO pilleHHs. Xo4ya Takui MiAX1J € MOTYKHUM
IHCTPYMEHTOM, IIpaKkTU4Ha peamizailis [lapeTo-onTuMizoBaHUX TOYOK Ha peajbHOMY BHUPOOHHIITBI
MOKe OyTH CKJIaJHOIO Yepe3 OOMekeHHs oOnagHaHHS Ta HEOOXITHICTh Oe3MepepBHOTO KOHTPOIIO
KUTBKOX B3a€MO3ajeKHUX mapameTpiB. LlikaBuil miaxia 10 MOJETIOBAHHS 3 MEPCHEKTUBOIO MOOY-
JIOBHM HEYITKOI CHUCTEMH KOHTPOIIO HadTOmepepoOHOro MiANMPUEMCTBA HA OCHOBI HEHPOHHUX MEPEX
moka3aHo B po6oti [9]. Okpemoi yBaru 3aciayroBye pobota [10], ge moka3aHO pe3ylabTaTd 3acToCy-
BaHHs 0araTOKpUTEPiaabHOIO MiIX0MY JUIsl BUPIIIEHHS KOMIUIEKCHOI Mpo0ieMu BUOOpY HalKpaloro
MocCTaya bHHUKA Ta PO3MOALTY 3aMOBJIEHb y HA(TOBIM MPOMUCIOBOCTI B YMOBaX HEaJeKBaTHOCTI Ta
HETNOBHOTH JIAHUX Ta B3a€MOJI1 MiX KpuTepisMu. il BU3HAYECHHS Bar KpUTEPiiB 1 peHTHHTIB MOCTa-
YaJIbHUKIB 3aCTOCOBYETHCS METOJ] aHAJII3y 1€papXiii, a MoJaIblle BUPIIIEHHS 3aBJaHHS PaHKyBaHHS
MOCTaYaTbHUKIB 1711 ONTUMAJILHOTO PO3MO/LTY 3aMOBJIEHb 31HCHIOETHCSI METOZIOM 0araToiiiboBOro
JTHIHHOTO MPOTpaMyBaHHs, KU J1a€ 3MOTy OTpuMyBaTtH [lapeTo-onTrManbHi pillleHHS.

AHaIi3y0uu HaBeICH1 BUIIIE 10 CI1HKEHHS, MOKHA 3pOOUTH BUCHOBOK, ITI0 HEBUPIIIEHUM aCIICK-
TOM 3arajibHOi MPOOJIEMH € IHTerpallist AMHAMIYHUX MoJieiel 13 0araToKpUTepiaibHOIO ONTHMI3alli€l0
JUTST aBTOMATH30BaHUX CHUCTEM, [0 BPaXOBYIOTh HEIHINWHI eekTH Ta 30ypeHHsS B peaJlbHOMY Yaci.
Buxopucrannas meronmy AHP st BupimeHHs TOCTaBIEHOTO 3aBAaHHS BOAYA€ThCs MEPCIIEKTUBHUM.
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[HTETpallis piBHSAHb TEIUIOBOTO OAJIAHCY 1 KIHETUKHU 3HEBOJHEHHS JIJIsl MOOYI0BU OaraTroKpuTepiaib-
HOTO TOKa3HUKAa ONTHMAJIbHOCTI JACTh 3MOTY MiJBHIIUTH TOUHICTH MOJENIIOBAHHS B MEPEXiTHUX
peXMMax MOPIBHSAHO 3 ICHYI0OUUMH Mozensimu [5—10].

MeTtoro poc/izkeHHsI € po3poOJIeHHs MaTeMaTHYHOI MOJENl JAMHAMIKU IPOLECY MEePBUHHOI
00poOKu Ha(hTH Ta BU3HAYECHHS KPUTEPI0 ONTUMAIBHOCTI [l CHHTE3y aBTOMaTU30BaHUX CHCTEM Kepy-
BaHH:, 1110 3a0e3reuye 6ajaHc MK eHeproeeKTUBHICTIO, SKICTIO Ta EKOHOMIYHUMHU OKa3HUKAMHU.

Buxkiaa ocHOBHOI0 MaTepiaJy J0CTiIKeHHS
IloOynoBa y3arajibHeHOIro KpPUTepil0 ONTUMAJIBLHOCTI. JIJIs onucy AUHAMIKK 3MIHH TeMIle-
paTypu HaQTH B OCYIIIyBadi K y TEIJIOOOMIHHOMY amapari 3alpoTIOHOBAHO MOJIENIb Ha OCHOBI PiB-
HSIHHSI TETUIOBOTO OasiaHcy:
dr
E pe,V
ne T'—remneparypa HadTH, p — TyCTUHA, c,— TEIUIOEMHICTb, V' — 00'eM, O, — TeruioBuii notik, U — koe-
¢imieHT Teronepenadyi, 4 — moma NoBepxHi, 7, — Temreparypa A0BKIJUIS, 71 — MacOBl BUTpATy HATH.
[Iponec BunaneHHs BoAM 3 HAPTH OMHUCY€ETHCS KIHETUYHUM PIBHSIHHSM:

[Q,, ~UA(T-T,)]|-mec, (T, -T,), (1)

aw _

D e, exp( £, j+kEf/,t( ), @)

ne W — ymict Boam, k,, k,— KiIHETU4H1 KOHCTaHTH, £ — eHeprig akTuBalii, R — yHiBepcanbHa razosa
crana, C, — KOHIICHTPALisl I€eMYIIbraTopa, £, — HANpYKEHICTh CICKTPHIHOTO OIS

B'si3kicTh HadTH, O4EBUAHO, 3QJICKUTH BiJ TEMIEPATypHu W OMUCYETHCS MOIU(DIKOBAaHUM PiB-
HSHHSM:

T+C
Je | — OMHaMiYHa B'A3KiCThb, 4, B, C — emmipuuHi koeQilieHTH, 0, — KO€ILUi€HT BIUIMBY BOJIH,
W — ymicT Boiu y HaTi.

MozemoBaHHS IPOBOAMIIOCS JUIS TPHOX THTIIB HAPTH 3 PI3SHUMH ITOYATKOBUMHU yMOBaMHu. Jlerka HaTa
XapaKTepU3y€eThCs MOYAaTKOBUM YMICTOM BOJIM Ha PiBHI 5 + 7%, cepenns — 8 + 12%, Baxkka — 13 + 15%. Sk
TIOYaTKOBE 3HAUYCHHSI Y MOJICITFOBAHH1 TPUIMHSTO CEPEe/THE 110 IHTepBasiax. 3HAYCHHs KIHETUYHUX KOHCTAHT Ta
(bi3UKO-XIMIYHI XapaKTEPUCTUKH JUIS PI3HUX THITIB HadTH 3a 1aHumH [ 11] HaBeneHo B Taom. 1.

()= (v, W)exp 2 ). 3)

Tabmuis 1
3HaueHHs KIHETUYHUX KOHCTAHT Ta (i3UKO-XIMIYHI XapaKTepUCTUKH TUIIB HaTH
Tun napTu (Ik/lc) kK, (M*/B-¢) | E, (lx/monb) | p (kr/m?) c, (I:x/kr-K) MouarkoBuii W (%)
Jlerka 0.05 1.2x10° 45000 800 2000 6
Cepenns 0.03 0.8x10°¢ 50000 850 2100 10
Baxka 0.02 | 0.5x10°¢ 55000 900 2200 14

VY3aranbHEHUM MMOKa3HUKOM ONTHMAJILHOCTI MPOIIECy AeTiapaTalii IpONOHYEThCS IHTErpajibHa
1i7b0Ba (PYHKITiS, sIKa 00'€IHYE KIIFOYOB1 KOMIIOHEHTH MPOIIECY:

Iy

J=(laP+BC,+y(W-WY) +5(5-S,. ) ldt,
[[ar+pC,+r(r=m) +5(5-S,) J @
P=P +P,
ne W= 0.1% — uinpoBe 3HAUEHHS BMICTY BOAL Y Ha(TI, S, S — [MOTOYHUI Ta TPAaHUYHO IPUITYCTHU-
Muii ymicT conet y Hadri, P, — eneprosurparn Ha ):[erl):[paTauno AKi CKIanarThes 3 P, — BuTpar

TEIUIOBO] eHepFll TaP — BI/ITpaT eHeKTpI/I‘IHOl eHepFll.
el
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Jlyist BU3HA4YEHHST BaroBux KOEQILIEHTH @, [, ¥, 0 IPOIIOHYETHCSI CKOPUCTATUCS METOJIOM aHAJII3y
iepapxiit (AHP). Lle cTpykTypoBaHuii miaxig A0 6araToKpUTEpialbHOrO NPUHHATTA pillleHb, po3po0Iie-
Huii Tomacom Caari [12] 1 npyu3HaueHuit 1l IepeTBOPEHHSI CKIIAAHUX, YACTO HEUITKUX Ta Cy0'€KTUBHUX
3a/1a4 BUOOPY Ha KUTBbKICHO OLIIHEHY iepapxivuHy cTpykTypy. KimrouoBum kpokom AHP € BukopucTanHs
MIOTIAPHUX TOPIBHSIHB HA OCHOBI mikanu Caari, 3a3Buuait Bi 1 10 9, 1m0 KUTBKICHO BioOpa)xae CHUIy
repeBaru oJHoro ejxemenTa Haj iHmuM. AHP 3a6e3neuye ripo3opy Ta o0rpyHTOBaHY OCHOBY /ISl IPU-
WHATTS pillleHb y CKJIQJHAX YMOBaxX Oararo(akTOpHOro BUOOPY Ta 3a0e3Meuye TeKOMITO3HUITII0 CKITaI-
HOI 3a/1a4i, 110 € KPUTUIHUM JUIs1 KOMITFOTEPHO-IHTETPOBAaHUX CUCTEM KEPyBaHHS.

BiamoBigHO 10 anropuTMy METOMY, BUALISIEMO:

— IUTbOBY (PYHKIIIIO — Y HAIlIOMY BHITaJIKy BOHA y>ke 3a/1aHa piBHIHHAMU (1)—(3);

—KpHUTEpii: YOTHPH KITFOUOB1 (haKTOpH, SIKI BXOAATH JI0 MiAIHTErpasibHOrO BUpa3y ¢yHKii (1):
P, C, saxicTs 3ueBOIHEHHS (W — W)? Ta 0OMexeHHs 3a coneBmicToM (S —S_ )%

—aJ'IBTepHaTI/IBI/I. y HalloOMy BHIIAJKy 1€ 3MiHHI, K1 BU3HAYAIOTh PEKUMHU POOOTH yCTaHOBKH,
TOOTO pi3Hi KoMOiHamii 7(7), £ f(t).

Excrieptu, 30kpema daxisii 3 HapTonepepoOku Ta ¢axiBmi 3 aBTOMarh3alii, sIKi JOCTYITHI
aBTOpaM, MPOBENM MapHE MOPIBHIHHA KpuTepiiB 3a mkanoro Caari (Big 1 — kputepii piBHO3HAUHI
10 9 — ouH KpuTepiid aOCOMIOTHO JOMIHY€ HaJ IHIIMM). 3HAYEHHS €JIeMEHTIB MaTpPULll MOPIBHAHb
BHU3HAYEHO Ha OCHOBI TUIMIOBUX MPIOPUTETIB y HahromepepoOIll, e eHeproePeKTUBHICTh YacTo Mepe-
BaYKa€e 4yepe3 CKOHOMIYHI YMHHHKH, 1 OyyTh TAKUMU:

— EHEeproBUTpaTH MOPIBHSHO 3 BAPTICTIO pEareHTIB: 3HaueHHS 4 — Maiike 1CTOTHA INepeBara,
OCKUIBKH €HeproBUTpATH CTAHOBIATH 60+70% onepariiiHux BUTpaT;

— EHEProBUTPATH IMOPIBHIHO 3 AKICTIO 3HEBOJHEHHS: 3Hau€HHs 2 — JAyke ciadka mepesara,
OCKIJIbKM HU3bKa AKICTh MOXKE IPU3BECTH JI0 KOPO3il 00NaJHAHHS,

— €HEpPrOBUTPATH MOPIBHAHO 3 0OMEKEHHSIMH 32 COJICBMICTOM: 3Ha4YeHHS 3 — crabka nepesara,
OCKUJIBKH COJIEBMICT MEHIII B)KJIMBUN y TIEPBUHHIN 00poOIIi.

[TonibHe MoOpiBHAHHS MPOJOBXKYEThCA A BCiX map. Ha ocHOBI ux 3HaueHb (popMyeMo KBa-
JpaTHY MaTPUIIO MMAPHUX MOPIBHIHB 4 = [aij], 1€ a, — OLlIHKA IepeBark KPUTEPIIo i HaJl j 3a IIKaJIO0
Caari, 1 a;= l/aﬁ, a,= 1. Posmip marpuui n = 4.

1 4 2 3
/4 1 13 2
Ll /
/2 3 1 5
/3 12 1/5 1
MakcumasbHe BlIacHe SHACHHS Takoi marpuii A= 4,17. [ngekc y3rolKeHoCTi IPOBEIEHUX
MonapHUX MOpiBHIHB C, = Lo —1 N =0,056 HE3HAYHO 61HBHI€ 0, 110 CBIMYUTH MPO BUCOKHM CTYIIHB
Y3TO/HKEHOCTI. "

HopwmanizoBanuii BeKTOp BaroBux Koe(ilieHTIB: w, Z LY w =1, ..n. IIpoBeneni ooumc-
V

neHHs mae 3adeHHs Bar w = [0,49; 0,12; 0,29; 0,09].
ITocTanoBka Ta po3B’si3aHHs 3aaa4i onTuMmizamii. [Tics1 BCTaHOBJICHHS YHCIIOBUX 3HAYCHb

BaroBUX KOe(ili€HTIB OTPUMAEMO KOHKPETHUN BUIIISA] KPUTEPIIO0 ONTUMAIIBHOCTI J:
Iy
J = [[0,49R+0,12C, +0,29(W ~W,)" +0,09(5 -,y )" |d —> min.
0

OO0’€eKT TIpH IIbOMY OMUCYETHCS crcTeMoro piBHsHB (1) — (3) 3a oOMmexennb: 70 < 7(¢) < 140 °C,
4<E =<6 kB/cM. Takum 4iMHOM, ONITHMI3aIlist IpOoIiecy MEPBUHHOI IepepoOku HaTH moTpedye BHUpI-
IICHHST HU3KH 33J]1a4 JUHAMIYHOI onTuMi3allii. BupinieHHs BUKOHYBaJIOCS METOJOM MPSIMOi KOJIOKa-
il NUIIXOM MPEJCTABICHHA 3aJladul K HaOOpy B3a€MOIIOB’A3aHUX 3a/1ad 13 HEJIIHIMHOIO IIbOBOIO
¢byHskiero 3 oomexenasmu [13]. Po3p'si3anHs 3a/1a4i HENMIHIMHOTO MTPOTPpaMyBaHHS, CBOEIO YEProlo,
MIPOBOJIUTHCS TEHETUYHUM aJIrTOpuTMOM [14], saxuii Oymo peaizoBaHO 3a IOMOMOTOr 0i0mioTekn
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DEAP moBoro niporpamyBanHs Python [15]. [lapameTpu reHETUYHOTO aaTOPUTMY TaKi: TTOMYJISITS —
1 000 inauBiaiB, 2 500 mokoIiHb, IMOBIPHICTH KpocoBiHTY — 0,75, iMoBipHicTh MyTalii—0,2. Pimenns
MIPOBOIMIIOCS JUIsl 3HAYCHb HANPYKEHOCTI €NIEKTPHUYHOTO OIS B eNeKTponeriaparopi 4 i 6 kB/cm
1 3YIIUHSJIOCS Y Pa3i JOCATHEHHS LIJILOBOTO 3HaYeHHS BMicTy Boiu y Hadtu — 0,1. Pitmenns mogano
Ha puc. 1 Ta 2.

140
T,%C ---"

’ -

120
100
80
60

40

20

t.c

0 50 100 150 200 250
—erka — CepenHAa = = BaXKa

Puc. 1. TpaexTopisi 3MiHu TeMmepaTypH B eJleKTpoaeriaparopi E = 4 kB/em

140
T.%C

7

t.c

0 50 100 150 200 250
—Nnerka — cepegHAa = — Baxka

Puc. 2. TpaexTopis 3MiHM TeMnepaTypu B ejieKTpojaeriaparopi E = 6 xB/cm

Po3paxyHk# MOKa3yIoTh, 1110 pealizailis Takol TPAEKTOPii MPU3BOAUTH O 3MEHILIECHHS y3araib-
HEHOTO ToKa3HuKa J npudim3ao Ha 20% mnopiBHsAHO 3 6a30BuM pexkuMoM. Lle nae 3mory 3HH3UTH
eHepreTHyH1 BUTpatu Ha 15% i nerkux Hadt Ta Maibxe Ha 25% uig Baxkux HadT. biabi getanb-
HUU aHami3 po3B’sA3KiB MOKa3ye, 10 HAWOUIBIINIK BIUTMB HA MIBUAKICTh 3HEBOJHEHHS Ma€ TeMIlepa-
Typa, MPUIOMY JUISI BAKKUX HA(T IS 3aJICXKHICTh BUPAKCHA CHIIBHIIIIC.

BucHoBku
3anporoHoBaHa MaTeMaTHYHA MOJEIh aJICKBATHO OMUCYE JHHAMIKY MPOIECy MEePBUHHOL
00poOKu HaTH Ta Ja€ 3MOTY BpaxyBaTH KIFOYOBI TEXHOJIOTTYHI YUHHUKH. Po3pobneHuil kputepiii
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ONTHUMAJIBLHOCTI 3abe3neuye 30ajaHCOBaHE BpaxyBaHHS E€KOHOMIYHMX Ta TEXHOJIOTTYHUX BHMOT.
IlepeBipka, nmpoBejieHa 3a pe3yibTaTaMu IMITAIITHOTO eKCIIEPUMEHTY, MiATBepAniIa e(eKTUBHICTh
3arpONOHOBAHOTIO MIAXOY: 3a paXyHOK ONTUMI3allli TEeMIIEpaTypHUX PEKHUMIB YAATIOCS JOCSITTU 3HU-
KeHHsI eHeproBuTpar Ha 15+20% 3a yMOBU JIOCATHEHHS LIILOBOI KOHIIeHTpalii Boau y HadTi 0,1%.

[lepcriexTrBa MOAATIBIINX TOCIIHKEHB MOB'sI3aHA 3 IHTETPALII€I0 3aIPOIIOHOBAHOT MOJIEIIi B CHC-

TEMU KEpYBAaHHS Ta PO3POOJIEHHIM aJalTUBHUX aJIFOPUTMIB KOPEKIIii MapaMeTpiB MOZEI B peab-
HOMY 4aci, BKJIIOYAIOUN MAIIMHHE HaBYaHHS I IPOTHO3YBaHHs 30ypEHb.

10.

I1.

12.

13.

Cnucox BUKOPHUCTAHOI JIiTepaTypu
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M.I. SHAPOSHNIKOV, M.A. GRINCHENKO

National Technical University «Kharkiv Polytechnic Institute»

MODEL OF THE BUSINESS PROCESS FOR FORMING RECOMMENDATIONS
TO IMPROVE HEI PERFORMANCE IN THE QS WUR RANKING

In contemporary conditions, the strategic development of higher education institutions (HEIs) in Ukraine is
closely linked to the enhancement of research activities and improvement of teaching and learning processes, which
serve as key factors in the modernisation of the national education system. This article presents a model for generating
recommendations aimed at improving the performance indicators of higher education institutions in the QS World
University Rankings (OS WUR). The research focuses on improving the system of Key Performance Indicators (KPIs)
using the case of the National Technical University «Kharkiv Polytechnic Institutey (NTU «KhPly»), with the goal of
enhancing the quality of educational, research, and international activities.

The purpose of the study is to increase the efficiency of strategic management within higher education institutions
through the use of analytical and optimisation methods to produce well-grounded recommendations for improving QS WUR
indicators. The methodological foundations of the QS WUR ranking are examined, nine key evaluation indicators of universities
are defined, and the dynamics of leading Ukrainian HEIs for the period 2022—2025 are analysed. Methods of strategic analysis
were applied to comprehensively study both external and internal factors influencing a university s position in the QS WUR.

The proposed IDEF( model reflects the interaction between the analytical department, the information system, and
the intelligent module (LLM), which ensures the automation of analytics, scenario development, and recommendation
generation. The integration of methods of strategic analysis, optimisation modelling, and artificial intelligence enhances
the efficiency of management decisions, optimises resource allocation, and supports the formulation of well-substantiated
strategies for improving a university s position in the global ranking.

The proposed model serves as a strategic management tool for the development of higher education institutions
and can be adapted for various types of universities in Ukraine and abroad. Future research should focus on developing
a software prototype of the recommendation system, which would enable integration of the model with real university
databases and performance monitoring systems.

Key words: key performance indicators, decision-making, ranking, resource optimisation, business process,
software component, strategic management, education, model, higher education institution.

M.I. LTAITOIIHIKOB, M.A. TPUHYEHKO

HarmionansHu# TeXHIYHUN YHIBEPCUTET «XapKiBCHKUH MOMITEXHIYHUH IHCTUTYTY»

MOJEJb BI3BHEC-TPOILIECY ®OPMYBAHHS PEKOMEH JAIIIH
JJI NIABUIIEHHA IOKA3HHUKIB 3BO Y PEUTHHI'Y QS WUR

YV cyuacnux peanisix cmpameziunuii po3sumox 3axknadie suwioi oceimu YKpainu micHO noe si3anutl 3 aKkmueiza-
YIEI0 HAYKOBUX OOCTIONCEHb, YOOCKOHALEHHAM NPOYeCié BUKIAOAHHA Md HABYAHHS, WO BUCMYNAE OOHUM I3 NPOBIOHUX
YUHHUKIE MOOEPHI3aYil HAYIOHANbHOL 0C8IMHbOI cucmemu. Y cmammi npedcmaeieno Mooeis opMySants PeKOMeHOA-
yitl O NiOBUWeHH sl NOKA3HUKIG 3akaadie euuoi oceimu (3BO) y petimuney QS World University Rankings (OS WUR).
Jlocniooiceno K0408i NOKA3HUKYU eghekmusHocmi Ha npukiadi HayionanbHo2o mexuiuHo2o yHisepcumemy «Xapkiscokutl
NOATMEXHIYHUL THCIMUMYM Y 13 Memoro Ni0GUUEHHS IKOCIT 0C8IMHbOL, HAYKOBOT Ma MIdCHAPOOHOT OITbHOCHII.

Memoio docnidoicenns € niosuugenns epexmusHocmi cmpameziynoeo ynpaeninus 3BO wiisxom ukopucmanis aua-
JMUYHUX Ma ONMUMI3AYIUHUX Memooie 015 opMy8anHs 0OIPYHIMOBAHUX PEKOMEHOAYill Wo00 NOKPAUeHHs NOKA3HUKIB
pevumuney QS WUR. Pozenanymo memoodonoeiuni ocnosu peumuney QS WUR, eusnaueno 0eg’simv KI0408UX NOKA3HUKIG
OYIHIOBAHHSL YHIGEPCUMEMIS | NPOBEOCHO AHANI3 OUHAMIKU NOKA3HUKIE Npogionux ykpaincokux 3BO 3a 2022-2025 pp.
3acmocosano memoou cmpame2iuHo2o aHAlizy 0151 KOMIIEKCHO20 OOCTIONCEHHS 308HIWHIX | 6HYMPIWHIX YUHHUKIB, U0
enugaromov Ha nozuyito ynieepcumeny y QS WUR. 3anpononosana IDEF0-mo0ens 8ioobpadicac 63amo0iio aHatimuiHo2o
8I00L1y, iHGhopmayitinoi cucmemu ma iHmenekmyanbHo2o mooyis (LLM), wo 3abesneuye agmomamusayiro ananimuxu, gpop-
MYBAHHSA CYeHapiie po3eumKy ma pekomeroayii. [nmezpayis memooie cmpameiuno20 aHanizy, ONMUMI3aYitiHo2o Mode-
JI0BAHHSL U WMYUHOO THMENEKMY 0a€ 3mo2y NioSUWUmMyY eqheKmueHiCms YNPAeIiHCbKUX PileHb, ONMUMI3yeamu po3nooin
pecypcig i hopmyeamu 06IPYHMOBAHT cmpamezii ROKPpAueHHs NO3UYIll YHIgepCUumenty y 2100aIbHOMY PElmutz).

3anpononosana modens € IHCMPYMEeHMOM CIMpameziuHo2o ynpagnintsa possumxom 3BO, axuil modce 6ymu adan-
mosanutl 015 pizHux munie ynisepcumemis Yxpainu ma inwux xpain. Ilooanvuii 0ocaiodcents 0OYilbHO CRPAMY8Amu Ha
PO3POONEHHS NPOZPAMHO20 NPOMOMUNY PEKOMEHOAYIUHOI cucmemit, o 3a0e3nedums iHmezpayiio Mooeui 3 pealbHumMu
baszamu OaHuX yHigepcumemis i cucmemam MOHIMOPUHEY epeKmueHoCmi.

Knrouosi crnosa: xniouosi nokasHuku egexmusHoCmi, NPUIHAMmMs Piliens, petimune, Onmumizayis pecypcis, 0iz-
Hec-npoyec, NPoepamHuLl KOMROHEHM, cmpameziune YnpasiiHts, 0ceima, MoOeb, 3aK1a0 8UL0i OCEIMU.
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Introduction and problem statement

In the current context, the relevance of developing a strategy for the advancement of higher
education institutions (HEIs) in Ukraine is linked to innovations in the educational process and in
scientific research. The growing influence of global university rankings encourages Ukrainian HEIs
to improve the quality of educational programmes, strengthen research activities, and enhance their
competitiveness within the international educational environment. The focus on international rank-
ings has become an important direction of strategic management in the development of higher edu-
cation in Ukraine.

International rankings such as QS World University Rankings (QS WUR) [1] and Times Higher
Education (THE) [2] are becoming key tools for assessing the competitiveness of universities, influ-
encing their image, funding, international cooperation, and attractiveness for students and employ-
ers. Universities actively use rankings as marketing tools to demonstrate the quality of teaching and
research. Information sources featuring international rankings attract millions of visitors annually [3],
and many applicants rely on these rankings when choosing a university.

A university’s position in international rankings, particularly in QS WUR, becomes a key indi-
cator of HEI success, influencing its appeal not only to applicants but also to partners and inves-
tors. For Ukrainian universities aiming to integrate into the global academic and educational space,
improving their QS WUR positions is a strategic goal at both national and institutional levels. How-
ever, achieving this goal is complicated by several factors: lack of systematic analytics and integrated
mechanisms for monitoring ranking indicators, limited resources and insufficient alignment between
strategic and operational goals of HEIs, the need to adapt management processes to international
assessment standards, and the fragmented use of modern intelligent data analysis methods in deci-
sion-making.

For Ukrainian technical universities seeking to enhance their positions in international rank-
ings while adapting to the requirements of the digital economy and European educational standards,
research aimed at improving the efficiency of strategic management through analytical and optimi-
sation methods to develop well-grounded recommendations for improving QS WUR indicators is of
particular importance.

Analysis of recent studies and publications

In the modern context of globalisation and digital transformation of education, the issue of
improving HEI management efficiency gains strategic importance and remains a relevant area of
research.

In study [4], the authors conducted descriptive statistical and logistic regression analyses of data
from 150 universities across different countries, using sustainability indicators from Ul GreenMet-
ric and THE. The study examined the relationship between global ranking positions, geographical
location, and typology of universities. The researchers found that traditional rankings often fail to
fully reflect sustainable development in HEIs and proposed integrating THE indicators into the Ul
GreenMetric system.

In [5], researchers assessed the current state of rankings and principles of university classifica-
tion in Ukraine and its national university network. They identified problematic aspects of QS WUR,
particularly the weakening of university ranking characteristics due to contradictions between univer-
sity missions and ranking criteria. The authors provided recommendations for developing universities
to support Ukraine’s reconstruction based on innovation, high intellect, and advanced technologies,
as well as for successful European integration.

The results of study [6] emphasise that the QS ranking has turned universities’ means into their
goals. The performance of universities should lead to improved quality of life, accelerated techno-
logical progress, and increased economic and social welfare of the nation. The increase in scientific
publications is merely one of the means of achieving these objectives.
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In research [7], the authors proposed a model for predicting university research performance
using four variables (number of published papers, number of researchers, total number of citations,
and number of uncited papers) and examined their impact on the ranking of the top 100 universities
in QS WUR. The results showed that applying the proposed model leads to changes in QS WUR
indicators among the selected universities.

In article [8], country-specific factors influencing the three most influential world university
rankings (Academic Ranking of World Universities, QS WUR, and THE) are examined. The authors
demonstrated that university positions are determined by country-specific variables such as economic
potential, research and development expenditure, long-term political stability (absence of war, occu-
pation, coups, or significant political upheaval), and institutional variables, including government
efficiency.

The authors of [9] demonstrated that the variables used to construct rankings primarily meas-
ure two core indicators: university reputation and research activity. By analysing these indicators
and building a regional aggregated index of universities, they determined their influence on ranking
positions. The authors provided evidence of the ambiguous nature of quantitative assessments of
university success in rankings.

In paper [10], the authors examined two of the most influential rankings (Shanghai Jiao Tong
University ranking and THE) and concluded that these rankings alone cannot form recommenda-
tions for improving the quality of education. They highlighted the importance of ensuring «clean»
rankings — transparent and methodologically coherent — whose use would stimulate improvements in
university performance.

The authors of [11] analysed 18,466 public comments from China addressed to QS WUR experts
using sentiment analysis and Latent Dirichlet Allocation (LDA) topic modelling. They summarised
the complex emotions and diverse cognitive perspectives of the public regarding expert questions
related to QS WUR.

In study [12], a ranking of technical universities worldwide was presented, including 137 uni-
versities listed in THE. Among these, national technological «flagships» were identified — institutions
that bring new achievements in technology transfer and commercialisation of university research
results. The study revealed differences between the indicators of technical HEIs and universities of
other profiles.

In the context of global competition among universities, ranking evaluations define an HEI’s
reputation, investment attractiveness, and academic partnerships. The analysed approaches to uni-
versity ranking, based solely on expert assessments and inter-university comparisons, do not pro-
vide management with sufficient information for adapting to changes in the international educational
environment. Therefore, developing new approaches to formulating development strategies for HEIs
aimed at improving their position in the global educational space remains an urgent task.

The aim and objectives of the research
The aim of the research is to increase the efficiency of strategic management of higher educa-
tion institutions through the use of data analytics methods, optimisation methods, and artificial intel-
ligence techniques for analysing key university performance indicators and forming substantiated
recommendations for improving those included in the QS WUR ranking.

Presentation of the main research material
In the context of increasing competition among universities in the global educational and
research space, their participation in international rankings, particularly in QS WUR, is gaining
strategic importance. This study examines the methodological features of the global QS WUR uni-
versity ranking [3], which annually analyses the performance of universities. According to the QS
WUR methodology, the overall score is calculated based on nine key indicators, namely: academic
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reputation, employer reputation, student-to-faculty ratio, citation rate of scientific publications, share
of international students, share of international faculty, graduate employment outcomes, international
research networks, and sustainability (Table 1). The weighting coefficients of the categories and indi-
cators of the global QS WUR ranking are presented in Table 1. The values of indicators of leading
Ukrainian universities in the global QS WUR ranking are shown in Table 2.

Table 1
Weighting coefficients of indicators in the global QS WUR ranking
Category . Indicator Weight,
Category Name Weight Indicator Name ",
) Academic Reputation (AR) 0,30
R h and D 0,5
SSearch anc Miscovery ’ Citations per Faculty (CPF) 0,20
- Employer Reputation (ER) 0,15
Employability and Out 0,20
fipoyabtity and Llcomes ’ Employment Outcomes (EO) 0,05
International Student Ratio (ISR) 0,05
Global Engagement 0,15 International Faculty Ratio (IFR) 0,05
International Research Network (IRN) 0,05
Learning Experience 0,10 Faculty/Student Ratio (FSR) 0,10
Sustainability 0,05 Sustainability (SUS) 0,05
Table 2
Values of indicators for leading Ukrainian universities
No Universitv Name Indicator Values of HEIs
B y AR ER | FSR | CPF | IFR | ISR | IRN | EO SUS
1 Ivan Franko National 57 | 128 | 302 | 13 | 13 | 15 | 12,6 | 186 | 2
University of Lviv
o | KharkivNational University | 34 | 153 | 916 | 15 | 14| 51 | 119 | 41 | 14
of Radio Electronics
g | LvivPolytechnic National | g 4| 135 1 g4 | 19 | 14 | 12 | 189 | 152 | 115
University
National Technical University
4 «Kharkiv Polytechnic 6,5 10,6 | 54,3 1,3 1,7 | 20,1 11,4 4 1,6
Institute»
National Technical University
5 of Ukraine «lgor Sikorsky 16,2 | 31,8 | 374 1,5 1,7 2 20,4 | 21,3 4.3
Kyiv Polytechnic Institute»
National University of Kyiv-
6 Mohyla Academy (NaUKMA 5,1 10,6 | 44,2 1,2 2,1 1,1 6,3 13,5 1
7 Sumy State University 5,8 53 | 351 | 2,5 3,1 | 40,5 | 28,9 | 3,8 7,5
g | Taras Shevchenko National | g | 3665 | 27 | 20 | 15 | 39 | 403 | 455 | 16
University of Kyiv
9 V. N. Karazin Kharkiv 126 | 169 | 646 | 1.4 | 33 | 557 | 29.4 4 49
National University

To calculate the overall score based on nine key indicators, the following formula is used:

where
S§" — the overall value of the HEI for the #-th period;
w, —the weight coefficient of the i-th indicator, i=1, m;
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K; — the academic reputation indicator for the 7-th period, AR;

K; —the employer reputation indicator for the #-th period, ER;

K; — the number of students per one lecturer for the #-th period, FSR;

K, — the number of citations per one scientific article for the #-th period, CPF;

K¢ — the share of international faculty for the #-th period (%), IFR;

Kg — the share of international students for the #-th period (%), ISR;

K; — the international research network indicator for the #-th period (%), IRN;

K; — the overall employment outcomes indicator for the #-th period (%), EO;

K, — the sustainable development index of the HEI for the #-th period (%), SUS.

We provide an example of calculating the overall value in the ranking for NTU «KhPI».

;"7 (0.30%6.5)+(0.15x10.6)+(0.10x54.3) +(0.20x1.3) +(0.05x1.7) + (0.05% 20.1) +
+(0.05x11.4)+(0.05%x4.0)+(0.05x1.6)=11.17

After calculating the overall value for each university (Raw Score), linear normalisation of the
results is performed according to the following formula:

t

s :SLS;—XIOO,

norm
max

where:
S — the overall value of the university across all indicators;
S,.. —the maximum Raw Score among all universities (the highest score);
S:... —the normalised overall indicator (Overall Score) on a scale from 0 to 100.
An example of calculating the normalised overall ranking score for NTU «KhPI» is as follows:

s (1170 4601108,
99.06

A study of the dynamics of the normalised overall indicator S,,,, of leading Ukrainian HEIs
according to the QS WUR ranking has been conducted. As a result, the best HEI (Massachusetts Insti-
tute of Technology) receives a score of 100, while all others obtain proportionally lower values. The
calculated values of the QS WUR Overall Score for leading Ukrainian HEIs for 2025 are presented
in Table 3.

Table 3
Calculated values of the QS WUR Overall Score of HEIs for 2025
Overall| Normalised P
. . EI Position in the QS
University Name Scbgtre OvergilrmScore WUR
Massachusetts Institute of Technology 99,06 100 1
Taras Shevchenko National University of Kyiv 18,94 19,12 701-710
V. N. Karazin Kharkiv National University 17,92 18,09 741-750
National Technical University of Ukraine
«lgor Sikorsky Kyiv Polytechnic Institute» 16,12 16,25 801-850
National Technical University
«Kharkiv Polytechnic Institute» 11,17 11,28 1001-1200
Sumy State University 10,73 10,84 1001-1200
Lviv Polytechnic National University 10,17 10,25 1001-1200
National University of Kyiv-Mohyla Academy 8,98 9,07 1001-1200
Ivan Franko National University of Lviv 8,71 8,79 1201-1400
Kharkiv National University of Radio Electronics 6,67 6,73 1201-1400
https://doi.org/10.32782/mathematical-modelling/2025-8-2-31 ISSN 2618-0332 (print), 2618-0340 (online)

300



IIPUKJIA/THI ITHTAHHA MATEMATHYHOI O MOJAEJTIOBAHHA T. 8, M 2, 2025

To assess the accuracy and homogeneity of the set of values, as well as to serve as a basic cri-
terion when comparing the calculations of different samples and verifying the reliability of statistical
analysis results, the following formula is used.

1 < t t
o= ZZ(S,/' =S o )2 )
=

where: N — number of universities in the ranking QS WUR.

The standard deviation equals 0.1187, i.e. 11.87%, which shows how much the data deviate
from the mean value — how stable or variable they are. The magnitude of this indicator demonstrates
satisfactory convergence between S’ and S,,,,, .

Based on the calculations of the normalised Overall Score (Table 2), a chart has been con-
structed, which is shown in Figure 1.

Taras Shevchenko National University of...
V. N. Karazin Kharkiv National University
National Technical University of Ukraine...
National Technical University "Kharkiv...
Sumy State University
Lviv Polytechnic National University
National University of Kyiv-Mohyla...

Ilvan Franko National University of Lviv

Kharkiv National University of Radio...

o

5 10 15 20 25

Fig. 1. Comparison of leading Ukrainian HEIs for 2025 according to the QS WUR Overall Score

Thus, the chart clearly illustrates the leadership of the universities of Kyiv and Kharkiv in rank-
ing positions, indicating their high academic reputation and competitiveness among Ukrainian HEISs.

A study of the key indicators of NTU «KhPI» and a comparative analysis with other Ukrainian
universities were conducted. At the initial stage of the research, the dynamics of the nine indicators of
NTU «KhPI» included in the QS WUR ranking for 2022—-2025 were analysed in Figure 2.

70| 68.3

w0

. Academic Reputation Citations per Faculty International Research Network
BN Employer Reputation  EEE Intermational Faculty Ratio Employment Qutcomes
Faculty/Student Ratio B ntermnational Student Ratio Sustainability

Fig. 2. Dynamics of NTU «KhPI» indicators according to the QS WUR ranking for 2022-2025
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To develop strategies for improving NTU «KhPI» positions in the QS WUR ranking, the dynam-
ics of each indicator for 2022-2025 were analysed. For NTU “KhPI”, the academic reputation (AR)
indicator remains relatively stable throughout the period: from 6.0 in 2022 to 6.5 in 2025. Despite a
slight absolute increase (+0.5 points), the university’s position remains among the lowest compared
to other technical HEIs in Ukraine. The minor growth indicates gradual but slow improvement of the
university’s academic image within the scientific community.

The employer reputation (ER) indicator forms 15% of the QS WUR ranking and is a key meas-
ure of a university’s ability to prepare competitive graduates [2, 14]. In the case of NTU «KhPI»,
there is a slight increase: from 10.3 in 2022 to 10.6 in 2025, despite a temporary rise to 12.1 in 2024.
This demonstrates an unstable evaluation of graduate reputation among employers.

The next indicator in the QS WUR ranking is the faculty-to-student ratio (FSR). This indicator
reflects the degree of individualisation in the learning process: the fewer students per lecturer, the
more attention can be given to each student [2; 14]. At NTU «KhPI», the FSR decreased from 68.3 in
2022 to 54.3 in 2025, showing gradual improvement in teaching conditions.

Next, the dynamics of the QS WUR indicator related to citations per faculty (CPF) were examined.
CPF is a key indicator of a university’s research productivity and influence, weighted at 20% in QS WUR.
The calculation is based on data from major scientometric databases and considers the total number of
citations of academic publications relative to the number of faculty members [1; 14]. At NTU «KhPIy,
the CPF indicator remains stable during 20222025 at 1.3, indicating a relatively low citation rate of the
university’s publications. The main reasons include the focus of some researchers on regional conferences
and specialised journals, as well as limited participation in international research programmes.

The share of international faculty (IFR) reflects the level of internationalisation of academic staff
and carries a weight of 5% in the QS WUR ranking. High IFR values are typical for universities that
actively attract foreign scholars, offer English-language programmes, promote academic mobility,
and maintain transparent staffing policies [1; 14]. At NTU «KhPI», IFR increased from 1.1 in 2022 to
1.7 in 2025, showing positive dynamics, though still insufficient for a significant breakthrough in the
international educational environment.

The share of international students (ISR) is an important indicator of a university’s international
attractiveness, with a total weight of 5% in the QS WUR ranking. It is calculated based on the share
of students of foreign citizenship in the total student body [1; 14]. NTU «KhPI» demonstrates a pos-
itive growth trend in the share of international students — from 17.9% in 2022 to 20.1% in 2025. This
indicates the effectiveness of implementing English-language programmes, increasing participation
in international education fairs, and cooperation with recruitment agencies.

The international research network (IRN) indicator accounts for 5% of the QS WUR ranking
structure. It measures the number of publications created in collaboration with international partners
and indexed in major scientometric databases [1]. NTU «KhPI» had an IRN of 13.7 in 2023, which
dropped to 1.0 in 2024 and rose again to 11.4 in 2025. Such instability indicates fragmented partici-
pation in international research projects.

The employment outcomes (EO) indicator is a key measure of university success in the labour
market, with a weight of 5% in the QS WUR. It consists of the employment index (percentage of
graduates employed in their field within 15 months after graduation) and the alumni impact indicator
across industries. For NTU «KhPI», EO in 2025 equals 4.0, significantly lower than in 2022 (10.3).
This suggests strengthened practical components in educational programmes and interaction with
employers but also reflects labour market fluctuations.

The sustainability index (SUS) is a new QS WUR indicator weighted at 5%. It consists of three
components: environmental impact, social impact, and equality and inclusion policies [1; 14]. At
NTU «KhPI», the SUS index increased to 1.6 in 2025, demonstrating early progress in implementing
environmental and social initiatives. The basis for this includes energy efficiency projects, an innova-
tion campus, and other innovative initiatives.
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Overall, the structure of changes in the ranking indicators for NTU «KhPI» indicates a gradual
shift of the university from a traditionally academic model to a more practice-oriented and inter-
nationally integrated one. Most indicators remain relatively stable, which may result from targeted
strategic measures to expand international partnerships, increase the attractiveness of educational
programmes for foreign students, and update research policy.

To improve the efficiency of strategic management in HEIs, an analysis of the university’s exter-
nal and internal environment was carried out using strategic analysis methods such as PESTLE anal-
ysis, SWOT analysis, and TOWS analysis [13; 15]. PESTLE analysis was used to identify external
factors affecting HEI indicators in the QS WUR ranking. Applying SWOT analysis provided a clear
understanding of NTU «KhPI»’s position in the global ranking environment, its strengths on which
development strategy can be built, and the threats to consider in strategic goal formation.

To determine strategic development options for NTU «KhPI» in the context of the QS WUR
global ranking, taking into account both external and internal factors, the analytical strategic planning
tool TOWS analysis was applied.

Based on the conducted TOWS analysis [15], four interrelated strategic directions for the uni-
versity’s development were identified.

1. Using scientific and educational potential to realise global opportunities (SO-strategy). This
direction is linked to active utilisation of the university’s strengths, such as a strong scientific school,
highly qualified teaching staff, and the presence of international double-degree programmes and aca-
demic mobility projects. The main objective is to expand NTU «KhPI» participation in international
research projects, increase joint publications in journals indexed in Scopus and Web of Science, and
promote innovative English-taught educational programmes. Implementation of these measures will
enhance the Academic Reputation and International Research Network indicators, which have signif-
icant weight in the QS WUR ranking.

2. Overcoming internal limitations through external opportunities (WO-strategy). This direc-
tion involves addressing internal weaknesses by leveraging external environment opportunities. Key
success factors include strengthening international communication, increasing the university’s visi-
bility in the global digital space, and forming a positive image of KhPI as a modern scientific and
educational centre. It is advisable to create an integrated English-language PR strategy to promote
the university among QS experts and potential partners. At the same time, it is necessary to activate
alumni participation in global professional networks by creating an Alumni platform for collecting
Employment Outcomes data. Another important element is the digitalisation of publication activity
and citation monitoring, improving the analytical efficiency of ranking data preparation.

3. Using scientific and educational advantages to minimise external threats (ST-strategy). This
direction focuses on leveraging the university’s strengths to reduce the impact of external negative
factors, such as increased regional competition, funding instability, and student and faculty migration.
Key tasks include developing strategic partnerships with leading global universities, establishing
interregional and international research laboratories, and engaging industrial partners in joint inno-
vation projects. An essential component is the formation of a reputational package for participation
in the QS Academic Survey, emphasising the unique engineering and technological competencies of
NTU «KhPI».

4. Minimising internal weaknesses and avoiding risks (WT-strategy). This strategic direction is
aimed at stabilising internal management processes and enhancing the university’s resilience to exter-
nal challenges. The main tasks include developing an anti-crisis digital transformation strategy, opti-
mising internal data collection mechanisms for rankings, and implementing an internal rating system
for departments and institutes based on QS WUR criteria. Additionally, it is necessary to diversify
funding sources through increased participation in grant programmes, business partnerships, and cor-
porate education projects. This will reduce dependence on state funding and ensure the university’s
sustainable development even under economic instability.
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Thus, the implementation of these strategic directions will contribute to increasing NTU «KhPI»
competitiveness in the global educational space in the medium term, improving indicators of key QS
WUR metrics (Academic Reputation, Employer Reputation, Citations per Faculty, Internationalisa-
tion), and strengthening the university’s reputation as one of Ukraine’s and Europe’s leading educa-
tional and research centres.

To provide recommendations to the university’s administration for improving its QS WUR
ranking indicators according to the defined directions, a recommendation formation model was devel-
oped, presented in Figure 3.
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Fig. 3. Business process model for forming recommendations to improve HEI performance
in the QS WUR ranking

The developed model in IDEFO0 notation represents an integrated process of forming recommen-
dations aimed at improving HEI positions in the QS WUR ranking. The model describes the interac-
tion between the analytical department, information system, intelligent module (LLM), and databases
that provide comprehensive support for managerial decision-making.

The main goal of the model is to enhance the effectiveness of university strategic management
through the use of analytical and optimisation methods (PEST, SWOT analysis, TOWS analysis,
linear programming, genetic algorithms) to generate well-grounded recommendations for improving
QS WUR indicators.

The model’s input flows include data on HEI activities, publication activity statistics, staff com-
position, international cooperation, employer engagement, and student mobility. Data on competi-
tor universities comprise information about selected HEIs’ indicators used for comparative analy-
sis. Expert evaluations are the results of surveys of internal and external experts on the university’s
strengths and weaknesses.

The controlling influences include the QS WUR methodology, which defines the structure of
indicators, weighting coefficients, and evaluation methods, as well as the university’s KPIs aligned
with its development strategy. The management function is performed by QS WUR analytics, which
set the benchmarks for improving specific indicators.
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The main functional blocks of the model that form the logical sequence of actions are as follows:

1. Formation of the QS WUR indicator model. Integration of data collection and processing
results on HEI activities, allowing the creation of a QS WUR indicator structure relevant to a specific
university (NTU «KhPI») and assessment of its current state.

2. Identification of external environmental factors (PESTLE analysis). At this stage, political, economic,
social, and technological factors influencing university performance and QS WUR position are analysed.

3. Identification of internal environmental factors (SWOT-analysis). Internal strengths and
weaknesses of the HEI are examined, including human resources, research quality, international
cooperation, and the level of digitalisation.

4. Determination of HEI resource constraints and indicators. The resource allocation model
defines possible limits for funding, staffing, publication activity, and other resources.

5. Formation of HEI development scenarios. Using an evolutionary approach, possible univer-
sity development scenarios are generated considering constraints and QS WUR target indicators.

6. Selection of the optimal set of indicators. The optimisation procedure determines the most effective
combination of indicators that ensures the maximum increase in ranking score within the available resources.

7. Formulation of recommendations for scenario implementation. Based on the scenario analy-
sis results, specific recommendations for university management are formed (for example, increasing
the share of international students, raising the number of publications in leading scientometric data-
bases, and developing partnership programmes).

The model’s outcome is a set of recommendations that includes: priority development areas,
optimal resource-use scenarios, forecasts of expected QS WUR indicator improvements, and analyt-
ical evaluation of the proposed decisions’ effectiveness.

The model will be integrated with the university’s information system, databases, and LLM
(Large Language Model) module. This approach ensures adaptability and self-learning of the system
as historical data accumulates.

The proposed model for forming recommendations to improve HEI performance in the QS WUR
ranking serves as the systemic foundation of a recommendation management system, integrating stra-
tegic analysis methods and artificial intelligence. Implementing such a model allows automation of
managerial decision-making, enhances the effectiveness of research, educational, and international
activities, and ensures sustainable growth of HEI positions in the QS WUR ranking.

Conclusions

The proposed study is timely and practically significant, as it combines modern business pro-
cess modelling methods for the strategic development of Ukraine’s higher education system. The
developed model enables a comprehensive assessment of external and internal factors affecting HEI
ranking indicators. Based on the obtained data, a model for forming recommendations to improve
HEI performance in the QS WUR ranking has been created, which defines the relationships between
individual indicators according to the QS WUR methodology and HEI activities.

The main functions of the model encompass resource allocation using genetic algorithms and
linear programming methods to search for optimal HEI development scenarios, considering resource
constraints and university management priorities. The integration of an LLM ensures intelligent data
analysis, automatic scenario generation, and synthesis of recommendations. The model allows for the
creation of scientifically grounded recommendations to enhance university performance and provides
feedback for the analytical department and HEI information system.

Thus, the proposed model is a comprehensive tool for systematising the factors influencing
ranking indicators, identifying priority development directions, optimising resource allocation, and
forming managerial decisions for university leadership. The implementation of the proposed model
will create the prerequisites for increasing HEI competitiveness in the global educational and research
environment.
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MICROSERVICE-BASED ADAPTIVE INDOOR MICROCLIMATE CONTROL
SYSTEM USING LSTM FORECASTING

Maintaining stable indoor microclimate conditions is a critical challenge in smart buildings, precision agriculture,
and industrial environments, where traditional centralized control systems often fail to provide sufficient flexibility,
scalability, and resilience under dynamically changing conditions. This study proposes a microservice-based adaptive
microclimate control system that integrates real-time loT sensing, distributed service orchestration, and machine-
learning-driven forecasting to enable proactive environmental management.

The research methodology combines system-level domain analysis, architectural decomposition into autonomous
microservices, implementation of lightweight communication mechanisms based on REST and MQTT protocols,
containerized deployment using Docker technologies, and empirical evaluation of a functional prototype. The proposed
system architecture separates data acquisition, storage, analytics, decision-making, actuator control, and monitoring into
independent services, ensuring loose coupling, fault isolation, and independent horizontal scaling. Such decomposition
enables continuous system evolution and flexible adaptation to varying operational scenarios without service interruption.

A central contribution of the work is the integration of an analytical microservice utilizing Long Short-Term Memory
(LSTM) neural networks for forecasting temperature and humidity parameters. Sensor streams undergo preprocessing,
normalization, and aggregation before being used for predictive modeling, allowing the control subsystem to anticipate
future environmental changes and execute preventive actions rather than reactive responses.

Experimental evaluation demonstrated stable system performance with end-to-end response latency below two
seconds under realistic workloads. The forecasting module achieved strong predictive accuracy, with determination
coefficients of approximately R?> = 0.90 for temperature and R? = 0.94 for humidity, while maintaining low prediction
errors (MAE of 0.21 °C and 0.56 %, respectively). These results confirm that integrating predictive analytics into a
microservice architecture significantly improves environmental stability and energy efficiency.

The proposed approach demonstrates the feasibility and practical effectiveness of combining microservice-
based software engineering principles with intelligent data-driven control strategies. The developed solution is suitable
for deployment in smart buildings, indoor farms, and industrial facilities requiring scalable, resilient, and adaptive
microclimate management systems.

Key words: microservice architecture, monitoring, neural network, distributed systems, machine learning, IoT.

10.0. HIEJIIXOB, H.I. AKCAK

XapKiBChbKUi HAallIOHAILHUN YHIBEPCUTET PaIi0CICKTPOHIKH

MIKPOCEPBICHA CUCTEMA AJAIITUBHOI'O KEPYBAHHA MIKPOKJIIMATOM
INPUMIIIEHDb HA OCHOBI LSTM-ITPOI'HO3YBAHHA

IHliompumanus cmabinbHUX napamempie MiKpOKIIMAmy € KpUMu4HO 8adCIUSUM 3a80AHHAM OJis PO3YMHUX OyOisenb,
cucmem 3aKpumoz20 3emMaepoocmea ma NPOMUCIOSUX 00 €kmie, 0e mpaouyiuni YeHmpanizoeami cucmemu KepyeamHs
yacmo He 3abe3neuyioms HeoOXiOHOI eHYUKOCMI, MACUmMabo8anocmi ma 6i0MOB0CMIUKOCI 8 YMOBAX OUHAMIYHUX 3MIH
306HIUHBO20 cepedosuya. Y pobomi 3anponoH0BAHO MIKPOCEPSICHY cucmemy ad0anmuHo20 Kepy8anHs MiKpOKIIMAMOM,
sIKA NOEOHYE peanvhutl 30ip oanux i3 loT-cencopie, po3nodineHny 63aemooiio cepsicié ma npocHO3y8aHHsL HA OCHOBL Memoois
MAUWUHHO20 HABYANHA 015 Peani3ayii npoaKmueHo20 Kepy8ants napamempamu cepedosuiyd.

Memooonozisi 00CiONCEHHA BKIOYAE CUCMEMHUL AHANI3 NPeOMemHOl 0onacmi, apxXimekmypHy O0eKoMHO3Uyio
cucmemu Ha asmMoHOMHIMIKpocepgicu, ukopucmarnusa npomokonie RESTma MQOTT 0ns 00miHy Oanumi, KOHmMeUHepu3ayio
Komnonenmis 3acobamu Docker, a maxodic ekcnepumenmanbhe mecmy6anHs peanizo8ano2o npomomuny. 3anponoHoeana
apximexmypa nepeddauae po30iieHHs PyHKyit 300py 0aHux, 30epieants, aHALIMUKU, GOPMYSAHHS KEPYBAIbHUX PilieHb,
Kepy6amHs 6UKOHAGUUMU NPUCMPOIMU MA MOHIMOPUHSY, WO 3ab6e3neuye c1adKy 36 A3aHicmb KOMNOHEHMIE, 10KANI3ayiio
8IOMOB I MOJICTUBICMb HE3ANEHCHO20 MACULMADYBAHHS CePBICIS.

Knrouosum sneckom pobomu € peanizayis aHanimuiHo2o MoOyjis Hd OCHOBI PeKyPeHMHUX HeUpOHHUX Mepedc muny Long
Short-Term Memory (LSTM), ujo 00380718€ npocHo3ysamu memnepamypy ma 60J102iCMb Ha OCHOBI ICIMOPUYHUX YACOBUX PAOI8.
Tonepeons obpobka Oanux éxmouae Qinbmpayiro, HOpMA3ayito Ma azpezy8ants NOKA3HUKIB, NicA Y020 Mooensb hopmye
NPOSHO3 MAUOYMHIX 3HAUEHb, W0 3aDe3newye nepexio 6i0 peakmuHo20 00 NPOAKMUBHO20 KEPYBAHHS MIKPOKIIMAMOM.

Excnepumenmanvha oyinka niomeepouna cmadiiviy pobomy cucmemu i3 cepeoHbo10 3ampumKoI0 peaxyii MeHu
HidIC 08I cekyHOu. Mooenb npoeHo3y8anHs. NPOOEMOHCMPYEALA GUCOKY MOYHICMb: Koehiyienm demepminayii R? = (0,90
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ona memnepamypu ma R? = 0,94 ona eonozocmi npu cepeoniti abcomomnivi noxudbyi MAE 0,21 °C i 0,56 % sionogiono.
Ompumani pezynomamu niOmMeepoNcyromy, U0 UKOPUCIIAHHA NPOSHO3HOI AHANIMUKY 8 NOEOHAHHI 3 MIKDPOCEPBICHOI
apximexkmyporo 00380J5€ NiOGUWUMU CINADITLHICIb NAPAMEMPIE cepedosuiya ma enepeoemexmusHicys Cucmemu.

3anpononosanuii nioxio OdemoHcmpye npakmuuny e@ekmuenicmv inmezpayii NPUHYUNIE MIKPOCEPBICHOT
apximexmypu 3 iHMeNeKMyaIbHUMU MeMOoOdMU aHANI3y OAHUX I Modce Oymu GUKOPUCMAHULL Y PO3YMHUX OVOIGIsX,
BEPMUKANILHUX (Depmax 1 NpoMUCTIOBUX cepedosuuax, O0e HeoOXiOHe macumabosane ma aodanmueHe KepyeaHHs
MIKPOKIIMAMOM.

Kntrouosi cnosea: mixpocepgicna apximexmypa, MOHIMOPUHE, HEUPOHHA Mepedcd, PO3N0OLIeHT cucmemu, MauuHHe
naeuanns, loT.

Problem Statement

Ensuring stable indoor microclimate conditions is an essential requirement for modern intelli-
gent environments such as smart buildings, vertical farms, industrial facilities, and controlled agri-
cultural systems. Maintaining optimal environmental parameters — including temperature, humidity,
carbon dioxide concentration, and lighting — directly affects human comfort, productivity, technolog-
ical process stability, and energy efficiency.

Traditional automation systems are typically based on centralized architectures. While suita-
ble for static or low-variability conditions, they often demonstrate limited adaptability, insufficient
responsiveness to rapid environmental changes, poor scalability, and low fault tolerance. These lim-
itations hinder their effectiveness in dynamic environments characterized by continuous sensor data
streams and rapidly changing external conditions.

Recent technological advances — particularly in the Internet of Things (IoT), edge computing,
cloud infrastructure, and artificial intelligence — have enabled the development of distributed intelli-
gent control systems capable of real-time monitoring and autonomous decision-making. Among the
architectural paradigms, microservice architecture has emerged as an effective approach for building
scalable and modular distributed systems by decomposing functionality into loosely coupled services
responsible for data acquisition, analytics, decision logic, and actuator control.

The relevance of applying a microservice-based approach to adaptive microclimate control is
grounded in its flexibility, scalability, seamless integration with IoT and cloud/edge infrastructures,
improved fault tolerance, and support for predictive analytics. These properties make it possible to
transition from reactive regulation strategies toward proactive environmental management.

However, existing solutions often address either architectural design aspects or predictive mod-
eling techniques separately, while integrated approaches that combine microservice-based system
engineering with data-driven forecasting remain insufficiently explored. This creates a gap between
scalable distributed system design and intelligent adaptive control mechanisms.

Therefore, the unresolved issue lies in the lack of an integrated solution that combines scalable
microservice-based architecture with predictive time-series analytics to enable proactive environ-
mental regulation. This gap defines the scientific and engineering challenge addressed in this study.

Analysis of Recent Research and Publications

Microservice architecture enables the decomposition of a system into independent, loosely cou-
pled services with clearly defined responsibilities. In microclimate control, this architectural style allows
separate services to manage data acquisition from sensors, process and analyze environmental data,
make control decisions, and interact with actuators and users. Such decomposition increases modularity,
scalability, and fault tolerance while facilitating continuous system evolution. For example, Haque et al.
[1] implemented a climate control system where each functional unit—data collection, analytics, and user
interface—operated as an independent service, significantly simplifying development and maintenance.
Similarly, a BEMS refactored into microservices demonstrated the ability to manage over 3200 devices
compared to only 400 in its monolithic predecessor, owing to improved load balancing [1].

Microservice-based architectures also improve system resilience. Failures of individual ser-
vices, such as logging or analytics modules, do not compromise the operation of critical components
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like device control services, thereby preventing cascading system-wide disruptions [1]. This archi-
tectural advantage is increasingly relevant in distributed and dynamic environments such as precision
agriculture or smart buildings.

Several practical implementations confirm the feasibility of using microservices in intelligent
control platforms. The IRRISENS system [2], designed for agricultural irrigation management, was
built entirely on microservices. Each farm facility ran its services to gather soil, crops, and weather
data, perform forecasting based on evapotranspiration models, and issue irrigation commands. Inte-
gration with FIWARE’s ORION Context Broker enabled orchestration and interoperability across
cloud services. The system was successfully tested on four commercial farms, demonstrating effi-
ciency in water usage and data security through tenant isolation [ 2].

In smart indoor farming, machine learning methods have become integral for achieving adaptive climate
control. A notable example is presented in [3], where Q-learning is employed to train an agent that optimizes
temperature and humidity by interacting with the environment and receiving rewards based on performance.
This approach allows the system to adapt dynamically to changing conditions without requiring a predefined
analytical model. Another contribution [4] outlines a modular architecture with dedicated subsystems for data
collection, decision-making, actuator control, and monitoring, which supports the integration of Al compo-
nents, including Q-learning, and emphasizes system flexibility through detailed UML-based design.

Sensor data must undergo preprocessing to ensure the reliability and effectiveness of control
decisions. Studies show that crucial techniques include noise filtering, data aggregation, and mul-
ti-sensor fusion. For instance, edge-level filtering using moving averages or Kalman filters reduces
unnecessary data transmission and network load [5]. Aggregation methods combine readings over
time or from multiple sensors, providing meaningful summaries without flooding the cloud with raw
data [5]. Fusion techniques combine data types—such as temperature and humidity—to derive more
informative indicators like vapor pressure deficit (VPD). In [6], such fusion is performed at the fog
computing level in a real aeroponic greenhouse, with processed results stored in the cloud and made
accessible via mobile applications. Another case, described by Rezvani et al. [7], presents a fuzzy
inference system that combines multiple climate parameters into an Optimality Degree index, offer-
ing a clear assessment of greenhouse conditions for tomato cultivation.

Many modern systems adopt multi-level processing architectures (edge—fog—cloud) to balance
speed and computational load. In a four-layer architecture described in [6], data collected by sensors
is initially processed at fog nodes, enabling real-time responses, and then transmitted to the cloud
for long-term analytics and visualization. This design ensures system resilience, allowing local deci-
sion-making even during temporary network outages.

Machine learning plays a central role in predictive and adaptive climate control. Recurrent neural
networks such as LSTM have been used to forecast temperature and humidity accurately. Thwin et al.
[8] developed a multi-step LSTM model for greenhouse climate prediction, achieving R* = 0.98 with
RMSE ~0.49, and maintaining optimal conditions even under external heat stress. A hybrid approach
combining LSTM and SVM was also tested for simultaneous forecasting and classification of environ-
mental conditions, demonstrating superior performance compared to classical algorithms [8]. In addi-
tion to forecasting, classification models help the system recognize states such as overheating or equip-
ment failure, and trigger appropriate responses. Online learning and model adaptation techniques ensure
long-term robustness by continuously updating parameters. For instance, Van Henten et al. applied an
Extended Kalman Filter to identify changing system dynamics, improving model accuracy over time.
Meanwhile, neural networks with transfer learning capabilities can adjust to new conditions during
operation [9]. Reinforcement learning methods have also shown promising results in selecting optimal
control strategies under uncertainty, balancing environmental comfort with energy efficiency [10].

These findings underscore the transformative potential of intelligent microclimate systems that
combine loT infrastructure with Al capabilities. Such systems reduce human intervention, enhance sus-
tainability, and offer practical benefits in precision agriculture, green buildings, and indoor farming.
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Ongoing research ranges from conceptual designs to applied solutions. Theoretical contribu-
tions often explore orchestration frameworks and adaptive architectures. One example is a three-layer
design for green buildings that adapts its structure at runtime using ML-based rules, successfully
tested at the CIESOL facility in Spain [11]. On the other hand, real-world deployments like IRRIS-
ENS [2] and the Adaptive Greenhouse system [8] confirm the effectiveness of these technologies in
diverse operational contexts, while revealing practical challenges in wireless communication, sen-
sor autonomy, and cybersecurity. Nonetheless, these implementations consistently report measurable
improvements in water conservation, energy efficiency, and crop productivity, demonstrating the real-
world impact of microservice-based adaptive climate control.

Aim of the Study

The aim of this research is to develop and experimentally validate an integrated microser-
vice-based adaptive microclimate control system that combines distributed loT-driven data acqui-
sition with LSTM-based predictive analytics in order to enable proactive environmental regulation,
improve system scalability, and enhance energy efficiency.

To achieve this aim, the following research objectives were defined:

— to design a modular microservice architecture ensuring functional decomposition and fault
1solation;

— to implement real-time data ingestion, storage, and monitoring services;

— to develop and integrate an LSTM-based forecasting model for temperature and humidity
prediction;

— to evaluate forecasting accuracy and system latency under realistic operational conditions.

Designing a microservice system for adaptive microclimate control

In the system, each microservice is an independent software component that performs a clearly
defined function, such as ventilation, heating, or lighting control. These services are built on the prin-
ciple of autonomy: they have their logic and a separate API and do not depend on the internal imple-
mentation of other system parts. Their specialization allows you to focus on tasks such as temperature
control, humidity monitoring, or CO: readings. All system components interact via lightweight proto-
cols (REST, MQTT, WebSocket), which provide flexibility in integration and data exchange.

Thanks to the microservice approach, this system is easily scalable — new services can be added
without stopping the main infrastructure, and existing services can be updated or replaced inde-
pendently. The system's adaptability is manifested in each service's ability to dynamically respond
to changing external conditions, such as air temperature or the presence of people. For example, a
temperature control service regulates the operation of heaters by receiving up-to-date readings from
thermal sensors. At the same time, a humidity module is responsible for humidifying or dehumidify-
ing the air based on humidity data. At the same time, another microservice can monitor the CO: level,
automatically activating ventilation when the permissible threshold is exceeded.

Another critical component is the energy efficiency module, which analyzes energy consump-
tion and adapts the operating mode of devices based on the schedule or presence of users. Integration
with [oT allows the system to control smart appliances, such as opening or closing blinds to regulate
the lighting and heat load level. The advantages of this architecture are flexibility in development,
high fault tolerance (an error in one service does not affect the operation of others), ease of scaling,
and the ability to use different technologies within one system.

As a result, microservice architecture provides adaptive, reliable, and efficient microclimate
control in smart buildings, greenhouses, or industrial facilities where precise response to environmen-
tal changes is essential.

A detailed development plan for a microservice adaptive climate control system covers all key
stages of design, implementation, and deployment, allowing for a systematic approach to creating
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an intelligent, flexible, and scalable system with high adaptability. At the initial stage, an analysis
of functional requirements is performed, particularly determining the environmental parameters that
need to be controlled: temperature, humidity, CO: content, and lighting level. In parallel, the types of
actuators are established, including heaters, air conditioners, humidifiers, ventilation units, and light-
ing systems. Next, an appropriate architectural approach is selected, and in this context, microservice
architecture is the most suitable, as it provides for the independence of individual system components.
The main functional blocks are defined: data collection, storage, analytics, device management, API,
and monitoring services. To visualize the interactions between them, a generalized data flow diagram
is created, taking into account the types of communication — both synchronous (REST) and asynchro-
nous (event queues, MQTT).

Microservices design involves the implementation of specialized components: a temperature
service that processes data from temperature sensors and regulates the operation of heaters or air con-
ditioners; a humidity service that interacts with the corresponding sensors and controls humidifiers or
dehumidifiers; a CO. module that monitors carbon dioxide and activates ventilation when the thresh-
old is exceeded; a lighting service that regulates artificial lighting or bright curtains; an analytical
service that aggregates data, detects anomalies, and performs predictions based on machine learning
algorithms; and a device controller that acts as an intermediary between analytics and performers.

Communication between services is organized through standardized REST APIs or gRPC inter-
faces. Data exchange uses HTTP/HTTPS, MQTT (for IoT devices), and RabbitMQ or Katka for
asynchronous event exchange. API protection is provided using JWT tokens, HTTPS encryption, and
role-based access control (RBAC) mechanisms.

At the data processing level, the system collects information in real time with subsequent filter-
ing and normalization. Historical data is stored in time-series databases (InfluxDB, TimescaleDB),
while metadata is stored in the PostgreSQL relational database. Decision-making uses rule-based
algorithms and machine learning models, including LSTM, regression, and classification methods.

Integration with sensor and executive infrastructure is carried out via MQTT brokers and stand-
ard protocols such as Modbus, Zigbee, or Wi-Fi. Device control uses HTTP requests, GP1O, or MQTT,
with a response time of no more than two seconds.

Scalability and reliability of the system are achieved through containerization of all services in
Docker, with the possibility of centralized orchestration using Docker Compose or Kubernetes. Pro-
metheus and Grafana are used for monitoring, and an alert system is used to detect failures. Logging
is carried out centrally via NLog or the ELK stack.

At the final stage, testing is carried out — both modular and integration, as well as load testing
using tools such as JMeter. The system is deployed via CI/CD pipelines, separated into environments
for testing and productive operation. This approach guarantees adaptability, reliability, and conven-
ient integration of the developed system into existing infrastructures of an innovative environment.

Developing a microservice adaptive microclimate control system involves a precise formulation
of functional and non-functional requirements that determine the system's architecture, operating
logic, and expected behavior in real operating conditions. At the functional level, the system should
collect automated data from temperature, humidity, CO-, and light sensors, and store this data in a
database with an accurate timestamp for further analysis. In addition to accumulating information, the
system should be able to make decisions on turning on or off controlled devices, including ventilation
equipment, heaters, or other actuators, based on the values obtained.

The user should be able to interact with the system via API, in particular, to receive the current
state of the microclimate, view sensor values in real time, and analyze the dynamics of indicators over
a specified period. This is implemented using a client application or web interface that allows access
to historical data and the results of automatic decisions.

Regarding non-functional requirements, the system should guarantee data processing with minimal
delay — no more than two seconds from when the measurement is received to when the corresponding
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control decision is made. To achieve high availability and fault tolerance, all microservices are devel-
oped as isolated containers that run in a Docker environment and can be independently deployed.

Architecture of the adaptive microclimate control system

It is based on a microservice approach that provides modularity, flexibility, scalability, and high
fault tolerance. Each service performs a clearly defined function, allowing individual components to
be developed, deployed, and updated independently. Thanks to this approach, the system can eas-
ily adapt to changing requirements or expanding functionality, which is especially important in a
dynamic environment.

At the center of the architecture is the Sensor Ingestion Service, responsible for receiving and
processing data from temperature, humidity, CO-, and light sensors. This data is transferred as streams
or messages to the Analytics Service, which analyzes the indicators, determines deviations from the
standard values, detects anomalies, and generates solutions for managing the environment.

The results of the calculations are transferred to the Actuator Control Service, which directly
interacts with actuators such as fans, heaters, lighting, or humidifiers and sends commands to turn
them on or off according to the current state of the environment and the specified logic. At the same
time, all incoming and processed data is recorded in the Storage Service, which ensures that sensor
values and system actions are saved with time stamps in the database.

All external requests to the system, including those from user applications or other services, go
through the Gateway API, which performs routing, load balancing, authentication, and authorization
of access to the relevant microservices. This allows you to control the entry points to the system cen-
trally and ensures the security of communications.

To maintain the operability and diagnose the functioning of components in real time, the Mon-
itoring Service is implemented, which collects technical metrics, records event logs, monitors the
load, and allows for a quick response to failures. Thanks to this architecture, the system is func-
tionally flexible and ready to scale and integrate new services or devices without compromising its
stability (Fig. 1).
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Fig. 1. Architecture of the adaptive climate control system.
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Sensors — collect primary data on temperature, humidity, CO-, and light.

Sensor Ingestion — receives data streams from sensors and redirects them to other services.

Storage — stores incoming data in a database (including for retrospective analysis).

Analytics — processes indicators, detects deviations, performs analysis, and generates decisions.

Actuator Control — controls actuators based on analytics solutions.

API Gateway — provides centralized access to the system's functionality from the outside.

Monitoring — monitors the status of the system and its components.

The arrows between the blocks represent the flow of data and commands, in particular: from
sensors to ingestion; from ingestion to storage, analytics, and monitoring; from analytics to actuator
control and monitoring; from actuator control to API gateway; and feedback from API gateway to
actuator control and monitoring.

Designing a microservice system for adaptive microclimate control

It involves creating separate independent services, each performing a specific function in the
overall control structure. This approach allows for high system flexibility, simplifies scaling, testing,
and maintenance, and allows for gradual expansion of functionality.

A key role in interacting with physical devices is played by the Sensor Ingestion Service, which
is responsible for receiving MQTT messages from [oT sensors that transmit temperature, humidity,
light, and CO: levels. This service performs preliminary data processing, including normalizing val-
ues and checking the correctness of the message structure before transferring them for further analy-
sis and storage.

The received data is transferred to the Storage Service, which is implemented based on the Post-
greSQL relational database. All measurements are stored with a precise time reference, which allows
tracking changes in parameters over time, conducting retrospective analysis, and using historical data
to train predictive models.

The central element of intelligent processing is the Analytics Service, which calculates aver-
ages, detects anomalous conditions, and predicts climate parameters using models based on long-
term short-term memory (LSTM). The resulting analytical findings form the basis for changing the
system's operating modes.

The decisions made are transferred to the Actuator Control Service, which generates commands
for environmental control devices, such as heating, ventilation, humidification, or lighting systems.
This service is responsible for interacting with real actuators and ensuring that their behavior aligns
with current conditions and the recommendations of the analytical module.

The Ocelot-based Gateway API is used to coordinate the interaction between external clients and
microservices. It is responsible for authorizing requests via JWT tokens, routing to the corresponding
REST API services, and providing load balancing between service instances in case of scaling.

To control the entire system's stability, the Monitoring Service has been implemented, which
integrates Prometheus and Grafana monitoring tools. This service allows you to track the technical
metrics of each component, create performance graphs, detect deviations, and respond quickly to
critical events using an alert system.

These microservices form an interconnected, adaptive, and scalable system that can dynami-
cally respond to microclimate changes and provide effective indoor environmental management.

Figure 2 shows a simplified block diagram of the design of a microservice system for adaptive
microclimate control, which shows the main components of the system and the directions of their
interaction.

Sensor Ingestion (MQTT — Validation). This microservice receives data from sensors (temper-
ature, humidity, CO., etc.) via the MQTT protocol. After receiving the data, it is validated to check its
correctness before being transmitted further to the system.

https://doi.org/10.32782/mathematical-modelling/2025-8-2-32 ISSN 2618-0332 (print), 2618-0340 (online)
314



ITPUKIIA/THI ITHNTAHHA MATEMATHYHOI O MOJE/IFOBAHHA T. 8, Ne 2, 2025

Microservices design
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¥ Y

Analytics Service API Gateway
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Y
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(Executors ) ) (Prometheus/Grafana )

Fig. 2. Block diagram of the design of a microservice system for adaptive microclimate control

Storage Service (PostgreSQL). The received and validated data is transferred to the storage ser-
vice based on the PostgreSQL relational database. Both current sensor values and historical records
are stored here for further analysis.

Analytics Service (LSTM, analysis). This component analyzes the collected data and notably
predicts climate parameters using machine learning algorithms (LSTM). Based on the study, a deci-
sion is made on actions to change the microclimate.

API Gateway (Ocelot + JWT). API Gateway acts as a gateway for external requests. It author-
izes users (in particular, through JWT) and routes requests to the appropriate internal services.

Actuator Control. Based on forecasts or analytics recommendations, this service generates con-
trol commands for actuators, such as ventilation, lighting, heating, etc.

Monitoring Service (Prometheus/Grafana). Responsible for monitoring all services, collecting
metrics (Prometheus), and visualizing indicators (Grafana). It also monitors the status of actuators
and reports failures or anomalies.

The flow begins with receiving data from sensors. The data is stored and transferred to analytics
and from there to actuators.

Designing data analysis modules

Data analytics in an adaptive microclimate control system is a key element that enables intelli-
gent decision-making based on real-time sensor information and historical trends. The primary pur-
pose of analytics is not just to process input data, but to identify patterns, predict changes in envi-
ronmental parameters, and formulate practical management actions. The main functions of analytics.
Data pre-processing and cleaning. The system receives the temperature, humidity, CO: level, and
illumination values in the form of MQTT message streams. The data is filtered (for example, using a
moving average or Kalman filter) to eliminate noise, outliers, or anomalous values.

Aggregation and statistical analysis. The processed indicators are aggregated as average, mini-
mum, maximum, or variance values at specified intervals (for example, every minute or every hour).
This allows you to reduce the amount of data and identify deviations from normal conditions.

Anomaly detection. The analytics service automatically identifies deviations from typical values
based on thresholds or classification methods. For example, it can detect excessive humidity or CO:
levels, which indicate a ventilation problem or the presence of people in the room.

Prediction of climate parameters. Proactive environmental management uses time-series tem-
perature, humidity, or CO: forecasting using an LSTM (Long Short-Term Memory) model. This
recurrent neural network is good at dealing with dynamic changes over time. For example, the model
can predict a temperature increase in 30 minutes and activate ventilation or reduce lighting in advance.
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Generating recommendations. Based on the analysis and forecast, the system creates control
strategies as commands for actuators. For example, if the temperature threshold is exceeded, a com-
mand is activated to turn on the cooling or open the blinds.

Evaluation of control efficiency. After the commands are executed, the system continues to
monitor changes in the environmental parameters, recording whether the desired effect has been
achieved. This allows you to analyze the effectiveness of the selected action and use the feedback to
train models in the future.

Figure 3 shows a schematic structure of a recurrent neural network of the LSTM (Long Short-
Term Memory) type, which consists of serially connected LSTM cells. This type of network can store
and update information over long intervals thanks to special memory management mechanisms.
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Fig. 3. Structure of a recurrent neural network of the LSTM (Long Short-Term Memory) type

The main elements in the diagram:

— LSTM cell — the central computational unit, which receives as input the feature vector x, the
internal memory state ¢, and the previous hidden state /_1 at each time step.

— X}, Xp X ..y X, — SEQUENCE of input vectors (e.g., temperature, humidity, etc. measurements in
a time series).

—h, h,, y— output hidden states or predicted values.

-c - " internal memory state vector, which carries the main information through the entire
sequence and is updated at each step.

— o — sigmoidal activation function, used in the input, forget, and output gates to determine what
information will be retained or discarded.

— tanh — hyperbolic tangent, normalizing values added to a memory state or generated as output.

— Arrows represent information flows between layers: from left to right, successive time steps;
vertical arrows, internal processing within a single cell.

The principle of operation is as follows:

At each time step 7, the model receives input x,, the previous memory state ¢, , and the hidden state 7,

Sigmoidal gates (¢ ) determine which parts of the old state to keep, which to update, and which
to pass on.

The hyperbolic function fanh forms a new proposal to the state, which is combined with the old
memory contents.

The updated memory state ¢, is passed on to the next LSTM cell.

The output state /2, or y, is passed to the next step as a prediction or feature.

As input, the LSTM model receives a time series of sensor data for the last 30 minutes, which
are pre-normalized to a range from O to 1 for computational stability. The network architecture starts
with an input layer, which accepts a fixed-length data fragment. The basis is one or more LSTM lay-
ers with a given number of neurons (for example, 64 or 128), which can save the sequence of initial
states. To prevent overtraining, a dropout layer is added, and the final one is a fully connected output
layer that generates a forecast for one or more environmental parameters at once.
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Depending on the settings, the model can perform single-point forecasting (for example, values
in 15 minutes) or multi-step prediction (the next 5-60 minutes ahead). The results are presented as
numerical estimates for each parameter — such as predicted temperature or humidity values.

The primary function of such a model is to detect future threshold exceedances before they
occur. This allows the system to act proactively, forming recommendations or directly generating
control commands for actuators, such as fans, heaters, or automated blinds. As a result, the system
responds to current conditions and prevents deterioration in advance, significantly increasing envi-
ronmental comfort and management energy efficiency.

Python and the Keras, NumPy, and Pandas libraries were used to predict microclimate parame-
ters (temperature and humidity).

Step 1. Data preparation.

Data collection from sensors in CSV format or via API. They contain the following fields: times-
tamp, temperature, humidity, CO2, and light.

Several operations were performed for data preprocessing to make the data from the sensors
suitable for feeding into the LSTM model. Initially, the data looks like this :

timestamp, temperature, humidity, CO2, light

2024-06-01 12:00:00,23.5,48.1,420,300

2024-06-01 12:01:00,23.7,48.0,419,305

We check that the data has a fixed time interval, for example, 1 minute. We remove anomalous
values or noise if there are gaps or uneven distances between records. LSTM learns better when the
input data is in the range [0, 1] (minmax-normalization). We save the scaled data set. Now, scaled df
is a uniformly interpolated, cleaned, and scaled array, ready to form sequences for LSTM.

Step 2. Forming training sequences is preparing the data in the format that the LSTM model
expects: sequences of fixed length that are fed as input, and the corresponding "targets" (outputs) that
the LSTM should predict.

LSTM is trained on sequences of values, not on individual points. For example, to predict the
temperature one minute ahead, we feed the previous 30 minutes as input. This is called the observa-
tion window.

After scaling, we have an array of dimension: scaled df — shape: (N, 2), where N is the number
of time records, and 2 is the number of features (e.g., temperature + humidity).

Thus, we create X — a three-dimensional array for the model, with dimensions (number of
sequences, length of sequence, number of features), and y — a two-dimensional array of target values,
with dimensions (number of sequences, number of features)

Let's say we have 100 minutes of data (N = 100), and window_size = 30.

— Number of possible sequences: 100 — 30 =70

— Each element X[i] is a 30%2 matrix (30 minutes, 2 parameters)

— Each y[i] is a vector of 2 values (at the 31st minute: temperature and humidity)

These X and y are used in model fit(X, vy, ...)

Multi-step forecasting means that instead of predicting a single next value (e.g., temperature in
1 minute), the LSTM model predicts several future values at once — for example, the next 60 minutes
(i.e., y will have a size of 60 steps instead of 1).

There are two main approaches:

First. One-to-many (direct forecast)

The model is trained to output a vector of predictions for n next steps simultaneously.

Second. Recursive forecast (step-by-step)

The model forecasts only 1 step, and then uses its forecast as input for the next forecast (accu-
mulating errors!).

The best approach for stability is one-to-many

The format of y changes:

Was: y[i] = data[i + window_size]

Now: y[i] = data[i + window_size : 1 + window_size + forecast horizon]

As aresult, we get:

X.shape = (N, 30, 2)

y.shape = (N, 60, 2) — that is, 60 future points for each of the two parameters
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The graph in Figure 4 compares the actual temperature and the LSTM model forecast for 60
minutes. It allows us to assess the accuracy of the forecast and identify possible deviations in the
model's behavior.
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Fig. 4. Comparison between actual temperature and LSTM model forecast for 60 minutes.

The yellow curve shows the actual temperature values obtained from the sensors. The orange
curve is the model forecast based on previous data. The LSTM model reproduces the overall temper-
ature dynamics quite accurately. There are slight lags or smoothing of peaks — this is a typical effect
for LSTM, which seeks to avoid sudden changes.

The forecast remains within the permissible fluctuations, which indicates good agreement with
the real data.

The graph in Figure 5 compares the actual and forecasted humidity values (%) 60 minutes
ahead. Such visualization allows us to assess the quality of the LSTM model in different microclimate
parameters and identify potential forecast errors for further model improvement.

The yellow line shows the actual humidity values from the devices. The orange line is the mod-
el's forecast for 60 minutes ahead. The humidity forecast is slightly more volatile than the tempera-
ture forecast. This is because humidity often undergoes sudden changes (for example, turning on a
humidifier).

The model tries to predict the general trend, but does not always accurately guess the moment
of change. This means it needs to be trained with longer historical windows or supplemented with
external features (for example, when a humidifier is turned on).
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Fig. 5. Comparison between actual and forecasted humidity values (%) 60 minutes ahead
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The LSTM model copes effectively with the forecast of trends and smooth changes in climate
parameters. It can proactively control the system (for example, cool the air before it gets hot).

To increase the accuracy of the forecast, especially for humidity, it is worth adding other input
features or optimizing the model architecture (for example, through attention or ensemble models).

The accuracy of the LSTM model in predicting microclimate parameters 60 minutes ahead
was evaluated using standard regression metrics: Mean Absolute Error (MAE), Mean Squared Error
(MSE), and the coefficient of determination (R?).

The model achieved an MAE of 0.2077°C for temperature prediction, indicating a very low
average deviation between predicted and actual values. The MSE was 0.0787, which suggests that
large deviations were rare, as this metric penalizes significant errors more heavily. The R? score
reached 0.9019, meaning that the model successfully captured over 90% of the variance in tempera-
ture measurements, demonstrating strong predictive performance.

In the case of humidity forecasting, the model performed even better. The MAE was only
0.5588%, and the MSE was 0.5190, both confirming high precision. The R? score of 0.9448 indicates
that the model explained approximately 94.5% of the variation in humidity values. This highlights the
model’s ability to capture trends and fluctuations in environmental humidity accurately.

The results show that the LSTM model demonstrates high forecasting accuracy for both param-
eters. While the R? value for temperature is slightly higher, the MAE and MSE values for humidity
are more favorable, suggesting greater robustness in humidity prediction. These findings confirm the
suitability of LSTM-based forecasting for adaptive control in innovative microclimate systems.

The graph (Fig. 6) shows histograms of the distribution of forecast errors for temperature and
humidity.
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Fig. 6. Histogram of the distribution of forecast errors for temperature and humidity

This histogram shows the distribution of temperature and humidity forecast errors:

— The temperature forecast errors (orange fill) have a roughly normal distribution around zero,
indicating that the model has no systematic bias in its temperature forecast.

— The humidity forecast errors (blue fill) also have a symmetric distribution, although slightly
less variance, indicating a more stable forecast.

Both distributions are centered within =1, which is a good indication of the model’s accuracy.
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Conclusions

In this paper, we have implemented a microservice system for adaptive microclimate control,
which can automatically adjust environmental parameters (temperature, humidity) based on data
obtained from IoT sensors. A modular architecture was used, where each microservice performs a
highly specialized function: collection, storage, analytics, device management, and monitoring.

Particular attention was paid to developing an analytical service that predicts microclimate
parameters using a recurrent neural network such as LSTM. This made it possible to increase the
proactivity of the system: decisions to turn equipment on or off are made not only based on current
values, but also taking into account expected changes in the next 60 minutes.

Evaluation of the accuracy of LSTM forecasts showed an acceptable quality of the models for
use in practical control systems. The average MAE, MSE, and R? values confirm the effectiveness of
the applied approaches for different climate parameters.

The system is implemented using containerization technologies (Docker), supports standard
protocols for interacting with sensors (MQTT, HTTP), and has monitoring and logging tools, which
makes it suitable for deployment in real-world settings such as greenhouses, smart buildings, or
industrial premises.

This study demonstrates that a microservice-based adaptive micro-climate control system can
proactively maintain environmental parameters by coupling real-time [oT sensing with LSTM-driven
forecasting. The modular decomposition of data ingestion, analytics, decision logic, and actuator ser-
vices guarantees high scalability and fault-tolerance while enabling hot redeployment and horizontal
scaling.

Bibliography

1. Hadj Abdelkader O., Bouzebiba H., Pena D., Aguiar A. P. Energy-Efficient loT-Based Light
Control System in Smart Indoor Agriculture. Sensors. 2023.T. 23, Ne 18. C. 7670. DOI: 10.3390/
$23187670. PMID: 37765728; PMCID: PMC10534542

2. Lork C., Cubillas M., Ng B. K. K., Yuen C., Tan M. Minimizing electricity cost through
intelligent lighting control for indoor plant factories. IECON 2020 — The 46th Annual Conference
of the IEEE Industrial Electronics Society, Singapore, 18-21 October 2020. C. 297-302. DOI:
10.1109/TIECON43393.2020.9255061

3.  Akcak H., KymnapsoB M., IllenixoB 0. IHTenekryanbHe KepyBaHHS MIKPOKIJIIMATOM CiTi-
depmu Ha ocHOBI anroputmy Q-learning. Advanced Information Technology. 2024. T. 1, Ne 3.
C. 12-24. DOI: 10.17721/A1T.2024.1.02

4. Hlenixos lO. O., Akcak H. I. ApxiTekTypa CUCTEMH KOHTPOJIIO MIKPOKIIMATy y 3aMKHYTOMY
npumitienHi. Grail of Science. 2023. Ne 24 C. 296-301. DOI: https://doi.org/10.36074/grail-of-
science.17.02.2023.055

5. Afzali S., Bao Y., Van lersel M. W., Velni J. M. Optimal lighting control in greenhouses using
Bayesian neural networks for sunlight prediction. 2022 European Control Conference (ECC),
London, 12—15 July 2022. C. 1140-1145. DOI: https://doi.org/10.48550/arXiv.2205.03733

6. Afzali S., Mosharafian S., Van lersel M. W., Velni J. M. Optimal lighting control in greenhouses
equipped with high-intensity discharge lamps using reinforcement learning. 2021 American
Control Conference (ACC), New Orleans, 25-28 May 2021. C. 1414-1419. DOI: 10.23919/
ACC50511.2021.9482964

7.  Mosharafian S., Afzali S., Weaver G. M., Van lersel M., Velni J. M. Optimal lighting control
in greenhouse by incorporating sunlight prediction. Computers and Electronics in Agriculture.
2021. T. 188. C. 106300. DOI: https://doi.org/10.1016/j.compag.2021.106300

8. Ajagekar A., Mattson N. S., You F. Energy-efficient Al-based control of semi-closed greenhouses
leveraging robust optimization in deep reinforcement learning. Advances in Applied Energy.
2023.T. 9. C. 100119. DOI: https://doi.org/10.1016/j.adapen.2022.100119

https://doi.org/10.32782/mathematical-modelling/2025-8-2-32 ISSN 2618-0332 (print), 2618-0340 (online)
320



ITPUKIIA/THI ITHNTAHHA MATEMATHYHOI O MOJE/IFOBAHHA T. 8, Ne 2, 2025

9.

10.

11.

10.

I1.

Van Laatum B., Van Henten E. J., Boersma S. GreenLight-Gym: A reinforcement learning
benchmark environment for greenhouse crop production control. arXiv preprint. 2024.
arXiv:2410.05336. DOI: https://doi.org/10.48550/arXiv.2410.05336

Hati A. J., Singh R. R. Smart indoor farms: Leveraging technological advancements to
power a sustainable agricultural revolution. AgriEngineering. 2021. T. 3, Ne 4. C. 728-767.
DOI: https://doi.org/10.3390/agriengineering3040047

Lozano-Castellanos, L. F., Navas-Gracia, L. M., Lozano-Castellanos, I. C., Correa-Guimaraes, A.
Technologies Applied to Artificial Lighting in Indoor Agriculture: A Review. Sustainability.
2025. T. 17, Ne 7. C. 3196. DOI: https://doi.org/10.3390/sul 7073196

References
Hadj Abdelkader, O., Bouzebiba, H., Pena, D., & Aguiar, A. P. (2023). Energy-efficient [oT-based
light control system in smart indoor agriculture. Sensors, 23(18), 7670. https://doi.org/10.3390/
s23187670 [in English].
Lork, C., Cubillas, M., Ng, B. K. K., Yuen, C., & Tan, M. (2020). Minimizing electricity cost
through intelligent lighting control for indoor plant factories. In IECON 2020 — The 46th Annual
Conference of the IEEE Industrial Electronics Society (pp. 297-302). https://doi.org/10.1109/
IECON43393.2020.9255061 [in English].
Aksak, N., Kushnaryov, M., & Shelikhov, Y. (2024). Intelektualne keruvannia mikroklimatom
siti-fermy na osnovi alhorytmu Q-learning [ The intelligent control of the city-farm microclimate
based on the Q-learning algorithm]. Advanced Information Technology, 1(3), 12-24.
https://doi.org/10.17721/A1T.2024.1.02 [in Ukrainian].
Shelikhov, Y. O., & Aksak, N. H. (2023). Arkhitektura systemy kontroliu mikroklimatu u
zamknutomu prymishchenni [Architecture of a microclimate control system in an enclosed
space]. Grail of Science, 24,296-301. https://doi.org/10.36074/grail-of-science.17.02.2023.055
[in Ukrainian].
Afzali, S., Bao, Y., Van lersel, M. W., & Velni, J. M. (2022). Optimal lighting control in
greenhouses using Bayesian neural networks for sunlight prediction. In 2022 European Control
Conference (ECC) (pp. 1140—1145). https://doi.org/10.48550/arXiv.2205.03733 [in English].
Afzali, S., Mosharafian, S., Van lersel, M. W., & Velni, J. M. (2021). Optimal lighting control
in greenhouses equipped with high-intensity discharge lamps using reinforcement learning.
In 2021 American Control Conference (ACC) (pp. 1414-1419). https://doi.org/10.23919/
ACC50511.2021.9482964 [in English].
Mosharafian, S., Afzali, S., Weaver, G. M., Van lersel, M., & Velni, J. M. (2021). Optimal
lighting control in greenhouse by incorporating sunlight prediction. Computers and Electronics
in Agriculture, 188, 106300. https://doi.org/10.1016/j.compag.2021.106300 [in English].
Ajagekar, A., Mattson, N. S., & You, F. (2023). Energy-efficient Al-based control of semi-closed
greenhouses leveraging robust optimization in deep reinforcement learning. Advances in Applied
Energy, 9, 100119. https://doi.org/10.1016/j.adapen.2022.100119 [in English].
Van Laatum, B., Van Henten, E. J., & Boersma, S. (2024). GreenLight-Gym: A reinforcement
learning benchmark environment for greenhouse crop production control. arXiv:2410.05336.
https://doi.org/10.48550/arXiv.2410.05336 [in English].
Hati, A. J., & Singh, R. R. (2021). Smart indoor farms: Leveraging technological
advancements to power a sustainable agricultural revolution. AgriEngineering, 3(4), 728-767.
https://doi.org/10.3390/agriengineering3040047 [in English].
Lozano-Castellanos, L. F., Navas-Gracia, L. M., Lozano-Castellanos, I. C., & Correa-
Guimaraes, A. (2025). Technologies applied to artificial lighting in indoor agriculture: A review.
Sustainability, 17(7), 3196. https://doi.org/10.3390/sul 7073196 [in English].

https://doi.org/10.32782/mathematical-modelling/2025-8-2-32 ISSN 2618-0332 (print), 2618-0340 (online)

321



ITPUKIIA/THI ITHNTAHHA MATEMATHYHOI O MOJE/IFOBAHHA T. 8, Ne 2, 2025

[enixoB FOpiit OnexcanapoBud — acmipaHT kadeapu iHGOPMAIIHHUX CUCTEM 1 TEXHOJOTIN
XapKiBCHKOTO HAIllOHAJILHOTO YHIBEepcUTETy panioenekTpoHiku. E-mail: yurii.shelikhov@nure.ua,
ORCID: 0009-0009-8970-6571.

Axcak Haramis ['eopriiBHa — 1.T.H., mpodecop xadenpu iHGoOpMaIiHHUX CHCTEM 1 TEXHOJIO-
riif XapKkiBCbKOTO HAIlIOHAJIBHOTO YHIBEPCUTETY pajiioeneKTpoHiku. E-mail: nataliia.axak@nure.ua,
ORCID: 0000-0001-8372-8432.

Shelikhov Yurii Oleksandrovych — Postgraduate Student at the Department of Information
Systems and Technologies of the Kharkiv National University of Radio Electronics.
E-mail: yurii.shelikhov@nure.ua, ORCID: 0009-0009-8970-6571.

Axak Nataliia Georgiivna — Doctor of Technical Sciences, Professor at the Department of
Information Systems and Technologies of the Kharkiv National University of Radio Electronics.
E-mail: nataliia.axak@nure.ua, ORCID: 0000-0001-8372-8432.

Hara nagxomxenns crarti: 17.10.2025

Jara npuitasaTTs crarti: 09.12.2025
&Y Omny6mnikoBano: 30.12.2025

https://doi.org/10.32782/mathematical-modelling/2025-8-2-32 ISSN 2618-0332 (print), 2618-0340 (online)
322



ITPUKIIA/THI ITHNTAHHA MATEMATHYHOI O MOJE/IFOBAHHA T. 8, Ne 2, 2025

YK 004.048+004.94

O.P. APEMA

JIbBiBChKUIT HalliOHANBHUI yHIBepcuTeT iMeHi [Bana dpanka

C.A. BABIYEB
VuiBepcutet fna EBanrenucra [Typkine B Yeri Ha JIabi, Yexis;
XepCOHCHKHH Aep:KaBHUH YHIBEPCUTET

T'BPUIHA MOJEJIb AHAJII3Y EKCIIPECII TEHIB I3 3BACTOCYBAHHSM
AHCAMBJEBUX CTPATEI'T KJIACTEPU3AIII TA KJTACU®IKAIII AJI5
NIATHOCTHUKH CTAHY CKJAJHUX CUCTEM

AHnaniz 0anux excnpecii eenie € OOHUM i3 KII0U08UX IHCIMPYMEHMI8 cyuacHOoi Oi0THGOpMamuKku ma Komn romepHux
HAyK, OCKIIbKU 0a€ 3mo2y i0enmu@ikysamu oiomapkepu, Gpopmyeamu MOIeKVISIPHI npo@inl ma niompumysamu npoyecu
0IazHOCTNUKY OHKONOSTUHUX 3AX60PI0GANb. AKMYAIbHICHb Yb020 HANPAMY NOSICHIOEMbC NOMPEOOIO Y MEMOOaX, 30amHUX
aA0eK8amuo 06pooIAMY BeNUKI MPAHCKPUNMOMHI OAHI 3 BUCOKOIO pO3MIPHICTIO, pisHopionicmio ma wymamu. Taxi oco-
OU60OCMI CYMmMEBO YCKAAOHIOIMb SUKOPUCIARH MPAOUYIIHUX Memodis Kiacmepuzayii ma kiacu@ixayii, yHacuiook
4020 GOHU 8MPAYAIOMb IHMEPNPEMOoBaHicmy I MoyHicme. Y cmammi 3anponoHo8ano 2iopuoHy mMooeisb, Wo NOEOHYE
aneopumm camoopearizosanux oepes (Self-Organizing Tree Algorithm, SOTA) 3 KoHcencycHUMU cmpamezisimu aziome-
PamusHoi ma cnekmpaibHoi Kiacmepusayii. 3anpononosanuil ancamonesuti nioxio oae 3moey Qopmyeamu y32004ceHi
ma iHghopmamusHi Kiacmepu npoinie ekcnpecii 2enis, wjo sMeHUYE 8NIUS IOKATLHUX AHOMAIL T NI0GUUYE HAOTUHICIDb
ompumanux pesynvmamis. I106y0osani kracmepu UKOPUCIOBYBANUCS K HOBI 03HAKU OJis Kiacudikayiunoi mooeni na
ocnogi ancopummy Random Forest, cinepnapamempu K020 0Y10 onmumizo8ano 3a 00NoM0o2010 0AUECIBCLKUX Memo0i6
Y ROEOHanHi 3i cmekineom. Modenosants UKOHAHO HA BETUKOMACWUMAOHIT Mampuyi ekcnpecii, wo eKa4aia noHao 6
muc bionoeiunux 3paskie i 18 muc eenis, oxonmorouu 14 kiacie 3pasxie. Pezynemamu nokazanu, wo cneKmpanibHuil KoH-
cencycnuti eapianm SOTA cmabinbho 3a6e3neyyc HAUKpawi 3HAUeHHs 6HYMPIWHIX THOEKCI8 AKoCcmi Kaacmepusayii ma
Hausuwy mounicme knacuixayii. 3oxkpema, y kongicypayisx iz mpvoma-n’asmema kiacmepamu oocaenymo 100% mou-
nocmi ma F1-mipu, wo niomeepooscye diazHocmuuHy 3Ha4ywicms 8UOLIeHUX epyn 2eHis. Po3pobnenuii ancambiesutl KoH-
seep a6A€ 00010 Macuimadosanull i cmandapmu308aHuLl IHCMPYMeHm ananizy mpaHcKpunmoMHUX OAHUX, AKUTL MOJICe
oymu inmezposanuil y cucmemu niOMpUMKY RPULHAMMA pitdeHsb 05l PaHHbOI 0Ia2HOCIUKY CIMAHY CKIAOHUX CUCTEM.

Knrwouosi cnosa: oani excnpecii 2enis, mempuxu 01u3bkocmi, 2i6puona mMooens, Kiacmepusayis, Kiacugikayis,

NEePCoOHANi308aHa MEOUYUHA, 2LOPUOU3AYIS.

O.R. YAREMA

Ivan Franko National University of Lviv

S.A. BABICHEV
Evangelista Purkyné University in Usti nad Labem, Czech Republic;
Kherson State University

HYBRID MODEL FOR GENE EXPRESSION ANALYSIS USING ENSEMBLE
CLUSTERING AND CLASSIFICATION STRATEGIES FOR DIAGNOSING
COMPLEX SYSTEMS

Gene expression data analysis is one of the key tools of modern bioinformatics and computer science, as it enables
the identification of biomarkers, the formation of molecular profiles, and the support of cancer diagnostics. The relevance
of this field is explained by the need for methods capable of adequately processing large-scale transcriptomic data char-
acterized by high dimensionality, heterogeneity, and noise. Such features significantly complicate the use of traditional
clustering and classification methods, leading to reduced interpretability and accuracy. This article proposes a hybrid
model that combines the Self-Organizing Tree Algorithm (SOTA) with consensus strategies of agglomerative and spec-
tral clustering. The proposed ensemble approach enables the formation of consistent and informative clusters of gene
expression profiles, which reduces the impact of local anomalies and increases the reliability of the results obtained. The
constructed clusters were used as new features for a classification model based on the Random Forest algorithm, whose
hyperparameters were optimized using Bayesian methods in combination with stacking. The modeling was carried out
on a large-scale expression matrix including more than 6,000 biological samples and 18,000 genes, covering 14 sample
classes. The results demonstrated that the spectral consensus version of SOTA consistently provided the best values of
internal clustering quality indices and the highest classification accuracy. In particular, in configurations with three to
five clusters, 100% accuracy and F1-score were achieved, confirming the diagnostic significance of the identified gene
groups. The developed ensemble pipeline represents a scalable and standardized tool for transcriptomic data analysis
that can be integrated into decision-support systems for early diagnosis of complex systems.

Key words: gene expression data, similarity metrics, hybrid model, clustering, classification, personalized medi-
cine, hybridization.
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IHocTanoBka npodiaemMu

OHKOJIOT1YHI 3aXBOPIOBAHHS 3AJIMIIAIOTHCS OJHIEIO 3 MPOBIIHUX MPUUUH 3aXBOPIOBAHOCTI Ta
CMEPTHOCTI y CBITI; paHHS ¥ TOYHA JIarHOCTUKAa KPUTHYHO BIUIMBAIOTH HAa PE3yJIbTATH JIIKyBaHHS.
[IpodintoBanHs ekcnpecii reHiB yTBEPAUIOCS K OUH 13 KJIIOYOBUX 1HCTPYMEHTIB JJIS BIIKPUTTA O10-
MapKepiB 1 MOJIEKYJISIPHUX ITiJIIHCIB, 10 PO3PI3HAIOTH MIITHITN PaKy, MPOTHO3YIOTh POTPECYBAHHS Ta
MiATpUMYIOTh BHOIp Teparii [1]. BomHouac xapakrepHa 6araroBUMipHICTb, HEOITHOPITHICTD 1 3aITyM-
JICHICTh TPAHCKPUIITOMHUX JIAHUX YCKJIaTHIOIOTh 3aCTOCYBAaHHS KIIACUYHMX IT1IX0/[IB MAITMHHOTO HaB-
yanHs. Tpaauiiiiai anropuTMu KiacTepu3aii i kiacudikarii BTpadaroTh CTIHKICTh Ta IHTEPIPETOBA-
HICTb y TAKMX YMOBAX, 1110 3HWXKY€E IXHIO IPAaKTUYHY LIIHHICTb JUI MEIMYHHX 3aCTOCYBaHb. Lle cTBOproe
HayKOBY IpoOJIeMy, siKa MOJIsIrae y BiJICYTHOCTI YHIBEpCAIbHIX METOJIIB aHaII3Yy, 3[aTHUX OTHOYACHO:

— 320€3MeYNTH CTPYKTYPH3AI[II0 BEJIMKOMACIITAOHUX TPAHCKPUIITOMHUX JAHHX 13 BHCOKAM PiB-
HEM ILIyMYy;

— ¢opmyBaru cTabinbHI Ta iHGOPMATUBHI KIACTEPH, PEIEBAHTHI O1070r1YHOMY KOHTEKCTY;

— IHTerpyBaTH pe3yJIbTaTH HEKOHTPOJILOBAHOTO TPYITyBaHHS 3 KOHTPOJIBOBAHOKO KilacHika-
€0 IS M ABUILEHHS 11arHOCTUYHOI TOYHOCTI.

[Tononary 1i BUKIMKH JOLIIBHO 32 TOTIOMOTOI0 aHcaMOIeBUX Ta TidpuaHux meroxis (bagging,
boosting, stacking), siki MOEIHYIOTh CHUJIbHI CTOPOHM KUIBKOX KiIacH(iKaToOpiB 1 KIacTepU3aToOpiB,
3MEHIIYIOTh JUCHEPCII0 PE3ybTaTiB 1 MiABUIIYIOTH IX y3arajlbHIOBaHICTH [2].

AHaJIi3 0CTaHHIX J0CTizKeHb i myOmikanii

['iOpuaHi KOHBE€EPH, SIKI MOETHYIOTh HEKOHTPOJIBOBAHY KJIACTEPU3AIIIO 3 MOJAJIBIIO KOHTP-
OJIbOBAHOIO KJacH(]iKali€ro, IPOJEeMOHCTPYBAIH 3/1aTHICTh BUOKPEMITIOBATH 0100T1YHO 3MiCTOBHI
O3HAKM Ta JOCATATH BHUCOKOI TOYHOCTI Ha CKJIQJHMX HaOopax manux [3]. 3a3HaueHl METOAM 1HTE-
TPyIOTh IOMEHHI 3HaHHsI (OHTOJIOT11, 0a3u NUIAXIB), 110 3a0e3meuye Kpally iHTepIpeTOBaHICTh 1 Kili-
HIYHY PEJIEBAaHTHICTh OJIEP)KaHUX pe3yabraTiB [4]. AHCaMOMeBi miaxoau 0 KilacTepu3alii Ta Kiiacu-
(ikarii Jar0Th 3MOTYy BUSBIISATH IMaTEPHHU EKCIIPECIi 32 YMOB reTEPOreHHOCTI MyXJIMH, 3a0€3Meuy0un
OJTHOYACHO BUCOKY TOYHICTH 1 3[AaTHICTh JO y3arajlbHEHHS, 110 € HeOOX1IHUM Ui I1arHOCTUYHHX
3aCTOCYBaHb [5].

Ornsin cydacHUX pilieHb Juisl Kinacudikarii paky 3a TaHUMH €KCTIpecii OXOIUTIOE SIK KJIIAaCHYHI
mozeni (SVM, Random Forest), Tak 1 muOWHHI MiaXoQu — 3rOpTKOBI Ta rpadosi Helpomepexi,
a TakoXK TpaHcPOpMepH, sIKi MOJCITIOIOTH 1€papXivyHI/TOBrolaabHi 3aJ€KHOCTI Ta MEPEIKEBUI KOH-
TEeKCT OMikc-naHux [6]. BogHowac mmmOuHHI Mojeni MoTpeOyrTh BEIMKUX OOCSTIB PO3MIUYEHUX
JIAHUX, B1I3HAYAIOTHCSI OOMEKEHOIO MPO30PICTIO MPOLECY MPUUHATTS PIilIeHb T4 BUCOKOIO Yy TIIHBI-
CTIO /IO HAJIAIITYBAaHHS YHCJICHHUX TilEprapaMeTpiB, IO OCOOIMBO MPOSBISIETHCS y pasi 3amrymiie-
HUX 1 IucOalaHCHUX BUOIPOK.

J1Jist i IBUIIICHHSI CTIMKOCTI B aHAJTi31 OMIKC-TaHUX 3aIIPOIIOHOBAHO HU3KY aHCAMOJIEBUX PIIIICHb:
IHTEJIEKTyaJIbHUM KOHBeep Ha 0a31 MLP miis 1iarHOCTHKY paKy MOJIOYHOI 3aJ71031; KOHCEHCYCHY KJlac-
tepu3aiiro 171 SCRNA-seq 13 MeToro cTabimizaliii 03HaK; paHroBi aHCaMOITi JIepeB, 110 MOKPAITYIOTh
MYJIBTHKIAcOBY ToUHICTh Y bulk-RNA-seq/MikpomacuBax. Jl01aTKOBI TOCHTIHKEHHS MiATBEPAKYIOTh
repeBaru MyJIbTHOMHOI KOHCEHCYCHOI KJlacTepu3alii y 3ajjayax crparudikailii namieHTiB 13 pakoM
nutyHKa [ 7], a Takoxk e(peKTUBHICTh aHCaMOJIEBUX Mepexk CIiBEeKCIpecii i i1eHTudikaiii peaeBaHT-
HUX O10MapKepiB y MyXJIMHAX MOJIOYHOI 3aJI031 Ta MpocTaru [8].

binpiiicte qocHiKeHb 30cepelkyeThesi abo Ha aHcambOieBid kiactepusanii (ensemble
clustering), abo Ha ancam0neBiii knacudikariii (ensemble classification), pizko moegHY0OUH X Y €11-
HUH y3ro/pKeHui KOHBeep. 30KpeMa, KOHCEHCYCHa KilacTepH3alis Ui cTpaTtudikaliii namieHTiB i3
HeApiOHOKIITUHHUM pakoMm JiereHb (HJIPJI) miaBuinye TOYHICTS BUAITICHHS MOJICKYJSIPHUX TIATPYTI,
IIPOTE 3a3BHUail He BKIIIOYAE KOHTPOJIbOBAHOI'O KOMITIOHEHTA JUIsl JIarHOCTUYHOT'O ITPOTHO3Y.

Amnani3 (QyHKIIOHAJIBHOTO 30aradyeHHs Oi0JOTIYHUX IUIAXIB YaCTO BUKOHYETHCS K OKpeMa
post hoc ipouienypa, 1mo 6a3yeTbes Ha 30BHIMHIX 0azax 3HaHb (Kyoto Encyclopedia of Genes and
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Genomes (KEGG), Gene Ontology (GO)). BiacyTHicTb iHTErpariii 11boro eTany y kiacudikaiiHuii
KOHBEEP 3MEHIIy€e HOro BIUIMB Ha Mpolec BiI0OOPY O3HAK 1 0OMeXye iHTepIpeTaliifHi MOXIMBOCTI
Mozenei [9].

Merta nocaixzkeHHs
Meroro nocniipkeHHs: € po3pobieHHs ribpumHoro koHBeepa (modular pipeline), mo moen-
Hye aHcaM0OneBy kinactepuzanito (SOTA 3 anioMepaTMBHUM 1 CHEKTPAJIbHUM KOHCEHCYCOM) Ta
aHcaMmOrneBy kiacudikalito, 3a0e3neuytoun CTilKi, IHTepnpeToBaHi i y3arajJbHIOBaHi A1arHOCTUYHI
MOJIeNI JUIsl pI3HUX THIIB paKy Ha FeTepOreHHUX TPAHCKPUIITOMHHUX JIaHUX.

Bukiaa ocHOBHOIO Marepiajy 10CTiIKeHHS

Metononoris kiacugikauiiinoro kouseepa (classification pipeline) nependavae noeranny iHTe-
rpalilo pe3ynabpTariB KilacTepHusalii 3 aHcaMOIeBUMH MeTO/laMy HaB4aHHA. lle migBuIye TOYHICTD
knacudikanii Ta 30epirae IHTEPHPETOBAHICTh CTPYKTYp JNAHUX EKCHpecii TeHiB. 3arajbHy CXemy
MoAaHo Ha puc. 1.

3anponoHoBaHUN KOHBEEP MOENHYE aHcamOnb KiacTepu3aliid Ta kiacuikamiil ams miaBu-
IICHHS JA1arHOCTUYHOI TOYHOCTI Ta G10JI0TIYHOIT IHTEPIPETOBAHOCTI JaHUX EKCIpecii TeHiB.

Merton BrITFOUaE Taki eramnu (puc. 1):

1. Byrcrpen-pecemruninr (bootstrap resampling) i 6a3oBa knactepusaiiis 3 ¢hopMmyBaHHIM N
po30uTTiB (partitions).

2. KoncencycHa kiacrepusallis 3 moOymoBor0 (hiHATLHOTO PO30OHUTTS Ta BUOOPOM ONTHMAIh-
Horo yncia kinacrepis K.

3. ®opmyBaHHS KJIAaCTepiB, 1110 B1I0OOpaXKaroTh OJHOPIIHI TPyIH NMPOodiTiB eKcrpecii.

4. TlimroToBKa qaHWX KIJIACTEPiB i MOALT HAa TpeHyBaIbHY (70%) Ta TectoBy (30%) BHOIpKH.

5. Kiacudikarist: 1u1st Ko)KHOTO Kitactepa oyayerhbest okpemuid Random Forest, pesynbraTu sikux
arperyroThes JIOTICTUYHOIO PETrpeci€ro y CTEKIHT-MOJIeNi 3 ONTHMI3alli€lo TineprnapameTpis.

6. IlimcymkoBa OIliHKa TOYHOCTI, MOBHOTH Ta F1-mipu m1st BHOOpY onTHMaIbHOT KOH(Irypartii.

Bootstrap Sampling and Base Clustering Clusters Faormation
Bootstrap Base
Sample 1 Clustering 1
Bootstrap Base
Sample 2 Clustering 2

Bootstrap Base
Sample 3 Clustering 3

Final
Consensus
Partition

Bootstrap Base
Sample N Clustering N Clustering Quality *
__________________ Criteria Calculation .
\

[
Applying the Model to

’
r L
{ ' Test Datasets Train Subset 1 : [ (Subsets of Gene\ : :
: ' LA ) TestSubset1 [+ Expression Data |11
1 + [Classification Quality 0 i e 0
{ Vv ' | Criteria Calculation = v 1 | with Sample 1
4 ' TrainSubset2|, 1| ClassLabels |'
1 | Formationof | ! 5 ‘ ]
: ) S TestSubset 2 | » i |
: the Optimal | 41 :‘(.: L E
1 | Clustering 1 Meta-Model Train Subset 3|, : !
d ; ! |(Logistic Regression) TestSubset 3 | ! - Spitofthe |1 !
] 'R ——— O\ e 11 Bubsets into Train|y +
s ) Bayesian 7 T >
: 1 ! [ Optimization with Train Subset K : : (713“/:(,:)33;!:)! Test : :
' '1| k_foldCross Test Subsetk | ! | ® o
!
3 » v\ Validation R 3 R ppp—— R — .
4 ’ - b ~ -

Puc. 1. Biok-cxema kjaacu@ikaniiiHOro KOHBe€pa Ha OCHOBI KJIacTepu3anii mpodiiaiB ekcnpecii rexis
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AHcamOmneBl MeTOaM Kiactepu3allii 3 BHKOpUCTaHHsM Oarrinry (bagging) [10] moeaHyroTh
pe3yNbTaTi KiJIbKOX PO30UTTIB OIHOTO M TOTO K HAOOPY JAaHUX 13 METOI OTPUMAaHHs OibIl y3a-
TJIBHEHOT Ta CTaOUTBHOT cTpyKTypH. [IpuHImI oxiOHuii 10 aHcamOIeBoi Kimacudikariii: 00’ e THaHHS
«CITA0KKUX» MOJIEJICH MIABUIIYE CTIMKICTh Ta AKICTh MiJICYMKOBOTO PE3YJIBTaTY.

3arajibHUI MPOLEC BKIIIOYAE JBA ETallu:

1.T'erepartisi aHCAaMOITIO ATOPUTMIB KJIacTepu3alliid. J[Jis 1Iboro BUKOPUCTOBYFOTh Pi3Hi T IMHOKUHH
00’€eKTIB 200 O3HAK, pi3Hi 1HiIiaJIi3a11ll, TApaMEeTPH AJITOPUTMIB UM HABITh Pi3HI METOIM KJIACTEpH3AIIii.

2. Arperariist pe3ynbrariB. byayeTbcs MarTpHis CHiBHAJIEKHOCTI, SIKa XapaKTepU3y€e YacTOTy
CHUTBHOT HAJISKHOCTI Mapu 00’ €KTIB 0 oHOTO Kiactepa. Ha 11 ocHOBI opmyeThest (hiHATBHE KOH-
CEHCYCHE PO30MTTS.

OnHUM 13 HAUMOIIMPEHIIINX MiIXO0/AIB € KOHCEHCYCHA KJacTepH3allisi, sIKy IIMPOKO 3aCTOCOBY-
10Th y O10oiH(opmaruii [11]. Bona nae 3Mory 3HU3UTH HECTAOUTBHICTh OKPEMUX AJITOPUTMIB 1 BUSIBUTH
OUTBII y3araJlbHeHYy CTPYKTYPY TaHuX. MeToIu Ha OCHOBI OarTiHTy peasTi3yroTh MIPUHIIUIT Oy TCTETTOBOT
arperartii (bootstrap aggregating): i3 TO4aTKOBOTO HaOOPY JTaHUX CTBOPIOIOTHCS BUTIAIKOBI MiIBUOIPKH,
Ha SIKUX HE3aJIe)KHO BUKOHYEThCS KiacTepuzanis. Jlami oTpuMmaHi po30UTTS 00’ €AHYIOTbCS B €IUHY
CTPYKTYpY, III0 3MEHIIIY€ Yy TIMBICTh JIO BUIIAAKOBOI iHIIliai3al1ii Ta BpaXOBY€ BapiaTUBHICTh Y BX1THUX
nanuXx. Lle 0coOmrBo BaxITMBO JUIs 33/1a4 aHAIIZY eKCIIpecii TeHiB, JIe IJaHi MaloTh BUCOKY PO3MipHICTh
1 3HaYHUH piBeHb yMy. Ha 0CHOBI MaTpHili CHIBHAJIEKHOCTI 3aCTOCOBYIOTh Pi3HI CTpaTerti:

— ArnmoMeparuBHa KIIaCTepU3allisi — IHTEpIpeTAallis MaTPHIIl K MaTpHUlli TOAIOHOCTI i moOynoBa
JICHIPOT PAMH.

— CrextpanbHUH NiAX1]] — IepeTBOPEHHS MaTPULll Ha 3BakeHUH rpad 1 KkjacTepu3sallis Ha OCHOBI
HOT0 BJIACHUX BEKTOPIB.

— Metoau ronocyBanHs (Voting) — BU3HAYCHHSI HAJIEKHOCTI 00’ €KTIB JI0 KJIACTEPiB HA OCHOBI
OLTBIIIOCTI a00 MOBTOPHOI KJIaCTEPU3AIlil MaTPHUIll MOAIOHOCTI.

TakuM 4MHOM, 3aCTOCYBaHHsI OarriHr-opi€HTOBAHOI KiIacTepu3allii CIpUs€e 3HUKEHHIO Bapia-
TUBHOCTI Pe3yJNbTaTiB, MiJBHUILYE 3/1aTHICTH MOJIENICH 10 y3arajJbHEeHHs Ta 3a0e3neuye popMyBaHHS
OLTBIII CTIMKUX KJIACTEPIB Y BUCOKOBUMIPHUX O101H(POpMAIIHHUX JaHUX.

Camoopranizytounit anroput™ kinactepusanii SOTA (Self-Organizing Tree Algorithm) noeanye
MIPUHITUIH caMoopraHizoBaHux kKapT Koxonena (SOM) Ta 3pocTaiounx KIITHHHUX CTPYKTYP, PopMy-
10uu O1HApHY i€papxito, sika MPUPOTHO BiT0OpaXkae TAKCOHOMIYHI a00 €BOITOIIHHI BiqHOCHHU [6]. Ha
BIIMiHY BiJ] KJIAaCHYHUX MeToAIB Kinactepuzanii (k-means, iepapxiunoi kinacrepusauii yn DBSCAN)
SOTA mae HU3KY Ba)KIMBHUX [E€pEBar:

— JluHamiyHa ajanTarisi CTPYKTYPH JI0 JIOKAJIbHOI IIITBHOCTI TaHHX.

— ABTOMaTHYHE BU3HAUEHHS ONTUMAJIbHOI KUIBKOCTI KJIaCTEPIB.

— EdexTuBHEe MOJIE/IIOBaHHS CKIIQHUX KOPEJIALIN Y BUCOKOBUMIPHUX MPOQUILAX €KCIIpecii T'eHiB.

3aB/sIKM ITEpPaTMBHOMY IIPOLIECY HABUAHHsS Ta MOALIY BY3/iB aJrOPUTM 37aTHUM OynyBaTu
IHTEepIpEeTOBaHi iepapxiuHi CTPYKTypu Oe3 MomepenHboro 3aJaHHs ducia kinactepiB. Lle pobuts
SOTA 0c006:11BO KOPUCHUM Y 3a/ladyax aHali3y TPAaHCKPUITOMHHX JaHUX, JIe CIIOCTEpPIraloThCs 3Ha-
YHHUH IIyM 1 BUCOKa PO3MIipHICTh. JIJi MiABUILEHHS HAIMHOCTI TaKOXK 3aCTOCOBYBaBCS AJITOPUTM
k-medoids, o ¢popmye kactepu Ha OCHOBI peabHUX 00’ €KTiB (Me0iiB), Ha BiAMiHy Bix k-means,
KU onepye cepeiHIMHM 3HadyeHHsAMH. Takui miaxin 3abe3nedye OUIbIly CTIMKICTH A0 HIyMy Ta
Kpallly IHTEepIIPETOBAaHICTh PE3yNbTaTiB y OionoriuHoMy KoHTekcTi [12; 13].

VY upomy pocmimxenHi k-medoids peanizoBaHO 3 BUKOPHCTAHHSM KOPEISALINAHOI BifCTaH1 SK
MeTpUKH Toi0HOCTI. Xoya MeTon nmoctynaetsess SOTA y 3maTHOCTI BiToOpaXkaTH CKIIaIHI TOTOJIO-
ri4Hl CTPYKTYpH, HOTO MPOCTOTA Ta CYMICHICTb 13 MAaTPULISIMU BiJICTaHEH poOJIATh HOT0 MPAKTUYHUM
THCTPYMEHTOM JUIs1 IOYAaTKOBOTO aHaJli3y BUCOKOBUMIPHUX O10JIOTIYHHUX JTAaHHX.

Takum unaOM, komOiHarliss SOTA Ta k-medoids y Mekax aHcamO1I€BOTO MIIXOMY A€ 3MOTY
MO€IHATH 1HTEPIPETOBAHICTh, CTIMKICTD 1 31aTHICTH JJO POOOTH 3 T€TEpPOreHHUMHU HabOpaMu JaHuX,
10 KPUTUYHO BAXKIIMBO JUIS MOAABIINX €TaliB Kiacudikarii Ta 61010Ti4HOI iHTepIpeTarii.
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Jns mepeBipku €eKTUBHOCTI KJIacTepU3allii BUKOPUCTAHO JIBa B3a€MOOIOBHIOIOYI CKJIAI-
HUKA: BHYTPIIIHBOKJIACTEPHY KOMITAKTHICTh T MIKKIJIACTEPHY BiJIAJICHICTb.

BHyTpimHbpOKIacTepHAa KOMIIAKTHICTE ( QC, ) BH3HAYAETHCS K CEPEHE 3HAYCHHS BiJICTaHEU
MDK KO)KHUM MPpodijeM eKcIipecii Ta MeI0iA0M BiIMOBITHOTO KJlacTepa:

k N;
ocC,, =%; NL”Z;dist(xv,edoidi) , (1)
ne k — KUTBKICTh KIacTepiB, N, — KiIbKiCTh POdiiB y Kiactepi i , dist(-,-) — KopeIsiiiiHa BiICTaHb.
MixknacrepHa BifacTanb ( OC,, ) BU3HAUAETHCS SIK CEPE/IHS BiJICTaHh MK MEIOiJaMHU BCiX Tap
KJIACTEPIB:
2

k-1 k
ocC,, = m ;j;ldist (medoid,. ,medoid ) ()

Jnist y3aranbHEHOi OLIHKM BUKOPHCTAHO 1HTETpaIbHUM KPUTEPiil AKOCTI:

Q Cin
Qcaut

Hwoxui 3nauenns QC cBiuaTh Ipo Kpally MIIbHICTD 1 BUIIIEHHS KJIaCTEPiB.

Jlo1aTKOBO 3aCTOCOBAHO BHYTPIIIIHI BasliJaliifHi MeTpuku 3 nakety clusterCrit (R), siki mmpoko
BUKOPHCTOBYIOTBCS ISl OLIHIOBAaHHS KJIACTEpU3allii y BUCOKOBUMIPHHX IPOCTOPAX.

TakuM unHOM, y poOOTI 3aCTOCOBAHO MOEAHAHHS BIACHOTO KpuTepito OC Ta KIAaCUYHUX 1H/IEK-
ciB (CH, SH, PBM), 110 a0 3M0ry KOMIUIEKCHO OIIIHUTH SIKICTh KJIacTepH3allii B yMOBaX BHCOKOT
PO3MIPHOCTI Ta IIYMHOCTI JaHUX eKcrpecii reHiB (tadm. 1).

oc = 3)

Tabmmis 1

BHyTpimiHi iHAEKCH SIKOCTI KJIacTepu3arii

ITngexc Onuc Onrtumym

Calinski—Harabasz CriBBiTHOIIEHHS MIKKIJIACTEPHOT Makcumizaris

Ta BHYTPIIIHBOKJIACTEPHOT Tucnepcii

Silhouette CepenHs «cUIyeTHa» IIMPHHA; TOKA3Y€, HACKIIBKU Maxkcumizarris
J100pe 00’ EKTH BiJIMOBIIaAI0Th CBOEMY KIIACTEPY

PBM Komro3uTHui KpuTepiid, M0 BPaXOBYE BiJICTaHb Maxkcumizartis
MK KJIacTepaMH, KOMITAKTHICTB Ta iX KUIbKICTh

JI1st OIIHKM y3TOPKEHOCTI Ta AIarHOCTUYHOI IIHHOCTI Pe3y/IbTaTiB KiacTepu3ailii Oysno pea-
Ti30BaHO Kiacu(ikaliifHuii KOHBEEp HAa OCHOBI aHCAMOJIEBOTo HaBYaHHA 31 cTekiHroMm. Konmermniis
METOJy ToJIsiTae y moOy/lIoBi HE3aNeKHUX KIacH(IKaToOpiB JUIsl KOXKHOTO KIIACTepa Ta ITOMAJIBIINIA
1HTerparii iXHiX MPOTHO3IB 3a JOMOMOTro MeTamosesi. Taka apxiTekTypa MiJBUILYE POOACTHICTD,
3HWKYE PU3HUK NEpeHaBUYaHHS Ta 3a0e3nedye peryispusalliio Ha piBHI MeTaarperamii. Y poiui 6azo-
BHX KJacudikaTopiB 3actrocoBano airoputMm Random Forest (RF), ockinbku BiH 1EMOHCTPY€E BUCOKY
e(DEeKTUBHICTh Ha JJAHUX BEJIMKOI PO3MIPHOCTI, CTIMKUH 110 IITyMy Ta Ma€e BOyJIOBaHI MEXaHI3MHU BiI-
O0opy O3HaK. Arperarlisi pe3yJIbTaTiB OKPeMUX MOJeNel 3MIHCHIOEThCS 32 JOMOMOTO JIOTiCTUYHOT
perpecii (LR) sik metaknacudikaropa. [Ipocrora it iHTepripeToBanicTh LR po0isaTs ii onTumMansHUM
BHOOPOM TSl iHTETpallii i BOAHOYAC MIHIMI3YIOTh PHU3HK MIEPEHABYAHHS Ha CTEKIHTOBOMY PiBHI.

Jns onrtumizanii rineprnapamerpiB Random Forest BukopucTano 6ai€ciBCbKY ONTHMI3aIliio
3 5-KpaTHOI Kpoc-Ballialli€ro, mo 3abe3neunsio e(heKTUBHUN MOLIYK y MPOCTOpPI MapameTpiB 3a
oOMexeHux obOuncitoBadbHUX pecypciB. {06 yHuKkHYTH 1H(OPMAIIHHOTO BUTOKY Ta MEPEOIiHKU
pe3ynbTariB, 3aCTOCOBAHO JIBOPIBHEBY CXeMy Baiigauii: cmeprry orpumysanucs out-of-fold mpo-
THO3M Bij 0a30BUX MOJEIIEH, siKi (hOpMyBalii O3HAKOBY MATPHITIO /IS HABYAHHS METaMOJIEi, TCIs
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yoro (hiHaJIbHA OIlIHKA 31MCHIOBAJIACS Ha HE3aJICKHIN TECTOBIM BUOIPII. Y pe3ynbTaTi aJropuTMm
Bamigamii knactepusanii Ha ocHoBI SOTA 3a monmomororo ancam0neBoi kiacugikailii Ta CTEKIHTY
BUTJISIJIAE TAK:

1. 3aBaHTa)XWUTH KJIacTEepH eKcrpecii reHiB X, X,,..., X, Ta BEKTOp HLJILOBUX MITOK .

2. PozainuTt BUOIpKY Ha TPEHYBaJIbHY Ta TECTOBY IMiAMHOKUHH.

3. Jlnst koxHOro kiacrtepa i =1..60:

a.Bukonaru GaiieciBcbKy onTumisaiiro rineprapamerpiB Random Forest X/ i3 5-kparHorO
KpOC-BaJliTAITIETO.

b. OrpumMaru MiTKH KiiaciB y/™" st X" .

c.HaBuntu 6a3zoBwuii kinacudikarop RF, Ha TpEHYBaIbHiM HiAMHOKUHI X" .

d. OTpumaru mporHo3u i TECTOBOI MiAMHOXHHMU Ta oO0uMciauTH MeTpuku (Accuracy, F1,
Weighted F1).

4. Tlobynysaru stacking-marpuipo X" = [ yre, y('f“""J 3 out-of-fold nmporuosiB 6a30BUX KJa-
cudikaropis.

5. 3akomyBaTy MITKH KJIACiB Y UHCIOBUH (opmar.

6. HapunTu sorictuuny perpeciro sk Metakiaacudikarop Ha stacking-marpumi X% .

7. ChopmyBaru TecToBY stacking-MaTpHIliO Ta 3reHepyBaTy (GpiHadbHI MPOrHO3U ;" .

8. OuiHuTH TOYHICTH, MOBHOTY, F1l-Mipy Ta moOyayBaTH MaTpHUII0 HETOUYHOCTEH y BHIVISII
TEIUIOKApPTH.

OTtpumaHni pe3yabTaTH 3acBIAYMIIM, IO 3aCTOCYBaHHA anroputMmy k-medoids mpusBonuTh 10
3HMKEHHS SIKOCTI KJIacTepH3allii sIKk Ha piBHI OKpEMHX KJIacTepiB, Tak 1 Ha piBHI MeTamozaeni. Popmy-
BaHHS KOHCEHCYCHHMX MaTpullb Ha 0CHOBI k-medoids BUsIBHIOCS OOUUCITIOBAIBHO 3aTPATHUM 1 CITA0KO
MaciTaboBaHUM JUIs BEJIMKOMACIITAOHUX TPAHCKPUIITOMHHX AaHuX. L{e mosicHIOETbCs 00MEKEHOI0
3[IaTHICTIO METO/Y BiI0Opa)kaTu CKJIaJHI CTPYKTYPH Y BHCOKOBHUMIPHUX IPOCTOpAxX Ta >KOPCTKUM
MeXaHI13MOM NPU3HAYEHHS 3pa3KiB.

Haromicte anroputm SOTA mponeMOHCTpyBaB 3HAUYHO BHILY €(EKTHBHICTH 3aBISKU Bpaxy-
BaHHIO TOIOJIOTIYHUX Ta IIUIBHICHUX XapaKTEPUCTUK MPOCTOpy o3Hak. Came TOMY B MOJAJIBIIOMY
aHaui3i BiH OyB BUOpaHUil sIK OCHOBHUI METOJI.

Jliist oniHtOBaHHS KiacuQiKaliiHOT 3JaTHOCTI MiIX0My OyJI0 BUKOPUCTAHO MATPUITIO EKCIpecii,
sika oxorutoBaia 6 310 3paskiB 1 moHaz 18 tuc reniB y 14 giarHoctuyHux kiaacax (13 TUOiB myXivH
1 koHTponbHa Tpymna)[14]. Ha puc. 2 nogaHo 3araibpHy CTPYKTypy KiacudikaliiiiHoi 3aiadi, m1o uto-
CTpY€ CKJIJHICTh PO3MOLTY BUOIPKH MIX PI3HUMH OHKOJIOTIYHUMH KaTeropisiMu.

Byno BcTaHOBIIEHO, 1110 BUKOPUCTAHHS anroputMy k-medoids cynmpoBOmKy€EThCS TOTIpIISHHSM
SKOCTI KilacTepu3allii. AJITOPUTM BHUSBHUBCS OOUMCIIIOBAJIBLHO 3aTPaTHUM 1 OOMEXEHUM Yy 3JaTHOCTI
BiZIOOpakaTH CKJIA/HI TOTOJIOTIi BUCOKOPO3MIpHUX AaHUX. SIK HAacHiIoK, popMyroTbes cnabo Bimo-
KpeMJICHI KJIACTepH 3 HU3BKOIO 1HTEPIPETOBAHICTIO.

Hartomicts anropurm SOTA IpoIeMOHCTpPYBaB 3HAYHO Kpallli pe3y/ibTaTH. Moro 3paTHicTh
ypaxoByBaTH TOIIOJIOTIYHI Ta IMIJIBHICHI BIACTHBOCTI MPOCTOPY O3HAK 3abe3meumia (GpopMyBaHHS
cTabinpHIMX CTpPYKTyp. Ha puc. 3 mokazaHo posmnoain reHiB y pizHux koHgirypamisx SOTA ta
k-medoids, 1m0 itocTpye epeBary mepiioro mijIxomry.

Jliist aHami3y Oyio BUKOPUCTAHO KOMOIHOBaHUH kpuTepiit OC , a TAKOXK BiJJOMI 1HAEKCH SKOCT1 —
Calinski—Harabasz (CH), Silhouette (SH) Ta PBM. Ananoriunuii miaxia A0 OIiHIOBaHHS ¢()EKTHB-
HOCTI KJIacTepu3ailii Oys10 peajizoBaHo y poooti [15].

Pesynbraru nokasanu, mio:

— kinacuuHui SOTA (6e3 koHCceHcycy) Bxke (hopMye 30aaHCOBaHI JBOKIACTEPHI CTPYKTYPH;

— [TO€JTHAHHS aIJIOMEPaTUBHOI Ta CIEKTPaIbHOT KOHCEHCYCHOI KJIacTepu3alii J0AaTKOBO MOKpa-
IIy€ METPUKH SKOCTI;

— anroput™ k-medoids nmpogeMoHCTpyBaB HaWriplii pe3yiabTaTd 3 HU3bKUMHU 3HaueHHs MU CH,
SH ta PBM.
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Takum ynHOM, HaiOLIbI cTabuIbHI KoHOIrypauii — ne SOTA 3 amomepaTuBHUM abo CIiek-
TpaJIbHUM KOHCEHCYCOM 3a K =2,

Number of Samples by Cancer Type
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Cancer Type
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Lung Adenocarcinoma (LUAD}
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Puc. 2. Knacudikauis 0iosoriunux 3paskis 3a npodinsimu excnpecii reniB y me:kax 14 1iarHoCTHYHHX KaTeropii
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Puc. 3. Po3noaia kijibKocTi reniB Misk KjiacTepaMu JJisl pi3HUX KOH(pirypauiii aaropurmis
(SOTA Ta k-medoids, y T. 4. 3 arJIOMepATHBHUM i CIIEKTPAJIBHIM KOHCEHCYCOM)

Ha puc. 4 Binobpaxeno 3anexHicts 3HaueHb noka3zuukis QC, CH, SH ta PBM Binx Bukopucra-
HOTO aJITOPUTMY.
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(a) QC values (b) Calinski-Harabasz (CH) criterion
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Puc. 4. 3anexnicts Metpuk QC, CH, SH Ta PBM Bix anropurmy ta xongirypanii SOTA

Pesynpratu MonentoBaHHS MiATBEPPKYIOTh KIIOYOBY pPOJIb BHOOpPY alropuTMy KiacTepusa-
uii y (opMyBaHHI SIKICHUX Ta IHTEPIPETOBAHUX CTPYKTYp MpO(LIiB eKcrpecii reHiB. AJITOpUTM
k-medoids, He3Ba)karoun Ha MPOCTOTY Ta 3PYUHICTH peai3allii, MpoIeMOHCTPYBaB 0OMexeHy edek-
THBHICTb y BHIIAJKy BMCOKOBHMIDHHMX TPaHCKPHITOMHHMX JaHHX. MIOr0 BHKOPHMCTaHHS CyHpOBO-
JDKYBaJIOCst pOPMYBaHHAM c1a00 BiIOKPEMIICHUX KJIACTEPiB Ta HU3bKUMHU 3HAYEHHSIMH BHYTPILIHIX
inaexciB sikocti (CH, SH, PBM), 1m0 y3rouky€eThest 3 BIIOMUMH OOMEXEHHSIMH LIbOTO METOIY JJIst
CKJIaJHUX 010J0T1UHUX MPOCTOpiB 03HaK. OKpiM TOro, oOUMCIIOBaIbHA CKIAAHICTh k-medoids cyT-
TEBO 3pOCTaa 31 301IBIIEHHSM PO3MIPHOCTI JAHUX, 1[0 OOMEXKY€ HOro MacIITabOBaHICTh Y MPAKTHY-
HUX 3aCTOCYBaHHSIX.

Ha Bigminy Big uporo anroput™m SOTA mponeMoHCTpyBaB 3HAYHO Kpallli pe3yJabTaTH, 30KpeMa
3aBISKH 3aTHOCTI BPaxOBYyBaTH TOTMOJOTIYHI Ta IIUIBHICHI XapaKTEPUCTUKH TPOCTOPY JaHUX.
VY noeaHaHHI 3 KOHCEHCYCHUMH CTpaTeTisiMU (arioMEpaTUBHOIO Ta CIIEKTPaJIbHOI0) BiH (OpMyBaB
OLNBIII KOMITAKTHI Ta BiJIOKPEMIIEHI KJIACTEpH, IO MiATBEPIKYBAIOCs MiJBUIICHUMH 3HAUYEHHSIMU
Merpuk CH, SH ta PBM. Oco6nuBoi yBaru 3aciyroBye CIEKTpalbHUIA KOHCEHCYC, SIKUU MOKa3aB
HaWBHIIY CTaOlIBHICTh PE3YJIBTATIB y PI3HUX KOHQITYpallisax Ta 3a0€3MeYrB MaKCUMAaJIbHI 3HAYCHHS
iHTerpangpHoro kputepito QC. Lle cBiUUTh PO 34aTHICTH METOAY €(PEKTHBHO 3MEHIIYBaTH BILIUB
IIyMy Ta JIOKaJIbHUX aHOMAJIii y TaHUX.

JlomaTKoBO C1ij1 BiI3HAYUTH, 110 BUKOPUCTAHHS KJIACTEPIB K HOBHX O3HAK I Kilacu(iKarliii-
HO1 Mozeni Ha ocHOBI Random Forest 3a06e3neunino cyTTeBe MiABUIIEHHS TOYHOCTI T1arHOCTUKH.
CrekiHroBa apxIiTEKTypa, sKa IMOEJHANIa Pe3yIbTaTh KUTbKOX 0a30BUX MOJEEH uepe3 JOTICTUYHY
perpecito, TapaHTyBaja BUCOKY y3TO/KEHICTh IPOTHO31B Ta 3HU3UIIA PU3UK MTepeHaBYaHHs. Y KOHi-
rypauisix i3 TpboMa-I1’ ITbMa KJIaCTepaMH JIOCSATHYTO HalKpaIux nokasHukis (Accuracy ta F1 =1.0),
10 MiATBEP/AKY€E BUCOKY J1aTHOCTHUYHY 3HAUYIIICTh BUIUICHUX IPYyT I'€HIB Ta MOTEHIIIaJl METOLY JUIs
MPAKTUYHOTO BUKOPHUCTAHHS B OHKOJIOT1].

Takum 9MHOM, IPOBECHE MOPIBHSHHS YiTKO mokasaino nepeary SOTA 3 KOHCEHCYCHUMH CTpa-
TETisIMU Ha/l KIIACMYHUMHU METOAAMH, 1[0 POOUTH HOTO MEPCIIEKTUBHUM THCTPYMEHTOM ISl TOOYI0BH
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MacImTabOBaHUX 1 CTIMKUX TIarHOCTHYHHMX Mojeiel. OTpuMaHi pe3ysbTaTH CTBOPIOIOThH MiATPYHTS
JUIs 1HTerpaii 6i0y0riyHo1 iHTepIpeTanii kiactepiB yepe3 30arauennst onronoriit (GO, KEGG) ta
MOJAIBIIOT TTOOYIOBU (PYHKI[IOHATBHAX MEPEXK, [0 CTAHE HACTYITHUM €TaIloM JIOCITiKSHHSI.

BucHoBku

VY cTarTi npencTaBIeHo KOMILIEKCHUIM aHcamOlIeBHil KOHBeEp KilacTepu3allii Ta kiacudikarii
JAHUX EKCIIpecii TeHiB, CIPSIMOBAaHUI Ha BJOCKOHAJIEHHS IMPOLECIB J1arHOCTUKU CTaHy CKJIaJHUX
cucTeM. 3alponoHOBaHA METOAOJIOTIS IPYHTYEThCS Ha 1HTErpalii aJropuTMy CaMOOpraHi30BaHUX
nepeB (Self-Organizing Tree Algorithm, SOTA) 13 KOHCEHCYCHHMH MiAX0JaMHU arjioMepaTUBHOI Ta
CHEKTPaJIbHOI KJIacTepu3allii, 10 10 3MOTY MOJI01aTH OOMEXEeHHs KIIaCHYHUX METOJIIB, 0COOIMBO
y BUIAJKaX BUCOKOPO3MIPHHUX 1 3aLTyMJICHUX JaHUX.

[IpoBenene mozaemoBanHs 3acBiqumio, mo SOTA y moeHaHH1 31 CIEKTPATbHUM KOHCEHCYCOM
(dbopmye HaiO1IbII cTabLIBHI Ta IHPOPMATHUBHI KIACTEPH, IO MiATBEPKYETHCS BHYTPIIIHIMU KPU-
tepismu sxocTi (QC, Calinski—Harabasz, Silhouette, PBM) Ta 30BHIIIHBOIO OLIIHKOIO Yepe3 Kiacudi-
Kariito. OTpuMaHi pe3yabTaTH MOKa3alH IepeBary mboro IiIX0y HaJ allbTepPHATUBHIMH METOAAMU
Ta 3a0e3Meunsii TOCATHEHHs ieanbHuX 3HaueHb Accuracy 1 Fl-mipu (= 1.0) y xoudiryparmisx i3
TpbOMa-II’ITbMa Kiactepamu. Lle cBiqUUTH PO BHUCOKY MiarHOCTUYHY 3HAYYINICTh C(OPMOBAHUX
KJIaCTepiB Ta iX MPUIATHICTh U1 IPAKTUYHOTO BUKOPUCTAHHS.

JleranbHuii aHami3 pe3ysabTariB miATBepauB, 1m0 k-medoids mae oOmMexkeHy epeKTUBHICTD IS
TPAHCKPUIITOMHUX JIaHUX, TOAI SIK Ti0OpuaHi cTparerii Ha ocHOBI SOTA 1eMOHCTPYIOTH Kpalry MacIi-
TabOBaHICTh, CTIMKICTh O IIYMYy Ta IHTEPIPETOBAHICTh. Ba)XKIIMBUM € TaKOX MO€THAHHS KJIacTe-
pu3arii 3 ancam6neBoro kiacugikamiero Ha 6a31 Random Forest Ta cTekiHroBoi apXiTeKTypH, IO
320e3MeYnII0 Y3roHKEHICTh MPOTHO3IB 1 3HWKEHHS PU3UKY ITepeHABUAHHS.

VY 1iii poOOTI OCHOBHHH aKIIEHT 3pOOJICHO Ha METOJOJIOTII KjacTepu3allii Ta kiacudikarii.
[Monanemn nocnimpkeHHs: OyIyTh 30Cepe/pkeHi Ha MOBHiM OioforivyHii iHTepmpeTanii oTpuMaHuX
pe3yJNbTaTiB, 30KpeMa Ha aHalli3l 30araueHoOCTI NUIAXIB Ta MOOYI0BI MEPEKEBUX MOJIENIEH 13 BHKO-
puctannasam 6a3 KEGG ta Gene Ontology. e nactb 3Mory Bu3HauuTH (PyHKIIIOHAJIBHI MEXaHI3MU,
I0B’s13aHi 3 BUSBIICHUMHU KJIACTEpaMH, Ta MiJCHIUTH iX PEIeBaHTHICTb.

TakuM 4MHOM, 3aMPOTIOHOBAHMM MIAX11 € MacITabOBaHUM 1 CTaHJAPTH30BAaHUM IHCTPYMEH-
TOM JJIsl QHAJTI3y TPAHCKPUIITOMHUX JJAHUX, IO MiJBUIY€E TOYHICTh JIarHOCTUKH, MTOKpAILILy€e 1HTEp-
MIPETOBAHICTH PE3YJbTATIB 1 CTBOPIOE MIAIPYHTS I pOo3pOOIeHHS MOJIeNeil 1IarHOCTUKHU CKJIaJHUX
CHCTEM.
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