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b.B. Monoaeus, T.M. bynana, /1.O. boiaaupes
THO®OPMAIIIMHA CUCTEMA TEHEPAIIII TOT'OJJTHUX YMOB
HA OCHOBI LITYYHOTI'O IHTEJIEKTY
JIJIA TEXHIYHUX CUCTEM NIJITPUMKH NPUMAHSTTA PIINEHD

Anomayisn: Poboma npucesuena po3pooyi inghopmayitinoi mexHonozii Mooeno8ants no2oou,
3acmocy8aHHAM 2IUOOKO20 HABUAHHA 8 3A0a4ax NPOSHO3Y8AHHA ammochepHux asuwy. B saxo-
cmi moodeni 6yno oopano FourCastNet 3 sucoxoegexmusroro 0opodxoio eeoizuunux oanux,
AKA 0ana MONCIUBICIb HABYAMUCS HA 8EIUKUX MACUBAX ICIMOPUUHOT Memeopolo2iuHoi iHgho-
pmayii ma 3abes3neyuna onepamusHe NPOSHO3YBAHHS 3 GUCOKOK NPOCMOPOBOID PO30LILHOIO
30amuicmio. B axocmi Odxcepena nouamkoeux ymoe 6yno obpano moodenrv GFS 3
acuminayicro GDAS, ski naoaroms Oawni 3 pozodinvroro 30amuicmio 0.25 0.25° x (0.25°
(~28 km). Lle 0o360au10 Ompumamu Kpawyy oemanizayito ammocgeprux npoyecie ma 3aboes-
neyumuy MONCIUBICIMb BUKOPUCAHHS CUCEMU 8 PENXCUMI pealbHOo20 4acy ma nooonamu o00-
Medicennss 0a3080i po30inbhoi 30amuocmi moodenet muny ERAS (npubausno 31 xm). s
adanmayii 2106aIbHUX NPOSHO3I8 3 YPAXYBAHHAM 2€0NPOCHOPOBUX napamempis 0y10 GUKO-
pucmano mooughikogarny apximexkmypy muny UNet, aKa uKoHye npocmoposy iHmepnoayiro
HA OCHOBI THhopMmayii 3 HaubaUNCUUX Memeocmanyilt. B cmammi demanvho posenswymo ap-
XimeKkmypy CcmeopeHoi IHpopmayiunoi cucmemu NpoSHO3V8AHHA. 3aNPONOHOBAHUL NIOXIO
30i1bULYE MOYHICIb NPOSHO3YBAHHS OJISl OKPEMUX MOYOK, WO € 0COONUBO AKMYANbHUM OJIf
azpapHo2o Niamy8anHs ma pooomu cucmem panHbo20 ONOGIUeHHS.

Knouosi cnosa: ingpopmayiiina cucmema, npoenoszysanns ammocgepuux aeuwy, ooOpooxa me-
meopono2iuHux oanux, Heuponni mepeoici, UNet apximexmypa, mooens FourCastNet

IMocTanoBK mpo0JeMH. Y Cyd4acHOMY CBITIi, /i€ 3pOCTa€ 4acTOTa €KCTPEMAJIbHUX I10-
TOJIHUX SIBUIII TA YCKJIAJHIOETHCS BIUIMB KJIIMaTUYHUX 3MIH Ha COLiaJIbHO-€KOHOMIYHI Mpolie-
CH, BUHUKa€ HarajibHa moTpeba B ONepaTMBHOMY Ta TOYHOMY IPOTHO3YBaHHI aTMOC(HEPHUX
yMoB. Ha chorofHimHiii 1eHp yci MeTOIM mependaueHHs! MOTOJAHUX YMOB MOXHA YMOBHO
PO3JIUIMTH HA Bl TPYIHU - 11€ TPAJULIiiHI YUCEeNIbHI METOM MOJICIIOBAaHHS, Ta METO/IU 3aCHO-
BaHI Ha IITyYHOMY IHTEJIEKTi. MO/EIIOBaHHs MOTOJM OCOOJIMBE 3HAYEHHS JUIsI HACTYIMHHX
IapiB HACEJIEHHS: METEOpOJIOriB, arpapiiB, MpaliBHUKIB CIYKO HaI3BUYaWHUX CHUTYalliid,
TPAHCHOPTHUX KOMIIaHil, €HEepreTUKiB, a TaKOX JOCIIIHUKIB y cdepi KIiMaTosorii Ta exo-
norii. {ns pepmepiB 1e 103BoJIsE MIAHYBATH CUIbCHKOTOCIIOAAPCHKI pOOOTH 3 ypaxyBaHHIM
NOrOJHUX YMOB, a JJs aBia- Ta MOPCHKHX IEpEeBI3HUKIB — 3ale3neuyBaTu Oe3meyHy
JOTICTUKY. YPSAOBI CTPYKTYpPH Ta CIYKOM IUBUIBHOTO 3aXHCTy MOXXYTh BUKOPUCTOBYBATH
IPOTHO3M JUI MIATOTOBKH JI0 CTUXIMHUX JIMX, MIHIMI3yIOUM MOTEHIIHHI 30MTKH Ta PATYIOUU
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JmoAChKi KUTTSA. KpiM TOro, BUCOKOTOYHE MOETIOBAHHS INOTOAM € KPUTUYHUM JUIS JIOB-
TOCTPOKOBOTO MOHITOPHUHTY KIIMAaTUYHUX 3MiH 1 JOPMYBaHHS €KOJIOTIYHOI OJTITUKH.

AHaJi3 ocTaHHixX Jociiqxkens i mydaikauiii. B crarri [1] posrisimaeTscs cripoekToBa-
Ha CHCTEeMa MPOTHO3YBaHHS Ha OCHOBI mryuHoro iHTenekTy (AIFS) — monens mporHosyBan-
HS Ha OCHOBI JJaHWX, po3po0iieHa €BPONEHCHKUM LIEHTPOM CEPEAHBOCTPOKOBUX IMPOTHO3IB
norogu (European Centre for Medium-Range Weather Forecasts, ECMWF). Mozaens mae
MOJYIbHY apXiTeKTypy Ta HiATpUMye TapaielbHe HABYAHHS HA BUCOKOTOYHMX NAHMX. i
MIPOTHO3M OILIIHIOIOTHCA MOPiBHAHHAM 3 NWP-aHai3oM i CocTepekeHHAMH, IEMOHCTPYIOUN
BHCOKY TOYHICTB JJIsi aTMOC(EPHUX 3MIHHUX, NOTOJHHUX IapaMeTpiB Ha MOBEPXHi Ta TPEKiB
ukIoHiB. CHUCTeMa 3aIyCKaeThCsl YOTUPH pa3d Ha ACHb pazoM i3 mojaemwiro ECMWEF, a pe-
3yJIBTaTH JOCTYIHI IyOJIi4HO.

B crarTi [2] npoaHai3oBaHO iHTErpalio MTYYHOTO 1HTEJIEKTY 3 YHCEITbHUMHU MOJIEIS-
MU TPOTHO3YBAHHSI IIOTO/IM HA PI3HHUX €Tarax MOJENTIOBaHHA. PO3TIIsIHYTO CydacHi apXiTeKTy-
pu, Taki sk RNN, CNN, LSTM, MetNet, FourCastNet i GraphCast, siki 31aTHI mpaIfoBaTa 3
BHCOKOIO TIPOCTOPOBOIO PO3JIUTBHOIO 3/IATHICTIO Ta (DOKYCYBATHCS Ha OKPEMHX aTMOC(HEPHUX
spumax. IlepeniyeHi Moaem AEMOHCTPYIOTh MOTSHINAI Y MiJBUIICHHI TOYHOCTI IMPOTHO3IB,
OJTHaK HA CHOTOJHI BOHH MEPEBAKHO BUKOPUCTOBYIOTHCS SK JOMOMIXHI IHCTPYMEHTH — JIsI
00poOKH, acuMiIALii Ta MATOTOBKM AaHWX. Lle 103Bojsie moKpamryBaTH poOOTY TpauiIiii-
HUX MOJIEJIel MPOrHO3yBaHHA (0a3yl0ThCs Ha (i3UYHHUX PIBHAHHSAX), TA OMUHATA OOMEKEHHS
MIPOTHO3YBAaHHS B PEXUMI peaqbHOro 4acy. | xoua TpaauiiitHi MOAei MOXYTh IMOKa3yBaTH
Kpaluii pe3ylbTaT Ha BETMKUX TEPUTOPISX MOJICITIOBAHHS, IS MOJICITIOBAaHHS ITOTO/IM Ha He-
BEJIMKHX TEPUTOPISAX, HEHPOHHI MEPEki MOXKYTh MOKA3yBaTH KpAIIUi Pe3ysIbTaT 3aBIsKHU MO~
KpallleHHI0 BX1AHUX naHux [3], a came: 30UIBIICHHS PO3AUIBHOI 3/IaTHOCTI BXIJHUX Mapa-
METpIB, TAKHX SIK pesibed Ta ICTOPUUHI CTAlllOHAPHI JIaHI.

Meta pochaimxkenHsi. MeTta JOCHIKEHHsI TOJsArae B po3podii edextuBHOI 1HDOP-
MaliiHOI TEXHOJIOTrIT ISl MPOTHO3yBaHHS aTMOC(EPHUX SIBUIL HUIIXOM IHTErpalii Cy4acHUX
Mozelel riudokoro HaByaHHs, 30kpeMa FourCastNet Ta monudikoBanoi apxitektypu UNet,
3 ryobanpHUMHU MeTeoposioriyHumMu faHumu (GFS 3 acuminsuiero GDAS) 3 MeToro miaBu-
IIEHHS TOYHOCTI, IIBUAKOAIT Ta JIOKAJIBHOI afanTallii MporHO3iB Y PEKUMI peaTbHOTO Jacy.

Bukisiag ocHoBHOro marepiajy JocaifKeHHs1. Y poOOTI y SKOCTI MOJENl 3 MOJIENIO-
BaHHS TJIOOAIBHUX JaHuX Oyno obpano mozaenb FourCastNet [4]. Llst Mmomens mporao3yBaHHS
MOTO/TM, 3aCHOBaHAa Ha METOJIaX MIMOOKOTo HaBYaHHs, po3pobieHa nocmiaaukamu 3 NVIDIA
Ta CHUIbHO 3 BYCHUMH 3 PSAY YHIBepcUTeTiB. BoHa moeqHye HEHpOHHI Mepexi 3 apXiTeKTy-
poro TpanchopMepiB Ta CHeriaabHO aJanTOBAHUMHU OOYHCITIOBAILHUMH OJIOKaMHu st 00po0-
Ki reodi3UYHUX AaHUX. MoJieTh HAaBYAETHCS HA BEIMKUX O0CSATaxX ICTOPHYHHUX METEOPO-
noriyHux AaHux (Hampukian, 3 ERAS) 1 3matHa 3aiiicHIOBaTH MPOTHO3YBAaHHS TIOTOU 3 BH-
COKOIO MPOCTOPOBOIO PO3ALIBLHOIO 37aTHICTIO — /10 0.25° — y COTHI pa3iB MIBUIIIE, HIXK Tpa-

JUIIHI YnCceNbHI METOIU, IPU IbOMY 30€piraloy MOPIBHSAHY TOUHICTb.
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Pucynok 1 - Cxema mozeni FourCastNet [4]

FourCastNet neMoHcTpye Bpakaiouy MPOAYKTUBHICTh 3aBASKH €(PEKTUBHOMY BUKOPH-
cranHio GPU-apxiTekTypH, 10 A03BOJISIE 3AiHICHIOBATH T7100alIbHI MPOTHO3M MOTOJIU BChOTO
3a KiJIbKa cekyH. L{e BiiKkpuBae HOBI MOXKJIMBOCTI JJIs1 ONEPAaTUBHOTO pearyBaHHs Ha MOTOIHI
3MIHH, a TaKOX JIa€ 3MOTY CTBOPIOBAaTH aHCaMOJIeBl NMPOTHO3U B peajbHOMY uaci. 3aBAsKH
CBOIM THYYKOCTI Ta IIBUAKOCTI MOJIE/Ib Ma€ BEIMKHM MOTEHILIaa AJIs IHTerpauii B CUCTEMHU
PaHHBOTO TMOMEPEKEHH, a TAKOX JUIsl BUKOPUCTAaHHS B MOOUIBHHUX JOAATKaX, arpOCeKTOpi
Ta eHepreTMYHOMY IUIaHyBaHHI [5].

3aranpHa cxema poOOTH MOJIeNi 3 MOTOITHUMH 300pakeHa Ha PUCYHKY 2.

» Forecast variables

ERAS — FourCastNet »  1d Forecast

L J

5d Forecast

Pucynoxk 2 - [Tpuniun po6otu Mozieni Ha ocHoBI JaHux ERAS

Jlns HaB4aHHA cniovyatky Oyno oOpaHo garacet [6]. Ha ocHoBi nanux ERAS Oyro npo-
BEJICHO MOJIETIOBAHHS Ta MOPIBHSHHSA OTPUMaHUX JaHMUX, a caMe 3HAueHHs TeMIIepaTypH i3
JAaHUMU 3aMipiB peanbHOi cTaHIii BIpoaoBxk micaus. RMSE nBox wacoBux psfiB ckiaio 3
IPaJyCH 3a LENbCIEM.

Hani mogeni ERAS MaioTe po3niibHy 31aTHICTE ~ 31KM, a HaJaHHA IIUX JaHUX BiOY-
Ba€THCS 13 3aTPUMKOIO BiTHOCHO IMOTOYHOTO YacCy, OCKUIBKM HEOOXiTHUI yac Ha 00poOKy na-
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HUX 13 36MHHUX CTaHIIi. 3 METOIO MOJIMIIEHHS PO3ALIBHOI 3JaTHOCTI 0a30BHX JaHUX, a TAKOXK
MOJKJIMBOCTI BUKOPUCTAHHS NPOTHO3YBAaHHS y peaJlbHOMY 4aci rIoOanbHy MOJenb Oyio
3mineHo Ha Mmojens GFS, mis HaBYaHHS BUKOPUCTAHO 11 BEpCil0 3 AaCHMUISIIEI0 JaHUX
GDAS [7].

Mouens GDAS (Global Data Assimilation System) — ue rino6ansaa cucrema 300py,
00poOKH Ta aHaJi3y METEOPOJIOTIYHUX JaHUX, sIKa BUKOPUCTOBYETHCS JJIi CTBOPEHHS IOYaT-
KOBUX YMOB JJISi YMCEIIBHOTO IMPOTHO3YBaHHS MOronu, 30kpema s mogaeni GFS. Bona
MOEJHYE J1aHl 3 Ha3eMHUX CTaHI[I, CYMyTHUKIB, pajapiB Ta IHIIMUX JHKEpel, 3a0e3reuyroun
MaKCHUMaJIbHO TOYHY NIOYaTKOBY KapTuHy atMocdepu. Po3ainena 3nataicte GDAS 3a3Buyaii
CcTaHOBUTH Oym3bko 0.25° X 0.25° (mpubmm3HO 28 KM Ha €KBaToOpi), MO JO3BOJISE MOJENI
OXOIUTIOBATH TJ00albHI MpPOIECH 3 JOCTAaTHbO BUCOKOIO JIETAli3alli€l0 JUIs ONEPaTUBHOTO
IIPOrHO3YBaHHSI.

HaBuanpHa Ta TpeHyBaibHa BUOIpKM Oy CTBOPEHI 3 HAOOPY NaHMX, IO 30epiraeTbes
y s3 cxoBumi [8]. s HaBuaHHs 0yi10 00paHo nepioa mpoMixkkoM 10 ocTaHHIX POKIB.

[licns naBuanass RMSE 3MozenboBaHuMX AaHUX Ta TEMIIEPATYpHUX MOKAa3HHKIB 31
CTaHLIi CKJIaJIo 2 rpaaycH, L0 MOJIMIIY€E T0YaTKOBUN pe3ysbTaT Ta A€ 3MOTy IIPOTHO3YBaTH
JaHl y peKUMI peabHOTO 4acy.

s mokpamenass riaobanpHoi Mozaeni GFS Oymo po3polOiieHo mapcep MOBIpEHHX
CTaHIIi MOHITOPHHTY TIOTOJIH, 1I€ Aa€ 3MOTY JIOITOBHIOBATH JaHi MOEJi Ha OCHOBI JIOKaJIb-
HUX 3aMipiB Ta 3aHOCHUTH I1i 3MiHH ITi]] 9ac po3paxyHkiB Mojeni FourCastNet.

Ha ocnosi mozgeni UNet [9] Oyio po3pobieHO anropuT™M 3 IHTEPIOAIT rI100aaTbHUX
JaHWUX JUIS TIOKpAIIEHHS SKOCTI MPOTHO3Y Ui KOHKPETHOro KopuctyBada. Lleit mimxin
3/1IACHIOE 1HTEPIOJISILIII0 ITEPaTUBHO, MOCTYMOBO "3aXOIIIOOUN" BIICYTHI 3HAUEHHS 3 KpaiB
1o 1eHTpy. Ha kokHOMY KpoIli 00UHCIIeHHs OXOIUTIOIOTh JIMIIE Ti MIKCENl 3 MPOMYyIIEHUMH
3HAYEHHSMHU, K1 OTOYEHI NIEBHOIO KUIBKICTIO BAJIIHUX CYCIJIHIX IMIKCEJIB — CIIO0YaTKy BOChH-
MH, 3 TOJAJIBIIUM 3MEHIIEHHSAM L€l KUIBKOCTI 10 TpboX. [licis TOCSTHEHHS MOpory B TpU
CyCiJ1, IHTEpIOJIALIS IPOJAOBKYETbCS JOTH, TIOKH BC1 MPOITYCKU HE Oy/ie 3all0OBHEHO.

MeTton epeKTUBHO CIIpaBIISIETbCA SIK 13 MTOOJMHOKUMH "ocTpoBaMH' MPOMYCKIB, TakK 1 3
BEJIMKHUMU OJIOKaMH, B SIKUX LIEHTPaIbHI MIKCEIl OTOYEH1 BUKIIFOUHO BIACYTHIMHU 3HAUEHHSIMH.
3aBasku 00pOoOIIl 30BHIMIHIX MIAPIB JAHUX 13 MAKCUMAJIBHOIO KUTBKICTIO CYCIAHIX BajliTHUX
3Ha4eHb, [Iporiec IHTEPMOMAIT CTapTye 3 MIOCTOTO IUKITY, KOJM KUTHKICTh BaJIITHUX CYCIJIIB
3MEHIIYETHCS JI0 TPHOX, 1 TPUBAE JI0 TIOBHOT'O 3HUKHEHHS MPOITyIIeHoro 670Ky, Takuii miaxis
JIO3BOJISIE OCATTH BHUCOKOI TOYHOCTI 3allOBHEHHS 3 MIHIMAJIBHAMH OOYHCIIOBAJIbHUMHU BUT-
paTamu.

Cxema iHpoOpMaIiitHOI CUCTEMH IEMOHCTPYE B 1HTErpallito rio0aibHOi MOJENl MOl
FourCastNet, sika BukopucroBye mani 3 GFS 3 acumimsiiero GDAS sik moyaTkoBi yMOBH, 3
MOJIyJIEM TNIPOCTOPOBOI 1HTEpHosLii Ha ocHOBI MonudikoBaHoi apxitektypu UNet. ¥V cu-
CTeMI TaKOX BPaXOBaHO JaHI 3 JIOKAJbHUX METEOCTaHIIii, 1m0 3abe3rneuye 10AaTKOBE yTOU-
HEHHsI TIPOTHO3Y. 3aBISKH IIbOMY apXiTEeKTypa Opi€HTOBaHA Ha ONMEpPAaTUBHE OTPUMaHHS BU-
COKOTOYHHUX TPOTHO3IB Y PEATbHOMY Yaci, M0 € 0COOIUBO aKTyalbHUM JJIsI MOOUIBHHX J10-
JATKiB, arpapHOTro IUIAHYBAHHSA Ta CUCTEM PaHHBOI'O MOMEPEPKEHHS PO CTUXIIHI ABHIIA.
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Pucynok 3 - Cxema indopmatiiiHoi cucreMu

KopuctyBau B3aemojii€ 3 CUCTEMOIO 4epe3 KIIEHTChKUN 3aCTOCYHOK (MOOUIBHUN J0-
JIaTok 4y BeO 3acTocyHOK). KomyHikarlis BiiOyBaeThCs NUIAXOM Mepenadi reorpadiuHux Ko-
opaunat B cucteMi WGS 84 / Pseudo-Mercator EPSG:3857 uepe3 API Gateway na GPU
server, Jie MPOBOJUTHCS 00poOKa morogHux AaHux. [licisa oTpumMaHHS KOOpIWHAT cUCTEMa B
ACMHXPOHHOMY PEXHUMI 3aIlyCKae ONepallilo MPOrHO3yBaHHS MOTOJIH, IKa BUKOPUCTOBYE TJI0-
OanbHI MeTeoposoriuHi AaHHi. [licnsa mporo pe3ynbTar aanTyeThes rI00aNbHUI TPOTHO3 10
JIOKAJIbHUX YMOB, BPaXOBYIOYH T'€OMO3UIIII0 KOPUCTYBaya Ta JaHi 3 MICIIEBUX METEOCTAHIIIi.
[Ticns 3aBepiIeHHS MOCTOOPOOKH - AaH1 B 3py4HOMY (pOpPMaTi OBEPTAIOTHCS KOPUCTYBaUy.

BucHoBku. B pe3ynbpraTi goCHiI)KEHb 0yJI0 OTPUMAHO IHCTPYMEHT IIPOrHO3YBAHHS I10-
oM B PEKUMI pEaJIbHOTO 4Yacy 3 BUKOPUCTaHHS KOMOIHAIii MOAesl rio0albHOTO MPOTHO-
3yBaHHs FourCastNet Ta moctpomnporiecinry 3 Bukopuctanusam mojeni Unet, nist tokasmizarii
OTPUMAHOTO NMPOTHO3YBAaHHSI Ta 301IbIIEHHS PO3MOAUIBHOI 3JaTHOCTI POrHO3Yy. B pe3ynbTari
€KCIIEPUMEHTIB 0YyJI0 OTPUMAHO CepeAHbOKBAAPATUUHY NMOXUOKY Yy 2 rpaaycH, 110 Ja€ 3MOTY
MPOrHO3YBaTH JaHl Y PEeKUMI PEabHOTO Yacy 3 BIJHOCHO MaJluM BIIXWJIEHHSM. B pe3ynb-
TaTi poboTH OyJI0 CTBOPEHO 1H(POPMAIIIIHY CUCTEMY 3 BUKOPUCTAHHSM JIJIsl B3a€MOJIIT 3 KOpH-
ctyBaueM. CUCTeMa TaKoX MO)Ke OyTH IMIUIEMEHTOBaHa K IMiJIMOAYNb ICHYIOUOi CHCTEMH
MoHITOpUHTY [ 10] sIKOCTI TOBITPSL.

JITEPATYPA
1. Lang S., Alexe M., Chantry M., Dramsch J. S., Pinault F., Raoult B. et al. (2024). AIFS -
ECMWFEF’s data-driven forecasting system. DOI: https://doi.org/10.48550/arxiv.2406.01465
2. Wagas M., Humphries U. W., Chueasa B., Wangwongchai A. (2024). Artificial intelli-
gence and numerical weather prediction models: A technical survey, Natural Hazards Re-
search, DOI: https://doi.org/10.1016/j.nhres.2024.11.004
3. Shabnam Kumari, P Muthulakshmi. (2023). Weather Prediction Using Futuristic Technol-
ogies: From Industry's Perspective. In Proceedings of the 2023 Fifteenth International Con-
ference on Contemporary Computing (1C3-2023). Association for Computing Machinery,
New York, NY, USA, P. 245-251. DOI: https://doi.org/10.1145/3607947.3607994

ISSN 1562-9945 (Print) 7
ISSN 2707-7977 (Online)


https://doi.org/10.1145/3607947.3607994

«Cucremni texHogorii» 5 (160) 2025 «System technologies»
4. Pathak J., Subramanian S., Harrington P., Raja S., Chattopadhyay A., Mardani M., et al.
(2022) FourCastNet: A Global Data-driven Weather Model using Deep Learning, DOI:
https://doi.org/10.48550/arXiv.2202.11214
5. NVIDIA. FourCastNet — Forecasting Global Weather with Neural Operators [EnektpoH-
uuii pecype] // NVIDIA Documentation. — Pexxum mocryiy:
https://docs.nvidia.com/deeplearning/physicsnemo/physicsnemo-
sym/user_guide/neural_operators/fourcastnet.html.
6. Rasp S., Dueben P. D., Scher S., Weyn J. A., Mouatadid S., Thuerey N. (2020). Weather-
Bench: A benchmark data set for data-driven weather forecasting. Journal of Advances in
Modeling Earth Systems, 12, DOI: https://doi.org/10.1029/2020MS002203
7. National Center for Atmospheric Research. ERA5 Atmospheric Reanalysis [Enekrponnuii
pecypce] // Climate Data Guide. — Pexxum noctymy: https://climatedataguide.ucar.edu/climate-
data/era5-atmospheric-reanalysis.
8. Amazon Web Services. NOAA Global Forecast System (GFS) [Enexrponnuii pecypc] //
Registry of Open Data on AWS. — Pexum mocrtymy: https://registry.opendata.aws/noaa-gfs-
bdp-pds/. — Ha3ga 3 ekpana.
9. Wang, J. (2024) Data interpolation methods with the UNet-based model for weather fore-
cast. International Journal of Data Science and Analytics, DOl:
https://doi.org/10.1007/s41060-024-00611-z
10. Molodets, B., Hnatushenko Volodymyr, Boldyriev D., Bulana T. Information System of
Air Quality Assessment Based of Ground Stations and Meteorological Data Monitoring.
CEUR Workshop Intelligent Information Technologies & Systems of Information Security (In-
telITSIS 2023). 2023.Vol. 3373, P. 206-216.

REFERENCES

1. Lang S., Alexe M., Chantry M., Dramsch J. S., Pinault F., Raoult B. et al. (2024). AIFS -
ECMWEF’s data-driven forecasting system. DOI: https://doi.org/10.48550/arxiv.2406.01465
2. Wagas M., Humphries U. W., Chueasa B., Wangwongchai A. (2024). Artificial intelli-
gence and numerical weather prediction models: A technical survey, Natural Hazards Re-
search, DOI: https://doi.org/10.1016/j.nhres.2024.11.004
3. Shabnam Kumari, P Muthulakshmi. (2023). Weather Prediction Using Futuristic Technol-
ogies: From Industry's Perspective. In Proceedings of the 2023 Fifteenth International Con-
ference on Contemporary Computing (IC3-2023). Association for Computing Machinery,
New York, NY, USA, P. 245-251. DOI: https://doi.org/10.1145/3607947.3607994
4. Pathak J., Subramanian S., Harrington P., Raja S., Chattopadhyay A., Mardani M., et al.
(2022) FourCastNet: A Global Data-driven Weather Model using Deep Learning, DOI:
https://doi.org/10.48550/arXiv.2202.11214
5. NVIDIA. FourCastNet — Forecasting Global Weather with Neural Operators [NVIDIA
Documentation.] Retrieved from
https://docs.nvidia.com/deeplearning/physicsnemo/physicsnemo-
sym/user_guide/neural_operators/fourcastnet.html.

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


https://doi.org/10.48550/arXiv.2202.11214
https://docs.nvidia.com/deeplearning/physicsnemo/physicsnemo-sym/user_guide/neural_operators/fourcastnet.html
https://docs.nvidia.com/deeplearning/physicsnemo/physicsnemo-sym/user_guide/neural_operators/fourcastnet.html
https://doi.org/10.1029/2020MS002203
https://climatedataguide.ucar.edu/climate-data/era5-atmospheric-reanalysis
https://climatedataguide.ucar.edu/climate-data/era5-atmospheric-reanalysis
https://registry.opendata.aws/noaa-gfs-bdp-pds/
https://registry.opendata.aws/noaa-gfs-bdp-pds/
https://doi.org/10.1007/s41060-024-00611-z
https://doi.org/10.1145/3607947.3607994
https://doi.org/10.48550/arXiv.2202.11214
https://docs.nvidia.com/deeplearning/physicsnemo/physicsnemo-sym/user_guide/neural_operators/fourcastnet.html
https://docs.nvidia.com/deeplearning/physicsnemo/physicsnemo-sym/user_guide/neural_operators/fourcastnet.html

«Cucremni texnounorii» 5 (160) 2025 «System technologies»
6. Rasp S., Dueben P. D., Scher S., Weyn J. A., Mouatadid S., Thuerey N. (2020). Weather-
Bench: A benchmark data set for data-driven weather forecasting. Journal of Advances in
Modeling Earth Systems, 12, DOI: https://doi.org/10.1029/2020MS002203
7. National Center for Atmospheric Research. ERA5 Atmospheric Reanalysis [Climate Data
Guide] Retrieved from https://climatedataguide.ucar.edu/climate-data/era5-atmospheric-
reanalysis.
8. Amazon Web Services. NOAA Global Forecast System (GFS) [Registry of Open Data on
AWS] Retrieved from https://registry.opendata.aws/noaa-gfs-bdp-pds/.
9. Wang, J. (2024) Data interpolation methods with the UNet-based model for weather fore-
cast. International Journal of Data Science and Analytics, DOl:
https://doi.org/10.1007/s41060-024-00611-z
10. Molodets, B., Hnatushenko Volodymyr, Boldyriev D., Bulana T. Information System of
Air Quality Assessment Based of Ground Stations and Meteorological Data Monitoring.
CEUR Workshop Intelligent Information Technologies & Systems of Information Security (In-

tellTSIS 2023). 2023.Vol. 3373, P. 206-216. Mode of access: https://ceur-ws.org/\Vol-3373/

Received 02.05.2025.
Accepted 13.05.2025.

Analysis of existing architectures for the development
of an information system of air quality assessment

The paper focuses on the development of information technology for weather modeling
and forecasting using modern deep learning methods. The relevance of the topic is driven by
growing climate risks, an increase in the frequency of extreme weather events, and the need
for highly accurate meteorological analytics for the agricultural sector, transportation, ener-
gy, and civil defense systems. FourCastNet, a modern architecture based on deep neural net-
works and transformers that combines high performance with the ability to process large-
scale historical meteorological data, was chosen as the main model for generating forecasts.
FourCastNet was trained on data from global atmospheric analysis, which ensured forecast-
ing accuracy at the same level with traditional numerical models at a much lower computa-
tional load.

To form the initial forecasting conditions, data from the GFS global numerical model in
combination with the GDAS assimilation system were used. These sources provide weather
data with a resolution of approximately 0.25° x 0.25° (~28 km), which made it possible to
overcome the limitations of ERA5-type models (about 31 km) and make the system suitable for
real-time use. In order to adapt the global forecast to a specific geographic location, a spatial
interpolation approach was implemented using a modified UNet architecture. This model re-
fines meteorological parameters based on data from local weather stations, thus improving
the accuracy of forecasts at specific locations.

The article describes in detail the architecture of the information system, which includes
modules for processing input data, forecasting models, an interpolation system, and an end-
user interface. The proposed solution makes it possible to obtain highly accurate forecasts in
an online mode, which is especially important for decision-making in critical industries. Par-
ticular attention is paid to the possibility of integrating the system into mobile applications
and real-time notification platforms.

ISSN 1562-9945 (Print) 9
ISSN 2707-7977 (Online)


https://doi.org/10.1029/2020MS002203
https://climatedataguide.ucar.edu/climate-data/era5-atmospheric-reanalysis
https://climatedataguide.ucar.edu/climate-data/era5-atmospheric-reanalysis
https://registry.opendata.aws/noaa-gfs-bdp-pds/
https://doi.org/10.1007/s41060-024-00611-z
https://ceur-ws.org/Vol-3373/

«Cucremni texHogorii» 5 (160) 2025 «System technologies»
Keywords: information system, forecasting of atmospheric processes, meteorological
data processing, neural networks, UNet architecture, FourCastNet model

Moaoaeus bornan BosiopumupoBu4 — oueHT kadenpu iHGoOpManiiHUX TEXHOJOTIH Ta
KOMIT I0TEpHO]I iHXeHepii, TokTop ¢inocodii B ramysi inpopmaniiiHux TexHomorii, Hamiona-
JTHHUNA TEXHIYHUN YHIBEPCUTET «/[HIMPOBCHKA MOMITEXHIKA»

Bynana Terana MuxaiigiBHa — goneHt kadenpu iHQOpMalifHUX TEXHOJOTIH Ta
KOMIT IOTE€pHOI iH)KeHepii, KaHAWAAaT TeXHIYHUX Hayk, Hamionansauii TexHiunuii YHiBepcu-
TeT «J{HIMPOBChKA MOMITEXHIKA.

Boamupes Jdaniin OgaexcanapoBuy — acmipant, HamioHanbHMH TeXHIYHUH YHIBEpCHUTET
«/IHIPOBCHKA MOJITEXHIKaY.

Molodets Bohdan — Associate Professor of the Department of information technology and
computer engineering, Ph.D. in Software Engineering, Dnipro University of Technology.
Bulana Tetiana — Associate Professor of the Department of information technology and
computer engineering, Candidate of Technical Sciences (Ph.D.), Dnipro University of Tech-
nology.

Boldyriev Daniil — Postgraduate Student, Dnipro University of Technology.

10 ISSN 1562-9945 (Print)

ISSN 2707-7977 (Online)



«Cucremui Texnonorii» 5 (160) 2025 «System technologiesy
DOI 10.34185/1562-9945-5-160-2025-02
UDC 004.043

A.V. Zarodiuk, T.A. Likhouzova
ANALYSIS OF SCIENTIFIC AND PRACTICAL ACHIEVEMENTS
IN THE SPHERE OF REVERBERATION EFFECTS GENERATION

Anotation. The study addresses the problem of creating realistic reverberation sound effects
in computer games. The primary features of existing reverberation generation methods are
outlined, including the complexity of manual sound parameter adjustments, the static nature
of models, and limited adaptability to the geometry of the game environment. It was deter-
mined that the problem of creating realistic reverberation effects for computer games is
achievable only when using modern approaches that reduce manual tuning and increase the
adaptability of sound parameters. Based on the analysis, it was determined that there are sig-
nificant obstacles that reduce the realism of acoustic accompaniment using available meth-
ods.

Keywords: reverberation, acoustic characteristics, procedural generation, machine learning,
computer games.

Statement of the problem. Interactive media, particularly computer games, are becom-
ing integral to modern digital culture. Every year, the gaming industry demonstrates rapid
growth in terms of the number of users and the complexity and realism of the products pre-
sented. One of the key elements of the success of modern games is the creation of a deep im-
mersion of the user in the virtual environment, which is achieved through the complex inte-
gration of visual, audio, and interactive components.

Sound in computer games performs several important functions: it not only enhances
the emotional impact on the player but also serves as a tool for communication with the game
world, providing essential clues about events and actions of characters. One of the most im-
portant components of the audio system is the effects of reverberation - the phenomenon of
multiple reflections of sound waves from surrounding objects. Reverberation creates a sense
of volume and depth in the space in which the player is located and makes the sound envi-
ronment more realistic and immersive.

In most modern games, the reverb effect is implemented using static algorithms based
on predefined sound settings or templates. This approach, although it allows you to achieve
high-quality sound, has a number of significant limitations. In particular, static reverb effects
cannot adequately adapt to changes in the game space in real-time, which can reduce the real-
ism of interaction with dynamic game environments. In large open worlds or complex archi-
tectural structures, this becomes especially noticeable when the player moves between differ-
ent rooms or open spaces, where the acoustic properties of the environment change.

© Zarodiuk A.V., Likhouzova T.A., 2025
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In this regard, there is a need to develop new approaches to generating sound effects
that would allow for automatic and dynamic change of reverberation characteristics in ac-
cordance with the parameters of the environment.

History of the development of approaches to creating reverberation effects. Rever-
beration as an acoustic phenomenon has attracted the attention of scientists and engineers
since long before the advent of digital technologies. Initially, reverberation was studied in the
context of architectural acoustics for the design of concert halls, theaters, and churches. It af-
fects how sound reflects off walls, ceilings, floors, and other surfaces and how this echo is
perceived by the human ear. Important moments in the history of the development of ap-
proaches to reverberation are the emergence of both theoretical research and technological
innovations that led to its integration into the digital audio industry.

Early studies of reverberation. The first systematic studies of reverberation in the
framework of architectural acoustics were carried out as early as the 19th century. The pio-
neer in this field was the American physicist Wallace Clement Sabine [1], who in 1898 first
formulated the basic principles of reverberation in architectural spaces. Sabine discovered the
connection between the volume of the room, its surface, and how quickly the sound decays in
the room after the source is turned off. His research became the basis for developing many
architectural norms and approaches to the acoustic design of spaces. In the 20th century, with
the advent of sound systems for cinemas, reverberation began to be actively used to improve
sound perception in films and music. During this period, engineers began to experiment with
electromechanical methods of reproducing reverberation, using large rooms or special rever-
beration chambers to provide natural echo for audio recordings [2].

The beginning of the digital era: algorithmic reverberation methods. With the ad-
vent of digital computers and audio technology in the 1960s and 1970s, there was a shift from
physical models to digital ones. The first important step in this field was the development of
digital algorithms for reverberation simulation. One of the first significant algorithms was
proposed by M.R. Schroeder in 1961 [3]. Schroeder developed a digital reverberator based on
a combination of finite impulse response (FIR) and infinite impulse response (lIR) filters,
which allowed the creation of the first synthetic reverberation models suitable for use in audio
systems.

Schroeder's algorithm was designed to create artificial reverberation using simple digital
circuits that mimicked the process of sound decay in a room. This approach became the basis
for the development of many future reverberators used in music and film. One of the key ad-
vantages of Schroeder's algorithms was that they required relatively few computational re-
sources, which allowed for real-time reverberation on the computing devices available at the
time.

Physically based models. Researchers have since developed more accurate, physically
based models of reverberation. A significant advance in this direction has been using ray trac-
ing and numerical methods to simulate the propagation of sound waves in environments with
different acoustic properties. This approach has been particularly useful for modeling com-
plex acoustic environments, such as theaters or open-air venues [4]. Some of the most influen-
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tial works in this field include the work of Allen and Berkeley [5], who proposed the "mirror
source" acoustic model method for calculating sound reflections in enclosed spaces. This
method became the basis for further developments in the field of convolution reverberation,
which allowed the use of real impulse responses of rooms to create the most realistic
effects [6].

Algorithmic reverberation and its role in the industry. From the late 1980s to the
present, digital reverb algorithms have become the standard in the audio industry. An im-
portant step was the emergence of software and hardware reverb solutions, such as the Lexi-
con and Eventide reverbs, which allowed musicians and sound engineers to create high-
quality effects on studio equipment. Reverberators such as the Lexicon 480L, which entered
the market in 1986, pioneered the application of digital reverb in practice. Using advanced
Schroeder algorithms and other techniques, these devices allowed the creation of detailed and
multi-layered reverb effects that are still used in the music industry today. These algorithms
were especially useful for processing vocals, and instruments, and creating sound effects in
film.

Procedural reverberation and dynamic algorithms in games. The recent develop-
ment of computer games and interactive media has prompted researchers to search for new,
more dynamic approaches to generating reverberation effects that could adapt to changes in
the environment in real-time. In the 2000s, researchers such as Tsingos et al. (2007) proposed
new dynamic reverberation methods that used ray tracing algorithms and voxel-based meth-
ods to accurately model sound reflections in complex environments.

Another important advance in procedural reverberation generation has been the use of
path tracing methods, which allow for real-time simulation of sound reflections in interaction
with the geometry of the environment. For example, [7] showed how voxel models can be
used to simulate sound propagation in complex rooms, taking into account multiple reflec-
tions and attenuation.

Modern systems such as AudioKinetic Wwise and FMOD actively use these methods to
provide realistic reverberation in games. However, the problems of computational resources
and adaptation to real-time changes remain relevant, which encourages further development
of procedural approaches.

Classical reverberation methods. Classical reverberation methods used before the ad-
vent of modern algorithms can be divided into several main categories, including mechanical,
electronic, and digital approaches [8]. These methods have played an important role in creat-
ing realistic sound reproductions in music, film, and other audiovisual media. However, de-
spite their importance, classical methods have their limitations, which has led to the need to
develop new approaches.

Mechanical Reverb. Plate Reverb. One of the first methods of artificial reverberation
to be widely used in studio recording was the plate reverberator. This method originated in the
1950s and involved the use of a thin metal plate on which transducers were placed. The plate
was driven by an audio signal, creating complex vibrations that simulated the effect of rever-
beration. The signal was recorded by a microphone located at the other end of the plate.

Advantages:
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— Plate reverberators provided rich, warm sound effects that were particularly valued in
the music industry for vocals and instruments.

— Their design allowed for adjustable reverberation time, making them flexible for a
variety of applications.

Disadvantages:

— High cost and bulkiness: such systems took up a lot of space in the studio and re-
quired special care.

— Unrealistic: Plate reverberation did not fully reproduce natural acoustic spaces, as its
sound was too flat and did not contain enough high-frequency detail characteristic of real
rooms.

Spring Reverb. Another classic mechanical method was the spring reverberator, often
used in guitar amplifiers and portable sound systems. The sound signal was transmitted
through a spring that vibrated, creating a reverberation effect.

Advantages:

— Compactness: Compared to plate reverberators, spring reverberators were signifi-
cantly smaller and cheaper to manufacture.

— Relatively affordable for use on stage and in the studio.

Disadvantages:

— Poor sound quality: spring reverbs gave the reverb a characteristic "ringing" sound
that didn't always sound natural.

— Limited control over reverberation parameters: Compared to other methods, spring
reverbs had less controllable parameters, which limited their flexibility.

Electronic Reverb. With the development of electronics in the 1960s, external elec-
tronic reverberators such as the Lexicon 224 pioneered the field of artificial reverberation.
These devices used digital processors to create a variety of reverberation effects, simulating
the echoes of sound waves in different rooms.

Advantages:

— The ability to precisely adjust reverb parameters such as delay time, echo density,
and brightness.

— Compact compared to mechanical systems.

— Rich functionality: electronic reverberators offered the ability to create a wide range
of reverb effects.

Disadvantages:

— High cost of equipment in the early stages of development.

— Technological limitations: Early electronic reverbs had limited sound quality, espe-
cially compared to modern algorithms.

Digital Reverb. Algorithmic Reverb. In the 1970s and 1980s, digital reverberation be-
came dominant due to the development of algorithms such as the Schroeder algorithm. These
algorithms are based on digital signal processing, using mathematical models to simulate the
behavior of sound in enclosed spaces. The main types of algorithms included convolution-
based methods and infinite impulse response filters (1IR) [9].
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Advantages:

— Flexibility: Digital algorithms allowed any type of room, from small rooms to large
cathedrals, to be simulated by changing parameters using software.

— Real-time implementation: Digital processors allowed reverberation to be applied
without significant delay, which was important for live performances and interactive applica-
tions such as computer games.

— Ability to integrate with other effects: Reverb algorithms could be easily combined
with other digital effects, allowing the creation of multi-layered soundscapes.

Disadvantages:

— Early sound quality: Early digital reverbs did not always reproduce the natural be-
havior of sound. Their algorithms sometimes generated unrealistic or overly "metallic” ech-
0es.

— High computational complexity: While modern processors are capable of handling
complex algorithms, early versions required a lot of computational resources, which limited
their use in real-time or on low-cost hardware.

Convolution Reverb. With the advent of more powerful computing systems, the convo-
lutional reverberation method emerged, which allowed the use of real impulse responses to
simulate the reverberation characteristics of specific rooms. This method consists of superim-
posing the recorded impulse response of the room onto the audio signal, which allows for a
very accurate reproduction of the sound of a specific room.

Advantages:

— High realism: Convolutional reverberation allows for extremely accurate and natural
results.

— Flexibility in room selection: Users can record impulse responses in any real space
and use them to create the desired reverb effect.

Disadvantages:

— High computational complexity: Convolutional reverberation requires significant
computational resources, especially for large impulse responses.

— Limited dynamics: Compared to algorithmic methods, convolutional reverberation is
less flexible in adapting to real-time changes, making it less suitable for interactive applica-
tions such as computer games.

Classical reverberation methods, despite their importance, had a number of limitations
that necessitated their improvement or replacement with new technologies.

Procedural generation of reverberation effects: modern scientific developments.
Procedural generation of reverberation effects has become an important research area in the
field of sound processing with the advent of modern algorithms and increasing demands for
sound quality and realism in interactive environments such as computer games, virtual reality
(VR), and augmented reality (AR) [10]. Compared to classical methods with limited capabili-
ties in reproducing realistic spaces, procedural generation offers more flexible and adaptive
approaches that allow for the dynamic generation of reverberation effects in real-time.

ISSN 1562-9945 (Print) 15
ISSN 2707-7977 (Online)



«Cucremni texHogorii» 5 (160) 2025 «System technologies»

Algorithmic approaches and physically based models. One of the key directions in
procedural reverberation generation is the development of algorithmic approaches based on
physical models of acoustic spaces. Current scientific developments in this area focus on sim-
ulating sound waves' complex interactions with spatial boundaries, such as walls, floors, and
ceilings, using accurate mathematical models [11].

Ray Tracing. One of the most common methods for modeling acoustic spaces is the ray
tracing method [12]. This approach allows you to track the paths of sound waves as they re-
flect from different surfaces in a room. In computer games and VR environments, this method
can be used to create realistic reverberation effects that change depending on the location of
the object or the user.

Advantages:

— Realism: The method allows for accurate reproduction of the behavior of sound
waves in complex spaces, especially in large architectural structures such as cathedrals, con-
cert halls, or tunnels.

— Dynamics: Ray tracing can be applied in real-time, allowing the reverberation to
adapt to changes in the scene, such as the movement of objects or changes in the configura-
tion of the room.

Disadvantages:

— High computational cost: This method requires significant computational resources
to track the trajectories of numerous sound beams accurately. Although modern computing
systems are capable of handling this task, optimization of the algorithms is required for inter-
active applications.

Diffusion-based Models. Another popular method is diffusion-based models, which
simulate reverberation in enclosed spaces with complex, uneven surfaces. These models simu-
late the scattering of sound waves after multiple reflections, allowing for more realistic effects
for sound scenes [13].

Advantages:

— Ability to model complex environments, including rooms with soft or uneven surfac-

es.

— Ability to precisely control sound propagation and energy dissipation in a room.

Disadvantages:

— Difficulty in real-time implementation due to computational costs.

Procedural approaches to generating sound environments. Current research also
aims to develop procedural methods that allow for the automatic generation of reverberation
parameters based on room geometry. Such methods are particularly relevant for interactive
environments where space structure can change in real-time (for example, in computer
games).

Voxel-based Sound Propagation is an innovative approach to the procedural generation
of reverberation effects, where space is divided into voxels (three-dimensional pixels), each of
which is responsible for a particular part of the space. Sound waves are modeled as propagat-
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ing through these voxels, which allows for the creation of detailed and realistic sound envi-
ronments that adapt to changes in space.

Advantages:

— Ability to realistically simulate sound environments with various obstacles and ob-
jects.

— Adaptation to dynamic changes in space in real-time, making this approach ideal for
computer games and VR.

Disadvantages:

— High computational resource requirements for accurate simulation of large spaces.

— The need for accurate voxel mesh definition for efficient simulation.

Modern scientific achievements. Today, the development of the procedural generation
of reverberation effects is intensive and multifaceted. Many companies and research institutes
focus on combining physical models, algorithmic approaches, and machine learning to create
realistic, interactive, and high-quality reverberation effects [14].

Machine learning and neural networks. Recently, the scientific community has been
working on the application of neural networks to simulate reverberation effects. Such models
are able to learn from large data sets and generate reverberation that corresponds to real
acoustic conditions. One direction is the use of convolutional neural networks to process im-
pulse responses and create realistic reverberation.

Real-time impulse reverberation. While convolutional reverberation has long been used
to create realistic acoustic environments, new research is focusing on optimizing it for real-
time use. The introduction of optimization techniques allows impulse reverberation to be used
even in interactive applications with high frame rates.

Despite significant progress in the development of procedural generation of reverbera-
tion effects, current approaches have a number of challenges that require further research. For
example, the main problem remains in optimizing computational processes to implement
high-quality reverberation in real-time. Other challenges include the need to adapt models to
specific environments and usage scenarios, such as computer games with high performance
and graphics requirements. Machine learning and hybrid approaches may become key tools to
overcome these limitations in the future.

Comparison of global and domestic achievements in the field of audio technologies.
Audio technologies, particularly reverberation effects, occupy an essential place in the mod-
ern entertainment industry, and developments in this area are carried out globally and domes-
tically. Comparison of achievements allows us to assess the place of domestic innovations in
the global context and determine their potential for further development [15].

Western companies and scientific institutes are actively developing innovative technol-
ogies for the simulation of reverberation and sound environments. In particular, corporations
such as Waves Audio, iZotope, and Avid are leaders in creating professional audio tools for
the music industry, cinema, and computer games. The main areas of their research are the de-
velopment of algorithms to improve the realism of sound effects and the integration of ma-
chine learning to improve the quality of sound simulation [16].
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One of the most significant world achievements is the development of convolution re-
verb, which allows you to create virtual acoustic environments based on the impulse charac-
teristics of real rooms. This technology has become an integral part of audio production in
various industries due to its ability to convey spatial sound effects realistically. In addition, in
the field of interactive applications, such as virtual reality (VR) and augmented reality (AR),
procedural acoustic modeling methods are actively used, allowing you to adapt reverberation
effects to dynamic changes in the scene.

Realistic reverberation technologies for games are also being actively developed around
the world. Companies such as Epic Games and Unity Technologies [17] are integrating ad-
vanced audio solutions, such as ray tracing techniques for acoustic environments, into their
game engines, allowing for effects that are as close to real-world conditions as possible.

In Ukraine, the development of audio technologies, especially in reverberation, also has
its achievements, although the domestic industry is smaller in scale compared to world lead-
ers. However, several domestic research centers and universities are actively working on new
approaches to sound processing. For example, the institutes of Taras Shevchenko National
University of Kyiv and the National Technical University of Ukraine "Kyiv Polytechnic Insti-
tute” are researching methods of sound synthesis and processing for interactive environments
and multimedia systems. It is especially worth noting the contribution of Ukrainian develop-
ers in the field of audio technologies for music applications. For example, the Ukrainian com-
pany Warm Audio, which is engaged in creating high-quality analog audio devices, has re-
ceived international recognition. Although domestic companies mainly focus on hardware,
there are also innovative attempts to create software solutions, in particular in the gaming in-
dustry, where Ukrainian studios often work on integrating audio technologies into modern
game engines.

The global audio industry is characterized by a greater diversity of research and innova-
tion due to access to greater financial resources and an advanced technical base. Companies in
Europe, the USA, and Japan can invest in the development of algorithms and use high-
performance computing systems to simulate sound effects in real-time. At the same time, do-
mestic developments have potential, especially in integrating audio processing with low com-
putational costs, which is relevant for small game studios and startups.

However, Ukraine still has to overcome a number of challenges to reach the world level.
These include insufficient research funding, limited opportunities for implementing complex
algorithms in the industry, and the lack of wide access to modern hardware for simulating re-
verberation effects.

Analysis of similar solutions on the market. The market for audio processing, particu-
larly reverberation effects, is actively developing and offers a variety of software and hard-
ware solutions for professionals in the music industry, film, computer games, and other areas
where a realistic sound stage is a key component. Analysis of existing products on the market
allows us to identify the advantages and disadvantages of modern technologies, determine
their competitiveness and opportunities for improvement [18].
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Software solutions. Among the software for creating and processing reverberation,
several key products can be distinguished that occupy leading positions in the market.

1) Waves Audio — Abbey Road Reverb Plates

This plugin emulates the classic reverb plates used in the legendary Abbey Road studi-
0s. The plugin allows users to adjust reverb parameters, creating warm and deep effects for
vocals and instrumental recordings.

Advantages:

— Realistic reproduction of vintage sound, ideal for the music industry.

— Numerous settings allow you to precisely select reverb parameters for different gen-
res of music.

Disadvantages:

— Limited use in interactive environments such as games or VR due to the specificity
of reverberation effects.

2) iZotope — Neoverb

Neoverb from iZotope is one of the most innovative solutions on the market, using arti-
ficial intelligence to automatically adjust reverb parameters based on audio content. This tool
allows you to quickly obtain high-quality reverb effects, focusing on the characteristics of the
input sound.

Advantages:

— Use of artificial intelligence to optimize parameters, which greatly simplifies the
sound processing process.

— High-quality reverberation with minimal settings, which saves time.

Disadvantages:

— High license cost for small studios or individual users.

3) Valhalla DSP — ValhallaRoom

ValhallaRoom is one of the most popular reverb plugins due to its ease of use and effi-
ciency. It allows you to create reverb that can be customized for different types of rooms -
from small studios to large concert halls.

Advantages:

— High performance with low system resource requirements.

— Extensive customization options and affordable prices make it popular among indie
developers and small studios.

Disadvantages:

— Lack of advanced capabilities such as artificial intelligence or realistic modeling of
complex spaces, which limits use in high-budget projects.

Hardware solutions. In addition to software tools, there are also hardware solutions on
the market that allow you to implement reverb effects.

1) Lexicon PCM92

Lexicon is a legendary manufacturer of hardware reverbs, providing exceptional sound
quality used in the music and film industries. The PCM92 is one of the leading solutions for

ISSN 1562-9945 (Print) 19
ISSN 2707-7977 (Online)



«Cucremni texuounoriin 5 (160) 2025 «System technologies»

creating realistic reverb effects thanks to advanced algorithms and high-quality sound pro-
cessing.

Advantages:

— High sound quality and the ability to adjust reverberation for large acoustic spaces.

— Reliability and stability of operation, which is important for large studios and concert
venues.

Disadvantages:

— High cost makes this device inaccessible to individual users or small studios.

2) Bricasti M7

Another well-known hardware reverb is the Bricasti M7. It is used in many leading stu-
dios to create high-quality reverb effects, including in the film industry and for music record-

ing.

Advantages:

— Advanced sound processing technology with the ability to simulate various types of
reverberation.

— High accuracy and realism of reverb effects.

Disadvantages:

— Like the Lexicon PCM92, the device is expensive and more suitable for large studios
than for individual use.

The global market offers a wide range of solutions for creating reverb effects, from
software products aimed at various audio industries to professional hardware. Software
plugins such as ValhallaRoom are affordable and offer a sufficient level of flexibility for
small projects, while more advanced solutions from iZotope or Lexicon provide the highest
quality but require a significant financial investment.

There is also interest in creating software solutions for reverberation in the Ukrainian
market, but these products are often focused on budget options or narrowly specialized tasks,
such as music production, with less attention to interactive environments, such as game en-
gines.

Conclusions. Despite significant progress in the development of audio technologies and
the creation of reverberation effects, there are a number of unresolved problems that require
further research and improvement. They are concerned with both optimizing technologies for
interactive environments and improving sound quality under conditions of limited computing
resources [19].

1) Computational complexity of reverberation algorithms

One of the main problems remains the high computational complexity of current rever-
beration algorithms, especially when simulating realistic acoustic environments in real-time.
Procedural methods such as ray tracing for acoustic effects or convolutional reverberation re-
quire significant CPU and memory resources, which is problematic for interactive applica-
tions such as computer games or virtual reality (VR).
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Research area: further improvement of procedural algorithms for reverberation, in par-
ticular by implementing machine learning methods to reduce computational requirements and
improve real-time efficiency.

2) Reverb quality in dynamic environments

Another essential problem is to provide realistic reverberation in dynamic environ-
ments, where the acoustics change depending on the position of objects, changes in the room,
or the movement of sound sources. Although modern reverberation plugins allow for accurate
simulation of reverberation for static rooms, the technology still needs improvement for dy-
namic scenarios such as virtual environments or games.

Research area: development of adaptive reverberation methods that automatically adjust
to changes in the acoustic environment in real-time, taking into account the movement of ob-
jects and changes in spatial parameters.

3) Integration with game engines and VR environments

Although many software solutions for reverberation exist in the music and film indus-
tries, integrating these technologies with game engines such as Unity or Unreal Engine is still
challenging. Creating realistic reverberation in games requires accurate sound modeling and
optimization to work on a wide range of devices, including mobile platforms.

Research area: Research on optimized reverberation algorithms for integration into
game engines, with a particular focus on efficiency for mobile platforms and systems with
limited resources.

4) Reverb for immersive technologies

With the development of immersive technologies such as augmented reality (AR) and
virtual reality (VR), there is a need for even more realistic reproduction of acoustic effects
that change according to the user's or objects’ movement in the virtual environment. Tradi-
tional reverberation algorithms do not always provide the necessary level of realism for such
scenarios [20].

Research area: development of new reverberation methods for AR and VR that will take
into account the position and movement of the user in the virtual space to create a full immer-
sion effect.

5) Reverberation effect on sound perception

Reverberation is an essential factor in the perception of soundstage and spatial sensa-
tion, but its impact on the audiopsychological perception of listeners has not yet been thor-
oughly studied. Different types of reverberation can affect the perception of space, time, and
sound timbre in various ways, especially in interactive media.

Research area: conducting experimental studies on the impact of different types of re-
verberation on the psychoacoustic perception of the sound environment and integrating the
results into the creation of new algorithms.

6) Acoustic ecology

Another challenge is the application of reverberation technologies to improve acoustic
conditions in public spaces, such as concert halls, offices, or shopping malls. Modeling the
acoustics of such environments requires special attention to detailing the reverberation effects
to ensure comfortable sound perception.
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Research area: studying reverberation methods to improve the acoustic characteristics of

large spaces, in particular public spaces, to create acoustically pleasant environments.
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Ananiz HayKoeux i nNpaKmMuyHuxX 00CAHEHb
Y cehepi cenepauii pesepoepayinnux egpexmie
Y pobomi pozenanymo npobremy cmeopenHs peanicmudHux 38yKoeux eghekmis pesep-
bepayii 6 xomn romeprux iepax. Iloxazano ocHOBHI 0COOIUBOCMI ICHYIOUUX MemOOi8 2eHe-
payii pegepbepayii, ceped SKUX CKAAOHICMb pYUHOL 0OPOOKU napamempié 38yKy, CMAmMuy-
Hicmb MoOenell ma ooMenHceHa adanmusHicms 00 eeomempii iepogoco npocmopy. Busnaueno,
wo npobema cmeopenHs pearicmudHux pegepoepayitinux egpekmis 0 KOMN 10OMEPHUX i20p
€ 00CAICHOIO Tuule NPU 3aCMOCYS8AHHI CYYACHUX NIOX00i8, WO 3MEHULYIOMb PYUHE HANAUMY-
BaHHA MA NIOBUWYIOMb A0ANMUBHICb 38YKOBUX napamempie. Ha niocmasi ananizy eusnave-
HO, WO ICHYIOMb 3HAYHI NepeuKooU, sKi 3HUNCYIOMb PealiCMUYHICMb aKyCMU4H020 CYnpo8o-
0y 00CMYNHUMU MEeMOOAMU.
Knouoei cnosa: pesepbepayis, akycmuuni Xapakmepucmuku, npoyeoypHa ceHepayis,
MAuuHHe HA84YAHHS, KOMN TOMEPHI iepu.
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O.. Knumenko
IEPEBIPKA OJHOPIJHOCTI IICEBAOBUITIAAKOBUX BUBIPOK
KPUTEPSIMU AHJAEPCOHA TA BYIIA-BIHJIA

Anomauyis. ocniodcenns cmamucmuyHoi 0OHOPIOHOCMI UDIPOK € BANCIUBUM 3AB0AHHAM Y
MamemMamuyHitl Cmamucmuyi, OCKLIbKU 60HO 00380JIA€ OYIHIO8AMU OOCMOBIPHICMb eKCnepu-
MEHMANbHUX SUMIPIOGAHb MA GU3HAYAMU, YU HALEHCAMb BOHU 00 OOHIEL 2eHepalbHOI CYKyn-
Hocmi. ¥V yitl cmammi po3ensaHymo 08a nioxoou 00 nepesipKu CmamucmuyHoi 00HOpIOHOCMI
8UbIpoK: 060x eubiprosull kpumepiti Anoepcona ma xKombinosanui kpumepiu bywa-Binoa.
Koowcen i3 yux xpumepiie mae ceoi ocobiueocmi, cghepu 3acmocy8ants ma epekmunicmo
3a1eHCHO 8I0 po3Mipy 6UOIPOK ma po3nooiny umosipHocmi, wo auanizyromscsa. Mema oo-
CRi0dCeHHA: OYIHKA eeKmusHocmi 080X nioXodie 00 NepesipKu CMmamucmuiyHoi 00-
HOpiOHOCMI 8UOIPOK: 080X 8UDIPK06020 Kpumepito Anoepcona ma KoOMOIHOBAHO20 KpUmepiio
bywa-Binoa, a maxooic suznauents 6niugy posmipy 6ubipox ma cmamucmuidHux napamempis
nCces008UNAOKOBUX BEIUYUH, BUSHAYEHT HeOONIKU MA nepesasu 8UKOPUCIAHHS YUX KpUmepiis.
Memoou docnioxcenHs: y 00CHIONCEHHT PO32Ns0aromucs Kpumepii nepesipku 00OHOPIOHOCMI
NnCeBO08UNAOKOBUX BeNUYUH. 080X 8UDIpKO6uULl Kpumepill Anoepcona ma KoMOIHOBAHUL KPU-
mepii bywa-Binoda, 3a 0onomozow AKUX BU3HAYAEMbCA OOHOPIOHICMb NCeB008UNAOKOBUX
BUOIPOK 8 YMOBAX HEGIOOMUX CIAMUCMUYHUX NAPAMempi8 (PO3nooiny UMOsipHOCMI, Mame-
MamuyHo2o o4iKyeauHs, oucnepcii. Haykosa HOBU3HA OOCTIONCEHHS: BUHAYEHO, WO, SKUO
subipxu y oocniodceni, n<I100, mo kpumepiii Anoepcona € 6inbuL HAOIIHUM OJisl AHANLI3Y NCes-
008UNAOKOBUX BEIUYUH 13 HEGIOOMUMU CIMAMUCMUYHUMU NAPAMEMPamu, mak siKk 6iH 0eMOoH-
cmpye 8uwyy CMitiKicms 00 aHOMAIU, ¥ NOPIBHAHI 3 KOMOIHO8anum Kpumepiem Bywa-Binoa.
Busnaueno, wo npu oocnioscenni manux eudbipox (n=20+40) obuosa kpumepis noxazyomo
BUCOKY UMOBIPHICMb NPULIHAMMS NPAGUILHO2O PIUEHHS. NPU AHANIZ] NCeBO0BUNAOKOBUX Ge-
JUYUH HA OOHOPIOHICMb 3 PIZHUMU cmamucmudHumu napamempamu. Ilpaxmuuna HoéusHa
00CNi0JCeHHA: OJIs1 AHANI3Y BUNAOKOBUX BEIUYUH 3 HEBIOOMUMU CIAMUCTUYHUMU napamem-
pamu 015t KOpOMKUX 8UOIPOK 3aNPONOHOBAHO GUKOPUCTOBYEAMU 080X BUOIPKOBULL KpUmepitl
Anoepcona ma rombinosanuil kpumepiu Bywa-Binoa, anre 011 nioguwenns Haditnocmi pe-
3YIbMamie npu O0CHIONHCEHHI, 8 YMOBAX 3A0PYOHEHHS, OOYINbHO KOMOIHY8amu cmamucmuymi
Kpumepii 3 Memooamu ouuwjenHs 0aHux abo gukopucmogysamu pooacmui ananoeu. Chepu
3ACMOCYBAHHSA: OOCNIOANCEHHS MOJICe OYMU BUKOPUCTAHE 8 2ANY35X, 0e HeOOXIOHO OYiHI8amu
CMAamucmuyHy 0OHOPIOHICMb BUOIPOK, 30KpeMa 8 eKCNePpUMEHMANbHUX HAYKAX, COYION02ii,
MeOUYuHi ma inHdHcenepii, O OYIHKU AKOCI BUMIPIOBAHL A BUSBLEHHA MONCIUBUX BIOXUTEHD
V OQHUX.

© Kmumenxo O./1., 2025
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Kuwouosi cnosa: mamemamuuna cmamucmuxda, memoo, UOIpKa, po3noodil UMOSIPHOCHI,
kpumepiu Anoepcona, kpumepii Bywa-Binoa.

Beryn. JlocmipkeHHS! CTAaTUCTUYHOI OJHOPIAHOCTI BHOIPOK € BAKIMBUM 3aBJaHHSIM Y
MaTeMAaTHYHINA CTATUCTHII, OCKUIBKU BOHO JI03BOJISIE OLIIHIOBATH JOCTOBIPHICTh €KCTICPUMEH-
TJIBHUX BUMIPIOBaHb Ta BU3HAYATH, YU HAJEXKaThb BOHH 0 OJHI€l TeHEpaIbHOI CYKYIHOCTI.
VY wiii cTarTi po3MISIHYTO JBA MiAXOIM 1O MEPEBIPKU CTATHCTUYHOI OJHOPIIHOCTI BHOIPOK:
JBOXBUOIPKOBHUI KpHTepii AHaepcoHa Ta KomOiHoBaHMU kputepiii byma-Binga. Koxen i3
X KPHUTEPiiB Mae cBOi OCOONMBOCTI, Chepu 3aCTOCYBaHHsS Ta €(PEKTUBHICTH 3aJIC)KHO BiJ
cneundiku BUOIPOK, 110 aHANI3YIOThCS. J|BOX BHOIpKOBHIA KpUTEpiii AHAEPCOHA IIUPOKO BH-
KOPUCTOBYETHCS ISl OI[IHKU CTAaTUCTHYHOI OJJHOPITHOCTI BUOIPOK, OTPUMAHUX Y XOJi eKcIe-
PUMEHTAIBHUX TOCIIKEHb 3 HEBIIOMUMHU CTATUCTHYHUMH MapaMeTpamMu. MeTo010ris 1bo-
ro miaxoxy 0a3yeThCs Ha TOPIBHSHHI YIOPSIKOBAaHMX 3HA4Y€Hb BUOIPOK Ta iX 00'€qHaHUX
PaHTOBHX XapaKTEPHUCTHK. 3aBISKH I[bOMY KPHTEPII0 MOXHAa POOWUTH BHCHOBKH MpPO piB-
HOMIPHUH PO3IOUT TaHUX Y BUOIpKax Ta iXHIO B3a€EMHY BIAMOBIIHICTh. BaXIJIMBO 3a3HAYNTH,
10 e(heKTUBHICTH I[LOTO KPUTEPIIO0 3HAYHO 3POCTAE MPH JOCTATHHO BEIUKIA KUTBKOCTI CITO-
crepexxeHb y BuOipkax. KomOinoBanuii kputepiii byma-Binga 6a3yerbcss Ha BUKOPUCTaHHI
JIOTICTUYHHX BUITAJIKOBUX BEIMYMH Ta € aHAJIIOTOM CTAaTUCTHK BaH-mep-Bapnena i Kiotma.
Bin nmo3Bossie omiHIOBaTH BUOIPKH 3 HEBIAOMHUMH CTATHCTUYHUMH 3aKOHOMIPHOCTSIMH, IIIO
pOOHUTH HOTO yHIBEpCATHHUM 3aCO0OM JJIsl aHANIi3y €KCIIEPHUMEHTAIbHUX BUMIiptoBaHb. Oj-
HI€IO 3 KJIIFOYOBHX IE€peBar 1bOro KPUTEPII0 € HOro 3JaTHICTh BPAXOBYBATHU SIK BIAXUJICHHS Y
CepeHIX 3HAUYEeHHAX BUOIPOK, Tak 1 Bapiauii y ixHii nucnepcii. Lle n1o3Bossie oTpumary 611b11
TOYHI pe3yNbTaTU MPHU aHali31 BUOIPOK, K1 MOXKYTh MaTH CYTTEBI BIIMIHHOCTI y CBOIX Hapa-
metpax. Kpurepiii byma-Binga BUKOpHUCTOBY€eThCS y BUIAAKAX, KOJU CTaHAAPTHI METOIU
MepEeBIPKHU CTATUCTUYHOI OJTHOPITHOCTI Tat0Th HEOHO3HAYHI pe3yabTaTh a00 HE BPaXOBYIOTh
BCIX MOKJIMBHX BIIXHJIEHb y BUOIpkax [1-7]. [IpoBenemMo moCiiKeHHs 1010 MEPEBIPKU OJI-
HOPIJTHOCTI BUOIPOK BUIAJKOBUX BEJIMYMH 3a IBOMA KPUTEPISIMHU.

Teopernuni ocHoBM KpuTepilo Anaepcona. Kpurepiii AHmepcoHa MUPOKO 3aCTOCO-
BYETbCA IIiJl 4Yac MEPEeBIPKUM CTATUCTUYHOI OJHOPITHOCTI BHUOIPOK EKCIEpUMEHTAIbHUX
BUMIpIB 3 HEBIJOMUMH (QYHKIISIMU PO3MOALTY HMOBIpHOCTI. Lleit kpurepilt, mo popmyeThbes
3a paHraMy BIOPAIKOBaHUX BUOIpok X (k) Ta X3 (k), a Takox ix 00’ eqHanoi BUOIpKH X7, (i),

ne i=1,2,...2n, X,(i)=X{(k)+Xi(k—mn), X3()=X3(k)+ X:(k—n). Pauru

BU3HAYAIOTHCA 32 GOpMyIaMu

In In

R(EI() = ) (%i() = X0,(0), ROE(0) = ) (%300 — X2,(0)).

k=1 k=1
ne sgn(x — a) — QYHKLIA OAUMHUYHOrO CTPHOKA, 10 JOPIBHIOE OJMHMUII, SKILIO X = &, Ta HYy-
JIFO, SIKIIO X < .

KpuTepiiit AHepcoHa OMUCYETHCS GOPMYIIOI0
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! N 2 . - 4n® —1
P [kzlm(xl(k)] — k) 4 (R(X3(K)) — k]-] -

Vi(n) =

Ile BUMMAAKOBI BEMTMYMHHU Ta iX CTATUCTUYHI 3aKOHOMIpHOCTI mpH 7 = 40 cXoxi Ha

posnoain CmupHoBa-Kpamepa-pon-Mizeca [1]. Skmo BUOIpKH KOPOTKI 1 CTATUCTUYHO OJI-
HOpi/Hi, TO 3 ¥iMoBipHicTIO 0,95 kputepiit Augepcona V; (n) < V,, (n) MeHIIe KPUTHIHOTO

04 O, 1
Vy, (n) =(u,4514— - )(1 +—).

T n- T

3HaA4YCHHA

SKIIO BUKOHYETBCS 11 HEPIBHICTh, TO MPUHUMAETHCSA PIMICHHS MPO OJAHOPIAHICTH J0-
CJII)KYBaHUX BUOIPOK.

Teopernuni ocHoBu koMOiHoBaHOro kpurtepito bByma-Binga. fxmo 181 BuGipku
X, (k) 1X,(k) MoxXyTh 3MiHIOBaTHCS MaTeMaTU4H] OYIKYBaHHS 1 AUCHEpCii, 3pYyIIEHHS 1 Mac-

mTadu, TO MependavaeThCsl MEePEeBIPATH iX CTATHCTUYHY OJHOPITHICTH, BUKOPUCTOBYIOUH
KoMmOiHoBanuid Kputepii byma-Bunma. Kinacnyna mareMaTH4Ha CTaTUCTHKA LEH KpUTEpid
aIPOKCHUMY€E CTaHJAAPTHUX HOPMAJTbHUX BHUITAKOBUX BEIWYHWH [2-4]. 3aMiHUMO X JOTICTHY-

HUMH BUIQJKOBUMH BeJIMYMHAMU — GyHKI€0 F(x) Ta 3BOpoTHOIO (pyHKIieo Ux).
1

H L)
1+ ex (—TI)
P /3

F(x) =

V3

U(x)=— [!n [F(x)) — !n(l — F(xj))
(3
Kpurepiit byma-Binga ¢gopmyeTbcsi Ha cTaTUCTHIN, €KBIBaJIEHTHINH cTaTUCTHI BaH-
nep-Bapaena Ta Kiorna [1, 2]. Jlocmiukyroreest a1 Bubipkn X, (k) 1 X,(k) 3 HeBlIOMUMH
CTAaTUCTHYHUMH 3aKOHOMipHOCTsIME. DopMyeThest 00'eHana Bubipka Xy, (k) 3a Gpopmyroro
X.(k)= X(i/2)+X(i —n/2),i = 1,2,...2n,
ne X(if2) = X,(k), X,({)=0,i > 0; X(i/2) = X,(i—n),i >n,X,(i)=0,i < n.

Busnauumo panru X, (k)
R(Xy, [[kj) = Z sgn (X, (k) — X1, (1))

BHKOPHCTOBYIOUH paHTH, IEPETBOPUMO BUOIpKY X, (i) Ha BHOpsAIKOBaHY BHOIPKY

2n

x5,(i) = Xlztka (sgn(i - R[Xlz(k))) + sgn{:‘ —1—-R(x, [kj))),

Panru BnopsiakoBaHoi BUOipku R [X 12 (1)) BiJioMmi, 11€ iXx HOMepH { = 1,2,...,2n. J{ns po-

3YMIHHS PO3TJISTHEMO JAB1 BHOPSAKOBaH1 BUOIPKH
x3,(i/1) = 2,1;3,2;4,8;5,7;8,1;9,2; 12,4.
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Xif [:I.'lllzj =0,8:09;2,6;43:7.3;8; 9;4:X: (Ij =12,7.

Chopmyemo 3a HUMH OJHY CyMapHy BHOpsiKoBaHy Bubipky Xj.(i/1) Tta ii panru

(Tabm.1).
Tabmuus 1

X1, (1) 0809212632 (4348|5773 (81,92 |94 124|127

R(X,() |1 |2 [3 |4 |5 [6 |7 [8 |9 |10 |11 [12 [13 |14

V Tomy uucni panru BuGipok Xi,(i/1) = X, Xi,(i/2) = X}. Ix pauru R [X.*: (ifl)) Ta

R [X 1201/ 2]) npecTaBjieHi B Tabuii 2.

Ta0mums 2
R(X},(i/1) 3 5 7 8 10 11 13
R(X1,(i/2) 1 2 4 6 9 12 14

Panru R(Xj,(i/1) BUKOPHCTOBYIOThCS IUIsl OLIHKH KpHuTepito Byma-Binga. 3a uumun

CIIOYAaTKy  BH3HAYAIOTHCS  IIOKA3HMKH, CKBIBAICHTHI KpuTepisiM Ban-nmep-Bapnena
S(x7,(i/1)) i Knotua T(X;,(i/1) norictuarum QyHKIisIM

k NE] k k
U( )=—[!n( )—in(l— )],
2n+1 T 2n+1 2n+1

(E50) S (452 -2

2Zn+1 2n+1 2n+1

Ananorn kputepiiB Ban-nep-Bapnena Ta KioTma Bu3HauaroThes 3a  BHOIPKOIO
X (k/1)=X](k), k=12, ..,n

||'E "y (R(Xi: [ir’lj)

3 k=1 1
S(X.*:j=w n n+

I ¥
[1 n 2 k
Van&x= U (z2)
||2]'1 -1 n U: (R(X?:(k.flj)_ L n U: (i}
2 k=1 k=1
N w T T + j_ 2 EH-
T(Xi) = = - -
& win I
'-qun =1 U (En)

e BunankoBi BeIMUMHU BUOIPOK S(X7,) Ta T(X],).

Kpurepii byma-Binga Bu3HauaeTbcss 3a LMMH TOKa3HMKaMu S(X],) =5, Ta
T(Xi,) =Ty,. Knacuuna maremMaTHuHa CTaTUCTHKA PO3MIIAAAE IX K CTAHJAPTHI HOPMalbHI

BUIIAJIKOB1 BEJIMYMHU Ta OMUCYETHCA iX apOKCUMAIIsIMU. 3aMIHUMO TaKUW OMUC CTAaTUCTUKHU

CTaHJAPTHOIO JIOTICTUYHOIO (DYHKITIEIO PO3MOALTY HMOBIPHOCTI
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1 1

T ! F(Ty) = T '
1+ ex (_Ts-in) 1+ex (—TT.SJ-.)
p J3on p NEa

F(s-i:) =

®opmyna kputepito Bymia-Binna BuzHavaeThes 32 MOAYISIMH |55 | 1 [Ty
v, = —2In(2(1 - F(IsyD)) - 2 (2(1 - F(ITSD)).
Ile BumaakoBi BEIMYUHY 1 3 UMOBIpHICTIO P = 0,95 iX 3HaYCHHS MOPIBHIOIOTHCS 3 Tpa-

HUYHUMHU 3Ha4eHHAMH Vj (1), sKi OpescTaBieHi B Tabaumi 3.

Ta0muus 3

n 5 10 15 20 30 40
Vo(n) | 7,92 8,65 8,97 9,05 9,24 9,30

IlepeBipka ogHOpPiAHOCTI NCeBAOBUNIAAKOBUX BUOIpOK KpUTepiiMH AHIEPCOHA Ta
Byma-Binga. [l mpoBeneHHsT TOCIHIIKCHHS CKOPUCTYEMOCS JBOMa rimore3amwu. [lepma
rimore3a: HyinbpoBa Trimote3a (Ho) — BuOipkm X; Ta X TMOXOAATH 3 OAHOTO M TOTO XK
posmoainy, T06To X3 Ta X2 OMUCYIOTHCSI HOPMAIBHUM PO3MOJIIOM 3 IapaMeTpaMu MaTeMa-
THYHOTO OuikyBaHHs -HYIb (M[X]=0), mucnepcieto ogunuig (D[X]=1). Ipyra — anprepHa-
tuBHa rinore3a (Hj;) — Bubipku X; Ta X, MOXOJATH 13 PI3HUX PO3MOIUIIB MMOBIPHOCTI. Y
AKOCTi BHOIpkH X; — OyIeMO BHKOPUCTOBYBATH BHOIPKY TCEBJIOBHUIIAIKOBUX BEJIWYHH, IO
OIHCYIOTHCSI HOPMAJIbHUM PO3MOILIOM HMOBIPHOCTI, a y SIKOCTI BUOIpKU X2 OyAeMO BUKOpHU-
croByBaTH BHOIpku Thioki 3 craructuynuMu napamerpamu (M[X]=1, D[X]=1. 3abpyaHeHi
BUOIpku ThIOKI — 116 TUN BHUOIPOK, y SKHMX JA€sKa YaCTHMHA JaHMX MOXOJUTh BiJl 1HIIOTO
po3noainy (abo 3 IHIIMMHU MapamMeTpaMu) N MOpPYIIye MOYAaTKOBI MPUIYLIEHHS MO0 OJ-
HopigHocTI BUOipku. TepmiH "3a0pyAaHEHHs" 4acTO BUKOPHUCTOBYETHCS B KOHTEKCTI CTaTH-
CTUYHHUX JOCIIJKEHB /I TTO3HAYEHHSI CUTYaIlil, KOJIU B JaH1 BUOIPKU JOJAIOTHCS CIIOCTEpe-
YKEHHS, 110 BIPI3HAIOTHCS 32 PO3MOIIJIOM BiJl OCHOBHOI YacTUHU BUOIpKH. Lle Moxke OyTu pe-
3yJlbTaTOM MOMUJIOK BHMIpPIOBaHb, HEMEpEe10aueHNX 30BHIIIHIX (aKTOpPiB a00 HEKOHTPOJIbO-
BaHUX Bapialiil y fjaHux. 3a0pyaHeHi BUOIpku ThIOKI — 1€ IEBHUI TUI 3a0pyJHEHHS JaHUX,
sIKE€ BIUIMBAE Ha 3aCTOCYBAHHS CTATUCTUYHMUX METOJIIB JJISl IEPEBIPKU TiNOTE3, OCOOIUBO MpHU
nepeBipLl OJHOPITHOCTI BUOIpOK. 3a0pyJHEHHS MOKYTh BUHUKATH Ha OYy/b-IKOMY €Tari po-
0OTH 3 JaHMMH. IX CBO€YacHe BUSABIEHHS Ta KOPEKIis KPMTUYHO BAKIUBi ISl OTPUMAHHS
BIpHUX pe3yJbTaTiB. BUKOpUCTaHHS SKICHOTO €KCIIEPUMEHTY 1 CyBOPUX METOJIIB aHaJli3y J10-
roMarae MiHIMI3yBaTH PU3UKH Yy Oylb-sKiil ramysi 3HaHb (COLIaJbHUX, O10JIOTTYHUX, MEIUY-
Hux, Tomo) [1, 7]. IIlpoBemeMo IOCTIMKXEHHS Ta BU3HAYUMO OIHOPIIHICTH 3a JIOTIOMOTOIO
Kpurepito Annepcona ta bymia-Binga 3a rinoresamu Ho ta (Hi) cTBepmKyeThes, 0 KpH-
Tepii Anznepcona ta byma Binjga He MOBHHHI pearyBaTu Ha MOPIBHSHHS BHOIPOK 3 PI3HUMHU
BUJaMHU 3a0pyJHEHHs ( CTPUOKM, BUKUAM, TOMMUJIKM BUMIPIOBAaHHS, 3MiIlIeHHS BUOIpKH, MIPO-
NyIIeHi JaHi, 1yOnioBaHHA JaHUX, IIyM Yy AaHuX). s mepeBipku rimores, nepury BUOIpKY
OyneMo ¢GopMyBaTH 3 HOPMAJIbHUM 3aKOHOM PO3MOALTY 3 CTaTUCTUYHHMH IMapaMeTpamu:
M[X;1]=0, D[Xi]=1, a npyry Oymemo MozenroBatu 3a BuOipkow ThIOKI, 3 HapameTpamu

28 ISSN 1562-9945 (Print)

ISSN 2707-7977 (Online)



«Cucremui Texnonorii» 5 (160) 2025 «System technologiesy

M[X2]=0, D[Xz]=1. Tob6ro, 3a0pynHeHHs! BUOIpKH X, MPU3BOJUTH IO 3MiHU 11 CTATUCTUYHUX
napaMeTpiB, OCKIJIbKH BOHA Oubile He OyJe MaTh HOPMAJIBHOTO po3nonainy. [Iposeaemo mo-
CIIDKEHHS ~ TICEBJIOBUMAIKOBMX  BEJIMYMH HaA  PI3HMX 3a  pO3MIpoM  BHOIpKax
n=5,10,15,20,25,30,40,50,100, ne N — KiAbKiCTh eneMeHTiB y BuOipmi. Ha puc. 1 — puc.4.
IpeJCTaBJIeHI TiCTOrpaMH JIBOX BUOIPOK: MepIia — 3 HOPMAIBHUM PO3MOALIOM HMOBIPHOCTI
Ta JOpyra — 3 pi3HUM BIICOTKOM 3a0pynHeHHs (BuOipka ThIOKI), a TakoXX HaBelIeHO
HMOBIpHICTb IPUHHATTS PIlICHHS HYJIbOBOI TMIOTE3H.

Bubipkun X1 Ta X2 i3 TEOpeTHYHUMK PO3NOAINAMIA MMOBIPHICTE NPUAHATTA rinoTezn HO

100.0

X1 BubipKa

Turok BuGopKa
0404 — Teoperwamm X1 915
=~ Teoperuiecxwh Thiokw
0354 A

95.0 '/‘\_/\

0301
2.5

90.0

WlineHicT iMOBIpHOCTI
Pisext auauywiocTi y (%)

62,51 —= Aunepcora
= Bywa Bir
— Pine:

-6 -4 -2 0 2 4

6 20 40 60 80 100
Po3Mip BUBIpKM N

3HaveHHs

Pucynoxk 1 - I'icrorpama Ta HMOBIpHICTb IPUUHATTS PilIEHHS 1010 HYIHOBOI MOTE3H
3a BIJICyTHOCTI BHECEHHS 3a0pyqHEeHHS y BUOipku ( 3a0pyaneHHs — 0%0)

3a pe3yibpTaToM JOoCHTiKeHHs (puc.1) oTpuMaHo, mo WMOBIPHICTh MPHIHATTS HYJIbOBOI
rinore3u (mpu P=0,95) nyxe Bucoka i cknanae 0,94% 3a kputepieM AHAEpPCOHA, Ta 3a KpH-
tepiem byma Binga — 97%. lle MokHa TOSICHUTH TUM, IO KPUTEPi AHIEpCOHAa O0COOIUBO
YyTIIMBUN. B maHOMY BHIIaKy BUKOPHUCTOBYBAIIMCS TICEBOBUIIAIKOBI BUOIPKH 3 OTHAKOBUMHU
craructuuaumu napamerpamu: M[X]=0, D[X]=1. Ha puc. 2 npejacraBieHi TicTorpaMu JIBOX
BUOIPOK: Mepiia — 3 HOPMaJIbHUM 3aKOHOM PO3MOUTY WMOBIPHOCTI Ta Apyra BuOipka Throki
(Ha 5 % 3a0pyaHena) 3i craructuaauMu apamerpamu M[X;]=1 ta D[ X;]=1.

BuBipky X1 Ta X2 i3 TEOPETUSHMMU pO3NORINaMK - WmasipricTh nprinaTTs rinotess HO

— e

imoBipHocT

LWabticTs

4254 —#— Annepcona
- Bywa-BiHna
—— PlaeHs 3HapILOCTI 0.95

v ! . ,
0 an &0 a0 100
Ee Fosnip ouipku

Pucynok 2 - T'icrorpama Ta HMOBIpHICT IPUAHATTS PillIEeHHS 1010 HYTHOBOI TIOTE3H 3
BHECEHHSIM 3a0py/AHEHHS y Apyry BUOipKy ( 3a0pynHeHHs — 5%)

Ha puc. 3 Ta puc. 4: npeacTaBiaeHO IOCTIKEHHS, 3 YpaXyBaHHIM TOTO, IO TIEpIa
BHOIpKa Ma€ HOpMaJbLHUHN 3aKOH PO3MOILTY, a Ipyra — 3a0pyaHeHa ta ckiamae 15% ta 20%
BIJIIIOBIIHO.
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Bubipku X1 Ta X2 i3 TeOpeTHYHNMI PO3NOAINAMM 1000 VIMOBIPHICTL NPUAKATTA rinoTesu HO

X1 Bubipka —o— Aunepcona

Teioks BeiGopka - Bywa-Biuaa
— TeopeTwyind X1 97.51 —— PigeHs 3uasywocTi 0.95
04 g o === TeopeTaeckni Toiokn \ /-\
& - e 95.0
5

°

o
o

Piens 3na4ywocTi y (%)
" °
g 8
°

WinkHicTs iMosiproct

01

0.0+ - -
4 6 20 r 0 8 100

IuaueHmA Pomip aubipxu n

Pucynok 3 - Iicrorpama Ta HMOBIpHICTh MPUUHATTS PillIEHHS 1010 HYJIHOBOI TIIOTE3H 3
BHECEHHSIM 3a0pyHEHHS y Apyry BHOIpKY ( 3a0pyaneHHs — 15%)

Bubipku X1 Ta X2 I3 TEOPETHYHUMK PO3NOAINAMM ArMOBIPHICTL NPUAKATTA rinoTean HO

X1 BuGipKs —o— Augepcona
Ttokn Bubopea -# byuwa-Bivaa
o

p— 0 Wawa X1 975 —— Pisens smavywocti 0,95
~=~ Teopermiecuit Toioxn
- \ VA

20 a0 60 80 100
Inavenns Po3nip enbipsy n

Pucynok 4 - T'icrorpama Ta KMOBIPHICTh NPUIHATTSI PIILICHHS 1I0JI0 HYJIBOBOT T1IIOTE3H 3
BHECCHHSIM 3a0pyIHEHHs y Apyry BHOIpKyY ( 3a0pyanenHs — 20%0)

ITpoBeneHi AoCmiKEHHs MOKa3ald, 110 KOXKEH 3 KPUTEpiiB Mae CBOi mepeBaru Ta 00-
MEXEHHS 3aJeHO BiJ cnenrdiku BUOIPOK Ta iX CTAaTUCTUYHUX napameTpiB. Kputepiit An-
JiepcoHa JEMOHCTPYE BUCOKY TOUYHICTh NMPHU POOOTI 3 BEIMKUMH BUOIPKaMH 3 HOPMAJIbHUM Ta
PIBHOMIpHMM po3MoiIoM iMoBipHocTi. Kputepiit byma-Binna no3Bosnse npoBoauTu aHami3
BUOIPKM 3 PI3HUMM XapaKTepUCTHKaMM PO3IMOJALTY MMOBIPHOCTI, ajie 3a pe3ylbTaTaMH I0-
CIII/DKEHHSI BU3HAYEHO, 1[0 MOXKe OyTH MPHUHUHATTS MOMHJIKOBOTO PILIEHHS, LOJ0 HYJIbOBOI
rinoTes3y, HaBiTh 32 YMOB JIOCIHIPKEHHS KOPOTKHX BHOIpOK. B TakoMy BUMaJIKy peKOMEH-
IYETbCS BUKOPUCTOBYBATH JOJATKOBI METOAM ISl OLIHKU OJJHOPiIHOCTI.

BucHoBkM. Y cTaTTi MPOBEACHO JOCIIIKEHHS IBOX KPUTEPIiB: JBOX BUOIPKOBOTO KpH-
Tepito AHAEepcoHa Ta KOMOIHOBaHOTO KpuTepito bymia-Binaa amns BU3Hau€HHs OJHOPIHOCTI
TNICeB/IOBUMAIKOBUX BUOipok. [IceBnoBumnankoBi BUOIpku (opMyBamucs 3 ypaxyBaHHSM CTa-
TUCTHUYHHX MapaMeTpiB po3NOAiLTYy HMOBIPHOCTI (HOpPMalIbHUNA PO3MOALT HMOBIpHOCTI Ta 3a0-
pyaHeHi BuOipku ThIloKi 3 pi3HUM CTyHeHeM 3a0pyAHEHH:). 3a pe3ylbTaTaMu MPOBEACHOTO
JOCIIJKEHHSI MOYKHa CTBEpPJDKYBAaTH, IO YUM Oibllleé BHOCHUTHCS BiJICOTOK 3a0pyIHEHHS
(urym) y oziHy 3 BUOIpOK, 1110 MOPIBHIOIOTHCS 3a KpUTepisiMu AHzepcoHa Ta byma-Binna, Tum
OibIIIe TPUHMAETHCS PILIEHHS 100 albTepHaTHBHOI rinote3u — Hi. ToOTo kputepii Annep-
coHa Ta byma-Binna niificHo 3/1aTHI BUSIBUTH BIIMIHHICTb, SIK€ BUKJIMKaHE 3a0pyIHEHHSM 1
0c00IMBO 116 MOkeMO OaunTu Ha BuOipkax N<40. [y nepeBipku BUOIPOK 3 HEBIIOMUMU CTa-
TUCTUYHUMH TapaMeTpaMy HaWKpalle MiAXOAUTh TBOX BUOIPKOBUM KpHUTEpiit AHIEpCOHA.
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Crnix 3a3HaunTH, 110 31 30UIBIICHHSM BiJCOTKa 3a0pyAHEHHS WMOBIpHICTH HpuitHATTS Ho
3HIXKYETHCA U1 000X KpPUTEPIiB, IO CBITYUTH MPO 3POCTAHHS WMOBIPHOCTI IMOMHIJIKOBOTO
BimxmwieHHss Hp. OmHak kputepiii AHIEpCOHA JEMOHCTPYE BHINY CTIHKICTh JO aHOMAIIH,
ocobauBo mpu Manux BUOipkax (n=20+40), 1e po3ku Horo pe3yibTaTiB MEHIIHH, MOPIBHSHO
3 kputepieM byma-Binna. J{ns Benukux Bubipok (n>60) BruMB 3a0pyaHEeHHS HAa 00U/IBa KpHU-
Tepii 3MEHIIYETHCS, L0 Y3TOMKYETHCS 13 3aKOHOM BEJIMKUX uuceln. SIkmo BHOIpKH y TO-
ciipkeri n<100, To kpuTepiii AHIEpcoHa € OUIbII HaAIWHUM JUIS aHANI3y JaHUX i3 HEBiJTO-
MUMU CTATUCTUYHUMH Napamerpamu. st migBUICHHS HAIIHHOCTI Pe3yJbTaTiB AOCTIIKEH-
HS, B YMOBaX, KOJM BHUOIPKH 3 HEBIIOMHUMH CTAaTHCTUYHHMH MapaMeTpaMH — JOLLIBHO
KOMOIHYBaTH CTATUCTUYHI KpUTEPii 3 METOJIaMH OYMIIEHHS JJaHUX 200 BUKOPUCTOBYBATU PO-
OactHi aHanorn. OTpUMaHi pe3ylbTaTH MOXYTh OyTH KOPUCHUMHM IJIsi TIPOBEICHHS CTaTH-
CTHYHOTO aHAJ3y y Pi3HUX HAYKOBUX 1 MPHUKJIAAHUX JOCIIIKEHHIX, BKIIOYAIOYH KOHTPOJIb
SIKOCTI MPOYKIIii, OI[IHKY HaIIHHOCTI BUMIPIOBAJILHUX MMPHUIIAJIIB, aHATI3 CKOHOMIYHHUX JaHUX
Ta iHmi cepu, e HeOOXITHO BU3HAYATH CTATUCTUYHY OJHOPITHICTH BUOIpoK. [logambemti no-
CJII/DKEHHSI MOXYTh OyTH CIIPSIMOBaHI Ha PO3IIMPEHHSI CIIEKTPa KPUTEPIiB, IO 3aCTOCOBYIOTh-
cs, Ta PpO3pOOKY HOBHX MIJXOMIB JO OLIHKH CTAaTUCTHYHOI OJHOPIAHOCTI BHOIpOK 3
ypaxyBaHHSIM CKJIaIHIIINX MaTEMAaTUIHUX MOJEJIEH 1 METO/IiB MAaIIMHHOTO HABYAHHS.
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Testing the homogeneity of pseudorandom sample
by the anderson and Bush-Wind criteria

The study of statistical homogeneity of samples is an important task in mathematical
statistics, since it allows us to assess the reliability of experimental measurements and deter-
mine whether they belong to the same general population. This article considers two ap-
proaches to checking statistical homogeneity of samples: the two-sample Anderson criterion
and the combined Bush-Wind criterion. Each of these criteria has its own characteristics,
scope and effectiveness depending on the sample size and probability distribution being ana-
lyzed. The purpose of the study: to assess the effectiveness of two approaches to checking sta-
tistical homogeneity of samples: the two-sample Anderson criterion and the combined Bush-
Wind criterion, as well as to determine the influence of sample size and statistical parameters
of pseudo-random variables, and to identify the disadvantages and advantages of using these
criteria. Research methods: the study considers the criteria for checking the homogeneity of
pseudorandom variables: the two-sample Anderson criterion and the combined Bush-Wind
criterion, which are used to determine the homogeneity of pseudorandom samples under con-
ditions of unknown statistical parameters (probability distribution, mathematical expectation,
variance. Scientific novelty of the study: it was determined that, if the samples under study are
n<l100, then the Anderson criterion is more reliable for the analysis of pseudorandom varia-
bles with unknown statistical parameters, since it demonstrates higher resistance to anoma-
lies, compared to the combined Bush-Wind criterion. It was determined that when studying
small samples (n=20+40) both criteria show a high probability of making the correct decision
when analyzing pseudorandom variables for homogeneity with different statistical parame-
ters. Practical novelty of the study: for the analysis of random variables with unknown statis-
tical parameters for short samples, it is proposed to use the two-sample Anderson criterion
and the combined criterion Bush-Wind, but to increase the reliability of the results in the
study, in conditions of contamination, it is advisable to combine statistical criteria with data
cleaning methods or use robust analogues. Areas of application: the study can be used in ar-
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eas where it is necessary to assess the statistical homogeneity of samples, in experimental sci-
ences, sociology, medicine and engineering, to assess the quality of measurements and identi-
fy possible deviations in the data.
Keywords: mathematical statistics, method, sample, probability distribution, Anderson
criterion, Bush-Wind criterion.
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Oleksandr Movchan
ADVANCED DAMAGE - PLASTICITY MODELLING AND CALIBRATION
STRATEGIES FOR ACCURATE FINITE - ELEMENT ANALYSIS OF
UNREINFORCED CONCRETE IN THIN - WALLED STRUCTURES

Anotation. Accurate prediction of unconventional, unreinforced concretes in
three-dimensional finite-element analysis demands a synthesis of advanced constitutive theo-
ry, rigorous experimental calibration, and careful numerical implementation. This study con-
solidates recent progress and remaining challenges in modeling slag-blended, recy-
cled-aggregate, fiber-reinforced, and ultra-thin formwork concretes within the ANSYS envi-
ronment. A literature survey identifies three dominant strategies for plain concrete: the lega-
cy smeared-crack SOLID65 element, generalized Drucker—Prager plasticity with user-defined
damage, and detailed mesoscale representations that resolve aggregates, mortar, and inter-
faces. Comparative findings show that damage-plasticity formulations, exemplified by the
Concrete Damaged Plasticity (CDP) model, reproduce load—deflection responses and crack
patterns within fifteen percent of experimental results when parameters are calibrated against
comprehensive test sets that include compression, tension, fracture, and time-dependent data.
Calibration protocols remain inconsistent across studies, hindering reproducibility and
cross-comparison. The absence of an open benchmark database for non-standard concretes is
highlighted as a key barrier to consensus on default parameters. Thin-walled elements expose
additional difficulties: geometric nonlinearity couples with progressive stiffness degradation,
causing mesh-dependent fracture energy dissipation and solver convergence issues. Remedies
include refined through-thickness meshes, nonlocal regularization, and robust arc-length so-
lution controls. Explicit crack-tracking techniques such as phase-field fracture and cohesive
segments offer improved fidelity, especially for fiber-rich mixes where residual tensile capaci-
ty governs serviceability, yet systematic validation of these methods remains sparse.
Long-term phenomena such as creep, shrinkage, and durability, along with high-rate behav-
iors under impact and seismic loading, are underrepresented in current model verification,
particularly for slag-rich and recycled-aggregate mixes. A practical roadmap is proposed
that integrates five core actions: creation of a public benchmark database with fully docu-
mented laboratory tests; development of unified modeling protocols that specify calibration
sequences, error metrics, and reporting formats; targeted investment in explicit fracture mod-
els for thin and fiber-reinforced members, expansion of long-term and dynamic experimental
programs, and adoption of machine-learning tools to automate parameter identification and
flag anomalous model behavior. Complementary software advances, including plug-and-play
material subroutines and graphical calibration wizards, are recommended to lower the exper-
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tise threshold for practicing engineers. Collectively, these measures chart a pathway from
current academic advances toward robust, industry-ready simulations capable of guiding the
design of sustainable, reinforcement-free concrete structures.

Key words: finite-element analysis, damage-plasticity modeling, fiber-reinforced concrete,
recycled-aggregate concrete, thin-walled formwork, model calibration

Statement of the problem. Concrete exhibits pronounced heterogeneity, strain-rate
sensitivity, and quasi-brittle fracture, all of which complicate its representation in
three-dimensional finite-element analysis (FEA). The challenge intensifies for unconvention-
al, unreinforced mixes: slag-blended, recycled-aggregate, fiber-reinforced, and ultra-thin con-
cretes employed as permanent formwork because their mesoscale composition departs mark-
edly from that of conventional Portland cement concrete. Reliable prediction of cracking,
crushing, and post-peak softening therefore demands material models that go beyond the leg-
acy smeared-crack or linear elastic-perfectly plastic formulations still common in industrial
workflows.

Current research converges on three methodological pillars. First, sophisticated consti-
tutive laws — most prominently Concrete Damage Plasticity (CDP), Drucker-Prager, and re-
lated damage-plasticity hybrids are adopted to capture stiffness degradation, tension-
compression asymmetry, and irreversible volumetric dilation. Second, model parameters are
calibrated against targeted laboratory data, including not only uniaxial tension and compres-
sion tests but also fracture-energy, size-effect, and cyclic-loading protocols that reveal
rate-dependent and path-dependent behavior. Third, numerical tactics such as adaptive mesh-
ing, non-local regularization, and staged loading are introduced to maintain solution objectivi-
ty once strain localization initiates.

This article reviews state-of-the-art ANSYS implementations for unreinforced con-
cretes, with special attention to thin-walled elements where through-thickness cracking, hy-
drostatic casting pressure, and local buckling pose additional difficulties. Experimental cam-
paigns that underpin parameter identification are synthesized, and modelling workflows are
distilled into reproducible steps. Representative case studies drawn from literature illustrate
the best practice, while contrasting influential investigations by geometry, constitutive
framework, calibration strategy, and achieved predictive accuracy. The discussion culminates
in recommendations for practitioners and highlights emerging trends, such as ma-
chine-learning-assisted parameter inversion and phase-field fracture formulations that are
poised to advance concrete simulation in commercial FEA environments.

Analysis of the latest research and publications. Three principal modeling routes
dominate current ANSYS practice for unreinforced concrete. The legacy option employs the
SOLID65 element, which embeds a smeared-crack formulation coupled to the Willam-
Warnke failure surface [1]. By reducing elastic moduli at integration points once tensile
cracking or compressive crushing initiates, SOLID65 can replicate stiffness degradation;
however, abrupt modulus drops often trigger convergence difficulties. Researchers have miti-
gated this weakness by tuning the crushing-stiffness factor (CSTIF), thereby stabilizing cyclic
analyses of concrete-filled tubes and aligning numerical responses with experiments.
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A second route relies on general nonlinear elements such as SOLID185 or SOLID186,
assigned an elastic-plastic law with a Drucker-Prager yield criterion and optional damage reg-
ularization [2]. Crack propagation is approximated through element birth-death procedures or
strain-based failure rules. Although less concrete-specific, this framework gains versatility
through USERMAT subroutines, which allow implementation of damage-plasticity laws
comparable to the Concrete Damaged Plasticity model available in other FEA platforms.

The third, research-oriented route constructs mesoscale representations that discretely
model aggregates, mortar, and interfacial transition zones [3]. Random placement of coarse
particles or short fibers, scripted in APDL, captures initiation and coalescence of microcracks
more realistically than homogeneous continua, albeit at substantial computational cost. Select-
ing among these approaches therefore entails a trade-off between numerical efficiency and the
fidelity required to reproduce mixed specified fracture phenomena.

Robust finite-element prediction of unconventional, unreinforced concretes hinges on
constitutive laws that reconcile compression hardening with tension-softening fracture. The
literature converges on damage-plasticity frameworks, spearheaded by the Concrete Damaged
Plasticity (CDP) model [4]. CDP couples a multisurface yield function with scalar damage
variables d, and d . that degrade the elastic modulus during cracking or crushing, thereby re-

producing unloading stiffness loss and cyclic degradation. Key parameters — dilation angle,
eccentricity, shape factor K., and the biaxial-to-uniaxial strength ratio are routinely

back-calibrated to uniaxial, biaxial, and fracture-energy tests; once tuned, CDP has repro-
duced load-deflection responses of fibered and recycled-aggregate beams within ten to fifteen
percent of experiment. In commercial ANSYS, comparable behavior is achieved through
USERMAT subroutines or by invoking concrete formulations in LS-DYNA and Autodyn,
confirming that algorithmic availability rather than theoretical limitation governs platform
choice.

Plasticity-only options remain widespread when computational economy is paramount.
The Drucker-Prager surface, implemented in standard SOLID185/186 elements, captures
pressure-dependent yield and confinement effects, but requires auxiliary tension cutoffs or
element deletion to mimic cracking, a simplification that restricts accuracy in post-peak re-
gimes. Enhanced yield criteria such as Menétrey-Willam extend Drucker-Prager by differenti-
ating tensile and compressive meridians and underpin the cracking logic of legacy SOLID65
elements [5]. At the research frontier, microplane models and mesoscale formulations deliver
fidelity across loading paths, albeit at the cost of parameter sets and run time [6]. Specialized
high-rate models RHT and HJC enrich the toolbox for impact and blast scenarios [7]. Exper-
imental calibration and, where necessary, regularization remain decisive for stability and pre-
dictive reliability.

Calibration with experimental data also should be provided. Material parameters must
be grounded in laboratory evidence before a concrete model can predict structural behavior
with confidence. Fundamental calibration begins with stress-strain curves in compression and
tension, which supply Young’s modulus, peak strengths, and post-peak slopes. Fiber additions
typically flatten the descending branch, while high slag replacement may lower both modulus

36 ISSN 1562-9945 (Print)

ISSN 2707-7977 (Online)



«Cucremni texuoorii» 5 (160) 2025 «System technologies»
and strength; these trends should inform hardening or damage functions. Fracture energy,
measured from notched-beam tests, governs the tension-softening curve [8]. Higher values
observed in fiber-reinforced mixes translate to wider crack openings at residual strength,
whereas recycled aggregates often reduce fracture energy and must be reflected by steeper
softening.

Advanced vyield surfaces such as Drucker-Prager or Menétrey-Willam require biaxial
and triaxial data to fix friction and dilation angles. When full multiaxial tests are unavailable,
published values or sensitivity studies can substitute, with parameters adjusted until fi-
nite-element load-deflection curves align with experiments. Iterative model updating, some-
times automated through optimization algorithms, further refining stiffness, peak load, and
crack patterns. Finally, long-term phenomena like creep, shrinkage, or cyclic degradation are
tuned to field or laboratory time-history data, completing a calibration workflow that converts
generic constitutive laws into mix-specific predictive tools [9-10].

Thin concrete walls and permanent formwork panels pose coupled material-structural
difficulties that differ markedly from those in massive members. Their high slenderness ratios
amplify geometric nonlinearity; once tensile cracking degrades stiffness, out-of-plane instabil-
ity can develop well below the elastic buckling load. Accurate prediction therefore demands
large-deflection analysis combined with a fracture-capable constitutive law. Robust solution
controls, such as arc-length or displacement-control algorithms, are often required to trace
snap-through or snap-back paths without numerical divergence.

Mesh objectivity is a second concern. With only one or two solid elements through the
thickness, the crack band width is fixed artificially, leading to mesh-dependent energy dissi-
pation. Objective results call for either a refined through-thickness mesh or a nonlocal or
regularized damage formulation that decouples fracture energy from element size. Element
deletion strategies must also be applied cautiously; wholesale removal of coarse elements can
produce unrealistically soft post-peak responses in thin panels.

Boundary conditions during casting introduce additional complexity. Hydrostatic pres-
sure from fresh concrete can bow to a thin panel before the mix gains strength. Realistic stag-
ing therefore applies time-dependent lateral pressure while the panel itself undergoes strength
development and possibly temperature or shrinkage strains. Omission of these effects can
overpredict serviceability performance.

Material behavior further complicates matters. Ultra-high-performance concrete and
glass-fiber-reinforced concrete exhibit strain hardening and residual tensile capacity that must
be included through multilinear tension curves or damage models with residual stress
plateaus [11]. Neglecting fiber bridging leads to unconservative crack-width predictions and
underestimated flexural capacity.

Finally, dynamic phenomena may arise because thin elements possess low mass and
stiffness. Sudden crack formation can trigger inertial oscillations that alter load-displacement
histories. Incorporating a small viscosity parameter or performing explicit transient analysis
can capture these rate effects.
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Collectively, these challenges underscore the need for calibrated damage-plasticity
models, fine or regularized meshes, staged loading, and validation against targeted experi-
ments when simulating thin concrete formwork in ANSYS.

A review of the recent literature highlights several recurring findings that guide material
selection and modeling strategy. First, partial replacement of cement with slag or fly ash alters
early-age kinetics, often slowing strength development and modifying creep and shrinkage
rates. Finite-element models should therefore reduce early compressive strength and, when
early loading is critical, include maturity effects; at standard 28-day testing ages, moderate
slag replacement can be modeled with compressive strength values like ordinary Portland ce-
ment concrete.

Second, recycled aggregate concrete introduces pre-existing flaws at the old mortar in-
terface. Engineers have two practical options: reduce bulk properties such as Young’s modu-
lus, tensile strength, and fracture energy in a homogeneous model, or explicitly mesh aggre-
gates and mortar in a two-phase mesoscale scheme. Laboratory data suggest that 30 percent
aggregate replacement typically lowers modulus by about 10 percent and tensile strength by
about 20 percent, values that provide a reliable starting point for homogeneous models.

Third, discrete fibers without steel rebar enhance ductility and fracture energy. Constitu-
tive laws must raise the residual tensile stress in the post-crack regime, using residual-strength
ratios available in codes or derived from beam tests. Omitting this adjustment markedly un-
derestimates load capacity and overpredicts crack widths.

Fourth, thin-walled elements and permanent formwork demand accurate serviceability
predictions. Nonlinear fracture models calibrated to crack-width data outperform purely elas-
tic approaches for these applications.

Across all material variants, rigorous calibration and validation against laboratory re-
sults remain essential; default material parameters seldom achieve acceptable accuracy with-
out targeted adjustment.

Presentation of the main material of the research. Despite steady progress in consti-
tutive theory and numerical techniques, several critical research gaps continue to limit the
predictive power and practical uptake of concrete simulation. Foremost is the absence of a
standardized calibration protocol. Although nearly every study stresses the need to tune model
parameters against laboratory evidence, the procedures adopted vary widely, ranging from
manual curve fitting to ad hoc inverse analyses. The lack of a shared benchmark database for
compressive, tensile, flexural, and fracture tests hampers cross-comparison and slows conver-
gence toward reliable default values. Establishing universally accepted calibration guidelines,
supported by open repositories of well-documented experimental data, would provide a com-
mon reference point and accelerate methodological consensus.

A second limitation concerns the representation of cracking. Mainstream frameworks
such as Concrete Damaged Plasticity or Drucker-Prager typically employ smeared-damage
formulations that diffuse fracture energy over the finite-element mesh. While computationally
efficient, this approach struggles to reproduce localized crack paths and their interaction with
geometric instability in thin-walled or fiber-reinforced members. Emerging techniques such as
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phase-field fracture, discrete crack insertion, and cohesive interface elements offer the poten-
tial to track crack initiation and propagation explicitly, yet systematic studies that compare
these methods and validate them against detailed imaging of crack evolution remain scarce.

Long-term and high-rate behaviors constitute a third underexplored domain. Most nu-
merical investigations target short-term strength and initial cracking, paying less attention to
creep, shrinkage, thermal cycling, or durability phenomena that govern service life, especially
in slag-rich or recycled-aggregate concretes. Likewise, dynamic loading scenarios such as im-
pact, blast, or seismic excitation are often addressed with empirical high-rate models whose
parameters have not been verified for modern, unreinforced mixes or thin panels. Expanded
programs of time-dependent and dynamic testing, coupled with model refinement and valida-
tion, are therefore imperative.

Finally, the practical deployment of advanced models is hindered by the dual challenges
of mesoscale complexity and user accessibility. Interface behavior between aggregates, fibers,
and mortar is known to control strength and fracture, yet mesoscale simulations remain com-
putationally intensive and difficult to generalize. Parallel advances in ma-
chine-learning-assisted parameter identification and in intuitive software toolkits could lower
the expertise barrier, enabling practicing engineers to exploit sophisticated damage-plasticity
or microplane formulations without resorting to bespoke user subroutines. Closing these gaps
will be essential for translating academic advances into robust, industry-ready design tools.

Advancing concrete simulation hinges on a coordinated strategy that blends shared data
resources, methodological rigor, and modern digital tools. An open benchmark database con-
taining meticulously documented tests: compression, tension, fracture, creep, shrinkage, and
high-rate loading for both conventional and non-standard mixes would give researchers a
common reference for calibration and validation, promoting objective cross-comparison.
Building on that foundation, the community can draft unified modeling protocols that spell
out recommended calibration sequences, target error metrics, mesh-objectivity checks, and
reporting formats; a consensus document of this sort streamlines peer review and accelerates
the flow of best practice into everyday engineering work.

With reliable data and clear procedures in place, attention can shift to improving
crack-tracking fidelity. Explicit approaches such as phase-field fracture, cohesive segments,
or discrete crack insertion deserve systematic evaluation against imaging-based observations,
particularly for thin panels and fiber-reinforced concretes where smeared models lose accura-
cy. Long-term and dynamic behaviors must also be incorporated: experimental programs that
pair creep and shrinkage measurements with environmental histories, along with impact and
seismic tests on modern mixes, will supply the rate-dependent parameters that current formu-
lations lack.

Machine learning provides a practical means of automating these workflows. Surrogate
models trained on the benchmark database can expedite inverse analysis, suggest initial pa-
rameter values, and flag outlier responses, thereby reducing analyst effort and improving re-
producibility. Complementing these advances, plug-and-play material subroutines, graphical
calibration wizards, and detailed documentation will lower the expertise threshold, ensuring
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that sophisticated constitutive laws migrate from academic studies into routine design prac-
tice.

Conclusions. Accurate finite-element analysis of unconventional, unreinforced con-
cretes now follows a well-defined workflow that pairs advanced constitutive laws with sys-
tematic experimental calibration. Damage-plasticity models remain the most dependable op-
tion because they capture both compression hardening and tension softening, while simpler
yield-surface approaches can perform acceptably when supplemented by explicit tensile fail-
ure rules and verified against a broad test set. The foundation of any reliable simulation is
high-quality data: compressive, tensile, flexural, fracture, and time-dependent tests supply the
parameters that let calibrated models reproduce load—deflection curves and crack patterns
within about fifteen percent of laboratory observations.

Important gaps still limit predictive power and everyday use. A public benchmark data-
base of validated tests would give analysts a common reference for parameter identification,
encourage objective cross-comparison, and speed agreement on default values. Clear model-
ing protocols that spell out calibration sequences, error metrics, mesh-objectivity checks, and
reporting formats would turn diverse research practices into industry-ready standards.
Thin-walled and fiber-reinforced elements continue to expose weaknesses in smeared-damage
formulations; focused studies that compare phase-field, cohesive, and discrete-crack methods
against detailed imaging are needed to track localized fracture and its interaction with geomet-
ric instability. Long-term effects such as creep, shrinkage, and durability, along with dynamic
loading scenarios like impact and seismic excitation, are still underrepresented in validation
programs, especially for slag-rich and recycled-aggregate mixes.

Machine learning can bridge complexity and usability. Surrogate models trained on
benchmark data can automate inverse analysis, suggest starting parameter sets, and flag outli-
ers, reducing analyst effort and improving reproducibility. User-friendly software additions
plug-and-play material subroutines, graphical calibration tools, and thorough documentation
will further lower the expertise threshold. By combining these practical recommendations
with proven damage-plasticity modeling and rigorous calibration, engineers can extend fi-
nite-element simulation confidently to the next generation of sustainable, reinforcement-free
concrete structures.
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Yoockonaneni mooeni nnacmuunocmi 3 ypaxyeanuam pyiunyeanns
ma cmpamezii Kaniopy8anHsa 0na mo4H020 CKiHYeHHO-e/1eMEeHMHO20 AHAi3y
Oemony 6e3 apmyeanHsa y MOHKOCMIHHUX KOHCMPYKUYIAX

Toune npocHo3ysanus noOGeOIHKU HeMPAOUYIUHUX, HeaPMOBAHUX OEMOHI8 Yy MpPUSUMIp-
HOMY CKIHYEeHHO-eleMeHMHOMY aHaNi3i nompedye cunmesy pPO3GUHYMOI KOHCMUMYMUGEHOL
meopii, pemenbHOi eKCnepuUMeHmanbHol KanibposKu ma yeaxdcHoi 4uciosoi peanizayii. V yii
pobomi y3a2anbHeHO OCMAHHI OOCACHEHHA Ul OKPeCleHO AaKMYANbHi GUKIUKU MOOEN08aH s
WIIAKONOPMIAHOYEMEeHMHUX, OemoHnié Ha nepepobieHOMYy 3aN08HI08AYI, GOJIOKHUCMUX MA
VabmMpamoukux onanyonux oemonie y cepedosuwyi ANSYS. Ozns0 nimepamypu eudinse mpu
nPOGIOHI nidxoou 01 36uyaiinoco oOemony: xnacuunut eiremenm SOLID6S i3 poszmasza-
HO-MPIWUHHOIO MOOELI0, Yy3a2albHeHa niacmuynicme /[pykepa-Ilpacepa 3 kopucmysaybkum
NOWKOONCEHHAM | 0emaibHi Me30MO00eNi, WO PO3PI3HAIMb 3aN0GHI08AY, DO3UUH [ MENCO8I
30nu. IlopisHanvHull ananiz noKasye, wo NOUKOONHCEHO-NAACMUYHI POpMYTI08AHHSA, 30KpeMda
mooenv Concrete Damaged Plasticity (CDP), siomesopioioms Kpugi Ha8anmasicenHs-npocumy
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ma KapmuHu mpinjuHoymeopeHusa 3 mounicmio 00 15 % 3a ymosu kanibpysanus napamempis
Ha NoséHoMy HaOOpi eunpobyeanb HA CMUCK, pO3mMse, PO3KO | mpusany nosedinky. Ilpome
NPOMOKOIU KANIOPYBAHHS 3ANUUUAIOMbCS HECUCMEMAMUZ0B8AHUMU, WO YCKIAOHIOE 8i0ME0PIO-
8anicmsv i NOPIGHAHHICMb pe3yibmamis. Biocymuicmo 8iokpumoi emanonnoi 6azu oanux s
HempaouyiiHux Oemonie GU3HAHO KIH0Y0B0I0 NEPeUK000I0 HA WLIAXY 00 Y3200H4CEHUX NOYaAm-
Kosux napamempie. ToHkOCMIiHHI elemenmu cmeopioioms 000AMKO8I MPYOHOWI. 2eoMempu-
YHA HEeNIHIUHICMb NOEOHYEMBCA 3 NPOSPECYIOUUM ZHUINCEHHAM HCOPCMKOCMI, CNPUYUHAIOYU
3a1exCcHe 8i0 CImKU pO3CIAHHA eHepeii pYUHYSaHHs ma npobaemu 30iicHOCmi po36 a3Ky. Ak
3ax00U NPONOHYIOMbC YMOUYHEHe CIMKY8AHHA KPi3b MOSWUHY, HENOKANbHA pe2ynsapu3ayis
ma cmiuKi aneopummu 0y2080i 008cunu. AHi Memoou giocmedicenHs mpiun, 30Kpema ga-
3080-N01bOBE PYUHYBAHH MA KO2E3IUHI ceeMenmu, NIOSUWYIOMb MOYHICMb, 0COOUBO O/
cymiwieli i3 BUCOKUM BMICMOM 80JI0OKOH, 0€ 3aNUWKO8A Hecyua 30amHicmb Y pO3msey 6U3HA-
yae eKCnayamayiiny npuoamHicms, 0OHAK ix cucmemamuyHna eepuikayis noxu wo oome-
Jcena. J{loseompusani sasuwa, maxi K nO83yUiCMy, Ycaokda, 008208IYHICMb, A MAKON’C BUCO-
KOWBUOKICHI HABAHMANCEHHS NPU YOAPaAX YU CEUCMIYHUX 8NIUBAX HEOOCMAMHbO NPeOCmas-
JIEHT y CYYACHUX NPOSpamax nepesipku mooeiuetl, 0cooauso 0ns 6emomie 3i uiaKom i nepepoo-
JICHUM 3AN06HI08AYEM. 3aNPONOHOBAHO NPAKMUYHY «OOPOICHIO KAPMY», Wo 00 €OHye n’simo
KAI0408UX Oill: CMEoperHsl NyOIIuHOI emaloHHOI 6a3u sunpoOysans,; po3pooieHts YHIQIKo8a-
HUX NPOMOKOJI8 MOOEN0BAHHS 3 YIMKUMU MEMPUKAMU NOXUOOK, YiNbosi iHeecmuyii 6 s6HI
MoOeni mpiuHOYMeopeHHs Ol MOHKOCMIHHUX MA B0JOKHUCIMUX €l1eMEeHMI8; PO3ULUDEHHS]
00620mpusanux i OUHAMIYHUX eKCNePUMEHMANbHUX NPOcpam, YNPOBAONCEHHS MAUUHHO20
HA8UaHHA O] asmomamu3ayii niobopy napamempie i 6UsGIEHHSI AHOMAILHOI NOBEOIHKU MO-
Oeneu. CynymHi npocpamHi  B00CKOHANEHHS  NIOKNIOYHI  NIONpocpamu  Mamepianie
«plug-and-play» ma epaghiuni maiicmpu KaniopysanHs 3HUNCYIOMb NOPie 6X00Y 015 NPAKMU-
Kytouux inacenepis. CyKynHo yi 3axoo0u npoxiaoaroms wiisax 6i0 akademidHux Hanpayro8aHs
00 HAOIUHUX, 20MOBUX 00 NPOMUCTIO8020 BUKOPUCMAHHS CUMYIAYIU, 30AMHUX RIOMPUMAmMu
NPOEKMYBAHHA CMIUKUX OEMOHHUX KOHCMPYKYIL 6e3 apmamypu.

Knrouoei cnosa: Ckinuenno-enemenmuuil amanis, NOUKOOIHCEHO-NAACMUYHE MOOENI0-
8aHHsl, 6OIOKHUCIMUL ODemOoH, OemoH Ha nepepodIeHOM) 3aN08HIO8AYI, MOHKOCMIHHA ONaAy0-
Ka, Kaniopysanus mooeneu.

Mosuan Oaexcanap IOpiiioBuy — acnipant Ykpaincekoro JlepkaBHoro YHiBepcuteTy Ha-
yku 1 Texnonoriit, HHI «IIpuaninposcrka Jlep:xaBHa Akanemis ByaiBHunTBa Ta ApXIiTeKTY-
pu», kadenpa Texnonorii byniBensHOro BUpOOHUIITBA.

Movchan Oleksandr — postgraduate student at Ukrainian State University of Technologies
and Science, ESI “Prydniprovska State Academy of Civil Engineering and Architecture”.
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Mykyta Hryhorovych
DETECTING FLAT ROOF DEFECTS WITH MACHINE LEARNING
AND DEEP LEARNING TECHNIQUES

Anotation. Deep learning has emerged as a transformative approach for detecting structural
damage and deformations, particularly for flat roofs and large-scale infrastructure. This arti-
cle synthesizes recent progress in applying convolutional neural networks (CNNs), segmenta-
tion models, object detectors (YOLO, Faster R-CNN), and autoencoders for unsupervised
anomaly detection. Drones (UAVSs), thermal imaging, and vibration sensing all contribute
critical data. By training on images or signals indicative of healthy vs. damaged conditions,
deep models can locate cracks, spalling, missing fasteners, or stiffness loss at high speed and
with impressive accuracy - often above 85%. A review of more than 300 publications indi-
cates that remote inspection with Al can drastically reduce manual labor and improve the
consistency of damage identification, even in hazardous or inaccessible areas. A summary
table compares deep learning effectiveness across beams, walls, decks, roofs, and other struc-
tural components. Real-world deployments on bridges, high-rise facades, and post-disaster
zones confirm that deep learning, coupled with UAV-based inspections, can accelerate
maintenance workflows, detect subtle defects, and reduce safety risks. Ongoing challenges
include data scarcity for rare failure modes, generalizing models to new environments, and
the integration of physics-based reasoning. Recommendations for future research involve fus-
ing multispectral data, automating calibration of deep models, and embedding Al in digital
twins for continuous structural health monitoring.

Key words: deep learning, machine learning, flat roof defects, structural damage, UAV, com-
puter vision, CNN, semantic segmentation, object detection, autoencoders

Statement of the problem. Structural integrity is vital for safety and longevity. Flat
roofs, in particular, are vulnerable to cracks, water infiltration, and other failures that may re-
main unnoticed in manual inspections. Conventional inspection methods can be cumbersome,
time-consuming, and risky for inspectors. This creates a pressing need for automated, intelli-
gent damage detection solutions. Recent technological progress especially in UAVs, camera
hardware, and Al - has enabled large volumes of image or sensor data to be gathered rapidly.
Yet this deluge of data poses its own challenge: manual review is impractical. Deep learning
provides a way to handle these large datasets by learning patterns of healthy vs. damaged
states, thus flagging potential defects with high accuracy.

Analysis of the latest research and publications. Deep Learning Domination. An ex-
tensive body of work shows that CNNs are the most widely adopted approach for structural
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defect detection [1]-[3]. They excel at identifying cracks, surface spalling, and other damage
forms from images. Researchers worldwide including teams in the USA, Europe, Ukraing,
and China have refined CNN-based models (e.g., ResNet, VGG) or segmentation architec-
tures (U-Net, Mask R-CNN, YOLO) to accurately pinpoint cracks in concrete, masonry, or
asphalt [4], [5]. A 2023 review [1] covering 337 papers found that 60% rely on CNN-based
image analysis, with crack detection the most common application (30% of studies).

Extended Architectures and Unsupervised Methods. To capture more complex phenom-
ena, newer models integrate transformers into U-Net, achieving 4-6% gains in segmentation
metrics [6]. Some authors employ unsupervised autoencoders that learn a “healthy” baseline
of vibrations or thermal images, then flag anomalies if reconstruction error spikes [7]. These
methods reduce dependency on labeled damage data and can detect unseen defect types.

Role of Multimodal Sensing. Studies increasingly incorporate thermal infrared (IR) im-
aging to uncover hidden defects such as water intrusion or subsurface delamination in flat
roofs. UAV-based IR surveys can detect temperature irregularities that correspond to moisture
pockets [8]. Laser scanning or 3D LiDAR further aids in capturing geometric deformations.
Multimodal fusion-combining RGB, IR, vibration data improves detection accuracy and can
differentiate superficial discoloration from genuine cracks or moisture infiltration [9].

Real-World Applications. Pilot projects confirm that deep learning can reduce labor and
cost. Case studies from the USA indicate an Al-assisted inspection can be 50-70% cheaper
than rope-access methods for tall facades or rooftops [10]. Europe and East Asia have also
tested UAV-based deep learning to identify post-disaster building damage, which is critical
for emergency response [3]. In Ukraine, deep models trained on pre- vs. post-conflict imagery
facilitate rapid mapping of war damage [11]. These validations highlight the global ac-
ceptance of Al-driven inspection, excluding few regions that lack open publication or data-
sharing.

Research Objective. This article aims to systematically review how deep learning can
detect flat roof defects alongside general structural damage using modern sensing platforms.
We target five goals:

— Survey CNN-based classification, segmentation networks (U-Net, Mask R-CNN),
object detectors (YOLO, Faster R-CNN), and autoencoders.

— Highlight data sources (drone imagery, IR, vibration) and preprocessing steps to pre-
pare them for deep learning.

— Present a comparison table that synthesizes detection accuracy across structural ele-
ments, including flat roofs.

— Describe practical case studies showing how UAV-based Al solutions drastically
shorten inspection times and reduce costs.

— Discuss future trends: physics-based digital twins, hybrid Al, and regulatory frame-
works to ensure reliability.
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Presentation of the Main Research Material. Deep Learning Methods for Damage
Detection. Convolutional Neural Networks (CNNs). CNNs have proven extremely effective at
discerning cracks or corrosion directly from raw images. Classic approaches use patch-level
classification (crack vs. no crack), while modern methods provide heatmaps or bounding box-
es around damage. A ResNet-18 architecture, for example, might scan overhead photos of a
roof, highlighting areas with potential membrane perforation. CNN performance depends
heavily on image resolution and training data quality; small cracks (<0.3 mm) may go unde-
tected if the camera or vantage point is insufficient.

Semantic Segmentation: U-Net Variants. Pixel-level damage identification is especially
relevant for roofing systems, where water intrusion often occurs at small cracks or seam fail-
ures. Segmentation networks like U-Net and DeepLab can outline precise crack boundaries.
Researchers incorporate improved skip connections or multi-scale context (e.g., U-Net++ or
TransUNet) [6] Figure 1.

Raw image

U-Net

DeepLab V3
(MobileNet V3-based)

DeepLab V3
(ResNet 50-based)

TransUNet

Figure 1 — Example comparison of crack segmentation outputs from different deep learning
models on a concrete surface: a — raw UAV images of a bridge column with cracks; b — pre-
dicted crack masks using the U-Net model; ¢ — predicted crack masks using the DeepLab V3
(MobileNet VV3) model; d — predicted crack masks using the DeepLab V3 (ResNet 50) model;
e — predicted crack masks using the TransUNet model. Red boxes indicate areas where some
models missed or erroneously detected cracks
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Object Detection: YOLO and Faster R-CNN. Large-scale defects such as spalled areas
or missing roof shingles can be detected as “objects.” YOLO excels in real-time performance,
allowing drones to stream video that is analyzed on-the-fly [4]. Two-stage detectors (Faster
R-CNN) often yield slightly higher accuracy but are slower. For high-stakes tasks—e.g., final
verification of severe roof damage—engineers might accept the computational cost for an ex-
tra margin of accuracy.

Autoencoders for Anomaly Detection. Autoencoders learn normal patterns from unla-
beled data; deviations in reconstruction error can signal hidden damage, e.g., moisture infiltra-
tion beneath membranes or rebar corrosion in the roof slab. This approach helps when labeled
“defect” data is scarce [7]. For instance, if a structural deck’s vibration signature shifts due to
partial delamination, the autoencoder flags a higher anomaly score—even if the surface looks
intact.

Data Sources and Inspection Tools. Drones (UAVSs) are pivotal for surveying large flat
roofs without requiring scaffolding or harnesses. Equipping drones with RGB and IR cameras
enables the capture of complementary data: visible cracks vs. hidden moisture indicated by
temperature variance [8]. Meanwhile, vibration sensors placed at roof supports or beams can
detect changes in stiffness if a support girder is compromised. Preprocessing steps (stitching
overlapping UAV photos into an orthomosaic) are crucial for large roofs. IR images must be
calibrated to account for emissivity differences. Tools such as semi-automatic annotation can
speed up dataset creation by suggesting crack outlines, which inspectors confirm.

Real-World Applications and Case Studies. Roof Inspections. Frequent roof inspections
catch issues like ponding water, membrane punctures, or seam failures early. A UAV-based
system in California used a YOLOvV5 model on both visual and thermal images, achieving
~90% accuracy in identifying heat anomalies correlating with water infiltration [8]. Another
pilot in Denmark used a tethered drone to scan entire industrial rooftops, detecting cracks and
energy losses in near real-time. Bridges, Facades, and Post-Disaster Surveys. Although the
focus is flat roofs, similar techniques apply to other structures. Bridges incorporate IR and
optical cameras to find deck delamination or rebar exposure. Facade inspections in dense ur-
ban areas rely on UAVs or robotic systems to detect cracks in vertical surfaces. Post-disaster
efforts (earthquakes, conflicts) use satellite or aerial images with deep learning to classify
building damage severity across entire city blocks [3], [11].

Summary Table of Model Performance. Below is a condensed table highlighting re-
sults from various studies on different structural components, including roofs table 1. Accura-
cy ranges typically span 80-95%, with the highest results in well-controlled conditions. In
practice, performance depends on lighting, image resolution, and training dataset diversity.
Specialized tasks (cracks on rooftop membranes) may see slightly lower recall, demanding
more advanced or higher-resolution imaging solutions.
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Table 1
Deep Learning Effectiveness Across Structural Components
Example DL Reported
Structural Component | Common Damage P P
Approach Performance
. . YOLO for missin i
Roofs (flat or Leaks, missing shin- . g ~85-90% accuracy in
. shingles, IR-based
pitched) gles, or cracks . real UAV tests [8]
crack detection
U-Net for cracks, au- .
. . ~95% precision on
Beams & Girders Cracks, deflection toencoder for anoma- ..
. visible cracks [1]
ly detection
Mask R-CNN
. ’ 90-96% accuracy in
Walls/Facades Cracks, spalling YOLO, TransUNet . ’ . y
i multiple studies [6]
for segmentation
Thermal imaging, .
. i . 80% detection of
Foundations Settlement, moisture | GPR, LSTM on tilt ° )
subsurface voids
Sensors
L IR-based CNN,
. Delamination, . ~90-95% for cracks
Bridge Decks YOLO for real-time
potholes . or delams [2], [4]
detection

Workflow Integration. Workflow involves:

1. Data Collection: UAV captures overhead shots of the roof, possibly with IR.

2. Preprocessing: Stitch images into an orthomosaic, correct lens distortions, label any
known defects.

3. Deep Learning Inference: Run object detectors or segmentation to highlight possible
damage.

4. Post-Processing: Merge overlapping detections, measure crack length or area, and
create a user-friendly map.

5. Verification: Inspectors confirm or dismiss Al findings, refining future model per-
formance.

Challenges and Future Directions. Data Scarcity: Some critical roof failure modes
(e.g., severe structural collapse) are thankfully rare, meaning few labeled examples. Genera-
tive Adversarial Networks (GANSs) or synthetic data can help. Generalization: A model
trained on typical commercial roofs might fail on older, historically significant structures with
different materials. Transfer learning and domain adaptation remain vital. Integration with
Physics: Combining Al with structural models (digital twins) can differentiate real damage
from benign anomalies caused by thermal expansion or occupant load changes. Regulatory
Acceptance: Standards for Al-based inspection remain in flux. Liability issues and guidelines
for verifying algorithmic results need further clarification.

Conclusions. Deep learning is revolutionizing the detection of flat roof defects and
broader structural damage, enabling cost-effective, frequent, and safer inspections. Across the
literature, CNNs dominate for image-based analysis, while segmentation networks excel at
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mapping cracks or spalls. Object detectors (YOLO) provide fast bounding-box detection of
missing shingles or open seams, and autoencoders enable anomaly detection without large-
labeled datasets. Real-world pilots consistently show 80-95% detection accuracy, with some
controlled-lab experiments exceeding 95%. The rise of drones and multimodal sensing has
amplified AI’s impact. Thermal imaging reveals hidden moisture infiltration, vibration sen-
sors detect stiffness changes, and LiDAR captures geometric deformation. Fusing these data
streams can mitigate false positives. Meanwhile, the cost benefits—reducing manual labor-
drive commercial adoption, from rooftop insurance surveys to post-disaster damage mapping.
Challenges persist around model generalization, limited training data for rare failures, and ro-
bust interpretability to ensure safety-critical decisions. Nonetheless, the overarching trend is
clear: advanced Al frameworks will continue to integrate into structural health monitoring,
bridging data collection and engineering analysis to keep buildings, bridges, and roofs safer,
longer. Future progress will likely focus on digital twin integration, improved domain adapta-
tion techniques, and standardized guidelines for Al-based inspections.
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Busaenenns oeghexmis niockux nokpieenp 3a 00nomozor0
Memooie MAWUHHOZ0 HAGYAHHA MA 2TUOOKO20 HAGYAHHS

I'ntuboke HaguaHHsA cMano NPOPUBHUM NIOXO0OM OO0 GUABNIEHHA KOHCMPYKMUBHUX NOUL-
K0OJiceHb 1 Oeghopmayill, 30Kpema O/ NIOCKUX NOKPIBelb mMa SelUKOMAcCUmaoroi ingpa-
cmpykmypu. Y yiti cmammi y3a2anibHeHo 0CMAaHHI 00CACHEHHS 8 3ACMOCYBAHHI 320PMKOBUX
netiponnux mepexc (CNN), mooeneil ceemenmayii, oemexkmopie 060 ’ekmie (YOLO, Faster R-
CNN) ma asmoxodepie 015 Oe3naznioHo2o susasieHus anomaniu. Jponu (BILJIA), mennogi-
3iliHa 3UoMKa ma eibpayiiine 30HOY8AHHS 3a0e3neuyioms KPUMUYHO 8aXNCIUGl 0aHi. 3a60aKu
HABYAHHIO HA 300pAdCEHHAX abO CUSHANAX, AKI 8i000padcaomv HOPMAlbHUU AO0 NOWKO-
Ooicenull cmam, mMooeni 2IubOK020 HABUAHHS MOXCYMb UWEUOKO Ul MOYHO SUABIAMU MPIYUHU,
siowapy8anHs Oemony, i0CYmHi KpinjieHHs abo empamy HcoOpPCmKOCmi — 4acmo 3 mouHic-
mto nonaod 85 %. Ozna0 nonad 300 naykoeux nybaikayit ciouums, wo OUCMAHYILHA IHCNEeK-
yist 3a 0onomoeoro LI mooce cymmeso smerwumu 006cse pyyHoi npayi ma nOKpawumu cma-
OinvHicmy i0eHmugikayii yuKoodceHb HA8iMb y Hebe3neuHux abo 8ancKoO0OCMYNHUX 30HAX.
Iliocymkosa mabauys nopieHioe epekmuHicms 21ub0K020 HasuanHs Ol 6ANOK, CMIH, nepe-
Kpummie, NOKpigelb ma I[HWUX KOHCMPYKMUSHUX elemenmis. Peanvni npuxnadu enposa-
0diceHHs Ha mocmax, gacaoax eucomuux 6yoigens i y 30HAX NICAA CMUXIUHUX TUX niomeep-
0oicyroms, wo 2nuboKe HABYaHHs y NO€OHaHHI 3 iHcnekyieio BIIJIA 30amue npuckopumu 00-
CIIY208YBAHHSA, SUABUMU NPUX0BAHT Oehexmu ma 3meHuwumu puzuku onsa oesnexku. Cepeo ak-
MYAIbHUX BUKTUKIE — Hecmaua OaHux O0Jis PiOKICHUX MUNi8 NOWKOONHCEHb, CKIAOHICMb V3a-
2abHeH s MoOelell Ha HO8l YMOo8U ma nompeda y no€oOHauti 3 Qgizuunumu mooensimu. Cepeo
pexomeHoayitl 051 NOOANLUUX OOCNIONHCEHb — 00 €OHAHHA MYTbMUCNEKMPALIbHUX OAHUX,
asmomamu3zayisa Kaniopysauns mooeneu ma inmeepayis L1 6 yughposi ogitinuxu 051 nocmiti-
HO20 MOHIMOPUHSY CIMAHY KOHCMPYKYIU.

Knouoei cnosa: enuboke naguanms, mawuntne Hag4aHus, oeghekmu nioCKux noKpigenw,
nowkoocents koncmpykyiu, BIIJIA, komn romepnuii 3ip, CNN, cemanmuuna cecmenmayis,
8UsABNIEHHS 00 '€KMIB, ABMOKOOePU.

I'puropoBuy Mukura CeprilioBuu — 3100yBau YkpaiHcbkoro JlepxaBHoro YHiBepcUTETY
Hayku 1 Texnomnoriit, HHI «[IpunninpoBceka Jlep>kaBHa AkaaeMis byaiBHunTBa Ta ApXiTek-
Typu», kadenpa TexHosnorii byaiBenbHOro BUpOOHHIITBA.
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O.B. baxpymuH, B.€. baxpymux
3ACTOCYBAHHS IHCTPYMEHTIB LITYYHOI'O IHTEJIEKTY
JUIS MOWTYKY TA HONEPEAHBOI'O AHAJII3Y JAHUX
Y NPUKJIAJHUX JOCJI/UDKEHHAX OCBITHIX CUCTEM

Anomayin. Y cmammi oxpecieHO npoOiemu 3acmocy8aHHsA NONYIAPHUX [HCMPYMeHMIE
wmyyrnoeo inmenekmy GROK 3 ma ChatCPT 4 onsn 36upanhs HAsA6HUX 8 IHmMepHem OaHUX npo
0CcB8ImHI cucmemu, ix nonepeduvoi 0opobku i ananizy. Iloxkazano, wo obudsa iHcmpymenmu
odaromsv 3M02y ICMOMHO NPUCKOPUMU [ CHAPOCMUMU BUKOHAHHA DYMUHHUX emanié 0o0-
cniooicennv, ane GROK 3 dae smozy ompumamu 6inbud no6Hi, HAOIUHI i AKICHI OaHi, W0 Modice
OYymMu N8 sA3aH0 AK 3 MONCIUBICMIO OOCMYNY 00 AKMYATbHUX OaHUX Mepedxci Inmeprnem, max i
3 BIOMIHHOCMAMU AJI2OPUMMIG.

Knrouoei cnosa: wmyynuil inmenexm, cucmema 0cimu, mepexica 3akiadis, QiHaHCy8aHHs,
NOKA3HUKU OXONIeHHs, 30UpaHHs OAHUX, ONUCO8A CMAMUCIUKA, HAOIUHICMb, pelesaHm-

HiCMb, 00CMOBIPHICMb

Beryn. IocranoBka nmpo6Jemu. Po3po0iieHHs Ta 3aCTOCYBaHHS IITYYHOTO iHTENCKTY
€ OJHUM 3 HANOUIBII aKTyalIbHHX HANPSMIB JOCHIKEHb Ta POo3poOoK y cdepi iHpopmarii-
HUX TeXHOJOrii. IcHye sik Oarato eHTy3ia3My, Tak i 6araTo 3acTepeXeHb CTOCOBHO 3aCTOCY-
BaHHS 1HCTPYMEHTIB IUTYYHOTO 1HTEJIEKTY Y JOCHIDKEHHSAX Ta OCBITHBOMY MpoLeci. 3 0THOTO
00Ky, MOLIMPEHOIO € AYMKA, 110 IITYYHUH IHTENEKT 3JaTHUH CaMOCTIHHO po3B’s3yBaTH Oy/ib-
SK1 IPUKJIa/IHI, @ MOKJIMBO 1 HAYKOBI NMpo0OJsieMH. 3 1HIIOro OOKY, HE MEHII MOIUPEHUM € 3a-
nepedyeHHs: OyJb-sIKUX CIPOO 3aCTOCYBAHHS 1IHCTPYMEHTIB IUTYYHOI'O IHTEJIEKTY HE JIMLIE Y
HayIi, aje 1 B ocBiTi. Pa3om 3 Tum, Bce Oinblie (axiBLiB CXMIISIOTHCS 0 OUIBII 3Ba’KEHOTO
CTaBJICHHS [0 IITYYHOTO 1HTEJEKTY 1 30CepeKyloThCsl Ha BJOCKOHAJICHHI Mojeneil Ta 3a-
cO0iB HITYYHOTO 1HTEJEKTY, a TaKOX MOLIYKY BIJNOBIJAEH Ha MUTAaHHSI: AJS SKUX 3ajady, sK
caMe 1 fIKi came 3acCO0M HITYYHOTO 1HTEJEeKTY IOLIJIbHO BUKOPHCTOBYBATH, SIKUMH € OOMe-
KEHHS Ta MOXJIMBI TOMWIKM TIpU BHUKOPHCTAHHI KOHKPETHUX I1HCTPYMEHTIB JUIs
PO3B’A3yBaHHS KOHKPETHUX THUIIB 3aj]ad, ki npoOieMu 3a0e3redeHHs akageMiuyHoi 100po-
YEeCHOCTI BHHHUKAIOTh IPU 3aCTOCYBAHHI IITYYHOTO IHTEJNEKTY TOINO. ICHYe aBa OCHOBHI
HanpsMHU JIOCTKEHb y cdepi 3aCTOCYBaHHS METOMAIB LITYYHOTO IHTEJIEKTY y 30MpaHHI Ta
aHali31 JaHWX PO CKIaaHi cuctemH. [lepimii — 11e po3po0sieHHs 1 BAOCKOHAICHHS MOJEIeH,
aJITOPUTMIB, METOIB Ta IHCTPYMEHTIB JJIs1 pPO3B’sI3aHHS BIAMOBITHUX 3ajad. Jpyruii — 1e 3a-
CTOCYBaHHS BXKE€ HasBHUX 1HCTPYMEHTIB JJIsl PO3B’3yBaHHs MPUKIAJHUX 33734 30UpaHHs Ta
aHaJi3y JaHUX 100 KOHKPETHUX CKJIAJHUX CHCTeM. Y Iiil cTaTTi MM po3risgaemMo npooie-
My JpYyroro THIy IIOAO 3AaTHOCTi mommpeHux iHcrpymeHTiB GROK 3 rta ChatCPT 4

© Baxpymmuu O.B., Baxpymmu B.€., 2025
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BUPIIIYBATH MOJIOHI MPOOIEMH CTOCOBHO JaHMX IPO BHILY OCBITY YKpainu, kpain €C i ge-
SKHUX 1HIINX KpaiH.

AHaJIi3 oCTaHHIX J0CTiTKeHb i mydaikauiii. Y poborax [1,2] mpoaHami3oBaHO CTAaTH-
CTHUYHI TOKAa3HWKU MEpexXi 3akKiIafiB BUIIOI OCBITH, (IHAHCYBaHHS, OXOIUICHHS BHIIOO
ocBiTOI0 B YKpaiHi nopiBHsAHO 13 kpainamu €C ta OECP 3a nanumu [lepxaBHoi ciry:x0u cra-
TUCTUKU YKpaiHu Ta cratuctuuHux ganux €Bpoctar, OECP, FOHECKO Tta nmeskux iHIIMX
JDKepes. AHalli3 JaHuX IpO MEPEeXy 3aKiIagiB BHUINOI OCBITH YKpaiHM TakoX Oyjao HaJlaHO
B [3,4]. CxnamHi Ta cymepewiuBi NpoOJieMH 3aCTOCYBaHHS INTYYHOTO IHTENEKTY Y JIO-
CIIIJDKEHHSX aHAI3YIOThCS y CTATTi [5,6]. 3 ogHOTrO OOKY, IITYYHUN 1HTEIEKT PO3TIISIA€THCS
K TpaHchopMalliiHa CWiIa, sKa MOXE pPEBOJIOIIOHI3YBAaTH TMPOIECH TMPOBEICHHS J0-
CJIi/DKEHb, MUCIICHHS 1 HAIIMCAHHS aKaJeMIYHUX TEKCTIB, MApPTHEP B IHTEIEKTYaJbHUX MOIIY-
Kax, 3/[aTHUI YCYHYTH YHEpPEIKEHHs Ta PO3IMIMPUTH JIFOACHKI 3110HOCTI. 3 iHIIOro 60Ky — 00-
TOBOPIOIOTHCS MUTAHHS MEX BIUIMBY IITYYHOTO 1HTEJIEKTY, OB s3aHi 3 HOr0 BUKOPHUCTaHHIM
€TUYHI, eMICTEeMOJIOTIYHI Ta OHTOJOTIYHI mpobiemu. Y poboti [7] 3poOiieHO orisyg
nyounikaniii 2007-2018 p., gxi cBiguaTh, mo npuHaiiMHi y chepi STEM ocBith, iHCTpyMeHTH
MITYYHOTO IHTEJIEKTY MOKYTh OYTH KOPHCHI JJIsi ONPAIOBAaHHS HASBHOI B PI3HUX JDKEperax
iH(popMarii 3 METOI MepcoHasi3alii HaBYaHHS, MPOTHO3YBAHHS HOTO pPE3yNbTaTiB, OLIbII
00’€KTUBHOTO OIIHFOBAHHS TOIO. ABTOPH OTJIsiAy [8] Ha MmijicTaBi aHAI3y BEIMKOI KUTBKOCTI
IHIIAX JOCIHIPKEHb OCTAHHIX POKIB POOJISATH BUCHOBOK, IO BUKOPUCTAHHS INTYYHOTO iHTE-
JIEKTY MOXe€ 301IbIINTH 3HAHHS PO MPOLIECH, SIKi MPOSBISIIOTHCS B OCBITI HA HAllIOHAJILHOMY,
perioHajibHOMY Ta JIOKaJbHOMY pIBHAX, JOIlOMaramyu chopMmyinoBaTH IMOJNITUKY Ta
PO3MOIUTUTH PECYPCH ISl XapaKTEPUCTHUK, BUSHAUCHUX K BAXIJIUBI ISl €PEKTUBHOCTI OCBITH
(makpomepcriekTuBa). BogHoyac, MOXIIMBI OUTHIIT KOHKPETHI JOCIIKEHHSI OKPEMHUX YUHIB,
BUMTENIB 1 HIK1J (MIKpOIIEPCIIEKTHBA), OPIEHTOBAHI HAa MEPCOHAI3allll0 HAaBYaHHSI, BJOCKOHA-
JICHHS IeAaroriYHUX CTpaTeriif, MPOrHO3yBaHHSA KOPOTKOCTPOKOBUX HACHIAKIB THMX YU IHIIMX
Jii ToIo. 3HayHa YacTUHA MyOJIiKalliil MPUCBSYEHA BIUIMBY LITYYHOTO 1HTEJIEKTY B3arajil 4yu
KOHKPETHHX 1HCTPYMEHTIB Ha YCHIIIHICTh Ta pe3yJIbTaTH HaBYaHHS Ha PI3HUX PIBHIX OCBITH.
BopHouac, y mpuUKIaIHUX JOCITIDKEHHSX HEJIOCTaTHBO yBarW MPHIIJICHO OIIHIOBAHHIO JIO-
CTOBIPHOCTI, HaIIHHOCTI Ta PEIEBAaHTHOCTI PE3yNbTATIB, OTPUMAHUX 3a JOMOMOIOI0 HMITY4YHO-
rO IHTEJIEKTY, 30KpeMa TakuX iHCTpyMeHTiB, sk GROK 3 ta ChatCPT 4.

Merta mgocimipkeHHs: GOPMYITIOBAaHHS OKPEMUX PEKOMEHAIlN 1010 3aCTOCYBaHHS 1H-
crpymenTiB mty4dHoro iHteaekty GROK 3 ta ChatCPT 4 mis po3B’si3yBaHHS JSSIKUX THITO-
BUX 3a/1a4 30MpaHHs Ta aHaJi3y JJaHUX BEJIUKOTO 00CSTy 1 CKIaJHOI CTPYKTYPH Ha MPUKIAA
JAHUX PO CUCTEMHM BHILO] OCBITH P13HUX KpaiH.

BuknaneHHsi OCHOBHOro marepiany aociaimxeHHsi. {711 TpoBENEeHHS JOCIIHKEHHS
0ys0 o0paHO AeKUIbKA aKTyaJbHUX 3a]ad, 10 MOXYTb PO3IJISAATUCA SK TUIIOBI MPU MPOBE-
JIEHHI IPUKJIATHUX JTOCITIIPKEHb OCBITHIX CHCTEM, a came:

— 30MpaHHS JAHUX IOAO KIJIBKOCTI CTYAEHTIB y 3aKjajax BUIIOi OCBITH kpaiH €C,
Ascrpanii, Kanagu, CIIA 1 SInoHii Ta oliHIOBaHHS OCHOBHUX CTaTUCTUYHUX XapaKTEPUCTUK
BiJIMOBITHUX PO3MO/LIIB;
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— 30upaHHs JaHUX MO0 (iHAHCYBaHHA 3100yTTS BUIIOI OCBITH y PO3paxyHKy Ha CTy-
JICHTa y 3aKiajax BUMIOi ocBity kpain €C, ABcrpanii, Kanamu, CILIA 1 Smonii Ta oriHIOBaH-
HSl OCHOBHUX CTaTUCTHUYHUX XapaKTEPUCTUK BIJIMOBIAHUX PO3IMOALIIB;

— 30MpaHHS NaHUX 11010 MOKA3HUKIB 3ay4eHHS TPOMAJISH 10 3100yTTS BUIIOI OCBITH.

Bapro 3a3HaunTH, 110 3a3HaYEHI 3334l HE € 3MICTOBHO CKJIagHUMHU A8 (axiBiiB. Oc-
HOBHI CKJIQIHOCTI MOJISITAIOTh Y TOMY, IO HE ICHY€ €IUHHX, aKTyaJIbHUX Ta CTaHIapTHU30Ba-
HUX HAOOPiB BiAMOBiAHKX naHUX. HasBHI 1aH1 pO3MOPOIIEHI 10 Pi3HUX JUKEpesaX Ta MOXYTh
CTOCYBATHCSI PI3HUX POKIB 1 MaT O0COOJIMBOCTI, 110 BiIOOpakaroTh crenudiyHi 0coOIUBOCTI
pi3HUX KpaiH, 3yMOBJICHI METOAMKAMM 30MpaHHS TEPBHUHHUX JaHHUX, BiIIMIHHOCTSIMH
tepminosorii Tomo. GROK 3 ta ChatGPT 4 BHKOPHUCTOBYIOTH ICTOTHO Pi3HI HiJAXOIH JIO
PO3B’sI3yBaHHS TakuxX 3aaad. SIK HpuKIax po3risHeMo BiamoBiai Ha 3anurtanus 1: «Please
give me a table containing such data (by country) for USA, Canada, Japan, Australia and each
of EU countries: number of higher education institutions, mean and median values of number
of students in institutions of relative country, standard deviations for these distributions, and
minimum/maximum values of number of students».

Sk GROK 3 Tak i ChatGPT 4 namaroTh BiANOBiIb MPOTATOM KiIBKOX CEKYHJ, ajie
BianoBigr GROK 3 € 3Ha4HO Oi7bII TOBHOO Ta 3MICTOBHOIO. BOHA Tak0k BUKIIMKAE OUTBITY
JIOBIpY, 30KpeMa 1 4epe3 Te, M0 Kpalle OMMCaHa METOJMKA, BUKOPHCTAHO OUTBIN aKTyalbHI
JlaHi, a HaBEJICHI y BIAMOBI/I pe3yslbTaTh 30iraloThCsl 3 pe3yabTaTaMu BUOIPKOBOI pydHOT Te-
peBipku. Kpim Toro, GROK 3 nonmae mocunanHs Ha caiiTh ab0 CTOPIHKH, 3BIIKH OYyJI0 B3STO
BUXAHY 1H(GOpMaIIiO.

VY Bignosiai Ha 1e 3anuTanHEs GROK 3 HaBOAWUTH TaOIMUITIO 3alpONICHUX JaHHX, a Ta-
KOX JIOJJaTKOBY 1H(OpMAIIiI0 IO METOJMKAX Ta JuKepenax nanux. Ha puc. 1 HaBeneno dpar-
MeHT Tabimi 3 Bignosini GROK 3.

Table: Higher Education Institutions Data (Approximate)

#of Mean Median Std. Min Max
Country Institutions Students Students Deviation Students Students
USA 3,228 (2019) 9,000 5,000 15,000 100 200,000
Canada 223 (2023) 12,000 8,000 10,000 200 80,000
Japan 784 (2023) 6,000 4,000 8,000 150 50,000
Australia 172 (2023) 15,000 10,000 12,000 300 70,000
EU
Countries
Austria 70 (2022) 5,000 3,500 6,000 100 40,000
Belgium 45 (2022) 8,000 6,000 7,000 150 50,000

Pucynok 1 - ®parment Bianosini GROK 3 na 3anuranns 1

30Kkpema, 3a3Ha4eHo, L0 MiJ BUIIOI OCBITOIO PO3YMIIOTHCS CTYNEHEBI MpOrpaMu, siKi
BIANOBIJalOTh 5-8 piBHAM MiKHApOAHOI CTaHAapTHOI Kiacudikamii ocBiTH. 3TrigHO 3
BIJIMOBIJII0, JaHI PO KUIBKICTh 3aKJIaJliB OTPUMAHO 3 BIAKPUTUX 0a3 [HCTUTYTY CTAaTHCTUKHU
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IOHECKO Ta OECP, a Takox 3 AaHUX HAI[lOHAIBHOI CTaTHCTUKU. 3 HHUX BHKOPHCTAHO
OCTaHHI JTOCTymnHI Ha naty 3anuty (08.04.2025) naHi, siki nepeBaxHo crocyrorbes 2023-2024
pokiB. CepeqHi 3HaUEHHSI OTPUMAHO SIK BiJTHOIICHHS 3arajbHOi KUTBKOCTI CTYJIEHTIB 10 KiIb-
kocti 3BO. Menianni 3HaueHHs (CepeHe 3HAYCHHS), € 1€ MOYKIIMBO, OIIIHEH] 3a JOCTYIHH-
MH pO3MOALIaMH a00 3 ypaxyBaHHSM THIIOBIH Ui OCBITHIX CHCTEM acHUMETpil pO3MOALTY.
CranaapTHi BiIXWJICHHS y OUIBIIOCTI BUMAIKIB HEOCTYITHI 1 OLIHIOBAIMCS HA OCHOBI 3arajib-
HUX TEHJCHLIN BapiaOeIbHOCTI, IPUMIpPOM, CHIBBIAHOIICHHS KUIBKOCTI BEIMKHX 1 MAJIUX 3a-
Kkianis. Tak caMo OLIHIOBAIM MIHIMAJIbLHHN Ta MaKCHMAJIBHHN OOCATH, SKIIIO TOYHI MaHl HE
oymu noctynHi.GROK 3 Takoxx Hamae momaTkoBy iHdopMaliito o kpainax. [Ipumipowm, 3a-
3Ha4yeHo, 1mo a1 CLIA po3noaia CrioTBOPIOIOTH JA€sKi BEJIMKI YHIBEPCUTETH, SIK YHIBEPCUTET
ApH30HH; JaHi MO KUTBKOCTI YHIBEpCHUTETIB cTocyroThest 2019 p., a maHi Mo KiTBKOCTi CTY-
nentiB — 2023 p. Y BiAmoBiai 3a3HauyeHO OCOOIMBOCTI, IIO MOTJIM BIUIMHYTH HAa TOYHICTBH
OLIIHOK Ta Ha 3ICTaBHICTh PE3yJbTATIB 10 OKpEeMHX KpaiHaX. Lle crocyeThcsi HEMOBHOTH TaHUX
10 OKPEMHX KpaiHax, CTATUYHOCTI JaHUX Yy JDKepenax iHdopmarlii, pi3HUX BU3HAYEHb 3aKiIa-
JTy BHIIO1 OCBITH.

Crip 3a3naunth, mo GROK 3 HamaraeTbcst MiHIMI3yBaTH 00CST CBO€T pOOOTH, SKIIIO T1C
n03BoJIsIE (hOpMYITFOBaHHS 3aBIaHHs. 30KpeMa, ipu 3amiHi y 3aBnanHi «each of EU countriesy»
Ha «EU countries» y BiImoBiai Oyi0 HaBEICHO PE3yJIbTATH JIUIIIE 1O ACKUIbKOX KpaiHax €C.
Hani, mo € y inTerpoBanux craructuyHux 6azax GROK 3 Gepe 3 Hux. [Ipn npomy iHKOIH BiH
KOPHUCTY€ETbC HE nepBUHHUMH 0asamu €Bpocrat, OECP TO110, 2 BTOPUHHUMHU JKEPEIaMU,
1o 0epyTh iHpopMalliro 3 ux 6a3. 3a3BUUail 11e He CTBOPIOE MPOOIIEM.

Bigmosins ChatGPT 4 Ha Te caMe 3amMTaHHs € JOCUTH JAKOHIYHOK. B Hill Takox, sK i
y Bignosini GROK 3, moBiomisieTbes PO HEMOBHOTY JaHMX 10 OKPEMHUX KpaiHax, BiIMiH-
HOCTI B M€TOJIaX 30MpaHHs JJaHUX, 3BITHUX nepionax 1 BusHaueHHAx 3BO. Ha puc. 2 HaBene-
HO (parmenT Binmnogiai, sky ChatGPT 4 HaBiB y TeKCTOBOMY, a HE y TaOJIMYHOMY (TOOTO HE
BIJIMOB1JIHO JI0 3anuTy) hopMaTi.

Amnasoriyni Bignoiai ChatGPT 4 nanas o CIIA i Kanani. [Ipu oMy BapTo 3a3Ha-
YUTH, IO ISl IUX KpaiH Oyino HaBeleHO HE pO3paxOBaHi 3a aKTyalbHHMHU JAHUMH CEpeiIHi
3HaueHHs KUIbKOCTI cTyAeHTiB Y 3BO, a HasBHI y 6a31 icTopuuHi JaHi KiHug 1980x — nmovatky
1990-x pokiB 6e3mocepeIHbO PO CEPEIHI 3HAYCHHS.

3anurani pesyabraté o kpainax €C Chat GPT 4 He HajgaB, MOCHIIAIOYKCH HA HEIO-
CTYIHICTh BUYEPIHUX Ta YHi(pIKOBaHUX JaHUX. HaTomicTh BiH MOpaauB NPOKOHCYIbTYBATH-
ci 3 BIINOBIAHUMH HAI[lOHAJbHUMH MIHICTEPCTBAMU OCBITU a00 CTaTUCTUYHUMU
areHTcTBaMu KoxkHOI kpainu €C. Cynsum 3 Bianmosineit, Chat GPT 4 cnouarky HamaraBcs
3HAWTHU y cBOIl 0a3i rOTOBI J1aHi MPO 3aMUTyBaHl MOKA3HUKH JJIsl Oy/Ib-IKOTO POKY 1 JIUIIIE 3a
iX BIZICYTHOCTI HamMarapcsi IOAaTKOBO BUKOHATH HAWMPOCTIII po3paxyHKH (cepenHi apudme-
TUYHI1 17151 SnoHii Ta ABcTpanii). bk ckianHi po3paxyHKH BiH HE HaMaraBcsi BAKOHYBATH.

AHaJIOTIYHOIO € CUTYallis MpH BiAMoBiai Ha 3anutaHHs «Please give me following data
(by country) in tabular format for Ukraine, the USA, Canada, Japan, Australia and each EU
country in 1990, 2000, 2010, 2020: gross enrolment ratio in tertiary education; share of citi-
zens aged 25-34 with a bachelor's degree or higher». Ile 3aBganHs € GBI TPOCTUM, OCKIJIb-
KM TIepeBaykHA OUTBIIICTh 3alUTaHUX JIAHUX Y PO3pi31 3a3HAYCHHUX KpaiH Ta POKIB € Y BEITUKHUX
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craructnyHux 6azax €spocrar, OECP, Incturyty craructuku FOHECKO Ta CBiToBOTO 6aH-
KY.

GROK 3 nanae Tabnuiio 3anMTaHuX JaHUX, OO0 MICTUTH okpeMi nmponycku (12,9% Bin
3arajibHOI KiJIBKOCTI, 3 IKHX Maiike Bci crocytoTees 1990 p.). HaBeneni gani € 61u3bKUMU 10
JaHUX IHIIUX JoKepen. Takok Maike TOBHOIO € BIAMOBIAL HA JOJATKOBE 3allUTaHHS TIPO Bij-
COTKM T'POMAJISH, 110 MAIOTh CTYIiHb OakajlaBpa i CTyHiHb MaricTpa y BiKOBiil rpymi 25-34
poku. Sk 1 y nonepeanpomy Bunanky GROK 3 maBoauts mxepena inpopmaiii (mepeBaskHO
3a3HayYCHI BUIIE BEJIMKI 0a3M), OKpeMi KOMEHTapi 0 pe3ysbTaTiB 1 JOJATKOBI JaHi. 30KpeMa,
BKa3aHo, 1110 arperoBani gani mo €C, ski HagaHi JOJATKOBO A0 JaHUX MO KpaiHax, maius 1990
ta 2000 p. HE BpPaxOBYIOTH BiJICYTHI JaHi IO OKPEeMHX KpaiHaX, IO OKpeMi CHeIiaIbHO TO-
3HAYeHi JaHl € OIIHKaMH, OTPUMAHUMHU EKCTPAIOJIALIEI0, Mo s SNoHiT 3aMiCTh HETIOBHHUX
naaux 2020 p. HaBeaeHo aaxi 3a 2019 p., Tomro.

Japan:

o Number of Higher Education Institutions: As of May 1, 2020, Japan had 795
universities. citeturnOsearch4

o Total Student Enroliment: In 2023, approximately 2.95 million students were
enrolled in universities. citeturnOsearchs

e Average Number of Students per Institution: Based on 2023 data, the average is
approximately 3,710 students per university.

Australia:

e Number of Higher Education Institutions: As of recent reports, Australia has 43
universities, comprising 37 public and 6 private institutions. citeturnOsearch19

o Total Student Enroliment: In 2021, there were 1,185,450 students attending
university or other higher education institutions. citeturnOsearch16

e Average Number of Students per Institution: Approximately 27,570 students per
university, based on 2021 data.

European Union (EU) Countries: Comprehensive and uniform data across all EU member
states are not readily available due to differing data collection standards and reporting

Pucynok 2 - ®parment Bianosini ChatGPT 4 na 3anuranns 1

Haromicte Chat GPT 4 B3araini He mepeBipsie 3a3HaueHi BeJHKi 0a3u, MO MOXe OyTH
3YMOBJIEHO BIJICYTHICTIO JIOCTYIY JI0 aKTyaJbHOI iHpopmalii yepe3 IHTepHET 1 HEOOXiqHICTIO
o0csary onTumizaiii iHpopMariii, mo 30epiraeTscs y JokanpHii 0a3i. Tox HE TUBHO, IO €IU-
HUMH pe3yJbTaTaMH, siki Oynu Buzadi, € oiiHkd GER ans Ykpainu nost 2010 Ta 2020 p., ki €
JIEI0 BIOMIHHUMH, aje Oau3bKUMH 10 BiamoBiguux maHux GROK 3.V Bcix IHIIMX BHIIAIKax
OyJ10 3a3Hau€HO, 1110 JaHi BIJICYTHI.

AHaJIOTIYHOIO € CHTYyallisd 13 BiAMoBiI0 Ha 3anuTtaHHs: «Please give me a table con-
taining such data (by country) for USA, Canada, Japan, Australia and each EU countries :
number of higher education institutions, mean and median values (in nominal USD per stu-
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dent) of general, public and private funding in institutions of relative country, standard devia-
tions for these distributions, and minimum/maximum values of such funding». GROK 3
HaJa€ MOBHY iH(oOpMaIifo, siKa y YaCTHHI CEpeAHIX MO KpaiHax JaHUX € OJU3BKOI0 O JAHUX

iHmmx jokepen. Chat GPT 4 nanae cynepewinBi BiANOBI/I Ha 11 3alIUTAHHS.

BucHoBku:

1. Pesynbrat nocmimkeHHs cBiguats npo te, mo GROK 3 ta ChatGPT 4 gatots 3mory
ICTOTHO TPUCKOPUTH 1 CIPOCTUTH BHUKOHAHHS PYTMHHHX €TarliB 30MpaHHS Ta MOMEPEIHBOTO
aHaJi3y JaHUX BEJIIMKOTO 00CATY Ta CKIAIHOI CTPYKTYPH MPH JOCTIKEHHI OCBITHIX CHCTEM.

2. XapakTepHi AJis OCBITHIX CUCTEM HEMOBHOTA JaHMX MO PI3HUX KpaiHax Ta poKax,
pi3HI CTPYKTYpH Ta METOAMKH 30MpaHHs/PO3paxyHKY MOAIOHUX JaHUX, BIAMIHHOCTI TEpPMiHO-
JIOT'11 TOIO CTBOPIOIOTH PU3UKH HEIOCTOBIPHOCTI, HEHAAIMHOCTI 1 HEPEIEBaHTHOCTI pe3yiib-
taTiB podotu mryqrnoro iHTenekry. s GROK 3 nopiBasHO 3 ChatGPT 4 11i pu3uku € 3Ha4-
HO MCHIITMMH, OCKIJIbKY BiH 0€3 JIOJaTKOBHX 3allUTaHbh HABOJIUTH Y BIAMOBII iH(OpMAIIi0
PO METOJIOTI4HI MPoOJIeMH 1 OB’ s13aH1 3 HUMU 3acTepexeHHs. BTiMm, HaBITh 1 B IbOMY
BUIIAJIKy BapTO poOUTH Bepuikallito HOro 1aHuX iX 31CTaBICHHSM 3 BiIOMUMU ab0 OTpUMa-
HUMH B 1HIIWHA cOOCi0 JaHUMMU.

3. Hesxi npo6nemu ChatGPT 4, oueBuaHO, OB’ s13aH1 3 THM, L0 BiH HE MAa€ JOCTYIY 10
aKTyaJIbHUX JaHUX Mepexi [HTepHeT 1 mpaiftoe 3 JaHuMU JoKanbHOI 6a3u. Taki JaHi HeoO-
X1JHO ONTHMI30BYBAaTH 3 METOIO 3a0€3MeUeHHs] MOXKIIMBOCTI HaJIaHHS «XOPOIIUX» BIAMOBIAEH
Ha 3allUTaHHS, SKI 32 MPOTHO3aMU OYAyTh HAHOLIbII MAaCOBHUMH. AJie Uepe3 1€ 3HHKYETbCS
SKICTh BUKOHAHHS By3bKOCIIEI[IaJIbHUX 3aBJaHb. 30kpema, iHKoau ChatGPT 4 BuTpauae yac
Ha Mowyk iHpopMalii B HepeleBaHTHUX 0a3ax, a B IHIIMX BUIAJKaX HE HAaXOAWUTh iHQOp-
Mallilo, HasBHY y TaKUX MOMYJSPHUX JKepenax, sk 0a3u €Bpocrat, OECP, [ucturyry cratu-
ctukn FOHECKO, CgitoBoro 6aHky.

4. GROK 3 micTuTh 6151b1IIE IHCTPYMEHTIB MONEPEHBOI 00poOKM nanux. Tomy BiH ca-
MOCTIHHO pPO3paxoBye a0O0 OIIHIOE OKpPeMi MOKAa3HUKH OIMHUCOBOI CTATUCTHUKH 3a HAasSBHOCTI
HaBiTh HenoBHUX BUOipok. ChatGPT 4 3a3Buuaii 6epe nuiie HasiBHI B JKepesiax TOTOBI JIaHl,
HaBITh, KO BOHU AY)KE 3acTapiil. €IMHUN BUJ pO3PAXyHKIB, IKUH BIH B OKPEMHUX BHUMaIKax
BUKOHYBAB Y PO3TISIHYTHX NMPHUKIAIaX — I1€ BU3HAUCHHS CEPEAHBOTO apu(PMETHIHOTO HisIeH-
HSIM CyMapHOro (110 KpaiHi) 3Ha4eHHsIM ITOKa3HMKa Ha KUIbKICTh 3aKJIa/iB.
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Application of artificial intelligence tools for data search and
preliminary analysis in applied research of education systems

The article outlines the problems of using popular artificial intelligence tools GROK 3
and ChatCPT 4 for collecting data on educational systems available on the Internet, their
pre-processing and analysis. A significant proportion of recent publications is devoted to the
development of new artificial intelligence tools, the study of algorithms of its work, methodo-
logical and ethical problems of its application in various fields, the impact of artificial intelli-
gence in general or of specific tools on academic success and learning outcomes at different
levels of education. At the same time, applied research has not paid enough attention to as-
sessing the validity, reliability, and relevance of results obtained using artificial intelligence,
in particular such tools as GROK 3 and ChatCPT 4.

For this study, several problems of educational systems researches, which can be con-
sidered as relevant also un broader contexts, were selected. The main attention was paid to
the issues of collecting and preliminary statistical analysis of data on the number of students
in higher education institutions, funding of higher education, and indicators of youth in-
volvement in higher education.

It has been shown that both tools significantly speed up and simplify the implementation
of routine research stages, but GROK 3 allows to obtain more complete, reliable and high-
quality data, which may be due to both the ability y to access current data on the Internet and
differences in algorithms. ChatCPT 4 is usually limited to providing a small amount of the
requested data present in its database, which is sometimes very outdated. The advantage of
GROK 3 is also that it collects not only the requested numerical data from various types of
sources, but is also able to independently calculate simple statistical characteristics of sam-
ples, such as mean values, medians, standard deviations, minimum and maximum values,
from the primary data without additional questions, including the ability to make plausible
estimates from incomplete, highly asymmetric samples. Nevertheless, in this case too, the
general methodology should provide for verification of the results of artificial intelligence, in
particular by comparing them with other known data.
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L.P. IToBopotHs, O.A. Cadponosa, P.B. [Tononscekuii, I'.A. KoHoHeHKO
OIITUMAJIBHI TAPAMETPHU Mn/Si 1JI51 KOPUT'YBAHHSI
MEXAHIYHUX BJJACTUBOCTEM CTAJII AJI51 3AJIIBHUYHUX OCEN

Anomauyis. Y nposedenii pobomi npedcmasnieno KOMNIeKCHUL Ni0Xi0 NOuLyKy OnmumMaibHO20
CKIady cmani 8 Medcax 6i0OMUX MAPOK HA OCHO8I KOHYenyii Cnpsamo8aHo20 XiMiuHO20
36 ’s3Ky. Januii nioxio 003601u6 6paxo8ysamu CyMApHull XiMiyHUll CK1a0 ma aHanizyeamu
xapaxmep 83a€MO0Ill MIdiC eleMeHMaMu Had PIBHI MINCAMOMHUX 36 S3Ki8, WO € KPUMUYHUM
07151 NPOCHO3YBAHHSL 8lACMUBOCHell KiHyeso2o mamepiany. Konyenyis cnpsamosano2o XiMiyHo-
20 36’53Ky 6a3y8anact HA VAGIEHHAX NPO 30AMHICMb OKPEeMUX elleMeHmis 00 eleKMPOHHO20
nepepo3nooiny 6 po3niasi, Wo, y ceow uepay, 8NIUBAE HA CMPYKMYPY ma cmabiibHICMb CUC-
memu. Memoto 0ocniodicenHs: 6Y10 8USHAYUEHHs 6NAUBY Gapiayill Y 6MICMI OCHOBHUX MAMpPU-
HUX eleMeHmi8 — 8y2leyio, KPeMHil0 Mma MAapeaHyo — Ha 3apsa0o6ull CMax CUCNEeMU, U0
npedcmasienuil ysazansrenum napamempon Z'. Lleii napamemp 8ido6pasicae mipy XimiuHoi
30anancoeanHocmi cniagy ma € iHOUKAmopom cmadilbHOCmi eleKmMpoHHOI OY008U PO3NIAB).
B pesynbmami 0ocniosceno vymaugicme cucmemu 00 cniggionowenns Mn/Si ax 00 nokasHu-
Ka, WO BU3HAYAE eleKMPOHHY ma CMpPYKMYpHY pieHogazy. Taxum uyuHom, 01 niOsuuyeHHs
napamempy Z', 36invuienis K020 npuseooums 00 niosuwerns meepoocmi, Heobxiono 6idda-
gamu nepesacy 30iNbuleHHIO Mapaanyio nicia 3uavenns Mn/Si na pieni 2,8-3,2, a 0o yvoco
inmepeany — 3a paxyHox 30invuients emicmy kpemnito. Cnig8iOHOWEHHS MAP2aAHYI0 00 Kpem-
nito (Mn/Si) mac nepebysamu 6 meswcax 2,8-3,2. Ilpu yvomy 3pocmanns snauenns Mn/Si no-
Hao 3,2 3yMOBNI0E OOMIHYBAHHS GNAUBY MAP2AHYIO, WO MO}CEe NOPYUUMU OAAHC, MAKUM YU-
HOM, KOHMPO/lb 6MICMY 1€2Y8AbHUX eeMeHMi8, 0COONUB0 KPEMHII0 MA MaP2aHyio, € 8ANCIU-
8010 YMOBOI0 (hOPMYBAHHS cmaell i3 NPO2HO308aHUMU glacmusocmamu. Pezynomamu npoge-
0eH020 MOOeNt08aHHs NIOKPeCI0iomb OOYLIbHICMb BUKOPUCTAHHSA PO3PAXYHKOBUX NiOX00I8 Y
mamepianoznaecmsi. IIpocHo3ne M0Oento8anHs 00360JIA€ uje Ha emani CmeoPeHHs XiMiuH020
ckaady cmani 3abe3nedumu eqpeKkmusHy aoanmayiro ii cmpykmypu nio 3a0ami ekcniyamayii-
HI Xapakmepucmuxu, w0 CRPUsE 3HUNCEHHIO 3ampam HA eKCNepUMeHMAlbHi po3pooKu ma
CKOPOUEHHIO MEPMIHI6 BUBCOEHHS HOBUX CHIABI8 ) 8UPOOHUYMEBO.

Knouoei crnosa: 3aniznuuna gicob, npocHo3He MOOEN08AHHS, KPeMHill, Mapeaneyb, MexaHiyHi
81ACMUBOCMI, XIMIYHU CKIAO.

Beryn. 3a3Buuaii craini 3 Bmictom Byraenio Bix 0,40 1o 0,60 % BUKOPUCTOBYIOTH IS
BUPOOHUIITBA 3aTI3HUYHUX Kouic 1 oceil. Jlo iX ckiiaay BBOJSTH JIETYIOUI €JIE€MEHTH, TaKi K
xpom (Cr), mapranens (Mn), monioaen (Mo) i Hikenb (Ni), 10 TiABUIILYE MPOTapTOBYBaHICTh
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1 MOKpalrye MOXIIUBICTh TEPMIYHOI 0OpOOKHM, 30KpeMa 3ale3ledye BHUCOKE 3MIIHEHHS Ta
CTIMKICTh JIO 3HEMILHEHHS ITi]] Yac Biamycky [1-2]

JlonaBaHHs MapraHIllo, HIKEII0, XpOMY Ta MOJIO/EHYy MO3UTHUBHO BIUIMBAE HAa 3HOCO-
CTIMKICTh cTani. BogHouac iXHil BMICT CITiJi KOHTPOJIOBATH 3 YpaxyBaHHSAM €KOHOMIYHHUX 1
TEXHOJIOTIYHUX YMHHUKIB PO3POOKU Martepiamy.

Maprasens HiIBUIIYE MIIHICTh 1 MOKpaIy€e MpOrapToByBaHIicTh ctaii. [Ipu BMicTi 10
2% (mac.) crocTepiraeTbesi 3pOCTaHHS TUMYACOBOTO OIMOPY PO3PHBY, TOAI SK IiJBHUIICHHS
TpaHUIll TUTMHHOCTI BiJ3HAYaeThCs Jmmie 10 KoHmeHtparii 1,5% (mac.). BogHouac ymapha
B'SI3KICTH 3HIDKYETHCS 31 30UIBLICHHSM BMICTY Maprasiio, 0COOJUBO MpH nepeBumieHHi 1,5%
(mac.) [3].

Kpewmmiii B konnentpanii 10 0,8 — 1,2 % mac. MO3UTHBHO BIUIMBAE HA CTPYKTYpPY, MeXa-
HIYHI Ta TEXHOJIOTIYHI BIACTUBOCTI CTali: 3HW)KYE KPUTUYHY IIBHIKICTH OXOJIOJKECHHS 1 30i-
JBIIY€E TPOTAPTOBYBAHICTh, 3MEHIIYE IIBUIKICTH PO3Maxy MAapTEHCHUTY, ITiBUIIYE MiIlHICTB,
TBEPJICTh 1 MPYXHI BIACTHBOCTI CTali, 30UIBIIYyE OMip KOPO3ii, ane 3HWXKye B'SI3KICTh 3a Oi-
JbIIoro BMicTy. Takuii BIUIMB KPEMHIIO Ha BIACTHBOCTI MOB'SI3aHUA 3 HOTO €10 Ha MaTpUU-
Hy (azy (a-po3unn) 1 kapOiau [4].

3MiHa BMICTY BYTJICIIO, SIKHH € OJHUM 3 OCHOBHHX eneMeHTiB cuctemu Fe-C y crami
NPU3BOJMUTH JI0 3POCTAHHS MIIHOCTI (TBEPAOCTI, TPAHUIl IJIMHHOCTI, THMYACOBOTO OMOPY),
aJie 3 MiJBUIICHHSAM HOTr0 KUTBKOCTI B CTall 3HIKYIOTHCS 3HAYCHHS IJIACTUYHUX XapaKTEePHC-
THK Ta yIapHOI B s3KOCTI [5].

BpaxoByroun 0coOIMBOCTI /1ama3oHiB XIMIYHOTO CKJIaJy B paMKaxX MapOYHOI0 € 3HaYHA
BaXXKICTh HE TIJIbKU Y BIATBOPEHHI PI3HUX KOMOIHAIIM XIMIYHOTO CKJIay, aje 1 B BU3HAYEHHI]
OINTHUMAaJIbHUX KOMOIHAIIM BBEAECHHS XIMIYHUX €JIEMEHTIB, 1X 3aCBOCHHS Ta BIUIMB Ha KiHIIEBI
MEXaHIYH1 BIACTHBOCTI. 3aCTOCYBAaHHS KOHIICTIIIi CIIPSIMOBAHOTO XIMIYHOTO 3B’SI3KYy J03BO-
JISi€ Ha eTarll pO3paxyHKIB BUSBISATH ONTHUMAaJIbHI CIIBBIIHOIIEHHS JIETYIOUUX €JIEMEHTIB, L0
3a0e3neuyroTh 0axkaH1 (P13MKO-XIMIUHI BIACTUBOCTI cIijiaBy. Lle 103BosIsie CyTTEBO CKOPOTUTH
00cATr eKCIepUMEHTAIbHUX JOCTII)KEHb Ta 3HU3UTH BUTPATH HA CTBOPEHHSI HOBUX MaTepiaiiB
3 MMOKPAIICHUMH XapaKTePHUCTUKAMHU.

Merta pobortu. [locniakeHHs BIULIUBY 3MiHU BMICTY MaTpUYHHUX €JIEMEHTIB, a caMe BYT-
JIeIt0, KPEMHIIO Ta MapraHIllo Ha MapaMeTp 3apsI0BOro craHy cucteMu — ZY 3 3aCTOCyBaH-
HSM PpO3pPaxyHKOBOTO eKcrepuMeHTy. Po3poOuTu pexkomeHpaaiii 00 BMICTY OCHOBHHX
KOMITOHEHTIB BYTJICTICBOT CTaJIi /ISl TIOCSTHEHHSI BUCOKOI TBEPAOCTI 32 MOKJIMBO MEHIIOT Ki-
JBKOCTI 0OPOOOK.

Meroauka npoBeaeHHs A0CTiAKeHb. KOMIUIEKCHHI MONTYK ONTHUMAJIBHOIO CKIIATy B
MeXaxX BIJOMHX MapoOK CTaJIeH, MPOBEJACHUN y JOCTIIHKeHHI, 0a3yeThCsl HAa KOHIICTIIT CIIpsi-
MOBAHOTO XIMIYHOTO 3B'SI3Ky. LIs1 KOHIIENIIis po3risgae MeTaleBUi pO3IUIaB K XIMIYHO ITUTi-
CHY CHUCTEMY Ta BKJIIOYae (akTOpHUI aHami3 13 TOOYI0BOIO MOAENeH s TOCSITHEHHS HeoO0-
X1HOi PIBHOMIPHOi CTPYKTYpPHOI CKJIa/10B0i. OCKUIbKU (pa30Bl NEPETBOPEHHS 3YMOBIIEHI Mi-
KATOMHOIO B3a€EMOJIIEI0 Y 0araTOKOMIIOHEHTHOMY PO3ILJIaBi, Ha MEPIIOMY €Talli PO3paxyHKO-
BHUX JIOCIIIDKEHb BUKOHYETHCS 3ropTKa XIMIYHOTO CcKiamy. Lle 3miiCHIOEThCS MUISTXOM BHUKO-

PUCTaHHS IHTETPAIIBHHUX MapaMeTPiB CTaHY 3apsiay (ZY) Ta cTpyKTypH (d), AKi 0OUHCTIOIOTHCS

ISSN 1562-9945 (Print) 59
ISSN 2707-7977 (Online)



«CucremHi Texnonorii» 5 (160) 2025 «System technologies»

SK pe3yJIbTaT MOMapHOi B3a€EMO/I] BCIX M KOMIIOHEHTIB Uepe3 po3B’sI3aHHs CHCTEMH HeJiHil-
HUX PIBHSHB y KUTbKOCTI m? - m + 1 [6].
B naniit po0OTI JOCTIKYyBaIM BILUTUB 3MIHH BMICTY KOMIIOHEHTIB B MEKaX TPhOX Ma-
pok crami s 3amizHUYHUX oceil: mapka OC (ykpaincekmii ctanmapt JCTY 31334:2009),
mapka ctanmi EAIN (eBponeiichkuii cranmaptr EN 13261:2020), mapka F (amepukaHcbkuit
craanapt AAR M-101-2017). XimiuHui CKJIa] WX CTaJield HaBeneHui B Tabnumi 1. Y Buma-
JIKY, KOJTU HOPMATHUBHI BUMOTH MICTSTh JIMIIIE MAaKCUMaTbHI OOMEXKESHHS, JUISI TIOCIIKYBaHUX
€JIEMEHTIB (BYTJICIlb, KPEMHIii, MapraHellb) sIK MiHIMAIbHUNA BMICT 33/1aBalUCh 3HAYCHHS, SIK1
BIJIMTOBIAAIM MiHIMATEHUM (DAKTHYHUM, BIIMOBIAHO IO TTOTOYHOTO KOHTPOJIO Y TMPOMUCIIO-
BOMY BUPOOHMUTBI. J{Js 1HIIUX e’neMeHTiB Opanu (piKCOBaHO MaKCUMAJIbHUH MPUIYCTHMUN
BMICT.
Tabmuns 1
XiMiuyHUH CKJIaJl CTalIeH, IO IMOAaBAIMCh Ha PO3PAXYHOK

Mapka |\ v | si p S Ni | cu | ¢ | Mo | Vv
cTall

0,34- | 0,80- | 0,18-
EAIN 040 | 120 | 050 0,020 | 0,015 | 0,3 0 0,3 0,08 0

0,42- | 0,60- | 0,15-
OoC 050 | 090 | 035 0,040 | 0,04 0,3 0,25 0 0 0

0145_ O,?O' 0,15'
<
F 059 | 100 | 045 | %045 | 005 ) 0 10301 0 0 | <0,08

PesyabTaTn pocaixkenn. Pozpaxynok s crani mapku EA1N 3xilficHioBanu Bij MiHi-
MaJbHOTO O MaKCHUMAaJbHOTO 3HAYEHHS 3T1THO BKa3aHOTO Y TAaOJHIIl BMICTY 3 BIAMOBITHUM
kpokoM (C 3 kpokom 0,006; Mn 3 xkpokom 0,044; Si 3 kpokom 0,035). Bubip came Takoro
KPOKY CIIPUYMHEHUI CTBOPEHHSM OJHAKOBOI KIJIbKOCTI BUMIpIB ISl YCiX BapiaHTIB po3paxy-
HKY 3a/U1s1 3a0e3nedyeHHs1 00’€KTUBHOCTI JOCHIKeHHS. [Ipu 3MiHI BMICTY BYIJIEIIO, BMICT
Maprasiio Ta KpeMHio Opaiu piBHUM CepeHbOMY 3HAUCHHIO. Y pa3i 3MiHM Maprasio, ¢Qik-
CYBaJIM Ha CEpPEeTHbOMY DIBHI BYIJIEIb Ta KPeMHIH. A i 3MIHM KpEMHil0, Ha CepelHbOMY
PiBHI 3a3HayYaIM BYTJIELb Ta MapraHelb.

B pesy/bTaTi 3aCTOCOBAHMX YMOB OyJI0 BCTAHOBJIEHO Y TOMApHHX 3B’s3kax Z' — C;
AR Mn; Z" — Si - TicHuii 3B'I30K 3 BUCOKMMH KoedilieHTaMu JeTepMiHOBAHOCTI (R2=0,99),
1110 Tpe/ICTaBIeHo Ha puc.l, a .

[Topsin 3 3a3HaueHMMHM BUAAMHU 3B’S3KIB IIHHY iH(opMmariio HecyTh rpagidi 300pa-
KEHHS, K1 OyyIOTbCs 3 MPUBEIECHHIM 1HTEpBAly 3HAU€Hb JOCITIKYBaHUX 3MIHHHX JI0 €U~
Horo BiApi3Ky [0 + 1] puc.2, 6. OcCKiIbKM camMe TaKUM CITIOCOOOM ITi/IBHIIYE€THCS HAOYHICTh
BUSIBJICHUX BIUIMBIB, YUTAOEIBHICTh 0/Ipa3y JAEKUIbKOX 3MIHHHMX Ta CIIBCTABJICHHS CIPSIMOBa-
HOCTI BIUIMBY OJIHI€T 3MiHHOI BITHOCHO 1HIIOI. Tak HalO1IbIINI BIJIMB HAa 3pOCTaHHS 3HAYEHb
napameTpy Z" Mae KpeMHii, MoTiM MapraHeib, a ByIielb ACIO OHIKye Z' y MOpiBHSHHI 3
BIUTMBOM Mn 1 Si.
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3 pe3yapTaTamMu MOMEPEAHIX JOCHTIKEHb 0yJI0 BU3HAYEHO, 110 32 3HAYEHB 3apsI0BOTO
crany cuctemn B imTepsani 1,2 < ZY < 1,21 BinbyBaeThcst 3MiHa cTamy, sKuii 3a6esmneuye
O1ITBII BUCOKHUI piBEHB TBEPAOCTI: 0 I[LOTO IHTEpBaAILY OibIla TBEPIICTh Yy CTaHI MICHA rapsi-
4oi TuractuyHoi Aedopmarii ve mermre 50% (I'TI), micus 3a3Ha4eHOTO IHTEpPBALY — y CTaHi
miciisg HacTynHoi TepMivHoi 06po6ku (TO) — Hopmanizanii [7]. ToOro mist cranei 31 ckinagom
BinmoBigHO 10 wMapku EAIN 1 Touka 3HaXOIUThCS B 00JIacTi 103a IHTEPBAIOM
1,2 < AR 1,21, mo cBiqYUTH MPO HEOOXITHICTh MPOBEICHHS TEPMIYHOT OOPOOKH /ISl TTiIBU-
HICHHS TBEpAOCTI (puc. 1).

260

3
e 2 rapAJa naacTuuHa
) Aedopmauin
o 220 P
x e
= ;= y = 1655.2x- 1795.3
2 > Rl = 0.5945
2 200
g /
A
E 180 A4 3 A Tepmiuna o6pobka
2~
-
v y=1915.1x- 2108.6
7 3
3 R? = 0.6486

118 119 12 121 1.22 123

zZY

Y .
Pucynok 1 — BusHaueHHs 3HaueHHs mapamMeTpy Z ', 3a sIKOTO 3MIHIOEThHCS BIUIUB 0OpOOKHU Ha
PIBEHB TBEPAOCTI 3pa3KiB IOCTIHOI cTaji 1ab0opaTOPHOTO BUTOTOBJICHHS [7]

Smauenns Z" Gimpmi 3a 1,21 st Beix BapiaHTIB XIMIYHOI'O CKJIaJy CTajll B MeXaX BH-
Mor 110 1i€i Mapku. TakuM YMHOM, BUCHOBOK IPO MOXJIMBY B1JIMOBY BiJl IPOBEJCHHS HOpMa-
Ji3auii micins raps4yoi MIacTU4YHOI 0OpOOKH, € HE3aCTOCOBYBAaHUM JUls LMX cranei. Pasom 3
TUM, Pe3yJbTaTH JOCIHIIKEHb J03BOJIWIN BCTAHOBUTH, 1110 IHTEHCUBHICTh BIUIMBY BYTJIELO,
KPEMHIIO Ta MapraHI[io pi3Ha. 3a BMICTY IMX €JeMeHTIB Ha piBHI 0,5-0,6 y npuBeaeHUX KOOp-
nUHaTax BinOyBaeTbes (puc.2, 6) 3MiHA: 10 LbOTO 3HAYEHHS HaWOUIbII e()EKTUBHUM €JIeMEH-
TOM, SIKHil BIUTMBA€ Ha 3HAYCHHS Z' € BYIJIEIb, MICIs [FOr0 3HAYCHHS, IIPOBIIHY POIb BKE
BIJIIPalOTh KOHIIEHTpAIll KPEMHIIO Ta pa3oM 3 HUM Mapraifo. OCKUIbKH 3a 301IbIIEHHS A
B110yBa€eThCS 301IBIICHHS TBEPAOCTI, TO A cTani Mmapku EA1N Moxe OyTH peKOMEHI0BaHO
nocsrati €EeKTHBHOTO 301TBIIIEHHST TBEPAOCTI 301IBIICHHSM BMICTY BYTJIEIIO 10 HOTO 3Ha-
yeHb Ha piBHI 0,37- 0,376%, y noganeuioMy crae Outbill eEeKTUBHUM 3 TOYKH 30pY IiJIBU-
IIEHHSI TBEPJOCTI 30UIBIIEHHS] BMICTY KPEMHIIO Ta Maprasiio A0 MaKCUMaJbHUX 3HAYEHb B
MeXaxX MapO4HOI'o CKJIany.
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Pucynok 2- B3aeM03B’ 130K 3apsI0BOr0 CTaHy CUCTEMH - Z' 3 eJIEMEHTAaMH XIMIYHOTO CKIIaay

ctani Mmapku EA1N (a); BimuB matpuynux enementiB (C; Mn; Si) Ha 3MiHy napameTpa
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Pucynok 3— B3aemo3B’s130k 3apsigoBoro ctany ctaini EA1N 3 cniBBigHomennsm Mn/Si (a);
B3aemo3B’s130k 3apspoBoro crany craini EAIN 3 (Mn+Si) (6)

ITpu nocnimxenHi BBy Mn/Si ans ctani mapku EA1N BcTaHOBIIEHO, 1110 3a 3HAYEH-
HS I[bOTO MapaMeTpy Ha piBHI 2,8-3,2 BiOyBaeThcs 3MiHA HaOLIbII IHTEHCUBHOTO BILJIUBY
CITIBBIJHOIIIEHHS €JIEMEHTIB Ha 7Y crani. J1o 11bOro 3HA4YCHHS HAHOUILIINI BIUIMB Ta CIAJar0-
4yuii XxapakTep (yHKIIT HOCUTh 30UIbIIEHHS apameTpy Mn/Si 3a paxyHOK 3MiHM MapraHio, a
3a nojajibioro 30inbpieHHs Mn/Si Bxe crae Ol eheKTUBHUM 301IbIICHHS BMICTY Mapra-
HITIO, SIKMil Ma€e 3pocTalounii xapaktep. TaKuM GHHOM, s ITiABHIICHHS napamerpy Z', 36i-
TBIICHHS SKOTO MPU3BOJIUTH O MIABUINECHHS TBEPIOCTi, HEOOXITHO BiJaBaTH mepesary 30i-
JBIIEHHIO MapraHIlio micis 3HadyeHHsd Mn/Si Ha piBHi 2,8-3,2, a 10 1IbOTO IHTEpBATY — 3a pa-
XYHOK 361/IbIIeHHS BMiCTY KpeMHito. TIpy oMy HaibinbIm i HaiiMenm 3Hauenus Z" 1ocs-
raloThCs MPH 3MiHI BMICTY caMe KPEMHII0 B MeXaX MapO4yHOTo CKJIaay cTaii. SIk BUXOIUTDH 3
aHanizy puc. 3a, AN JOCATHEHHS HAWOUIBIINX 3HAYEHBb ZY, 301IBIICHHS SIKOTO TPU3BOIUTH
70 30i7bIIeHHs TBepAoCTi, B ctam Mapku EAIN HeoOXiJHO BUKOPHUCTOBYBAaTH MaKCHMaJlb-
HUI BMICT KPEMHIIO B MEXaxX MapOYHOI'0 3a CEpeIHIX 3HAUe€Hb MapraHIlio Ta Byriento. Tpoxu
MEHIINX 3HAaYeHb Z ", a SIK HACTIJOK i TBEPIOCT], MOKHA OTPHMATH 32 MAKCHMAIBHOTO BMICTY
Maprasiio Ta CepeIHiX 3Ha4eHb BYTJICIIO Ta KPEMHIIO.
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B pe3ynbTati 10oChiKeHHS BIULIMBY CYMapHOTO BMICTY KPEMHIIO Ta MapraHIllo Ha 3aps-
JOBUI cTaH ctaii (puc. 3, 6) BCTaHOBIIEHO, IO B iHTEepBani 3HaueHb 1,32-1,38 BinOyBaeThcs
3MiHa MPOBIJTHOTO €JIEMEHTY, 110 BIUIMBAE Ha 1l mapamerp. Jlo Bka3zaHoro iHTepBany Haiioi-
JBIIUHI BIUIMB YMHUTH 3MiHA BMICTY MapraHIlo, MicJIsl IIbOr0 iHTepBaly — KpeMHit0. OCKIIbKI
rOJOBHA METa JOCIIPKEHb — BU3HAYUTH YMOBH, 3a SIKUX JIOCATAE€THCS HAMOLIbIII 3HAYCHHS
TBEP/OCTI, @ BOHH BiJIIOB1Ial0Th HAWOUIHIINM 3HAUCHHSM MapaMeTpy Z", To MoxHa pekome-
HAYBaTH JOTPUMYBATUCh HACTYIMHHMX MPHHIIMIIIB: BMICT BYIJICLIO JOIUIBHO MiABHUIYBATH 10
0,37-0,38 %, momanbIe MiABUIICHHS MPU3BEIE TAKOXK JIO MiABUIICHHS TBEPAOCTI, ajie OUTbIIT
e(eKTUBHIM € KepyBaHHS BMICTOM MapraHIllo Ta KPEMHIIO; BMICT KPEMHII0 Ma€ OyTH MaKCH-
MaJIBHAM B Mexkax MapodHoro (0,5%), mpu oMy BMICT MapraHiio Mae OyTH Ha pPiBHI cepe-
nab0r0 (1,0%). Takuii BMICT MapraHifio Ta KpeMHII0 TakoX BiANOBiAa€ HAMBHUIMM 3HAYCH-
HSIM Tapamerpy Z' (miHis 2 — 32 CepeAHbOr0 3HAYCHHS MAPTaHIlio, BYTJICIO Ta 3MiHi BMiCTy
KPEMHII0) BIMOBITHO J0 puC. 3, sAkuii rpadidHo BinoOpakae 3aleKHICTh 3apsSJOBOTO CTaHy
CUCTEMH BiJl CITIBBIJIHOIICHHS MapraHIlfo 0 KpeMHito. TepmiuHa oOpoOka micis rapsdoi
UIacTHYHOI eopmartii HeoOXiaHA AJIs i IBULIICHHS TBEPAOCTI.

Pospaxynok mis crani mapku OC. XiMidHUE ckiaa gociikyBanoi ctam OC BiamoBi-
Jae XiMI9HOMY CKJIay, 3a3HadeHomy y crangapti JCTY 31334:20009.

3MiHa MaTpUYHHUX EJEMEHTIB 3iMCHIOBAJach BiJ MIHIMAJBLHOTO JI0 MaKCHMAaJIbHOTO
3HAUEHHS 3T1IHO BKa3aHOro y Tabmuii 1 BMicTy 3 BiamoBigauM kpokoM (C 3 kpokom 0,008;
Mn 3 kpokom 0,033; Si 3 kpokom 0,022).

Cranp mapku OC 4acTKOBO BXOJHTH Yy BKazaHuil iHTepBan 1,2 < 77 < 1,21, a came HU-
KY€ YEepBOHOI JIiHIT Ha puc.4 IaHi 3a/10BOJIbHAIOTH BKa3aHy BUMOTY. ToOTO 1is cranei, ximi-
YHUW CKJIAJ] SIKUX BIJMOBIJA€ YMOBI, JJ0JIaTKOBa TepMiuHa 00poOKa (HopMaJizailisi) MOXe He
MPU3BOIUTHU JI0 CYTTEBOTO 30UIbIIEHHS TBEPAOCTI MOPIBHSAHO 31 CTAHOM IICJISI TapsAvoi miiac-
TUYHOI JedopMarltii. Yci eJeMEeHTH MaTpUYHOI CUCTEMU Y KOHKPETHOMY BUNAJKY JUIsl CTajl
Mapku OC Mpu3BOJATH /10 3pOCTaHHS 3HAYEHb MapaMeTpy Z". MosxHa 6aquTH 3 puc. 4, 0, mo
IHTEHCUBHICTh BIUIMBY €JIEMEHTIB Ha HapaMeTp ZY 6nusbka, He BiI0YBa€ThCS 3MIHM Haii-

OUTBII €PEKTUBHOTO IMApaMETPYy.

1215 a1
=0.0405x+1.1998 ¥=0.0232x+11925
1214 vE ¥ =0.0708x+1.1774 R = 0998 1,214

#?=09989 R =0.9979 2 1,213 ,
1213 3 1 ’ !
e 1,212 ]
[
1211 i 0 ’
1,21 & - c

121

1,209
1209 i n EMn
1,208 . Si
1208 1 +cC 1,207 ¢
1207 2 EMn 1,206 n

1206 3 asi 1,205
1.205 0 0,2 0,4 0,6 0,8 1 1,2

o 02 04 0.6 0.8 1 .. .~
XimiuHwii cknap,

Y, e
Y, e

Bmict enemeHTy XimiuHOro cknagy crani OC

a 0
Y ..
PucyHok 4— B3aeM03B 130K 3apsI0BOTO CTAHY CUCTEMH - Z' 3 eJIeMEHTaMH XiMIYHOTO

ckiany craimi mapku OC (a); BB MatpuyHux enemeHTiB (C; Mn; Si) Ha 3MiHy napameTpa
MiXaTOMHOT B3aemoii - Z" (6)
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Pucynok 5 — B3aemo3B’s130k 3apsiioBoro crany craii OC:
a) 3 ciiBBigHOMIEHHAM Mn/Si; 6) 3 (Mn+Si)

B pesynbraTi mpoBeAEHOT0 MaTeMaTHYHOTO €KCIEPUMEHTY BCTAaHOBJICHO, IO 3a 3Ha-
yeHbp Mn/Si i crani mapku OC Ha piBHi 2,8-3,2 (Tak camo, 5K 1 AJIs IONIEPEeTHRO aHaIi30Ba-
Hoi ctani EA1N) BinOyBaeThcst 3MiHA HAHOUTBIT IHTCHCHBHOTO BIUIMBY CITiBBIIHOIIICHHS €JIc-
MeHTiB Ha Z" craii. JIo UpOro 3Ha4YCHHs HAHGLIBIINIT BILIMB Ta CIANAI0umil XapaKkTep byHK-
1ii HOCUTH 30UIbIIEHHS MapamMeTpy Mn/Si 3a paxyHOK 3MiHU KPEMHIIO, a 3a MOJalbIIoro 30i-
npIIeHHS Mn/Si Bxke ctae Ouibill epeKTHBHUM 30UTbIIEHHS BMICTY MapraHIlio, SKHil Ma€e 3po-
crarounii xapaxtep. TakKuM UMHOM, JUIsl T ABHIICHHS MapamMeTpy Z ', 30iIbIIeHHs SKOro MpH-
3BOAMTH J10 MiJABHUILEHHS TBEPAOCTi, HEOOXIJHO Bi/IJaBaTu MepeBary 30UIbIICHHIO MapraHIio
nicys 3HaueHHs Mn/Si Ha piBHi 2,8-3,2, a 10 [bOr0 1HTEpBaly — 301IbIIEHHIO BMICTY KpeM-
mito. HaitGinburi 3HayeHHs mapamerpy Z' CHOCTEpIiramd 3a 3MiHIOBAHHS KPEMHIIO MPH TOC-
TIHHUX Cepe/IHIX 3HAUEHHSX BYIJICIIO Ta MAapraHIlio, 11 3aKOHOMIPHICTb 3 BUCOKOIO TOUHICTIO
(R2=0,997) OMHCYEThCS MapaboTiuHO0 (YHKITIETO.

B pe3ynbTati 1oCiKeHHs BILIMBY CyMapHOI'O BMICTY KPEMHIIO Ta MapraHillo Ha 3aps-
noBuit ctan craii Mapku OC BcTaHOBIIEHO, 10 B iHTepBajii 3HayeHb 0,98-1,02 BinOyBaeThCs
3MiHa MPOBIHOIO €JIEMEHTY, 10 BIUIMBAE Ha 1ed mapamerp. Jlo Bka3zaHoro iHTEepBaly Hailbi-
JBIIMHN BIUIMB YMHUTH 3MiHA BMICTY Maprailio, MICJsl IIbOTO 1HTEpBay — KpPEeMHI0. 3aais
JOCSITHEHHS! MaKCHUMaJbHHUX 3HAu€Hb TBEPAOCTI (Ki CIIOCTEPIra€Thbcs 32 BUCOKHX 3HAUYCHb
napamerpy Z') 3amisHmanHHAX oceil Mapkin OC peKOMEHIOBAHO IOTPUMYBATHCH HACTYITHHX
MiAXO0JIIB: BUXOJSMYM 3 aHAJ3y puc. 4 Ta 5 BMICT KpeMHil0 Mae OyTH HAOIMKEHUM JI0 MaKCH-
MaJIbHOTO B Mexkax MapouyHoro (0,35%), npu 1iboOMy BMICT BYIJIELIIO Ta MAPTaHII0 MOXe OyTH
Ha cepeanbomy piBHi (0,75% wmapraniio ta 0,46% Byruerio). [lonanbine 3011blIeHHS ByTJe-
II0 1 MApraHIl0 TaKOXX MOKE JaTu MEBHUI MPUPICT TBEPIOCTI, OJJHAK iX BIUIUB HE MA€ BUCO-
K0T epeKTUBHOCTI. Ba)JIMBO BiI3HAYMTH, 1110 32 XIMIYHOTO CKJIQIy CTaJIi AJIS SIKOTO MapameTp
Z" Bixmosimae miamasony 1,20-1,21 BrutuB Tepmiunoi 06poGKH (puc. 1) Ha TBEpIiCT BiACYT-
Hill. ToMy, 3 TOUKH 30py 3a0€3MEUeHHS MaKCUMAaJIbHOIO PiBHS TBEPJOCTI 32 MIHIMAJIBHOI Ki-
JTBKOCTI 00pOOOK, IS cTasiel 3 XIMIYHUM CKIIAZOM, SIKHI BiAMOBiIae BKa3zaHiid yMOBi (puc. 5,
HIDKYE YEpBOHOI JIiH1) MOKHA HE MPOBOAUTHU TepMiuyHe 0OpOOJICHHS Micysl raps4oi miacTud-

Hoi nedopwmarrii. PiBeHs 4epBOHOI JTiHIT BiANOBiAa€ CEpeHIM 3HAYCHHSIM BMICTY €JIEMEHTIB.
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TakuMm 4YMHOM, 32 3MEHIICHHS BMICTY KPEMHIIO 3 MaKCHUMAJIBHOTO JI0 CEPEIHBOIO € MOXKIH-

BICTh BIJIMOBUTHCH BiJI IIJIOTO €TAITy BUTOTOBJICHHS OCI — TEPMIYHOTO OOpOOIICHHS, MTPH IHO-

My TBEPJICTh MAaTHME 33J[0BIJIbHUI PiBEHb.

Pozpaxynok mns crani mapku F. Ximiunuii ckian pociipkyBaHoi crami F Bigmosigae

XIMIYHOMY CKJIaJly, 3a3HAYEHOMY y CTaHIapTi.

3MiHa MaTpUYHHUX EJIEMEHTIB 3MiiCHIOBAJach BiJ MIHIMAJBLHOIO /10 MaKCHMAaJbHOTO

3HAUEHHS 3TIHO BKa3aHOro y Tabmuii 1 BMicTy 3 BiamoBigauM kpokoMm (C 3 kpokom 0,016;

Mn 3 kpokom 0,033; Si 3 kpoxom 0,033).

Cranp mapku F MokHa cka3zaTu Maibke HE BXOAWTb Yy BKa3aHUU

1HTEepBa

1,2 <ZY < 1,21. Huxde uepBoHoi JiHii Ha prc. 6 JaHi 3a10BOIBHSIOTH BKa3aHy BEUMOry. Pe-

3yJIbTAaTH JOCIIHPKCHD JTIO3BOJIIIN BCTAHOBUTH, 110 IHTCHCHBHICTH BIUIMBY BYTJICIIO, KPEMHIIO

Ta MapraHIfio pi3Ha. 3a BMICTy IUX eJeMeHTiB Ha piBHi 0,5 - 0,6 y nmpuBeJeHUX KOOpIUHATAX

BiIOyBaeThes (puc.2, 0) 3MiHA: 0 BOTO 3HAYCHHS HAHOUIBII e(h)eKTUBHUM €IIEMEHTOM, SIKUI

BIUIMBAE HA 3HAYCHHS Z' € MapraHelp, IMicis I[bOT0 3HAUCHHS, TPOBIAHY POJIb BXKE BiIirpa-

I0Th KOHIIGHTpAIlii KPEMHIIO Ta pa3oM 3 HUM BYIJICHIO, & IHTEHCUBHICTh BIUIMBY MapraHIlo

cTa€ MCHIIOIO.
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1222 V= D.0009x2 - 0.0094x+ 12356
R®=0.9945

122

1

1218

1216

Y, e

1214

1212

y = 0.0069x +1.1959
R* =0.9983

1208

o 1 2 3 4 5 5
CnieeigHowenHa Mn/Si

1 Ma3minaemicty Mn

2 4 amiHa BmicTy S

ZY, e

1222

122

1218

1216

1214

1212

121

1.208

y=0.023x+ 1.189

R*=0.9983

1

y = 0.0398x+ 11696
R* =0.9993

1 M 3miHa emicTy Mn

2 4 3miHa emicTy Si

08

09 1

11 12 13 14
Mn+Si

a

0

Pucynox 7 - B3aeMo3B’s130k 3apsimoBoro crany craii F: a) 3 criBBigHomeHHsM Mn/Si;
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B pesynbraTi mpoBeAEHOr0 MaTeMaTHYHOTO EKCIEPUMEHTY BCTAaHOBJICHO, IO 3a 3Ha-
yeHb Mn/Si st crani mapku F Ha piBHi 2,8-3,2 (Tak camo, sIK 1 AJIs IONEPEIHBO aHali30Ba-
Hux craieit EAIN ta OC) BinOyBaeThcsi 3MiHA HAHOUTBII IHTEHCUBHOTO BIUIMBY CITIBBIIHO-
LLICHHS JIEMEHTIB Ha Z' craii. J{0 1bOro 3HAYCHHS HAWOLIBIIMIA BIUTHB Ta CIIaIar0unil XapaK-
Tep (yHKIIT HOCUTH 30UIbIICHHS MapaMeTpy Mn/Si 3a paxyHOK 3MiHM KPEMHII0, a 3a Moja-
npIIoro 30uTeieHHss Mn/Si Bke crae OUThI €(EeKTUBHUM 30LUTBIICHHS BMICTY MapraHifio,
KM Mae 3pocTalounii xapakrep. TaKMM GHHOM, IS MiBHIIECHHS rTapametpy Z ', 36imbIieH-
HS SIKOTO TIPU3BOJMTH JO MiJBUIICHHS TBEPAOCTI HEOOXiIHO BiJaBaTH mepesary 301IbIIeH-
HIO Mapraiio micis 3HadeHHss Mn/Si Ha piBHi 2,8-3,2, a 10 1[bOr0O iHTEpBAIy — 32 PaXyHOK
301UIBIIEHHS BMICTY KPEMHIIO.

B pe3ynbTati 1ochiKeHHs BIUIMBY CyMapHOTO BMICTY KPEMHIIO Ta MapraHIio Ha 3aps-
JOBHI cTaH ctaii F BcTaHoOBIeHO, MO B iHTepBaii 3Ha4yeHb 1,14-1,18 BimOyBaeThcs 3MiHa
MIPOBITHOTO €JIEMEHTY, 110 BIUIMBAE Ha Iei mapametp. [{o BkazaHOTo iHTEpBaTy HAWOLIBIIHIA
BITUB YHHUTH 3MiHA BMICTY MAPTaHIIIO, IICIIS I[LOTO IHTEPBAITY — KPEMHIIO.

Takum 4MHOM, B pe3yNbTaTi pO3paxyHKOBOTO €KCIIEPUMEHTY MOXKHA 3pOOHUTH peKoMe-
HAALii MoI0 MIXOAIB A0 OOpaHHs pamioHAIFHOTO XIMIYHOTO CKJIaay B Mexax mapku F: 3
TOYKH 30py 3a0€3MeUeHHS MaKCUMAJIbHOI TBEPAOCTI, KA MPsIMO MOB’s3aHa 31 30UIBIICHHSIM
apameTpy 2" HeobXiaHO oOupaTn MakCHMallbHE 3HAYCHHS KpeMHito (puc. 7, 8) Ha piBHI
6mu3pko 0,45 % mac. Ta BMICT BYIJICLIO Ta MapraHIl0 HE HIXKYE CEPEAHBOT0, IIPU I[bOMY Ha-
CTyIHA TepMiuHa 00poOKa micis rapsyoi aedopmartii Takoxk COpUATHME MiABHIECHHIO TBEp-
mocri. Jlist crat, ckiax skoi Bixmosinae Z' menire 1,21 3 MiHiManbHEM BMiCTOM KpPEMHIIO Ta
BMICTOM BYIJICLIO 1 MapraHil0 HUXK4YE CEPEIHbOT0, HOpMasi3allis MICs rapsiuoi MmIacTU4YHOT
nedopmarlii He IpU3BeEJIe 10 CYTTEBOTO IMiABUIICHHS TBEPOCTI, TOMY 3 MO3UIIIN 3a0e3eUeH-
HS IOCTAaTHBO1 TBEPJOCTI 32 MIHIMAJIBHOT KUIBKOCTI 00pOOOK TaKMii MiAXiJl TAKOXK MOXKE OyTH
BUKOPUCTAaHWUN HA TIPAKTHUIII.

BucnoBku. Po3pobieni 3aranbHi pekoMeHAallii 11010 BUOOpy palioHaAIbHOTO XIMIYHO-
ro ckiany. Jns 3abe3nedeHHss MaKCUMaJIbHOT TBEPAOCTI MOXKe OYyTH BUKOPUCTAHUMN parjioHa-
JBHUH MIAX1: BMICT KPEMHII0 Mae OyTH HaOJMKEHUM JI0 MaKCUMAJIBHOTO PIBHS B MeXax Ma-
POYHOT0, BMICT BYTJIEIIO 1 MapraHillo — He HWxk4Ye cepenuboro. Jms craneir mapok EAIN,
gacTkoBO Mapku OC ta F mactymHa TepmiuHa oOpoOKa Mmiciis rapsyoi miacTuyHoi aedopma-
uii 3a0e3neuye miaBuineHHA TBepaocTi. [ns crami mapku OC ta F 3a meBHOro XiMiuHOTO
CKJIaJly HacTyITHa HOpMaJli3allis HE MPHU3BEAE 0 CYTTEBOTO IMIJBUINCHHS TBEPIOCTi, TOOTO
MOXe OyTH 3a0e3leueHuid JOCTaTHIM pIBeHb TBEPIOCTI 0€3 MpOBEIEHHS BKA3aHOTO €TaIy
BUPOOHUIITBA.
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Optimal Mn/Si parameters for adjusting the mechanical properties
of steel for railway axles
The work presented a comprehensive approach to finding the optimal steel composition
within known grades based on the concept of directional chemical bonding. This approach
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made it possible to take into account the overall chemical composition and to analyze the na-
ture of interactions between elements at the level of interatomic bonds, which is critical for
predicting the properties of the final material. The concept of directed chemical bonding was
based on the idea of the ability of individual elements to undergo electronic redistribution in
the melt, which in turn affects the structure and stability of the system. The aim of the study
was to determine the effect of variations in the content of the main matrix elements — carbon,
silicon, and manganese - on the charge state of the system, represented by the generalized
parameter Z". This parameter reflects the degree of chemical balance in the alloy and serves
as an indicator of the stability of the melt’s electronic structure. As a result, the sensitivity of
the system to the Mn/Si ratio was investigated as an indicator defining electronic and struc-
tural equilibrium. Thus, to enhance the Z' parameter, whose increase leads to improved
hardness, it is necessary to prioritize manganese content after the Mn/Si ratio reaches 2.8—
3.2, while below this interval — through an increase in silicon content. The manganese-to-
silicon ratio (Mn/Si) should be within the range of 2.8-3.2. An increase in Mn/Si beyond 3.2
causes manganese to dominate, which may disrupt the balance. Therefore, controlling the
content of alloying elements, especially silicon and manganese, is a key condition for produc-
ing steels with predictable properties. The results of the modeling emphasize the feasibility of
using computational approaches in materials science. Predictive modeling allows for the ef-
fective adaptation of steel structure to the specified performance characteristics already at
the stage of chemical composition design. This contributes to reducing experimental devel-
opment costs and shortening the time to bring new alloys into production.

Keywords: railway axle, predictive modeling, silicon, manganese, mechanical proper-
ties, chemical composition.
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O.b. [Tonbosuit, [1.0. Pequniis
YUCEJBHE MOJIEJTIOBAHHS B3AEMO/III CTPUBKA YIIIJIbHEHHS
3 HAI3BBYKOBUM JIAMIHAPHUM INPUMEKOBHUM IHAPOM
3A HASIBHICTIO TEIIJIOMACOOBMIHY 3 IOBEPXHEIO

Anomayia. Hasedeno pe3ynomamu napamempudHux YuceibHUxX eKCnepumeHmié no 6njugy
Mensio- ma MacooOMiHy Ha GIOpu8 NOMOKY NpU 63AEMOOIl KOCO20 CMpPUOKA YWiIbHEeHHs 3
JAMIHAPHUM NpUMedNcosum uiapom. Peanizosano uessnuil cKinuenno-00'emHull arcopumm
po38’a3ky pisuans Has’e-Cmoxkca, 3acHosanuii Ha cxemi Roe, i3 3acmocy8anHHam obmedncysa-
ya nomoky Jameson. Yucenvrne MoO0ent08aHHs NPOBOOUNLOCS 3 MEMOI0 OOCHIONCEHHS MONCTIU-
socmetl Kepy8aHHs 8i0pUBOM NOMOKY 3 OONOMO2010 Menjio- ma MacooOMIHy 3 NO8epXHelo,
wo obmikaemwvcsa. Ha ocHosi ananizy npocmoposux po3nooinie mucky, npo@inié 2ycmuHu,
OUHAMIYHO020 Koeiyienma 6's13K0cmi, N03008ICHIX KOMNOHEHM WUBUOKOCMI | KLIbKOCMI PYXY
8 NPUMEIICOBUX TIAMIHAPHUX WAPAX BUSAEIeHO OCHOBHI YUHHUKU, WO BUSHAYAIOMb 3MIHU
cmpykmypu 8i0pusHoi 3aemooii ¢ ymoeax menio- ma macoodominy. Ilokazano, wo He3zsa-
JHcaroyy Ha pisHy izuuny npupooy enausy, menyio-i MacooOMin 3 NOGEPXHer HAOac NOOiOHY
pe3yibmyroyy 0it0 Ha po3Mipu ma cCmpyKmypy Haod36yKo8oi 8i0pusHoi 3onu. Buseneno, wo 3a
00NOMO2010 MeNnio- Ma MACOOOMIHY € MONCIUBUM 3AN00I2AHHS BUHUKHEHHIO IOPUBHOT 30HU Y
08OBUMIDHUX HAO38YKOBUX TEUIsX.

Knrwouosi crosa. Hucenvue modentoganus, cmpubOK YWinbHeHHs, TAMIHAPHUL NPUMENCOBULL

wap, meniomacooOMiH.

IMoctanoBka mpoOJemu. [Ipobrema kKepyBaHHS BiAPMBOM Ha/3BYKOBUX BIJPUBHHUX
Tedill € JyKe aKTyalbHOIO MPU OpraHizalii TeMmjIoBOro 3aXUCTY €JIEMEHTIB KOHCTPYKIIH BiJ
BUCOKOTEMIIEpaTypHUX MOTOKIB Ta ONTHUMI3allii aepoANHAMIYHOT (POPMHU JIITAILHUX araparis.
3MiHa Temrneparypu oOTI4HOT MOBEpPXHI MoOXke OyTH OJHHUM 13 3aC00IB KE€pyBaHHS BiIPMBOM
NoTOKYy. BujaneHHs 3arajJbMOBaHMX YaCTUHOK MPUMEKOBOIO LIApy Kpi3b MOPHUCTY IUISHKY
HOBEpXHI TaKOX BIMHOCHTBhCS 10 3aco0iB BIUIMBY Ha CTPYKTypy BiapuBnoi Teuii [1-3].
[TopiBHSAHHS pe3ynbTyI0uoi Aii IUX JBOX Pi3HUX ¢ (PI3UUHOI TOUYKHU 30pYy (HaKTOPIB BILIUBY B
paMKax OJIHi€l 1 TeK HaJ[3BYKOBOI Teuiil € aKTyaJIbHOI HayKOBO-IOCIIHOT 3aJaueto.

AHaJi3 ocTaHHiX gocaifkeHsb i myoaikamiii. Y 1960-1980-x pokax mpoBeneHO HU3KY
JIOCITIJIKEHb MPO BILUTUB YMOB TEIUIO- Ta MaCOOOMIHY Ha BiJIpUB HAJA3BYKOBOTO MPHUMENKOBOTO
mrapy JUisl ABOBHUMIPHUX TUIOCKUX Ta OCECUMETPUYHMX Tediid [1, 4-6]. OCHOBHMM HayKOBUM
IHCTpyMEHTOM OYyB (Pi3UUHUI EKCIEepUMEHT MPOAYBAaHHsS B aepoJWHAMIUHUX TpyOax. Busis-
JICHO JEsIKi eMITIpUYHi 3aKOHOMIPHOCTI Ul CTPYKTYpPH Tedii, BIUIUBY BrOpy 3a MOTOKOM, I10-
JIOKEHHS TOYKH BIIPHUBY JJIS TaMiHAPHUX Ta TypOyJECHTHUX B'SI3KO-HEB'S3KMX B3a€MOJIIH.
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3a ocTaHHi JBa JECATUIITTS CUTYallisl B HAYKOBHUX JOCIIPKEHHIX IOA0 I[LOT0 HANpsMYy
NPAaKTUYHO HE 3MIHWJIACA. YTIPaBJIiHHS HAJI3BYKOBHM BiJJpMBOM IIOTOKY 32 JIOTIOMOTOIO TEIl-
J0- Ta MacoOoOMiHY PO3IJISIIAETbCA TUIBKH JUIS TUIOCKMX Ta OCECHMETPUYHHMX Teuidl mpu
HA/I3BYKOBUX Ta TiNEP3BYKOBUX IIBUAKOCTSAX. [IpoBeneHO uncenbHe MOJENIOBAHHA JUIS Ta-
JaI0u0ro KOCOro CTpHOKa yuiiibHEHHS [7], KyTa CTUCHEHHS, CTBOPEHOTO OCECUMETPUYHUMHU
KoHycamu [ 8], HaJ3ByKOBOI YaCcTHHHU coruia JlaBalis pu mepepo3mupeHoMy peskumi tedii [9].
Oxpema yBara npuissiiacs BIUIMBY TeMIIepaTypu oOTIi4HOT OBEPXHI SK HA B3a€MOJIIIO yaap-
HUX XBHJIb 3 TYpOYJECHTHUM MPUMEKOBUM LIAPOM, TaK 1 Ha MPUMEKOBHUH 1Iap, 110 BUIBHO PO-
3BUBAETHCS, 32 PAXYHOK HECTAI[IOHAPHUX e(EKTiB, BIACTHBUX MOJICITIOBAHHIO BEITUKUMU BH-
xopawmu [7, 10].

[opiBHsUTBHUI aHANI3 BILUIMBY TEIIO- Ta MAaCOOOMIHY Ha CTPYKTYpPY HaA3BYKOBUX BiJI-
PUBHHX TEYiil HE TIPOBOAMBCH.

IMocTanoBka 3agayi gocaimkeHHsi. YucebHEe MOJCIOBAHHS BIUIMBY TEIUIO- 1 Maco-
0oOMiHy Ha BipUB HAJA3BYKOBOTO JIAMIHAPHOTO MPUMEKOBOTO HIAPY MPOBOIWIOCS IS YMOB
0azoBux excriepumentiB Hakkinen [11]. Cxemy Teuii HaBezeHO Ha puc. 1.

Pucynok 1 — Cxema B3aemo/1ii KOcoro cTpuoKa yuiijibHEHHS

3 JIJaMiHAPHUM MPUMEKOBUM IIAPOM Ha TJIOCKIN MIACTHHI

Biacrans L Big HOCHKA TUTACTUHM 10 TOYKH MAJIHHS KOCOTO CTPUOKA MO HEB'sI3Kiil Teuii
cranopuna 0.0495m (1.95 mioiima). Yucno PeiiHonmbaca, BU3HAueHe Ha jAaHiil BijcTaHi,
nopisHioBao Re =2.96-10°. Posrisianocs 3Ha4YeHHs KyTa majardoro crpuoka p=32.6° mpu
yucit Maxa M,,=2 He30ypeHOTO TTOTOKY.

VMOBH TeII000MiHYy BH3HAYAIUCH BifHOMIeHHsM T, /T,y miamasoni ot 0.4 1o 1.6. Tyt

T, — Temmeparypa moBepxHi, T, =T (1+ r(}/_z—l)sz — TemIeparypa BIJHOBJEHHS 3

w o0

KoedirienToM BigHOBIeHHA =0.851 ns naminapHux Teuiit npu y=1.4.
IIpu MopaemoBaHHI MacoOOMiHY TMOpUCTa JUISHKA 3HaXo[ujacs B 1HTepBali
0.12<x/L <1.38. IuTeHCHBHICTh MacOOOMIHY Yepe3 MOPHUCTY IUISHKY IJIACTHHU BU3HAYa-

Jach 6e3po3MipHUM MapaMeTpom A =( pv)w /(pU),, ne p — rycruna nositps; V, U, — 3Ha-
YeHHsI IIBUIKOCTI MPH MAacooOMiHI Ta B He30ypeHomy motolll. [lapamerp A 3miHIOBaBCS Yy
niana3osi -0.004<2<0.

YuceabHuil aJaroputm Ta ioro Bepudikaumia. /{11 MareMaTHYHOrO MOJIECTIOBAHHS
BHUKOPHUCTOBYBABCSI HESIBHUM aJITOPUTM pO3B’s3Ky piBHsAHb Hap’e-CTOKCa CTHCIMBOTO Tasy,
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3aMMCcaHuX y AOBUTLHUX KoopauHarax [12]. JluckpeTHwHii aHAIOT BUXITHOI CUCTEMH PiBHSHB
OyayBaBCs HA OCHOBI MeToAa cKiHYeHHUX 00’emiB [13]. KOHBEKTHBHI JAOJaHKH PO3paxo-
BYBAJIHCH 3a JomoMororo cxemu Roe [14, 15]. Ipyruii mopsjgok TOYHOCTI 32 MPOCTOPOM 3a-
Oe3rneuyBaBcsi BUKOPUCTAHHSAM CHMETPUYHOTO OOMeXyBaua nmoTokiB Jamecon [16].

UucenbHuii anroput™ [12] 6yno BepudikoBaHO Ha 33ajauax TPAHC3BYKOBOT'O OOTIKaHHS
aeponuHaMiyHUX TpodiniB. [ BUMaAKy HaI3BYKOBOI Teuii MpOBENEHO AOAATKOBE TECTY-
BaHHs anropuTtMmy [12] y mopiBHSHHI 3 ekcriepuMeHTanbHuMu naHumu [11] (puc. 2-4). Po-
3paxyHkoBa citka mictuia 400x500 By3iiB i3 piBHOMIpHHUM KpokoM 3a Biccto OX. VY mome-
PEYHOMY HANpPSIMKY BY3JIM CITKH 3TYILYBAJUCS MOOIN3Y TBEPAOi CTIHKH, 00 Y IPUMEKOBO-
My mmapi nepen obnactio B3aemoii 3Haxoguwiocs 100+150 By3miB, a B obnacti BiApUBY —
200+250 By3miB.

Pucynok 2 — Po3nofin i300ap B o6sacTi B3aemon i

[Tagarounii BiJ reHepaTtopa CTPUOOK YIIIJIBHEHHS CTBOPIOE B HAA3BYKOBIM HEB'S3Kiil
TeYil TPajl€eHT TUCKY. Y MPHUCTIHKOBIN AUISHII JO3BYKOBOI Tedii 1€ MiJBUIIEHHS THUCKY IO-
HIMPIOETHCS BrOPY 3a TEUi€l0, BUKJIMKAIOUM MOTOBIIEHHS MPUMEKOBOrO LIapy Ta BIIPUB IO-
TOKY. 3arajbHHi mepenaj TUCKY 3a BIIOMTUM CTPUOKOM YILIJIbHEHHS! CTAHOBUB pa/pr,=1.41.
O6uacTi BIAPUBY BIANOBIJAE BiJ’€MHE 3HAU€HHS KoeQilll€HTa TEPTs, y TOYKaX BIIAPUBY Ta
MpUETHAHHS KOEPIIIEHT TepTs MopiBHIOE HYMIO (puc. 3a). Crij 3a3HaYuTH, 10 B €KCIEPHU-
MeHTI [11] Big’eMHI1 3HaueHHs Koe(illieHTa TepTs Ta MO3J0BXKHbOI KOMIIOHEHTH LIBUIKOCTI
HE BUMIPIOBAINCS, a 3aMIHIOBAJINCS HA HYJIbOBI 3HAYEHHS.

BinpuB nmoToky, B CBOIO 4epry, NpU3BOAUTH /10 YTBOPEHHS XBUJIb CTHUCKYBAHHS, K1 y
HEB's3KiM Tedii yTBOPIOIOTH CTpUOOK BiApuBYy. Ilpn 00TikaHHI BIAPUBHOI 30HH (HOPMYIOTHCS
XBWI1 po3pikeHHs tumy [Ipannris-Maiiepa, 110 MPOSBISETHCA Y XapaKTEPHOMY «ILIaTO» Y
po3moALT TUCKY Ha macTuHi (puc. 30). [Ipueagnanns moTOKy Bejie 10 YTBOPEHHS 1€ OJTHOTO
BislJIa XBWJIb CTUCKYBAHHS.
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C, -10°

0) po3MOJIiI TUCKY

Pucynok 3 — Po3nozinu ra3oiluHaMiuHUX apaMeTpiB B3JIOBXK IIACTUHU
® — eKCIepUMEHTaNbHI JaHi [11]; == — po3paxyHOK

3MiHM TPOQUTIB MO3/J0BXKHBOI KOMIIOHEHTH IMIBUJKOCTI HAOYHO MEPEAal0Th €BOJIOLII0
pUMEX0BOro mapy miactunu (puc. 4). [leperun X/L=0.564 3HaX0AUTHCS TOCUTH JAJICKO BiJ
obmnacti B3aemonii. TyT npodiib MIBUAKOCTI BiANOBiAaEe HE30ypeHOMY JIaMiHApHOMY MpH-
MekoBomy mapy. Touka X/L=0.768 po3ramoBaHa Ha HEBENWKIW BiJCTaHi Mepesa BiPUBHOIO
30HOIO (Xsep/L=0.825). Xoua koedimieHT TepTs 3aMuIIaeThcs JOAATHIM, aje y Npodiai MBUA-
KOCT1 y TBEpJAOI CTIHKU IMPOSBISETbCA XapaKTEpPHUN NMPOTHMH, BUKIMKAHUN nepenayero 30y-
PEHB Bropy 3a IOTOKOM.
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B) X/L=0.972 r) x/L=1.486
Pucynok 4 — Po3noainu ra3oJuHaMiqHUX TapaMeTPiB B3J0OBXK IIACTUHU
® — eKClIepUMeHTalbHI faHi [11]; === — po3paxyHOK

[Mpodins mBuakocti npu X/L=0.972 nepenae cTpykTypy Tedii BcepearHi BiJPUBHOI 30-
HU. 3BOPOTHA Teuisl € JO3BYKOBOIO 3 HEBEIMKUMH BiJl’€MHUMU 3HAUEHHSMU KOMIIOHEHTH U.
Cnig 3a3Ha4uMTH, 110 3HAUYEHHS BUCOTH 30HU BIJIPUBY, OTPUMAaHI y PO3paxyHKax Ta eKCIepu-
MeHTi [11], y3romkyroTecs MK coboro. Ham BiApUBHOIO 30HOIO TOTIK MPUCKOPIOETHCS 0
HA/A3BYKOBOTO, TIOTIM BiJJOYBa€ThCsl BUPIBHIOBAHHS Mpodito HeB'si3K0i yacTuHu Teuli. [lepe-
tuH X/L=1.486, po3ramoBanuii B 001aCTi IpuUeIHAHOI Tedii, 1e mpodiab MBUAKOCTI BiIHOB-
JOETHCS 10 (OPMH, IO BIATOBIAAE TaMIHAPHOMY MMPUKOPIOHHOMY IIIapy.
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OCHOBHi pe3yJbTaTH YMCEeJBLHOr0 MOJeI0BaHHsA. [lepiia cepis 4ncCeNbHUX eKcIie-
PUMEHTIB OyJia MPUCBAYECHA BIUIMBY TEMJIOOOMIHY 3 HEMPOHUKHOIO MOBEPXHEIO IUIACTHUHH.
3aranpHa CTPYKTypa B3a€MOJIii, MOJOXKEHHS TOYOK BIAPUBY Ta NMpPUEAHAHHS, 30HA BIUIMBY
BrOpY 3a MOTOKOM iCTOTHO 3aJIeKaTh BiJl TEIJIO0OMiHY 3 TOBEPXHEIO, 10 00TIKA€THCS. 3MEH-

[ICHHSI TEMIIEPaTypH IMJIACTHHHU TPU3BOJIUTEH 10 3MEHIICHHS 00JacTi B3aeMOii, 30JIMKEHHS
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TOYOK BIJIPUBY Ta MPHEIHAHHS, MEHIIOT Iepeiadi 30ypeHb Bropy 3a moTokom (puc. 5-7).
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0) T, /T,=1.0 — HabrKEeHa TETUIOI30IIALIIS
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B) T, /T,=0.4 — 0xo10IKEHHS NOBEPXHI

Pucynok 5 — BruiuB Temneparypu MoBepxHi Ha CTPYKTYpY B3aeMOIii

KOCOro CTpI/I6Ka YH_IiJILHCHHH 3 J'IaMiHapHI/IM IpUMCIKOBUM IApOM
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0) pO3MOALIA TUCKY
Pucynok 6 — BB TemnepaTypu MOBEpXHI Ha PO3MOILIN
ra3oJlMHaMIYHIX TTapaMeTpPiB B3OBXK IJIACTUHU

@i3u4HI 0COOJIIMBOCTI BIUIMBY TEMIIEPAaTypH MOBEPXHI HA B3aEMOJII0 CTpUOKA YIIIb-
HEHHS 3 JJaMIHapHUM MPUMEXOBUM IIAPOM MOKYTh OyTH BHUSBIIEHI IPU aHaIi31 NpoQiiB Ty-
CTUHH, JTUHAMIYHOTO KOe(]iIlieHTa B'A3KOCTi, MOB3JOBXKHIX KOMIIOHEHT MIBUIKOCTI Ta KiJlb-
KOCTi pyxy (puc. 7).

OpHuM 3 (axkTopiB, IO BIUIMBAIOTH HAa XapaKTEPUCTHUKU MPUMEXKOBOTO IIapy, IIO0
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Habirae, € po3Mojaia TyCTHHH. 31 3HM)KCHHSM TeMIepaTypu IUIACTHHHM TYCTHHA rasy, II0
Ha0irae, B MpUMEXOBOMY Imiapi 3poctae (puc. 7a). [yt yMOB I[bOTO PO3PAXYHKY ITiIBUIIICHHS
TYCTHHM Ha NOBepxHi miactunu cranosuno Bin P, /p, =0.382 npu T,/T, =1.6 no
Pulp, =1497 npu T, /T, =04.

[HmmMM pakTopoM € 3HaYeHHS JTUHAMIYHOTO KoedilieHTa MOJEKYISIPHOI B'SI3KOCTI, sSKE
3anexuts Bix Temneparypu notoky /g = (T/T_)*". 3i 36inpmennsm Temmeparypy mia-

CTHHHM B'SI3KICTh Ta3y 30UIBIITYETHCS, IO BEJE A0 T0JAaTKOBOTO TAIbMyBaHHS B IPUMEKOBOMY
mapi (puc. 76, 78).

l sy l L e S
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p°° ll’loo
a) ryCTUHA 0) B’s13 icThb
u I T pu
U, (PV).,
B) IIBUJKICTb I') KUIBKICTD PYXY

Pucynok 7 — BruiuB TemnepaTypu HOBEepXHi Ha pod il ra30JUHAMIYHUX
napametpis nipu X/L=0.564

Ipu mizirpiBaHHI MITACTUHY TIOTIEPEYHUIl TpaieHT mBHaKocTi OU/ON 3MeHIITyeThCS; a

IIPU OXOJIOJKEHHI — 301UIbIIYEThCS; MPODiiab MBUAKOCTI cTae Ounbm "HanoBHeHuM". Coij 3a-
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3HAUUTH, IO Il 3MiHH (PAaKTHYHO HE CTOCYIOTHCS 3HAYCHHS KOe(illieHTa TEPTS B JIAMiHAPHO-
My TPUMEXKOBOMY miapi, mo Halirae (puc. 6a). 31 3MEHIICHHSM 3HAYCHHs IONEPEYHOTrO
rpajieHTa MBUAKOCTI OJHOYACHO 3pOCTa€ 3HAYCHHS JUHAMIYHOTO Koe(ilieHTa MOJEKYIIsp-

HOI B'SI3KOCT1 [{,, HA CTIHIIi, TaK IO KOe]ilieHT TepTs C, y Oe3rpajlicHTHOMY JaMiHAPHOMY

PUMEKOBOMY IIapi NPAKTUYHO HE 3aJE€KUTh BiJ TEMIEpaTypH IUIACTUHU. TakuM 4WHOM, Ha
3MiHY MOB3/JJ0BKHBOI KOMIIOHEHTH KIUIBKOCTI pyXy OJHOYACHO BIUIMBAIOTH 00MABa (hakTopu.
[Tpu 0x0N0/KEeHH1 MIIACTUHU 30UTBIIYETHCS SIK TYCTHHA ra3y, Tak 1 HOro MBHUIKICTb.

[TigirpiB miacTUHU Ma€ 3BOPOTHY TEHJCHIIIO OXOJOKEHHIO. BHACHIOK MiABHUIICHHS
IMITyJIbCy B MO3/I0B)XKHBOMY HaNpsMKY "O0XOJIOMKEHHU" Ta3 crae OiIbIl iHEepUiHHUM, JIeTIIe
JI0J1a€ HEeCHPUSATIMBUN TPATIEHT THUCKY. 30HA B3a€MOJIi 3BYXKYEThCA, TOUYKH BiIPHBY Ta
NpUEIHAHHS 3MIIYIOTBCS 10 TOYKH MaAiHHSA CTPUOKA YIIITBHEHHS 32 HEB'S3KOI0 TEUI€IO.

VY npyriii cepii 4nCeNbHUX €KCIIEPUMEHTIB OYyJI0 PO3IIISTHYTO BIUTMB MAacOOOMIHY Kpi3b
NOPHUCTY AUISHKY IacTHHU. By raszy (A>0) depe3 mopucty AUISHKY He po3risaaBcs. Sk
MOKa3alll pe3ynbTaTH PO3paxyHKiB, Bxke mpu 3HaueHHI A=+0.0005 BimpuBHA 30Ha 3aiiMana
BCIO JIOBXKMHY MOPHUCTOT AUISHKU. BipuB MOTOKY po3magaBcs Ha KibKa BUXPOBUX 30H 13 He-
CTAI[IOHAPHUM XapaKTEPOM B3aEMO/II1.

PesynpTatn po3paxyHKIiB B3aeMOJii KOCOrO CTPUOKA VIMIIBHEHHS 3 TPHUMEKOBHM
JaMiHApHUM IIApOM JUTs 3HAYEHB MapaMmerpa MacoooMminy A<0 mpexacrapieHi Ha puc. 8-10.

Bunanenns 3araqbMOBaHUX YaCTHHOK IPUMEKOBOTO IIApy ICTOTHO BIUIMBAE Ha CTPYK-
Typy Tedii, mo posrnaerbes. CTpUOKH BIAPUBY Ta MPUETHAHHS 30JIMKYIOTHCS MiXK COOOI0,
yrBoprotoun mipu A=-0.003 daxtuyHO perymnsapHe BigoOpakeHHs magarodoro crpubka. [Ipum
3HaueHH1 A=-0.002 Teuisi cTae 6€3BIIPUBHOIO, & KIIATO» TUCKY MOBHICTIO 3HUKAE (puc. 9).

[Tpodini rycTUHM, NWHAMIYHOTO Koe(ilieHTa B'A3KOCTI, MO30BXHIX KOMIIOHEHTIB
HIBUJKOCTI Ta KUIBKOCTI pyXy MPOSACHIOIOTH (PI3U4HI OCOOIMBOCTI BIUIMBY MacOOOMIHY 3 IO-
BEpXHI, 110 OOTIKAETHCS, HA B3a€MOJIII0 CTPUOKA YIIUIBHEHHS 3 JaMIHAPHUM HPUMEXOBHUM
mrapom (puc. 10).

[Tpu 3MiHI mapaMmerpy MacooOMIHY T'yCTMHA Ta JUHAMIYHUNA KOEQIIIEHT B'A3KOCTI
3MIHIOIOTHCS HE3HAYHUM YHMHOM. Jlesike MiIBULIIEHHSI TYCTUHU Ta 3MEHIIEHHSI B'SI3KOCTI MOB'S-
3aHe 13 3aMIIEHHSAM BHJAJICHUX YaCTUHOK OUIbLI IIUIBHUMHU Ta XOJOJHUMH 3 BEPXHBOI da-
CTUHU TIpuMexoBoro mapy (puc. 10a, 100).

OcHOBHHMM (aKTOpOM, IO XapaKTepU3ye 3MIHU B IPUMEXKOBOMY IIapi € 3MiHA MPOPiIIt0
mBuaKocTi (puc. 10B).
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r) 4=-0.003
Pucynok 8 — BruiuB MmacooOMiHy Ha CTPYKTYpPY B3a€MOJIIT
KOCOT'O CTpHOKa YIIUIbHEHHS 3 JJaMiHapHUM IPUMEKOBHM IIapOM
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0) pO3MOALINA TUCKY
Pucynox 9 — BriuB MacooOMiHy MOBEPXHI Ha PO3MOALIN

ra3o/lMHaMIYHUX NTapaMeTpPiB B3JI0BXK IJIACTHHU

BunanenHs 3arabMOBaHUX YaCTUHOK 3 MPUMEKOBOTO IIapy MPU3BOIUTH 0 O11bIIOTO
HANOBHEHHsI MpoduIto mBHUAKOCTI. L{g o6cTaBuHa, y O€qHAHHI 3 TPAKTUYHO MOCTIMHUM 3Ha-
YEHHSIM JIMHAMIYHOro Koeilli€HTa B'SI3KOCTI Ha IMOBEPXHI, BeJe 0 3HAUYHOTO 3POCTaHHS
KoedilieHTa TepTs B MpuMexoBoMy mapi (puc. 9a). PezynmpraToM LUX 3MIH y CTPYKTYpi
MIPUMEKOBOTO APy € 30UIBIIECHHS MMO3/I0BKHBOT KOMITIOHEHTH KUTBKOCTI pyxy (puc. 10r).
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B) IIBUJIKICTb T') KUIBKICTb pyXy

Pucynok 10 — BB macooOMiHy Ha mpo@isii ra30iuHaMIYHUX
napametpis nipu X/L=0.564

BucnoBku. [IpoBeseHo MOpIBHSUIBHUIN aHaNli3 Ha OCHOBI MapaMETPUYHUX YHCEIbHUX
eKCTIIEpUMEHTIB IO BIUIMBY TEIUIO- Ta MacOOOMIHY Ha BiJJpUB MOTOKY IPH B3a€MO/Iii KOCOTO
CTpuOKa YIIIJIbHEHHS 3 JJaMiHAPHUM NPUMEK0BUM IiapoM. Ha ocHOBI 3MiHM npo(difiiB rycTH-
HU, JUHAMIYHOT0 KoedilieHTa B'I3KOCT1, MO30BKHIX KOMIIOHEHT HIBHJIKOCTI 1 KIJIBKOCTI py-
XY B IPUMEKOBOMY IIapi BUSBJIEHO OCHOBHI (Di3WYHI YHHHHKH, SIKI BU3HAYAIOTh BIUIUB YMOB
TEIUIO- Ta MacOOOMIHY Ha CTPYKTYpPY Ha/I3BYKOBOi BIPUBHOI B3a€MO/I1 3 MOBEpxXHE0. Buss-
JIEHO, IO 3a JOMOMOIOI0 TEIUIO- Ta MAacOOOMIHY MOJKJIMBO 3amo0iraHHs BUHUKHEHHIO BiJI-
PHUBHOI 30HU y ABOBUMIPHHUX HAJ3BYKOBUX TEUisIX.
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Numerical simulation of the interaction of a shock wave with a supersonic laminar
boundary layer in the presence of heat and mass exchange with the surface
The results of parametric numerical experiments on the influence of heat and mass
transfer on flow separation during the interaction of an oblique shock wave with a laminar
boundary layer are presented. An implicit finite-volume algorithm for solving the Navier-
Stokes equations for arbitrary coordinates, based on the Roe scheme for convective terms, is
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implemented. The second order of accuracy in space was provided by using the symmetric
Jamecon flux limiter. The numerical algorithm was verified on the problems of transonic and
supersonic laminar and turbulent flows when compared with experimental data.

The study was carried out with the aim of comparative analysis of the possibilities of the
flow separation control using heat and mass transfer with a streamlined surface under the
same conditions of the shock wave/boundary layer interaction.

Spatial pressure distributions, pressure and skin friction coefficient distributions along
the plate, profiles of density, dynamic viscosity coefficient, longitudinal velocity components
and momentum in the laminar boundary layer are presented. The main physical factors de-
termining changes in the structure of the separation interaction under heat and mass transfer
conditions were identified. The effect of heat transfer with the plate was manifested primarily
in changes in the profiles of density and dynamic viscosity coefficient, which significantly de-
pend on temperature. Removal of slowed particles from the boundary layer leads to a greater
filling of the velocity profile by mass transfer with the practically constant value of the dy-
namic viscosity coefficient on the surface.

Based on the analysis of the results obtained, it was found that the main factor in pre-
venting flow separation is the increase in the longitudinal component of the momentum dur-
ing plate cooling by heat transfer and the removal of slowed particles by mass transfer.
Therefore, despite the different physical nature of the impact, heat and mass transfer with the
surface has a similar resulting effect on the size and structure of the supersonic separation
zZone.

Using heat and mass transfer it is possible to prevent the occurrence of a separation
zone in two-dimensional supersonic flows.

Keywords: numerical simulation, shock wave, laminar boundary layer, heat and mass
transfer.

IMoasoBuii Oner bopucoBuy — kaHnauaatr ¢i3.-MaT. HayK, CT. HAYKOBUM CHIBPOOITHUK IH-
CTUTYTY TPAaHCHOPTHUX cucTeM 1 TexHomorii HAH Ykpainu.
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K. CykxoBenko
TH®OPMAIIIMHA TEXHOJIOI'IA JJIA MIATPUMKHU PIIIEHB
Y CO®EPI BIJEOCIIOCTEPEXKEHHS

Anomayis. ¥ cmammi 00cniodcyemvcsi KOHYenyis cmeoperHs Cy4achoi inghopmayitinoi mex-
HOJl02li, sIKa 3a0e3neuye epexmusHy niOmpumKy nputiHamms piweHv y cgepi sioeocnocme-
pedxcenus. 3 0ens0y Ha 3pocmaioyuil 00cse 8i0e00aHUX, WO 2eHEePYIOMbCs CUCmeMamu
MOHIMOPUH2Y, 0COOIUBO 8 YMOBAX YPOAHIZ08AHO20 Cepedosuwd, BUHUKAE nompeda y 8UCOKO-
NPOOVKMUBHUX DIUEHHAX, 30aMHUX npayroeamu 8 pexcumi peairvrno2o uacy. OcHosHa ysaza
NPUOLIAEMbCA AHANIZY MEXHONI02TUHUX NIOX00i8 00 0OPOOKU 8I0eONOMOKIE i3 3aCMOCYBAHHAM
WMY4YHO20 [HmMeNeKmy, Memooié MAWUHHO20 HABYAHHA, 00YUCIeHb Ha nepughepii (edge
computing) ma XmapHux piuieHs. Y mesncax 00cniodiceHHs npedcmasieHo apxXimeKmypHy Mo-
denv bazamopisHesoi ingopmayitinoi cucmemu, AKa 6KIOYAE MOOYII 300py OAHUX, none-
Peonboi 06podKuU, anarimuxu ma npuinamms piueHsb. Ocobausy yeazy npuoileHo anreopum-
Mam 8usielieHHs noodill ma Kiacughikayii no8ediHKOBUX WADIOHI8, WO 00380JIAE€ 3HUSUMU 3d-
JIeJHCHICID 810 I0OCLKO20 (hakmopy npu aHanizi NOMoKi8 CNOCMepe’CeHH .

B pobomi makooic pozensinymo acnexmu inmezpayii maxux cucmem 3 iHWUMU iHGopmayitiHo-
aHanimuyHuMU naamegopmamu, 30Kkpema o6azamu diomempudHux 0aHux, 2eo0iHhopmayitiHumu
cucmemamu, cucmemamu xowmpoaro oocmyny. OOIpYHmMOBaHO nepesazu BUKOPUCMAHHS
edge-apximexmyp, SKi 003601510Mb 3MEHWUMU 3AMPUMKU NPU 00podYi 8i0eo, niosuwumu
ABMOHOMHICMb CUCEMU A 3MEHWUMU HABAHMANICEHHA HA YEHMPATIbHY IHGPACmMpyKmypy.
Pezynomamu docnioscenns moscymos 6ymu @UKOpUCMAH Ol CMBOPEHHs THMEeNeKMYATbHUX
cucmem be3nexku HO8020 NOKONIHHA, 30Kpema 6 pamkax xouyenyii Smart City. I[Ipedcmaene-
HULl nioXio mModce Oymu adanmoeanuli 00 nomped Opeanie Micyeso2o camospady8ants, npa-
B00XOPOHHUX CMPYKMYP, A MAKONC NPUBAMHO20 CEKMOpY, WO 3aUMAEMbCS O0XOPOHOHK
00 ’exmis kpumuyHoi ingpacmpykmypu. Ompumani pe3yiomamu 0eMOHCMPYIOMb NPAKMUYHY
yinnicms 3acmocyganus Hosimuix IT-piwens y cihepi bezneku ma MOHIMOPUHSY.

Knrouoei crnosa: eideocnocmepesicenns, ingpopmayitina mexHonoz2is, niOompumKa nputiHsamms.
piwens, besneka, Al, mawunne Hasuanwus, edge computing, amarimuka OaHux, iHmMezpayis
cucmem, aBMOMamudHe UAENEHHS.

IMocTanoBka nmpodjemMu. Y Cy4acHOMY CYCHIJIBCTBI, IIO XapaKTEPU3YEThCS 3POCTAH-
HSM ypOaHi3allii, TeXHOT€HHOTO HAaBAaHTAXXEHHA Ta 3arpo3 Oe3melli pi3HOro MOXOKEHHs, CHU-
CTEMH BiJICOCIIOCTEPEKEHHS BiAIrpaloTh HAA3BUYAHHO BaKIMBY POJIb y 3aXUCTI TPOMAJICHKO-
ro HOPS/IKY, iIHPpaCTPyKTypH Ta MPUBATHOI BiacHOCTI. TpanuuiiiHi miaxoau 10 BiJ€OMOHITO-
pPHUHTY, IO TependadaroTh MepeBaKHO Qikcallito Ta 30epiraHHs BiJ€03aIUCIB, MOCTYIOBO
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BTPAYalOTh CBOIO €PEKTHUBHICTh. 3 OTJISAY Ha CTPIMKE 3pOCTaHHS KUTBKOCTI JHKEpen BileoiH-
dbopmMartii, pyqHuii meperisiy i aHali3 BiICOMOTOKIB cTae (Pi3UIHO HEMOKIMBUM 1 EKOHOMIYHO
3arpatHuM. Lle 3yMOBIIO€ HEOOXIAHICTE CTBOPEHHS HOBHX 1H(OpPMAIIMHUX TEXHOJIOTIH, SIKi
320€3Meuyr0Th aBTOMaTU30BaHy 00pOOKY BEIHMKUX OOCATIB BiCOJAaHUX 1 3[]aTHI ONEPATUBHO
pearyBaTH Ha KpUTHUYHI TTOIIi.

KitouoBa mpo0Griema mossirae B ToMmy, o0 TpaHCcHOpMYBaTH BiCOCHOCTEPEKECHHS 13
NaCHBHOTO I1HCTPYMEHTY (ikcamii MOl y aKTUBHY IHTENEKTyalbHY CHUCTEMY IiITPUMKHU
OpUKAHATTA pimieHb. Taka cucreMa MOBMHHA HE JIMINE BHUSBISATH MMOTCHIIHHO HeOE3MeuHi Cu-
Tyalii B peaJlbHOMY Yaci, a i aHai3yBaTu iX KOHTEKCT, Ha/IaBaTH PEKOMEH/AIll onepaTopam
a00 HaBITh aBTOMATUYHO IHILIIOBATH BiANOBiAHI Aii. Y LbOMY KOHTEKCTI 0COOJIMBOrO 3Ha-
YyeHHs1 HaOyBa€ 3aCTOCYBAaHHS INTYYHOTO 1HTEJIEKTY, MAIIMHHOTO HaBYaHH:, edge computing
Ta iHTerpamii 3 iIHMKUMHU 1HPOPMaLIHHO-aHATIITHYHUMH CHUCTEeMaMHu. TakuM YMHOM, aKTyajlb-
HICTh JOCIIPKEHHSI 00yMOBIJIEHA MOTPEOOI0 y CTBOPEHHI €(peKTHBHOI, THYYKOi Ta MacmTabo-
BaHOI 1H(POPMALIHHOI TEXHOIOTIi, 34aTHOI 3a0€3MeYNTH MPUIHATTS PillileHh HA OCHOBI BiJ€0-
AQHAJITUKA B YMOBaX JUHAMIYHOTO Ta CKJIaHOTO CEPEIOBUINA.

AHaJi3 ocTaHHIX Aoc/aiIKeHb i myOikamiii. Y cBiTOBI HayKOBiil CIUIBHOTI aKTHBHO
JOCITIJIKYIOTBCSI MOKJIIMBOCT1 3aCTOCYBAaHHS 1HTEJEKTYaJIbHUX TEXHOJIOTIH y cdepi Bimeocro-
CTEpEXKECHHS, 30KpeMa B KOHTEKCTI aBTOMATUYHOTO PO3IMi3HABAHHS MO Ta aHOMAJIBHOT IT0-
BemiHkH. Y poboti Y. Zhang, F. Liu ra M. Wang npeacraBieHO MOJIENb BUSBICHHS aHOMAITii
y pPeXKHMI peabHOTO Yacy, sika IPYHTY€EThCS Ha TITHOOKUX 3TOPTKOBUX HEMPOHHUX MEpexax 1
COpsIMOBaHa Ha MIJBUIIEHHS TOYHOCTI B ypOaHi3oBaHMX cepepoBumax. Gupta i Jain no-
CIIJIKYIOTh €(EKTUBHICTh BUKOPUCTAHHS IITYYHOTO 1HTEJEKTY Y CUCTEMax B1JI€OAHATITUKH,
NPUAUSIIOYN 0COOJIMBY yBary mpoosieMam kiacudikarlii Ta MacTaboBaHOCTI TaKUX PIIICHb.
VYV crarri T. Chen ta L. Chen po3risiHyTo KoHIeMIlit0o o04ucieHb Ha mepudepii (edge
computing) sk 3ac0o0y MiABUIICHHS IBUIKOII1 CUCTEM B1IEOCTIOCTEPEIKEHHSI IIPU 30€pEKEHH1
BHUCOKOro piBHS Oe3meku. [ocmimkenns A. Luna, M. Tortonesi Ta M. Paganelli akientye
yBary Ha IHTerpaiii BiJICOAHAJITUKA 3 XMAapHUMH CEepBICAMU Ta IHTEPHETOM peueH, 110
BIJIKpMBA€ HOBI MOXJIMBOCTI JUIsl aJJaliTUBHOTO YIIPaBIiHHS 1H()OPMaLIHHUMHU MOTOKaMH. Y ci
3rajjai poOOTH 3acBIUYIOTh BUCOKMM HAyKOBUM IHTE€pEC A0 TEMAaTUKH, NMPOTE OUIBLIICTh 3
HUX 30Cepe/PKeHa Ha BY3bKHMX acCleKTax - TaKUX K alrOpUTMHU pO3Mi3HABaHHs abo OKpeMmi
apXITEeKTypHI PIIIEHHS - TOAl SIK KOMIUIEKCHA KOHUEMI[iS TEXHOJIOTIi MIATPUMKH pIIIeHb Y
cthepl BimeoCcToCTepeKEHHS MOTPeOye MOAANBINOI CUCTEMATH3AIT Ta MDKIUCIUTIIIIHAPHOTO
X0y .

Merta nocaigaxenn. MeToro pOro JOCTIIKEHHS € po3po0Ka Ta TEOPETHYHE OOTPYHTY-
BaHHS KOHLEMNIIi 1H(pOpMaliifHOT TeXHONIOr1], 34aTHOT 3a0e3NeYnTH €PEeKTUBHY MiATPUMKY
NPUMHATTA pillieHb y cdepi BiI€OCIOCTEPEKEHHSI HA OCHOBI CYYaCHUX JIOCSTHEHD y Tally3sX
MITYYHOTO 1HTEJIEKTY, MAIIMHHOTO HaBYaHHs, o0unciieHb Ha nepudepii (edge computing) ta
iHTerpamiitHiux 1mudpoBux miargopM. 3okpema, AOCTIHKEHHSI CIPSIMOBAHE HA BU3HAYCHHS
CTPYKTYpH 1 (PYHKITIOHAIBHOI apXiTEKTypH TaKOi CHCTEMH, ii OCHOBHHX MOJYJIIB, METO/IIB
300py, 00poOKH, aHANI3y Ta Bi3yali3allii BiIeOJaHNX, a TAKOXX CIIOCO0IB 1HTETpaIlli 3 IHIUMHA
iHpopMmariifHuMKE cucteMaMu Oe3neku. OcoOMMBY yBary MpHUAUICHO 3aBIaHHSIM PO3POOKH
JITOPUTMIB BUSBJICHHS aHOMaJIbHUX TOAIN y peaqbHOMY Yaci, MiHIMi3aIlii 3aTpPUMOK Y Tepe-
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nadi i 00poOiri iHdopMmarllii, a TaKoX 3a0€3MEYCHHI0 BUCOKOI HAIHHOCTI, MacIITabOBaHOCTI
Ta THYYKOCTI Y 3MIHHUX CepeJOBUIIAX (YHKIIOHYBaHHS CHCTEMH. Y MexXax pPoOOTH TaKOX
nepeadavyaeThCs OLIHKA MOYKIMBOCTEH MPAKTHYHOTO 3aCTOCYBAHHS 3alIPOIIOHOBAHOI KOHIIET-
i B YMOBax «pPO3yMHOTO MiCTa» Ta IHIIMX O€3MEeKOBUX CIICHAPIIB.

Bukiagennsi ocHOBHOro marepiajiy. Iadopmariiina TexHomoris UIs TiATPUMKH
NPUKAHATTS PilIeHb Y cepi BiICOCTIOCTEPEKEHHS Tiepeidadae CTBOPEHHSI KOMIUIEKCHOT Oara-
TOpIBHEBOI CHCTEMHU, IIO MOENHYE B co01 (izuuHi 3acodbu 300py iHdopMariii, iHTeNeKTyanbHi
arOpUTMU 11 00pOOKM Ta MEXaHI3MU MPUIHSATTS PIllIEHb Y PEKUMI peanbHOro Jacy. Taka cu-
cTeMa MOBUHHA OYTH THYYKOIO, MAacIITaOOBAaHOIO Ta CYMICHOIO 3 1HIIUMHU HU(MPOBUMH ILIAT-
dbopMamu, 110 3a0€3MeUyI0Th Oe3IeKy, AaHAITHKY Ta YIPABIIHHS MiCbKOIO 200 MPOMHCIIOBOIO
iH(ppacTpyKTYpor0. Y IEHTPI pO3POOKHU CTOITH i/Ies epeXoy BiJ TPAIHUIIITHOTO, pEaKTUBHO-
r'O BiJIEOCIIOCTEPEKEHHS J0 MPOAKTUBHOTO, MPOTHO3HOTO Ta aJalTHBHOIO MOHITOPUHTY Ha
OCHOBI aHAITUKU JAHUX.

ApXITEKTypa 3alpoIlOHOBAHOI CUCTEMHU OYAYEThCS 3a MPHHIWIIOM i€papXidyHOi Oara-
TopiBHeBOi Mozeni. Ha mepmoMy, ceHCOpHOMY piBHI, 3AiHCHIOETHCS TIEPBUHHNAN 301p AaHUX
3a JIOTIOMOTOI0 BiZIcOKamep, TEIUIOBI3IHHUX CEHCOPIB, JETEKTOPIB PyXy, aKyCTHUYHUX Ta iH-
[IMX CHEiali30BaHuX JaT4YMKiB. BaxximBo, 110 BCi MPUCTPOi MOBHHHI MAaTH MOXIIUBICTH 0€3-
nepepBHOT pOOOTH, ABTOHOMHOTO €HEepro3ade3rneueHHs Ta OyTH 3aXUIICHUMHA BiJl 30BHIIIHIX
BTpy4aHb. Ha mpomy erari ¢opMyeTbcsi IEPBUHHAN BiACOMOTIK, 0 HaIall 00pOOISEThCS Y
MIPOMIKHOMY OOUYHMCITIOBAIbHOMY KOHTYDI.

Jpyruii piBeHb — 00UMCITIOBAIbHUN — BUKOHYE IMONEpeaHI0 00poOKy JaHUX. 3 METOI0
3MEHIIeHHS 00cATiB 1H(opMallii, 10 NepeaaeTbes 10 UEHTPAIbHOIO BY3Ja, 3aCTOCOBYETHCS
CTHCKaHHS, CEerMEHTallls BiZeo, (pUIbTpallis IIyMiB, a TaK0X MM (GPYBaHHS JTaHUX BIJIIOBIAHO
710 TIOJITHK 1H(popMaliiiHoi 6e3neku. [l nporo 3anydaroTbest edge-cepBepu, po3MilIeHi Mo-
0mM3y ceHCOpHOTO piBHS. Lle 103B0oIIsIE€ CYTTEBO CKOPOTHUTH Yac peaKilii CHCTEMH Ta YHUKHYTH
NEePEBAHTAKEHHS MariCTpaJIbHUX KaHAIIB 3B'A3KY.

Tpertiii piBeHb — aHANITUYHUN — € SAPOM TEXHOJOTI MIATPUMKU HPUNUHATTS pILIEHb.
TyT 3acTOCOBYIOTBbCS METOAM IITYYHOTO 1HTENIEKTY, 30Kkpema convolutional neural networks
(CNN), ski 3a0e3neuyroTh po3mi3HaBaHHsA 00'ekTiB, a Takox recurrent neural networks
(RNN), 10 /103BOJISIIOTH MOJIETIOBATH YacOB1 3aJI€KHOCTI y BijeonoToli. [lonatkoBo 3acTo-
COBYIOTbCS MOJIeJIi BUSIBJIEHHs aHOMaiiil (anomaly detection models), siki HaBualOThCS Ha OC-
HOBI ICTOPUYHHUX JAHUX Ta POPMYIOTH aJTOPUTMHU 1IeHTH KLl Migo3pisioi abo Hebe3neuyHoi
noBeaiHKH. [le MoXyTh OyTH MOjen BHUSABICHHS MaJiHHS JIIOJUHH, 3aJUIICHUX IPEIMETIB,
HATOBITY B 3a00pPOHEHI 30H1 TOLIO.

AHamiTHyHa MACUCTEMA TAKOXK IMOBMHHA BKIIIOYATH MEXaHI3MHM CaMOHAaBYaHHSA, 1100
a/JlanTyBaTHCS 10 HOBUX YMOB 1 ciieHapiiB. Hampukian, y rpomaacbkoMy TpaHCIIOPTI cucTeMa
MOJKE Q/IalITyBaTUCS JO THUTIOBHUX TOJAMH ITiK, BUKJIIOYAIOUYM XUOHOIIO3UTHBHI CIPAIIOBAHHS.
[Ipu oMy BOHA TIOBMHHA 30€piraT 3JaTHICTH JI0 BUSBIICHHS JIHCHO HEOE3MEYHUX CUTY-
aIii, Mo BIAXWJISIOTHCS BiJl HOPMH, BKJIIOYAIOUM KOHQIIIKTH, CIPOOW KpamaiKok abo BaH-
JAITI3M.
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Iarepdetic ynpapninas 3a0e3nedye 3pydHy B3a€MO/III0 Ooreparopa 3 cucreMoro. Bin mae
BKJIIOYATH Bi3yali3aliio BiZICONOTOKIB, MiJICBIYyBaHHS KPUTHYHHX IOJiH, CUCTEMY TPHBO-
JKHUX TIOBIJIOMJICHb Ta PEKOMEHIAIii momo nid. Hampukian, y BUMajaKy BUSBICHHS He-
CaHKI[IOHOBAHOTO BXOJly B 3a00pOHEHY 30HY CHCTEMa MOXKE aBTOMATHYHO 3alpOINOHYBAaTH
BUKJIMK CIIy>kOu Oesreku abo modinii, 3adikcyBaTu iHIMIEHT, 30eperTd pparMeHT Bifeo Ta
BHECTH 3aITUC JI0 JKypHATY TOJIIH.

Ocob6nuBy yBary ciijJ NpUAUIUTA O00YMCIEeHHSAM Ha nepudepii (edge computing), siKi
CYTTEBO MiJBUIIYIOTh €(PEKTHUBHICTh ()YHKIIOHYBaHHS CUCTEMH. BUKOHaHHS aHATITHKU Oe3-
ocepeIHbO Ha edge-mpucTposiX J03BOJISAE HE JIUINE 3MCHIINTH 3aTPUMKY, a W MMOKPALIUTH
piBEHb aBTOHOMHOCTI. Y pa3i aBapiiiHOro BIJIKJIIOUEHHS MEpeki ado IEeHTPAILHOTO cepBepa
cucTeMa MPOJIOBKYBAaTHME MPAIIOBATH B JIOKATHHOMY PEXUMI, 10 KPUTUYHO BAXKIMBO IS
00'€KTIB CTPATETIYHOTO 3HAYCHHSI.

VY cyyacHHX peami3alisx TaKuX CHCTEM Bce OLbllle BUKOPUCTOBYIOTHCS TiIOpUIHI MO-
neni, mo KoMmOiHyloTh edge-aHamiTMKy 3 XMapHUMH TexHojorissmu (cloud computing).
Hanpuknan, nepBuHHE BUSBICHHS MOAI1 MOXE BUKOHYBAaTUCh JIOKAJIBHO, & TTMOOKUH aHami3 1
apxiByBaHHS — Ha BijmaneHoMy cepsepi. Lle n03Bosie OanancyBaTu MiXK MIBUAKICTIO 00po0-
KH, TOYHICTIO MOJICJICH 1 EKOHOMIYHICTIO PIllICHb.

[arerpamist 3 iHMMMU iHGOPMAIITHUMU CHUCTEMaMH € BaXKJIMBOI YMOBOKO €(EKTHB-
HOCTI 3aITpONIOHOBAHO1 TeXHOOTii. CHcTeMa MiITPUMKN TPUHHATTA PillleHb Ma€ B3a€MOMISTH
3 0azaMu OIOMETPUYHHUX JAaHUX, CUCTEMaMH KOHTPOJIO JOCTYILY, PEECTpPAMH TPAHCIIOPTHUX
3aco0iB, reoiH(opmaliiHuMu cucteMamu Toino. lle 3a0e3medye MMPIIMKA KOHTEKCT IS
aHaJI3y CUTYaIllil Ta lae 3MOTy 3/1MCHIOBATH MepexpecHy Bepudikaiiro iHdopmarrii.

VrpapiniHHsS 0€3MEKOI0 JaHUX € KPUTUYHUM acleKTOM CHCTEM B1JI€OCIIOCTEPEKEHHS.
[ToTpi6HO 3a0e3meunTH KOH(DIIEHIINHICTh, IIUIICHICTD 1 JOCTYIHICTh BIACOAAHUX IIJISXOM
3aCTOCYBaHHS METOJIB IK(pyBaHHS, HUGPOBUX MIJNHUCIB, MOJITUK KOHTPOJIO JOCTYILY,
KYPHAITIOBAHHS T KOPUCTYBAviB Ta PETYSPHOTO ayJUTy CUCTEM. Y CHCTEMAax 3 BHCOKHMH
BUMOTaMU O€3IeKH BapTO TAKOX pPeai3oByBaTH (YHKI[I aBTOMaTHYHOTO BUSBJICHHS aTak
a00 BTpyYaHHS y B1IEOMTOTOKH.

[Ile oxaHi€0 BaXIUBOK CKIAJOBOI0 € aJalTHUBHICTh CHCTEMH [0 CEpeloBHUIIA
¢yHkiionyBaHHs. Hampukinaa, B ymoBax BEIMKOTO MiCTa 3 BHCOKMM pIBHEM IIyMy Ta
MOCTIMHOIO 3MIHIOBAHICTIO OCBITJIEHHS, CUCTEMa Ma€ JAMHAMIYHO PEryJloBaTU YYyTJIUBICTD,
YaCTOTY KaJpiB Ta MapaMeTpH aJITOPUTMIB PO3MMi3HABAHHS. Taki MOXKJIMBOCTI 3a0€3MeUyrOThb-
s 32 PaxyHOK MO€JHAHHS CEHCOPHHUX JMAaHMX 13 aHATITHYHUMH MOJYJISIMH, 10 CAMOOHOBITIO-
IOTBCSI.

Jns 3a0e3neueHHss MacmTabOBaHOCTI IUIAT(GOPMH JOLULIBHO BHUKOPHUCTOBYBaTH MO-
IyJIbHY CTPYKTYpY IpOTrpamMHOro 3a0e3MeueHHs, IO J03BOJISE JIETKO OHOBIIOBaTH abo
3aMIHIOBaTH OKpeMi KOMIIOHEHTU 0e3 mopyieHHs podoTu Bciei cucremu. lle crnpomrye Tex-
HiYHEe 00CIIyrOBYBaHHS, a/lalTallilo0 10 HOBUX HOPMAaTHUBIB Ta IIBUJKE BIPOBAIKEHHS 1HHO-
Ballii.

Peanizanis onucanoi iHpopMamiiiHOI TEXHOJIOT1i MOXeE ICTOTHO MiJIBULIUTH PiBEHb 0€3-
MEeKH y MICIIIX MacOBOT'O CKYIMYCHHS JIIOJIeH, TPAHCTIOPTHIN 1HOPACTPYKTYypl, HABUYATBHUX 3a-
KJIa/1aX, IPOMUCIOBUX 00'€KTax Ta KUTJIOBUX KOMIUIEKcax. BonHouac BoHa 3/1aTHaA 3a6e3me-
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YuTH OUTBII eEeKTHBHY PEaKlil0 Ha HAA3BUYalHI CHUTYyalii, 3MEHIIUTH KUIbKICTh XHOHUX
BUKJIUKIB 1 MIIBUIIIMTH JOBIpY FPOMaJISH 10 CUCTEM BiJCOMOHITOPUHTY.

VY I0CKOHAJEHHSI MPEICTAaBICHOI CHUCTEMH MOJIJIMBE LUISXOM BIIPOBAKEHHS TEXHO-
Jorii ramOoKoro HaBYaHHSA 3 migKpimieHHsM (reinforcement learning), ski 103BOJIAIOTH CH-
CTeMi CaMOCTII{HO HaBYaTHUCS MPUIMATH ONTUMAaJIbHI PILICHHS HA OCHOBI JIOCBily B3aeMOii 3
HABKOJIMIIHIM cepefoBuilieM. Hanpukian, y TpaHCHOpPTHINA 1HGPACTPYKTypl Taka cucTeMa
MOJKE€ aBTOMATHYHO 3MIHIOBATH MPaBUiIa KOHTPOIIO Tpadiky abo MpiopUTETH CUTHATIB y pasi
BUSIBJICHHS 3aTOpiB, aBapiil UM CKyM4eHHs MHimoxoniB. Lle migBuinye aganTUBHICTh CUCTEMHU
Ta J03BOJISIE PO3MIUPUTH 11 PYHKIIIOHATBHICTD 32 MEX1 TPAAHUIIIITHOTO CIIOCTEPEKCHHS.

3Ha4yHa POJIb Y PO3BUTKY 1H(POPMAILIHOI TEXHOIOTII A BiIEOCIIOCTEPEKESHHS Hajle-
KHTb iHTeporepadebHOCTI, TOOTO 37aTHOCTI €()eKTUBHO B3aEMOJIISATH 3 IHIIUMU IH(PPOBUMHU
CHCTEMaMH — OXOPOHHHMH, €KCTPEHUMH, JIOTICTHYHUMH, EKOJIOTIYHUMH TOIIO. 3a0e3redeHHs
MDKCHCTEMHOT CyMiCHOCTI OTpe0ye JOTPUMaHHS MIKHAPOJAHUX MPOTOKOJIB 0OMIHY TaHUMHU
(ONVIF, RTSP, MQTT) Ta minrpumku Biakputux APIL 1m0 103BOJISiE YHHUKATH TEXHOJOTIY-
HOT 130J1S1011 1 moJernrye MacmradyBaHHs. Taka CyMiCHICTh OCOOJMBO BaXKJIHMBAa B YMOBaX pe-
amizarii mpoektiB Smart City, e BiIEOCIIOCTEPEKESHHS € JIUIIE OJTHIEIO 31 CKIIAJ0BUX BEITHKOL
1HPPACTPYKTYPHOT €KOCUCTEMH.

Kpim TOTO, OTHUM 3 EPCIEKTHUBHUX HAIPSIMIB € BIPOBA/KEHHS MTPOrHO3HOI aHAIITH-
KM, sKa 0a3yeTbCs Ha BHKOPHCTAHHI ICTOPHYHHMX NaHHMX Ui MepeaOavyeHHs MOTSHLIHHUX
MOJIIH, [0 MOXKYTh MaTH HETaTHBHI Hacligku. Hampukiaa, cuctemMa MoXKe aHaji3yBaTh Iu-
HaMIKYy IMOBEIIHKHM y TMEBHIN JIOKAIlli Ta Ha OCHOBI MIa0JOHIB MUHYJIMX MO (hOpMyBaTH Mpo-
THO3 1[0JI0 IMOBIPHOCTI IIPAaBOIOPYILIEHHS a00 aBapiiiHOi cuTyanii. Lle 1ae MOXIUBICTH Op-
raHaM NpaBoONOPSAKY Ta aJMIHICTpalisM 00'€KTIB He JIMILE pearyBaTy Ha Mojii, a i 3amnobira-
TH 1M 3aBJISIKH BUTIEPEKYBATILHUM Ii5IM.

He MeHI BaxxiauBUM € 3a0€3MEUEHHS €THYHOTO acHeKkTy (YHKLIOHYBAHHSI CHUCTEMH
BijieocnioctepexeHHs. [1lupoke BHOpoBaKeHHS TEXHOJOTIH aBTOMAaTHMYHOTO pPO3IMi3HaBaHHS
00114, MOBEAIHKOBOI aHATITUKU Ta O10METPUYHOI 1eHTU(IKALli BUKIMKAE 3aHETIOKOEHHS 3
OOKY IPaBO3axXUCHUKIB 1 TPOMaIIHCHKOTO CycNiJibcTBAa. TOMy po3poOHUKH Ta BIPOBAKyBayl
TakMX pillleHb T[OBUHHI JOTPUMYBATHCS TPUHUUIIB TMPO30POCTi, MIA3BITHOCTI Ta
BIJIMOBITHOCTI YMHHOMY 3aKOHOJABCTBY 11010 3axXUCTy nepcoHanbHux ganux (GDPR, 3akon
VYkpainu «IIpo 3axucT nepcoHanbHUX JAHUX» TOILO).

BaxxnuBo Takok BpaxoByBaTH poJib KOPUCTYBaua y 3arajibHiil CTPyKTypl cucTeMu. Xo0-
ya aBTOMATH3alIlisl € KIOYOBUM E€JIEMEHTOM Cy4YacHO! aHAIITHKH, JIOJICHKUN (pakTop 3aim-
[IA€THCSI BU3HAYAIBHUM Y IPUUHATTI OCTATOYHOTO PIllIeHHS Y CKIagHUX abo Herependady-
BaHUX cuTyalisx. Tomy omnepaTopu cucTeM MalOTh OyTH HaJIEKHUM YMHOM IIATOTOBJIEHI J10
B3aeMO/IT 3 IHTepdeiicoM, po3yMiTH JIOTIKY pOOOTH aHATITUYHUX MOAYIIB Ta BMITH KOPEKTHO
TpakTyBaTH HaJgaHy iH(opmariito. Lle Bumarae cucreMHOro miIxo1y 10 HaBYaHHSI IEPCOHATTY,
BIIPOBAKEHHS CUMYJISILIIHUX TpeHa)XepiB 1 po3p0oOKH aJanTUBHUX HAaBYAJIbHUX MPOTpaM.

BucnoBku. Y mporeci gociikeHHsT Oyno JOBENEHO, L0 CydacHl BUKIMKH Yy cdepi
0e3neKku noTpedyoTh MPUHILIUIIOBO HOBHX MIJXOIB IO OpraHi3allii BiI€OCIIOCTEPEHKEHHS, 30-
KpeMa — IIepexoay BiJl INACHBHOIO CIOCTEPEXKEHHS A0 AKTUBHOI MIATPUMKU MNPUHHSITTA

88 ISSN 1562-9945 (Print)

ISSN 2707-7977 (Online)



«Cucremui Texnonorii» 5 (160) 2025 «System technologiesy

pimens. 3arnpornoHoBaHa iHpopMaliiiHa TeXHOIOTiA 0a3yeTbcs Ha OaraTOpiBHEBIM apxiTek-
Typi, IO BKIIOYAa€ CEHCOPHUH piBeHBb 300py JaHUX, OOUMCIIIOBAJIBHI BY3JH 3 €JIEMEHTaMU
edge-o0po0OKy, aHAITHYHI MO/YJII 3 BUKOPUCTAHHSM JITOPUTMIB IITYYHOTO IHTEICKTY, a Ta-
KOX 3aco0m iHTepdeiicHOT B3aEMO/IiT 3 KOpHCTyBaueM. BaxkIIMBOIO MepeBaror TaKOTO IiIX0-
Iy € 3JaTHICTh CHCTEMH JI0 ()YHKI[IOHYBaHHS B pealbHOMY Yaci, aJanTailii 10 3MiH cepero-
BUIIIa, CAMOHABYAHHS, a TAKOXX IHTErpamii 3 IHIHMMU IUPPOBHUMU €KOocUcTeMaMu. Brpo-
Ba/DKEHHSI TEXHOJIOTIi JJ03BOJISIE aBTOMATH3yBaTH BUSBJICHHS 3arpo3, ONTHUMI3YBaTH PECypcH
OIepaTopiB, 3MEHIINUTH KUIBKICTh XUOHUX CIIPALIbOBYBAHb 1 3a0€3MEUUTH BUILY SKICTh peary-
BaHHS HAa KPUTUYHI MOJII.

KommekcHicTh po3po01eHoi KOHLENIIiT nojsrae y ii 31aTHOCTI 00’ €JHYBaTH TEXHIYHY,
pOTpaMHy, OpraHi3aliiiHy Ta €THYHY CKJIaJ0Bi (PYHKI[IOHYBaHHS Cy4acHOI CUCTEMH Bileoc-
HOCTEPEKEHHs. Y CTaTTi 0OIPYHTOBAHO, 10 moeaHanHs Al-ananitiku, edge computing, inTe-
rpalifHIX MOXKJIMBOCTEH 3 TeoiH(opMaliiiHuMu cucteMaMu, 6a3aMu JaHUX, MOAYJISIMU Oi0-
MeTpii Ta KOHTPOJIIO JOCTYITY CTBOPIOE OCHOBY JJISi CTBOPEHHSI HOBOI reHepartii 0e3rmeKoBux
pimens. [IpencraBnena ingopMariiiiHa TEXHOJIOTIS € MEPCIEeKTUBHOIO Ui BUKOPUCTAHHS B
YMOBaxX peaiizalii KOHIEMIii «pO3yMHOTO MiCTa», 3aXUCTY 00'€KTiB KPUTUYHOI iH(pacTpyk-
TypH, aBTOMAaTU30BaHUX JIOTICTUYHHUX IICHTPIB Ta 00 €KTIB MiJABHINEHOTO pU3nKy. [Togambmri
JOCITIJKEHHST JIOIUJIFHO CIIPSIMYBaTH Ha anpoOarlito MOJeli B peaJbHUX YMOBAaxX, PO3POOKY
YHIBEpCAJIbHUX HPOTOKOJIIB B3a€MOJIii Ta CTBOPEHHS HOPMATHUBHOTO PETYIIOBAHHS IIOAO il
BIIPOBA/DKEHHS 3 YpaxyBaHHSIM CTaHIApPTiB KOH(IACHIIHHOCTI Ta 3aXMCTy NEPCOHAIBHUX Ja-
HUX.
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Information technology for decision support in the field of video surveillance

The article explores the concept of developing a modern information technology system
designed to provide effective decision support in the field of video surveillance. Given the in-
creasing volume of video data generated by monitoring systems, especially in urban environ-
ments, there is a growing need for high-performance solutions capable of operating in real
time. The focus is placed on analyzing technological approaches to video stream processing
using artificial intelligence, machine learning methods, edge computing, and cloud-based so-
lutions. The study presents an architectural model of a multi-level information system that
includes modules for data collection, preprocessing, analytics, and decision-making. Special
attention is given to event detection algorithms and the classification of behavioral patterns,
which helps reduce dependence on human intervention during surveillance analysis.

The paper also examines aspects of integrating such systems with other information-
analytical platforms, including biometric databases, geographic information systems, and ac-
cess control systems. The advantages of edge architectures are substantiated, as they reduce
video processing latency, enhance system autonomy, and lower the load on central infrastruc-
ture. The research findings can be applied to the development of next-generation intelligent
security systems, particularly within the framework of the Smart City concept. The proposed
approach can be adapted to meet the needs of local authorities, law enforcement agencies,
and private sector entities involved in the protection of critical infrastructure. The results
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demonstrate the practical value of implementing advanced IT solutions in the domains of se-
curity and monitoring.
Keywords: video surveillance, information technology, decision support, security, Al,
machine learning, edge computing, data analytics, system integration, automatic detection.
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M./1. 3iauenko, O.1O. IToran, A.A. Bypyax,
M.B. Muxaiinoscekuii, B.1. [llubakincekuii, JI.X. IBanosa
JOCJIIXXEHHS ITPOILIECY PI3BAHHS COPTOBOI'O ITPOKATY
HA PEMKOBAJIOYHUX TA BEJJUKOCOPTHUX CTAHAX

Anomayis. Memorw pobomu € 00CHIONCEHH YMOB PI3AHHA OCMAHHBLOI WMAH2U MIPDHOT 006-
HCUHU MA 3ANUWKY NPOKAMY 8 YMOBAX HeCMAaObIIbHOI 008XCUHU PO3KAMY, WO Peani3yiomuvcs
5K HACNIOOK KOAUBAHL PO3MIDI6 3a20Mi60K Ma MeMnepamypHo20 pexcumy npokamku. Poz-
Kam pidcemuvcsi Ha wimaneu 0OHiei MIpHOT 008IHCUHU 8I0NOBIOHO 3AMOBIEHHIO, dlle KOAUBAHHS
008IUCUHU PO3KAMY NPU3B00UMb 00 MO20, WO OCMAHHI Wmanea modice Oymu abo 30invuie-
HoM, abo ckopouenoro. Axujo wmanea 30inbuiena, mo GeIUYUHA 3ATUWUKY MOdce OYmu 3a-
Haomo 6enuKorw i, wob He empadamu NPUOAMHUL NPOKAM I He Nepesooumu 3aIUUOK ) i0-
X00U, OCMAHHIO WMAH2Y I 3ATUULOK DIXCYMb HA 081 WMAaH2U HOPMATLHOL 008dcuHU. B pobomi
NOKA3GHO, W0 BeIUYUHA 3ANUWKY, NHOYUHAIOYU 3 IKO20 mpeda pizamu Ha 08I wWmanau Hopma-
JILHOI 00BIHCUHU, BUSHAYAEMBC EKOHOMIUHOIO OOYIILHICTIO, WO 00podicYe — UWMAaHea MipHOT
008ICUHU MA 3ATUMOK aOO 081 wmaHau HOpMAaIbHOI dosxcunu. Hasedeno supas onsi ompu-
MAHHSL BETUYUHU 3ATUWKY 8 3ANEeHCHOCMI 810 Mipu wmaHnau MipHoi 008JcutU, Koepiyicnmie
gapmocmi wmane HOPMANbHOI 008AUCUHU Ma 8I0X00i8. /11 ymos npoxamxu weenepa 24 na
cmani 800 senuuuna sanuwky cknaoae 0,86 m. Iloxazano, wo 015 3a6e3neyeHHs MaKCUMAalb-
HO20 NpUubYmKy 8 3aNedCHOCMI 8i0 BeIUYUHU 3ANUWUKY, OCHMAHHA WMAH2A MIPHOI 008ICUHU
Modice Oymu nopizana makumu cnocooamu: Ha WmManey MipHoi 008XHCUHU MA 3ATUUIOK, HA 081
WMaHeu HOPMANbHOI 008NHCUHU AO0 HA WIMAH2Y MIPHOI 008XHCUHU MA WIMAHSY HOPMATbHOT
008IHCUHU.

Knrouoei crnosa: dossicuna posxamy, pisanHs, wmanea MipHoi 008H#CUHU, ULMAH2A HOPMATbHOT
008IHCUHU, 3ATTUULOK.

ITocTanoBka mpodaemu. [Ipu BUpOOHHUIITBI COPTOBOTO MPOKATy HA BEIMKOCOPTHHUX 1
peiko0aouHNX CcTaHax MPOKAT MOCTABISETHCS IITAaHTaMU MIpHOI JOBXHMHHU BIJMOBIIHO 3a-
MOBJICHHIO, KpPAaTHOI MIpHOI JIOBXXHHHU, HEMIPHOI TOBXHUHU. [IpoKaT BUTOTOBISAETHCS JTOBKU-
HOIO B Mexax Big 4 m a0 11,7 abo 12 M. PizaHHs roTOBOrO MpOKaTy 3A1MCHIOETHCS HA MUJIAX
rapsidoi pizKu, Ipu IIbOMY 3aCTOCOBYIOTBHCS Pi3HI CXEMHU PO3KpOIo mpokaTty [1].

KonuBanHS TOBXHUHU pO3KaTy, sIKi 0OOYMOBIIEHI KOJMBaHHIMHU PO3MIpiB 3aroTiBKH, Te-
MIepaTypH po3KaTiB, 3HOCOM BaJIKiB 1 MiIIIMITHUKIB, IPU3BOJAATH A0 TOTO, IO OCTAHHS LITa-
HTa BUSBISETHCS a00 MIPHOI JIOBXKHUHH 13 3aJIHMIIKOM, 200 CKOPOYEHOI0, TOOTO HEMIPHOI JI0B-
KUHU. Y BUNAJIKY, SIKIIO 3aJHMIIOK MEPEBUIIY€E BETUUYNHY TEXHOJIOTIYHOI 00pi3i, 1100 3amobi-
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I'TH TIEPEBOJLY Y BIAXOAM MPHUAATHOTO MMPOKATY, OCTAHHS IITAHTa MipHOI JOBXHHU 1 3aJIMIIOK
PLKYTbCS Ha [BI IITAHTU HEMiIPHOI HOPMAJILHOI JOBXKHHU.

OpHak BHUHUKA€ NMUTAHHA, MOYMHAIOYU 3 SIKOI JOBXKUHH 3aJUIIKY IOLUUIBHO pi3aTh
OCTaHHIO IITAHTY MIpHOI JOBXHHHU 1 3aJIMIIOK HA JIBl IITAHTW HEMipHOI HOPMAJIBHOI JTOBXKH-
HU.

AHai3 ocTaHHiX xociaikeHb. [ 3amo0iraHHsA MOSBU BEIUMKHX 3aJIUIIKIB, SIKI MO-
XKyTbh OyTH BiIIIPaBJICHI y BIAXO/IM, HA 3arOTIBEIbHUX CTaHAX 3aCTOCOBYIOTH Pi3HI CXEeMH PO3-
KpOIO TMPOKATy, 0 3a0e3MeUyI0Th pi3aHHs HOro Ha MITAHTU KPATHOI JOBXKUHU 1 THM CaMUM
0e3 3aJMIIKOBUI PO3Kpii MPOKaTy Ha MUJIAX.

Ane 1 CTaHiB, SIKi BUPOOJSIOTH TOBAapHY MPOIYKIiIO, TAKM CXEMH 3aCTOCYBaTH HE
MosxkHa. Hanpuxiian, cepeaubocoptHuil ctad 550 Mae JOBXKMHY pO3KaTy Ha MUJIAX 3 ypaxy-
BaHHSM TI€PEeIHBOI 1 3aIHBOT TEXHOJIOTIYHOI 00pi3i geck 50 M. Pi3aHHs Ha mITaHTH MiIpHOI J0-
BKUHU 12 M 3a0e3neuye oTpuMaHHs 4-X IITaHT 3 OJHOTO po3Katy. [Ipu KonuBaHHIX TOBXKH-
HHU PO3KaTy MOKe OyTH OTpUMaHa OCTAaHHS IITaHTa HOPMAaJbHOI JOBXKHHHU NPH CKOPOYEHHI
JOBKMHH PO3KATy 1 OTPHMAaHI JIBI MITAaHTH HOPMAJBHOI JIOBXKUHHU 3aMiCTh OCTaHHBOI MIpPHOI
HITAQHTH, KOO JOBXHHA po3Kary Oyse 30inbniena. [ TakuM YMHOM 3’ SIBIISIETHCS 1€Ch PUOITH-
3HO 25% mTaHT HOPMAJIbHOI JTOBKUHHU.

KonmBaHHS MOBXHMHM PO3KATIB HAa CTaHAX Tapsyoi MPOKATKH OOYMOBJICHI T'OJIOBHUM
YHHOM KOJINBAaHHSIMH TEMIIEPAaTypH PO3KaTy, sIKi BIUTMBAIOTh HAa CHITY NMPOKATKH, MPYXKHY Je-
dbopMarrito eJIeMeHTIB IPOKATHOT KIIITI 1 BaJIKiB, IO MPU3BOIUTE 10 3MIHCHHS TOBIIUHHU PO3-
KaTy 1, THM CaMHMM, HOTO JIOBXKHHH.

B peiiko0anoyHoMy 1eXy TEXHOJOTIYHMM MpOIeC peaji3oBaHUN HACTYTHUM YHHOM.
Pozkar micnsg npokaTky Ha OJIFOMIHTY pIKEThCS Ha NMapOoriipaBiIiuyHOMY HOXI HA YaCTHUHH, K1
TPaH3UTOM O€3 MPOMDKHOTO MiAIrpiBy MOCTynarTh Ha ctan 800. B 3amexHOCTI Bi TUITY
MPOKATy Pi3aHHS MO)KE BUKOHYBAaTHUCA Ha JB1 1 OLJIbIIE YaCTUH, K1 IPOKATYIOTHCS MOCIII0B-
HO OJIHAa 32 OJHOIO, B PE3YJIbTATI YOr0 KO’KHA HACTyIHAa YacTHHA 3a PaXyHOK OCTUTaHHS Ma€
TEeMIIepaTypy HIXKYY, HIXK MOMEPEIHs], IO MPU3BOAUTE 10 30UTBIIEHHS TOBIIMHU PO3KaTy 1
3MEHILEHHS JOBXKHWHU po3kary. Hampukinaza, npu npokarii mBesnepa 24 pi3HULS B TOBIIUHI
M YaCTHHAMU B 3aJIS)KHOCTI BiJl KUTbKOCTI wacTuH ckiamana 0,3-0,5 mm, pi3HHIS B Maci 1mo-
ronroro merpa — 0,7-1,0 kr [2] .

Ha cepeaarocopTHOMy cTani 550 HarpiB 3aroTiBOK 3AIMCHIOETHCS Y BOX HArpiBaIbHUX
neyvax, 10 CTBOPIOE KOJIMBAHHS TeMIlepaTypu 3aroTiBok. KpiM 11p0oro, HarpiBaHHs 3aroTiBOK
PI3HOT TOBXXMHU TEXK MPU3BOJIUTH 0 MOSIBU KOJMBaHb TEMIIEPATYpU - KOPOTKI 3aroTiBKU Ha-
rpiBarOThCs 10 OiIbII BUCOKiH Temneparypu [3]. KonuBaHHS TOBIIMHY MPOKATY HA CTaHi IS
pi3HUX npoduIiB ckiagaoTh A0 0,2 MM, KOJIUBaHHS 10BXKUHM rpokaty + 0,35-0,8 M.

OcHoBHMIT MaTepian nociigkenHs. B tabmuimi 1 HaBeneHi ekcnepuMeHTalIbHI AaH1
KOJIMBAaHb JIOBKMHU PO3KATIB, SIKi OTPUMaHi Ha Pi3HUX MpokaTHUX cTaHax [4]. Cran 550-1 —
1[e CTaH 3 JIIHIMHUM pO3TallyBaHHSIM MPOKAaTHUX kiiTed. [Ipu mpokaTii Ha moaIOHMX CTaHax
Jy’K€ 4acTO BUHUKAIOTh 3aTPUMKH PO3KATIB B JIiHIT cTaHa, 1110 IPU3BOAUTH IO KOJUBAaHb TEM-
nepatypu po3kariB. Ctan 800 Tex JiHIHHOTO TUIY, ajleé KOJMBAHHS TeMIepaTypu TYT BiI0Y-
BAIOTHCS 32 PAXYHOK OCTHTAHHS YaCTHH PO3KATIB ITICJISA pi3aHHS HA MapoTiIpaBIiYHOMY HOXI.
Cran 550-2 — 11e cTaH 3 MOCTiJOBHUM PO3TAIIyBaHHSIM MPOKATHUX KJIITEH, K1 pO3TaIlIOBaHI B
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nBi minii. [IpyuuHM KOJIMBaHb TEMIEpaTypH: HArpiB B ABOX IeYax, pi3Ha JOBXKHWHA 3arOTiBOK,
3aTPUMKH NPU TPOKaTHi. AJle el CTaH OCHAIEHUH MPOKATHUMH KIITSAMH 3 MiABHILEHOIO
KOPCTKICTIO 32 paXyHOK IOTEPEIHBOT0 HAMPYKEHHS KIITEH, 10 3MEHIIye MpYXHY Aedop-
MaIlil0 eJIEMEHTIB KJIITe! Ta BIUIMB TEMIEpaTypy Ha TOBIIMHY PO3KATIB.

Tabmuns 1
[TapameTrpu ricrorpam JTOBXHHH PO3KaTy
Cepen- | Huc- Tpu Mini- | Mak- | Pis-
No . HE nep- CKB* | CKB, | manpHe | cum. | HHUI,
[Tpodinb .
3/ 3HaY. cis, 3HaY. 3HaY.
M M’ M M M M M
1 | senep 12,c1.550-1 51,30 0,144 0,38 1,14 50,4 52,08 | 1,68
2 | Kyruk 80 c1.550-1 50,06 0,11 0,33 0,99 49,28 | 50,60 | 1,32
3 | LlIsenep 24 cran 800, | 87,99 6,00 2,45 7,35 82,17 | 90,80 | 8,63
ycs BUOipka
4 | llBenep 24 cran 800, | 90,02 0,299 0,55 1,64 89,1 90,80 1,7
1 yacTuHa
5 | Ilsenep 24 cran 800, | 88,62 1,53 1,24 3,71 87,2 90,10 2,9
2 yacTHHA
6 | Lleenmep 24 craun800, | 85,30 5,69 3,39 7,17 82,17 | 87,40 | 5,23
3 yacTtuHa
7 | Kyruk 90, cran| 46,11 0,236 0,49 1,46 4495 | 46,85 | 1,90
550-2
8 | llBemep 10 cran | 49,49 0,014 0,12 0,35 49,32 | 49,72 | 0,40
550-2
9 |IlBemep 14 cran| 36,44 0,017 0,13 0,39 36,26 | 36,76 0,5
550-2
10 | IBenep 16 cran | 36,79 0,072 0,27 0,80 35,66 | 37,16 15
550-2

*CKB — cepenHbOKBaIpaTUUHE BIIXUICHHS

3 a6y | BUXOIUTH, 110 KOJUBAHHS JOBXXHHHU PO3KATIB, 5K 00YMOBJICHI KOJTMBaHHSI-
MU TEMIIEpaTypu po3KariB, BiOyBatoThes s ctaHa 550-1 B Mexxax + 1 M, ans crana 800 —
+ 3,71 M, KOJMBaHHS JTOBXXWHU 3-01 YaCTUHU OOYMOBJICHI KOJMBAHHSIMH MAacH 3JIUTKA, JJIS
crana 550-2 xonuBaHHs 3Ha4HO MeHIe — Bif £ 0,35 10 + 0,8 M. 1li konuBaHHS TOBXWUHU PO3-
KaTiB MPU3BOISATH MIPH pi3aHHI HA MUJIAX JIO MOSBH MITAHT HOPMATBHOT TOBKUHH.

B Tabnwii 2 HaBeaeHMIA aHAII3 TIPOIECY Pi3aHHS Ha MIIAX PO3KaTiB mBenepa 24, sKuit
BUKOHAHUH JIJIs1 TOBKUH PO3KATIB, IO OyJIM OTpHUMaHi 3a pe3yJbTaTaMU €KCIIEPUMEHTATbHIX
nociimkeHnb Ha ctadl 800. [Ipu mpoBeneHH] eKCIepUMEHTATBHUX JTOCHIPKEHb BUMIPIOBaJiach
JIOB’KMHA PO3KaTiB, Ha MUJax BiAOMpaIuch MpoOU pPO3KaTiB, sIKI OOMIPIOBATIUCH Ta 3BaXKyBa-
JIUCh, TII00 BU3HAYMTH Macy OTOHHOTO METpa.
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Pizanns BinOyBanock Ha TOBXMHY MipHUX mTaHr 11 M. Buxonsuu 3 1iporo nopaxysaiu,

sika OyJie KUTbKICTh IITaHT MipHOI JOBXHHH, X JOBXKHHA Ta Maca, IITaHT HOPMAJIbHOI TOBXKHU-

HH, 1X JJOBJKMHA Ta Maca, a TAKO>K JIOBJKMHA Ta Maca 3aJIUIIKIB.

Cyma JOBXKHH TEXHOJIOTIYHOT 00pi3i MepeaHbOro 1 3aIHHOrO KiHIIIB CKiIagana 1,6 m.

Tabnuus 2

ExcniepumeHTanbHi AaHi JOBKHHU PO3KATYy, IITAHT MIpHOI Ta HOPMaJIbHOI TOBKUHH, iX Mac,

K1 OTpUMaHi npu npokatii Ha crani 800 mBenepa 24

HoB- | Maca | Maca | Hos- | Maca | Hos- | Maca | HoB- | Maca | Maca
XKHU-HA | IOTOH. | pO3Ka- | XKU-HA | Mip- | )KM-Ha | HOp- | XKH-Ha 3a- | obOpi3i,
No | PO3Ka- | MeTpa, Ty Mip- | HUXII- | HOp- | MaJb- 3a- JU1II-
o/ Ty HUX TaHr, | Majb- HUX JIIII- 9%
KT IITaHT HUX | IITaHT Ky KT
M KT , KT IITaHT , M KT
M , KT
M
1 88.3 22.99 | 2004 77 1770 9,7 223 — — 36,78
2 89,1 23,76 | 2117 77 1829 10,5 249 — — 38,02
3 88,1 2451 | 2159 77 1887 9,5 232 — — 39,22
4 | 82,17 24,3 1997 66 1603 | 14,57 354 — — 38,88
5 89,9 23,02 | 2069 88 2025 — — 0,3 6,91 36,83
6 88,8 22,43 | 1992 77 1727 10,2 228 — — 35,89
7 | 82,37 | 24,47 | 2016 66 1615 | 14,77 361 — — 39,15
8 90,8 22,56 | 2048 88 1985 — — 1,2 27,01 36,1
9 87,2 23,18 | 2021 77 1784 8,6 199 — — 37,09
10 | 86,07 | 24,16 | 2079 77 1860 7,47 180 — — 38,66
11 | 90,1 22,71 | 2046 88 1998 — — 0,5 11,36 | 36,34
12 90 22,42 | 2018 88 1972 — — 0,4 8,97 35,87
13 | 86,87 | 24,05 | 2089 77 1851 8,27 198 — — 38,48
14 | 90,2 23,27 | 2099 88 2047 — — 0,6 13,97 | 37,23
15 | 90,1 23 2072 88 2024 — — 0,5 11,5 36,8
16 | 87,4 | 24,15 | 2111 77 1859 8,8 212 — — 38,64
17 90 23,23 | 2091 88 2044 — — 0,4 9,29 37,17
18 | 87,5 23,59 | 2064 77 1816 8,9 209 — — 37,74
19 | 86,9 24,01 | 2086 77 1848 8,3 199 — — 38,42
% 100 100 90,79 | 90,74 | 7,15 7,27 0,23 0,23 1,82

Takum YMHOM €KCTIEpUMEHTAIbHI JOCTIHKEHHS CB1T4aTh, 10 KOJUBAHHS JOBXHHH PO-

3KaTiB BIJ0YBAIOThCSA B 3HAUHUX MEXaX Ta MPU3BOJATH J0 MOSIBU, KPIM TEXHOJIOT1YHOT 00pi3i,

HITAaHT HOPMAJIbHOT TOBXKHUHH 1 3aJIUIIKIB.

MeToro aocaigxeHHs € aHAJ3 YMOB MPOIIECY pi3aHHs I 3a0e3MmeUeHHsT MaKCUMallb-

HOTO NMPUOYTKY MpH peaiizaiii BUpoOIEHOro IpoKary.

3po3yMiJio, MO HEOOX1THO BUXOAUTH 3 €KOHOMIYHOI OIIJIBHOCTI, IO KOIITYE TOPOK-

ye: IITaHTa MIpHOI JOBXKMHU 1 3JIMIIOK a00 1Bl IITaHTM HOPMaJbHOI MOBXUHU. [Ipu 1ipomy

Tpeba BpaxoByBaTH OOMEXKECHHS, SIK1 HAKJIAAAIOThCs 00JIaIHAHHIM, TEXHOJIOTTYHUM MTPOILIECOM

MPOKATKH Ta MPOLECOM Pi3aHHS PO3KaTy Ha MUJIaX.
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L{s ymoBa Mo>xe OyTH 3amucaHa y HACTYITHOMY BUTJISII:
CI.H + Kom):CIx = KHop,wC (Iw + Ir) 1 (l)

ne C— Bapricts 1 T mwTanr MipHOT TOBXHUHY; |, — 1OBXWHA mITaHTHM MipHOT 1OBXUHY; |, — 10-

BkMHA 3ammmky; K = — xoedimieHT BapTocTi BiaxoxdiB; K — koedimieHT BapTOCTi IITaHT

siox Hpa
HOPMAaJIBHOI IOBXKUHHU.

Koedirientu BapTOCT BIIXOIB 1 IITAHT HOPMAJIBHOI JOBXUHU BHU3HAYAIOTHCS BiTHOC-
HO BapTOCTI IITAHT MIPHOT IOBXXUHHU 1 € 6€3pO3MIpHUMH.

[Ticas neperBopeHHs Bupasy (1) orpumaemo Bupa3s uist 3umky | :

— (l_ KHpM) )
(KHPM - Ksiz)x) "

MoxyTs OyTH 3aCTOCOBaHI Pi3HI CXEMH pi3aHHS 3IMIIKY TOTOBOTO PO3KAaTy B 3aJICK-

)

HOCTI BiJl OTO JOBKHMHU: Pi3aHHS Ha INTAaHTy MipHOI JOBXHWHU 1 3aJIUIIOK, Pi3aHHSA HA JBI
IITAaHTH HOPMAJIbHOI JIOBXKWHU, Pi3aHHS HA MITAHTY MIpHOI JTOBXXHWHH 1 IITAaHTY HOPMAaJbHOI
JOBXHHH. AJie TP IIbOMY HEOOX1THO TOTPUMYBATHCS YMOBH, 00 BapTiCTh OTPUMAHHX ITiC-
JIs1 pi3aHHS IWTAHT Oyjia MAKCUMAJIBHOIO.

Ha puc. 1 HaBeneHi 3aeXHOCTI YMOBHOI BapTOCTiI HPOKaTy IMpPH pi3aHHI 3aJUIIKY 32
BKa3aHMMH BUIIIE CXEMaMH pi3aHHs i oo mBenep 24, sKi oTpuMaHi s IITaHTH Mip-

=0,12. 3navenns koedimie-

Hoi joexkunu 11,7 m 1 koedinientis Baprocti K, = =0,94, K
HTIB 00paHi BUXO/SUM 3 IiH Ha IPOKAT MIPHOi 1 HOPMAJIbHOI TOBXHUHM Ta Biaxoau. JJoBxuHa
3aJIUIIKY, IPU KOMY IPOKAaT JOLIBHO Pi3aTH Ha AB1 IITAHTY HOPMaJIbHOI TOBXKHHH CKJIajae
0,86 M.

3anexHicTh | BIANOBiAa€ BUMAAKY pPi3aHHS Ha IUTAHTY MIpPHOI TOBXHHHU 1 3aJIMIIOK, 3a-
JISKHICTD 2 BIJIMOBIAA€ BUMAJKY Pi3aHHS Ha JBI LITAHTU HOPMAJIbHOI IOBXKUHH, 3aJI€KHICTh 3
BIJIIIOBIa€ BUMAJKY P13aHHS Ha IITAHTY MIPHOI JOBKUHU 1 IITAaHTy HOPMaJIbHOI JJOBXKHUHHU.

3anexHicTh 1 moOynoBaHa 3a BUpa3oM:

V=l,+K,, *I.. 3)

8I0X X

3anexHIicTh 2 MoOy/0BaHa 32 BUPA30M:
V = Kup,w (IM + Ix) : (4)

3anexHicTh 3 MOOyIOBaHAa 32 BUPA3aMHu:
V=I,+K,I, sxmol <I

6iox " x ! Hpm.min

5
V=I,+K, |, sxmo | >I ©)

Hpm x ! Hpm.min
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Pucynoxk 1 - 3anexHicTh YMOBHOT BapTOCTi BiJ JOBKUHH 3aJTHUILIKY
IXp — po3paxyHKOBe 3HAYEHHS 3aIHIIKY, [HpM.MIN —MiHIMalIbHE 3HAYCHHSI

JOBXHWHU IITaHTU HOpMaHI)HO'l' JOBXHWHU

3asiexXHICTh 3 Mae JamMaHUW XapakTep, 11e 00yMOBJIEHO THM, 110 MiHIMaJbHA JOBXKHHA
HITAHTY HOPMAJIbHOT JOBXKUHU 33 TEXHOJIOTTUHUMHU YMOBaMHU JIs 1BeJiepa 24 cTaHOBUTH 6 M.
ToMy, MOKHM 3aJIMIIOK HE NMEPEBMILYE BEIUYUHY MIHIMAIBHOIO 3HAYEHHS JOBKUHU LITaHTU
HOpPMAJIbHOI JOBXKMHU JlaHA 3aJIEKHICTh MOBTOPIOE 3aJIEKHICTH 1, TOOTO € MipHa JOBXKHHA
IITAHTH 1 3QIMLIOK. SIK TUIBKY 3aJIMILIOK CTaHE PIBHUM MIHIMaJbHOMY 3HAYEHHIO IITAHTH HO-
pPMaNbHOI JOBXKUHH, TO B I[bOMY BUIA/IKy BIJOYBAa€ThCS CTPUOOK HA BEJIMYMHY IITAHTH HOP-
MaJbHOT JTOBXKHUHH 1, A1, 3AJICKHICTh 3 W€ apajieIbHO 1 BUIIE 3aJI€XKHOCTI 2.

OueBuaHO, IO JIaMaHa KpPUBA, sSKa OOMEXY€ BKa3zaHl 3aJIeKHOCTI, 3a0e3medyBaTnuMme
MaKCHMaJbHHI piBeHb I0XOAY, a 11€ BKa3ye Ha Te, 110 /I OTPUMAHHS MaKCUMAaJIbHOTO J10X0-
JIy B 3QJICKHOCTI B1J] BEJIMUMHH 3QJIUIIKY HEOOX1HO 3aCTOCOBYBATH Pi3HI CXEMH pi3aHHS 3a-
JUIIKY.

Ha puc. 2 HaBesieHa 3aJ1€KHICTh 3aJIMIIKY BiJl KOe(ilI€EHTY BapTOCTI LITAHT HOPMaJIbHOT
JOBKMHHU, SIKa MOKa3ye SKUM TMOBHHEH OYTH 3aJIMILIOK, MICIS SKOro MOXKe OyTH BHKOHAHO
€KOHOMIUHE JOLIJIbHE pi3aHHs Ha IITAaHT'M HOPMAJIbHOI TOBXKUHHU. L5 3a/1€KHICTh OMMUCYETHCS

PIBHSIHHSIM

|, =39,29—66,74x + 27,48%’. (6)
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Pucynok 2 - 3anexHIiCTh BETUYMHH 3JIULIKY
BiJl Koedilli€eHTY BapPTOCTI IITAHT HOPMAJIbHOI JOBXUHU

BucHoBkM. AHami3 mpolecy pi3aHHS I0Ka3aB, 110 BU3HAYEHHs pPi3aHHS OCTaHHBOI
IITAaHTH Ta 3aJUIIKY Ha J[Bl IITAHT'M HOPMaJbHOI JOBXKUHM Tpeba 3/11HCHIOBATH B 3aJI€)KHOCTI
BiJl IOBKMHU 3aJIUIIKY, KA 3QJIEKUTH BiJl JOBKHWHU MIpHOI IITAaHTU Ta KOe(illi€HTIB BapTOCTI
IITaHT HOPMaJIbHOT JOBXHHU Ta BiAX0JiB. s 3a0e3neueHHs] MaKCUMAaJIbHOTO PiBHS 10XO0/1iB
BiJ] peaiizallii npokaTy Tpeba pi3aHHs po3KaTy 3/IHCHIOBATH TAKMMHM CIIOCOOAMU: HA LITAHTY
MIpHOT IOBXKMHU Ta 3aJMILIOK, HA /1Bl IITAHI'M HOPMAJIbHOI JOBXHMHU a00 Ha IITAaHTY MipHOL
JIOBXXMHM Ta IITAHTY HOPMAJIbHOI JOBXKHHH, ajle NMPH 1IbOMY HEOOXiHO JOTPUMYBATHUCS KpH-
TEpPil0 MAaKCUMAaJIbHOT BapTOCTI OTPUMAHHUX MICIISI Pi3aHHS LITAHT.
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Research of the cutting process of rolled section steel on rail-beam

and large-size rolling mills

The aim of the work is to study the conditions of cutting the last bar of the measured
length and the remaining rolled product under conditions of unstable rolling length, which
are realized as a result of fluctuations in the sizes of the blanks and the temperature regime of
rolling.

The roll is cut into bars of the same measured length according to the order, but fluctu-
ations in the length of the roll result in the last bar being either longer or shorter.

If the bar is increased, then the amount of the remainder may be too large and, in order
not to lose suitable rolled product and not to transfer the remainder to waste, the last bar and
the remainder are cut into two bars of normal length.

The work shows that the amount of the remainder, starting from which it is necessary to
cut into two bars of normal length, is determined by economic feasibility, which is more ex-
pensive — a bar of measured length and a remainder or two bars of normal length.

An expression is given for obtaining the residual value depending on the size of the bar
of the measured length, the cost coefficients of the bars of the normal length and waste. For
the conditions of rolling the channel 24 on the mill 800, the remainder value is 0.86 m.

It is shown that to ensure maximum profit depending on the remainder value, the last
bar of the measured length can be cut in the following ways: into a bar of the measured
length and the remainder, into two bars of the normal length or into a bar of the measured
length and a bar of the normal length.

Keywords: rolling length, cutting, bar of measured length, bar of normal length, re-

mainder.
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O.. ®enopenko, B.1O. Kinum, C.B. Knumenko
HEIMAPAMETPUYHA CTATUCTUKA BUIIAJIKOBUX BEJIMUUH
3 HEBIZIOMUMH ®YHKIIAMHU PO3IOILTY UMOBIPHOCTI

Anomayisn. Poboma npucesuena akmyaivHiu npooaemi ananizy Oanux 3 Hei0OMUMU PO3NO0i-
aamu, 0e K1acuyHi napamempuyni memoou neeghpexkmueni. Ha npuxnadi 0éox munie po3nooi-
Ni8 (Mo2icmuuH020 (CUMempuuH020) Mma eKCNOHEHYIHO20(ACUMEeMPUUHO20)) NOKA3AHO 3ACMO-
CYBAHHA HeNapamempuyHo2o nioxoody, AKUll CKI1A0AEMbCs 3 emanieé pamiCy8aHus ma ananizy
eKCmpemManbHux 3Havensb. Mema 00cniodcenHs: nposeden s AKICHO20 aHali3y wWooo cCmamu-
CMUYHOI OOHOPIOHOCMI YACOBUX PAOIE Uepe3 OYIHKY OCHOBHUX CheyianbHUux Kpumepiis euoi-
POk - 3¢cy8ie ma macumaoie. Memoou O0ocniddicents: B poOOTI BUKOPUCTaHI 0a30Bi METOIH
HenapamempuyHoi cmamucmuku: Oasl 6UOIPOK 3 102ICMUYHUM MA eKCNOHEHYIUHUM 3aKOHOM
PO3NOOLNIeHHS 3HALIOEHO IX CMamuCmu4Hi napamempu, nepesipKa Ha Cmamucmuity 0OHopio-
HICMb BUKOHAHA 3a Pe3yIbMamamu aHanizy po3paxyHKo8UX 3HAYEHb CReyialbHUX Kpumepiis.
Ilpakmuuna Hosu3HA 00CNIOJCEHHA: HABeOeHUll 8 poOOMI nidXio0 0/ nepesipKu Ha CMmamuc-
MUYHY 0OHOPIOHICMb PO3IIUPIOE MPAKTUYHY TUIOUIMHY 3aCTOCYBAaHHS METOJIIB Henapamemni-
PpUuHOi cmamucmuxy s KOMIUIEKCHOTO CTaTUCTHYHOTO aHalli3y YacOBHUX PSIB 3 3aKOHOM
pPO3MOJICHHS BIAMIHHUM Big HopMmanbHoro. Cghepu 3acmocyeanus: pesynromamu 0o-
CHLIOJHCEHHST MONCYMb 3HAUMU 3ACMOCYBAHHS 8 2alIY35X, WO NOmpedyioms aHauizy cmamu-
CMUYHOI 0OHOPIOHOCMI OAHUX, 30KpeMAa 8 THICUHIDUHRY 8 3A0a4ax MOHIMOPUHSY CIAHY meX-
HIYHUX 00’ckmie ma cucmem, )y COYIONO02IUHUX OOCHIONCEHHAX Ol GUABNIEHHS CYMMEBUX
BIOMIHHOCMEl MIdC 2pynamu, 8 MeOuuHill cgepi 011 KOHmMPOAO AKOCMI 1aO00pamopHUx
BUMIDIOBAHD.

Knrwouosi cnosa: menapamempuuna cmamucmuxda, CMAmMucmuyHa OOHOPIOHICMb, PO3NOOLL
BUNAOKOBUX BETUYUH, PAHIICYBAHHS, CepPeOH] 3HAYEHHS, 3CY8U, MaAcumadu, KOMn romepHe Mo-
0eo08aHHsI.

Beryn. CyyacHui cTaTUCTUYHUN aHAII3 CTUKAETHCA 31 CKIIAHUMU 3aBJaHHSIMU 00po0-
KU JIaHWX, JI€ TPaJAULIiiHI MapaMeTpUyHi METOIM YaCTO BUSABISIOTHCS HEJOCTATHHO THYYKHUMHU
a6o 3actocoBHUMH. OCOOIMBO 1€ CTOCYETHCS BUMAJKIB, KOJIU 3aKOH PO3MOJILTY BHITaJKOBOT
BEJIMYMHU HEBioMHIA a00 HOro BaKKO BHU3HAUMTH. Y TaKMX YMOBAaxX Ha MEpIIUH IJIaH BUXO-
JSTh HemapaMeTpHyuHI METOJU, SKi He BUMAraroTh XOPCTKHUX MPHUIYIIEHb 010 GopMu po3-
HNOJUTYy Ta JO3BOJSIIOTH OTPUMYBAaTH HaJilHI pe3yiabTaTH HaBiTh 3a OOMEXeHOI
iHpopmarii [1].

Henapamerpuuna craTHCTHKa 3HAMILIA MIMPOKE 3aCTOCYBAHHS B PI3HUX Trally3siX — BiJ
eKOHOMIKH Ta 6ioJorii 0 iHkeHepii Ta colialbHUX TOCHiIKeHb. i OCHOBHA TepeBara mons-

© denopenko O./1., Knum B.1O., Kiumenko C.B., 2025
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rae B TOMY, III0 BOHA JI0O3BOJIE€ aHANI3yBaTH JaHi, SKi MOXYTh OyTH HEOIHODPITHUMH, MATH
CKJIaJHY CTPYKTYpYy a00 aBTOKOpEJsMLiiHI 3anexHocTi. Lle oco6imBo BaxkiMBoO mpu poOoTi 3
peanbHUMH BUOIpKaMu, 1€ KJIACHYHI MiJX0AU, TaKi K t-KpUTEpiil, 4acTo Aal0Th HETOUYHI pe-
3yJAbTATH Yepe3 MOPYIICHHS 1X mpumymieHs [1, 2].

B po6oTi HenapameTpuuHUI aHaji3 BUMAJAKOBUX BEJMYUH CKIAJAETHCS 3 MTOCI1IOBHOTO
BUKOHAHHS METOJy PAH)KyBaHHS Ta IOAAJBIIOTO ONPAIIOBAaHHS EKCIEPUMEHTAIbHUX 3HA-
4yeHb (MIHIMYMIB 1 MAKCUMYMIB) y BIOpPSIKOBaHUX BuOipkax. Jis nocnimkenus 0ynu oOpaHi
ZIBa TUIU PO3MOLIIB: CHMETPUYHUHN (JIOTICTUYHMIA) Ta aCUMETpUYHUHN (eKcrioHeHniiHui). Ha
NPUKIIAAL PI3HUX THUIIB PO3MOMALTIB MPOAEMOHCTPOBAHA MOKIJIMBICTh 3aCTOCYBAaHHS Hemapa-
METPUYHOTO METOY Uil BUOIPOK 3 HEBIIOMUMH (DYHKIISIMH PO3MOALTY, SIKi HE BIAMOBIAAIOTH
HOPMaJIbHOMY 3aKOHY.

OCKiBbKH BaXXIJIMBOIO YaCTUHOIO JOCIHIHKEHHS € Pe3yJbTaTH 00UYHCIIOBAIILHOTO EKCIIe-
PUMEHTY 3 OIPALIOBAHHS pealbHUX JaHUX BUMIPIOBaHb, B pOOOTI BUKOPHUCTaHI iMiTamiiHi
Mojielni. 3reHepoBaHi BUOIPKU 3 3aJaHMMHU NapaMeTpaMH Ta OTpUMaHi 3HAuYeHHs CTaTHCTHY-
HUX XapaKTePUCTUK: Cepe/iHI 3HAUYCHHs, MIHIMyMH, MAaKCUMYMH, 3CyBH Ta Maciradbu. [Toxa-
TBIINN aHaTi3 BEJIMYHMH CHEHiaJbHUX KPUTEPIiB OyB CHpPSIMOBAaHHIA Ha MEPEBIPKY TilOTE3H
PO CTaTUCTHYHY OJHOPIIHICTH BUOIPOK, IO MAa€ BAXIIMBE NMPAKTUYHE 3HAYCHHS IS 33]ad
MIPOTHO3YBAaHHSI Ta MOJICIIOBAHHS TEXHIYHHX CHUCTEM a00 CIIOCTEPEKEHHS 3a MPUPOIHIMH
00’ektamu. Pesynapraté poOOTH MOXYTh OyTH KOPHUCHUMH i (DaxiBINB, sIKi CTUKAIOTHCS 3
HEBU3HAYEHICTIO Y AaHUX a00 MOTPeOYIOTh J0AATKOBUX IHCTPYMEHTIB Ui KOMIUIEKCHOTO
CTaTUCTUYHOIO aHaJI3y YaCOBMX PAJIB 3 3aKOHOM PO3MOJIIJICHHS BIIMIHHUM B1Jl HOPMaJIbHO-
ro. HactynHi etanu poOOTH y BU3HAU€HOMY HampsiMi MarOTh OYTH MOB’sA3aH1 13 JOCIIIKEH-
HSIM Ta BJOCKOHAJCHHSIM HENapaMeTPHYHUX METOJIB Ta iX NMPaKTHYHUM 3aCTOCYBAaHHSM B
3aJlaHUX YMOBaX.

AKTYyaJbHiCTB. Y po00Ti [§] aBTOp B 3371241 ONTUMI3allii AJITOPUTMIYHOTO Ta MPOTPaAM-
HOTo 3a0e3Ne4YeHHs aBTOHOMHMX BUMIPIOBAJIbHUX MOAYJNIB PO3MOAUIEHUX 1arHOCTUYHHUX
CUCTEM OCOOJMBY yBary HpUIUISIOTH aITOPUTMY MEPEBIPKU OJHOPIAHOCTI J1arHOCTUYHUX
CUTHAJIB, 110 0a3yeThcsl Ha KOMOIHaIiT kpuTepiiB Pimepa Ta CTblofeHTa. 3allpOIIOHOBAHUM
MIJX1] 13 3aCTOCYBAHHSAM MapaMeTpUYHUX METOJIB Ma€ MEBHI BUMOTH 11010 MIPUITYIIEHb PO
HOPMAJIBHICTh PO3MOALTY JaHUX.

VY nocnijxeHHi [9] aHani3yeThCsl BIUIMB KOPEJSIIl pe3ylbTaTiB CIOCTEPEKEHb HA TOY-
HICTh JiHIIHOI perpecii. ABTOp IPOMOHYE METOAU BpaxXyBaHHS aBTOKOPENSLIl AJs MOJIN-
IIEHHSI OLIIHOK Aucrepcii koeilieHTiB perpecii Ta MporHo30BaHMUX 3HaueHb. Pobora mijgkpe-
CJTFO€ BaXKJIUBICTh BPaxXyBaHHsI B3a€MHO1 KOPEJIALi JaHWX, 0COOIMBO i yac 0OpOOKH Yaco-
BUX psaniB. OfHaK BUKJIAJACHI METOIU 3aJHMIIAIOTHCS B PAMKax MapaMETPUYHOI CTATUCTHKH,
10 0OMEXKY€ IXHIO BUKOPUCTAHHS IS JAHUX 13 HEBIIOMUMH a00 CKIQAHUMHU PO3TOIITIaMHU.

PosrnsinyTi po60TH CydacHHUX aBTOPIB MIATBEPAMIIN BiIOMHUI BUCHOBOK [1], mpo Te, 1m0
napaMeTPUIHI METOIM BUMAraloTh CyBOPUX MPHUITYIICHb MO0 PO3MOILTY TaHUX (HAPUKIIA],
HOPMAJIBHICTH) 1 MOKYTh OyTH Hee()eKTUBHUMH B pa3l iX MOPYIICHHS.

3a3HauMMoO, IO KJIaCHYHAa MaTeMAaTUYHA CTATHCTUKA HE PO3TIIIAE KOMIT FOTEPHY 00po-
OKy eKCIIepUMEHTAJIbHUX aBTOKOPEIbOBAaHMX BUMIPIOBAHb B 33/1a4aX CIOCTEPEKEHHS 3a IPH-
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POIHMMH Ta TEXHIYHUMH 00’ €KTaMH Ta mpouecamu. Bioma qocuTh HeBeNUKa KUTBKICTh 10C-
JDKeHb 3 BUBUYEHHS 1H(OPMATHBHOCTI KPUTEPIiB MEpEeBipKH TiMoTe3 B 3ajadax CHocTepe-
JKeHHs 3a 00’ extamu [2 — 4]. OTxe, 3 01HOTO OOKY CTaTUCTHYHA 00pPOOKAa aBTOKOPEIIbOBAHUX
BUMIPIOBaHb 3 PI3HUMH PO3MipaMu BHOIPOK Ta HEBITOMHUMH CTaTUCTUYHMMHU 3aKOHOMipHOC-
TSAMH BiJIOMUMH CIIEI[iaIbHUMH KPUTEPIsIMU TOPIBHSIHHA BUOIPOK BUNAJIKOBUX BEJIMYUH JIOC-
JiPKeHA HEeJOCTaTHRO. 3 1HIIOT0 OOKY, JOCTIKEHHS CTATUCTHYHOT OJTHOPITHOCTI Yepe3 aHa-
713 OCHOBHHX NapaMeTpiB, TAKHUX SK CEPEHI 3HAUCHHs, MIHIMyMH, MAKCUMYMH, 3CYBHU Ta Ma-
citabu, Mae BUpIlIaTbHE 3HAYEHHS JUIs IPOTHO3YBAaHHS B TaKUX c(epax, sk iHKEHEpHI J10c-
JKEHHS, eKOHOMIKa, MEJIMYHA CTaTUCTHKA, KO BAXKIMBO 3HATH, YU 30epiraloTbCsi CTaTUC-
TUYHI 3aKOHOMIPHOCTI IIpH 3MiHi Oyb-SKHUX YMOB [7].

OTxe, aHaJi3 aBTOKOPEIbOBAHUX BHOIPOK BHIIQIKOBHX BEIMYHH € aKTYaJIbHOIO 3aja-
4ero, JIe BXiJHI aHi MalOTh CKJIAIHYy CTPYKTYpPY a0o0 iCHY€E 3aJeKHICTh MK CIIOCTEpPEKEHHSI-
MH. B Takux BHmagkax came HemapaMeTpU4HI METOIH, /Ul SKUX 3HAHHS 3aKOHY PO3IMOMLTY
HE € 000B’SI3KOBO0 BUMOT'OI0, CTAIOTh HE3aMIHHUMH JUTIsl OOpOOKM TakKuX NaHUX. bijbm Toro,
BOHH JIO3BOJISIIOTH OTPUMYBATH PE3yJIbTaTH HABITh 32 YMOB 00MexeHoi iH(opmariii nmpo pos-
nonin [1]. TakuM 4MHOM, TOCIIIPKCHHS HEMapaMeTPUYHUX METOMIIB aHAI3y psay BHOIPOK
CIIOCTEPEIKEHHS 32 CTAHOM TEXHIYHHX a00 MPUPOTHUX 00’ €KTIB Hapasi € aKTyaJbHOIO 3aja-
4elo.

Merta po6oTH mojsTae B MPOBEIACHHI TECTOBOTO aHAI3y pe3ybTaTiB 3aCTOCYBaHHS He-
napaMeTPUIHOTO0 METOAY ISl TMEPEeBIPKH CTaTUCTUYHOI OJHOPITHOCTI YaCOBUX PAIIB yepes
OILIIHKY OCHOBHHUX CIIELIaJIbHUX KPUTEPIiB BUOIPOK - 3CYBIB Ta MaclITaliB, a TaKOX JOCHI-
JOKEHHS 3aCTOCOBHOCTI TaKOTO MiAXO/y /ISl TIONEePeHBOTO BU3HAYSHHS a00 T0JIaTKOBOI Tie-
PEBIPKU CTAaTUCTUYHOI OJTHOPITHOCTI BUOIPOK YACOBHX PSIIIB.

IMocTranoBka 3amauvi. [l 3acTOCyBaHHS METOJY HENapaMeTPUYHOI CTATUCTUKH JUIS
NEePEeBIPKU CTATUCTUYHOI OJTHOPITHOCTI BUOIPOK YAaCOBUX PsJIB OyiH chOpMyJIbOBaHI HACTY-
IIH1 3aBJIaHHS:

— BUKOHATHU IMiTallliiHEe MOJENIOBaHHs BUOIPOK YAaCOBHUX PAIIB 3 BIJOMHMH 3aKOHAMU
po3moiny;

— 3aCTOCYBaTH METO]] paH)KyBaHHS 11 OTPUMAaHUX JaHUX;

— 00YMCIIUTHU [T KO’KHOI BUOIPKM OCHOBHI CTaTUCTUYHI XapaKTEPUCTUKH: CEpEH] 3Ha-
YEHHsI, MIHIMyMH, MaKCUMYyMH, a TaKOK OCHOBHI CIeIiajbHI KPUTEPIi: 3CYBH Ta MacCIITa0H.

— MEpEeBIPUTH CTATUCTUYHY OJHOPIAHICTH BHOIPOK, TOOTO BUKOHATH JETaIbHUN SIKiC-
HUH Ta KUIbKICHUM aHai3 3Ha4eHb CleliaJIbHUX KPUTEPIiB ISl KOKHOTO TUITY BUOIPOK.

Metoau craTucTuuHOi OOpPOOKM BHUMIPIB BHIIQJKOBUX BEJIMYUH, 3aKOHU PO3MOJLTY
HMOBIPHOCTI 1110 HEBiJOMi, OTPUMAJIM Ha3By HeMapaMeTpHyHa cTaTHCcTUKa. BoHa BijbHA BiJ
3HaHb QYHKIIN po3moiny imosipaocTeit. [s Gyab-sxoi BuGipku X (k/j) 3 N cepiit Bumi-

proBanb ( k=1,2,3...n; Nn-po3mip Bubipku; j-HOMep Bubipkw, j=1,2,3...N) 3HaiigeMo MiHiMab-

HE 1 MAaKCUMAaJIbHE 3HAUYECHHS.
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Hanouarky neperBopumo Bubipky X(k/j) B ymopsiikoBany, sika Mae IMO3HAa4CHHS
X™(i/j). Ans ynopsinkoBaHux BHOIPOK, e TEpIla Ta OCTAHHS MAIOTh Bi/ITOBI/IHI IO3HAYCHHS
X"ta X" (n/]) BuKoHyeTbcst yMoBH HacTynmHHX HepiBHoctei (j=1,2,3...N)[2]:

X <x@fj) < <x(kf) <x"(k+1/j) < <X (n—1/)) < X (n/)).#(1)

s neperBopenns BuOipku X(k/j) B ynopsiakoBaHy, HEOOXiTHO BU3HAUUTH il paHTH.

To6to panr Bkazye Ha HOMep BuMIpiB B X(i/j). @opmyia s BU3HAUCHHS PAHTIB Ma€ HACTY-

HUU BUTJIS:
n

R(xG/)) = Z sgn(x(i/j)—x(k/j)),i=1,23..n#(2)

k=1
OcCKiJbKM MiHIMaJTbHI T MAKCHMAJbHI 3HAYEHHsI yropsiikoBaHoi Bubipku ta X (n/j)
TaKOX BU3HAYAIOTHCS IO iX paHraM, TO 3aMHIIEMO BUPa3H B HACTYITHOMY BHIJISII:

X*(1/nj) = X(i;nj)z sgn (1 —R(X(/))). 1= 1.23.. 0 #(3)

x*(n/nj) = x(i/nj) Z sgn(R(x(i/))—n),i=1,23..n.#(4)
i=1

ne sgn [x — a) — (YHKIIiS OIMHOYHOTO CTPUOKA, siKa JOpPiBHIOE 1, skmo X = a ta 0 Ko
x <a;j=1,2,3...N.

Buxonsuu 3 nonoxeHb HemapaMeTpPUUHOI CTaTUCTHKH, L0 y BUOIPOK, SIKI JTOCIIIKY-
I0ThCS, CEpe/lHl CTaTUCTHYHI, MAKCUMYMH 1 MIHIMyMH OyAyTh T€X CTaTUCTUYHO OAHOPIJHI,
pa3zoM 13 iX 3CyBaMH Ta MacliTabaMy TITBKH 32 YMOB OJHAKOBOCTI iX CTaTUCTHYHOI 3aKOHO-
MipHOCTI [1-7], mpoBeaeMo OOYHCIIOBATLHUNA €KCHIEPUMEHT 1 JAOCHITUMO II€ TPUITYIIICHHS.
OO6uncnoBaIbHI €KCIIEPUMEHTH TPOBEIEMO Ha BHOIpKaxX IBOX BHJIB (PYHKIIN pPO3MOILTY
HMOBIPHOCTEH: JIOTICTUYHIN (CUMETpUYHI) 1 eKCIIOHEHIIHHIN (acCUMEeTpUYHIN):

1

1 +exp (;_%r(x; a)
F:(X) =1—exp (—;).#[6)

F,'][X) =

) J#[:S)

Ix mapamerpam Hazamo HacTymHuX 3HadeHb: a=3, 6=0.5, n=10, N=10, A=3. [{na Hux

Ma€eMO OJIHAKOBE MaTEMaTHYHE OUIKyBaHHS M[K_,.]] = 3, M[}{E] = 3.

Bubipku BumipiB oTpumani o BubipkaMm komn roTepHux renepartopis E(k/j) 13 3acTocy-
BaHHSAM IIporpaMHoro 3abesneueHHs Matlab, sike BuibHE y mpoctopi iHTepHET. B pesynbTari
chopMOBaH1 BHIIAJKOBI BEIMYMHU 3 DPIBHOMIPHUM 3aKOHOM pO3MOAUIEHHS WMOBIPHOCTI

W(&/jy=1,F(£/j)=3,0= & < j. Hanani popmyrorbcsi BUOIPKU AJIs JOTiICTUYHOTO Ta
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eKCIOHeHIiambHOro 3akony posnoxinennst - X (k/nj) ta Xg(k/nj) - no BuGipkam

E(k/ny), nnst sxux HagaMo GOPMYITH y BHIIISI:

[ k I3
Xplk/nj) =a +§Jln(%>,#(ﬂ
1
XE[:}'{'{(H}} =Aln (m)#[ﬁ)

Tenep BuzHaunMo ix panru Ta Bignosimui minimaneni X;(1/nj) i Xg(1/nj) i makcu-
manbHi 3Hauenns X (10/nj) i Xz (10 /nj).

3cyu X (f)ra macmrra6u AX " (j) nis posrnsnysanux su6ipox X, (k /nj) ta Xz (k/nj)
3HAIIEMO 32 HACTYITHUMH BHPA3aMHu:

() =2 (2 (1/m) + X (/). #09)
AZ () = (x*(n/nj) — x*(1/n))). #(10)

ITo Bubipkam st mepuioro oouYKCIroBanbHOro exkcpenumenta & (k/j) chopmyemo Bu-
6ipku X, (k/j); 1 Xg(k/j), Ta mocnigumo ix iHpopMaTHBHI MOKAa3HUKU (CEpeiHi , 3CYBH i
MacITaom):

XD (D1, X5 (D1, Xe (D1, AXG () 1 AXE (7)1

ITo BuGipKam 1yist Apyroro obuucIOBaBHOrO excpenumenta &y (k/j) chopmyemo Bu-
oipkn X, (k/j)y 1 Xg(k/J)4 Ta mocmigumo ix indopmaTHBHI MOKa3HUKH (CepenHi , 3CyBH i
MacITadm):

X2 (D1 X2 (D1, X5 1, Xe Gy, AXG () 4, AXE(D .
Pesynbratu mpoBeIeHHX PO3PaxyHKIB MO JIBOM T'€HEpaTopaM HaBeleHi y Ta0nuisax |

Ta 2.

Tabomwms 1
3HaueHHs CepeaHiX , 3CyBIB 1 MacITabiB MEPIIOro 0OYUCIIOBAIILHOTO EKCIIEPUMEHTA
JUIst BUOIPOK JIOTICTUYHOT'O Ta €KCIOHEHI1aJIbHOI0 3aKOHY PO3MOJIITICHHS

j X | X0 XU X500 Xe(D)y | A (D, | AXE(),
1 3.0864 2.8969 0.0864 -0.1031 | 2.7664 0.5197
2 2.6854 3.3555 -0.3146 | 0.3555 3.2530 1.1284
3 3.2054 2.9670 0.2054 -0.0330 | 3.0024 0.8830
4 2.7496 3.1032 -0.2504 | 0.1032 2.3909 1.4865
5 2.7863 3.1548 02137 | 0.1548 3.3887 0.5828
6 3.1032 2.8910 0.1032 -0.1090 | 2.2818 0.7236
7 3.3907 2.8632 0.3907 -0.1368 | 2.2391 0.5661
8 2.3025 3.0213 -0.6975 | 0.0213 3.7311 1.2235
9 3.1413 2.9382 0.1413' -0.0618 1.4847 1.0872
10 3.0883 3.0160 0.0883 0.0160 2.9273 0.9378
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Tabmuns 2

3Ha4YeHHs Cepe/IHIX , 3CYBIB 1 MacIITabiB JPYroro 0OYUCIIOBAIHLHOIO EKCIIEPUMEHTA

111 BUOIPOK JIOTICTUYHOTO Ta EKCIIOHEHIIATbHOTO 3aKOHY PO3MO1ICHHS

j ¥I%G: |[%(: [X50), [ X0 [axp(). | aXz();
1 2.9292 3.0553 -0.0708 0.0553 5.1783 1.4375
2 3.4070 2.8882 0.4070 -0.1118 2.8731 0.8191
3 2.9838 3.1316 -0.0162 0.1316 2.8731 1.4817
4 2.9749 3.0083 -0.0251 0.0083 2.3137 1.0650
5 3.0387 3.0083 0.0387 0.1012 2.2233 1.6470
6 33540 | 2.7897  |0.3540  |-02103 | 22233 | 0.3335
7 2.6900 2.9021 -0.3100 -0.2103 2.3652 0.7231
g 29680 | 32342  |-00320 |02342  |3.7560 | 1.1650
9 29680  |2.9688  |-0.826 |-00312 |45195 | 09354
10 30157  |2.9162  |0.0157  |-00838 |21512 | 0.6083

Jli1st mapamMeTpiB ynopsAKoBaHUX BHOIpok X - (k/j) 3 MeToro mOaNbIIOro AETATBHOTO

aHaITi3y JOJATKOBO HaJaMmo iX rpadivyne npencraBieHHs (auB. puc.l).

AX*(j)

X (1/1)

()

X*(n/j)

X (k/D)

Pucynok | - [padiune mpeacrapneHHs napamMerpis ynopaakosanux subipox X (k /j)

3Be/IeHI 3arajibHi OKa3HUKU JJIs IBOX OOUYMCIIIOBAIbHUX €KCIIEPUMEHTIB 3a 00paHUMU

3aKOHAMH PO3MOJILJIEHHS MTOKa3aH1 B Tadyuii 3.

3BeieH1 cepeiHl MOKa3HUKH CEepEeIHIX , 3CYBIB 1 MacIITa01B IEPIIOTo

Taomus 3

Ta APYroro 0OUNCIIOBAIBLHOTO EKCIIEpUMEHTA JIJIsl BUOIPOK JIOTICTUYHOTO

Ta €KCIIOHEHI1aJIbHOTO 3aKOHY PO3MO1IEHHS

Xa() X5() Xa(j) X5() AXn(j) | A%0)
X
1 2.9539 3.0207 -0.0461 | 0.0207 2.7465 0.9139
2 3.0179 2.9996 0.0179 -0.0004 | 31152 1.0216

Jliig aHanmizy 3BeICHUX 3Hau€Hb 1HPOPMATHUBHUX MapaMeTpiB B TaOJHULI 3 BUKOPUCTAHO
t-TecT mIA He3aIeKHUX BUOIPOK, SIKUH 3aCTOCOBYETHCS IS TTOPIBHSHHS JIBOX PI3HUX EKCIIE-
pUMEHTIB. B pe3ynbTaTi U1 MBOX PI3HUX €KCIIEPUMEHTIB 3a JIOTICTUHYHUM 3aKOHOM PO3MOIi-
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JICHHSI OTPUMAaHO HACTYIHUH PIBEHb 3HAYYILOCTI CEPeAHbOTo 3HaueHHs: p-value = 0.6072,
BIAMOBIIHO JUIsi JIBOX PI3HUX EKCIIEPHMEHTIB 3a €KCHOHCHIIAJILHMM 3aKOHOM - p-value =
0.7433. BoueBuab, BOHM HE MAIOTh 3HAUYHUX BIJMIHHOCTEH JJIsl TBOX PI3HUX E€KCIEPUMEHTIB
BCEPEAMHI OJTHOTO 3aKOHY PO3IOJIITICHHS.

Jis mojanpioi mepeBipky Ha CTaTHCTUYHY OJAHOPOJAHICTB JAJIS IBOX PI3HUX €KCHEepH-
MEHTIB TaKOX BHKOPHUCTAHO t-TECT, B PE3yJIbTaTi SIKOTO OTPUMAaHi BEJIWYMHU PiBHEH 3HAUY-
HIOCTI 3CyBY Ta MacmTady HaBeICHI B TaOuIli 4.

Tabmuus 4
Bennuunu piBHEH 3HaYyIIOCTI 3CYBY Ta MacmITady il BHOIPOK JOTiCTUYHOTO
Ta KCIIOHEHI1aJIbHOTO 3aKOHY PO3IOAICHHS

3aK 3cyB MacmTad
JloricTuuuuii 0.6072 0.3639
Excnionenninuuii 0.7433 0.5272

3HavyeHHs 3 Tabuuli 4 MiATBEPAXKYIOTh CTATUCTUYHY OJHOPOJHICTh 32 PaXyHOK HE3Ha-
YHHX BiJIMIHHOCTEH [T BOX PI3HUX €KCHEPUMEHTIB 332 OJTHAKOBHM 3aKOHOM PO3ITOIIJICHHSI.

Jist 1eTanpHOro SAKICHOTO Ta KUIBKICHOTO aHali3y 3HA4YeHb CIEIialIbHUX KPUTEPIiB s
KO>KHOTO TUITYy BUOIpOK HaBeeHi rpadiku t-po3noginieHHs.

NoricTiuHui - CepegHe sHaYeHHA NoricTuyHuii - 3cye JloricTuuHui - Macwrag

| 0.40 4 0.40 1
I
I

]
i
@
e
i
&

—— t-poanogineHHA
KputHuna ofnacts
r=-0.52

77 p=0.6072

—— t-po3anodineHHs
KpuruuHa ofnacTe
t=-094
7T p=0.3639

—— t-poanogneHHa
KpuriuHa ofnact
t=-052

7T p=0.6072

o o
= N
o o

s
2
(=]

LUlineHicTb MMOBIPHOCTI

LUineHicTb AMOBIPHOCTI
LUlinkHicTb AMOBIpHOCTI

0.05

-4 -2 [ 2 4 -4 -2 0 2 4 - -2 0 2 4
t- 3HEYEHHA t-3HayeHHs t- 3HaYeHHA

a) 0) B)
Pucynok 2 - 3actocyBanHs t-TecTy AJid NEepeBipKH Ha CTATUCTUYHY OJHOPIIHICTH 00YHUCITIO-
BaJIbHUX €KCIIEPUMEHTIB 3a JIOTICTUYHUM 3aKOHOM PO3MO/IICHHS:

a) - cepeHe 3HAYEHHS; 0) 3CyB; B) MacITad
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ExcnoHeHUinHuiA - CepeaHe sHauyeHHa

EkcrnoneruinHui — 3cys

Excnowreruiiruii — Macwrab
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LLinbHicTb MMOBIpPHOCTI

0.20

— t- posnogineHHa
Kputnuna obnacte
t=033

p = 0.7433

LLlinbHicTb MMOBIpHOCTI

= t- po3nogineHHA
Kpurnuna obnacte
t=-0.65

p = 05272

-4 -2 0 2 4

t- 3HayeHHA

-4 -2 0 2 4
1 -3Ha4YEHHA

-4 -2 0 2 4
1- 3HaGYEHHA

Pucynoxk 3 - 3acrocyBanus t-TecTy Ui IepeBipKU Ha CTATUCTHYHY OJHOPIIHICTH OOYUCITIO-
BAJIBHUX €KCIIEPUMEHTIB 32 €KCIIOHCHIIaTbHUM 3aKOHOM PO3TOIiICHHS:

a) - cepeHe 3HaueHHs; 0) 3CyB; B) MaclITad

B pesynbraTi nmpoBeaeHHs t-aHamizy Ui IEpEeBIpKU HA CTATHCTUYHY OJHOPIAHICTH, 30-
KpeMa IMOCIiJOBHOTO ONPAIIOBAHHS CIIELIaTbHUX KPUTEPIEB - CEPE/IHIX, 3CYBIB Ta MacmTaliB
- PO3PaxyHKOBI 3HAYEHHS HE IMOKA3aJIA 3HAYYIINX BiIMIHHOCTEH MiX CKCIICPUMEHTaMHU.

OTxe, BUKOHaHI PO3paxyHKHU 3a MPHUITYIICHHSIMHA HENapaMeTPHYHOI CTaTHCTUKU MOKa-
3aJI MOXJIMBICTB 3aCTOCYBAaHHS JUIS TIEPEBIPKH CTATUCTHYHOI OAHOPITHOCTI AJISt 3aKOHIB, Bi-
IMIHHHAX BiJf HOPMAJIBHOTO, 30KpeMa JJIsi CUMETPHUYHOTO (JIOTICTUYHMI) Ta aCHMETPHYHOTO
(excrioneHianpHuit). TakuM YUHOM, HaBEJACHUHN AJITOPUTM PO3paxXyHKY IOKa3aB Ipare3aat-
HICTh BOJHOYAC 13 PO3PaXyHKOBOIO HECKJIAJHICTIO JUIsl MONEPEIHbOI OLIIHKU CTaTUCTUYHOI
OJIHOPIAHOCTI B 33JJaHUX YMOBAaX.

BucHoBku. Y po0oOTI NMpoJEMOHCTPOBAHO 3aCTOCYBaHHS METOJy HemapaMeTpU4YHOI
CTAaTUCTUKU JJISl TIEPEBIPKU CTATUCTUYHOI OJHOPIAHOCTI BHOIPOK YACOBUX PSIIB, JUIS SIKUX
3aKOHU PO3MOALTY HEB1IOMI a00 MalOTh CKJIaaHy ¢opMy Ta BiAMiHHI Bix HopMaibHOTO. [Toc-
TaBJIeHa 3a/1a4a BUpILIEHA MOETAaHO: BUKOHAHO IMITallliiHe MOJIETIOBaHHs BUOIPOK YacOBUX
pSAAIB 3 BIJOMHUMHU 3aKOHaMH PO3MOJALTY JIOTICTUYHUM (CUMETPUYHHM) Ta €KCIIOHEHIIHHUM
(acMMeTpUYHUM), 3aCTOCOBAHUN METOJ PaHXKyBaHHS U1 OTPUMAHUX JaHUX, JUIS KOXKHOI BU-
O1pKM 00YMCIIEH] OCHOBHI CTaTUCTUYHI XapaKTEPUCTUKH - CEpeH] 3HAUEHHSI, MIHIMYMH, MaK-
CUMYMH, a TaKOK OCHOBHI CIleliajbHl KpUTEPIl - 3CYBU Ta MacIITaOH; epeBipeHa CTaTUCTU-
YHa OJHOPIAHICTh BUOIPOK 13 3aCTOCYBaHHAM t-TecTy.

Pe3ynbrat 06UMCIIOBANIBHUX €KCIIEPUMEHTIB MOKa3ajiH, 10 HellapaMeTpUYHUNA aHai3
OCHOBHUX CTAaTHUCTUYHMX XapaKTEPUCTHK Ta 3HAYEHb CHEI[laIbHUX KPUTEPIiB Ha/a€ Momnepe-
HIO SIKICHY OITIHKY TIEPEBIPKH CTATUCTUYHOI OJHOPITHOCTI BUOIPOK 3 3aKOHOM PO3IMOAICHHS
BIZIMIHHUM BiJ] HOPMQJIBHOTO, 30KpeMa JIJIsl JIOTICTUYHOTO (CHMETPUYHOTO) 1 €KCITOHEHITIHHO-
ro (acumerpuuHoro). HaBenenunii po3paxyHKOBUH aJTOPUTM 3aCTOCOBAHOTO HETMapaMeTphU-
HOTO METOJY 3pYYHMH JUIsi KOMIT IOTEPHOTO MOJIENIIOBaHHS — HE MOTpedye Creliaii3oBaHoro
MIPOrpPaMHOT0 3a0€e3MeUeHHs Ta BETUKUX OOUMCITIOBAIIBHUX PECYPCIB, IO MOCTAE MEBHOIO Ie-
pEBAroio B 1HXKEHEPHUX PO3paxyHKax JJIsl MOIMEepeHbOro BU3HAYEHHS a00 J0JaTKOBOI Iepe-
BIPKH CTaTHCTHYHOI OJTHOPITHOCTI BUOIPOK YacOBHUX PsimiB. Pe3ynbratu poOOTH 301MbIIYIOTH
MPAaKTUYHY IUIOIIMHY 3aCTOCYBAaHHS METO/IB HEMapaMeTPUUYHOI CTaTUCTUKU JUIs KOMILIEKC-
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HOT'O CTATUCTUYHOTO aHATi3y YaCOBHUX PSAIIB 3 3aKOHOM PO3MOJIJICHHS BIIMIHHUM BiJ] HOpMa-
napHOTO. [TomanmpImi MOCHIIKEHHS Y BH3HAYCHOMY HampsiMi OyIyTh TMOB’si3aHi 13 BIOCKOHA-
JICHHSM HenapaMeTPHUYHUX METOJIB aHali3y BHOIPOK CIIOCTEPEKEHHS 3a CTAHOM TEXHIYHUX
a00 IpUPOTHUX 00’ €KTIB.
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Non-parametric statistics of random variables with unknown probability distribution
functions

The paper is devoted to the actual problem of data analysis with unknown distributions,
where classical parametric methods are ineffective. On the example of two types of distribu-
tions (logistic (symmetric) and exponential (asymmetric)), the application of a nonparametric
approach, which consists of the stages of ranking and analysis of extreme values, is shown.
Purpose: to conduct a qualitative analysis of the statistical homogeneity of time series by
evaluating the main special criteria of samples - shifts and scales, to identify the advantages
of such approaches for determining or further verifying the statistical homogeneity of time
series samples. Research methods: The paper uses basic methods of nonparametric statistics:
nonparametric criteria for statistical homogeneity are applied to simulation models of sam-
ples. For samples with logistic and exponential distribution laws, their statistical parameters
were found and analyzed and tested for statistical homogeneity. Practical novelty of the
study: the approach to testing for statistical homogeneity presented in the paper expands the
practical scope of applying nonparametric statistics methods for complex statistical analysis
of time series with a distribution law other than normal. Applications: the results of the study
can be used in areas requiring the analysis of statistical homogeneity of data, in particular in
engineering to monitor the condition of technical objects and systems, in sociological re-
search to identify significant differences between groups, in the medical field to control the
quality of laboratory measurements.

Keywords: nonparametric statistics, statistical homogeneity, distribution of random
variables, ranking, averages, shifts, scales, computer modeling.
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M. Tryputen, V. Kuznetsov, L. Yvanova
ADAPTATION OF A PREDICATE MODEL IN CONTROL PROBLEMS
OF NONSTATIONARY STATIC OBJECTS

Abstract. When controlling static objects at the optimization level, pattern recognition meth-
ods are used that allow partitioning the factor space into elementary subdomains in the form
of n-dimensional hyperparallelepipeds. One of the main elements of the control structure for
this approach to control is the adaptation algorithm, that makes it possible to refine the de-
scription of a static object under nonstationarity conditions. Repeated use of the adaptation
algorithm to refine the model leads to an unjustified complication of its logical structure and
the accumulation of information that has lost its relevance. The paper proposes a method for
minimizing the description of images of technological situations, that makes it possible to
overcome the indicated disadvantages. The method is based on the property of invariance of
the number of parameters defining the hyperparallelepiped to the size of the described area in
the factor space. This made it possible to identify significant boundary sub-areas in the de-
scription of the image of technological situations and, by their subsequent combination in the
direction of the feature axes, to select a description with a minimum number of sub-areas.
When performing these operations, “outdated” information is removed and the logical struc-
ture of a static control object is simplified as much as possible. The paper shows the possibil-
ity of implementing an algorithm for minimizing the description of images on the basis of a-
algebra, that makes it possible to integrate its control structures using relational data models.
The effectiveness of the proposed algorithm is confirmed by computational experiments in the
control of the process of lump crushing for the conditions of a mining and processing plant.
Keywords: controlling static objects, a-algebra, method for minimizing the description of im-
ages, information, adaptation algorithm

Introduction. Adaptive control systems capable of functioning effectively in unstable
environments remain an important area of modern scientific research. In particular, predicate
models — logical knowledge representation models based on predicates (mathematical logic
formulas) — and their adaptation for solving control tasks of technical objects are being ac-
tively studied [1]. Predicate models make it possible to describe the states and interrelations of
an object in the form of logical statements (predicates), which ensures flexible decision-
making based on knowledge. However, for their effective application in real-time systems,
such models require mechanisms for adaptation to changing operating conditions of the con-
trolled object.
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Ukrainian researchers have made a significant contribution to the development of this
area. Thus, the authors in [2] proposed a predicate model for selecting protection devices for
asynchronous motors operating under unstable power supply conditions. It has been shown
that the energy-economic model of the motor can be represented as a disjunction of predi-
cates, and pattern recognition algorithms can be applied to this model for decision-making
regarding motor protection. An important advantage of this approach is the openness of the
model and the possibility of accumulating knowledge about the equipment [3]. Based on the
classical algorithm of statistical optimization of nonlinear objects represented by a set of pred-
icates, the authors in [2, 3] achieved an effective search for solutions according to the princi-
ple of local gain. Further research by these authors was aimed at accelerating the development
of predicate models and ensuring their structural adaptation. In particular, methods for reduc-
ing the description of features made it possible to build a model faster at the training stage and
subsequently perform the necessary structural transformations during adaptation while main-
taining the accuracy of describing the interrelations [4, 5]. This made it possible to take into
account the technical and economic performance indicators of the equipment under various
conditions (with or without protection devices) and to ensure the optimal choice of a
solution [2-5].

In addition to recent works, it is worth noting earlier studies that laid the foundation for
the development of adaptive predicate models. The author in [6] proposed a method of adapt-
ing the description of patterns in the algorithm of recognizing production situations as early as
1984. The author in [7] in 1982 developed a method for describing technological situations
for process control using state predicates, optimizing the description by reducing redundant
information. These studies [6,7] demonstrated the possibility of encoding the states of techno-
logical objects in the form of numerical predicates and their use in control systems. These
fundamental studies, although conducted several decades ago, remain relevant as examples of
knowledge formalization about the control object and their gradual refinement (adaptation)
during operation.

In parallel with Ukrainian research, approaches to adaptive control based on logical
models are also actively developing in the global scientific community. For example, the au-
thors in [8] compared the capabilities of classical predicate logic, fuzzy logic, and non-
monotonic logic as methods of knowledge representation for control systems. They demon-
strated that each approach has its strengths: predicate logic ensures strictness and unambiguity
of conclusions; fuzzy logic provides flexibility in conditions of uncertainty; and non-
monotonic logic enables the revision of previously made conclusions when new information
becomes available. Modern studies often combine these approaches to achieve greater adapt-
ability of control systems.

Scientific literature emphasizes that effective control of non-stationary objects requires
the use of models capable of being updated in real-time and of taking into account changes in
system parameters during operation. Such models reflect both the current state of the object
and the rules of response to changes (for example, exceeding parameter thresholds).

Once a sufficient amount of reliable and accurate information about the main disturbing
factors and external influences affecting the technological object is collected, it becomes pos-
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sible to significantly improve the quality of control over such systems. In particular, the avail-
ability of detailed data on the characteristics and behavior of the controlled object under vary-
ing operating conditions allows for the development and implementation of highly effective
control strategies. These strategies are aimed at ensuring stable operation of the object, mini-
mizing negative effects from disturbances, and maintaining optimal performance indicators.

In order to achieve such a high level of control, it is necessary to determine optimal con-
trol actions that are adequate to the current operational state of the object and the nature of the
influencing disturbances. The formation of these optimal control actions can be carried out in
different ways, depending on the peculiarities of the technological process and the available
computational resources.

One of the possible approaches is to establish the dependence of the control actions on
the changing disturbances directly in the course of the control process. In this case, optimal
solutions are determined in real time using optimization algorithms based on the current val-
ues of disturbances and object parameters. However, this approach often requires considerable
computational resources and time, especially when the system is complex or when the object
is influenced by a large number of rapidly changing factors. Moreover, the resulting depend-
ence of optimal control actions on disturbances usually cannot be expressed explicitly in a
simple analytical form due to the complexity of the object’s behavior.

Alternatively, the dependence of control actions on disturbing factors can be formed in
advance, during the design or configuration phase of the control system, based on a mathe-
matical model of the object obtained from previous studies or experimental data. In this case,
the optimization calculations are carried out beforehand for different scenarios of possible dis-
turbances, and the results are stored in the form of precomputed functions, lookup tables, or
control charts. These stored solutions are then used during the operation of the system for
quick selection of control actions without the need for repeated optimization computations.

Both of these approaches are conceptually similar, as they are based on the idea of op-
timizing control actions in accordance with the characteristics of the object and the nature of
the disturbances. However, they differ primarily in the frequency and timing of optimization
calculations. In the first approach, the calculations are performed continuously or at the rate at
which the disturbances change, ensuring an adaptive response of the control system to real-
time changes. In the second approach, all necessary computations are performed offline, prior
to the control process, and the system uses the prepared data during its operation.

Regardless of the chosen approach, in both cases the task of determining optimal con-
trol actions is solved using well-known mathematical programming methods. These include
various techniques of linear, nonlinear, and dynamic optimization, which are widely used in
control theory for static or quasi-static objects [9, 10]. These methods allow for formalizing
the control problem, taking into account existing constraints and optimization criteria, and
finding the most effective control actions that ensure stable and efficient functioning of tech-
nological objects under variable external conditions.

Static optimization methods are widely recognized as an effective tool for solving a
broad spectrum of practical problems in the field of control of technological processes and
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technical systems. These methods make it possible to determine optimal operating modes, re-
source allocation, or control strategies under given conditions and system constraints. The
choice of a particular optimization method, as indicated in [11], is largely determined by the
availability of a well-defined mathematical description of the process or object to be con-
trolled.

Indeed, the presence of a reliable and sufficiently accurate mathematical model of the
object is a key prerequisite for the successful application of most static optimization tech-
niques. Such a model serves as the basis for formulating the optimization problem, setting the
objective function, and defining the system constraints.

However, in many real-world cases, obtaining a mathematical model of a complex tech-
nological object is associated with significant challenges. This is especially true for industrial
processes characterized by high variability, nonlinearity, or the influence of many uncon-
trolled factors. A typical example of this is the process of lump crushing at ore-dressing and
processing plants, where the dynamics of the process are determined by a large number of
random and difficult-to-measure parameters.

The development of a mathematical model for such objects using traditional approaches
- such as experimental research, statistical data analysis, or physical modeling — requires
considerable financial investment, as well as substantial time and human resources. These
costs may become even more substantial when considering the fact that in real operating con-
ditions, the parameters and characteristics of the process often change over time due to wear
of equipment, changes in raw material properties, or varying external influences.

Consequently, it is necessary not only to develop the initial mathematical model but al-
so to regularly update or refine the model coefficients to maintain its relevance and accuracy.
This model adjustment is essential to ensure the correctness of the optimization results and the
effectiveness of control decisions. However, periodic model identification or recalibration re-
quires additional measurements, data collection, and computational resources, which further
increases the overall economic and labor costs associated with the modeling and optimization
process.

Therefore, when selecting optimization methods for practical application, it is very im-
portant to take into account not only the accuracy requirements for the mathematical descrip-
tion of the process but also the cost-effectiveness of obtaining and maintaining such a model.
In some cases, it may be reasonable to use simplified models, heuristic methods, or
knowledge-based approaches that require less detailed information about the object but still
provide acceptable quality of optimization and control solutions.

One of the possible and widely recognized approaches to overcoming the aforemen-
tioned difficulties associated with obtaining mathematical models of complex technological
processes is the use of adaptive identification methods. These methods are designed to auto-
matically adjust the parameters of the model during the operation of the control system based
on real-time measurement data. This approach makes it possible to significantly reduce the
cost and time associated with traditional offline modeling procedures, especially in cases
where the system operates under conditions of uncertainty or frequent changes in its parame-
ters.
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Among the existing adaptive identification methods, the most commonly used is the
least squares method, which has proven to be highly effective in many engineering applica-
tions. This method provides parameter estimation by minimizing the sum of squared devia-
tions between the measured output data of the system and the corresponding values calculated
from the model. Its widespread popularity is explained by its relatively simple mathematical
implementation, stability of results, and the possibility of its application in both static and dy-
namic systems.

In addition to the least squares method, various modifications of the stochastic approx-
imation method are also used quite successfully for solving identification tasks, especially in
situations where the measurement data are subject to significant noise or when the system pa-
rameters vary in a random manner [12]. These methods allow for a gradual refinement of pa-
rameter estimates through iterative procedures based on incoming measurement data, which
ensures the adaptability of the model to changing external and internal conditions of the tech-
nological object.

However, despite the obvious advantages and the wide range of proposed methods for
adaptive identification, it should be noted that the practical application of this approach is not
without significant limitations and challenges. One of the main problems is that, although the
theory of identification provides a large variety of mathematical tools, algorithms, and proce-
dures for parameter estimation, it does not offer clear recommendations regarding the rational
choice of the model structure itself or the optimal identification criteria.

In other words, the main focus of identification theory is on the mathematical aspects of
parameter estimation within an already defined model structure, while the issue of selecting
the appropriate structure of the model — that is, the set of variables, their interrelationships,
and the form of the model equations — often remains outside the scope of this theory. Addi-
tionally, there is a lack of universally accepted criteria for evaluating the quality of identifica-
tion results and for choosing the most suitable identification algorithms for a specific object or
control task.

As a result, as noted by experts in this field [13], the process of selecting appropriate ad-
justable models and corresponding algorithms for their identification is often based not only
on strict scientific principles but also on the experience, intuition, and creative approach of the
developer or system designer. Therefore, it is quite fair to state that “the choice of tunable
models and algorithms is more an art than a science” [13], reflecting the fact that successful
implementation of adaptive identification methods in practice requires not only theoretical
knowledge but also a deep understanding of the specific features of the controlled object, the
nature of the disturbances, and the requirements of the control system.

In addition, the model of an object in analytical form has a significant drawback: the in-
variability of its structure. The constancy of the structure of the mathematical model leads to a
loss of accuracy in describing a real process. Pattern recognition methods have much greater
flexibility in terms of improving the model, that is, clarifying its structure.

Recognition methods are widely used in process control. They are mainly used for pre-
dicting its course, that is, predicting the parameters characterizing the process, or assigning
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the expected mode to one of the predetermined classes - typical modes. It is obvious that op-
timization methods and recognition methods complement each other, and only their combined
application can improve the efficiency of technological processes control.

In [14, 15], this approach is applied to the choice of technical means of protection of an
induction motor in electrical networks with low-quality electricity. At the same time, a predi-
cate adaptive model of the following type was chosen as a mathematical model reflecting the
regularities of the influence of the indicators of the electrical network and the cost indicators
of protective equipment on the economic efficiency of operating an induction motor:

2 [xw]=0 V20| vz x|

where X ,U — are the vectors of power quality indicators and cost indicators of protective

equipment, respectively; S;and S, — the number of results obtained for the recognition of
contradictions of the first and second kind, respectively; (- the number of images of eco-

nomic situations; /1p— the number of predicates describing | - the pattern at the end of the pat-

tern recognition learning procedure; ; A,V — logical operations of disjunction and conjunction,

respectively.
Model (1) can also be applied to optimize static technological processes, if vectors of

—

perturbing and control quantities are considered as vectors X and U. However, continuous
refinement of this model will inevitably lead to an increase in conjunction and disjunction op-
erations in its right-hand side and, as a consequence, a complication of the structure and the
need to adjust the algorithm for choosing the optimal control actions. This circumstance limits
the application of the considered approach to the control of technological processes with con-
stant parameters.

Purpose of paper. This paper is aimed at substantiating the possibility and determining
the stages of identical transformations of the predicate model in order to prevent the compli-
cation of its structure.

The main material. The optimal control of static and case-static modes of robots of
technological objects is based on the pattern recognition method, which allows partitioning
the factor space into elementary subdomains. The essence of the algorithm for recognizing
static optimization of nonlinear objects is as follows.

In the process of learning recognition by elements of the sample population

(z,...,fu), it is necessary, by setting different values of the control criterion Yy in the in-

terval Y, ., + Yoo t0 split the factor space {X,,...X, } into two images: M, if y, <yand
M,, if y; >y (] =1,_V), where V — sample size. If, in this case, the value of the control cri-

terion is changed with the interval Ay, then m=entier ((Y, .. — Yin) / Ay) +1 of the sep-
arating images of hypersurfaces will be obtained, which, in accordance with the method of
analytical description of objects by methods that allow partitioning the factor space into ele-

ISSN 1562-9945 (Print) 117
ISSN 2707-7977 (Online)



«CucremHi Texnonorii» 5 (160) 2025 «System technologies»

mentary regions, can be specified in the form of predicate equations Z. . If a controlled value

can be selected as a quality, then Ay is the accuracy of its control.

A significant advantage of constructing a mathematical model of a complex and hetero-
geneous technological process within a unified mathematical framework is that such a model
inherently incorporates the basic constraints and limitations imposed by the physical nature
and operating conditions of the process itself. These built-in constraints reflect the fundamen-
tal technological requirements, safety regulations, operational limits, and resource restrictions
that must be respected during the control of the object.

When the technological process is adequately described within a single modeling ap-
proach — for example, using unified mathematical equations or a generalized set of dynamic
relationships — it becomes possible to significantly simplify the development of the control
system. This is because the restrictions that normally require separate consideration in optimi-
zation problems are already implicitly present in the mathematical representation of the pro-
cess.

As a result, there is no need to formulate an additional system of external constraints or
perform complex analytical transformations to account for them during optimization. The
constraints are naturally integrated into the model structure through the interconnections be-
tween variables, technological balances, and functional relationships governing the process
behavior.

This modeling feature provides a unique opportunity to design control algorithms that
do not require the application of conventional, often resource-intensive, optimization meth-
ods. Instead of resorting to classical optimization procedures — such as linear programming,
nonlinear programming, or multi-criteria optimization — the control problem can be solved
using relatively simple computational procedures based on the existing model.

In such cases, the optimal control actions are generated directly within the control algo-
rithm as a result of the model's structure and its inherent properties. The system automatically
respects all process limitations without the need for additional computational steps for con-
straint handling.

Thus, the use of a unified mathematical model for describing heterogeneous technologi-
cal processes allows for the implementation of straightforward and computationally efficient
control algorithms. These algorithms ensure optimal or near-optimal control performance
while significantly reducing the complexity of the control system and minimizing the compu-
tational burden compared to traditional optimization-based control approaches.

This modeling strategy is especially relevant in real-time control tasks or in systems
with limited computational resources, where the simplicity and speed of the control algorithm
are critical factors for its practical implementation.

Of the factors influencing the process, controllers X, + X, are distinguished and the full
range of their changes is presented as a series of values with an interval AX. Thus, all possi-
ble controls can be specified as combinations of these values. Then, based on the values of the
disturbing factors X,,, =+ X, it is sufficient to determine the truth of the predicate Z, for all
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possible controls. The optimal control is the one that ensures the truth of the predicate. If the

optimal combination is not found by the predicate Z,, then it is necessary to expand the in-

vestigated zone of the factor space by passing to the predicate Z, , etc.

When constructing mathematical models of complex systems or when solving control
and optimization problems, it is often necessary to partition the n-dimensional factor space
into simpler geometric regions for the purpose of analysis, classification, or decision-making.
In this context, one of the most convenient and widely used geometric objects for representing
an elementary domain in an n-dimensional factor space is the hyperparallelepiped.

A hyperparallelepiped is a generalized geometric figure in multidimensional space,
which is a direct extension of a parallelepiped in three-dimensional space to higher dimen-
sions. Its structure is defined by specifying the lower and upper boundaries along each of the
n coordinate axes corresponding to the factors or variables under consideration.

Mathematically, such an elementary domain can be very conveniently and compactly
described using a two-valued logical predicate function, which allows one to determine
whether a given point in the factor space belongs to this region or not. In other words, the hy-
perparallelepiped is defined as a set of all points whose coordinates satisfy a system of ine-
quality constraints that specify the minimum and maximum permissible values for each fac-
tor.

This two-valued predicate takes the value "true” (or 1) if the point lies within the speci-
fied limits along all coordinate axes, and "false" (or 0) if at least one of the constraints is vio-
lated. Such a representation is not only mathematically rigorous and unambiguous but also
very convenient for practical implementation in algorithms of control, identification, classifi-
cation, or optimization.

Moreover, using a hyperparallelepiped as an elementary domain in the factor space of-
fers a number of advantages from the computational point of view. The simplicity of the
mathematical expression that defines its boundaries allows for fast checking of point member-
ship, which is critical in real-time control systems or in optimization algorithms where a large
number of such checks may be required.

In summary, the hyperparallelepiped provides a universal and efficient geometric struc-
ture for partitioning the factor space in multidimensional modeling tasks. Its formal descrip-
tion through a two-valued logical predicate ensures clarity, ease of implementation, and high
computational efficiency, making it one of the most suitable elementary domains for use in
control theory, decision-making systems, pattern recognition, and various engineering appli-
cations:

vi n

2[R =TTt son 06, = X)X = X))
where
1, if [(xj ~ X i) X e = xj)]zo

Sgn[(xj_Ximin)(xjmax_xj)]: -1, if |:(Xj_ijin)(ximax_xj):'<0’
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X X mex (] =1,n) — parameters of an elementary hyperparallelepiped that determine its

jmin?
dimensions; N — the number of input quantities (disturbing and controlling); X;— current

values of input quantities; H — mathematical multiplication operation.

If the current technological situation Y(Xl,xz,...,xn) falls inside the hyperparallele-
piped (the technological situation is recognized), then Z[)Z} =1, otherwise Z[)Z} =0

(the technological situation is not recognized).
Then the whole p - image can be represented as a logical sum of predicates:

— }\p —
Z, [x]:luz,[X]
where /Ip— the number of predicates that determine the p - image.

The set of n - dimensional hyperparallelepipeds that define the p - image in the feature
space have a random arrangement - they may intersect or have no common points at all.

The mathematical model of the controlled object, presented in the form of m - images,
will take the form:

m
z,[X]=Uz, [X]
p=1

In the process of control, it is possible to refine the model (5). So if for the current tech-
nological situation the optimal control values have not been found (error of the first kind),
then predicate (2) is formed based on the control result with the current control values and is
included in (4). If, for the current situation, the optimal control values are determined, but the
control result does not correspond to the expected (error of the second kind), then the corre-
sponding predicate in (4) is further considered false and a new alternative image is formed,
and the mathematical model takes the form (1). A simple removal of the false predicate from
(4) is impossible, since it defines a set of technological situations that fall inside some n-
dimensional hyperparallelepiped.

Obviously, when controlling a non-stationary static or quasi-static object, such refine-
ments can be performed many times, which will lead to a structural complication of the math-
ematical model (1) and, as a consequence, to the loss of the control algorithm performance.
Structural changes (1) should be limited.

It is proposed to solve the problem of limiting structural changes in the predicate model
of technological situations on the basis of the invariance of the number of parameters of the
hyperparallelepiped to the size (volume) of the region specified by it in the feature space. A
set of randomly located p-image hyperparallelepipeds can be represented as ordered hy-
perparallelepipeds differing in size (Fig. 1). The hyperparallelepipeds located on the border of

the image will have the smallest dimensions, since they determine the accuracy of the divid-
ing function. In Fig. 1 they are shaded.
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Figure 1 - Location of Boundary Subareas

If we combine the shaded boundary sub-areas in the direction of one of the feature axes,
for example, x,, we get different-sized sub-areas that completely describe the image. Thus,

the union of the subdomains D; and D, is of interest, since the resulting subdomain Dj; in-
cludes, in addition to D; and D,, one more internal subdomain of the image Sx. Combining the
D; and D3 subdomains into the D3 subdomain will allow simultaneously describing four
more internal subdomains.

It is easy to see that the combined subregions differ only in the parameters of one pro-
jection. This allows us to propose a simple condition according to which two boundary sub-

domains are to be united if all internal subdomains located between them belong to the image
1 2 ol 1 2 1 2
jmin:ijin' X jmin’ijin’ijax’ijax_pa_
rameters of function (2) describing two combined subdomains; r is the number of the feature
axis in the direction of which the union is performed. For the resulting subdomain, the un-
known minimum and maximum value of the m-feature is defined as
12 H 1 2 . yl2 1 2
mmin:mln{x X },x :max{x X }

mmin ! “*‘mmin mmax mmax ! “*mmax

X =x>_under j=1,n; j#r, where X

jmax j max

X

Obviously, the considered unification of the boundary subareas does not lead to a
change in the location of the image in the feature space, since the boundary areas do not
change their location - they are only united by oppositely located boundary subareas. This
transformation of the image is identical. It can be performed immediately upon the occurrence
of the previously mentioned contradiction of the second kind. Then the complication of the
structure of model (5) is not required.

It should be noted that the number of enlarged subregions obtained as a result of merg-
ing is already more than two times less than the number of boundary subregions. These joins
can be continued in the remaining n - 1 directions. If you change the sequence of combining
along the attribute axes, you can get n!, separating functions, from which the minimum in
terms of the number of constituent subdomains is selected.
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Practical implementation of the minimization algorithm. The set of technological
situations given by predicates (2) are combined into classes depending on the values of the
control criterion. Each class is determined by the disjunction of predicates. The use of such a
model involves arranging its elements in the form of a two-dimensional table. And in its col-

umns values X jpr'nm, X jpr'nax are placed, and the line corresponds to some predicate.

It is easy to see that the columns of the table have different names and are homogene-
ous, all rows are unique and have the same structure. The order of the lines is not significant
and only affects the speed of access to each of them. Given also that the information in the
columns is atomic, we can conclude that this table satisfies the conditions and constraints that
allow us to consider its relationship as a relational data model [16-18]. The sequence number
of the relation tuple (table row) uniquely identifies the current technological situation. The set
of attributes (columns of the table) determines the scheme of the relationship. It is clear that
the set of relations M _ K, each of which describes a certain class of technological situations,

completely determine the model of the technological process. Here K =m, where q is the

number of relationships.

Operations on relations are determined by o-algebra. Consider the application of a-
algebra to implement the procedures of the proposed minimization algorithm.

Algorithms for minimization and accelerated learning are based on combining two sub-
regions D1 and D2 in factor space (Fig. 2).

The tuples of relations that define these subdomains differ in the value of the two attrib-

utes X min» Ximax (X{iS the sign axis in the direction of which the union takes place. Selection
of these tuples D 1 and D _2 is achieved by the filtering operation. To obtain a tuple
D 12 that defines the combined region D 12, the relation D _1 is first decomposed into

the relation D _1MX without the attribute X,.;, and the relation D _1MN without the at-

min

tribute X

1max *

Ximin @nd the relation D _2MX  with a single attribute X, -

This decomposition is achieved by the projection operation. In the future, performing
the Cartesian multiplication operation D _1IMX ® D_2MN and D_1IMN ® D _2MX,

two tuples of the relation D 12 with a complete set of attributes are formed, from which the

and the relation D 2 into the relation D _2MN with a single attribute

desired D _12 is selected by filtering under the condition X, i, < X{ax -
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Figure 2 - Defining a tuple that defines a merged area

Conclusions.

1. The proposed minimization algorithm provides a robust mechanism for stabilizing
the structure of the predicate model, which is particularly important when dealing with non-
linear and nonstationary objects. By systematically reducing the uncertainty and variability
inherent in such systems, the algorithm ensures the consistency and adaptability of the model
structure over time. This, in turn, allows the refined predicate model to be effectively utilized
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for solving optimal control problems, enabling improved decision-making, better system re-
sponsiveness, and enhanced performance in dynamic and complex environments.

2. ldentical transformations applied to the predicate model, which are grounded in the
principle of invariance of the number of predicate parameters with respect to the size of the
region in the n-dimensional factor space that the model characterizes, enable a significant
simplification of the model structure. This invariance implies that the complexity of the model
does not necessarily have to grow with the expansion of the factor space, allowing for a more
efficient representation of the system’s behavior. As a result, it becomes possible to systemat-
ically reduce the number of predicates without losing the descriptive power or accuracy of the
model. Such a reduction contributes to improved computational efficiency, enhances inter-
pretability, and facilitates the application of the model to real-time or large-scale control and
decision-making tasks in dynamic environments.

3. Representation of elements of the predicate model in the form of a relational data
model allows to describe the minimization procedure on the basis of a single mathematical
apparatus of a-algebra. Given that relational data models are supported by database manage-
ment systems, the proposed algorithm can be easily integrated into the information and soft-
ware structures of existing management systems.
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Aoanmauyia npeduxkamnoi mooeni 6 3a0auax Kepyeanus
HeCmauioHapHUMU CIMAMUYHUMU 00 '€Kmamu
YV oaniii pobomi posenanymo akmyanvHy HAYKO80-NpaKmMuyHy 3a0ayy niosuyeHHs eqe-
KMUBHOCMI YNPAGNIHHA CIMAMUYHUMU MA K8AZICMAMUYHUMU MEXHON0IYHUMU 00 €Kmamu 6
yMO8ax ix HecmayioHapHoi no6ediHKu ma MiHAUeocmi 3068HiwHix enausis. Ocobiusa ysaea
NPUOLAEMBCA 3ACMOCYBAHHIO NPEOUKAMHUX MOOenell, 5IKI 00360/110Mb POPMATi308AHO ONU-
cysamu  pi3HOMAHIMHI MEXHON02IYHI cumyayii, CMmaHu ma 63AEMO038 A3KU Napamempis
00’exma ynpasninHsa 3a 00NOMO20K0 JIOIYHUX KOHCMPYKYIll. Taki mooeni € eHyuKuUM iHcmpy-
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MeHmMoM 0I5l NPeOCMABIeHHsl 3HAHb NPO 00 €KM i 3a0e3neuyIoms MONCIUGICIMb adanmayii 00
SMIHU napamempis y npoyeci ekcniyamayii.

3anpononosano Hosuil nioxio 0o nodbydosu ma adanmayii NPeOUKAmMHoi Mooei Ha oc-
HOGI aneopummy Minimizayii onucy o6pazie mexnonoziunux cumyayii. Hozo cymuicmo nons-
2ae y 8UsGIeHHI ma 8UOAIeHHi 3 Mooei iHghopmayii, wo eMmpamuia aKmyaibHiCmb, d MAKOHC
V cnpowjenHi 102iuHoi cmpykmypu moodeni 6e3 empamu axocmi ii onucy. Bascnusoio ocoo-
JAUGicmio 0aH020 NiOXo0y € BUKOPUCMAHHA GLACMUBOCMI [HEAPIAHMHOCMI KIIbKOCMI napa-
Mempie, Wo BUHAYAIOMb 2inepnapaieienined y paxmopHoMy RpoCmopi He3aneNCHO 8i0 U020
posmipis. Lle 0036015€ cymmego 3meHuumu KilbKicms npeouxkamis y mMooeni ma 3Hu3umu
CKIIAOHICMb 0OYUCTIOBATILHUX NPOYEdYD Y CUCIEMAX a8mMOMAmu308aH020 YAPAGLIHHSL.

Memoouxa nobyoosu mooeni nepedbauae po3doumms haxmoprHoeco npocmopy Ha eje-
MeHmapHui nidobaacmi - 2inepnapanenenineou, siKi 0038015I0Mb SHYUKO (DOpMYy8amu Onuc
pisnux cumyayiu. I[Ipu yvomy epanuyni nioobracmi, wo mMaoms HAUMEHULl pO3MIpU, 6U3HA-
yaroms mounicms po30inbHoi Gyukyii. O0'cOnanns maxux nioobracmel y HANPImMKy ocell
O3HAK 00380/8€ ONMUMI3Y8AMU CMPYKMYPY MOOENi ma CHpOCMUmu npoyec NPUtHAmMmI
Ppillensb 8 cucmemax ynpaeiHHs.

Ocobnusy ysazy 6 pobomi npuodiieno MOAHCIUBOCMI NPAKMUYHOL peanizayii areopummy
MIHIMI3ayii Ha OcHO8I anapamy o-aneeopu. lLle 3abe3neuye inmezpayilo moodeni 00 iHpop-
MAYIUHUX CUCMeM HA OCHO8I pelayiuHux mooeneti OaHux, AKi niOMpUMyOmsCs CYYACHUMU
cucmemamu ynpasiinisa o6azamu oanux. Taxuti nioxio 00380.8€ NIOBUWUMU VHIBEP CATIbHICb
ma 3pYYHiCMb GUKOPUCMAHHS 3aNPONOHOBAHO20 Memo9dy y CKIAOI ICHYIOYUX a8MOMAMU308a-
HUX cucmem YnpasiiHHs MEexXHON0IYHUMU NPOYECaMU.

Ilokazano, wo euxopucmanms Mooeuni 3 MiHIMI308aHUM ONUCOM 00380.J14€ 3a6e3nedumu
8UCOKY AKICMb YNPABNIHCOKUX PIUUEHb, A0ANMUSHICMb 00 3MIHU XAPAKMepUCmuK npoyecy ma
cmabinbHicmb (OYHKYIOHYBAHHA CUCTIEMU 8 YMOBAX GNJUBY 308HIWHIX MA BHYMPIWHIX (DaK-
Mopie HeGU3HAYEHOCHI.

Taxum wunom, npeocmasieHuti y pobomi nioxio 0o no6y00s8u npeouKamuoi mooeni ma
i1 aoanmayii wnaxom MiHimizayii onucy oopasié MexHoI02IYHUX CUMYayii € YHIBepCanbHUM
IHCMPYMEeHmMOM OJisl YNPAGNIHHA HeCMAYIOHAPHUMU CMAMUYHUMY 00'ekmamu. 3anpononosa-
HULL aneopumm Modice Oymu GUKOPUCMAHULL Ol CMEOPEHHS [HMEeNeKMYAIbHUX CUCmeM
RIOMPUMKU NPULHAMMS PIUUEeHb, A8MOMAMU308aHUX CUCMEM ONMUMANbHO20 YHPAGIIHHA, a4
MaKoxc iHGhOpMayitiHo-AHATIMUYHUX CUCTEM NPOMUCTOBUX NIONPUEMCME.

Knrouoei cnosa: ynpasninnusa cmamuynumu 06'ekmamu, npeoukamua mooens, o-aneeopa,
MiHIMI3ayis onucy 0bpasie, adoanmayis Mooeii, iHpopmayis, HeCmayioHapHi MexXHOI02IUHI
npoyecu, perayitina Mooeib OaHUX, a8MOMamu308aHi Cucmemu YNpaeIiHHsL.
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I.C. Tonkowmkyp
YU CEJBbHUMN AHAJII3 AEPOJUHAMIUYHUX XAPAKTEPUCTHK
HEKPYI'OBUX KOHYCIB ITIPU HA/I3BYKOBOMY OBTIKAHHI

Anomauyis. B pobomi poszensnymo 3a0auy npo Hao38yKo8e 0OMIKAHHA 20CMPO20 KOHYCA 3 00-
BIILHUM 2/IA0KUM NONEPeyHUM Nnepepizom Nomokom 8 a3koco 2asy. lIlpunyckanoce, wo enius
8'SI3KOCMI 30CePe0NCeHO 8 MOHKOMY wapi nodoauzy meepooi nosepxui i 6cro obnacms meuii
MOJICHA PO30LIUMU HA HeB S3KULL NOMIK [ npumedicosuti wiap. /s po3e’a3anHs 3a0aui 8 00.1a-
cmi Heg 'A3Koi meuii 3acmoco8ysascs cmayionaprull ananoe memooa 1 00yHosa, 6 npumedsico-
80MY wiapi — CKiHYeHHO-pisHuyesuli memoo Ilemyxosa. IIpoeedeno uucenvHull ananiz aepo-
OUHAMIYHUX Xapakmepucmuk oieninmuunoco konyca. Ilokazano, wo yucno Petinonvoca i ¢po-
pMa nonepeuHoz2o nepepizy Cymmego GNIUBAE HA BelUYUHY AepOOUHAMIYHUX KoeghiyicHmis
KOHYca.

Knrouoei crnosa: naossykoee oomikanus, koeiyicum onopy, nioioMHa cuid, KOHyc, nonepey-

Hull nepepis, pisuauns Etinepa, npumedxcouti wiap.

ITocTanoBka npodjemu. OnHIEIO 3 BaXIMBUX 33Ja4 Cy4yacHOI aepoJUHAMIKH € BH-
BUYCHHS HA/I3BYKOBUX TEUill HABKOJIO HEOCECUMETPHUYHUX HECYUHX TiJI, IO PYXaIOThCS B Ta30-
BOMY CEpEIOBUII MiJ JEeIKUM KyTOM aTaku. Taki Tila MOXYTb MaTH MEHIIMA XBUILOBUUN
orip, HIXK TiJIa 00epTaHHs TOH e TOBXKUHU Ta 00’ eMmy. OHAK, YHACHIIOK OUIBIIOT IO TTO-
BEPXHI, CUJIM TEPTH, 110 AIFOTh HA HUX, MOXKYTh 1ICTOTHO 30UIBIIUTH MOBHUN omip. Y 3B'SI3KY 3
UM CTAaHOBUTH IHTEPEC BUBUYCHHS B'I3KOTO OOTIKAHHS TUT BKa3aHOi (hopmHu.

MareMaTtuyHe MOJICTFOBAHHS TEYii CYIIUIBHOTO CEPEIOBHUIIA 3AIMCHIOETHCS 3a JOTIOMO-
ror0 MOBHUX a00 MEBHUM YMHOM crpolieHux piBHsAHb Hap'e-Crokca. Cepen pi3HUX MIIXOIIB
JI0 YUCENIbHOTO JOCIIIPKEHHS! TPOCTOPOBUX TEUii B'SI3KOr0 ra3zy Ba)JIMBE MICIIE MPOJIOBKYE
3aiiMaTH Teopis mpuMexoBoro mapy. Lleit miaxin € 1ocuTh eKOHOMIYHUM (Y CEHC1 BUTpAT pe-
CypciB KOMI'toTepa) 1 BOJHOYAC JOCUTh TOUHUM 3a BEIMKHUX dncen PeitHombaca.

Jlns mpUKIagHUX 3a/a4 MEBHUM IHTepec Mae KJac BUPOPKEHUX IMPOCTOPOBHUX Tediil,
KU TOB'A3aHUN 3 PyXOM 3aroCTpeHUX KOHIYHUX TuUI. Lli Tila 4acTo BUKOPUCTOBYIOTH SIK
OKpeMi eJIeMEHTH JITaJbHUX anapatiB. [Ipu BUKOHAHHI MEBHUX YMOB HAaBKOJIO TOCTPOTO KO-
HyCa peaii3yeThCsl KOHIYHA Tedis, 10 Ja€ MOXIIMBICTh 3BECTH BUXIJHY HMPOCTOPOBY 3ajauy
70 NBOBUMIpHOi. Po3B's13aHHs 3a/1a4i Mpo OOTIKaHHS TOCTPOro KOHYyca Jla€ MEeBHY iHpopMa-
1110, KOPUCHY JUIS YHCEIHHOTO aHai3y HEBUPOKEHHUX TeUiil.

AHani3 ocTaHHIX AocaigkeHb i myOaikanii. JlocoikeHHIO B S3KMX Tedild MOOIU3y
TiJ, OO0 HE MalOTh OCbOBOI CHMETpIii, MPUCBIUYEHO 3HAUHY KUIBKICTh €KCIIEPUMEHTAIbHUX 1

TeopeTHYHHUX poOIT. B crarTsax [1-2] HaBeneHi pe3ynbTaT €KCIIEPUMEHTIB IPU JO3BYKOBHUX
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MIBUJKOCTAX PyXy JIS JITAIbHUX amapariB 3 MONEPEYHHMHU Iepepi3aMH y BUIIISIL Kpyra,
KBaJpaTa i TPUKYTHHKA 3 OKPYIJIEHUMH KpoMKaMmu. B po0oti [3] 3anpornoHoBaHO HaOIMxe-
HUI METOJl PO3paxyHKYy IUIIBKOBHUX TEYill PIAMHU MO MOBEPXHI KOHYCa 3 TJIaJKUM MOIepey-
HUM TIEepepi3oM.

JlocmipkeHHsT HaA3BYKOBUX Tedild Ta3y NOOMM3Yy TBEPAUX TiJl TPOBOAMIINCH B
poborax [4-10, 2]. B [4-6] Ha ocHOBI moBHUX ab0 mapabomizoBaHux piBHsIHL HaB’e-Ctokca
BUBYAJIOCh OOTIKaHHS eNNTHUYHOTrO KoHyca. B po6orax [8-10] st 3HaX0omKeHHS aepoanHa-
MIYHHX XapaKTEPUCTHUK JITAIbHUX arapariB 3 pi3HUMH MONEPEYHUMH NIEpepi3aMu 3aCTOCOBY-
BaBcs mporpaMuuii komruieke Ansys Fluent. ExcrieprMeHTanbHi JOCTIIKEHHS HAA3BYKOBHX
Teuiil mo0OIM3y TBEPAUX MOBEPXOHb MPOBOIMIKNCH B poboTax [2, 7].

Mera nocaigxennsi. Po3poOuTi METOIUKY pO3paxyHKY aepoJuHAMIYHHX XapaKTepuc-
TUK KOHIYHUX TiJ 3 JAOBUIBHUM IJIAJKUM TOMEPEYHUM IEPEepi3oM MPU HAI3BYKOBOMY OOTi-
KaHHI Ha OCHOBI piBHsAHB Elinepa i npumexoBoro mapy. [IpoBectu uncenbHUil aHami3 iHTEr-
pPAIbHUX XapaKTEPUCTUK O1eNINTUYHIX KOHYCIB.

BukiiajeHHs1 OCHOBHOIO MaTtepiany aocjigxenHs. PosrisnaeTscs 3amada npo Hal-
3BYKOBE OOTIKaHHSI TOCTPOr0 KOHYca 3 JOBUIBHUM TJIQJKUM TONEPEUYHUM IEepepi3oM CTallio-
HAapHUM IMOTOKOM B’SI3KOT0 Tra3y. PiBHSHHS KOHIYHOI MOBEPXHI B CPepUUHIi CHCTEMI KOOPAU-
Har (1, 0, ) 3amaeTbes y BUniAi 0 =0(@), e 6 — KyT MiXK TBIpHOIO KOHYyCa Ta HOro Bicclo.
[TpurmyckaeThes, MO BIUTUB B'SI3KOCTI 30CEPEHKCHO B TOHKOMY IIapi Mo0ImM3y TBEpOi moBep-
XHi 1 BCIO 001acTh 30ypeHOi Teuil MiXK yIapHOIO XBUJICIO Ta MOBEPXHEIO0 KOHYCAa MOXKHA PO3-
JTUIMTH HA HEB’SI3KUM MOTIK 1 MPUMEKOBUHN LIap.

Cucrema piBHsHb Elinepa, 1110 onucye cranioHapHy TeUil0 HEB SI3KOI0 rasy, B AMBEpre-
HTHIN (opM1 Ma€e HaCTYITHUN BUTJIAL!

%4_@4_@:0’ (1)
oXx oy oz
e A, E, 6 -‘{OTI/IpI/IKOMHOHeHTHi BCKTOPU
PUy puy PY;
2
A: p+,0ux 1 |§: puxuyz ’ 6: puXuZ ’
pULUy p+ puy pUyU,
puL, pu, U, p+ pu?

(X, Y, Z) - JICKapToBa cucTéMa KoopauHar; U, uy, U, - KOMIIOHEHTH BEKTOpaA WIBU[I-
KOCTI B3JIOBX oceil X, Y, Z BIINOBITHO; P — THCK; O — I'YCTHHA rasy.
Cuctema piBHSHB (1) TOTTOBHIOETHCS YMOBOO CTAJIOCTI MOBHOI €HTAIBIIIT TeUil
2 2 2
k p N Uy +Uy +U;
k—-1p 2

ne K — mokxasHuk afia6aTy, a TakoX TPAHMYHMMH YMOBAMHM Ha TIOBEPXHi KOHYCA Ta Ha yIap-

= const, 2

HIA XBUIII.
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Posrmsimanuchk Taki pexxuMu OOTIKaHHS, KOJW YAapHA XBWJIS, IIO YTBOPIOETHCS MEPE
KOHYCOM, MIPHEIHAHA IO HOTO BEPIIMHU 1 HEB’si3Ka Tedisi HABKOJIO HHOTO € KOHIUHOIO. [HTeT-
pyBaHHS CUCTeMH JU(epeHIiabHUX piBHAHB (1) MPOBOAMIOCH 32 TOTIOMOTOI0 CTAI[iOHAPHO-
ro ananora meroga [oayHoBa C.K. [11] 3 BUKOpUCTAHHSM MPUHIMITY YCTaHOBJICHHS
PO3B’SI3KY 3a MO3/I0BKHBOI0 KOOPIMHATOIO X .

Cuctema piBHSIHB IPOCTOPOBOTO JIAMiHAPHOT'O IPUMEKOBOTO LIapy HA KOHIUHIN TOBEp-
XHI Ma€ BUTJIS]T

0 0 0

—(rou — —(rpv)=0, 3

65( D )+677('0w)+8§( pV) 3
uau pwau+pvé_u_£ﬂ 2 _ @+i ou (4)
ot r on o rog o5 og\" o¢

0 pode oo por . 1% 0f oo (5)
o rop T oc rog ron oc\"a¢

o podh  oh  p wdp ofAdn), (a_J [a_wj ©
ot r oOn o¢ ot ron of Cp o¢ o¢ o¢
KpaiioBi ymoBH
Uu=w=v=0, h=h, npu § =0, (7
Uu—>u, ® > o, h—>h npu § —> o, 8)
Tyt (&, 7, ) — oproroHaabHa cHCTEMa KOOPJIMHAT, KA 3B’s3aHa 3 TIOBEPXHEI0 KOHyCa
(& — xoopaMHarta, IO BiIPaXOBYETHCS Bijl BEPIIMHU KOHYCA B3JJOBXK TBIPHOI, 77 — MOJISAPHUI
KyT B IUIOIINHI, SIKa IEPIEHANKYIISIPHA 0 Oci KOHyca, { — BIJCTaHb O HOPMAJIi 10 HOBEPX-
Hi); = ét//(n) ; U, w,V, — KOMIOHEHTH BEKTOpa IIBUIKOCTi, HAmpaBlIeHI B3JOBXK OCeH
&, n, ¢ p —tHek; p, h — rycruHa i eHTaNbMis rasy; Cpp — TEMIOEMHICTE MPH MOCTIHHOMY
THCKY; f, A — KoedillieHTH MOJIEKYISIpHOT B’S3KOCTI Ta TEIJIONPOBIAHOCTI. [HACKCH «W» i
«e» BIAHOCATHCA J10 TapaMeTpiB Ha CTIHII Ta Ha 30BHIIIHIN MexXi MpuMekoBoro mapy. OyH-

kuist W(77), sxa 3an1ae GopMy MONEPEYHOTO MEPEPI3y KOHYCA, MA€E BUTIST
05

2
1 |, (drR A
= R+l — | +R , R=tg@ )
v = (dnj 96(n7)

Cucrema piBHSHB IPUMEKOBOTO APy JOMOBHIOETHCS PIBHSIHHSIM CTaHY IS 17€aJIbHO-
ro ra3y Ta CTETIEHEBUMH 3aJICKHOCTSIMHU MOJIEKYJISIPHOI B’ I3KOCT1 Ta TEIJIONPOBITHOCTI.

[Ipu xoHiuHIN 30BHIMHIA Tedwil 3aa4a mpo mpumexoBuil map (3)-(8) 3a momomororo
3aMiHU 3MIHHUX MOKe OyTH 3BeJeHa J0 ABOBUMIpPHOI 3amadi. [ po3B’si3aHHS IIi€l 3amadi
3aCTOCOBYBABCsI CKIHUEHHO-pi3HUIIeBHI MeTo [letyxosa [.B. [12].

130 ISSN 1562-9945 (Print)

ISSN 2707-7977 (Online)



«Cucremui Texnonorii» 5 (160) 2025 «System technologiesy

B pesynbraTi po3B’si3aHHS HaBEACHUX BHILE KpailOBUX 3a7ad MOXYTh OyTH 3HaWJeHi
MOJIST IBUJIKOCTEH 1 THCKY B IIPUMEKOBOMY IIapi 1 B HEB A3Kii 00JacTi Tedii, a TaKoXk JOKa-

neHi Koedinientu tueky Cp itepra C x C f,

B 2
szu, Cn:i ou 1 ow qoo:poouoo'

U—| . Co=—lu—1,
a, a.\"oc )y " A Tac), 2

B po6oTi npunyckanoch, 1110 Tedis Ma€ miouly cuMerpii. B iboMy Bumajaky BeKTop ae-

poauHamiuHOl cua F , sikuit po3rarioBaHuil B IO CUMETPil, MOXKe OyTH PO3KJIaCHUI Ha

— —

IBI CKJIAJOBi: OCbOBY cHily R, HampaBieHy B3IOBXK Oci KOHyca X;, 1 HopmanbHy cury N,
sKa € IEPICHIUKYISIPHOT JI0 1i€i Oci.
KoedimieHT 0ch0BO1 CHIT MOKE OYyTH MOJJaHUH HACTYITHUM YAHOM:
R 1 - _ - -
— — YAV Ny Ny
Cy = s S H [CP cos (77 ) +Cy cos(f ) +Cy cos(5,"i )]dS
O Mi0 MiO Sgox

ne §, §,, N — onuuuuni BexTOpU OpTOroHANBEHOI cucTemu koopauHat (£,7, <), T — onu-
HUYHHUN BEKTOD B3JIOBXK OCi KOHYyca; S, .y, Sg,,. — IUIOMII MifeIeBOro mepepisy ta 6id4Hoil mo-
BEPXHi KOHyca. AHAJOTiYHUM YMHOM BH3HA4aloThcs KoedimienTn HopMmansHOI cumn Cy i
MO30BXXHBLOT'O MOMEHTY M,

Cy=—D ' m=—Mz_
0 Smo 0 Sma L

3a BimomMuMmu 3HaueHHSIMU BennuuH C R 1 C N MO>KHA OOYMCIMTH KOE(DIIEHTH J0O0BO-

ro onopy Cy i migitomuoi cuimn Cy , a Takox aepoaunamiuny skicre K =Cy / Cy
Cy =Cycosa—-Crsina, Cy =Cysina+Cycosa.

Ha ocHoOBI uncenbHOTO iHTErpYyBaHHs piBHsIHb Efinepa (1) i mpumexoBoro trapy (3)-(6)
MIPOBEICHO PO3PAXYHKU ACPOJUHAMIUYHUX KOEQIIIEHTIB I OleminTUuuHUX KOoHyciB. dopma
MOBEPXHI IUX TIJ 33JA€ThCS TPbOMA T€OMETPUYHUMU TIapaMeTpamu 01, 02, O (O - HamiBKyT
KOHYyCa B TUTOILIMHI BEJIUKOI MBOCI, 01 Ta 02 KOSPIIIEHTH SMNTHIHOCTI HUKHBOTO 1 BEPXHHOTO
HariBeninciB). Pesynpratu po3paxyHkiB mpu yucia Maxa M=6 1 kyti 0,=15° HaBeneHi Ha
pucyHkax 1-2.

Ha pucynky 1 HaBeneH1 3aiexxHocCTi koedilieHTa onopy Cx Ta aepoJuHaMIYHOI SIKOCTI
K Bin KyTa aTaku o Ui OieTiNTHYHOTO KOHYCa 3 TEOMETPUIHUMH mapaMerpamu d1=1 1 6,=2
IpY Pi3HHUX 3HaYCHHSX yucia PeiiHonbaca Re (Re=pyUsxl/., | — BucoTa konyca). Ilpu a=0°
1[€ TLI0 BOJIOJI€ HECYYUMH BIACTHBOCTSAMU; MpU 0~—3.7° — Mae HyIbOBY MIAHNOMHY CHUIY 1
MIHIMQJIBHHUH JIOOOBHUH omip. BrumB mpumeXoBOro mapy mpu3BOAUTH 0 3HAYHOTO 301Tb-
HIeHHs JIoOoBoro onopy. Tak, Hampukian, npu a=0° 706aBKU BHACIIJOK CHJI B’SI3KOCTI CKJIa-
narTh 9%, 28%, 89% Bi XBUILOBOTO ONIOPY Xys MPU YUCITAX Re=106, 10°Tta 10* BIJIIIOBITHO.
BHecok B’S3KHX CKJIaJI0OBUX Yy HIAMOMHY CHITY 1 B TO30BXHIH MOMEHT € He3HauHuM (0.3+3%

npu Re=106+10'). BpaxyBaHHs1 cui1 B'SI3KOCT1 MPU3BOJUTD IO 3HAYHOTO 3HM)KCHHS MaKCHMa-
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JHHOTO 3HAYEHHS aepOJUHAMIYHOI SKOCTI Kmax, IpUYOMY 31 3MEHIICHHSM uncia Re makcu-
MYM CTa€ MEHII BUPAKEHUM 1 3MIIY€eTHCS B 001aCTh OUIBIINX 3HAYECHDb KYTa .
0,8 2

a) |Cx

0,6

0,4

0,2 <

0,0 22
-20 -10 0 10 @ 20 -20 -10 0 10 @ 20
----- Re=1074 - - - - Re=10"5 Re=10"6 --=--- Re=10"4 - - - - Re=10"5 Re=10"6

Pucynok 1 — 3anexHictb koedimienta onopy Cx Ta aepoJuHaMi4HO1 SKOCTI K
BiJ] KyTa aTaku o [P PI3HUX 3HAYCHHsX 4yucia PeliHonbaca Re

Ha pucynky 2 nokaszano BB ¢popMu HaBITPsHOT (KOeIlieHT 1) Ta MiABITPSIHOI (KO-
ediieHT d7) MOBEpXHI OIENINTUYHOrO KOHYCa HA HOTO aepoJuHaMIuHI KOe(IIlIEHTH MPH 3Ha-

4eHHI KyTa 0=5°. 30UIbIICHHS BEIUYMHM 01 IPU3BOAUTH 10 3MeHIIeHHs Koedimientis Cy ,
Cy, m,. AeponrHamiuHa sikicTs K rmpu npomMy Moxke 3pocTaTu abo CriajaTH 3aJIeKHO Bij Be-

JMYUHY Op. 30UIBIICHHS BEIMYUHH O IPU MOCTIHHOMY 3Hau€HHI 01 BITHOCHO c1a00 BIUIMBAE
Ha BemnunHy Cy 1 IPU3BOAUTH 10 CUIIBHOrO 3poctaHHs koedinientis Cy , M, |, K. Haii6i-
JBIIY MIAHOMHY CHIIy IIPH 0=5° Ma€ KOHYC 13 HalOLIbII ONMYKJIO HUKHBOIO (81=1) 1 Hali-
MEHII ONYKJIOK BEPXHBOIO (01=3) MOBEPXHAMHU.

BucHoBkH. 3anpONOHOBaHO METOAMKY PO3PAXYHKY a€pOJUHAMIYHHUX XapaKTEPUCTUK
KOHIYHHMX TU1 3 JOBUIBHUM TJIQJAKUM MONEPEUYHUM IEpepi3oM MpH HaJI3BYKOBOMY OOTIKaHHI,
10 IPYHTY€ETHCS HAa YMCENbHOMY IHTETPYBaHHI piBHAHDb Eliniepa 1 1aMiHapHOTO MPUMEKOBOTO
mapy. [IpoananizoBaHo BILTUB r€OMETPUYHUX 1 PI3UYHHUX MapaMeTpiB Ha 1HTETpalIbHI Xapak-
tepuctuku Tedii. [lokazano, mo yucio PeitHonbaca 1 popma momepedHoro nepepizy CyTTeEBO

BIJIMBAIOTH HAa BEJINYMHY a€POAMHAMIUHUX KOEPIIIEHTIB O1€TINTHYHOTO KOHYCA.
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0,3 3
a) |Cx 6)

0,2 = = 2

0,1 1

0 0
1 1,5 2 25 § 3 1 1,5 2 25 S5 B
----- §1=1 ----581=2 ——51=3 --=81=1 ----81=2 ——5§1=3
0,4 0 ¢
B) Cy _.=7 \".\
Or3 ” = - P ”” 0;1 \\ \.\- ey
/.'/ /" r) | mz \‘\:'\\
0,2 ,." ," 152 S~ \§:-_
01 == -0,3
0 -0,4
‘i 1,5 2 25 02 3 1 1,5 3 25 &2 3
----- §1=1 ----5§1=2 ——51=3 -—==81=1 ----§1=2 ——5§1=3

PucyHnok 2 — 3aiexHiCTh aepoAMHAMIYHUX KOE(IIIEHTIB BiJ] FEOMETPUUYHUX
napamerpiB 81 1 5, (Re=10°)
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Numerical analysis of aerodynamic characteristics
of non-circular cones in supersonic flow

Numerical modeling of viscous gas flows around non-axisymmetric lifting bodies
streamlined at an angle of attack is one of the urgent problems of modern aerodynamics. Such
bodies have high aerodynamic quality and are promising in the creation of maneuverable
aircraft.

The paper considers the problem of supersonic flow of a viscous gas around a sharp
cone with an arbitrary smooth cross-section. It was assumed that the effect of viscosity is con-
centrated in a thin layer near the solid surface, and the entire flow region between the body
surface and the shock wave can be divided into an inviscid flow and a boundary layer.

The flow regimes considered were when the shock wave formed in front of the cone is
attached to its top and the inviscid flow around it is conical. The integration of the system of
differential equations of Euler was carried out using a stationary analogue of the Godunov
method, using the principle of establishing a solution along the longitudinal coordinate. To
solve the boundary layer problem, the Petukhov finite-difference method was used. As a result
of solving the specified boundary value problems, the velocity and pressure fields in the
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boundary layer and in the inviscid flow region, as well as the integral aerodynamic coeffi-
cients, were found.

Based on the proposed methodology, calculations of aerodynamic coefficients for bi-
elliptical cones were performed. The surface shape of these bodies is specified by three geo-
metric parameters 01, 62, 6k (6k is the half-angle of the cone in the plane of the major semi-
axis, 01 and 02 are the ellipticity coefficients of the lower and upper semi-ellipses).

Numerical analysis of aerodynamic characteristics showed that taking into account the
influence of the boundary layer leads to a significant increase in drag and a decrease in aer-
odynamic quality. The contribution of viscous components to the lift and longitudinal moment
is insignificant. The shape of the cone cross-section has a significant effect on the value of its
aerodynamic coefficients.

Keywords: supersonic flow, drag coefficient, lift force, cone, cross-section, Euler equations,
boundary layer.

Tonkomkyp Lnas CepriiioBud — k. ¢.-M. H., JOLEHT Kadeapu 00UNCTIOBAILHOI MaTeMaTH-
KM Ta MaTeMaTHYHOT KiOepHeTHKH [[HIMPOBCHKOTO HAI[IOHAILHOTO YHIBEpCUTETY iMeHi Omnecs
I'onuapa.
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B.1. Ko63ap, O.1O. Kpusenko, A.B. ITikinpHsK
ONTUMIBALISA TAPAMETPIB ' JPOTPAHCIIOPTHUX CUCTEM
3 YPAXYBAHHSM KPUTEPIIB HAJIIMHOCTI

Anomayis. 'Y cmammi posensinymo numanus nio8UUjeHHs HAOIUHOCMI ma epexmusHocmi
2I0OPOMPAHCNOPMHUX CUCTEM, SKI € KPUMUYHUMU eJleMeHmamMu 6a2amvox npoMUCIO8UX npo-
yecis. [lpoananizoeano cywacHuii cman maxkux cucmem, 30Kpemd iXHI0 CKIAOHICMb 5K meXx-
HIYHUX 00'€KmMi8, a maxkodxc paxmopu, wo enausaroms Ha 3HOC eleMeHmis, GKIYadu 2iopo-
abpazusnuti eniug. OOIPYHMOBAHO OOYINbHICMb BUKOPUCIAHHA CIOXACMUYHUX Mooeell 0
onucy npoyecié 3HOULY8aHHs, w0 00380J8€ MOUHIULe NPOSHO3Y8AMU pecypc mpybonposodie
ma iHwi020 001A0HAHHS. 3aNPONOHOBAHO MAMEMAMUYHI Ma ONMUMI3AYINHI MOOei, AKI 8pa-
X08YIOMb CMOXACMUYHY NPUPOOY eKCHIYamayiuHux napamempis, 0is 6uOOpy payioHAIbHUX
cxem 2iopompancnopmy. Ilposedeno nopisHanbHUll anani3 pi3HUX cxem (OYHKYIOHYB8AHHSA CU-
cmem, 6cmanogieno kpumepii naditinocmi ma egpexmuenocmi Okpemy yeazcy npuoiieHo exo-
HOMIYHUM ACNeKMAM eKCHAyamayii, MemoouKam MOHIMOPUH2Y ma nPpocHO3Y8aHHs MeXHIYHO-
20 cmany. Pezynomamu Oocniddicenv maromes npakmuuue 3HA4eHHs OJisi NPOEKMYBAHHL mMd
00C1Y208Y8aHHSA 2I0POMPAHCNOPMHUX CUCEM, WO 00360JIAE 3HUSUMU GUMPAMU, NO8 SA3AHI 3
npoCmMosaMuU, ma NIOSUUMU 3A2ATIbHY eeKmuUsHicms pooOmu NIONPUEMCMS.

Knrouosi cnosa: ciopompancnopmui cucmemu, HaditiHicmy, 2i0poabpa3usHull 3HoC, cmoxa-
CmuyHe Mo0eno8ants, mpyoonposio, IpyHmMoGUll HACOC, MeXHIYHe 00CNY208Y8aHHs, eqheK-

MUBHICMb, ONMUMI3AYIA, NPOMUCTO0EA EKCHILYAMAaYiA.

ITocTanoBka nmpodaemMu. ['iJpoTpaHCIIOPTHI CUCTEMH € BaKIMBUMHU CKJIAJOBUMH IMPO-
MUCIIOBHX HIANPUEMCTB, 3a0€3MeUy0ur TPAaHCIOPTYBAHHs 3HAUHUX OOCATIB TBEPAUX MaTepi-
aniB. BogHouac, 3pocTarodi BUMOTH A0 iX €EeKTUBHOCTI Ta HAAIIHOCTI BUCYBAIOTh IOTPEOy y
HAyKOBO OOIPYHTOBAaHUX MiAX0J1aX /10 MPOSKTYBAaHHS Ta eKcIulyartanii. HuHi BincyTHi yHiBep-
callbHI METOJMKHM BHOOPY ONTHUMAJIBHHX CXEM TPAHCIOPTYBAaHHS TiJpocyMillel, 0coOIMBO
111 6araToOCTYNEHEBUX CUCTEM, a TAaKOXK MOJENI, 10 JJO3BOJISIOTh TOYHO OLIHUTH HalIHHICTb
o0yaiHaHHs Ta TPYOOnpoBoIiB. Lle mpu3BOAUTH 1O MOMUJIOK Y MIPOEKTYBAHHI, YACTUX BIIMOB
1 aBapiil, 110 CYIPOBOJKYIOTHCS 3HAUHUMU (PiHAHCOBUMHM BTpaTaMu uepe3 npoctoi. Tomy ak-
TYaJbHOIO € PO3pOO0Ka KOMIUIEKCHOTO MiAXO0y 10 OLIHKHM Ta MiJIBUIIEHHS Ha{IHHOCTI T1IpOT-
PAHCIIOPTHUX CHUCTEM, 3 YpaxyBaHHSIM 0COOIMBOCTEH 1X (QyHKIIOHYBaHHA, (PaKTOPIiB 3HOIIY-
BaHHS Ta CTOXAaCTHYHOTO XapakTepy AerpafaliiHuX MpoIeciB.

AHaJi3 ocTaHHIX J0cigxkeHb i myOaikaniii. ['igporpancnopTHi cucTeMu — 1€ CKJia-
JHI TeXHIYHI 00’ €KTH, 10 (PYHKI[IOHYIOTh y dOPCTKHX YMOBAaxX €KCIUTyaTallii Ta MiJalThCs
Aii 6araTboX 30BHIIIHIX 1 BHYTpIilIHIX (akTopiB. Ha BiiMiHy BiJl KJACUYHHMX TPAaHCIOPTHUX
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MeXaHi3MiB, iX (DyHKI[IOHYBaHHSI HE MPUIHHAETHCS MOBHICTIO Yy pa3i BIIMOBH OKPEMHUX eJie-
MEHTIB, 10 HiABUIIYE 3arajbHy HAIHHICTD, aJle CYTTEBO YCKIIAJIHIOE aHAJIi3 1 IPOTHO3 YBaHHS
TEXHIYHOTO cTaHy. KiltouoBMMH eneMeHTaMM TaKUX CHCTEM € IPYHTOBI HACOCH, TPYOOIPOBO-
JIM, apMatypa, sKi 3a3HAIOTh BIUIMBY a0pa3MBHUX BIIACTMBOCTEW TPAHCIOPTOBAHHX MaTepia-
JiB, KOHIEHTpAIi riApoCcyMillli, HEYCTaJCHUX PEXKHUMIB, TEXHOJOTIYHUX Je(EKTiB, CTApiHHS
Ta MOMIIOK MEPCOHATy. AHaNI3 JiTepaTypu MIATBEPIKYE, IO MEXaHI3M TiApoadpa3suBHOTO
3HOIIYBaHHA 00YMOBJICHUH IIACTUYHOIO JeopMaIli€ro Ta MiKpopi3aHHsaM marepiany [1].

Cucremu TiApOTPaHCIIOPTYBAHHS, 3aJIE)KHO BiJl Cepu 3aCTOCYBaHHS, MAIOTh CBOIO
cneundiky. Hampukiaa, cucteMu TpaHCIOPTYBaHHS BYT1U/LIS MAlOTh CIIPaBy 3 BHCOKOO adpa-
3MBHICTIO MaTepiaiy, y TOH Yac SIK y IUIaMOBHMX CHCTEMax alllOMiHIEBOTO BHPOOHUIITBA 10
MEXaHIYHOTO 3HOCY JIOJAETHCA e W XimiuHa Kopo3is. 3omonurakosi cucremu Ha TEC mpa-
IIOIOTh B YMOBAX MiABHUILIEHOI TEMIIEPATYpH Ta T€TEPOTeHHOCTI cepeaoBuia. Taki 0coOIMBO-
CTI MOTPeOYIOTh OKPEMOTO0 BpaxyBaHHA NpPU CTBOPEHHI MOJENIEH UIsi PO3pPaxyHKY
HajiiHOoCTI [3, 4].

VY OimpmIOCTI TPaTUIIMHUX MIIXOAIB 0 PO3PAaXyHKY HAMIMHOCTI TiAPOTPAHCIOPTHHUX
CHCTEM IPOLEC TiIpoadpa3uBHOTO 3HOIIYBAHHS ONMHUCYETHCS SIK IETEPMIHOBAHUH, IO O3BO-
JIsie po3paxyBaTH JIMIIE CepelHe 3HAYeHHs 3HOCY. OHaK TaKWi IMiJIXi1 IrHOPYE CTOXACTHYHY
NPUPOY EKCIUTyaTalliiHIX YMOB, YHACIIIOK YOr0 MOKYTh BUHUKATH 3HAYHI OXUOKH Y TPO-
THO3aX pecypcy TpyOompoBoaiB i HacociB [5, 6]. [TokazaHo, mo uIst riapoadpa3suBHOTO 3HOCY
XapakTepHe HeNiHIHHEe 3pOCTaHHS TUCTePCii — He JHINHO 3 4acoM, SIK y BHITAJKy CHIBHOTO
NepeMillyBaHHsl, a IPONOPILIHHO KBapaTy 4acy, 110 CBIIYUTH MPO BIACYTHICTh OJHOPIAHOCTI
y BIUTUBI YMHHHUKIB 3HOIIyBaHHS. lle BUMarae 3acTocyBaHHs CTOXaCTMUYHUX MOJENEH 3 ypa-
XYBAaHHSIM 3MIHHHUX €KCIUTyaTal[iiHuX napameTpis [2, 5].

Bukopucranust MeTOiB MOJICITIOBAaHHS BUTIAIKOBUX IPOIIECiB, 30KpeMa Teopii MapkoB-
CHKHX JIAHIIIOTIB, SK 3a3HaY€HO B CY4acHUX Ipausx [2, 3], € nepcrneKTUBHUM ISl BA3HAUEHHS
HWMOBIPHOCTEH BIMOB €JIEMEHTIB CUCTEMHM Ta ONTHUMI3allii TEXHIYHOTO 00ciyroByBanHs. Ha-
JINHICTB T1IPOTPAHCIIOPTHUX CHCTEM TICHO MOB’S3aHA 3 €KOHOMIYHOIO JIOLUIBHICTIO iX €KC-
rtyaTanii. Y Husli J0ChIipKeHb |5, 6] o0rpyHTOBaHO HEOOXIAHICTh PO3POOKH 1HTETPOBAHUX
MOKA3HUKIB €(EKTUBHOCTI, SIKI BPaXOBYIOTh HE JIUIIE BUTPATH HAa TEXHIYHE 0OCIyroBYBaHHS
Ta €HEProcroXMBaHHs, a ¥ MOTEHIIIHI BTpaTu 4yepe3 MpOoCToi, MOB’A3aHl 3 BIIMOBAMU CHC-
TeM. 30KpeMa, BIPOBAIKEHHS CUCTEM MOHITOPUHTY POOOYMX MapaMeTpiB HACOCHUX CTaHIIIH
JIO3BOJISIE CKOPOTUTH €HeprocrokuBaHHs 10 21% [4], m1o € cBimueHHSIM e()EeKTUBHOCTI KOM-
IJIEKCHOTO MIIXOAY 0 YNpaBIiHHS HAIIHHICTIO.

Meta pociaixxeHHsi. MeToro TOCHTIKEHHS € MABUIICHHS e()eKTUBHOCTI Ta HAIIMHOCTI
TAPOTPAHCIOPTHUX CHCTEM LUISIXOM BHOOpPY palliOHaJbHUX CXE€M TPAaHCHOPTYBAaHHA TiJIpo-
CyMiIIe#, po3poOKH MaTeMaTHYHUX MOJIETIEH NJIsi OIIHKY MOKA3HHUKIB HAIHHOCTI TPYHTOBUX
HACoOCIB 1 TpyOONPOBO/IIB 3 ypaXyBaHHSAM CTOXAaCTUYHOI IPUPOJIHU TiApoadpasuBHOTO 3HOCY Ta
3MIHHUX €KCIUTyaTamiiiHux ymMoB. Oco0nvBa yBara mpHAUISIETHCS ONTHMI3allii po3MIICHHS
HACOCHUX CTaHIIINA Ta BU3HAYCHHIO MTApaMeTpiB, IO 3a0e3MeuyoTh O6e3nepediitHy podoTy cu-
CTEM.

BukiaaeHHsi OCHOBHOIO MaTepiaay AocCaiKeHHs. ['iIpOoTpaHCIIOPTHI CUCTEMH, IO
BUKOPHUCTOBYIOTHCS Y BUI00YBaHHI Ta TPAHCIIOPTYBAHHI 3aJ113HOT Py, MAlOTh CBOT1 XapaKTe-
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pHi 0c00IMBOCTI. 30KpeMa, pyJHa MyJIbIla BUPI3HAETHCS BUCOKOIO a0pa3HMBHICTIO Ta 3MiHHOIO
KOHIIEHTPAIII€I0, 110 ITiIBUIIYE 3HOIIYBAHHS €JIEMEHTIB CHCTEMH 1 YyTIUBICTh J0O 3MIHU Ti]-
paBiiyHUX pexkuMiB. KpiM Toro, XiMiYHUN CKJIaJ MyJIbIH MOXKE CIIPHYUHATH JOAATKOBY KO-
PO3it0, 0OCOOIMBO MPU TPUBAIOMY KOHTAKTI 3 BHYTPILIHIMH MOBEPXHAMHU TpyOompoBoaiB. Lli
¢dakTopu 000B’SI3KOBO CIIiJi BpaXOBYBATH MPH MOOYAOBI MOJIETICH Ta METOIMK OLIHKH HaIii-
HOCTI T1POTPAHCIIOPTHUX CHCTEM Y TipHHUOPY/HII POMHUCIOBOCTI.

VY TpagumiHuX MiAxoJax riapoadpa3uBHUIN 3HOC TPYOOIIPOBO/IB YaCTO PO3TIAIAETHCS
K JIETePMIHOBAaHUHM MpoIIeC, IO JO3BOJSE OIIHUTH JIMIIE CEPE/IHIi PIBEHb 3HOITYBaHHS.
[Ipore y BUManky TpaHCHIOPTYBaHHS 3aTi3HOI PYyIH, A€ YMOBU CKCIUTyaTallil MOCTIHHO 3Mi-
HIOIOTBCS (HAIIPHUKIIAM, MIBUAKICTD MOTOKY, PO3MIp YaCTUHOK, KOHIIEHTPALis), TAKUN MIAXIT €
He/IOoCTaTHIM. ITHOpYBaHHS BapiaTHBHOCTI 3HOCY NMPHU3BOJAUTH J0 CYTTEBHX MOXHOOK y IMpo-
THO3YBaHHI pecypcy oOsiagHaHHsI — abo 10 WOro MmepeaJacHoro BUXOAy 3 Jaxy, abo 10 He-
parioHaIbHOTO BUKOPUCTAHHS.

JlOmiNbHIIIE MOJENIOBATH TiApoaOdpa3uBHUKM 3HOC SIK croxacTWyHHid mpouec. [lompu
MOIIMPEHE 3aCTOCYBAaHHS TAKOTO IMiJXOMy B MEXaHilll MaliuH, Ui TPyOOIPOBOMAIB Y pya0T-
pPOBO/IaX BiH BUKOPUCTOBYETHCS PIIKO. Bimbmiicte Mozeneil 6a3yeThcsi HAa MPUITYHICHHI PO
JiHiiiHE 3pocTaHHsA aucrepcii 3Hocy B 4aci. [Ipore mociikeHHsS CBigYaTh, IO Y BHIIAIKY
TPAHCHOPTYBAHHS PYAHOI ITyJIBIIN TUCTIEPCis 3pOCTaE MPOMOPIIIHHO KBaIpaTy 4acy, 10 BKa-
3y€ Ha BIJICYTHICTh CHJIBHOTO TIEpEMIlIyBaHHs 1 OJHOpiIHOCTI yMOB. Lle BaxkuBe criocrepe-
KCHHS CJIiJl BpaXOBYBATH JIJIs TIBUIIICHHSI TOYHOCTI IIPOTHO31B pecypcy Ta HaIiitHOCTI pyo-
IIPOBO/IB.

MatemaruuHa Qopmainizanisi CTOXaCTUYHUX IPOLECIB 3HOIIYBAaHHS BUMAarae 3acTocy-
BaHHS CIEIIAJIBHIUX METOJIIB aHaJli3y BHUIIaJKOBHX TpolieciB. st onucy riapoabpa3zuBHOTO
3HOCY CTIHOK TPYOOIIpOBO/IIB MOKHA BUKOPHUCTOBYBATH MO/JIEIb BUIIAJKOBOTO IMPOLIECY 3 He-
3aNeKHUMH IpUpocTaMU. B TakoMy BUMaAKy HPUPICT 3HOCY 3a Majuil MPOMIKOK dacy At
MOJKHA OITMCATH SK BUMAIKOBY BEJIMUMHY 3 TICBHUMH MapaMeTpaMH po3moairy. Skmo mo3Ha-
yuTH yepe3 X(t) BUMAIKOBUI MPOLEC HAKOMUYEHOIo ipoadpa3nBHOIO 3HOCY /10 MOMEHTY
gacy t, TO 1711 HbOTO BUKOHYIOTHCSI HACTYITHI YMOBH:

1. X(0) = 0

2. lna Oynp-KUX MOMEHTIB Yacy tles t?< .. < tn BHIIAQAKOBI BEIHMYUHU
X(t1), X(t2) — X(t1),..., X(ta) — X(ta-1) HesamexHi;

3. Inst Oymp-sixkux t => 0 Ta h = 0 posmomin BHMAAKOBOI  BEIWYHUHU
X(t+ h) — X(t) zanexurs Tinbku Bix h.

Taxuit migxia g03BoJsE OUIBII TOYHO OMHUCATH MPOIEC T1Ipoadpa3suBHOTO 3HOUIYBaAHHS
Ta TMPOTHO3YBAaTH HOTO PO3BUTOK Yy Yaci, MO € HEOOX1THO YMOBOIO /IS aJIeKBaTHOI OITIHKH
HAJ1IHOCTI T1IpOTPAHCIIOPTHUX CHCTEM.

Ha nagiitHICTh T1IpOTPAHCIIOPTHUX CUCTEM Y TIPHUYOPYIHINA MPOMHUCIOBOCTI BILIMBA-
I0Th TPU KJIIOYOB1 YMHHHKU: SIKICTh OOJIafHAHHS Ta TPyOONpOBO/IB, OpraHi3alis 00CIyroBy-
BaHHS (PEMOHTHA TIOJIITHKA Ta MPOQIIAKTHKA), a TAKOXK cxema (QyHKIioHyBaHHS cuctemu. L1
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€JIEMEHTH MAIOTh Pi3HY Bary y 3arajbHii OI[iHII HAaAIIHOCTI Ta B3a€MOJIIOTh MiX c00010, (ho-
PMYIOUH CKJIaJIHY i€papXito MOKa3HHKIB.

Oco6mmBoi yBarm moTpeOyIOTh I'PYHTOBI HACOCH, IO LIMPOKO 3aCTOCOBYIOTHCS IS
TPAHCHOPTYBAHHS 3a/i30pyAHOI MyNbNu. IX HamifiHiCHA OLIHKA YCKIAIHIOETHCS HEPiBHOMIp-
HUM 3HOCOM MPOTOYHMX YACTHH, Yepe3 IO CKJIATHO TOYHO BCTAHOBUTH KPUTHUHY MEXY, ITiC-
JIs1 SIKOT HACOC BBAYKAETHCS HEMPALIE3JaTHUM. Y TaKUX BHUIIAJKaX HEOOXITHO 3aIydaTH CTaTHC-
TUYHI JaHi 010 3HOCY AeTaneld — poO0YHX KOJIiC, KOPITYCiB, 3aXUCHUX TUCKIB TOIMIO.

AHai3 6araTopiqHOI eKCIuTyaTalii HaCOCHOTO 00JaJHAHHS JA03BOJISIE BU3HAYUTH 3aKO-
HU PO3IMOUTY Yacy MiX BiIMOBaMH KJIIOYOBHX KOMIOHEHTIB. Lle ae 3MOry OmiHUTH HMOBIip-
HICTh 0€3B1IMOBHOI pOOOTH HAacOca, ONITUMIZYBAaTH rpadikyi 3aMiHU 3HOIIYBAHUX €JIEMEHTIB 1
MJIaHyBaTH OOCST 3amacHUX YacTHH I 3a0e3reueHHs 0e3nepepBHOi poOOTH PYAOIIPOBOAY.
BaximBo BpaxoByBaTH B3a€MO3B'S30K MK 3HOCOM pPi3HHX €JIEMEHTIB MPOTOYHOI YaCTUHHU
Hacoca. Moro irHopyBaHHs 3aHMKye OLIHKY HaiiiHOCTi cuctemu. KpiM TOro, 3Ha4HOI0O mpo-
051eMOI0 € 00OMEeXeHa JOCTYIHICTh TOYHUX JaHUX MPO HAMPAIIOBAHHS JI0 BITIMOBH OKPEMHUX
JieTalel, 110 YCKJIaHIOE€ TOUHE TUIaHyBaHHS TEXHIYHOT'O 00CIYrOBYBaHHS.

KommiekcHa omiHka HaAifHOCTI TiAPOTPAHCIIOPTHUX CHUCTEM, IO 3aCTOCOBYIOTHCS IS
TPAHCHOPTYBAHHS 3aTi30PYAHOI MyJIBITH, TOBUHHA BPAXOBYBATH IXHIO CKJIAQIHICTh SIK TEXHid-
HUX 00’€KTIB 13 YHCICHHUMH B3a€MO3aJIC)KHUMH eJIeMEHTaMH. BayKiIMBO OLIIHIOBATH HE JIUIIIE
HA/IIHHICTh OKPEMHUX BY3IIiB, aje i CTPYKTYPY CUCTEMH, PEKUMHU POOOTH, YMOBH €KCILTyaTa-
11 Ta MOYKJIMBICTh pe3epBYBAaHHS KIIFOUOBUX KOMITOHEHTIB.

OCHOBHI NOKa3HUKHU HAIIHHOCT] TAKMX CUCTEM MOAUIAIOTh Ha YOTUPH FPYIH:

1. be3BiAMOBHICTh — IMOBIPHICTH POOOTH O€3 BIIMOB, IHTEHCUBHICTh BIIMOB, CEpPEIHE
HaIpaIfoBaHHs Ha BIIMOBY;

2. PeMoHTONIPUIATHICTL — CEpeIHIN Yac BiJHOBJICHHS, IMOBIPHICTh BIJIHOBJICHHS B 3a-
JTAHWH Yac,

3. JIoBroBi4HICTb — Cepe/Hiii i TapaHTOBaHUH (yY-TIPOIIEHTHHIA) pecypc;

4. KomriekcHi — Koe(dillieHTH TOTOBHOCTI Ta TEXHIYHOTO BUKOPUCTAHHS.

BuOip KOHKpETHHX MOKA3HUKIB 3aJIC)KUTh B1Jl IPU3HAYEHHS CUCTEMH, ii apXITEKTypH Ta
YMOB PYAOIPOBITHOT eKCIuTyaTallii. ¥ Teopii HaliiHOCTI PO3PI3HAIOTH JIBA OCHOBHI ITiIX OJTH:
aHaJIi3 32 CTAHOM OKPEMHUX €JIEMEHTIB Ta 3a 3MIHOIO BU3HAYaJbHUX NapameTpis. [lepmmii Bu-
Marae JIeTaJbHOTO OMHUCY BCIX CKJIQJIOBUX CUCTEMHU Ta 0OJIIKY KOPENSIiid Mi>k HUMH, [0 YaCTO
CKJIQJIHO peajli3yBaTH Uil BeJNUKHUX TigpocucteM. HatomicTe npyruii mijnxia OazyeTbcsl Ha
CIIOCTEPEKEHHI 3a MapaMeTpaMHu, SIK1 B1100paxaroTh 3arajibHUM CTaH CUCTEMHU — HAIPHUKJIa,
MPOJYKTUBHICTb, TUCK a00 eHeprocnoxuBaHHs. Lleil Meron n03BoJis€ OIIHUTH HaJiWHICTH
0e3 HeoOX1JTHOCTI TOBHOTO OMHUCY KOKHOTO KOMITIOHEHTA, 1110 OCOOJIMBO IIHHO B YMOBax Tip-
HUYOPYAHOI MPOMHUCIOBOCTI, € JOCTYH JI0 €JIEMEHTIB CUCTEMU OOMEXEHHH, a 30BHILIHI
YMOBH €KCIUTyaTalii MOCTIHO 3MIHIOIOThCSI.

Jnst omiHKM HamIAHOCTI oOJagHAHHS, TPYOOIPOBOAIB 1 apMaTypy B PYAOIPOBOJIAX 3a-
CTOCOBYIOTH MOJIEJNI CTallIOHAPHUX BUIMAJAKOBHX IMPOLIECIB 1 MATEMAaTUYHY TEOPII0 HAIIHOCTI.
[Tpu anamnizi HaAIHHOCTI T1APOTPAHCIIOPTHOI CUCTEMHU B IIJIOMY, SIK CKJIQJHOI TEXHIYHOI CTPY-
KTYpH, BUKOPHUCTOBYIOTh METOIM MapKOBCHKHX TPOIIECIB, TEOPII0 MacCOBOTO OOCIyrOBYBaH-
Hs Ta JIOT1KO-WMOBIPHICHI MOJIeJIi Ha OCHOBI rpadiB. 3aKOHH PO3MOALTY HMOBIPHOCTEH BHUIa-

ISSN 1562-9945 (Print) 139
ISSN 2707-7977 (Online)



«CucremHi Texnonorii» 5 (160) 2025 «System technologies»

JIKOBHMX BEJHYHUH, 110 XapaKTepU3yIOTh 3HOC a00 BiAMOBM KOMIIOHEHTIB, BU3HAYAIOTh 34 CTa-
TUCTUYHUMHU JAHWMH, OTPUMAHUMHU MiJ yac eKcruryaTamii. Skmo obcar BUOIpKU JTOCTATHIH,
BUKOPUCTOBYIOTH Kputepiii [lipcona (%), a mpu HeBenukux BHOipkax — kputepiil Binka (W)
111 TIEPEBIPKU HOPMAIBHOCTI PO3IIOLTY.

JlocImipKeHHS T1IPOTPAHCTIOPTHUX CUCTEM JUIS TPAHCHOPTYBAHHS 3A1130PYAHOT MYIIbIIN
MPOBOJIATH y Ja0OPATOPHUX Ta MPOMUCIOBHX yMoBax. JlabopaTopHi JociipKeHHs 3a0e3re-
YyIOTh KOHTPOJIBOBAHICTh YMOB Ta MPUCKOPEHE MOJICTIOBAHHS MPOLIECIB, SIKI B peabHIi eKc-
Iutyartanii TpUBarOTh pokamu. Lle nae 3mMory eQexTHBHO MmigdupaTd MaTepialiyd Ta pexUMHI
napamMeTpu i 00JaHaHHs. Y MPOMHUCIOBUX YMOBaX €KCIEPUMEHTH MPOBOISATHCS Oe3moce-
peIHBO Ha AII0OYUX PYAONPOBOAAX. [l MOHITOPHHTY BUKOPUCTOBYIOTHCS YIIBTPa3BYKOBI TO-
BUIMHOMIpPY, BUTPATOMIpH, TUCKOMIPH, MAaHOMETpPH i piBHeMipH. llepeBaroro Takux mocii-
JDKEHBb € MOMKJIMBICTD BpaxyBaTH MOBHUHN CIIEKTpP €KCIUTyaTal[lfHUX YMHHUKIB: peajbHi HaBa-
HT2KEHHS, TEXHIYHE 00CIyrOBYBaHHS, YMOBU CEPEIOBHINA Ta XapaKTEPHI PEKUMHU POOOTH.
Jnist 00pOOKHM eKCIIEpUMEHTATIBHUX JaHUX, OTPUMAHHX Y JIAOOPATOPHUX 1 MPOMHCIOBUX JI0C-
J/DKEHHSX PYAOIPOBOIIB, BUKOPUCTOBYIOTHCS CTaTUCTUYHI METO/H, IO JJO3BOJISIFOTh BHU3HA-
YUTH PO3IOALT TAKUX MMapaMeTPiB, K IHTCHCUBHICTh 3HOILITYBAaHHS, HAPAIIOBAaHHS HA BiIMO-
BY, Yac BiJHOBJIEHHs ToIo. [Ipu Benukiit BuOipi rimore3u npo ¢Gopmy po3noiry nepesipsi-
10Th 3a KputepieM [lipcona (y?). Skmro Bubipka HeBenuka (MeHme 50 crocTepekeHsp) i mepe-
BIpSIETHCS. HOPMAJIBHICTH PO3IOJILTY, 3aCTOCOBYIOTh KpHuTepiit W. Jliisi MOpiBHAHHS HapameT-
piB HamgiiiHOCTI OOJamHAHHA B PI3HUX EKCIUTyaTalliiiHUX yMOBaX BUKOPUCTOBYIOTH U-
Kputepii Binkokcona. /s OLIHKM HAAIMHOCTI CHUCTEM TPAHCHOPTYBAHHS 3alli30pyIHOL
MyJIBITH 3aCTOCOBYIOTh MaTEMAaTHYHI MOJIEINI, [0 BPaXOBYIOTh CTOXaCTHYHHHA XapaKTep 3MiHH
riIpOIMHAMIYHUX MapaMeTpiB MOTOKY Ta reoMeTpii pynonpoBoaiB. CTpYKTypHI MOAEII OIHU-
CYIOTh CUCTEMY SIK CYKYITHICTh B3a€EMO3QJICKHUX €JIEMEHTIB.

VY crpoIeHoMy BHITAKy CUCTEMa TOJA€ThCS SIK:

ITocninoBHE 3’€AHAHHS €JIEMEHTIB:

P(t) = P(t) - Py(t) - .- B,(1), (1)

ne P(t) — imoBipHicTh 0€3BiIMOBHOT poOOTH crcTemu 3a 4ac t, Pp(t) — iMoBipHiCTH O€3BiaMO-
BHOT poOOTH 111-TO €JIeMEHTA.
[TapanenbHe 3’€THaHHS €IIEMEHTIB:

P)=1- (1 - P(®) (1 — P())-..- (1 — B (D)) @)

JInst cKIagHUX CXeM PYIONPOBOIB 13 pe3epBYBaHHAM a00 3MINIAHUMH 3’ €THAHHSIMU
BUKOPHUCTOBYIOTh METOJH JIEKOMITO3UIIli, MIHIMJIBHUX IIJISAXIB 1 Mepepi3iB, a TAKOXK CTAaTHC-
TUYHE MOJEIOBAHHS ISl pO3PAaXyHKY 3arajibHOi HMOBIPHOCT1 0€3B1iAMOBHOT pOOOTH.

OpuuM 3 HAMOLIBII MOTYKHUX 1IHCTPYMEHTIB JUIsl aHANI3y HaJIHHOCTI TAPOTPAHCHIOPT-
HUX CHCTEM € Teopiss MapKOBCHKHX BUITAJKOBHX MpOIieciB. MapKOBCBbKI MOJIET T03BOJISIIOTh
BpaxoBYBaTH MMOBIPHICHUI XapakTep MPOLECiB BIIMOB Ta BITHOBJIEHb, a TAKOX B3a€EMOJIIO
PI3HUX elleMeHTIB cucteMu. B MapkoBcbkiit Moieni T1IpOTPaHCIIOPTHOT CUCTEMH BC1 MOMKITH-

Bi CTaHM CHCTEMH MOKHA MPEICTABUTH SIK AUCKpeTHi ctanu S; (I = 1,2,...,1), a nporec
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nepexoay 3 OJHOTO CTaHy B IHIIMKA OMHCYETHCS MATPUIECI IHTEHCHUBHOCTEH MEpPEXOjiB

A = {A;)}, ne A - iHTEHCHBHICTB epexoy 3i cTaHy S; B cTaH S
Cucrema nudepeHmianbHux piBHAHR KomlMoropoBa st WMOBIpHOCTEH CTaHIB

p(t) = {pi(t), p=(t),..., pa(t)} mae Burmsi:

2= p®- 4 ©)

JLyist cTariioHapHOTO BUMAJIKY, KOJIM t — 00, CUCTEMa PiBHSHB CIIPOLTYETHCS JIO:
p-A4=20
3 101aTKOBOIO YMOBOK HOPMYBaHHS:
1 2
P+ p + ..+ pa= L 4)

Po3B's13aHHS 1Mi€1 CUCTEMH PIBHSAHB J03BOJISIE BU3HAYUTH TPAHUYHI HMOBIPHOCTI CTaHIB
CUCTEMH, 110 J]a€ 3MOTY pO3paxyBaTH TaKi MOKa3HUKU HAAIMHOCTI, sIK KOe(ili€eHT TOTOBHOCTI,
Koe(ili€HT TEXHIYHOTO BUKOPUCTAHHS, CEPEIHE HANIPALIOBaHHS Ha BIAMOBY Ta iHII. Baxiu-
BUM aCIIEKTOM MOJICIIOBAHHS € BH3HAUCHHSI MICIb PO3TAIIyBaHHS MOCITIIOBHO BKIIOYCHUX
IPYHTOBHUX HacocCiB 1o Marictpaini. TpaauiiiiHi MeTOIMKH PO3paxyHKy BiJICTaHl MK Hacoca-
MU 4YacTO HE BPaxXOBYIOTh CTOXACTHYHI KOJIMBaHHS HAIOpY, IO PO3BUBAETHCS HACOCOM, 1
E€HEPreTUYHUX BTPAT MO TPyOOIpoBOy. BpaxyBaHHS UX MapamMeTpiB € HEOOXITHUM IS BU-
0opy onTUMaibHOI BiJICTAHI MiXK HacocaMH. 3ajadya ONTHMAJIbHOTO PO3MIIEHHS HACOCHHUX
CTaHLIN Moxe O0yTH chopMyIbOBaHa SIK 337a4a HETIHIMHOTO MPOrpaMyBaHHS:

minF (xt, %%, ... x.) (5)

pU OOMEKEHHSIX:
gi(xp %20 %) € 0,i = L2,..,m 6)
.’:j{x-_.xg.....xn] - D._,I' = 1.2.....1‘_}" (7)

ne F — uinboBa QyHKIis (HanpyuKiIaa, CyMapHi IPUBEEH] BUTPATH HA CIIOPYIXKEHHS Ta
SKCILTyaTaIlil0 CUCTEMH ), Xi — KOOPMHATH PO3MIIIEHHS HACOCHUX CTaHIIii, g i hj—
0OMEXEHHsI Yy BUTJISIII HEPIBHOCTEH Ta PiBHSIHB BIOBITHO.

Jns BupilieHHs 1i€l 3aa4i MOKYTh BUKOPHCTOBYBATHCSI METOJIM HEJIIHIHHOTO Mporpa-
MyBaHHsI, 30KpeMa:

- METOJI MHOKHHKIB Jlarpanxa;

- METO/, T1JIOK 1 MEXK;

- TEHETUYH1 AITOPUTMH TOIIIO.

BaxxnuBuM eneMeHTOM OINIHKM HAIIHHOCTI TIAPOTPAHCIOPTHUX CHCTEM € IMPOTHO3Y-
BaHHSI pecypcy TpyoorpoBoaiB. JJis IIbOTO PO3POOIISIFOTECS CHEIialbHI MaTEMaTHYHI MOJIETI,
10 BPaXxOBYIOTh CTOXAaCTUYHMUU XapakTep riApoadpa3uBHOTO 3HOCY CTIHOK TPYOOIPOBOJIIB.
Onna 3 Takux Mojenel 0a3yeTbest Ha MPEACTABICHHI MPOIECY T1Apoadbpa3suBHOTO 3HOCY SIK
BHITAJIKOBOTO TIPOLIECY 3 He3aleKHUMHU Npupoctamu. Hexait d(t) - BUmagkoBuii mpoiiec, 1o
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OIUCYE 3aIMIIKOBY TOBIIUHY CTIHKH TPyOOIpPOBOAY B MOMEHT 4acy t. Toai HMOBIpHICTH 6e3-
BiIMOBHOI poOOTH TPyOOIIPOBOIY IO MOMEHTY Yacy t MOKHA BUSHAYUTH SIK:

R(t) = P{&(7) > Ominama scixt € [0.£]} (8)

1€ Omin - MiHIMAIILHO JOIYCTUMA TOBIIUMHA CTIHKHM TPYOOIPOBO/LY.

Jlnst BU3Ha4YeHHs Ii€l IMOBIPHOCTI MOKHA BUKOPHUCTOBYBATH METOAM TEOpii BUIAIKO-
BUX TPOILIECIB, 30KpeMa, METO/I MepIux nepetuHiB. CyTb METOy MOJATAE Y BU3HAYCHHI PO3-

noxiny BunanakoBoi Bemuunan T = INf{t: 6(t) = Gmin}, TOOTO MOMEHTY MEPIIOTO TEpe-
THHY TIporiecoM O (t) piBHS Omin. Toxi #iMOBIpHICTH 6€3BIIMOBHOI POOOTH 10 MOMEHTY t BH-

3HA4Ya€ThCA AK:

R(t) = Plr = th )

3HauM PO3MOJIii BUIMAAKOBOI BEJIMYMHHU T, MOXKHA BU3HAUUTH CEpEIHIN pecypc Tpy-

O0MpPOBOY, a TAKOXK 1HIII MOKA3HUKH HAJIHHOCTI.

[TigBuienns: e)eKTUBHOCTI HAMIPHUX TIAPOTPAHCHOPTHUX CHCTEM MOXKe OYTH JOCAT-
HYTO HUISXOM BHOOpPY palioHalbHOI CXEMU TPAHCIOPTYBAaHHSA T1pOCYMillli, 3aCHOBAaHOTO Ha
MOKa3HUKaX HaJIHHOCTI CUCTEM, 3 ypaXyBaHHSAM CTOXAaCTUYHOTO XapaKTepy 3MIHHU iX pexKUMY
poOOTH B 3aJIeKHOCTI BiJl OCHOBHUX MapaMeTPiB IPYHTOBHUX HACOCIB 1 MOTOKY T'1POCYMIILIi.

KommiekcHu#t miaxia 1o ontumiszalii riIpoTpaHCIOPTHUX CHCTEM BKJIIOYAE B cede Ki-
JIbKa KJIFOUYOBMX HAIPSIMKIB:

1. Bubip onTtuMaibHOI CTPYKTYpHOI CXEMH CHUCTEMH 3 ypaxyBaHHSIM HaJi{HOCTI Ta
€KOHOMIYHUX MOKa3HUKIB;

2. OnTuMizalis pexxuMiB poOoTH 06JaHAaHHS A 3a0e3MeUeHHs] MaKCUMaJIbHOI edek-
THUBHOCTI Ta MiHIMaJIbHOTO 3HOCY;

3. Po3poOka cTparerii TEXHIYHOT0 0OCITyrOBYBAaHHS Ta PEMOHTY, 110 3a0e3nedye HeoO-
X1HUH piBeHb HAAIMHOCTI IPU MiHIMAIBHUX BUTPATAaX;

4. BripoBaykeHHsI Cy4yaCHHMX TEXHOJIOTIH MOHITOPHHTY Ta JIIarHOCTUKU CTaHy oOuaj-
HaHHS JUI CBOEYACHOTO BUSIBIICHHS Ta IOTIEPEKEHHS BiIMOB.

BaxxnuBum acniekToM BUOOPY paIliOHAIBHOI CXEMU € BU3HAUYECHHS ONITUMAJILHUX 00'€eMiB
npuiiManbHux 3ymindis. Ha ocHOBI HaJliiHICHMX BJIACTUBOCTEN IUISTHOK T1IPOTPAaHCHOPTHOI
CUCTEMH PO3paxoBYIOThCs 00'eMHU MpoMDKHUX 3yMiiPiB. [Ipu iboMy HEOOX11HO BpaxoByBaTU
Oe3mepepBHY 3MiHY BHTPATH, 0 PO3BUBAETHCS IPYHTOBUMH HacocaMu, 0OYMOBJICHY 3HOCOM
OCTaHHIX, HECTAOUIbHICTIO TapaMeTPiB TPAHCIIOPTOBAHOI I'APOCYMIIIIl TOIIIO.

OnTtumanbHui 00'eM TPOMIKHOI €MHOCTI MOX€E OyTH BHU3HAYEHHI Ha OCHOBI aHaNi3y

OasaHCy MOTOKIB TiPOCYMIllli, 10 HAAXOAUTh Y EMHICTh Ta BifkauyeThes 3 Hel. Hexait Q1 (t)
i @=(t) - BUMaaKOBi MPOIIECH, IO OMUCYIOTh BUTPATH TiAPOCYMIllli Ha BXOJIi Ta BUXO/Ii €MHO-
cti BianosinHo. Toxi 3miHa 06'emy rigpocymirri B eMHocTi V() onmcyeThesi CTOXaCTHIHIM
nrQepeHIiaTbHUM PIBHIHHSAM:

diritl

o Q(e) — @*(t) (10)
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OnrtumanbHuit 06'eM eMHOCTI Vo TOBUHEH 3a0€311€4yBaTH 3a1aHUK PIBEHb HAIIHHOCTI

(YHKILIOHYBaHHS CUCTEMHU NPU MIHIMAJIbHUX BUTpaTax Ha CHOPYKEHHsS Ta EKCIUTyaTallilo
€MHOCTI:
= arg min : P(nepenuey abo ocymeHHA) = £
Vept {cv):P( y abo ocy ) = &},

ne C(V') - dyHkuis BapTOCTI €MHOCTI, 3aJeXHa Bif ii 00'eMy, € - JOMycTHMa HMOBIpHICTH

aBapiiHOI cuTyarlii (mepeauBy ab0 OCYIIEHHS EMHOCTI).

[IpakTu4yHe 3HAYEHHS JOCHIHKEHb HAIIMHOCTI TiIPOTPAHCIIOPTHUX CHCTEM TOJISTaE B
po3po0Ili METOJUK, IO IMJABUINYIOTh €PEKTUBHICTh iX MPOEKTYBaHHS Ta ekcrutyartarii. Lle
OXOILTIOE OOTPYHTYBAHHS TEPMiHIB PEMOHTY, ITapaMeTPiB TPYOOTIPOBO/IiB, MOTPEO y 3aracHUX
JIETAISX, PO3MIIIEHHS HAcOCIB 1 00’ €MiB EMHOCTEH.

Ha ocHoBI pe3yibTatiB cpOpMOBAHO HACTYITHI PEKOMEHIAIIIT:

- BHW3HAYEHHS ONTUMAJIbHUX IHTEPBAIIB PEMOHTHO-IPO(UIAKTUHYHUX POOIT SIS 3HHU-
JKEHHSI BUTPAT NP 30€PEIKCHH] HAIMHOCTI.

- PO3paxyHOK MiHIMaJIbHO JOMYCTUMOI TOBIIMHU CTIHOK TpyO 3 ypaxyBaHHSM Tiapoa-
Opa3uBHOTO 3HOCY.

- BU3HAuUEHHS HEOOXiJTHOTO 3amacy Jerajieil HacociB A 6e3nepebiitHol poOoTH.

- ONTUMaJIbHE PO3MIILICHHS HACOCIB 3 ypaxXyBaHHSM KOJUBaHb HAIIOPY.

- PO3paxyHOK 00’€MiB MPUIAMAIBHUX €MHOCTEH Ui poOOTH MpU HECTAOIILHUX MOTO-
Kax.

s oOrpyHTOBaHOTO BUOOPY PpalliOHAIbHOI CTPYKTYPH TiAPOTPAHCIOPTHOI CUCTEMH
Ba)XJIUBO BpPaXOBYBATH HE JIMILIE T1IPaBIIiuHI Ta eHEPreTHUH1 XapaKTepUCTUKH, a i HalilHICHI
NOKa3HUKH. Pi3H1 BapiaHTH NOOYJAOBU CUCTEM — 3 PE3EpBYBaHHSIM, BUKOPHUCTAHHAM MPOMiXK-
HUX 3yMIn(}iB abo 6araTOCTYNEHEBOIO MOJaue0 — CYTTEBO BIJIPI3HAIOTHCS 3a €(hEeKTUBHICTIO,
TPUBAJICTIO 0€3BIIMOBHOT POOOTH Ta 3AATHICTIO 0 MIBUJIKOTO BIJHOBJIECHHS MICIS BIAMOB. Y
Tabnuii | HaBeIeHO MOPIBHSAHHS OCHOBHUX TMOKA3HUKIB HAJIIHHOCTI JJIsl TUIIOBUX CXEM T1Ipo-
TPAHCHOPTHUX CHUCTEM.

AHai3 JaHuX CBiTYHTh, 10 HAWBUII 3HAYEHHS KOE(II[iEHTa TOTOBHOCTI Ta TEXHIYHOTO
BUKOPUCTAHHS CIOCTEPIraloTbCs B OJHOCTYNEHEBI CXeMi 3 HEHaBaHTAXXEHUM PE3EPBOM.
I[Tpote ii 3acTocyBaHHS MOXXe OyTH OOMEXEHUM uepe3 KOHCTPYKTHUBHI a00 €KOHOMIYHI YMH-
HUKU. BojHOUac TpucTyneHeBa cucteMa 3 MpOMDKHUMHU 3yMIipamMu 3a0e3nedye BUCOKHHA pi-
BEHb HAJIHHOCTI 32 YMOB 3HA4YHOI JIOBXKHHH TPacu TPAHCIOPTyBaHHSI. EKOHOMIYHA JOMINIb-
HICTh CXeM 13 pe3epByBaHHIM Ta 3yMIipaMi 0OyMOBIIEHA 3MEHILIEHHSIM BTpaT BiJ] MPOCTOIB,
10 KOMIIEHCY€E 3POCTaHHs KaiTAIbHUX Ta eKCIUTyaTaliiHuX BUTpar. TakuMm 4HHOM, BHOIp
KOH(}iryparii rijpoTpaHCIIOPTHOI CUCTEMHU Ma€ 0a3yBaTUCh HA CUCTEMHOMY aHaji31 CyKyITHO-
CTl TEXHIKO-€KOHOMIUYHUX MOKA3HHKIB 3 YpaxXyBaHHSIM OCOOIMBOCTEH EKCILTyaTalliifHOTO ce-
peloBHIIIA.
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Taomuns 1
[TopiBHSIHHS MOKA3HHUKIB HAAIMHOCTI CXEM T1IPOTPAHCIIOPTHUX CHCTEM
Cepenne C .
epenHiii  dac
Cxema riapotrpancnop- | Koed. Harp. Ha | | pel Koedirmient TexH.
. ) ) BiJTHOBJICHHS,
THOI CUCTEMH TOTOBHOCTI | BiZIMOBY, BUKOPUCTAHHS
TO
roj A

OnHocTyrneHeBa oe3

0.82 180 39.5 0.80
pe3epByBaHHS
OnHocTyrieHeBa 3 Ha-
BAaHTAKECHUM PE3EPBOM 0.94 420 26.8 0.92
(1+1)
OnHocTyleHeBa 3 He-
HaBaHTAKCHUM  pe3ep- 0.96 450 18.7 0.94
BoM (1+1)

0

Jleoctynetiea “1 076 150 47.3 0.72
MPOMIDKHOTO 3yMIida
Jeoctyneriesa 3 mpo- | ) g 380 51.8 0.86
MDKHUM 3yMIipom
Tpucrynenesa 3 nBoma
MPOMDKHUMHU  3yMIi(a- 0.92 410 35.6 0.89
MU

BucHoBku. ['iqpoTpaHCIIOPTHI CUCTEMH € KPUTUYHO BAXKIUBOIO CKJIAJIOBOIO IPOMHC-
JIOBOT 1IHPPACTPYKTYpH, 110 3a0€3medye TPAaHCIIOPTYBAHHS BEIMKUX 00csriB Marepiamis. [Tija-
BUIIEHHS X HAJIIHHOCTI JAOCATAETHCA Yepe3 ONTHUMI3ZAIII0 CXEM TPAaHCIOPTYBaHHS 3 ypaxy-
BaHHSAM CTOXaCTHYHHUX IPOIIECIB Iipoadbpa3vBHOIO 3HOIIYBAHHS Ta BaplaTUBHOCTI PEXHUMIB
poOOTH CUCTEMU.

Po3po0rieni mareMaTH4Hi MOAEN Ui OIIHKK HaAlMHOCTI TpyOONpOBOAIB Ta HAcCOCIB
JI03BOJISIFOTh OOTPYHTOBAHO BHOMpATH HaiOIbIl edeKTUBHI KOH]irypamii cucreM. AHami3
MOKa3HUKIB HAJIIHOCTI CBIUUTH, IO CXEMH 3 PE3EPBYBAHHAM 00JaJHAHHS Ta MPOMIKHUMHU
€MHOCTSAMH 3a0€3MeUyI0Th BUCOKUH piBeHb HaJAIHHOCTI, ONPHU MiABHUIIEH] KaliTalbHi Ta eKc-
IUTyaTaliifHi BUTPATH, 3aBISKU 3HWKEHHIO PU3UKIB BiJl MpocToiB. ONTUMI3allisl TEXHIYHOTO
00CITyroBYBaHHS IUISIXOM KOMOIHYBaHHS IJIAHOBO-IIONEPEKYBAIBHUX POOIT 1 00CIyroBy-
BaHHS 32 TEXHIYHMM CTaHOM JIO3BOJISIE MIiHIMI3yBaTH €KCIUTyaTalliiiHi BUTpatu. Peamizaris
pe3yabTaTiB JOCHIKEHh Ha MPOMHCIOBHUX OO'€KTax NEMOHCTPYE 3HAYHMA E€KOHOMIYHHM
eeKT, MiATBEPKYIOUH HEOOXIIHICTh MOJAIBIION0 PO3BUTKY HAYKOBHX JOCIIIKEHb y L
ramysi.
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Optimization of hydrotransport system parameters taking
into account reliability criteria

The article explores the problem of improving the reliability and efficiency of
hydrotransport systems, which play a crucial role in many industrial processes involving the
movement of large volumes of solid-liquid mixtures. These systems operate under complex
conditions, being exposed to intensive hydroabrasive wear and variable loads. Recent studies
highlight the need to move beyond traditional deterministic models that estimate average
wear, as they fail to capture the stochastic nature of degradation under real operating
conditions. Instead, probabilistic models based on the theory of stochastic processes and
Markov chains have proven effective in predicting the reliability and remaining service life of
pipelines and slurry pumps.

The aim of the study is to enhance the operational reliability of hydrotransport systems
by developing mathematical and optimization models that consider the randomness of wear
and performance parameters. Particular attention is given to selecting rational
configurations of pump stations and determining system layouts that minimize risks of failure.
The methodology integrates monitoring of hydraulic parameters, statistical analysis of wear
data, and modeling of component failures.

The research results demonstrate that modeling hydroabrasive wear as a stochastic
process with independent increments enables more accurate prediction of service life and
failure probability. The paper presents analytical expressions for key reliability indicators
and illustrates how different system configurations—single-stage, multi-stage, with or without
redundancy—impact overall system availability. Optimization techniques, including
nonlinear programming and simulation, are applied to determine ideal pump placement and
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sump volume. The proposed approach offers practical recommendations for maintenance
scheduling, spare part management, and cost-effective system design. It is concluded that
accounting for stochastic factors significantly enhances system resilience and economic
performance in long-term operation.
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M.A. Kpachtok, Bik.B. 'narymenko, b.I. Mopo3s, O.P. Cokon
PO3POBKA ABTOMATHU30BAHOI CUCTEMMU LIEHTPY ABTOPU3AIIII

Anomayin. YV cyuacnomy yupposomy ceimi, 0e oHaaun-cepgicu ma 000amKu Cmaroms Heoo-
XIOHUMU THCMPYMEHMAMU 8 NOBCAKOEHHOMY JHCUmMmIi, NUMAHHsA Oe3neku ma KOHmMpOJio 00-
cmyny Kopucmyeauie Habyearoms 0CoOIUBOI 8aHCIUBOCMI. ABMOMAMU308aAHA CUCEMA YeH-
mpy asmopuzayii € cepgsicom wo supiwye yi numanus. Cepsic 3abe3neuye bOe3neune ma
HaOiliHe 00CTY208Y8aHHA KIIEHMI6 pI3HUX I[Hpopmayiunux cucmem. Pezyromamom 0o-
CNLIOJHCEHHS € CMBOPEHHSA NPOCPAMHO20 NPOOYKMY, NOCIY2AMU AKOI MOANCYMb KOPUCTYBATNUCS
K 8 iHghpacmpykmypi cepsicie eenukoi komnanii, max i WEB-cepsgicam. Asmomamuzosana
cucmema € 00OCMAMHLO WBUOKOTO, WO 00380JIAE 00CIY208Y8aMU 8EIUK) KLILKICIb KOPUCTY-
6auig i3 pi3HUX IHopmayiunux cucmem oOHoOUACHO. Bukopucmanns nociye aemomamuzosa-
HOI cucmemu yeumpy asmopusayii 3uimac i3 OisHecy obmsdiceHHs 3i 30epieants napois, as-
mopusayii kopucmyeauie 6 iHhopmayiunit cucmemi, 6NpoBAOICEHHs DE3NEeKOBUX OHOBIeHb
ma none2uLye aOMiHiCmpy8anHsL.

Knouosi cnosa: kaienm, cepsep, asmopusayis, napons, xeuw, Erlang, APl, WEB-cepsic, in-

@pacmpykmypa cepgicig nionpuemcmaa.

ITocTanoBka npodaemu. Y cydacHoMy Lu(ppoBOMY CBITI, e OHJIAH-cepBicH Ta 3a-
CTOCYHKH CTalOTh HEOOXIJIHUMHU IHCTPYMEHTaMH B MOBCSAKJICHHOMY JKUTTi, MUTaHHS Oe3MeKu
Ta KOHTPOJIIO JOCTYyNy HaOyBarOTh 0COOIMBOI BaXJIMBOCTI. MeXaHi3M aBTOpHU3aLlii € OAHUM 3
KJIIOYOBUX (DaKTOpIB, 110 3a0e3MeuyloTh Oe3neyHe Ta HaliliHe BUKOPUCTaHHS [IUX CEPBICIB.

["os10BHUM 3aBJIaHHSM MPOBEAEHOI poOOTH Oyna po3poOKa aBTOMATU30BAaHOI CHUCTEMHU
3/1aTHOI /10 BEJIHMKOro iHpopmaliiHoro HaBaHTaxeHHs. CucremMa MoBUHHA Oyjla MaTH IiJCH-
CTEMH IO CIIYTYBaJl CEPEJOBUIIEM B Ul aJMIHICTPYBaHHS KOPUCTYBadiB Oi3HECOM IO €
KJIIEHTOM aBTOMAaTHM30BaHOi CHUCTeMH LEHTpy aBTopu3auii (Haganmi AuthHub). IIpu npomy
BUPILIYBAJIOCS aKTyaJbHE MUTAHHS 3pOCTalouoi MoTpedbu B HaiifHIH 1 6e3neuHiil apropu3arii
KOPHUCTYBayiB y CBITI IIBHJIKOTO TEXHOJOTIYHOTO PO3BUTKY Ta 3pOCTAaHHs 3arpo3 y kidepoes-
nierti. 3a0e3neyeHHs 6e3MeKu aBTopu3allii OyIo 1 3aTUIIA€THCS BAKIMBUM 3aBIaHHAM AJis 0a-
raTbOX Oprasizauii Ta MiJIPUEMCTB, SKI HaJalOTh CBOI MOCIYru B [HTEpHETI, Ta HE TUIBKH.
BincyTHicTh e(eKTUBHOI CHCTEMH aBTOpH3allil MOXKe MPU3BECTH 10 BUTOKY KOH(IACHIIHHOT
iH(popMallii, MopylIeHHs MpaB AOCTyNy, 30UTKIB pemyTauiiHux Ta (inaHcoBux. Tomy Bax-
JMBHUM MUTAHHSAM OYyJIO MiJ Yac MPOEKTYBAHHS OTPUMATH Ipalle3/aTHY aBTOMAaTU30BaHy CH-
CTeMy LIEHTPY aBTOpH3allii, SKa MOXE 3aCTOCOBYBATHUCS y PI3HUX raiy3sx, 3a0e3neuyiouu
Ha/liiHUH Ta 6e3neyHuit foctyn n0 iHpopMaii Ui KOpUCTYBayiB.

© Kpacuiok M.A., T'narymenko Bik.B., Mopo3 B.1., Cokon O.P., 2025

ISSN 1562-9945 (Print) 147
ISSN 2707-7977 (Online)



«CucremHi Texnonorii» 5 (160) 2025 «System technologies»

AHaJi3 ocTanHix gocaimkenb. OHa 3 KIIOYOBHX 33724 aBTOPU3ALIMHAX CHCTEM — IIe
3abe3neueHHs Oe3neku iHpopMallii, o nepeadadae 3aXucT BiJl HECAHKIIOHOBAHOTO JOCTYIY,
MaHimymaniid 3 qaauMu Ta atak tany DDoS (Distributed Denial of Service). ¥ mpomy xoH-
TEKCTI BUKOPUCTAHHS CyYaCHHX TEXHOJIOTIN, TAKUX SK XMapHi iHOPACTPYKTYpH, BUCOKOMPO-
OYKTUBHI 0a3M JaHUX 1 mapajurMa aKTOpHOI MOJIeNi, CTa€ Ba)XJIMBUM IIAXO0JIOM JI0 BUPILICH-
Hs 3aBIaHb aBTOpU3allii [3-5]. ABTopu3allis — 1ie mporec HagaHHs a00 0OMEeXEeHHS JOCTYITY
710 IEBHHUX pecypciB abo (QyHKIiH cucTeMu Ha OCHOBI BU3HAYSHHX MPaB Ta poJieii KOpUCTyBa-
ya. llell MexaHi3M BiAINOBiA€E 3a MEPEBIPKYy TOTO, Y MA€ KOPUCTYBAd 03Bl BUKOHYBATH
neBHi nii a0o OoTpUMyBaTH AOCTYH 10 KOHKPETHOI iH(opmarii. ABTOpu3alis € KIIOYOBUM
eTrarnoMm y 3abe3neueHHi 0e3neku iHpOopMaliifHuX CUCTEM, OCKUIBKH BOHA PETYIIIOE TOCTYII 10
KOH(IACHIIITHUX TaHUX, KPUTUYHUX OTepaliid Ta 0OMeXye MOTeHILINHHI 3arpo3u, MoB’sA3aHi 3
HECAHKIIIOHOBAHUM JIOCTYIIOM. METOI0 aBTOpH3alii € KOHTPOJIb IOCTYIy, 3aXHCT JaHUuX,
e(eKTUBHICTh PO3MOILTY Mpas, 6e3mepepBHOCTI Oi3HEC-TporieciB [6,7].

Kontpons moctymy rapaHTye, 1o JHIIE YIOBHOBa)KEHI KOPHCTYBadi OTPUMYIOTH JO-
CTYN J0 MEBHUX PecypciB. 3axXUCT JAaHUX 3a0e3redye YHUKHEHHS! BUTOKY YU HENPaBUIHHOTO
BUKOpUCTaHHA iHpopmanii. EekTuBHUI po3moain mpaB J03BOJSE THYYKO HAJIAIITOBYBATH
poJIi IS PI3HUX KAaTeropiii KOPUCTYBauiB. 3aXKCT BiJ] HECAHKIIIOHOBAHHUX 3MiH a00 BTpyYaH-
HS, IO MOXYTh BIUIMHYTH Ha poOOTy cHucTeMH 3a0e3nedye Oe3mepepBHICTh Oi3Hec-
mporecis [8,9].

Llentp aBTOpH3alii € KIIOYOBUM €JIEMEHTOM CyYaCHHMX iH(GOPMAIHHUX CHUCTEM, SKHMA
3abesnedye KOHTPOIb JOCTYIY 0 PECYpCiB Ha OCHOBI MOMITHK Gesmekn. Moro pois mossrae
B 3a0e3MedyeHH] 0e3neky JaHuX 1 epeKTUBHOCTI poOOTH CUCTEMH, OCOOIMBO Y BUCOKOHABAH-
TaXEHUX cepeqoBuIlax. BiH Mae cyTTeBe 3Ha4eHHS ISl €(PEKTUBHOCTI, 1 3MEHIIIyE HaBaHTa-
YKEHHSI Ha 1HIII KOMIOHEHTU 1HPPACTPYKTYypH, B HACTIAOK YOro IeHTpami3amis QyHKIii aB-
TOpH3allii 3BUIbHSIE 1HINI €IEMEHTH CUCTEMH BiJ] HEOOXITHOCTI BUKOHYBATHU JTOJATKOBI Tie-
PEBIPKHU OCTYNY, 110 MiJABUILYE iX MPOAYKTUBHICTH. LleHTp aBTOpHM3alii TakoX MOBUHEH 3a-
Oe3nedyBaTH MIBUIKICTb 00poOKHM 3amuTiB. ONTHUMI30BaH1 aIrOPUTMU Ta MEXaHI3MHU Kelly-
BaHHS B IIEHTPAaX aBTOPHU3AIlil MOBUHHI JO3BOJIATH OOpPOOJISATH 3aIIUTH KOPUCTYBAYIB Y peajb-
HOMY 4acl HaBITh I1J] 3HAYHUM 1H(OpMaLIHHUM HaBaHTaxeHHsIM. CydacH1 EHTPU aBTOpHU3a-
111 MOBHUHHI JIETKO IHTETPYBAaTUCA 3 XMapHUMU IJIaTPopMamMu, 10 JTO03BOJIUTh MacIITa0yBaTu
iXHIO pOOOTY 3aJIEXKHO BiJl 3pOCTaHHS KUIBKOCTI KOPUCTYBauiB 4u pecypcis [10,11].

MeTo10 pod0TH € CTBOPEHHSI aBTOMAaTHU30BAHOI CUCTEMH IIEHTPY aBTOPH3allii, 10 J103-
BOJIUTH Oi3HEC-TIANMPUEMCTBAM HE OOTSIKYyBaTH ceOe aBTOPHU3AIIEID KOPHUCTYBadiB B 1HGOP-
MaliiHIi cucTeMl 3a paXyHOK 3a0e3Me4eHHs HaIHHOCTI Ta 3pyYHICTh IPOLECY MOHITOPUHTY.
[IporpaMHuii MPOAYKT NOBHHEH OyTHU CTIMKMI 10 ypaxkeHb, Matu 3po3ymumnii APl 13
(GyHKI[IOHAJIOM aMiHICTpYBaHHS KOPUCTYBayiB IEBHOI 1HPOPMAIIITHOT CUCTEMH.

OcHoBHa yacTuHa. JI)1s1 1OCATHEHHSI METH JTOCHIDKEHHS B MeXax MpoekTy auth hub
Oyna obpana cuctema kepyBanHs Oazamu manux (CKBJl) PostgreSQL mis 36epiranHs Ta
ynpaBiiHHsA gaHUMU. PostgreSQL € moTyXHOI0 00'€KTHO-PENAIIHOI CUCTEMOIO KepyBaHHS
6azamu nanux (CKB]]), sika Hamae mmpoki MOKIMBOCTI Jijist 30epiraHHs, opraHizalli Ta or-
tumizamii n1annx. BoHa npononye po3mmpenuii Habip QYyHKITIN, M0 BKIIOYAIOTh MIATPUMKY
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SQL 3amwriB, TpaH3aKIiIMHOCTI, IHIEKCYBaHHS, BHUKOHAHHS 30€pEKEHUX TMPOIECAYD,
perutikariro gaHux ta 6arato iHmoro. OOrpyHTyBaHHs BuOOpy PostgreSQL cknamaetscs 3
TaKUX BJIACTUBOCTEH SIK HAAIWHICTB, MAaCIITAOHICTh, PO3LUIMPEHI MOKIMBOCTI, BIAKPUTICTH Ta
MIUPOKE BUKOPUCTAHHS.

Hapniiinicte PostgreSQL miaTBepaKyeThCs THM, 110 BOHA BOJIOJIE MeXaHi3MaMH 3a0e3-
MIEYCHHS IUTICHOCTI JaHWX, BIJIHOBJICHHS TICJIA 300iB Ta 3aXUCTY BiJ BTpaTH AaHux. Lle Bax-
JUBO JJIS CHCTEMH, sika 0OpoOJIsie aBTOpPHU3allil0 KOPUCTYBadiB Ta 30epirae 4yTiauBy iHPOP-
Mmariro. MacmraboBaHicTs PostgreSQL miaTBepmKkeHa MOXKIMBICTIO MPAIIOBATH 3 BETUKHUMHU
o0csiraMu JaHUX Ta BUCOKMMH HaBaHTA)XCHHSMHU. BoHa MiATpUMY€E TOpU3OHTAIbHE Ta BEPTH-
KaJbHE MacIITa0yBaHHS, IO JO3BOJISE PO3IIMPIOBATH CHCTEMY IIiJ| MOTPEOH POCTY OOCHTIB
JAHUX Ta KUTBKOCTI KOopHcTyBauiB. Posmmpeni moxmuBocti PostgreSQL miaTBepmKyeThCs
OaratuM HaOOpOM (PYHKIIIH Ta PO3MIMPEHb, IO AO3BOJISAIOTH Pealli30ByBaTH Pi3HOMAaHITHI 3a-
BIaHHA. BoHa mintpumye posmmpenns SQL, reorpadiuni naHi, posmnonizeny oOpoOKy, MOB-
HOTEKCTOBHH TOIIYK Ta I1HII PO3MIMPEHI MOXKIUBOCTI, SIKI MOXYTh OYyTH KOPUCHUMH IS pe-
amizanii cucremu aBropusanii kopuctyBadiB. PostgreSQL € Bimkputum mnporpamHuM 3a6e3-
MICUYEHHSIM 3 aKTUBHOIO CHUIBHOTOIO PO3POOHHMKIB Ta KopHcTyBauiB. Lle o3Hauae HasBHICTBH
0e3midi JOKYMEHTAIli1, MITPUMKH, MaTYiB Ta OHOBJICHB, IO 3a0e3Iedye CTablIbHICTh Ta PO-
3BUTOK cHcTeMHU B MaiiOyTHboMy. [1Iupoke BukopuctanHs o0yMoOBiIeHO TuM, o PostgreSQL
€ omHiero 3 HannonmynsipHimux BimkHUX CKB/l, BOHa BUKOPHCTOBYETHCS OararbMa BEIUKHMHU
KOMITaHISIMU Ta TipoekTamu. Lle 03Hauae HassBHICTh €KCHEPTIB, TOTOBUX JIOTIOMOITH 3 pO3p00-
KOIO Ta MIATPUMKOIO CHCTEMHU.

CrtpykTypa po3po0sieHOI CUCTEMU CKIAAa€ThCs 3 MIJICUCTEM, a KOXHA IiJICUCTEMa Mae
cBoi poui. Kopenesa mijncucrema auth hub mae npoctopu, Tomy ponsb y migacucremi auth hub
HaJIaBaThCsS KOPUCTYBAYEBI caMe Ha MPOCTIp, a TPOCTOPOM € TIEPEITIK MiACUCTEM Ha sIKI JII0Th
poui migcuctemu auth hub. ¥V xopuctyBaua “admin’ 3a 3aMOBUEHHSAM € poJii aJIMiIHICTpaTopa
y Bcix npoctopax migcuctemu auth hub. Ilpoctip OyB cTBopeHuil ans Toro, mod HagaBaTH
poOJIl Ha KOHKPETHUH MPOCTIp, a He Ha Bci pa3zoM. 11106 kopucTyBad oTpuMaBlIN POJIb HE MaB
3MOTM MaHIMyJIALIA a00 neperyisny JaHuX, 10 He € B HOro MpocTopi MiJIcUCTeM. SIK BUCHO-
BOK MO)KHA CKa3aTH, 10 KopeHena mijcuctema auth hub mae B cobi pomi aiist kepyBaHHS J10-
CTYIIOM KOpHCTyBauiB y cepsici auth _hub, Toni xonu pomni B 1HIHKX mifcucreMax, € iHPOP-
MaIli€l0 M0 €KCIMOPTYEThCS 10 IHIINX CEpBICIB KIIEHTIB. Bynu BCcTaHOBIEHI HAacTymHI oOMe-
KCHHS CHCTEMHU:

- HEMOXKJIMBICTh BUasIeHHs migcuctemu authHub, HaBiTh mpu HassBHOCTI HA 11€ POJIL;

- HEMOXKJIUBICTh BUJAJIEHHS KOpHcTyBaua admin, HaBiTh PU HAsIBHOCTI Ha 1€ POJIi;

- HEMOXJIMBICTb BHJAJEHHS POl aaMiHicTpaTopa “‘am” 13 miacucreMu ‘‘authHub”,
HaBITh MPU HAIBHOCTI HA II€ POJIi;

- HEMOXKJIUBICTh 3a0Upatu poib “‘am’ y kopuctyBada admin y mifcucremi “authHub”,
npoctopi “authHub”, HaBITH pU HASIBHOCTI Ha 11€ POJI.

Ha xoxen @ynkuionan € cBost poib y mifcucremi authHub. Tlepenik ycix poseit miacu-
cremu authHub Ta ix onuc 3a3nayeno y Tabnuii 1 (Ha ctan Bepcii cepsicy 3.0.0). V tabmutti 2
HaBelIeHO (DYHKITIOHAJ Ta MEpeiK poJiei, OJHY 3 SIKHX HEO0OXITHO MaTH ISl BUKOPHUCTAHHS
¢dbynkioHany (Ha ctan Bepcii cepicy 3.0.0).
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Tabmums 1
Poui migcucremu authHub ta ix oruc
Ponp Omnuc
am AdMin - pons agminicTpaTopa. Yci mpaga.
la Local Admin - posb nokansHOTO aaMminicTpaTtopa. He Mae mpaBa Ha
BUJIAJICHHS TA CTBOPEHHSI ITiJICHCTEM.
Si See Info - pons Ha meperysia iHGOpPMALIi MiICHCTEMHU: MOKIIMBI POJIi, POJIi KOPUCTY-
BayiB y ITi{ ITIJICUCTEMI.
cu Create Users - poiib, 1110 J1a€ IpaBO Ha CTBOPEHHS KOPUCTYBAYiB y CHCTEMI.
du Delete Users - poJib, 10 Ja€ MpaBo Ha BUIAJECHHS KOPUCTYBAUiB i3 CHCTEMHU.
ar Add Roles - poss, 110 fa€e mpaBo Ha J101aBaHHS POJICH KOPHCTyBayaM CUCTEMH.
rr Remove Roles - poss, 1110 1a€e npaBo Ha BHITyYEHHSI POJICH y KOPUCTYBAUiB CHCTEMH.
cr Create Roles - poib, 1110 a€ mpaBo Ha CTBOPEHHS HOBUX POJICH y MIJACUCTEMI.
dr Delete Roles - poss, 110 ga€e npaBo Ha BUJAJICHHS POJICH y MiICUCTEMI.
ar Get Roles - posb, 1110 1a€ MpaBo Ha OTPUMAHHS POJICH KOPUCTyBaya B ITiICHCTEMI.

[Tig yac aBTOpH3aIlil KOpUCTYBa4ya B CHCTeMi cTBOpeHa cecist Ha 30 XB, 3aBISKU SAKIH

KOPUCTYBa4 MOX€ OTPUMYBATH JIOCTYII JI0 CEPBICIB, IO € KII€HTaMH aBTOMAaTH30BaHOI CH-

cTemu IeHTpYy aBTopu3aiii auth hub. CepBicu KJIi€HTH MarOTh CBOI TE€XHIYHI JIOTIHU Ta Ia-

pOJIi, 3aBISIKK SIKUM BOHH B3a€MOJIIOTH 3 auth hub mis inenTudikarii kopuctyBava Ta OTpHu-

MaHHsI oro B HEOOXiaHIM migcucTtemi pojei. ¥ cuctemi auth hub peanizoBano Taiimep 110

BHJIAJISIE BXKE HE aKTyaJIbHI Cecil.

Taomus 2
@yHKIIIOHAJ Ta POl s B3aeMOIT 13 MiicHCTEMaMH
®ynkuionan API Pomi
[Nepernsaa indopmariii mpo posii KOPUCTYBaviB B MiJICHCTEMI am, la, si
[Tepermnsn indopmarttii mpo posi B miacucTeMi am, la, si
Bunanenns poneii i3 mijcucteMu am, la, dr
CTBOpeHHs HOBHX poJieH B MiJicCHCcTEM] am, la, cr
Bunanenns nigcucremMu am
CTBOpeHHs HOBOI MiACUCTEMH am
CTBOpEHHS HOBOT'O KOPUCTYBaya B CHCTEMi am, la, cu
BuaneHHs KoprcTyBada i3 CHCTEMH am, la, du
JlonaBaHHs poJieil KOpUCTyBady B MiJACHCTEMI am, la, ar
Bunyuenns poseil y kopuctyBaua B IiicCHCTEMI am, la, rr
CtBOpeHHs cecii _
[TepeBipka akTyanbHOCTI cecii _
OTpuMaHHS JIOTIHY 1O cecii KopUCcTyBadya _
OTtpumanHs posei cecii KopucTyBaya am, la, gr
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VY naniii poOOTI MM BHUKOPUCTOBYBAIM TaKi apXiTEKTypH B3aEMOJIi: KIII€EHT-CEpBEp Ta
cepBep-cepBep. BoHU € MIMPOKO BUKOPUCTAaHUMH MOJCISIMH B PO3pOOIIi mporpaMHoro 3abes-
NIeUeHHsI, BKIIIOYaroun cepBepHi npoektu ta WEB-cucremu.

VY KJi€eHT-cepBepHill apXiTeKTypi, KII€HTH € KOpUCTyBauaMu abo ToJaTKaMH, SKi
B3a€MOJIIOTh 3 CHCTEMOIO Ta HAJCWIAIOTh 3amuTd 10 cepBepa. CepBepH, 31 cBOro OOKY,
0o0poOISIFOTE i 3amuTH Ta 3a0e3MedyloTh BiANOBiAI KiieHTaM. Ll mozens mepemdauae
PO3IIUIEHHST O0OB'S3KIB MIXK KJIIEHTCHKOIO Ta CEPBEPHOIO CTOPOHOIO, IO JI03BOJISIE JOCITTH
O1TBIIIOT MOAYJIBHOCTI, MacIITA0OBAHOCTI Ta KEPOBAHOCTI CUCTEMHU.

ApXITEeKTypa IpOEKTY MOOyA0BaHa Ha 0a3l aKTOPHOI MOJENi, aKTOpPHA MOJEINb € KOH-
HEMII€I0 MapajelIbHOTO MPOrPaMyBaHHs, SKa BHKOPHCTOBYETbCS B MOBI IPOTpaMyBaHHS
Erlang Ta Garatbox iHIIMX MOBax, i € KIFOYOBUM acriekToM (peiimBopka OTP. AkTopHa Mo-
JeNb 0a3yeThCs Ha i1ei mporeciB (aKTOpiB), SAKI B3aEMOMIIOTH OJIMH 3 OJHHUM IIISIXOM OOMIHY
noBiomieHHIMA. KoxeH akTop mMae CBiii BHYTpPIIIHINA CTaH 1 MOXKe BUKOHYBAaTH NEBHI i y
BIJITIOBiJIb HA OTPHMAaHI MOBIIOMIICHHS. AKTOPH MOXXYTh CTBOPIOBATH HOBHX aKTOPiB, HAICH-
JaTy M MOBIAOMIJICHHS 1 BiIOBIIaTH HA OTPUMAaHI IMOBIIOMIICHHSI.

B po3po0ui Oymno BuzHaueHO €(peKTHBHUM BHKOPUCTOBYBATH JUIA CyIepBaii3epa cTpa-
Terito one_for one, 60 B apXiTEKTypi NMPOEKTY, BOPKEPU CyIepBaii3epy HE MalOTh TiCHOI
criBmpari Mk cobor. Crparerisi one for one — 1me Koim OIWH 3 aKTOPIB BUIAE aBapiliHy
MIOMMUJIKY, CyIIEpBaii3ep nepe3aryckae uen akTop

BaxmBruMu acnieKTamMu apXiTeKTypH CUCTEMH € CTOPOHHI cepBicu Ta 0ibmiorexkn. Tak
O0yno obOpano Cowboy, sikuii € HeBenukuM, MmBHAKHM, cydyacHUM HTTP-cepsepom s
Erlang/OTP. Cowboy nparte 3a6esneunty nosuuii crek HTTP B HeBenukiit 6a3i koxy. HMoro
ONITUMI30BAHO Ui HU3BKOI 3aTPUMKH Ta HU3HKOTO BHKOPUCTAHHS MaM'sITi, YaCTKOBO TOMY,
10 BiH BUKOPUCTOBYE JIBiiKOBI psiiku. Takoxx Cowboy Hajae MOKIMBOCTI MapIIpyTH3allii,
BUOIPKOBO HAJCUJIAIOYM 3alUTH 00poOHMKaM, HanmucaHuM MoBoro Erlang. Ockinbku s xe-
pyBaHHs 3’€JHaHHAMH BUKopucToBYyeThcsl Ranch, Cowboy MoxkHa snerko BOyayBatu B Oyb-
AKy 1HITY Iporpamy. Cowboy € BaXXJIMBOIO YaCTHUHOIO CEpPBICY, 00 3aBIIIKU HOMY peani3yeThb-
csl B3a€EMO/IIS 13 KIIIEHTaMM Ta KopucTyBadaMu. BiH Mae B co01 myn BopkepiB siki OyzeMo npo-
rpaMyBaTH, Ta caMe 3aBJSKH LIbOMY IyJly po3po0JieHa aBTOMAaTU30BaHA CHCTEMA 3MOXKE OJ1-
HOYAaCHO OOpOOJIATH NeKUIbKa 3anmuTiB ogHo4yacHO.Poolboy - 1e merka 3aranpHa Gi0mioTexa
nyny ans Erlang, sika 3ocepemkeHa Ha MPOCTOTi, MPOAYKTUBHOCTI Ta HaJlIHHOMY aBapiiiHOMY
BITHOBJIEHHI. BiH 3HaJ00MTHCS y CTBOpEHI Ta aJMIHICTpYBaHHI MyJOM aKTOpiB, IO OYAYTh
BIJIMOBIAATH 3a B3aEMOJIiI0 13 0a3zoro nanux. Ilymy Oyno HamaHo Ha3By - pg_pool. Baxnusum
€ BPEryJIIOBaHHS KIJIBKOCT1 aKTOpIB y MyJiax cowboy Ta pg pool, mo6 MiHIMI3yBaTH BY3bKi
MicIisi B apXiTekTypi. By3bke Miciie - dacThuHa mporpamu, abo apXiTeKTypu IO 3aTPUMYE
IIBUIKOIIIO YCI€T CHCTEMH Ta HaBaHTa)KyBaJIbHE TECTYBaHHs HEOOXI1THO came sl BUSBIICHHS
BY3BKHX MICI[b Y CHCTEMI.

Takox miJg yac BUKOHaHHS pOOOTH MPOBEAECHO TOCTIIKEHHS JITOPUTMIB XEUIyBaHHS
napoiiB. B pe3ynbTaTi AOCHIIKEHHS NPUNUIIUIM BUCHOBKY, 1110 OYJ€MO BUKOPHCTOBYBAaTH B
MPOEKTI NIl XELIyBaHHsS MapoJiiB KopucTyBadiB anroput™ SHA-256 3 ynoBuIbHIOBaYEM
PBKDF2.
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Po3pobka cTpykrypu Tabmuip 0a3u qaHuX Oyina KIIFOUOBUM €TarioM Yy CTBOPEHHI i1H-
¢dbopmaiifHoi cucTeMH, BiJl MPaBUILHOI OpraHizauii TabIuIb 3a1eKUTh €(PEeKTUBHICTh, Mac-
MTa0OBaHICTh 1 MPOAYKTUBHICTH cucTeMu. Koxna tabnuis matume cBiil Primary Key i 3aB-
JSIKA [IbOMY OyJlo peasi3oBaHO 3B’SI3KM MK TaOmUIsIMH. B pe3ynbraTi NMpoBEIeHHX [0-
CIi/pKeHb OyJ0 BH3HAUEHO, IO B cxeMi Tpeba peamizoBaTd S5 (yHKIIH, SIKi TO3BOJSIOTH
3MEHIIUTH OOCST 3aMMUTIB 10 0a3u JaHUX, IO MiBUIIUTH MBUIKOMIIO YCIET CHCTEMHU:

1. create_subsystem(subsystem, description) - cTBopeHHS MiCHCTEMH;

2. delete_allow_role(subsystem, role) - Buganesnst posi i3 mijacucTeMu;

3. delete_subsystem(subsystem) - Bunanenus migcucremu;

4. delete_user(login) - BumaneHHs KTi€HTa CHCTEMHU.

Peanizauis metoay. locninuBmm pi3Hi TN apxirekrypHoro ctimmo API (Application
Programming Interface), Oyno 3po6ieHO BUCHOBOK, IO JUIS CEPBEPHOI YaCTHHU aBTOMAaTH30-
BaHOI CHCTEMH IICHTY aBTOpH3amlii Kpamie 3acTOCOBYBAaTH apxXiTekTypHuid ctwib REST
(Representational State Transfer). [Ipuunnaoto oO6panuss REST € Te, mo nenaTpu aBropusaiii
3a3BUYaili MaroTh Oararo KIi€HTIB (BeOJomaTKW, MOOUIBHI JIOAATKH, CepBicH), SKi
B3a€EMOJIIIOTH 13 cepBepoM, Takok REST 3abe3meuye Jierky iHTerpamiro 11l pi3sHUX KIII€HTIB,
1 He BUMAarae CKJIaJHOTO HaJAIITyBaHHS Ta IIXOIUTh JJII MaJIHX 1 CePeIHIX KOMaHI po3po0-
HUKIB. Takox mpu cyMiCHOMY HOTo BUKOpHCTaHHI 3 TekcToBUM (opmarom JSON (JavaScript
Object Notation), 3a0e3nedye MBHUAKY Iepenady naHux Oe3 mepeBaHTaxeHHs. Kpim Toro,
REST ue edexrtuBHuii BuOip Ui pearnizamii HEHTPY aBTOPH3AIlii 3aBASKH HOTO MPOCTOTI,
MIATPUMLI Cy4aCHMX CTaHJIApTIB ayTeHTH]iKallli, HU3bKUM 3aTpaTaM Ha BIPOBADKEHHS Ta
00CITyrOBYBaHHS.

BcranoBieHo, 110 y paMKaxX CepBEpHOI YaCTHHH aBTOMAaTH30BaHOI CHCTEMH IIEHTPY aB-
TOpHU3allii, BX1JH1 JaHl MaloTh OyTH OTpUMaHI1 BiJl KOPUCTYBauiB CUCTEMH Ta BiJ 0a3u AaHUX
IIpY 3alUTI KOpucTyBaya. B3aemosis 13 KOpuCTyBauaMu peaii3oBaHa 3aBISKU apXITEKTypl
REST API. ®opmaTtom nepenaBanux ganux oopana JSON. Takum uunom, API cepsic ckina-
JaeTbes 13 IBOX KOMITOHEHTIB: KiieHTcbke API Ta anminictparusHe APL

Jliig po3poOKky 1aHOTO MPOAYKTY Oysi0 BUKOpHCTaHO HOYTOYK Kommadii Dell, 13 mpore-
copoM Intel Core 17, Bineokaptoro Intel(R) Xe Graphics (TGL GT2) Ta 3 O3V y po3mipi 25
I'0, nakonmuyBau SSD oOcsirom 1 TO. Bkaszani TexHiuHI 3ac00u HE MatOTh OyTH 000B’SI3KOBO
IIEHTUYHUX XapaKTepUCTHUK i1 KOM(OpTHOT po3poOku cucteMu. Takox i po3poOKu cHU-
CTEMHU BCTAaHOBJICHO 1 BUKOPHCTAHO TaKi MPOTrpaMHi 3aco0u:

- onepauiiiHa cucrema Linux Ubuntu 22.04.2 LTS;

- moBa Erlang 25.0.4 Ubuntu jammy;

- kommisTop Rebar3 3 github penosuropito;

- YTHIIITH omnepaliiiHoi cuctemu Linux make ta git;

- CKB/J] postgresql;

- IHCTPYMEHT a/IMiHICTpyBaHHs 0a3 nanux DBeaver;

- utatopma aiis rectryBannst API Postman,;

- IDE IntelliJ IDEA.
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Jis poGoTH cepBepHOi YAaCTHHHU JAHOTO MPOAYKTY Oyio BuKopuctano cepsep EC2
opeHnoBanuil y kommnanii Amazon Web Services (nam AWS), i3 mponecopom Intel Core 17,
Bizeokaproro Intel(R) Xe Graphics (TGL GT2) Ta 3 O3V y po3mipi 25 I'6, HakonmuyBad SSD
obcsrom 1 T6. baza nanux Oyma po3ramoBaHa Ha TOMY X XOCTi, 1o i cepsic auth hub. Ilpu
301IbIIEHH] KITBKOCTI KOPUCTYBaviB 0a3a JaHUX MOXe OyTH po3MillleHa Ha iHIIOMY XOCTI.

BkazaHni TexHiI4HI 3acO0M HE € 00OB’SI3KOBUMHU XapaKTEPUCTHKAMU JIsI OE3MEPEIIKoI-
HO1 pOOOTH CUCTEMHU.

Jliist poboTu cuctemu OyJI0 BCTAHOBJICHO 1 BHKOPUCTAHO HA CEpPBEPi TaKi MPOrpaMHi 3a-
cobu:

- ontepaniiina cucrema Linux Ubuntu 22.04.2 LTS;

- moBa Erlang 25.0.4 Ubuntu jammy;

- koMmmisiTop Rebar3 3 github perosuropito;

- YTUIIITH omepaiiiinol cucremu Linux make Ta git;

- CKB/ postgresql;

AnMiHICTpallisl Ta HAJIAMITYBAaHHS CEpBicy Oyna peaiizoBaHa 4epe3 KOHCOJb 3aBJISKU
IHCTpyMeHTY omepamiifaux cucreMm cimeiictBa UNIX - SSH. Cmin 3a3nauntn, mo SSH
(Secure Shell) - e kpunrorpadiuHuii MPOTOKO st OE3MEUHOrO JOCTYIY 10 MEPEKEBHX
npucTpoiB Ta cepepiB. SSH mo3Bomsie ammiHicTpaTopaM 1 KOpHCTyBadaMm O€3MEYHO
B3a€MOJIISITH 3 BIIAJICHUMHU CUCTEMaMH 4epe3 He3aXHUIIeHI Mepexi, mudpyroun Bech Tpadik
MiX KJTIEHTOM 1 CEpBEPOM.

BucnoBku. Pesynbraramu npoBeieHoT poOOTH € po3po0JIeHO TporpamMHe 3a0e3rneueH-
HS, sIKe BUKOHYE (QyHKIIT (OpMyBaHHS Ta KOHTPOJIKO aBTOpHU3allii KOpHcTyBauiB. 3abesre-
YEeHHs HaJ1MHOCTI Ta 3py4YHICTh MPOLIECY MOHITOPUHIY aBTOpU3aIlil peasi3oBaHO B poOOTI 3a-
BJSIKM CIIPOEKTOBAHOI CTPYKTYpI Ta apXITEKTypi cuctemu, BukopucranHi APl cepsic, peai-
3amii (yHKIIOHana JAJsl peecTpallii HOBUX KOPUCTYBauiB, B TOMY YHUCIHI 30€pekeHHs IXHIX
0CcOOMCTHX JTaHUX Ta 1H(OpMalii Juisi aBTOpU3allii; po3podIll MexaHi3My NEepeBIpKH aBTEHTHU-
YHOCTI KOPUCTYBAuiB IiJl Yac aBTOpPU3allii, BAKOPUCTOBYIOUH 3aXUIIEHI MPOTOKOIM Ta MU }-
pyBaHHS JTaHUX.

3anpornoHoBaHO €(DEKTUBHY MOJIENh 30€peKEHHs Ta MaHIMYJIAIIT pojeil B MiacHUcTeMax
AaBTOMATHU30BAHOI CUCTEMHU LIEHTPY aBTOpH3allii HA OCHOBI MEXaHI3MIB >KypHAJIIOBaHHS Ta MO-
HITOPUHTY aKTUBHOCTI KOPUCTYBAYiB, 1110 T03BOJISIE BUSBIISATH MOTEHLINHHI 3arpo3u Oe3mert.

B nonmanemmx gociipkeHHsIX HEoOX1THO MPOBECTH aHAI3 Ta TECTYBaHHS PO3POOIICHO-
T0 CEpBICY ITi/I BETUKUM HABAaHTAXKCHHSM, 1110 JI03BOJUTH 301TBITUTH O€3MEUHICTh aBTOMATH-
30BaHOi cucTeMu (OpMyBaHHS Ta KOHTPOJIIO aBTOPU3ALlii.
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Development of an automated authorization center system

Software has been developed that performs the functions of forming and monitoring us-
er authorization. Ensuring the reliability and convenience of the authorization monitoring
process is implemented in the work due to the designed structure and architecture of the sys-
tem, the use of API service, the implementation of functionality for registering new users, in-
cluding the storage of their personal data and information for authorization; development of
a mechanism for verifying the authenticity of users during authorization using secure proto-
cols and data encryption. An effective model of storing and manipulating roles in the subsys-
tems of the automated system of the authorization center based on the mechanisms of logging
and monitoring user activity is proposed, which allows identifying potential security threats.

KpacHiok Muxaiijio AHApiiioBHY — CremiaicT 3 po3poOKH IMporpaMHUX 3aco0iB, aKIio-
HepHE ToBapucTBO Komepiiiiauit 6ank « [ IPUBATBAHK»

I'narymenko BikTopis BoJjionumupiBHA — TOKTOp TEXHIYHMX HayK, mpodecop, 3aBiqy-
Bad Kadenpu iHGOpMaIitHIX TEXHOJIOTIH 1 cucTeM YKpaiHCHKOTO JIEP’KaBHOTO YHIBEPCHUTETY
HAyKH 1 TEXHOJIOTIi.

Mopo3 bopuc IBanoBHY - TOKTOp TEXHIYHMX HayK, Tpodecop kadeapu mporpaMmHOro 3a-
Oe3MneueHHsT KOMIT IOTEPHUX CHCTEM.

Coxoa Ouekcanap - acnipadt kadeapu iHpopMaliiHUX TEXHOJIOTIH 1 cucTeM, YKpaiHChbKUN
JIepKaBHUN YHIBEPCUTET HAYKH 1 TEXHOJIOT1H.
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K.Y. Ostrovska, V.O. Nosov
MACHINE LEARNING METHODS FOR ANTIFRAUD SYSTEMS

Annotation. Fraud in the financial sector, e-commerce, and online services is becoming in-
creasingly frequent and sophisticated. Traditional rule-based systems, while still helpful in
detecting known fraud patterns, struggle to keep up with new, evolving attack vectors, as stat-
ic rules are quickly circumvented. In contrast, machine learning (ML) provides a dynamic
and scalable approach that can process vast amounts of transactional and behavioral data to
identify subtle anomalies and suspicious activity.

This paper provides a comprehensive overview of current ML techniques used in fraud detec-
tion, categorized into three main groups: classification models, anomaly detection methods,
and deep learning architectures. It discusses real-world applications across various fraud
scenarios, including credit card abuse, account takeovers, cybercrime, and scams in digital
comerce.

Emphasis is placed on the strengths and limitations of each approach, with attention to real-
world considerations like scalability, model transparency, and the challenge of class imbal-
ance. The paper also reviews recent advances, including graph-based representations of fi-
nancial interactions, IP-based behavioral profiling, and the emergence of hybrid systems that
integrate multiple ML techniques — such as combining autoencoders with boosting algorithms
for improved accuracy, especially when labeled data is scarce.

The findings aim to support the development of flexible, high-performance fraud detection
solutions that leverage the most effective ML practices and capitalize on the synergy of hybrid
model architectures.

Keywords: Fraud detection, machine learning, classification, anomaly detection, neural net-
works, hybrid approaches.

Problem statement. Fraudsters constantly evolve their methods, complicating the
maintenance of traditional rule-based systems and reducing their effectiveness. ML models
can adapt to new fraud patterns such as identity theft, account takeovers, and money launder-
ing and scale efficiently with growing data volumes, making them tools for fraud detection.

Fraud takes on many guises, from credit card fraud to account takeovers and online
scams. Each form requires a unique strategy for effective detection. Financial fraud often in-
volves unauthorized transactions, identity theft, or money laundering, while cyber and e-
commerce fraud may exploit system vulnerabilities and social engineering techniques. With
the increasing prevalence of digital banking and authentication-based services, account-
related fraud has become a particularly relevant area for specialized strategies.
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Recent statistics from the National Bank of Ukraine [1] highlight the evolving nature of
payment fraud. Although the number of fraudulent card transactions in Ukraine slightly de-
clined by 1% in 2024 compared to the previous year, the total financial losses caused by such
fraud surged by 37%, exceeding 1.1 billion UAH. Furthermore, more than 83% of these
fraudulent operations were carried out remotely — often through online purchases, fake service
payments, and manipulative schemes such as phishing or social engineering. This ongoing
shift toward digital fraud emphasizes the growing importance of behavioral and contextual
risk analysis, which cannot be addressed by static rule-based systems alone and requires the
implementation of adaptive detection strategies.

Modern fraud detection systems must possess three key attributes: scalability, adaptabil-
ity, and real-time data processing. ML algorithms enable systems to learn from historical and
behavioral data, detect rare events, and continuously improve. One of the most powerful as-
pects of these algorithms is their ability to uncover hidden correlations, providing a deeper
understanding of fraud patterns and tactics. Combined with its adaptability, it ensures that
models can quickly respond to evolving fraud tactics.

According to BioCatch [2], over 83% of financial institutions worldwide already use
ML to prevent fraud. A prominent example of such technology adoption in large-scale busi-
ness is the Visa payment system, which is actively developing innovative Al-based solutions,
including generative Al [3], a type of Al that can generate new data based on patterns in exist-
ing data to counter sophisticated fraud schemes in digital banking.

Therefore, reviewing effective methodologies is essential for understanding the poten-
tial directions for developing advanced fraud prevention mechanisms.

Classification algorithms. Most financial fraud detection tasks are formulated as bina-
ry classification problems (“fraud” vs “normal”). Among classical approaches, logistic regres-
sion and decision trees are widely used. Logistic regression is a simple and interpretable mod-
el where coefficients can be interpreted as feature weights. However, due to its linear nature,
it cannot capture complex, non-linear interactions between features, which limits its effective-
ness in detecting sophisticated fraud schemes, such as money laundering or insider trading.
Decision trees, in turn, generate explicit “if-then” rules that are easily understandable by ex-
perts, but individual trees tend to overfit and generally underperform compared to ensemble
methods [4]. In other words, while logistic regression and decision trees are commonly used
as baseline models, their performance in complex scenarios is typically inferior to more mod-
ern approaches.

Ensemble classifiers are increasingly applied to improve fraud detection accuracy, par-
ticularly bagging and boosting methods. A typical example of bagging is the Random Forest
(RF), which combines many decision trees. By averaging results across many models, RF
achieves better generalization and robustness to noise and outliers in the data. Studies show
that RF outperforms individual trees in financial fraud detection tasks [4]. Its drawback lies in
relatively low interpretability: explaining results from an ensemble of hundreds of trees can be
challenging. On the other hand, gradient boosting methods build a sequence of trees that pro-
gressively correct errors from previous iterations, allowing the modeling of highly complex
dependencies. Modern boosting implementations, such as XGBoost (Extreme Gradient Boost-
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ing), LightGBM (Light Gradient Boosting Machine), and CatBoost (Category Boost), have
demonstrated high performance in fraud detection tasks and are well-suited for class imbal-
ance [4].

Specifically, XGBoost has proven effective on highly imbalanced data, which is com-
mon in fraudulent transaction detection. Class imbalance refers to the situation where the
number of instances of one class is significantly higher than that of the other, making it chal-
lenging for the model to learn from the minority class. XGBoost includes built-in mechanisms
for class weight compensation [4][8] to address this issue.

In addition to class weighting, oversampling techniques have also been used to improve
performance on imbalanced datasets. One of the most widely adopted methods is SMOTE
(Synthetic Minority Oversampling Technique). SMOTE generates synthetic examples of the
minority class by interpolating between existing instances, effectively increasing the diversity
of fraudulent samples in the training data. This approach has shown strong results in fraud
detection contexts. For instance, in a recent study [5], the combination of RF with SMOTE
achieved up to 99.5% accuracy on a dataset with less than 0.2% fraud cases. Similarly, practi-
cal applications such as Kaggle models demonstrate that SMOTE significantly increases re-
call, capturing more fraudulent transactions while maintaining acceptable levels of
precision [6]. However, it is essential to apply SMOTE only on the training set to avoid in-
formation leakage into the test set.

Other boosting frameworks have their own advantages: LightGBM typically trains fast-
er due to its leafwise growth strategy, while CatBoost can automatically handle categorical
features, reducing the need for manual preprocessing. Overall, ensemble methods are current-
ly among the most effective techniques for fraud detection. Their typical limitations include
high computational complexity and the black-box nature of model decisions, which can be a
challenge in highly regulated financial sectors.

Anomaly detection algorithms. In scenarios lacking labeled data or needing to identify
previously unknown fraud patterns, anomaly detection methods (unsupervised) are commonly
used. These approaches treat fraud cases as statistically rare anomalies that deviate from
“normal” transaction profiles. The goal is to model everyday transactions and detect those that
do not conform to this pattern. Classic algorithms include Isolation Forest (IF), One-Class
Support Vector Machines (SVM), Local Outlier Factor (LOF), and clustering-based methods
such as k-means.

IF is a variant of RF specifically adapted to isolate anomalous points: randomly gener-
ated trees can quickly separate “unusual” records with outlier feature values. This method
scales well to large datasets and has been successfully used for unsupervised fraud
detection [8][9]. Researchers report that IF can detect anomalous payment transactions with
high accuracy, as indicated by an AUC value of approximately 0.82 on simulated test sets [9].

One-Class SVM constructs a hyperplane that encompasses most normal data and classi-
fies points outside as anomalies. It has been applied in fraud detection, although its perfor-
mance is sensitive to kernel choice and parameter tuning, and it scales poorly with high-
dimensional data. LOF evaluates the local density around each point — transactions with sig-
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nificantly lower density compared to neighbors are flagged as potential anomalies. LOF can
detect local outliers but has limited scalability due to the computational cost of distance calcu-
lations across large datasets.

Clustering methods like k-means, followed by identifying points far from cluster cen-
troids, provide a simple alternative, although the effectiveness of this approach depends on the
assumption that normal data form compact clusters, which is not always the case.

Autoencoders, a type of deep neural network trained to reconstruct input data, deserve
special attention. When trained only on normal transactions, autoencoders reconstruct anoma-
lous (fraudulent) examples poorly, resulting in a high reconstruction error. By comparing this
error to a threshold, suspicious operations can be flagged. Recent studies report the successful
use of autoencoders for fraud detection. For instance, work [8] proposes a neural network
based on an attention-guided autoencoder combined with a Generative Adversarial Network
(GAN), a type of neural network that learns to generate data similar to the training data. This
combined model, trained solely on normal data, effectively separated fraudulent records as
anomalies, even in highly imbalanced datasets [8].

Another recent study [7] demonstrates that combining an autoencoder with gradient
boosting significantly improves detection performance: the autoencoder is used for dimen-
sionality reduction and feature transformation, followed by a LightGBM classifier. The hybrid
autoencoders + LightGBM model achieved a recall of ~94.8%, which measures the propor-
tion of actual fraud cases that were correctly identified, significantly outperforming
standalone models (with the best alternative recall of around 86%) on the same credit transac-
tion dataset [7]. This approach merges the strengths of unsupervised anomaly detection (the
ability to discover novel fraud patterns) with the precision of supervised classification. Simi-
lar hybrid architectures have proven effective in other research as well; for instance, XGBOD
(Extreme Boosting Outlier Detection), a framework that uses multiple anomaly detectors as
feature generators for a gradient boosting model, outperformed single-model baselines in
fraud detection benchmarks [6].

In addition to the methods described above, modeling the temporal nature of transac-
tions has proven to be an effective approach for spotting anomalies that unfold over time.
Fraudulent activity often shows up as sudden, unexpected changes in how and when transac-
tions occur — patterns that may be missed by models treating each transaction in isolation. To
capture such dynamics, Recurrent Neural Networks (RNNs) and their more advanced variant,
Long Short-Term Memory (LSTM) networks, have become increasingly popular. These ar-
chitectures are designed to process sequences of data while preserving context from earlier
steps, enabling them to recognize unusual transaction flows that differ from a user’s typical
usage patterns.

For example, the study [10] demonstrated that using multiple interleaved RNNs to mod-
el parallel usage streams (time, device, location) improved fraud detection accuracy while re-
ducing the need for handcrafted features. LSTM networks, in particular, are capable of captur-
ing long-term dependencies in user transaction activity, making them well-suited for identify-
ing subtle shifts in patterns that static models may miss. When combined with attention
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mechanisms, these models not only improve accuracy but also enhance interpretability by
highlighting the most relevant portions of the transaction sequence.

Thus, anomaly detection techniques, especially when extended with sequence-based
neural models, are beneficial for detecting underrepresented or emerging fraud scenarios, es-
pecially when labeled data is limited.

Deep learning and specialized methods. The growth of data volume and the increas-
ing complexity of fraud schemes have led to the adoption of deep learning. Multilayer neural
networks can automatically capture hidden relationships in transactional data. When large his-
torical datasets are available, deep models (feedforward neural networks or recurrent neural
networks) often outperform traditional methods in accuracy. In some experiments, deep con-
volutional neural networks (CNNs) improved fraud detection over tree-based ensembles when
applied to large transaction volumes. However, neural networks require careful tuning and
longer training times and are susceptible to overfitting on non-representative data.

A cutting-edge direction involves modeling inter-object relationships in financial data
through Graph Neural Networks (GNNs). Fraud often involves complex network structures,
including links between customers, merchants, devices, or IP addresses. GNNs enable learn-
ing directly on graph-structured data, leveraging the interconnectivity of nodes. A recent re-
view [11] demonstrates that GNNs are particularly effective for detecting fraud in financial
networks, as they capture hidden patterns of interaction (such as fraudulent transaction rings),
significantly outperforming traditional models in accuracy. In real-world systems, GNNs are
already used to analyze payment graphs and identify suspicious subgraphs — an approach that
would be difficult for models lacking structural awareness.

Another industrial approach involves methods like IP Insights, which are designed to
detect IP-based anomalies. For example, Amazon’s IP Insights algorithm is trained unsuper-
vised to learn behavior profiles from historical user-IP pairs and assess the “unlikeliness” of
new login attempts [12]. This enables the detection of abnormal behavior — for example, when
a user account suddenly has many new IP addresses or logins from unexpected regions, pos-
sibly indicating an account compromise.

Conclusions. This study provides a foundation for developing effective fraud detection
systems utilizing modern ML techniques. It provides an overview of key approaches, from
basic classification models and anomaly detection methods to more advanced deep learning
architectures. It demonstrates how ML can enable adaptive, scalable, and data-driven solu-
tions in the fight against fraud.

Ensemble classification methods, particularly gradient boosting, remain widely used
due to their ability to model complex patterns and handle class imbalance. Anomaly detection
techniques, such as autoencoders and IF, help uncover unusual or previously unknown fraud
cases without requiring prior data labeling. Deep learning introduces new capabilities, ena-
bling it to detect more complex patterns and account for temporal dependencies in transaction
streams.

Specialized approaches such as GNNs and IP-based behavioral profiling open new pro-
spects for detecting fraud embedded in complex relationships or device-level signals. Hybrid
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approaches that combine different methods, for example, using autoencoders for feature ex-
traction followed by gradient boosting, have demonstrated high effectiveness on real-world
datasets with class imbalance.

Today, the process of fraud detection is increasingly focused on building flexible, intel-
ligent systems that integrate multiple methods while addressing practical concerns such as
transparency, fairness, and real-time responsiveness. To stay ahead of emerging threats, these
systems must incorporate continuous learning, real-time data stream processing, and human
involvement as part of a robust and adaptive defense strategy.
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Memoou mawiunno20 HABUAHHA OJ11 AHMUPPOO-CUCHIEM

Anomayin. Ilaxpaiicmeo y @inancosomy cexmopi, cgepi erekmponnoi Komepyii ma
OHJAlIH-cepgicax cmae Oedaui yacmiwum i eumonyeHivum. Tpaduyitini cucmemu Ha OCHOBL
APAasul, Xo4a U 3a1UUAlOmsbCcs KOPUCHUMU OIS 8UAGNEHHS 6I00MUX WADIOHI8 waxpaucmaa, He
6cmuealoms 3a HOGUMU, OUHAMIYHUMU CXeMAMU AMAkK, OCKIIbKU CIMAMU4Hi Npagula WeUuoKo
00x00smuca 3n08mucnukamu. Hamomicmos mawunne nasuanns (MH) npononye ounamiunu i
macumaboganutl nioxio, 30amuuti 00pooOIAMU 8eNUK 00CAU MPAHZAKYIUHUX | ROBEOTHKOBUX
O0aHUX O/ GUABIEHHS MOHKUX AHOMAIU Ma NIO03PINoi akmueHoCmi.

Y emammi npeocmaesneno rpynmosHuti oennd cyuyacnux memodie MH, wo 3acmocosy-
1ombcs 07151 BUABNEHHSA wiaxpaticmea. Bonu 3epynoeani y mpu ocnoeni kamezopii: mooeni Kua-
cugixayii, memoou BUAGNEHH AHOMANIU Ma eAUbuHHI apximexmypu. Pozensinymo npukiaou
NPAKMUYHO20 SUKOPUCMAHHA 8 PIZHOMAHIMHUX CYEHAPISAX WAXpaticmed, 30Kpema 37108M4CU-
BAHHS KPEOUMHUMU KAPMKAMU, NePexonienHs 00IKOBUX 3aNuUCis, KiDep31ouuHu ma waxpati-
CbKi 0ii 6 yugposiu mopeiai.

Ocobaugy ysacy npudineno nepesazam i 0OMeNHCeHHAM KOHCHO20 NiOX00y 3 Ypax)y8aH-
HAM MAKUX NPAKMuYHUX adcnekmis, K Macuimaboeanicms, npo3opicme moodeneu i npodiema
oucbanancy kaacie. Takodic npoananizosano ocmanHi 00cseHenHs y yill cghepi, 30Kpema u-
KOPUCMAHHS 2paghosux npeocmasienb (QIHAHCOBUX 83AEMOOIU, NOBedIHKO8e NPOQIN08aAHH s
Ha ocHosi IP-adpec, a makooxc nossa 2iopuoHux cucmem, SKi NOEOHYIOMb OEKibKA Memooi8
MH, nanpuknao, asmoenkooepu 3 6YCMUHS08UMU ANCOPUMMAMU, KL GUKOPUCIAHO ONs NiO-
BUWEHHSI MOYHOCMI, 0COONUBO Y BUNAOKAX HECMAYl PO3ZMIYEHUX OAHUX.

Pezynomamu 0ocnioscenns cnpsamosani Ha RIOMPUMKY pO3POOKU SHYYKUX, UCOKOepe-
KIMUBHUX CUCMeEM BUABLEHHs WAaxXpaucmea, ki 6UKOpUcmosyoms Haukpawi npakmuxku MH
ma noeoHyoms nepesazu 2iOpuOHoi apximexmypu mMooenel.

Knouosei cnosa: susenenns waxpaticmeda, MawurnHe Hag4aHus, Kiacupikayis, usasieH-
H5l QHOMATIU, HelPOHHI Mepedxc, 2IOPUOHT NiOX0OU.
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AHAJII3 METOIUK ABTOMATHU30BAHOI'O KAPTYBAHHSA
3MIH BOJJOMM

Anomayisi. Monimopune 6HympiwHix 600 mMae cmpameziune 3HAYeHHs OJisl PO3BUMKY KPAiHU.
Oyinka ekono2iuno2o cmamy, 00’em ma niowa 000UM € KIIOYOBUM Y AHANI3I MA NPOSHO3I
800H020 Oanaucy. Buacnioox sminu xnimamy 6 Yxpaini 6i00ysaemvcs HeeamusHull 3d
Hacniokamu npoyec nO2ipuleHHs yMo8 NpUpoOH020 80J10203A0e3NeUeHH s, 8 Pe3yIbmami AK020
v 30nui Tloniccs 3nuxaoms mepumopii HAOIUWKOBO20 380JI0HCEHHS, A HA NIBOHI PO3N0OYABCS
npoyec onycmentosanus zemens. Hazemui sumipioeanns 3 oyinku 3smin niowi 6000UM € 00pO-
2UM [ pecypcoOEMHUM NIOX000M, AKULL 0COOIUBO CKIAOHUU Y 6i00aneHux paiioHax. B cmammi
PO321AHYMI OCHOBHI Memoou asmomMamu308aH020 KApMy6auHs 3MiH 6000UM HA OCHOGI 0a-
Hux /[33. Bukopucmanmns pisHOPIOHUX OGHUX V NOEOHAHHI 3 KOMOIHAYIEI0 Memo9die Ha OCHOBI
CHEKMPANbHUX THOEKCi8 ma MAWUHHO20 HABYAHHS 0eMOHCMPYIOMb HAUKPAWULL pe3yibman.

Knrouosi cnosa: 600Hi pecypcu, 6000UMU, ABMOMAMU308AHE KAPMYBAHHS, CYNYMHUKOGULL

MOHImopune, memoou /[33, cnekmpanvhi iHOeKcu, MAuUHHe HABYAHHS

IMocTanoBka npodiaemu. BHyTpimHI BOJHI pecypcH Ui KOKHOI KpaiHH € KUTTEBO
BOKJIMBUMH KOMITOHEHTaMU BOJHOI CUCTEMH, a ix 3amac € ctpareriynuM. O3epa, piuku, BOJI-
HO-00JIOTHI YTiJAsl Ta BOJOCXOBHUIIA € YACTMHOIO €KOCHUCTEMHMX MOCIYT y PI3HHUX KpaiHax
CBITY, SIKI B OCHOBHOMY IOB'si3aH1 3 MOOYTOBUM, MPOMHCIIOBUM Ta CLILCHKOTOCIOJAPCHKUM
BUKOPHUCTAHHSM, TaKUM SIK MPOJIYKTH XapyyBaHHs, €JIeKTpoeHepris (TigpoeHeprisi), BUpOO-
HULTBO JIKAPCHKUX PEYOBMH Ta IHIIMX MaTepialliB, a TaKOX CTBOPEHHS pEeKpealiiHuX
30H [1,2,3,4]. ®nopa BOAOWM MOTIMHAE MAPHUKOBI Ta3u, TOA1 K HEBEJIMKI MPUPOJIHI BOIOM-
MU Ta OOJIOTUCTI TEPUTOPII 3aXUILAIOTH TPYHT BiJ epo3ii Ta aerpagauii [4,5]. 3mMiHa KiIiMary
Ta JTISUTBHICTh JIFOAMHU MOCUJIMIIM THUCK Ha IIi BOJONMM, HETaTMBHO BIUIMBAIOYM Ha X €KO-
JIOT14HI YMOBHM Ta CTaH HABKOJMIIHIX ekocucTeM. KiiMaTHuHI 3MiHM y TIO€IHAHHI 31 3pocTa-
IOYMM TOMMTOM Ha BOAY Ilie O1JIbIIIe MOCUIIOIOTh CE30HHI Ta IOPiYHI KOJIMBaHHA 31 30epiraH-
HSl TUIOILI 1 HATIOBHEHOCTI BOJHUX PECYpPCiB, 1110 MOTEHIIHHO MPU3BOAMUTE 0 CKOPOUEHHS a0o
3HUKHEHHS 03€p, PIYOK Ta BOAHO-00m0THUX yriab [2,3]. 'ocTpo mocTae muTaHHs MOMUTY Ha
BOAY Y TOCYILIMBUX Ta HAmiB-TOCYNUIMBUX perioHax [4,5,6]. OcoOiuBoO Bpa3ivBUMHU €
PETrioHH, SIKi CTHUKAIOThCS 3 HEPETYJIIPHUMHU OTlaJlaMU, BUCOKUMH TEMIIaMU eBaroTpaHCHipatii
Ta nocyxamu. Kpim Toro, 3poctarounii MONUT Ha BOJY, B OCHOBHOMY JJIsl 3pOIIEHHS, 3011b-
mye pu3uK AedImuTy BOJU Ta 3arpoKy€e JKUTTE3IATHOCTI HACENCHHS 1 YCKIAJAHIOE OCHOBHI
BUIM €KOHOMIYHOI JISJIbHOCTI.

JlocikeHHsT IPOBEJeHI YKpaiHChbKUM ['1IpOMETHEHTPOM MIATBEPKYIOTh CYTTEBUI
BILJIUB 3MIHM KJIIMaTy Ha CEpeIHbOPIUHY TemrepaTypy noBitps. 3a octanHi 30 pokiB 1ei mo-
KasHuk migsummses Ha 1,2°C s Beiel tepuropii VKpainu, a MIBHAKICTH MiJABUILEHHS €
3HAYHO BHIIOIO MOPIBHSHO 3 IIO0ATFHUMHU Ta €BponerchkuMu Maciradamu. Ciijf 3a3Haun-
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TH, 10 KIJTBKICTh OMAJIiB 3JIMIIAETHCS MPAKTUYHO HE3MIHHOKO [5]. V IOCHiHKEHHSIX TPOBe-
neHux [HcTuTyTOM BOAHMX Tpobiem i Mmemiopaunii HamioHanmpHOI akagemii arpapHUX Hayk
VYkpaiHu NpH OLIHII BIUIMBY 3MiH KJIiMary Ha YMOBHM BOJOr03a0e3NeueHHs TEePHUTOPIii
VYkpaiHu BUKOPUCTOBYBaJlaCh BEIMYMHA KiiMaTHyHOro BogHoro Oanancy (KBB), sxa xapak-
TEpU3Y€E PI3HUIIO MK BEJIMYMHOIO OMAJliB Ta MOTCHUIHHUM CyMapHUM BHIIAPOBYBAHHSM [5].
Buacnigok 3Minu kiimMary B YKpaiHi BiIOyBa€TbCs HETAaTWBHUU 3a HACIHIJKaMH MIPOIEC IO-
TIpIICHHS. YMOB MPHPOIHOTO BOJIOr03a0e3neueHHs, B pe3ynbTaTi sikoro y 30Hi [lomiccs 3HU-
KalOTh TEPUTOPii HAUIMIIKOBOTO 3BOJIOKEHHS, @ Ha IMiBJHI PO3MOYaBCS MPOILEC OMYyCTENIo-
BaHHS 3eMelb. 3a YMOBH pealiizalii JaHOro MPOTHO3HOTO CIIEHApilo, HABITh, MPU 3POCTAHHI
KUIBKOCTI OMa/IiB, KJIIMaTHYHUN BOJIHMMA OanaHc TepuTopii Ykpainu 1o 2050 poky Moxke 3HHU-
3utuch Ha 45-115 mm, a #oro pedinur B 30H1 Crenmy cranoButuMme 560 mm 1 Oinbmie. 3
ypaxyBaHHSIM L[bOTO, TEPUTOPIs KpaiHU 3 HEIOCTATHIM PIBHEM 3BOJIOXKEHHS 301JBILIUTHCS 110
56% 1 nuie 28% tepuTopii OyAyTh BIANOBIAATHA BOJIOTHM 1 HAAMIPHO BOJIOTUM yMOBaM [5].

CBiil HeraTUBHMI BiJICOTOK y MPOTHO3HY OIIIHKY BHOCSITh aKTHBHI BIMCHKOBI [ii, CrIpu-
YUHEHI MOBHOMACIITA0OHUM BTOPTHEHHSM, SKI MPHU3BOJATH JO CKOJIOTIYHMX Karactpod. B
OUIBIIOCTI BUMAAKIB 116 HABMUCHE PYWHYBaHHS BOPOTOM 1H(QPACTPYKTYpH, MiAPUB IIOTHH,
OYHUCHHUX CIIOPY[ 1 BOAOIPOBOJIIB, 1[0 CHPUYMHSE 3aTOIUIEHHS TEPUTOPI 13 BUTOKAMH Y BO-
JOMMH TOKCHYHUX PEUOBHUH Ta CTiYHUX BoJA. ONHIEIO 13 HAMACIITAOHIIINX €KOJIOTTYHUX Ka-
tacTpo( - € miapuB pocissHamu BHYTpimHIX npuMinierb Kaxoscekoi ['EC, B pe3ynbraTi sikoro
BinOyBcst BHUTIK 18.2 KyOIiYHMX KUTIOMETpiB BOAM, SIKi 3aTONWIM BEIMYE3HY TEPUTOPIIO.
CrorojHi TepuTopis, Ky pasiiie 3aiiMano KaxoBcbke BoJoCXOBHILIE, TOKPUBAE T'YCTUH JIIC, a
piuka /IHimpo moBepHyiach B CBO€ icTopuuHe pyciio. TexHoreHHa katactpoda 3MiHWIA HE
TIIBKU CTaH piuku JIHINpo, a ¥ yCKIJIaJHWIa BUPOIIYBAaHHS CUIbCHKOTOCTIOAAPCHKUX KYIBTYP
3a YMOBH MIHIMAJIbHUX BOJHUX PECYPCIB JUIS IX 3pOIIYyBaHHS.

VY 3B'S3Ky 3 MM TEXHOJOTIi, pO3po0JieH] IJis BHUSBICHHS BOJOWM Ta MPOBEACHHS
MOHITOPHUHTY 3MiH iX IJIOLII B PEXHMI PEaIbHOTO Yacy Ha JIaHUX CYIIYTHUKOBOTO CIIOCTEpe-
YKEHHS, MalOTh BEJIMKE 3HaYCHHS.

MeTta aoc/iikeHHs M0JIsTae y BU3HAUYEHH] €(peKTUBHOCTI 3aCTOCYBAaHHS Cy4YacHHUX Me-
TOJIMK MOHITOPUHTY BOAHUX pecypciB. s 1boro HeoOXi1HO MPOBECTH MOPIBHAIBHUN aHAai3
OCHOBHMX METO/IB aBTOMAaTH30BAaHOI'O KAPTYBAaHHS Ta OIIIHKM JWHAMIKU 3MiH BOJHHUX pe-
CYpPCIiB 1 BU3HAYUTHU KOJIO JJOCTYITHUX AAHUX, Ha SKI MOXKHA CIIUPATHUCS.

OcHOBHA YyacTHHA. 3pOCTAIOYMI MOMHUT HA BOJAY Ta 3MiHA KJIIMaTy MOCHUJIIOIOTH MPO-
OJieMH yIpaBIIiHHS BOJHHUMH PeCypcaMy B MOCYNUTMBUX Ta HAMiBIOCYLIUIMBUX PETiOHAX, SKi
BIJIUYBaIOTh Je(IIUT BOJM BHACITIJIOK HU3BKHX 1 HEPErYJISIpHHUX OIAJdiB Ta BHCOKOI eBamo-
TpaHcmipanii. MOHITOPUHT BHYTPIIIHIX BOJ Ma€ CTpaTeriuHe 3HaYeHHs AJIsl PO3BUTKY KpaiHU.
O1iHKa eKOJOTIYHOro cTaHy, 00’€M Ta IUJIOIIa BOJAOWM € KIFOYOBHM Y aHaji3l Ta MPOTHO31
BOJIHOTO OajaHCy 1 MPOCTOPOBOMY PO3MOLII cepell perioHiB. OcoOIUBY aKTyalbHICTh Ha0y-
Ba€ MOHITOPUHT BOJOWM Yy KpaiHaX siKl HalOUIblle MOTEPNalTh BiJl CTPIMKUX 3MiH KJIiMary.
i aciekT! € BUPIIIAJILHUMU JJIS1 OLIIHKH iX JOBFOCTPOKOBOI 3/TaTHOCTI MIATPUMYBATH Pi3HI
BUJY BUKOPHCTAHHSA BOJU BIAMOBILAHO 10 Iuted cranoro po3Butky (LICP) [7,8]. Hazemni
BUMIPIOBAaHHS 3 OI[IHKM 3MiH IUIOII BOJHUX 00’ €KTIB € JOPOTUM 1 pEeCYPCOEMHHM ITiIXOJIOM,
KU OCOONHMBO CKJIQJHUKA Y BiJJTAJICHUX PaiiOHaX Ta MPH OIHII CYKYITHOCTI HEBEIMKUX BO-

ISSN 1562-9945 (Print) 165
ISSN 2707-7977 (Online)



«CucremHi Texnonorii» 5 (160) 2025 «System technologies»

noviM. B cBOIO uepry amcraHiiiHe 30HyBaHHS 3a0e3Meuye eKOHOMIYHO €()eKTUBHY albTep-
HATHBY, MOKPAIYIOYH ICHYIOUYl CHCTEMH MOHITOPHHTY, Ta 3MEHIIYIOUN 3aJICKHICTh BiJ 10pO-
T'MX Ha3eMHHUX OOCTEKEHb, SIKi B YMOBaX aKTUBHUX BIHCHKOBUX Mii, HEMOXIUBI. [Ipomonyo-
9H MPOCTOPOBI Ta YACOBI CIIOCTEPEIKEHHS 3 BUCOKOIO PO3ALUIBHOIO 3/IaTHICTIO 31 301IBIICHHSIM
TOYHOCTI, JWCTaHLIHE 30HAYBAaHHS 3HAYHO TMOKpAIIy€ OIIHKY Ta YHpPaBIiHHA
BoJIoMiMamu [6,7].

BukopucranHs NaHUX JUCTAHIIIHOTO 30HAYBaHHS JUIsI MOHITOPHHTY Ta KapTorpa-
¢yBaHHS BOJIOWM 3HAYHO PO3BUHYJIOCH 32 OCTaHHI POKH, OJHHUM i3 YAHHHKIB, SIKUH CIIpHsE
[[bOMY TPOIIECY - JOCTYIHICTh CYMYTHHKOBUX JIaHUX PI3HOI PO3MIIBHOI 3AATHOCTI Ta iX
nepioanyuHicTh. HayKoBIli BUKOPHCTOBYIOTH Pi3HOMaHITHI METOAM KOMOIHYIOYH PI3ZHOPIAHI
JaHl 3 aKTUBHHUX Ta MAaCUBHHUX JaT4MKiB 3WoMku [11,12,13]. V mepmux mocimiKeHHIX
MOHITOPUHTY TIOBEPXHEBUX BOJ| BUKOPUCTOBYBaIHU 300pakeHHs Landsat, siki JocTymnHi B ap-
xiBax nanux 3 1970-x pokis [10,14,15]. 3 8-n1eHHUM NOKPUTTSAM Ta PO3AUILHOIO 3MaTHICTIO 30
M NIPU YMOBI BIJICYTHOCTI XMapHOCTi, Landsat 3a0e3neuye 1OBrocTpokoBuit MOHITOpUHT. Oc-
HOBHOIO NMPOOJIEMOI0 JaHUX CEepPeHbOI POCTOPOBOI PO3ALIBHOI 31aTHOCTI, € TOUHICTH 1/1€H-
Tu(iKalii BU3HAYEHHs KOPJOHY MK BOJOIO Ta CYIIE0, L0 NPU3BOJUTH 10 3HAYHUX IMOXH-
6ok. 3anymena mizHime micii MODIS, 3po0unu cBiii 3HaUHUN BHECOK Y JOBIOCTPOKOBMIA
MOHITOPHHT MoBepxHeBUX BOJ [16,17]. OcHoBHa mepeBara manux MODIS - mopaense rio-
0aJbHE TOKPHUTTS Ta BIIKPHUTICTh JaHUX, Y€pe3 HHU3BKY IPOCTOPOBY PO3IUIBHY 3[aTHICTh
3HAYHO 3MEHIIYETHCS MOXKIIMBOCTI ieHTH(DiKaMii Ta BUSBICHHS BOJOHM, OCOOJIMBO HEBEIH-
kux o3zep Ta piyok [11,13]. MODIS, 1 Landsat € macuBHUMH ONTHYHUMH JAaTYUKAMH, SKi
(bIKCYIOTh B1IOMTE COHSIYHE CBITJIO 1 TEIJIOBE BUIPOMIHIOBAHHS 3 MOBEpXHI 3emuli. Bonu
MpaliolOTh Y BUAUMUX, OJMKHIX 1H(PpPauyepBOHUX, KOPOTKOXBHJIBOBUX 1H(pauepBOHHX Ta
TEIUIOBUX 1H(pauepBOHUX 00JACTAX €JIEKTPOMArHiTHOrO CIEKTPy, 100 3abe3neunTu 300pa-
KEHHsI IpUJATHI AJs BidyaibHOI 1HTepnperanii. OgHak BOHM OOMEXEH1 MOrOJHUMH yMOBa-
MU, 30KpeMa MOKPUTTSIM XMapHICT.

PanmapHi CymyTHUKOBI JaT4MKH, 30KpeMa pajap 3 CHHTeTH4HO aiadparmoro (SAR),
IPONOHYIOTh MOXKJIMBICTh OTPUMYBATH JlaHI BJAEHb 1 BHOYI, 3a0e3nedyroun Oe3nepepBHUN
MOHITOPMHI HE3aJe)KHO BiJ TOTOJHMX yMOB. IX 300pa’keHHS 3 BHCOKOIO DO3JIiIBHOIO
3JIaTHICTIO 3a0€3MeuyI0Th IIUPOKE MOKPUTTS, IIBUAKE CKAaHYBAaHHS Ta MOXJIUBICTb J1€TaJIbHO-
rO0 MOHITOPUHTY HEBEIMKHX 00'ekTiB. PajionokamiiiHi 300pakxeHHsI 4acTO MEHII iHTYiTUBHO
3po3yMili Juis Bi3yalbHOI iHTeprpeTaunii depe3 BIJACYTHICTH KOJIbOPOBOi iH(popmarii Ta
Ha/IMIpHY YyTJIMBICTh, BKJIIOYAIOUX MepelKoan. Bee yacTime BUeHi 3 crocTepexeHHs 3emii
IHTETpYIOTh ONTHYHI Ta PaJiofOKaliiHI JaHi Ul MOKpAIIeHHs aHaji3y, 110 IPU3BOAMTE 10
011 TOYHOT Ki1acu]ikallii 3eMeIbHOTO MOKPUBY, MOKPAILIEHHSI MOHITOPUHTY HABKOJIMIIIHBO-
r0 CepeOBHINA Ta 0TI OOIPYHTOBAHOTO MIPUHHSATTS PIillIeHb y Pi3HUX chepax.

Sentinel-1 i Sentinel-2 - e a8i ciM'i cynytHuKiB 3 mporpamu Copernicus €Bporneiicbko-
ro kocmiuHoro arenrctBa (ESA). Pazom mi micii mponoHytoTh ONTHYHI 300pakeHHsI 3 BHCO-
KOIO PO3AUIBHOIO 3[IaTHICTIO 3 BUAMMHUX, OMmkHIX 1H(padepBoHux (NIR) Ta KOpOTKOXBHIIb-
oBUX iHPpauepBoHuX (SWIR) yacTuH cHekTpy, a TaKoX TEXHOJIOTIIO pajapa 3 CHHTETHYHOIO
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niadparmoro (SAR). YV moenHanHi 3 iHHOBaLIMHUMU METOJIaMU KapTorpadyBaHHS 300pakeH-
Hs Sentinel mpoNOHYIOTH HOBI MOKJIMBOCTI JUI TOYHOT'O BHUSIBIIEHHS Ta MOHITOPHHTY BOJIOMM.

MeTtonomnorii kapTorpadyBaHHS BOJHUX 00'€KTIB 3HAYHO PO3BUHYIHCS 3 TIABHIICHHSIM
PO3AUTLHOT 3JaTHOCTI CYNMYTHHUKOBUX J@HUX, IO JIO3BOJISIE 3aCTOCOBYBATH METOAH M-
CTaHIIITHOTO 30HAYBaHHS IS BETUKUX 1 MAJICHBKUX BOJIOMM, OXOIUTIOIOYH PETIOHU KpaiHH.

Binpmiicts gocnimpkens moOynoBaHi Ha BUKOPUCTaHHI clieKTpanbHuX ingekcie NDWI ta
Modified NDWI (MNDWI) [12,14]. OauH i3 CHEKTPaJIbHUX 1HICKCIB, IO IIUPOKO BHKOPH-
CTOBYETHCS Ta JTO3BOJISIE MPOBOJIUTH MOHITOPUHT 3MiH ILUIOIII BOJHOTO A3€pKalia y BOJOWMAaX
— Normalized Difference Water Index (NDWI). Ockinbku BOJOWMH CHIBHO TOTJIMHAIOTH
CBITJIO y BHIUMOMY Ta iH(padyepBOHOMY Jiana3oHax eJIeKTpOMarHiTHoro cmekrpa, NDWI
BUKOPHCTOBYE 3€JIeH1 Ta OJIMXKH1 iH(pauepBOHI CMYTHU ISl BUALUTEHHS BOAONM. BiH dyTiuBHii
JI0 TIPUCYTHOCTI MIChKOI 3a0yIOBM Ta MOXE MPU3BOAUTH JIO TMEPEOIIHKU IUION[ BOTHHX
00'exTiB. 3HadyeHHs iHAekcy moHazd (0.5 3a3Buyail BiamoBimae BojoiiMaM. PociauHHICTB, SIK
MIPaBUJIO, Ma€ 3HAYHO MEHIII 3HAa4YeHHsI, a 3a0yJ0BaHl TepUTOPIi — 3HAYCHHS B Jllana3oHi BiJl
0 no 0.2.

Innekc NDWI po3paxoByeThces 3a GopMyIioro:

NDWI = (Green — NIR) / (Green + NIR), 1)

ne NIR — koedimienTn BimOWTTA y ONMMKHBOMY iH(pauepBOHOMY [iama3oHi eleKTpomar-
HITHOTO crieKTpy, Green —y 3ejeHomy.

CBiil po3BUTOK OTpHUMaB MOJU(DIKOBAHUNA HOPMaII30BaHUN PI3HUIIEBUI BOAHUM 1HIEKC
(MNDWI), uepe3 Ginblil TOYHE BUAUICHHS BOJHUX O0'€KTIB HAa CYMyTHUKOBUX 3HIMKAax, HIX
cranpaptauit NDWI [12,14]. Tanexc MNDWI po3paxoByeTbes 3a popmyinoro:

MNDW!I = (Green - SWIR) / (Green + SWIR), 2

ne SWIR - koedirieHTH BITOUTTS Y KOPOTKOXBHIILOBOMY iH(pauepBoHOMY criekTpi, Green —
y 3€JICHOMY.

Bukopucranus SWIR npu pospaxynky cnektpansHoro ingekcy MNDWI, no3osnsie
3MEHIINTH BIUIMB POCIMHHOCTI Ta IHIIKUX IMOBEPXOHb, sIKi TaK0XX MOKYTh Bifoopaxaru y NIR,
Ta MOKPALIUTU BHBIEHHS BOAHUX 00'ekTiB. 3HaueHHs MNDWI nepeOyBaroTh y niana3oi
Bix -1 mo 1, me monax 0.5 3a3Buyaii BIAMOBIZAIOTH BOJOHMAM.

OxpeMe BHKOPHCTAaHHS CHEKTPaJbHHUX IHJIEKCIB Ui aHali3y 3MiH BOAONM 3a Oara-
TOpIYHUI mepioa He Jae moBHOI 1H(opmarii. CBi moganbIIui PO3BUTOK MOHITOPUHTY I1O-
BEPXHEBUX BOJ| HAOY/IM JOCIIIKEHHS 3 BUKOPUCTAHHSM aJropuTMiB kiacugikaiii Random
Forest Ta Artificial Neural Networks [18]. Bukopuctanas MeTO1iB MAITMHHOTO HABYaHHS TSI
MOHITOPHHTY CTaHY BOJHHMX OO'€KTIB Ha OCHOBI ONTHYHUX Ta PaJapHUX CYIIYTHHUKOBUX
3HIMKIB JI03BOJIsIE aBTOMATHU3YBaTH MPOIIECH aHaJi3y Ta HaJaBaTH OUIbII TOYHI, 10 BaXKJIUBO
JUTSL IPUAHATTS OOTPYHTOBAHUX pillleHb. Y AociimkeHH1 [19] Ha ocHoBi nanux Sentinel-1 Ta
Sentinel-2 3 BUKOpHUCTaHHSM 3rOPTKOBOI HEHPOHHOT Mepeski Oy po3poOsIeHi IHCTPYMEHTH
ISt KapTorpadyBaHHS Ta OI[IHKH TWHAMIKH 3MiH MTOBEPXHEBHUX BOIHUX 00'€KTIB.
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[HIIMM migxomoM, sIKMi OyB IIMPOKO BHBUEHHH - 1€ METOAM MOPOTYBAaHHS 300pakeHb,
Bkitovyaroun Metoz Omy [20]. Meton Omy nmpoaeMoHCTpyBaB €(heKTUBHICTh Cepesl METOIIB
MTOPOTOBOTO 3HAYCHHSI, TICPEBEPIIYIOYH OUTHIIO TOYHICTIO IPH BUSBICHHI BOJIHUX 00’ EKTIB.
[IpocroTa Ta edexTHBHICTH Moporooro migxoay Oy ckopouye yac oOpoOku, 30epiraroun
TOYHICTH y MOPIBHAHHI 3 MeToaaMu Kiacudikamii. Meron Omy MOYMHAETHCA 3 CerMeHTamii
300paXe€HHS [UIIXOM aHaNi3y PO3MOAUTY IHTEHCHBHOCTI MIKCENIB, & MOTIM BU3HAYA€E OINTH-
MaJIBHUH TOPIT, KU MaKCUMI3y€e AUCHEPCiI0 Mik 00'€éKTOM Ta Kiacamu (oHY, IO MPHU3BO-
IUTh 10 OiHapHOi cerMeHTallii 300paxkeHns. L{eit MeTon 0coOIMBO edeKTUBHMIA y 300pakeH-
Hsax SAR, ne Bapianii y BiATIHKaxX Ciporo BilMOBiIAIOTh MiKPOXBHJILOBUM BIIMIHHOCTSIM 3BO-
POTHOTO PO3CIFOBaHHSI Y BO1, POCJIMHHOCTI Ta I'PYHTI.

OpHak Taki METOOU HE JIO03BOJSIOTH OTPUMATH INPAaBUIIBHE IOPOrOBE 3HAYCHHS
Koe(illieHTa 3BOPOTHOTO PO3CIIOBAHHS JJisi BIJHOCHO HEBEIHMKUX BOAOWM. Y poboti [21]
IPEJCTAaBICHO METOJI KapTorpadyBaHHs MOBEPXHI BOJOWM, SIKMI JJ03BOJIsIE MPABUIIBHO 1]1€H-
TU(iKyBaTH BOJOWMM HaBiTh y CHTYyaIlisiXx AMcOanaHCy KJaciB «BoAay/«cyma». Metox
IPALIOE 32 NIPUHIMIIOM MaKCHUMaJbHOI BIJMOBIJHOCTI OTpUMaHOi Macku Boau SAR 3ananiii
eTaIoOHHIHM Macii. TakuM YMHOM, METO/] 103BOJISIE TOCIITUTH MOMIJIMBOCTI MOIIYKY Ta BUOOPY
ONTHUMAJBHUX MapaMeTpiB (MOJsApU3allis Ta CHekI-(iabTpalis), ki 3a0e3neuyloTh MaKCH-
MaJIbHY sIKicTh Macku Boau SAR. 3a HasBHOCTI OMOPHOI MacKH BOJIM 3alPONIOHOBAHHUN Me-
TOJ € TOYHIIMM, HiX MeToxa O1y.

BucHoBku. Po3risiHyTo METOAM aBTOMATH30BAaHOTO KapTYBaHHS i3 3aCTOCYBaHHS -
CTaHLIMHOTO MOHITOPUHIY Ta NPUMEHUMOCTb METOMIB JJIsi aHali3y BOJHUX  pECypciB
VYkpainn. BuzHaueHO OCHOBHI YMHHHUKH, SIKI CIIPUYMHSIOTH 3HEBOJHEHHS Ta 3HUKHEHHS BO-
JOVM.

[IpoaHanizoBaHO METOAM MOHITOPUHTY IOBEPXHEBUX BOJ| HA OCHOBI CYIyTHUKOBHX J1a-
HuX. OCHOBHI KJIaCH4HI MeTOJM 0a3yloThCAd Ha BUKOPUCTAHHI CIEKTPAIbHUX 1HJIEKCIB, Ma-
IIMHHOTO HaBYaHHS Ta MOPOTYBaHHS 300paKeHb. 3aCTOCYBaHHS PI3HOPIIHUX JaHUX Y MOE]I-
HaHHI 3 KOMOIHAIli€l0 METO/IB JAEMOHCTPYIOTh HalKpamuil pesynbraTr. Ciif 3a3HAYUTH 110
TaKi METO/M He J03BOJISIIOTH OTPUMATH TOYHE MTOPOrOBE 3HAUEHHS JUIS BIJHOCHO HEBEIMKHUX
BOJIOMM. MeToJl KapTyBaHHS MMOBEPXHEBUX BOJ 13 3aCTOCYBAaHHIM paJapHUX 300paKeHb Ta
BUKOPHUCTaHHAM METOJy BHOOpPY ONTHMAaJIbHOIO MOPOTY, €TaJOHHOI MAacKM BOJM, IOKa3aB
HaWKpaLUN pe3yJIbTar.

[Monmanpmii nocmikeHHs: OyAyTh MPUCBSYEHI po3poO1l KOMIUIEKCHOI METOAOIOTi Kap-
TYBaHHS Ta aHaJIi3y BOJOWM 13 3aTy4€HHSAM MAIIMHHOTO HaBYaHHA Ta PI3HOPIAHUX JaHUX.
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Analysis of automated mapping techniques for changes in water bodies

InInland water resources are vital components of the water system for every country,
and their supply is strategic. Growing demand for water and climate change are exacerbating
water management problems in arid and semi-arid regions, which experience water shortages
due to low and irregular rainfall and high evapotranspiration. Monitoring inland waters is of
strategic importance for a country's development. Assessing the ecological status, volume and
area of water bodies is key to analysing and forecasting the water balance and spatial distri-
bution among regions. Monitoring water bodies is particularly relevant in countries most af-
fected by rapid climate change. As a result of climate change in Ukraine, there is a negative
process of deterioration of natural moisture conditions, as a result of which areas of exces-
sive moisture are disappearing in the Polissya zone, and the process of desertification has
begun in the south. Ground-based measurements to assess changes in the area of water bod-
ies are an expensive and resource-intensive approach, which is particularly difficult in re-
mote areas. The article discusses the main methods of automated mapping of changes in wa-
ter bodies using remote sensing data. The use of heterogeneous data in combination with a
combination of methods based on spectral indices and machine learning demonstrates the
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best results. The article discusses automated mapping methods using remote monitoring and
the applicability of these methods for analysing water resources in Ukraine. The main classi-
cal methods are based on the use of spectral indices, machine learning and image threshold-
ing. The use of heterogeneous data in combination with a combination of methods demon-
strates the best results. It should be noted that such methods do not allow obtaining an accu-
rate threshold value for relatively small water bodies. The method of mapping surface waters
using radar images and the method of selecting the optimal threshold, the reference water
mask, showed the best results.

Keywords: water resources, water bodies, automated mapping, satellite monitoring,
remote sensing methods, spectral indices, machine learning
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M.K. KneBuos, I'.B. Pynakosa
OIITUMIBALIA PO3KPOIO JIMCTOBOI'O ITAIIEPY
JJIA IIOTPEB ITOJIIT'PA®IYHOI'O BUPOBHUIITBA

Anomayis. Y cmammi npedcmasneno Konyenyiio, apximexmypy ma NpUHYUnU peanizayii in-
dopmayitinoco mooyns niompumxu nputinamms piwwens (IM IIIIP) ons mexnonoea noniepa-
¢iunoeo nionpuemcmasa. Mooynb po3pobieHo 3 Memor agmomamusayii npoyecie nio2omosku
00 OpyKy, 8UOOpPY ONMUMAIbHUX NAPAMEmpi8 pO3KPOI0, NPU3HAYEHHs Mamepianié i eubopy
MEeXHON02IUHO20 Mapupymy. 3anponoHoeane piuieHHs NOEOHYE MamemMamudti Mooei, 8upo-
OHUYI OaHi ma e8pUCMUYHI NPABUNA 3 NPAKMUKU, WO O0360JI5IE€ SMEHWUMU Y4acC NPUUHAMMS
piuienb ma 3HUUMU UMOGIPHICIMb NOMUJLOK.

Knrouosi crnosa: niompumxa nputinamms piuiersb, noaiepaghis, mexHonoe, supooHude niamy-

BaHHS, PO3KPIl, IHopmayiiina cucmema, onmumizayis.

IlocTanoBka npo6Jjemu. OCHOBHA TeHJIEHIIisl PO3BUTKY Cy4acHOi momirpadii — iHTepa-
KTUBHI JIpYKapHi — 11€ 3aCTOCYBAaHHS 1HTEPaKTUBHOI B3a€MOJIII MIXK CIIO)KMBa4YeM Ta BJIACHU-
KoM iHdopmanii. Bigkpura moapykapcbka cucteMa miaATpuMye (GYHKIIT 1HTEPAaKTUBHOTO
3B'SI3KYy 3 3aMOBHUKOM Ta MEPCOHANII3YBAaHHS MPOAYKIil. YMOBHO TE€XHOJOTIYHUHN MpOLEC 10-
JAPyKapchKOi MiArOTOBKY BUAAHHS MOXHA MOJIUIUTH Ha TPU OCHOBHI €Tallu:

1) miAroToBKa Ta BBeIEHHS iH(POpMAaLlli y KOMIT I0TEpHY BUJABHUYY CUCTEMY (aBTOPOM,
BUJIABHULITBOM a00 JIpYKapHEI0);

2) CTBOPEHHS €IEKTPOHHOI'O MAKeTy BUJaHHS;

3) miaroToBka (HopMami3yBaHHS (paiiiiiB, TPEMIHT, CIyCK CTOPIHOK, pacTpyBaHHs, OT-
pUMaHHs MPOOM) Ta BHUBEICHHS CTOPIHOK Ha MaTepialbHUH HOCIH (mamip, (OTOILIIBKY,
¢dbopMHY MIIaCTUHY 200 LUJIIHAP MALIUHHU).

BripoBagkeHHsT aBTOMAaTH30BaHUX pIllIeHb JUIs ONTHUMI3allii BUAABHUYOIO MPOILECCY
3HA4YHO MiABUIIYE PIBEHb ONEPATUBHOCTI JOAPYKAPChKOT MiATOTOBKH, 1110 OCOOJIMBO aKTyallb-
HO IIPU MiATOTOBIII JMCTKOBOI MPOAYKIIiT (ETUKETOK. PEKJIIAMHHX IOCTEPIB Ta 1HIIL.).

AHaJni3 ocTaHHixX aocailkenb Ta myoJikauniii. [Iponec po3kporo nanepy y nosirpadi-
YHOMY BHUPOOHUIITBI € KJIFOYOBUM €TarioM, L0 BIUIMBAE Ha cOOIBApTICTh MPOAYKLii, BUTPATH
MaTepialliB Ta JOTICTUKY BUpPOOHMLTBA. Yepe3 BapiaTHUBHICTH 3aMOBJIEHb Ta TEXHOJOTTYHHUX
oOMekeHb BHHUKA€ MOTpeda B aBTOMATH30BaHIM MIATPUMII NPUHHATTS pimeHs. [Hpopma-
LifHI CUCTeMH, SKI MOEAHYIOTh MOJENI ONTHMI3alii Ta cydacHi iHTepdelicu KOpUCTyBaua,
MOKYTh 3HAYHO MOKPALIUTH SAKICTh BUPOOHUYOTO MiiaHyBaHHsS. E(EKTUBHUM IHCTPYMEHTOM
U onTUMI3alii moJirpadiuHuX IMPOLECiB € MaTeMaTHYHEe MOJEIIOBAHHS 3a/1adi pO3KPOI0
narnepy.

© Kuesnos M.K., Pynakosa I'.B., 2025
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Po3kpiii manepy — oJHa 3 KpUTUYHUX TEXHOJIOTIYHHX OIeEpaliil y nojirpadgianomy Bu-
poOHuTBi. HeedhekTuBHUIT pO3Kpil NPU3BOAUTE 10 MEPEBUTPATH MaTepiady Ta 301IbIICHHS
BUPOOHMYMX BUTpAT. 3ajada pPO3KpOI0 Mae KOMOIHATOPHUH XapakTep i HajuexuTh 10 NP-
CKJIQIHHX 3aJ1a4, 110 YCKJIQJHIOE ii pO3B'S3aHHS JJIs BEIUKUX OOCSTIB BXIJHHUX JaHUX. BUKO-
pPHUCTaHHS aTOPUTMIB PO3MIIIECHHS 3 YpaXyBaHHAM BUPOOHHMYUX OOMEXEHb J03BOJISIE MiHIMI-
3yBaTH BiAXOIH, MiJABUIIMTU MPOAYKTUBHICTH Ta 3a0€3MEUUTH THYYKE IJIAHYBAHHS Y THIIO-
rpadii.

3agaua MPOMUCIOBOTO PO3KPOIO Mamnepy sl APYKY JUCTOBOI MPOJIYKI BiIHOCHUTHCS
JI0 KJIacy 3aBJaHb ABOBUMIPHOTO (2D) mpsMOKYTHOTO pO3KpOIO. 3Ba)KaloyM Ha CKJIAIHICThH
I[bOTO 3aBJIaHHS MIMPOKO BUKOPUCTOBYIOTHCS €BPUCTUYHI aNropuTMu pimenHs. [lossa ta po-
3BUTOK IMOBIPHICHMX METOIB JIOKAIBHOTO MOIIYKY ONTUMYMY IPU3BEIIO 0 PO3POOKH aJro-
PUTMIB, SIKi € IeKO/IepaMHy B 0araTomnpoxiiHUX alropuTMax.

[To cyri, po3mimieHHs MPSIMOKYTHHKIB 3BOJUTHCS 10 iX YKJIAJaHHS, KOJH BOHH HE Ma-
I0Th TICPETUHIB. BiJBIICTh TOYHUX METOJIB PIICHHS 3BOAUTHCS J0 NEpeOOpy MHOKHUHU JO-
MYCTUMHX PIIICHb 1 3HAXO/HKEHHS Cepell HUX ONTUMYMY.

Jist po3B’si3aHHA 3a/1a41 MOYKHA 3aCTOCOBYBATH:

— xanioui anroputmu (greedy methods) misi MIBHIKOTO 3HAXOMKEHHS TPUHHSATHUX
pilIeHs;

— EBPHCTUYHI METOJH, 30KpeMa T'eHETUYHI aJlTOPUTMH, JJIs1 HAOIMKEHOTO OUTYKY OII-
TUMAJILHOTO PillICHHS;

— METOJAM JMHAMIYHOTO MpOrpaMyBaHHs JJIs BUNAAKIB 3 OOMEXEHOI KUIBKICTIO Bapi-
aHTIB.

TexHonor nomirpadiyHOro NiANpUEMCTBA BIANOBIAA€E 3a MIATOTOBKY BUPOOHHUIITBA: BU-
0ip ¢opmaty mamnepy, IIaHyBaHHS PO3KPOI0, BU3HAYEHHS TEXHOJIOTTYHUX PEXKUMIB. Y cydac-
HUX YMOBaX 3HAYHOI'O IOTOKY 3aMOBJIEHb, iXHbOI Bap1aTUBHOCTI Ta CTUCIUX TEPMiHIB, BUHHU-
Kae notpebda B aBTOMATHU30BaHINd miaTpumil npuitHsTTa pimens (ITI1P). [npopmariitni moxy-
71, IHTETPOBaHl B 3arajbHy CHCTEMY YIPaBJIIHHA BUPOOHHUITBOM, J103BOJISIIOTH ONEPATHUBHO
(dbopMyBaTH OOTPYHTOBAH1 PilLIEHHS.

Mera nocaigaxennsi. OCHOBHOIO METOIO € CTBOPEHHSI MAaTEMaTUYHOTIO sjipa A 1H(Oo-
pManiiHOro MOAYJISI, IKHI:

MIITPUMYE TEXHOJIOTa Y BUOOPI CXeMHU PO3Kpoto, hopmary, Mmarepiany;

BHUKOHY€E aBTOMAaTH4HI PO3paxyHKHU BUTpAT MaTepiais;

JI03BOJISIE OLIIHIOBATH €(DEKTUBHICTh PI3HUX BapiaHTIB IJIAHYBAHHS,

inTerpyethest 3 ERP/MES-cuctemamu mignpuemMcrsa.

BukJiiajeHHs1 0CHOBHOTO MaTepiajly JocailzkeHHsl. MaTeMaTH4YHa MOCTaHOBKA 3a/1a4l
JIBOBUMIPHOTO (2D) npssMOKYTHOTO PO3KPOIO (POPMYITIOETHCSI HACTYITHUM YHHOM.

Hexaii 3agano:

— Habip popmartiB npykoBanoi npoaykuii {Fy, F5, ... F,}, KoXeH 3 skux mae mupuny
W; Ta BHCOTY hj;
— HasSBHUH craHmapTHUil MucToBUi popmat manepy WxH;

— 00csru 3aMoBJIeHb (; Ul KOKHOTO opmary F;.
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3aiada po3KpoIo:

3HalTH Take po3MilieHHs F; Ha mucrax WxH sike MiHIMi3ye:
— 3araJibHy KUIbKICTh BUKOPUCTAHHUX apKyImiB N,
~ CYMapHy IUIOULY BIAXOMIB Sy

ToOTo

min N, min Sy, = X2, (W -H — X;n-w; - hy), (1)

Jie 1 j; - KUIbKICTb BUPOOIB 1-I0 TUILY Ha J-My apKyLIi.

[Ipu oOMexeHHsX:
— KOXKEH apKylIll He repeBuirye po3mipu Wx H;

— CcyMapHa KiTbKicTh BUpPOOIB i-T0 THIy IOBHHHA JOPIBHIOBATH (;, a00 Ej N = qj,

JUISL BCIX 1;

— JOIyCTUME PO3MILICHHS 0€3 MePEeKPUTTSL.

[Iporonyemo st po3B’si3aHHs 3a1a4i po3kporo (1) 3acTocyBaTt €BPUCTHYHUN METOI,
IO BiHOCHTHCS /O KJIACy 3aJady Mpo MAKyBaHHS pPIOK3aka abo IJIaHyBaHHS PEWCIB s
CKJIAJICBKUX MTa0eNnepiB 3 OOPTOBUM HAaKONMHMYyBadeM. AJie Ii METOIU BUPILIYIOTh OJHOBH-
MipHY 3a/a4y MaKyBaHHs. 3arporOHOBAHUA METOJA 0a3yeThCs Ha IOCIIJOBHOMY PO3Tallly-
BaHHI IPSIMOKYTHUKIB, TIOYWHAIOY1 3 TYCTOTO apKylly. 3aBISKH TOMY, 10 APYK 31HCHIOETHCS
naptisiMu o Q = 500 — 5000 nucTiB, BIAMOBIAHO TEXHOJOTIYHOTO OOJaJHAHHS, TO TUPAXK
MOKHA TIepepaxyBaTH BITHOCHO II1€1 BEJIUY1HI.

ITo mepm 3a Bce HEOOXITHO BiJICOPTYBATH BCl 3aMOBJIEHHS Ha JPYK 13 3MEHLICHHSIM
3HAYEHHS KPUTEPIIO BIIOOPY BUIY

ST =35;0;, )

ne S ;=W;h; - nioma i-ro Gopmary apykoBaHOT NPOAYKIii; §; - 0OCATH 3aMOBIEHD (TUPaX)
11 KoskHOTO (hopMmaty F;, i=1,... n.

JIpyruM KpOKOM € BHU3Ha4eHHs HoMepa ¢opmary k, skuii Mae MakCUMajbHe 3HaYSHHS
Kputepito (2), Ta po3ramoByemMo mnepiriii popmar Ha aucti. s 1poro HeoOXigHO 3poOUTH
aHaJi3 BITHOCHUX PO3MIpiB Ui BU3ZHAUYEHHS BapiaHTy YKJIaJIKU 3a GopMyIaMu

W W H H
=— Wy =—, Hy =— Hy=— (3)

W )
Wy hy Wy hy

wk

OO6paxoByemo koe(imieHTH ISl BU3HAYEHHS BapiaHTIB YKIAIKu (TOpU3OHTAIbHE (4)
abo BepTUKaNbHE (5) po3TallyBaHHs) HACTYITHUM YHHOM
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Kz =W =hy -Int(Wy, ), Ky =H —w, -int(H, ), ()

B 3anexxHocTi BiJ 3HaYCHb OTPUMAHUX KOE(IIIEHTIB BU3HAYAIOTHCA T€OMETPHYHI PO3-
Mipy BUIBHHX 30H JIMCTA MICII pO3TallyBaHHS Mepiioro (gopmarty. A came MOXKIJIHMBI YOTHPH
BapiaHTH MiHIMAJIbHUX 3HAYEHb KOCPIIIEHTIB:
1) mpu K,y =min -
W1:=W, Hl:=k;;
2) mpu ky; =min -

W1l:=k,,, Hl:=H;

wl>
1) mpu K, =min -

W1:=W, Hl:=k,;
1) mpu K,y =min -

W1:=k Hl:=H.

w2
W1 ta H1 - HoBi po3mipu 3aimIikiB jucTa.

[Ticst bOTO 3MMIMCHIOETHCS KOPEKIIisl CIHCKY 00CATY 3aMOBJICHB (3MEHIIYETHCS 3 ypa-
XyBaHHSM po3TamoBaHoro ¢gopmary). Ta aii TOBTOPIOIOTECS 3a AITOPUTMOM, MMOYMHAIOYU 3
COpPTYBAHHSIM OHOBJIEHOTO CIIHCKY.

Slkmio Ha JHCT, 110 3alOBHIOETHCS, HE MOXKHA JIOJATH IIOCh 31 CIIUCKY 3aKa3iB, TO BIH
BBAYKAETHCS 3aKPUTHUM, 30€piraeThCs y nepeiky copMOBaHUX JIMCTIB, Ta BIAKPUBAETHCSA HO-
BHI JIUCT JJIS1 HOJAJIBIIIOTO PO3KPOIO.

[Tpu 3acTOoCyBaHHI1 HaJEKHOTO MaTEMaTUYHOTO anapary B YIPaBIiHHI MOMIrpapiyHuUMU
polecaMy MOXKHa 3a0e3MeYUTH THy4Ke, aJalTHBHE Ta OOIPYHTOBaHE NMPUNHATTS PILIEHb Y
cdepi ynpaBIliHHS PO3KPOEM Marepy.

[npopmaniitnuil MOIyab TIATPUMKU MPUMHSTTS pillIEeHb MAa€ 3HAYHO MiJBULIITH e(eK-
THUBHICTh Ta TOYHICTh POOOTH TexHosiora Tunorpadii. Hamani mianyeTbes po3muputi GyHK-
LIOHAJIBHICTh CUCTEMH 32 PaxyHOK MallIMHHOT'O HaBYaHHS JJIs IPOTHO3YBAaHHS BUTpAT, aHAJi-
3y MOIEpeHIX pilleHb Ta JUHAMIYHOT alanTallii 10 3MiH y BUpPOOHUYOMY CEpEeOBHIII.

Indopmaniitna CIITIP mae 6yTn nobyaoBaHa 3a MOJIYJIbHUM MPUHLUIIOM Ta BKIOYATH
TaKi OCHOBH1 KOMITOHEHTH:

- baza manux: 36epiranss iHopMalii npo AOCTYNHI Gopmaru mamepy, 3aMOBIIEHHS,
napaMeTpu o6siaHaHHS.

- Mopaynbp MaTeMaTHYHOTO MOJIETIOBAHHS: peai3allisi alrOPUTMIB ONTHMAIbHOTO PO-
3MIIIEHHS APYKOBaHHUX €JIEMEHTIB Ha apKyIax.

— AHamTUYHUNA MOJYJb: OIlIHKAa €(PEKTUBHOCTI PO3KPOI0 (BIICOTOK BUKOPUCTAHHS
TJIOIII, B1IXOH, KUTBKICTh apKYIIIB).

- InTepdeiic kopucTyBaya: Bizyalizallisi CXeMHU PO3KpPOI0, MOXIIUBICTh PYYHOIO penia-
ryBaHHs, iHTerpaiis 3 ERP-cucremamu.
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[Tomanpmmii pO3BUTOK CUCTEMH Tiepeadadae iHTEeTpallio 3 CUCTEMaMH 00JIiKy mMartepia-
JIiB, IPOTHO3YBaHHS MOTPeO Ta HABYAHHS MOJIETICH Ha ICTOPUYHHX JAHUX.

JIOIIIBHO BUKOPUCTATH TEHETUYHHH aJTOPUTM, 110 JO3BOJIHUTH €()EKTUBHO BUPIIIYBaTH
3a/laqy pO3KpOI0 Marnepy B yMOBax BapiaTUBHOTO BUPOOHUITBA. [loeqHaHHS MaTeMaTUYIHOI
MOJIEITi 3 €BOJIOIIHUMYU MPUHIMIIAMH TOIIYKY 3a0e3redye rHy4KiCTh, MaclITabOBaHICTh Ta
aJlanTHBHICTh CUCTEMH ONTHMi3amii. Y MepcrneKTuBi MIaHyeThCsl IHTErpallist AIrOpUTMY B 1H-
¢dbopmariiiHi CHCTEMH YIPaBIiHHSI BUPOOHUIITBOM.

BucnoBku. [Hpopmariiinuii Moay b MIATPUMKH MPUHHATTS PillleHb 3HAYHO ITiJIBUIIYE
e(eKTHBHICTh Ta TOYHICTH POOOTH TexHosora tunorpadii. Hagani miaanyeTscss po3MIUpPUTH
(YHKLIOHATBHICTh CUCTEMH 32 PaXyHOK MAIIMHHOTO HAaBYAHHS JJIS MPOTHO3YBaHHS BUTpPAT,
aHaJi3y MoMepeHiX pilleHb Ta AWHAMIYHOI ajanTarii 10 3MiH y BUPOOHHYOMY CEpeIOBHIII.
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Optimization of sheet paper cutting for the needs of printing production

The article presents the concept, architecture and principles of implementation of the
information module for decision support (IM PPR) for the technologist of a printing enter-
prise. The module was developed to automate the processes of preparation for printing, selec-
tion of optimal cutting parameters, assignment of materials and selection of a technological
route. The proposed solution combines mathematical models, production data and heuristic
rules from practice, which allows to reduce decision-making time and reduce the probability
of errors.

Keywords: decision support, printing, technologist, production planning, cutting, in-
formation system, optimization.
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B.B. Beamins, T.M. Hecrepenko, M.M. Hecrepenko, M.O. [Tupaux
EKCHEPUMEHTAJBHI JOCJILKEHHA KOMBIHOBAHOI
IMITYJIbCHO-BIBPAIIIMHOI YCTAHOBKH

Anomayisn. YV cmammi HagedeHo pe3ynvmamu eKCcnepuMeHmanbHux O00CNi0dCceHb npoyecy
VWITbHEHHS NOICMUPONOEMOHHOT CYMII 3a OONOMO20I0 CNeYiaibHO pOo3poOIeHOI KOMOIHO-
8aHOI IMNYIbCHO-8IOPAYINIHOT YCMAHOBKU. AKMYANbHICMb 00CTIONHCEHHS N08 SA3aHA 3 HE00Xi0-
HICMIO NIOBUUWEHHS WINbHOCIE MA MIYHOCMI 1e2KOOEMOHHUX 8UPODI8 WNAXOM YOOCKOHAIEH-
HS mexHono2ii ywinonenns. Memoio pobomu € cmanosieHHs egheKMUBHUX napamempie yuyi-
JIbHeHHs (3a30py Midc pamamu, MAcu NPUSAHMAd Cy8ada ma mpuearocmi Oii) ma oyinka
BNIUBY 2OPUBOHMATLHUX KOAUBAHb HA MIYHICMb 8Up006is. Memodamu 00CiodicenHs GUCmynu-
JIU NAAHYBAHHS eKCNnepuUMeHmy, hizuune MOOeNt08anHs, a Makodc oOpodKa pe3yibmamis i3
no6y008010 No8epxoHb 8iO2YKy. Becmanoesneno, wo 3acmocysanns KkombOiHO8aH020 HABAHMA-
JHCEHHST 00380A€ NIOGUUUMU MeNCY MIYHOCMI HA cMUCK 00 5—7% y nopieHsaHHI 3 mpaouyiii-
HUM IMAYIbCHUM YWinoHeHHAM. Ompumani pesyibmamu Moxcyms Oymu 6UKOpUCmaui 0
onMuUMIzayii MexHON02IUHUX NAPpAMEempPIs BUPOOHUYMBA CIMIHOBUX 8UPODI8 i3 noaicmuponbe-
MOH).

Knrouosi cnosa: nonicmuponrbemon, imnyibcHo-giopayilne yuilbHeHHs, KOMOIHOBAHI KOU-
8aHH3l, 1aDOPAMOPHA YCMAHOBKA, NPUBAHMANCYBAY, MIYHICMb HA CMUCK, 330D, MPUBALICMb

VWiNbHeHHs, eKCnepumMenm, No8epxXHsl 8i02YKY.

ITocTanoBka npodjaemMu. OJHUM 13 KJIFOYOBUX YMHHMKIB, IO BIUIMBAE HA SIKICThH JIeT-
KOOETOHHUX BUPOOIB, € €PEKTUBHICTh MPOLECY YUIUIbHEHHS, IKMI BU3HAYa€ IIUIbHICTh, Mill-
HICTb Ta OJHOPIJIHICTh C(HOPMOBAHOI CTPYKTYpH. Y TpaJULIHHUX TEXHOJIOTIAX YIIIbHEHHS
JIETKUX OETOHIB HEJJOCTATHHO BPAXOBYETHCS BIIMB CELU(DIKH JIETKUX 3alI0OBHIOBaUiB, 30Kpe-
Ma MOJIICTUPOJIBHUX I'PaHyl, sIKI MAalOTh HU3bKY I'YCTHHY, BUCOKY J€(OPMATUBHICTh Ta 3HAY-
HY 3JIaTHICTb J0 amopTu3alii Aii 3ycuib. Lle oOMexye eQekTUBHICTh 3BUYaHUX BiOpaliiHUX
METO/IIB YIIUIbHEHHS, 0COOIMBO B YMOBaxX CKIaIHOI reoMeTpii abo oOMexkeHoro vacy ¢op-
MyBaHHSI BUpoOiB. KpiM TOro, HasBHICTh 3aMKHEHHMX MOBITPSHHUX BKIJIIOYEHb Ta HEOIHOPIJ-
HICTb PO3IMO/LTY HAlMOBHIOBAYa 3HWKYIOTh €KCIUTyaTalliifiHi XapakTepuCTHKH MaTepiany. Bu-
pilieHHsAM npoOeMu MoXe OyTH 3aCTOCYBaHHSI KOMOIHOBAHOT /i BEPTUKAJIbHUX IMITYJIbCHUX
Ta TOPU3OHTAIBHUX BIOpAIlifHUX HaBaHTAXXEHb, 1110 JI03BOJISIE€ aKTHBI3yBATH PEOJIOTIYHI BIAC-
TUBOCTI CyMillll, 320€3MeYnTH e()EeKTUBHE BUTICHEHHS IOBITPS 1 PIBHOMipHE YII1IbHEHHS.

AHaJi3 octaHHiX gociainkenb. OcTaHHI JOCTIKEHHS Y cdepl BAOCKOHATICHHS Mpolie-
CiB YIIUJIbHEHHS JIETKUX OETOHIB aKIIEHTYIOTh yBary Ha HEOOXIZHOCTI BIIPOBAKEHHS HOBUX
METOMIB 30y/KEHHs CyMillli, sIKi BpPaXOBYIOTh OCOOJMBOCTI JIETKUX 3allOBHIOBAYiB Ta BUCOKI

© Beamias B.B., Hecrepenko T.M., Hecrepernko M.M., ITupauk M.O., 2025

178 ISSN 1562-9945 (Print)

ISSN 2707-7977 (Online)



«Cucremui Texnonorii» 5 (160) 2025 «System technologiesy

BHUMOTH JI0 OJTHOPIHOCTI ¥ IIUTBHOCTI BUpoOiB. Y mparsx [1-4] noBeaeHo epeKTUBHICTD iM-
MyJIbCHOTO HaBAHTAXKEHHS, 110 3a0e3reuye MoKpaieHe YIijbHeHHS 32 paXyHOK KOpOTKOYac-
HOTO, ajie¢ IHTEHCHBHOT'O BIUIMBY, SIKHW CTBOPIOE OUIBII PIBHOMIPHUHM THCK Yy TiJli OETOHHOT
cymimii. Pe3ynbratu excriepuMenTiB [2, 5, 7] mOKa3ywoTh, IO MOETHAHHS BEPTUKAIBHUX 1M-
NyJbCiB 13 TOPU3OHTAIBHUMH BiOpalliiIMH CHpUS€ AKTUBHOMY BHUTICHEHHIO IOBITPSHUX
BKIIIOYECHb, ()OPMYBAHHIO UIUIBHOI CTPYKTYpH Ta 3MEHIICHHIO KUIBKOCTI J1e(eKTiB.
VY pobotax [3, 6] po3BHBa€ETHCS MiAXiM O ONKCY MPOLECY YIIIIBHEHHS K B3a€MOJi1 MacoBo-
NPYKUHHOI CUCTEMH, L0 JO3BOJISIE BPaXOBYBATH BIUIMB AMHAMIYHUX MapameTpiB 30yKEHHS
Ta pe30HaHCHUX e(eKTiB Ha mepeldir yimiabHeHHs. [[01aTKOBO BHBYAIOTHCS MUTAHHS BIUIUBY
KOHCTPYKTUBHUX MapaMeTpiB 00iaTHaHHS, 30KpeMa MacH MPUBAHTAXKyBaya, BEIMYUHU 3a30-
Py Ta TPHUBAJIOCTI YIIUIBHEHHS, Ha KiHIIEB] MIIIHICHI XapaKTEepUCTHKHU Marepiany. OaHak Opa-
KY€ CHCTEMHHUX CKCIEPUMEHTAIBHHUX JOCIIKEHB, SIKi 0 KOMIUIEKCHO aHaIi3yBalld poOOTYy
KOMOIHOBaHHX IMITYJIbCHO-BIOpAIifHUX YCTAHOBOK 13 BapiaTHBHUMH PEKHMaMH YIITbHEHHS.
Lle 3yMOBITIO€ aKTYaJIbHICTh MPOBEACHHS JOCIIKEHb Y JAHOMY HaIIPsIMi.

Meta aociigkenb. MeTOIO NPOBENCHUX EKCHEPUMEHTAIBHUX JOCIHIIKEHb € BU3HA-
YeHHs e(eKTUBHUX MapaMeTpiB 3alpoNOHOBAaHOI KOMOIHOBAaHOI iMITyJIbCHO-BiOpamiiHOL
YCTAHOBKH JUTSl YIIUTBHEHHS JIETKUX OCTOHHHUX CyMIlIel, epeBipKa aHATITHYHUX MOJIENIEH Ta
BCTAHOBJICHHSI ONTUMAIBHUX PEXHMIB YIIUTLHEHHS IS YMOB 33JaHOi J1a0OpaTopHOi KOHC-
TPYKIIi.

BukianeHHsi 0OCHOBHOro Marepiajy aociaimxeHHs. Po3pobnena naboparopHa ycra-
HOBKa (pUCYHOK 1) 103BOJIsIE MOJIETIOBATH MIPOLIEC IMITYJIbCHO-BIOPALIHHOTO YIIIILHEHHS JIe-
TKUX OeTOHIB (apOoJIiT, MOJICTUPOIOETOH) B yMOBAaX, MAKCUMAJIbHO HAOIMKEHUX /10 IPOMHU-
cioBux. ["abaputu popmyBasbHOro 670Ky — 800 X 600 MM, BHcoTOIO BHpoOy 100 MM a6o 200
MM, 00’emHa Maca — 800 kr/m>. 3aranpbHa Maca pyxoMmoi 4acTHHH 3 (DOPMOIO Ta CYMIIIIIIIO
ctaHoBUTH Oim3bko 1000 H.

VYcraHOBKa CKIAAAEThCS 3: PyXOMOi paMu 3, sika 3/1MCHIOE BEPTUKAIbHI MEePEMIIEHHS
3a JIOTIOMOTOI0 KYJIauKOBOT'O MEXaHI3My; KyJauKOBOrO HiAMOMHOro MexaHizmy 4, skuil 3a-
Oe3nevye mepioAUYHE MIAHATTS Ta CKUAAHHA pamH 3 (OpPMOI0; TOPU30HTAIBHOIO BiOp0O30y-
JKyBada, SMOHTOBAHOTO Oe3mocepeIHbo Ha (OpMi, SIKH aKTUBYE CYMIII Y TOPHU3OHTAITBHOMY
HaANpsSIMKY Ta 3MEHIIYeE ii BHYTPILIHIA Omip; ornop - 0OMeXyBauiB KOJIMBAaHb 2, 1110 BCTAHOBJIE-
H1 i1 pyXOMOIO PaMoOI0 3 PEryJIbOBaHUM 3a30poM BiJ 1 10 15 MM; mpuBaHTa)xKyBaua 7.

3aranbHa KOHCTPYKIIiS 00 iHAHHS 103BOJISIE 3MIHIOBATH MOJY/Ib IPYKHOCTI MPYXHUX
€JIEMEHTIB, Macy y/IapHUX €JIE€MEHTIB Ta apaMeTpH BiOpO30YyIKEHHS.

3 ormsny Ha crienuiky KOMOIHOBaHOI IMITYJIBCHO-BIOpAIifHOI YCTaHOBKH, SIKa BUKO-
PHCTOBYETBCS y JAHHUX JIOCIIKEHHSX, Ta 3 METOI0 3a0e3NeueHHs] TOYHOTO KOHTPOJIIO Tmapa-
METpIB YLIIIbHEHHs, OyJI0 MpoaHali30BaHO (PI3UYHY CYTHICTh 1 TEXHOJOTIYHY YYTJIHUBICTh
BHIII€3a3HAYEHUX 3MIHHUX OYs10 mpoaHaiizoBaHo [8]. YV pesynbrari ajia peanizarii Oaratoda-
KTOPHOT'O €KCIIEPUMEHTY 00paHO TPH KIIOUOBUX (PaKTOPH.
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Pucynok 1 — Cxema ycTaHOBKHU

7

1 — pama, 2 — onopu, 3 — pama pyxoma,

4 — KynauKoBUM MeXaHi3M, 5 — popma,

6 — BiOpo30ymKOBay, 7 — MpUBaHTAXKyBad.

3a30p MiXK PyXOMOI Ta HEpPyXo-
Mo pamoro (Xi) — 0Oe3mocepeaHbo
BIUIMBA€ HAa TPUBAIICTh Ta IHTCHCHUB-
HICTh yZIapHOI B3aEMOI.

Maca pyxomoi 4YaCTMHH IPHUBAH-
TaxkyBada (X2) — B yCTaHOBII IpHBaH-
TaXyBad CKJIAJA€ThCS 3 JBOX YaCTHH:
BEPXHBOI PyXOMOI 3 yIapHUMH €JIEMEH-
TamMH (sika BapiroeTbess B Mexxax 100 H,
200 H ta 300 H) Ta HM>kHBOI HEPYXOMOT
3 BOymoBaHUM BiOpo30ymkyBadem. Lls
Maca 3Ha4YHOI0 MipOI0 BU3HAYAE IMITYJIbC
yaapy.

TpuBamicte yminsHeHHs (X3) —
KPUTHYHUI ITapaMeTp, sSIKWWA BIUIMBAE HA
IIUTBHICTh, MIIHICTh, OJHOPIAHICTH IO-

JCTEPOIIOETOHHOTO BUPOOY.

[ig yac peanizanii iaHy eKCIEPUMEHTY 10 KOKHOTO 3 (DaKTOPIiB BUCYBAJIUCS OJHAKOBI

BUMOTH: KEPOBaHICTh, HE3AJIEKHICTh OJWH BiJ OAHOTO, MOXJIMBICTh BapilOBaHHS B MEXax,

JOCTaTHIX JJIs MPOSIBY iX BIUIMBY Ha MIIHICTh O6eToHHOI cymimi. KoayBanHs ¢akTopiB mpea-

CTaBJICHO Yy BUTJIsA1 Tabmuii 1.

Taomums 1

Pesynbratn KogyBaHHs (hakTOpiB

& - PiBHi BapitoBaHHS

g | = 2 PreS— .

= © = JiiicH1 KonoBani

o &

g ):

| g = = = | E
o “ | 3 3 = = = = | E | &
2 = 2 =| & = = = 2 g, % 2
2 E|SE2E B B B (R |E|2
! |2 E8& | m [T |=Z =
3a30p MiXk pyXOMOIO Ta He- | a Xl 5 15 5 10 +1 |-1 |0
PYXOMOIO pamoro (MMm)
Maca pyxoMoi YacTHHHU | M X2 100 300 100 |200 |[+1 |-1 |0
npuBaHTaxysaya (H)
TpuBamicte  ymiabHeHHS | 1 X3 20 60 20 40 +1 |-1 |0
(c)
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[Ipu mpoMy MaTpwHIlsl IUIAHYBAaHHS €KCIIEPUMEHTY Oyle MaTh TaKud BUTIISL — TaOIUIS
2. B Tabnuis 2 HaBeACHO BC1 MOXKIIMBI KOMOIHAIIIT AJIs MPOBEICHHS €KCTICPUMEHTATBHUX J0-
cmikeHb. PiBHI BapitoBaHHs (akTtopiB 3akomoBani —1, 0, +1. Cxiang mosmicteponOeToOHHOT
CyMiIIl HaBeACHO Ha B Tabuui 3.

Tabmmms 2
Martpuiis IIaHyBaHHs €KCIEPUMEHTAIBHUX JOCIIIKEHb
Howmep
eKCIIEpUMEHTY %8 A, %€
1 -1 -1 -1
2 -1 -1 0
3 -1 -1 1
4 -1 0 -1
5 -1 0 0
6 -1 0 1
7 -1 1 -1
8 -1 1 0
9 -1 1 1
10 0 -1 -1
11 0 -1 0
12 0 -1 1
13 0 0 -1
14 0 0 0
15 0 0 1
16 0 1 -1
17 0 1 0
18 0 1 1
19 1 -1 -1
20 1 -1 0
21 1 -1 1
22 1 0 -1
23 1 0 0
24 1 0 1
25 1 1 -1
26 1 1 0
27 1 1 1

[Iponec BUTOTOBJIEHHS 3pa3KiB nepeadayaB MornepesHe yKIaaaHHsa y GOpMOYyTBOPIOBa-
JbHY OCHACTKY JIUCTA TINCOKapTOHY, MOHTaXX apMaTypHOTO KapKaca Ta MOCJiI0BHE 3aBaHTa-
YKEHHS MOJIICTHPOoIOeTOHHOI cymimi. Ha HacTynmHOMY eramni 37iiiCHIOBaIoCs HAKPUTTS CyMiIII

JPYTUM JIUCTOM TiIICOKApTOHY, BCTAHOBJICHHS NPUBaHTa)KyBaya Ta aKTUBAIlisl KOMOIHOBaHOT
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IMITyJIbCHO-BIOpaLliiHOT yCTaHOBKH, siKa 3a0e3MnevuyBajia yUIIbHEHHs 3 OJTHOYaCHUM BILJTHBOM
BEPTUKAJIBHHUX 1 TOPU3OHTAIBHUX KOJMMBaHb. [licist 3aBepiieHHs BiOPOYILIIIbHEHHS! BUTPUMY-
Bajlacs KOPOTKOTPUBAJIa TEXHOJIOTIYHA Tay3a JUIsl cTalumizalii CTpPyKTypH CyMilli Ta 3MeH-
IICHHS BHYTPILIHIX HaNpyXeHb. JINCTH TINCOKapTOHY Nepea BAKOPUCTAHHIM 3BOJ0KYBAINCS
3 METOI0 3HIKEHHS BOJIOTIOTIIMHAHHS Ta 3aro00iraHHs YTBOPEHHIO OBEPXHEBUX Je(eKTiB. Y
pe3ynbrati opmyBanacs piBHOMIpHA TUIOCKA IMaHENb 13 MONICTUPOIOETOHY 3 1HTETPOBAHUM
TINCOKAPTOHHUM OOJIMIFOBAaHHSAM, IO 3a0e3MeuyBajio TOTOBHICTh BUPOOY 70 3aCTOCYBaHHS Y
CKJIaJli CTIHOBHX KOHCTPYKIIiM.

[Ticnsa 3aBepiieHHs MEPBUHHOTO TY)KaBiHHS 3iHCHIOBasacs po3nanyoka ¢popmu, a BH-
pi0 3anmIIaBcs Ha MiAJIOHI 10 3aKIHYEHHS HOPMAaTHBHOTO TEPMiHY BUTPHUMKH. 3pa3Ku BUTPHU-
MYBAJIHCS Y BOJIOTOMY CEPEIOBHIII 3 BiIIHOCHOIO BOJOricTIO 95+ 5% Ta TemmepaTyporo
20+ 2 °C mpotsirom 28 ni6, micas 4oro 3 copMOBaHOI MaHEN MPOBOIUIOCS BUITHIIOBAHHS
KyOiuHHX 3pa3kiB po3mipom 100x100%100 mm.

MexaHiuHa 00poOKa 3/1iHCHIOBAIACS CTPIYKOBOIO MIJIKOIO a00 TUCKOBOIO ()PE30I0 3 HU-
3bKHM piBHEM BiOparlii, o0 yHUKHYTH IMOIIKOKEHHS BHYTPIIIHBOI CTPYKTYpPH Marepiaiy;
TCOMETPHUYHI IMapaMeTpH 3pa3KiB MEPEBIPSIINCS 3TiAHO 3 BAMOTAMH CTaHIAPTIB. Y IIITbHESHHS
CyMIIlIl TIPOBOIVJIM 32 IBOMA CXEMaMH: JIMIIE i/ 1i€l0 BEPTUKAIBHUX IMITyJbCHUX HAaBaHTAa-
KEHb a00 3 OJHOYACHUM 3aCTOCYBAaHHSM TOPH3OHTAILHUX BiOpariii, o iMiTyBaso KOMOiHO-
BaHYy JIif0.

BumnpoOyBaHHs MIIIHOCTi Ha CTUCK 3pa3KiB MPOBOAMIKCS Ha TiIPaBIIYHOMY MIPECi THITY
III'M, 13 nOTpUMaHHSM BUMOT 1O BCTAHOBJIEHHS 3pa3Ka, MEpPEBIPKU I'€OMETpii, HyJIbOBOIO
MOJIOKEHHS IIKAJIM T4 TePMETUYHOCTI TAPOCUCTEMH, L0 3a0e3MeuyBaio TOYHICTh 1 MOBTO-
pIOBaHICTh pe3yabTaTiB. HaBaHTa)keHHS BUKOHYBAJIOCS PIBHOMIPHO Ta 0€3 pUBKIB, 31 IIBU/I-
KICTIO HaBaHTaXXEHHS, sika miaTpumMyBaiocs B mexax 0,2 Mlla/c. BunpoOyBaHHs TpUBaJIO 110
MOMEHTY PYHHYBaHHS 3pa3ka, IpU SKOMY (iKCyBajocs MakCHMajbHE 3HAYCHHS CHIIH, IO
BIJINIOBIa€ TpaHUUHINA MIIHOCTI. Pe3ynbTaT excriepuMeHTalbHUX J0CHIKEHb 0€3 rOpru30H-

TAJIbHUX KOJIMBAHb Ta 3 TOPU3OHTAJIbHUMHU KOJMBAHHAMU HABEACHO B Ta6J'II/III$IX 4Tas.

Tabmuus 3
Cxutag mosicTeposIOeTOHHOT cyMili
Kommonenrt Ha 1 M3 ma 0,05 M3
[Toprnananement CEM 142.5 330 kr 16,5 xr
ITicok (ppakuist 0-2 Mm) 230 xr 11,5 xr
I'panynu ninonomictupoiy (EPS) 10 xr 0,5 kr
Boga 150 n 7,570
[Tnactudikatop (0,8% Bix nementy) BauGut 26 xr 130 ax
BauPLAST Beton ’
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Tabmus 4

PesynbTatu ekcriepuMeHTATbHUX TOCIIHKEHD (0€3 TOpU30HTATBHUX KOJIMBaHb)

No excriepuMeHTy Mexa mirtHocTi Ha cTuck, MlIla, 3pa3kiB 13 MOJICTUPOIOETOHY
1 2 3

1 3,211 3,230 3,249
2 3,485 3,500 3,515
3 3,520 3,540 3,560
4 3,270 3,280 3,290
5 3,504 3,520 3,536
6 3,560 3,580 3,600
7 3,284 3,300 3,316
8 3,517 3,540 3,563
9 3,566 3,580 3,594
10 3,236 3,250 3,264
11 3,510 3,530 3,550
12 3,559 3,580 3,601
13 3,293 3,310 3,327
14 3,536 3,560 3,584
15 3,593 3,620 3,647
16 3,292 3,320 3,348
17 3,552 3,570 3,588
18 3,577 3,590 3,603
19 3,255 3,270 3,285
20 3,555 3,580 3,605
21 3,585 3,610 3,635
22 3,293 3,320 3,347
23 3,565 3,580 3,595
24 3,610 3,630 3,650
25 3,324 3,340 3,356
26 3,586 3,610 3,634
27 3,601 3,620 3,639

Jlns kpatoi Bi3yanizamii Ta iHTepnpeTalii OTpuMaHuX eKCIIepUMEHTAIbHUX pe3yibTa-
TiB Oyau MOOY0BaHi MOBEPXHI BIATYKY, SIKI HAOUHO UTIOCTPYIOTh BIUIUB JIOCIIIKYBaHUX (a-
KTOpIB Ha BUXIJIHY XapaKTEpUCTHKY. Y paMKax peaji3oBaHOi MOJAENI MJIaHyBaHHS OJHH 13
(bakTopiB yrprMyBaBcs Ha (hiKCOBaHOMY (cepeIHbOMY) PiBHI, TO1 K JIBa 1HII BapiroBaJIUCs
B MeXax 3a/aHoro intepBainy. [loOynoBa moBepXxoHb BIATYKY J03BOJIMJIA MPOCTEKUTH 3aKO-
HOMIPHOCTI 3MiHU MIITHOCT1 MaTepiaily 3aJIeXHO BiJl Bapialii BIUIMBOBUX mapaMeTpiB. I'padi-
YHE TOJJaHHA PE3yNbTaTIB y BUIJISAI TPUBUMIPHHUX IMOBEPXOHb Ta iX JTBOBHUMIPHHUX MPOEKIIN
JIO3BOJIMJIO JIETAIBHO TPOAHANI3yBaTH XapakTep B3aemoxii (akropiB. BimmoinHi rpadiku
HaBEJCHO Ha pUCYHKaX 2—/.
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Tabnuus 5

PesynbpTatu ekcriepuMeHTATLHUX JTOCIIKEHD (3 TOPU30HTATLHUMU KOJIMBAHHSIMH )

No ekcriepumeHTy

Mexa mirtHocTi Ha cTuck, MIla, 3pa3kiB i3 MOJIICTUPOIOETOHY

1 2 3

1 3,233 3,255 3,202
2 3,581 3,567 3,992
3 3,663 3,671 3,706
4 3,270 3,278 3,322
5 3,588 3,614 3,568
6 3,716 3,712 3,732
7 3,301 3,322 3,277
8 3,655 3,675 3,710
9 3,717 3,723 3,750
10 3,268 3,263 3,279
11 3,624 3,620 3,676
12 3,718 3,730 3,712
13 3,342 3,330 3,318
14 3,687 3,686 3,667
15 3,727 3,746 3,747
16 3,335 3,345 3,370
17 3,609 3,629 3,682
18 3,760 3,735 3,725
19 3,354 3,358 3,368
20 3,685 3,695 3,660
21 3,782 3,768 3,760
22 3,421 3,397 3,442
23 3,695 3,703 3,702
24 3,784 3,759 3,797
25 3,443 3,437 3,440
26 3,732 3,758 3,700
27 3,786 3,747 3,777
184
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Pucynok 2 — [ToBepxHs BIATyKYy MIITHOCTI Ha
CTHUCK TIOJIICTEPOJIOETOHHUX 3Pa3KiB Y KOOP-
nuHartax ¢akropis t Ta a mpu m=200H (pu

VIIIJTbHEHH] 6€3 TOPU30HTAIILHUX KOJIMBAHb)

Pucynox 3 — [ToBepxHs BiATyKYy MIITHOCTI Ha
CTHUCK TIOJIICTEPOJIOETOHHUX 3Pa3KiB Y KOOP-
nuHatax (akropiB m ta a npu t=40 ¢ (nmpu
VIIUTbHEHH] 6€3 TOPU30HTAIBHUX KOJIMBAHB)

Pucynok 4 — [1oBepxHs BIATYKY MIITHOCTI Ha

) ) Pucyuox 5 — [ToBepxHs Biar MILIHOCTI Ha
CTHUCK TIOJTICTEPOJIOETOHHUX 3Pa3KiB y KOOP- yH p ATYKY ML

. _ CTHCK TOJIICTEPOJIOETOHHUX 3pa3KiB y KOOP-
nuHartax ¢akropiB m Ta t mpu a=10 MM (pu )

. . nuHaTax (aktopis t Ta a mpu m=200H
YIIUIbHEHH] 0€3 TOPU30HTAIbHUX KOJMBAHb)

(npu yUIIbHEHH] 3 TOPU30HTAIILHUMU
KOJMBaHHSIMH )
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Pucynok 6 — IloBepxHs BiATyKYy MiITHOCTI Ha . . .
. . Pucynox 7 — IloBepxHs BIATYKY MIIIHOCTI Ha
CTHCK IOJIICTEPOIOETOHHUX 3pa3KiB y KOOp- ) )
. B CTHCK TOJIICTEPOJIOETOHHUX 3Pa3KiB Y KOOP-
nuHatax (akropiB m Ta a npu t=40 ¢ )
. . nuHaTax ¢aktopiB m Ta t mpu a=10 MM
(pM yIIIIbHEHH] 3 TOPU30HTAIBHUMHU ) i
(pM yIIIIBHEHH] 3 TOPU30HTAIBHUMHU
KOJIMBAHHSIMH )
KOJIMBAHHSIMHU )
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BucnoBku: CIpoekTOBaHO Ta BHTOTOBJIEHO JIA0OpATOPHY KOMOIHOBaHY iMITYJIBCHO-
BiOpalliiiHy YCTaHOBKY JJISl YIIUIbHEHHS JIETKUX OeToHiB. [IpoBeneHo excriepuMeHTanbHi 10-
CIII/DKEHHS 3 BUKOPHCTAHHIM METOJIMKH IJIAHYBaHHS €KCIIEPHUMEHTY, 13 BapilOBaHHAM 3a30py
MK PYXOMOIO Ta HEpyXoMow pamamu (5—15 mm), macu npuBantaxysada (100-300 H) Ta
TpuBaNOCTi yulibHeHHs (20—60 ¢) BiAMOBIAHO 1O MOBHOTO (AaKTOPHOTO IUIAHY THITY 3°.
BcranoBieHO onTUManbHI MapaMeTpy YHIUTBHEHHS B MEXax IJIaHy 0e3 rOpH30HTAIBHUX KO-

musanb A =15mm, m=300H, ¢=52c rta nupum TrOPU3OHTATBPHUX KOJHBAHHIX
a=15um, m=300H, t=4lc.
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Experimental studies of a combined impulse-vibration installation

The article presents the results of experimental studies on the compaction process of
polystyrene concrete mixture using a specially developed combined impulse-vibration
installation. The relevance of the research is due to the need to increase the density and
compressive strength of lightweight concrete products by improving the compaction
technology. The aim of the study is to determine the effective compaction parameters (gap
between frames, mass of the loading device, and duration of action) and to evaluate the
influence of horizontal vibrations on the strength of the products. The research methods
included experimental design, physical modeling, and analysis of results using response
surface methodology. It was found that the use of combined loading allows for an increase in
compressive strength by 5-7% compared to traditional impulse compaction. The obtained
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results can be used to optimize technological parameters for the production of wall elements
made of polystyrene concrete.
Keywords: polystyrene concrete, impulse-vibration compaction, combined oscillations,
laboratory setup, loading device, compressive strength, gap, compaction duration,
experiment, response surface.
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V.V. Strelbitskyi
RESEARCH OF TIRE WEAR ON PORT CONTAINER SEMI-TRAILERS

Abstract. Seaports play a crucial role in supporting global trade and logistics. They act as
key hubs connecting various nations and regions. As integral components of the global supply
chain, ports function as entry and exit points for goods, facilitating seamless transitions
between different modes of transportation.

In the rapidly evolving landscape of international trade, port semi-trailers hold a central
position in facilitating the smooth flow of goods. These specialized vehicles are designed to
efficiently transport containers between ports, terminals, and inland logistics centers. They
combine a durable design, high load capacity, and advanced technology, ensuring reliability
and safety in the most challenging operating conditions.

The purpose of the study was to assess the degree of damage and to study the patterns of
intensity and nature of tread wear on the tires of port semi-trailers carrying containers.

24 identical container semi-trailers were inspected, which are operated in 4 Black Sea ports.
The mileage of the trailers varies slightly, and they are used to transport 40-pound
containers.

In the course of research, the residual depth of the tire tread was measured and compared
with previous values, which allowed to establish the dynamics of wear under operating
conditions. An analysis of vehicle inspections and logs has shown that the main causes of
failure are tire tread wear, local destruction of tread pattern elements, damage to the breaker
and frame due to external influences. A special tire depth gauge was used to measure tread
wear. Tire wear is not proportional to mileage, but has a more complex nonlinear
relationship. This often poses a direct threat to road safety. A detailed analysis showed that
the wear on the trailer's tire treads was caused by the following factors: incorrect tire
pressure, regular overloading, and improper wheel balancing.

Optimizing the tire wear of a container truck trailer requires a comprehensive program that
includes the following elements: selecting high-performance tires, performing regular
maintenance, monitoring tire pressure, ensuring even load distribution, and improving driver
training.

Keywords: wear, container semi-trailers, port, tire, resource.

Introduction. Ports are indispensable for enabling global commerce and logistical
operations. They act as critical junctions, linking nations and regions together. As integral
parts of the international supply chain, ports function as entry and exit points for goods,
ensuring smooth transitions between different transportation methods [1,2].

© Strelbitskyi V.V., 2025
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Choosing a port container semi-trailer is a strategic decision that can significantly
impact the efficiency of logistics operations. It is important to consider factors such as
payload capacity, chassis type, additional features, and safety requirements. Investing in a
modern and reliable container semi-trailer can lead to reduced operating costs, increased
productivity, and improved cargo security.

In the dynamic world of global trade, port semi-trailers play a crucial role in ensuring
the smooth flow of goods. These specialized vehicles are designed to efficiently transport
containers between ports, terminals, and inland logistics centers. They combine robust
construction, high payload capacity, and advanced technology, ensuring reliability and safety
in the most challenging operating environments [1-2].

Modern port container semi-trailers are equipped with a range of innovative features
that enhance their efficiency and safety. Container Locking Systems (CLS) provide secure
locking of containers during transportation, preventing them from shifting or getting
damaged. Air suspension and electronic brake control systems (EBS) ensure smooth driving
and optimal braking, enhancing road safety. Additionally, they are equipped with monitoring
and control systems that allow for tracking the location of cargo, monitoring its condition, and
maximizing the efficiency of logistics operations.

The main advantage of the port container semi-trailer is its maneuverability. The shorter
base and improved steering system make it easy to move between container yards, storage
areas, and berths. This significantly reduces cargo handling time and increases the overall
capacity of the port. [3-8].

Literature Review. Tires are the link between the vehicle and the road. During
operation, tires gradually wear out, which is inevitable due to various factors such as the type
of road surface (asphalt or dirt), the vehicle's technical condition, and driving style [3-9].

The difficulty in assessing the degree of wear on truck tires is due to the specific
composition of the rubber used to create a wear-resistant coating. Manufacturers use durable,
thick, and dense rubber in the tread, which makes it difficult to visually identify wear and
reduce the tread height. Failure to detect wear in a timely manner can lead to damage to the
vehicle's chassis, reduced control, increased fuel consumption, and loss of vehicle
stability [3-9].

Semi-trailer tires are subjected to severe testing due to constantly changing road and
weather conditions. Therefore, it is crucial to understand why they wear out and take effective
measures to extend their lifespan and ensure safe operation.

The purpose of the study was to assess the degree of damage and to study the patterns
of intensity and nature of tread wear on the tires of port semi-trailers carrying containers.
Research methodology and results.

24 identical container semi-trailers were inspected, which are operated in 4 Black Sea
ports. The mileage of the trailers varies slightly, and they are used to transport 40-pound
containers.

The condition of the lateral surface, shoulder, and front part of the tire tread was
carefully examined. The test report provides detailed information and visual representations
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of the existing operational defects. The focus is on significant damage that may prevent the
tire from being used further.

In the course of research, the residual depth of the tire tread was measured and
compared with previous values, which allowed to establish the dynamics of wear under
operating conditions. It should be noted that this method does not require complex equipment,
preliminary impact on the tire, allows to determine the unevenness of tire wear, both in the
width of the tread coating and in the length of its circumference. A special tire depth gauge
was used to measure tread wear. The wear degree of the tread was measured at the points
indicated in Figure 1. The accuracy of the measurements was 0.01 millimeters (Fig.2).

v A

/AN
|
AT

Figure 1 - Tire tread height measurement scheme

Figure 2 - Digital tread depth sensor

Each tread depth measurement was accompanied by the inclusion of the vehicle's
technical and registration data in the test report, as well as a detailed description of the shape
of the tire damage.

An analysis of vehicle inspections and logs has shown that the main causes of failure
are tire tread wear, local destruction of tread pattern elements, damage to the breaker and
frame due to external influences. The latter is caused by hitting a road obstacle at high speed
(arail, an open manhole, etc.) and a violation of tire manufacturing technology.

Uneven tire wear on a truck is characterized by different degrees of tread wear in
different areas of the same tire. This should be distinguished from uneven wear, where the
tread wears evenly across the surface but with different intensity depending on the position of
the tire on the axle. Tire wear is caused by the friction between the tread and the road surface
as the wheel rolls.
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Tire wear is not proportional to mileage, but has a more complex nonlinear relationship.
Taking into account the changing intensity of wear, the operating period of a tire is
conventionally divided into three sections: initial wear (1), stable wear (2), and the critical
wear stage (3), which requires separate consideration (Fig.3).

Accordingly, the break-in and intensive wear stages are smooth functional dependencies
of the residual tread pattern height on the tire's service life. This means that they allow for
changes in wear intensity as the tire's service life increases. At the same time, in the constant
phase, wear follows a linear relationship, and the tangent of the slope of the straight line, v,
represents the average wear intensity (Fig.3). [6-9].

In practice, it is more convenient to assess the percentage of tread wear, which serves as
an indicator of the tire's condition, and it is important for drivers to monitor this. Premature
tire failure can lead to significant losses for fleet operators, far exceeding the costs associated
with damage. As the condition of the tires directly affects the safety, handling, speed, and
longevity of the vehicle, it is the driver's responsibility to prevent tire wear.
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Figure 3 - Dependence of tread wear h on tire mileage L

The service life of tires is significantly reduced due to aggressive driving styles
characterized by slippage at start-up, sharp braking and high-speed maneuvers. Damage can
also be caused by obstacles and contact with curbs. An equally important factor is wheel
imbalance, which causes periodic impact loads, leading to overstrain of the tire carcass and,
consequently, to rapid wear of the tread.

In the course of research, it was found that the tire pressure of some trailers is lower
than the recommended value, which leads to an increase in the contact patch with the road and
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a decrease in the specific tire pressure on the surface. However, due to the deformation of the
tire inward, the so-called "bending effect™ occurs, which causes the average load on the tread
to decrease, while the load on its edges increases significantly, resulting in increased material
stress.

As a result of the uneven distribution of pressure in the contact area, the tread wears
unevenly. The tread edges are subjected to heavy damage, and wear often takes the form of
notches or waves. This has a negative impact on the tire's lifespan and vehicle handling.

The detected comb-like wear on the tire is caused by the deformation of the tread in the
area of contact with the road surface. The cyclic compression and straightening of the tread
blocks as the wheel rotates leads to preferential wear on the front edge. Multiple wear spots
around the tire's perimeter are typically indicative of wheel imbalance, which can negatively
impact ride quality and cause vibrations. Localized wear in the form of a flat spot is a result of
wheel lockup during emergency braking.

Deformation of the trailer shaft housing and the axle bushing under load, combined with
gaps in the wheel hub assemblies and uneven road surfaces, can lead to the phenomenon of
"twisting” of the wheel. This effect is exacerbated when driving on curved sections of the
road. The non-perpendicularity of the wheel to the road surface causes an uneven distribution
of pressure in the tire contact patch, resulting in lateral sliding and, consequently, intense wear
on the inner side of the trailer axle tire tread.

A decrease in tire diameter implies a decrease in the distance traveled per wheel
rotation, which creates the prerequisites for an increase in cyclic load. As a result, during the
operation, the number of working cycles for the tire increases, which, in turn, leads to more
intensive wear of the tread. Thus, a reduced tire diameter accelerates the process of abrasion.

Two trailers were also found to have delamination starting after the transition from the
bead ring to the sidewall. Oblong delamination without irregularities or breaks in the cords. In
this case, only the outer layer of the rubber was damaged due to the formation of a joint under
the rubber wall.

Exceeding the permissible load weight by commercial vehicles has a negative impact on
the durability of tires. This occurs when the weight of the cargo exceeds the established limits,
or due to improper weight distribution.

The dragging or dragging that was detected can be explained by the differences in
diameter, pressure, and residual tread depth in the wheelset. If the tires have different
diameters, the smaller tire will constantly drag, acting as a brake. Additionally, the differences
in tire pressure can cause uneven distribution of stress, leading to localized wear.

Intense acceleration and braking create excessive stress on the tires, leading to the
formation of microcracks and reducing their durability.

When installing new tires, you should balance the wheels.

It should be noted that half of the samples studied used cheaper tires. The results are
presented in Fig.4.

Since rubber is a thermoplastic, heating it from 0 to 100 °C weakens the intermolecular
bonds, resulting in a 2-3-fold decrease in strength.
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Normal wear of a rebuilt tire is considered to be wear when it has reached its intended
mileage, even if it cannot be rebuilt again.

The maximum tread height is hyjp=1 mm.

An increase in the tire's service life leads to a greater variation in the residual tread
depth (Figure 4), which is a result of the inconsistent wear rates in different areas of the tire.

In the critical wear phase, tire wear accelerates significantly, becomes more susceptible
to external conditions and internal parameters, and approaches the limit state (see Figure 4).

It should be noted that half of the samples studied used cheaper tires.

As a result, they failed twice as fast.

Sea water that gets on the tires contains a high concentration of salt. As the salt
penetrates the microcracks in the rubber, it crystallizes and expands, gradually destroying the
material's structure. This process is accelerated by the fluctuations in temperature and
humidity that are common in coastal areas.

High humidity in the marine environment contributes to the corrosion of metal elements
in tires, such as the cord and rims.
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Abrasive materials such as sand and small stones carried by wind and water act like
sandpaper, wearing down the tread and damaging the tire sidewalls. This is especially relevant
in ports, where trailers often move over uneven surfaces and come into contact with various
contaminants.

From an economic point of view, the most disadvantageous moment in using a tire is
when it reaches the state of extreme wear. Experience shows that more than 80% of tread
failures and tire frame damage that cannot be repaired occur when the tires have already
reached the end of their useful life.

The most important task of a transport company is to reduce operating costs and ensure
the proper functioning of its fleet. To achieve this goal, approaches have been developed to
determine the resource of truck tires, taking into account the individual statistics of their
actual service life. Additionally, the remaining service life of the tires is predicted through
regular monitoring of the tread depth. The most reliable method of predicting the service life
of tires is by calculating the actual wear rate, which is based on systematic measurements of
the residual tread depth.

It is advisable to determine the residual depth of the tread pattern under conditions that
are close to the actual operation of the vehicle. This will allow you to create a reliable data set
that can be used for various analytical purposes. In particular, this information can be used to
predict the individual life of the tires, to assess the wear on different axles, and to plan the
optimal timing for replacing the entire set or individual tires that are most worn out, including
the use of spare wheels.

As a result of this complex impact, port trailer tires wear out much faster than tires used
in normal conditions. This leads to increased maintenance and repair costs, as well as
potential safety risks.

Taking into account that wear usually stops by the time of the first measurement of the
residual tread depth, and considering the variability of the pattern depth on new tires, the
initial stage of wear (break-in) can be excluded from the calculations. Thus, the calculation of
the wear rate should be performed only for the linear section of the dependence, determining
the average rate after each measurement.

In addition, it is worth considering modern technologies that help to monitor the
condition of tires in real-time. Tire Pressure Monitoring Systems (TPMS) allow you to track
the pressure and temperature in each tire, providing warnings about potential issues. This
enables you to take timely action and prevent serious damage.

There are also special training programs for drivers, which teach them the correct
driving style, allowing to reduce tire wear and increase road safety. Trained drivers are more
attentive to the condition of the equipment, observe the speed limit and avoid sharp
maneuvers.

Ultimately, effective management of container truck trailer tire wear requires a
comprehensive approach that includes the selection of high-quality tires, regular maintenance,
pressure monitoring, proper load distribution, and driver training. By doing so, it is possible to
ensure the safety of transportation, reduce operating costs, and extend the lifespan of the tires.
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Additionally, it is crucial to keep track of the mileage and condition of each tire, which can
help in more accurate replacement planning and cost optimization.

Conclusions. Tire wear on container truck trailers is an inevitable process that directly
affects the safety, cost-effectiveness, and efficiency of transportation. Understanding the
causes, signs, and methods of dealing with tire wear is crucial for fleet owners and drivers.

It is important to remember that saving on tires can lead to much higher costs in the fu-
ture. Poor-quality or worn-out tires increase the risk of accidents, lead to increased fuel con-
sumption, and require more frequent suspension repairs. You should also pay attention to tire
pressure monitoring systems (TPMS), which allow you to monitor the pressure and tempera-
ture in each tire, providing warnings about potential issues. Therefore, investing in high-
quality tires and regular maintenance is an investment in the safety and efficiency of business.
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Hocnioxcennsa 3nocy wiun nopmosux KOHmeuHepHux Hanienpuuenie

Mopcoxi nopmu gidieparoms UPiULAIbHY POab Y NIOMPUMYI C8IMOBOI MOP2i6Li ma J102i-
cmuxu. Bonu eucmynarome K10408UMU 8Y31aMU, WO 3'€OHYIOMb PI3HI Kpainu ma pe2ionu. Ak
Hegi0'eMHI KOMNOHeHmu 2100a1bH020 IaHYl02a NOCMABOK, NOPMU (DYHKYIOHYIOMb K MOYKU
6X00y ma 6uxody moeapis, CHpusdUu 0e3nepeuKoOHoOM) nepexody MIdC PIZHUMU BUOAMU
mpancnopmy.

V' weuokosminnomy nanowagpmi midcHapooHoi mopeieni nopmosi Hanienpuwenu 3d-
UmMaoms YyeHmpaibHe micye y cnpusiuti besnepebitinomy nomoky mosapis. Lli cneyianizosani
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MPAHCNOPMHI 3acO00U NPUHAYEHi 015 eqheKMUBHO20 nepese3eH sl KOHMeUHepie Midc nopma-
MU, mepmiHanamu ma GHYMPIWHIMU JIOICMUYHUMU YyeHmpamu. Bounu noeomyrome miymy
KOHCMPYKYII0, 8UCOKY BAHMANCONIOUOMHICIb Ma Nepedosi MexHON02il, 3a0e3neuyouu Ha-
Oilinicms ma 6e3nexy 8 HAUCKIAOHIWUX YMOBAX eKCNLyamauyii.

Memoio oocniodcenns 6yn0 oyiHumu CMyninb NOUWKOOINCEHHS Ma GUSYUUMU 3AKOHOMID-
HOCMI IHMEHCUBHOCMI ma Xapakmepy 3H0CY NPOMeKmopa WuH NOPmoGux Hanienpuyenie, wo
nepeso3samy KOHmeuHepu.

byno nepesiperno 24 o0nakogi konmelinepHi Hanignpuuenu, siKi eKCHAyamylomocs 6 4
nopmax Yoproeo mops. Ilpobdiec npuuenie dewjo iOpi3HAEMbCA, | BOHU BUKOPUCHOBYIOMbCS
o1 nepegesentss 40-ghynmosux konmerinepis.

Y npoyeci docnioscenns 610 BUMIPAHO 3aMUWKO8Y 2IUOUHY NPOMEKMOPA WUH MA NO-
DIBHAHO 3 NONEpeOHIMU 3HAYEHHAMU, WO 00380IUN0 BCIMAHOBUMU OUHAMIKY 3HOCY 8 YMOBAX
excniyamayii. Ananiz 02na0i6 MpaHCnoOpmuux 3acobié ma HCypHalie NOKA3as, Wo OCHOBHUMU
NPUYUHAMU 8I0MO8 € 3HOC NPOMEKMOPA WUH, JOKANbHE DYUHYBAHHS eleMeHmi6 MAllOHKA
NPOMmMeKmopda, NOWKOONCEHHST bpeKepa ma pamu 6HACIIOOK 308HIWHIX 6NIUGI8. [ 8UMIpIO-
BAHHSL 3HOCY NPOMEKMOPA BUKOPUCMOBYBABCS CReYIATbHUL BUMIPIO8AY 2IUOUHU NPOMEKMOpa
WuH. 3HOC WUH He NPonopyilnuill npoobiey, a mae Oibu CKIAOHY HelIHIURY 3anedcHicmy. e
Yacmo cMeopIoE NPAMy 3azpo3y besneyi 00poAHCHb020 pyxy. [emanvruill ananiz nokazas, wo
3HOC NPOMeKmMopa WUH npuyena 0y8 CHAPUYUHEHUL MAKUMU Garxmopamu: HenpasuibHull
MUCK V WUHAX, pe2YIapHe NepesanmadiCeHts ma Henpasuibie OAiIaHcy8ants KOJlic.

Onmumizayis 3HOCY WUH KOHMEUHEPOBO3Ad BUMALAE KOMNIEKCHOI Npo2pamu, sIKA 6KI0-
yae maki enemenmu: UOIp BUCOKONPOOYKMUBHUX WUH, NPOBEOEHHS Pe2YIAPHO20 MEXHIUHO20
00C1y208y8aHHSA, KOHMPOTb MUCKY 8 WUHAX, 3a0e3nedenHs. pIBHOMIPHO20 PO3NOOINy HABAH-
Max)cenHs: ma NOKPaAweHHs HA8YaHHs 8001i8.

Knrouosi cnosa: snoc, konmeunepHi nanignpuiuenu, nOpm, WuHa, pecypc.

CrpeanOinbkuii BikTop BacuinboBu4 — 01IEHT, KaHAWJAT TEXHIYHUX HayK, Kadeapa [linx-
HOMHO-TPaHCIOPTHI MAIllMHU Ta 1HKUHIPUHT ITOPTOBOT0 TEXHOJOTIYHOro o0OnanHanHs, One-

ChKUH HaI[lOHAIbHUI MOPCHKHI YHIBEPCUTET.

Strelbitskyi Viktor Vasylovych — PhD, associated professor, Hoisting and transport
machines and engineering of port technological equipment, Odessa National Maritime
University.
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T.B. CeniBropctoBa, FO.B. Mana, A.L. I'yna,
J.I". 3enenmnos, b.O. Kokosud, O. BepoBkin
OLIIHKA TA OINTUMIBALUSI HMOBIPHOCTI 3ABEPIHIEHHSI IT-ITIPOEKTY
3A METOJ10OM PERT

Anomayis. Y cmammi docniooiceno zacmocysanusn memooy PERT (Program Evaluation and
Review Technique) ons ananizy 1 onmumizayii cmpokie peanizayii IT-npoexmis 6 ymosax He-
susnauwenocmi. Memoo PERT 0o36on5€ moodentoeamu yacosi napamempu 3a0ad npoeEKmy Ha
OCHOBI MPbOX eKCNEPMHUX OYIHOK (ONMUMICMUYHOL, UMOBIPHOI ma necumicmuyHoi), 00-
YUCTIO8AMU OYIKYB8AH) MPUBANICINb NPOEKMY MA OYIHIO8AMU UMOGIDHICMb U020 3A8EPUIEHHS
V 6CmanoeieHuti mepMmit. 3anponoHo8ano hopmanizoeany NOCMAHOBKY ONMUMI3AYIUHOI 3a-
oaui, wo nepeddbavac MiHIMI3aYit0 pu3UKy 3ampumKy WIAXOM GNIU8Y HA napamempu 3a0ay
KPUMUYHO20 WIIAXY. 3MeHueHHs mpugarocmi ma oucnepcii. Ilpogedeno obuuciosanvruil
excnepumenm Ha npukiaoi ymosnozeo IT-npoexmy 3 9 3a0auamu, oe 8U3HAUEHO KPUMUYHULL
wax i OYiHeHo UMOGIPHICIb CBOEUACHO20 3A8EPUICHHS NPU 3a0aHOMY 0edNatiHi. 30ilicCHeHO
onmumisayilo, 6 pe3yabmami sIKOI UMOBIPHICMb 3A8EPUIEHHS NPOEKMY V CMPOK 3pOcid 3
15.78% 00 43.34%. Ompumani pesynomamu demoHcmpyionms 0oyinvHicmes noeonanus PERT
3 MEemooamu MamemMamuyHo20 MOOeI08aH S NPU NIAHY8AHHI CKIAOHUX npoekmig. [lokazano,
WO HAGIMb HEe3HAUHI 3MIHU Y NaApamempax 3a0ay MONCYMb CYMMEBO 3HUSUMU PUSUKU |
nioguwumu HaoiluHicms OOMPUMAHHA cmpokie peanizayii IT-npoexkmis.

Knwouoei cnosea: PERT, IT-npoekm, kpumuyHuil wiisax, onmumizayis, umMoeipHicmos, 0eoatiH,

oucnepcis.

Beryn. B ymoBax cTpiMKOro po3BUTKY IH(OpMAIifHMX TEXHOJOriM aenami Bax-
JUBIIIOrO 3HaueHHs HaOyBae edexTuBHe ynpaBiiHHA [T-mpoexktamu. OIHUM 3 KIIFOYOBHX
(bakTopiB yCHILIHOI peani3alii TAKUX MPOEKTIB € JOTPUMAHHS CTPOKIB BUKOHAHHS, 1110 YacTO
YCKJIQJIHIOETHCSI HEBU3HAUEHICTIO B OL[IHKAX TPUBAJIOCTI POOIT, 3aJE€KHICTIO MK 3aJadyami,
OOMEXKEHICTIO pecypciB Ta AMHAMIYHICTIO 30BHIIIHBOrO cepenosuma [1]. Meton PERT
(Program Evaluation and Review Technique), po3po0nenuii y cepeanti XX CTOMITTS AJs HO-
TpeO yNpaBiiHHSA CKIAJHUMU JOCTIIHUIBKO-TEXHIYHUMHU MPOrpaMaMu, AEMOHCTPYE BHCOKY
e(eKTHBHICTh B yMOBaX HEBU3HAYEHOCTI Ta OararoBapiaHTHOCTI. Ha BinMiHy Bix neTepMiHO-
BaHUX MeTojiB MuanyBaHHs, PERT 0a3zyerbcs Ha IMOBIpHICHOMY MiJXO/1 0 OLIHKU TPHBa-
JocTi poOiT, 10 J03BOJISIE BPAaXOBYBATH PU3HMKU Ta BapiaTUBHICTh NMPH YXBaJE€HHI yIpPaBIiH-
cbkux pimens [3]. BogHouac y cyuyacHux IT-mpoekTax yacTo BHHHMKAae morpeda He JuIle
OLIIHUTH, a 1 ONTUMI3yBaTH WMOBIPHICTh CBOEYACHOTO 3aBEPIICHHS — HANPHUKIAJ, IUIIXOM
MoudiKallii MOCHiIOBHOCTI 3a/ad, Mepepo3NoAlTy pecypciB 4M MiHiMizalii aucnepcii Ha
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KpuTHYHHX 1uisixax. Lle Bumarae noexnanus meroniB PERT 3 enementamMmu mMaremMaTHyHOTO
MOJICIIFOBAHHS Ta ONTUMI3aIlii [6].

MerToro 1i€i CTAaTTi € aHAII3 MiIXOIB 10 OI[IHKKA MMOBipHOCTI 3aBepiieHHs [T-mpoekty
y 3aJlaHui TepMiH i3 3actocyBanHsM Metony PERT, a Takox ¢hopmyroBaHHS ONTHMIi3amiiHOL
3ajadi 100 MiHIMi3alil pU3UKY HEBYACHOTO 3aBEPUICHHS. 3alpOIOHOBAHE JOCIIKEHHS
OpIEHTOBaHE Ha NPAaKTUYHE 3aCTOCYBaHHS y cdepi MporpaMHoi iHXEHepii, MEHEIKMEHTY
IPOEKTIB Ta CHCTEMHOT'O TJIAHYBAaHHS B YMOBaX HEBU3HAYEHOCTI.

Teoperuuni ocHoBu Mmerony PERT. Meron PERT (Program Evaluation and Review
Technique) 6yB po3pobuenuii y 1950-x pokax y pamkax mporpamu BMC CIIA anst ynpas-
JHHS CKJIQJIHUMH IPOEKTAMH 3 BUCOKHM CTYyIEHEM HeBH3HaueHOCTI [3, 4, 5]. OcHoBHA 0Cc00-
JMBICTb METOAY TOJIATAE Y BHUKOPHCTAHHI WMOBIPHICHOTO MiAXOMYy JO OLIHIOBaHHS TpPUBa-
J0cTi pobiT, MO BiApi3HSAE HOTO BiJl TPaIUIIHHUX AETEPMiIHOBAaHMX METOMIB IUIaHYBAaHHS, Ta-
kux sk CPM (Critical Path Method).

1. Ouinka TpuBasgocti pooir

Ha BinMiHy BiJ KJIACHYHOTO MiAXOIY, B SKOMY KOXKHIA poOOTiI Hala€ThCs OJHA OIIHKA
TpuBanocti, B Meroai PERT BHKOpPHCTOBYIOTHCSI TpU €KCHEpPTHI OLIHKU. J[JIs1 KOKHOTO 3aB-
JaHHS | 3a7aHO TPH OILIIHKK TPUBAJIOCTI:

— @ — ONTUMICTUYHA OILlIHKa — HAWKOPOTIIMI MOXJIMBUN 4ac BUKOHAHHA | -1 poOoTu
3a YMOBH BiJICYTHOCTI poOIIeMm;

— M; — HaliOUIBII HMOBIpHA OIliHKA — HaHIMOBIpHIIIA TPUBAICTH |- poboTH 32 HOP-
MaJIbHUX YMOB;

— b, — mecuMicTuyHa OLiHKA — HAWJOBIIA TPUBATICTh BUKOHAHHS |-i poOOTH y pasi

BUHUKHEHHS TPYIHOILB.
Ha ocHOBiI 1uX OIIIHOK PO3paxOBYETHCS CEPETHE OUIKyBaHE 3HAYCHHS TPUBAIOCTI | -1
pobotu:
TE, - a; +4m, +b, 1 (1)
6
a TakoX Jucriepcis (SIK Mipa pU3HKYy):

2
O_iZZ[bi;ai) . )

L1i omiHKK BBaXalOThCs OCHOBOIO Ul MOOYA0BU MEPEXEBOro rpada MmpoekTy, B IKOMY
BY3JIM TPEACTABISIOTH MO, a YT — POOOTH.

2. Kpuruynuii muisix i 4ac BUKOHAHHS MPOEKTY

VY MepexeBiii MoJieNli 0O0UUCITIOETHCS CYKYITHICTh BCIX MOXIIMBUX IIJISXIB BiJ MOYAaTKO-
BO1 110 3aBepiianbHoi noaii [, 7]. Kputuuaum msixom (Critical Path) nHazuBaeTbest Haii10B-
mui (32 OYIKYBaHOIO TPUBATICTIO) IIISAX, SKUH BU3HAYA€ MIHIMAJIbHO MOJIJIMBY TPUBAIICTh
yCbOTro NMpoekTy. OUikyBaHa TPUBATICTH MPOEKTY:

TEcp = ). TE;, ©)

ieCP

ne CP c {l, e n} — MHOXHHA POOIT, 10 BXOJIATH 10 KPUTHIHOTO MUIIXY.
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JUJ1st IIbOTO UISIXY TAKOXK OOUMCITIOETHCS CyMapHa JUCTIEPCis:
2 2
Ocp = Z Oj - (4)
ieCP
3. UMoOBipHicTH BYaCHOI'0 3aBepPIICHHS NPOEKTY
Jlnist BU3HAUYEHHS WMOBIPHOCTI 3aBEPIICHHS IMPOEKTY Yy 33JaHUN TepMiH T BUKOPUCTO-
BYETBHCSI HOPMAJIBHUH PO3IOJILN, 32 IPUITYIICHHAM, 10 3arajlbHUN PO3MOALT TPUBAIOCTI KPH-
TUYHOTO NUIAXY HAOIMKAETHCS O HOPMAJIHHOTO (32 IIEHTPATbHOI IPAHUYHOIO TEOPEMOIO):
T-TE
cP (5)
Ocp

7 =

ne: T — 3alIaHOBaHUH TEPMIH 3aBEPLICHHS MPOEKTY, TEcp — OYiKyBaHa TPHBAJIICTh KpH-
THUYHOTO NUIAXY, Ocp — CTaHAAPTHE BIIXWIECHHS KPUTUYHOTO IUIAXY.

Toni IMOBIPHICTH CBOEYACHOTO 3aBEPIICHHS MIPOEKTY JOPIBHIOE:

P(T)=a(2), ©)
ne @ (Z)— (yHKuis CTaHIAPTHOrO HOPMANBHOTO PO3IOALLY.

4. IlepeBaru Ta oomexenHs merogy PERT

Metox PERT mae HU3KY CyTTEBUX IepeBar, o pooJsiTh HOro eeKTHBHUM iHCTpPYMEH-
TOM ympaBiiHH ckiaangHumu IT-poekramu, 0cOOIMBO B yMOBaX HEBH3HAYCHOCTI, BIACTUBOL
JOCTITHAIIBKUM 200 iHHOBaIlIMHUM 1HII[IaTHBAM:

1) YpaxyBaHHs HEBU3HAUCHOCTI B OIlIHKAX TpHBajocTi. Ha BiaMiHy BiJ KJIaCHYHHX TTij-
XOJIIB 10 TJIAaHYBAaHHSA, /i€ BUKOPHUCTOBYIOTHCS JiMIIEe (iKCOBaH! (J€TEpMIHOBAHI) 3HAUYEHHS
tpuBanocti, PERT n03Bossie BpaxoByBaTH pPO3KHUIAHICTh MOKJIMBHUX CLIEHApiiB BUKOHAHHS
KOXHOI 3amaul. lle mocsraerbcs HIIIXOM BHKOPUCTaHHS TPbOX OILIIHOK (ONTHUMICTUYHOI,
HaWOLIBIIT UMOBIPHOI Ta MECUMICTUYHOT), 110 3a0e3medye OUIbII THYYKE Ta PeaicCTUYHE MO-
JIEJIIOBaHHS CTPOKIB.

2) ViMoBipHiCHA OILIiHKA CTPOKIB 3aBEpIICHHS MPOEKTY. 3aBIAKH BUKOPHCTAHHIO CTATH-
CTUYHUX METOAIB (30KpeMa, QyHKIIi HopMaapHOro po3nonainy), PERT no3Boise BuzHauuTH
WMOBIpHICTh 3aBEPIICHHS MPOEKTY y 3amaHuil TepmiH. Lle 3a0e3medye OCHOBH HJisi PU3HK-
MEHEPKMEHTY Ta yXBaJeHHs pIlIeHb Ha OCHOBI JJaHUX, a HE 1HTYIwi.

3) BusiBJIeHHS! KpUTHYHKX 3aBJIaHb 1 KOHTPOJIb PU3HKIB. BU3HAUEHHS KPUTHYHOTO LIS~
Xy B paMKax METOAY JO3BOJISi€ 30CEpEeIUTH yBary Ha 3aBJaHHSIX, 10 MAalOTh HaWOUIbIIUI
BIUIMB Ha 3araJIbHUI TEPMIH BUKOHAHHS TTPOeKTy. Lle mae 3mory:

— ONTHMI3YBaTH PO3MO/LI PEeCypciB;

— KOHTPOJIIOBATH HAWOUIBII PU3UKOBI TOUKH;

— (popMyBaTH IUIaH pearyBaHHs y BUNAJKY BiIXUJICHb.

4) I'HydkicTh y 3acTOCyBaHHI 10 pi3HHX TumiB npoekTiB. Metox PERT e yHiBepcans-
HUM 1 MOK€ 3aCTOCOBYBATHCH SIK JI0 JIIHIMHUX MPOEKTIB 3 YITKOIO MOCIIIOBHICTIO 33/1a4, TakK 1
710 CKJIaJHUX ITepaTUBHUX a00 MapaiesbHuX Mpolecis, xapakrtepuux s [T-chepu. Bin 106-
pe IHTerpyeTbcs 3 IHIIMMH MeTomamMu — 30kpema, i3 CPM, Monte Carlo Simulation,
Agile-oriHOBaHHSIM.
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5) MOoXJUBICTh BUKOPUCTAHHS Ul ONTUMI3allii. 3aBIsSKy aHAIITHYHIA mpupoal dop-
myia, meroq PERT no3Boisie He nuine aHami3yBaTH CTPOKM, @ M ONTHMI3YBaTH IMPOEKT 3a
NEBHUMH KPUTEPISIMUA — HAINPHUKIIAJ, MIHIMI3yBaTH JHUCIIEPCii0, MAKCUMI3yBaTH HMOBIPHICTh
3aBEpILEHHS, 3SMEHIIINTH HABAaHTAKEHHS HAa PECYpPCH UM YHUKHYTH 3aTPHUMOK.

6) [IpuiHATHICTD JUIS yIpaBIiHChKKX 1 TexHIuHUX pimeHb. PERT crBoproe crinbHe iH-
dopmaniiine mosie Ui KEPiBHHUKIB, aHAIITHUKIB Ta pPO3POOHUKIB, /1€ PIIIEHHS MOXYTh OyTH
OOIpyHTOBaHI JaHUMH. MeTOoIMKa CIpHUsie KPaoMy pO3yMIHHIO YaCOBOI CTPYKTYpPH MPOEKTY
K 3 00Ky MEHEPKMEHTY, TakK 1 3 00Ky BUKOHABIIiB.

HesBaxaroun Ha yncnenni nepesaru, Mmero PERT Mae HU3KY CHCTEMHUX 1 MPAaKTUYHHUX
oOMEeKeHb, SKi BapTO BPaxOBYBAaTH IMpH Horo 3actocyBaHHi B ynpasiiHHi [T-npoexkramu. Lli
0OMEKEHHS CTOCYIOTBCS SIK TEOPETUYHUX MPHUITYIICHb, TaK 1 IPUKJIAIHUX aCIEKTIB pearizamii
METOAY.

1) Cy6’extuBHicTh ekcnepTHux omiHok. Meronq PERT 0Ga3yerbcs Ha ekcrepTHOMY
BU3HAYECHHI TPHOX OLIHOK TPUBAJIOCTI Ui KOXKHOTO 3aBaaHHs (a, m, b). BiacyTHicTh
00’€KTHBHUX E€MITIPHYHHX JaHUX a00 CTATUCTHYHO OOIPYHTOBAHMX MOJIENIEH MOXE MPHU3BO-
JIUTH JI0:

— ynepemKeHnx abo HETOYHHX OIIHOK;

— HaJMIpHOTO 3aHWKCHHS Y1 3aBUIICHHS OYiKyBaHOI TPHBAJIOCTI;

— CIIOTBOPEHHS AUCIIEPCIi Ta PU3HKY.

Oco065mBO 11e KpUTHYHO B HOBHUX a00 yHikanpHHX [T-mpoekTax, i€ BiACyTHI icTOpuYHi
TaHi.

2) [punymieHHs: npo HOpMaNbHICTE po3noaity TpuBainocti. PERT nepenbauae, mo cy-
KyITHa TPUBAIICTh KPUTUYHOTO HUIAXY IiIHOPSAKOBYETHCS HOPMAIBHOMY PO3MIOJILTY, IO
JI03BOJIsIE 3acTocOoBYBaTH GyHKIIIO Jlamnaca 1ist o6uuciienss iimoBipHocTi. [Ipore:

— Ha TIPAKTHUIl 1€ TPUITYIICHHS HE 3aBX/JW BUKOHYETHCS, OCOOJIUBO ISl HEBEIMKOI
KIJIBKOCTI 3a/1a4;

— pealibH1 PO3MOIiIN TPUBAIIOCTI YaCTO € ACUMETPUUYHUMH a00 MAIOTh TSKK1 XBOCTH,

— BUKOPHUCTAaHHS HOPMAJBHOTO PO3IOALTY MOXE JaTH 3aBUIICHY BIIEBHEHICTh y TOY-
HOCTI [TPOTHO3Y.

3) CxiagHiCcTh MOOYIOBH Ta MiATPHUMKHA MOIECII.

VY Benukux IT-mpoexTax 3 COTHSAMU 3aJIeKHOCTEH Ta BapiaHTIB BUKOHAHHS MOOYAOBa
kopekTHoi PERT-moneni moxe Oytu:

— TPYIOMICTKOIO;

— BaKKOIO JIJISI Bi3yauti3arlii,

— YyTJIMBOIO JI0 3MiH Y CTPYKTYP1 IPOEKTY.

[TinTprMKa akTyaJlbHOCTI MOJEN MpU JWHAMIYHUX 3MiHax (Hampukian, npu Agile-
peaizartiii) moTpedye 3HAYHUX 3yCUJTb.

4) O6MexeHa miATpUMKa TapaielbHuX Ta itepatuBHuX mpoieciB. Meron PERT, sk i
OUTBHIIICTH MEPEKEBUX METO/IIB, KpaIlle MPAIIO€ B TIOCIIIOBHO CTPYKTYPOBAHHUX MPOEKTAX. Y
cydacHux IT-nmpoekTax 4acTo nepeBakaroTh:

— itepatuBHi miaxoau (Scrum, Kanban);

— MapasesbHe BUKOHAHHS 3a/1a4;
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— FHYYKi 3MiHHI BUMOTH.

PERT He 3aBxau epeKTHBHO MOEIIOE Taki yMOBHM 0e3 JOAATKOBOi ajamramii 4u
riOpUIHUX TiAXOIIB.

5) IrnopyBanus pecypcuux oomexenb. Knacuunuit PERT He BpaxoBye HasiBHICTH pe-
CYypCHUX OOMEXeHb (HampuKIad, KUIBKICTh pO3pOOHUKIB, cepBepiB, Ot keTy). Lle o3nauae,
110:

— MOJIeIb MOKEe OYTH 4acOBO ONTUMAJILHOIO, aJie HepealiCTHYHOIO;

— MOTpiOHE J10/IaTKOBE MOJIETIOBAHHS PECYpCHOTO HABaHTAXKEHHS (HANPUKIAL, depe3
CPM 3 oomexxenHsiMu abo posmupeny PERT-COST monens).

6) HeznauHa TOYHICTB JJIsl KOPOTKUX MPOEKTIB a0 OKpeMuXx erariB. MeTos Halkparie
MPALOE JUIS BETTMKUX Ta KOMIUIEKCHUX TPOEKTIB, € TPAHUYHA TeOpeMa JI03BOJISIE MTPUITYCKa-
TH HOPMaJIbHICTh. [t KOpOTKUX ab0 JNiHIHHUX eTamiB:

— (QyHKIIiS HOPMAJIBHOTO PO3MOILTY MOKE HE JaBaTH a/ICKBATHUX OLIHOK;

— OI[iHKa HIMOBIPHOCTI 3aBEPIICHHS MOKE OyTH MITYYHO 3aBUIICHOIO 200 3aHMKEHOIO.

Taxum uynHOM, MeTos1 PERT 3anumiaeTscst MOTY)KHUM iHCTPYMEHTOM JIJIsl aHATITHYHOTO
YIIpaBIIiHHS IPOEKTAMH B YMOBax HeBu3HaueHOCTI. [Ipore #ioro 3acrtocyBanns B IT-mpoekrax
noTpedye yCBIIOMIICHHSI HOTO OOMEXEHb 1 9aCTO — JOTIOBHEHHS IHITMMHU mmiaxoaamu (Agile-
MPAaKTUKAMHU, PECYPCHUMH MOJEISMH, CIEHAPHUM aHAJIi30M, MAlIIMHHUM HABYaHHSM JUIS
TOYHIIIUX OI[IHOK).

IlocTanoBka 3axaui onTuMi3anii HMOBIPHOCTI 3aBeplIeHHS] MPOEKTY 3a METOAOM
PERT. V pamkax merony PERT 3anpononoBano ¢opmanizoBany 3amady, IO J03BOJSE
MIHIMI3yBaTH WMOBIPHICTh HECBO€YAaCHOTO 3aBepiieHHs [T-npoexty [3, 7, 8]. OcHOBHA i1es
MOJISiTa€ B ONTHUMI3AIlil CTPYKTYpH MPOEKTY ab0 XapaKTEPUCTHK OKPEMHUX 3a7ad TaKUM Yu-
HOM, 11100 3MEHIINTH PU3UK BUXOJY 3a MEX1 BCTAHOBJIEHOTO JIe/UIaliHY.

[Tapamerpu 3agaui

— T e R" — 3anmanoBanuii TepMiH 3aBepIIeHHs TPOEKTY (JeTaiin);

— TEgp = z TE; — ouikyBaHa TPUBAIiCTh KPUTUIHOTO IIISIXY;
ieCP

- Ucz;p = Z O'iz — CTaHJapTHE BIIXUICHHS KPUTHYHOTO MUISAXY;
ieCP

— ®(Z) — dyHKLis CTAHAAPTHOrO HOPMAIBHOIO PO3IOLILY;
_T-TEcp

Ocp
[inpoBa pyHKIISL — MIHIMI3YBaTH PU3HK 3aTPUMKH:

T- > TE

min| 1-®| —IC2___ || (7)

a00 ajnbTepHATUBHE (POPMYJIFOBAHHS:

-Z — Z-Oll1HKa 3aBEepILIEHHS IPOEKTY B CTPOK.
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T- > TE

max| ®| —I<C2___ ||, (8)

3MIHHI onTUMI3all;

— TPUBAJIOCTI 3a7a4 &, M;, b B Mexax JOMyCTHMHX BapiaHTIB (4epe3 ympaBIiHCHKi
pIIIICHHS: aBTOMAaTH3aIlisl, 3MiHA IIEPCOHATY TOIIIO);

— BHUOIp CTPYKTYPH Mepexi (aTbTepHATHBHI KPUTHUYHI IIUISIXH, TTapaJiesizaiis 3a1a9);

— pecypcHe HaBaHTa)XEHHS (OIIOCepeIKOBAHO BIUIMBae Ha TE; Ta o).

OOMexeHHSI.

— Jloriuni 3B’43KH MK 3aJa4aMU:

SKIO 1 — |, TO tiend St?tart. 9)

— OOMexeHHS Ha TOMYCTUMI MEX1 TPUBAIOCTI 3aau:

aimin < g; < aimax , mimin < m; < mimax , bimin < bi < blmax . (10)

— dikcoBaHe 3HaUCHHS AeIaHy T :

T = nranosuti mepmin 3a6epuueHst . (11)
— Mepexa NpoeKTY 3aTHUIIAETHCS ALUKIIYHOIO.

®opmanbHO, 3a7a4a 3BOAUTHCA 10 MakCUMi3allii HMOBIPHOCTI 3aBEPIICHHS MPOEKTY y

cTpok (6). 3i 3poctanHHsiM Z — 30inbInyeTbest P (T ) , OT’K€, MU TIParHEMo:
— 3MEHIIUTH | Eqp : CKOPOUYEHHS OYiKyBaHOI TPHBAJIOCTI,
— 3MEHILIUTH Op : 3HWXKEHHS PU3HKY (AucHepcii),
— abo moeaHaTH 0OMBA BIUTMBH JIJIS MakcUMi3allii GyHKIT (D(Z) )

OO0uucIOBaIbHMI eKCcIepUMeHT. 3 METOI0 MPAKTUYHOI MepeBipku e(heKTUBHOCTI 3a-
MPOMOHOBAHOTO MiAX0ay Oylio MpoBeACHO OOYNCIIIOBAIILHUN €KCIIEPUMEHT Ha OCHOBI Mepe-
*eBoi Mozeni ymoBHoro IT-mpoekty, mo BkiIodae 9 ocHOBHUX 3aaad (A—I) 3 BU3HAaUeHUMHU
TphOMa OIIHKaMHU TPUBAJIOCTI KOKHOI 3a7adi: ONTUMICTHYHOIO &, HaIMOBIpHIIIO M Ta
HIECUMICTHYHOO D .

BuxinHi 1aHi mogaHo y BUTIISAI TaOJHII, 1110 MICTUTB OIIHKH TPUBAJIOCTI 3a/1a4, 00U C-

JIeH1 3Ha4eHHS O4iKyBaHOi TpuBasiocti TE Ta nucnepcii o2,

MepexeBuii rpad nmpoexTy. Ha 0ocHOBI 3aaHuX 3aie:KHOCTEH MiX 3aadamu OyJo 1mo-
OynoBaHo opieHTOBaHM rpad (puc. 1), 1e BepIIMHN MPEACTABIAIOTH 3a/1a4i, a IYTH - JIOT14H1
3B’A3KU MK HUMU. [ToyaTKoBUM BY3710M € mofis «Starty, a ¢pinanbHuM - «Endy.
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Taomuns 1
Buxinni napamerpu 3anau IT-ipoekTy Ta po3paxyHkoBi 3HaueHHs 3a MmeTogoM PERT

3amaua a m b TE o2

A 2 4 6 4.00 0.4444
B 1 3 5 3.00 0.4444
C 2 3 4 3.00 0.1111
D 3 5 7 5.00 0.4444
E 1 2 3 2.00 0.1111
F 2 3 5 3.17 0.2500
G 2 4 6 4.00 0.4444
H 1 2 4 2.17 0.2500
I 3 4 5 4.00 0.1111

m
3
a

|

a

g
\

Pucynok 1 — Mepexesuii rpa¢ IT-poexty

OCHOBHI MapuIpyTH BUKOHAHHS:

—lnsx 1: Stat 4+ A —B —D —H — End

— Mnsx 2: Stat > A —-C —>F —>G —1— End

— Mnsx 3: Start - A—B —-E —H — End

JI71st KOYKHOTO NMIISIXY 00UMCIIEHO CyMapHy OYiKYBaHY TPHBATICTh Ta IUCIIEPCIIO.
Bu3sHaueHHs KpUTUYHOTO IIISXY HA OCHOBI OOUHMCIEHUX TPUBAJIOCTEH:
Hlnsax 1 (A-B-D—H):

TE=4.0+3.0+5.0+217=14.17,

Z o? = 0.4444 +0.4444 + 0.4444 +0.25 =1.5832 .

Hlnsax 2 (A-C-F-G-1):

TE=4.0+3.0+3.17+4.0+4.0=18.17,

Z o? = 0.4444 +0.4444 + 0.4444 +0.25 =1.5832 .

nax 3 (A—B-E—H):
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TE=4.0+3.0+2.0+2.17=11.17,

> 52 =0.4444+0.4444+0.1111+0.25=1.2499.

Kputnynuii nosix: A - C—->F—->G — 1

OuikyBana TpuBaiicTh npoekty (TE ): 18.17

CymapHa aucnepcis (O-gp ): 1.3610
CranpapTHE BiIXWICHHS:

O-CP = ‘\/13610 z1166 .

OO6uncneHHst IMOBIPHOCTI 3aBepiIeHHS MPOeKTy. Hexail mpoekT Mae OyTH 3aBepiIeHHMA

3a 20 nHiB:
~20-18.17

Z=—~158,
1.166

P(T <20)=d(158)~0.9429.

HIMOBIpHICTb 3aBEepIICHHSI IPOEKTY B CTPOK CTAHOBUTH ~94.3%.

B Tabnuii 2 HagaHa iHTepOpeTalis OTpUMaHUX Pe3yIbTaTiB.

Tabmuus 2

Pexomenparii monao ontumizanii kputuanoro nusixy A—C—F-G—I

Actiekt

Omnmuc / IIpomozurtis

Kputnunnii nusix

A —- C - F - G — | (3araibHa ouiKyBaHa
TpuBaiicTh 18.17 nHIB)

KirodoBi 3amadi 151 BIUTUBY

3amaui F, G Ta I, o cyTTeBO BITMBAIOTH HA

TPUBAJIICTD 1 PU3UK

Merta onrrumizariii

[ligBuIIeHHS] IMOBIPHOCTI 3aBEPILIECHHS IPOEKTY
JI0 KOPCTKIMIOro JeasiaiiHy (Hampukian, 17
JTHIB)

[Mnsax 1: 3MeHeHHs qucnepciit

OnrtumizyBatu 3anaui F ta G nuisixom cranmap-

TH3alii BUKOHAHHS

Mnsax 2: CkopoyeHHs OYiKyBaHOi TpHUBa-
J0CT1

[lepernanytn peanizaiito 3amad (CIPOIICHHS,
aBTOMATH3AIlisl, JICICTyBaHH)

[Inax 3: AnpTepHaTUBHI pecypcH

BukopuctanHss IOCBIMYEHINUX BUKOHABIIIB,

30BHIIIHIX CepBiCiB a00 mapasesibHe BUKOHAHHS

Ha pucynky 2 noka3aHo (yHKIIiF0 HOpPMaJIBHOTO PO3MOJLUTY Ul TPUBAIOCTI MPOEKTY 3

OuiKyBaHMM 3Ha4eHHAM 18.17 nHIB Ta cTaHmapTHUM BiaxwieHHsM 1.166. 3adapboBana 00-

JacTh JIIBOPYY BiJl BEPTHKAJIBbHOI YEepBOHOI JIiHII BigoOpakae MMOBIPHICTh 3aBEpPLICHHS

IPOEKTY JI0 HOBOT'O Jie/u1aiiHy — 17 JHiB.

TakuM 4MHOM, MMOBIPHICTh 3aBepIIEHHS MPOEKTY 10 17 NIHIB CTaHOBUTH NMPHUOIU3HO

15.78% (ToOTO pusmk 3arpuMku — moHaa 84%). lle Bkazye Ha Te, mo mpu aeanaiHi B 17

JIHIB MPOEKT Maii’Ke HaleBHO He Oy/ie 3aBepIIEeHO BYACHO, SKIIO HE 3IMCHUTH ONTHUMI3aLiI0

KPUTUYHOTO IUIAXY.
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I:"IMDBipHiCTb 3aBepLUeHHs NPOoEKTY Ao aeananHy (17 gHis)

]
0.35 DyHKUIA HOpMaNkHOTO po3NoAINY
P(T =17) = 0.1578
-=-- [lennaitn = 17 nuie

0.30

LWinLHICTL IMOBIPHOCTI

0.00

14 16 18 20 22
TpueanicTe NPOEKTY, AHIB

Pucynok 2 — @yHKIIisSi HOPMAJIBHOTO PO3MOILTY TPHUBAJIOCTI IPOEKTY
3 0071aCTIO HMOBIPHOTO 3aBEpIICHHS 10 17 THIB

OntuMizanis KpUTUYHOTO MUISIXY MPOEKTY. 3 METOIO MiJABHIIEHHS WMOBIPHOCTI 3aBep-
menHs [T-npoekTy y Oinbmn cTuciauii TepMmiH (Hampukian, 17 nHiB) Oylio mpoBeneHO OI-
TUMI3aIlil0 KPUTHYHOTO [UISAXY, BU3HAYEHOTO B morepenaboMy po3zaini sk A - C - F —» G
— L. OnTumizaniiai 1ii OynM crpsiMOBaHI Ha 3MEHIIEHHS OYiKYBaHOI TPHUBAJIOCTI OKPEMHX
3aa4 Ta CKOpPOYEHHS I1X Jaucrepcii (HeBH3HAYEHOCTi), IO Oe3MocepeHhO BILTUBAE Ha
(byHKIIiI0 KMOBIPHOCTI 3aBEPLICHHS IPOEKTY.

VY pamkax 00YUCITIOBAIBHOTO €KCIIEPUMEHTY OyJIO 3MIHEHO IMapaMeTpH JIBOX 3aiad, sKi
MaJIi HalOUIbIINI BIUIMB HA 3arajbHy TPUBAIICTb 1 PU3UK:

— s 3aj1a4l F 3MeHIeHo HalOuibIl WMOBIPHY TpUBAIICTh 3 3 110 2.5 AHIB, a MaKCHU-
MaibHy — 3 5 110 4 [HIB;

— s 3aga4l G 3MEHIIEHO HalOUIbIl WMOBIPHY TpUBAIICTh 3 4 10 3.5 OHIB, @ MakcHu-
MajbHy — 3 6 110 5 JIHIB.

Il 3miHM BigoOpakaroTh peasibHl YIPaBIIHCHKI 3aXOJH, Takl SK aBTOMaTH3allis 3aB-
JlaHb, 3aJyYEHHS JOCBIIUEHIIIOrO MEePCOHATy, CTaHIapTHU3allisl MpoleciB a00 YCYHEHHS JIKe-
pei 3aTPUMOK.

[Ticast BHECEHUX 3MiH:

— CyMapHa O4iKyBaHa TPUBAIICTh KPUTUYHOTO NUIAXY 3MeHIImIacs 1o 17.17 nHis;

— cyMapHa aucnepcis ckopotuiacs 1o 1.0277;

— IMOBIpHICTh 3aBEpILEHHS MPOEKTY 10 neanaiiHy B 17 aHiB 3pocna 3 15.78% no
43.34%.

TaxuMm ynHOM, HaBITH HE3HAUHE I[UIECIIPIMOBAHE KOPUTYBAaHHS MapaMeTpiB 3aJad Kpu-
TUYHOTO IIUISIXY TO3BOJISIE CYTTEBO 3HU3UTH PH3UK 3aTPUMKH Ta MiABUIIUTH HAMIHHICTH pe-
anizalii MpoekTy y BcTaHoBiieH1 cTpokH. 3actocyBaHHs PERT y moeananni 3 mapamerpuu-
HOIO ONTHUMI3aLIEI0 Ja€ 3MOTY MpHUiiMaTh OOIPYHTOBaHI PIlIEHHS MO0 PO3IMOALTY PECYpCIB,
CIIeHapliB peasizallii 3a7a4 Ta yIpaBJIiHHSI PU3UKaMU.
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AMOBIpHICTL 3aBeplieHHA NpoekTy Ao 17 aHis (nicns onTumizauii)
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TpuBanicTe NPOEKTY, AHIB

Pucynok 3 — @yHKIIisi HOPMAIBLHOTO PO3MOJILTY TPHUBAIIOCTI TIPOEKTY
MICJIA ONTUMI3aIlil KPUTUIHOTO LUIAXY

s Hao4HOT iHTepmpeTanii pe3ynbTaTiB ONTUMI3aIil KPUTHIHOTO HUIAXY MOOYAOBAaHO
rpadik QyHKIIT HOPMAILHOTO PO3MOALTY TPHUBAIOCTI MPOEKTY IMICIs 3aCTOCYBAaHHS 3MiH 10
3agad F ta G. Po3paxyHkoBe 3HaUueHHS O4YiKyBaHOI TpUBAIOCTI 3MeHImiocs 3 18.17 mo 17.17
IHIB, a cTaHmapTHe BiaxwieHHS — 3 1.166 mo mpubiu3no 1.014. Ile cyTTeBO BIUIMHYIIO Ha
(GyHKIII}0 HMOBIPHOCTI 3aBEPIICHHS POEKTY Y 3alaHUI TEPMiH.

Sk BunHO 3 Tpadika, IUIOIIA ITiJI KPUBOIO 3J1iBa BiJl BEPTUKAIBHOI YepBOHOI JiHIi (nea-
naitH 17 mgHIB) 3HAYHO 3pocia. PiMOBipHiCTL CBOEYACHOT'0 3aBEPUICHHS IPOEKTY 3pocia 3
15.78% no 43.34%, mo miaTBepIKye €(PEeKTUBHICTh TOUKOBUX YHPABIIHCHKUX BTPYYaHb y
3a/1a4l KPUTUYHOTO LUISIXY.

BucHoBku. VY pe3ynbTari IpOBEAEHOrO JOCIIIKEHHS J0BEACHO €(QEKTHUBHICTH 3a-
crocyBanHs Metoxy PERT nns ananizy crpokiB peanizauii [T-nmpoexTiB B ymoBax HeBU3Haue-
HOCTI. 3alpONOHOBAHO MIJIX1J, IO MOEJHY€E KIACUYHUM PO3PAXyHOK OUIKYBAHOI TPUBAJIOCTI
Ta AucHepcii 13 GopMaai30BaHO MOCTAHOBKOKO 3a/adl ONTUMI3AIT — MIiHIMIZAIli PU3UKY
HEBYACHOTO 3aBepileHHs. Ha OoCHOBI OOYMCIIOBAIBHOTO E€KCIIEPUMEHTY 3 BUKOPUCTAHHIM
peasbHOTO MepexeBoro Tpada TPOEKTy: BU3HAYCHO KPUTUYHUN NUISIX, OOYHCICHO
HMOBIPHICTb 3aBEpPILICHHS MPOEKTY Y 3aJaHUN TEPMiH, IPOAHATI30BAHO BIUIUB OKPEMUX 3a/1a4
Ha 3arajpHy HaAllHICTh rpadika BukoHaHHs. [licns onTumizanii napameTpiB KpUTHUHUX 3a-
Jad (3MEHILIEHHSI MMOBIPHOI TPUBAJIOCTI Ta 3HMKEHHS AMCIIEepCii) HMOBIPHICTh 3aBEpIICHHS
MIPOEKTY 110 JeutaifHy 3pocina 3 15.78% no 43.34%. lle miaTBeprKye, M0 HABITH JIOKAJIBbHI
BTpy4yaHHs B cTpykTypy PERT-mepexi MOXyTh ICTOTHO MiABUIIUTH €(PEKTUBHICTH YyIpaB-
JIHHS CTPOKaMHU.

[lepcriekTHBY MOJANBIINX JTOCIIKEHb MepeadadaroTh pO3LMIMPEHHS Mojesi Ha Oara-
TOpPiBHEB1 a00 aJanTHUBHI MPOEKTH [6, 8], a TAKOXK 1HTETpaIliI0 3 METOJIaMUA MAITMHHOTO HaB-
YaHHS JUTsl aBTOMAaTH30BaHOTO aHAJI3y pU3UKIB Ta pEKOMEH/IAIIIH 100 ONTHUMI3aIlii.
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Estimation and optimization of it project completion probability using the pert method

This article explores the application of the PERT (Program Evaluation and Review
Technique) method for assessing and optimizing the probability of on-time completion of IT
projects under uncertainty. In IT project management, dealing with ambiguous time estimates
is a persistent challenge. The PERT method provides a probabilistic approach to modeling
project durations by using three time estimates for each activity: optimistic, most likely, and
pessimistic. This allows for the calculation of both the expected duration and the variance of
each task, as well as for the entire project. Based on these parameters, it becomes possible to
estimate the probability of completing the project within a specified deadline by using the
properties of the normal distribution.

The article offers a formal problem statement for minimizing the risk of project delay.
The goal is to increase the likelihood of on-time completion by optimizing critical path activi-
ties—either by reducing the expected duration or decreasing the variance (i.e., stabilizing the
execution). A computational experiment is conducted using a sample network model of a pro-
ject consisting of nine interrelated tasks. The critical path is identified, and the project's com-
pletion probability is evaluated for a defined deadline.

Subsequently, the parameters of two critical tasks were modified to simulate managerial
interventions, such as standardizing processes or reducing complexity. As a result, the overall
project duration decreased from 18.17 to 17.17 days, and the probability of meeting the dead-
line increased significantly—from 15.78% to 43.34%. The visualization of the normal distri-
bution before and after optimization clearly illustrates the improvement in project reliability.

The findings confirm the effectiveness of integrating PERT with mathematical modeling
and optimization techniques in IT project planning. Even minor adjustments to the task pa-
rameters can lead to a substantial reduction in deadline risks. Future work may focus on de-
veloping automated tools for critical path adjustment using machine learning or multi-
objective optimization methods.

Keywords: PERT, IT project, project duration, probability, optimization, critical path,
variance, deadline.
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A.A. Ilunin, A.O. XKyp6a
PEAJIIBALISA TA JOCJIIKEHHSI
METO/JIB ABTOMATU3AILIL KAJIPOBOI'O IVIAHYBAHHSA

Anomayin. Pozsumok asmomamusayii 6izHec-npoyecis, nopsao 3i 3pOCMAHHAM CKIAOHOCMI
VIPABAIHHA THOOCOKUMU pecypcamu, npu3eenu 00 HeoOXiOHOCMI CIMBOPEHHS eqheKmMUBHUX CU-
cmem NAAHY8auHA. Y cmammi 00cniodxcyemvcsa npoyec agmomamusayii Kaopooz2o niauy-
BAHHS MA CKIAOAHHS DI00JHCEMY, WO 00380JISIE KEPIBHUKAM Nepe2iisioamu ma 3ameeportcyed-
mu piyHi NaaHU, a JEHIUHUM KEPIBHUKAM - KOHMPOIIO8AMU CE80I0 OP2aHI3ayiio, UAGIAmMU Oe-
Giyum xadpie ma nianysamu nadip nepconany. Kpim moeo, cucmema cmeopioe ingopmayiti-
Hi naueii 011 MeHeoxcepis, Wo 0038015€ IOCMeNCY8aMU 00CACHEHHs KOPNOPAMUBHUX YiTell.
Ynpaeninua npoexmamu € axmyanonum sax 01 nio8UUeHHs egheKmusHocmi pobomu KoOMaHo,
max i o onmumizayii suxopucmanusn pecypcie. Kpim 6acamvox 6udie KomepyiiuHo2o 6UKo-
PUCAHHSA, cUCmeMU YAPAGIiHH NPOEKMamMu CIMAaHOo8Isims MaKodic inmepec y HayKogux 00c-
JIIOJCEHHAX MA OCGIMHIX NPOSpamMax, Oe 60HU O00NOMA2arms Op2auizysamu pobomy Hao
CKIAOHUMU NPOeKmamu ma 3abe3neuumu 00CASHeHHs NOCMABIeHUX Yijel.

Bupiwenns npobnemu ynpasninua npoekmamuy ma niany8aHHs IH0OCbKUX Pecypcié UKOPUC-
MOBYE OOCACHEHHSI MA CIMUMYIIOE PO3GUMOK 6A2amvoX 2aiy3eli MexXHIKU ma MeHeO’CMeHM).
Ipaxmuyna yinHicms 00CNIONCEHHs NOJIS2AE 8 MOMY, WO B0HO OONOMA2AE 3PO3YMIMU Kt~
408l acnekmu YNpaegiHHs NPOeKmamu ma NniaHy8anHs J00CbKUx pecypcie 6 IT-komnanisx,
Wo cnpuse Ni0BUWEHHIO eqheKMUBHOCMI ma NPoOYKMUEBHOCMI Op2aHi3ayill.

Ilpu nposedenni ananizy memooie NiaHy8aHHs THOOCLKUX pecypcis, 0Y10 00CHiOHCeHO edek-
MUBHOCMI PI3HUX Memo0i8 NIAHYB8AHHS JHOOCbKUX pecypcié & IT-komnawisx, enposaoiceHo
npozpamue 3abe3nedents OJisi AGMOMAmMuU3ayii NiaHy8anHs ma po3nooiny pecypcis, npogede-
HO OYIHKY 6NIUBY NIAHYBAHHS PecypCié Ha NPOOYKMUBHICIb KOMAHO MA ONMUMI308AHO GU-
KOPUCMAHHSL TIOOCLKUX PecypCis.

Bnposaodoicenns pospobrenoi cucmemu ynpasiiHHa NpoeKmamu ma memooieé NlaHy8aHHs
JIOOCHLKUX pecypcie npu3eooums 00 Ni0GUUEHHs e(eKxmusHocmi pobomu KoMaHou ma nok-
pawenHs pesynbmamie npoexmie. Pexomenoosano 3acmocogysamu po3pooaeHi memoou ma
IHCmpyMeHmu 011 ni08UWEHHs KOHKYPEHMOCHpomodxcHocmi IT-komnarii.

Kniouosi cnosa: kadpose nnamyeanns, asmomamusayis, 010024cemy6ants, YNpagiinHs 1100Ch-
KUMU pecypcamu, inpopmayitina nanens.

IMocTranoBka 3ana4i. Po3BUTOK iH(pOpMaLiHHUX TEXHOJIOTIH, MOPS] 3 JOCTYIIHICTIO BCE
OUTBII MOTY)KHUX KOMIT'IOTEPIB Ta MPOTrPaMHOro 3a0e3MeueHHs, MPUBIB 10 HIMPOKOTO BHKO-
pPHUCTaHHS CHCTEM YIpaBJliHHA MpoekTamu B IT-kommaHigx. Y 3B’S3Ky 3 IIUM 3pOCTaE iHTEpeC

© lIunia A.A., Xypba A.O., 2025
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70 TIOJIIIIEHHS! METO/IB IUIAHYBAHHSA JIIOJCHKUX PECYPCIB, IO € KPUTUYHO BAXKIUBUM IS
YCIIITHOTO BUKOHAHHS TIPOEKTIB.

Byno Bu3HaueHo, 110 cUCTEMa YIPABIiHHS MPOEKTaMHU € KOMIUIEKCOM METOJIB, IHCTPY-
MEHTIB Ta MPOLECIB, SKi BUKOPUCTOBYIOTHCS IS IIJIaHYBaHHS, OpraHi3aiii, KepyBaHHS Ta KO-
HTPOJIIO TIPOEKTIB 3 METOIO JIOCSTHEHHsI BU3HAUYEHUX IIUJICH y BCTAaHOBIICHI TEPMiHH, 3 TOTPU-
MaHHSIM Oro/uKkeTy Ta sakocTi. OCHOBHI 3aBJaHHA CHCTEMHM YIPABIIHHSA NMPOEKTaMH BKIOYa-
I0Th TIAaHYBaHHS, OpraHi3alilo, KepyBaHHs Ta KOHTPOJIb.

[InanyBaHHS JIOJCHKUX PECYPCIB € CTPATETIYHUM MPOIIECOM, SIKUW JOIOMarae oprasi-
3alisM 3a0€3MeYUTH HasBHICTh MOTPIOHUX JIONEH 3 MOTPIOHMMH HaBHUYKAMHU B MOTPIOHHINA
qac, YUM i 3yMOBJIeHa akmyaasHicms poOoTu. OCHOBHI €Tany IUIAaHYyBaHHS JIIOJICBKUX pe-
CYpCIB BKJIIOUAIOTh CKaHYBaHHs CEPEIOBHINA, IPOTHO3YBAHHS IMOMHTY, aHAIII3 MPOIO3UIIIi,
aHaji3 nporaiuH, po3podky HR-crparerii, peanizariito Ta MOHITOPHHT.

OcobmuBocTi moackkux pecypceiB y IT-ramysi BKIIOYarOTh BUCOKY KOHKYPEHIIIIO 32 Ta-
JAHTH, MBUAKUA PO3BUTOK TEXHOJOTIH, THYYKI YMOBH Mpalli, KyJIbTYpy IHHOBAIIIil Ta BUCO-
Kuii piBeHb crpecy. Lli ¢pakTopu BumararoTs Big IT-kommaHiii po3poOKu epeKTUBHHUX CTpaTe-
il 3aJy4eHHs1 Ta yTPUMaHHS CIiBpOOITHHUKIB, IHBECTYBaHHS B HaBYaHHS Ta PO3BHUTOK, a Ta-
KO>K CTBOPEHHSI CEpeIOBHINA, SIKE MIATPUMYE IHHOBAIII Ta 3HIKYE piBeHb cTpecy. [Ipodeciii-
HUH po3BUTOK B IT-cdepi € KIr0I0BUM (PaKTOPOM AJIsl YCIINTHOT Kap €pH, OCKLUIBKH TEXHOJIO-
rii MOCTIHO 3MIHIOIOTHCS 1 BUMAararTh Bij (axiBIiB MOCTIHHOTO OHOBJICHHS 3HAHb Ta HABU-
qok. Kap’epa Oyab-siko1 JIFOIMHU CKIIAIA€THCS 3 KITbKOX KIIFOUOBUX €TalliB, KOXKCH 3 SIKUX Ma€e
CBOi 0COOJIMBOCTI Ta BUKIIUKHU.

Mertoro podoTH € po3poOKa MPOrpaMHOTO MPOAYKTY, SIKUH 3MOXKE €(PEeKTUBHO yIpaB-
JISITH TIPOEKTaMH Ta IJIAHyBaTH JIIOJICHKI pecypcH B IT-komnanii.

Jl1st po3poOku mmporpamMHoOro npoAykty Oynu Bukopucrtani Visual Studio, SQL Server,
MoBu nporpamyBanHs C#, T-SQL, JavaScript. Visual Studio € iHTerpoBaHUM CepenoBUIIIEM
pO3po0KH, sike 3a0e3neuye 3pydHi IHCTPYMEHTH ISl HAIMCAaHHS, TECTYBaHHS Ta HAJIArOKEH-
Ha koxy. SQL Server BUKOPUCTOBYETHCS ISl YIIPABIIIHHS 0a3aMu JTaHUX, 1110 TO3BOJIsE 30€epi-
ratu Ta oOpoOmsith Benuki obcsru iHpopmauii. Mosu mnporpamyBanns C#, T-SQL Ta
JavaScript 3a06e3neuytoTh THY4KICTh Ta €()EKTUBHICTh pO3pOOKH NMPOTrpaMHOro 3a0e3neueHHs,
JI03BOJISIFOUN CTBOPIOBATH SIK CEPBEPHI, TaK 1 KJIIEHTCbKI KOMIIOHEHTH CUCTEMH.

AHaJi3 ocTaHHIX AocjailkeHb i myOJikauniii. ABToMaTu3allis MPOIECIB yINPaBIIHHS
JIFOJICBKUMH PECYpCaMU € 1THHOBAIIIWHUM ITIIX0/I0M, KU JT03BOJISIE TIOCATTH BUCOKOI €(PEKTH-
BHOCTI 3a paxyHOK BHKOPHCTaHHS €IMHHMX CTaHAApTIB Ta aBTOMAaTHU30BaHUX MpoIeciB. B
OCTaHH1 POKH TaKl CHCTEMH CTaJIH BaKJIMBUM 1HCTPYMEHTOM Yy cepi yrpaBiaiHHS.

[Tporec aBTOMaTH3aI1ii KaapOBOTO IJIAHYBAHHS Ta CKJIAJIaHHS OIOKETY € YHIKAThHUM
Ta e(PEeKTUBHUM IIIXOJIOM JI0 YIPABJIIHHS JIIOJICBKUMU pecypcaMu. B xoi aHani3zy ocTaHHIX
JOCITIKEeHb Ta myostikariii [1-8] 6yi10 BU3Ha4eHO OCHOBHI IPOOIEMH KaIpOBOTO IJIaHYBaHHS
Ta iX pilleHHs, K1 HaBeJeH1 B Tabmui 1.
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Tabmmis 1
[TpoGyiemu Ta X pilIeHHs IPpU aBTOMATH3AIII1 KaAPOBOTO IJIaHyBAHHS
IIpodaema Bruius Pimenns
Kommanii  BukopuctoByioTh | [Iporecu He yHidikoBaHi VYHidikoBaHui mporec s
pi3HI I1HCTPYMEHTH I IIPO- BH3HAYCHHS IUIaHy PoOoYoi
THO3YBaHHS PO3IMOALTY TEepco- CHJIM KOMITaHii
HaIy
Bci nmani BBOJsATHCS BpydHY | 30MpaHHS Ta MogaHHA AaHuX | [Iponec 3aBaHTaKeHHS Ja-
a0o HaImBpYy4YHY BHMarae 3Ha4HUX 3YCHJIb HHMX aBTOMaTH30BaHUMI
BincyrHiii neranpHuii meper- | Hemae neranpHOi BuaMMOCTI | PimenHs Hamae 3arajibHUN
T4 PO3MOJILTY TIEpCOHAITY Ta TependadyyBaHOCTI pO3- | CTaTyC MiAPO3AUIIB 3 MOX-
MOJILTY MIEPCOHATY JIMBICTIO JeTani3arii

BukJiiageHnsi ocHOBHOTro MaTtepiany gocaimkenHs. Jlroaceki pecypeu (HR) € ogaum 3
HalBaXXJIMBIIIMX aKTUBIB Oyb-sKO1 opraHizailii, oco0nuBo B IT-kommaHisx, e ycmixX mpoek-
TIB 3HAYHOIO MIPOI0 3aJEXUTh BiJ KBamiikamii Ta epeKTUBHOCTI koMaHau. llnanyBaHHS
moacekux pecypeiB (HRP) € crpareriunum mporiecoM, KUl JoromMarae oprasizaiisim 3a0es3-
[ICYNTH HASBHICTH MOTPIOHUX JIFOIEH 3 HOTPIOHMMK HaBUYKaMK B IIOTPiOHUIT yac [1-5].

OcCHOBHI eTaIy IUIaHyBaHHS JIIOJICBKHX PECYpCIB:

1. CxanyBanHs cepenoBuina: OIiHKa BHYTPILIHIX 1 30BHIIIHIX ()aKTOPiB, SIKI MOXKYTh
BIUIMHYTU Ha MOTpeOU B JIIOJICBKUX pecypcax. Lle Bkiltouae aHalli3 pUHKOBUX YMOB, rany3e-
BUX TEHJIEHIIi}, IPaBOBUX BUMOT Ta TEXHOJIOTTUHOTO IPOTPeECy.

2. IlporHo3yBaHHs nonuty: BusHaueHHs MallOyTHIX MOTped B JIOACBKHUX pecypcax Ha
OCHOBI CTpaTeriyHuX Iijei opranizamii. [{e Moxke BKIOUaTH aHami3 MailOyTHIX MPOEKTIB, po-
3mupeHHs Oi3Hecy Ta iHII (paKTopH, 110 BIUIMBAIOTH Ha MOTPEOy B MEPCOHAIII.

3. Amnaniz nponoswumii: OIiHKa HasgBHHUX JIOJCHKUX PECYpCIB, BKIIOYAIOYM HABUYKH,
KOMIIETEHIII1 Ta MOTeHIia)l criBpoOiTHUKIB. Lle momomarae BU3HAYUTH, YU JOCTATHHO HAasIB-
HUX PeCcypciB JUIs 3aJ0OBOJIEHHS MailOyTHIX moTpeo.

4. Ananiz nporaiuH: BuzHaueHHs po3puBIB Mk MOTOYHUMH pecypcaMu Ta MaiOyTHi-
mu notpebamu. Lle no3Bosse po3poOUTH cTpaTerii Ul 3allOBHEHHS LIUX MPOTAJIMH, TaKi SIK
HaBYaHHS, HallMaHHS HOBUX CIIIBPOOITHUKIB 200 BHYTPIIIHI MepeMillICHHS.

5. Po3pobka HR-ctparerii: CTBopeHHs IUaHy Jiil A1 3a10BOJIEHHSI MailOyTHIX moTped
B JIIOJCHKUX pecypcax. Lle mMoxke BKIIOYAaTH MpOrpaMu HaBYaHHSA, CTpaTerii Hailmy, IJIaHU
HACTYMHOCTI Ta 1HIII 3aXO0/IH.

6. Peanizauis: BripoBajykeHHsT po3po0JIeHUX CTpaTerii Ta MOHITOPUHT iX BHUKOHAHHS.
BaxumBo 3a6e3neunT, 1100 BCi 3axX01 OYy/IM Y3ro/DKEHI 3 3arajibHOI0 CTpaTeTiero opraHiza-
mii.

7. MoHniTopuHr Ta orinka: IlocTiiiHuii KOHTPOJIb 32 BUKOHAHHSM IUIaHY Ta OIiHKa HOoro
edexkTuBHOCTI. Lle M03BONISIE BUAaCHO BHOCHUTH KOPEKTHBH Ta 3a0e3leuyBaTH BiAMOBITHICTH
IUIaHy peajJbHUM NoTpebdaM oprasizaiii.

Cucrema aBTOMaTH3anii KapoBOro IJIaHYBAaHHS BKIIIOYAE KUJIbKA KJIFOYOBUX KOMIIOHE-
HTIB, 110 3a0€3Me4yIoTh ePEeKTHBHICTH 11 poOOTH:
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1. CTBOpeHHS TUIaHy KOMITAHii: aBTOMaTH30BaHUH TpoIiec MOOYI0BH, 3aTBEPIXKEHHS Ta
KOHCOJTIIaIli] MJIaHiB Ha PiBHI MiAPO3ALTIB.

2. EKCHOpT 3aBEpIICHOTO IUIaHY: CUCTEMa J03BOJISIE €KCIOPTYBATH 3aBEPIICHUN IJIaH
JUISL TIOJATTBIIOTO BUKOPHCTAHHS.

3. PobGoua pomka Juist MaHyBaHHS: IHTEPAKTUBHUN 1HCTPYMEHT JUIsl IE€TAJBHOTO IUIa-
HYBaHHS Ta yNPaBIIiHHS IIEPCOHAIOM.

4. Tndopmartiiini maHeni: HAJAIOTh OTJISA]] BAXKIIMBOT CTATUCTUKU Ta TCHCHITIH.

5. ABTOMaTMYHE BHSBIICHHS HEBIAMOBIAHOCTEH: CHCTEMa BHJUILE CYNEpPEWwIMBI JaHi
JUTS TX KOPEKIIii.

IT-rany3p mae cBoi cienn¢idai 0COOIMUBOCTI, AKi BINIMBAIOTh HA YIPABIIHHS JIFOJCHKHU-
MU pecypcamu [2]:

1. Bucoka koHKkypeHIIis 3a Tanantu: [T-koMnanii 4acTo CTUKAOTHCA 3 AedinuToM KBa-
TiikoBaHUX KaJpiB, IO MPU3BOAUTH 0 BUCOKOI KOHKYpPEHIII] 3a TadaHOBUTHX (axiBmis. Lle
BUMarae BiJl KOMITaHil po3po0KH e(pEeKTUBHUX CTPATErii 3alydeHHs Ta yTPUMaHHS CHiBpoOi-
THUKIB.

2. llIBmakuii po3BUTOK TexXHONOTIH: [lOCTIHHMIT PO3BUTOK TEXHOJIOTIM BHMAra€ Bij
CHiBpOOITHUKIB MOCTIHHOTO HAaBYAaHHS Ta MiABUIICHHS KBaiidikamii. IT-kommaHii moBuHHI
IHBECTYBaTH B HAaBYAaHHS Ta PO3BUTOK CBOIX MPAIiBHHKIB, 00 3aIHMIIATHACS KOHKYPEHTOCTI-
POMOKHUMH.

3. 'myuki ymoBu mpami: barato IT-koMnaHiif mpornoHyOTs THYYKI YMOBH TIpaili, BKJIFO-
Yarouu BiAjajaeHy poOoTy Ta rHy4dkui rpadik. Lle mfomomarae 3aiydatu TajdaHTH 3 pi3HUX pe-
riOHIB Ta 3a0e3revyyBaTu 6aaHC MK POOOTOIO Ta OCOOUCTUM >KUTTSM.

4. KynbTtypa iHHOBawiii: IT-komMnaHii 4acTo MalOTh KYJIbTYpY, fKa CIpHUs€E 1HHOBAIISIM
Ta TBOPUOMY MIAXOAY 10 BHpimieHHs npoosieM. [le Bumarae Bim HR-meHemkepiB cTBopeHHS
CEepEeIOBHUILIA, SIKE MATPUMYE Ta CTUMYJIIOE IHHOBAIII].

5. Bucoxkuii piBenb crpecy: Pobora B IT Moxke OyTH Tyke CTpEcOBOIO Yepe3 BUCOKI BU-
MOTH J10 IPOJYKTUBHOCTI Ta MBUIKI TeMnHu 3MiH. KoMmaHii moBrHHI 3a0e3neuyBaTi TiATPU-
MKY MEHTaJbHOTO 3/I0pOB’Sl CBOiX CHIBPOOITHHMKIB Ta CTBOPIOBAaTH YMOBH JUIsl 3HMKEHHS
cTpecy.

Biznec-mwoocniueocmi ma o2na0 cucmemu

[IpoekT BKJIIOYa€e mpoliec aBToMaTH3allli KaJJpoOBOro MJIaHyBaHHS Ta CKJIaJaHHs Oro/Ke-
Ty, /1€ BiH JJO3BOJIUTh KEpIBHUKAM, Bille-TIpe3UI€HTaM, CTApUIMM Bille-IIPEe3UICHTaM 1 TeHepa-
JIBHUM JIUPEKTOpaM NEPErIIsIaT! pIuYHUI KaApOBUil IJ1aH 1 OFO/KET 1 3aTBEP/KYBATH 1X.

3 iHmoro OOKy, L€ JTO3BOJIUTH JIIHINHUM KEpiBHUKaM IUIaHYBaTU Ta KOHTPOJIOBATH
CBOIO OpraHi3ailifo, ToOTO BUSBIATU Ie(piUUT KBajdi(hiKOBAaHUX KaJpiB AJS 3allOBHEHHS KpU-
TUYHO BAXJIMBUX POJICH, MIIKPECIIOBATH MOTPeOH B HAOOpI MEPCOHANTY Ta MIOACHHO BiACTe-
KYBAaTH KUIBKICTh CIIBPOOITHUKIB Y MOPIBHSHHI 3 ICHYIOUMMH IOCAJIaMU Ta MOCUIIIOBATH KO-
HTpOJb (PakTUUHUN MOPIBHIHO 3 OromkeToM). Cucrema 3a0e3neuuTsh (iHAHCH HEOOX1IHOIO
U1 OI0JKETY CTaTUCTHKOIO.

KpiMm Toro, cucrema cTBoproBaTHMe 3p03yMiy 1H(POpPMAIIHY MaHeNb JIJIsl MEHeKepiB,
OB’ s13aHY 3 KOPIIOPATUBHUMH LIUISIMH, 1 TOBUHHA BUCBITIIOBATH MPOTAJIMHHU, SKIIO TaKi €.
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Cucrema Hazae MOXKJIMBICTD neperfsiHyTd 10-piunuii miuan Ha Oyab-sIKOMY piBHI B 3a-
JIKHOCTI BiJl HAAHUX JOCTYIIIB.

3aranpHy 17IeF0 MOXKHA ONMCATH KiTbKOMa MPOCTUMH TOBTOPIOBAHMMHU KPOKAMHU ISt
NOYaTKy CTBOPEHHs IUIaHIB KOMIIAHII HUIAXOM 300py JMaHMX BiX BIAAUIB 10 KOMIaHIN
(puc.1).

Cucrema rutaHyBaHHS JIFOJICBKUX PECYPCIB aBTOMATHU3Y€E TaKi MPOIIECH:

* CTBOpEHHS IJIaHy KOMIIaHii IUIIXOM MOCIIAOBHOTO MPOLECY MOOYI0BH, 3aTBEPIKECH-
Hsl Ta KOHCOJIIIaIlii TUTAHIB HAa HUKYUX ITiIPO3/IiIax

* ExcriopT 3aBepiieHoro miany

Ha xoxxHOMy Kpolli IUIaHyBaJIbHUK BHKOHYE IUIAHYBAaHHS LIOJ0 BHXOJY Ha MEHCIIO,
CKOpOYEHHSI/ONTHMI3allii, mepernpu3HadyeHHs/TIEPEMILICHHs], IHTerpalis, iHTepHaTypa, Ha0ip
IIepCOHAIY TOIIIO.

B po6oTi po3pobiieHo MmaTreMaTHYHy MOENb IUIaHYBaHHS JIFOJICBKUX PECYPCiB, SKa J0-
3BOJIsIE €()EKTUBHO MPOTHO3YBATH Ta aHANII3YBaTH MONUT Ha Pi3Hi mocaau B opraxizamii. Cuc-
TeMa BPaxOBY€ YUCIICHHI IMapaMeTpH, 30KpeMa KUTBKICTh TI0Ca]] Ha PiK Ta IUKJIM IUIAHyBaHHS.
Lls Monenb BUKOPUCTOBYE KOHCOJIOBaHI METPUKH ISl 3a0€3M€YeHHsT TOYHOCTI MPOTHO3IB,
10 J03BOJISIE€ PUKUMATH OOTPYHTOBAHI PIIICHHS MO0 HA0OPY MEePCOHATY Ta PO3IMOALTY pe-
CypciB.

. . CENTRE OF EXCELLENCE— r COMPANY 1 — CENTRE OF EXCELLENCE—]

Initiate Company |
10Y Plan DEPARTMENT DIVISION FUNCTION COMPANY

L Export 10Y Manpower plan

HQ WF Planning HQ WF Planning

Pucynox 1 — Ornsiag cucremu

Ha puc. 2 naBeneno niarpamy «[IporHosu momnury», ska npu3HaueHa Juis Bi3yanizamii
Ta aHaji3y NIPOTHO31iB MONMUTY Ha OCaaAM B KommnaHii. BoHa Hanae iHdopMartito npo:
- KinbkicTh mocan Ha pik - J03BOJIsiE TOOAUUTH 3arajbHy KUIBKICTh MO3HUIIH,
AK1 OynyTh MOTPiOHI B KOKHOMY POIIi.
- Tlomepenniit 1 MOTOYHUI LUK TUTAHYBaHHS - BigoOpakae MomepeHi Mpo-
THO3M Ta (paKTU4HI JIaH1 3a MOTOYHUM LMK MaHyBaHHs. Lle qomomarae nopiBHIOBaTH
OUIKYBaHI Pe3yJbTaTH 3 peaTbHUMH.

ISSN 1562-9945 (Print) 215
ISSN 2707-7977 (Online)



«CucremHui rexuonorii» 5 (160) 2025 «System technologiesy
Proposed Demand Projections

- - -~ - ~a -~ - —_— ~ a

A

on

34 3

J -

Pucynok 2 — [Iporno3u nonuty

Bukopucranns giarpamu:

1. Crpareriune IUIaHyBaHHS - JIOTIOMAara€ KEpiBHHITBY NpUHAMAaTH OOTPYHTOBAaHI pi-
IICHHSI 11010 HA0OPY IMepCOHATy Ha OCHOBI IIPOTHO31B MOMUTY.

2. Po3mopin pecypciB - 3a0e3neuye eheKTHBHHI PO3IOILT JIFOJACHKUX PECYPCIB MiXK Pi3-
HUMH MIPO3A1SIaMH KOMIIaHii.

3. Omiaka e(eKTHBHOCTI - JJO3BOJISE OI[IHUTH, HACKUIBKU TOYHO MPOTHO3U BIAIMOBIiIA-
I0Th peaIbHUM JIaHUM, 1 KOPUTYBATU CTpaTerii MjaHyBaHHs Ha MallOyTHE.

Ha puc. 3 HaBemeno mniarpamy «Bakancii», sika gomnomarae ympasiiHisiM 1 HR-
(daxiBIsAM BICTEXKYBATH Ta aHAJII3yBaTU CTaH BaKaHTHUX IOcaJ 1 IUIAHYBaTH 3aX0JH 3 iX 3a-
MIOBHEHHSI, BPaXOBYIOUM MHUHYJI Ta MOTOYHI IUKJIM IIaHyBaHHA. Lle mMoxe cripustu OuibIu
e(eKTHBHOMY BHKOPHCTaHHIO JIIOJCHKUX pecypciB 1 3a0e3neueHHi0 Oe3nepeliiiHoi poboTu

oprasizarii.
Vacancies
200 25
00 Previous: 278
25 26 27 28 29 30 31 32 33 34 35
Previous Currer
Pucynok 3 — Jliarpama BakaHcC1it
216
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UucenbHe MOAETIOBAHHS Ta pe3yabTaTd. 3 puc. 4-5 MOKHA MPOAHANII3yBaTH AK 3MiHH-
Jach KUTBbKICTh TO3MILIH, B IOTOYHOMY IUIaHI B OPiBHSAHHI 3 monepeaniM. To6To, Hanpukas,
OyB CTBOpEeHHI HOBMH Minpo3nin B skoMy 10 mpamniBHUKIB, TutaH Oyne nepeOymoBaHMid 1 Ha
Jiarpami MU 00a4uMO Pi3HHMIIIO.

Proposed Demand Projections

50

40
30
20
10
0 A A R A A AN
26 27 28 29 30 31 32 33
Previous (@ Current

Pucynok 4 — [Ipoekiiist monuTy A0 CTBOPEHHS HOBOTO MiAPO3ILTY

Proposed Demand Projections
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Pucynox 5— [Ipoexiist HOMUTY Micist CTBOPEHHS HOBUX MO3MLIN

Lle npu3Bene 10 OHOBJIEHHS KUIBKOCTI BakaHCiH (puc. 6-7). Ha pucynkax 6-7 BuaHO,
110 ix crajo 6iabie Ha 10.

Vacancies

50

40

30

20

K aan'lh'l

0

23 24 25 26 27 28 29 30 31 32 33
Previous @ Current

Pucynox 6 — KinbkicTh BakaHCIii MoYaTKOBa
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Vacancies
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Pucynok 7 — KitbKiCTh BaKaHCIH MmicCIsi CTBOPEHHS HOBHUX MO3UIIIH

[Ticns Toro, sik BakaHCii OyAyTh 3aKPUBATHUCH, 11€ Oy/e BiIOOpaKaTHCh TAaKOXK Ha IIbOMY
rpadiky.

B marpumi npoekiii (puc. 8) 1o migpo3aiiaM MokHa MOOAYUTH B SIKOMY came Iiapo3-
I BiIOyIUCh 3MiHU 1 X 3HaueHHs. Ha puc. 8 HaBeneHi moYaTKOBI 3HAYCHHS.

2023 2024 2025 2026 2027

Vv Proposed Demand 59 = 60 59 = 60 59 = 60 59 = 60 59 = 60

Company where Added 10 positions 15 = 15 15 = 15 15 = 15 15 = 15 15 = 15

Technical Division 28 - 29 28 = 29 28 = 29 28 = 29 28 > 29

Corporate Services Department 252 2 =2 2->2 22 22

Legal, Governance & Compliance 353 353 353 353 353

Department

Finance Department 22 22 2>2 232 22

Pucynox 8 — 3BenieHa MaTpuIls 3a MONEPEIHIN 1 TOTOYHUHN IMKIT TUIAHYBaHHS

[Ticns po3mmMpeHHs IKOTOCh MiIPO3LUTY, HAPHUKIAA MEePIIoro, MOXHa Oyae moOadynuTu
B SIKOMY TIJIPO3LTI 1 B IKOMY poiii BiOyauch 3MiHN. KpiM TOro, 116 MO’KHA HATJISTHO TTOPiB-
HATH 3 TIOTIEPEAHIMU ITuKIIaMu (puc. 9).
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2023 2024 2025 2026 2027

Vv Proposed Demand 59 = 70 59 = 60 59 - 60 59 = 60 59 = 60

Company where Added 10 positions 15 = 25 15 = 15 15 = 15 15 = 15 15 > 15

Technical Division 28 - 29 28 = 29 28 = 29 28 = 29 28 = 29

Corporate Services Department 22 22 22 22 22

Legal, Governance & Compliance 53 3 >3 353 353 353

Department

Finance Department 22 22 252 252 22

Pucynok 9 - 3Begena MaTpuils 3a nmonepeaHii 1 TOTOUYHUHN UK IJIaHYBaHHS

BinnoBigHo, 11e TakoX BIUIMHE 1 Ha BakaHCii. 3MiHK OyayTh BUIUICHI 1HIIUM CTUJIEM
puc. 10-11.

3BeieHa MaTpULld BaKaHCIH 3a momnepenHiid 1 TOTOYHUN UK MIAaHYBaHHS 10 PO3LIU-
PEeHHS MiAPOo3A1lTy HaBeJeHa Ha puc. 10.

Vv Vacancies 13 = 14 13 - 13 15 = 15 16 = 16 16 = 16
Company where Added 10 positions 4 =15 4 =25 45 4 35 435
Technical Division 4>5 45 536 6 >7 6 >7
Corporate Services Department 0->0 00 0-=>0 0->0 0->0

Legal, Governance & Compliance
Department

Finance Department 1=>0 1=>0 120 10 120

Pucynok 10 - 3BezieHna maTpullsi BakaHCii 3a monepeaHii
1 TOTOYHUH IIUKJI TIAHYBAHHSI 10 PO3MIMPEHHS MiAPO3ALTI

3Be/eHa MaTpUlld BaKaHCIH 3a TOMEpeHii 1 TOTOYHUN UK IJIaHYBaHHS, MICIS PO3-
HIMPEHHS MiAPO3/ily HaBeeHa Ha puc. 11.
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Vv Vacancies 13 5 24 13 > 13 15 = 15 16 = 16 16 = 16
Company where Added 10 positions 4 > 25 4—=>5 4=>5 45 4->5
Technical Division 45 4 35 56 67 6 >7
Corporate Services Department 0-=>0 0->0 0-=>0 0->0 0—=>0

Legal, Governance & Compliance
Department

Finance Department 1—=>0 1->0 1->0 1-=0 1->0

Pucynok 11 - 3Beniena maTpuld BaKaHCIH 3a MOMEPEAHIM
1 TOTOYHUN UK TNIAHYBAHHS MiCIIs PO3MIUPEHHS MiPO3ILITY

BucHoBku. B crarTi BU3Ha4Y€HO, IO CHCTEMa YNPABIIHHS MPOCKTaMH € KOMILIEKCOM
METO/IiB, 1THCTPYMEHTIB Ta MPOIIECiB, Ki BUKOPUCTOBYIOTHCS JJIsl IUIAHYBAHHS, OpraHizaiii,
KEpYBaHHS Ta KOHTPOJIO IPOEKTIB 3 METOIO0 JOCSATHEHHS BH3HAYEHUX IJICH y BCTAaHOBIICHI
TEPMiHH, 3 JOTPUMaHHAM Oro/KeTy Ta AkocTi. OCHOBHI 3aB/IaHHS CUCTEMH YIPABIIHHSA [IpOe-
KTaMH BKJIFOYAIOTh TUIAHYBaHHS, OpraHi3allito, KepyBaHHS Ta KOHTPOJIb.

[TnanyBaHHS JIOJCHKUX PECYPCIB € CTPATETIYHUM HPOLIECOM, KU JOIoMarae opraHi-
3allisM 3a0e3MeYUTH HasiBHICTh MOTPIOHUX Jr0oJed 3 MOTPIOHMMH HaBUYKaMHU B MOTPIOHMIHA
yac. OCHOBHI €Tamnu IJIaHyBaHHS JIOJCBKUX PECYpPCiB BKIIOYAIOTh CKAaHYBAHHS CEpEIOBUIIA,
MIPOTHO3YBaHHS MONUTY, aHANI3 MMPONO3MILii, aHaji3 nporaiuH, po3podky HR-ctparerii, pea-
Ti3allif0 Ta MOHITOPHHT.

OcobnuBocTi moAckkux pecypciB y [T-ramysi BKIIIO4ar0Th BUCOKY KOHKYPEHIIIO 3a Ta-
JIAHTH, MBUAKUM PO3BUTOK TEXHOJOTiH, THYYKI YMOBH Mpalli, KyJIbTypy IHHOBalii Ta BHCO-
Kkuii piBeHb crpecy. Lli ¢pakropu Bumaratots Bif IT-kommaHiit po3poOKu epeKTUBHUX CTpaTe-
il 3aJydeHHs Ta yTpUMaHHs CIiBPOOITHHUKIB, IHBECTYBaHHS B HaBYaHHS Ta PO3BHUTOK, a Ta-
KO>X CTBOPEHHS CEpeI0BUINIA, sIKE MiITPUMY€ IHHOBAIIIT Ta 3HHU)KYE PIBEHb CTPECY.

[IpakTH4yHA LIHHICTH JOCHIJKEHHS MOJSATa€ B TOMY, 110 BOHO JONOMAarae 3po3yMITH
KJIIOYOBI AaCMeKTH YIpPaBIiHHSA MPOEKTaMH Ta IUIaHyBaHHS JOAChKHX pecypciB B IT-
KOMIIaHisX, 10 CIPUSE MiABUILEHHIO €()eKTUBHOCTI Ta MPOAYKTUBHOCTI OpraHizariil.

B pe3ynbTari BUKOHaHHS poOOTH OYII0 po3p0oOIeHO MPOrpaMHU POAYKT, SIKUH 3MOKe
e(eKTHUBHO YHPaBJIATH MPOEKTaMH Ta IUIAaHYBaTH JIOAChKI pecypcu B IT-komnanii. J{ns pos-
poOKH TporpaMHOTro MpoAyKTy Oynu Bukopuctasi Visual Studio, SQL Server, MmoBu mporpa-
myBanHs C#, T-SQL, JavaScript.

BripoBakeHHsI MaTeMaTUYHOTO MOZEITIOBAaHHS 3HAYHO MOKPAIIUIIO TOYHICTh POTHO31B
MOMUTY Ha TI0CAJIH, 10 CIPHUIO OOTPYHTOBAHOMY MPUHHATTIO PIIIEHB MO0 HAOOpy Mepco-
HaIy.
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BuxopucTranHs giarpam J03BOJHIO HATJSAHO BiJICTEXKYBATH 3MiHU B KUTBKOCTI BaKaHT-
HUX T0caj]] Ta €()EeKTUBHICTh IUIAHYBAHHS, L0 CHOPUSIO OUTbII €(pEeKTHBHOMY YIPaBIiHHIO
JIOJICBKUMHU PECYPCAMHU.

MoentoBaHHsl BUSIBUIIO KPUTHYHI MIAPO3AUTH, SIKI HOTPEOYIOTh J101aTKOBUX PECYpCiB,
JIO3BOJISIFOYM OIIEPATUBHO pearyBaTH Ha 3MIHU Ta YHUKATH JNe(QIIUTY MepCcoHaNy. 3aBIsKH
IPOTHO3aM 1 aHaji3y JAaHUX, OpraHizalis 3Moria e(eKTUBHO PO3MOIUIATH PECYpCH MIXK Mif-
po3ninamMu, 1o 3ade3neunsio 6e3nepediiHicTh poOOTH 1 JOCATHEHHS cTpareriunux uiiei. Ile-
pioJruHEe OHOBJICHHSI MOJIENI Ta BKJIIOUYEHHS HOBUX IapaMeTpiB O3BOJUTH MiATPUMYBATH ii
aKTyaJbHICTh Ta €()EKTUBHICTh B yMOBaX 3MiHHOTO PHHKY IIpaIli.
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Implementation and research of methods for automation human resource planning

The development of business process automation, along with the increasing complexity
of human resource management, has led to the need to create effective planning systems. The
article examines the process of automating personnel planning and budgeting, which allows
managers to review and approve annual plans, and line managers to control their organiza-
tion, identify staff shortages and plan staff recruitment. In addition, the system creates infor-
mation panels for managers, which allows you to track the achievement of corporate goals.

Project management is relevant both for increasing the efficiency of teams and for op-
timizing the use of resources. In addition to many types of commercial use, project manage-
ment systems are also of interest in scientific research and educational programs, where they
help organize work on complex projects and ensure the achievement of set goals.

Solving the problem of project management and human resource planning uses the
achievements and stimulates the development of many branches of technology and manage-
ment. The practical value of the study is that it helps to understand the key aspects of project
management and human resource planning in IT companies, which contributes to increasing
the efficiency and productivity of organizations.

When analyzing human resource planning methods, the effectiveness of various human
resource planning methods in IT companies was investigated, software was implemented to
automate planning and resource allocation, the impact of resource planning on team produc-
tivity was assessed, and human resource use was optimized.

The implementation of the developed project management system and human resource
planning methods leads to increased team efficiency and improved project results. It is rec-
ommended to apply the developed methods and tools to increase the competitiveness of IT
companies.

Keywords: personnel planning, automation, budgeting, human resources management,
dashboard.
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PE®EPATHU

YK 004.021

Mononeus b.B., bynana T.M., bonaupes /[.O. Indopmauniiina cucrema resepaiii 1mo-
rOAHUX YMOB HA OCHOBi IITYYHOIO iHTEeJIEKTY JJIA TEXHIYHMX CHCTeM MiITPUMKHU NPHii-
HATTA pimens // CucremHi TexHomnorii. PerioHambHUI MiXBY3IBCHKUIM 30IpHUK HAYKOBUX
npaib. - Bunyck 5(160). — ninpo, 2025. — C.3 — 10.

PobGoTa mpucBsuena po3poOii iHGpOpMaLiiHOI TEXHOJIOTIT MOJETIOBaHHS MOTrOAH, 3a-
CTOCYBaHHSM TJTMOOKOTO HaBUAHHS B 3aJa4ax MPOTHO3yBaHHS aTMoc(hepHuX sBuIl. B skocTi
mojeni 0yno oopano FourCastNet 3 BHCOKOE(hEKTUBHOIO 00pOOKOIO Te0(i3NUHUX JTaHUX, KA
Jlania MOXKJIMBICTh HABYATHUCS HA BEIMKUX MAcHBaX 1CTOPUYHOI METEOPOJIOTIYHOI iH(pOpMarii
Ta 3a0e3neumsia ONepaTHBHE IPOTHO3YBAaHHS 3 BHCOKOI IPOCTOPOBOIO PO3ALIBHOIO
3JIaTHICTIO.

bi6x. 11.

YK 004.043

3apoarok A.B., Jlixoy3oBa T.A. AHasi3 HAyKOBHX i IPAKTHYHHUX /I0CSATHEHb y cepi
reHepauii pesepoepauiiinux eekTtiB // CucreMHI TeXHOJIOTII. PerioHambHMA MiXKBY31BCHKHI
30ipHUK HayKOBHUX Tpallpb. - Bumyck 5(160). — JIninpo, 2025. — C.11 — 23,

Y po6oTi po3rIIsIHYTO MPOOJIEMY CTBOPEHHS PEaTiCTUYHHUX 3BYKOBHX e€(eKTiB peBepOe-
parii B KoMIT 1oTepHUX irpax. [TokazaHo OCHOBHI OCOOJIMBOCTI iICHYFOUMX METOJIB TeHepallii
peBepOepariii, cepes; SKUX CKIQIHICTh PydHOi 0OpOOKH mapaMeTpiB 3BYKY, CTATHYHICTH MO-
Jeneil Ta 0OMeXKeHa aJanTHUBHICTH 10 TeOMETpii irpoBOro mpoctopy. BusHadeHo, mo mpo-
OyieMa CTBOpPEHHS pealiCTUYHUX peBepOepaliiHuX e(eKTIB I KOMIT IOTEPHUX Irop € J0-
CSKHOIO JIMIIE MPU 3aCTOCYBAHHI CY4aCHUX MIIXO/IB, 10 3MEHILYIOTh PYYHE HaIAIITyBAHHS
Ta MIBUILYIOTh aJaNTHUBHICTh 3BYKOBHX mNapamerpiB. Ha mijcrtaBi aHayi3y BH3HAY€HO, 110
ICHYIOTh 3HA4Hl NEPEIIKOJH, K1 3HWKYIOTh PEaliCTUYHICTh aKyCTMYHOTO CYNpPOBOAY JAO-
CTYITHHUMHU METOJIaMHU.

bi6:. 20.

YK 623.618.2

Knumenko O./]. IlepeBipka oqHOpigHOCTI NceBI0OBUNIAAKOBUX BUOIPOK KpUTepiAMH
Angepcona ta byma-Binga // CucremHi texHosorii. PerioHanbHuil MKBY31BCbKHI 301pHUK
HayKOBHUX mpailb. - Bumyck 5(160). — {uinpo, 2025. — C.24 — 33.

VY crarTi po3riSHYTO NMUTAHHS CTAaTUCTHUYHOI OAHOPIAHOCTI MCEBIOBUIIAIKOBUX BEJIU-
yiuH. MeToro A0CTiIKEHHS € OlliHKa €()eKTUBHOCTI ABOX KPHUTEPIiB: IBOX BHOIPKOBOTO KpH-
Tepito AHJepcoHa Ta KOMOIHOBaHOTO KpuTepito byma-Binga. {ocmimkeHo MOXIHBOCTI KpH-
TEpiiB 11010 BUSBJICHHS CTaTUCTHUYHO 3HAUYIIUX BIJIMIHHOCTEH MIX BUOIpKaMu, 0COOIUBO Y
BUIIAJIKaxX, KOJIM O/HA 3 BUOIpOK MICTUTH "3a0pyaHeni" naHi (Bubipku Thioki). Kpurepiit AH-
JIEPCOHA 3aCHOBAHMUM Ha aHaJI131 paHTOBHX XapaKTEPUCTHUK BUOIPOK, IO TO3BOJISE OIIHUTH X
OJIHOPIJIHICTh 32 YMOB HeBioMOro posmnozury. Haromicts komOiHOBaHu# Kputepiit bymia-
Binna € yHiBepcaibHHUM 1 3/1aT€H aHali3yBaTH BUOIPKU 3 PI3HUMHU PO3MOLTIAMH, BPaXOBYIOUH
AK Cepe/iHl 3HaueHHs, Tak 1 qucnepcii. [IpakTHuHa IHHICTH OCHIIKEHHS MOJsIrae y BU3Ha-
YEHHI ONTHUMAJIBHUX YMOB BHKOPHCTAHHS KOXXHOTO 3 KPUTEpIiB Ui PI3HUX 32 PO3MIPOM
BUOIPOK Ta 3 HEBIIOMHMHU CTaTUCTUYHMMH NapaMeTpamMu. BUKopucTaHHS 3a3HAa4eHUX KpH-
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TepiiB e()eKTUBHO 3aCTOCOBYBAaTH NPH JOCIHiIKeHI Manux BuOipok (N<60). Busnaueno, 1o
JOLUTBHO KOMOIHYBAaTH CTATUCTHYHI KPUTEPil 3 METOJaMH OYMILEHHS TaHUX a00 BUKOPHUCTO-
ByBaTu podacTHi ananoru. OTpuMaHi pe3yJbTaTH MOXKYTh OyTH 3aCTOCOBaHI B €KCIIEPUMEH-
TaldbHIN (i3uIli, COLIONOTII, i1HXKeHepii, Ol0MEINYHUX IOCTIKEHHSAX Ta 1HIMX cdepax, ne
B)XXJIUBO OIIIHUTHU OJHOPIJHICTD EKCIIEPUMEHTAIBHUX JTAHHX.

Bi6x. 7, Im. 4, Tabum. 3.

YK 004.94, 624.9, 692

Moguan O.}O0. YaockoHnaneHi Mojeli IIACTUYHOCTI 3 YpaxXyBaHHSIM PYHHYBAHHA
Ta cTparerii KaJaiOpyBaHHA AJIsl TOYHOr0 CKiIHYEHHO-eJIeMEHTHOIr0 aHaJi3y 0OeroHy 0e3
apMyBaHHSl Y TOHKOCTiHHMX KOHCTpykuisix // CucremHi TtexHonorii. PerioHanbHuit
MDKBY31BCBKHI 301pHUK HAYKOBHX TIpallb. - Bunyck 5(160). — {uinpo, 2025. — C.34 — 42.

3anporoHOBaHO y3arajlbHEHY METOJIUKY BUCOKOTOYHOTO CKIHUYEHHO-EJIEMEHTHOTO MO-
JeTOBaHHS HEAPMOBAHOTO OETOHY B TOHKOCTIHHHX eleMeHTax. KIrouoBUMH CKIIaIHUKAMHU €
MOIITKO/KEHO-TIJIACTUYHI 3aKOHM MaTepiaiy, JeTajlbHa KaliOpyBajbHa MOCIIAOBHICTh HAa OC-
HOBI BUIPOOYBaHb HA CTHUCK, PO3TAT 1 PO3KOJI, @ TAKOXK YTOYHEHE CITKYBaHHS 3 HEJIOKAJIHHOIO
peryspu3ami€ero Uisl yCYHEHHs 3aJIe)KHOCTI BiJl po3Mipy enemenTa. [lokazaHo, 0 KOPEKTHO
BigkamiOpoBana monenb Concrete Damaged Plasticity BiATBOpro€ KpHBiI «HaBaHTaKEHHSI—
MIPOTHHY 1 KapTH TPIIKH i3 MOXuOKor0 MeHme 15 %. OkpecneHo nmoTpedy y BIIKPUTHX €Ta-
JOHHUX 0a3ax JaHUX 1 3aCTOCYBaHHI MAIIMHHOTO HAaBYAHHS JJIs aBTOMATH3aIlii migoopy ma-
pameTpiB.

bi6x. 11, 11. 0, Ta6m. 0.

YK 004.8, 004.93, 624.042.7, 692.5

I'puroposuu M.C. BusiBjieHHs Ae()eKTiB IJIOCKHUX NMOKPpiBeJb 3a /10MOMOI0OI0 Me-
TOXIB MAIIMHHOI0 HABYAHHSA Ta IJIM0okoro HasuyaHHd // CucreMHl TexHosorii. PerioHans-
HHI MDKBY3IBChKHIA 30IpHUK HAYKOBHX Tipallb. - Bumyck 5(160). — duinpo, 2025. — C.43 — 49.

VY crarTi moaHo CTPYKTYPOBAHUM OTJISiZ] CYYaCHHX METOJIB TJIMOOKOTO HAaBYAHHS -
sroptkoBux HeiiponHux Mepexx (CNN), cemantuunoi cermentanii (U-Net, DeeplLab,
TransUNet), BusiBinenns 06’extiB (YOLO, Faster R-CNN) Ta aBTOKOAEpIB - 1715 T1arHOCTHKH
KOHCTPYKTUBHHX JC(EKTIB, 3 aKI[EHTOM Ha IJIOCKI MOKPiBIl. OCHOBHUMH JDKEPEJIaMU JTaHUX
€ RGB Tta [Y-300paxeHHs, OTpuUMaHl 3 JPOHIB, IO JA€ 3MOTY MPOBOJIUTH TUCTAHIIMHUN
OTJISI7T BAYKKOJIOCTYITHUX 30H. [Toka3aHo, 1110 TOUYHICTh BUSBJICHHS TPIIIUH, BiAMIapyBaHHS a0
3BOJIO’KEHHS mepeBuInye 85 %. Y Talnuii NopiBHAHO €(pEKTHUBHICTh MOJAENEH A Pi3HUX
€JIEMEHTIB KOHCTPYKIIiil. PeaybHi KeHcH NIATBEPDKYIOTh MOXJIKMBICTh 1HTerpamii II-
IHCTPYMEHTIB y MPAKTUKY TEXHIYHOrO 00cayroByBaHHs. BucBiTieHo npoOiemu, 30kpeMa He-
CTauy JaHUX Ta y3arajJlbHEHHS MOJeNel, a TaKoXX PEKOMEHJIOBAaHO MYJIbTHUCHEKTPAIbHY
AQHATITUKY Ta MUGPOBI ABIHHUKH SIK HATTPSMHU TTOAIBIINX JTOCTIHKCHB.

bi6a. 10, i1. 1, Tabm. 1.

YAK 004.8 +311.2

baxpymmna O.B., baxpymmn B.€. 3acTocyBaHHsi 3ac00iB INTYYHOI0 IHTEJIEKTY AJIs
NOLIYKY Ta MoNepeHbOro aHAJi3y JaAHUX Y NPUKJIATHUX A0CTIIKeHHAX OCBITHIX cUCcTeM
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// CuctemHi TexHojorii. PerioHanbHuiA MiXBY3IBCbKMI 30IpHMK HAyKOBHX Hpalb. - Bumyck
5(160). — Auimpo, 2025. — C.50 — 57.

PosrnsinyTo mpobiemMu 3acTOCYBaHHS MOIMYJISIPHUX 1HCTPYMEHTIB IITYYHOTO IHTEJIEKTY
GROK 3 Ta ChatCPT 4 ans 30upaHHs HassBHUX B IHTEpHET JAaHHUX MPO OCBITHI CUCTEMH, iX
nornepeaHpoi 00poOku i anamizy. Ilokasano, mo o6uaBa IHCTPYMEHTH JAIOTh 3MOTY iCTOTHO
NPUCKOPUTH 1 CIIPOCTUTH BUKOHAHHS PYTHMHHUX eTamiB fociipkenb. [Ipum npomy GROK 3
HABOJMTH OLIBII ITOBHI, HAIWHI 1 AKICHI JaHI, SIK1 3arajioM € OJU3bKHUMU 0 aHAJOTIYHHUX Ja-
HUX 1HIIUX JpKeped. ToMy HOro BUKOPUCTaHHS JJISL pO3B’sI3aHHS 3a/1a4 PO3IIISIHYTOTO KJIacy
MO3Ke OyTH KOPHUCHUM IPH MPOBEACHHI JOCITIKEHh OCBITHIX CHCTEM 1 pPO3pOOJICHHI OCBITHIX
HOJITHK.

bi6m. 8, 1. 2.

YK 627.63. 632.81.618.83

[ToBopotas L.P., Cadponosa O.A., [Togonscekuii P.B., Kononenko I A. OnTumaabni
napamerpu Mn/Si 1191 KOPUTYBAHHSI MeXaHIYHUX BJIACTUBOCTEH CTaJi JJIS1 3aTi3HUYHHX
oceii // Cucremni TexHosorii. PerioHaabHMI MKBY31BChKHI 30ipHUK HAYKOBHX TIpallb. - BUmyck
5(160). — duimpo, 2025. — C.58 — 68.

Y po6oTi mpepcTaBIeHO MiAXI 10 ONMTHMI3AIil CKIaAy CTajlli HA OCHOBI CIIPSIMOBAHOTO
XiMI4HOTO 3B’s13Ky. MeTO/] BpaxoBY€e B3a€MO/Iii MiXK €JIeMEHTaMU Ha MIKaTOMHOMY DPiBHi, 1110
KPUTUYHO /Ui TPOTHO3YBaHHsS BIIACTHBOCTEH Matepiany. OCHOBHa yBara NPHUALISETHCS
BIUTMBY BMICTY BYTJICIIO, KPEMHIIO Ta MapraHil0 Ha 3apsI0BUIl CTaH CUCTEMH Yepe3 mapa-
MeTp ZY. BceranoBneHo, mo i MiABUIIEHHS TBEPIOCTI CJIiJI 3MIHIOBATH CITIBBIIHOIIICHHS
Mn/Si: no 3HauenHs 2,8-3,2 nepesara 3a KpeMHieM, micis — 3a MapradieM. KoHTpoms nery-
BAJIBHUX €JIEMEHTIB JI03BOJISIE CTBOPIOBATH CTali 3 TPOTHO30BAHUMH BIIACTHBOCTSIMH.

bi0m. 7, i1. 8.

YK 532.516

[TonboBuit O.b., Pequnup /I.0. UncesbHe MOeII0BAaHHA B3a€MOJIl CTPHOKA yIIiIb-
HEHHS 3 HA/I3BYKOBUM JIAMiHAPHUM NMPUMEKOBUM IIAPOM 32 HASIBHICTIO TeNJIoMacoo00-
MiHy 3 noBepxHer // CucteMHi TexHouorii. PerioHanbHuil MiXKBY31BCbKHI 301pHUK HAYKOBHUX
npaiib. - Buyck 5(160). — Iuinpo, 2025. — C.69 — 83.

[TpoBeneH1 nmapaMeTpUyHl YUCENIbHI €KCIEPUMEHTH 1O BIUIUBY TEIJIO- Ta MacOOOMIHY
Ha BIJPUB MOTOKY IPH B3aEMOJIT KOCOro CTpHOKA YIIIJIFHEHHS 3 JaMiHAPHUM IPUMEKOBUM
nrapoM. 3aCTOCOBAHO HESIBHUI CKIHUEHHO-O0'€MHMI alropuT™M po3B’s3Ky piBHSHb Hap’e-
Croxkca. Ha ocHOBI aHanizy NpoCTOPOBUX PO3MOALUIIB TUCKY, MPOQLIIB I'YCTUHH, TUHAMIYHOTO
KoeilieHTa B'SI3KOCT1, MO3/10BXKHIX KOMIIOHEHT IIBUIKOCTI 1 KUTBKOCTI PyXy B IPUMEKOBOMY
11apl BUSIBJIEHO OCHOBHI (PI3WYHI YMHHHUKH, 1110 BU3HAYAIOTh 3MIHU CTPYKTYPH BIJPUBHOI B3a-
€MO/IIi B yMOBax TeIuio- Ta MacooOMiHy. He3Baxkatoun Ha pi3Hy (i3MUHY HPUPOJY BIUIUBY,
TEII0-1 MaCOOOMIH 3 TOBEPXHEI0 HAJA€ MOAIOHY Pe3yNbTyI0Uy J1I0 Ha PO3MIpU Ta CTPYKTYPY
HAaJ3BYKOBOI BIIPUBHOT 30HU. 3a JOTIOMOTOI0 TEIUIO- Ta MAaCOOOMIHY € MOJIMBUM 3amo0iran-
HSl BUHUKHEHHIO B1JIPUBHOI 30HU Y JBOBUMIPHUX HA/[3BYKOBUX TEUifIX.

bi6x. 17, 11. 10.
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VK 004.056.5
CykoBenko K.I'. Indopmaniiina TexHoJiorisi AJsi HNIATPMMKH pimieHb y cdepi

Bieocnocrepe:kenHsi / CucremMHi TexHOJNOTIi. PerioHanbHuil Mi>KBY31BCbKHI 30ipHUK HAYKO-
BUX Mpailb. - Bumyck 5(160). — J{uimpo, 2025. — C.84 — 91.

VY craTTi MpeacTaBIeHO KOHILEMIII0 CTBOPEHHs OaratopiBHEBOi iH()OpMAIiitHOI TEXHO-
Jorii, sika 3abe3nevye mITpUMKy IPUHHATTSA pilieHb Y cdepi BigeocnocTepexeHns. Cucrema
MOEHY€E CEHCOPHI MPUCTPOI, 00UNCIeHHS Ha iepudepii, anamituyai Al-Moxyni Ta MexaHi3MH
iHTerpanii 3 iHmmMMu iHGopMariiiauMu maargopmamu. Po3risHyTO acrekTd aBTOMAaTH3aIlil
00poOKH BiJl€OJJaHMX, aAamNTallii 10 cepeAoBuIa (YHKIIOHYBaHHS, a TaKOX 3a0e3redeHHs
iHpopmaniiinoi 6e3meku. CTaTTs aKTyallizye BaXXJIUBICTh TAKUX CHCTEM Yy peaiizalii 6e3ned-
HOr0 YpOaHICTUYHOI'O CEPEOBUILIA.

Bi6mn. 6, i1. 0, Tabm. 0.

VIK 621.771.09

3inuenko M.JI., IToran O.IO., bypuak A.A., Muxaiinoscekuii M.B., [lIuGakiHch-
kuit B.1., IBanoBa JI.X. Jlocain:keHHs mpouecy pi3aHHsSI COPTOBOIro NMPOKATy Ha peiikoda-
JIOYHHMX Ta BEJHKOCOPTHHX cTaHax // CucTeMHI TeXHOJOTii. PerioHanbHUI MiXBY31BCHKUI
30ipHUK HayKOBHUX Ipailb. - Bumyck 5(160). — J{ninpo, 2025. — C.92 — 100.

PosrasimaeThest mpoliec pi3aHHS Ha PeUMKOOATIOYHUX Ta BEJIMKOCOPTHUX CTaHAX MPH KO-
JMBAHHAX JOBXHHU PO3KATYy, K1 BiI0yBalOTHCS 32 PaXyHOK BIUIMBY TEMIIEpPaTypu PO3KATIB i
PO3MipiB 3aroTiBok. MeTor poOOTH € JOCHTIKEHHSI YMOB pi3aHHS OCTaHHBOI IITAHTH MipHOL
JIOBKMHU Ta 3aJIMILIKY IPOKaTy B yMOBaX HECTAOUIbHOI JIOBKMHHU PO3KaTy. SIKIO 3aIMILIOK
MEPEBUILYE BEIMYUHY TEXHOJIOTTYHOI 00pi3l, 1100 3amo0irTy nepeBoiy y BIAXOAW NpUIATHO-
ro MPOKaTy, OCTaHHsI IITaHra MIPHOI JIOBXKUHU 1 3JIMILIOK PIKYTHCS Ha JIB1 IITAHTH HEMIPHOI
HOpMasTbHOI MOBKMHHU. OTpUMaHO BHpa3 JJs BH3HAUEHHS JMOBXWHU 3AIMIIKY BUXOISMYU 3
BIJIHOILIEHHS I[IH Ha MIpHUI NMPOKAT, HOPMAJbHUI MPOKAT Ta BIIXOJH, M0OyA0BaHUMN Tpadik
NpUOYTKY B1Jl AOBXKUHU 3aJIMILKY JJISl PI3HUX CIIOCOO1B pi3aHHS.

bi61.4, 11.2, Tabm. 2.

VK 623.618.2

@®enopenko O.J[.,, Kmum B.JO., Kmumenko C.B. HenmapamerpuuHa craTHCTHKA
BUIIAJIKOBUX BeJIHYHMH 3 HeBigoMHMH (yHKIisIMH po3nojiny iiMmoBipHocreii / CucteMH1
TEXHOJIOTIT. PerioHaybHuii MKBY3IBChKHUIA 30ipHIK HAYKOBHX TIpailh. - Bumyck 5(160). — [Inimpo,
2025. - C.101 - 111.

JocmimxeHo mpobiieMy aHami3y CTaTUCTUYHUX JAaHUX 3 HEBIAOMHMH 3aKOHAMHU
PO3MOJLIIB BIAMIHHMX BiJI HOPMAJIBHOTO, JUIS SIKMX 3aCTOCYBAaHHSI KJIACMYHUX IapamMeTpuy-
HUX METOIB HeedeKkTUBHE. BUkopucTaHo HemapaMeTpruuHi METO/IM, 30KpeMa paH)KyBaHHS Ta
aHaJli3 eKCTpeMalIbHUX 3Hau€Hb, Ha MPUKIIAAl JBOX THUIIB PO3MOJUIIB: JOTICTUYHOTO (CUMET-
PUYHOI0) Ta eKCIOHeHIIHOro (acumeTpuyHoro). [IpoBeneHi oOuuCIIOBaIbHI €KCIIEPUMEHTH
Ta OTPUMaHI1 BIANOBIAHI Tpadiky 3a AOMOMOro0 mporpamHoro nakery Mathlab. BubGipku re-
HepyBaJHCs 3a 33JaHMMU ITapaMeTpaMu, MIcis YOro po3paxoBaHi iX CTaTUCTHYHI XapaKTepH-
CTHKU: C€pe/IHl 3HaUEHHS, MIHIMyMH, MAKCUMYMH, 3CYBU Ta MaciiTabu. BukoHana nepeBipka
Ha CTaTUCTUYHY OJHOPIIHICTh OTPMMAHUX 3HAYCHD CIICIIaIbHIX KPUTEPIiB 13 3aCTOCYBaHHSIM
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t-tecty. Ilokazana mpane3aTHICTh JAHOTO aJrOPUTMY PO3PAXYHKY JJsl MOMEPEITHBOTO
BU3HA4YeHHS a00 JOJAaTKOBOI MEPEBIPKUA CTATUCTHYHOI OJHOPIIHOCTI BUOIPOK YACOBUX DPSIiB
B 33JJaHUX YMOBaX.

bi6n. 9, Inn. 3, Tabmn. 4.

YK 681.3.06

Tpunyrens M., Ky3unenos B., IBanosa JI.X. Ananranis npeaMkaTHoi MmojeJii B 3aaa-
Yyax KepyBaHHSl HeCTAUIOHAPHHUMM CTATHYHUMH 00'ektamu // CHCTeMHI TEXHOJOTII.
Perionanpauii MiXKBY3iBChbKHI 30ipHHK HayKoBHX mpailb. - Bumyck 5(160). — Jduinpo, 2025. —
C.112-127.

VY nauiif poOOTI pO3TISHYTO aKTyallbHY HayKOBO-TIPAKTHYHY 3a]1a4y IiIBULICHHS e(eK-
TUBHOCTI YNPaBIiHHS CTATHYHHMH Ta KBa3iCTATUYHUMHU TEXHOJOTTYHUMH 00’€KTaMu B yMO-
Bax X HECTaIlllOHAPHOI MOBEIIHKHA Ta MIHJIWBOCTI 30BHIIIHIX BIUMBIB. Oco0MBa yBara mnpu-
TUTSIETBCS 3aCTOCYBAHHIO MTPEIMKATHUX MOJICINICH, SIKi JI03BOJISIOTH (hOPMaTi30BaHO OMHMCYBa-
TH PI3HOMAHITHI TEXHOJIOTIYHI CUTYyaIlii, CTAaHU Ta B3a€MO3B’S3KU TapaMeTpiB 00’ €KTa yrpas-
JIHHS 32 JOMOMOTOI0 JIOTIYHHX KOHCTPYKIiH. Taki Monmeni € THyYKHM IHCTPYMEHTOM JUIs
NPECTaBICHHS 3HaHb MPO 00’€KT 1 3a0e3MeuyloTh MOMJIMBICTh aJanTaiii J0 3MiHU Tapa-
METpIB y IPOIIEeCi EKCILTyaTallii.

bi6u. 18.

YK 533.6

Tonkomkyp [.C. UnceqbHuii ana i3 aepoAuHAMIYHUX XapaKTEPUCTHK HEKPYTOBUX
KOHYCIiB IIpH HAA3BYKOBOMY 00TikaHHi // CucremHI TexHouorii. PerionansHuii Mi>KBY31BCh-
KHii 30ipHUK HAYKOBHX Tipailb. - Bumyck 5(160). — duinpo, 2025. — C.128 — 135.

Posrnsinaerscs 3amava npo HaA3ByKOBE OOTIKAHHSA IOCTPOro KOHYCA 3 JOBUIBHUM IJIajl-
KHM TTONIEPEUYHUM TIEPEPI30M MOTOKOM B'S3KOT0 Ta3y. 3alporOHOBAHO METOJUKY PO3PaXyHKY
aepOoAMHAMIUYHUX XapaKTEPUCTHK I[bOTO Tijla, IO IPYHTYETHCS HA YHCEIbHOMY IHTErpyBaHHI
piBHsHb Eliniepa 1 1aminapHoro npumMeskoBoro mapy. [IpoananizoBaHo BIUIMB F€OMETPUYHUX 1
¢13MuHUX MapaMeTpiB Ha IHTErpajbHl XapakrtepucTtuku Teduii. [lokasaHno, mo ¢opma nome-
pe4Horo mnepepizy OIeTINTUYHOIO KOHyCa CYTTEBO BIUIMBAE HAa BEIMYMHY HOTO aepoju-
HaMIYHHUX KOE(IIIEHTIB.

bi6mx. 12, im. 2.

YK 004.942:621.65.052

Ko63ap B.I., Kpusenko O.1O., ITlikimeasik A.B. OnTumizanisa mapamerpiB riapo-
TPAHCHOPTHUX CHCTEM 3 ypaxyBaHHSIM KpuTepiiB HagiiiHocTi // CHCTEeMHI TEXHOJOTII.
PerioHabHUIT MDKBY3IBCbKHI 30ipHUK HayKOBUX mpailb. - Bumyck 5(160). — quinpo, 2025. —
C.136 — 146.

VY cTaTTi po3rISHYTO MIAXOAM M0 IMiIBUINCHHS HAIIWHOCTI T1IPOTPAHCIIOPTHUX CUCTEM
HUIIXOM CTOXaCTHYHOTO MOJENIOBaHHS TiApoaOpa3uBHOIO 3HOCY. 3alpONOHOBAHO MaTeMa-
TAYHI MOJIENI OIIHKK HAJIHHOCTI HAcOCIB 1 TpyOOMpOBO/IIB, MPOBEACHO ONTHUMI3AIII0 PO3-
MIIIEHHS HACOCHUX CTaHIId. Bu3HaueHo pallioHadbHI CTPYKTYpHI CXEMH CHCTEM 3
ypaxyBaHHSM TEXHIKO-€KOHOMIYHUX IMOKa3HUKIB 1 pexxuMiB poOoTH. OTpuMaHi1 pe3ynbTatu
JIO3BOJISIIOTH ITIIBUIIUTH €(DEKTUBHICTH IPOMHUCIOBOI €KCILTyaTaIlii.

bi67. 6, Tabxa. 1.
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YK 004.623
Kpacuiok M.A., I'narymenko Bik. B., Mopo3 Bb.I., Cokon B.P. Po3po06ka aBromaru-

30BaHOI cucTeMHM LeHTPYy aBTopu3auii // CucremHi TexHounorii. PerionansHuii MKBY31BCh-
KUii 30ipHUK HAYKOBUX Mpailb. - Burmyck 5(160). — duinpo, 2025. — C.147 — 155.

B pesynbTati npoBeneHoi poOoTH po3pobiaeHO mporpamMHe 3a0e3meueHHs, SKe BUKOHYE
¢bynkuii hopmMyBaHHS Ta KOHTPOJIIO aBTOpHU3allii KOpUCTyBauiB. PeanizoBanuii (yHKIioHa
JUISL peecTparlii HOBUX KOPUCTYBAuiB, BKIIOUAIOYU 30CPEKCHHS IXHIX OCOOMCTHX ITaHHX Ta
iHpopmanii s aBTopm3amii. 3abe3nmeueHO MeXaHi3MU Ul 30€peeHHS Ta 3axXUCTy
KOH(}iAeHIiITHOI iHpOopMallii KOpUCTYBaviB, BKIIOYAIOUH MMAPOJi Ta iHIII 00JIIKOBI AaHi.

bi6m. 11.

YK 004.8

Octposcrka K.IO., Hoco B.O. Meroau MamIMHHOIO HABYAHHA AJsi aHTH(POA-
cucreM // CucremHi TexHoyorii. PerioHanpHuii MiKBY3IBCBKMI 30ipHHUK HAYKOBUX Ipallb. -
Bumyck 5(160). — qninpo, 2025. — C.156— 163.

VY po0oTi pO3MIISIHYTO Cy4acHi MiAXO0I¥ 10 BUABICHHS IIaxpaicTBa y GiHaHCOBIH cdepi,
eJIEKTPOHHIN KoMepIii Ta nuppoBux ceppicax. 3po0ICHO OIS TPHOX OCHOBHUX HANPSMIB:
QITOPUTMIB KiTacuikarlii, METO[iB BUSBJICHHS aHOMAIH 1 TIMOMHHOTO HaB4YaHHS. OCcOOIUBY
yBary npuIuIeHO TiIOpUIHUM apXiTeKTypaM, IO MOEAHYIOTh Pi3HI MiAXOIU MAalIMHHOTO HaB-
YaHHS JUIS TIJBUINEHHS TOYHOCTi, @ TaKOXX MPAaKTUYHOMY 3aCTOCYBaHHIO — JAucOaIaHcy
KJIaCiB, MacIITabDOBAaHOCTI Ta MPO30pOCcTi Mojenei. Pobora moOymoBaHa Ha aKTyaJIbHUX JO-
CITI/DKEHHSX Ta MPHUKJIAZAaX PealbHOTO 3aCTOCYBAHHS.

bi6m. 12.

YK 528.88:630

Kagarr O.0., Kagar F0.B., Cepreesa K.JI., Poit /.M. AnaJjii3 MeTOAUK aBTOMATH30BAa-
HOIr0 KapTyBaHHA 3MiH Boj0iiM // CuctemHI TexHouorii. PerioHanbHuil MiXBY31BCbKUI 301p-
HHK HayKOBHX Ipailb. - Bumyck 5(160). — Ininpo, 2025. — C.164— 171.

B crarTi po3riasiHyTi OCHOBHI METOJM aBTOMATH30BAHOTO KAPTYBAaHHS 3MIH BOAONM 13
3aCTOCYBAHHSAM JIaHUX JHMCTaHLINHOTO 30HAYBaHHS 3emili. BUKOpUCTaHHS PI3HOPIIHUX JAa-
HUX y MOE€HAaHHI 3 KOMOIHAIII€I0 METO/I1B Ha OCHOBI CHEKTPAJbHUX 1HJIEKCIB T4 MAIIMHHOTO
HAaBYaHHs JIEMOHCTPYIOTh HaMKpauiuil pe3yiapTaT. PO3MISIHYTO METOIM aBTOMAaTHU30BAHOTO
KapTyBaHHS 13 3aCTOCYBAaHHS TUCTAHIIIMHOIO MOHITOPUHTY Ta MPUMEHUMOCTb METOJIB IJIf
aHaTI3y BOJHUX pecypciB Ykpainu. OCHOBHI KJIAaCHYHI METOJU 0a3yrOThCsl HA BUKOPUCTaHHI
CHEKTPAJIbHUX 1HAEKCIB, MAIMHHOTO HaBYaHHS Ta MOPOTYBaHHS 300pake€Hb. 3aCTOCYBAHHS
PI3HOPITHUX JaHUX Yy MO€JHAHHI 3 KOMOIHAIIEI0 METOMAIB JEMOHCTPYIOTh HaWKpamuii pe-
synmbrar. CIijJ 3a3HAYUTH MO TaKi METOIW HE JO3BOJISIFOTH OTPUMATH TOYHE MOPOTOBE 3HAa-
YeHHS ISl BITHOCHO HEBEIMKUX BOJOMM. MeToa KapTyBaHHS IMOBEPXHEBHX BOJ 13 3aCTOCY-
BaHHSAM paJapHUX 300pake€Hb Ta BHKOPHCTAaHHSIM METOIy BHOOPY ONTHMAIBHOTO ITOPOTY,
€TAJIOHHOI MaCKH BOJIM, ITOKa3aB HaWKpAIIUK PE3yJIbTAT.

bi6m. 21.
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YK 655.2:519.8
Knesuos M.K., Pynakosa I'.B. OnTumizaunisi po3kporo JHCTOBOI0 namepy AJsi 1o-

Tped mojirpagiuHoro BupodHuuTBa // CUCTEMHI TEXHOJOTII. PerioHanbHu MIXKBY31BCHKHIA
30ipHHUK HayKOBHX Mpailb. - Bumyck 5(160). — duinpo, 2025. — C.172— 177.

VY crarTi mpencTaBlieHO KOHIEMINI0, apXiTeKTypy Ta MPUHLMIMN peamizaimii iHpop-
MaIiifHOTO MOAYJIS MIATPUMKH NpUiHATTS pimens (IM II1P) nis rexnonora noxirpagigaoro
HianprueMcTBa. MOIyIb pO3poOIEHO 3 METOK0 aBTOMATH3aIlii TPOIIECIB MiATOTOBKH JI0 IPYKY,
BUOOPY ONTUMAIBHUX MapaMeTPiB PO3KPOIO, MPU3HAYCHHS MaTepiajiB i BUOOPY TEXHOJIOTIY-
HOT'O MapHIpyTy. 3apOIOHOBAHE PIlICHHS MOEIHYE MaTEMaTHUYHI MOJEIi, BUPOOHUYI JIaHi Ta
€BPUCTHYHI MPaBHJIa 3 TPAKTUKH, IO A03BOJISIE 3MEHIIUTH Yac MPUHHATTS pillleHb Ta 3HU3U-
TH UMOBIPHICTh TIOMHJIOK.

bi6n. 7.

YIK 666.972.018.2

Benmine B.B., Hectepenko T.M., Hecrepenko M.M., Ilupauk M.O. Excnepumen-
TaJbHI 10CTiIKeHHsA KOMOiHOBaHOI iMIy/IbcHO-BiOpauiiinoi ycranoBku // CuctemHi Tex-
Houiorii. PerioHanbHMI MiXKBY3iBChbKUI 30ipHUK HayKOBHX mpariib. - Bumyck 5(160). — uimnpo,
2025. - C.178-188.

Y crarti HaBEOEHO pE3yNbTaTH EKCIEPUMEHTAIBHUX JOCHIKeHb YIIUIbHEHHS
HOJIICTUPOIOETOHHOI CyMilli 13 3aCTOCYBaHHSAM KOMOIHOBaHOI iMITyJILCHO-BIOpaIliifHOi ycTa-
HOBKH. PO3IIISIHYTO BIUIMB KIIFOUOBHX TEXHOJOTIYHUX TMapaMeTpiB — 3a30py MiXK paMaMu, Ma-
CH IpHUBAaHTaXXyBauya Ta TPUBAJIOCTI YIIIJIbHEHHS — Ha (OPMYBaHHS CTPYKTypH OETOHHOIO
BHUpoOy. BuBUYeHO €(heKTUBHICTH ABOX PEKUMIB YIIUIBHEHHS: JIMIIE BEPTUKAIBLHOTO IMITYJIbC-
HOTO HaBaHTA)KEHHS Ta KOMOIHOBAHOTO (BEpTHKaJbHI IMITYJIbCH + TOPU30HTAJIbHI BiOpallii).
BcranosneHo, 1o noeaHaHHs IMITYJIBCHOTO ¥ BIOpaIiitHOTO 30y IXKEHHS TO3BOJISIE TI1ABULIIUTH
MEXY MIITHOCTI Ha cTUCK 70 5—7%. [IpeacTtaBieHo moOymoBaHi MOBEPXHI BIATYKY, IO LIFOCT-
PYIOTH BIUIMB JOCTII)KYBaHUX (PaKTOPIB Ha KIHIIEBY MILHICTh BUpoOY. OTprMaH1 pe3yabTaTH
JIOLIJIBHO BPaxOBYBATH MPHU ONTHUMI3AII] PEKUMIB YIIUIbHEHHS Y BUPOOHUIITBI CTIHOBHX JIET-
KOOETOHHUX MaHeNeH.

bi6n. 8, puc. 6, Tabm. 5.

YK 629.113

CrpensOiupkuii  B.B. [locaizzkeHHsi 3HOCY IIMH NOPTOBHX KOHTelHEPHUX
HaniBnpuueniB // CucreMHl TexHONOri. PerioHanbHUl MiXKBY31BCbKUN 30IpHUK HAYKOBHX
npaiib. - Bumyck 5(160). — Ininpo, 2025. — C.189- 197.

3HOC IIMH MPUYEIiB-KOHTEHHEPOBO31B-IIPUPOIHE SIBUIIIE, ajle CYTTEBO BIUIMBA€E Ha 0e3-
NEeKy pyXy, €KOHOMIYHY JOUUIBHICTh 1 3arajibHy €(eKTUBHICTh TPAHCIIOPTYBAaHHS BaHTaXIiB.
3HaHHS MPUYMH, CUMIITOMIB 1 c1IOCO0IB OOPOTHOM 31 3HOCOM BKpail BayKJIMBO ISl BIACHUKIB
aBTOMApKy 1 BOJIIB.YCIIIIHE YNpPAaBIiHHA 3HOCOM IIWH NpUYENiB-KOHTEHHEPOBO3IB A0OCH-
raeTbcs 3a PaXyHOK B3a€MOIIOB'A3aHOIO 3aCTOCYBaHHS HACTYIHUX 3aXO/1B: BUOOpY HaaiHHUX
[IMH, PETYISPHOr0 TEXHIYHOTO OOCITYyroBYBAaHHS, MIATPUMKU ONTHUMAJIbHOTO TUCKY, HaJIEXK-
HOTO 3aBaHTa)XEHHS 1 HaBYaHHS BOIIB.

bi6s1. 9. 1. 4. Tabm.
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YK 519.876.5+004.4'272+005.8
CeniBeopcroBa T.B., Mama I0.B., T'yma A.Ll, 3emennoB J[.I'., KokxoBuu Bb.O.,

Beposkin O. Oninka Ta ontuMmisaiis iMoBipHocTi 3aBepmenns: IT-npoexty 3a MeTooM
PERT // Cucremni TexHosorii. PerioHanbHuiA MDKBY3IBCHKHI 30ipHMK HAyKOBHX IIpallb. -
Bumnyck 5(160). — Ininpo, 2025. — C.198- 210.

VY crarti gocnimkeHo 3acrocyBanus metonay PERT (Program Evaluation and Review
Technique) nns ananisy i ontumisaii cTpokiB peanizamii IT-poekTiB B yMOBax HEBH3HAYEC-
Hocti. Meron PERT no3Bonsie MojentoBaTu 4acoBi MapamMeTpH 3ajad MPOEKTY HA OCHOBI
TPhOX EKCHEPTHHUX OI[IHOK (ONTHMICTUYHOI, HMOBIPHOI Ta MECUMICTHYHOI), OOYHCIIOBATH
OYiKyBaHY TPUBAJIICTh MPOEKTY Ta OLIHIOBATH WMOBIPHICTh HOTO 3aBEpIICHHS y BCTAHOBJIE-
HUH TepMiH. 3arpoOnoOHOBAaHO (OPMaTi30BaHy MOCTAHOBKY ONTHMi3amiiHOI 3amadi, M0 Te-
pendayvae MiHIMI3aIil0 PU3HUKY 3aTPUMKH [IUIIXOM BIUTUBY Ha MapaMeTpu 3a1a4d KPUTHIHOTO
HUISXY: 3MEHIIEHHS TPUBAJIOCTI Ta nucnepcii. [IlpoBeneHo 00UHMCIIOBAIBHUN €KCIIEPUMEHT Ha
npukiaai ymoBHoro IT-mpoekty 3 9 3amayamu, ne BU3HAYEHO KPUTHYHHMNA IUISX 1 OLIIHEHO
HMOBIpHICTh CBOEYACHOTO 3aBEPIICHHS MPH 3aJaHOMY A€UIaiiHi. 311iiCHEHO ONTHMI3aIliio, B
pe3yIbTaTi AKOi KMOBIPHICTH 3aBEPILICHHS MTPOEKTY Y CTPOK 3pocia 3 15.78% mo 43.34%. Ot-
puMaHi pe3ylbTaTH JEMOHCTPYIOTh MOMUIbHICTh oeqHanHs PERT 3 meromamn MatemaTmd-
HOTO MOJICNIOBAHHS TPH TUTAHYBAaHHI CKJIaIHUX MpOeKTiB. [lokazaHo, M0 HABITH HE3HAYHI
3MIHM y TIapaMeTpax 3aJa4 MOXXYTh CYTTE€BO 3HHU3WTH PH3HMKH 1 MiABUIIUTH HAAIWHICTH JO-
TpUMaHHS CTPOKiB pearizanii IT-nmpoekTis.

Puc. 3, Tabm. 2, JIit. 8.

YK 004.4

Hunin A.A., XKyp6a A.O. Peasizanisi Ta qocaaizkeHHsI MeTOAIB aBTOMAaTH3allil Ka/-
poBoro mianyBaHus // CucremHl TexHoOrii. PerioHanbHuil MIXBY31BCbKUIN 30IpHUK HAYyKO-
BUX Mpailb. - Bumyck 5(160). — duinpo, 2025. — C.211- 222.

B crarti nocnimkeHo epeKTUBHICTh PI3HUX METO/IIB IJIAHYBaHHSI JIIOJICBKUX PECYpPCIB B
IT-komnanisgx. Byno po3po6ieHo nporpaMHHU TIPOAYKT, SIKUK 3MOKE €PEKTUBHO YIPaBISATH
MIPOEKTaMHU Ta IUIaHyBaTH JIOACHKI pecypcu B IT-kommnanii. BripoBamkenHst po3pobieHoi cu-
CTEMH YIPaBIIiHHS MPOEKTAMHU Ta METOJIIB TUTAHYBAHHS JIFOJICBKAX PECYPCiB MPU3BOAUTH JI0
MIJBUIIEHHS €()EeKTUBHOCTI poOOTH KOMaHAM Ta MOKpAIllEHHS pe3ylbTaTiB MpOeKTiB. Peko-
MEHJIOBAHO 3aCTOCOBYBATH PO3pOO0JIEHI METOAM Ta IHCTPYMEHTH JUIsl MiJIBULICHHS KOHKYpPEH-
ToctipoMoxHOCTI IT-kKoMITaHiii.

bi6x. 8, i1. 11, Tabm. 1.
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UDC 004.021

Molodets B., Bulana T., Boldyriev D. Analysis of existing architectures for the de-
velopment of an information system of air quality assessment // System technologies.
N 5(160) - Dnipro, 2025.- P.3 — 10.

The paper focuses on the development of information technology for weather modeling
and forecasting using modern deep learning methods. The relevance of the topic is driven by
growing climate risks, an increase in the frequency of extreme weather events, and the need
for highly accurate meteorological analytics for the agricultural sector, transportation, energy,
and civil defense systems. FourCastNet, a modern architecture based on deep neural networks
and transformers that combines high performance with the ability to process large-scale his-
torical meteorological data, was chosen as the main model for generating forecasts.

Bibl. 10.

UDC 004.043

Zarodiuk A.V., Likhouzova T.A. Analysis of scientific and practical achievements in
the sphere of reverberation effects generation // System technologies. N 5(160) - Dnipro,
2025.- P.11 - 23.

The study addresses the problem of creating realistic reverberation sound effects in
computer games. The primary features of existing reverberation generation methods are out-
lined, including the complexity of manual sound parameter adjustments, the static nature of
models, and limited adaptability to the geometry of the game environment. It was determined
that the problem of creating realistic reverberation effects for computer games is achievable
only when using modern approaches that reduce manual tuning and increase the adaptability
of sound parameters. Based on the analysis, it was determined that there are significant obsta-
cles that reduce the realism of acoustic accompaniment using available methods.

Bibl. 20.

UDC 623.618.2

Klymenko O.D. Verification of homogeneity of pseudorandom samples by Ander-
son and Bush-Wind criteria // System technologies. N 5(160) - Dnipro, 2025.- P.24 — 33.

The article considers the issue of statistical homogeneity of pseudorandom variables.
The aim of the study is to assess the effectiveness of two criteria: Anderson's two-sample cri-
terion and the combined Bush-Wind criterion. The possibilities of the criteria for detecting
statistically significant differences between samples are investigated, especially in cases
where one of the samples contains "contaminated” data (Tukey samples). Anderson’s criterion
is based on the analysis of the rank characteristics of samples, which allows assessing their
homogeneity under conditions of unknown distribution. In contrast, the combined Bush-Wind
criterion is universal and can analyze samples with different distributions, considering both
average values and variances. The practical value of the study lies in determining the optimal
conditions for using each of the criteria for samples of different sizes and with unknown sta-
tistical parameters. The use of these criteria can be effectively applied when studying small
samples (n<60). It was determined that it is advisable to combine statistical criteria with data
cleaning methods or use robust analogues. The results obtained can be applied in experi-
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mental physics, sociology, engineering, biomedical research, and other fields, where it is im-
portant to assess the homogeneity of experimental data.

Bibl. 7, Fig. 4, Tabl. 3.

UDC 004.94, 624.9, 692

Movchan Oleksandr Advanced damage plasticity modelling and calibration strate-
gies for accurate finite element analysis of unreinforced concrete in thin-walled struc-
tures // System technologies. N 5(160) - Dnipro, 2025.- P.34 — 42.

A unified workflow is presented for high-accuracy finite-element simulation of unrein-
forced concrete in thin-walled structures. The approach combines damage-plasticity constitu-
tive laws with a step-by-step calibration sequence that uses compression, tension, and fracture
tests, plus refined through-thickness meshing and nonlocal regularization to eliminate mesh
bias. A properly tuned Concrete Damaged Plasticity model reproduces load—deflection curves
and crack patterns within fifteen percent of experiments. The study also highlights the need
for open benchmark databases and machine-learning tools to streamline parameter identifica-
tion and enhance model reliability.

Bibl. 11, ill. O, tabl. 0.

UDC 004.8, 004.93, 624.042.7, 692.5

Hryhorovych M Detecting flat roof defects with machine learning and deep learning
techniques // System technologies. N 5(160) - Dnipro, 2025.- P.43 — 49.

This article presents a structured overview of modern deep learning techniques-
convolutional neural networks (CNNs), semantic segmentation (U-Net, DeepLab,
TransUNet), object detection (YOLO, Faster R-CNN), and autoencoder-based anomaly detec-
tion-for identifying structural damage, with a focus on flat roofs. UAV-captured RGB and in-
frared images are used as primary data sources, enabling remote inspection of inaccessible
areas. The study highlights how deep learning methods achieve over 85% accuracy in recog-
nizing cracks, spalling, or moisture damage. A comparison table summarizes model perfor-
mance across structural components. Real-world case studies demonstrate the practicality of
integrating Al-driven tools into structural monitoring workflows. The article outlines chal-
lenges such as dataset limitations and generalization issues, and recommends the fusion of
multimodal data and digital twin systems for future work.

Bibl. 10, ill. 1, tabl. 1.

UDC 004.8 + 311.2

Bakhrushyn O., Bakhrushyn V. Application of artificial intelligence tools for data
search and preliminary analysis in applied research of educational systems // System
technologies. N 5(160) - Dnipro, 2025.- P.50 — 57.

The problems of using popular artificial intelligence tools GROK 3 and ChatCPT 4 for
collecting data on educational systems available on the Internet, their pre-processing and
analysis are considered. It has been shown that both tools significantly speed up and simplify
the execution of routine research stages. At the same time, GROK 3 provides more complete,
reliable and high-quality data, which are generally close to similar data from other sources.
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Therefore, its use to solve problems of the class under consideration can be useful in conduct-
ing research on educational systems and developing educational policies.

Ref. 7, fig. 7.

UDC 627.63. 632.81.618.83

Povorotnya I.R., Safronova O.A., Podolskyi R.V., Kononenko G.A. Optimal Mn/Si
parameters for adjusting the mechanical properties of steel for railway axles // System
technologies. N 5(160) - Dnipro, 2025.- P.58 — 68.

The study presents an approach to optimizing steel composition based on the concept of
directed chemical bonding. The method accounts for interactions between elements at the in-
teratomic level, which is critical for predicting material properties. The main focus is on the
influence of carbon, silicon, and manganese content on the system'’s charge state, represented
by the ZY parameter. It was found that to increase hardness, the Mn/Si ratio should be adjust-
ed: below 2.8-3.2, priority is given to silicon; above this range, to manganese. Controlling
alloying elements enables the development of steels with predictable properties.

Bibl. 7, ill. 8.

UDC 532.516

Polevoy O.B., Redchyts D.O. Numerical simulation of the interaction of a shock
wave with a supersonic laminar boundary layer in the presence of heat and mass ex-
change with the surface // System technologies. N 5(160) - Dnipro, 2025.- P.69 — 83.

Parametric numerical experiments on the influence of heat and mass transfer on flow
separation during the interaction of an oblique shock wave with a laminar boundary layer
were carried out. An implicit finite-volume algorithm for solving the Navier-Stokes equations
is applied. It is shown that despite the different physical nature of the influence, heat and mass
transfer with the surface has a similar resulting effect on the size of the supersonic separation
zone. It was found that by means of heat and mass transfer it is possible to prevent the occur-
rence of a separation zone in two-dimensional supersonic flows.

Ref. 16, fig. 10.

UDC 004.056.5

Sukovenko K. Information technology for decision support in the field of video sur-
veillance // System technologies. N 5(160) - Dnipro, 2025.- P.84 — 91.

The article presents the concept of developing a multi-level information technology sys-
tem that provides decision support in the field of video surveillance. The system integrates
sensor devices, edge computing, analytical Al modules, and mechanisms for integration with
other information platforms. It discusses aspects of automated video data processing, adapta-
tion to operational environments, and information security. The article emphasizes the im-
portance of such systems in creating a secure urban environment.

Ref.6, Fig. 0, Tabl. 0.

UDC 621.771.09

Zinchenko M.D., Potap O.Yu., Burchak A.A., Mykhailovskyi M.V., Shybakinskyi V.I.,
Yvanova L Research of the process of cutting long rolled steel on rail-beam and large-
section mills // System technologies. N 5(160) - Dnipro, 2025.- P.92 — 100.
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The cutting process on rail and beam mills with fluctuations in the length of the roll,
which occur due to the influence of the temperature of the rolls and the sizes of the blanks, is
considered. The aim of the work is to study the conditions for cutting the last bar of the meas-
ured length and the remaining rolled product under conditions of unstable rolling length. If
the remaining product exceeds the technological cut-off value, in order to prevent the conver-
sion of suitable rolled products into waste, the last bar of the measured length and the remain-
ing product are cut into two bars of non-measured normal length. An expression for determin-
ing the length of the remaining product is obtained based on the ratio of prices for measured
rolled products, normal rolled products and waste, and a graph of profit from the length of the
remaining product for different cutting methods is constructed.

Bibl. 4, ill. 2, tabl. 2.

UDC 623.618.2

Fedorenko O.D., Klym V.Y., Klymenko S.V. Nonparametric statistics of random
variables with unknown probability distribution function // System technologies.
N 5(160) - Dnipro, 2025.- P.101 — 111.

The problem of analyzing statistical data with unknown laws of distributions other than
normal, for which the use of classical parametric methods is ineffective, is investigated. Non-
parametric methods, in particular, ranking and analysis of extreme values, are used on the ex-
ample of two types of distributions: logistic (symmetric) and exponential (asymmetric). Com-
putational experiments were conducted and the corresponding graphs were obtained using the
Mathlab software package. Samples were generated according to the specified parameters,
after which their statistical characteristics were calculated: mean values, minima, maxima,
shifts and scales. The statistical homogeneity of the obtained values of special criteria was
checked using the t-test. The efficiency of this calculation algorithm for preliminary determi-
nation or additional verification of the statistical homogeneity of time series samples under
given conditions is shown.

Bib. 9, Fig. 3, Table 4.

UDC 681.3.06

Tryputen M., Kuznetsov V., Yvanova L. Adaptation of a predicate model in control
problems of nonstationary static objects // System technologies. N 5(160) - Dnipro, 2025.-
P.112 - 127.

When controlling static objects at the optimization level, pattern recognition methods
are used that allow partitioning the factor space into elementary subdomains in the form of n-
dimensional hyperparallelepipeds. One of the main elements of the control structure for this
approach to control is the adaptation algorithm, that makes it possible to refine the description
of a static object under nonstationarity conditions. Repeated use of the adaptation algorithm to
refine the model leads to an unjustified complication of its logical structure and the accumula-
tion of information that has lost its relevance. The paper proposes a method for minimizing
the description of images of technological situations, that makes it possible to overcome the
indicated disadvantages.

Bibl. 18.
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UDC 533.6

Tonkoshkur I.S. Numerical analysis of aerodynamic characteristics of non-circular
cones during supersonic flow // System technologies. N 5(160) - Dnipro, 2025.-
P.128 — 135.

The problem of supersonic flow of a viscous gas flow around a sharp cone with an arbi-
trary smooth cross-section is considered. A method for calculating the aerodynamic character-
istics of this body is proposed, which is based on the numerical integration of the Euler equa-
tions and the laminar boundary layer. The influence of geometric and physical parameters on
the integral characteristics of the flow is analyzed. It is shown that the shape of the cross-
section of a bielliptic cone significantly affects the value of its aerodynamic coefficients.

Bib. 12, ill. 2.

UDC 004.942:621.65.052

Kobzar V.I., Kryvenko O.Yu., Pikilniak A.V. Optimization of hydrotransport system
parameters taking into account reliability criteria // System technologies. N 5(160) -
Dnipro, 2025.- P.136 — 146.

The article presents approaches to improving the reliability of hydrotransport systems
through stochastic modeling of hydroabrasive wear. Mathematical models for evaluating the
reliability of pumps and pipelines are proposed, along with the optimization of pump station
placement. Rational structural schemes are identified considering both technical and econom-
ic indicators as well as operating modes. The results obtained enhance the efficiency of indus-
trial operation.

Bibl. 6, Tabl. 1.

UDC 004.623

Krasnyuk M., Hnatushenko Vik., Moroz B., Sokol O. Development of an automated
authorization center system // System technologies. N 5(160) - Dnipro, 2025.- P.147 — 155.

The result of the work, software was developed that performs the functions of forming
and controlling user authorization. Functionality for registering new users was implemented,
including saving their personal data and information for authorization. Mechanisms were pro-
vided for saving and protecting confidential user information, including passwords and other
credentials.

Refs. 11.

UDC 004.8

Ostrovska K.Y., Nosov V.O. Machine learning methods for antifraud systems // Sys-
tem technologies. N 5(160) - Dnipro, 2025.- P.156 — 163.

The paper provides an overview of modern approaches to fraud detection in finance, e-
commerce, and digital services. It focuses on three key areas: classification algorithms, anom-
aly detection methods, and deep learning techniques. Special attention is given to hybrid ar-
chitectures that integrate various machine learning approaches to improve detection accuracy.
The review addresses key practical challenges such as class imbalance, scalability, and model
transparency and is grounded in recent research findings and real-world implementations.

Bibl. 12.
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UDK 528.88:630*162.5

Kavats O.0., Kavats Y.V., Sergieieva K.L., Roi D.M. Analysis of automated mapping
techniques for changes in water bodies // System technologies. N 5(160) - Dnipro, 2025.-
P.164 —171.

The article discusses the main methods of automated mapping of changes in water bod-
ies using remote sensing data. The use of heterogeneous data in combination with a combina-
tion of methods based on spectral indices and machine learning demonstrates the best results.
The article discusses automated mapping methods using remote monitoring and the applica-
bility of these methods for analysing water resources in Ukraine. The main classical methods
are based on the use of spectral indices, machine learning and image thresholding. The use of
heterogeneous data in combination with a combination of methods demonstrates the best re-
sults. It should be noted that such methods do not allow obtaining an accurate threshold value
for relatively small water bodies. The method of mapping surface waters using radar images
and the method of selecting the optimal threshold, the reference water mask, showed the best
results.

Bib. 21.

UDC 655.2:519.8

Klevtsov M.K., Rudakova G.V. Optimization of sheet paper cutting for the needs of
printing production // System technologies. N 5(160) - Dnipro, 2025.- P.172 — 177.

The article presents the concept, architecture and principles of implementation of the in-
formation module for decision support (IM PPR) for the technologist of a printing enterprise.
The module was developed to automate the processes of preparation for printing, selection of
optimal cutting parameters, assignment of materials and selection of a technological route.
The proposed solution combines mathematical models, production data and heuristic rules
from practice, which allows to reduce decision-making time and reduce the probability of er-
rors.

Bibl. 7.

UDC 666.972.018.2

Vedmid V.V., Nesterenko T.M., Nesterenko M.M., Pyrlyk M.O. Experimental studies
of a combined impulse-vibration installation // System technologies. N 5(160) - Dnipro,
2025.- P.178 — 188.

The article presents the results of experimental studies on the compaction of polystyrene
concrete mixture using a combined impulse-vibration installation. The influence of key tech-
nological parameters - the gap between the frames, the mass of the loading device, and the
compaction duration - on the formation of the concrete structure was analyzed. Two compac-
tion modes were investigated: only vertical impulse loading and a combined mode (vertical
impulses + horizontal vibrations). It was established that the combination of impulse and vi-
brational excitation makes it possible to increase the compressive strength limit by 5-7%. Re-
sponse surfaces were constructed to illustrate the effect of the studied factors on the final
strength of the product. The obtained results are recommended for use in optimizing compac-
tion regimes during the production of lightweight concrete wall panels.
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Ref.8, Fig.6, Tabl.5.

UDK 629.113

Strelbitskyi V.V. Research of tire wear on port container semi-trailers // System
technologies. N 5(160) - Dnipro, 2025.- P.189 — 197.

Tire wear on container trailers is a natural phenomenon, but it has a serious impact on
traffic safety, economic feasibility, and overall cargo transportation efficiency. Knowing the
causes, symptoms, and ways to combat wear and tear is crucial for fleet owners and driv-
ers.Successful management of container truck trailer tire wear is achieved through the inter-
connected application of several measures: the selection of reliable tires, regular maintenance,
maintaining optimal pressure, proper loading, and driver training.

Ref.9. Fig.4.Tabl.0.

UDK 519.876.5+004.4'272+005.8

Seliviorstova T.V., Mala Yu.V. Huda A.l, Zelenetsov D., Kokovych B.O.,
Verovkin O. Estimation and optimization of IT project completion probability using the
PERT method // System technologies. N 5(160) - Dnipro, 2025.- P.198 — 210.

The article explores the application of the PERT (Program Evaluation and Review
Technique) method for analyzing and optimizing the timelines of IT project implementation
under conditions of uncertainty. The PERT method enables the modeling of project task dura-
tions based on three expert estimates (optimistic, most likely, and pessimistic), allowing for
the calculation of the expected project duration and the estimation of the probability of com-
pleting the project within a specified deadline. A formal optimization problem is proposed,
aimed at minimizing the risk of delay by influencing the parameters of the tasks on the critical
path - specifically, by reducing both their duration and variance.

A computational experiment was conducted using a sample IT project consisting of nine
tasks. The critical path was identified, and the probability of on-time project completion under
a given deadline was assessed. An optimization was carried out, resulting in an increase in the
probability of completing the project on time from 15.78% to 43.34%.

The obtained results demonstrate the relevance of combining the PERT method with
mathematical modeling techniques in the planning of complex projects. It is shown that even
minor changes in task parameters can significantly reduce risks and increase the reliability of
meeting project deadlines.

Fig. 3, Table 2, Ref. 8.

UDC 004.4

Shilin A., Zhurba A. Implementation and research of methods for automating hu-
man resource planning // System technologies. N 5(160) - Dnipro, 2025.- P.211 — 222.

The article investigates the effectiveness of various methods of human resource plan-
ning in IT companies. A software product has been developed that can effectively manage
projects and plan human resources in an IT company. The implementation of the developed
project management system and human resource planning methods leads to increased team
efficiency and improved project results. It is recommended to apply the developed methods
and tools to increase the competitiveness of IT companies.

Bibl. 8, pic. 11, tabl. 1.
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YopHOMOPCHKUH HaIliOHATLHUH YHIBEPCHUTET IMEHi
II.Morumu, Ykpaina

VYkpaiHCbKUil Jep>KaBHUI yHIBEPCUTET HAYKH 1
texronorii, HHI «lHcTuTYT mpomucnioBux Ta OizHeC
TEXHOJIOTii», YKpaina

XapKiBCbKHI HalllOHAJIBHUI YHIBEPCUTET
panioeneKkTpoHiku, Ykpaina

Akademia Gorniczo-Hutnicza

KpakiBcbka ripuudo-metanypriiina akazgemis im. C.
Cramrina, IToapma

VYkpaiHChKUil ep>KaBHUI YHIBEPCUTET HAYKH 1
texnonoriit, HHI «/{HinpoBcbKMii iHCTUTYT
1H(QPaCTPYKTYpH 1 TPaHCIOPTY» Y KpaiHa
JIHIPOBCHKUI HAIlIOHALHUI YHIBEPCUTET IMEHI
Onmnecs ['ongapa, Ykpaina
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