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b.B. Mononeus, T.M. bynana, /1.0. bonaupes
IHO®OPMAIINHA CUCTEMA T'EHEPAIIII TIOI'OJJHUX YMOB
HA OCHOBI IITYYHOI'O IHTEJIEKTY
NJISI TEXHIYHUX CUCTEM NIATPUMKHA NPUVHATTSI PILIEHD

Anomayis: Poboma npucesauena po3pooyi ingopmayitiHoi mexHonozii Mooeno8anHs no2oou,
3acmocy8aHHAM 2IUOOKO20 HABUAHHSA 8 3A0a4aX NPOSHO3Y8AHHA ammocepHux asuwy. B saxo-
cmi moodeni 6yno oopano FourCastNet 3 sucokoegexmusroo 0opookoi 2eopizuunux 0aHux,
AKA 0ana MONCIUBICMb HABYAMUCS HA 8ETUKUX MACUBAX ICMOPUYHOT Memeopono2iuHol iHgo-
pmayii ma 3abe3neyuna onepamueHe NPOSHO3YBAHHS 3 GUCOKOI0 NPOCMOPOBOI0 PO3OIIbHOI0
30amuicmio. B sxocmi Ooicepena nouamkosux ymos 6yno obpano modenv GFS 3
acuminayiecro GDAS, saxi naoatoms Oani 3 po3dinvHoro 30amuicmio (0.25 0.25° x (0.25°
(~28 xm). Lle 0o3601uU10 ompumamu Kpawyy oemanizayio ammocgeprux npoyecie ma 3aoes3-
neYumu MONCIUBICMb BUKOPUCTNAHHS CUCEMU 8 PENCUMI PealbHO20 Yacy ma noooramu o6-
MedcenHss 6a3080i po30inbhoi 30amuocmi moodener muny ERAS (npubnusno 31 xm). /s
adanmayii 2106a1bHUX NPOSHO3I8 3 YPAXYBAHHAM 2e0NPOCMOPOSUX napamempis 06y10 GUKO-
pucmano mooughixosany apximexmypy muny UNet, aka uKonye npocmoposy inmepnouayiro
Ha OCHOS8I iHghopmayii 3 HaubaudNHCUUX Memeocmanyit. B cmammi demanbHo po3ensanymo ap-
Ximekmypy cmeopenoi iHgopmayiuHoi cucmemu NpoSHO3Y8AHHA. 3aNpONOHOBAHUN NiOXi0
30i1bULYE MOYHICMb NPOSHO3YEAHHS OJIsl OKPeMUX MOUYOK, U0 € 0COONUBO AKMYANbHUM OJis
azpapHo2o Niany8anHs ma pobomu cucmem paHHb020 ONOBIUeHHSL.

Knrouosi cnosa: ingpopmayiiina cucmema, npocHo3y8anus ammocgepHux aeuwy, obpooxa me-
meoponociuHux 0anux, netipouui mepexci, UNet apximexmypa, mooenv FourCastNet

IMoctaHoBK mpoO/eMu. Y Cyd4acHOMY CBITi, JIe 3pOCTa€ 4acToTa E€KCTpEeMalbHUX I10-
TOJTHUX SIBUII T4 YCKJIQJHIOETHCS BIUIMB KJIIMATHYHUX 3MiH Ha COIIaJbHO-E€KOHOMIYHI TpoIIe-
CH, BUHHKA€ HarajJbHa MoTpeda B OMEpaTMBHOMY Ta TOYHOMY IPOTHO3YBaHHI arMoc(hepHUX
yMoB. Ha choromnimHiii 1eHb yci MeToau mnependayeHHsl MOTOJHUX YMOB MOXKHAa YMOBHO
PO3AUTUTH Ha JIBi TPYIHU - 1€ TPAIUIIIHI YUCEIIbHI METOIN MOJIEIIOBAHHS, Ta METOIU 3aCHO-
BaHI Ha IITYYHOMY IHTENEKTi. MOAENIOBaHHS MOTOAW OCOONHMBE 3HAYEHHS i HACTYIHUX
IapiB HACEJICHHS: METEOpOJIOTiB, arpapiiB, MpaliBHUKIB CIYy)XO0 HaJ3BUYaWHUX CHUTYaIii,
TPAHCHOPTHUX KOMIIaHiM, €HEPreTHKiB, a TaKOX JIOCIIIHUKIB Y cdepi KIiMaToNIOTii Ta eKo-
aorii. Ans pepmepiB 1e A03BOIISIE MIIAHYBATH CLIBCHKOTOCTIOAAPCHKI poOOTH 3 ypaxyBaHHIM
NOrOJJHMX YMOB, a JJs aBia- Ta MOPCHKHX MEpPEeBI3HMKIB — 3a0e3meuyBaTtd Oe3ledHy
JOTICTUKY. YPSAAOBI CTPYKTYpPH Ta CIIy>KOM IIMBUIBHOTO 3aXHUCTy MOXXYTh BUKOPUCTOBYBATH

NPOTHO3M IS MATOTOBKH J0 CTUXIMHUX JIMX, MIHIMI3yIOUM MOTEHIIIHI 30UTKU Ta PATYIOUH
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TMOJCHKI KHUTTS. KpiM TOro, BUCOKOTOYHE MOJCIIOBAHHS MOTOAHM € KPUTHYHUM IS JIOB-
TOCTPOKOBOT'O MOHITOPHHTY KJIIMAaTUYHUX 3MiH 1 (POPMYBaHHS €KOJIOTTYHOI MOJITHKH.

AHaJi3 ocTaHHixX gocaimxkensb i mydaikauiii. B cratri [1] po3rasmaerscs cripoekToBa-
Ha CHUCTEMa MPOTHO3YBaHHS Ha OCHOBI mTyuHOro iHTeNnekTy (AIFS) — monens mporHo3yBan-
HS Ha OCHOBI JaHUX, po3poOiieHa €BPONEHCHKUM LEHTPOM CEpeAHBOCTPOKOBUX IPOTHO31B
noroau (European Centre for Medium-Range Weather Forecasts, ECMWF). Monens mae
MOJYNBHY apXiTeKTypy Ta MiATPUMYe MapajelbHe HABUAHHA HA BUCOKOTOYHMX JaHHUX. Ii
MIPOTHO3M OLIHIOIOTHCS MOPIBHAHHAM 3 NWP-aHami3oM i crnocTepexeHHsIMH, JEMOHCTPYIOUN
BUCOKY TOYHICTb 11 aTMOC(EpHUX 3MIHHUX, OTOJHHUX TapaMeTpiB Ha MOBEPXHI Ta TPEKiB
UKIIoHIB. CHcTeMa 3armycKaeThbesl YOTHPU pa3u Ha JieHb pa3zoM i3 mozaemno ECMWFE, a pe-
3yJbTaTH JOCTYIHI MyOIi4HO.

B ctarTi [2] npoaHai30BaHO iHTETrpallio MTYYHOTO 1HTEIEKTY 3 YMCEIbHUMHU MO~
MU TIPOTHO3YBAaHHS MOTOAM HA PI3HUX €Tarax MOJAETIOBaHHS. PO3IIISTHYTO cydacHi apXiTeKTy-
pu, Taki sk RNN, CNN, LSTM, MetNet, FourCastNet i GraphCast, siki 31aTHI TpalOBaTH 3
BHCOKOIO TIPOCTOPOBOIO PO3ILIIBHOIO 3/IaTHICTIO Ta (POKyCyBaTHCS Ha OKPEMUX aTMOC(HEpHUX
sumax. [lepenideni Moen AEMOHCTPYIOTh MOTEHIIIAN Yy MiABUIICHHI TOYHOCTI MPOTHO3IB,
OJTHaK Ha CHOT'OJIHI BOHU MEPEBAKHO BUKOPUCTOBYIOTHCS SIK JOMOMIKHI IHCTPYMEHTH — JUIst
00poOKH, acuMiNALii Ta MiATOTOBKM AaHuX. lLle 1o3Boisie moKpamryBatu poOOTy Tpaguiliii-
HUX MOJIeJell MPOrHo3yBaHHs (0a3yloThesl HA (PI3MYHHUX PIBHSAHHAX), TA OMUHATH OOMEXECHHS
MIPOTHO3YBAHHS B PEKUMI peaqbHOro 4yacy. | xoya TpaauIiiiHi Mozeni MOXKYTh MOKa3yBaTH
Kpalluil pe3yibTaT Ha BETUKUX TEPUTOPIAX MOAEITIOBAHHS, ISl MOJICIIOBAHHS MOTO/IM HA He-
BEJIUKUX TEPUTOPISIX, HEHPOHHI MepeKl MOXKYTh MOKa3yBaTH KpPaIUil pe3ynbTar 3aBIsSKU I10-
KpaIlleHHIO BXiAHUX naHux [3], a came: 30UIbIIECHHS PO3AUIHPHOT 3aTHOCTI BXIAHHMX Mapa-
METpIB, TaKMX K pelibed Ta ICTOPUYHI CTalllOHAPH] JaHi.

Meta aociaimkenHsi. Mera AoCHipKeHHST mojsrae B po3podmi edexkTuBHOI 1HOP-
MaIiifHOT TEXHOJIOTI JIJI1 IPOTHO3YBaHHS aTMOC(HEPHHUX SIBUII IIISTXOM IHTErpailii CydacHUX
Mozenei rimbokoro HaBuaHHs, 30kpeMa FourCastNet Ta monudikoBanoi apxitektypu UNet,
3 mobansbHUMU MeTeoposioriuanmu nanuMu (GFS 3 acuminsmiero GDAS) 3 meToro miaBu-
IIEHHS TOYHOCTI, IIBUIKO/IIT Ta JIOKAJILHOI afanTarllii MporHO3iB Y peKHUMi peajJbHOTO Jacy.

Buxnan ocHoBHOro mMarepiaay gociaigkeHHsi. Y poOOTi y SKOCTI MOJIEII 3 MOJIEIO-
BaHHS MI00ANBHUX JdaHux Oyno obpano mozenb FourCastNet [4]. Ls Mmonens mporHo3yBaHHS
MOTO/IM, 3aCHOBaHA Ha METOJax IMHOOKOTo HaB4YaHHs, po3podieHa qociigaukamu 3 NVIDIA
Ta CIIUJIBHO 3 BUCHUMH 3 PANlY YHIBepCcHUTETiB. BoHa moeaHye HEMPOHHI MEPEXi 3 apXiTEeKTY-
poro TpaHcOpMEPIB Ta CHEIIATBHO aJaNTOBAaHUMHU OOYHMCITIOBATLHUMHU OJTIOKaMu 1t 00po6-
KU reodi3uYHuX JaHuX. Mojenb HAaBYAETHCS HA BEIHMKHUX OOCATaX ICTOPUYHUX METEOPO-
JoriuHux AaHux (Hampukian, 3 ERAS) i 3maTHa 3aiiicHIOBaTH MPOTHO3YBaHHS MOTOJU 3 BH-
COKOIO MTPOCTOPOBOIO PO3AUIBHOIO 3/1aTHICTIO — /10 0.25° — y COTHI pa3iB MIBHUIIE, HIXK Tpa-
TUITIHI YUCETbHI METOJIU, TIPH IIOMY 30€pirarouu MOPIBHSIHY TOYHICTb.

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



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

Output (time — ¢ + A¢) (b) Fine-tuni
- . ») Fine-tuning
(a) AFNO architecture -

Xeruelkt1)  loss  Keruolk+2)
)
|
L E-
X(k) AFNO AFNO
model ;,ﬁ I; model X(k "_'J
(c) Precipitation model
i Prrne(k+1)
Channel Mixing J |
(TFFT ) [ Spatial Mixing J X(k) | : .‘\;x(; . | aFNo | |
| S, LN | (backbone™) (precip.)
P < ./.\lnllipi\'-‘ .""\ 4 : X(k+1) p(kt1)
B [M-.h’{'J = l:l"ru;||mr_\" 1 I 1 I I { *Pre-trained anc

e ( Patch and Position Embedding |
- | J
FFT ) . I T I X il

—F
— | = ; ¥ | B - &3
—Ti ] “y ,
]r]"-—* o - ~
P
'

channels )
Input (time t) pmnoiss
U longitudes () Inference

‘ AFNO } AFNO

X (k) (backbone) X0k 1) (precip.) plk+1)

Pucynok 1 - Cxema moneni FourCastNet [4]

FourCastNet nemoHCTpye Bpaxaroudy IPOIYKTUBHICTh 3aBASKA €(PEKTUBHOMY BUKOPH-
cranHio GPU-apxiTekTypu, 10 A03BOJIsE 3AIHCHIOBATH TI00aIbHI MPOTHO3U TOTOAU BCHOTO
3a KiJibKa cekyH. Lle BiIKprBae HOBI MOKIIMBOCTI JIJIsl OTIEPATUBHOTO pearyBaHHs Ha MOT'OHI
3MiHH, @ TAKOX JIa€ 3MOTY CTBOPIOBAaTH aHCaMOJIEBI NMPOTHO3U B PeajlbHOMY Haci. 3aBASKH
CBOTI THYYKOCTI Ta HMIBUAKOCTI MOJEIh Ma€ BENUKHUU MOTEHINaN JJIs iHTerpaii B CHCTeMH
PaHHBOTO TOMEPEKEHHS, @ TAKOX ISl BUKOPUCTAHHS B MOOUTBHHMX JOAATKaX, arpOCeKTOpi
Ta €HEPreTUYHOMY IJIaHyBaHHi [5].

3aranpHa cxema poOOTH MOJIeNi 3 OTOJHUMH 300pa’keHa Ha PUCYHKY 2.

Forecast variables

ERAS

Y

FourCastNet »  1d Forecast

5d Forecast

Pucynok 2 - [Tpunuun po6otu Mozeni Ha ocHOBI JaHux ERAS

Jlna HaBuaHHA criodaTKy Oyno oOpaHo martacet [6]. Ha ocroBi nanux ERAS 6yno mpo-
BEJICHO MOJICNIIOBAHHS Ta MOPIBHAHHSA OTPUMAHUX JIaHHUX, & caMe 3HAUYCHHS TeMIlepaTypH i3
JAHUMH 3aMipiB peanbHoi cranuii BnpoaoBxk Mmicsuia. RMSE aBox yacoBux psniB ckiaio 3
I'PaayCcH 3a LENbCIEM.

Hani mogeni ERAS maroTe po3ainbHy 31aTHICTD ~ 31KM, a HaJaHHS IUX JaHUX BiIOy-
BA€THCS 13 3aTPUMKOIO BiIHOCHO IMMOTOYHOTO Yacy, OCKUIBKM HEOOX1THUN Jac Ha 00poOKy na-
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HUX 13 3eMHHUX CTaHILii. 3 METOIO MOJIMIIEHHS PO3AIIbHOI 3JaTHOCTI 0a30BUX JaHUX, @ TAKOXK
MOJKJIMBOCTI BUKOPHCTAHHSI NPOTHO3YBAHHS Y pEaJbHOMY dYaci I1o0aibHy Mojenb Oyio
3miHeHO Ha Mojenb GFS, nis HaBYaHHS BUKOPUCTAHO ii BEPCiI0 3 aCHUMUIALIECI0 JTaHUX
GDAS [7].

Monens GDAS (Global Data Assimilation System) — 1e rio6anbHa cuctema 300py,
00poOKH Ta aHaNi3y METEOPOJIOTIYHUX JaHUX, KA BUKOPUCTOBYETHCS ISl CTBOPEHHSI TOYAT-
KOBHX yMOB JUIsl YMCENBHOTO MPOTHO3YBaHHS MOToAM, 30kpema mis moxaeni GFS. Bona
MO€IHYE JIaH1 3 Ha3eMHHUX CTaHIiM, CYMyTHHKIB, pafapiB Ta iHIIMX JKEpes, 3a0e3nedyroun
MaKCHUMaJIbHO TOYHY IIOYaTKOBY KapTHHY aTMocdepu. Po3ainena 3natHicte GDAS 3a3Buyait
CTaHOBUTH Onu3bko 0.25° x 0.25° (mpubnu3HO 28 KM Ha €KBaTopi), M0 J03BOJSIE MOJEII
OXOIUTIOBATH TJ00ANbHI MPOLECH 3 JOCTAaTHHO BUCOKOK JETANI3aIlE€I0 JUIsl OMEPaTHBHOTO
MIPOTHO3YBaHHS.

HaBuanbHa Ta TpeHyBajbHa BUOIpKM OyaM CTBOPEHI 3 HAOOPY NaHUX, 110 30epiraeThCs
y 83 cxosuuii [8]. s HaByanHs Oyno o6paHo nepion npoMixkoM 10 ocTaHHIX POKIB.

[Ticns naBuanHs RMSE 3MomenboBaHMX MaHUX Ta TEMIIEpaTypHUX MOKA3HUKIB 31
CTaHIII1 CKJIaNI0 2 TpaayCH, M0 MOJIMNIIY€E MOYaTKOBUIA PE3yNbTaT Ta Ja€ 3MOTY IMPOTHO3YBaTH
JlaHl y peKUMi peabHOro 4acy.

JUis mokpamieHHs riobanbHoi mozeni GFS Oyno po3pobiieHo mapcep MOBIpEHHX
CTaHIIiii MOHITOPUHTY TOTOJIH, 1€ Ja€ 3MOTY JOTIOBHIOBATH JIaHI MOJIETI Ha OCHOBI JIOKAJb-
HUX 3aMipiB Ta 3aHOCHUTH I1i 3MiHH Mi yac po3paxyHkiB mozeni FourCastNet.

Ha ocnoBi monemni UNet [9] Oyno po3po0JieHO anropuT™M 3 1HTEPIOAIIT TII00aTbHUX
JaHUX JUIA TIOKpAIeHHsI SKOCTI MPOTHO3Y I KOHKPETHOro KopucryBada. Lledt mimxin
3MIMCHIOE THTEPIOJISIIIIO ITEPaTUBHO, TTOCTYOBO "3aXOIUTIOIYH" BiJICYTHI 3HA4YECHHS 3 KpaiB
1o meHTpy. Ha kokHOMY Kpoili 00YMCIIeHHS! OXOIUTIOITh JIMIIE Ti MIKCENl 3 MPOMYyIIEHUMHA
3HAYCHHSIMH, K1 OTOYEH1 NIEBHOIO KUIBKICTIO BaJiTHUX CYCIIHIX MIKCEJIB — CIIOYaTKY BOChH-
MH, 3 MOJAIBIINM 3MEHIIEHHSM IT1€1 KITBKOCTI 10 TphoX. [licis mocsrHeHHSI TOpOTy B TpH
CyCiJiH, IHTEPIOJIALIS IPOJOBKYETHCS IOTH, IIOKH BC1 TPOITYCKH HE Oy/1€ 3aITOBHEHO.

Meton eheKTHBHO CHPABISETHCS SK 13 MOOJUHOKMMHU "ocTpoBaMu" MPOMYCKIB, TakK 1 3
BEJIMKUMH OJIOKaMH, B SKHX IIEHTPaIbHI MIKCENIl OTOYECHI BUKIIFOYHO BiJACYTHIMH 3HAYCHHSMU.
3aBasku 0OpoOIl 30BHINIHIX MAPIB JaHUX 13 MAKCUMAJIbHOIO KIJTHKICTIO CYCIAHIX BaJIiJHUX
3HaueHb, [Iporec iHTepmoLii CTapTy€e 3 MIOCTOTO ITUKITY, KOJU KUIBKICTh BaJiJHUX CYCIJIiB
3MEHIIIYETHCS IO TPHOX, 1 TPUBAE 10 TOBHOT'O 3HUKHEHHSI MIPOMYIIEeHOro 070Ky, Takuit miaxina
IIO3BOJISIE TOCSTTH BHUCOKOI TOYHOCTI 3allOBHEHHS 3 MIHIMAJILHUMHU OOYMCIIIOBAJIBHUMM BUT-
paramu.

CxeMa iH(oOpMaIiiHOI CUCTEMH JEMOHCTPYE B 1HTErpaIliio TJIO0AIBHOI MOAEII MOJEITI
FourCastNet, sika BukopuctoBye aafi 3 GFS 3 acuminsmiero GDAS sk moyaTkoBi yMOBH, 3
MOJyJIeM TPOCTOPOBOI IHTEPHOJAIIi Ha OCHOBI MoaudikoBaHoi apxitekTypu UNet. V cu-
CTEMI TaKOX BPAaXOBaHO JIaHi 3 JIOKAJIBHUX METEOCTaHIlIH, 10 3a0e3Tedye J0/IaTKOBE yTOY-
HEHHS POrHO3Y. 3aBASKH I[bOMY apXiTEKTypa Opi€EHTOBaHA Ha ONEpaTUBHE OTPUMAHHS BU-
COKOTOYHHX TMPOTHO3IB Y PEATbHOMY Yaci, 0 € OCOOJMBO aKTyaJlbHUM [ MOOUTHBHUX J10-
JaTKiB, arpapHOTO TUTAHYBAHHS Ta CUCTEM PaHHBOT'O TIOTIEPEPKEHHS PO CTUXIHHI SBHIIA.
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Pucynox 3 - Cxema indopmariiiinoi cucteMu

KopuctyBau B3aemojiie 3 CHCTEMOIO 4epe3 KIIIEHTChKUI 3aCTOCYHOK (MOOITBHUN J0-
JTaTOK 4M BeO 3acTOCYHOK). KoMyHikarlist BimOyBa€eThCs MUIAXOM IMepenadi reorpadigaux Ko-
opauHat B cuctemi WGS 84 / Pseudo-Mercator EPSG:3857 uepe3 API Gateway na GPU
server, Jie MPOBOJMUTHCS 0OpoOKa MOroaHuX maHuxX. [licias oTpuMaHHS KOOPAWHAT CHCTEMa B
ACHHXPOHHOMY PEXKHMI 3aITyCKa€e OIepallito MPOrHO3yBaHHS TMOTOH, SIKa BHKOPHCTOBYE TJI0-
OasibH1 MeTeoposoriuHi aanHi. [licis mporo pe3ynbpTaT aganTyeThbes TJI00ATBHUN MPOTHO3 10
JIOKaJLHUX YMOB, BPaXOBYIOUH T€OMO3HUIIIF0 KOPUCTYyBaya Ta JIaH1 3 MICIIEBUX METEOCTAaHITIH.
[Ticns 3aBepiieHHs TOCTOOPOOKY - JaHi B 3pyYHOMY (pOopMaTi HOBEPTAIOTHCSA KOPUCTYBAUYy.

BucnoBku. B pe3ynbTaTi 10oCHiIKeHb Oyl0 OTpUMaHO IHCTPYMEHT MTPOTHO3YBaHHS T10-
TrOJIM B PEKUMI PEATbHOTO Yacy 3 BUKOPUCTAaHHS KOMOiHaIlii Mozaeli TJI00aJTbHOTO MPOTHO-
syBanHs FourCastNet Ta mocTpomnporecinry 3 BUkopuctanuam mozaem Unet, mis mokamizariii
OTPUMAHOTO MPOTHO3YBAHHS Ta 301IBIIICHHS PO3MOIIILHOI 31aTHOCTI IPOrHO3Y. B pe3ynbrarti
EKCIIEPUMEHTIB OYJIO OTPUMAHO CePEAHBOKBAIPATUYHY MOXHOKY y 2 TpamyCcH, IO A€ 3MOTY
MIPOTHO3YBATH JaHl y PEeXHWMIi peaJbHOT0 4acy 3 BIJHOCHO MajuM BiAXujeHHsM. B pe3yib-
TaTi poboTH OyJI0 CTBOPEHO 1H(OPMAIIIITHY CUCTEMY 3 BUKOPHUCTAHHSAM I B3a€MOJI1 3 KOpH-
cryBadeM. CucreMa TakoXK MOXe OyTH IMIUIEMEHTOBaHA SIK MiIMOAYTh ICHYFOUOi CHCTEMH
MoHIiTOpuHTY [ 10] sIKOCTI TOBITPSL.
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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° % 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.
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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 modem 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 (IIR) 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 (IIR) [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-
oes.

— 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.
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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-
os. 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
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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 naykoseux i npaKmu4yHux 00CAZHEHb
Y cghepi cenepauii pesepoepayiiinux egpexmie
Y pobomi posenanymo npobremy cmeopenHs peanricmudnux 38yKo8ux egexmis pesep-
bepayii 6 xomn romeprux iepax. Iloxazano OcHO8HI 0COOIUBOCMI ICHYIOUUX MemOoOdi8 2eHe-
payii pegepbepayii, ceped AKUX CKIAOHICMb PYUHOI 00pOOKU napamempis 368VKY, CMAmuy-
HiCMb MoOenell ma obmedxceHa adanmusHicms 00 2eomempii izpoo2o npocmopy. Busnaueno,
Wo npobiema cmeopenHs peanricCmuiHux pegepbepayiinux eexmie 01 KOMN TOMEPHUX i20p
€ 00CANCHOIO ULLe NPU 3ACMOCYBAHHI CYYACHUX NIOX00I8, WO 3MEHULYIOMb PYYHe HANAUM)-
8aHHS MA NIOBUWYIOMb A0ANMUBHICIb 38YK0BUX napamempis. Ha niocmasi ananisy euznaye-
HO, WO ICHYIOMb 3HAYHI NEPeUKoOU, KL 3HUNCYIOMb PeANiCIMUYHICMb AKYCIMUYHO20 CYNPOBO-
0y 00CMYNHUMU MEeMOOaAMU.
Knrouosi cnosa: pesepbepayis, akycmuuni xapaxmepucmuxu, npoyedypHa ceHepayis,
MAuuHHe HABYAHHS, KOMN 10MEPHI iepu.
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O.J1. Kimnmenko
MHNEPEBIPKA OJJHOPIZTHOCTI IICEBJIOBUITAJIKOBUX BUBIPOK
KPUTEPSIMU AHAEPCOHA TA BYIIA-BIHJIA

Anomauyis. JJocnioscenns cmamucmuyunoi 0OHOPIOHOCMI 8UDIPOK € BANCIUBUM 3AB0AHHAM Y
MameMamuyHtitl cmamucmuyi, OCKiIbKU 80HO 00380JI51€ OYIHIO8AMU OOCMOBIDHICMb eKCNepU-
MEHMANbHUX BUMIPIOBAHb MA 8USHAYAMU, YU HANEHCAMb 80HU 00 OOHIEI 2eHepanbHOi CYKYn-
Hocmi. YV yiti cmammi po3ensiHymo 08a nioxoou 00 nepesipku CmamucmuiHoi 0OHOPIOHOCMI
8UOIpoOK. 060X 8uUbipKosull kpumepin Anoepcona ma Kombinosanuti kpumepit bywa-Binoa.
Kooicen i3 yux xpumepiie mae ceoi ocobnueocmi, cpepu 3acmocysanus ma egekmusHicmo
3AIeAHCHO 610 PO3MIPY BUOIPOK MaA pO3N00INYy UMOGIpHOCMI, wo aHanizyiomoscs. Mema Oo-
CNIOJNCEHHs: OYIHKA epeKmusHocmi 080X NioxX00i8 00 NepesipKu CMmamucmuyHoi 00-
HopiOHOCmI 8UDIPOK: 080X 8UDIPKOB020 Kpumepito AHoepcona ma KoOMOIHOBAH020 KpUmepiro
bywa-Binoa, a makooic susHauenns 6naugy poamipy eubipok ma cmamucmuyHux napamempie
nces008UNAOKOBUX 8EIUYUH, BUSHAYEH] HeOOIKU ma nepesazu UKOPUCMAHHA YUx Kpumepiis.
Memoou Oocnidsxcenns: y 00CHONCEHHI pO32NA0ArOMbCsl Kpumepii nepesipku 00OHOPIOHOCMI
NnCego0BUNAOKOBUX BeNUYUH. 080X 8UDIpKosull Kpumepiti Andepcona ma KOMOIHOBAHUU KPU-
mepiti bywa-Binoa, 3a 00nomoeow SKUX BUHAYAEMbCS OOHOPIOHICMb NCEe800BUNAOKOBUX
BUDIPOK 8 YMOBAX He8IOOMUX CMAMUCMUYHUX napamempisé (po3noodiny UMogipHocmi, mame-
MamuyHo2o ouiKyeauHs, oucnepcii. Haykoea nHousHa 00CNiONHCeHHA: 8UHAYEHO, WO, AKULO
subipxu y oocniodceni, n<100, mo kpumepiii Anoepcona € 6inbut HAOIHUM OJisL AHANI3Y NCes-
008UNAOKOBUX BENUYUH i3 HEGIOOMUMU CINAMUCMUYHUMU NAPAMEMPAMU, MAK AK 6iH 0eMOH-
cmpye suwyy CMIuKicms 00 aHOMAiil, Y NOPIGHAHI 3 KOMOIHO8aHum Kpumepiem Bywa-Binoa.
Busnaueno, wo npu oocnioxcenni manux eubipox (n=20+40) obuosa kpumepis noxazyromo
BUCOKY UMOBIPHICMb NPUUHAMMA NPABUILHO2O DIUEHHS NPU AHANI3I NCeB008UNAOKOBUX Ge-
JUYUH HA OOHOPIOHICMb 3 PIZHUMU CMAMUCMUYHUMU napamempamu. [Ipaxmuuna HosusHa
00CNIONCEHHA: O AHANI3Y UNAOKOBUX 8ETUYUH 3 HEGIOOMUMU CIMAMUCTUYHUMU naApamem-
pamu 0Jisi KOpOMKUX 8UOIPOK 3aNPONOHOBAHO BUKOPUCMOBY8AMU 080X UDIDKOBULL KpUmepill
Anoepcona ma rombinosanuu Kpumepii bywa-Binoa, ane 0ns nioguwenns Haditnocmi pe-
3ynmamie npu 00CHIONHCEHHI, 8 YMOBAX 3a0PYOHEHHS, OOYLIbHO KOMOIHY8AmMU CIMAmucmudti
Kpumepii 3 Memooamu ouuwjeHHs 0aHux abo euxopucmogysamu pooacmui ananoeu. Cehepu
3aCMOCY8aHHA. OOCTIONHCEHHS MOJHCE OYMU BUKOPUCTIAHE 8 2ATY35X, Oe HeOOXIOHO OYiHI8amuU
CMamucmuyty 0OHOPIOHICMb BUOIPOK, 30KpeMd 8 eKCNepUMEHMANbHUX HAYKAX, COYion02il,
MeOuyuni ma indcenepii, 011 OYIHKU AKOCMI BUMIPIOBAHb A BUSGTEHHS MONCTUBUX GIOXUIEHb
y OQHUX.

© Kmumenxko O./1., 2025
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Knwouosi cnosa: mamemamuuna cmamucmuxa, memoo, 6UbipKa, posnoodil UMOGIPHOCHI,
kpumepiu Andepcona, kpumepiu bywa-Binoa.

Beryn. JlocmiUKeHHST CTAaTUCTUYHOI OAHOPITHOCTI BUOIPOK € BaXIJIMBUM 3aBIAHHAM Y
MaTEeMaTHYHIA CTaTUCTUIli, OCKIIBKU BOHO J03BOJISIE OIIHIOBATH JOCTOBIPHICTH €KCIIEPUMEH-
TaJIbHUX BUMIPIOBaHb Ta BU3HAYATH, YM HAJEXKAaTh BOHM J0 OJHI€] T€HEPATbHOI CYKYIHOCTI.
VY wiit cTarTi po3MISIHYTO JBa MiAXOIU IO MEPEBIPKU CTATHCTUYHOI OJHOPIIHOCTI BUOIPOK:
JIBOXBUOIpKOBUI KpuTepiil AHznepcoHa Ta komOiHoBaHMU kpuTepiit byma-Binna. Koxen i3
IIUX KPUTEPIiB Mae cBOI 0COOMMBOCTI, chepH 3acTOCYBaHHS Ta €(EKTUBHICTH 3aJICKHO BiJ
cnermdiky BUOIPOK, 1110 aHANI3yIOThCs. J[BOX BUOIpKOBHUI KpUTEpiii AHIEpCOHA IIMPOKO BU-
KOPUCTOBYETBHCS I OLIHKU CTATUCTUYHOI OJJHOPITHOCTI BUOIPOK, OTPUMAHUX Y XO1 eKcIe-
PUMEHTABHUX JOCHIJKEHb 3 HEBITOMUMHU CTAaTUCTUYHUMU NapameTpamu. MeTom010ris 11b0-
ro migxony 0a3yeThCsl Ha MOPIBHSHHI YMOPSIKOBAaHMX 3HA4e€Hb BUOIPOK Ta iX 00'€aHAaHUX
PaHTOBUX XapaKTEPUCTHK. 3aBISKUA IIbOMY KPHUTEPiI0 MOKHAa pOOMTH BHUCHOBKH IPO PiB-
HOMIPHUH PO3MOJLT IaHUX y BUOIpKax Ta IXHIO B3a€MHY BiANOBIAHICTh. BaXXIMBO 3a3HAYMNTH,
10 €EeKTHUBHICTh I[OTO KPUTEPIil0 3HAYHO 3POCTA€ MPHU JOCTATHHO BEIUKIH KiTBKOCTI CIIO-
cTepexxeHp y BuOipkax. KomOinoBanuii kputepiii Byma-Binga 6a3yeTbcst Ha BUKOPUCTaHHI
JOTICTUYHHMX BHITQJIKOBHUX BEJIMYMH Ta € aHAJIOTOM CTaTUCTHK Ban-mep-Bapaena i Knorna.
Bin no3Bonsie oriHOBaTH BUOIPKM 3 HEBIJOMHUMH CTATUCTHYHUMH 3aKOHOMIPHOCTSMH, IO
poOHTH iioro yHiBepcalbHUM 3acCO00M JJIsl aHAJi3y E€KCIIepUMEHTATbHUX BUMipioBaHb. Oj-
HI€I0 3 KIIFOYOBUX TIEpEBar I[bOro KPUTEPIIO € HOTro 3MaTHICTh BPaXOBYBATH SIK BIAXHJICHHS Y
CepenHiX 3HaYeHHSIX BUOIPOK, TaK 1 Bapialii y ixHii gucnepcii. Lle mo3Bosisie orpuMatu O11bIn
TOYHI pe3y/lbTaTH MPHU aHaJ31 BUOIPOK, SIKI MOXKYTh MAaTH CYTTEBI BIIMIHHOCTI y CBOIiX mapa-
MeTpax. Kpurepiii byma-Binna BUKOPHUCTOBYETHCS y BHIIQJKaX, KOJW CTaHIAPTHI METOIU
MEePEeBIPKUA CTATUCTUYHOT OJTHOPIAHOCTI Ial0Th HEOTHO3HAYHI pe3ybTaTH ab0 HE BPaXOBYIOTh
BCIX MOKJIMBHX BIJIXWJICHb y BHOipkax [1-7]. I[IpoBeaemMo mocChiKeHHS MO0 TIEPEBIPKU OJI-
HOPI1JTHOCTI BUOIPOK BUITAJKOBUX BEJIMYUH 32 TIBOMA KPUTEPISIMH.

TeoperuuHi ocHOBH KpuTepilo AHaepcona. Kputepiii AnaepcoHa mMpOKO 3aCTOCO-
BYETBHCSl TIJ] Yac TEPEBIPKA CTATHCTUYHOI OIHOPIAHOCTI BHOIPOK EKCHEPUMEHTAIhHUX
BUMIPIB 3 HEBIIOMUMH (PYHKITISIMA PO3MOAUTY MiMoOBipHOCTI. Llei kputepiid, o GopmMyeThes
3a paHraMu BHOpsAKOBaHUX BUOipok X (k) Ta X3 (k), a Takox iXx 00’ enHaHoi BUOipku X,(1),

e i=1,2,..2n, X,({i)=x](k)+Xxi(k—n), X30()=X(k)+X;(k—n). Pauru

BU3HAYAIOTHCS 32 (OpMYyIaMu

2n n

ROV(R) = ) (Xi(9) = X5 (0), ROGE() = ) (%300 — ¥3,(R)).

k=1 k=1
ne sgn(x —a) — QyHKUIs OAMHUYHOTO CTPUOKa, 10 JOPIBHIOE OJMHUILL, AKIIO X = d, Ta HY-
JIFO, SKIIO X < d.

Kpurepiit AHIepcoHa OnHCYETHCS (POPMYITOI0
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2n? 12n
=1

Vi(n) =

Ile BMIAAKOBI BEJIWYMHU Ta X CTAaTUCTHYHI 3aKOHOMIpPHOCTI mpu 1 = 40 cxoxi Ha

posnoain CmupHoBa-Kpamepa-pon-Mizeca [1]. Axmo BUOIpKH KOPOTKI 1 CTATUCTUYHO OJ-
HOpizHi, To 3 HiMoBipHicTIO 0,95 kpurepiit Aunepcona V; (n) < Vy, (n) MeHIIe KPUTHIHOTO

3HA4YCHHA

. 04 06 1
Vi, (n) = (0.4614 - )(1 +—).
1 n- I

SKII0 BUKOHYETHCS 111 HEPIBHICTh, TO NMPHUUMAETHCS PIMICHHS TPO OJHOPIAHICTH JO-
CITIKYBaHUX BHOIpPOK.

TeoperuuHi ocHoBM KOMOiHOBaHOro kpurtepito byma-Binma. Sxmo nBi BuOipku
X, (k) 1X,(k) MoXyTh 3MIHIOBAaTHCSI MaTeMaTUYHI OUYIKYBaHHS 1 AuUcCHepCli, 3pYyIIEHHS 1 Mac-

mrabu, TO MependavaeTbesi MEepeBipSATH iX CTATUCTUYHY OAHOPINHICTh, BUKOPHUCTOBYIOUH
KoMOiHOBaHMi Kputepii byma-Bunma. Knacuuna maTtemaTtuyHa cTaTUCTHKA IeW KpUTEpii
apOKCUMY€E CTAaHJAPTHUX HOPMAJIbHUX BUMAJKOBUX BEIHUYHUH [2-4]. 3aMIHMMO iX JIOTiCTHY-

HMMU BUIIAJKOBUMHU BeJIMUMHAMU — (YHKIIIEI0 F(x) Ta 3BOpoTHOIO (pyHKIier0 U(x).
1

H L)
1+ ex (—:x)
p NG

F(x) =

V3

Ulx)=— (hz (F(}()) — Zn.(l — F(x)))
T
Kpurepiii byma-Binga ¢opMyeThcsi Ha CTATHCTHIN, €KBIBAJICHTHIM cTaTUCTUI BaH-
nep-Bapnena Ta Knotma [1, 2]. JocmimxytoTeest 1Bi BuOipku X, (k) i X,(k) 3 HeBimOMUMH
CTATUCTHYHUMH 3aKOHOMipHOCTsIME. DOpMyeThest 00'etHana Bubipka Xy, (k) 3a hopmyoro
X, (k)= X(i/2) + X(i —n/2),i =1,2,...2n,
ne X(i/2) = X,(k), X,({)=0,i > 0; X(i/2) = X,(i—n),i >n,X,({)=0,i < n.

Busnauumo panru X, (k)

R(Xiz((k)) = Z sgn (X, (k) — X1, (1))

i=1
BUKOPHCTOBYIOUM PaHIH, IEPETBOPUMO BUOIPKY X, (i) Ha BHOPAAKOBaHY BHOIPKY

Zn

X)) = Xlz(k)z (59"'(i - R(Xlz(k))) + sg"‘(i —1-R(xy (k))))'

Panru BriopsiikoBaHoi Bubipku R (X 1. )) BiJIoMi, e X Homepu i = 1,2, ...,2n. Jlns po-

3yMiHHS PO3TJITHEMO JB1 BIIOPSAKOBaHI BUOIPKH
Xi,(i/1) =2,1;3,2;4,8;5,7;8,1;9,2; 12,4.
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Xiz(i/Z) =0,8;09;26:4,3;7,3;8; 9_.4;){:(1'] =12,7.

CoopmyeMo 3a HEMH OJHY CyMapHy BIIOpsIKOBaHY BHOipKy Xi.(i/1) Ta ii panru

(Tabmn.1).
Tabmums 1

Xi,(i) 08|09|21 26|32 |43 |48 5773 /81/|92 |94 |124 127

RxL,G) |1 [2 [3 |4 [5 6 |7 |8 [9 [10]11 [12 |13 [14

Y Tomy umcni panru Bubipok X;,(i/1) = X, X;,(i/2) = X;. Ix pauru R(X},(i/1)) ta

R [X 1. i/ 2)} HpeCTaBlIeHI B Ta0IuIi 2.

Tabmug 2
R(X;,(i/1) 3 5 7 8 10 11 13
R(X;.(i/2) 1 2 4 6 9 12 14

Panru R(X;,(i/1) BUKOPHCTOBYIOThCS [UIsl OLIHKKH KpuTepito Byma-Binga. 3a Humun

CIIOYAaTKy BHW3HAYAIOThCS  TMOKA3HWKH, C€KBIBAJICEHTHI Kputepism Ban-mep-Bapnena
S(X;,(i/1)) i Kmorua T(X},(i/1) morictnuHuM QyHKIIisM

k \E k k
2n+1 T 2n+1 2n+1

CORACTE)

2n+1 7| \ 2n+1 2n+1

Ananoru xkputepiis Ban-nep-Bapaena ta KioTma BH3HAa4aroThes 3a  BUOIPKOHO
X1 (k/1) = X1 (k). k=12,..,n

llzn —1 n U(R(XI.Z(III))
z k=1 T+ 1
S(x) =" il

I'L Zn 2 i
\;'Zn k=1 U (Zn)
||2n -1 n U: (R(X'ig(k/]-)) _ 1 n U: (L)
2 k=1 4+ 1 24%k=1 2
T(X,) =+ . — =
(1 s2n g2( K
u_lznzFlU (Zn)

e BunankoBi BeauuuHU BUOIpOK S(X1,) Ta T(X],).

Kpurepii bByma-Binna Bu3HadaeTbcs 3a LMMU IOKasHMKamMu S(Xj,) =5{, Ta
T(Xi,) = T,5. Knacuuna mareMaTuuHa CTaTUCTHKA PO3MIAAA€ IX SK CTAHJAPTHI HOPMalbHI

BUIIQ/IKOBI BEJTMYMHU Ta OMUCYETHCS 1X alPOKCUMAIISIMUA. 3aMIHUMO TaKUW ONHC CTATHCTUKU
CTaHJAPTHOIO JIOTICTUYHOIO (PYHKITIEIO PO3MOALTY HMOBIPHOCTI
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1 . 1
- —, F (T":) =
1+ exp (—%—Sia)
V3 T

F(S),) = - —
1+ exp(—f—Tfﬂ)
v3

®opmyna kputepito bymra-Binaa BuzHagaethes 3a Momyismu | S, | 1 [Ty,

)))-

Ile BUnaaKoBi BEeMTUYMHU 1 3 HMOBipHicTIO P = 0,95 1X 3HaYCHHS MOPIBHIOIOTHCSA 3 Tpa-

vy = —2in(2(1 - F(s5,D)) - 2in (2(1 - FOTS,

HUYHUMU 3Ha4eHHAMU Vj (1), [Ki npescTaBieHi B Tabaui 3.

Ta0mums 3

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

IlepeBipka ogHOPIAHOCTI NMCEeBIOBUNAIKOBUX BHOIPOK KpHUTEpisiMH AHJAEPCOHA Ta
Byma-Binga. J[ns npoBeneHHS AOCHIIKEHHS CKOpPHCTyeMocs ABoMa rimorezamu. [lepira
rimore3a: HyjiboBa rimore3a (Ho) — BuOipku X; Ta X MOXOIATH 3 OJHOTO i TOTO X
posnoainy, T06To X; Ta X, ONUCYIOTHCS HOPMAJILHUM PO3MOIIIOM 3 MapaMeTpaMHu MaTeMa-
TUYHOTO ouikyBaHHS -Hynb (M[X]=0), nucniepcieto omununs (D[X]=1). Ipyra — anpTepHa-
TuBHA rinore3a (H;) - Bubipku X; Ta X, HMOXOAATH 13 PI3HUX PO3MOAUIB MMOBIpHOCTI. Y
axocTi BHOIpkH X; — Oy/IeMO BUKOPHUCTOBYBATH BHOIPKY ICEBIOBUIAJKOBUX BEJIWYHH, IO
OMHCYIOTHCS HOPMAIBHUM PO3IIOIIIOM WMOBIPHOCTI, a y SIKOCTI BUOIpKU X, Oy1eMO BUKOPH-
cTtoByBaTH BHOIpKU Thioki 3 ctatucTuaHUMH mapamerpamu (M[X]=1, D[X]=1. 3abpynneni
BuOiIpku ThIOKI — 1€ THUI BUOIPOK, y SKUX JesdKa YacTHHA JaHUX IMOXOIUThH BiJ[ 1HIIOTO
posnoaiuty (ab0 3 THIIMMHU MapaMeTpaMH) W TMOPYIIyE MOYATKOBI MPHUITYIICHHS MIOA0 OJ-
HOpimHOCTI BUOIpkH. TepmiH "3a0pyaHEHHA" YacTO BUKOPHUCTOBYETHCS B KOHTEKCTI CTaTH-
CTUYHUX JIOCIIIJDKEHD JUISl TIO3HAUYEHHS CUTYaIlii, KOJIU B JaH1 BUOIPKU JTOAAIOTHCS CIIOCTEpe-
YKEHHS, 10 BIJIPI3HAIOTHCSA 32 PO3MOALIOM BiJl OCHOBHOT YacTUHM BUOIpKH. [{e Moxke OyTu pe-
3yJAbTaTOM TIOMHIJIOK BHUMipIOBaHb, HEMEPEI0aueHNX 30BHIMHIX (akTopiB a00 HEKOHTPOJIHO-
BaHUX Bapialliid y gaHux. 3a0pyaHeHi BUOipku ThIOK1 — 1€ IEBHUM THII 3a0py/HCHHS aHMX,
SIK€ BIUTMBAE HA 3aCTOCYBAHHS CTATUCTMYHUX METOJIB JIJIsl MIEPEBIPKU TIOTE3, OCOOINBO MPHU
MepeBIpIli OTHOPIMHOCTI BUOIpOK. 3a0pyIHEHHSI MOKYTh BUHHKATH Ha OyJb-sIKOMY €TaIl Po-
60T 3 JaHUMH. IX cBO€yacHe BUSBIEHHS Ta KOPEKLis KPHUTUYHO BAKIMBi Il OTPUMAHHS
BIpHHX pe3yJbTaTiB. BUKOpHCTaHHS SIKICHOTO €KCIIEPUMEHTY 1 CYBOPHUX METO/IIB aHATI3Y J10-
roMarae MiHIMI3yBaTH PU3HUKHU y Oyb-sIKii ranay3i 3HaHb (COIliaTbHUX, O10JIOTTYHHX, MEINY-
Hux, touro) [1, 7]. IlpoBegeMo AOCHiPKEHHS Ta BU3HAYMMO OJHOPIIHICTH 3a JOIIOMOTOIO
Kputepito Anaepcona ta byma-Binaa 3a rinotesamu Ho Ta (H;) CTBEpIXKYEThCS, IO KPU-
Tepii Annepcona Ta byma Binjga He mOBWHHI pearyBaTd Ha MOPIBHSHHS BUOIPOK 3 PI3HUMH
BUJaMH 3a0pyIHEHHS ( CTPUOKM, BUKUAW, TIOMHUJIKA BUMIPIOBAaHHS, 3MIIIIEHHS! BUOIPKH, TIPO-
NyIIeH] 1aHi, 1yOnMoBaHHsS JaHUX, IIyM Yy AaHux). s mepeBipku rimoTes, nepury BUOIpKY
OynemMo ¢GopMyBaTH 3 HOPMAalbHUM 3aKOHOM PO3MOJLUTY 3 CTATHCTUYHHMH TapaMeTpamu:
M[X;]=0, D[X;]=1, a apyry Oyaemo mozemroBaTH 3a BHOIpkoi ThIOKi, 3 MapameTpaMu
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M[X;]=0, D[X;]=1. Tobro, 3a0pynHenHs: BUOipku X, NPU3BOAMUTH IO 3MiHH ii CTATUCTUYHUX
napaMeTpiB, OCKIJIbKYA BOHA OuIbIle HE Oyae MaTH HOpMalbHOTO po3nonity. [IpoBenemo mo-

CITIDKEHHS  TCEBIOBUMAJKOBMX  BEJIMYMH HA  PI3HUX 32  PO3MIpOM  BHOIpKax
n=5,10,15,20,25,30,40,50,100, ne n — kiIbKicTh eleMeHTiB y BuOipui. Ha puc. 1 — puc.4.
npeCTaBjeHI TiCTOrpaMH JBOX BHOIPOK: Mepila — 3 HOPMAJbHUM PO3IMOAISIOM WMOBIPHOCTI

Ta Jpyra — 3 pi3HUM BIJCOTKOM 3a0pynHeHHA (BuOipka ThIOKi), a TaKoXX HaBelICHO
HMOBIpHICTb IPUIHATTS PillICHHS HYJIbOBOI I'IOTE3H.

Burbipem X1 Ta X2 |3 TEOPETHYHAMMA PONOAINBMA MiosipHicTs NPUARATTA rinoTesn HO

100.0

- 1 BuGipKa
" Tewoxn Bubopes

—— TeopeTuiHwh X1 %1.54
e TocpEASbRRTEEH \
a0 ./‘\\."\//"\\‘___________—.

s

0.0

Fiiesit. Hanywncti v (%)

B1.5

62,51 —= Aunepcora
~m— Gywa-Binas
—— Pl WAYLIGET] .85

z 4 ® 20 a0 50 80 w0
IHaMEHHE Po3Mip BHBiprA N

Pucynok 1 - I'icrorpama ta HMOBIpHICTb PUUHATTS PIIIEHHS 1010 HYJIHOBOI T1IIOTE3H
3a BIJICYTHOCTI BHECEHHS 3a0pynHeHHs y BUOipku ( 3a0pynuenns — 0%)

3a pe3ynbTaToM J0CHiHKEeHHS (puc.l) oTpuMaHo, o WMOBIPHICTh MPUHHATTS HYIbOBO1
rinote3u (pu P=0,95) nyxe Bucoka i ckinamgae 0,94% 3a kputepiem AHAEpCOHA, Ta 3a KpH-
tepiem byma Binna — 97%. Lle Mo)kHa MOSICHUTH TUM, IO KpUTepi AHIEpcoHa 0COOIMBO
yyTIuBHil. B TaHOMY BUIaJKy BUKOPUCTOBYBAJIKCS IICEBIOBUIIAAKOB] BUOIPKH 3 OJJHAKOBUMHU
cratuctnayHuMEU nlapametpamu: M[X]=0, D[X]=1. Ha puc. 2 npencraBieHi ricrorpaMu JBOX
BHUOIPOK: TIEpIIa — 3 HOPMAJIBHUM 3aKOHOM PO3TMOiTy HMOBIPHOCTI Ta Apyra BubOipka Throki
(Ha 5 % 3abpyaneHa) 31 cratuctuyHUME napameTpamu M[X,]=1 ta D[X,]=1.

Binbipru X1 Ta X2 i3 TeopeTHsHin posnioninani

AMOBIRHICTH NPRAHATTA rinoTeas HO

100

w— X1 Bufiipka
Tuwaks Bubopia

—— Teoperminai X1 a7.5
o TeSpETHIGKAR THIKH \
S

e
5.0

— N

=
I

= =
b &
Ty (9%

Hasyns

o
3

LEALHIGTY, oBipNSETT

e

254 —8— AHRERCOHE
- Byws-BiHAa
—— Pisers 3HaspwonT| 0.95

anpl— - . . - =
P 20 40 0 a0 100
Bz Posmip BuGifem n

Pucynok 2 - TI'icrorpama Ta HMOBIPHICTb IPUIHATTS PIIICHHS I0/10 HYJIHOBOT T1ITOTE3H 3
BHECEHHSM 3a0pyAHEHHS y Ipyry BUOIpKy ( 3a0pyaHeHHs — 5%)

Ha puc. 3 Ta puc. 4: npeacraBiaeHo AOCTIDKEHHS, 3 ypaxyBaHHSIM TOTO, IO TEpIa

BUOIpKa Ma€ HOPMAJIbHUN 3aKOH PO3IOJIiTY, a Ipyra — 3a0pyaHeHa Ta ckiangae 15% ta 20%
B1/ITOBITHO.

ISSN 1562-9945 (Print) 29
ISSN 2707-7977 (Online)



«CucremHui Texuouaoriiy 5 (160) 2025 «System technologies

Bnbipkn X1 Ta X2 i3 TeopeTHYHUMK PO3NOAINAMIM

- X1 Bubipa

VIMOBIDHICTE NPWAKATTA rinoTesk HO

—— Ancpcona

—%- Eywa-Einga

Teloky BriSopka
—— TeopeTwnud X1
- Teoperaesnih Torokn

—— Piperb 3aocTl 0.95

AOET Y (%)

LinkHicTS iMoBipOCE

PiBHE 3524y
n

4 | B == - el L - -
-5 =4 -2 & 20 40 &0 By 100
InaueHHn Poauin aufipsu n

Pucynok 3 - I'icrorpama ta KMOBIpHICTh NIPUUHATTS PIIIEHHS 1010 HYJIbOBOI T1IIOTE3HU 3
BHECEHHSAM 3a0pyIHEHHs y Apyry BUOIpKy ( 3a0pyanenHs — 15%)

Bubipkmn X1 Ta X2 i3 TEOPETHUHIMMY PosNoAinamMi Ar0BIpHICTE NPUIAHATTA FineTeau HO

= X1 Bubipxa
W Teiokn Butiopsa

— Teaperimiua X1 a5
~== Teopermueckui Tokms \
50 \ Y’A

~8— AHgepCOH
8- Gyws-Bikna
—— Pipest sHayuocti 0.95

5 5 + .
20 an B0 80 100
Fnadarer Fozmip Enfipss 0

Pucynok 4 - TI'ictorpama Tta HMOBIPHICTh IPUIHATTS PIIICHHS IIOA0 HYJIHOBOI TITOTE3H 3
BHECEHHAM 3a0pyaHEHHS y ApYyry BUOipKy ( 3a0pynneHHs — 20%)

[TpoBeneHi NOCHIKEHHS MMOKa3aJid, 10 KOXKEH 3 KPUTEPiiB Mae CBOI mepeBaru Ta 00-
MEXEHHS 3aJIeXHO BiJ cnermdiku BUOIPOK Ta iX CTaTUCTUYHUX mapameTpiB. Kputepiit An-
JIepCcoHa JIMOHCTPY€E BUCOKY TOYHICTh MIPHU poOOTI 3 BEIMKUMH BUOIpKaMU 3 HOPMAJIBHUM Ta
piBHOMIpHUM po3noziioM iWMoBipHocTi. Kputepiit byma-Binaa no3Bosnse npoBoauTy aHati3
BUOIPKH 3 PI3HUMH XapaKTEPUCTHUKAMH PO3IOALTY HMOBIPHOCTI, ane 3a pe3yibTaTaMH J0-
CIIIJKEHHSI BU3HAYEHO, 1[0 MOXe OyTH NMPUHHATTS MOMUJIKOBOTO PILICHHS, IIOJ0 HYJIBOBOI
rinoTe3y, HaBiTh 32 YMOB JOCIHIDKEHHS KOPOTKMX BUOIpoK. B Takomy BHIanKy peKOMeH-
IYETHCS BUKOPUCTOBYBATH JIOJATKOBI METOJIH JUIs OLIIHKUA OJHOPIAHOCTI.

BucHoBKH. Y CTaTTi IPOBEACHO JOCIIIKEHHS IBOX KPUTEPIiB: JBOX BUOIPKOBOTO KpH-
Tepiro AHAEpcoHa Ta KOMOIHOBaHOTO KpuTepito byma-Binaa amns Bu3HaueHHS OAHOPIIHOCTI
TNICeBIOBUIAIKOBUX BUOipok. [IceBnoBunankoBi BUOipku (opMyBaimucs 3 ypaxyBaHHSIM CTa-
TUCTHYHHUX MapaMeTpiB PO3MOALTY HMOBIPHOCTI (HOpMaJbHUN pO3MOALT HMOBIpHOCTI Ta 3a0-
pyaneHi BuOipku ThIoKi 3 pi3HUM cTyneHeM 3a0py[HEHHs). 3a pe3yibTaTaMy MPOBEICHOTO
JOCII/DKEHHST MOXHA CTBEPJDKYBAaTH, IO YUM OibIlle BHOCUTBHCS BiJICOTOK 3a0pyAHEHHS
(urym) y oHy 3 BUOIpOK, 1110 TMOPIBHIOIOTHCS 3a KpUTepisimu AHnepcona ta byma-Binaa, Tum
OiIbIlIe IPUHMAETHCS PILICHHS 100 abTepHATHBHOI rinote3u — H1. Tobto kpurepii Annep-
coHa ta byma-Binaa niificHo 31aTHI BUSBUTH BIAMIHHICTH, SIKE BUKJIMKAHE 3a0pYAHEHHSM 1
0c00JIMBO 1€ MOkeMO OaunTH Ha BUOipkax n<40. /{ns nepeBipku BUOIpOK 3 HEBIIOMHUMU CTa-
TUCTHYHUMH TapaMeTpaMu HalKpalle MiJIXOAUTh IBOX BUOIPKOBUI KpuUTEepid AHIEpCOHA.
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Crnin 3a3HauuTH, MO 31 30UIBIIEHHSIM BiJCOTKA 3a0pyIHEHHS HMOBIpHICTH MpUHATTS H
3HUXKYETbCS 11 000X KPUTEpiiB, IO CBIAYUTH MPO 3pPOCTaHHS HMOBIPHOCTI MOMUIIKOBOTO
BigxmwieHHs Hy. OmHak kpurepiii AHIEpcoHa IEMOHCTPYE BUILY CTIMKICTh IO aHOMAiid,
oco0rBO npu Manux BuOipkax (n=20+40), ne po3kuz Horo pe3yabTaTiB MEHIIHA, TOPIBHIHO
3 kputepiem byma-Binna. s Benukux BuOipok (n>60) BIUTHB 3a0pyIHEHHS Ha 00HIBa KPU-
Tepii 3MEHIIYETHCS, IO Y3TO/DKYETHCS 13 3aKOHOM BEJIMKHMX 4dMcen. SIKImo BHOIpKU y IO-
cmimxeri n<100, To kputepiii AHepcoHa € OUTBII HATIHHUM Ul aHANI3y JaHUX 13 HEBiJO-
MHUMH CTaTUCTUYHUMH MapameTpamu. [l miABUIIEHHS HaAIHHOCTI pe3yabTaTiB TOCIiIKEeH-
HS, B yMOBax, KOJM BHUOIPKM 3 HEBIIOMHUMH CTAaTUCTUYHMMH MapaMeTpamMH — JOLLUIBHO
KOMOIHYBAaTH CTaTHCTUYHI KpUTEpii 3 METOIaMH OUYMILEHHS TaHUX a00 BUKOPHUCTOBYBATH PO-
OactHi aHanoru. OTpUMaHi pe3yJlbTaTd MOXYTh OyTH KOPUCHUMH JJIsi TIPOBEJCHHS CTAaTH-
CTHYHOTO aHaNi3y y pi3HMX HAYKOBUX 1 MPHUKJIATHUX JOCIIPKEHHSIX, BKIIOYAIOYH KOHTPOJIb
SIKOCTI MPOAYKIIii, OLIHKY HaAifHOCTI BUMIPIOBAJIbHUX MPUJIA/IIB, aHAII3 €eKOHOMIYHUX JaHUX
Ta iHOI cdepu, 1e HeoOXiJHO BU3ZHAYATH CTATUCTHYHY OAHOPIAHICTH BHOipok. [Tonanbmii go-
CJIIJKEHHSI MOXYTh OYTH CIIPSIMOBAHI Ha PO3LIMPEHHS CIIEKTpa KPUTEPIiiB, 110 3aCTOCOBYIOTh-
cs, Ta pPO3poOKYy HOBHMX MiJXOIB 1O OLIHKM CTaTUCTUYHOI OIHOPITHOCTI BHOIPOK 3
ypaxyBaHHSM CKJIAJHIIINX MaTEMaTUYHUX MOJIEJIeH 1 METO/IB MAITMHHOT'O HABYaHHSI.
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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
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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 yield 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.

REFERENCES
1. Barghlame Hadi, CONVERGENCE PROBLEMS WITH ANSYS'S SOLID 65 FINITE
ELEMENT IN CONCRETE-FILLED TUBULAR (CFT) COLUMNS AS A CASE STUDY,
Archives for Technical Sciences 2023, 28(1), 29-38,
http://dx.doi.org/10.59456/afts.2023.1528.029B
2. Bilal, K.A.; Mahamid, M.; Hariri-Ardebili, M.A.; Tort, C.; Ford, T. Parameter Selection
for Concrete Constitutive Models in Finite Element Analysis of Composite Columns.
Buildings 2023, 13, 1759. https://doi.org/10.3390/buildings13071759
3. Yong Yu, Yu Zheng, Yongchang Guo, Shouwang Hu, Kaihui Hua, Mesoscale finite ele-
ment modeling of recycled aggregate concrete under axial tension, Construction and Building

40 ISSN 1562-9945 (Print)

ISSN 2707-7977 (Online)



«CucreMmHi TexHojorii» 5 (160) 2025 «System technologies»
Materials, Volume 2606, Part A, 2021, 121002, ISSN 0950-0618,
https://doi.org/10.1016/j.conbuildmat.2020.121002.
4. Guan, Q.; Yang, M.; Shi, K.; Zhang, T. Experimental Study and Finite Element Analysis
on the Flexural Behavior of Steel Fiber Reinforced Recycled Aggregate Concrete Beams.
Materials 2022, 15, 8210. https://doi.org/10.3390/mal15228210
5. Pokorska I, Poniski M, Kubissa W, Libura T, Brodecki A, Kowalewski Z. Computational
Fracture Evolution Analysis of Steel-Fiber-Reinforced Concrete Using Concrete Continuous
Damage and Fiber Progressive Models. Materials (Basel). 2023 Aug 15;16(16):5635. doi:
10.3390/mal6165635. PMID: 37629926; PMCID: PMC10456427.
6. Di Luzio, G., & Cusatis, G. Solidification—microprestress—microplane (SMM) theory for

concrete at early age: Theory, validation and application. International Journal of Solids and
Structures, 50(6), 957-975, 2013. https://doi.org/10.1016/J.1IJSOLSTR.2012.11.022

7. LiJ, Liu Y, Li P, Wang H, Chen P. Study on the Suitability of Concrete Constitutive Mod-
els for Perforation Simulation. Materials (Basel). 2024 Nov 14;17(22):5562. doi:
10.3390/mal7225562. PMID: 39597387; PMCID: PMC11595891.

8. Murthy, A.R., Prasanna, P.K., Nipun, G. et al. Analysing the influence of ground granulat-
ed blast furnace slag and steel fibre on RC beams flexural behaviour. Sci Rep 14, 4914
(2024). https://doi.org/10.1038/s41598-024-51164-x

9. Rongzong Wu, John Harvey, Jeremy Lea, Angel Mateos, Shuo Yang, and Noe Hernandez
Updates to CalME and Calibration of Cracking Models, 2021

10. Wan-Wendner, Roman & Vorel, Jan & Smith, Jovanca & Hoover, Christian & Bazant,
Zdenek & Cusatis, Gianluca. (2014). Characterization of concrete failure behavior: A com-
prehensive experimental database for the calibration and validation of concrete models.
Materials and Structures. 48. 10.1617/s11527-014-0426-0.

11. Zhengwei Li, Meizhong Wu, Jiawei Wu, Yujun Cui, Xingwei Xue Steel Fibre Reinforced
Concrete Meso-Scale Numerical Analysis, Advances in civil engineering, 2020,
https://doi.org/10.1155/2020/2084646

Received 14.05.2025.
Accepted 19.05.2025.

Yoockonaneni mooeni nnacmuunocmi 3 ypaxyeanuam pyiinyeanns
ma cmpamezii Kaniopyeanusa 011 mo4H020 CKIHYeHHO-eJ1eMEHMHO20 AHANi3y
Oemony 0e3 apmMyeanHsa y MOHKOCMIHHUX KOHCIMPYKUYIAX

Toune npocHo3ysanHsa NOBeOIHKU HeMPAOUYIUHUX, HeAPMOBAHUX OEMOHI8 Y MPUBUMID-
HOMY CKIHUEHHO-eleMeHmMHOMY AHANi3l nompedye cunmesy PO3GUHYMOI KOHCMUMYMUBHOT
meopii, pemenbHOI eKCnepuMeHmMantbHol KanioposKy ma y8axcHoi uuciogoi peanizayii. ¥ yii
pobomi y3a2anvHeno OCMAHHI OOCACHEHHA U OKPeCleHO AKMYAbHI GUKIUKU MOOeNI0BAHHS
WIaKONOPMIAHOYeMEeHMHUX, OemOHi6 Ha NnepepobleHOMYy 3aN08HI08AYI, BOJOKHUCMUX MA
VILbMPAMOHKUX onanyonux oemonis y cepedosuwsi ANSYS. Ozenno nimepamypu eudinse mpu
nposiOHI nioxoou O0as 36uuatinoco bemowy: knacuunut eremenm SOLIDG6S i3 posmasza-
HO-MPIWUHHOIO MOOeNII0, Y3a2albHeHa niacmuynicms Jlpykepa-Ilpacepa 3 kopucmysaybkum
NOWKOOINCEHHAM I OeMalbHi Me30MO00ei, WO PO3PI3HAIOMb 3AN0BHI08AY, PO3YUH | MeHCO8i
30nu. Ilopisuanvhuti ananiz noKasye, wo NOUKOONCEHO-NAACTMUYHI POPMYIOBAHHA, 30KpeMd
mooenwv Concrete Damaged Plasticity (CDP), iomeoproromsb Kpuei Ha8aHMAaNCeHHA-NPOSUHY
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ma KapmuHu MmpiyuHOymeoperus 3 mounicmio 0o 15 % 3a ymosu kaniopysannsa napamempie
Ha No6HOMY HaOOpi 8unpoby8aHv HA CMUCK, PO3MA2, PO3KOL i Mpusany noeedinky. Ilpome
NPOMOKONU KANIOPY8AHHS 3ANUUUAIOMbCA HECUCMEMAMUZ08AHUMU, WO YCKIAOHIOE 8i0ME0PIo-
8anicmv i NOPIGHAHHICMb pe3yibmamis. Biocymuicms 6i0Kpumoi emaniouHoi 6asu 0anux 07
HempaouyiiHux Oemonie GUHAHO KIH0U08010 NEPEUK000I0 HA WLIAXY 00 Y3200M4CEHUX NoYam-
Kosux napamempis. TOHKOCMIHHI eleMeHmU CMEoPIOIMb 000AMKOS8I MPYOHOWI. 2eoMempu-
YHA HeNHIUHICMb NOEOHYEMBCA 3 NPOSPECYIOUUM ZHUINCEHHAM HCOPCMKOCMI, CRPUYUHAIOYU
3anedcHe 8i0 CimKU PO3CIAHHA eHepeil pyUHY8anHs ma npooiemu 30iicHocmi po36 sa3Ky. Ak
3ax00U NPONOHYIOMbCA YMOUHEHe CIMKYB8AHHA KPi3b MOBUWUHY, HENOKANbHA pPeyApusayis
ma cmiuKi aneopummu 0y2080i 008dicunu. AgHi memoou giocmedicenHss mpiut, 30Kpema Qa-
3060-N0IbOBE PYUHYBAHHA MA KO2E3IUHI ceeMeHmu, NiO8UWyoms MoYHIiCMb, 0COOIUB0 OISl
cymiwiel i3 BUCOKUM 8MICIMOM BOJOKOH, O€ 3aIUUKO8A HeCcyud 30amHICMb Y PO3MA2Y 6U3HA-
uae ekcnayamayiuny npuoamHicms, 0OHAK ix cucmemamuyna eepuixayis noxu wo ooMe-
Jcena. Jlogeompuegani asuwa, maxi K nO83yyicmsy, YCaoKd, 008208IYHICIb, A MAKONC BUCO-
KOWBUOKICHI HABAHMAICEHHS NPU yOapax YU CeucCMiuHUx 6Nau8ax He0OCmamHbo npeocmas-
JIeHI Y CYYACHUX NPOSPaAMax nepesipu mooenetl, 0coonuso 0is 6emoHie 3i WiaKkom i nepepoo-
JIeHUM 3aN06HI08AYeM. 3anponoHO8aAHO NPAKMUYHY «OOPOICHIO KaApmy», wo 00 €0Hye n’amo
KAI0408UX Oill. CMEOperHs NyONTUHOI emanoHHoi bazu sunpobyeans, po3podienHs YHigiKosa-
HUX NPOMOKO/IE MOOEMOBAHHS 3 UIMKUMU MEMPUKAMU NOXUOOK, YLIbosi iHeecmuyii 6 s6Hi
Mooeni mpiuHOymeopeHHs O0lisi MOHKOCMIHHUX MA GOJOKHUCMUX eleMeHMis, pO3UUpeHHs
006820mMpuUBaANUX i OUHAMIYHUX EKCNEePUMEHMATbHUX NPOSPaM,; YNPOBAONCEHH MAUUHHO20
HagyauHs 05l asmomamu3ayii niobopy napamempie i 8UABIEHHA AHOMAILHOI NOBEOIHKU MO-
oeneu. CynymHi npoepammi  800CKOHANEHHS NIOKMIOYHI  NiOnpocpamu  Mamepianie
«plug-and-playy ma epaghiuni maticmpu xaniopysaunHs 3HUNCYIOMb NOpPie 6X00Y O/l NPAKMU-
Kytouux inoicenepie. CyKynHO yi 3axo0u npoxiaoaroms uwiisix 6i0 aKkadeMivHux Hanpayroeatsb
00 HAOIUHUX, 20MOBUX 00 NPOMUCTIOB020 BUKOPUCMAHHA CUMYIAYIU, 30AMHUX NIOMPUMAMU
NPOEKMYBAHHSA CMILIKUX OEMOHHUX KOHCMPYKYIL 6e3 apmamypu.

Knrouosi cnosa: CkinuenHno-enemenmuull aHauniz, NOUWKOOINCEHO-NAACTUYHE MOOENI0-
8aHH3, 80JIOKHUCULL ODeMOH, OemoH Ha nepepodeHOM) 3aN08HI08AYI, MOHKOCMIHHA ONAy0O-
Ka, Kaniopyeants mooenell.
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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 (UAVs), 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, Ukraine,
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 V3) 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 (UAVs) 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 YOLOvVS5 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
E le DL Reported
Structural Component | Common Damage rampe cpoTte
Approach Performance
YOLO for missi
Roofs (flat or Leaks, missing shin- hinel O;Ir{ni)ssmg ~85-90% accuracy in
shingles, IR-base
pitched) gles, or cracks & : real UAV tests [8]
crack detection
U-Net for cracks, au- 950 ..
~ recision on
Beams & Girders Cracks, deflection toencoder for anoma- . °P
) 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, )
) . . 80% detection of
Foundations Settlement, moisture GPR, LSTM on tilt .
subsurface voids
Sensors
IR-based CNN,
) Delamination, ase ) ~90-95% for cracks
Bridge Decks YOLO for real-time
potholes i 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 (GANs) 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 AD’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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Busenenns oeghexmis nnockux nokpieeins 3a 00noMoz010
Memo0ie MAUUHHO20 HABYAHHA MA 2TUOOKO20 HAGUAHHA

Inuboke HaguanHs cmano nPOPUBHUM NiOXO00M OO0 GUABNIEHHS KOHCIPYKMUBHUX NOUL-
K0OdHcenb i depopmayiii, 30kpema 0 NIAOCKUX NOKpigenb ma eruxomacumadnoi ingpa-
cmpykmypu. Y yiti cmammi y3a2anbHeHO oCMaHHi 00CACHEHHS 8 3aCMOCY8AHHI 320PMKOGUX
netiponnux mepedxc (CNN), mooeneii ceemenmayii, oemexkmopie 06 ’ekmie (YOLO, Faster R-
CNN) ma asmoxodepie 015 6e3uHazisiono20 eusasienHs anomanin. Jponu (BIIJIA), mennogi-
3iliHa 3U0oMKa ma eibpayitine 30HOYBAHHA 3a0e3neUyIomb KPUMUYHO 8AXiCAU8] OaHi. 3a80aKu
HABYAHHIO HA 300padCeHHsX abo cucHanax, sKi 8i006pax)caroms HOPMAIbHUN A0 NOWKO-
OdiceHUll cmaw, Mooesi 21UOOK020 HABYAHHS MONCYMb WEUOKO U MOYHO BUABIAMU MPIUUHU,
giowiapyeants bemony, 8i0CymHi KpinienHs abo empamy HCOPpCmMKOCMi — Yacmo 3 mouHic-
mto nonao 85 %. Ozna0 nonao 300 naykosux nyonixayit ceiouums, wo OUCMAHYINUHA THCNEK-
yist 3a 0onomozoro LI mooce cymmeso smeHwumu 0ocae py4Hoi npayi ma nOKpawjumu cma-
OinbHicmb i0eHmugixayii yuKoodceHb Hasimov y Hebe3sneuHux abo 8ancKoOOCMYNHUX 30HAX.
ITiocymrosa mabauys nopienioe epexmuHicmo 21UOOK020 HABUAHHA 05 OANOK, CMIH, nepe-
Kpummis, NoKpieeib ma [HWUX KOHCMPYKMUBHUX enemeHmis. PeanvHi npuxiaou enposa-
0diCeHHsT Ha Mocmax, gacadax eucomuux 0yoigenv i Y 30HAX NICAA CMUXIUHUX TUX NiOmeep-
0dfCcyromn, wo enuboke Has4yanHs y noeOHanti 3 incnekyieto BIIIA 30amue npuckopumu 00-
CY208YBAHHS, BUABUMU NPUXOBAHT Oehekmu ma 3menwumu pusuxu 01 oesnexu. Cepeo ak-
MYANbHUX GUKIUKIE — Hecmaua OaHux 07 pIOKICHUX MUNie NOwWKo0lcelb, CKIaOHIiCmy y3a-
2anbHeH s Mooelell Ha HO8I yMosu ma nompeba y noeoOHanti 3 Gisuunumu mooenimu. Cepeo
pexkomenoayiti sl NOOANbLWUX OOCTIONHCEHL — 00 €OHAHHA MYNbMUCNEKMPATbHUX OAHUX,
asmomamu3zayisn kaniopysanns mooeneu ma inmeepayis LI 6 yugposi ogitinuxu 011 nocmii-
HO20 MOHIMOPUHZY CIAHY KOHCMPYKYIU.

Knrouosi cnosa: enuboke HaguauHs, mauwluHue HA8YAHHA, OedheKmu NiOCKUX NOKpigeny,
nowkooicenns konempykyitl, BIIJIA, komn romepuui 3ip, CNN, cemanmuyna ceecmenmayis,
8UsBNIEHHS 00 '€KMIB, aBMOK0Oepu.
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O.B. baxpymun, B.€. baxpymux
3ACTOCYBAHHS IHCTPYMEHTIB IITYYHOI'O IHTEJIEKTY
JJIS MOITYKY TA TIONEPEJHBOI'O AHAJII3Y JTAHUX
Y NPUKJIIAJHUX JOCJTIIXKEHHAX OCBITHIX CUCTEM

Anomayin. Y cmammi oxpecieno npobremu 3acmocy8anHs NONVIAPHUX [HCMPYMeEHmi8
wmyunoeo inmenekmy GROK 3 ma ChatCPT 4 ons 36upanHs HAsi6HUX 6 iHMepHem OAHUX NPo
oceimHi cucmemu, ix nonepeonvboi 0opobku u ananizy. Iloxkazano, wo odbudsa iHcmpymenmu
darome 3M02y ICMOMHO NPUCKOPUMU [ CAPOCMUMU BUKOHAHHA DPYMUHHUX emanié 0o0-
cnioacernv, are GROK 3 oae 3mocy ompumamu 6invu no6ui, HAOiliHI i AKICHI OaHI, WO MOdice
OYmMu N0 A3aH0 AK 3 MONCIUBICIIO 00CMYNY 00 AKMYAIbHUX 0aHUX mepedxci [nmeprem, max i
3 BIOMIHHOCMAMU ANI2OPUMMIB.

Knrouosi crnosa: wmyunuii inmenexm, cucmema oceimu, mepexca 3akiaois, (iHaHCY8aHHS,
NOKA3HUKU OXONJIeHHs, 30UPaHHA OAHUX, ONUCO8A CMAMUCMUKA, HAOIUHICMb, pelesaHm-
HiCMb, 00CMOBIPHICMb

Beryn. IMocranoBka npodsemu. Po3poOiieHHs Ta 3aCTOCYBaHHS MITYYHOT'O 1HTEJIEKTY
€ OJTHUM 3 HaNOUIBII aKTyaJbHUX HANPSIMIB OCHIIKEHb Ta po3po0ok y cdepi iHdopmarriii-
HUX TEXHOJIOTiH. IcHye sik GaraTo eHTy3ia3My, Tak i 6arato 3acTepeeHb CTOCOBHO 3aCTOCY-
BaHHS IHCTPYMEHTIB IITYYHOT'O iHTEJEKTY y JOCIIDKEHHAX Ta OCBITHBOMY MPOIIECi. 3 OHOTO
00Ky, OLIUPEHOIO € AYMKA, [0 IITYYHUH 1HTENEKT 3JaTHUI CaMOCTIHHO pO3B’A3yBaTH OyIb-
SK1 IPUKJIA/IHI, @ MOKJIMBO 1 HAYKOBI Mpo0sieMH. 3 iHIIoro 60Ky, HE MEHIII MMOMIMPEHUM € 3a-
nepedyeHHs: OyIb-sIKUX CIpoO 3aCTOCYBaHHS IHCTPYMEHTIB IITYYHOTO IHTEJIEKTY HeE JIUIIE Y
Haylli, ajge 1 B ocBiTi. Pa3oM 3 TuM, Bce Oinbine (axiBIiB CXUISIOTHCS IO OUIBII 3BaXKEHOTO
CTaBJICHHS JIO IITYYHOT'O iHTEJEKTY 1 30Cepe/PKYIOThbCS Ha BIOCKOHAJICHHI Mojenei Ta 3a-
cO0iB ITYYHOrO IHTEJNEKTY, a TaKOXK MOUIYKY BiANOBiAeH Ha MUTAHHA: JUIA SKUX 3a/a4, K
caMme 1 fIKi came 3acO0M LITYYHOTO iHTENEKTYy JOLIJIbHO BUKOPHCTOBYBATH, SIKUMHU € OOMe-
KEHHA Ta MOXJIMBI TIOMWIKM TpU BHKOPHUCTAHHI KOHKPETHHUX I1HCTPYMEHTIB JJIs
PO3B’s3yBaHHs KOHKPETHHX THUIIB 3a1ad, sKi mpoOieMu 3a0e3nedeHHs akaaeMiuyHoi 1o0po-
YEeCHOCTI BMHUKAIOTh NPH 3aCTOCYBAaHHI IITYYHOTO IHTEJIEKTY TOIIO. ICHye 1Ba OCHOBHI
HaNpsiIMH JTOCHTIJKEHb y cdepi 3aCTOCYBaHHS METOMIB LITYYHOTO IHTENEKTy y 30MpaHHI Ta
aHai31 JaHUX Mpo CcKiagHi cuctemu. [lepimmit — e po3poOieHHs 1 BAOCKOHAICHHS MOJIENeH,
aJITOPUTMIB, METO/IIB Ta IHCTPYMEHTIB JJIs1 PO3B’SI3aHHS BIANOBIIHUX 3a1ad. pyruii — me 3a-
CTOCYBAHHS B)K€ HasBHUX 1HCTPYMEHTIB AJIsi PO3B’A3yBaHHS MPHUKIAIHUX 33a1a4 30UpaHHs Ta
aHaJi3y JaHWX LI0A0 KOHKPETHUX CKJIAJHHUX CUCTeM. Y Iiil CTaTTi MU pO3IJIsAaEMO mpoliie-
My JOpyroro THUMy IoAo 3aaTHOCTI moumpenux iHcrpymeHTiB GROK 3 Tta ChatCPT 4
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BUPIIIYBAaTH MOAIOHI MPOOJIEMH CTOCOBHO JaHMX IPO BHILY OCBiTY YKpainu, kpain €C i ge-
SAKUX 1HIIHUX KpaiH.

AHaJI3 OCTaHHIX JocaiIxKeHb i mydaikaniii. Y poborax [1,2] mpoaHamri3oBaHO cTaTH-
CTHYHI TOKa3HMKM MepexXi 3aKiajiB BHUIIOI OCBITH, ()iHAHCYBaHHs, OXOIUICHHS BHUIIOIO
OCBITOI0 B YKpaiHi nopiBHsAHO 13 KpaiHamu €C ta OECP 3a nanumu Jlep>kaBHO1 ciry>x0u cra-
TUCTUKHM YKpaiHu Ta cratucTuyHux ganux €spoctar, OECP, JOHECKO Ta neskux iHImMx
JoKepen. AHaji3 TaHuX Mpo MEpexy 3aKiajiB BHUINOI OCBITH YKpaiHM Takoxk Oyi0 HaJaHO
B [3,4]. CknanHi Ta cymnepewidBi HpoOjJeMy 3acTOCYBAaHHS IITYYHOTO IHTENEKTY Y JO-
CITIJDKEHHSX aHANI3YIOThCS y CTATTi [5,6]. 3 oqHOrO OOKY, IITYYHHUN 1HTEIIEKT PO3TIISAA€THCS
AK TpaHcopmariiiHa cuia, SKa MOXE PEBOJIOI[IOHI3YBAaTH MPOLECH IPOBEACHHS J0-
CJiJ)KeHb, MUCIICHHSI i HAITUCAHHS aKaJeMIYHUX TEKCTIB, MapTHEP B IHTEIEKTYaJIbHUX IMOIIY-
Kax, 3/JaTHUH YCYHYTH YIIEPEPKEHHS Ta PO3LUIMPUTH JIOJCHKI 3a10HO0CTI. 3 iHIIOro 60Ky — 00-
TOBOPIOIOTHCS MUTAHHS MEX BIUIMBY IITYYHOTO IHTEJIEKTY, MOB’A3aHi 3 HOr0 BUKOPUCTAHHIM
€THYHI, EMICTEeMOJIOTIYHI Ta OHTOJOrI4HI mpobiemMu. Y poboti [7] 3pobreHo ormisn
ny6mikanid 2007-2018 p., gki cBiguaTh, o npuHaiiMHi y chepi STEM ocBiTH, iHCTpyMEeHTH
IITYYHOTO 1HTENEKTY MOXKYTh OYTH KOPHCHI JJIsl ONPAI[IOBAHHS HAsBHOI B PI3HUX JDKeperax
iHpopMalii 3 METOoI0 NepcoHasi3alii HaBYaHHS, MPOTHO3YBAaHHS HOTo pe3yNbTaTiB, OLIbII
00’€KTUBHOTO OLIIHIOBAaHHS TOIIO. ABTOpH OrjisiAy [8] Ha miacTaBi aHami3y BETUKOI KiJBKOCTI
IHIIKX JOCHIIKEHb OCTAaHHIX POKIB POOJISATH BUCHOBOK, II0 BUKOPUCTaHHS IITYYHOTO iHTE-
JIEKTY MOXe 30UIbIINTH 3HAHHS PO TPOLIECH, SIK1 MPOSBISIOTHCS B OCBITI Ha HAIlIOHAJILHOMY,
perioHaJIbHOMY Ta JIOKQJIBHOMY pIBHSX, JONOMararodd cQOpMyIIIOBaTH TOJNITHKY Ta
PO3MOAUTATH PECYPCH ISl XapaKTEPUCTHUK, BABHAUCHHX K BaXKJIMB1 111 €(DEKTUBHOCTI OCBITH
(MakponepcniekTuBa). BogHouac, MOXIIHMBI OUTBIII KOHKPETHI JOCIHIKEHHS OKPEMHUX YUHIB,
BUUTENIB 1 KU (MIKPOTIEPCIIEKTHUBA), OPIEHTOBAHI Ha MEPCOHATI3aIlil0 HABYaHHS, BIIOCKOHA-
JICHHS TI€IaroTiYHUX CTPATEriil, MPOTHO3YBAHHS KOPOTKOCTPOKOBHUX HACIIJIKIB TUX YW 1HIIHX
I Tomo. 3HaUYHA YacTUHA MyOJiKaliii MPUCBsIYEeHA BIUIMBY MITYYHOTO 1HTEJIEKTY B3arajii 4u
KOHKPETHHUX IHCTPYMEHTIB Ha YCIIIIHICTh Ta PE3yJIbTaTH HaBUAHHS Ha PI3HUX PIBHIX OCBITH.
Boanouac, y mpukiagHUX TOCHIIKEHHAX HEIOCTaTHbO YBaru MPUALICHO OLIIHIOBAaHHIO J10-
CTOBIPHOCTI, HAJIMHOCTI Ta PEJIEBAHTHOCTI PE3yJIbTaTiB, OTPUMAHUX 3a JIOTIOMOTOK0 IITYYHO-
ro 1HTENEeKTY, 30KpeMa TakuX iHCTpyMeHTiB, sk GROK 3 ta ChatCPT 4.

Merta gocimipkeHHs: GOPMYITIOBAaHHS OKPEMHUX PEKOMEH/AI MI0/I0 3aCTOCYBAaHHS 1H-
ctpymeHTiB mTy4dHoro iHTesekTy GROK 3 Ta ChatCPT 4 mist po3B’si3yBaHHS JIESIKUX THITO-
BUX 33J1a4 30MpaHHs Ta aHATI3y JaHUX BEJIMKOTrO OOCATY 1 CKIAAHOI CTPYKTYPH Ha TPHUKIAI
JAHUX TIPO CUCTEMH BHIIOI OCBITH Pi3HUX KpaiH.

BukiageHHsi 0CHOBHOTO MaTepiaay aociailzkeHHs. J[J11 TpoBeneHHS TOCTIIKEHHS
Oyso o0paHO JeKUJIbKa aKTyaJlbHUX 3a/1a4, 110 MOXXYTh PO3TIIAIATUCS SK THIIOBI TIPH MPOBE-
JIEHH1 MPUKJIAAHUX TOCIIPKEHb OCBITHIX CHCTEM, a came:

— 30MpaHHS JaHUX IIOAO0 KUIBKOCTI CTYIEHTIB y 3aKjiajax BHINOi OCBITH Kpain €C,
Ascrpanii, Kananu, CIIA 1 SInoHii Ta OIliHIOBaHHSI OCHOBHUX CTaTUCTHMYHHUX XapPaKTEPUCTHUK

BI/JITOBITHUX PO3IO/ILIIB,
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— 30MpaHHs 1aHUX 110710 (iHAHCYBaHHS 3100YTTS BUIOI OCBITH y PO3paxyHKY Ha CTy-
JIeHTa y 3aKiangax BUIIoi ocBiTy kpain €C, ABcrpanii, Kanaau, CILA i SlnoHii Ta omiHIOBaH-
HSI OCHOBHUX CTaTUCTUYHUX XapaKTEPUCTUK BIAMOBITHUX PO3TOILIIB;

— 30WpaHHs JaHHUX II0JI0 MOKA3HMKIB 3ATYYCHHS TPOMAJISH J0 3J100yTTS BHUIIOI OCBITH.

Bapro 3a3HaunTH, 1110 3a3Ha4YeHi 3a7a4i He € 3MICTOBHO CKIagfHUMH s (axisiiiB. Oc-
HOBHI CKJIaJTHOCTI MOJISITAlOTh y TOMY, IO HE ICHYE €IMHMX, aKTyaJbHUX Ta CTaHAapTHU30Ba-
HUX HaOOpiB BiANMOBIMHUX HaHMX. HasBHI 1aHi pO3MOPOIIEH] MO Pi3HUX JPKEpeNax Ta MOXYThb
CTOCYBATHCS PI3HHUX POKIB 1 Maru 0COOIUBOCTI, IO BiAOOpaXkaroTh crienudivuHi 0coOOIMBOCTI
pi3HUX KpaiH, 3yMOBJIEHI METOAWKAMU 30MpaHHA TEPBUHHUX MJAaHUX, BIAMIHHOCTSIMHU
tepminosorii Tomo. GROK 3 ta ChatGPT 4 BHKOPHCTOBYIOTH iICTOTHO Pi3HI MiIXOAM IO
PO3B’s3yBaHHs Takux 3amad. SIK mMpuKiIax po3ristHeMo BianoBiai Ha 3anurtanHs 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 studentsy.

Sx GROK 3 Tak i ChatGPT 4 namaioTh BIANOBiAb MPOTIATOM KITBKOX CEKYHJ, ajie
BinmoBigs GROK 3 € 3Ha4HO OibII TOBHOIO Ta 3MICTOBHOIO. BOHA Tak0X BUKIIMKAE OUTBIILY
JIOBipy, 30KpeMa 1 4epe3 Te, M0 Kpallle ONMCaHa METONKA, BUKOPUCTAHO OUIBIN aKTyallbHi
JlaHi, a HaBEJICHI y BIAMOBIAI pe3yabTaTu 30iraloThCs 3 pe3yabTaTaMi BUOIPKOBOT pyuHOi Te-
peBipku. Kpim Toro, GROK 3 nonae mocunanHs Ha caiitu abo CTOPiHKH, 3BIAKU OyJI0 B3ATO
BHUX1JIHY 1H(OpMAaIIito.

VY Bignosiai Ha 1ie 3anutaddass GROK 3 HaBoauTh TaONHINO 3aMpoIICHUX JaHUX, a Ta-
KO JI0JIATKOBY 1H(OpMaIlito 1Mo MeToaukax Ta Jpkepenax manux. Ha puc. 1 mHaBeaeHo ¢dpar-
meHT Tabimni 3 Bignosigi 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 Bianosiai GROK 3 na 3anurtanus 1

30KkpemMa, 3a3Ha4eHO, IO Mij BHIIOI0 OCBITOIO PO3YMIIOTHCS CTYNEHEBI MpOrpaMH, sKi
BINOBIAIOTH 5-8 piBHAM MiKHapOAHOI CTaHAApTHOI Kiacudikaiii ocBiTH. 3rigHO 3
BI/IMOBIJIIO, JaH1 MPO KUTHKICTh 3aKIa/liB OTPUMAHO 3 BIAKPUTHUX 0a3 [HCTUTYTY CTAaTHCTUKHU
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IOHECKO Ta OECP, a Takox 3 AaHUX HAI[lOHAJIbHOI CTAaTUCTHUKU. 3 HUX BHKOPHCTAHO
octaHHi n1ocTynHi Ha naty 3anuty (08.04.2025) nmani, siki nepeBakHO cTocyroThes 2023-2024
pokiB. CepeiHi1 3HaYEHHSI OTPUMAHO SIK BITHOIICHHS 3arajibHOi KITbKOCT1 CTYJEHTIB JI0 Killb-
kocti 3BO. MenianHi 3Ha4ueHHs (CepelHE 3HAYSHHS ), JIe 11€ MOKIIMBO, OIlIHEH1 32 JOCTYITHHU-
MU pO3MOJiIaMU a00 3 ypaxyBaHHSM THIIOBIH JUIS OCBITHIX CHCTEM acHMETpii pO3MOJIiTy.
CranjapTHi BIAXWICHHS y OUTBIIOCTI BUIAIKIB HEAOCTYIIHI 1 OI[IHIOBAJIMCS HA OCHOBI 3arajib-
HUX TEHJCHIIN BapiabeIbHOCTI, TPUMIPOM, CHIBBIAHOIIECHHS KUIBKOCTI BEIMKUX 1 MalluX 3a-
Kki1amaiB. Tak caMo OLIIHIOBAJIM MIHIMAJbHHUNA Ta MaKCHUMAJIBLHHUHI OOCSITH, SKIIO TOYHI IaHl HE
Ooymu noctynHi.GROK 3 Takox Hamae momaTkoBy iHdopmariito no kpainax. Ilpumipom, 3a-
3Ha4eHo, 1o st CHIA po3mnoia CIOTBOPIOIOTH AEsKI BEMUKI YHIBEPCUTETH, SIK YHIBEPCUTET
ApU30HU; aHi MO KUIBKOCTI YHIBEpCUTETIB cTocyioThes 2019 p., a gaHi Mo KUIBKOCT1 CTY-
nentiB — 2023 p. Y BiamoBiai 3a3Ha4eHO OCOOJIMBOCTI, IO MOTJM BIUIMHYTH Ha TOYHICTh
OLIIHOK Ta Ha 31CTaBHICTh PE3YJbTATIB MO OKPEeMHUX KpaiHax. Lle cTocyeThCst HEMOBHOTH JAaHUX
[0 OKPEMHUX KpaiHax, CTATUYHOCTI aHUX Yy JKepenax iHpopmallii, pi3HUX BU3HAUYEHB 3aKiia-
JTy BUIIOT OCBITH.

Cnin 3a3HaunTi, 110 GROK 3 Hamaraetbcst MiHIMI3yBaTH 00CST CBOET pOOOTH, SKIIO 11€
n03BoIIsL€ (hOpMYITIOBaHHS 3aBIaHHS. 30KpeMa, pu 3aMiHi y 3aBaanHi «each of EU countries»
Ha «EU countries» y BiAnoBii Oyn0o HaBeJEHO pe3yJIbTaTH JHILIE MO AeKUTbKOX KpaiHax €C.
Hani, mo € y inTerpoBanux craructuynux 6a3ax GROK 3 Gepe 3 Hux. [Ipu oMy iHKOIH BiH
KOPUCTYEThCS HE nepBUHHUMH Oazamu €Bpoctat, OECP To110, a BTOpUHHUMH JDKEpellaMH,
1o 0epyTh iHpopMaIIiio 3 HX 0a3. 3a3BUUal 1Ie HE CTBOPIOE MPOOIICM.

Bignosine ChatGPT 4 Ha Te came 3anUTaHHA € OJOCUTH JIAKOHIYHOK. B Hilf TakoXK, SK 1
y BianoBiai GROK 3, moBigoMIIs€TbCs MPO HETMMOBHOTY JIaHHWX IO OKPEMHX KpaiHax, BiaMiH-
HOCT1 B ME€TOJIax 30MpaHHs JaHMX, 3BITHUX Tepioaax 1 BusHayeHHs X 3BO. Ha puc. 2 HaBene-
HO (pparmenT BignoBimi, sky ChatGPT 4 HaBiB y TEKCTOBOMY, a HE y TaOJIMYHOMY (TOOTO HE
BIAMOBITHO JI0 3amuTy) hopmari.

Amnasoriusi BignoBiai ChatGPT 4 magas mo CIIA 1 Kanaxi. Ilpu mpomy BapTo 3a3Ha-
YUTH, 10 JUISl X KpaiH OyJ0 HaBeJEHO HE PO3paxoBaHi 3a aKTyaJbHUMHU JaHUMH CEpeaHi
3HaYeHHS KIJIbKOCTI cTyneHTiB y 3BO, a HasgBH1 y 6a31 icTopuyHi aaHi KiHig 1980x — moyaTky
1990-x pokiB 6e3mocepeHbO PO CepeaH] 3HAYCHHS.

3armurani pesynbraTu 1o kpaiHax €C Chat GPT 4 ve HamaB, mOCHIIalOYUCh HA HENO-
CTYIHICTh BUUEPIHUX Ta YHipiKoBaHMX gaHMX. HaTOMICTh BiH MOpaJMB MPOKOHCYIBTYBATH-
Cd 3 BIINMOBIIHMUMH HaIllOHAJFHUMH MIHICTEPCTBAMU OCBITH a00 CTaTHCTHYHHUMH
areHTcTBaMu KOokHOT kpainu €C. Cymsum 3 Bianosigeit, Chat GPT 4 crmovarky Hamarascs
3HaWTH y CBOIH 0a3i roTOB1 JaHi MPO 3aMMTyBaHi MOKA3HUKH I OYIb-SIKOTO POKY 1 JIMIIE 32
iX BIZICYTHOCTI HamaraBcs JOJaTKOBO BUKOHATH HAWIIPOCTIII PO3paxXyHKHU (cepeaHi apudme-
Ti4HI 1711 SnoHii Ta ABctpanii). biibin ckiaaH1 po3paxyHKHU BiH HE HAMaraBcsi BAKOHYBATH.

AHaJIOTIYHOIO € CHTYyallis Ipy BianoBiai Ha 3anmutanHs «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 highery. Ile 3aBganHs € OUIBII MPOCTUM, OCKIJIb-
KM TIepeBakHa OUTBIICT 3alIUTAaHUX JIAHUX Y PO3pi31 3a3HAYCHUX KPaiH Ta POKIB € Y BEITUKHUX

ISSN 1562-9945 (Print) 53
ISSN 2707-7977 (Online)



«CucremHui Texuouaoriiy 5 (160) 2025 «System technologies

craructuyHux 6azax €spocrar, OECP, Inctutyty cratuctuku FOHECKO Tta CitoBoro 6an-
KY.

GROK 3 nanae Ta0aui0 3aMUTaHUX JTAHHUX, 10 MICTUTH OKpeMi mpomycku (12,9% Bin
3arajbHOI KUJIBKOCTI, 3 SKHX Maiike Bci crocytoThes 1990 p.). HaBeneni gani € OJU3bKUMH 10
JaHWUX IHIHX JHKepen. Takoxk maibke MOBHOIO € BIAMOBIAL HAa JOJATKOBE 3alTUTaHHS TPO Bij-
COTKM TpPOMAJIsH, 110 MAlOTh CTYMiHb OakanaBpa 1 CTYIiHb MaricTpa y BiKOBid rpymi 25-34
poku. Sk 1 y monepeaubomy Bunaaky GROK 3 naBoauts mkepena iHpopmarii (mepeBakHO
3a3HaveHi BUILE BEIMKI 0a3u), OKpeMi KOMEHTapi 10 pe3yNIbTaTiB 1 JOJATKOBI JaHi. 30Kpema,
BKa3aHo, 10 arperoBaHi fAaHi nmo €C, ski HajgaH1 JOJATKOBO J0 JaHUX MO KpaiHax, ais 1990
ta 2000 p. He BpaXxOBYIOTh BiJICYTHI JaHi MO OKPEeMHUX KpaiHaX, II0 OKpeMi CIelialbHO 10-
3HA4YeHi JlaHl € OI[iIHKaMHt, OTPUMAHUMHU €KCTPAIOJISIIET0, M0 s SMoHIi 3aMiCTh HETIOBHUX
naaux 2020 p. HaBeneHo aaxi 3a 2019 p., Tomo.

Japan:

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

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

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

Australia:

¢ Number of Higher Education Institutions: As of recent reports, Australia has 43
universities, comprising 37 public and 6 private institutions. giteturnOsearch19

e Total Student Enroliment: In 2021, there were 1,185,450 students attending
university or other higher education institutions. ¢iteturnOsearch16

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 Bianosiai ChatGPT 4 na 3anuranus 1

Hatomicte Chat GPT 4 B3arani He mepeBipsie 3a3HaueHi BelMKi 0asu, 1m0 MOxe OyTu
3YMOBJICHO BiJICYTHICTIO JOCTYIY J0 aKTyaslbHOI iH(popmarii uepe3 IHTepHeT i HeoOXiqHICTIO
o0csry onTumizaltii iHpopmariii, mo 30epiraeTbes y JoKanbHiN 6a3i. Tox HE TUBHO, MO €/1U-
HUMH pe3yJbTaTaMH, siKi Oynu BuzaHi, € ominku GER nns Ykpainu nost 2010 ta 2020 p., siki €
JIEI0 BIAMIHHMMH, ane Oam3bpKuMH 10 BiatnoBigHux maHux GROK 3. V Bcix IHIIMX BUIIAAKax
OyI10 3a3HaYEHO, 1110 JaHi B1ICYTHI.

AHaJIOTIYHOIO € CUTYyallis i3 BiAnmoBinao Ha 3amurtaHHs: «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
Ha/lae TIOBHY 1H(OpPMAIIi0, KA y YaCTUHI CEpPE/IHIX MO KpaiHaxX JaHWX € OJU3BKOI0 J0 JaHUX
iHmux mrepen. Chat GPT 4 nagae cynepedauBi BiJOBiAl Ha 11€ 3alTUTAHHS.

BucHoBku:

1. PesynbTatu pocnimkeHHs ciggars npo te, mo GROK 3 ta ChatGPT 4 natote 3Mory
ICTOTHO TIPUCKOPHUTH 1 CIIPOCTUTH BHUKOHAHHS PYTMHHMX €TamiB 30MpaHHS Ta MOMEPEIHbOTO
aHaJIi3y IaHUX BEJIMKOTO 00CATY Ta CKIAIHOI CTPYKTYPH MPU AOCITIKEHH] OCBITHIX CHCTEM.

2. XapakTepHi Ui OCBITHIX CHCTEM HEIOBHOTA JIAHHMX MO PI3HUX KpaiHaX Ta pOKax,
Pi3HI CTPYKTYpH Ta METOAMKH 30MpaHHs/pO3paxyHKy MOAIOHUX JaHUX, BIAMIHHOCTI TEPMiHO-
JIOT'11 TOIO CTBOPIOIOTH PU3UKH HEOCTOBIPHOCTI, HEHAAIMHOCTI 1 HEPEIEeBaHTHOCTI pe3yib-
taTiB pobotu mryyHoro iHTenekty. st GROK 3 nmopisusiHo 3 ChatGPT 4 111 pusuku € 3Hau-
HO MEHIITMMHU, OCKUTHKH BiH 0€3 10IaTKOBUX 3aITUTaHb HABOAMUTH Y BIAMIOBII 1H(MOpPMAIIiTO
PO METOJIOTTYHI MPOOIeMH 1 OB’ s13aH1 3 HUMH 3aCTepEKeHHs. BTiM, HaBITh 1 B IbOMY
BUTIAJIKy BapTO pOOUTH BepHu(IKaIlito HOTo JaHUX 1X 31CTAaBICHHSAM 3 BiJOMUMH a00 OTpUMa-
HUMHU B IHIIUH CIIOCIO JaHUMU.

3. Hesxi npo6aemu ChatGPT 4, oueBuHO, OB’ s13aHi 3 THM, IO BiH HE Ma€ JOCTYITY JI0
aKTyaJbHUX JaHUX Mepexi [HTepHeT 1 mpartoe 3 JaHUMHU JIOKanbHOI 0a3u. Taki maHi HEoO-
X1JTHO ONITUMI30BYBATH 3 METOIO 3a0€3MEUYCHHS MOKJIMBOCTI HATAHHS «XOPOIITUX» BIAMOBIICH
Ha 3aMHUTaHHS, K1 32 MPOTHO3aMHU OyIyTh HAHOUIBII MacOBUMHU. AJie 4epe3 1€ 3HIKYEThCS
SKICTh BUKOHAHHS BY3bKOCHELIANbHUX 3aBaaHb. 3okpema, iHkonu ChatGPT 4 Butpauae uac
Ha ToWYK iHdopmanii B HepeneBaHTHUX 0a3ax, a B IHIIMX BUMAJKaX HE HAaXOAUThH iH(pOp-
Mallilo, HasBHY Y TaKuX MOMYJSIPHUX JKepenax, sk 6asu €Bpoctat, OECP, [HcTuTyTYy CTaTH-
ctukn FOHECKO, CsitoBoro 6aHky.

4. GROK 3 micTuTh OlbINE THCTPYMEHTIB MONIEpEAHHOT 00p0oOKH naHux. Tomy BiH ca-
MOCTIHHO PO3paxoBye ab0 OIIHIOE OKpPeMi MOKA3HWKH OIMMCOBOI CTAaTUCTHKH 3a HAsSBHOCTI
HaBiTh HermoBHUX BUOIpok. ChatGPT 4 3a3Buyaii 6epe nuiie HasBHI B JKepernax TOTOBI JlaHi,
HaBITh, KO BOHU JIy)Ke 3acTapisii. CIMHUN BUI pO3paXxyHKIB, SKUI BiH B OKPEMHUX BUIIATKAX
BUKOHYBAaB Y PO3TJISIHYTUX MPHUKJIaaX — II€ BU3HAUYCHHS CEPEIHBOr0 apu(METHUHOTO JIiJICH-
HSIM CyMapHOTro (110 KpaiHi) 3HaY€HHSM IMOKa3HWKa Ha KIJTbKICTh 3aKJIaJiB.
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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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OIITUMAJIBHI IAPAMETPHU Mn/Si 1JIs1 KOPUT'YBAHHS
MEXAHIYHHUX BJJACTUBOCTEM CTAJII JJIS1 3AJIIBHUYHUX OCEN

Anomauyis. Y nposedeniit pobomi npedcmasieHo KOMNIAEKCHUL Ni0Xi0 NOWYyKy ONMUMATbHO2O
CcKnady cmani 6 medcax GIOOMUX MAPOK HA OCHOBI KOHYenyii CnpsamMoean020 XiMiuHO20
36 s3Ky. Januti nioxio 003601uU6 8paxo8ysamu CYMAPHUL XIMIYHUL CKAAO mMa AHARi3)yeamu
xapaxmep 63aeMOO0IU MidC eleMeHMaMUu HA PIBHI MIJDICAMOMHUX 38 S3KI8, WO € KPUMUUHUM
0J151 NPOCHO3YBAHHSA 8lAcCMUBOCmell KiHyeso2o mamepiany. Konyenyis cnpsamo8ano2o XimiuHo-
20 38’A3Ky 0A3y8aNACL HA VABIEHHAX NPO 30AMHICMb OKPEeMUX eleMeHmi6 00 eleKmpOHHO20
nepepo3noodiny 8 po3niasi, wo, y ceoro uepey, NIUBAE HA CIMPYKMYPY ma cmadilbHiCmb ClUc-
memu. Memoro 0ocniodcents 6Y10 UHAUEHHS BNIUBY BAPIAYIU Y 6MICMI OCHOBHUX MAMPUY-
HUX elleMeHmie — y2ieylo, KpeMHilo ma MAapeaHyro — Ha 3apsao008Uti Cmau CUCMeMU, Ujo
npedcmasgienuil ysaeanshenum napamempom Z'. Ileii napamemp ido6pasicac mipy Ximiunoi
30A1AHCOBAHOCMI CNIIABY MA € THOUKAMOPOM CMADIIbHOCMI eeKMPOHHOI 0Y008U PO3NIABY.
B pesynomami 0ocniosceno uymaugicme cucmemu 00 cniggionowents Mn/Si sk 00 nokasnu-
Ka, WO BU3HAYAE eNeKMPOHHY ma CMpPYKmMypH)Y pieHogazy. Taxum uuHom, O1i ni08uujeHHs
napamempy Z', 36inbuiens sxo2o npuseodums 00 niosuwerns meepdoci, HeobxioHo 8idda-
samu nepesacy 30LIbUWEHHI0 Mapeanyio nicisa 3uavenns Mn/Si na pisni 2,8-3,2, a 0o yvozo
iHmepsany — 3a paxyHox 30invuients emicmy kpemuito. Cnie8iOHOUEHHS MAP2AHYIO 00 KDeM-
Hito (Mn/Si) mae nepebysamu 6 mesxcax 2,8-3,2. Ilpu yvomy 3pocmanns 3navenns Mn/Si no-
Hao 3,2 3yMOBNI0E OOMIHYBANHA BNIUBY MAPLAHYIO, WO MOHCEe NOPYWUMU OANAHC, MAKUM YU-
HOM, KOHMPOJIb 6MICIY N1€2Y8ANbHUX eNeMEeHMiB, 0COOIUBO KPEMHII0 Ma MAP2aHylo, € 8AXCIU-
8010 YMOBOIO popMYyBanHs cmaell i3 NPOSHO308AHUMU elacmusocmamu. Pezyremamu npose-
0eH020 MOOeN0B8AHHS NIOKPECII0I0Mb OOYINIbHICMb BUKOPUCTAHHSA PO3PAXYHKOBUX NIOX00i8 )
mamepianozuaecmei. 1Ipocnosne mMooentosanHs 00360JA€ wje Ha emani CmMmeoPeHHs XIMIYHO20
ckaady cmaini 3abe3nevumu egpekmusny adanmayiio it cmpyKkmypu nio 3a0aHi eKcniyamayii-
HI XApakmepucmuku, wo CHpUsie 3HUNCEHHIO 3ampam HA eKCNepuMeHmaibHi po3pooKku ma
CKOPOYEHHIO MEPMIHI BUBCOEHHS HOBUX CNIABI8 ) BUPOOHUYMBO.

Knrouosi cnosa: 3anisnuuna 6ice, npocHo3ne MoOen08aHHs, KPEMHIU, MapeaHeyb, MexXaHiuHi
enacmugocmi, XiMivHuu CKaao.

Beryn. 3a3zBuyaii ctani 3 Bmicrom Byriento Bix 0,40 1o 0,60 % BUKOPUCTOBYIOTH AJist
BUPOOHMIITBA 3AII3HUYHHUX KOJIIC 1 oceil. J[o iX ckiamy BBOIATH JIETYIOUi €JI€MEHTH, TaKi K

xpoMm (Cr), mapranens (Mn), monionen (Mo) i Hikenb (Ni), 110 TiABHUILYE TPOTapTOBYBAHICTh

© Tosopotus L.P., Capponosa O.A., [Togonscekuii P.B., Kononenko I'.A., 2025

>3 ISSN 1562-9945 (Print)

ISSN 2707-7977 (Online)



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

1 MOKpaIlye MOXJIMBICTH TepMiuHOi 0O0poOKH, 30Kpema 3abe3leuye BHCOKE 3MILIHEHHS Ta
CTIMKICTh IO 3HEMIITHEHHS i 4yac Biamycky [1-2]

JlomaBaHHS MapraHilio, HIKEN0, XpOMYy Ta MOJi0/AeHy MO3UTUBHO BIUIMBAE Ha 3HOCO-
CTiHKICTh cTam. BogHodac iXHilf BMICT CITiJi KOHTPOJIIOBATH 3 YpaxyBaHHSIM €KOHOMIUHHX 1
TEXHOJIOTIYHUX YUHHHKIB pO3pOOKH MaTepiaiy.

Maprasenp miJIBULIYE MILHICTh 1 MOKpAIIye MpOrapToByBaHICTh cTaii. [Ipu BMicTi 10
2% (Mac.) crocTepiraeTbCcsi 3pOCTaHHS TUMYACOBOTO ONOPY PO3PUBY, TOJII SIK IMiJIBUIICHHS
IpaHuUIll IUIMHHOCTI BiJ3HAYa€ThCs JMIIe 70 KoHmeHtpauii 1,5% (mac.). Bomnoudac ymapaa
B'SI3KICTH 3HIXKYETHCS 31 30UIBLICHHSM BMICTYy MapraHIillo, 0COOIUBO MpH nepeBuiieHHi 1,5%
(mac.) [3].

Kpewmmiii B konnentpanii 10 0,8 — 1,2 % mac. mO3UTHBHO BIUIMBAE Ha CTPYKTYpPY, MeXa-
HiYHI Ta TEXHOJIOTIYHI BIACTHBOCTI CTali: 3HWKYE KPUTUYHY HIBHIKICTH OXOJIOKEHHS 1 30i-
JBIIY€E TPOrapTOBYBAHICTh, 3MEHIIYE IIBUIKICTh PO3Maay MapTEHCHUTY, MiJBUIILY€E MIIIHICTh,
TBEPIICTh 1 MPYXHI BIACTHBOCTI CTaji, 30UIbIIYye OIMip KOPO3ii, ane 3HUXKye B'SI3KICTh 3a Oi-
JBIIOro BMIiCTY. Takuil BIUIMB KPEMHIIO Ha BIACTUBOCTI MOB'SI3aHUM 3 HOTO JIi€l0 Ha MaTpUy-
Hy (azy (a-po3unH) i kap6inu [4].

3MiHa BMICTY BYIJICIIO, SIKHW € OJHUM 3 OCHOBHHX eJeMeHTiB cuctemu Fe-C y crani
NPU3BOJNUTH IO 3POCTaHHS MIITHOCTI (TBEpAOCTi, IPaHULll IUIMHHOCTI, TAMYACOBOT'O OMOPY),
asie 3 MiIBULICHHSAM HOro KUIBKOCTI B CTaJIl 3HW)KYIOThCS 3HAUCHHS IJIACTUYHHUX XapaKTepHC-
THUK Ta yapHOI B A3KOCTI [5].

BpaxoByroun 0coOIMBOCTI Jiarma3oHiB XIMIYHOTO CKJIay B paMKax MapOYHOTo € 3HaYHa
BaKKICTh HE TUIbKH Y BIITBOPEHHI PI3HUX KOMOIHAIIH XIMIYHOTO CKJIaly, aji¢ 1 B BUSHAYCHHI
ONITUMAJIBHUX KOMOIHAIIili BBEJCHHS XIMIYHUX €JIEMEHTIB, 1X 3aCBOEHHS Ta BILIMB Ha KiHIIEBI
MEXaHIYHI BJIACTHUBOCTI. 3aCTOCYBaHHS KOHIICTIII CIIPSIMOBAHOTO XIMIYHOTO 3B’SI3KY J03BO-
JIsi€ Ha eTarl po3paxyHKIB BUSBIIATA ONTHUMAJIbHI CITIBBITHOIICHHS JIETYIOUMX €IEMEHTIB, 10
3a0e3neuyroTh OakaHi (h13UKO-XIMIUHI BIIACTUBOCTI CcIuIaBy. Lle 103BOJIsIE CYTTEBO CKOPOTUTH
00CST eKCTIepUMEHTAIBHUX JOCIIKEHb Ta 3HU3UTH BUTPATH HAa CTBOPEHHS HOBUX MaTepialliB
3 MOKPAILIEHUMH XapaKTEePUCTUKAMHU.

Meta po6otu. JlocaiKeHHs BIUTUBY 3MIHH BMICTY MaTpUYHUX €JIEMEHTIB, a CaMe BYT-
JIeI10, KPEMHIIO Ta MapraHIlo Ha MapaMeTp 3apsioBOTO cTaHy cucteMu — ZY 3 3aCTOCYBaH-
HSM PO3PAaXyHKOBOTO €KCIIepUMEHTY. Po3poOuTh pexomeHpaarii 100 BMICTY OCHOBHHX
KOMIIOHEHTIB BYTJICTIEBO1 CTaJli JUIsl TOCATHEHHS BHCOKOI TBEPOCTI 32 MOKJIMBO MEHIIOT Ki-
JBKOCT1 0OPOOOK.

MeToanka npoBeaeHHs X0C/iKeHb. KOMIIIIEKCHUI MTOLIYK ONTUMAaIbHOIO CKJIaay B
MEXKax BiJIOMHUX MapoK CTaJIeH, MPOBEIECHUU Yy AOCIIKEHHI, 0a3yeThCsl HAa KOHIICTIT CIIpsi-
MOBAHOT'O XIMIYHOTO 3B'SI3KY. L1 KOHIIENIIis pO3Tisgae MeTaaeBUi PO3IUIAB K XIMIYHO ITUTI-
CHY CHCTEMY Ta BKJItouae (DaKTOpHUH aHaI3 13 MOOYI0BOIO MOJIETIEH IS JOCITHEHHS HE00-
X17THOT pIBHOMIPHOI CTPYKTYpHOI CKJa0Boi. OcKiIbKkH (Pa30Bi MEPETBOPEHHS 3YMOBJICHI Mi-
YKaTOMHOIO B3a€EMOJIIEI0 Y 0araTOKOMIIOHEHTHOMY PO3ILIaBi, HA MEPIIOMY €Tari po3paxyHKo-
BHUX JIOCJIDKEHb BUKOHYETHCS 3rOpTKa XiMI4HOTO CcKiamy. Lle 3miiiCHIOEThCS MIJITXOM BHUKO-
PHCTaHHS {HTErpaIbHAX apaMeTpis craHy 3apsiay (ZY) ta crpykrypu (d), sKi 06HHCIIIOIOTHCS
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SK pe3yNbTaT MOMapHOi B3a€MO/Ii1 BCIX M KOMIIOHEHTIB 4epe3 po3B’sI3aHHS CUCTEMH HeliHit-
HUX PIBHSHB y KUTBKOCTI m? - m + 1 [6].
B naniii po6OTi 1OCHIAKYBaIU BIUIMB 3MiHM BMICTY KOMIIOHEHTIB B MeXaX TPbOX Ma-
pok crami s 3amizHuuHuX oceit: Mapka OC (ykpaincekuii cranmapt HACTY 31334:2009),
mapka ctani EAIN (eBponeiicekuii cranmapt EN 13261:2020), mapka F (amepuxancbkuit
craanaptT AAR M-101-2017). XimiuHu# ckiiag UX cTaneil HaBeaeHui B Tabmumi 1. Y Bumna-
JIKY, KOJM HOPMATHBHI BUMOTH MICTSITh JIUIIIE MAaKCUMATbHI OOMEKEHHS, IS TOCIIHKYBaHUX
€JIIEMEHTIB (BYTJIEllb, KPEMHIM, MapraHelb) K MiHIMaJIbHUI BMICT 33/1aBalUCh 3HAUEHHS, SIKi
BI/IMOBiIaT MiHIMaTbHUM (DAaKTHUYHUM, BiIMOBIIHO O MOTOYHOTO KOHTPOJIO y MPOMHUCIO-
BOMY BUPOOHMUTBI. J{JIs IHIIUX €JeMeHTIB Opainu (iKCOBaHO MAKCHMAIbHUN NMPUIYCTUMMNA
BMICT.
Tabmums 1
XiMiuHUH CKJIaJ CTaNEH, 10 MOJaBAIHUCh Ha PO3PaXyHOK

Mapka | v L p S Ni | Cu | C | Mo |V
cTraal

0,34- | 0,80- | 0,18-
EAIN ’ ? ? 2 1
040 | 120 | os0 | @020 | 0015 | 03 | 0 | 03 | 008 | 0

0,42- | 0,60- | 0,15-
’ ’ ’ 4 4 2
oC 0.50 | 090 | 035 0,040 | 0,0 0,3 0,25 0 0 0

F 0,45-1/0,70- 1 0,15- 0,045 | 0,05 0 0,30 0 0 | <0,08
0,59 | 1,00 | 045 | ’ ’ =

PesyabTaTtu gocaixxkens. Pozpaxynok mams crani mapku EA1N 3nificHioBanu Big MiHi-
MaJbHOTO O MaKCHMAJILHOTO 3HAYEHHS 3TiHO BKa3aHOTO Yy TAaOJHII BMICTY 3 BIAMOBITHUM
kpokoM (C 3 kpokoMm 0,006; Mn 3 kpokom 0,044; Si 3 kpokom 0,035). BubGip came Takoro
KPOKY CIIPUYMHEHUN CTBOPEHHSAM OJJHAKOBOI KUJIBKOCTI BHUMIpiB /IS YCiX BapiaHTIB po3paxy-
HKY 3aJuid 3a0e3nedyeHHs] 00’ €KTUBHOCTI JOCHiKeHHS. [Ipu 3MiHI BMICTy BYTJICIIO, BMICT
Mapratiio Ta KpeMHil0 Opajy piBHUM CepeIHbOMY 3HAUCHHIO. Y pa3i 3MiHU Maprasiio, ¢ix-
CYBJIM Ha CEPEeIHbOMY PIBHI BYIJIEIb Ta KPeMHill. A 1/ 3MIHU KPEMHIiI0, Ha CepeHbOMY
piBHI 3a3HaYaIM BYIJIELb Ta MApraHelb.

B pe3yiIbTaTi 3aCTOCOBAHHX YMOB OyJIO BCTAHOBJICHO y MONMApHUX 3B’s3Kax Z' — C;
Z¥ —Mn; Z" — Si - TicHuii 38'130K 3 BUCOKMMH KoedimieHTamu aeTepminosanocti (R?=0,99),
1110 IIPEICTaBJICHO Ha puc.l, a .

[Topsin 3 3a3HaueHMMM BUAAMHU 3B’S3KiB I[iHHY iH(opmamio HecyTh rpadidni 300pa-
KEHHS, K1 OYAYIOThCS 3 IPUBEACHHSAM IHTEpBaLy 3Ha4EeHb JOCTIKYBaHUX 3MIHHHUX 10 €111~
Horo BiApi3Kky [0 + 1] puc.2, 6. OCKiIBKM camMe TaKUM CIOCOOOM TiABHINYEThCS HAOYHICTh
BUSBJICHHUX BIUIMBIB, YUTA0EIBHICTh Ofpa3y JEKiIbKOX 3MIHHUX Ta CITIBCTABJICHHS CIIPSIMOBa-
HOCTI BIUTUBY OJIHI€1 3MiHHOI BiTHOCHO 1HIIOI. Tak HalO1IbIINI BIIMB HAa 3pOCTaHHS 3HAYCHb
napamerpy Z" Mae KpeMHili, TOTIM MapraHelb, a ByrJielb M0 MOHIKYe Z' y MOPiBHSHHI 3
BILTUBOM Mn i Si.
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3 pe3ynbTaTaMu MOMEPEIHIX TOCITiHKEHb 0yJI0 BU3HAUCHO, 110 32 3HAYEHB 3apsI0BOTO
crany cucremn B inTepsam 1,2 < Z¥ < 1,21 BinbyBaeThcs 3MiHa cTaHy, sKuil 3a0e3medye
OLITBIII BUCOKUI piBEHb TBEPAOCTI: 10 I[bOTO iHTEpBaTy OibllIa TBEPAICTh y CTaH1 MicCIs rapsi-
yoi ractuyHoi aedopmariii ne menmre 50% (I'TLJI), micns 3a3HaYeHOro iHTEpBaly — y CTaHi
micis HacTynHOoi TepMigHoi 00pooku (TO) — Hopmanmizamii [7]. ToOTo st cranei 31 ckiagoMm
BiAMOBiAHO 10 Mapku EAIN g Todyka 3HaxXOOUThCS B O0JIaCcTI TMo03a IHTEPBAIOM
1,2 < 7Y < 1,21, m1o cBiAYUTH MpO HEOOXITHICTh MPOBENCHHS TEPMIYHOI OOPOOKH /IS Ii/IBU-
HICHHS TBEpAOCTi (puc. 1).

260

3
/ 2 =1 rapAaya nnactuyHa
. /(/5 aedopmauina
@ 220 e f
I | ™ = 1655.2x- 1795.3
4 ‘ B- = v eienithe
g = R =0.5945
200 .
o r
8 7 - juna 06po6
® 1m0 a3 s u S
:/..r’ ¥y=1915.1x- 21086
3 R = 0.6486

180

Y

Pucyrok | — BusHaueHHs 3HA4YCHHS TapaMeTpy Z ', 3a SIKOTO 3MiHIOEThCS BIUTHB 0OpOOKH Ha
PIBEHb TBEPIOCTI 3pa3KiB OCHITHOI CTali JIA0OpPaTOPHOTO BUTOTOBJICHHS [7]

3HavenHs Z° Ginbimi 3a 1,21 uist Beix BapiaHTIB XiMiYHOTO CKIamy CTali B MEXax BH-
Mor 70 1i€l Mapku. TakuM YMHOM, BUCHOBOK IIPO MOXKITUBY BIJIMOBY BiJl TPOBEICHHS HOpMa-
Ji3arii mcis rapsyoi TIacTUYHOi 00pOOKH, € HE3aCTOCOBYBAHUM I ITUX cTanei. Pazom 3
TUM, Pe3yJbTaTH JOCTIHKCHb JO3BOJIIN BCTAHOBUTH, IO IHTCHCHBHICTH BIUIMBY BYTJICIIIO,
KPEMHIIO Ta MapraHIfio pi3Ha. 3a BMICTY IIMX eJeMeHTiB Ha piBHi 0,5-0,6 y mpuBeneHNX KOOp-
JTUHAaTax BiIOyBaeThes (puc.2, 6) 3MiHA: 70 IILOTO 3HAYCHHS HAWOUIBI eEeKTUBHUM €IeMEH-
TOM, SIKHii BIUTMBA€ Ha 3HAYCHHS Z' € BYIJICIb, MiCIs IbOTO 3HAYCHHS, IPOBIAHY POIb BKE
BiZirparoTh KOHLEHTPALI] KPEMHIIO Ta pa3oM 3 HUM Mapraio. OCKiIbKH 3a 36inbieHHs Z
B110YBa€ThCs 301IBIICHHS TBEPAOCTI, TO i cTasi Mapku EA 1N mMoxe OyTu peKoMeHI0BaHO
JoCSITaTh €PEeKTUBHOTO 301IBIICHHS TBEPAOCTI 301IBIICHHSM BMICTY BYTJIEIIO 0 MOTO 3Ha-
yeHb Ha piBH1 0,37- 0,376%, y noganpiioMy crae Outbll €(EeKTUBHUM 3 TOYKU 30pY MiJBU-
IIEHHS TBEPJOCT1 30UTBIIIEHHS BMICTY KPEMHIIO Ta MapraHIlio 10 MAaKCHMAJIbHUX 3HAYCHb B
Me)Kax MapOYHOTO CKIIay.
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BmicT ennemeHTy XimiuHoro cknafy crani EAIN XimiuHnii cknapg,

a 0
PucyHok 2- B3aeM03B’ 130K 3apsiIOBOTO CTaHy CUCTEMHU - Z" 3 eleMeHTaMHt XiMIiYHOTO CKJIany

crani mapku EA 1N (a); BB maTpuunux enemeHTiB (C; Mn; Si) Ha 3MiHY ITapameTpa
MixkaToMHOT B3aemoii - Z” (6)

1228 1,228
¥=0.001:%-0.0107x+ 1.2425

:_
1226 Rizdo0ad ¥=0.0079x +1.1957 1,226
2 R?=09993
1224 1 1,224

1222 1,222

i o
s 122 L; 1,22
™ 1 npw aminiemicry Mn

o 2 4 npu sminiemicty Si 1,218 npu 3miHi emicty Si

npu 3miHi Bmicty Mn

1216 1,216

1214 1,214

1212 1,212
o 1 2 3 4 ] 3 1 1,1 1,2 1,3 1,4 1,5 1,6
CniesigHowenHa Mn/Si Mn+Si

a 0
Pucynok 3— B3aemo3B’s130k 3apsgoBoro crany ctaii EAIN 3 cniBBigHOmenHs M Mn/Si (a);
B3aemo3B’s130k 3apsgoBoro ctany craini EAIN 3 (Mn+Si) (6)

[Tpu mocnimxenHi BrumBy Mn/Si ans crani mapka EAIN BcraHOBIEHO, 10 32 3HAYEH-
HS I[bOTO MapaMeTpy Ha piBHI 2,8-3,2 BinOyBaeTbcsi 3MiHA HAMOIIBII IHTEHCUBHOTO BIUIHUBY
CITiBBiIHOIIEHHS eIEMEHTIB Ha Z' cTaJi. J1o bOro 3Ha4YeHHS HANOUIBIINI BIUIMB Ta CIIAJal0-
yuii XapakTep GyHKLIi HOCUTH 30UIbIIEeHHS mapaMeTpy Mn/Si 3a paxyHOK 3MiHM MapraHiiio, a
3a mojaibIIoro 30ibiIeHHss Mn/Si Bike cTae OuThI e()eKTUBHUM 30UIbIIEHHS! BMICTY Mapra-
HIUO, SIKMH Mae 3pocTaiounii xapaktep. TaKUM 4MHOM, [UIs iABUIEHHs mapamerpy Z, 36i-
TBIICHHS SIKOTO MPU3BOIUTH JI0 MIABUIICHHS TBEPIOCTi, HEOOXIIHO BiAgaBaTH mepesary 30i-
JBIIEHHIO MapraHilio micis 3HauyeHHss Mn/Si Ha piBHi 2,8-3,2, a 10 11bOTO iHTepBaTy — 3a pa-
XYHOK 30i/IbIIeHHS BMIiCTY KpeMHito. [Ipu 1boMy Haii6inbui it HaiiMenmi 3nadenns Z' gocs-
raloThCs MPH 3MiHI BMICTY CaMe KpPEMHII0 B MeXaX MapOYHOTo CKJIaay cTaii. SIk BUXOIUTH 3
aHami3y puc. 3a, A JOCSITHEHHS HAHOUTBIINX 3HAYEHB ZY, 30UTBIICHHS SIKOTO MPU3BOIUTH
70 30UIbIIeHHS TBepAOCTi, B ctayi Mapkd EAIN HeoOXigTHO BUKOPUCTOBYBaTH MaKCHMallb-
HUI BMICT KPEMHIIO B ME&KaxX MapO4YHOI'O 32 CEpe/IHIX 3HaUeHb MapraHIlio Ta Byriemto. Tpoxu
MEHIIHX 3HAYCHB Z", a SIK HACTIIOK i TBEPIOCTI, MOKHA OTPHMATH 33 MAKCHMATbHOTO BMICTY

Mapratiio Ta cepelHiX 3Ha4eHb BYTJICLIO Ta KPEMHIIO.
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B pesynbTaTi H0oCHiaKeHHs BIUIMBY CYMapHOT'O BMICTY KPEMHIIO Ta MapraHiiio Ha 3aps-
JOBHIA cTaH cram (puc. 3, 6) BCTAHOBIIEHO, IO B iHTEepBaIi 3HaueHb 1,32-1,38 BimOyBaeThCs
3MiHa MIPOBIAHOTO EJIIEMEHTY, 110 BILUTUBAE Ha Liell mapamerp. Jlo BkazaHOro iHTepBaly Hailbi-
JBIINN BIUIMB YMHUTH 3MiHA BMICTY MapraHIlio, Micjsl IbOro iHTepBally — KpeMHit0. OCKIIbKI
TOJIOBHA METa JOCTIKEHb — BU3HAYUTH YMOBH, 32 SKUX JOCSATAETHCS HAWOUIBINI 3HAYCHHS
TBEPIOCTI, a BOHH BiIOBIIAI0TH HAMGIIBIIINM 3HAYCHHSIM MapaMeTpy Z ', TO MOKHA PeKOMe-
H/YBaTU JTOTPUMYBATHCh HACTYIHUX MPUHILHUIIIB: BMICT BYIJICIIO JOIIBHO MiJABHUIYBAaTH 0
0,37-0,38 %, moanbIie MiABUINCHHS MPU3BEIe TAKOXK 0 MiJABHUIIEHHS TBEPAOCTI, aie OUTbII
e(eKTUBHUM € KepyBaHHS BMICTOM MapraHIIO Ta KPEMHIIO; BMICT KPEMHIIO Ma€ OyTH MaKCH-
MaJbHUM B Mexkax MapouyHoro (0,5%), mpu nboMy BMICT MapraHio Ma€ OyTH Ha PiBHI cepe-
naaboro (1,0%). Takuii BMICT MapraHiio Ta KpeMHIIO TaKOX BiAINOBiae HAWBUIIMM 3HAYCH-
HAM Tapametpy Z" (iHis 2 — 3a cepeHbOro 3HAYCHHs MAPraHIlo, BYTIICLIO Ta 3MiHi BMiCTy
KPEMHII0) BIINOBITHO 10 puC. 3, AKui TpadiuHo BimoOpakae 3aleKHICTh 3apsAJ0BOr0 CTaHy
CHUCTEMH BiJl CHIBBIJHOIIEHHS MapraHuio A0 kpemHito. TepmiuHa oOpoOka micist rapsuoi
IUIaCTUYHOI Aedopmartii HeoOXiaHA A MiIBUIIIEHHS TBEPAOCTI.

Pospaxynok st crani mapku OC. Ximigawid ckaan qociimkyBanoi ctami OC BignoBi-
nae XiIMIYHOMY CKIafy, 3a3HaueHomy y ctanaapti JCTY 31334:2009.

3MiHa MaTpUYHHMX EJIEMEHTIB 3AIMCHIOBANACH BiI MIHIMAJIBHOIO 10 MaKCHMAaJIbHOT'O
3HAYEHHS 3T1IHO BKa3aHoro y tabmumi | BMicTy 3 BiamoBigauM KpokoM (C 3 kpokom 0,008;
Mn 3 kpokom 0,033; Si 3 kpokom 0,022).

Cranp mapku OC 4acTKOBO BXOJWTH y BKazaHuid iHTepBai 1,2 < ZY <121, a came Hu-
JKYe 4epBOHOI JIiHIT Ha puc.4 naHi 3aJ0BOJLHAIOTH BKa3aHy BUMOTY. T0OTO 1j1s cTanei, Ximi-
YHUHW CKJIaJ SIKUX BiJIMOBIAa€ YMOBI, J0JaTKOBa TepMiuHa 00poOKa (HOopMmaizallis) MOXe He
MPU3BOJIUTH JI0 CYTTEBOTO 30UTBIIEHHS TBEPAOCTI TMOPIBHSHO 31 CTAHOM TIICIISI Tapsuoi 1miac-
TUYHO1 nedopmariii. Yci e1eMeHTH MaTpUYHOI CUCTEMU Y KOHKPETHOMY BHNAJKY JUJIS CTall
Mapku OC npu3BOIATH A0 3pOCTaHHS 3HAYEHb TapaMeTPy ZY. MoxHa GaduTi 3 puc. 4, 6, mo
{HTCHCHBHICTH BIUIMBY CJICMCHTIB Ha mapamerp Z' OIM3bka, HE BiIOYBA€TbCsS 3MIiHM Haii-
OLTBII €(PEeKTUBHOTO MapaMeTpy.
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Pucynok 5 — B3aemo3B’s130k 3apsimoBoro crany craii OC:
a) 3 cniBBigHOMEHHSM Mn/Si; 6) 3 (Mn+Si)

B pe3ynbrari nmpoBeeHOr0 MaTeMaTHYHOTO €KCIEPUMEHTY BCTAaHOBJICHO, IO 3a 3HA-
yeHb Mn/Si s crani mapku OC Ha piBHi 2,8-3,2 (Tak camo, 5K 1 A1 TONEpeHbO aHaIi30Ba-
Hoi crami EAIN) BinOyBaeTbcs 3MiHa HAWOUIBII IHTEHCUBHOTO BIUIMBY CIIBBIIHOIICHHS €le-
MeHTiB Ha Z" craii. J[0 [Or0 3HAYCHHS HAMOLIBIINI BIUIMB Ta CIAaroumii XapaKTep QyHK-
11ii HOCUTH 301IBIICHHS MTapaMeTpy Mn/Si 3a paxyHOK 3MIHH KPEMHIIO, a 332 TIOJIaJIbIIoro 30i-
neieHHs Mn/Si Bke cTae OUTbII e(peKTUBHUM 30UTBIIIEHHS BMICTY MapraHIlio, IKUH Ma€e 3po-
crarounii xapakrep. TaKUM YHHOM, VISl TTiABHIIEHHS apamMeTpy Z ", 301TbIICHHS SKOTO IPH-
3BOAMTH JI0 MiJIBUILIEHHS TBEPAOCTI, HEOOX1AHO BiJAaBaTH MepeBary 30UIbIICHHIO MapraHIio
micinist 3HaueHHss Mn/Si Ha piBHi 2,8-3,2, a 10 1IbOTO 1HTEpBATY — 30UIBIIEHHIO BMICTY KpeM-
uito. Haiibinpmi 3HauenHs mapametpy Z' crocTepirany 3a 3MiHIOBAHHS KPEMHIIO IPH IOC-
TIHHUX CepeAHIX 3HAYEHHIX BYIJICLIO Ta MAPTAHINIO, 115l 3AKOHOMIPHICTh 3 BUCOKOIO TOUHICTIO
(R?=0,997) OMMHCYETHCS MapabOoIiYHOIO PYHKITIETO.

B pesynbTati 1ochikeHHs BIUIMBY CyMapHOT'O BMICTY KPEMHIIO Ta MapraHiiio Ha 3apsi-
noBuit crtad craini mapku OC BcTaHOBJIEHO, 0 B iHTepBaii 3HaueHb 0,98-1,02 BinOyBaeTbes
3MiHa IPOBIHOTO €JIEMEHTY, L0 BINIMBAE Ha 1ed napaMeTp. Jlo Bka3aHoro iHTepBany Haioi-
JBIIUN BIUIMB YMHUTH 3MiHA BMICTYy Maprasuio, Micis IbOTO iHTEpBally — KPEMHI0. 3als
JOCSITHEHHSI MaKCUMAaJIbHUX 3HAu€Hb TBEPAOCTI (SIKI CIIOCTEPIra€ThCs 32 BUCOKHUX 3HAUYCHD
napamerpy Z') 3amisHuaH#X oceit Mapku OC PEeKOMEHIOBAHO AOTPHMYBATHUCh HACTYITHHX
MiAXO/IB: BUXOJIYM 3 aHAI3y puc. 4 Ta 5 BMICT KpEMHIiI0O Mae OyTH HaOIMKEHUM 10 MAaKCH-
MaJbHOTO B Mekax MapouHoro (0,35%), mpu 11boMy BMICT BYTJICI[IO Ta MapraHIIO MOXe OyTH
Ha cepennbomy piBHi (0,75% mapranmro ta 0,46% Byrnerio). [Tonanbiie 30UIbIICHHS ByTTIe-
II0 1 MApraHIio TAKOXX MOKE JaTH MEBHUM MPHUPICT TBEPIAOCTI, OJHAK IX BIUIUB HE MA€ BUCO-
K01 e(peKTUBHOCTI. BayKIMBO BIA3HAYUTH, 1110 32 XIMIYHOTO CKJIQIy CTaji AJIS SIKOTO IapaMeTp
Z" Bimnosinae niamasomy 1,20-1,21 BB TepMiuHOi 06pobKH (puc. 1) Ha TBepAiCTH BiACYT-
Hill. ToMy, 3 TOuku 30py 3a0e3MEeUeHHs] MAKCUMAIBHOTO PiBHS TBEPJOCTI 32 MiHIMAJIbHOI Ki-
TBKOCTI 00pOOOK, IS cTanei 3 XIMIYHIM CKJIAJIOM, SIKMH BiIIOBiIae BKa3aHild yMOBI (puc. 5,
HIDKYE YEPBOHOI JIiHI) MOYKHA HE MPOBOJUTH TEpPMiYHE OOPOOJICHHS Micis raps4oi miacTuy-
Hoi nedopmarii. PiBeHb 4epBOHOI JiHIT BIAMOBIAa€ CEPEIHIM 3HAUYCHHSIM BMICTY €JIEMEHTIB.
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Takum 4MHOM, 32 3MEHILIEHHS BMICTYy KPEMHIIO 3 MAaKCHUMAJIBHOTO 0 CEPEIHBOTO € MOKIH-

BiCTh BIJMOBUTHCH BiJ IIJIOTO €TAaly BUTOTOBIEHHS OCI — TEPMIYHOTO 0OPOOICHHS, IPU LIbO-

My TBEpAICTb MaTUMeE 33J0BIIbHUN PIBEHb.

Pozpaxynok ans crami mapku F. Ximiunuii ckiman pociipkyBaHoi crani F Bigmosizae

XIMIYHOMY CKJIaJly, 3a3HAaYCHOMY Y CTaHIAPTi.

3MiHa MaTpUYHHMX EJIEMEHTIB 3A1MCHIOBANACH Bl MIHIMAJIBHOIO 10 MaKCHUMAaJIbHOT'O

3HAQYEHHS 3T1IHO BKa3aHOro y tabmumi 1 BMicTy 3 BianoBigauM KpokoM (C 3 kpokom 0,016;

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

Cranp Mapku F MokHa cka3aTu Mailke HE BXOJIUTh Yy BKa3aHUM

iHTEpBa

1,2 < 27" < 1,21. Huxue uepBoHOi JiHii Ha puc. 6 JaHi 330BOIBHATH BKa3aHy BUMOTY. Pe-

3yABTATH JOCIIIKEHb I03BOJIMIIA BCTAHOBUTH, IO IHTEHCUBHICTH BIUIMBY BYTJIEIIO, KPEMHIIO

Ta MapraHifio pi3Ha. 3a BMICTy IUX eneMeHTiB Ha piBHi 0,5 - 0,6 y npuBeAeHUX KOOpAUHATAX

Bi10yBaeThes (puc.2, 0) 3MiHA: A0 FOTO 3HAYCHHS HAHOUIBII €)EKTUBHUM €TIEMEHTOM, SIKUI

BIUIMBAE HA 3HAYCHHS Z' € MapraHelb, IiC/Is bOr0 3HAYCHHS, IIPOBIIHY POJIb BXKe Bimirpa-

IOTh KOHIIGHTpALlli KPEMHIIO Ta pa3oM 3 HUM BYIJICLIO, & IHTEHCUBHICTh BIUIMBY MapraHIlIO

CTa€ MCHIIIOXO.
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B pe3ynbraTi MpoBEAEHOr0 MAaTEMaTUYHOT'O EKCIIEPUMEHTY BCTAHOBJICHO, IO 3a 3Ha-
yeHb Mn/Si g crani mapku F Ha piBHi 2,8-3,2 (Tak camo, K 1 JJs NONEepeIHbO aHaIi30Ba-
Hux ctaieit EAIN ta OC) BinOyBaeTbcsi 3MiHA HAMOUIBII IHTEHCUBHOTO BIUIUBY CITiBBIJHO-
IICHHS eTeMeHTiB Ha Z° crani. Jlo HpOro 3HAYCHHS HAMOIIBIIMIA BIUIMB Ta CIIa[al04Hil XapaK-
Tep QyHKIIT HOCUTH 301IbIIEHHS MapaMeTpy Mn/Si 3a paxyHOK 3MiHM KpEMHiI0, a 3a moja-
npIIoro 30uTkieHHsT Mn/Si Bxke crae OuUTbln eeKTUBHUM 301BIICHHS BMICTY MapraHilio,
KU Mae 3pocTaroumii xapakrep. TAKHM UMHOM, IS MTiABHIICHHS HapameTpy Z ', 36inbieH-
HS SIKOTO MPU3BOIMTH JO IiJIBUIIEHHS TBEPAOCTI HEOOX1THO BiJIaBaTH IMepeBary 301IbIIeH-
HIO MapraHIio Imicis 3HaueHHs Mn/Si Ha piBHI 2,8-3,2, a 10 IIbOTO iHTEpBay — 3a PaXyHOK
301IbIIICHHS BMICTY KPEMHIIO.

B pe3synbTati 10oChiKeHHS BIUTUBY CYMapHOT'O BMICTY KPEMHIIO Ta MapraHIio Ha 3apsi-
noBuii ctaH craii F BcraHomieHo, mo B iHTepBami 3HadyeHb 1,14-1,18 BigOyBaeThcs 3MmiHa
MIPOBIHOTO €JIEMEHTY, 1110 BIUIMBAE Ha Iiei mapameTp. [lo BkazaHOTO iHTEpBaly HaWOUIbIIHIA
BILJIMB YUHHUTB 3MiHA BMICTY MapraHilio, MicJis I[bOr0 IHTEpPBAILY — KPEMHIIO.

TakuM 4MHOM, B pe3yNabTaTi pO3PaXyHKOBOTO EKCIIEPUMEHTY MOKHA 3POOHTH pEeKOMe-
HAAMil MOA0 MAXO/IB A0 OOpaHHS PalliOHATBLHOrO XIMIYHOTO CKJIaay B Mekax Mapku F: 3
TOYKH 30pYy 3a0€3MeYeHHs] MaKCUMAJIbHOI TBEPAOCTI, KA MPSIMO TMOB’s3aHa 31 301JIbIIEHHIM
napamerpy Z' HeoOXiZHO 0OMpAaTH MaKCHMANbHE 3HAUYCHHS KpeMHito (puc. 7, 8) Ha piBHi
6mu3bko 0,45 % Mac. Ta BMICT BYTJICLIO Ta MAapraHilio He HIDKYE CepeIHbOro, IpU bOMY Ha-
CTyIHa TepMiyHa 00poOKa micis rapsuoi Aedopmaltii TaKoX COpHUATUME ITiABUILEHHIO TBEp-
nocTi. JIjs cTami, CKiraa sIKoi BiIoBiIae ZY MeHme 1,21 3 MiHIMaJIbLHUM BMICTOM KPEMHIIO Ta
BMICTOM BYTJICITIO 1 MAapTraHII0 HMKYE CEPETHHOTO, HOpMaJII3allis MCs Tapsayoi MmIacTUIHOT
nedopmariii He IpU3Bee 10 CYTTEBOTO IIABHUINEHHS TBEPOCTI, TOMY 3 MO3HIIii 3a0e3mede H-
HS IOCTaTHBOT TBEPOCTI 32 MiHIMaJIbHOI KUTBKOCTI 0OpOOOK TaKWi IMiAX1J TAKOXK MOXKE OyTH
BUKOPHUCTaHHUW Ha MPAKTHUIIL.

BucnoBku. Po3po0ieni 3araapHi peKOMEH 11l 010 BUOOPY parioHAIBHOTO XIMIYHO-
ro ckiany. s 3a0e3nedeHHs MaKCUMAaIbHOT TBEPIOCTI MOYKE OYTH BUKOPUCTAHUM parfioHa-
JBLHAM TAXIA: BMICT KPEMHIIO Ma€e OyTH HaOIMKEHUM JI0 MAaKCUMAJILHOTO PIBHS B MEKax Ma-
POYHOTO, BMICT BYTJICIIO 1 MapraHIllo — He HMX4Ye cepenuporo. Jmsa crameir mapok EAIN,
gacTkoBO Mapku OC ta F HacTymHa TepmiuHa 00poOKa miciis rapsdoi mIacTuIHoi aedopma-
mii 3abe3neuye migBumeHHs TBepaocTi. Jis crami mapku OC Tta F 3a meBHOro XiMi4HOTO
CKJIaJly HACTYITHa HOpMaJli3allis He MPHU3BEAE JI0 CYTTEBOTO IMIJBHINECHHS TBEPIOCTI, TOOTO
Moxe OyTu 3a0e3TNedeHHid TOCTaTHIN piBE€Hb TBEPAOCTI 0€3 TPOBEIECHHS BKA3aHOTO €TaIry
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. IlonpoBuit, 11.0. Penquuiib
YUCEJIBHE MOJIEJTIOBAHHS B3AEMO/III CTPUBKA YIIIJIBHEHHS
3 HAI3BBYKOBUM JIAMIHAPHUM NIPUMEKOBUM HLIAPOM
3A HASBHICTIO TEIIJIOMACOOBMIHY 3 IOBEPXHEIO

Anomayisn. Hagedeno pezynbmamu napamempuyHux 4uceibHUX eKCnepumeHmis no 6niugy
mensio- ma MacooOMiHy Ha 8I0pu6 NOMOKy HpuU 63A€EMOOIi KOCO20 CMPUOKA VWINIbHEHH: 3
JIAMIHADHUM NPUMENCOBUM wapom. Peanizoéano HesasHull CKIHYEHHO-00'€MHULL ancopumm
po36’a3Ky pisnsanb Has e-Cmokca, 3achosanuti Ha cxemi Roe, i3 3acmocysanuam oomedxncysa-
ya nomoky Jameson. Hucenvne mMooento8aHus nposoOUNIOCS 3 MEMOI0 OOCTIONCEHHSL MONCIU-
gocmetl Kepy8aHHs 8IOPUBOM NOMOKY 3 0ONOMO2010 MENJO- Mma MAcoOOMIHY 3 NO8epXHero,
wo oomixaemvcsa. Ha ocnosi ananizy npocmoposux po3nooinie mucky, npo@inie 2ycmuHu,
OUHAMIYHO20 Koehiyienma 8's3K0Cmi, NO3008IHCHIX KOMNOHEHM WBUOKOCMI [ KIIbKOCMI PYXy
8 NPUMEIICOGUX NIAMIHAPHUX WAPAX BUAENEHO OCHOBHI YUHHUKU, WO BUSHAYAIOMb 3MIHU
CcmpyKmypu 8i0pusHoi 83aemooii  ymosax menio- ma macoobminy. [loxazano, wo nessa-
JHcaroyy Ha PizHy QizuuHy npupoody enaugy, menio-i MacoOOMiH 3 NOBEPXHEI HAOAE NOOIOHY
pe3ynemyrouy 0ito Ha po3MIpu ma cmpykmypy Ha038yKo8oi 8i0pusHoi 3onu. Buseneno, wo 3a
00NOMO2010 MENI0- MA MACOOOMIHY € MONCIUBUM 3AN00ICAHHS BUHUKHEHHIO 810PUBHOT 30HU Y
080BUMIDHUX HAO3BYKOBUX MeEUisX.

Knwouosi crnosa. Hucenvne mooenioganus, cmpubox ywjintoHeHHs, TAMIHAPHUL NPUMENCOBULL
wap, meniomacooOMin.

IMocranoBka mpodaemu. [IpoGiema kepyBaHHS BIJPUBOM HAA3BYKOBUX BiJIPUBHUX
TeYil € JyKe aKTyaJIbHOIO TP OpraHi3allii TeIUIOBOro 3aXUCTY €JIeMEHTIB KOHCTPYKIIN BiJ
BHCOKOTEMIIEpATypHUX MOTOKIB Ta ONTHMi3alii aepoAMHaMI4HOT (JOPMU JITAIbHUX anaparis.
3MiHa TeMIiepaTypu OoOTiYHOI MOBEpXHI MOXke OyTH OIHUM i3 3ac00iB KepyBaHHS BiIPUBOM
NOTOKY. BujaneHHs 3araJbMOBaHUX YAaCTHHOK IMPUMEKOBOTO IIapy Kpi3b MOPHUCTY IUISHKY
MOBEPXHI TaKOXX BIIHOCHUTBHCS A0 3aco0iB BIUIMBY Ha CTPYKTypy BigpuBHOi Teuii [1-3].
[opiBHSAHHS pe3ynbTYIOUOI Ail IIUX IBOX Pi3HUX C (PI3UYHOT TOUYKU 30pYy (PAKTOPIB BIUIMBY B
paMKax OJHI€i 1 TeK HaI3BYKOBOI Teuii € aKTyaJbHOIO HayKOBO-JIOCIIITHOT 3a/1auero.

AHAaJi3 oCTaHHIX JocaiTKeHb i1 myOaikamii. Y 1960-1980-x pokax npoBeneHO HU3KY
JIOCITI/DKEHB PO BILUTUB YMOB TEIJIO- Ta MacOOOMIHY Ha BiZJpUB HaJ3BYKOBOT'O IIPUMEXKOBOTO
nrapy Ajs ABOBUMIPHHX IUIOCKMX Ta OCECUMETPUYHHX Tediid [1, 4-6]. OCHOBHUM HayKOBHUM
1HCTpyMeHTOM OyB (Di3MUHUI EeKCHEPUMEHT MPOAYBAaHHS B aepoJUHAMIUHUX TpyOax. Buss-
JICHO JIesIKi eMITIPHUYHI 3aKOHOMIPHOCTI Ul CTPYKTYpH Tedii, BIUIUBY Bropy 3a MOTOKOM, I10-

JIOKEHHS TOYKHU BIAPUBY JJIS JaMiHAPHHUX Ta TypOYJIEHTHHUX B'SI3KO-HEB'S3KHX B3a€EMOJIIH.

© Ionwosuii O.B., Pequnns J1.0., 2025
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3a ocTaHHI /1Ba JECATUIIITTS CUTYallis B HAYKOBUX JOCIIPKEHHIX MI0A0 IILOT'0 HANpsMy
NPaKTUYHO HE 3MIHUJIACSA. YTIPaBIiHHSA HAJ3BYKOBHM BiJPUBOM ITOTOKY 3a JOIIOMOT'OIO TEIl-
JO- Ta MacoOOMIHY PO3TJISINAETbCA TUIBKH JUIS IUIOCKMX Ta OCECHUMETPUYHMX Tedill mpu
HA/I3BYKOBHUX Ta TiMEpP3BYKOBHX IIBUAKOCTIX. [IpoBeneHo uncenbHe MOJENIOBAHHSA VIS T1a-
JIaI0u0r0 KOCOro cTpuOKa yuiinbHeHHS [7], KyTa CTHCHEHHS, CTBOPEHOT'O OCECUMETPUYHUMHU
KOHycaMm¥ [ 8], Ha/I3ByKOBOi YaCTUHH coruia JlaBays mpu nepepo3mmpeHoMy pexumi tedii [9].
Oxpema yBara nmpuaiisiiacs BIUIMBY TeMIEpaTypu OOTIYHOI MOBEPXHI SK HA B3a€MOJIIO yaap-
HUX XBWIb 3 TYpOYJCHTHUM IPUMEKOBUM LIApOM, TaK 1 Ha IPUMEKOBUIL 1I1ap, 1110 BUIBHO po-
3BUBAETHCS, 32 PaXyHOK HECTALIOHAPHUX €(DEeKTiB, BIACTUBUX MOJIECIIOBAHHIO BETUKUMH BU-
xopamu [7, 10].

[TopiBHSIBbHUI aHAJI3 BIUIMBY TEIIO- Ta MAacOOOMIHY Ha CTPYKTYpPY HAJ3BYKOBHX BiJ-
PHUBHHX T€Uiil HE IPOBOANBCS.

ITocranoBka 3agaui gociaizxeHHsi. UncenbHe MOJAETIOBAHHS BIUIMBY TEIUIO- 1 Maco-
OoOMiHy Ha BiPUB HAJ3BYKOBOT'O JIAMIHAPHOTO MPUMEKOBOIO IIAPy MPOBOIMIOCA I YMOB
6a3zoBux excrepumentiB Hakkinen [11]. Cxemy Teuii HaBeaeHo Ha puc. 1.

Pucynox 1 — Cxema B3aemo1ii KOCOro CTpUOKa YIIUTBHEHHS
3 JTaMiHapHUM MTPUMEKOBHUM IIIApOM Ha TUIOCKIH TUTaCTHHI

Biacrans L Bij HOCHKA TJIACTUHY J0 TOYKH MAJIIHHA KOCOTO CTpUOKA IO HEB'sI3KiH Teuii
cranosuna 0.0495wm (1.95 moiima). Uucno PeiiHonbica, BU3HAueHe Ha JaHiil BijcTawi,
nopiBHIOBaTI0 Re;=2.96-10°. Posrmsnanocs 3HAaYeHHS KyTa [a1aodoro crpiudka p=32.6° mpu
gucm Maxa M,=2 He30ypeHOT0 TTOTOKY.

YMoBH Temn000MiHy BU3Hauanuch BinHomenHsam 7, /T, y nianasoni ot 0.4 1o 1.6. Tyt

. -1 .
T, — temneparypa moBepxHi, 1T =T, (1+r%M§ — Temmeparypa BIIHOBJICHHS 3
koedimienTom BimHOBIeHHS 7=0.851 nis naminapHuxX Tediid npu y=1.4.

[Ipu MonemoBaHHI MacoOOMiHY TMOpUCTa JUISHKAa 3HaXoAwinacsa B IHTepBali
0.12<x/L <1.38. IHTEeHCUBHICTh MacCOOOMIHY HYepe3 MOPUCTY AUISHKY IJIACTUHU BHU3HAYa-
7ach 0E3pO3MIpHHUM MApaMeTpoM A = (pv)g ,/(pU),,, ne p — rycruna nositpst; v, U, — 3Ha-
YeHHS IIBUIKOCTI IIPH MacooOMiHI Ta B He30ypeHomy motori. I[lapamerp A 3miHIOBaBCs y
niamnasoHi -0.004<1<0.

YnceJbHNH ajaroputm Ta ioro Bepudikaumia. 11 MaTeMaTHYHOTO MOJIETIOBAHHS
BUKOPHCTOBYBABCSI HESIBHUI aJTOPUTM pO3B’si3Ky piBHAHb Hap’e-CTOKca CTHCIHMBOTO Ta3y,
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3aMMCaHyX y JOBUIbHUX KoopauHartax [12]. JluckpeTHuil aHaIor BUXiIHOI CHCTEMH PiBHSHb
OyayBaBcsi Ha OCHOBI MeTona ckiHdeHHHX 00’emiB [13]. KOHBEKTHBHI JOJaHKUA PO3paxo-
BYBAJIMCh 32 gornomororo cxemu Roe [14, 15]. Jdpyruii mopsmok TOYHOCTI 32 TPOCTOPOM 3a-
Oe3reuyyBaBcsi BAKOPUCTAHHSAM CUMETPUYHOTO 0OOMeXyBaua oTokiB Jamecon [16].

UYucenbHuit anroput™ [12] O6yno BepudikoBaHo Ha 3a7ayax TPAHC3BYKOBOT'O OOTiKaHHS
aeponuHamMiuHuX mpodimiB. (s BUMagKy HAA3BYKOBOi Tedii MPOBEAECHO JOJATKOBE TECTY-
BaHHS anroputmy [12] y mopiBHsHHI 3 eKkcnepuMeHTanbHUMHU Janumu [11] (puc. 2-4). Po-
3paxyHkoBa ciTka mictmwia 400x500 By3iiB i3 piBHOMIpHMM KpokoM 3a Biccio OX. YV mome-
pEYHOMY HANpsMKY BY3JIM CITKH 3TYIIYBaJUCS MOOIN3Y TBEPAOi CTIHKH, MO0 Y IPUMEKOBO-
My mapi nepex obnactio B3aemonii 3Haxonmnocs 100+150 ByzmiB, a B o0yacTi BiIpUBY —
200+250 By3miB.

Pucynok 2 — Po3nopin i300ap B 061acTi B3aemon i

[Tamarounii BiJg reHepaTopa CTPUOOK YIIJIBHEHHS CTBOPIOE B HAJ3BYKOBIN HEB'S3Kii
Teuii rpaJieHT THCKY. Y TPHUCTIHKOBINA IUISHIN JO3BYKOBOI Tedii 1€ MiJBUIIEHHS THUCKY I10-
HIMPIOETHCS BrOPY 3a TEUi€l0, BUKINKAIOYHU MMOTOBIICHHS MTPUMEKOBOTO IIapy Ta BiJIpUB IO-
TOKY. 3arajqpbHUM Tepenaa TUCKY 3a BIAOWTHM CTPUOKOM YIIUIBHEHHS CTAaHOBUB po/po,=1.41.
OO6nacri BiApHWBY BIAMOBiAAa€ Bia’€MHE 3HAUYCHHs KoedillieHTa TepTs, Y TOYKaX BIIPUBY Ta
npUeIHaHHS KoeDIIlieHT TepTs AopiBHIOE Hymio (puc. 3a). Ciia 3a3HA4YUTH, 0 B €KCIEPHU-
MeHTi [11] Big’emH1 3HA4YeHHs KoeillieHTa TEPTS Ta MO3I0BXKHBOT KOMIIOHEHTH MIBUIKOCTI
HE BUMIPIOBAJIUCS, a 3aMIHIOBAIKCS HA HYJIbOBI 3HAUCHHSI.

BigpuB mMoToKy, B CBOIO 4epry, MPHU3BOJUTH 10 YTBOPEHHS XBHJIb CTHCKYBaHHS, SKi Y
HEB'S3KIM Tedii yTBOPIOIOTH CTpHOOK BimpuBy. [Ipy oOTikaHHI BiApUBHOI 30HU (POPMYIOTHCS
XBWII po3pipkeHHs tumy [Ipanaris-Maiiepa, 0 MPOSIBISETECS Y XapaKTEPHOMY «ILIATO» Y
posmnoai TUCKY Ha ractuHi (puc. 30). [lpuennanHs mOTOKY Bee 10 YTBOPEHHS IIIe OJTHOTO
BisiJla XBUJIb CTHCKYBaHHS.
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0) po3MmOoIiT TUCKY

Pucynok 3 — Po3noainm ra3oiuHaMiuHUX MapaMeTpiB B3OBX IIACTHHU
® — CKCIICpUMEHTAJbHI JaHi [11]; == — po3paxyHOK

3MiHM TPOQUTIB MO30BKHbOI KOMIIOHEHTH IMIBUIKOCTI HAOYHO MEPEAAIOTh E€BOJIOLII0
PUMEXOBOTO 1apy miactuHu (puc. 4). [leperun x/L=0.564 3HaX0AUTHCS TOCUTH AAJIEKO Bix
obnacti B3aemoxii. Tyt mpodine MBUIKOCTI BiANOBiae HE30ypeHOMY JIaMiHApHOMY MpH-
MexxoBoMy mapy. Touka x/L=0.768 po3ramoBaHa Ha HEBENUKIN BiACTaHI Mepes BiAPHUBHOIO
30HOIO (X4e,/L=0.825). Xoua Koe]illieHT TePTA 3ANUIIAETbCA JOAATHIM, ajle y IPOoQiIl MBU-
KOCT1 y TBEpAOI CTIHKU MPOSBISETHCS XapaKTePHUN NMPOTHH, BUKIMKAHUI nepenayero 30y-
PEHBb Bropy 3a MOTOKOM.
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Pucynox 4 — Po3noinu ra3oiuHaMivHUX TTapaMeTpiB B3JI0BXK TUTACTHHHU
® — CKCIIEpUMEHTaJIbHI JaHi [11]; == — po3paxyHOK

[Tpodins mBuakocTi pu x/L=0.972 nepenae cTpyKTypy Teuii BcepeauHi BiAPUBHOI 30-
HHU. 3BOPOTHA TEYis € JO3BYKOBOKO 3 HEBEIUKUMH B’ €MHUMHU 3HAYCHHSMH KOMITOHCHTH U.
Criz 3a3HaYMTH, 10 3HAYCHHSI BUCOTH 30HU BIJPHBY, OTPUMAaH1 Y pO3paxyHKax Ta €KCIepu-
MeHTi [11], y3romkyroTecs Mk coboro. Hax BiApMBHOIO 30HOIO MOTIK MPUCKOPIOETHCS 0
HaJ3BYKOBOTO, IOTIM BiIOYBA€THCSl BUPIBHIOBAHHS MPOo(diIr0 HEB's13K01 yacTuHU Teuii. [lepe-
TuH Xx/L=1.486, po3TramoBanuii B 00JaCTi IPUEIHAHOI TeYii, A€ MPOQiab MBUIKOCTI BiTHOB-
JOETHCS 10 (OPMH, IO BiMOBITAE TAMIHAPHOMY MIPUKOPIOHHOMY IIIapy.
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OcHOBHI pe3yJbTaTH YHCEILHOTO MOJeTOBaHHA. [lepma cepis YUCENbHUX EKCIie-
pHMEHTIB OyNia MPHCBSYCHA BILTUBY TEIUIOOOMIHY 3 HENPOHUKHOIO TOBEPXHEIO IJIACTHHU.
3arajpHa CTPYKTypa B3a€MOJIl, MOJOXKEHHS TOYOK BIJIPUBY Ta NPHETHAHHS, 30HA BILJIHBY
BrOPY 3a MOTOKOM iCTOTHO 3aJIeKaTh BiJ] TEIJIOOOMiHY 3 MOBEPXHEIO, 110 00TIKA€THCS. 3MEH-
IICHHS TeMIepaTypH IUIACTUHH TPH3BOJMTH J0 3MECHIICHHS 00JIACTi B3a€MOJIil, 30IMKCHHS
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TOYOK BiJIpHBY Ta MpUETHAHHS, MEHIIIOI TIepeadi 30ypeHb Bropy 3a nmoTtokom (puc. 5-7).
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d 141E+00
1.38E+00
1.35E+00
1326400
21208400
1.26E+00
123E+00
1205400
118E+00
1156400
1.12E+00
1.08E+00
1.06E+00
1.03E+00
9.97E-01

a0 if] 02 03 04 a5 [ 07 (] [E] 10 1 12 13 14 15 x/l,

a) T, /T =1.3 —nigirpiB NOBEpXHI

1.41E+00
1.39E+00
1.36E+00

6) T,/T.=1.0 — nabnmxeHa TETII01 301115

141E+00
1.36E+00
1.35E+00
1.32E+00

B) T, /T =0.4 — 0X010/IKEHHS IOBEPXHI

Pucynok 5 — BruiuB Temrneparypu MoBepXHi Ha CTPYKTYPY B3aeMOIii

KOCOT'0 CTpUOKA YIIIJIbHEHHS 3 JJaMiHAPHUM MPUMEKOBUM IIAPOM
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0) pO3MOALIH THUCKY
Pucynok 6 — BruiuB Temneparypu moBepxHi Ha pO3MOALTH

ra3oIMHAMIYHUX MMapaMeTpiB B3J0BK IIACTUHU

®Di3u4HI 0COOIUBOCTI BIUIUBY TEMIIEpAaTypH MOBEPXHI HAa B3A€EMOMII0 CTPUOKA YHIIb-
HEHHS 3 JIJaMIHApHUM MIPUMEKOBUM IIapOM MOXKYTh OyTH BUSBJICHI NP aHaJi31 MpoQisiB Ty-
CTUHH, JTUHAMIYHOTO KOEQIIliEHTa B'S3KOCTI, MOB3JOBXKHIX KOMIIOHECHT IIBHIKOCTI Ta KiJlb-

KOCTI pyxy (puc. 7).
OnHuM 3 (HakTOpiB, MO BIUIMBAIOTH HAa XAPAKTEPUCTHKH MPHUMEKOBOIO IIapy, IO
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Halirae, € po3nmojal T'yCTHHM. 31 3HIDKEHHSM TeMIlepaTypu IUIACTMHU TYCTHHA rasy, o
Habirae, B IpUMEX0OBOMY Iapi 3poctae (puc. 7a). s yMOB LbOTO pO3PAaXyHKY IiABUIIICHHS
IYCTHHM Ha TMOBEpXHi miactuhu cranoBwio Big P, /p, =0.382 npu T,/T, =1.6 no
p,/p,=1497 mpu T, /T =0.4.

[HmIMM hakTOpOM € 3HAYCHHS AMHAMIYHOTO KOe(illieHTa MOJIEKYJISIPHOI B'SI3KOCTI, sIKe
3aNIeXUTh Bix Temnepatypu motoky W /p, = (T /Tw)0'76. 3i 30UIBIICHHSIM TEMIIEpaTypH Tjia-

CTHHHU B'SI3KICTh ra3y 30UIBIIYETHCS, IO BEJIE /0 J0JaTKOBOTO rajJbMyBaHHS B IPUMEKOBOMY
mrapi (puc. 76, 7B).

Z o5t X ey IR SIS FRSE
L : L | | ' | '
H
K.
Y
L
_bpu_
(pU),
B) IIBUIKICTb I') KUIBKICTb pyXY

Pucynok 7 — BruiuB Temneparypu noBepxHi Ha Ipodiii ra30MHaMiqHUX
napametpiB npu x/L=0.564

IIpu mifgirpiBaHHi MIACTHHY TONEPEYHHI IPAJi€HT MBUAKOCTI OU/ON 3MEHIIYEThCS; a

IIPU OXOJIOJKEHHI — 301IBIIYEThCS; TPODiib MBUAKOCTI cTae Oinbin "HamoBHeHUM". Crij 3a-
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3HAYMUTH, 110 LI 3MiHH (PAKTUYHO HE CTOCYIOTHCS 3HAUCHHs KoeilieHTa TepTs B JaMiHapHO-
My NPUMEKOBOMY IIapi, mo Habirae (puc. 6a). 31 3MEHIIECHHSIM 3HAYEHHS IONEPEYHOIO
rpajieHTa MBUIKOCTI OJHOYACHO 3pOCTA€ 3HAYCHHS JUHAMIYHOTO KoeilieHTa MOJIEKYISp-

HOI B'I3KOCTI |1, Ha CTIHLI, TaK 10 KOCPILIEHT TePTs ¢, y Oe3rpa/iEeHTHOMY JIaMiHAPHOMY

NPUMEKOBOMY IIapi MPAKTUYHO HE 3IEKHUTH Bl TEMIEPaTypH IIACTUHU. TakuM YWHOM, Ha
3MiHYy MOB3/JI0BXXHbOi KOMIIOHEHTH KUIBKOCTI pyXy OJHOYACHO BIUTMBAIOTH 00u/Ba (hakTopu.
[Tpu 0X0J10/KEHHI TIACTUHHU 301IBIIYETHCS SIK TYCTHHA Ta3y, TaK 1 HOro MBUAKICTb.

[TixirpiB racTUHM Ma€ 3BOPOTHY TEHAEHLIIO OXOJIO/HKEHHIO. BHACHIZOK MigBUIIEHHS
IMITYZIbCY B MO3J0BXXHBOMY HANpPSIMKY "OXOJOMKEHUH" Ta3 crae OUIbII iHEpUIHHUM, JIerie
JI0J1a€ HECHPUSATIMBUN TPANi€HT THUCKY. 30Ha B3a€MOJii 3BYXKYETbCS, TOUYKH BiIPHBY Ta
NpUETHAHHS 3MILTYIOTHCS 10 TOUKH MAAIHHSA CTPHOKA YITUTEHEHHS 3a HEB'SI3KOI0 TEUI€TO.

VY npyriii cepii 4MCENbHUX €KCIIEPUMEHTIB OYyJI0 PO3IJISTHYTO BIUIMB MAacOOOMIHY Kpi3b
NOPHCTY NUISHKY IJIacTHHU. BryB raszy (4>0) depe3 mopucty AUISHKY He posrisgaBcs. Sk
MOKa3ajau pe3ylnbTaTh PO3paxyHKiB, Bxke mpu 3HaueHHI A=+0.0005 BigpuBHa 30Ha 3aiimMana
BCIO JIOBJKMHY MTOPUCTOI AUISHKU. BiZjpuB MOTOKY po3manaBcs Ha Kijbka BUXPOBUX 30H 13 He-
CTalllOHAPHUM XapaKTEPOM B3aEMOII].

PesynbpTati po3paxyHKiB B3a€MOJIi KOCOTO CTpHOKA VIIUTBHEHHS 3 MPUMEKOBHM
JaMiHapHHUM IIapoM JJIsl 3HaUeHb rapaMeTpa MmacoooMminy A<0 mpencrasneHi Ha puc. 8-10.

BunanenHns 3ararbMOBaHMX YaCTHHOK MPUMEKOBOIO IIAPY ICTOTHO BIUIMBAE HA CTPYK-
Typy Tedii, mo posrisgaerbes. CTpuOKK BIAPUBY Ta MpHETHAHHS 30JIMKYIOTHCS MK CO0010,
yrBoprotoun npu A=-0.003 dakTudHO peryisipHe BimoOpakeHHS mamardoro crpuoka. [Ipum
3HaueHHi A=-0.002 Tedist cTae O€3BIAPUBHOIO, a «IJIATO» TUCKY MOBHICTIO 3HUKAE (pHC. 9).

[Ipodini ryctuHM, ITUHAMIYHOTO KoedillieHTa B'SI3KOCTi, TO3J0BXXHIX KOMIIOHECHTIB
IIBUJIKOCTI Ta KIJTBKOCTI pyXy MPOSICHIOIOTH (Pi3MUHI OCOOIMBOCTI BIUTMBY MacOOOMIHY 3 TIO-
BEpXHI, 0 OOTIKAETHCS, HA B3AEMOJII0 CTpUOKa YIIUTPHEHHS 3 JaMiHAPHUM TPUMEKOBUM
mapom (puc. 10).

[Ipu 3MiHI MapameTpy MacooOMiHYy TYCTHHA Ta JAWHAMIYHUN KOEQIII€EHT B'SI3KOCTI
3MIHIOIOTHCSI HE3HAYHUM YMHOM. J[esiKe MiBHUIIeHHS TyCTHHU Ta 3MEHIICHHS B'SI3KOCTI ITOB'S-
3aHE 13 3aMIMIEHHSAM BUIAJICHUX YAaCTUHOK OUIBII IIUTPHUMHU Ta XOJIOAHUMH 3 BEPXHHOI Ua-
CTHHHU NIPUMEXOBOTO 11apy (puc. 10a, 100).

OcHOBHHMM (haKTOPOM, III0 XapaKTepU3ye 3MIHU B TPUMEKOBOMY IIapi € 3MiHa PO
mBuaKocTi (puc. 10B).

ISSN 1562-9945 (Print) 77
ISSN 2707-7977 (Online)



78

~ <

~

~ <

~ |

«CucremHui Texuouaoriiy 5 (160) 2025 «System technologies

T41E+00
1.39E+00
1.36E+00
1.33E+00
1.30E+00
1.28E+00
1.26E+00
1.22E+00
119E+00
116E+00
1.14E+00
T1E+0D
1.08E+00
1.05E+00
1.03E+00
9.93E-01

1.43E+00
1.40E+00
1.37E+00
1.34E+00
1.31E+00
1.28E+00
1.26E+00
1.23E+00
1.20E+00
117E+00
114E+00
T1E+00
1.08E+00
1.08E+00
1.03E+00
9.98E-01

1.44E+00
141E+00
1.38E+00
1.35E+00
1.32E+00
1.29E+00
1.26E+00
1.23E+00
1.20E+00
1.16E+00

1.13E+00
1.10E+00
1.07E+00
1.04E+00
1.01E+00
9.80E-M

2
01 a0 [if] [H] a3 [ [ [ a7 [if] [E] 10 1 12 13 14 15 x/L
il o0 if] 02 03 04 05 [ 07 08 [E] 10 11 12 13 T4 15 x/L
il il a1 02 03 04 05 [3 [H 08 GE] 10 11 12 13 T4 15 x/L

1.45E+00
1.42E+00
1.39E+00
1.35E+00
1.32E+00
1.29E+00
1.26E+00
1.22E+00
119E+00
116E+00
1.13E+00
1.09E+00
1.06E+00
1.03E+00
9.95E-01

962E-01

00 [if] 02 a3 a4 [ [ a7 a8 [E] 10 1 12 13 14 15 x/l,

r) 4=-0.003
Pucynox 8 — BruinB MmacooOMiHy Ha CTPYKTYpY B3a€MOJT
KOCOT0 CTpHOKa YIIIIbHEHHS 3 JJaMiHAPHUM MPUMEKOBUM IIAPOM
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0) pO3MOALIHA TUCKY

Pucynox 9 — BrmuB MacooOMiHy MOBEpXHI Ha PO3TOILTH
ra3oMHaMIYHUX TapaMeTPiB B3/I0OBXK TUIACTHHH

BunaneHHs 3ararbMOBaHUX YaCTHHOK 3 MPHMEXOBOTO IIAPy MPU3BOAUTH 10 OLIBIIOTO
HanmoBHEHHS NpoduTto mMBUAKOCTI. L[ oOcTaBrHA, y MoeAHAHH] 3 IPAKTUYHO TOCTIHHUM 3Ha-
YEHHSIM JUHAMIYHOTO Koe(imieHTa B'I3KOCTI Ha TOBEPXHI, BElIE IO 3HAYHOTO 3POCTaHHS
KoedirieHTa TepTsS B MpUMeKoBoMy Imapi (puc. 9a). Pe3ynmpTaTtoM X 3MiH y CTPYKTYpi
MIPUMEKOBOTO IIapy € 301IBIICHHS MO30BXKHbOI KOMIIOHEHTH KUTBKOCTI pyxy (puc. 10r).
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Pucynox 10 — BrutnB MacooOMiHy Ha mTpodisi ra30IMHaMIdHIX
napameTpiB npu x/L=0.564

BucnoBku. [IpoBeneHo MOpiBHSJIBHUN aHali3 Ha OCHOBI MapaMETPUYHUX YHMCEIbHUX
EKCIIEPUMEHTIB I10 BIUIUBY TEIUIO- Ta MAacOOOMIHY Ha BiJpHUB MOTOKY IPH B3a€MOJIi KOCOTO
cTpuOKa YIIIJIbHEHHS 3 JIAaMIHAPHUM MPUMEKOBUM I1apoM. Ha ocHOBI 3MiHM npo(isiiB rycTH-
HU, TUHAMIYHOTO Koe(ilieHTa B'I3KOCTI, MO3J0BXKHIX KOMIIOHEHT IIBHIKOCTI 1 KIJIBKOCTI pY-
Xy B IPUMEKOBOMY ILIapi BUSBJICHO OCHOBHI (Di3WYHI YUHHMKH, SIKI BU3HAYAIOTh BIUIUB YMOB
TEIUIO- Ta MacOOOMIHY Ha CTPYKTYPY Ha/J3BYKOBOi BIZJpMBHOI B3a€MOJi1 3 MOBepxHer0. Buss-
JIEHO, IO 32 JOMOMOTOI0 TEIIO- Ta MacOOOMiIHY MOXIIMBO 3amoOiraHHs BHHUKHEHHIO Bif-

PHUBHOI 30HU y IBOBUMIPHUX HAJ3BYKOBUX TEUIsX.
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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
zone.

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.
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K. CykoBenko
THO®OPMAIINHA TEXHOJIOI'IA JJIA NIATPUMKHU PIIIEHB
Y COEPI BIIEOCIHIOCTEPEXEHHS

Anomayis. ¥ cmammi 00CioHcyemovcsi KOHYENYisi CMEOpeHHs Cy4acHoi ingopmayitinoi mex-
HOJl02Ii, sKa 3abe3neuye ephexmusHy niOmpumKy npuliHaAmms piueHs y cghepi gioeocnocme-
pedicentsa. 3 02140y Ha 3pocmarodull 00cse 8i0e00aHUX, WO 2eHepyIOmbCs CUCHeMaMU
MOHIMOPUHZY, 0COOIUBO 8 YMOBAX YPOAHIZ08AHO20 CepedosUuwd, BUHUKAE nompeda y 8UCOKO-
NPOOYKMUBHUX DIUEHHAX, 30amHUX npayoeamu & pescumi peanrvrozo dacy. Ochogna yeaza
NPUOINAEMbC AHALIZY MEXHON02IUHUX NI0X00I8 00 0OPOOKU 8I0EeONOMOKIB i3 3aCMOCYBAHHAM
WMYYHO20 [HMeNeKmy, Memoodié MAWUHHO20 HABYAHHA, 00YUCIeHb Ha nepugepii (edge
computing) ma XxmapHux piweHv. Y meorcax 00cniodHceHHs npeocmagieno apxXimeKmypHy Mo-
denv bazamopienesoi iHGopmayitiHoi cucmemu, aKa BKIOYAE MOOYI 300py OAHUX, NONe-
PeOHbOi 00podOKU, ananimuxu ma nputinamms piuensb. Ocobaugy yeacy npuoileHo aieopum-
Mam 8usGlleHHs Nooill ma Kiacugixayii no8ediHKOBUX WabIoHI8, W0 00360JAE€ 3HUSUMU 3d-
JIEACHICID 810 TH0OCHKO20 hakxmopy npu ananizi NOMOKI6 CNOCMePEe’CEeHH L.

B pobomi makooic pozensanymo acnekmu inmeepayii maxux cucmem 3 iHuwumu iHpopmayitiHo-
AHAIMUYHUMU NAAMPOPpMaAMU, 30KpemMa 0azamu OIoOMempudHUX OAHUX, 2e0iHPopMayitiHuMU
cucmemamu, cucmemamu Koumpoao oocmyny. OOIpYHMOBAHO nepesazu GUKOPUCMAHHS
edge-apximexmyp, AKi 003680J510Mb 3MEHWUMU 3aMPUMKU NpU 00podYi 8ideo, nidsuuumu
ABMOHOMHICIb CUCEMU MA 3MEHWUMU HABAHMANCEHHS HA YEeHMPATbHY IHDpaAcmpyKmypy.
Pezynomamu oocnioscenus moxcymos 6ymu 8UKOPUCMAHT Ol CMBOPEHHS THMENeKMYaNbHUX
cucmem be3nexu HO8020 NOKONIHHA, 30Kpema 6 pamkax kouyenyii Smart City. Ilpedcmasie-
HULl nioxXio mModce Oymu adanmoganull 00 nompeb Opeanie Micyedoeo camo8psaoy8aHus, npa-
B00XOPOHHUX CMPYKMYP, A MAKONC NPUBAMHO20 CEKMOPY, WO 3AUMAEMbC OXOPOHOIO
06’ekmie kpumuunoi inghpacmpykmypu. Ompumani pe3yromamu 0eMOHCmMPYIOMb NPAKMUYHY
yinnicmob 3acmocysanus Hogimuix IT-piwens y chepi be3neku ma MOHIMOPUHS).

Knrouosi cnosa: ideocnocmepedicens, iHhopmayitina mexHon02is, RIOMpPUMKA NPUTHAMNS
piwens, besnexa, Al, mawunne HasuauHs, edge computing, awnanimuka OaHux, iHme2payis

cucmem, asemomamuine 6UABJ/IEHHA.

ITocranoBKka mpodaemMu. Y CydacHOMY CYCIIIBCTBI, IO XapaKTEPU3YETHCS 3POCTAH-
HAM ypOaHi3allii, TeXHOT€HHOTO HaBaHTA)XXEHHS Ta 3arpo3 Oe3melli pi3HOTro MOXOKEHHS, CH-
CTEMH BiJICOCIIOCTEPEKEHHSI BIAIrpatOTh HAJ3BUYAWHO BaXKIIMBY POJIb Y 3aXHMCTI IPOMAJICHKO-
ro NOPSAKY, IHPPACTPYKTYpH Ta MPUBATHOI BiIacHOCTI. TpanuuiiiHi miaxoau 10 BiJ€OMOHITO-
PHUHTY, IIO IependayvaloTh MEepeBaKHO (Qikcaliro Ta 30epiraHHs BiJ€03aMUCIiB, MOCTYIMOBO

© Cykosenko K., 2025
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BTPaYyarOTh CBOIO €()EKTUBHICTh. 3 OTJISAY Ha CTPIMKE 3pOCTaHHS KUIBKOCTI JXKepes BileoiH-
dopmariii, pyuHuii eperiisiy i aHali3 BiZICONOTOKIB cTae (Pi3UIHO HEMOKIMBUM 1 EKOHOMIYHO
3arpatHuM. Lle 3yMOBIIO€ HEOOXIJHICTh CTBOPEHHS HOBUX 1H(OpPMAIIMHUX TEXHOJIOTIMH, SKi
3a0e3MeuyloTh aBTOMAaTU30BaHy 0OpOOKY BEITMKUX OOCSTIB BiJ€OJaHMX 1 3/IaTHI ONEPATUBHO
pearyBaTi Ha KpUTHYHI MO

KnrogoBa mpobriema mossirae B ToMy, 00 TpaHC(OpPMYBAaTH BiI€OCTIOCTEPEKEHHS 13
[ACUBHOTO IHCTPYMEHTY (ikcalii Mol y aKkTHUBHY IHTENEKTYaJbHY CHCTEMY MiATPUMKHU
NpURHATTA pinieHb. Taka cucTeMa MOBHMHHA HE JIMIIE BUSABIATH MOTEHIIIHO HeOe3neuHi cu-
Tyalii B peaJbHOMY Yaci, a i aHaIi3yBaTu iX KOHTEKCT, Ha/laBaTH PEKOMEH/AIlli orepaTopam
a00 HaBITh aBTOMATUYHO IHILIIOBATH BIiAMOBiNHI 1ii. ¥ LIbOMY KOHTEKCTI OCOOJIHMBOIO 3HA-
YeHHS Ha0yBa€e 3aCTOCYBAHHS LITYYHOTO IHTEJIEKTY, MAllMHHOTO HaBYaHHA, edge computing
Ta iHTerpauii 3 IHIKUMHU 1HPOPMaLiIHHO-aHATITHYHUMH cUCcTeMaMu. TakuM YHMHOM, aKTyallb-
HICTH JOCIHIKeHHSI 00yMOBIJIeHa TOTPEOOI0 y CTBOPEHHI e(heKTUBHOI, THY4YKOi Ta MacITado-
BaHO{ 1H(pOpMaLiifHOI TEXHOMIOT11, 3AaTHOI 3a0€3MeYNTH NMPUIHATTS pillleHb HA OCHOBI BiJ€O-
AQHAJTITUKU B YMOBaX JUHAMIYHOTO Ta CKJIAAHOTO CEPEOBUIIA.

AHAaJI3 0CTaHHIX J0CTiIKeHb i my0aikaniii. Y cBITOBiff HAyKOBi CHITLHOTI AKTUBHO
JOCITIJHKYIOTBCSI MOXKJIMBOCTI 3aCTOCYBAaHHS 1HTEJIEKTyallbHUX TEXHOJIOTIH y cdepi Bigeoco-
CTEpEKEHHS, 30KpeMa B KOHTEKCTI aBTOMATUYHOTO PO3Ii3HABAHHS MOi Ta aHOMAIBHOI TO-
BeAiHKHU. Y poboTi Y. Zhang, F. Liu Ta M. Wang nipenctaBieHo MOJIeNIb BUSBIICHHS aHOMaJTil
y PeKHMI peajbHOro 4acy, sKa IPyHTY€EThCS Ha TITMOOKUX 3TOPTKOBUX HEWPOHHUX Mepexax 1
CIIpsSIMOBaHa Ha TMIJABUIIEHHS TOYHOCTI B ypOaHi3oBaHMX cepemoBumax. Gupta i Jain mo-
CIKYIOTh €()EKTHUBHICTh BUKOPHCTAHHS IITYYHOTO 1HTEIEKTY Y CHCTEMaxX BiJCOAHANIITHKH,
NPUIUISTIOYN 0COOMBY yBary mnpooiemam kiacudikarii Ta MacmTaboBaHOCTI TAaKUX PIIICHb.
VYV crarri T. Chen Ta L. Chen po3rmsiHyTo KoHIemiio oO0YHclIeHb Ha mepudepii (edge
computing) sK 3aco0y MiABUIICHHS MIBUIKOIi CHCTEM BiICOCIIOCTEPESKECHHS TP 30€pEeKCHH1
BHUCOKOro piBHs Oe3meku. Jlocmimkenns A. Luna, M. Tortonesi Ta M. Paganelli akuenrtye
yBary Ha iHTerpamii BiJleOaHATITUKH 3 XMapHHUMH CEpBICAMH Ta IHTEPHETOM peuei, M0
BIIKpHBA€ HOB1 MOXKJIMBOCTI JUISI aJalITABHOTO yMPaBIIiHHS 1HQOpMAIIHHUMH IMOTOKaMHU. Y Ci
3ragaHi poOOTH 3aCBIAYYIOTh BUCOKHMA HAyKOBUU 1HTEPEC JO TEMATHUKH, MPOTE OUIBIIICTH 3
HUX 30CEpeKeHa Ha BY3bKHX aCIEKTaX - TaKUX SK aJITOPUTMH PO3Mi3HABaHHS ad0 OKpeMmi
ApXITEKTYpHI PIMIEHHS - TOM1 SK KOMIUIEKCHA KOHIICHI[IS TEXHOJIOTIi MIATPUMKH PIllIEeHb Y
chepi BileoCnOCTepeKEHHS MOTPeOye MOAAIBINOI CHCTEMATH3aIlli Ta MDKIUCIUTIIIHAPHOTO
X0y .

Meta pocaimkenH. MeToro 11bOro AOCTIKEHHS € PO3pOo0Ka Ta TEOPETUYHE OOIPYHTY-
BaHHS KOHIIEMIIii 1H(GOpMAIIHHOT TEXHOJIOT1I, 3/1aTHOI 3a0e3neuynTH e()EeKTHBHY MiATPUMKY
MPUHHSATTS pillieHb Y cdepi BiACOCIOCTEPEKEHHS HA OCHOBI CyYaCHUX JTOCATHEHB y TATY3sIX
MITYYHOTO 1HTEJIEKTY, MAIIMHHOTO HaBYaHHs, 004KCIieHb Ha niepudepii (edge computing) Ta
1HTerpamiiHux mudpoBux miargopM. 3okpema, JOCITIIKEHHS CIPSIMOBaHE Ha BH3HAYCHHS
CTPYKTYpH 1 (YHKIIOHATHHOI apXITEKTYpH TaKOi CHCTEMH, il OCHOBHUX MOJYJIB, METOJIIB
300py, 00poOKH, aHaJI3y Ta Bi3yari3allii BiIeOJaHNX, a TAKOX CIOCOO0IB 1HTETpallli 3 IHIIUMHA
iHopmariiHumMu cuctemMamu Oe3nekn. OcoOnuBY yBary NpHAUICHO 3aBIaHHSM PO3POOKH
aJTOPUTMIB BUSBJICHHS aHOMAJIbHUX TOIH Y pealbHOMY Yaci, MiHIMIi3aIlii 3aTPUMOK y Tiepe-

ISSN 1562-9945 (Print) 85
ISSN 2707-7977 (Online)



«CucremHui Texuouaoriiy 5 (160) 2025 «System technologies

nadi i oOpoOri iHpopMarliii, a Takok 3a0e3MEeYCHHI0 BUCOKOI HAJIIHOCTI, MacITaboBaHOCTI
Ta THYYKOCTI y 3MIHHUX CEpeJOBHINAX (DYHKIIIOHYBAaHHS CHUCTEMH. Y MeXax POOOTH TaKOXK
nepen0avaeThesl OMiHKA MOKIMBOCTEH MPAKTUYHOTO 3aCTOCYBAHHS 3alPOIMIOHOBAHOI KOHIIETI-
i1 B yMOBax «pO3yMHOT'0 MiCTay Ta IHIIMX O€3MeKOBUX CIIeHapiiB.

Buxnagennss ocHoBHoro Mmarepiany. Indopmariiina TexHoOJOriS Ui MiATPUMKH
NPURHATTA pilIeHb y cepi BiIEOCIOCTEPEKEHHS Mependadae CTBOPEHHS KOMIUIEKCHOI Oara-
TOpIBHEBOI CHCTEMH, IO MOETHYE B co01 (i3nuHi 3acobu 300py iH(popMarlii, iHTeTeKTyalbHi
TOPUTMU ii 0OPOOKH Ta MEXaHI3MHU NPUHHATTA PIllIeHb Y PeXUMI peaabHoro yacy. Taka cu-
cTeMa MOBUHHA OYTH T'HYYKOIO, MAacCIITaOOBAaHOIO Ta CyMICHOIO 3 1HIIMMHU HU(POBUMHU ILIAT-
dbopmamu, 1110 3a6€3Me4yI0Th O€3MeKy, aHANITUKY Ta YIPaBIIiHHSA MiCHKOIO a00 IPOMHUCIOBOIO
1HppacTpyKTypoto. Y HEHTPi po3pOOKH CTOITH i/1esl MePeXoay BiJl TPAAUIIHHOTO, pEaKTUBHO-
IO BiIEOCTIOCTEPEKEHHS 70 MPOAKTUBHOTO, MPOTHO3HOTO Ta AJANTUBHOIO MOHITOPHHTY Ha
OCHOBI aHATITUKHU JaHUX.

ApXiTeKTypa 3alpOIOHOBAHOI cHCTeMH OyJyeThCsl 3a MPUHIMIIOM iepapxiduHoi Oara-
TopiBHEBO1 Mozeni. Ha mepiomy, ceHCOpHOMY piBHI, 31iHCHIOETbCS TIEPBUHHUN 301p JaHUX
3a JIOTIOMOTOI0 BijJIeOKaMep, TEIUIOBI3IHHUX CEHCOpIB, AETEKTOPIB pyXy, aKyCTHUHHX Ta iH-
[IUX CIeliali30BaHuX JaTYHKiB. BaxkInBo, 110 BCi MPUCTPOi MOBUHHI MAaTH MOXKIUBICTh 0€3-
nepepBHOI poOOTH, ABTOHOMHOTO €HEepro3ade3neyeHHs Ta OyTH 3aXUIEHUMH BiJl 30BHIITHIX
BTpy4aHb. Ha nipomy ertarti ¢popMyeThbcsi NEpBUHHHIA BiZCOMOTIK, 110 Hajiam oOpoOiseTbes y
MPOMIKHOMY 0OUMCIIIOBAIBHOMY KOHTYPI.

Hpyruii piBeHb — OOUNCTIOBAIPHUI — BUKOHYE TOMEPENHI0 00OpOOKY AaHHX. 3 METOIO
3MEHIIIeHHS 00csTiB iH(MOpMaIlii, mo nmepeaaeTbcst 10 MEHTPATBHOTO BY3a, 3aCTOCOBYETHCS
CTHUCKaHHS, CETMEHTAIlisl BiJieo, (UIbTpallis MIyMiB, a TaKOX MU(pyBaHHS JaHUX BiIMOBIIHO
710 TOMTHK 1HpopMarriitHoi 0e3neku. [ nmporo 3amydaroThest edge-cepBepH, po3MillieHi Mo-
053y ceHcopHOro piBHA. Lle 103BOJIsIE CYTTEBO CKOPOTUTH Yac Peakilii CACTEMH Ta YHUKHYTH
MepEeBaHTAKEHHS MariCTpaTbHUX KaHAJIB 3B'SI3KY.

Tperiit piBeHb — aHATITHYHUA — € SIPOM TEXHOJOTIl MATPUMKHU MPUUHSTTS PIlICHb.
TyT 3aCTOCOBYIOTBCS METOJM IITYYHOTO IHTEIEKTY, 30kpema convolutional neural networks
(CNN), ski 3a0esmedyroTh po3Mi3HaBaHHS 00'€KTiB, a Takoxk recurrent neural networks
(RNN), 110 103BOJIAIOTH MOJICIIOBATH YacOB1 3aJISKHOCTI Yy BigeomnoToii. JlogarkoBo 3acTo-
COBYIOTBCSI MOJIENI BUSIBJICHHST aHoMalii (anomaly detection models), siki HaB4arOTHCSI HA OC-
HOBI ICTOPHYHHX JaHUX Ta GOPMYIOTh aITOPUTMH 11eHTU]iIKaIIT TiA03pu1ol a0o HeOe3meuHOoi
noBeiHKH. [le MOXyTh OyTH MOAENi BHUABICHHS TAIHHS JIIOAWHH, 3aJUIICHUX MPEIMETIB,
HATOBITY B 3a00POHEHI# 30H1 TOIIO.

AHaJIiTUYHA NiJCUCTEMa TAaKO)K IOBHHHA BKJIIOYATH MEXaHI3MU CaMOHABYaHHA, IIOO
aJanTyBaTHCs 10 HOBUX YMOB 1 crieHapiiB. Hampukiian, y rpoMancbKoMy TPaHCIIOPTi CHCTEMa
MOJKE aJanTyBaTUCS JO TUIOBUX TOAMH ITiK, BUKJIIOYAIOUYM XHUOHOIIO3UTUBHI CIPAIlIOBAHHS.
[Ipu oMy BOHa TOBMHHA 30epiraTH 37aTHICTh J0 BUSBJICHHS MIHCHO HEOE3MEUHUX CUTY-
arfii, Mo BIAXWISIOTHCS BiI HOPMH, BKIIOYAIOUM KOHQJIKTH, CIpOOW Kpaaikok abo BaH-
TTATi3M.
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Iarepdeiic ynpasninHs 3a0e3nedye 3pydHy B3a€EMOJIiI0 OrepaTopa 3 cucTeMoro. Bin mae
BKJIIOYATH Bi3yalli3allil0 BiJ€OMOTOKIB, MiJICBIYYBaHHSI KPUTUYHHUX MO, CHCTEMY TPHBO-
KHUX TOBIIOMIJIEHb Ta peKoMeHAalid mono aid. Hanpuknan, y BUmajaky BHSBICHHS He-
CaHKI[IOHOBAHOTO BXOJy B 3a00pOHEHY 30HY CHCTEMa MO)KE€ aBTOMATHYHO 3allpONOHYBATH
BUKJIMK CIIY>XKOM Oe3reku abo modinii, 3adikcyBaTu 1HIIUAEHT, 30epertu (parMeHT Bijeo Ta
BHECTH 3aIUC JI0 KypHATy HOIii.

Oco06nuBy yBary ciij NpuAUIHTH oOYMCIEeHHsSM Ha mepudepii (edge computing), siki
CYTTEBO MiJBULIYIOTh €(EKTHBHICTh (PYHKIIOHYBAHHS CUCTEeMU. BUKOHAaHHS aHATITHKHU Oe3-
NOCepeaHbO Ha edge-mpUCTPOsIX J03BOJISIE HE JIMIIE 3MEHIIMTU 3aTPUMKY, a i MOKpaIIUTH
piBeHb aBTOHOMHOCTI. Y pa3i aBapiiiHOro BINKIIFOUEHHS Mepeki ado LEeHTPAIIbHOTO cepBepa
CHCTEMa MPOJIOBXKYBAaTHME IPALIOBATH B JIOKAJBHOMY PEXHMI, 10 KPUTUYHO BAXKIMBO IS
00'€KTIB CTPATEri4HOTO 3HAYCHHSI.

VY cydyacHUX peani3alisx TaKUX CUCTEM Bce OlIblle BUKOPUCTOBYIOTHCS TiIOpUAHI MO-
neni, mo KOMOiHYyIoTh edge-aHamiTMKy 3 XMapHUMHU TexHojorissmu (cloud computing).
Hanpuknaza, nepBUHHE BUABICHHS MOi1 MOXe BUKOHYBATUCH JIOKAIBHO, a TTMOOKUHN aHami3 1
apxiByBaHHS — Ha BijnaieHomy cepsepi. Lle q03Bosie OamancyBaTu MiXK IIBUIKICTIO 00p00-
KM, TOYHICTIO MOJIEJIeH 1 EKOHOMIYHICTIO PillIeHb.

[arerpanis 3 iHIMMU iHQOPMAIIHHUMH CHUCTEMaMH € BaXKJIMBOIO YMOBOIO €(EKTHB-
HOCTI 3aIponoHOBaHo1 TexHojorii. CucremMa MiATPUMKU TPUHHATTS pillieHb Ma€ B3a€MOIISTH
3 6azaMu OIOMETPUYHUX JTAaHUX, CUCTEMaMH KOHTPOJIO JOCTYILY, PEECTpPAaMH TPAHCIIOPTHUX
3aco0iB, reoiHdopmariiHuMu cucteMamu Tomio. lle 3abe3nedyye MmUPIIMN KOHTEKCT IS
aHaJIi3y CUTYaIliil Ta a€ 3MOTy 3IHCHIOBATH MepexpecHy BepHdikariro iHhopmariii.

VrpaBiainHa 0€3MEK0I0 JaHUX € KPUTUYHHUM acCleKTOM CHCTEM BiJCOCIIOCTEPEKCHHSI.
[ToTpibHO 3a0e3meunTy KOHQIASHIIWHICTD, IITICHICTh 1 JOCTYITHICTh BiJICOJAAHUX IUIIXOM
3aCTOCYBaHHS METOJNIB MmHM(pyBaHHsA, IMU(PPOBUX MIAMUCIB, MOJITHK KOHTPOIIO JOCTYITY,
KYPHATIOBaHHS Jiii KOPUCTYBaUiB Ta PETYISIPHOTO ayAUTy CHCTEM. Y CHCTEMax 3 BUCOKHMHU
BUMOTaMHU OE€3MEeKH BapTO TAaKOX peali3oByBaTH (PYHKI[i aBTOMATHYHOTO BHUSBJIECHHS aTak
a0o0 BTpYYaHHS y BIJCOMOTOKH.

[Ile omHi€l0 BaXIMBOI CKIAAOBOI € aNaNTUBHICTH CHCTEMH [0 CEpEIOBHUIIA
dbyHKionyBaHHs. Hampukian, B yMOBax BEIMKOrO MICTa 3 BHCOKHMM pIBHEM IIyMYy Ta
MOCTIHHOIO 3MIHIOBAHICTIO OCBITJICHHS, CHCTEMa Ma€ JWHAMIYHO PEryJIIOBaTH YyTJIHMBICTD,
4acTOTY KaJpiB Ta MapaMeTpH aJTOPUTMIB pO3MMi3HABaHHS. Taki MOXJIHBOCTI 3a0€3MeUyrOThb-
Csl 32 PaxXyHOK IMO€THAHHS CEHCOPHHX JAHHX 13 aHATITHIHUMH MOJYJISIMH, 1[0 CAMOOHOBIIIO-
IOThCS.

Jns 3a0e3mnedeHHs] MacmTaboOBaHOCTI MIAT(GOPMHU JOLUIBHO BHUKOPHUCTOBYBAaTH MO-
IyJAbHY CTPYKTYPY HpPOTPaMHOTO 3a0€3MEUYeHHs, IO J03BOJISIE JIETKO OHOBIIOBAaTH a0o
3aMIHIOBaTH OKpeMi KOMIIOHEHTH 0e3 mopyimieHHs poOoTu Bciei cuctemu. Lle crpomye tex-
HIYHE OOCIyTOBYBaHHsI, aJaNTarlilo 0 HOBUX HOPMATHBIB Ta IIBUAKE BIPOBAKEHHS 1HHO-
Barliii.

Peanizaris onucanoi iHpopMaIiifHOT TEXHOJIOTIi MOXKE ICTOTHO MiABUIIUTH PiBEHb 0€3-
MEKH y MICISIX MAacOBOTO CKYMYCHHs JIFOJICH, TPAHCTIOPTHIN 1HGPACTPYKTYpi, HaBUAIBHUX 3a-
KJ1a/1aX, TIPOMHUCIIOBUX 00'€KTax Ta JKUTIOBHX KOMIUIEKcax. BomHouac BoHa 31aTHa 3a0e3me-
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yuTH OUIBIN eeKTHBHY pEeakilil0o Ha HaJA3BUYAiHI CHUTYyalii, 3MEHIIMTH KUIBKICTh XMOHHX
BUKITUKIB 1 TIIBULITUTH JAOBIpY TPOMAaIsH A0 CUCTEM BiJCOMOHITOPUHTY.

VY I0CKOHAJIEHHSI TPEACTABICHOI CHCTEMH MOIIMBE LUISXOM BIIPOBAKEHHS TEXHO-
Jorid TMMOOKOT0 HaBYAHHS 3 MiAKpiruieHHsM (reinforcement learning), siki 103BOJISIOTH CH-
CTEeMi CaMOCTIfHO HABYATHUCS MPUHAMATH ONTUMAIBHI PILICHHS Ha OCHOBI JIOCBiLY B3a€EMOJIT 3
HaBKOJUIIHIM cepefoBuieM. Hampukiaa, y TpaHCHOPTHINH 1HPPACTpyKTypi Taka cucrema
MOJKE€ aBTOMAaTHYHO 3MIHIOBATH IIpaBUiIa KOHTPOIIIO Tpaiky abo MpiopuTeTH CUTHATIB y pasi
BUSBJICHHS 3aTOpIB, aBapiii UM CKyM4eHHs MHimoxoiB. Lle migBuilye aganTuBHICTh CUCTEMHU
Ta JI03BOJIE PO3IMIUPUTH 11 PYHKIIOHAIBHICTB 32 MEXI TPATUIIMHOTO CIIOCTEPEKEHHS.

3Ha4yHa POJIb Y PO3BUTKY iH(OpPMAIITHOI TEXHOJIOTIi AJIsl BiIEOCIIOCTEPEKECHHS Haje-
KHUTbh IHTEponepadenbHOCTI, TOOTO 34aTHOCTI €()EKTUBHO B3a€MOJIIATH 3 IHIIUMHU MY POBUMHU
CHCTEMaMH — OXOPOHHUMH, €KCTPEHUMH, JIOTICTUYHIUMHU, €KOJIOTIYHUMH TOIIO. 3a0e3neueHHs
MDKCHUCTEMHOI CyMICHOCTI OTpeOye HJOTpUMaHHS MIXKHAPOJHUX MPOTOKOIIB OOMIHY JaHUMHU
(ONVIF, RTSP, MQTT) ta nigtpumkn Biakputux API, 1m0 103BOJsie YHUKATH TEXHOJIOTi4-
HOI 130714111 1 moJyerurye MacmradyBanHs. Taka CyMICHICTh OCOOJIMBO BaXJIMBa B YMOBax pe-
amizarii mpoektiB Smart City, e BiIEOCIIOCTEPEKESHHS € JIUIIE OHIEI0 31 CKIAI0OBUX BEIHKOL
1HPPACTPYKTYPHOI €KOCHUCTEMH.

Kpim TOro, oHMUM 3 MEpCIEKTUBHUX HANPSMIB € BOPOBA/KEHHS MPOTHO3HOI aHATITH-
KM, sika 0a3yeThCsl HA BUKOPUCTAHHI ICTOPUYHHMX NaHUX IS TepenOadeHHs MOTCHIIMHUX
MOJIH, 110 MOXKYTh MaTH HETaTHWBHI Hachiaku. Hampukian, cucremMa MOXe aHani3yBaTH JU-
HaMIKy MMOBEJIIHKH y MEeBHIN JIOKaIlii Ta Ha OCHOBI MIa0JI0HIB MUHYJIMX MOAiN (hOpMyBaTH Mpo-
THO3 II0JI0 WMOBIPHOCTI MpaBONOpYIICHHS ab0 aBapiiiHOi cutyarlii. Ile mae MOXIHMBICTH Op-
raHam MpaBOMOPSJIKY Ta aMIHICTpaIlisiM 00'€KTIB HE JIMIIE pearyBaTH Ha IMO/ii, a i 3amoodira-
TH iM 3aBJSKH BUIIEPEKYBAIBHUM JTISIM.

He MeHm BaxximBuM € 3a0€3MEUYEHHS €THMYHOIO acrlekTy (DYHKIIOHYBaHHS CHUCTEMU
BifeocnocTepexkeHHs. [1lnpoke BOPOBAKEHHS TEXHOJOTIA aBTOMATHYHOTO PO3Ii3HABAHHS
0014, TIOBEIIHKOBOT aHAJITUKH Ta O10METPHUYHOI 1IeHTH(IKaIll] BUKJIMKAE 3aHETIOKOEHHS 3
00Ky MTPaBO3axMCHUKIB 1 TPOMAJITHCHKOTO CYCIUIbCTBA. TOMY pO3pOOHUKH Ta BIPOBAKYyBayl
TaKWX pIlICHb TOBUHHI JOTPUMYBATHCS TPHUHIIUIIB MPO30POCTi, MIA3BITHOCTI Ta
BIATMOBITHOCTI YAHHOMY 3aKOHOJ/ABCTBY 1010 3axXUCTy nepcoHanbHux nanux (GDPR, 3akon
VYkpaiau «IIpo 3aXucT nepcoHaTbHUX JaHUX) TOIIIO).

BaxxnuBo Tako)k BpaxoByBaTH POJIb KOPHCTYBaua y 3arajibHIi CTPYKTYpi cucTeMHU. XO0-
Ya aBTOMATH3allisl € KIOYOBUM E€JIEMEHTOM CY4YacHOI aHAMITHKH, JIOJICHKUN (hakTop 3aim-
MIAETHCS BU3HAYAIBHUM Y MIPUHHATTI OCTATOYHOTO PIIICHHS y CKJIAAHUX a0o Herepeadady-
BaHMUX CUTyaIisX. TOMy OnepaTopu CUCTEM MarOTh OYTH HAJIC)KHUM YHHOM ITiATOTOBJICHI IO
B3aeMOI1 3 IHTep(dECcOM, PO3yMITH JIOTIKY POOOTH aHATITHYHUX MOAYJIIB Ta BMITH KOPEKTHO
TpaKTyBaTH HajaHy iHpopMmaiiro. [{e BumMarae cucTeMHOTo mMiaXoAy /10 HaBYaHHS IEPCOHAITY,
BIIPOBAKEHHST CUMYJISIIIHUAX TPEHAXKEPIB 1 pO3pPOOKH aIalTHBHUX HABUAJIBLHUX MTPOTPaAM.

BucnoBku. Y mporieci gociipKeHHsT OyJ0 J0BEACHO, IO Cy4YacHI BUKIMKH y cdepi
Oe3rneku MmoTpeOyITh MPUHITMIIOBO HOBUX IMIJIXO/IIB JO OpraHi3ailii BiIeOCIOCTePEIKEHHS, 30-
KpeMa — IepexoJy BiJl MAaCHBHOTO CIIOCTEPEKEHHS /10 aKTUBHOI MIATPUMKH MPUHHATTS
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pimeHs. 3anponoHoBaHa iHpopMaliiiHa TeXHOIOris 0a3yeTbcs Ha OaraTOpiBHEBIM apXiTek-
Typi, 10 BKJIIOYAa€ CEHCOPHUH piBEHb 300py NaHUX, OOUMCIIOBAJIBHI BY3JIH 3 €JIE€MEHTaMH
edge-00poOKH, aHaTITUYHI MOJYJi 3 BUKOPUCTAHHAM aJTOPUTMIB IITYYHOTO 1HTEJNEKTY, a Ta-
KOX 3aco0u iHTepQeiicHOT B3aeMO/Iii 3 KOPUCTYBadeM. BaxJIMBOIO TIepeBaror Takoro IMiIXo-
Iy € 3MaTHICTh cUCTeMU J0 (YHKI[IOHYBaHHS B pEalbHOMY Yaci, ajanTarlii 10 3MiH cepeJo-
BUIIA, CAMOHABYAHHS], a TAKOX IHTErpamii 3 1HIMMH HU(PPOBUMH eKocucTeMaMu. Bmpo-
BaJKEHHS TEXHOJIOTIi JO3BOJIsIE aBTOMAaTU3yBaTH BUSBJICHHS 3arpo3, ONTUMI3YBaTH PECYpCU
OTepaTopiB, 3MEHIIUTH KUIbKICTh XMOHUX CIIPALlbOBYBaHb 1 3a0€3ME€UYNUTH BUILY SKICTb peary-
BaHHS Ha KPUTHYHI TOIIi.

KommiekcHicTh po3po0i1eHoi KOHILIEIiT oJsrae y ii 31aTHOCTI 00’ €HYBaTH TEXHIYHY,
porpaMHy, Oprai3alliiiHy Ta eTU4HYy CKJIaJ0Bl1 (DYHKIIIOHYBaHHS Cy4acHOi CHCTEMH BiJleOC-
NOCTEpEXKEHHS. Y CTaTTi OOIPyHTOBAHO, 110 o€ THaHHA Al-anamituku, edge computing, iHTe-
rpalifHIX MOXKIMBOCTEH 3 TeoiHpopMaliitHUMU cucTeMaMu, 0a3aMH JaHUX, MOIYJIAMHU Oi0-
METpii Ta KOHTPOJIO JOCTYITy CTBOPIOE OCHOBY JUISI CTBOPEHHSI HOBOI reHepallii 0e3rmeKoBrX
pimens. Ilpencrasnena iHpopmaniiHa TEXHOJOTIS € NEPCHEKTUBHOIO Uil BUKOPUCTAHHS B
yMOBax peaizamii KOHIEMIT «pO3yMHOTO MICTa», 3aXUCTy 00'€KTiB KPUTUYHOI iH(ppacTpyk-
TypH, aBTOMATH30BAaHUX JIOTICTHYHUX IICHTPIB Ta 00 €KTiB miJBUIIEHOTO pu3uKy. [Tomambi
JOCIIJDKEHHS JTOLJIBHO CIPSIMYBaTH Ha ampoOarilo MOJeNi B peaJbHUX YMOBAaxX, PO3pOOKY
YHIBEpPCAJIbHUX MPOTOKOJIIB B3a€MOJIii Ta CTBOPEHHS HOPMATHUBHOI'O PETYJIOBaHHA OO il
BIIPOBA/DKEHHS 3 YPaxXyBaHHSAM CTaHJApPTiB KOH(DIJEHLIHHOCTI Ta 3aXUCTY MEPCOHATIBHUX 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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JOCJIIKEHHS ITPOLLECY PIBAHHS COPTOBOI'O TIPOKATY
HA PEMKOBAJIOYHUX TA BEJIUKOCOPTHUX CTAHAX

Anomayisn. Memorwo pobomu € 00CniONHCeHHs YMO8 PI3aHHA OCMAHHbOI wWmaneyu MIipHOI 006-
HCUHU MA 3ATUWUKY NPOKAMY 8 YMOBAX HeCcmadibHOI 008HCUHU POIKAMY, WO Peani3yiomvCs
SAK HACNMIOOK KOIUBAHbL PO3MIDI6 3a20Mi6OK Ma MeMnepamypHo2o pexcumy npokamku. Poz-
Kam pidcemvCsi Ha wmaneu 0OHIEL MIPHOT 008HCUHU 8IONOBIOHO 3AMOBIEHHIO, dlle KOIUBAHHS
008IACUHU PO3KAMY NPU3BOOUMDb 00 MO20, W0 OCMAHHA WMAaHea Modce bymu abo 30inbuLe-
HOM0, abo crkopouenow. Akujo wmanea 30inbuiena, mo 6eIUYUHA 3ATUWUKY MOdce OYmuU 3a-
HAOMO 8e1UKoI0 i, Wob He empavamu NPpUOAMHUL NPOKAM i He Nepesooumu 3aIUoK ) 8io-
X00U, OCMAaHHIO WMAH2Y [ 3ATUULOK PINCYMb HA 081 WMaH2u HOpMAaibHOoi 008dxcunu. B pobomi
NOKA3AHO, WO 8eUYUHA 3ATUWKY, NOYUHAIOYU 3 AKO20 mpebda pisamu Ha 08 WmaHau Hopma-
JIbHOI 008JCUHU, BUHAUAEMBCS. eKOHOMIYHOIO OOYIIbHICIO, WO 00podicue — Wmanea MipHoi
006IAHCUHU MA 3ATUUOK AO0 O8] WMaHeU HOPMAlbHOI dosdxcunu. Hasedeno eupaz ons ompu-
MAHHS 8eUYUHU 3ATUUWIK) 8 3ANEeHCHOCMI 610 MIpU Wmaneu MipHOI 008XCUHU, KoepiyicHmis
gapmocmi wmane HOPMAIbHOI 008dcUHU ma 6i0xodis. [na ymos npokamku weenepa 24 na
cmani 800 eenuuuna 3anuwxy ckaadae 0,86 m. Ilokazano, wo 011 3a0e3nevenHs MaKCumalb-
HO20 NpUOYMKY 8 3aNeHCHOCHI 6i0 8eNUYUHU 3ATUWKY, OCMAHHA WMAH2A MIPHOL 008ICUHU
Modce bymu nopizana makuMy cnocooamu. Ha wWmaHey MipHoi 008XCUHU MA 3ATULOK, HA 08
wmaneu HOPMAIbHOL 00BHCUHU AOO HA WMAHRY MIPHOI 008MICUHU MA WMAH2Y HOPMATbHOL
008IHCUHU.

Knrouoei crnosa: dosorcuna poskamy, pisanHs, wmanea MipHOi 008HCUHU, WMAH2A HOPMATLHOT
0082HCUHU, 3ATULUOK.

IMocranoBka npo6Jemu. [Ipu BUpOOHHUIITBI COPTOBOTO MPOKATy HA BEIUKOCOPTHHX 1
peiiko0anoyHNX CTaHax MPOKAT MOCTaBJSIEThCS IITAHTAMH MIPHOI JOBXHHH BiAIOBIIHO 3a-
MOBJICHHIO, KPAaTHOI MIpHOI JIOBXXMHHU, HEMIPHOT JOBXHUHU. [IpoKaT BUTOTOBISETHCS JTOBXKH-
HOIO B Mexax Big 4 M 10 11,7 a6o 12 m. Pi3anHs roTOBOTO MpOKaTy 3/A1HCHIOETHCS HA MHUIAX
rapsiyoi pi3Ku, IpU I[bOMY 3aCTOCOBYIOTHCS Pi3HI CXEMHU PO3KPOIO mpokaty [1].

KonvBaHHS TOBXUHHM pO3KaTy, sKi 0OYMOBIIEHI KOJMBAaHHAMHU PO3MIpiB 3aroTiBKH, Te-
MITEpaTypH PO3KaTiB, 3HOCOM BAJIKIB 1 MiAIIUITHAKIB, TPU3BOJATH 10 TOTO, [0 OCTAHHS IIITa-
HTa BUSBISIETHCS 200 MIpHOI JOBXKHUHHM 13 3aJUIIKOM, 200 CKOPOYEHOI0, TOOTO HEMIpHOi JTOB-
KUHH. Y BUMAJKY, SKIIO 3aJUIIOK MEPEBUIIYE BETUUMHY TEXHOIOTTYHOI 00pi3i, 1100 3amnobi-

© 3inuenko M./I., I[Toran O.10., Bypuak A.A.,
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I'TH TIEPEBOY Y BIAXOAM MPUIATHOTO MPOKATY, OCTAHHS IITAaHTa MipHOT JTOBKUHU 1 3aJTUIIIOK
PLKYThCS Ha JBi IITAHTM HEMIPHOI HOPMAJIBHOT TOBXKHHH.

OpHak BHUHUKAE€ TUTAHHS, MOYMHAIOYM 3 SIKOT JOBXKHHM 3QJIUIIKY JOIUIBHO pi3aTH
OCTaHHIO LITAHTy MIpHOi JOBXXHMHH 1 3aJIUILIOK HA JIBI IITAaHTW HEMIPHOI HOPMaJIbHOI TOBXH-
HUL.

AHaJi3 ocTaHHIX gocaimkeHb. /)1 3amo0iraHHs MOSBU BEIMKHX 3aJIMIIKIB, SKi MO-
XKyTh OyTH BiIIIpaBJeHI y BIAXOJH, Ha 3arOTIBEIbHUX CTaHaX 3aCTOCOBYIOTH Pi3HI CXEMHU PO3-
KpOIO TIPOKaTy, 110 3a0e3MeUyI0Th pi3aHHsA HOro Ha INTAHTH KPATHOI JOBXKWHU 1 THM CaMUM
0e3 3aTUIIKOBUI PO3Kpii MpOKaTy Ha MUIax.

Ane quis cTaHiB, SIKI BUPOOJISIOTH TOBAapHY MPOAYKIiIO, TAKHM CXEMH 3aCTOCYBaTH HE
MokHa. Hanpuxnan, cepequbocopTHuii ctad 550 Mae JOBXHHY po3KaTy Ha IWIAX 3 ypaxy-
BaHHSM IEepeHbO] 1 33IHBOT TEXHOIOTIYHOI 00pi3i Aeck 50 M. Pi3anHs Ha mTanru MipHOi J10-
BXKHUHM 12 M 3a0e3nedye OTpuMaHHa 4-X HITAHT 3 OJHOTO po3kary. [Ipu KOJTMBaHHSAX TOBKH-
HU PO3KaTy MOXKe OYTH OTpMMaHa OCTAHHS IITAaHTa HOPMaJbHOI JOBXKUHH IPU CKOPOUCHHI
JIOBXXUHM PO3KATy 1 OTpMMaHi /1Bl IITAHTH HOPMAaJIbHOI JOBXXMHM 3aMiCTh OCTAHHBOI MipHOI
IITAHTH, SKIIO JJOBXXUHA PO3KaTy Oyne 30iiblIieHa. | TakuM 4YMHOM 3’ SIBISIETHCS IeCh NPHOTH-
3HO 25% mITaHT HOPMAJIBHOT T0BKUHHU.

KonuBanHs DOBXKHMHU PO3KATIB HAa CTaHAaX Tapsuoi MPOKATKH OOYMOBIIEHI TOJIOBHUM
YIHOM KOJHMBAHHSIMH TEMIIEPATypH PO3KATYy, SIKi BIUIMBAIOTh HA CHITy TPOKATKH, TPYKHY Je-
dbopmMariito ereMeHTiB TPOKATHOI KJIITi 1 BaJKiB, IO MPU3BOIUTH IO 3MiHEHHS TOBIIMHU PO3-
KaTy i, THM CaMHUM, HOTO JTOBKUHHU.

B peiikobGanouyHoMy 11eXy TEXHOJOTIYHUN MPOIEC peaTi30BaHMA HACTYITHUM YHUHOM.
Po3skar micis mpokaTku Ha OJIFOMIHTY PIXKEThCS Ha MapoTiipaBIiYHOMY HOXI Ha YaCTUHH, SIKi
TpaH3UTOM 0€3 MPOMDKHOTO MiAirpiBy moctymnarTh Ha cran 800. B 3amexxHocTi Bim THITy
MPOKaTy pi3aHHS MOXKE€ BUKOHYBATHCS Ha JIB1 1 OLTbIIE YACTHH, SIKI TPOKATYIOTHCS MOCHTII0B-
HO OJIHA 32 OJHOIO, B PE3YJIbTATl YOr0 KOXKHA HACTYIHA YaCTHHA 32 PaXYHOK OCTHTaHHS Mae
TeMIIepaTypy HUXKUY, HIXK TOMEPEIHS, M0 MPU3BOAUTH 10 30UIbIIECHHS TOBIIMHU PO3KaTy i
3MEHUICHHS JTOBXUHU po3kaTy. Hanpukiana, npu nmpokatii mBenepa 24 pi3HULS B TOBIIUHI
MDK YaCTHHAMHU B 3aJI€KHOCTI1 B1J] KUTBKOCTI 9acTHH ckiafana 0,3-0,5 MM, pi3HUIA B Maci 1Mo-
ronHoro merpa —0,7-1,0 xr [2] .

Ha cepemabocopTHOMY cTani 550 HarpiB 3aroTiBOK 3A1HCHIOETBCS Y TBOX HArpiBaIbHUX
nevax, o CTBOPIOE KOJIMBAHHS TEMIIEpaTypH 3aroTiBok. KpiMm mporo, HarpiBaHHsI 3arOTiBOK
PI3HOT TOBXKHHU TEK MPU3BOJIUTH JI0 MOSIBU KOJUBAaHb TEMIIEPATYPU - KOPOTKI 3arOTiBKH Ha-
rpiBarOThCS 10 OUIBIT BUCOKIN Temneparypu [3]. KomuBaHHS TOBIIMHM TTPOKATy HA CTaHI JIs
pizHEX TTpodiniB ckiaanaTh 10 0,2 MM, KOJUBaHHS JTOBXKUHU TTpokaty + 0,35-0,8 m.

OcHoBHUI MaTepian nociigkeHHsi. B tabmuii 1 HaBeneHI eKCcrepuMEHTaIbHI JaH1
KOJIMBaHb JIOBXKWHU PO3KATIB, 5Kl OTPUMaHI Ha Pi3HUX MpokaTHuX ctaHax [4]. Ctan 550-1 —
1€ CTaH 3 JIHIMHUM pO3TalllyBaHHSAM MPOKaTHUX KiiTei. [Ipu mpokarii Ha moaiOHUX cTaHaxX
Jy’K€ 4aCTO BUHMKAIOTh 3aTPUMKHU PO3KATIB B JIiHII CTaHa, 1110 MPU3BOAUTH 1O KOJIMBAHb TEM-
nepatypu poskariB. Ctan 800 Tex JiHIMHOTO TUIY, ajie KOJIMBAaHHSA TEMIlepaTypH TYT BilOy-
BaIOTHCS 32 PAXYHOK OCTHTAHHS YaCTHH PO3KATIB ITICIISI pi3aHHS HA MapOTiApaBIivHOMY HOXI.
Cran 550-2 — 11e cTaH 3 MOCIOBHUM PO3TAIyBaHHIM IIPOKATHUX KJITEH, SIK1 pO3TalllOBaHi B

ISSN 1562-9945 (Print) 93
ISSN 2707-7977 (Online)



«CucremHui Texuouaoriiy 5 (160) 2025 «System technologies

nBi jiHii. [TpyarHM KOTMBaHb TEMIIEpAaTypH: HArpiB B ABOX Ieyax, pi3Ha JIOBKHMHA 3arOTiBOK,
3aTPUMKH TpU TpoKarii. Ane 1ed cTaH OCHAIleHHH MPOKATHUMU KIITSMHU 3 IiJABUILIECHOIO
KOPCTKICTIO 32 paXyHOK MOINEPEAHBOTO HANPY)KEHHS KIITEeH, 10 3MEHIIye MPYXHY Aedop-
MaIlilo eJIEMEHTIB KJIITel Ta BIUIMB TEMIIEpaTypH Ha TOBIIMHY PO3KaTiB.

Tabmaunsg 1
[TapameTpu ricrorpam JTOBKHHH PO3KATY
Cepen- | [uc- Tpu Mini- | Mak- | Pi3-
Ne ) HE nep- CKB* | CKB, | manpHe | cHM. | HHIIf,
[Ipodins )
3/I 3HAaY. cis, 3Hay. 3Hay.
M M’ M M M M M
1 | HIsenep 12,c1.550-1 51,30 0,144 0,38 1,14 50,4 52,08 | 1,68
Kytuk 80 c1.550-1 50,06 0,11 0,33 0,99 49,28 | 50,60 | 1,32
3 | llIBenep 24 cran 800, | 87,99 6,00 2,45 7,35 82,17 | 90,80 | 8,63
ycs Bubipka
4 | llBenep 24 cran 800, | 90,02 0,299 0,55 1,64 89,1 90,80 1,7
1 yacTuHa
5 | llIBenep 24 cran 800, | 88,62 1,53 1,24 3,71 87,2 90,10 2,9
2 yacTHhHA
6 | llIBenmep 24 cran800, | 85,30 5,69 3,39 7,17 82,17 | 87,40 | 5,23
3 yacTuHa
7 | Kyruk 90, cran| 46,11 0,236 0,49 1,46 44,95 | 46,85 | 1,90
550-2
8 |lIsenep 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 | OIBenep 16 cran| 36,79 0,072 0,27 0,80 35,66 | 37,16 1,5
550-2

*CKB — cepe1HbOKBaIpaTUYHE BiIXUIICHHS

3 Tabymini 1 BUXOIUTH, 10 KOJTMBAHHS JOBXHHH PO3KATIB, sIKI OOYMOBJICHI KOJTHUBAHH -
MH TeMIIepaTypH po3KaTiB, BimOyBatoThcs s crana 550-1 B mexxax + 1 M, s crana 800 —
+ 3,71 M, KONMBaHHS JTIOBKUHH 3-01 YaCTUHU OOYMOBJICHI KOJMBAHHAMH MacH 3JIUTKa, JJIs
crana 550-2 konuBaHHS 3Ha4YHO MeHIIe — Bif = 0,35 go + 0,8 m. 11i KoMBaHHS TOBXUHU PO3-
KaTiB MPU3BOIATH MPH Pi3aHHI HA MUJIaX JI0 MOSIBU IITAHT HOPMAJIBHOI JJOBKUHH.

B Tabnumi 2 HaBeneHui aHali3 Mporiecy pi3aHHS Ha MUJIaX PO3KaTIB IIBesepa 24, skuit
BUKOHAHUU JJIsl TOBKUH PO3KATIB, 10 OYJIM OTPUMaHI 3a pe3yJIbTaTaMH €KCIIEPUMEHTAIbHUX
nociimkens Ha ctadi 800. [Ipu mpoBeeHHI eKCIIepUMEHTAIBLHUX JTOCIIKEHb BUMIPIOBAIach
JOBKMHA PO3KaTiB, HA MUJIaX BiAOMpaIUCh MPOOM PO3KATIB, sIKI OOMIPIOBAINCH Ta 3BAXKYBa-
JIMCh, 11100 BU3HAYUTH Macy IMOrOHHOTO METpa.
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Pizanns BigOyBanock Ha JOBXUHY MipHUX mITaHT 11 M. Buxossuu 3 iporo nopaxysainm,

sika OyJie KITBKICTh IITAHT MipPHOI JOBXKUHH, iX JIOBXHHA Ta Maca, IITAaHT HOPMAJIbHOI JTOBXKH-

HH, X JOB)KHMHA Ta Maca, a TaKOK JIOBXKMHA Ta Maca 3aJIUIIKIB.

CyMa 1OBXKHH TEXHOJOTIYHOI 00pi31 MepeaHbOTO 1 3aTHHOTO KIHIIIB ckiagana 1,6 m.

Tabnums 2

ExcnepuMeHTanbHi JaHi JOBXKHHU PO3KATY, IITAHT MipHOT Ta HOPMAJILHOI IOBXKUHH, 1X Mac,

SK1 OTpUMaHi npu npokartiii Ha ctani 800 mBenepa 24

HoB- | Maca | Maca | HoB- | Maca | MoB- | Maca | JloB- | Maca | Maca
KHU-HA | TIOTOH. | pO3Ka- | KU-HA | Mip- | )KH-HAa | HOp- | XKH-Ha 3a- 00pi3i,
No | PO3Ka- | meTpa, Ty Mip- | HUXII- | HOp- | Majb- 3a- JIVII-
o/ Ty HHUX TaHT, | Majlb- | HHX JHII- Ky
KT IITQHT HUX | INTaHr 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 | 24,51 | 2159 77 1887 9,5 232 — — 39,22
4 | 82,17 | 243 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 JOCIIKEHHS CB14aTh, 110 KOJUBAHHS JOBXHHU PO-

3KaTiB BiIOYBaIOTHCS B 3HAYHUX MEXKaX Ta MPU3BOJATH /10 MOSBU, KPIM TEXHOJIOTIYHOT 00Pi3i,

MITAaHT HOPMAJIBHOT IOBXKWHU 1 3QJIUIIKIB.

MeTor0 pocaiaKeHHs € aHaJ3 YMOB MPOILIECY pi3aHHs AJia 3a0e3meueHHsT MaKCHUMaJlb-

HOTO IPHOYTKY MPH peaiizailii BUpoOJIeHOTO MPOKaTy.

3po3yMijio, 110 HEOOX1THO BUXOJAUTH 3 €KOHOMIYHOI JOIIIBHOCTI, IO KOIITYE TOPOIK-

Ye: IMITaHra MipHOI IOBXKWHU 1 3aJIMIIIOK a00 JABI IITAaHTH HOPMAJIBbHOI MOBXHUHU. [Ipu ibomy

Tpeba BpaxOBYBaTH OOMEXKEHHS, SIK1 HAKJIAAI0ThCs 00J1aTHAHHSIM, TEXHOJIOTIYHUM MPOIIECOM

MPOKATKU Ta MPOLECOM pi3aHHs pO3KaTy Ha Mujax.
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Ls ymoBa Moske OyTH 3anucaHa y HaCTYITHOMY BUTJISII:
Cl.u + K Clx = Khmp,wc(l.u + lk) s (1)

omx

ne C— BapTicTh 1 T IWITAHT MIPHOT 1OBXWHY; [, — JOBXKHHA LITAHTU MIPHOI IOBXHHU; [ — J0-

BXXKMHA 3Ky, K . — koedimieHT BapToCTi BigxomiB, K, — Koe]iIlleHT BapTOCTI IITAHT

8i0x HPM
HOPMAJILHOI JOBXKHUHH.

KoedimienTy BapTOCTi BiIXOIIB 1 IITAaHT HOPMAJIBHOI JOBXKHHU BU3HAYAIOTHCS BITHOC-
HO BapTOCTI HITAHT MipHOT IOBKUHU 1 € 0€3pO3MIPHUMH.

[Ticns meperBopeHHs Bupasy (1) oTpumaeMo BUpa3 Ajs 3aIUIIKy [ :
(1 - KHp.lt )

Zr = —IM : 2
“ (K - Kei&x ) ( )

np

MoxyTh OyTH 3aCTOCOBaHI Pi3HI CXEMH pi3aHHS 3aJHUIIKY TOTOBOTO PO3KaTy B 3alleXkK-
HOCTI BiJl HOro JOBKWHH: Pi3aHHS HA IUTAHTY MIPHOi JIOBXXKMHM 1 3aJIMIIOK, pi3aHHS Ha JB1
IITAHT'M HOPMAJbHOI JOBXHUHU, Pi3aHHSA HA MITAaHTY MIpPHOI JOBXHMHHU 1 HITaHTy HOPMAaJbHOI
JOBXHHU. AJie TP IbOMY HEOOX1THO JOTPUMYBATUCS YMOBH, 11100 BapTiCTh OTPUMAHMX IIicC-
JIs1 pi3aHHs ITAHT Oyjla MAKCUMAJbHOIO.

Ha puc. 1 HaBeneHi 3aJIeXKHOCTI YMOBHOI BapTOCTI MPOKATy MPH pi3aHHI 3AIUIIKY 3a
BKa3aHMMH BHUIIE CXeMaMU pi3aHHA JuIi podiiro mBenep 24, siki oTpuMaHi I IITaHT|d Mip-
=0,94, K

8i0x

Hoi oxuHH 11,7 M 1 koedirienTiB BapTocTi K, =0,12 . 3nauenns xoedimie-

pe
HTIB 0OpaHi BUXOSYH 3 I[IH HA MPOKAT MIPHOI 1 HOPMaJILHOI TOBXKHUHM Ta Biaxoau. J{oBknHa
3aJTUIIKY, TIPH SIKOMY IPOKAT JOIMUIGHO Pi3aTH HA JBi IITAHTM HOPMAJIBHOI JIOBKHHH CKJIajae
0,86 M.
3anexHicTh 1 BiMOBiIa€ BUMAAKY Pi3aHHS Ha IITAHTY MIpHOI JOBXKHHH 1 3IHIIOK, 3a-
JIEKHICTh 2 BIAMOBIIa€ BUNIAJKY Pi3aHHS HA JBl IITAHTH HOPMAJILHOI IOBXKWHU, 3AJICKHICT 3
BIITMIOB1/1a€ BUMAAKY pi3aHHS Ha IITAHTY MIPHOI JOBKWHU 1 IITAHTY HOPMAJIbHOI JIOBKHUHHU.
3anexHicTh 1 moOyaoBaHa 32 BUPA30M:
V=I +K, *I . (3)
3anexHicTh 2 moOynoBaHa 3a BUPA30M:
V=K, (U, +1). 4)
3anexHicTh 3 MoOy0BaHa 32 BUPA3aMH:
V=I +K,I[ 6 akmo [ <[

6i0x"x ? Hpm.min

V=I +K, [, saxmo [ =1

Hpm® x HpM.min

)
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Pucynox 1 - 3anexHicTh YMOBHOT BapTOCTI BiJ JOBXKHHH 3aTHIIKY
IXp — po3paxyHKOBE 3HAYEHHS 3IMIIKY, |HpM.min —MiHIMaIbHE 3HaYEHHS
JIOBXKUHHM IITaHTH HOPMAJIbHOI JTOBXUHA

3anexHICTh 3 Mae JIaMaHUH Xapakrtep, e 00yMOBJICHO THM, IO MiHIMajabHAa JOBXXHHA
IITAHTH HOPMAJIBHOT TOBKUHU 32 TEXHOJIOTIYHIMH YMOBAMH JUIS NIBesiepa 24 CTaHOBUTH 6 M.
ToMmy, MOKM 3aJMIIOK HE TEPEBUINYE BEITUYMHY MIHIMAIHHOTO 3HAYCHHS TOBKWHU HITAaHTH
HOPMAaJIbHOI JIOBXXKMHHM JlaHa 3aJIe)KHICTh MOBTOPIOE 3aJICKHICTH 1, TOOTO € MipHa JOBXHHA
MITAHTH 1 3JIMIIOK. SIK TIJIbKM 3aJUIIOK CTaHe PIBHUM MIHIMAJIbHOMY 3HAYEHHIO IITAHTH HO-
PMabHOI JIOBXXKHHH, TO B IIbOMY BHITaJIKy BiIOYBa€ThCsl CTPHOOK HA BEIIMYMHY IITAHTH HOP-
MaJIbHO1 JOBXKHHH 1, TaJT1, 3aJICKHICTh 3 H/Ie apaJieIbHO 1 BUIIE 3AJICKHOCTI 2.

OueBuHO, IO JaMaHa KpHBa, SKa OOMEXKye BKa3aH1 3aJIEKHOCTI, 3a0e3medyBaTuMe
MaKCHMaJIbHHUI piBEHB TOXO.Y, a IIe BKa3ye Ha Te, IO Ui OTPUMAHHI MaKCUMAIILHOTO JI0X O-
JIy B 3QJICKHOCTI BiJl BEIMYMHH 3aJIMIIKY HEOOX1THO 3aCTOCOBYBATH Pi3HI CXEMU pi3aHHS 3a-
JHIIKY.

Ha puc. 2 HaBeaeHa 3a1€KHICTh 3AJMIIKY BiJl KOe(iIi€eHTY BApTOCTI MITAHT HOPMAJILHOT
JIOBXXUHH, SIKA MMOKA3ye SKUM IMOBHHEH OYTH 3aJMINOK, MICNs SKOTO MOKe OyTH BHKOHAHO
€KOHOMIYHE JOIIbHE Pi3aHHA Ha IITAHTH HOPMAJIBHOI TOBKUHU. L[5 3a7eXHICTh OMUCY€EThCS
PIBHSHHSM

I =39,29 —66,74x +27,48x>. (6)
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Pucynox 2 - 3ayie:xHicTh BEIMUNHU 3AJTUAIIKY
BiJ KO€(IIIEHTY BapPTOCTI IITAHT HOPMAJTBHOI JOBXKUHU

BucHoBkH. AHami3 mpolecy pi3aHHS IOKa3aB, 110 BU3HAYEHHsS pi3aHHSI OCTaHHbBOI
IITAaHTY Ta 3IHINKY HA J[BI IITAHTH HOPMAIBHOI TOBXKHHH Tpeba 3/IHCHIOBATH B 3aJICKHOCTI
BiJI TIOBXKMHU 3QTUIIKY, SIKa 3QJICKUTH BiJl JOBKUHU MIPHOI IITAHTH Ta KOSQIII€HTIB BapTOCTI
IITAaHT HOPMAaJIBLHOI TOBXKMHU Ta BiaXomdiB. J{iis 3a0e3rnmeueHHs] MakCUMaIbHOTO PiBHS JOXOIIB
BiJl peaiizalii mpokaty Tpeda pi3aHHS pPO3KaTy 3A1MCHIOBATH TAaKUMH CIIOCOOAMHU: HA IITAHTY
MIpHOI JIOBXKHHHU Ta 3aJIMIIOK, HA JIBl IITAHTM HOPMAJIbHOI JOBXHUHHU a00 Ha IITaHTy MipHOI
JIOBKMHU Ta IITAaHTY HOPMAIBHOI TOBXHHH, aJie P [[bOMY HEOOXiTHO TOTPUMYBATHUCS KPH-
TEPil0 MAKCHMAJIbHOI BAPTOCT1 OTPUMAHMX IICIsI Pi3aHHs IITAHT.
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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.

1t 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.A. ®enopenko, B.1O. Knum, C.B. Knumenko
HEIMAPAMETPUYHA CTATUCTUKA BUIIAJIKOBUX BEJIMYUH
3 HEBZIOMUMHU ®YHKIISIMHA PO3HOALTY UMOBIPHOCTI

Anomayis. Poboma npucesuena akmyanvtit npooiemi ananizy OaHux 3 HelOOMUMU PO3NO0i-
aamu, 0e Knacuyui napamempuyri memoou neegpekmueni. Ha npuxiaoi 0sox munie po3nooi-
78 (lo2icmuuHo20 (Cumempuuno20) ma eKkCHOHEeHYIIHO20(ACUMEMPUYUHO20)) NOKA3AHO 3ACMO-
CYBAHHS HENAPAMEMpPUYHO20 NIOX00Y, AKUl CKIAOAEMbCS 3 emanié paHiCy8anHs ma ananizy
eKCmpemManvbHux 3nauenv. Mema 00cniodceHHs: nposedenHs AKICHO20 aHAli3y Wooo Cmamu-
CMUYHOI 0OHOPIOHOCMI 4aco8ux psadi8 uepe3 OYIHKY OCHOBHUX CHeYialbHUX Kpumepiie euoi-
POK - 3cy8ie ma macumadie. Memoou docniodicents: B poOOTI BUKOPUCTaH1 0a30BI METOIN
HenapamempuiHoi Cmamucmuxu: Oasl 6UOIPOK 3 N02ICMUYHUM MA eKCNOHeHYIUHUM 3aKOHOM
PO3NOOINEHHSA 3HANOCHO IX Camucmu4ti napamempu, nepesipra Ha Cmamucmudty 0OHopio-
HICMb BUKOHAHA 34 Pe3yIbMAmMAaMU aHani3y pO3PAaAxXyHKOBUX 3HAYEHb CeyidlbHUX Kpumepiis.
Ilpakmuuna HoOBU3HA OOCNIOJHCEHHA: HABeOeHUlUl 8 pOOOMI NiOXi0 0/ NepesipKu Ha Cmamuc-
MUYHYy 0OHOPIOHICMb POZIIMPIOE MPAKTUYHY TUIOUIMHY 3aCTOCYBAaHHSI METOJIB Henapamem-
PpuyHOi cmamucmuky s KOMIUIEKCHOT'O CTaTUCTHYHOTO aHalli3y YacOBHUX PSIIB 3 3aKOHOM
po3noAieHHs BiAMIHHUM Big HopMmanbHOTO. Cehepu 3acmocyeanus: pe3yiomamu 00-
CLIOJHCEHHS MONCYMb 3HAUMU 3ACMOCYBAHHA 8 2aNY3AX, WO NOMpeOyroms auanizy cmamu-
CMUYHOT 00OHOPIOHOCMI OAHUX, 30KPeMa 8 THIHCUHIPUH2Y 8 3A0ayax MOHIMOPUHZY CIAHY meX-
HIYHUX 00’€xmie ma cucmem, y COYIONOSITYHUX OOCHIONCEHHAX OJisl BUABLEHHS CYMMEBUX
BIOMIHHOCMEL MIdC 2pynamu, 8 MeOUuuHiti cqepi 01 KOHMPONO SKOCMI 1aO0paAmopHux
BUMIDIOBAHD.

Knwouosi cnosa: nenapamempuuna cmamucmuxa, cmamucmuyHa OOHOPIOHICMb, PO3NOOI
BUNAOKOBUX BENUUUH, DAHICYBAHHS, CepeOHi 3HAUEHHs, 3CY8U, MACmady, Komn omepne mo-
0e08aHHA.

Beryn. CyyacHuid CTaTUCTUYHUI aHAJ3 CTUKAETHCS 31 CKIIQJAHUMU 3aBIaHHAMHU 00po0-
KU JJaHUX, JI€ TPAJAULIHHI TapaMeTpUyHi METOIU YacTO BHUSBIISIOTHCS HEIOCTATHHO THYUYKHMHU
a60 3acTocoBHUMHU. OCOOIMBO 1€ CTOCYETHCS BUIAJIKIB, KOJIHM 3aKOH PO3IOALTY BUIIAJKOBOI
BEJIMYMHU HEBIAOMHUM a00 HOro Ba)KKO BU3HAUMTH. Y TaKUX YMOBaxX Ha MEPIIUH IUIaH BUXO-
JITh HeTapaMeTpUdHi METOMH, SIKi HE BUMAraroTh KOPCTKUX MPUIYIIEHB 1010 GOPMHU PO3-
NOJUly Ta JO3BOJIAIOTH OTPUMYBATH HaliHI pe3yabTaTh HaBiTh 3a O0OMEXeHOI
iHpopmanii [1].

HenapameTrpuuHa cTaTHCTHKA 3HAMIIIA MIMPOKE 3aCTOCYBAHHS B PI3HUX Tally3siX — Bij

eKOHOMIKHM Ta Gionorii 10 iHKeHepii Ta colialbHUX AOCHilKeHb. li OCHOBHA mepeBara mons-

© denopenko O./1., Knum B.1O., Kimumenko C.B., 2025
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ra€ B TOMY, 1[0 BOHA JI03BOJIsIE aHANII3YBaTH JlaHi, AKi MOXYTh OyTH HEOJIHOPIJHUMHU, MaTH
CKJIaJIHy CTPYKTYpPY a00 aBTOKOpEJIALiiHI 3anexxHocTi. Lle 0co6nmBo BaxiIMBO Ipu poOOTi 3
pearbHUMHU BHOIpKaMH, J€ KJIaCU4HI MiJXOIH, TaKi K t-KpUTepiil, 4acTo Aar0Th HETOYHI pe-
3y/lbTAaTH Yepe3 NOPYILICHHs iX npunyuess [ 1, 2].

B po6oTi HemapamMeTpru4Hui aHaJi3 BUMIAAKOBUX BEJTMUMH CKJIAJAETHCS 3 MOCIIJOBHOTO
BUKOHAHHA METOJly PaH)KyBaHHS Ta IOJAAJIBIIOTO ONPAIIOBAHHS EKCIEPUMEHTAIbHUX 3HAa-
4yeHb (MIHIMYMIB 1 MAKCUMYMIB) y BIOPSIIKOBaHUX BuOipkax. /s qocnimkenns 0ynu oOpai
JIBa THIH PO3MOJLUTIB: CHMETPHYHUHN (JIOTICTUYHUI) Ta aCUMETpUYHUH (eKCIOHeHIiHui). Ha
NPUKIIAAl PI3HUX THIB PO3MOJALUTIB IPOAEMOHCTPOBAHA MOXIIMBICTh 3aCTOCYBaHHS Herapa-
METPUYHOTO METONY JUIs BUOIPOK 3 HEBIIOMUMH (PYHKIISIMU PO3MOLTY, SIKi HE BIANOBIIAIOTH
HOPMaJIbHOMY 3aKOHY.

OCK17bKHM BaXTUBOIO YaCTUHOIO JOCIIIKEHHS € Pe3yabTaTh OOUHCITIOBAIILHOTO eKCIIe-
PUMEHTY 3 ONpALIOBaHHS pealbHUX JAaHUX BUMIPIOBaHb, B POOOTI BUKOPUCTaHI iMiTalliiH1
Mojieni. 3reHepoBaHi BUOIPKU 3 3aJaHMMM MapaMeTpamMH Ta OTPUMaHi 3HAYEHHS CTaTUCTHUY-
HUX XapaKTEpPHUCTHUK: CepeliHi 3HA4YeHHs, MIHIMyMH, MaKCUMYMHU, 3CyBH Ta Maciradu. [loga-
JBIIMN aHai3 BEIMYHMH CHeUiaJbHUX KPUTEpiiB OyB CHpsSMOBAHMI Ha MEPEBIpKY TiloTe3n
PO CTATHCTUYHY OJHOPIAHICTH BHOIPOK, 1[0 MAa€ BAXKIMBE MPAKTHYHE 3HAYCHHS IS 3a/1a4
MPOTHO3YBaHHS Ta MOJENIOBAHHS TEXHIYHMX CHUCTEM a00 CIIOCTEPEXKEHHS 3a MPUPOAHIMHU
o0’extamu. Pe3ynpraté poboTH MOXKYTh OyTH KOPHUCHUMH i (DaxiBILiB, SIKi CTUKAIOTHCA 3
HEBU3HAUEHICTIO y AaHUX a00 MOTpeOYIOTh J0JATKOBUX IHCTPYMEHTIB Ul KOMIUIEKCHOTO
CTATUCTUYHOTO aHAJI3y YaCOBUX PAJIIB 3 3aKOHOM PO3MOUICHHSI BIIMIHHUM BijJl HOpMaJIbHO-
ro. HactynHi eranu poGoTH y BU3HAYEHOMY HampsiMi MalOTh OyTH TOB’sI3aHi 13 JTOCIIIKEH-
HSM Ta BJOCKOHAJICHHSM HEMapaMeTPUUYHUX METOJIB Ta iX NMPAKTUYHHUM 3aCTOCYBAHHSAM B
3aJJaHUX YMOBaXx.

AKTYyaJIbHicTBh. Y po00Ti [§] aBTOp B 3371241 ONTHMI3allii aITOPUTMIYHOTO Ta IPOrpaM-
HOTO 3a0€3MedYeHHs] aBTOHOMHHUX BHUMIPIOBAIBHUX MOJYJIB PO3MOAUICHUX J1arHOCTUYHHMX
CHUCTEM OCOOJIMBY yBary MNPHUIUISIOTH QJITOPUTMY TMEPEBIPKH OAHOPITHOCTI T1arHOCTHYHHX
CUTHAJIB, 10 0a3yeThcs HAa KoMOiHaIii kputepiiB dimepa ta CThroAeHTa. 3aNTPOITOHOBAHUNA
X1 13 3aCTOCYBaHHSAM MapaMETPUYHUX METOIB Ma€ MIEBHI BUMOTH IIOJIO MPUITYIIICHB PO
HOPMAJIbHICTh PO3IOLTY JaHUX.

VY nochimxenHi [9] aHami3yeTbCsl BIUIUB KOPEAIIl Pe3yJabTaTiB CIIOCTEPEKEHb HA TOY-
HICTh JIIHIMHOI perpecii. ABTOp MPONMOHYE METOIW BpaxyBaHHS aBTOKOPENAIIi JUIs TOJIM-
IIEHHS OIIHOK Jaucriepcii KoediieHTiB perpecii Ta mMporHo30BaHuX 3Ha4eHb. PoboTta minkpe-
CJTFO€ BAXKJIMBICTh BpaxyBaHHS B3a€EMHO1 KOPEJAIIi TaHUX, 0COOJMBO i yac 00poOKHU yaco-
BUX psaAiB. OJHaK BUKJIAIEHI METOIU 3aJMIIAIOTHCA B PaMKaxX MapaMeTpUYHOI CTaTUCTUKH,
10 OOMEX Y€ IXHIO BUKOPUCTAHHS U1 JAHUX 13 HEBIJIOMUMH a00 CKIaJHUMHU PO3IIOIITIaMH.

PosrasayTi po60oTH CydyacHUX aBTOPiB MIATBEPAUIN BiIOMUI BUCHOBOK [1], po Te, mo
napaMeTprUyHi METOU BUMAraloTh CyBOPUX MPUIYLIEHb 11010 PO3NOAUTY TaHUX (HAIPUKIIAI,
HOPMAJIbHICTH) 1 MOXKYTh OyTH Hee()eKTHBHUMH B pasi iX MOPYIICHHSI.

3a3HaunuMo, 1110 KJIACHYHA MaTeMaTUYHA CTaTUCTHKA HE PO3IJIsgae KOMII I0TepHY 00po-
OKy eKClepUMEHTAIbHUX aBTOKOPEIbOBAaHUX BUMIPIOBAaHb B 33/1a4axX CIOCTEPEHKEHHS 3a MPHU-
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pPOIHUMH Ta TEXHIYHUMHU 00’ €KTaMU Ta IpoiiecaMu. Bimoma JOCUTh HEBEINKA KUTbKICTh JI0C-
JiKEHb 3 BUBUEHHS 1H()OPMATHBHOCTI KpUTEpiiB MEpPEBipKH TiMoTe3 B 3ajadax CIOCTepe-
XKeHHA 3a 00’extamu [2 — 4]. OTxke, 3 0JHOr0 OOKY CTaTUCTHYHA 00pOOKa aBTOKOPEIIbOBAHUX
BUMIPIOBaHb 3 PI3HUMH PO3MipamMy BHOIPOK Ta HEBIIOMMMHU CTaTUCTUYHUMHU 3aKOHOMipHOC-
TSAMH BiJJOMUMH CHEI[IAIbBHUMU KPUTEPISMU TOPIBHSAHHS BHOIPOK BUMAJIKOBHX BEJIMYUH JOC-
JKeHa HEeJIOCTaTHRO. 3 1HIIOTO OOKY, MOCTIIKEHHS CTATUCTHYHOI OJHOPIIHOCTI Yepe3 aHa-
713 OCHOBHHX IapaMeTpiB, TAKUX SK CEpPeIH] 3HAUCHHS, MIHIMYMHU, MAaKCUMYMH, 3CyBU Ta Ma-
cmtabu, Mae BUpIlIAJIbHE 3HAYECHHS Ul IPOTHO3YBAaHHS B TaKUX cepax, sk iHKEeHEpHI J10c-
JIKeHHS, eKOHOMIKa, METUYHA CTATUCTUKA, KOJIM BAXKIIMBO 3HATH, YU 30€piratoThCsi CTaTHUC-
TUYHI 3aKOHOMIPHOCTI IPH 3MiHi Oy/b-KHX YMOB [7].

OTxe, aHaAi3 aBTOKOPEJIbOBAaHMX BUOIPOK BUIAJAKOBHUX BEJIMYHMH € aKTYyaJbHOIO 3aja-
4ero, JIe BXIJHI JaHI MalOTh CKJIaJHYy CTPYKTYpy abo0 iCHY€ 3alIe)KHICTh MK CITIOCTEPEKEHH -
MHU. B Takux BUmMajgkax came HemapaMeTpU4Hi METOIH, JUIS SKUX 3HAHHS 3aKOHY PO3MOALTY
He € 000B’SI3KOBOI0 BUMOT 010, CTalOTh HE3aMIHHUMH JUIsl OOpOOKM TakuX JaHuX. buibmr Toro,
BOHH JI03BOJIIIOTH OTPUMYBATH pPe3yJIbTaTH HABITh 32 YMOB 0OMexeHoi iH(dopmallii mpo pos-
nonin [1]. TakuM 4MHOM, MOCTIIKEHHS HEMapaMeTpUYHUX METOMIB aHali3y psay BHOIpOK
CIIOCTEPEKEHHS 32 CTAHOM TEXHIYHMX a00 MPHUPOJHUX 00’ €KTIB Hapa3i € aKTyalbHOIO 3a/1a-
Yero.

Mera poOoTu mosArae B NpoBEICHHI TECTOBOI'O aHAIII3Y Pe3yJIbTaTiB 3aCTOCYBAaHHS He-
napaMeTPUYHOTO METONy JJISl MEPeBIPKU CTaTHCTUYHOI OJHOPIAHOCTI YaCOBUX DSIiB uepes
OIIIHKY OCHOBHHX CIEIliaTbHUX KpUTEpiiB BHOIPOK - 3CYBiB Ta MacmTadiB, a TaKOX JOCHI-
JDKEHHSI 3aCTOCOBHOCTI TaKOTO IAXOAY JJIsl MOTIEPEIHBOTr0 BU3HAYCHHS a00 OJATKOBOI TIe-
PEBIPKH CTATHCTUYHOI OJTHOPIAHOCTI BUOIPOK YACOBUX PSIIB.

IlocranoBka 3amaui. /[ 3acTocyBaHHSI METOAY HEMApaMETPUYHOI CTATUCTUKH IS
MePEeBIPKUA CTATUCTUYHOT OJHOPITHOCTI BUOIPOK YacOBHUX PsiiB Oymnmu chopMysIbOBaHI HACTY-
ITH1 3aBIaHHS:

— BUKOHATH IMiTalliiHE MOJICTIOBaHHS BHOIPOK YacCOBHUX PSJIIB 3 BIIOMUMH 3aKOHAMH
pO3MoALTY;

— 3aCTOCYBaTH METOJ PAaH)KYBaHHS ISl OTPUMAaHKX JIaHUX;

— 00YHCTUTH JJ1s1 KOXKHOT BUOIPKH OCHOBH1 CTaTUCTHUYHI XapaKTEPUCTUKH: CEPE/IHI 3Ha-
YeHHS, MIHIMYMH, MAKCUMYMH, & TAaKOK OCHOBHI CHEIlialbHI KpUTEPIi: 3CyBHU Ta MacITaOH.

— TEPEBIPUTH CTAaTUCTUYHY OJHOPIAHICTH BUOIPOK, TOOTO BUKOHATH JETAIBHHUM SIKiC-
HUH Ta KUTbKICHUH aHaTi3 3HAYCHb CIEIIaIbBHIUX KPUTEPIiB A1 KOKHOTO THUITY BUOIPOK.

Metonu cTaTUCTUYHOI OOpOOKM BHUMIPIB BHUIAJIKOBHX BEIMYHH, 3aKOHH PO3MOJLTY
HWMOBIPHOCTI 1110 HEB1JIOMi, OTpUMAaJId Ha3BY HEMapaMmMeTpHyYHA CTaTHCTHKA. BoHa BiIbHA Bij

3HaHb QYHKIIN po3moiay imoBipHocteit. Jst Oyab-skoi Bubipku X (k/j) 3 N cepiit Bumi-

proBasb ( k=1,2,3...n; n-po3mip BuOipkH; j-HOMEp BUOiIpKH, j=1,2,3...N) 3Hai1eM0O MiHIMaIb-
HE 1 MaKCHUMaJIbHE 3HAYCHHSI.
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Hanouarky neperBopumo Bubipky X(k/j) B ymopsakoBany, sika Mae MO3HAYCHHS

X*(i/]). dns ynopsimkoBaHuX BHOIPOK, i€ TEpIla Ta OCTAHHS MalOTh BiIOBIJHI MO3HAYCHHS

X"ra X" (n/]) Bukonyerbcs yMOBH HacTymHUX HepiBHOcTei (j=1,2,3...N)[2]:
(/) <x@/) < <X (k) <X (k+1/j) < <X (n-1/)) < X*(nf)).#(1)
Jlis neperBopennst BubOipku X(k/j) B ymopsakoBaHy, HEOOXiTHO BH3HAUUTH ii PaHTH.
To6T0 panr Bkasye Ha HOMep BUMIpiB B X(i/]). @opmyina uist BA3HAUEHHS PAHTIB Ma€ HACTY-
[HUN BUTJIAA;

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

OckinbKy MiHIMalTbHI Ta MAKCUMAITbHI 3HAYEHHS yHOpsAKoBaHO! BuOipku Ta X (n/j)

TaK0>X BU3HAYAIOTHCA TI0 1X paHraMm, TO 3allMIIEMO BUPA3U B HACTYITHOMY BI/II‘J'DII[iI

X (/) = XG/n) Y sgn (1= R(XG/D)). 1= 1,23 .0;#(3)

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

ne sgn(x —a) — QyHKIisA OJMHOYHOTO CTPHOKa, sIKa JOpiBHIOE 1, KO X = @ Ta 0 AKIIO
x < a;j=1,2,3...N.

Buxonsun 3 mosokeHb HemapaMeTPUYHOI CTATUCTHUKH, M0 y BHOIPOK, SIKI JOCIIIKY-
IOThCSI, CEPEIHI CTATUCTUYHI, MAKCUMYMH 1 MIHIMyMH OYIyTh TE€X CTAaTHCTUYHO OHOPIJIHI,
pa3oM i3 iX 3cyBaMH Ta MaciiTabaMy TUIBKH 32 YMOB OJHAKOBOCTI iX CTAaTUCTUYHOI 3aKOHO-
MipHOCTI [1-7], TpoBeaeMO OOYMCIIIOBAIBHUN EKCIIEPUMEHT 1 JOCTIAMMO 1€ MPHUITYIICHHS.
OO6uncioBaIbHI €KCIIEPUMEHTH TMPOBEJAEMO Ha BUOIpKax MBOX BHUAIB (YHKINHA PO3MOILTY
HWMOBIPHOCTEH: JIOTICTHYHIHN (CUMETPHUYHIN) 1 €eKCTTOHEHITIHIN (aCUMETPHUHIM):

Fa() = ———#(9)
1 +exp (V_E( - ))
R0 = 1-exp(-2).#(9)

Ix mapaMeTpaMm HajJaMmo HAaCTYNMHHUX 3HaudeHb: a=3, 6=0.5, n=10, N=10, A=3. J{nsa Hux

Ma€eMO OJIHAKOBE MaTEMaTUIHE OUiKyBaHHS M[Xﬂ] = 3, M[KE] = 3.

Bubipku BumipiB oTpumMani o BubipkaMm KoM roTepHux renepartopiB E(k/j) 13 3actocy-
BaHHSIM IporpamMHoro 3ade3neueHHs Matlab, sike BuTbHE y mpocTopi iHTepHET. B pe3ynbprari
chopMOBaHI BHIAAKOBI BEIMYMHHM 3 PIBHOMIDHUM 3aKOHOM pPO3IMOAUICHHS HMOBIPHOCTI
W(&/j)=1,F(&/j)=3,0=¢& < j. Hamani popmyroTbcsi BUOIPKU IS JIOTiICTHYHOTO Ta
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eKCIIOHEHIlaIbHOTO 3akoHy posmoainennst - X,(k/nj) ta Xg(k/nj) - mo BubGipkam

&(k/mj), nans saxux Hanamo GOpMYITH y BHIIISLI:

: V3 §(k /nj)
X (k/nj) =a+ ?Jln(m) #(7)

Xe(k/nj) = Aln (%} .#(8)

Tenep Bu3HAUMMO ix panru Ta Bianosigui minimansni X;(1/nj) i Xz (1/nj) i makcu-
manbHi 3Havenns X (10 /nj) i Xz (10 /nj).

3cysu X (j)ra macmrraGu AX ™ (j) xns posrnsmysannx subipox X, (k/nj) ta Xz (k/nj)
3HAWIEMO 3a HACTYITHUMH BHpPa3aMHu:

() = > (2 (1/m) + X (a/n), #9)
AX () = (x*(n/nj) — x*(1/n))). #(10)

[To BuGipKam ist TepInoro oduncioBaibHOro excpenumenta &4 (k/j) chopmyemo Bu-
6ipku X, (k/j), 1 Xg(k/j), Ta mocnigumo ix iHpopMaTHBHI MOKAa3HUKHU (CEpeHi , 3CYBH i
MacITaom):

XD XD X5 1 X2 (1, AX5 (). AX2 () 1.

ITo BUGipKam s apyroro oGuucimoBaibHOro ekcpenumenta &y (k/j) chopmyemo Bu-
oipku X (k/j)y i Xe(k/j)4 Ta nocnigumo ix iHpopMaTHBHI MOKa3HUKH (CepeiHi , 3CyBH i
MacmTaon):

XD X X5 (D 1 X2 (D, aX5(),, AXE ().
Pe3ynbrat mpoBeneHUX po3paxyHKiB MO JBOM Te€HepaTopaM HaBeleH1 y Tadmuisx 1

Ta 2.

Taomums 1
3Ha4YeHHS CepelHiX , 3CYBIB 1 MacITaliB NIEPUIOr0 0OOUHCITIOBAILHOTO EKCIIEPUMEHTA
JUTs1 BUO1POK JIOTICTUYHOTO Ta EKCIIOHEHIIAIbHOTO 3aKOHY PO3IOIIICHHS

] X | X0 Xe(U X500, XDy | ax5(), | aXz(),
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 -0.2137 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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Tabmuuus 2

3HavyeHHs CepeHiX , 3CYBIB 1 MacIITabiB APYroro 0OYMCIIOBATBHOTO EKCIIEPUMEHTA

JUTs1 BUOIPOK JIOTICTUYHOTO Ta €KCIIOHEHITIAIBHOTO 3aKOHY PO3TOiIICHHS

j Y50 | X@: (%50 X0 |80, | AX(),
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 3.3540 2.7897 0.3540 -0.2103 2.2233 0.3335
7 2.6900 2.9021 -0.3100 -0.2103 2.3652 0.7231
8 2.9680 3.2342 -0.0320 0.2342 3.7560 1.1650
9 2.9680 2.9688 -0.1826 -0.0312 4.5195 0.9354
10 3.0157 2.9162 0.0157 -0.0838 2.1512 0.6083

JIi1s1 IapaMeTpiB YIOPSIKOBAHUX BUOIPOK X - (k / j) 3 METOIO MOJANBIIOT0 JETaTbHOTO

aHai3y JOJAaTKOBO HaaaMo ix rpadivyne mpeacTaBieHHs (auB. puc.l).

AX*(j)

X*(1/))

()

X*(n/))

X (k/))

Pucynok 1 - Ipahiune npeacTaBIeHHs apaMeTpiB yIOPAIKOBAHUX BHOIPOK X - (k/j)

3Be/ieH] 3arayibHI MOKa3HUKHU I ABOX OOYHMCITIOBAILHUX CKCIIEPUMEHTIB 32 0OpaHUMHU

3aKOHAMH PO3MOIIJICHHS MTOKa3aH1 B TadmuIli 3.

3Be/IeH] cepeHi TOKa3HUKH CePeIHIX , 3CYBIB 1 MacTabiB MepIIoro

Taomums 3

Ta IPYyroro o0YUCITIOBAILHOTO €KCTIEPUMEHTA JJIsi BUOIPOK JIOTICTUYHOTO

Ta eKCMOHEHITIaJTbHOTO 3aKOHY PO3MOIUICHHS

J Xn() X5() Xa() X3() AXL(G) | A%(0)
‘?

1 2.9539 3.0207 -0.0461 | 0.0207 2.7465 0.9139
2 3.0179 2.9996 0.0179 -0.0004 | 3.1152 1.0216

Jlns aHammizy 3BEICHUX 3HAYeHb 1HPOPMATUBHUX MapaMeTpiB B TaOJMIN 3 BUKOPUCTAHO

t-TecT JUIsl He3aJIe)KHUX BUOIPOK, SIKMM 3aCTOCOBYETHCS JJIs TTOPIBHSHHS JIBOX PI3HUX CKCITe-

puMeHTIB. B pesynbTaTi 11 1BOX Pi3HUX €KCTIEPUMEHTIB 3 JIOTICTUYHUM 3aKOHOM PO3MOIi-
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JIeHHS OTPHUMAHO HACTYIHHH PIBEHb 3HAUYLIOCTI CEpeIHBOro 3HauyeHHs: p-value = 0.6072,
BIJIMIOBIAHO U1l JBOX PI3HUX EKCIIEPUMEHTIB 32 €KCIOHEHIIaIbHUM 3aKOHOM - p-value =
0.7433. BoueBub, BOHH HE MAlOTh 3HAYHHUX BIIMIHHOCTEH JJIS IBOX PI3HUX €KCIEPHUMEHTIB
BCEPE/IMHI OJTHOTO 3aKOHY PO3IIOIIICHHS.

Jlia mojaneioi mepeBipkd Ha CTATUCTUYHY OJHOPOJHICTH JUISL IBOX PI3HUX EKCIepH-
MEHTIB TaKOX BHKOPUCTAHO t-TECT, B PE3yJbTaTi SKOTO OTPUMaHi BEIMYMHM piBHEH 3HAUY-
HIOCTI 3CYBY Ta MaciiTady HaBeeH1 B Ta0wili 4.

Tabmurs 4
Benuunan piBHEH 3HaUYyHIOCT1 3CyBY Ta MacIITady Ajsl BUOIPOK JOTiCTUYHOTO
Ta €KCIIOHEHI1AJIbHOTO 3aKOHY PO3IO/IIJICHHS

3aK 3cyB MacmTab
JlorictTuyHuii 0.6072 0.3639
ExcrnoneHminuunii 0.7433 0.5272

3HadeHHs 3 TaOauIll 4 TMATBEPIKYIOTh CTATUCTUYHY OJHOPOIHICTh 32 PaXyHOK HE3Ha-
YHUX BIJIMIHHOCTEH JUIs IBOX PI3HUX €KCHEPUMEHTIB 32 OJJHAKOBHM 3aKOHOM PO3IIOJIIIICHHSI.

Jl1st AeTanpHOTO SKICHOTO Ta KUIBKICHOTO aHalli3y 3Ha4eHb CIEIiaTbHUX KPUTEpPIiB IS
KO>KHOTO TUITy BUOIPOK HaBeZeH1 rpadiku t-po3MoAiICHHS.

NoricTid KA - CepegHe sHaYeHHA JloricTanmi - 3oys Jorictuarni - Macwrtab

o
o
o
2
B
<

o
w
o}

o
w
o

o
R
[

—— t-po3nNogineHHA
KpumiuHa ofnacts
t=-0.52

=77 p=0.6072

4 —— t- poanogineHHA

0.20 I KpuuuHa obnacTs
1 t=-094

77 p=0.3639

—— t-po3anognedHa
KpHTHyHa ofnscTe
t=-052

7T p=0.6072

o
M
o

o
st
o

10

LineHicTe MMOBIPHOCTI
LineHicTe MMOBIPHOCTI
WineHicTk MMoBipHECTI

0.05

-4 -2 o 2 4 -4 =2 Q 2 4 -4 -2 L] 2 4
t- SHEYEHHA t-3HaYEHHR t- HEUEHHA

a) 0) B)
Pucynox 2 - 3actocyBaHHs t-TeCTy JJ1s MEPEBIPKH HA CTATUCTHYHY OJTHOPITHICTH OOUYUCITIO-
BAJIbHUX €KCTICPUMEHTIB 3a JIOTICTHYHHUM 3aKOHOM PO3TOIJICHHS
a) - cepenHe 3HA4YCHHS; 0) 3CyB; B) MaciITad
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Excnonenuifnmii— CepenHe sHadeHHA ExcnoneHuifinmi — 3cys Ekcnonernuiinni - Macwrad

0401 : 0.40 z .40

= t-ponogdineHHa
0.20 4 Kpurtuuna ofinacs
t=033

p=07433

= t-posnogneHHa
0.20 KpuruuHa obnacts
=033

po=0.7433

= t- po3nodineHHa
Kpuriuna obnacts
. t=-0865
p=05272

LW inbHicTe MMoBIpHOCTI
LinbHiCTE MMOBIPHOCTI
WineHicTe MMoBipHOCTI

o
o
7]

—4 g o 2 4 4 ~2 0 2 4 —4 -2 0 2 4
t- 3HEYEHHA t-3HaueHHA t- 3HEYEHHA

Pucynoxk 3 - 3actocyBaHHA t-TecTy [ NEPEBIPKH HAa CTATUCTUYHY OJAHOPITHICTH OOUUCITIO-
BAJIbHUX €KCIIEPUMEHTIB 32 €KCIIOHEHIIAJIbHUM 3aKOHOM PO3IOAIICHHS:

a) - cepeHe 3HaUeHHS; 0) 3CyB; B) MacIITad

B pesynbraTi npoBeeHHs t-aHaNi3y Ul NEPEBIPKU HAa CTaTHCTUYHY OJHOPIAHICTB, 30-
Kpema TOCIIiJOBHOTO ONPAIIOBAHHS CHEUiaIbHUX KPUTEPI€EB - CEPEHIX, 3CYBIB Ta MacIITa0iB
- PO3paxyHKOBI 3HAUEHHS HE IMOKA3aJld 3HAYYIINX BIIMIHHOCTEH MK €KCIIEpUMEHTaMHU.

OTxe, BUKOHaHI PO3PAaXYHKH 32 MPUITYIICHHIMH HEMApaMETPUIHO! CTATHCTUKU TIOKa-
3aJIM MOXJIUBICTD 3aCTOCYBAHHS JUIs MEPEBIPKH CTATUCTUYHOI OJHOPITHOCTI JIsl 3aKOHIB, Bi-
JIMIHHHX BiJl HOPMaJIbHOTO, 30KpeMa JJIsi CUMETPUYHOTO (JIOTICTHYHUI) Ta aCUMETPHYHOTO
(excroHeHmianbHui). TakuM YMHOM, HaBEACHHUI aJITOPUTM PO3PAXYHKY TOKa3aB Mpaie3aaT-
HICTh BOJIHOYAC 13 PO3PaxyHKOBOKO HECKJIAIHICTIO JJIs MOIMEPEAHbOI OIIHKH CTAaTUCTHUYHOI
OJTHOPITHOCTI B 33/IaHUX yMOBaX.

BucHoBku. Y poOOTI MpOIEMOHCTPOBAHO 3aCTOCYBAaHHS METOJY HemapaMeTpUuyHOL
CTATUCTUKH ISl TIEPEBIPKU CTATHUCTHUYHOI OJHOPIAHOCTI BHOIPOK YaCOBHX PSIIB, IS SKHUX
3aKOHU PO3MOJUTY HEBiIoMi a00 MarOTh CKJIaAHy GopMy Ta BiAMIHHI Bix HOpManbHOTO. [Toc-
TaBJICHA 3aj[a4ya BHpINICHA MMOETATHO: BUKOHAHO IMITalllifHE MOJICTIOBaHHS BHOIPOK YaCOBHUX
pAMIB 3 BIIOMHUMH 3aKOHAaMHU PO3MOJLTY JIOTICTUYHUM (CHMETPUYHHM) Ta €KCIOHEHIIHHUM
(acMMeTpUYHMM), 3aCTOCOBAHMI METOJ PaH>KyBaHHS Ul OTPUMAHUX JAHUX, JJIS1 KOXKHOI BU-
OipKK 00YMCIIEHI OCHOBHI CTAaTUCTUYHI XapaKTEPUCTHKHU - CEPEIHI 3HAYCHHS, MIHIMYMH, MaK-
CUMYMH, a TaKO>X OCHOBHI CHeIllajabHI KPUTEPIl - 3CyBH Ta MacIITabu; repeBipeHa CTaTUCTH-
YHa OJTHOPIHICTh BUOIPOK 13 3aCTOCYBAHHSM t-TECTY.

PesynpTaTi 00YMCITIOBATIbHUX SKCIIEPUMEHTIB MTOKA3aJIH, 1110 HeTapaMEeTPpUYHUN aHaITi3
OCHOBHUX CTAaTUCTUYHMX XapaKTEPUCTUK Ta 3HaYCHb CHeEIlalbHUX KPUTEPIiB Ha/la€ Momnepe -
HIO SIKICHY OIIHKY TMEPEBIPKH CTAaTUCTUYHOI OJJHOPITHOCTI BUOIPOK 3 3aKOHOM PO3IOIICHHS
BIIMIHHUM BiJ] HOPMQJIBHOTO, 30KpeMa JIJIsl JIOTICTUYHOTO (CUMETPHYHOTO) 1 €KCIIOHEHIIIHO-
ro (acumerpuunoro). HaBeneHnit po3paxyHKOBUN aJTOPUTM 3aCTOCOBAHOTO HETMapaMeTpHUy-
HOTO METOJY 3pYYHHUH JUIsI KOMIT FOTEPHOTO MOJICIIOBAHHS — HE TIOTpeOye CIeliaai30BaHOTO
MIPOTrpamMHOTO 3a0€3MeUYeHHs Ta BEJTUKUX O0UYUCITIOBAILHUX PECYPCIB, IO TOCTAE TIEBHOIO TIE-
peBaroio B iH)KEHEPHUX PO3paxyHKax ISl MONEepeIHhOr0 BU3HAYEHHS a0 J0JaTKOBOI mepe-
BIPKH CTaTHCTHYHOI OJTHOPITHOCTI BHOIPOK YacoBHUX PsiAiB. Pesynbrat poOOTH 301IBIIYIOTH
MPAKTUYHY TUIONIMHY 3aCTOCYBAHHSI METOJIB HEMapaMeTpUyHOi CTATUCTUKU AJIS KOMILJIEKC-
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HOT'O CTATUCTHUYHOTO aHAJi3y YaCOBHX PsIiB 3 3aKOHOM PO3MOIUICHHS Bi]MIHHUM BiJl HOpMa-
apHOTO. [lomanmpmni MOCHIMHKEHHS] Y BU3HAYCHOMY HAmpsiMi OyQyTh MOB’s3aHI i3 BJIOCKOHA-
JICHHAM HENapaMEeTPUYHUX METOJIB aHali3y BUOIPOK CHOCTEPEKEHHS 3a CTAHOM TEXHIYHUX
a00 IPUPOTHUX 00’ EKTIB.
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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.

110 ISSN 1562-9945 (Print)

ISSN 2707-7977 (Online)



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

®enopenxo Ouexciii [lenucoBuu - acmipanT kadeapu KiOepOe3mekd 1 KOMI IOTEpPHO-
IHTETPOBaHMX TEXHOJIOTIH, J[HIMPOBCHKHI HallioHaIbHUH yHIBepcuTeT iMeHi Onecs ['oHuapa
Kaum Bikropis FOpiiBHa - kaHIuaaT TeXHIYHUX HayK, AOLEHT KibepOesneku Ta iHpopma-
IHUX TexHoJoril, kadenpa kiOepOe3neku 1 KOMI IOTEPHO-IHTEIPOBAHUX TEXHOJIOTIH,
JlHinpoBchbkuii HallioHansHUH yHiBepcuTeT iMeni Onecs ['onuapa

Knumenko Caitnana BoJsonumupiBHa - 3aBigyBau kadenpu kiOepOesmexku Ta
KOMII'IOT€PHO-IHTETPOBAHUX TEXHOJIOTIH, KaHAWAAT TeXHIYHUX HayK, JOLEHT Kadenpu kide-
pOe3nekn i KOMIT I0TepHO-IHTETPOBAaHUX TEXHOJIOTiH, J[HIMPOBCHKUI HAIliOHANBHUHN YHIBEp-

cuter imeni Onecs ['onuapa

Fedorenko Oleksii Denysovych - Postgraduate Student, Department of Cybersecurity and
Computer-Integrated Technologies, Oles Honchar Dnipro National University

Klym Viktoriia Yuriiivna - PhD in Engineering, Associate Professor of Cybersecurity and
Information Technologies, Department of Cybersecurity and Computer-Integrated Technolo-
gies, Oles Honchar Dnipro National University

Klymenko Svitlana Volodymyrivna - Head of the Department of Cybersecurity and Com-
puter-Integrated Technologies, PhD in Engineering, Associate Professor of the Department of
Cybersecurity and Computer-Integrated Technologies, Oles Honchar Dnipro National Uni-
versity

ISSN 1562-9945 (Print) 111
ISSN 2707-7977 (Online)



«CucremHui Texuouaoriiy 5 (160) 2025 «System technologies
DOI 10.34185/1562-9945-5-160-2025-12
VIIK 681.3.06

M. Tryputen, V. Kuznetsov, O. Verovkin
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[X.0)=F r;i;:lzp,[i,ﬁﬂA y2,[%.0]

p=1

where X ,U — are the vectors of power quality indicators and cost indicators of protective
equipment, respectively; sjand §,— 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; A p 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

(X,,...,X,), it is necessary, by setting different values of the control criterion » in the in-

terval y . =+ V.., to split the factor space {xl,. - 4 } into two images: M, if y; < yand

M, if yi>y (j= I,_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, .. — V..,)/ 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-
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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:

< n

z[ X] :2%]‘[}1{1 +5gn[ (X, = X, )X e = X)) ]}
where
Loif | (X =X ) (X e = X ) |20

sgn[(Xj _ijin)(ijax _Xj):| - -1, if |:(Xj _ijin)(ijax _XJ'):| <0’
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X, X (= l,_n) — parameters of an elementary hyperparallelepiped that determine its

Jmin><% j

dimensions; 7 — the number of input quantities (disturbing and controlling); x,— current
values of input quantities; H — mathematical multiplication operation.

If the current technological situation )?(Xl,xz, ...,X_) falls inside the hyperparallele-
piped (the technological situation is recognized), then Z [)? ] =1, otherwise Z [)_f ] =0

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

b
z,|X|= HZZ[X]
where A p 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:

z, X :CJZp [X]

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 D, in-
cludes, in addition to D; and D, one more internal subdomain of the image Sx. Combining the
D, and D3 subdomains into the D;3 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

2 1 2
X xjmax - pa-

Jmax

X

jmin?

=x’ under j = 1,n; j#r, where X

2L
xjmin _xjmin’ xjmax j max jmin >
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 1is defined as

12
X

mmin min{lenmin X i }; Xpyoma = MAX {‘xrlnmax "ximax}'

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-

pl pl ; ;
umns values X ;. X5 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 Mk, each of which describes a certain class of technological situations,

completely determine the model of the technological process. Here k = m, where ¢ 1is the

number of relationships.

Operations on relations are determined by a-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; .5 X . (X 15 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-
tribute X, , and the relation D 2 into the relation D 2MN with a single attribute

X, i, and the relation D _2MX with a single attribute X

Imin Imax °

This decomposition is achieved by the projection operation. In the future, performing
the Cartesian multiplication operation D _1MX & D 2MN and D _1MN ® D 2MX ,

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

desired D 12 is selected by filtering under the condition X, . < X

Imin I max *
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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. Identical 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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Aoanmauia npedukamnoi moodeni 6 3a0auax KepyeanHs
HeCmauioHapHUMU CMamuYHUMu 00 'ekmamu
YV oaniti pobomi poszenanymo akmyanvhy HaAyK080-npakmuyHy 3a0ayy niosuujeHHs ege-
KMUBHOCMI YAPABAIHHA CIMAMUYHUMY A KEAZICMAMUYHUMYU TMEeXHOI02IYHUMU 00 €EKmamu 8
YyMO8ax ix HecmayioHapHOi NO8eOiHKU ma MIHAUBOCMI 308HiwHix enausie. Ocobnusa ysaza
NPUOINAEMBCA 3ACMOCYBAHHIO NPEOUKAMHUX MOOeel, Ki 003801A10Mb PopManizoeano onu-
cysamu pi3HOMAHIMHI MEXHONO02IYHI cumyayii, CMmanu ma 63AEMO38 SA3KU Napamempis
00’exma ynpaeinHs 3a 00NOMO20K0 JI02ITUHUX KOHCmMpPYKYitl. Taki Mooeni € eHyUKuUM iHcmpy-
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MEHMOM 0151 NPeOCMAGIeHHs 3HaAHb NPO 06 €KM 1 3a0e3neuyroms MONCIUSICMb adanmayii 00
SMIHU napamempie y npoyeci eKcniyamayii.

3anpononosarno nosuil nioxio 0o no6yoosu ma adanmayii NPeOUKamHoi Mooei Ha oc-
HOGI aneopummy minimizayii onucy obpazie mexnonoziunux cumyayii. Mozo cymuicmo nons-
2a€ y 8UsAGIEeHHI Ma UOANEHHI 3 MoOdeni iHGhopmayii, wo eMmpamuia aKmyaibHiCms, a MAKO’C
V cnpowenHi 102iunoi cmpykmypu mooeni 6e3 empamu sikocmi ii onucy. Basicnusorw ocoo-
JUBICMIO 0AHO20 NIOX00Y € SUKOPUCAHHS GACMUBOCMI THBAPIAHMHOCMI KLIbKOCMI napa-
Mempie, Wo 8U3HAYAIOMb 2inepnapaneienined y paKmopHoMmy npoCmopi He3aNeHCHO 810 1020
posmipis. Lle 00380156 cymmego 3smeHWUmMuU KilbKicmos npeouxkamis y mooeni ma 3HU3Umu
CKAAOHICMb 00UUCTIOBATILHUX NPOYEOYD Y CUCEMAX a8MOMAMU308aHO20 YNPAGIIHHS.

Memooduxa nobyoosu mooeni nepedbanae po3oumms GaxmopHo2o npocmopy Ha eje-
MeHmapui nidobaacmi - 2inepnapaneneninedu, AKi 0038048I0Mb SHYUKO Gopmysamu onuc
piznux cumyayiu. Ilpu yvomy epanuuni nioodoracmi, wo mMarOmev HAMeHWi po3mipu, GU3HA-
yaroms mounicms po30inbHoi Gyukyii. O0'cOnanns maxux nioodracmeil y HaANpamKy ocel
03HAK 00380JA€ ONMUMIZY8AMU CMPYKMYPY MOOeli ma CHpOCmMumu npoyec HPUtiHAMms
Ppilerb 8 cucmemax ynpagiiHHs.

Ocobnusy yeazy 6 pobomi npudiieno MOACIUBOCI NPAKMUYHOL peanizayii arcopummy
MIHIMI3ayii Ha ocHO8I anapamy o-aneebpu. Lle 3abesneuye inmeepayito mooeni 00 iHgop-
MayitiHux cucmem HA OCHOSI perayiunHux mooenell OaHux, sKi NiOMmpumMylomscs Cy4acHUMU
cucmemamu ynpasninua 6azamu oanux. Taxuil nioxio 00360/15€ niOGUWUMU YHIBEPCATbHICb
ma 3pyuHicmsb 8UKOPUCMAHHS 3aNPONOHOBAHO20 MemOoOy y CKAAOI ICHYIOUUX A8MOMAmMu308a-
HUX cucmem YnpasaiHHsa mexHoa02IYHUMU NPOYEeCamu.

Ilokazano, wo eukopucmanHs Mooeni 3 MiHIMI306aHUM ONUCOM 00380J14€ 3a0e3nedumu
BUCOKY SAKICMb YNPABIIHCObKUX PileHb, A0aNMUSHICMb 00 3MIHU XapaKmepucmux npoyecy ma
cmabinbHicmb (OYHKYIOHYBAHHS CUCIEMU 8 YMOBAX GNIUBY 308HIUHIX MA 6HYMPIWHIX (haK-
mopie HeBU3HAYEHOCMI.

Taxum uunom, npedcmasieHutl y pobomi nioxio 0o nob6yoosu npeduKamHoi mooeni ma
i1 aoanmayii wnaxom MiHiMizayii onucy oOpasié MexHoN02ITUHUX CUMYaYill € YHIBePCATbHUM
IHCMpYMeHmMOoM OJiA YNPAGNiHHA HeCMAaYiOHAPHUMY CIMAMUYHUMU 00'ekmamu. 3anpononosa-
HUll aneopumm Modce Oymu BUKOPUCMAHULU Ol CMEOPEHHS [HMeNeKMYAlbHUX Ccucmem
RIOMPUMKU NPULIHAMMSL PilUeHb, a8MOMAmMu308aHUx CUucmem ONMUMATIbHO20 YRPABNiHHA, a
MaKoxic iHoOpMayiiHo-aHANIMUYHUX CUCTIEM NPOMUCTOBUX NIONPUEMCS.

Knrouosi cnosa: ynpasninua cmamuunumu 06'ekmamu, npeouxkamua mooeins, o-aneeopa,
MiHIMI3ayis onucy 0bpaszie, aoanmayis mooeui, inpopmayis, HeCmayioHapHi MexXHOI02IUHI
npoyecu, pesayilina Mooeib OaHUX, A8MoMamu308aHi Cucmemu YnpaeiiHHsL.
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I.C. Tonkomkyp
YU CEJBbHUMN AHAJI3 AEPOJIMHAMIUHUX XAPAKTEPUCTUK
HEKPYI'OBUX KOHYCIB I1PU HAZI3BYKOBOMY OBTIKAHHI

Anomauyis. B pooomi posensinymo 3a0auy npo Ha038yKoee 0OMIKAHHS 20CMPO20 KOHYCA 3 00-
BLILHUM 2NIAOKUM NONEPEeUHUM Nepepizom NOmoKoM 8 a3ko2o 2asy. llpunyckanoce, wo eniug
8's13K0CMI 30CepedNCeHO 8 MOHKOMY Wapi noobauzy meepooi nosepxti i 6co obracmv meuii
MOJICHA PO30LIUMU HA He8 S3KULL NOMIK | npumedcosutl wap. /s po3e’sa3auHsa 3a0avi 6 00.1a-
cmi Hes 'A3K0i meuii 3acmoco8ysascs cmayionapuuli ananoe memooa 1’ 00ynosa, 8 npumesico-
80MY wiapi — cKiHyeHHo-pisHuyesuil memoo Ilemyxoea. Ilposedeno uucenvHuill ananiz aepo-
OuHamiyHux xapakmepucmuxk bieninmuynozo konyca. Ilokasano, wo yucno Petinonvoca i ¢po-
pMa nonepeuHozo nepepizy Cymmeeo GNIUBAE HA BEIUYUHY AepOOUHAMIYHUX KoeqhiyicHmis
KOHYyca.

Knrouosi cnosa: naossykose oomikanms, koegiyiecnm onopy, niotiomMHa cuid, KOHyc, nonepey-
HuU nepepis, pienanns Eiinepa, npumedsxcosuii wap.

IlocranoBka mpo6Jsemu. OHIEIO 3 BAXJIMBUX 3aJa4 Cy4yacHOI aepoJUHAMIKUA € BH-
BUYCHHS HAJ3BYKOBUX T€Uiil HABKOJIO HEOCECUMETPHUYHUX HECYUHX TiJI, IO PyXarOThCs B ra3o-
BOMY CEPENIOBHIII MiJ JEIKUM KyTOM aTakd. Takl Tijga MOXYTb MAaTW MEHIIUNA XBUIbOBHM
omip, HIXK TiJla oOepTaHHS TOH K€ MOBXKUHU Ta 00’ eMy. OHAK, YHACHTIIOK OLIBIIOT TUIOIT TTO-
BEpXHI, CUJIU TEPTsl, IO JAit0Th HA HUX, MOKYTh ICTOTHO 301JIBIINTA TOBHUH ommip. Y 3B'A3KY 3
MM CTaHOBUTD IHTEPEC BUBUYCHHS B'SI3KOr0 OOTIKaHHS TLJT BKa3aHOi (hopMu.

MareMaTtnyHe MOJCITIOBAHHSI TeUii CYIJIBHOT'O CEPEIOBHUIIA 3IIMCHIOETHCS 3a JJOTIOMO-
rOI0 MOBHUX 200 MEBHUM YMHOM crpoleHux piBHAHb Hap'e-Ctokca. Cepen pi3HUX MIIXOIB
710 YUCEJIbHOTO JOCITIKEHHS! POCTOPOBHUX TEUii B'SI3KOr0 razy Ba)KJIMBE MICIE MPOJIOBXKYE
3aiiMaTy Teopist MPUMEKOBOro Iapy. Llel miaxin € 10CUTh eKOHOMIYHUM (Y CEHCl BUTpAT pe-
CypciB KOMIT'IOTEpa) 1 BOJHOYAC JOCUTH TOYHHM 32 BEJIMKHX uucen PeifHonbca.

JUis TpUKIagHUX 3a7a4 MEBHUI 1HTEpeC Mae KJIac BHPOJKEHUX IMPOCTOPOBUX Teui,
KU TMOB'SI3aHUM 3 PyXOM 3arocTpeHHX KOHIYHHMX Til. Lli Tisia 4acTO BHKOPUCTOBYIOTH SIK
OKpeMi eIeMEeHTH JITaJbHHUX amapatiB. [IpM BUKOHaHHI MEBHUX YMOB HaBKOJIO TOCTPOTO KO-
HyCa peaii3yeThCsl KOHIYHA Tedisl, 10 1a€ MOXIJIUBICTh 3BECTH BHUXIJHY NMPOCTOPOBY 33734y
70 nBOBUMIpHOI. Po3B'si3aHHA 3amavi nmpo oOTiKaHHSA TOCTPOro KOHyca Jae€ MeBHYy iHdopma-
11i10, KOPHCHY ISl YUCEIBHOTO aHalli3y HEBUPO/HKCHUX TEUiM.

AHaJi3 ocTaHHiX aociaikenb i myOJikaniii. JlocmikeHHIO B’ A3KUX Teuiil moOnm3y
TUI, IO HE MArOTh OChOBOI CHMETPIii, MPUCBIYCHO 3HAYHY KUTHKICTh €KCTIEPUMEHTAIBHUX 1
TeopeTUYHUX podiT. B craTrsax [1-2] HaBeneHi pe3yibTaTH €KCIEPUMEHTIB MPU JO3BYKOBUX
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MIBUJKOCTSIX PyXy Ul JITaJbHUX arapariB 3 MOMEPEYHUMHM Mepepi3aMH y BHUIVIAII Kpyra,
KBaJ[paTa i TPUKYTHUKA 3 OKPYIJIEHUMH KpoMkaMmu. B po6oTi [3] 3amponoHoBaHO HaOmmxe-
HUI METOJ] PO3paxyHKY IUIIBKOBUX TEUil PIAMHU MO MOBEPXHI KOHYca 3 TJaJKUM MOIepey-
HHUM TIEPEPi30OM.

JlocmiukeHHS HAA3BYKOBUX TeWid ra3y moOOJM3Yy TBEPAMX T TPOBOAMINCH B
pobotax [4-10, 2]. B [4-6] Ha ocHOBI moBHUX abo mapabomizoBaHux piBHsIHL HaB’e-Ctokca
BHBYAJIOCh OOTIKaHHS ENINTUYHOTO KOHYyca. B pobotax [8-10] misa 3HaXOMKEHHS aepoaUHA-
MIYHHMX XapaKTePUCTHUK JITAJIbHUX arapariB 3 Pi3HUMHU MONEPEYHUMH NEepepi3aMH 3aCTOCOBY-
BaBcsl MporpaMHuil komIuiekc Ansys Fluent. ExciepuMenTanbHi JOCHIKEHHS HAI3BYKOBHX
Teuii MobIn3y TBEPAUX TIOBEPXOHB MPOBOIUINCH B poboTax [2, 7].

Meta pocaig:kenHsi. Po3poOuTi METOMKY pO3paxyHKY aepOIMHAMIYHHUX XapaKTEpH C-
TUK KOHIYHHMX TUT 3 JOBUIBHUM TJIAJIKUM TIONIEPEYHUM IEPEPi3oM MPH HAA3BYKOBOMY OOTI-
KaHHI Ha OCHOBI piBHsAHB Einepa 1 mpumekoBoro mapy. [IpoBecTr uncenbHuUI aHami3 1HTET-
PaTHbHUX XapPaKTEPUCTUK OleTINMTUYHUX KOHYCIB.

BuxjageHHs1 0OCHOBHOIO Marepiajny aociaigxeHHss. Po3risgaeTbes 3agada npo Hal-
3BYKOBE OOTIKaHHS TOCTPOr0 KOHYCA 3 JIOBUIBHUM TJIaJIKUM TIOTIEPEUYHUM TEPEPI30M CTaIlio-
HapHUM ITOTOKOM B’SI3KOTO T'a3y. PIBHSHHS KOHIYHOI MOBEPXHI B CHEPUUHIN CUCTEMI KOOPAH-

Hart (1, 0, ¢) 3amaeTbes y BuUnial 0 = 6(), Ae 6 — KyT MiXx TBIpHOIO KOHyca Ta HOro BicCIO.

[IpumnyckaeTbes, MO BIUIUB B'I3KOCTI 30CEPEIKEHO B TOHKOMY IIIapi MOOIU3Y TBEPIOI MOBEP-
XHi 1 BCI0 00acTh 30ypeHoi Teuii MiX yJapHOIO XBHJICIO Ta MOBEPXHEI0 KOHYCa MOYHA PO3-
JTATH HA HEB SI3KUH TOTIK 1 TPUMEXKOBHH mIap.

Cucrema piBHsHB Eifnepa, 1o onucye cramioHapHy T€Uil0 HEB’ SI3KOTO Ta3y, B JUBEPre-
HTHIH (HOpMi Ma€e HACTYITHUMA BUTJIS;

%4_ 6_3 + @ = ()’ (1)
ox 0y Oz
ne A, B, C - YOTHPUKOMITOHEHTHI BEKTOPH
pu, puy pu,
2
- + - puu — PUU,
i I Ll |
puxuy p+ puy puyuz
puu, puu, p+pu?

(x, ¥, z) - nexkapToBa CHCTEMa KOODIMHAT; U, , U, , U, - KOMIOHEHTH BEKTOPA HIBHI-

y 2
KOCTI B3/IOBX OCEH X, V, Z BIANOBIIHO; p — THCK; P — I'YCTHHA ra3sy.
Cucrema piBHSIHB (1) JOTIOBHIOETHCS YMOBOIO CTAJIOCTI MMOBHOI €HTANBIIIT Tedii
2 2 2
k P N uy tuy, tu;
k—1p 2

ne k — mokasHuk aniabaTH, a TaKOK PaHUYHUMY yMOBAaMHU HA NOBEPXHi KOHYyca Ta Ha yjaap-

= const , )

HIM XBUIIL.
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Posrnspanuch Taki pexxuMu OOTiIKaHHS, KOJM yAapHa XBWIS, 1[0 YTBOPIOETHCS IMEPE.
KOHYCOM, MPHUEIHAHA JI0 HOTO BEPIIMHU 1 HEB’si3Ka TeYisi HABKOJIO HHOTO € KOHIUHOIO. [HTeT-
pYBaHHS CUCTEMU TU(EpeHIiaNbHUX PiBHAHB (1) TPOBOIMIIOCH 3@ JIOTIOMOTOIO CTaIliOHAPHO-
ro anajora Mmerona [omynoBa C.K. [11] 3 BHUKOpUCTaHHAM NPUHLMILY YCTaHOBJIIECHHS
PO3B’A3KY 3a M03J0BXXHBOIO KOOPAMHATOIO X .

Cucrema piBHAHb IPOCTOPOBOTO JJAMIHAPHOTO IMPUMEKOBOI0 LIapy HA KOHIUHIN moBep-

XHI Ma€ BUTIA

2 (rpv) =0, G)

2 o)+ 5 (p0) + 2

gla

Jou PO ou, ou por o Op 0f Ou @
ag r on o¢ r og ot o o

00 pod0 o0 por . 16p, 0f o 5)
5& roonm o¢ r 0§ ron 85; 68

2 2
Oh ,po 0h Oh _ dp od 0O[koh]|, {8_14) +(a_m] ©

U—t+——+p
& ron Ve “ee rom ec ¢, oG oc aC

KpaiioBi ymoBu
u=0=v=0, h=h, npu ( =0, (7
Uu—->u,,® >0, h-oh npu § —> oc, ®)
Tyt (§,n,) — opToronanbHa cucreMa KOOPAMHAT, KA 3B’s3aHa 3 TIOBEPXHEI0 KOHYCa
(§ — xoopauHaTa, IO BiIPaxOBYETHCS BiJl BEPUIMHU KOHYCA B3IOBXK TBIPHOI, 1| — MOJSAPHUI
KYT B IUIOIIMHI, sIKa NEPICHINKYJIAPHA 0 0Ci KoHyca, { — BiACTaHb [0 HOPMAaII [0 OBEPX-
i), 7=y (M); u,®,V, — KOMIOHEHTH BEKTOpa LIBUIKOCTi, HANpABJIEHI B3JOBXK OCEH
&.n,C ; p —THCK; P, h — TYCTUHA i EHTAJIBIIS rasy; ¢ p — TCIUIOEMHICTE MPH MOCTIHHOMY
THCKY; W, A — KOe}IieHTH MOJEKY/ISIPHOI B A3KOCTI Ta TEIIONPOBIMHOCTI. THIEKCH «W» i
«€» BIIHOCSATHCS 10 TTapaMeTpiB Ha CTIHII Ta Ha 30BHILIHIN Mexi npuMmekoBoro mapy. Oyn-

kuist \J (), sixa 3a1ae GopMy IONEPEYHOTO Mepepizy KOHyca, Ma€ BUTIISLI
0.5

:
R%—(Z—ﬁ) +RY| R=1g0(n).

y(n)= - R2
Cucrema piBHSHb IIPUMEKOBOTO APy JOTIOBHIOETHCS PIBHSIHHSAM CTaHy JUIS 1/1€aJIbHO-
r'0 razy Ta CTEINEeHEBUMH 3aJICKHOCTSIMH MOJIEKYJISIPHOT B’ SI3KOCT1 Ta TETIJIOMPOBI THOCTI.
[Ipn koHIYHIN 30BHINIHIA Tewil 3amava mpo npumekoBuil map (3)-(8) 3a momomMororo
3aMiHU 3MIHHHUX MOKe OyTH 3BeJeHa A0 ABOBUMIPHOI 3amadi. Jys po3B’si3aHHs 1ii€i 3amadi
3aCTOCOBYBaBCS CKiHUEHHO-pi3HUIeBHi MeTox [leryxosa [.B. [12].
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B pesynbraTi po3B’si3aHHS HaBEACHUX BHINE KpalloBUX 3a7iady MOXYTh OyTH 3HaWIeHI
HOJIsl IBUJIKOCTEH 1 THUCKY B MPUMEKOBOMY IIapi 1 B HEB sA3Kii 00nacTi Tedii, a TAKOXK JOKa-
neHi kKoedinientn THeky Cp 1 Teprs C Iz C )

1 2
2
c _P-D, c 1 ou C 1 0w _ Ply
P — s fl - M a s fz - a s qoo - 2 .
q, 4\ G )y 4.\ 0C )y
B po6oTi npurryckanochk, o Tedis Mae IOy cCUMETpii. B 1ibomMy Bumanky BEeKTOp ae-

pOIMHAMIYHOI cuii ', KWl pO3TalIOBaHM B TUIONI CUMETPii, MOKe OyTH pO3KIIaIeHUN Ha

IBi CKJIaJO0Bi: OCbOBY cuily R, HalpaBieHy B3JOBXK OCi KOHyca X, 1 HOpMaipHY cuny N,
sKa € IepIeHIUKYISPHOT 10 Li€l oci.
KoedirienT ocb0BOi CHIIM MOXKE OyTH MOJJaHUI HACTYITHUM YHHOM:
Cum g =5 Il [Creos(mT)e Cpeos(AT) 4 cos(m T) s
R pcos(ni 7 cos( 7, cos( " ,
0P io Mi0 Sgox

ne 4, &, 1 — OMMHWYHI BEKTOPH OpTOTOHANbHOI cuctemu koopmunar (§,M,(), i — onu-
HUYHUI BEKTOP B3IOBXK OCi KOHYca; S, ., Ss,, — IUIONII MiJeleBoOro nepepizy Ta 6iuHoi mo-
BEpXHi KOHyca. AHAJIOTiYHMM YMHOM BU3HAYaIOThCs KoedimienTH HOpMambHOi cumu Cy i
T03/10BKHbOTO MOMEHTY 11,
N M
Cy=——, m,=——"—.
9% S,Mi() qOoSMi()L

3a Bizomumu 3HaueHHsMH BenmnunH Cp 1 Cy MoXHa 004ucInTH KoedilieHTH 1060B0-

ro onopy Cy iminiiomuoi cum Cy , a Takox aepopunamivny sikicts K = Cy /Cy
Cy =Cycosa —Cpsina., Cy=Cysina + Cycosa .

Ha ocHoBi uncensHOTO iHTErpYyBaHHs piBHAHB Effnepa (1) 1 mpumekoBoro mapy (3)-(6)
MIPOBEICHO PO3PAXyHKH aepOAMHAMIYHUX KOE(IIieHTIB /I OleminTuyHuX KoHyciB. dopma
MOBEPXHI WX TUT 33/1a€ThCSI TPhOMAa TEOMETPUYHUMU TTapameTpaMu 01, 02, Ok (O - HamiBKyT
KOHYCa B TUIOIIMHI BEJIMKOI MBOCI, 0] Ta 0y KOS(IIIEHTH ETINTUIHOCTI HUKHBOTO 1 BEPXHBOTO
HariBeinciB). Pe3ynpraTti po3paxyHkiB npu yuca Maxa M,=6 1 kyTti 0,=15° HaBeneHi Ha
pucyHkax 1-2.

Ha pucynky 1 HaBeneHi 3anexHocTi koedimieHTa onopy Cx Ta aepoauHaMivHOT SKOCTI
K Binm xyTa ataku o jj1s OIeTINTHYHOTO KOHYCa 3 TEOMETPUIHUMU TapaMmeTpamu d;=1 1 6,=2
pH pi3HUX 3Ha4YeHHsIX uncia Peitnonbiaca Re (Re=pouwl/po, [ — BucoTa KoHyca). [Ipu a=0°
I TIJIO BOJOJII€ HECYYMMH BIIACTUBOCTSMH; TIPpU 0~—3.7° — Ma€ HYJbOBY MiIHOMHY CHIY 1
MiHIMaJIBHUHN JIOOOBUH omip. BrummB mpuMekoBOTO Iapy MPHU3BOIWTH 10 3HAYHOTO 3017Tb-
HIeHHs JIoOoBoro omopy. Tak, Hanpukian, mpu 0=0° 100aBKM BHACIIIOK CHJI B’SI3KOCT1 CKJIa-
natotb 9%, 28%, 89% Bi XBUIBLOBOTO OMIOPY Xy MPU YHCIIAX Re=106, 10° ta 10* BI1IIOBIIHO.
BHecok B’S3KUX CKJIaJI0BUX Y MIJHOMHY CHITY 1 B TO3J10BXHii1 MOMeHT € HezHauHuM (0.3+3%
npu Re=106+10'). BpaxyBaHHs1 cui B'I3KOCT1 MPU3BOJMUTH JI0 3HAYHOTO 3HMKEHHSI MaKCHMa-
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JBHOTO 3HAYEHHS aepOJUHAMIUHOI SIKOCTI Kmax, MPUUOMY 31 3MEHIIEHHSAM uncia Re makcu-

MYM CTa€ MEHII BUPAKEHUM 1 3MIIYyeThCs B 001aCTh OUTBIINX 3HAUYEHB KYTa 0.

0,8 2
a) |Cx | 6) K
0,6 ' 1

0,4 0
0,2 a —
R /7
0,0 22
-20 -10 0 10 a 20 -20 -10 0 10 a 20
----- Re=10"4 - - - - Re=1075 Re=10"6 ----- Re=10"4 - --- Re=1075 Re=10"6

Pucynox 1 — 3anexuicts koedimienta onopy Cx Ta aepoaHAMIYHOI AKOCT1 K
BiJI KyTa aTakH o IIPH Pi3HUX 3HAYeHHX uncia PeliHonbaca Re

Ha pucynky 2 nokaszano BIuB (GOpMH HaBITPAHOI (KOSPIIIEHT 1) Ta MABITPSIHOI (KO-
e(imieHT d;) MoBepxHi OIETINTUYHOTO KOHYCa Ha MOTo aepoIMHaMiuHI KOe(DIIIEHTH TIPH 3Ha-

YeHHI KyTa 0=5°. 30UIbIICHHS BEJIWYNHU O NPU3BOJAUTH 10 3MeHIIeHHS KoediumientiB Cy ,
Cy, m_. AeponuHamiuHa sIKicTb K IpH IIbOMY MO>KE 3pOCTATU ad0 CIaJaTH 3aJeXHO Bij Be-

TUYUHA ). 301IbIIEHHS BETUUMHU O TPU MOCTIHHOMY 3HAYEeHHI O BITHOCHO ClIa00 BILUIMBAE
Ha BenuunHy Cy 1 IPU3BOAUTE O CHIBHOTO 3pocTaHHs KoedinientiB Cy, |m, |, K. Haii6i-
JBITY TAHOMHY CHIIY MPHU 0=5° Ma€ KOHYC 13 HalOUIBIII OMyKJIOK HIKHBOIO (0,=1) 1 Haii-
MEHIII OTYKJIOIO BEPXHBOIO (01=3) MOBEPXHAMH.

BucHoBKH. 3arporioHOBAaHO METOAMKY PO3PAXyHKY aepOJMHAMIYHHX XapaKTEPHCTUK
KOHIYHHMX T 3 IOBUTBHUM TJIQJKUM TIONIEPEYHUM TIEPEPI3OM MPU HA3BYKOBOMY OOTIKaHHI,
10 TPYHTYETHCS HA YNCEILHOMY 1HTETpyBaHHI piBHAHB Eifyiepa 1 maMiHapHOTO MPUMEKOBOTO
mapy. [IpoananizoBaHO BIUIMB r€OMETPUYHHUX 1 (DI3MYHUX MapaMeTpiB Ha 1HTETPaIbHI Xapak-
tepuctuku Teuii. [lokazano, mo uucio PeliHonbaca 1 popMa momepevHoro mepepizy CyrTeBo
BIUIMBAIOTh HA BEJTMYMHY a€pPOIMHAMIYHMX KOE(III€EHTIB 01€INTUYHOTO KOHYCA.
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0,3 )
a) |Cx
0’2 ———————————————— o= =
gt /——
0
A Li# 2 25 & 3
____ §1=1 =----81=2 ——51=3
0,4 .
B) Cy o \-\.\.
- - o \\\\.\.\
: e BN s v
/'_1" ’,"’ F) mz\ \\;“\-:.“-‘.
il o s : -0,2 \K,':._ —
'r" ,-” —
z’ ; \
“ | | -0,3
i,/
i -0,4
1 15 2 25 02 3 . 15 , —
_____ 61=1 -=-=-=-61=2 —61=3 -==§1=1 s i g -

PucyHnok 2 — 3anexHicTh aepoAnHaMIYHUX KOEQIII€HTIB BiJl FEOMETPUUHUX
. . 6
napameTpiB 9; 1 62 (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, Ok (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 Lnast CepriiioBuu — k. ¢.-M. H., ToUeHT Kadeapu 00YNCTIOBAILHOI MaTeMaTH-
KM Ta MaTeMaTU4HO1 KiOepHeTUKH J{HIMPOBCHKOT'O HAIlIOHAILHOTO yHIBEpCUTETY iMeHi Onecs
I'onuapa.
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B.1. Ko63ap, O.1O. Kpusenko, A.B. ITikinbHsIK
ONTUMIBALISI MAPAMETPIB I'TJIPOTPAHCIIOPTHUX CUCTEM
3 YPAXYBAHHSIM KPUTEPIIB HAIIMHOCTI

Anomayis. 'Y cmammi poszenanymo numamHs nio8uujeHHs HAOIUHOCMI ma egexmusHocmi
2IOPOMPAHCNOPMHUX CUCTNEM, AKI € KPUMUYHUMU eJleMeHmamu 6a2amvox npoMuciosux npo-
yecis. Ilpoananizoéano cyyacuuii cman maxkux cucmem, 30Kpema iXHi0 CKIAOHICMb K mex-
HIYHUX 00'€Kmi8, a maxkodxc pakmopu, wo eniusaroms Ha 3HOC eleMeHmi8, BKIYaldu 2iopo-
abpaszusnutl enaus. QOIPYHMOBAHO OOYLILHICIb BUKOPUCMAHHSA CIMOXACMUYHUX MOOeell Ois
Onucy npoyecie 3HOULy8aHHs, w0 00380J5A€ MOUHIULe NPOSHO3Y8AMU pecypc mpybonposooie
ma iHwo2o 001a0HaHHA. 3aNPONOHOBAHO MAMEMAMUYHI Ma ONMUMI3AYIUHI MoOell, SKI 8pa-
X08YI0Mb CMOXACMUYHY NPUPOOy eKCHIYamayitiHux napamempis, 01 eubopy payioHanrbHUx
cxem eiopompancnopmy. I[Ipoeedeno nopieHsbHUL AHANI3 PI3HUX cXeM (YHKYIOHYBAHHS CU-
cmem, 8CMAHOBIEeHO Kpumepii Haditinocmi ma eghexkmusnocmi Okpemy ysazy npuoiieHo exo-
HOMIYHUM ACNeKmam eKcnayamayii, MemoouKam MOHIMopUH2y ma npoecHO3y8aHHs MexHIiYHO-
20 cmany. Pe3ynomamu 00CniodceHb Maroms NpakmuiHe 3Ha4eHHs OJisi NPOeKMYBaHHs ma
00C1Y208Y8aHHS 2I0OPOMPAHCNOPMHUX CUCIEM, WO 00380JIAE 3HUSUMU GUMPAMU, NO8 SA3aHI 3
NPOCMOSAMU, MA NIOBUWUMU 3A2ATbHY eheKMUBHICMb pOOOMU NIONPUEMCE.

Knrwouosi cnosa: ciopompancnopmui cucmemu, HaditiHicmy, 2i0poadpazusHull 3Hoc, cmoxa-
cmuuHe MoO0eno8ants, mpyoonposio, IPYHMOGUL HACOC, MeXHiuHe 00CNY208Y8anHs, epex-
MUBHICMb, ONMUMI3AYIA, NPOMUCIO08A eKCIILYAMAaYisl.

ITocranoBKka npodaemMu. ['iIpOTpaHCIOPTHI CUCTEMHU € BaKJIMBUMHU CKJIAJOBUMH IPO-
MUCIIOBHX MIANPHEMCTB, 3a0€3Me4Uy0Yr TPaHCIIOPTYBAaHHS 3HAUHUX 00CATIB TBEPAUX MaTepi-
aniB. BogHouac, 3pocTarodi BAMOTH /10 X €(peKTUBHOCTI Ta HAJIMHOCTI BUCYBAIOTh OTPEOY Y
HAYKOBO OOIPYHTOBAaHMX MiAX0JaX JI0 MPOEKTYBaHHs Ta eKcIutyaranii. Huui BiacyTHi yHiBep-
caJlbHI METOAMKH BHOOPY ONTHUMAIBHHX CXEM TPAHCIOPTYBAaHHS TiIpocyMiliel, ocoOIMBO
Uit 0araToCTyMEHEBUX CUCTEM, a TAKOXK MOJEI, 10 JT03BOJISFOTh TOYHO OLIHUTH HAIHHICTh
oOJsiaHaHHs Ta TpyOonpoBoiB. Lle mpru3BOAUTE 10 MOMUIIOK y IPOEKTYBAHHI, YaCTUX BIIMOB
1 aBapiii, 0 CYMPOBODKYIOTHCSI 3HAUHUMH (DIHAHCOBUMH BTpaTaMu uepe3 npocroi. Tomy ak-
TYaJbHOIO € PO3pOOKa KOMITJIEKCHOTO MiAXOy 10 OI[IHKM Ta MiJBUIIEHHS HAaIiHHOCTI T1IpOT-
PaAHCIIOPTHHUX CUCTEM, 3 YpaxyBaHHSIM ocoOnuBOCTeH iX (QyHKIIOHYyBaHHS, (PaKTOPIB 3HOIIY-
BaHHS Ta CTOXaCTUYHOTO XapaKTepy AerpajalliiiHuX MpoLECiB.

AHaJi3 ocTaHHIX JocaiTxKeHb i my0Jikaunii. ['igpoTpaHcnopTHi cUCTeMH — II€ CKJIa-
JHI TeXHI4H1 00°€KTH, 0 (PYHKI[IOHYIOTh y )KOPCTKHX YMOBAaxX €KCIUTyaTalii Ta MiJJaloThCs
nii O0araThboX 30BHIIIHIX 1 BHYTpilHIX (akTopiB. Ha BinmMiHy BiJ KJIAaCHYHHMX TPAHCIIOPTHHUX
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MEXaHI3MiB, iX (pyHKIIIOHYBaHHS HE TMPUIHUHIETHCS MOBHICTIO Y pa3i BIIMOBH OKpPEMHX elie-
MEHTIB, 110 MiJBHILYE 3arajbHy HaAI{HICTb, aje CYTTEBO YCKIIAJHIOE aHAJI3 1 MPOrHO3YBaHHS
TeXHIYHOTo cTaHy. KirouoBuMHy eeMeHTaMH TaKUX CUCTEM € IPYHTOBI HACOCH, TPYOOIpOBO-
I, apMaTypa, Kl 3a3HalOTh BIUIMBY a0pa3WBHUX BJIACTUBOCTEH TPAaHCIIOPTOBAHMUX MaTepia-
JiB, KOHIEHTpAIil TiApOoCyMillli, HEYCTaJICHUX PEXUMiB, TEXHOJIOTIYHUX Ne(EKTIiB, CTapiHHA
Ta MOMWIOK MEPCOHATy. AHalli3 JIiTepaTypu MIATBEPIIKYE, IO MEXaHi3M Tipoadpa3uBHOTO
3HOIIIYBaHHS 00YMOBIICHUH MJIACTUYHOIO JleopMalli€lo Ta MiKpopi3aHHsIM MaTepiany [1].

CucremMu TiApOTPaHCIIOPTYBAHHS, 3AJIEKHO BiJ] cepu 3aCTOCYBaHHS, MAIOTh CBOIO
cnerm¢ixy. Hanpukmnazn, cucteMu TpaHCHOPTYBAaHHS BYT1JUISA MAlOTh CIIpaBy 3 BUCOKOIO abpa-
3MBHICTIO MaTepially, y TOM Yac K y IIJaMOBHX CHCTEMax aJIOMiHIEBOTO BHPOOHHIITBA 10
MEXaHIYHOTO 3HOCY JIOJIA€ThCs e M XiMiyHa Kopo3is. 3ononutakoi cucremu Ha TEC mpa-
IIIOIOTh B YMOBAaX MiIBUILEHOI TEMIIEPATypH Ta FeTEPOTreHHOCTI cepeaoBuiia. Taki 0co0auBo-
CTI MOTpeOYIOTh OKPEMOIo BpaxyBaHHS IIpU CTBOPEHHI MOJeNeHl [uis pO3paxyHKy
HajiHHOCTI [ 3, 4].

VY OuIbpIIOCT] TPATULIMHUX MIAXOMIB 10 PO3PaXyHKY HaAIHHOCTI TiIPOTPAaHCIOPTHUX
CHCTEM IPOILIEC TiIp0oadpa3suBHOTO 3HOIIYBAHHS OMHUCYETHCS SIK JIETEPMiHOBAHUM, 10 TO3BO-
JIsie po3paxyBaTH JIMIIE cepeiHe 3HadeHHs 3HOCY. OHaK TaKWi MiJXiJ iIrHOPYe CTOXaCTHUHY
NpUPOAY EKCIUTyaTalliiHUX YMOB, YHACTIIOK YOTO MOKYTh BUHUKATH 3HA4HI MOXUOKH Yy TIPO-
rHO3ax pecypcy TpyOompoBoiB i HacociB [5, 6]. [TokazaHo, 1o 11st rigpoadpa3uBHOTO 3HOCY
XapakTepHe HelliHiHe 3pOCTaHHs TUCTepCii — He JIHIHHO 3 YacoM, K y BUIAJKY CHILHOTO
nepeMilTyBaHHs, a IPOMOPIIIHO KBaJAPATy 4acy, 0 CBITYUTH PO BiACYTHICTh OJTHOPITHOCTI
y BIUIMBI YUHHHUKIB 3HOLIYBaHHS. Lle BUMarae 3acTocyBaHHs CTOXaCTUYHHMX MoOjeieil 3 ypa-
XYBaHHSAM 3MIHHHUX €KCIUTyaTaliiiHuX mapaMeTpis [2, 5].

BukopucTanHs METOIB MOCIIOBAHHS BUTIQAKOBUX MPOIIECiB, 30KpeMa Teopii MapkoB-
CHKHX JIAHIIIOTB, SIK 3a3HaY€HO B CyYacCHHUX Mparsx [2, 3], € IEpCIeKTUBHUM JIJIs1 BU3H AUCHHS
HMOBIPHOCTEH BIZIMOB €JIEMEHTIB CUCTEMHU Ta ONTHUMI3allii TeXHIYHOTrO 00cIyroByBanHs. Ha-
JTIHAHICTD TIAPOTPAHCIIOPTHUX CHCTEM TICHO IMOB’s3aHa 3 €KOHOMIYHOIO JIOIIIBHICTIO 1X €KC-
rryaranii. ¥ HU3I JOCHiKeHb [S, 6] 00TpyHTOBAaHO HEOOXIAHICTH PO3POOKH IHTETPOBAHUX
MOKa3HUKIB €(PEeKTUBHOCTI, K1 BPaXOBYIOTh HE JIMIIIE BUTPATH HA TEXHIYHE OOCITyrOBYBaHHS
Ta €HEePrOCIOKMUBAHHS, a M MOTEHIIHI BTpAaTHU Yepe3 MPOCTOi, MOB’s3aH1 3 BIAMOBAMHU CHC-
TeM. 30KpeMa, BIPOBAIHKCHHSI CUCTEM MOHITOPUHTY POoOOYHX MapamMeTpiB HACOCHUX CTaHIIIN
JI03BOJISIE CKOPOTUTHU eHeprocnokuBadHs 10 21% [4], u1o € cBimueHHsM e)EeKTUBHOCTI KOM-
TJICKCHOTO TIIX0Ty 10 YIIPaBJIiHHS HAIIiHICTIO.

Meta pocaigmenHsi. MeToro TOCIIKEHHS € MIABUIICHHS €()eKTUBHOCTI Ta HAIMHOCTI
T1IIPOTPAHCIIOPTHUX CHCTEM IUIIXOM BHOOPY palliOHaJBbHUX CXEM TPAaHCIIOPTYBAHHS TiIpo-
CyMilIe#, po3poOKH MaTeMaTUYHUX MOJIEICH NI OLIHKK MOKA3HHWKIB HAIHHOCTI TPYHTOBHX
HACOCIB 1 TPyOOIPOBO/IIB 3 ypaxyBaHHSAM CTOXAaCTHYHOI MPUPOJIU T1Apoadpa3uBHOTO 3HOCY Ta
3MIHHUX €KCIUTyaTamiiaux ymoB. OcobOnvBa yBara MpUIAUIIETHCS ONTHUMI3AIT PO3MIMIEHHS
HACOCHHMX CTaHIIIN Ta BU3HAYCHHIO MapaMeTpiB, 110 3a0e3euyroTh 0e3nepediiiHy podoTy cu-
CTEM.

BukiageHHsi 0CHOBHOIO MaTepiajy AocCHilKeHHs. ['1IpOTpaHCIIOPTHI CHUCTEMH, IO
BUKOPUCTOBYIOTHCS y BUI0OOYBaHHI Ta TPAHCTIOPTYBaHHI 3aJI13HO1 Py/IU, MAalOTh CBOT XapaKTe-
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pHI 0cO0IMBOCTI. 30KpeMa, pyAHa MyJbIla BUPI3HIETHCS BUCOKOIO a0pa3MBHICTIO Ta 3MiHHOIO
KOHIICHTPALlI€10, IO ITiIBUIIYy€ 3HOIIYBAHHS €IEMEHTIB CHCTEMH 1 YyTIUBICTh 10 3MiHU Ti]-
paBIiYHUX pexkuMiB. KpiM Toro, XiMIiUHUH CKJIaJ MyJIbIIM MOXE CIPHUYUHATH JI0IATKOBY KO-
PO3it0, 0COOIMBO MPU TPUBATIOMY KOHTAKTi 3 BHYTPIIIHIMU MOBEpXHAMH TpyOomposoxuis. Lli
(dakTopu 000B’SI3KOBO CIIii BpaXOBYBATH IMPHU MOOYIOBI MOJIeNel Ta METOAUK OLIHKH HaTiii-
HOCTI TIAPOTPAHCTIOPTHUX CUCTEM Yy TipHUUOPYIHIH TPOMHUCIOBOCTI.

VY TpagMIiiHUX MiIXoAax riipoadbpasuBHUI 3HOC TPYOOIIPOBOJIIB YACTO PO3TIIAAAETHCS
K JETePMIHOBAaHUH TMpOIIEC, MO0 JO03BOJISE OI[IHUTH JIWIIE CEPEAHI PiBEHb 3HOITYBAaHHS.
[IpoTe y BUMaaKy TpaHCIOPTYBaHHS 3ai3HOI PYIH, /1€ YMOBU €KCILIyaTalii MOCTiiiHO 3Mi-
HIOIOTHCS (HAMPUKIIA, MBHAKICTh MMOTOKY, PO3MIp YaCTUHOK, KOHIIEHTpAIlisl), TaKUil MiaXiza €
HeloCTaTHIM. IrHOpyBaHHS BapiaTMBHOCTI 3HOCY NMPH3BOAUTH 0 CYTTEBUX MOXHOOK y Mpo-
THO3YBaHHI pecypcy o0sagHaHHs — a0o 10 HOro mnepeayacHoro BUXOAY 3 jJany, abo 10 He-
palioHaJIbHOTO BUKOPUCTAHHS.

JlOLiNbHILIIE MOJENIOBATH TiApoabpa3uBHUN 3HOC SIK cToXacTHYHMM mpouec. [lompu
MOLTMPEHE 3aCTOCYBAHHS TAKOTO MiAXO0Iy B MEXaHIIll MAlIUH, s TPyOOIPOBOMIB Y PyIOT-
pOBOJIaX BiH BUKOPUCTOBYETHCS PiKO. binburicts mozeneil 0a3yeTbcsi Ha NPUITYLIEHHI PO
TiHIHEe 3pOoCcTaHHs aucnepcii 3HOCY B 4aci. IIpoTe mocmikeHHS CBiM4aTh, 10 y BHIIAIKY
TPaHCIOPTYBAHHS PYJHOI MYJIBIN TUCHIEPCis 3pOCTaE MPOIOPILIfHO KBaapaTy 4acy, 0 BKa-
3y€ Ha BIICYTHICTh CHJIBHOTO NEpEeMIlTyBaHHs 1 OJHOpiAHOCTI yMOB. Lle BaxunBe crocrepe-
KEHHS CJIiJl BpaXOBYBATH JJIS MIABUIIICHHS TOYHOCTI IPOTHO31B peCypCy Ta HAIMHOCTI py10-
MIPOBO/IIB.

Marematnuna ¢dopMmaizallis CTOXaCTUYHUX TPOIECIiB 3HOIIYBAaHHS BHUMAarae 3acToCy-
BaHHS CHEMIAIBHUX METOJIB aHAJI3y BUITAJIKOBUX IporeciB. s omucy riapoadpa3suBHOTO
3HOCY CTIHOK TPYOOIPOBO/IIB MOXXHA BUKOPHUCTOBYBATH MOJIEIh BHUIIAIKOBOTO TIPOIIECY 3 He-
3aJIOKHUMH TIPUPOCTaMU. B TakoMy BUTNAJKy MPHUPICT 3HOCY 3a MaJUil MPOMDKOK Yacy Af
MOYKHA OTIMCATH K BHUIIAJIKOBY BEJIMUMHY 3 TIEBHUMHU MapaMeTPaMH po3MoAiTy. SKmo mo3Ha-
guTH 4Yepe3 X(f) BUMAIKOBHUM MPOIEC HAKOMUYECHOTO TiIpoabpa3suBHOTO 3HOCY O MOMEHTY
qacy f, TO ISl HHOTO BUKOHYIOThCS HACTYIHI YMOBH:

1. X(0) = 0;

2. Ins Oyapb-KUX MOMEHTIB 4Yacy tle t?< .. < tn BHIAIKOBlI BEJIUYMHHU
X(t1),X(t2) — X(t1), ..., X(tn) — X(ta-1) He3anmexHi;

3. Ina  Oymp-sixkux t > 0 T1a h > 0 posmomin BUNAIKOBOI  BEIUYMHU
X(t+ h) — X(t) 3anexurs TinbKH Bix /.

Takwuii migxia 103BOJsE ORI TOYHO OMUCATH IMPOIIEC T1Apoadbpa3uBHOTO 3HOIIYBaHHS
Ta MPOTHO3YBAaTHU MOTO PO3BUTOK Yy Yaci, 10 € HEOOX1THOK YMOBOIO JJIsS aJIeKBATHOI OIIHKU
HAJIHHOCTI T1IPOTPAHCIIOPTHUX CUCTEM.

Ha namiifHiCTh TiapOTPaHCIIOPTHUX CHCTEM Y TIPpHUYOPYAHIA MPOMUCIOBOCTI BILIUBA-
I0Th TPU KJIFOUYOBI YMHHUKH: SKICTh OOJIaHAHHS Ta TPYOOIPOBO/IIB, OpraHi3allis 00CIyroBy-
BaHHS (PEMOHTHA TOJIITUKA Ta MPO(IIAKTUKA), a TAKOXK cxema (pyHKIioHyBaHHS cuctemH. L1
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€JIEMEHTH MalOTh Pi3HY Bary y 3arajbHii OIiHII HAAIMHOCTI Ta B3aEMOJIIOTH MiX c00010, (o-
PMYIOUU CKJIAHY i€papXito MOKA3HUKIB.

Oco0nuBoi yBaru moTpeOyIOTh I'PYHTOBI HACOCH, HIO IIMPOKO 3aCTOCOBYIOTHCS IS
TPaHCIIOPTYBaHHS 3ali30pyAHOI MyIbIH. X HafiliHicHA OlHKA YCKIATHIOEThCS HEPIBHOMIp-
HUM 3HOCOM MPOTOYHHX YACTHH, Yepe3 IO CKIIATHO TOYHO BCTAHOBUTH KPUTHUYHY MEXKY, TiC-
TS IKO1 HACOC BBAYKAETHCS HETpaIle31aTHUM. Y TaKMX BUMAJKaX HEOOXITHO 3aTydyaTH CTaTHC-
TUYHI J]aHi 100 3HOCY AeTajield — poO0UMX KOJIiC, KOPITYCiB, 3aXMCHUX JUCKIB TOLIO.

AHani3z 6araTopigHOi eKcIUTyaTallii HacOCHOTo OOJaHAHHS JO03BOJISIE BU3HAYUTH 3aKO-
HU PO3IOALTY Yacy MiX BiIMOBaMH KIIFOUOBHUX KOMIOHEHTIB. Lle mae 3Mory omiHUTH WMOBIp-
HIiCTh 0€3BiIMOBHOI pOOOTH Hacoca, ONTUMI3YBAaTH rpadiky 3aMiHU 3HOIIYBAHUX €JIEMEHTIB i
TUTAHYBATH OOCST 3alMacHUX YacTHH Ui 3a0e3meueHHs Oe3nepepBHOT poOOTH PYAOIPOBOY.
BaxnuBo BpaxoByBaTH B3a€MO3B'S30K MIX 3HOCOM PI3HHUX €JIEMEHTIB MPOTOYHOI YaCTUHHU
Hacoca. Moro irHopyBaHHs 3aHMKYe OIIHKY HafiliHOCTi cuctemu. KpiM Toro, 3ua4Ho0 mpo-
61eMo10 € 0OMEeXeHa JOCTYIHICTh TOUYHUX JAAHUX MPO HAMpAIIOBAaHHS JI0 BIMOBU OKPEMHUX
JeTasei, Mo YCKIAaIHIOE TOYHE TUIAHYBAaHHS TEXHIYHOTO 00CITYyrOBYBaHHS.

KommiekcHa omiHka HaAiHHOCTI TiAPOTPAHCIIOPTHUX CHUCTEM, IO 3aCTOCOBYIOTHCS VIS
TPAHCIIOPTYBaHHS 3a1130pyIHOT MYJbIM, TOBUHHA BPAXOBYBATH iXHIO CKJIAHICTh SIK TEXHIY-
HUX 00’€KTIB 13 YUCIICHHUMH B3aEMO3AJIC)KHUMHU €TIEMEHTaMH. Ba)kIMBO OLIIHIOBATH HE JIUIIIE
HaJIIHHICTh OKPEMHX BY3JIiB, ajie i CTPYKTYpy CUCTEMH, PSKUMH POOOTH, YMOBH €KCIUTyaTa-
11 Ta MOXJIUBICTh pe3epBYBaHHS KIIFOUOBUX KOMITIOHEHTIB.

OCHOBHI MOKa3HUKHU HAIIMHOCTI TAKUX CUCTEM TOJIUISIOTh HA YOTHPHU TPYIIH:

1. Be3BiAMOBHICTH — IMOBIPHICTH pOOOTH O€3 BiIMOB, IHTCHCHBHICTH BiJIMOB, CEpEIHE
HaMpaLOBaHHs HA BIIMOBY;

2. PeMOHTONIPUAATHICTS — CEPENIHIN Yac BIHOBIICHHS, IMOBIPHICTh BiTHOBJICHHS B 3a-
JTaHW# Yac;

3. JIOBroBiYHICTB — CepeHIH 1 TapaHTOBaHMM (Y-TIPOIIEHTHUI ) PECypC;

4. KommiekcHi — Koe(iIlieHTH TOTOBHOCTI Ta TEXHIYHOTO BUKOPUCTaHHS.

Bubip KOHKpEeTHUX TOKA3HUKIB 3aJI€KHUTh BiJl MPU3HAUYCHHS CUCTEMH, ii apXITEKTypH Ta
YMOB PYIONPOBITHOI eKcIuTyaTallii. ¥ Teopii HaaliHOCTI pO3PI3HAIOTH JIBa OCHOBHI ITiJIX OJTH:
aHaJIi3 3a CTAHOM OKPEMHX E€JIEMEHTIB Ta 3a 3MIHOIO BH3HAYAIbHHUX MapaMerpiB. [lepmuii Bu-
Marae JIeTaJIbHOTO OMHUCY BCIX CKJIQJI0BUX CHCTEMH Ta 00JIIKY KOPEAIid MI>K HUMH, [0 YacTO
CKJIAJIHO peai3yBaTH I BEIUKHUX rigpocucreM. Hatomicte apyruii miaxin 0a3yeTbes Ha
CITOCTEPEKEHHI 3a MapaMeTpamHu, K1 Bi0OpakaroTh 3araJIbHU CTaH CUCTEMH — HAIlPUKIIAI,
MPOJIYKTUBHICTh, TUCK a00 eHeprocrokuBaHHs. Lleit MeToa M03BOJIsIE€ OIIHUTH HAJINHHICTh
0e3 HEeoOX1JHOCT1 TTOBHOTO OIMUCY KOKHOTO KOMITOHEHTA, 1110 0COOJIMBO I[IHHO B YMOBAX Tip-
HUYOPYAHOI MPOMHMCIIOBOCTI, A€ JOCTYN JO €JIEMEHTIB CHUCTEeMH OOMEXKEHHH, a 30BHIIIHI
YMOBH €KCILTyaTallii MoCTiHHO 3MIHIOIOThCS.

Jnst omiHkM HaIIWHOCTI 00JIaJHAHHS, TPYOOIIPOBOIIB 1 apMaTypy B PyAONPOBOAAX 3a-
CTOCOBYIOTh MOJIEJII CTAIlIOHAPHUX BUITAIKOBHUX MPOIIECIB 1 MATEMATHYHY TEOPI0 HAIHHOCTI.
[Tpu anamizi HaAIHHOCTI T1APOTPAHCIIOPTHOI CUCTEMH B IIIJIOMY, SIK CKJIQJTHOT TEXHIYHOI CTPY-
KTYpH, BUKOPUCTOBYIOTh MeTOIU MapKOBCHKHX MPOIIECIB, TEOPII0 MaCOBOTO OOCIyrOBYBaH-
Hs Ta JIOTIKO-WMOBIPHICHI MOJI€JIi Ha OCHOBI I'padiB. 3aKOHH PO3MOILTY HMOBIPHOCTEH BHIIa-
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JIKOBHX BEJIMYMH, 10 XapaKTEPU3YIOTh 3HOC a00 BIIMOBU KOMIIOHEHTIB, BU3HAYAIOTh 3a CTa-
TUCTHYHUMH JAHWMH, OTPUMAHUMHU Mif yac ekcruryaTamii. Skimo obcsr BUOIpKU JOCTaTHIH,
BUKOPUCTOBYIOTH KpHTepiii [lipcona (¥?), a mpu HeBeIUMKUX BHOiIpKax — kputepiit Binka (W)
JUIS TIEPEBI PKH HOPMAJIBHOCTI PO3MIOALTY.

JloCiDKeHHS T1IPOTPAaHCTIOPTHUX CUCTEM JUIsl TPAHCTIOPTYBAHHS 3a1130pYAHOI MYJIBITH
MPOBOJATH y TaOOPATOPHUX Ta MPOMHUCIOBUX yMoBax. JlabopaTopHi AociipkeHHs 3abe3me-
YyIOTh KOHTPOJIBOBAHICTh YMOB Ta NMPHCKOPEHE MOJICIIOBAHHS MPOLIECiB, SKI B peajbHil eKc-
Iulyaramii TpuBalTh pokamu. Lle nae 3mory eQekTHBHO MmigOupaTu MaTepianud Ta peKUMHI
napamMeTpH I o0JagHaHHA. Y MPOMHCIOBHX YMOBAaX €KCIIEPUMEHTH IPOBOISATHCS Oe3rnoce-
pPEeIHBO HA JII0YUX PYAONPOBOAAX. J{JIs1 MOHITOPHUHTY BUKOPUCTOBYIOTHCS YIBTPAa3BYKOBI TO-
BUIMHOMIpPY, BUTPATOMIpH, TUCKOMIpH, MaHOMETpH i piBHeMipu. IlepeBaroro Takux mocii-
JDKEHb € MOMKJIMBICTh BpaXyBaTH MOBHUH CIEKTpP €KCIUTyaTal[ifHUX YMHHUKIB: pealbHi HaBa-
HTQ)KCHHSI, TEXHIYHE OOCIYTOBYBaHHS, YMOBU CEPEJOBHUIIA Ta XapaKTEpHI PEKUMH POOOTH.
Jliist 00poOKH eKCIIepUMEHTAIbHUX JAaHUX, OTPUMAHHUX y TAOOPAaTOPHHUX 1 MPOMHUCIOBUX JI0C-
JKEHHSIX PYAOIPOBOJIIB, BUKOPUCTOBYIOTHCS CTATUCTUYHI METOAH, 1O JIO3BOJISIOTH BU3HA-
YUTH PO3IMOJLT TAKUX MApaMeTpiB, K IHTEHCUBHICTH 3HOLITYBAHHS, HAIIPAIIOBaHHS Ha BiIMO-
BY, Yac BiHOBJEHHs Tomo. [Ipu Benukiii BubipIi rimotesu npo GopmMy po3noiiry nepesips-
10Th 3a KputepieM Ilipcona (y?). Sxuro Bubipka HeBenuka (MeHIue 50 crocTepexeHp) i nepe-
BIpSETbCS HOPMAJIBHICTD PO3IOALTY, 3aCTOCOBYIOTH KpuTepit W. [l MOpiBHSIHHS HapameT-
piB HamifHOCTI O0ONagHAHHA B PI3HUX EKCIUTyaTalliiHUX yMOBaX BHKOPUCTOBYIOTH U-
Kkputepidi Binkokcona. [[msi OmiHKM HamIMHOCTI CHCTEM TPAHCHOPTYBAaHHS 3aji30pyaHOT
IYyJIBIIN 3aCTOCOBYIOTh MaTEMaTHYHI MOAENI, 10 BPaXOBYIOTh CTOXACTHYHHIA XapaKTep 3MiHU
TiAPOIMHAMIYHUX MTapaMeTpiB MOTOKY Ta reoMeTpii pyaonpoBoiB. CTPYKTYpHI MOJEN1 OMu-
CYIOTh CUCTEMY SIK CYKYITHICTh B3a€MO3JICKHUX CIIEMEHTIB.

VY cnpomieHoMy BUNAKy CHCTEMA MOJAEThCS SIK:

ITocnimoBHeE 3’ ¢ THAHHS E€JIEMEHTIB:

P(t) = P(t) - P,(t) - ...- B,(2), (1)

ne P(f) — iMOBIpHICTH 0€3BIIMOBHOT POOOTH CUCTEMU 3a Yac ¢, Py(f) — iMOBIpHICTh O€3BIIMO-
BHOi poOOTH 1i1-TO €JIeMEeHTa.
[TapanenbHe 3’€THAHHS €IEMEHTIB:

P)=1- (1 - P(®) (1 - P(0) .. (1 — B(D)). 0

Jlns ckIIagHUX CXEM PYIOIPOBOIIB 13 pe3epBYBaHHIM a00 3MIITAHUMH 3’ €IHAHHSIMU
BHKOPHUCTOBYIOTh METOJW JEKOMITO3HINIi, MIHIMAJIBHUX IUISAXIB 1 Tepepi3iB, a TAKOXK CTATHC-
TUYHE MOJICTFOBAHHS JIJISl PO3PaxyHKY 3arajibHOi HMOBIPHOCTI 6€3B1IMOBHOT pOOOTH.

OnHuM 3 HAMOUIBII TOTY)KHUX 1THCTPYMEHTIB JIJIsl aHAJII3y HaAIHHOCTI TiApOTpaHCIOPT-
HUX CHCTEM € Teopisi MapKOBChKHUX BHUIIQJKOBHX MpPOIEeCiB. MapKOBChKI MOJIENI JT03BOJISIOTh
BpaxOBYBaTH WMOBIPHICHHM XapakTep MPOIECIB BIIMOB Ta BITHOBJCHB, a TAKOXK B3aEMOJIIIO
pI3HHX eJeMEeHTIB cucTeMu. B MapKoBChKii MOJI€T T1APOTPAHCTIOPTHOT CUCTEMHU BC1 MOKITH-

Bi CTaHW CHCTEMH MOXKHA NPEICTABUTH K JAUCKpeTHi cranu S; (I = 1,2,...,1n), a npouec
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nepexoay 3 OIHOTO CTaHy B IHIIMH ONMMCYETHCS MATPUICI0 IHTEHCHMBHOCTEH NepexojiB

A = {A;}, ne A;; - IHTEHCHBHICTB epexo/y 3i cTaHy S; B cTaH Sj
Cuctema mudepeHmiaibHuX piBHAHB KoiMoropoBa s HMOBIpHOCTEH CTaHiB

p(t) = {p.(t), p2(t),..., pa(t)} mae Burimsiz:

L0~ p@®- 4 3

JI71st crariioHapHOTO BUMAJIKY, KOJH t — 00, CHCTeMa PIBHSHB CIIPOIIYETHCS JI0:
p-A=20
3 10J1JaTKOBOK YMOBOK HOPMYBaHHS:

p*+ PP+ o+ pa= 1L )

Po3B'si3aHH 1Mi€1 cUCTEMH PIBHSHB J03BOJISIE BU3HAYUTH T'PAaHUYHI WMOBIPHOCTI CTaHIB
CHCTEMH, IO JIa€ 3MOTY PO3paxyBaTH TakKi MOKa3HUKHU HATIHHOCTI, IK KOe(DIIlIEHT TOTOBHOCTI,
Koe(]iIi€EHT TEXHIYHOTO0 BUKOPUCTAHHS, CEPEIHE HAMPAIIOBAaHHS HA BIIMOBY Ta iHII. Baxxiu-
BUM acIlleKTOM MOJICITIOBaHHS € BHU3HAYEHHS MICI[b PO3TAIIYBaHHS IMOCTIIOBHO BKJIIOYECHHX
ITPYHTOBHUX HACOCIB 1O MaricTpami. TpaauiiitHi METOJUKHN PO3paxyHKY BiJCTaHI MiX Hacoca-
MH YacTO HE BPaxXxOBYIOTh CTOXAaCTHYHI KOJMBAHHS HAIOPY, IO PO3BUBAETHCS HACOCOM, 1
E€HEepPreTHYHHX BTPAT 1Mo TpyOorpoBoay. BpaxyBaHHs X mapaMeTpiB € HEOOXITHUM Il BU-
00Opy ONTHMAJBHOI BIJICTAHI MK HacocamH. 3ajada ONTHMAJIBLHOTO PO3MIIICHHS HACOCHHX
CTaHLi# Moxe O0yTu chopMybOBaHa SIK 3a7ja4a HEJTIHIMHOTO MPOrpaMyBaHHS:

minF(xt x5, ..., x.) )

IpU OOMEKEHH X :
gi(xy x2....%y) = 0,0 = L2,....m ©6)
(s K ) = 0 = L2 G

ne F — minpoBa GyHKIIiS (HapuKIIaa, CyMapHi MPUBEICHI BUTPATH HA CIIOPYIKSHHS Ta
eKCIUTyaTaIlif0 CUCTEMH ), X; — KOOPAMHATH PO3MIIICHHS HACOCHUX CTaHIIN, gi 1 /1j —
0OMEKEHHsI Y BUTJISIII HEPIBHOCTEH Ta PIBHSIHB BIIOBITHO.

st BUpilIeHHs 1i€i 3a/1a4i MOKYTh BUKOPUCTOBYBATHCSI METOAM HEJIIHIHHOTO TIporpa-
MYBaHHSI, 30KpeMa:

- METOJ1I MHOKHUKIB Jlarpanxa,

- METOJ, TJIOK 1 MEX;

- TCHETUYHI aJITOPUTMH TOIIIO.

BaxxnuBuM eneMeHTOM OIlIHKM HAJIHHOCTI TiIPOTPAHCIOPTHUX CHCTEM € IMPOTHO3Y-
BaHHS pecypcy TpyOonpoBoAiB. [y 11b0T0 po3poOIsSIOTECS CHeliadbHi MaTeMaTH9YHI MOJIETI,
0 BPaxOBYIOTh CTOXaCTUYHUN XapaKTep TiApoadpa3sMBHOTO 3HOCY CTIHOK TPYOOITPOBO/IIB.
OnHa 3 Takux Mojelniel 06a3yeTbcs Ha MPEACTaBICHHI MPOIECY T1Ap0adpa3uBHOTO 3HOCY SIK
BUTIQIKOBOTO TIPOIIECY 3 HE3aJIe)KHUMHU mpupoctamu. Hexait o(t) - BUmaakoBuid mporiec, 1o
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OIUCY€E 3AIUIIKOBY TOBIIUHY CTIHKM TPyOOIpPOBOAY B MOMEHT 4acy t. Toai HMOBIpHICTH 6e3-
BiJIMOBHOT poOOTH TpyOOIIPOBOLY IO MOMEHTY 4acy t MO’KHA BU3HAUUTH SIK:
R(t) = P{8(t) > Gminana scixt € [0,¢]), ®)

1€ Omin - MiHIMAJILHO JOIyCTHMA TOBIIMHA CTIHKH TPYOOIPOBO/Y.

JUis BU3Ha4YeHHs i€l IMOBIPHOCTI MOKHA BUKOPUCTOBYBATH METOAM TEOpii BUIAIKO-
BUX TPOIIECIB, 30KpeMa, METOA MepIiux rneperuHiB. CyTb METOAY MOJATAE Y BU3HAYCHHI PO3-

noxiny BumaakoBoi Beaudauan T = INf{t: 6(t) = Gmin}, TOOTO MOMEHTY MEPIIOTO Mepe-
THHY TIPO1ecoM O (t) piBHA Omin. Tomi WMOBIpHICTH 6€3BiIMOBHOI pOOOTH 1O MOMEHTY t BU-

3HAYAETHCA AK:
R(t) = Plr = th )

3HauM pO3MOALT BUIMAAKOBOI BEIMYMHU T, MOXKHA BU3HAYUTH CEpeIHIN pecypc Tpy-

OOIPOBOTY, a TAKOXK 1HIII MTOKa3HUKH HAIIMHOCTI.

[TigBumieHHsT ePeKTUBHOCTI HAMIPHUX T1APOTPAHCIIOPTHUX CHCTEM MOXKE OyTH OCST-
HYTO IUISIXOM BHOOPY pamiOHAJIBHOI CXEMH TPAHCIIOPTYBAHHS TiPOCYMIIIli, 3aCHOBAaHOTO Ha
MOKa3HHUKaxX HaJIHHOCTI CHCTEM, 3 YpaxyBaHHSIM CTOXaCTHYHOTO XapaKTepy 3MiHHU iX pexKUMY
pOOOTH B 3aJICXKHOCTI BiJl OCHOBHHX TMapaMeTPIiB IPYHTOBUX HACOCIB 1 OTOKY T1APOCYMIIIIi.

KomrutekcHuii miaxia 10 onTtuMizaliii TigpoTpaHCIOPTHUX CHCTEM BKIIOYAE B cede Ki-
JIbKa KJTFOUYOBHUX HAIPSIMKIB:

1. Bubip onTUManbHOI CTPYKTYpHOI CXEMH CHCTEMH 3 ypaxXyBaHHSAM HaIiMHOCTI Ta
€KOHOMIYHUX ITOKa3HUKIB;

2. OnTuMmizatist pexumiB poOboTH obnagHaHHs Ui 3a0e3MeYeHHs] MaKCUMAJIbHOT edek-
TUBHOCTI Ta MiHIMAaJTLHOTO 3HOCY;

3. Po3poOka ctparerii TeXHIYHOT0 0OCITyrOBYBaHHs Ta PEMOHTY, 110 3abe3nedye HeoO-
X1IHUH piBE€Hb HAAIMHOCTI IPU MiHIMAJIbHUX BUTPATaX;

4. BripoBamKeHHsI Cy4yaCHHX TEXHOJIOTI MOHITOPHMHTY Ta JIarHOCTUKM CTaHy oOiaj-
HaHHSI JJ1s1 CBOEYAaCHOT'O BUSIBJICHHS Ta MOTIEPEHKCHHS BiJIMOB.

BaxxnuBum acniekTomM BUOOPY paIrliOHAIbHOT CXEMU € BU3HAYCHHS ONTUMAJIbHUX 00'eMiB
npuiiManbHUX 3ymn@iB. Ha ocHOBI HamiiHICHUX BJIACTHMBOCTEH JUISTHOK T1APOTPAHCIOPTHOI
CHUCTEMHU PO3PaxOBYIOThCS 00'eMu TpoMiKHKX 3ymndiB. [Ipu 11boMy HEOOXiTHO BpaxoBYyBaTH
Oe3nepepBHY 3MiHY BUTPATH, 1[0 PO3BUBAETHCS IPYHTOBUMHU HACOCaMH, OOYMOBJICHY 3HOCOM
OCTaHHIX, HECTAOUTBHICTIO MTapaMeTPiB TPAHCIIOPTOBAHOT Il APOCYMIIIIi TOIIIO.

OntumanbHU 00'eM TTPOMDKHOI €MHOCTI MOKe OYTH BHU3HAUEHHMH Ha OCHOBI aHai3y

OasaHcy MOTOKIB TiAPOCyMillIi, 1[0 HAJXOIUTh Y EMHICTH Ta BifkauyeThes 3 Hel. Hexait Q1 (t)
i Q2(t) - BUNAAKOBI MpoIlECH, IO OMUCYIOTh BUTPATH TiAPOCYMIlll Ha BXOJi Ta BUXOJ €MHO-
cri BianmosiaHo. Toxi 3miHa 00'eMy rigpocyminn B emuocti V(t) onucyeTsest cTOXacTHIHUM
midepeHnianbHUM PIBHAHHAM:

drrit)

o @t(t) — Q=(t) (10)
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Ontumaneauii 06'eM eMHOCTI V55 TOBUHEH 3a0€311€4yBaTH 3aJaHUI PIBEHb HAAIHHOCTI

(yHKIIOHYBaHHS CUCTEMM IpPU MiHIMaJbHUX BHUTpAaTax Ha CHOPY/DKEHHS Ta €KCIUTyaTalliio
€MHOCTI:
Vope = arg min{C (V): P(nepeausy ao ocymenns) < &}, (11)

ne C(V') - dbyHKIuis BapTOCTI €MHOCTI, 3aJ€XKHa Bif ii 00'eMy, £ - mOmMycTHMa WMOBIPHICTD

aBapiiHOI cuTyarlii (mepenuBy ab0 OCYIIEHHSI EMHOCTI).

[IpakTruHe 3HaYEHHS JOCIIHKEHb HAAIMHOCTI TIAPOTPAHCTIOPTHUX CHUCTEM TIOJIATAE B
po3po0Ili METOAWK, IO IMIJABUIIYIOTh €(PEKTHBHICTh iX NMPOEKTyBaHHS Ta ekcrutyatarii. Lle
OXOIUTIOE OOTPYHTYBAaHHS TEPMiHIB PEMOHTY, ITapaMeTpiB TPYOOTIPOBOIIB, TOTPEO y 3amacHUX
JETAISIX, PO3MIIIEHHS HACOCIB 1 00’ €MIB EMHOCTEH.

Ha ocHoBI pe3ynbTatiB c(hOpMOBaHO HACTYITHI PEKOMEHIAITI1:

- BHU3HAUCHHS ONTHUMAJBHUX 1HTEPBAIIB PEMOHTHO-TIPO(PUIAKTUHYHUX POOIT IS 3HH-
JKEHHSI BUTPAT NP 30€peKeHH] HAIIIHOCTI.

- pO3paxyHOK MIHIMaJIbHO JOITYCTUMOI TOBIIMHH CTIHOK TPYO 3 ypaxyBaHHSM Tiapoa-
Opa3uBHOIO 3HOCY.

- BHW3HAYCHHs HEOOXITHOTO 3amacy JieTajaeil HacocCiB i 0e3nepeOiitHoi poOoTH.

- ONTHMAaJIbHE PO3MIIIEHHS HACOCIB 3 ypaxyBaHHIM KOJIMBAHb HAIIOPY.

- po3paxyHOK 00’€MiB MPUUMAILHUX €EMHOCTEH ISl pOOOTH MPHU HECTAOUIBHHUX MOTO-
Kax.

Jis oOrpyHTOBaHOTO BUOOpPY pPaLliOHATBHOI CTPYKTYPH TiIPOTPAHCIIOPTHOI CHCTEMH
Ba)KJIMBO BPAaXOBYBATH HE JIMILIE T1JIPaBIIivHI Ta CHEPTeTHYHI XapaKTEePUCTUKH, a i HaJliiHICHI
NOKa3HUKU. Pi3H1 BapiaHTH MOOYIOBU CUCTEM — 3 PE3epBYBAHHSAM, BUKOPHCTAHHSIM MPOMIiXK-
HUX 3ymIi(piB a00 6araToCTyneHeBO MOJauet0 — CYTTEBO BIJIPI3HAIOTHCA 3a €()EKTHUBHICTIO,
TPUBATICTIO OE3BIIMOBHOI POOOTH Ta 3AATHICTIO A0 LIBUIKOIO BiTHOBJICHHS MICIs BiMOB. Y
Tabnuii 1 HaBeeHO MOPIBHSAHHSA OCHOBHUX MOKA3HUKIB HAIHHOCTI JUISl THIIOBUX CXEM T1Ipo-
TPAHCHOPTHUX CUCTEM.

AHani3 TaHUX CBIMYHTH, [0 HAWBHUIII 3HAUYECHHS KOe(II[i€HTa TOTOBHOCTI Ta TEXHIYHOTO
BUKOPUCTaHHS CIIOCTEPIraloThCs B OJHOCTYIEHEBIH CXeMi 3 HEHAaBAaHTAXXCHHM pE3EPBOM.
[Ipote i 3acTocyBanHs MOXe OyTH OOMEXEHUM Yepe3 KOHCTPYKTHBHI a00 €KOHOMIYHI YMH-
HUKHU. BogHOUac TpucTyneHeBa cucteMa 3 MPOMDKHUMHU 3yMi(pamMu 3a0e3redye BUCOKUN pi-
BEHb HAJIHHOCTI 32 YMOB 3HAUHOI JOBXXHMHHU TPacu TPAaHCHOPTYyBaHHA. EKOHOMiUHaA JOIiTb-
HICTh CXEM 13 pe3epByBaHHAM Ta 3ymIiamMu 00yMOBJIEHA 3MEHIIECHHAM BTPAT BiJ] MPOCTOIB,
10 KOMIICHCYE 3POCTAaHHS KaliTalbHUX Ta €KCIUTyaTallifHUX BUTpaT. TakuM 4WHOM, BHOIp
KOH(Iryparii riapoTpaHCIIOPTHOI CUCTEMU Ma€ 0a3yBaTUCh HA CUCTEMHOMY aHajIi31 CyKyIHO-
CTl TEXHIKO-€KOHOMIYHUX MOKA3HHUKIB 3 ypaxyBaHHSIM OCOOJIMBOCTEH EeKCILTyaTalliifHOTO ce-

peaoBuIna.
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Tabmaurs 1
[TopiBHSHHS MOKA3HUKIB HAAIHHOCTI CXEM T1IPOTPAHCIIOPTHUX CHCTEM
Cepenne C .
epenHiii 4ac
Cxema riapotpancmnop- | Koed. Harp. Ha .p A KoedimienT TexH.
. ) ) B1IHOBJIEHHS,
THOI CUCTEMH TOTOBHOCTI | BiJIMOBY, BUKOPHUCTAHHS
o,
Xl A

OnHocTyrieHeBa oe3

0.82 180 39.5 0.80
pe3epBYBaHHS
OnHoctyrneHeBa 3 Ha-
BAHTaXXECHUM PE3EPBOM 0.94 420 26.8 0.92
(1+1)
OnHocTyrneHeBa 3 He-
HaBaHTAXXEHUM pe3ep- 0.96 450 18.7 0.94
BoM (1+1)

S

flsoctyneiesa “l 076 150 473 0.72
MPOMDKHOTO 3yMIda
flpoctymeriea 3 mpo- | ¢ 380 51.8 0.86
MDKHHUM 3yMIIoM
Tpucrynenesa 3 ABoma
MPOMDKHUMHU  3ymrida- 0.92 410 35.6 0.89
MU

BucHoBkH. ['iIpoTpaHCIIOPTHI CHCTEMH € KPUTHYHO BaKJIMBOIO CKIJIQJIOBOIO IPOMHMC-
JI0BO1 1HPPACTPYKTYpH, 1110 3a0e3euye TPaHCIIOPTYBaHHS BEIMKUX 00csriB matepiams. [Tia-
BHIICHHS X HAJIHHOCTI JOCSATAETHCS Yepe3 OMTHMI3AIlI0 CXeM TPaHCIOPTYBAaHHS 3 ypaxy-
BaHHSIM CTOXAaCTUYHHUX MPOIECIB TiApoadpa3uBHOTO 3HOIIYBAHHS Ta BapiaTUBHOCTI PEKUMIB
poOOTH CUCTEMHU.

Po3pobneni MmarematuuHi MOJENl JJI OIIHKK HAIIHHOCTI TpyOOIIPOBOJIIB Ta HACOCIB
JI03BOJIAIOTH OOIPYHTOBAHO BUOMpATH HaOUIbII epeKTUBHI KOH]Iirypamii cuctem. AHami3
MOKa3HMKIB HAJIMHOCTI CBIAUUTDH, III0 CXEMH 3 PE3epPBYBAHHAM O0JaHAHHS Ta MPOMIKHUMHU
€MHOCTSAMU 320€31eUyI0Th BUCOKUH piBeHb HAJIIHHOCTI, MONPH MiABHUIIEHI KalliTaIbHI Ta eKC-
IUTyaTaliiiHi BUTPATH, 3aBASKH 3HUKEHHIO PU3HUKIB BiJ mpocToiB. OnTumizarisi TEeXHIYHOTO
00CITyrOBYBaHHS IUIAXOM KOMOIHYBaHHS IUIAHOBO-IIONEPEDKYBAIBHUX POOIT 1 00CITyroBy-
BaHHS 32 TEXHIYHMM CTaHOM JIO3BOJISi€ MIHIMI3yBaTH €KCIUTyaTalliiiHi BuUTpatu. Peamizaiis
pe3y/ibTaTiB JOCHIKEHb Ha MPOMHUCIOBUX OO0'€KTax IEMOHCTPYE 3HAUHMNA EKOHOMIYHMN
edeKT, MiATBepIKYIOUN HEOOXITHICTh MOJANIBIION0 PO3BUTKY HAYKOBHX JOCTIKEHb y I
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. KpacHiok, Bik.B. I'narymenko, b.I. Mopo3, O.P. Cokon
PO3POGKA ABTOMATU30BAHOI CUCTEMHU LHEHTPY ABTOPU3ALIII

Anomayis. YV cyvacnomy yugpposomy ceimi, e onaaiin-cepgicu ma 000amKu Cmaroms Heoo-
XIOHUMU THCIMPYMEHMAMU 8 NOBCAKOEHHOMY JHCUMMI, NUMAHHA 6e3neKu ma KOHMpOio 00-
CMyny KOpucmyeauie Habyearwms 0coOIUBOI 8axCIUBOCMI. Aemomamuzosana cucmema yeH-
mpy asmopuzayii € cepsicom wo supiuiye yi numarnns. Cepsic 3abe3nevye bOesneune ma
Haoiline 00CNY208Y8aHHA KIIEHMIB pIi3HUX I[Hpopmayitinux cucmem. Pezyremamom 0o-
CNLIOCEHHS € CMBOPEHHA NPOZPAMHO20 NPOOYKMY, NOCIY2AMU SKOI MOXNCYMb KOPUCTYBATNUCS
K 6 iHghpacmpykmypi cepeicie eenuxoi komnauii, max i WEB-cepsicam. Aemomamu3zosana
cucmema € 00OCMAMHbO WBUOKOI0, WO 00380JA€ 00CIY208Y8aMU 8ENUK) KIIbKICMb KOPUCY-
6auis i3 pi3HUX IHOpMAYIUHUX cucmeM 00OHOYACHO. Bukopucmanus nociye asmomamu306a-
HOI cucmemu yeHmpy aemopusayii 3Himae i3 OizHecy oomsicenHs 3i 30epieanHs napois, as-
mopuzayii Kopucmyeauie 8 iHopmayitHill cucmemi, 6NPOBAONCEHHS DE3NEKOBUX OHOBIEHD
ma noaecuye AOMIHICMpPYB8aHHsL.

Knrouosi cnosa: knienm, cepsep, asmopusayis, napoiw, xew, Erlang, API, WEB-cepsic, in-
Gdpacmpyxmypa cepgicie nionpuemcmaea.

IlocranoBKka mpodiaemu. Y cydacHOMy IU(ppPOBOMY CBITi, e OHJAMH-cepBicH Ta 3a-
CTOCYHKH CTalOTh HEOOXIAHUMHU IHCTPYMEHTAMH B MOBCSKJICHHOMY JKUTTi, MTUTaHHS O€3MeKH
Ta KOHTPOJIIO JOCTYyIy HaOyBaroTh 0COOIMBOI BaXJIMBOCTI. MeXxaHi3M aBTOpHU3allii € OTHUM 3
KIIIOYOBUX (haKTOPIB, 1110 3a0€3MeuyroTh Oe3neuHe Ta HaiilHe BUKOPUCTAaHHS LIUX CEPBICIB.

l'onoBHUM 3aBiaHHSAM MpoBeaeHOT poboTH Oyina po3poOKa aBTOMATU30BAaHOI CHCTEMHU
3IATHOT 10 BEJIMKOro iH(opMariiiHoro HaBaHTakeHHs. CucTemMa OBUHHA Oyia MaTH MiACH-
CTEeMH IO CIYTYBaJU CEPEJOBUIIEM B UL aJMiHICTPYBaHHS KOPUCTYBadiB Oi3HECOM WIO €
KJIIEHTOM aBTOMAaTH30BAaHOI CHUCTeMH LEHTpy aBTopu3auii (Hagami AuthHub). Ilpu upomy
BUPILIYBAJIOCS aKTyaJbHE MUTaHHS 3pOCTAI0Y0i MOTpeOH B HaAIKHIN 1 Oe3neuHiit aBTopHu3anii
KOPHUCTYBAYiB y CBITI MIBUAKOTO TEXHOJIOTIYHOTO PO3BUTKY Ta 3POCTAHHS 3arpo3 y Kidepoes-
nierti. 3abe3nedeHHs 6e3meKku aBTopu3allii Oyo 1 3aIUIIaeThCs BXKIMBUM 3aBIaHHIM s 0a-
raTbOX OpraHizaiii Ta MiJIPUEMCTB, SIKI HAJAIOTh CBOI MOCHYrd B IHTEpHETI, Ta HE TUIBKU.
BincyTHiCTh e(eKTUBHOI CHCTEMH aBTOpU3aIlii MOXKE MPU3BECTH O BUTOKY KOH(IICHIIHHOT
iHpopMalii, MOpPYIIeHHs MpaB JOCTYMy, 30MTKIB pernyTauiiHux ta (inaHcoBux. Tomy Bax-
JMBUM MUTAHHAM OYIIO MiJ Yac MPOEKTYBAHHS OTPUMATH Ipalle3/laTHy aBTOMATHU30BaHY CH-
CTeMy ILIEHTPY aBTOpH3allii, sIKa MOKE 3aCTOCOBYBATHUCS Y PI3HUX raiyssix, 3a0e3nedyrouu
HaJiHHUHA Ta Oe3nmeyHni TocTyn A0 iH(pOopMaLii Uil KOPUCTYBaviB.

© Kpacuiok M.A., I'marymenko Bik.B., Mopo3 b.1., Cokon O.P., 2025
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AHaJi3 ocTaHHIX J0caixxeHb. OlIHA 3 KIIFOUYOBUX 337124 aBTOPU3AIIIHIX CUCTEM — 1€
3abe3neueHHs Oe3neKky iHpopmallii, o nepegdayae 3axXuCT BiJl HECAHKIIIOHOBAHOT'O J1I0CTYILY,
MaHinmynsnid 3 ganumu ta atak tuny DDoS (Distributed Denial of Service). ¥ mpomy KoH-
TEKCTI BUKOPUCTAHHS CyYaCHHUX TEXHOJIOTIH, TaKMX SIK XMapHi 1HPPaCTPyKTYpH, BUCOKOIIPO-
IYKTUBHI 0a3u JaHUX 1 mapajurmMa aKTOPHOI MOJIEN, CTa€ BaXKIIMBUM MIXOJIOM JI0 BUPILICH-
HS 3aBJaHb aBTOpH3alii [3-5]. ABTopu3allis — Iie mpoliec HaJlaHHsA a00 0OMEXEHHSI TOCTYITY
710 TIEBHUX pecypciB abo (yHKIIIH cucTeMH Ha OCHOBI BU3HAYEHHUX MPaB Ta poJieii KOpUCTYBa-
ya. [leif MexaHi3M BiJINOBiJa€ 3a MepPeBipKy TOTr0, YU Mae€ KOPUCTYBAd J03BUJI BUKOHYBATH
neBHi Jii a00 OTpUMyYBAaTH JOCTYN 10 KOHKpeTHOi iH(opmarllii. ABTOpu3allis € KIIOYOBUM
erarnoMm y 3abe3neueHHi Oe3neku iHpOopMaliifHUX CUCTEM, OCKIIBKH BOHA PEryIIO€ JOCTYI 10
KOH(DIACHIINHUX aHUX, KpUTUYHUX OIepalliii Ta oOMeXye MOTeHLiHH] 3arpo3u, OB sA3aHi 3
HECAHKL1I0HOBAaHUM JOCTYIOM. MeToro aBTOpu3alii € KOHTPOJIb JOCTYIY, 3aXUCT JIaHUX,
e eKTUBHICTh PO3MOILTY MPaB, Oe3MepepBHOCTI Oi3HEC-TIPOIIECiB [6,7].

KoHTtpons nocTymy rapaHrye, 1o JMile YIOBHOBaXEHI KOPHUCTYBadl OTPUMYIOTH J10-
CTYH JI0 TIEBHUX PeCypciB. 3axXUCT AaHUX 3a0e3ledye YHUKHEHHSI BUTOKY UM HENPAaBUIHHOTO
BUKOpUcTaHHs iH(popManii. EQekTuBHUI po3MOAiN MpaB 103BOJSE THYYKO HAJalITOBYBATH
POJIi A pi3HUX KaTeropiil KOpucTyBadiB. 3aXHCT BiJl HECAHKI[IOHOBaHMUX 3MiH a00 BTpy4aH-
HS, [0 MOXYTh BIUIMHYTH Ha poOOTy cHcTeMH 3abe3neuye Oe3nepepBHICTh Oi3Hec-
mporiecis [8,9].

LlenTp aBTOpM3AIlil € KIIOYOBUM €JIEMEHTOM CyYaCHHMX 1H(OpPMAIIMHUX CHCTEM, SIKHUI
3abesnedye KOHTPOJIb JOCTYITY A0 PECYPCiB HAa OCHOBI MOMITHK Gesmeku. Moro pois mossirae
B 3a0e3medeHH1 O0e3nekn JaHuX 1 e(eKTUBHOCTI pOOOTH CHCTEMHU, OCOOJIMBO Y BUCOKOHABAH-
TKEHUX cepeloBHIax. BiH Mae cyTreBe 3HaYeHHS Ui €EKTUBHOCTI, 1 3MEHIITYe€ HaBaHTa-
JKEHHS Ha 1HII KOMIIOHEHTH 1H(PPACTPYKTYpH, B HACTIJIOK YOTO IEHTpasi3amis QyHKIii aB-
TOpH3aIlii 3BUIBHSE 1HIN €JIEMEHTH CHCTEMH BiJl HEOOX1JHOCTI BHKOHYBAaTH JOJATKOBI Iie-
PEBIPKH IOCTYITYy, IO MiJABHUIINYE IX MPOAYKTUBHICTh. LIeHTp aBTOpM3allii TakOK MOBUHEH 3a-
Oe3nevyyBaTH MBUAKICTh 00pOOKH 3amuTiB. ONTHMI30BaHI alrOPUTMHU Ta MEXaHI3MHU KeIly-
BaHHS B I[EHTpaxX aBTOpPU3AIlil MOBHHHI JO3BOJIATH 00pOOJIATH 3alMTH KOPUCTYBAUiB y pealib-
HOMY Yaci HaBITh i 3HAYHUM 1H(GOpMAIITHUM HaBaHTaXeHHSIM. CydacHI IIEHTPH aBTOpU3a-
11ii MOBUHHI JIETKO IHTETPYBATHCS 3 XMapHUMHU I1aThOpMamMu, 110 JO3BOJIMTH MacIITa0yBaTH
iXHIO poOOTY 3aJI€KHO BiJl 3pOCTaHHS KITBKOCTI KOpUCTYyBauiB uu pecypcis [10,11].

MeTor poGOTH € CTBOPECHHSI aBTOMAaTH30BaHOI CHCTEMH LEHTPY aBTOPH3aIlii, o J03-
BOJIUTH Oi3HEC-TIAMPUEMCTBAM HE OOTSHKYBaTH ceOe aBTOPH3AI€l0 KOPUCTyBadiB B 1HGOP-
MaIliifHI} cUCTeMI 3a paxyHOK 3a0e31eUeHHsT HaiHHOCTI Ta 3py4HICTh IPOIIECY MOHITOPHHTY.
[IporpaMHUi1 TPOAYKT TOBUHEH OyTH CTIMKHUH 10 ypaxeHb, Matu 3posymumid APl i3
(YHKITIOHAJIOM aJIMiHICTPYBaHHS KOPUCTYBaviB NMEBHOT iH(POpMAIIHHOT CUCTEMHU.

OcHoBHa yacTuHA. JI15 JOCATHEHHS METH JOCIIDKEHHS B MEXax MpoekTy auth hub
Oyna oOpana cuctema kepyBanHs Oazamu maHux (CKBJI) PostgreSQL nmns 30epiranHs Ta
yrpaBiiHHS AaHUMH. PostgreSQL € moTyKHOI0 00'€KTHO-PENAIIMHOI CUCTEMOIO KEPYBaHHS
6azamu manux (CKB]), sika Hamae mmpoki MOKIIMBOCTI IS 30epiraHHs, opraHizalli Ta om-
TuMi3amii g1aaux. BoHa mpononye po3mupenuii Hadip QyHKIIH, M0 BKIIOYAIOTh MIATPUMKY
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SQL 3amwmriB, TpaH3aKUIKHOCTI, I1HACKCYBaHHS, BHUKOHAHHS 30€peKEeHUX MPOLEIYp,
perutikaiito f1aHux Ta Oararo inmoro. OOrpyHryBanHs BuOopy PostgreSQL ckinanaerscs 3
TaKHUX BJIACTUBOCTEH SK HAAIWHICTh, MACIITAOHICTh, PO3LUIMPEHI MOXKIUBOCTI, BIAKPUTICTD Ta
IIMPOKE BUKOPUCTAHHS.

Hapiitaicte PostgreSQL minTBepaKyeThCsi TUM, 1110 BOHA BOJIOJIE MeXaHi3MaMu 3a0e3-
MIEYCHHS IUIICHOCT] JAHUX, BIIHOBJICHHS Miciis 300iB Ta 3aXHCTY Bija BTpaTH AaHuX. Lle Bax-
JUBO JUIA CHCTEMH, sika 0OpoOIIsie aBTOpU3allil0 KOpUCTYyBaviB Ta 30epirae uyrnuBy iHGOP-
Mmairiro. MacmraboBanicts PostgreSQL miaTBepakeHa MOXKIUBICTIO MPAIIOBATH 3 BEIUKUMU
oOcsraMul TaHUX Ta BUCOKMMHU HABaHTaXCHHSIMHU. BOoHa MiATpUMYE TOPHU30HTAILHE Ta BEPTH-
KaJbHE MacHITa0yBaHH:, 110 J03BOJIAE€ PO3IIMPIOBATH CUCTEMY IijJ MOTPeOU POCTy 0OCATiB
JTAHUX Ta KIJIBKOCTI KopHcTyBayiB. Posmmpeni moxnuBocti PostgreSQL minrBepmxKyeThes
OaratuM HabopoM (PyHKIIIH Ta pO3LUIMPEHb, IO J03BOJIAIOTH peali3oByBaTH Pi3HOMaHITHI 3a-
BAaHHA. BoHa minTpumye posumpenns SQL, reorpadiyni qaHi, po3noaiieHy oOpoOKy, moB-
HOTEKCTOBHH IMOIIYK Ta 1HIII PO3MMPEHI MOXIMBOCTI, IKI MOXKYTh OYTH KOPUCHUMU IS pe-
anmizamii cucremMu aBropusauii kopuctyBauiB. PostgreSQL € BinkpuTHM mporpamMHuM 3a06e3-
MEUYEHHAM 3 aKTUBHOIO CIUJILHOTOIO PO3POOHHUKIB Ta KOpucTyBadiB. Lle o3Ha4yae HasBHICTH
0e3miui JOKyMEHTAIll1, MITPUMKH, TaTYiB Ta OHOBJICHb, IO 3a0e3Meuye CTadiIbHICT Ta PO-
3BUTOK CHCTEMH B MailOyTHhOMY. I1IMpoke BUKOpUCTaHHS 00yMOBIIEHO THM, 110 PostgreSQL
€ oxxiero 3 HainonyssipHimux BiTbHUX CKB/I, BoHa BUKOpPHCTOBYEThCS OaraTbMa BEIUKUMU
KOMIIaHiIsIMU Ta MpoekTamu. e o3Havae HasBHICTh EKCIEPTiB, TOTOBUX JIOMIOMOTTHU 3 PO3pP0O0-
KOO Ta MATPUMKOIO CHCTEMH.

CtpykTypa po3po0eHOi CHCTEMH CKIAAAE€ThCS 3 MIJCUCTEM, a KOXKHA MiACHCTEMa Ma€e
cBoi poumi. Kopenesa mincucrema auth hub mae mpoctopu, Tomy poisb y mifacucremi auth hub
HaJaBaThCs KOPUCTYBAYEBI caMe Ha MPOCTIp, a MPOCTOPOM € TIEPEITiK MiACUCTEM Ha SIKi JIIOTh
poui miacuctemu auth hub. V xopuctyBaua “admin” 3a 3aMOBUEHHSM € POJIi aJIMIHICTpaTOpa
y BCix mpoctopax miacuctemu auth hub. IIpoctip OyB cTBOpeHuii nis Toro, mob HamaBaTH
poJii Ha KOHKPETHHI TTPOCTIip, a He Ha BCi pa3om. 1106 kopucTyBau oTpuMaBIIu pojib HE MaB
3MOTH MaHINMyJAMiK a0o mepersiay JaHuX, 10 HE € B HOT0 MPOCTOPI MiJCUCTEM. SIK BUCHO-
BOK MOXHa CKa3aTH, 10 KopeHena mifcuctema auth hub mae B coli poni amst kepyBaHHS J10-
CTYIIOM KOPHCTYBadiB y cepBici auth hub, Tomi komu posi B iHIIMX MigcucTeMax, € iH(Op-
MaIIi€r0 10 eKCTIOPTYETHCS 10 1HIIUX CEPBICIB KIIEHTIB. bylin BCTaHOBJICHI HACTYITHI 0OMe-
YKEHHS CUCTEMU:

- HEMOXKJIMBICTh BUAAJICHHS MmijcucTemMu authHub, HaBiTh mpu HassBHOCTI HA 11€ POJIL;

- HEMOXKJIMBICTh BHIAJICHHS KOpUCTYBaya admin, HaBITh PU HASBHOCTI HA 1€ POJIL;

- HEMOJXJIMBICTh BWJAJICHHS poJi aaMmiHicTpaTopa “am” i3 migacuctemu “authHub”,
HaBITh MPU HASIBHOCTI HA 1€ POJIi;

- HEMOJKJIUBICTh 3a0upaTu posb “‘am” y KopucTyBada admin y migcuctemi “authHub”,
npoctopi “authHub”, HaBiTH IpH HAsIBHOCTI Ha II€ POJIL.

Ha xoxen ¢yHkIiionan € cBost poib y miacuctemi authHub. Tlepenik ycix poneit miacu-
cremu authHub Ta ix onuc 3a3nadeno y tabsmii 1 (Ha ctan Bepcii cepricy 3.0.0). YV tabmuiri 2
HaBeJleHO (YHKIIIOHAJ Ta TMEPeiK poJieH, OJHY 3 SKUX HEOOXITHO MaTH JJIsI BUKOPUCTAHHS
dbynHkiionany (Ha cran Bepcii cepsicy 3.0.0).
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Tabmuns 1
Poumi migcucremu authHub Ta ix omnuc
Pons Onuc
am AdMin - posis anMmiHicTpaTopa. Yci mpasa.
la Local Admin - posis mokansHOTO aaMiHicTpaTopa. He mMae mpaBa Ha
BUJIAJICHHSI Ta CTBOPEHHS ITiJICHCTEM.
si See Info - poms Ha mepersia iHGOpPMAIIIT MICHCTEMH: MOMJIIHBI POJIi, POl KOPUCTY-
BayiB y ITiH MIJICUCTEMI.
cu Create Users - poJib, 1110 Ja€ IPaBO Ha CTBOPEHHSI KOPHCTYBAYiB Y CHCTEMI.
du Delete Users - poJib, 110 1a€ TpaBO Ha BUIAJICHHS KOPUCTYBAYiB 13 CUCTEMH.
ar Add Roles - posnb, 1110 Aa€ mpaBo Ha 10/IaBaHHS POJIe KOpUCTyBayaM CHCTEMH.
1T Remove Roles - poib, 1110 1a€ mpaBo Ha BUIYYEHHS poJiel Y KOPHCTYBadiB CUCTEMH.
cr Create Roles - poub, 1110 Ja€ MpaBo Ha CTBOPEHHS! HOBUX POJIEH y MIJCUCTEMI.
dr Delete Roles - posb, 1m0 1a€ npaBo Ha BUJAJICHHS POJIeH y MiJCUCTEMI.
er Get Roles - posb, 1110 1a€ MpaBo Ha OTPUMAaHHS POJIeH KOPUCTyBaya B MiJCUCTEMI.

[Tix yac aBTOopHM3allii KOpUCTyBaya B CHCTEMi cTBOpeHa cecid Ha 30 XB, 3aBISKU SIKii
KOPHUCTYBaY MOX€ OTPHUMYBAaTH JIOCTYII JI0 CEpBICIB, IO € KJII€HTaMU aBTOMAaTH30BAaHOI CHU-
cTremu 1eHTpy aBTopu3aiii auth hub. CepBicu kimieHTH MarOTh CBOi TEXHIYHI JIOTIHU Ta Ma-
PO, 3aBASKH SKUM BOHM B3a€EMOJiIOTh 3 auth hub s inenTudikarii kopucryBaya Ta OTpu-
MaHHS HOT0 B HEOOX1JHIN mifcuctemi posieii. ¥ cucremi auth hub peamizoBano Talimep 110
BHIAJISIE BXKE HE aKTyasbHI Cecii.

Taomums 2
DyHKITIOHA Ta POl 71 B3aEMOIIT 13 TACUCTEMaMHU
Oynkmionan API Pomi
[epernsn indopmartii mpo posi KOPUCTYBaUiB B MiICUCTEMI am, la, si
[epernsan indopmarii mpo podi B micucTemi am, la, si
Bunanenns porneit i3 migcucremu am, la, dr
CTBOpEHHS HOBHX pOJIEH B MiJICHCTEMI am, la, cr
Bupanenus miacucreMu am
CTBOpEHHS HOBOI MiACUCTEMH am
CTBOpEHHSI HOBOT'O KOPUCTYBaya B CUCTEMI am, la, cu
BunaneHnHst kopuctyBaya i3 CUCTEMHA am, la, du
JlomaBaHHs pojielt KOPUCTYBAdy B MIJCUCTEMI am, la, ar
Butydenns posnelt y KopuctyBada B MiCUCTEMI am, la, rr
CtBOpeHHs cecii B
[TepeBipka akTyaJIbHOCTI cecii B
OTpuMaHHS JIOTIHY TIO cecli KOpHCTyBaya B
OTtpumanHs poJjieit cecii KopucTyBada am, la, gr
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VY naniii pobOTI MU BHUKOPUCTOBYBAIHM TaKi apXiTEKTypH B3a€EMOJII: KIII€HT-CEpBEp Ta
cepBep-cepBep. BoHU € MIMPOKO BUKOPUCTAHUMH MOJEISIMH B PO3pOOIIl porpaMHOro 3ades-
NIeYeHHsI, BKIIIOYal0uu cepBepHi npoektu Ta WEB-cuctemu.

VY KIi€HT-cepBEepHil apXiTeKTypi, KII€EHTH € KOpUCTyBadyaMu abo JoJaTKaMH, sKi
B3a€MOJIIIOTh 3 CHUCTEMOIO Ta HAJACHUJIAIOTh 3amuTH A0 cepepa. CepBepu, 31 cBoro OOKy,
00poOIAIOTE LI 3amUTH Ta 3a0e3MedyloTh BIANOBIAl KimieHTaMm. Ll mozmens mnependadae
pO3IiIeHHsT 00OB'I3KIB MIXK KIIIEHTCHKOIO Ta CEPBEPHOIO CTOPOHOIO, IO JTO3BOJISE JOCITTH
OUIBIIIOT MOAYTBHOCTI, MacIITAOOBAHOCTI Ta KEPOBAHOCTI CHCTEMHU.

ApXiTeKTypa MpOoeKTy MoOyI0BaHa Ha 06a3l aKTOPHOI MOJ/IENi, aKTOPHAa MOJENb € KOH-
IEMLI€I0 MapajebHOrO MPOrpaMyBaHHS, sIKa BUKOPHUCTOBYETHCS B MOBI INPOrpaMyBaHHS
Erlang Ta GaraTpoX iHIIMX MOBaX, 1 € KIIOYOBUM acriekToM ¢peiimBopka OTP. AkropHa Mo-
nenb 6a3yeThesl Ha iel MpoieciB (aKTOPiB), SKi B3a€MOJIIOTH OJIMH 3 OJTHUM IUISIXOM 00OMiHY
noBigoMieHHIMU. KoxeH akTop Mae CBiii BHYTPIIIHINA CTaH 1 MOKe€ BUKOHYBAaTH MEBHI i y
BiJINIOBIIb HA OTPUMaHI MOBIAOMJIEHHS. AKTOPH MOXXYTh CTBOPIOBATH HOBUX aKTOPIB, HAJCH-
JaTH 1M MOBIJJOMJICHHS 1 BIATIOBIJTaTH HA OTPUMaHi TOB1IOMJICHHS.

B po3pobui 6yn0 Bu3Ha4eHO €(peKTMBHUM BUKOPMCTOBYBATH JUIS CyNeEpBaiizepa cTpa-
terito one for one, 60 B apxXiTEKTypi NMPOEKTY, BOPKEpU CylepBaiizepy HE MAlOTh TiCHOI
coiBopani Mixk coboro. Crpareris one for one — 1e KOJIM OJUH 3 aKTOPIiB BUAAE aBapiifHy
[IOMUWIIKY, CylIepBan3ep Nnepe3anyckae uel akrop

BaxnuBuMu acnekTamMu apXiTeKTypH CHCTEMH € CTOPOHHI cepBicu Ta 0ibmioreku. Tak
Oynmo obpano Cowboy, skuii € HeBenukuM, MBUAKUM, cydacHUM HTTP-cepBepom s
Erlang/OTP. Cowboy mnparse 3a6e3neuntu nouuii crek HTTP B HeBenukiii 6a3i xoxy. Horo
ONTHMI30BaHO Ul HU3bKOI 3aTPUMKH Ta HU3bKOTO BUKOPUCTAHHS MaM'siTi, YaCTKOBO TOMY,
0 BiH BUKOPHUCTOBYE ABIHWKOBI psaku. Takox Cowboy Hajae MOXKIMBOCTI MapIIpyTH3aIlii,
BUOIPKOBO HAJICWIIAIOYM 3alUTH 0OpOoOHMKaM, HanmucaHuM MoBor Erlang. Ockinbku s ke-
pyBaHHs 3’ €THAaHHAMH BHUKOpHUCTOBYeThCsi Ranch, Cowboy moskHa nerko BOymyBaTH B Oyb-
AKy 1HITY porpamy. Cowboy € BaXJIMBOIO YaCTHHOIO CEPBICY, 00 3aBISIKH HOMY peasi3yeThb-
CsI B3a€MOJIIS 13 KITIEHTAMH Ta KOpUCTyBayaMu. BiH Mae B co0i mys1 BOpKepiB siki OyaemMo mpo-
rpaMyBaTH, Ta caMe 3aBJISKH LIbOMY MyJy po3po0jeHa aBTOMAaTu30BaHa CHCTEMa 3MOXE OJI-
HOYAaCHO OOpOOIATH JeKUIbKa 3anmuTiB ogaHOo4YacHO.Poolboy - 1e merka 3aranpHa 6i0mioTeka
nyny ms Erlang, sika 3ocepemxena Ha IpOCTOTI, TPOIYKTUBHOCTI Ta HAJIHHOMY aBapiiHOMY
BiIHOBJICHHI1. BiH 3Hag00UThCS y CTBOpPEHI Ta aMiHICTPyBaHHI IMyJIOM aKTOPiB, IO OyIyTh
BI/IMOB1IaTH 3a B3aEMO/IIIO 13 0a3zor0 manux. [lymy Oyno Hamano Ha3By - pg_pool. Baxkmuum
€ BPETYJIIOBaHHS KUIBKOCTI aKTOPIB y MyJiax cowboy Ta pg_pool, mob MiHIMI3yBaTH BY3bKi
MicIIsl B apxiTeKTypi. By3pke Micie - dacThHa mporpamu, abo apXiTeKTypu IO 3aTPUMYE
IIBUJIKOJIIFO yCi€l CUCTEMH Ta HaBaHTa)KyBaJbHE TECTYBAHHS HEOOXI1THO came JIIsi BUSBIICHHS
BY3bKHX MICIb Y CHCTEMI.

Takox mij yac BUKOHAHHS POOOTH MPOBEICHO JOCITIHKCHHS aJITOPUTMIB XEITyBaHHS
napojiB. B pe3ymnbrari AOCHiHKeHHS TPUHAIUIM BUCHOBKY, IO OyZ€MO BUKOPHCTOBYBATH B
MPOEKTI JUIsl XENIyBaHHS TapoJIiB KOPHCTyBadiB anroputM SHA-256 3 ynoBuibHIOBaueM
PBKDF2.
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Po3poOka cTpykTypu Tabnumb 0a3u JaHWX Oylia KIIOYOBHM €TarioM Yy CTBOPEHHI 1H-
¢dopmaniiiHoi cucTemMH, BiJl MPAaBUIBHOI OpraHizauii TabJHMIb 3aIeXKUTh €(EeKTUBHICTh, Mac-
Ta0OBaHICTh 1 MPOIYKTUBHICTh cucTeMu. Koxna Tabnuis matume cBiit Primary Key i 3aB-
ISIKM boMY Oyno peasi3oBaHO 3B’S3KM MK TaOnumsiMu. B pesynbraTi nmpoBeAeHUX [0-
CIiJpKeHb OyJ0 BH3HAUEHO, IO B cxemi Tpeba peanizoBath 5 (QyHKIIH, SKI JTO3BOJIAIOTH
3MEHIITUTH 00CST 3aMUTiB 10 0a3u JaHUX, IO MiJBUIIUTH IIBUAKOIIO YCi€l CUCTEMU:

1. create_subsystem(subsystem, description) - CTBOpEHHSI IMiICUCTEMH;

2. delete_allow_role(subsystem, role) - BuaneHHs poi i3 MiICUCTEMH;

3. delete_subsystem(subsystem) - BuganeHHs mmiJICHCTEMH;

4. delete_user(login) - BumaneHHs KIIEHTa CUCTEMH.

Peanizanisi metony. /locniauBum pi3Hi Tvu apxirekrypHoro ctumo API (Application
Programming Interface), Oysi0 3po6i1eHO BUCHOBOK, IO Uil CEPBEPHOi YaCTHMHU aBTOMAaTH30-
BaHOI CHCTEMH IIEHTY aBTOpH3allii Kpaiie 3acCTOCOBYBAaTH  apXiTekTypHHil ctuinb REST
(Representational State Transfer). Ilpuunnoro o6panns REST € Te, mo nentpu aBropuzanii
3a3BUYali MarOTh Oarato KIieHTIB (BeOJAOAaTKM, MOOITBHI OJATKHU, CEpBICH), SKi
B3a€EMOJIIIOTH 13 cepBepoM, Takoxk REST 3abe3neuye jerky iHTErpamiro sl pi3HUX KIIIE€HTIB,
1 He BUMAarae CKJIQJHOTO HaJaIITyBaHHS Ta MIAXOIUTH I MaJUX i CEPeIHIX KOMaH po3po0-
HUKIB. Takox mpu cyMicHOMY HOro BUKOpUCTaHHI 3 TeKCcToBUM (hopmaTtom JSON (JavaScript
Object Notation), 3a0e3nedye mIBUAKY Nepenady AaHUX Oe3 mepeBaHTakeHHs. Kpim Toro,
REST ue edextuBHHI BUOip Ui peamizamii HEHTPY aBTOpH3alii 3aBASKH HOT0 MPOCTOTI,
MIATPUMII CyYaCHUX CTaHAApTIB ayTeHTH(IKaIlli, HU3bKUM 3aTpaTaM Ha BIPOBADKCHHS Ta
00CITyrOBYBaHHSI.

BcraHoBieHO, 1110 y paMKax CEepBEpHOI YaCTUHHU aBTOMAaTH30BaHOI CHCTEMH IICHTPY aB-
TOpH3allii, BXiJIHI JaHl MalOTh OyTH OTpUMaHI BiJ KOPUCTYBayiB CUCTEMH Ta BiJ 0a3W JaHHUX
MIpU 3amUTi KopucTyBada. B3zaeMopis 13 KOpUCTyBauyaMH peaji3oBaHa 3aBISKH apXiTEKTypi
REST API. ®opmarom nepenaBanux ganux oopana JSON. Takum unnom, API cepBic ckia-
JAETHCS 13 TBOX KOMIOHEHTIB: KilieHTchbke API Ta anminictpatuBue AP

Jlnst po3poOKH JaHOTO MIPOYKTY Oysio BUKOpUCTaHO HOYTOYK kommadii Dell, 13 mporire-
copom Intel Core 17, Bizeokaproro Intel(R) Xe Graphics (TGL GT2) Ta 3 O3V y po3mipi 25
I'6, nakonmmuayBau SSD ob¢csirom 1 T6. Bkazani TexHiuHI 3ac00M HE MalOTh OyTH 000B’I3KOBO
IICHTUYHUX XapPaKTEPUCTHK sl KOM(POPTHOI po3poOku cucreMu. TakoxX Il pO3pOOKH CH-
CTEMHU BCTaHOBJICHO 1 BUKOPUCTAHO TaKi MPOrpaMHi 3acO0u:

- onepartiiina cucrema Linux Ubuntu 22.04.2 LTS;

- moBa Erlang 25.0.4 Ubuntu jammy;

- kommiasitop Rebar3 3 github pemosutopiro;

- YTHJIITH orepailiifHoi cuctemu Linux make ta git;

- CKB/I postgresq];

- IHCTpyMEHT aaMiHIcTpyBaHHs 06a3 nanux DBeaver;

- matdopma nis rectyBanns API Postman;

- IDE IntelliJ IDEA.
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I poOoTH cepBepHOi YAaCTMHM JAHOT'O MPOIYKTY Oylo BuKopuctaHo cepep EC2
opeHoBaHuil y kommnanii Amazon Web Services (nani AWS), i3 nporecopom Intel Core 17,
Bimeokaproro Intel(R) Xe Graphics (TGL GT2) Ta 3 O3V y poswmipi 25 I'6, HakonuayBay SSD
obcsirom 1 T6. ba3za manux Oyna po3ramoBaHa Ha TOMY Xk XOCTi, 110 1 cepBic auth _hub. [Ipu
301IbIIEHH] KITBKOCTI KOPUCTYBaviB 0a3a JaHUX MOXe OyTH po3MillleHa Ha iHIIOMY XOCTi.

Bxasani TexHiuHiI 3ac00U HE € 000B’SI3KOBUMH XapaKTEPUCTUKAMU TSI OE3MEePEIIKOI-
HOI pOOOTH CUCTEMHU.

st po6oTH cuctemu OyJI0 BCTAHOBJICHO 1 BHKOPUCTAHO HA CepBEpl Taki MporpamHi 3a-
cobu:

- onepaniiina cuctema Linux Ubuntu 22.04.2 LTS;

- moBa Erlang 25.0.4 Ubuntu jammy;

- kommiaTop Rebar3 3 github penosuropito;

- yruiita onepauiiinoi cuctemu Linux make Ta git;

- CKB/] postgresql;

AnMiHicTpalis Ta HalalTyBaHHs cepBicy Oyna peaiizoBaHa 4epe3 KOHCOJIb 3aBISIKH
iHCTpyMeHTy omepauiiinux cucrem cimerictBa UNIX - SSH. Cnix 3a3naumtn, mo SSH
(Secure Shell) - ne kpunTorpadiuauii TPOTOKON IS OE3MEUHOTO JOCTYITY JO MEPEIKEBUX
npucTpoiB Ta cepsepiB. SSH mo3Bonsie agmiHicTparopaM 1 KOpUCTyBauaM O€3ME4HO
B3a€MOJIISITH 3 BiAICHUMH CUCTEMaMH 4epe3 He3axXMIIeHI Mepexi, U(pyroun Bech Tpadik
MIDX KJIIEHTOM 1 CEpBEPOM.

BucnoBku. PesynpraTamMu npoBeaeHoi poO0OTH € po3poOJIeHO porpamMHe 3a0e3rneueH-
Hsl, iK€ BUKOHYE (PyHKIT (popMyBaHHS Ta KOHTPOJIIO aBTOpHU3aIllii KOPUCTYyBadiB. 3abe3me-
YEHHS HAJIIMHOCTI Ta 3py4YHICTh MPOIIECY MOHITOPUHTY aBTOpH3allii peasi3oBaHO B poOOTI 3a-
BIISIKA CIPOEKTOBAHOI CTPYKTYpP1 Ta apXiTEKTypi cuctemu, BukopuctanHi API cepgic, peai-
3amii QyHKIIOHANA JUIsi peecTparlii HOBUX KOPUCTYBadiB, B TOMY YHCII 30€pEeKCHHS IXHIX
0COOHMCTHX NaHWX Ta iH(opMarlii ;s aBTopu3aIlii; po3pooIll MexaHi3My MepPeBIpKU aBTCHTHU-
YHOCT1 KOPUCTYBaYiB ITiJl Yac aBTOpHU3aIlii, BAKOPUCTOBYIOUH 3aXHIICHI MPOTOKOIM Ta MIu-
pyBaHHS JIaHUX.

3anmponoHoBaHO €)EeKTUBHY MOJIENIb 30epeKEHHS Ta MaHIMYJSIIT poJIel B miacUCTEMax
aBTOMAaTH30BaHOI CUCTEMH LIEHTPY aBTOpU3AIlii HA OCHOBI MEXaHI3MIB KYPHAIIOBaHHS Ta MO-
HITOPHHTY aKTUBHOCTI KOPUCTYBAYiB, 1110 JO3BOJISIE BUSBIISATH MOTEHIIIHHI 3arpo3u Oe3mertti.

B nmomanemux goChipKeHHSAX HEOOXITHO MPOBECTH aHAI3 Ta TECTYBaHHS PO3POOJICHO-
r0 CepBICY I BEIUKNUM HABAHTAXKCHHSM, III0 JTI0O3BOJUTH 301IBIIMTH O€3MEeUHICTh aBTOMATH-
30BaHOI cuCcTeMH (POpMYyBaHHS Ta KOHTPOJIIO aBTOpHU3aIlii.
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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.

Kpacniok Muxaiijio AHApilioBUY — criemiaiicT 3 po3poOKH MporpaMHuX 3aco0iB, akIio-
HepHe ToBapucTBoO komepiiitnuii 6ank «[IPUBATBAHK»

I'narymenko BikTopis BojoaumupiBHa — TOKTOp TEXHIYHHMX Hayk, npodecop, 3aBiqy-
Bay Kadenpu iHGOpMAIIITHUX TEXHOJIOTIH 1 cucTeM Y KpaiHCHKOTO JIEP>KaBHOTO YHIBEPCUTETY
HAyKH 1 TEXHOJIOT1.

Mopo3 bopuc IBanoBHY - TOKTOp TEXHIYHMX HayK, Tpodecop kadeapu mporpaMHOro 3a-
Oe3neueHHsT KOMIT FOTEPHUX CHCTEM.

Coxoa OJjiexcanap - acrmipanT kadenpu iHGOpMaIIITHUX TEXHOIOTIH 1 cucTeM, YKpaiHChKUN
JiepKaBHUHN YHIBEPCUTET HAYKU 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-

158 ISSN 1562-9945 (Print)

ISSN 2707-7977 (Online)



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

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 [P-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 mamiunno2o HaguanHusa 011 AHMUPPoO-cucmem

Anomayin. Ilaxpaiicmeo y ¢hinancogomy cexmopi, cgepi erekmpoHHoi Komepyii ma
OHNaliH-cepgicax cmae 0edani yacmiwum i eumonyeHivum. Tpaouyitini cucmemu Ha OCHOBL
Apasul, Xxoua u 3a1Umalomscs KOPUCHUMU OJisL UAGNEHHSA GI0OMUX WADIOHIB waxpaticmea, He
8CMuU2aloms 3a HOBUMU, OUHAMIYHUMU CXeMamu amak, OCKLIbKU CIMAmuiHi npasuia weuoko
006x00amyvca 3n106mucHukamu. Hamomicmos mawunne nasuanns (MH) npononye ounamivnuii i
Macumabosanutl nioxio, 30amuuii 00poodAAMU BeNUKI 00CsA2U MPAHZAKYIUHUX | NOBEOIHKOBUX
O0aHUX O/ BUSBICHHS MOHKUX AHOMAI Ma Ni003piiol akmueHOCMi.

Y cmammi npeocmasneno tpynmosHuii 02na0 cyyachux memooie MH, wo 3acmocosy-
10MbCsl 015 BUAGNLEHHA waxpaiicmea. Bonu 3epynoeani y mpu ocnoseHi kamezopii: mooeni kia-
cugixayii, memoou 6Us8eHHs AHOMANIU ma enubunHi apximexmypu. Posensanymo npuxiaou
NPAKMUYHO20 SUKOPUCTNAHHA 8 PI3HOMAHIMHUX CYEHAPIAX Waxparcmed, 30Kpema 37108MCU-
BaHMA KPEOUMHUMU KAPMKAMU, NEPeXonieHHs 00IKOBUX 3aNUCi6, KiDep3l1ouuHyu ma waxpati-
cbKi 0ii 8 yugposiii mopeisii.

Ocobnugy ysazy npudineno nepegazam i 0OMeHCEHHAM KONCHO2O NiOX00Y 3 YPaxy8aH-
HAM MAaKux NPakmuyHux adcnekmia, K Macumabo8aHicms, nposopicme mooeneil i npooiema
ducbanancy kaacie. Taxoc npoananizo8ano ocmanti 00CseHeHHs Y Yitl cghepi, 30Kkpema 8u-
KOPUCMAHHA 2paghosux npeocmasienb (PIiHAHCOBUX B3AEMOOIU, NOBEOIHKO8e NPOQIN0BaAHHS
Ha ocHosi IP-adpec, a makooic nosea 2iopudHux cucmem, siKi HOEOHYIOMb OEKilbKA Memooie
MH, nanpuknao, asmoenkooepu 3 OYCMUH208UMU AICOPUMMAMU, SIKI BUKOPUCMAHO O] Ni0-
BUUEHHS] MOYHOCMI, 0COOIUBO Y BUNAOKAX HeCMAayi pO3MIUeHUX OaHUX.

Pesynemamu oocnioscenns cnpsamosani Ha niompumKy po3pooKu eHYYKUX, UCOKoege-
KMUBHUX CUCNeM BUABNEHHS Waxpaiicmed, aKi 8UKOpucmosyioms Hauxkpawi npaxmuxu MH
ma noeonyioms nepesazu 2iOpudHoi apximexmypu mooenetl.

Knrouosi cnosa: susaenenns waxpaticmea, MawunHe HA84aHHs, Klacupikayis, usasieH-
H5l QHOMAJLILL, HeUPOHHI Mepedici, 2IopudHi nioxoou.

OctpoBcbka Katepuna FOpiiBHa — k.T.H., goueHT kadenpu iHGOpMAIIITHUX TEXHOIOTIH 1
CUCTEM YKpaiHCHKOTO JEPKABHOTO YHIBEPCUTETY HAyKH 1 TEXHOJIOTIH.

HocoB Baunepiii OnexkcanapoBuy — acmipant kadenpu iHGopMaIiiiHUX TEXHOJOTIH 1 cu-
cTeM YKpaiHChKOTO IeP>KaBHOT'O YHIBEPCUTETY HAYKH 1 TEXHOJIOTIH.

Ostrovska Kateryna Yuriivha — Ph.D., Associate Professor of the Department of Infor-
mation Technology and Systems of Ukrainian State University of Science and Technology.
Nosov Valerii Oleksandrovych — postgraduate student of the Department of Information
Technology and Systems of Ukrainian State University of Science and Technology.

ISSN 1562-9945 (Print) 163
ISSN 2707-7977 (Online)



«CucremHui Texuouaoriiy 5 (160) 2025 «System technologies
DOI 10.34185/1562-9945-5-160-2025-17
VK 528.88:630

Kagar O.0., Kasan 10.B.,Cepreesa K.JI., Poit /.M.
AHAJII3 METOJIUK ABTOMATHU30BAHOI'O KAPTYBAHHSA
3MIH BOJOWM

Anomayisn. Monimopune HympiuHix 600 Mae cmpameziune 3HA4eHHsl 01 PO36UMKY KPAiHU.
Oyinka exono2iuno2o cmamy, 06’em ma niowa 8000UM € KIIOY08UM V AHANIZI MA NPOSHO3L
800H020 Oanaucy. Buacnioox sminu xnimamy 6 Yxpaini 6i00ysacmvcsi He2amusHuul 3d
HacniOKamu npoyec NO2ipuieHHs YM08 NPUPOOHO20 8010203A0e3NeUelHts, 8 pe3yibmami K020
v 30Hi Tloniccs 3nuxaromes mepumopii HAOTUWKOBO20 360JI0HCEHHS, d HA NIBOHI PO3NOUABCS
npoyec onycmentosans zemenv. Hazemni sumiprosanus 3 oyinku 3min naowi 6000UM € 00pO-
2UM [ pecypcoeEMHUM NIOXOO0OM, KU 0COOIUBO CKIAOHUL Y 8i00aleHux pauonax. B cmammi
PO32NAHYMI OCHOBHI MemoOoU a8moMamu308aH020 KApmy8aHHs 3MiH 6000UM HA OCHOBI 0a-
Hux /133. Buxopucmanms pi3HOpiOHUX OAHUX ) NOEOHAHHI 3 KOMOIHAYIED MemOoOdi8 HA OCHOBI
CHEKMPANbHUX [HOEKCi8 Ma MAUUHHO20 HABYAHHS 0eMOHCMPYIOMb HAUKPAWULL pe3)Vlbman.
Knrouosi cnosa: 6o0Hi pecypcu, 6odotimu, asmomamusoeane Kapmy8aHHs, CYNYMHUKOBULL
MoHImopuHe, memoou /{33, cnekmpanbHi iHOeKcU, MauurHe Ha84aHHs

IlocranoBka npodaemu. BHyTpimHI BOJHI pecypcH Ui KOXKHOI KpaiHU € >KUTTEBO
BaXXIMBUMHU KOMITOHEHTaMH BOJIHOI CHCTEMH, a iX 3amac € crpareriunum. O3epa, piuyku, BOJI-
HO-OO0JIOTHI yTiAas Ta BOJAOCXOBHIIA € YaCTMHOI €KOCHCTEMHHX IOCIYT Yy PI3HUX KpaiHax
CBITY, 5IKI B OCHOBHOMY TOB'sI3aHi 3 MOOYTOBUM, MPOMHUCIOBUM Ta CLIbCHKOTOCIIOAAPCHKUM
BUKOPHUCTAHHSIM, TaKUM SK TPOJYKTH XapuyyBaHHS, €JICKTPOCHepris (TiIpoeHepris), BUPOO-
HUIITBO JIKAPCHKUX PEYOBHH Ta IHIIMX MAaTepialiB, a TAaKOXX CTBOPEHHS pEKpearliiHux
30H [1,2,3,4]. ®nopa BOAOWM NOTIIMHAE TAPHUKOBI Ta3H, TOJ1 K HEBEJIWKI IPUPOIHI BOJIOM-
MU Ta OOJIOTUCTI TEPUTOPIi 3aXUINAIOTH TPYHT BiJ epo3ii Ta aerpamauii [4,5]. 3miHa KIiMaTy
Ta MiSUTBHICT JIFOJWHU TOCWIMIU TUCK HA IIi BOJOWMH, HETaTHMBHO BIUIMBAIOYM Ha iX €KO-
JIOTi4HI YMOBH Ta CTaH HABKOJUILIHIX ekocucTeM. KimiMaTtuuHi 3MiHM y TIO€AHAHHI 31 3pocTa-
I0OYMM TIONUTOM Ha BOAY Ilie OiJIbIIe MOCHIIIOIOTH CE30HHI Ta IOPiYHI KOJIMBAaHHS 31 30epiraH-
HS TUIOILI 1 HAITOBHEHOCT] BOJHUX PECYPCiB, 110 MOTEHIIHO MPU3BOANUTH A0 CKOPOUYCHHS a0o
3HUKHEHHSI 03€p, PIYOK Ta BOAHO-00JM0THUX YTinb [2,3]. ['ocTpo mocTae muTaHHS MOMUTY Ha
BOAY Yy TMOCYIUIMBUX Ta HaMiB-OCYNUIMBUX perioHax [4,5,6]. OcoOnmMBO Bpa3inBUMHU €
pEeTioHH, SIKi CTUKAIOThCS 3 HEPETYJIIPHUMU OTafaMH, BUCOKMMHU TeMIIaMU €BaroTpaHCcHipanii
Ta nocyxamu. Kpim Toro, 3pocraiounii HOMUT HA BOJY, B OCHOBHOMY JJISl 3pPOIICHHS, 3011b-
mye pu3uK AeIIUTY BOAW Ta 3arpoKye >KUTTE3IATHOCTI HACEJNCHHs 1 YCKIAJAHIOE OCHOBHI
BN €KOHOMIYHOI JIisJIBHOCTI.

JlocnmipkeHHs TPOBEACHI YKpaiHChKUM ['1pOMETIIEHTPOM MiATBEP/KYIOTh CYTTEBHI
BILUIMB 3MiHU KJIIMaTy Ha CEPEIHbOPIYHY TeMIepaTypy noBiTps. 3a octanHi 30 poKiB 1eH mo-
KasHuk migsuiuses Ha 1,2°C  aus Beiel Tepuropii YKpainu, a MIBUAKICTH IiABUIIEHHS €
3HAYHO BHUIIOIO MOPIBHSHO 3 MIOOATBPHUMU Ta €BponeichkumMu Maciurabamu. Cimijg 3a3Haun-
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TH, MO KUTBKICTh OMA/IiB 3QJIMIIAETHCS MPAKTUYHO HE3MIHHOMO [5]. Y MOCHIKEHHSIX MpOBe-
neHux IHcTutyroMm BonHUX mpoOiem i Memioparnii HamionanbHO! akageMii arpapHHUX Hayk
VYkpaiHu TNpH OIIHII BIUIMBY 3MiH KJIIMAaTy Ha YMOBH BOJIOr03a0e3NEeueHHs TepUTOpii
VYkpaiHu BUKOPHUCTOBYBAlach BEIMYMHA KIIMaTUYHOTO BogHoro Oanancy (KBB), ska xapak-
TEpU3Y€E PI3HUIIO MIX BEJIMYMHOIO OMAJiB Ta NOTEHIIHHUM CyMapHUM BUIIAPOBYBAaHHSM [5].
Buacnigok 3MiHu kimimary B YkpaiHi BinOyBaeThcsl HETaTUBHMI 3a HACHIJKaMHU IPOIEC MO-
TipLICHHS YMOB NMPHPOJHOTO BOJIOTr03a0e3MeueHHs, B pe3ynbTaTi sikoro y 30Hi [lomiccs 3Hu-
KAalOTh TEPUTOPIi HAUIMIIKOBOTO 3BOJIOKEHHS, a Ha MIBJIHI PO3MOYABCS MPOLEC OMYyCTETIO-
BaHHS 3eMellb. 32 YMOBH peaii3alii JaHOTO MPOTHO3HOIO CIEHAapilo, HaBiTh, IPU 3POCTaHHI
KUTHKOCT1 OTajiiB, KJIIMAaTUYHUN BOJIHUHN OanmaHc TepuTopii Ykpainu 10 2050 poky MOXKe 3HU-
sutuch Ha 45-115 mm, a tioro nmedimut B 30H1 Cremy cranoButume 560 MM 1 Oiibmre. 3
ypaxyBaHHSM IIOTO, TEPUTOPIsI KPATHU 3 HEJOCTATHIM PIBHEM 3BOJIOKEHHS 30UIBIIUTHCS 10
56% 1 nuuie 28% tepuTtopii OyAyTh BIAMNOBIAATH BOJIOTHM 1 HAAMIPHO BOJIOTUM yMOBaM [5].

CBili HETaTUBHUH BIJICOTOK Y MPOTHO3HY OIIIHKY BHOCSATH aKTHBHI BIMCHKOBI JIii, CIIpH-
YUHEHI TTOBHOMACIITA0OHWM BTOPTHEHHSIM, SIKI MPHU3BOJATH JO EKOJIOTIYHHX Kartactpod. B
OUTBIIIOCTI BUIAJKIB 116 HABMHCHE PYHHYBaHHS BOPOTOM iH(PACTPYKTYpH, MIAPHUB IUIOTHH,
OYMCHHUX CITOPY/ 1 BOJIOMIPOBO/IIB, 110 CIIPUYUHSE 3aTOIJICHHS TEPUTOPIN 13 BUTOKAMH y BO-
JOWMH TOKCHYHUX PEUOBHH Ta CTIYHHX BoJA. OJHIEIO 13 HAMMACIITAOHIIINX €KOJIOTIYHUX Ka-
TacTpo - € MiAPUB pocisiHaMu BHYTpilHIX npuminieHs Kaxoscokoi ['EC, B pe3ynbrati siKOro
BiOyBCcs BUTIK 18.2 KyOIYHMX KUTOMETpIB BOAM, SIKI 3aTONWIM BEJIWYE3HY TEPHUTOPIIO.
CrorosHi TepuTopis, Ky panimie 3aiimano KaxoBcbke BOAOCXOBHUIIE, TOKPUBAE TYCTUH JIiC, a
piuka J[HIIpO MOBEpHYIAcCh B CBOE iCTOpHUYHE pycyio. TexHoreHHa KaracTpoda 3MiHWIIA HE
TUTBKH CTaH piuku JIHINpo, a # yCKJIaJHWIa BUPOITYBAaHHS ClJIhChKOTOCTIONAPCHKHUX KYJIBTYP
32 YMOBH MIHIMQJIbHUX BOJIHUX PECYpPCIB JJIs iX 3pOITYBaHHS.

VY 3BSBKy 3 IIMM TEXHOJOTIi, po3poOJieH] i BUSBICHHS BOJAOWM Ta IMPOBEIACHHS
MOHITOPHUHTY 3MiH X IJIOIII B PEXHMMI PeaIbHOTO Yacy Ha JIaHUX CYMYTHHUKOBOTO CITIOCTEpe-
JKEHHS, MAIOTh BEJIMKE 3HAUCHHSI.

Meta goc/iiaKeHHsl NOJISrae y BU3HaUCHHI €)eKTUBHOCTI 3aCTOCYBAaHHS Cy4acHUX Me-
TOJIMK MOHITOPUHTY BOIHMX pecypciB. [y boro HeoOXi1HO MPOBECTH MOPIBHAIBHUN aHaII3
OCHOBHUX METOJIB aBTOMAaTH30BAHOIO KApTyBaHHS Ta OLIHKU JAMHAMIKK 3MiH BOJHUX pe-
CYpCiB 1 BUBHAYUTH KOJIO JOCTYIHHX JIaHUX, HA SKI MOKHA CITUPATHUCSL.

OcHoBHA YacTHHA. 3POCTAIOYMN MOMUT HA BOAY Ta 3MiHA KJIIMATy MOCHIIOIOTH MPO-
OnemMu yrpaBIliHHS BOJHHMHU PEeCypcaMy B MOCYHIUIMBUX Ta HAMiBIOCYLIUIMBUX PETiOHAX, SIKI
BiTUyBaIOTh Je(IilUT BOAM BHACTIJIOK HM3bKHX 1 HEPETYISApHHUX OINaaiB Ta BHCOKOI eBaro-
TpaHcmipailii. MOHITOpUHT BHYTPIIITHIX BOJ| Ma€ CTpaTeTiuyHe 3HAUYCHHS /I PO3BUTKY KpaiHU.
O1iHKa €KOJIOTIYHOTO CTaHy, 00 €M Ta IIJIOIIa BOJIOWM € KIIFOUOBHM Y aHalli3l Ta MPOTHO3i
BOJHOTO OajaHCy 1 MPOCTOPOBOMY pO3Moaiii cepen perioHiB. OcobIuBY akTyalbHICTH HaOy-
Ba€ MOHITOPHHT BOJIOMM y KpaiHax siki HAOUIbIEe MOTEPIAlOTh BiJl CTPIMKHUX 3MiH KJIIMaTy.
i acriekTu € BUPIIAILHUMH JJIs1 OIIIHKH 1X JOBrOCTPOKOBOI 37aTHOCTI MIATPUMYBATH Pi3HI
BUJIM BUKOPUCTAHHS BOJIU BIAMOBITHO A0 miuyek ctaymoro po3utky (LICP) [7,8]. Hazemni
BUMIPIOBAHHS 3 OIIIHKM 3MIH IUIOINII BOJHUX 00’ €KTIB € JOPOTUM 1 pECYpPCOEMHHM ITiJIXO0JIOM,
SKAWA OCOOJMBO CKJIAJAHUK Yy BIJJAJICHUX pPailOHaX Ta MPHU OIHIN CYKYITHOCTI HEBEJIMKHX BO-
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noiM. B cBoro 4epry aucraHiiiiHe 30HAyBaHHA 3a0e3Medye eKOHOMIYHO €(eKTHBHY aJIbTEP-
HATHBY, MOKPALIYIOYH ICHYIOYl CHCTEMH MOHITOPHHTY, Ta 3MEHIIYIOUH 3aJIeKHICTh BiJ 10pO-
TUX Ha3eMHUX O00CTEKEHb, K B YMOBaX aKTUBHUX BIHCHKOBUX Miil, HeMoxuuBi. [Ipormonyro-
YH MIPOCTOPOBI Ta YACOBI CIIOCTEPEKEHHS 3 BUCOKOIO PO3ALIBHOIO 3/1aTHICTIO 31 301JIbLIIEHH M
TOYHOCTI, JUCTaHLIWHE 30HAYBAHHS 3HAYHO IMIOKpAlly€ OIHKY Ta YIOpPaBIiHHS
BoJlokiMamu [6,7].

BuxopucranHs MaHWX OUCTAHIIIHHOTO 30HAYBAaHHS JUIsi MOHITOPHHTY Ta KapTorpa-
(GyBaHHS BOJOWM 3HAYHO PO3BHHYJIOCH 32 OCTaHHI POKH, OJHUM i3 YMHHUKIB, SIKHH CIIpUSE
[[OMY TPOLIECY - JOCTYMHICTh CYNMYTHUKOBHX JaHUX PI3HOI PO3MIIBHOI 3MaTHOCTI Ta iX
nepioauyuHicTh. HaykoBIli BUKOPHCTOBYIOTh PI3HOMaHITHI METOIU KOMOIHYIOUH PI3HOPIIHI
JaHl 3 aKTUBHUX Ta MAaCMBHUX JaT4uKiB 3WoMku [11,12,13]. V mepmux mocCmiIKeHHIX
MOHITOPHHTY IMOBEPXHEBUX BOJI BUKOPUCTOBYBaIM 300pakeHHs Landsat, siki gocTymHi B ap-
xiBax ganux 3 1970-x pokis [10,14,15]. 3 8-1eHHUM MOKPHUTTSIM Ta PO3ILTHHOIO 3/1aTHICTIO 30
M TIpH YMOBI B1JICYTHOCT1 XMapHocTi, Landsat 3a6e3nedye qoBrocTpokoBuii MOHITOPUHT. Oc-
HOBHOIO TIPOOJIEMOIO JaHUX CEPeAHBOI MPOCTOPOBOI PO3AUIBHOI 31aTHOCTI, € TOYHICTh 17CH-
Trdikaiii BU3HAYCHHS KOPAOHY MK BOJOIO Ta CYIICIO, [0 MPHU3BOAUTH 0 3HAYHUX IMOXH-
Ook. 3amymena mizHime Micii MODIS, 3po6unu cBili 3HaAUHHMIA BHECOK y JTOBTOCTPOKOBHIA
MOHITOPUHT MOBepxHEeBUX BoA [16,17]. OcHoBHa nepeBara ganux MODIS - mionense rio-
OarbHE MOKPHUTTSA Ta BIAKPUTICTH JAHUX, Y€pe3 HU3BKY MPOCTOPOBY PO3IUIBHY 3JaTHICTh
3HAYHO 3MEHIITYETHCS MOXKIUBOCTI iZleHTH(iKallli Ta BUSIBICHHS BOJOWM, OCOOIHBO HEBEIH-
kux o3zep ta pivok [11,13]. MODIS, i Landsat € macuBHUMH ONTHYHUMH JaTYUKAMH, SIKi
(hIKCYIOTh BIIOWTE COHSYHE CBITJIO 1 TEIUIOBE BUIIPOMIHIOBaHHS 3 MOBEpXHI 3emiti. BoHu
MPAIiOI0Th Y BUJIUMHUX, ONMXKHIX 1H(paYepBOHUX, KOPOTKOXBUILOBUX 1H(GpPAUYECpPBOHUX Ta
TEIUIOBHX 1H(padepBOHUX 00JIACTAX €IEKTPOMArHITHOTO CIIEKTPY, 1100 3a0e3meuuTu 300pa-
JKEHHS TPUJIaTHI IS Bi3yasibHOI iHTeprpeTaltii. OJlHaK BOHH OOMEXEH1 MOTOJHUMH YMOBa-
MU, 30KpeMa MOKPUTTSIM XMapHICT.

PanapHi cynmyTHHKOBI JaT4MKH, 30KpeMa pajaap 3 CHHTeTHUYHOW Aiadparmoro (SAR),
IPOMOHYIOTh MOJKJIMBICTh OTPUMYBATH JaHI BJEHb 1 BHOUI, 3a0e3meuyroun Oe3nepepBHUN
MOHITODMHI HE3aJeKHO BiJ NOTOJHMX YMOB. IX 300pa’keHHS 3 BHMCOKOIO DO3JLIBHON0
3ATHICTIO 320€3MeUyI0Th IIUPOKE MOKPUTTS], MIBUAKE CKAHYBAaHHS Ta MOXKJIUBICTH JI€TalbHO-
IO MOHITOPUHTY HEBEIMKHX 00'eKTiB. PanionokamiiiHi 300pakeHHsI 4YacTO MEHII iHTYiTUBHO
3pO3yMisli I Bi3yaslbHOI 1HTeprperauii 4epe3 BIACYTHICTh KOJIBOPOBOI iH(opmamii Ta
HAJMIPHY YyTJIMBICTh, BKIIFOUAIOUYH MEPEIIKOAU. Bce yacTimie BUeHI 3 CIIOCTEpEe:KEHHS 3eMITi
IHTETpYIOTh ONTHYHI Ta PaioJIOKAIiiHI JaHi JUId MOKpAIIeHHs aHaJli3y, 10 NPU3BOAUTE 10
OUTBII TOYHOT Kach(ikallli 3eMeIbHOTO MTOKPUBY, TOKPAIIICHHS MOHITOPUHTY HaBKOJIMIIIHBO-
r'0 cepe/IoBHINA Ta O1IBIIT OOTPYHTOBAHOTO MPUHHSATTS PillIeHb y Pi3HUX cepax.

Sentinel-1 1 Sentinel-2 - 1ie aB1 ciM'T cymyTHUKIB 3 porpamu Copernicus €Bpornenchko-
ro kocmigHoro arearctsa (ESA). Pazom 11i Micii IpomoHyIOTh ONTHYHI 300paKeHHS 3 BUCO-
KOIO PO3AUIBHOIO 3[aTHICTIO 3 BUAUMUX, OnmxkHIX iHGpadepBoHux (NIR) Ta KOpOTKOXBHIIB-
oBux iH(ppadepBoHuX (SWIR) gacTuH criexTpy, a TakoX TEXHOJOTIIO pajapa 3 CHHTETHYHOIO
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niapparmoro (SAR). YV nmoeananHi 3 iHHOBAaIIMHUMH METOIaMH KapTorpadyBaHHs 300paxeH-
Hs Sentinel MPOMOHYIOTH HOBI MOYJIMBOCTI /Il TOYHOTO BUSIBIICHHS Ta MOHITOPHHI'Y BOZOWM.

Metonomnorii kapTorpadyBaHHS BOZTHUX 00'€KTIB 3HAYHO PO3BUHYJIHCS 3 IiIBUIICHHSIM
pPO3AUTLHOT 3MAaTHOCTI CYNMYTHUKOBUX JaHUX, IO JO3BOJSE 3aCTOCOBYBATH METOIH [IH-
CTaHLIMHOTO 30HyBaHHSA ISl BEIMKUX 1 MAJIEHBKUX BOJOMM, OXOILIIOIOYH PETIOHU KpaiHu.

BinbmiicTe gocnimkeHs NOOyI0BaH1 HAa BAKOPUCTaHHI crieKTpanbHUX iHAeKciB NDWI ta
Modified NDWI (MNDWI) [12,14]. OxnuH i3 cnekTpaJbHUX iHAEKCIB, M0 MIUPOKO BUKOPU-
CTOBYETBCS Ta JTO3BOJISIE TIPOBOIUTH MOHITOPUHT 3MiH ILIOIII BOJHOTO A3€pKaia y BOJOMMAax
— Normalized Difference Water Index (NDWI). Ockinbku BOJOWMH CHIBHO TOTJIHHAIOTH
CBITJIO Y BUAUMOMY Ta iH(padyepBOHOMY Jiama3oHax eIeKTPOMArHiTHOro cmektpa, NDWI
BUKOPUCTOBYE 3€JIeH] Ta OMKHI 1H(QpadyepBOH1 CMYTH IS BUIUICHHS BOJOWM. BiH uyTinuBHii
JI0 TPHCYTHOCTI MICHKO1 3a0ylOBH Ta MOJKE€ MPU3BOAWTH JO TEPEOIHKH IUION] BOAHHUX
00'exTiB. 3HayeHHs iHAeKkcy moHaa (.5 3a3Buyail BiAmoBimae BomoWMaMm. POCIHMHHICTB, SK
MpaBWIJIO, MAa€ 3HAYHO MEHIII 3HAYCHHS, a 3a0yI0BaH1 TepUTOpii — 3HAYEHHS B Jlama3oHi Bif
0 1m0 0.2.

Ianexc NDWI pospaxoByeTbest 3a hopMyInoro:

NDWI = (Green — NIR) / (Green + NIR), (1)

ne NIR — koedimienTd BiIOUTTA y OMMKHbOMY iH(pauepBOHOMY Jiama3oHl eJeKTpoMar-
HITHOTO crieKTpy, Green — y 3eJIeHOMY.

CBi#i pO3BHTOK OTprMaB MOAM(IKOBaHUI HOPMaIi30BaHUN PI3HUIICBUIN BOJHUN 1HACKC
(MNDWI), gyepe3 OubIl TOYHE BUIIJICHHS BOAHUX O0'€KTIB Ha CYMyTHHKOBUX 3HIMKAX, HiXkK
crangaptauit NDWI [12,14]. Innekc MNDWI po3paxoByeTbcst 3a GopMyIIor:

MNDWI = (Green - SWIR) / (Green + SWIR), )

ne SWIR - koeirieHTH BiIOUTTS y KOPOTKOXBUIBOBOMY iH(pauepBoHOMY criekTpi, Green —
y 3€JICHOMY.

Buxopucranus SWIR npu po3paxyHky crekrpaibHoro inaekcy MNDWI, no3Bossie
3MEHIINTH BIUIMB POCIMHHOCTI Ta IHIIUX IMOBEPXOHb, SIKI TAKOXK MOXKYTb BifoOpaxatu y NIR,
Ta MOKPAIIUTH BHSBJIECHHS BOAHUX 00'ekTiB. 3HaueHHs MNDWI nepebyBaioTs y niama3oHi
Bix -1 go 1, ge monax 0.5 3a3Buyaii BiANOBIAaOTh BOJOMMAM.

Oxpeme BUKOPUCTAHHS CIEKTPaJbHHUX IHICKCIB Ul aHajii3y 3MiH BOAONM 3a Oara-
TOPIYHHI TIepio He Ja€ MoBHOI iHopMmarii. CBili MOJAIBIINN PO3BUTOK MOHITOPUHTY TO-
BEPXHEBHUX BOJI HAOYJIM JOCIIKEHHS 3 BUKOPUCTaHHSIM ayropuTMiB Kiacudikamii Random
Forest Ta Artificial Neural Networks [18]. BukoprctanHs MeTO/1IB MAaIlIMHHOTO HABYAHHS IS
MOHITOPUHTY CTaHy BOJHUX OO0'€KTIB Ha OCHOBI ONTHYHUX Ta PagapHUX CYMYTHUKOBHX
3HIMKIB JI03BOJISIE aBTOMAaTU3yBaTH MPOIIECH aHAJI3y Ta HaJgaBaTH OUIBII TOYHI, IO BaXKJIMBO
JUTSI IPUAHSATTSL OOTPYHTOBAaHUX pilieHb. Y gociimkeHHi [19] Ha ocHoOBi manux Sentinel-1 Ta
Sentinel-2 3 BUKOpUCTAaHHSM 3rOpTKOBOI HEHPOHHOT Mepexi Oynu po3poOseH] IHCTPYMEHTH
JUTst KapTorpadyBaHHsI Ta OIIHKM TWHAMIKA 3M1H TOBEPXHEBHUX BOJHUX 00'€KTIB.
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[HIIUM migxomoMm, sIKUil OyB HIMPOKO BUBUEHHH - 1€ METOAM MOPOT'yBaHHS 300paKeHb,
BKurogaroun mMeroa Omy [20]. Meton Omy mpoaeMoHCTpyBaB €(eKTUBHICT cepell METOIIB
MIOPOT'OBOTO 3HAUEHHS, MIEPEBEPIIYIOUN OUTBIIOI0 TOUHICTIO MPU BUSBICHHI BOAHUX 00’ €KTIB.
IIpocToTa Ta edekTUBHICTH moporoBoro miaxomay Oiy ckopodye dac 0OpoOku, 30epiraroun
TOYHICTH Y MOPIBHAHHI 3 MeToAaMu Kiacugikanii. Merox Oy NOYMHAETHCA 3 CerMEHTalil
300payKeHHS IIJIIXOM aHaJi3y PO3MOJUTY 1HTEHCHBHOCTI MIKCENiB, a MOTIM BH3HAYa€ ONTH-
MaJIbHUH TOPIT, SIKUM MaKCUMi3ye AHMCIEPCiI0 MiX 00'€KTOM Ta KjacaMH (OHY, IO MPU3BO-
IUTH 10 OiHApHOI cerMeHTarii 300paxenHs. Lleit MeTon oco0mMBO eeKTUBHUN Y 300paKeH-
HsaX SAR, ne Bapiarii y BiATIHKaX ciporo BiJINOBiJaIOTh MIKPOXBHIBOBUM BiJMIHHOCTSIM 3BO-
POTHOTO PO3CiIFOBaHHS Y BOJIi, POCIMHHOCTI Ta IPYHTI.

Opnak Taki METOAM HE JAO3BOJSIOTh OTPUMATH TPaBUIbHE IIOPOTOBE 3HAYCHHS
KoedirieHTa 3BOPOTHOTO PO3CIIOBAHHS [IJIsI BITHOCHO HEBEIUMKHX BOAOWM. Y poboti [21]
MIPEJICTaBICHO METOA KapTorpadyBaHHS IMOBEPXHI BOJIONM, SIKHIl 103BOJISIE IPABWIBHO 1/I€H-
TH(IKYyBaTH BOJOWMH HaBITh y CHTYaIlsX IUCOANTaHCY KIIACIB «BoJay/«cymay. Merton
MpaIfoe 3a MPUHITUIIOM MaKCHUMAJIBHOI BiATIOBITHOCTI OTpUMaHOi Macku Bogu SAR 3amaHii
€TaJIOHHIHM MacIii. TakuM YMHOM, METO/ T03BOJISIE JOCIIIUTH MOXKIJIMBOCTI MIONIYKY Ta BUOOPY
ONTHMAJIBHUX TapaMmeTpiB (MoJisspu3arliss Ta crekia-puIbTparlis), siki 3a0e3meuyoTh MaKCH-
MalbHy SKicTh Macku Boau SAR. 3a HasBHOCTI OMOPHOI MAacKH BOJM 3alpONOHOBAaHHUNA Me-
TOJ € TOYHIIMM, Hik Metox Ony.

BucHoBkH. Po3rinsHyTO METOAM aBTOMAaTH30BAaHOTO KapTyBaHHS i3 3aCTOCYBaHHS JU-
CTaHI[IMHOTO MOHITOPUHTY Ta NPUMEHHUMOCTb METOJMIB JUIsl aHali3y BOJHHUX  PpECypcCiB
VYkpainu. BusHaueHO OCHOBHI YUMHHUKH, SIKI CIPUUMHAIOTh 3HEBOJAHEHHS Ta 3HUKHEHHS BO-
TIOWM.

[IpoananizoBaHO METOM MOHITOPHHTY MTOBEPXHEBUX BOJ HA OCHOBI CYIYTHUKOBHX J1a-
HuX. OCHOBHI KJIaCM4HI METOAM 0a3ylOThCS HAa BUKOPUCTAHHI CHEKTPaJIbHUX IHIEKCIB, Ma-
IIMHHOTO HaBYaHHSI Ta MOPOTYBaHHS 300pa)KeHb. 3aCTOCYBAHHS PI3HOPITHUX JaHUX Yy MOE€]-
HaHHI 3 KOMOIHAII€}0 METOJIB IEMOHCTPYIOTh HaiKpamuii pesynbraT. Ciil 3a3HAUUTH 110
Taki METOAM HE JO3BOJISIOTH OTPHUMATH TOYHE IOPOTOBE 3HAYECHHS JUISl BITHOCHO HEBEIUKUX
BOJIOMM. MeToJl KapTyBaHHS MMOBEPXHEBHUX BOJ 13 3aCTOCYBAHHSM paJapHHUX 300pa)keHb Ta
BUKOPHUCTaHHSIM METOIy BHOOpPY ONTHUMAaJIbHOIO IMOPOTY, €TaJIOHHOI MacKH BOJIM, IOKa3aB
HaWKpalui pe3yiIbTar.

[Momanbuii gocnimpkeHHs OyayTh MPUCBAYEHI PO3pOOI KOMIUIEKCHOI METO0JIOrIi Kap-
TyBaHHS Ta aHAJII3y BOJOWM 13 3aJIy4eHHSIM MAITUHHOTO HABYaHHSA Ta PI3HOPIAHUX JTAaHUX.
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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 resullts.

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
ONITUMI3ALIA PO3KPOIO JINCTOBOI'O ITAIIEPY
JJIA ITIOTPEB INOJIIT'PA®IYHOI'O BUPOBHUIITBA

Anomayis. Y cmammi npedcmasieno KoHyenyito, apximexmypy ma npuHyunu peanizayii im-
dopmayitinoco mooyna niompumxu nputinamms piwwens (IM IIIIP) ons mexnonoea noniepa-
¢iunoeo nionpuemcmea. Mooyno po3pobieHo 3 Memow asmomamuszayii npoyecie Nio2omosKu
00 OpYKYy, 8UOOPY ONMUMANbHUX NAPAMEMPI8 PO3KPOIO, NPUSHAYEHHS Mamepianié i eubopy
MEeXHON02IYHO20 Mapwpymy. 3anponoHosane piuleHHs NOEOHYE MamemMamuiti Mooeii, 8Upo-
OHUYI OaHi ma eBpUCMUYHI NPABUNA 3 NPAKMUKU, WO O00360JISIE SMEHWUMU YAC NPUUHAMMSA
piuienb ma 3HUUMU UMOBIPHICIb HOMUTIOK.

Knrouosi cnosa: niompumka nputinamms piulensb, noniepagis, mexronoe, eupooHuye niaHy-
BaHHA, PO3KPIl, IHopmayilina cucmema, Onmumizayis.

IocranoBka nmpo6aemu. OCHOBHA TEHCHIIIS PO3BUTKY CydacHOI noJirpadii — iHTepa-
KTUBHI JIpyKapHI — 1€ 3aCTOCYBaHHS IHTEPAKTHUBHOI B3a€MOJIii MIXK CIIO)KMBA4YeM Ta BJIIACHU-
koM iH(opmMmanii. Bigkputa moapykapcbka cucteMa miaTpuMye (QYHKIIT 1HTEPaKTHBHOTO
3B'SI3KY 3 3aMOBHUKOM Ta MIEPCOHAJII3yBaHHS MPOAYKI[i. YMOBHO TEXHOJOTIYHHUM TIPOLIEC T0-
JPYKapChKOi MiATOTOBKY BUAAHHS MOKHA IOJIUINTH HA TPU OCHOBHI €TaIu:

1) miaroroBka Ta BBeIEHHs iHPOpMALIii y KOMIT I0TEpHY BUJaBHUYY CUCTEMY (aBTOPOM,
BUJIAaBHUIITBOM a00 PYKapHEIO);

2) CTBOpPEHHSI €JIEKTPOHHOI'O MaKETy BUJIaHHS;

3) miarotoBka (HopMani3yBaHHs (haiiiiB, TPEMiHT, CIYCK CTOPIHOK, pacTpyBaHHS, OT-
pUMaHHS MMPOOM) Ta BHUBEJCHHA CTOPIHOK Ha MaTepialbHHUN HOCIH (mamip, (oToriBKy,
(dbopMHY MIaCTUHY a00 MITIHIP MAIIUHH).

BripoBamkeHHsT aBTOMaru30BaHUX pIlIEHb JUIS ONTHUMI3allii BUAABHUYOIO MPOIECCY
3HAYHO M1/IBUIILY€E PiBEHb ONEPATUBHOCTI JOAPYKAPCHKOI MiATOTOBKH, 110 OCOOIUBO aKTyallb-
HO IPY MiATOTOBI JMCTKOBOI MPOAYKIIiT (ETHKETOK. PEKJIaMHUX ITOCTEPIB Ta 1HIIL.).

AHaJi3 ocTaHHIX AocTiTKeHb Ta myOaikauiii. [Iporec po3kporo manepy y nomirpagi-
YHOMY BHPOOHUIITBI € KJIIOYOBUM €TarioM, L0 BIUIMBAE Ha COOIBApTICTh MPOAYKIii, BUTPATH
MaTepiaiiB Ta JIOTICTUKY BUpPOOHMITBA. Uepe3 BapiaTHUBHICTH 3aMOBJIEHb Ta TEXHOJOTIYHUX
oOMeXeHb BUHHKA€e MOTpeda B aBTOMATHM30BaHIM MIATPUMII MPpUHAHATTS pimeHs. [Hpopma-
LiliHI CHUCTEeMH, SIKI TOEIHYIOTh MOJENI ONTHUMI3alii Ta cydacHi iHTepdelcu KopHucTyBaua,
MOJKYTh 3HAYHO MOKPAIIUTH SKICTh BUPOOHUYOTO IUIaHyBaHHS. E(ekTHBHUM iHCTpyMEHTOM
U1 onTUMi3allii moJirpadiyHUX MPOLECiB € MaTeMaTHYHEe MOETIOBAHHS 3a7adi pO3KPOIO
narnepy.

© Kunesuos M.K., Pynakosa I'.B., 2025
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Po3kpiii manepy — ojjHa 3 KpUTHYHUX TEXHOJIOTTYHUX OMepaliil y moiirpadiuHoMy Bu-
pobuunTBi. HeedexktuBHMI pO3Kpiil MPU3BOANTH O NMEPEBUTPATH MaTepialy Ta 30UIbIIeHHS
BUPOOHMYMX BUTpAT. 3a/aua PO3KpOI0 Mae KOMOIHATOPHUH XapakTep 1 HalexuTh 10 NP-
CKJIQJHUX 3a/1a4, [0 YCKIIQJHIOE ii pOo3B'I3aHHS IS BEIUKUX OOCSTIB BXIJHUX JaHUX. BHUKO-
PHUCTaHHS aNTOPUTMIB PO3MIIICHHS 3 ypaXyBaHHIM BUPOOHHMUYUX OOMEXKEHb JO3BOJISIE MIHIMI-
3yBaTd BIJAXOJHU, MiJIBUIIUTH MPOAYKTUBHICTH Ta 3a0€3MEUYUTH THYyYKE TUIAHYBAHHS y THUIIO-
rpadii.

3agaua MPOMUCIOBOTO PO3KPOIO Marepy Ui APYKY JHCTOBOI MPOAYKIIi BiJHOCHUTHCS
JI0 KJIacy 3aBJaHb ABOBUMIPHOTO (2D) mpsIMOKYTHOTO pO3KpOIO. 3BakKalouM Ha CKJIAIHICTh
I[LOTO 3aBJIAaHHS [IMPOKO BUKOPHCTOBYIOTHCSI €BPUCTHUHI anropuT™Mu pitneHHs. [losiBa Ta po-
3BUTOK IMOBIPHICHMX METOJIB JIOKAILHOTO MOIIYKY ONTUMYMY MPHU3BEJIO 0 PO3POOKU alro-
PUTMIB, SIKi € IeKOIepaMu B 0araTornpoxiJHUX alropuTMax.

[To cyti, po3MilIeHHsI TPSAMOKYTHHUKIB 3BOJMUTHCS 110 iX YKJIaJaHHS, KOJIU BOHU HE Ma-
I0Th TIEPETHHIB. BibIICTh TOUHUX METOIB PIllIEHHS 3BOAUTHCS 10 MepedOpy MHOKUHU J10-
yCTUMHX PILIEHb 1 3HAXOJKCHHS CEpe/l HUX ONTUMYMY.

Jl1st po3B’si3aHHS 3a/1a4i MOXKHA 3aCTOCOBYBATH

- kagmioni anroputmu (greedy methods) misi MIBUIKOTO 3HAXOIKEHHS MPUHHATHUX
pileHs;

— EeBPHUCTUYHI METOJIH, 30KpeMa Ir'eHEeTHYH] aJITOPUTMH, JJIs1 HAOIMKEHOT O MOLIYKY OIl-
TUMAaJILHOTO PillICHHS;

— METOJM JUHAMIYHOTO MPOrpaMyBaHHS JJIs BHUITAJIKIB 3 0OMEXEHOI KIJIBKICTIO Bapi-
aHTIB.

TexHomor nmosirpadivHOTO MANMPUEMCTBA BIJIMOBIA€ 32 MATOTOBKY BUPOOHUIITBA: BH-
0ip ¢opmary narnepy, IUTAaHYBaHHS PO3KPOI0, BUSHAUYCHHS TEXHOJOTIYHUX PEXHUMIB. Y cydac-
HUX YyMOBaX 3HaYHOTO IMOTOKY 3aMOBJICHb, IXHHOI BapiaTUBHOCTI Ta CTUCIIUX TEPMiHIB, BUHH-
Kae moTpeda B aBTOMaTHU30BaHii miaTpumi npuitHaTTs pimens (IT1P). [ndopmariiini moxy-
Ji, THTErpoOBaHi B 3arajbHy CHCTEMY YIPABIIHHSI BUPOOHHUIITBOM, JI03BOJIIOTH ONEpaTUBHO
dbopmyBaTH OOTPYHTOBAHI PIlICHHS.

Meta nocaig:kennsi. OCHOBHOIO METOIO € CTBOPEHHSI MaTEMaTUYHOTO siipa st iH]o-
PMaIiiHOTO MOJTYJIS, STKHM:

— TIATPUMYE TEXHOJIOTa y BUOOPI CXEMH PO3KpOI0, popmaty, MaTepiary;

- BHUKOHYE aBTOMATHYHI PO3PaxyHKH BUTpAT MaTepialiB;

— JI03BOJISIE OI[IHIOBATH €(EKTUBHICTh PI3HUX BapiaHTIB IJIaH yBaHHS;

- 1iaTerpyerbest 3 ERP/MES-cucremamu mianpuemMcrna.

BuknageHHsi 0CHOBHOT0 MaTepiaJjy J0c/ia:keHHsl. MaTeMaTHyHa MOCTAaHOBKA 3a/1a4l
JTBOBUMIPHOTO (2D) MpsSIMOKYTHOTO PO3KPOIO (POPMYITIOETHCSI HACTYITHUM YHHOM.

Hexait 3amano:

— Habip dopmariB npykosanoi npoaykuii {F;, F5, ... F,}, KoxkeH 3 axkux mMae mupuny

w; Ta Bucoty hy;

h;;
— HasBHUM CTaHAAPTHHI JHCTOBHI popmart nanepy WxH;
— o0csru 3aMOBJIEHb {; U KoskHOTO hopmary F;.
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3aaua po3Kporo:

3HalTH Take po3MimieHHs F; Ha muctax WxH ske MiHIMizye:
— 3arajibHy KUTbKICTh BUKOPUCTAHUX apKyImiB N,
— CyMAapHY IUIOLTY BIAXOIIB Sginy-

Tob6Tto

min N, min Sy, = 20 y(W -H — X;nj;-w; - hy), )

Jie 1; - KUIbKICTH BUPOOIB i-r0 TUITY Ha j-My apKyLii.

[Tpu oOMexeHHX:
— KOXXEH apKylIll He repeBurye po3mipu Wx H;

— CyMapHa KUIBKICTb BHPOOIB i-ro TUIy IIOBUHHA JIOPIBHIOBATH {];, a00 Ej N = q,

IS BCIX 1;

— JOIyCTUME PO3MIILCHHS 0€3 MePEeKPUTTSL.

[Tpononyemo 11t po3B’si3aHHA 3a1adi po3kporo (1) 3acrocyBaTH €eBPUCTUYHUNA METON,
IO BIAHOCUTBCSA OO KJIacy 3ajad Mpo MaKyBaHHsS prOK3aka abo IJIaHyBaHHsS peHciB uis
CKJIAJICBKUX IITa0enepiB 3 OOPTOBUM HAKOMHUYyBaueM. AJie 111 METOJIM BUPILIYIOTH OJHOBH-
MipHY 3a/a4y MaKyBaHHsS. 3alporOHOBAaHUM MeTOj 0a3yeThCs Ha MOCTIIOBHOMY pPO3Tallly-
BaHHI IPSIMOKYTHHKIB, TOYMHAIOU] 3 ITYCTOTO apKyITy. 3aBIsIKA TOMY, IO JPYK 3A1HCHIOETHCS
naptissmu o Q = 500 — 5000 nucTiB, BIAMOBIAHO TEXHOJIOTIYHOTO OOJaIHAHHS, TO THPAXK
MOXHa TIepepaxyBaTH BITHOCHO ITi€] BEIUYiHI.

ITo mepmr 3a Bce HEOOXIMHO BIACOPTYBAaTH BC1 3aMOBJICHHS Ha JIPYK 13 3MEHIICHHSIM
3HAUCHHSI KPUTEPIIO BIIOOPY BUIY

ST, =S.g;, (2)

ne S ;=w;h; - niowa i-ro popmary IpyKOBaHOI NPOAYKLi; §; - 0OCATH 3aMOBJIEHb (TUPAK)
111 KO’KHOTO (opmaty £, i=1,... n.

JlpyruM KpOKOM € BU3Ha4YeHHS HoMepa dopmary k, akuil Mae MakcuMalnbHEe 3HAYCHHS
KpuTepito (2), Ta po3ramoByemMo nepuriii ¢opmar Ha nucti. s 1bOoro HEOOXIAHO 3pOOHTH

aHaJIi3 BITHOCHUX PO3MIpiB /Ul BU3HAYCHHS BapiaHTy YKJIaIKu 3a (hopMyrnamu

w w H H
ka:_ath:h_ank:_aHhk:_- (3)
Wi k Wi k

=

OOpaxoByeMO KoedillieHTH Ui BU3HAYCHHS BapiaHTIB YKJIaJIKu (TOpU3OHTaJIbHE (4)

ab0 BepTUKaIbHE (5) po3TalTyBaHHS) HACTYITHUM YHHOM
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Ky =W —wy -int( W), kyy =H—hy -int( H ), ®
kyy=W—h -int( W), k,,=H-w, -int( H,,), (5)

B 3anexxHoCTi BiJf 3HaU€Hb OTPUMAHHUX KOE(]ILIE€HTIB BU3HAYAIOTHCS F€OMETPUYUHI PO3-
MipH BUIBHMX 30H JIMCTA MICJS PO3TalllyBaHHS Nepiioro gopmary. A came MOXIHMBI YOTUPH
BapiaHTH MiHIMaJbHUX 3HaYEeHb KOE(]IIi€HTIB:
1) mpu k,,; =min -
Wil.=W 6 Hl:=k,;
2)npu k;,; =min -

Wl=k  , Hl:=H;

wl»
1) mpu k,,, =min -

Wil:=W 6 Hl:=kj,;
1) mpu k,,; =min -

Wwl:=k Hl.=H.

w2
W1 ta HI1 - HOBI po3MipH 3aJIHIIKIB JIUCTA.

[Ticnst uporo 3aiHCHIOETHCS KOPEKIis CIMCKY OOCSTY 3aMOBJIEHB (3MEHIIYEThCS 3 ypa-
XyBaHHSIM pO3TaoBaHoro ¢opmary). Ta Ail MOBTOPIOIOTECS 32 aNTOPUTMOM, TOYHHAIOYH 3
COpPTYBaHHSM OHOBJIEHOTO CITHUCKY.

Slkio Ha JKCT, 10 3aMOBHIOETHCS, HE MOXKHA JIOJATH IOCHh 31 CIUCKY 3aKa3iB, TO BIH
BBQ)XAETHCS 3aKPUTUM, 30€pIracThCs y mMepeniky c)OpMOBaHUX JIUCTIB, Ta BIAKPUBAETHCS HO-
BUI JIMCT J1s1 TOJIAJIBIIOTO PO3KPOIO.

[Tpu 3acTocyBaHHI HaJIEKHOTO MATEMAaTUIHOTO arapaTy B YIpaBJIiHHI TOTIrpadgiyHuMU
nporecaMy MOXKHa 3a0e3MeUYuTH THyYKe, aJlaliTUBHE Ta OOIPYHTOBAaHE MPUNHATTS pillleHb Y
chepi ynpaBiiHHS PO3KPOEM IATepy.

[ndopmariiinuii MOy b MIATPUMKA MPUUHATTS PIIIEHh MA€ 3HAYHO MIABUIITH edek-
TUBHICTh Ta TOYHICTh poOOTH TexHOosora Tunorpadii. Hamani mmanyerscs po3muputu GyHK-
IOHAJIBHICTh CUCTEMH 3a PaxXyHOK MAlIMHHOT'O HaBYaHHS JJIsl IPOTHO3YBaHHS BUTpAT, aHaTi-
3y MOMNEPEIHIX PIllIeHb Ta IMHAMIYHOI aganTallii 10 3MiH Y BAPOOHUYOMY CEPEIOBHIILI.

Indopmariitina CIIIP mae Oytn moOymoBaHa 3a MOJIYJbHUM MPUHITAIIOM Ta BKIIOYATH
TaKi OCHOBHI KOMITOHEHTH:

- baza manux: 30epiranns iHdopmarii npo mocTymHi (GopMaTH mamnepy, 3aMOBJICHHS,
napameTpu 00J1aTHaHHS.

- Moayne MaTeMaTHYHOT'O MOJICTIOBAHHS: peati3allis alfOPUTMIB ONTHMAJIBLHOTO PO-
3MIIICHHS APYKOBAHUX €JIEMEHTIB Ha apKyIlIax.

— AHaTITHYHUN MOJYyJb: OIIHKAa €(PEKTHBHOCTI PO3KPOIO (BIJICOTOK BUKOPHCTAHHS
TUIOIIII, BIIXO/IH, KUTBKICTh apKYIITiB).

- IaTepdeiic kopuctyBaua: Bizyamisallis CXeMHU PO3KPOIO, MOKIIMBICTh PYYHOTO pera-
ryBaHHs1, iHTerpanis 3 ERP-cuctemamu.
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[Tomanpminii po3BUTOK CUCTEMH Iepedayae iHTerpario 3 cucteMaMu o0JIiKy MaTepia-
JIiB, MPOTHO3YBaHHA MOTPeO Ta HABYAHHS MOJEJCH Ha ICTOPUYHUX JaHUX.

JIOLIIIBHO BUKOPUCTATH TEHETUYHHUM allTOPUTM, IO TO3BOJIUTH €(EKTUBHO BUPILIYyBAaTH
3a7jauy pO3KpOIO Marepy B YMOBax BapiaTUBHOTO BHpOOHUITBA. [loeHaHHA MaTeMaT M4HOL
MOJIeI 3 EBOJIOIHHUMHU MPUHIIUIIAMU TIOIIYKY 3a0e3leuye THy4YKiCTh, MaclITaboOBaHICTh Ta
aJIalTUBHICTh CHUCTEMH OITHMI3allii. Y MepCleKTHBI INIaHYEThCs 1HTErpallisl aJropuTMy B iH-
¢dopmariiiHi CHCTEMH YIpPaBIiHHSA BUPOOHULITBOM.

BucnoBku. [Hopmariitauii MOYNb TIATPUMKHA TPURHATTS PillieHb 3HAYHO IiABUIILYE
e(EeKTUBHICTh Ta TOYHICTH pOoOOTH TexHosiora tunorpadii. Hagani nimaHyeTbess po3MIUPUTH
(yHKIIOHABHICTh CUCTEMHU 33 PaXyHOK MAalIMHHOTO HAaBYAHHS JJIS NPOTHO3YBaHHS BUTpAT,
aHaJIi3y MOMepe/IHIX pillleHb Ta AMHAMIYHOT aJanTalii 10 3MiH Y BUPOOHHUOMY CEpEOBHILII.
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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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PynaxoBa I'anna BoJsionmmupoBHa — 11.T.H., mpodecop, npodecop kadeapu apromaTH3aiiii,
POOOTOTEXHIKH 1 MEXaTPOHIKH XEPCOHCHKOTO HaIlIOHATBLHOTO TEXHIYHOTO YHIBEPCUTETY.

Klevtsov Mykyta Kostiantynovych - postgraduate student at the department of automation,
robotics and mechatronics of Kherson National Technical University.

Rudakova Hanna — Doctor of Engineering Sciences, Professor, Professor of Automation,
Robotics and Mechatronics Department, Kherson National Technical University.

ISSN 1562-9945 (Print) 177
ISSN 2707-7977 (Online)



«CucremHui Texuouaoriiy 5 (160) 2025 «System technologies
DOI 10.34185/1562-9945-5-160-2025-19
VIIK 666.972.018.2

B.B. Beamins, T.M. Hectrepenko, M.M. Hecreperko, M.O. ITupnuk
EKCIEPUMEHTAJIbHI JTJOCAIKEHHA KOMBIHOBAHOI
IMITYJIbCHO-BIBPAIIMHOI YCTAHOBKH

Anomayin. Y cmammi Hasedeno pe3ynibmamu eKCNepuUMeHmMAalbHUxX OO0CNIONCeHb Npoyecy
VWIiTbHEHHs. NOLICMUPOIOEMOHHOT CYyMIWi 3a OONOMO2010 CNeYidIbHO Po3podIeHOI KOMOIHO-
8aHOI IMNYIbCHO-8IOPAYIIHOL YCMAHOBKU. AKMYanibHICMb 00CTIONHCEHH NO8 A3aHA 3 HeoOXi0-
HICMIO NiOBUWEHHS WITbHOCMI MA MIYHOCII 1e2KOOeMOHHUX 8UPODI6 UIAXOM YOOCKOHAIEH-
HS mexHon02ii yujinoHenus. Memorwo pobomu € 6cmanogieHus eqheKmusHUX napamempia yuji-
JIbHEeHHs (3a30py MIdC pamamu, MAcu NPpUSaHmanicysaua ma mpuseanrocmi 0ii) ma oyiHKa
BNIUBY 20PU3OHMANBHUX KOTUBAHb HA MIYHICMb 8Uupobis. Memodamu 0ocniodcenHs ucmynu-
JIU NIAHYBAHHS eKCnepuMeHmy, izuune MOOento8anHs, a makoxdc oOpoOKa pe3yibmamis i3
no6y008010 NOBepxOHb I02YKY. Becmanosneno, wo 3acmocyeanus KOMOIHO8AHO20 HABAHMA-
JHCEHHSL 003B0JIAE NIOGUUUMU MENCY MIYHOCMI HA cMUcK 00 5—7% Yy NopieHAHHI 3 Mpaouyiii-
HUM IMRYIbCHUM VinoHeHHAM. Ompumani pesyiemamu Moxcyms OVmu GUKOPUCMAHI Ol
onmumizayii mexHoN02IUHUX NapamMempis upoOHUYMBEa CMIHOBUX 8UPODIE i3 noaicmuponde-
MOHY.

Knrouosi cnosa: nonicmuponbemorn, imnynvcHo-8iopayitine YWiibHeHHs, KOMOIHOBAHI KOIU-
8aHHA, 1aDOPAMOPHA YCMAHOBKA, NPUBAHMANCYBAY, MIYHICINb HA CIMUCK, 330D, MPUBALICIb
VWINbHEHHs, eKCNEPUMEHM, NOGEPXHSL 8102VKY.

IlocranoBka npodaemu. OTHUM i3 KITFOYOBUX YMHHUKIB, IO BILTUBAE HA SIKICTh JIET-
KOOETOHHUX BUPOOIB, € ePEKTHUBHICT MPOIECY YUIUIbHEHHS, SKHI BU3HAYA€ IIUIbHICTh, Mill-
HICTh Ta OJHOPIAHICTE C(HOPMOBAHOT CTPYKTYPU. Y TPATUIIHHUX TEXHOJOTISAX YIIIJIbHEHHS
JIETKUX OCTOHIB HEIOCTaTHHO BPAaXOBYETHCS BIUTUB CHEIM(DIKH JIETKHX 3aIll0BHIOBAiB, 30Kpe-
Ma IOJIICTUPOJIHUX T'PaHyJ, sIKi MalOTh HU3bKY T'YyCTUHY, BUCOKY J1e()OpMATUBHICTh Ta 3HAY-
HY 3JaTHICTb 0 amopTu3auii aii 3ycmib. Lle oOMexye epekTHUBHICTh 3BUYaHUX BiOpaLiitHUX
METO/IiB YIIUIBHEHHS, OCOOJIMBO B YMOBaX CKJIaJHOI reoMeTpii abo oOMexxkeHoro 4acy (op-
MyBaHHS BUpoOiB. KpiM TOro, HasiBHICTh 3aMKHEHUX MOBITPSIHUX BKIIOYEHb Ta HEOJHOPIM-
HICTh PO3MO/LTY HAIlOBHIOBAYa 3HM)KYIOTh €KCIUTyaTalliliHI XapaKTepUCTUKH MaTepiany. Bu-
pileHHSIM Mpo6IeMH MOXe OyTH 3aCTOCYBaHHS KOMOIHOBAHOI A1l BEPTHKAIBHUX IMITYJIBCHUX
Ta TOPU3OHTAIFHUX BiOpallifHMX HABaHTAXEHb, 1110 J03BOJISIE€ aKTHUBI3yBaTH PEOJIOTIYHI Biac-
TUBOCTI CyMillli, 3a0e31euuTH e()eKTUBHE BUTICHEHHS MOBITPS 1 piIBHOMIpPHE YIIIIbHEHHS.

AHaJi3 ocTaHHIX Aociigxenb. OCTaHHI TOCHIKEHHS Y c(hepi BIOCKOHAIEHHS MPOIIe-
CiB YUIUIbHEHHS JIETKUX OCTOHIB aKIEHTYIOTh yBary Ha HEOOXiHOCTI BIPOBAIKEHHS HOBHX
METOJIB 30Yy/KEHHs CyMillli, sIKi BPaXOBYIOTh OCOOJIMBOCTI JIETKUX 3allOBHIOBAYiB Ta BHUCOKI
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BHMOTH 10 OJHOPIAHOCTI ¥ HIibHOCTI BHpOOiB. Y mpansx [ 1-4] moBeneHo epeKTUBHICTh iM-
yJIbCHOTO HABaHTAXXEHHS, 1110 3a0e3Iedye MOKpalleHe YIIIbHEHHS 32 PaXyHOK KOpOTKOYac-
HOT'O, ajieé IHTEHCHBHOTO BIUIHMBY, SIKUH CTBOPIOE OUIBII PIBHOMIpHUIM THCK Yy Tijli OETOHHOT
cyMimni. Pe3ynbratu excriepuMeHTiB [2, 5, 7] mOKa3yoTh, 10 MOETHAHHS BEPTUKAIBHUX 1M-
NyJbCiB 13 TOPU3OHTAJIHHUMHU BiOpalisMU CIIpUs€ AaKTUBHOMY BHUTICHEHHIO TOBITPSAHUX
BKJIIOYECHb, (DOPMYBAHHIO IIUIBHOI CTPYKTYpH Ta 3MEHIIEHHIO KUIBKOCTI JAe(eKTiB.
VY pobotax [3, 6] po3BUBAETHCS MiJIX1J O OMUCY MPOLECY YIIIIBHEHHS K B3a€MOJIii MacoBo-
NpPY>KUHHOI CUCTEMH, IO JI03BOJISIE BPaXOBYBAaTH BIUIMB AMHAMIYHUX MapamMeTpiB 30yHKeHHS
Ta pE30HAHCHUX e(eKTiB Ha mepedir yuiabHeHHS. [I01aTKOBO BUBYAIOTHCS MUTAHHS BILTUBY
KOHCTPYKTHUBHHUX TapaMeTpiB 00aHaHH:, 30KpeMa MacH NMpUBAaHTAXKyBaya, BEJIMYMHU 3a30-
Py Ta TPUBAJIOCTI YIIIIFHEHHS, HA KiHIIEBI MILIHICHI XapaKTepUCTUKU MaTepiany. OxHak Opa-
KY€ CHCTEMHHX EKCIEePHUMEHTAIbHHUX OCITiIKEHb, Ki 0 KOMIUIEKCHO aHaNi3yBald poOOTy
KOMOIHOBaHHUX IMITYJIbCHO-BIOpALlifHMX YCTAHOBOK 13 BapiaTUBHUMHM PEXUMaMU YIIITbHEHHS.
Le 3yMOBIIIO€ aKTyaIbHICTh IPOBEICHHS TOCTIIKEHb Y JAHOMY HarpsMi.

Meta pociigxkeHb. MeTOIO NPOBEIECHUX EKCIECPUMEHTAJIbHUX JOCIHIPKEHb € BU3HA-
YeHHs e(QEeKTUBHHX MapaMeTpiB 3allpONOHOBaHOI KOMOIHOBAaHOI iMITYJIbCHO-BiOpamiiHOl
YCTAHOBKH JUIS YIIIJIbHEHHS JETKUX OCTOHHUX CYMIIIEH, IepeBipKa aHATITHYHUX MOJIENIeH Ta
BCTaHOBJICHHS ONTHMAaJbHHUX PEXUMIB YIIUIBHEHHS [UIS YMOB 337aHOl J1a00opaTopHOi KOHC-
TPYKLLIi.

Buki1ajeHHsI OCHOBHOIO MaTepiajy aocJixxeHHs. Po3pobiena nmabopatopHa ycra-
HOBKa (PUCYHOK 1) 03BOJISIE MOJICTIOBATH MPOIIEC IMITYJILCHO-BIOpALIMHOTO YITIIbHEHHS JIe-
rKuX O0€TOHIB (apOOJIIT, MOMICTUPOIOETOH) B YMOBAX, MaKCUMAIbHO HAOIM)KEHUX 10 TIPOMH-
cioBux. ["'abapuru GopmyBansHOTO 610Ky — 800 X 600 MM, BucoTOIO BUpoOy 100 MM abo 200
MM, 00’emHa maca — 800 kr/m*. 3arajibHa Maca PyXxoMOi YacTHMHH 3 (DOPMOIO Ta CYMIIIIITIO
ctaHoBUTH Onn3bko 1000 H.

VYcraHOBKa CKJIQA€ThCS 3: PyXOMOi paMu 3, sika 3/1MCHIOE BEPTHUKAJIbHI MePEMIICHHS
3a JOTIOMOTOI0 KYJAa4KOBOTO MEXaHI3My; KyJIauKOBOTO MIHOMHOTO MEXaHI3My 4, sSIKMi 3a-
Oesreuye mepioguvHe MIAHATTSA Ta CKUIAHHS pamMH 3 (OPMOIO; TOPU3OHTAIBLHOTO BiOpO30Yy-
JKyBada, 3SMOHTOBAHOT'O Oe3mocepeIHh0 Ha PopMi, SIKUH aKTHBYE CYMII Y TOPU3OHTATLHOMY
HaMpsIMKY Ta 3MEHIIYE i1 BHYTPIMIHINA OITip; OMop - 0OMeXyBaviB KOJWBaHb 2, IO BCTAHOBJIE-
H1 TT1]] pyXOMOIO paMoOI0 3 PeryJibOBaHUM 3a30poM Bija 1 1o 15 Mm; mpuBaHTaxxyBaua 7.

3aragpHa KOHCTPYKIIiSI 00JIafHAHHS J03BOJISIE 3MIHIOBATH MOJYJIb MPYKHOCT1 TIPYKHUX
€JIEMEHTIB, Macy yJIapHUX €JICMEHTIB Ta MapaMeTpHu BiOPO30YIKECHHS.

3 ormsiay Ha crienudiky KOMOIHOBAHOT IMITYJIbCHO-BIOpAIiiHOI YCTAaHOBKH, SIKa BHUKO-
PHUCTOBYETBCS Y TAHUX JOCIIPKEHHSX, Ta 3 METOI 3a0e3MeueHHs] TOYHOTO KOHTPOJIIO Tapa-
METpIB YIIIJIbHEHHS, OyJIO MpoaHaai30BaHO (I3UYHY CYTHICTH 1 TEXHOJOTIYHY YYTIUBICTH
BUIII€3a3HAUEHUX 3MIHHUX OYJ0 mTpoaHaiizoBaHo [8]. ¥V pe3ynbTarti Ay peanizaiii 6aratoda-
KTOPHOTO €KCIIEPUMEHTY O0paHO TP KIIFOUOBUX (PaKTOPH.
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Pucynok 1 — Cxema ycTaHOBKH

Z

1 — pama, 2 — onopu, 3 — pama pyxoma,

4 — KyJIauyKOBHI MeXaHi3M, 5 — ¢popMma,

6 — BiOp030ymKOBaY, 7 — MPUBAHTAXKYBaY.

3a30p MDK pyXOMOIO Ta HEpyXO-
Moo pamoro (Xi) — Oe3nocepenaHbO
BIJIMBA€ HAa TPHUBAJICTh Ta IHTCHCHUB-
HICTh yJIapHOT B3a€MOIIi.

Maca pyxomOi 4YaCTMHHU IpHUBaH-
TaxyBaya (X2) — B yCTaHOBII NpUBaH-
TaXyBad CKJIQIa€TbCs 3 JBOX YACTHH:
BEPXHBOI PyXOMOI 3 yIapHUMH €JIEMEH-
TaMu (sika BapitoeThcst B Mexax 100 H,
200 H Ta 300 H) Ta HM>XHBOI HEPYXOMOI
3 BOymoBaHMM BiOpo30ymxyBauem. Lls
Maca 3Ha4HOI0 MIpOI0 BU3HAYAE IMITYJIHC
ynapy.

TpuBanictes yminbHeHHa (X3) —
KPUTUYHUN MapaMeTp, sSIKUi BIUIMBA€ Ha
IIUTBHICTD, MIIHICTB, OJHOPIAHICTH TO-

TCTEPOIOETOHHOTO BUPOOY.

[Tix gac peamizanii miaHy €KCIIEPUMEHTY 70 KOKHOTO 3 (DaKTOPIB BUCYBAIHCS OJTHAKOBI

BUMOTH: KEPOBaHICTh, HE3AJIEKHICTh OJWH BiJ] OJJHOTO, MOXKJIMBICTb BapifOBaHHS B MEXKaXx,

JOCTATHIX JIJIA MPOSBY iX BIUTUBY HA MIIHICTh OeTOHHOI cyMimii. KomgyBanHs dakTopiB mnpen-

CTaBJICHO y BUTJISA Tabmui 1.

Tabmmms 1

Pe3ynbpTaTtu KonyBaHHS (haKTOpiB

& ; PiBHi BapitoBaHHS
5| = 2 —— .
5 © = HiiicHi Kopoani
L A
5 - =
= |2 ’ = = | OE
: SIS EE|5 |2 |2 |& |25
S H| < 5 & 8 | T oe T
3a30p MK pyXOMOIO Ta He- | a X |5 15 5 10 +1 -1 |0
PYXOMOIO PamMoro (MM) :
Maca pyxoMoOi YacTHUHHU | m Xz 100 300 | 100 |200 |+I1 -1 |0
npuBaHTaxxyBauda (H)
TpuBamicte  ymijabHEHHS | t X3 20 60 20 40 +1 |-1 |0
(c)
180

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




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

[Ipu npomy MaTpulls IIIAaHYBAaHHS €KCIIEPUMEHTY Oy/e MaTy TaKuil BUTIISAI — TaOnuLs
2. B Tabnuis 2 HaBeJCHO BC1 MOKJIMBI KOMOIHAIIIT /IS POBEACHHS C€KCIIEPUMEHTAIBHUX J10-
cmimkenb. PiBHI BapitoBaHHs (akTopiB 3akomoBani —1, 0, +1. Ckian momicreponOeToHHOT
CyMilli HaBe/IeHO Ha B Tabnuii 3.

Ta0murs 2
Marpuiis mIaHyBaHHs €KCIIEPUMEHTAIBHUX JTOCITIKEHb
Howmep
eKCIIEpUMEHTY X x$! X,
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

[Iporec BUroToBNeHHA 3pa3KiB nependayaB MomnepenHe yKIaaaHHsa y GopMOyTBOPIOBa-
JbHY OCHACTKY JIMCTA TIICOKapTOHY, MOHTaX apMaTypHOTO KapKaca Ta MOCJiI0BHE 3aBaHTa-
KEHHS MOJIICTUPOTIOEeTOHHOT cyMmimi. Ha HacTynHOMy etani 31iiicCHIOBaIOCS HAKPUTTS CyMIIII

JPYTUM JIUCTOM TilICOKAPTOHY, BCTAHOBJICHHS NPUBAHTA)KyBaya Ta aKTUBALlisl KOMOIHOBaHO1
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IMITyIIbCHO-Bi1OpaLiiHOT YCTaHOBKH, siKa 3a0e3meuyBaja yIIbHEHHS 3 OTHOYACHUM BIJTUBOM
BEPTUKAJIBHUX 1 TOPU3OHTAIBHUX KOJMUBaHb. [licis 3aBepiieHHs BIOPOYILIIbHEHHSI BUTPHMY-
Bajiacsd KOPOTKOTpUBAIa TEXHOJOTIUHA may3a Julsl cTalumi3amii CTpyKTypH CyMilli Ta 3MEH-
IIIEHHS BHYTPILIHIX HANpyXeHb. JINCTH TiCOKapTOHY Mepe]] BAKOPUCTAHHSIM 3BOJI0KYBATHUCS
3 METOIO0 3HMIKEHHS BOJOIIOTIIMHAHHS Ta 3aro0iraHHs YTBOPEHHIO OBEPXHEBUX Je(peKTiB. Y
pe3ynbTati hopMyBaacs piBHOMIpHa IJIOCKA MaHENb 13 MOJICTUPOIOETOHY 3 IHTETPOBAHUM
riICOKaPTOHHUM OOJHIFOBaHHSAM, 10 3a0€3MeuyBajio TOTOBHICTh BUPOOY 10 3aCTOCYBaHHSA Y
CKJIaJli CTIHOBUX KOHCTPYKITii.

[Ticnsa 3aBepIeHHS TEPBUHHOTO TY)KaBiHHA 31HCHIOBasacs po3nanyOka ¢popmu, a BU-
pi0 3aymIaBcs Ha MiAIOHI 10 3aKiHYEHHSI HOPMAaTUBHOTO TEPMiHY BUTPUMKHU. 3pa3Ku BUTPHU-
MYBaJHCS Yy BOJOIOMY CEPEIOBHMIII 3 BiJHOCHOIO BOJOTiCTIO 95+ 5% Ta TemmepaTyporo
20+ 2 °C npotsrom 28 11i6, micist 4oro 3 cpopMoBaHOT MaHEN MPOBOIUIOCS BHUITUIIOBAHHS
KyOiuHuX 3paskiB po3MipoM 100x100%100 mm.

MexaniuHa o0poOka 31iiCHIOBaJIACs CTPIUKOBOIO MUJIKOI0 a00 AMCKOBOIO (Ppe3olo 3 HU-
3bKMM piBHEM BiOpallii, 00 YHUKHYTH MOIIKOKEHHS BHYTPILIHBOI CTPYKTYpH Martepiaiy;
reOMETPHYHI NMapaMeTpH 3pa3KiB MEPEBIPSUTUCS 3TiAHO 3 BUMOTaMU CTaHAAPTIiB. Y IIIJIbHEHHS
CyMillli POBOJIMIIM 32 IBOMA CXEMaMH: JIMIIE i Ji€I0 BEPTUKAIBHHUX IMIYIbCHUX HaBaHTa-
KeHb a00 3 OJJHOYACHUM 3aCTOCYBAHHSM TOPH3OHTAIBLHUX BiOpalliif, 1o iMiTyBasio KOMOiHO-
BaHy Ail0.

BunpoOyBaHHS MIITHOCTI Ha CTUCK 3pa3KiB MPOBOAMIIMCS HA TiAPABIIYHOMY IPECi THILY
[II'M, i3 moTpuMaHHSIM BUMOT JO BCTAHOBJICHHS 3pa3ka, MEPEeBIPKH TeOMETpii, HYJIbOBOTO
MTOJIOXKEHHS IIKAJIM Ta TEPMETHYHOCTI TIIPOCUCTEMH, 110 3a0e3MeUyBal0 TOYHICTh 1 IMOBTO-
PIOBaHICTh pe3ynbTariB. HaBaHTa)XeHHSI BUKOHYBAIOCS PIBHOMIPHO Ta 0€3 PUBKIB, 31 IMIBH/I-
KICTIO HaBaHTa)KEHHs, sika miaTpuMyBaiocs B mexax 0,2 MIla/c. BunpoOyBaHHs TpuBaio 10
MOMEHTY PYHHYBaHHS 3pa3ka, MpH KoMy (ikcyBajocsi MakCHMalbHE 3HAYEHHS CHIIH, IO
BITMOBITa€ TPaHUYHINA MIITHOCTI. Pe3ynbratn ekcnepuMeHTaIbHUX JTOCTIKeHb 0€3 TOPU30H-
TaJIbHUX KOJIMBaHb Ta 3 TOPU30HTAIBHUMH KOJMBAHHSIMH HaBeJeHO B TaOmuIsix 4 Ta S.

TaOmumsa 3
Cxuan momicTeponOeTOHHOT CyMiri
KommonenT Ha 1 M3 Ha 0,05 M
[Toptnannuement CEM 142.5 330 kr 16,5 xr
[Ticok (¢ppakist 0-2 Mm) 230 kr 11,5 kr
I'panynu ninononictupony (EPS) 10 xr 0,5 xr
Bona 150 n 7,570
[Tnactudikarop (0,8% Bin nementy) BauGut
BauPLAST Beton RO KT 130 wn
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Ta6nums 4

PesynbTaTi eKcriepuMeHTaTbHUX JOCIIIKEHb (0€3 rOpU30HTAIBHUX KOJIMBAHb )

Ne excriepuMeHTy Mesxa mirtHoCTi Ha cTuck, MIla, 3pa3kiB 13 MOJTICTUPOTIOETOHY
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

JUis kpaioi Bi3yamizalii Ta iHTeprpeTalii OTpUMaHUX €KCIIEPUMEHTAIbHUX Pe3ybTa-
TiB Oynu MoOy0BaH1 MOBEPXHI BIATYKY, SKI HAOUHO UTIOCTPYIOTh BIUIMB JOCITII)KYyBaHUX (a-
KTOpPIB HAa BHUXIJIHY XapaKTEPUCTHKY. Y paMKax peayi3oBaHOi MOElNi IUIaHYBAaHHS OIMH 13
¢dakTopiB yTpuMyBaBcs Ha (pikcoBaHOMY (CepeaHHOMY) PiBHI, TOJI SIK /IBA 1HIII BapirOBAIUCS
B MeXax 3ajaHoro inteppany. [ToOynoBa MOBEpXOHb BIAT'YKY J03BOJHJIA MPOCTEKUTH 3aKO-
HOMIPHOCTI 3MIHU MIITHOCTI MaTepiajy 3aJIe)KHO BiJl Bapiamii BIJIMBOBUX MapameTpiB. I'padi-
YHE TOJJaHHS PE3y/IbTaTiB y BUIJISLAI TPUBUMIPHUX MOBEPXOHb Ta iX ABOBUMIPHUX MPOEKITIH
JIO3BOJIMJIO JICTAILHO TIPOAHANI3yBaTH XapakTep B3aemofii (akropiB. Bimmomimui rpadiku
HaBEJCHO Ha pUCYHKax 2—7.
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Tabmuuus 5

Pe3synbTaTi eKcriepuMeHTaTbHUX TOCIIHKEHD (3 TOPU30HTATLHIMU KOJMBAHH SIMH )

No ekcniepuMeHTy

Mexa minHOCTI Ha cTuck, MIla, 3pa3kiB 13 OJICTUPOIOETOHY

1 2 3

1 3,233 3,255 3,202
2 3,581 3,567 3,592
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 BIATYKY MIITHOCTI Ha
CTHUCK TIOJIICTEPOJIOETOHHUX 3Pa3KiB y KOOP-
nuHartax ¢gaktopis t Ta a mpu m=200H (ripu
VIIUTBHEHH] 0€3 TOPU30HTaIbHUX KOJHBAHb)

Bmth

Pucynoxk 4 — [oBepxHs BiAryKy MIITHOCTI Ha
CTHCK TIOJIICTEPOJIOETOHHHUX 3Pa3KiB y KOOP-
nuHartax (aktopiB m Ta t npu a=10 MM (pu
VIIITbHEHH] 0€3 TOPU30HTATBHUX KOJMBAHB)

ek

Pucynoxk 6 — [ToBepxHs BiATyKy MIITHOCTI Ha
CTHUCK TIOJIICTEPOIOETOHHUX 3Pa3KiB Y KOOP-
nuHatax (aktopiB m Ta a npu t=40 ¢
(TTpu yIIiItbHEHH1 3 TOPU30HTATLHUMH
KOJIMBaHHSIMH )
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Pucynox 3 — [ToBepxHs BIATyKYy MIITHOCTI Ha
CTH.CK TIOJTICTEPOIOETOHHUX 3Pa3KiB Y KOOP-
auHaTtax gaxTopiB m Ta a npu t=40 ¢ (npu
VIIUTBHEHH] 0€3 TOPU30HTaIbHUX KOJIMBAHb )

Pucynok 5 — IloBepXxHs BIATYKY MIITHOCTI Ha
CTHCK TIOTICTEPOIOETOHHUX 3Pa3KiB Y KOOP-
nuHaTax (pakTopis t Ta a mpu m=200H
(Tpu ymIiIbHEHH1 3 TOPU30HTAILHUMH
KOJIMBAHHSIMHU)

awth

Pucynok 7 — IloBepXHs BIATYKY MIITHOCTi Ha
CTH.CK TIOTICTEPOIOETOHHUX 3Pa3KiB Y KOOP-
nuHaTtax paktopiB m Ta t mpu a=10 Mm
(TTpu yIIiIbHEHH1 3 TOPU30HTAILHUMH
KOJIMBAHHSIMHU)
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BucnoBku: CrpoekTOBaHO Ta BHUTOTOBJICHO JIAOOPATOPHY KOMOIHOBaHY IMITYyJIBCHO-
BiOpawiiiHy YCTaHOBKY JJIsl YIIUIbHEHHS JIETKUX OeToHiB. IIpoBeneHO ekxcriepuMeHTallbHI J10-
CIIIJKEHHS 3 BUKOPUCTAHHSIM METOJMKHU IUIAHYBaHHS €KCIIEPUMEHTY, 13 BapilOBaHHAM 3a30PYy
MDK PYXOMOIO Ta HEpyxoMoro pamamu (5—15 mm), macu mpuBantaxysada (100-300 H) ta
TpuBaIoCTi yminbHeHHs (20—60 ¢) BiINOBIAHO A0 MOBHOrO (hakTOpHOrO MiaHy Tumy 3°.

BcraHoBieHo onTUManbHI MapamMeTpH YUIUIBHEHHS B MEXax IUIaHy 0€3 rOpU30HTAIBHUX KO-

muans A =15mm, m=300H, t=52c ta npu TOPU3OHTATHLHUX KOMMBAHHSIX
a=15uwm, 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.

Benmine Bacuiabs BacuiboBuy - acmipant kadeapu raay3eBoro MauImHOOYIyBaHHS Ta Me-
xarpoHiku, Hamionaneuuii yHiBepcureT «llontaBchka momitexnika imeHi FOpis Konapatio-
ka» ORCID: 0000-0003-1514-1212

Hectepenko Tersna MukoJiaiBHAa -KaHAWAAT TEXHIYHUX HAYK, JOIEHT, JOIEHT Kadeapu
HadTOra3oBoi iHkeHepii Ta TexHosorii, HamionaneHuil yaiBepcuter «llonrtaBchka momiTex-
nika imeHi FOpis Kongpatioka» ORCID: 0000-0002-2387-8575

Hectepenko Mukosaa MukoaiioBUY -KaHIUIAT TEXHIYHUX HAYK, OLCHT, JOIEHT Kadeapu
rajfy3eBoro MammuHoOyIyBaHHS Ta MexaTpoHiku, Harionanbauit yHiBepcuter «llonTaBcbka
nomitexHika imeHi FOpist Konaparioka» ORCID:0000-0002-4073-1233

Iupaux Makaum OJieKcaHAPOBHY - acIipaHT KadeapH rary3eBoro MalmHOOYAyBaHHS Ta
MexaTpoHiku, HauionaneHuil yHiBepcuter «IlonraBchka momiTexHika imeni FOpis Konapa-
Tioka» ORCID:0009-0006-1343-9516

Vedmid Vasyl - Postgraduate student of the Department of industrial mechanical engineering
and mechatronics National University «Yuri Kondratyuk Poltava Polytechnic» ORCID: 0000-
0003-1514-1212

Tetiana Nesterenko — PhD (Tech), Associate Professor, Associate Professor of the
Department of Oil and Gas Engineering and Technologies, National University «Yuri
Kondratyuk Poltava Polytechnic» ORCID: 0000-0002-2387-8575

Mykola Nesterenko - PhD (Tech), Associate Professor, Associate Professor of the
Department of industrial mechanical engineering and mechatronics National University «Yuri
Kondratyuk Poltava Polytechnic» ID ORCID: 0000-0002-4073-1233

Pyrlyk Maklym — Postgraduate student of the Department of industrial mechanical
engineering and mechatronics National University «Yuri Kondratyuk Poltava Polytechnic»
ORCID: 0009-0006-1343-9516

188 ISSN 1562-9945 (Print)

ISSN 2707-7977 (Online)



«Cucremui Texuonorii» 5 (160) 2025 «System technologiesy»
DOI10.34185/1562-9945-5-160-2025-20
UDK 629.113

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 wvehicle
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 IR

/AN
|
T

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
(a rail, 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 / 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 hy,;=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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Hocnioscennsa 3nocy wmiun nopmosux KoOHmeuHepHux Hanienpuuenie

Mopcoki nopmu gidieparoms 8UpiULAIbHY POJIb Y NIOMPUMYL C8IMOB0I mope2ieni ma 102i-
cmuxu. Bonu sucmynaromo K1ovo8umu 8y31amu, wo 3'€OHyioms pi3Hi Kpainu ma pecionu. Ak
Hegio'eMHI KOMNOHeHmU 2100aNbHO20 NIAHYI02A NOCMABOK, NOPMU (DYHKYIOHVIOMb K MOYKU
6X00y ma 6uxody moeapis, CNpusuu 0e3nepeukoOHOMY Nnepexooy MIdC PISHUMU 8UOAMU
Mpancnopmy.

YV weuokosminnomy nanowagpmi midxncHapooHoi mopeieni nopmoegi Hanienpuuenu 3a-
UMaroms YyeHmpaivhe micye y CnpusiHHi besnepeobitinomy nomoky mosapis. Lli cneyianizosai
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MpaHcnopmui 3acobu npusHaveni O epeKmueHo20 nepege3ents KoHmetinepie mixc nopma-
MU, mepMiHaiamMu ma GHYMPIUHIMU T02ICIMUYHUMU YeHmpamu. Bonu noeouyromo miyny
KOHCMPYKYII0, BUCOKY 8AHMANCONIOUOMHICMb Ma nepedosi mexHon02ii, 3abe3neuyiouu Ha-
OiliHicmb ma Oe3nexy 8 HAUCKIAOHIUWUX YMOBAX eKCNILYamauyii.

Memoro docniodcenns Oyno oyiHumu Cmyninb NOWKOONCEHH MA UEYUMU 3AKOHOMID-
HOCMI IHMEHCUBHOCMI ma Xapakmepy 3H0CY NPOMeKmopa WuH NOPMoGUx Hanienpuyenie, wo
nepeeo3ams KOHmeuHepu.

byno nepesipeno 24 oonakosi konmeunepHi Hanienpuyenu, AKi eKCHAYamynomuscs 6 4
nopmax Yoproeo mops. Ilpobie npuuenie dewjo 8i0pi3HAEMbCS, | 6OHU BUKOPUCHIOBYIOMbCS
07111 nepegesents 40-ghynmosux konmetinepis.

Y npoyeci docnioscenns 6yno UMIpAHO 3aMUWKO8Y 2NUOUHY NPOMEKMOPA WUH Md No-
DIBHAHO 3 NONEPEOHIMU 3HAYEHHAMU, WO 00360UNO 6CMAHOBUMU OUHAMIKY 3HOCY 8 YMOBAX
excniyamayii. AHaniz 02120i8 MpaAHCROPMHUX 3AC00I8 MA HCYPHANIE NOKA3A8, U0 OCHOBHUMU
NPUYUHAMU 8I0MO8 € 3HOC NPOMEKMOPA WIUH, JIOKATbHE DYUHYBAHHS eleMeHmMIi8 MANIOHKA
NPOMeKmopa, NOUK0OINCeHHs OpeKkepa ma pamu 6HACIIOOK 308HIWHIX 6NAUGI8. [ GUMIDIO-
BaHMSA 3HOCY NPOMEKMOPA BUKOPUCTOBYBABCSA CREYIANbHULL BUMIPIOSAY 2IUOUHU NPOMEKMOpa
WUH. 3HOC WUH He NPonopyiunull npodicy, a mMae OilbW CKIAOHY HeMIHIlHY 3an1edxicHicmy. Le
Yacmo cmeopIoe NPAMYy 3a2po3y besneyi 00poA*CHL020 pyxy. [emanvHull ananiz nokazas, wo
3HOC NpOMeKmopa WiuH npuyena 0y8 CHPUUUHEHUU MAKUMU HaKxmopamu: HenpasuIbHull
MUCK Y WUHAX, pe2YTIApHe NePeBaHmMadiCeHHs. Ma HenpasuibHe OANAHCY8AHHS KOJIC.

Onmumizayisi 3HOCY WUH KOHMEUHEPOBO3a BUMA2AE KOMNIEKCHOI NpO2pamu, sIKa 8KII0-
yae maxi enemenmu: 8UOIp 8UCOKONPOOYKMUBHUX WUH, NPOBEOCHHS Pe2YIAPHOS0 MEXHIUHO20
00C1Y208Y8aHHS, KOHMPOTb MUCKY 8 WUHAX, 3a0e3neUeHHs] PIBHOMIPHO20 PO3NOOILY HABAH-
MAdCEeHHs Ma NOKPAWEHHs HA8UAHHS B00Ii8.

Knrouosi cnosa: snoc, konmeunepHi nanignpuuenu, nopm, wuHd, pecypc.

Crpeabbinbkuii BikTop BacwiiboBHY — JOLIEHT, KaHIUIAT TEXHIYHUX HayK, kKadenpa ITia-
HOMHO-TPaHCIIOPTHI MAIlIMHU Ta 1HXWHIPUHT MTOPTOBOT'O TEXHOJIOTTYHOTO obOsagHanHs, Ome-
ChKHUH HaI[lIOHATbHUH MOPCHKHUI 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. CeniBbopctoBa, F0.B. Mana, A.L I'yna, 5.0. KokxoBuu
OLIIHKA TA OIITUMI3BAILSI HMOBIPHOCTI 3ABEPIIEHHS IT-ITIPOEKTY
3A METO/IOM PERT

Anomayis. Y cmammi oocniosxceno zacmocysannsi memooy PERT (Program Evaluation and
Review Technique) ons ananizy 1 onmumizayii cmpokie peanizayii IT-npoekmis 6 ymosax He-
susnauenocmi. Memoo PERT 0o36on5€ modentoeamu uacosi napamempu 3a0ay npoeEKmy Ha
OCHOBI MPbOX eKCNEPMHUX OYIHOK (ONMUMICMUYHOL, UMOBIPHOI ma NecumicmuiHoi), 00-
YUCTIIO6AMU OUYIKYBAHY MPUBANLICMb NPOEKMY MA OYIHIOBAMU UMOBIDHICMb 1020 3A6E€PULEHHS]
¥V 6cmanognenuti mepmin. 3anponoHo8ano opmanizosany nOCMAHOBKY ONMUMI3AYIUHOT 3a-
oaui, wo nepedbavae MiHIMI3ayito pusuUKy 3ampumKu WISAXOM BNIUBY HA Napamempu 3a0ay
KPUMUYHO20 WINAXY. 3MeHuleHHs mpusanocmi ma oucnepcii. Ilposedeno obuucniosanvhuil
eKxcnepumenm Ha npukiaoi ymoeno2o IT-npoekmy 3 9 3a0auamu, oe 8usHaA4eHO KPUMUYHUL
wAx i OYiHeHO UMOBIPHICMb CBOEUACHO20 3A8EPUIEHHS NPU 3A0AHOMY 0eO0NaliHi. 30illCHeHO
onmumizayiro, 8 pe3yibmami AKoI UMOBIPHICMb 3A8ePUIEHHS. NPOEKMY ) CMPOK 3pocia 3
15.78% 00 43.34%. Ompumani pe3ynvmamu 0emoucmpyromes 0oyiteHhicmov noeconanns PERT
3 MEmMooamu MamemMamuyHo20 MoOeN08aH A NPU NIAHY8AHHI CKIAOHUX npoekmig. [lokaszano,
WO HaeiMb HEe3HAuHi 3MIHU Y Napamempax 3a0ay MOXCYMb CYMMEBO 3HUSUMU DPUSUKU 1
RIOBUWUMU HAOTUHICMb OOMPUMAHHS CMPOKi8 peanizayii IT-npoekmis.

Kntouosi cnosa: PERT, IT-npoekm, kpumuunuii wiisgx, onmumizayis, UMogIipHicmy, 0eOdnaiiH,
oucnepcis.

Beryn. B ymoBax cCTpIMKOro pO3BUTKY iH(OpMAIifHMX TEXHOJIOTIH Jenaii Bax-
JUBIIIOTO 3HAauYeHHs HaOyBae edexkTuBHE ympaBiiHHS [T-mpoextamu. OIHUM 3 KIIFOYOBHUX
(baxTOpiB yCHilIHOT peari3alii TaKuX MPOEKTIB € JOTPUMAHHS CTPOKIB BUKOHAHHS, L0 YacTO
YCKJIQJIHIOETHCSI HEBU3HAUEHICTIO B OI[IHKaX TPHBAJIOCTI POOIT, 3aI€KHICTIO MIXK 3a7adyamH,
OOMEXKEHICTIO pecypciB Ta AMHAMIYHICTIO 30BHIIIHBOTO cepepoBuma [1]. Merog PERT
(Program Evaluation and Review Technique), po3po6ienuii y cepeauni XX CTOMITTS ISt TO-
TpeO ympaBiiHHSA CKIaJHUMU JOCTIIHUIBKO-TEXHIYHUMHU MPOTPaMaMH, JIEMOHCTPYE BHCOKY
e(eKTUBHICTh B yMOBaX HEBU3HAYEHOCTI Ta OararoBapiaHTHOCTi. Ha BinMiHy Bix neTepMiHo-
BaHuX MeroaiB rianyBaHHsA, PERT 0a3yerbcs Ha IMOBIpHICHOMY MigXOA1 10 OLIHKU TPHUBA-
JocTi poOiT, 10 A03BOJISE BPaXOBYBAaTH PU3MKU Ta BapiaTUBHICTh NMPH YXBaJE€HHI YIpPaBIliH-
cbkux pimens [3]. BogHouac y cyuacHux IT-mpoekTax 4acTo BUHHUKAEe MoTrpeda He JnIe
OLIIHUTH, a ¥ ONTHMI3yBaTH MMOBIPHICTh CBOE€YACHOTO 3aBEPIICHHS — HAMPHUKIAJ, HUIIXOM
Monudikanii MOCIIIOBHOCTI 3a/a4, MEepepo3MNOAlTy pecypciB uM MiHiMi3awii gucrepcii Ha
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KpUTHYHUX HUnsixax. Lle Bumarae noennanus meroniB PERT 3 enemeHTaMu MaTeMaTHYHOTO
MOJICITFOBaHHS Ta ONTUMI3arlii [6].

Meroro 1i€l cTaTTi € aHaJi3 MiAXOAIB IO OLIHKK WMOBIpHOCTI 3aBepiueHHs IT-nmpoekty
y 3aJ]aHui TepMiH 13 3acTocyBanHsM MeToy PERT, a Takox ¢opmymnoBaHHS ONTUMI3ALiHHOT
3aadi 1010 MiHIMIi3allil PU3UKYy HEBYACHOI'O 3aBEPUICHHS. 3alpOIOHOBAHE JOCIIIKECHHS
Opi€EHTOBaHE Ha MPAKTUYHE 3aCTOCYBaHHS y cdepi MporpaMHoi iHKeHepii, MEHEIKMEHTY
IPOEKTIB Ta CUHCTEMHOTO IJIAHYBaHHS B yMOBaX HEBU3HAUYEHOCTI.

Teopernuni ocHoBu Metony PERT. Meron PERT (Program Evaluation and Review
Technique) 6yB po3pobiaenuit y 1950-x pokax y pamkax mporpamu BMC CIIA ans ynpas-
JIHHS CKJIJHUMH MPOEKTAMU 3 BUCOKHM CTyIEHEM HeBH3HaueHOCTi [3, 4, 5]. OcHoBHa 0co0-
JUBICTh METOJy TOJSTa€ y BHKOPUCTaHHI MMOBIPHICHOTO MiAXOMy JO OIIIHIOBAHHS TpPUBa-
J0CTi pobIT, 110 Bipi3HAE HOTO B TpaaUIIHHUX JETEPMIHOBAaHMX METOIB IUIAHYBaHHS, Ta-
kux sk CPM (Critical Path Method).

1. Ouinka TpuBaJjgocTi podiT

Ha Bigminy BiJl KJIaCHYHOTO MiAXOMY, B SIKOMY KOXHii poOOTI HaJa€ThCs OJTHA OLIHKA
TpuBaiocti, B Meroai PERT BHUKOpPHCTOBYIOTHCS TpU €KCHEpTHI OLiHKU. J[1s KOKHOTO 3aB-
JAHHS | 3aJaHO TPH OIIIHKU TPUBAJIOCTI:

— a; — ONTHMICTHYHA OLIIHKA — HAWKOPOTLINI MOKJIMBHI 4ac BUKOHAHHSA [ -i poOOTH
32 YMOBH BiJICYTHOCTI Mpo0JIeMm;

— m; — HaiOLIbII IMOBIpHA OI[iHKa — HaliMOBIpHIillIa TPUBAJICTG i -1 poOOTH 3a HOP-
MaJIbHUX YMOB;

— b; — mecuMICTHYHA OI[IHKa — HaOBIIA TPUBAIICTh BUKOHAHHA i -1 pobOTH Y pasi

BUHUKHEHHSI TPYIHOILIB.

Ha ocHOBI 1UX OIIIHOK PO3paxOBYETHCS CEpEHE OUIKYBaHE 3HAUEHHS TPUBAJIOCTI i -1

poboTu:
TEi:ai+4mi+bi ’ 1)
6
a TaKOX JAUCIIepCis (SIK Mipa pU3UKY):
2
b.—a.
2 i i
G/ = % 2)

Li oLiHKK BBa)KaIOTHCSI OCHOBOIO JUIsl TOOYJJOBU MEPEKEBOTO Tpada MPOEKTY, B IKOMY
BY3JIM TIPE/ICTABIIAIOTH MOIi1, a AYTU — POOOTH.

2. Kpurtuynuii muisx i 4ac BUKOHAHHS MPOEKTY

VY MepexeBiit MoJieNli 00UUCITIOETHCS CYKYIHICTh BCIX MOXKJIMBHUX IIJISIXiB BiJl TOYaTKO-
BO1 110 3aBepmanbHoi mofii [5, 7]. Kpurnuaum nmsixom (Critical Path) HasuBaeTbes HaiinoB-
Ui (32 OYIKYBaHOIO TPUBAIICTIO) NUISAX, KUK BU3HAYa€ MiHIMAIbHO MOKJIMBY TPHUBAJICTh
ycboro MmpoekTy. OuikyBaHa TPUBAIICTb MPOEKTY:

TEcp= D TE; 3)

ieCP

ne CPc {1,...,n} — MHOYHHA POOIT, 1110 BXOAATH 10 KPUTUIHOTO MIIAXY.
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JUIs IOTO IIJISXY TAKOXK OOUYMCITIOETHCS CyMapHa IUCTIepCis:
6= o2 @)
ieCP
3. iMoBipHicTh BUACHOTO 3aBepIICHHs MPOEKTY
JUis BU3HAYECHHS MMOBIPHOCTI 3aBEPILICHHS MPOEKTY Y 3aJaHuil TepMiH 7' BUKOPUCTO-
BYETHCSI HOPMAJIbHUI PO3MOLT, 32 MPUIYIICHHAM, [0 3arajlbHUM PO3MOJIUT TPUBAIOCTI KPH-
TUYHOTO NUIIXY HAOMMKAETHCS 10 HOPMAJIBHOTO (32 IIEHTPAIBHOIO0 TPAaHUYHOIO0 TEOPEMOIO):

Gcp

ne: T — 3alIaHOBAHUI TEPMIH 3aBEPIICHHS NPOEKTY, TE p — OYIKyBaHa TPUBAIICTh KPH-
THYHOI'O HIIAXY, G -p — CTaHIApTHE BIIXWICHHS KPUTHYHOTO IIIAXY.

Tonai IMOBIPHICTH CBOEYACHOTO 3aBEPIICHHS MMPOEKTY JOPIBHIOE:

P(T)=0(2), (6)
ne @ (Z ) — (pyHKIIIS cTaHIAPTHOTO HOPMAIILHOTO PO3IOLTY.

4. IlepeBaru Ta o0Mme:xenHst Merogy PERT

Meron PERT Mae HU3KY CYTTEBUX IEpeBar, 10 poOsTh HOTo e(heKTUBHUM 1HCTPYMEH-
TOM yTpaBiiHHA ckinaaHuMu [T-mpoexkTamu, 0co0IMBO B yMOBaX HEBM3HAYEHOCTI, BIACTUBOI
NOCIIAHUIBKUM a00 1HHOBAIIHUM 1HIIIaTUBAM:

1) YpaxyBaHHS HEBH3HAUYEHOCTI B OILlIHKaX TpUBAJIOCTi. Ha BiiMiHy BiJ KJIACUYHUX TTi]I-
XOJIIB /10 TJIAaHYBaHHS, JI¢ BUKOPHUCTOBYIOThCA Jiniie (DikcoBaHI (JIeTepMiHOBaH1) 3HAYEHHS
tpuBaniocti, PERT no3Boiisie BpaxoByBaTH pPO3KUAAHICTh MOMJIMBUX CIICHApiiB BHKOHAHHS
KOXKHO1 3amaui. lle mocAraeTbcs NUIAXOM BUKOPUCTAaHHS TPHOX OI[IHOK (ONTHMICTHYHOI,
HaWO1TBII WUMOBIPHOI Ta MECUMICTUYHOT), IO 3a0e3medye OUTbIIT THYYKE Ta PeaiCTHYHE MO-
JICTFOBAHHSI CTPOKIB.

2) imoBipHicHa OLiHKA CTPOKIB 3aBEPLICHHS MPOEKTY. 3aBISKH BUKOPHCTAHHIO CTATH-
CTUYHHUX METOJIB (30Kpema, (yHKIi HopManbHOTrOo po3noairy), PERT no3Bossie BuzHauutn
HMOBIpHICTh 3aBEPIICHHS MPOEKTY y 3afaHuii TepmiH. Lle 3a0e3nedye OCHOBM MJisi PU3WK-
MEHEDKMEHTY Ta yXBaJICHHS PIillICHh HA OCHOBI JIAHWX, a HE 1HTYIII].

3) BusiBiieHHsI KpUTHYHUX 3aBJaHb 1 KOHTPOJIb PU3HUKiB. BU3HAYEHHS! KPUTUIHOTO IILJISI-
Xy B paMKax METOJy IO3BOJISIE 30CEPEIHUTH YBary Ha 3aBJaHHSX, [0 MAIOTh HAWOUTBIINN
BILJIMB Ha 3arajbHUI TepMiH BUKOHAHHS MPoeKTy. Lle mae 3mory:

— ONTHUMI3YBaTH PO3IO/ILI PECYPCiB;

— KOHTPOJIIOBATH HaMOUIbII PU3UKOBI TOUKH;

— ¢opMyBaTH IIJIaH pearyBaHHs y BUTIAJKY BiIXUJICHb.

4) 'nyukicTh y 3acTOCyBaHHI 10 pi3HMX THIIB npoekTiB. Metog PERT e yniBepcaib-
HUM 1 MO’€ 3aCTOCOBYBATHCH SIK JI0 JIIHIHHUX TPOEKTIB 3 YITKOK MOCIOBHICTIO 3a/1a4, TaK 1
710 CKJIaTHUX ITepaTUBHUX a0 MapajenbHUX mpoliecis, xapakTepuux 1 [T-chepu. Bin no6-
pe IHTerpyerbcs 3 IHIMUMH MeTomamMu — 30kpema, i3 CPM, Monte Carlo Simulation,
Agile-o1iHIOBaHHSM.
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5) MOXIMBICTh BUKOPUCTAHHS JUISI ONTUMI3aIlii. 3aBIsSKM aHAMITHYHIN mpupoai dop-
myn, Mmetoq PERT no3Bossie He nuine aHami3yBaTH CTPOKM, a M ONTHMI3yBaTH IMPOEKT 3a
NEBHUMHU KPUTEPISIMU — HAINPUKJIAJ, MiHIMI3yBaTH AUCIEPCiI0, MAKCUMI3yBaTH HMOBIPHICTh
3aBEpPIICHHS, 3MEHIIINTH HaBaHTAKEHHS HAa PECYpPCH UM YHUKHYTHU 3aTPUMOK.

6) [IpuitHATHICTB U1 yIpaBIiHCHKUX 1 TexHIYHUX pimieHb. PERT cTBOpIOE crinbHE 1H-
dopmariline mose s KEPIBHHUKIB, aHAJIITHKIB Ta pO3POOHUKIB, /€ PILICHHS MOXYTb OyTH
OoOIpyHTOBaHI JaHUMH. METOMKA CIIPUsiE KPALLIOMY PO3YMIHHIO YaCOBOi CTPYKTYPH MPOEKTY
K 3 00Ky MEHEDKMEHTY, TaK 1 3 00Ky BUKOHABIIiB.

Hespaxaroun Ha yncnensi nepesaru, Mmerog PERT mae HU3KY CHCTEMHUX 1 IPAaKTHYHHUX
oOMeKeHb, sIKi BAPTO BPaxOBYBaTH MpH HOro 3actocyBaHHI B ympasiiHHi IT-npoexkramu. Lli
OOMEKEHHS CTOCYIOTBCS SIK TEOPETUYHUX MPUIYIICHb, TaK 1 IPUKJIAJHUX acleKTiB peai3allii
METOY.

1) Cy6’extuBHICTh excnepTHHX ouiHOK. Meron PERT 06a3yeTbcsi Ha eKCIIEPTHOMY
BU3HAYEHHI TPhOX OLIHOK TPUBAJIOCTI JUIi KOXKHOTO 3aBAaHHsA (a, m, b). BiacyTHicTb
00’€KTUBHUX EMIIPUYHHUX JAaHUX a00 CTAaTUCTUYHO OOIPYHTOBAHHMX MOJENEH MOXe MPU3BO-
JUTH J10:

— yIepeKeHnX a00 HETOYHUX OI[IHOK;

— HaJ]MIpHOT'O 3aHM)KEHHS Y 3aBUILEHHS O4iKyBaHOI TPUBAJIOCTI,

— CIIOTBOPEHHS JHUCIIEPCii Ta pU3UKY.

Oco06MBO 11€ KPUTHYHO B HOBUX a00 yHikanpHUX IT-mpoekTax, e BiICYTHI iCTOpUYHI
TaHi.

2) [IpunymenHs mpo HOpMaNbHICTE po3noauty TpusanocTi. PERT nepenbauae, mo cy-
Ky[THa TPUBAJICTh KPUTUYHOIO LUIAXY MIANOPSAAKOBYETHCA HOPMAIBHOMY DPO3MOJILTY, IO
JI03BOJIsIE 3acTOCOBYBaTH (yHKITIIO Jlammaca ast oouncienHs imoBipHocTi. [Ipore:

— Ha MpaKTHUIl L€ NPUIYLUICHHS HE 3aBXKIU BUKOHYETHCS, OCOOJIMBO JIi HEBEIMKOI
KIJIBKOCTI 3a7a4;

— pealibHI PO3IMOIUTH TPUBAIIOCTI YaCTO € ACHMETPUYHUMH a00 MarOTh TSKK1 XBOCTH;

— BUKOPUCTAaHHSI HOPMaJbHOI'O PO3MOALTY MOXE JaTH 3aBHUIUICHY BIIEBHEHICTb Yy TOY-
HOCTI1 TIPOTHO3Y.

3) CxnagHicTh MOOYIOBU Ta MIATPUMKH MOJIETII.

VY Benmukux IT-mpoekTax 3 COTHSAMU 3aJ€KHOCTEH Ta BapiaHTIB BUKOHAHHS MOOyJOBa
kopekTHOi PERT-moneni moxe Oytu:

— TPYJIOMICTKOIO;

— BaKKOIO JJIs Bi3yauti3aiiii,

— YYTJIMBOIO J0 3MIH y CTPYKTYpPI IPOEKTY.

[linTpuMKa aKTyadbHOCTI MOJEi MPH JWHAMIYHUX 3MiHax (Hampukiaan, npu Agile-
peai3aitii) moTpedye 3HAYHUX 3YCUJIb.

4) ObmexxeHa MATpUMKA MapaleabHuX Ta iTepatuBHUX mporeciB. Merog PERT, sk i
OUTBIIIICTh MEPEKEBUX METO/IIB, KpaIlle MPAIIO€ B TIOCIIJOBHO CTPYKTYPOBAHUX MPOEKTAX. Y
cydyacHux IT-npoekTax 4acTo nepeBakxarTh:

— itepatuBHI miaxoau (Scrum, Kanban);

— rapasenbHe BUKOHAHHS 33/]a4;
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— FHYYKi 3MiHHI BUMOTH.

PERT He 3aBxau eheKTMBHO MOMETIOE Taki YMOBH 0€3 JOJATKOBOI agamTarlii 4u
riOpuaHUX MiAXOIB.

5) IrnopyBanHs pecypcaux oOmexxeHb. Kiacuunuit PERT He BpaxoBye HasBHICTH pe-
CypcHUX OOMeXeHb (HarpHKiIaj, KUIbKICTh PO3pOOHHKIB, cepBepiB, Owomxery). Lle o3Hauvae,
10:

— MOJIeTIb MOke OYTH 4aCOBO ONTUMANIBHOIO, aJIe HepealliCTUUHOIO;

— MOTpiOHE JOJaTKOBE MOJICIIIOBAHHS PECYPCHOTO HaBaHTAXEHHs (HANpHUKIAJ, yepes
CPM 3 obmexennsimu abo posmmpeny PERT-COST mopens).

6) He3nauna TOYHICTH JJ11 KOPOTKUX MPOEKTIB a0 OKpeMux eramiB. MeToa Haikparie
MPALIOE IS BEIMKHUX Ta KOMIUIEKCHUX MPOEKTIB, € TPaHUYHA TEOpeMa J103BOJISIE TIPUITYCKa-
TH HOPMaJIbHICTh. J[J1s1 KOPOTKUX abo JIIHIHHUX eTariB:

— (YHKIIiSl HOPMAJIBHOTO PO3IOALTY MOKE HE IaBaTH aJIeKBATHUX OI[IHOK;

— OIIHKA MMOBIPHOCTI 3aBEpUICHHS MOKe OyTH IITYYHO 3aBUIIEHOIO 200 3aHMKEHOIO.

Taxum uuHOM, Meror PERT 3anumiaerscst MOTY)KHUM iHCTPYMEHTOM ISl QHATIITHYHOTO
VIIpaBJIiHHS IPOEKTaMU B YMOBaX HeBU3Ha4eHOCTI. [IpoTe #oro 3actocyBanHs B IT-nipoekTax
noTpedye YCBIMOMIICHHSI HOTO 0OMEXEHb 1 4acTO — JOMOBHEHHS 1HIMMU miaxonamu (Agile-
MPAaKTUKaMH, PECYpPCHUMH MOJEISIMH, CICHApHUM aHaJIi30M, MAlIMHHUM HaBYaHHAM MJIs
TOYHIIIMX OI[IHOK).

ITocranoBka 3anaui onTuMisanii HMOBIPHOCTI 3aBepIICHHSI NMPOEKTY 32 METOAOM
PERT. V¥ pamkax meroxy PERT 3ampomonoBano ¢opmanizoBaHy 3agady, IO JI03BOJISE
MIHIMI3yBaTH WMOBIPHICTh HecBoedacHoro 3aBepiieHHs [T-npoekty [3, 7, 8]. OcHoBHa iaes
MoJIArae B ONTHUMI3alii CTPYKTYpH MPOEKTY ab0 XapaKTEPUCTHK OKPEMHUX 3aJad TaKuM YH-
HOM, 1100 3MEHIINTU PU3UK BUXOY 32 MEX1 BCTAHOBIIEHOTO JIe/JIaiiHy.

[TapameTpu 3amaui

— T e R" — 3ammaHoBaHMii TepMiH 3aBepIICHHS MPOEKTY (Ie/UTaiiH);
—TEqp= Z TE;, — ouiKyBaHa TPUBAJICTh KPUTUYHOTO LUISIXY;
ieCP
2 _ 2 . )
—Ocp= Z O — cTaHJAapTHE BIAXWICHHS KPUTHYHOIO LUIAXY;
ieCP
— ®(Z) — dyHKLis CTaHIaPTHOTO HOPMAIBHOIO PO3IOLILY;

T-TE .
— Z=—""C __ 7 oniHka 3aBepuICHHS IPOEKTY B CTPOK.
Ocp

[ismpoBa QyHKIIS — MIHIMI3YBaTH PU3UK 3aTPUMKH

T- > TE

min| 1-®| —E£L__ ||, (7)

|2 o
ieCP

a00 ampTepHaTUBHE (DOPMYITIOBAHHS:
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T-> TE,
max| & —EL ||, ®)

|2 o/
ieCP

3MiHHI ONTUMI3aIlii:

— TPUBAIOCTI 3a1a4 a;, m;, b; B Mekax HOIMYCTUMHX BapiaHTIB (4epe3 yIpaBIiHCHKI
pILIICHHS: aBTOMAaTH3allis, 3MiHa TIEPCOHAITY TOIIO);

— BUOIp CTPYKTYpH Mepexi (aTbTepHATHBHI KPUTUYHI MUISIXH, TTapajesizaliis 3a/1a4);

— pecypcHe HaBaHTAXEHHS (OIIOCEPEAKOBaHO BILINBae Ha TE; Ta G ;).

OOMeXKeHHS.

— JloriuHi 3B’A3KH MIXK 3a0a4aMU:;
akwo i - j, 1o " < ©)
— OOMexeHHS Ha JOMYCTUMI MEX1 TPUBAJIOCTI1 3a/1a4:
min max min max min max
a <a;<a; " ,m  <m<m,b  <b<b " .(10)
— dikcoBaHe 3HAYCHHS AeIaiiny 7 :
T = naanosuit mepMmin 3a6epuieHHs . (11)
— Mepexa MpOeKTY 3aIUIIAETHCS ALUKITYHOIO.
®dopManbHO, 3a/1a4a 3BOJAUTHCS O MaKCHUMi3allii HMOBIPHOCTI 3aBEepPIICHHS MPOEKTY Y

ctpok (6). 3i 3poctanssaM Z — 36inbuyerses P(T'), oTKe, MU IIparHemo:
— 3MeHIIUTU TE p : CKOPOUEHHS OYiKYyBaHOI TPUBAJIOCTI,
— 3MEHILUTHU C ~p : 3HWKEHHS PU3UKY (Aucnepcii,
— abo moeHATH 00MIBA BIUTMBU sl MakcuMizamii Gpyrkmii O (Z ) .

O0uucII0BaTbHUIN eKCIIEPUMEHT. 3 METOIO MPaKTHYHOI NepeBipku e(heKTUBHOCTI 3a-
NPOIMOHOBAHOTO MiAXO0ay OYyJl0 MPOBEIEHO OOYHMCIIOBAIBHUN E€KCIEPUMEHT Ha OCHOBI Mepe-
*eBoi Mojieni ymMmoBHOrO IT-mipoekTy, mo Bkitouae 9 ocHOBHUX 3anad (A—I) 3 BU3HaYeHUMH
TphOMa OIIIHKAMHU TPUBAJIOCTI KOXKHOI 3ajadi: ONTUMICTHYHOI d , HAaWIMOBIPHIIIOW M Ta
HIECUMICTHYHOIO b .

BuxinHi maH1 mogaHo y BUTIISAAI TaOIHIN, IO MICTUTH OILIHKK TPUBAJIOCTI 3a7a4, 00UnC-

JIeH1 3Ha4eHHsI O4IKyBaHOi TpuBajocTi 7E Ta aucnepcii o 2.

MepexeBuii rpad mpoekTy. Ha oCHOBI 3a1aHuX 3alIe)KHOCTEH MK 3amadamu Oyio mo-
OyznoBaHO opieHTOBaHUil rpad (puc. 1), 1e BepUIMHM MPEACTABIAIOTh 3ajadi, a IyTu - JIOT14H1
3B A3KM MK HUMU. [TouaTkoBUM By3710M € mofist «Start», a ¢pinanbHuM - «Endy.
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Tabmums 1
Buxinni napametpu 3a1a4 [T-nipoekTy Ta po3paxyHKoBi 3HaueHHs 32 MeTogoM PERT

3amaya a m b TE G2

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

204

/

A

5/7\/

Pucynox 1 — Mepexesuii rpad IT-poexty

OCHOBHI MapIIpyTH BUKOHAHHS:

— nsax 1: Start 4 A —B —-D — H — End

— nax 2: Start > A —-C —>F —>G—1— End

— nsax 3: Start - A — B —- E —-H — End

J17151 KOKHOTO IIISAXY 0OUMCIIEHO CyMapHy OUYIKyBaHY TPUBAIICTh Ta AUCIEPCIIO.
Bu3HaueHHS KpUTHYHOTO NUISIXY HAa OCHOBI OOYHCIICHUX TPUBAIOCTEH :
nsax 1 (A-B-D-H):

TE=4.0+3.0+5.0+2.17=14.17,

Zc 2 = (.4444 +0.4444 + 0.4444 +0.25 =1.5832..

Mnsx 2 (A—C-F-G-I):

TE =4.0+3.0+3.17+4.0+4.0=18.17,

ZG 2 = (.4444 +0.4444 + 0.4444 +0.25 =1.5832 .

nsax 3 (A—-B—E-H):
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TE=4.0+3.0+2.0+2.17=11.17,

ZG 2 =0.4444+0.4444+0.1111+0.25=1.2499.

Kputnunawii nsix: A - C—-F -G — 1

OuikyBaHa TpuBaiicTh npoekty (7F ): 18.17

Cymapha aucnepcis (G%P ): 1.3610

CranmapTHe BiIXUJICHHS:

6 p =1.3610 ~1.166.

OO6uucneHHs: IMOBIPHOCTI 3aBepIlIeHHs MPOeKTy. Hexail mpoekT Mae OyTu 3aBepiieHUN

3a 20 nHiB:
~20-18.17

Z=————~158,
1.166

P(T <20)=®(1.58)~0.9429.

HIMOBIpHICTDH 3aBEpILIEHHS MPOEKTY B CTPOK CTAHOBUTH ~94.3%.

B tabnuii 2 HamaHa iHTEpIIpeTalliss OTPUMAaHUX PE3YJIbTATIB.

Tabmmuws 2

Pexomenpaii moao ontuMizanii kKputuaHoro nusixy A—C—F—G-I

Acmexr

Omnuc / Ipono3uris

Kputnunuit nuisix

A —- C - F - G — I (3aranpHa ouikyBaHa
TpuBaiicTh 18.17 nHIB)

KirodoBi 3aiadi jyist BIUTUBY

3amaui F, G Ta I, mo cyrTeBO BIUIMBaIOTH Ha
TPUBAICTh 1 PUBHK

Mera onrruMizarii

[TigBuIIeHHS TMOBIPHOCTI 3aBEPIICHHS MPOEKTY
70 KOPCTKINIOTO jAeaiaiiHy (Hampukiazn, 17
JTHIB)

[nsx 1: 3MeHmeH s qucnepcii

OntumizyBatu 3agaui F ta G nmisixom cranmap-
TU3aii BUKOHAHHS

[nsax 2: CkopoueHHsS OYIKYBaHOI TpHUBa-
J0CTI

[lepernsiHyTr peamizarito 3amad (CIpOIICHHS,
aBTOMAaTH3aIlis, JAeJIeTyBaHHs )

[nsx 3: AnbTepHaTHBHI pecypcu

BukopuctanHs JOCBIAYEHININX BUKOHABIIIB,
30BHIIIIHIX CEPBICIiB a00 mapayieTbHe BUKOHAHHS

Ha pucynky 2 noka3ano (pyHKIIF0 HOPMaJIBHOTO PO3MOJUTY Ul TPUBAIOCTI MPOEKTY 3

OuiKyBaHMM 3Ha4eHHAM 18.17 nHIB Ta cTaHmapTHUM BiaxuieHHsAM 1.166. 3adapboBana 06-

JacTh JBOPYY BiJl BEPTUKAIbHOI YEpBOHOI JiHIi BioOpa)xkae HMOBIPHICTH 3aBEPLICHHS

NPOEKTY 10 HOBOT'O Ae/uIaiiHy — 17 JHiB.

TakuMm 4MHOM, HMOBIPHICTH 3aBEpIICHHS MPOEKTY A0 17 AHIB CTAHOBUTH HMPUOIU3HO

15.78% (100TO pm3uk 3aTpuMku — moHan 84%). Lle Bkazye Ha Te, 1m0 mpu netaiiHi B 17

JIHIB MIPOEKT Maii’ke HareBHO He Oyze 3aBeplIeHO BYACHO, SIKIIO HE 3AIMCHUTH ONTHUMI3aIiI0

KPUTUYHOI'O LNUIAXY.

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

205




«CucremHui Texuouaoriiy 5 (160) 2025 «System technologies

ﬁMDBipHiCTb 3aBeplIeHHA NPOEKTY A0 AegnanHy (17 aHis)
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Pucynok 2 — @yHKIIiS HOPMaJIbHOTO PO3MOTY TPUBAJIOCT1 IPOEKTY
3 00;1acTIO IMOBIPHOTO 3aBepIIeHHs 10 17 AHIB

OnTuMizarliss KpUTUYHOTO LUIAXY MPOEKTY. 3 METOI0 MiJBUIICHHS WMOBIPHOCTI 3aBep-
menHsa [T-npoekty y Oinbmr crucnauii TepMin (Hampukmnan, 17 aHiB) Oyno mpoBeIeHO Ol-
TUMIi3aLli}0 KPUTUYHOTO NUISAXY, BU3HAYEHOr0 B norepenHsoMy posaiii sk A - C - F —- G
— L. OnTumizaniiigi aii Oynu crpsMOBaHI Ha 3MEHIIEHHS OYiKYBaHOI TPUBAJIOCTI OKPEMHX
3aJa4 Ta CKOPOYEHHsI iX naucrmepcii (HeBU3HAUEHOCTi), IO Oe3MOocepelHbO BILIUBAE HA
¢byHKIiI0 HIMOBIPHOCTI 3aBEPUICHHS TPOEKTY.

VY paMkax 004MCITIOBAJILHOTO €KCIIEPUMEHTY Oy0 3MiHEHO MapaMeTpH ABOX 3ajad, sKi
MaJii HalOUTBIINIA BIUIMB HA 3araJIbHy TPUBAIICTD 1 pU3HK:

— i 3aa4di F 3MeHmeHo HanOuUIbIn MMOBIPHY TpUBAJiCTh 3 3 10 2.5 AHIB, a MaKCH-
MaJibHy — 3 5 110 4 JHIB;

— s 3aga4i G 3MEHIIIeHO HaWO1IbII WMOBIPHY TpUBATICTh 3 4 1o 3.5 nHIB, a MaKCH-
MaJibHy — 3 6 110 5 JHIB.

Ili 3MiHM BiOOpa)KarOTh peasibH1 YMPaBIIHCHKI 3aX0JH, TakKi sIK aBTOMAaTH3allisl 3aB-
JlaHb, 3ATYYEHHS JIOCBIIUEHINIOTO MEePCOHATY, CTaHIapTH3AIls TPOIECiB a00 YCYHEHHS JIKe-
pest 3aTPUMOK.

[Ticns BHECEHUX 3MiH:

— CyMapHa O4YiKyBaHa TPUBAIICTh KPUTUIHOTO NIIAXY 3MeHImIacs 10 17.17 nHiB;

— cyMapHa aucnepcis ckoporuiacs 1o 1.0277,

— IMOBIpHICTh 3aBepIIEHHS MPOEKTY A0 Aeanaiiny B 17 naniB 3pocna 3 15.78% no
43.34%.

Takum 4yMHOM, HaBiITh HE3HAYHE IIJICCIIPSIMOBAHE KOPUTYBAHHS IMapaMeTpiB 3a7a4 KpH-
TUYHOTO NIISAXY JAO03BOJISIE CYTTEBO 3HU3UTU PU3UK 3aTPUMKH Ta MiJBUIIUTH HAIIHHICTH pe-
ami3ailii MpPOeEKTy y BCTaHOBJIEHI CTpoku. 3actocyBaHHs PERT y moemnanHi 3 mapameTpuy-
HOIO ONTHMI3AINEI0 1a€ 3MOTY MPUIMATH OOTIPYHTOBaHI PIIIEHHS IIOA0 PO3MOJIIIY PECYPCIB,
CIIeHapiiB peaizalii 3a7a4 Ta yIpaBJIiHHSI PU3UKAMH.
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Pucynok 3 — @yHKIIisS HOPMAJIBHOTO PO3MOILUTY TPUBAJIOCTI MPOEKTY

TiCJIs ONTUMI3ALi] KPUTUYHOTO IUIAXY

Jlis Hao4HOI iHTepnpeTanii pe3yiabTaTiB ONTUMI3AII] KPUTUYHOTO LUIAXY MOOYJ0BaHO
rpa¢ik ¢GyHKIIi HOPMAIBHOTO PO3MOALTY TPUBAJIOCTI MPOEKTY MICIsI 3aCTOCYBAaHHS 3MiH JI0
3agad F ta G. Po3paxyHKkoBe 3HaU€HHS O4YiKyBaHOI TpUBaJIOCTi 3MeHmminocs 3 18.17 no 17.17
JIHIB, a CTaHJapTHe BiaxuieHHs — 3 1.166 no npubauzno 1.014. Lle cyrTeBo BIUIMHYIO Ha
(G yHKII1I0 KIMOBIPHOCTI 3aBEpPIICHHS IPOEKTY Yy 33JaHUH TEPMiH.

Sk BuaHO 3 rpadika, TUIOIIA MiJ] KPUBOIO 3J1iBa BiJ BEPTHKAIbHOI 4epBOHOI JiHii (1ea-
naitn 17 nmiB) 3HauHO 3pocia. MIMOBIpHICTH CBOEYACHOrO 3aBEpIICHHS MPOEKTY 3pocia 3
15.78% no 43.34%, mo niarBepaxkye eheKTUBHICTh TOYKOBUX YINPABIIHCHKUX BTPy4YaHb y
3a71a4i KPUTUIHOTO MUISXY.

BucHoBku. Y pe3ynabTaTi MPOBEACHOTO AOCTIHKCHHS JOBEICHO €(hEeKTHUBHICTH 3a-
crocyBaHHs Merony PERT st ananizy cTpokiB peamizaitii IT-mpo€ekTiB B yMOBax HeBH3HAUE-
HOCTI. 3alpONOHOBAHO MiXiJ, 10 MOEIHYE KIACHYHUN PO3PaxXyHOK OUIKYBAHOI TPHBAIOCTI
Ta aucnepcii 13 GpopMasi3oBaHOI MOCTAHOBKOKO 33/avil OMTHMI3aIli — MiHIMI3alii pU3UKy
HEBYACHOTO 3aBeplieHHs. Ha OCHOBI OOYHMCIIOBATBHOTO EKCIEPUMEHTY 3 BUKOPUCTAHHSM
peaTbHOTO MEpEeKeBOro Tpada TMPOEKTY: BU3HAYCHO KPUTHYHUM MUISX, OOYMCIICHO
HMOBIpPHICTb 3aBEPIICHHS MPOEKTY Y 33JlaHUi TEPMIH, TPOAHATI30BAHO BIJIMB OKPEMUX 3a71a4
Ha 3arajbHy HaJiWHICTh rpadika BUKOHaHHA. [licis onTumizaiii mapamMeTpiB KPpUTHIHUX 3a-
nad (3MEHIIEHHS WMOBIPHOT TPUBAJIOCTI Ta 3HUKEHHS JUCIIEPCii) WMOBIPHICTh 3aBEPIICHHS
MPOEKTY J10 AeiuiaiiHy 3pocia 3 15.78% no 43.34%. lle miaTBepaKye, 110 HABITH JOKAaJIbHI
BTpy4aHHs B CTpykTypy PERT-Mepexi MOXyThb iCTOTHO MiABUIIMTH €PEKTHUBHICTH YIIPaB-
JIIHHS CTPOKaMH.

[lepcniekTHBY MOAAIBIIMX JOCIIHKEHb TMepeadadaroTh PO3IMUPEHHST MOJen Ha Oara-
TOpiBHEB1 a00 a/anTUBHI MPOEKTHU [6, 8], a TaKOXK 1HTErPaIlif0 3 METOJIAMA MAIlTHHHOTO HaB-
YaHHS [Tl aBTOMAaTU30BAHOTO aHAJTI3Yy PU3UKIB Ta peKOMEHAIlIH 11010 ONITUMI3aIllii.
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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-
Jject 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. Mlunin, A.O. Xyp0Oa
PEAJIIBALISA TA JOCIIIKEHHS
METO/IIB ABTOMATU3ALIL KAJIPOBOI'O IIVIAHYBAHHS

Anomayis. Pozsumok asmomamusayii 6izHec-npoyecis, nopso 3i 3pOCMAHHAM CKIAOHOCMI
VAPABNIHHA THOOCOKUMU PECYPCAMU, Npu3seiu 00 HeoOXIOHOCMI CMBOPeHHs eqheKMUBHUX CU-
cmem NIAHY8aHHA. Y cmammi 00CiOHCyeEMbCs npoyec agmomamu3ayii Kaopogo2o NiAaHy-
BAHHA MA CKIAOAHHA 0I00XMCem), Wo 00360JIAE€ KePIBHUKAM Nepeiisioamu ma 3ameepoxrCcyed-
mu piyHi NAAHU, A JIHIUHUM KePIGHUKAM - KOHMPOIO8AMU C80I0 OP2aHi3ayilo, 8UsAGIAMU Oe-
¢iyum kaodpie ma nianysamu nHadip nepconany. Kpim moeo, cucmema cmeopioe inghopmayiti-
HI nawneni 0151 MeHeoHcepis, o 003B805€ BIOCMENCYBAMU OOCACHEHHS KOPNOPAMUBHUX Yilell.
Ynpaeninus npoexmamu € axmyanroHum 5K OJisi RIOBUWEHHS eheKmUBHOCmi pobOmMuU KOMAHO,
max i ons onmumizayii suxopucmanus pecypcie. Kpim 6acamvox 6udie Komepyilino20 8UKo-
PUCMAHHA, CUCeMU YUPAGIIHHA NPOEKMAMU CIMAHOBIAMb MAKO4C iHmepec y HaAyKo8Ux 0oc-
JIOMCEHHAX MaA OCBIMHIX Npocpamax, 0e 60HU O00NOMA2AOMb Op2aHizyeamu pobomy HAO
CKAAOHUMU NPOEKmMamu ma 3abe3neyumu 00CAeHeHHs NOCMAGIeHUX Yiell.

Bupiwenns npobnemu ynpasninusa npoekmamu ma niamy8aHHs J00CbKUX Pecypcié UKOPUC-
MOBYE OOCASHEHHS MA CMUMYIIOE PO3BUMOK 6a2amvox 2any3eli MexHIKU ma MeHeOHCMEeHMY.
Ipakxmuuna yinHicmeb 00CTIONCEHHS NONAAE 8 MOMY, WO BOHO OONOMA2AE 3PO3YMIMU KO-
Y08i acnekmu YnpagiiHHi NPOeKMamu ma NiaHy8aHHs a00CbKUX pecypcié 8 IT-komnanisx,
Wo cnpusie Ni0BUWEeHHIO egheKmuUeHOCmMi ma NPoOYKMUEHOCHI OP2aHi3ayiil.

Ilpu npoeedenni ananizy memoois NiaHy8aHHs IHOOCLKUX pecypcis, 0)10 00CHi0NHCeHO edek-
MUBHOCMI PIZHUX MemOoOi8 NIAHY8AHHS THOOCbKUX pecypcie 8 IT-komnawisax, enposaoiceHo
npocpamue 3a0e3neuents 0na asmomMamusayii niaHy8anHs ma po3nooiny pecypcis, nposeoe-
HO OYIHKY 6NIU8Y NIAHYBAHHS PeCypCi8 HA NPOOYKMUBHICb KOMAHO Ma ONMUMI308AHO 6U-
KOpUCMAHHSA I0OCbKUX Pecypcis.

Bnposeaoowcenns po3pobnenoi cucmemu YAPAeuiHHA NPOEKMAMU MA Memooie NIAHY8AHHS
JIOOCHLKUX pPecypcie npu3eo0ums 00 NiOBUWEHHS ePeKmUBHOCMI pobomu KOMAHOU Md NOK-
pawenns pe3yrbmamie npoekmie. Pekomenoosano zacmocogysamu po3pooaeni memoou ma
IHCmpymeHmu 011 ni08UWeHHs KOHKYpeHmocnpomodxchocmi IT-komnanii.

Knwouosi cnosa: kaopose naanysanus, asmomamusayis, 610024cemy8anHs, YNpagiinHs I00Ch-
Kumu pecypcamu, inghopmayitina namens.

IMocranoBka 3ana4i. Po3BUTOK iH(pOpMaLIHHUX TEXHOJIOTIH, MOPAL 3 JOCTYIHICTIO BCE
OUTBII MOTY)KHUX KOMII'IOTEPIB Ta MPOTPaMHOTO 3a0e3MedeHHs, MPUBIB 10 IIHPOKOTO BUKO-

pHUCTaHHS CHCTEM yIpaBiiHHA MpoekTtamu B IT-koMmnaHisix. Y 3B 3Ky 3 IIUM 3pOCTa€ IHTEPEC
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710 TIOJIINIIEHHS! METOIB IUIAHYBaHHS JIIOJCHKHX PECYpPCiB, IO € KPUTUYHO BAXKIUBUM IS
YCIIIIHOTO BUKOHAHHS TPOEKTIB.

Byno Bu3HaueHo, 110 cucTeMa yIpaBIiHHSA IPOSKTaMU € KOMIUIEKCOM METO/IB, 1HCTPY-
MEHTIB Ta MPOLECIB, SKi BHKOPUCTOBYIOTHCS AJIs MJIaHYBaHHA, OpraHi3allii, KepyBaHHS Ta KO-
HTPOJIIO MPOEKTIB 3 METOIO JIOCSTHEHHS BU3HAUCHHX LIJIeH y BCTAaHOBJICH] TEPMiHH, 3 JOTPU-
MaHHSIM Orokety Ta sikocTi. OCHOBHI 3aBJIaHHS CHCTEMM YNPABJIIHHS MPOEKTaMH BKIIOYa-
I0Th TUIAHYBaHHS, OpraHi3alliio, KepyBaHHs Ta KOHTPOJIb.

[TnanyBaHHS JIOACHKUX PECYPCIB € CTPATETIYHUM IPOIIECOM, SIKUM JOMOMarae oprasi-
3amisM 3a0e3MeYnTy HasBHICTh MOTPIOHHUX JIIOJEH 3 MOTPIOHMMH HaBUYKAMU B MOTPIOHMIMA
Yac, YUM W 3yMOBIICHA akmyanpHicms poOoTH. OCHOBHI €Tanu IUIaHYBaHHS JIIOJCHKUX pe-
CYpCiB BKIJIIOYAIOTh CKaHYBaHHS CEPEIOBHMIIA, MPOTHO3YBAaHHS MOMMTY, aHAJI3 MPOMO3MIIii,
aHasi3 nmporajiuH, po3pooky HR-crparerii, peasnizaliiro Ta MOHITOPHUHT.

Ocob6nuBocTi MOACHKUX pecypeiB y IT-ramysi BKIIIOYaroTh BUCOKY KOHKYPEHIIIIO 32 Ta-
JIAHTH, MIBUIKUN PO3BUTOK TEXHOJOTiH, THYYKI YMOBHU Mpalli, KyJIbTypy 1HHOBAIIi Ta BUCO-
Kuif piBeHb ctpecy. Lli ¢pakropu Bumararots Bif IT-kommnaHiii po3poOku e(heKTUBHUX CTpaTe-
riif 3amydeHHs Ta yTpUMaHHS CHiBPOOITHUKIB, IHBECTYBaHHS B HaBYaHHs Ta PO3BUTOK, a Ta-
KO CTBOPEHHSI Cepe/lOBHINLA, SKe MIATPUMYE IHHOBAIlI] Ta 3HWXKYE piBeHb cTpecy. [Ipodeciii-
HUI po3BUTOK B IT-cdepi € KI0U0BUM (aKTOPOM ISl YCIILITHOT Kap’€pU, OCKIIBKH TEXHOJIO-
rii MOCTIHHO 3MIHIOIOTHCS 1 BUMAraroTh BiJl ()axiBI[iB MOCTIHHOTO OHOBJICHHS 3HAHb Ta HABH-
qok. Kap’epa Oyab-sik01 JIFOIMHU CKIAIA€ThC 3 KUTHKOX KITFOUOBUX €TaIliB, KOKEH 3 SIKUX Ma€
CBOT 0COOJIMBOCTI Ta BUKIIUKH.

MeTto10 poboTH € po3poOKa MPOrpPaMHOTO MPOAYKTY, KUK 3MOXKe €(PEKTUBHO YIpaB-
JISITH IPOEKTaMH Ta TUIAaHYBaTH JIOACHKI pecypeu B IT-kommaHii.

Jlnst po3poOku mporpaMHOro MpoAykTy Oynu Bukopuctani Visual Studio, SQL Server,
MoBHu mporpamyBanns C#, T-SQL, JavaScript. Visual Studio € iHTerpoBaHUM cepeoBUIIIEM
pO3po0KH, siKe 3a0e31euye 3pyyHi IHCTPYMEHTH JIJIsl HalTMCaHHs, TECTyBaHHSI Ta HAJIAaropKeH-
Hs koxy. SQL Server BUKOPHUCTOBYETHCS AJIs YIIPaBIiHHS 0a3aMu JaHUX, 110 JO3BOJISE 30epi-
raTd Ta 00poOnsATH Benuki obcsru iHpopmamii. Mosu mporpamyBanas C#, T-SQL Ta
JavaScript 3a06e3meuyroTh THyYKICTh Ta €(EKTUBHICTh PO3POOKH MIPOTPAMHOTO 3a0€3MeUeHHS,
JT03BOJISIIOYN CTBOPIOBATH SIK CEPBEPHI, TaK 1 KIIIEHTChKI KOMITOHEHTH CHCTEMH.

AHai3 ocTaHHIiX AociailkeHb i myOJjikaimiid. ABTomMaTu3alis MPOIECIB YIpaBIiHHS
JIOJICBKUMH PEeCypCcaMy € 1HHOBAIIWHUM ITiAXO0M, KU T03BOJISE JOCIATTH BHCOKOI €(peKTH-
BHOCTI 32 paXxyHOK BHKOPHMCTAHHS €JMHUX CTaHIApTIB Ta aBTOMATHU30BaHUX MpoIeciB. B
OCTaHHI POKU TaKi CUCTEMH CTAJIA BAKJIUBUM 1HCTPYMEHTOM Y cepi YIpaBIIiHHS.

[Tporec aBTomMaTH3aIlii KaapoBOro IJIAHYBaHHS Ta CKJIaJIaHHS OIOKETY € YHIKaJTbHUM
Ta e(PEeKTUBHHUM ITIXOJI0M JO YMPaBIiHHS JIIOACBKUMH pecypcaMu. B xojii aHai3y ocTaHHIX
JOCIIKeHb Ta myosikariii [ 1-8] Oyno BU3HaAYeHO OCHOBHI TPOOJIEMHU KaJpOBOTO TIaHyBaHHS
Ta iX pileHHs, siKi HaBeIeH1 B Ta0auIli 1.
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Tabmums 1
[Ipo6yiemu Ta iX pimeHHs IPH aBTOMATHU3AIIi]1 Ka[pOBOTO IUIAHYyBaHHS
IIpodsema Bruius Pimnenns
Kowmmanii  BukopuctoByioTh | [Iponiecu He yHidikoBaH1 VHiikoBaHUN TIpoIeC s
pi3HI 1HCTPYMEHTH JIA TIpO- BH3HAYECHHsS TUIaHY PoO0YOi
THO3YBaHHS PO3MOALTY TEepCo- CHUJTU KOMTIaHIi
HaIy
Bci nmaHi BBOAsATBCS BpydHY | 30MpaHHS Ta MoAaHHS AaHuX | [Iponiec 3aBaHTaKEHHS [a-
a00 HaMIBpYy4YHY BHUMarae 3Ha4HUX 3yCUJIb HUX aBTOMaTH30BaHUM
BiacyrHiii nmeranpHuil meper- | Hemae neranpHOi BuaMMocCTi | PieHHss Hajgae 3araibHUN
TSI pO3TOJILTY TIePCOHAITY Ta TependadyyBaHOCTI PO3- | CTaTyC MiAPO3AUTIB 3 MOXK-
MOIUTY TIEPCOHATTY JIMBICTIO AeTani3armii

Buknagenns ocHOBHOTo Matepiany nociimkennsi. Jlroaceki pecypcu (HR) € onaum 3
HAaWBaXJIMBIIINX aKTHBIB Oyb-IKOi opranizaiii, ocoosmBo B IT-kommaHisx, ne ycmix mpoek-
TiB 3HAYHOIO MIpPOI0 3aJIGKUTh BiJ KBamidikamii Ta epekTuBHOCTI KoMaHau. [lmanyBaHHS
moncbkux pecypciB (HRP) € ctpaTeriuanm mporecoM, siKUid goroMarae opraHizarisMm 3a0e3-
MEYUTH HASIBHICTH MOTPIOHMX JIOJICH 3 TOTPIOHMMH HaBUYKaMH B TOTpi1OHMH vac [ 1-5].

OCHOBHI eTanu IIaHyBaHHS JIFOJICHKUX PECYpCiB:

1. CkanyBanHs cepenoBuimia: OImiHKa BHYTPINIHIX 1 30BHIMHIX (PAKTOPIB, SAKI MOXKYTh
BIUIMHYTH Ha MOTPeOH B JIIOJCHKUX pecypcax. Lle Bkimouae aHani3 puHKOBHX YMOB, raiyse-
BUX TEHJICHI[i}, TPaBOBUX BUMOT Ta TEXHOJIOTIYHOT'O IIPOTPECY.

2. IlporHo3yBanHs nonuty: BusHaueHHs MaliOyTHIX MOTped B JIOACBKUX pecypcax Ha
OCHOBI CTpaTeriuHuX IIiiel opraHizaiii. [{e Moxe BKkIIOYaTH aHami3 MailOyTHIX TPOEKTIB, PO-
3mupeHHs Oi3Hecy Ta iHmI (HaKTopH, 10 BIUIMBAIOTH Ha MOTPeOy B MEPCOHAII.

3. Ananiz npomno3umii: OuiHKa HasBHUX JIIOJCHKUX PECYpCiB, BKIIOYAIOYM HABHYKH,
KOMIIETEHITI1 Ta MOTEHIlian cmiBpoOiTHHKIB. Lle Jomomarae BUSHAYUTH, UM OCTATHLO HAsB-
HUX PECypCiB /I 33J0OBOJICHHSI MaHOYTHIX MOTpPEO.

4. Ananiz nporanuH: BuzHaueHHS po3puBIB MiXK IOTOUHUMH pecypcamMu Ta ManOyTHi-
mu norpebamu. Lle mo3Bossie po3poOuTH cTparerii A 3alOBHEHHS IMX MPOTAlIMH, Taki sK
HaBYaHHs, HAalfMaHHS HOBUX CITIBPOOITHUKIB 200 BHYTPIIIHI MEpEMilIEHHSI.

5. Po3pobka HR-ctparerii: CTBOpeHHS Iu1aHy il Ui 3310BOJICHHS MaOyTHIX MOTped
B JIIOJCHKUX pecypcax. Lle mMoxe BKIIOYAaTH MpOrpaMu HaBYaHHSA, CTpaTerii Haltmy, MJIaHd
HACTYIMHOCTI Ta 1HIII 3aX0/IH.

6. Peanizauisa: BrnpoBamkeHHs po3poOiIeHUX CTpaTeridi Ta MOHITOPUHI iX BHKOHAHHSL.
Baxnuo 3a0e3neunty, mo0 BCi 3axoau Oy/nu y3roJUKEHI 3 3aralbHOI0 CTPATETier0 opraHiza-
i,

7. MowniTopuHr Ta ominka: IlocTiifHHII KOHTPOJIb 32 BUKOHAHHSM IUIaHy Ta OLliHKA HOro
edexruBHOCTI. Lle M03BONSIE BYAaCHO BHOCHUTH KOPEKTHBHU Ta 3a0e3MeuyBaTH BiATOBIIHICTH
IUIaHy peaTbHUM IOTpedaM opraHizatii.

Cucrema aBTOMaTH3allii KaApOBOTO IJIAHYBAaHHS BKIIOYA€ KiTbKa KIOYOBUX KOMIIOHE-
HTIB, 110 3a0€3Me4yI0Th €(PEeKTUBHICTS i poOOTH:
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1. CTBOpeHHS MIaHy KOMIIaHii: aBTOMaTU30BaHUI Mpoliec TOOYI0BH, 3aTBEPKEHHS Ta
KOHCOJIiIaIlii TUIaHiB HA PiBHI MiAPO3ILITIB.

2. EkcniopT 3aBepIIeHOro IJIaHy: CUCTEMa J03BOJISIE SKCIIOPTYBATH 3aBEPIICHHI TUIAH
JUTSL TIO/IaJTBIIIOTO BUKOPUCTAHHS.

3. PoOoua nomika i IUIaHYBaHHSA: 1HTEPAKTUBHUHM IHCTPYMEHT Ui JETaJbHOTO IUIa-
HYBaHHS Ta YIPaBIiHHS TEPCOHATIOM.

4. Incopmartiitii nmaHesni: HaalOTh OIS BAXKJIMBOT CTATHCTUKU Ta TEHIEHIIH.

5. ABTOMaTHuYHE BHSBICHHS HEBIIIMOBIIHOCTEH: CHCTeMa BUJUIAE CyNEpewInBl JaHi
JUTS TX KOPEKIIii.

IT-rany3p mae cBoi cieunivai 0cOONMMUBOCTI, SIKi BIUIMBAIOTH HA YIPABIIHHS JIFOCHKHU-
MU pecypcami [2]:

1. Bucoka koHKypeHIlis 3a TananTu: [T-koMmaHii 4acTo CTUKAIOTHCS 3 Ae(IIIUTOM KBa-
TiiKOBaHUX KaJpiB, 110 MPU3BOAUTH A0 BUCOKOI KOHKYpEHIIil 3a TanaHoBUTHX (axiBuis. Lle
BUMarae BiJi KOMIaHii po3poOKH ePeKTUBHUX CTPATETiH 3aTydeHHs Ta yTPUMaHHs CIiBpoOi-
THHKIB.

2. lIBunkwii po3BUTOK TexHONOTIH: [lOCTIfHMII PO3BUTOK TEXHOJIOTiIM BHMAarae Bij
CHiBpOOITHUKIB MOCTIHHOTO HaBYaHHS Ta MiaBUIICHHS KBamidikarmii. IT-koMmaHii mOBUHHI
iHBeCTyBaTH B HaBYAHHS Ta PO3BUTOK CBOIX MpAIiBHUKIB, 00 3aiHMIIATUCA KOHKYPEHTOCT-
POMOXKHUMHU.

3. 'nyuxi ymoBu npani: barato IT-koMmnaHii mpornoHyOTs THYYKI YMOBH IIpalli, BKIIO-
Yar4M BijjajgeHy poOoTy Ta rHy4kui rpadik. Lle momomarae 3amydar TajgaHTH 3 pi3HUX pe-
rioHIB Ta 3a0e3medyBaTu 0anaHc MK pOOOTOIO Ta OCOOUCTUM KUTTSIM.

4. Kynbrypa igHoBaiii: IT-koMmaHii 4acTO MarOTh KYJIbTYpY, SIKa CIPHUsIE IHHOBAIISIM
Ta TBOPYOMY MiAXoay 10 BupimeHHs npoosnem. Ile Bumarae Bim HR-menemkepiB cTBOpeHHS
CEPENIOBHUINA, SIKE IMATPUMYE Ta CTUMYJIIOE IHHOBAIIII.

5. Bucoxkuii piBens crpecy: Po6ota B IT Moxe OyTH ay’ke CTPECOBOIO Yepe3 BUCOKI BU-
MOTH JI0 TPOJYKTUBHOCTI Ta MIBUIKI TeMIy 3MiH. KommaHii moBHUHHI 3a0e31euyBaTH MiATPH-
MKy MEHTaJBHOTO 3JIOPOB’S CBOiX CIIBpOOITHHKIB Ta CTBOPIOBATH YMOBH JJIsS 3HHMIKCHHS
CTpecy.

biznec-moorcnusocmi ma oensao cucmemu

[IpoekT BKIIIOYa€E Mpoliec aBTOMaTU3allli KaJIpOBOroO IJIaHYBAHHSA Ta CKJIAJaHHs OI0JpKe-
Ty, JI€ BiH JO3BOJIMTHh KEPIBHUKAM, BIIIE-TIPE3UICHTAM, CTAPIITUM Bille-TIPE3UCHTaM 1 TeHepa-
JBHUM JTUPEKTOPaAM NEPerisiAaTH piuHAN KaJpOBUH TUIaH 1 OFOKET 1 3aTBEPKYBATH iX.

3 iHmoro 00Ky, 1e A03BOJHTH JIHIWHAM KEpIBHUKAM IJIaHYBaTH Ta KOHTPOJIOBATH
CBOIO OpTraHi3allio, TOOTO BUSABIATH ACHIUT KBATI(PIKOBAHUX KaApIB JJIs 3alIOBHEHHS KPH-
TUYHO BAXKJITMBUX POJICH, MiIKPECIIOBATH MOTPpeOH B HAOOpI MEepCOHATy Ta MIOJACHHO BiJICTe-
JKYBaTH KUTBKICTh CHIBpOOITHHUKIB Yy TTOPIBHSAHHI 3 ICHYFOUMMH MOCaJaMHU Ta TTOCHIIFOBATH KO-
HTpOJIb ((hakTUIHHI TOpiBHAHO 3 OroKeToM). Cructema 3abe3neunTh iHaHCH HEOOX1THOIO
U1 O10KETY CTaTUCTHKOIO.

Kpim Toro, cucrema cTBoproBaTUME 3p03yMiny iH(GOPMAIIHY MaHeb ISl MEHEDKEPiB,
OB’ sI3aHY 3 KOPITOPATUBHUMU ITIJISIMHU, 1 TOBUHHA BUCBITIIOBATH MTPOTATHUHH, SIKIIO TaKi €.
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Cucrema Hajgae MOXIMBICTh neperasHyTH 10-piunuil man Ha OyIb-sIKOMY piBHI B 3a-
JISKHOCTI1 BiJl HATaHUX JOCTYIIIB.

3aranpHy 17110 MOXKHA ONMCATH KUIbKOMa MPOCTUMH MOBTOPIOBAHWMH KPOKAMHU ISt
MOYaTKy CTBOPEHHsS IJIaHIB KOMMAHII HUIAXOM 300py JaHWX BiA BIIAUIB A0 KOMIaHiH
(puc.1).

CucremMa mmaHyBaHHS JIIOJCHKUX PECYPCiB aBTOMATU3YE TaKi MPOLECH:

* CTBOpEeHHS TIaHy KOMIAaHIi IUIIXOM MOCIiOBHOTO MPOLECy MO0y I0BH, 3aTBEPIKEH-
HS Ta KOHCOJTIJIAIi1 TUTaHIB Ha HIDKYUX ITiIPO3/IiIax

* ExCIIOpT 3aBEpLICHOIO ILIAHY

Ha xoxHOMY Kpolli IMJIaHyBaJbHUK BHKOHY€E IJIAHYBaHHS I0JI0 BHXOJY Ha IEHCIIO,
CKOpPOUYEHHS/ONTUMI3aIli], Mepenpu3HaueHHs/TIepeMillleH s, 1HTerpalis, iHTepHarypa, Ha0ip
HepCOHAITY TOILO.

B po6oTi po3po0ieHo MaTeMaTH4Hy MOJIENb TJIAaHYBAaHHS JIIOJICBKUX PECYPCiB, sIKa J10-
3BOJIsIE €()EKTUBHO NMPOTHO3YBATH Ta aHANI3yBaTH IMOMUT Ha Pi3HI mocaau B opraxizauii. Cuc-
TeMa BpaxoBYy€ YHCICHHI MTapaMeTpH, 30KpeMa KUIbKICTb M0caj] Ha PiK Ta LMKIH IUIaHyBaHHS.
s Mozmens BUKOPUCTOBYE KOHCOJIIOBaHI METPUKH ISl 3a0e3MeUeHHs] TOYHOCTI MPOTHO3IB,
110 J03BOJISIE€ TIPUIIMaTH OOTPYHTOBAHI PIlIEHHS 1I0JI0 HAOOpPYy MEPCOHANy Ta PO3MOJTY pe-
CypCiB.

.~ CENTRE OF EXCELLENCE= COMPANY 1 CENTRE OF EXCELLENCE—

Initiate Company
10Y Plan DEPARTMENT DIVISION FUNCTION COMPANY

L Export 10Y Manpower plan

HQ WF Planning HQ WF Planning

Pucynoxk 1 — Ornsig cucremu

Ha puc. 2 naBeneno giarpamy «IIporHo3u monury», sKa npu3HaueHa Jyis Bi3yamizarii
Ta aHaJi3y NPOTrHO3iB MONMUTY Ha IT0ca g B KoMnaHii. Bona Hanae indopmartito npo:
- Kinpkicth mocan Ha pik - A03BOJSE MOOAYUTH 3aralIbHY KUTBKICTh MO3HUIIIHN,
K1 OyTyTh IOTP1OHI B KO)KHOMY POIIl.
- TlomepenHii 1 MOTOYHUNA IUKJ IUIAHYBAaHHS - BiJIOOpakae MOMepeaHi Mmpo-
THO3U Ta (PaKTUYHI JaH1 32 TOTOYHUH ITUKJI TIaHyBaHHsA. Lle momomarae mopiBHIOBaTH
OYIKYBaH1 PEe3yJIbTATH 3 PEaTLHUMHU.
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Pucynok 2 — [Ipornosu nonury

Bukopucranus niarpamu:

1. Crpareriune IuiaHyBaHHS - JIOTIOMara€ KEpiBHULTBY NpUIMAaTH OOIPYHTOBaHI pi-
IIEHHS 1110710 HA0OPY MepCOHATy Ha OCHOBI IIPOT'HO31B MOIHUTY.

2. Posmogin pecypciB - 3a0e3neuye edeKTUBHHA PO3MOILT JIFOJACEKUX PECYPCIB MiXK Pi3-
HUMH TAPO3/AiJIaMHi KOMITaHii.

3. OuiHka e(eKTUBHOCTI - JO3BOJISIE€ OIIHUTH, HACKUIBKM TOYHO MPOTHO3W BIJAIOBiIa-
I0Th PEATLHUM JJAHUM, 1 KOPUTYBATH CTpaTET1l TUIaHYBaHHS Ha MallOyTHE.

Ha puc. 3 nHaBegeHo miarpamy «Bakancii», sika pomomarae ympapmHIgM 1 HR-
(haxiBIsIM BIZCTE)KYBAaTH Ta aHAIII3yBaTH CTaH BaKaHTHUX IOCAJ 1 TUTAHYBATH 3aXO/H 3 iX 3a-
MMOBHEHHSI, BPaXOBYIOUM MHUHYJI Ta MOTOYHI IHMKIM IUIaHyBaHHA. lle Moke cnpustu OLIbII
€(hEKTUBHOMY BHUKOPHCTAaHHIO JIFOJCHKHX PECYpCiB 1 3a0e3medeHHIo Oe3nepediiiHol poOoTH

oprasizariii.
4
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Pucynox 3 — Jliarpama Bakasciit
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UucenbHe MOJETIOBaHHS Ta pe3yabTaTu. 3 pucC. 4-5 MOKHA MMpOaHATi3yBaTH K 3MIHH-
Jach KUIbKICTh MO3MILIH, B TOTOYHOMY IUIaHI B OPiBHAHHI 3 monepeaniM. To0To, Hanpukiaz,
OyB cTBOpeHMI HOBMH Miapo3nin B sikoMmy 10 mpauiBHUKIB, iaH Oyzae mepeOynoBaHUi 1 Ha
Jiarpami Mu o0adyuMo Pi3HUIIIO.

Proposed Demand Projections
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Pucynoxk 4 — [Ipoexitist omuTy A0 CTBOPEHHS HOBOTO MiAPO3 LTy

Proposed Demand Projections
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Pucynox 5— [Ipoexuisi MOMUTY MiCIisi CTBOPEHHS! HOBUX MO3MILIIN

Lle mpusBene 10 OHOBJIEHHS KUIBKOCTI BakaHcii (puc. 6-7). Ha pucynkax 6-7 BUAHO,
1o ix crano Oinbie Ha 10.

Vacancies
50
40
30
20

ERERRER

0

23 24 25 26 27 28 30 31 32 33
Previous (@ Current
Pucynox 6 — KinbkicTh BakaHCIH MOYaTKOBA
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Vacancies
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Pucynok 7 — KinbkicTh BakaHCIi# MicIisi CTBOPEHHS HOBUX TO3HIIIHA

[Ticna toro, sk BakaHcii OyyTh 3aKpUBATUCH, 11e Oy/e BioOpakaTHCh TaKOX Ha IIbOMY
rpagiky.

B marpuni npoexuiii (puc. 8) mo mizpo3aiiaM MoKHA MOOAYUTH B SIKOMY came IiJgpo3-
Il BiOyuCh 3MiHM 1 X 3HaueHHs. Ha puc. 8 HaBeeHi MOYaTKOBI 3HAYCHHSL.

2023 2024 2025 2026 2027
Vv Proposed Demand 59 = 60 59 = 60 59 = 60 59 = 60 59 = 60
Company where Added 10 positions 15215 15 =15 15 = 15 15, = 15 15 =2 15
Technical Division 28 - 29 28 - 29 28 - 29 28 - 29 28 - 29
Corporate Services Department 2332 252 22 22 2 52
BZ?;';&’:::”E'“GE&Comp"a”ce 353 33 353 353 353
Finance Department i 2332 252 2->2 22

Pucynoxk 8 — 3Beziena MaTpuIls 3a MONEPENHIi 1 MOTOYHHM UK TUTAHYBaHHS

[Ticns po3mupeHHs SKOrOCh MiAPO3/IUTy, HATPUKIIA IEPIIOTro, MOKHA Oye modaduuTu
B SIKOMY ITJIPO3/IiTi 1 B IKOMY poIli BinOymick 3MiHu. KpiM TOT0, 116 MO’KHA HATJISITHO MTOPiB-
HATH 3 TIOTIEPEAHIMH ITUKIamMu (puc. 9).
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2023 2024 2025 2026 2027

' 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 2 >3 22 22 232 2= 2

Legal, Governance & Compliance 5 54 5 55 S 3 3.5 5.3 %

Department

Finance Department 22 232 2-»2 232 252

Pucynox 9 - 3Benena maTpuIls 3a OMEPETHIN 1 MOTOYHHMA UK TUTAaHYBaHHS

BignoBigHo, 11e TakoXK BIUTMHE 1 Ha BakaHCIi. 3MiHM OyayTh BUAUICHI 1HIIUM CTHJIEM
puc. 10-11.

3BeeHa MaTPHIlSl BaKaHCIH 3a MOMEpEeNHIM 1 MOTOYHUH ITUKJI TUTAaHYBaHHS J0 PO3IIH-
pEeHHs MMiIpOo3/iTy HaBeaeHa Ha puc. 10.

Vv Vacancies 13 = 14 13 > 13 15 2 15 16 = 16 16 < 16
Company where Added 10 positions 4 =15 425 4->5 4 >5 4 >5
Technical Division 455 435 536 637 6> 7
Corporate Services Department 0->0 0->0 0-=>0 0->0 0->0

Legal, Governance & Compliance

2 -2 Rire¥ 2 2 =2 2= 2 2 =2
Department

Finance Department 1=>0 1=2>0 1=>0 120 1->0

Pucynok 10 - 3Besiena mMaTpuist BakaHCiH 3a ronepenHii
1 MOTOYHMI IUKJI TUTAHYBAHHS 10 PO3IIMPEHHS IMiIpO3/IiTi

3BeleHa MaTpUIlsl BaKaHCIH 3a MONepenHiid 1 TOTOYHUN UK IJIaHYBaHHS, MICIS PO3-

IMIMPEHHS NiAPO3AlTy HaBeaeHa Ha puc. 11.
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~v Vacancies 13- 24 13 > 13 15 = 15 16 = 16 16 = 16
Company where Added 10 positions 4 = 25 435 4 =5 45 435
Technical Division 4 =25 4 35 526 6>7 6 =>7
Corporate Services Department 0->0 0->0 0-=>0 0->0 0->0

Legal, Governance & Compliance
Department

Finance Department 120 120 10 1=20 1->0

Pucynox 11 - 3BeneHa maTpuiiss BakaHCIH 3a TONIepeaHIN
1 TOTOYHUH UK TIJIAaHYBAHHS TICIIs PO3MTUPEHHS MAPO3ILTY

BucHoBkH. B cTarTi BU3HAYEHO, 11O CHCTEMa YIIPABIIHHSA MPOEKTAaMH € KOMILIEKCOM
METO/IIB, IHCTPYMEHTIB Ta MPOIIECIB, SIKI BUKOPUCTOBYIOTHCS ISl TUITAHYBaHHS, OpraHizallii,
KEpyBaHHS Ta KOHTPOJIIO MPOEKTIB 3 METOI0 JOCATHEHHS BH3HAYEHUX LJIEH y BCTAHOBIICHI
TEPMiHH, 3 JOTPUMAHHIM OIO/DKETY Ta AKocTi. OCHOBHI 3aBJaHHS CUCTEMHU YITPABJIIHHS MPOe-
KTaMH BKJIIOYAIOTh TUIAHYBaHHS, OPTaHi3alliio, KepyBaHHS Ta KOHTPOJIb.

[InanyBaHHS JIOJCHKUX PECYPCIB € CTPATEriYHUM MIPOIECOM, SIKHU JToroMarae opraHi-
3amisaM 3a0e3MeYnTy HasiBHICTh MOTPIOHUX JIIOJEH 3 MOTPIOHMMH HaBHYKaMH B MOTPIOHUI
yac. OCHOBHI eTany IJIaHyBaHHs JIOJICBKUX PECYPCiB BKIIOYAIOTh CKAHYBAHHS CEPelOBUILA,
MIPOTHO3YBaHHS MOMUTY, aHaJli3 MPOIMO3HUILii, aHali3 nporaiul, po3pooky HR-crparerii, pea-
T30 Ta MOHITOPHHT.

Ocob6nmBocCTi MOACHKUX pecypciB y [T-ramysi BKIIIOYarOTh BUCOKY KOHKYPEHIIIO 32 Ta-
JAHTH, MIBUIKUN PO3BUTOK TEXHOJOTiH, THYYKI YMOBHU Npalli, KyJIbTypy 1HHOBAIliil Ta BUCO-
Kuif piBeHb ctpecy. Lli ¢pakropu BumararoTs Bif IT-kommaHiii po3poOku e(heKTUBHUX CTpaTe-
riif 3amyd4eHHs Ta yTpUMaHHS CHiBpOOITHHUKIB, IHBECTYBaHHS B HaBYaHHS Ta PO3BUTOK, a Ta-
KO CTBOPEHHSI CepeOBHIIIA, SIKE MATPUMYE iHHOBAIIIT Ta 3HUXKYE PIBEHb CTPECY.

[IpakTiyHa MiHHICTH JOCTIKEHHS MOJIATAE B TOMY, IO BOHO JIOTIOMAara€ 3po3yMiTH
KJIIOYOBI ACIEKTH YIpPaBIiHHSA MPOEKTaMH Ta IUIaHYBaHHS JIOACbKUX pecypciB B IT-
KOMIAaHIfAX, 110 CHOPUSE MiABUIECHHIO €()eKTUBHOCTI Ta MPOJAYKTUBHOCTI OpraHi3allii.

B pe3ynbTari BUKOHaHHS poOOTH OYII0 po3p0o0JIeHO MPOrpaMHUN TPOAYKT, SIKHH 3MOKe
e(eKTUBHO YNPABIATH MPOSKTaAMU Ta IUIaHYBATH JOACHKI pecypeu B IT-kommawnii. s pos-
poOku mporpamHoro mpoaykry 0ynu BukopuctaHi Visual Studio, SQL Server, MoBu mporpa-
myBanas C#, T-SQL, JavaScript.

BripoBamkeHHs: MaTeMaTHYHOT'O MOJIEITIOBAHHS 3HAYHO MOKPAIIMIIO TOYHICTH MPOTHO31B
MOTUTY Ha TIOCAJH, 10 CIPHUSUIO OOIPYHTOBAHOMY MPHUUHATTIO PIllIEHb 1100 HAOOpy mepco-
HaIy.
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Bukopucranus giarpam J03BOJUIIO HATJISHO BiJCTEKYBATH 3MiHU B KiJTBKOCT1 BAaKaHT-
HHUX T0caj Ta €(eKTUBHICTH IUIAHYBaHHA, IO CHPUSIIO OUIbII €()EeKTUBHOMY YHPABIiHHIO
JIOICBKUMH PECypCaMH.

MogentoBaHHS BUSIBUIIO KPUTUYHI MIAPO3ALIH, SKI HOTPEOYIOTh T0OIaTKOBHX PECYpCiB,
JIO3BOJIAIOYM OIEPATHBHO pearyBaTH Ha 3MIHU Ta YHUKATH JNEQIUTY MepcoHaNy. 3aBISIKU
NPOTHO3aM 1 aHami3y JaHUX, OpraHizalis 3Moriaa e(eKTUBHO PO3MOAUIATH PECYpCH MIXK Mif-
poszainamuy, 1o 3ade3nednno 6e3nepediiHICTh poOOTH 1 JOCSATHEHHS cTpaTeriunux niiei. Ile-
pioauuHEe OHOBJICHHSI MOJIENI Ta BKIIOUYEHHS HOBHUX IapaMeTpiB JO3BOJIUTH MiATPUMYBATH il
aKTyaJbHICTh Ta €()EeKTUBHICTh B YMOBAX 3MIHHOTO PUHKY IIpalli.
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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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PEDEPATU

YK 004.021

Mononeus b.B., bynana T.M., bonaupes /1.0. Indopmaniiina cucrema resepauii mo-
TOJHMX YMOB HA OCHOBi IITYYHOI0 IHTEJIEKTY VI TeXHIYHMX CHCTEM IiITPUMKH NPH -
HATTA pimeHb // CucremHi TexHonorii. PerioHanbHMI MDKBY3IBCBKUEM 30ipHHUK HayKOBHX
npailp. - Bummyck 5(160). — duinpo, 2025. — C.3 — 10.

PobGora mpucesueHa po3poOiri iHGOpMaIiifHOT TEXHOIOTl MOJENOBaHHS MOTO/IH, 3a-
CTOCYBaHHSM IIMOOKOTO HABYAHHS B 3aJa4aX MPOTHO3YBaHHS aTMOC(HEpHUX siBUII. B skocTi
mozeni 0yno oopano FourCastNet 3 BUCOKOEhEKTUBHOIO 00pOOKOI0 reoi3MIHIX TaHUX, SKa
Jlana MOKJIMBICTh HABYATHCS HA BEJIMKUX MAacHBaxX iCTOPUYHOI METEOpOJIOTriuHOi iH(popMarlii
Ta 3a0e3nmedmia OINEpaTUBHE NPOTHO3YBAaHHS 3 BHCOKOIO MPOCTOPOBOIO PO3IIIEHOIO
37IaTHICTIO.

bibm. 11.

YK 004.043

3apoxatok A.B., Jlixoy3oBa T.A. AHa/i3 HAYKOBMX i MPAKTHYHUX JOCATHEHb Yy cepi
reHepanii pesepoepauiiinux egekriB // CuctemHi TexHOOT1. PerioHanbHu MiXXKBY31BChKUN
30ipHMK HAYKOBHX Mpailb. - Bumyck 5(160). — Quinpo, 2025. — C.11 —23.

VY po6oTi po3rIAHyTO MPOoOIEMy CTBOPEHHSI pealicCTUYHUX 3BYKOBHX e(eKkTiB peBepOe-
pauii B koMn’roTepHuX irpax. [TokazaHO OCHOBHI OCOOJIMBOCTI ICHYIOUMX METOJIB I'eHepaii
peBepOepartii, cepeq SIKUX CKIAJHICTh pydHOi 0OpoOKM mapameTpiB 3BYKY, CTaTMUHICTh MO-
Jienel Ta oOMeKeHa aJanTHUBHICTH 0 TeOMETpii irpoBoro mpoctopy. BuszHaueHo, mo mpo-
OJieMa CTBOpPEHHS PEAICTUUYHUX peBepOepariiiHux ePeKTiB Il KOMIT IOTEPHUX iTOp € J0-
CSDKHOIO JIMIIIE TIPHU 3aCTOCYBaHHI CYYacCHHUX IIIXOiB, 110 3MEHIIYIOTh PyYHE HAIAIITYBAaHHS
Ta TJIBUIIYIOTh aJaNTUBHICTh 3BYKOBHX MapamerpiB. Ha mijmcraBi aHaizy BH3HAYEHO, IO
ICHYIOTh 3HauHI MEPENIKOIU, sIKI 3HIKYIOTh PEaliCTUYHICTh aKyCTUYHOTO CYIPOBOIY JO-
CTYITHUMH METOJIaMHU.

bi6:. 20.

YK 623.618.2

Knmumenko O./1. IlepeBipka oqHOPiIHOCTI NMCEeBAOBUINAAKOBHUX BUOIPOK KPUTEPisIMHU
Anaepcona ta byma-Binga // Cucremni TexHomorii. PerioHaapbHHI MDKBY3IBCHKHI 301pHUK
HayKOBHUX Mpatib. - Bummyck 5(160). — quinpo, 2025. — C.24 — 33.

VY craTTi po3rNSHYTO MUTAaHHS CTAaTUCTHUYHOI OJHOPIAHOCTI MCEBAOBUIIAKOBUX BEIHU-
quH. MeToro JAOCTIIKEHHS € OIliHKa e()EKTUBHOCTI TBOX KPUTEPIiB: TBOX BUOIPKOBOTO KpH-
Tepito AHIepcoHa Ta KoMOiHOBaHOTO KpuTepito byma-Binna. JlocmimkeHo MOXKIMBOCTI KpH-
TepiiB MO0 BUABJICHHS CTATHCTHYHO 3HAYYIIUX BIAMIHHOCTEH MIX BHOIpKaMHu, OCOOIHMBO y
BUTIQJIKaX, KOJHM OJIHA 3 BUOIpOK MICTUTh "3a0pynHeni" nani (BuOipku Trroki). Kpurepiii AH-
JIEPCOHA 3aCHOBAHUM Ha aHaI31 PAaHTOBUX XapaKTEPUCTUK BHOIPOK, IO JIO3BOJISE OLIHUTH 1X
OJIHOPIAHICTH 32 YMOB HEBiIOMOTO po3nojaury. HatomicTeh komMOiHOBaHUN Kputepidt byma-
Binga € yHiBepcaJIbHUM 1 37]aT€H aHATI3yBaTH BUOIPKH 3 PI3SHUMH PO3MOIIJIaMU, BPaXOBYIHOUH
SK CEepelHl 3HAa4YeHHs, TaK 1 aucnepcii. [IpakTudHa MiHHICTE JOCTIHKEHHS TOJISIrae y BU3HA-
YEHH1 ONTHUMAJIbHUX YMOB BHKOPHUCTAHHS KOXXHOTO 3 KPHUTEpIiB Ui PI3HUX 3a PO3MIPOM
BUOIPOK Ta 3 HEBIIOMHUMH CTaTUCTMYHUMH IapaMmeTrpamu. BukopucTaHHs 3a3Ha4eHUX KpU-
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TepiiB e(heKTUBHO 3aCTOCOBYBATH IPHU JTOCIIKeH1 Manux BuOipok (n<60). Busnaueno, 1o
JOIUIBHO KOMOIHYBAaTH CTaTUCTHYHI KPUTEPIi 3 METOJAMH OUUIICHHS JaHUX a00 BUKOPHCTO-
ByBaTu podacTHi aHamoru. OTpuMaHi pe3yabTaTd MOXKYTh OyTH 3aCTOCOBaHI B €KCIIEPUMEH-
TanbHIN ¢i3uil, COLioNorii, iHXeHepii, OlOMeTUYHUX JOCTDKEHHIX Ta HIMX cdepax, e
BaXJIMBO OIIIHUTU OJHOPIIHICTh EKCIIEPUMEHTAIBHUX JaHHX.

bi6mn. 7, In. 4, Tabm. 3.

YJIK 004.94, 624.9, 692

Moguan O.1IO. YaockoHaneHi Mmoaesi NJIaCTUYHOCTI 3 YPaXyBaHHAM PYyHHYBaHHS
Ta cTparerii KajJiOpyBaHHS /sl TOYHOI0 CKiHYEHHO-eJIEMEHTHOr0 aHaJjdi3y OeroHy 0e3
apMyBaHHSl Y TOHKOCTIHHMX KOHCTpyKUisix // CucremHi TexHonorii. PerioHanpuuit
MDKBY31BCHKHH 301pHUK HAYKOBHUX Ipalb. - Buryck 5(160). — {xinpo, 2025. — C.34 — 42.

3anponoHOBaHO y3arajlbHEHY METOJIUKY BUCOKOTOYHOIO CKIHYEHHO-E€JIEMEHTHOTO MO-
JIETIIOBaHHsI HEapMOBAaHOTO OETOHY B TOHKOCTIHHHX eleMeHTax. KitouoBMMHU CKIIaIHUKAMH €
MOLITKO/IPKEHO-TUTACTUYHI 3aKOHM MaTepiaiy, JeTajbHa KaliOpyBajbHa MOCIIAOBHICTh HA OC-
HOBI1 BUIIPOOYBaHb Ha CTUCK, PO3TAT 1 PO3KOJI, @ TAKOXK YTOUHEHE CITKYBAHHS 3 HEJIOKaJIbHOIO
peryJsipu3aLi€lo UIsl YCYHEHHS 3aJIeKHOCTI BiJ po3Mipy enemenTa. [lokazaHo, 10 KOPEKTHO
BinkamiOpoBana monenb Concrete Damaged Plasticity BiATBOpIO€ KpHBI «HaBaHTa)KEHHSI—
MPOTUH» 1 KapTH TPiluMH 13 moxubkorwo MeHme 15 %. OkpecieHo noTpedy y BIAKPUTUX €Ta-
TOHHMX 0a3axX JaHWX 1 3aCTOCYBaHHI MAIIMHHOTO HAaBYaHHS Ui aBTOMAaTH3allii miadopy ma-
paMeTpiB.

Bi6a. 11, i1. 0, Tab6m. 0.

YK 004.8, 004.93, 624.042.7, 692.5

['puroposuu M.C. BusiBjieHHsI Je()eKTiB IUIOCKUX NMOKPiBeJb 3a J0NOMOI0I Me-
TOXIB MAIIMHHOI0 HABYAHHA TAa raM0okoro Hapuyauuga // CucremHi texgosnorii. Perionans-
HUI MDKBY31BCBKHI 301pHHK HayKOBHX TIpailb. - Burryck 5(160). — Ininpo, 2025. — C.43 — 49.

VY crarTi mojlaHo CTPYKTYPOBAaHUM OTJISI CyYaCHMX METOIB TJMOOKOTO HaBYAaHHS -
3roptkoBux HelpoHHux wmepexk (CNN), cemantuunoi cermentarii (U-Net, DeepLab,
TransUNet), Busiinersst 06’ektiB (YOLO, Faster R-CNN) ta aBTOKOAEpIB - ISl TIarHOCTUKH
KOHCTPYKTHUBHHX J€(EKTIB, 3 aKI[EHTOM Ha TIJIO0CKI TOKPiBiIi. OCHOBHUMH JDKEpETIaMU JaHUX
€ RGB Tta [Y-300paxeHHs, OTpuMaHi 3 JPOHIB, IO JA€ 3MOTY MPOBOIAUTH TUCTAHIIAHHUMA
OTJIsI] BXKKOJOCTYIMHUX 30H. [loka3aHo, 1110 TOYHICTh BUSBJICHHS TPIIINH, BiAMIApyBaHHS a00
3BOJIOKEHHS mepeBuiye 85 %. Y Tabmuii mopiBHAHO €(dEKTUBHICTh MOeNel Mg pi3HUX
€JIEeMEHTIB KOHCTPYKIiHd. PeanbHi Kelicw MIATBEPKYIOTh MOXIUBICTH iHTerparii [III-
IHCTPYMEHTIB Y IPAKTHUKY TEXHIYHOTO 00CITyroByBaHHs. BUCBITIIEHO MpoOiieMu, 30KpemMa He-
CTauy JaHUX Ta Yy3arajJlbHEHHsS MOJEJNei, a TaKoXX PEKOMEHJIOBAHO MYJIbTUCIEKTPaIbHY
aHAJITUKY Ta MUGPOBI ABIWHUKY SK HAMIPSMH MTOAAJBIITNX TOCITIKECHb.

bi6a. 10, i1. 1, Tabm. 1.

YK 004.8 +311.2

baxpymmn O.B., baxpymun B.€. 3acTtocyBaHHs 3ac00iB IITY4YHOr0 iHTEJEKTY JJIs
NMOIIYKY TA NMONEePeIHbOr0 aHAJI3y JaHUX Yy NPUKJIATHUX JOCTIIKEHHAX OCBITHIX cCCTeM
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// CuctemHi TexHojorii. PerioHanbHMIA MiXBY3IBCbKMI 30ipHUK HAayKOBHUX mpaib. - Bumyck
5(160). — Quimpo, 2025. — C.50 — 57.

PosrnsHyTO po0iemMu 3acTOCyBaHHS MOMYJSPHUX IHCTPYMEHTIB IITYYHOTO iHTEJIEKTY
GROK 3 ta ChatCPT 4 nns 30upaHHS HasBHUX B IHTEpHET JAaHMX MPO OCBITHI CUCTEMH, iX
nornepeHbpoi 00poOku i anamizy. [lokaszaHo, mo o0uaBa IHCTPYMEHTH Jal0Th 3MOTY i1CTOTHO
NPUCKOPUTH 1 CIIPOCTHTU BUKOHAHHS PYTHMHHHUX eTamiB gociimpkeHs. [Ipu mpomy GROK 3
HAaBOJUTH OUIBII MOBHI, HAaAIliHI 1 IKICHI JaHi, SIKi 3arajaoM € OJM3bKUMHU 10 aHAJOTIYHUX Ha-
HUX IHIHX JpKepes. ToMy HOoro BUKOPUCTAHHS JJIsS PO3B’SI3aHHS 3a/7a4 PO3TIISHYTOTO KIacy
MOK€ OyTH KOPHUCHUM IPU MPOBEJCHHI JOCTIIKEHb OCBITHIX CHUCTEM 1 pO3pOOIEHHI OCBITHIX
MOJIITHK.

bibmx. 8, im. 2.

YK 627.63. 632.81.618.83

[MoBopotas L.P., Cadponoa O.A., [Tononscekuii P.B., Kononenko I'.A. Onrumasbhi
napamerpu Mn/Si 1J1s1 KOpUTYBAHHSI MEeXaHIYHUX BJACTHBOCTEH CTai JJIS 3aTi3HUYHUX
oceii // CucremHi TexHouorii. PerioHanbHuii MKBY31BCbKUI 30IpHUK HAYKOBHX Ipallb. - Bummyck
5(160). — duimpo, 2025. — C.58 — 68.

VY poOoTi mpencTaBiIeHo MiAXix 10 ONTUMI3allil CKIaay CTaji Ha OCHOBI CIIPSMOBAHOTO
XiMi4HOTO 3B’A3Ky. MeTO/ BpaxoBy€e B3aeMOJIii MK €leMEHTaMU Ha MI>KaTOMHOMY DiBHI, I110
KPUTUYHO IS TPOTHO3YBAaHHS BJIACTUBOCTEW Marepiany. OCHOBHa yBara MPHAUISIETHCS
BIUJIMBY BMICTY BYIJICIIO, KPEMHIIO Ta MapraHil0 HA 3apsA70BUN CTaH CUCTEMH uepe3 Iapa-
MeTp ZY. BcraHoBiieHO, IO 71 MiABUIIEHHS TBEPAOCTI CJIIJI 3MIHIOBATH CITiBBIHOIICHHS
Mn/Si: no 3nauenns 2,8—3,2 nmepeBara 3a KpeMHI€EM, ITICIsI — 3a MapranieM. KoHTposs nery-
BaJIbHUX €JIEMEHTIB JI03BOJIIE€ CTBOPIOBATH CTall 3 IPOTHO30BAHUMHU BJIACTUBOCTSIMH.

bi6a. 7, im. 8.

YK 532.516

[TonwoBuit O.b., Pequuinp J[.0. YnceabHe MoeII0BAaHHS B3a€EMOJil CTPUOKA yIIiJIb-
HEHHS 3 HAA3BYKOBHM JIAMIiHAPHUM NMPHUMEKOBUM IIAPOM 32 HAAIBHICTIO TeNJIOMAac000-
MiHy 3 moBepxHero // CucteMHl TexXHOMOTII. PerioHabHMII MIKBY31BCBKHI 301pHUK HAYKOBHUX
npaiib. - Bummyck 5(160). — uinpo, 2025. — C.69 — 83.

[IpoBeneHi1 mapaMeTpU4HI YUCENIbHI €KCIIEPUMEHTH IO BIUIUBY TEIUIO- Ta MAaCOOOMIHY
Ha BIJIPUB MOTOKY MPH B3a€EMOJIIT KOCOTO CTPUOKA YIIUIBHEHHS 3 JJaMiHapHUM MPUMEKOBUM
mapoM. 3aCTOCOBAHO HESBHHUI CKIHYEHHO-O0'€MHHMI alTOpUTM PO3B’S3KY piBHSAHB Hap’e-
Crokca. Ha ocHOBI aHalti3y mpoCTOPOBHX PO3MOAUIB TUCKY, MPODITiB TYCTHHH, TMHAMIYHOTO
KoedirieHTa B'3KOCTI, O3/I0OBXKHIX KOMIIOHEHT MIBUAKOCTI 1 KUTBKOCTI PyXy B TPUMEKOBOMY
mapi BUSIBJICHO OCHOBHI (p13MYH1 YMHHHUKH, 110 BU3HAYAIOTh 3MIHU CTPYKTYPH BIIPUBHOI B3a-
€MOJIii B yMOBax TeIIO- Ta MacooOMiHy. He3Bakaroun Ha pizHy Gi3MYHY NMPUPOIY BILIUBY,
TETIO-1 MaCOOOMIH 3 TIOBEPXHEIO HAJA€ MOIIOHY Pe3yIbTYIOUY A0 Ha PO3MIPU Ta CTPYKTYPY
HAJ3BYKOBOI BIAPUBHOI 30HU. 3a JOMTOMOTOIO TEIUIO- Ta MacOOOMIHY € MOYKJIMBUM 3amo0iran-
Hsl BUHUKHEHHIO BIAPUBHOI 30HH Y IBOBUMIPHUX HAJA3BYKOBUX TEHisX.

bi6xa. 17, in. 10.
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YK 004.056.5
CyxoBenko K.I'. IndopmamiiiHa TexHoJIOTisl AJsI NMIATPUMKH PpimieHb y cdepi

BizeocnocrepexenHs: / CucremHi TexHouorii. PerioHanbHUI MiXKBY31BChKUIT 30ipHUK HAayKO-
BUX Tpallb. - Bumyck 5(160). — ninpo, 2025. — C.84 — 91.

VY cTaTTi MpeacTaBIeHO KOHLENIIII0 CTBOPEHHs OaraTtopiBHEBOI iH(pOpMaliifHOI TeXHO-
Jorii, sika 3abe3nevye MiATPUMKY NPURHATTA pilieHb y cdepi BineocnocrepexeHHs. Cucrema
MO€IHY€E CEHCOPHI MPUCTPOI, 00UKCIeHHs Ha iepudepii, anamitnuni Al-momyii Ta MexaHi3MH
iHTerpanii 3 iHmMKUMHU iHQoOpMaIiiftHUMU TIaThopMamMu. PO3IIISIHYTO acmekTH aBTOMaTH3allil
00poOKM BiJCOJAHUX, aJanTallii 10 cepeAoBuIla (YHKIIOHYBAaHHS, a TaKoX 3a0e3meueHHs
iHpopmaniitHoi 6e3mekn. CTaTTs aKkTyali3ye BaXIUBICTh TAKMX CHCTEM Yy peaizamii 6e3mned-
HOTrO ypOaHICTHYHOT'O CepeIOBUILA.

Bi6mn. 6, i1. 0, Tadm. 0.

YK 621.771.09

3inuenko M.JI., Tloran O.FO., Bypuak A.A., MuxaiinoBcekuii M.B., IllubakiHCh-
kuil B.I. JlocainaeHHs mpouecy pi3aHHsI COPTOBOI0 NMPOKATY HA PelKO0AJOYHUX Ta Be-
JIMKOCOPTHHMX cTaHax // CucteMHi TexHoJOri. PerioHanbHuil MiXkKBY31BCbKUI 30ipHUK HAYKO-
BUX Tpailb. - Bumyck 5(160). — ninpo, 2025. — C.92 — 100.

Posrnsaerses nmporiec pi3aHHS Ha peHKOOaTOYHUX Ta BEITUKOCOPTHUX CTAaHAaX MPH KO-
JMBAHHAX JOBXHHHU PO3KATYy, Kl BiIOYBaIOTHCS 32 PaXyHOK BIUIMBY TEMIIEpaTypu PO3KATiB i
PO3MipiB 3aroTiBoK. MeTor poOOTH € AOCIIKEHHS! YMOB pi3aHHs OCTaHHBOIT IITAHTH MipHOI
JIOBKMHU Ta 3aJMIIKY MPOKATy B yMOBax HECTAOUIBHOI JOBXKHUHU PO3KaTy. SIKIIO 3aUILIOK
MIEPEBUIIY€E BEIMYMHY TEXHOIOTTYHOT 00pi3i, 100 3amobirtv mepeBoy y BiIXOAU MPHUIATHO-
ro MPOKaTy, OCTaHHS IITaHTa MipHOI JOBXHHU 1 3aJIUIIIOK PIXKYThCS HA JB1 MITAHTH HEMIPHOI
HOPMAJIbHOI JOBXHMHU. OTpUMaHO BUpa3 ISl BU3HAYEHHS JOBXKUHHU 3aIMILKY BUXOISYH 3
BIJHOIIIEHHS I1IH Ha MIPHUH MPOKAT, HOPMAJIBLHUN MPOKAT Ta BIAXOIH, MOOymIOBaHUM rpadik
MPUOYTKY BiJl JOBXUHU 3aJUIIKY JIJIST PI3HUX CIIOCOOIB pi3aHHS.

bi06n.4, in.2, Tabmn. 2.

YK 623.618.2

®enopenko O.[., Kmum B.JO., Knumenko C.B. Hemapamerpu4yHa CTaTHCTHKA
BUNAKOBHUX BeJIWYHMH 3 HeBifoMumu pyHkuisimu po3noginy iimoBipHocTeit / Cucremni
TeXHOJIOT11. PerionanbHuii Mi>KBY31BChKHI 30ipHUK HayKOBHX Tpailb. - Burmyck 5(160). — Jninpo,
2025.-C.101 —111.

HocnimxeHo mnpobieMy aHami3y CTaTUCTHYHHX JaHUX 3 HEBIIOMUMH 3aKOHaMU
pPO3MOAUTIB BIIMIHHUX BiJl HOPMAJIBHOTO, IS KX 3aCTOCYBAaHHS KJIACHUYHUX IMapaMeTpud-
HUX METOIB HeedeKTuBHE. BukopucTaHo HemapaMeTpuyuHi METOIU, 30KpeMa paHKyBaHHS Ta
aHaJi3 eKCTpEeMaJbHUX 3HAYCHb, Ha TIPUKJIAAl IBOX THUITIB PO3IMOILUTIB: JIOTICTHYHOTO (CUMET-
PUYHOT0) Ta €KCTMOHEHIIHHOTO (acuMeTpudHOoro). [IpoBeieH1 00UnCIIOBAIBHI €KCTIEPUMEHTH
Ta OTPUMaHI1 BIAMOBIAHI rpadiku 3a TOTIOMOT0I0 MporpamHoro nakety Mathlab. BubGipku re-
HEpYBAIKCS 32 33J]aHUMH TTapaMeTpaMH, ITICJIsl YOTO PO3paxoBaHi iX CTATHUCTUYHI XapaKTepHU-
CTUKH: CEpe/IHI 3HaYEHHs, MIHIMyMH, MaKCUMYyMH, 3CYBU Ta MaciTadu. BukoHaHa mepeBipka
Ha CTAaTUCTUYHY OAHOPITHICTh OTPUMAHUX 3HAUEHD CTICIliaTbHUX KPUTEPIiB 13 3aCTOCYBAHHIM
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t-tecty. [lokazaHa mpane3aTHICT, JAHOTO AJITOPUTMY PO3PAXyHKY JJsl TONEPEIHbOrO
BU3HAYEHHS 200 J0JIaTKOBOI MEPEBIPKU CTATUCTUYHOI OJHOPIAHOCTI BUOIPOK YACOBUX DSIIiB
B 33JJaHUX YMOBaX.

bi6n. 9, In. 3, Ta6mn. 4.

YK 681.3.06

Tpunyrens M., Ky3nenoB B., BepoBkin O. AganTainis npegukaTHoi Moaesi B 3a1a-
Yyax KepyBaHHS HeCTALiOHAPHMMH CTATHYHMMHU 00'ektamu // CHUCTEMHI TEXHOJOTII.
PerionanbHuil MiXBY31BCbKHIT 30IpHUK HayKoBUX mpaib. - Bumyck 5(160). — duimpo, 2025. —
C.112-127.

VY naniit po60TI pO3TIAHYTO aKTyadbHY HAYKOBO-TIPAKTUYHY 337auy MiBUIICHHS e(eK-
TUBHOCTI YIPaBIiHHS CTATHYHUMHM Ta KBA3iCTATUYHUMHU TEXHOJIOTTYHHUMH 00’ €KTaMu B yMO-
Bax iX HECTalliOHApHOI MOBEIHKH Ta MIHJIMBOCTI 30BHIIIHIX BIUIMBiB. Oco0iMBa yBara mpu-
JUISETHCS 3aCTOCYBAHHIO MPEAUKATHUX MOJIENIEH, K1 JO3BOJIAIOTH (hOpMalli30BaHO OMHUCYBa-
TH PI3HOMAHITHI TEXHOJIOT1YHI CUTYaIlii, CTAHU Ta B3a€MO3B’3KH MapaMeTpiB 00’ €KTa yrpas-
JIHHS 32 JIOTIOMOTOIO JIOT1YHMX KOHCTpYKUii. Taki Moneni € rHyd4KMM 1HCTPYMEHTOM JUIs
NpeACTaBICHHS 3HaHb MPO 00’€KT 1 3a0e3MedyloTh MOXJIMBICTh ajgamnTalii J0 3MiHM Napa-
METPIB y IpoIleci eKCILTyaTalii.

bi6m. 18.

YK 533.6

Toukxomkyp [.C. UnceabHUH aHAJTI3 aepOAMHAMIYHHUX XapPaKTePUCTHK HEKPYIroBHUX
KOHYCIiB NpM HAA3BYKOBOMY 00TikanHi // CuctemHi TexHosorii. PerioHanbHUN MiXXBY31BCh-
KW 301pHUK HAYKOBHX Tpallb. - Burmyck 5(160). — qnainpo, 2025. — C.128 — 135.

Posrispaerses 3a1aua mpo HaA3BYKOBE OOTIKaHHS TOCTPOTO KOHYCa 3 JOBUIBHHUM TJIajI-
KHUM TIOTIEPEYHUM TEePEePi30M MOTOKOM B'SI3KOTO raszy. 3anponoHOBAaHO METOAMKY PO3pPaxXyHKY
AepOJIMHAMIYHUX XapaKTEPHUCTHK I[bOTO Tija, O IPYHTYETHCSA HA YHCEIHLHOMY IHTETPYBaHHI
piBHsHB Eiiepa 1 maminapHOT0 mpuMeKoBOTO mapy. [IpoananizoBaHo BIUIMB T€OMETPUYHHX 1
GI3MYHUX TIapaMeTpiB Ha 1HTErpaibHI XapakTepucTuku Tedii. [lokazano, mo ¢opma more-
peYHOro Tmepepizy OieTINTHYHOTO KOHyCa CYTTEBO BIUIMBAE HA BEIMYUHY HOTO aepoju-
HaMIYHUX KOEQIIIE€HTIB.

bi6x. 12, im. 2.

YK 004.942:621.65.052

Ko63ap B.I., Kpuenko O.1O., Ilikineaax A.B. Onrumizaunis nmapamerpiB riapo-
TPAHCMOPTHUX CHCTEM 3 YpaxyBaHHsIM KpurtepiiB HaxiiiHocTi // CucreMHl TEXHOJOTII.
PerionanpHUI MI>KBY31BChKHI 301pHUK HAayKOBHX mpaiib. - Bumyck 5(160). — duinpo, 2025. —
C.136 — 146.

VY cTaTTi po3MISIHYTO MAXOAM 10 TMIABHUIICHHS HAIIHHOCTI TIPOTPAHCIIOPTHUX CUCTEM
[UIIXOM CTOXaCTUYHOI'O MOJIENIIOBaHHS Tipoadpa3uBHOIO 3HOCY. 3alpOMOHOBAHO MaTeMa-
TUYHI MOJIET OLIHKMA HaJIHHOCTI HACOCIB 1 TPyOOMPOBOIB, MPOBEACHO ONTHUMI3AIlII0 PO3-
MIIIEHHsSI HACOCHUX CTaHIIA. Bu3HaueHo parioHambHI CTPYKTYpHI CXEMH CHCTEM 3
ypaxyBaHHSM TEXHIKO-€KOHOMIYHHMX TOKA3HUKIB 1 PEXHUMIB poboTH. OTpuMaHi pe3ysbTaTu
JIO3BOJISIFOTH IMIIBUIIUTH €(DEKTUBHICTH MPOMHUCIIOBOT €KCILTyaTarlii.

bi67. 6, Tabmd. 1.
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YK 004.623
Kpacuiok M.A., I'narymenko Bik. B., Mopo3 B.I., Cokon B.P. Po3podka aBTomaTn-

30BaHOI cMcTeMH LeHTpy aBTopm3auii // CucremHi TexHousorii. PerionaibsHuil MiKBY3i1BCh-
Kui 30ipHUK HayKOBHX Tpailb. - Bummyck 5(160). — duinpo, 2025. — C.147 — 155.

B pesynbraTi nmpoBeneHoi po6oTu po3polieHo mporpaMHe 3a0e3reueHHs, SKe BUKOHYE
¢byHkuii GopMyBaHHS Ta KOHTPOJIO aBTOpHU3allii KOpUCTyBauiB. PeanizoBanuii ¢yHKIioOHaI
IUIsL peecTpalii HOBUX KOPHCTYBauiB, BKJIIOYAIOYHM 30€pekKEeHHS IXHIX OCOOMCTHX JaHHUX Ta
iHpopmanii ays  aBTopu3aumii. 3abe3meueHO MeXaHi3MU Ul 30€peXeHHS Ta 3aXUCTY
KOH(}iIeHIIITHO1 iHpOopMaIlii KOPUCTYBaUiB, BKIIOYAIOYH MApOJIi Ta iHII 00JIIKOBI 1aHi.

bi6m. 11.

YK 004.8

OctpoBcrka K.}O., Hoco B.O. MeToanm MAIIMHHOIO HABYAHHA JsA aHTH(POI-
cucreM // CucremHi TexHosorii. PerioHambHUN MDKBY3IBCBKHMI 30ipHMK HAyKOBHX Ipalp. -
Bunyck 5(160). — quimpo, 2025. — C.156— 163.

VY po6oTi pO3MIIAHYTO Cy4acHi MiAXOM IO BUSBICHHS IIaxpaiicTBa y (piHaHCOBIi cdepi,
eNIEeKTPOHHIHM KoMepii Ta nudpoBux ceppicax. 3po0OJEHO OIMAA TPHOX OCHOBHUX HANpPSIMIB:
aNTOPUTMIB Ki1acuikallii, MeTO/IiB BUSBJICHHS aHOMAaiH 1 IIMOMHHOTO HaB4aHHA. OcOOIUBY
yBary NpuaiJIeHO TiOPUIHUM apXiTeKTypam, IO MOEJHYIOTh Pi3HI MiAXOAM MAIIMHHOTO HaB-
YaHHS JJIs MiIBUIICHHS TOYHOCTI, @ TaKOX MPAaKTHYHOMY 3aCTOCYBaHHIO — JucOanaHcy
KJIaciB, MacIITabOBaHOCTI Ta Mpo30pocTi Mozeneil. Pobora mobynoBana Ha akTyaabHHUX J0-
CITI/DKEHHAX Ta MPUKJIAJaX pPeasbHOT0 3aCTOCYBaHHS.

bi6mn. 12.

V]IK 528.88:630

Kagan O.0., Kasan FO.B., Cepreesa K.JI., Poit /.M. AnaJi3z MeTOAUK aBTOMAaTH30Ba-
HOT'0 KapTyBaHHs 3MiH BoaoiiM // CucteMH1 TexHosorii. Perionanbanii MbKBY31BCbKHI 301p-
HUK HAyKOBUX TIpailb. - Bumyck 5(160). — quinpo, 2025. — C.164— 171.

B craTTi po3risiHyTI OCHOBHI METOJIM aBTOMAaTH30BAaHOTO KapTyBaHHS 3MiH BOJOWM i3
3aCTOCYBaHHSM JAaHMX JUCTAHIIIHOTO 30HAYBaHHs 3eMii. Bukopucranus pizHOpIIHUX Ja-
HUX Yy TIOE€JTHAHHI 3 KOMOIHAII€}0 METOIB HA OCHOBI CHEKTPAJbHUX 1HICKCIB Ta MAITMHHOTO
HAaBYaHHS JIEMOHCTPYIOTh HaMKpamuil pe3yabraT. PO3risiHyTo METOau aBTOMAaTH30BAHOTO
KapTyBaHHs 13 3aCTOCYBaHHS JUCTAHI[IMHOTO MOHITOPHUHTY Ta MPUMEHUMOCTh METOMIB IS
aHaJi3y BOJHUX pecypciB Ykpainu. OCHOBHI KJIaCHYHI METOJIM 0a3yIOThCS HA BUKOPUCTAHHI
CIIEKTPAJIbHUX 1HJEKCIB, MAIIMHHOTO HABYAHHS Ta IOPOTYBAaHHA 300pakeHb. 3aCTOCYBaHHS
PIBHOPIAHUX JaHWX Yy TMO€AHAHHI 3 KOMOIHAIEI0 METOMIB JIEMOHCTPYIOTh HallKpauui pe-
3ynpTar. CimiJ 3a3HAUUTH IO TakKi METOIU HE JO3BOJIAIOTH OTPUMATH TOYHE MOPOTOBE 3HA-
YeHHs U1 BiIHOCHO HEBEIHMKHX BOJOMM. MeToa KapTyBaHHS IMOBEPXHEBHX BOJ i3 3aCTOCY-
BaHHSIM DPaJapHUX 300pakeHb Ta BHKOPHCTAHHSIM METOAY BHOOPY ONTHMAIBHOTO IOPOTY,
€TaJIOHHOI MaCKU BOJIM, MIOKa3aB HaKpalui pe3ysbTar.

bi6mn. 21.
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YK 655.2:519.8
Knesunos M.K., Pynakosa I'.B. OnTumizanisi po3kporo JMCTOBOI0 mnamepy 1Js I0-

Tped moairpagiynoro BupoouunrBa // CrcteMHi TeXHONIOTII. PerioHambHUN MiXKBY31BChKUN
30ipHMK HayKOBHX Ipallb. - Bumyck 5(160). — duinpo, 2025. — C.172—177.

VY cTarTi mpencTaBleHO KOHIIEMIiI0, apXITEeKTypy Ta NPUHIMIN peanizaiii iHpop-
MaIiifHOTO MOAYJIS NIATPUMKH NpUHHATTS piens (IM IIIIP) ais rexHonora noiirpadgiaaoro
nianpueMcTBa. Moayab po3po0sieHO 3 METOI0 aBTOMATH3AIlIi MIPOIECIB MiATOTOBKU JI0 JPYKY,
BUOOPY ONTUMAIBHUX MApaMeTPiB PO3KPOIO, MPU3HAYCHHS MarepialiiB i BUOOPY TEXHOJIOT1Y-
HOT'O MapHIPYyTy. 3alpolOHOBAHE PIIICHHS MMOETHYE MAaTEeMATHYHI MOJIEN1, BUPOOHHYI JaHi Ta
€BPUCTHYHI MPaBUJIA 3 MPAKTHKH, IO JO3BOJISE 3MEHIIUTH Yac MPUHHSITTS PillleHb Ta 3HA3U-
TH MMOBIPHICTH TTOMHJIOK.

bi6n. 7.

YK 666.972.018.2

Benmine B.B., Hecrepenko T.M., Hecrepenko M.M., IMupnux M.O. Excnepumen-
TaJbHi 10CTi>KeHH KOMOiHOBaHOI iMIyJIbCHO-BiOpauiiiHoi ycTaHoBKHU // CUCTEMHI TeX-
HoJjorii. PerionanbHuil Mi>KBY31BCbKHI 30IpHUK HAyKOBHX mpaik. - Bumyck 5(160). — J{uinpo,
2025.—-C.178— 188.

Y craTTi HaBEAGHO pE3YNbTAaTH EKCIEPUMEHTAIBbHUX JOCHIHKeHb YIIUTbHEHHS
HOJICTUPOIOETOHHOI CyMIIi 13 3aCTOCYBaHHSIM KOMOIHOBaHOI iMITyJIbCHO-BiOpaLiiiHOi ycTa-
HOBKH. PO3IIIsSIHYTO BIUIMB KIFOYOBUX TEXHOJIOTTUHHUX MAapaMeTpiB — 3a30py MiX paMaMmu, Ma-
CH TIPUBaHTa)XyBaua Ta TPUBAIOCTI YIIUIbHEHHS — Ha ()OPMYBAaHHS CTPYKTYpHU OCTOHHOTO
BUp0Oy. BuBUeHO e€(heKTHUBHICTh ABOX PEKUMIB YIIIJILHECHHS: JIMIIE BEPTHKAIHHOTO IMITYIIhC-
HOTO HAaBAaHTAKEHHs Ta KOMOIHOBAaHOTO (BEPTHUKAIBbHI IMITyJIbCH + TOPH3OHTAJIbHI BiOparlii).
BcraHoBiieHo, 1110 MOeAHAHHS IMITYJIBCHOTO ¥ BIOpAIiitHOTO 30y1>KEHHS I03BOJISIE TT1IBUIIIUTH
MEXY MIIHOCTI Ha cTHCK 110 5—7%. [IpencraBneno moOymoBaHi MOBEPXHI BIATYKY, IO LIFOCT-
PYIOTh BIUTMB JOCIIDKYBAaHUX (DAaKTOPIB HA KIHIIEBY MIIHICTh BUPOOy. OTpuMaHi pe3yiabTaTH
JIOIUTFHO BPaXOBYBATH MPH ONTUMI3AIlT PEKUMIB YITIJIbHEHHS Y BAPOOHHIITBI CTIHOBHX JIET-
KOOETOHHUX MaHeNeH.

bi61. 8, puc. 6, Tabn. 5.

YK 629.113

Crpensbinpkuiit B.B.  [locigskeHHs1 3HOCY HIMH TOPTOBUX KOHTeHHEPHHUX
HaniBnpu4yeniB // CuctemHi TexHojorii. PerioHanpbHMI MIKBY31BCBKUN 30IpHHK HAyKOBUX
npaiib. - Bummyck 5(160). — quinpo, 2025. — C.189— 197.

3HOC IIMH MPUYEITiB-KOHTCHHEPOBO31B-IIPUPOJIHE SIBUIIE, aJle CYTTEBO BIUIMBAE Ha O€3-
MeKy PyXy, eKOHOMIYHY JOIUIBHICTD 1 3arajibHy €()eKTHUBHICTh TPAHCIIOPTYBAHHS BaHTaXIB.
3HaHHS NPUYUH, CUMIITOMIB 1 ClIOCO0IB OOpOTHOM 31 3HOCOM BKpall Ba)KJIMBO JIJIS BJIACHHKIB
aBTOMAPKY 1 BOJIiB.YCIIIIHE yIpaBiIiHHA 3HOCOM IITMH TPHUYEIB-KOHTCHHEPOBO3IB J0OCS-
Ta€ThCA 3a PaXYHOK B3a€EMOITOB'SI3aHOTO 3aCTOCYBAaHHS HACTYITHHMX 3aXOJlIB: BUOOPY HaI MHUX
IINH, PETYISPHOr0 TEXHIYHOTO OOCTyroBYBaHHS, MIATPUMKU ONTHMAIBHOTO THUCKY, HAJIEXK-
HOT'O 3aBaHTAXEHHS 1 HaBYaHHS BOIIIB.

bi6:. 9. 1. 4. Tabun.
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VK 519.876.5+004.4'272+005.8
CeniBropcroBa T.B., Mana 10.B., I'yna A.L, KokoBuuy b.O. Ouinka ta ontumisauisi

iimoBipHocTi 3aBepuieHHsi IT-npoexty 3a metogom PERT // Cucremni texnonorii. Perio-
HaJIbHUH MIDKBY3IBCbKUH 30ipHMK HaykoBHUX mpaib. - Bumyck 5(160). — [mimpo, 2025. —
C.198-210.

VY crarTi nocnimkeno 3acrocyBanHs Merony PERT (Program Evaluation and Review
Technique) ans ananizy i onTuMizanii cTpokiB peamizauii IT-mpoekTiB B yMOBaX HeBU3HaYeE-
Hocti. Meron PERT no3Bosisie MoaenioBaTH 4acoBi MapaMeTpH 3a/ad MPOEKTY HA OCHOBI
TPHOX EKCHEPTHUX OIIHOK (ONTHUMICTUYHOI, HMOBIPHOI Ta MECHMICTHYHOI), OOYHCIIOBATH
OYIKYyBaHY TPHUBAJIICTh MPOEKTY Ta OLIHIOBATH HMOBIPHICTh HOT'O 3aBEPILEHHS Y BCTaHOBIIE-
HUM TepMiH. 3ampoONOHOBAaHO (pOpMaii3oBaHy MOCTAaHOBKY ONTHMi3aliiHOi 3axadi, IO Te-
pendayae MiHIMI3aIi0 PU3MKY 3aTPUMKH HUISLXOM BIUIMBY Ha MapaMeTpu 3a7ad KPUTHUYHOTO
HUIAXY: 3MEHILIEHHS TPUBAJIOCTI Ta nucnepcii. [IlpoBeneHo o0unCIIOBaIbHUIN €KCIIEPUMEHT Ha
npukiaai ymoBHoro IT-mpoekty 3 9 3amadamu, 7 BU3HAYEHO KPUTHYHMN HUISAX 1 OLIHEHO
HMOBIpHICTh CBOE€YACHOTO 3aBEPILCHHS MPH 3aJaHOMY JeUIaiiHi. 31iHCHEHO ONTHMI3allilo, B
pe3yabTaTi K0T HMOBIPHICTH 3aBEPIIEHHS MPOEKTY Y CTPOK 3pocia 3 15.78% no 43.34%. O1-
pUMaHi pe3ylbTaT JEMOHCTPYIOTh MouiIbHICTh oeqHanHs PERT 3 meTromamu marematnd-
HOTO MOJICJIIOBAHHS NPU IUIaHYBAaHHI CKJIaTHUX NpOoeKTiB. [loka3aHo, 110 HaBiTH HE3HAUHI
3MIHM y TIapameTpax 3ajad MOXKYThb CYTTE€BO 3HU3MTH PU3MKH 1 MiABUIIUTH HAIIHHICTH J0-
TpUMaHHs CTPOKiB peanizanii [T-nmpoekTiB.

Puc. 3, Ta0m. 2, JIiT. 8.

YK 004.4

[Munin A.A., Kyp6a A.O. Peanizauisi Ta 1ocjigxeHHss MeToAiB aBTOMATH3AIlii Ka/I-
poBoro mianyBanHsi // CucremHi TexHosorii. PerionanbHul MiKBY31BCHKHI 301pHUK HAYKO-
BUX Tipallk. - Bummyck 5(160). — {ninpo, 2025. — C.211-222.

B craTTi nocnimkeHo eheKTUBHICTD PI3HUX METO/IB IIJIAHYBaHHS JIIOJCHKHUX PECYpCIB B
IT-xomnaniax. byno po3po6sieHO MpOorpaMHH TPOIYKT, SIKWA 3MOKe €(DEKTUBHO YITPABJISTH
MIPOEKTaMU Ta TIaHyBaTH JIOJIChKI pecypcr B IT-kommnanii. BipoBamkeHHs: po3pobieHoi cu-
CTEMHU YIpaBJIIHHA IPOEKTaMU Ta METO/IB IUIAHYBaHHS JIOACBKUX PECYpCiB NPU3BOAUTH 10
MiBUIIEHHS €(DEKTUBHOCTI pOOOTH KOMaHIU Ta TMOKPAIIEHHS PE3yJIbTaTiB MPOEKTiB. Peko-
MEHJIOBAaHO 3aCTOCOBYBATH PO3POOJICHI METOM Ta IHCTPYMEHTH /IS TT1IBUIICHHS KOHKYPEH-
TocripoMokHOCTi IT-koMmaHii.

bi0x. 8, in. 11, Tadm. 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. 0, tabl. 0.

UDC 004.8, 004.93, 624.042.7, 692.5

Hryhorovych M. Advanced damage-plasticity modelling and calibration strategies
for accurate finite-element analysis of unreinforced concrete in thin-walled structures //
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 LR., 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.
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., Verovkin O. 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, 1ll. 2.

UDC 004.942:621.65.052

Kobzar V.1, 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 O0.0., 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., Kokovych B.O. Estimation and optimiza-
tion 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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Penakuiiina koJerist
CeaiBbopcroBa Tersina BitaniiBna
(con06nuIl peoakmop)

JIOLEHT, KaHAUJAT TEXHIYHUX HAyK
AuanartoB AnaroJii [lerpoBuy
Unen-kopecnionneHT HAH Ykpainu,
podecop, TOKTOp TEXHIYHUX HAYK
ApxunoB Ouexkcanap €BreniiioBua
npodecop, TOKTOp TEXHIYHUX HAYK

BbabiueB Cepriii AnaToiiioBu4
JIOIEHT, TOKTOP TEXHIYHUX HAyK

Biso3sopos Bacuiabs €Brenosuu
podecop,

TOKTOP (hi3UKO-MaTeMaTHIHUX HAyK

I'eue ®enip EnemupoBuy

npodecop, TOKTOp TEXHIYHUX HAYK

I'yna Anrton IropoBny

(3acm. 201061020 pedakmopa)

podecop, JOKTOp TEXHIYHUX HAYK
I'narymenko BikTopia Boiroaumupisaa
(6uenuii cexpemap)

npogecop, TOKTOP TEXHIYHUX HAYK
I'narymienko Bosogumup BosronumMupoBud
npogecop, TOKTOP TEXHIYHUX HAYK
Ioxuii Onexcanap IlerpoBuu
npogecop, TOKTOpP TEXHIYHUX HAYK
€pbomin Ouiekcanap OJjieropuy
npogecop, TOKTOP TEXHIYHUX HAYK

Kipiuenko Jlroamuiaa OJerisna
npogecop, TOKTOP TEXHIYHUX HAYK
Ceitanunnii Imurpo CesiTo3apoBuy
npogecop, TOKTOP TEXHIYHUX HAYK

Ckauo3y0o Baraguciaas BacuiaboBuy
npogecop, TOKTOP TEXHIYHUX HAYK

Xangenbkuii Bosogumup CepriiioBuu
npodecop, TOKTOp TEXHIYHUX HAYK

VYkpaiHChKU# nepKaBHUHN YHIBEPCUTET HAyKH 1
texnonoriii, HHI «lHcTuTYyT mpomucnoBux ta 6i3Hec
TEXHOJIOTii», YKpaiHa

[HCTUTYT TeXHIYHOT MEXaHIKK

HAHY 1 IKAY, Vkpaina

HarmionaneHuii TEXHIYHANA YHIBEPCUTET Y KpaiHu
«KuiBChKHI MOMITEXHIYHAN THCTUTYT» iMeHi Irops
Cikopcbkoro", Ykpaina

Jan Evangelista Purkyné University

in Usti nad Labem

VYuiBepcurer iMeHi flna €Banrenicta [lypkine, Yeri
Hax Jlabem, Yecrka PecrryOmika

JHinpoBchKUil HalllOHANBHUIA YHIBEPCUTET iMEHI
Onecs 'onuapa, Ykpaina

YKropoJickKuit HallioHAILHUHN YHIBEpCUTET, YKpaiHa

YKpaiHChKUH AepKaBHUN YHIBEPCUTET HAYKH 1
texuosoriii, HHI «IHcTHTYT mpomucioBuX Ta Oi3HEC
TEXHOJIOTii», YKpaiHa

VYkpaiHCchKu# nepKaBHUIN YHIBEPCUTET HAYKH 1
texnonoriii, HHI «lHcTuTyT mpomucnoBux ta GizHec
TEXHOJIOTii», YKpaina

HanjionansHuii TexHiuHUi yHIBEpCUTET
«JlHinpoBchKa moiTexHikay, Y Kpaina

YopHOMOPCHKUI HalliOHAJIBHUN YHIBEPCUTET iMEH1
II.Morunu, Ykpaina

VYkpaiHCbKU# nepKaBHUN YHIBEPCUTET HAYKH 1
texnonoriii, HHI «lHcTuTyT mpomucnoBux ta 6i3Hec
TEXHOJIOTi», YKpaiHa

XapKkiBCbKHI HALlIOHATBHUHN YHIBEPCHUTET
panioeneKTpoHiku, YKpaina

Akademia Gorniczo-Hutnicza

KpakiBcbka rippudo-MeTanypriiina akagemis im. C.
Cramrina, ITosbma

VYkpaiHChKU# nepKaBHUI YHIBEPCUTET HAYKH 1
texnonoriit, HHI «/{HimpoBCbKUIA IHCTUTYT
1HQPaCTPYKTYpH 1 TpaHCTIOPTY» YKpaina
JIHITPOBCHLKMIA HaIllOHATHHUHN YHIBEPCHUTET iMEHI
Onmnecs ['oHuapa, Ykpaina



