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B. Bonopgpeuby néaHBKGBO M vOp e B

| HPOPMALI MHA CWUCTEMA TEHEPAUIT NOroaH
HA OCHOBI WTYYHOIo | HTENEKTY

ANA TEXHI UHUX CWUCTEM NI ATPUMKWU MNPUMNHAT

oTaRloBoTa npwucB A yYjeoHpam apd AMHOG L iT eiXxKH O A OT i 1T M
CTOCYyBaAaHHAM T NnMb6GOKOro HaB4yYaHHA B Ba@#@auax
[ MOpaai orbupCastNet 3 BMU COKOe PeKTUNBEODONOHBPROORAH
a jJana MOXNUWBI CTb HaBHQTOpPWMYMWA@AT BRE V&0 XO MG
aui i Ta 3ab6be3neuyuMmsia onepaTUBHE N pPGBHOHKD 3 Y B
aTHIiBTmWKOCTI AoXxepena no4yartKOBMUX Yy MO B 6
nMmMi NSDABI AKI HapatlwTb AadHi 3 pPpo3ai5FfbHOIO
28 KM) . Lle pAgo3BO/MNO OoOTpPpUMATMWN Kpauwys-agerTa.
YNTKNUW MOXJTUBI CTb BUKOPUCTAHHSA cCcucTtTemMbd- B pe
XeHHA ©6as3oBOI po3agi NbHOT 3 AaTHOCTI MO A €/
antTauyi ixrmpéeamesmMmB 3 ypaxyBaHHSAM T e0-NpoC:
@ro mMoaundgi KoBaHy apxiTekTypy Twumny UNet , A
OCHOBI i Hpopmaui i 3 HanbNUXUyMx MeTE-0CTal
TEKTYypYy CTBOPEHITEeMH Poipwa LHIOBHY BIAHBA . 3ang
| TbWYy€ TOYHI CTb MNpPOTrHO3yBaAaGNWMBOL AK TYRAP S M W
papHOro nAaHyBaHHA Ta pobBGBOTWMW CUCTEM paHHDLb
o4 OB i cnosBa: i HpopMaui MHa cuUucTeMakKaafor H(
OpPONOTri YHMUX AaHWNeta pixe ik p g p @i, Fomm@agNetr ib |

MocTaHOBK .npXYo6aegwmatcHOMY <CBi Ti , Ae PpPOCTa
OHUX SABUMW Ta YCKNaAgHKWETbLCSHA BE@HKIOBOMII® mia T m
: BUHMWK aleo THpaerdban BH a N e paT U BrHHoOMBYy BTaaH HT O YAHT GVIND Y/
0B. Ha cboropgHi WHIi W AeHb YycCi MeToaAun nepe
341 NTUTWN He ABP a gPWINMH i YynmcenbHI METOAU MO
H i Ha WTYYHOMYBaHRgn@owTiOaMMogemwOMMBE 3 HaM
pi B HaceNneHHSA: MeTeoponori B, arpapiias, M
AHCNOPTHMUX KoOoMNaHI A, eHepreTuki B, ao-Tako
rii. Ana depmMepi B LG KDHDTDENOTAQPTBXHY POTOW T
ro4HMUX YyMOBTa aMQ@picib KMXI aAR e p@éBBRRUYBBT MU 6
ri cTaAgkoyB.i YXprpykKTypu Ta cnyxbum uyuwmBi NbHOT O
OFrHO3W ANA Ni ArOTOBKW A0 CiTAMWHX i W3HOMMXT K/UKU XT, a

©Monopgeuyunb b. B., BynarR@5 T. M. , bBonpunpes 4. O.
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«CncrtamexiiH oob @60)i2025« Sy st enmp dieecshm o |
o4 CbKI XNTTA. Kpim ToOT O, BUCOKOTOYHE- MOAEeNI
OCTPOKOBOTIO MOHITOPUHTY KNi MaTUUYHNUX 3MIiH I @
AHaJicaraHHI X pocni axBeHT aT TNy 6[nli]k apuo 3@.-Nn 9 4 a€ T b
&amMmcrTemMa NpPOrHO3yBaHHA Ha OCH®BAE NIHT YIYEHLT THO 3 iy HB 1
Ha OCHOBI AaHuX, po3pob6bneHa €BpaIrHEOBABK UM
rogun (European-R@éeger eNetado he Med#Fioumcast s, ECM
OYNbHY pypXnaeRTEZFTPUMYE nNnapanenbHe HaBYaHHA
OFrHO3MW OLIi HIWIT b C %a HlaO/Pii 3BOHM HIH Aaun B C TNeWNPe X e HH A M U
COKY TOYHIi CTb AN aTMOC®epHNMUWX 3 MI HHUX, nNnor
KNOHI B. CuncTeauran p3via NpyacKm e a cCHe Wb pas3emM | 3 MO
NbTaTtTwn [JOCTYNHI nyoé6ni 4yHo.
B cTtartrTi [ 2] npoaHani 3o0BaHO | HTer paki 00 WT Yy
NMPOrHO3yBaHHA nNnoroagn Ha PpPi3HUX eTawax Mofae
, T aki Ak SRMN, MENNet , Four Cast Net i Gr aphCe
COKOKW NPOCTOPOBOKW pPO3ABABMWOM BIJaAOCKPEWMIIX TAT I
nuwa x . Mepeni yeHi oroeHeusiia 14 eyM OMHi CATBPUYLOETHBH iM T O Y H
HakK Ha CbOroABAKOPUOBMOBYPEBAXHAGK AO6[AOMI XHI [
po6kwn, acumi nauyi TUer ag omBiBMINCGATEO BNKOVK plpalHivBxa.T U p O
X MO e poeWB aiHpHoT H( 6a3ywTbcAa Ha Qi 3M4HUX Ppi BHSA
OB MBaAaHHSA B pexumil wpeanpapwii WHAICYyMo e ni MO XY
awnm pes3ynbTaT Ha Be/IUKUX Teputopi A&- Mogent
NUNKNX Teputopi ax, HEMNPOHHI Mepexi M@XYTb NO
aWweHHW BXI AHUX pgaHwux [ 3]17 agaBamecTia-oB Xib e m
TPi B, Takumux €9K penbe@d Ta i CTOpPMUUYHI <cCcTaui oHa
MetTa pgocniMBXe@HHISO.CNi 4XEeHHSA nondar ae pB po3po
Ui MHOT TexHoONOTri i ANSa NPOrHO3yYyBaHHSA aTMoCge
penein rnnoeeskKkoBokKkpawmaahkeaur Cast Net Ta mMoawudiK
rno6banbHuUuMmM wMeTeoponori yunummm pgaHummmwm-( GFS 3
HHA TOYHOCTI , wBmMAaoKoOoAli T Ta NoKanNnbHOIT apganrta
Bnknapg OCHOBHOTIO MaT¥Y pp @OiyT ifox N KWK@HIHAMO [ € J
aAaHHA T nNnob6anbHUX AJAaHux O6yMAo. olfsp aMm@g evwoHl em O FHOQ
rogm, 3acHoOoOBaHa Ha mMeToOopgaXxXx TTnNuMbGbOKOrNro HaB4yaH
CNi NTbHO 3 BYEHUMU 3 pPAHIgA P HH BiepeaIgyEXii B3 B[
0o TpaHc@opmepi B Ta cneui anbHO ajgantT@BaHUMMU
reodi 3MY4HUX JaHUX. Mopenb HaBYaeTBEA Haa E
rf yHmx pgaHux (Hanpuknaapg, 3 ERAS5)ahm v3agBTHaA :
KO npocTopoBOoOtw pos@i O-bH®DAGO BHiiaTMHa TITE-WB N 4 We
Wi AHI ynmcenbHI mMeToAaun, nNpunu LbOMY 306epiratwumn
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PunycH dkCxema wmopgenif[d] Four Cast Net

Four Cast Net LEMOHCTPYE BpPaXaKKUIYyB HIDMOI A YBKATKIC
CTaHHwCaBGPIUTekTypwn, Wo A[AO03BONSAE 301 ACHNOBaT MK
3a KinbkKa CceKyHRI. Lle Bi AKpuBae HOBI OMODKHIN B O
3Mi HU, a TakKoX pae 3MOry cTBoOptwBaTdBgaAKBaAMO
CBOT W THYYKOCTI Ta WBUMWAKOCTI MO 4 e lwc TMEAMEN B €
PaHHBLOIO nonepejgxXxeHHSHa, a TakKoX ANSAOCBKR @PIWC
Ta eHepreTMUYHOMY nNNaHyBAaAHHI [ 5] .

3aranbHa cxemMa pob6OTM MMEHME JPINC3y HIKYT RAHUMN

* Forecast variables
ERAS —»{ FourCastNet »  1d Forecast
> 5d Forecast

PuycH @kMpmHumn pob6GOTMKM MopAgeni Ha OCHOBI

Ana HaBYaHHSA cno4vyaTky O6yno ob6bpaHO maTace
BeAeHO MoOgentwBaHHA Ta NOpPi BHAHHSA OTpPpUMaAaHMUX
JaHWMKW 3 aMi pamuipieaBilbMH®A 0 BOR M iaccoasumax. pRAVOSIEB  ACBK«
rpagpycm 3a ULeNnNbCci eM.

OJaHi Moageni ERA5 wMawTb po3fgi nbHY 3 yaTHIC
BaeTbcCca i3 3aTPUMKOKW BI AHOCHO NOTOYHOADO 4Yac
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HNUX 13 3eMHUX MmMagmrHlinoni NwWeHHSB PR3IABAAKBKPT a3 nal
MOX/TMBOCTI BUKOPUCTAaHHSA MNpoOrHos3yBaHHA y pean
3Mi HEeHO Ha Mopgensb GFS, anA HaB4YaHHH BUKOpPMUC"
GDAS [7].

Mopgpenb GDAS aASGimitatomdyste)atye rnob6anbHa CUCTEM:
O6pobBGKNMW Ta aHani 3y MeTeoponori YHmMXx p[JaHUNUX, AKa
KOBMUX YMOB AN18 4YMCEeNbHOINoO MNPOrHO3yBAaAaHHA MNOoOrCc
nNoeapHYyeE [aHi 3 Ha3eMpagBapgiTRHOAaN] HLUYRY OKEBPEB,

MaKCMManbHO TOYHY MNOYaAaTKOBY KapTWUHY aTtTMocC depwn
cTaHoOBUTbL 6nuM3bko 0.25° x 0.25° (npubnusHo 2
oxonnwBaTtTu T nob6anbHI npouecs#alBi exmcag/ags HepDe BaUT
NPOrHO3YyBAHHA.

HaBuyanbHa Ta TpeHyBanbHa BUOBI pKKMU 6GBYyAum CcTBO),|
y s3 CcX0BWLWi [ 8]. Ana HaB4yYyaHHA 6yno ob6bpaHO ne

Mi cna HaBuUYaHHSA RMSE 3MOpgenboOBnaoHKMax3 H@ & H BX 3T
cTaHUui i cknano 2 rpapgycwu, WO N o Ni arusyoes yrnsoayrant K o
LaHIi Yy pexXumi peanbHOlNIoOo 4yacy.

Ansa nNokKpaweHHSH rnob6anbHOTI MO e ni GFS ©6yno
CTaHUi W MOHI TOPUHTY nNOTroOAMN] Me 8 AE BEODYHGBIM
HMX 3aMipi B Ta 3aHoOoCUTWKU Ui 3IMIi HMW nNni g 4Yyac pos3p

Ha ocHOBI MO e ni UNet [ 9] 6yno po3pobnneHoO
JaHux AnaA NnoKpaweHHSA AKOCTI nporHoOo3y AOnNA K O
300§ HIE | HTepnonAUui W I TepaTWUBHDO, noctTynoBo " 3a
OO LeHTpPpY. Ha KOXHOMY Kpouyi obuymcneHHs oxoninil
3HayYeHHAMU, AKI OTOYeHI MeBHOW—ICINOBKAITEKYIO BROX N |
MU, 3 M O3MAETHLUENHVH A M L i €1 Ki NbKOCTI OO TpPpboX. r
cyci gwn, i HTepnonaAyi A NPoOAOBXYETbLCSA AOTMWNU, noekwu

MeToan edPeKTMBHO cnpaBNdgeTbCcA AK 13 NOOLWUHDO.I
BEe/ITMKMUMUNU O6GNO0KaMWM, B I KKEX L eOH TOEETHH | MBUM K3/HKBYYHEOH HBSI
3aBpapdakunm ob6bpobui 30BHI WHIi X wWapiB p[JgaHWX |13 Mack:
3HayYeHb, Mpouec i HTepnewyaLiK O JICUT akpiT/YEEK i3C TubO CBTaosm
3MEHWYETbLCA A0 TMHEOTX, 3iHUKMHLEHaHHE MgI@ OMO/BUEHOT 0 65
[O3BONA€E AOCATTWU BUCOKOI TOYHOCTI 3anto-BHEeHHA
paTtTamu.

CxemMa i Hcbopmauyi WHOT cmcrtemMunm pJAeMOHCTpPYEeE B |
Four Cast Net , AKa BUKOMINAOHQB EE [MHdAOSB iA KyQHFOSBWE a3
MoOaoyneM nNpocTOpOBOI Il HTepnongauyui i Ha OEHOBI M
cTemi TakoX BpaxoBaHO fAgadHi 3 /TOKaNnbHWHXx MeTeol
HEHHS NpPOrHOoO3Yy. 3aBAAKN UbOBpPpaBPBEHE eQUT-PpEIAIDIPS
COKOTOYHWUX MNPOrHO3Ii B Yy peanbHOMY 4yacio- WO €
JaTKIi B, arpapHoOoro njJjaHyBaHHSHA Ta CUCTEeM pPaHHbBO

6 ISSN 1562-9945 (Print)
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C
Geoposition GPU Server %
@ Local
User Weather-monitoring
» FourCastNet [« stations
¥
Weather data
Unet-model
GFS-data
PunycH 8kCxema i HbopmMaui "HOT cucTtTemu

KopumcTtyBay B3aeMepes EB/cesTeNMODI ImdeHMC Yy
[aToOK 4Ynm BebB 3acCTOCYHOK). KoMyHI Kauyi s0-Bi g6
opagunHat BWGSE 84d PseudoiMe r cat or EPSG: 3857 4yepes A
server, e NpPOBOAWUTDbLCA 0A0 POOTHHDKHaM IRMD O P @ MHBXT T aAl
ACMHXPOHHOMY pexXWMmMi 3anyckae onepaui woONIpor:t
6anbHI MEeTeoponori YHi AaHHI . Micna uUboOr o pe
NoKanbHWUX YMOB, BPXXPHMYLCHOYIB AaBHAQOIT@R @HRIHIW MeT e
Mi cna 3aBeplweH-HlAHIOBTEPYyoGdomy dopmarti NnoBef

BncHoBkpesdynbTaTti pocni AXeHb O6Yyno oor-puma
rogm B pPexXxunumi peanbHOTNO Yacy 3 BMWKMEPGOIrEH aHH
3yBaHHA Four CastNet Ta nocopemipolWreeti Hryn s n
OTPMUMaAaHOIO NPOTHO3yYyBAHHA Ta 36i NbWeHHA pPo3nN
eKcnepuMmmMeHTI B O6yno a@arpwwmapHOO Xle@PlyyHY ORFBR P ALY

nporHo3yBaTwWn pfpgadHi Yy 3P eBX WOMHI O cpHena /IVbaH/1IoMr MO BYF 8ACXYW J
TarTi po6oTun 6GYynNo CTBOPEHO I HMpopmMayui WHY- cuUCT
cTyBavyewm. CnctemMa TaKoOX MOXe OYyTMW | MnnemeH
MOHI T O[pWMMH]r yakocTi noBi TpaAa.
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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 resoluti on ofkm)awhiphrmade it posibleetd v O .
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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ANALYSIS OF SCIENTIFIC AND PRACTICAL ACHIEVEMENTS
IN THE SPHERE OF REVERBERATION EFFECTS GENERATION

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

Disadvantages:

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

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

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

Advantages:

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

Relatively affordable for use on stage and in the studio.

Disadvantages:

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

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

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

Advantages:

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

Compact compared to mechanical systems.

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

Disadvantages:

High cost of equipment in the early stages of development.

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

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

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

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

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

Disadvantages:

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

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

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

Advantages:

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

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

Disadvantages:

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

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

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

Procedural generation of reverberation effects: modern scientific developments.
Procedural generation of reverberation effects has become an important research area in the
field of sound processing with the advent of modern algorithms and increasing demands for
sound quality and realism in interactive environments such as computer games, virtual reality
(VR), and augmented reality (AR) [10]. Compared to classical methods with limited capabili-
ties in reproducing realistic spaces, procedural generation offers more flexible and adaptive
approaches that allow for the dynamic generation of reverberation effects in real-time.
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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-
0s. The plugin allows users to adjust reverb parameters, creating warm and deep effects for
vocals and instrumental recordings.
Advantages:
Realistic reproduction of vintage sound, ideal for the music industry.
Numerous settings allow you to precisely select reverb parameters for different gen-
res of music.
Disadvantages:
Limited use in interactive environments such as games or VR due to the specificity
of reverberation effects.
2) iZotope — Neoverb
Neoverb from iZotope is one of the most innovative solutions on the market, using arti-
ficial intelligence to automatically adjust reverb parameters based on audio content. This tool
allows you to quickly obtain high-quality reverb effects, focusing on the characteristics of the
input sound.
Advantages:
Use of artificial intelligence to optimize parameters, which greatly simplifies the
sound processing process.
High-quality reverberation with minimal settings, which saves time.
Disadvantages:
High license cost for small studios or individual users.
3) Valhalla DSP — ValhallaRoom
ValhallaRoom is one of the most popular reverb plugins due to its ease of use and effi-
ciency. It allows you to create reverb that can be customized for different types of rooms -
from small studios to large concert halls.
Advantages:
High performance with low system resource requirements.
Extensive customization options and affordable prices make it popular among indie
developers and small studios.
Disadvantages:
Lack of advanced capabilities such as artificial intelligence or realistic modeling of
complex spaces, which limits use in high-budget projects.
Hardware solutions. In addition to software tools, there are also hardware solutions on
the market that allow you to implement reverb effects.
1) Lexicon PCM92
Lexicon is a legendary manufacturer of hardware reverbs, providing exceptional sound
quality used in the music and film industries. The PCM92 is one of the leading solutions for

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



«CuncTamexidH o»b @60)i2625« Sy st eno gieecshn o |
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).

20 ISSN 1562-9945 (Print)

ISSN 2707-7977 (Online)



«CncTeamexidH oob @60)i2025« System technol ogi es »

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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AHaRAY KOBMXKT NEOGUXTI HE Hb
y cgepi reHepami e pewripbepalli hnH

Y pob6orTi PO3TrNAaHYTO nNpob6nemMy CTBOP@HHSA p
bepauil B K O MIMITOKKTAE3paHHMOX Oi CTHPO@BXH. i ocob6nmneocrTi
pauyi i peBepbepauyil, cepepn AKWUX CKnap®Wi-cTb

Hi cToReeMA Ta ob6MexXeHa apganTWUBHI CTb A0 TFTeomMerT
wo obpemMa CTBOPEeHHSHA peani cCTUUYHUX peBepbBepadil

€ [AOCHAXHOIW /AMWe NpuU 3acToOCyBaHHI Cyuyay-Humx
BaHHSA Ta nNi f[BABLY KCTTbbh &BBaKTOB MU X NapamMmeTpe-B. H
HO, Wwo | CHYWTb 3 Ha4yHI nepewkoagun, HAKI G-HUNXY'
AyoCOYNHUMU MeTOdaMu.

KniwoyosBi cnoBa: peBepbepayi 49, akKycCcTUYHI X
Malmme HaBOAAHROTIEPHI I T pwu.

3apopgtoK AHTOH B 6-cotgavpMummpiio BMH p 0 B U 1A Gyundlla p a Mmi
Games”.

Ni xoyszoBa TeTsawa. AdaTonigioprwaT Kadgepapwn i HO
i HXeHepi T, Haui oHanbHWW TeXHI YHUN Y HIB-epcCWU-
CTUTYT | MEHI l Topa CiKOpCbKOT 0>».

Zarodiuk Anton — Senior Gameplay Programmer, Gunzilla Games LLC.

Likhouzova Tetiana — Ph.D., Associate Professor, Department of Informatics and Software
Engineering National Techni cyKlyivdigtachwmielnss-i t y @
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o. 4. KnmmeHKO
MEPEBI PKA OAHOPI AHOCTI MCEBAOBUMAALAKOBUMX
KPUTEPAMUN AHOEPCOHABITHAL A Y WA

oTaMlociNni AXeHHSA CcCTaTUCTUUYHOT OpfHODPIHAAHVO CYT | B W
TeMaTUWYHI N cTaTtTunucTwnuyi , OCKIi NbKW BOHID- 0,03 BON
HTanbHWX BWUMI pWBaHb Ta BMU3IHayYaTW, UYU- HaNexa
CTi . Y uinm cTtatrTi po3rnNnaHyToO pABa nigxoaun Aac
6i ppP&X BWUOI PKOBUN KpuUuTepi n WHPpd pic-BBHyapar.a K 01
XeH i3 uUuux KputepiiB Mae CcBOI oco6nmBoOoCTI ,
nexHo BiIi A4 po3Mipy BMOGIi poOoK Ta poMentoagimy WMO
i 0K eoHUHIisIH K a @MaH T NBBO X ni gxopai B OO m-epeBi pKkK
pi goHOCTI BMGI poK: ABOX BUOBI pKOBOTOoO Kputepi Kk
wBi Hpa, a TakKoX BMU3HaAaYeHHSA BNAUBY PpPO3MiIipy BI
BAOBUTEAMKMKIOB M XBIB3HAM EMEpRABAOMI BMKTPUCTaHHS |
oaAn [AOCYi BEEWMHAXBAWI bEPOB3IKPUTEpPI T nepeBi pK.
BOOBMNAaAKOBWUX BeNWYUH: OBOX BUOI PKW-BUIN K PpW
n -Bb WHipaa , 3a [AO0ONOMOT OK § KiUCXT bB MN3CHeaBYJA0EBTULNCASAN, K
POK B YyMOBaXxXx HeBi AOMUX CTaTUCTMUUYHM-X nNapal
YHOTIO O4Yi KyBaWWH®Ba AWTB P KHAV 3qHacYId HIoK,e HIHGA . 4
PKW y pocni gaxeHi, N<100, TO KHpaTieRy Nn Aed g e
NagKoOBMUX BeAUWYUH 13 HeBIi OMUMNU CTH-TUCTMUNYH
€ BUWY CTiWKIi CTb [O aHoMani n, y-Bintopa .B H S HI
ayeHOOEC Nuiog XEeHMWH i 4 manumx BuU6B6i pok (n=20+40) 0

BUKY WMOBI PHIi CTb NPUUHATTA NpaBUNbHOT®- pi WeHH

UMH HaAa OAHOPiIi AHIi CTb 3 pi 3HUWMWKTMaATHIBC THAOUBHAVE M

CNni AxelWHAHaNi 3y BuMNagKOBUX BENMYUHT3 HeBI b
MW ANS KOPBARPRNBHUOBAPE BUKOPKMOBOWBYRPpMMe pBD
JepcoOHa Ta K o M6 i HBOi BHagHan, 1 aknpen Toe/ps nn ibgyawawe H H 4
nNnebTaTi B nNpun AoCnNni AoXeHHI , B ymMoBaXx 3abpypaHeH
nTepii 3 MeTOhaMUVB MOKUOVPBRYECEBTEE A U A, p B B A cCaddeop Ma Ha Nn ol
CTOCYOABOKCHMH A:KE HHA MOMXEaWg TR BARYPPAX, A€ HeoobX
aAaTUCTNYHY oOpAHOpPIi AHIi CTbL BWUOBI poOoK, 30KpemMa B

OWNLU WNHI Ta I HXeHepiT, O/ BUMIGIBHIICW HAK MO TKIN NBWMMI
OaHnX.
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KnwuyoBi MmanmemsmaTWMWUYHa ctTatTuncTukKa, MeTOA#, BUOI
Kpunutepi m AHpepcoBawpapurtepi n byuwa

Bectylocni AXeHHA CTaTUCTUYUYHOT OAHOpPI AHOCTI
MaTeMaTUWUYHNLYI CTACKMICNbKWN BOHO [JO3BONSAEHOLUI HH
TaMMNX BUMI prBaHb Ta BU3IHauvYaTwn, UM HanexartThb
Y i cTtartvTi po3rngaHyToOo ABa niagaxoawuw [0 nep
ABXBUNOI pKkoOBUUNHEPRTEePAUTA KOMOI HeBB adHiain  kKKpowkreed
UMWX KputepiiB mMae cBOI oco6nmeBocCcTIi , c hbepwnu
cneuyndcdpi km BUMOBI pPOoK, wo aHani 3ywTbcaAa. Om-0X B

KOPUCTOBYETbLCSHA 4N 40 PHIO PHIKMH ocCTTai T UBCUTGUi YUpHOOKE,- O T p
pPpUMEeHTaNbHNUX p[fOCNI AXE€Hb 3 HeBiIi LOMUMU CTaTwuCc

ro niagxopy 6as3yeTbcd Ha nNOPi BHAHHI ynopsaagak
paHrIoBuMUX XapaKTepucTuUKkK. B@aB MAOKOM T Wb BBMIYE H IO [B K T
HOMI pPHUIK po3nodgin pgaHuMXx Yy BMOBIi pkax Ta 1T XHIO
wo e@PeKTMBHI CTb LULbOTO KpPpWUTepiw 3HaAaUYHO-3poOcC
cTepexeHb Yy BUNOIi pKax. K-BMBOoaobamy BMK@PMUETia
NOTrTi CTUYHMUX BUNAa[KOBUX BenunuymedPampaee aatm a Kol
BiH pgo3BondAde oui HwBatTwm BUOBI pPKMU 3 HEBI AOMUN
po6utTb WOro YyHiBepcanbHWUM 3acobomM AgNnsg-aHan
Hi €0 KBIOBRMAX MNepeBar uUbOIFoO KpuTepiw € WoOoro 3/
cepepgHi X 3HayYeHHAX BUOBI pok, Tak i Bapiauil
TOYHI pe3ynbTaTtTn npu aHani 3i BUMOBI pOoK ,pa K. r
MeTpax. Kp wBriedpgiah BEMykwap M cTOBYETbCSHA Yy BUNA[K:
nepeBi pKMW CTaAaTUCTUYHOT OAHOPIi AHOCTI p[fawTb H

BCi X MOXNWUBUX Bi agXhnewlpopeper®bDpmwmax n| Agke HH A
HOpPi AHBMOI POK BUNaAafKOBUX BEeJIMYMH 3a ABOoOMa k

TeopeTUWnUHI OCHOBU Kimmeepion ANHEPEZ OOGRa WK
BYETbCA ni A yac nepeBi pKWU CTATUCTMUYUYHOTI 0 |
BMUMI pi B 3 HeBi goMUMU QY HKLIKIMMT €ppoi3in, o AL, a1y g aif

w

a paHramu BN OpP XYM DK, N xa BTVAbKiopHo Ki X  aoXp(i)e 4 HaH
pei=1.2..2n, X,(i)=Xjk)+Xj(k—mn), X,()=X3(k)+X;(k—n). PaHr n

BM3HavYawpuysaamgia ¢o

In In

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

ggn(x—a)-PYHKLIi A9 ofapuH@rwapropocCcmopi BB OWaA HHW L I

i

N, swro

Kputepiii AHgoepcoHa ONUCYEeETbCA GQOPMYNolH
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n

1 , . | 4t -1
AOESS [Zm(xm — k) + (R(x3(K) = K) ] S
k=1
Lle BunapgkoBI BenNnmuyumHum Ta 1T X nEHacTXVOOKT U YHa 3
po3nopai n -KCpvanvpepipoltiaz eca [ 1] . SlgpWDKIBNIBTI pK-ATKCT MM
Hopi AHIi, ToOo 3 WNMOBIi pHIi cVf(i) <@, MewpaT@PMIAE nAHGE

3 HadYyeHHHA

04 06 1
Vy, (n) = (0,4514 - )(1 +—).

n nZ n

AKWO BUKOHYETbLCSHA LA HepiBHI CTHb, Too-Nnpuimmace
Cni gXyBaHUX BUOI poK.

TeopeTWUWYHI OCHOBW KOMOI| HBoiBHafHao W@ B PM T e @miblo p IE
X (k)iX;(k)MOXYTb 3Mi HWOBaAaTMCd MaTeMaTWUYHI OHYiIi KyBaHt

wrtabwu, TO nepepgpbavyaeTbcda nepesBipaTnm T X cTarTy
KomMbi HoBaHuUW -Bpupnpapi Knbyuwaa ac MmaTemMamma uULen K|
ANPOKCUMUMYE CTaHJapTHUX HOPMA|INbHIXMIBHMUINE KI0OB UK O
HMUMU BUNAaQ[K OB UMMy HBKEUF(xguaH a3wero P 0 Py HUKxi,.i € 10

1

H L)
1+ ex (—TI)
P /3

F(x) =

Ulx) = ?(ER(F(_‘I)) — !n(l — F(xj))

Kpnutepi-Bi lbyauapopmMyeTbcsa HaTHIThATUTE WG T, N LEiK B
pePappeHna Ta Knotuyua [ 1, 21X, (k) 00,0N31 AHKE/BOIT LA MW NOVB |
CTATUCTUYHMUMU 3AaKOHOMI pHOCT A (k) 3¢a0 pdvoypeMyb/cosAl0o 0 6

X.(k)= X(i/2)+X(i —n/2),i = 1,2,...2n,
O oex(if2)y=X,(k), X,({)=0,i=0; X(i/2)=X,(i—n),i >n,X,(i)=0,i < n.
BusHauuvmvmi,(klaHr u

mn

R[le[[k)) = Z sgn (X, (k) — X1, (1))

i=1
BukopumcrtoBytwuymnm paHrui.(ilepesBopamopoBabBy pEYOI

2n

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

PaHru BnopsaAakRHEzn)eil gome i, p wie=1j2X.,2w 0 mop p

3YMIi HHA PpoO3T NAadBeawDi O0BU O IBMKIP 9 4 K
Xi,(i/1) = 2,1;3,2;4,8;5,7;8,1;9,2; 12,4.
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X7,(i/2) =0,8;09;2,6;4,3;7,3: 8,94 X,(i) =12,7.

ChopmMyeMOoO 3a HWUMU OAHY CYyNMHEM)T aB nioip a@m& 0
(tabn. 1) .

Ta6bnuuysa 1
Xiz(i) 08|09 |21 26|32 |43 (48 |57 |73 |81 |92 |94 |124 127

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

Y ToMmMy uwncni XpEHe=n, #{62) pxd.kx | p arifx,6/1))T a

R[X.*:(ifz:])ﬂpep,CTaBHEHi B Tabnwuuyi 2.
Ta6bnunuya 2
R(Xx%,(i/1) 3 5 7 8 10 11 13
R(X1,(i/2) 1 2 4 6 9 12 14

PaHR®,(i/i)BnMKopumcToBYWOTbCSHA ANA-Bowig@mk n 3m@p T

cnoyaTky BM3HAUYaWTbCAH nNnoKasHWUKi,ePapueiHBa
S(xi,0/NT KnDEMiEl) nori CTUYHUM PYHKLULI am

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

R(x:(k [3 R(x:(k R(x:(k
U( [ 1( ))):W_lm( [ 1( )))—En(l— ( i )))l
2Zn+1 T 2Zn+1 Zn+1
AHanorwn K p noeRpaipigee H 8 a HT a KnoTtuya BM3HAaAatr
X (k/1)=X](k), k=12, ..,n

2n —1 oy U(R(Xij[i,’l])
. N e k=1 n+1
S(Xi;) =

n-

[

|L n 2 i
'qlEn k=1 U (211)

I|2:'7,—]_ N U:(R[X.*:(kflj)_i " U:(k}

¥

Z k=1 k=1 e
N on n+1l 2 2Zn
T(X}) = l.l - :
L w2n e
'-qun k=1 U (En)
Lle BuvunapgkoBi BHEINYHBAKM. BNOI pok

KpuntepiBi Hhgyawa BM3 Hay@K®A b CNAO K 8 (A MMM a
T(X{,)=T/. KnacumyHa MaTemMaTMyHa cTaTucTumkKka Ppos

BMUNnapgkoB.I BENTMWYNMHUM Ta onNuUcyeTbcda T X anpokKc.l
CTaHpJapTHOKW NOTri CTUYHOW @GYHKLULI €0 po3noai ny
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1 1

T r F(Tf:) = T '
1+exp(—75iﬂ) 1 +exp(—7Tj:)
V3 V3

F(s-i:) =

dopmyna kKpuBephoo BywmwaayaelSpldT,3a Mopgynamu

v, = —2In(2(1 - F(IsyD)) - 2 (2(1 - F(ITSD)).

Lle BunapjgkoBI BeNNN PHERNMITIX B HEAME@BIHMHIN@PW BHWOIT
HUUYHUMN 3 HggmMeHHKAIMUN peagcTaBsnedHi B Tabnuuyi 3.
Ta6nunuya 3
n 5 10 15 20 30 40
Va(m) | 7,92 8,65 8,97 9,05 9,24 9,30
MepeBi pKka Op[HOPI AHOCTI ncesagoBunMnangkKkoBUX BN

ByaBi H flan.g npoBefAEeHHA f[JOCNI AXEHHA CKOPUCTYEMO
ri nomMeg3anaoBa (HABMEBRPKMEA ,XAEO0X0LATHEOT® @4 TOTN O X
po3noai NY7 azoeourcoy toX bca HOPMalbHWUM po3m@GAI NOM
or o o+ wxM[X]d+0)sa, AuvcnepB[Xe=a )o gvAimpimaa p(H

a r(Hp-esre@iaprma ,XoxogaTb 13 PpPi3HUX po3nopgin
T B#OYpEMO XBMUKOpmcrtToByBaTnu BUDOBI pKy nces/
YyIOTbCHA HOpPpManbHMUM po3nogi nobyijieaempPpuoopi,
y
p
o]

—
AN
w

BaTunu BUOI pkKuU TbIOKI 3 ¢ 17 aD[X] c=t1n. ¥ HIMavtnp yngaHpeaH
KUn—-—LWwewrkmln BMOI pok, y 4G9KWUX p[fedgKa 4YacTMUHaA
Aoiny (a6o 3 iHwWuMMM nNnapamvMeTpamu) g# nopyu

- m O O T T

AHOCTI BUOGI pKMU. TepwM™MiH 3a6pyaHeHHs yac:-
MX AOCTNIi fXeHWbs yRMUA 1170 XHDaiwme BHAg acHi eBuU 61 pK MU
, Wwo Bi opi3HAKWTbLCA 3a po3nopjgi nomesi 4 OCH
aToM NOMWUNOK BUMI pPHOBaHLB, Henepepag®-ayeHUX
Bagimayi MBBay py 4 He H4U eB unbei BpHKUMA  TTeUKIIK 3 a6 py A H e
M BCBTAOEC YHB@A H3H A CTaTUCTUYHUX MeToOnI B ANA ¢
eBi pui OoHOPIi AHOCTI BUOIi poK.-AaBafipy@malRHapm
MW MmmagakHx CBOEYACHE B WATBA/MHEHHOH AB ankan MK 0 p eIkIuAi A0 1
HNX pes3ynbTarTiB. BukopumcrtaHHSA H9Ki Cc®Oro exec
arae MiHIiIMIi3yBRaTW Pasyxim YHDYHb(COWd anbHMX
, T OWo) [ 1, 7] . MpoBepgeMOAHOOCCT/IBl A3K& H B AN MO
Tepi o AHAaefBdaoHyga 1Ba Byugd)yeEeBmeMMg XY € TWb-C A, o
epi 7T AHpJpepcoOHa Ta bywa BiHpga He MNOBMWHHI peai
BuMgamm 3abpypgHeHHSA ( cTpuobKM, BUWKMWOM,, OHANPO MU JT K U
ny weHi AaHi, AyoO6nwBaHHSA pgaHUX, Wwym Yy AaHWUX) .
6yapemo dopmMyBaTuu 3 HOPMaAaNlbHUM 3aKOHOM po3nopj
M[ =0, D[ ¥ =1, a papopyry ©6ypapemMo wmMopagenwBaTwn 3a BuUubO

S o T £ — 31

S X 2T 4T ®OI S I ST WOOTSOTUWTW L
W w X -4 M T

- X I JwW o3I NM w w X O I T w o o n -
T S O TOo0O o xR 9Kk 0 4100 = 4 13X S
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M X=0,D[ =1. Tob6T1To0, 3abpypwmaesmBiOonUBBLOILDOKIBMXHMN I

napameTpi B, OCKi NbKKW BOHa O6i nbwe He 6o-g4e ™M

CNi AXeHHSA ncesBanoBMNagkKoOBMUX BeNuWYunuH Ha

n=5, 10, 15, 20, 25n-3k01,b4&0,c50, 1le00e,memea i B —pueunbdip

npepcrtaBAeHi rif CTOrpasMVHAOPpRANTBMIOMPPEO3N OELIP M

Ta ApYrapi 3HMUM Bi COTKOM 3abpyAHeHHSA (BKNO

MMOBI PHI CTb NPUUHATTA Ppi WeHHA HYNbOBOT TinNno
AR ———

Masywocri y (%)

20 40 50 80 100
Po3mip BuBipxM n

PuycH dklNi ctorpama Ta MWMOBI pPHiIi CTb nNpuUel KSs
3a BigpcyTHOCTI BHEeCEeHHA 3ab6pP¥WaoHeHE

3a pe3ynbTaTtTomM pfocai gxXxeHHA (puc. ¥)b oET@in m
rinotresun (neunBmz®KAS) gwwmapgae 0, 94% HMma Kpw
Tepi emM by18& %Bi Hlea MOXHa MNOACHMUTMU TUM,UB QO K{[
yyTnuBuihh. B pgaHOMYy BuUuNapfKy BUKOPWUCT OBWMIEA NUC
ctTatTmnctunydunmun MiXlE( B[X]e=Tlp.a mtha pwu cC . 2 npepagcTasi
BMOIi POK+3 Ne@pmMaibHMUM 3aKOHOM po3nopginy WmMOoB
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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<100, then the Anderson criterion 1 Sa-more re€
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
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.

Knuwme Ok K cieilH n c o-Bancun i xaHpe xp we p 6 é X o érd@me pH O
i HTerpoaexamofoi npoB@wK WH AL BRP (MeGHBREC®HYapa

K1 y me n k o - pGstgradkate student of the Department of Cybersecurity and Computer-
Integrated Technologies, Oles Honchar Dnipro National University.

ISSN 1562-9945 (Print) 33
ISSN 2707-7977 (Online)



«CncTtTaexiH ooh d60)i2025« Sy st eno gieecsh» o |
DOI 10.34185/1562-9945-5-160-2025-04
UDC 004.94, 624.9, 692

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 di mensi onal finite el ement analgsis derm
ry, rigorous experimental calibration, and careful numerical implementation. This study con-

solidates r ecent progress and remai ning cpwal | enge
cled aggregate, fiber reinforced, andi-ul tra t

ronment. A literature survey identifies three dominant strategies for plain concrete: the lega-
cy smeared crack SOLI D65-Pealaggmantp,l agdn erialyi awd d
damage, and detailed mesoscale representations that resolve aggregates, mortar, and inter-
faces. Comparative findings show iedbyathe damage
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, fract ur e, and ti me deper
Calibration protocols remain inconsistent across studies, hindering reproducibility and

cross comparison. The absence of ancretesisen benc
highlighted as a key barrier to consensusondef aul t parameters. Thin wal

additional difficulties: geometric nonlinearity couples with progressive stiffness degradation,

causing mesh dependent fracture energy dissip
include refined through t hi ckness meshes, nonl ocal oregul ar |
l ution control s. Explicit crack tracking tech
segments offer i mproved fidelity, espeaecially
ty governs serviceability, yet systematic validation of these methods remains sparse.

Long term phenomena such as creep, shwinkage,
iors under impact and seismic loading, are underrepresented in current model verification,
particularly for slag rich and recycled aggr
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; e X
progr ams; and adopt i oitoaurhate pasmeteriidengificdtionand ni ng t o
flag anomalous model behavior. Complementary softwar e advances, i ncl udi n¢

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, T
design of sustainab | e , reinforcement free concrete stri
Key wor ds: finite elsetmecnitt ya nnad dyesliisn, merett,af mabgeel
recycled aggregate concrete, thin walled fo

Statement of the problem. Concr et e exhibits pronouncedc

sensitivity, and guasi b r iicatet its ereprefemtation tiru r e ,
three di mensional finite el ement analmpsis (
al , unreinforced mixes: slag blended,nrecyc

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 thegefore
acy smear ed c riaperfectlyoplasticlformulatians stillecbmamentin 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 pl asti ci ty hybrids ar e atod,otgnsioe d t o
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 al so fracture energy, si ze
rate dependent and path dependent behfavi or.
ing, non | ocal regul ari zat i onainsautahobgdiva-ged |

ty once strain localization initiates.

This article reviews state of the mrt A
cretes, with special attention to thiyh wal
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 |l earning assisted parameter i nversio
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
SOLI D65 el ement , which embeds a smeared c
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 ctar (CSTIF)ntioereby stabiliziogreycle h i n g
anal yses of concrete filled tubes and align
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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 failumegetel specAftbpugihi seds ame
through USERMAT subroutines, which allow implement at i on of damage pl a:
comparable to the Concrete Damaged Plasticity model available in other FEA platforms.

The third, research oriented route constru
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 approache s t heref ore entails a trade off Dbe
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-
gi mes. Enhanced vyi el-Willamextertd BruckeaPragetby differens- Me n ét r
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 Youn gpeakslopeo Flbarlddittkons peak s
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 vyield surfaces such as Drucker-P r a g er o fWilliwhereyére biarial
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 practicaddu-opti ons
lus, tensile strength, and fracture energy in a homogeneous model, or explicitly mesh aggre-
gates and mortar inatwo-phase mesoscal e scheme. Laboratory
aggregate replacement typical |l yensilesrengthrby modul u
about 20 percent, v a ltiog@antfdr lomdgenepusmodelss.de a r el i a

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

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

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

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

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

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

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

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

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

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

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

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

Machine learning can bridge complexity and usability. Surrogate models trained on
benchmark data can automate inverse analysis, suggest starting parameter sets, and flag outli-
ers, reducing analyst effort and improving reproducibility. User-friendly software additions
plug-and-play material subroutines, graphical calibration tools, and thorough documentation
will further lower the expertise threshold. By combining these practical recommendations
with proven damage-plasticity modeling and rigorous calibration, engineers can extend fi-
nite-element simulation confidently to the next generation of sustainable, reinforcement-free
concrete structures.
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Mykyta Hryhorovych
DETECTING FLAT ROOF DEFECTS WITH MACHINE LEARNING
AND DEEP LEARNING TECHNIQUES

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

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

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

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

Extended Architectures and Unsupervised Methods. To capture more complex phenom-
ena, newer models integrate transformers into U-Net, achieving 4—6% gains in segmentation
metrics [6]. Some authors employun s uper vi sed autoencodelines t hat
of vibrations or thermal images, then flag anomalies if reconstruction error spikes [7]. These
methods reduce dependency on labeled damage data and can detect unseen defect types.

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

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

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

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

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

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

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

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

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

Raw image

U-Net

DeepLab V3
(MobileNet V3-based)

DeepLab V3
(ResNet 50-based)

TransUNet

Figure 1 — Example comparison of crack segmentation outputs from different deep learning
models on a concrete surface: a —raw UAV images of a bridge column with cracks; b — pre-
dicted crack masks using the U-Net model; ¢ — predicted crack masks using the DeepLab V3
(MobileNet VV3) model; d — predicted crack masks using the DeepLab V3 (ResNet 50) model;
e —predicted crack masks using the TransUNet model. Red boxes indicate areas where some
models missed or erroneously detected cracks
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Object Detection: YOLO and Faster R-CNN. Large-scale defects such as spalled areas
or missing roof shingles can be-tingpetfoemantee d as “ ¢
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 iIs scarce [7]. For instance, i f
partial delamination, the autoencoder flags a higher anomaly score—even if the surface looks
intact.

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

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

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

Workflow Integration. Workflow involves:

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

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

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

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

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

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

Conclusions. Deep learning is revolutionizing the detection of flat roof defects and
broader structural damage, enabling cost-effective, frequent, and safer inspections. Across the
literature, CNNs dominate for image-based analysis, while segmentation networks excel at
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mapping cracks or spalls. Object detectors (YOLO) provide fast bounding-box detection of
missing shingles or open seams, and autoencoders enable anomaly detection without large-
labeled datasets. Real-world pilots consistently show 80—-95% detection accuracy, with some
controlled-lab experiments exceeding 95%. The rise of drones and multimodal sensing has
amplified Al’"s 1impact. Ther mal i maginng reveal
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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BnasneHHAa pedekTi B NNOCKMUX NOKPI Be
MeToAi B MaaBWMHHMHMMAO THA T I1MOGOKOINO HasBMY,

Fr*Mb6bokKe HaBYaHHSA CcTano NPOPUBHUM nNWAXOAO

KoaXeHbgedopmauyi i, 3oKpemMa ANnd NAOCKWUA- NMOK |
CTPYKTYypMU. Y uih cTtartvTi y3aranbHeHO OCTaHH
HelWpoHHNUX Mepex (CNN), Moagenenm cermMeHTauil

CNN) Ta aBTOKSOHEIpNisaBA HMITSD @BAABNEHHSA aHOMani i
3iMHa 3MoMKa Ta BibBpaui nHe 3oHAYyBaHHSA 3abe
HaB4YaHHI Ha 306paxXeHHAX abo cuUurHanaxpE- AKI
OXeHUWNn cTaH, MO ageni rwbagKeDpo iMHAPYABH BUNKMB N
Bi fwapyBaHHSA O6eTOHY, Bi ACYTHI —Kuypa CnT/ioe HBH -AT AYOH
T NoH%.n @bnapg noHapg 300 HaykKoBUMUX NYyO6REFEKaui
ui A 3a pgonomorotwn W MoXe CYyTT € BIO K3pMaelHATMmT I T(
6i NbHI CTb I geHTUOMI Kayi T YWKOAXEHb HaBIi Tb Yy
Mi acymkoBa Tabnumusa nopi BHWE edPeKTMUBHI €Tb T J
KpUTTIi B NOKpiBenNnb Ta | HWMUX KOHCTPYK@ANBHMUX
OXEeHSA Ha MOCTax, bacagax BUCOTHUX Oypgp-Bensb
OXY IOT b Wwo TrnAmMbéboKe HaBYaHHSA Yy TMOEAH A HOH-I 3
Cnyros aHHSA, BUABUTUNU NPUXOBAHI Aedekrm# Ta
TyanbH —HHeKCTAKHIAB L aHWUX ANSd Ppi AKIiCHUX aFuni B
ranbHe A Mopgenemw Ha HOBI yMOBMXW Ta noTtpeba

e

a

eKoMm aui m agna noA@G'bayyKa HOHOAC NN Y/ KE HIbC N e K T
BT OM 3aui a9 KanabpwEdHmpaumegelheid T unitpposi
oro i TOPUHIY CTaHy KOHCTPYKLUI .

Knwo4yosi cnosa: rrmboKke HaBYaHHA, BRa8WBHHE
OWKOALXEeHHSA KOHCTPYKLUI i, BMNNA, K O MTHT aoiTiesp,H 1 |

MABJ/M€HHSAa BOTOO KEK/T & pBY, .

I 9 ©
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FpnuropoBuuy MnknmrFapgGéppoUOVKYAT HC b K @I WT ellreyp X
Haykwun i TexHoOnori n, HHI «MNpuaHi npoBCcbka [MOery
TYpWu>», Kadpeagpa TexHonorii Bynoi BenbHOrNo BUPO

Hryhorovych Mykyta — applicant of Ukrainian State University of Technologies and Sci-
ence, ESI “Pr ydn iAmderoyv of kCavil Eddinaeting and Architecture”,
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SACTOBAHHA | HCTPYMEHTI B WTYUYUHOIO | HTENEKT
ana nNowykKky TA TNONMNEPEAHBOIO AHANI 3Y OAHW]
Y NPUKNAOHWNX AOOC/HNI AXEHHAX OCBI THI X CUCTE

oTauyi a. Y cT1aTtTi oOoKpecneHo npo6nemu 3acToO

WTYyYHOTro i HTenekTy GROK 3 TmaunXxhatiCPTegH@amagamw
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Bi THI cmcrtemu, i'X nmonepepaHbOT O0O6GPOOGKW N aHe
0T b 3MOT Yy i CTOTHO NPpUCKOPUTMN [ CnPoOCTMNTM

i oXxeHb, ane GROK 3 pae 3MoOory oTpwmamowwebi nbu
"A3aHO AK 3 MOXANMUBI CTW pgoCcTyny A0 axkT
Bi AMIi HHOCTAMMU anropuT mi B.

04 O B i chosBa: WTYYHUN T HTenekrT, C yBCaTHeHWAa, O C B
Ka3HWKNU OXOMNNEeHHSA, 30MpaHHSI AaHBXpT, -OPROEBaA
CTb, BHJOCTOBI PHI CTHb

BcTtyn. MocTaHOBEaApOPOOmMIEMNT A 3acTOCYyBaAaHHSA |
OAHUM 3 HauWbi nbW aKTyanbHWUX HaNnpsamine pocni |
X TexHonorin. | CHY € g K OTaer paeTioe HebH TCYT3§ €a03BVHyO, 3T
HHA I HCTPYMEHTI B WTYYHOTNo i HTenexkTy Yy pAgocahni
Ky, nNOWUWPEHOW € p[fymMKa, WO WTYYHWUNK | HTeNnekT
i npuknapgHi , a MOXNTWNUBO I H @@WHKWO Bi0 LWV ee-tH/mevm VE.

eePpEeHHA-A9OYWRERb CNPO6G 3acToOCyBaHHHA | HCTPYMEHTI B I

a
T

0
a
e
0
e
a
H
n
T
H
y

yui, ane i B OCBI Ti . Pas3omM 3 Twum, Bce 61 nb
aBNMNEeHHS A0 WTYYHOT O I HTenekTy | edio@apeqxyto
6i BBHQUTO) | HTenekTYy, a TaKoX nNOoOwykKy Bi ANOBI fc€
Me i K i camMe 3acobuMm WTYUYHOTr o | HTeReKTY Ao
HHSA T a MO X/ WNBI NMOMMWUIMNKMU npwu BUKOPUCTAaAHHI
3B’ A39BRAPE@HAHIKX Twunise 3apgauy, AK npooo-nemMun 3¢
CHOCTI BMUHUKAKWTb MNPWU 3acToCyBaHHI WTYYHOT O
npamMunm p[focni aAxXxeHb Yy cdepi 3acTocyBaHHAa MeTO
ani 3i AaHWX evup.o lcexkplemapo 3 ETHn@/Te HH A BALOCKOHa A
ropumTt mi B, MeToAIi B Ta I HCTPYMEHTI B~UuR@s8 po3B’
OCYyBaHHSA HBOKep YHMBEAHBTHIMBX [Oi1A9 PO3 B’ A3yBaHHSA NpPUK.
ani 3y AgaHUX WOMOUXOEHKHPEBEMUXY CKINA cCcTa-TTIi Y
Apyroro Twuny woao 3A4aTHGROKI3 rCaatCRTp4 H 1 X i H

©bax py@Bs,bax p yBif 2025
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«CncTeamexidH oob @60)i2025« System technol ogi es »
pi wyBaTun noAai 6HI npo6bnemMm CTOCOBHO €-aHMUKX
MX 1T HWKUX KpaiH.

AHani 3 oOoCTaHHI X mpudYi pxéerax [YH62a)] wmrpoadr
MYHI NMOKAa3HWUKMN MepexXi 3aKknapgi B B MU LWOT ocC
BIi TOW B YKpalHI nopiBHAHO 13 KpaiHamun €C
CTUKN YKpalHMU Ta CcTaTUCTUMEKLKO gaHipe aE€mpo
epen. AHani 3 pgaHuUX nNpPO Mepexy 3akKknapgi s B
[ 3,4]. CknapgHi Ta cynepeynunsi npo@nremMu
| AXeHHAX aHani 3ywtTbcda Yy cTaTTI [ BpRpé8¢THb8a
TpaHcPopMaui MHa cuna, 4K a MO Xe pe-B 0 N0l
I LXeHb, MUCNEHHSA W HanNnuMcaHHA akKkajgeMmMyHdHMUNX
X, 3BaTHWUN YyCYHYTMU ynepepxeHHSHA Ta 003 WNPU
BOOPOBLA NWUTAaAHHA MeX BNANWBY WTYYHOTO | HTenek
MYHI , eni CcCTeMOoONnNor i YHi T a OHTONOT i YHI nf
6ni Ka+RiOAL82®O7 AKki cBi guaSTEMo@w®i MPM HiaMi eAHP
YUHOF @ KITHY MO OYTKWU KOPWUCHI ANnAa onpauwuwBaHH.
dbopmaui i 3 MeTOW nepcoHani 3auyi i HaB4YaHHSH
"€EKTMUBHOTIO OLiIi HIOBAHHSHA ToOLWo. ABTOpPpWKU oOTr napgy
WnMx p[JoCcnNni gXeaewmw @OOAMWMAIBLX BME& HOBOK , e -BUNKO
KTY MOXe 30i NbWNTKNW 3 HaAaHHA NpPpo nNnpouyuecwun, AK
OHAaNNbHOMY Ta NOKanbHOMY pi BHAX, Aonmno.l
OAEC/YWPTCM PoLNA XapaKmMmRERPAKRTRAX/IBBRBHAARHE Qe
ponepcnexkxTusBa). BoaoHouy@ol,i AK@XMIAB IO K @ie mum
eni B i Wwkin (MiKkKponepcnexkxTwnusBa), OP4i EHTC
A neparori YyHMX CTpaccCPpOK@BMRPPABOBYHERBBABHSFH
T O LWo . 3HayHa 4YacTuuHa nyobni kaui W npucssa:
HFHME&X | HCTPYMEHTI B Ha ycniwHi cTb Ta pes3yn
AHOYacC, y npukKknagHux p[pocpumagkKkaeaeHax OHEA@DB A
OBi pHOCTI , Hapgi WHOCT Ta peneBaHTHOE@TI p
enerTy, 30KpemMa T GROKI iCRatCRTRly MeH T I B, 4K
MeTa pJoOoCnHni AXEeHHS4: bopMynwBaHHA OKpPe&MuUxX p
pymMewydHBOTroT iGROK31eRatGPT4 paf4nAa po3B’ A3ym-aHHSA
X 3apay 36uMmpaHHA Ta aHani 3y pfaHUX Be/NUKO
HUX Npo cuMmcTemMm BUWOT OCBI TN PpPi3HMUX KpaiH
BunknageHHA OCHOBHOTIO MATNAGpPINP/OBE@®iaHREDKE M

T 4 X 1

6yno ob6bpaHO pJgeKinbKa aKTyanlbHWUX 3 afjgade- Uo

ne

AB

HHI npuknagHuWx p[pocnNi AXeHb OCBITHI X CUCTEN
36MpaHHd AaHUX WOA[AO KIiNbKOCTI CTYAEHTI
cTtTpanii, KaHapgwui HIGRUAHH A ACTOHOBH WX ®MATMUCT WU

Bi ANOBiIi o HUX po3nopgi ni B;
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36MpaHHA pgaHUX wWopo i HaHCyBaHHA 33ygobOYyTTS
LeHTa Yy 3akKknapgax BuMuuWwoi OCBI TN KpailH EH-, ABcTp
HA OCHOBHMUX CTREPBTCVWMKUNUEBRI EAPBKAHWX po3noagi nis

36MpaHHA JaHWUX WOAO MNOKAaA3HWUKI B 3anNyudyeHHA T

BapTtTo 3as3HayuTwu, o 3a3HayveHi 3ajgawi- He €
HOBHI CKnapgpHocCTI NoONArawTb Yy TOmBMYyaHAOWAP-HIES OE H)
HMX Habopi B BI ANOBI AHWUX f[faHUX. HaaB Ky Taba H | p o
ctTocyBaTuncsa pi3HUX PpPoOKi B i MaTn oc@mmBwEaTdTIi ,
pi 3 HMUKX KpailH, 3YMOBMNEHI MeToAUKAaAaMWU 36MpaHHA
TepMi HONOGROK 3 T€®GPT 4 BUMKOPUCTOBYWTb | CTOTHO p
pPpO3B’' A3yBaHHSA MEAKMIKa A3 angeHuenn ofEad aan 1 T A HPlease
give me a table containing such data (by country) for USA, Canada, Japan, Australia and each
of EU countries: number of higher education institutions, mean and median values of number
of students in institutions of relative country, standard deviations for these distributions, and
minimum/maximum values of number of students» .

AKGROK 3 17 aikChatGPT 4 Ha g a BT |5 N ONBPI OATbAKT i O/IVb (K @O KXy aH /e
Bi AN dGCROKMBKE3 Ha ©OH 01 @B HTO@0M i C T OBBOHHDA® K B KK /1 IDH a1 & WY
0 0 B,i3OK pieuveapTeaUOK pana mmcraeiao ABMKKAO P U@ IT /A&IKAT Y a /i b H i
fJaHaBepERHAN OPRBEINBOBT @adprex3cyds b BA© a pp Y B wad-1
peBilpgium GROK®, nogae nocunaHHA Ha cantm abo cCT

BUXI oHY |1 HPopmMaui .
Y BipgnoBi Ai Ho®OKLBe H3aaBnmoyatMarHbH AT a6 N M 0 a8-anp o we H
KOX AofgaTKOBY ioGmgowpaaurT @ gEemMme&Tax faHMX. Ha p

MeHT TabnuuydROK3. Bi gnoBi f4i

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

PuycH dk®dpar meHT GROKI3H@mB isminutTaHHa 1

3o0kpewma, 3a3Ha4vYeHoO, wo nNi g BUWOKW OCBI TOW p
Bi ANnNoOBi MawIXibBHS M Mi xmapogewdl kKkamnawmdi Kauyil oCB
Bi gonoBi 4410, AaHi NPoO KIi NbKIi CTb 3aknapgi B OTpPpUM
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IOHECKO T1a OECP, a TaKox 3 AaHnXx Haul oOHanb
OCTAaHHI LOCTYMNHI Ha pfaTy pEamakHY CO0®.€20240T2Q A"
pOKIi B. CepepgHi 3HaYeHHA OoOTpPpUMaAaHO HAK BHB-OHOLCE
KoCTI 3BO. Me oi aHHI 3SHa4yYeHHAHA (cepepH- 3 Hatv
MU po3nopaginamMm abo 3 ypaxXyBMHHTM MEAPOBI P Of
CtaHpapTHI Bi AXMWNEeHHA Yy O6i NbwocTi BUNBAKI B
HUX TeHAeHUI W BapiabenbHOCTI , npuMmi poa- cni
Knapgi B. Tak camMO oOUi HWOBAa/MIWN Mi Himanewwmin gaH
6ynun p@GRAKY3n HTaKOX Hapgae pgopaTKoOBY |1 Hpapwmauyi
3HavYeHO, wo AaAna CWA pos3snopgin CcCNOTBOPHWKTb f¢
Apns3 oHMU; AadHi Mo Ki NbKOCTI YHIi BepcumreuocmrBsB ¢
LeHFRBR23 p. Y BipgnoBi Agi 3a3HavYyeHO o0co061MBO
OUli HOK Ta Ha 3icTaBHI CTb pe3ynbTaTtTi B N0 OKOP[
nNo OKpeMux KpalHax, CTaTMUYHOCT I JaHunxa-y [fxXi
AY BUWOT oOoCBIi TWKU.

Cnip 3a3HGROMAr MTHa MIBOT a€TbCA MI HIi MIi 3yBaTmnm 06
LO0O3BO/MAE QPopMynwBaHHA 3aBjgaHHAa. 3o0okKkpemMa, np
Ha «EU countries» y Biagnosi Aai 6y /KOp aH aHBaex eeHO
JaHi, Wo € y i HTerpoBROHB xbepaTscAMXHNKpP®DaAQ®B
KOPUCTYETbLCHA He nNepBUHHUMNU Oas3HaAmMMUN EFEEOPE AT
wo OGepyTb i HoOpmMauyui o 3 Lux 6asz. 3aszBuUuYalh ue

Bi onoOhatGRle4 Ha Te camMe 3anNMTaHHS € [AOCUTHL
y Bi GROKB a4i noBi goMnNnaeTbCcda NPO HENOBHOHT-Yy pfga
HOCTI B MeToOfgax 3060MmpaHHA [aHUX, 3BI TH&AX nNefj
HO dparmvmeHT GaGPT4BHABL B AXYTEKCTOBOMY, a He
Bi ANOBIi o HO [JO 3anuTty) ddopmarTi

AHanor i 4HiChateRTAn Heigmis no CLWA i KaHna@ai . Iy
YynNTWn, wo A4Nda UMUX KpaiH O6YynNo HaBepfgeHpemwi po
SHaAaUYEBHWB KOCTI ctTyaeHntiB y 3BO, a H-aAOBIHRAIT Ky
1990-x pokKi B 6e3nocepepgHbO NpPpo cepefgHI 3 Ha4yewHI

3anuTaHi pe3ynbTGhat BPTA O Hiep adlarpaax , EQ oc ¥ nat
CTYNHI CTb BUYEPNHWUX Ta yBI i HOPpPagmB OUP-OKOH
Cc A 3 Bi ANMOBI AHUMMU Haui OHa/NlbHWNUMMU Mi HIi CTeg
areHtTcTBaMMU KOXHOTI Kpai HOhat GPT4 CEypmaamk )y wBal
3HaWTM y cBOI W 6Gasi rotT OB I O asHK O IMKQy Opi®s alivuuey |

B

H

T X i LCYTHOCTI HaMarascsda JOoOJaTKOBO BuUu&OHAT

TUYHI Ana AnNOoOHI T CKa apmBCprapxayHiaed a8 M a rBavBRCeAHI Y B a T U
AHanor EciHTOy0R OB iA 4 N 6 BBiagin T«Rlease give me following data

(by country) in tabular format for Ukraine, the USA, Canada, Japan, Australia and each EU

country in 1990, 2000, 2010, 2020: gross enrolment ratio in tertiary education; share of citi-

zens aged 25-34 with a bachelor's degree or higher» Lle 3 aB Ha HilbAl €@ POGF UM,

KW nepeBaxXHa Oi Nbwi cTb 3anNMUWTaHWX JAaHUX Yy pa
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aTMcTMyHux 6aszax €BpocTar, OECP, |l HET NTYTY

GROK3 Hapae Tabnumutw 3anumTaHux pgaHm,, 9 o%ioBimMg C

® W X o T -~

aNnbHOT KinbKOCTI , 3 AKMUX Manxe BCI CTOCYHT
MX | HWNX p[xepen. TakoX MalhxXxe NOBHOM- € Bi AN
KW TrpomMapgsaH, wo MawTb CcTyniHb Oak-&baspa I
n. Ak y nonGRoke3n Hh oy g BMH aiXxegpena | Hpopma
HauyeHi BULWE BeTNKI 6aszu), OKpemMmi KoOMeHTa ApI
3aHO, wo arperoBadHi gaHi no €C, 41890 HapgaHiI
2000 p. He BpPaxoBYWTb BIi ACYTHI Aawi- nNo 0K

avyeHi AaHi € OoLUi HKamwu, oOTpMUMaAaHMUMU eKCcTpanor

nx 2020 p. HaBefgeHO pfadHi 3a 2019 p., ToOUwo.

Japan:

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

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

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

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

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

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

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

PuycH kdpar meHT GhatGRM4oimi BianumuTtaHHAa 1

HaTtTomMChat GRT 4 B3 ar ani He nepeBipae 3a3HayveHI
3YyYMOB/TeHO BIi ACYTHI CTK pgocTyny A0 akKTyanbHOT |
o6cdry ontwumi 3aui i i HopmMaui i , euog n3BOHeO,d IUACE TeEbAC
HUMU pe3ynbTatTamMm, AK.I 6ynun BupgaHi, € OUiI HKM
Jewo Bi AMI HHUMMU, ane O6NVGROKZMB YR WBK MamHBAX HUNX

6y /B3@3 HAaME@BI ACYTHI
AHanor ecsmoDya BRI @n o 8 isgaga T. aPleasesgive 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
Hajgae NOBHY | Hpopwmauyi o, AKa Yy 4YacTMUHI cepe,
I Hwnx gChaeGPEMN . HayREPEY NUBI Bi AnoBi Ai Ha uUue 3

BucHOBKM

l.PesynbTatTn pocni AXEeHHA CBi fYHaTaWTEPBOIMOERY
I CTOTHO nNpuckKoputwun i CNPOCTUTMU B BIKEOPHEAMHHHBAO T PO
Hani 3y JaHWUX BeNnNuWKOro npeafpygcnagX@ABQHOCBCLC
2. XapaKTepHi AnAa OCBI THIi X CUCTEeM HEeNOBHOT
3HI CTpPYyKTYypun Ta MeTOAWUKU 36uMmpaHHA/ @03 pax
ri7T™ TOoOWwOoO CTBOPKWKWTb PU3IUKN @/ @EBEBROBBPHEDCEPE
Ti B pob6boTMW WTYYHOro iHTenekTty. Ana 4WGGROK 3
MEeH LW MNn , OCKIi NbKMW BIi H 6e3 [A0[4apwaouginx 3 arn
O MEeTOoONnNOori YHI npo6nemun i NOoB’' A3laliIMYy3 HUMMU
nagky BapTo pobutunm Bepudi kKaui W Nor@a-gaHNX
MW B T HWMWN cnoci 6 AaHUMN.
3. e daxi npo6nemnm Chat GPT 4, ouyeBUWOHO, TnNOB
TyaNlbHNUX faHWUX MepexXi | HTepazwm. | TaKba umEH
AHO ONTWMiIi 30BYyBaTun 3 MeTOW 3abe3zneyvyeHHSs N\
3anumTaHHA4a, AK i 3a nNporHosamMum 6yayTb HalMm
i CTb BUMUKOHAHHSA BY3bKoOCNeuyui anabHMXp asyaase[ ayHabC.
nowyk i Hpopmauyi i B HepeneBaHTHMUX @a3ax,
Li o, HaAaSABHY Yy TakKuWuxXx nNONYyNApPpHUX AXepwJax,
mKkn KWHECKO, CBi TOBOro 6aHKYy.
4. GROK 3 MicTuTb 61 nbwe | HCTHRayHILXH.T | BO-NIY Ne
CTi MHO po3paxoBYye abo oOUi HIE OK PpagBHOGUGTIK a
Bi Tb HenoBHUX BWUOIi pok. Chat GPT 41 Bai3 BpaiHail
Bi Tb, SAKWO BOHW AyXe 3acTapi npemM@ZrunBNIAaRBHK
KOHYBAaB Yy PpPoO3T A YBIWM3XH aTYpaenKHIsA fAaeXpe A HBHOTr 0 a
M cymMapHoOro (no KpaiHi) 3HaAaUYeHHAM NOKa3HMWN

NI TEPATYPA
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l.baxpywnH B. €. MopgepHi 3auyui 9 mMepexi 3ax-naapgi
rayi nHi acnekTtun. OcBiIi THA aH-A2BURwmka YkpaiHMU,
https://doi.org/10.32987/2617-8532-2023-5-112-125

2. baxpyuwuHn B. €. Ocob6nueBocCcTi i HaHCyBaAHMH-9 BN
MW Kpal HaMmu. B KH. «YpocKoeBINeHWHHYK (paHa#uCcyBa
Ba ycni wHOT O : peaojooypavdyiBsaHH A 3a peag. AHE. «JHc 7
OCBIi THbOT aHani 1T n-R64.» . Kni B, 2021, c . 251
URL.: https://iea.gov.ua/wp-content/uploads/2024/05/monograph_20212_fin.pdf

3. KpemMeHb B. r., yRyrmaoswih ,B.TalnaHoB@a X.a-B. M
Knapi B BMWLWOT OCBIi Twu YKpai Hn: aHani TUUYHNUINI
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Haui oHanbHOT akapgewmii nepgarori 4HmMX Bay K
URL.:https://doi.org/10.37472/v.naes.2022.4122

YKDP

4. KanawHi xko®px€nb O. OnTumi 3aui a9 MepPERIKUHIZAaK/Ta

ocob6nNnmMBOCTI Ta npawHT BEepPIcCnger o.M aHQihpieipNe T1830.
129. URL: https://doi.org/10.31874/2520-6702-2022-13-89-129
5. Butson, R., & Spronken-Smith, R. Al and its implications for research in higher education:
a critical dialogue. Higher Education Research & Development, 2024, 43(3), 563-577.
https://doi.org/10.1080/07294360.2023.2280200
6. Bond, M., Khosravi, H., De Laat, M. et al. A meta systematic review of artificial intelli-
gence in higher education: a call for increased ethics, collaboration, and rigour. Int. J. Educ.
Technol. High Educ., 2024, 21:4, 41 p. https://doi.org/10.1186/s41239-023-00436-z
7. Zawacki-Ri cht er |, o. , Mar i n, V. | ., reBearah dn,artifiM. et
cial intelligence applications in higher education — where are the educators? Int. J. Educ.
Technol. High Educ., 2019, 16:39, 27 p. https://doi.org/10.1186/s41239-019-0171-0
8. de Souza Zanirato Maia, J.; Bueno, A.P.A.; Sato, J.R. Applications of Artificial Intelli-
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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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| .MPaB O p,0oTOCHEADPpP 0,H ol®dBI.0 N b,Cc bIKIOAH. O HEe HK O
ONTMWMANBbHI NAPAMIELRAA KOPWUIYBAHHA
MEXAHI UHUX BNATEWBOTANI A/AYHARI QEE

AHoTaMjimipoBegeHi W po6GOTI npeagcTaBneae HKOO MM /1 € K (
cknapy cTani B MexXax Bi JOMMUX MapoKk Ha OCHOB
3B A3KY. JaHwi niagxi g [AO0O3BONMB BpaxoByBaTu C
XapakTep B3aemMoAai M MIi X enemMeHTaMun Ha PpPi BHI M

ONMAPOT HO3YyBAaHHSA BnNnacTuUuBOCTEeNn KiHUueBOTr®M-MaTepi

ro 3B A3KY ©6asyBasacb H a&vWxd BEUEBEHMEIHT iNBp 04 03 AT eHK
nepepos3noginy B po3nnasi, wo, Yy CBOW ¢cepry, B
TemMu. woMegroac Ni AXeHHA OYy/10O BMU3IHaAaUYeHHSA BMIMBY B aj/
HNUX €N eMBWITAEaL I, KpeMHI—OH a T3aa pMaaprBaHiL, Kt T aH CuC
npeAacTaBNeHmMWiMmyBap ame Hjeoim apameTp Bi fo6paxae
30anaHcoOBaHOCTHAKBKNABBYOMAac Eabi NbHOCTI enekKTpo
B pesynbTarti LOCNi AXEeHO 4YyTNWUWBI CTb CUK-TEeMWU [o0
K a, WO BMU3HAaAayYae eNeKTPOHHWKITN&E G@UMEYNMTY @HW mi §©
napamMeTpy6ZnblueHHS S4KO0 Md ABMWPBEBHMHMAN TTEB € pai-0 C T i H
BaTun nepeBary 30i NfbWeHHW MapraH3p2,niango3Hdaoni
i HTep®BanyaxyYHOK 30i nbw€RHBSBBPMMAUEAKB®MMBAIOIKpPeE
Hi o (Mn/ Si) Mae nePePyBlEIpn 3POL@TRMX 92 30B+rayY e HHS
Hapg 3,2 3yYyMOBNKWE [OMIi HyBaHHSA BNAUBY MAaPr aHtuylt,
HOM, KOHTPO/ZNb BMIi CTY neryBallbHUX eNneMBHTI B, O
BOKW ymMOBOKW GOpMYyBaHHSA cTanenm i 3 NbE@ETH® JT@PEEBH U M
LEeHOr o MOJAe NK@eoatwH 0 OMnii MkbMHe €T b BUKOPUCTAaHHSA P oS3
MaTepi anos3HaBCTBI . Mpor HosHe MOpgeNNWwWBaHHSA O3B
cCknapy <cTani 3abes3sneuyntmn edekKTUBHY apgantaui
HiapaKTepucTukwu, WO CcnNpMUAE 3HUXEHHI 3aTpaT Ha
CKOPOYEeHHIW TepMi HIi B BMUBefEeHHA HOBWUX cnnasBi B Y
KnwoyosBi 3 &amioB@anN4yYHaAa BIi Cb, NPpor Ho3 He m\XogaHeinwoHBia H H A
BnactTumBoOoCTIi, XI MiuYHUN cKnapg.

BcnyasdBuuanm cTani 3 BMicTOM BYrneuytw BIi g 0,
BUpobHMUTBA 3alNni 3HUUYUHNUX Koni c i ocemn. Jo 1T X ¢
xpom (Cr), MapradHeub ( Mn) , Moni 6gaeH ( Mo) i H i

©MNoBopbrT@®aEAchp 00 Ao, 4 0 NI b BK.OH O HE H,RAS
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[ NOKMa@MYI##BI CTb TepMi YHOT 06pobGKM, 30KpeMmEe
CTi WKicTb A0 3HeMi U+#]eHHS ni g 4Yyac Bi gnyckKky [
JopaBaHHA MapraHulio, Hi Kenito, XpoMy ©Da MO/
CTinkKicTb cTani. BogHouyac 1 XHIiHMR MB MiKCOTH OV iY M
TEXHONOTI YHMUX YHUHHUKI B po3pobkn MaTepiany.
MapraHeuyub ni gBuUWYE MiIiUHICTb | nokKkpauwye n
2% (mac.) cnocTepiraerTbcda 3pOCTaHHA TuUMYyac
rpaHunuyli MNAWMWHHOCT Ie giopg 3KkHoaHuLaeeHTTEpcasay i Ainmul , 5% ( mMe
B' A3KI CTb 3HMUXYyETbLCHA 3Ii 360i NTbWeHHAM BMI CTY

(mac.) [3].
KpeMHIi W B KOHHEH2Zp®wUMACA4ONO3BTMBHO a&B-NN1UB.

Hi YUHI Ta TeXHO/Jcorrai/MiH i 3BHIMANCYTEN BKOPCUTTIM U HY 1 HB U 4 K
NbWy€e nNporaprtoByBaHI CTb, 3MEHWYE€eE WBUWMAOKITETHDb
TBEepAiIi CTb | MPpYyXHI BNacTMWBOCTI ctani,i -36in
NbWOro BMICTY. T a keasia CBTNWIBMOBC TKi P €MNVIOHBI ' KA 3HaaMi U A 3
HY Qapy3sYywH) | «Kapbiagwn [ 4].

3Mi Ha BMiIi CTyYy BYT neuto, AKNN € op@Guwm GT DSTI
NPMU3IBOAUTDbL 4O 3pPOCTaAaHHA MiyuHOCTIiOBQmeppopy
ne 3 NAMBUAUEREABHKI NTbKOCT.I B cTani SHUXGHOT b C 5
TUK Ta ypapHOiT B’ A3KOCTI [ 5] .

BpaxoBywuynm ocob6bnnmBOCTIi Al ana3oOHI B XHiaMi Y H

XKi CTb He TiNnNbKW Yy Bi OTBOPEHHI p IHBYHHXH | K O |
TUMANbHMUX KOMOIi Hauyui i BB aOERMHEHHH X Ii™Ma YBHMXUN B J
XaHi YHI BnacTtuBoOCTI . 3acToCcyBaHHSA Koo-HUen
€ Ha eTani po3paxyHKIiIi B BMUABAATW BINiTBA Mauj b |
6e3neyy T b -X6awl a4HHil  (BIiN3aCKTOM B O C T ITT € BIG aB K 0 p dl®e |
CAT eKcnepocwme HITKE/MBLHITX@A BHU3IUTKUW BUTpPpAaTW Ha
NMOKPpa aALBRERAHMMMP XKCTNK aAMN .

MeTa pdocTui.fXeHHS BNNANUMWBY X MEA@MEeMT OBy &a

W o WS ZT Ow
OO M @ 3D

neuyto, KpeMHI IO Ta MapraHuyuw Ha RrIPamBeB@RCIDLCY
HAM PpoO3paxXyHKOBOINIO e€eKCNepuUMEHTY. Po3poburtnu
KOMMNOHEHTI B ByrneuyesBoil cTani O NSA [ ouCodir HKe H H !
NbKOCTI o06po6oOK.

MeToanmka npoBefgeKbpmNnagerROHANKERPIWYK oONTuUuMa
MeXax Bi AOMWUX MapokK cTanemn, npoBeageHU - y A
MOBaHOTITO XIi MIiYHOTo 3B' A3KY. LUa KoHUewiutr 9 pc
CHY cuMmcTeMy Ta BKnNnw4yae dGakTOpHMUINA aHanaG-3 i 3
X1 BHOTI pi BHOMI PHOT CTPYKTYPpPHOT <cKnapgpoBoi . 1
XaTOMHOIW B3aeMopgi eto vy 6ar atToKOMNOHEHT®BOMY (|
BUX [HOECHBI ABUKOHYETbLCA 3TroOpTKa XIi Mi YHOD®O® CK
PUCTaAaHHA i HTerpaayHwBapRayaNMeTpyRrTgPYU (d), =
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AK pe3ynbTaT nonapHoOi B3aemMopgil BCi X W KOMNOOH
HUX Ppi BMRISKHG®C-Wi+ K [B]?

B pgpaHin pob6oTi Aocni gxXxXxysanum BNAUB @AMI HU BM
pok cTani ANnNA 3ani 3HUYHUX oOCeln: Mapka OC (yk
Mapka cTani EALN (eBponeiwcbkun cTaHmKapit EN 1
ctTaHpgap T TIORAORL7TM . Xi Mi YHMK cKnNnapjg UUX CcTaanenm Hal
OKY, KONW HOpPpMATMUBHI BUMOTMW MiIiCTATbL /NMmwe mMakec
enemMeHTi B (BYyrneuysb, KMpae/MbHH WA, BMMRI PCT Ta H3edal b d B ad/KUW CMbi
BiNMBI Aanun Mi Hi ManNnbHUM ®GMaKTUUYHUM, Bi MMOBI AHO

BOMY BUPOOHMUTEMEeHTHBA GpHauvmx d@inKk coBaHO MakKcuma
BMIi CT.
Ta6nunuya 1
Xi Mi yHMWW cKnapg cTanemn, wo nopgaBanuncsb H

Ma p ¥
cTa

C Mn Si P S Ni Cu Cr Mo V

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

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

0145' 0,70‘ 0,15-
<
" 0159 1,00 0,45 01045 0’05 0 0130 0 0 <0 ,

PesynbTaTun Bospag)ereak. ana cTananmapik-p HAA4N
ManbHOIO 4O MaKCuMUManbHOTNIO 3HaYeHHSHA 3T7Ti AHO BKE
Kpokom (C 3 kpokom 0, 006; Mn 3 Kpokom 0, 044;
KPOKY CNPUWUYMHEHUN CTBOPEHHAM OALHAKOBPWXKI NbKO

HKY 3aagna 3ab6e3neyeHHA 06’ EKTUBHOCTI AOCNi [X
MapraHut Ta KpeMmMHIi W 6panu piBHUM cepeyiHbOMY 3
cyBanun gHRO MY PRi BHI Byrneub Ta KpeMHIi i. A pons4a
pi BH3IH&84YanNnm pBgyrarkekbbTa M

B pesynbTarti 3acTocoOBaHUX yYyMoB 6YA6G; BcTaHO
Z¥-Mn;Z"-Si-Ti CHUI 3B' A30K 3 BUCOKMamMacC RiDBWpR Ui eH T a
wo nNnpepgcTtTaBfNneHO Ha puc. 1, a

Mopaag 3 3a3HavYesMWmiMB BUigRmY BBPopmMaBrtl Hecy
XeHHSa, akKi byaywTbCcsda 3 npuBepgeHHAM | HX-epBany
Horo BIigpi3ky [0 = 1] puc. 2, BouwyecOeEcRNBADY A A
BMABNEHWNWX BNONWUBI B, YUBRaGesMHHEMK OApa&aAYy BLER@BM
HOCTI BNNMWBY OAHI €T 3MiiAHmiMBBMAMBHBAI spuoc 1TaH
napavmempy XpemMmHi Wi, NOTi M Mapr aH'eyl bM, o0 pai BBHYArHHE L b
BnaAamBom Mn i Si
60
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3 pe3synbTaTaMui mRERP e@WMN X FWOTmMay e BBOO, I OW,0

CTaHy cucTtemmn B< ihT2pBBRNA6WB&€cT<bCZ9 3 Mi Ha
6i bW BUMCOKMUN piBeHb TBepapocTi: [0 UbL®DT O it
yori nnacTtTuyHOT pe@bo MWAIYLDT, ®wWmeée cmaH ’as3ylh GcureaHHoi r
nicng HacTynHOT Tepwipwmaaoi 3agpdow]( TAdOo6TO0 |
Bi onmoBI AHO Jile) MapKkKunax ERAAMNbCcEA BT ooi&/aacITH n
1,2« 1, 21, Wo CBi A4Y W TBbe ANEPHOH SH €TOEOPXM i AYHHI 0Bl T bO 6npp

e HHe ATOEC T | (pnc. 1) .

2 W rapAauanAacTuuHa
] aedopmauin

]
]
o
N
\

/;,-'-' y = 1655.2x- 1795.3
= R =0.5945

Teeppgicts, HB
8

) /, 3 A Tepmiuna o6pobka

-
[
o

o

hY

y=1915.1x- 2108.6
R? = 06486
160

Pucynh®BmsHayeHHS 3HaYeHB®A MapPamMe BMyosZHa@THaAS

pi BeHb TBepagocTi 3pas3kKi B [OBC/UE HIHHAO i[ 7C]T a N

3naueliGian Zwi 3a lap2ilaHoriss BXCiiMXKE UBHOT OMEK Napg
MOT p[O Ui el MapKMWu. TakKuMM YMHOM, BUCHOB0K I f
nis3auyiil nicnga rapadyol nanacTUWUYHOT O6po6GKMN,
TUM, pe3synbTaTwn [O0CANI O XMEOH bi HATOE3HBCOWIBUH/II UC TB-C TBarH/
KpeMHI IO Ta MapraHutw pi3Ha. 3@, mMycnmpupeszelteu
AnHaTax Biagb6byBaeTbca (pwuc. 2, 6) 3MiHaH- A0 |
TOM, AKkunilh BnnneaeBya/leHBRPEBHBRABHHUBPI NPOBI A
Bi i rpawnTb KOHILHTDP apmaiomMp®e HUM MapraHuyio. (
Bi o6yBaeTHCs T3BOE pigpouceTi , TO AnNnsd cTani MapKMu

pocsaratun edpekTMBHOINIO 36i NbuwewWWST NEREP JEDC TNIO T
YyeHb Ha -®i,BHI6%W , 7 noganbwomy cTae O6inbw eq(
WweHHSa TBepAoOCTI 30i NTbWeHHA BMICTY KpeMHI 10
MexXax MapoO4yYHOro ckKkaapgy.
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PTbCSA 0
ani 3y p
36i Nnbw
m BMIi CT
HwnMx 3H
pradHuto

Ni AXeHHi BnnAnuBy Mn/ Si ANnNs CcMHani Manp |
napaM8TRy BHaobpBaarb@9 83 Mi HamByamobi nNbl
WeHHS ceA@mMeH HiaBi @M@ HD HAVWGI Nb WK BNAWNB
Tep QPYHKUI T HOCMUTbL 306i NblWeHHAN, nNaapame
woro 36i nbweHHA Mn/ Si BXe cTa€ 6i nbLU
Mae 3poOCTalwUYUN XapawHe g.apBaiedPyy ZH C
KOro npuM3BOAWTbL A0 Ni ABUUWEHHHA- TBepAao
apraHuyutw ni cng 33H a2y e HadH 94 oM ny/-bSoiera o ai  HPTI eBpH
NbWEHHA BMiIiCTY KpeMHIi 0. edHlpWgdcb oMy Ha
pun 3 MIi HI BMIi CTYy CcaMe KpeMHIi 0O B MexXax
nec. 3a, ana pocAaraé6HABWEANSI AKOLNR 8 |
eHHda TBepagocTi, B cTani Mapmwn EAI1IN
KpeMHIi 10 B MeXaX MapoO4YHOro 3a cepepgH
awme ik AHacni ook i T B € p uvoeaciTbiH,0 I MO ¥BHVA COTT
Ta cepefgHi X 3HauyYeHb BYyrneuytw Ta KpeMH
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B pesynbTartTi LOCNTHAXOHBMI BMFNEBEYPEMY WABP T a
B 1 cTaH cTani (pwuc. 3, 6) BLTAAMDWBBIEEHTOL C §

wn BNJAMWB YUHUTbL 3 MISH & b BDepPie @FKYPTMMHIT K .H L@GC K in
nNnoBHa MeTaBpB®BBAHMAKBHY MOBMU, 3a dAKux pocaAar
eppocrTi , a BOHW Bi ANOBIi AatTb, HTaol OM O/MeHLEN MP €3

yBaTn AOTPUMYBAaAHALMAIH BH a BTMY A UE YITHOHELU Ni 4B U L

i

3Mi Ha nNpoBiIi QHOTO enNeMeHTYVy, wo BNANMUBAaAaEei Ha Ue¢e
i
B

037-0, 38 %, nogams WBPpMA3 EEe8g&eTaKkoX A0 Ni ABWULWe.t
epPeK TMBHMUM € KepyBaHHSHA BMIi CTOM MapraHwmw+ Ta

M a
I H
H 5
Kp
cu
nn

a a

3 H
Mn

NbHMUM B Mexax MapoyHoro (0, 5% Hanpive Hiib oaea
boro (1, 0%). Taknim BMIi CT MapraHut THa Kpe
M napgmwme Hisya Z epegHbOr o 3HAUYUEHHS MEI aHL
eMHIi 1) Bi gnoBi AHO JO puc. 3, AWMATCT pRAYI Y
cTemMun BiI 4 Cni BBIi AHOWEHHA MaGERaHLUK/THO T
acTMyHOIT pgedopmMaui i HeobGXIi gHa AnAa ni gBULWe

Po3spaxyHOK Ana cTani Mmapku OC. Xi Miiy-Hun i
€ Xi MiYHOMY cwWnagwHALRPTHALEAIYMBL1334: 20009.
3Mi Ha MaTpUYHWX enemMeHTIi B 3p4i AcHWBanNnachb
ayeHHSa 3Ti AHO BKas3aHOro y Tabnwunuyi 1 BMiI C

3 Kpokom 0,033; Si 3 Kkpokom 0,022).
CTanb Mapkum O@ Twa cyT KBKBA®G aBHxXdia<i HT, €dgasm Ic,al
€ 4YepBOHOT NI HIT Ha pwuc. 4 paHi 3a40BONbHS
MW CcKNnapg SAKWUX Bi gnoBi goae ymoBI , fJopfoaTKOoOB .
M3IBOAUTM [JO CYTEBPBOCODI 36NOPWBHAAOTBGEG- CTat
YHOT pedopmMauyi i. Y €Ti € Menn eym ekHa MK pveaTTHOOMMYH OB U T
pku OC npussBoagsITeHH oOnapoeMemHaZGaynTn 3 p
TEHCUBHI CTb BNAUBY Z émeae-HTai, B HHea Bri gupbaymseatep
NbwWw edPeKTMUMBHOINIO nNnapameTpy.
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XimiuHwmii cknag

0.8 1

Bmict enemeHTy XimiuHOro cknagy crani OC

a 6
PncywB8BadMO3B' 530K 3ap A-F03B 0erjoe MeTHATHaYM UC MXCi T Mei
ckamy cTani Mapku OC (a),; BN/WB ManrappuaivHeuTxp ae .
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1214 Ry =0.9973 v = 0.0058x+1.1925 1a1a R?=0.9989
R?=0.998

1213 1213

1212 1212

1211 1211

121 | y=00232x+1.1867
R*=0598

ZY, e

121

Z¥ e

1 W amiua emicty Mn 1 Wsmina emicryMn

1208 2 4 3mina Bmicty Si 1209 2 4 3mina emicTy Si

1208 1208
1207 1

1206 v 2

1207

1.206

1.205 1.205
0 1 2 3 4 5 6 0.8 08 1 11 12

CniesigHowennsa Mn/Si
a 6

PncyH3BB a¥Mo03B' 430K 3apapoBOro cTtTaHy C1
a) 3 cniBBiIi gHOWEeHHAM Mn/ Si; 6) 3 (M

B pesynbTarti npoBefgeHOrNo MaTemMaTMW4YHWOrI o exkKdc
Hb Mn/ Si agna cran®, BapxKak OcCa mi@a, pdsk ia-gna no
T cTani EAL1IN) Bipgb6byBaeTbcCca 3MiHa Haéidi Nbw i
HTi BcHa@aniZ. [JO LbLOTFO 3HaAUYeHHNA HaAaUBiIi NKwWMUA BN
I HOCWUTbL 3060i NbwWeHadMyHmawameTpwy WNMpeé Bhiiw®a o 3 a
weHHsa Mn/ Si BXe cTae 6inbw edeKTUBHMM 36i nb
aluynin xapakTep. TakuM YUHOQM,3 6[ M WEIHLHFAN LH&KHH S
OAMTbL A0 Ni ABUWEHHA TBepaABDTMTY ,3 MiemOIK® HHHIO Ba
i cnga 3HaudYeHHA -Mn2,Sia HRAO p L HB3KGI i0N12H, BT HRHOBMBIN I C T Y

0 . Han6i nb wi SHETUYOKHS® Pl a@amMme B@Y 3Mi KWBaHHSA
MHNX cepepHi X 3HAUYEeHHAX BYT /N1BUY@OORKEGHDMATEN aH LI
=0, 997) onucyeTbcCcsa napaboni YyHOW QYHKLUI €10.

B pe3synbTtTaTtTi p[Jocni AXeHHA BNOJAWUBY CYyMapHOT O E
0OB MU cTaH cTani Mapkun OC BcTabpB2emogmpcwpB B i
3 Mi H NPOBI AHOT/ON BeaViee MeaH TWye 1 woa maiMme T p. io BKas
Nb wu BNAWB UY4UHWUTbL 3 Mi HaAa BMI CT-YyK pMeavHBmOHAL KB, ni
LOCATHEHHA MaKCuUManbHWUX 3HauYeHb TBEPLHGBTI (=
napamMeyYppadi 3HUYHUX GOMEHmMapawWo OFO PEMUMKY BAT UC |
ni gaxopi B: BMUXoOoAada4YM 3 aHani 3y puc. 4 Twm- 5 BMIi C
ManbHOINoOo B MexXax Mapo4yHoro (0, 35%), npm uUbOMY
Ha cepeagHbOMY Ppi BHI (0, 75Womapeaey®oia-b e dfl %
Uyt i MapraHuti TakoX MOXe gaTuWn NeBHUN a-pupicT
Kol edekTuUuBHOCTI . BaxXxnuBo Bi A3HauYyunTgmameyop 3 a X
Z¥Bi aonoBi gae Ai @2idasdamyel T2@ MilyH oHia orGepeaaki 1c T(bp VB
Him. TomMy, 3 TOYKM 30py 3abe3neyvyeHHSH IMAKCMUMAaI
NbKOCTI Oo6po6GOK, ANsa cTanen 3 axaiHMiNy HyUMD BC K S apamQx
HMUXYe YyepBOHOT i HI) MOXHa He CMPOoOF@pWHH4I T T @ pPIni
HoOT pedcdopmayi . PiBeHb 4YyepBOHOT ni HIT Bi ANOBI
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TakKnMmMm UYUUMHOM, 3a 3MeHWeHHHI BMIi CTY KpewmHi o 3
Bi CTb BIi AMOBWUTMUCHL BIi A U4TreoprmMo 4YedTod AON SOBOVPDOPROMIIOER §
My TBepAiCTb MaTume 3afoOBi NTbHUW pPi BEeHbDL.

Pos3paxyHoOK pagna cT1ani mMapku F. Xi Mi UHURN
X1 MIi WHOMY CcKnapgy, 3a3HauyYyeHOMY Yy CcTaHpgapTi

3Mi Ha MaTpUYHWX enemMeHTIi B 34i AcHWBanNnach
SHaAaYBHHAMHO BKaszaHOro y Tabnwunuyi 1 BMicTy 3

Mn 3 kKkpokom 0,033; Si 3 kKkpokom 0, 033).
Ctranso MapKWu F MO XH a cKkaszaTMu Maixe He

1,2Y< Z,21. Huxuye YyepBOHOT nNiHiiI BaMpeyt. B
3ynobtoanmaggeHb [O3BOANMWAM BCTAaHOBMUTMU, wo i HTeE
Ta Maprai 3 Ha. 3a BMIi CTy 410U X6 e Jye MIEOHATBI €BL eHHan Xp |
Bi p#gymcsa (pwunc. 2, 6) 3MiHa: 0O UbOHTOONMNB,H aAMIEIWHI
BNAMNBaAaEe HaY€3HIVB.a‘-I[EFHaHHﬂeLI,Zb, nicnsa UbOTINO 3Ha4yewHH
Tb KOHUeHTpPpauyirl Kpewmydiopo @aai paepenBHIHWIMb BB
CTae€e MeHLWol.
1222 v=026_73x+1.1804 1,222
122 v é“:O.XQQQB . v=ﬂé?i5":lx;glé.31§59 1422 *
i L 4
1.218 3 1 2 1,218 <
1.216 o 1216
:-"' . 1aec > *C
& N 1,214 v
1214 2mMn . Mn
1212 3asi 1212 * Si
1,21
1,208 |
1.208 0 0,2 0,4 0,6 0,8 1 1,2
’ U.ZBMicr enj:eﬂw KiMi?-liDrD cuaj::r ctani Dl::L N Ximiunnii cKknan,

a 6
PucyH®BiB ak& MO3B’' A30K 3apsaA-Zos@oiemedTamy &KW oi el
cCKnapy cTani Mapkun F (a); BRORAUWB MaTPUUYHUX

MXaToOMHOT -E3(abeymogi i

1222 1222

- 2.

v—D.DDOBxZ 0.0094x+ 1.2356 y = 0.0398x+ 11696
R®=0.9946 R* =0.9993

122 122

1

1218 1218

1216 1216

1 Ma3minaemicty Mn
1214 1214

Y, e
ZY, e

1 M 3miHa emicTy Mn
¥=0.023x+ 1.189

2z
2 4 3mina emicTy Si R*=0.9983
v i 1212 1 2 4 3miHa BMICTY Si

y = 0.0069x +1.1959
121 R® =0.8983 121

1.208 1.208
o 1 2 3 4 5 [ 08 09 1 11 12 13 14

CniesigHoweHHa Mn/Si Mn+5i

a 6
PncyH®8B aegMO0O3B’' 430K 3apagoBoro cTaHy cTani
6) 3 cymow (Mn+Si)
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B peaymbmpoBefgeHOrNo MaTemMaTMWYHOrNIo a@akKxcnepwuwm
4yeHb Mn/ Si Ana cTaBi, 2mMépramKmk Eawma, pRrREBHIaAa-ZA,18 nol
HnMx cTtanenw EALIN Ta OC) Bi f6yBaeTbCsa 30Mi Ha Hal

WeHHA enemMemdi.B Jwa UAOr o 3HaYeHHS HaMWOK-NTbLWKIA

B

Tep QYHKUI T HOCUTb 36i NbWeHHSA nNnapameTgp-y Mn/ Si

A AKOIFro nNpuM3BOAMUTbL AO nNi ABUWEHHSA TBEHP-AOCTI
o MapraHutw nicng 3Hal3eRZHAaaMabSUbBROPABWHEPK A
6i NbWeHHA BMI CTY KpPpeMHI 0.

B pe3synbTa®rRA BOONBYZEXENMMAPHOTNOoO BMIi CTAy- KpeMH

W I I N 3

o

BNAWB YMUHUTbL 3 MI Hld CEIMI QTb)O r-MKapierdeaHH Lpos ,a /1 Y

bWOro 36i nbweHHAa Mn/ Si BXe cTae ©O6i nbw edexT
KWih Mae 3pocTawuyuiimxapmk TRPAB A A wMMS GMapareTp

I_
£

OBMUW cTaH cTani F BcTaHoB/F+EHDS8 muopf By BiaHeTTespCcBAA
poBi L HOIro efieMeHTY, WO BN/AUBHAepBHanyeWwanaipamem

TakuMM YMHOM, B pe3ynbTaTi Ppo3paxyHKOBOTIO e

Hpoaui i woapo ni gxoApai B AO ob6paHHA paui oHanbHOT
T

6nNnmM3bkK¥%® MaddA.5 Ta BMIiCT BYyrneuw Ta MapraHUuUu He

(

OY4KNMW 30py 3abes3neyeHHS MaAaKCUMANIBHOI3 OT BI&QUEGCT
napamMeTHpeY 6Xi fHO o6upaTM MaKCUMaldbHe 3HaUYeHHSH

CcCTynHa TepMi YyHa o0o6bpobka nicna T apsgayoigpege dopma
pocTi. [Ana cTani, "mem@a@ BHKDI BimnOWBUMAAELHEZM B M

BMIi CTOM BYT NneLww | egvwHabporraoH, L KH OHpumi@useli 3caeypi 4 nNi ¢ 1A

pedoopmauyi i He npu3sBepe [0 CYTTEBOTNO MNH-ABUWWEHH
HA foOoCTaTHbLOT TBeppoCTI 3a MiHiIi ManbHOTI Ki NbKO

BUKOPUCTAaHUN Ha npakTunuyi
BncHoPRPeapobneHi 3aranbHi pekomMeHgaud-I wWwopmpo
ro c

pPOUYH
yacT

r o, BMi CT BYHEIEH/UWOXY E M@AEET ALHIBOO T O . Ona c¢rT
oBO Mapku OC T1Ta F HacTynHa TepMia-Ha o06p

Knapgy. [AOAna 3ab6e3neyeHHdA MaKkKCHMamaMbapaluiTawp
NbHWW ni axi g: BMIi CT KpeMHIi 0 Mae O6yTu @aabnmxer
0
K

-

C

C

ui T 3abe3neyye ni gBUWLEeHHA TBepapocTi . Ana cTa

CKnapy HacTynHa HoOpMani 3auyui a9 He npussepne f[o

MOX@GT M6 3a6be3neyvyeHNin pJoOcCTaTHI W piBeHb TBEepAaoOCT

B U p oLpBHaW.
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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
asanindicat or of the stabil ity ddaresul, thesensativityofs el ect
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.

MoBOpPOTHA | purHrmraPAQMaREBHA Hayk, HaykKoB#in cniB
Hoi wmMeTanyprii imM. 3.1. HexpacoBa HAH YkpailHwnu
CagppoHoBa OneHaaBARapaATKBHaHaAayKOBUWUIWA cniBpPOOI T
MeTanyprii i MWAH3 . YIk.paHedtmp acgdHEanpo, YkKpalil Ha.
MopgonbcbkuMn PocTucaAraBKkBaudpcnapomsuw 3 aps-. Bi A4l
Maui-mei@Mi YHOT O6pPO6GBKM KOHCTPYKUI MHuUXx cTanen |
HekpacoBa HAH Ykxpai HWUu, AHi npo, YKpalHa.
KOHOHeHKO [ amm@Ro KATH.0 pT € X H . HayKkK, CT. Laecn. CT
HUK | HCTUWTYTY 4YOpPHOI MeTanypriil I M. 3nd . Hekp
poBCcbka fMNonitTexHika», OHinpo, YkKkpaiHa.
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UACENbHE MOAENIWBAHHA B3AEMOAIT CTPUBKA YlI

3 HAA3BYKOBUUM NAMI HAPHMUM NPUMMEXOBWM WA |
3A HAABHI CTHKOMAEIDOBMI HY 3 TNOBEPXHEI

oTaui a. HaBepgpeHo pes3ynbTaTu nNapamMeTpPUUYHMNU
n-Tra Macoo6Mi HY Ha Bi ApuB NOTOKY nNpu B3a
Mi HAPHUM nNPUMEXOBUM wWapomM. -oPBE aE/M H3WOMBTARH /O OF

3B’ A3KYy pgCiTBOKSCHL HaB'HEOBaHMWIW Ha cxewmia-Roe,
noToKy Jameson. UncenbHe MOAenBAaHWMH-9 nNp
CTehn KepyBaHHS Bi APMBOMTAO M@K O HerE PAXPHNEGKV O
o6Ticmae™Hm OCHOBI aHani 3y nNpocToOpoOBUX poc
HaMi YHOro Koedgi Ui eHTAa B' A3KOCTIBKORBOSB @B XH

NPUMEXOBUX NaMi HapHKUX Wapax BUWABNEHO oO0C
PYKTYPpPWU Bi AiIpPMBBOY MBET@&E WMBEDO® Mi HY . Bekasa
PYM Ha Ppi3HY @i 3 KUY HY MgpPMNnPOEPWiIi HB NIT UBQY B € PrXeHIE
3ynAbTylYy A1 0 Ha PoO3Mi pu Ta CTpPRHKOT,y pyo H3ag
NOMOT O-DaTMAT®OOMUNBYMEI MODKDIi raHAMNBBIOHN B IO E B
OBUMI PHUX HaAaA3BYKOBUX Teui a9x.

o4y 0O B i cnosBa. UncenbHe wMoOpgentwBaHWMEXOBU@PUNO
p, TennomMacoob6MIi H.

MocTaHoBKa MNpoGmema . KepyBaHHSA Bi ApuBOM |

Yei MAYyXe aKTyanbHOKW NPWU opraHi 3ayil Tennoe
cokoTemMnepaTypHMUX NOTOKI B Ta onTumi 3s3auyirl
i Ha TemMnepaTypwnm o06TIi YHOI NoBEepPXHI MOXe 6
TOKY. JeBmwA 3aranbMOBaHWUX YaCTMUHOK TMNPUMEXO
BepXHi TakoX Bi gHocuTbCsa [0 3acobi3B B NN
pPi BHAHHA pe3ynbTytwyol A4i T uUWMX ABOX Pi 3HMU)
MKax ofafEBYykoBeX Heuyil -EO@KITYHOTb HDAL &l'Be/ R

AHani 3 ocTaHHIi X pgocNi AHAEB p o aX N xaaia gie t
Cni gXeHb NPO -BARNWEACYOOB I H§N M@ BUMEPKWOB OH @[
py ANnNs ABOBUMIi pHeXpnAaaaxubé¢uwaDopéesenmm Ha
CTPYMEeHTOM 6yB i 3MMHUIK eKCNnepuUMEeHTB-NpPOA
HO fAefakKdi eMni pUYHI 3aAaKOHOMI pHOCTI pol-4  Cc T
XEeHHSA TOYKW Bi ApUBY A3 BIAISBKHOEPBHWMX BAa aE W[

©MNonvboBun O. b.,20205Pepguunyb A. O.
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3a ocTaHHI fABa fJgecaTwnni TTa cuMmTtyaui 9 B HaykKdc
NPpakKTMWUYHO He 3MIiHMUMacaa. YnpaBni HHA Hang-3 BYy K OB U
netra mMacoo6MiHY po3rnapaeTbca Ti Nb&Wi WL NMP M N0
HaAg3BYKOBMUX Ta rinep3BYKOBMUX WBUAKOCTaE-X. Mpoe
Jawmyoro Kocoro cTpubkKa yuwi nbHeHHA [ 7¥ymMMm KyTa
KoHycawmu [ 8], HaAg3BYKOBOT 4Y4acTWUHKW conna JlaBan
OkpemMa yBara npwuwaginanaca BOAWBY TewMnepaTypu o
HUX XBUNb 3 TYpoOYyNeHTHWUM NPUMMEXOBMUM WapomM, Ta
3BMBAETbLCA, 3a paxyHOK HecTaui oOHapHUXU-edPeKTI B

xopawmun. [ 7, 10]

Mopi BHANBHWUNK aHama 3M aBAITIMEBNYI HTye NH1I&0 CTP-YKTYpPY
PUBHUX Teyi W He npoBOAMBCA.

MocTaHoOBKAaAa 3ajaYimcagosRAegMemeMIOBaHHMaBNAMNBY
O6MIi HY Ha BI ApMUB HaAafL3BYKOBOTNOoO namMi HapBoOoro npyv
6bas3oBux exkcnepumeHTi B Hakkinen [11]. Cxemy Te

PncyHok 1 - CxemMa B3aemMoAgii KOoOCOro cTp:
3 naMi HapHMM NpPpUMEXOBMM WapoM Ha NMOCK

Bi gctBHB HOCMKA NAacTWUHW [JO TOYKM Tneay
cTaHoBW4®BEm (1.95 pawiima) . Uncno PeWHONSLb
nopi BHReE2N ®°6 - PO3rnAaganoca 3HauyeHHB2Kyp
ynmcni MMa2x aHe3 6ypeHOro nNOTOKY.

YMOBMU Tennoo6Mi HHyo uBemH3HHAEMY @ /nU @Bl aB oM | o]
T, — TeMHepaTypTaTnloIB(—eZ—%zMﬁi—, TeMnepaTypa
Koedi ui eHTOM=B] Db mesHAaMIiyYHApPHUX TeuilV

Mpwu MOAenNwBaHHINOMACD® 6 MJjiHIYA HK a 3 Ha:
0.12 x/L 1.3t | HTEHCUWBHI CTb MaAacoobOMiIi HY 4Yeme

nacb 6e3po3Mmi pHmwB!I(aLp)a,MGgu,qtepoMCTMH&,Uon—OBa-:

YeHHS WBUMAKOCTI Npe3 GyapceoHDOMY H M 0 NT30aMyii Bl 0 BIE
A1 an a03. o0HE O <

UncenbHUMNn anroputm T@aANFGOMATERAPMKDY KAl
BMUKOpPpUMcCTOBYBAaABCSHA HeAaBHUWNW an€Copmca @DB G
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3anmcaHunx y poBinbHux AwocepgmHanaaHphdr
byayBsaBCHA Ha OCHOBI MeToAa CKIi HYEHHMN-
ByBanumcb 3a gRoedmddron5¢xenMwyrumin nopsamo
bes3neyyBaBCHd BUKOPUCTaAaHHAMNOMMET pu4daMme

UncenbHnh anropumtm [12] 6yno Bepomdikk
aepoaguvnHaMi YHMUX npodi ni B. Ana BunapgkKy YyH
BaHHAa anropuitmy [ 12] Yy nopi BHAHHI .23 ) €K
3paxyHkoBa <ciTKa MicTtTmna 400x500 BYS3na-
pPpevYyHOMY HanpaMKy BY3/IM CiTKW 3T7yluwysano-

MYy wapi nepepg ob6nacTtiw B3aewmMopgi i 3Haxo([
200250 BY3nNni B.

PncyHok 2

Mapgpawuynim BIi o TeHepaToOopa CTpPpUOBOK vy Wi

Teuild rpajgi eHT TMUCKY. Y npucTigBwmapeiHH D4
WM pPpHWETHLCHA Bropy 3a Teui e, BUKITNUKAWY MO -
TOKY. 3aranbHunih nepenapg Twucky 3a @ipadu
O6nacrTi Bi opunBY BignoBi aae BIi 4’ €MHENB3yH
npuegHaHHA Koedi ui EHT TepTHa [OpPI BHIWE UH
MeHTI [ 11] Bi O’ € MHI 3HayYyeHHAa Koedi i eH
He BWUMI pwBanuMca, a 3aMi HlBanNnnca Ha HYDNE

Bi opuB NOTOKY, MBBOBDIOb YUBPTI YT BAPEHHA
HeB' A3KIi M Teuyil yTBOpPHWKWKTbL CTpPpUOBOK BIi AaAp
X B WII po3pi axXxeH-Maiepay @MpaRpODABANSAETbLCSA
po3nopagi ni TUCKY Ha namHaHar UmMd T o Kow cB e 13ed ) 4 o

Bi A n1a XBWNDb CTMNCKYyYyBaAaHHA.
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C, 1¢°
a) pos3noAain Koedmi Ui EHTY T
P
P
6) po3noAain TUCKY
PncyHn-dPws3drogi nun r a3pogameHTapM i BY HBU3X[ ONBax
e—eKCcCnepumeHTanbHpOImPAXY HAL] ;
3MIi HNW npodi Ni B NO300BXHbLOI KOMMNOHEHT
nNPpMMeXoBOTro wapy nnacoc/a=uoH.mn5 6(4p nscH a x40) 4 n TIbec
o6nacrtTi BY3TaeMp @dil b TWBMUAKOCT.I Bi ANoOBIing
MeXoBOMY wahyQ. 7T6084 Kppo3 TawoBaHa Ha HeBBeEOL
30HXKL=(0. 825) . Xoya Koedmiyi eHT TepTHa Ha
KOCTI y TBepAObBCEBTXRPAKNPPHABAAEG@POT UH,Y -

peHb BTropy 3a NOTOKOM.
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Y y
L L
-/ ] /
[ifi] 02 [ [ [ifi] 10 i U
¥ _ _ 5
a X/L=0.564 6 X/L=0.768
y : e
L L
. """""
1/
// .
u
" * " * * " U_ oo 02 E:4 06 EIE 10 i
U
B X/L=0.972 r ¥/L=1.486
Pncyndwsdogi nnm ras3ogmHaMi YHMUX nap.:
e—eKCcCnepummeHTanbHpOImPAXY HAK] ;
Mpodi nb wWBMWEX®D.CTT2 nipnpegaec CTPYKTHQI-
HW. 3BOpOTHA Teyida € n[O3BYKOBOW 3 HeBe
Cnip 3a3HauYunTNn, WO 3HAYEeHHSA BUCOTWU 3 OWH-
MEeHTI [11], y3rogxXxywrtrbca Mi X cob6bomw. He
HaA3BYKO, noTi M Bi gbyBaeTbCAa BUPI BHHOBAt
TuUudHL=1. 486, po3TawoBaHUMN B ob6nacrTiI np vBee-
nweTbcAa po dGopmMu, WO BIi ANOBI gae nami Haf
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OCHOBHI

pumMeHTI B
3aranbHa

pesynbTaTumioB asReApHO TN Oe MO, e Bk
byna npucesAYeHa BNNWBY Tennoo
CTPYyKTypa B3aemvMopgirl, NOMTOXEeHH

Bropy 3a NOTOKOM i CTOTHO 3a/,exXBo bo ®@TigKe
WeHHA TemMnepaTypwuw nnacTUHW NPU3IBOAUTHL
TOYOK Bi gpuMBY Ta nNpuegHaHHA, MeHWOF)Nnerf
05 . - . 1.44E+00
Y . s
L - L
DD-Dl o0 01 0z a3 04 a5 06 o7 ik} a3 10 11 12 13 14 15 X/L
a)T,/T=1.3 — nigirpise noBepx
Y
L 04
DD—D] EIEI 01 0z 03 04 ik} 06 o7 08 o8 10 11 12 13 14 15 X/L
6)T,/T=10- HabnuxeHa Tennoi 3onsd
05 141E+00
y 1.38E+00
L =
0 i
111E+00
DD—D] 0o 01 0z 03 04 ik} 06 o7 08 o8 10 11 12 13 14 15 )(/L

PuncyH-okBnsnuns
Kocoro

74

B)T,/T.=04— oXxXxonopgXeHHSHA NOBEepPXHI

TeMnepaTypunu nNoOBEepPXHI
cTpumobKa YW NbHEHHSH 3 nami
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C, 10°

3 __________________________________________________________________________________________________________

D-.2 D..4 D..B D..B ‘I..D 1-.2 1..4 1..8 X/L

a) pos3noainun Koedi ui eHTy T
P .
P s
T g e i R T ="
LT R T R R
12 .......................................................................................................
11 _______________________________________________________________________________________________________
T,/T, =04

10 ______________________________________________ i ____________________________________________________________
0z 0.4 0e na 1.0 1.2 1.4 16

6) p O 3TNUOCAK Yy ”
PncyHok 6 —- Bnnanume TemMnepaTtypwun n
rasoguMmHamMi YHMX MnNnapamMeTpi B B3O

®i 3NYHI ocob6nNnmMBOCTI BNAMBY TemMnepawsny
HEHHS 3 naMi HaAapHUM NPUMEXOBMUM WAaPOM M-
CTUHMN, AOMHaAMIi YHOTr o Koedi ui eHTa B' 83K ObC-
KoCTI pyxy (pwuc. 7) .

OaoHum 3 hbakTOpi B, wo BN/AMBAaAaKWTbL H a
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Habirae, € pos3noAin TYCTWUHWN. 3i 3HUXe
HAOi rae, B NpPpUMEeXOBOMY wapi 3pocTtae (pwnu

ryctTumuHum Ha mnoBepxHi nglacT10@382%n ek, dTh oBima
/ 1.497n pW,/T 0.4,

|l HWwuMuM dakTepem @gua@aai yHOr o kKoedi Ui eH
3anexnTtTb Bi A TeMMep('E/'If)ij).m 3Mi 0 T3006KiyT b We HH AN
CTUHW B' A93KI CTb a3y 30i NbwyeTbCcaAa, wo |
wapi (punwc. 76, 78B) .
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7] R AR F A -
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e
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S SRR e A

T s P
‘ ' : PTT =04 |

. e S —)

(U)

B) WBUWAKI CTHb rki nbkKi cTb py>
PncyHokBninne TemMnepaTypu noBepXxXHI
napame TYLE0S64N p u

C‘c

Mpwu ni girpiBaHHI nnacTWUHNW wHONEBTRpeMuWwyd
npuM O0XO0 N-BHOXKEHHLY €ETbC S ; npodgi Nnb WB W AK qicars
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3HauYnT N, wo ui 3Mi HMW @PaKTMUYHO He CTOCo-
MYy MnNpumexoBoMy wapi, wo Habirae (pwuc.
rpajgi eHTa WBUAKOCTI oOAHOYAaCHO 3poOCTapE-

HOT BT'if,3HKao cc T i H Ui , Tak nojoy kb6oee3duipuagi €l HETH TTHe

npMMeX0BOMY wWwapi NPakKTMWUYHO He 3aNexXunrtTesb
3MIi HY NOB3AOBXHbBOT KOMIMOHEH TBMa KKTi b1 bOKGOUCTE
Mpu oOXonopXeHHI nnNnacTWHN 36i NbwWyeTbCcAaA 5
Mi girpi B nanacTMWHWU Mae 3BOPOTHY TeHAAE
I MOYynbCY B MNO3A4O0OBXHbOMY HanpamKy " o0oxon
Jonae HecnpuATNUBUN Tpapi eEHT TUCKY. 30
npmegHaHHA 3Mi WywWTbCA [JO TOUYMKW napgi HHSA
Y ppyrin cepili YUNCEeNbHNUX eKCcCnepuMeHT
nopucrTy A[ITMHMKY Bmpyy#@g rasped nopucTy A4AiJ
nokKkasaninm pes3ynbTaTtTunu po3pakk.yoHxkO 58 , B iBoKen Brk
BCH [AOBXWHY nNOpPUCTOT A1 NTAHKMWN. Bi opus @-
cTaui oHapHuMM MapBKTepomM B3ac
PesynbTtartwu po3paxyHKI B B3aemogil K O
namMi HapHuMuM WwapoM ANn4A 3 Ha\i€e H bn pneagpcarveesTifpeaH
BunpaneHHa 3aranbmMoOoOBaHMUX YacCcTUHOK N KW
TYypy Tedi ppemwpcpPpo3Cnpunmbekm BIi agpuBYy Ta n
yTBOpHOOWKI .npm3 @GpakTMUyHO perynapHe Bi o

3HayR#AMHIO02 Teyia cTae 6e3Bi ApPpUBHOW, a

Mpodi ni r'ycTuHMUE igwmiHeaHvTi a4 HB T B 3 KKOOC T I
WBUAKOCTI Ta KiNnNbKOCTI PYXYy NPOACHRWOWOTG®-
BepXHI , wo o6Ti KaeTbCA4a, Ha B3aewmMopfi  c
wapom (pwuc. 10) .

Mpwu 3 Mi HI napame TTMH aMa @0 OHMWH &Ny YTHWMOA
3Mi HOOTbCHA HEe3HAaYHWUM YMHOM. Jledake ni o8
3aHe 13 3aMi WWeHHAM BUJaNeHWX YacTMWUHDOEKAa-
CTUHMW npummexosoro wapy (pumuc. 10a, 106).

OCHOBHUMUMM@PpaKIDOPp@pPpaKkTepunusye 3Mi HU B N
WBMWAKOCTI (puc. 108B) .
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TA1E+00
1.39E+00
1.36E+00
1.33E+00
1.30E+00
1.26E+00
126E+00
1.22E+00
119E+00

116E+00
1.14E+00
TE+00
1.08E+00
1.05E+00
1.03E+00
998E-01

a 00 [if] 02 03 04 05 [ a7 08 as 10 11 12 13 14 15 X/L

143E+00
1.40E+00
137E+00
134E+00
1.31E+00
1.28E+00
126E+00
1.23E+00
1.20E+00
117E+00
114E+00
111E+00
1.08E+00
1.05E+00
1.03E+00
998E-01

x/L

1.44E+00
1.41E+00
1.38E+00
1.35E+00
1.32E+00
1.29€+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

B )\ =0.002

1.45E+00
1.42E+00
1.39E+00
1.38E+00
1.32E+00
1.29E+00
1.26E+00
1.22E+00
119E+00

116E+00
113E+00
1.09E+00
1.06E+00
1.03E+00
9.95E-01

962E-01

r A =0.003
PncyHok 8 - BnnumB mMacoob6Mi HY Ha
KoCOro cTpubka yuwi NbHEHHSH 3 nawmi
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C, 10°
5 __________________________________________________________________________________________________________
D..2 D..d D..B D..E 1-.0 1..2 1..4 1..8 X/L
a) poamogoedi i eHTY TeprTH
P
—_— 15 __________________________________________________________________________________________________________
p

A=-0.002

0z 04 0E na 1.0 12 1.4 16
x/L

6) pos3noAinun TUCKY
PuncyHok 9 - BnnanusB MacooOGMi HY nc
rasoguMHamMi YyHMX napamMeTpi B B3[

BunpaneHHa 3aranbMOBaHMUX YacCTUHOK 1»AUMOP U MeE
HanoBHEHHA nNnpodi N WBUAKOCTI . La o6cTtasBuHa,
YEeHHAM AMHaAaMi YHOTo Koediui eHtTa B' A3 KOCTI H
Koedi uieHtTa TepTHa B NpPpUMUMEXOBOMY wapi (pwuc

NPpUMEBOT O Wapy € 36i NTbWeHHA NO3J4O0OBXHbLOT KOM
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(V)
B) WBMUWAKI CTHb rki NbKi CTb PpyXx
PuncyHok 10 - BnawmB MacoobMmMi HY Ha

napamme TYLEOS64N p u

BucHoBlpwBegeHO NOPiBHANBHWW aHani 3 Ha OCHO
eKcnepuMMeHTITEMM@ BIMRTTWBOY MI HY Ha Bi ApuWB NOTOKY
cTpumbkKa yWwi NbHEHHS 3 JaMi HaAapHUM NpPpUMewWKOBUM wWa

HW, AMHaAMIi YUHOTr o Koedi yi eHTtTa B' 93KOCTIiy- no3 o8B
XY B NPUMEeXO0OBOMYHABHII (BIN3ABYWIHIH OY4 IOHCH N K 1 K I B U
Tenrma MacooObO6Mi HY Ha CTPYKTYpPY Hapf3BYK®BBOI Bif
nNeHo, wo 3 a [A[-0Tnao MM E WAoo 6TMRINHIYO MO XN M B O 30anNo6i rat
PUBHOT 30HW Yy ABOBUWUMI PHMUX Hap[f3BYKOBUX Teui ax.
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Numerical simulation of the interaction of a shock wave with a supersonic laminar
boundary layer in the presence of heat and mass exchange with the surface
The results of parametric numerical experiments on the influence of heat and mass
transfer on flow separation during the interaction of an oblique shock wave with a laminar
boundary layer are presented. An implicit finite-volume algorithm for solving the Navier-
Stokes equations for arbitrary coordinates, based on the Roe scheme for convective terms, is
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implemented. The second order of accuracy in space was provided by using the symmetric
Jamecon flux limiter. The numerical algorithm was verified on the problems of transonic and
supersonic laminar and turbulent flows when compared with experimental data.

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

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

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

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

Keywords: numerical simulation, shock wave, laminar boundary layer, heat and mass
transfer.
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K. CykKoBeHKDO
| HOPOPMALUI MHA TEXHOAOrI 4 And NI ATPUMKW PI L
Y CoEPI BI OEOCMNOCTEPEXEHHA

AHomgiasna . Y cTtaTtTi AOCNi AXYETbCSHA KOHULEenK+ a CTBO
Honorii, AKa 3abe3neuvyye edpeKTUBHY nNi AET-PUMKY I
pexeHHS. 3 ornapy Ha 3pocTawuyuMih ob6cecaAar Bi Aeo
MOHI TOPUHT Y, BCXO O/ypvoBacH i BB OYBMACH OT O C e p e 4 00B-u wa , BV
NPOAYKTUBHUX PpPi WEeHHSHAX, 3faTHNUX nNpauwBaTwn B P
npuMmai NseTbCcAa aHa/K8gi BegBo06GpDOGBKUXBINIREeONOTOK I
WTYYHOINToOo (i HTenexkTy,0 Ma@BOMAIHB A MalOWHWMECIMEeHb Ha

computing) Ta XMapHWUX Ppi WeHbLb. Y mMexaxo-gpocni ax
noenb OGaraTtopi BHeBOI i HpbopmMaui MmHOT CneEeremu, A
peaoHbLOT O06pPOO6GKWN, aHani TUKNW BargpnpuHAaTIHi@HPI AaA
MaM BUABNEHHA nopginm Ta Knacudi Kayi I MmoB el HKC
nNnexXxHi cTb Bi A4 nNnwacbKOro GakTopy npu aHani 3i no
B po6oTi TakKoOX po3rnaHyTO acnekTwu pvanenpauyi i

aHaJ/MHMMmKMN nnatdopmMamMm, 30Kpema 6aszamMum O6i omeTpl
cmcrtemamun, cmcrtemammn KOHTpPpOW [AocCcTyny. oo6r p)
edge-apxi TekTyp, aK i LO3BONMNAKWTbL 3MEHWNWTKU 3aTpum
ABTOHOMHI CTb CUCHEMADEHTHFIMSAHHRWMTEe HT panlbHY | HQp
PesynbTatTunu pocni AXeHHA MOXYTb OYyTW BUKOPUCTa aAE
cmctem 6e3nNeKM HOBOTFIO NOKONIi HHA, 30Kpe-Mma B p:
HMUMW ni agxi g MoxXe O6yTwuW apga niTcoupeaBHOMIMO [Acoa MIGOBTPPSendy Boaf
BOOXOPOHHMX CTPYKTYpP, a TakKoX npumBaTHOINO <ce
06’ ekKTiwBOKpHMHMpPaAaCTPYKTYypu. OTpumadtHi pe3synbTart
Ui HHIi CTb 3acToCYyYyBalems NORBIPpEPI X 6B Nneknm Ta MOHI
Knwowi cnosBa: Bi oeocnocTepexXeHHSA, i BH@OTprMAa L i M H ¢
pi wWeHb, 6e3nexk a, Al , MaWMHHE HaBYaaHsd,Uuieadge

cmcTemM, aBTOMaAaTWUYHEe BUABJ/MEHHSHA.

MocTaHoOBKA .YTpopw@ommoMy cCcycni nNbCT3BAQK-TUBO X ap
M ypbaHi 3aui i, TeXHOrNeHHONIOoO HaBaHTAaAW-eHHA Ta
eMNn Bi geocnocTepexeHHd Bi AgirpawTb H@A43BMYaAW
nopagky, |1 HPpacTpyKTypu Ta npumuBaTtTHOF BAacH
HT Y, wo nepepbavawTb nNepeBaxHO @i kcauiw Ta
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BTpayawTb CBOW e®dMeKTUBHI CTb. 3 ornapyH-Ha c
bepmayi i, pyudYHWUNW nepernapg i aHani 3 Bi geonoTo
3aTpMmTHKMe 3ymMoOBNIWE HeOOXi AHI CTb CTBOPEHHA |
3abe3snesapymaBsnaoBaHy 00O0pobOKY BenMmKMx ob6carii

pearyBaTnu Ha KPUTUYHI nopgi i

KnwyuosBa npobnema nondgrae B TOMY, wo®d® T p.
nNnacMBHOTO [ HCTPYMeHTY dikcaui: li noagim y ak:-
NPUAUHATTSA pi WeHb. Taka cumcrtTemMa MNOBMWHHMB- He
Tyauii B peabHOMY 4Yaci, a W aHanisysBaTtTwu I
abomaBHTb aBTOMATWYHO | HiuiwBaTwW BIi ANOBRKFAHI
YyeHHHA HabyBa€ 3acCTOCYBAaHHSHA WTYYHOTO | HTene.l
Ta i HTerpauil 3 -aBHAAMONUWHHDPBPMaEYLCH R O®a VbU-. Ta
Hi CTbhb pfOoOObhymMEBWMEAMA NOTPEebBOW Yy CTBOPEHH - e
BaHOIT i HQopMaui mHoOT TexHoONnoOTrIii, 3gaTH®I 3 af
aHani TMKM B ymMoBax AMUHaAaMIi YHOT o Ta CKnapgHoOTO

AHani 3 oOocCTaHHI X p[foCcYi @XKieHas)BK aiBMi Y6 NCi MKi abi HAO. T

OCNi 4AXYKTbCA MOX/JTUBOCTI 3aAaCTOCYBAHHAO4d HT €
TepexXeHHA, 30KpemMa B KOHTeKCTI aBTOM®A-TMUUYH
eni HKun. Y pob6orTi Y. ZhangH o FnvBovdgaerube Had A M.a H\Wa
pexunmwi peanbHOrNo 4yacy, AKa T PYHTYETbCSH HE
npamMoBaHa Ha nNi gBUWWEeHHA TOYHOCTI B o-pb6GaHIi
I AXKYOTb e@ekKTHWBHI WTYyY BUKO PIMKET@TEK T Y UK UG UC
pupgi narvouym ocobnuBy yBary npobnemam Knacwuddi
crtaTtTi T. Chen T1Ta L. Chen po3rngaHyTo K-
mputing) 89K 3acoby ni agABUWEHHA wWBMAKOAI T C
CoD@OoOpiBHA 6e3nekKkwn. LJocni gpXxeHHa A. Luna,
ary Ha 1 HTerpauiild Bi feoaHani TukKku 3 X Map
i OKpunBaAae HOBI MOXNWUBOCTI Anda ajpanTuUuBHOT O )
ragaHi cpsoiooouTyMoT3sa BUCOKWUIMKW HAaAaYKOBMUIN bUWIHCTTEH €X
MX 30CepeffXeHa H-& aKWXb KIKX aand resgaHamai a3 MoiK3
PXi TeKTYP-HTIiO AP i UAEKH HKIOMN TeK CHa KoHuenuyi a Teo
depi Bi eOCODO@PEOYEXKAOHERAABUIDA L ICIMCTA Mi XOWNC
i oxony.

MeTa poc/MegwWaoHH|,.bOT O AOC/Ni AXeHHA € po3pob
BaHHSA KoHUuenuwi: I i HPopMaui MHOT TexHonorii,
MNPUUHATTA Ppi WeHb pye XeHEaPi Hp apesoMCANnBOOTCEA T H e H b
WTYYHOTO iHTenexTy, MAaWMHHOTIO HAaBYaHHSA, 06
i HTerpaui nHMX uyndpemy X AoOTaAT QQOKEMHA3TCKIP IMOBa
CTPYKTYpPpWU i Py HK Ui OHa/ceTHeQviv, a @ X i TOSCKHTOYBPHAN XT anK!
36opy, o6bpob6GKM, aHani 3y Ta BiIi3yani3auyuii BIi [
i HopMaui HMUMKM cumcTemMmamm ©O6e3nekn. Ood®RWMBY
anropuMTtTMi B BMABMAEHHSA aHOMAaNbMINKI Nmio3gd UWiiery 3peeT
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gauyi n ob6poobuUyI i Hpopmauyi i1, a TaKOoOXoBRaaOeImeduyert
Ta THYYKOCTI Yy 3Mi HHUX cepepgoBuuwax @PYHKLULI OHYE
nepepbavyaeTbCsd OULI HKaAa MOX/NMWBOROCMROH OPARTN YKHOH L)
Ui i B ymMOoOBax «pO3yMHOro MicTa» Ta i HwWuMx 6e3ne

BnknapeHHasa OCHOBHOHIQO pMaTepPpHANYT.e XHONOT i A il
NPUUHATTA pi weHb Yy cdepi Bi AeocnocTep&¥eHHSAa n
TOBHIEBOT CUCE@EMWE RO COOI i 3 MY4HI 3acobu 360py
anropumtmm 717 06poOOGKM Ta MexaHiIi 3IMU NPpUEHATTA P
cTeMa NOBMHHa O6YyTW T HYUYKOI, MacwTaboBmHOW Ta
bepmamMn, WO 3 abe3 nNHaMYIOTWLK Yo eT3al enypaegli HHSA Mi CbKO
i HppacTpyKkKTypolw. Y ueHTPpI po3pobku cTOi Tb | Ae
ro BIi geocnocCcTepexXeHHHA [O NpPOaKTUBHOT O, MPOT H(
OCHOBIiI aHani TUKU [JaHWNX.

ApXxi TekTyp@aaBsanpemcAe@emMn OyayeTbca ada nNpPpUHL
TOpPpi BHeBOI Mopgeni. Ha nepwomy, CEeHCOPHOMY pi E
3a jJonomMorow Bi geokamep, TennoBi 3i ANHWHX- CEeHCO |
WMx cneuyi ani 30BaHNKO ABRTIHUKPIBCT BAXK/TMBBOIBHHI MaT
nepepBHOT pob6boTwn, ABTOHOMWHIW IDaXmepH odmiaoOBB Q0 eqe
BTPYyYyaHb. Ha ubomy eTani bopMyeTbCcsa NepBUHHMUI
NMPOMIi XHOMY O064YMCNWBA/IbHOMY KOHTYPpI

OApyr vniH 0oi6Bian C N IOB-aB/MbKHOMHY € nNonepepgH 06pPpoOOKY [
3MEeHWeHHA ob6bcari B 1 HpopmMauyi i, woac TEPECHBVE T b CHA
CTUCKaHHS4A, cermMeHTaUul A BIi [4@poy B ad H/¥b TApaaHUM XA BLI YV
O noniTuk iezhopmalyi AR ubHor-oepmaiyw,apezsmi |gaw
6NM3y CEHCOPHOT O pi BHA. Lle mo3BONdAe CYyTTEBO C
nepeBaHT aXeHHS: advaaTiiBC T3pBa /HL3HKUYX. K

TpeTi W —pHBAHBHVEH HMBPOM TexXxHONOT I T pPNILEAP N MK U
TyT 3acToCOBYKWTbCH MeTOAW WTYUYHOTO | HTEeNeKTy,
( CNN) , AK i 3ab6e3nevyyrTb po3nNi 3HaAaBaHHS4A 06" eKT
( RNN) , wo A[O0O3BONAKWTbL MOAenNnwBaTMW YacCcoOBO- 3 anext
COBYKWTbCSA MoOAe”ni BUABNEHHS aHoMani n (anomaly
HOB.I i CTOPUMYHNUX p[faHUX Ta @GOPMYWTb anNnropumtmMum i
noBsepai HKW®. Lle MO mMAyBT/Ibe HAHVAT N angd MHeH/Ai NBOA VU H U, 3anm
HaToBNyyaboOpoOHEHI W 30HI ToOwWo.

AHani TMyHa ni gcuMmcTemMa TaKOX TMNOBMHHA BKINWYa
agantyBaTtTuca JO HOBUX YMOB I cuechapTi Bcuetanaepa
MOXe afjantyBaTucsda O TUNOBWX WUTWEHMIH @IMHM3 LU KBBA K /1
Mpnm uUubBOMY BOHa MNOBWHHAaA 36epirartTu 3pawyHIi CTb 4
auyi n, wo Bi AXMNAKWTbLCA BiIi g HOpPpMW, BK/THWOYH awynm K
pani 33wm.
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|l HTepdelhc ynpaB/i HHA 3abe3neyvyye 3pPYUYHY B:
nwoMagi 3yani 3auyi o BIi AeonoToKIi B, Ni 4 C®B-I Yy B

HMX NOBIi AOMNANEeHbL Ta peKoMeHpgaui m wope- Ai n.
AHKLI OHOBAaHOrNo BXO0OpA4Yy B 3a6o0pedHoe H3ya N3pPOooHNYO HO/
MKAWK CNyXomnm néadrnexdaapd « cpmearTMn i geipuanrMeeHHT T,
HecTW 3anumc [0 XypHany nopgi n.
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Ocob6nueBy yBary cnig npuaginnmtTm o06GYUNCNEHHS
TTEBO Ni ABUIWYKWTb ePEKTUBHI CTb PYHKL3 OHY B
cepepjedg-opHAQT POAX L[O3BOJMAE He nNuMwWe 3 MEeHLWun
BeHb aBTOHOMHOCTI . Y pasi aBapi nHoro Bi A
cTemMa npojgoBXyBaTvNMeMYlppe®WBERIT )N BO NORATUNY
"€KTIi B CTpaHrge.ri YHOr o 3 Hau4yeH

Y cyyacHMUX peanis3augi 9ax TakKuUxXx CcuUCTem-BCeE
ni, o K O M®H alJyilomwbk yedye X MapHUNU MU TexXxHonor
npunkKknaapg, nNepBUWUHHE BUAB/EeHHA noAai.il MO Xe BV
X1 By-HaHBHALAAa/NTeHOMY cepBepi . Lle po3BOAN1ae ¢
, TOYHIi CTH MOpgenem i €EKOHOMI YHI CTHK Ppi WeHDb
|l HTerpauyia 3 i HWMNMWU | HPopMaAaULi NHUMUB -CNUCTE
CTi 3anponoHOBaAaHOT TexHONOT I . CemogmaTni
6aszamMm O6i OMETPUYUHNUX [JaHWNX, cmctTemMamMm KOH

acobi B, reoi Hpopmauyi "HMMKM cuUMucTemMamMm TOWO.

ani 3y cuTyaui  Ta &PEeCHNWO BY pMAPiI K@H o Boa T H I
YnpaBnidHiesk o®oe faHUX € KPUTUYHMUM acnekToMm
Tpi 6HO 3ab6e3neynmTuU KOHMI AeHUI NMAHNME T vl A9 X0 R
CcCTOCyBaHHSA MeTOpnI B W ppyBaHHSA, Uuundposwux
pHanwBaHHSA A1 N THWORPEHDY Ba VIYBLUTTY E&ACTEM. Yy
MOramumu 6e3neKknm BapToO T aKwWaK UHMHEHDT 03 OBBWYSBBAUTEN
O BTpPpyYyaHHSs Yy Bi AeonoToKMWu.

e OOHI €0 BaX/AUMWBOKW CKlajoBOW € ajpanTwne
HKUI OHYBAaHHS. He@anperRmMa@r o BMiycMioas a 3 BUWCOK L
CTi AHOW 3 Mi HWOBAHiI CTHW OCBI TNEeHHS,TTKKKICaEB,a
CTOTY KapgpiB Ta napameTpun anropuTMmiB- pos3l
3a paxyYHOK nNO€efHAaAHHS WUMEUMH CMOPHYWNXA MM, HOMIXO | c3a
bC#4.

an s 3abe3nevyeHHA MacwTtTaboBaHOCTI not-a T o
NbHY CTPYKTYypPpYy nporpamHOro 3abe3nevyeHHasa,
Mi HIOBaT®W OKpewMmi KOMMNOHEHTMN ©6e3 nopyate HHSH
UWHe o6cnNnyroByBaHHSA, ajanTauyi 0 4O HOOBWUX H
ui n.

Peani 3ayia onumcaHoi i HpopmMaui WHOT T3e-XHON
KW Yy MicuaXx MacoBOlNoO CKynuyeHHSA nwped- TPp:
aapxooMMCNoOBUX 06'eKTax Ta XWUTNOBUX KOGMNNeE
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MTn O6i nbw edPeKTMUBHY peakui Ha Hafp3IBUMYaANHI

MKNWMKI B i ni AsBuMwnMTN [OBI py rpomagsaH O cuUucCrTe
YBLOCKOHAaAQNEeHHH nNpejOKABMBEHOINAXIOGT EBMIZP-O® a [ X € H
rim ranmbéboKoOro HaB4YaHHS 3 nigkpinnewwram (rei
eMi camMoCTi WMHO HaB4yYyaTucsda npuumMaTtTum oOnNTuUuManNnbH
BKO/TMWHI M cepejoBULWeEM. Hoajen M ynkaTay, p iy TTapkaaH cail
Xe aBTOMaAaTWMUYHO 3 MIi HWBATW nNpaBuna KOHTpPONKW T
ABNEHHHA 3aTopi B, aBapi W 4YuMm CKyYyNnUYeHHS Ni WoXCc

LO0O3BOMTAE po3wnmpuTunm T 1T dY HK UC TOBHPaEMHbeHH HCAT.b 3 a
3HayYyHa ponb Yy PO3BUTKY | HMpopmMayi "HEF TexHO
MTb I HTeponepabenbHOCTI, TOO6TO 3pgaTHOCTI e pe
MCTEMRBXMMPOHHUMMU, EKCTPEHUMU, NOTI CTUYHUMU, €
i KCTEeMHOT CYyMiCHOCTI noTpebye JOTpPpUMaAHHA MI X
ONVI F, RTSP, MQTT) Ta ni gTpUMKN Bi gKIPp-nTunx Al
ol i1 3onauyi il i noner wye mMacwrtabyBaHHdge- Taka ¢cC
ni 3auyi iSmapde «kCr itey , Ae Bi geocnocTepexXeHHA € Ny
HppacTpyocwmyepglwmiv. ek

Kpim ToOT O, OOHMUM 3 NepcCneKTUBHUX HARPAMI B
n, AKa 6a3yeTbcCcAa Ha BUKOPUCTAHHI | CTOPUYHMUX
oi gn Wwo MOXYTb MaAaTWU HeraTWUBHI Hacni gK#. Hanp
aMi Ky noBefji HKM y neBHiIi W nokauii Ta @a O0OCHOB
HO3 WOAO WMOBI PHOCTI npaBonopyweHHsa @60 aBanp
aHaM nN@Eagom@apsaAMi Hi cTpaui amMm 06" eKTi BaHe nuuwe
M T M 3aBAAKW BuUunNnepepgxXxyBanbHUM fi 9M.

He MeHW BaXnNnuMBWMUM € 3abe3neyeHHHdA eTUYHOT O
Bi feocnocTepexXeHHS . Winpoke BNpPpOBAaAAXEHHHA TeXHC(
o6nnuy, noBepfgi HKOBOT aHani Tmekm Ta O6i OMEeTPUYHOT
6GOKY npaBO3aXxXWCHWUKI B i rpoMagaHCbKOro cycni no
T
B
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» =S 0o 4 o
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akKkux pi weHb NMOBMWHHI JoOTpumMyBaTMucA4 NPUHLULNKI
i 4N OBl AYHNOHCHTO MY 3 a K O exoucarByc TNBeyp CUQCGHRQT b3H U X A a H U X
YKpal HN «lpo 3axaHUX »neapawHanbHUX 4

BaXnmBo TakKoX BpaxoByBaTuWu pPpoOnNb KOopwecTyBauya
ya aBTOMaTMu3auULi 9 € KNKWYOBUM enemedpremepysadcH
WaeTbcCA BMU3IHAYANbHUM Yy NPUAHATTI OCTayr-o4HOT O
BaHMUX cutyaui ax. TomMy onepaTtTopunm CcCUCTEM MawThb
B3aemopgii 3 iHTepgencom, PpPoO3yMIi TU nNOIMIHWY Ppo6GO
TpakTyBaTuW HafjaHyadiaEpopmealeiMe.orle neEyg o4y A0 Ha
BNpPpoOBagXeEeHHSA CUMYyNaui AHUX TpeHaxepi B i po3pob

BncHowokmpouec:i fJocni aoXxeHHa O6yno pfoBepfeHO,
besnekun MOTPRWOYWPNTOBO HOBWUX nNi gxop[iB @geo© opradt
KpemManepexoay Bi 4 nNacuUBHOIO cCchNnoCTepexXxeHHSsa Ao
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pi WweHb. 3anponoHoBaHa | HpopMaui WHa TEeX-HONO
Typi, Wwo BKNWYake TeeapyppaWup] BeMUYMCNWBANDbH
edge-o 6 po 6K UM, aHani TNYHI MO Ay ni 3 BUKOPpPpMUE-TaAaHH:
KOX 3acobun iHTepchencHol B3aemMopgii 3 K@DPUCT)
AY € 3paTHIi CTb CcucCTeean@wwonMy HK&CiOHY a A0B-A A a 1B
B U LWa, caMoOHaB4YaHHSA, a TaKoX i1 HTerpauoid 3
BajgXeHHA TexHonorii [OoO3BONAE aBTOMaAaTui3lyBarTl
onepaTtTopi B, 3MEHWUWTUN Ki NbKBOBHUXUNOBUXYCHRATC
BaHHHA Ha KPWUTWUYHI noAai i

KoMnnekcHiIi cTb po3pobneHOT KOoOHUenmnuiyYdympnons
nporpamMHy, opraHi s3ayi mHYy Ta €eTMWYHY CKO-AajoOBI
nocTepexXeHHA. Y CT aTArHia HOHaAH Py H edge eomputing, @161 TN O €
rpauni MHMX MOXNMBOCTEeNW 3 Treoi HPopmMaui "IN MmN (
MeTpi T Ta KOHTpPpONKW A[AOCTYyny CTBOPIWE EMKOBY
pi WeHbLb. MpepgcTaBneHa | HQOKTVMARIH dilel af JTSE X B IO K @ [ |
yMoBax peanis3aygil KoHuUuenuil «pO3YMHOTIK- Mi C-
Typwu, aBToMaTM30BaAHUX NOTi CTUYHUX LeHTPI B
LOCNi AXeHHSa sayraTiwhHBacappobaUui yomompape,ni p @3 pp
YHi BepcankmwemnkBnpoeaemMogi:l Ta CTBOPEHHSA HOpPM
BNpoBajgXeHHSHA 3 ypaxyBaHHAM cTaHppgapTi BaKoHQI
HUX.
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Information technology for decision support in the field of video surveillance

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

The paper also examines aspects of integrating such systems with other information-
analytical platforms, including biometric databases, geographic information systems, and ac-
cess control systems. The advantages of edge architectures are substantiated, as they reduce
video processing latency, enhance system autonomy, and lower the load on central infrastruc-
ture. The research findings can be applied to the development of next-generation intelligent
security systems, particularly within the framework of the Smart City concept. The proposed
approach can be adapted to meet the needs of local authorities, law enforcement agencies,
and private sector entities involved in the protection of critical infrastructure. The results
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demonstrate the practical value of implementing advanced IT solutions in the domains of se-
curity and monitoring.
Keywords: video surveillance, information technology, decision support, security, Al,
machine learning, edge computing, data analytics, system integration, automatic detection.
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M/ . 3i O Heoah, ABypuyacx,
M. B. MnuxanmnosBcb Kb n,ji XB..sla.H olHm6 a K i
gocnit oXXehHA NPOUECY PI 3AHHA COPTOBOIO nPO
HA EAKOBANTOYHUX TA BENUKOCOPTHUX CTAHAX

oTauyi a. MeTotw pob6boTunu € [AOCNi AXEeHHS BYy-MOB pi
HM Ta 3anNuMWKy nNpokaTy B YyMOBax H®TTTbactdi Nb HOI
Hacni A OK KONMWBAaHbL PO3IMIpPi B Myam@POIKEBCFK T a PD
T piXeTbCA Ha WTaAaHIUMW OA[AHI ET MiIipHO/MBAAEBXUHMWN
BXWHW po3KaTy npum3BOoOAMTbL [JO TOT O, UO- OCTaH:t
0, abo CKOpoO4YeHOL. AK WO wTaHra 36i /AbWeHa,

A Teon Bk 0 10 i, wo6 He BTpayvyaTu nNpumagaTHWW NpPpoOKa
AW, OCTaHHW WTaHTry i 3alTNWOK PpPi XYyTb Ha pABI

Kas3aHO, WO BeNMYMHAaA 3aNMWKy, MnNOUYMHAaAOUYM 3 HK
HOT OAOBXIKEHMBCSABIERXWADOMI YHOW [JOHIWMBHIAaTK] pHOT [
BXUWHMW Ta 3anuvmwok abo paBi WTaHIM HOMManbHOTI
HHA Be/NMWUYUMHKN 3anNMWKYy B 3aNexXxHOCTI Bi g Mipwu
pTocCTI WTaHTI HoOpMaXIecMHipE. FOBREBVMHIPORAT RN WB € /1
aHi 800 BennmumHa 3anunmwkKky cKnapgpae 0,86 ™. Mo
ro NPpuUoYyTKY B 3aleXHOoOCT.I Bi 4 BeNWUYnmHU 3anmu
Xe O6yTwnm nopis3aHa TaKWuMW CEDOKHW atMa/ : 3 aH/BN WOTKa, H T |
aAaHIrMm HOPManNnbHOT p[OBXWHKMU abo Ha WTaHry MipH
BXWUHMU.

lP4HOBI CcnoBa: [AOBXWHa po3KaTy, Ppi 3abBHHodi, WT aH
BXWHMW, 3a/nLWock.

MocTaHoOBKaA .MpwobBlemunbHMOOBINPORRATYB G A BE/TUKO-
MKkobBanoyHMXx CcTaHax nNpokKkaT nocTaBAeEa-bCA WT e
BNEeHHI, KpaTHOI Mi PHOT LOBXWUHMN, He Mi-pHOI 4 C
b B Mexax Biag 4 M go 11,7 abwwedRbava Hd 3MIH/MHAE
psAaYyoil pi 3 K&UT,0 CNOpPBAY KUTbBOCMAY Bi 3 Hi CX eMW PpPO3KPO I
KonnmBaHHS [OBXWHW po3kKkaTy, AKI OOy MMGBNEHI

epaTtTypun pos3kaTi B, 3HOCOM Banki B i na-owuMnHMMEK
aBBMETbCA abo MiIi pHOT L[JOBXWHW | 3 3 afBu-WKOM, &
HM. Y BuUNnajgKy, SHGKWO 3a/MWOK nNepeBUWYE Benuuy

oMa. 3i HOM@Heoa®, Aypuyack,
B. MnxanmnoBCbKB W) XB.Bla.H20B®BO a K i HC

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



rT
p

ocC

«CncTeamexidH oob @60)i2025« System technol ogi es »
M nepeBoOoOfgy Yy Biagxoagwn npupatTHOTNIO [MAPWWAK Y,
XY TbCAT aHHar o BH epMB P @ 01T H @ OB XU H U .
OpaHack BUHMUKaAE€E NMUTaHHA, NoOYMHAKWY U 3 AKOI
TAaHHIW WTAaHry MiIipHOT AOBXWHMW I 3anunmuwo-K Ha
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AHani 3 ocTaHHInage@mMIOOHXaGHEHHSA NOABAX-IB E€ MU I
Tb O6yTwn BignpaBAeHiI y Bi agaxoagw, Ha 33FfF 0TI E
O NPOKATYYOTIHO P3 a@eime¥wor o Ha WTaHTI W Kpa
3 3a/MWKOBMATpOBRApPNANNAR.
Ane pagna <cTaHi B, AKIpPOBMWE OO I IOTTE K MO B & RHIWM
XHa. Hanpuknapg, cepegHbOCOPTHMN cTaw- 550
HHAM nepegHbOT i 3afAHbOT TexHoOnNoOri yeoi of¢C
MHNM 12 M 3abes3-RewlyaHOTpPwaauweslOpwpoBOM#NBaAHTE
po3kaTy MOXe OyTwuWu O PVYVHUA/MAH@AT OLTEIMMHHMN LT @AM
BXMHW po3KaTy i oTgpUNaAaH|I AABKMHNaBBMI GDP M
aHIMm, HAKLWO A[JOBXMHAaAa po3kaTy 6y me pA3e6Cibum biUpenHoe
0O 25% WTaHTIBKWMMmMManbHOT A0
KonmBaHHSA [AOBXWMWHMW po3KaTi B Ha cTaHax T a
HOM KONMBaAaHHAMMU TemMnepaTypun pos3kKkaTye- aKI
pMaui 0 enemMeHTI B NpoOKapwmaob KOOI BiMI Hed -8 AKITI
Ty i, TuuM camMumumM, WOTFroOo [JOBXWUHMU.
B pelnkob6anoyHoOMy uLUeXy TEexXHONOTNi YHMN npolil
3KaT nicna npokKkaTKWw Ha ONKWMI HITy pi XeTbcCH4
aH3NWTOM 6e3 nNpomTYXRaAaMOb NHAI cgiasly 8M® . B
okKaTy pi3aHH8 MOXe BWUKOHYBAaAaTWUCHa Ha HBI [
ooHa 3a O0p[HOIW, B pes3ynbTarti 4Oro KOXHa
MnepaTypy HUXUYY, BBi O, ¥UN offloe P3e@iH/AL LW EeUuHOH AN PTMo B L
EHWEeHHA [LOBXWUHWWMANPMHIKAFYW . NnHaumpT L i weBenepa
X YyacTMUuHaMm B 3anexHoOocTi3-®B, 5 MM NbXIOTHUL H &
HHOT 6-0/Mle,TQ{AxK r
Ha cepegHbDaapTB6MyHar pi B 3aroTi BB AI W
4yax, WO CTBOPWE KONMBAHHA TemMnepaary BWK3 a
3HOT [AOBXMWHW TexX NPWU3BOLWUTHK OJPOO TIKO A BA& I KOOT /1 |
i BawTbCca A0 6OepaiBlPacoBaiMMHST eMOBLUWMAHA MPIGIK a
SHUX npodi ni B GIOMaBawHE HJoOBXKM2YMM MOKaATY A
OcHOBHMN MaTepi aB1 TpooGcmiuygixedH HARaBegeHI eKC
NVBaHbL J[JOBXUMHWMPWIBKAAPPKAAKNKXMpap&rHaadkx 550
CTaH 3 NiHHHAMU M PP EATHWMYXB X Ni Tewh. Mpn npo
Xe 4Y4yacTO BUHMUKAKWTbL 3aTPUMKWN po3KaTim- B /i
patTypu po3kaTiB. CTaH 8ROHHBXT @IMMEe PIMOY DU
T bCSHA 3a pPaXx YgrHMOHK pPOOC3TKMarTaiHBH AN iycai 4 pi 3 aHHSA H
aH-25bd cTaH BBMMOREXOIdI P|AOWYBAaHHAM NpoKaTHUX K
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OCHaduleHHM!

Hapm-pyXeHH:s
TemMnepaTypu H

ABI NiHIT .vBAEpBYWMEBMNEROEPATY P Uax ,H apip3i HBa B[ OOBBXOVXH an esy
3aTpuUuMKNW npu npokartui Ane uyenhn cTaH
XOPCTKICTH 3a paxyHOK mnonepepgHbOTO
Maui 0o eneMeHTIi B KNniTenw Ta BNAUB
Tab6ahuy
MapamemT T rOBakMm HM pPpo3KaTYy
Cepeg An-c Tpwu MiHi- | Max| Pi3
No Mpodinb HE n.e-p CHB* CKB, | MablH| C U M H nal
3/ 3 Ha cia , 3HaAa|{3HaAa
M M M M M M M
1 |WBenlep, cd.| 51,30 0,144 | 0,38 | 1,14 50,4 | 52,08 | 1,68
2 |[Kyt18@ cd. 5 50,06 0,11 0,33 | 0,99 | 49,28 | 50,60 | 1,32
3 |WBenep 24| 87,99 6,00 245 | 7,35 82,17 | 90,80 | 8,63
yca Bub6GIi pK
4 |[lBenep 24 | 90,02 0,299 | 0,55 | 1,64 89,1 90,80 | 1,7
1 YyacTMWMHa
5 |WBenep 24| 88,62 1,53 1,24 | 3,71 87,2 90,10 | 2,9
2 YyacTWUHa
6 |Weenep 24| 8530 5,69 3,39 | 7,17 82,17 | 87,40 | 5,23
3 YyacTMuHa
7 |KyTunk 90| 4611 0,236 | 0,49 | 1,46 | 4495 | 46,85 | 1,90
550-2
8 |WBenep 1( 49,49 0,014 | 0,12 | 0,35 | 49,32 | 49,72 | 0,40
550-2
9 |WBenep 14 36,44 0,017 0,13 | 0,39 36,26 | 36,76 | 0,5
550-2
10 (WBenep HE 36,79 0,072 0,27 | 080 | 3566 | 37,16 | 15
550-2

*CKBcepepgHbOKBagpaTuyHe

3 Tab6nunuyi

M TemneparTypwu

1 BUXOMUME>XYHWUOP KDKIAMBIABH ,H 995K -i
po3KarTi B;l BB AveykBaaxioT biC A1— oM, 9 [AC/Tsa

Bi OXUWNEHHSA

o6ymoO

TaHa& XxX5001mBaHHA -3BHiagd HtO Ome3Hbweso = 0, 8 m®- Ui K O
aTiB NPU3IBOAATbL NPU PpPi 3aHHI Ha nNunax [0 NOAB

B Ta@mmBiegemmiza awaduyuecy Ppi3aHHA Ha numnanax po
BUKOHAHWW [ANSA [OBXWUH po3KaTi B, wo OCamBHMNETpPUMA
LJOoOCNni oXeHb Ha cTaHi 800. Mpwu npoB eapi@BHaH/i a cebk C N e

M
+ 3M/71KonNmBaHHAT AOBKMNKWKN 30 6 NHWOVBAI EMHA C MK O3//UMBTaK a ,
c
K

LOBXMHA Ppo3KaTiB,bHBPOGWaAaROBK @ADMPANAEEd- 0OOMI P K
nmcobL, Wo6G BM3HAaUYMTKU Macy NOroOHHONOoO MeTpa.
94
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Pi3aHHA BiIi gbyBanocb Ha [OBXWUHY MIiyBRAIM, WT ;

AKa 6ypane KIiNnNbKiCcTb WTaHT MiIi pHOT AO0OBXWHMWU, T X

HUM,4OBXMWHaAa Ta Maca, a TaKoOX JOBXWHa Ta mMaca

Cyma [JOBXMWH TexXHONOTi yHoi o06pPpi 3i nepegHb

Ta6bnuuysa 2

EkxkcnepumeHTanbHi pfaHiIi [AOBXWHW po3KaTy, WTal
AKI oTpumMaHi npwv 8pOkasegnepa 24a

J& -| Mac| Mac| e -| Mac| B -| Mac| J® -| Mac| Mac
XUH anor (poad4XWUHa MPp-|XWH A HOP|XKHaA 3a-|06pi

No|POBAMeET ) Ty MPp-|HMUX-| HOo-p| MaAa| 3a-| nun4u
s/ TY HUXl TaH|MaAa| HUX nudul Ky
KT wT a HUX Wt a Ky KT
M KT , KT |wWwT a , M KT
M , KT
M
88.3 22.99 | 2004 7 1770 9,7 223 - - 36,78
89,1 23,76 | 2117 77 1829 10,5 249 — — 38,02
88,1 24,51 | 2159 77 1887 9,5 232 — — 39,22

82,17 | 24,3 1997 66 1603 | 14,57 354 - 38,88

89,9 | 23,02 | 2069 88 2025 — 0,3 6,91 | 36,83

88,8 | 22,43 | 1992 77 1727 10,2 228 - - 35,89

1
2
3
4
5
6
7 | 8237 | 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
TakKMUM UYUMHOM eKCcCNnepuMeHTaAanNbHI AOCNi goxe HH 4
3KaTi B BigbyBawTbCd B 3HaYHUX Mexax 6pas3npus
WWTaHTI HOpPpManNnbHOT AOBXWHMW I 3ainuwkKi B.
MeTOK p[OCIJ/EI fMeaHH 53 Y MOB N PO UEWCeH HA 3NBRaHKHCGIN M
Horo npubyTtTKy npu peanis3auyii BupobneHoOr o np
3po3ymi no, Wwo Heob6Xi AHO BUXOAMUTKU 3 XKEeKOHO
ye: WTaHra MiIi pHOT LOBXMWHMN i 3anvnwok abo 4B

Tpeba BpaxXOBYBaAHRKODODMNMEBEELERA, O /RATAIHBHIWHM M p OLL
NpoKaTKMW Ta NpouecomM pi3aHHA po3KaTy Ha n0MunI
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LLla ymoBa MoxXxe O6yTuM 3anmcaHa Yy HaAacCTynNnHOMY B

ClM K o TQ' X K s:((lp M I )r1 (l)

peC-paprticTtTb 1 T wrappomKpHA WIHAaBXWHIMBWIAPHOT [OB

BXMHa 3aKjunmwmoedpi Ui eHT BalKreKcoe QiBl igxOTi BAPTOCTI

HoOpManbHOIT [OBXWHMN.
Koedi ui eHTugs@apmr®CITi WBAaHI HOPMAaNnbHO- [0BXMWI
HO BapToOCTI WTaHr Mi pHOT AOBXWHW i € 6e3po3Mi
Micna nepetTBopeHHda Bupasy (,l1) oTpumaemMo BMUPp

(1 KHp)lll

x u )
(KHpMK B)i,q
MOXYTb OYyTMW 3 acCXTEOMVO BfRIH3 & HPHI A3 H3 & /T U WK YK-T O T OB OT

HOCTI Bi 4 MWOro [AOBXWHM: pi 3aHHA Ha WTaHTy MI
WTAaHTIT MW HOPMANbHOT AOBXMWHMWM, pi 3aHHA Ha WTaHTYy
LOBXUMHK. Ale nNpu LUbOMY YWMOBMXI AM0® B@pPpaMydba Ol
na pi3aHHA WwWTaHr 6yna MakKcuUuMaibHOIW.

Ha pwunc. 1 HaBepgeHi 3aiexXHocCTI YMOBHOI BaprT
BKas3aHMWMM BUuWeEe cxXxemMaMun Ppi3aHHA Ana nppdpi nwo wWB.
HoT pgoBXwHin widewst i B Kp,a f,940K,7,,012 3 HaueHesas Koeqi
HTIi B obGpadHi BMUXOA4AYM 3 Ui HBKMaA UN P @K 81T AgXiommo T [ic
3annuwky, npuM HAKOMY npokaT AOULI IbHO piga&TN Ha
0,86 wm.

3anexHi ctTb 1 BipgnoBIi ga€ BUNapfKy Ppi3aHHS Ha
NexXHi cTb 2 BI ANOBIi A4a€e BMWUNaAaJLKY BKM H3ME H H35a NIHEaX HA BCI T I
Bi ANOBIi f,a€e BuUuNagKy Ppi 3aHHSSHTHYa HLOTpavHar /iyb HVO TP HOPGO B Xy
3anexHi ctTb 1 nobypoBaHa 3a BupasomMm:

V |M KBifq' (3)
3anexHi cThb 2 I'|06yp,OBaHa 3 a BUPaAa3OM:
VoKl ). 4)
3anexBnec@wyapoBaHa 3a Bupasamu:
V |M KEzil,q’xﬂxK IJ.I|0 l X .mint
(®)

V |M KHJMJ’QK”-‘O L .min
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Puychdk3anexHi CTb YM@BHOBXBMAMT G@TIIN WK Iy
IXp—pO3paxyHKOBE 3 HHapUVBNH-M IiAH i3MdI/MBUK & , 3 Ha 4y eHH
LOBXWHN WTaHIT W WHHMpManbHOIT [O0BX

3anexHi cTb 3 Mae€e namMaHWUWNW XapakTep,mHge 06
WTaHI MW HOPMaA/NbHOT AOBXWHKN 3aeTexXxaonNndbrac ™aHHois
Tomy, MOKWNW 3a/IMWOK HEe TMNEPEBMBYEABEOBXUHY M
HOpPpManbHOTI LOBXWHMW [aHaxXH3 ac/mebX Hli ,c T 0O GITO0B TE&O P M
WwrtaHr un i 3annuwock. AK Ti NbKW 3aNNLIOKHTCA-aHH € |
pManbHOT [JOBXWHMU, TO B ULbOMY Bunapgky psi by
ManbHOIT [OOBXWMBMCIT P Badinge IapanenbHO i BULWe

OueBnpgHoO, wo namMaHa Kpwusa, AaKa ob6mMexye
MakKcuMumManb HQWIX opaiyg e Hab LLe BKa3ye Ha Te, Wo [n4
LAY B 3aNexXHOCTI Bi 4, Be/NUWUYUHU 3 alTMWKYy a&-eo006X]
NN WKY.

Ha pwuc. 2 HaBefjgeHa 3a/leXHi CTb 3 ananwmkKyi BIi |,
LOBXWHM, AKaI MOBaAHYEEH DHBkWw UM 3 anunmuwok, nicnsa
€EKOHOMIi YHe foOoUi NbHe pi3aHHA Ha WT a KCryVE THbOCPSM &
Pi BHSAHHAM

| 39,29 66,74 27,4€. (6)

X
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Ix

0,65 0,70 0,75 0,80 0,85 0,90 0,95 1,00 1,05
Kgjf
PuUycH 2k3anexXxHi CcTb Be/NUWUYUHU 3anunmuwkKy
Bi 4 Koedi Ui EHTY BapoOBOXUTHN WTaHTI HOpMAaIN.I

BucHOBRKW®.NII 3 nNnpouyecy pi3aHHA nokasasb, wo B
WTaHIMIM Ta 3anNuMWKy Ha ABI WTaHMBaAaHWPBMaBRnaAOKHM@O
Bi A4, OOBXMWHMW 3aUNIWKYy, 5 KHao 13 awnreaxHurTvb TBal [OK 04e0dBi XUMi HEWE
WTaHFI HOPManbHOT AOBXWHWMWMHST aMBK @XxmoammBH O g1 Ap i3 @H
Bi o peanis3auii npokaTy Tpeba pi3aHHA po3kKkaTy
Mi pPHOT AOBXWHM Ta 3alVnWOKPBXAHWMBAOWTAAT WTaABP)
LOBXVWHNW Ta wWTaHIy HOpManbHOT [AOBXWHWU,M-ane npu
Tepiw MakKcuMuManbHOT BapToOCTIi oOoOTpumMaHuUX nicnsga p

NI TEPATYPA
l.L.TexHONOTrNi YyHa I HCTpPYKUIi 9 3 BMUPOOGRAMEGKEEE OCOpPTOB
uexa N 21ICA299623HAM3, 1997. 447 c.
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Research of the cutting process of rolled section steel on rail-beam
and large-size rolling mills

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

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

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

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

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

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

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

mainder.
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3i HY eMxoa ALINON T P O-BKITH., 4 O L erHaPe apao Ma BMIPOLOIHIN Y N X
NpoLUeKIPRT HESXMABHVBE e HAWIKE@ETX HO.JTOT i I
MoT a&m elOX N MO B-UKIT.H., T P O PercadPed@P BOMA BWMPDLOIHIMPH-U X
uec¥wBpali HESGXMABHUBME @A YIKTKEXHONTOT I .
Bypuak AHApi W -AcHTaarpounvi A oBBMMKYN a fia v, K aadpe mpP & Xa B T O N
npoueci B, YKpai HCbKWUW pJepxwa®MHiMM. YHIi BepcurteT H
MnxanmnoBcbKkKuU Mukona pghaureguy MmKm@maemmpa anBToOMaATMU?3
4 unx cnipgo,LeYKkpal HCbKUWUN pepxXaBonwid i YiHIi BepCcuUTeT HE
Wnbéaki HCbKMWIN Bonopgwowps HIFB akHaceepyp v aBTomMaTunsialy

npoueci B, YKpai HCbKWUW JepxXxaBHWUW yHIiBepcurtTeT H
| BaHOBaAa NoagmMmunna - Y@@ A DEHIBHXAH|I YH@ApP,Hakadge gipmo
nnBapHOro BupobHUMUuTBAa, YKpal HCbKUWUIN pfepxXaBHMUI
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O. PepopeHklkonumw, KICu Be HK O
HEMAPAMETPWYHA CTATUCTUKA BHMMAIMK OBUWMX BE
3 HEBI JOMUMWU OYHKLUI AaMWU PO3NOAI NY WMOBI |

AHoTaRld&oTa nNnpucBsYeHa aKTyanbHiIi W npobinemi

aMnu, e KNnawmuHHI veapameHrnped@ekTunBHI . Ha npi
i B (nNorictTuyHoro(cCuMMeTpPUUYHOT o) Ta €eKGHf OHEH
yBaHHSA HenapamMeTpUUYHOTo niagxopy, SHAKWUK CKI:
KcTpeManb HMT a8 HROIHIbP XBE@ A€ HHSA SKi CHOMG aHa
TUYHOT OAHOPIi AHOCTI yacoBUX pAapgiB 4Yeipe3 o0
Ok3 CcCyBi B Ta Meartcougiia 64 BCBi PBEEPBHA: BUKOPAMUT aHi
enapamMeTpPUUYHOTNSEM@ITMETK WM3HWIMO ITiac TEUK C N @HE M L | 1
ofAi NeHHSA 3HalWAgeHO T X CTaAaTUCTUUHI HmAapaMe
b BMKOHAaHa 3a pe3ynbTaTaMW aHaAMlepi 1pBo.3 |
TMY4HA HOBU3IHaABEANEWMNAMXBHPIEREERIBI PKAX-HA L.
Yy OAHPEBWHPOEbNPAKTWUYUYHY N 10 WKWHHEYN a3paacMmreo C
O CTAMACEKDMMAEKCHOINO CTAaTMUWCTWMWYKMOROM aH .
OAi NeHHSd Bi AMI HHWIdep yy 3HaoCpeMeaWIybBHEOE #OA @ [
K8 MOXYTb 3HaWTmMm 3acToOCyBaHHSA B wmanyassHd
HOT OAHOPI A HOBC TiiHXWaHH VPXN, HM 8/8 KBD e3@BadHar@a XC T a +
MXx 06 EKTYBCORI CC/UCITIEWH U X A OC NI AXeHHSKX

i HHOCT €N, MNI BKA UrYgHY &4a y, 1 S KOHTPONKW SHAKOCTI
plBaHL

04 O B | cnoBa: HemapamMeTpMUWyHa CcTaTwTaMIKA,

NagKOBUX BEeNWUYUH, PpPaHXYBaHHSA, cepepoeldi 3H:
NKWBAaHHS.

Zh £ S —Tw £ oo w
— z r £l 3o T < 4 3

D ® X W ® T O O T T 4 JxTo©T T T O O® O 3 O
®® =S o0 &7~ -4 3 0 = ST — O

BcTYXlyyacHUN HWiTanLCa/Miu3 CcTUKaeTbcAa 3G- CK

(%)

KW pJgaHWX, Ae Tpaguvuuyui WHI napamMeTpPHMBG I T WMET oMM
abo 3acCTOCOBHMUMMNU. Ocob6nNuMBO&KLDH @EIOBAWELT BIGYA B
BEeENMWUYMUHN HEBI AOMUIN YanbGrar . l YT OT aKamdKK Oy MBEOB3aH¢a H a
AATb HenapamMeTpUYYHI mMeToAawu, A K i He BMWU3M-Aar at
noagi ny T a NLO3BONMAKWTbL E30YT/PLUTMAYTBMA T VH @ BHIiaTAL W HBia
I HJopphlauyi I

HenapameTpmyHa cTaTUCTUKAHSHBANENaAaHRAKpORA
€EKOHOMI KM Ta 6ionorii Ao i HXeHepil Tasa-coui .

©dbepopO®HKO, BKOnm KJCun #2625 Kk 0
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€ B TOMY, WO BOHA A[JO3BONAE gWapi ZyBEAA M WMaHI
nagpHy CTPYKTYpYy abo aBTOKIB@@AKITWIBIOH N p31a /peoXHO0
albHMUMN BUOBI pKamu, LeKBMNMBEMHM, wWagXe®-44allTmRK
nbTaTtun 4Yyepes3 nop[yAleHHa T X nNnpunyuweHsb
B pob6orTi HenapaMeTpPpUUYHNUIN aHanNni 3 IBOBRA@KOBMNX
KOHaAHHA MeT®9AVYapAWEWBBHIIWOIO ONpauyuwBa@aHHA ekKC
Hb ( Mi Hi Mymi B | MaKCcCuUMYyMIi BIITIiylXeeHHMEA HKyoIB a HOUOX
a Tunu pos3nofgiNniB: CUMETPWMHHMMN ((enkoan CH A LHINMI
mKknaapgi pi 3HMWX T UAIH BT pPpooB3anHoaz, i MiA M8J1 UNBPi oCEEebM 3 a C T O
TPUUYHOT O MeToOpyOMMMM RBOHIWGIKLMGO K MN weBINDAI Ny, A K
pManbHOMY 3aKOHY
OCKIi NbKKW BaXNUWBOKW YacCTMWUHOW [OC/MI AXEEHHA € P
MEHTY 3 oOnNpalulBaHHIA PROSaMbHE U XB CIPEHOVOXTii B i BTYAKUO piiv
aeni . 3reHepoBaHi BUOBI PKM 3 3ajaHUWMmM- nmapamMme
X XapaKTepuUCTMWNK: cepepHi 3HayYeHHA, a-H Hi Mywmmn
WMMN aHani 3 BeNUWYUH CN emo BaaHbVHIM XH &k pma B eB il BK YO
O CTATUCTWUWYHY Op[HOPI AHICTbL BUBI pPOK, wo mMae
OrHo3yBaHHA Ta MOALeNnNWBAaHHA TeXHI YHUX cCcuUcCTeE
"eKTamm., PesynbTatTunm pob6GOTU MOKKY TGT VOKyar T bKCOSP |
BU3IHAYEeHI CTHOTPYE OFDABX JO@B@ATKOBUX | HCTPYMEHT I
ATUCTMUWYHOTO aHanNni 3y YyacoBUX Ppafi B 30-3aKOHOM
oHacTynHI etTanum pob6GBOTM Yy BU3IHAYEeHOMYeHHaAnNpAaAMIi
AM TaocH@apeBKAM HenapamMeTpUWUYHMWX MeTopniB Ta 11X
afjaHux ywmoBaAKX.

AKTYyanbHiga®oTI [ 8] aBTOp B 3apjgadi w-nTuUuMI 3a
Oro 3a6b6be3neyeHHHA aBTOHOMHMWX B W Na PHOIBCATIbUYHHAXX M
aTemM ocobnueBy yBary npuai n4dawaocer i aprioaEmHTOMYT U el
mrHani B, wo 6Gas3yeTbCcCd Ha KoMOiIiHauyuii kKpurtepiil
I AXi A4 13 3acToOCyBaHHAM napaMeTpUUYHUX MeTOpnI B
opManpeasoDogi Ny JgaHUX.

Y BoCchni AXeHHI [ 9] aHafni 3yeTbCcsda BNAWB KOpern:
Hi CTb i Hi WHOT perpeciil. ABTOpPp nponomye MeTO
WeHHA oUi HOK pAucnepcii Koedi ui EHTIi B AXeEpT peci I
C/NIE BaX/IUBI CTb BpPpaxyBaHHSA B3aeMHOI Ko-pengaui i
BUX papgi B. OgpHakK BUKNapgeHIi apveeMeoTApMM Y3HAO0/ U LCATHET TbUCCS
Wwo o6MexXye T XHW BUKOPUCIMAUH RS OA4 XK NRAHWMMUNI P OB EBD

Po3ranaawpywy™mwoTmm CcCyyacCHUX aBTOpiB nNniagreBepaunn
napameTpUWUYHI MeTOAW BUMATl alOTb CaBOpPMNanNnpuryas
HoOpManbHI CTb) I MOXYTb OYyTWHHEeePEeKTUBHUMNU B p

3a3HayYyuMMO, WO KNacCcUGHHIAK Mam e MAGC Y MHMMALW®-a akromMmn’
GKY eKcnepuMmmMeHTaNnbHUX aBTOKOpPe/IbOBaAaHUNK- BUMI pIto

w T O -
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OAHMUMNM Ta TexXxXHI YHMMMU 06’ ekKTamMum Ta nNnpod,ecan
I LXXeHb 3 BUBYEeHHSA | HpopmMaTmWeMOEBTISAaKPEUHaARDpIC
eHHA 3a [p-04].exOmakeny 3 04 OMG ab@OYOOKAT IABT O K
MMiIi proBaHb 3 PpPi3HUMU po3MipamMum BUOBI pox- T a
AMW BIi AOMMUMWU CcneLi anbHUMN KpUuTepimawmme Q@i
i AXeHa HepgocTaTHBLO. 3 i Hworo 60KYy, pacni g
I 3 OCHOBHMUX napamMeTpiB, TaKWUxXx AK cepafHiI
wTt abwn, Ma€ BUpPIi WanbHe 3HaYeHHHA A1A MP-OT HO:
I LXeHHSA, EKOHOMI K a, MeaguMyHa cTaTunCcT U a, K C
MYHOHO3MA KD HOCT I KW X3 WimMoiB g y74 b.

OT Xxe, aHani 3 aBTOKOpPenNnboOBaAaHWUX BUOI MGK BMU
ew, e BXIi AHI AaHi MOB H0iT G H YCEK N13ag0/HEYX HCITCPRYBEK T NI
n. B Takux BunajgKkax camMe HenapamMeTpUYYHI M
e € 060B’ A3KOBOKW BUMOTITOW, CTawTb He3aMi HHV
OHW [A[O3BO/MTAKWTbL OTPUMYyBATMWEPKEHYJI b T aHTO3pMaERLIi T
opgin [1]. TakMM YMNHOMYHIMOCME OXBEHB Aama@miapy
mMocTepexXeHHd 3a CTaHOM TeXHIUYHUX aboa-npup
e .

MeTtTa pob6boTuMu nNongrae B NpPpOoOBeABBBETOTYwBABEBS
apaMeTpMUMyYHOrIro MeTOAY ANSA TNepeBB VXK UP ACATI aBT UL
Ui HKY OCHOBHMUX cCchneyi a3iGHBIXB KPUTRAPC iWBia®BIND,
XEeHHSA 3acTOCOBHOCTI Takoro nipagxopay igenm no
eBi pKMW CTaAaTMUCTUYHOT O[LHOPI AHOCTI BUOGI poK Y

MocTaHoBK.dlnwamBawciTocyBaHHA MeTOAY Henapa
epeBi pKM CTaAaTUCTUYHOT O[HOPI AHOCTI BW-OIi p O K

) N

nmHI 3aBgaHHAa:

=<

—-BUKOHATWNW i mennoBahHa BOOIi poOK 4YacoBWUX pAagj
o3nopiny;

—3acTocCcyBaTun MeTOph pPaHXyYyBaHHSA ANg oTpumMat

—obuymnmcnAamnMTHNM ANA KOXHOT BMUOBI PKMU OCHOB®®- CT:¢
€HHA, MiHIi MymMm, MaKCUMyMW, a Bayew 0DaHMBAAL

—nepeBi pUTM CTaATUCTUUYHY OAHOPI AHI CTCb- BKUDO
MW Ta KIi NbKIi CHUW aHani 3 3Ha4yYeHb UcinpeaKk .anbHWN

MeToaAun CTaAaTUCTUYHOI 06 pO6KM BUMI pi B B WM
MOBPHOCTI wo HeBIi AOMI , oTpuMmmManun Has3IBY Hena

3HaHb @YHKUI W po3nopi nyk aiimo¥ikfjnpktaemi. i Asmm

P
H

toB a k=bl ,(2n;N3p.0 3 Mi p pHMOONM eppk MBjr B | BNV B 3. Ham gemMoe Mi H
e aikcmManbHe 3Ha4yYeHHS4d.
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Hanouyatky nepertTBb/fp)vemoy nBovpbAi ApkkoyB a HY , HHAK a Mae€

X(i/j). Ana ynopapgkoBaHWUX BUOI pokK, AHA € NMOEpHUAaY eTHaH AC
X'T&'(nfj) BUKOHYETbCSHA Yy MooBcuT(gHila,c2NY3j.i u X Hepi B H
X(/p<x@p) < <X k) <xk+1/)) < <X (n—1/j) < X (n/p).#(1)

Ana nepetBoOopeHHA BUOI pku X(k/j) B ynopapagko
Tob6TO paHrI BKa3ye Ha HomMep BumMipis B YW(il/lj).

NHUWN BUT NAa[:
mn

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

k=1
OCKi nbKW Mi Hi ManbHIi Ta Ma KOC U MBawibb¥pim/j/i3 H aTyae H H s
TAaKOX BM3HayvawTbCd NO 1T X paHraw,nam 3anunwemMo

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

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

Aesgn(x —a)—(Py HIK@EMHOYHOTIO CTpuUbBKaA, xsEkaa af Op igsKHume 1
x=<a;j=1, 2N. 3 ...

Buxopgaum 3 nooMewik ekKemapameaRpy wWoy-y BUOI p

T bCSA, cepepHi CTaAaTUCTUYHI , Maw M MYOMIW AHOKI AHI
pas3om i3 iX 3cyBaMu Ta mMacwtabamMu Ti /ob-KKU 3 a )
Mi pHOZli, [MhboBepgemMOo OOUYMMEHOB aAINbBBANEEKEKM@pPLUeEe 0
O6bunmcnwBanbHI eKcnepuMMeHTHN npoBepemo Ha BUOI
MMOBI pHOCTEW: NOrTi CT WYLl MH({ din feaTcmmer ipm)d Hii K K C
1
Fp(X) = ; #(5)
—mix—a
1+exp(v,§(g))

X
F(X) = 1—exp (—I).#[G)
I x napametTpamM Hapgamee3HaowrPMNsdR, AMaAMKH b
MaemogHakomaTmarne oM[KHsys MKuls 3.

Bubi pku BUMI pPIi B OTpUMAHI nNo BUOI pkaym KOMMN’' H
BaHHAM nporpamMHoro 3a6b6be3neyeHHAa Matl ab, 4ake B
ChopmMOoBIMHAE DB BEe€/TNYNHMU 3 Pi BHOMI HHHIN M M308BK QQHHMOM T [
W(E/N=1F(/j)=3,0=¢(=<j. Hapani dopmMmytwTbcsa BUOIi pkKun [
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eKcnoHeHUuiIi anbHOTr o 3 a¥klb/my T @¥e(k/mjo g inoe HBIWO I pK a

E(k/nj), mMERMX HapgamMo QOopMYynum Yy BUT NALI

, V3 ¢(k /nj)
Xﬂ(fffﬂ_}) =a +?Jln(m) ,#E?)

X (k Jnj) =}l11’1( ).#(3)

1
1—¢(k/nj)

Tenep BuU3Hauummo T x paHKyl/nhiXEl/mnioswamHd M
ManbHI  HKy(EOyng)H XERLO/nj).

3cyBlWra wmacaki(@pma posr nsapyXekyngraXs(h/@ai p ok
3HalgpeMo 3a HacTYynHUMKMU BUpasamwu

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

Mo BploaM AN nepwor o o064wncllgpadepryro-meKB
61 pX /)1 Xe(k/j)yT@mocni gmmo T X i HGOP MBHT 1 B H I3 CNyoBKl
MacuwTt:abun)

X1 Xe(D1, X5 (D 1, X2 (D4, AXG (D AXE ().

Mo Bpoam pagna Apyroro ob6uyunéighadepoyom e KE
6i pX,k/j) i Xe(k/j)yT@ocni gumo T X i HDopme@ZmiBHI BOY
Macuwrt:abmn)

X1 e X5(D 1 X2 (D1, AXG (), AXE ().
Pe 3y nbmpaotBne f e HM X PO3paxyHKIiIi B no pf[BUSW rleHe

Ta 2.
Ta6nunuysa 1

B3HayeHHs cepepgHi x , 3cyBiB I MacwAB®di B ne
AN#MOBpPOK NOri cCrTMy4yHOro tTa ekKcnoHeHUi anbH
T~ X %0 (%O (X0, [ X0 [axgp), [aX()y
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
ISSN 1562-9945 (Print) 105

ISSN 2707-7977 (Online)



3HAUYUEeHHSH

«CncTtTaexiH ooh d60)i2025« Sy st eno gieecsh» o |

cepepgHi X

3cyBi B |

Tab6bnunya 2

MacwTabi B

aApyr

€eKCNOHEeHUI anbHOT

npeagcTas

ANwM6IBpPOK nNOricrTuMyHoOro Ta
I~ %0 [T [50. [0 [aXG0, [ax0);
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
Ona napametTpi B yndiplh/ieomerwxo Hw@iapieGKUor 0 4 e
aHani 3y pgopaTtTKkKoBO Hapjgamo 1T X r1rpadi yHe
AX*(j)
. , X*(k/))
X1/ X() X (n/j)

PncyHn-dmpathi une

3BepgeHi

3aKoHamMm

npeagacTtTaBneHHHA

napiikedi) pi s

ynop:

3arkambMnga NOHEK@B HMO Y N C NIOB abprlaHmWXM e K ¢ n e
nNokKasaHi

po3noai NeHHA

Tab6bnunuyi 3.

Ta6bnunuysa 3

3Ccy

eKcnepummMeHTa A

3BepeHi cepepHi NOKas3HWUKW cepepgHi x
Ta gpyroro ob6buynmcnwBanbHOT O
Ta €eKCNOHEeH LBiax Jouim® HPHOSA3 N O 4
Xn() X:() Xa() X3 AX7 () AX;5(f)
X
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
OAna aHani 3y 3BefJeHWUX 3HauyYeHb
tTecT ANnAndHeBlaGIieK® K, HSKWUN 3acCTOCOBYETLECA
pumeHBT ipe3ynbTrTarTi ANnNa [ABOX PpPi 3HUKX
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NeHHA OTpPUMAHO HacTynHWINO pi B & ®Avelr +A.6052po c T i
Bi AonNoBI AHO A/esK CME@WMMPHIHBX 3a eKcHippvale Ry i ant
0. 7433. BoueBupgsb, B @MWiWNH HHOEC TMealo TAp/1 13 HOABYOHXW XP iB3i H

BCepeagUHI OJAHOTBHA3.AKOHY po3nofai ne
OAnArRopganpeupdBK M Ha CTaTWUCTUUYHY OALHOPBAHICT
MEeHTIAK OX BUKORIKCTCTaMwo ptesynbTarti AKOToyoTpwuN-

wocTi 3cyBY Ta MacwTtaby HaBepfgewHI B Tabnuuyi
Tabnuya 4
BenmuunmHm piBHeW 3HauvywocTI 3CyBy Ta MaclL
TacCneokH e H LI albHOTNIO 3aKOHY po3nogi ne
3 3cyB MacmTad

NNor iy i im 0.6072 0.3639

EkK cnHo H & H 1 0.7433 0.5272
B3HayeHHsa 3 Tabnwuuyi 4 ni pTBEepPAXYWTb acTartTwu
UYHMUX Bi AMIi HHOCTeW p[ANA ABOX picGHHOWX peaimeld mmee
Ana peTamgBWOOO TAKIKI IbKIi CHOTIoO aHamiBy B[BHRA
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B pesynbTartTiaHmapioBeysefHHAA NepeBi PKU H@- cTaTtwuc
Kpema nocni AOBHOTO oOoOnNpaullE@ipied WBCINE UTEaE NTbaHUINT &G
-po3paxyHKOBI 3HaYeHHSHA He nNokKas3anwm 3Hauyuyuwmx BI

OTXe,HBWMIKOpPO3IpPaAaXyYHKMNW 3a nNnpunyuweHHAaMmnHr Henap:
3aiMm MOXNIWUBI CTb 3acTOCyYyBaHHSA ANn1A nepeBEpKUM CT
OMIi HHUX BIi 4 HOpPpMa/nbHOT O, 3okKpemMa ANn1Aa CcuUuMeTpn
(eKCNOHeHUI aNnbPMil) HaBawgeMnummnanr opmutTmMm TP-03 paxyH
Hi CTb BOAHOYAC |3 po3paxyPH&DBOO HEWIKHIKAY HC T & 1O
OAHOPI AHOCTI B 3ajaHuUX ymMoOBax.

BncHoekupo6borTi npoapeMOHCTpPOBAaAHO 3acToOoCcyBaHt
TATUCTUKU PEMA CTATMAE TUYHOIT OAHOgOI BH OCATNIA BAKOGMI X
aAaKOHW po3nopginy HeBI 4OMI abo MawTb Cc&JyTagHy
aB/ieHa 3afjadya BUpPpI WeHa NOemwBAIHIWA BWMEKIOpH@EK 04 a Q
A41 B 3 Bi AO0oMWUMYLI 3K QTHOA M 1&T PpnoH3m unm ) ( 1M € K C M O H € H
acCuMeTpPUUYHUMM), 3acTOCOBAaAaHWUN MeTOn paw>KyBaHHSH
i pKNMW obBGYMCNEeHI OCHOBHI -CCETPaeTAMHCI T M3YHHAI U exHaHpsa, K TVel pHu
MMy MU, a TaKOoOX OCHOBEYBEINERI MABHWIT adbpm-T@ppesnIi
Ha OAHOpPI AHIACT®C \BBADHEHPOW . | 3 3

PesynbtTatTunm obuynmcnwBanlbHUX eKCNepuUMEHTI B I OEKk
CHOBHMUX CTATUCTUYHUX XapaKTepuUCcTWUK TA- 3HaAayeH
A Ki CHY OULiI HKY nepeBipKM CTaAaTMUCTMUYHOT OAHOPpI
i AoMi HHMUM Bi 4 HOpManbHOT O, 30Kpema pne- noricrt
o (acumumMeTpunyHOT O) . HaBepgpeHWn po3paxywH-KOBUN &
OrFr 0 MEyTYOHMYN 3419 K O MN ' 0T eHHeO rnoo TMpoeOEyED BCanHeHUA a N i
porpamMHOro 3ab6be3nevyeHHs Ta BeNWKNUX O0GYUMCNKOBaA
eBarow B | HXeHepHWUX po3paxyHKax ANnAa a@a-onepejH
i PKW CT amHoT PIHHO®IM 60 POK YacoBWUX papiB. Pe3ynt
pPpakTMUYHY nNAOWMHY 3acTOCyYyBaHHSA MeTOLIMB- Henape
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HOIFro CcTaTMUCTMUYHOTO aHani 3y 4yacoBWUX pdaa+ B 3
NbHOT O. Mopganb wi LOBYi geaeaplmi VyYOBAYHA BEAWOEB ' 4
NeHHAM HenapamMeTpPpUUYHUX MeToOopni B aHani 3y BMUO
abo nNnpupoagHUx o006’ €eKTIi B.
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Non-parametric statistics of random variables with unknown probability distribution
functions

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

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

Abstract. When controlling static objects at the optimization level, pattern recognition meth-
ods are used that allow partitioning the factor space into elementary subdomains in the form
of n-dimensional hyperparallelepipeds. One of the main elements of the control structure for
this approach to control is the adaptation algorithm, that makes it possible to refine the de-
scription of a static object under nonstationarity conditions. Repeated use of the adaptation
algorithm to refine the model leads to an unjustified complication of its logical structure and
the accumulation of information that has lost its relevance. The paper proposes a method for
minimizing the description of images of technological situations, that makes it possible to
overcome the indicated disadvantages. The method is based on the property of invariance of
the number of parameters defining the hyperparallelepiped to the size of the described area in
the factor space. This made it possible to identify significant boundary sub-areas in the de-
scription of the image of technological situations and, by their subsequent combination in the
direction of the feature axes, to select a description with a minimum number of sub-areas.
When performing these operations, “out-dated”
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 o-
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.
Keywor ds: c o nt r o-hldelranngethod foraninimicing thddpsaiptibnof,im- a
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.

© Tryputen M., Kuznetsov V., L. Yvanova 2025

112 ISSN 1562-9945 (Print)

ISSN 2707-7977 (Online)



«CncTeamexidH oob @60)i2025« System technol ogi es »

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 oftheobj ect ' s behavi or .

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
devel oper or system designer. Therefor
model s and al gorithms i 3, reflectingehe facnthatauccessfut
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:

Z y | |

€ pl1 11 h 1

where ,H— are the vectors of power quality indicators and cost indicators of protective
equipment, respectively; Sjand Sy— 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; p— the number of predicates describing | - the pattern at the end of the pat-

tern recognition learning procedure; ; , —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 * and ! 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

(_, it is necessary, by setting different values of the control criterion Yy in the in-
terval Y.  Ymin 0 split the factor space )(1,- into two images: M, if y, Yand
M., if Y Y (] 1,_\/), where V —sample size. If, in this case, the value of the control cri-

terion is changed with the interval y,then m entiel( Y., Y..)/ Y 1 ofthe 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 y 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 X. 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:

Z -Tll Sgn (xj ijin )()gmax >§)

where
ijin)(xj max Xj ) O .
ijin)(xj max X ) O

1

Sgn (Xj ijin )(XJ max )S )
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Ximins X max( ] ﬂl)— parameters of an elementary hyperparallelepiped that determine its

dimensions; N— the number of input quantities (disturbing and controlling); X; — current
values of input quantities; — mathematical multiplication operation.

If the current technological situation mz,- falls inside the hyperparallele-

piped (the technological situation is recognized), then Z ! otherwise Z -

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

where 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:

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

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

It is proposed to solve the problem of limiting structural changes in the predicate model
of technological situations on the basis of the invariance of the number of parameters of the
hyperparallelepiped to the size (volume) of the region specified by it in the feature space. A
set of randomly located p-image hyperparallelepipeds can be represented as ordered hy-
perparallelepipeds differing in size (Fig. 1). The hyperparallelepipeds located on the border of
the image will have the smallest dimensions, since they determine the accuracy of the divid-
ing function. In Fig. 1 they are shaded.
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Figure 1 - Location of Boundary Subareas

If we combine the shaded boundary sub-areas in the direction of one of the feature axes,
for example, x,, we get different-sized sub-areas that completely describe the image. Thus,
the union of the subdomains D; and D, is of interest, since the resulting subdomain Dj; in-
cludes, in addition to D; and D,, one more internal subdomain of the image Sx. Combining the
D; and D3 subdomains into the D3 subdomain will allow simultaneously describing four
more internal subdomains.

It is easy to see that the combined subregions differ only in the parameters of one pro-
jection. This allows us to propose a simple condition according to which two boundary sub-
domains are to be united if all internal subdomains located between them belong to the image

X}min ijmin; xJimax )S'zmax under J 1’n; J r, where X}min’ )S'zmin’ )Slmax’ )jgmax ipa_

rameters of function (2) describing two combined subdomains; r is the number of the feature
axis in the direction of which the union is performed. For the resulting subdomain, the un-
known minimum and maximum value of the m-feature is defined as
Xrlnzmin min Xrlnmin ! Xrimin ;Xrlnzmax max Xrlnmax ’sznmax '

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

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

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

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

completely determine the model of the technological process. Here K ]7] where ( is the

number of relationships.

Operations on relations are determined by a-algebra. Consider the application of o-
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 mins % max (X, iS the sign axis in the direction of which the union takes place. Selection
of these tuples D 1 and D __ 2 is achieved by the filtering operation. To obtain a tuple
D 12 that defines the combined region D 12, the relation D 1 is first decomposed into
the relation D _1IMX without the attribute X, ., and the relation D _1IMN without the at-
tribute X .., and the relation D_ 2 into the relation D_2MN with a single attribute

X min @nd the relation D _ 2MX with a single attribute X, ...

This decomposition is achieved by the projection operation. In the future, performing
the Cartesian multiplication operation D_IMX D _2MN and D_IMN D _2MX,

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

desired D _12 s selected by filtering under the condition X, X 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. ldentical transformations applied to the predicate model, which are grounded in the
principle of invariance of the number of predicate parameters with respect to the size of the
region in the n-dimensional factor space that the model characterizes, enable a significant
simplification of the model structure. This invariance implies that the complexity of the model
does not necessarily have to grow with the expansion of the factor space, allowing for a more

efficient representation of the system s

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 o-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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ApanTtauyi a npegumKkaTtHoOol wMopgeni B 3apfga'
HecTaui OHapHWMKMW CGBOGaewmuamn
Y paHi m pob6oOTI PO3T NAIPYVKT NAHKHTYY B/aHlHRYEYH Ay K

KTMUBHOCTI ynpaB/i HHA cTaTUWYHMUMKU Ta KBasicT
yMoBax TixoHHR@HOAL NOoOBeLIiHKNOBFHI uvmHOaxn GEBmM/BIAB iYBB.:
npuai NAeTbCcA 3acTOCYyBaHHIW npegunkatTHUXUN-MOOeE]
cyBarTwu pi 3HOMAHI THI TEeXHONOri YyHi cunrtyauyii
06’ eKTa ynpaB/li HOHS YHAU X0 XOHMNATPYW LA A . TyaK i M
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HTOM ANA nNpepjgcTaB/leHHEE  Y30HTaH bM ONKPIOM BA @C'TepK Ta gia N3
i HMW nNnapamMeTpi B Yy npouyeci ekcnnyaTauyil
3anponoHOBAaAaHO HOBMUW Ni axi g [fO nobymxoBM Ta .
Bipwmmmy Mi Hi Mi 3aui i1 onucy o6bpas3i B TEB8XHOMNOTI
€ Yy BUABNEHHI Ta BuUuAANEHHI 3 Mopgeni I Hpopma
CNpPpoOWeHHI nori YyHoi CcTpPYyKTYypmn wmMopgeni6b-6e3 BT
Bi CTH [f@myre BURKEPUCTAaHHSA B/acTMWBOcar-i I HB af
Tpi B, WO BM3HavyawTb TinNnepnapaaneskKei mMdg W oda
3 Mi pi B. Llle A[LO0O3BONA€E CYTTEBO OB®MBRHWMAN 3 KNAHKK
nagHi CTb O060YMC/HNHOEMTH MA XN @HBAITOQW \BYINVP3a0BBN | H H A .
MetToagunka nobypoBwun wMopge”ni nepepgbavyae-po3ourT
HTapHI n-ir4 ai@/pai@mpianeneni negu, AK I AO0O3BONMNAKWT
3HUX cuTyauin. Mpu ULUbBOMY T pPpaHWnYPHI3MMBIPEAO O BUGT
Tb TOYHI CTb PpPO3Ai NbHOI PyHKULI T .Mk DObDegHaHH:
Hak L4O3BONAE ONTWUMI3yBaTuM CTPYKTYypPYy wMopgerni
WeHb B CcUCTemMax ynpaBni HHA.

Ocob6nunBy yBary B pob6oTi nppRanNne B@WMOMYAMB O C
Hi Mi 3auil Ha-aolceoOpm. ablapamayeanedyyept HTer pa
Ui MHMWX cCcMCTeEeM Ha OCHOBI pensdaui nyuwaxc Hwmavgie n e i

ctTeMaMunm ynpaBni HHA ©6GaszamMu [JaHWUX.calakKHUWiIL Thi A4 X
SPYYHIi CTb BUKOPMUCTAaHHSA 3anponoHoBaa&®oOro mMer
YcTceM ynpaB/Ji HHA TeXHONOTiI YHMUMWU npouecammMmwu.

MokasaHO, WO BUKOPUCTAHHA MOAEeNNi B UWMUHI MI 3
COKY HAKIi CTb yYynNpaBBHHCBKWROPBMEHM, XaparRTBpPMUC

Tabi NbHIi CTb @MYHKLI OHYyBaHHH CUCTEeMWU BK-YMOBax
Opi B HeBM3HaYeHOCTI
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TakKmMM YKNUNHOM, npepcTaBneHnim y pob6GOTI ni gxi A
apanTtauil W1 A Xo06MpP anvsii HBI  MTI e3XaHUol /il O T Oi MgeHavyixb HOAVWMT Y a L

HCTPYMEHTOM A/dA ynpaBini HHA HecTaui OH@PHUMN C
Minm anropmutTm MOXe O6yTwHn BUKOpPUCTaAaHUWK [AnNnda CTB

OTPUMKWN NPUAHATTSA Ppi WEeHBDL, a B @r 0OM ayT MMpP3 aoBB/Aai HHUHXA |, C
KOX | HQOogH@a/iiTIMHWOHN X CcUCTEM NPOMMUCITOBMUX Ni gnj
KnwyoBiyrmpia@B/mAi:HHA CTaTUWUYHUMU opénayiTaewp.a,npe
Hi Mmi 3aLi a onncy ob6pasi B, aganTtauyi a mMopageni ,

ouemmLyi pra MOAgeNb JaHWX, aBHROAMaAaTMU3 O0OBaHIiI cuc
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. C. ToOHKOWKYDp
UACENbHWIN AHANI 3 AEPOAWVWHAMI UHUX XAPAKTEPMU(
HEKPYTITOBUMUX KOHYCIAB BIYKIOBHOMY OBTI KAHHI

AHoTaBiiplab6oTi PO3rNsaHYTO 3apgadyy nNpo HBDA3IBYKOB:
Bi NbHMUM T najgKuMum nonepevyHUM nepepi 30M NOTOKOM
B' A43KOCT 3ocepeagxXeHo B TOHKOMY oiam@icTBOGRM3 Y
MOXHAa po34i NTNUWTMW HAa HeB A3KUWNW NOTi K | @APMMEeXOB
CTi HeB'  A3KOT Tedyil 3acTocoBYyBaBCSA CT@4i OHapH
BOMY -CakpiiH Yype HSHHOM L eB UMW MeTopn IMNMeTyxoBa. olpoBepget
AOVMWHaAMI YHMUX XapaKTepuUCTWUK Oi eni NTUUYHOTO- KOHYCa
pMa nonepevyHOro nepepi3y CyYyTTeBO BNAMUBAaAaEe Ha

KOHYCa.
Knwoyosi cnosBa: Hafn3BYKOBe O0OTi KaHHA, wWoedMi yuie
HAMN nepepi3, pPpiBHAHHSA EWnepa, nNpuMexXoBUN wap.

MocTaHoBKa QmprwibeileMB . BaX/IMBUX 3ajgadyum<cyyacHDO
€EHHA HaA3BYKOBMUX Te4yi i HaBKONO HeocecumeTpwu
My cepepoBun i nNi g AeAaAKUWM MAY MO MM eaHTWaMKAIN . X BTMalksio
i p, HiX Tina o6epTaHHA TON Xe poOoBXME#N Ta 06
pXHI, cuMunun TeprTAa, wo Ai WOTb HAa HWUX, MOXYTb |
M CTaHOBUTbL | HTePrRICK 8MBH eTHHOR MBK.&ABKHT IO O
MaTemMaTuMyHe MOAesNnnwBaAaHHSA Teuyi W cCcyLUi NMOb-HOT O CE€
0 NMOBHWX ab6bo neBHWUM Y un HDTMO KCCnap. 0 U{EeHpMexs ppi i B3HHAVHXb
YNCEenNbHOTO AOCNiI AXEHHA NOKE®pEBaANEe TRRO 4O E
anmMaormi AT en puUMeXoBOTlro wapy. Llen niagximp-€ [A0CMHKU"
ypciB Kowmn' wTepa) I BogoHOYAacC AOCWUTb TOYHUM 3
Ana npumknapgHux 3ajgady NeBHWW i HTepec Mae K/
AKWMW NOB' S3aHUN 3K OpHY XHOHMI X3 a@rfi oic. T pleiIHMXi na 4vyacToO
oKpewmi enemMeHTN i TanbHWX anapartTi B. Mp-n B UK OH
Hyca peani 3yeTbCcd KOHI YHaAa WeidyAwMy MUDO GATAEP OVBOYX /13l
0O ABOBWUMI PHOT . P 0 3 BA'HSH359@ HIHOSIC T3pan/g &4 i K OMTHPAE ao @Taiek
i to, KOPUCHY AONSA 4YMCEVVbXHOTTeoU iaiH.ani 3y HeBUPOAX
AHani 3 ocTaHHiIi X pgocflogReéemMBKEeHHWOYBNHARAYKANT eu
TIi n, wo He MalwTb OCbOBOI CMMeTpi HTamMpWHUBKA Y e H
TeepUUYHUX Ppobdi 2] BadER@BHMAX pleBHyT/i bBT ampin  eK OC3MBEYPKNON

= @™ O ©m @
S ® 3 O <
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WBMAOKOCTAX PYyXy AnAa nAiTanbHWX anapaTiB 3 T
Bagpata | TPUKYTHMUKA 3 OKPYT/JTeHMUMU KeP-0MK a
MW MeTEHFHPY3IPpAI BKOBUX Te4yi n prijganHe Mme@ en o B
MM nepepi 30M.

Locni AXeHHSd HaA3BYKOBMWX Teuvi i rasy noo
o6o0oT-AQ, [2] Ba[ dcHoOBI NOBHUX abo CLapacGani
MBYaAaNoOChb JOIGT MKYaHHOHT OP OKO60OHTYACBa] . [ B NS 3 Ha X 08K e H H !
UYHUX XapaKTepucTWK nNiTanbHUX anapaTysB 3 [
aBCoOi paMHNINK KAosys Rlued.K CEK cnepuMeHTanbHI focni [
eyionney TBepaMypYoOoOBORBE@PUMOBbLBNpPOOGOTAX [2, 7].
MeTa pgocnP@axxpe®@BmTN MeTOAMKY PpoO3paxXxXyrH-Ky a.
K KOHI YHMUX TinNn 3 [AOBIiNbHUM T nagkuminonep
aHHI Ha OCHOBI pi BHAHb Ennepa i Nn@Wn NFeHR BB O |
panbHWX XapaKTepuUCTUK O6Oi eni NTUUYHNMUX KOHYCI B.

BuknageHHA OCHOBHOTIO MROEPANAMFE MOCII- T XKE N
3BYKoBe OOTi KaHHHA ToOoOCTpPOro KOHYycCa 3 [oo-Bi nb
HapHMUM NOTOKOM B’ A3 KOT O prXxad3dy .B RideHMHHIA-NK CHII

- Wz WO

—
by

HaT (r, 0, @) 3afg3eTaacyWO YMIBMTITIBIAPHOKW KOHYC:
MpumnyckaeTbcC4a, wo BNNMUB B' A3KOCTI 3oCERPesxXe
X H i [ BCH Ob6MnacThb pHOYpxwBMiIeTe dTial NMiBX PX-A & 10
Ai NMNTKW Ha HeB' A3KWUMK NOTi K i nNpuMMeXoBUN wap.
Cnctema piBHSHb EWnepa, wo onumcye cer-aui o
HTHI W QGopmMi Mae HacTynHWW BUT NAL:
— — — 0 1)
X Yy z
p,el,!,(!-HOTMpMKOMI'IOHeHTHi BeKTOpM
Uy Uy u;
) 2! El
UXUy p uy UyUZ
2
Uy U, uyu, Py

(Xy,)-BexapToBa CMuCTURMAU, KKOOMMTWNHEAHTT, U BLKTO

KOoCT.i B3 KYKEEI GOOBI—-IMC KT ycTuHa rasy.
Cnctema piBHAHbL (1) QH[LONOBHWETbLCHA YMOBOIW
2 2 2
k u: u; u
P2 2 const )
k 1 2
nek-nokaszHuMkKk apgiabatm, a TaKOX [ pPaHUWYHM-MU Y
Hi W XBMUNI
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Posrnapgannceb Taki peXnmmum O06TI KaHHSA, Konwn 'y
KOHYCOM, npuneagpanan o HeBOABKA Teyi a HABKONO
pyBaHHA cumcrtemMu pgunedepeHuyui anbHUXx piBHA®b (1) n
r o aHanor a MeToAa[all] sTopykopac TG HKH. A M npuHULKUNY
pOo3B’ A3KY 3a NO3AXBXHbOKW KOOpAMHATOW

Cnctema piBHHAHbL NPOCTOPOBOTNO JiaMi Happ-HOT O N[
X H i Mae BUT NAapm

—Tr u — — I v 0, 3)
g4 uo,u e P U @
r r
u—7, ——  vV— ——ru ir —_— (5)
r r
2 2
u_h __h V_h u_p __p - __h _U - ,(6)
r r Cp

KpainoBu yMmMOB

u v 0, h R, npun O, (7)

u U, eh h npuw (8)

Tyf, , )-opToroHanbHa cucTemMa KoopAMHaAaT, £fAKa
( —-kogpHarTa, Wo Bi ApaxXxoOBYETbLCSH Bi —NEOGIFEIPHWMIIA K Ot
KYyT B NNOWWUHI , sdKa nepnewBAqicCy/asHpH a 04 HXo-pavia NK 0 H
Hi )Y ; (); u ,v, —-KOMNOHEHTMNW BekKTOpa WBMAKOCTI , Ha
, s s PpP-TuckKh-rycTtunHa i eepT—amrbmdMHircamby;npm nocTi
TWCY;, —-Koedi LI EHTN MONEeKYNnNApHOI B’ A3KOCTI T a
«e» Bi AgHOCATbLCSH [0 NapamMeTpi B Ha CTi HHL Ta Ha
Kui ), akaae 3dgogpMy nNnonepeuvyHOro nepepis3y KOHYCa,

9 0.5
() 12R2 dR- g , R tg
1R d

CnctemMa pPpiBHSAHbL NPWUMEXOBOTNO Wapy AO0OMH+0BHIET:E
ro rasy Ta CcCTeneHeBWMW 3 al exXHODOPTOABM UG HVOOC/TTEI K.Y N A P
Mpwn KOHI YHI W 30BHI WHI W Teuvi H( 83 amadyagommamOonm (@
3aMi HMW 3 Mi HHMUX MOXe ©OyTMWUW 3BegeHa A0 ABOBUMIDP
3acTocoBYyBa®pGd B HUKieBWaiHmMmeTOoa MNeTtyxosa | .B. [12
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B pes3ynb T 3aTHiH Ap H3aB'esgi e HMU X BUWwe KpawnwoBUX 3

nonsa wBuagKocCcTeEen i TUCKY B nNpumMexoBOoOMya-wapi
NbHiIi KOeawi ﬁ),i,ieHTr@Fl),TCsngKy
1 u 1 u?
CP&’CQ——’CQ——’Q
q q W q W 2
B po6orTi npunyckKkanochbsb, Wwo Te4yi 9 Mae-Nnao0 LW
pop,MHaMiql-l,o'l'ﬂkcsflvﬁuawpansaHmﬁ B NAOLWI OoTWMaET@H IR
A B i CKI'Ia,CI,OBi!, HAH @R NEeWmyy 9(13,£l,dB)K-|0q30VIia|'l,Ib(HI-yyC[
AKa € nepneHauUuKynapHoi Ao uyi el oCI
KoetheygqT oCcbOBOiI CcuMANM MOXe OYyTW nopgaHWUN H.
R 1 — . - _ -
Cr Gcos ™M I @ "t e £ :
qSMiﬂ.S'VSdS@.K
nel, L, N-oaMHNMUHI BekTOpW oOpTOroanb)Hioiopmg-ncTe.!

HUYHWUWA BekKTOpPp B &J,03 K- NOCOiLLiK OMHIiyacease B OT O onrepep
BepXHI KOHYCa. AHanori YHMM YU HBOWMH BINEEHIBRMBIOT
MO3AO0OBXHbLOMY) MOMEHTY

N M,
CIS\ni’; i qswik'

3a BigoMuMun 3HaGUREREWMUKHHBEeO@UUMETNT N K-0e di |
ro ofpipyni aioMyoiacmamox aepokKiuGaGgi 4HY AKi C

C, Cjycos (Gsin, Cy Cysin G; cos .

Cn

Ha ocHOBI YUNCEeNnNbHOTNO I HTerpysBaHHSHA {6) BHSAH
npoBefAEeHO pPO3paxXYHKW aepoguMmHaMIi OHWXI BK.O etho
MOBEepPXHI UMmx TIi /1 3ajgpaeTbca ThpboMEB6-HEOIMBEKYYM
KOHYCa B N0 LWNHIT @&BKeonendxi ouii enHHTBAG Cei N, | HYMWH E0a roo i
Hani BenincisB) . PesynbpT axa.=G oi3 pEXPHK BiEaBRMmIEH
pncyH-Rax 1

Ha pucyHky 1 HaBepeHi 3aiexXHoCTI Koediui

KBi g kKyTa atakunm o pgnga ©O6ienintunyammn=od gd HY C a
npM PpPi3HUX 3HaUYeHHAaX YWk fHbh—seciaH woeHgyccaa ) Re M(p
ue TiNOoO BONOAI € HECYYUNMU—MBEA CHTWI/BLOCCBI Y MMi; 4 Ml
Mi Hi ManbHWUN nNnob6oBWMUKW oNni p. Bname npumMexosor
wewWsa nob6osBoro onopy. Tak, Hanmnpuknapg, RBPpWU OF=
nawTb 9%, 28%, 89% XgdlipuxeuniralfocREOHOEYiI 4 HO
BHecOK B’ f3KMWX OMHY acavo/BW Xi yB NN Q43ng OB XHi 1 MO Me
npwu 1B?e1:—)0. BpaxyBaHHA cun B' 93KOCTI npassBogu
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NbHOTO 3HAYEeHHS a&KpopoMmPaMOWMYO3i ABMEHIMEHHAM Y|

MyM CTae MeHW BUpPpaXeHUM I 3MIiwyetTbcsa B obnact
0,8 2
a) |Cx | 6) K
.,'
0,6 1
N /.’
04 = 0
\\\'\'\
0,2 —— . 4
0,0 22
-20 -10 0 10 @ 20 -20 -10 0 10 @ 20
----- Re=1074 - - - - Re=1075 Re=10"6  ----- Re=1074 - - - - Re=10%5 Re=10"6
PncyH®@Bank XHi cTeHTRK®EMdmapy poagmnHakKi yHOT sdKOC

Bi 4 KyoapaTpKBHWUX 3HayvyeHHRaX uyuumcna PewnnHo

Ha pucyHKYy 2 nokKkasaHO BNNWUB) O MMi MHEIBT [rspH O
e i yiJe HTOB®E P X HI 6i eni NTMYHOTIO KOHYCNa UAEB HAOT O

YeHHI KyTtTa a=5°. 30 pmB BO@MT bBHEO MKBOWeEMCWE € HT i B
C,,m,. AepopguHaMinpma uslOoMyFTBOXe 3pocTaTw-abo cn.
NNYNHINOIONbWEHHSA ,BERMUNMINEHMI DHOBY ABBPaHeHRBINadbo BIN.
Ha Ben@uiMmHypunu3BsBoauUTbL [0 cunbHOG MBI ocHiaaliHbH a1 K o
Nbwy ni ANOMHY Maven yk orHpyue o 35 °Ha i 61 N p=ul ) oWy KH1@ 10 H
MEHW ONYK/MOKW—B9PXIOB@P XHH MU .
BucHoBmmponoHOBAaHO MeTOAWKY PpoO3paxyHKy aep
KOHI YHMUX Tin 3 [AO0OBIi NbHWUM T nafk I0BMO MYO NE@TEIUYKHAHIH T

Wo oI EYTHhbTY Ha YMCEeNITbHOMY | HTa®lT pPRPBEBHD pPPBRAMEKDE
wapy. MpoaHani 3oBaHO BN/JUB T EeOMETPUYHMX I di 3
TepucTuMuKM Teuil. [Tokas3aHO, wo 4ymcno PewHONbAC

BMN/ITWBAaAWTUbY VHHAY Baee/p O o Epa Mi B HM K BK 61 e Ni NTMUYUHOT O KGC
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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 81, &2, 6k (6k is the half-angle of the cone in the plane of the major semi-
axis, 61 and &2 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.

TOHKOWKY P | nnaskCewvipr. iHl.O,BUMOLEHT Kadegpuwm-06umn
KM Ta MaTeMaTUWUYHOT Ki 6epHeTuKwn ArHyi NipveBHCi b KT
FoHyapa.

Tonkoshkur Illia Serhiiovych — Candidate of Physical and Mathematical Sciences, Associ-
ate Professor of the Department of Computational Mathematics and Mathematical Cybernet-
ics of Oles Honchar Dnipro National University.
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B. I . OO 6 a K, puBEeHKO, A. B. M
ontTunml SAUIPAMEAPI B TI OPOTPAHCINOPTHWMX CWCTEN
3 YPAXYBAHHAM KPUTEPI T B HAQALI NHOCTI

AHOTaYi sTartTTIi PO3TrNAHYTO nNUTaAaHHSA nNi ABULEHHSA
i ApOTpPAaHCNOPTHUX cucTeEM, HAKI €E KPUTUGHUMU €N
eci B. MpoaHancBa@aBamaKkkeyYya@am@am, 3O0OKpXe-Mma 1 XHEK
i YHNMWX O06' eKTi B, a TakKox cakToOopwu, wo efNnmBatkwT
Gap UBHUW BNNUB. O6rpyHtToBaHO AgoUi NbHI CTb BWUKDO
nMcy npouyeci B 3HOLWYHBIAGWH AP OT HIO3 YIBABW/APpECYPC Tj|
i HWoro o6bnapgHaHHA. 3anponoHOBaHO Ma-TemMaTMuy
BYWTb CTOXAaCTUWUYHY npupopy ekcnanyataui nHMUX T
eM T i gpoTpaHcnopTy. Mp o B e XeHI0 dIyHXIiLBEHISHYBBHAHIH
em, BCTaAaHOB/MEeHO KpuTepiil Hapai mHocTio-Ta edeck
MIi UHMM acnekTaMmM exKxcnnyaTtauyii, MeToOojg@xaM MOH
CTaHy. PesynbtTaTtTn p[JoCAni XEeHb MakwTb nNpakKkTwu
CNyroByoBpaHanoppmpux cucrTewm, Wo A[JO3BO/TAE 3 HM
ocTodAMM, Ta Ni gBUWKNTM 3aranbHy edPeKTUBHI CTb
oY OB I cnosBa: ri opoTpaHcNnoOpPTHI CUuCTeawn , Haapgi
MYHe MOOgentweoOaBHHA, FpPyHGOMBMA Hacoc, RKe€XHI YH e
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TUBHI CTb, ONTMUMI 3auiadi anpoMucnoBa ekcnnyar

S 4 3000 0 4 X 09

MocTaHoBK a .MipmPoITepuaMH C N O P T H i CUCTEMUO-<€ Baxnm
cnoBux niagnpumemMcTB, 3abe3nedvyywym TpaHcNnopTy
BogHouyac, 3pocTatuyi BUMOT MW A0 THROFPFKTUB
KOBO OG6rFpyHTOBaAaHWUX MNi agxogax A0 NPOpPKTYBAaAaHH
b Hi MEeETOAUWKMW BUOBOPY ONTUMUMaAaNbHWUX O6OKNBM®M Tpadt
6bargmeHeBUX cCcuUCTeEM, a TaKoX Mogpe MH,| cme A0
agHaHHg Ta Tpy6bonpoBoagiB. LUe n@wxsB®humM® BAO
Bapi un, WO CynpoBOAXYKWTbCSHA 3HAUYUHUMUK PIi HaHCO
NbHOHKDKEA pKOOIMPNON €K CHOT O nNi gxoAy 4O OLWi-HKKW Ta
CNOPTHUX CUCTEeM, 3 ypaxyBaHHAM oOcoY-TmBOCTE€
HA Ta CTOXacCTMYHOTINOoO XapakTepy pgerpapgauyi nHwu
AHani 3 ocTaHHIi X pgochi mKe HPRAHIC MOMOUTE examal i 1 .
OHI TEeXHI YH I 06’ €eKTWU, Wwo QPYHKUI OHYHKaEDBb A XOPCT
o 6aratTbO0OX 30BHI WHI X i BHYTPI WHIi xp ThRKX Opi B .
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«CncTeamexidH oob @60)i2025« System technol ogi es »
exaHi 3mMi B, T X @MYHKULI OHYyBAaHHSA HBeM MOPKVPNENVHUSXE TE
eHTIi B, wo ni ABUIWYE 3aranbHy Hapfgi WHYBAMHH,A a s
€XHI YHOro cTaHy. KnwoyoBumum ennemMeHTaMO- Tak/
n, apmarTtypa, A K I 3as3HawTb BNAuBY abrpasgs n B H
I B, KOHUeHTpPpauyiIl rio gpocymi wi, HeycTaneHmnx
a NOMMUNOK MnNnepcoHany. AHani 3 niTepamppar i
HOWYyBaHHSA 0o06yMOB/IeHUN nNnacTwuyHoOwaiye polpmalyi

Cucmrve ri gpoTpaHCNOPTYBAHHSA, 3anexHo Bi 4
neuwn i Ky. Hanpuknap, cumctTemMum TpaHCNOATYBaAaH
MBHI CTIH MaTepiany, y TOW 4Yaco aKBYP Qd@mMOB B
€eXaHi YHOTr o QHWWey Naxaad M@ KOoOpo3i A. A0 10 wn
PITb B yMOBAaXx nNi gBuuweHOI TemMnepaTtypunoTa T €
T noTpebywTob OKpeMOoOmDmeHHApa aXwyW®BMAHMHEAN nPpPma
apgi nHoctTi [3, 4].

Y O6i nbwocTi T poaigBM U4 M HP A3 Plad QKK Y Hapfi HoC
cTemM npouyec riagpoabpas3snMBHOTIO 3HOWYB@HHSA
€ po3paxyBaTu Nunwe cepefgHAEI3PH AT EHHOHSY €3 HO Q)
Mmpoay eKcnayartTalulyi N HWOXK YYTMO BB, U HYMHKAaCT/IMi  [30HKA Y4HOI I
o3ax pecypcy TpybonopaeBsagpbDB WoHaoacTrBAapbac
pakTepHe Heni Hi W H-eH e3 p/oi CHTIi adHHHOA 3/ uucanceopmc,i 158 K
peMi WyBaHHSA, aapapPYnoPURYMme K8B8PO Bi A CYTHI C
BNAUBI UNANHHWKI B 3 HOWYBAHHSEA. Lle BuMaa-ae 3
yBaHHAM 3Mi HHUX ekcnnyaTaui nHux napameTpi B

BukopumcrtaHHAa MeTopni B MOAenwBaHHA BMUBl-agK o
bKUX UNMBHUSK 3a3HaAaYeHO B CyYyYacCHWUX n@aeHHa [ 2
MOBIi pHOCTeWn BIi oMOB eNnemMeHTIi B cucrtemuma-rTa OI
MHIi CTb T i opOTPAaHCNOPTHUX CcUCTEM TiCcH-0 no
yaTauyi igocYi gkegb [ 5, 6 ] O6G6IrpPyHTOB@&HIWX HeO
Ka3HWKI B edpeKkTmMBHOCTI , AK I BpaxoByBpm@HB AHE
eHeprocnoXuBaHHS, a W noTeHUui MHI BCT-paTu
M. 30KpemMBaHSA BAOIWOBaN XMOHI TOPUHTIY poaigHHux 0
3BONAE CKOPOTWUTWN eHeprocnoxumusaHHa paw- 21%
eKCHOINo niaxopy AO ynpasBini HHSA Hapfpi MHI cT1HO.
MeTa pgocni gAbeeroHos A OCNi AXEeHHSA € ni [GBOorcie HHS
LAPOTPAHCNOPTHMUX CUCTEM WNAXOM BUOBOPpPoy- paty
Mi wemn, PO3pPO6KN MaTeMaTUUYHUX MOLEHTOB UENA
cociB i Tpyb6onpoBoOopfgi B 3 ypaxXxyBaHHSAM CTOXa
i HeImM N AayaTtTaui "HUX YyMOB. Ocob6nuvBasmMiyB@H @sa n
COCHMUX CTaHUiIi W Ta BMU3IHaAUYeHHW napamMewmwpi B,
Tem.

BunknageHHA OCHOBHOIO MRTEPOBP&H@ODTPIT HIXed
MKOpUMCTOBYM@YyBAaAHAHY BBAADpPaAaHCNOPTYBAaAHHI e3ani 3

- ® 9 I T ¥n =

O 2 o

ISSN 1562-9945 (Print) 137
ISSN 2707-7977 (Online)



«CncrtamexiiH oob @60)i2025« Sy st enmp dieecshm o |
pHi ocob6bnmBocTi. 3o0KpemMa, pypapHa nynbna Bupi 3H
KOHUeHTpauyi €, wo ni ABUIWYE 3HOWYyBaAaHHAL-eNNeMEeHT
paBni HYHUX PpPpeXUMMMBYUHKPI mKmMmafLonNnyRbNNW MOOGKeEe CNpMUNY
pos3i o0, oco6nmBO nNpwnu TpPpUBaAaNOMYy KOHDRXIIIB.3 LBiHYT
dhbakTopunm o060B’ A93KOBO CcnNni g BpaxoByBaTwn im-pum nooby
HOCTI Fri APOTQE@EMWMCIYOP T HHM¥YMMO@PYIMETOBOCTI

Y Tpaguuyi nHMX nipgxopgax rigpoabpasgmaBRABEB A3 HOC
AK pfeTepMi HoBaHWUW npouyec, wo AO0O3BONAE OUI HNT
MpoTe y BUNaAafKy TpaHcnoOpTYyBaHHSA 3ani 3iH-01 pyAal
HioWTbCAa (Hanpuknaapg, WB M A K I EUeH TNpoarupiksy),, pToaBkvi ip
HeJgoCTaTHI M. |l rHOpyBaHHA Bapi aTWUBHOCTO- 3HOCY
rfHo3yBAaHHI pecy@maby @OnNADMHDHHIELEPEeJYACHOE-0 BMUXDO/
paLlLi i@ b BUKOPUCTAaAHHSA.

Jouyui NnbHi we wMopgentwBaTun Tigpoabpas3smMBHUNK 3 HOC
nownmpeHe 3acToOCyBaHHA Takoro nigxoAay M- MexadHi
poBogax BIiH BUKOPUCTOBYETbLCSHA pi AKO. Bi nbwi cT1t
NHi MHe 3pocTaHHA paucnepci.l 3HOCY B 4Yaci. Mpo-
TpaHcCcnNoOpTYBaHHA PpyAagHoOI nynbnun pgucnepca#A 3pocCT
3ye Ha BI ACYTHI CTb CWNbLHOTO nNepemMi wyBa@a-HHA | C
XEeHHA peasxiopyBaTun [NA Ni ABULWEHHSA TOYHOCOT-I npor
npoBofji B.

MaTemMaTnmyHa dGopmMani 3augi a cTOXacTUUYHWKX MNpoLy
BaHHSA cneuyi anbHMUMX MeTOAI B aHanigpyabébpaapeEBeNg
3HOCY CTiweowaoTpBpYyMoOoKBa BUKOpUCTOBYBAaATMUe-MOA4enb
3anexXxHuMmMm npumpocTamu. B TakomMy BuRnapgkty npupi
MOXHa onucaTwnw SK BUNaAafKOBY BEe/IMY4MUHY 3adfleBHUMMU
UNTKU YybhpeamMnA@KoBUIMNMBOYED® HWHaW@Poabpa3dWBHOTN O 3
yady TO A/ HbOTO BUKOHYKWTbLCSHA HaAacCTyNHI YMOBMW:

1. X(0) = 0

2.0n A 6 K W X MOMeEHI i<Bt:<u.a< ¥, BUNAJKOMIUHMUB e N
X(t1), X(t2) — X(t1),....X(ta) — X(taci)HEe 3 anexHi;

3.4n4a Gxmbt >0 Tah=0 po3nopagin B 1 NBae4IKNOYBNOH
X(t+h) - X(t)sanexutb i nbkn BIi 4

Takunim nigxip AO0O3BONSAE O6Oi bW TOYHOQB DHIMST AT MW |

Ta nNnporHosyBaTu WOro PO3BUTOK Yy d4vaci, Wo € He
Hapi nHoOoCTI ri APpOTpPaAaHCNOPTHUX CUCTEM.

Ha HagpnblVRi@poTpaHCNOPTHUX CUCTEM Yy arFi pHUYUDO
Tb TPWU KMTKWYOBI UNHHUK N : AKIi CTb oOOnapM-aHHSA T8

BaHHA (peMOHTHa noni TmkKka Ta I[OHOMEIa/HHKIT ICKNaC)T,e MaK .
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eneMeHTN Mawy b3 Pl amMyHBRATIYLI HUi Hapjgi "nHoOeTi T
pPpMywUYM CKAapgHy 1 epapxi o NOoOKa3HUKI B.
Ocob6nusoi yBarum noTpebdbywTb T PYyHTOBI Hac:
TpaHCNOPTYBAHHA 3ani 30pypHoOI nynbnu. pPX Ha,
HMUM C30HMO MPOTOYHUX YacCTUH, Yyepes3 WO CKIAA-L4HO
na 4a9kKkofl HacoOC BBaxXXaeTbCHa Henpaues3gaTH@M. Yy
TUWYHI paHi wWoappodBEOE@Y ROTNBOEHARBPOHUX AMUCKI B
AHani 3 OaewmamopyaHdDLIi T HAaCOCHOINIOo o061A-4HAaAH.I
HMW pos3nopfiny Yacy Mi X Bi AMOBAaAMMU KMTHWYOBUX K
HicTb 6e3Bi AMOBHOT po6oTuK Hacoca, OMT MBI BYE
nnaHyBaTu O006CATl NAaBADOEBINI EHBEHHMAH OL3MBPAPBHO
BaXxnumeo BpaxoByBaTuW B3aeEMO3B' 930K MATHMHBHOC
HacoCcCa. Moro irHOpyBaHHS 3aHUXYE OLI HX-Y Ha,/
6nemotw € o06MexXeHa [0 C TOy NHHA NCPTabL, KTBOAYHHHWXEM XA HBUI XA
pLeTanewn, WO ycKAajgHIWE TOYHeEe NNnaHyBaHHSA TexH
KomMmnnekcHa ouUui HKa Hapfgi AHOCTI rio goportpaHcn
TpaHCNOPTYBAHHSA 3ani 30pyAHOT nNynNnbnNwu, HM-OBUHLE
HUX 06 €eKTi B I3 UYUMCNEHHUMU B3a€EMO3aNeXHUMMN
Hapfgi WHIi CTb OKpeMwux BY3Ni B, ane MW CTpPYX-Typy
Ui i Ta MOXNIWBI CTb peBEPSBHWBIABHHA KNWYOBUX KO
OCHOBHI NOKAaAa3HUWKUCHaM|I MOBIDICTHAOTRKMX COT NP

1. be3Bi A MOIBMAKITBHI CTb pob6oOoTNM 6Ge3 BIi AMOB,
HanpauwBaHHSA Ha Bi AMOBY;

2. PemMmoHTONprH@meapenemrBsb uywac Bi HOBNEeHHSM,- i MO
AaHWM yac;

3. JoBrosi—eapepnsi n aiH nmMmagfyIHETHOTBH N W) pecypc;

4. KoMnnexkxomBpi 4i EHTNMW TOTOBHOCTI Ta TexHI UYH
BMb6i p KOHKPETHNUX MNOKAaAa3ZHUKIB 3 aNeE&XmTHppBI L:
OB pyjApgonpoBi AHOT excnnanyaTtauyii. Y T@mpi 1|

ani 3 3a CTaHOM OKpPeMuUX e€eNnNemMeHTIi B Taum-33a 31
rae geTanbHOTNIO ONWCY BCi X CKNnapgoBWUX CUCTE
naapHo peanis3yBaTu ANS BeNWUKUX TiagpocucTtTe

< T oOd0 0z o<
Z =S OOT 3 X ©® I =2

@mTe X € H H i 3a napameTpamu, AK i B+ HijoMgn @& ga T

OOYKTMUBHI CTb, TUCK abo eHeprocnoOXMBEHADBS .

3 HeobXi AHOCTI MOBHOTO ONMWUCY KOXHOT®- KOMI

YOPYAHGCINOB@OMIM, e pocTyn [AO enemMeHTI B

OB &@K@MNjfiy nocTi NHO 3 Mi HWOKTbCA.

Ana ouyi HKW Hapfi WHOCTI obnapHaHHga, m@pyb6bon
CTOCOBYWTb MOpgeni cTaui OHapHMX BUNAMECOHEMWX
Mpwu aHani 3i Hapi nHoOCT I ri AporpaHCcnNnOpPTWOi CV
KTypwu, BUKOPUCTOBYIKTb MeTOAWNW MapKOBCbBK-NX |
HS T a -WMoOrBiiKpOH i C H i MO e ni Ha OCHOBI r papi B.
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OKOBUX Be/TUYNH, Wo XapakTepusaywTb 3HO@-abo BI
TUCTUYUHNMU [JaHUMN, oTpUMaAaHUMUKU Ni g 4Yaki lLKCNNYE
BUKOPUCTOBYHKTPGO KPP UTXP) M d&linpur—rkHpEBTeenmMikim XB iBmkba pl
ONA  Mpepe BGHM C T i po3snoai ny.
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Mocni ooBH

opAaTb Yy nabopaToOpHMUX Ta NPOMUCNOBENX Y MOB:
b KOHTPONbOBAaHI CTb yYyMOB Ta NpamckKepeHeK mop
Tauyi i TpMBaAWTb poKamu. Lle pae ekwiowrHyi e pe K
mMeTpun aAna ob6bnagHaHHA. Y npoMMmcnoB@X YMOBaA
bO Ha Al wyYyuMX pypgponpoBoOfgax. Ana MOM-i TOPWUHT
opw BUTpaTtTomMmi pu, TUCKOMI pu, MaHoOMETpPHN N

b € MOXNMUBI CTb BpaxyBaTWu MNOBHWW cal-eKTpP €Kk

XeHHSA, TeXHi YHe ob6cnyroByBaHHSA, 0obMaBU CepeE

OOPOOGKMKMTANGEMAPXN MA&H U X, oTpuMumMaHux yc-nabopart

XeHHSX pyaonpoBOAi B, BUKOpPpUCTOBYKTaAaea cTart

po3noAginn Takux napamvmeTpi B, AK | HO€HCMUWBHI
yac Bi AHOBNeHWHBUO0Ipe. MpmosenBwmkKIinpio- Pop My
3a Kputepiem IlipcoHa (x2). Ak wWo BeN-O6i pka H
ETbCHA HOPMANbHICTbL po3noAainy, 3acmo0CcoOBYIT
Hapgi AHOCT O6NapgHAHIHMX B ypOBaMX BIRKCDWMY RO
epi i Bi "KOKCOHa. A n s OuUi HKWU Hapgi AHoOCT
MM 3aCTOCOBYIKWTb M&TOSBWaOTTY HKIT OM@LE MiY,H MU0 XBEBP
oOogoMHAMI YHMUX MNapamMeTpi B N O TKOTKYYpP HTia MGesoewmie T poi |
b CUCTEMY UK 3G@YIKeYKIHHIIXC Tebl1 eBM3ea T i B .
cnpoweHoOoMy BMUNajgKy cuctTemMa nNojaeTbcda AK:
3’ €epHaAaHHA eneMeHTI B:

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

(0]
e

AP)—-MnMoOoBIi pHIi cTb 6e3Bi AMOBHR( -—IpMOBDITMH icAATELT eMaN3 B

BHIO pob-nonenemeHTa.

MapanenbHe 3  €eAHAHHA eNeMeHTI B:

PO =1-(1-pP@®) (1-P0O) .- Q- RO 0

Ana cKknapgHmMx cCcxeM pyjponpoBopgiB i3 pe3epBYB
BUKOPUCTOBYWTbL MeTOAW p[fekKoOoMNno3awuuyirl, MG HI ManbH
TUWYHE MOJe /PDB3apHaHXsy HIK/WS 3 ar aN3BHA@AMOBMOBI pPpOOTIN. 6E

OAHMM 3 HaWbi NbW NOTYXHWUX | HCTPYMEHT-Ii B AnNnA
HUX cucTeM € Teopia MapKOBCbKWUX BUNSHMROBUX NP
BpaxoByBaTWu WMOBIi pPHIi dHIMIDBX & [Ra KBTI €4pH OMBPOEIHBCG i BA BT
pi 3HNUX enemMeHTI B cucrtTemMun. B MapkoBCbkKK# Mopagen
B i CTaHMW CcucTeMn MOXeradin pSerpeATha2R.0, )M QK nQvCeEep
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nepexopgy 3 O4HOINO CTaHy B | BUWBWOOMAaIiysa e p €
A=1{A;}, Mei HTeHcunBKDOYbL3ISiBpCSay

Cncrtema AndepeHUul anbHNKX pi BHAHDb Konmor
p(t) = {pi(t),p2At),....,pu(t)IMae BUT nap:
dp(r)
= pl)-4 3)
Ana cTauyui oM&yYHOK® IBIMma - o, cucrtTema Ppi BHA
p-A4=20
3 JoOfpaTKOBOKW YMOBOW HOPMYBAHHS4 :
P4+ p?P4 4 pa= L (4)
Po3B' A3aHHA Ui €T CcuUCTeMU PiBHAHb MAOIBBONSH
cmcrtTemMmnm, WO Ja€ 3MOTy po3paxyBaTHWT TBHROICOTH Q K &
Koedi Ui EHT TeXHIi YHOrIro BUKOpPUCTAaHHSA, cEBPEeHE
BMUM acnekKkTOM MOAEe/NNWBAaHHSA € BWU3HAYEIWHSH UK C L
rPyHTOBMUX Hacoci B no wMaricrtpani. Tpaga4i WHI
MM YacTO He BPaxoOBYWTb CTOXAaCTMUWUUYHI KOJ/JWNBaH
eHepreTmnmyHunx BTpaT nNno TpybonpoBoOAagy. BpaxysBeé
6opy onTumManbHOI Bi o cTadHi Mi X Hacocammmx 3a
CTaHUui BymmpxedopMynboBaHa 8K 3apgadvya Heni Hi RWH
minF (xt, %%, ... x.)
: ()
npu oOoO6MeXeHHS AX:
gi(x1, x2,....%5) = 0,i = 1,2,..., m (6)
.’:j{x-_.xg ..... In] - D._,I' = 1,2..... _,‘_?’ (7)
Aé&E—-Uui nboBa QYHKUIi 9 (Hanpuknapg, CyMapHI npus
eKcnnyaTauyixekoapnpPmowa)M@ WeHHA Hagohc+HMX cTaHLUuli
obMeXeHHSA Yy BUT Nnapfpi Hepi BHOCTEeNn Ta pPiBHSAHDL
Ana BuMupi weHHA Ui el 3apgawvi MOXYTb BlWKOpPpMUC
MyBaHHSA, 30Kpewma:
-MeTOo0A MHOXHWKI B JlarpaHxa;
-meTO0An i NOK i Me X;

-TeHEeTUYHIN aormpuTmMm

BaXxnumBunum enemMeHTOM OULI HKW Hapi AHOCYVY ri |
BaHHSA pecypcy TpybonposBoaiB. [nAaacysaiomMpger
Lo BPaxXoOBYKWTb CTOXaAaCTUWUYHNIA XxXapakTepybomponm
OpHa x wMawenehn 6GasyeTbcCcaA Ha nNnpepcTaBAEHHI
BMNagKOBOINIo nNpouecy 3 Heaandumawmk oBpip o @DOay
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OnNMCye 3anNuMWKOBY TOBWMUHY CTiHKWU TpyboapoBoay
Bi OMOBHOT pooOesoDpuomempymuyacy t MOXHA BU3IHaAUYNTM
R(t) = P{(1) > Opir ana scixt € [0,£]} (8)

O @&pn-Mi Hi MAanbHO AgonycTuMMa TOBWWUHA CTiHKKM TpyboO

Ona BU3IHaJYeHHA uyi el MMOBI PHOCTI MOXHa BWKDO
BMUX npouyeci B, 30Kpewma, GgTeaoMBEPDRMYXNOBPERABHLY
nopfiny Bwunapgkro=s mf{t: &&) /N M TOOTO MOMEHE-y nNnepuc
TUHY npdty,pceima ToAai MMOBI pPHIi CTb 6€e3HEBALEMOBHOTI

3 HaydYyaeTbCHA AK

R(t) = P{r = t}. )

3HawymMm pos3nopgi N BONaMIXXHBO | B IBERHIAHMTHWY -Cep e gHI
bonpoBOoAgy, @ TaKOX | HWI NOKa3HUWKW Hapfi WHOCTI

Mi gBMweHHA ePeKTUBHOCTI Hani pHuUX T irgpoTpadH
HYTO WNAXOM BUOOpPY pauiyBRaAMBHOI HEHOEB@MH AIDP@ HIBA O
NoKas3HMWKAaAaX Hapgi AHOCTI CUCTeEMKT epyy p3amiyHBra HIHXH MpP €C
po6oTwNM B 3aleXHOCTI Bi , OCHOBHWUX nNnapamMeTpiB T

KomMmnnekcHMun niagxi g A0 oN0 MKMieava LBIKIN oMiafEp BT pcael
NbKa KNKWYOBUX HaNnpaMKIi B:

1.Bnbip ontTmmanbHOTI CTPYKTYPHOTI cxemmwu CUCTE
€EKOHOMI YHMUX MNOKAa3HWUKI B;

20nTUumMi 3aui 9 pexummi B poboTm obnagHakwHHA AnA

TUBHOCTI Ta MiHiIi ManNnbHOINIO 3HOCY,;
3. PospaeaGipaTterii TexXxHiIiYHOTro ob6GcnyrosBYBaHHSA T
XI AHUWN piBeHb Hapi NHOCTI nNPW MIi HIi MANbHUX BUTP

4. BnpoBafgXeHHS cyyacCHUX TexXxHONOTlNi n moHIi TOpM
HaHHA A9 CBOEYACHOINIO BUAB/NEHHHA Ta nonepejgxeH-r
Baxnuvsemew tTacm BUOGOPY pauLi oHanNnbHOT CXeMU € BN
MimManbHUX 3yMmnadi B. Ha ocHoOBI Hapgdidspreewnx BJ
CcCTeMMW po3paxoBYywWTbCHA 06" eMM NPOoOMX XBYEKaAaBWMNCQD
3nNepepBHY 3IWAi PY3IBUBRETBLLA TTPYHTSBEUMBIHOKDMOC a
TAaHHI X, HecTabi MGMHO TTTGB AMA@ia MEITHP BC Y piawi T O LW
OnTmMmManbHMl 06" €eM NPOMIi XHOT EMHOCT MOXe 0O
6GanaHcy nNOTOKI B ripagpocyMiiuikauye HE@soflvaei y K

o o 6 4
O ® S T

iQz(t)-BmMnapgkoB i npouecwu, wo onunmcywTb BUODPAaTWU T
CTi Bi AnoBi gHOo. Togpai 3 Mi W) oonbu' ceyMeyT brCisf PCOTCOYXMAI CUTI
ondpepeHUui anbHUM pPi BHAHHAM:

drriel

ke Q(e) — @*(t) (10)
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OnTumManbHU FHiNOMUeeMOo cRIOEe3 Neyy BRITHMH Ga@Tia

PYyHKUI OHYyBaAaHHA cuctTeMm nNPU MIHI MANbHUX BUT
EMHOCT
Vepe = arg min{C (V) : P(nepeausy abo ocymernal = &} (11)

AeC(V)-dDyHKLULI 9 eBMHOTOOTCIT,i 3 anexHayoBygTihimma obMemly

aBapi hnHol cwutyauii (nepenmBy abo OCywWwWeHHSA €
MpakKTMWYyHE 3HaAaUYeHHSA [AoCNi AXeHb HapAgi AHoCTI
po3pobui MeTOoOAaAWnK, wo ni ABUWYHWST bT&PEKTNBKYAT
oXxXonnwe OO6rpyHTYyBaHHSA TepMIPHIBE AP M O HITOYr,p erba p
petTanax, PO3MIi WeHHA Hacoci B i 06’ €eMi B €MHOC
Ha oOCHOBI pe3ynbTaTtTiB choOpMOBaAaHO HaAacCTYynNnH
- BMU3HaAYeHHA oNTWUuManbHWMBEO QIHTEKWBIAYIH IBX PEMDIH
XeHHA BuUTpaTtT npu 36epexeHHi Hapgi MHOCT.I
- po3paxyHOK MiHIi ManbHO gonycTWMOT TaocB WU H
6pa3mMBHOIO 3HOCY.
- BU3HaAayYeHHSA HeobOXIi AHOro 3anacyobmerimanemn H
- onNnTUManbHe poc3imi UBe HyHPAa XHyaBCaOH H A M K O T M B a H b
- po3paxyHOK o006’ eMi B NpumMnmManbHUX EMHWOCTEIN
Kax.

Ana o6rpyHTOBaAaHOrNo BUOOpPY paui oHanbHOI (
aXNMBO BpaxoByBaTW He nunwe T iykmaeaniny Hia an ai
OKa3HWUKMN. Pi 3HI Bapl3d apiag e piOOB/ OB MM ,C WET K MP U
Mx 3ymMndgi B abo 6ar atmTcoaIrEIEEH3EBBSIOKOT blNCcosi a3vae e E
puBani ctTiw 6e3Bi gMOBHOT pob6OTMKM Ta 33AMODBHI YT H
aénwnuyi 1 HaBegeHO NOPiBHSAHHSA OCHOBHMUWUB- MNOK 3
paHCNOPTHMUX CUCTEM.

AHani 3 gaHWX CBIi AYUTHDL, WO HaWBMLUWI YH30H aO4 € H
BUKOPUCTAaHHSA cnocTepirawnTbCca B e64MO PTey3NeepHda
MpoTte 11 3acToCcyBaHHSA MOXe OYyTKWU O0OMEMMHE-HUM
HUKMW. BogHoyac TpuctTyneHeBa cucrtemMa 3i IpoMI
BeHb Hapfi AHoOoCT I 3a YyMOB 3HAa4YHOT [OBXWHU TP
HETb CXeM i3 pe3epBYWEABAGAMaAaTAMSHMEKRAMM BDOP :
WO KOMMNEeHCYE 3poOoOCTaHHA KaniTanbHUX Ta excn
KOHGIi rypayi i ri gpoTpaHCNHOPTHOIT cuMmcrtemMa- mae
CTi T-eXK@HE@BMI YHNX MNOKA3ZHWUKIB 3 ypaxyBae-HAM
pejgoBMLUWa.

4 4 4 T 3w
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Ta6nunuya 1

Mopi BHAHHA NOKAaA3HWKI B Hapi ICAe®T I cxem T |
CepepgH -
Cxewma 1 i appiKoe oh. Hanp. E?;ﬁHMH;KoeihiHm 1
THOT CcWMWCTelroToOBHBAMOBY B U K OTpavH H §
ropj
rog

OAHOCTYyMmEeH( g 180 39,5 0.80
pes3epByBaH
OpHoOCTYynNneas-d
BaHTa aXeHmBa 0.94 420 26.8 0.92
(1+1)
OpaHOCTYynNnEE A
HaBaHTaxepH 0.96 450 18.7 0.94
BomM (1+1)
AsocTyneHel . 150 473 0.72
npomi XHmrao
AiBocTyneney ;g 380 51.8 0.86
Mi XHUM 3yM
TpucrtyneHe
NPOMI XHUME - 0.92 410 35.6 0.89
M "

BUCHOBKWUpPOTpPAaHCNOPTHI cmctTemMm € KPBFUYUHO B
nosBoi 1T HpacTpPpyKTypwu, LUHOA 3BaebnensKnuexy yoed CTspr-ai HBC NMDapPTT¢
BUWEHHSA T X Hapi WHOCTI pocdraeTtTbcda Yyepes onTu

BaAaHHAMCT@HOBXMA npoueciB rigpoabpa3nMBHOINIO 3 HOLWYE
po6oT®BVMMC.UCT

Po3spobneHi MaTemMaT WY Hii W HvoocaTei N i T paynéso N@EWIiBHOKAW B H
NO3BONAKWTbL O6GFrPYyHTOBAHO BUOMpPaAT wWC THeaMi.6 | A 1 aun iesd
NOKa3HWKI B Hapgi WHOCTI CBi OUYNOHERHHIAO TAX IO M3 XP €
EMHOCTSAMM 3abe3nevyywTb BUCOKWME@HIPI B@8RAbTaAaAKMHIHD
nnyataui nHI BUTpaTwun, 3aBAOAKWN 3HUXEHHIKW pPU3UKIE
o6CnNnyroByBaHHA wWNAXoOMNaoOMMbDe BYBBRAMMBEH MXYap@BIOT |
BaAaHHA 3a TEeXHI YHVNMIi TaAayBEMTIMOBRONAFaA/MaAUE UiiHS B
pes3ynbTaTtiB p[fOCNANI AXeHb Ha NPOMUCAOBUX 06" €KT
e pek T, nNi ATBOREPAKYODIK HOE@gaAaNbWOrNo PO3BUTKY Hayl

ranyasi
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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.

Ko63ap BanedHT4mH nlimampmos iIK@uHpewp@ MawWUMH i0-06NnapfHe
pi 3bKMWIW Haui OHanNnbHWW YyHIiBepcutTerT

KpuBeHKoOo Oneckc+kid. THOpH .M, 0 BMHL € HT K ade gHM@HHIAP HU YN
KpuBopi 3bKkMUW Haui OHaNbHWUWN YHIi BepcurtTert

Mi Ki NTbHAK AHAopPpY—K .Bamepi moBlleHT KadpempmaHm®XHOIMO
KpuBopi 3bKkMUW Haui OHaNbHWUWN YHIi BepcurtTert
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M. K.pacHWK IHBITY WB HKO, B. I . Mo p ¢
PO3POBXBATOMATN3 CHAWMCTEMMEHTPAYB TOPU3ALI I

AHoOoTauyi a. Y cydyacHOMY Hcvedppso BcoMM YT ac B OT4 & F Koue C
Xi AHMUMMU | HCTPYMEHTAaAMM BU TMAOGHBHCAS KGQIEE3HMHEOKMAYO -DKaN T KT ¢
CcCTyny KopucTyBayvyi B HabyBawTb O0OCOONMBIPE - B a X/
TPWBTOpPMU3CaeUpiBii cCoM WO BUpi wyasafezmergmeaeiHme TC
Hafgi @a@enyr oByBaHHSA KNnNi eHTI B pP8HEYX®GM &HEPO P M:
CNi AXEeHHA apoTPp@MellHY oLy Mmn SKOT MOXYTHb
AK B I HMppacTpykTypi Cc e piBMER:d eBp BBi ec/laMmK. O T A BKTOOMMIAAT
cmctTemMa € [JOCTaTHbLO WBWAKOIW, WO [ OK30BPOWIEATE O
Bauyi B3 HBX pi HJo p M aoug HAGHWMBMCKHCOP. @ TE M HA BT @ &dly 3 0 B
HOT CUMCTeEeMU LeHTpPYy 6aBTHoEmyBIacHH B 6 @p Ma&B # 3 0N &
TOpuM3aMgciTiyBkoid B B | HpopmMaui @HIO®R 3 T/ aB BNeH BI
Tanoner wy € ayasva HHHI SiC. T p

KnioyosBi cnosBa: Kpng a&LHiTas p o one edarg pAPIl, VBEB-T © p BHI-C [
bpacTpyKkKTypa cepBi CcCi B nignpmemcTBa.

MocTaHoOBKa . npyo&/yeiMmic HOMY UUNGDppoOoBOMYI MBI Ta ,
CTOCYHKMWTb HEOOXIi AHMMU | HCOTMYY MEMMTTAGHMIHA NBO €8 a1 e
Ta KOHTPpPO/H@AOGyy®@ATOYbLY 0 C 0 6 TMesx0d H BBBaoM/iBa&3Ba@ @ Hin .M 3
KNnNwyoBuUX GakTopiB, WO 3ab6e3neyywTb 6e3nevyHe

FONOBHMUM 3aBAgaHHAM nNnpoBefgeHOT H®O6OTON O
JaTHOT [0 BeNNUWKOrNro I HopMaui NHOT O HamB-aHT a:
TeMuM WO chnyrysanum cepepgoBuALE MiBE H IIH & C caM ML ¢
ni eHTOM aBToOMaTMu3oBaHOI cmcrtemMun. ulepHwm pyb @B
mMippwy Banocs aKTyanbHEeoT pae atHa i BHIOIC Tia oGi@3 n @y |
KopumcrtyBaudyi B Yy cCcBIi Ti WBMAOKOTFIO TEXHONO3I4 YHOT
neui . 3abe3neyeHHHA 6e3nNneKkunm aBToOpuU3aul a- 6ync
ratTe@xaHi 3ayuim Ta nNni gnpumemMcTB, K | HafgaltlTb
Bi ocyTHIi cTb e®PekKTUMBHOIT cucrtemMunm aBTopuszaui:l
i Hopmauyi I, nNopyLweMHmMTpKeineBg a a L odB MY Ny a odaiyH aB8HacC
NNnBUM v TOAyHHOA MNpi OO€ KUTayce PWMMA T M nNpayes3 gaTu+y asB
cTeMy LULeHTpyYy asBTopusauyirl, AKa MOXe 3acTo0CoO
Hapgi WHMIW Ta 6e3inkAHMANA goiokcoTpymnc TAYoB a 4 i B .

X O W

©KpacHiok M. A. , F'MfatTyweHko PR02x. B. , Mopo3 bB. |
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AHani 3 ocTaHHORHAOB/NKAMBABART O PME I @MIelnHMNX C

3abe3nevyeHHa 6e3nekun i HPopmMauyirl, woocmgpgpbaua
MaHinynauin 3 pgaHumMm Ta aTak Twuny DDHS (Di st |
TEeKcTI BUKOPUCTAaHHSA CYYac HinHX( pTaecXTHPOY/KOTT YO pin, ,  TBaUKCW
OYKTWUBHI 6asun pgaHMXx I napagurma aKTOpPH-0T MoOoAe
HA 3aBpjgaHb -&BT o @mBxsuprprie’l njpduec HagaHHA abo 06ME
4O NeBHUX pecypciB abo QMYHKLUI T ac poOTieMa KIOP NTal
ya. Llein MexaHi 3M BiagnoBi fae 3a nNnepeBi pKy ToOTr
nesBHI o abo oTpummyBaTKu p[fOCTYNn A0 KOHKpPeTHDO
eTanom y 3abe3neyeHHiI 6e3nekwun i HdQogpovcaruyi nd HAMOX C
KOHMI AeHUI "HMX [JdaHKWX, KPUTMUWUYHNMX onepayin T1Ta o
HecaHKLUI OHOBaAHWUM [JOCTYyNnoMwM. MeTow aBTOpwu3auyi.l
edpeK TMBHI CTb po3nopai ny -nnppoadise,c i 6Be 3[n6e p/elp. B HOC T i 6

KoOHTpo/nByYy fOE@8PJHTYE, Wwo nNuMwe YNOBHOBAXEHI K
CcTyn O NeBHWX pecypciB. 3axumcTt pfaHuUux 3abes3ne
BUKOPUCTAHHA | Hpopwmauyii. EdbexkTuBHMIA po3nopgin
poni ANAa pi 3HMWX Yk aBT. e r3oapxi Uic TK OBpi WIC THyeBCaa H K14 1 OH O B a |
HA, o MOXYTHb BNANVWHYTmOesa e pywd o OY 3 Ce{Ta@Bimi C3
npouyeci B [8,9].

LlenHnTp asToOopuszauyirl € KNHWYOBWUM enNneMeHTOM CVYyu
3abe3nNneyye KOHTQPOIba [A0OCCHTOYBMiY MOO0/ i PTEUCKY POCE 3BM EHK U . |
B 3abe3nevyeHHI 6e3nekun pgaHMx i e Pe K TUB-HOCTI P
TaXeHNnx cepeposBuLax. Bi H Mae cyTTeEBEe &8-HauyeHHH
XeHHSA Ha | Huwi KOMMOHEHTOMK IyHOppoa C TLpE/ K TT [/ @ Mi, 3 aBL, i HHS
Topusauyil 3BIi IbHAE€E | HUWI efeMeHTHN cucmwemMun BIi g
peBi pkun pgocTtyny, wo nNi ABUMWYeE T X NPOAYK-TUBHICT
6esnevyyBaTn WBUAKI CTb O06po0o6KwKN 3Taan umd X8R H i 3QUAT KKN
BaHHA B ULeHTpax asBTopu3auil MNOBWUHHI A®3BONATMN
HOMY 4Yaci HaBi Tb Ni g 3HayYHUM i HPopmMaua#AHMM Ha
Ui T NOBWHHI nerkKo I HTerpysBaTucsa 3 WXRMAPBEBAWMWU 0N
i XHH0O pob6GOTY 3anexHo BIi 4 3pOCTAaHHHA KIi NbKOCTI K

MeToOoOl pOOGOTBOpPEHHA aBTOMaTuMu3IOBaHD 3@WCTEMMU
BONUTb-NOpIpeacmedOEwWRKAT M aBEORPeME ®YPMCTYBaApP4i B B it
Maui nHéeMliacupcaTXx YHOK 3abe3neyeHHA Hapfi MHOCTI Ta
MporpamHum npoAaykKT MOBMWHEH 6yTwu CTIi MKWNI A 0
PYyHKULULIi OHanoM apgMi Hi CTpyHIDHPMEA UK (iHWd T cmaaieamun e B

OcHoBHa ylacar nHoac. A rH e MHHAN IMEBXREHHS B MeXax n0po
b6yna ob6paHa cucTemMa KepyBaHHa 6as3amMu pgaHwux
ynpasB/li HHA JaHuUMMK. Post green3iQLi ed 0noo TCWIHX H G Hy 0 606 'K 8
6aszsamu pgaHux (CKbBLAO), AKa HapalkH ALN P @ [X i Ma-HIi0 3Kal LW iB T
TUMI 3auyil LaHWNX. BoHa nNponNOHYE€E po3wWMpeHNUNRn Ha-ce
148
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SQL 3anuTi B, TpaH3aKkKui AnHoOoCTI , |l HOoEeKCyBaHt
penni Kaui i fgaHUX Ta ybaHmRT OB GBHwDY OPOOHIHRyg Q@
TaAaKMWX BNacTWBOCT eUnr asokH | £a bi, 1 HIOGBTULM,p enHd MO X U
WMNPOKEe BUKOPUCTAaAaHHSA.

Hapi "Hi cTb PostgreSQL ni gTBepnXYyeTb3c-a TMu
neyeHHSA Ui NiCHOCTI LaHnXx, Bi oHDB AgaHRMK-NI as
nuBO ANnda cumcrtemu, AKa o06pobnAae aBTOpWp3Iaui
Mauyi 0. MacwtaboBaHi cTb PostgreSQL ni gtBep/
obcAaramMum fgaHUX Ta BUCOKMUMUMU HaBaHTaXeEeHWMAMU.
KanbHe MacwTabyBaHHWPIOB aADVM JOBBOGMYE [PIOB WNIOTP
AaHUWX Ta KiNnbKoc3iwWinpeeapu (MOYWBIABIOE.T i PostgresS
6aratTumm HabopomM GYHKLI A Ta po3WMpPEHb, a-wo g
BLAAHHANI BopAMYy€e po3wmpeHHsa SQL, reor pm-pi Y4 HI
HOTEeKCTOBMUN NOWYyK Ta 1 HLWi po3WNpPeEeHI M&® XK T U B (
ani3augii cmcrTtemMm aBToOpuU3auii KOpuUCTyBR-YI B.
nNeyeHHAM 3 aKOCVBHOPOIMWMOGWWKI B Ta KopucrtysBa
6es3ni yi LOKYMeHT aui i, nNi 4ATPUMKM, naTtTuyo-B T a
3BUTOK CcCuMcTeMm B ManmnbyTHbOMY. UWnpoke BUKOPMU
€ OAHIi €W 3 HauWnoEKKbdlpHBOW»YX BIMREROWPWMXTOBYETHBC:
KoMmnaHI AaMMU Ta NPOEKTaAaMMU. Lle O3Hauyae H@ABHI C
KO Ta nNi ATPUMKOK CUCTeEeMMU.

CtpyktTypa po3pobneHoi cmctTemMm cKnapgaeTbecC
CBOIT ponini pgkcovpcetHeeBaa aut h _hub wmMaecTnnemicTapuh
HajgaBaTbCa KopucTyBauyeBi caMe Ha npocrTip, a
poi nigacmcrtemm aut h_hulamo BYY ekHOHpaume Tey Bpaodw/ai  “ aaXx
y BCIi X nmpaogcctmocpraexmm  aut h_hub. MpocTip 6yB CT
poni Ha KOHKpeTHuiissaomocilpp, KkapunetTyBascoT pul
3IMOruM MaHinynauyi m abo nepernagy AaHWXQg- Wo
BOK MOXHa cpeaesaBA, niugcwoTema auth_hubo-mae |
CTyYynom KopucTyBauyi B Yy cepBicCi aut h_ hupb, TO
Maui e WO eKcnopTyeTbCcdA [JO I HWMX cCcepBe-ci B
XeHHsaevmmuncT

-He MO X/umia/TeHBAa ni gcucrtemm aut hHub, HaB.i

-HeMOXNUWBI CTb BuUAJaNleHHA KopucTtyBaya admin

-HEeMOX/TUBI CThb BUALaAaNeHHSH poni agMi Hi cTpart
HaBi Tb NpPW HaABHOCTI Ha Uue poni ;

-HexoMBi CTb 3abupatum ponanb “am” y KopucrTy
npocTtopi “aut hHub” HaBi Tb NPW HaAaABHOCTI H a

Ha kKoXeH QYHKUIi OHan € cBOA PpoONnNb Yy MmMi-gcwuc
ctTemMmnm authHub Ta i xXx onwrtaBaBepedieeHOCpPBAOY NI
HaBepgaeHo GQYHKULIi oOHan Ta nepenik ponemn, OOQHY
dyHKULI oHany (Ha cTaH Bepcii cepBicy 3.0.0)
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Tab6bnuuysa
Poini ac v eauthbummaxoin u c
Pon Onwuc
am AdMin-ponb apgMi HECicTpRrawp.a. Y
la Local Admin-ponb noKanbHOTNO apgMi Hi cTpaTop
BMAANEHHA Ta CTBOPEHHA nNi gcucrtem.
Si Seelnfo-ponb Ha nepernapg i Hbpopmayi i 0y
Bauyi B Yy Ui A nipgcumcTtemMmi
cu Create Users-p o b, WO [AcaTeB ONppeaHBHOA HKaoMC W € MYy B a Y
du DeleteUsers-ponb, WO pfae€e nNpaBO Ha memgeEmeH
ar AddRoles-ponb, WO pfae nNpaBO Ha pA[OogeaveMaHH
rr RemoveRoles-ponb, WO pfae nNpaBO HAYBBBINY M@ T
cr CreateRoles-ponb, WO QJae nNpaBO Ha CTBOpEH
dr Delete Roles-p 0 1 b, wo pJae nNpaBoO HME@TBMpaneHd
ar GetRoles-ponb, WO fae nNpaBO Ha OT P MOVTAEHMI
Mi g 4vYacawmiBiTopUpuMmcTyBaya B CcuUcCTeMmi
KopucTtyBad MOXe oOoTpumMyBaTtTu p[JocCcTyn
cTeMMW ULeHTpPY aBToOopusayiril aut hexmwiby H Ceeap-Bli iCHUN K J
poni, 3aBAAKMWOSK oM bB BH M uEhaehub gns
MaHHSA WOro B HeOOGXIi AHI W nNnigcumcrTemi poneimn.
BMUAaNnNde BXe He akKTyanbHIi cecil
TabnuuyaA
PyHKUI OHana TBa3 apeoMoi g4 igin i 3 ni
dyHKUIi oHan API Poni
Megpr naag | HPopmaui i npoucpemi|am,lasi
Mepernapg i HhopmMayi T npo poaam,lasi
BunpaneHHda poneiw i3 nipgcucTeam,ladr
CTBOpeHHS HOBWUX ponen B ni gam,lacr
BupaneHHa nigcumcremu am
CTBOpPpEeHHA HmEBMBOI ni gcwu e am
CTBOpPEHHSHA HOBOINO KOpMuCTYBauam,la-cu
BunpaneHHAa kKopucTtyBavya 1 3 ¢ uamladu
JopaBaHHSA ponenn KoOopucTyBaduyy amlaar
BunyuyueHHa ponenn y KopucTyBaam,larr
CtTBOpeHHSA cecil _
MepeBi pka axkiTiyanbHOCTI cec |_
OTpumMaHHsa noriHy no cecil _
OTpumMaHHA ponen ceci i Kopwucl am,lagr
150
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Y paHi M poob6GOTI M U BUKOPUCTOBYB@@PBAa@KT a
cepeEepBep. BOHMW € WMPOKO BUKOPUCTAHUMAN- MOL
BEeHHSA, BKNYawuyun VWEBCBACOTHRIMULPOEKTU Ta

Y KncepBepHin apxiTekTypi, KNi €EHT MU € K C
3aemMopgi WTb 3 CUWCTEMOKW Ta HaAgcuMAawTb 3anunT
6pob6NAT b u i 3anuMTmn TaeBR&®M3N&EWy Kvrob eBlib 4 Nl
o3I NeHHA O060B' A3KIi B MiIi X KNI EHBOBIKIEI O& AC
I Nbwoi MOAYNbHOCTI , MacwTaboBaHOCTI Ta Kep
ApXxi TekTypa nNpoekTy nobypgpoBaHa Ha @Gas3i a
nunepwanenbHOrNro nNporpamMmyBaHHSAa, AaKa BUWUKOPWM
l ang 1Ta 6arartTboXx | HWMX MOBaX, [ € KOI-l04 0 B
ne 6asyeTbcda Ha |1 pei npoueciB (akTopiB),
Bi AOMNeHHA®MKTORKOMaAae CBiIi W BHYTPpPIi WHIi W cCcTaH
i onoBI Ab Ha OTpPpUMAaHI NOBIi LOM/JTEHHSA. AK-Topwu
aTmnm T M nNOBI A4 O0MAETWHSAAIH I B IiNmprBad BLioAvaNTeH HHAA O

B pos3spobuyi 6yno BMU3HaAaJYeHON egyesk T ™ B MeAMB &BiMNX
Teriw one_for _one, 60 B apxiTekTypi NMpoeEK:HT
i Bnpaui Mi X CO0O60W.—UEGT ateir iodg naHn e3_ f aow 7_omier
MUNKY, CcynepBal3ep nepesanyckae ULeNlNn akKTop
BaXnumBunummnm aciMmeeKKTTayMW acpuxC T e MW € C 8OMp. O H HTia KC
no ob6GpaHo Cowboy, AK NI € HEeEB-eBPBREMOM LWLRB P
|l ang/ OTP. Cowboy npar He 3 a @neusknieiiy néram3 i n OKBOHIY
TUMIi 30BaHO ANA HU3IhEOBMB@QWMBPAMHKIAMTATHM3IHRA
BiH BUKOPUCTOBYE nABi WKOBI pAagnkKu. Takox
KOBO Hajgcunawuyunm 3anumitum o06pPOOBHMUKae- Hal
HA 3 € [QHWCarHOHBSyMW bEWK R ncmerr Ko wb @ W 4 YW akH la
HWy nNporpammy. Cowboy € BaxXxnusowb4yacTMu
aemMopnia i3 KNieHTaMm Ta KopucrtyBayvyamwu.
amysBaTtTun, Ta caMe 3aBAAKMW LUb M) Trewmayls3mo:3xKe
yacHO o06pob6bnaTwn p[exKinNbkge3aPRPNKBB 3ajAO0BAaa
ny ana Erl ang, d9Ka 3o0cepejgXeHa Ha npocTOT
OHOB/MEHHI . BiH 3HagoObuTHHC ANy /IceM,BaAalg@ BPY W
AnoBi gatTmnm 3a B3aemMopgitw i3 6pyowpomaHrHun x .Babky
BperynwBaHHSA Ki NbKOCTI akTopiB Yy nynax ¢
Mi cusda B apxiTekTypecTtTuvnHBay3spbEe@r pva kuj,e sa@ @ nay x i
WBMAOAKOAI IO yTRHa@BatmM@wKegBA/NTIbHE TeCcTyYyBaHHSA Heoo(
BY3bKUX UMT EMb. ¥y C
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Pospobka cTpykKTypu Tabnmub 6as3sun pam#nx O6yna
bopmaui WHOT cnmcrtemu, Bi 4 nNpaBUNbHOI ocp-r aHi 3alL
wtra6boBaHiI cCTb | NPOAYKTWMUBHI CTb cucrtemunuB- KoxHa
AAKW uUuboOMYy ©6Gyno peani3oBaHO 3B’ 93KWU OMi X Tab)
Cni oXeHb OGYNO BU3IHAaA4YeHO, wo B CXemMmi Tpeba p
IMeHwnTtTmnnowdcarpgeabdbasn pgaHUX, wo ni ABUWNTbL LWBMW

1. create_subsystem(subsystem, description)-c T B O preiHHCAN,C T € M 1"

2. delete_allow_role(subsystem, role)-B u o a NP HMEAI cUcTeEeMu

3. delete_subsystem(subsystem)-B n g a NrRiHHEANC T € MU

4. delete_user(login)-B n o a NKe/HiIHEBHITCaT. € M "

Peani sauyifooweiTmppe/wun pi 3 HI TUNUW apxi TEKTYPHO
Programming I nterface), 6yno 3pob6bneHOOBUCHOBDO
BaHOI cnmcrtTemu LEeEHTY @BEFYPHBALI TapKD ABRET B@AKWTIO
(Representational State Transfer). MpunuymHow C
3as3BuUuYaim MalTb bararTo KNnNi eHTIi B (BebpopgatTkmn.
B3aemMoAi OTb 13 cepBepoOoM, T axaeouwd o RIESAT p i33aHOMex3 nke)
i He BMUMaAarae CKAapHOrNo HanawTyBaHHSA T@- ni gaxop[
HUKIiB. TakoX npu CYyMi CHOMY WOro BUKOPUCTAaAHHI
Obj ect Notation), 3abe3nevyye avBeHIKSYy. nkpieyman g
REST ue edpeKTUBHUIN BUOBIip Anga peani s3auyil LUEeHT
nNi ATPHYIMALUCHNCX CTaHgapTi B ayteHTundogi kauyi T, HWN3bK
oGgrmoBYBAaHHSEA.

BcTtTaHoB/nneHO, Wwo Yy paMKax cepBepevémvManeHHP)
Topusauiil, BXI OHI LaHi MawTb OYyTW OoOTpuUuMaHI B i
npu 3anunrti KopumcrtysBaua. B3aemMoBRiAE Ni APKOPRETY |
REST API . dopmMaToOM nepepaBaHWUX [aHwxs iasbd pcakHia J
JaeTbcAa i3 ABOX KOMMNOHEHTI B: KnienHtcbke API 7T

Ona po3pobKkKu [JaHOrNro NPoAayYyKTY Oyno BEWKOPMUCT:
copomMm I ntel Core 17, Bi feokapTtow I ntel (R) Xe
ro, Haman®Bs$PYs obcarom 1 TE6. BkaszaHi TexXHI YHI
i EHTUWYUYHNX XapaKTepuUcTUNUK [NA KOMPOPTHW-I po3poa
cTemMu BCTaAaHOB/NEHO i BUKOPUCTAHO Taki nporpam

-onepauyi nHa cuctema Linux Ubuntu 22.04.2 LT

-moBa Erlang 25.0.4 Ubuntu jammy;

-komMni natTop Rebar3 3 github penos3suntopi w;

-y Tuni Tm onepauyi nHoi cucTtemMm Linux make Ta

-CKbA postgresql ;

-i HCTPYMEHT apgMi Hi cTpyBaHHA 6a3 pgaHux DBeav

-nnatTdopmMa Ansa TecTyBaHHAa API Post man,;

- IDE IntelliJ IDEA.
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On A po6boTun cepBepHOT yacTUHKWU JgaHOro npo
opeHpoOBaHMWM y KomMnaHiIi i Amazon Web Services
Bi peokapTtow Intel (R) Xe Graphics (TGL GT2)
ob6bcarTobm 1 bas3a pgaHwWmx ©6Gyna pos3TawoBaHAa Ha TO

360i NbWeHHI KinNnbKOCTI KoOopucTyBaudyi B 6a3za [JaHWu
BkasaHi TEeXHI YHI 3acobn He € 060B’ 3KOBM
HOT pob6GOTM cCcUcCcTemMu.
Ana po6oTm cumcTemMm OGBYNO BCTaHOBI/EHOA-I B 1"
cobwn:

-onepauyi nHa cumctema Linux Ubuntu 22.04. 2

-moBa Erlang 25.0.4 Ubuntu jammy,;

-komMni natrop Rebar3 3 github penos3suTopi w;

-y Tuni Tm onepauyi nHoigitcucTtemMnm Linux make T

-CKbJl] postgresqgl;

AgAMiI HIi cTpaui 8 Ta HanawTyBaHHSA cepBicy 6y
i HCTPYMEHTY onepauyi "nHKUX-SSHc T el i @i MeaiscH aduan T
(Secure Shell) -ue kKkpuntorpadgi YHMAW nNnpoTokon ABMX 6e3

npucTtpoil B Ta cepBepi B. SSH L O3BONAE agmMmi
B3aemMoAgi ATun 3 Bi AAaleHUNMN CUCTHEWMAWMM Ble@te 3T p
Mi X KNni EeHTOM i cepBepom.

BuncHoPrBY NbTaTaMW N Pe0 BPeQa3epHOOOl /1 epHOOO OmMT@uo € p a M+
HA, AKe BWUKOHYE QYHKLUIT PopMyBaHHA3 aATO& 3KMOHT
UWeHHHA Hapfgi MHOCTI Ta 3pYy4YHiIi CTb NpPpOBLEELYB@AMOIHI 3
BOAKMU CNPOEKTOBAHOT CTPYKTYypi APlaeppRpIXT T ep &
ayiln dPyHKUIi OHana pAagna peecTpauirl HOBMUX KOPpI
ocobunmecTmux paHux Ta i HPopmMaui i AnNg aBTW-puU3al
UWHOCT KopumcrtysBadyi B ni g 4yac aBToOpwu3aup-i, B

Py BaHHKHX .40 a
3anponoHoBaHO e(eKTUBHY MOpAgeNnb 3MCerpeewiaeKH H
aBTomMaTMu3lIoBaHOT CUCTeMWU ULeHTpPY aBToOopuesauil i
Hi TOPUMHTIY aKTWUBHOCTI KOPMWCT NUBiaAuHiiB ,3 aufop oa3om3 B6O
B nogmnmX [ O0CANI [4XeHMHPAXB e CHTeno 6axH ao/Hip® 3 patne e T
ro cepsBicy ni g Be€eNUKOMMB GEETaHL QUMK EMECHIBM aAMa T
30BaHOI cnmctemnm GopmMyBaHHS Ta KOHTPOAKW aBTO
NI TEPATYPA
1. Kief Morris. "Infrastructure as Code: Managing Servers in the Cloud.” O'Reilly Media,
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2. Yevgeniy Brikman. "Terraform: Up & Running: Writing Infrastructure as Code." O'Reilly
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3.CyyacHi cmcrTemm aBToOoMaTMUYHOT O KepyBaHHSH
noci 6. [/ exk.tTpMB,CiMibBd. O&EEWmMpeBefEXilbBi ma 1 ROpSA
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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.

KpacHoK Muxainmno—cAHegupiiaamoiBcuty 3 pPoO3 POOKMO-NPOT |
HepHe ToOBapuWCTBO KomMepui WHMAN 6GaHK «MPUBATBA

FTHaTyweHKDO Bi KTOp+AOK Bopiogvmeimpi BHIAX Y HayKk,
Bay Kadgegpu i HbopmagMicerm e T&pKE@MOBIOWD ye i Be p
Haykun | TexHOnorii

Mopo3 bopuc-gloxkaw@Buur exXx Hi YHMUX Hayk, arrp o e
6e3nevyeHHH KOMND' WHTEPHUX CUCTEM

Cokon OneacaHp@AaHT Kadgeapwn i HPopMaLUi HHBMKNIT € X
LepXaBHWUM yHiIiBepcuUTeT HaAaYKWUW i TexHonoriimn
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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.

© Ostrovska K.Y, Nosov V.0O., 2025
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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 probl ems ( “f hes logitic 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.
Deci sion trees, i nthemh, r gleaerahat ea px
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
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 s epeatwravalees. This mathedu a | ”

scales well to large datasets and has been successfully used for unsupervised fraud
detection [8][9]. Researchers report that IF can detect anomalous payment transactions with
high accuracy, as indicated by an AUC value of approximately 0.82 on simulated test sets [9].

One-Class SVM constructs a hyperplane that encompasses most normal data and classi-
fies points outside as anomalies. It has been applied in fraud detection, although its perfor-
mance is sensitive to kernel choice and parameter tuning, and it scales poorly with high-
dimensional data. LOF evaluates the local density around each point — transactions with sig-
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nificantly lower density compared to neighbors are flagged as potential anomalies. LOF can
detect local outliers but has limited scalability due to the computational cost of distance calcu-
lations across large datasets.

Clustering methods like k-means, followed by identifying points far from cluster cen-
troids, provide a simple alternative, although the effectiveness of this approach depends on the
assumption that normal data form compact clusters, which is not always the case.

Autoencoders, a type of deep neural network trained to reconstruct input data, deserve
special attention. When trained only on normal transactions, autoencoders reconstruct anoma-
lous (fraudulent) examples poorly, resulting in a high reconstruction error. By comparing this
error to a threshold, suspicious operations can be flagged. Recent studies report the successful
use of autoencoders for fraud detection. For instance, work [8] proposes a neural network
based on an attention-guided autoencoder combined with a Generative Adversarial Network
(GAN), a type of neural network that learns to generate data similar to the training data. This
combined model, trained solely on normal data, effectively separated fraudulent records as
anomalies, even in highly imbalanced datasets [8].

Another recent study [7] demonstrates that combining an autoencoder with gradient
boosting significantly improves detection performance: the autoencoder is used for dimen-
sionality reduction and feature transformation, followed by a LightGBM classifier. The hybrid
autoencoders + LightGBM model achieved a recall of ~94.8%, which measures the propor-
tion of actual fraud cases that were correctly identified, significantly outperforming
standalone models (with the best alternative recall of around 86%) on the same credit transac-
tion dataset [7]. This approach merges the strengths of unsupervised anomaly detection (the
ability to discover novel fraud patterns) with the precision of supervised classification. Simi-
lar hybrid architectures have proven effective in other research as well; for instance, XGBOD
(Extreme Boosting Outlier Detection), a framework that uses multiple anomaly detectors as
feature generators for a gradient boosting model, outperformed single-model baselines in
fraud detection benchmarks [6].

In addition to the methods described above, modeling the temporal nature of transac-
tions has proven to be an effective approach for spotting anomalies that unfold over time.
Fraudulent activity often shows up as sudden, unexpected changes in how and when transac-
tions occur — patterns that may be missed by models treating each transaction in isolation. To
capture such dynamics, Recurrent Neural Networks (RNNs) and their more advanced variant,
Long Short-Term Memory (LSTM) networks, have become increasingly popular. These ar-
chitectures are designed to process sequences of data while preserving context from earlier
steps, enabling themtorecogni ze unusual transaction fl ows
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
detectIP-based anomali es. For e x arithmis &ajned Ansupez on’ s | P
vised to learn behavior profiles from historical user-I P pairs and assess the
new login attempts [12]. This enables the detection of abnormal behavior — for example, when
a user account suddenly has many new IP addresses or logins from unexpected regions, pos-
sibly indicating an account compromise.

Conclusions. This study provides a foundation for developing effective fraud detection
systems utilizing modern ML techniques. It provides an overview of key approaches, from
basic classification models and anomaly detection methods to more advanced deep learning
architectures. It demonstrates how ML can enable adaptive, scalable, and data-driven solu-
tions in the fight against fraud.

Ensemble classification methods, particularly gradient boosting, remain widely used
due to their ability to model complex patterns and handle class imbalance. Anomaly detection
techniques, such as autoencoders and IF, help uncover unusual or previously unknown fraud
cases without requiring prior data labeling. Deep learning introduces new capabilities, ena-
bling it to detect more complex patterns and account for temporal dependencies in transaction
streams.

Specialized approaches such as GNNs and IP-based behavioral profiling open new pro-
spects for detecting fraud embedded in complex relationships or device-level signals. Hybrid
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approaches that combine different methods, for example, using autoencoders for feature ex-
traction followed by gradient boosting, have demonstrated high effectiveness on real-world
datasets with class imbalance.

Today, the process of fraud detection is increasingly focused on building flexible, intel-
ligent systems that integrate multiple methods while addressing practical concerns such as
transparency, fairness, and real-time responsiveness. To stay ahead of emerging threats, these
systems must incorporate continuous learning, real-time data stream processing, and human
involvement as part of a robust and adaptive defense strategy.
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MeToAMW MAQWWHHOT O HaABYLHUHLHEMALNA aHTWU D[
AHoOTalljla)aspancTtBO Yy (i HaHcOBOMY <CceKTOpi, c
OHN&TEWPBIi cax CcTae pgepgani yacTi wmum i BUTOHUYE
npaBunA, XO04Yasd WK G@AUIUHWANOT bLNSA BUSABNEHHSA Bi 4OM
BCMr al0OTb 3a HOBMUMWU, AUHAMIi YHMMWU CcXemMaMunm arTa
OGOREATbHLCA 3NO0OBMUCHUKAMNU. HaTtToMi CTb MawWwWWHHE H
MaC WTaboBaHUWUN Ni AXi M, BEHAKHNILOTCEGP M6 /TPAH3 akKLy
LAaHWX [NA BUMUABMANEHHS TOHKWX aHoMani m Ta nipo

Y cT1aTtTi npepctTaBNneHO I'PYHTOBHUWUN oOoIyASad C
TbCA ANA BUABMNEHHSA WaxpauncTtBa. BoHmi axpynoc
CWndal ki, MeToAW BUABNEHHSA aHOMani m Ta T NUN6NI
NMPaKTMUYHOTIO BUKOPUCTAHHA B PpPi3HOMaAHI TMHHUX C
BaAaHHA KpeagAUTHUMWU KapTKawmu, nepexonneHHWA 067
CbKiumippowi W TOpriBsANi

Ocob6nuney yBary npupagi neHo nepeBaramHErE 06N
HAMaBK MX MNpPpakKTWMUYHUX acnekTi B, AK MacwTaboBaHI
ancbanaHcy Knaci B. TakoX npoaHani 3oBawm-0 0C
KoprraHHA T padgoBUX nNnpepgcrtaB/ieHb I HaAaHCOBWUX E
HacHo@ B ta glpk c , a TakKoX nofaBa i O6puagHMUX CUCTEN
MH, Hanpuknaapg, aBToOeHKOAepun 3 OYCTUHITD-BUMMU
BMmHWLRA TOWHO O0cCcOo06/1MBO Yy BMUNapgkax HecTawui p o3

PesynbTatTnm [AOCNiI AXEeHHS cnpAamMoOBaHI Heaa ni A
KTBAMX CUCTEM BUSABNEHHSHA WaxpanwcTtTBa, K i B UK
Ta NOEfHYWTbL nNepeBarnm ri 6puagHOT apxi TEeKTYpWU

KnitouoBi BBABBAGHHSA WaxpahWcTBa, MalWWHHE HaBUY
HA aHoOMani M, HEWUWPOHHI Mepexi, Tio6punpagHi ni gx

OcTtTpoBCcCbka KaTefknura HKOpi igBoHuae HT Kadeaogm ni W o
cmcrtTemM YKpal HCbKOT O [ €pXaeBXHHOOT/I0O TyiHWi .BepCcCuUTEeTy
HocoB Banepih OGaerRcpBRBApPOBHK®@ Gegpwun I Hdw-pmauyi
cTeM YKpai HCbKOINO fepXaBHOINO YHiBepcuTteTy H
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AHANTMETOAMKBTOMATMN3 OBAKOPDYBAHHA
3MI BIOOONM

oTaMaHi TOPUMUHTIT BHYTPI WHI X BOA Mae cTpaTveriyH
i HKAa €eKONnOoTr i 4HOoT rooyac TBaOHIYo, M MO GE’ €KM1 KOTHa0 BMM/M Yy a H a
LHOT O banaHcy. BHacni gok 3MI HMN Kni maTtTy B

cni gKkamum npouyec nNOri pweHHHA YMOB MNPUPOJAHOT O

30HI Moni ccsa 3HWUKAIWT bO JTRISMHTHOSP,I Ta HIA G B M BIEK O B0 [
ouec onycTtTenwBaHHA 3eMenb. Ha3eMHi oBUMI plB
M pecypcoOeEMHUM Ni AX0A[4O0M, AKMUN o0cobBGBNMBO CK
3rTrNAHYTI OCHOBHI MeToAauW aBT @MWaToWw MO BaHHA0 I 00C HKOA
x 033. BunkopumcTtTaHHA pi3HOPI AHUX [AaHUX Yy MNOE
eKTpanbHMUX I HAEKCI B Ta MaWWHHOTEBYywWaB@RdHHSA [
lbHoBIi:BGCgWBaAapecypcwu, BOOOWMM, aBTPKaBMWBAOBaAH
Hi ToOpuHr, w™MeToagwn O033, cnekKTpanbHI i HOoeKcCWu,
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i T8, OCHOBH®MY NOBYTOBUM, npomMmcnoBuMmM Ta cCi
KOpUCTaHHSAM, TaAaKMUM SK NpoaykKTum xapwyBaHHSA,
LTBO Jii KapcbKMWUKX p € YaQiB VBH, Taa TiamkKLOWKX CM aBTOEIPe H H A
H [1dPBopBadBogonm nNnornNnmMHae napHuUKOBIWTasawu, T
Ta 60Nn0TMUCTI TOYBMTAPEDPO3RAKMIMLAZIV BHrap akgai UM ai T y|[
A1 ANbHI CTb NWAWHWN OMMUY N MH/EN aTWMBKH OHBAWNB E8WY
ri YHI YyYMOBMW Ta CTaH HaABKOJ/IMWHI X eKox-MCcTewMm.
MM nNnonNnMTOM Ha BOAYy wWwWe Oi NbwWe NOCUITIHOTbL Ce€30
nnao wi i HanoOBHEHOCTI B OVMIHBAXX ] VPTEEC YPXE | BK O AUDY 4l
N KHHAE 03 ep, pibwoITHaXBYLH @b [ 2, 3]. FocTtTpo no
Ay Yy nocyuwnmeicy WA WBANXH apie lBi 0 Hax [ 4,5, 6]. C
rooHum, AkKi CTMKaAaKWTbCA 3 Hep e ye/BAApIHOUTMVA HOCMA [Jpaa
nocyxammwu. Kpim ToOT O, 3pocTawyYmMih nNnobm-uT Ha I
€ pu3unkK pediyunTy BOAM Ta 3arpoxye XurtTtespga
OWH@MiI YHOT A1 ANbHOCTI
Jocni oXeHHA npoBefeHI HYypPppPp®aET HICHIKKIB PO KR OO ME T
nNnB 3MIiHUM Kni MaTy Ha cepepgHbOpPpi YUHY a-emMnepart

a3HWK niaBMGumnBgASA HRCIiIlg2 Teputopiil YKpail HN®,
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, Wwo KIi NbKiCTb oOnapjgi B 3anNnMwaeTbCcsda nep-akTwu
H U X |l HCTUMTYTOM BOOLHUX nNpoyeeMd Ti ameaipoma
pa’i HWU npwu oui HUI BN/AUBY 3 Mi H Kni maTty H .
pal HMN BUKOpPUCTOBYBAaAa/acb Be/IMYMHA KANK-MATMNL

PU3YyEeE picgimumumomMmi ®RNBRAI B Ta NOTEeHUWI WHUM cCYy
acni oK 3MIiHMW KnimMaTy B YKkpaiHI Bi MGyBace
plweHHMAP WIMDBHOT O BO/TOros3abesanevyeHHA, B pes3
PTb Teputopil HagnwuuwkKoBOTIoO 3BOJOXEeHoH A, a
HHA 3 eMeNb. 3a ymMoBW peani 3auyirdl paHor o n
NbKOCTI TOwmwHIMiB,BXMHMWA 6anaHc Teputopki YK
TUCbL-1HE MB, a unWoro pgedi yunmt B 3 0OHI Cteny
aXxyBaHHAM LbOTFro, TepuTtopia KpaiHW 3 Hepo
% I nunwe 28% g pasBMp pBioiN 00ryuagw Tib HBA A Mi PHO BO
CBi M HeraTwmuBHUW BIi L COTOK Yy MNPOTrHO3HMWMYy oOLUli
€ Hi nNoBHOMacWTabHMUM BTOPTrHEHHAM, K i np
bWoOCTI BMUMNapLKiH BB ajleH semBMmpappac ppykKkTypmn, n
CHUX cnopypq | BogonpoBOAi B, Wwo cCcnpoum-4yumHSHA
MU TOKCUMHUX PpPeyvyoBWUH Ta CTiyvyHux BoOa@- Opfl
CT-EO(i ApnB PpoCi AHaMN BXHOyBTCPEI EUBHI i XB Mppevs Wiy er Hal
L6yBCHA BUTI K 18. 2 KYO6i 4YHMX KinomeTpi B B
Olr OOHI TepuTtopi g, AKY paHi we 3ainmano Kaxc
yka JHinpo noBepHynacb B CBOEOdiac T30MI VHIVHIEA
NbKW cTaH pivykn OAHIi npo, a W ycKkKnapHuna B
YyYMOBMW MiIi Hi ManNbHUX BOAHUX pecypciB Anda 11X
Y 3B'A3KYy 3 UMM TexHoOnNnorii, po3pob6neHi
Hi TOPUWHT Y 3pveiXN MIiX prnefao/ilbiH OBF 0 Yacy HaegaHMNX
HHA, MawTb BEeJ/INKEe 3 Ha4YeHHS4d.

MeTa pfgocCAmaQukEerHaHeds Yy B U3 HaAaUY€HHI edPeKT@BHOCT
OVWK MOHI TOPWUHTY BOAHOKX ApMecC yngpiBee.c TN 91 OLpH @BT
HOBHMUWIXi BMeaTBOT O MaT M3 0BaHONIoO KapTyBaHH®-Ta

St O

ypciB i BMU3HAYMTM KONO AOCTYMNHUX AJaHUX, Ha

OcHOBHaAaA 4Y3apcoTCUTHAalLY MM NonNuWUT Ha BOAY Toa- 3 Mi
eMun Yy npAHBWUMUH HPle CBYyop Ca MU B | MBOIOXIWUAUMBIBY XT @ €H &
AyYyyBawTb pApgedi yunmTt BOAW BHACAAI A OK HWDbKMUX
aHcni paoopmir BDOWTPI WHI X BOL Mae cTpaTeri yH
i HKAa EeKO/1O0OTBHWY, 06’ eM Ta nNnnNnoBai BOAO WM €nf
AHOro 6GanaHcy i npocToOpoOBOMY po3nopay-ni C ¢
€ MOHIOO®@PMHY ®Bpail Hax HAKIi HaMWbi nbwe nNnoTepr
acnekTu € BUpPIi WanbHWUMKW A9 OTUD MHWKYMB aiTxv  [pa
AW BUKOPMUCTAaHHSA BOAW BIiIi agNOBi AHO A0 Ui nev
Mi proBaHHSA 3 OULi HKW 3Mi H N0 Wi BOAOHUX 06
MR O0COBGBNMBO CKANapgHWN Yy Bi gAaneHWXN¥poad OH A,

ISSN 1562-9945 (Print) 165
ISSN 2707-7977 (Online)



mw 4 £ 7T o
O 0O =< = 9 O

T w " w =z 3

"I 9 T O @ O ©

(@)

166

«CncrtamexiiH oob @60)i2025« Sy st enmp dieecshm o |

M . B cBOW Yyepry AucTaHUI MHe 3O0HAY@B-aHHSA 3 a
nBY, nNoKpawymwuyYm | CHYWYI cmcrtTemMm MOBG{ TOPUHT
Ha3eMHUX ob6cTexXxeHb, AKI B yMOBax HaKTMUBHMUX
np@eToTa 4YyacoBI cnocTepeXeHHA 3 BUCOKOKW Ppo
YHOCMCITAHUML NHE SOHAYBAHHA 3Hau4yHo NMOoOKpPpalLlwye
govmamu [ 6, 7].

BukopumcrtaHHS QJaHWX AuUCcCTaHUiI AHOT O 3a&®-HA4YBaHH
BaHHS BO OPCGI3VIB UBHHYaJMOHCOb 3 afH WK TABHH M PBKK| BO SAKMU
oMYy nPmaceTctWnHI CTb CYNYTHWUKOBMUX OaHMunX pi 3 H
pi oagMYHI CTb.NMCHAYYKIOBH i PBIKMHOR@AHI THI MeToaAun K
H i 3 aKTUBHUX URaBnaedwmKux [ lhata, 13]. Yy n
Hi TOPUHIY nNOBEepPpXHEeBUX BOL BUKOpUCTOBYBannu 3
Bax pgawux»oxiBO9T@mOe HlHdekvp BNif T A B 8a po3agi NbHOW 3
npun YyMOBI Bi gcyTatocya b xavm@HYC TAQBIL@OTEBEOK 0B MU
BHOW Npob6nemow AgaHWUX cepefHbOT NPOCHT-OPOBOI
i Kauyi i BM3HAUYEHHA KOPAHOHY MIi X BoOgoOMd Ta CVYI
K
H
n
a
X
K
a
n
H

X - =

3anyweHa ni 3HIi we ™Micuw BEMODd BK W pPpoHOGBIOC TC
i TOpPpMHT noBepxHeBUX BOpAJ [ 16, -lufoja e H@AceH orB/H a |
bHEe MNOKPMUTTA Ta BI AKPUTIiCTb LaHX, yepes
YHO 3 MEHWYETbLCA MOXNAMUBOCTI I péenHuTBModM HK eaBuE Ji

o3ep Ta pivok [11,13]. MODI S, [ Landsat
CywTb BIi gbnte COHHAYHeEe <CcBiIi TNO | Tennose BWU
LIWTbL Y BUAOUMUKX, OGNUMXHI X | HPpauyepBOHMUX, K
mOBIi H(ppauepBOHNUX obnacTax enekKkTpoMafs Hi THOT
HA npunpgartHI AnAa Bi3yanbHOTI i HTepnpa-Tauyi/i
DK BemMa NOKPUTTAM XMapHIi CcT.
PapgapHi CYNYTHMWKOBI LaTuyunkmu, 30KpAR)a papgap
ONOHYKWTb MOXJIMBI CTb OTpUMYyBAaATUW [JaHi BOAEHDb
Hi TOPWUHT He3anexXHo Bi A MOoOr opAHMNX Yy MO B . I x
aTHIi CTH 3a6e3nNneyywTb WNPOKE MNOKPUTTA; WB 1 4K
MOHI TROMMUKYX HEBO' €K TIi B. Papgi onokaui WHI 3060p
O3y Mi ni ansa Bi 3yanbHOI Il HTepnpeTauyi i yepe:
OMI PHY 4YyT/WBIiECeTuK, O ABUK. N kBIcasloyYwma CNT | We B Y eHI 3
Ter pywTb OQUTOIKdaHU | WTHaI ppaanH | ONA NOKpauweHHSA aH
NbW TOYHOT «Knacwudogi kayi i 3eMeITbHOIo OGOKpPUBY,
cepepoBunumwa 1Ta 6i bW OB6FPYHTOBAHOTIO NPUAHAT
Sentinel-1 i S2-nytei mesli ciiMmBis3sciymymrpamn Co@erni cus
KocMi yHoro aredntcTtBa (ESA). Pas3om ou-i Mi Ci T

O PpoO3 i NbHOKW 3pgaTHI CTK 3 BULUMUX, Ob/-M X H i X i

nx ip@Ppaxe (SWIR) yacTunH cmRepap@paasTawaxerTe
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Al agpparmMotw (SAR). Y noepgHaHHI 3 i HHOBHRI MHU
Ha Sentinel MPOMNOHYWTb HOBI MOXNuUBOCTI AnA
MeTtopgonori.l KapTtTorpadpyBaHHSA UBD AH WEHBHBIM € K
po3 Al NbHOT 3gaTtTHoOCTI CYNYTHWUKOBMUX Oamw4 X,
CTaHUIi MHOT O 3 O0H/AY BVREHHBAK Yax1 9B BEAIMM,N X0 Xi O MW 00 Y U
Bi nbwi cTb poOCnNi AXeHb NOoO6GYyAOBAHI Ha BUWUKOPI
Modified NDWI ( MNDWI') [12,14]. OovH 13 cnewTpane
CTOBYETbLCSHA Ta pf[03BDDUIKIE JINIOBOMMAMI MBGLHOT 0O [
—Normalized Difference Water I ndex ( NDWI ) .
CBi T/MEaUMNMOMY T@PBODHOMMFEFYE i ana3zoHax enekTtTpowmar
BUKOPUCTOBYE 3eneHi Ta O61UNXHI i HpbpayepBOHI
OO nNpPUCYTHOCTI Mi CbKOT 3abypoBun Ta MoOXe n
06" eKTIi B. B3HayeHHSs IiMWAamiKglyo enioMaaeq B0o [/HO N3mvaa3vB v
npaBunno, Ma€e 3HAUYHO ME€eHLUWi 3B alBeiteHsH,A & 31d @yny
O po 0. 2.
|l Hoekc NDWI po3paxoBYeTbCcCA 3a GQopMynot:

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

AeNIR —k oe i yuBieHOTMBTHIXH biOMEP a 4 e paBi 0aHMOa®BHOEHKI TT P- 0 M a
Hi T Hconreok Gregely—y3 eneHO MY

CBiplo3BloT@PrmmMmasn pi kvepMaili PO BEBMWEID 4 H WML e K C
(MNDWI), y e pEisn b a@uBief i NBEHMHHIUEXK THIaBY MY T H VBKHA BVIA @ X
CTaHpgaNDWH[RA4].l H o MNDWIpos paXx 0By &8O PBRYNOI

MNDW!I = (Green - SWIR) / (Green + SWIR), 2

0 SWIR-K 0e i Bii gAHOTYKTOr O T K O X BiNHI(p [ & ‘O V¥ Bl & H Gipey —
y3eneHomy
BukopucSWIRME P O3 paxyilkyr p aintbHeMNDWI, 103 B0 NSE
MEe H UBAMT/UM @B C /1 U HTHAOHCLOM & B € P, X KTHALK M@ OKXX YBTi b, 0 6 pyaNiRa T n
AOoOKpPaBMTAIB TR HOUEBXK T3BaYyeHHsS MNDWI nepebyBakc
i-h po 1, pa& Bmoitmaig BA .45 oxi gawTb BOAgOWMAaAM.
OkpemMe BMUKO AERKCTIPEAHIbBHNE | HAeKCi B Anda-aHarn
TOPIi YHMN nNnepiof He p[fae NOBHOI I HPopmMaui i
BeEpPpXHeBMUX BOA Haby nuc TBHEH/MAIML ¥ETH HOS U3r MB BK &Xp1acC
Forest Ta ArtificimtoNeurahHMNewmevoo kisB [ M&8B1uu H
MOHI TOPpPMUHTY CcCTaHy BOAHUX O06'€eKTi B Ha OCHO
3HIi MKIi B AO0O3BONA€E aBToOMaTu3dIyBaTW nNpoyecum adH:
ANA NPUAHATTSA 06T pweH/Ti omxakHdmHXi  pfi aw eoHcbH. 0 BY  mpaa H m

m H W

Sentinel-l2 3 BUWKOPUCTAHHAM 3T OPTKOBOT HelWpoOHHOI
ANnNa k@pppyBaHHA Ta OoOUi HKM AMHAMIi KM 3 Mi H NOBE
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|l HWM ™M nNi gXo0[4O0OM, SAKUWUNWLE@Y BIeE LD OHI OB @EDIGDBAYKEE Vb I,
nwyawuynm wmeTtopngq Ouy [ 201 py sBVeeBr oegd ekyTyn BNHPi OCATELM OC €
pPpOroBoOro 3Ha4yYeHHSHA, nNepeBepuwytwyYmM Oi NbWOKW TONM
OCTOTA&TUTBAH iecyes nNnoporosoro niagxopy Oy <cKopo

TOHY CTb Yy MNOPi BHAHHI 3 MeTO[[amaMe KA NIPi g @al,mé H-
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bpaXeHHSA WNAaXO0OM aHani 3y po3noAginy IMHTEHCMUBE
NbHWW nopir, AKWUWK MaKCWUMiIi 3ye aucnepoc-i o Mi X
Tb pgoibicekagpmeHTaui T 306paxeHHS . Llein HMeT O OC
X SAR, Ae Bapiauyil y BiagTiHKax Ccipoo-0 Bi Aagno
THOINIoOoO PoO3CitlBaAaHHA y BOAI, pPOCNANAMUHHOCTI Ta rp
OpHack Taki MeTOoAaMu He 4 0 3 B O JIGATKOTBbE 03T HpaNUMeaHT HAS
edi yi eHTa 3BOPOTHOINIO PO3CIi WOBAHHA Aana Bi OoH
encTaB/leHO MeToph KapTorpadgyBaHHSA nNowB-epXHI B
i KyBaTwu BOOOWMM HaBi Thb y curTyaui ax ancoa
LIeE 3a NpPUHUMNOM MaKCUManbHOTI Bi papaBdi AHOCT.I
aAaNoOHHI W mMacui . TakKWM YMHOMBOQMTRIT OMNO YLYOK3yB OT/1eH €B |
TUMaAaNbHNUX nNapamMeTpi B fropapms ali AaKMa3 adexm
NbHY &@&GkKkwKGTBOMM SAR. 3a HadgBHOCTI oen-o pHOI N
A € TOYHIi WuUm, Hi X mMmeTopang Ouyy.
BUCHOPRBTI NAHYTO MeTOAaMN aBTOMaAaTMW3IOBMaHOT O K
aHUi "HOT O MOHI TOPWUHTY Ta MNPUMEHWMOCTHSb Me T C
pai HBmM3Ha4YyeHO OCHOBHI UNHHUK KN, AK I OARPUYUNHSA
nwm.
MpoaHani 3o0BaHO MeTOAMW MOHI TOPUHTY nNao-Bep X HEE
X . OCHOBHI KNnacuuyHi MeToaun OGasylwTbcas Ha BMU
HHOT O H aBpyOarHyHBAa HTHad MBo0O 6 paXeHb. 3acTOoO@yBAHHSH
HHI 3 KomMb6i Haui eto MeTOoOAIi B AE€MOHCTPYWTb HaMmM:
K i MeToAMW He [AO0O3BONMAKWTbL OTpMMATKU TO4YHeEe nopc
OO WM. MeToa KapTy®AHHZA HI@GITE @oeaysaaHm X 3 060pax
KopucTtaHHAM MeTOohny BMUOOpPY oOoOnNnTMManbHOIO nop
MKpawnim pesynbTrTar.
Mopganb wi AOCNi AXeHHS O6yaAyTb MNPUCBSA YEHI p o3|
BaHHS Ta aHanNni @AW BU@AAUMHM Oir 30 Ha/BHMWBEHHH Ta pi 3H
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Analysis of automated mapping techniques for changes in water bodies

InInland water resources are vital components of the water system for every country,
and their supply is strategic. Growing demand for water and climate change are exacerbating
water management problems in arid and semi-arid regions, which experience water shortages
due to low and irregular rainfall and high evapotranspiration. Monitoring inland waters is of
strategic importance for a country's development. Assessing the ecological status, volume and
area of water bodies is key to analysing and forecasting the water balance and spatial distri-
bution among regions. Monitoring water bodies is particularly relevant in countries most af-
fected by rapid climate change. As a result of climate change in Ukraine, there is a negative
process of deterioration of natural moisture conditions, as a result of which areas of exces-
sive moisture are disappearing in the Polissya zone, and the process of desertification has
begun in the south. Ground-based measurements to assess changes in the area of water bod-
ies are an expensive and resource-intensive approach, which is particularly difficult in re-
mote areas. The article discusses the main methods of automated mapping of changes in wa-
ter bodies using remote sensing data. The use of heterogeneous data in combination with a
combination of methods based on spectral indices and machine learning demonstrates the
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best results. The article discusses automated mapping methods using remote monitoring and
the applicability of these methods for analysing water resources in Ukraine. The main classi-
cal methods are based on the use of spectral indices, machine learning and image threshold-
ing. The use of heterogeneous data in combination with a combination of methods demon-
strates the best results. It should be noted that such methods do not allow obtaining an accu-
rate threshold value for relatively small water bodies. The method of mapping surface waters
using radar images and the method of selecting the optimal threshold, the reference water
mask, showed the best results.

Keywords: water resources, water bodies, automated mapping, satellite monitoring,
remote sensing methods, spectral indices, machine learning

KaBauyu OneHa Onekcag@aumpjopilleadT Kadepapwn i oehopmMe
norim i cmctemM YKpal HCbKOTINIO fAgepXaBHOTIO YHI B
KaBau Kpin B+rani HoBugouemmMa LkiakpeyX T @ XMHp@N o r
YKkpai HCbKOTIO AepXaBHOIXWOJYMIiBE.pCUTEeTY HaykKkwMu
CepreeBa KaTepwHka T/leHo. H i pagoByHeaH T K a cheop o mi i H ha

KoMN' WOTepHOT i HXeHepi Haui oHanbHOT O Xr-€XHI
Hi Ka».
Poin AMutpo Mu#kaoccmaepaHyr K adegpu i HhopMaLyi MmHI

YKkpai HCbKOTIO fAepXaBHOTI @ gMHiiBepcuTeTy HaykwWu

Kavats Olena Oleksandrivna — Ph.D., Associate Professor of the Department of Infor-
mation Technology and Systems of Ukrainian State University of Science and Technology.
Kavats Yurii Vitaliiovych — Ph.D., Associate Professor of the Department of Information
Technology and Systems of Ukrainian State University of Science and Technology.

Kateryna Sergieieva — Ph.D., Associate Professor of the Department of Information Tech-
nology and Computer Engineering of Dnipro University of Technology.

Roi Dmytro — graduate student of the Department of Information Technology and Systems
of Ukrainian State University of Science and Technology.

ISSN 1562-9945 (Print) 171
ISSN 2707-7977 (Online)



«CncTtTaexiH ooh d60)i2025« Sy st eno gieecsh» o |
DOI 10.34185/1562-9945-5-160-2025-18
Y [ K655.2:519.8

MKKnesB . BRPyagakoBa
ontmml AUl 4 PO3KPOK JTMNCTOBOIO NATMNEPY
anda NOTPEB NMonl rpAel HOr o BUPOBHWUTBA

AHoOTaui a. Y cTtartTi npepgcTaB/ieHO KOHLUeH-Yi 0, ap
dbopmMaui MoHyorso nNnMioa T PUMKM NPpUAHATTA piwemb (I M N
i YHOTr O nNi gAnpuemMcTBaA. Moaoynb po3poborTem®@ M3 MeT
40O ApPYKY, BMOOPY oOonNTMManbHUX nNnapamMeTpi B pPoO3K,|
TEXHONOTNIi YHOT O MAQPRPNEYPI BamPONNOELHYO- MAaTemMa
OGHWMUYI OaH.i Ta €eBPUCTUYHI npaBunnia 3MMMPBKST UK U,
pi wWeHb Ta 3HU3ZSUTU WUMOBI PHI CTb NOMMUIMTOK.

Knwoyosi cnosBa: nNi gTpMMKa NPURNHATTSA piywreHb, n
BaAaHHBIKpPpP®W, i HMPOpMayi iagasgscumcrtema, ONTUMI 3

MocTaHoOBKa QcpHoOOOBNHEAMV UTPEOH3 BENHT LKiIYSI C Yy 4 a-€i HHOEe pn o Ni I
KTUBHI AR§KApBTOCYBAHHSA i HTepaKTUBHOIMN-B3aeMO]
KOM | HQOO®Bp MmxLwpinitT.a pgoapykKkapcbkijyHEUCTEeMaHTRPARKP MU
3B'A3KY 3 3a@aMOBHUKOM TaYMEPKOHBEAXBYBAGHWKH M OMm
ApYyKapcbKOT nNi groToBKMW TEOMA aOHHS BMA X Hear amagi NN T un

1) niagrotToBKa Ta BBepgeHHsa i HdopMaa@pioiM,y KOMT
BuMagB HMyuTBoM abo ApykKapHetw) ;

2) CTBOpPEHHS €eNeKTPOHHOTNO MaKeTy BUALAHHSA;

3) ni grotoBkKka (HoOpMani s3yBaHHSsa dannarse, Tpen
pumMaHHSH npoo6uwu) Ta BUBEeOAEHHH CTOpPpi HOK Ha MaT
GOpPpMHY nAaoacTUuHYyuMuAaBY. unni HOP Mauw

BnpoBagXeHHs aBTOMATMW3O0BaHWUX PpiWwWeHb A[Ada orf

3HaAaYHO nNi ABUWIWYE PpiBeHb onepaTuUuBHOCTI ®WoOApPYKaAPp
HO Npun nNniagarotToBUI AMCTKOBOIT npoAaykuii (eTunker

AHani 3 opcoTcaHHOiXXe Hb T alppyuéoi pagkpotw manepy 'y
YHOMY BUPOOHMLUTBI € KNKWYOBMUM eTanomur p@ac MB M UB

MaTepiani B Ta nNO0OrictTmKky BUPOOGBHMUTBaAaIMHU&EpPE3 B:

()

O6MeXeHb BUHUKDaMaAaMTOUBOP@B@aMIi A aBOTPUMUI aRPUKNHAT

Ui MHI cmcrtemun, K i NoeEAHYWTb MoAaeni onTtTunmMi 3a
MOXYTb 3HAaUYHO MNOKpPpaaWwT M nakiyeas HEU P E@GEKT MBHUM
Ana onTtTwuMmi 3auUil i e DRI Epavauoswem xMoOmpepOWBaAaHHA 3 apfa
nanepy.

©Knesu.kpPyM ack.Bge25 I
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Po3kpi i—oagRapy KPUTUYHUX TEXHOMNOT I YH-UX O

poG6HMULTBI . HeedeKTUBHNUNW PO3KPIi W NPpU3BEHALGUT b
BUPOOBHMUMX BuUTparT. 3afjavya REIKEPOH MaCterKNME
CKnagHunx 3apjpgauy, wo yckKknapgHtwe 11 pPpO3B'O®-3aHHS:
pucTaHHA anropuTmMi B PO3MI WEHHA 3 ypaXxXxyBaHHS
3yBaTtun BIi gxopagwu, Ni 4ABUWUTKNU NPOAYKTHWMBRHIWY-TTbU OT
rpadii

3ajaya NpPoOMMCNOBOTIO PO3KPOW NaBeEpApNO@MHAbL ¢
4O KBaegwmBHOBUMI pHOT@ YfRBDyonpe®mKkKpolw. 3Baxato

LUbOINO 3aBAaHHHd WNWNPOKO BUKOPUCTOBYHKTbCE- €BpY
SBTOKMOBI PHIi CHUX MeTOAI B J/1OKa/iIbHOTI O MnNoauyKy

puTMIi B, dKIi € p[pexopepamiaxB 6arartonpoxi AHUX
Mo cyrTi, PO3MI WeHHA NPAMOKYTHWUKI B 3RBOAUT
Tb NepeTUHI B. Bi nbWwi 6 T3 BD@EAWMABLX AMEDO Mae-H € P 0 |
NyCcCTUMUX PpPi WeHb i 3HaxXoOLXeHHHa cepepn HUX onT
Ana po3B’'A93aHHA 3apgadvi MOXHa 3acToOCOBYBa-
Xxapgi 6HI anropumntmum (greedy met hods) ans
pi WeHb;
EBPUCTUYHI MeTOoOAMW, 30KM/EesVmaH a e/H/EX eMHHTHIT 0 arvi

TUMA/NTbHOT O PpPi WEHHSA;

MeToOAMW AMWHAMIi YHOTO nNnporpamMmyBaHHSA Og/rA9 BMU
aHTIi B.

TexHonor nonirpadgi yHOoro ni ganpuemMcTaBaaE BIi g
6i p dPopmaTty nanepy, MNaHYy BOAMHOH A UYMHM3XK PPCeEX N MB VB:
HUX yYyMOBAaXxXx 3HaAYHOTo NOTOKY 3aMOBJ/IeHb, U-d XHbC
Kae notpeb6ba B aBTOMaATMU3O0OBaHI N nNi gTpu M- np.
ni, Il HTer posadtHi B 3arafnNbHYyY CWCOITHEMY WBIHEOP EAITI
bopmMyBatTunm O0O6rpPpyHTOBAHI pi wWeHHSA.

MeTa pgocnO@akKeBHOW MEeTOKW € CTBOpPEeHHSAPMATe
pMaui MHOro MoAaynsa, SAKWR:

nNi oTpMMYy€eEe TexHONora Yy Bunbappiaxgmymm po3K

BUKOHYE aBTOMaATMUYHI p/oi3Bp;aX YHKMW BUTPAT M

LO3BONAE OULiIi HWBATUW edeKTYBBMIHAT b Pi 3 HUX

i HTerpyeTtTbcanagtT ERPMIMEISI gnpmnemcTBa.

BunknageHHA OCHOBHOT O MMaTeegMaTiWw4 Hla0 @Oia ankaee HC
ABOBUMI pHOT o (2D) mMpofMWO/KIWTIEHTICG [HOE3CKT /Al U M Y |

Hexain 3apgpaHO:

Habi p dopmaTi B ApEKFOQOBRHOT KOROMYEIPAKRYEX M
w;Ta BIWhoTYy
HassBHMUN cTaHJgapTHWUW nNMcToBMN cdopmaT nan

obcarn s3smosneexHOrFa dopmartTy
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3afjadya pPo3KpOI:
3HanTunm T ack eFHpa 3/mi areadxH AWxH ake Mi Hi Mi 3ye:

3aranbHy KinbKicTbNBUMKOpPUCTAaHNUX apkKkyuw B
CymMapHy nno3jy. Bi gxopniB
Tob6TO

min N, min S, = f,"r:l[W "H — Eiﬂji “wy - hy), (1)

A@&;-Ki NbKIi CT+H 0B mMHyeaMyi Ba piK y Wi

Mpun o6MEXEeHHSAX:

KOXeH apKyw He nepesBunuwye pos3mi pum Wx H,;
cCymMapHa Ki NbHi0CTHNYN MOBINEH gja A6 =4 0B a T U

ona BcCci x i ;
agonycTtTume pPO3Mi WeHHA 6e3 nepekpuntTrTasa.
MponoOoOHYEMO ANSA pPO3B’ A 333aHCHTSO C3yaBMAA Wi ERQIRAKC T N 1O H (
wo Bi AHOCMTbLCHA O Kngacy 3ajaydy nNpo nNaKyBaHHA
CKnapcbKkKunux wtabenepi B 3 OO0OPTOBMUM HAaAaKOIT-MYYBaAaAUE

Mi pPHY 3ajadyy nakKyBaHHSAa. 3anponoHOBap@sET amMeT o[
BaHHI NPAMOKYTHMWUKI B, NOYMHAY I 3 NyctToro apkKy
napti amum nrb0QO0=nw@6i B, Bi ANOBIi AHO TeXHONOT i\
MOXHa nepepaxyBaTu BiIi QHOCHO Ui €1 BenNWMYi HI

Mo nNepw 3a BCe HembXi A3HOM OBBINIECHHMAT yHBaA TMP Y K |
3HayYyeHHA Kputepitw Bi gbopy BMUAOY

ST, Sg, )

AeS; Wh -nnowao icdbopmaTty APpYyK@B@AEH®S T m poogawxeliédHb (-

ANnAa KOXHOTFp domlyaTy

ApyrmmM KPOKOM € BMU3HauyYeHHA HoMepa dGopmarTy
Kpunutepitw (2), Ta pPO3TalWOBYEMO @O&XWIAMHOPEPMDdM T I
aHani 3 BisMHPICHNZNPOBM3IHAYEHHA BapiaHTy yKnapgk:

wW W H H
W, — w, -+ H, L Ll
wk w, ' hk h, ' wk : h (3)

O6bpaxoByeMOoO Koediui eHTN [N BU3IHAUYEeHHSA Bap
abo BepTuMKanbHe (SMHUMOIMAW@WBAHHSA) HacCTYy
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Kpge W w int(Wy), ky  H e int(Hp,), 4
Kpo W he int(Wy), ky, H w int(H,,), ®)
B 3anexHocCTI Bi i 3HayYeHb OTpuUuMaAaHMNUX 3kKO0edi

MIi pUW Bi NbHMUX 30H NuUcTa Nicnga po3TalwWywaiHH A
Bapi aHTW Mi HIi ManbHMIXB:3HavYeHb KoeMiuyui e
1) kg vmin -
W1: W, H1: Ky;
2) Rpvmin -
wW1i: k,;, H1: H;

1) Rkpvmin -
W1: W, H1: K,;

1) kg vmin -

W1: k,,, H1: H.
WltdHl-HoBi poOoO3MipMm 3anumwki B nuncrTa.

Micna uUuboro 3p[i AICHIWETbBLCHA KOpPpekKUui 9 @RUCKY
XYyBaHHAM po3paaadsgHoOrfa dua i NoBTOpPHWKWTbLCHA 3a
COPTYBAHIHKHM @ HOMBUICKY .

AK WO Ha n"1ucrT, Wwo 3 anNnoOBHWETbLCA, He MOXHa
BBaAaXaeTbCd 3aKpuUTum, 3bepiraetrbca y nepeni k
BMUI ANME @BNOPEOT 0O PO3KPOL.

Mpn 3acToOCyBAaHHI HaneXHOoOro MaTeMaYy  MWMHOT O
npoyuecamMum MOXHa 3abe3neyunmTnm T HYUKE, jWeadbamT n
ctepi ynpaBni HHA PO3KPOEM Nanepy.

|l HbopMayi MHMAN MOAYNH PpPi MEPHUMMAENPBHIXMADT N
TUBHI CTb Ta TOYHI CTb pPOBOTMU TEXHONOT aAakK -TUMOI
Ui OHanNnbHI CTb CUCTEMMU 3a pPaxXYHOK MaAaWUHHGOT O F
3y nonepefgHi X piweHb Ta mpoHaMiYyDHMYT capaermoaLil

| HpopmMaui nHa CNHNMNP Mae 6yTwnm nobypgpoBarwma 3a
Tack.i OCHOBHI KOMMNOHEHTMN:

Basza :BaOHwEWX raHHAa | HPopmaui i npo A[OCTYNH
napameTpun obnagHaHHSA.

Mooy nb MaTeMaTUWyHDE BVIYMIAL /N0 BOGPHIHTSMI 8- O N T I
3Mi WeHHA AgpYyKoBaHmaxesnneMeHTI B Ha apk

AHani TNYHMBUIMOKIY NTBTPEKTMUBHOCTI PO3KPpPOL
nnowi, Bi AXO0OAW, KIiNbKIiCTb apkKkyuwi B) .

| HT ep delic KBOip3nycaT/nyiBlaaygi:9 CX e MU PoO3KaP-OH, |
rgaHHsa, | HTaempEawkivauvwy . ERP
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MoganbwmMim PO3IBUTOK cuUCTeMU nepepbdbavaae | HT el
niB, NPOrHo3yBaHHsSOp@ODEPeBaTACHAPMUBHHUR FmaHMUNX.

Joui NbHO BUKOpPUCTATU T EeHETUYHUN aysraotTpum T M, L
3aMy PpPO3KPOW nNnanepy B YyMoBax BapiamwmuBebDro BMU
MO geni 3 eBONWUIi AHUMM NpPpUHUMDAMKU nNaiugry JTabes
aganTtTMBHI CTb CcUCTeMU onTwuMi 3ayii. Y nwepcnexkTwu

dbopMmMalulyiTieHMn cyancpaB NiTBEG M. BUPOOHML
BucHoBrpopMaui WHMIK MOy Nb Ni ATPUMKLY ENPUKNHSEAT

ePeKTMUBHI CTb Ta TOYHI CTb pobGBOTNM Texmpoagomra TWu

PYHKULI OHaNnbHI CTb CUCTEMWU 3a paxyHe®UTHRaAWTUNHHOT O

aHani 3y nonepepgHi x piweHb Ta AVWHaMIiOBIWIgIl . agant
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Optimization of sheet paper cutting for the needs of printing production

The article presents the concept, architecture and principles of implementation of the
information module for decision support (IM PPR) for the technologist of a printing enter-
prise. The module was developed to automate the processes of preparation for printing, selec-
tion of optimal cutting parameters, assignment of materials and selection of a technological
route. The proposed solution combines mathematical models, production data and heuristic
rules from practice, which allows to reduce decision-making time and reduce the probability
of errors.

Keywords: decision support, printing, technologist, production planning, cutting, in-
formation system, optimization.
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B. B. Beaomi aob, T. M. HecTepeHKO, M. M.
EKCNEPUMEHTA/NbMI AXBOKHA KOMBI HOBAHOI
| MOYNbGBIOBPALI MHOI YCTAHOBKMU

Tauyi a. Y cT1atTi HaBegeHO pe3ynbTaTKU e€eKCTME
NbHEHHA nNonicTumponbGeTOHHOT CyMi wi @-a Aonon
ol i-mMNgpaOgHBHOIT Yy®oHAKOTBK .0 CAK TMYKEM HHA- NOB’' 93
T Ni gBUWEHHSA W NAbHOCTI Ta Mi UHOCTH- ner koo
TeXHonorii yuw NbHEHHSA. MeTotw pob6boTmnm-€ BCTa
HeHHS (3a3o0py MiIi X pamawmwu, MaicupginipMpaaT @XY B
NUWBY TOPU3OHTANbHMWX KONUBAHbL Ha Mi LHWi CTb BWM
NnnaHyBaHHSA eKCNepuUMEeHTY, i 3MuHe wmMopgentsBat
6ynoBOKW NOBEPXOHb BI ATYKY. BcTaHOBNa&e-HO, o
HHA A4O0O3BONSAE Ni 4BUWNT MU MMeHKYy MIiOUPH OBCHTSHH HH a 3C TTU
M i MOYAbCHWUM YW NbHEHHAM. OTpumatHi pe3ynbT.
TUMI 3aui T TexXHONOri YHMUX MnNapamMeTpi B @SBNPOOBHNL
HY .

lYOBIi NemioBBUPONOETBOIHGP aUMNAYHNEb CHIQI N b H@HHSA, KO
HHA, nNabopaToOpHa ycCcTaHOBKAaA, MNpuBaall a&X)Badu,
Wi NbHEHHA, eKCNepuMUMEHT, MNOBepPpXHHA Bi ATYKY.

O I T O

< ® X240 I X 3393 WS IIwm< >
®»Y¥ 3 03 S ®OS3I T N TP ETI

MocTaHoBKa OmpPHWM €M . KNTWYOBUX YUNHKHIMKT 8B , N @0 E
KOOGEeTOHHUX BUPOOGI B, €E edPeKTUBHI CTb npw4ecy yuw
Hi CTb Ta OAHOPIi AHI CTb CAOP MOXHOHI®IT | @XP WKL VIbIH.€
nerkumx O6eTOHIi B HejgoOCTaTHbBLO BpPaxoOBYEeETbedA BMN/IUB
M a ONi CTUPONBbHUX T paHyn, AKI MalwTb HW-3bKY TY
HY AaTHI CTb O aMopexwEallipekamMBHIYEYaOWNBBUNLa Il ol @
MeToOoOAiI B YyWi NTbHEHHSH, ocob6nNmMBO B yMOBAaAXp-CKI/napmpH-C
MyBaBHRBOOGI B. KpimMm ToOT O, HaABHI CTb 3 aMKHEHMUX I
Hi CTb po3nopginy HanNoOBHKBAavYa 3HUXYWTb Ke-kcnnayartT
pi WeHHAM MOEeo66Agw™MM BMacToOCyBaHHSA Kom6i HoBaHOT g
Ta T OpW3 0 HPTaAWI bilHHMMXX BHiaB aHT aX e Hb, WO [ O03CB-0/19€ at
TUBOCTI CYyMmMi wi , 3a6e3neynTtun edeKkMbBHEM HBEAUT I CHe

AHani 3 ocTaHHOxkTAagEENI ABEeWb AXEHHA Yy ecdepi B |
Ci B YW NbHEHHA NEDKWMXYBOBRTYHHAa QA @IQkEEMHTHFAH OHCOTBI 1 XB I
MeTopai B 30yaAXeHHS CcyMi wi., AKAlI OBP OBABY BT H a0 MG

-1 9 O W O X +H O

©BegomvMB.gBR. , HecTepeHko T. M., HeRrepeHKo M. M.,
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«CncTeamexidH oob @60)i2025« System technol ogi es »
MOTMW [O OAHOPI AHOCTI n dii ngeweemie HB UMR-OP@ KK B .
NbCHOTINTO HaBaHTaXeHHMHe Wyali IdbeHMeAY BaAC PP@AKI[Y 3
ro, ane |1 HTEHCWBHOTNO BNNUBY, AKUN CcTBOPI
Mi wi . PesynbTatTun excnepumeHTi B [ 2, M, 7]
nbci B I 3 ropusoHTaAaNbHUWUMNU VBT IOPHALH HIM U N CHIIP
nNwW4yeHb, bopMyBaHHI Wi nbHOT CTPYKTYypM T
po6otax [3, 6] pos3BuBaeTbCHaA nNiagxig AO oni
YXMUHHOT cncrtemm, Wwo A4O03BOJIAE BpaxoBHysBaTMu
pBC3HOMHXa e PpeKTIi B Ha nepebdir Yyuwi NbHEHHSH. 4o
HCTPYKTWUBHNX MnNapamMeTpi B ob6napgHaHHSHA, 03 0KDPpE
Ta TpuBanocTI yuWwi TbHeHHSH, Ha KIi Huea- Mi L
€E TERMB X eKcnepumMeHTanNnbHUX [OCANiIi 4XeHb, AK i
MO &8HHIXB i MABYiNGbpcaHUi MHM X YyCTaHOBOK |3 BapiaTtwm
GBYYIMOE aKTyanbHI CTb NpoBefgeHHA [OCAHNIi OXEeHb
MeTa pAgoc /MeareH bn p O BEIEHMWNKE HETKA Tb HU X @O C Ni [
HHA epeK TMBHMX napameTpi B 3 a n pBOi NGOpHAOLBI aliHHOO
TAaHOBKW ANA YW NbHEHHA /erKmAXTOEHNOXHME/EJ
TAHOB/IEHHA ONTUMA/NIbHUX PpPexunmiaod opair acp-H 6 HH
y K Ui
BunknageHHA OCHOBHOINIO wvMBozpoa@amgHagioomb@mxeH
BKa (puMcyHOK 1) p[f03BONSAEINM@PMAA WIBHT e fyud Le
nx 6eToHiIi B (apboni T, noni ctTmponbeToOm-) B )
0B WX . Frabaputun ¢d8pAysafmdome, BrPOYY 100
: 06’ emMB8 @O mmrc/ams . 3aranbHa Maca pyxomoi
aHoBmMBEBKOOMOOO0 H.

YcTaHOBKa CKnapgpaeTtTbcCcda 3: pyxomonepamin w8y
LOMOMOTI O KYy/1aykKoOBOro MexaHi3IMy,; Kay- /1 a y K
3nNneyye nepioAgMYMHEe Ni gHATTSAS Ta CKuUuAgayH-HA P
yBadya, 3MOHTOBAaAHOrINro 6e3nocepepgHbo Ha dopnw
NPAMKY Ta 3MeHWYye Fd6 mmadyyrgpd YlHE WK MU BPE& H O NX
ni g PYyXOMOKW pamMoOWw 3 perynboBaHUM 3a30poN
3aranbHa KOHCTPYKUIi A4 ob6napHaHHSA [JO03BO/MAE
eMEeHTI Bp,HUMNKA CeyTeyWyeaH T i B Ta nNnapamMeTpu Bi 6po3:
3 ornapy Ha cneuyundi KyB ikbopvabl i HAOHBOAIH OV COTH avHIOY BN
CTOBYETbLCHA Yy [AaHUWUX [OCAHNI AXEHHSAX, Taa-3 Me
TPi B yuWwi TbHEHHSH, 6yno npicoaraxHeOBRHYHYp 8
wesas3HayYyeHMUX 3MiHHuUux O6yno npoaHani 3aBaHO
OPHOIoO eKcnepuMmMeHTY O0Ob6paHO TpwW KnNnwyoBUX (
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3asop Mi X PpPYyX®m-
M O 10 pamMotl 6eXqnipce
BNAUWBaAEe Ha TPpPpUBB:
Hi CTb YypaaopiHiOl B3a

Maca pyXomMol H-
TaxXxyBauyaB (Y217 aHOom-A
TaxXysBau CK/apja €ermuo
BepPXHbOI PYXOMOIH -
Tamum (aKa BeKmixelr(
200 H 1Ta 3PBPOH)HE
3 BOYy 4o BpacH3mtvy ABKiy B .
Maca 3HayYHoOW wWipga
yhapy.

TpumuBani cTb y Wi—J
KPUTMUYHMUN napamMerT
Wi AbHICThb, Mi UHI @-
nicrepragoberenpoby

PncyHLCrxkelva ycTaHO
l-pamMapndp#p anMBaov@y X
4—KynauykoBWUS—sp@Ma,H i

6-Bi OPO3OYANKDBEMYB &4

Mi g wac peanis3ayi i nNnNnaHyYy eKCcCNnepuUWMEeHTY A0 KGC
BUMOT U: KepoBaHIiI CTb, He3anexXHi OFa&H HSO MBI e Xa X0,
JOCTaTHI X ANA H@POMIBLWHITXT BNOIMBYHHOT CYy®RE Wi . Ko
cTaBneHoO Yy BUT nagpgi Tabnunuyi 1.

Tab6bnunya 1
PesynbTaTn KoayBaHHSA @GakTopi B

w | @ % PiBHi Bapi s
T — -
Il M CHI KopoBa
ols | [ B Aos
= —

o I |ox| 2w | ’ 2 -6

o o o x|l o T . — o T T
- = £ | - T L a = X -
x X = e = =
& - |0 0|l T ® | & S 3, 0 T | >
<3 g | X | — o | @ T T I
3a3z3o0p Mi X pey a X1 5 15 5 10 +1 |-1 |0

pyxomMotl pammMo
Mac a pyXxorwmod m X2 100 300 | 100
npmBaHT aXyBa
TpmuBani cbbe H| t x3 20 60 20 40 +1 |-1 |0

(c)

N
o
o
+

=

1

=
o
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«CncTeamexidH oob @60)i2025« System technol ogi es »
Mpun UbBOMY MaAaTpPUUA NNaHYyBaHHSA eKe€mMEe@mMMLEH T

2. B Tabnumuya 2 HaBepgeHO BCI MOXANWUB.I K@-MO6 1 H:
CNi AXeHb. Pi BHI Bapi toBRhHHO, (halo oiCkBeaga/keiTo
CyMmi wi HaBejeHO Ha B Tabnwumui 3.

Ta6bnuuysa 2
MaTpunuusa NnNnaHYyBaHHS eKCNepuMUWMEHTAaNbHMN

Howmep X1 X2 X3
€K CreHp u |

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

MpouecommetwHls 3pa3kiB nepepb6avaB noa-epejl

NbHY OCHAaACTKYy nucTta rincoKkKapTOHY, MOHa&-ax a|
XeHHSA noni ctTMpon6eTOHHOT CYyMiagudc g9 HHaa KHpaCTTTys H
APYTUM NUCTOM CITIAMHOGKIE@MHTHGHANG MBa Ha@TKwywmBa L i 9 K
ISSN 1562-9945 (Print) 181

ISSN 2707-7977 (Online)



«CncrtamexiiH oob @60)i2025« Sy st enmp dieecshm o |

i MNYy nepicHpayi MHOT ycTarmoa Kyl mKaeBasbez ne@eyyady act
BepTMuKanbHMNUX i FOPU3OHTANIbHUX KONWBAHY- Mi cns
Banacsa KOPOTKOTpuBamAa TERAaONODIrsz awial Nay-pRK TYypw
WeHHA BHYTPI WHI X HanpyXeHb. JIncTunm rincokKapToOH
3 MEeTOoOKH 30PROARWAHBHHA Ta 3anobiraHHA YyTBOpPEHH
pe3synopmyBampacsda pPi BHOMI peAai AITMWEX/A0 enTacHHey1 b3 | i3H T
rMMfcR@PTOHHUM O0O6/TMULKWBAHHSAM, wo 3abes3neyvyyBano T O
CKnapgi CTiHOBUX KOHCTPYKUI W.

Micna 3aBepweHHSA NEePBUHHOTNO TyxXaBi WmHA 3401
pi 6 3anunmwaBcsda Ha N4 @MaTHW B HI0I B aTtkKd (HMIEeHW IAB HT P U M K
MyBanumcsa Yy BOJOTrTroOMY <cCcepejoBMULWi 3 Bi AHOCHOIW
20 + 2 °C npoTtAarom 28 pgi 6, NOGAUNMSOD CHO BU NHN NOGap
Ky6i yHmux 3pas3kiB po3mMipomM 100x100x100 mwmMm.

MexaHi po@Kk @63 a4i ncHwWBanacsa CTPpPi YKOBOW- NUMKOK

3bKUM piBHewmM Bi 6paui i, Wo 6 Yy H U KTHYYPTUM  MIAOTLUEKPOi JaKIey!
reomMeTpuYHI napameTpu 3pas3Ki B nepeBipanucsa 3T
CyMmMi wi NpoBOAMWWEAMMN3 & NBUEM an icaX eqi €10 BepTawnKasibHW,

XeHb abo 3 OoOAHOYAaCHMUM 3acCTOCYyBaHHAM T®O®-PU3OHTa
BaHy Ai 0.

BnnpobyBaHHSA MIi UHOCTI Ha CTWCK 36a3KINETYyNnpoeE
nr m, I 3 AOTPUMMAHHSBSMEBMMOBDP ADK 8B,ETPA & | € BH YP/KBHI0 Broer
NONOXEeHHA WwKaaum Ta repMeTMYHOCTI ri opoocumcTemMmy
proBaHI CTb pe3ynbTaTtiB. HaBaHTaXeHHSA BM-KOHYBaAaAI/
Ki CTH HaBaHTaXeHHda, daka2niMilapemvMy BampodyBaMmeRa
MOMEHTY PpPyMWHYBaAaHHSHA 3ypaB@asg MAWKC AMD/MBHEPI XKKaue.l
Bi AnoBi ga€e rpaHWYHI W MiULHOCTI . PesynbAaTtTun exc
Ta/lbHUX KONVBaAbHARAN IKOOPBRIOWMBOMNHWEKe Aern@a .

Tab6bnyuya
Cknap nonicrtreponbetToHHOT CyMi Wi

KoMnoHeHT Ha 1 mjy Ha 0, (

MopTnaHnaguemeHT CENM 330 «r 16, 5

Mi cok ( épamxm)i a O 230 kT 11,5

F'paHynuMm niHoONnoOAMAI CT | 10 «kr 0, 5 K

Bopga 150 n 7,5 |

MnacTtudgi katTowemd DT B0 B ~2. 6 « 130 M
BauPLAST Beton
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Ta6bnuuysa 4
PesynbtTaTnu eKcnepumumMeHTaNbHUX [O0CAHAi XE€Hb

Ne e K emMieeHT VY Mexa Mi 4UHOCTI Ha CTMUWUCK,eT MH¥
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
Ona kxpawoi Bi3yanis3auyil Ta i HTepnpaTayil

Ti B 6ynum nobypagoBadHi NoBEepPXHI Bi ATYKY, afaAK.i f

KTOpPi B Ha BUXIi AHY XapakKTepucTuUawy B aYH Hpla MoK AN
bakTOpi B yTpumyBaBcsda Ha ¢i kcoBaHoOMy (cepegpgt

B MeXaXx 3afjaHoOro iHTepBany. MobypoBa on-oBep
HOMI PHOCT I 3MI HNW MI UHOCTI MaTepi apyB3iaiflexdc
UYHe nNoOJAaHHA pes3ynBbuUTMIITPI HBU Xy MBOMBre/PsAXAOiH bT pr a 1 X [
NLO3BOMNMNO [AeT @ abTHO XigpoaakHTaend 3 B3 aemMogi i dakT
HaBegeHO Hal.pucyHKax 2
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Ta6bnunuysa 5
PesynbTatTmnm eKcnepwnMme HITAIIGBHTUE IHIICAMMM KKE/HWLB & HBH

Ne e K eMieeHT VY Mexa Mi 4UHOCTI Ha CTMUWUCK,eT MH¥
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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BUCHOEKIWPOEKTOBAHO Ta BUINIOTOBNEHO buHOK OPAaTOPp
Bi 6paui mHY ycTaHOBKYWURNHSeymHNBHEeHAPOBA@GEHO e€eKC
CNi AXEeHHA 3 BUKOPUCTAHHAM MeTOguEVWIOBaAaRAAMNMYyBAaAHHBS
Mi X PpyXxXomMow Ta He-fHyyx ommo)lg pusaNEaky i\ PHB00( 1H)0 T a
TpuBanocrTi y4#0cnb HEeiIHMMO B(i 200H 0 P gaKOT OMPCHBOH @I N JiaHy T
BctTaHoBNneHO onNnTuManbHI napamMeTpu Yyuwi Ne@HeHHA B

nusam@l15mMm nBOO ,H %2 r1a NM@MU3 OHT aNnbHUX KONMWB :

a lbmvmm n800 ,H 41
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Experimental studies of a combined impulse-vibration installation

The article presents the results of experimental studies on the compaction process of
polystyrene concrete mixture using a specially developed combined impulse-vibration
installation. The relevance of the research is due to the need to increase the density and
compressive strength of lightweight concrete products by improving the compaction
technology. The aim of the study is to determine the effective compaction parameters (gap
between frames, mass of the loading device, and duration of action) and to evaluate the
influence of horizontal vibrations on the strength of the products. The research methods
included experimental design, physical modeling, and analysis of results using response
surface methodology. It was found that the use of combined loading allows for an increase in
compressive strength by 5—-7% compared to traditional impulse compaction. The obtained
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results can be used to optimize technological parameters for the production of wall elements
made of polystyrene concrete.

Keywords: polystyrene concrete, impulse-vibration compaction, combined oscillations,
laboratory setup, loading device, compressive strength, gap, compaction duration,
experiment, response surface.
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V.V. Strelbitskyi
RESEARCH OF TIRE WEAR ON PORT CONTAINER SEMI-TRAILERS

Abstract. Seaports play a crucial role in supporting global trade and logistics. They act as
key hubs connecting various nations and regions. As integral components of the global supply
chain, ports function as entry and exit points for goods, facilitating seamless transitions
between different modes of transportation.

In the rapidly evolving landscape of international trade, port semi-trailers hold a central
position in facilitating the smooth flow of goods. These specialized vehicles are designed to
efficiently transport containers between ports, terminals, and inland logistics centers. They
combine a durable design, high load capacity, and advanced technology, ensuring reliability
and safety in the most challenging operating conditions.

The purpose of the study was to assess the degree of damage and to study the patterns of
intensity and nature of tread wear on the tires of port semi-trailers carrying containers.

24 identical container semi-trailers were inspected, which are operated in 4 Black Sea ports.
The mileage of the trailers varies slightly, and they are used to transport 40-pound
containers.

In the course of research, the residual depth of the tire tread was measured and compared
with previous values, which allowed to establish the dynamics of wear under operating
conditions. An analysis of vehicle inspections and logs has shown that the main causes of
failure are tire tread wear, local destruction of tread pattern elements, damage to the breaker
and frame due to external influences. A special tire depth gauge was used to measure tread
wear. Tire wear is not proportional to mileage, but has a more complex nonlinear
relationship. This often poses a direct threat to road safety. A detailed analysis showed that
the wear on the trailer's tire treads was caused by the following factors: incorrect tire
pressure, regular overloading, and improper wheel balancing.

Optimizing the tire wear of a container truck trailer requires a comprehensive program that
includes the following elements: selecting high-performance tires, performing regular
maintenance, monitoring tire pressure, ensuring even load distribution, and improving driver
training.

Keywords: wear, container semi-trailers, port, tire, resource.

Introduction. Ports are indispensable for enabling global commerce and logistical
operations. They act as critical junctions, linking nations and regions together. As integral
parts of the international supply chain, ports function as entry and exit points for goods,
ensuring smooth transitions between different transportation methods [1,2].

© Strelbitskyi V.V., 2025
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Choosing a port container semi-trailer is a strategic decision that can significantly
impact the efficiency of logistics operations. It is important to consider factors such as
payload capacity, chassis type, additional features, and safety requirements. Investing in a
modern and reliable container semi-trailer can lead to reduced operating costs, increased
productivity, and improved cargo security.

In the dynamic world of global trade, port semi-trailers play a crucial role in ensuring
the smooth flow of goods. These specialized vehicles are designed to efficiently transport
containers between ports, terminals, and inland logistics centers. They combine robust
construction, high payload capacity, and advanced technology, ensuring reliability and safety
in the most challenging operating environments [1-2].

Modern port container semi-trailers are equipped with a range of innovative features
that enhance their efficiency and safety. Container Locking Systems (CLS) provide secure
locking of containers during transportation, preventing them from shifting or getting
damaged. Air suspension and electronic brake control systems (EBS) ensure smooth driving
and optimal braking, enhancing road safety. Additionally, they are equipped with monitoring
and control systems that allow for tracking the location of cargo, monitoring its condition, and
maximizing the efficiency of logistics operations.

The main advantage of the port container semi-trailer is its maneuverability. The shorter
base and improved steering system make it easy to move between container yards, storage
areas, and berths. This significantly reduces cargo handling time and increases the overall
capacity of the port. [3-8].

Literature Review. Tires are the link between the vehicle and the road. During
operation, tires gradually wear out, which is inevitable due to various factors such as the type
of road surface (asphalt or dirt), the vehicle's technical condition, and driving style [3-9].

The difficulty in assessing the degree of wear on truck tires is due to the specific
composition of the rubber used to create a wear-resistant coating. Manufacturers use durable,
thick, and dense rubber in the tread, which makes it difficult to visually identify wear and
reduce the tread height. Failure to detect wear in a timely manner can lead to damage to the
vehicle's chassis, reduced control, increased fuel consumption, and loss of vehicle
stability [3-9].

Semi-trailer tires are subjected to severe testing due to constantly changing road and
weather conditions. Therefore, it is crucial to understand why they wear out and take effective
measures to extend their lifespan and ensure safe operation.

The purpose of the study was to assess the degree of damage and to study the patterns
of intensity and nature of tread wear on the tires of port semi-trailers carrying containers.
Research methodology and results.

24 identical container semi-trailers were inspected, which are operated in 4 Black Sea
ports. The mileage of the trailers varies slightly, and they are used to transport 40-pound
containers.

The condition of the lateral surface, shoulder, and front part of the tire tread was
carefully examined. The test report provides detailed information and visual representations
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of the existing operational defects. The focus is on significant damage that may prevent the
tire from being used further.

In the course of research, the residual depth of the tire tread was measured and
compared with previous values, which allowed to establish the dynamics of wear under
operating conditions. It should be noted that this method does not require complex equipment,
preliminary impact on the tire, allows to determine the unevenness of tire wear, both in the
width of the tread coating and in the length of its circumference. A special tire depth gauge
was used to measure tread wear. The wear degree of the tread was measured at the points
indicated in Figure 1. The accuracy of the measurements was 0.01 millimeters (Fig.2).

v A

/AN
|
AT

Figure 1 - Tire tread height measurement scheme

Figure 2 - Digital tread depth sensor

Each tread depth measurement was accompanied by the inclusion of the vehicle's
technical and registration data in the test report, as well as a detailed description of the shape
of the tire damage.

An analysis of vehicle inspections and logs has shown that the main causes of failure
are tire tread wear, local destruction of tread pattern elements, damage to the breaker and
frame due to external influences. The latter is caused by hitting a road obstacle at high speed
(arail, an open manhole, etc.) and a violation of tire manufacturing technology.

Uneven tire wear on a truck is characterized by different degrees of tread wear in
different areas of the same tire. This should be distinguished from uneven wear, where the
tread wears evenly across the surface but with different intensity depending on the position of
the tire on the axle. Tire wear is caused by the friction between the tread and the road surface
as the wheel rolls.
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Tire wear is not proportional to mileage, but has a more complex nonlinear relationship.
Taking into account the changing intensity of wear, the operating period of a tire is
conventionally divided into three sections: initial wear (1), stable wear (2), and the critical
wear stage (3), which requires separate consideration (Fig.3).

Accordingly, the break-in and intensive wear stages are smooth functional dependencies
of the residual tread pattern height on the tire's service life. This means that they allow for
changes in wear intensity as the tire's service life increases. At the same time, in the constant

phase, wear follows a I|linear relationshi

represents the average wear intensity (Fig.3). [6-9].

In practice, it is more convenient to assess the percentage of tread wear, which serves as
an indicator of the tire's condition, and it is important for drivers to monitor this. Premature
tire failure can lead to significant losses for fleet operators, far exceeding the costs associated
with damage. As the condition of the tires directly affects the safety, handling, speed, and
longevity of the vehicle, it is the driver's responsibility to prevent tire wear.
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Figure 3 - Dependence of tread wear h on tire mileage L

The service life of tires is significantly reduced due to aggressive driving styles
characterized by slippage at start-up, sharp braking and high-speed maneuvers. Damage can
also be caused by obstacles and contact with curbs. An equally important factor is wheel
imbalance, which causes periodic impact loads, leading to overstrain of the tire carcass and,
consequently, to rapid wear of the tread.

In the course of research, it was found that the tire pressure of some trailers is lower
than the recommended value, which leads to an increase in the contact patch with the road and
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a decrease in the specific tire pressure on the surface. However, due to the deformation of the
tire inward, the so-called "bending effect™ occurs, which causes the average load on the tread
to decrease, while the load on its edges increases significantly, resulting in increased material
stress.

As a result of the uneven distribution of pressure in the contact area, the tread wears
unevenly. The tread edges are subjected to heavy damage, and wear often takes the form of
notches or waves. This has a negative impact on the tire's lifespan and vehicle handling.

The detected comb-like wear on the tire is caused by the deformation of the tread in the
area of contact with the road surface. The cyclic compression and straightening of the tread
blocks as the wheel rotates leads to preferential wear on the front edge. Multiple wear spots
around the tire's perimeter are typically indicative of wheel imbalance, which can negatively
impact ride quality and cause vibrations. Localized wear in the form of a flat spot is a result of
wheel lockup during emergency braking.

Deformation of the trailer shaft housing and the axle bushing under load, combined with
gaps in the wheel hub assemblies and uneven road surfaces, can lead to the phenomenon of
"twisting” of the wheel. This effect is exacerbated when driving on curved sections of the
road. The non-perpendicularity of the wheel to the road surface causes an uneven distribution
of pressure in the tire contact patch, resulting in lateral sliding and, consequently, intense wear
on the inner side of the trailer axle tire tread.

A decrease in tire diameter implies a decrease in the distance traveled per wheel
rotation, which creates the prerequisites for an increase in cyclic load. As a result, during the
operation, the number of working cycles for the tire increases, which, in turn, leads to more
intensive wear of the tread. Thus, a reduced tire diameter accelerates the process of abrasion.

Two trailers were also found to have delamination starting after the transition from the
bead ring to the sidewall. Oblong delamination without irregularities or breaks in the cords. In
this case, only the outer layer of the rubber was damaged due to the formation of a joint under
the rubber wall.

Exceeding the permissible load weight by commercial vehicles has a negative impact on
the durability of tires. This occurs when the weight of the cargo exceeds the established limits,
or due to improper weight distribution.

The dragging or dragging that was detected can be explained by the differences in
diameter, pressure, and residual tread depth in the wheelset. If the tires have different
diameters, the smaller tire will constantly drag, acting as a brake. Additionally, the differences
in tire pressure can cause uneven distribution of stress, leading to localized wear.

Intense acceleration and braking create excessive stress on the tires, leading to the
formation of microcracks and reducing their durability.

When installing new tires, you should balance the wheels.

It should be noted that half of the samples studied used cheaper tires. The results are
presented in Fig.4.

Since rubber is a ther mopl asthdintermoldtdant i n g
bonds, resulting in a 2-3-fold decrease in strength.

ISSN 1562-9945 (Print) 193
ISSN 2707-7977 (Online)



«CncrtamexiiH oob @60)i2025« Sy st enmp dieecshm o |

Normal wear of a rebuilt tire is considered to be wear when it has reached its intended
mileage, even if it cannot be rebuilt again.

The maximum tread height is hyjp=1 mm.

An increase in the tire's service life leads to a greater variation in the residual tread
depth (Figure 4), which is a result of the inconsistent wear rates in different areas of the tire.

In the critical wear phase, tire wear accelerates significantly, becomes more susceptible
to external conditions and internal parameters, and approaches the limit state (see Figure 4).

It should be noted that half of the samples studied used cheaper tires.

As a result, they failed twice as fast.

Sea water that gets on the tires contains a high concentration of salt. As the salt
penetrates the microcracks in the rubber, it crystallizes and expands, gradually destroying the
material's structure. This process is accelerated by the fluctuations in temperature and
humidity that are common in coastal areas.

High humidity in the marine environment contributes to the corrosion of metal elements
in tires, such as the cord and rims.
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Abrasive materials such as sand and small stones carried by wind and water act like
sandpaper, wearing down the tread and damaging the tire sidewalls. This is especially relevant
in ports, where trailers often move over uneven surfaces and come into contact with various
contaminants.

From an economic point of view, the most disadvantageous moment in using a tire is
when it reaches the state of extreme wear. Experience shows that more than 80% of tread
failures and tire frame damage that cannot be repaired occur when the tires have already
reached the end of their useful life.

The most important task of a transport company is to reduce operating costs and ensure
the proper functioning of its fleet. To achieve this goal, approaches have been developed to
determine the resource of truck tires, taking into account the individual statistics of their
actual service life. Additionally, the remaining service life of the tires is predicted through
regular monitoring of the tread depth. The most reliable method of predicting the service life
of tires is by calculating the actual wear rate, which is based on systematic measurements of
the residual tread depth.

It is advisable to determine the residual depth of the tread pattern under conditions that
are close to the actual operation of the vehicle. This will allow you to create a reliable data set
that can be used for various analytical purposes. In particular, this information can be used to
predict the individual life of the tires, to assess the wear on different axles, and to plan the
optimal timing for replacing the entire set or individual tires that are most worn out, including
the use of spare wheels.

As a result of this complex impact, port trailer tires wear out much faster than tires used
in normal conditions. This leads to increased maintenance and repair costs, as well as
potential safety risks.

Taking into account that wear usually stops by the time of the first measurement of the
residual tread depth, and considering the variability of the pattern depth on new tires, the
initial stage of wear (break-in) can be excluded from the calculations. Thus, the calculation of
the wear rate should be performed only for the linear section of the dependence, determining
the average rate after each measurement.

In addition, it is worth considering modern technologies that help to monitor the
condition of tires in real-time. Tire Pressure Monitoring Systems (TPMS) allow you to track
the pressure and temperature in each tire, providing warnings about potential issues. This
enables you to take timely action and prevent serious damage.

There are also special training programs for drivers, which teach them the correct
driving style, allowing to reduce tire wear and increase road safety. Trained drivers are more
attentive to the condition of the equipment, observe the speed limit and avoid sharp
maneuvers.

Ultimately, effective management of container truck trailer tire wear requires a
comprehensive approach that includes the selection of high-quality tires, regular maintenance,
pressure monitoring, proper load distribution, and driver training. By doing so, it is possible to
ensure the safety of transportation, reduce operating costs, and extend the lifespan of the tires.
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Additionally, it is crucial to keep track of the mileage and condition of each tire, which can
help in more accurate replacement planning and cost optimization.

Conclusions. Tire wear on container truck trailers is an inevitable process that directly
affects the safety, cost-effectiveness, and efficiency of transportation. Understanding the
causes, signs, and methods of dealing with tire wear is crucial for fleet owners and drivers.

It is important to remember that saving on tires can lead to much higher costs in the fu-
ture. Poor-quality or worn-out tires increase the risk of accidents, lead to increased fuel con-
sumption, and require more frequent suspension repairs. You should also pay attention to tire
pressure monitoring systems (TPMS), which allow you to monitor the pressure and tempera-
ture in each tire, providing warnings about potential issues. Therefore, investing in high-
quality tires and regular maintenance is an investment in the safety and efficiency of business.
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Jocni AXXeHHA 3HOCY WWUH NOPTOBWUX KOHTENHEpPH

MopcbKi nopTwn BIi AirTrpawTb BUPIi WanbHYiI pPonb Yy
CTUKWN. BOHMW BUCTBY3IWHBBUK NTROOBMNMIMMHY OTb Pi 3 HI K
HeBiMH i KOMNOHEHTMHW T1Tnob6anbHOrNo J/aHUuwra MnNoCTaskB.
BXOAOYy Ta BuMUXOAYy ToBapis., cnpumawymn 6Ge3nepewko
Tpawrmy.

Y WBUMAKO3IMIi HHOMY naepjuwadpiri BINKHaO@D@A-OB I Har
AMawTb LeHTpanbHe Micue Yy CHOPUSAHHI 6e3nepebi I
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TpaHCNOPTHI 3acobn npusHadveHi ANnAa ede&-T UBHC
MW, TepMi Hanamm Ta BHYTPI WHIi MW N/OEILIHG TON b H NW
KOHCTPpPYKLUI 0, BMUCOKY BaHTaxoni AWNOMHI CTa- Ta

A1 MHIi cTb Ta 6e3nekKy B HaWcKnapgHi wnx yMmMOBaxX

MeToOolw A[AoOCAHNiI AXeHHA Oyno OoUiIi HUTWU CTYIM-Hb N
HOCTI I HT € HC M B H O3CHTOI C YT an pxoarpeakkTroeppay WWH MNOPTOB
nePoO3ATb KOHTEeWNHepwn.

Byno nepeBipeHO 24 opHaKOBI KOHTeWHepHI
noptax YopHOro mMops4da. Mpo6Gir npmyeni B 4ewo
4 N A esnee3pe HOWH BHXOBWMOHT ellHepIi B.

Y npouyeci ALOCNi AXeHHAa 6yno BUMI paHO-3anu
pPpi BHAHO 3 nonepefjgHi MW 3 HaAaUYeHHAMMU, wo [ O3 BO
ekcarayi i . AHani 3 ornapi B TPAaHCNOPTHMUX 3acaodl
MmPMUUYMHAaMKMU BIi AMOB € 3HOC TMNpoTekKkToOpa LWUH, no
npoTexKkTOpa, nNoOwWKOAXeHHA O6pexkxepa Ta pamwun BH
BaHHHA 3HOCY MNpoTeKTOpa BUKOpPpMUCTOBYBAaABCSHA CIE
WnH. BHOCOMUMPL IHERHWMIP NpPpob6GI Ty, a Mae ©O6i nbw cCt
yacTO CTBOpPKWE nNpamMy 3arposy ©6esneuyi 0 OP O XH I
3HOC MnNpoTeKTOpa WMH nNnpuyena ©OBYB CNPUYUHEHI
TUCK Yy WUHAaAX, pPeEyYAApPpA@ RMepeBRammamne O6anaHcy
OnTuMMi 3aLLi 9 3HOCY WWH KOHTEeWHepoOBO3IA BUM
€ Taki eneMeHTMN: BUOBI P BUCOKONMPOLYKTMWUBHMWMX
CNyroByBaHHS4a, KOHTPOAb T UMIKP/H OBI OLLIVPHOaBXf, 0 A3 &
aAaXeHHd Ta nokKkpauweHHS HaB4YaHHSA BOAI T B.

KnwouyoBi cnoBa: 3HOC, KOHTeWHepHIiI Hanisnmp:

- O <
(@) W)

CtTpenbb6i ubkunuin Bi k-Taop, eBiarg n /JkeaHggmyg a T T € XgHi Y H U
OM-EPAHCNOPTHI MaWnHUW Toa TIEHOKWHIIOF Y HIH O Mamn-p ToOM B
CbKWUN Haui OHaAaNbHMWN MOPCbKWUW YyHIiBepcutTerT.
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3A MET ORERW

AHoTalfiAT aT T TI AOoCNni agXeHaony3 aPcETRolc y(BParHoHgar amre TEov a | L
Review Technique) aAnda aHani 3yiplexmT IBMEB3 a/LMIOIB ac
BM3HaAavYeHOCTI . MetToang PERT po3BONAe MopgenwsBaTMWu
OCHOBI TPbOX e€eKCNepTHUX oOoUiIi HAOKCppONTNRMHEDN Y HO
ymcnwBaTmM OYi KyBaHyYy TpuBani cTb NPOEKTY Ta oui
Yy BCTaAaHOBNEHWUWN TepMiH. 3anponoHoBaHO apopmMani 3
aadi wo nepepgbadvyae Mi HIi Mi 3ayi O pusunmkayd 3 aTpuNn
KPUTMYHOTO WAAXY: 3MEeHWeHHA TpuBanocTiI Ta Aawu
eKcnepuMmMeHT Ha nNpUxKoakTy yavMoBH®agadyadamum, L€ BMW:
wnsax i OULi HEHO WMWMOBI PHIi CTb CBO€EYaAacCHOrNo 3aBepl
onTumi,3anli pesdynbTrTarti AKOT MMOBI PHIi CTb 3 aBep L

15. 78% po 43. 34%. OTpumadti pesynbTaTtTn AEeMOHCT
3 MeTOoOjgaMW MaTeMaTMYHOrNo MOOge/NwWBaHHSA nNpu nNnnaHH
WO HaBi Tb HEe3HPaUMHEIT pAMI H3MAa A4 N aMOXYTb CYTTEBDO
nNi ABUMWMTKM Hapgi AHI CTb [ 0T PUAVOAEHKHTAI BC.T POKIi B peani
KnwoyosBi cCnoBpoePERTKpUWITMUHMAN wnax, mMmMAMHNMI 3 aluli
amncnepci qa.

Bcrt.yBh ymoBax CTpPi MKOT O P OXBHAOT JKO/T | iHKAD e Maariii v
NNBI WOro 3HayYeHHSHA HabOyBarep oc®@erkKATMMB H eO AWHMpPVA B3 | H .
akToOpi B ycni wHOT peani3aygii TakKux MNPOEKTI B €
yCcCKMM@ETbCSA HEBMU3HaAaYeHiIi CTHW B O0OLUi HKaxg arypaivsua,fi 0 Cc T
obMeXeHIi CTIH pecypciB Ta AWHAMI YHI CTH 3 0BHI WH

(Program Evaluation and Review Technique), p o
Tpeb ynpaBAni HHSA CKITRKHUAMMHNMOC MIpOH PLABMKAM U | oe M
e Pe KHTincBtT b B yYyMOBAaXxX HeBU3IHaAa4YeHOCTI Ta @araTtosBa,|
BaHMWX MeToOoAiI B nnaHyBaHHSA, PERT 6as3yeTa<€csa Ha V
nocrTi pob6i T, Wwo A[AO0O3BO/TAE BpaxoBYyBaTuW H-U3UKWN T

CbKUX pl weBwaphB8uac -ypoceykitaecxH nxacltTTo BUHMUKAaE nNO
oui HMT AT, uMai 3ly B@AT U NWMOBI pPHI CT b— HCaBNopenykancaHao, r oLl 35axBC

MoAaAud Kauyi I nocni o OBHOCTI 3agauvy, nepepos3nopgi .
©CeniBbopcTOBa T. B., Mana K. B. , ryagaa A. 1 .,

3e neHOloEoK 0B K,Bep.o@KRO2%
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KPpUTunny muax .wnllbae smomagHadHHa metopni B PERT 3 ey

MogenwBaHHA Ta onTuMi 3auyii [6].

MeToww uyiei crTtartvrTi € aHani 3 ni AXOoO@mp e kATOY O
y 3apjaHunuim TepMiH i3 3acTocyBaHHAM mMeTopny PE
3agaogo wMi Hi Mi 3aui i pPpUM3nMKy HeBYaACHOTIO 3aBe
Opi eHTOBaHe Ha nNpakKTWMWyHEe 3acTOCyBaHHA 'y cCC
NPOEKTI B Ta CUCTEMHOrNo nNnaHyBaHHSA B YMOBax

TeopeTwnuyHi 0 C H 0o BMe Tvoear oFRnBgRMPEE&REEION and Review

Technique) ©6yB pxo3pookbaixe HWM np ymkladOXS Onpor pamu E
Ni HHA CcKNagHUMWU nNpPpoOeKTaMMW 3 BUCOKWUM CcOBYynNneHe
NnuUWBi CTb MeTOAYy nNonNsArae Yy BMWKOPMWCBTaaHHHHIIa -TPWIOBB
nocrTi po6i T, wo BIi Agpi 3HA€e Woro BiIi g Tpaguui.l
kmx a9k CPM (Critical Path Method).

1. Oui Hka TpuBanoctTi pobiT

Ha Bi gMiIi HY Bi A4 KnacuyHOro niagxoAagy, B dAKO

TpuBanocTiPERE B@ROQUWUCTOBYKWTbCHA TPpW exBc-neprT
AaHHMapaHO TPpW OULiI HKW TpuBanocTiI

- —O0ONTUMI CT W Y4HHaA AOKLDI PHOKTALM M MO XN M B-il  preav® C B |
3a YyBDB@AYTHOCTI npob6bnewm,;

-m—Hanobéi Nnbw NWMOBH PHIAMOBLI PKiawd PPOBIMI GBb
ManbHWUX Yy MOB;

—b—necumMi CT W 4HHAa MogUpiBHUKaa T puBalji-i cpwbBmUKONaA

BUHUKHEHHS TpyAaHOLW B.

Ha ocHOBI LMWX OULi HOK poO3paxoOBYETbCI#H Cepe
po6OTMN:
. 4
TE &4 P (1)
6
a TakKoxX aAucnepcisga (9K Mipa puU3IuNKYy):
2
2 h 3
- -— . 2
FoT @
Ll i Oui HKM BBaxawTbCHd OCHOBOW AnNA nobypos
BYy3num npepagcrtasnspobomapngi i, a [gyrwu
2. KpMTMUYHMAN wnax i 4Yyac BUKOHAHHSA NPOEKT
Y MepexeBin mMopgeni O6UYMCNWETBbLCA CYKOVNHI C
BOIT 4O 3aBepuwanbHOI nopgi i [ 5, 7] . Kpuer-uyu Hn.
WwMm (3a OoOYi KyBaHOW TpusBani cTi) wnsaws,andicmib
ycboro npoexkTty. OyikyBaHa TpuBani ctTb NPOEKT
TEcp TE, 3
i CP
neCP 1,..n —MHOXMWHa pobi T, WO BXOAATbL [O KPUTWNUY
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OAna UbOro wWnAxXxy TakKoX ob6u4ymcnweTbCHA CcCyMmMapHa
& 2. @
i CP
3. AMoBi pHi CTb BYACHOTNO 3aBeplWEeHHA NPOEKTY
Ana BU3HaAYeHHSA WMOBI PHOX T3 a3 a HEIESPILKECRIPBMAC THI P O € |
BYETbCHA HOpPpMasnbHWUKW po3nopgin, 3a NPUNYWEHHSAM,
TMWYHOTIO WNAXYy HabnmxaetTbca [0 HopManbHOTo (3a
z I e 5)
cP
AT —3annaHoBaHWK TepMi HTEE aBoeupi LKeyHBHAsAH an prOPEVKBTay/, i C

TUWUYHOT O dASCXTYa,HA4apTHE BI AXUWNEHHSA KPUTWUWYHOT O W
Togpgi AMOBI pPHIi CTb CBOEYRACpPIOBWIOBABEpPWEeHHA Npo
PT Z, (6)

ne Z —dpyHKLI A cTaHjJapTHOINIO HOPMaAa/NbHOTIO po3nogi

4 . MepeBarm Ta ob6bmMexeHHA wMeTopay PERT

MeTtToan PERT Mae HM3KY CYyTTEBUX NepesBHaT , wo p
TOM ynpaB/MHiuwmmapdeRrRaAMN , oOcCob6/1MBO B ayMOB@IX HeB
AoCnNni AHUWUBKWUM abo i HHoOBaAaUWi WHUM i HIi Ui aTuBaM:

l)YpaxyBaHHA HEeBW3IHAUYEHOCTI B OLI HKalX- TpusBajs
Xopni B [O nNNnaHyBAaHHSA, A€ BUKOPMUCT OB YIIOHTaUYWEAH HAN W
TpmuBanocrTi , PERT pos3BonAae BpaxoByBaTW po3KuMpg
KOXHOT 3apgavi . LUe pocATraeTbcC A wn4axom BUKOP NI
Hanbi Nnbw KWMOBI PHOT Ta nNecuMi CTUUYHOT ) ,o-wo 3 abe
LemBH@HHA CTPOKI B.

2)WMmoBi pHicHa oOULi HKAa CTPOKIi B 3aBeplWaetHHsA NpPoO

CTUMUYHMX MeToOopni B (30Kpema, Py HK U T HOWIMAa Nb HOT Q
MMOBI PHIi CTb 3aBepweHHSA NPOEKTY Yy 3apaHuim Tep
MEeeHOXMEeHTY Ta yYyXBa/leHHSA Ppi WeHb Ha OCHOBI AaHund

3)BuaABNeHHA KPUTUYHUX 3aBfjaHb i KOHTAP-O/NTb P MU:
Xy B pamMKax wMeToOohny L[O3BONAE 30cepepunTtwun ysary

BNAUB Ha 3aranbHuUN KTTegpMmillle BlaKEO BaMOH Sy : N P O €
-—-onTMWMIi 3yBaTu pos3nopgin pecypci B;
—KOHTpoONwBATMW HaAaWbi NbW PU3ZUKOBI TOYKMU;
—thbopmMyBaTmM NNnaH pearyBaHHSA Yy Bunagky Bi gxXxun
HFTHYYKIi CTb Yy 3acToOCyBaHHI AO pi3HUW¥-TUNI B

HUM i MOXE 3acTOoOOaIHBIWKB alITPWEK TS KB BO YAITKIOKW nNnocCni [

ALO CKnapHux i TepaTmBHUX abo nap-atdhepudH@Bi Appgne

pe |l HTerpyeTtbcaA4 3— 3 HKupevwa , MmeiT3o g 8RR M, Mont e Ca

Agile-oLi HIOBAHHSAM.
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55\ MoXnusBi CTb BHASDpPA@UBTAMHIZI AU T . 3aBpgspkn aH
My n, mMmeToan PERT pos3BonAae He nNnunuwe aHa”ni 3YyB:
NMeBHWUMWU K pHTaEIPIMKMIA [ , MIi Hi Mi 3yBaTtTun pgucnepec
3aBepwWeHHdS, 3 MEHLWNTN H/A BYAHUTKABKYETHH A3 aHTap VPMCCKY.p C

B)MpUMAHATHI CTb ANA ynpaBai HCbKNWX i HEe XHI 4
bopmMaui nHe nNnone p[fNa KepiBHWUKI B, aHani TNkKi B
O6rpyHTOBAHI LaHWNMN. MeToaAuMKa CcnNpUuAee KPY WO N
AK 3 0O0OKY MeEeHeaAXMEeHTYVY, Tak | 3 60KY BMWUKOHAB

He3Baxalwuym Ha YMUCNEHHI nepesBar un, Memo g P
obMeXeHBb, AK I BapToO BpaxoByBaTW -NMPOE KT@amMo . 3

O6BMEXEeHHSA CTOCYWTbCS eHK , T eT@AXe Tl U UNHOWRA JTAQZVTMYX L
mMeTonayY.

HNCy 6’ EKTUBHI CThb eKcnepTHMNX oLi HOK. Me T 0,
BMU3IHAYEHHI TPboOX oui HOK TpmuBanocTiI 4 n s KO
06" EKTMUBHUX eMNi PUUYHMUX [aHMUNXa Moo 4 T a ToU- CMTOKYe
AnNTwn p[O:

—ynepegxXxeHnx abo HETOYHWUX OUI HOK,;

—HaAMi PHOIT O 3a@aHMUWXEHHA YN 3 aBUWEHHSA O0Yi KYE

—CNOTBOPEHHSA Aucnepcii Ta puU3IUKY.

Ocob6bnmeBo Le KPUTUYHO BN MHEOBKITXA Xa,0 04 e/ HB IKAOIYb
OaHi

2)MMpuneyluti 4 NpPpo HOpPMaAbHI CTb PO3NOAI Ny- TpPpuUui
KynHa TpuBani cTb KPUTUYHOTO WAAXY ni gnopsa;.
[O3BO/MAE 3acTocoByBaTtTu QYHKUIi w0 Jlannaca pans

—Ha npakTtunuyi ue nNpMUMKIQEHHHEST bB @, 3 aBE QM UNBO
Ki NbKOCT.I 3apgadvy;
—peanbHi po3noagi A TpuUuBanocrTI yacToO € acyv

—-BUKOPUCTAHHSA HOpPManAbHOTIO PpoO3NoOpAfi NTYyd-MOXe
HOCTI nNpPporHo3y.

3)CknapgHi cTb nobGypopaenitTa nNi GTPUMKUN M

Y BenuxpowekiTax 3 COTHAMM 3anexHocTen Ta
KopeKkKTHoiogRERT Moxe O6yTwu:

- TPYALOMiIi CTKOI;

—BaXKow Agnda Bi3yani3s3auyil;

-4y TNMUWBOKW [O 3MIiH Yy CTPYKTYyQPpI NPOEKTY.

Mi aTpuMuMKa akKTyanbHOCTI MO 4epiuK Ny  AlpHa MA
peani 3auyii) notTpebye 3HaAaYHUX 3YyYyCUNDb.

4)O6mMexeHa nNi AoTpMMKAa nNnapaenbHWX Ta | Tepa
6i NbWi CTb MepexeBUX MeTOAI B, Kpawe npautwe
cyyacHwmpxoelklrax YacToO nepeBaxawTeb

—iTepaTuBHI nigxoagun (Scrum, Kanban) ;

—-napanenbHe BUKOHAaAHHA 3apjgadu;
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—THY YK 3 Mi HHI BUMOT U .

PERT H e 3aBXagwu edPeKTUBHO MO e e Taki y MO
ri 6pmagHux ni gxopi B.

55| rHopyBaHHSA PpPecypCcCHUX OOMEeXeHb. KrmracuuHunm
CYpPCHUX oOo6OBMexeHb (Hanmnpwuknaapg, Ki nbkKi cTb po3pob
uo :

-MOoAgenb MOXe O6YTM YacoOBO ONTWMWMANbHOW, ane H

-noTpi 6He pJojfaTKOBe MOOgEeNnNWBaHHA pecypcHOTO
CPM 3 o6bmMexeHHaAaMn Ta®d®D®S Tp omoaymepepH)y. P ER

6)He3HauyYHa TOYHI CTb ANA KOPOTKWUX MNPOEKTI B al
npaywe A9 Be/IMKMUX Ta KOMNONEKCHWUX nNnpo&KTiB, A
TW HOPMaAanNnbHI CTb. JAnAa KopoTKWUX abo nNiHiIi MHUX eT

—PYHKLI 9 HOpPpMajyb MONKE pe3 maggiaadlun ajfjekBaTHUX O

—OUi HKa WMOBIi pHOCTI 3 aBepweHHA MOXe O6yTwKW WT

TakuMM YMHOM, MeToan PERT 3anunmwaeTbcCca OoONOTYXHMW
ynpaBJ/ili HHA NpoOeEeKTaMum B yMOBaXx HesBlvBpaceHa®XTI
noTpebye yCBi LOM/JEeHHSS ADAITO®G HGE G N e K eaHaHM wmiMm § YAamdi Th oe

npaktTuKkamm, pecypCcHUMU MOLENAMMU, cueHapHum a
TOYHI WNX OULI HOK) .
MocTaHoOBKaAa 3afgaudi onTtTwumi 3auyi i MMOBFIIOMHOCT i

PERT. Y pamMK ax MeTonanyY PERT 3anponoHOBaHO dbopwma

Mi Hi Mi 3yBaTmn WMOBI PHIi CTb-NPO®EBOT§Y JBHoTr7q0 3848 e pAl

nondarae B oOoNTwumMi 3auyili CTPYKTYpUu npoewmTy abo

HOM, LWHOWBNWBMWMEPU3IUNUK BUXOAY 3a MexXi BCTaHOBJ/IE€HOT (
MapameTpn 3apgadi

-T .—3annaHOBaHV||7| TEPMi H 3aBeplweHHSA MNPOEKT)

- TEp TE —ouyi KyBaHa TpuBani cTb KPWUTUYHOT O WA
i CP
—ép iZ—CTapuu,rae BI AXUWNEHHA KPUTMUYHOT O WAAXY
i CP

- Z —MYHKUIi 89 cTaHfAapTHOrNoO HOPManbHOIO PoO3NoO

_z T TEp
cP
LUli nboBa - PV HKMI gyBaTN PU3IUK 3aTPUMKMU:

—ZO0oULi BRBEPWEHHA NPOEKTY B CTPOK.

T TE

min 1 % )
i
i CP

abo anbTepHaTuWBHEe @OpPMYy/THOBAaHHSA:
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T TE
max #Pz' (8)

iCPI
3Mi HHI onTwumi 3aui il
—-TpuBanocg,im,hasgawe xax [JONYyCTUMUMUX Bapi aHTI

pi weHHATMNAaBOMDMA 3 Mi Ha nNnepcoHany Towo) ;

—-BUOGI p CTPYKTYypPU MepexXi (anbTepHaAaTWUBHI K [
—pecypcHe HaBaHTaxXeHHsa (TEgntoacepepnKkoBaHO BT

O6bMe XeHHS3«A.

—1ori 4Hi 3BavwamMmm: Mi X 3ap
skujo j, "6 e 9)
—O6MeXeHHHA Ha gonycTumwi MeXi TpuBanocTi 3

aimin 3 amax1 mmin m rﬁnax1 hmin b bmax. (10)
—dPi KcoBaHe 3HaTeHHSA pgepgnanHy

T nnaHoBUMhTep M (12)
—Mepexa nNPoOeEKTY 3anunmwaeTbCca auUuUKNI YHOIO.
dopmManbHO, 3ajadya 3BOAMTbBCA [O MakKcumi 3a
cTpok (6). B+36posmLREREGAT X, MW npar Hemmo:
—3MeHUWIEpN CKOPOYEHHSHA OYi KyBaHOT TpuBanocT
—3MEeHWWF'M 3HUXEHHA pusuky (aguncnepcii),

—a6o0 noepgHatTnm ob6buagBa BNANUBAUA. ANA MaKCUMI 3¢

O6buynmcnwBalbHUN . K@ MEBBAKTMNYHOT nNa&e-peBi |
nNponNnoHOBAHOINoOo nNiagxoay 6GYynNo nNnpoBegeHO e-64uncC.
XeBoTl MO 4 e ni-n pyoMoKBTHYO, I owol TB K ntoy ael )9 30 CcCBHIWOBHAUAKE
TpbOMaAa OUi HEAMMKOEMBEANGAZAWR, . HDIMNITMMENITEHIYIHO
necumi ch.myuHow

Buxi gHi OadHi nopaHoO Yy BUT NAap[I T abnwuey-i , L
NeHi 3HaueHHSsB aolwOIEKTYaB anHICCTH .€TPPCH |

MepexeBuUM rpacd NPOEKTY. Ha ocHOBI PapgaHwm
6yapoBaHO oOpieHTOBaAaHuWMW rpad (pwuc. 1)norgiey Bie |
3B’ A3 KK Mduyka HmaveMnu m MBy3 nom € neg@ghkEmdx.Start »,
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Tab6bnunya 1
Buxi gHi napamepopHTyagzadypbIpaxywygameBBPERFauyueHH
3apavala m b TE 2
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
°~\\"\//
/,T T g
PucyHadke plexesunitn p @awpr y T
OCHOBHI MapwpyTW BUKOHAHHSEA:
—Wnak: Start - A - B - D - H - End
—Wn ax: Start - A - C - F - G > | - End
—Wnax: Start - A - B - E - H -5 End
Ona KOXHOTIo wnaxy o64yMmcneHoO cymapHyYy O4i KyBa
BM3HayYeHHA KprnaveeeaDBi WOBXNYWCAHAEHUX TpumuBanocrtT
Wn a x(A-B-D-H):
TE 40 3.0 50 217 14.]
2 0.4444 0.4444 0.4444 0.25 1.5€.
Wn a X(A-C-F-G-):
TE 40 3.0 317 40 4.0 18.;
2 0.4444 0.4444 0.4444 0.25 1.5€.
Wn g X(A-B-E—H):
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TE 40 3.0 20 217 111
2 0.4444 0.4444 0.1111 0.25 1.2

KpntTnmnwAaArn A - C - F -
Oui kKyBaHa TpwuBT&NIBLT b
CymapHa ,qmég)nleSf;‘d@:iﬂ (

CtaHpapTHE

p +1.3610 1.16.

ObuunmcneHHSa

Bi OXWNEHHSA:

MMOBI pPHOCTI

G

NPOEKTY

S |

(

3PA0BEEKPTLL ENHAHES  EBNYPTOVE K 3T &

3a 20 pgHIi B:
20 18.17 158
1.166
PTd20 ) 1.58 | 0.942.
AMoBi pHi CTb 3aBeplweHHSA NPOEKTY B CTPOK C°
B Tab6bnuuyi 2 HapaHa I HTepnpeTaui a oTpuMaH.]
Ta6nunuya 2
PekomeHpgauyi T wopago roon TunmmOCxEy&HA T KPUTWMYH
AcnexkrT Onuc [/ TMNMpono3wunuyi =
KpMTMWUHMA wnax A - C - F - G - |
TpumuBani ctb 18. 17 AHI
Knwouyosi 3agavi onal3apgaudyi F, G 1ta |, Ll
TpumuBani ctTb i pn3unK
MeTa onTwumi 3auyi’i Mi ABMWEHHA WMOBHPAOD
O o XOpPCTKI WwWor o aenn
AHI B)
Wnax 1: 3MeHWeHHA |OnTuMiIi 3yBaTuM 3ajgadip-
TM3ayui T BUKOHAHHA
Wnax 2: CkopoyeHmsglleper naHyTwu p eanawue a
nocrTi aBTomMaTuslauyuiy, pener
Wnax 3: AnbTepHaTunBukopucrTaHHSA [ 0 C BBU A
30BHI WHIi X cepBi cioBam
Ha puCYyHKY 2 nokKas3aHO QYHKUI KO HOpManbHOT
OYi KyBaHMUM 3HauyeHHam 18.17 pHi6H6. T8adgdpbpap
nacrTeb niBopyu Bi A BepTUKAaAaNbHOI yepBOHOI n
NPOEKTY A0 HGBIOMT o HOieBA.N AN HY
TakKuMM UYUMHOM, MMOBI PHIi CTb 3aBeplWeHHSA MNpPOE
15.78% (TOoO6TO -pmawmany 3&@4Braclye Ha Te, wo neg
AHI B NPOEKT MailxXe HaneBHO He ©Oypae 3aBepuweH
KPUTMUYHOT O WNAXY.
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I:"IMDBipHiCTb 3aBepLUeHHs NPOoEKTY Ao aeananHy (17 gHis)

]
0.35 DyHKUIA HOpMaNkHOTO po3NoAINY
P(T =17) = 0.1578
-=-- [lennaitn = 17 nuie

LWinLHICTL IMOBIPHOCTI

=] = = o
= o o w
1) S G S

o
o
v

=}
=
wn

0.00

14 16 18 20 22
TpueanicTe NPOEKTY, AHIB

PncyHobky HX 4Li & HOpManbHOINIO po3noAiny TPUBaE
3 ob6bnacTtw MWMOBIi pPHOIFro 3aBepuweHHs pgo 1

OnTumMas 3SRPMTUYHOT O WNAXY MNPOEKTY. 3 pMmeTO NI
WeHHANpPloEKTY y O6inNnbw cTUCAUK TepMiH (MHaAaNpUKDIN:E
TUMI 3aUi 0O KPUTMUYHOTO WAAXY, BM3HaAaYeHOro B Mnon
- . OnTumMi 3aui MBHAHIgiH @ O3yMIEMH LUCEMHPHSAM OO Ui Ky B aHOT
3apgadu Ta CKOpPOYEeHHS4d T X ancnepcii (HeBUMW3Hauve
bPyHKUi IO MMOBIi PHOCTI 3 aBepwWeHHA NPOEKTY.

Y pamMKkax ob6buyumcnwBanbHOINIo excnepumeHTy 6yno
Manu HBWBIBMBANB Ha 3aranbHy TpuBani cTb | puUu3nt

-onAa 3apaddi F 3MeHWeHO Hanobi nbw “WM@MBI pPHY T
ManbeHly 5 pgo 4 AHI B;

-onAa 3apadvyi G 3MeHWeHO Hanobi NbW NMMBI PHY T |
ManbHly 6 A0 5 AHI B.

LLi 3 MioHOW aXKiaWTb peanbHI ynpaB/ni HCbKB- 3axopgy
AaHb, 3aflyyeHHSa p[OCBI AUYeHI WOro nepcoHaANy, cCTa

pen 3aTpUuMOK.
Mi cnga BHecCceHMUX 3 MiH:
—CyMapHa O4Yi KyBaHa TpuBani cTb KPUTMUYHOT O W
—-CyMapHa pgucnepcia ckopoTtwumunaca po 1.0277,;
—AMOBIi PHIi CTb 3 aBepweHHsA NPOEKTY A0 pAJefnanmt
43.34%.

TakKnMmMm YNMHOM, HaBi Tb He3HauyYHe Ui necmMpsaMOBAHE
TUWYHOTO WANAXY A[O3BONANSAE CYTTNEBIB NALHMIT NN TieA AP WMIHU KC
ani 3sauyi i NPOEKTY Yy BCTaAaHOB/MEHI CTPOKW.- 3acTo:{
HOW OoONTuUuMIi 3ayi e gae 3MOry npuihmMaTunm OOBFIPYHTOB
cueHapiiB peanis3aui i 3apgady Ta ynpasBni HHS pu3mu
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ﬂMOBiDHi(Tb 3aBeplieHHA NPoeKTy Ao 17 gHis (nicna onTtumisadii)
I

0.40

o o
W W
o w

o
N
wn
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WinbHICTE iMOBIpHOCTI
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DYHKUIA HOpMankLHOro po3nodiny (Nicas onTUMizawiil
P(T = 17) = 0.4334
0.00 -=- Mleanaity = 17 axis

13 14 15 16 17 18 19 20 21
TpuBanicTe NPOEKTY, AHIB

PNCYyHODKHB I 9 HOpManbHOTINIO po3noainy Tpuil
nicng onTmmMMBaAOO! WKAE XY

OAnda Hao4yHOI I HTepnpeTauyiil pesynbTaTtiB on
rpadi K QYyHKLULI T HOpManbHOIO po3noaginy Tpwusa
3afgay .F Poap@xyHKOBe 3Ha4yYeHHS O4Yi KyBaHOT Tpl
AHI B, a CcTaHpAgapTHe 1664XgwWNnenHpa6 NM3 HO 1. 014.
PYHKUI IO MWMOBI PHOCTI 3aBeplwWeHHA NPOEKTY Yy 3a

Ak BMAHO 3 T padgi Ka, BMNJLO BE PMINK aKlpHBD@©O 4Bpip
nawH 17 AHI B) 3HayYyHO 3pocna. AMoBi pHi CTb
15. 78% po 43. 34%, wo ni ATBepaoXYyeEe edeKTUBHI
3apgauyi KPUTMUYHOT O WANAXY.

BucHORKUpE3IYNbTAaTO MnNQOBIEHRSIDH A 0 OB eal-e HOo

ocyBaHHA wmMeToay PERT pgnmpaeanmi By BCy@MOBI@AK
CTIi . 3anponoHoBaHO nigxi g, WO MnNOEfnHYE KN
cpenp c i i I 3 dgopmMani 3 0B alHTOKOM i RBOACUTIHRIHMIB3K &OUO 13 ap
BYUacaepweBHSA. Ha oOoCHOBI obuymcnwBanbHOT O
anbHOT O MepexeBoOro rpacda NPOEKTY: BW3H
OBIi PHPUWETHH B arlBpeO E K Ty Y 3 afjaHUMN Te@mkH3anao
3aranbHy Hapfgi AWHiIi cTb T pa@di Ka BUKOHAE-H A .

4y (3MeHupprBiHS TPMBBINOCT Ta 3HUWUXEHHA agucne
OEKTY OO pAgepananHy 3pocna 3 15.78% po 43.
pyyaHHAa B cwmepexXypwWoR¥ERH |1 CTOTHO nNiBABMULWMN
HHS CTpoKammwu.

MepcnekTMWBMW nNofganbwux pfocCcni gxXxeHb napepoba
pi BHeBI abo apganTUBHI npoekTun [ 6, 8¢g -, a

YaHHSH d&@BToOMATM30BAaAaHOINIO aHani 3y puswunmki B Ta p
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Estimation and optimization of it project completion probability using the pert method

This article explores the application of the PERT (Program Evaluation and Review
Technique) method for assessing and optimizing the probability of on-time completion of IT
projects under uncertainty. In IT project management, dealing with ambiguous time estimates
is a persistent challenge. The PERT method provides a probabilistic approach to modeling
project durations by using three time estimates for each activity: optimistic, most likely, and
pessimistic. This allows for the calculation of both the expected duration and the variance of
each task, as well as for the entire project. Based on these parameters, it becomes possible to
estimate the probability of completing the project within a specified deadline by using the
properties of the normal distribution.

The article offers a formal problem statement for minimizing the risk of project delay.
The goal is to increase the likelihood of on-time completion by optimizing critical path activi-
ties—either by reducing the expected duration or decreasing the variance (i.e., stabilizing the
execution). A computational experiment is conducted using a sample network model of a pro-
ject consisting of nine interrelated tasks. The critical path is identified, and the project's com-
pletion probability is evaluated for a defined deadline.

Subsequently, the parameters of two critical tasks were modified to simulate managerial
interventions, such as standardizing processes or reducing complexity. As a result, the overall
project duration decreased from 18.17 to 17.17 days, and the probability of meeting the dead-
line increased significantly—from 15.78% to 43.34%. The visualization of the normal distri-
bution before and after optimization clearly illustrates the improvement in project reliability.

The findings confirm the effectiveness of integrating PERT with mathematical modeling
and optimization techniques in IT project planning. Even minor adjustments to the task pa-
rameters can lead to a substantial reduction in deadline risks. Future work may focus on de-
veloping automated tools for critical path adjustment using machine learning or multi-
objective optimization methods.

Keywords: PERT, IT project, project duration, probability, optimization, critical path,
variance, deadline.

CeniBbopc
I Hpopmauyi

s s -
St T O

Bali TesmamanBiaaTaTexXxHI YHUX ahayBEU 4
MX TexHonorimn i cmcrtem, otp@rkiyimb T

YKpaTl HCDbBK gepxaBHUK yHIORGDPOON-008212470+6886.k 1 i T
Ma n a Koni s AHaAQRawmoinh Bgan TEeEXHI UYH M X Hayk, 0o
KOMNO’ WOTEepPHUX HayK Ta | HXeHepil nporpamMHOT O
TexHonori un, YHiIi Bepcurt eORCIMIBOOOHOO0R-25394793a B M T a (
FryaatToAmH | ropop@BWMMOP TEeXHI YHMUX HayKk, O opL-e HT,
MalLi AHMX TexHoNOTri n i cmcrtem, YKkpaionobKkunih

ORCID 0000-0003-1139-1580

3eneHyoB OAMUTpogbeTeRORE@EMY YHMUX Havyapeagppo (e
| HdbopMauyi MHMKX cmcrtem, YKkpai HCbKNUKW XpBoe-p XaB

n o r https://orcid.org/0000-0002-5785-9858

ISSN 1562-9945 (Print) 209
ISSN 2707-7977 (Online)


https://orcid.org/0000-0002-2470-6986
https://orcid.org/0000-0003-1139-1580
https://orcid.org/0000-0002-5785-9858

«CuncTamexidH o»b @60)i2625« Sy st eno gieecshn o |
KokoBuuy boroppoB@RpeBREABVAKeEDRAPALBRNEHT-PUYHOI
piiT Ta Kib6epdPi 3 MUYHUX C WHLayKo Bl OHNKe HIEHHTMOOY THYa B3 &
Haui oHanbHOT O YHI Bepc OREID: P009-0M367IP6IK KA, YKpalH
BepoBki H OAByGAHWPEe akKkapweepoee «flwBnpoBaxmaw»,
Y Kk p a rmaibkalexlmonya@gmail.com; https://orcid.org/0009-0004-4253-9802

Selivorstova Tatyana — candidate of technical sciences, associate professor, associate profes-
sor department of Information Technologies and Systems, Faculty of Applied Computer
Technologies at Ukrainian State University of Science and Technologies. ORCID 0000-0002-
2470-6986.

Mala Yuliia - PhD, Associate Professor, Associate Professor at the Department of Computer
Science and Software Engineering, the University of Customs and Finance. ORCID: 0000-
0002-2539-4793.

Guda Anton — Doctor of Technical Sciences, Associate Professor, Professor of the Depart-
ment of Information Technologies and Systems, Ukrainian State University of Science and
Technology. ORCID 0000-0003-1139-1580

Zelenetsov Dmytro — Doctor of Technical Sciences, Professor, Head of the Department of
Information  Systems, Ukrainian State University of Science and Technolo-
gy, https://orcid.org/0000-0002-5785-9858

Bohdan Oleksandrovych Kokovych — Leading Specialist, Department of Electrical Engi-
neering and Cyber-Physical Systems, Engineering Educational and Scientific Institute, Za-
porizhzhia National University, Zaporizhzhia, Ukraine. ORCID iD: 0009-0003-6714-3663
Verovkin Oleksandr - Public joint stock company "Dniprovazhmash”, Dnipro, Ukraine
e-mail: alexImonya@gmail.com; https://orcid.org/0009-0004-4253-9802

210 ISSN 1562-9945 (Print)

ISSN 2707-7977 (Online)


https://orcid.org/0000-0002-2470-6986
https://orcid.org/0000-0002-2470-6986
https://orcid.org/0000-0003-1139-1580
https://orcid.org/0000-0002-5785-9858
mailto:alex1monya@gmail.com
https://orcid.org/0009-0004-4253-9802

«CncTeamexidH oob @60)i2025« System technol ogi es »
DOI 10.34185/1562-9945-5-160-2025-22
YAK 004. 4

A. Al niAH ,Ky p 6 a
PEANI 3ATLA d44O0CNI AXEHH4A
METOAI B ABTOMATU3ALI I JKAHIYPBOBHHAO I

AHoOoTauyi a. PO3BUTOK -mpapem@aitTm,3anopambigsaee@Bipoc
ynpaBni HHA NKWALCbKUWUMUKU pecypcamu, npu3B-NU 4
CTeM nNnaHyBaHHSA. Y cTtartTi AOoOCNi aoXyeTwyesa np
BaHHS KT@agaHHA O6wgXeTy, Wo A[O0O3BONSAE Kepi BHMN
TUW PpPi YHI nnaHwu, a-KOHAPOAIWBAaKAPICBBY WK &per-aHi 3
i yunt Kapgpi B Ta nNnnaHysBaTunm Habip nepcomany.
H i naHeni AmWd MOBBODRESAEI B, A CTeXyBaTWU [JOCSHAT HE
YnpaBni HHA npoekTaMwmw € akKTyanbHUM AK Ana ni
Tak i Ans onTwuMmMi 3auUi T BUKOPUCTAaAaHHSA peoc-ypci
puMucTaHHSA, CUCTeMUMYNEaABAOBWA TBPOTA@KD& d-HTep
Ni AXeHHAX Ta O0CBIi THI X nporpamax, L€ BOHM

CKnagHuMmMmM npoekTamMum Ta 3abe3neynmTun [JOCHAT HEH
Bupi weHHsa npobnemum ynpaB/i HHA nNnpoeBmlaompmun T a
TOBYE€ [AOCHATHEHHSHA Ta CTUMYNIWE pPO3BUWRMEHTOyar a-
MpaKTMWUYHAaA Ui HHI CTb AOCHNi AXeHHSA nNonNAr ae B T
4oBI acnekTW ynpaB/Ai HHS NpPpoOekKkTamMmuK oMM anHli asHxy,
Wwo cnmpinmeENnLEeHHK edP@eKTMBHOCTI Ta NPOAYKTWUBHO
Mpun npoBepgeHHI aHani 3y MeToOAiIi B NNnaHYyBKA-HHA

TUBHOCTI pi 3HMWX MeTOAiI B N /1 akHoyMBraaHHHI AsBX /K10 ABCTIbPK OME

nporpamMHe 3 a6e3neuyeiHH[N agHNysB aaHBHTAO MraaT Mp3oasymi o A i N
HO OLlLiIiHKY BNNWUBY nNNaHyBaHHS pecypciB uHa np
KoOpuMCcCTaHHS NWACbLKWUX pecypciB.

BnpoBapjgXeHHSH po3pob6neHol cncrtemu ynpasB /i HH
NACbKNUX pecypcia® mipmBmBIOEAHWMHEA e PeKTUBHIOCTI [
pauweHHA pe3ynbTaTtTiB NPOEKTI B. PekomMeHgOBAH:
i HCTPYMEHTMN ANA Ni ABULLWEHHSK XKNOMHXHKIpPEBHTOCNPOMO
Knwodyosi chosBa: KagpoBe nNNnNaHyBayYyHApaBABH®BMAaINMH
KunmMmu pecypcamu, i HpopmMaui nHa nNnaHenNnb.
MocTaHoBKRO3BpBpEAAGK . i HpopmMaLyi WHUX TexXHONOT |

6i NbW NOTYXHMUX KOMND’ WOTepi B Ta nNpor pamMmH-0or 0
pucrTaHHA CcCuUCTeM ynpaxpmamHAX NnpYexsampuepywe cd Tuyv

©SWnniH A.A. , ,2086ypb6a A.O.
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O NoNinweHHA MeTOAI B NAaHYyBaHHSA NOACbKUX pPe
ycni WHOT O BUKOHAHHHA NpPOEeKTI B.

Byno BMU3HayveHO, wo cumcTtemMa ynpasJ/i HHHA N pPoOeEt
MEeHTI B Ta TMNpOoLUTEeoCBiyBOT bsCKAI ABIMK ONpIYACH Y B @ HH 50,- OPpPT aHi
HTPONKW NPOEeKTIi B 3 MEeTOW [AOCATHEHHSHA BUWB-HayeHMUX
MaHHAM OaXeTy Ta HAKOCTIi . OCHOBHI 3aBmfaHHA C
Tb NNaHYyBAaHHSA, OprKKaAgE B/aHl.i 10, KepyBaHH4a Ta

MnaHyBaHHA NWACbLKWUX Ppecypci B € cTpaT-eri YHuni
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i aM 3a6e3neynmMTmM HasdABHI CTb NOTPpPiIi OHMUX nNwpei
, YMM MNa K T3yyawDHpHO &aoTaby . OCHOBHI eTanw-nnaHyB
Ci BaMBTKWIIOGIK AaHYyBaHHA CcepejooBmyMa, aApOT BO JIPBOAHK
ni 3 nporanwApapespdokypyeldRIi 3ayi 0o Ta MOHITOPp

Ocob6numBoCTI nNwaceRNY3peceyYypoOHRIWYbI| BMHaC-okKy KOt
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n, WBMUAKMWUA PO3BUTOKN TEEXEHLWIN,OTK YVIJJb THE/ W Kii H H/ Q
pi BeEHb cTpecy. Li-k ap@amawiphn BoM@Ro @kod b e e 1T U
3aflyyeHHda Ta yYyTpuMaHHA cniBpPpO6GIi THaKI B, i H
CTBOPEHHSA CcepefjoBMULUWAa3HIMXKYE NP IiABTEOHMEMYET P HHY.B
po3B-a®epi Bel FnwyoBMM PakKkToOpoM AAO0YyCNIi WHO
NOCTIi MHO 3 Mi HOWTbCSHA | BMMAr awtb BUu-4 daxi B

Kapakpia O0MABHW CKIANap[aeE TebTCadan i3B ,K | KNIObMEOHX 3K JIAKK
i 0C O O0mwBMOKCUT.I T a B

-

MeTow poebpoapobka nporpamMmHOr o nNpoAaWKTY, aK

=
n

T

M nNpoeKkTaMWm Ta NNAaHYBANMAHNIOACDb K I pecypcu B

OAna po3po6GKM NpPpOrpamMHOT O NpPoOoAYyKTYervery M BMUK:
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M nporpav8ge@bHHdaC&ESCITI pt . Vi sual Studi o €
pobkn, AaKe 3abe3neyvyye 3pYyuUHI I HCTpPpYyMeHTHNn 4
Kopgy. SQL Server BUKOPUCTOBYETbLCA M@JAA ynpa
n Ta o6pob6bnatwu Benuk.i o6cAaru -HQHo pma i 1

aScript 3a6e3neyywTb THYUYKIi CTb Ta edPekKTUBH
BONAWYM CTBOpPpHBATWNU HAK CcepBepHIi, Tak i Kni e

AHani 3 0CT akeHibx igomcyeg knMmalli Wiz ayi 8 npoueci B

nwoga
HoO
ocT

os]

CbKMMWU pecypcamMmw € i HHOBaULi WHMM Ni@xXo[gOM,
CTi 3a paxyHOK BWUKOPUCTAHHA €AMHUX CcTaHmga
aHHI POKWN TakKki CHCalpegmwe Haoainw Eaw/puBsB wwm piaB ni

Mpouyuec aBTOMaATWU3 AU T KagpoBOro nnaHyBaHHSHA

b |

a
LOocC
T a

212

epeKTMBHMUM nNi gxoagomM [JO ynpaBni HHAS /NHWALCbKMUN
ni gpxeHbo TFlaB] 6nyynton iBKMaBLHIAM € H eM 0 (BHAGEEH I0 MPI@GiJ)y B a H |
I X pi WeHHA, AKI HaBepfgeHI B Tabnuuyi 1.
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Ta6bnuuysa 1

Mpob6bnemMn Ta T X Ppi WeHHS MNpysaHBHTAO MAT U 3 a L

Mpob6newma Bnnwus Pi wWweHHSA
KomnaHi i BTk Mpoyecun oeBe HYilYHI (bi K 0O BOH I8 8 1
pi 3 HI i HC T p yoM BMU3HaAayYeHHGO OR
r'fo3yBaHHA poo- cununm agioimn
Hany
Bci OaHi By@e | |36umpaHHsHH S agillpoyec 3 a B aaH
abo Hani Bpy4YH|BUMATl ae WHMABIHNX aBIrO®BMEATN I
Bi oacyTHI I perTiHemageTanwgHovio| Pi we HHA abaHA
naag pos3sno@aiyly |Ta nepepgbawyjctTaTtyc ni Apkoe

nopai ngH anneyp c nunei cTiBape T a

BunknageHHda OCHOBHOT O MWhHaecphs Kain yp eacoycpnci ug »eHiR
HaMBaXnAMUBIi WN XA KXIT M@BP Ba HMB3Da HE oI M, M aHd itk ka-e Yy C |
TIi B 3HaA4YHOW Mipow 3anexuTb Bi A KBani i Kauyi
nwoagcbkunx pecypciB (HRP) € cTpaTtTeri yHum- npol
NeYynTunW HaAaNABHI CTb NOTpPpiabWukKaNWUBGHIMWWB]NWare i [61H

OcCHOBHI eTann nNnNnaHyBaHHSA /NWACbKUX pecypec.i

1. CkaHyBaHHA cepepgoBwuWa: Oui HKa BHYTpPI UL
BNAUWHYTW Ha noTpebn B NHWACbBbKUX pecypceax. L
BUX TeHAEeHUI N, nNpaBOBUWXHBRMBONpODapeey.

2. MporHosyBaHHA nonNuTy: BnsHaueHHA wmMaunb
OCHOBI cTpaTteri YyHUX Ui nenw opraHiszayiiTo- Le
3wWMpeHHSaS 61i3Hecy Ta i HWi QGakTopu, WO BNNWUBaA

3.AHani 3 nponos3wnuyi i : Oyui HKa HasaBHUX nNwAC
KomMneTeHUiI T Ta nNoTeHUI an c¢cniBPO6GI THWKH-B. L
HUX pecypciB ANsS 3aA0BONEeHHS MaWwbyTHI X noTp

4 . AHani 3 nporanwuH: BnasHapeaywpc@pmB pin-ai ma
MU noTpebdBammu. Lle po3BONAEe po3pobuTumMm cTparTe
HaB4YaHHSA, HaWMMaHHS HOBWUX CeMmiBYPHMHIATHNUKI B abo

5. Pospobpat &HRi T : CTBOpPEHHSA nNnnaHy Tpe@ an

NWKBX pecypcax. Lle ™MoXe BKAOW4YaAaTWU nNporpawm
HacCTynHOCTI Ta | HuWi 3axopgwu.

6 . Peani sauyi a: BnpoBagXeHHSA po3pobNneHMUX
BaxnuBo 3abes3neuyntu, woo6 BCI 3axopnur oanmn vy
i

7. MOHI TOPUHT Ta oLUi HK a: MoCTi WHMMOTKOOHT P
eheKk TMBHOCTI . lle p[O0O3BONMAE BYACHO BHOCUTMU K
nnaHy peanbHUMUM noTpebBam opraHi szauiil

Cnctema aBToOMaAaTM3aui il KMaBPEBOBLE AN A IWY B B W
HTIi B, WO 3ab6e3neyywTb ePeKTUBHIi cTb 17T poborT
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1. CTBOpPEeEHHSA nNnaaHy KomMnaHI T: aBToOoMaTMW30BaAHV
KoOHcCcoONi gaui T nnaHiIi B Ha piBHI ni apos3ai ni ..

2 . ExKcnopT 3aBepweHOro nNjJaHy:egWeEerAlMan paB B
ANnNA nopanbworo BUKOPUCTAHHSA.

3. Pobouya powka ANnA nNNnaHyBAaHHSA: |l HaepakTuB
HyBaHHA Ta ynpasB/Jii HHA MNepcoHanomM.

4 . | HdbopmMauyi MnHI naHeni: HapawTb OTFNAan BaxXnwu

5. ABTOMATMWYHE BiMHBOICETHEHI: HCEMBCIi TAeNMaB B UM A0 N A€
ana i X Kopekxkui.l

| Tany3b Mae CcBOT cneuywundi YyHi oco6nummecTi , A
MU pecypcamvmunm [ 2]:

1. Bucoka KOHKYyp&wwWmnNaH3 i HagawTwKTUWKBRIOTbLCA

P KOBaAaHNXIpPWBBDIAB,T bW@E O BUCOKOUT NKO HKAWKP eBHLL IBT. 3

mmarae Bi g KoMNnaHiIi W po3pobkn edheKTUMBHMX cCcTpa

HMWKI B.

2 . WBmMAKMUA PO3BUTOK TexHONOTIi in: MocTi MHKW
CnNiBPOOGI THMKI BlaR@G&@T IiT/AH ONriof BHauEe HKHOAM NMiaedd /i i dni okBavuHi F
i HBecTyBaTMW B HaB4YaHHHA Ta PO3IBUTOK CBICI X nNpalt
POMOXHUMU.

3. FHYyu4YKi YMOBWK OMpalHii :n Bgproa@mod ylT b ©OHY YKI y
yatwuyunm Bi gpaneHy rppadPIiTky. Tlhe rHoMHMxKwair ae =xanydartTmu

i OHIi B Ta 3ab6e3neyyBaTn 6GanaHc Mi X pob6boTow Ta

4 . KynbTypa-KiomHi@eali m:aclr®© MawTb KYnAbTypy,

a TBOpPYOMY ni gxo[ay A0 BUPI L eewidk erpp .6 siceTvs. 0 pleéed
epepoBunwa, HAKe nNi gTpuMMye Ta CTUMYNKWE | HHOBalL

5. Bucokuinh piBeHb CcTpecy: Po6orta B unl-T ™MoOXe
MOT UMW [0 NPOAYKTMUBHOCTI Ta WBUWAKI TeMnwm- 3 Mi H.

KY MeEeHTaNbHOTIMX GMEiopPpa®d6 iaT HMBKGTB Ta <CcTBOpBATMU
cTpecy.

T

N I X 4 0
9 dA< = w

214

Bi 3-Mme®n1nMBOCTI Ta ornap cumcrtemmu

MpoekKT BKMAKWYaAaE nNnpouyuec aBToOMaTwu3auiie-kagposBC
, A€ BIiH [AO3BOMPEB NKEPITRAMY PR IAPEMBMTB- ML E T €F
MUuagupekToOoOpamM nepernsgamaxpryHndaragpgXydann
3 i Hworo ©60KY, ue QA[AO3BONMWUTbL Ni HIi THUM Kepi
O opraHi 3zauyi w, TOG6TO BUMABNATK Aedivuy-nt KBajJ
UYHO BaXnNuvuBpecp@Baily nbobmpebm B Habope- nepcot
BaTW KiNbKiCTb CnNiBPOOGIi THNUKI B Yy NOPOBHAHHI
ponb (PaKTUYHMUAN nNnopi BHE@@EBERAENBY DT XPTBEBMHC KN CH e T
A 6wAXeTy CTaTUCTUKOLI.

Kpi M T oerma ccTMBcCOTpOBaTMMe 3pPO3YyMIi Ny epHEBgpmaluyi

B’ A3aHy 3 KopnopaTWUBHWUMMNU Li MAMMN, S K LG OTBaUKHIH a€ .
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CnctemMa Hapae MOXNWBICHWA Nre/peu ompy Parg dio

NexXHoCTI Bi 4 HajgaHWUX pocTtyni B.

3aMmbHY | el MOXHa onucaTtunm KinbKoMa npoc
noyaTKy CTBOPEHHSHA nnaHi B KoMnaHi i wnaxom
(pnc. 1) .

CnctemMa nNnnaHyBaHHA NWACbLKWUX pecypci B aBT
e CTBOpPEHHS nNnaHy NK @QWMBAAKIrio W/POYEN YHAO® Oy 4

HA Ta KOHcofni gaui i nNnaaHIi B Ha HUX4YMX nNi gapos3ya

e EKCNnOpPT 3aBepweHOr o nnaaHy

Ha KOXHOMY Kpoui nnaHyBalbHWUK BUKOHYE N
KOpoYyeHHA/ onTumi 3auyirl, nepenpusHaaHEa,HAH aer
epcoHany ToOLuo.

B pob6orTi po3pob6bneHo mMatTeMaTW4YHY MOMmMENb 0
3BO/TA€eE edPeKTMBHO NpPOrHosyBBaTu Ta aHancsaysBar
TeMa BpPaxXOBYE UYUCNEHHI napamMeapunkKkBaMRBEBE®AEA K
La Mogenb BUKOPMUCTOBYE KOHCODNI A0B aB®BriHOME TBp U
wo QJ[O3BOIAE NpummMaTtTmnm oOoO6rpyHTOBAHI pi We-HHA
cypci B.

Initiate Company ! L Export 10Y Manpower plan

10Y Plan DEPARTMENT DIVISION FUNCTION COMPANY

HQ WF Planning HQ WF Planning

PucyH-dw nlag cucrtemmn

Ha pwuc. 2 HaBepgeHOlominarryp>a M ya K<«@ll pnoprmH3oH3am € H ¢
Ta aHani 3y nNporHoOo3iIi B NonNuWTYy Haalne@capmw: B KON
- KinbkKi cTb figooc3aBdo fHdae pniokbaumTKU 3 aranbH

AK i 6yayTb noTpi 6HI B KOXHOMY poui
- NMonepepgHi n i NOYBMHBMMO Al anK anen adHo N € P ¢
IrHO3 VK T &y wpi AaH.i 3a NOTOYHUW ULWUKAD NNaHyB
O4Yi KyBaHi pes3ynbtTatTn 3 peanbHUMMU.
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Proposed Demand Projections

:" ’"1: :x:; cie 2} ’.‘: 3 T’_" C

(8}

PncyHdipod Ho3mn nonuty

BukopucrtaHHa pfiarpamMmmn:

1. CtTpaTeri YyHBO MOoINaHIya8BEA HKH @ Pi BA G L P B Y TIGHpaIHIIMap
WeHHd woao Habopy nepcoHany Ha OCHOBI MpPpor Hos3

2. Po3nopisnabpeescnyepucyieB e e K TUMBHUWN po3Begin Nt
HuMnM ni gpos3pginamum KomMnaHil

3. Oui HKka efHeBEBBBHAOCDILI HUT U, HacCKIi AbKUW ToOu
KTb peanbHUM faHUM, i KopurysaTtwu cTpaTterii nn

Ha pwuc. 3 HaBeJgeHOo Al arpamy «BakaHcCci i », s
haxi BUuUAaM Bi gcTexyBaTwnw Ta aHani 3yesaTwunw &TaH Bak
NMOBHEHHSH, BpaxoBYHWWHA MWMKYI/MI nNTa@aHYGMHAWMHSO.i nldas mo

ePeK TUBHOMY BUKOPUCTAaHHIO /NOACbeEEX0Oi piei@Y p cpiosd OiT
opraHi zauyi -l

Vacancies

= TaTh

ot WA

200 25

Previous: 278

PncyHqlk a3 pama BakaHCI #
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UncenbHe MOJAeNnNlOBaHHS A -5T av opieH3ay NnbproaarH/ia. 4 3 Y [BIE

nacob iKiT/bbKIO3MULIi W, B NOTOYHOMY nNOGTOHI HEBANPOKIN
6yB CTBOpPEeHWW HoOBMUN nipgpos3pgin B gKkomy 10 n
Al arpami MU Nnob6ayvymmMo Ppi 3 HMLULIO.

Proposed Demand Projections

40
30
20
10

PncyHndipodekyi 49 nonnuTy OO CTBOPEHHSHA HOE

Proposed Demand Projections

50

40

30
20
: i-A.A.A.0.0:0:.0
0
23 24 25 26 27 28 29 30 31 32 33

PncyHolkpoSe K Li 9 nonwMTy nNicng CTBOPEHHSH

lle npmnssBege A0 OHOB/MEHHH)KIi HAaK QATIg MKI&@A WY H

wo T x cTano O6i nbwe Ha 10.

Vacancies

50

40

30

20

: aaa i’

0

23 24 25 26 27 28 29 30 31 32 33
Previous @ Current

PncyH®KK nbKi cTb BakaHCIi W no4yaTKOB:
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Vacancies

50

40
30
2
m FEEERE
0
23 24 25 26 27 28 29 30 31 32 33

Previous @ Current

o

PUCYHXKK NbKi CTb BakKkaHGIOBUXI C1OS NGT BIOPEHHSA

Micna TOoOro, 89K BakKkaHCcCil 6yaAyTb 3aKkgyBaTMuUCb,
rpadi Ky.
B mMmaTtpuuyi npoekui mw (pumc. 8) no ni agwos3gi nam
ol oni Bi o6bynumcob 3MiHM 1 1T X 3HayveHHSA. Ha pwuc. 8
2023 2024 2025 2026 2027
Vv Proposed Demand 59 = 60 59 = 60 59 = 60 59 = 60 59 = 60
Company where Added 10 positions 15 = 15 15 = 15 15 = 15 15 = 15 15 = 15
Technical Division 28 - 29 28 = 29 28 = 29 28 = 29 28 > 29
Corporate Services Department 252 2 =2 2->2 22 22

Legal, Governance & Compliance

323 3->3 3=>3 3->3 323
Department
Finance Department 22 22 2>2 232 22
PncyH®3@BweieHa MaTpuusa 3a nonepepgHin i nMoTO !
Micna po3wWMpeHHA HAKOrocb niagposaginy, Hanpwul
B AKOMY ni gpos3aini [ B AKOMY poui Bi oy nucob 3

HATW 3 1 onke/paengHi (M ag.m 9) .
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2023 2024 2025 2026 2027
Vv Proposed Demand 59 = 70 59 = 60 59 - 60 59 = 60 59 = 60
Company where Added 10 positions 15 = 25 15 = 15 15 = 15 15 = 15 15 > 15
Technical Division 28 - 29 28 > 29 28 - 29 28 = 29 28 - 29
Corporate Services Department 22 22 22 22 22
Legal, Governance & Compliance 53 3 >3 353 353 353
Department
Finance Department 22 22 252 252 22
PncyH-@8we@leHa MaTpuusa 3a nonepepgHi n i no
Bi anoBi A4HO, e TaKoOX BRONWHEe i Ha BakKaHCI
punc:11.10
3BegeHa MaTpuuysa BakKaHCIi M 3a nonepe@aagHi n
peHA nNi gpo3ainy HaBepgeHa Ha puc. 10.
Vv Vacancies 13 = 14 13 - 13 15 = 15 16 = 16 16 = 16
Company where Added 10 positions 4 =15 4>5 45 4 35 4=>5
Technical Division 4>5 45 536 6 >7 6 >7
Corporate Services Department 0->0 00 0->0 0->0 0->0
Legal, Governance & Compliance 250 2502 252 3 5 PR
Department
Finance Department 1=>0 1=>0 120 10 120
PuncyHeXBelfdeHa mMaTpuuys4 BakaHCIi i 3a n
i NOTOYHMNI HiAK I onNn paBwWBe e HHA ni,u,pos,q
SBe,qua MaTpunuA BaKaHCIi i 3 a I'IOI'IGp@p;HiVI

WnMpeHHa nNni gpo3gMcny JlHlaBepgeHa Ha p
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Vv Vacancies 13 5 24 13 > 13 15 = 15 16 = 16 16 = 16
Company where Added 10 positions 4 > 25 4—=>5 4=>5 45 4->5
Technical Division 45 4 35 56 67 6 >7
Corporate Services Department 0-=>0 0->0 0-=>0 0->0 0—=>0

Legal, Governance & Compliance

Department

Finance Department 1—=>0 1->0 1->0 1-=0 1->0
PuncyHeoeXBelfleHa MaTpwuysA BakaHCi W 3a non
i NOTOYHMIN UWNIKMA NPIAHWBEAEHHHS i apo34i ny

BucHoBKIK.TAaTTI BM3HaveHO, wo cwumcTtemMa ynpasn

METOMEBRYMEHTI B Ta nNpoueci B,NITAKMYBABHUKOPUNOPO BRWK

K

=

e
p

X X 9

epyBaHHSA Ta KOHTPONW NpoekTiB 3 MeToOoww pgocsar

epMi HM, 3 AOTpPUMaAaHHAM O6waXeTy Ta AkKkoeTi. OCH
TaMuWu BKAWYaAaKWTb NNaHyBaHHAJpO/PEr.aHI 3ayi O, Kepy
MnymwaHHA NHWALCbBKWUX pecypciB € cTpaTtTer-i UHUM

agyi amMm 3ab6e3neynmTm HasABHI CTb NOTPpPiIi 6HNUX nNnwoaei
ac. OCHOBHI eTanun nNnaHYyBaHHS YB/AKHIHCAb KCMEXDP €pae0CBYUPLE
por Hos3yBaHHHMIiBOMWPIOY,0 3amHmi T, aHarsciTpammor d nun H,e
i 3aui 0o Ta MOHI TOPUHT

Ocob6numBoOCTI nwac-eRrRAY3peceypoOHBRWYbI| Brac-oky Kot
HT ®, WBMUWAOKMWUWN PO3BUTOK TexHoONoriun, FOH-y 4 K i y N\
M pi BeW.b LEiTpRRaKTOpPU-KBDIMMAMHAHKT HOBIPHOKER- e ek T U
M 3anyyeHHHA Ta yYyTpuUMaAHHS CcNniBPOOGI THaAK I B, i H
X CTBOpPEHHSHS cepepgoBUWa, HSKe Ni oTPUMYE | HHOB
MpaKTMWUYHA Ui HHIMCO/bATHAOEC NBE AK@MW A WO BOHO Agon
oY 0 B i acnekrTwu ynpasBni HH 4 npoekTtTamMun- Ta nna
MnaHIi g9x, wo cnpusae Ni ABUWEHHIW IPaAEIKTMBHOCTI

B pesynbTarti BUKOHAHHSA po6OT Uy KOTY, T OSOXK@IOA3 P30OMO /1 €

beKTUBHO ynpaBASTW NpPOEKTaMMW -KTaaM MNanHai Hiy.B afma N
O6KW nNporpamMHOro nNpoaykKTy 6ynu BUKOpPaM<CTaHi V

MY B a H H aSQILC JavaScript.

I

220

BnpoBagXeHHS MaTemMaT WY HIOOTKOP amMIDU/IE0N KT BO@BIHHHB iC T3bH any

onnTy Ha nocapgw, wo cnpuano o6rpyHTO®B-aHOMY 1
any.
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BukopucrtaHHAa i arpam [JO3BOJIMWIO HAaAT NTa-4HO
HMX nocajg Ta e@PeKTUBHI CTb NNaHypBawmpaB ODHH

NACbKUMN pecypcamu.

MopgpenwBaHHSA BUABUMNO KPUTUYHI ni gpesigs aun,
LO3BO/MTAKWYN oONnepaTMUWBHO pearyBaTwWm Ha 3MUHKM T
nporHos3amm i aHani 3y AgaHwux, O pArTanH i p3eacuyi e 13 MVDI |
po3paginamMnm, wo 3abes3neymno 6e3nepebi NHEETDbL [

pi ogMYHEe OHOBNEHHHA MOAaAMETAI BKOMWMYEBPAATHOR
akKTyanbHI CTb Ta e (8HKOTTUOB HPi UCHTKbY BN pyamioiB.a X 3 M
NI TEPATYPA
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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.

Xypba AHHaAa OpewmeHiTBHKadeagpwn | Hpopmayi WHUX Tex
«AHIi NnponeTpoOBCbKWUN MeTanypriwHumim i HCTUTYyT>» Y[
Wnni H AH@pyMeHT ¢ ne ukioawinb HOTCETPIH i1l 2H2ay K U ,B-YKpail H
HUIW YHI BepcuTeT HawWKkN HAE K 0 awcHToWiiey TN p 0O mela p 0 B C
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PE®PEPIAT

YAK 004.021

Momee ub bBb. B., bynaHal Hfdbdp M a Whioimygan pce B cothe Ma
rogoHMX YMOB Ha OCHOBI WTYYHOT O i HTenek-tTy 4.
HATTA p/i/lwe @B cTEeMHI TexHonorii. Peri oHanbHmnu
npayBon.n pb@Eed).—Aw np ol —C2 3.

Po6oTa npucBsas4vYyeHa po3poobyi i HhbopMa@gkr MHOT
CTOCYBAHHAM T /ITMOBOKOT O OHWEBMHAHOI TUREEH) HUN X 4 aEBaX. N |
Mopaeni 6yno o6paBacbBbeoefastrNeHow o06p,06%kwa T

AJana MOXNMWBI CTb HaB4yaTuca Ha BenunkKkupvamadu B .
Ta 3abe3neyuynna onepaTunuBHE MPOrHO3yYyBAHHSH

3 gaTtTHI CTIO.

Bi Gnh

Yok 004.043

3apopapwk A.B.AAAABRODY3E@BIEKIBUX CATHRAKLT Y KW
eHepauii peBepb6eépalCmiemexmHe heRrRXHBAOT i T . Per
61 pHUK HayBaoBe w@eO)npauw s pbd-Cl2-022

Y pob6orTi PO3TrNAaHYTO nNpobnemy CTBOpeHHSA p
payuiadMm KKTepHUX [T pax. Moka3aHO OCHG®BaLWIi ToCC
peBepbepauyil, cepejg AKWUX CKAnapfgHIiIi CTb poy-4yHOT
penein Ta obmMexeHa apganTUBHI CTb A0 reomeTQpi
6nemMa CT Baoipi ECHTHUSH HMEX peBepbepaui "HMX edeKTIi B

w =

CAXHOKW /MnwWe NpPpMU 3acTOoOCyBaHHI cyyacHUX ni axoc
Ta nNi AgBUMWYKWTb ajanTaMmeHPICE DL KH@BYRDB@XamiapaHa
I CHYWOTb 3 HaUHI MKe/ pOg IHK Opaeva, i TKIMYBHBTbL @KYCTV
CTYNHMUMMNU MeTOJaMMu.

Bi &0

YLK 623.618. 2

KnnmeHklbe®edli.pka oagHOPI AHOCTI ncesagoBunNal
AHpepcoOHa Biafpgpbhy GancTeMHI TexHonorii. Peri oH.
HayK oBwWxB mmpya@dad).—AHi npbd-C22-032

Y cTtatTi PO3TNAHYTO NUTaHHHA CTaTUCMWUYHOI
YNH. MeTO AOCANi AXeHHA &poOogeppadpe PawM-pr oa
Tepitww AHJgepcoOHa Ta KoMBigio.Baloa /i KIPEeNHT e -pM aox /i
TepiiB WOAO BUABMNEHHSA CTATUCTUYUYHO 3 HaUy WM x
BMUNnapgkax, Konm opHa 3 BUOI pPOK MIi CTUTBbLH-" 3a6b(

JepcoOHaAa 3acHOBAaAaHMMN Ha aHanNi 3U0 PMAEH3I BOB/MUKE X0aLpi:
OAHOpPIi AHIiCTbL 3a YMOB HeBIi gomMOro pos3no-giny.

Bi Hoa € yHiBepcanbHUM i 3faTtTeH aHani 3ysarTwu
AK cepepHi 3HaYeHHS4a, Tak i O v can enpocni Air. a el pya KE
UYeHHI onTMMalAlbHMUX YMOB BUKOPUCTAHHSA KOXHOT
BMOGIi poK Ta 3 HeBIi AOMUMU BUm@aoOmLTMaHHM M3-dlapa
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epi T B edPeKTMUBHO 3acTocoBYBam@l). By »H anweHa 4 XIEBO6 i
oui "bHO KomM6i HyBaTuM CTaTUCTMUYHI Kpurtepii 3 M
yBaTn pobacTHI aHanor un. OTpumatHi pes3wy-nbTaTmu
anbHIiI W Qi 3 MiLHXe HEeOPY INN@/LOMIHIMX AOCNi AXEeHHaX Ta

aXnueenoy O[HRXETINEHIMAMERT HRWX.H U X

Bi 6n. 7, Il n. 4 Tabn. 3.

YAK 004.94, 624.9, 692

MoBYaH YQOoKOKOHanNneHiI MO geni nnacTUWYUYHOCTI 3y
a cTpaTeri.i Kani 6pyBaH-@Ae MEIMT HTOOrYeH od W a JTiK3i YH Y @ ¢
PMYyBaHHSAK O T iTHOHHM X K O/H/C T [ICWic g ie mx i TexXHonorii

Mi XBY3i BCbKUNn 36iBumybdada-yIkHoi Bnvpxs. —IC p2addRL .

a

n
H
p
B
n
n
p

3anponoHOBaAaHO Yy3alraflbHeHY MeTOAWKY OBMCOKOT

eNnwBaHHA HeapMO B a H OHTHOM X6 eeT/ioeHwye HBT aTxo H KKOoNckary o0 B U M U
OWKOAXEeHO nNnacTMUYHI 3aKoOHW MaTepianyc- gertanse
OBI BMnpobyBaHb Ha CTUCK, po3Tar i po3kon, a
erynapuvwsali €0 DHEHIOAC TY C YBHIEOH @pice3aMaiHI E a . MokasaHoO,
i okani 6poBaHa wmMopgenb Concrete Damaged Pl ast
por uH» i KapTun TpiwnuH i3 NoOXMWOBKOW MeaHwe 15 ¢
OHHMX 6Gaszax pgaHWx I 3acTOoOCyRAaAmMB aMailan-mi @oo p \
aempi B .

Bi 6n. 11, in. 0, Tao6n. O.

YaoK 004.8, 004.93, 624.042.7, 692.5
Frpuropo@BuasMneHHa pedekTi B NNOCKUX eAOKPIi Be

TOAIi B MaWWMWHHOTNO HaB4YaHHSA/ /T aCurc/rnedMoHKi O TToe¥xHHaB1'Dd H H

I

® O T D W o m =X oW

Mk Mi XiIBY 33 BiCpH MK H-Bwkosda0x — Hpi anupsd. — C 42-042.

Y cTarTtTi nofpaHO CTPYKTYypoOoOBaHWUW ornsp cydvyac
ropTKOBMWMX HEeENnpPOHHMUX Mepex ( C NME), ,Deeplcale Mma H T 1 4 H
ransUNet), BUABGLODdastarR-COIB) er ai BBA MK Offji@pm BO C T
OHCTPYKTUBHUX pedekTi B, 3 aKUueHTOM aHBAXNAOCKI
RGB -3r@mb plaYke HH 4, oTpuMaHiI 3 APOHI B, wo Agae
rnag BaXKOAOCTYNHUXI BOBIGHIMX aBRIHIQW H WOBITHMAMP Y
BONOXEeHHA n¥.ped¥nmaéni@ipi NOpPi BHAHO ePeKTUBHI ¢
nemMeHTI B KOHCTPYKUI . PeanbHi Kencwu- ni grtse
HCTPYMEHTI B Yy nNpakTWKy TexHNnpeabnevMbnpeaypgRrRpBWmMA
Tauyy fJgaHuUX Ta y3aranbHeHHH Mopoenem, a TakKko
Hani TUKY Ta UWGQp o B DA aWBbi LHMHXN KOO CASKI OHXGENHPbA. M U T

Bi 6. 10, i n. 1, Tabn. 1.

YAK 004.8 + 311. 2

BaxpywuH O.B., 3baxpygwBRaHBRYBHRCO®| BHTIUEe TEeKTY
OWYyKY Ta nonepegHbOro aHani 3y pgaHux y npukna
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I CncrtemMHI TexHonorii. Peri oHanbH-MBM NYICXKB Y
5(160).—4AH i n p B +C52-052

PoO3rnaHyTo npob6bnemyngpempcyBamnpyvwaernT g LW

GROK 3 T1Ta ChatCPT 4 pgna 36upaHHSA Hawu,HMUIXX B

nonepegHbOT O06pPpO6GKM W aHani 3y. Mokas3aHO, L ¢
npucKopuTMU I CNPOCTUTUN BOGCOHAKSMbL .pYyMmpmmMmHYXKO
HaBOAUWTbL O6i NbW NOBHI , Hapgi MHI [ AKI CHa- fAaHI
HMX | HWKUX AXepen. TomMy WMWOro BUKOGHWTOR®MHIEN

MOXe OYyTMW KOPUCHMUM Npu nNpoBeieH i ieHjHuc Nd capkieT
noni Tuk.

Bi 6. 8, i n. 2 .

YLK 627.63. 632.81.618. 83

MoBopoTHa | . P., CadppoHoBa O. A.OQn TTongaoMBLHIb
napameTpun Mn/ Si AnA KOPUTYBAaAHHSA MaEX 3 HiNwmmX
océi CuctemMHi PexHORMaAaNbHUWUWN MiIi XBY3i BBURYMBAK3I3O
5(160).-A4H i n p & +C52-062

Y pob6orTi npepcTtTaB/ieHO nNniAxi g A0 onTUMMI 3a
X1 MIi YHOT O 3B’ A3KY. MeToph BpaxoBYE BBHie,moupd |
KPUTMUWYHO A4 NMPOr Ho3yBaHHSA BnNnacTunusBocCTEMW M
BNAMWBY BMI CTY BYT neuyto, KpeMHI 10 Ta Mapar-aHuto
MeTp ZY. BctTaHoBneHoO, Wwo ANM0Ed T4 naeiHB Bi OB

Mn/ SiHayloHH#84, 22 ,n8¢e peBara 3—a3xpreapi &my e my CKIGaHT
Ba/IlbHUX eNNeMeHTIi B [JO3BOJ/JIA€ CcCTBOpPBATMKU CTarni

Bi 6n. 7, i n. 8 .

YLK 532.516

MonboBuih O. b.UYHnePempsime,bMdagé©OnwBaHHSA Bb3-a€ MO,
HEHHHMAa®B3BYKOBMUM J/faMi HaAapHUM NPUMEXOBMUMOWapPON

Mi HyoBEpPpRHEWCNCTEMHI TexHonorii. Peri oHanbHI
npawBen.nys@ded).—4Hi npbd-C62-082

MpoBepgeHI napamMeTpPUYYHI yngemem@moOMRCOEGPp MM
Ha BIi ApWMWB NOTOKY npu B3aemopgi:l K O IBMOEMKO0 BAATMP U
wapom. 3acToO0COBa AH OO0 OH ecAVMBHHAWANA  AC/IKT i OHDUMETHVH Op © 3 B ' A
CTtokca. Ha ocHOBI aHani 3y npocT 0 paoOMBHMAXM i HOH30IT O
Koedgi Ui eHTa B'Aa93KOCTI , MO34OBXHI X KOMMNOOHEHT
wapi BUAB/NEHO OCHOBHI dPi 3UNYHI UYNHHMUKMA- WO
emMopgi i B y-M@aBaacDemmO HY . He3sBaxawuynymewn, pi 3
Tennomacoob6Mi H 3 NOBepxXHeW Hapjgae NOKIrgpy pe
Hafg3BYKOBOT BBiaj [moB oio-MIBeOHWRAEM/O® Mi HY € HMO XN U
HA BWHUWUKHEHHIW Bi APUBHOIT 30HW Yy AOBOBWUMI PHMUX

Bi 6n. 17, i n. 10.
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YAoK 004.056. 5

CykoBeHKIOH W .pmauyi MHa TexHoOonori ga aAna ni gotpwu
Bi oeocnocT1/éep eCwecHTHesM H | TexXxXHonorii. Periom-HanbHWIM’
BUX nN-Baumps5d6ad).—AHiI npd-C82-092

Y cTtaTtTi npeacT aBoipeeHHOH 9K ofHayreanTyd PO BCHTE @ -0 | I H@o
orii, AaKka 3abe3nevyye nNi ATPUMKYeK@PHSHACmaT al
OEALHYE CEHCOPpPHI npucrtporl , OOMO@NBHHIS aHMeNap i
HTerpauyii 3 I HwWwn MK iawdaa p MPaoLBi I WHAVHMYUT OMN siaacTNAeoK pTwm
6pob6KM Bi geopgaHUX, aganTtauyil LO cepepoBuUa
Hpopmauyi WHOT ©6Ge3nekwu. CtatTtTsa akKkTyaniwsye Baxn
oro ypbaHi cTUYHOTI O cepepoBwuLa.

Bi 6n. 6, 0in. 0, Taon.

YAoK 621.771.009

31 HY eWk.o, Nnow.a,n ByApPuak MmxanmnosCbKWUB- M. B. ,

I — O — 3 93

Kunii., 1 BaHoXBRAOdJINI AXeHHSA nNnpouyuecy pi3aHHAaeopTOBO
NOYHUXeNMBAOBOPTHMU/NX/I cGraHTAaBXMH | TexXxXHonorii. Perio
3601 pHHAvYBKM X N-Ba i B5d60).—AH i n p & +~C92-01Q0.

Pos3rnapgpaeTtTbcCcsa npouec pi3aHHYS Ha peiwkob6anouyt

NMNBAHHAX AOBXWHW po3KaTy, AKI B &ar iy (oWwB gpHDT3bKCAAT | 3Ba
po3Mi pi B 3arotTumBek gobMaTgmwmepea80yMOB pi3aHHA oOC
OOBXMHM Ta 3alMWKy NPOKAaAaMBKWBEUWYMPMOBRAATWEC HAa BDNE
nepeBuUWWYE BEIUYNUHY TeXHONOri yHoi o06piadi, wo 6
ro npokarTy, OCTaBHMHIMUB ammMmaloMi P xKiyTRACA Ha ABI
HoOpManbHOTI OOBXWUHMN. OrTpmmaHo BUpas3 ANA BU3HA
Bi QHOWEHHS ULiIiH Ha MipHMUA nNnpokKkart, HOpManbHWK T
MNPUOYTKYWHBMI O3 ayIOMBU¥K ¥ A /19 PHAEHMUX CcnocobGiB pi3aH

Bi 802371 a@n
YAK 623.618. 2

dPepopeHkKoO oc. 4., Knum Hemn@dpawveanpmemiwao cCaBun
BUNAOKOBUX BeNUWYUH 3 HeBi gomMunmMu dy/HKAU CATMEMM HPi O 3
TexHonorii. PerioHanbHWNMI KB EYHO)—AME NP @i, pH KUK

2025.-C 101 -111.

Jocni oR@WG® nemy aHani 3y CATaHBRBT MOMMUNXN J3BKX
po3nNo@mi mMBHHMWUX Bi A4 HOpPpManbHOT O, ANA  A4YK-MX 3 ac
HMX MeToOoOAni B HeedeKTUBHE. BnkopwatTpae Xxyeaapave
aHani 3 eKcTpemManbHNWUX 3HaUYeHbL, Ha nNnpukm-apgi A[BO
PMUYHOTNO) Ta €eKCnoHeHUIi WHOTro (acuMMeTpPUUYHOT O) .
Ta OTpuMaHiI Bi ANOBI AHI rpadi KM 3anNfHo PEE-MO MO
HepyBanunmcsa 3a 3ajaHMMW NapameTpamMum, MnHNW-<CNS 4Yor
CTUKMWN: cepepaHi 3HayYyeHHSHa, Mi Hi My Mmu, MaKCUMyMN,
Ha CTaTMuWuCT WY HOYT poMaVHAOHPUI XE A3EHGATYAE/THbbH NiX3 aK CYTVBEIER sPM 1 B

230 ISSN 1562-9945 (Print)

ISSN 2707-7977 (Online)



«CncTeamexidH oob @60)i2025« System technol ogi es »
tTex.ToKlazaHa npauyes3pgaTtTHIiI CTb AaHOT O anropwur

BM3HaAaYeHHA abo pgopgaTkoBOI nepeBi pKKMW cTaTtTuc:
B 3ajaHuUX ymMoBaKx.
Bi 6n. 9, ln. 3, Taébn. 4.

YLK 681. 3. 06

TpunytTeHKyMHdBmmaoB/AganTauyui 9 npeagunk ar-HOI
4 a X KepyBaHHA HecTaul OHapHM/Mn Ckamae MHiHN M@
Peri oHanbHWMW Mi XBYGINKXC blpBaninbyb@e0)p+HOmHki npady—« 2 0 2
C112-127.

Y paHi M pob6OTI pPOBYKHHEIG R DV AKY YRAKHYKY-HN i 4|

TUBHOCTI ynpaBni HHA CcTaTMWYHUMU Ta KBam-i cTa’
Bax 1 X HecTaui oHapHOTI noBefgi HKMU Ta MIiMWH-TUNBO:
A1 NA€TbCA 3acCTOCYBAaAHHI NpePUMK ado m™Ma /Mo e B1a& HiQ
TW Pi 3HOMAHI THI TEeXHONOri YHi cmtyaui iB-cTar
Ni HHA 3a [AO0ONOMOTOKW NOTFTi YHMUX KOHCTPYKLUI W. T
npepgcrtTaB/ileHHA 3HaHb nNpPpo 06’ eKTi ii /MpoabxABINKMY
MeTpiB Yy npoueci ekcnnyaTtaui:il

Bi 6n. 18.

YALK 533.6

TOHKOWKYpcéeénEHMIW aHani 3 aepogumHaMi HHUX X
KOHYCiIi B npu Hapa3IBYHOBEveyem@TiI R@MHDIOTrsB 4 . P e
KU 36i peHmxxk mHBaymgys(160).—AH i n p B +C 12806 235.

Po3srnapgaetTbcda 3ajadvya npo Hag3BYyKoOoBeg-o6TI

KMM nonepeyvyHuMM nepepi 30M NOTOKOM B' A3 KOT O I
aepogMHaAMI YHMUX XapaKTepucauvKaLmsmwamy Tii HAE T [Ly
pi BHAHbL EWnepa i nami HapH roos arHpou MBEMKIONBBO T 0e oL@
dPi 3 MUYHMX nNnapamMeTpi B Ha I HTerpanbHI XepakrTe
peydyHOro nepepi3ay O6i enNi NTUYHOT O Yy K GIHDY COA - aR)PTOT
HaMi YUHUX Koedi ui EeHTI B.

Bi Gai J2.

YAoK 004.942:621.65.052

Ko6szap B. 1., KpnBeHK®OnOumi 3adliiski neopawe TA

TPAaHCNOPTHUX CcUCTeM 3 YpPpaxXYBAHHMUMC TRPUAT egied
Peri oHanbHMWII N HWBKY GEHVEBYC KblkpBamnbyb@Ee). — A Hi np 6.~ 202
C 136 —146.

Y cTtartTi po3rnaHyTO niagxoawnw A0 nNi aBUMLWeEeHH
WNAXOM CTOXacCTMUWYHOINIO MOAenwBaHHSA T i gpaoc-abpa
TUYHI MO geni O LRIiCHOKCVMi BH a A i iHyoGtcorm p oHB 0 A i B3 - N p O |
Mi We HHS HacCcoOCHMUX cCTaHUui . BusHaueHoO paui

ypaxyBaHHSSM OHOXH iYKHM X  BKOMKMAa 3BH MpkoiBOo Tin . p OT pumal
LO3BONMNAKWTbL Ni ABUMUWNTN edekaraBHiIi CTb NpPOMMUC OB
Bi6n. 6, Taoébn. 1.
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YAoK 004.623
KpacHtiok M. A. , F’MfatTyweHKo BPe3p®B86ka MapDomMbdT

OBaHOI cmcrtemMu LéeHCpy TaBmOpPpMEea”HONOTrB 4 . Per i
Mnm 361 pHK MHBaykKp5A60).—4H i n p 5 5+C1276-255.

cCwu

O X £ < O O
3 O3 9 W 3o 3

B pe3synbTrTarti npoBegeHoOIl po6oTun po3pobGNeHO |
HK Ui T hdopMyBaHHSA Ta KOHTpPONIaH&BT aypymHxall ioTH a

na peecTtpauirl HOBMUX KopucTtyBaui B, BKNYatlwyuwu

bopmMauyi i 4 n s aBTopusauyii. 3ab6e3nevyeHo Me X

OHMIi AeHUui "HOT |1 HopMayui i KopucTyBadi B, BKIMNIWHY

Bio6n. 11.

yaokKk 004. 8

OctpoBCcbka K. HKMerToHgomc oma uBi.HH.or o HaBY-aHHA AnN
c T/e/lmc €@ MH i TexHonorii. Peri oHanbHUWUWK -Mi XBY3i
n y6@da0).—4AH i n p b +C1360 153

Y pob6orTi PO3TNAHYTO Cyu4yacHIi ni gxopepigo BMUABE
EKTPOHHI N KoMepui T Ta U PPLEM X0 CH@EBH KX XH a B
ropmtTmi B Knacudgi kauyi i, MeTOABHABWABNOEBDH TAB
ary npuvwpagineHo ri6puMagHUM apxi TekKTypam, wo no
HHA AonA nNi ABUIWEHHA TOYHOCTI , -ajwTbaaknoaid clyp a kK
aci B, MacwtaboBaHOCTI Ta nNpos3opocTio-mopgenedv
i AXEeHHAX Ta npukKknajgax peanbHOrNo 3acTOCYyBaHH
Bi 6a .

yokK 528.88:630

KaBau O. O., KasBau . B.AHaOe pr eveesrao aku.@/1.a, s 1Roowia

Oro KaptyBamsemosi®@mcTeMHiI TexHonorii. pPeri oHa.

=

D W £ W T O 9 X I T W
- 9 O T 9 9 = 9

232

K Hay Kk o8wx yadaoa sbH i np b -Clade 171,

cTartvTi PO3T NAHYTI OCHOBHI MeToAnW aBToOMAT
OCYyBaHHAM OaHmnXx 3pennvestri a. H UB WikHoopr IOC T3@OHHHASAY Bpai H3H
Yy nNoe€epHaAHHI 3 KoMOi Haui el MeTOAI B Ha OCHC
AHHHE T MEWDOb HalWKpawunmw pes3ynbTartT. Po3rnany:
yBaHHSHA i3 3acToOCyBaHHSA AMKCITACGlTOSIH BI Q4 TMO H |
i 3y BOAHMWMX pecypciB YkpaiHW®W. OcHOBHI K na
TpalbHWUX | HAoeKCIi B, MaWMHHOINIO HaB4YaHHSHA Ta
Opi AHMWX faHUX Yy MNOE[AHAHHI 3 KowbieHpLUi €10
TarT. Cnip 3a3HayYymMmTunM WO Taki MeToOMmW He o
A
A
0

w
—

ANsSs Bi OHOCHO HeBeNUKUX Bopgonm. yMeTopd Kz¢
M paGpaKkem®» I @ BUKOPUCTaAaHHAM wMeToay BuU6GO
AB@N BOAW, duWaPpaBywmanmlap .
&@n .

Q I I O W DO Y T W X O
.S T T o T X o9 4 <«

o1
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YLK 655.2:519. 8

Knesuypos M. K., OFPyumkdaiai . Bo3KpPOKW NWETOBO
Tpeb nonirpadcgi yHbfFoCBUPOMHIMNLUTBAHONTOT i T . Per
3@HiMK Hayk oBwx bdaoa+bH. i n p b+C1220177.

Y cTaTtTi npeagcTaBNneHO KoHULenui o, PpXxi Te

Maui AHoro MoAaynsga ni ATPUMKWN NPUUHATTSA Ppi WeHELb
nNi onpuemMcTBaodb NMHmDY /Bb MEOT0OPO aBT @QUAOTWBAWI g 00 @
BMOOPY ONTMMaAalbHMUX NapaMeTpi B PO3KPOWY- NPU:
HOTo MapuwpyTy. 3anpgHIyoeH OMBaaTHEEM apTi ULMEHHI H AM ongoeen i
€EBPUCTUYHI npaBunna 3 nNpakKTUWKWN, WO T4 3BHIMIA €
TW WMOBI PHIi CTb NOMWUIAOK.

Bi 6n. 7.

YLK 666.972.018. 2

Begomi oo B. B. , HecTtepeHkKko T. M. EK cHeecprvenpes H |
TanbHiIi AOCNHNi AXeHHSA K eBM 00ipHaous aitHHoO1T/ A yMEryacHEOEBKION
Honorift. Peri oHan pHHUMKIA oiai«B Yit3Biam (60N # [ 13 161 p o,
2025. - C 178—188.
Yy ctTaTTi HaBefgeHO pesynbTaTtwu ekKcnepume
nictTmponb6betToHHOT CyMi Wi i3 3@acbhpayBa@mm@i M
BKWU. Po3rnaHyTo BN/NAuMuBa@a&MWA3DPIMEP YT eENKi D DT M &
npuBaHTaxXxyBaya Ta-mpueB@apouyBiaAaHNYHI CEPYHAY
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pumMadti pe3ynbTaTtTun [AEMOHCTPYWTb A[OLI NbWH-Ii CTb NC
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UDC 004.021

Mol odet s B., B u | Analgsis of existingBaxchitectynesifor the db-.
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
s a mp | @0¥ It wandetermined that it is advisable to combine statistical criteria with data
cleaning methods or use robust analogues. The results obtained can be applied in experi-
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mental physics, sociology, engineering, biomedical research, and other fields, where it is im-
portant to assess the homogeneity of experimental data.

Bibl. 7, Fig. 4, Tabl. 3.

UDC 004.94, 624.9, 692

Movchan Oleksandr Advanced damage plasticity modelling and calibration strate-
gies for accurate finite element analysis of unreinforced concrete in thin-walled struc-
tures // System technologies. N 5(160) - Dnipro, 2025.- P.34 —42.

A unified workflow is presented for high-accuracy finite-element simulation of unrein-
forced concrete in thin-walled structures. The approach combines damage-plasticity constitu-
tive laws with a step-by-step calibration sequence that uses compression, tension, and fracture
tests, plus refined through-thickness meshing and nonlocal regularization to eliminate mesh
bias. A properly tuned Concrete Damaged Plasticity model reproduces load—deflection curves
and crack patterns within fifteen percent of experiments. The study also highlights the need
for open benchmark databases and machine-learning tools to streamline parameter identifica-
tion and enhance model reliability.

Bibl. 11, ill. O, tabl. 0.

UDC 004.8, 004.93, 624.042.7, 692.5

Hryhorovych M Detecting flat roof defects with machine learning and deep learning
techniques // System technologies. N 5(160) - Dnipro, 2025.- P.43 — 49.

This article presents a structured overview of modern deep learning techniques-
convolutional neural networks (CNNs), semantic segmentation (U-Net, DeepLab,
TransUNet), object detection (YOLO, Faster R-CNN), and autoencoder-based anomaly detec-
tion-for identifying structural damage, with a focus on flat roofs. UAV-captured RGB and in-
frared images are used as primary data sources, enabling remote inspection of inaccessible
areas. The study highlights how deep learning methods achieve over 85% accuracy in recog-
nizing cracks, spalling, or moisture damage. A comparison table summarizes model perfor-
mance across structural components. Real-world case studies demonstrate the practicality of
integrating Al-driven tools into structural monitoring workflows. The article outlines chal-
lenges such as dataset limitations and generalization issues, and recommends the fusion of
multimodal data and digital twin systems for future work.

Bibl. 10, ill. 1, tabl. 1.

UDC 004.8 + 311.2

Bakhrushyn O., Bakhrushyn V. Application of artificial intelligence tools for data
search and preliminary analysis in applied research of educational systems // System
technologies. N 5(160) - Dnipro, 2025.- P.50 —57.

The problems of using popular artificial intelligence tools GROK 3 and ChatCPT 4 for
collecting data on educational systems available on the Internet, their pre-processing and
analysis are considered. It has been shown that both tools significantly speed up and simplify
the execution of routine research stages. At the same time, GROK 3 provides more complete,
reliable and high-quality data, which are generally close to similar data from other sources.

236 ISSN 1562-9945 (Print)

ISSN 2707-7977 (Online)



«CncTeamexidH oob @60)i2025« System technol ogi es »
Therefore, its use to solve problems of the class under consideration can be useful in conduct-
ing research on educational systems and developing educational policies.

Ref. 7, fig. 7.

UDC 627.63. 632.81.618.83

Povorotnya I.R., Safronova O.A., Podolskyi R.V., Kononenko G.A. Optimal Mn/Si
parameters for adjusting the mechanical properties of steel for railway axles // System
technologies. N 5(160) - Dnipro, 2025.- P.58 — 68.

The study presents an approach to optimizing steel composition based on the concept of
directed chemical bonding. The method accounts for interactions between elements at the in-
teratomic level, which is critical for predicting material properties. The main focus is on the
influence of carbon, silicon, and manganese content on the system'’s charge state, represented
by the ZY parameter. It was found that to increase hardness, the Mn/Si ratio should be adjust-
ed: below 2.8-3.2, priority is given to silicon; above this range, to manganese. Controlling
alloying elements enables the development of steels with predictable properties.

Bibl. 7, ill. 8.

UDC 532.516

Polevoy O.B., Redchyts D.O. Numerical simulation of the interaction of a shock
wave with a supersonic laminar boundary layer in the presence of heat and mass ex-
change with the surface // System technologies. N 5(160) - Dnipro, 2025.- P.69 —83.

Parametric numerical experiments on the influence of heat and mass transfer on flow
separation during the interaction of an oblique shock wave with a laminar boundary layer
were carried out. An implicit finite-volume algorithm for solving the Navier-Stokes equations
is applied. It is shown that despite the different physical nature of the influence, heat and mass
transfer with the surface has a similar resulting effect on the size of the supersonic separation
zone. It was found that by means of heat and mass transfer it is possible to prevent the occur-
rence of a separation zone in two-dimensional supersonic flows.

Ref. 16, fig. 10.

UDC 004.056.5

Sukovenko K. Information technology for decision support in the field of video sur-
veillance // System technologies. N 5(160) - Dnipro, 2025.- P.84 —91.

The article presents the concept of developing a multi-level information technology sys-
tem that provides decision support in the field of video surveillance. The system integrates
sensor devices, edge computing, analytical Al modules, and mechanisms for integration with
other information platforms. It discusses aspects of automated video data processing, adapta-
tion to operational environments, and information security. The article emphasizes the im-
portance of such systems in creating a secure urban environment.

Ref.6, Fig. 0, Tabl. 0.

UDC 621.771.09

Zinchenko M.D., Potap O.Yu., Burchak A.A., Mykhailovskyi M.V., Shybakinskyi V.I.,
Yvanova L Research of the process of cutting long rolled steel on rail-beam and large-
section mills // System technologies. N 5(160) - Dnipro, 2025.- P.92 — 100.
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The cutting process on rail and beam mills with fluctuations in the length of the roll,
which occur due to the influence of the temperature of the rolls and the sizes of the blanks, is
considered. The aim of the work is to study the conditions for cutting the last bar of the meas-
ured length and the remaining rolled product under conditions of unstable rolling length. If
the remaining product exceeds the technological cut-off value, in order to prevent the conver-
sion of suitable rolled products into waste, the last bar of the measured length and the remain-
ing product are cut into two bars of non-measured normal length. An expression for determin-
ing the length of the remaining product is obtained based on the ratio of prices for measured
rolled products, normal rolled products and waste, and a graph of profit from the length of the
remaining product for different cutting methods is constructed.

Bibl. 4, ill. 2, tabl. 2.

UDC 623.618.2

Fedorenko O.D., Klym V.Y., Klymenko S.V. Nonparametric statistics of random
variables with unknown probability distribution function // System technologies.
N 5(160) - Dnipro, 2025.- P.101 — 111.

The problem of analyzing statistical data with unknown laws of distributions other than
normal, for which the use of classical parametric methods is ineffective, is investigated. Non-
parametric methods, in particular, ranking and analysis of extreme values, are used on the ex-
ample of two types of distributions: logistic (symmetric) and exponential (asymmetric). Com-
putational experiments were conducted and the corresponding graphs were obtained using the
Mathlab software package. Samples were generated according to the specified parameters,
after which their statistical characteristics were calculated: mean values, minima, maxima,
shifts and scales. The statistical homogeneity of the obtained values of special criteria was
checked using the t-test. The efficiency of this calculation algorithm for preliminary determi-
nation or additional verification of the statistical homogeneity of time series samples under
given conditions is shown.

Bib. 9, Fig. 3, Table 4.

UDC 681.3.06

Tryputen M., Kuznetsov V., Yvanova L. Adaptation of a predicate model in control
problems of nonstationary static objects // System technologies. N 5(160) - Dnipro, 2025.-
P.112 —-127.

When controlling static objects at the optimization level, pattern recognition methods
are used that allow partitioning the factor space into elementary subdomains in the form of n-
dimensional hyperparallelepipeds. One of the main elements of the control structure for this
approach to control is the adaptation algorithm, that makes it possible to refine the description
of a static object under nonstationarity conditions. Repeated use of the adaptation algorithm to
refine the model leads to an unjustified complication of its logical structure and the accumula-
tion of information that has lost its relevance. The paper proposes a method for minimizing
the description of images of technological situations, that makes it possible to overcome the
indicated disadvantages.

Bibl. 18.
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UDC 533.6

Tonkoshkur I.S. Numerical analysis of aerodynamic characteristics of non-circular
cones during supersonic flow // System technologies. N 5(160) - Dnipro, 2025.-
P.128 —135.

The problem of supersonic flow of a viscous gas flow around a sharp cone with an arbi-
trary smooth cross-section is considered. A method for calculating the aerodynamic character-
istics of this body is proposed, which is based on the numerical integration of the Euler equa-
tions and the laminar boundary layer. The influence of geometric and physical parameters on
the integral characteristics of the flow is analyzed. It is shown that the shape of the cross-
section of a bielliptic cone significantly affects the value of its aerodynamic coefficients.

Bib. 12, ill. 2.

UDC 004.942:621.65.052

Kobzar V.I., Kryvenko O.Yu., Pikilniak A.V. Optimization of hydrotransport system
parameters taking into account reliability criteria // System technologies. N 5(160) -
Dnipro, 2025.- P.136 — 146.

The article presents approaches to improving the reliability of hydrotransport systems
through stochastic modeling of hydroabrasive wear. Mathematical models for evaluating the
reliability of pumps and pipelines are proposed, along with the optimization of pump station
placement. Rational structural schemes are identified considering both technical and econom-
ic indicators as well as operating modes. The results obtained enhance the efficiency of indus-
trial operation.

Bibl. 6, Tabl. 1.

UDC 004.623

Krasnyuk M., Hnatushenko Vik., Moroz B., Sokol O. Development of an automated
authorization center system // System technologies. N 5(160) - Dnipro, 2025.- P.147 — 155.

The result of the work, software was developed that performs the functions of forming
and controlling user authorization. Functionality for registering new users was implemented,
including saving their personal data and information for authorization. Mechanisms were pro-
vided for saving and protecting confidential user information, including passwords and other
credentials.

Refs. 11.

UDC 004.8

Ostrovska K.Y., Nosov V.O. Machine learning methods for antifraud systems // Sys-
tem technologies. N 5(160) - Dnipro, 2025.- P.156 — 163.

The paper provides an overview of modern approaches to fraud detection in finance, e-
commerce, and digital services. It focuses on three key areas: classification algorithms, anom-
aly detection methods, and deep learning techniques. Special attention is given to hybrid ar-
chitectures that integrate various machine learning approaches to improve detection accuracy.
The review addresses key practical challenges such as class imbalance, scalability, and model
transparency and is grounded in recent research findings and real-world implementations.

Bibl. 12.
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UDK 528.88:630*162.5

KavatsO. O. , YK/a Semitieva 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

VedmidV.V.,.Nest erenko T. M. , N e s tErperenankalostudiés
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.

UDKb519876. 5+004. 4" 272+005. 8

Seliviorstova T.V., Mala Yu.V. Huda A.l, Zelenetsov D., Kokovych B.O.,
Verovkin O. Estimation and optimization of IT project completion probability using the
PERT method // System technologies. N 5(160) - Dnipro, 2025.- P.198 —210.

The article explores the application of the PERT (Program Evaluation and Review
Technique) method for analyzing and optimizing the timelines of IT project implementation
under conditions of uncertainty. The PERT method enables the modeling of project task dura-
tions based on three expert estimates (optimistic, most likely, and pessimistic), allowing for
the calculation of the expected project duration and the estimation of the probability of com-
pleting the project within a specified deadline. A formal optimization problem is proposed,
aimed at minimizing the risk of delay by influencing the parameters of the tasks on the critical
path - specifically, by reducing both their duration and variance.

A computational experiment was conducted using a sample IT project consisting of nine
tasks. The critical path was identified, and the probability of on-time project completion under
a given deadline was assessed. An optimization was carried out, resulting in an increase in the
probability of completing the project on time from 15.78% to 43.34%.

The obtained results demonstrate the relevance of combining the PERT method with
mathematical modeling techniques in the planning of complex projects. It is shown that even
minor changes in task parameters can significantl