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S.1. Shapovalova, O.M. Baranichenko
DISTRIBUTED COMPONENT-ORIENTED PRODUCTION SYSTEM FOR
CONTROLLING OF HIERARCHICAL OBJECT

Annotation. Existing methods of controlling industrial dispatching control systems (IDCS)
lose their effectiveness due to the increase in their complexity. Therefore, research for the im-
plementation of a distributed component-oriented production control system for dynamic
IDCS is relevant and has practical significance. The purpose of the work is to present the ar-
chitecture of a distributed component-oriented production control model for dynamic IDCS
for controlling an object in real time. Conclusions: 1) a four-level IDCS architecture is pro-
posed, which allows implementing the functioning of complex hierarchical automation ob-
jects; 2) a production system architecture for the system level of automation is proposed,
which consists of low-level, complex and system levels, and a production system architecture
for automated control at the main server level, which consists of complex and system levels;
3) the presented models are tested on the IDCS test problem with three systems. Based on the
results of comparing the control indicators according to the proposed production model and
the finite state machine, the advantages of the proposed method were determined: an increase
in correctness by 16% and an increase in the share of fully automated actions by 15%.

Key words: production system, distributed control system, industrial dispatching control sys-
tem, inference engine, CLIPS.

Problem statement. Generally accepted methods of control of industrial dispatching
control systems (IDCS) are based on linear mathematical algorithms or on algorithms of finite
automata. The rapid development of hardware has allowed to reduce the cost of building
complex hierarchical automated complexes, which has led to their implementation in many
areas of science and technology. The increase in the number of operations that are subject to
automation has led to more complex scenarios of operation of these systems. At the same
time, existing control methods are losing their effectiveness. One of the key areas of research
in control automation is the application of artificial intelligence methods. Depending on the
scope of application, various software tools based on neural networks or fuzzy logic methods
are currently used. However, in the case of controlling an object with strict logic of operation,
it is most advisable to use systems based on production models of knowledge. These models
allow for high accuracy of the system operation with a sufficient level of its flexibility. How-
ever, implementation using basic models does not provide sufficient speed of determining
control action. That is why further research for the implementation of a distributed compo-
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nent-oriented production control system for dynamic IDCS is relevant and has practical sig-
nificance.

Analysis of recent research. The creation of an IDCS is a complex task, the main stag-
es of which are the development of the general architecture of the automation object, the im-
plementation of software algorithms for control and management, testing of the software and
hardware complex and its implementation. In work [1], the authors considered modern archi-
tectures for building complex technological objects and presented intelligent methods for their
modeling. The work defined the concept of a dynamic system and showed that most existing
systems belong to this class. The method of controlling such systems was based on differen-
tial equations and provided high accuracy and speed of operation. One of the industries where
hierarchical distributed models are widely used is control systems in the energy sector. In
work [2], the authors considered a control system in a power system based on wind and solar
energy. They determined the advantages of building hierarchical systems based on microgrids
and presented mathematical algorithms for controlling them. However, the application of
mathematical methods to large hierarchical systems is not always possible, since it requires
the solution of higher-order differential equations.

Another option for implementing control of automated systems is the use of neural net-
works. In work [3], a complex hierarchical system for managing groundwater resources under
climate change conditions based on the CNN-Bi LTM network was presented. This approach
showed high accuracy in solving the problems under conditions of uncertainty of the input
data boundaries. However, the proposed algorithms are not practical to use in systems of strict
automated control.

Another approach to implementing control and management algorithms for complex hi-
erarchical complexes is the use of production systems. In [4], the authors presented the use of
CLIPS to assess the feasibility of using solar energy in the field of residential and commercial
electricity supply. In [5], the problem of traffic light control was considered. The authors ar-
gued that the use of traditional methods to solve this problem does not give an optimal result
due to the increase in traffic, which leads to a complication of the road situation. A production
system based on the rules of the Traffic Lights Expert System (TLES) was proposed. The re-
sults obtained showed the feasibility of using the proposed system based on the data obtained
to reduce the level of traffic congestion on the roads. At the same time, the control process
met the time requirements, which is critical for real-time systems.

In work [6], the problem of mixing drilling fluids was considered. Within the frame-
work of the work, the authors determined the structure of the production complex, described a
set of rules according to which the fluids are prepared, and showed the interfaces of the sys-
tem operator, which is part of the overall automation system. The system was tested in a real
production process, and the obtained data showed that the solution meets all the necessary
standards.

In article [7], the process of modeling functional processes between components of a hi-
erarchical control object was considered, which allows simulating the system operation during
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testing. It was determined that the modeling process allows you to detect and correct errors in
the logic of work, some of which are critical for the operation of the automated complex.
However, the presented methods do not reflect the specifics of a control object with a
complex distributed hierarchical structure. Therefore, it is necessary to take into account the
specified specifics at the level of the control object representation model.
The purpose of the work is to present the architecture of a distributed component-
oriented production model for a IDCS for controlling an object in real time.
To achieve this goal, it is necessary to perform the following tasks:
1. Determine the IDCS architecture for implementing a production control system.
2. Determine the architecture of a distributed component-oriented production control
system.
3. Test the presented architectures on a test IDCS.
1. IDCS architecture for production control system
To implement a distributed component-oriented production system, the IDCS architec-
ture is used, presented in Fig. 1.
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Figure 1 — IDCS architecture

At the programable logical controllers level (PLC level), direct control of the equipment
and receipt of data from sensors are implemented. Each control panel, depending on the com-
plexity of the system, can contain one or more PLCs. Communication of controllers with
server equipment of the system level occurs using standardized protocols, most often
TCP/UDP Ethernet. In addition to standard protocols, internal protocols offered by the hard-
ware manufacturer can also often be used.
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At the system level, the system is controlled as a single unit. The basis of this level is
server equipment, in particular servers for processing and storing information. Depending on
the architectural features of the logical controller level and the overall complexity of the sys-
tem, the system level can be implemented both on the basis of one local hardware server and
on the basis of a group of servers, both local and remote. Within the system level, there is no
exchange of information between servers of different systems. This allows to ensure the safe-
ty and reliability of each individual system.

At the main server level, from a hardware point of view, communication between serv-
ers of the system level occurs. At the same time, access to the physical equipment at the PLC
level is unavailable to guarantee correct control of field-level devices. From the point of view
of business logic, this level ensures the interconnection of all systems with each other, as well
as the connection with automated workplaces. An automated workplace is a set of software
and hardware that implements the interaction of personnel with some part of the overall sys-
tem.

2. Architecture of a distributed component-oriented production system
Production systems implemented to manage a hierarchical object have a three-level dis-
tributed architecture, which is presented in Fig. 2.

r__,-o-—"'_'_'_._.—‘_‘_‘_'_“‘—-\-._\ r’__,_,_—-—'—'_'_'—'_'_‘—‘—-—_._\_\_\_\
Work mem Knowledge base

ory
Low-level componenis instances kg{:} Inference engine . Low-level components rules
S - O ~ -

Complex conponents rules

— I

|
|
|
|
|
| | Complex components instances
|
|
I
I

System instances . AP System rules
.K____q_____-—._._ﬁ_#__,. interfaces kh_q_____‘—._._d_#__,.

Figure 2 — System-level production system architecture

The implementation of a production system for controlling equipment within a separate
industrial system of a general complex takes place on system-level servers. A three-level dis-
tributed hierarchy [7] is chosen for it, which consists of:

1. Work memory, divided into 3 segments depending on the level. The first segment re-
flects the state of specific low-level interfaces that directly interact with field-level equipment.
The second segment, which is the middle level, reflects the state of components that aggregate
field-level equipment and act as a single mechanism. The third segment reflects the state of
high-level complex nodes that consist of structural components of the middle-level system.

2. A knowledge base, similarly divided into three segments, each of which contains
rules for processing information at a specific level.

3. A logical inference engine that works in the direction from the lower to the upper
levels.

The control of various systems as a single complex is carried out by the production sys-
tem of the main server level. At the same time, its hierarchy is similar to that of production
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systems at the system-level. The difference is that there is no lower level of segmentation,
since interaction with physical equipment at the main server level is unavailable for security
reasons.

3. Computational experiments

The presented approach to the implementation of a hierarchical object was tested on a
complex system consisting of separate emergency lighting systems, emergency power supply
and access control and management system of data center. CLIPS [8] was chosen as a produc-
tion model. Interaction with the Schneider Modicon M241 PLC at the system level was con-
figured through driver programs written in C. Dell Precision Tower 7810 workstations were
used as servers. The implementation of the operator control software and general business
logic was performed in C#. The graphical interfaces of system operators are implemented us-
ing WPF technology.

6 sets of emergency scenarios were defined for testing the software-hardware complex:

1. Failure of a non-critical component of one of the systems.

2. Failure of 10% of the components of one of the systems.

3. Failure of a critical component of one of the systems.

4. Failure of 10% of the critical components of one of the systems.

5. Conflict in the operation of components of one system.

6. Intersystem conflicts.

The main parameters considered in the testing process were the correctness of decision-
making by the distributed production system, the time of information processing, the propor-
tion of fully automated control actions. A comparison of the presented method with the tradi-
tional control algorithm implemented on a finite state machine was carried out. The averaged
test results are summarized in Table. 1.

Table 1
Test results

Test set

Parameter Method
1 2 3 4 5 6

Fin. state mach. | 320 | 415 | 350 | 820 | 1250 | 1325

Average time, ms
Prod. system | 350 | 520 | 360 | 750 | 1300 | 1670

Fin. state mach. | 100 90 100 | 75 80 50

Correctness, %
Prod. system 100 | 90 | 100 | 90 | 85 | 85

Fully automated op- Fin. state mach. | 100 | 85 | 80 | 75 | 70 | 65

erations, % Prod. system | 100 | 100 | 100 | 90 | 80 | 75

The obtained data allow us to conclude that the average operating time of the production
system is 10% longer. However, the results of its work are 16% more correct on complex
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tasks, in particular on intersystem conflicts. This is due to the fact that describing all possible
scenarios of intersystem interaction for the operation of a finite automaton is a rather labori-
ous process that is difficult to test. Therefore, in practice, a large number of scenarios are not
prescribed, which ultimately leads to errors. The production system is able to build logical
chains even without all the necessary information, which allows to increase the correctness of
the obtained solution. The share of fully automated control actions of the complex built on the
production system is also 15% higher for similar reasons.

Conclusions:

1. A four-level architecture of the IDCS is proposed, which allows to implement the
functioning of complex hierarchical automation objects.

2. Architectural solutions for management at the system level and at the central server
level are proposed.

3. The presented models are tested on a test problem of IDCS with three systems. Based
on 6 test sets of emergency situations, the speed, correctness and share of fully automated ac-
tions of the software complex based on the production system are determined. According to
the results of comparing the control indicators according to the proposed production model
and the finite automaton model, it was determined that control according to the proposed
method increases correctness by 16% and allows increasing the level of the share of fully au-
tomated actions by 15%.
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Po3nooinena npodykuyiiina cucmema Kepy8anHus i€papxXiyHum 00’ €kmom

Icnytoui memoou KepyeanHs aBMOMAMU308AHUMU CUCMEMAMU OUCNEMYEPCbKO2O
ynpasninusa (ACAY), aki 6azyiomvbces Ha MmamemMamudyHux areopummax 4u Ha MoOensx
CKIHYUEeHHUX asmomamis, empaqaroms Cc80K e@eKmueHicms Yepe3 NiOBUWEHHS pIGHS
ckaaonocmi 06 ’ekmis asmomamu3zayii. 3acmocy8anus mMemooie Wmy4Ho2o iHmenexmy 0
Maxkux cucmem 00360JA€ NIOBUWUMU WBUOKICMb Ma KOpeKmHicme Kepytoyoi 0ii. Tomy ax-
MYanbHoOW € 3a0aua B60OCKOHANEHHA Memooi8 KepYBaHHsA CKIAOHUMU IEPAPXIYHUMU
00’exmamu Ha OCHOBI nioxodie wmyurnozo inmenexmy. Ilposedeni docnidxicenHs nokasanu,
Wo iCHY10Ui Memoou 00380510Mb GUKOHYBAMU OKpeMi 3a0adi 8 3a2aibHill cucmemi agmoma-
MU308aH020 KEePYBAHHS, OOHAK iX KOPEKMHICMb Ma YACMKA NOBHICMIO ABMOMAMU308AHUX
Oill € HeOOCMAMHBLO BUCOKOIO, OJisL KEPYBAHHS 00 EKMOM 8 YIOMY.
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Memoio pobomu € npedcmasnenns apximekmypu po3nooileHoi KOMHOHEHMHO-
opienmosanoi npooyxyitnoi modeni ACHY ons kepysanus icpapxiunum 00’ €Kmom 6 pexncumi
PeanbHo20 4acy.

Bucnosku: 1) 3anpononosano apximexmypy ACHY, saxa o0o3zgonsc peanizogysamu
@DYHKYIOHYBAHHA CKIAOHUX I€PAPXiYHUX 00'ckmie asmomamusayii ma cK1a0aemvcs 3 4o-
MUPbLOX PIGHIG: NO2IYHUX KOHMPOIIEPIB, CUCMEMHUX CepBepis, 20JI06HO20 cepeepy ma asmo-
MAMU308anUx pooouux micys, 2) 3anponoHO8AHO ApXimeKmypHi pilueHHsA 05l YNPAGLiHHI HA
cucmeMHOMY PIBHI Ma HA PIBHI YeHMPATbHO2O cepeepa; 3) NpoeedeHo anpodbayilo 3anpono-
Hosanux mooenell Ha mecmogiu 3aoaui ACIY 3 mpvoma cucmemamu. /[ns anpodayii 6yno
BU3HAYEHO 6 HAOOPI6 MecmosUX OAHUX, KI BIOPIZHIUCL 3a MUNOM ABAPIUHUX CYEeHApiig po-
oomu. Tecmosa cucmema Oyna peanizosana Ha OCHOGI anapamuoeo 3abesneyenns Schneider
Electric ma Dell. 3aci6 peanizayii npooykyitinoi mooeni — CLIPS. Mosu npoepamysanns, éu-
Kopucmati 01a peanizayii npoepamuux cucmem — C, C#. 3a pezyremamamu nopisnanus no-
KA3HUKI@ KepY8aHHs 30 3anpONOHO8AHOI0 NPOOYKYIIHOI MOOEJNI0 Ma MOOENNI0 CKIHUeHHO20
asmomama GU3HAYEHO, W0 YNPAGIIHHA 34 3aNPONOHOSAHUM MemOOOM NIOBUULYE KOPEKN-
Hicmb Ha 16% i 0036015€ 30ibUWUMU PIBEHb YACMKU NOBHICIIO ABMOMAMU308AHUX Oill HA
15%.
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ETAIIN CUHTE3Y CUCTEMU ABTOMATHUYHOI'O PEI'YJIIOBAHHS
CYHIAPKMU 3 KUILJISTYUM IIAPOM

Anomayisn. Kunnsuuii wap - npoepecusruii cnocio Ccyulintsa OpiOHOOUCNepCHUX Mamepiaiis.
Bin 3a6e3neuye inmencuenuilt meniomacooOMin, wo 00360J5€ Q0CAeMU UCOKOL NPOOYKMUB-
Hocmi. Bnpoeaodaicenns asmomamuzosanux cucmem kepysanusa (ACK) eidiepae knouo8y ponw
V 00CsieHeHHI cmabilbHOCMI MEeXHON02TUHUX npoyecis. Y moil dce yac cam KUnIsuull wmap €
OUHAMIYHOIW CUCMEMOI0, 0e N08ediHKa Mamepiany 3ai1excums 6io0 bazamvox axmopis, ma-
KUX 5K WBUOKICIb NOGIMpsl, pO3MIp 4acmuHoK, eo1o2icme i memnepamypa. Lle pooums KoH-
MpOoib Npoyecy CKAAOHUM, OCKIIbKU HABIMb HeBeNUKi 3MIHU 8 OOHOMY Napamempi MO*Cymb
npussecmu 00 3HAYHUX 3MIH 8 IHWUX Yepe3 HAA6HI nepexpecHi 38 ’a3ku. Jlana poboma € y3a-
2anbHeHHAM 8 nianysanHi memoouku cunmesy ACK npoyecom cyulinHsa HACIHHA COHAUHUKA Y
3epHocyuapyi 3 KUNJAYUM UAPOM, WO A818€E COO0K CKIAOHUU OUHAMIYHUL Oa2amosuUMipHuULL
00’ecxkm i3 3anizHenHam. [lpuuomy emanu cunmesy 6paxogyiomsv 0COOIUBOCI KOHCMPYKYIL
cywapku, ii pobomy y pisHUX pexrcumax, 30Kpema y pedxcumi cmabinizayii ma cumyayiro 3 He-
MOJACIUBICMIO BUMIDAMU BUXIOHI cueHanu 06 ’exkma y noeuitl mipi. Bci emanu cunmesy ACK
npoyecom CYWIHHA Y Cyuapyi 3 KUnasyum uwapom nobdy0o8aHi Ha 3acmoCcy8anHs 0A308UX
NPUHYUNIB CYUACHOI meopii asmomMamuiHo20 Kepy8anHs CKIAOHUMU MEXHOLO2IYHUMU npoYye-
camu.

Knrouosi cnosa: cywapxa, kunasauuii wap, cucmema agmomamuyHo20 Kepyeants, CmpyKmyp-

Ha cxema, bazamosumipHicms, Mampuys nepedamoyHux yHkyiu, eunepeoxcysay Cmima.

IMoctanoBka mpodiaemu. CylliHHA B KUIULTYOMY IIapi Mae HU3KY Iepesar, ski poo-
JATH el cnocid epeKTUBHUM 7151 0OpoOKH pi3HUX MatepiaiiB. Jlo mepesar ciiJl BiIHECTH B
HepUly Yepry: BUCOKY MIBUIKICTh CYLIIHHS, PIBHOMIPHICTb CYILIiHHS, BUCOKY TEILJIOBY e(dek-
TUBHICTh, MOXJIMBICTH POOOTH 3 JIPiIOHOAMCIIEPCHUMH MaTepiaiiaMu, Oe3mepepBHICTh Mpolie-
Cy, KOHTPOIIb TeMIIepaTypH, IPocToTy KOHCTpyKii. L{i ocobmuBOCTI poONIATh CYIIIHHS B KH-
IUIAYOMY Iapi MPUBAOJIMBUM JJIS IIMPOKOTO CIIEKTpa 3acTOCYBaHb, BKIIIOYAIOYM XapUOBY,
XiMiuHy, (hapMaleBTHUHY Ta IHII ranxy3i IPOMHUCIOBOCT. AGCOIIOTHO BCi TEXHOJIOTIUHI MIPO-
[IeCH Hapa3i aBTOMaTH30BaHi, 110 BUMArae peTesIbHOro IJIaHYBAaHHS Ta YIPAaBIIiHHI, aJpKe Ba-
MJIMBO BPaxOBYBATH IMOTEHIIHI BUKJIMKU Ta PU3MKH. Y CIIIIIHE BIPOBAKEHHS aBTOMAaTH3a-
1[ii BUMarae KOMIUIEKCHOTO MiIXO/y, KMl BKIIOYa€ TEXHOJOTIYHI, OpraHi3alliiiHi Ta JIIAChKi
acriektd. Kumuissumii map — e AMHaMi4Ha CUCTEMa, JIe TIOBEJIHKA MaTepiajdy MOCTIHHO 3Mi-
HIOEThCSA I11J] BIUIMBOM Pi3HUX MapaMeTpiB, Mo yckiaaaHtoe cuHTte3 CAK Takum mpoiecom.
OcHoBHumH nepemrkonamu 'y cuHte3i ACK € B mepmly uepry HasBHICTb INEpPEXpeCcHHUX

© degorosa M.O., Tpymrakos JI.B., bepesiok L. A., Ckpunnik 1.O., 3aBopyes P.C., 2025
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3B’S3KiB MK BCIMa TEXHOJIOTIYHHUMH IMapaMeTpaMH IMPOLECY, OCOOIMBO 1€ KOPEIAIis MiX
MIBUJKICTH TIOBITPS, TEMIEPATYpPOIO Ta KIHIIEBOIO BOJIOTICTIO Marepiany, IO HAImpsMy 3aje-
KHUTb Bl BUCOTH MaTepialy Ha KacKajgax-pemierax. Tomy 1ie BUMarae BUKOPHCTAHHS CKJIaJl-
HUX QJITOPUTMIB KEpYBaHHS Ta MOJIEJEH Mporecy.

AHaJi3 ocTtaHHiX gociaiqkeHns i myouaikaniil. Anamiz miteparypaux mxepen [1, 2, 3]
HABOJUTH Ha TyMKY, 1o icHytoui ACK mporiecom cymiHHS B KHILITYOMY IIapi HE BPaxoBY-
IOTh MIEPEXPECHi 3B’SI3KM MK BX1IHUMH-BHXIJIHUMH Tapamerpamu 00’exta. OqHOYACHO, Bi-
J0Mi MaTeMaTU4Hi MoJieNi 00’ €KTa KepyBaHHS BKa3yIOTh Ha T€, IO TaKi CyIIApKH HaJIEeKaTh
710 MHOKMHH 0araTOBUMIpHUX HETIHIMHUX AWHAMIYHUX 00’ €KTIB 3 PO3MOAICHUMH HapamMeT-
paMu Ta YUCTUM 3aIli3HEHHSM.

JocmipkenHsi 6araTb0X BYSHHX JOBOSTH, IO MpH (PIKCOBAHUX KOHCTPYKIIi 00’€KTa
KepyBaHHS Ta JaTYMKiB BUMIipPIOBAIBHOI iH(opMaIlii TOYHICTh cTabimizamii B OJHAKOBUX €KC-
IUTyaTaliiHIX yMOBaX BU3HAYAETHCS CTPYKTYPOIO Ta MapaMeTpaMH MaTpHIb MepeaaTOuHuX
¢byHKIiKA KaHaNiB KepyBaHHA. JloCSITHEHHS HAWMBHIOi TOYHOCTI cTabuii3alii mpu oOMeKeHNX
pecypcax KepyBaHHS MOJIMBE JIMIIE B ONTUMAJIbHUX CHCTEMax, CTPYKTypa Ta MapaMeTpu
3aKOHIB KepyBaHHS SKMMH BH3HAYCHI B pe3yabTaTi MiHiIMi3amii KBaApaTHYHOTO KPUTEPIIO
SKOCTI, IKMI BPaXOBY€E XapaKTEPUCTHKH MOXUOKHM cTabiizalii Ta 3SMiHA CUTHAJIIB KEpYBaHHS.

Meta gociigxeHHsi. 3a BiJOMOIO KOHCTPYKII€I 00’€KTa Ta BUMIPSHUMH BXiJTHUMU-
BUXITHUMH CHUTHAJIAMU HEOOXiTHO CHHTE3yBAaTH TaKy aBTOMATH30BaHY CHCTEMY KEpYyBaHHS
MIPOLIECOM CYIIiHHS, sika 0 3a0e3redyBaia HE JUIIe CTaOUIBHICTh Ta CTIHKICTh MpOIeCy, a i
rapaHTyBajia MiHIMI3aI[il0 BUTPATH €HEPTrOHOCIIB 3 OJTHOYACHUM 30€PEIKEHHSIM SKICHUX TTOKa-
3HUKIB BUX1AHOI MPOXYKIIIi.

BuxianeHHsi 0CHOBHOT0 MaTtepiajy gociaigxenns. [Iporec cymiHHsS HaCIHHS COHSIIII-
HUKa Y 3e€pHOCYIApIll BIJOYBAETHCS B CTAIOMY pekuMi [4], mo craHoBUTH 01au3bko 90% ua-
Cy poboTu cymapku. | y nboMy pexxumi TyKe BaXJIHBO Te, III00 BUXI1JIHI CUTHAJIN 00’ €KTa Bi-
JTNOB1aIN 3aJjaHUM 3HadeHHsIM. [liBuIlleHHS! e()eKTUBHOCTI CYIIIHHS BHMAarae onTHMi3allil
pOOOTH PETYNIATOPIB B pEKUMI cTad1Ti3aIIi].

BBaxkaemo, 1110 0IMH 3 BXIIHUX TeXHOJOTIYHUX napameTpiB T (Temmneparypa TemioHo-
cis1) ctabibHA JOCUTH TOYHO 3a JOIOMOTOI0 PETYJISITOPIB, HACIHHSA PYXa€ThCs MO KacKajgax
3rOpH BHM3 31 MIBUJKICTIO, IO JOPIBHIOE CONSt; MaTeMaTHYHA WMOBIPHICTh BUCOTH KHUIUISYO-
ro mapy h Ta Boyorocti Matepiaay W Ha BUXO/li 3¢pHOCYIIIAPKH BiMOBIAa0Th 3HAYCHHIO, 110
3ajmaHe. B Takomy pa3si OaraToBUMIpHHUI 00’ €KT 3 PO3MOIUIEHUMH MapaMeTpamu (3epHOCyIIa-
PKY) MPOMOHYETHCS 3aMIHUTU CYKYIHICTIO N JIIHIHHUX 00’€KTIB 3 30CE€peKEHUMH MapaMeT-
pamu (N — KUIBKICTh KacKajiB 3epHoOCcyIIapku). Jljig 1boro BBe€HA MPSIMOKYTHA CHCTEMA KO-
opaunat XOV (puc. 1.) [5].

[Toyatok 11i€1 cuCTEMU KOOpAWHAT 3B’ SI3aHUM 13 3aJJaHUM 3HAYEHHSM TOJIOKCHHSM IITH-
oepy 3. Bice OX nHampamieHa B3I0BX pyxXy ImoOepy mpaBopyd, a Bick OY — cmiBmamae 3
KOHCTPYKTHUBHOIO BICCIO CYIIapKH 3a HampsSMKOM pyxy 3epHa. [lojoxeHHs 00’€kTy 3 HOMe-
pom K y BU3HAYeHIii cHCTEMi KOOPAMHAT XapaKTePH3YEThCS BEKTOPOM KOOPAMHAT HEHTPY
Mmac K-Toro kackamy, SKuii TOpiBHIOE
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0 0 0
x=(Xk,Y; ) 1)
0 0 0
Je Xk — mpoekuis nenTpy mMac kackaxy K ma Bick OX (xk = 0); YK — TPOEKList UEHTPY

0
Mac kackany K Ha Bice OV, sika 3 ypaxyBaHHSM pHC. |. BU3Ha4eHa y BUTIAAI ) = k-A

(A — BigCTaHb MiX KacKaJgaMu, M).

Pucynok 1 — 3epHocymapka KackaJHOTO TUIY AJIsl CYIIIHHS HACIHHS COHSIIHUKA
y KMIUITYOMY Iapi 3 NPSIMOKYTHOIO CUCTEMOI0 KoopauHat XOY

BBaxxaemo, 1o crabimizaiis BUCOTH Ny KUIUISYOro mapy Ha Kackali 3 HoMepoMm K Ta
3MiHa BOJIOTOCTI MaTepiajly W Ha BUXO/JIl 3¢pHOCYIIAPKH BiI0YBAa€THCS 3a paXyHOK KOJIMBAHHS
mubepa HaBKOJIO CEpeHbOro 3HaYeHHs Sp Ta 3MiHHM TEMIIepaTypu TEIJIOHOCIS BIJHOCHO ce-
penHboro 3HaueHHs T7 6115 Kackany 3 HOMEpoM 7.

[Iponecy crabimizarii 3aBakal0Th HEKOHTPOJIbOBaHI 30ypeHHs, sIKi YTBOPIOIOTh BEKTOP
Vi . B Takomy pasi Ha Bxozmax K-Toro 00’€KTy AifOTh JBOMIpHUI BEKTOpP CHTHAJIB KEPYBaHHS
Uk Ta TBOBUMIpHHUI BEKTOp 30ypeHb Wi, JHHaMiKa sikoro Hepimoma [6]. . Ha Buxoxi K-toro
00’€KTa /i€ BEKTOP BUXIJHUX CUTHATIB Xk BUTTISAY

u, = ot X, = i )
k= k—
15 w
OcHoBHHUIT MaTepiaJj. BpaxoBytoun Buiie3a3HaueHe, MOJIENb JUHAMIKH 36pHOCYILIAPKH
3 KUIUITYMM [IApOM JIJIs CYIIIHHS JUCIIEPCHOTO MaTtepiaiy y pexumi crabinizanii, o Bpaxo-

ISSN 1562-9945 (Print) 13
ISSN 2707-7977 (Online)



«CucremHi Texnonoriiy 4 (159) 2025 «System technologies)

BYE OCOOJIMBOCTI KOHCTPYKIIii, OyJae cKiagaTHcs 3 N CHCTeM 3BHYAHUX AuQepeHIliaTbHIX

PIBHSHB, SIKi MAIOTh BUIJISA]] TUITY:

kak =Mkuk TV (3)
ne Py — moniHOMianbHa MaTpHIls po3Mipy 2X2, €JIEMEHTH SKOi € MOJIIHOMaMH Bija omepaTopa
IQepeHIliIoBaHH p = %t (k — HOMep Kkackany)

My~ noniHOMiabHa MaTpUI po3Mipy 2x2.

[TpumyctuMo TakoX, MI0 AOCTYIMHHUM JUIS BUMIPIOBAHHS B MPOLECI € 3HAUYEHHS BiAXHU-
JICHHS OJTHOTO 3 BHXIJHHUX TEXHOJIOTIYHUX MapaMeTpiB 00’€KTa, a caMe BOJOTICTh Marepiary
W BiJ 1T MaTEMaTUYHOr'O CIOAIBAHHS.

BinmoBigHo Meromuili, mo mnogaHa y MoHorpadisx [7, 8], MOIUIBHO CKOPHUCTATHCS
CTPYKTYPHOIO CXEMOIO CHCTeMH cTalii3allii, Ha OCHOBI SKOI CKJIaIeMO TaKy, sSKa BiAMOBiIae
BUMOTaM Ta OCOOJIMBOCTSIM CKJIQJHOTO 0araTOBUMIPHOTO 00’ €KTa 3 PO3MOAUICHUMH HapaMeT-
pamu i3 3amizHeHHsM (puc. 2). Ha Bxomax Takoi CTpYKTYpHOI CXeMU JiI0Th BEKTOPU CUTHAIIB
30ypeHb Ta IIyMiB BHUMIpPIOBAaHHS BOJIOTOCTI Ha BHXOJI CYIIapKH (), TOUYKH BIUIUBY SKHX Ha

CUCTEMY HE CITIBIIa/Ial0Th.

EKBIBATEHTHA CICTEMA We

KACKAT -x- JATUIIK BOJIOTOCTL ® CIIOCTEPI'AY

u 1| s Xy X Xy X

2l M P K NF B

S m

BITIEPETKYBAY]

'IPEI"

Pucynoxk 2 — CTpykTypHa cXxemMa CUCTEMH aBTOMAaTHYHOTO PEryTIOBaHHS TEXHOJIOTTYHUX

napameTpiB CyIIapKH 3 KUTUISTYUM IIapOM 32 HETIOBHUMU BUMIpaMU

BexTop curHaiiiB Ha BUXOJA1 CUCTEMH X1 XapaKTepHU3ye 3MIHY BUCOTH KHUIUISIYOTO IIapy
Kackaay 3 HomepoM K Ta Bosorocti Ha Bux0/i 00’ekTa. Lleit BeKTOp CKIagaeThes K CYKyII-
HICTh BEKTOpIB CHUTHAJIB Ha BUXOJax CIIOCTepiraya 3 MaTpULE0 NMepeaaTouHux QyHKmii Fy
Ta BUTepenKyBada CMiTa, OMKC SKOTO BU3HAYAETHCS MEPEIaTOYHOI0 QYHKINE Spy. CrocTe-
pirau Fy npusHadeHuit ist OOYMCICHHS OIIHOK 3MiH BHCOTH KHIUIAYOTO IIapy Ha Kackami K
Ta BOJIOTOCTI W 3a CUTHAJIOM BiJl HEiACAIBHOTO JaTUYWKa BOJIOTOCTI 3 MepeaaTOuHO0 (YHKITI-
ero K.

Bunepemxysau Cmita [9] mpusHaueHHWi UIsi KOMIIEHCAIll 3ami3HEHHS B PEaKIlisfax
00’€KTa Xx Ha 3MiHY KepyIOUHX BIUIMBIB Ux. 3BOPOTHIH 3B’A30K B cHCTEMI cTadimizalii 3aMu-
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Ka€eThCS 3a JIOTIOMOTOI0 peryisitopa 3 nepeaarounoo ¢pynkuiero Wpgr. Bxonom sikoro € Bek-
TOp X1, @ BUXOZIOM — BEKTOP CUTHAJIiB KepyBaHHS Uy..

JocnimkenHs: 6araTboX BUCHUX JOBEIH, 110 IPH HE3MIHHIN KOHCTPYKIIii 00’ €KTa Kepy-
BaHHs Ta 3aco0iB BUMiproBaHHs iH(opMarlii edekt crabimizamnii B 0JHAKOBUX €KCILTyaTalliii-
HUX YMOBaxX BHU3HAYA€ThCS CTPYKTYPOIO Ta MapaMeTpaMd MaTpHUIlb MEpeNaTOYHUX (YHKIIIH
KaHaJiB 3B’s13Ky. JlOCATHEHHsS HAWBWINOI TOYHOCTI cTa0imi3alii mpu OOMEXEHHUX pecypcax
KEepYBaHHsS MO>KJIMBE JIMIIEC Y ONTHMAaJIbHUX CUCTEMaX, CTPYKTypa Ta MapaMeTpu 3aKOHIB Ke-
pyBaHHS SIKUMH BU3HA4€HI B pe3yJbTaTi MiHIMi3allii KBaApaTHYHOTO KPUTEPIIO SAKOCTI, SIKUI
BPaxXOBY€ XapaKTEPUCTHKHU MOXUOKH cTa01mi3aIlil Ta 3SMIHM CUTHAIIIB KEPyBaHHSI.

TakuMm 4MHOM, SIKIIO B3STH JO yBaru NMPUHHATI NPHUITYIIEHHS, TO 3arajbHE 3aBIaHHS
JOCTIPKEHHS TIOJIATAE Y HACTYITHOMY. 3a BIJJOMOIO KOHCTPYKITIEIO JTOCIIAHOTO 3pa3Ky 00’ €KTa
(puc. 1.) Ta BUMIpSHUMH JaHWMH TPO BXiJHI (3MiHA MOJIOKEHHS 3aBAHTAXYIOUOTO IMHOEpy
Sh; TemmepaTtypu arerta ) Ta BUXIiJIHI (3MiHa BUCOTH MaTepialy Ha KOXKHOMY 3 CEMH KacKa-
niB hy; Ta KiHIEBOI BOJIOTOCTI W Marepially) CHTHAJIM CYIIApKH, 3HANTH ONHMC JUHAMIKA
00’eKTa KepyBaHHS Ta 30ypeHb, IO AIFOTh HA HHOTO B CTAJIOMY PEXUMIi; PO3POOUTH CTPYKTY-
Py Ta mapameTpu ONTHMAIBHUX NepeaaTouHux QyHKIIN crocrepirada Fy, perymstopa Wegr,
a TakoX BHUIepeKyBaua Cmita Sy.; OIIHUTH eEeKT BiJ 3aCTOCYBaHHS CHHTE30BaHOI CUCTEMHU
ABTOMATHYHOTO PETYTIOBAaHHS BUX1JHUX CUTHAIB CyIIaApKH

BucHOBKH. AHaJi3 KOHCTPYKIIH CYIIapOK KACKaJHOTO THITY 3 KUIUITYMM IIApOM, OCO-
OJIMBOCTEH po3pOOKHM Ta QYHKIIIOHYBAHHS PETYJISATOPIB, K1 3aCTOCOBYIOTH JIJISi aBTOMATH3aIlii
MIPOIIECIB KEPYBAHHS CYIIIHHSAM Y HUX, TO3BOJIUB BUJIIJTUTH OCHOBHI MIPUYMHH, 110 3aBAKAIOTH
e(eKTUBHOMY IPOLIECY CYIIIHHS:

- CTPYKTypa CUCTEMHU KEepyBaHHSI IIPOLIECOM CYILIIHHS CKJIAJa€ThCS 3 OKPEMUX He3ae-
YKHO TPAIIOI0YUX PETyNIATOPIB, B TOM yac, sIK eKCIIEpUMEHTaIbHa CyIIapKa € 6araTOBUMIPHUM
00’€KTOM KEpYBaHHS 3 PO3MOAUIEHUMH MapaMeTpaMH Ta YUCTUM 3ali3HEHHSIM, 0 QYHKIII0-
HYy€ B YMOBax Jiii BUNIaJKOBUX 30ypEHb Ta 3aBaJ;

- MoJiesib 00’ €KTa KepyBaHHS, OKJIAJIeHa B OCHOBY PO3pOOKH BXK€E BIJOMHUX CHCTEM, HE
BpPaxoOBYe€ MEPEXPECHI 3B’ A3KHU B 00’ €KT1 KEPYBAHHS, YUCTE 3aII3HEHHS Ta BUITAIKOBUI XapakK-
Tepy 30ypeHb, sIKi CyIPOBOJKYIOTh ITpoLiec cTalduIi3alli BUCOTH KUILITYOTO LIapy.

Jns moyiomaHHs 3a3HAYEHUX HEOJIIKIB 3alPOIOHOBAHO MPEJICTAaBUTH CYIIApKy B pe-
KUMI1 cTabuTi3alii y BUTIISIII MHOKMHH JIIHEapU30BaHUX 0araToBUMIPHHUX 00’ €KTIB KepyBaHHS
3 YMCTHUM 3aIli3HEHHSIM, Ha K1 JII0Th CTAl[lOHapHI BUMAKOBI 30ypeHHs, Ta 3/IHCHUTH CUHTE3
ONTUMAIBHOI CHUCTEMH CTalimi3alii Ha OCHOBI E€KCIIEPUMEHTAIBbHO-aHATITUIHOTO METOY,
CYTb SIKOTO UTIOCTpY€E cxeMa Ha puc. 2. [lepmmm eTanoM BUKOPUCTaHHS 3a3HAUYEHOTO METOY
- € PO3poOKa METOAMK PO3B’I3aHHS YACTKOBUX 3a71a4 JTOCII1PKEHHS.
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Stages of synthesis of the automatic control system of a fluidized bed dryer

Fluidized bed is one of the most effective methods of drying dispersed materials, which
provides intensive heat and mass transfer and allows achieving high productivity with mini-
mized energy costs. Due to the intensive contact between the material and the drying agent,
the drying process in such installations occurs very quickly. The undeniable advantages of
this method are: high drying speed, its uniformity due to the correct distribution of heat and
moisture, which prevents overdrying or underdrying. This method is suitable for drying a
wide range of materials, including powders, granules, crystals and other finely dispersed ma-
terials. In fluidized bed dryers, it is quite easy to control temperature, air velocity and other
process parameters, which allows you to achieve optimal results. And because the material is
in a suspended state, the risk of mechanical damage is reduced. These advantages make fluid-
ized bed drying an important process in many industries, including food, pharmaceutical,
chemical and others. The implementation of automated control systems (ACS) plays a key role
in achieving process stability. At the same time, the fluidized bed itself is a dynamic system
where the behavior of the material depends on many factors, such as air velocity, particle
size, humidity and temperature. This makes process control difficult, as even small changes in
one parameter can lead to significant changes in others due to existing cross-links. This work
is a generalization in the planning of the ASA synthesis method by the process of drying sun-
flower seeds in a fluidized bed grain dryer, which is a complex dynamic multidimensional ob-
ject with a delay. Moreover, the stages of synthesis take into account the design features of
the dryer, its operation in various modes, in particular in the stabilization mode, and the situ-
ation with the impossibility of measuring the output signals of the object in full. All stages of
the synthesis of ACS by the drying process in a fluidized bed dryer are built on the application
of the basic principles of the modern theory of automatic control of complex technological
processes.
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H.II. Cuportkina, C.C. Bacuunis, JI.B. My3uka
KJIACU®PIKALIA BE3NIJIOTHUX JITAJIBHUX AITAPATIB TA iX
PEAKTUBHUX EHEPTETUYHUX YCTAHOBOK

Anomayisn. Akmyanericms poOOmu BUHAYAEMBCA 8 OOCAIONCEHHI OE3NINOMHUX NIMATLHUX
anapamis, 08UcyHi6 ma naiuea 0 6e3ninomHux aimanvHux anapamis. Ilo oyinkam miscHa-
POOHUX KOHCANMUHEOBUX KOMNAHIU 6 MenepiHil 4ac Ha PUHKY Oe3niIOMHUX JiMATbHUX
anapamis cnocmepicaemuca HeOysae nionecenus. Mema pobomu — ananiz cy4acHo2o cmauy
Oe3ninomHux 1imaibHUx anapamis, 08U2yHi6 ma naiuea O/ Oe3niIOMHUX TiMaIbHUX anapa-
mis. Ilokaszano ocobausocmi 3acmocy8aHus Oe3niIOMHUX NiMalbHUX anapamis: mMaua eap-
micmo 8UPOOHUYMEA, WEUOKULL 3aNYCK, CHpOujeHe MmexXHiuHe 00CIY208)8aHHs NPU MPUBATIOMY
30epicanui i Ni020mosyi 00 3aCMOCY8aHHs, MEeHWA 8a2a i docmamus Miyrnicms. Posenanymo
CyuacHi QhyHKYioHanbHi Memoou Kiacughikayii 3apyoiscHux iliCbKOBUX AHANIMUKIE, WO IPY-
HMYIOMbC HA NePBUHHIL pI3HUYT Midc 60U08UMU Oe3NIIOMHUMU NIMATbHUMU anapamamu i
be3ninomHumuy imaieHUMuy anapamamu 3abesneyenns. Hasedeno xapaxmephi ocobaueocmi
PO3BIOVBANLHUX | YOAPHO-PO36I0YEAIbLHUX OE3NINOMHUX TIMATbHUX anapamie, sKi 6i0pi3Hs-
1omos ix 6i0 NiIOMOBAHUX JIIMANLHUX ANAPAMIE 3 AHANOIYHUM QYHKYIOHANbHUM NPUSHAYEH-
Ham. Ilokazano 3azanvhy kiacugikayito 6e3niiomHux 1imaivHux anapamis, Kiacugikayiio 3a
OpeaHi3ayitiHumMuy ma mexHiuHuMu o3Haxkamu. Posenanymo xnacugixayiro pakemuux naius 3a
PI3HUMU 03HAKAMU MA HABEOEHO IX OCHOBHI XapaKmepucmuku, nepegazu ma HeooiKu

Knrouosi cnosa: besninomui nimanvui anapamu, Kiacugikayis, 2o0MO2eHHI i 2emepoceHHi na-

JUBA, cyMiulesi nanuea, cxemu CROPAONCeH S OBUSYHIE.

ITocTanoBKka nmpo0JeMu. ABiallisi 1 apTHIIEpis, Kyl MOXHA BIJIHECTH TaKOXX PaKETHY
TEXHIKY, € OCHOBHUMH IHCTPYMEHTaMHM BilicbKOBHX Jiil. [IpoTe ocTanHe necaTumiTTs Bee Oi-
JBIIOTO PO3MOBCIOKEHHSI HAOMPAIOTh TEXHOJIOTI{, 3aCHOBAaHI Ha OE3MIJOTHUX JITAIbHUX
amapatax. Ix BapTicTh HabaraTo HU4Ya B HOPIBHAHHI 3 HIIMMH BUJAMH TEXHIKH, TIpoTe ede-
KTUBHICTh JOCUTHh BUCOKa. JlocBin Pociiicbko-YKkpaiHChbKOI BiffHHM MOKa3zye TEHJEHIIO 10
3pOCTaHHs BUKOPUCTaHHS OE€3MUIOTHUX CUCTEM SIK 32 KUIBKICTIO, TaK 1 32 HalPSIMKaMHU.

Ha croroanimHiil 1eHb HAYKOBO-JOCITHUIIKUMH 1HCTUTYTaMH 1 aBiaOy1IBHUMH MiII-
pPHEMCTBaMHM MPOBITHUX KpaiH CBITY IHTEHCUBHO BEIYThCS PO3POOKH OE3MUIOTHHUX JITaIbHUX
amapartiB pi3HOTO NPHU3HAYEHHS, TMOLIYK HOBHX CLIEHApiiB 3aCTOCYBaHHs, HOBHX IPOEKTHO-
KOHCTPYKTOPCHKUX PIllIeHb 1 METOAIB KEPyBaHHS, 110 3a0e3MeuyloTh IMiJBUILEHHS epeKTHB-
HOCTI 3aCTOCYBaHHS 0€3MMIJIOTHHX JIITAIbHUX anapaTiB.

Meta po06oTu — aHaji3 Cy4acHOro cTaHy O€3MUIOTHMX JITAIbHUX arapariB, ABUTYHIB
Ta MajauBa /Ui O€3MIIOTHUX JITATbHUX araparis.

© Cuportkina H.I1., Bacunis C.C., Mysuka JI.B., 2025
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besninoruuii nitaneauii anapat (BI1IJIA) — e nitanbHuil anapar, SKuii He Mae Ha 60pTy
JIOAMHU-TIUIOTA 1 3AaTHUHM HepeMillyBaTUCs Y TIPOCTOPI Isi BUKOHAHHS Pi3HUX (YHKILIN B
aBTOHOMHOMY PEKUMI 3a JOMOMOTOI0 BJIACHOT Kepyrouoi mporpamMu ado 3a JI0MOMOTO0 JHC-
TAHIIITHOTO KepyBaHHS, IO 3/1HCHIOETHCS JIIOJMHOIO-0MIEPATOPOM 31 CTAI[IOHAPHOTO YU MO-
OUTPHOTO MYJbTA KEPYBaHHS.

Munysne JAECATWIITTS  HPOJAEMOHCTpYBaslo  OypXJHMBE 3pOCTaHHS  aBlamiiHUX
0e3mioTHUX TexHoJorii. OUiKyeThCs, MO0 PUHOK ABUTYHHUX ycTaHOBOK BILJIA 3apeectpye
CepeIHbOPIYHMI TeMI 3pocTanHs Outbiie 12 % B mepiox xo 2028 poky [1].

[epuri nuBinbHi BITIA 3’sBunuch Hanpukinm XXcr. OaHaK, TEMIU 3pOCTAaHHS PUHKY
TaKol MPOAYKI[il, KOMIUIEKTYIOUMX Ta CEPBICIB JUIsI HUX MAaIOTh JIy>KE€ BHCOKI NMOKA3HUKH.
Punok mocmyr i cuctem s BIIJIA Benwkuii 1 NEpCHEKTUBHUMA, ane dYepe3 BEIUKY
PI3HOMaHITHICTb iX BHUJIB CTBOPIOBATH YHIBEpCalbHI pIlIEHHS BKpail ckiaaHo. Tomy
HeoOXigHo kmacudikyBatu BITJIA 3a pisHUMH mapameTpamMu, SKi JO3BOJSATH Jali BUAUIATH
[TOBI CETMEHTH PUHKY JUISI HOBUX MEPCIIEKTUBHUX CYITYTHIX PO3POOOK.

B ocranHi poku crioctepiraeThCs TSHIACHIIS 10 MiABUINCHHS 101 BUupoOHunTBa BITJIA
IUIs BICHPKOBUX IIel. B mepmry depry me moB’s3aHo 3 BiChKOBHMH JisiMu Pocii mpotu
VYkpainu, sika COpUYMHMAJIA BUYEPITYBaHHS OO€NpHUIIaciB HE TUTbKKM B €Bpomi ane il B CBITI
B3araii. Tomy 30UtbmeHHs TonuTy 1 3anexHocTi Bix BIIJIA B 60i0BHX IisSX TIOJIBOIIO TEMITH
JOCTIKEHb 1 pO3pO0OK, MOB’S3aHUX 3 MM BUJIOM TexHikH. Jlo 2022p. Bemukwid iHTEpecC
NPEJCTAaBISUIM 3pa3Kd Ui IUBUIBHUX 3a/ad, 30Kpema, Jisi OOpOOKHM 1 MOHITOPHHTY
CUIbCHKOTOCTIOAAPCHKUX YTifb, JIICOBUX MAacCHBIB Ta JJii MOHITOPHUHTY OOCTAaHOBKM IpHU
Ha/I3BUYAHHUX CHTYaIlIsIX

Axum 6u He OyB BIIJIA 3a 1ITbOBMM MPU3HAYECHHSIM, PO3MipaMH, aepoJIMHAMIYHOIO
KOMITOHOBKOIO HOr0 JIbOTHO-TAKTHYHI XapaKTEPUCTHKHU (JaJbHICTh, TPUBAIICTb, Jlana3oH
BHUCOT 1 HIBUAKOCTEH MONbOTY) Oarato B YoMy 3abe3neuyerbcs A(PEKTUBHICTIO CUIIOBOI
ycraHoBkH. Came Ttomy npu npoektyBaHH1 BITJIA ocobmuBa yBara mpuIIsSeTbCcsi BUOOpY
JIBUTYHOI YCT@HOBKH, 1 4aCOM B1JICYTHICTb IIbOTO KOMIIOHEHTY 3 HEOOX1IHUMHU TEXHIYHUMHU
napameTpaMH CTaBHTh ITiJ] 3arp03y CTBOPEHHS BCHOTO OC3MIIOTHOTO KOMILIEKCY [2].

3 orsiy Ha aKTyalbHICTh Jami MoBa mijae npo BITJIA anis BiiickKOBHX ITiIEH.

IcuyroTh Tpu XapakTepHi OCOOJMBOCTI PO3BIAYBaJbHUX 1 YAapHO-PO3BITyBaJIbHUX
BIUTA, sKki BiApI3HAIOTH iX BiJl NUJIOTOBAaHUX JiTadbHUX amnapaTiB (JIA) 3 anamoriyHuM
¢dbyHkmioHansHUM npu3HaYeHHAM [3]: TpuBamicts monboty BITJIA Moxe OyTu BuIIe, HIXK y
kjacuyHoro JIA, OCKUIbKM BIZCYTHE OOMEXKEHHs TpuUBajiocTi poOoTu ekimaxy. CueHapiit
3acrocyBanHd bBIIJIA wmoxe Bkiarowatu B cebe TpuBanui MepioJ KOHCEPBYBaHHS, IO
O0OyMOBIIIOE Psii XapaKTEPHUX OCOOIMBOCTEH, 1 3HUXKEHHSI PECYpCy BiIHOCHO IMIJIOTOBAHOTO
JIA aHanoriyHoOro npu3Ha4YeHHs; MiJABULICHUH B1IO1p MOTYKHOCTI BiJ] CUJIOBOI YCTAaHOBKH Ha
notpedu cucrem JIA.

CyuacHi ¢QyHKI[IOHaJIbHI MeTOAU Kiacudikallli, 10 BUKOPUCTOBYIOTHCS 3apyOiKHUMU
BIMICbKOBUMH aHAJIITUKAMU, TPYHTYIOThCS Ha TMEpBHHHIM pi3HUII MK OoioBumu BITJIA 1
BIUUIA 3abe3neuenHsa. boitoBi BIIJIA BkmtowaroTh cneuianizoBani yaapHi BIIJIA
0araropa3zoBOTO 3aCTOCYBaHHS Ta YAAapHI amapaTv OJHOPA30BOTro 3acTocyBaHHs. HaiOinbima
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yBara mpu po3podbui OoioBux ymapHux BIIJIA mpuniiserscs creuiaixi3oBaHUM YAApHUM
amaparam  0araTopa3oBOTO  3aCTOCYBaHHS, SKI 32 CBOIMH  TaKTHKO-TEXHIYHUMU
XapaKTePUCTUKAMU HAONMKAIOThCS 1O CyYaCHUX TaKTHYHHMX BuHHINYBawiB [4]. BILIJIA
3a0e3neueHHs pO3MOAUIAIOTECS Ha PO3BiAyBaIbHI, TPAHCIIOPTHI 1 LIJIHOBI.

Icaye Takox knacudikamis BITJIA [4] 3a opranizaniinumu (puc. 1) Ta TeXHIYHUMH
o3Hakamu (puc. 2). Ilepemik nUX O03HAK TOKa3ye YHIKJIbHI MOXJIMBOCTI THYYKOT'O
BUKopHucToByBaHHs BITJIA.

BeaninoTHi MTankHL AnapaTH |
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BIIC — BiiicbkoBo-TI0oBiTpsiHI cuiti; BMC — BiiicbKOBO-MOPCBKi CHIIH;
MBC — MiHICTEpCTBO BHYTPIILIHIX CIIPaB
Pucynok 1 — Knacudikais 3a opraizanifiHuMyu o3HaKaMu

Jo nsuryniB BIIUIA npexn’sBistoTbes crienndiuHi BUMOTH, 00yMOBIIEHI 0COOJIMBOCTS-
mu 3actocyBanHs BIIJIA, a came: mana BapTicTh BUPOOHMIITBA, 00YMOBJIEHA 3HAYHO MEHIINM
B [TOPIBHSHHI 3 TPAJAMLIMHUMYU aBlallifHUMU IBUTYHAMU PECYpCOM; IIBUJIKHI 3amycK, Haiua-
CTIIIE€ 3 BUKOPUCTAHHSIM IPOJYKTIB 3TOPSHHS MOPOXOBHUX IIAIIOK; CHPOIIEHE TEXHIYHE 00-
CIIyTOBYBaHHS IpU TpUBaAJIOMY 30epiraHHi 1 MiArOTOBLI 10 3aCTOCYBaHHS; MEHIIA Bara 1 J10c-
TaTHSI MIIHICTh, OCKIIBKH MiABUINEHHS MIIIHOCTI 3a3BH4Yail ITOB’A3aHO 3 OOTSKEHHSIM KOHC-
TPYKIIii, @ HOJIETEHHS! KOHCTPYKIIIT — 3 MOHMKEHHSAM MILHOCTI.

B 3anexHocTi Bii rabapuTHO-MAacOBUX XapaKTEpUCTHK, chepHu 3aCTOCYBaHHS 1 yMOB
¢yukiionyBanHs Ha BIIJIA 3acTocoByIOThCS Taki TUIU JABUTYHIB [5]:

- €JIEKTPOJBUIYH; IBUTYHU BHYTPIIIHHOTO 3TOPSIHHS; TYpOOTBUHTOBUH JIBUT'YH;

- TypOOpeakTUBHUH JABUTYH; IBYXKOHTYpPHUN TypOOpPEaKTUBHUI IBUTYH;

- NyJIbCYIOUUN MOBITPSHO-PEAKTUBHHUM JBUTYH; PIANHHUN PaKEeTHUN JBUTYH;

- TBEpIONAJIMBHUN PaKeTHUH NBUTYH; KOMOIHOBAHUN PaKeTHHUM JBUTYH.
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Pucynok 2 — Knacudgikanist 3a TEXHIYHUMU O3HaKaMHU

XapakTepuCTUKU JBUTYHA 1 HOT0 KOHCTPYKIISL B 3HAUHIN Mipi 3ajexaTh BiJ MajiuBa i
MPOJYKTIB Horo ropinHs. Po3risHemo Oibin KOHKpeTHO manuBa s bITJIA.

[TanuBa MOAINSAIOTH HA TOMOTEHHI Ta reTeporeHHi. B roMoreHHOMYy ManuBi MOJEKYIU B
CBOEMY CKJIaJi MalOTh TOPIOYi 1 OKHUCIIOIOYI €EeMEHTH, a B T€TepOreHHOMY — IIe pi3Hi
pedoBHHH, 3MilIaHi MexaHiyHo. Yacrime kimacudikailiio MmaaiuB 3a CTPYKTYpPOIO MOIUISIOTH
Ha: HITPOIIENIONI03H1 (OJHOOCHOBHI, TBOXOCHOBHI); CyMillieBi; MO (]iKoBaH1 (HITPO30JbHI).

B niTpouentono3He najiuBo KpiM HITPOILETIOI031, BXOJUTH TIACTU(PIKATOP-POZUUNHHHUK
(miTporminepuH), Ha ski B cymi mnpumnagae moHax 90 % swicty. Pemra me moGaBku, —
ctabimizaropu, KaTamizaTopH, prermaruzaropu, Touo. TexXHOIorisl BAPOOHUIITBA TAKUX BHIIB
najguBa MiIXOJUTh JUISI MacoBOTO CEPIMHOTO BUPOOHUIITBA, MPOTE MOTpeOye CKIATHOTO
XIMIYHOTO OONaJHAHHSA, CHEIlialbHO MiArOTOBIEHOI MPOMUCIOBOI 30HM 3 OOBajJOBKaMH i
OymiBsiME, TOOYIOBAaHUMU 32 BIATIOBITHUMHU BHUMOTaMH. TOMY IIBUIKO HaJIaroJWTH MPOIEC
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BUTOTOBJICHHS TaKOi MPOAYKIIiT HEMOXKJIMBO — MOTPiOHI 3HAYHI IHBECTHIII{, CHDOBHHHA 0a3a Ta
JOTiICTUYHI MOKJIMBOCTI.

CymimeBi manuBa MalOTh B CBOEMY CKJIaJi HEOPTaHIYHUI OKHCIIOBAY Y BHIJISII
MOPOUIKY, 3B’S3YIOUMH TMOJIMEPHUII KOMIIOHEHT Ta 3a3BHYail METalIiuHy EHEpreTUYHY
no6aBky. OKpiM TOro, B CKJIaJ MajiBa MOXE BBOAHWTHCS TEBHA KIUIBKICTh €HEPTETUUHHX
n00aBOK, sIKi SIBISIIOTE COOOI0 BHUOYXIBKY (HAampHKIIaJ OKTOTEH), a TaKOX TEXHOJOTI4HI
n00aBKH, KaTamizaropy, miacTudikaropu, (aerMaTu3aTopu, TOMIO.

MoaudikoBaHe TBepe MaJUBO — II€ TETEPOreHHA CHCTEMa, SIKa MICTUTh HEOpraHiuHUI
OKHCITIOBaY, CKJIaJHE aKTUBHE MajbHE-3B’A3Yyl0Ye 1 METaJiuHy EHEpreTU4yHy I00aBKy Y
BUTJISIAL  MIKPOAMCIEPCHOTO TOPOINKY altoMiHio. lle mamuBo, HE MOCTYHArO4uch
TEXHOJIOTIYHMM TIepeBaraM CyMIIIeBUX [MaJWB, MEPEBUIIyE IX 3a EHEPreTHYHUMHU
XapaKTePUCTHKAMHU.

B saxocti momiMepHOro 3B’S3yI0UOTO - MAIbHOTO, B CYMIIIEBOMY ITajHBi
3aCTOCOBYIOTHCSI CHHTETUYHI KaydyKu Ta noiiedipu. s ix momiMepusanii BUKOPUCTOBYIOTh
3aTBEpIUKyBadi, SKi € Ui KOHKpeTHOi Mapku momiMmepy. [lmactudikarop, mo mpeacrasise
c00010, SIK MPAaBHIIO, HU3BKOB'A3KY BHUCOKOKHIUIAYY PiAMHY, 3aCTOCOBYETHCS JJISI 3HIKCHHS
B’SI3KOCTI 1 cripusie Kpamomy ¢GopMyBaHHIO 3apsiny. OKHCIIOBaY — KPUCTATIYHUHA MTOPOIIIOK,
eHepreTuyHa J100aBKa-najibHe (METaJIeBUM MOpOIIOK). EHepreTuuHuil HalloBHIOBAY, SIK BKE
Oyno ckazaHo, BHOyxoBa peudoBHHA. [lOBEpXHEBO-aKTHBHI pPEYOBMHH; AHTH3IIC)KYBAIbHI
N00aBKH; aHTUOKCHJIAHT, PETyJISATOP MBUAKOCTI 3aTBEPAIHHS BBOAIATHCS B MAJIMX KiJIBKOCTSIX.

s mopiBHSHHS €(pEKTUBHOCTI PaKeTHUX ABUTYHIB BUKOPHCTOBYIOTH pI3HI KpUTEpii,
ajie OJUH 3 TOJIOBHUX — MHUTOMA TAra. bamiCTUTHI pakeTHI MajuBa MAalOTh MUTOMY TATY BiJ
180 ¢ mo 240 c. CymimeBi TBepAi pakeTHi majauBa MaioTh muTomy Tary Bix 200 ¢ go 280 c.
[TepeBaroto cymimeBUX TBEPAMX PAKETHUX TAIMB € OUIBII MIMPOKHM J1arma3oH 1 BUIIUI
P1BEHb TUTOMOT TSTH.

IcHye 2 mpuHIUIOBI CXEMU CHOPSKEHHS ABUTYHIB (pHUC. 3): BKJIaJHUMA 3apsna (a) Ta
3apsii CKpIIUIEHUH 3 KoprmycoM (0). 3apsau OaliCTUTHOTO TajuBa 3a3BUYail BUTOTOBIISIOTH
BKJIQJIHUMH. 3aps/Id CYMIIIIEBOTO TBEPAOTO PAKETHOTO IMajuBa OUIBII TEXHOJIOTTYHI 1 MOXKYTh

BUT'OTOBJIATHUCA AK BKJIaJHUMU TaK i CKpiHJ'IeHI/IMI/I 3 KOPITyCOM.

6)
Pucynok 3 — Brimagauii 3apsi1 i CKpiTUICHHN 3 KOPITYCOM

KonctpyktuBao msi BIIJIA dacto BuHMKae moTpeda BUKOPUCTAHHS CTapTOBOTO
MPUCKOPIOBaYa, SKUW IIICIAS PO3TOHY 10 HEOOXITHOI IIBUAKOCTI BiACTUKOBYyeTOCS. Jliis
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KOMIIOHYBAaHHSI B a€POJMHAMIYHY CXeMY MPUXOJUTHCS MPOEKTYBATU JBUTYH TaKHUM YHHOM,
11100 BEKTOp TSTW HE CHiBIA/IaB 3 TI03/I0BKHBOIO BiCCIO ABUTYHA (pHC.4).

PI/ICYHOK 4 — Mogenb TBCPAOMTAIIMBHOI'O IBUT'YHA 3 IIOBCPHYTUM COIIJIOM

Taka xoHbirypaiist Aenio yCKJIaJHIOE TEXHOJOTI0 BUTOTOBJICHHS, MOTpedye BHUIIOL
TOYHOCTI 0azyBanHs Ta ckiaganHs bITJIA B nimomy.

BucnoBku. Y pob6orti Oyno gocmimkeno BIUIA, nBurynu ta mamuBa st BITJIA.
[Tokazano, mo g0 nBuryHiB BIIJIA mnpen’sBusitoThes cnerudiddi BUMOTH, OOyMOBIEHI
0COOIMBOCTSIMH 3aCTOCYBaHHsI O€3MUIOTHHUX JITalbHUX amnapariB. HaBeneHo xapakTepHi
0COOJIMBOCTI PO3BIAYBIBHHUX 1 YAapHO-PO3BIAYBaTbHUX OE3MIIIOTHUX JITaJbHUX anaparis,
AK1 BIAPI3HSIOTH iX BiA mizoroBaHuX JIA 3 aHamoriyHuM (QPyHKIIOHATBHUM MPU3HAYEHHSM.
XapakTepuCTUKH ABUTYHA 1 HOro KOHCTPYKIiS B 3HAYHIA Mipi 3ajekaTh BiJ HajluBa i
IPOAYKTIB HOro ropiHHsA. Po3risiHyTo po3mojil mHajuB Ha TOMOTEHHI 1 TeTeporeHHI Ta
kinacudikailiio HalvuB 3a CTPYKTypor. HaBeneHo mepeBaru CyMillleBUX TBEPAUX PAKETHUX
MAJTUB B MOPIBHIHHI 3 OATICTUTHUMHU PAKETHUMH MMaTUBAMHU Ta BUMOTHU JI0 TBEPJIUX PAKETHUX
nanuB. PO3TNIIHYTO MPUHIIMIOBI CXeMHU CHOpsKeHHs ABUTYHIB. [lin yac po3poOku pakeTu
MPOBOJIUTHCS TAKTHUKO-TEXHIKO-€KOHOMIYHO OOIPYHTOBaHHMN BUOIp HaNWOUIbII e(eKTUBHUX
KOHCTPYKIIIN PaKeTHOTO ABUTYHA Ta MaIHBa.
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Classification of drones and their engines

The paper relevance is determined by the research of unmanned aircraft, engines and
fuel for them. Current functional methods of classifying unmanned drones for military and
security purposes are reviewed. The classification of unmanned vehicles with organizational
and technical marks is shown. The division into homogeneous and heterogeneous is consid-
ered. It is shown that the classification of fuels by structure is divided into nitrocellulose, mix-
ture, modified. The principles of engine timing schemes are reviewed. It is shown that charges
made from mixture solid rocket fuel can be used in two variants: with an insert charge and
with a charge bonded to the body. The research aim is current state analysis of drones, en-
gines and fuel for unmanned vehicles.

Cuportkina Harauis IlerpiBHa — Monoammii HayKoBUM CHIBpOOITHUK [HCTUTYTY T€XHIYHOT
mexaHiku HAH Vkpainu 1 JIKA Vkpainn.

BacuaiB Crenan CrenmaHoBHMY — CTapIIMi HAyKOBHM CHIBPOOITHHUK [HCTUTYTY TeXHIYHOi
mexaHiku HAH Vkpainu i1 JIKA Vkpainu, k.1.H.
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HAH Vxkpainu 1 IKA Ykpainu, K.T.H.
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A.L Kymin, MLII. Koceit
MOPIBHSHHS I ONTUMIBAIIA TPOCTOPOBUX MOJEJIENA
POMOBOI'O IHTEJEKTY

Anomauyis. Jlocnioscenus npucesuene NOPIBHAHHIO MA ONMUMI3AYIi NPOCMOPOBUX MoOenell
PO€EBO20 THMeNeKmy ma iX 3HaueHHs OJisl PO36UMKY Ma ONMUMI3AYI] MYIbIMUASEHMHUX CU-
cmem. Posenanymo nayrxosi nanpayrosanns 8 yitl cgpepi ma nocmitine po3uiuperHs MONCIUBO-
cmell 3acmocysanHs makux cucmem. Ha ocHosi eusuennsi naykosux npayb nonepeoHbo
BCMAHOBIIEHO HeOOXIOHICMb 00'€OHANHHA MIDNCOUCYUNTITHAPHUX NI0X00I8 OISl PO38'SA3AHHS KOM-
NJIeKCHUX 3a0a4 13 BUKOPUCMAHHAM po€goco inmenekmy. Ilodanvuii docniddcenns nepedda-
yarmov no2nubieHe 8UUeHH s, NOPIGHAHHSA, OYIHKA [ ONMUMI3ayis mooenell po€eo2o iHmeleK-
My 8 KOHMeKCmi Pi3HUX NPUKIAOHUX 3A80AHD.

Knrouosi cnosa: wmyunuu inmenekm, inmenekmyanoHuil a2eHm, MYyJIbMUa2eHmui cucmemu,
Ppoliogull iHmeneKm, Aleopummu ONmumizayii potoso2o inmenexmy, mMooeni MauuHo20 HA6-
yanns ML.

Beryn. Ha cyuacHoMy eTani po3BUTKY TEXHOJIOTIH MyJIbTHareHTHI CUCTEMHU HaOyBalOTh
nenaii OUTbIIOro MOIIMPEHHS B PI3HOMAHITHUX HAYKOBHUX 1 TEXHIYHUX Taly3siX, BIIIrparouu
BH3HAYaJIbHY POJIb Y TEXHOJOTIYHOMY IPOTrpeci.

Oco6muBOi 3HAUYHIOCTI IIi CHCTEMH OTPUMYIOTh Y KOHTEKCTI 30pOHHMX KOH(]IIIKTIB,
KOJIM 3pOCTae MmoTpeda B aBTOHOMHUX CHCTEMaXx 13 PO3BMHEHHUM IHTEJIEKTYaJIbHUM YIpaBIliH-
HSIM, L0 HIIKPECIIIO€ HaraJlbHICTh PO3BUTKY MYJIbTHAT€HTHUX TEXHOJOTIH.

IToni6Hi TexHozOrii Hapa3l BXkKe 3HAXOAATh 3aCTOCYBaHHA B OE3MUIOTHUX JITAJIbHUX
anaparax(bILJIA), siki BUKOPUCTOBYIOTBCS HE JIMIIIE Y BIMiCbKOBIN CIpaBi, ajie i y arponpoMu-
CJIOBOMY KOMIIJIEKCI, MOIIYKOBO-PATYBAJIBHUX Omepalisx, OyaiBenbHIA Tamy3i Ta eKOJIOrid-
HOMY CIIOCTEPEXEHHI.

3a maHUMHU JTOCHITKeHb [1], pyHOK BiiCHKOBHX OE3MiJOTHUKIB JAEMOHCTPYE CTpPIMKE
3poctanss: Bia 14,14 mupa nonapis CIIIA y 2023 poui no 16,7 mupa y 2024 porii, 3 IporHo-
30BaHUM 301bieHHsIM 110 47,16 mapa ponapis CHIA no 2032 poky npu cepeHbOPIYHOMY
npupocti 13,15%.

[IpoBiguuMu kommanisiMu B 1l ramy3i € Lockheed Martin, Northrop Grumman,
General Atomics Ta Boeing. CtpiMke 30ibII€HHS MMOMUTY HA BIHCHKOBI JIPOHU BigoOpaxae
3Ha4HI 1HBECTHIIIi Ta yBary 1o wLi€i cepH, a TaKoX iX IHUPOKE 3aCTOCYBAaHHS Yy BiMCHKOBUX
ornepauisx. Takuif po3BUTOK 3yMOBJIEHUN Cy4YaCHUMHU BIMiCBKOBUMH KOH(QIIIKTaMU (pociiichbka
arpecis npotu Ykpainu 3 24 mrotoro 2022 poky Ta TepopUCTHUHI Aii Xamacy npotu [3painto

© Kymin A.I, Koceit M.II., 2025
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3 7 xoBTHA 2023 poKy), @ TaKOXX 3HAYHUM TPOTPecoM y cepi MTYIHOTO IHTENEKTY IpOTs-
T'OM OCTaHHIX POKIB.

AHaJi3 ocTaHHIX Joc/iaxKeHb Ta myOaikanii. /[ kpamoro po3yMiHHS HACTYITHOTO
Marepialy peKOMEHIYETbCS O3HAHOMUTHCS 3 TEPMiHAMH, IO PO3MIIAJAIUCS Yy TOIMEpeaHiX
CTaTTsX aBTOpiB.[2,3].

®dopmaitizoBaHi MOENi PO BUHUKIM Ha OCHOBI Oi0JIOTIYHUX HociipkeHb 19—20
CTOJITh, SIKi BUBYQJIM KOJEKTHBHY IMOBEIIHKY TBapuH. Y mepiuiil mosoBuHi 20-TO CTOMITTS
CTBOPIOBJIUCS MPOCTI MaTeMaTH4YHI MOJENI, HaNpUKiIa[, AUHAMiKa momyismid JloTku-
Boanbreppu.

AKTHBHHI PO3BUTOK OOYHMCIIIOBAILHUX MOJEINEH po3noyancst y npyrii monosuHi 20-ro
CTOJITTS 3aBJSIKM TOSIBI KOMII FOTEPIB, SIKi JTO3BOJIMIIA CUMYIIOBATH BeluKi cucremu. CydacHi
MOJIEJIl POr0 0a3yIOThCS HA THTETpaIlii CIIOCTEPEKCHD 32 IPUPOJIOI0, MATEMATHYHOTO aHAI3y
Ta HOBUX TEXHOJIOTIH.

[cHYIOTH Ba MPUHIMIIOBO Pi3HI MiJXOMAH, SIKi BAKOPHCTOBYIOTBHCS JUISI MOJEIIOBAaHHS i
aHaTI3y JUHAMIKHU poro: [4]

— mpocTopoBuii(spatial);

— HempoCTOpoBHi (nonspatial).

Y HempocTOpOBHX MiAX0Jax JHMHAMIKa POIO0 HA PiBHI MOMYJISIii OMUCYETHCS B HEMPO-
CTOPOBHIH CrHoci0 4epe3 YacTOTHI PO3MOAUIM Tpyn pi3HuUX posmipiB. Ilependagaerbes, mio
TpyH Pi3HOTO PO3MIPY PO3AUIAIOTECS a00 00’ €IHYIOTBCS B IHIIN TPYNH 3aJ€KHO BiJ
BHYTPIIIHBOI TUHAMIKM TPy, YMOB HaBKOJHIIHBOIO CEPEJOBHILNA Ta B3a€MOJIl 3 IHIIUMU
rpynamu. HenosikoM HEMpOCTOPOBUX MIAXOMAIB € T€, 1110 BOHM BUMaratoTh BBEJIEHHS KUIBKOX
«WTYYHUX» TMPUIYIIEHb HI0JI0 37UTTS Ta MOAUTY TPYI PI3HUX PO3MIpPIB Ul ONUCY Ta aHANI3y
JUHAMIK{ OIS, 0 MPU3BOAUTH JIO MOTIPIIEHHS] TOYHOCTI MOJEIOBaHHS.

[IpocTopoBuit miaxia BpaxoBye CEPEAOBHIIE, IKE MOXKE OyTH BKJIIOUYEHE 10 MOJIET sIB-
HO a00 HesiBHO. BiH Moyke OyTH MOAUICHH Ha JIB1 OKpeMi KOHIenIii: [4]

— 1HJUBIyaJlbHO-Opi€EHTOBaHY abo narpankeBy (Lagrangian);

— KOHTHUHYaJIbHY a00 einepoBy (Eulerian).

YV HayKoBiif JiTepaTypi 11l KOHIIETI[IT MOXKYTh MaTH Pi3HI Ha3BH 3aJI€KHO BiJ KOHTEKCTY
nociigkenHsa. Hanpuknan, 1HIMBIIyaJbHO-OPIEHTOBAHI MOJENI 1HOA1 Ha3UBAaIOTh MIKPOCKO-
MIYHUMH, & KOHTUHYaJIbHI - MAaKPOCKOITIYHUMH. [ 5 ]

B iH1MBIIyansHO-OPIEHTOBAHUX MOJIEISX 0A30BHUM OMKMCOM € PIBHSHHS PyXy KOXXHOTO
are’HTy por, 1 TOMYy el MiAXil € TPUPOJAHHM JIJIi MOJETIOBAaHHS Ta aHATI3y CKJIaJHHUX
COLIlaJIbHUX B3a€MOJIIH 1 arperarfiil.

Hampukian, THIIOBUM pPiBHSHHSIM PYXY, SIKE€ PO3TIISAA€THCS ISl KOKHOTO areHTa poio B
MeXax 1HAUBIAYyalbHO-OPIEHTOBAHY, € piBHSIHHS pyXy HbtoToHa (npyruii 3akoH HeroToHa):

mya; = F 1)

Jie MM; — Maca areHra, ; — Horo NpucKopeHHs, F; - piBHOIIHA BCIX MPUKJIAZCHUX JI0 areHTa

CHJL.
3aranpHe pO3yMiHHS MMOBEIIHKM POIO B paMKax IbOTO MiAXO0Iy MOJISATAaE B TOMY, 1110 BO-

HA € Pe3yJIbTaTOM B3a€MOJIl MIXK areHTaMH JBOX CUJI: MPUTATYBAHHS Ha JaJjeKid BiACTaHI Ta
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BIJIIITOBXYBAaHHS Ha KOPOTKid BiacraHi. Hanpuknan, y pub NpuTSOKIHHS IPYHTYETHCS Ha iH-
dbopmMarrii, oTpuMaHiii 3a JOIMOMOTOI0 30pY, 1 Ma€ NAJCKOMIFOUUN XapakTep, B TOW yac SK
BIJIIITOBXYBAHHSI 3YMOBJICHE THCKOM Ta KOJHMBAHHSMHU BOJM, SIKI CIIPUUMAIOTHCS OPraHOM
qyTTsi — OiuHO¥O JiHi€eto (linea lateralis) pubwu, 1 Mae KOpOTIIMIA Jiama30H [ii.

3 iHmoro 00Ky B KOHTHHYQJIBHHX MOJEISX JMHAMIKY POIO OMUCYIOTh 32 JOMOMOTOIO
KOHTHHYaJIbHOI MOJIEJI MOTOKY, & caMe KOHLEHTpaIlii a0o rycTuHH nmonyssimii (To0To Moeni,
B SKI KOKEH areHT por0 HE PO3MIIAJAETHCS K OKpeMa OJUHUIIS, a Piif € KOHTHHYYMOM, SIKUA
XapaKTepU3y€eThCSl MOro TYCTUHOIO B OAHO-, JBO- a00 TPHUBHUMIPHOMY IMPOCTOPi), IO OMU-
cyeTbes AudepeHiiaIbHUMU PIBHAHHSAMHI B YACTUHHHX TOX1THUX TYCTUHH POIO.

bazoBuM pIBHSAHHSIM KOHTHHYAJIBHUX MOJENEH € PIBHSAHHSA aABeKUii-mudysii-peakmii
BUJTY

% _ 8 ooy 8
ar  ox (D(p) B Bx (V(p)p) + B(p) 2)
JIe @ — I'YCTHUHA PO, WIEH afBEKII L (V(p)p) Ta unen mudys3ii 9 (D[ )%) € CIIIIBHUM

pe3yJIbTaTOM iHAMBIyalbHOI MMOBEAIHKY Ta BILIMBY CEpelOBHINa, a wieH peakuii B(p) oby-
MOBJICHUU JUHAMIKOIO PO¥O.

Jlsist MOJIeNTIOBaHHS AMHAMIKH POIO 3 3aCTOCYBAaHHSIM KOHTHHYQJIBHOTO ITiJXOAY TaKOXK
BUKOPUCTOBYIOTHCS CTOXAaCTHYHI MapKOBCBKI MoJieni[S], mI0 XapakTepu3yIOTh €BOJIOLII0 CH-
CTEMH 4epe3 pO3MOIiJl IMOBIpHOCTEH 11 CTaHIB.

OyHIaMEHTAIBHUM PIBHSHHSM JUIsl TAKMX MOJIENEH € pIBHSIHHS:

APt —| = = il n
TE — Y WA OP@, D) — Ta W P, (3)

—y. = — o . . A

ne 71'i il — cranu cucremu, P(7, t) - HMOBIpHICTh 3HAXO/P)KEHHSI CUCTEMHU B CTaHI 11 B MOMEHT
— ] = . —y | = . .

yacy t, a W(n|a'; t) i W' |7; t) - meuakocti Nepexoay MK CTaHAMH.

B iHauBiAyanbHO-OpIEHTOBAHOMY MiJXO/1 YaCTO BUKOPUCTOBYIOThCS MOJENI, MOOYy10-
BaHI Ha OCHOBI Teopii rpadiB[6], Ae areHTH PO3IIAAAOTHCA K BY3JIH, a X B3aeMOJIi — sK

peOpa rpada.
I'pad onucyeTbess CyKYNMHICTIO ABOX MHOKUH
G =(V,E) (4)
ne V = {1,2,...,N} — MHOXMHa BepumiH (BYy31iB), II0 MpPEICTaBISIOTh AareHTIB Y

kinpkocti - N, E = {[1, 2),(1, 3),(2,3), ... (i,j)} — mHOXuHa pebp (3B'SI3KIB Mix
arenTamn), pe6po (1, _}) € E o3Hauae, 10 areHT I mepenae iHpOpMaIlito areHTy j.

BaxuBuM MOHATTAM B Teopii rpadiB € KIiCTIKOBE AEPEeBO - e miarpad, SsKuii MiCTUTh
BCl BEpUIMHM NTOYATKOBOTO rpada i He Mae nukiiB. KicTskoBe gepeBo 3abe3neuye MiHIMaJIbHY
3B'3HICTB Tpada, TOOTO ICHYBAaHHS IUIAXY MK OYyIb-IKUMHU JBOMa BepiunHamu. (PucyHok 1)
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Pucynox 1 - [Ipukiian HeopieHTOBaHOTO rpada (3;1iBa) Ta OPIEHTOBAHOTO
rpada (crpasa). KicTsikoBe 1epeBo BiAIIEHO KPACHUM ITYHKTUPOM KOJIHOPOM

Mopenb poro Ha OCHOBI Teopii rpadiB 3amponoHoBaHa y poOoTi [6] po3risgae poi sk
iH(dopMmalliiiHy Mepexy, Je KOXKEH areHT NpeAcTaBleHuil By3noMm Tpada, a iHdopMmariiiHi
3B'SI3KM MIJK areHTaMH INpeacTaBieHi pedpamu rpada. Tomomoris Takoi Mepeki Moxke OyTH SIK
CTaTUYHOIO, TaK 1 JAuWHaMiuHOw0. [Ipu YoMy po3risiaroThCs JBa OCHOBHI HiAXOOU OO Ke-
pyBaHHs O0araTroareHTHUMHU CUCTEeMaMU: Ha OCHOBI By3iiB (node-based), ge aHami3yeTbes €Bo-
JIOLiA CTaHy KO>KHOTO areHrta, Ta Ha ocHOBI peOp (edge-based), ne aHami3yeThCsl BiTHOCHMIA
CTaH MDXK IIapaMH arcHTIB.

ABTOD [6] Bimmae mepeBary migxoay Ha ocHOBI peOp (edge-based), OockiNbKHM BiH TpH-
POJIHIIIIE BPaxoOBYe Taki OOMEXEHHs: OOMEKEHHS Ha BIJCTaHb MDK areHtaMu (MiHiMallbHa
JUIl YHUKHEHHS 31TKHEHb, MaKCUMaJIbHA I 30€peKeHHsI 3B'A3KY), OOMEXXEHHS Ha 3B'SI3HICTb
(HEOOXiTHICTh MIATPUMKH 1H(POpPMAIIHHOTO 0OMiIHY) Ta OOMEXEHHS MOJs 30py (OTpUMaHHS
iHpopMalii TUTBKM BiJl areHTiB B Mexax BuaumocTi). Llefl miaxig KpiM TOro ao3BoIiste
IPOCTillle aHaTi3yBaTH CTIMKICTh CUCTEMHU Ta Kpalle MiIXOAWUTh AJS MPaKTUYHOI peantizarii,
BUKOPHCTOBYIOUHM BIIHOCHI BUMIPIOBAHHS MIXK areHTaMHu.

KoHceHcyc y po3noaiieHi cucTeMi areHTiB 03Haya€ JOCATHEHHS y3TOJKEHOTO CTaHy
(mo3uii Ta/abo opieHTallii) BCiMa areHTaMu NP JOTPUMaHH1 BUILE3raJaHUX OOMEKEHb.

BaxnuBoro yMOBOIO JTIOCATHEHHSI KOHCEHCYCY € HasiBHICTh KICTSIKOBOTO JepeBa B rpadi,
1110 TapaHTy€e MOXKJIUBICTh MOIIMPEHHS 1HPOPMALIll MK BCIMa areHTaMHU CUCTEMH.

A B crari [7] npencTaBieHa MOJeNb JUIs KEpyBaHHS TPYIOI0 areHTiB, 110 0a3yeThCsl Ha
BUMIPIOBaHHI Ta KOHTPOJI1 €HTPOIIi cucTeMu. Mojienb Mae JiBa OCHOBHI PeXUMU POOOTH: KO-
JY TOKAa3HMK EHTPOIii MEepeBHIy€e BCTAHOBJICHY MEXY, aréHTH aBTOMAaTHYHO MOYMHAIOThH
¢dopmMyBaTH OUTBII IIUIBHY TPYIY JAJs 3HWXKEHHS 3arajibHOro piBHs eHtpomii. Ilicis mocsr-
HEHHs PUMHATHOTO PiBHS €HTpOMil (HUXKYe MOPOrOBOTO 3HAUEHHS) Ipyla areHTiB Mepexo-
JUTh 710 BUKOHAHHS OCHOBHOTO 3aBJIaHHS, PYXalOUUCh J10 BU3HAYEHOT LI1JIi.

Konnenuist enTpormii, sika 3aCTOCOBY€ETBCS 10 TPYIH B3aEMOAIIOUUX areHTiB, JO3BOJISE
CTBOPHUTU e(EeKTUBHY CHUCTEMY KepyBaHHs iX Qopmarieto. [ 3a0e3neuyeHHss HaaidHOI Ta
MaciTaboBaHOT POOOTH TPYIM areHTIB Y JAHOMY JOCHTIJKEHHI BUKOPHUCTOBYETHCS OCOOIIH-
BUH PI3HOBUJ EHTPOMIiHOI MipH - enTpomnis Llamnica, 10 103BOJIS€ OL[IHIOBAaTH Ta KOHTPOJIIO-
BaTH PiBEHb BIOPSIKOBAHOCTI CUCTEMH B IIJIOMY.

[Ile oxHUM MiAXOIOM JJIsl MOJEIIOBAHHS POI0 € MOJAEbh XOJOHIYHOI MYJIbTHAreHTHOI
cucremu (HMAS - Holonic Multi-Agent System)[8].

HMAS - 11e pexypcuBHa CTpyKTypa X0JIOHIB. X0JIOH, 3a BU3Ha4eHHsAM ApTtypa Kectie-

pa, OMHOYACHO € SIK I[UTHM, TaK 1 YaCTHHOI HUIOr0. TakuM YUHOM, BiH MOXKE CKJIaJaTHCS 3
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IHIINX XOJIOHIB, CTPOTO BiAIMOBIIAIOYH TPHOM YMOBaM: OyTH CTaOUIbHUM, MaTH 3JaTHICTh 710
ABTOHOMHOCTI Ta BMITH CIIBIIPALIOBATH 3 IHIIMMHU XOJoHaMHU. lepapxiyna crpykrypa HMAS
JI03BOJISIE MOJICJIIOBATH CHCTEMY Ha JEKUIBKOX PIBHIX JeTani3amii BiAMOBIIHO 10 Liield MO-
JeMOBaHH a00 JOCTYIMHUX O0YMCIIOBAIILHUX pecypciB. lepapXis BKIaJeHUX OJMH B OJHOTO
XOJIOHIB Ha3MBA€ThCs Xonapxiero (Pucynok 2).
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Pucynok 2 - Xonapxis 3 TppoMa XOJapXiYHUMH PiBHAMU

[ikaBuit MigXiJg 70 MOJAETIOBAHHS POIO 3 BUKOPUCTAHHAM TEOPii Xaocy MpecTaBlIeHH
y ctarTi [9].

JlocnimpkenHs: BUkoHaHo B pamkax mpoekty ASIMUT (Aid to Sltuation Management
based on MUItimodal, MUItiUAVs, MUItilevel acquisition Techniques), 1m0 miaTpuMyeThCs
€BporneiicbkuMm o6oponHuM areHTctBoM EDA (European Defence Agency).

ASIMUT BHKOPHCTOBYE i€papXiuHy CTPYKTYpPY POIO 3 IBOMA PIBHAMM KOOPJAMHALIII:

— piif Bumoro piBHs koopauHanii (HLCS - High Level Coordination Swarm), sikuit 3a-
Oe3neuye 3aranbHe KEpYBaHHS POEM;

— poit Hmxkyoro piBHA (LLCS - Low Level Coordination Swarm), siki BUKOHYIOTh 0€3-
MoCepe/IHI 3aB/IaHHs CIIOCTEPEKEHHS Ta 300py 1H(opMmarii.

ABTtopu crarTi[9] mepecnigyBanu Ik 3pOOUTH PyX OPOHIB HemepeadayyBaHUM st
MOTEHI[ITHOTO MPOTUBHUKA, TOMY OyJIM BUKOPUCTAH1 XaOTUYHI JJUHAMIYHI MOJIEII.

B nocnimxenHi 0yno BUKOpHCTaHO TpU OCHOBHI Mojeni: (Pucynok 3)

— MAMM (Ma Mobility Model) - 6a3oBa Mozemb, 1110 BAKOPUCTOBYE cucteMy Ma, sika
noKasasia ripIili pe3yJlbTaTH Yepe3 4acTi IOBOPOTH Ta METIi B TPAEKTOPIAX JPOHIB;

— MAMM?2 nokpariena Bepciit MAMM 3 MoandikoBaHUM pO3OUTTSIM KapTH IMOBO-
POTIB, IO JO3BOJIMJIO 3MEHIITUTH KUIBKICTh PI3KUX IMOBOPOTIB;

— CROMM (Chaotic Rdssler Mobility Model) - naiiedexkTuBHima moaens, mo Oa-
3y€eThCs Ha cucTeMi Proccrepa, sika Oyia oOpaHa i MOJaIbInoi 1HTeTpallii 3 XaOTUYHUM aJI-
roputMoM MypamuHoi kKonoHii CACO(Chaotic Ant Colony Optimization).
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£

) MAMM (b) MAMM2 CROMM

Pucynok 3 - [1aTepHu TpaeKTOPii IPOHIB OTPUMAaHI Pi3HUMH MOJACISAMH IIPU OJTHAKOBOMY
MacmTabi: MAMM wmae 6araro netesnb, MAMM?2 - npsIMOJTiHIMHI TUISHKY 0€3 TIETENb,
CROMM noennye mpsimi JiHii Ta CepriaHTUHHI MaTepHH 3 MUPOKUMH TOBOPOTAMH

Line Ta nocraHoBka 3aBaaHHsi. llicia pereiapbHOro  aHamizy HAayKOBUX
JnochimkeHb [3-9] BupimeHo oOpaTu MPOCTOPOBY JIarpaHKEeBY MOJAENb 3amporoHoBany T.1.
Zohdi [10].

[lepeBaramu 1i€i Mozeni € ii BiTHOCHA MPOCTOTA Ta BOJHOYAC MOTYXHHUHM JTOCIITHUIIb-
KUH MOTeHIIaa, OCKIILKH BOHA:

— 3abe3neuye npernu3iiHe BiICTEKEHHS TPAEKTOPIl KOKHOTO areHTa y TPUBUMIPHOMY
POCTOPi;

— Hajae e(pEeKTUBHUI 1HCTpYMEHTapid IUIsi MOJEIIOBAHHS CKJIAIHUX B3a€MO3B'SI3KIB
MiX areHTaMHu;

— STPYHTYETHCS Ha KIACHYHHX (DI3UYHUX MPUHIIUIIAX PYXY, IO POOUTH 11 MAaTEMaTUIHY
OCHOBY HAJIIHHOIO Ta 3pO3YMLIIOO.

Merta nocniKeHHs - 3MOJIETI0BAaTH MPOLEC KOJIEKTUBHOIO KapTorpaQyBaHHs TEPUTOPIT
3a JIOTIOMOTOI0 pOI0 aBTOHOMHMX areHTiB (PucyHok 4). OcHOBHMI KpuTepii onTumizamii -
MIHIMI3allisl CYMapHOI'0 4acy OOCTEKEHHS TEPUTOPIi.

Swarm members

Locations to be mapped

Pucynok 4 - Tunoa cxema kaprorpadyBaHHs TEPUTOPIT 32 JOIMOMOT'OI0 POIO
(Locations to be mapped — Jloxkartii, misi ajst kapTorpadyBaHHS;
Swarm members — Uienu, arentu poro) [10]
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Martepian gocaimxenns. s peanizanii gocnipkeHHss 00paHO MaTeMaTHYHUH anmapaT
IIPOCTOPOBOI JIarpankeBoi mojeni. [lepexia 1o onucy pyxy areHTiB po3MOYHEMO 3 BBEIACHHS
0a30BUX MTO3HAYEHb TA KOOPIUHATHOI CUCTEMHU.

Jlnisi mo3HAUYEHHS! BEKTOPIB Ta TEH30PIB BUKOPHUCTOBYETHCS JKUPHUN mpUQT, 3aCTOCO-
ByeThcs (iKCOBaHA JEKapTOBA CHCTEMa KOOPAMHAT 3 IPABOIO OPTOrOHAIBHOIO TPIHKOIO0 OH-

HUYHUX BEKTOPIB (€4, €4, e3).

[Tono>keHHs areHTy pol0 BU3ZHAYAETHCS PalyC-BEKTOPOM T

r =ne; + e, + rne; 4
IBUIKICTh areHTy V-

v =18, + e, + rye; (5)
[IpuckopeHnHs areHry a:

a =17e; + 1;e, + 1;e3 (6)

VY HamoMy aHali3li MU PO3TJISAa€EMO areHTiB pol0 K TOYKOBI Macu, TOOTO irHOPYEMO
iXHI po3MipH.
JI1sl KO’KHOTO 4jieHa Poro (3arajibHa KiJIbKICTh areHTiB poro N), 3 Macorw m; piBHIHHS
PYXY 331a€ThCSI HACTYITHUM YHHOM:
mv, = m¥, = W (ry, 1y, ., Ty) (7)

mi . o . .o .
ne W; — pesynbTyroua cuia abo piBHOJIIMHA CHJI, IO IIFOTh HA i-i YIEH PO, IIi CHJIM Bpa-

XOBYIOTb:!

— B3AEMOJIIO 3 LUISAMHU Ui KapTorpadysaHHs (mt — mapping targets), siki CIpsIMOBY-
IOTh YJIEH POIO JI0 TIEBHUX JIOKAIlii 400 TOUOK, 10 MOTPIOHO JOCIIUTH;

— B3AEMOJIIO 3 IHIIMMH YWIEHaMHU POI0, YHUKHEHHS 31TKHEHb a00 MIATPUMAaHHS MEBHO-
IO BIJCTaHI MK HUMHU.

Peanizaris anroputMy BUIIIsIa€ HACTYITHUM YHHOM:

1. 3apanna nokariil uis kKaprorpagyBaHHs:
T; =(T,, Tyr T;): (8)

s i =1,2,..., Ny ne N 3aranbHa KiJIBKICTb I[iJICH.
2. Iuimiamizalis MOJIOXKEHHS areHTIB POIO:
rp = (1 1y T2); 9)
i =1,2,...,N ne N 3arajipHa KinbKiCTb IIJIEH.

3. Jlns KOYKHOTO YIeHa POro b po3paxyBaTH BiACTaHb 10 KOKHOT mimi /

||ri - Tj” = 1."' [Ti.;!. - "-r;!'.;!:}2 + [T;w - Tz’_v}z + [Tiz - Tz'z)z (10)
Ta BU3HAYUTH HAMPSMOK JI0 i€ 1ifi:
_ T~y
n; = P (12)
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4. JInsi KOXKHOTO 4YJieHAa PO ! BU3HAYMTH B3AEMOJIIO 13 MU0 5K

(yHKILIIIO BICTaHI Ta HAPAMKY:

e =F(||ri - Tyl ny) (12)
Hanpuknan, MoxHa 00YMCIUTH CYKYITHUN 3BaKCHUN HAMIPSIMOK JI0 IIiICH:
N —allri—
N!' = Ejgim}'“ije ﬂ”i[ rj” (13)

e @; — KOE(ILi€eHT, sKuii BigoOpaKae BaXIMBICTb L€l LI, @ — Mapamerp, 1o BU3HAYAE

HIBUKICTh 3aTyXaHHSI.
Jauni ueit 3BaykeHU HaNPSIMOK HOPMAaITi3y€eThCs AJIE OTPUMAHHS €IMHOTO HANPSIMKY PyXY:

n; = —— (14)

foy
=

Cunm B3aemoii 0OOUUCITIOIOTHCS IUISIXOM MHOXKEHHS JOCTYIHOI TATM F;Ha 3arajJbHUi

HOpPMAaJTi30BaHUI HAMIPSIMOK:

Pt = Fn} (15)
5. IHTerpyBaHHs piBHSIHb PyXY:
myw, = P (16)

Le nae 3Mory OOUMCIUTH HOBY HIBHJIKICT 1 ITOJIOKEHHS.

HoBa mBuakicrs:

. - A .
vyt +A2) = vi(t) + WM (t) (17)
'
Hoge nonosxxexnus:
it +At) = r(t) + At v(t) (18)
SIK110 HOBA MIBUAKICTH MEPEBUIILYE MAKCUMAIILHO JIOMYCTUME 3HAYCHHS Vg

lvit + A > Vinax (19)
TO IMIBUJIKICTh MAacIITA0yKOTh TAKAM YHHOM — CIIOYATKY ITO3HAYA€MO TIOTOYHY IIBHJIKICTh SIK:

v (t + At) = vyt + At) (20)
TO/1 MaciTaboBaHa (HOpMaai30BaHa) MIBUAKICTS:

new = w.( _ Vmax
v (t+ At) = vt + At) oo (e 2] (21)

6. [lepeBipka, 4M BUKOHAHO KapTorpayBaHHS LUIeH - aHAII3yeThCS
BIJICTaHb MK YJICHOM pOIO Ta IUISIMU:
|7 — Tj-” = tolerance (22)

Skmo Oynap-skui wieH poro jpocsr mim Tj, minb T; BUKITIOYA€ThCS 3 MOJANBIIOTO
pO3MIIALy, 1100 YHUKHYTH AYOJIIOBAaHHS 3yCHIIb.

7. Ilporiec MOBTOPIOETHCS 3 3-TO MYHKTY JAJISl HACTYMHOTIO KPOKY 1HTE-
rpyBaHHA 4acy t + At, MOKu He BCl 1111l He OyAyTh 0OCTEXEHI.

BucHoBKkH. Y pe3ynbTaTi MOPIBHSAHHS CY4YaCHUX IMPOCTOPOBUX MOjeIed HalOiuIbII
TepCreKTHBHOK Oyla BU3HAYEHA JlarpaHskeBa MoJieb, 3anpononosana T.1. Zohdi [10]. i me-
peBaramMM € MpOCTOTa peasizallii, TOYHe BiJCTEKEHHS TPAEKTOPiH areHTiB y TPUBUMIPHOMY
MIPOCTOPi, a TAKOXK 37aTHICTh MOJICIIOBATH CKJIAQJHI B3a€MOJIT MK WiICHAMH POIO, IUIIMHU Ta
nepemkoaamMu. OCHOBHOIO METOIO JIOCIIKEHHS OyJI0 CTBOPEHHS MOJEINI, sika 3a0e3meuyBania
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0 edexTuBHE KaprorpadyBaHHS TepUTOpii HUIAXOM MiHiMi3alii cymapHoro 4acy ii oOcre-
KECHH.

3anpornoHoBaHa MOJAETh BPaXOBYE Taki KIIOYOBI THUIM B3a€MOJIIN: MK YJICHAMHU POIO
(TsODKIHHS Ta BIAIITOBXYBAHHS ), MK WIEHAMH POIO Ta IUIAMH (TsOKIHHS 10 oOjacTeil st Kkap-
torpadyBanus). Po3pobnennii anroputm 3abe3neuye aganTUBHE YIPaBIIHHSA POEM, BUKIIO-
YEeHHS] BUKOHAHUX LIeH Ta e()eKTUBHE MMOKPUTTS 0OJIACT.

[Momanpmii HampsiMM  AOCHIDKEHb BKJIIOYAIOTH OINTHMI3AIlil0 MapaMeTpiB  MOJei,
BpaxyBaHHS €HEPreTUYHUX OOMEKEHb areHTiB, TECTYBaHHS Ha (I3MYHHX POOOTaxX y peayib-
HUX YMOBaXx Ta aAalTallilo alrOpUTMy JJIS 33/1a4 13 TUHAMIYHUMH [EPEIIKOJaMH.

JloJaTKOBO i TOCHITUTH IHTETPAIiF0 MAIIMHHOTO HABYAHHS IS aBTOMATHYHOTO
HATAITYBAHHS TTApaMETPiB MOJIEINI, IO JO3BOJISE MOKPAIIUTH €(PEKTUBHICTH pOOOTH POIO B
PI3HUX CepeIoBUINAX.

BukopucTaHHs €BONIOMIMHUX aJTOPUTMIB MOXE JOTIOMOTTH ONTHMIi3yBaTH TPAEKTOPIi
PYXY areHTiB Ta OHOBJICHHS MOMYJIALIN y 33a9aX i3 BEJIMKOI PO3MIPHICTIO.

Anropurmu poro Taki sk PSO a6o ACO, MoXyTh OyTH KOPUCHUMH JUTS TTOJIMIICHHS
KOOIIEPATUBHOI MOBE/IIHKM areHTIB Ta aAallTUBHOTO MOMIYKY ITT00AIBHOTO ONTUMYMY PIllIeHb
y IMHAMIYHUX YMOBax.

3anponoHOBaHMN MiAXiJ € YHIBEpCAIBHUM 1 BIAKPUBAE MOMIIMBOCTI JUIS BHPIIICHHS
IIMPOKOTO CIIEKTPa 3a/1a4, TAKHUX 5K KapTorpadyBaHHS, MOHITOPHHT, ITOIIYKOBO-PATYBAJIbHI.

JITEPATYPA
1. Military Drone Market Size, Share & Russia-Ukraine War Impact Analysis. Forecast,
2024-2032 URL: https://www.fortunebusinessinsights.com/military-drone-market-102181
(nata 3BepHeHHs 23.12.2024)
2. Kymin A.L, Koceit M.II. Anaini3 anroputmiB poioBOro iHTENeKTy // «CHCTEeMHI TEXHOJIO-
rii» - Tom 3 Nel52 (2024) — C. 69-80 - URL: https://journals.nmetau.edu.ua/index.php/
st/article/view%20/1696/996 (nara 3BepuenHs 23.12.2024)
3. Kynin A.L, Koceit M.I1. Anani3 anroputmiB poiioBoro intenekty // International scientific
and technical conference. Information Technologies in Metallurgy and Machine building —
ITMM 2024 - C. 460-465 - URL: https://journals.nmetau.edu.ua/index.php/itmm/
article/view/1823/1108 (nata 3BepuenHs 23.12.2024)
4. Veysel Gazi, Kevin M. Passino (The Ohio State University, 2002) - Stability analysis of
swarms. URL: https://www.researchgate.net/publication/3031441_Stability analysis_of _
swarms (zata 3BepHeHHs 29.12.2024)
5. Kristina Lerman, Aram Galstyan, Tad Hogg (USC Information Sciences Institute, Hewlett-
Packard - 2004 Labs) - Mathematical Analysis of Multi-Agent  Systems
URL: https://www.researchgate.net/publication/1957056 _Mathematical _Analysis_of Multi-
Agent_Systems (mata 3BepHeHHS: 29.12.2024)
6. Esteban Restrepo(Automatic. Université Paris-Saclay, 2021 ) - Coordination control of
autonomous robotic multi-agent systems under constraints. URL: https://theses.hal.science/
tel-03537341v1 (nara 3BepHeHHs: 29.12.2024)

34 ISSN 1562-9945 (Print)

ISSN 2707-7977 (Online)


https://www.fortunebusinessinsights.com/military-drone-market-102181
https://journals.nmetau.edu.ua/index.php/st/article/view/1696/996
https://journals.nmetau.edu.ua/index.php/st/article/view/1696/996
https://journals.nmetau.edu.ua/index.php/itmm/article/view/1823/1108
https://journals.nmetau.edu.ua/index.php/itmm/article/view/1823/1108
https://www.researchgate.net/publication/3031441_Stability_analysis_of_swarms
https://www.researchgate.net/publication/3031441_Stability_analysis_of_swarms
https://www.researchgate.net/publication/1957056_Mathematical_Analysis_of_Multi-Agent_Systems
https://www.researchgate.net/publication/1957056_Mathematical_Analysis_of_Multi-Agent_Systems
https://theses.hal.science/tel-03537341v1
https://theses.hal.science/tel-03537341v1

«Cucremni texuoorii» 4 (159) 2025 «System technologies»
7. Luke Fina, Douglas Shane Smith, Jr., Jason Carnahan and Hakki Erhan Sevil (Mechanical
Engineering, Intelligent Systems & Robotics, University of West Florida; 13, Huntsville -
2022) - Entropy-Based Distributed Behavior Modeling for Multi-Agent UAVS.
URL: https://www.mdpi.com/2504-446X/6/7/164 (nata 3Beprenns: 05.02.2025)
8. Igor Tchappi, Jean Etienne Ndamlabin Mboula, Amro Najjar, Yazan Mualla, Stephane
Galland (University of Luxembourg, Inria Nancy — Grand Est, Luxembourg Institute of
Science and Technology, Univ. Bourgogne-Franche-Comt’e - 2022) - A Decentralized
Multilevel Agent Based Explainable Model for Fleet Management of Remote Drones URL:
https:\www.researchgate.net\publication\360670873_A_Decentralized_Multilevel _Agent Ba
sed_Explainable_Model_for_Fleet_ Management_of Remote _Drones (matra  3BepHCHHS:
06.02.2025)
9. Martin Rosalie, Grégoire Danoy, Serge Chaumette, Pascal Bouvry (University of
Luxembourg, University of Bordeaux - 2019) - Chaos-enhanced mobility models. URL:
https://hal.science/hal-01699298/file/asimut.pdf (nara 3Bepuenus: 06.02.2025)
T.l. Zohdi (Department of Mechanical Engineering, University of California, Berkeley —
2018) - Multiple UAVs for Mapping: A Review of Basic Modeling, Simulation, and Applica-
tions. URL: https://www.annualreviews.org/content/journals/10.1146/annurev-environ-
102017-025912 (nmara 3Bepuenns: 10.02.2025)

REFERENCES

1. Military Drone Market Size, Share & Russia-Ukraine War Impact Analysis. Forecast,
2024-2032 URL: https://www.fortunebusinessinsights.com/military-drone-market-102181
(mata 3BepHeHHs 23.12.2024)
2. Kymin A.L, Koceit M.II. Anaini3 anroputmiB poioBoro iHTeNneKTy // «CHCTEeMHI TEXHOJIO-
rii» - Tom 3 Nel52 (2024) — C. 69-80 - URL: https://journals.nmetau.edu.ua/index.php/
st/article/view%20/1696/996 (nara 3BepHenHs 23.12.2024)
3. Kymin A.IL, Koceit M.I1. Anani3 anroputmiB poiioBoro inTenekty // International scientific

and technical conference. Information Technologies in Metallurgy and Machine building —
ITMM 2024 — C. 460-465 - URL: https://journals.nmetau.edu.ua/index.php/itmm/
article/view/1823/1108 (nata 3Bepuenns 23.12.2024)

4. Veysel Gazi, Kevin M. Passino (The Ohio State University, 2002) - Stability analysis of
swarms. URL: https://www.researchgate.net/publication/3031441 Stability analysis_of _
swarms (zata 3BepHeHHs 29.12.2024)

5. Kristina Lerman, Aram Galstyan, Tad Hogg (USC Information Sciences Institute, Hewlett-
Packard - 2004 Labs) - Mathematical Analysis of Multi-Agent Systems
URL: https://www.researchgate.net/publication/1957056 _Mathematical Analysis_of Multi-
Agent_Systems (nata 3BepHeHHS: 29.12.2024)

6. Esteban Restrepo(Automatic. Université Paris-Saclay, 2021 ) - Coordination control of
autonomous robotic multi-agent systems under constraints. URL: https://theses.hal.science/
tel-03537341v1 (nata 3Bepuenns: 29.12.2024)

7. Luke Fina, Douglas Shane Smith, Jr., Jason Carnahan and Hakki Erhan Sevil (Mechanical
Engineering, Intelligent Systems & Robotics, University of West Florida; 13, Huntsville -

ISSN 1562-9945 (Print) 35
ISSN 2707-7977 (Online)


https://www.mdpi.com/2504-446X/6/7/164
https://www.researchgate.net/publication/360670873_A_Decentralized_Multilevel_Agent_Based_Explainable_Model_for_Fleet_Management_of_Remote_Drones
https://www.researchgate.net/publication/360670873_A_Decentralized_Multilevel_Agent_Based_Explainable_Model_for_Fleet_Management_of_Remote_Drones
https://hal.science/hal-01699298/file/asimut.pdf
https://www.annualreviews.org/content/journals/10.1146/annurev-environ-102017-025912
https://www.annualreviews.org/content/journals/10.1146/annurev-environ-102017-025912
https://www.fortunebusinessinsights.com/military-drone-market-102181
https://journals.nmetau.edu.ua/index.php/st/article/view/1696/996
https://journals.nmetau.edu.ua/index.php/st/article/view/1696/996
https://journals.nmetau.edu.ua/index.php/itmm/article/view/1823/1108
https://journals.nmetau.edu.ua/index.php/itmm/article/view/1823/1108
https://www.researchgate.net/publication/3031441_Stability_analysis_of_swarms
https://www.researchgate.net/publication/3031441_Stability_analysis_of_swarms
https://www.researchgate.net/publication/1957056_Mathematical_Analysis_of_Multi-Agent_Systems
https://www.researchgate.net/publication/1957056_Mathematical_Analysis_of_Multi-Agent_Systems
https://theses.hal.science/tel-03537341v1
https://theses.hal.science/tel-03537341v1

«CucremHi texHogorii» 4 (159) 2025 «System technologies»
2022) - Entropy-Based Distributed Behavior Modeling for Multi-Agent UAVS.
URL.: https://www.mdpi.com/2504-446X/6/7/164 (nara 3Bepuenns: 05.02.2025)
8. Igor Tchappi, Jean Etienne Ndamlabin Mboula, Amro Najjar, Yazan Mualla, Stephane
Galland (University of Luxembourg, Inria Nancy — Grand Est, Luxembourg Institute of
Science and Technology, Univ. Bourgogne-Franche-Comt’e - 2022) - A Decentralized
Multilevel Agent Based Explainable Model for Fleet Management of Remote Drones URL.:
https:\www.researchgate.net\publication\360670873_A_Decentralized_Multilevel _Agent_Ba
sed_Explainable_Model_for_Fleet_Management_of Remote_Drones (mata  3BepHCHHS:
06.02.2025)
9. Martin Rosalie, Grégoire Danoy, Serge Chaumette, Pascal Bouvry (University of
Luxembourg, University of Bordeaux - 2019) - Chaos-enhanced mobility models. URL:
https://hal.science/hal-01699298/file/asimut.pdf (nara 3Bepaenns: 06.02.2025)
T.I. Zohdi (Department of Mechanical Engineering, University of California, Berkeley —
2018) - Multiple UAVs for Mapping: A Review of Basic Modeling, Simulation, and Applica-
tions. URL:  https://www.annualreviews.org/content/journals/10.1146/annurev-environ-
102017-025912 (nata 3Bepuenns: 10.02.2025)

Received 30.04.2025.
Accepted 02.05.2025.

Comparison and optimization of spatial models of swarm intelligence
The study is dedicated to the comparison and optimization of spatial models of swarm
intelligence and their importance for the development and optimization of multi-agent sys-
tems. The research examines the scientific achievements in this field and the continuous ex-
pansion of the application possibilities of such systems. Based on the analysis of scientific lit-
erature, the necessity of combining interdisciplinary approaches to solve complex problems
using swarm intelligence has been preliminarily established. Further research involves an in-
depth study, comparison, evaluation, and optimization of swarm intelligence models in the
context of various applied tasks.
Key words: artificial intelligence, intelligent agent, multi-agent systems, swarm intelli-
gence, swarm intelligence optimization algorithms, machine learning models, ML.
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APPLICATION OF COMPUTER-INTEGRATED TECHNOLOGIES
IN MODERN ENGINEERING SYSTEMS

Abstract. In modern conditions of development, analysis of the strength of parts is impossible
without the comprehensive use of modern computer-aided design systems, one of which is the
SolidWorks CAD/CAE system and its application — SolidWorks Simulation. This work deter-
mines the dependence of the maximum stress acting on the gear block of the drum of the
UVN-74 vacuum spraying installation at full load on the number of finite elements of its mod-
el. The first stage in analysing the stress-strain state of a gear blocking the SolidWorks Simu-
lation environment is to select the type of study (static analysis) and its material. The next
stages are the selection of attachment points (fixed geometry), the application of external
loads, and the creation of a finite element model of the gear block. To solve the static prob-
lem, the parameter “at nodes” is set for the Jacobian check, and to obtain reliable results, the
“curvature-based” mesh creation algorithm is activated. To avoid errors related to mesh
density, the optimal number and size of finite elements were selected. SolidWorks Simulation
software, taking into account the connections between the elements of the created mesh, cre-
ated algebraic equations that relate the reaction to the material property of the gear block,
the constraint, and the loads. After arranging the equations into a common system, diagrams
of stresses, displacements, deformations and safety margin were created. Analysis of the
stress diagram established that this loading mode occurs within permissible limits, but
exceeding the total displacements by more than permissible ones can lead to unpredictable
results during the operation of the gear block. To determine the exact values of the total dis-
placements, their probing at critical points was used. The dependence of the maximum stress
acting on the gear block at full load on the number of finite elements was determined.
Keywords: SolidWorks Simulation, MFE, FEM, gear block, maximum stress, number of finite
elements.

Problem statement. Modern Hi-Tech specialization combines classical engineering
education with in-depth mastery of computer-integrated technologies and 3D modelling. In
modern conditions of technological development, high-quality higher technical education is
impossible without the comprehensive use of modern computer-aided design systems, one of
which is the SolidWorks CAD/CAE system [1, 2]. Its solutions help in daily work by provid-
ing a convenient integrated three-dimensional design environment that covers all aspects of
product development and helps increase the productivity of designing work [3].
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Using the SolidWorks application — SolidWorks Simulation — for analysing the strength
of parts has a number of advantages compared to traditional methods. In particular, allows for
a comprehensive analysis, increases the accuracy of calculations, reduces the duration of the
analysis, and allows for both design and verification calculations [4].

The analys is performed using the finite element method (MFE), which is currently the
standard for solving problems in solid mechanics using numerical algorithms. MFE has taken
a leading position due to its ability to model a wide range of objects and phenomena. In this
case, it is necessary to take into account the errors inevitable in any numerical approximation.
Therefore, the issue of correspondence between the calculation model and reality is the main
one when using analysis programs. This means a certain unpredictability of the results and
their interpretation.

The basic idea of MFE is that any continuous quantity can be approximated by a dis-
crete model, which is built on a set of piecewise-continuous functions defined on a finite
number of subdomains. These functions are defined using the values of the continuous quanti-
ty at a finite number of points in a given domain. In the general case, the continuous quantity
is unknown in advance, and its value must be determined at some internal points of the do-
main. But a discrete model is easy to construct if we first assume that the numerical values of
this quantity at each internal point of the domain are known. After that, we move on to the
general case.

Therefore, when constructing a discrete model of continuous quantities, the following
procedure is followed: a finite number of points (nodal points or nodes) are fixed in a given
region; in the general case, the continuous quantity at each nodal point is taken as the variable
to be determined; the domain of definition of a continuous quantity is divided into a finite
number of subdomains (elements) that have common nodal points and collectively approxi-
mate the shape of the domain.

A continuous quantity is approximated at each element by a polynomial, which is de-
fined using the nodal values of this quantity. A separate polynomial is defined for each ele-
ment, but they are selected so that the continuity of the quantity along the boundaries of the
element is preserved.

The calculation of the value of a continuous quantity at nodal points is described as fol-
lows:

— known coordinates of the element;

— node numbers in which the element is connected to other elements;

— material properties.

The information that allows obtaining a single solution to the problem and determining
the global matrix is given in the form of boundary conditions and fixation conditions. The
computational program, using data on the computational model, calculates the stiffness matri-
ces of the elements and the loads on them, forms a vector of external loads and a global stiff-
ness matrix, imposes specified constraints on the elements, and performs a triangular decom-
position of the global matrix. Next, the program solves the system of linear equations and cal-
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culates the vector of linear displacements for the elements for which stresses, strains, dis-
placements, and safety margins are calculated.

The set of elements into which the structure is divided is called a finite element mesh
(FEM). Before it is generated on the model, the optimal values of the mesh resolution and the
sizes of the finite elements (FE) are determined. The use of a mesh with a large resolution,
consisting of large elements, contributes to a significant deviation of the shape of the FE
model from the original geometry. A significant increase in the mesh density leads to a sharp
increase in the number of FE; this leads to the fact that machine resources may not be enough
to solve the problem. In addition, with the automatic method of generating FE, the location of
element nodes often does not meet the necessary conditions [5, 6].

Controlling the size and density of the FEM, as well as manually specifying the number
and location of element nodes, helps create a mesh with the optimal number and size of FE,
which allows you to increase accuracy and reduce the time spent on calculations. The size of
the generated mesh (number of nodes and elements) depends on various parameters. In the
early stages of structural analysis, where approximate results may be appropriate, a larger el-
ement size is specified for faster solution. A smaller element size may be required for a more
accurate solution [7].

For a solid mesh, the best accuracy is achieved with a mesh of identical ideal tetrahedral
elements whose edges are equal in length. However, due to curved shapes, small edges, thin-
walled elements, and sharp corners, the edge lengths vary. Therefore, it is impossible to create
a mesh of ideal tetrahedral elements. And when the edges of an element differ in length, the
accuracy of the results decreases: on very sharp or curved boundaries, placing middle nodes
leads to the formation of distorted elements with intersecting edges. Therefore, to solve static
problems, the parameter “at nodes” is set for the Jacobian check [8], and to obtain reliable re-

sults, the “curvature-based” mesh creation algorithm is activated [9].

Also, when analysing an object, errors may occur related to the mesh density, that is, it
IS necessary to choose the optimal number and size of FE.

Analysis of recent research and publications. The authors of [10] determined the de-
pendence of the nodal stress on the number of FE of the earring model of the installation for
electrocontact welding of powder materials.

The authors [8, 9] assessed the influence of mesh quality on the accuracy of calculations
of the hydraulic distributor spool and the puller capture, using a high-quality mesh based on
curvature, and for the Jacobian check, the parameter “in nodes” was set with the selection of
the optimal number and size of the FE.

The authors [11] determined the grid parameters that determine the minimum permissi-
ble value of the safety factor ([n] = 1.5) of the driven gear of the gear unit of the drum of the
UVN-74 vacuum spraying installation. To do this, they changed the maximum size of the grid
elements and compared the experimental results: the minimum value of the safety factor,
greater than the permissible one, corresponds to the maximum size of the mesh element of
5.54739077 mm. But in this work, the load is applied only to the driven gear — the forces act-
ing on the driving gear are not taken into account.
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The purpose of the study. It is necessary to determine the dependence of the maximum
stress acting on the gear block at full load on the number of SE.

Presentation of the main research material. When modelling the gear unit in Solid-
Works, its geometric model was first created. The first stage in analysing its stress-strain state
in the SolidWorks Simulation environment was to select the type of research (static analysis)
and the material (steel 1.4541 — X6CrNiTi18-10).

The next stage is the selection of mounting locations (fixed geometry) and the applica-
tion of external loads to the gear unit (circular force: to the driving gear Fts = 367 H, to the

driven gear — Ft; = 354 H; radial force to the driving gear Frg = 134 N, to the driven gear — Fr;
=129 N — Fig. 1).

Radial (M 129

Circumnferential (354
-

Figure 1 — Fixing and application of loads in static analysis of a gear block

The next step is to create a finite element model of the gear block (Fig. 2).
Mesh @
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Figure 2 — Parameters of the finite element mesh of the gear block (a)
and its reflection on the solid (b)
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The instantaneously increasing magnitude of the force and moment of inertia causes a
sharp increase in contact stress and bending in the gear pairs. In addition, the concentration of
this stress occurs on a small area of contact between the gear teeth and the wheel. In this case,
the main load is perceived by one tooth of the gear block.

SolidWorks Simulation software, taking into account the connections between the
elements of the created mesh, creates algebraic equations. They relate the reaction to the
material property of the gear block, the constraint and the loads [12]. After arranging the
equations into a large common system, the unknowns are found (Fig. 3).

Figure 3 — Results of calculation of von Mises stresses (a), total displacements URES (b),
total deformations ESTRN (c) and safety factor FOS (d) of the gear block

Fig. 3 shows the load distribution on the contact surface of the teeth: the colour scheme
of the spectral diagram characterizes the contact area of the gear unit — the red colour indi-
cates the meshing areas that operate with critical parameters. Since the red colour is absent on
the total stress distribution diagram (Fig. 3, a), this loading mode occurs within permissible
limits. But the red colour is present in Fig. 3, b. This indicates that the total displacements ex-
ceed the permissible ones, which can lead to unpredictable results during the operation of the
gear block.

To determine the exact values of the total displacements, their probing at critical points
was used (when probing the results plot, the software displays the node or element number,
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the value of the constructed result, and the global coordinates of the node or element centre
(Fig. 4).

URES (mm)

URES (mm)
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X Y, Z Location: |-20: -2,04; 15,9 mm

Value: 2.148e-03 mm

Figure 4 — Probing of total displacements in a dangerous section near their maximum values

The conducted research of the gear unit established: the maximum nodal von Mises
stresses occur at node 22750 and are 261.6 MPa; the maximum resultant displacement URES
occurs at node 969 and is 0.00215 mm; the maximum equivalent deformation ESTRN occurs
at node 6109 and is 0.001053 mm. The experimental curve obtained as a result of changing
the number of finite elements of the gear block model is presented in Fig. 5.
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Figure 5 — Dependence of maximum stress on the number of finite elements gear block
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Thus, since the constructed model of the gear block has a complex geometry, then:

— when constructing the mesh, an increase in the number of finite elements is required
in places of large curvature and a significant change in the geometric characteristics of the
elements of the connected structures;

— to construct a grid of optimal size, it is necessary to conduct a series of experiments,
gradually increasing the number of finite elements and comparing the obtained research re-
sults;

— starting from a certain number of finite elements, the value of the maximum stress
will change insignificantly, which will determine the optimal mesh size to obtain the mini-
mum permissible value of the safety factor.

Conclusions. The dependence of the maximum stress acting on the gear unit at full load
on the number of finite elements of the created model has been determined. But although the
strength condition is satisfied, the total displacements are greater than the permissible ones,
which can lead to unpredictable results during the operation of the gear block.
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3acmocysanna KomMn’1omepHo-inmezpoeanux mexHo02ii
Y CYUACHUX [HIHCEHEPHUX CUCHEMAX

3a Oonomocoro SolidWorks Simulation eusnavena 3anedxdcHicmv MAKCUMAILHO2O
HanpysicenHs, 0ilouoe0 HA OIOK uecmepeHb 6apabana YCMAaHo8KU 6AKYYMHO20 HANULEHHS
YBH-74 npu nognomy Ha8aHmagiceHui, 8i0 YUCIA CKIHYEHHUX elleMeHmis tioco moodeni. Jlnsa
po38'a3Ky cmamuyHoi 3a0aui 0151 Akobiesoi nepesipku ecmanogieno napamemp ““y gyznax”’, a
0/151 OMPUMAHHI OOCMOBIPHUX Pe3YIbMamie akmugizo8ano aieopumm cmeopeHus cimku “‘Ha
0CHOGI Kpueusnu”. [ YHUKHeHHs. NOXUOOK, N08'A3aHuX 30 WilbHICMIO CImKU, Nidiopano on-
MUMAIbHE YUCTIO | PO3MID CKIHYEHHUX eleMeHmis. AHANi30M enopu Hanpy#ceHb 6CMAHOBIEHO
— 0aHUll pedcuM HABAHMANCEHHS. NPOMIKAE Y OONYCMUMUX MeHCax, djle NepesuiyerH s cymap-
HUX nepemiujenb Modice npuzeecmu 00 Henepeobayy8anux pe3yivbmamie npu excniyamayii
610Ky wecmepers. [LJo6 susHauumu mouHi 6eIUYUHU CYMAPHUX NepeMilyeHsb, 8UKOPUCTNAHO

iX 30HOY8AHHS Y KDUMUYHUX MOYKAX.

Pyaux Ouexcanap KOXxuMoBHY — JOLICHT, KaHAWIAT TEXHIYHUX Hayk, kadeapa «Tpubdo-
JIoTii, aBTOMOO1JTIB Ta MaTepiaio3HABCTBAY, XMEIbHUIILKHIA HAI[IOHAILHUN YHIBEPCUCTET.
Io6epesxxnuii Muxaiino MuxaiijioBu4 — JIOICHT, K.T.H., Kapenpa «Tpubomorii, aBToM0011iB
Ta MaTepiaJO3HaBCTBA», XMEIbHHUIIbKHI HAIllOHAIbHUI YHIBEPCUCTET.
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JI0T1i, aBBTOMOOUTIB Ta MaTEPi1aJIOZHABCTBA», XMEJIbHUIIbKUI HAI[IOHAIbHUIM YHIBEPCUCTET.
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A.l. Kupin, O.0. Romanenko
PROPOSAL FOR A GENERAL CLASSIFICATION OF
MAINTENANCE APPROACHES

Abstract. This research paper addresses the pressing need for a universally accepted classifi-
cation of maintenance types, as current classifications vary significantly across institutions,
organizations, and countries. Despite extensive research in the field of maintenance, a stand-
ardized framework remains elusive, leading to confusion and inefficiencies in maintenance
practices. The primary objective of this study is to develop a comprehensive classification of
maintenance types that can be widely adopted. Through a thorough literature review, various
maintenance approaches have been identified and analyzed, laying the groundwork for a new
classification system. This paper presents a proposal for a general classification of mainte-
nance approaches.

Keywords: maintenance, maintenance classification, maintenance approach.

Introduction. The continuous evolution of the industrial manufacturing domain has
significantly influenced the practices and strategies employed in manufacturing processes.
Manufacturing has undergone significant automation, with many industries striving for fully
automated processes. Automation is accompanied by the introduction of an increasing amount
of equipment, which, in turn, is becoming more complex in both design and control.

Manufacturing equipment are in general subject to degradation because of usage and
exposure to environmental factors. This degradation along with other factors such as aging,
poor equipment design, operational errors, usage intensity etc., ultimately leads to equipment
failure which could result in safety issues, equipment damage, produced goods quality issues,
and unexpected machine unavailability [1].

Since the physical condition of equipment significantly impacts product quality and
production efficiency it is essential to establish proper maintenance in order to minimize the
possibility of its failure.

International Organization for Standardization defines maintenance as combination of
all technical and administrative actions, including supervisory actions, intended to retain an
item in, or restore it to, a state in which it can perform a required function [2].

Traditionally, maintenance has been seen as an inevitable source of cost. In 2020,
46.91% of surveyed companies in North America reported that they spent from 21% to 40%
of their operating budget on maintenance of their equipment and supplies. Meanwhile,
35.67% spent 1% to 20% of their budget. On the other hand, 2.25% of companies spent more
than 80% of their operating budget on equipment maintenance alone [3].
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Considering maintenance direct and indirect influence on production objectives and
company's profitability it is increasingly seen as a strategic function. When implemented ef-
fectively, maintenance could result in great savings and increased profit [4], [5].

In spite of being an important constituent of any production system and a subject of
many researches, maintenance still has been classified in many different ways.

Analysis of the latest research and publications. Before continuing with a literature
review it is important to introduce the definition for maintenance approach (type). This re-
search defines maintenance approach as a methodology employed to achieve maintenance ob-
jectives. While most sources use a term «strategy» to describe the same notion, we think of

«strategy» as something wider and more complex, involving a combination of different ap-
proaches to form an optimal maintenance action program. Maintenance strategy is unique to
each facility and industry, while maintenance approach is a general perspective on how
maintenance is done. An example of maintenance strategy can be a Reliability-Centered
Maintenance (RCM), but this is out of scope of this research.

At first, different standards and other official documents covering the question of
maintenance classification have been researched. A short overview of classifications found in
those resources is provided bellow.

The classification proposed by I1SO [2] defines two main categories of maintenance:
corrective and preventive (Fig. 1).

Maintenance

J v
Preventive Corrective
|
+
Condition-Based Immediate Deferred
Testing and Condition
inspetcion monitoring 3
Predetermined
|
v v v
— Scheduled Scheduled
Periodic test ;
replacement service

Figure 1 — Maintenance categories according to [2]

As can be seeing from the figure 1, ISO basically classifies maintenance into two gen-
eral categories with some sub-categories. The preventive type is subdivided into condition-
based and predetermined maintenance types, and corrective maintenance is further catego-
rized into immediate and deferred sub-types.

The United States Department of Energy classifies four approaches to maintenance [6]:

— reactive;

— preventive;

— predictive;

— reliability centered (RCM).
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The version of classification of maintenance proposed by the European Standard
EN 13306:2017 [7] specifies maintenance as shown in figure 2.

Maintenance

[

v v v
Improvement Preventive Corrective
|
Y v v v
Condition-Based Predetermined Immediate Deferred
[
v v
Predictive Non predictive CBM

Figure 2 — Maintenance classification according to [7]

Then, papers, books and other sources like conference proceedings have been scruti-
nized. A brief review of the material is provided in the following paragraphs.

Figure 3 depicts the hierarchical structure of different maintenance types proposed by
the authors of [8].

Maintenance

I
J' v

Planned / Proactive

Unplanned / Reactive

' : ¥
Corrective Preventive Predictive
Based on Reliability Condition
intervals ‘ Age based Centered ‘ based

Figure 3 — Maintenance hierarchy according to [8]

According to [9] there are three basic maintenance approaches: reactive, proactive and
aggressive. A more exhaustive and consequent classification of different maintenance types
devised in [9] is in figure 4.

Maintenance

v v v
Reactive Proactive Agressive
" v ' v v
Detective Corrective Preventive Opportunistic Imp[:c?\ilegr:ent
v ' ,
Condition-Based Predictive
I
v
Dynamic Scheduled
—

Usage severity

Load-based Usage-based Time-driven
based

Figure 4 — Maintenance classification according to [9]
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Reactive strategies are described here as a fire-fighting approach, where maintenance
activities are provoked by actual failures. Proactive strategies, on the other hand, are meant to
prevent breakdowns using a range of methods to predict equipment deterioration and under-
take preventive tasks to restore equipment to a proper condition. Aggressive approach is de-
fined as one that aims to enhance a system by modifications or redesign [9].

Keith Mobley in his book «Maintenance Fundamentals» states that there are three main
types of maintenance: corrective, preventive and improvement. Structure of maintenance pre-
sented in [10] illustrated in figure 5.

Maintenance
[
v _ v v _
Improvement Preventive Corrective

I { ! } !
Reliability- Equi t- .. . . .
€ |a. Y quu?men Predictive Time-driven Event-driven
driven driven

Figure 5 — Maintenance classification according to [10]

In [11] maintenance is classified in terms of the time when a repair is performed relative
to the occurrence of a failure. According to this paper, there are three basic approaches to
maintenance:

— corrective;
—  preventive;
— predictive.

A classification given in the [12] (Fig. 6) as well as those in [9] and [10] includes a type
of maintenance that is based on improvement and modification of an assets. Design-Out
Maintenance (DOM) focuses on the design correction in order to eliminate the cause to
maintenance [12].

Maintenance

v v v

Corrective Preventive Design-Out

[
v v

Time-Based Condition-Based

Figure 6 — Types of Maintenance according to [12]

The analysis done by authors of [13] showed that maintenance may be classified as
shown in figure 7.
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Maintenance

Proactive Reactive
[
v v v Y 3
Risk based Scheduled Design-out Predictive Reliability
Centered
Time-based ‘ Usage-based ‘ Diagnistic Prognostic

Figure 7 — Maintenance classification according to [13]

In [14] authors also distinguish two major maintenance types: corrective and preventive

(Fig. 7).
Maintenance
v v
Corrective Preventive
|
L) v v v
Immediate Deferred Condition-Based Predetermined
v !
Schgdu\ed Scheduled
Continuous
On request

Figure 8 — Maintenance classification according to [14]

Authors of [15] conducted an extensive research of maintenance classifications and dif-
ferent viewpoints on this issue developed over the years and based on their findings proposed
their view on maintenance taxonomy (Fig. 9).

Maintenance

v v
Reactive Preventive
Jv—l—# I
¥ ¥ ¥
Corrective Prospective Proactive Predeterminative Predictive

Figure 9 — Maintenance taxonomy proposed by [15]

Here, they like others classify maintenance into two major types. In this case they are
reactive and preventive. Unlike others, the reactive approach has been further classified into
two sub-classes: corrective and prospective. The prospective maintenance is defined as pre-
ventive work that is due and overdue is done when failure force the system to stop [15] They
also call this type of maintenance — opportunistic maintenance. The defined maintenance
types are further classified into different tactics, but this is not in the scope of our research.
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The literature review showed that a variety of classifications for maintenance have been
developed over the years and each differs to some extent from the others. A summary of a re-
viewed literature is provided in table 1.

Table 1
Summary of reviewed material
Maintenance type
S < = o
'4%) %: .S o é > '% §U é S g
Source | & S §§ i 5 |2 Eg = g 2
s |8 |§°|8 (& |2 |E°|5 |&8
O a O < o 5 £ “ &
o o
[2] + + + +
[6] + + + +
[7] + + + +
[8] + + +
[9] + + + +
[10] + +
[11] + +
[12] + + +
[13] + + + + +
[14] |+ + +
[15] + + + + + + +

Problem Statement and Research Objective. As a literature survey showed, despite
of many researches done in the field of maintenance, there is still no generally accepted clas-
sification of maintenance. Different institutions, organizations and researchers in different
countries classify and standardize maintenance in their own way. So, there is a need to estab-
lish a universal classification for maintenance types that would be comprehensive and could
be accepted worldwide.

The main objective of this research paper is to devise a classification for maintenance
types that would be comprehensive and could be widely accepted.

Presentation of the main material of the research. This section researches mainte-
nance approaches identified in the literature review to develop a more comprehensive under-
standing and further establish a new classification.

Despite all of the of the reviewed classifications differs, virtually all of them encom-
passes two main types of maintenance: corrective and preventive. So, it's safe to say, that
there is a consensus about these two approaches being key maintenance types.

Corrective maintenance is also referred reactive, breakdown, run-to-failure, failure-
based, or emergency maintenance [16], [17], [18], [19], [20]. This is a type of maintenance
approach where the corrective intervention, like repair or part replacement, takes place only
after failure event has occurred [20], [21].
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Unlike the corrective (reactive) approach, which addresses failures only after they oc-
cur, preventive approach focuses on proactive measures to reduce the likelihood of equipment
failure. Instead of intervening only when a failure happens, this type of maintenance empha-
sizes preventive actions aimed at maintaining equipment reliability [22].

Some of the sources, like [8] or [9] classify one of the root types of maintenance being
proactive. It may look like it has the same meaning as preventive, but it is a broader term for a
a higher maintenance type in the hierarchy. It's said that proactive maintenance utilizes pre-
ventive and predictive maintenance activities to prevent equipment failures from
occurring [20].

Predetermined maintenance is formally defined as a type of maintenance carried out in
accordance with established intervals of time or number of units in use [7], hence it is some-
times referred as scheduled maintenance. The scheduling is usually based either on hours of
operation (then it's called a Time-based maintenance) or other quantitative usage indicators
(then it's called Usage-based maintenance), like the number of times an item has been used,
the number of kilometers the items has been used, etc. regardless of the current item
state [14]. In the reviewed materials such approach is categorized as a type of preventive ap-
proach.

Condition-based maintenance (CBM) is a type of preventive maintenance which include
assessment of physical conditions, analysis and the possible ensuing maintenance actions [7].
It is clearly seen that CBM is a type of preventive maintenance approach and so should be
categorized accordingly.

The next approach to be looked at is predictive. Predictive maintenance is an approach
that makes maintenance decisions based on the real machine health conditions [23]. The defi-
nition given in [7] states that predictive maintenance is a condition-based maintenance carried
out following a forecast derived from an analysis of item's parameters. Here we can conclude
that predictive maintenance is a derivative of a condition-based maintenance.

Improvement or modification is not always considered as a maintenance activity. [2]
states that modification is not a maintenance category, but at the same time it is noted that this
kind of task is often performed by maintenance organization. Since modification or improve-
ment is done in order to prevent failures it may be considered as a preventive maintenance
action, and therefor may be placed under a preventive maintenance category.

Opportunistic maintenance is a type that is not often find it the related literature. As was
mentioned before, this type of maintenance that is done when an opportunity appears (hence
the name), and it usually involves preventive activities.

Based on the reviewed classifications and the approaches identified within them, along
with descriptions of those defined approaches, a new classification for maintenance has been
developed (Fig. 10).
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Maintenance
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Figure 10 — Proposed maintenance classification

Conclusion. The research highlights the need for a universally accepted classification
of maintenance types due to the diverse and often inconsistent categorizations currently in use
across various institutions and industries. A comprehensive literature review has been done to
determine what classifications exist and what types of maintenance they encompass. This
study aims to bridge the gap in maintenance classification by proposing a comprehensive
framework that include these approaches while allowing for the integration of emerging
methodologies. By establishing a universal classification, organizations can enhance their
maintenance strategies, ultimately leading to improved operational efficiency, reduced down-
time, and increased profitability. The findings of this research serve as a foundational step to-
wards achieving a more cohesive understanding of maintenance practices, which is crucial for
the advancement of the manufacturing sector in an increasingly automated and complex in-
dustrial landscape.

Further work should include more detailed research into defined maintenance approach-
es, with particular emphasis on the predictive approach as it as it represents a cutting-edge
approach that can significantly reduce unexpected downtime and optimize equipment
lifespan. Future studies should focus on the implementation challenges of predictive mainte-
nance, such as data collection, sensor integration, and algorithm accuracy.
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3azanvha knacugpikayis memooie mexHiuHo20 00C/1y208y6aHHA

Poboma npucesuena docniosxcennio icuyrouux xnacugixayii 0as memooié mexHiuHo2o
obcnyzoeyeanns. Hessaowcaiouu na snauny KinbKicmes npogeoenux 00CIIOHNCeHHs 8 2ay3i mex-
HIYHO020 00CTY208Y8AHHS, 3A2AbHONPUIHAMA Kiacugikayisi doci He po3pobnena. OCHOBHO
Memor Yyb020 00CNIONCEHHS € PO3POOKA VHIBEPCANbHOI Klacugikayii 6udie mexHiuHo2o 00-
CNY208Y8aAHHS, KA Mo2na 6 cmamu 3az2anvHonputinamoro. Ilposiswiu pemenvHuii 0210 aime-
pamypu, 8 sKill NOpYuLy8aiocy NUMAaHHA Kiacugikayii memooie mexHiyHo2o 00Cy208)8aHH s,
0Y10 8UABIEHO MA NPOAHANI308aHO PIi3HI Klacugikayiuni cucmemu. Ha ocrosi susenenux cu-
cmem knacugikayii ma mux memooie TO, AKi 6 HUX 3A3HAYATUCH 0)]I0 3aNPONOHOBAHO HOBY
VHI8epcanbHy cucmemy Kiacugixayii.

Knouosi cnosa: mexuiune obcny2o8ysants, Memoou mexHiuHo20 00C1y208y8anHs, Kld-
cugirayis

Kynin Anpapiii IBaHoBMY — JOKTOp TEXHIYHHMX HayK, Ipodecop, 3aBinyBau Kadeapu
KOMIT FOTEPHUX CHUCTEM Ta Mepex KpuBopi3bKoro HalioHaJIbHOTO YHIBEPCUTETY.

Pomanenko Ouaexcanap OuieroBud4 — acmipanT Kadeapu aBTOMaTH3allii, KOMII IOTEPHUX
HayK 1 TexHoJorii KpuBopi3bkoro HallioHaJIbHOTO YHIBEPCUTETY.
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HOBI TEXHOJIOI'Il NIATOTOBKHY KIHIIB I'/1b3
NEPEJ NIJIITPUMOBOIO ITPOKATKOIO

Anomauyis. Pozensanymi numarnHs niocomosKku nepeoHix i 3a0HIX KiHYi8 2ilib3 nepeo 2apsayoro
niniepumosor npoxamxoro. 11iocomoexy nepeoHix Kinyié 2iib3 NpONOHYEMbCs 30ICHIOBAMU
waxom ix pedykyeamu XOLO0CMUMU pOIuKamu 6e3 oOMucKamHs no moewuHi cminku. /[ns
301lCHEHHs] HOBOI MEXHONO02II 3aNPONOHO8AHA KOHCMPYKYis 0OKAMHO20 NPUCMpPOI0, Ke iopi-
3HAEMBCA OLILUL NPOCOI0 KOHCIMPYKYIEIO, WO 3HUNCYE 1T MemanioeEMHicms i 6iOn08iOHO Kani-
ManvHi umpamu. 3a 00NOMo2010 Memooa NiHill KO83aHHA U3HAYEHT 3YCULIA, AKI 0ilomb HA
Xonocmi ponauku ookamuozo npucmporo. Pozensmwymi numarnms nioeomosku 3a0HiX KiHyie
2ib3 [ 3aNnponoHO8aHa KOHCMPYKYis 0OPHA OJisl 3HUINICEHHS 3YCUNLISL NPU 1020 3apAONCAHHI 8
2ib3y 3 Ni02omosieHuUM nepeonim kinyem. Iliocomosxa Kinyie 2inb3 neped Niniepumosoro
npokamkoio 3abe3neuye niosuweH s AKocmi mpyo i npoOyKmMueHoCmi CMama.

Knrouoei cnosa: niniepumosuti cman, 2inw3a, OOPH, NPOWUSHUL KOCOBATKOGUL CIAH, 0OKam-

HUL npUCMpitl, X0J10CMi pOaUKU, Memoo JiHIl KOB3aHHs, Ni020MOBKA NePeoHix i 3a0HIX KiHYI6.

AHaJi3 ocTaHHIX AocaizkeHb 1 myOJikaniii. [Ipouec raps4oi niairpuMoBoi MPOKaTKH
TpyO, 3anmponoHoBanuii B 1891 pori Oparamu MaHHeCMaHH, XapaKTepU3y€eThCsl HECTAIUM T1e-
P10JIOM IMPOKATKU NEpPEeAHIX KiHIIB TPYyO, 110 00YMOBIIIOE 301JIBIIIEHHS TPUBAJIOCTI MPOKATKH 1
KiHLeBOi 00pi3i. Lle moB’d3aHo 3 THM, 1110 MIPU MUIITPUMOBIN MPOKATIi OCOOINBO TOHKOCTIH-
HUX TpyO 3 BUTsATYBaHHsIM 9 +15 mae micie 3HauHa HepiBHOMIPHICTH MOTIEpeYHOi e opMma-
1ii Tpyou B Kaniopi. Lle mocnimroeTbes BIACYTHICTIO MEPEIHBOTO AKOPCTKOTO KiHI[A Ha MOYaTKy
npokatku [ 1, 2].

Haii0inbim edeKTUBHUM cOCOOOM YIOCKOHAJIEHHS 3aTPaBOYHOIO PEXUMY MUTITPUMO-
BOT IPOKATKH € MiATOTOBKA MEepeAHIX KiHUIB rinb3 [3, 4]. [Ipu nubomy, BHaCIIIOK TeMIepaTy-
pHOro (hakropa, JOBKHMHA MIJTOTOBICHOI0 MEPEIHBOrO KiHIA T'JIb3U HE MOBUHHA MEPEBUIILY-
BaTH MPUOJIM3HO MOJIOBUHY JOBXHHHM PO3rOPTKH O0iiKa miripuMoBux BayikiB. B 60 pokn XX
CTOJITTS Ha Kadeapi 0OpoOKU MeTaiB TUCKOM JIHIMPONeTpOBCHKOro METATyprifHOro iHCTH-
TyTy Oynu po3modvati JOCIHiIKEHHS HOBOTO IpOIecy MiArOTOBKU MEpeIHiX KIHIIB I'Ulb3 Ha
KOCOBAJIKOBOMY IPOIIMBHOMY CTaHi. B pe3ynpTari IMX AOCHIPKEHb Ha MUITPUMOBUX TPyOO-
npokartuux arperatax (TTIA) 5—12" i 6 —12" HumxHbOIHIIPOBCEKOTO TPyOGONPOKATHOTO
3aBOoJia BIIEpIIE B CBiTI OYyJ0 BCTAaHOBIEHO OOJAIHAHHS s OOKOYYyBaHHS IMEpEIHIX KIHIIIB
riJIb3 Ha NPOIIMBHOMY CTaHi 1 cTaHi-eioHraropi [5, 6]. IIpoMucioBi AOCHiPKEHHS TiATBEp-

© Ho6psik B.., Yrpromos FO.J1., Cracescokuii C.JI., Masyp L.A., Yrpromos J1.1O., 2025

56 ISSN 1562-9945 (Print)

ISSN 2707-7977 (Online)



«Cucremui Texnonorii» 4 (159) 2025 «System technologiesy

i e(heKTUBHICTB 1€l TexHoorii. BcTaHOBIEHE yCTaTKOBAaHHS MICHS ACKUIBKOX POKIB po-
00TH 1 HEMOXJIMBOCTI B TOW Yac HOro MojepHizaii Oysi0 BUBEICHO 3 €KCILTyaTallil.
[TizroroBKa 3a1HIX KiHIIB TiJb3 MEpe] MPOKATKOI 3aCTOCOBYETHCS JUIS MOJETIICHHS
3apsIKM JOPHA B TUIB3Y, 3MEHIIEHHS MAacH MUIIrPUMOBOI TOJIOBKH Ta T.II.
IMocTaHoBKa 3aaa4i i MeTa AocaixzkenHsa. HeoOXiqHO 3anponoHyBaTi HOBY TEXHOJIO-
Ti10 MiATOTOBKYU MEPEIHIX 1 3a/IHIX KiHIIIB T'iJIb3 TIEpe]] MUTIrPIMOBOIO TPOKATKOI0, IEPEBAKHO

Toscroctinnux Tpy6 3 D/S=6—12,5 1 3a6e3meuenns cuiBBicHOCTI Tinb3H i J0pHA TIEpeST

MIPOKATKOIO 1 MIJBUIIEHHSM THM CaMUM TOYHOCTI TPyO 3a paxyHOK 3HMIKEHHS PI3HOCTIHHOCTI
Ta 30UTbIIEHHS MPOAYKTUBHOCTI CTaHA 3a paxXyHOK 301IbIICHHS 10/1a4i.

Konuenuist HOBOI TeXHOJIOTIT MIATOTOBKH NMepeIHiX KiHIIB rijib3 Ha KOCOBAJIKOBO-
My npommBHOMY cTaHi. HaBenena B pobotax [7, 8] TexHOOrIs MIATOTOBKYU MEePEAHIX KIHIIB
riabp3 nependavae X mpodirroBaHHS 00KaTKOK XOJOCTHMH POJUMKAMHM Ha BUXIJIHIM CTOPOHI
KOCOBAJIKOBOTO MIPOIIMBHOTO cTaHa. [Ipu 1boMy pO3MipH MiITOTOBICHOTO MEPEAHBOTO KiHIIS
TIb3H CKJIQJIAl0Th: JOBXXKMHA JIOPIBHIOE MOJOBHHI JOBXKHHHM PO3rOPTKH OOHKa MUTIrPUMOBUX
BaJIKiB, 110 ckiagae 250-300 mMm (puc. 1, a).

[TapameTpH MiArOTOBJICHOTO KIiHIIS TIb3M HA pUC. 1, a MOB’sI3aH1 HACTYITHUMHU CIIBBiJI-
HOIICHHSMU:

d =d; S, =(0,4.06)S; d -d =A,
Jae da — CepelHiil aiamMeTp AOpHAa,; Sr — TOBIIMHA CTIHKM OCHOBHOI YaCTHHHU TiIb3H;

d_ — BHyTpimHiii JiaMeTp OCHOBHOI YACTHHM TiIb3M; A — BEIMYMHA 3a30py MiX TiIb30H0 i

T
JIOPHOM.
Tomi

d,=d —-A; D, =D —-AD,_,
ne D i D, — BianosixHo 30BHiIIHI JiaMeTpu MepeIHBOrO KiHI i OCHOBHOI YaCTHHH TiJIb3H;
AD, — BenuumHa 0GTHCKAHHS T1IB3U MO AiaMETPY.

®dopma yTBOPIOIOYOI EPETHBOTO KIHIIS T3 MOXKE OYTH SIK KPUBOJiHIHHOMIO 1, Tak i
npsAMOJIiHINHHOW 2 (IuB. pHc. 1, a). B ApyroMy BUMNAJKY BeIMYMHA KyTa HaXuiy OyJne J1opiB-
HIOBAaTH:

D
a:arctg%,

e |]1 — IOBYKHMHA ITIATOTOBJIEHOTO KIHIIS.
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Pucynox 1 — I[Ipodini miAroToBneHuX NepeaHix KiHIIB Tib3 M0 BigoMiil (a)

TEXHOJIOT1] 1 TEXHOJIOT1A SIKa IPOMOHYETHCS (0)

Hemonixom BioMOi TEXHOJIOTIT € HACTYITHE:

— TapaMeTpu MEePeTHbOTO KIHIIS TUIh3U 00YMOBIIIOIOTH PICT OMOPY PYyXy T'JIb3U B MIPO-
11eCl MPOIIMBAHHS, 110 301IbIIYEe CKPYYyBaHHS 1 CTUCKAHHS T'JIb3U MIXK JBOMa 30HaMH Jiedo-
pMartii;

— 3HaYHi 3yCHJUIA Ha XOJIOCTI POJIMKM B MpoLeci 0OKaTKH KiHLS T'Ib3HM YCKIIAJIHIOIOTh
KOHCTPYKIIIIO TIPUCTPOIO OOKATKHU 1 30UTBITYIOTh HOTO METAIIOEMHOCTI TIPU 3HUKEHI HAIIHHO-
CT1 B po0OTI;

— HeoOX1JHa HasBHICTh JOJATKOBOI IIMJIIHAPUYHOI ONPaBKU HA CTPHIKHI JIJIs1 OTPUMAaH-
HS CTaOUIBHOTO pO3Mipy BHYTPIIIHBOTO JlilaMeTpa KiHI T'iIb3H, 110 B CBOIO YEPTy YCKIIATHIOE
3HATTS TUIb3H 31 CTPHIKHS,

— Take Npo(UIOBaHHS MEePeIHBOr0 KiHLS T'JIb3U MPUBOAUTH 10 HOTO CYTTEBOTO 0XO-
JIOJKEHHS TIpY Tiepeiayl Ha MUTIrPUMOBUIN CTaH.

Ha namy nymky HOBa TE€XHOJIOTIS MIATOTOBKHU MepeAHIX KIHIIB T'iIb3 1030aBieHa Bij-
MIYE€HHUX BHILE HEMOJIKIB. B TOM ke yac 11 TEXHOJIOTIS HE J03BOJISIE 3a0€3MEYNTH MaKCHUMa-
JILHO MOXJIMBE TIOJTIMIIIEHHS] YMOB 3aTPaBOYHOTO PEKHUMa 3 METOIO 3MEHIIICHHs 00pi3i mepe-
HIX KIHIIB TpyO 1 3HMKEHHSI 4acy 3aTpaBKH. 3aJadyel0 HOBOI TEXHOJOrIl € 3a0e3neueHHs
[IEHTPYBaHHS MEPETHHOTO KIHIA TUTb3M Ha JIOPHI TIepeI MPOKATKOIO, 10 Pa3oM 3 IEHTPYBaH-
HSIM 33{HBOTO KIHIIS TUTB3H 3a0€3MMeUNTh MOXIIMBICTD TIIBUIIIEHHS TOYHOCTI TPYO 32 paXyHOK
3HM)KCHHS 1X PI3HOCTIHHOCTI.
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OxpiM TOro, HeoOXiTHO BpaxoOBYBaTH, L0 Ha MUIIIPUMOBUX CTaHax Bce Oiiblle Haja-
€THCS MIPIOPUTET TOBCTOCTIHHUM TpyOam, ISl IKUX Ll MPOIIEC € pallioHAIBHUM, a JJIs TAaKUX
TpyO 3 3MEHIIEHHAM BUTATyBaHHS 10 4 +8 CyTTeBO 3HUKYEThCs MPoOIeMa 00pisi 3aTpaBo-
YHOTO KiHIIA.

BinnoBinHo m0 HOBOi TexHOJOTril (hopMa MiATOTOBIEHOTO0 NEPEAHBOTO KIHLS TiIb3U
MOYKE MaTd BHI, IpeJcTaBieHuid Ha puc. 1, 6. [Ipu nedopmarii KiHI TUIB3U XOJIOCTHMHU PO-
JMKaMH BiTOYBA€ThCS OTO peAyKyBaHHS 3 YTBOPEHHSIM KOHIYHOTO MPOd i Mpu HE3HAYHOMY

3MEHIICHHI TOBIIMHM CTiHKHU. [lapameTpu miJroTOBICHOTO KiHIIA TiAb3U HA pHC. 1, O mpuii-

MAIOThCSl 3 HACTYIHHX MipKyBaHb. Benmumna BHyrpimmboro miamerpa O =d —Azdﬂ.

[puiimaemo poexuny migrorosiaenoro kinus | =80...100 MM . Toxi kyr Haxmiy yrBO-

prorouoi o, =arctg # abo mpaktuaro o, =6...8". D, =D _+2-1_-tga,.
n
PosrinsitHeMo 0coOaMBOCTI TpoIecy MPOIIMBAHHS HA KOCOBAIKOBOMY CTaHI 3 OJHOYAC-
HOO0 00KATKOIO TIEPEIHBOTO KiHIIS T1Ib3H.
OOKaTHUH MPHUCTPii BCTAHOBIIOETHCS B poOOUil JiHIT MPOIIMBHOTO CTaHAa HA HOTO BU-
XifHi# cTopoHi (puc. 2) Ha BiACTaHi sKa He MEPEBUINYE BEMMYUHY A, 10 BU3HAYAETHCA 3a
dopmymoro B.B. Ilepuanika:

A:Lg-uz—Loﬂ-ucp—l, (1)
e L3 — MIHIMaJbHa JOBXKHWHA 3arOTOBKH, B MM; LmI — MakCUMaJIbHa JIOBKHMHA OCepeqKa
nedopmarlii mpoIMBHOro craHa (emonraropa), B MM; | — moexuna ocepenka medopmarii
npy 0OKaTIl MEPEIHBOrO KiHIA TIIb3H, B MM; [y — CyMapHE BUTATYBaHHSA Ha IIPOIIMBHOMY
cTaHi (eJoHraTopi); K., — CepelHE BUTATYBAHHA B OCEPENKY nedopmallii IPOUIMBHOTO CTaHa
(enoHraropa), sike BU3HA4Ya€ThCS 3 BUPAKEHHS:
Hep =0,5-(p0 +uz).
Tyt Uy — KoedilieHT BUTATYBaHHS Ha OYaTKy ocepeska aedopmartii.
Ipu 3amaniii Bixcrani A, ska BM3HAYA€ThCS KOHKPETHHM IIOJIOKEHHSAM OOKAaTHOTO
MPUCTPOIO MOXKHA BU3HAYHTH MiHIMAIIbHY JOBXHHY 3arotoBku L :
1
L 2—-(A+L " +|). )
3 on cp
Hs
Take po3TamryBaHHS 0OKaTHOT'O MPUCTPOIO BIAHOCHO KJITI MPOIIMBHOIO CTaHa 3a0e3-

nevyye TMPOBEACHHS Tpoliecy oOkaTku mpu 3amoBHeHOMY Ha 100% ocepenka nedopmartii

IIPOIIMBHOTO CTAHA.

Jnst 3aroroBku gosxuuoro L =1500 MM, p, =2,0, p =1,0, L., =720 mm i
| =160 MM Bemmumua A =1760 MM =~ 1800 MM .
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Pucynok 2 — Jlo BU3HaueHHS BIJCTaHI A MiX ocepekoM aedopmariii mpoIMBHOTO CTaHA
(enmonraropa) i 0OKaTHOT'O MPUCTPOIO:
1 — BuxizmHa 3arotoBka; 2 — poOOYHii BaJIOK IPOIIMBHOTO CTaHA;
3 — ompaBKa NPOIIMBHOTO CTaHa; 4 — CTPUKEHb OTIPABKHU;

5 — yIopHO-peryoYnii MeXaHi3M; 6 — XO0JIOCTHI BaJIOK 0OKaTHOTO MPUCTPOIO

OxpiM TOTO, TOAATKOBUMH BUMOTAMH €:

— TOpH3OHTaJbHA BiCh ocepenka aedopmariii OOKaTKH MOBUHHA CHIBHAIaTH 3 BiCCIO
IPOIINBKH;

— XOJIOCT1 POJIMKU OOKAaTHOTO MPHUCTPOIO MOXYTh OYTH BCTAaHOBJICHI Ha KyTH IMojAadyi i
PO3KOUYYBaHHS;

— oOKaTKa MnepeaHbOro KiHI Tijb3u BiAOyBaeThcs 0€3 ONMPAaBKU HAa CTPHXKHI, HO MOXeE
MPOBOJIUTHCA 1 HA ONpaBLi AJIs cTabuni3anii BHYTPIIIHBOTO JiaMeTpa IMiJrOTOBICHOTO KiHIII
TiIb3H;

— XOJIOCT1 POJIMKU OOKATHOTO MPUCTPOIO Micisl MpoLecy 0OKaTKK MOBUHHI OYTH rapas-
TOBAHO PO3BE/ICHI Ha BIJCTaHb, sika 3a0e31euye BUIbHUNA MPOX1J] T'UIb3H /7S 3a11001raHHs aBa-
piiHUX cUTyalid. 3aralbHUM X1J1 XOJIOCTHX BaJIKiB B O0M/IB1 CTOPOHM NOBHHEH 3a0e3IevyBa-
TH HaJalITyBaHHs KajiOpa Ui BCbOTO COPTAMEHTY T'lIb3, 1110 MOKEe OyTH TOCSITHYTO MpH Ho-
ro BeanuuHi He MeHIe 100 Mm;

— NPUBOA JUIS NEpEMIIllEHHS XOJOCTUX BaJIKIB 1 yTBOPEHHS poO0OYOro Kajiidpa NOBUHEH
3a0e3neyyBaTy MBUKE 1 TOUHE BCTAHOBJIEHHS PO3MIpiB poOoUoro Kaiiopa i ix 30epexeHHs B
mporieci OOKaTKU MEPETHBOTO KIHIIA T11h3;

— HEOoOX1JHO KOMIEHCYBATH OUTTS MEPEIHHOTO KIHIIS TUTB3HM MPHU MOTO BUXO/1 3 BaJIKIB
MPOIIMBHOIO CTaHa IUISXOM BCTAHOBJICHHS LIEHTpyBaya CTPIMIKHS OINPABKH 1 TUIB3M MiX
MPOIIMBHUM CTAaHOM 1 OOKaTHUM HPUCTPOEM;

— TpUCTPIN AJ OOKATKU MOBUHEH 3a0e3neuyBaTy BUIbHUNA JOCTYH JI0 KJIITI MPOIIUB-
HOTO CTaHa Jyisi 0OOCTyroByBaHHS B MPOIEC] €KCIUTyaTallli, MOXJIMBOCTI JJIsS MBUJIKOTO TIPO-
BEJICHHS TIEPEBAJIOK BAJIKIB MPOITHBHOTO CTAHA;

— KOHCTpPYKIisl 00KaTHOTO NMPUCTPOIO MOBHHHA 3a0e3MevyBaTH MPOCTOTY 1 3pYUHICTh
CKJIaJJaHHS 1 BCTAHOBJIEHHS MOT0 B JIiHIT MPOIIMBHOTO CTaHa.

60 ISSN 1562-9945 (Print)

ISSN 2707-7977 (Online)



«Cucremui Texnonorii» 4 (159) 2025 «System technologiesy

PosrisiHeMO HOBY KOHCTPYKIIiFO OOKaTHOTO mMpucTporo. Ha puc. 3 — puc. 5 nmokazano
KJITh MPOIIMBHOTO KOCOBAJIKOBOI'O CTaHa 3 OOKATHUM IPUCTPOEM.

KitiTh mpommBHOTO KOCOBaIKOBOTO cTaHa (puc. 3) CKIANAeThes 3 CTaHIHKM 1, IPUBOJI-
HUX pOOOYMX BAJIKiB 2, XOJOCTHX POJHKIB 3, sSIKi PO3MIIIEHI MOMApHO B JBOX HamiBpamax 4
oOkaTHOro npucTporo. Ha ctpmwkHi 5 po3Mimiena npourrBHa onpaska 6. CTpukeHs 5 Boupa-
€THCS B 3aMOK YIIOPHO-PETYIIIOIYOT0 MeXaHi3My (Ha puc. 3 — puc. 5 He moka3ano). Ha puc. 3
HaBeJleHa KJIITh JBOXBAJKOBOTO MPOIIMBHOIO CTaHA 3 HANpAMHUMH JiHiikamu. [lepexin Bin
TEXHOJIOTI1 MiArOTOBKU MEPEIHIX KIHIIIB T'ijb3 MUIIXOM OOTHUCKAHHS KIHIIS TUIB3H MO CTIHII
JI0 TEXHOJIOT1l peayKyBaHHS LIbOTO KiHI YCyBa€ HEOOXIJHICTh PO3MIIIEHHS HA CTPHKHI 5
WIIHAPUYHOI OIPABKU B OCEPEIKY Aeopmaltii KiHIs T1Ib3U XOJIOCTUMH POJIHKAMH 3.

MexaHi3M pajialbHOTO MepeMilieHHs (puc. 4) KOXHOI HamiBpaMu 4 3 XOJIOCTHMHU PO-
JMKaMH 3 BUKOHAHUH y BUTJISLAL TIAPOIMIIIHAPA 7, poOOYi MITOKM SKUX MIAPHIPHO 3’ €IHAaHI 3
HamiBpamamu 4 Ha piBHI oci mpokaTku. KoXHUH rigpounmiHap 7 Mae mo JBa MTOKA METOI0
SKUX € CHHXPOHI3allis pyxy HamiBpaMm. 3HM3Y KO)KHOI HamiBpamu 4 3MOHTOBaHHM Mpodisb-
HUI OMOPHUI oMK 8, a 3BEpXy KOXKHOI HariBpamMu 4 — MiATPUMYIOUHI POKK 9 3 BepTHKa-
JBHOKO OCBIO 00epTanHs. Ponmuk 8 Mae KOHTaKT 3 HanmpsIMHOKO 6ankoro 10 BiAMOBIIHOTO TPO-
¢imro, saxuii 3a0e3nedye CIPUHHATTS OKPIM BEPTHKAIBHOTO, TAKOXK OOKOBOT'O TOPH3OHTANIb-
HOTO HaBaHTaXeHHA. [liATpuMyrounii poirk 9 Ma€e KOHTaKT 3 HaPsSMHUM mBesnepom 11 1 me-
penae Ha HBOrO OiUHE TOPU3OHTANBbHE HaBaHTaXeHHs. Hanpsmuuii mBenep 11 xopcTko mo-
B'I3aHUH 31 CTAHWHOIO KJIITI MPOIIMBHOTO CTaHA TAKMM YMHOM, IO OiYHE HABAaHTAKECHHS IIe-

pellaeTbCs Ha CTaHHUHY 1.

=
L%
=

———

Pucynok 3 — 3aranpHuii BUJ KJTiTi IPOIIMBHOTO CTaHA 1 0OKaTHOTO MPUCTPOIO
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Pucynok 4 — O0kaTHUI npuCTpiii (BU 3a CTPUIKOO HA pHC. 3)
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Pucynox 5 — O6karuwmii npuctpiit (po3piz b-b Ha puc. 4)
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[TizroroBKa mepeaHix KiHIIB TiIb3M HA MPOIIMBHOMY CTaHi B MpOIECi MPOUIMBAHHS
(emoHTyBaHHS) 3/1IHCHIOETHCS. HACTYITHUM YUHOM.

[Tepen moyaTKOM MPOIIMBKH 3arOTOBKM HAJAIITOBYIOTH poOOYi BAJIKM 2 HA 3aJaHUN PO-
3Mip TiIb3H, 00epTaHHsIM O6apabaHiB BCTAHOBIIOIOTH HEOOXIHHIA KYT To/1a4i poOOYHX BaJIKiB.
HanpsiMui niHiMKY (17151 ABOXBAJIKOBOTO CTaHa) 1 ONMPaBKy 6 BCTAaHOBIIOIOTH B HEOOXiAHE MO-
JIO’KEHHS.

B BuxinHOMYy MOJIO’KEHHI TIEpe] MOYaTKOM MPOKATKH 3aroTOBKHU B TilIb3y HamiBpamu 4
3a paxyHOK BTATHYTUX POOOYMX MITOKIB TFAPOIMIIIHAPIB 7 BiABEEHI BiJl OCI MPOKATKH HA Ta-
Ky BiICTaHb, IIPH Kiil ONepeaHs riib3a BUTbHO MPOXOAUTH MK XOJOCTUMH poJHKamu 3. Sk
TUIBKH BMUKA€ETHCS B poOOTY BTATYBau (Ha puc. 3 — puc. 5 He MOKa3aHHii) 3arOTOBKHU B CTaH,
HA/IXOJUTh CUTHAJl HAa BUCYBaHHs poOOYMX INTOKIB Timpomwiinapi 7. HaniBpamu 4 nounna-
I0Th CHHXPOHHO 30JIM)KYBaTHCS MK COOOIO JI0 THX Iip, TOKA MiX XOJIOCTUMH POJIMKaMH 3 Ha
JIBOX HariBpamMax He BCTAaHOBHTBHCS PO3PaxXyHKOBA BiJACTaHb /IS MIATOTOBKH MEPEIHBOTO KiH-
1151 T1Th3H, SIKA MPOKATYEThCS Ha cTaHi. Komanay Ha 3ynuHKy HamiBpam 4 nogae abo ¢otona-
TYHK, a00 Mporpama KepyBaHHS TiApoumTiHIpaMu 7. JIOCATHYBIIN 33JaHOi BETMYMHH XOIY
pOOOYMX MITOKIB TiAPOUMITIHIAPIB 7, OCTAHHI MEPEXOATh Y 3allEpPTUil CTaH, IPU IKOMY Bi0y-
BAETHCS PEAYKYBAaHHS MEPETHBOTO KiHIIS T1Tb3H.

3aroToBKa, IPOCYBAIOYHCh B3JIOBXK Oocepeska Aedopmallii mMpoIMBHOTO cTaHa (eloHra-
TOpAa), MPOIIUBAETHCA B TUIB3Y. [lepenHiil KiHelb TUTb3H, 3MIMCHIOI0YN 00epTAIbHUH 1 IOCTY-
NaJbHUM pyX BXOJIUTH B 30HY ocepenka aedopmarii 00KaTHOTO MPUCTPOIO, YTBOPEHOTO XO-
JIOCTUMU pojiuKaMu 3. BXoJuu B KOHTAKT 3 poJMKaMu3 KOHIYHOT (hopMHU, KiHEIb TUIb3H MO-
ynuHae AeQopMyBaTHUCs 31 3MEHILIEHHSM MOro 30BHIIIHBOTO JiaMeTpa Ha 3aJaHiil JOBXHHI
(100 — 200 mm). Mae miclie mporiec peyKyBaHHsI KiHIlS TIb31 0€3 00THCKAHHS 110 CTIHII, 110
00yMOBJIEHO BIJICYTHICTIO HAa CTPM’KHI IIWUIIHAPUYHOI ompaBku. [Ipu 1iboMy mocTynaabHUR
PyX TiIB3H, SIKa MPOKATYETHCS, HE TPUIHHSIETHCS, a OMip IIbOMY PYXY 31 CTOPOHH POJIUKIB 3
30UIbIIyeThCS. [ OTpuMaHHs 3aaHO1 TOBXXWHU MIATOTOBJICHOTO KIHIII T1JIb3W CUTHAT Ha
PO3BEeICHHs HamiBpaM 4 HaaXOAUTh a00 BiA AATYUKIB TUCKY B MOPOKHUHAX T1IPOLMIIHAPIB,
a0o BiJ aT4YMKiB nepemimieHHs HamiBpaM 4. IIIBuakicTh po3BeeHHs HamiBpaM 4 BUILE HIBU-
JIKOCTI 1X 30JIM>KEHHS.

[Timgac mMATOTOBKU MEPEAHBOTO KIHIS T1b3U HA POJUKH 3 31 CTOPOHU OCTAHHBOTO [li-
I0Th JIBI CHJIM: OJ[HA CHJIa CIIPSIMOBAaHa B3JIOBXK OCI MPOKATKH 1 MMparHe 3CyHyTH HamiBpaMmu 4 B
CTOPOHY YIIOPHO-PEryJIbOBOYHOI'O MEXaHi3My; Jpyra cujia — pajiaibHa, COpsIMOBaHa Meprie-
HAUKYJISPHO HEepUIiil B CTOPOHY TiapouuiinapiB 7. OckoBa cuila CIPUHMAETHCS B IBOX TOY-
Kax HaIiBpaMH: 3HU3Y B KOHTaKTI NpOo(UILOBAHOIO OMOPHOTO POJIMKA 8 3 HAMpsIMHOIO Oali-
KOIO, SIKa 3aKpilyieHa Ha (yHJaMeHTI; 3B€pXy — B KOHTAKTI NIATPUMYIOUOTO posivka 9 3 Ha-
IIPSIMHUM IIBenepoM 11, Akuii nepenae HaBaHTAXKEHHS HA CTAHWHY | MPOIIMBHOTO CTaHa.

[Ticnst BUKOHAHHS Orepartii maroToBKH MePeaHBOr0 KIiHIIA TUIb3HU 33/1aHO1 TOBXUHU Ha-
niBpamu 4 MIBUJKO BIAXOASTH BiJ TJIb3U 32 PaXyHOK MEpEeMHUKaHHS T1IPOLUUIIHAPIB 7 HA BTSI-
TyBaHHS poOOYMX IUTOKIB, 1 TiJb3a BUIBHO NEPEMIIIYEThCS B HANPSIMKY YHOPHO-
PErysiboBOYHOr0 MexaHi3ma. [1o 3akiHUeHHIO MPOKATKH T'ijIb3a 31 CTPHIKHEM 5 OIyCKa€eThCs 3a
JIOTIOMOT'OF0 JIBOX IUOEPIB HA MPUHUMaIBHUN POJIBTAHT, & POJIMKH MPUUMAIILHOTO POJIbIaHTa,
K1 00ePTAIOThCS, CTATYIOTh TUTB3Y 31 CTPUKHS, IKUH YTPUMYETHCS BII pyXY pa3oM 3 TIb3010
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mmbepom y KimiTi ctana. Ha puc. 3 — puc. 5 npuiiManbHUN pOJIbrafr 1 mudep He MoKa3aHi.
['inp3a HanpaBIAETHCS HA MUTITPUMOBHIA CTaH, a CTPUIKEHb 5 3a JOMOMOTOI0 JIBOX IIHOEPIB 1
YIIOPHO-PETYJILOBOYHOTO MEXaHi3Ma BCTAHOBIIIOETHCS B POOOYE MOIOKEHHSI, TOOTO TifiiimMa-
€TbCS 70 OCI MPOKAaTKU. TakuM YMHOM, MPOIIMBHA OMpPaBKa BCTAHOBIIOETHCSA B 30HI aedop-
Marlii mpomuBHOro cTaHa. [Ipu 3aMiHi CTPHXKHSA, IpU 0OCIYyrOBYBaHHI MEXaHI3MIB BUXiIHOL
CTOPOHH CTaHa HamiBpaMu 4 PO3BOIATHCS, YTBOPIOIOUM BUIBHHUM MPOCTIp /Uil 0OCIYrOByBaH-
Hs 00JIaIHAHHS CTaHa i 0OKaTHOTO MPUCTPOIO.

3anporoHoBaHa KOHCTPYKIIiSl IPOIIMBHOTO CTaHa 3 OOKATHUM HPUCTPOEM IS MiJrOTO-
BKH MIEPEIHIX KiHI[IB T'1JIb3 T03BOJISE:

— 3MEHIIWTH BTPATH TEIUIa KiHIEBOI AUISHKY TiIb3H MPH i1 epeaadi 10 NiJIirpiMOBOTO
CTaHa;

— 3HHU3UTH CHEProCHUJIOBI MapaMeTpu OOKATKW MEPEIHIX KIHIIB Tijdb3 XOJOCTHUMH PO-
JIMKaMH 32 PaXyHOK 3MEHIICHHS CTYNEeHs 1eOpMYBaHHS;

— CIIPOCTUTHU KOHCTPYKIIIFO 0OKATHOTO MPUCTPOIO 1 3HU3UTU HOTO METAJIOEMHICTB;

— MOJINIIUTH 0OCIyroBYBaHHs OOJIaJJHAHHSA 332 paXyHOK 3a0e3ledyeHHs OCTyIy Iep-
COHAITY JUIS IPOBE/ICHHS HAJIAIITYBaHHS 1 PEMOHTHHX POOIT.

Jl1st po3p0oOKH TEXHIYHOTO MPOEKTA 3aIIPOIIOHOBAHOTO 0OKATHOTO MPUCTPOIO HEOOX1THO
BU3HAYUTH €HEPTOCHIIOBI MapaMeTpH MpH OOTUCKAHHI KiHIIIB T'ijb3, IO JO3BOJUTH BUKOHATH
PO3paxyHKH 00JaJHAHHA OOKATHOTO MPUCTPOIO HA MIIHICTH 1 BUOpPATH MOTYKHICTh TiAPOLIH-
JHAPIB MEPEeMIilIEHHS HAIlIBPaM 3 XOJIOCTUMH POJTUKAMH.

Bu3zHaveHHs1 eHeprocu/JoBUX NapaMeTpiB MiATOTOBKHM MNepeaHiX KiHUiB rinn3. B
po6oTi [9] po3risiHYTHI TIpOLIEC 3aTOCTPEHHS IEPEIHIX KIHI[IB rapsiuuX T'Ib3, 10 BUXOIATH 31
CTaHa-eJIOHTraTopa Mepes Mojavyero iX B NUIIrpuMOBUN cTaH. YOTHUPU XOJIOCTUX KOHIYHUX PO-
JIMKa MOMapHO BCTAHOBJIEHI B PyXOMHUX KaceTax 3 JBOX cTopiH. KoxKHOMY TUITOpPO3MIpY TiJIb3,
10 MTPOKATYIOTHCS, BIATOBIa€ BU3HAUCHE TTOJI0KEHHS KaceT 3 POJMKAMH 3 TaKUM PO3paxyH-
KOM, 100 BiJ MOYATKy JOTHKY TOPI TUIB3U 3 pOJMKaMHU A0 (OpMyBaHHS KOHyca Ha KIHII
T'UTh3H, 11€ TIOJIOKEHHS 0yJ10 cTaOUIbHUM. B MOMEHT 3aKiHYEHHS 3arOCTPEHHS KACeTH 3 POJIH-
KaM# BIIXOJATH BiJI T1JIb3U 1 TUM CaMUM 3a0€3IeUyIOTh ii BUIbHHM pyX.

Tax sk ponukwu, 1m0 AePOPMYIOTh, HEIPUBO/IHI, TO podOTa AeGopMarllii KiHIIS TUIb3H Bl-
NOYBa€ThCs 3a PaXyHOK PE3EpBY CHJI TEPTS B ocepenky aedopmarlii craHa-enoHratopa abo
pomuBHOTO cTaHa. B po6oTi [9] HamanHs KOHIYHOT (POpPMU 30BHIIIHIN MOBEPXHI KIHIIA T1b-
34 BIJOYBAETHCS MPAKTUYHO 0€3 3MIHHU i BHYTPILUIHBOTO JlaMeTpa 3a paxyHOK LMIIHIAPUYHO-
ro TIOTOBIICHHS Ha JIOPHUITAHTI, SIK€ BIAIrpae poib onpaBku. [Ipy boMy KOHIYHA 30BHILIHS
MOBEPXHS TUIB3U 3a0€3MeYy€eThCS CTOHIIEHHSIM CTIHKH KIHIS TUTB3U XOJOCTUMHU POJIMKAMH.

[Ipu nepexoai 10 HOBOI TEXHOJIOTII MiITOTOBKU T'JIb3 LUISIXOM PEAYKYBaHHS iX Mepen-
HIX KIHI[IB pOJINKaMHU OOKAaTHOTO MPUCTPOI0 0e3 0OTUCKAHHA IO CTIHII MPEACTaBisie IHTepec
OLIIHKAa €HEPrOCHIJIOBUX ITapaMeTpiB, a caMe TUCK MeTajla Ha XOJIOCTI POJIMKH.

3M1iCHUTH MIJATOTOBKY MEPEIHIX KIHIIB T'JIb3 Ha MPOIIMBHOMY KOCOBAJIKOBOMY CTaH1
abo cTaHi-eJIOHraTopi MPOMOHYETHCS HUIIXOM PeAYKYBaHHS MEPEAHBOTO KIHIIS TUIB3H B Kajli-
Opi, YTBOPEHOMY XOJOCTHMH POJMKaMH. Take MiAroTyBaHHS MEePEAHIX KIHIIIB TUTb3 TPOMOHY-
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€THbCS TPOBOJUTH B 0OKATHOMY MPUCTPOI, PO3TAIIOBAHOMY Ha BUXIJTHIN CTOPOHI TBOXBAJIKO-
BOr0 200 TPEXBAJIKOBOI'O CTaHA TBUHTOBOT MPOKATKH.

JJis 1bOTO PO3TIISIHEMO TIIOCKY 33/a4y AeGOpMyBaHHS KiHIS T3 METOI0M J[KOH-
cona [10]. Ha puc. 6 mokazaHa cxema JIiHIi KOB3aHHS B CTIHII T'UIb3M Ha JUISIHIN JOBXHUHOIO
L=150 MM B MOMEHT 3aKiHYEHHSs 3aIOCTPEHHSI.

Tyr V,, — HocTynanbHa MIBHAKICTH TiIb3H, 3 SIKOIO BOHA BUXOAUTH 3 IPOMIMBHOIO CTa-
Ha a0o0 craHa-ejgoHraropa, V . — HIBUAKICTb TOPLS I'UIb3H B HANPSAMKY ii OCl, SKa MEpEBH-
IIye MBUIKICTH V__ Ha BXOJl B OcepeloK AehopMyBaHHS 3a PaXyHOK BHTSTYBAHHS B3IOBXK
ocl.

lomorpad mBuakocTel OyayeThcst HACTymHUM oOpa3oM. [3 momoca 0 Bigkiamaemo B
JIOBUILHOMY MacIUTadl IIBUAKICTH V_ _ Ha BXOII B ocepenok AedopMmyBaHHS V = OP.B
TpukyTHUKY ADBB mBuaxicte V _ mae nBa kommonenta: 0Q B3momx mimi AJ[ i PQ
B3n0Bxk Jinii AB. IlIBuakicte 0Q y minii BJ] takox mae nBa kommnonenta: QR B3mosxk

miuii B[l i OR=v, -

X

AUHTTED b [TTTTIA :
& ®

l % i 4 ¢/l

\% B ~ B @y/ i R

W Q?/ \%'D @ & &

[
i

Uﬁu:c a Usm:
Pucynox 6 — I[lone niniit koB3aHHs o MeToAy JlkoHcoHa (a) 1 romorpad mBumaKocTeit (0)

IIBH/IKICTH BUXO/Y. AHAIOTT4HO OyayeThest romorpad 3 miBoi croponu Bix minii OR.
BepxHboMexoBe MUTOME HaBaHTAKEHHS P Ul KOKHOTO 3 YOTHPHOX OCEpEKiB Jedo-

pPMyBaHHs po3paxyeMo BiAMOBIIHO piBHAHHA [ 10, c. 218]:

2 ABE-FBH% ,

i.jg T T
Bitv, B v v

BX BX

p-Ab=

ae V . — IIBMJKICTh PO3PHMBY B3J0BXK JIHIA S pO3pUBY IIBUIKOCTEN 13 Togorpada; O, — Me-

’Ka TeKy4OCTi Marepisia rijab3u.
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3BIAKIIS OTPUMAEMO
2 AB P B, R
p e GS . . Q + I[ . Q
NG Ab v, Ab v

Taxkum unHOM, 11106 11O Popmyi (3) po3paxyBaTH MUTOME HaBAaHTAKEHHS P OIOPY pPy-

©)

Xy TiJIb3H B MOMEHT 3aKiHYCHHS 3arOCTPEHHsI, MOTPiOHO BuMipsaTH noBxuny ninii Ab, AB,
BJ1 i noxuny miniit OP(VBX ), PQ, QR wna rogorpadi (puc. 6).
OMiHKYy NMUTOMOTO HABAHTAXXEHHS P BHKOHAEMO Ui BOX TUIOPO3MIpIiB TIb3, IO

IPOKAaTyIOTECA Ha mnimirpuMoBomy crtani 5—12" a came: s HaliMeHIIOi Tinb3u
DxS=320x75 MM , sxa npusHaueHa i npokatku Tpyou & 168 MM , i nius HaiGinbmol
rine3n DxS=505x70 MM , sika npusHauena aj1s npokatku Tpyou & 377 MM .

3 nmoOynoBaHWX oceperKiB nedopMyBaHHS 1 rogorpadiB MBUAKOCTEH I MUX JBOX
rib3 B OHOMY MacmTali OTpMMaHi HACTYIHI 3HAUYEHHS T€OMETPUYHHUX BEIHYUH, SIKI BXO-
ISTh 10 ckiany hopmynu (3):

— s rinp3n D 320/170: AB=52mMm; Ab=37,5Mm;B1=53 MMm;

OP=30 MM ; PQ=8 Mmm; QR=115MMm;

— s T3 D 505/365: AB=50 MM ; Ab =35 mMm ;B =54 MM ;
OP=30 MM ; PQ=7,5mm; QR=115Mm.

Po3paxyHK{ ATOMOTO HaBaHTaKeHHs P 110 popmyii (3) mae:

1,14 -1,05 _
— st HadimeHof rie3n — p = 1,05 -6, mo Ha —————— =7,9% wmeHe, anix B

poborti [9];
1,2-1,095
1,2

— s Hait6inemof rime3n — p = 1,095 -6, mo Ha =8,7% wmenme, aHik

B poboTi [9].

Ha miacraBi muTOMOro HaBaHTa)KE€HHS p B po0oTi [9] BU3HAUYEHI 3ycHLIs, K1 JTIIOTh 31
CTOPOHHM TUIB3M Ha POJMKH 1 HA JOPHIITAHTY, a TAKOXK CyMapHe 3yCHIIIS ONOpPY MOCTYHallb-
HOMY PYXY TUIb3H.

BuxoHyto4i NOpiBHAHHS MK PO3IJISHYTUM B JaH1i poOOTI MPOLECOM 3arOCTPEHHs KiH-
1S TUTb3U 0€3 OTMPaBKHU 3 MPOIECOM 3arOCTPEHHS Ha OMPABIIl, AKUH PO3TISIHYTO B pobOoTI [9],
MOXHA BIIMITUTH HACTYITHE:

— CTymiHb AedopMaliii MeTana Tiib3M B MPOLIECI 3arOCTpeHHsl 0e3 ONpaBKU 3aBioMa
MEHIIIe, aH1K B MPOIIECi 3 OMPABKOIO, OCKUTBLKH BiJICYyTHE 3MEHIIICHHS TOBIIMHY CTIHKH TUTh3H;

— MBHJIKICTH JAedopmarii 0e3 ompaBKU 3aBijioMa MEHIIA, TaK SIK MPU OAHIN 1 Til ke
camiii TOBKHHI 3aroCTpeHHsI L BUTATYyBaHHS METaly MEHIIE, YHM 3 OIPABKOI0;

— IUIOIIA KOHTAKTy MIXK POJIMKaMH, SIKi 1e()OPMYIOTh, 1 TJIb3010 B MPOLEC] 3arOCTPEH-
Hs 0e3 ompaBKH, MOHAMMEHINE, HE MOXKe OyTH O1IBIIOI0, YAM TIJIOIIA KOHTAKTY B TIPOIIECi 3
OIPABKOIO, 1110 BUTIKA€ 3 YMOBH 3MEHIICHHS TUTOMOI'O HABAHTAXXEHHS P .
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TakuM YMHOM, MO’KHA BBA)KaTH, L0 B MPOIIECI 3arOCTPEHHS KiHIIS rapsAvoi TiIb3u XO-
JOCTUMH KOHIYHHMH POJIMKaMHU 0€3 OMpaBKH HE MEHINE, aHDK Ha 8-9% 3HMKYIOTHCS CHIIH,
K1 TIFOTH 31 CTOPOHU T'UIB3M HA POJIUKHU 1 CyMapHa CHJIA OMOPY MOCTYHAIBHOMY PYXY Tilb3U B
HOPIBHSHHI 3 MPOIIECOM 3arOCTPEHHS Ha OMPABII.

IMinroroBka 3aaHix KiHuiB risis3. [liAroToBKa 3aJHIX KIHIB TUIb3 MEpPEA MUIITPUMO-
BOIO IIPOKATKOIO BUKOPUCTOBYETHCS JJISI PIICHHS JBOX OCHOBHHUX 3a/ad4: MepIla IOJsrae B
3a0e3meueHHl yMOB 3apsi/UKaHHS IOPHA B TUIH3Y 1 3MEHIICHHS THM CaMUM CEPEIHBOTO 3Ha-
YeHHS BEJIMYMHHU 3a30py MK T30 i JOpHOM 10 ontuMaibHoi Benmuunau 10 +12 Mwm,
Jpyra — B 3MEHILIEHHI MacH MUIITPUMOBOI T'OJIOBKH, SIKA BUIAISAETHCA B OOPi3b TUM CaMHUM
301IBIIYIOYN BUTPATHUHN KOE(DILlIEHT MeTaa.

[Tpu mpoxaTmi riik3 HA CTaHI €MOHraToOpi (ABOXBAJIKOBOMY 3 HANPSIMHUMH JIiHIHKaMH)
TIIA 5—12" mae micie 3MeHIIEHHS 30BHIIIHLOTO 1 BHYTPIMIHEOrO JiaMETPiB 3aAHBOrO KiH-

1 rinb3u Ha goxudi |, #100+120 MM (puc. 7, a). npu bOMY 3MEHIIEHHS BHYTPIIIHbO-
ro JiamMeTpa Ha 3aJHbOMY TOPIIi Iiib3u ckianae 8 +12 MM , 1o npuBOAUTE 10 HEOOXiAHOCTI
30iIbLIyBaTH 3a30p A MiX JOPHOM i I'iJIb30K0 B OCHOBHIM 1 wactuni 1o 20 MM i Gijblie.
Take 30ibIIEHHS 3a30py A HEraTHBHO BIUIMBAE HA YMOBH ILJIIIPHMOBOT ITPOKATKH OCOOIMBO

TOHKOCTIHHUX TPYO, 3HIDKYIOUH IX TOYHICTH 1 3MEHIIYIOUU MPOAYKTUBHICTh. Ha neskux mimi-
TPUMOBHX arperarax Jjsi YCyHEeHHs Li€l mpoOieMu po3BEpTalOTh TiIb3Y IMICHs MPOIIUBAHHS

Ha 180°. B npomy Bunaaky HeoOXiHO 31iHCHIOBATH MPOMIMBKY TiJib3 32 HOBOK TEXHOJIOTi-
1o (puc. 7, 6) pospooisienoro b.I. TaprakoBchkuM, sika 3a0e3medye CTOHIIEHHS 33 JHbOTO KiH-
115 TUIb3U 31 CTOPOHU BHYTPIIIHBOTO JiaMeTpa 3a paXyHOK IEpEeMILICHHs ONPAaBKHU B HaIPSIM-

Ky MPOTUJIEKHOMY HanpsiMKy npomuBaHHs [11]. Ilpu 3aaaniil BenMYuHI CTOHILIEHHS 3a/IHbO-
r'0 KIHIIA T1Ib3U Ha TOPIIl BU3HAYAETHCS JOBKUHA MEPEX1THOT KOHIYHOT AUITHKA |3 )

Ha puc. 7, B HaBezieHO (opMa 33AHBOTO KIHIIA TUUTb3HU 31 3MEHILIECHUM 30BHIIIHIM Jliame-
TPOM Ha JOBXHHI |, piBHIN JOBXMHI MTIrPMMOBOI IOJOBKH, 32 PaXyHOK 3BEJCHHS BAJIKIB

IpU 3aKIHYEHHI MTPOLIECY NMPOIIMBAHHS.
Posrisinemo BapiaHT LIEHTpYBaHHS 3aJHBOTO KIHIS T'UIb3M Ha JOPHI Mepes MuUIrpuMo-
BOIO IIPOKATKOIO (pHcC. 8, a), IpU SKOMY Cepe/lHI BHYTPILIHIN AlaMeTp Tiiab3u MO BCIH JT0B-

KUHI TOPIBHIOE dT , CepenHii miaMeTp poOOY0i YaCTHHU JTIOPHA JTOPIBHIOE dZl 1 BIAIIOBIIHO
3a30p A MiX rilb3050 i JOPHOM B IIbOMY BUMAAKY ckiage A=d — dﬂ .

JopH 3 mae KOHIUHUN MOSICOK 4, SIKUM MPUMUKAE 10 TOJIOBKH JOpHA. SIK BUIUIMBAE 3
puc. 8, a Uil EHTPyBaHHS 3aHBOTO KIiHIIA TUIB3U 2 BIIHOCHO JIOpHA, SKUWA Ma€ KOHIYHUHN
nosICoK 4 € B ineansHoMy Bunazaky pieaicts d =d . 1 ymoBa € HeoOXiaHOW0 W NIPHiiHS-
TOI CXEMH, HO HEJIOCTATHBOKO B 3B 3Ky 3 BifXuieHHsAMH 3Ha4yeHb 0 1o i noBxuHi, sKi Ma-

I0Th MICIIE, 1 0COOIMBO Ha 3aJHHOMY KIHIII.
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Pucynok 7 — I'inb3a 3 pi3HOIO (OPMOIO 33/IHIX KIHIIIB:

2

1 — ocHOBHa YacTHHA; 2 — 3aAHIH KiHEIb

b
1] |
dr,
—

4 a

dr
1
dy

bk >

Pucynox 8 — LlenTpyBaHHS 3aAHROTO KiHIIS T1JIE3H HA JIOPHI ()
Ta JJOPH 3 KOHIYHUM MOSCKOM (0)
1 —rinp3a; 2 — 3aaHIN KiHENb TUIb3H; 3 — NOpH; 4 — KOHIYHUHN TOSICOK JOpHA
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Ipu ymosi d_=d_ nmapamerpu koHiuHOrO mosicka 4 (puc. 8, 6) BU3HAYAOTHCS HACTYII-
HUM urHOM. [IpuiiMaemo nosxuny nosicka | =1, ne |, — nosxuna Henoxara mninbrep-

ronokr (|, =50 Mmm ). Tipn Bemwumni 3asopy A=d_—d, =20 mwm, s3Hauenns

A o
d, =d +A,asemnunna kyra oo =arctg ST B upomy Bunaaky o =12,5°. Jlns rapan-

TYBaHHS IICHTPYBaHHs 3aJIHBOTO KIHIISA T'UIh3W Ha JIOPHI HEOOXIMHO 3a0€3MEYUTH HATAT MIXK

HUMH [UIIXOM pO3/a4H B MPOIIECi 3aps/KaHHA JOPHA B TiIb3y HA BETUYUHY dp. Toni 3Ha-

+
YeHHs KyTa Ol BU3HAYMMO 3 BUpaXeHHs O = arctg 2—|p' [pu dp =10 MM , 3HaueHHS

K

kyra ckinage o =18,5". Konkperna sennunna dp BH3HAYAETHCS JIOCHITHAM IUISIXOM 3 Bpa-

XYBaHHSIM MOXJIMBOCTEH T1IPOLMITIHIPA 3apsKaHHS.

[TinroroBKa MEepeaHBOrO 1 3aJHHOTO KIHIIA TUIB3M Ha JOPHI Mepea MUIIrpUMOBOIO PO-
KaTKOIO 3a0e3Meuye iX CHiBBICHICTb, 110 3HUXKY€E PI3HOCTIHHICTH TPYO 1 MiJBUIIYE MPOTYKTHU-
BHICTh cTaHa (puc. 9).
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Pucynox 9 — PaitionanbHe MooyKeHHs T1b31 Ha JOPHI Mepe] MUIIrPUMOBOIO TPOKATKOIO:

1 — ocHOBHa yacTWHA TUIb3U; 2 — JOpPH; 3 — MEPeaHii KiHelb T1Ib3H;
4 — KOHIYHUH TIOSICOK JIOPHA; 5 — 3aJIHINA KiHEIb TUIb3U; 6 — JOPHOBE KIJIbIIE

Jlns nonermeHHs 3apsaKaHHs TUIb3M JOPHOM Ha JUISIHIN M1ATOTOBIEHOTO NEPEIHbOTO
KIHIISI 3alpONOHOBaHA 3MiHEHAa KOHCTPYKIIS NepeJHbOro KIHIS JOpHA, SKa HaBeJeHa
Ha puc. 10.

BinMiHHOIO 0COONUBICTIO JJOpHA €: HAsBHICTh LWIIHIPUYHOI HANPSAMHOI IUISHKU 2 1
KOHIYHO1 JUISHKH 3, Ha SIKOMY 3JIIMCHIOETHCS PO3JaBaHHsS BHYTPIMIHBOTO IIiITOTOBJIEHOTO
nepeaHboro Kinus ritesu. Jiamerp d, memo menumii giamerpa d (Ha puc. 1, 6) myis npak-
THYHO BUIBHOTO PYyXy TEPEIHBOrO KiHIlA JOpHA B Tiib3i. JloxkuHa 1iei ginsuku | BusHava-

€TbCsl 3 KOHCTPYKTUBHUX MipKyBaHb. Jlinsuka 3 mae mapamerpu | i kyr ¢. SIkmo Bennunna

| BM3HAuyaeTbCs 3 KOHCTPYKTHMBHUX MipKyBaHb, TO KyT KOHYCHOCTI BHM3HA49acThCs

K
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(p:arctgg—ll. Bubip xyra ¢ 3aiCHIOETbCA eKclepUMeHTalbHO. [Ipu 1boMy 3MeH-

K
LIEHHS KyTa (0 CIIPHsE 3HM)KEHHIO OCOBOT'O 3YCHJUIS BBEACHHS JIOpHA B MiJTOTOBJICHUHN IIe-
penHii KiHeIb TUIb3H.
CxeMa 3apsJpKaHHS JIOpHA B TJIb3Y pHBeAcHa Ha puc. 11.

d

Il | L

Pucynok 10 — JlopH 3i criemiaabHOO GOPMOFO MEePETHBOTO KiHIIS:
1 — ocHOBHA YacTHHA JJOPHA; 2 — NWIIHIPUYHA AUISHKA; 3 — KOHIYHA IIISTHKA
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Pucynox 11 — Cxema 3apsjipkaHHS TOPHA B T1IB3Y 3 MIATOTOBICHUM MEPEIHIM KiHIIEM,

Jie a 1 O MoYaToK Ta KiHellb 3apsKaHHS:
1 —rine3a; 2 — mepenHii KiHelp Tib3u; 3 - TOpH

BucHoBku:

1. 3anponoHoBaHa HOBAa TEXHOJIOTIS MIATOTOBKH MEPEIHIX KIHIIB rijb3 Mepesa MiIirpu-
MOBOIO MPOKATKOIO, BIIMIHHOIO OCOOJIMBICTIO AKOi € peAyKyBaHHS MEPEIHbOTO KIHIIS TIb3U
XOJIOCTUMH POJIMKAMHU OOKaTHOTO MPHUCTPOIO, SIKUM pO3TAIllOBaHUN Ha BUXIJIHINA CTOPOHI KO-

COBAJIKOBOT'O IMPOIIMBHOT'O CTaHa.
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2. HoBa texHooris 3a0e3meuye HeHTPYBaHHS MEPEIHHOT0 KIiHIS T'UIb3U Ha JOPHI, IO €
HANGIIBI palioHATLHIM TPH TIPOKATIli ToBcToCTiHHNX Tpy6 3 D/S=6-12,5 i D/S<6.

3. 3anponoHOBaHO KOHIEMI[II0 0OKATHOTO MPUCTPOIO, KOTPA BiIPI3HAETHCS OUIBII MPO-
CTOIO KOHCTPYKIIIEIO 1 MaTEePIaIOEMHICTIO, IO 3HIKYE KaIliTaabHI BUTPATH.

4. 3a 10MOMOr00 METO/Ia JIIHIA KOB3aHHS BU3HAYEHI 3yCHUJUIS HA XOJIOCTI POJIMKU O0Ka-
THOTO IPUCTPOIO B MPOIEC] pelyKyBaHHS MEPEAHBOTO KiHII T'IIB3H.

5. Po3ryisiHyTI MUTaHHS MiATOTOBKY 3a{HIX KiHI[IB T1JIb3 JJIS MTOJICTIICHHS 3aps)KaHHS B
HUX JOpHA, JJIs 4Ooro Moke OyTH BHUKOpPHUCTaHA TEXHOJIOTIS, KOTpa mepeadayae CTOHILIECHHS
3aJIHBOTO KiHIIS T1Ih3U MTPH TPOITUBAHHI.

6. 3anponoOHOBaHO LIEHTPYBAHHS 3a/IHHOTO KiHIIS T'JIb3M HA JIOPHI 3 KOHIYHUM TOSCKOM,
KU IPUMHUKAE IO TOJIOBKU JIOPHA, IO 3/A1MCHIOETHCS MPU BBEJEHHI JOpPHA B TUIB3Y 3a JIOMO-
MOTOO TiIPOLMJIIH/Ipa Ha IJISHII T03aCTAaHOBOTO 3aps/PKaHHS.

7. 3milicHEHHS IMMATOTOBKH IEPEAHBOTO 1 3aJHBOrO KIHIIIB TiIB3M 3a0€3MeYuTh il
HEHTPYBaHHS Ha JOPHI Mepeja MPOKATKOIO, 110 J03BOJIUTH MiJABUIUTH TOYHICTH TPYO 3a pa-
XYHOK 3HIDKEHHS TIOTIEPEYHOT Pi3HOCTIHHOCTI 1 30UTBIINTH MPOYKTUBHICTH CTaHa 32 PaXyHOK
30UIBIICHHS [T0a4i.
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Technology of preparation of sleeve ends before pilgrims rolling

The paper considers the issues of improvement of hot pilgrim rolling of pipes by means
of preparation of front and rear ends of sleeves. The presence of a gap between the sleeve and
mandrel increases transverse variance and reduces pipe accuracy during pilgrim rolling. In
the present article the issues of preparation of the front and rear ends of the sleeves to ensure
the alignment of the sleeve and mandrel in the process of Pilgrim rolling are comprehensively
considered. The preparation of the front ends of the sleeves is proposed to be carried out on a
slant-rolling piercing mill by idle rollers of the swaging device located on the output side of
the piercing mill. In the work a new technology of preparation of front ends of sleeves
providing their reduction by idle rollers without compression along the thickness of the sleeve
wall is proposed. The concept of a running-in device characterised by lower metal intensity
and, accordingly, capital expenditures is proposed. By means of the sliding line method the
forces acting on the idle rollers during reduction of the front ends of the sleeves are
determined. The questions of preparation of back ends of sleeves before pilgrim rolling of
pipes are considered. The back end of the sleeve after piercing has reduced outer and inner
diameters, which makes it difficult to charge the mandrel into the sleeve, increasing the gap
between them, which adversely affects the deformation of metal by rolls during pilgrim
rolling, increasing the differentiality of pipes. To facilitate loading of the mandrel into the
sleeve, the piercing technology is used with the mandrel moving in the direction opposite to
the sleeve movement when the rear end of the workpiece approaches the rolls. As a result, it
is possible to provide thinning of the sleeve wall in the direction towards its rear end with an
increase in the internal diameter at the rear end, which facilitates the conditions of mandrel
loading into the sleeve. Thinning of the wall of the rear end of the sleeve due to the
convergence of the rolls of the piercing mill can reduce the volume and mass of the separated
pilgrim head. To facilitate the loading of the mandrel into the sleeve with the prepared front
end at the out-of-station charging section of the piercing mill, the calibration of the front end
of the mandrel with a cylindrical shape is proposed, while ensuring the minimum tension
between the front end of the sleeve and the mandrel for centring between them. The proposed
technology of centring the rear end of the sleeve on the mandrel, which provides for the
presence of a conical belt adjacent to the head of the mandrel. The parameters of the conical
belt of the mandrel are determined taking into account the gap between the mandrel and the
sleeve with its constant value along the length of the sleeve. Charging of the mandrel with a
new calibration of the front end and a conical belt adjacent to the head with the help of a
hydraulic cylinder of the priming press at the section of off-stage charging ensures centring of
the front and rear ends of the sleeve on the mandrel.

Keywords: pilgrim mill, sleeve, mandrel, piercing cross-roll mill, rolling device, idle
rollers, sliding line method, preparation of the front and rear ends.
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Jo0psik Boaiogumup IMUTPOBHY - KaHAWAAT TEXHIYHUX HAYK, IPOBIIHUN 1HXEeHEp, YKpai-
HCBKUH IHCTUTYT IO MPOEKTYBAHHIO METATYPTiHUX 3aBOJIB.

Yrpiomo FOpiii IMUTPOBHY - KaHIUAT TEXHIYHUX HAYK, IPOBIIHUHN iHXEeHEP, YKpaiHCh-
KHU{ THCTUTYT 1O MPOEKTYBAaHHIO METAypPTriiHUX 3aBOJIB.

CraceBcbkuii CranicnaB JIeoHinoBuY - KaHIUIAT TEXHIYHUX HAYK, AUPEKTOP, YKpaiHCh-
KU{ THCTUTYT 1O MPOEKTYBAaHHIO METAypTriiHUX 3aBOJIB.
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JI.LA. JIromenko, O.C. MOHBKO
MOBYIOBA 3AJIAYEOPIEHTOBAHOI BA3U JJAHUX JJI51 IPOTHO3YBAHHS
NTUHAMIKHU CIIO)KUBAHHS EJTEKTPUYHOI EHEPI'TI

Anomayis. 'V 36°3Ky 30 cmpiMKumM po36UMKOM MEXHOI02IU WMYYHO20 IHMeNeKmy 3 a8U8csl
WUPOKULL nepeiKk HOBUX Ni0X00i8, AKI 3HAUHO POWUPUTIU MONCTUBOCMI CYYACHUX NPOCPAM-
HUX eKCRepmMHUX cucmem, wjo 30amui 8idicpasamu KpUumuyHy poib Y HAYKOBO-MEXHIYHOMY
PO36UMKY PI3HUX 2any3ell — 8i0 Meduyunu 00 npomuciosocmi. OcHO8010 (YHKYIOHYBAHHS
NPOCPAMHUX eKCNEePMHUX CUCTNeM € HAABHICMb peleaHmMHUX 6XiOHux oanux. Ilpoecpammi
eKCNnepmHi cucmemu NOBUHHI CNUPAMUCA HA SAKICHO ONpaybo8amny iHgopmayiro, ompumaHy
WLIAXOM NepemeopeHH s GUMIPI0BAHb MA He0OPOOIeHUX OAHUX Y CIPYKMYPO8AHi 6a3u OaHUX.
Hana cmamms npucesuena npoyecy cmeopenHs 0a3u OaHUX 01 NPOSPAMHUX eKCHNePMHUX
cucmem. Jlocniodcyromscsi CyuacHi npoepamui piulenHs, CnpsAMO8aHi Ha NepemeopeHts Heoo-
POOIEeHUX OaHUX y CMpPYKmMypo8aHuti 6ucisio, HeoOXiOHull OJisl 8UCOKOI MoYHOcmi pobomu
NPOCHOZHUX OOUYUCTIOBANLHUX MOOYII6. VY cmammi npedcmagneno aneopummivHuil nioxio oo
no6y008u 6azu OaHUX 01 NPOSPAMHUX eKCNEPMHUX CUCTNEM, CHPAMOBAHUX HA NPOSHO3)8AHHS
OUHAMIKU CHONCUBAHHSL eeKMPOeHepeli.

Knrouosi cnosa: 3adaueopienmosani 6asu Oaunux, oamacemu, NPOSPAMHi eKCNepmui cucme-
MU, nonepeous 06podKa OaHux, mpancgopmayis OAHUX, NPOSHO3VEBAHHS eNeKMPOCHONCUBAH-

H5, KOpeNAYitiHUlL aHais, nepioOuyHi 3MIHHI.

ITocTanoBka nmpo6JeMu. [IpoTAroM OCTaHHBOTO JNECATHIITTS CIOCTEPIra€ThCs Pi3KUil
npupict HudpoBoi iHGopMallii, SKU COPUYMHEHUH BIPOBAXKEHHIM PI3HOMAHITHUX CHUCTEM
aBTOMATHYHOIO 300py AaHUX Ta MOHITOPUHTY. OKpIM TOr0, MBUIKI TEMIH PO3BUTKY TEXHO-
JOTiM IITYYHOrO I1HTENEKTY JO3BOJSIOTH 3AIHCHIOBATH PO3POOKY CYYaCHHMX MPOrpaMHHUX
eKCHEepTHUX CUCTEeM. Pe3ynbTaTu NMpOrHO31B HAJAIOTh MOKJIMBICTH MPUHMaTH OOIPYHTOBAaHI
YIIPaBJIIHCHKI PILIEHHS 3 MiHIMI3alil0 MaiOyTHIX pu3MKiB. OHi€l0 3 MPoOJieM CTBOPEHHS Ta
(GYHKLIOHYBaHHs TaKUX MPOTrPaMHUX EKCHEPTHUX CHCTEM € HasBHICTb SKICHUX BXIJHHUX Ja-
HUX. TOMy aKTyaJIbHUM € JOCIHIDKEHHS MIAXOJIB O CTBOPEHHS aBTOMAaTHYHOI MPOrpaMHOi
00poOKM aHuX Ta MoOynoBH 0a3 JaHUX €KCIEPTHUX CUCTEM. TOYHICTH OOYMCIIEHB Ta Mpo-
THO31B 3a0e3MevyeThesi: PO3pOOKOI0 MPOrPaMHUX MOJYJIIB 13 BUKOPUCTAHHAM CIellialli3oBa-
HUX QJITOPUTMIB JUI YCYHEHHS IIyMY, TOMMJIKOBUX JAaHUX, aHAJITHYHUM JOIOBHEHHSAM Ja-
HUX, BUPIIIEHHS MPOOJIeM iX HeKOHCUCTeHTHOCTI. OTpuMaHi y pe3yibTari 0OpoOKH /aHi BU-
KOPUCTOBYETHCS 7151 pOpMYBaHHs 0a3 JaHUX, 10 CTAHYTh OCHOBOIO JUIsl TOOYA0BU 6a3 3HaHb
€KCIEPTHUX CHCTEM.

© JIromenko JI.A., Monsko O.C., 2025
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Meta goci:KeHHs TIONsTae B po3poOIli MiAX0Ay 10 MOOYAOBH 3aa4eOpieHTOBAHOT
0a3u JaHUX MPOTPaMHOi EKCIIEPTHOI CUCTEMH MPOTHO3YBAHHS JWHAMIKU CHOXXHBAHHS €JEK-
TPUYHOI eHeprii. J{ocmiKeHHs Ta eKCIIEPUMEHT MTPOBEICHO HA MPHUKJIA/ll PEabHOTO JIaTaCeTy
CIIOKMBAHHS €JIEKTPOSHEPTIi.

AHaJni3 ocTaHHIX AocaizkeHb 1 myOJikaniii. SIkicTe JaHUX Ma€ JyKe BarOMUi BIUIHB
Ha TOYHICTh NPOTHO3IB Y IHTEIEKTYaJbHUX CUCTEMaX, IKi BUKOPUCTOBYIOTh METOAM MAallIHH-
HOro HaBuaHHS. EQEeKTHMBHMM € 3acTOCYBaHHS TEXHIK: cTaHaapTu3auii (HopMmamizarii);
OB’ SI3yBaHHsI 3aIHCIB, SIKI CTOCYIOTHCS OJHOTO M TOTO K 00’ €KTa; JOKaji3allii Ta BUIIpaBICH-
HSI TOMHJIOK SIKOCTI1 JIaHUX, SIKI HE BiJIIOBIAAIOTh 3a1aHOMY HabOpy mpaBmi SKOCTi [1].

VY poboti A. Uxena ta A. Kazapi “InxkeHepis 03HaK JJIsi MAITUHHOTO HABYAHHS HaBe-
JICHO PO3JIOTHIA OTJISI MiXO/IB 10 CTBOPEHHS MOXIIHUX O3HAK, Cepel AKMX MEePETBOPEHHS Ta
MacITa0yBaHHsS O3HAK, 1HXKeHepis B3aemonii [2]. IlepcrieKTMBHEM HAmpsMOM € po3poOka
METOIB aBTOMaTHYHOI reHeparlii Ta Bi0opy pelieBaHTHUX O3HaK (Hapasi Bigdip 03HAK 4acTo
Ma€ ITepaTUBHUHM XapakTep), a/pKe OCTATOYHMN MEpPEeTiK O3HAK YacTO BHU3HAYAETHCS JIUIIIE
MiCJIE MHOXMHHUX EKCIIEPHMEHTIB Ta OI[IHOK BIUIMBY KOHKPETHHX O3HaK Ha IJIbOBY
MeTpuKy [3].

Knacuuni metoororii 3 modymnoBu cxoBuil ganux (data warehouses) onucano y po6o-
tax KimOemna ta Pocca [4], siki 3ampoBaaim KoHIENIiro “data marts” s crieriaxizoBaHOTO
BUKOPUCTaHHSA Yy Mexax Oi3Hec-aHANITUKU. DOpMyBaHHS CIEIiaJli30BaHUX CXOBHUII JaHUX
Jaf0Th 3MOTY aJanTyBaTH BUXITHI cxeMu 30epiraHHs Ta HaOOpW O3HAK ITiJ] KOHKPETHI 3aB-
JaHHS 44 raixy3l 3aCTOCYBaHHS. I1ies CTBOpEHHs 3a1aueopi€eHTOBAaHUX 0a3 JIaHUX Y LIUPILIOMY
KOHTEKCTI BHKJIQJICHa B JOMEHHO-OPIEHTOBAHUX MiAXOJaX, SIKI MiJAKPECIIOITh BAXKIUBICTh
BpaxyBaHHSI KOHKPETHUX BUMOT /10 3MIHHUX Ta 0coOynMBOCTel nmpenmMerHoi obnacti [5]. Ilia-
KPECTIOEThCSI BXKJIMBICTh 1HTErpallii mpaBWwi 1 3HAHB 13 PI3HUX JHKEpeN Ta HEOOXIAHICTh
MEPIOJUYHOIO OHOBJIEHHSI CXEMM 30epiraHHs MpH 3MIHI YMOB CEpEIOBHINA YU IMOSIBI HOBUX
3aBJIaHb.

[Ipore nmuTaHHs aBTOMaTH3alii BUOOPY CTPYKTYpH 30€piraHHs BCE 1€ 3aIUIIAETHCS
BikpuTuM. Kiacuuni mpari 3 opraxizamii 0a3 gaHux [6] 1 cydacHl JOCHIIPKEHHS B raiysi
NoSQL uu rpadoBux cuctem [7] po3risiiaroTh NPUHIKINA ONTAMI3aIlli MOJIETIOBaHHS CYTHO-
CTeH, MpOoTe MepeBaXHO MOTPEOYIOTh PYYHOTO KOHCTPYIOBAHHSA CXEMH ab0 IMONEepeIHbOTO
aHaJi3y ekcrepToM. Jleski aBTOpU MPOIMOHYIOTH IHTETPYBaTH 1HCTPYMEHTH MOHITOPHHTY Ta
ominku ctpyktypu nanux y ETL/ELT, mo gae 3Mory HamiBaBTOMaTHYHO Mig0upaTH popMaTu
30epiraHHs, ajie 3a3HaYa€ThCS, [0 TaKi CUCTEMH BCE III€ 3aJUIIAIOTHCS HEAOCTAaTHHO THYYKH-
MU JJIs1 IOBHOT aJiarTatii i1 3MiHHI BUMOTH PEaJIbHOTO BUKOPUCTAHHS [§].

Icuyroui poOOTH AEMOHCTPYIOTH, IO 1/1€aibHa “yHiBepcaibHa 0a3a JaHUX Yy peaJbHUX
3aCTOCYBAHHSAX YacTO NMPHU3BOIUTH J0 HaAMIPHOCTI i HaKONMMWYeHHs 1Iymy [5,9], mo miareep-
JDKY€ HEOOX1IHICTh PETELHOr0 BiAOOpPY pENeBAHTHUX JAHUX. 3AIHUIIAETHCA BIAKPUTHUM IH-
TaHHS MOIIYKY YHIBEpPCAJbHUX MPUHIUMIB 1 (hOpMaIbHUX KPUTEPIiB, sIKI O rapaHTyBaJd J0-
CTaTHIM piBeHb aBTOMAaTH3alli W LUIICHOCTI JaHUX 0€3 BTpaTH HaMBa)KJIUBILIIMX IMaTEPHIB.

HenockonanocTi HasiBHUX MIAXOIB, 30KpeMa oOMeXeHa IHTerpauis 3 HeCTPYKTYpOBaHUMU
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JDKEpeTlaMHt, 3aJIeKHICTh BiJl 6araTopa3oBOro py4HOro BTPYYaHHS, MiIATBEPUKYIOTh aKTyallb-
HICTh MMPOBEACHHS MOAATBIINX JOCTIKEHb y IbOMY HAIPSMKY.

Bukiaa ocHoBHOro marepiany. Po3poOka mporpaMHHUX €KCIIEPTHHUX CHCTEM BHMarae
MIEPETBOPECHHS BUXIIHUX JAHUX, OTPUMAHUX 13 PI3HUX JDKEpell, y CTPYKTypoBaHy (Gopmy, 1o
HiAXOIUTH JJIS OJAIBIIOTO aHalli3y, BUKOPUCTAHHS METOJaMH MAITMHHOTO HAaBYaHHS Ta 3a-
0e3MneveHHs MBUIKOTO JOCTYIY A0 HeoOXinHoi iHdopmarii. HeoOpobneni Habopu naHux 3a-
3BUYAll MAIOTh YHCIICHHI HEJIONIIKH, a caMe: po301KHOCTI 3a popmarom i Macrabom, 1yOmto-
BaHHS 3aIMCIB, BIZICYTHI YM CyNepedInBi 3HaYeHHA. SIKICTh BUKOPHUCTOBYBAHUX JAHUX Mae
Oe3nocepeHiii BIUIMBAaB HA TOYHICTh PE3YJIbTATIB IPOrHO3YBAHHS 32 JIOTIOMOTOI0 MAIIMHHOTO
HaB4aHHA [§].

PosrnsiHemMo 3ampornoHOBaHMK Tpolec MOOYAOBU 3a/la4eOpi€HTOBAHHMX 0a3 JaHuWX,
3MIMCHEHUH Ha MPUKJIA/Il PEATbHOTO JIaTaceTy CIIOKMBAHHS eleKTpoeHeprii (puc. 1):

1. AHai3 HaABHUX [aHuX

v

2. MepeuHHa 06pobka AaHnx

Y

3. TpaHcdhopmauia gaHmx

!

4. [lonoBHEHHA AaTaceTy HOBUMU
3MIHHUMUA

v

5. Bubip Hai6inbLl peneBaHTHUX
3MIHHUX

v

6. Bubip cxemu 36epiraHHsA iHopmauii

v

7. ITepatuBHe hopMyBaHHSA
3afiayeopieHToBaHKX 6a3 AaHWUX

Pucynok 1 - Etanu npouecy no6ynosu 6a3u JaHUX

Ha mepmromy erari mpoBOIUTHCS aHATI3 HasBHUX HECTPYKTYPOBAHHMX NMEPBUHHUX Ja-
HUX, 310paHuX 3 MPUCTPOIB MOHITOPUHTY, aBTOMAaTU30BaHUX CUCTEM 300pYy YM IHIIMX JDKE-
pen. Moro Mera — OTpUMaTH 3arajibHi YABJIGHHS PO PO3MOJLT JAHHX, BU3HAYEHHS iX (op-
MaTy Ta BUSBIICHHS NMOBIPHUX aHOMAaii. Y paMKax IbOTO €Tamy CJIiJ MPOBECTH CTATUCTHY-
HY OIIHKY HasBHUX 3MIHHUX, SKa JOIOMAara€ BCTAHOBHTH YHCIIOBI MEXI1 JUIsl TUTIOBUX 3Ha-
YeHb 1 BUSIBUTH CEPHO3HI BIAXWICHHA. 3 METOIO BUSIBJICHHS HETUTIOBUX, XUOHUX 3HAYEHB CII1]
MPOBECTH KJIACTEPU3ALIMHUI aHai3 3a JOMOMOTro anroputMy k-cepennix. Lle mae mox-
JIMBICTH BUCOKOPIBHEBO OI[IHUTH MacwITald Ta xapaktep mpoliem, Kl MIaHy€eThCS BUPILIUTH
B [IOJIaJIBIIOMY.

Ha npyromy erari BUKOHYETBCSI MOYaTKOBAa 0OpoOKa MaHWX, MO0 OXOIUTIOE OYHIICHHS
BiJl IBHO HEKOPEKTHMX 3aIlMCIB, paHillle BUSBJICHUX aHOMaii, MponyckiB Ta ayomikariB. Ha
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1IbOMY €Talli HeoOXiJHO oOpaT MeToJ 0OpOOKH MPOMYyCKiB. IX MokHa ab0 BUAANMTH, 260
3alOBHUTU CEPEIHIM 3HAYECHHSM YHM MENiaHOI0, CYCIIHIMU 3HAUYEHHSIMH, a00 CKOPHCTATHCA
IHIMA OUTHIIT KOMIUIEKCHUMH TiaxonaMu. JIJis BUKOHAHHS JaHWX omeparliid modpe miaxo-
1a1h 0i6miorekn Pandas a6o NumPy, siki HafarTh TOTYXHI IHCTPYMEHTH Il CTATUCTHYHOTO
aHaJi3y ¥ BUNpABJICHHS BUSBICHHUX HENONIKIB y MaHuX. B pesynprari nporo eramy op-
MY€TBCSI IPOMDKHUN J1aTaceT, KU BiAMOBigae MiHIMaIbHUM cTaHgapram skocti. Ilix gac
BUJIAJICHHS HEpPEJIEBAaHTHHUX JAHHUX BAXUIMBO 30epiraTv MPOMDKHI Bepcii maHux y Qaiinosii
CUCTEMI, 0 JO3BOJUTH 32 HEOOX1THOCTI MOBEPHYTHUCS JI0 TIOTIEPEIHIX KPOKIB OOPOOKH.

Ha tperbomy erami 3miiiCHIOETBCS TpaHCOpMallisd JaHUX, a caMe MPHUBEICHHS iX 10
€IMHOTO MaciTady Ta ¢opMaTy, HeoOXiTHOTO IS 3aCTOCYBaHHSI METOIB MAIIMHHOTO HaB-
YaHHS. BibIIICTh aNTOPUTMIB MAITMHHOTO HaBYAaHHS HE MOXYTh KOPEKTHO MPAIIOBATH 3 Ka-
TeropiaJbHUMHU JaHUMH, TOMY JJIs X TpaHchopMalii BHKOPHUCTOBYIOTHCS METOIN KOJyBaH-
HSl, SIKI JO3BOJIAIOTH TEPETBOPIOBATH KAaTeropiajibHI 3MiHHI Ha YUCIIOBI. MeTox mpocToro
MIPUCBOEHHS YMCIIOBUX MITOK KOXKHIM Kareropii MOke MPU3BECTH J0 BUHUKHEHHS INTYYHOI
iepapxii 3MIHHOI, TOMy TPOTIOHYETHCS 3aCTOCYBaHHSA TeXHIKM (pikTHBHOTO KOomyBaHHs [10].
Hactymaum KpokoMm #ize 3abe3neueHHs] piBHOMIPHOTO MacIITa0yBaHHs YMCIOBHX O3HAK, IO
HEOOXiTHO /IS 3BeJICHHsI PI3HOPIAHUX JaHUX 0 €IMHOTO BHUIY, KU CTBOPIOBATHME YMOBHU
s ix mopiBHAHHA. Lledl mpomec HEOOXimHWE Ui KOPEKTHOI pOOOTH alropuTMiB Kila-
cudikarii Ta KIacTepusaiii, a TaKOXK JUIs JSSIKUX METOAIB MAallMHHOTO HaB4YaHHsA. CTaHgap-
TH3aIis SIK TPOLEC MacIITadyBaHHS aHMX He 0OMEXye 3HAYCHHs NOKAa3HHUKIB CYBOPO 3aia-
HUMHU IHTEpBaJlaMH, a 3MIHIOE PO3MO/I1JI HA OCHOBI CTaTUCTHUYHUX O3HaK. Konu po3nosin unc-
JIOBUX O3HaK Ma€ HEPIBHOMIPHUN XapaKTep, 3aCTOCYBAaHHS CTaHIAPTHOIO BIIXWUJIEHHS SIK
MIpH MacimITadyBaHHsS 3MEHILIye BIUIMB EKCTPEMaJbHMX 3Hau4€Hb Ha  MOJaJbIIi
obuncienns [9].

Ha uerBepTOMy erani JONOBHIOEMO JaTaceT HOBUMH O3HaKaMH 3a JIONIOMOTOI0 TeHe-
pyBaHHSI MOXITHUX 3MIHHHUX, K1 HaJalOTh J10JaTKOBY 1H(QOPMAIIIIO 1Js pO3B’s3aHHS MTOCTaB-
JIEHO1 3a/1a4l ¥ COPUSIIOTh MIABUILIEHHIO TOYHOCTI IporHo3iB. [1ix yac po6oTu 3 yacoBUMH psi-
JaM{ 3a3BUYAil pe3yJbTaTHBHUM € OIPAIOBAHHS YaCOBOI KOMITOHEHTH: BUOKPEMJICHHS IHSI
TIKHS, MICSIIS, po3Mi3HaBaHHA TepioanuHocTi. Ha ocHoBI iH(opmMartii mpo yac cxoay Ta 3a-
XOJly COHIIS MOXKHA BUJUIUTH OKPEMY 3MIHHY TPHUBAJIOCTI CBITJIOBOTO JHS, SIKa B CBOIO Uepry
MO€E MaTH 3B’SI30K 13 PIBHEM €JIEKTPOCIOKMBAHHS, a00 aKTUBHICTIO KOPHCTYBAaYiB €HEPTo-
cucteMu. OKpIM TOTO, BUSBIISFOTHCS TIEPIOUYHI 3MIHHI y BHUITaJIKaX HASIBHOCTI BIJMOBITHUX
MEePIOIMYHUX 3aKOHOMIpHOCTEW. BBeNeHHS Takux 3MIHHHMX, OTPUMaHUX 3a JOMOMOTOIO
GyHKIIN MepeTBOpEeHb CHHYCAa Ta KOCHHYCA, Ha/Ia€ MOXIIMBICTh MaTeMaTHYHO IMPEICTaBUTH
MOBTOPIOBAHI Tepioau. 3BUYaiHe YMCIIOBE NIEPETBOPCHHS HE BPAXOBYE MPUPOAHY HETIEpEpPB-
HICTh MDXK KIHIIEM 1 TIOYaTKOM TiepioiB. BukopucTaHHs TakuX MEepeTBOPEHB J1a€ 3MOTY 1HTE-
TPyBaTH CE30HHICTH 0€3 HEOOX1THOCTI pO3LIATH AaH1 Ha okpemi nepioau [11]. Cuix B3atu 10
yBaru, o JUIsl KiIbKOX MePioJUYHUX 3MIHHUX MOXK€ BUHUKHYTH MYJIbTUKOJIIHEAPHICTh, TOMY
BBEJICHHS TAKUX KOMITOHEHT CJIiJT 3IIMCHIOBATH 3 00EPEXKHICTIO.

Ha m’stomy erami mnpoBoauThes BiAOIp HAHOUIBII pEeIeBaHTHUX 3MIHHUX Ta METPHK.

Ileti eram mepembavae aHaii3 B3a€EMO3B’S3KIB MK 3MIHHUMHU. OIIHIOETHCS CHJIA BiIHOCUH
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MK HUMH, BKJIIOYAIOYH 1 HIJIOBY 3MiHHY. Ha Bigminy Bix koedinienTtiB kopensuii [lipcona,
3a JOMOMOTOI0 KoeQilieHTiB paHroBoi kopensmii CrmipMeHa MOYKHa BUSBISATH JIHIWHI Ta
HEJNiHIAHI 3B’43KH, 32 YMOBH, 110 BOHM MarOTh MOHOTOHHMI Xapaktep. [Ipu iHTepnperamii
KOoe(IIli€HTIB CITiJI 3BEepTaTH yBary Ha CHUTYallii, KOJIM BOHU HAOIIMKAIOTHCS O KpalHIX 3Ha-
gyeHb (+1 abo —1), amke Taki pe3yabTaTH BKa3ylOTh MPO HASBHICTh CUIIBHOTO 3B’ SI3KY MIXK He-
3aJIC)KHUMH 3MIHHUMH — MYJIBTUKOJIIHEapHOCTI. AHani3 MaTpuli kopesnsnii Crnipmena 3a06e3-
neuye MOXKJIMBICTD 3A1IMCHUTH MONEPeAHIN BiIOip 3MIHHUX Ta 3HU3UTH HAIAMIpHY 3aJICKHICTh
MK HUMH IUISIXOM BWJIYYEHHS OJHi€T 3 3SMIHHUX KOXHOI MyJIbTHKOMiHeapHo1 mapu [12]. Crixn
HiAKPECINUTH, 10 OCTaTOYHMI TEpesiK PelIeBaHTHUX 3MIHHHMX BCTaHOBJIOETHCS IICIs pe-
anizanii YMCIIEHHUX EKCHEPUMEHTIB 13 3aCTOCYBaHHSM KOHKPETHHX METOJIB MAIIMHHOTO
HaBYaHHS.

Ha mocromy erami motpiOHO oOpatm cxemy 30epiranHs iHdopmarii. Uepes te, mio
CTPYKTypa JaHHX MOXE CHIJIBLHO 3MIHIOBATHCS y MPOIECI MOMEpeIHbOI 00pOOKH, TOIIIBHO
MIPOBOJIMTH II€H eTal IiC/Is 3aBEPIICHHS BCIX MOMEPEIHIX MepeTBopeHb. HeobximHo Oparu 110
yBaru BHKOPHCTOBYBaHI IHCTPYMEHTH ¥ TEXHOJIOTii PO3pOOIIOBAaHOI CHCTEMH, BUMOTH IO
IPOAYKTHBHOCTI, 00csr iHdopMarlii, mependadyBaHUid TEMIT 3pOCTaHHS JTaHHX, cCrelnudika
JnocTyny (TpaH3akUiiiHui a00 aHAJITHYHHIA) Ta XapaKTep B3a€MO3B’S3KiB MiX CYyTHOCTSIMHU.
Pensimiiini Mozesi 3aCTOCOBYIOTh y CHCTEMAX, i€ BaKJIMBOIO € HAJIMHICTD 1 IIBUAKICTh TPaH-
3aKIIii, e HeoOXiaHOo 30epiraTtu JaHi 3 BUACOKUM PiBHEM CTPYKTYpPOBAHOCTI Ta 3 YiTKO BU3HA-
YEHUMH 3B’S3KaMH MK CyTHOCTSMH. [IpoTe yepe3 nuHamiuHE OHOBJICHHS TAaHUX 4YM HEOO-
XIJHICTh MpalloBaTH 3 BEIUKUMU OOCATaMM HaIlIBCTPYKTYPOBAaHUX JIaHUX, ab0 CKJIaJHUMU
1€EpapXiYHUMU 3B’A3KaMU, OLUIBHUM MoOKe OyTu BukopucTtaHHs NoSQL-pimeHs (JoKyMeH-
TOOPIEHTOBAaHUX, IpaoBHUX, KOJOHKOBUX). B OKpemMHX BHMagkax BUIIPaBAAHUM MOXeE OYyTH
3aCTOCYBaHHsI 3MIIIAHUX pIlIeHb (persliifHa cxema i TpaH3akIiiHux omnepaiiiii 1 NoSQL-
CXOBHUIIIE JIJIS IIBUAKOTO TIONTYKY HaMiBCTPYKTYPOBAaHUX JaHUX ).

CboMuil eramn BIJIOBIA€E 3a MPOLEC ITEPAaTUBHOTO (POPMYBAHHS 33Ja4€OPIEHTOBAHUX
0a3 nanux. ExcrieprHa cuctema BIINOBIAHO J0 MOCTaBJICHUX 3aJad MOXeE MOTpeOyBaTH cre-
M(IYHUX 3MIHHUX, 1HAKIIOT TTMOWMHU ICTOPUYHUX JaHUX. YHIBepcalibHa 0asza JaHuX, sKa
BKJIIOUAE BCl MOXJIMBI J]aH1 € HaATO TPOMI3JIKOI0 1 HEee()EeKTUBHOIO Il BUKOPUCTAHHS T
KOHKPETHY MpakTU4HY 3aj1ady. ToMy micisi BUKOHAHHS BCIX IOINEpEeAHIX eTamiB oOpoOku i
NEPETBOPEHbD, M1JI KOXKHY HOBY 3a7ady Moxe OyTH c(hOpMOBaHO BJIACHY JIOT1YHO BIJOKpEMJIe-
Hy 0a3y AaHuX, IO peaii3ye KOHIEMIII0 33a/Ja4eOopiEHTOBAHUX 0a3 JaHMX, 3TITHO 3 SKOIO
KOKHa 3a/1aya OTPUMYE BJIACHUN HEOOX1IHUHN “3pi3” HaHUX.

Ha ocHOBI1 onucaHux BUIIE €TamiB Ta BIAKPUTHUX JKepes Oyjao CTBOpeHO 0a3y JaHuX
PO CIOXUBaHHS enekTpoeHeprii y Jlongoni B mepion 3 muctomana 2011 poky mo mroTuid
2014 poky. IlouarkoBuii natacer OyB cdopmoBanuii y pamkax nporpamu “UK Power
Networks led Low Carbon London project” 1 mictuB iH(popmariito nmpo 5 567 momoroctmo-
JApCTB — 3arajioM y po3pi3i Jjo06oBoro enekrpocnoxkuBanus 3 510 433 3anuciB ganux. 3a 10-
nomoroto OpenWeather API natacer Oyno nomoBHEHO iHpOpMAIi€ PO MOrOJHI YMOBH, a
TaKO’ JJaHUMH TIPO JIePKaBHi CBSITA.

VY pesynbTaTi aHamizy JaHUX OYyJI0 BHUSBICHO, IO JIaTACET MICTUTh HEPEJICBAHTHI 3Ha-
YEeHHs €JEKTPOCIIOKMBAHHS 3a OCTaHHIM 30epekeHHi 1eHb KOXKHOIO JOMOTIOCIOAapCTBa
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BiOBiAHO. binkiie Toro, Oymo BigMideHo, 1m0 3 TpaBHA 2012 poky crocTepiraiocsi akTHBHE
3aJIy4eHHS JOMOTOCIIOAPCTB JI0 MPOEKTY, MPUUOMY OUIBLIICTD 3 HUX Opasia ydacTb y HbOMY
MOHAJ MiBpOKY. st Toro, mo0 OXOMUTH OUIBITY KUIBKICTH JOMOTOCHOJAPCTB, Y JAaHOMY
BUIIQ/IKY JOPEUYHO BUKOPUCTOBYBATH CEPEHE CIIOKUBAHHS €JIEKTpoeHeprii Ha 100y, a He 3a-
rajJbHUNA J000BUI 00CHT.

VY mpomy jgataceri MICTHIIMCS 3aiiBi JjaHi, IO CTOCYIOTbCS MOTOJHHX YMOB, 30KpeMa
TEKCTOBHUU OIUC MOTOH, TOAWHU JTIOCATHEHHS MAKCUMAJIBHUX Ta MiHIMAJILHUX TEMIIEpaTyp 1
noJiOHI BiZOMOCTI, TOX iX ciif BwiyduTd. Ilpomymeni gani Oyino 3amoBHEHO JaHUMHU
HACTYIHOT'O JHA 32 JonoMororo 6i0moTexku Pandas, mo € nropeunum uepes3 poOOTy 3 4aCOBUM
psoMm.

Ha erami Tpancdopmartii raHux 0yso 3aCTOCOBAHO TEXHIKY (PIKTUBHOTO KOXYBaHHS IS
KareropianbHoi 3MiHHOI “precipType”, siky Oyino mepeTBopeHo Ha Halip ABIMKOBUX 3MIHHUX:
“rain” Ta “snow”. Takox 10 maraceTy OyJ0 3aCTOCOBAHO TEXHIKY CTaHIAPTH3AIIl IS MOX-
JMBOCTI 3aCTOCYBaHHS QJITOPUTMY TPAJi€HTHOTO CIYCKY B paMKax alTOPUTMY JIOTICTHYHOL
perpecii.

Jaracer Oyino JDOMOBHEHO OKPEMOIO 3MIHHOKO TPHBAJIOCTI CBITJIOBOTO JHS HAa OCHOBI
iHpopMamii mpo yac cXoay Ta 3aX0ay COHISA. AHAJIOTIYHO JaHi MICTWIH iH(GOpPMAIII PO
TEeMIIepaTypHi eKCTPEMyMH IPOTSATroM T00H, Ha OCHOBI 4Oro Oyjno OOYMCIIEHO TeMmepaTyp-
HUH JTiara3oH, 110 Bio0pa)ka€ iIHTEHCUBHICTh 3MiH TEMIIEPATyPHUX YMOB.

Ha puc. 2 3a nonoMoror ¢QyHKIIii aBTOKOPEIALIl MPOJIEMOHCTPOBAHO HASBHICTH THXK-
HEBOI MEPIOIMYHOCTI B CEPEAHHOI000BOMY CIIOKMBAHHI €JIEKTPOCHEPT1l, TOMY BIIPOBAKEH-
HS NEPIOJUYHUX 3MIHHUX € OOIPYHTOBAaHUM.

Autocorrelation Function of Average Consumption
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PucyHOK 2 - @yHKITiS aBTOKOPEIISIIIT CepeTHBO000BOTO EIEKTPOCTIOKUBAHHS
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VY pe3ynbTari NMPOBEJCHHUX EKCIIEPUMEHTIB OYyJ0 BHSBICHO, L0 BBEAEHI MEpiogMyHi
3miHHI “monthSin” Ta “monthCos” cyTTe€BO miIBUIIYBaJId TOYHICTH MPOTHO3YBAaHHS PiBHS
CIIOXXHBAHHS €JIEKTPOSHEPTIi.

VY pe3ynbTari MPOBEIECHOTO KOPENSIIHHOTO aHali3y 3a JOMOMOTOK MAaTPHIl KOPEsIil
panry Croipmena (puc. 3) Oyno BuiydeHo 12 HaliMEHII peJieBaHTHUX MOTOJHUX METPHK.

3a ocHOBY 0a3M JaHUX PIBHS CIIOKMBAHHS €JIEKTPUYHOI €Heprii AOIIBHO OYyJ0 B3STH
peNsLiiiHy MOJIeNb Yepe3 HEBENMKY KUIbKICTh CYTHOCTEH 1 3B’SI3KIB MICHISA BCIX IMOMEpEnHiX
NEPEeTBOPEHb Ta BUIUICHHS HAWOUIBII pEIeBAaHTHUX 3MIHHHUX.

3a I0MOMOTOI0 BHIEOMUCAHOTO AITOPUTMY Oynio moOyaoBaHO 0a3zy JaHUX PIBHS JUIA
MPOTHO3YBaHHSI PIBHSA CIIOKHBAHHS EJIEKTPOCHEPrili 3a JIOMOMOTOI0 MOjeNel MHOXKHUHHOT
JiHIHOT perpecii Ta BumaakoBoro Jicy. Ha puc. 4 300paxeHo mopiBHUIBHUN rpadik mpo-
THO31B JIBOX Mojenei [13].
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Pucynok 3 - Matpuis kopensuii panry Crnipmena
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Comparison of Actual Values and Predictions
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—-- Random Forest Regression Predictions .
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Pucynox 4 - TlopiBHsutbHUE rpadik MPOrHO31B MHOKUHHOT JITHIHHOT
perpecii Ta BUITaKOBOTO JIICY

Orxe, popmyBaHHS 3a/a4eOpiEHTOBAHUX 0a3 JaHWX Mae Ha METi BpaxXyBaHHS 1HIHBI-
IAyaJIbHUX BUMOT JI0 TOYHOCTI, IIBUIKOCTI 00poOKHM Ta rHydkocTi. Ha mowarky Oymno BHKOHa-
HO MaclITaOHUI Bi0ip 3MIHHUX 1 CPOPMOBAHO BEIIMKY YHIBEpCAJIbHY CTPYKTYPY, a BXKE ITiJ{
KOHKPETHY 3a/1auy OyJ0 MpOBEAECHO MOBTOPHUM Bi0Ip 3MIHHMX. Y BUMAJKY MOTIpPIIEHHS pe-
3yJIbTaTiB YU MOSBU HOBUX BUMOT JIO IPOTHO3YBAHHS LIUKJI MOXKE IOYATUCS CIOYATKY. 3aBasi-
KU ITepaTUBHOMY MiIXOJly CUCT€Ma Ma€ MOTEHIliall 10 MOCTIHHOrO BJIOCKOHAJICHHS, aamnTy-
F04YM Ha0lp 3MIHHUX JI0 CIIEHU(IUHUX MOTPed KOHKPETHUX MOJYJIIB MAIIMHHOTO HaBYaHHS YU
aHamTHKK. Taka TUHAMIYHICTD J1a€ 3MOTY €KCIEepPTHIM cucTeMi MIBUIKO pearyBaTH Ha CTPYK-
TYpHI 3pylLIeHHs y NpeIMETHIN ramysi, 3MiHH y criocobax 30opy abo Baijamii gJaHuXx, Bapia-
TUBHI clieHapii BUKOPUCTAHHA. Y MiJICYMKY, OMMMCAHUM MiAX1J CHOpUSE BIOPAIKYBAHHIO IIPO-
1ecy nodynoBu 6a3 naHUX s iHGOpMAIIMHUX CUCTEM, L0 MPAIIOIOTh 3 3aJa4aMH MPOTrHO-
3yBaHHSL.

BucHOBKM Ta mepcneKTUBH MOAAJIBIIMX J0CHIIXKeHb. Y paMKax JOCITIKEHHs OyIlo
3alpONOHOBAHO AJTOPUTM MOOYIOBH 0a3M JaHMX JUIs €KCHEPTHUX CHCTEM IMPOrHO3YBAaHHS
CIMOKMBAHHS €NEKTPOCHEPrii, KU IPYHTYEThCS Ha IOCIIJOBHOMY 3aCTOCYBaHHI METOJIIB
MOTIEPETHHOIO aHAJli3y, OUMIICHHS Ta 00poOKH, TpaHcopmallii Ta BiZOOpYy JaHUX, MMOAATb-
UM BHOOpPOM cxeMH ix 30epiraHHs. 3a JOMOMOIOI0 TaKOro IMiAXOMy MOYaTKOBHUH
pi3HOpiAHMI Habip JaHUX OyJIO MEpeTBOPEHO B CTPYKTYypOBaHUM (hopMaT, HEOOXiAHUHM is
OTpUMaHHS HEOOX1IHUX PE3yJIbTaTiB TOUHOCTI MPOTHO3YBaHHs. 30KpeMa J1aHi Oyslo BUKOPH-
CTaHO JJIsl IPOTHO3YBAHHS 3a JOIOMOTrOI0 MOJieNiell MHOKHHHOI JIiHIMHOT perpecii, JoricTHy-
HOi perpecii Ta BHUIIQJKOBOTO JICY. ITepaTUBHE NOOMpAIIOBaHHS 3a/1a4e€OpieHTOBaHMUX 0a3
JAHUX J1a€ MOXKJIUBICTH 1epe0yq0BYBaTH CTPYKTYpy Ta HaOip 3MIHHHMX Y BiJIOBiJIb Ha HOBI

YMOBH YU 3aBOaHHS.
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JlocmikeHHsT ToKa3ano, IO JaTaceT €HEproCHOXHBAHHA MICTHB O3HAKHU THXKHEBOL
NEepIONYHOCTI 1 MOJaNbIIe BIPOBAPKEHHS MEPIOJTUYHUX 3MIHHUX, OTPHUMAHHUX 32 JIOTIOMO-
roto (pyHKIIi} mepeTBOpEeHb CHHYCa Ta KOCHHYCA, 1aJI0 IO3UTUBHUK e(EeKTH Ha TOYHICTh MPO-
THO31B. AHaJII3 KOPENSAIIMHUX 3aJIeKHOCTEH 13 3aCTOCYBaHHIM KOE(]IIIEHTIB paHTOBOI KOpe-
il CripMeHa IOTOMIT BUSIBUTH Ta YCYHYTH HEpEJIeBAaHTHI METPUKH, 30Kpema 12 MeTpuk
IMOorogHux ymos.

[TpoBeneHe MOCHIIHPKEHHS BiJKPUBA€ MEPCICKTUBU ISl MOJAIBIIOTO BIOCKOHAJICHHS
QITOPUTMIYHHX PILIEHb y Tary3i po3poOKH MPOTrpaMHUX €KCIIEPTHUX CUCTEM, SIKi BUKOPUCTO-
BYKOTb MCTOAW MAIIMHHOI'O HAaBYAHHSA Ta 3HAXOAATH IMPAKTHUYHC 3aCTOCYBAHHS B IPOLCCAX
NPURHATTS YIPaBIIHCHKUX PIllIEHb Y Taly3i elIeKTpoeHepreTuku. bepyun 10 yBaru norpely B
ajianTamii 10 3poCcTalouux 00CATIB AaHUX 1 1X PI3SHOMAHITHOCTI, 3alIPONIOHOBAHUN AITOPUTM
CJIyryBaTume (1)yHIIaMeHTOM JUIA TIOJAaJIBIIINX IlOCJIiI[)KeHI) Y HaIllpAMKY aBTOMATHU30BaHOI'O
NPOEKTYBAaHHS 32/1a4€0pi€HTOBAHUX 0a3 3HAHb.
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Construction of a task-oriented database for electricity
consumption dynamics forecasting

Modern software expert systems have the potential to optimize decision-making pro-
cesses in a wide array of industries, including energy, healthcare, and manufacturing. Never-
theless, many machine learning—oriented approaches underestimate the significance of a ro-
bust database architecture specifically tailored to each domain. This study aims to develop
and validate an algorithmic approach to building a task-oriented (specialized) database
structure for an expert system dedicated to forecasting electric power consumption. Real con-
sumption measurements are paired with contextual data such as weather patterns, then trans-
formed through systematic validation, cleaning, and encoding. Outlier detection and imputa-
tion steps further reduce distortions stemming from incomplete or anomalous inputs, while an
iterative feature selection process refines the pool of variables most relevant to predictive
models.

Unlike generic pipelines, the proposed approach incorporates a schema evolution
stage, ensuring that newly identified indicators can be integrated without undermining exist-
ing data integrity. Experimental application on a practical dataset combining technical power
usage and external factors demonstrates improved resilience of forecasting results. By outlin-
ing each stage of data preparation and emphasizing schema adaptability, the proposed meth-
od supports high-precision predictions even under dynamically changing conditions. By con-
tinually revisiting and adjusting the database, the system can adapt to evolving operational
conditions, thus enhancing the accuracy of computational modules responsible for projecting
consumption patterns. The findings underscore the importance of a specialized, domain-
specific data foundation in realizing the full potential of expert systems.

Keywords: task-oriented databases, datasets, software expert systems, data prepro-
cessing, data transformation, electricity consumption forecasting, correlation analysis, peri-
odic variables.
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O.M. llloncekuit, P.P. T'onosarui
3ACTOCYBAHHS MOJEJIE MAILIMHHOI' O HABYAHHS
NJISI PAHHBOTI'O BUSIBJIEHHSI HAJI3BUYAVHUX CUTYALIIA
HA OCHOBI IIOTOKOBUX BEJIMKHUX JAHUX

Anomayia. CyuacHi cucmemu pamHb020 GUABILEHHSA HAO3GUHALIHUX CUMYAYill He0OoCmMAamHbO
onepamueni ma mouHi uepe3 GUKOPUCIAHHA MPAOUYIUHUX MemOOi8 0OPOOKU NOMOKOBUX Od-
Hux. Lle npuzeooumsv 00 3ampumox y peacy8auHi HA HAO3BUYAUHI NOOIL, 30LILUYIOYU MAC-
wmabu nomenyiunux empam. Mema - docnioumu eghekmusricmos mooenei MauUHH020 HA8-
YaHHA (2IUOOK020 HABYAHHA) OJIsl PAHHLO2O BUABNIEHHS HAO38UYAUHUX CUMYayill HA OCHOGI
aHanizy NOMOKOBUX 8eUKUX OaHUX i3 ceHcoprux mepedic (loT) ma coyianvhux media. Buko-
PUCMaHo KuacuyHi (nopozosi memoou, SVM) ma cyuachi ancopummu 21ubO0K020 HAGUAHHS
(LSTM, LSTM-CNN), nposedero excnepumeHmanbHi O0CIIOHNCeH S HA CURMEMUYHUX ma pe-
ANLHUX NOMOKOBUX OAHUX, BUKOHAHO NOPIGHANbHUL AHANI3 MOOeNel 3a MAKUMU MEeMmPUKamU,
sk mounicms (Precision), nosnoma (Recall), F1-mipa, uac pannboco 6usnsienHs ma KilbKicmb
Xubnux cnpayrosansb. OCHOBHI pe3yibmamu 00CaiodxceHb - 2iopuona mooenv LSTM-CNN 3a-
besneuuna nausuwly mounicmo (F1=0.90) y pannvomy 6ussnienHi HA036U4AUHUX CUMYAYIU.
LSTM-CNN moo0enb npooemoHcmpysana HAuMeHuty Ccepeonio 3ampumKy CRpaylo8aHHs.
(= 5,5 c). Iliomeepooceno nepesacu mooeneti 2MuOOKO20 HABUAHHA HAO MPAOUYIUHUMU Me-
mooamu (nopo2osumu 0emekmopamu, KiacuyHumu areopummamu ML). Ykpaincokuii 0ocsio
enposadicernnsi ML-modeneu y cucmemax paHHb020 ONOGiUjeHHs NOKA3Aa8 NPAKMU4HY epekx-
MUBHICMb [ BUCOKY HAOIUHICMb YUX MEXHOI02IU.

Knrouosi cnosa: mawunne HaguauHs, 2nubOKe HABUAHHS, HAO38UYAUHI cumyayii, 6e1uKi Oaui,
nomoxogi dani, LSTM, anomanii, panne eusnsnenns, Monimopune, coyiaivHi meoia, Inmepnem
peuetl (IoT).

Beryn. PanHe BUsIBJICHHS HaJ3BHUYAHMX CUTYyalllll — BaKIMBUH KOMIIOHEHT €(EeKTHB-
HOT'O pearyBaHHs Ha NMPUPOJIHI KaTacTpo(u, TEXHOTE€HHI aBapii Ta iHII KPUTHUYHI noaii. Yum
MIBUJIIIE BUSBICHO HAI3BUYANHY CHUTYaIlifo, TUM OLIbIIE IMIAHCIB 3aMo0IirTH >KepTBaM Ta
3MeHIIMTH 30uTKH [1]. TpaguimiifiHO CUCTEMU paHHBOTO OMOBILIEHHS CIIUPAIOTHCS HA MEPEKi
¢bi3nuHuX AaTyuKiB (cericMorpadu, JaTYUKH TIOTOIH, TTOKEXKHI CUTHAII3AIII] TOIIO) Ta 3a3/1a-
Jeriib BU3HAUEH1 MOpOroBi 3HaYeHHA. Hampukian, ceificMiyHi TaTYMKU MOXKYTh 1HILIIOBATH
TPUBOTY NPHU MEPEBUIIECHHI MOPOTY MPUCKOPEHHS IPYHTY, a METEOCTaHLii — MpH pi3KOMY
MiJBUIICHHI piBHSI Boau. OHAK TaKi MPaBUI-OPI€EHTOBAHI CUCTEMH YaCTO BUMAratoTh TOHKO-
ro HaJallITyBaHHS MapaMeTpiB 1 OajJaHCyBaHHA MDK YYTJIMBICTIO Ta KUIBKICTIO XMOHHX
TpuBOTr [2]. Binblr Toro, BOHU HE 3aBKIHM 3[aTHI 0OpOOJIATH BENUKI 0OCATH I'eTepOreHHUX
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JaHUX y PEXHMI PealbHOT0 Yacy. 3 iHIIOro OOKy, pO3BUTOK TexXHOJOTiH IHTepHeTy peueit
(Internet of Things, IoT) Ta comianbHUX MepeX MPU3BIB O MOSBU BEIMYE3HUX MOTOKIB J1a-
HUX, SIKI MOXKHAa BHKOPHUCTOBYBATH SIK CBOEpiAHI "ceHcopu'" Haa3BM4alHUX curyauiid [3].
Hanpuknan, kopucTyBadi COLIANbHUX MEPEX MOBIAOMISIOTH MPO MOAIl (3emMieTpycu, mo-
KexXi, aBapii) Maike MHUTTEBO, MEPETBOPIOIOYKMCH Ha “comianbHi gatyuku’. Lle BigkpuBae
HOB1 MOXJIMBOCTI Ju1st MOHITOpUHTY HC: y pexumi peaslbHOro 4acy arperyBaTH JaHi 3 TUCSY
JDKEpeT 1 BUSIBJIATH O3HAKW HAJ3BUYAWHUX MOIHM paHimie 3a odimiiiai nosigomuenus. Tak, y
pob6ori [4] 3anpononoBano ¢petrimBopk EDEE, 1m0 3a momoMororo rimbokoi HeHpOHHOT Me-
pexi (BERT-Att-BiLSTM) Buitydae 3 MOTOKIB MOBIIOMIJICHb Ti, IO CTOCYIOThCS HaJI3BUYA-
HUX MO, 1 Tpynye iX y mofiil /uis paHHBOTO OmoBimeHHs. Ha mpuknazi cnanxaxy HeBiqoMol
nHeBMOHiT (COVID-19) y micti Yxanp Oyao mpoaeMOHCTPOBAHO, IO CHCTEMa 3MOTIJa 3a-
¢ikcyBaru nepuri o3naku emnifgemii 30 rpyaHs 2019 poky — 3a AeHb 10 OQIIIfHOTO MOBiIOM-
nenHs Biagu [4]. Lle miaTBeprKye MOTEHITAN COIabHIX MEPEX Y 3aadax PaHHbOTO BUSIB-
JICHHSL.

[TapanensHO, y cdepi MPOMHUCIOBOI OE3MEKH Ta MOHITOPUHTY HAaBKOJIMIIHBOTO CepeIo-
Bumia, Trca4i loT-ceHcopiB reHepyroTs Oe3nepepBHi BUMIpIOBaHHS (TeMIepaTrypa, THCK, BO-
JIOTICTh, XIMIYHI MOKa3HUKHU TOIIO). L{i 1aHi Takok MOKHA BUKOPHUCTOBYBATH JJII aBTOMa-
TAYHOTO BWSIBJICHHS aHOMAJIii, IO CHTHANI3YIOTHh MPO HAJ3BUYANMHI CHUTyarlil (HampuKIaj,
BUTIK Ta3y, MOYaTOK MOXKEXKi a0o MOBeH1). 3aCTOCYBaHHS IITYYHOTO 1HTEJEKTY /10 TaKuX Ja-
HUX 37[aTHE CYTTEBO MOKPAIIUTH €(PEeKTUBHICTH PAHHBOTO OMOBiIIeHHS [6]. 30kpema, iHTe-
rpaiis TexHosorii [oT Ta MeTo/iB MalIMHHOTO HABYaHHS BXKE MPOJEMOHCTPYBaja CBOIO KO-
PHUCHICTb JJIsl CUCTEM PAaHHBOTO MOMEPEIPKEHHS PO 3eMJIETPYCH Ta 1HIII JIMXa SIK Ha eTari 10
katactpodwu, Tak 1 micias Hel [7]. HemomaBHi gocaipKeHHS TTOKa3aly, 1110 TIUOOKI HEHPOHHI
MOJIeJl, HaBYEHI Ha TTOTOKOBUX JIaHUX 3 JTATUMKIB 200 CYMyTHUKIB, MOKYTh 3HaYHO CKOPOTH-
TH Yac BUSBJICHHS NOJIIi MOPIBHSAHO 3 TpaauLiiHUMK nigxongamu. Hanpukiazn, rmubuHHa MoO-
Jiellb Ha OCHOBI CYMYTHHUKOBHUX JIaHUX JO3BOJIMJIA CYTTEBO 3MEHILIUTH 3aTPUMKY MPOTHO-
3yBaHHS MapaMeTPiB CHIIBHUX 3eMJIETPYCiB [8].

OpHak BIPOBAJKEHHSI MOJIEEH MAIIMHHOTO HaBYaHHSA JUIsl aHalli3y MOTOKOBHUX BEJHU-
KHMX JJaHUX IOB’sI3aHE 3 HU3KOI0 BUKIMKIB. [lo-niepiie, 11e BUCOKa MBUIKICTh Ta 00CAT JaHUX:
QITOPUTMHU MalOTh MPAIIOBATH B PEKUMI PEATLHOTO 4acy, 4acTo OOpoOJIAouM THUCS4l IO-
BiJIOMJIEHb a00 BUMIPIOBaHb 3a cekyHAy. [lo-npyre, pi3HOPIAHICTh JaHUX: J1aHI MOXYTh HaJl-
XOJIUTH y BUTJISI/II YMCJIOBUX TTOKA3HUKIB JATYMKIB, TEKCTOBUX IMOBIIOMJICHB, 300pakeHb 200
3BYKOBUX cUrHaiiB. [IoTpiOHI yHiBepcaibHI Ta CTIHKI MOJAENI, 3[aTHI MpaIlOBaTH 3 MYJIbTH-
MoAabHUMU TloTokamu. [lo-TpeTe, icHye mpobOiema anmanTaiii 10 3MiH (concept drift): 3 va-
COM BJIACTUBOCTI MOTOKY MOKYTh 3MIHIOBATHCS (HAIPUKJIal, CE30HHI KOJIMBAHHS CEHCOPHUX
MOKa3HUKIB a00 3MIHU CIIEHTY B COIIMEpekax), 1[0 BUMAarae nepioJMyHOro OHOBJIEHHs abo
OHJIAfHOBOTO JIOHaBYaHHS Mojened. HapemTi, KpuUTHYHMM € MiHIMI3aLis XUOHUX
cripautoBaib — y koHTekcTi HC moMuikoBa TpuBora Texx Heba)kaHa, ajke MOKe IPU3BECTH
710 TIaH1KK1 200 ITHOPYBaHHS CUCTEMH.

AHaJi3 JiTepaTypHuX J:KepeJ. PaHHI cucTeMu OmoBillIeHHS 3a3BUYail peai3oBaHi K
cucteMd 3 (dikcoBaHUMH TpaBwiamu. [IpuKiIamyu BKIIOYAIOTH TOPOTOBI  JACTEKTOPH
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(criparfroBaHHsI CUTHAMI3aIlli IPU TIEPEBUIIICHH] NIEBHOTO PIBHS) Ta CTATHCTUYHI METOIU KOH-
TPONIO Psi/IiB JaHWX (HANpUKIaA, KOB3HE cepeaHe, mMojens Xonra-Bintepca um cucrema
EARS y enigemionoriunomy Harsiai [5]. Taki MeToau BiIHOCHO MPOCTI 1 3p03yMiJli, IPOTE
MaroTh OOMexeHHs. Sk 3a3HayaroTh AochHigHUKU [10], MPOAYKTUBHICTH HHMX AJITOPUTMIB
BU3HAYAETHCSI KOMIIPOMICOM MK UYTJIHUBICTIO Ta PiBHEM XMOHUX CIpAIfOBaHb, 1 IJIsl JOCST-
HEHHS NPUHHATHUX pPe3yJbTaTiB MOTpiOHE peTesNbHE HANAIITYBaHHA MapaMmeTpiB MiJ KOH-
KPETHI YMOBHU. Y IIBUAKOIUIMHHUX CLEHAPIAX HAA3BHYANHHUX CUTYyaIliil (Harmpukiaz, Oarcka-
BUYHA IOBiHb, TEXHOTEHHA aBapis) JKOPCTKO 3a/aHi MOPOTH MOXYTh a00 HE CIIpaloBaTh
BYACHO, 200 K CTBOPUTHU HAUIUIIOK TOMUIKOBUX TPHBOT.

3pocTaHHs 00CATIB JAaHUX CTUMYJIIOBAJIO NEepeXiJ BiJ MPaBWI IO aIrOPUTMIB MalllHH-
HOT'O HaBYaHHS, Kl 3/1aTHI aBTOMAaTUYHO HABYATHCS HA iICTOPUYHUX JAHUX 1 BUSBISATH MPH-
XOBaHI 3aJIeKHOCTI. Y Tay3i BUABICHHS aHOMAJIiil B JAaHUX CEHCOPHUX MEpex (IO € TeXHid-
HO Onm3pkuM 10 3aBaanHs BusBlieHHS HC) yxe 3acTOCOBYIOTHCS PI3HOMaHITHI alrOpPUTMH
MH. Panni po0OOTH BUKOPHUCTOBYBAJIM METOIM KJIACHYHOTO HABUAHHS — HANPUKIAI, METOJ
omopHUX BekTopiB (SVM), kiacudikatopu Ha OCHOBI mpaBui abo JepeB pilieHb — IS
BU3HAYCHHS BiAXWIEHb y mapamerpax pobotu oOmagHanHa M iHGpacTpykTypu. IIpore Taki
QITOPUTMHU YacTO TMOTpeOyBanyu moOynoBH (HiKCOBaHMX O3HAK 1 HE 3aBXKIU CIIPABIISUIACS 3
HENHIHHIMH JUHAMIYHUMU TlaTepHaMu. Ha 3Miny M npuidnuim MeToau rimboKoro HaBYaHHs
(TH), sixi ocobamBO m00pe 3apekoMeHayBaIu ce0e y 3amadax 3 MOCTiJOBHUMHU Ta YaCOBHMH
JaHUMU. 30KpeMa, peKypeHTHI HeiipoHHi Mepexi (RNN) ta ixHi pi3HOBHIM — JOBra KOPOTKO-
yacHa nam’ate (LSTM) ta nBonampasiesa LSTM (Bi-LSTM) — 3natHi 3amam’siToByBaTH
JIOBIOCTPOKOBI 3aJIE)KHOCTI y 4acoBUX psgax. Lle myxe mopedyHo juisi aHami3zy CEHCOPHUX I0-
TOKIB, JIe aHOMaJlil MO>K€ MPOSBIATUCS SIK CHEIU(IYHA MOCIIJOBHICTh CUTHANIB. ABTOEHKO-
nepu (autoencoders) — 1mie OAMH MOMYJSAPHUU MIAXiA: Mepeka HABYAETHCS BIATBOPIOBATH
«HOpMaJIbHI» J1aHi, 1 PH MOSABI aHOMAJIBHUX BBIIHMX CUTHAIIB MOMUJIKA BIATBOPEHHS PI3KO
3pocTae, CUTHAI3YIOUM Mpo BiaxwieHHs. Hanpuknan, Abusitta Ta iH. BUKOPUCTOBYBAIH Jie-
HOM31HI-aBTOCHKOIEPH AJ1s BUsBJIeHHs aHoMmalii y loT-cucremax [7]. 3 1HImoro 6oky, 3ropt-
koB1 HelpoHH1 Mepexi (CNN) TpaguiiiiHO Biziomi ycmixamu B aHajli3l 300pakeHb, ane ix
MO’KHA 3aCTOCYBAaTH 1 JO YacCOBHMX pSJIIB, MEPETBOPHUBIIM MOCTIIOBHICTh Y «300pa’kEHHS»
O03HaK a00 MOE€AHABIIM 3 PEKYPEHTHUM IIApOM Uil BWIYYEHHS JIOKQJIbHUX IaTEPHIB.
KowmoGinamiss LSTM 1 CNN mpoieMoHCTpyBajla BUCOKY pe3yJIbTaTHBHICTh: 30KpeMa, B Hay-
KOBI1#1 po6oTi [1] 3anpononoBano riopunny Moaenb LSTM-CNN st BUSBIICHHSI aHOMATIH Y
MOTOKAaxX JaHMX, fKa MepeBepiinia 3a TouHicTio 3Budaiiny LSTM ta LSTM-aBToenkoaep. 3a
pesynbpTaTamMu Ha Habopi peanbHUX naHux Yahoo Webscope, LSTM-CNN nokasana HallBH-
it Fl-ckop (Mipy), mnepeBUIIMBIIM aBTOeHKoAep Ha ~0.49 B oxHii 31 cepiid
excriepuMeHTiB [13], a 3Buuaiiny LSTM — na 0.10 y iamni. BaxkauBo, 1o npu 1ioMy 4vac
HaBYaHHS 30UIBIIMBCS HECYTTEBO — JOJABaHHS 3TOPTKOBOTO IIapy AENI0 YCKIAAHWIO MO-
JIeNb, ajie PI3HUIIA B IIBUAKOIIT Oyia MiHiMalbHOMW. 1le cBiqunTh, 110 HABITh CKJIATHI TIHOOKI
MoJieIl MOXYTb OyTH 3aCTOCOBaHI B peXHMI Mailke pealbHOTO Yacy 3a YMOBH ONTHMI3allli Ta
JIOCTaTHIX 00YMCITIOBAIBHUX PECYPCIB.

OKpiM YHCIIOBHX MOKA3HUKIB CEHCOPIB, BAXKJIIMBUM JDKEPESIOM 1H(opMaIlii € HeCTPYyK-
TYpOBaHi JIaHi, 30KpeMa TEKCTH 3 COIllaIbHUX Mepexk. Bike 3ramanuii mpukiaa paHHBOTO BH-
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SIBIIGHHSI €ITiieMii uepe3 aHami3 nosiomieHs y Weibo mpojeMoHCTpyBaB eeKTUBHICTD TIIU-
ounHOrO aHamizy tekery [2]. CydacHi meroau oOpoOku mpupoaHoi moBu (NLP) Ha ocHOBI
rIuOOKOro HaBYaHHsA — Taki sk TpancGopmepu (BERT), pekypeHTHI Mepexi 3 yBaroro Ta iH. —
J03BOJISIFOTH KJIaCH(PiKyBaTH MOBIAOMIICHHS 3 COLIaIbHUX MEPEXK 3 BUCOKOIO TOYHICTIO.

VY pob6orti [13] 3rananmiit BERT-Att-BiLSTM knacugikatop qocsar BUCOKOT MOBHOTH Ta
TOYHOCTI IpH BiOOpi NocTiB, mo crocytothess HC, Biacikatoun «(poH» i3 Macu gaHuX. ABTO-
pH MO€HAIM MAaIlMHHE HABYAaHHS 13 €KCIIePTHUMH npaBuiamu: ix metox (MRIM) inTerpye
kiacudikaTop, HaBYCHUH HA JTAHUX MPO MOBIHE y M. WKEHWKOY, 3 BpyuHY 3alaHUMH 11a010-
HaMH, 10 JO03BOJIMJIO TOKPAIIUTH SKICTh BUIUICHHS pelieBaHTHOI iH(opMarllil mopiBHSHO 3
YHCTO HABYCHOIO MOEII0. Lleil pe3ynabTar MiKaBuil TUM, IO MiAKPECIIOE: IS ITiIBHIICHH S
HAQ/IIHHOCTI B KPUTHYHUX CHCTEMAax IHKOJHM BapTO KOMOIHYBaTH HEHMpPOHHI MEPEXi 3 MpaBUII-
OpIEHTOBaHMMH METOJIaMH, a0M BUKOPUCTATH CHIIbHI CTOPOHH KOKHOTO.

B ocranHi pokM yKpaiHChKiI HayKOBII 3pOOWMIIM TOMITHHA BHECOK Yy PO3BHTOK ML-
MOJIEeTICH JUISI MOHITOPUHTY HaJ3BHYAHUX CUTYyalliid. 30Kkpema, y npaii [13] 3ampomoHoBaHO
BUKOPHCTOBYBATH po3MojiieHe ((dheaepaTuBHe) HABYAHHS JJIs aHANII3Y IMOTOKOBUX IAaHUX B
cucremax Industrial IoT. ABTopu mokazanu, mo ¢eaepaTuBHE HABYAHHS 3a0e3Iedye BHILY
TOYHICTh OOPOOKH JaHUX HABITH 31 3pOCTAHHAM iX 0OCSTIB (y MOPIBHSHHI 3 IIEHTPATi30BaHU-
MU II1IX0AaMH), TOJI SIK HepO3MoaijeHi Moaeni ML mpaIioloTh MBUAIIE MIPH KOPCTKUX 00-
MEXEHHSX 4Yacy. Takui MiaxiJ BiIKPHUBAE€ MOXKIMBOCTI CTBOPEHHS AJalTUBHUX CaMOHAB-
YJaJIbHUX CUCTEM, 3JaTHHUX IiJUTAIITOBYBATHUCS ITiJ] 3MIHY ITapaMeTpiB CEPEIOBUINA B pPeallb-
HOMY 4aci. Pe3yiapTaTu IUX JOCIHIKEHb BaXKJIUBI JUIsi TOOYAOBH CTIMKMX MOTOKOBHX ILJIAT-
(dopM 00pOOKH BETUKHUX JITAHUX, [0 aKTYaJIbHO 1 JUIsl 3a/1a4 paHHBOTO omnoBimeHHs npo HC.

Oxpemuil HanpsIMOM BHUCTYyIae BUKOpUCTaHHS ML a1 KOMIT IOTEpPHOTO 30py Ta aHaNi3y
BIJICONOTOKIB Y Ha/I3BUYaiHUX cuTyauisx. Tak, y HaykoBiil po6orti [10] po3poOaeHo iHTeneK-
TyaJbHY CHCTEMY JUIS TOTEPEHKEHHS TOPOXHBO-TPAHCIIOPTHUX aBapiid. ABTOpaMu J0-
CIIJMBINY aJTOPUTMH TIMOWHHOTO HAaBYaHHA IS peajbHOro ydacy. Hum mpoanamizoBaHO
HU3KY cyyacHux Mozenei Heiipomepex (Transformer, CNN, R-CNN, GAN, HOG, YOLO) ta
MPOBEACHO 1X MOPIBHSUIHHE OIIHIOBAaHHS B 3aJ/layi BUSBJIEHHS TPAHCIIOPTHHUX 3ac00IB 1 Mpo-
THO3YBaHHS aBapiiHUX CUTYyalid Ha 1opo3l. B pe3ynbrari Oyiio 3anpornoHOBaHO ONTUMAJIbHY
MOJIeJIb Ha OCHOB1 TJIMOOKOrO HaBYaHHsS, siKa 3a0e3lneuye MiIBUILEHY TOYHICTh 1 e]ek-
TUBHICTh PO3MI3HABaHHS TOTEHINIHO HEOE3MeuHuX creHapiiB pyxy. Iama pobota [7] mpu-
CBSIYCHA BiJIEOCIIOCTEPEIKCHHIO: aBTOPH PEaji3yBajiil MPOTOTUI KOMIT FOTEPH30BAaHOI CHUCTe-
MU, 3/IJaTHOI aBTOMaTH4HO BUSBIISATH HETUIOBI (EKCTpEH1) CUTYyallli Ha Bi/IeO 3a JOIOMOTOI0
MetoiiB ML. V mpaui po3po6iieHo apXiTeKTypy anmapaTHO-IPOrpaMHOro KOMIUIEKCY Ha 0asi
MIKpOKOHTpOJIEpa 3 KaMeporo, a GYHKIiS pO3Mi3HaBaHHS Ha/I3BUYAMHOI CUTYallll IHTErpoBaHa
UBSIXOM HaBYaHHS MOJENl Ha BUOIpKax Bijneo iHIMAEHTIB. [1omiOHI MOCHIKEHHS JIEMOH-
CTPYIOTh €(EeKTUBHICTh HEHpOMepexeBUX MIAXOJIB AJISl aHali3y CTPIMIHTOBOIO BiEO 3 Me-
TOIO0 BHUSBJICHHSI aBapii, MOXKeX, HECTAHAAPTHOI MOBEIIHKH TOIIO B PEXHMI, OJM3BKOMY 0
pealIbHOTO Yacy.

3HauHUM € 1HTepec 1 10 BuKopuctanHs ML y cnenudiunux npukiagHux cpepax 6e3-
neku. [Ipumipom, y po6oTi [5] aBTOpH MOCHTIKYBaTM MOMJIMBOCTI €KCIEPTHUX CHUCTEM Ha
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ocHoBi ML mist migBuieHHs Oe3rneku apiamii. HUMU 3amporoHOBaHO KOHIICTIIIF0 CHCTEMH
HiATPUMKH TPUIHATTS pillieHb Ui aepONOPTIB, 110 BHUSBIIsAE HEOE3MEUHI CUTYallli Ha 3JITHO-
MOCAJKOBUX CMyrax. SIK 3a3Ha4aeThCsl, MAlIMHHE HABYAHHS J1a€ 3MOTY 3ally4UTH BEJHKI 00-
CSITY 1ICTOPUYHUX JTAHMX JJIS HAaBYaHHS MOJIENEH, 1110 3a0e3Meuye BUCOKY TOYHICTh BH3HAYCH-
HS HeOe3NeuHUX CUTyaliid. B moegHaHHI 3 MpaBUII-OPI€EHTOBAHUMH E€KCIIEPTHUMH MOYIISIMUA
e pIICHHS MO)KE€ T€HepyBaTH PEKOMEHallli JucreTyepaM IIoA0 3amo0iraHHs 1HIMICHTaM
Ha JieToBUIIi. TakuM YMHOM, BITYM3HsHI (PaxiBIi ananTyroTh cydacHi ML-meronu mig nmotpe-
Owu aBiamiitHOI Oe3MeKH, e KPUTUIHO BaXKITUBI 1 IBUJIKICTh, 1 HAIIMHICTD BUSBIICHHS 3arpo3.
Bapto Big3zHaunTH, 110 B YKpaiHi po3BUBAIOTHCA 1 TPOMHUCIIOBI MPOEKTHU 3 BIIPOBAKEH-
HsM ML i paaaboro omnosimeHHs npo HC. 3okpema, iHTEerpaTopu cuctem 0e3neku Mmpomno-
HytoTh pimenHss CPBHC — cuctemMu paHHBOTO BUSIBJICHHSI HaJ3BUYalHUX CHUTYallili Ha BHPO-
OHMIITBAX, SIKi MOETHYIOTh MEPEXIi JATYUKIB Ta MPOTPaMHI MOJYI 3 €JIeMEHTaMHU IITYyYHOTO
inTenexty. Hanpuknaza, tunoBa CPBHC mns 06’extiB migsumeHoi HeGe3neku (Hadrobaswy,
XIMIYHI TAMPUEMCTBA TOIIO) 30Mpa€e MOKA3HUKHU 3 JATYHMKIB (TeMIepaTypa, THCK, AWM, ras,
BiOparllisi) i B pe’KUMi pealbHOTO Yacy aHalli3ye iX Ha BiIXxuieHHs Bix HopMmu. CydacHi cucre-
MH TaKOTO KJIacy BUKOPHUCTOBYIOTh QITOPUTMH MALIMHHOTO HABYAHHS JUIS iJABHUIIECHHS TOY-
HOCTI aHaTi3y JaHMX, IO JO03BOJISE OUTBII HAMIHHO BHUSBIIATA O3HAKW aBapiiiHOI CHTYyaIlil Ha
paHHIX cTamisx. Y pa3i BUSBJICHHS 3arpo3HM CHCTEMa aBTOMATUYHO AaKTHUBYE OIOBIIIEHHS
(curHamizanis, MOBiIOMIICHHS) [Tl IEPCOHATY Ta CIIY)KO pearyBaHHs, MiHIMI3yIOUH 3aTPUMKY
MK BUHHKHEHHSIM TOJIi 1 pearyBaHHAM. HasBHICTh MOJIOHUX MPOMHUCIOBUX BIPOBAKECHb
HIATBEPKYE MPAKTUYHY LIHHICTh JOCIITHUIBKUX PO3POOOK 1 JAEMOHCTPYE T'OTOBHICTh
YKpaiHChKOI 1HAYCTpii BUKOpUCTOBYBaTH ML-pilieHHs A1 NiABUILIEHHS PiBHS O€3MeKu.
PesyabTaTn gocaimkenb. {1 oniHku eeKTUBHOCTI MOJIee MalllTMHHOTO HAaBYaHHS B
3a/1a4l PaHHBOTO BUSBJICHHS HAJ3BUYAMHUX CUTYyaIlld HaMu OyJio TOOYyBaHO €KCIIEPUMEH-
TaJbHY CHCTEMY, IO IMITye OOpOOKY MOTOKOBUX JaHHMX 1 BU3HAUYa€ MOMEHT CIIpallOBaHHS
tpuBoru npo HC. B ponl mxepena YUCIOBUX IOTOKOBHUX JlaHUX OYJI0 BUKOPHCTAHO
nyOmiunuid Habip nanux Yahoo! Webscope S5, sikuii € 3aranbHOBU3HAHUM MOKa3HUKOM, IO
BUKOPHUCTOBYETHCA JUUISl OLIIHKY CTaHy aIrOpUTMIB BUSBJIEHHS aHOMalii y yacoBux psiaax [1].
Ile#t HaOip MICTUTh CHHTETMYHO 3T€HEPOBAH1 YacOBl PSAM 3 BIACTUBOCTAMH, MOTIOHUMHU O
pEIbHUX CEHCOPHUX JaHMX (HANpHKIaJ, METPUKAa HAaBAHTAXXCHHS Ha cepBep, MOKa3HUKU
TEMIEPATypu TOMIO), A0 SIKUX HaBMHUCHO JIOJIaHO PI3HOTO POy aHOMaJii (CIUIECKH, CTPUOKH,
3MiHM TpeHay). HasBHICTh pO3MITKM aHOMalIbHUX 1HTepBaliB (ground truth) 103BOJIsIE TOUHO
OILIIHUTH MOMEHT CIpAIfOBAaHHS JITOPUTMY BiTHOCHO (DAKTHYHOTO MOYATKY «HAJ3BHYANHOT
cutyauii» (aHomanii). [[nsg Hammx mige MU TPAKTYyeEMO KOKHY aHOMAJIIO B DSl SIK MOAII0
HC, sxy cnig BusBUTH sikomora paninie. [1oTik gaHux GopMyeTbes HUISIXOM MOCIIOBHOI MMO-
Jladi TOYOK YacOBOTO Py MOJENSAM, IMITYIOUM peaIbHUN CTPUMIHTOBUHN PEXUM: aJTOPUTM
OTpUMY€E HOB1 3HaUEHHS MOCTYIOBO 1 MpUiiMae pillieHHs oHaiiH. Iy UmrocTpanii MOXINBO-
CTeil Mojenell B TEKCTOBOMY JIOMEH1 OyJO TakoK 310paHO €KCIIEpUMEHTAIbHUM MOTIK IO-
BIJIOMJIEHB 3 COIllaTbHOT Mepexi “X”. 3a mepioJ KiIbKOX IHIB, IO MICTHUB SIK CIHOKIWHI
nepioju, Tak 1 Yac BUHUKHEHHSI peaslbHO1 Mol (HampuKIIaj, 3eMJIeTpyc ab0 BEIUKUI BUOYX).
i maHi BUKOPUCTOBYBAIHMCS TIEPEBAKHO JJIsI SIKICHOTO aHaJIi3y, OCKUIBKH JUIsl HUX HE 3aBXKIH
€ JiTka "po3MmiTka" yacy modarky mojii. [I[poTe B paMkax OCHOBHOTO KiTBKICHOTO €KCIIEPH-
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MEHTY MU 30CepeIuIncs Ha qaHux ceHcopHoro tuiy (Yahoo S5), 1e MOXIMBO 00’ €KTHBHO
BUMIPSTH METPHUKH.

Ha ocHOBI ormsiny miTeparypu, A0 €KCIIEPUMEHTY OyJ0 BKIIOYCHO JCKiIbKa MOJEICH,
10 TIPEJICTABIISIFOTH Pi3HI MOKOIIHHS i IXO/IiB:

[ Noporoewii
JeTexTop
'\\‘ e e - =T - \
I"ABTGEHKO,ﬂ,ep Ha |: KnacuuHmin ML- |
ocHosi LSTM | | Knacudikatop |
..\-. .'/.. .‘\'\.
Mopgeni pi3HOI'O NOKONIHHA
| "-,\. ) - "-.\\
'fiﬁ WnaHa mogen Al FnuGoka
[ *oP [ HeMpoHHAa

LSTM-CNN _\ mepexa LSTM |

i 1] al h .

Pucynok 1 - I'padiune npencraBieHHs MOENIEH PI3HOTO MOKOJIIHHS

[ToporoBuii neTekTOop MpEeACTaBsi€ MPOCTHUH MiAXiJ, [0 BCTAHOBIIOE CTATUCTUYHO
OOIPYHTOBaHMM MOPIT JUIsI METPUKH 1 CUTHAJII3Y€E PO HaA3BUYAKHI CUTYalil NPy BUXOAl MO-
Ka3HUKa 3a 11ei nopir. B Hamux excriepuMeHTax sk TaKUil 1eTeKTOp BUKOPHUCTOBYBABCS KOH-
TPOJIEP Ha OCHOBI KOB3HOT'O CEPEIHBOrO Ta TPhOX CUTM (U £ 30), 1110 € aHAJIOrOM KJIACHYHUX
KOHTpoJIHUX KapT. L{eit meTon He moTpeOye HaBUaHHA 1 ciyrye 0a3oro juist mopiBHsHHS. [1]o-
no kinacuuHoro ML-knacudikaropa - 11e HaBueHa MOJIENb, 1II0 BUKOPUCTOBY€E BPYUHY BU3Ha-
yeHi o3Haku. Hamu Oymno oOpano meros omopHux BekTopiB (SVM) 3 pamianbHO-06a3uCHOIO
GYHKIIEIO Aapa SIK TPUKIJIA] TPAIAULIHHOTO alrOPUTMY MAllIMHHOTO HaBYaHHS. J{1s1 HaBYaHHS
SVM BUKOpHCTOBYBaJIM 3T€HEPOBAHI O3HAKM YAaCOBUX BIKOH (CTaTUCTUKHU 3a ocTaHHI N ToO-
YOK: CepeqIHE, CTaHApTHE BIAXUIIEHHS, TpadieHT Tomio). Moaens SVM HaBuanachk po3mi3Ha-
BaTH "aHOMajbHe" BIKHO JaHUX MPOTH "HOPMAJbHOIO" Ha OCHOBI PO3MIUYEHHMX AHOMAJiil B
HaBYaJIbHIM MIAMHOXKMHI AaHuX. ['nnbOoka HelipoHHa Mepexxa LSTM mpencrasisie kiac pe-
KYPEHTHHX MEpEeX, 3JaTHUX BJIOBIIOBATH YaCOBY CTPYKTYpY JAaHUX. Y HauIiii poOoTi MU BU-
Kopuctanu ogHoMonyinbHy LSTM-Mepexy, HaBuaHHs AKOi Oylo cHpsMoBaHe Ha nependa-
YEeHHs1 HACTYITHOT'O 3HAUEHHS 4acOBOTO psAY; pilIEHHS MPO HasBHICTh aHOMAIi mpuitmManocs
Ha OCHOBI BEJIMYMHHM MOMHJIKH MPOTHO3Y, a00 ) MOJeNb HanpsaMy KiacudikyBaja CTaH sK
HOpMaJIbHUM 4K aHOMAaJIbHUM y KOK€H MOMEHT uacy. ['imepmapameTpH, 30KpeMa KUIbKIiCTh
HEHPOHIB y MPUXOBAHOMY ILIAapi Ta JOBKMHA BXIIHOI MOCIIJOBHOCTI, MiOMPAINCS eKCIepu-

MEHTAJILHO Ha BalifalliiiHiii BUOIpIi. ABTEepHATUBHUM MIIXOJAO0M € aBTOSHKOJAEp Ha OCHOBI
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LSTM (LSTM-AE) — mozenb, 110 CKIaJAEThCA 3 SHKOJEPa Ta JEKOAepa, peaai30BaHuX 3a
noromoroto LSTM-cTpykTyp 1 HaB4eHa BiJHOBIIOBAaTH (parMEeHTH HOPMAJIHLHOTO YacOBOTO

psny. BHacmigok mporo, mpu nosiBi aHOMajJbHHUX INAOJOHIB Yy JAHUX, MOJAETH JIEMOHCTPYE
3HAYHO BHIIY MOMHJIKY PEKOHCTPYKIii. J[s1 BUSBICHHSI aHOMaJIiii BCTAHOBIIIOBABCS IMOPIT Ha
BEJIMYMHY I1i€1 MOMUJIKHU; Or0 3HAYE€HHS BU3HAYAIOCS SIK TIEBHUN NEPUEHTUIIb Cepe]l 3HAaUeHb
NOMWIKM Ha HaBYAJIbHUX (HOpManbHuX) aanux. llle omumH BapianT — TiOpHaHa MOJIENb
LSTM-CNN, sika moenHye 3ropTKOBHH HIap AJs BHJIYYEHHS JIOKAJbHUX O3HAK 13 4acOBOi
MOCIIJJOBHOCTI 3 MOAAJBIIOK 00poOKoro 1iel mociigoBHOCTI uepe3 LSTM-map. Ilependa-
qaeThest, 110 CNN 103BOJIsI€ BUSBUTH KOPOTKOTPUBAITI 1Ia0I0HH abo cruteck, ToAi sik LSTM
3a0e3mneduye BpaxyBaHHS JTIOBIOCTPOKOBOTO KOHTEKCTY.

Orinka e(heTUBHOCTEH MOJICIICH OI[IHIOBATIUCS 3a METPHUKAMH, TPEJCTABIICHUMHU B Ta0-

jmn 1.
Tabmums 1
MeTtpuku OIiHKY e(EeKTUBHOCTI MOJIeIIeH
TounicTs O3H-
Yac BusB- [Ipomycku Ta
TuBHOTO niepea- | [loBHOTa BUsB- ) ;
F1 - mipa JeHHs (3a- XUOHI1
OaueHHs nenns (Recall)
. TPUMKa) CIIpalfOBaHHS
(Precision)
pi3HULA Y
YacTKa peajb- | 4acTKa BUSBJIE- yaci MIX
Hux HC cepen HUX MOJenen rapMoHiiiHe ce- (hakTHYHUM
) . .. KOJIM MOJIENIb HE
BCIX Ha/3BUYAliHUX | pejHe precision Ta HOYaTKOM

. BHJIAJTa CUTHAI
CIpallloBaHb | cuyrTaliii cepen | recall, Bukopucrto- | mozii Ta Mo- .
) } : i 9ac moii
mozeni. Huzsb- ycix (akTuy- BYETbHCS 5K 1HTE- MEHTOM, KO-
. . . . a0bo Bujana
kuif Precision | Hux. Hu3pkuii | rpaibHU MOKAa3HUK | U MOJENb
. CUTHAJI, KOJIN
BKa3ye Ha Benu- | Recall o3Hayae | sKocTi BUSIBIEHHS | BIepIie 3re-
noii He 0yJo

Ky KUIBKICTb IIPOITYCKH aHoMatii HepyBaia
XUOHUX TPUBOT oI TPUBOKHUI
CHUTHAJL

VY BUMajKy MOTOKOBHMX JaHUX OLIHIOBAHHS 31HCHIOBAJIOCS IMOCIIOBHO: Ha KOXXKHOMY
KpOIIi Yacy mpuiManocs pilieHHs (TpUBOTa YU CIOKii), K€ MOTIM MOpiBHIOBANOCS 3 "iCTH-
Ho". /11 3a6e3neueHHs YeCHOCTI OIIHKH, SKIIO0 MOJIENIb BUaBajia TPUBOTY IPOTSTOM MOIii,
BBa)XKaJIoCs, 110 TMOJisl BUsIBIEHA (1 MOJaJbIl CIpallbOBYBaHHS B 11 MEXax HE paxyBaJlUCh 5K
nonatkosi). e Mozentoe crieHapiid, KoM cUcTeMa MICis NepIIOro CIpalboBYBaHHS MO0 KOH-
KPETHIN MoJii BXKe CHOBIIIYE PATYBaJIbHI CIIY>KOH, 1 TIOBTOPHI CUTHAJIM Ti€l K MO HE Tak
Ba)KJTUBI.

Bci moneni Oyno pearnizoBaHo B cepenoBuili Python 3 Bukopucranusm 6i6nioTek ma-
muHHOr0 HaBuaHHs (scikit-learn mmst SVM, TensorFlow/Keras ans HEMpOHHHX MeEpEK).
[ToTik naHUX MOJABaBCs MOETAIHO B MOJIENb: HAa KO)KHOMY KPOLli HAJXOIMJIO HOBE 3HAYCHHH,
MICJIL YOTO BUKOHYBAJOCS OHOBJICHHSI BHYTPIIIHBOTO CTaHy (A1 pEKYPEHTHUX MEpEX) Ta, 3a

ISSN 1562-9945 (Print) 91
ISSN 2707-7977 (Online)



«CucremHi Texnonoriiy 4 (159) 2025 «System technologies)

HeoOXimHOCTI, BuaaBaBcs curnai. st mpocrotu, mogeni LSTM ta LSTM-CNN peaiizoBaHo
y BUTJISI1 MiHI-TTAKETHOT OOPOOKHU: JaHi mogaBaivcs 6J10kaMu o T KPOKiB 3 IEPEKPUTTSM, 1€
T — moBkMHA BX1IHOI IMOCIIIOBHOCTI JJisi Mepexi. Lle HaOmmKkaeThest 10 peasbHOro 3aCTOCY-
BaHH, € JaHI MOXXYTh HaKonmu4yyBaTHcsa B Oydepi nepen o6podkoro. Cuctema OLIHKU B pe-
KHUMI pealbHOTO Yacy BiJ3Ha4alla 4aCoOBi MITKHU, KOJH T€HEepyBajacs TPUBOTa, IO J03BOJIUIO
MOTIM OOYHCITIOBATH 3aTPUMKY.
3arajnbHa NpoAYKTUBHICTH Mojeneii. Pesynbratn mo merpukax Precision, Recall Ta
F1-3Beneniit mpeacrapneHi B Tadbmuii 2. BumHo, mo mMozeni, moOyJoBaHi Ha METOIax IIIH0o-
KOTO HaBYaHHS, MEPEBEPUIYIOTh K MOPOrOBUIl MeTOJ, Tak i kinacuuHuii SVM y GunbmiocTi
noka3HukiB. Halikpammii cymapuuit 6ananc (Bumipsiauii F1-mipoto) HoCsSTHYTO TiOpUIHOIO
monemtro LSTM-CNN — 1i F1=0.90, oo Tpoxu Bumie, Hix y unctoi LSTM (F1=0.88) i cyT-
TeBo Bumie, HXK y SVM (F1=0.80). [ToporoBuii MeTox mpoAeMOHCTPYBaB HAWHMKIY TOYHICTh
yepe3 BEJIMKY KUTBKICTh MOMHIIKOBHUX TpUBOT (HU3bkHii Precision 0.60), xoua iioro Recall 6ys
BiqHOCHO puiHATHUM (0.75) 3aBISKM YyTIMBOMY HAJIAIITYBAaHHIO.
Tabmurs 2
[MopiBusiHHS Mozeneii 3a TounicTio (Precision), moBaoTot0 (Recall),
F1-miporo Ta cepenHiM 4acoM BUSIBICHHS (3aTPUMKOIO) Ha TECTOBUX IMOTOKAX

Cepenns 3aTpum-

Monens Precision Recall F1-mipa
Ka BUSIBJICHHS (C)
[Toporosuit
0.60 0.75 0.67 15.0
JIETEKTOP

SVM (knacuuHuit

0.82 0.78 0.80 8.5
MH)
LSTM (ueitporna 0.90 0.86 0.88 6.2
MepeKa)
LSTM-AE (aBro- 0.85 0.70 0.77 7.0
EHKOoJIep)
LSTM-CNN 0.2 0.88 0.90 5.5
(ribpuaHa)

Sk BuaHO 3 Tabnuii, LSTM-aBToenkonep aemuro nocrynuscs 3suvaiinii LSTM y Recall
(0.70 mpotu 0.86). Lle y3romKyeThes 31 CIIOCTEPEKEHHSAMHU 1HIINX JOCTIIHUKIB, 1[0 aBTOEH-
KOJIEpH He 3aBXKJU J00pe 3aXOIUII0I0Th PI3HOMaHITHI MIA0JOHN HOPMaJIbHOT MOBEAIHKH 1 MO-
KYThb TporryckaTu Jiesiki anomadnii [1]. Hatomicte LSTM-knacugikarop, sskuii HaB4aBcs IBHO
po3Mi3HaBaTH aHoMalii, TocArHyB BUcokoro Recall. JlonaBaHHs 3ropTKOBOrO mapy (MoJelb
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LSTM-CNN) nano HEBENHMKHUH, ajie MOMITHUI NMPUPICT TOYHOCTI: Precision migBUIIMBCS 10
0.92, a Recall mo 0.88, mo cymapro mimussio F1 mo 0.90. Ili kinbKicHI pe3yabTaTh
BIJIMOBIJAIOTh TEHJEHIII1, Big3HaueHil y mitepaTtypi [1], me ribpuana mMozens mepeBuIInia
3BUYAMHI Y METPHUKAX, X04a i HE ApaMaTHUIHO (PI3HUIA Y KUTbKA BiJCOTKIB).

OcranHiii croBrnenp TaOnuIi 2 TMOKa3ye CEPEAHIO 3aTPUMKY CIIPALIOBAHHSA JJISI KOXKHOI
mozeni. Tyt nepeBara rmuOOKOro HaBYaHHS MposiBUIAcs e BupasHime. [loporosuii metos,
X04 1 BUSIBUB OLIBIIICTH MO/IN, POOUB 1€ 13 CEPEeAHBOI0 3aTPUMKOIO ~15 CeKyH]I miciis moyar-
Ky aHoMmalii (B HallMX TECTOBUX JAHUX OAHA "CeKyHaa" BIAMOBITAE OTHOMY KPOKY JUCKPET-
HOro 4acy a0o MeBHOMY iHTEpBally 3aJie)KHO BiJ mpupoau jaatunka). SVM crnpaiboByBaB
mBuIe (~8.5 ¢ 3aTpUMKH), HMOBIPHO Yepe3 Te, 10 BiH OyB HAJAIITOBAHUN HA BUCOKY UyT-
muBictb. LSTM-mepeka mokazana 3aTpuMKy Onm3pko 6.2 ¢, IO BXKE 3HAYHO Kpaile.
HaitmBumme 3pearysana monens LSTM-CNN — B cepeanbomy uepe3 5.5 ¢ micis moyaTky
nonii. B neskux Bumaakax BoHa (aKTUYHO BHIIEPEKAJIA 1HIII MOJISITI Ha KUIbKa KPOKIB Yacy,
BJIOBJIIOIOYM CJTa0Ki MmMo4yaTtkoBi o3Haku. Hampukinan, y oxniit 3 TecroBux cepii LSTM-CNN
3reHepyBaja CHUTHAJI Ha 2 CEKyHIU paHimie, HiK 3BuYaitHa LSTM, 3aBIsSKu po3Ii3HABAaHHIO
XapakTepHOro “HrymMy” mepea BETHMKUM CTPHOKOM CHUTHANy, SIKW iHIINI METOIH IrHOPYBAIH.
L{i pe3yapTaTH MIATBEPKYIOTH, IO OUTBII CKJIAIHI MOJENI MOXXYTh HE JIUIIC ITiIBHIIUTH
TOYHICTh, @ W 3MEHIIUTH Yac CIPALIOBAHHA — KIIOYOBUN TOKA3HUK JJISI CHUCTEM PAaHHBOTO
OTIOBIIIEHHS

JUis IpaKTHUYHOTO 3aCTOCYBAHHSI BAXIJIMBO PO3YMITH, SIKI MOMUJIKH POOJISATH MOJETI.
[ToporoBuii Meroj reHepyBaB HailOuiblie XWUOHMX TpuBor — npubausHo 40% ioro
CIpaIffoBaHb OyJid OMHJIKOBUMH, 110 30iraetscs 3 oro Precision = 0.60. L{i xubni curHamu
BUHUKAIIN TIEPEBAKHO Yepe3 BHUITAJKOBI KOJIMBAHHS CUTHAIY, SKi MEPETUHAIN BCTAaHOBICHHUN
nopir, aje He OyJId CHpPaBXHIMU HaI3BUYAMHUMU cUTyallisiMu. SVM TakoX BHUIaBaB JEAKY
KUIBKICTh MTOMUIKOBHUX TpUBOT (Precision~0.82 o3nauae ~18% xuOHUX crpalfoBaHb), mepe-
BaXHO Y CKIIQJHUX BHIIQJKaX, /1€ IMaTEpPHH HOPMAIBHOI MOBENIHKA HaraJyBalld aHOMAJlo,
asie Tpoxu He JotaryBanu Ao nopory. LSTM ta LSTM-CNN manu HaiiBumuii Precision, T06-
TO HaliMeHIe XUOHMX crpaltoBaHb (~8-10%). LlikaBo, mo maiike Bci XxubH1 TpuBoru LSTM-
CNN cniBnaganu 3 xuOuumu tpuoramu LSTM — T06TO 00MABI MO MOMUIISUIMCS HA THUX
caMux IursHkax. Lle MoxxyTh OyTu 00sacTi JaHMX, sKi Oyl HEOJHO3HAUYHUMM HaBiTh IS
JIOAMHU a00 BiACYTHI y HaBuaibHiM BHOipui (HeBizomi marepuu). llono mpomyckiB (kosun
HOJis cTanacsi, a CUTHaJly Hemae), To Haifripue crpasu 0ynu y LSTM-AE — Bin npomnyctus
ommsbko 30% moxiit (Recall 0.70). IToporosuit Mmeton npomyctuB 25% (Recall 0.75). SVM —
22%. LSTM — 14%. LSTM-CNN — 12%. Takum unHOM, TTUOMHHI MOJAEII HE JIMIIE Pialie
XUOHO CIIpalbOBYBaIH, ajie i (hiKCyBaau MPaKTUYHO BC1 HaJA3BMUalHI cuTyalli (MpomycKamu
He Outbire 1 3 8 moii), mo € BUPIMIATEHUAM JIJIS1 CHCTEM OIIOBIIICHHS.

B mpaui [8] HaBeneHo gparMeHT 4acoBoOi cepli 3 TECTOBUX JaHHUX 31 IITYYHO BCTaBlie-
HOIO HAaJ3BUYANHOIO CHUTYaIli€l0 (aHOMaJIi€l0) Ta MOMEHTH CIPAIIOBAHHS PI3HUX MOJIEICH.
BunHo, 1110 SK TIIBKH MOYMHAETHCS CTPIMKE 3POCTAaHHS CHUTHANY (IMiTallisl, HAapUKJIIa, pi3Ko-
ro mifiioMy piBHS BOJU NpH IMOBEH1), HOPOTOBUI METOJ| CIpPalbOBYE 13 3aMI3HEHHSAM, KOJIHU
3HAYCHHSI BXKE MEPEUIIIIO TOPIT (BIAMIYEHO YEPBOHOIO TOYKOI0). SVM-aroputm gaB CUTHAI
TPOXH paHilie (CHHs TOYKa), OJTHAK BCe IIe micis pizkoro crpuoka. Hatomicte LSTM (3enena
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touka) i LSTM-CNN ((ioneroBa To4ka) moiar0Th CUTHAT MaikKe BiJpa3y MICIsl BiIXUICHHS
KPHUBOI BiJl HOPMH, BUIIEpEIKAI0UH MpocTimi meronu. Y npomy npukiani LSTM-CNN nep-
1010 3T€HEpYyBaJIa TPUBOTY, BUIIEPEAUBIIN MOPOTOBUM JETEKTOpP HAa ~3 CEKYH[I. XO04 JIaHUM
rpadik UTIOCTpye NPUBAaTHUIM BUIIAIOK, MOAIOHA KapTUHA CIIOCTepirajacs i B CEpeaHbOMY 10
BCIX TECTOBHUX CIICHAPIsX.

OxpiM KiTBKICHUX pe3yJbTaTiB HAa CHHTETHUYHHMX MOTOKAX, LIKABUM € aHaii3 poOoTu
MoOJIeNIel Ha peallbHUX JaHUX. MU mpoaHasi3yBajid TBITTEP-CTPIUKY MiJ 4ac 3eMJIETPYCy Mar-
HITYyI010 ~3, MO cTaBcs y TepHOMiIbChKiA obnacti [14]. Bymo BigMmideHO, IO MPOTITOM
NEepUINX XBWIMH MIcis 3eMieTpycy B Twitter 3’ siBuach Kilibka MOBIJOMJICHD BiJl OYEBHUILIB.
BukopucroByroun monepeaHbo HaBUeHY Mozenb kiacudikamii (crporneny Bepcito BERT,
HATPEHOBaHY Ha BHSIBIICHHS IMOBIOMIICHB PO 3eMJIETPYCH ), BAATIOCS 1I€HTU(IKYBATH CIUIECK
TBITIB, Kl 3raJyl0Th CIIOBO "3emiieTpyc" Ta ONHMCYIOTh MOIITOBXH. Mojenb BUaajga TPUBO-
KHUW CHTHAJ MPUOIM3HO yepe3 |—5 XBUIIMHM Micis GaKTHYHOTO TOYATKY 3eMJIETPYyCy — 3a-
JOBro /10 OQIIiifHOTO MOBIIOMIICHHSI CEHCMOJIOTIYHOI CITyOU (fKa 3a3BHYail myOmiKye iH-
dbopMarriro 3 3aTPUMKOI0 KiJTbKa XBHJIMH Ha 00poOKYy). Llel peasibHHIA KEWC Y3ro/KYEThCS 3
pe3yabTaTaMi poOOTH IHIIUX aBTOPIB, IO COIIaJIbHI MEPEXi MOXKYTh CYTTEBO BHIIEPEIUTH
odimiitai kanmamu. Ha npukinan, 3ranana kutaiiceka cuctema EDEE 3 Weibo 3adikcysana [2]
crajax MHEBMOHII 3a ~1 JeHb 10 0iliifHOTO OTOJIOMIEHHS eMiIeMii.

VY crarTi AOCHIKEHO 3aCTOCYBAaHHS METOJIB MAIIMHHOTO HaBYaHHS 1 TITMOOKOTO HaB-
YaHHS JUIS 33/1a41 paHHBOTO BUSIBJICHHS HAI3BUYAHHUX CUTYAIliil HA OCHOBI MMOTOKOBHX BEJIH-
kux AaHux. [IpoBeneHuil aHaini3 JiTepaTypu MOKa3as, 110 3aBISKUA CTPIMKOMY po3BUTKY loT
Ta MOMYJISIPHOCTI COLIAJIbHUX MEPEeX 3’ IBUIIUCS HOBI Oarati Jukepesa JaHuX, K1 MOYKHA ofle-
pPaTUBHO aHATI3yBaTH 3 METOIO BUSIBJICHHS O3HAK HaJ3BUYAHUX moAiil. TpaauiiiiHi MeToau,
noOynoBaH1 Ha (PIKCOBaHMX MpaBHJIaX a00 MPOCTUX CTATUCTUYHUX MOJENSIX, IOCTYIOBO J10-
MTOBHIOIOTHCS 1 3aMIHIOIOTHCSI AITOPUTMAMU MAIIMHHOTO HAaBYaHHS, 3AaTHUMH HaBYATHCS Ha
ICTOPUYHUX JaHUX Ta BUABJISITH CKJIaHI m1a0aoHH, 110 nepenyroTs HC.

ExcniepymeHnTanbHe MOPIBHSIHHS KUIBKOX Mojened — BiJ 0a30BUX (IIOpOTOBHUIl JETEK-
Top, SVM) no cydacuux Heriponaux (LSTM, LSTM-AE, LSTM-CNN) — nponemMoHcTpyBaiio
YiTKI epeBaru rauboKoro HaB4yaHHA. 30Kkpema, riopuanHa moaens LSTM-CNN pocsria Haii-
Bumoi toyHocti BusBieHHS (F1=0.90) 1 3a0e3neunsia HaliMEHIIy CEpEIHIO 3aTPUMKY
ciparoBadHs (~5.5 ¢) cepen po3risHyTHX BapiaHTiB. lle o3Hauae, 1m0 Taki MozeIi MOXYTh
He JuIe OUTbII HaIHHO BIAPI3HUTH HAA3BUYAHY CUTYallilo BiJ (OHOBUX KOJIUBaHb, alie i
3pOOUTH 11€ Ha KiTbKa CEKyHJ LIBHUJLIE, 10 B KOHTEKCTI KaTacTpod Moxe OyTH BUpIIIAIb-
HUM. OTpuMaHi pe3yibTaTH Y3rOKYIOTbCA 3 MOMEPEIHIMH JOCITIDKEHHSMHU: HAIpPUKIA,
BiJIOMO, 10 TOeAHAaHHS pi3HUX apXiTeKTyp (CNN+LSTM) no3BoJisie MOMIMNIIUTH TOKAa3HUKH B
MOPIBHSIHHI 3 OKPEMUMHU KOMIOHEHTaMHu [27], a SKICHO HaBYeHi TIMOOKI MOJeTi MOXYTh
BJIOBJIIOBATH «TOHKI» CUTHAJIM HA PaHHIX CTaAisIX PO3BUTKY IMOJIi, IKi HE BUAHO MEHII CKJIaJI-
HUM aJITOPUTMAaM.

[IpoBenenuit HaMM KIIbKICHUNA eKCTIEpUMEHT OyB C(hOKYyCOBaHMI Ha CEHCOPHMX JaHMHX,
JOJATKOBUHM MPUKIIAJ 3 aHATI30M TBITTEP-CTPIUKH MiJ Yac 3eMJIETPYyCy MOKa3aB, 110 HaBIiTh 3
nopiBHSIHO mpocTuM NLP-Mozmem o MokHA OTpUMATH BUTPAI y Yaci moao odilidHux ma-
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HuX. Lle BigKpuBae NUIAX 10 MYIbTH-MOJAIBHUX CUCTEM, JIe CHTHAIH 3 PI3HHUX JKepen (1at-
YHUKH, COLIMEPEXKi, BiZe0) KOMOIHYIOThCS A (OPMYBAaHHS IUTICHOI KapTUHH CUTYaliiHOI
00CTaHOBKHU.

Pesynbrat qocmiKeHHs MOXYTh OyTH BUKOPUCTaHI MPU NMOOYIOBI Cy4aCHUX CHCTEM
MOHITOPUHTY HaJ3BUYaHUX CUTYAIill — BiJl HEHTPIB yNpaBIiHHSA KPU3aMU TEPUTOPIaIbHUX
00’€THAHUX TPOMAJA JI0 MPOMHUCIOBUX cucTeM Oesmeku. lIponeMoHCTpoBaHO, IO HABITH
BITHOCHO KOMIAKTHI HEHPOHHI MOAEI MOXYTh HPAIIOBaTH B PEAIbHOMY 4Yaci Ta BUSBIATH
nofii mWBHAMIE 1 HafiiHime, HOK TpagumiiHi meroau. Hampukman, BnpoBamkenHs LSTM-
CNN Mozeni Ha MOTOKaxX JaHHUX BiJl CEHCOPHOI Mepexi JaMOM MOKe JaTh JT0JaTKOBI XBHIIH-
HU Ha €BaKyallilo 3aBJSKU OLIbII paHHbOMY PO3Mi3HABAHHIO KPUTUYHOTO MiAHOMY piBHS BO-
. Tak camo, iHTerpamis aHami3y COIIMEpEX A0 LEHTPIB pearyBaHHS MOXe 3a0e3MeyuTH
paHHI CHTHAJIU MPO MOl SKi 1HAKIIE 3aTHIIAINCT O HeTOMIYeHUMH 10 O(iliifHUX TOBiIOM-
JIEHb.

Bonnouac, cmig Big3HAYMTH KiUTbKa OOMEXKEHb JaHOTO JociijkeHHs. [lo-meprie,
EKCIIEpUMEHTH Ha CHHTETUYHUX MaHWX (Hampukian Yahoo S5) He MOBHICTIO BiIOOpakaroTh
YCIO CKJIQ/IHICTh PEATbHUX JAaHUX CEHCOPHUX MEPEXK, A€ MOKYTh OyTH 1Iym, 3001, mpomyIIeHi
3HA4YeHHS TOII0. TOMY HACTYITHUM KPOKOM € TIepeBipKa 3alpOIOHOBaHUX MOJIEIEH Ha peab-
HUX Ha0Opax MaHWX (HANPHKIAJ, BUMIPIOBAHHS CEHCMIYHMX JATYMKIB, TEIEMETPis MPOMHU-
CJIOBOTO 00JIaIHAHHS) 3 peabHUMHU IMO3HAYKaMy iHIUACHTIB. [lo-npyre, y BUNaaKy couianb-
HUX MeJia iCHy€e BUKIIUK MEPEBIPKU JOCTOBIPHOCTI: MOAEI MOXYTh pearyBaTH Ha XBHIIIO I10-
BIJIOMJIEHB, ajie cepell IUX IMOBIIOMJIEHb MOXYTh OyTH YYTKH YW HEMpaBauBa 1H(OpMaIlis.
Bupimenss mporo notpedye noeJHaHHS MAIIMHHOTO aHAI3Y 3 MEPEBIPKOI0 HAAIMHMX Ke-
pen abo BBeneHHs KoedimieHTiB aoBipu. [lo-TpeTe, NMUTaHHS ONMUCOBOCTI 3AHIIAETHCS
BIIKPUTUM: UIS TIPAaKTUYHOTO BUKOPUCTAHHS PATYBATBHUMHU CIYKOaMU CHCTEMa paHHBOTO
OTIOBIILIEHHS TOBUHHA HE JIMIIE BUJATH TPUBOTY, ajie i HaJaTH NEBHI IHTEpIpeTalii — o ca-
Me CTaJIoCsl, SIKUM CEHCOp YU JIKEpPeso JaHUX CIIPaloBajo, SKHi MporHO3 po3BUTKY. [ nboki
MOJIeJIl B OCHOBI € "YOpPHHUMH SIIUKaMHU'", TOMy KOPUCHO JOCII)KYBaTH METOIU OMHMCOBOTO
(MOSICHIOBAJILHOT0) IITYYHOTO 1HTENEKTY JJIsl TAKUX CHCTEM.

[TincymoByrO4H, HaIIe AOCTIIHKEHHS MIATBEPHKYE, IO MOJIET1 MAllTMHHOTO HABYAHHS —
1 0cO0JIMBO TIMOOKOIO HAaBYaHHS — 3/1aTHI CYTTEBO MiJBUILUTH €(PEKTUBHICTh PAHHBOI'O BH-
SBJIEHHS HAJA3BUYaHUX cuTyaliii. Bonu 3a0e3meuyroTh sk OUIbIY TOUHICTb, TaK 1 IIBUIKICTh
pearyBaHHs, BUKOPHCTOBYIOUM 0araTCTBO JaHUX Cy4yacHOro mudgposoro csity. Ilo mipi no-
JTANIBIIOTO BAOCKOHAJIEHHS LIMX METOIB Ta BUPILIEHHS CYMYTHIX BUKJIHUKIB, MOKHA OYIKYBaTH
MOSIBY HOBUX TIOKOJIIHB IHTENIEKTYalbHUX CHCTEM OIOBIIIEHHS, IO JOITOMOXXYTh BPSATYBATH
KUTTS Ta MIHIMI3yBaTH 30MTKH BiJ HAI3BUYAWHUX CUTYAIlIN.
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Application of machine learning models for early detection
of emergency situations based on streaming big data

The article addresses the pressing issue of early detection of emergency situations, such
as natural disasters, industrial accidents, or epidemics, through the application of machine
learning and deep learning models. The focus is on analyzing streaming big data sourced
from Internet of Things (10T) sensor networks and social media platforms, which provide re-
al-time information. Traditional early warning systems, relying on methods like threshold de-
tectors or statistical models, often lack the speed and precision needed to process large vol-
umes of heterogeneous data in real time. To overcome these limitations, the study explores the
effectiveness of advanced machine learning techniques, with an emphasis on deep learning. A
hybrid LSTM-CNN model is proposed, integrating convolutional neural networks (CNN) for
extracting local features from time series data with long short-term memory (LSTM) networks
for capturing long-term dependencies. This model was evaluated using synthetic data from
the Yahoo Webscope S5 dataset and real-world streams, such as Twitter posts during an
earthquake in the Ternopil region. Experimental results revealed that the hybrid LSTM-CNN
model achieves high accuracy (F1=0.90) and the shortest average detection latency (=5.5 s),
significantly outperforming traditional methods like threshold detectors (F1=0.67, latency 15
s) and support vector machines (SVM, F1=0.80, latency 8.5 s). Comparative analysis also
included LSTM and LSTM-autoencoder models, which yielded slightly lower performance
(F1=0.88 and F1=0.77, respectively) but still surpassed classical approaches. The ad-
vantages of deep learning are evident not only in higher accuracy but also in the models’
ability to detect subtle anomaly signals at early stages, which is critical for timely emergency
response. Additionally, the potential of social media as a data source was demonstrated:
Twitter analysis enabled earthquake detection within 1-5 minutes of its onset, outpacing offi-
cial reports. These findings highlight the promise of the proposed models for emergency mon-
itoring systems, such as industrial safety platforms or crisis management centers, where
speed and reliability are paramount. The study also outlines limitations, including the need
for broader testing on real-world datasets and addressing false positives in social media data.

IMoncbkuii Opect MuxaiiioBu4 - aa'toHKT Kadenpu iHGOpMaLIHHUX TEXHOJIOTIH Ta CH-
CTE€M €JIEeKTPOHHUX KOMYHIKallii, JIbBIBCbKUI Aep)kaBHUIN yHIBEPCUTET O€3MEKH KUTTEISIb-
HOCTI
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0O.€. Cason, K.O. ITanaryra
MPOBJIEMU ®YHKIHIOHYBAHHSA CYYACHUX CUCTEM
JTACTAHIINHOI O HABUAHHSA

Anomayin. B oanii cmammi euznayeri YYHKYIOHATbHI NpoOIemMu CY4aACHUX cucmem OUCMau-
yitHol oceimu, 30Kkpema mexuiuni npooniemu, npodiemu 0oCmynHocmi, 3abe3neuerns iHpop-
Mayitinoi Oe3neku ma 3axucmy OAHux, AKOCMI HABYANLHO20 Npoyecy, a Mmaxoxc npodiemu
BUKIAOAYI8 Ma CMYOeHmi8 00 HOB020 HABUANbHO20 cepedosuyd. JociodiceHi cyuacHi cnoco-
OU NOOONAHHS BUUE3A3HAYEHUX NPoDIieM — IHpopMayilini MexHOI02li, 8ipmyarbHa ma 00N06-
HEeHa peanbHOCmi, WMYYHUL THMeNeKm Yy KOHMeKCmi po36UmKY IHHOBAYIUHUX MEeXHON02IU IH-
Gopmamuzayii ma inmenexmyanizayii cycninbcmaea.

Knrouosi cnosa: oucmanyitine naguants, iHhopmayitini mexnonozii, cucmemu OUCMAHYIUHO-
20 HABYAHHS, XMAPHI MEXHOJI02Ti, WmMYYHULl IHMeNeKm, 8ipmyailbHa pealbHiCmb, 00N06HEeHd
PeanvbHicmb, 3aXUCM OQHUX.

ITocTanoBka npodaemu. [HpopmaTH3allis CydacHOTO CYCHUIbCTBA € OAHIEIO 3 HAWBaX-
JMBIIIKX O3HAK Ipolecy HOro po3BUTKY, SIKMH BKtoyae B cebe (OpMyBaHHS Ta PO3BUTOK
IHTENEKTYalbHOTO MOTEHIiaJly KOXKHOT JIFOAMHU, YIOCKOHAIEHHS (OPMHU Ta 3MICTY HAaBUYAIb-
HOTO TIPOLIECY, BIPOBAJKEHHS Cy4aCHUX TEXHOJIOTIH Ta OCBITHIX 3ac00iB, IKi JO3BOJISIOTH
BUPILIYBATH Cy4acHI OCBITHI 3aBJaHHs Ha HailBUIIOMY piBHI [1].

Jucraniiiine HaBuYaHHS — 1€ (popMa HaBUaHHS, 110 3AIHCHIOETbCA 6€3 (i3nuHOl mpu-
CYTHOCTI BHMKJIaJjaua Ta CTyAIeHTa B OJIHOMY NpuMileHHi. BoHna Oyna cTBopeHa 3 MeTor0 3a-
0e3MeunTH JOCTYIHICTh OCBITHIX pecypciB AJis BCIX YYaCHMKIB HaBYAJILHOIO MpOIECY He3a-
JIeKHO BiJ Horo reorpaiyHOro MOJOXEHHS. 3aBIsKU IIBUIKOMY PO3BUTKY iH(pOpMaliitHUX
TEXHOJIOT1 Ta MOoTpedi B IOCTYMHOMY Ta THYYKOMY HAaBYAJILHOMY IpOLECI IUCTaHILIHHE Ha-
BYAHHS CTAJIO OJIHIE€I0 3 HAWBAaXJIMBILIMX 1IHHOBALIH Y CBITOBOMY HaByalibHOMY mporeci XXI
CTOMITTA [2], TOMy Taki TpaAMLiiHI METOM HABYaHHS, K YHIBEPCUTETCbKa OCBITa, IIK1IbHI
3aHATTS, AOMAIlHI 3aBJJaHHs 3a3HAIOTh CHOT'OJHI BEJIMKUX 3MiH. B cydacHMX ymMoBax JucTaH-
HiliHI KypcH HalyacTillle peani3oBYIOThCS Yepe3 CUCTEMM IUCTAHIIHHOrO HaBYaHHS, pi3Hi
OCBITHI TUIaT(OPMH TOLIO.

Po3BUTOK TEXHONOTIM MUCTAHIIHOTO HaBYAHHS CIPSIMOBAHHUM Ha MiJBUIIECHHS e(eK-
TUBHOCTI HaBYAJIBHOTO TPOLIECY, aJie CbOTOJIHI CIOCTEePIraeThes JeAaii Oibia po30iKHICTh
MDK HIBHJIKUM TOIIMPEHHSAM Ta 3aCTOCYBAHHSM TEXHOJIOTIH JUCTAHIIMHOrO HaBYaHHS ydac-
HUKaMU HaBYaJIbHOTO mportiecy [3].

AHaJgi3 pocaimkedsb i myoaikaniii. JlocmikeHHSIME B Taly3i AUCTAHIIHHOTO HaBYaH-
Hsl, aHaJIi30M HOro B PI3HUX acleKTax 3aiiManach Taki BueHi, sk B. bukos, B. I'purenxo, P.
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I'op6artiok, P. I'ypesuu, T. I'ycak, H. Mopse, B. Kyxapenko, M. Myp, B. Onmiitauk, O. Puba-
ako, €. CmupHoBa-Tpulynsceka, A. Xyropcekuid, B. Omniitnuk, JI. Pomanumena, I1. Creda-
nenko, C. Kynpssuesa, B. Konoc, ®@. benanrep; P. Jlen, /I. Kiren Ta inmi. BpaxoBytoun Ba-
TOMHI BHECOK LIUX BYCHHX, aKTyaJIbHUM 3aJIMIIAE€THCS TOCTIHKEHHS OCOOIMBOCTEH 1 Mpo-
0J1eM BIIPOBAPKEHHS CYYaCHUX JUCTAHIIIMHUX OCBITHIX TEXHOJIOTIH Y BITUM3HSAHY MPAKTUKY 3
ypaxyBaHHSIM Cy4aCHHX aCHEKTiB IX 3aCTOCYBaHHSI.

Meta AocCailzKeHHsI — JOCTIDKCHHS HasBHUX MPOOJIEM CY4aCHUX CHUCTEM JIMCTAHLIN-
HOT'O HaBYaHHS B YKpaiHi Ta BU3HAUYEHHS IUIAXIB IX MOJOJaHHS.

BukJjiageHHs1 0CHOBHOro MaTtepiany aociaigzkeHnsi. Cy4acHi CHCTEMH AMCTaHIIITHOTO
HaBYaHHS, 3aB/SIKM CTPIMKOMY PO3BUTKY Taly3i B IIIOMY, BiJAKPUBAIOTh BEIHKI MOKIMBOCTI
IUIs 3100YTTS OCBITH HE3aJIKHO Bl MicIs iepeOyBaHHS, JO3BOJISIOYH HABYATHCH THYYKO Ta
epexTrBHO. OHAK, pa3oM i3 TUM, OyJia BUSBICHA HU3KA MPOOIIEM, IO TIEPEIIKOKAE TIOBHO-
IHHOMY (DYHKIIIOHYBaHHIO JJAHUX CHUCTEM.

Texniuni npodaemu. TexHiYHI OOMEKEHHS € OHOIO 3 OCHOBHUX MPOOIeM TUCTaHITi -
HOro HaB4YaHHA. He y BCiX cTyneHTiB icHye cTabinbpHe [HTepHET-3'e1HaHHS a00 HeoOXinHe 00-
JIQTHAHHSA, 1 1Ie 0COOJIMBO BIAYYTHO Y BiIJAJICHUX palioHax a0o KpaiHax i3 HeJOCTaTHHO PO3-
BHHEHOIO 1HPPACTPYKTYPOIO.

BaxuBy posib y HaBUaIbHOMY IIPOLIEC] BiJlirpae mporpamue 3abe3nedeHHs: s pooo-
TH CHUCTEM JUCTAHIIHHOTO HAaBYAaHHS MOTPIOHI Cy4acHi MPHUCTPOI Ta OHOBJIEHI Bepcii mporpa-
MHOTO 3a0e3neueHHs. Ase gaHi Habopu OCBITHIX MTPOrpaM HE MOXYTh TIOBHICTIO 3a0€31eUnTH
METOAM TUCTAaHIIMHOTO HAaBYaHHS, OCKUTHKH B 0aratbox CTYACHTIB MOXKe OyTH 3acTapiia Te-
XHiKa a00 HEBIAMOBIAHI OMepaliifHi CUCTEMH, 10 MPU3BOJIUTH JI0 TPYIAHOIIIB y JOCTYII 10
OCBITHIX maTdopM [4]. A uepe3 BUCOKE HABAHTAKEHHS HAa CUCTEMHU JUCTAHILIMHOIO HaBYaH-
HS M1J1 Yac MIKOBUX IMEPIOJIiB TPAIUISIIOTHCS Mepe0oi B iX poOOTI, 0 YCKIAAHIOE HaBYAIbHUN
MPOIIEC 1 3HUKYE €(DEKTUBHICTh 3aHATD.

IIpo6aemMu goctynHocTi Ta HepiBHOCTI. He BCi cTyJeHTH MalOTh OJTHAKOBHUHM JOCTYI
10 1maaTdopM Ui TUCTAHIIITHONO HAaBYaHHS, HE3BAXKAIOUM Ha Te, 1110 BOHM pO3paxoBaHi Ha
LIMPOKE KOJIO KopucTyBauiB. Lle mopoxkye 3arajibHy HEpIBHICTb cepe]l HUX.

[lepconanbHi KOMI'IOTepU, HOYTOYKH, cMapTdOHU ab0 cTaOUIbHUN [HTEpHET MOXYTh
OyTH 3aHA/JTO JOPOTMMH ISl 3HAUHOT KIJIKOCT1 CTY/IEHTIB 1 TOMY MOK€ BUHUKHYTH CHUTYaIlis,
KOJIM KOPUCTYBad MOX€ MPOIYCTUTH YaCTHHY MaTepiany 4epe3 Te, 10 3HAXOAUTHCS JalIeKO
BiJl CBOiX KoJier abo yHIBEpCHUTETy, MatouH ciabke obnmaaHanHg. Kpim Toro, s CTyIEHTIB 3
00OMeKXEHUMH MOXKJIMBOCTSIMHU CY4acHI CUCTEMH JIUCTAHI[ITHOTO HaBYaHHS HE 3aBXAU MOXYTh
OyTH XOpOIIMM BHOOpPOM, OCKIJIbKM YacTHHA 3 HUX IMOTAaHO aJlanToBaHa JJIs AaHOI Kareropii
KOPHCTYBAUiB, 1 11€ YCKJIAJHIOE JTOCTYIHICTh HABYAJbLHOTO MaTepialy Ta 3HWXKY€E IXHIO 3a1y-
YEHICTH JI0 MPOIIECY.

Inrepeiic OinpmocTi IaTGopM Ta HaBYAIBHUX PECYPCIB HE € MYJIBTUMOBHUM, MpeJi-
CTaBJICHUH JIUIIIE OJIHIEI0 a00 KiTbKOoMa MoBaMu. Lle yckimamHioe JOCTyN 10 SIKICHUX OCBITHIX
MarepiaiiB JUIsl CTY/ICHTIB-1HO3EMIIIB a00 TUX CTYJICHTIB, SIKI BOJIOJIIOTH 1HITMMH MOBaMHU —
HaNpUKIaJ, Yyepe3 Taki JIHTBICTUYHI Oap'epu Ui HUX cKiajHilme Oyne BiAHAWTH pkeperna
JUTS TOTIOBI/II HA ceMiHap abo Il HamMCaHHs AUTUIOMHOI POOOTH.

100 ISSN 1562-9945 (Print)

ISSN 2707-7977 (Online)



«Cucremui Texnonorii» 4 (159) 2025 «System technologiesy

IIpo6semu sikocTi ocBiTHLOIO Mpouecy. Jucranuiitna popma HaBuUaHHS, B IOPIBHSIH-
Hi 3 TPaIUIIHHOIO0, Ma€E TIEBHI 0OMekeHHsl. HeraTuBHO Ha SIKICTh KOMYHIKAIlii pO3yMiHHS Ma-
Tepialdy B JUCTAHIIHHOMY HaBYaHHI BIUTUBAE 3HIDKEHHS €(PEKTHUBHOCTI B3a€EMOJI MK BHKJIa-
Ja4eM Ta CTYJACHTaMH — BOHH HE MaIOTh O€3MOCEPETHBOr0 KOHTAKTy Mi co0oro. Hampukman,
y CTYJCHTIB HE 3aBXIU € MOXJIMBICTh ONEPATUBHO CTABUTH 3allUTAaHHs BUKIAAady Ta OTPH-
MYBAaTH BIANOBiAl OHJIAMH.

Takox mepeBipsATH 3HAHHS Ta OILIHIOBATH BUKOHAHI 3aBIAaHHS CTaJo Habarato cCkiaj-
Hillle, OCKIJIbKKA 0arato CTYACHTIB BIAIOTHCA 0 CTOPOHHBLOI nonomoru (IHTepHeT, mTydHui
iHTenexT, 3okpema ChatGPT), mo 3HayHO ycKkianHIOe 00 €KTUBHE OILIHIOBaHHS iXHIX 3HAHb.
Buknagayam Ba)XKKO KOHTPOJIOBATH, YU JIHCHO CTYJCHTH BUKOHYIOTh 3aBJaHHS CaMOCTIIHO.
Kpim Toro, BapTo 3a3HauuTH (AKT BiJCYTHOCTI PETYISIPHOTO OCOOMCTOTO CIIUIKYBAaHHS, COLli-
QIBHOTO 3aJTy4eHHS Ta KOHTPOJIO 3 00Ky BHKIaaada. Li ¢hakTopy 3HIKYIOTH MOTHBALIIIO CTY-
JICHTIB HABYATHUCS Ta BAKOHYBATH 3aBJJaHHS Y BCTAHOBJICHI TEPMiHHU.

IIpodaemu 3a6e3neuenHs ingopmaniitHoi 6e3mekn Ta 3axucty AaHux. Yum Oiibiie
Cy4acHi CUCTEMH JMCTAaHIIMHOTO HABYAHHS MAaOTh KOPHCTYBAyiB, TUM OiJbIIe BOHH 30upa-
I0Th TIEPCOHAIBHUX JaHMX, BKItoYaroun inentudikaniitai nani (I1Ib, nara napomxenns, ID-
HOMED, Yy SKOMY 3akiaai BUmoi ocBité (3BO) HaBuaeThes), iHdopMalliro Ipo akaaeMidyHHNA
nporpec Ta inmie. [Ipu mboMy BipoOTiHICTh BUTOKY JaHUX KOPUCTYBAiB uepe3 371aMu mpodi-
JIB 3 TOJAIBIIOK BTPATOIO OCTYITY IO CBOIX MaTepialiB 3HAYHO 30UIBITY€EThCS. Y BUIAIKAX,
KOJIM CTYIEHTH MPOXOASTh OHJAWH-ICIUTH a00 TECTH, 3'ABISIOTHCS PU3UKU BHTOKY BiJIMOBI-
Jieil un MaHINyJIsAid 3 pe3yiabTaTaMy, 1110 CTaBUTh I11J1 CyMHIB 00’ €KTUBHICTb OI[IHIOBAHHS.

BinnosigHo, Ha mardgopmax Mae OyTH HaJeKHUN 3aXMCT BiJ KIOEP3TOUMHIIIB, BaKIIU-
BO 3a0e31eunTH 30epexeHHs] KOH(QIISHIIITHOCTI IUX JaHUX, 100 YHUKHYTH iXHBOTO HECAHK-
[[IOHOBAHOT'O BUKOPHCTAHHSI.

IIpobaemn apanrtanii BUK/IagadiB Ta CTYJEHTIB 10 HOBMX YMOB HaBYaHH#. J{is
e(eKTUBHOI poOOTH 3 AUCTAHUIMHUMU IIaTGOpMaMu 1 CTyJeHTaM, 1 BUKJIajadaM NOTpiOH1
HABUYKH, SIKUX BOHM MOXYTh He MaTH. Uepes nmorane opieHTyBaHHS B CydyacHUX 1H(popMaIiif-
HUX TEXHOJIOTISIX Y BHKJIaJauiB BUHUKAIOTh TPYAHOIIl 3 OpPraHi3aili€lo 3aHsATh, a B CTY/ICHTIB
— 3 IOCTYTIOM JI0 MaTepiajiB, 0 3HAYHO YCKJIAIHIOE MPOIIEC HABYAHHS.

Tako CroAu Bi1THOCSTHCS IICUXOJOTIYHI TPYAHOII (BIACYTHICTh COIIaJIbHOT B3a€EMO/IIT,
E€MOIIIHHOT MATPUMKH, MPOOIEMH 3 aIaNTaIl€0 10 HOBUX 3MiH ToIIo): Kpim Toro, BuKIiIana-
yi, SIK1 3BUKJIM MPAlIOBaTH 3a TPaJULIHHOI METOJUKOIO, YACTO HE MAIOTh HAJIEKHOI MIATOTO-
BKH JJ11 poOOTH B OHJIaH-cepenoBuIli. Bl 11 ¢pakTopu B KOMIUIEKC] CTalOTh MPUYUHOKO HU-
3bKO1 €(DEKTUBHOCTI TUCTAHIIIMHOTO HAaBYaHHS, OCKUIBKH HE KOKEH CTYJEHT YW BUKJIAJad ro-
TOBHH aJanTyBaTUCS JO MOTr0 yMOB.

Ilasixu BupimeHHs npobaem. [HbopmaiiiHi TexHonorii, mwTyyHuil iHTenext (LHI),
BipTyanbHa (VR — virtual reality) Ta nomoBHeHa peanbHicTh (AR — augmented reality) mo-
’KYTh JJOTIOMOT'TH 0J10JIaTH 6arato nmpodiiem, 3 SKUMH CTHUKAIOThCS Cy4yacHI CUCTEMH JIUCTaH-
MIAHOTO HaBYaHHS.

3aBIsKA aKTUBHOMY PO3BHUTKY XMapHHX TEXHOJIOTiH 3HIKYIOTHCS BUMOTH JIO TEXHid-
HOTO OOJIaJHAHHS, aJKE pecypcu 0OpOOIIIIOTECS Ha BiIAAJICHUX cepBepax. /laHe siBuie mMo-
’KHA CITOCTEpIraTd y MOMYyJISIPHUX XMapHUX cepBicax Bix Microsoft 365 (kopnoparuBHa Ha-
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ByanbHa maargopma MS Teams, xmapHe cxoBuiie OneDrive, matdopma 1is ciibHOI po-
0oTH i kepyBaHHs nokyMeHTamu SharePoint), ne s meperyisny Ta peJaryBaHHS TOTO YU
iHImoro (aiiny, po3mimeHoro Ha miardopMi, JOCTaTHHO JIMIIE 3HATH MATH MOCHJIAHHS Ha
HBOTO.

[HIIMM sickpaBUM MPUKIAIOM Takux [T-pimeHs MOXHA HA3BaTH BIPTYaIbHY J1aOOpaTo-
pito Labster, sika 103BoJisie po3poOISATH BipTyallbHI HAaBYAJIbHI CUMYISTOPH sl OyIb-SKOTO
HaBYAJIBHOTO 3akiany, Bia mkin 10 3BO. Koxen cumymstop, Bix anatomii ta 6ionorii 1o ¢i-
3MKH Ta XiMii — I1e TTOBHOLIHHUH BipTyalbHUI KOMIUIEKC 3 BiICOIHCTPYKIIEIO, TEOPETHUHUMH
BIJOMOCTSIMU Ta IHTEPAaKTUBHUMH BIIPaBaMU JUIs BUKOHAHHs y 3D-cepenoBuIli Cy4acHUX Bi-
pryansHux snaboparopiit. Ilnatpopma Labster 3a6e3nedye MOXKIUBICT CAMOCTIHHOTO MiJK-
JIOYEHHS BUKJIaJa4aMy CTYICHTIB 3 TIOJAJIBIINM aHAIII30M Pe3yJIbTaTiB X poOiT. 3aBIsKu Hiit
YCIIIIHO HAaBYAIOThCA BXKE 5 MITH. cTyAeHTiB Ta yuHiB 3000 HaBuanpHHX 3aknaniB B 70 kpai-
Hax cBity. [5, 6].

VY upomy Bunaaky, I 3HMKye HaBaHTa)KEHHS HA CEPBEPHU UEPE3 MOMEPEIHE MPOTHO3Y-
BaHHS Ta pO3MOJLUT TpadiKy i TUM CaMUM ONTHMI3ye poOOTy miaardopm, a CTBOPEHHS BipTya-
JHHUX JIA0OPATOPIH 1 CepeIOBHIL JO3BOJIUTH CTYICHTAM MPALIOBATH 31 CKIJIaJHUMH CUMYJISIIi-
saMu 6e3 moTpedu y MoTy)kHOMY 00agHaHHI. B KOMITIEeKCi 1l CKJIafoBi B 3M031 BUPIIUTH Oi-
JBIIICTH MPOOJIEM TEXHIYHOTO XapaKTepy.

Jnist motosiaHHs po0JIeM TOCTYIMHOCTI KOHTEHTY Ta HEPIBHOCTI MiX CTyIEHTaMH OH-
JaiH-TUIaTGOPMH MPOMOHYIOTh ABTOMAaTHYHUH MEPEeKIIaJ PO3MILICHOTO Ha HUX KOHTEHTY Ha
pizHiI MoBH 3a aonomoroto LI, skuif, KkpiM 1bOro, ajantye MaTepiajl A0 MOKIMBOCTEH TOTO
YM 1HIIOTO CTY/EHTA, 30KpeMa aBTOMaTH4YHE NEPETBOPEHHS TEKCTy B ayaio. AR-gonaTku Ha-
JAI0Th CTYJEHTaM 3 0OMEXKEHUMH MOXKJIMBOCTSMH J0JIATKOB1 Bi3yalibH1 200 TOJIOCOBI IHCTPY-
KITii.

Kopnopauis Microsoft nouana peanizauito ¢ynxkuii Microsoft Translator y Teams —
«repekianayay, 1o mnpaimroBatume Ha ocHOBI LI Ta 103BOIUTE KOXKHOMY Y4YaCHHMKY TOI 4M
1HII01 KOH(epeHI[iT TOBOPUTH ab0 CIyXaTH 1HIIHUX TIE0 MOBOIO, KOO BiH 3a0a)ka€ B pexXHUMI
peasibHOTO 4acy. BiH iMiTye royioc KopucryBaua, aje 3BydaTuMe BiH 1HIIOK MoBoto. [lomepe-
IHBO (QYHKIIIS OyAe AOCTyIHA TUIbKU JUIs epeaiaTHukiB Microsoft 365 ta Moxe nponony-
BaTu 70 9 MOB, a came: aHINIIICBHKY, (paHIy3bKy, HIMELbKY, ICHAHCBKY, 1TATIIChKY, TOPTY-
rajibChbKy, KUTANCBKY, SIITOHCHKY Ta KOpeHchbKy. B MalilOyTHhOMY IJIaHYETHCS PO3MIMPUTH Mij-
TpuUMKy 10 30 MOB.

3a cioBamu po3poOHUKIB, Microsoft Translator MakcMMalbHO TOYHO BiATBOPIOBATHME
MTOBIIOMJICHHS JIOTIOBiAada 0e3 J0/JaBaHHs MPUIyIIeHb a00 CTOpOHHBOI 1HpopMarrii. ['oroco-
BY CUMYJISLIII0O MOYKHA BBIMKHYTH TUIBKH IICJIS 3rOAM 1HIIMX KOPUCTYBadiB Ha 1€ a00 BBIMK-
HYBILHY BiJIMOBIAHUM MapaMeTp y HAJIAITYBaHHAX [7].

CyuacHi margopMu JUCTaHLIHHOTO HaBYaHHS MIATPUMYIOTH PO3pOOKY Ta 1HTErpaliio
MYJIBTUMEAINHUX PECYPCiB, MO0 3pOOUTH OCBITHIN Mporiec OiabI AKicCHUM. J1J1st TpoBeAeHHS
MPAaKTUYHHUX 3aHATH ITHPOKO 3aCTOCOBYIOTH VR-CUMYIISIIii — BOHM MiJBHUIIYIOTH PIBEHD 3aITy-
YEHHS CTY/CHTIB 1 JIO3BOJIAIOTH BIANPAIlbOBYBATH HABUYKH Y BIPTYaIbHOMY CEpEIOBHUII. Y
CBOIO uepry, iHTenekryanbHi anroputMu LI, moaidoHO pexomMeHaalisiM Ha OCHOBI TMEPETIISIHY-
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TUX 3alUTIB y Mepexi [HTepHeT, JonmoMaralTh aJanTyBaTd KOHTEHT MiJ MOTpeOu KOXKHOTO
CTY/CHTA, HAPUKJIa/1, TPOTIOHYIOYH JOJATKOBI 3aBJaHHS a00 MOSCHEHHS JJISl CKJIATHUX TEM.

Komnanis zSpace € ojHuM 3 TIocTauanbHuKiB AR/VR-TexHomoriii Ha ocBiTHiM punok. Ii
nporpaMHe 3a0e3MeUYeHHsI I03BOJISE CTYJICHTaM Ta BUKIIAJadaM B3aEMOJISATH 3 IMITOBAaHUMU
00’eKTaMu y BIpTyaJIbHOMY cepenoBHIi 0e3 BukopucTtaHHs VR-okymspiB. KopucryBaui ne-
pernsaaroTs 3D-koHTeHT depe3 3D-ekpaH KoMIT'ioTepa 3a JOMOMOTOK TEXHOJIOTI BifCTe-
JKEHHS TOJIOBH Ta cTuiyca [8]. AnapatHe 3a0e3MeYeHHs IEPEMUKAETHCS MK JIIBUM 1 TIPaBUM
300paKEHHSIMU Yepe3 MUPKYIISAPHO MOISIPU30BAHE CBITIIO, SIKE MOTPAIUISIE B OKO [9].

Cepen IT-pimens it mokpaiieHHs 3a0e3nedyeHHs iHpopmariiiHoi Oe3nekn Ta 3aXucTy
JAHUX BUIUIAIOTH 3aXMIICHI XMapHi cepBepu 3 OaraTtopiBHEBO aBTeHTU(iKamiero. Poxp LI
NOJISiTa€ 'y BHUSBICHHI aHOMAJIid B MOBENIHIII KOPUCTYBAYiB Ta MONEPEIKEHHI PO MOXKIIHBI
3arpo3u, a TaKOXK ONTHMI3aIlii 00poOKH MepcoHaTBHUX NaHuX, a VR Ta AR HamaroTh MOXKIH-
BICTh CTBOPIOBATH BipTyasbHI KIMHATH 3 O€3MIEYHNUM JOCTYIIOM 1 3aXHUCTOM iH(OpMaIii.

Cxoxwuif MexaHi3M OyB peaiizoBanuii y comianpHiii VR-matdopmi AltspaceVR — B Hilt
Oyau opraHizoBaHi 6e3MeuHi MPOCTOPH, K MiCIld [T 3yCTpidi Ta B3aeMOJIil KOpHCTyBadiB. Ix
MO>KHA OyJIO 3HAWTH Ta OTPUMATHU JIOCTYI Yepe3 TUIaBarde MEHIO a0 yepe3 BHYTPINTHLOCBI-
TOBi «renenoptuy. Jlani mpoctopu Oyau CTBOpPEHI Ta MIATPUMYBAINCS SIK KOPHCTyBadaMmH,
Tak i odiniitanMu po3podHukamu. BryTpimHi MeHto AltspaceVR BKiIroUanu Crmcok «Iporo-
HOBaHHUX» MPOCTOPIB, BUBHAYCHUX KOPUCTYBAYEM, 1 CIIMCOK HANOLIBII «IOMYISPHUXY MPOC-
TOpIB y peaJbHOMY 4aci, yIOPSIKOBAHUX 33 KUTBKICTIO KOPUCTYBaviB. [HIII MeHIO mepemidy-
BaJIM MMOTOYHI Ta 3aIUIaHOBaH1 «OJ1i», K1 B1IOyBanucs B opiliiHUX a00 CTBOPEHUX KOpHC-
tTyBauamu mipoctopax [10].

Jns mpoTuii 3arpo3am CbOroJiHI HIMPOKO BUKOPUCTOBYETHCS JBOPAKTOPHA aBTEHTU(1-
Karlisi — TOJaTKOBUN pIBeHb Oe3neku, okpiM mapois abo PIN-koay kopuctyBaua. Lle moxe
Oytu uudpoBuil Ko, HajAlCIaHUN Ha MOOLIBLHMM MPUCTPIA JUIS MIATBEPIPKEHHS OCOOU SK
CTYyJICHTa, TaK 1 BUKJIaJa4a, Micys BX0ay B 00JIKOBHII 3aIuc.

[TpoTte kox Moke OYyTH OTPUMaHUM He JIMIIE TEKCTOBUM IOBIIOMJIEHHAM — ICHY€E YMMa-
JI0 1HIIKX CIOCO01B: push-CcroBilIEHHS, MporpamMu AJis aBTeHTU(]IKaIii, FOJI0COBa aBTEHTU(I-
Kauis Tomo. Jlyis 101aTKOBOro piBHS Oe3neKky HaldacTillle BUKOPUCTOBYIOTh KOJ, SIKUM Ha-
niimoB y SMS-noBiomienni [11].

OcgiTHI mnaTdopMu MPONMOHYIOTh HaBYaAJIbHI KYpCH Ta B1JIEOYPOKH JJIsi BHKJIAJIadiB 3
METOIO TIOKpAIIeHHs IXHIX HABUYOK aIaNTyBaTHCS IO HOBHX YMOB HaBYaHHA. Ha nesikux rura-
ThopMax CTBOPEH! «IICOYHMII» — MOXJIMBICTh TPEHYBaHb JJIsl BUKJIaJauiB Y BIpTyaJbHOMY
CepeIoBHIL, € BOHU MOXXYTh MOJIEIIOBATH HaBYaJbHI CIleHapii yepe3 B3aeMOJIII0 3 BipTya-
JHHAMH CTYJEHTaMU JUIS BIATOYYBAHHS CBOE€I MAaHCTEPHOCTI, a IEPCOHATI30BaHI pEKOMEH/Ia-
mii Ta HII-miaka3ku JOMOMOXKYTh Y9aCHUKaM HABYAIBHOTO MPOIECY MIBUAIIE OCBOITH TLIAT-
dopMmy Ta ii QyHKIIOHAIL.

CoporoaHi /Ui BUKJIa/Ja4yiB aKTUBHO BIPOBAKYIOTHCS pi3HOMaHITHI VR-TpeHiHTH, sKi
MOKJIMKaHi PO3BUBATH iXHIO MU(PPOBY KOMIETEHTHICTh. OCHOBHUMH HANpPsSMKaMH IHX 3aX0-
IiB € po0oTa 3 eNEKTPOHHIMH HAaBYAJIbHIUMHU KypCaMH, BUKOPUCTAHHS B HABYAITBHOMY TIpOIIe-
ci VR, AR Ta miryuynoro inTenekty — ChatGPT, Claude, Gemini, Microsoft Copilot Toro.
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OnHuM i3 MpHUKIAIB pilieHs npobseM aganrarii € wiatdpopma Mursion. Bona mpono-
HYy€ 3aXOIUTIOIOYHMH JOCBIA 32 JOMOMOTIOI0 HaBYAIBHUX CHUMYIIALIN, 00 TOMOMOTTH CBOIM
KOPHCTYBayaM MOKPAIIUTH CBOi HABUYKU MI’KOCOOMCTICHOTO CIUJIKYBaHHS 32 KOPOTKHH Mpo-
MDKOK 4acy SIK B KOMaH/li, TaK 1 0COOUCTO.

[Tnardpopma Mursion mpaiffoe, BAKOPUCTOBYIOUHM YHIKaJIbHE MOETHAHHS IITYYHOTO 1H-
TEJIEKTY Ta KOPUCTYBALbKHUX Aii JUIsl HaJaHHA IMEPCUBHUX HABYAJIBHUX CUMYJIALIN JUIsS 3a-
Oe3MedUeHHs J1iajory 3 BIpTyalbHUMH CTyAeHTaMHu-OoTamu. CIMpalOYMCh Ha 1€ MMOEIHAHHS,
BUKJIa/Ia4yl MOKYTh B3a€MOIISATH 3 KiJIbkoMa O0oTaMu ogHOo4acHo [12].

Pons IT, LI, VR ta AR y nogonansi npoGieM AMCTAaHIIHOTO HABYAHHS, MPHKIAIHA

porpam i TeXHOJIOTIH JUIs BUPILMICHHS KOHKPETHUX MpobieM npezactasieHi B Tadbmumi 1 [13,
14, 15, 16].

Taommms 1
Pons IT, I, VR Ta AR y nmomonanHi npo0ieM TUCTAHIIIMHOTO HaBYaHHS
Pimrenns 3a gormomororo IT, IIpuknan TexHomo-
[TpoGnemu

I, VR, AR rii/mporpamu

XMapHi 11aTGOPMHU, ONITHMI- ) .
.. p ,(b P ) Labster — Bipryanbhi 1abopa-

TexHiuHI mpobiIeMu 3amis LI, BipTyanbHi 1a60-

Topii
paropii

) [lepexnan, ananTaiiisi KOHTe- )
[IpobneMu qoCcTYmHOCTI Ta ) Microsoft Translator y MS
. . Hty LI, migrpumka AR ais

HEPIBHOCTI Teams

0cOo0IMBHUX TOTPEO

. . MynbpTUMEOIHHI pecypcH,
[IpoGnemu KOCTI OCBITHHOTO Y ) peeyp zSpace — VR mist HaB4aHHS
apanranis kourenty LI, VR

npouecy MEIUITTHA

JUISl IPAKTUYHUX 3aHATh

XMapHi cepBepH, 3aXHUCT 1H-
[Tpobremu Ge3nexu Ta KOH- P PBEP AltspaceVR — nBodakTopHa

dopmarii L1, 6esmeuni VR

(bineHmifHOCTI aBTeHTU(]IKAIIIS
cepeoBHIIA
ApnanTariist 10 HOBUX YMOB HapuaneHi kypeu, migkasku | Mursion — VR-tpeninru mis
HaBYaHHS HII, Tpeninru y VR BUKJIa/1a4iB

BucHoBku. Y naniii po6oTi BU3HauUeHO MpoliaeMu (yHKIIOHYBAHHS Cy4YaCHHX CHCTEM
JMCTAHIIMHOTO HaBYaHHS, Cepell IKUX TEXHIYHI MPOoOJIeMH, TPOOJIeMH TOCTYITHOCTI Ta HEepiB-
HOCTI, MPOOJIEMH SKOCTI OCBITHBOT'O IpoOLeCy, MpobsieMu 3a0e3nedeHHs iHpopmMariifHoi 6e3-
MEKU Ta 3aXUCTy JIAaHMX, MpoOJIeMU ajamnTallii BUKJIAAa4yiB Ta CTYJAEHTIB 10 HOBUX YMOB Ha-
BYaHHS, HaJjaHa 1X XapakTepUCTUKa. Po3risiHyTo sk iH(popMmariiiHi TeXHOooril, ITYYHUH 1H-
tenekt (ILI), BipryansHa (VR) Ta nonoBHeHa peanbHicTh (AR) MOXyYTh TOMOMOITH 1TOJ10JIaTH
3a3Ha4yeHi npobaemMu (PyHKIIOHYBaHHS Cy4acHUX CUCTEMH JUCTAHIIHHOTO HaBYaHHS.
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Problems of functioning of modern distance learning systems

Informatization of modern society is one of the most important features of the process of
its development, which includes the formation and development of the intellectual potential of
each person, improving the form and content of the educational process, the introduction of
modern technologies and educational tools that allow solving modern educational tasks at the
highest level.

Distance learning is a form of learning that is carried out without the physical presence
of a tutor and students in the same room. It was created to ensure the availability of
educational resources for all participants in the educational process, regardless of its
geographical location. Due to the rapid development of information technologies and the
need for an accessible and flexible educational process, distance learning has become one of
the most important innovations in the global educational process of the 21st century,
therefore, such traditional teaching methods as university education, lections or homework
are undergoing major changes today. In modern conditions, distance courses are most often
implemented through distance learning systems, various educational platforms, etc.

The development of distance learning technologies is aimed at increasing the efficiency
of the educational process, but today there is an increasing discrepancy between the rapid
spread and application of distance learning technologies by participants in the educational
process.

This article identifies the functional problems of modern distance education systems, in
particular technical problems, problems of accessibility, ensuring information security and
data protection, the quality of the educational process, as well as the problems of teachers
and students in the new educational environment. Modern ways of overcoming the above
problems are investigated — information technologies, virtual and augmented reality,
artificial intelligence in the context of the development of innovative technologies of
informatization and intellectualization of society.

Keywords: distance learning, information technology, distance learning systems, cloud
technologies, artificial intelligence, virtual reality, augmented reality, data protection.

Cason Ouekciii €BreniiioBuu — acrnipanT kKadeapu 1HXeHepii MporpaMHOro 3ade3neyeHHs
Ta KibepOesneku. Jlep>kaBHUI TOProBebHO-eKOHOMIYHUHN yHiBepcuTeT, KuiB.

IManaryra Karepuna OuekciiBHa — KaHIUJaT €KOHOMIYHUX HayK, JOUEHT Kadeapu iHxKe-
Hepii nporpaMHoOro 3a0e3nedeHHs Ta KibepOesneku. JlepskaBHUI TOProBeIbHO-€KOHOMIUHHMA
yHiBepcureT, Kuis.
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Bik.B. I'narymenko, M.C. Mimmenko
AHAJII3 METOAIB BUAIVIEHHSA BOAHUX OB'E€EKTIB
HA CYITYTHUKOBHUX 305PAYKEHHAX

Anomayis. Y pobomi nposedeno nopisHANIbHUN AHANI3 CYHACHUX MemOOi8 8UOINIEHHS 600HUX
00'€eKmié Ha MYTLbMUCNEKMPATLHUX CYRYMHUKOBUX 3HIMKAX, 00CIIONCEHO iX nepesacu ma He-
0071iKU, HAB8EOeHO NepCneKmMuHi HanpaMKU po38UMKY OaHOI 2ay3i.

Jlo ocnosHux memoodie Hanexcamo cnekmpaivhi 600Hi inoexcu (NDWI, MNDWI, AWEI), me-
moou Kiacugixkayii 300padiceHb (Memoo HYILoso2co nopozy, memoo Ouyy, memoo k-
HAUuOAUNCUUX CYCiOI8) Ma CYHUaCHI NIOX0O0U HA OCHOBI MAWUHHO20 HABYAHHSL.

Omoice, poboma npucesayena axmyanvuil memi 8 061acmi 06poObKU ma anHanizy mMyIbmucnex-
MPATLHUX CYRYMHUKOBUX 3HIMKIB 0/ 8UOLIeHHS 800HUX 00'cxkmis. AkmyanvHicms 0aHoi me-
MU 3yMO8BIeHA 3POCMAo400 NOMpedo0 8 MOYHOMY Md ONepamueHOM) MOHIMOPUHEY B0OHUX
pecypcie 0.1 GUPIUIeHHS YUCTIeHHUX eKON02IYHUX, eKOHOMIYHUX ma coyianbHux npoonem. Bo-
Ha Micmumos KOPUCHY TH@opMayito 01 00CTIOHUKIG, AKI Npayiooms ) 2any3i OUCMAHYIlIHO20
30H0y6aHHA 3emi, ma Modice Cly2y8amu OCHOB0I0 O/l 6UOOPY ONMUMANbHUX Memodie Kia-
cugixayii 600HUX 00'€KMi6 3a71€HCHO 8I0 KOHKPEMHUX YMO8 Ma 3a60aHb.

Knrouoei cnosa: 600Hi indexcu, MynbmucneKmpaibHi CynymHuKosi 3HiMKU, Klacugikayis 30-

opasicenv, oucmanyitine 30u0yeanus, NDWI, MNDWI.

Beryn. AepokocMiyHiI TEXHOJIOT Ha ChOTOJHIIIHIN JIEHb € MOTYXHUM 1HCTPYMEHTOM
JUIS CTIOCTEPEKEHHS Ta aHalli3y 3eMHO1 moBepxHi. Oco0IuBe MicIe B CUCTEMI AUCTAHIIHHOTO
30H/1yBaHHA 3eMJli 3aliMae MOHITOPUHT BOJHHUX 00'€KTIB, III0 MA€ HA3BUYAHHO Ba)KJIMBE 3HA-
YEHHs JJIs1 €KOJOTTYHHUX JOCIIIKEHb, YIIPaBIiHHSA BOJHUMH pecypcamH, IpPOTHO3yBaHHS I10-
BEHEH Ta IHIIUX BUIB KaTacTpod.

3a OCTaHHI POKHM 3HAYHO 3pOCiia JOCTYMHICTh MYJIbTUCHEKTPAIbHUX ACPOKOCMIYHHUX
3HIMKIB, Kl MICTATh iH(pOpMALiI0 HE JHIIE Yy BUJUMOMY JAiana3oHi CIeKTpy, ane il B iHppa-
YEepBOHOMY, YIbTpadioreToBOMY Ta IHIIUX Jllala30HaX €JIEKTPOMArHiTHOTO BUIIPOMiHIOBaH-
Hs. Le BikprBae HOBI MOKIIUBOCTI 7Sl TOUHOI iIeHTU(]IKAIT Ta BUIIICHHS BOJHUX 00'€KTIB
Ha 3HIMKaXx, MPOTe OJHOYACHO CTBOPIOE JIOJATKOBI BUKJIHMKH JUIs JOCHIAHUKIB Yepe3 CKJiajl-
HICTb 0OPOOKH BEMKUX OOCSATIB JaHUX.

Metoau BUIUIEHHS BOJHUX 00'€KTIB Ha a8POKOCMIYHHUX 3HIMKaX MPOUIITN 3HAUYHY €BO-
JIOIIIO BiJl MPUMITUBHUX IMOPOTOBUX METOJIB JI0 CKJIAQJHUX JTOPUTMIB MAIMHHOTO HaBYaH-
Hs. BoHOUAC akTyanbHUM 3aUINAETHCA MUTAHHS €PEKTUBHOCTI PI3HUX METOMAIB IpU poOOTI
3 CYIIYTHHUKOBHUMH 300pa’K€HHSIMH, OCOOJIMBO B YMOBAX aTMOC(EpHUX MEPELIKO]] Ta pi3HOMa-
HITHUX MPUPOHUX YMOB.

© I'marymenko Bik.B., Mimenko M.C., 2025
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VY uiii poOOTI MPOBEACHO MOPIBHSIBHUI aHAII3 CYYaCHUX METOJIB BHJIIJICHHS BOJHUX
00'€KTIB Ha MYJIbTUCIIEKTPAIbHUX CYITYTHUKOBUX 3HIMKaX, JOCIIPKEHO X mepeBaru Ta HeJo-
JIKH, a TAKOX PO3TIIIHYTO MEPCHEKTUBHI HANPSIMKU PO3BUTKY AaHOl ramysi. OcobnuBa yBara
Oyna mpujiiieHa OIiHII TOYHOCTI Ta OOYMCIIOBATBHOT €(DEeKTUBHOCTI METO/IB B Pi3HUX YMO-
BaX CIIOCTEPEKEHHS Ta JUIs PI3HUX THUITIB BOJAHUX 00'€KTIB.

IMocTanoBKka nmpodiemu. BpaxoByroun 3pocraiody norpedy y TOUHOMY MOHITOPUHTY
BOJHHUX PECypCiB, po3po0ka e(peKTUBHUX METOMIB BUIUICHHS BOJHUX O0'€KTIB Ha CyIyTHU-
KOBUX 3HIMKax CTa€ HaJ3BHYAIHO aKTyaJbHOIO MpoOsieMoro. BuaineHHs BOJHHX 00'€KTiB
YCKIIQJHIOETHCS Yepe3 pi3HOMaHITHI (pakTOpu: BapiaTUBHICTH CIIEKTPAIBHUX XaPaKTEPUCTHK
BOJIM 3aJISKHO BiJ ii IIMOMHM, BMICTY PEUOBHH Ta 3a0pyAHEHB; HAasBHICTh aTMOC(HEpHUX Te-
PEIIKO/ Y BUIJISIII XMap Ta TyMaHy; Mpo0JieMy 3MillIaHUX IIKCEIiB Ha MeKaX BOJOIM; CE30H-
Hi 3MIHU Ta KOJIMBAHHS PIBHSI BOAH. [CHYFOYi METOM YacTO ONTHMIi30BaHi JIMIIE JIsI IEBHUX
TUITB BOAOIM a00 yMOB CIIOCTEPEKEHHS, II0 OOMEXYe 1X yHiBepcalibHe 3acTocyBaHHsS [1].
OTxe, aKTyaJIbHUM € MTOPIBHSUIBHAN aHaJli3 ICHYIOUMX METOIB 3 METOI0 BU3HAYEHHS iX e(ek-
TUBHOCTI y pI3HHX YMOBax Ta PO3pPOOKH PEKOMEHJAIIH 111010 BUOOPY ONTHMAIBLHOTO METOTY
JUTS KOHKPETHHUX 33734 TUCTaHLIHHOTO 30H/lyBaHHSI.

AHaJIi3 0CTaHHIX 10CTiTKeHb. Y CYJaCHHUX JOCITIDKSHHSIX BHIIJICHHS BOJHUX 00'€KTIB
Ha CYIyTHUKOBHX 3HIMKAaX aKTHBHO 3aCTOCOBYIOTHCS Pi3HI METOIM, 30KpeMa iHJIEeKCHI Miaxo-
I Ta ITOPUTMH MAIIMHHOTO HaBYaHHS. TpajuiiiiHi 1HIEKCH, TaKi sIK HOPMaTi30BaHUHU pi3-
Hunesnid Bogauui ingekc (NDWI), mogudikoBannii NDWI (MNDWI), aBromaTnanuii inaexc
BuauieHHs Boau (AWEI) Ta innekc cniBBiaHomenHs Boau (WRI), mMpoko BUKOPUCTOBYIOTb-
csl JUIsl aBTOMAaTUYHOTO KapTorpadyBaHHS BOJHHMX MOBEPXOHb. JlOCHIKEHHS MOKa3alu, 110
innexkc AWEI 3abe3neuye kpamii pe3yabTaT Py aHaii3i CyIyTHHKOBHX 3HiMKiB Landsat-8,
MOPIBHSIHO 3 IHIIUMU 1HJIeKcaMu. BosHouac, BUKOpUCTaHHS LIMX 1HJAEKCIB y NOE€JHAHHI 3 Ja-
HUMH CymyTHHKIB Sentinel-2 ta 00pobkoro Ha miardopmi Google Earth Engine mo3sossie
HIBUKO Ta €(eKTUBHO BU3HAYATH MOBEPXHEBI BOJHI O0'€KTH, 110 € BAXKJIMBHUM JIJII MOHITO-
PHUHTY T1IpOJIOTTYHUX 3MiH [2].

[Topsia 13 1HAEKCHUMU METOJIaMH, BCE€ OUIBIIOTO MOIIUPEHHS HA0yBarOTh MIAXOAM, 3a-
CHOBaHI Ha MalTMHHOMY HaBYaHHI. 30Kpema, HeHpoHHI Mepexi apxitekTypu U-Net nemoH-
CTPYIOTh BHMCOKY TOYHICTh Yy CErMEeHTallli BOAHMX OO'€KTIB Ha CYMYTHUKOBHUX 3HIMKax
Sentinel-2. ApromaTnute GopMyBaHHS HaBYAITbHUX Macok Ha ocHOBI NDWI Ta BukopucTan-
HSl KOMO1HOBaHOI (PYHKIIIT BTpaT COPUSIIOTH MiABUILIEHHIO YyTIUBOCTI MOJIEINI 10 TOHKUX BOJI-
HUX CTPYKTYp 1 3a0e3neuyroTh TOUHICTh cermenTauii 3 F1-miporo 0,8897 [3]. Kpim Toro, 3a-
CTOCYBAaHHSI METO/IIB MAIIMHHOTO HABYaHHS, TAKUX SK METOJ OMOPHHUX BeKTOpiB (SVM), nmo-
3BOJISIE TOCSITTH BUCOKOT TOUHOCTI (10 97%) npu kapTorpadgyBaHHi1 KOHTYpPIB BOJHUX 00'€KTIB
Ha ocHOBI ganux Sentinel-2, mo miaTBepKyeThes koedimienrom Kamma 0,94 [4]. Takum 4u-
HOM, IO€JHAHHS 1HAEKCHUX METOJIB Ta aJTOPUTMIB MAIIMHHOTO HAaBYaHHS CIPHSE IiJBU-
HIEHHIO €()eKTHUBHOCTI Ta TOYHOCTI BUJIIJIEHHS BOJHUX O0'€KTIB HA CYMyTHHUKOBUX 300pakKeH-
HSIX.

BukJiiageHHs1 OCHOBHOro mMarepianay. Y cydacHil mpakTuill oOpoOKH aepOKOCMIUHUX
3HIMKIB ISl BUIUICHHSI BOAHUX 00'€KTIB BUKOPHCTOBYIOTHCSI PI3HOMAHITHI METOH, K1 MOXK-
Ha MOJUTMTH Ha JEKUIbKa TPYI 3aJIEKHO BiJl MPHUHIUIIB poOOTH Ta €PEKTUBHOCTI B PI3HUX
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ymoBax. KirrouoBy posb cepell HUX BifirparoTh METOAM HA OCHOBI CIIEKTPAIIbHUX BOJHHX 1H-
JICKCIB, METOJIM aBTOMATHUYHOI Kilacudikailii Ta KoMOIHOBaH1 i IXO/IH.

MeTtoau cneKTpajJbHUX BOAHUX iHAekciB. CriekTpaibHi BOAHI 1HIEKCH € HaWOUIbII
MOIIMPEHUMH Yepe3 IX MPOCTOTY Ta eeKTUBHICTh. HopMaiizoBaHuil pi3HUIIEBUIT BOHUH 1H-
nexc (NDWI), 3ampononoBanuii McFeeters [5], oOuncmioeTscs 3a ¢opmynoro NDWI =
(GREEN - NIR) / (GREEN + NIR) Ta BUKOpPUCTOBYE KOHTPACTHICTh BOJIH Yy 3CJICHOMY Ta
onmmxHBLOMY 1H(MpadepBoHOMY nianazoHax. Tpaauniiino 3nadeHass NDWI > 0 knacudikyroThb-
cs sk Boga. Ilpore ganuii ingekc Mmae 0OMEXEHHS MPU HAIBHOCTI 3a0yI0BaHUX TEPUTOPIH, SKi
MOKYTh TIOMHJIKOBO KJIACH(iKyBaTUCS SIK BOJHI 00'€KTH.

MoaudikoBanuii HopMati3oBaHuil pizHuneBuii Boguuii inaekc (MNDWI) cTBopenuit
JUIsL TIOAOJIaHHsT HeAomiKiB kiacuaHoro NDWI. Bin BUKOpHCTOBYe cepenHii iHppadepBOHUIA
Aiana3oH 3aMicTh OmmkHbOro iH(payepBonoro: MNDWI = (GREEN - SWIR1) / (GREEN +
SWIR1). Lle#i ingexc kpaiie po3pi3Hse BOAHI 00'€KTH BiJ 3a0yJOBaHUX TEPUTOPIN 3aBISKU
BHCOKIU BiIOMBHIiM 31aTHOCTI ocTanHiX y SWIR1 mianmazowi.

Jlns BupimeHHs: npoOJieMH TiHEH Ta MOBEPXOHb 3 BUCOKHMM anbbeno, Feyisa, G. L. ta
fioro cmiBaBTOpaMu, OyB po3poOiieHUi aBTOMaTH30BaHWU iHIeKC BUAIeHHS Boau (AWEI)
[6] y nBox momudikarisx: AWEIns = 4(GREEN - SWIR1) - (0.25NIR + 2.75SWIR2) mus
smeHmenHs BBy TiHed Tta AWEIs = BLUE + 2.5GREEN - 15(NIR + SWIR1) -
0.25SWIR2 nyst mominineHHs BUAUICHHS BOJIU Y BUIAAKY HAsBHOCTI OBEPXOHH 3 BUCOKHUM
anpOeno. OOuaBa 1HIEKCH BUKOPUCTOBYIOTh 3BaYKEHI KOMOIHALT N'SITH CHEKTPaIbHUX KaHa-
JB.

Jliig epexkTUBHOTO BUALIEHHS! BOAHUX 00’ €KTIB BayKJIMBO BPAaXxOBYBATH SIK YMOBHU MicClie-
BOCTI, TaK 1 TUN CynyTHUKOBUX JaHuX. NDWI Halikpaiie miaxoauTs 1Ji1 YUCTOI BOJU Y BIIK-
pUTHX BoJoOMMax, ocobnuBo 3HIMKIB Landsat 8. MNDWI edexTuBHuil y MICBKUX TEPUTOPISIX
1 mae kpamii pe3ynbratu 3 Sentinel-2 3aBasiku BUCOKiHM po3AuibHiH 3naTHOCTI. [HIekc AWEINS
JOLJIBHO BUKOPUCTOBYBATH B YMOBaxX I'yCTOI pOCIMHHOCTI Ta TiHeH, a AWEIs — y cHiroBux
YW MYCTEJIbHUX pPErioHax 3 BHCOKUM annOeno. 3aramom, Sentinel-2 mokas3aB BHUIILY TOYHICTh
3aBJSKHU OUTBIIIN KUIBKOCTI CIEKTPAJIbHUX KaHAJIB Ta Kpalllii AeTanizaiii.

Metoau knacudikanii 300paxkenn. [jisi aBToMaTtu3aiii mpoiecy BUIIJICHHS BOIHHX
00'€KTIB 3aCTOCOBYIOThCS Pi3HI MeToAM Kiacuikaii. Meton HynsoBoro nopory (HO) € naii-
MPOCTIIINM Ta BU3HAa4Ya€ BOIY SIK IMIKCeJ 31 3HAYEHHSIM BOJHOIO 1HJEKCy Ounbiie Hyis. He
BAMarae J0AAaTKOBUX OOUYHMCIIEHB, ajieé YyTJIIMBHN 10 BHOOpPY BOJgHOTO iHAEKCy. [lepeBaramu
JTAHOTO METOJAY € MPOCTOTa peajizaiii Ta BHCOKa MBUAKICTH OOPOOKH JaHUX, IO JO3BOJISE
MPAIIOBATH 3 BEJIMKHUMH MaCHBaMHU 300pakeHb y pEXKUMI peaabHOro yacy. OCHOBHUMH HEJO-
JKaMU € HU3bKa aJJalTUBHICTH J0 PI3HUX YMOB 3HOMKH, BUCOKA UYTJIMBICTh /10 IIYMIB Ta aT-
MOC(EepHUX Nepenkoa (MOMMIKM Kiacudikauii MoxyTh caratu 40-50% mpu HasBHOCTI Ty-
MaHy YW JUMKH), a TaKO)X HEMOXKJIMBICTh BpaxXyBaHHS JIOKAIFHUX OCOOJIMBOCTEH BOIHUX
00'eKTiB, 110 pOOUTH MPOOIEMY TOMIYKY YHIBEpCATLHUX METOAIB Kiacu(iKallii BOJHUX MOBE-
PXOHb HA/I3BUYANHO AKTYaJIBHOKO.

Meton Ouy [7] € HEKOHTPOJIBLOBAaHUM METOJOM aBTOMAaTHYHOro BHOOpPY mopory. Orm-
TUMAJIbHUA TOPIT TIyKaeThbcss MK -1 Ta 1 3 meBHMM iHTepBanioM. lleit meton 3abe3meuye
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OinTbII cTaOIBHI PEe3y/IbTaTH y MOPIBHAHHI 3 METOJIOM HYJIBOBOTO mopory. Jlo nepeBar mero-
ny Ony HajexaTh aIalTUBHICTD 10 PI3HUX YMOB OCBITJICHHS Ta KOHTPACTHOCTI 300paskeHHs,
BUCOKA CTIHKICTh /10 IIyMiB Ta 37aTHICTh aBTOMAaTUYHO BU3HAYATH ONTHMAJIBHHMNA MOPIT IS
KOKHOTO 3HIMKa OKpemo. Hemomikamu € mijBuineHa 00YnCIIIOBaIbHA CKIIATHICTE (B 3-5 pasiB
BUIIIA TMIOPIBHSHO 3 METOJIOM HYJILOBOTO IOPOTY), 3HIKEHHSI €(PEKTHBHOCTI IPU OIMOJaIbHO-
MYy PO3MO/LII 3HAaUYeHb 1HJEKCY Ta CKJIAIHICTh 3aCTOCYBAHHS /ISl BOJOWM 3 Pi3HO MYTHICTIO
Ha OJIHOMY 3HIMKY, IIIO aKTyajli3ye mpobiaeMy po3poOKH METOIB, 31aTHUX BPaXxOBYBAaTH He-
OJTHOPITHICTh BOJTHUX 00'€KTIB.

Merton k-nan6mmkunx cyciniB (KNN) [8] € KoHTpobOBaHUM METOJIOM Kiacuikartii,
SKHIi BUKOPHCTOBYE CIIEKTPAJIbHY BiJICTaHb Y OaraToBUMipHOMY IpocTopi. Skiio cyma obep-
HEHHMX BIJICTAHEW /0 BOJAHMX TPEHYBAJBHHX ITIKCENB OUbINA, HIXK 10 HE BOAHUX, MIKCENb
kinacudikyeTbes K Boga. IlepeBaru mporo MeToy BKIFOYAIOTh MOXKJIMBICTE pOOOTH 3 MYIIb-
TUCTIEKTPAIBHUMH JTaHUMHU Oe3 MOoIepenHboi iHAeKcallii, 34aTHICTh BPaxOBYBaTH CKJIAJIHI
CHEKTPaAJIbHI XapaKTePUCTUKUA BOIU Ta BIIHOCHO BHCOKAa TOUYHICTH Kiacudikamii (o 85-90%
IpU SKICHUX TpeHyBaJbHUX BHOiIpkax). CyTT€BUMHU HENOJIIKAMU € BHCOKA 3aJE€XKHICTH BiX
SKOCT1 Ta pPenpe3eHTAaTHBHOCTI HAaBYAIbHOI BHOIPKH, CKIAJHICTh BU3HAUCHHS ONTHUMAIBHOTO
3HAuUeHHS NapaMeTpa K, eKCIOHEHIIIHEe 3pOCTaHHs O0YHMCIIOBAILHOI CKJIATHOCTI MPHU 3011h-
IICHHI PO3MIPHOCTI JaHUX, a TaKOX HHU3bKAa y3arajlbHIOIOYA 3AATHICTH NMPH 3HAYHINA 3MiHI
CHEKTPAIBHUX XapaKTEPUCTHK BOJIHU B pi3HUX yMoBax. Lli oOMexeHHs poOisiTh mpobieMy po-
3po0kn epeKTUBHUX MeTOMIB Kiacu(ikamii BOJHUX O0'€KTIB HaA3BUYAWHO aKTYaJIbHOIO B
KOHTEKCTI 3pOCTal0uUX MOTPed MOHITOPUHTY BOJHUX PECYPCIB Ta MPOTHO3YBAHHS T'1JIPOJIOTi-
YHUX KaTacTpod.

ExcniepyuMeHTanbH1 JOCTIKEHHS MOKa3alu, U0 MPOJAYKTUBHICTh PI3HUX METOJIIB BUI1-
JICHHSI BOJHUX OO'€KTIB CYTTEBO 3AJIEKUTh Bl KOHKPETHUX YMOB 3MOMKH, TUILYy BOJOMMHM Ta
HAsBHOCTI JKepes moTeHuiianx noMuiok. Tak, MNDWI nmpoaeMoHCcTpyBaB Kpati pe3yiib-
TaTU B yMOBax 3a0ynoBaHuX TepuTopiil, Toal ssk AWEI 6u1bin epexTuBHul 3a HassBHOCTI Ti-
Hell Ta CHI’XKHOTO NoKpuBY. KoMOIHYyBaHHS Pi3HUX MIJIXO/1B, HAIIPUKIIAJ], BAKOPUCTAHHS JEKi-
JHKOX BOJHUX 1HJIEKCIB 3 HACTYITHUM 3aCTOCYBAaHHSM METOIB MAITMHHOTO HaBYaHHS, 103BO-
JIWJIO TOCSTTH OUTBII CTaOLIBHUX Ta TOYHUX PE3YJIbTATIB Y PI3HOMAHITHUX YMOBaX.

BucHoBku. [TopiBHSIHHS METOAIB BUAUIEHHS BOAHUX 00’ €KTIB Ha MYJbTUCIIEKTPAIBHUX
3HIMKax Sentinel-2 moka3as, 110 HallBUIIly TOYHICTb 3a0e3Meuye MoeIHaHHS 1HJEKCIB 13 METO-
JlaM{ aBTOMAaTH4YHOI Kiacudikamii. 3okpema, iHaekc MNDWI y noennanni 3 metogom Oy
Ha 3HIMKax Sentinel-2 naB Halikpalli pe3ylbTaTh 3aBJISKH BHCOKIM MPOCTOPOBIN PO3AIIbHIN
3JIaTHOCTI Ta crekTpagbHOoMy oxoruieHHI0. AWEI Moxxe Oyt e(eKTUBHUM Yy CKJIaIHUX YMO-
Bax — IIPH HasBHOCTI TiHeH a0o cHiry. KimacuyHi moporosi MeTou MpoJAeMOHCTPYBAINA HU-
K4y cTaOUIbHICTh. HalinmepcnekTUBHIIMMH € KOMOIHOBAHI MiJIXOIH 13 3aJly4e€HHSIM HEHpOH-
HUX Mepex, 30kpema U-Net, sKi y TO€THaHHI 3 1HIAEKCAMU 3HAYHO MOKPAIYIOTh TOYHICTh Ce-
TMEHTaIlli y pI3HUX MPUPOJHUX YMOBAX, IO OCOOIMBO BAKIUBO ISl TOBTOCTPOKOBOTO MOHI-
TOPHUHTY BOJHHUX PECYPCIB.
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Overview of current trends in aerospace image processing and pattern recognition

This article presents a comparative analysis of methods for water body detection on
multichannel aerial images. The main problems that arise when identifying water bodies of
various types in images obtained from satellite remote sensing systems are considered.

The article describes and compares various methods used for water body detection. The
main methods include spectral water indices (NDWI, MNDWI, AWEI), image classification
methods (zero threshold method, Otsu method, k-nearest neighbors method) and modern ma-
chine learning approaches.

Thus, the article is devoted to a topical topic in the field of processing and analyzing
multichannel aerial images for water body detection. It contains useful information for re-
searchers working in the field of remote sensing and can serve as a basis for selecting the op-
timal methods for classifying water bodies depending on specific conditions and tasks.

Mimenko Makcum CtaHiciaBoBHY — acmipaHT kadenpu iHPopMaLiiHUX TEXHOJIOTIH 1 CH-
cTeM YKpaiHChKOTO JIep>KaBHOT'O YHIBEPCUTETY HAYKH 1 TEXHOJIOT].

I'narymenko BikTopia BosioaumupiBHa - TOKTOp TEXHIYHUX HaYK, podecop, 3aBiaydaB
kadeapu iHpopmauiitHux TexHozorii 1 cucreM (ITC), Ykpaincbkuit nep>kaBHHM yHIBEpCUTET
HAYKHU 1 TEXHOJIOT1H.
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0.0. Kagar, 10.B. Kagar, K.JI. Cepreesa, T.M. ®enenko, J{.A. JleOpiii
CYIIYTHUKOBUIM MOHITOPHUHI TA OLIIHKA CTYIIEHSI 3ABPYJTHEHOCTI
BOJOWM II1J] BILINBOM BIFICbKOBHX JI1

Anomayisi. B cmammi po3zensanymi 0CHO8HI Memoou MOHIMOPUH2Y 800HUX pecypcie Ykpainu,
ix cmany 3a6pyoHeHHs ma 6naus Bilcbkosux Oiti Ha Hux. Krnacuuni memoou monimopuney
AKOCmI 800U ) B00OUMAX CNUPAIOMbC HA OMPUMAHHS 3DPA3KI6 NPob Ha Micyi, wo eumazae
3HAYHUX pecypcie ma € oopozosapmicHumu. Yepez nognomawmadbHe 6mopeHeHHs ma BiliCb-
K08I 0ii, oKynayito mepumopiti yeti Memoo mpavae c60io0 akmyaivHicms. B pobomi onucano
OCHOBHI CNeKmMpaibHi 800HI [HOEKCU MA HAOOPU OAHUX, SIKI MOJCHA GUKOPUCMOBYS8AMU Ol
3aCmocCy8anta Memooié CYnYmHUKOB020 MOHIMOPUH2Y ma OYIHKU CMYNeHIo 3a0pyOHeHOCmi
8000UM N0 8NAUBOM BIliICbKO8UX Oill. Ha npuknadi mexnozcennozo kamacmpogu Kaxoscokoi
T'EC, npoananizoeano adanmogauicme iHOeKCi68 Ol BUHAUEHHS OLIAHOK I3 3a0pyOHEeHHAM
Nn0BepxXHe8020 wapy 600u 8 akeamopii Yoprozo mops.

Knrouosi cnosa: 6o0mi pecypcu, 600otimu, 6ilicbkosi 0ii, CynymHUKOBUL MOHIMOPUHE, OYIHKA
cmynento 3a0pyonenns, memoou /{33, cnekmpanvni indexcu, NDWI, NDTI, Sentinel-2.

IMocranoBka npodsemu. Bignosiano 10 «3Bity mpo rnodansHi pusuku» (The Global
Risks Report 2025), onpuirogsHeHoro Ha J[aBocbkill KOH(GEpeHLIIil, y HalOImK4i 1Ba POKU €K-
CTpeMaJIbHi MOTOJIHI SIBUIA MOCIAI0Th Apyre, a 30poiHi KOHMIIKTH Ha Jep>KaBHOMY piBHI -
TpeTe Miclie cepes AecaTy HaiiBaromimmx. [1]. B mporuosi posmoniiay pu3MKiB Ha HacTYIHI
JecATh POKIB MepIli I’ ATh MiICLb 3aiiMal0Th €KCTpeMasbHI MOT0/HI SIBHIA, BTpaTa 0iopi3HO-
MAaHITTS Ta KOJIANC €KOCUCTEM, KPUTUYHI 3MiHU cucTeM 3emIli Ta JeilUT NPUPOAHUX Pecyp-
ciB. [leginut BomHUX pecypciB, 3HEBOAHEHHS PIYOK, 3a0pyIHEHHs BOJAM Ta 1HIII €KOJIOTI4HI
MIOB’s13aH1 3 BOJOIO MPOOJIEMH BXOJATH A0 TOM-10 pU3UKIB 3 TOUKH 30pYy iX BIUIUBY. Y 3B'I3KYy
3 UM 3a0pyIHEHHS BOJIM CTaJIO CEPUO3HOI0 MPOOIEMOI0, 0COOIMBO B KpaiHax, 1[0 PO3BUBa-
IOThCS. 3 IHIIOTO OOKY, TJI00AIbHE MOTEIUIIHHSA Ta 3MIHU KJIIMaTy, 30KpemMa MiABUIICHHS Ce-
PEeAHIX TeMIEepaTyp, CIPUUNHSIOTh EKCTPEMAaJIbHI IOTO/IHI SBUILA Ta MIOCYXH, 1110, CBOEIO Yep-
rOl0, CTaJIX OCHOBHOIO MPUYMHOIO 3POCTAHHS KIJIBKOCTI CTUXIHHUX JIUX — TaHEHHS JIbOJOBU-
KiB, BYJIKAHIYHOI aKTUBHOCTI, JIICOBUX MOKEX, OMyCTEIIOBAHHS, TOBEHEH 1 3cyBiB. [ 106anpHe
MOTETUTIHHS pa3oM 13 3a0pyTHEHHSIM HaBKOJHUIITHBOTO CEPEOBUIIA 3arPOXKy€e 1ICHYBaHHIO BO-
JTHUX PECypCIB Ta CIPUYHHSIE 30UIBIICHHS KUIBKOCTI eKoJoriyHuX kartactpod. Ilepioguununii
MOHITOPHHT SIKOCTI MIOBEPXHEBHUX BOJ| Ma€ BUpIIIaIbHE 3HAYEHHS AJI1 €(PEKTUBHOTO YyIpaB-
JIIHHS BOJHUMH peCcypcamu Ta CTIHKOCTI MOPCHKHUX €KOCHUCTeM. BUKOpHCTaHHS TEXHOJOTIN
JTUCTAHIIIMHOTO 30HIYBaHHS HaJa€ 3HAYHI MEpeBard y BUSBICHHI, MOHITOPUHTY Ta aHali3l
3MiH CTaHy [TOBEPXHEBUX BOJONM.
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VYkpaiHa BXOJUTb 10 CIIUCKY €BPONEHCHKUX KPaiH, Y AKUX (PIKCYeThCS AeDIiUT BOIHUX
pecypcis, 1 nocinae 32-e micre 3 40. OCHOBHIM JKepesioM MOTOBHEHHS 3aIaciB MOBEpXHe-
BUX BOJ| € OMAaJ, KUIbKICTh SIKUX B YKpaiHi 3a OCTaHHI JECATh POKIB Yy JITHIH MEpioja 3MEH-
mmnacs Ha 15-27%, 1m0 mpu3BOAMTH 10 3POCTAaHHS KOHIICHTpAIii 3a0pyAHIOBATHHHUX pe-
4OBHH y BojormMax. CIiJl 3a3HAYUTH, [0 HE JIUIIE 30BHIIIHI Ta IPUPOIHI (HAaKTOPU BILTUBA-
I0Th Ha KUIBKICTH 1 SIKICTh BOJHHUX pecypciB B YKpaini. Benukuiil BicOTOK y 3araibHy KapTH-
HYy CTaHy MOBEPXHEBHX BOJ Ta iX 3a0pyAHEHHS BHOCHTH I'OCHOJAPChKa AiSIIBHICTD, a BICh-
KOBI J1ii, CHpUYMHEH1 MOBHOMACIITAOHUM BTOPTHEHHSM, TUIBKH MOTIPIIMIN CUTYalli0. 3TiAHO
3 gaHuMU MiHICTepCTBa 3aXMCTy JOBKUUISA Ta MPUPOAHUX PECypciB YKpaiHH, BiJ MOYATKY
noBHoMacmTabHoro BroprueHHs P Oymno 3apeectpoBano monaa 6500 37104HHIB IPOTH JOB-
KUDIs Ykpainu. B OuiblIocTi BUNAAKIB 1€ HABMHUCHE pYyWHYBaHHS 1HQPACTPYKTYpH, IiJAPUB
IUIOTHH, OYUCHUX CIIOPYJ 1 BOAOIPOBOIIB, 1110 CIIPUUYUHSIE BUTOKH Y BOJOMMH TOKCUYHHX pe-
YOBUH Ta CTIYHHMX BOJ. 3a0pYyIHIOIOTHCS OCHOBHI BOJHI apTepii YKpaiHu, HalOLIbIII PIUKH.
Taxk, Hanpukiaja, y 3anopi3bkiidi 001acTi yepe3 apTuiiepiicbkuii 06cTpin 3 60Ky pocisH Oynu
MOIIKO/DKEHI OUMCHI criopynu B ceni Bepxusa Kpunuis, 10 CipuYuHUIO BUTIK CTIYHUX BOJ Y
piuxy uinpo [2].

[lle omuiero mpobiieMoro, siKa Ma€ BIATEPMIHOBAHUHN XapakTep, € 3a0pyIdHEHHS PIYOK
O6oenpunacamu. Yepe3 BOpPOXKi OOCTPUIM 3 PEaKTUBHHX CHUCTEM 3alIIOBOTO BOTHIO «I'pam»
HaceJeHUX NyHKTiB ManokatepuHiBka Ta KaniBchke y 3anopi3pkiid o6acTi, Oibia yacTHHA
paker norpanwia B piuky J{Hinmpo, e BOHH MOTOHYIH [2].

Haii6inpmmM 371091MHOM KpaiHu-arpecopa 3a 4ac MOBHOMACIITaOHOTO BTOPTHEHHS OYII0
3uuieHHs1 Kaxoscbkoi I'EC. Uepes nigpuB pocissHaMHu BHYTPIIIHIX TpuMinieHb KaxoBchKoi
I'EC 6 uepBHs 2023 poky BinOyBcs BUTIK 18.2 KyOIUHUX KUIOMETPIB BOJH, K1 3aTONUIIN BeE-
JMYE3HY TepUTOpito. BHAacHiJOK IbOro TOHHU Opyny, OTPYHMHHMX PEYOBHH Pa3oM 3 yJIaMKaMu
OyIMHKIB Ta TUCAYaMM 3arv0JIMX TBapUH BUHECHO y akBaTopito YopHoro mops. 3a naHuMu
YKpaiHChKOr0 HayKOBOI'O LIEHTPY €KOJIOTii Mops, y nepioa 3 7 mo 20 yepBHS SKICTb MOPCHKOI
BOJIU O11s1 YKpaiHChKOTO y30epesks 3MIHWIAcCAd KapJAWHAJIBHO — BiJl MPO30pPOi /10 MOBHICTIO
MYTHOI.

3a naHuMH YKpaiHCBKOrO HayKoBOTO LeHTpy ekojorii mopsa (YkpHLIEM): 7 yepBHs
BOJIa, 1[0 WA yepe3 3pyiiHoBaHy AamOy, dictanaca 1o JHiNpoBcbKo-by3bkoro numany; 8
yepBHs O0yi0 3a0pyAHEHO MiBHIUHY YacTHHY I1enabdy YopHoro mops, Bij auMany 1o Oxech-
ko1 3aToku; 10 yepBHS 3a0pyaHEHHS JOCATIIO THpia piuku J{HicTep, MPOCyBalOYUCh Jalli 10
rupsoBoi akBaropii [lyHato; 14 yepBHs 3esieHi IUIIMU BOJIOPOCTEH MOMITHIN Y MOPCBKii BOJII
015151 otechKuX MIsKIB [3]. B pe3ynbraTi HaAXOHKEHHS B MOPE BEJIMKOi KUIBKOCTI 610r€HHUX
PEUOBUH CIIOCTEPIraeThCs IBITIHHSA BOJH, K€ MOYMHAETHCS 3 14 uepBHs Ou1s1 OeChbKOro y3-
Oepexcks. CaMme MOTpPAIUISIHHS Y MOpE BEJMKOi KUIBKOCTI PIYKOBOI BOJAM TMPU3BENIO 10
OTIPICHEHHS Ta 3HMKEHHSI COJIOHOCTI. HopMaabHUM MMOKa3HMKOM COJIOHOCTI B IOBEPXHEBOMY
nrapi Boau y HopHomy Mopi € 18 mpomisie, 3HaU€HHS SKOT0 HAIIPUKIHI[ YePBHS 3HU3WIIOCS J10
4-5 mpomisie 6115 TwpKiB Opecu [3].

Ha pucynky 1 mpeacraBieHa kapTa po3MOBCIODKEHHS 3a0pyAHEHUX BOJ TICHS MIIAPUBY
rpe6ai Kaxosebkoi 'EC y HopromMy mopi.
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Pucynok 1 — KapTa 3 HanpsiMkoM nomupeHHs 3a0pyaHeHoi Boau B YopHomy Mopi

Bci 1i exonoriyHi 37104MHU € IEBHUMU BUKJIMKaMH 17151 YKpainu. Ha cboroHi He icHye
3arajibHONPUUHATOrO, €JUHOIO W yHIBEpPCaIbHOIO METOJY JAJIS OLIHIOBAHHS SIKOCTI BOJH Y
BOJIOMMaX 1 cTymeHs ix 3a0pynHeHHs. KilacmuHi METOau MOHITOPHHTY SIKOCTI BOAM CIIHpa-
IOTHCSl HAa OTPUMaHHI 3pa3KiB MpoO Ha Micii, o0 0€3yMOBHO BHMara€ 3Ha4YHHX PECypCiB, a
Yyepe3 aKTHUBHI BIMICHKOBI JIii Ta OKYTaIil0 TEPUTOPIi el METO BTpAdaEe CBOIO aKTyaJbHICTbH
[4]. Came ToMy OIliHKA CTYICHS 3a0pYIHEHOCTI BOJHUX 00 €KTIB € aKTyaJIbHOIO MPOOJIEMOI0,
sIKa MOYKE 3HAWTH BUPILICHHS 3aBISIKM 3aCTOCYBAHHIO CYYaCHUX iH(POPMAaLiHHUX TEXHOJIOTIN
Ta CYIyTHUKOBOTO MOHITOPHHTY.

Merta pocJiaskeHHsl MOJSIra€ y BU3HAUYEHHI MOKA3HUKIB Ta XapaKTEPUCTUK MPOIECIB,
SIK1 TIPU3BOJIATH /10 3MiH Y MTOBEPXHEBUX BOJAAX 1 OIIHKHU CTYIEHs 3a0pyIHEHHS BOJOWM i
BIJTUBOM BiHCHKOBUX Jid. JIJI 1IbOrO HEOOXiIHO MPOBECTH MOPIBHSUIBHUNA aHaTi3 OCHOBHUX
BOJIHUX CHEKTPAIbHUX IHIEKCIB 1 BU3HAYUTU KOJIO JOCTYIMHHUX JAaHUX, Ha sIKi MOKHA CIHMpa-
THUCS.

OcnoBHa 4yacTuHa. CTpiMKui po3BUTOK mporpamu Copernicus BiIKpUBAE IUPOKI
MO>KJIMBOCTI JUIsl HayKOBILIB Yy c(epi CYIyTHHMKOBOTO MOHITOPHMHTY. JlOCTYMHICTh JaHUX 3
BIJITIOBITHOIO YaCTOTOIO JI03BOJISIE MMPOBOJUTH JIOCIIIKEHHSI HABKOJIMIIIHBOTO CEpeIOBUILA B
PI3HUX YacOBHUX 1 MPOCTOPOBUX MaciITabax. BUKOpUCTaHHS ONTHYHUX 300paxkeHb 3abe3re-
qy€e MOXKIIUBICTb aHai3y BaXKKOJIOCTYITHUX TEPUTOPIH 3aBsKU KoedilieHTaM BIIOUTTS y pi3-
HUX Jlana30Hax eJIeKTPOMAarHiTHOTO CIEeKTpa, skl MOXHa KOMOIHYBaTH y PI3HOMaHITHI CHEK-
TpasibHi iHAeKcH. [Iupokuil criekTp BUKOPHCTAHHS CIEKTPAIbHHUX 1HJEKCIB JI03BOJISIE OTPH-
MyBaTH 1H(OpMallio He JIUIIE PO MPOLECH, IO BiAOYBaIOThCA Ha CyXOA0Ii, a W Ipo Ti, 1110
MPOXOJATh Y BOOAHUX 00’€kTax. DIKCYIOUN CIIEKTpabHE BIAOUTTS 3 IEKUTBKOX PI3HHUX CYMYT-
HUKOBUX IUIaT(GOPM MOKHA OTpUMAaTH 1HGOPMAIII0 PO 3MiHM, sIKI BiAOyIHCS Ha 3eMHIN Mo-
BepxHI. Y IUCTAHIIHHOMY 30HJIyBaHHI 0arato iHJEKCIB, MOB'I3aHMX 3 BOAOK. Hampukiman,
NDWI, ABDI, ANDWI, AWE, FAL, MNDWI, NDAVI, NDCI, NDTI, SWI, WI Oynu 3anpo-
MMOHOBAHI Ta 3aCTOCOBAHI JOCIHIJHUKAMHU JJII BUSHAYCHHS PI3HUX XapaKTEPUCTHK BOaM [5].
JlocnmigHUKM 3poOmnId cipoOH MpOaHai3yBaTH KOJIIP BOJONM y TTOBEPXHEBOMY Iapi Ta OT-

pumarty iHpopMaIlio 3MiHH, SKi BIAOYIUCS TiA €0 MEBHUX MPUPOJHUX a00 TEXHOTCHHUX
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daxTopiB [6-10]. [Iporecn y moBepxHEBHX IIapax BOJW MOXYTh OyTH Bi3yalli30BaHi 3a J0M0-
MOTOI0 CHEKTPAJILHUX XapaKTEPUCTUK CYIYTHUKOBOTO 300pakeHHs. Tak, HampHKIIa,
OmpicHEHHs BOJA akBartopii YopHOro Mops dYepe3 TEXHOTCHHY KaTacTpody MPHBEIO JO
[BETIHHA, a MiJBUIICHHS TEMIIEpaTypa MOBITPs TUIbKU HMPUCKOPUIIO MPOLECH PO3MHOKEHHS
CUHBO-3eNIeHuX Bojgopocteit [11, 12]. YV mocmikeHH] TPOMOHYETHCSI BUKOPUCTAHHS XapaKTe-
PUCTHK CHEKTPAJTbHUX 1HJIEKCIB JJISi IPOBEJCHHS CYIMYTHHKOBOIO MOHITOPUHTY 3 BU3HAYCH-
HSIM BIUTUBY BIHCHKOBHX JIili HAa HABKOJIMIIHE cepenoBuiie [13-21].

OnuH 13 CHeKTpaIbHUX 1HAEKCIB, IO MIUPOKO BUKOPHCTOBYETHCSA Ta JO3BOJISE MPOBO-
JIMTU MOHITOPHHT 3MiH IUIONII BOJHOTO J3epkaina y Bojnoiimax — Normalized Difference Water
Index (NDWI). Ockinbky BOJIOMMHU CHIIBHO TIOTJIMHAIOTH CBITJIO Y BUIUMOMY Ta iH(padepBo-
HOMY Jiama3oHax eJIeKTpoMarHitTHoro crektpa, NDWI BukopuctoBye 3eneHi Ta ONMKHI iH-
dbpauepBOHi CMyTH ISl BUALIEHHS BOAOWM. BiH 4yTnuBU 0 MPUCYTHOCTI MICbKOI 3a0yI0BH
Ta MOK€ MPU3BOIAUTH JI0 MEPEOI[iHKU IJIOL] BOAHUX 00'eKTiB. 3HaueHHs iHAekcy moHan 0.5
3a3BUYail BiAMOB1Ial0Th BoJoMMaM. POCIMHHICTD, SIK IPaBUJIO, MAa€ 3HAYHO MEHII 3HAYECHHS,
a 3a0yZi0BaHi TepUTOPii — 3HA4YeHHA B Aiana3oHi Big 0 1o 0.2.

Innekc NDWI po3paxoByeThces 3a GopMyIioro:

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

ne NIR — koedimienTn BimOWTTA y OMMKHBOMY iH(pauepBOHOMY Jiama3oHi eleKTpomar-
HITHOTO criekTpy, Green —y 3ejeHomy.

3 ornAny Ha BUKJIAJICHE, JJIS OIIIHKH CTaHy 3a0pyAHEHHS BOJHHX 00 ’€KTIB OOpaHO
CIIEKTPaTbHUNA BOJHUM 1HJEKC, 110 A€ 3MOTY BU3HAYUTH CTYIIHb KalaMyTHOCTI Boau — Nor-
malized Difference Turbidity Index (NDTI). KanamyTHicTh XapakTepu3ye ONTHYHY IpO-
30picTh Boau. Xouya iHaekc NDTI He noB’s3aHuii cTporo 13 3aBUCIMMU PEYOBUHAMH, BMICTOM
xJ0podiTy YM 1HIIMMH JOMIINIKAMH, BIH 9aCTO BUKOPHUCTOBYETHCS B KOMOIHAIl] 3 1HIIUMHU
iHAeKcaMu s 3a0e3nedeHHs OuTblI LiicHOTO aHamidy sikocTi Boau. NDTI BusHauaeTbes
bopmyoro:

NDTI = (Red — Green) / (Red + Green), 2

ne Red — koedimieHTH BITOUTTS y 4epBOHOMY Jiana3oHi eNEKTPOMArHiTHOTO CIEKTPY.

VY nocnipkeHi IpoBeIeHO aHalli3 3MiH MOBEPXHEBHUX BOJ JIHIMPOBCHKOT 3aTOKM Ta aKBa-
topii YopHoro mMops. [ OIiHKK BIJIMBY TEXHOTE€HHOI KaTacTpodu micis nigpuBy KaxoBce-
koi I'EC o6paHno pizHOuacoBi 300paxeHHs 3 cynyTHHKa Sentinel-2 3a yepBenb 2021, 2023 ta
2024 pokiB 3 xmapHicTio He O6ubie 10% as MiHiMI3aIii TOXUOKH.

Ha pucynkax 2 ta 3 npencrasieni kapTu cnektpaibHux iHaekciB NDTI ta NDWI 3

ricTorpaMamu.
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Pucynok 2 — Kaptu Ta ricrorpamu po3nojiiay 3Ha4eHb criekTpainbHoro inaekcy NDTI,

OTpHMaHi 3a 300pa’keHHSIMU 3 CynyTHUKa Sentinel-2 y HacTymH1 1aTH:
a) 08 uepsus 2021 p.; 6) 18 yepBHs 2023 p.; B) 23 yepBHs 2023 p.;
r) 22 yepBHs 2024 p.

Po3paxyHok mpoBoauBCs 3 BUKOpHCTaHHIM XMapHoi miardopmu Google Earth Engine
(GEE). Metononorisi po3paxyHKy CIEKTpaJbHUX 1HJEKCIB BKJIIOYae: (piybTalio KaTtajiora
CYIIyTHHKOBUX 300pakeHb Sentinel-2 3a matoro; ¢inbTpaliito 300pakeHHs 32 TOPOTOBUM 3Ha-
YEeHHSIM XMapHOCTI, KM He Mae nepeBuinyBatu 10%; moOynoBy Macku MOBEpXHEBUX BO-
oM ; po3paxyHok crekTpanbHuX iHAeKCiB NDTI ta NDWI; BcTaHOBieHHS MOpPOroBOTO
3HayeHHss NDTI 3a ricrorpamoro st opMyBaHHS Macky Ta BU3HAYEHHS 00JacTeil 13 BUCO-
KOO KaJaMyTHICTIO TTOBEpXHEBUX BOa [11].
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Pucynok 3 — Kaptu Ta ricrorpamu po3noaiiay 3Ha4eHb CrieKTpalibHOro iHaekcy NDWI,
OTpHMaHi 3a 300paKeHHAMH 3 CynyTHHKa Sentinel-2 y HacTymHi 1aTH:

a) 08 uepsHs 2021 p.; 6) 18 uepBHs 2023 p.; B) 23 uepBHs 2023 p.;

r) 22 yepBHsa 2024 p.

OTtpumaHi pe3ynapTaTd CBiJ4aTh IO Te, 110 AJIS OLIHKU BIUIMBY BIHCHKOBMX Aiii Ta 3a0-
PYJHEHOCTI MOBEPXHEBUX BOJ HEOOXITHO BUKOPUCTOBYBATU criekTpasbHui iHaexc NDTIL YV
nopiBHsAHHI 3 NDWI, iHaeKc KamaMyTHOCTI TOBEPXHEBUX BOJI JI03BOJISIE BUBHAUUTH JUISTHKH,
SKI MalOTh O3HaKH 3a0pyJHEHHS, CIPUYMHEH] MPUPOJIHUMH a00 TEXHOTEHHUMH IPOILIECaMHU.
Cnexrpanpauii iHIeKC NDWI dikcye mMexi BOgoiM, HE METami3yloud TOMINIKH, SIKI TIPOSB-
JSFOTHCS HA TIOBEPXHI BOJM Yepe3 3MIHY MPO30POCTi, KOJIbOPY a00 IHIINX XapaKTEPUCTHUK.

BucnoBku. Po3risiHyTO METOAM 3aCTOCYBaHHSI JMCTAHIIITHOTO MOHITOPUHTY IS
OIIHKH BIUIMBY BIMCHKOBUX il Ha BOJHI pecypcu YKpaiHu. Bu3sHaueHO OCHOBHI 3arpo3H Ta
YUHHUKY, SIKI CHPUYUHSIOTH 3a0pYAHEHHS BOJOWM.

JocmipkeHo OCHOBHI METOJM OIIHKMA CTaHy BOAM Yy IMOBEPXHEBHX Imapax. BusHaueHi
CMIEKTPabHI XapaKTEePUCTUKU BOJIHUX 1HJIEKCIB, 1 BUSBJIEHO, IO /IS OIIIHKK 30HU 3a0pyaHe-
HOCTI B TIOBEPXHEBUX IIapax BOJONM HaiO1mbI agantoBaHuM € iHaekc NDTI. V mopiBHsaHHI
3 NDWI, sikuii BUKOPUCTOBY€EThCS /Ui KapTyBaHHs Boaoiim, NDTI uyrnuswuii 10 3MmiH y mo-
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BEPXHEBHUX BOJIAX Ta JO3BOJIAE BUSABIATH 00JacTi 3 3a0pyAHEHUMH TUITHKaMu. B po6oTi onu-
caHo HaboOpu JaHUX Ta TIATPOPMH, SIKI MOKHA BHKOPHUCTOBYBATH JUIS CYIMyTHHUKOBOTO
MOHITOPHUHTY.

[Momanpmii nocmikeHHs OyAyTh MOEAHYBATH OTPUMaHI PE3yJIbTaTH Ta PO3POOKY KOM-
IUIEKCHOT METOJI0JIOTIT KapTyBaHHS Ta aHaJi3y BOJOWM 13 3aly4eHHSM MAIIMHHOTO HaBYaHHS.
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Satellite monitoring and assessment of the degree of pollution of water
bodies under the influence of military operations

The primary modern methods of monitoring water bodies, their pollution status, and the
impact of military operations on them are investigated. Generally accepted, standardised
methods for assessing water quality in water bodies include ground-based sampling, which is
inefficient and expensive under certain conditions. Due to the full-scale invasion and active
military operations, as well as the occupation of territories, this method loses its relevance.
The study aims to determine the indicators and characteristics of the processes leading to
changes in surface waters and to assess the degree of pollution of water bodies under the in-
fluence of military operations. The most suitable approach for practical use over large areas
is the remote approach, which combines ground and satellite measurements to detect pollu-
tion in water bodies. The paper describes the main spectral water indices and data sets that
can be used to apply satellite monitoring methods. The availability of archival data opens up
the possibility of comparing the results obtained and analysing the factors influencing the
state of the water bodies. Using the example of the man-made disaster at the Kakhovka HPP,
the adaptability of indices for identifying areas with surface water pollution in the Black Sea
basin is analysed. The results show that the NDTI spectral index should be used to assess the
impact of military operations and evaluate surface water contamination. Compared to the
NDWI, the surface water turbidity index allows the identification of areas with contamination
due to signs caused by natural or man-made processes. The NDWI spectral index fixes the
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boundaries of water bodies without detailing the pollution on the water surface due to chang-
es in transparency, color, or other characteristics. The work describes data sets and demon-
strates the potential of using satellite monitoring to analyse large areas.
Keywords: water resources, water bodies, military operations, satellite monitoring, as-
sessment of the degree of pollution, remote sensing methods, spectral indices, NDWI, NDTI,
Sentinel-2.
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B.®. Mupropoz, .M. I'Bo3nesa
MATEMATHUYHHUA OITUC TA OONTUMIBALIA CUCTEM
ABTOMATHUYHOI'O KEPYBAHHA 13 3ACTOCYBAHHSM
IUPOTHO-IMIIYJbCHOI MOJYJISALII CUTHAJIIB

Anomayisn. Ilpononyemuvcs nioxio wooo onucy npoyecié 3minu cmavy ma onmumizayii ouc-
KPEmHUX cucmem asmomMamuidHo20 KepyeanHs, 6 AKUX 3aCMOCO8Y8AHO NePemeopeH s CUCHA-
Ji68 KepyBaHHs 6 NOCAIO0BHICMb IMNYIbCIB I3 YACOB0K MOOYIAYIEID. Y3a2aibHeHo onuc 6Ka3a-
HO20 mMuny cucmem ma 3anponoHOBaAHO €KGIBANIeHMHe NepemeopenHs PieHAHb ix pyxy.. IIpo-
NOHOBAHE eKBIBANIeHMHEe NEePemBOPEeHHS CRPOWYE iX Mmamemamuduuil onuc ma nompeobye
MeHUUX pecypcie npu 004UUCIO8aIb il peanizayii. /s cucmem i3 WUpoOmHO-iMNy1bCHOIO MO-
OYNAYIEI0 YOOCKOHANIEHO All2OpUMM CUHME3Y, a came, 3aKOHY 3MIHU NOJIAPHOCMI IMNYIbCI8 ma
8UTIADY MOOYIAYIUHOT XapaKmepucmuky Ha 0cHO8l Memody Jlanynosa. Bcmarnosneno 3a 0o-
NOMO2010 KOMN TOMEepPHO20 eKCNepuMenmy, wo npu 6UKOPUCMAHHI ONMUMANbHUX HEAIHIUHUX
3AKOHI8 KePYBAHHS ) NOPIBHAHHI 3 TIHIUHUMU MAE Micye NOKPAUeHHs Kpumepito IKOCMI.

Knrouosi cnosa. mamemamuune MoOeno8anHs, HeAiHIUHI OUCKPEMHI cucmemu, asmomamuyHe
Kepy8aHHs, Memoou Onmumizayii, Wupomuo-iMnyibCHa MoOYIAYis, KOMN 10mepHull excne-

DpUMEHM.

IMocranoBka mpo6Giaemu. CydacHUI TOIJAA Ha BUPILIEHHA NUTaHb aBTOMaTH3amii
CKJIaJHUX TEXHIYHMX 00’ €KTIB Ta HANpYXEHUX TEXHOJOTIYHUX MpoLEeciB 0a3yeThCcsl Ha MOOY-
JIOB1 i€papXiyHUX 0AaraTOpiBHEBUX IHTENEKTYalIbHHUX CHUCTEM, L0 3a0€3MeUyl0Th BUMOTHU I110-
JI0 KUTBKICHUX Ta SKICHUX IOKA3HUKIB BIJIIOBITHO METH iX (PYHKIIOHYBaHHS 3a MpPU3HAYEH-
HsAM. BukoHaBUMi piBEHb TaKUX CHUCTEM 3a0€3MeUyeThCs 32 PAXYHOK 3aCTOCYBAaHHS JIOKAJb-
HUX 1HUdpoBux cucteM aBToMaTuyHOro kepyBaHHsS (CAK) 3MiHHMMH cTaHy Ta BUXIJHUMHU
3MIHHUMH.

Icnye mmpoxkuii kmac CAK, nns sxux oOpaHHs BuKoHaBYHX npucTtpoiB (BII) Buxoauts
13 KpUTEpIil0 JIOCSITHEHHS MaKCHMAJIbHOI €HEpPreTHYHOi e(PEeKTHBHOCTI Yy 3aBJaHUX Maco-
rabapuTHUX oOMexeHHsX. Taki BUKOHABYI MPUCTPOI € JOCUTH PO3MOBCIOKEHUMU B CUCTE-
Max aBTomaru3auii. 3okpema, Takumu BII € enexTpomarHiTHi KianaHu, e1eKTpOMarHiTHi 3a-
cyBKkHM Ta iHme. Cucrema KepyBaHHs JBUTYHaMu noctiiHoro crpymy (AIIC), sixi BUKOpucTo-
BYIOTbCs B siIkocTi BII, Takox MicTUTH MOAIOHMI JaHIOr (GOPMYBaHHS CUTHATY KEpyBaHHS.
Binminnoro ocobnuBicTio Takux BII € mocriiiHe 1 MakcHMaibHE 3HAYSHHSI aMIUTITYAH CUTHA-
Jqy kepyBaHHs. [IpomopiiiiHuii xapakTep cepelHbOro 3HAYEHHS BMXIJHOTO CHUTHANy MO0
BX1/IHOTO 3a0e3MedyeThCs YacOBOIO MOJYJIAII€I0 iMITysbeiB kepyBaHHs BIIL: mpoTsikHicTIO
MOCJIIOBHOCTI IMIYNbCIB KEpyBaHHS, YaCTOTOIO MOCHIJIOBHOCTI IMITYJIbCIB KepyBaHHS abo
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KoMOiHOBaHOIO Monyisiieto. [IpuanmmoBoro ocobmusicTio Takux CAK € HEBiAMOBiTHICTH
BUXIJHIN TinoTe3i, ska MPUIMAETHCS 00 CHHTE3Yy aJITOPUTMIB KEPYBaHHS, a caMe: HaJIekK-
HICTH 10 KJacy JiHiiHuX Ta cranionapuux cucreM (JICC). Cucremu i3 3aCTOCYBaHHSM Kepy-
BaHHSM MPOTSDKHICTIO MOCTIOBHOCTI IMIYJIbCIB KEPYBAaHHS € CYTTEBO HENIHIMHUMH, a CUC-
TEMH 13 3aCTOCYBaHHSIM KEPYBaHHSIM YacTOTOIO MOCHIIOBHOCTI IMITYJIbCiB KEPYBAHHS € CyTTe€-
BO HECTallloOHApHUMH. TOMY € aKTyaJbHHUMHU MUTAHHS MO0, 1O TepIle, aJeKBaTHOIO MaTe-
MaTHYHOTO OMHCY pyxy Bu3HaueHoro kinacy CAK, mo apyre, BU3HauU€HHS M1AXO/IB MIOAO CH-
HTE3y ONTUMAIBHUX KEPYyBaHb 3a 3a3/1aJI€T1/1b BU3BHAYCHUMHU KPUTEPISIMH.

AHaJi3 ocTaHHiX aociigxedb i myoaikaniii. CucreMyu aBTOMaTHYHOTO KEPYBaHHS 13
3aCTOCYBAaHHSAM MOJYJIALIT IMITYJIBCIB KEPYBAaHHS HMPOTSHKHICTIO MOCHIJOBHOCTI IMITYJIBCIB Ke-
pYyBaHHS, YacTOTOIO TOCIHIJOBHOCTI IMITyJIbCiB KepyBaHHS a00 KOMOIHOBaHOIO MOIYJISII€I0
HaOyJIM IUPOKOTO PO3MOBCIOKEHHS HA TMOYATKy 3aCTOCYBaHHS 3ac00iB aBTOMAaTH3AaIlil TeX-
Hojyoriunnmu nporecamu (TII) y munymnomy cropivyui. Hanpuknana, Takumu Oynu po3noBCro-
IoKeH1 Ta cepiitHo BurorosieHi perynsropu tumiB PIIIB, PITIK ta ixmi. [IpornonoBani aBTo-
KOJIMBAJIbHI PETYISATOpH 0a3yBajlCh HA CTPYKTYPHIN MOOY/OBI, 10 BKJIFOYAIA PeNCHHUN i I-
CHJTIOBAY, OXOIUICHUH 1HEpIiHHIM 3BOPOTHIM 3B’s13KOM. BOyoBaHuii IBUTYH SIK iHTErpyrouya
JaHKa 3a0e3revdyBaB (pUIBTPAIliI0 CUTHATY 3 YaCTOTOI0 aBTOKOJIMBAHD T4 OTPUMAHHS BUXI1THO-
IO CUTHAITy TEPEMIIICHHS KyTa BaJly 32 BU3HAUEHHM 3aKOHOM KepyBaHHS, IO 3AJIC)KHUTh TiTb-
KM BiJl HATAIITYBaHHS IMapaMeTpiB JIAHKK 3BOPOTHOTO 3B’s3Ky. B monmanpmomMy moaiOHi pery-
JSATOpH HAOYJIM HMIMPOKOTO 3aCTOCYBaHHS B CHCTEMaX MAJIMBHOT aBTOMATHKH ra3oTypOIHHHX
JIBUTYHIB B KOHTYp1 oOMexeHHs Temneparypu (perynstopu temneparypu cepii PT-12). CAK
€JIEKTPONPUBOJAAMH HABEJCHHs 0araTboX ICHYIOUMX 3pa3KiB 030pO€HHS Ta BIWCHKOBOI TEXHI-
KM, 30KpeMa, 3eHITHUX pakeTHUX KomiuiekciB (3PK), caMOXiIHUX MPOTUTAHKOBUX PAKETHHUX
koMmiuiekciB (ITTPK) Ta iHmMX 3acTOCOBYIOTH came TakHil 3aci0 KepyBaHHS BUKOHAaBUYMMU
€JIEKTPUYHUMH MallMHaMU. B MOTOYHMII Yac yJOCKOHAJIEH] PEryisaTOpy aHAJIOTIYHOTO IPU3-
HaueHHs 3a y4yacTi aBTopiB: BPT Tta BPT-25 3acTocoByrOThCS B HOCTIAHUX Ta CEPIMHUX 3pa3-
Kax CHCTEM IaJIMBHOI aBTOMATHKHU Ta30TypOIHHUX JBUTYHIB.

TeopernuHi 3acaau MaTeMaTUYHOTO OMHUCY Ta BCTAHOBJIEHHs CTiiikocTi BkazaHux CAK
po3msiHyTI Y HU3I nipais Kynnesuaa B.M. ta Uexosoro FO.M. (IK HAHY). Metoau cunre-
3y HemiHiiHuX auckpetHux CAK, mo Oynau BUKOpPHCTaHI B MOTOYHOMY JIOCIHIJDKEHHI, 0a3y-
10ThCs Ha HU3IMI npank Jlngaka M.M. (IK HAHY).

3araibHi MIIXOJU 10JI0 CUHTE3Yy CY4aCHUX CHCTEM aBTOMATHYHOIO KEpyBaHHS BUKJIA-
neno B [1...5].

MeTto/1 eKBIBaJIEHTHOI'O IEPETBOPEHHS PIBHSAHb PYXy CKIAAHUX HENIHIHHUX CHUCTEM [0
dopmu ammepiTeiiHa 3anpornoHoBaHo B [3].

[TpuxnaaHi TUTaHHS aHaNi3y Ta CUHTE3y CUCTEM aBTOMAaTHYHOTO KEpyBaHHS 13 3aCTO-
CYBaHHSM IMITYJIbCHOI YaCOBOI MOIYJISIIIT po3ristHyTO B [6...8].

MeTta po6oTH TONIATa€E y BCTAHOBJICHHI MPUCTOCOBAHOTO JIJIsI OOYHMCIIIOBAIBLHOT peati-
3amii aJeKBaTHOrO MaTeMaTuyHoro omnucy HemiHiiHux nuckpetHux CAK 13 3acTocyBaHHSM
4acoBOT MOYJISLIT IMITYJIbCIB KEPYBAaHHS Ta CUHTE31 ONTUMAIbHUX, 32 KBAaJAPAaTUYHUM KPHUTE-

pieM, kepyBaHb B 3a3HaueHux CAK.
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BuKJ/1aJeHHS] 0OCHOBHOI'O MaTepialy 10CTiIKeHHsI.

MaremaruyHuii onuc pyxy Hediniianx nuckpernux CAK i3 3acrocyBaHHAM 4aco-
Boi MoayJsiuii iMmnyJibciB kepyBanusi. Onuc pyxy Heminiiaux nuckpernux CAK i3 3acro-
CYBaHHSIM YacOBOI MOAYJIALII iIMIY/IbCIB KEPYBaHHS Ma€ 3HauHI TPYIHOII, OCKUTBKU Tpaau-
i1 MeTonu anani3zy nuckperHux CAK, mio 3acHOBaHI Ha IUCKPETHOMY NepeTBOpeHHi Jlar-
jacy, €, BOYEBH/Ib, HENPUAATHUMH. TOMY €IMHUM 3aCO000M TaKoro OMHUCY € METOJI IPOCTOPY
CTaHy. 3a3BU4Yail, OMHC PyXy AMCKpeTHHX JiHiHHUX cramionapuux CAK tumy MIMO
(Multiple input Multiple output) HagaeTscs y Tak 3Baniii (A,B,C,D) — ¢opmi:

fc[n+1] =A)?[n]+Bﬁ[n],

y[n+1]=Cx[n]+ Dii[n], (1)

Jie X — BEKTOp KOOP/MHAT CTaHy; Y — BeKTop BuXxo.y; U — curnan kepyBanns; A— nepexiaHa
matpuls; B — marpuns 3minu crany (kepysanus); C — mMaTpuis BUXOIy (CIIOCTEPEKEHHS);
D — marpuis 06xoxy; N- MOTOYHKMI HOMEP AUCKPETHOro Bimmiky. Ilepiie piBHSHHS BBaKa-
€THCS PIBHSAHHAM 3MiHM cTaHy. lpyre piBHAHHS B (1) € piBHIHHSAM BUMIpY, a00 ¢hopMyBaHHS
Buxoay CAK.

JHamni Oynemo BBaxkatH, mo CAK ckianaerscs 13 3’€IHaHUX MOCTIAOBHO IMIYIBCHOTO
NIEPETBOPIOBAYa, BUKOHABYOTO NPUCTPOIO Ta 00'€KTy KepyBaHHs. BHKOHaBUMII MPHUCTPiil Ta
00'eKT KepyBaHHS CKJIaal0Th Oe3nepepBHy JdiHiMHY yacTuHy CAK 3 BiJOMOIO Ilepe1aTOuHO0
¢dyHKIi€r0. 3a TaKMX YMOB JOCTaTHBO JAajll pO3IIIAAATH TIIbKU PIBHSHHS 3MIHU CTaHYy, sSIKE B
3aranbHOMY Bunaaky st CAK i3 3acTocyBaHHSAM 4acoBOi MOIYMSIIT IMITyNIbCIB KEPYBaHHS
HaOyBa€e HACTYITHOTO BUTJISIY:

)?[n+1]=A[n])?[n]+l;[n]u[n] (2)

Curnan kepyBaHHA B (2) € cKaJIsIpHUM 1 HaOyBa€e TUIBKHM CBOT MaKCHMaJbHI 3HAKO3MiHHI
3HaueHHs Mg CAK 3 yactoTHO-iMIynbcHOI0O Moaydsiieto (HIM), mupoTHO-IMITyTECHOIO MO-
nynsieto (IIIIM) ta kom6inoBanoro YIHIM. na CAK 3 aMminiTy1HO-IMITYIbCHOIO MOJTYJISI-
niero (AIM) curnan ynpaBiiHHS € 3MiHHUM. PiBHSHHS 3MiHM cTaHy (2) € HeCTaliOHApHUM Ta
HENIHIHHUM HaBiTh Npu JiHiMHIA yacTuHi CAK. B okpemomy, HalOUIbII PO3MOBCIOIKEHOMY
BUMAJKY 3acTocyBaHHs BUKIIOYHO LIIIM, piBHSHHS 3MiHH CTaHy 3alIUIIA€THCS HETIHIHHUM,
ajyie Moxke OyTH MPUBEJIEHO J0 CTAIllIOHAPHOTO BUIJISITY HACTYITHUM €KBIBaJICHTHUM MEPETBO-
PEHHSM:

5c'[n +1] = A[n](i[n] + A_l[n]l;[n]u[n]),

Jie TIiepexigHa MaTPHIl € MaTPUIICIO 3 TIOCTIMHUME Koe(iIlieHTaMu 1 3aJIeKUTh TUTHKU BiJ Te-

pioxy iMITyJIbCIB KEpyBaHHS | , IKUI TAKOK € TIOCTIHHUM:
Aln]=A[T]=A
MonudikoBaHuii BEKTOp 3MIHU CTaHY TaKOX € BEKTOPOM 3 MOCTIHHUMU KOMITIOHEHTaMH

1 3aJI&KUTh TUIBKU BiJ mepioay immyibciB kepyBaHHs aias CAK 3 AIM, a nna CAK 3 IIIM
3aJIe)KUTh B1Jl TPUBAJIOCTI IMITYJIbCIB KEPYyBaHHS:

ATIB[T]=A[T],
mrss CAK 3 AIM,
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A [T16[] = Al],

g CAK 3 IIIM.

3a ymoB Takoro onucy CAK 3a BkazaHUM METOJIOM €KBiBaJICHTHOTO MEPETBOPEHHS PiB-
HSHb PYXY CKJIAIHUX HETIHIWHHUX cucTteM 110 ¢hopmu ['ammepinTeiiHa MaEMO HACTYITHI CITiB-
BIIHOIIICHHS PYXY:

fc[n +1] = A()?[n] +Bu[n])

Cunre3 3axkony kepyBanHsa CAK 3 IIIM. MeToaoM aHaTiTHYHOTO KOHCTPYIOBAHHS
ONTUMAIIBHUX PETYISATOPIB MOCATAETHCS BUPIIIEHHS 3aBJaHHS CHHTE3Y JJISl KBAJPATUYHOTO
KPHUTEPIIO SKOCTI Ha OCHOBI METOAY AMHAMIYHOTO MporpaMyBaHHs bemimMana, ane TUTbKU i
niHiiHEX Ta cramionapuux muckperHux CAK. [ns weminiitanx CAK, mo SKuX BiJHOCATBCS
cucremu 3 LM, Take pilieHHs IIe¢ HE BCTaHOBJIEHE. TOMYy JOLITFHO BUKOPHUCTATH IIXI/I,
10 PO3TJITHYTHH B HU3II mpaib JInuaka M.M. Ta iHIIUX aBTOPIB, SIKUI 3aCHOBaHMIA Ha OO Y-
noBi HenmiHiiHUX CAK 13 rapaHTOBaHUMU BJIACTHBOCTSIMHU CTIHKOCTI Ha OCHOBI MeTony Jlsimy-
HOBA.

ANTopuTMiYHa OCHOBA MPOIIOHOBAHOTO MIJIXOJy CKJIAJA€ThCS Y BUKOHAHHI HACTYITHUX
eTariB.

1. BusHauyeHHsi kpuTepiro ontumizanii npoueciB B CAK

Sxictp mpoueciB B CAK 3aBnaerbes y KIaCHYHOMY BHITIAII CEPEIHHOKBAIPATUIHOTO
¢byHKIIOHATY 13 BpaXyBaHHSM €HEPTeTUYHUX BUTPAT HA KEPYBaHHS:

I:i(AL[n]Jr/luz[n])::Zo(p(x[n],u[n]), @3)

n=0

ne L [n] — (ynxkuis JIamyHoBa, BU3HaYeHa, HAIIPUKIIAM, Y BUTIISAAL KBaIpaTUYHOT (popmu
L[n]=x"[n]Ox[n].0 0.
AL[n] —1i nepia pi3HuUL Ha TpaekTopiax pyxy CAK; A — BaroBuit koeili€eHT.

VBenenns QyHkuii JIamyHoBa 3a0e3neuye rapaHTOBaHy CTiMKicTh cuHTe30BaHNX CAK.

2. BuzHayeHHs1 yMOB onTuMizamii

BBaxaerbcs, mo 3miHa ¢yHKLioHany sikocTi Ha TpaekTopisix CAK € MOHOTOHHOIO,
OCKIUJTbKU BUKOHYIOTbCS YMOBH CTilKOCTi. ToMy HalkpaiiuM 3aKOHOM KepyBaHHS, 3a BU3HA-
YEeHUMHU yMOBaMH (ONTHMaibHe JemMrdyBaHHs) Uit pyHKuioHany (3) moxe OyTu 3a0e3mneue-
HO BUKOHAHHSAM HACTYITHOTO CITiBBIJHOIIECHHSIM:

u”[n] =arg(extro(x[n],u[n])) 4)
3ayBaxkeHHS. J{71s1 MHIKHUX aMIUTITyTHO-IMITYJIbCHUX CHCTEM pillieHHs (4) € TaKOX Jii-
HIHHUM
u'[n]=—x" [n] A" QA(B A" QAB +A) " =—x" [n] K. )
3. Bu3HayeHHSI MeTH CHHTE3y
MeTor0 CcHHTE3y € BH3HAUEHHS NapaMeTpiB MoAyJALiiHOI XapakTtepuctuku [1IIM

z‘[n] = f (x[n]) i QyHKLii mepeMuKaHHs, 0 3a0e3MeuyIoTh (4).
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3ayBakenns. s CAK 3 IIIIM piBHSHHA CTaHy € HENIHIHHIUMHU 1 MatOTh BUTJISA

fc[n +1] =A()?[n]+,[;’(r[n])u[n]) (6)
e B(r[n]) = ﬁ(t)/t:r[n];

h (t) — BEKTOpHA nepexiana GyHkiis giHiiHOT 6e3nepepBHOi yacTuau CAK;

u[n]=Usign(S[n]);
S [n].— (GyHKIIIS TEpeMHUKAHHS MOJISPHOCTI IMITYJIBCIB YIIPABIiHHS.
4. Monudikanisi KpuTepiro skocti
3a ymoBu 3actocyBants IIIIM kputepiii sikocti (3) He BpaxoBye €HEPreTHYHI BUTPATH

Ha kepyBanHs B CAK. Jns BpaxyBaHHS TaKuX HE301KHHX BUTPAT, 32 aHAJIOTI€I0 3 JIHIHHUMU
CAK, npomnonyeTscsi yBecTd B (3) CKJIa/I0BY, IO BiJMOBiAa€ TAKUM BUTpATaM:

I_Z[AL[n]+/1U F(z[n])] Zgo( [n].[n].u[n]), @

n=0

ne F (2' [n]) — MMapHa NO3UTHBHA HEYOyTHA (YHKIIIS TPUBAIOCTI IMITYJIbCIB:
F(O) =0, F(Z’) >0,dF/dz >0.

5. Bu3HaYeHHA 3aBIAHHA O THMIi3aLil

3a BKa3aHMX YMOB IIOCTaBJIEHE 3aBJaHHs Ma€ BUIJIAZ JBOINApaMETPUUYHOI ONTHMI3alii
BIJTHOCHO (DYHKIIIT MEpEeMUKaHHS MOJIAPHOCTI Ta MPOTSXKHOCTI IMITYJIbCIB KepyBaHHs. HeBaxk-
KO 0auuTH, 1110 Ha TPAEKTOPIAX (6) cripaBe/INBE CIIBBIHOIIEHHS

ming(x[n],7,u) = n)’iun{[/?T (r) ATQAB(r)+ AF () u” +2x[n] A'QAB(r)ul. (8)

3rigHo (8) onTUMaIbHUM 3aKOH MEPEeMHKaHHS IMOJIIPHOCTI IMIYJbCIB, IO 3a0e3mneuye
YMOBH CTIHKOCTI 110 JISMyHOBY, Ma€ HaCTYITHUM BUTJISIL,

u[n]= —USign(X[n]ATQAB(r[n])). 9)

3 o6mikom (9) 3HaxoauMo 3 (8) pIBHSHHS A7 BU3HAUEHHS ONTUMAIBbHOT MOAYIISIIHHOT
XapaKTePUCTUKU

LA dF(7)
2 dr

r=7[n]

0 (el A eatll) 96(2)

—Ix" ATOA
dr AR

|=0. (10)

r=7[n]

=1,

6. IlepeBipka Ta Bepudikauis BJIaCTHBOCTell OTPUMAHOIO pillleHHs 3a/1a4i ONTH-

Mizanii

3a ymoBH T [n] < T, po3risiHEMO BiIXUIICHHS Bijl CTAIlIOHAPHOTO PEKUMY B JTiHITHOMY
HaOIKEHH] pO3KIIafanHs HenmiHiiHoT GyHKIil B psin Teimopa [ (r[n]) = ﬂo’[[n].

Toni 3 (10) caigye criBBIIHOIEHHS

A dF( )
dr

=0.
r—7[n]

~|R[n] ATQAR | +2[n]U AT ATQAS, +
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oty o 2 o
Hanpuknan, nust veniniiaoi Gpynkuii F (T) = 7" ONTUMAJIbHUM € HACTYIIHUH 3aKOH Ke-

pYBaHHS TPUBAICTIO IMITYJIBCIB
N - - -1
o [n]=[X[n] ATQAS || U (B AQAB, +2) | (11)

Sk ue BuTikae 3 (9), onTuManbHe KepyBaHHA € JiHiitHUM (mponopuiinuii IIIIM) i criB-
Najiae Mo BUAY 3 aMIUTITYJHO-IMIYIbCHOIO MozyJsimieto (AIM) - (5). ExBiBaneHTHICTH cuc-
tem 3 LM npu Manux rméuHax Moxyssuii cucremam 3 AIM e BizomMum QaxkTom.

Takum yrHOM, criiBBigHOMIEHHS (8 — 10) HO3BOJNSAIOTH BU3HAYUTH ITapaMeTpu IU(POBO-
ro peryisatopa 3 IIIIM, 1mo BiATBOPIOE ONMTUMATBHY MOIYJSIIAHY XapaKTePUCTUKY Ta 3a0e3-
nevye ONTUMAaIbHE JeMI(yBaHHS KBAaIpPAaTUYHOTO MOKA3HHUKA SKOCTI (5) i, THM camuM, ITij-
BUIICHHS TOYHOCTI perymtoBanHs B CAK 3 ILIIM.

s CAK cTpykTypa OTpUMaHuX pilieHb 0iu3bka 10 1mudpoBoi kopekitii LIIM mo cur-
HaJTy MepIIoi Pi3HUII KyTa MOBOPOTY BUKOHABUOTO €IEMEHTY, OCKIJIbKM KOOPIMHATAMH CTaHY
CAK enexktponpuBoay B HabmmwkeHHi (3, 5) € BKa3zaHH KyT MOBOPOTY 1 KyTOBa MIBHAKICTb.
Otpumana 3rigao (10) MogynsmiiiHa XapaKTePUCTHKA € ICTOTHO HEJIIHIHHOIO 1 BU3HAYAETHCS
HOIIIIB.

Bupimenns tecroBoro 3aaanns. llupokwuii knac enekrpomexaniuaux BII, a came:
eJIEKTPOMArHiTHI KJIallaHu, eJIeKTPOMAarHiTHI 3aCyBKH, €JIEKTPOMArHiTHI J03yI0Ui MEXaHi3MH,
skipamnid naHmior JI1C ta i, MaroTh y SKOCTI BUXITHOI MAaTEeMaTUIHOI MOJEII 1HEPIIHHY
JAHKY TIEPIIOTO TOPSIIIKY, IO JOMycKae HAOIMKEHU MaTEMaTUYHHAN OIUC Y BUTIISL JTAHKH 3

Nepe1aTOYHOI0 (PYHKIIIEO K‘/ ( p+ a) , IKOI0 MOxe OyTu mpejcraBieHa quHamika Bl

PiBHSIHHS PyXy B AMCKPETHOMY Yaci TaKoi TaHKH Ma€ BHIIIS
x[n +1] = e_“Tx[n] + (l— el )u [n]k

®ynxkuionan (7) Moxe OyTH MpeCTaBIeHUH y HACTYITHOMY BUJI:

0

I= Z(xz [n] + AU *r? [n])

n=0
OnTumanbHa MOAYJIALIMHA XapaKTepUCTUKA BU3HAYA€ThCs 3riHO (10) criBBiIHOIIEH-
HSM

‘x[n]‘ =K, Ue” [(e_m["] —l) + lr[n]e_m["]/a}

1 € ICTOTHO HENiHIHHOIO (YHKITIETO.

[IpoBenenuil aBTOpaMu KOMII'IOTEPHUN E€KCIIEPUMEHT IOJIATaB y BHUPIIIEHH] 3aBJaHHS
BU3HAYEHHs ONTUMaJbHUX KepyBaHb B oOpaHiit moaeni CAK y nopiBusaai 3 CAK i3 miHii-
HOI0O MOJYJSLIHHOK XapaKTepUCTHKOW. Pe3ynbTaTH Takoro eKCIiepuMEHTY HaBe/leHI Ha
puc. 1 — puc. 3. PucyHok | imocTpye MOIyMSALiiHI XapaKTePUCTUKU IMITYJIbCHOTO MEPEeTBO-
proBauda, a came: ONTHUMaJbHY Ta 3BHYAiiHO BUKOPUCTOBYBAHY JiHiliHYy. PucyHok 2 Ta pucy-
HOK 3 imocTpytoTh pyx CAK mpu BUKOpUCTaHHI Pi3HUX 3aKOHIB K€pyBaHHs Ta 3MiHY 3Ha4E€Hb
KPUTEPi0 ONTHMi3alii 32 JUCKPETHUM YaCOM.
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Pucynoxk 2 - Pyx CAK npu onTuMaabHOMY 3aKOH1 KEpyBaHHS
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Pucynok 3 - Pyx CAK npu niHiHHOMY 3aKOHI KepyBaHHS

BucnoBku. OOrpyHTOBaHO MiAXiT 10 ONTHMI3AIi CKIATHUX ITUMPOBUX CHUCTEM aBTO-
MaTHUYHOTO KEPYBaHHS, B SIKHX 3aCTOCOBYBAHO NMEPETBOPCHHS CHTHATIB KEPYBAHHS B TOCHi-
JIOBHICTH IMITYJIBCIB 13 YaCOBOIO MOJYJISIIEI0. 3apONOHOBAHHM y3araJbHEHUH OMUC CUCTEM
BKa3aHOTO THUITY Ta 3alPOMIOHOBAHO €KBIBAJICHTHE MEPETBOPEHHS IUCKPETHUX PIBHSHb iX Py-
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XY, 110 JI03BOJIIE BPAaXOBYBATH 3MiHY IMPOTSDKHOCTI IMITYJIbCIB KepYBaHHS MPH JiHIMHINA 6e3-
MepepBHil HE3MIHHIN YaCTHHI CUCTEMH aBTOMATUYHOTO KepyBaHHs. [[si cuctem aBromMaTud-
HOTO KEpyBaHHS 13 3aCTOCYBaHHSM LIMPOTHO-IMITYJBCHOI MOJIYJISIIl CHUTHAJIy KepyBaHHS
YIIOCKOHAJIGHO aJITOPUTM CHHTE3Y, a caMe: 3aKOH 3MiHHU MOJISIPHOCTI IMITYJIbCIB Ta BUIJISITY
MOJYJISIIIHOT XapaKTepUCTUKU Ha OCHOBI MeTony JlamyHoBa. OTpumMaHi (pyHKIIOHATIBHI 3a-
JISKHOCTI, 10 BCTAHOBIIIOIOTH BUIJISIJ 3aKOHY 3MIHHU MOJIAPHOCTI IMIYJIbCIB Ta aHATITUYHOTO
OIKCY ONTHUMAJIBHOI MOAYJIALIKHOI XapaKTEePUCTUKH IHUPOTHO-IMIIYIBCHOTO NIEPETBOPIOBAYA
CUTHAJTy KEPYBaHH 3a 3aBJIaHUM KBaJIPaTHYHUM KPUTEPIEM SKOCTI Ta MapaMeTpaMu HE3MiH-
HO1 Oe3nepepBHOT YACTHHU CHCTEMH.
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Mathematical description and optimization of automatic control systems
using pulse width modulation of signals

An approach is proposed for the adequate description of the processes of state change
and optimization of complex discrete automatic control systems (ACS), in which the conver-
sion of control signals into a sequence of pulses with time modulation is used. Requirements
for actuators in many cases of practical use produce the need to use such a conversion to
achieve proportional regulation of the output action in accordance with the input control sig-
nal. The description of discrete automatic control systems of the specified type is generalized
and an equivalent transformation of the discrete equations of their motion is proposed. The
specified transformation allowed to take into account the change in the length of the control
pulses for the linear continuous invariant part of the automatic control system.

The proposed equivalent transformation of the equations of motion for discrete (im-
pulse) systems with a constant sampling interval significantly simplifies their mathematical
description and requires fewer resources for computational implementation. For automatic
control systems with pulse-width modulation of the control signal, the algorithm for synthesis
and obtaining the control signal has been improved, namely, the law of changing the polarity
of the pulses and the form of the modulation characteristic based on the Lyapunov method.

A distinctive feature of the proposed approach is the inclusion in the criteria of optimal-
ity of energy costs for control in the form of a dependence on the duration of control pulses.
Functional dependencies were obtained in a closed analytical form, which establish the form
of the law of pulse polarity change and analytical description of the modulation characteristic
of the pulse-width converter of the control signal according to the given criterion and param-
eters of the invariable continuous part of the ACS. A computer experiment and simulation
were performed when solving the test problem.

The obtained results of solving the test problem confirm the effectiveness of the pro-
posed approach. It was established that when using optimal nonlinear control laws, the quali-
ty criterion is improved compared to the applied linear ones.

ISSN 1562-9945 (Print) 133
ISSN 2707-7977 (Online)


https://www.sciencedirect.com/journal/automatica
https://doi.org/10.1016/j.automatica.2020.109020
https://doi.org/10.1016/j.automatica.2020.109020
https://www.researchgate.net/publication/349468076_Synthesis_of_an_Automatic_Control_System_with_Pulse-width_Modulation_According_to_the_Speed_Criterion
https://www.researchgate.net/publication/349468076_Synthesis_of_an_Automatic_Control_System_with_Pulse-width_Modulation_According_to_the_Speed_Criterion

«Cucremni texuounoriin 4 (159) 2025 «System technologies»
Keywords: mathematical modeling, nonlinear discrete systems, automatic control, op-
timization methods, pulse-width modulation, computer experiment.

Mupropoa Bosogumup ®@eaopoBuy — JIOKTOP TEXHIYHUX Hayk, mpodecop Kadenpu aBTo-
MaTHu3allii CyTHOBUX CHEPreTUYHNX YCTaHOBOK HamioHanbHOTO yHiBepcuTeTy “Onechka Mop-
CbKa aKazemis’”.

I'Bo3neBa Ipuna MapartiBHa — TOKTOp TEXHIYHHX HayK, 3aBigyBad Kadeapu eneKTpoodia-
HaHHs 1 aBTOMaTUKH cynieH HarionansHoro yHiBepcutety “Onechka MOpChKa akaiemis .

Myrhorod Volodymyr — Doctor of Technical Sciences, Professor of the Department of Au-
tomation of Ship Power Plants of the National University “Odesa Maritime Academy”.
Hvozdeva Iryna — Doctor of Technical Sciences, Head of the Department of Electrical
Equipment and Ship Automation of the National University “Odesa Maritime Academy”.

134 ISSN 1562-9945 (Print)

ISSN 2707-7977 (Online)



«Cucremui Texnonorii» 4 (159) 2025 «System technologiesy
DOI 10.34185/1562-9945-4-159-2025-14
YJIK 004.4

A.O. Kypba, A.C. Bparuenko
PO3POBKA INPOI'PAMHOI CUCTEMM 3 PO3PAXYHKY METO/IIB TEOPII
II'OP. AHAJII3 BIUIUBY INOKA3HUKIB «OIITUMI3MY-IIECUMI3MY» TA
VWMOBIPHICHUX CHEHAPIiB HA ONTUMAJIbHICTH CTPATEITIA
Y II'PAX 3 IPUPOJOIO

Anomayin. HAx naykosa oucyuniina meopis ieop UHAE 83AEMOBIOHOCUHU MIdNC 0CODAMU, AKI
KepyIomuvCsi pisHUMU, THOOI Ul NPOMULEHCHUMU MOMUBAMU, A MAKONC OOCHIONCYE i BANCTUBL
83AEMUHU, MAKI AK PUHKOBA KOHKYPEHUIs, 20HKA 030pPO€Hb, PO3NOOLL NONIMUYHO20 GNIUBY,
3a0pYOHeHHs HABKOIUUHBO20 cepedosuya mowo. Y meopii icop 6ci yi ceplio3Hi 63aEMUHU
HA3UBAIOMb «icpamuy, momy w0 6 HUX, AK i 6 i2pax, pe3yibmam 3alexiCums 6i0 piuleHb
(cmpameciii) 8cix y4acHUKis.

Ha cyuacnomy emani 6 ymogax HegusHaueHOCMI 306HIUHBLO2O Cepedo8UUd, 3VMOBIEHOI myp-
OyIenmHICmio NONIMUYHUX MA eKOHOMIYHUX Npoyecis, NpULHAmMms GIipHUX YNPAGIIHCbKUX
piuiens, AKi € pe3yibmamom aHanisy, NpocHO3Y8AHHs, ONMUMI3ayii ma udbopy arbmepHamus
8 yMo8ax nosHoi abo yacmkosoi eiocymuocmi ingopmayii € docums CKIAOHUM NPOYECOM,
ane 8aniCIUBUM OJisi PO3BUMK)Y eKOHOMIKU. AKMYanbHiCmb memu 3yMosieHa Nompebor c8oe-
YACHO20 NPUUHAMMS ONMUMANbHUX DiUeHb (axieysamu pisHUX 2any3ell 8 yMog8ax HesusHaye-
HOCMI, 5IKA YCKAAOHIOE pOOOMY NIONPUEMCIE MA 3HUNCYE eqheKMUBHICD OiTbHOCHII.

Y emammi pozensioacmuvca npoepamna cucmema 0ns 00CHIONHCEHHA MA HAOUHO20 NPeOCmas-
JIEHHS CMAMUCMUYHO20 CNIBBIOHOUEHHS pe3ylbmamie uOOpy ONMUMAlIbHUX cmpameii y
2pi 3 NpuUpoooI0 3 YPAxyBaHHAM WEUOKOCMI PO3PAXYHKI6, 3MIHU NOKA3HUKA «ONMUMISMY-
necumizmyy ma pisHux UMOGIpHICHUX cyeHnapiis. Lleil npoepamuuii npodykm 6yé cmeopeHui
3a donomo2oio mosu npocpamysanns Python s euxopucmannsm 6ioniomexu TKinter ¢ inmee-
posanomy cepedosuwyi npoepamyeants Microsoft Visual Studio 2019. B nvomy peanizosanuil
8UOIp onmumanbHux cmpameeii 3a kpumepiamu Banvoa, I'ypeiya, batieca, Jlannaca ma Ce-
8i0Jica, 3 YPaxy8auHIM WEUOKOCMI PO3PAXYHKIG.

OcHogHUMU YHKYIAMU NPEOCMABIEH020 NPOSPAMHO20 NPOOYKMY € CKOPOUEHHs Yacy ma 6u-
mpam Ha npuiHamms piuiens, udip Oill, abo, KOHKpemHo, ubip Kopucmysauwem (epasyem)
ceoe€i’ cmpameeii; 8i000padicents uacy, 3ampaieHo20 Ha po3pPaxyHKu, NOPIGHAHHA Ma 3a2alb-
HULl aHaniz Memodie meopii icop ma ananiz oKpemux memooie npu 3mini napamempie. Llei
NPOCPAMHULL NPOOYKM MOdce Oymu KOPUCHUL (axieysam 8 2any3sax eKCnepumMeHmanvHoi, no-
8€01HK0BOI, THHOPMAYINHOI eKOHOMIKU, NOAIMUYHOI eKOHOMII, cneyianiicmam npoMUCIO8UX
opeaHizayiti ma HWUM npogecionanram, AKi 3aUMarmvcs po3pooOKO, SUKOPUCTNAHHAM |
VAPABLIHHAM NPOEKMAMU Y C80ill poOOmi.

© XKypba A.O., bparuenko A.C., 2025
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Knrouosi crnosa: meopis icop, kpumepii Banvoa, batieca, Jlannaca, Cesidoxca, Iypsiya, exo-
HOMIsL 4acy, npoepamHull npoOOYKm, M0o8a Npocpamyeants python, cmpamezii YnpasuiHCbKux
Dpiliens.

IMocTanoBka 3agavi. MaTeMaTH4HI MOZENi TEOpii irop CTad OCHOBOIO JUIS CyYacHUX
Teopiil MIKHAPOAHOI TOPTiBIIi, OMOAATKYBAHHS, CYCIIJIBHOTO Ojara, MOHETapHOI €KOHOMIKH
Ta Teopii BUpOOHMYMX OpraHizamiid. 3acTOCyBaHHS TeOpii irop B Pi3HUX Taly3siX JO3BOJISIE
JOCTOBIPHO IPOTHO3YBAaTH HAWOUIBII WMOBIPHUI pe3yibTaT MO Ta 3MEHIIYBAaTH 4Yac Ha
MIPOTHO3YBAHHS B yMOBaX MOCTIHHO 3pOCTAI0YOr0 TEMITY KUTTS Ta Herepen0adyyBaHOCTi, YAM
il 3yMOBIICHA aKmyabHicms pOOOTH.

He3Baxxaroun Ha MHUPOKI MOKIUBOCTI, METOAM TEOpIi irop HEYaCTO BHUKOPHCTOBYIOTh-
Csl B pealIbHUX YIPaBIIHCHKUX MpPOIeNypax, TAKUX SK YHPABIIHHA MiANPHEMCTBAMH, TO0Y-
70Ba OpraHizalliiHUX cucTeM, (OpMyBaHHI TOCHOJAPCHKOTO MEXaHi3My, COLIaIbHO-
€KOHOMIYHE TUTAHYBaHHS Ta MPOTHO3YBaHHS. Lle MOsSCHIOETBCS SIK BICYTHICTIO TEOPETHYHOT
MiArOTOBKHM (paxiBLiB y Ii Tawy3i, TaK 1 TUM, IO KJIACHYHI IrpOBi MOZETI 3aHaATO aOCTPaKTHI
Ta BaYKKO aJaNTYIOThCS JI0 PEAIbHUX YIPABIIHCHKHUX MPOIECIB 1 MPUHHSTTS pimeHs. JJo mpo-
IO X iCHYe mpo0JieMa 3 TOCTYIHICTIO JIITepaTypH 3 MPAaKTUIHOTO 3aCTOCYBaHHS TEOPil irop.

B po6oti npeacrapiena nporpama, Opi€HTOBaHA Ha 3aCTOCYBaHHS B SIKOCTI IHCTPYMEH-
Ty MIATPUMKHU Ta ONTHUMI3alii NPUAHATTS pilieHb. B OCHOBY bOTO MPOTrpaMHOTO MPOAYKTY
MOKJIAZICHO HWMOBIPHICHI MOZENi CTpaTerii Ha OCHOBI HAWIOIIUPEHIMIMX KPHUTEPIiB irop 3
npupoaoro: kputepiiB Banbna, I'ypsina, baiieca, Jlarutaca Ta CeBimxka.

Po6ora mnepenbavae mMOPIBHSUIBHY OI[IHKY BIUIMBY CIIBBIJIHOIIEHHS «ONTHUMI3M-
MECUMI3M» OCHOBHUX KpUTEPIiB Ha BUOIp cTpaTeridi B yMOBaX CTaTUCTHYHOT HEBU3HAYEHOCTI.

OCHOBHUMH 3A80AHHAMU TIPOTPAMHOTO TIPOJYKTY €:

- MOIITYK ONTUMAJIBHOI CTPATET1] B Irpax 3 MPUPOJIOI0;

- CKOPOUYEHHS yacy Ta BUTpAT Ha NPUUHSTTSA pillieHb, BUOIp Aiil, a00, KOHKPETHO, BUOIp
KOpHCTYyBaueM (IpaBlieM) CBO€I CTpaTerii;

- BiJOOpakeHHs 4acy, 3aTpayeHoro Ha po3paxyHKH;

- MIOPIBHSHHS Ta 3arajlbHUN aHaii3 METO/IIB TEOpii Irop Ta aHalli3 OKPEMHUX METOJIIB NPU
3MiHI1 TapaMeTpiB.

VY naHii cTarTi pO3MISIHYTO 3aCTOCYBaHHS TEOPii irop 3a JOMOMOTOI PO3pOOJIEHOTO
MPOTpaMHOTO 3a0e3MEUCHHS.

AHaJi3 ocTaHHIX JocailzKeHb i myOaikauniii. Buznadens rpu qyxe 6araro, ajie TexHi-
YHO Tpa - 11e Oy/Ib - sSIKa CUTYyaIlisl, B AKii 1Ba a00 OUIbIIE TPaBIiB HAMAralOThCS JTOCSITTH BH-
rpamry. 3a CpaBeIJIMBUM 3ayBakeHHsIM mpodecopiB matematuku Morton D. Davis ta mosmi-
tuku Steven J. Brams Ha3Ba 1i€i ramy3i TOCTiIKeHb MOXE OyTH JIEIIO HEMPaBHIBHOI —
TEOpist iIrop 3a3BUYail HE MOJUISE BECENIONIIB UM JIETKOBAKHOCTI, MOB’si3aHUX 3 irpamu [1] Te-
opis irop, cnovarky po3po6iena J[xonom gon Heiimanom 1 OckapoMm Moprenuirepaom, 0y-
J1a IpU3HaYeHa Ui BUPIIIEHHS €KOHOMIYHUX mpobsieM. Y cBoiil kHu31 «Teopis irop Ta exo-
HOMIYHOT moBeqiHKU» (1944) BOHM CTBEpIKYBaiu, L0 TpaauliiiHa MaTeMaTUKa HE MiJIXO-
JUTH JJIS1 €KOHOMIKH, OCKIJTbKM €KOHOMIYHI BIJIHOCHHHU CXOXI Ha TPy, JIe TpaBIll mependaya-
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I0Th KPOKM OAMH OJHOTrO. L[ KOHIlenIisi BUMarajga HOBOTO BHJly MaTeMAaTHKH, SIKY BOHU Ha-
3Banu Teopiero irop. Ilomampmmii po3BuTOK Teopii irop y 1950-x pokax OyB 3miificHeHuit
Jxonom Hemewm, sikuii copMyinroBaB MareMaTHUHI HPUHIMIN Ui aHAJI3y CYNEpHHUIITBA
MK KOHKYPEHTaMH 31 3MilIaHUMH iHTepecamu. BiH po3poOuB MeTonu aHalizy, B SKHX BCI
YYaCHHKH a00 BUTPAIOTh, a00 HABMAKH TEPIUIATH mopasky. Lli cranu Ha3uBaroTh «PiBHOBa-
roto Hema» ToMy, 10 mpH IbOMY I'paBli MOBHHHI 3aCTOCOBYBAaTH ONTHUMAJIbHY CTPATEriio,
sIKa CTBOPIOE CTIKY piBHOBAry, KOPHCHY JJIsi KOXKHOT0, 00 Oynb-ska 3MiHa mpU3Bee 10 1o-
ripmenHs cutyanii. J[. Henr nmokasye HeONTUMaIBHICTh KIIACHYHOTO MiAXOAY 10 KOHKYpPEHIIii
A. CwmiTta, 1e KOKEH caM 3a cebe. 3HaYHUM BKJIAJJOM Y JIOCIIIPKEHHS 3arajbHOi JOTIKH Ta 10-
BEIIHKM yJacHUKIB KOH(IiKTHUX cutyaniii Oynu mpami T. Illeninra, skuii € HOOENIBCHKUM
JaypeaToM B Traily3i eKOHOMIKH. « BUBYEHHsI CBiZOMOi, PO3YMHOI Ta CKJIIHOI KOH(IIIKTHOT
MOBEJ[IHKM, OCHOBHE 3aBJIaHHS SIKOT — YCITiX, CXOXKE Ha TOMIYK MPABUJI «IIPABHIBHOI» MTOBE/I-
HKA B CEHCI JOCSATHEHHs Burpamy B cynepHunri» — Tomac Uleminr «Crpateris
KoHutikTa» [2]. JIOCHiKEHHIO TEOPETUYHUX Ta MPAKTHYHUX MHTAaHb 3aCTOCYBAaHHS Teopii
irop Ha MPaKTHIII TPUCBSYCHI Mpalli 0araTboX HayKoBIiB, cepex skux A.B. Karpenko, .M.
Koganenko, O.C. Benruens, H.T. Kynna ta in.

MeTta poc/igKeHHs — JOCITIDKSHHS POOJIEMH MPUUHATTS PIllICHb 32 JOITOMOTOI0 MO-
JIeNT CTOXaCTUYHOL TPH 3 MPUPOJIOK0, IO € MOJICIUTIO CUTYAIlil, B SIKii OJHIE€I0 3 KOHDIIKTYIO-
YHX CTOPIH BUCTYIA€ 00 €KTUBHA PEATbHICTD, MO y MOAIOHNX BUMAAKAX HA3UBAETHCS IIPH-
POJIOI0», CTaHU Ta [ii KO MOXYTh 3[IHCHIOBAaTH BIUIMB Ha BHOIp TpaBs, IO NpUAMae pi-
IIEHHS, Ta HAOYHE IPEJCTaBJICHHS CTAaTUCTUYHOIO CIIBBIJHOLIEHHS pPE3YNbTATIB METOJIB
Irop 3 MPHUPOAOI0 3 ypaxXyBaHHSM IIBHJIKOCTI pPO3PAaXyHKIB, 3MIHU MOKa3HUKA «ONTHMI3MY-
NEeCUMI3MYy» Ta PI3HUX WMOBIPHICHHX CLE€HApIiB 3a JIOMOMOIOI0 MPOTPAMHOI CUCTEMHU 3 PO3-
paxyHKy METOAIB Teopii irop (irpu 3 npupoaoro) mosoro Python.

BukianeHHsi 0CHOBHOTO MaTepianay aociilkeHHs. B pamkax Teopii irop icHye Oara-
TO MapaMeTpiB Ta KPUTEPIiB, 3a SKMMH MPOBOJIUTHCS aHalll3 Ti€l UM 1HIIOI IrpOBOI cUTYyalii. Y
paMKax IIi€i CTaTTi pO3MJISIHYTE 3aBJAaHHS TMOPIBHSIHHSA Ta 3araJiIbHU aHaji3 METOMAIB Teopii
Irop Ta aHaji3 OKpeMHX METOJIB IpH 3MiHI napameTpiB y «Irpax 3 mpupozgoro». Januii npo-
rpaMHUH MPOAYKT HAJA€ IHCTPYMEHTH JJISl aHAJI3y CHUTYalliid, € B3a€MOJIIOTh JIBI CTOPOHH,
3 SIKUX JIMIIE OJHA MOXKE JIIITU CBIOMO, 1110 € BIIMIHHOIO PUCOO JUIs irop 3 npupojoro. Parii-
OHAJIbHE MPUUHATTS PIlIEHb € KII0YEM JI0 YCHIXY IPOEKTIB, a OllepaTUBHE MPUUHATTS PillIeHb
Ma€ BHUpILIaIbHE 3HAYEHHS 17151 €(pEeKTUBHOCTI pOOOTH MiIPUEMCTB Ta OpraHizarlii.

VY cyyacHOMY ITMHAMIYHOMY CBiTi TOYHICTh Ta IIBUJKICTh NPUUHATTS PillIEHb BCE Yac-
TillIe CTAlOTh KPUTUYHO BAXKIMBUMH, OO BiJ IIHOTO 3AJECKUTH CTYIHBb YCHIITHOT TiSTTLHOCTI.
[Tomryk Ta mpUMHSTTA pilieHb — 11€ BUOIp HallKpaloro BapiaHTa po3BUTKY MOJIN 3 AEKUIBKOX
MOJKJIMBUX aJbTEPHATHB Ta € HAWOUIbII TBOPUOIO Ta BIAMOBIIAIBHOIO CKIIAJ0BOIO MPOIECY
NpUMHATTA pilieHb. Bubpatu HanpsaM it a0o 0e3iIbHICTh O3HAYAE — NPULIHAMU PILUEHHS.

«Teopis irop - 11e JOCIIHPKEHHS TOTO, SIK 1 YoMy MU npuiiMaemo pimenHs. Lle odiniitne
JOCJTIJDKEHHS KOHGIIKTY Ta cmiBmpari. L{e po3ain maTemMaTuku, sSIKUii 3aiiMaeTbCs aHATI30M
CTpaTeriii BUPIIIEHHS KOHKYPEHTHUX CHUTYalllil, KOJIU pe3yibTaT PILICHHS OJHI€I JIIOJUHU
KPUTHYHO 3aJICKUTh BiJl I{ IHIIUX yY4aCHUKIB. Teopis irop 3acToCoByBajacsi B KOHTEKCTI pH-
HKy (0i3HeECy), ypsiay, yCiX Hayk i BiiftHH.», - Take Bu3HadeHHs gae Market Business News [3].
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B pi3HHX ramy3sx B MpoIeci TiSUIbHOCTI MiANPHEMCTB, COLIATBHUX TPy a00 OKpEeMHX
0ci0 3aBXI¥ BHHUKAIOTH CHTYallii, B IKMX IHTEpPECH OJHi€l CTOPOHU BiHOCHH HE CITiBIaaa-
I0Th, TaK AK KpaiHI{ MPOSB - JiaMETPAIbHO MPOTHUJICKHI. YMOBH, MPU SIKUX pe3yabTar ii
OJTHOTO YYaCHHUKA 3aJISKUTh BiJ Jiil 1HIIMX yYaCHMKIB, MOJUIAIOTH HA TaKi THUIU: IHTEPECH
CMIBMAAI0Th, IPH IIbOMY BOHU MOXYTh JOMOBUTHCS IPO CILIbHI J1ii, Ta IHTEpeCcH y4aCHUKIB
HE CIIBMNAJa0Th. B TakMX CUTyalisx IMepeBa)KHO HEBUTITHO MOBIIOMIISATH IHIIMM yYacHU-
KaM Tpo CBOi pillIEHHS ISl 3al00iraHHs] BUHUKHEHHIO CUTYAIlil, IpU SKii OJMH 3 YYaCHHUKIB
CKOPHUCTYETHCS 3HAHHSM PIICHHS 1HIIOI CTOPOHM U OTPUMAHHS OUIBIIOI BUTOIH 3a paxy-
HOK iHImwmX. [TomiOHi cuTyarii Ha3UBAIOTHCS KOHQAIKMHUMU.

Jlnist BUBYEHHSI KOH(QIIKTHUX CUTYyalliil Ta MOBEAIHKH YYaCHUKIB IPU HA OCHOBI MaTtemMa-
TUYHUAX MOJIEJNEH MIMPOKO 3aCTOCOBYETHCS TAKHH PO3ILT MAaTEeMaTUKH, SIK Teopis irop. Bona
3aliMaETHCS MOJICITIOBAHHAM KOH(QUIIKTHOT CHTYallii Ta pO3pOOKOI0 METO/IiB BUPIIICHHS 3a1a4,
[0 BUHUKAIOTH y MUX cUTyamisix. OCHOBHOIO METOIO TEOpii irop € po3yMiHHS, SIK TPaBIli MO-
KYTh ONTHMI3yBaTH CBOI CTpATerii U JOCATHEHHS HaKpaIIuX pe3yibTaTiB.

Metoau irop 3 NpUPOJIOI0, IO PO3TISAAAIOTHCS B il CTATTi, 3aCTOCOBYIOTHCSI B yMOBaxX
HEBU3HAYEHOCTI, TOOTO KOJH JIPYTUi TpaBelb HE Ma€ MPOTHIICKHUX IHTEPECIB, ajie BUTpAII
MIEPIIOTO TPABIS 3AICKHUTH BiJl 3a37aJIEeTiIb HEBIIOMOTO CTaHy Japyroro. ToOTO HEeBHU3HAUYE-
HICTh 3aJISKUTH BiJl HecTadl iHpopmMaii mpo 30BHINIHI YMOBH, B KUX OyJe MpHiMaTHCS pi-
IICHHSI Ta HE 3JIC)KUTH Bif Il TPaBIIs.

«[Ipupona» - e y3arajapbHEHE MOHITTS YUaCHHKA TPH, SIKUI HE Tepeciliaye CBOIX Lijen
y IbOMY YMOBHOMY KOH(JIIKTI. OcoOnuBICTIO IMOp 3 MPUPOJOI0 € T€, 10 B HIH CB1IOMO
JIi€ JIMIIE OJIMH I'paBellb, IHIIOMY K TpaBIt0 (IpUpoJia) pe3yabTaT HE BaXKIUBUN. AOO K yMO-
BU HE 3aJI€KaTh BiJ 1M rpaBlisl, @ BU3HAYAIOTHCS 30BHIIIHIMU (PaKTOPAMU, TAKUMU SIK PeaKIis
PHUHKY, 110 HE IIKOJAUTh KOHKPETHOMY T'PABIIO, TOJIITHKA, pealibHa MMPUPO/IA.

I'pa 3 mpupomor0 mpencTaBIse€TbCs y BUTIISAL TIATIKHOT MAaTPHIl, €JIEMEHTH SKO1 — BH-
rpaiii rpaBIis, ajie He € MporpamaMi IPUPOIH.

Jlis po3paxyHKiB BUKOPUCTOBYBAJIMCS 32 IUIATIKHI MAaTPHIll T'pU, KOXKHA 3 SKUX Oyna
oOuucieHa IMIICTbMa METOJaMHU: ONTHUMICTUYHUM Ta TMECUMICTHYHHM KpuUTepissMu Banbia,
kputepisimu ['ypBina, baiieca, Ceinxa ta Jlannaca.

OcHOBHMMHM (QYHKIISIMU IPEICTABICHOTO MPOrPaMHOT0 MPOAYKTY € CKOPOYEHHS 4yacy
Ta BUTPAT HA IPUHAHATTSA pillieHb, BUOIp Aiii, 200, KOHKPETHO, BUOIp KOpPHCTYBaueM (TPaBIIEM)
CBOE€1 cTpaTerii; Bi10OpaXKeHHs 4acy, 3aTpayeHoro Ha pO3paxyHKH; MMOPIBHIHHS Ta 3arajJbHUN
aHaJli3 METO/IB TEOPii irop Ta aHaji3 OKPEMHUX METOJIIB IIPH 3MiHI TapaMeTpIB.

Kpumepii eubopy onmumanvroi cmpameeii

B xoni po6oTH, 3 MeTOr0 3a0e3MeueHHsl IKOCTi, OyI0 3acTOCOBaHO 32 TIaTiXKHI MaTpH-
11, po3mipoM 5x4 (4 cTaHu NPUPOAM Ta 5 CTpaATEriil CTATUCTUKA), KOXKHA 3 AKUX Oyna obuuc-
JIeHa 1IiCThbMa METOJIJaMU: ONTHUMICTHYHUM Ta NMECUMICTUYHUM KpuTepisimu Banbaa, kputepi-
smu ['ypeina, baiteca, CeBimka ta Jlamnaca, siki BITHOCATHCS 10 HAHOUTBII MOMYJISIPHUX, KJla-
cU4HUX KputepiiB. [loai0H1 MM mapamMeTpu BIANOBIIal0Th YMOBAaM PSAY IPAKTHUHUX 3a/1a4.
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[epeniueni kpurepii He BUUEPITYIOTH BCi€l pi3HOMaHITHOCTI KpUTEPiiB BUOOPY PillICHHS
B YMOBaxX HEBHU3HAYEHOCTI, 30KpeMa KpUTEPiiB BUOOPY HAMKpalIMX 3MilIaHUX CTPATETid, O1-
HaK [[bOTO JIOCTaTHBO, 100 pobiieMa BUOOPY PIlIEHHS CTaJla HEOIHO3HAYHOIO.

Ilpoepamua peanizayis cucmemu po3paxyHky memooie 3 meopii i2op

[IporpamHua peanizariisi BukoHaHa MOBOrO Python 3 Bukopucranusm 6i6morexu Tkinter,
THCTPYMEHTH KOTpPOi OyiH 3acTOCOBaHi Juisl po3poOku iHTepdericy. Lls mporpama peamizye
MaTeMaTH4YHI pO3paxyHKH, HEOOXimHI Uit 3acTocyBaHHs MeroniB «llomyky ImiHM Tpuy»,
«ExoHOMIYHOT MaTpuyHOi Tpay Ta «Irop 3 mpupoI0I0».

CraproBe BIKHO IpoTrpaMu, po3ropHyra (opmMa BKJIAJKH Ta BIKHO BUOOPY KpUTEPitO
npeicTaBiIeHo Ha pucyHKy 1 (iiBopyd). BoHO MiCTHTh Ha3By Mporpamu, HiANKAC HaJ
BKJIAJIKaMH Ta TPHU BKJIAJIKH, KOYKHA 3 SKUX BIAMOBITAE 3a CBIi THIT 3a/1a4i.

Bigkpura BKIIajgKa MICTHTB TTOJIS IS 3a7JaHHSL PO3MIPHOCTI MaTpUIli Ta KoeQilieHTy
['ypBina (3HaYeHHA A), KHOIIKY JUII CTBOPEHHS MaTPHI 3a1aHOTO PO3MIpY.

[Ticns HatuckanHs Ha KHONKY «CTBOPHUTHY, 3’ SIBISIOTHCS /1Bl JOAATKOBI KHONKHU: «Bu-
0ip xkpurepiro» Ta «I'padik kpuTepiiB» (pUcCyHOK 1, 10 EHTPY).

[lepma no3Bossie oOpaTn OGaxxaHuil KpUTEPId, 3a IKUM OyAe BUBOJIUTHCS iJICYMOK OII-
TUMAJILHOCTI CTparerii 3 MPOMIKHUMH JaHUMHU (PUCYHOK 1, mpaBopyd), a JApyra BHKIUKAE
rpadik, SIKUi JEMOHCTPYE CTAaTHCTUKY TOTO, CKUIBKH pa3 Mporpama BBaXKa€ ONTHMAJIHHOIO
TOW 4M IHIINK KpUTEPil (PUCYHOK 2).

§ Poss'suanma sagau reopii irop - o =

Brepits Tin 3888

Mowsyx wiem rpn Excronsiuie matpiana rpa 7Pl 2 npupoas

KinexkicTo prgsis:
5
? Poze'azamma 33334 Teopii irop - [m} b4 KineicTe croenuis:
) 4 § Buip cpurepito = a o
BwuGepiTe THN 33334K Koesiujert Mypeiua (0-1):
o
Mowryk uinm rpu Exonomiviba MatpusHa rpa Irpu 2 npupoacro T T OnmmmicTiunmi kputepin Bannaa
Kinekicts pagxie: " MecumicTurnii kputepii Banssa
All: Al A Al - . .
(" Kpurepiii Nypeiua
KinexicTe cToBnuie: A2l A% A% A2 .
" Kpwrepiii Baiieca
Al A3Z A3%: A
e : ~ e
Koedivient Nypaiua (0-1): - r oy - (" Kpwrepiii lannaca
" Kpurepiii Cesigwa
A51: a5z AsE A5 RESE o
Creoput B1: P2 P3: P4
Pozpaysari
Bubip kpurepin
Tpadin kpumepiie

Pucynok 1 — CrapToBe BikHO nporpamu «Irpu 3 Ipupoaor0», po3ropHyTa ¢popma BKIaJAKU
Ta BIKHO BUOOPY KPUTEPIIO

Jnst Toro, mo6 MaTu ycepenHeHy 1H(popMalliio 00 YaCOBUX BUTPAT HA PO3PaXyHOK
MaTpHIIl 3a 3aJaHUM KpUTEpiEM, 3aBAsKHA 010J110TeI time 31HCHIOETHCST YaCOBHUH 3aMip 3 TH-
csdi iTeparliil Ta 6epeTbesi cepeHE 3HAUEHHS.

Ilpuxnao sacmocyeanns npoepamu 3 poO3paxyHKy memooie meopii icop

Jns BuOopy HaiOLIbII €(PEeKTUBHOTO BaplaHTy CTpaTerii A0 BCIX MOMJIMBHX BapiaHTIB
PO3BHUTKY 3aCTOCOBYIOTHCSI OJTHOYACHO YCI KpuTepii ontuManbHOCTI. KoXeH 3 kpurepiiB mo-
3BOJISIE OOpaTH JIMIIIE OJAWH BapiaHT, a ONTUMAJILHUM OyJe TOM 3 HHX, Ha SAKUH BKa3ayia OlIb-
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mricte kputepiiB. Tak, B Xxoai nociimkeHHs, Oyau onpaipoBadi yci 32 maTpuili 3a nepernide-
HUMH LIICTbMa KPUTEPISIMHU.

[Ticnsa BBeZeHHS AaHUX Ta OOpaHHA KPUTEPIIO Mporpama 3poOUTh MiJCYMOK, sSIKa CTpa-
TEris € ONTUMAIBHOIO JUII 00paHOTrO KPHUTEPiIo, Ta BUBEAE ACsKi mpoMixHi fdani. IIpukiazn

PO3paxyHKIiB Ta CTATUCTHYHI JIaHi 1110JI0 ONTUMAIBHOCTI CTpATETii HABEJICHO HAa PUCYHKY 2.

§ Tpadic kpurepiis _ o % / e o

by
o

KinbKicTb KpUTepiis
Boop NN W W
o n o n o in

2
P
z
3
“3
-

A S el | 3

EE L EZ i

3 3

e
w

=4
=}

Al A2 A3 A4 A5

Pucynok 2 — CraTucTU4HI AaHi MO0 ONTHMAJIBHOCTI CTpATeTii Ta MPHUKIIAJ PO3paxyHKiB

[Tpu obumucneHHi npukiIamy, 0 HaBEJACHO Ha PUCYHKY 2, PI3HUMH METOJaMHU OTPHMAE-
MO HACTyHHi pe3ynbTatd. OnTHUMICTUYHUIN KpuTepiii Banbna BBakae OoNTHMAaIbHOIO CTpaTe-
riro A3, OCKUIBKH Micisi OOUMCIIEHBb Cepell MAaKCUMYMIB PSIIKIB cCaMe€ MaKCHUMYyM TPETHOTO psi-
nKa 3a0e3neyye HalOUTbIIMM BUrpalll. 3a MEeCUMICTUYHUM KpuTepieM Banbaa onTumanbHOO €
cTpaterist A4, OCKIJIbKU cepeJl MIHIMYMIB PSIJIKIB UETBEPTHUM pAJIOK — €IMHUH, 1110 3a0e3neuye
BIJICYTHICTh BTpar. Cepell yciX 3Hau€Hb YETBEPTHIl PAAOK Ja€ HANOUIbIIEe 3HAYEHHS, TOMY
npu KoedinieHTi necumizmy A = 0.3 crpateria A4 Oyne HallOUIbII ONTUMAJILHOIO 32 KPUTEPi-
em ['ypsima. 3a kputepiem baiteca ctpateriss A4 nae HallOUIbIIe 3HAYEHHS MAaTEMAaTHYHOTO
OYIKYBaHHS, TOMY BOHA BBA)KA€ThCSI HAWOUIBIII ONTUMAJIBHOIO 32 LIUM KpuTepieM. Ko ao-
MyCTUTH, 110 HMOBIPHOCTI CTaHIB MPUPOJM y HAC HEB1JIOMI, TOMY BU3HAUMTH IX PIBHOWMOBI-
pPHUMH, TO HalOUIbIlIE MAaTEMAaTUYHE OYIKyBaHHs Oyne HalOUIbIIMM ais cTpaterii A4, Tomy
BOHA HalOIbII onTHMalbHa 3a KpuTepieM Jlamnmaca. Cepell MaKCUMalnbHO MOKIMBUX PU3H-
KIB caMme Jpyra cTpareris Mae HalMEHIINH 3 HUX, ToMy cTpaTeria Al € HallOUIbII ONTUMAJb-
HOIO 3a KpuTepiem CeBipka.

3a pe3ynbTaTaMu ONpaloBaHHs YCiX 32 MaTpulls OyJ0 cTajgo BHJIHO, 11O BiJ 0OpaHOTo
KpUTEPIIO 3aJI€KUTh BUOIp ONTUMAaIbHOTO pilleHHs. Tak, aHaii3 MoKa3ye, 1110 B JECSITH BUIIA-
JKax MaB Micie BUOIp €auHO1 anbrepHaTBH, TOOTO 100%, 10 CKIIamo y MPOLIEHTHOMY BiJl-
HOILIEHH1 BiJ 3arajpbHOi KUIBKOCTI ompainpoBaHuX MmaTtpullb 31,25%, y neB’sSTH BUMNaakax
(83,33%) 1’sath 3 mectH, T00TO 28,125%, Y ceMu BHImagkax dotupu 3 mectu (66,67%) -
21,875%, pexoMeHnpariisi * Bubopy crpaterii Tppox cmiBnaaib (50%) 3 mectu ckiana
18,75%. Pe3ynbratu 3aHeceHi y Tabmuito 1 Ta 300pakeHi Ha PUCYHKY 3.
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Tabmums 1
Posnonin anbrepHatuB BUOOPY CTpaTeriii 3a pi3HUMHU KPUTEPIIMU
CniBnaniHHg cTpateriii,% KinpkicTs BUMaakis BiHCOTKOBe,,BiFHomeH.HOﬂ A0
3arajibHo1 KIJIbKOCTI,%

100 10 31,25
50 6 18,75

66,67 7 21,875

83,33 9 28,125

PA3OM 32 100

Bubip kpurepito, sk 1 BUOIp NPUHIMITY ONTUMAIBHOCTI, € HAUOIBII CKIaHUM Ta BiJl-
MIOB1JIAJILHUM 3aBJIaHHSIM B TEOPii MPUHHSTTSA pilieHb. [[poTe KOHKpETHA CUTYAIlisl HIKOJIH HE
OyBae HACTUIbKM HEBH3HAYEHOIO, 11100 Oyia BIACYTHS MOJIMBICTH OTPUMAaHHS Xo4da O 4act-
KOBO1 iH(opMaIlii BITHOCHO MMOBIPHICHOTO PO3MO/ILTY CTaHIB MPUPOIH.

Po3snogin anbtepHatus Bubopy crparteriu
3a piSHUMU KpUTepiamm

[0
100
83,33
50 66,67

10 9 7 215 9 28mm 5
EY EOEETCEEETEEE

il 2 3 =

CnisnagjiHHa cTparerii,%
KinbKicTb BUNagKis

M BiacoTKoBe BiAHOLLIEHHA A0 3ara/ibHoi KibkocTi, %

Pucynok 3 - Po3noain anerepHaTuB BUOOPY CTpaTeriii 3a pi3HUMHU KPUTEPIIMU

VY 1poMy BUNIAAKY, OLIHUBIIN PO3MOILT HMOBIPHOCTEH CTaHIB MPHUPOJIU, 3aCTOCOBYIOTh
MmeTo] balieca abo MpoOBOAATh EKCIEPUMEHT, KU T03BOJISIE YTOUHUTH MOBEIHKY MPUPOIH.
OpmHak J0BOJII YaCTO BUHHUKAIOTH CUTYAIlll, KOJM HEMAE MOKIIMBOCTI BU3HAYUTH WMOBIPHOCTI
CTaHIB MPUPOJIU EKCTIEPUMEHTAIBHO 200 3a JIOMTOMOTOI0 CTATUCTUYHUX JAHHUX, TOJI IS OIlIHKA
MIPOBOAMUTHCA CyO’€KTUBHO, 400 MMOBIPHICTh BUHUKHEHHSI CTaHIB MPUPOAN BBAXKA€THCS PiB-
HOWMOBIPHOIO, TOJIi BAHUKA€E MPUHIIUIT HEAOCTaTHROI 00rpyHTOBaHOCTI Jlariaca, o € ogHUM
3 BapiaHTiB KpuTtepito baiieca.

VY naHomy JIOCHIIKEHHI 3aCTOCOBYBAJIUCS BUOIPKOBI JjaHi MPH 3aCTOCYBAHHI PO3MOALTY
iMoBipHOCTEH 3a KpuTepieM baiieca HacTynmHUM YnHOM (TabuIs 2).
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Tabmuns 2
BuxigHi maHi 1y qOoCTiKEeHHS BIUIMBY KpuTepito baiieca
A B C D E
0.25 0.1 0.5 0.7 0.3
0.25 0.2 0.25 0.1 0.2
0.25 0.3 0.20 0.1 0.3
0.25 0.4 0.05 0.1 0.2

3a pe3yJbTaTaMH aHalli3y BIUIMBY PO3MOJITY WMOBIPHOCTEH OyiM CKIaJeHI MaTpHIl
MaTEeMaTHUYHUX OYIKYBaHb, 3 SIKUX CTAJI0 BUIHO, IO PO3IOALT HMOBIPHOCTEH ab0 BIIMBAE Ha
BHOIp cTpaTerii, a00 TPaIuIAIOThCS CTOBIACOTKOBI CIIBMaAiHHSA, TOOTO 0OpaHa €uHA ONTUMa-
JIbHA CTpaTeris Mpu OyJb-IKOMY pO3MoAiNy BiporigHoctel. [lepminx, 31 3MIHHUMU CTpaTeri-
amu 3 32-x Hamuyetbes 17 (53,125%), 3 €1MHOIO ONTUMANBHOIO CTpareriero 15 marpuils
(46,875%), npu ubomy 8 (25% Bix 3aranpHOi KijgbKkocTi Ta 53,3% Bin uux 15u) 3 HUX cmiBna-
JAI0Th 3 EKCIIEPUMEHTaMHU, e OOpaHUil €JMHUI clieHapii 3a BciMa KpUTEPIsIMHU.

VY 0maTKoBOMY €KCIEPUMEHTI, MpPH 3aCTOCYBaHHI JI0 MEPIIOi IPyIH, HA MEPIINA TOoT-
TS HEe YYTIUBOI 10 3MIHM PO3MOJLTY MMOBIpHOCTEMH, qomaTkoBoro posmnoainy — 0,05; 0,02;
0,03; 09 — y cemu Bumajakax 3 15 u onTumainbsHa crpareris 3miHuwnaca. Tomy BBaxkaeMo (hakT
MOSIBU €TMHOI CTpaTerii HECYTTEBUM, 3aJIe)KHUM BHUKIIOYHO BiJI MAaTEMAaTHUYHOTO PO3MOILTY
HMOBIpHOCTEH.

Poznoain BubGopy onTuMaibHUX CTpaTerid MpPU 3aCTOCYBaHHI 3a3HAYEHOTO BHILE PO3-
noJIiity KMOBiIpHOCTEH 3a KpuTepieM baiieca HaBeZileHO Ha pUCYHKY 4.

Bnaue po3noginy MMoBIipHOCTEW Ha
pe3ynbTat BUbopy onTMmMasibHOI cTpaTerii

.

B 17 matpuup (Po3noain MMmoBipHOCTel BnanBac Ha Bubip cTpareriit)

® 15 matpuup (Po3znogin MmosipHocTeleHe BnaMBae Ha Bubip crparerii)

Pucynok 4 — BiimuB po3nofiny iMoBipHOCTEN Ha pe3yibTaT BUOOPY ONTUMANIBHOI CTpaTerii
3a kputepieM baiieca

[Ipu 3acTocyBaHHI J10AaTKOBOT'O PO3MOLIY CTpaTeriid, CUTYyallisl 3MIHUJIACS HACTYyITHUM
YUHOM (PUCYHOK 5).
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Bnaue po3noginy MMOBIipHOCTENW Ha
pe3ynbTat BUbOopy onTMManbHOI cTpaTterii

m 24 matpumui (Po3nogin MmosipHocTen BrniMBae Ha Bubip cTpaterii)

= 8 maTpuub (Po3noain MMoBipHOCTEN He BNIMBAE Ha BUbIp cTparerii)

Pucynok 5 — 3miHa po3noiny iMOBIpHOCTEH HA pe3ynbTaT BHOOPY ONTUMAIIBHOI CTpaTerii
3a kputepieM baiieca mpu 3acTocyBaHHI 101aTKOBOTO PO3MOALITY HMOBIPHOCTEH

3a HasABHOCTI JOCTaTHIX 0OCATIB HAKONMUYCHUX CTAaTUCTUYHHX JIAHUX Kputepiil baiieca
MoyKe 3a0e3MeunTH OLIbII TOYHUHN MiIXix A0 MPOOIeMH MPUHHATTS PillIeHb, TOMY 3HAYEHHS
HMOBIpHOCTEH yKe CyTTEBUI YMHHUK NIPU PO3PAXyHKY ONTHMAIbHOI CTpaTerii.

Oyinka wymausocmi koegiyicumy kpumepiio I ypsiya

BBakaeTncs, 0 JUIsl KePYBaHHSI CITIBBITHOIICHHSIM «ONTHMI3M-TIECUMIi3M» JTIOCTaTHBO
onepyBatu koediniearom ['ypsina (Big 0 no 1). OxHak B pe3yibTaTi IPOBEACHUX EKCIIEpH-
MEHTIB OTpPHMaHi CUTYyallii, A€ el KpUTepid € MaJOYyTJIMBUM IHCTPYMEHTOM, OCKIIBKH B
pAal cuTyalii 3BOJUTH 3a/1a4y /10 BUOOPY MIXK IBOMa MPOTHIIEKHUMHU 33 CYTTIO KPUTEpIIMU
— MaKCHMiHa Ta Makcumakca. Takux maTpuils Oyno 14 ogunuik, T00TO 43,75% Bij 3araib-
HOI KUIBKOCTI.

Jls OLIHKM YYTJIMBOCTI BIUIMBY Koe(illleHTy KpuTepio ['ypBilla BUKOPHUCTOBYBaBCS
mar 0,1 Bix 0 g0 1, sikuif 3aCTOCOBYBaBCs 10 KOXKHO1 3 32 marpuilb. O4ikyBanocs, o s
ycix 0e3 BUHATKY eKCIepUMEeHTax BUOIp cTparerii 3a kputepieM ['ypsina npu A=0 criBnaga-
THME 3 BUOOPOM 3a NMECUMICTUYHUM KpuTepieM Banpaa (MakcuminoMm), a 3a A=1 — 3 Kkputepi-
€M MaKkcuMakca (ONTUMICTUYHUM KputepieM Banbaa). OnHak B psiii BUNAJKIB, Y TPUHAIUATH
MaTpHILiX, mo ckiagae 40,625% Bix 3araapbHOl KUTBKOCTI MAaTpUIlb, K1 aHATI3yBaJuCs, pe-
3y/lbTaTU BUOOPY CTpaTerii Mo UM JlaMeTpalibHO MPOTHIICKHUM KPUTEPISIM CIIBIANAI0Th.
PesynbTar po3noainy HaBeIeHUN HA PUCYHKY 6.
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5 maTpuup - PisHi CnisnagiHHA cTpaTteriiA npm 3acTocyBaHHi KoiediuieHTy MNypeiua
3Ha4YeHHA cTpaTterin
3a KpUTepiamu
15%

14 matpuup -
BiHapHui Bubip
MiXX MaKCMMaKc Ta
maKcumiH (ont. Ta

nec. Kput. Banbga)
44%

13 matpmupb -
CnisnagiHHA ont. Ta
nec. Kputepiis
Banbga
41%

Pucynoxk 6 - Pesynprat BUOOPY ONTUMAJIBHUX CTpATErii
IpHU OLIHII YyTTeBOCTI KoediuienTy I'ypBina

IIpu nonaneuiomMy aHamizi, OyJ0 BUSBICHO MOBHE CIIBIAAIHHA Pe3ylbTaTiB BHOOPY 3a
BCiMa KpUTepisiMU y fecsaTH Bunagkax 31,25%. Tomy BapTo BpaxoByBaTH 110 0OCTaBUHY IpU
BUPILLIEHH] MPaKTUYHUX 3aBJaHb NoJi0HOro tuiy. CTocoBHO Tphox Marpuub (9,375%), mo
3aJIMILIMINCS, TO TYT CHOCTEPIraeThCsl MPOTUPIYYS HACTYMHOI'O XapaKTepy: 3a pe3ysibTaTaMu
BUOOpPY cTpaTeriii kpuTepiii Makcumakca (ONTUMICTMYHMM KpuTepid Bambaa) crmiBnanae 3
kputepieM ['ypBilla mpHu BCiX 3HAYEHHAX A, ajleé ¥ JOPIBHIOE NECHMICTHYHOMY KPHUTEpPitO
Banpga, He cniBnagaruu npy bOMY 3 OiIbII ONTUMICTUYHUMHU KpuTepisimu CeBimxka ta Jla-
iaca. Beaxkaemo, 1110 MPUYMHOIO TaKOro MPOTHUPIUYS € MEeBHA crerudika po3noaiTy ducel
npu (GopMyBaHHI MAaTPHULIb.

Takum yMHOM, 3a pe3yIbTaTaMu aHalli3y BUJIHO, III0 IPU MPOMDKHUX 3HAYEHHAX Koedi-
1ieHTy ontumizmy 3 maroMm 0,1 Bubip crparterii 3a kpurepieM ['ypBina B OiIbIIOCTI BUMAJKIB
3BOAMBCS /10 IECUMICTUYHOTO Ta ONTUMICTHYHOTO KpUTepiiB Banbaa, nuine B °sTH BUMaj-
Kax MpH CepeHIX 3HAUEHHX A 3 SABJISBCS albTEPHATUBHUM TpeTiit BapiaHT.

Ananiz po3nodiny yacy Ha UKOHAHHS onepayii

[Tpu mocmigkeHHI 4acy BUKOHAHHS PO3PaxyHKY 3a Pi3HUMHU KPUTEPisIMH OUYiKyBanocs,
10 PO3MOALT Oy/e 3aKOHOMIpHUH Ta MPOMOPLUIHHUHN y BCiX 0€3 BUKIIIOYEHHS BHUMaaKax. Tak,
Jac po3paxyHKy 3a KPUTEpiEM MakcUMakca (ONTUMICTUYHUM KpuTepieM Bampaa) Oyne Haii-
MEHIINM, a 3a KpuTepieM CeBika — HalOUTbITNM. 3HaUCHHS HAaBECHI Ha PUCYHKY 7.

Opnnak Oyno BUSIBICHO, IO JUIS AEIKMX MaTPUIb pe3yJbTaTH HE BIAMOBIAIM OYIKyBa-
HuM. Tak y nBox Bumnajkax (6,25%) yac po3paxyHKy 3a KpUTE€pieM MakCHUMiHa (IECUMICTHY-
HUMl Kputepiii Banbaa) BUSBUBCSA MEHINE HIXK 3a KPUTEPIEM MaKCHMakca Ta B OJTHOMY BUIa-
Ky (3,125%) 1ac oOumcneHHs MaTpulli 3a KpuTepieM baiieca mepeBHIIMB Yac pO3paxyHKY 3a
kputepiem CeBipka.
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YAC BUKOHAHHA OMEPALLIMA 3 PO3PAXYHKY ONTUMA/IbHUX CTPATEFIN 3A

KPUTEPIAMM
0,012
0,01
0,008 I
0,006 I .
0,004
0,002
0
OnT. KpUTEpIiA Mec. kpuTEpIiA KpuTepiid Nypeia  HKpuTepii baitleca KpuTtepiii lannaca KpwuTepii Cesigma
Baneaa Baneaa (koed.=0.3)

Pucynok 7 — Yac BUKOHaHHS onepariiii 3 po3paxyHKy ONTUMAIbHUX CTpaTerii
3a pi3HUMH KPUTEPisIMH

CriouaTKy i J1aHi 37aUCs HECYTTEBUMH apTedakTaMu, ajie mpu JOJAaTKOBOMY JOCIHi-
JDKEHHI, TIPU SIKOMY KUTBbKICTh MaTpuilb Oyna 30ijbleHa BIBiYi, BiJICOTOK IIMX IOKA3HUKIB
3pi3 no 7,81% Tta 4,68% BigmoBimHO. B KidbKiCHOMY BHpaXeHHI — 5 Ta 3, MO TE€X MOXKHA
BBKaTH HECYTTEBUM, alie HEOOXiJHO BpaXOBYBaTH NPH IIaHYBaHHI 4acy mpu oOpoOIli BeIu-
KX MacuBiB iHpopmaii.

BucHoBku. B xoa1 nocnikeHHs Oylin po3risiHyTI 3arajibHi MOJO0KEHHS Ta TEPMIHU Te-
opii irop y yactuHi «Irpu 3 npupo0Io», rary3i 3aCTOCYBaHHS Teopii irop Ta npodaemu ii 3a-
crtocyBaHHs. byna po3poOneHa mporpaMHa cCUCTeMa, sika 3HAXOJUTh ONTHMAJIbHI CTpaTerii B
irpax 3 mpupojIoto 3a Kpurepisimu Banbna, ['ypsina, baiieca, Jlamutaca Ta CeBimpxka.

VY naniit poOOTI TaKOXK MPOBOAMIIOCS TOCITIPKEHHSI 3 TIOPIBHSIHHSA MaTeMaTHYHUX METO-
JIB 1 MOJIeJIe TPUNHATTS PIllIeHb, HA MMIICTaB1 IKOTO MOXHA 3pOOUTH HACTYITHI BUCHOBKH:

- METOJY MaTeMaTHYHOT'O MOJIEIIOBAHHS JOTIOMAraroTh BH3HAYUTH ONTHMABHY CTpa-
TEril0 PI3HUX CUTYaIl;

- y BUIAJKy reHepallli MaTpullb €(peKTUBHOCTI 3 BUIIAJKOBUX 4Kcen Kpurepiil ['ypsina
IPOsBIIsiE CAOKy YYTIUBICTH /10 3MIHU T'pajalliil onTUMI3MY.

Takox goBeneHa HEOOXITHICTh 3aCTOCYBAaHHS TEOpii irop B yMOBax HEBH3HAYEHOCTI 3
METO0 00paHHs HallKpaloi cTpaTerii Ta CKOPOUYEHHS Jacy.

Po3mipHicTs MoXe OyTH 301IblIEHA B 3aJIEXKHOCTI BiJ] BAMOT, 1110 BUCYBaTUMYThCS.

OCKUTBKH MOHSTTS CTpATerii € KII0UYOBUM Y Teopii irop, 3aCTOCyBaHH L€l Teopii s
BUpILICHHS Mpo0seM BHOOpY CcTpaTeriii mianpueMCTBaMH, yCTAaHOBAMHU Ta OpraHi3alisMu J10-
3BOJIsIE HE MTOPIBHIOBATH CTpATerii KOHKYPEHTIB, IPUIMAaTH ONTUMAaJIbHI PILICHHS MPH yIpPaB-
JHHI TPOEKTAMH.

[lepeBaramu 3acTocyBaHHs Teopii irop y popMyBaHHI CTpaTeriid MiAMPUEMCTB €:

1) cnpusiHHS BU3HAYEHHIO CUTYaIlil (CTaHiB IpH), sKi € epEeKTUBHIUMH, CIIPABEIJTUBUMH,
ONTUMAJILHUMH a00 PIBHOBRXXHUMH, HAJAHHS MOXKJIMBOCTI aHaii3y BIACTHBOCTEH Ta CHOCO-

01B IOCATHEHHS LIUX CTaHIB;
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2) CTBOpEHHS MOKJIMBOCTEH MiJIPUEMCTB Tepe0aunuTH CTpaTerii Ta Jii CTaHiB IpUpPo-
I Ha OCHOB1 CTAaTUCTHYHUX JIAHUX, & TAKOXK CIUIAHYBATH BIAMOBITHY PEAKIIIIO HA HUX;

3) m03BoOJIsiE€ MIAMPUEMCTBY OOUpaTH HAWKpAIly CTPATETiio ado Jii0 3 KUTBKOX albTep-
HAaTHBHUX BapiaHTiB;

4) opieHTy€ MiANPHEMCTBA Ha JOCSITHEHHS MAKCUMAIIHOTO PE3YIIbTaTy.

Hamaransst mignpueMcTB nepeadaynTy Ta BpaxyBaTH BC1 MOXKJIMBI (paKTOPH 4acTo He
MPUHOCATH CTOBIZCOTKOBHX pE3yJbTaTiB, NPOTE€ BOHU IiJBULIYIOTh PiBEHb PaIliOHAIBHOCTI
IJTaHyYBaHHS.

[Momanpri AOCHIPKEHHS y 3aCTOCYBaHHI Teopii irop st ¢opMyBaHHS, OLIHIOBAHHS 1
BUOOpY CTpaTeriii MiAMPUEMCTB JTOTIOMOXYTh MiHIMI3yBaTH PU3UKHU, ONTHMI3yBaTH B3a€MO-
0 3 IHITUMH PHHKOBUMH CY0’ €KTaMH.
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Development of a software system for calculating methods of game theory.
analysis of the influence of optimism-pessimism indicators
and probable scenarios on the optimality of strategies in games with nature

As a scientific discipline, game theory studies the relationships between individuals who
are guided by different, sometimes opposing motives, and also investigates important rela-
tionships such as market competition, arms races, distribution of political influence, environ-
mental pollution, etc. In game theory, all these serious relationships are called games be-
cause, like in games, the outcome depends on the decisions (strategies) of all participants.

At the present stage, in the face of uncertainty in the external environment caused by the
turbulence of political and economic processes, making the right management decisions re-
sulting from analysis, forecasting, optimization and selection of alternatives in the face of
complete or partial lack of information is a rather complicated process, but important for
economic development. The relevance of the topic is due to the need for timely adoption of
optimal decisions by specialists in various industries under conditions of uncertainty, which
complicates the work of enterprises and reduces the efficiency of their activities.

The article discusses a software system for researching and visualizing the statistical
correlation of the results of choosing optimal strategies in a game with nature, considering
the speed of calculations, changes in the “optimism-pessimism” indicator and various proba-
bilistic scenarios. This software product was created with the Python programming language
using the Tkinter library in the Microsoft Visual Studio 2019 integrated programming envi-
ronment. It implements the selection of optimal strategies according to the Wald, Hurwitz,
Bayes, Laplace, and Savage criteria, considering the speed of calculations.

The main functions of the presented software product are to reduce the time and costs of
decision-making, the choice of actions, or, more specifically, the choice of the user (player) of
his strategy; displaying the time spent on calculations; comparison and general analysis of
game theory methods and analysis of individual methods when parameters change.

This software product can be useful to specialists in the fields of experimental, behav-
ioral, information economics, political economy, specialists of industrial organizations, and
other professionals involved in the development, use, and management of projects in their
work.

Keywords: game theory, Wald, Bayes, Laplace, Savage, Hurwitz criteria, time saving,
software product, python programming language, management decision strategies.

Kyp6a Anna OuexciiBHa - noueHT xadenpu [Hpopmaniinux TexHosorii i cucrem HHI
«/lninponerpoBchKuit Metanypriiauit incrutyt» YYHT.

Bparyenko Anapiii — cTyneHT crneuianbHocTi 122 Komn’ioTepHi HaykH, YKpaiHChKUM Jiep-
KaBHMH YHIBEpCUTET HayKu Ta TexHosorid. HaBwyambHO-HaykoBuil iHCTHTYT «/lHimpomer-
POBCBHKUI METAypriiiHUi 1IHCTUTYTY.

Zhurba Anna - assistant professor, Department of information technology and systems, Edu-
cational and Scientific Institute "Dnipropetrovsk Metallurgical Institute”, Ukrainian state uni-
versity of science and technologies.

Bratchenko Andrii - student, specialty 122 Computer Science, Ukrainian State University of
Science and Technology. Educational and Scientific Institute "Dnipropetrovsk Metallurgical
Institute".

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



«CucremHi Texnonoriiy 4 (159) 2025 «System technologies)
DOI 10.34185/1562-9945-4-159-2025-15
YJIK 627.63. 632.81.618.83

Babauenko O.1., Kononenko I'.A.,
[Momonbcekuit P.B., Capponosa O.A., Capponor O.J1.
KOPEJISILHINAHI JOCJJIIKEHHS KIHETUKU BTOMHOI'O PYUHYBAHHSI
METAJLY 3AJIBHUYHUX KOJIIC Y CTAHI IIOCTABKHA
3 PI3BHUMM PIBHSIMU MIITHOCTI

Anomauyis. Kopenayitinuti ananiz 003605€ 6CMAHOBUMU HASGHICIb NIHIUHO20 38 53KY MIdiC
3MIHOMW0 OOHIEL 3 Xapakmepucmux cucmemu 3i 3MIHOI HWOL Xapakmepucmuxu yiei e cuc-
memu. Ocobaueo axdciusi KopeaayitiHi 00CaioONcenHs 0l aHanizy OaHux, Koau eubipka oo-
Mmedicena. Jlna memanonpooyKyii 3a1i3HUYHO20 NPUSHAYEHHS. MONACIUBICIb NPOCHO3Y8AHHS Xa-
PAKMeEPUCMUK POCTY 8MOMHUX MPIWUH, nepeobayeHHs: 6MOMHO20 PYUHYBAHHS € 8ANCIIUBOIO,
OCKIIbKU Ye N08 A3aH0 3 numanHamu de3nexu. IIposedenns mpuganux sunpodyeans 3a ymos
0a2amoyuKiiuHo020 HABAHMANCEHHS € CKPAOHUM MA O00PO208APMICHUM, IX NPOBeOeHHS He
3A62COU MOJICIUBO peanizyeamu 6 ymosax supobnuymea. Pazom 3 mum, 3a6acou ioomi 0
napmii’ Konic ix XiMiuHull cKk1a0 ma cayxcobosi mexaniuni eracmusocmi. Mema pobomu —
8CMAHOBUMU BNIUE OCHOBHUX XIMIYHUX KOMNOHEHMI8 @yeleyegoi cmaii ma MexawiyHux Xxa-
PAKmepucmuK, sKi U3HAYAOMbC NPU GUNPOOYBAHHAX HA po3mse, meepoocmi ma yOapHoi
8 SI3K0CMI HA NOKA3HUKU PO3GUMKY MPIWUHU 30 YMO8 YUKITYHO20 HABAHMANCEHHS HA OCHOBL
KOpenAYitiHo2o ananizy. 3a pe3yibmamamuy ananizy Koegiyienmis naproi niHitHoi Kopenayii
MIJIC BMICIMOM OCHOBHUX XIMIYHUX eleMeHmié 6 Cmaii ma NOKASHUKAMU POCMY 6MOMHOL
MPIWUHU 86CMAHOBNIEHO BellbMU BUCOKULL HecamusHuul 36’530k Kth (maxcumanvhe 3uauenus
Koeiyienmy IHMeHCUBHOCMI HANPYIICEHb, 3a K020 MPIWUHA He PO3BUBAEMbCL NPOMALOM
3a0danoi xinbxocmi yuknie) ma Kfc (koegiyienm inmencusHocmi HanpysiceHvb, npu SAKOMY
Hacmae 0010M 3pa3Ka, ye 3HAUeHHs. 00CA2AEMbCS NPU MAKCUMATIbHOMY YMUCKY NAACMUYHOL
Odepopmayii ma pyiHy8aHHI HOPMANLHUM BIOPUBOM) 3i 3MIHOW 6MICMY 8yeieyio, a Ol N
(maneenc Kyma Haxuny npamoi Ha ninitHi, riniuniu oinanyi K/[BP, wo xapakmepu3zye memn
HApPOCMAHHA WBUOKOCMI 3POCMAHHA MPIWUHU) — GUCOKUL He2amuHUll 38'130K 31 3MIHOI0
emicmy mapeanyro, K* (koegiyienm inmencusHocmi Hanpysicens npu weUOKOCmi 3p0CMAaHHSA
mpiwunu 10-7 m/yukn) — 3i 3MIHON 6Micmy 8aHAOII0, alle pa3om 3 MUM 6CMAHOBIIEHO GebMU
gucoKkull nosumusHull 38’130k K* ma emicmy xpemmuiro ma cipxu, 3 n — emicmy gocgopy.
Bcmanosneno snauenns xoeghiyienma Ilipcona na pieni 0,99 onsa maxux nap xapaxmepu-
cmux: Kth ma @ionocne nooosoicenns, Kth ma yoapna 6 ’sa3xicme, Kfc ma 6ionoche 38yicenns,
K* ma meepoicms, K* ma epanuys miynocmi) Kpumepiti n € Haumenu 4ymaugum 00 3MiH
IHWUX MeXauiuHux 61acmueocmeli, NOKA3AHO, WO Juuie 8i0HOCHE NOOOBIHCEHHS MA YOapHa
8 A3KICMb MAOMb BUCOKULL 38'130K 3 yieto xapaxmepucmukow. Heobxioni nodanvui 0o-
CIOJICEeHHs 01 6CMAHOBNEHHS 36 SI3KY 31 3MIHOI0 OOMIWUKOBUX elleMeHmi8 ma GCMAHOBIeHHS
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@DYHKYIOHANLHUX 3AKOHOMIDHOCMEU 6NIUBY XAPAKMEPUCTNUK HA NOKAZHUKU POCIY 8MOMHOL
MpiwuHuU.

Knrouosi cnosa: ropenayitinuii aumanis, 6momHe pYUHYBAHHSA, pIiCM 6MOMHOI MPIiWUHU,
XIMIYHUL CKIAO, MEXAHIYHI 61ACMUBOCMI, 3AII3HUYHE KOeCO

Beryn. Bupo6u Ha mpakTHIl 4acTo MiUISraloTh HUKITYHAM HAaBaHTAXXEHHSM, TIOBTOPHE
YyepeyBaHHS Halpy>KEeHb HEBEIMKOi BEIMYMHHU MOXKE MPHU3BECTH O PyHHYBAaHHS BHACIIIOK
PO3BHUTKY BTOMHOI TpilimHU. HailOLIbll MOMMpPEHUM MOKa3HUKOM, L0 BH3HAYAETHCA B pe-
3yJIbTaTi BTOMHUX BUIPOOYBaHb € T'PAaHUISI BUTPUBAIOCTI, OHAK BOHA € 3arajbHOIO Ta HE
JI03BOJISIE OIIIHUTH Pi3HI €Taly PO3BUTKY NPOIIECIB pyHHYBaHHS, SIKE, SIK BIIOMO, CKJIQJa€THCS
3 KIJIBKOX €TalliB — 3apOJPKEHHS, CTAJIMi PICT BTOMHOI TPIIMHM Ta JoJoM. J[ims xoxxHOT 31
CTaill pPO3BUTKY TPIIIMHHU PEalli30BYIOTHCS Pi3HI MEXaHI3MHU PYHHYBAHHS Ta € BILTHBOBHMU
pi3HI YMHHUKHU. 3HAHHS 3aKOHOMIPHOCTEH, SIKi BU3HAYAIOTh KIHETHKY PO3BUTKY BTOMHHUX
TPILIMH, TO3BOJISIIOTH MPOTHO3YBATH TEPMiH poOOTH BHpOOY Oe3 BiAMOB, 3a0e3medyBaTu Horo
HaIAHICTG. J{JIs1 3aIi3HUYHMX KOJIC e 03HaYae 30UIbIICHHS IHTEPBATIB MIXK MEPiOAMIYHIMHA
OTJIAIAMH 3aJII3HUYHUX KOJIIC, ITiIBUIICHHS O€3MeKH 3aTi3HUYHUX TIepEBE3CHb.

SIBuIIE pO3BUTKY BTOMHOI TPIIIIMHY TTiJl YaC KOHTAKTy KOJIeca 3 PEHKOI0 CTaj0 OJHUM i3
HAWBaXIIMBIIIUX MUTaHb Y 3aJI3HAYHIN ramy3i [1-2], oCKUIBKH 1Iel mpoiiec Ha OCTaHHIX eTa-
nax poCTy TPIIIMHU HE MOBUIBHUH 1 HEKOHTPOIbOBAHHA, BUKIMKAE PAIITOBUNA PO3PHB PyXO-
Moro eneMmeHnta. OTxe, IIe¢ BUMarae ocoOJIMBOI yBaru 0 TEPMIHY CIIY>KOUM PYyXOMHUX eJie-
MeHTiB. BU3HaueHHs XapaKTepHCTUK 3apOHKEHHS Ta pOCTY BTOMHOI TPIIIMHYU € TPUBAIAM Ta
3a 3aTPaTHUM BHUJOM BHUIPOOYBaHb, BOHHU MOTPEOYIOTH CIEIiaIi30BAHOTO OOJIaJHAHHS, SIKE
JI03BOJIIE PEai30BYyBaTH LMKIIYHE HABAHTAXXEHHS, BUTOTOBJIEHHS 3pa3KiB MOTpelye mpe-
U31HHOTO 00aiHaHHs, 0araToroAMHHE BUIIPOOYBaHHS BUMarae TpUBajioi poOOTH BUKOHAB-
11B BUCOKOT KBasTi(piKkallii Ta crienu(piyHOro KOHTPOJIIO 32 PO3BUTKOM TPIIITUHHU.

Pi3H1 po3paxyHKOBI METOAM BCE€ YACTIIIE BUKOPUCTOBYIOTHCS [UIsl MPOTHO3YBaHHS
BTOMHOTO PYWHYBaHHS, 1 KiJIbKa JOCIIJHUKIB BIOCKOHAIMJIA MOJENI /I MPOTHO3YBAaHHS
Koe(illieHTIB IHTEHCUBHOCTI HATNpyXeHb [3-5].

Kouenns koseca mo peiiil CynmpoBOIKY€EThCS MPOIeCaMy 3HOITYBAHHS iX MaTepialiB 1
HAKOMWYCHHSM TIOIIKO/DKEHb BiJ KOHTakTHOi BTOMH. /[l 3a0e3neueHHs HamiiHOI
0e3B1IMOBHOI poOOTH HEOOX1AHE MPOTHO3YBaHHS 3apOJKEHHS Ta POCTY BTOMHOI TPIIIMHU 32
[IUKJTIYHOTO HABAaHTAKEHHSI.

Kopensuia (Big nar. correllio - “criBBiAHOIIEHHS) J03BOJSE PEAIbHO BCTAHOBUTHU
(dakT B3a€MO3B’S3Ky TMEBHUX 3HAYEHBb OJIHIET 3MIHHOI 3 MEBHUMH 3HAUYECHHSMH 1HIIOI, KOJIHA
3MiHA OJHI€T 3 HUX CYIPOBOKYEThCA 3MiHOO Apyroi. [Ipu BU3HaUeHH1 Kopessiii MoxHa 0y-
JyBaTH JiarpaMy pO3CIIOBaHHSI pe3yJbTaTiB BUMIPY JBOX 3MIHHHX, Taka Jilarpama TaKoxX
MOX€ Ha3WBATHUCh KOPEJAIHHUM TosieM. BoHa sBsie c00010 MEBHY «XMapuHKY», 3a ii Qop-
MOIO CYJSITh MPO TICHOTY KOPEJNAIii MK 3MIHOIO 3HAa4Y€Hb 3MIHHHUX: YMM TICHIIIUHN 3B'S30K,
THUM BYXXYOI0 € hopMa «xMapuHKU» (puc. 1). CTaTUCTUUHOIO MIpOIO KOPESALIHHOTO 3B SI3KY €
B IIEpIIy Yepry cepeHiil 100yTOK BIAXUJIEHb KOXHOI 3MIHHOI - BUOIPKOBUN KOEPIIIEHT KO-
Bapialii 3MiHHUX. AJie YacTilie K CTATUCTUYHY MIPY 3B 3Ky MK JJAHUMH BUKOPHCTOBYIOTH
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koedimieHT Kopensiii (koedinieHt [lipcona), sskuii sBIIsie COO0I0 BIAHOMICHHS OTPUMAHO1 KO-
Bapiaiii 0 MaKCUMaJIbHO MOXIIUBOI.

| - ,- - |

-1.00 -.50 0 +.50 +1.00

Pucynok 1 — I'padiune 300paxenHs Aiama3ony 3HaueHb KoedimienTa [lipcona, Big —1.00
(HaliCHITBHIIIMIA MOKITUBUN HETaTUBHUH 3B s130K), uepe3 0 (6e3 3B’s13Ky), 10 +1,00

(HalCHITBHIIIMNA MOYIIMBUH TIO3UTUBHHM 3B’ S30K)

3Ha4YeHHs KOeQIIiEHTY KOPETsMii Moke OyTh NMO3UTUBHUM, IO CBIAYUTH MPO MPSIMHNA
3B'SI30K, Ta HETATHBHUM, III0 CBITYHUTH IPO 3BOPOTHIHN 3B'A30K MiX KpuUTepisiMu. AOCOIIOTHE
3Ha4YeHHs KoediieHTy kopesmii Moxke Oytu Big 0 mo 1, mpu npomy #oro po3mip Bix 0,1 go
0,3 cBiguuTh Tpo ciabkmii 3B'130K, Big 0,3 mo 0,5 — momipHuid 3B's130K, Big 0,5 mo 0,7 —
moMiTHuUH 3B'130K, Big 0,7 10 0,9 — Bucokwuii 385130k, a 3a 3HaueHus 0,9 -1 — BenbMu BHUCO-
K. J[y)e BaXJIMBHM MOMEHTOM JUIsl TOTO, OO CTBEPIKYBaTH NPO HASBHICTH 3B’SI3KY €
HAJIMHICTh €KCIIEPUMEHTAJIbHUX JaHUX, 1100 aHali30BaHl pPe3yJbTaTH CTOCYBAIMCh PEaKIIil
OJIHI€T 1 TI€T )X CUCTEMH, Y TOCIITOBHOMY Yaci, a00 Ha MOCHIIOBHUX eTamnax ii 3MiHH, abo
CHUHXPOHHO 32 PI3HUMH [TOKa3HUKaMH.

Meta podoTu. Meta po60TH — BCTAaHOBUTH BILJIMB OCHOBHHMX XIMIYHMX KOMIIOHEHTIB
BYTJIEIIEBOI CTaJll Ta MEXaHIYHUX XapaKTEPUCTHUK, SIKI BU3HAYAIOTHCS MPU BUNPOOYBaHHIX Ha
PO3TAT, TBEPIOCTI Ta yAApHOI B SI3KOCT1 Ha MOKa3HUKHU PO3BUTKY TPILLIMHU 32 YMOB LUKJIIYHO-
T'0 HaBaHTAXKECHHS HAa OCHOBI KOPEJAIIHHOTO aHaTI3Yy.

Metoauka npoBeieHHsI J0caifKeHb. OCHOBHI XapaKTEPUCTHUKU PO3BUTKY BTOMHOL
TPIIIMHU B1J10OpakaroThCsl Ha KIHETUYHIN niarpami BToMHOTO pyiiHyBaHHA (K/IBP). Cxema-
TUYHE 300pa’keHHsl TUIOBOI JiarpamMu HaBezeHo Ha puc.l. Cepen nux: Kth- makcumanbhe
3HAYEHHS KOE(IIIEHTY IHTEHCUBHOCTI HANpPYXKE€Hb, 3a SIKOTO TPIIIMHA HE PO3BUBAETHCS MPO-
TATOM 33J1aHO1 KiTbKOCTi UKIIB (epma aisaka KJIBP); n - TaHTeHC KyTa Haxuiy MpsMoi Ha
miuidHIE psHm KJABP, xapaktepusye TeMIl HapOCTaHHSI MIBUIKOCTI 3pOCTAaHHS TPILLUHU;
K* - koeilieHT IHTEHCUBHOCTI HaIlPy>K€Hb MPH IIBHUJIKOCTI 3pOCTaHHS TPIIIMHU 107 m/umkn
(mpyra ninsaka KJIBP 3a cranoro pocry tpimunan); Kfc- koedimieHT 1HTEHCUBHOCTI HaIpy-
KEHb, IIPU SIKOMY HACTa€ JI0JIOM 3pasKa, 1€ 3HAYEHHS JOCATAETbCS NPU MAKCUMAJIbHOMY
YTUCKY IutacTHuHOi aedopmarii Ta pyidHYBaHHI HOPMAaJbHUM BiJIpUBOM (TpeTs IUISHKA
K/IBP).
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Pucynok 2 — 3aranbHuiil BUTIIS1 KIHETHYHO] JllarpaMy BTOMHOTO pYHHYBaHHS (), cxema
3pa3Ky uig oOyAOBHU AiarpaM BTOMHOTO pyHHYBaHHS

OcKiTbKH [T KOPEJALIIMHOTO aHali3y BUOipka Mae OyTH OJTHOPITHOIO Ta PENIEBaHTHOIO,
TOMY B poOOTi BCi XapaKTepUCTUKH BU3HAYalld HA METalll Bil OJHOTO 3allI3HUYHOTO KoJjeca
JUI KO>KHOT MapKH CTalli B CTaH1 OCTayaHHS.

Jlnis MeTanonpoayKuii 3aJ1i3HUYHOTO MPU3HAYEHHs 3aCTOCOBYIOTh HaiyacTiie (eputo-
HEpJIiTHI CTall Yepe3 iXHI0O BUCOKY MIIHICTb, sIKa MOEIHYETHCS 3 BIAMIHHOI BTOMHOIO IO-
BEe/IIHKOI0. MarepiaioM Juist JOCHiKeHb OyB MeTall 3 0001y 3ali3HUYHUX KOJIC y CTaHi Io-
crayaHg Mapok 1, 2 1 T Bianosigno no ACTY I'OCT 10791:2016. B tabauui 1 HaBeneHo
BMICT BYIJIEIIO B JIOCIIIP)KyBAaHOMY MeTalli, BMICT 1HIIUX €JIeMEHTIB OyB JIyke OJIM3bKUM Ta
HE MaB CYTTE€BOT'O BIUIMBY Ha JIOCIIIKYBaH1 XapaKTePUCTUKH.

Tabmurs 1
XIMIYHUH CKJIaJ] TOCTIKYBaHUX CTaJei
Mapka BwmicT XiMIYHUX €l1eMeHTIB, Mac. %.
cTani C Mn Si \% S P
1 0,49 0,72 0,34 - 0,012 0,011
2 0,58 0,64 0,34 - 0,012 0,010
T 0,63 0,72 0,32 0,094 0,010 0,010

MexaHiuHI BIaCTHBOCTI, BU3HAYCHHS SIKUX Tepe0aueH0 BUMOTAMH HOPMATHBHOI J10-
KyMEHTAIII1 Ha JaHWH BHJT METATOTPOIYKIIii, HABEJCHO B TAOIHUI 2.

ISSN 1562-9945 (Print) 151
ISSN 2707-7977 (Online)




«CucremHi Texnonoriiy 4 (159) 2025 «System technologies)

Tabmuns 2
MexaHi4Hi BIaCTUBOCTI KOJIC Pi3HUX PiBHIB MIITHOCTI
['panuns . Bignocue VY napua .
Mapka i ) BignocHe Bui0B- , TBepaicTs,
) MILIHOCTI, o 3BYXKCHHS, B’SI3KICTb,

craii Hnd KeHHs1, %. % Tk P HB
1 902 17,4 38,6 48,6 278

2 1010 11,5 29 33 285

T 1250 10,5 21 31 321

JInst BUMipIOBaHHS JOBXKMHU TPIIIMHA BTOMH 3aCTOCOBYBABCS ONTHYHHUNA METOJ] 1 METOX
BUMIPIOBAaHHS MOJATIMBOCTI 3pa3Ka 3a JIOMOMOTOI0 TEH30METPHYHOTO Jaryhka. BumpoOy-
BaHHS MPOBOAMINCS Ha TiAPONYIbCyrouiid BunpoOyBanpHii MamuHi tuny EJ[I[-20 i3 gacTo-
toto 14 T'n. [Noxubka BusHaueHHs 3ycwinist 1%. [lapamerpn KiHETMYHMX JAiarpaM BTOMHOTO
pyHHYBaHHS 3a1I3HUYHHUX KOJIIC y CTaHl MOCTa4aHHS HaBeAeHI B TaoI. 3.

Tabmuus 3

[TapameTpu KiIHETHYHHUX JliarpaM BTOMHOTO PyHHYBaHHS 3a1i3HUYHHUX KOJIC

y CTaHl MOCTaYyaHH

Mapka Kih, K*, Kte,
craji H/mm™? H/mm f H/mm™?
1 504 960 3,02 5064
2 221 942 3,2 3162
T 209 870 3,1 2055

Pe3yabTaTn gociaigxenn. KopensiiitHi JOCTITKEHHS I03BOJISIIOTH BCTAHOBUTH 3B'SI30K
MDK IMapaMy 3MIHHHX. 3a HassBHOCT1 BUCOKOT0 a00 HAIHHOTO KOPETSIINHOTO 3B’ I3KY MOKHA
nmoOyyBaTH TaK 3BaHy JIHIIO mnependadeHHs. KopemnsiiitHe MOCHIKEHHS Ha BIAMIHY Bij
€KCIIEPUMEHTY J1a€ MOJKJIMBICTh BUKOHATH MPOTHO3 Ha OOMEKEHUX J1aHUX, BUKOHATU aHall3
OTPUMaHMUX Pe3yJIbTaTIB, PO3KPUBAE MOKIIMBOCTI JIJIsl HOBUX MOSICHEHB a00 TinoTe3 MO0 Xa-
pakTepy 1 IpUpOIU BIUIMBY y pa3l BCTAHOBJIEHHSI 3HAUYIIOrO 3B’ sI3Ky Mk 3MiHHUMU [lipcona
T, QJIe € XOPOIIIOI0 MIPOIO TUTBKH JJIsl TIHIMHUX BITHOCHH, B IKMX TOYKH HaMKpalie HaOImKeH1
MPSIMOIO JIHIETO.

byB BuKOHaHul KOpemnsAmiiiHUI aHami3, SIKUN J03BOJIMB 3pOOMTH OMHC 3B’SI3KY MIX
XIMIYHUM CKJIAJIOM Ta PI3HUMH MEXaHIYHUMH XapaKTepUCTUKaMH 332 YMOB CTaTUYHOTO, JIH-
HaMIYHOTO Ta IUKJIIYHOIO HaBaHTaKEHHS 1O PYWHYBaHHS MeTally 3ali3HUYHHUX KOJIiC, SKi
MaJli OJTHAaKOBY T'€OMETPit0, OJIHAKOBY TEXHOJIOTIYHY CXEMy rapsioi IJIacTU4HO1 aedopmartii
Ta TepMIYHOTO 0OpOOJIECHHS B yMOBaX OJHOIO MiANpueMcTBa (Tadi.4).
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Tabnuus 4
Koedimientn mapHoi Kopemnsiii Mi>k TOKa3HUKaMU XiMIYHOTO CKJITy

Ta MEXAHIYHUX BJIACTUBOCTEN 3a13HUYHUX KOJIC B CTaHl ITIOCTAYaHHSA

1o

3/| Iloka3HuK 112 /(3|4 (5|6 7|8 |9 |10(11|1213 |14 |15

I

1| C, % mac. 1 |-0,16[-0,77|0,77|-0,77|-0,93}-0,95|-0,88| 0,58 |-0,99/0,93|-0,97-0,99/-0,97| 0,86
2| Mn, % wmac. |-0,16f 1 |-05/0,5|-0,5|0,5|0,47}-0,33/-0,90/0,15/0,21{0,38/0,05|0,41|0,36
3| Si,%wmac. |-0,77(-05| 1 |-1| 1 |05 0,53/0,98/0,06/0,78-0,95/0,61/0,84|0,59-0,99
4, V,%wmac. |0,77/05|-1] 1 | -1 |-0,5/-0,53]-0,98-0,06-0,78/0,95-0,61/-0,84(-0,59/0,98
5( §S,%wmac. |-0,77]-05| 1 |-1| 1 |0,5/0,53/0,98/0,06(0,78-0,95/0,61/0,84|0,59-0,99
6| P,%wmac. [093/05(05(-05/05| 1 {0,99(0,65}-0,83/0,93|-0,74/0,99/0,89|0,99-0,63
7| Kth, H/mm™* [-0,95(0,47]0,53-0,53/0,53/0,99| 1 |0,68-0,81/0,94]-0,76/0,99(0,91(0,99]-0,65
8| K* H/mv* [-0,88]-0,33/0,98-0,980,98(0,65(0,68| 1 [-0,13/0,88]-0,99/0,75(0,93(0,73]-0,99
9 n 0,58-0,90/0,06 -0,06/0,06 -0,83-0,81|-0,13| 1 |-0,57|0,24|-0,75/-0,49-0,770,09
10| Kfc, H/mm™ [0,99/0,15/0,78-0,78/0,78/0,93(0,94(0,88]-0,57| 1 [-0,93/0,97(0,99(0,96/-0,87

I'panuis Min-

11 , > 10,93|0,21|-0,95|0,95|-0,95/-0,74-0,76/-0,99|0,24|-0,93 1 |-0,82]-0,96/-0,80|0,99
Hocti, H/mMMm

1p[BrHOCHE TIONIO-| 4 016 3910 65110,61(0,61|0,99|0,99|0.75 0,750,907 0,82 1 |0,94|0,99]0.72
BXKeHHs, %

13) BlAmOCHE 3BY- | 4 9910 0510.841-0.84{0.84|0.89|0,91| 0,93]-0,49/ 0,99 0,96/ 0.04| 1 |0.93-0.91

xeHHA, %

VY napHa
14| ’sskicts, |-0,97|0,41(0,59]-0,59/0,59|0,99(0,99|0,73}-0,77|0,96 -0,80/0,99(0,93| 1 |-0,70
Jhx/em?
15| Teepaicts, HB |0,86|0,36 [-0,99| 0,98 |-0,99/-0,63]-0,65|-0,99|0,09|-0,87/0,99|-0,72]-0,91|-0,70| 1

3a pe3ynpTaTaMu aHanidy Koe(ilieHTIB NapHOi JiHIHHOI KOpesiii M’k BMICTOM OCHO-
BHUX XIMIYHHX €JIEMEHTIB B CTaJli Ta MOKAa3HUKAaMH POCTY BTOMHOI TPILL[MHH, BCTAHOBJICHO
BENIbMHU BUCOKHIA HeraTuBHUH 3B’ 130K Kth Ta KfC 3i 3MiHOIO BMicTy Byriento, 3 mapaMmeTpomMm
N — 3MIHK BMICTY Maprasio, 3 napamerpom K* - BmicTy BaHait0, ajge pa3oM 3 TUM BCTAHOB-
JIEHO BEJIbMU BHCOKMI MO3UTUBHMM 3B'A30K 3MiHU mapameTpy K* 31 3MiHOIO BMICTY KPEMHIIO
Ta CIpKH, 31 3MiHOIO TapaMmeTpy N — BMicTy ocdopy. Lle moB’s13aH0 3 TUM, 10 HACHYCHHS
¢a3 ByryeneM Ta MardieM MO)Xe IPU3BOAUTHU J10 3MEHIIEHHS iX IUIaCTUYHOCTI, BaHAJiH € oc-
HOBOIO JIJIs1 YTBOPEHHSI TBEPANX KapOidiB, sIKI TAKOXK MOXKYTh CIPHUSITH PUCKOPEHHIO PO3BUT-
Ky BTOMHOI TpimuHHU. [li1BUIIIEHHS BMICTY KPEMHIIO, SIK 0-cTabisi3aTopa, MOXe CIpusiTu 301-
JBIICHHIO KUIBKOCTI QepuTy, sIKUi € ractuyHoro (asoro. Ilo3utuBHMI BMICT cipku Ta ¢oc-
dbopy Moxe OyTr OOTPYHTOBAaHUM THUM, 1110 MK CAMHUM BMICTOM ITUX JOMIIIKOBUX €JIEMEHTIB
Ta BMICTOM BYTJIEIIO € 3BOPOTHIN 3B'SI30K, TOOTO KUIBKICTh CIpKH Ta Gochopy 3MEHITyeThCS
3a MIJBUIIEHHS BMICTY BYIJel0. ToMy MO3UTUBHUN BIUIMB cipku Ha K* Moxke OyTu BUKIHU-
KaHUW 3MEHIIIEHHSM HETaTUBHOTO BIUIMBY BYIJIEIIO, 00 BITMBOM 1HIIMX MapaMeTpiB, K1 HE
BXOJIWJIM JIO aHaJli3y, a He OyTH OOTPYHTOBAaHUM OE3MOCEPEIHIM BIUIMBOM CIPKU Ha CTPYKTY-
py Ta BIacTUBOCTI (a3. Asie, MOMKIIMBO, POJIb IIUX JAOMIIIKOBUX €JIEMEHTIB B MpOIlecax pyu-

ISSN 1562-9945 (Print) 153
ISSN 2707-7977 (Online)



«CucremHi Texnonoriiy 4 (159) 2025 «System technologies)

HYBaHHS HE MOBHICTIO II[¢ BHBYEHA 1 MOTPiIOHE OUIBII AeTalbHE JOCHIIKEHHS 1X BIUIMBY Ha
MEXaHI3MU 3apOJDKEHHS Ta POCTY BTOMHHX TpilmMH. Takox ciif BpaxyBaTH, IO Ui J0-
CIIJKYBaHUX CTaJled B aOCONIOTHHX 3HAYEHHSIX BMICT [UX JIOMIIIKOBHX €JIEMEHTIB
3MiHIOBAaBCS HE3HAYHO, TOMY HEOOXiJHE MOJaNbIIe JOCTIKSHHS 32 3MiHH BMICTY LIUX KOM-
MOHEHTIB B OUTBII IIUPOKUX IHTEpBANIAX.

Takum 4MHOM, Ha eTami 3apO/KEHHS TPILIIMHU, SKHH XapaKTEPU3YETHCS MOKa3HUKOM
Kth, BcraHOBNIEHO BebMH BHCOKY HETaTHBHY KOPEJSIIIO 31 3MiHOIO BMICTY BYIJICIIO Ta MO-
3UTUBHY 31 3MiHOIO BMIcTY (ocopy. Ha erami cramoro pocty BTOMHOI TPIlIMHHU, APYTOMY
eTarli, U0 XapaKTepU3yeThcs MOKa3HUKaMu n Ta K*, BCTaHOBJIEHO BEJbMHU BHCOKHUII Ta BH-
COKHI1 HETaTUBHUH 3B’S30K 31 3MIHOIO BMICTY BYTJICIIO, MAPTAHIIO, BaHai0 Ta Gpochopy, Ta
MO3UTUBHUH - KPEMHIIO Ta cipku. Ha eTari JIaBHHOMIO1IOHOTO POCTY TPIIIMHU, TPETHOMY €Ta-
11, BCTAHOBJICHO BEJIbMH BUCOKHI Ta BUCOKWN HEraTUBHUI 3B'I30K 3 BYIJICHEM Ta BaHA/IIEM;
MMO3UTUBHUHN BEIIbMU BHCOKWH Ta BHCOKHH 3B'SI30K 31 3MiHOKO BMICTY KPEMHiI0, Cipku Ta (oc-
opy.

Takox OyB BUKOHAHHI KOPEISMIMHUI aHami3 3B’SI3Ky MK IMOKa3HMKaMHU MEXaHIYHUX
BJIACTUBOCTEH, SIKI BU3HAYAIOTHCA 32 YMOB CTAaTHYHOTO PO3TATY, JHHAMIYHOTO BUTHHY Ta I10-
Ka3HMKAaMH, SIKI BU3HAYAIOTHCS 33 MUKIIYHOTO HaBaHTaXeHHA. OCKIUIBKY BU3HAUCHHSI BIIACTH-
BOCTEH 3a PO3TATY, BU3HAYCHHS TBEPOCTI, YIapHOI B’SI3KOCTI € Ty’KEe 4acTO BUKOPUCTOBYBa-
HUM Ta HE BUMArae TPUBAJIOTO MPOBEJCHHS BUIIPOOYBaHb, MOXKIIMBICTh MPOTHO3Y XapaKTepH-
CTHUK BTOMHOI'O pPyWHYBaHHS Ha OCHOBI IX 3HaU€Hb € MEPCIEKTUBHUM HANpPSMKOM JUIsl TIPO-
THO3yBaHHs HAJIMHOT eKCITyaTarlii BUpoOiB.

BceranoBneHo, 110 3MIHM T'paHUIl MIITHOCTI Ta TBEPAOCTI MalOTh BUCOKUN Ta BEIbMHU
BHUCOKUI HEraTMBHUM KOpeJsILiitHui 3B'A30K 3 ycima nokazHukamu KJIBP, okpim kputepis n,
3 SKUM 3B'SI30K BiAcyTHiM. HeoOximHO 3a3HauMTH, 110 U1 TaKUX Hap XapaKTEPUCTUK SIK
TBepaicTh Ta K*, rpanung minHocti Ta K* koediuient ITipcona cranosuts 0,99, 1mo cBiquuTh
PO BUCOKY HAJIMHICTh JIIHINHOTO 3B’SI3KY MK IIUMH XapaKTEPUCTHKaMH 1 MOXe OyTH BCTa-
HOBJICHA (DYHKIIIOHAJIbHA 3aJIEKHICTh. XapaKTEPUCTUKHU IIACTUYHOCTI Ta yIapHOi B’SI3KOCT1
MaloTh BUCOKHMI Ta BEJIbMU BUCOKUN MO3UTUBHUH 3B'SI30K 3 MOKa3HUKaMHM 3apOKEHHS Ta po-
CTY BTOMHO{ TPILIMHY, OKpIM Kputepis n. Jns takux nap xapaktepuctuk sk Kth ta BinHocHe
noaosxeHHs, Kth ta ygapna B’si3kicth, Kfc Ta BinmHOCHe 3By:keHHs koedimieHT [lipcona cra-
HOBUTH 0,99, 1110 CBIAYUTH PO BUCOKY HAAIMHICTD JIHIMHOTO 3B 3Ky MIXK LIUMU XapaKTepH-
CTUKAaMH 1 MOKe OyTH BCTaHOBJIEHA (PYHKI[IOHATbHA 3aJICKHICTh. L{e Moke cTaTu 3aBaaHHsIM
JUTSI TOMATTBITUX JOCIIKEHB, @ PO3IIMPEHHS 0a3u MaHWX YISl aHATI3y MOXKE JO3BOJIUTH BCTa-
HOBUTH 3aKOHOMIPHOCTI 3B 513Ky MIXK CIY>KOOBHUMH XapaKTePUCTHKAMHU Ta MOKa3HUKaMH, 10
XapaKTepU3yI0Th BTOMHE PYHHYBaHHS.

BucHoBku:

1. B pe3ynbrari KOpensuiiHOTO aHalli3y 3HaYeHb KPUTEpis MapHOi JIHINHHOI Kopesil
[TipcoHa, BCTaHOBJIEHO 3B'SI30K 3 BMICTOM XIMIYHHX €JI€MEHTIB B CTaJl Ta XapaKTepUCTUKaMU
pPOCTY TPIIIMHYU 32 BTOMHOTO pyiHYBaHHs. [lokazaHo, 10 Ha OUIBIIICTh MOKA3HUKIB YHHUTH
HEraTUBHMHA BHCOKMH BIUIMB BMICT BYIJIEL}O Ta BaHajilo. HaliMeHII 4yyTauBUM 10 3MIiH

XIMIYHOTO CKJIaJy BUSBUBCS KPUTEPIH N, MOKa3aHO, IO JUIIE MapraHels Ta Gocdop MarTh
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BEJIbMU BUCOKHN HETaTUBHUH 3B’A30K 3 HUM. 3MiHA BMICTYy KPEMHIIO Ma€ 3arajioM MO3UTHB-
HUI BIUIMB HA NMOKAa3HUKU POCTY BTOMHOI TPIIIMHH, BCTAHOBJIEHO BUCOKHI Ta BEIbMU BUCO-
kuii 3B's130k 3 Kfc ta Kth BignmoBinHo. Ponb momimkoBux eneMeHTiB Cipku i hocdopy morpe-
Oye mojanbIIMX JOCHTIKEHb JJIs1 YTOYHEHHS Ta MOSCHEHHS 1X BIUIUBY.
2. Anai3 3HaueHb Koe(ilieHTiB mapHOi JiHiiHOI Kopensuii [Tlipcona 103BoIMB BCTaHO-
BUTH 3B'SI30K MIXK XapaKTePUCTHUKAMH CTATUYHOI MIIIHOCTI, TNIACTUYHOCTI, TBEPJOCTI Ta yaap-
HOi B’s13K0CTi. [ KiJIbKOX TMap XapaKTepHCTUK BCTAHOBJICHO 3HaUeHHs Koedimienta [lipcona
Ha piBHi 0,99 (Kth Ta BinHOCHe momomxenHs, Kth Ta ynapna B’s3kicts, Kfc Ta BizHOCHE 3BY-
xenHsa, K* ta tBepaicts, K* Ta rpanuns minnocti). Kputepii n € HaiiMeHII 4yTJIMBUM 0
3MiH 1HIIMX MEXaHIYHUX BIIACTUBOCTEH, MMOKA3aHO, IO JIHUIIIE BIIHOCHE TIOJJOBKCHHS Ta yAap-
Ha B’SI3KICTh MalOTh BUCOKUU 3B'SI30K 3 I[I€I0 XaPaKTEPUCTUKOIO.
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Correlational studies of the kinetics of fatigue destruction of railway wheel metal
in the delivery condition with different strength levels

Correlation analysis allows you to establish the presence of a linear relationship be-
tween a change in one of the characteristics of a system and a change in another characteris-
tic of the same system. Correlation studies are especially important for data analysis when
the sample is limited. For railway metal products, the ability to predict fatigue crack growth
characteristics and fatigue failure prediction is important because it is related to safety is-
sues. Conducting long-term tests under multi-cyclic loading conditions is laborious and ex-
pensive, and their implementation is not always possible in production conditionsAt the same
time, the chemical composition and service mechanical properties of a batch of wheels are
always known. The purpose of the work is to establish the influence of the main chemical
components of carbon steel and mechanical characteristics determined during tensile, hard-
ness, and impact tests on crack growth rates under cyclic loading conditions based on corre-
lation analysis. According to the results of the analysis of the coefficients of the pairwise line-
ar correlation between the content of the main chemical elements in the steel and the fatigue
crack growth indicators, a very high negative relationship Kth (the maximum value of the
stress intensity coefficient, at which the crack does not develop during a given number of cy-
cles) and Kfc (the stress intensity factor at which the specimen collapses, this value is
achieved at maximum compression of plastic deformation and fracture by normal separation)
with a change in carbon content, and for n (tangent of the slope of the straight line on the lin-
ear, linear section of the kinetic diagram of fatigue fracture, which characterizes the rate of
increase in the crack growth rate) — a high negative correlation with the change in the man-
ganese content, K* (stress intensity coefficient at a crack growth rate of 10”7 m/cycle) — with
the change in the vanadium content, but at the same time, a very high positive relationship
was established between K* and the content of silicon and sulfur, with n — the content of
phosphorus. The value of the Pearson coefficient was established at the level of 0.99 for such
pairs of characteristics: Kth and elongation, Kth and impact strength, Kfc and shrinkage, K*
and hardness, K* and ultimate strength) Criterion n is the least sensitive to changes in other
mechanical properties, it is shown that only elongation and impact strength have a high cor-
relation with this characteristic. Further research is needed to establish the relationship with
the change in impurity elements and to establish functional patterns of the influence of char-
acteristics on fatigue crack growth rates.

Keywords: correlation analysis, fatigue fracture, fatigue crack growth, chemical com-
position, mechanical properties, railway wheel
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I.C. ImutpieBa, A.M. JIMUTpEHKO
METO/U LITYYHOT O IHTEJIEKTY JJIs1 IPOTHO3YBAHHS ITOKJIAIIB
BYI'JIEBO/HIB 3 TPUBUMIPHUX CEUCMIYHUX 30BPAKEHD

Anomayis. L{a cmamms euceimuioe 3acmocy8ants Memooié wmyyHo20 iHmeneKmy 01 npo-
2HO3YB8AHHS NOKIAOI8 8Y2leB00HI8 3 MPUBUMIPHUX CEUCMIYHUX 300padxceHb. Y 00CnioHceHH I
PO32NA0AIOMBCA CYHACHI QocsieHenHs 6 eanysi LI ons inmepnpemayii celicMiyHUX OaHUX,
BKAIOUAIOYU 320PMKO6L, peKYPeHMHI, epaghosi HeUpoHHI mepexci ma mpauncgopmepu. Aemopu
AHANI3YIOMb ICHYIOUL 0OMedNCeHHsl, 30KpeMa npoodieMu 3 AKICMI0O ma KilbKICMI0 HAGYANbHUX
O0anux, cKIaoHowi y3azanvHeHHs ma iHmepnpemayii pe3ynomamis. Cmamms po3ensioae me-
moou nonepeonboi 00poOKU ma IHICEHePIl 03HAK CeUCMIYHUX 300padicenb, cmpamezii po6o-
mu 3 0OMeHCeHUMU OAHUMU MA OKPeCIOE€ NePCNeKMmuUHi HanpsamMKy O MatlOymHix 0ocii-
OoiceHdb y yil cghepi.

Knrouoei cnosa: wmyynuil inmenexm, mpueuMipHi celicMiyHi 300pasicents, 8y21e800Hi, Npo-
2HO3YBAHHS NOKNAOI8, 320PMKOGI HEUPOHHI Mepedici, peKYPEeHMHI HelUPOHHI Mepedxcl, Mepeiici
mpancghopmepis, epaghosi Heupouri mepednci, i3uuHO-IHPOPMOBAHT HEUPOHHI Mepedic, cell-
CMiYHI ampubymu, cnekmpaivbHe pO3KIA0aHHs, MpaHchepHe HAGUAHHS, 2eHepAmUBHI 3maza-

JIbHI MepediCl.

Beryn. 3pocrarounii ri00aabHUM MOMUT Ha €HEPreTHYHI PecypcH MOCUIMB MOTpely B
e(peKTUBHHUX 1 TOYHUX METOJaxX BUSBJIECHHS Ta BUJOOYBaHHS IOKJAJIB BYTJIeBOAHIB. TpuBH-
MmipHa (3D) ceiicmiuHa Bizyanizalis € GyHAAMEHTAIBHOIO TEXHOJIOTIEO, 110 HAAa€ BAXKIUBY
iHpopMallito PO MiA3EMHI Fe0J0TuHI CTPYKTYpH Ta MOTEHLINHHI po3TalllyBaHHs pe3epByapiB.
TpangumiitHo iHTepmpeTalis UX ckiaagHux 3D-celcMIYHUX JaHUX 3HAYHOIO MIPOIO MOKIIaja-
Jacs Ha JOCBiJ T€OHAYKOBIIiB, BKJIIOYAIOUN TPYAOMICTKHI pydyHUI aHanli3 Ta Cy0'eKTHBHI 1H-
teprperanii. OgHak 3pocTaouuii 00CAT 1 CKIaIHICTh CEHCMIYHMX JaHUX, a TAKOXK NoTpeda B
MIBUAIIMX 1 HATIAHIIKMX pe3yabTaTax pPO3BIAKH, CTUMYIIOBAIW JOCTIIKEHHS Ta BIpPOBa-
JDKEHHS MeTOoJliB mTy4yHoro intenekty (III).

HITyyHuii iHTENEKT Mae 3HAYHUIA MOTEHIial s TpaHchopMallii ramysi po3BiiKH BYT-
JICBOJIHIB LIUIIXOM aBTOMATH3allli Ta MOKPAILEHHS aHaji3y CKiIagHuX 3D-celicMiYHUX TaHMX.
AJrOpUTMH MAIIMHHOTO HaBYAHHS MOXYTh O0OpOOJIATH BEJMKI OOCATH JaHUX, aBTOMATUYHO
BUJIUIATH CKJIaJHI CEHCMIUHI CTPYKTYpH Ta MiJABMIYBAaTH TOYHICTH iHTeprpeTauii cedcmiy-
HUX JaHHX, [0 TPUBOIUTH A0 €PEKTUBHIMIMX 1 TOUHININX MPOTHO31B MOKJIA/IB BYTJICBO/IHIB.
3acrocyBanHs TexHonorii LI Takox Moxke onTumizyBaTu poOOodUi MpoLecH PO3BiIKU Ta 3Me-
HIIUTH PU3MKH, 110 B KIHIEBOMY IiJICYMKY CHpHUsi€ OUIBII YCHIIIHUM BIIKPUTTSAM Ta ONTHMI-
30BaHUM BUPOOHMYHUM OINEparlisim.
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158 ISSN 1562-9945 (Print)

ISSN 2707-7977 (Online)



«Cucremui Texnonorii» 4 (159) 2025 «System technologiesy

Merta noCHiKeHHS MOJIATae B TOMY, 1100 CpUATH TpaHcdopmalii rairysi po3BiJIku By-
TJIEBOJIHIB 3a IOTIOMOTrOI0 nepeaoBux TexHosorii 11, mo morio 6 3HaYHO MiABUIIUTH e]ek-
TUBHICTh BHSIBIICHHS Ta BUJOOYTKY €HEPreTHUHUX PECYPCIB B YMOBAX 3pOCTAIOUOTr0 I100aib-
HOTO MOIUTY.

OrJsiA cyyacHuXx JocsirHedb y 3actocyBanHi LI nJisi nporuno3yBaHHsl ByrJieBo/HiB
3 3D-ceificMiuHuX 300paxkeHb. 3actocyBanHs I y mporno3yBanHi ByrieBogHiB 3 3D-
CeCMIYHMX 300pa)KeHb 3a3HAJO0 3HAYHMX YCIIXiB, 3 BUKOPUCTAHHSIM pI3HUX MOJENed Ma-
IMIMHHOTO HaB4aHHS Ta Mertonoioriii. Cepen ycranenux moxenerd LI 3ropTkoBi HelpoHHI
mepexi (CNN) cranu mpoBiIHOIO TEXHIKOIO 3aBIsSKH iXHIH e()eKTHBHOCTI B aHaui3i 300pa-
xeHb. Ockinbku 3D-celficMivHi TaHI MOKHA PO3TIsIaTH sk 00'eMHe 300paxenHs, CNN moOpe
MIIXOMSTH IS 1IeHTU(IKALIT CKIaHAX TEOJOTIYHUX CTPYKTYP, TAKHX SIK PO3TOLT MIIIAHUX
TiJI, SIKI € BHPIIIAIBHUMH JUI XapaKTEPUCTUKU BYTJICBOJHEBHX pe3epByapiB. JlocmikeHHs
npoaeMoHcTpyBaiu epekTuBHICTH CNN y Takux 3aBIaHHSX, SK BHUSABICHHS PO3JOMIiB, Kila-
cudikaris miTonorii Ta igeHTudikamis TOTSHIIHHUX HAPTOra30BUX OCOOIMBOCTEH y ceicMi-
YHHX JTaHUX.

PexypenTni HeliponHi mepexi (RNN), 30kpema Mepexi 3 JOBrol0 KOPOTKOCTPOKOBOIO
nam'stTio (LSTM), xo4a i He Tak 0e3MOCepeIHbO 3aCTOCOBYIOTBHCS JI0 aHATI3y CTAaTUYHHX
3D-ceiicMiuyaMX 00'€MiB, 3HANILIN 3aCTOCYBAaHHS B CYMDKHUX 3aBIAaHHSX, TAKUX SK CEHCMiU-
Ha iHBepcis iMnenancy. L{i Mepexi BiAMIHHO 0OpOOJISIOTH MOCHTIIOBHI JaHi i MOXYTh OyTH
[IHHUMU TP aHAJi31 YaCO3aJIe)KHUX CEHCMIYHHMX AaHUX, HAPHKIA, pu 4D-ceiicMivHOMY
MOHITOPHUHTY pe3epByapiB. OKpiM apXITEKTyp TVIMOOKOT0 HaBYaHHS, TPAJAMIIIAHI TEXHOJIOTI]
MAaIIMHHOTO HaBYaHHS, TakKl AK IITy4H1 HeHpoHH1 Mepexi (ANN), MalllnHU OMIOPHUX BEKTOPIB
(SVM) Ta BUNAAKOBI JICH, TAKOX IIMPOKO BUKOPUCTOBYIOTHCS JUIsl XapaKTEPUCTHKHU pe3ep-
ByapiB. Lli MeToau 3aCTOCOBYIOTHCS ISl TPOTHO3YBAHHS KIIFOUOBUX BJIACTMBOCTEU pe3epBya-
P1B, TaKUX SIK IOPUCTICTh, IPOHUKHICTh Ta JIITOJIOTIS], HA OCHOBI aHaJi3y CEHCMIYHUX aTpuly-
TIB Ta JJAaHUX KapOTaKy CBEP/JIOBUH.

3acrocyBanHs LI B po3Bijli BYTJ€BOIHIB € PI3HOMAaHITHUM 1 IOCTIHHO PO3MIMPIOETH-
cs. Mogeni ramboOKoro HaBYaHHS, Takl SIK 3rOPTKOBI HEHPOHHI MEpEki 3 CaMOYBaXHICTIO
(SACNN) Ta HeipoHHI Mepexi 3 onTuMizaiiero poeMm yacTuHok mytanii (MPSO-ANN), mpo-
JEMOHCTPYBAJIM Bpa)Kalouuil ycIiX y MPOTHO3yBaHHI PO3MOALTY MMOBIPHOCTI Ta3y B pe3epBy-
apax, JI0CSATalouy BUCOKOI TOYHOCTI Ta IEMOHCTPYIOUM 3/IaTHICTh 3aXOIUTIOBATH CKJIaJIHI He-
JHIAHI B3a€EMO3B'SI3KM B CEHCMIYHMX JaHUX. Y ramysi Kiacudikarii JiTojaorii oJJHOBUMIpPHI
CNN (1D-CNN) ta mpoctopoBo-uacoBi Mepexi (STNet) moBenu cBoro epeKTHBHICTh Y TOU-
Hil kjacudikauii TUIB MOPiJ 3 BUKOPUCTAHHSIM JAaHUX KapOTaKy CBEpPIUIOBHUH, BUKOPHUCTO-
BYIOYH [TPOCTOPOBY Ta YacOBY iH(opMaIlito, BOyJ0BaHy B 11l HA0OpU JaHUX.

Jns inrocTpanii HOTOYHUX PIBHIB MPOTYKTHUBHOCTI, JOCIHIKEHHS MOBIIOMIISIOTH PO
BHCOKI 3HauYeHHs R-kBajpary Ta moka3zHukiB 1uromii mix kpuBoio (AUC), mo BKa3ye Ha CUITb-
HI porHocTUYH1 MokauBocTi Mozenen IIII. PiBenp Tounocti 10 96,83% Oyno mocsrHyTo B
knacudikarii mgiTosorii 3 BukopuctanHsaM STNet. YV ceiicMmiuHIi iHBEpCii METOIH, YIOCKOHA-
neni HII, nporeMoHcTpyBain MPOrHO3U TOBIIMHU MICKY, SIK1 TICHO BIAMOBIIAIOTH (PAKTUYHUM
BUMIipaM CBEP/IJIOBUH 3 TOUHICTIO 70 85,1%.
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IIporanuuu Ta 00Me:KeHHs y iCHYIOUMX J0CTiIKeHHsIX. He3Baxxaroun Ha 3Ha4HI yc-
nixu y 3actocyBanHi LI ans mporno3yBanHsi ByriaeBoAHiB 3 3D-celicMiuHUX 300paxeHb, y
MOTOYHUX JIOCITIJKCHHSX 3aJUIIAEThCA KiJIbKAa MPOTaluH Ta oOMexeHb. OCHOBHA mpolieMa
MOJIATAE Y HECTaul BEIMKUX, SKICHUX, MapKoBaHUX 3D-celicMIYHUX JaHWX, HEOOXIMHUX IS
naByanHs Haniiaux mozenei 1. Edextunicts moneneii LI, 30kpema apxiTekTyp riambdo-
KOr0 HaBYaHHs, TICHO IOB'S3aHa 3 KUJIBKICTIO Ta SIKICTIO JaHUX, HA SKMX BOHH HAaBYAIOTHCS.
OpHak OTpUMaHHS TaKMX BEIMKHX 1 TOYHO MApKOBAaHUX HAOOPIB JNaHUX Yy reo(i3uili MOXKe
OyTH TPYIOMICTKUM 1 pecypcHOMICTKUM. KpiM Toro, cami ceiicMi4Hi 1aHi 4acTO CTPaXAal0Th
BiJ IIyMy, apTe(akTiB Ta 0OMEXEHb y PO3UIbHIN 31aTHOCTI Yyepe3 OOMEKEHHs aKLi3uLii Ta
CKJIAJHICTh MiJNOBEPXHEBUX CTPYKTYp. JlaHi KapoTaxxy CBEpAJIOBHH, SIKi YaCTO BUKOPHUCTO-
BYIOThCS SIK (paKTU4HA OCHOBA JUIsl HaBuaHHs Mozenel LI 3 MeToro nporHo3yBaHHS BJIaCTHU-
BOCTEH pe3epByapiB, TaKOXX MOXYTh OYTH PO3PIHKCHUMH, HETOBHUMH a00 HE MOBHICTIO Bi-
no0pakaTu reTepOreHHICTh YMOB pPe3epByapy.

[lle onHuM 3HAYHUM OOMEXKEHHSIM € MpodiieMa y3aranbHeHHs, konm moxaen LI, Ha-
BYCHI HA JJAHHUX 3 OJHOTO T'€OJIOTIYHOTO CEPEIOBUINA, YACTO HE MPALIOIOTh HAJIC)KHUM YHHOM
Ha JIaHUX 3 PI3HUX PETIOHIB 3 PI3HUMHU I'€OJIOTIYHUMHU XapakTepucTukamu. IlinTpuMka TouHo-
CTI 4acTO BUMAarae KamOpyBaHHS MEPEXi BIIIOBIIHO A0 KOHKPETHHUX OCOOJIUBOCTEH HOBUX
JaHUX, TiAKPECIIOI0YH, IO MONepeHbO HaBYCHA MOJIETh MOKe OyTH He Oe3MocepeHbO 3a-
CTOCOBHA B PI3HUX I'€OJIOTTYHUX CEPETOBUINAX.

[aTepnperabenbHICTh Ta TOSCHIOBAHICTh TAKOXK MPEACTABISIOTh 3HAYHI MEPEIIKOAN IS
mpokoro BrposakeHHs LI ans nporno3yBanHs ByrieBoHiB. Moeni rinOoKoro HaB4aH-
HSl, 30KpEMa, YacTO CIIPUHMAIOTHCA SIK "HOPHI CKpUHBKH'" yepe3 CKIAIHICTh PO3YMIHHS IXHIX
BHYTPILIHIX MPOLIECIB NMPUHHATTS pilieHb. L{g BiACYTHICTH MPO30POCTI MOXKE OOMEXKUTH J10-
Bipy F'€OHAyKOBIIIB J10 MPOTrHO31B, ocHOBaHUX Ha IIII, 0co61mBO B yMOBax Ba)JIMBUX PO3BIAY-
BaJIbHUX PIIIEHb, € BAXKIMBE IPYHTOBHE I'€0JIOT1UHE PO3YMIHHS.

Kpim Toro, norouni merogu LI MoxyTs MaTu TpyaHOILIl 3 €PEKTUBHUM 3aXOIICHHIM
CKJIaIHUX HEJIIHIMHUX B3a€MO3B'A3KIB, K1 ICHYIOTh MK CEHCMIYHUMHU JIaHUMHU Ta XapaKTepu-
CTUKaMH pe3epByapiB. Bizyamizaiis T€0J0riyHUX 0COOJIMBOCTEM, TAKUX SIK PO3JIOMH HA BCIX
PIBHSAIX, 1 TOYHE PO3PI3HEHHS TOHKUX Bapialiil y MiANMOBEPXHEBUX CTPYKTYpax 3aJIMILIAIOTHCS
CKJIQIHUMU 3aBAaHHsIMU 11 cuctem 11

Hapemti, obuncaoBasibHI BUMOTH, TOB'sI3aHI 3 HaBYaHHSM MoJeNiel TITUOOKOTO Ha-
BYAHHS Ha BEMUKUX 3D-celiCMiYHMX JaHWX, MOKYTh OYTH CYTTEBUMH, BUMAaratouu 3HAYHUX
o0YHCITIOBAIBHUX pecypciB Ta 1H(pacTpykTypu. barato HadTOrazoBux KOMMaHiii MOXYTb
MaTu 3acTapiry iHPPaCTPYKTYpY, AKa HE TOTOBA O BUKOPUCTAHHS 3 MEPETOBUMHU TEXHOJIOT1-
stmu 111, o moTeHmiiHO cTBOpIOE Oap'ep s BIPOBAKEHHS [IUX PIIICHb.

JlocrizkeHHSI HOBMX MojieJieiil Ta apXiTeKTyp IUTY4HOro iHTesaeKkTy. /(s nogonan-
HA IeIKUX OOMexeHb Tpaautlinaux moaeneit LI, qocniqauku Bce OUIBINE TOCTIKYIOTh HOBI
apXITeKTypH IJIsl MPOTHO3YBAaHHS BYTJIEBOJHIB Ha OCHOBI 3D-celicMiuHmMx naHux. Mepexi
TpanchopmepiB, gKi JOCITIN 3HAYHUX YCIIXiB Yy 00poO1i IpUpOIHOI MOBH 1 HAOUPAIOTh MO-
MyJSPHOCTI y 00poOIi 300paskeHb, NPeICTABIAIOTh HEePCIEeKTHBHUI HANPAMOK. IXHS 31aT-
HICTh 3aXOIUTIOBATH JAJCKI 3aJIEKHOCTI Ta PO3YMITH TJIOOQAIBHHM KOHTEKCT Y JaHUX MOXKE
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OyTH ITy>Ke KOPUCHOIO JJIS iHTepHpeTanii CKJIaJHUX Te0JIOT YHIX CTPYKTYP, SKi MOIIHPIOIOTh-
csl Ha BenuKi 00'emu 3D-ceiicMiuHUX AaHUX. J[OCHIIKEHHS TIOYaIA JTOCIIIKYBAaTH 3aCTOCY-
BaHHs 2.5D ta 3D-apxitekryp TpancdopmepiB 1iisl TaKuX 3aBlaHb, K BUSBICHHS PO3JIOMIB
Ta CeliCMiYHa iHBEpCis, JEMOHCTPYIOUH IXHIN MOTEHIlial NepeBepIIyBaTH TPAAULIIHHI METOAN
Ha ocHOBI CNN y NeBHUX CLIEHAPisX.

I'padoBi weiiponni mepexi (GNN) mpeacTaBlIsiOTh IHIIHN KJIAC HOBUX apXiTEKTYp, SIKi
no0pe miaxoadarh Uit 0OpoOKH JaHUX 13 BHYTPIIIHIMU CTPYKTYPHHMHU B33a€MO3B'SI3KaMu. Y
KOHTEKCTI ceiicMiyHuX JaHuX, GNN MOXXyThb BUKOPHCTOBYBAaTH IPOCTOPOBI B3a€MO3B'SI3KU
MK CEHCMIYHMMH CTaHLIIMU a00 OKpEeMHUMHU TOYKaMH JdaHuxX y 3D-00'emi. Xoda B OCHOBHO-
MY BUKOPHCTOBYIOTBCS JIJISl TAKMX 3aBJIaHb, SIK XapaKTEPUCTUKA JPKEpesia 3eMIICTPYCiB, IPHH-
un GNN MOXyTh OyTH aIanToBaHi JUIsl aHATI3Y 3B'S3HOCTI Ta MPOCTOPOBOTO PO3TAITyBaH-
HSl TEOJOTIYHUX OCOOJIMBOCTEH, MOB'I3aHUX 3 HAKOIMWYEHHSM BYIJICBOJHIB B CEHCMIYHHMX
o0'emax.

[iOpuani apXiTeKTypH, sIKi TMOEIHYIOTH CHIIbHI CTOpOoHM pisHHX mozenein LI, Takox
JOCIIJKYIOTBCS JUIS TiABUIICHHS NpoayKTuBHOCTI. Hanmpuknan, moenqnanas CNN, siki dyno-
BO BUTATYIOTh TPOCTOPOBi ocobimBocTti, 3 RNN, ski BMitOTH 00pOOISATH MOCIIIOBHI JaHi,
MOKe OyTH BUTITHUM JUIs aHAJI3y CEHCMIUHUX JaHUX, SKI MOKYTh MPOSIBIISITH SIK IPOCTOPOBI,
TaK 1 9aCoOBi 3aJIEKHOCTI, 0COOJIIMBO B 4D-celiCMIYHUX 3aCTOCYBAaHHIX. AHAJIOTIYHO, TIOpUAHI
Mojeni, mo iHTerpyoTh Tpanchopmepu 3 CNN, MOTEHIIHHO MOKYTh BHKOPUCTOBYBATH MO-
ximBocTi CNN 1 JIOKaJIbHOTO BUTSTY OCOOIMBOCTEH 3 TII00ATBHUM PO3yMIHHSM KOHTEKC-
Ty Tpancdopmepis, 110 NPU3BOAUTH 0 OLIbII HAAIMHUX 1 TOYHUX IPOTHO3IB.

®i3nyHo-1H(popmoBaHi HelipoHHl Mepexi (PINN) mpornonyrooTh yHIKaIbHMM MIAXIJ,
BKJIOUAIOYU (PI3WYHI 3aKOHM Ta KEpyUl pIBHAHHA 0€3M0CEPEIHbO B MPOIIEC HAaBYAHHS HEM-
ponHoi Mepexi. Lls iHTerparisi TOMEHHUX 3HAHb MOXKE MISATH SIK MOTYXHE OOMEXEHHS s
mozaeni LI, mo mpu3BoAuTH 10 OUIBIN (PI3UYHO MPABAOTOIOHUX 1 TOYHHX MPOTHO31B, 0COO-
JUBO B CUTyallsX, KOJIM MapkoBaHi JaHi oOMexeHi. PINN Oynu ycmimHo 3acTocoBaHi 10
npobsieM ceicMiuHOi neTpodi3uvHOi 1HBEpCli Ta IHTEPHOJALll, JEMOHCTPYIOUH CBOIO 37aT-
HICTh T€HEPYBATHU pe3yJbTaTH, K1 BIANOBIJAIOTE OCHOBHUM Ie0(13UYHUM MPUHIUIIAM.

BucHoBOK Ta HANPSIMKHM Maii0yTHIX JA0C/iIKeHb. 3aCTOCYBaHHS IITYYHOTO 1HTEJEK-
Ty JJI1 IPOTHO3YBaHHS MOKJIAIIB BYIVIEBOAHIB Ha OCHOBI 3D-celicMiuHMX 300pakeHb Ipoje-
MOHCTPYBAJIO 3HAUYHUN MOTEHI[iaJ, TPONOHYIOYH MOXKJIUBICTh MIABUIIUTH €()EKTUBHICTh, TO-
YHICTh Ta HAJINHHICTh PO3BIIYyBaIbHUX poOIT. OIJIsl Cy4yaCHOTO CTaHy BHSIBIISIE 3pOCTAIOUMA
00csT 10CIiIKEeHb, [0 BUKOPUCTOBYIOTH pi3H1 Mojeni LI, ocobnuBo apXiTekTypH rirOoKoro
HaB4aHHs, Takl Sk CNN, U1 Takux 3aBAaHb, K IPOTHO3YBaHHS BJIACTUBOCTEN pe3epByapiB,
kjacudikalis JITOJNOT Ta CTPYKTypHa iHTeprpeTamis. OgHaK 3aJulIaeThbesi Kulbka oOMe-
KEHb Ta BUKJIMKIB, BKIFOYAIOYH TPOOJIEMH 3 HECTAYCI0 Ta SIKICTIO JaHUX, MOTpeOy B MOKpa-
IIEHH1 y3arajibHEHHs Ta iHTeprperoBaHocTi mojeneit LI, Ta edekTuBHE KepyBaHHS CKIaj-
HUMH T'€0JIOTIYHIMH CTPYKTYPaMH.

Jnst momonaHHs 1uX OOMeXeHb MalOyTHI AOCTIHKEHHSI TTOBUHHI 30CEPEAUTHUCS Ha Ki-
JBKOX MEpPCHEKTUBHUX HampsMkax. Po3poOka Ta 3acTocyBaHHsS OUIBLI CKJIAJAHHUX MOJENEH
I, Takux K TIOpHUIHI apXITEKTYpH, 110 MOeAHYIOTh cuibHI cTopoHH CNN, RNN ta Tpanc-
dbopmepiB, a TaKOXK TOCHIHKEHHS TpaoBUX HEHPOHHUX MEPEXK 1T BUKOPUCTAHHS CTPYKTY-
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PHHX B3a€EMO3B'A3KIB Yy CEMCMIYHMX JAHHX, 3aCIYTOBYIOTh MOJAIBIIOTO JOCiKeHHs. Di3u-
YHO-1H(QOPMOBaHI HEHPOHHI MEpexi, sIKi IHTErpyIOTh reo(i3uyHi MPUHIMIIK B IpOIeC Ha-
BUYaHHS, MAIOTh 3HAYHUIN MMOTCHINAI JUIsl TOKPALICHHS TOYHOCTI Ta (i3MYHOI paBa0NoNi0HO-
CTi IIPOTHO31B, 0COOIMBO MPU OOMEKEHHX JTaHUX.

[Iporpec y TexHikax 30UIBLICHHS JaHUX, BKJIIOYAIOUYM BHKOPHCTAHHS T'€HEPATUBHUX
3MarajJbHUX MEpEeX Ui CTBOPEHHS PEANTiCTUYHUX CHHTETUYHUX CEHCMIUYHUX JaHUX, Ta PO3-
poOka e(heKTUBHUX CTparTeriii TpaHC(epHOro HAaBYAHHS € BUPIMIAIBHUMH JJIS BUPIIICHHS
npobiremMu OOMEKEHHX MapKoBaHUX HaOopiB nanHux. Kpim Toro, mociimkeHHS METOJIB Ha-
BYAHHSA 3a KUIbKOMa MPHUKJIaJaMH MOKe 103BosuTd MojensMm LI HaBuatucs 3 qyxe mMaamx
00CsTiB JaHUX, II0 0COOIMBO aKTYaJIbHO B PaliOHAX PO3BIJKU HOBUX TEPUTOPIi.

[TokpareHHs1 IHTEpPIPETOBAHOCTI Ta MosicHIOBaHOCTI Mozenel LI € ocHOBHUM Jutst 1X
IIMPOKOTO BIPOBA/KEHHS B raiy3i. 3aCTOCYBaHHS Ta MOJAIBIIMN PO3BUTOK MeToAiB XAl
takux Sk LIME ta SHAP, pa3om 3 aHani3oM MexaHi3MiB yBard B MOJENSIX TNIMOOKOTO Ha-
BYAHHS, MOXYTh HA/IaTH I[iHHI YSABJICHHS PO MPOIECH MPUHHATTS PIllICHb WX CKJIAIHUX CH-
creM. Jlu3aifH BHYTPIIIHBO IHTEPIPETOBAHUX apXiTEKTyp MOJENel Ta po3poOKa BIOCKOHAIE-
HUX TEXHIK Bi3yami3alii TakoX CIPHITUMYTh MOOYAOBI JOBIpH Ta MOJETIICHHIO iHTErpamii
LI B po6oyi mporiecH reoHayKOBIIiB.

CrtBopeHHsT OULTPIIMX, PI3HOMAHITHIMX Ta J00pe MapKOBaHWX eTaloHHUX 3D-
ceiicMiYHUX HAOOpIB TaHUX € BAXIJIMBUM JUIs 3a0€3MeUeHHs] YECHUX Ta BiITBOPIOBAHUX IOPi-
BHSIHB pisHHX Mojeneit 1111 ta meromooriii. MaiOyTHI TOCITIHPKEHHS TaKOX MOBUHHI 30Cepe-
JTUTHUCS HA THTErpallii MyJIbTUMOJAIBHUX JIKEPEN JaHUX, TAKUX K CEMCMIUHI JdaHi, KapoTaxki
CBEP/IIOBUH, I'€OJIOTIYHI KapTH Ta JaH1 AMCTAHLIWHOTO 30H1yBaHHS, BUKOPUCTOBYIOUH TEXHI-
ku I ns HagaHHs OUIBII TOBHOTO PO3YMIHHS MIAMOBEPXHEBOTO MOTEHITIATY BYTJIEBOIHIB.
HapemTi, KijbKiCHa OIlIHKa HEBHU3HAYEHOCTI B NMPOTHO3YBAaHHI BYIUVIEBOAHIB Ha ocHoBI LI
Oyze BUPIIIAIBLHOIO I HaJaHHS OLIbII HAAIMHUX OLIHOK PU3MKY Ta MIATPUMKH MPUHHSITTS
OOI'PYHTOBAHMX PILIEHb Y PO3Bi/lLl Ta pO3pOOII.
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Artificial intelligence methods for predicting hydrocarbon deposits
from three-dimensional seismic images

The application of artificial intelligence to hydrocarbon reservoir prediction based on
3D seismic images has shown significant potential, offering the possibility of improving the
efficiency, accuracy and reliability of exploration operations. A review of the state-of-the-art
reveals a growing body of research utilizing various Al models, especially deep learning ar-
chitectures such as CNNs, for tasks such as reservoir property prediction, lithology classifi-
cation, and structural interpretation. However, several limitations and challenges remain,
including issues with data scarcity and quality, the need to improve the generalizability and
interpretability of Al models, and the effective management of complex geological structures.

To overcome these limitations, future research should focus on several promising areas.
The development and application of more complex Al models, such as hybrid architectures
that combine the strengths of CNNs, RNNs, and Transformers, as well as the study of graph
neural networks to exploit structural relationships in seismic data, deserve further investiga-
tion. Physically-informed neural networks that integrate geophysical principles into the train-
ing process have significant potential to improve the accuracy and physical plausibility of
predictions, especially with limited data.

Advances in data augmentation techniques, including the use of generative adversarial
networks to generate realistic synthetic seismic data, and the development of effective transfer
learning strategies are crucial to address the problem of limited labeled datasets. In addition,
research into multiple example learning methods can allow Al models to learn from very
small amounts of data, which is especially relevant in areas of new area exploration.

Improving the interpretability and explainability of Al models is key to their widespread
adoption in the industry. The application and further development of XAl methods such as
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LIME and SHAP, along with the analysis of attention mechanisms in deep learning models,
can provide valuable insights into the decision-making processes of these complex systems.
The design of internally interpretable model architectures and the development of advanced
visualization techniques will also help build trust and facilitate the integration of Al into geo-
scientists' workflows.

The creation of larger, more diverse, and well-labeled reference 3D seismic datasets is
important to ensure fair and reproducible comparisons of different Al models and methodol-
ogies. Future research should also focus on the integration of multimodal data sources such
as seismic data, well logs, geological maps, and remote sensing data using Al techniques to
provide a more complete understanding of subsurface hydrocarbon potential. Finally, quanti-
fying the uncertainty in Al-based hydrocarbon forecasting will be crucial to provide more re-
liable risk assessments and support informed decision-making in exploration and develop-
ment.

Keywords: artificial intelligence, three-dimensional seismic images, hydrocarbons, res-
ervoir prediction, convolutional neural networks, recurrent neural networks, transformer
networks, graph neural networks, physically informed neural networks, seismic attributes,
spectral decomposition, transfer learning, generative adversarial networks.
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L.O. Makarchuk, T.A. Likhouzova
ANALYSIS OF TOOLS FOR CREATING GRAPHIC IMAGES
BASED ON 2D AND 3D MODELS

Antation. The study analyzes and defines the current state of technologies in creating graphic
images and outlines the main problems that need to be solved. Key aspects of working with
2D and 3D graphics are highlighted, and the features of their combination are determined.
Modern IT solutions in this area are analyzed, which makes it possible to assess the available
technologies and their limitations. In particular, it was found that most existing software
products are focused mainly on 2D graphics, while the integration of 3D elements remains
insufficiently implemented or difficult for non-programmer users. The analysis identified the
main shortcomings of the current technologies, including limited use of 3D objects in 2D
compositions, insufficiently effective graphic layer management tools, and the lack of a cen-
tralized search and reuse mechanism for materials. To solve these problems, possible ways of
improvement were considered, including implementing a web application with extended sup-
port for 3D graphics, intuitive interfaces, and an integrated resource search system.
Keywords: tools for creating graphic images, 2D and 3D graphics, graphic layer manage-
ment tools, software for non-programmers.

Introduction. Graphic visualization is an important area in digital technologies, cover-
ing creating, editing, and manipulating two- and three-dimensional images. Modern IT solu-
tions are actively used to automate the processes of image construction, which finds applica-
tion in a wide range of professional fields, including art, design, education, and scientific re-
search. For example, in interface design, users can use graphic editors to create layouts of
websites or mobile applications. Using intuitive tools, they can easily add, modify, and place
various interface elements.

Recently, there has been a trend of developing and improving tools that provide a wide
range of opportunities for users who do not have deep programming knowledge. For example,
the well-known application Procreate, which has found application in digital illustration and
is known to many precisely for its tools for 2D graphics [1], now allows you to draw on a 3D
surface [2]. Also, with the increasing influence of artificial intelligence on modern software
solutions, many applications integrate graphics with the capabilities of neural networks. In
particular, the well-known application Canva [3], which has found its purpose in creating var-
ious graphic documents, from presentations to resumes, now allows you to create images
based on text [4].

© Makarchuk L.O., Likhouzova T.A., 2025
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Materials and methods. Computer graphics is a vast field that encompasses a multi-
tude of areas and applications. It is used in various fields, including entertainment (films, vid-
eo games), design (graphics, architecture, industrial), medicine (medical imaging), science
(data visualization), etc. The field is constantly evolving due to advances in hardware (e.g.,
graphics processors), software, and algorithms. Modern technologies such as ray tracing, vir-
tual and augmented reality are expanding the capabilities of computer graphics [5].

Since computer graphics are used in various fields, it is worth choosing one of them to
be able to better analyze its state and find possible problems. Next, we propose to consider
methods of content creation that can be used by users without special programming skills.

2D graphics have become widely used in modern programs and user tools, providing
convenient opportunities for content creation. One of the key advantages is accessibility and
ease of use - tools for working with 2D graphics have a low entry threshold compared to 3D
graphics, which allows even users without technical experience to easily create images, edit
graphic materials and design documents. Among the main areas of application of 2D graphics
are the creation of publications for social networks, the development of presentations and in-
fographics, photo editing, the creation of digital illustrations, logos, brand design, and visual
content of digital documents.

Without this, 2D graphics are effective visual communication, allowing users to convey
information through files, diagrams, and designs.

However, recently there has been a growing interest in integrating 3D models in various
industries. This is facilitated by the rapid development of technology, the growing demand for
three-dimensional content and the desire of users to work with universal tools. This is espe-
cially noticeable in the design, architecture, advertising, and education industries. Programs
such as Adobe Dimension and Figma have begun to support 3D elements alongside 2D
graphics, allowing designers and artists to create more realistic mockups and interactive pro-
jects.

Analysis of similar solutions on the market. Today, there are a number of software
products that allow you to process 2D and 3D graphics. The field of graphics processing is
developing rapidly due to the growth of computing power, the use of artificial intelligence and
the improvement of visualization algorithms. Modern IT solutions cover a wide range of ap-
proaches to processing graphic images.

Raster graphics, which can be represented in various file formats, are widely used in
photography and digital painting. For example, they have found applications in the advertis-
ing industry to create banners and visual materials.

Vector graphics, which provide scalability without loss of quality, are used in the field
of branding and typography, for example, for the development of logos and iconography in
UI/UX design [6].

3D modeling is actively used in architectural design, where specialists create detailed
virtual models of buildings and urban spaces for presentations and visualization.

Machine learning and computer vision algorithms allow you to automate image analy-
sis, extract key features, and classify objects without human intervention. They are used in
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many areas where fast and accurate processing of visual data is important. For example, in
medicine, these technologies are used to analyze medical images.

The combination of web tools with graphics technologies expands the possibilities of
working with images without the need to install special software. Thanks to modern web APIs
and integration with graphics libraries, users can create, edit, and analyze graphic content di-
rectly in the browser.

For example, online graphic design platforms allow teams to collaborate on projects in
real-time, editing layouts, illustrations, and 3D models directly in the browser.

However, many of these solutions are difficult for non-specialists to use or require in-
depth knowledge of the software tools. In addition, they often do not provide the ability to
integrate photos and 3D models into a single environment without additional processing.

Another issue is cross-platform support. Many graphic editors are focused on only one
platform, which can be a problem for users who work on different operating systems or mo-
bile devices.

Most modern software solutions are focused on creating content within a certain area,
which necessitates their adaptation to specific tasks. This requires additional settings, plugins,
or even separate programs for each use case.

Another significant drawback is the need to search for materials on third-party re-
sources. For example, users who create presentations or graphic layouts are forced to search
for appropriate images and models outside the environment in which they work. This increas-
es time consumption and complicates the process of integrating different types of content.

Many modern software solutions lack seamless integration with other tools or plat-
forms, making it difficult to share data and collaborate. This can create additional difficulties
for teams or individual users who want to use multiple tools at the same time.

One significant problem can be high licensing and subscription costs. Many software
solutions have high licensing costs or require regular subscriptions, which can be expensive
for small businesses or individual users who do not have the opportunity to spend a lot of
money on software.

Another problem is the limited documentation and training resources. For new or non-
professional users, it is difficult to find accessible and understandable instructions or training
materials. This can reduce the effectiveness of software solutions and increase the time re-
quired to master the tools.

Since there are currently many different applications for working with 2D and 3D
graphics on different platforms, for convenience, we focused only on web applications. Two
applications were chosen for comparison: Canva [3] and VistaCreate [7]. These applications
are popular online graphic design platforms that aim to make design accessible to everyone,
especially those without professional design experience.

These applications are focused on using 2D tools and do not provide for the addition of
3D models. For a significant number of cases, this is not a problem, but there are situations
where using a 3D model can be much more convenient and save time. Also, in many tasks, it
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would be desirable to have more tools for manipulating layers, in particular the ability to con-
trol the visibility and transparency of a layer.

Results and discussion. To reduce the threshold for entry for non-programmers, it is
necessary to create more intuitive interfaces with adaptive learning and prompts, as well as
implement artificial intelligence algorithms to automate routine tasks.

Additionally, cross-platform compatibility should be improved by developing web ver-
sions of applications that will work independently of the operating system and using cloud
computing to be less dependent on the power of the device.

To reduce the need to search for materials on third-party resources, it is worth adding
built-in libraries of photos, 3D models, textures and other resources, as well as integrating
with search engines and stock platforms. Using Al content generators will allow you to create
missing elements directly in the application.

To improve compatibility with other tools, open data exchange standards should be used
and popular formats such as glITF, SVG, PSD or Al should be supported. The ability to export
to formats that are easily opened in other programs and the implementation of APIs for inte-
gration with platforms such as Figma, Blender, or Photoshop would also be useful. All these
improvements will contribute to making graphic tools more accessible, convenient, and effec-
tive for a wide range of users. An approximate diagram of the use cases is shown in the fig-
ure.

Conclusions. Considering the general provisions of the subject area in creating graphic
images allowed us to highlight key aspects of working with 2D and 3D graphics and deter-
mine the features of their combination. The analysis of modern IT solutions made it possible
to assess the available technologies and their limitations. In particular, it was found that most
existing software products are focused mainly on 2D graphics, while the integration of 3D
elements remains insufficiently implemented or difficult for non-programmer users.

The analysis identified the main shortcomings of the current state of technology, includ-
ing limited use of 3D objects in 2D compositions, insufficiently effective graphic layer man-
agement tools, and the lack of a centralized search mechanism and reuse of materials. To
solve these problems, possible ways of improvement were considered, including implement-
ing a web application with extended support for 3D graphics, intuitive interfaces, and an inte-
grated resource search system.
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Ananiz incmpymenmie 011 CmeopeHHa pagiuHux 300parxcens
Ha ocHogi 2D- ma 3D-modeneii

Y pobomi nposedeno ananiz ma uzHaveHo NOMOYHULL CMAaH MEXHONI02IU V cghepi cmeo-
PeHHA 2padiuHux 300padiceHb, a MAaKod’C OKpecieHO OCHOBHI npobiemu, sKi nompedyomo
supiwenus. Buoineno xmouosi acnekmu pobomu 3 2D- ma 3D-epagixoro ma eusnaueno
ocobnusocmi ix noeonanns. Ilpoananizosano cyuacui IT-piwenns y yiti cgpepi, wo dano smozy
OoYiHUMU OOCMYNHI MexHoN02li ma ixHi obmediceHHs. 30Kpema, GUABIEHO, WO OLIbLUICTD
ICHYIOYUX NPOSPAMHUX NPOOYKMI6 OpienmoeaHi nepegadcruo Ha 2D-epaghiky, mooi sk inme-
epayis 3D-enemenmis 3anumiaemvca HEOOCMAMHbLO Peaiz08aHo ab0 CKIAOHOW O/l KOpu-
cmyeauig-Henpoepamicmis. Y xo0i ananizy 6y10 i0eHmu@iko8aHo 0CHOBHI HeOONIKU Nomou-
HO20 Ccmauy mMexHOJO2Il, ceped AKUX: ooMedxceHicmob y guxkopucmanni 3D-06’ekmis y 2D-
KOMNO3UYISAX, HEOOCMAamub0 eqheKmugHi iHCmpyMeHmu Kepy8aHHsa 2pagiuHumu wapamu, a
MAKoHC 8I0CYMHICMb YEHMPAI308AH020 MEXAHI3MY NOUWLYKY Ma NOGMOPHO20 BUKOPUCTAHHS
mamepiania. /[nsa supiuients yux npoodnem Oyio po32isHymo MONCIUG] WAAXU NOKPAUeHHS,
BKIIIOUAIOYU  BNPOBAONCEHH 8e03ACMOCYHKY 3 po3uupeHor niompumxoio 3D-epagixu,
IHMYIMUBHO 3p03yMiNUX iHmepgelicie ma iHmezposanoi cucmemu NOULYKy pecypcie.

Knrwouosi cnosa: incmpymenmu 0ns cmeopenus epagiunux 30opadicens, 2D- ma 3D-
epagixa, incmpymenmu KepysauHs cpa@iuHumMu wapamu, npoepamue 3ade3neuentHs 0is Ko-

PUCTYBAYIE-HENPOZPAMICINIE.
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JUCTUIALIIA JAHUX Y MAILIMUHHOMY HABYAHHI:
MATEMATHUYHA MOJEJIb TA METOJAM ONITUMI3ALIIL

Anomayis. 'Y cmammi poszensoacmovca nioxio oucmunayii oanux (Data Distillation) y
MAWUHHOMY HABYAHHI, WO 003805€ CMBOPIOBAMU KOMNAKMHI, ajle e(heKmusHi Habopu OaHux
be3 3Haunoi empamu NpoOyKmusHocmi. Benuxuii o6cse Oanux € Kio4osum Gaxkmopom y
CYHUacHoMy 2nubOKOMY HABYAHHI, Npome iXHsi 00poOKa nompedye 3HAYHUX O0OUUCTIOBATLHUX
pecypcis. [ucmunayia 0aHux cnpamo8ana Ha CKOPOYeHHs UOIPKU ULTAXOM 6UOOPY HAUOLIbUL
iHhopmamusHux 3paskie, w0 3abe3neuye ONMuMizayilo npoyecy HAGUAHHA Mooelell,
3MeHUWeHHsI HAOMIPHOI iHghopmayii ma nio8uweHHs Y3a2albHI0I0Y0l 30aMHOCII AIOPUMMIE.
3anpononosana mamemamuuna Mmoodenvb hopmanizye npoyec oucmunayii OAHUX K
onmumizayiuny 3aoadyy, wo nepeobavac 6ubip nioHaboOpy, AKUL MIHIMI3YE 6mpamy
iHopmayii. [na yvoeo uxopucmosylomvcs pisHi Kpumepii OYIiHKU 8ANCIUBOCTI 3PA3KIS.
3oxpema, epadienmuuii nioxio awanizye 6nau8 OKpemux 3pasKié Ha npoyec HAGUAHHI yepe3
3MiHY epadienma QyHKYii empam, eHmponitHui Nnioxio UMIPIOE piGeHb HeB8USHAYeHOCHi
MoOei w000 KOHKPEemHUX 3PA3Ki8, d Memoo penpe3eHmamugHo2o nioHabopy 6azyemvcs Ha
MIHIMI3ayii 6I0OCMAHI MidC BUXIOHUM MA OUCMUTLOBAHUM Habopamu Oanux. Pozensmnymo
OCHOBHI Memoou oucmunayii: eenepamugni mooeni (GANs, oudghysivini mooeni), akmueHe
HasuaHus (8100Ip OaHuUX 3a pieHeM eHmponii), a maxKodc Kiacmepuzayitini memoou (K-means,
DBSCAN) onsa eusnauents penpezenmamusHux 3pasis. IIposedenuii ananiz 0eMoHcmpye, wo
BUKOPUCMAHHS OUCMUTbOBAHO20 HAOOPY Modice ckopomumu obcsae oanux y 10 pazis, npu
YbOMY 3HUIICEHH MOYHOCMI Mmoldeni cmaumoeums auwe Oauzvko 2%. Kpim moeo, uac
Has4aHHsa Mooeii ckopouyemvca y 8 pasis, wjo 3HauHo nidsuwye egheKmueHicmos 0OUUCTIEHb.
Pezynomamu  0ocnidoicenns  niomeepoxcyioms — egexmuenicmsv — OUCmMunAyii.  0aHux y
KOHMeKCMI MAWUHHO20 HABYAHHS, OCKIIbKU yel nioxio 0038015€ Odocsemu OANAHCY Midic
NPOOYKMUBHICIIO Ma 0OYUCTIO8ANbHUMU pecypcamu. Boonouac, aemopu 36epmaroms ysazy
Ha neeHi BUKIUKU, MO8 SA3AHI 3 GUOOPOM ONMUMANbHOI cmpamezii oucmuiayii, a markodic
MONCTUBUMU  8MPAMAMU  KPUTMUYHO 8AXCIUBOT THGOopmayii npu HenpasuibHoMy niooopi
nionabopy. Takum wunom, OucmuiaYia OAHUX € NEPCREKMUBHUM HANPAMOM OOCTIONCEHb, U0
00360115€ cmeoprogamu epekxmusHiui ma pecypcoszbepieaioui Mooeni, ONMUMI3YIUU npoyec
Mawunno2o HasuyauHa. Lle 6iOkpusae HO8I MOXCIUBOCMI ONsl BUKOPUCMAHHA 2TUOOKUX
HEUpOHHUX MepedxC y pI3HUX NPAKMUYHUX 3ACMOCY8AHHAX, 30Kpema 8 3a0ayax, uwo
nompebyioms HAGUAHHS HA OOMEINCEHUX PeCcypCax.

Knrouoei crnosa: oucmunsayis 0aHux, MauunHe HAGYAHHS, ONMUMI3AYia 8UOIDKU, 2eHePAMUBHI
MoOeii, 2padieHMHUL ma eHMPONiuHUL NIOX00U, 0OYUCTIOBATbHA eheKMUBHICMb.
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Beryn. Benuka KiTbKicTh JaHUX € KIIOUYOBUM (DAaKTOpPOM Yy CYy4acHOMY MAIITMHHOMY
HaBYaHHI, OCKIJIbKM BOHU 0€3M0CepeHhO BIUIMBAIOTH HA SKICTh Ta TOUHICTH Mozeneil. [Ipore
00pobOka BenmuKkux o6cAriB iHPOpManii morpedye 3HAYHUX OOYMCIIOBATBHUX PECYPCiB, IO
Moe OyTH 0OMEeXEeHHSAM y 0ararboX MPaKTUYHHUX 3aCTOCYBAHHSX, TAKUX SIK aBTOMAaTH30BaHE
po3mizHaBaHHs 00pa3iB, 00poOKa TEKCTOBHX JaHWUX, MEIUYHA JIarHOCTHKA Ta (DIHAHCOBE
nporHo3yBanus [2, 4, 5, 6]. dAuctunsanis nanux (Data Distillation) € ogaum 13 miaxomis, mo
JI03BOJISIE CKOPOTUTH 00CAT BUOIPKH, 3aIMIIAI0YHM JIMIIE HaiOu1bm iHpopmaTuBHi 3pasku. Lle
HE TUIBKM 3HIKYE OOYHMCIIOBaJbHI BUTpPATH, a W JOMOMAra€ OINTUMI3yBaTH HaBYAHHS
MoJieNiell, YHHMKAlouu TEepeHaBYaHHA Ta 3MEHIIyIouM HaaMmipHy iHdopmanito [3, 7, 12].
Hocnimkenns [13] mokasye, Mo BUKOPUCTAHHS JAUCTUIHLOBAHOTO HAOOPY MOXKE 3MEHIIUTH
oO0csar manmx y 10 pasiB mpu MiHiManbpHIN BTpaTi TOYHOCTI (~2%). IHIIE mocmimKeHHs
HiATBEPIKYE, IO TUCTUIISIIS TO3BOJISIE CKOPOTUTH Yac HAaBYaHHS B CEPEIHBOMY y 8 pasis,
10 3HAYHO MiABUINYE ePeKTUBHICTh obOuuciens [8, 14, 21]. Metoro miei myOmkamii €
dopMmaizalis porecy TUCTHIIALIT JaHUX y BHUTJISAI MATEMAaTHYHOI MOJICNI, a TAKOX aHaJi3
METOMIB Ta MPAKTUYHUX 3aCTOCYBaHb IBOTO IIIXOAY JUIsl ONTHMI3alii MpoIecy MauliHHOTO
HaBuaHHSA. OcoONMMBY yBary MNpHAUICHO pPIi3HUM MiAxonam 10 BHOOpY iH(GOpPMaTUBHHX
3pa3KiB, IXHPOMY BIUIMBY Ha TOYHICTh Ta UIBHJIKICTh HAaBYaHHS MOJENEH, a TaKOX
MOTCHI[IHHUM BHKJIMKaM 1 oomexkeHHsm [1, 3, 7, 11].

IMocTanoBka mnpo6JjemMu. Benuka KUIBKICTH JaHUX € KIOYOBUM (DAaKTOPOM Yy
Cy4acHOMY MallMHHOMY HaBYaHHI, OCKUIbKA BOHH O€3M0CEpeTHhO BIUIMBAIOTH HA SIKICTH Ta
TouHicTh Moaeneil. Ilpore o6poOka Bemmkux oOcsariB iHpopmaiii noTpedye 3HAYHUX
OOYMCIIIOBAJIBHUX pPECypciB, 10 MOKe OyTHM OOMEXEeHHSM Yy 0araTbOX HpPaKTHUYHUX
3aCTOCYBAHHSX, TaKUX K aBTOMAaTHM30BaHE pO3Mi3HaBaHHS o0Opa3iB, 00OpoOKa TEKCTOBUX
JaHUX, MEJMYHA J1arHOCTUKA Ta (iHaHCcoBe MporHo3yBaHHA [1]. Jductmnsauis nanux (Data
Distillation) € omHUM 13 TIIXO/IIB, IO T03BOJISIE CKOPOTUTH OOCAT BUOIPKH, 3JIUILIAI0YN JTUTIIE
HalouIb iHQOpMaTHBHI 3pa3ku. lle He TUIbKM 3HMKYE OOYHUCIIIOBAJIbHI BUTpPATH, a U
JI0TIOMarae ONTHMI3yBaTH HaBYaHHSA MOJeENel, YHHUKalo4M MEepeHaBYaHHS Ta 3MEHIIYIOYU
HaaAMipHY 1H(opmarito [2].

AHaJi3 ocTraHHix gociailzkeHb i myOuaikanmiii. OcTaHHI JOCHIIKEHHS B Taysi
MAaIIMHHOTO HaBYaHHS MATBEPAKYIOTh €(EKTUBHICTD TUCTHIIALIL TaHUX SIK IHCTPYMEHTY JUIs
onTUMIi3alii HaB4aHHSA Mojenei. Hampukman, mocmimkenns [3] mokasano, 10 BUKOPUCTAHHS
JTUCTHJILOBAHOTO Ha0Opy MOKe 3MEHIIUTH oOcsr naHux y 10 pa3iB nmpu MiHIManbHIA BTpaTi
TOYHOCTI (~2%). [HIIE MOCHIKEHHS TIATBEPIKYE, IO TUCTUIISAIIS JO3BOJISIE CKOPOTUTH Yac
HaBYaHHS B CepeJHbOMY y 8 pa3ziB, 110 3HAYHO MiJBUIIYE €(PEKTUBHICTH OOUMCIEeHb [4].
Boanowac icHye Hu3Ka MeToniB BHOOpPY 1H(QOpPMATHBHHX 3pa3KiB, TAaKUX SIK Tpaji€eHTHUIN
MiIX11, SHTPOMNHUN MAX1 Ta KJIacTepu3alliiiHi MEeTOIH, K1 3a0e3MeuyoTh 30aJaHCOBaHUM
MIIX1 10 ONTUMI3allii HaB4aabHUX HAOOPIB [5].

Metoro wmi€i nyéaikauii € dopmanizamis npouecy AUCTUIALIT JaHUX Yy BHUIJISAL
MaTeMaTUYHOT MOJIENIl, a TAKOXK aHaji3 METOIB Ta MPAKTUYHHUX 3aCTOCYBaHb I[HOTO MIIXOTY
JUIsL ONTHMI3Alil MpolLecy MallMHHOTO HaByaHHS. OcoOnMBY yBary NpPHAUIEHO PI3HUM
MiaXxoaM 10 BHOOpY iH(GOPMATUBHUX 3pa3KiB, iXHbOMY BIUIMBY Ha TOYHICTH Ta IIBUIKICTH
HaBYAHHS MOJIeJICH, a TAKOXK MOTCHI[IMHIM BHKJIUKAM 1 00OMEKEHHSIM [6].
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BukJ/ageHHs1 OCHOBHOTO Martepiaay aociigxkeHHs. ['eHepaTuBHI Mojeni, Taki K
reHepaTuBHO-3MarainbHi HeiliponHi Mepexi (GANs) Ta audysiiiHi Mopmeni, MOXYTb
CHHTE3YBaTH HOBI 3pa3Ku JaHMUX, SKi € penpe3eHTaTHBHUMH Ui 3arajbHoi BUOipku. Lle
JI03BOJISIE HE TUIBKM 3MEHIIMTU OOCST BHOIPKH, a i OTpUMAaTH OUIBII y3arajbHEHI JaHi, 110
CIPUSIOTh CTIMKOCTI Mojenedl mo mymy Ta aHomaniii [11, 17]. I'eHepaTuBHO-3MaranbHi
Mmepexi (GANS) BUKOPHCTOBYIOTBCS JJIsl CTBOPEHHS CHHTETUYHHX 3pa3KiB, SKi JONOMararmTh
3alIOBHUTHU MPOMYCKU B JaHUX a00 3MEHIIUTH KUIbKICTh 3aiiBoi iH(opMmariii, 30epiraroun npu
[IbOMY CTaTHCTUYHI XapaKTEPUCTHKH BUXigHOro Habopy [20]. Jdudysiitni moxeni € OumbII
HOBHM IIiJIXOZOM JI0 TeHepallii JaHWX, [0 BUKOPHUCTOBYE 3BOPOTHE MOLIMPEHHS IIyMY IS
MOCTYTIIOBOTO BIJHOBJICHHS PEANICTUYHUX JIaHUX 13 BHUIMAJIKOBHX IIIYMOBHX BXIJIHUX
curHainiB [16]. ABrokomyBainbHHKH (Autoencoders) 3acTOCOBYIOTBCS JUIS 3MEHIICHHS
PO3MIPHOCTI JaHHWX MUITXOM CTHUCKY Ta BIJHOBICHHS, IO JO3BOJSE BUAUIATA HAHOUIBII
BJIMBI XapaKTepUCTHKU BHOIpKH [18]. MeTou akTHBHOTO HaBYaHHS 0a3yIOThCS HA BUOOPI
HaHOUTBII 1HQOPMATUBHUX 3Pa3KiB MIISXOM OIIHKU Ba)JIMBOCTI AaHWX. OJIUH i3 KIFOYOBUX
MiAXO0JIB — BUKOPHCTAHHS €HTPOIIKHOTO KPUTEPIlO, SIKUM BU3HAYAE CTYIiIHb HEBU3HAYEHOCTI
MOJIeNIi MIOAO0 MEeBHOTO 3pa3ka. UMM BHIA €HTPOMis, TUM KOPHCHIIINM € e 3pa3oK s
HaByanasa [10, 19, 22]. [Hmmid migxix — aHami3 TPAIIEHTHOTO BIUIMBY, SKHH OIIHIOE,
HACKUTBKH BHECOK TIEBHOTO 3pa3Ka BIUIMBAE HA 3MiHY Bar MOZENI Mija yac HaB4YaHHsS. Takuii
MiAX17 T03BOJISIE BUAUIMTH 3pa3Ky, 10 HAWO1IbIIE BIUIMBAIOTH HA ONTUMI3AIlil0 apaMeTpiB
Heiipomepexi [14]. Kpim Toro, 3acTOCOBYIOTBCS METOAM BiOOPY Ha OCHOBI PO3PIIKEHHX
Mpe/CTaBlIeHb, KOJIM BHUOIpKAa QopMyeTbcs TakK, 1100 IMOKPUTH BECh MPOCTIp O3HAK,
3a0e3nevyroun OajlaHc MDK pi3HUMU Kiacamu nanux [21]. Kmacrepuzamiiiai metoau
OpIEHTOBaHI Ha BHJIUJICHHS PEMpPE3EHTATUBHOTO TigHAOOpYy, W0 30epirae KIHOYOBY
iHpopMaLlil0 3 BUXIIHOTO Halbopy, 3a0e3meuyroud HOTro CTAaTUCTUYHY PIBHOMIPHICTb.
Knacuunuii minxig — BUKOpucTaHHsA anroputMmy K-means, skuii 103BoJIs€ 3rpynyBaTu
no/110H1 3pa3Ky B KJIacTepH Ta BUOpATH LEHTPOIAM SK HAHOUIbLI perpe3eHTaTUBHI €JIEMEHTH
Bubipku [9, 15, 23]. Meton DBSCAN ponomarae BUAUIMTH HIUIBHI TPYNU 3pas3KiB Ta
BII(UIBTPYBAaTH IIYMOBI TOYKM, IO € KOPUCHUM Uil OYMILIEHHS JaHUX Tepen
HaBuaHHSM [12]. Takoxk 3aCTOCOBYIOThCS 1€papXidHi METOAM KJacTepu3allii, siki TOCTYIOBO
(GbopMyIOTh A€peBO KiacTepiB, 110 J03BOJISE aJallTUBHO BU3HAYATU CTPYKTYpY BUOIPKH Ta
B1IOMpaTH HANOUIBII 3HAYYII €JIEMEHTH JIJIsl TOAAIbIIOro HaByaHH: [ 13].

MaremaTuyHa MoJeJib IUCTHISANIT JaHuX. Hrkue HaBeeHO pO3IMIMPEeHU MaTepial
1010 MaTeMaTuyHoi Mozaeni auctwisnii nanux (Data Distillation) Ta nmpukiiagu peanizanii B
cepenoBuili Matlab. MaTepian oxormmoe K TEOpPETHYHI acCMeKTH, TaK 1 MOXKJIHBI CIIOCOOH
Bi3yautizallii pe3yibTaTiB.

1. MaTtemMaTnu4uHa MOJENb JUCTHUIALIT JaHUX

1.1. 3aranpHa MocTaHOBKA 3amadil

(v} v . 1 T
Hexait Maemo nmepBuHHUMN HAOIp JTaHUX {[xz-, yi-)};': 1, A€:
d . ..
x; € IR™ - BekTOp 03HaK I-r0 3pa3ka (BUMipHicTh d ).

v; € {1,2, ..., K} - HaJexHICTh 1-T0 3pa3ka 10 oxHoro 3 K kiacis.
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N - 3aranpHa KUIBKICTB 3pa3KiB.
Bamaya AuCTWILSINIL: 3HalTH mAMHOXUHY & © {1,...,N} dikcoBanoro (abo maioro)
po3mipy |&|, Taky, 110 MOzeNb, HaBYEHA JIMIE HA LIl MMiAMHOXHHI, BIATBOPIOE (3 TMEBHOIO

TOYHICTIO) Pe3yJbTaTH, OTPUMAaHI Ha TOBHOMY HaOOp1 JaHUX.
dopmaabHO, MOXKHA PO3TJITHYTH ONTHMI3AIliifHY MOCTAaHOBKY:

1}_1.151 IEI:'.J:.J:)«'D [F [fE' [x )r y }] ’

ne £(+) - dyHkuist BTpar (HanpukiIa, Kpoc-eHrporis), & - mapamerpu moneni fg, D posmomin
JaHux (200 eMIipUYHO - MAMHOXKHHA &, 00paHa 3 OPUTIHAILHOTO JaTaceTy).
I[Mpore BUGip & HampsiMy TMOB's13aHui 31 ckiIaaHicTiO £ Ta CTpyKTYporo Mozeni fz. Tomy

4acTO 3aCTOCOBYIOTh €BPUCTUKU UM KPUTEPIl BAXKIIUBOCTI 3pa3kiB (importance sampling).
2. KpuTepii Bubopy HaiiO11b11 1HHOPMATUBHUX 3PA3KiB
Huxde nmoaHo Tpy OCHOBHI MiJIXOIH 10 BUOOPY BaXKIMBUX/1H(HOPMATUBHUX 3Pa3KiB.
2.1. I'pagienTHU# TiaXin

Ines monsirae B OLIHII BIUIMBY KOXKHOTO 3paska lfxz-, jfz-) Ha HABYAHHS 4Yepe3 3MiHHU

rpagieHTa GyHKIii BTpat. OQuH 31 CIIOCO0IB - PO3TISHYTH HOpMY (200 aOCOFOTHE 3HAYCHHS)
rpajlieHTa BTPAT:

g0, ¥ = IV (f (x;), y)l.
3pa3ku 3 BEIMKOI HOPMOIO Tpaji€eHTa BKa3ylOTh Ha T€, WO MiJ 4YaC OHOBJICHHS
IapaMeTpiB MOJIENi BOHH BHKJIMKAIOTh iICTOTHY 3MiHy BekTopa f.
Taxum umHOM, BifGupaemo Ti (x;, V; ), AKi MatoTh Hai6inbmi sHavenns g (x;, ;).

2.2. EHTpOniHAN M1IX1]
Hns 3amau knacudikaiii MoOJenh 4acTO TOBEpPTaE HMOBIPHOCTI MPUHAIEKHOCTI 10

KxokHOTO Kiacy k. TTosnaunmo mi #imosiprocTi Py (x;) nns spaska x;. EnTponis (k1acuuna 3

Teopii iHdopmallii) To/Ii OOUHCITIOETHCS TaK:
&
H(x;) = — Z Pi (x)log py. (x).
k=1

Yum Ginbmia earporist H [xz- }, THUM MO/IeJIb "MEHII BIIeBHEHA" y PILLICHH] JUI 3pa3Ka X;.

[Tpu nucTusLii MOXKHA BIIOUpATH Ti 3pa3KH, SKI MalOTh BUCOKY €HTPOIIII0, OCKIJIbKH
BOHM HECYTb Oinblie iH(opMarlii [uist yTOUHEHHS KOP/IOHIB Kiacudikarii.

2.3. PenpezentaTuBHUM migHa01p (MiHIMI3aIlis BiCTaH1)

[Hmmit migxix: & BuOUpaeThcs Tak, MO0 MIJIMHOXHHA TE€OMETPUYHO '"TOBHO"

nokpuBaia (abo "mpencranisiia’) Bcro BuOipky. OHA 13 MOXKIUBUX (POPMYITIOBAHD:
N

min mind(xz-, xj)
§ & jes
1=
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ne d(-,-) - mesika MeTpuKa (HapuKIIaI, eBKIIiI0Ba):

d(xz'rxj:] = ||xz - x;”

Taka mocTaHoBKa cxoska Ha 3amady k-3rpymoBaHoro nentpy (k-center) um k-medoids,

7e MOTpiOHO 3HAWTH TOYKM (200 Menoinum), SKi MIHIMI3ylIOTh CyMapHy BiJICTaHb 1O BCiX
TaHUX.

3. [Ipuknan peanizamnii B Matlab

Hwxde HaBeZIeHO JEMOHCTPAIMHIA CKPUTIT, SIKUH LTFOCTPY€E pOOOTY TPHOX MiAXOMIB HA
mTyyHomMy Habopi nanux (2D-touku, 2 kinacu). Kox MicTUTh:

1. I'eneparito qaHuX.

2. OuiHKy BaXXJIMBOCTI 3pa3KiB 3a TPhOMa KpUTEPisIMH (TPaJi€HT, EHTPOIIis, BIICTaHb).

3. Bigyamizaiito OTpUMaHUX pe3y/bTaTiB.

3ayBaxxeHHs: [ TpaieHTHOTO MiIX0y 3HAAOOUTHCS CIPOLIeHa MOJIeNb (HaMpUKIa,
JIOTICTUYHA perpecisi) 1 po3paxyHok rpaaienta. s eHTpOmiHHOro - TaKOXK MOTPiOHA MOJIENb,
0 IOBEpPTa€E KWMOBIPHOCTI (JIOTICTHYHA perpecis MiaxoauTh). [l penpe3eHTaTHBHOTO
MiX0AY BUKOPUCTOBYEMO €BKJIIIOBY Bi/ICTaHb.

Jlictunr 1: data_distillation_demo.m

IHosicHeHHs1 KoY.

Ko 3HaxoauThbest 32 NOCHJIAHHAM

https://1drv.ms/w/s!AnK5LgAXhfMGhuld5Dk7WgUgnrNzwg

I'enepariis nanux: CTBOPIOEMO ABI TPYNH TOUOK 13 PI3HUMH LIEHTPAMH, 11100 IMITyBaTH

2 KJacu.
Jlorictuuna perpecis: Y Qynkiii logistic loss grad oOuucmtoeThesi SIK 3HAYCHHS

¢yHKIT BTpaT (Kpoc-eHTporii), Tak i ii rpagient. Ockinbku B koai ¥ € {1,2}, mu mogatkoBo
nepeBoauMo ii B {0,1} 11t KOPEKTHOTO OOUNCIICHHSI.

Kpurepii BaxiauBOCTI:
I'pamientHunii migxia: st KOKHOTO 3pa3ka OKpEeMO paxyeMo TPaIie€HT BTpat, OepeMo
HOro HOpMY.

EnTponiitauit miaxin: 3a gomomoror Bke 3HaijeHnx O o0umciioeMo HWMOBIPHICTH

kiacy 2 (pl), nani — eHTpomito.

PemnpesenTatuBHuii migHabip: BukopucroByemo Haiinpocrinty eBpuctuky k center.

Bizyamizamis: Iy KOXXHOro migxoay OyayeMo OKpeMe 300pa)KeHHs, A€ BUIUIIEMO
TOUYKH, 00paHi B Ton-k (abo B penpe3eHTaTuBHUI MigHAOID).

4. Tlopanpli po3MUpPEHHs

Po3mip migMHOXkMHU. YacTo y NpakTUYHHUX 33Jadax MIYKalOTh HE IPOCTO

HaiBIBOBim K 3paskiB, a B3aranmi miaMHOKMHY mneBHoro posmipy ( 10%,30% Bin
3aranpHOr0). To/i MOKHA BigOupatn & 3a KpurepieM «HaiOinpmmx k% rpamieHTiBy abo «

k% HaWOLIBIINX EHTPOITiI.

176 ISSN 1562-9945 (Print)

ISSN 2707-7977 (Online)


https://1drv.ms/w/s!AnK5LqAxhfMGhuId5Dk7WgUgnrNzwg

«Cucremui Texnonorii» 4 (159) 2025 «System technologiesy

bararoknacoBa 3amada. Skmo K = 2, morictuuHa perpecis yzaraabHIO€ThCs (softmax),
a HTPOIIS paxyeThes 3a BIANOBIAHUMYU HMOBIPHOCTSAMH P.

YacoBi/mociiIoBHI jJaHi. SIKIIO MaeMO TUMYAcOBI PAIM YW JIaHi, IO 3MIHIOIOTHCS B
4aci, BAYKJIMBO BPaXOBYBATH KOPEJAIII0 MK TOYKAMH Ta IXHIO YaCOBY OJIM3bKICTb.

AxTtuBHe HaB4yaHHs (Active Learning). JMCTwisIiss 1aHUX TICHO IOB’s3aHa 3 1€€H0
AKTUBHOI'O HaBYaHHS, /¢ BUOMPAIOTh HAMOUIBII «KOPUCHI» JIaH1 AJISi aHOTYBAaHHS 3 METOI0
€KOHOMIi pecypciB.

[TapanenbHe/po3noijicHe HaBYaHHsS. Y BEIMKHX PO3IMOAUICHHX CHCTEMax BimOip
1H(pOpMATUBHMX 3pa3KiB JIa€ 3MOTY 3MEHIIIMTH OOCST MepelaBaHHs TaHUX MIXK BY3JIaMHU.

Marematnuna wopaenb auctwisanii mganmx (Data Distillation) npomonye cmoci6
3MEHIIUTH OOCST JaHWX, HEOOXIMHUX JJs €EeKTHBHOTO HABUAHHS MOJEIEH, He BTpadarouu
(abo Maiike He BTpaudarouM) TOYHOCTI. Pi3HI KpuTepii — Tpami€eHTH, EHTpPOMis YH
pEeNpe3eHTaTUBHICTD MiXOAATH JJIS PI3HUX CIEHAPIiB:

['panienTHHi miaxin: BigOupae «mpoOiieMHiI» ab0 «BUCOKOBIUIMBOBI» 3pa3KH, KOPHCHI
JUTSL YTOYHCHHS MEXK1 KIlacuQikairii.

EnTtponiiiauii miaxin: pokycyeTbes Ha 3pa3kax, Ui sIKHX MOJIEIbh HEBIEBHEHA (BUCOKA
iH(popMarliiiHa HeBU3HAYECHICTB ).

PenpesenraTuBHuil miHA0ip: 3a0e3meuye XOpoIIe MOKPHUTTS yciel BUOIpKH, 30epiraroun
pO3MAITTS NAaHUX.

VY mpuxiagi Ha Matlab nokaszaHo, Sk MOXHa peayi3yBaTH I MiAXOJM Ha BITHOCHO
IPOCTOMY HabOpi 1aHUX, a TAKOXK Bi3yaJIbHO CIIOCTEPIraTH Pi3HULIIO MK PI3HUMH METOJaMHU
BUOOPY MiIMHOMXKHH.

Jns pmerameil miomo eHTpomii Ta HeBH3HA4eHOCTi. Taki MiAXOQuM TMOCTIHHO
PO3BHMBAIOTHCS, BKIIOYAIOUH OB CKJIA/IHI Bapiamii (HampuKiaa, FreHepyBaHHS CUHTETHYHUX
«y3araJbHEHUX» 3pa3KiB 3aMIiCTb OOMpaHHS MiIMHOXKUHU pealbHUX TOUYOK), aje OMHUCaH1 iJel
3aIUINAIOTHCS (PYHIaMEHTAIBHUMHU B HANIPSMKY AUCTUIISLIT JaHUX.

TakuM 4YMHOM, ONHUCAaHI METOJM JIO3BOJISIOTH CYTTEBO CKOPOTHUTH OOCAT HaBYAJIbHUX
JaHUX, HE BTpayarouu KpUTHUYHOI iH(popmauii. Lle cnpusie mBuamomMy HaBYaHHIO MOJENEH,
3HUKEHHIO BUMOT JIO MaM’sITl Ta OOYHMCIIOBAIBLHUX PECYPCIB, a TAKOX IOJETIIyE Tepenady
JAHWUX Y PO3TOIIIEHUX CEPEIOBHUINAX.

Pesynprat AoCHimKEHHS MIATBEPIKYIOTh €(PEKTUBHICTh AUCTWIISIMIT JaHUX JIsS

3MEHIIEHHS 00csry BHOIpKM Ta MPHUCKOPEHHS Mpollecy HaBYaHHS MOJeseld MAallluHHOTO

HaBYaHHS.
Tabmuns 1
[TopiBHSIHHS TPOTYKTUBHOCTI MOJIE1
Licepeno: pospobnene asmopamu
Haoip nanmnx Kiabkicts 3pa3kiB | Tounicts (%) | Yac HaByanH# (c)

[ToBHuii HaOIp 100 000 92.3 1200

HuctunboBanuii HaGip | 10 000 90.1 150
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VY tabmuni 1 HaBe#eHO pe3yNbTAaTH E€KCIEPUMEHTIB 13 HABYAaHHS MOJEI HA IMOBHOMY
HaOOpl JaHWX Ta AUCTUIHLOBAHOMY MigHaOOpi. SIK BUOHO 3 TaOMMIl, MOJENb, HaBYCHA Ha
IMCTUIHOBAHOMY MiAHA0OpPi, JEMOHCTpYE JIMIIE HE3HAUHE 3HIKEHHS TouHOCTI (~2%), ane
IpU IIbOMY CYTTEBO CKOpodye 4yac HaBuaHHS (y 8 pasiB). Lle cBimuuTh mpo Te, IO HABITH
3HAaYHE CKOPOUYCHHS 00CATY BUOIPKM HE BIUITMBA€ KPUTUYHO HA SKICTh MPOTHO3YBAHHS MOJIENI,
10 Y3TOJUKYETHCS 3 Pe3yJIbTaTaMu MOMEPEIHIX JOCTIKEHb y chepi onTumizallii HaBYaIbHUX
nanux [13, 17, 21].

Amnanis 3anexcnocmi mounocmi 6i0 00cA2y HAGUAIbHOZ0 HAOOPY

Ha rpadiky 1 mokazaHo 3ajexHICTh TOYHOCTI MOJIENI BiJl OOCSATY HaBYaIbHOI BUOIPKH.
JloCImipKeHHST IEMOHCTPYE, IO MICIsl JOCATHEHHS MEBHOTO MOpPOTy po3mipy BubOipku (~50
000 3pa3kiB) mojaiblie 30UTBIICHHS KUTBKOCTI JAaHWX HE MPUBOAWUTH JO CYTTEBOTO
MOKpamieHHs: TOYHOCTi. lle Bka3dye Ha HaIMIPHICTH JaHWX Y IIOYAaTKOBOMY Habopi Ta
miATBEpKYE eeKTUBHICTH MeToIB AucTuii [10, 14, 22].

IlopiBHsiHHA MeTOAiB AucTHAANil. Byno mporecTtoBaHo Tpu miaxoaud 10 BHOOpY
JTUCTHIILOBAHOTO ITiTHAO0PY:

I'pagiertanii MeTon (BimOip 3pa3kiB HA OCHOBI IXHBOTO BIUIMBY Ha (PYHKIIIFO BTpAT).
BusiBuBCst epeKTHBHUM 151 BUAUICHHS HAHO1IbII BIUIMBOBUX TOYOK, OCOOIMBO JIJIsi HABYAHHS
Manux Mmojenei [12].

EnTponiitanii  mMerox (BimOip HaWOLIBII HEBU3HAYEHWX 3paskiB). Lledt minxin
eeKTUBHUN JUTsI 3a/a4, JIe BAKIMBO IOJIMIIUTH KOPJOHH MK KJacamu, aje ToTpelye
BUKOPUCTAHHS TOJAaTKOBUX OOYUCITIOBAILHUX pecypciB [19].

Krnacrepuzaniiiauii migxin (Bigdip penpeseHTaTuBHOro mifgHadopy yepe3 K-means abo
DBSCAN). IlokazaB xopoiry 30aaHCOBaHICTh MK 30€pEKEHHSIM TOYHOCTI Ta IMIBUAKICTIO
HaBuaHHs [ 15, 23].

Pesynprat €KCIEpUMEHTIB MiATBEPKYIOTh, IO AUCTHIIALIS TaHUX JTO3BOJISIE CYTTEBO
3MEHIIUTH 00csT BUOIpKHU 0€3 3HaUHOT BTPAaTH NPOAYKTUBHOCTI. OCHOBHI IIepeBard METOAY:

ExoHoMist pecypciB: 3HaYyHE CKOpOYEHHS 4Yacy HaBYaHHS Ta 3MEHIIEHHS BUMOT [0
00YHCITIOBAJIBHUX MOTYXHOCTEH.

[Tokpamennsi reHepamizaiii: YCyHEHHS 3aliBUX Ta HaAMIPHO CHEHU(IUHUX JTaHUX
CTIpUsi€ 3MEHIICHHIO NIepeHaBYaHHSI.

['HyYKiCTP METOJIB: MOJKJIMBICTh 3aCTOCYBAHHS pI3HUX MIAXOMIB JJs ajamnTarlii
JUCTUIIALIT MiJ] KOHKPETHY 3a/1ady.

[IpoTe icHYIOTH 1 IEBHI OOMEXECHHS:

Bubip ontumanbHO1 cTpaterii: e(eKTUBHICTh AUCTUIIALIT 3al€KUTh BiJ] KOPEKTHOTO
BUOOpY MeToly B1iAOOpY 3pa3KiB.

MosnuBi BTpaTH KpUTHYHOI iH(poOpMalii: sKiio BuOipka copmMoBaHa HEMpPaBUIBHO,
MOKYTh OyTH BTpau€Hi Ba)KJIMBI MaTePHU JTaHUX.

Jluckycisi Ta BUCHOBKH. PO3BUTOK MAalIMHHOTO HaBYAHHS CTHKAETHCS 3 BUKIMKAMH,
OB’ I3aHUMU 3 00POOKOI0 BEITMKHUX OOCSATIB TaHMX, IO MOTPEOYIOTh 3HAUHUX O0YHCITIOBAIIb-
HuX pecypciB. TpaauiiitHi MeToau CKOpOuYeHHS BUOIPKH, TakKi SK BUIAJKOBE B1JICIFOBaHHS
a00 TPOCTI aNrOpUTMIdHI PIBTPHU, HE BPAXOBYIOTh TJIMOII 3aKOHOMIPHOCTI B CTPYKTYpI J1a-
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HUX. Y 1boMy KOHTeKcTi auctwnis nanux (Data Distillation) BucTynae sik iHHOBaIiHMIA
HiAXiA, 0 JA03BOJIAE€ BUAUIATH HaWOUIbII iH(QOPMATHBHI 3pa3KH, MIHIMI3ylOuu BTpaTy iH-
dopmMartii Ta 30epirarour IPOAYKTUBHICTE Mojieni. OCHOBHA iHHOBAI[IHHICTh METOY TIOJISITAE
B MO€JIHAHHI INIMOOKOTO aHali3y BHOIPKHU 3 ONTUMI3aliHHUMH QJITOPUTMaMH, SIKi 3a0e3mneuy-
I0Th C€(EKTHBHE CTHCHEHHS JaHUX 0e3 CYTTE€BOTO IMOTIpIIEHHS TOYHOCTI Mojeni. Bukopu-
CTaHHSI TeHepaTUBHUX HEUpoHHHX Mepex (GANS), MeToAiB akTUBHOrO HaB4aHHs (Active
Learning) Ta knacrepusaiii (K-means, DBSCAN) no3Bosie hopMmyBatu penpe3eHTaTHBHUN
nigHa0ip, skuil 3a0e3neuye 30amaHcoBaHe HaBYaHHA. Pe3ynbTaTi MpoBEISHOTO JOCHIKSHHS
J€MOHCTPYIOTh, 1[0 JUCTUIHOBAHI 1aHI MOXKYTh CKOPOTHTH HaBUaJIbHUI Ha0ip y 10 pa3iB npu
BTpaTi TOYHOCTI BChOTO Ha 2%, a Takok 3MEHIIUTH Yac HaBuaHHS y 8 pasiB. Lle BimkpuBae
MOYJIMBOCTI JUIsl €(EKTHBHOIO BHKOPHCTAaHHS MAlIMHHOTO HAaBUAHHS y PECYpCO3aTEKHHIX
YMOBax, 30KpeMa Ha MOOUTBbHHUX HPUCTPOSIX, Y BOYJAOBAHMX CHCTEMax, aBTOHOMHHUX TpaHC-
MNOPTHUX KOMILUIEKcax Ta TexHonorisx loT. OgHak icHYIOTh BHKJIMKH, SIKi TOTPeOyIOTh MOfa-
JBIIOTO TOCTiKeHHs. BuOip onTHManbHOT CTpaTerii TUCTUIIAMIT MOXKe CYTTEBO BIUIMBATH Ha
pe3yabTaTh, OCKUTBKU Pi3HI MiIXOAH JAIOTh Pi3HI PE3yIbTAaTH 3aIE€KHO BiJ] CTPYKTYpH JaHUX.
IcHye pu3HMK BTpaTW KPUTHYHO BaXJIUBOI iH(oOpMarii, ajpke Xo4a MOAETh ONTUMI3ye JaHi,
iCHye WMOBIPHICTh BTPATH PIAKICHUX, aje 3HAYyIIuX natepHiB. OOUYUCIIIOBAIIEHA BapTICTh
JUCTHISILIT TaKOX 3aIMIIAE€THCS BAKIUBUM (AKTOPOM, OCKUIBKH JIESKI allTOPUTMH, TaKi SIK
GANS abo eHTpomiiftHUI miIXiJ, MOTPEOYIOTh 3HAYHUX PECYPCIB ISl OOYHMCICHHS, IO MOXE
OOMEXUTH X 3aCTOCYBaHHS B peallbHUX cHcTeMax. MeToa AMCTWIIALIl AaHUX IMPONOHYE
e(eKTUBHMN OallaHC MK IPOAYKTHUBHICTIO MOJIEJI Ta BUKOPUCTAHHSIM OOUYHMCIIIOBAIILHUX pe-
cypciB. OCHOBHI JJOCSITHEHHSI JTOCJIIIPKEHHS BKJIFOYAIOTh ONTHUMI3aIli0 BUOIPKH, IO JO3BOJISIE
3MEHIIUTH 00csar naHux y 10 pa3iB mpu MiHIMalIbHHX BTpaTax TOYHOCTI (~2%), 3HUKEHHS
yacy HaBYaHHSA y § pas3iB, IO CIPHUSE MBUANIOMY TECTYBAHHIO Ta BIIPOBAKEHHIO MOJIENEH y
peIbHUX 3aCTOCYBAHHSX, a TAKOXX BUKOPUCTAHHS KOMOIHOBAHMX MiJIXOAIB (Ipai€HTHUMH,
EHTPONiNHNH, KIacTepu3aliiiHuil), ki 3a0€3Me4y0Th alallTUBHICTh METOY JI0 PI3HUX THIIIB
3a1ad. 3 TOYKH 30py MPAKTUYHOTO 3aCTOCYBAHHS METOJW TUCTHIIAINII JaHUX MOXYTh OyTH
KOPUCHUMH Yy TakuX c(epax, sk MeIuyHa JIIarHOCTUKA /I CKOPOUYEHHSI HaBYAJIbHOI BUOIPKU
0e3 BTpaTH TOYHOCTI BUSBIIEHHS 3aXBOPIOBaHb, (DIHAHCOBHI CEKTOp JUIsl ONTUMI3alii MoJe-
Jeil MpOrHO3yBaHHS PU3MKIB, KibepOe3neka Al CTBOPEHHsI e€(eKTHBHHUX CHUCTEM JEeTeKIi
aHOMaJIM 3 BUKOPHCTAHHSAM MEHIIOI BUOIpkH naHuX. [lepcriekTHUBHI HampsMu JOCTIIKEHb
BKJIIOYAIOTh 1HTErpalilo JIUCTUWINII 3 TpaHcpopMepaMu Ta HeillpomepexkaMu HOBOTO IMOKO-
JHHS, IO J03BOJIUTH TMOKPANTUTH aalTUBHICTh METOIY N0 CKJIAIHUX CTPYKTYp NaHHX, aB-
TOMATHU3AII0 MPOIECY AUCTHIIALII 32 JOIMOMOTOI0 T€HETHUYHUX aJTOPUTMIB Ta 0ail€CiBChKOI
onTUMI3aMii s BUOOPY HAMKpPAIIOTo IMiTHA00py MaHMUX, a TaKOX JOCIIHKEHHS 3aCTOCYBaH-
HS B YMOBaxX TMOTOKOBUX JAHWX JUIS afamnTallii miAXxoay 10 OHJIaiH-HaBYaHHS MOEIEH, 1o
NPAIIOITh Y peabHOMY Yaci. TakuMm YMHOM, IUCTHIIALIS TaHUX € TIOTYKHUM 1HCTPYMEHTOM
JUTSL TTIBUIICHHST €)EKTHBHOCTI MAIIMHHOTO HaBYAHHS, IO JTO3BOJISIE 3HAYHO 3MEHIITUTH 00-
CSr HaBUAIbHUX BUOIPOK, 30€perTu BUCOKY TOYHICTh MOJIEJe Ta CKOpOYyBaTH 4Yac IXHbOTO
HaBYaHHSI, BIAKPUBAIOYM HOB1 MOKJIMBOCTI JJI BAKOPUCTAHHS IITYYHOTO 1HTEJIEKTY B IIMPO-

KOMY CIEKTpP1 3aCTOCYBaHb.
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Data distillation in machine learning:
mathematical model and optimization methods

The article explores the concept of data distillation in machine learning, an approach
aimed at creating compact yet efficient datasets without significant performance loss. The
increasing volume of data plays a crucial role in modern deep learning, but its processing
requires substantial computational resources. Data distillation seeks to reduce dataset size by
selecting the most informative samples, optimizing the training process, reducing redundant
information, and improving model generalization. The proposed mathematical model
formalizes data distillation as an optimization problem that involves selecting a subset that
minimizes information loss. Various evaluation criteria are applied, including the gradient-
based approach, which analyzes the impact of individual samples on model training through
changes in the loss function gradient; the entropy-based approach, which measures model
uncertainty concerning specific samples; and the representative subset method, which
minimizes the distance between the original and distilled datasets. The study examines key
distillation methods, such as generative models (GANSs, diffusion models), active learning
(data selection based on entropy levels), and clustering methods (K-means, DBSCAN) for
determining representative samples. Experimental analysis demonstrates that using a distilled
dataset can reduce data volume by a factor of ten while decreasing model accuracy by only
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about 2%. Additionally, training time is reduced by a factor of eight, significantly improving
computational efficiency.

The research results confirm the effectiveness of data distillation in machine learning,
as it enables a balance between performance and computational resources. However, the
authors highlight certain challenges, including the selection of an optimal distillation strategy
and the potential loss of critical information when an inappropriate subset is chosen. Thus,
data distillation represents a promising research direction that facilitates the development of
more efficient and resource-saving models, optimizing the machine learning process. This
approach opens new possibilities for using deep neural networks in various practical
applications, particularly in resource-constrained learning environments.

Moreover, the integration of data distillation techniques with modern deep learning
architectures could further enhance their impact by improving transfer learning capabilities,
enabling faster convergence, and reducing dependency on large-scale labeled datasets.

Keywords: data distillation, machine learning, dataset optimization, generative models,
gradient and entropy-based approaches, computational efficiency.
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B.I. unkapenko, P.P. Yurip
KOHCTPYKTUBHO-ITPOAYKIIIMHE MOJEJIIOBAHHS
I'PO30BOI'O ®POHTY 3 BUKOPUCTAHHSAM
TFEHETUYHOTI' O AJITOPUTMY

Anomayis. Po3pobneni KoHcmpykmopu y cKiaoi My1emMuKOHCMpPYKmMopa npusHayeti ons pea-
JAICMUYHO20 MOOent8ants Gpoumy 2epo306oi (oauckaexosoi) axmuenocmi. Ocobrusocmi
KOHCMPYIOBAHHA NOA2AIOMb 8 3ACNOCYBAHHI MYIbIMUKOHCIMPYKMOPY, WO € 000IOHKOIO O
[HWUX KOHCMPYKMOPI8, MA NaApamMempuyHo20 KOHCIMPYKMOopy, Wo HA0Ae MOXCIugicms bazca-
MOopaz08020 3ACMOCYB8AHHIL OOHO20 KOHCMPYKMOPY 3 PI3HUMU NOYAMKOSUMU OaHumu (ghop-
MATbHUMU napamempamu) 8 00HoMy npoekmi. MoodentosanHa hpakmaibHux 4acoeux psois,
AKI 8UHAYAIOMb CRALAXU ONUCKABOK, BUKOHAHO 3 BUKOPUCMAHHAM 2eHEMUUHO20 AICOPUMMY.
Ocobausicmsb K020 NOARAE Y KOOYBAHHI XPOMOCOM 3 MEKCMOBOI0 MA YUCTO0B0I0 YACTMUHAMU.
Peaniszayia koncmpykmopy uxonana 6 yOOCKOHANEHOMY VHIGEPCANbHOMY CepeoosUUyi KOHC-
mpytoganus « Koncmpykmop 2.0». 3acmocyeanns 3anponoHo8anux mooeneu 2po308020 hpo-
HMY Modice OYymu 0CHO8010 0/ QOCHIOJCEHDb 31 3a0e3neyeHHs NONHCENCHOT be3neKu, be3nexu
YUBLIbHUX MA BILICLKOBUX 00 €KMI6 1l NAPKOBUX MA NICOBUX MACUBIE.

Knrouosi cnosa: xoncmpykmusHo-npooyKyiline MOOenN08anHs, Yacosuti pso, ¢paxman, epo-
308Ul (OpOHM, KOHCMPYKMOP, (POPMANbHI 2pAMAMUKU, 2eHeMUYHULL AICOPUMM, NPOSPAMHE

3a6e3neyenus, iHhopmayilini mexHonozii.

B ocHOBI JochijykeHHs 3aKJIaJieHO BHUKOPUCTAHHS 3ac00iB  KOHCTPYKTHBHO-
NpOayKIiHHOTO MoemoBanHs [1, 2].
PosrnsinyTo Bigeo rpo3oBoro ¢ponty [3], orpumane cymytaukom NASA. Jlani 3 cymy-
THHKA OyJId 0OpOOJICHI Ta BiJOKpEeMIIEHI aKTUBHOCTI OsiucKkaBok [4, 5, 6].
MonentoBanHsI rpo30oBoro GppoHTy [4, 5, 6, 7] Oyino TpaHcHOpMOBAHO y CXeMy 3 JCKilb-
KOX TOCIIJIOBHO 3B’SI3aHUX KOHCTPYKTOPIB: 3HAXOJKEHHS MoJenel (PpakTaabHUX YaCOBUX
PSIIB Y BUIIISIII 3aKO/I0BAaHUX XPOMOCOM F€HETUYHUM QJITOPUTMOM, TIEPETBOPEHHS XPOMOCOM
y 9acoBi s, Ta Bizyaiizailii rpo30Boro (GpoHTy.
KoHcTpyroBaHHS BUKOHYEThCS B YHIBEpCaJbHIN MpoOrpamMHiil cucteMi AJi MOJIETIOBaH-
Hs1 KoHCTpYKTOpiB «KoHcTpykTop 2.0». BoHa npezacrapisie co0010 MPOIOBXKEHHS 11eH cucTe-
mu moaeroBanus «Kouctpykrop 1.1» [8].
VY cepenoBumi «Kounctpykrop 2.0» nependadeHi HACTYIMHI KOHCTPYKTOPH:
- aBTOHOMHHUM — 0a30BWii, IO MICTUTH y €001 yCIO HEOOXimHY i1H(POpPMAIIIO IS
OTpUMaHHS peanizalii y BUIIIsIII KOHCTPYKLIT Y1 KOHCTPYKTHUBHOTO MPOLIECY;
- aNTOPUTMIYHUH — CHeliaNi3yeThCs Ha pealizallii alropuTMiB;
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- MYJbTHU — CKJIAJIA€THCS 3 KOHCTPYKTOPIB Ta MOEAHYE iX y MOCIiAOBHO 3B’s13aHy CHU-
CTEMY.
Ta HacTynHi MiABUAN KOHCTPYKTOPIB:
- mpoctuil — 6a3oBa popmMa KOHCTPYKTOPA;
- TapaMeTpuyHHil — noTpedye Ha BXiJ 3HAYEHb BiJ] 1HIIOTO KOHCTPYKTOPY YH 30B-
HIITHHOT'O BUKOHABIIS.

Ilop’si3ani poGoTu. JloChi/KEHHS TPYHTYEThCS Ha BUKOPUCTaHHI KOHCTPYKTHUBHO-
NOPOIYKLIHHOTO miaxony [8], 1o OyB BUKOPUCTAHUI Y PI3HUX JOCIIPKCHHS.

OcHOBHHIT MaTepial MOJIC/IIOBaHHs IPO30BOro (GpoHTy [4, 5] Oyi0 PO3MIAHYTO 5K MMOC-
JIOBHICTh KOHCTPYKTOPIB IS IpeACTaBIeHHs OnuckaBok [9] Ta ix arpubyTiB.

[Tpu mocmiKeHHI BUKOPUCTOBYEThCs reHeTnynuil anroputm [10, 11, 12, 13], mo mo-
3BOJISIE ITEPATUBHUM IIPOIIECOM BUKOHATH MOIIYK 3HaUY€Hb JJISl BIATBOPEHHS MpoIlecy, 3adik-
COBAHOT'O CYITyTHUKAMHU.

Mopnens Tpo30BOro (PpoOHTY CKIAAAETHCSA 3 CYKYMHICTI ()pakTalIbHUX YaCOBUX PAIIB,
MpaBWia SIKUX BU3HAYAIOTHCS TEHETUYHUM QITOPUTMOM 3 BHUKOPUCTAHHIM SIK Y
L-cucremax [14]

Mera gocaimkeHHsi. MeTOI0 TOCHIPKEHHS € po3po0Ka KOHCTPYKTUBHO-TPOAYKLIHHOT
MoJiesIi Tpo30BOro (GpoHTY (PPOHTY OIUCKABOK), MAKCHMAIBLHO HAOIMKEHOTO 10 OTPUMAHUX
cynytaukoM NASA Bineo-300paxenns [3]. Y nonepenniit po6oTi [4] BUKOHaHA PO3KaapOBKa
Bizeo 3i cymytHuka NASA ta MeToaoM migdopy 3HaiIeHa MOJIeb, OJM3bKa 10 OpUTiHATY. Y
11l poOOTI MocTaBiIeHa 3ajja4ya BIUIYKAaTH OLIBII TOYHY MOJEb 3 BUKOPUCTAHHSAM alTOPUT-
MY HaIpaBJICHOTO BHUITaJKOBOTO TONIYKY — T€HETUYHOTO allTOPUTMY.

Buxaanenns ocHoBHoro marepiasy. [lonepenus o6poOka Bijieo-300pakeHHs CKIIaja-
Jlacsi 3 MOro po3KaJpOBKH, BUSBIECHHI HA OKPEMUX KaJpax crajgaxiB OJIMCKaBOK, MOJICIIOBAHHI
criaiaxiB y BUIJISI KiJT, JiaMeTpH SIKKX TMPOMOPIiKHI X moTyxHocTsaM [4]. Ha 3BeneHOMYy 30-
OpakeHi 3 yCIX KaJpiB YITKO BIJCIIIKOBY€EThCS JBI KPUBI B3JIOBXK SIKUX B1JI0YBalOThCS Criajia-
xu 6nmckaBok. i KpuBi 3MOZIeNTbOBaH1 y BUTTISAL KpUBUX besbe.

TaxuMm yMHOM 711 BUPIIIEHHS MTOCTaBJICHO1 3a/1a4l TpeOa 3HAWTHU IIICTh YaCOBUX PSB!
JUIS BU3HAUEHHS TOYOK Cliajaxy B3JOBXK Ta BiJ KpuBOi be3be i cunu cnanaxy A KOXHOI 3
JIBOX KPUBUX.

Mogeni yacoBUX pAIiB UIYKAIOTHCS Yy BUTIISAL PpakTanbHUX L-cucTeM: mpaBui mijacTa-
HOBKH Ta MMOYAaTKOBOTO CHMBOJIBHOTO PSAKY, MATEMAaTHYHOTO OYiKYBAaHHS Ta JUCIEPCii 3MiHU
3HA4YEeHHs HACTYMHOI TOYKU psiAy A0 morepeaHboi. Ilomyk BUKOHY€EThCS T€HETHUYHUM alro-
puTMOM. CXOXICTh Psily IO PEaIbHOI0 BU3HAYAETHCS 33 CEPEIHbOKBAAPATUYHUM BiJIXUJICH-
HSIM 3HAYCHb.

Jlnst peamizarii moctaBieHoi 3aa4di Oyina po3poOeHa HOBA BEPCisi MPOTrpaMHOTO Cepe-
nosutia «Konctpykrop 2.0». V Hiit Oyna po3pobiieHa HU3Ka KOHCTPYKTOPIB.

OCHOBHOI KOHCTPYIOBAHHS € y3arajJbHEeHUI KOHCTpyKTOp [1, 2]:

C=(M,Z,A),
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ne M — HeomHOpPIAHUI PO3NIMPIOBAHUI HOCIH, X — CHIHATYpa BiHOIICHD Ta MOB'SI3aHUX 3
HUMHU omepaniii, A — iHdopmariiine 3abe3medeHHss KOHCTPYIOBAHHS: PU3HAYEHHS, YMOBU
MOYaTKy Ta 3aBEPILEHHS KOHCTPYIOBaHHS, IPAaBUJIA MiACTAHOBKH Ta OOMEKEHHS.
VY pesynbraTi crnenianizamii y3araabHEHOTO KOHCTPYKTOpa CIodaTky Oynu po3poliieHi
HACTYIHI KOHCTPYKTOPHU:
- TapaMeTpUYHUI KOHCTPYKTOp «I €HETWYHHMH TMOUIyK» MpH3HAuYeHUH i (hopmy-
BaHHS YEProBOI0 IOKOJIIHHS XPOMOCOM Ta BU3HAuUeHHs iX sikocti. [lapamerpamu 1poro
KOHCTPYKTOPY € YaCOBHH PsiJ] PEaIbHOTO I'PO30BOTO (DPOHTY, KMl MOJACIIOETHCS, Ta Mapa-
METpPU TEHETUYHOrO TIOIIYKY — TpaHW4YHA KUIBKICTh IOKOJIiHb, KOe(IIlieHT MyTallii Ta
CXpellyBaHb Ta JOIYCTUMa Mexa (yHKIIIT gormacoBaHocTi (diTHec QyHKIIIT);
- QITOPUTMIYHUN KOHCTPYKTOP «['€HETHUYHI aJIrOPUTMMU», IPU3HAUCHHIA JIJIsl IHTEPII-
peraitii onepaiiii 3 KOHCTPYKTOpY «I CHETUYHUHN TIOITYK».
Crnenianizaiis KOHCTPYKTOpY (y aHOMY BHUIIQJKy KOHCTPYKTOPY «I'eHeTHuHuil mo-
IIYK») BUBHAYAETHCS SIK:

C=(M,Z,A) ¢ (C(rts, Its) = (M, %, A ),
ne M — Brirouae y cobi MHOXHHY TepMiHaiiB, HeTepMiHaliB, mpoMixkHi Gopmu, Ta

iHpopMariitHe 3a0e3neUeHHs AS — JIOJIATKOBO 10 A MIiCTUTh MHOKHHY 3MIHHMX ¥ Orepartiii

Ta ix ommc. [lapameTpu KOHCTpYKTOpPY: IS — peanbHMiA YacOBUU Ps, IS SKOTO HIYKAETHCS
MOJIENIb, MAKCUMAIIBHO HabmmkeHa 10 Hporo, ItS — kinbkicTs eneMenTiB psny Its.

BuszHaunMo npeaMeTHy 00acTh KOHCTPYKTOPY K (POPMYBAHHS XPOMOCOM, MOCHTITIOB-
HICTh iX MOKOJIHb 3 3aCTOCYBaHHS CXpElLlyBaHb W MyTalliii, Ta BU3HAUYEHHSAM SKOCTI XpPOMO-
coM (3a (pyHKIIi€r0 1OTTaCOBAHOCT1).

MHuoxuHa 3MiHHEX 3rigHO Aj !
- acsioma — moyaTKOBHIA CHUMBOJIBHUMN PAIOK;
- chromosome _list — ciucok XxpoMocoM IIOTOYHOTO MOKOJIIHHS;

- iter — kxinpKicTb IOKOJIHB;

- chromosome _count — kinbKicTh XpOMOCOM B MOKOJTiHHI;
- efficiency _coef — monycruma mexa dyHKii qonacoBaHocTi;
- mutation_prob — xinbkicTs onepaiii Myrarii;
- Crossover _prob - xinbkicTs onepariii cxpenryBanHs;
- best _chromosome - naiikpama xpomocoma;
- compare _data — ngani peanbHOro 4acoBOro sy [Jis BU3HAYEHHS MOPiBHAILHOI
SKOCT1 XPOMOCOM.
MHoxuHa onepatiii 3rigHo A, ne:
- <(list, count, signature, restrictions) — ¢opmyBaHHS MOKOIHHS XpOMOCOM,
ne list — cucox xpomocom, COUNt — KiNbKiCTH XpOMOCOM B TIOKOJIiHHI, Signature — mos-

HAueHHs IIyKaHUX TepMiHaiiB, FeStrictions — oOMmexeHHs, fKi CKIaJal0ThC 3 MiHIMaIbHHX
Ta MaKCUMaJbHHUX 3HaYeHb MAaTEMAaTUYHOTO OYIKYBaHHS Ta JAUCIEPCii 3MiHW 3HAYCHHS HACTY-
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MMHOT TOYKHU PSATY 1O MOMEPEAHBOI, KUTBKOCTI CHMBOJIB Ta MHOXHHH MOXIIMBHX CHMBOJIIB
(dhopMyBaHHS MOYaTKOBOTO CHMBOJBHOTO PSKA Ta MpaBUia MMiJCTAHOBKH, MIHIMAJIBHOTO Ta
MaKCHMaJbHOTO 3HAUYEHHS KUTBKOCTI iTepartii;

- =<(list, list, count) — myranii xpomocom, 1e COUNt — KinbKiCTL Omepaniii;

- >(list, list, count) — cxpemyBanns xpomocom;

- > (list, list, data, coef ) — onepauis BusHauenna monacosanocti (diTHec QyHK-

uii), ne data — peanpniii yacosuii psn s nopieusaaag, COef — momycTuma mexa QyHkuii
JIOTIACOBAHOCTI;
- *(chromosome, list) — BusHauenns HaliskicHimoi  Xxpomocomu, Je
chromosome — pusnagyena xpomocoma.

Jst inTepnpeTarii, po3po0JIeHO aNrOpUTMIYHIA KOHCTPYKTOP «I €HETHYHI alrOpuTMH»
3 BU3HAYCHUMH IITOPUTMaMH [Tt (GOpMYBaHHS XpOMOCOM — MyTallisi, CXpeuryBaHHs, (iTHec-

byHKITIS.
Y . . . . .
ANTOpPUTMH HaJl JaHUMH BH3HAYAIOTHCS K A e X —BXinnui naui, Y — BuXinHi 1a-
Hi.

BusHaunnym anropuTMu BUKOHAHHS OTI€PALIii:

list : .
- Al list,count,signature,restrictions - Q)OpMYBaHHﬂ XpOMOCOM B TIOKOJIIHHS,
- A — BUKOHAHHS OTlEPAllil CXPENTYBAHHS,
2 llist,count pan pemty ’
- A — BUKOHAHHS OTepallii MyTarii;
3 llist,count pan yTamnii,
list : .
- A, list data,cosf — BUSHAUEHHS JOMACOBAHOCT] XPOMOCOM;

A chromosome

I — BU3HAYCHHS HAWSAKICHIIIIOT XpOMOCOMU;

AO Ii . .
- Ay |, , — nixcranoska;
jivh'q

- AN

v YaCTKOBHUH BUBII;
]

— MOBHHUH BUBII.

-Ag'

|i
I
Ha moBi nporpamyBanus Python peanizoBaHi 11i aJrOpuT™MH.
InTepnperarniis KOHCTpYKTOpPY «I €HETMUHUN MOLIYK» 3a aJTOPUTMIYHUM KOHCTPYKTO-
poM «I'eHeTH4HI aJrOpUTMU» BU3HAYAETHCS 5K

(Cy(rts, Its) =(Mg, %, A ),C, =(M,,Z,,A, )} > C(1ts, Its) = (Mg, 2, Ay, Z),

SR i

ne C, — anropurmivsnii koucrpykrop, M, — HeoxHopinHuUiT po3mmproBanuii HOCIH anropu-
TMIYHOTO KOHCTPYKTOpY, X, — Habip omepauiii HaJ cuMBoIaMu, Ta iHopMauniiiHe 3abe3me-
YECHHS aITOPUTMIYHOTO KOHCTPYKTOpY, A, — iH(opMauiiiHe 3a0e3neueHHs] KOHCTPYIOBAHHS
aITOPUTMIYHOTO KOHCTPYKTOPY, X, ILIO BKIIOYAE y cO0i CHTHATYpY OIepalii MiIcTaHOBKH,
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YaCTKOBOI'O Ta IMMOBHOT'O BUBOJY, Ta iH(popMaliifHe 3a0e3neueHHS ASI , 1[0 BKJIFOYA€ MHOKH-

HY OIepaliiii Ta arOpuTMiB.
[MoenHamu anropuT™Mu 3a omnepaiisMu (KOKEH aJrOpPUTMHU € aTpuOyTOM [esiKOi orie-

ey list list list

paun). {Al |I:zt,count,signature,restrictions '_] <]} ! {AZ |I::t,count 'J -<} ! {A3 I::t,count 'J >-} !
. I I

A e 22y AR AL, S AV, JBY
I

W, A=t

[Tpu inTepmperanii KOHCTPYKTOpH «I eHeTHUHUH momryk» Ta «['€HeTHYHi anropuT™Mm»
MOEAHYIOTHCS, Ta MICIs BU3HAUCHHS NEPETBOPEHb (POPMYETHCSI KOHCTPYKTHBHA CUCTEMA, IO
3laTHa BUKOHYBATH IOIIYK 3Hau€Hb Ha OCHOBI peajbHHUX JNaHUX. HasBHICTH mapamerpiB
KOHCTPYKTOPY «l €HEeTHYHHIA MOIIYK» Jaj0 MOKJIHMBICTh 3aCTOCYBAaTH LEH KOHCTPYKTOP LIS
BiJTHOBJICHHS IIICCTH YaCOBUX PSJIIB HE 3MIHIOIOYHM BCI CKIIA/I0BI KOHCTPYKTOPY.

KoHcTpyroBaHHSI BUKOHYETHCSI BHYTPILIHIM Ta 30BHIIIHIM BHKOHABIEM/BHKOHABIISIMHU.
BHyTpimHIM BUKOHABIEM Yy AHOMY JIOCIIKCHHI BHCTYIIA€ PO3POOJICHHI MPOrpaMHUI 3a-
ctocyHoK «KoHCcTpykTOp 2.0%.

30BHIIIHIM BUKOHABIIEM BHUCTYIIA€ KOPUCTYBad, 110 (popmye 6a30BI KOMIOHEHTH KOHC-
TpyKkTOpa. [HTepdeilicoM 30BHIIIHBOIO BUKOHABL BUCTYMA€ iHTep(eiic MporpaMHOro 3acTo-
CYHKY, KM Ma€ y coO1 (popMU JUIsl BUSHAYEHHS YTOUHIOIOYHMX IIEPETBOPEHb.

Konkperu3ariss KOHCTPYKTOPY BU3HAYAETHCS K

Cy (rts, Its) = (M, 2, A ) (= (Cy (rts, Its) = (Mg, g, Agye )

Sl s1? SIK? =SIK?

ne Mg, — posumpsiemuii HOCI# 10 MiCTHTB BU3HAYeHHI Habip TEPMiHATBHUX Ta HETEPMiHa-
JIBHHUX CHMBOJIB, X, — MHOXHHa omepatiii opmyBanus psiaka, Ay, — iHdopmariiitne 3a-

Oe3MneveHHs MPoLecy KOHCTPYIOBAHHS.
[Tpu xoHKpeTHu3allii BU3HAYUMO MMOYATKOBI 3HAUEHHS JAHUX, SIK TOYATKOBA CHUMBOJbHA
MOCIIJOBHICTb, Ta 33JaMO TIPaBUJIA MiCTaHOBKHU.

Hociit M, Bkmouae Hetepminanshuii cumBon B ta Tepminansuuii cumson list .
Curnarypa onepaniit X, =X .
MHOXH1HA IPaBUJI MiICTAHOBKY BU3HAYAETHCS 5K
v=(s.g)e?,
Jie S — BIJIHOILIEHHS MiJCTaHOBKH, { — Hallp omnepauiid HaJ aTpuOyTaMu.
Bu3sHavaeThcs IpU KOHKpeTu3auil A, HacTymHe:

- MeTa KOHCTPYIOBaHHsS — 3HaXODKEHHsT XPOMOCOMH, Y SIKill 3aKOJ0BAaHO HaWKpa-
WA MOJIETTBHUH PS;

- 0OMeXeHHs — MaKcUMaJlbHa KibKiCTh iTepaiit (mokomine) iter =1000;

- II0YaTKOBI yMOBM — IIOYaTKoOBa akcioma acsioma="B", mnabip xpomocom
chromosome _list ne micTuts XpomMocom;

- TpaBWiIa MiJCTAaHOBKH:
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< (list, count, signature, restrictins),
yw, =(s,=(B—listB),g, =( <(list, count), - (list, count),
> (list, data, coef)

A =<32 =(B—>e¢),0, :<*(chromosome,list)>>

- yMOBa 3aBEpILIEHHS — BUKOHAHHS KiBKOCTI iTepanii iter .
[Ticns BU3HAYCHHS Crieriamizalii, iHTepnpeTalii Ta KOHKpeTu3allii, KOHCTPYKTHBHA CH-

crema C,, (rts, ItS) rorosa qus peanizarii.

SIK
Peaﬂiaaui;l KOHCTPYKTOPY BU3HAYAETHCS K

Couc (rts, Its) = (Mg, T Ag, ) o> Q(C(rts, Its)),

SIK?=SIK?
ne Q(Cg, (rts, Its)) — xoncrpykuis nopomxysana konctpykropom Cg, (Its, Its) y rapomy

BUIAJKY PE3yIbTYIOUOI0 KOHCTPYKIIIEIO € HAIIIMIIA 3Hal/IeHa XpOMOcoMa, y sIKii 3aK0J0Ba-
HO iH(OpMaIlis A7 BIATBOPEHHS YacOBOTO PsAy, HAOMMKEHOro J0 PeaabHOro 3a/1aHoro Ma-
pameTpamu.

Jlis interpauii pesynbraTis konctpykrusHoi cucremu Cg,, (Its, Its) it dopmysanus ta

BiJOOpa)XCHHs ECTH MOJEIBHUX YaCOBHX PsJIiB, pO3pO0ICHI HACTYITHI aBTOHOMHI KOHCTPY-
KTOpHU:
- pO3paxyHKy TOYOK Ha OCHOBI XpoMocoM «I'po30Buit GppoHT»;
- BijoOpakeHHs OJMCKaBOK Yy BUIIISAAL Ipo30oBoro (gppoHTy «I'padiuHe BigoOpakeH-
HS.
L{i KOHCTPYKTOPH 1HTEPIPETYIOTHCS BIAMOBITHUMH AITOPUTMIYHUMH KOHCTPYKTOPaAMHU:
- PpO3paxyHKy TOYOK «YHacoBuu psa»;
- (opmyBaHHs rpadiyHoro BigoopaxeHHs «I'padiuHi arOpUTMI».
Bci po3po0ieHi KOHCTPYKTOpH 00’ €HaH1 B MYJIbTUKOHCTPYKTOp1 «MoeatoBaHHs Tpo-
30BOr0 (DPOHTY», SIK HABE/IEHO Ha puc. 1.
3B'S130K MK KOHCTPYKTOpaMH y CKJIaJi MYJbTHKOHCTPYKTOpa Moxke OyTH 3abe3mede-
HUI TpbOMa MEXaHI3MaMHU:
- Tiepeaada JaHWX 4yepe3 mapaMeTpH BiJ 30BHINTHROTO BHKOHABIM abo 3aco0aMu My-
JHTHKOHCTPYKTOPA;
- HAasBHICTh B OJTHOMY KOHCTPYKTOPi Cepel MOYaTKOBHX YMOB KOHCTPYIOBAaHHS pe-
3yJIbTaTy peanizalii 1HII0ro KOHCTPYKTOpa;
- HasABHICTh y BIJANOBIIHOMY aJTOPUTMIYHOMY KOHCTPYKTODP1 JIFOPUTMY, SIKUH BHU-
KOHY€ pealizalliio 1HIIOro KOHCTPYKTOPY (HE TOro 3 SIKUM BiH MO€IHAHUI B KOHCTPYKTHUBHY
CHUCTEMY).
VY naHoMy BUIAAKY, 3B'A30K MK KOHCTpyKTOpaMu «l'eHeTHuyHMi mouryk» Ta «['po3o-
BUit GpoHT» I «I'po30oBHii ppoHT» Ta «I'padiuHe BinoOpaskeHHs» BUKOHAHUH Uepes rnepegady
KOHCTPYKIIIN B SKOCTI moyaTkoBUX yMOB. [lepenaua 3abe3neuyeTbes 3aco0amMu MyJIbTHKOHC-

TPYKTODA.
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[ocnimoBHICTh BUKOHAHHS KOHCTPYKTOPIB Ta Mepeaaya JaHUX KOHCTPYIOBaHHS BHKO-
HYETHCS Y MYJBTHKOHCTPYKTOP1 «MOJIENIOBaHHS TPO30BOT0 (DPOHTY» MPEACTABICHO CXEMOIO
KOHCTPYKTOpIB (puc.l).

MysTHKOHCTPYKTOp MoOzie/ioBasH s rpo30BOro (ppoHTy

M ABTOHOMHHMIt

SRS SSSEpEsSSSSsEEs C---=----»  [lapamerpuannii —
: BijcTaHi B3710BX 1-0i KpuBOi] Tesermmit nomyx

AnropuT™MiuHHH
Yacosuii psn

[iapascTpus ABTOHOMHHIH

ST e S e » [Ilapaverpuunmii — :

BizicTaus Bix 1-0i KpHBOi) Texerummii 10 \ 4
ABTOHOMHHIA [ITouarkoBi yMOBH:
[ITapamerpu: I'po3oBuii ppoHT ICTH XPOMOCOM]
: & s ABTOHOMHHIA
i poamend wacommiipon | gl | :
! TOTYXHICTh OIHCKaBKH %
: .. s IeneTnunmii nonryk
1-o0i kpuBoi]
AnropuT™mivnHMi# :
I'eneTn4Hi arOpUTMH § [TTapamerpn: ABTOHOMHHMI
g b L U N—
| BIZCTaHb BIZIOBK 2-0i kpuBOi] Tenersmuii momyx AR TR ORIt et }
| I'padiune : yMoRE:
o BinoSpaxenns IICTh YaCOBHX PsiB]
apameTpH: 2
[ageaserp ABTOHOMHHIA A

feemboeacoeiceetecaaobot Seesy » [Ilapamerpuunmii —
R R 2 Rpusol] l"eHe':'u-i:Ei NOMmyK

[zpaserpe: ABTOHOMHHM#t

b e e » Ilapamerpuunmuii
NOTYXHICTh G/IHCKaBKH T —
2-0i kpuBOi] |

ANTOPHTMIYHHI
I'padiuni anropurmu

Pucynoxk 1 - Cxema KOHCTPYKTOpIB

CriouaTKy 3HaXOJAATHCS MOJIENI IIECTH YacCOBMX PsiIiB, 3aKOJIOBAHUX Yy BIATOBIIHHUX
XpOMOCOMaX, 3ac00aMH KOHCTPYKTOPY «I €HEeTHUHUI MOIIYK».

Koncrpyxkmii Q(C(rts, Its)) € pesynsratom koHcTpyroBaHHsS KOHCTpYKTOpY «I'€HETH-

YHUN TOUIYK» Ta MOYaTKOBOIO YMOBOIO KOHCTPYKTOPY «I po30BHii (hpOHTY.

Konctpykrop «I'po30BHil (pOHT» BUKOPUCTOBYE ILIICTh BIAMOBIAHUX XPOMOCOM JUIS
re’epanii (paKkTaibHUX 4aCOBUX PAAIB Ta BIANOBIIHUX TOYOK, 1110 BIJANOBIIal0Th rpadiuHOMY
B1J100paKeHHIO (POHTY.

Koncrpykropom «I'padiune BigoOpaxkeHHS» (HOpMYeThCsl 300paskeHHS OJIMCKABOK Y
BUTJISII KUT Y BU3HAYCHUX YaCOBUMH PsIIaMH TOUKaX Ta JllaMeTpaMu KiJl, IO BigoOpakae mo-
TY)KHICTI cHlajiaxy.

Opna 3 peanizaiiii MyJIbTHKOHCTPYKTOPY «MoJentoBaHHS TPO30BOTO (DPOHTY» MOl
rpo30BOTO (POHTY MpHBEIeHA Ha puc. 2 (0e3 aHiMaIlil, K 3BeleHe 300pakeHHs 3 yCiX KaJ-
piB).

OtpumManuii pe3ynpTar (puc.2, C) OyB MOPIBHSHHUN 3i 3rPYNOBaHHUMHU OJMCKABKAMHU
(puc.2, b), oTpuMaHUMHU TICIIS TOKAAPOBOi 00POOKM OpUTiHAIBLHOTO Bineodaiiny (puc.2, a).
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Pucynok 2 - Mogeins rpo30Boro GppoHTy

Pe3ynpraTom mouryky 3HaueHb KOHCTPYKTOPY OTPHMAaHO XPOMOCOMHM 3a3HA4eHOI CTPy-
KTYpH, IO MPEICTABIISIOTH COOOI0 OCHOBHI XapaKTEPUCTUKHA KOHCTPYIOBAaHHS OJIMCKABOK, SIK
HAIPUKIIA]] 3HAYEHHs JUIs TIOTY)KHOCTI OnuckaBok, sk acsioma=f, rules={f ->—f +f}
(npaBuio 11 GopMyBaHHS (PPaKTaILHOrO 4acoBoro psmy), iter=8, mat_oz y=1,
disp_y =3, mat_oz _y_update =23.

[TopiBHSIHHS peanbHOTo Ta MOJEIBHOIO psAAIB HaBeneHo Ha puc. 3. [lo3uTuBHI Ta Hera-
TUBHI 3HaYE€HHS MOTYKHOCTI CIIYTYIOTh JJIsl BIJOOpaKeHHs OJIMCKABOK 3 OJIHIET UM 1HIIOI CTO-
poHu KpuBoi besbe.

BucHoBku. 3acTocyBaHHS 3allpONOHOBAHUX MOJEJIEH TPO30BOTO (HPOHTY MOXKe OyTH
OCHOBOIO IS JOCIIIDKEHD 31 3a0e3ledYeHHs OKEXKHOI Oe3lekn, Oe3IeK NUBUIBHUX Ta Biii-
CHKOBHX 00’ €KTiB i MTAPKOBHX Ta JIICOBUX MAaCHBIB.

Po3pobinieHi KOHCTPYKTOPH y CKIai MYJIBTUKOHCTPYKTOpA JIO3BOJISIIOTH JIOCTaTHBO pe-
QTICTUYHO MOJICIOBATH ()POHT IPO30BOi AKTHBHOCTI.

~ PeanpHuii YacoBUH psi ~—  MopnensHui 4acoBUH psi

30

7

w

-7,5

Wi '$ \.W‘“ ‘ ”l/’l \”“”]

-22,5

-30

Pucynok 3 - PeanpHuil Ta MOICIBHUH PSJT IOTY)KHOCTI OJTMCKABKH
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Oco061MBOCTI KOHCTPYIOBAHHS MOJIATAIOTH B 3aCTOCYBAaHHI MYJIBTHKOHCTPYKTOPY, IO €
00OJIOHKOIO /ISl IHIIMX KOHCTPYKTOPIB, Ta MAapaMETPUIHOTO KOHCTPYKTOPY, IO HAJA€ MOXK-
JUBICTH 0araropa3oBOro 3aCTOCYBaHHS OJHOTO KOHCTPYKTOPY 3 PI3HUMHU IMOYATKOBHMH Ja-
HUMH ((OpMaATEHIMH NTApaMETPaMH) B OJTHOMY MPOEKTI.

MopnentoBanHs (paKTATLHUX YaCOBUX PSIIB, SIKi BU3HAYAIOTH CHAJIaXHW OJIMCKABOK, BU-
KOHAHO 3 BUKOPUCTAHHAM I'CHCTUYHOI'O AJITOPUTMY. OCO6HI/IBiCTB SIKOr'0 1oJsira€ 'y KogyBaH-
Hi XPOMOCOM 3 TCKCTOBOIO Ta YHUCJIIOBOIO YaCTUHAMMU.

Peanizamist KOHCTPYKTOpY BUKOHAHA B YIOCKOHAJIEHOMY YHIBEPCAJIHHOMY CEpEIOBHIII
KoHcTpytoBaHHs «KoHcTpykTop 2.0».
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Constructive-synthesizing modeling of a thunderstorm front
using a genetic algorithm

The aim of the study is to develop constructive-synthesizing model of a thunderstorm
front (lightning front) that is as close as possible to the video images obtained by the NASA
satellite. In the previous work, a storyboard of video from the NASA satellite was made and a
model close to the original was found by the method of fitting. In this paper, the task is to find
a more accurate model using a directed random search algorithm — a genetic algorithm.

The developed constructors as part of the multiconstructor allow for a fairly realistic
modeling of the storm front. The parametric constructor «Genetic Search» searches for time
series models in the form of encoded chromosomes. The autonomous constructor « Thunder-
storm Front» transforms chromosomes into time series. The constructor « Graphical Display»
displays the lightning activity front.

The design features include the use of a multiconstructor, which is a shell for other con-
structors, and a parametric constructor, which allows the multiple use of one constructor with
different initial data (formal parameters) in one project.

The connection between the constructors within the multiconstructor is provided by the
following mechanisms: data transfer through parameters from an external contractor or by
means of the multiconstructor; the presence in one constructor of the result of the implemen-
tation of another constructor among the initial constructor conditions.

Algorithmic constructors were used for the interpretation of the operations of the con-
structors: each constructor operation was matched with an algorithmic constructor algo-
rithm.

Modeling of the time series that determine lightning flashes was performed using a ge-
netic algorithm. The peculiarity of this algorithm is the encoding of chromosomes with text
and numerical parts.

The constructor was implemented in the advanced universal design environment ‘Con-
structor 2.0".
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The use of the proposed storm front models can be the basis for research on fire safety,
security of civilian and military facilities, park and forest areas.
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O.IL. Isanos, A.L. I'yna, O.1. Ca6umin, B.1. [lluakapenko
KOHCTPYKTUBHO-ITIPOJAYKIUIMHE MOJAEJIOBAHHS PO3MOALIY
EHEPI'II PEKYHEPAIIII HA OCHOBI HEUYITKOI JIOT'IKHA

Anomayin. Pauiw po3pobiena KOHCMPYKMUBHO-NPOOVKYIIHA MOOeNb OLIAHKU eleKmpPOono-
CMAayauHs msaeu noCmitiHo2o cmpymy ma ii. 30azauenHs iHgopmayicto 3navenb ampudymuxu
cK1aodosux enemenmis. Y yitl pobomi 3acobamu KOHCMPYKMUBHO-NPOOVKYIUHO2O0 MOOENI0BAH-
HS ma HewyimKoi JI02IKU HA OCHO8I eKCNEPpMHUX OAHUX (QOopMyEmvbCs cucmema KepyeaHHs
po3nodinom enepeii pekynepayii. Pospobnena koHcmpykmueno-npooykyitina mooeib 00360-
ns€ hopmysamu mexcmosuil gaiin y popmami fil, sxuii € exionum y cucmemi fuzzyTech. Cu-
cmema fuzzyTech oae mooicnugicms 3acobamu HewimKo20 U800y, 8PAXOBYIOHU CMAH €leK-
MpooONAOHAHHS OLIAHKU eleKMPONnoCmadyanis ma noi3oHoi cumyayii, eusHayumu payio-
HAIbHULL pO3N00LN eHepaii peKynepayii Kepyiouu CImaHoM nepemukaydie Ha niOCMAaHyiax Hue-
JIeHHsi nocmitino2o cmpymy. Llei nioxio npooemoncmpogarHo Ha npuxiadi copmosanoi
cxemu IHIUHOL OLIAAHKA eNeKmpPOnOCMa4ants 3 mpboma RiOCMAHYIAMU ma 080Mda NOMSAMU.
Knouosi cnosa: koHcmpykKmueHo-npoOyKyiliHe MOOeNt08anHs, msea NOCMIUHO20 CMpPYyMY,
dopmanvui epamamuxu, KOHCMPYKMOp, HedimKa Jo2iKa, npocpamue 3abesneyents, iH@op-

Mayiini mexnonoeii.

Beryn. [lana po6ota € nponoxeHHsM poOit [1, 2] 1 HanpaBieHa Ha eeKTHBHE BUKO-
pHUCTaHHS eHeprii peKkymneparii eIeKTpOTPaHCIIOPTY B CUCTEMI €IEKTPUUHOI TATH MOCTIHHOTO
CTPYMY, L0 JO3BOJISIE 3MEHIINTH CHOXKUBAHHS €HEprii Ha MepeBe3eHHs 3a PI3HUMH OLlIHKaMU
Ha 10...40 % [3].

Jns peanizanii KepyBaHHSI €HEPTi€l0 peKynepallii i3 3aCTOCYBaHHSM HEYITKOI JIOTIKH
Bukopucrano mozeni fuzzyTech [4].

Po3srnsaaroun mopanbili KPOKM B po3poOIll CHCTEMH KEepyBaHHS PO3IMOJIIOM €Heprii
pekymeparii, BapTo 3a3HaYUTH, L0 HEUiTKa JIOTriKa € MEepCHeKTUBHUM IHCTPYMEHTOM IJis
dopmaizaiii 3HaHs ekcrepTiB [5]. CHCTEMH HEUITKOI JIOTIKH ONEPYIOTh HEYITKUMH MHOKH-
HaMHM Ta JIHTBICTUMHUMH 3MIHHUMH, 110 J03BOJIS€ ONMUCYBATH CKJIA/HI 3aJI€KHOCTI y BUIJISI
IHTYITUBHO 3po3yMinnx HewiTkux npasui tumy "SKILHO (ymosa) TO (xis)" [6]. YMoBu Ta nii
B TaKUX IpaBuUiIax (HOPMYIOTHCS 3 BUKOPUCTAHHSIM TE€PMiB JIIHIBICTUYHUX 3MIHHUX, TaKUX 5K
"Bucokuii", "cepenHiit" abo "HU3BKUI" I XapaKTEPUCTUKH 3HaYCHb IEBHUX aTpHOYTIB.

Jlns mpakTU4HOI peastizallii HeuiTKOI MOJeTl BUKOPHCTAHO MpOrpaMHe 3a0e3NeyeHHs
fuzzyTech. FuzzyTech € motyxHuUM cepeqoBUIEM sl pO3POOKH Ta CUMYIISIIT CHCTEM Ke-
pYBaHHS Ha OCHOBI HEYITKOI JIOTIKH, 10 Ha/1a€ MIMPOKI MOXKJIMBOCTI JJIs1 aBTOMAaTH3AaIlil Ipo-
IIECY CTBOPEHHS HEUITKUX KOHTPOJIEPIB.

IBanos © O.I1., I'yma A.I., Ca6min O.1., Illunkapenko B.1., 2025

200 ISSN 1562-9945 (Print)

ISSN 2707-7977 (Online)



«Cucremui Texnonorii» 4 (159) 2025 «System technologiesy

3 MeTol iHTerpauii pe3ysibTaTiB KOHCTPYKTHBHOTO MozeitoBaHHs 3 fuzzyTech, Oyno
po3po0IieHO MporpamMy Ha MOBI mporpaMmyBaHHs python, 110 aBTOMAaTH30BaHO HEPETBOPIOE
JIaHi PO aTpUOYTH €IEMEHTIB KOHCTPYKTHBHOI CXEMH Ta €KCIEePTHI OIIHKH Y popMaT Moeni
B TeKcTOBOMY (haiiny «.ftly, mo € Bxiguum amst nporpamu fuzzyTech.

IMow’s3ani poGoru. Y momepenHid crarti [1] mpeacraBieHa KOHCTPYKTHBHO-
NPOAYKIIiiiHa MOJIENb AUITHKU CHCTEMH €JIEKTPOIIOCTaYaHHs TATH IMOCTIHHOTO CTpyMYy.

Sk mpuknaza, chopMoBaHa cxeMa JBOKOIIHHOI AUISHKY 3 TPhOMA MiICTAHIISIMU Ta JBO-
Ma MOoTAramH sk Ha puc. 1.

epss, . epss,, epss,,
tf14 tfa3 tf3o
| | |

ESD ESD ESD
10 12&16 -’Szw 19 -\Zszs -’5227 28 -2&34 -’ste
.\ SW 7 ~ SWog ~ SW35
SWi4 SW20 SWag
Cl 39 cl 43 cl 49
)
I
v,w, 4 -, KOJ‘IiFl 1
cl 51 cl 55
cl 45 (") KOHTaKTHa Mepexa
konisa 2

Pucynoxk 1 — CTpykTypHa cxema JIISTHKH €JIeKTPOIIOCTaYaHHs

OpnHouacHO copMOBaHa CeHTeHIIHHa Gopma:
| =((esd,, -sw,, x(cr, :(sw, -aci))-tf , -epss,))-(cl, -tr, -cl,):(cl,)-
(((esd,q -sw,, x(cr,, : (SW, - -aci,,)) tf . -epss,,))x(cl, : (cl,, -tr,-cl,- (1)
((esd,, -sw,, x(cr,, : (sw -aci,;))-tf_, -epss,,)))).

ITo3nauku 10 puc. | ta cenreHuiiitoi Gpopmu | (tepminanu andasiry T, xoHCcTpyKTO-
py C,; [1]) 3 BiznoBixHOWO arpuOyTHKOIO:

—UESepSS — 30BHINIHSA CHCTEMa elleKTporocTradands 3 arpudyrom U es - DIBEHb
BX1JJHOI HAIIPYTH MEPBUHHOI MEPEXKI;

KU, ,Uomtf — NOHWXKYHOYMM TpaHchopmarop 3 arpubyramum 1) — K.K.JO., K —
koeimient tpancdopmariii, U

U,, — BXiIHa Ta BUXiJHa HalpyTa;

in?

=, u. u. CI' — BUIIPAMIIAY 3 BIANOBIIHUMHE aTpHOYyTaMHy;

1Y Yout
~ U U aci — iaBeprop;
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W W esd — makonuuyBau enektpoeHeprii 3 arpubyramu: W — nmotounuii piBeHb
AV W max

3apamy HakomudyBada, W ==~ — MakcMManbHa GHEpreTHM4YHa €MHiCTh, V — MIBHAKICTH

X

eHeprooOMiHy (3apsny/po3psany), 17 — KoedilieHT eQeKTUBHOCTI 30epiranHs eHeprii;

- p,L,x’,nCI - TArOBa Mepexa 3 arpubyramu: L — MOBKMHA OUISHKH, O — NUTOMUM

omip Mepexki, X - BEKTOpP pO3MIpHOCTI N , BH3HAYa€ IMOJOXKCHHS MEPEMHUYOK Ha Oararo-
KOJIIMHUX IUISHKAX;

= 'Ptl’ — €JIEKTPOPYXOMHMIA CKIIaJ 3 aTpuOyTaMH V — PEeXUM Pyxy, | — monoxenns
Ha MDKITACTAHIINAHIM 30HI, P — MOTY>KHICTh sIKa CIIOXKHUBAETHCSA 200 BUILISIETHCS;

~ U, U, U [N — PEryIATOp HANPYTM BUIPAMIIAYA, U — Bektop po3mipHOCTi N , KO-
»~in Hout 1

’KEH eJIEMEHT SIKOro U, — peryiaboBaHi piBHI BUXIIHOI HAalpyry;

~ pppt tpt SW — IIpeMHKad, PP — MOCTIHHE MOJIOXKCHHS NepemMuKada, Pt — tumyacose

HoJI0KEeHHs Ha Jac tpt .

Kpim 3a3Hauenux Buie aTpuOyTiB, BCl TEPMiHAIN MAlOTh iACHTU(DIKyIOUUNA aTpUOyT

Id , sxuii mo3HaYaeTHCS iHAEKCOM TepMmiHany abo HE TepMiHALY i J03BOJISE OJHO3HAYHO

BU3HAYUTH KOHKPETHE OOJIAHAHHS CHUCTEMH EJIEKTPONOCTadYaHHs, a TaKOX aTpuOyT MpUHa-

JICKHOCT1 KOHKPETHIN mifacTaHiii PS

BinHomenns 38's13yBanHs y ceHTeHIHiM Gopmi | 3amaroTe mociioBHe i mapanenbhe
3'e€/IHAHHS CIEMEHTIB €JIeKTPUYHOTO0 Kouia (Tabu. 1)

Taomums 1

BianoBigHICTh MO3HAYOK BiTHOLIEHb Ta CTPYKTYPHHUX CXEM

Bignomenns a-b a:b axb

CrpykTypHa a a-
a b # % *{
cxema b b

SIk po3BUTOK nociimkeHHs [1] po3po0ieHo KOHCTpYKTOp-30aradyBau [2], sikuil 103BO-

Jsie HAaCUTUTH 1H(opMallielo cPOopMOBaHY MOPOJKYIOUMM KOHCTPYKTOPOM MOJIENb AUISTHKU
€JIEKTPONOCTauYaHHs MOCTIHHOTO CTPYMY JUISl TOJABIIOrO aHali3y: iIMITyBaHHA iHQopmarii
IIPO CTaH EJIEeKTPOYCTATKyBaHHs Ta MOI3HOI CUTYaIlil 3 BiAMOBIIHUMH €KCIIEPTHUMH BHCHOB-
KaMHU I110J10 BUKOPHCTAHHsI €Heprii pexyrneparii.

1. ITocranoBka 3aaaui. /Iy moganbIoro po3BUTKy Mojeneit [1, 2] Maemo po3pobutu
TpaHC(HOPMYIOUHI KOHCTPYKTOpP, SKHHM TmepeTBopuTh Mojaens (1), y Mepexy 3 HEJiTKOIo
norikoro (fuzzy logic net, FLN) mist kepyBaHHs po3nojinoM eHeprii pekynepauii. [Ipu npomy
TpaHC(HOPMYIOUHI KOHCTPYKTOP BUKOPUCTOBYE iH(OpMAILiIO 100 MapaMeTpiB CTaHy eJeK-
TpooOagHaHHA 1 MOT3HOI CUTYallii (K, HapuKiIaa, y Tadm. 2 1 3 crarti [2]) Ta ekcnepTHy iH-
(dbopMarrito mo10 HEYITKUX TaHUX.
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2. KOHCTPYKTOp nmepeTBOPIOBAY CXeMH MOJei eJIEKTPONOCTAYaHHA, ATPUOYTHBHO
30aravenoi y moaeab FLN. Buznauumo cnenianizaniro KOHCTpYKTOpa nepeTBoproBaya:

C <M oA, >[1] ta Moaudikamii Horo C:25 <MZE : iZE : /~\ZE> : (2)

ZE ZE? ZE?

e A=A, UAUA, A =M, oT,UN,, = ={£0,0}==§, 2 %},
O={= =2+ x> 21, " 1) 0===F, vaoxkunu: = — BigHOWECHSD
(1 BIAMOBITHUX OTepalliii) 3B'13yBaHHs €JIEMEHTIB KOHCTPYKIi, @ — onepamii Haj aTpuoy-
tamu, ® - omepauiii BuBenenns, T,, N, — tepminanis Ta HerepmiHaiiB, /~\ZE — iHpopma-
niiiHe 3a0e3neveHns koucTpyoBanus (13K).

I3K A, MicTUTh BH3HAYCHHS, JIOIIOBHEHHS Ta OOMEKEHHS, SIKI YTOUYHIOIOTH andasir,

aTpuOyTH HOCIA, BIAHOLIEHHS IMiJICTAHOBKH, 3aJal0Th OCOOJMBOCTI BHUKOHAHHS OIepallii
[IiICTAHOBKY Ta BUBEICHHS.

IlpaBuna miICTaHOBKM CKIAJalOThCA 3 S, — HabOpy aJbTEPHATUBHHMX BiJHOLICHb
MiJCTAHOBKY SIKi HpU3HAaYeHi 1o posbopy centeHmiansrol Gopmu | (1) (S,,) Ta dop-
myBanHsg FLN (S ), a Takoxk 3 §, — HaOopy onepauiil HaJ aTpuOyTaMM SIKi BUKOHYIOTECS

110 oreparii iICTAHOBKH (9,,) Ta icist Hel (9,,):

. <sr =(s,,,5,,): 0, =<gr’1,gr2>>e‘lf .

BinHommen s mICTaHOBKK , —> Mae aTpuOyT AOCTYHHOCTI: sKio 77 =trU€ — BigHO-
IIEHHS JIOCTYIIHE /Il BAKOPUCTAHHS, B IHIIOMY BUIAJIKy — Hi.
TepminansuuM andasitom T, € mHOxuHa eneMeHtiB FLN Ta cucremm TsiroBoro

€HEepronocTayaHHs, CHOKMBAaHHS Ta MEPETBOPEHHS EJIEKTPOEHEprii B Mepeki MOCTIIHOro
CTPYMY 3aJT13HHIIb, TPAMBAHHX Ta TPOJEHOYCHUX JIHIN Ta METPOIOJIITEHIB 3 iX CYTTEBUMHU JIJIS
I[bOTO 3aBJIaHHS BIACTUBOCTAMU — aTpuOyTamu. Enementu OyzaemMo no3HayaTu MajJuMHU JIaTUH-

CbKMMH CHMBOJIAMHM, HANpHKIad, , & TepMmiHan a 3 arpubyrom X , X.Ja — arpuOyr
X TepMiHaly a .

Onepauii wax arpubyramu: .=(a,b) — npucBocHHs 3Havenns D 3minmiil a;
+(a,b,c) — npucsoenns cymu snauens b i C 3minmiii @ ; >(a,b,C) — npucsoenns a
3Hauenns true sxmo b >c i false B immomy Bumanky; =(a,b,c) — amanoriuro mome-
penHpOMy mepeBipka Ha piBHicTh; X(a,0) — mepersopenns 3 uncnosoro gopmary by Tek-
croBuit (mmdpamu) a; -(@,b,c) — xomkaremamis crpox; J(a,b,...), <>(a,b,...) —
BM3HAYEHHS HEYITKUX XapaKTEPUCTHK BXO/iB y O0okax FLN Ta mpaBuiI HEiTKOrO BUBEICHHS
BiJIMIOBI/THO.

Konkperusaniss KOHCTPYKTHBHO-NPOAYKIIAHOI CTPYKTYpH IOIATac y PO3LIMPEHHI

AKCIOMATHKHA MHOKHHOIO KOHKPCTHHUX IIPABUJI HpO,Z[yKI_[iI\/'I Ta BU3HAYCHI KOHKPCTHUX MHOKHH

TEpMiHAIB Ta HETEPMiHAIIB:
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Sper Ase )« HCZEK< o0 Zoes Ay ), @3)

ZE ' TZE? ZE?

Cpe (M
ne A=A, UA,.
I3K A, MICTUTb HACTYIIHI JOIIOBHEHHSL.
Herepminanpauii  angasir N 1 CKJIQA€TbCI 13  IOIIOMDKHUX  €JIEMEHTIB
={o, a, B, 5, A} . llouarkosi Herepminami — o s po3dopy ¢opmu | (1) Ta & —
st popmyBanHs FLN.
I3K A, MiCTHTb HAaCTYIHI IPaBHIIA MIPOMYKIIIH.

[lepuie mpaBuio MICTUTH BITHOLIEHHS, 10 HAJa€ MOXKIUBICTH EKCIEPTY OTPUMATH
eKkpaHHy (popMy 3 300paKEHHSIM CXEMH Ta MOKJIMBICTIO BBEJICHHS €KCIIEPTHUX JIaHUX:

v, = <sll (c—>a)s,=(6>2).9,,=¢0,,=(T(Sc),:=(i,1),:=(m ,1)}), (4)
ITpu po36opi popmu | apyre npaBmito npu3HAYEHO I IPOIYCKY 3’ €AHYIOUMX CUMBO-
JIiB:
321:<a—>(a| a-ala—>-a|l a-a,| a—->xa,l >

l//2 = ’ ) (5)
$,,=6,0,,=¢6,0,,=¢

IIpaBuna y, ...\, nmpu3HadeHi i 300py iHopMalii 010 CTaHy KOHKPETHOI'O EJIEKT-

PUYHOTO 00JIaJHAHHS 3aTi3HUYHOT TUISHKY Ta 1Mo13aH01 curyaitii (&® — no3HaueHHs Oyab SKOi
orepallii 38’13yBaHHs y CeHTeHIanbHil Gopmi | ):
s,, ={a—esd, ®a),s,, = </1—> Blﬂ>’ 9,, =&,
x(X,1),-(x,"esd ",x), -(id Jin B, ;,x,"eta"),
v, - (id <Jin2<JBl’i XLV ), (id <Jin3<JBl’i XL,'W), s
d,,=( «(iddin, B, x,"W max"),=(id AoutABli X ),
=(id ‘JBl,i’X)’$(inlB B

<_)(ru|eBl,i)’+(i’i’1) o

ne 1d — igentudikarop BiamosigHOrO €neMenty, abo ioro arpubyry, in,out — Bxomm i

Li? ing, 1|’|n 14)

BUXOAM BifanoBigHoro 610Ky FLN.

[Ticnsa BigmoBigHOT 1HTEpIIpETAllii, Y pe3yabTaTi peaiizaiii KOHCTpyKTopa Oyae cdop-
MOBAHO TEKCTOBHH (DAl JJIT HOT0 BUKOPHCTAHHS IMPOTPAMHHMM JOJATKOM HEYiTKOI JIOTIKH
fuzzyTech.

®parmenTu TekcToBOro (aimy cdopmoBaHi came 3a NpPaBHIOM V/, B1IOOpaxaroTh

HEYITKI XapaKTepPUCTUKH BX1JHUX 3MIHHUX (HaIlPUKIAN):

LVAR {
NAME = esdl0V;
LVRANGE = MIN(0.0), MAX(1.0);
TERM {
TERMNAME = terml;
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POINTS
TERM {
TERMNAME
POINTS
TERM {
TERMNAME
POINTS
TERM {
TERMNAME
POINTS
TERM {
TERMNAME termb;
POINTS (0.75, 0.0),
Ta MpaBUJIa HEYITKOTro BUBOY (HanpuKIiIa):
RULES { IF esdlOeta
AND esdl0V
AND esdlOwW
AND esdlOWmax
THEN esdl0
IF esdlOeta
AND esdl0V
AND esdlOw
AND esdlOWmax
THEN esdl0
IF esdlOeta
AND esdlOw
AND esdlOWmax
THEN esdl0

(0.0, 0.0), (0.0,
term?2;

(0.0,

0.0), (0.25,

term3;

(0.25, 0.0), (0.5,

termd;
(0.5,

0.0), (0.75,

(1.0,

term5

term?2

term?2

term?2

WITH 1.

medium

termd

term?2

term?2

term?2

medium WITH 1.

termd

term?2

term?2

low

1.0),

WITH 1.000; }

(0.25, 0.0); }

000;

000;

/* RULES */

[Ipu upomy y moneni fuzzyTech Oyne BimoOpaxxeHO OJOK MEpIIOro CIOK Ha KIITAT

pHc. 2 3 XapaKTepUCTUKaMHU HEUYITKUX BXOJIB SIK Ha puc. 3.

XY esdl0eta

DY esd1 0V esd10
esd]Deta

Yo't esd10W esd10V esd10f—
esd] v/

[-\*:F esdl Wmaﬂ}""—) esd]0w/max Min i ax

Pucynok 2 — biok niepmoro cinoro FLN

IlpaBuna y/, ...\, aHanoriyni ¥/, i3abe3nedyroTh GOpMyBaHHS OJIOKIB IEPIIOTO CIIOK

FLN Bignosigaux enementam €pss, tf ,cr, sw Ta aci .

ITepeBipka 3akiHueHHs po36opy cenTeHuianbHoi Gpopmu | mis Gopmysanus nepioro

cioro FLN, inimiamizalisi ocTaHHBOTO OJIOKY APYTOro CIO0 1 €UHOTO OJIOKY TPETHOTO CIIOH0:
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S, =<a ”1—>ﬂ>, S,, =(A—>B,, 4, A B, 1),
o= 9o, =(=(b,k,1),>(7,i,N), & (1,,7,,b)), (7)
9y, =C¢=(k,2),:=(1,1),:=(J,1),:=(m,1),:=(ps,1),:=(p.1):=(q.1))

ﬂ = = =
LA YR N XXWwW B %= T
Iﬂm teiml e bErmm.d termd e
1.0 .l._ E Fay A
t'_i': DS ‘ ‘... ._.\ ) i - Ilr_. '._\.
hetmd 06 N A
ket b ' b
04 S .\". y i G Y
¥ 0o U] H R4 .
li 03 05 07 1
& Uniits

Pucynok 3 — [pukian 3MiHHOI 3 T’ IThMa TepMaMHu

IlpaBuna v, ...y, npu3HadeHi a1 GopMyBaHHs OJIOKIB JPYroro i TPETbOIo CJIOHO
FLN 3 ypaxyBauusm enekrpoobiagnanss €sd , epss, tf ,cr Ta aci . Ilpaswio y,, npu-
3HaueHe Uil QOPMyBaHHS BXOJIB y OJOKaxX JPYroro Ciow , MOB’S3aHUX 3 HAKOMMIyBayaMu

(esd ) i popmyBanHs camoro 610Ky (pH HEOOXIAHOCTI), @ Y,, — JUIs NIEPEXOLy Ha HOBHIA

OJIOK:

</3 —esd, ,B> o2 </1 B, /1>

9101 :<:(772 ,pslesd,,ps), =(b,m,1), & (773,772,b)>,

Wi ={ G, = (X, 1),(id din B, ,"esd ",x), x(x, ps),(x,"ps ", x), (@
;= (id Jout B, ,x),:=(id 4B, ,x), :=(id Jin 1B, ,x),T (in. B2y,
(e By ), +(i,1,1), +(m,m 1))

111 <IB _)eSd ﬁ> 112: )
9., =(#(7,,psJesd,,ps)), 9,,, =¢=(m,1), +(ps,L,ps),)

IlpaBuna v, ...\, aHajoriyHi mpaBuiaam ¥, , ¥, . [IpaBuna qius nepemukadis gogat-

W, = 9)

KOBO ()OPMYIOTh BUXOAH OJIOKY TpeThOro cioro FLN:
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Spo=( B, W, B).s,,=(1, >B, ),
s =(=(7,, P Jsw P ), = (b, 1), & (7 7,0),
0, =X, 1),y ,"sw ", x), :=(id Jin B, ,"y),
V= -(v,"pt_"y),=(id Jout,.B,,,x),:=(p.1,p), .(10)
x(X,ps),(x,"ps ", x),:=(id Jout 1B, ;,x), :==(id B, ,x),
=(id JinJB,,,x ), T(,, B,;),
B,,), +(i,i,1), +(m,m,1),:=(id 1B

> ( "output "))

rule 2,j!

IIpaBuno ¥ ,, aHanoriyHe nmpaBuiy ¥/, .

[Toi3aHa cuTyallist BpaXOBYETHCSI Y OCTAHHBROMY OJIOIII IPYTOTO CIIOK0:
Soan :< ﬂ _>CI' 'IB>’8242 =&,0,=M1
9, = (x(x,1),(id din B, ,"cl ", x),

2,N?
l// = 1L 1) 1L mn ! (11)
*\ :=(id Jout 1B, ,"tr ),.=(|d B,y "tr"), T(,, B,)),

(_)(rule Bz,i )’ +(| !i !1)1 +(q 1q 11)>

IlpaBuno v ,. ananoriyne mpasuiy ¥,, and tr . Hacrtynue npaBuio npusHadeHo Uit

IPOIYCKY 3’ €IHYIOUUX CUMBOJIIB IpU (hOpMYBaHHi Ipyroro i Tpetboro cinoiB FLN:

<8261<ﬂ_)(,8| BB - L BB, f—xB,] > >
W = _ (12)
Sy2=61 U1 = 0y, =¢

I ocranHe mpaBwiio nmpu3HaueHe JUIsl (OpPMYBaHHS MPaBUIJI HEUITKOIO BUBOJY y OJoli
TPETHOTO CIIOKO:

S,y :<ﬂ 774_)8>’SZ7.2 =g,

Q1= <(774 N )> 9 2.2 <(_)(rule Bs,1)>
3. Moneab FLN. ®yuknionyBanus FLN 3a0e3neuyerhes 3acobamu fuzzyTech. Cxema

Vo = (13)

Ha puc. 4 MOKa3ye MOBHY CTPYKTYPY HEYITKOI CHUCTEMHM, BKJIIOYAIO4M BXI1JHI 1HTepdeiicH,
0JIOKM TpaBUJI, 1OJIaTKOBI MPOMIXKHI 3MIHHI Ta BUXiaHI iHTepdeiicu. JliHii 3'eHaHHS CUMBO-
Ti3y10Th MOTIK AaHuX. CTPyKTypa CHCTEMH BH3HA4Ya€ TMOTIK HEUITKOI JIOTIKH BiJl BXIJIHHX
3MIHHHX JI0 BUX1JIHUX yepe3 OaraTopiBHEBUI MeXaH13M BHCHOBKY.

Ha nepmomy etani ¢asudikaris y BXiTHUX 1HTepdeicax MepeTBOpPIOe aHAIOIOBI 1aHl y
HEYITKI 3HaueHHA. [loTiM Ii 3HAYEeHHS TEPEearoThCA 0 TMEPBUHHHUX OJIOKIB TIPaBWI, JI€
3MIMCHIOETHCS 0a30B1 HEUITKI BUCHOBKH BIJIMOBIIHO 70 JIIHTBICTUYHUX MPABWII MO KOKHOMY
MPUCTPOIO €NEKTPOOOIaTHAHHS.

Hactynuuit piBeHb BKJIIOYA€ MPOMIKHI OJIOKM MpaBWJI, SIKI OTPUMYIOTh BUXIJHI JIaH1 3
MEePBUHHUX OJIOKIB Ta OOPOOJISIOTH iX y CKJIAQJHIINII B3a€MO3JICKHI JIIHTBICTUYHI BHCHOBKH.
L{i mpoMi>kHI BUCHOBKH MOKYThb AISITH SK BHYTPIIIHI 3MiHHI, 1[0 BIUIMBAIOTh Ha OUIBII Je-
TaJIi30BaH1 OJIOKM MTpaBUJI HAa HACTYITHOMY PiBHI.
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Ha ¢inanpHOMYy eTami BUXi/JHI 3HaYEHHS 3 TPOMDKHUX OJIOKIB HAIXOAATh Y OCTaTOYHHUN
OJIOK MpaBuJI, Ie BOHU 00'€THYIOTHCS Ta CTPYKTYPYIOThCS Y 3aBEPIIEHUI HEUITKHI BUCHOBOK.
Jedaszudikaris nepeTBOPIOE OTpUMaHi JIHIBICTHYHI 3MiHHI y aHAJIOTOBI 3HA4YEHHS, SIKI MO-
KYTbh OyTH BUKOPUCTaHI JJIs1 KEPYBaHHS CUCTEMOIO PUHHATTSA PIllICHb.
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Pucynok 4 — Yactuna ctpyktypu OararopiBaeBoi mozemi FLN

Takum urHOM, GaraTopiBHEBa MOJEINb J03BOJISE€ CHCTEMI MPOBOANUTH CKJIAIHUNA aHai3
JTaHMX, BPaXOBYIOUM IOCTYIOBY JI€Talli3allil0 BUCHOBKY Yepe3 KiJbKa PiBHIB HEUITKUX Mpa-
BUJL.

[{um nokasaHo sIK y Teopii KOHCTPYKTUBHO-IIPOAYKLIHHOTO MOJIETIOBaHHS 3MiHA 1HTEp-
npeTarii KapJMHAIbHO 3MIHIOE (PYHKI[IOHATbHICTh CUCTEMH.

Hanani Moyt OyTH 3acTOCOBaHi MpOLEAYpH AaBTOMATUYHOTO HABYAHHS HEYITKOI
JIOTIKM 3a HAasBHOCTI EKCHEpUMEHTAIbHUX JaHUX, 30KpeMa BUKOPUCTAHHS aJalTHBHUX
HeuiTKuX HelpoHHUX Mepex (ANFIS) Ta reHeTHUHUX adrOpuUTMIB AJIs aBTOMATHYHOI I'eHe-
pauii ontumansHuX HewiTkux npaBwil. ANFIS anamizyioTe gaHi Ta camocTiiiHO OyayroTh
HEYITKi IIpaBuiia Ha iX ocHOBI [7].

BukopuctaHHs eKCIIepTHUX OIHOK JUIsl MOOYA0BH MOYATKOBOI HEUITKOI MOAETI € 0JI-
HUM 3 MIAXOIB JI0 pOo3pOOKH CHCTEM HEUITKOTO BHUBOAY, SIKHH MOXke OyTH B MOJANBIIOMY
BJJOCKOHAJICHHU 3a JIOMIOMOT0I0 METO/IB MAaIllIMHHOTO HaBuaHH:, TakuxX sk ANFIS, ski BuKo-
PHUCTOBYIOTH €KCIIEPTHI JaHi SIK MOYAaTKOBI 3HAHHS /7151 HABYaHHS.
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5. O6roBopenns pe3yiabTaTiB. Pe3ynbTatoM po0OTH € CTBOpEHA HEYiTKa MOJENb Ke-
pYBaHHS PO3IOIIOM eHeprii pekynepauii y ¢popmari daiiny «.ftl», npuaarHoro nist BUKopu-
CTaHHs B mporpamHomy 3abesmneucHHi fuzzyTech. Ils mozaens 3acHOBaHAa Ha EKCIEPTHHUX
3HAHHSX, MPEJICTABICHUX Y BUIIIAI TaOJIUI 1 CTPYKTYpHOI CXEMH, BOHA OIUCYE 3aJIeKHOCTI
MiX CTaHOM OOJIATHAHHS Ta IMOI3HOK0 CHTYAIIEI0 Ta KEPYIOUYUMH TisIMH IIOJI0 PO3MOILTY
eHeprii pexynepartii.

Jiis eeKTUBHOTO HABYAHHS HEUITKUX MOJEJIEH, 0COOIMBO 3 BHKOPHCTAHHIM TaKHUX
metoniB, sk ANFIS, uum Oinbiuunii Ta pisHOMaHITHIIINN Ha0lp JaHUX, IO OXOIUIIOE Pi3Hi CTa-
HU CHCTEMHM Ta €KCIIEPTHI PillIEHHS, THM Kpamiol Oyne sSKiCTh HaBueHOi Mojeni. ExcriepTHi
3HAHHS, HaBITh Yy BIJHOCHO HEBEIMKOMY 00CS31, MOXYTb CIYXHTH LIHHOIO OCHOBOIO ISt
iHiIiami3amnii HediTKOT MOJIeN Ta MOAAJBIIOTO ii BJOCKOHAJICHHS.

BucHoBKkH. PamioHansHe BUKOPUCTaHHS €HEPrii pekyreparii Ha mijcTaBi BAKOPUCTaH-
HSI MOZIETIEH HA CyYacHHUX MPUHIIUITAX JO3BOJISIE 3HAYHO 3a011a/DKYBAaTH EHEPrOpPECYpCH.

Lls crarTs nEeMOHCTpyE SIK EKCHEepPTHI 3HaHHS, MPEACTaBICHI y TaOIuW4Hii ¢opmi,
TpaHC(HOPMYIOTECS Y JI€BY CHCTEMY KepyBaHHS PO3IOIIIOM €Heprii pexymneparii Ha OCHOBI
OararocTyneHeBoi HeYiTKOT MoJiesi, po3podiieHoi 3 Bukopuctanusam fuzzyTech Ta, 3 enemen-
TaMH aBTOMAaTUYHOTO HAaBYAHHSI.
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Constructive-synthesizing modeling of recovery energy distribution
based on fuzzy logic

This article is the last of three that collectively explore solutions to the problem of re-
generative energy distribution for its rational use. The solution is achieved through construc-
tive-production modeling.

Previously, a general constructive-production model of a direct current traction power
supply section was developed and enriched with information on the attribute values of its con-
stituent elements. In this work, based on expert data, a system for managing the distribution
of regenerative energy is formed using constructive-production modeling and fuzzy logic. The
developed model allows the formation of a text file in FTL format, which is used in the
fuzzyTECH system. FuzzyTECH, in turn, implements fuzzy inference mechanisms, considering
the state of electrical equipment and the current situation on the power supply section, to effi-
ciently distribute regenerative energy by controlling switches at direct current power supply
substations. This approach is illustrated using a schematic of a linear power supply section
with three substations and two trains.
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The developed models open new opportunities for improving energy efficiency, particu-
larly in railway and urban public electric transport. The primary tasks of the system include
identifying the existing traction substation equipment and assessing its technical characteris-
tics, as well as optimizing the use of regenerative energy. Moreover, the proposed approach
can be useful for solving issues related to the design of traction power supply systems, en-
hancing their reliability, and reducing energy losses.

Additionally, the implementation of fuzzy logic methods and constructive-production
modeling not only improves the management of regenerative energy distribution but also cre-
ates a universal approach that can be adapted to other types of electric transport. The pro-
posed system has the potential for integration with intelligent networks and modern energy-
saving technologies, opening new perspectives for the development of efficient transportation
solutions.

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

IBanoB Oaexcanap [leTpoBUY — KaHIUAAT TEXHIYHUX HAYK, JOUEHT JIHIIPOBCHKOTO iHCTH-
TYTy 1HQPACTPYKTYpH 1 TPAaHCHOPTY YKPaiHCHKOTO IEP>KaBHOTO YHIBEPCHUTETY HAyKH 1 TE€X-
HOJIOTIH.

I'yna Auton IropoBHY — JOKTOp TEXHIYHUX HayK, podecop JJHIMPOBCHKOTO MeTamypriiiHO-
ro iHCTUTYTY YKPaiHCHKOTO JIeP’KaBHOTO YHIBEPCUTETY HAYKH 1 TEXHOJIOT1H.

Cabain Ouer IropoBUY — JIOKTOp TEXHIYHHMX HAyK, mpodecop JHIIPOBCHKOTO iHCTUTYTY
1HQpacTpyKTypH 1 TpaHCHOPTY YKpPaiHCHKOrO JEp>KaBHOTO YHIBEPCUTETY HAyKH 1 TEXHO-
JIOT1H.

Iunkapenko Bikrop IBaHOBUY — JOKTOp TEXHIUYHUX HayK, podecop [IHIIPOBCHKOIO 1H-
CTUTYTY 1HQPaCTPYKTypH 1 TPAHCHOPTY YKpaiHCHKOTO AEPKABHOTO YHIBEPCUTETY HAyKH 1

TEXHOJIOT1H.
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YK 004.832

[lanoBanosa C.I., bapanidenko O.M. Po3noainena npoaykuiiiHa cucreMa KepyBaH-
Hel iepapxiynum 00’extToM // CuctemHi TexHojorii. PerionanbHuil Mi>kBY31BChbKUI 301pHUK
HAYKOBUX Mpallb. - Bunyck 4(159). — Auinpo, 2025. — C.3 — 10.

3anmpornoHOBaHO apXITEKTypPy aBTOMATH30BaHOT CUCTEMH JUCTIETUYEPCHKOTO YIIPABITIHHSI
iepapxi4HUM 00’ €KTOM, IO CKIAJAETHCS 3 YOTHPHOX PIBHIB: JOTTYHMX KOHTPOJIEPIB, CUCTEM-
HUX CEpBEpiB, FOJOBHOTO CEPBEPY Ta aBTOMATH30BaHUX pobOoumx Micis. Ilpeacrasieno ap-
XITEKTypy MPOIYKIIHHOT CHCTEMH KepyBaHHsS 00’ €KTOM JJIsl PiBHIB CHCTEMHHX CEpPBEpIB, sIKa
CKJIQJIA€ThCS 3 HIKHBOT'O, KOMIIOHEHTHOTO Ta CHCTEMHOTO PiBHIB, a TAKOX apXITEKTypy MpoO-
OYKIIAHOI CHCTEMH JJIsi aBTOMATH30BAaHOTO KEPYBaHHS Ha PiBHI T'OJOBHOTO CEpBEpY, sKa
CKJIAJJA€THCS 3 KOMILJIEKCHOTO Ta CHCTeMHOro piBHIB. [loka3zaHO mepeBary 3amporoHOBaHOTO
METOJIy HaJ 3arajJbHONPHUHHATOI MOJCIUTI0 CKIHYCHHUX aBTOMATIB: IIJBHINCHHS KOPEKT-
HocTi Ha 16%, 301IbIIEHHS YaCTKH MMOBHICTIO aBTOMAaTH30BaHuX Al Ha 15%.

Bi6mn. 8, i1. 2, Tabm. 1.

YK 631.365.22+621.317

®enoroa M.O., Tpymaxos /I.B., bepestok . A., Cxpunnik 1.O., 3aBopyes P.C. ETanu
CHHTe3y CHCTEeMH aBTOMATHYHOIO PeryJIOBaHHS CYyMIApKH 3 KUIUIAYMM mapoMm // Cuc-
TeMHI TexHoJorii. PerionanbHuii MiXKBY31BCbKHIA 30ipHUK HAayKOBUX Tpallb. - Bumyck 4(159).
— Huinpo, 2025. - C.11 - 18.

Kunnsunii map - nporpecuBHuil cnoci0 cyuriHHA IpiOHOAMCIIEpCHUX MarepiaiiB. Bin
3a0e3neuye 1HTEHCUBHUM TEIIOMacoOOMiH, IO A03BOJISE JTOCSTTH BUCOKOI MPOJYKTHUBHOCTI.
BnpoBamxkenns apTomarn3oBanux cucteM kepyBanHs (ACK) Bimirpae Kiro4oBy poiib y J0Cs-
THEHHI CTa0lIbHOCTI TEXHOJIOTTYHUX MPOLECIB. Y TOH ke 4ac caM KUIUISYUH 1ap € JuHamid-
HOIO CHUCTEMOIO, JIe TTOBEAIHKA MaTepiary 3aJeXHuTh BiJ 0aratbox (akTopiB, TAKUX SK IIBU]I-
KICTh TOBITPS, PO3MIp YaCTHMHOK, BOJIOTICTH 1 Temmeparypa. Lle poOuTe KOHTpOJb Mpolecy
CKJIaJIHUM, OCKIJIbKM HaBiThb HEBEJIMKI 3MIHM B OJIHOMY IapaMeTpl MOXYTh NPHU3BECTU [0
3HaYHUX 3MIH B IHIIMX Yepe3 HasBHI mepexpecHi 3B’a3Ku. J[aHa poOoTa € y3arajibHEHHSIM B
IlaHyBaHH1 MeToauku cuHTe3y ACK mponecoM CyuliHHS HaciHHSI COHSLIHMKA y 3€pHOCY-
mapili 3 KUMJITYUM [IapoM, IO SIBJIsSI€ COOO0K0 CKIIATHUN TUHAMIYHUM 0araTOBUMIPHUN 00’ €KT
13 3ami3HeHHAM. [Ipuuomy eTanu CMHTE3y BpaxoBYIOTh OCOOIMBOCTI KOHCTPYKIIIT CyIIapKH, il
pobOTYy y pI3HHX PEeKHMax, 30KpeMa y peKuMi CcTabimi3alii Ta CHUTYallii0 3 HEMOXKIUBICTIO
BUMIPSATH BUXIJIHI CUTHaJIM 00’ekTa y moBHIM Mipi. Bcei eranu cuntesy ACK mpouecom
CYUIIHHS y CymIapll 3 KUIUITYUM IIapoM MoOyA0BaHI Ha 3aCTOCYBaHHS 0a30BUX MPUHIUIIB
Cy4YacHOi Teopii aBTOMAaTUYHOTO KEpyBaHHS CKJIaTHUMHU TEXHOJOTTYHUMH MPOLIECAMHU.

bi6n. 9, 11. 2.

YK 533.6.013.14 : 629.1.025.3

Cupotkina H.II., Bacunis C.C., My3uka JI.B. Knacudgikauiss 6e3mijioTHUX JiTaJIBHUX
anapariB Ta iX eHepreTHYHHX YCTAHOBOK // CUCTeMHI TeXHOJIOT1i. PerioHanbHUi MiKBY-
3iBCBHKHIA 30ipHUK HAYKOBUX Mpallb. - Bumyck 4(159). — Ininpo, 2025. — C.19 — 25.
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AKTyanbHICTh POOOTH BU3HAYAETHCS B JOCITIDKEHHI OE3MIJIOTHUX JIITAIBHUX alaparis,
JIBUTYHIB Ta NaJMBa JJis1 HUX. PO3TIsiHYTO cydyacHi pyHKIIOHATIBHI MeTOIM Kiacupikamii 6e3-
NUIOTHUX JITaJIbHUX anapaTiB Ha 00iioBi 1 3a0e3neuyenns. [lokasana knacudikaris 6e3minoT-
HUX JITaIbHUX arapaTiB 3a OpraHi3alliiHUMKU Ta TEXHIYHMMHU O3HAaKaMu. Po3risiHyTo
PO3IIO/LN MANIKUB Ha TOMOTeHHI 1 rereporenHi. [lokazaHo, mo kiaacugikamito naauB 3a CTPYK-
TYpOIO TOAUISIOTh HA: HITPOLENIONO3H], cyMimeBi, MoaudikoBaHi. PO3riasiHyTO MpUHIMIIOBI
CXEMH CHOpPSKEeHHs JBHUTyHIB. [lokazaHo, M0 3apsiiv i3 CyMIIIEBOTO TBEPIOTO PAKETHOTO
NaJIiBa 3aCTOCOBYIOTHCS y IBOX BapiaHTaXx: 3 BKIAIHUM 3apsiIOM Ta 3 3aps/IOM CKPIIUICHUM 3
KopmycoMm. MeTa MOCIIPKeHHS — aHalli3 CydacHOTO CTaHy OE3MiJIOTHUX JITAThHHUX anaparis,
JBUTYHIB Ta MaJIMBa JJis OE3MMIJIOTHUX JIITATHHHUX arapaTis.

Bbi0m. 5., 111. 3.

YK 004.8

Kymin A.L, Koceit M.I1. IlopiBHsiHH#A i onTUMIi3allisi MPOCTOPOBUX MojeJieii poiio-
Boro inreiaekty // Cucremui TexHosorii. PerioHanpHu Mi>KBY3iBCHKHI 30ipHUK HayKOBUX
npanb. - Bunyck 4(159). — duinpo, 2025. — C.26 — 36.

JlocmiKeHHsT TPUCBAYECHE TOPIBHAHHIO Ta ONTUMI3allil MPOCTOPOBHUX MOAETIECH POEBOTO
IHTENEeKTy Ta iX 3HAYEeHHS Ui PO3BUTKY Ta ONTHUMIi3allli MyJTbTHATeHTHUX cUCTeM. Po3risiny-
TO HAYKOB1 HAIlpamIOBaHHA B i cdepi Ta MOCTIiiHE PO3MUPEHHS MOKIMBOCTEH 3aCTOCYBaH-
HSl Takux cucTteM. Ha OCHOBI BMBYEHHS HAYKOBHX Mpallb MOMNEPEIHHO BCTAHOBJICHO HEOO-
XIIHICTh 00'€ THAHHS MDKIUCIUIUTIHAPHUX MIAXOIB JUTsl PO3B'S3aHHS KOMIUICKCHUX 3a/1a4 13
BUKOPHUCTAHHAM pO€BOro 1HTenekTy. llomanbuii gociiakeHHs nependadaroTh MOTINOJIeHe
BHBUYEHHS, MIOPIBHSAHHS, OLIHKA 1 ONTUMI3allisl MOJIENed POEBOTO 1HTEJIEKTY B KOHTEKCTI pi3-
HUX NPUKIIAJHUX 3aBJaHb.

bi6x. 10, puc. 4.

YJIK 004.94

Pymux O.1O., Tlo6epexuuit M.M., Kamnyn II.B., T'onuap B.A. 3acrocyBanHs
KOMII’I0TePHO-IHTerpOBaHUX TEXHOJIOTIiH y Cy4YacHHX iHxkeHepHUX cucremax // CucremHi
TexHoJorii. PerioHanpHUN MIKBY31BCHKHMN 30IpHUK HAayKOBUX mpaib. - Bumyck 4(159). —
Huinpo, 2025. — C.37 — 45.

3a nonomororo SolidWorks Simulation Bu3HaueHa 3anexHICTh MAaKCUMaJIbHOTO Hampy-
’KEHHsI, A1I0Y0ro Ha OJIOK IIecTepeHb OapabaHa yCTaHOBKM BaKyyMHOro HamwieHHs YBH-74
IIpY MOBHOMY HaBaHTaX€HHI, B/l YHMCa CKIHYEHHUX €JIeMEeHTIB oro monemi. 1y po3B'sa3Ky
CTaTMYHOI 3a/1a4i /Ui SIKo01€BOT MepeBipKU BCTAHOBJIEHO MapameTp “‘y By3nax’, a Juis OTpHU-
MaHHS JOCTOBIPHUX PE3YNbTATIB aKTHUBI30BAHO AJITOPUTM CTBOPEHHS CITKHM ‘“‘Ha OCHOBI KpH-
BU3HU . JI1s1 yHUKHEHHS] TOXUOOK, MOB'SI3aHUX 31 MIUTBHICTIO CITKH, MiII0paHO ONTHMAaJIbHE
YHUCJIO 1 PO3MIp CKIHYEHHHUX €JIEMEHTIB. AHAII30M €MIOPH HaIlpYyKeHb BCTAHOBJIEHO — JaHUM
PESKUM HaBaHTAXXCHHsS TMPOTIKAE y JOMYCTHMHUX MEXax, ajie TIePEeBUIICHHS CyMapHHX Iie-
peMillleHb MOXKe MPU3BECTH 10 HernepeadauyyBaHUX pe3ybTaTiB MIPH eKCIuTyaTalii OJ0Ky 1ie-
creperb. 11[00 BU3HAYUTH TOYHI BETMYMHU CyMapHHUX MEpeMillleHb, BUKOPUCTAHO 1X 30HIY-
BaHHS Y KPUTHYHUX TOYKAX.

bi6a. 12, in. 4.
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VK 658.58
Pomanenko O.0., Kynin A.l. 3aranpHa kiacudikanisa MeToliB TeXHiYHOro 00cC.Ty-

ropyBaHHs // CucremHi TexHouorii. PerionanbHuil MXKBY31BCbKHIA 301pHUK HAyKOBUX IPallb.
- Bunyck 4(159). — Ininpo, 2025. — C.46 — 55.

Posrnsparoreest icHyroui kimacugikamii Uis METOMIB TEXHIYHOTO OOCIyroBYBaHHS.
BusHnaueHo, 1o monpu 3Ha4HI HApOOKH 1 AaHiil chepi, 10Cl HeMae KOHCEHCYCY MO0 TOTO, K
Kiacu(ikyBaTH MiIXOAM 0 TEXHIYHOTO 00CIyroByBanHs. Ha OCHOBI BUCHOBKIB, 3p00JICHUX B
pe3yNbTaTi aHaNi3y JITepaTypHUX JDKEped po3po0iieHo Kiacudikallito, sika 0 Moria cratu
3araJbHOIPUMHATOLO.

Bi6mn. 23, in. 10, Tabn. 1

YAK 621.771

Hoopsik B.J., YrpromoB F0.J1., CraceBcekuii C.JI., Maszyp L.A., Yrpiomos /[.}O. HoBi
TEeXHOJIOTIi Mi/ATOTOBKU KiHWIB Iiiib3 mepea MiJIirpuMoBoI0 NpokaTkoro // CucreMHi Tex-
HoJiorii. PerionanbHuil MiXKBY31BChbKHI1 30ipHUK HayKOBUX Mpanb. - Bumyck 4(159). — {xinpo,
2025. — C.56 — 74.

Po3rnsiHyTi nmHTaHHS MIATOTOBKM TEPEIHIX 1 3aIHIX KIHIIB Tib3 IMEpe] rapsdoro
MUTIrPUMOBOIO TPOKATKOIO. [1iAr0TOBKY mepenHiX KiHIB TiIb3 MPONOHYETHCS 3IiHCHIOBATH
[UIIXOM iX pEAyKyBaTH XOJOCTHMH POJHKamMH 0e3 OOTHMCKaHHS MO TOBIIWHI CTiHKH. [lis
3MIACHEHHST HOBOI TEXHOJIOTil 3allpONOHOBaHA KOHCTPYKIiSi OOKAaTHOTO NPHUCTPOIO, SKE
BiJIPI3HAETHCS OUTBII MPOCTOI0 KOHCTPYKIIEIO, IO 3HIDKYE 11 METAJIOEMHICTB 1 BiJIOBITHO
KamiTajdbHl BUTPATH. 3a JOMOMOTOI0 METO/a JIIHIM KOB3aHHS BHU3HAYEHI 3yCWIUIA, SIKI JIIOTh
Ha XOJIOCTI POJMKHA OOKATHOTO MPHUCTPOI0. PO3risiHYyTI MUTaHHS MiATOTOBKH 3aJHIX KIHIIIB
rIb3 1 3aIPONOHOBAaHA KOHCTPYKIIIS IOpHA JJI 3HUKEHHS 3yCHIUIS IIPU KOTO 3apsiKaHHI B
rub3y 3 MIATOTOBJIEHUM MepeAHiM KiHueM. [liiroroBka KiHIIB Tiib3 Hepes MUIITPUMOBOIO
MIPOKATKOI0 3a0e3Meuye MiABUIIEHHS SKOCTI TPYO 1 MPOIYKTUBHOCTI CTaHa.

bi6n. 11.

YK 004.89:004

Jlromenko JILA., Monbsko O.C. IloOynoBa 3agaueopicHTOBaHOI 0a3u JaHUX JIA NPO-
THO3YBAHHSI IMHAMIKH CIO’KMBAaHHS eJleKTPU4HOI eHeprii / CucteMHi TexHouorii. Perio-
HaJIbHUM MDKBY31BCBKUU 301pHUK HayKoBUX mpaib. - Bumyck 4(159). — Huimpo, 2025. —
C.75 - 84.

VY crarTi onMcaHo MiAXiA 10 PO3pOOICHHS 3a/1a4eOopiEHTOBaHUX 0a3W JaHUX ISl MPO-
IpaMHOI €KCIEepPTHOI CUCTEMH, sfIKa MPOTHO3Y€E CIOKMBaHHs enekTpoeHeprii. Ilicas anamizy
HassBHUX BIJIOMOCTEHW 3aCTOCOBAHO PO3IIMPEHI METOAM OUYHWIIEHHs, TpaHchopmarllii Ta iHxKe-
Hepii o3Hak. Lle 3abe3nedye HaMIHHICTH BUMIPIOBAHD 1 MMIABUIIYE 3arajibHy TOYHICTh TPOTHO-
3yBaHHs. KirouoBa nepeBara 3ampoIrOHOBAHOTO MiJIXOy MOJSAra€e B 1TEPaTUBHOMY MiJIXOI,
10 JTO3BOJISIE JOMOBHIOBATH a00 3MIHIOBAaTH 3MiHHI 3a moTpeOu. ExcrnepuMmeHTtanbHa me-
peBipKa Ha peabHUX JAHUX CHOXKMBAHHS €JIEKTPOEHEPrii MPoJIEMOHCTPYBaa, 110 CTPYKTypa
3a/1la4eopieHTOBaHOI 0a3M JaHUX JAa€ MOXKIIUBICTh NMPOTHO3YBAHHS 3 BHUCOKOK TOYHICTIO,
poOasiun 11 MEepPCIEeKTUBHUM DIIIEHHSM I JUHAMIYHOTO €KCIUTyaTallliHOTO Cepe/loBHUIla B
€HEPTeTHIII.
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bi6m. 13, i1. 4, Ta6a. 0.
YK 004.8
[Honcekuit O.M., I'onoBatuii P.P. 3acrocyBanHsi Mogesieli MAIIMHHOIO HABYAHHSA

AJIsl PAHHBOT'O BUSIBJIEHHSI HAA3BMYAWHUX CUTYalliii HA OCHOBi MOTOKOBHX BeJIUKMX Ja-
Hux // CuctemHi TexHojorii. PerioHanbHHMII MiDKBY3IBCHKUI 30ipHMK HAyKOBUX Tpallb. -
Bumyck 4(159). — Ininpo, 2025. — C.85 — 98.

Po3rnsgaroTbess MOKIMBOCTI BUKOPUCTAHHS MOJIENIeH MAIIMHHOTO HaBYaHHS, 30KpemMa
TIMOOKOTO HABUAHHS, NIl PAHHBOTO BUSBJICHHS HAJ3BUYAHUX CUTYaIlii HA OCHOBI aHATI3Y
MOTOKOBHX BEJIMKUX JaHMX 13 ceHcopHUX Mepex (IoT) Ta comianpHux Meaia. 3arrponoHOBaHO
riopunny mozxens LSTM-CNN, ska 3a6e3neuye Bucoky TouHictb (F1=0.90) ta MiHimManbHy
3aTPUMKY CHpanboByBaHHS (=5,5 ¢). [IpoBeneHo MOpiBHSUIBHMIA aHATI3 TPAIUIIHHAX METOIIB
(moporogi aerekropu, SVM) Ta cydacHuX anropuTtmiB rimmbokoro Hadanus (LSTM, LSTM-
CNN) Ha CHHTETHYHHX 1 peanpbHuX naHuX. [loka3zaHo mepeBaru riMOOKOTO HaBYAHHS HAJ
KJIACHYHUMH T1IX0JJaMH y IIBUJIKOCTI Ta HAIHHOCT] BUSBICHHS aHOMAJIIi.

bi6:. 14, Tabm. 2, puc. 1.

YK 004.9:373018.43.5

Cason O.€., [Tanaryra K.O. IIpoGaemu ¢GyHKIiOHYyBAHHSA CYYaCHHX CHCTeM JH-
cTaHuiiinoro HaB4yanus // CuctemHi TexHouorii. Perionansuuii MiXkBy3iBCbKHiA 30ipHHUK Ha-
YKOBHX Tipaiipb. - Bumyck 4(159). — duinpo, 2025. — C.99 — 107.

B nawniit crarti Bu3HaveHi (QpyHKI[IOHANBHI MPOOJIIEMH CY4aCHUX CHCTEM JWCTAHIIHHOI
OCBITH, 30KpeMa TeXHIuH1 MpoOaeMu, IpodIeMHU TOCTYITHOCTI, 3a0e3neueHHs 1HpopMaIiitHOi
0e3neKy Ta 3aXMUCTy JAAHMX, IKOCTI HaBYAJIBHOI'O MPOILIECY, a TAKOXK MPoOJIeMH BUKIJIaJadiB Ta
CTYJICHTIB JI0 HOBOT'O HABUYAJIBHOTO cepenoBuima. JlocimikeHl cydyacHi COCOOM MO I0IaHHS
BUIIE3a3HaYEHUX MpoOieM — iH(popMaliliHI TEXHOJOrii, BipTyajdbHa Ta JOMOBHEHA peajb-
HOCTI, IITYYHUH 1HTEJEKT y KOHTEKCTI PO3BUTKY 1HHOBALIMHUX TEXHOJIOT1H 1H(opmaTu3amii
Ta IHTEJEKTyali3allii CyCIuIbCTBA.

bi6un. 16.

YK 004.932

Mimenko M.C., I'narymenko Bik.B. IlopiBHsiIbHUIA aHAJ1i3 MeTONIB BUIIJIEHHSI BO-
JAHUX 00’€KTIB HAa CYNMYTHUKOBHMX 300paskeHHsAX // CuctemHi TexHousorii. PerioHanbHMi
MDKBY31BCbKHIA 30ipHUK HAYKOBUX Mpallk. - Bumyck 4(159). — Ininpo, 2025. — C.108 — 113.

Posrngnarorees cydacHi MiIX0au A0 BUIUICHHS] BOJHUX 00’ €KTIB HA MYJbTUCIEKTPab-
HUX CYNYTHHKOBHX 3HIMKaX, 30kpema Sentinel-2. IlpoBeaeHo MmopiBHsUIBHUN aHadi3 CIEK-
TpanbHuX BoaHUX 1HJekciB (NDWI, MNDWI, AWEI) ta anroputmiB kiacugikaiiii, BKIO-
Yaruud METOJH MOPOTOBOI CErMEHTAIlil i MalIMHHOTO HaBYaHHS, 3 aKIEHTOM Ha HEHpOHHI
mepexki Tumy U-Net. [lokazaHo, mo moenHaHHS 1HAEKCIB 3 aBTOMaTHYHUMU METOJaMU
00poOKkHM 3a0e3neyye BUCOKY TOUHICTh 1 CTaOLIBHICT pe3ynbTaTiB. OTprMaHi BUCHOBKH Ma-
I0Th TIPAaKTUYHE 3HAYCHHS JUIS €KOJOT1YHOTO MOHITOPWHTY Ta YIpPABIiHHS BOTHUMH pPECyp-
camu.

bi6x. 8.
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YK 528.88:630
Kagarg O.0., Kasan 10.B., Cepreesa K.JI., ®enenko T.M., [ebpiit [I.A. CynyTHUKO-
BUIi MOHITOPHUHI Ta OL[iHKA CTyNeHsl 3a0pyAHEHOCTI BOAOWM I/l BILIUBOM BiliCbKOBHX

aif // CucremHi Ttexnomorii. PerioHanbHHMII MIDKBY3IBCHKHI 30ipHUK HAyKOBUX Npalb. -
Bumyck 4(159). — Auninpo, 2025. — C.114 — 124,

Po3rnsiHyT0 OCHOBHI CydacHi METOJIM MOHITOPHHTY BOJHHUX 00’€KTiB, IXHBOT'O CTaHy
3a0py/HEHHS Ta BIUTUBY BiMICHKOBHX /il Ha HUX. 3araJibHONPUIHATI, CTAHJAPTU30BaHI METO-
IV OL[IHIOBAHHSI SIKOCTI BOJM Y BOJHUX 00’€KTax rependavyaroTh Ha3eMHHU BigOip mpoO, 1o
3a MEBHUX YMOB HE 3a0e3reuye ONnepaTUBHOCTI Ta € JoporoBapricHuM. YUepe3 moBHOMAc-
mTabHe BTOPrHEHHS, aKTUBHI BIHCHKOBI J1ii Ta OKyIMallil0 TEPUTOPii IIel METO BTpayae CBOIO
aKTyaJIbHICTh. MeTa TOCIIKEHHS TOJIATae y BU3HAUCHHI MIOKAa3HUKIB Ta XapaKTEPUCTHUK TPO-
IECIB, SIKi IPU3BOSATH 10 3MiH Y TOBEPXHEBUX BOJaX, @ TAKOXK B OLIHII CTYNEHs 3a0pyaHEH-
HSI BOJIOKMM ITiJT BIUIMBOM BIHCHKOBUX iii. HalOUIBIT MpuAaTHUM /ISl IPAKTUYHOTO 3aCTOCY-
BaHHS Ha BEJTUKUX TEPUTOPIAX € TUCTAHIIHUNA MIAX1M, IO MOEJHYE HA3eMHI Ta CYITyTHUKOBI
BUMIPIOBaHHS ISl BUSIBIICHHs 3a0pyIHEHb y BoAoiMax. Y poOOTi ONMMCaHO OCHOBHI CIIEK-
TpajbHI BOAHI iHAEKCH Ta HAOOpW NaHMX, sIKi MOXKHA BUKOPUCTOBYBATHU JIJISI CYITyTHUKOBOTO
MOHITOpUHTY. HasiBHICTh apXiBHHX JIaHHX J1a€ 3MOTY MOPIBHIOBATH OTPUMAaHi pe3yjabTaTh Ta
aHaJI3yBaTH YMHHUKH, 10 BIUIMBAIOTh HAa CTaH BOJHHUX 00 €KkTiB. Ha mpukiaai TeXHOTeHHOT
karactpodu Ha Kaxoscekiit 'EC mpoananizoBaHo aJanToBaHICTh 1HACKCIB ISl BUSHAYCHHS
TUISTHOK 13 3a0pyIHEHHSM MOBEPXHEBOTO IMIapy Bojau B akBaTopii YopHoro mops. Otpumani
pe3ysbTaTu CBIAYATh MPO TE, 110 JJIS OLIHKH BIUIMBY BIMCHKOBUX [ Ta 3a0pyJHEHOCTI MO-
BEPXHEBHMX BOJ| HEOOXiZIHO BUKOpPUCTOBYBaTH crekTpanbHui iHaekc NDTI. V¥V nopiBHSHHI
NDWI, inaexc kanaMyTHOCTI TOBEPXHEBUX BOJI JI03BOJISIE BUBHAYUTH AUISHKH SKI MarOTh 3a-
OpyIHEHHsI yepe3 O3HAKU CIPUYMHEH] IPUPOJHUMHU a00 TeXHOreHHUMH mpouecamu. Crek-
tpasibHul 1HAeKC NDWI dikcye mexi BoJoiM, HE JeTalli3yl0uu JOMIIIKH, K1 MPOSBISIOTHCA
Ha MOBEPXHI BOJM 4epe3 3MiHY MPO30pOCTi, KOIbOPY ab0 1HIIMX XapakTepUCTHK. B poOoTi
OMMCAaHO HAaOOPH JaHMX Ta MPOJEMOHCTPOBAaHA MOXKJIUBICTh BUKOPHUCTAHHS CYIIyTHUKOBOTO
MOHITOPHUHTY ISl aHAJ13y BEJIMKUX TEPUTOPIH.

bi0n. 21.

YK 004.942

Mupropon B.®., I'BozneBa .M. MaTremaTH4Huil onMc Ta ONTHUMIi3allisi CHCTEM aB-
TOMATHYHOI0 KePyBaHHS i3 3aCTOCYBAaHHAM HIHPOTHO-iMIYJIbCHOI MOIY AT CUTHAJIIB
/I CuctemHi TexHouorii. PerionanpsHuil MIXBY31BCbKHI 301pHUK HayKOBUX Tpallb. - Bumyck
4(159). — duinpo, 2025. — C.125 — 134.

[IpononyeThCs MAX1A MIO/I0 OMUCY MPOIECIB 3MIHU CTaHy Ta ONTHUMI3allii JUCKPETHUX
CHCTEM aBTOMAaTHUYHOI'O KEpyBaHHs, B IKUX 3aCTOCOBYBAHO IEPETBOPEHHS CUTHAJIIB KEpyBaH-
HS B MOCJIIIOBHICTh IMITYJIbCIB 13 YaCOBOK MOJYJISILIIEI0. Y3arajabHEHO OMUC BKA3aHOTO THUITY
CHUCTEM Ta 3alpONOHOBAHO EKBIBAJEHTHE NEPETBOPEHHS pIBHAHBL 1X pyXy.. [IpomonoBane
€KBIBaJICHTHE TEPETBOPEHHS CIIPOINYE iX MaTEeMAaTHYHUN OMHC Ta TOTpedye MEHIIUX pe-
CypCiB IIpu 0OYHMCIIOBANbHIN peanizalii. s cucrem 13 MIMPOTHO-IMITYIBCHOIO MOIYJISIIE0
YIOCKOHAJICHO aJITOPUTM CHHTE3Y, a came, 3aKOHY 3MiHHM TOJIIPHOCTI IMITYJIbCIB Ta BUTJISITY
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MOJYJISIIMHOT XapaKTepUCTUKH HAa OCHOBI MeToay JlsmyHoBa. BcTaHOBIEHO 3a 1OTIOMOTOIO
KOMIT FOTEPHOTO €KCIIEPUMEHTY, IO MPH BUKOPHUCTAHHI ONTUMAIbHUX HENIHIHHUX 3aKOHIB
KepYBaHHS y MOPIBHAHHI 3 JTIHIKHUMH M€ MiCIe TIOKPALICHHS KPUTEPIIO SIKOCTI.

bi6m. 8.

YK 004.4

XKypba A.O., bparuenko A.C. Po3podka nmporpaMHoi cucTeMHU 3 PO3PaxyHKy Me-
TOAIB Teopii irop. AHaJi3 BIUIMBY NOKa3HHKIB «ONTHMIi3My-lleCHMi3My» Ta
HMoOBipHiCHMX cleHapiiB HA oNTUMAJBHICTH cTpaTeriii y irpax 3 npupoaoro / CucremHi
TexHoJoTii. PerioHanpHMil MIKBY31BCBKHMN 30IpHHK HAyKOBUX mpaib. - Bumyck 4(159). —
Huinpo, 2025. — C.135 - 147.

VY cTarTi po3rIIIAEThCS IPOrpaMHa CUCTEMa JUTSL IOCIIPKEHHS Ta HAOYHOTO TIPE/ICTaB-
JICHHSI CTAaTHCTUYHOTO CITiBBIIHOIICHHS PE3yJIbTaTiB BUOOPY ONTUMAIBHUX CTpaTeridi y Tpi 3
NOPUPOJIOI0 3 YpaxyBaHHSAM IIBUAKOCTI PO3PaxyHKIB, 3MIiHM TOKAa3HUKA «ONTHUMI3MYy-
NEeCUMI3MY» Ta pi3HUX WMOBIpHICHHX creHapiiB. Lleii mporpamMuuii mpoaykT OyB CTBOpEHHI
3a JIONOMOT'OI0 MOBH TiporpamyBanHs Python 3 Bukopuctanusm 6i0mioteku Tkinter B iHTe-
rpOBaHOMY cepenoBHILi mporpamyBanHs Microsoft Visual Studio 2019. B veomy peamnizoBa-
HUI BHOIp ONTHMAIBHUX CTpaTeriii 3a kpurepismu Banbna, ['ypsima, baiieca, Jlanmaca ta
CeBimKa, 3 ypaxyBaHHSM IIBUIKOCTI pO3PaxyHKIB.

bi6un. 3, i1. 7, Tabm. 2.

YK 627.63. 632.81.618.83

babauenko O.[.,, Kononenko TI'.A., Ilomomscekuit P.B., CadponoBa O.A.,
Capponos O.JI. Kopeasiniiini gocigkeHHsl KiHeTHKM BTOMHOIO PYHHYBAHHSI MeTAJIy
3aJIi3HMYHMX KOJIIC Yy CTaHi MOCTABKM 3 Pi3HMMM piBHSAAMH MinHocTi / CuctemMH1 TeXHO-
jorii. PerionanbHMi MI>KBY31BCbKUI 301pHUK HayKoOBUX mpallb. - Bumyck 4(159). — J{ninpo,
2025. — C.148 — 157.

Kopensuiiinuii aHani3 103BoJisiE BUSBUTH JIHIMHUN 3B 30K MK 3MIHOIO XapaKTepu-
CTHK CTaJli, 10 OCOOJIMBO BaXJIMBO MPH OOMEXKEHUX MOMIMBOCTAX JJIsl TPUBAIUX EKCIIEpHU-
MeHTIB. J[ns 3ami3HMYHOI MEeTalonmpoAyKIii 1€ J0IoMarae MPOrHO3YBAaTHU PICT BTOMHHUX
TPIIIKH 1 3a11001raTH pyiHYBaHHSAM. Y poOOTI IpoaHali30BaHO BILIUB XIMIYHOIO CKJIady (BY-
IJIelb, MapraHelpb, BaHaaii, pocdop, KpeMHil, cipka) Ta MEXaHIYHUX BJIACTUBOCTEHN (I10/10B-
’KEHHsI, TBEPJICTh, yapHa B a3KkicTh) Ha nmapamerpu Kth, Kfc, K*, n. BusBneno cunpH1 kope-
a1 3B’ s3ku. [lapameTp n HaliMeHII YyTJIMBHUI 1O MeXaHIYHMX BiiacTuBocTe. HeoOxinH1
MOAAJIBII JTOCIIJKEHHS JJISI TITUOIIOro PO3yMIiHHS BIUTUBY JOMIIIIOK.

bi6m. 5, in. 2, Tabm. 4.

YK 004.4:681.518

Hmutpiesa [.C., Imutpenko A.M. MeToau IITYYHOr0 iHTEJEKTY JIf NMPOrHO3YBaH-
HSl OKJIA/IiB BYIVIeBOJAHIB 3 TPMBUMIPHMX celicMiYHMX 300paxeHb // CUCTEMHI TEXHOIO-
rii. PerionanbHMil MIKBY31BCbKUI 30IpHMK HAyKOBHX mpaib. - Bumyck 4(159). — Jlninpo,
2025. — C.158 — 165.

LI cTaTTs BUCBITIIIOE 3aCTOCYBaHHS METO/IIB IITYYHOTO 1HTENEKTY JUIsl TPOTHO3YBaHHS
MOKJIAIB BYIJICBOJIHIB 3 TPUBUMIPHHX CEHCMIUYHHUX 300pakeHb. Y JOCTIIKEHHI PO3Tisiaa-
I0ThCS cydacHi gpocsrHeHHs B ramysi LI mist inTepnperartii ceicMivHUX JaHUX, BKIFOYAIOYH
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3TOPTKOBI, PEKypeHTHi, rpadoBi HEHpOHHI Mepexi Ta TpaHchopmepu. ABTOpU aHATI3YIOTh
icHyI04i 0OMEeXEHHs1, 30KpeMa MpoOJIeMH 3 SKICTIO Ta KUIBKICTIO HaBYAJbHHUX JIAHHUX, CKIIal-
HOIII y3araJIbHeHHs Ta iHTeprperanii pe3ynbrariB. CTaTTs po3risgac METOAM TOIMEPEIHbOT
00poOKkH Ta iHXKEHepii 03HaK ceHCMIUYHMX 300paskeHb, cTparerii poboTn 3 0OMeXEeHUMH Ja-
HUMU Ta OKPECITIOE TIEPCIIEKTHBHI HAMPSMKH TSI MAOYTHIX JOCHIDKEHB Y IIiH cdepi.

bi6i. 10.

YK 004.043

Maxkapuyk JI.O., JlixoyzoBa T.A. AHandi3 iIHCTPYMeHTIB JJisl CTBOPeHHS rpagiuHnx
300pa:kenb Ha ocHOBi 2D- ta 3D-moneneit // Cucremui TexHosorii. PerioHanbHuit
MDKBY31BCbKHI 30ipHUK HAYKOBUX Mpallk. - Bumyck 4(159). — ninpo, 2025. — C.166 — 171.

VY po6oTi mpoBeneHO aHalli3 Ta BU3HAYEHO MOTOYHHH CTaH TEXHOJIOTIH y cdepi cTBO-
peHHs rpadiyHUX 300pa)KeHb, a TAKOX OKPECIEHO OCHOBHI MpoOJeMH, sKi MOTPEOYIOTH
BUpimIeHHs. Bunineno kiro4oBi acnekTa podotu 3 2D- ta 3D-rpadikoro Ta BU3HaAYEHO 0CO0-
TUBOCTI iX moenHaHHs. [IpoaHanmizoBano cydacHi [T-pimenHs y miid cdepi, mo Aal0 3MOTy
OIIIHUTH JOCTYITHI TEXHOJIOTIi Ta iXHI 0OMEXEHHS. 30KpeMa, BHSIBJICHO, IO OUTBIIICTh ICHYIO-
YUX IPOTPAMHHUX TPOJYKTIB OPIEHTOBAHI MepeBakHO Ha 2D-rpadiky, Toai sk inTerpanis 3D-
€JIEMEHTIB 3aJMINAEThCS HENOCTaTHHO PEANTi30BaHOI0 a00 CKJIAIHOI Ui KOPUCTYBadiB-
HermporpaMicTiB. Y xoai aHaiizy Oyno iqeHTH(])IKOBaHO OCHOBHI HEJOJIKM MOTOYHOTO CTaHy
TEXHOJIOTIH, cepel KUX: 0OMeXeHICTh y BUKoprucTaHHi 3D-00’exTiB y 2D-kommo3unisx, He-
JIOCTaTHBO €(PEKTUBHI IHCTPYMEHTH KepyBaHHs TIpadiuHMMHU HIapamMH, a TaKOX BiJCYTHICTb
LEHTPAJII30BaHOTO MEXaHi3My IIOLIYKYy Ta IOBTOPHOTO BHMKOpPUCTaHHsS MaTtepiamiB. Jlns
BUPIIIEHHS IMX MpoOjeM Oyno pO3INISHYTO MOXJIMBI HUIAXM MOKPALIEHHS, BKIIOYAIOUU
BIIPOBA/KEHHSI BE03aCTOCYHKY 3 PO3LIMPEHOI0 MIATPUMKOK 3D-rpadiku, 1HTYITUBHO 3poO-
3yMUTUX THTEP(EHCIB Ta IHTETPOBAHOI CUCTEMH TOIIYKY PECYPCIB.

bi6x. 7, puc. 1.

VK: 004.032.26:519.6

[Ipokonosuu-Tkauenko /I.I., 3Bepes B.IIL., bymxos B.I'., Xpymxkos b.C. AucTuiasuis
AAHUX Y MAIIMHHOMY HABYaHHIi: MaTeMaTH4YHA MOJeJb Ta MeToau ontumizamii // Cuc-
TEMHI TE€XHOJIOT1i. PerionanbHuii MiBY31BChKUM 301pHUK HAYKOBHUX Mpailb. - Bumyck 4(159).
— Huinpo, 2025. — C.172 — 188.

VY crarti posrnsgaerbes miaxia auctwisanii gaHux (Data Distillation) y mMammaHOMY
HaBYaHHI, IO JTI03BOJISIE CTBOPIOBATH KOMIAKTHI, aje epeKTUBHI HaOOpH JaHUX 0e3 3HaYyHOI
BTpaTH MPOAYKTUBHOCTI. Benmkuii o0csAT JaHUX € KII0YOBUM (PAKTOPOM y CydacHOMY TJIHO0-
KOMY HaBYaHHI, IpoTe ixHs 00poOka moTpedye 3HaYHUX OOUMCIIOBAILHUX pecypciB. Juctu-
TSI JaHUX CHOPSIMOBAaHA HA CKOPOYEHHS BUOIPKU IUISAXOM BUOOpY HalOUIbII 1HGOpPMATHB-
HUX 3pa3KiB, M0 3a0e3Meuye ONTUMI3AIlI0 MPOIeCy HaBYaHHS MOJIeJIeH, 3SMEHIIICHHS HaaMip-
HOI 1H(OpMaIlil Ta MiJBUIIECHHS y3arajJbHIOIOUO01 34aTHOCT] aJrOpUTMIB. 3alpolOHOBaHa Ma-
TeMaTU4Ha MOJeNb (hopmalizye mpouec AMCTUIIALIT JaHUX SIK ONTUMI3AIliHY 3a1ady, 110 Ie-
pendavae BubOip migHabopy, AKUil MiHIMI3ye BTpary iHpopmarii. i 1poro BUKOpHUCTOBY-
I0ThCS Pi3HI KpUTEPIi OI[IHKK BaXJIMBOCTI 3pa3KiB.

bi6. 45.
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YK 004.4+519.7
Iunkapenko B.I1., Yurip P.P. KoHcTpykTHBHO-IpOAYKIiiiHe MOJEJI0OBAHHSA I'PO30-

BOro (poHTY 3 BUKOPHCTAHHSM FeHeTHYHOro ajaropurmy // Cucremui TexHosorii. Perio-
HaJIbHUM MDKBY31BCBKHMU 30ipHMK HayKoBHX mpaub. - Bumyck 4(159). — [uinpo, 2025. —
C.189 - 199.

Po3po06ieHi KOHCTPYKTOpH y CKJIa/i MYJIbTUKOHCTPYKTOpA MPU3HAUCH] JJIST peaicThY-
HOT'O MOJICJIIOBaHHS (PPOHTY Ipo30BOi (OIUCKABKOBOI) aKTHBHOCTI. OCOOINBOCTI KOHCTPYIO-
BaHHS IOJIATAIOTh B 3aCTOCYBAaHHI MYJIBTUKOHCTPYKTOPY, IO € OOOJOHKOIO JJIs iHIIUX KOH-
CTPYKTODPIB, Ta MapaMEeTPUYHOTO KOHCTPYKTOPY, L0 HA/JAa€ MOXKIUBICTH 0araropazoBoro 3a-
CTOCYBaHHSI OJIHOTO KOHCTPYKTOPY 3 PI3HUMH MOYAaTKOBUMH JaHUMH ((OpMaIbHUMHU Mapa-
METpamM#) B OJTHOMY NPOEKTI. MojenroBaHHs (ppakTalbHUX YaCOBUX PSINiB, SIKI BU3HAYAIOThH
cnajaxyu OJMCKaBOK, BUKOHAHO 3 BUKOPUCTAHHSM TE€HETUYHOTO airoputmy. OcoOnmBicTh
SKOTO IOJIATAE Y KOJYBaHHI XPOMOCOM 3 TEKCTOBOIO Ta YUCJIOBOIO YaCTUHAMMU.

bi6m. 15, . 3.

YK 004.94+510.23+510.25+512.567+629.4

IanoB O.I1., I'yna A.L, Cab6nin O.l., Illuakapenko B.l. ATpuOyTHBHEe HACHYeHHS
KOHCTPYKTHUBHO-NPOAYKUiiiHOT Mo1eJ1i TiIAHKH CUCTEMH eJIEKTPONOCTAYaHHS TATH MO-
ctiiiHoro crpymy // CucremHi TexHouorii. PerionanbHuii Mi>KBY31BCbKHI1 30ipHUK HAYKOBHX
npais. - Bunyck 4(159). — duinpo, 2025. — C.200 — 211.

Panim po3po0iieHa 3arajibHa KOHCTPYKTHBHO-TIPOJYKIIKHHA MOJENI JUISHKH €JIEKTPO-
MOCTaYaHHs TATU MOCTIMHOIO CTpyMy Ta ii 30araueHHs iH(OpMalli€lo 3HauY€Hb aTPUOYTUKH
CKJIAJIOBUX €JIEMEHTIB. ¥ 11l poOOTi 3aco0aMu KOHCTPYKTHUBHO-TIPOIYKIIIMHOTO MOICIIIOBAH-
HS Ta HEYITKOi JIOTIKM Ha OCHOBI €KCHEPTHUX JaHuX (OpPMYETbCS CUCTEMa KEepyBaHHS
posmnozaiioMm eHeprii pekyneparlii. Po3pobiieHa KOHCTPYKTUBHO-TIPOAYKI[IHHA MOJENH JT03BO-
nsie popmyBaTu TeKcToBUi (aiin y ¢opmari ftl, sskuii € BxigHuMm y cucremi fuzzyTech. Cu-
crema fuzzyTech nae MoxIuBICTh 3ac00aMM HEUYITKOTO BHBOJY, BPaXOBYIOUU CTaH E€JIEKTPO-
oOagHaHHA JIJITHKA €JIEKTPOIOCTaYaHHS Ta TOi3HOI CHTYyallil, BU3HAYUTUCH 3 PO3IMOAITIOM
eHeprii pekyneparli Kepyoud CTaHOM NEpPEeMHKadiB Ha MiJCTAHLIAX KUBJICHHS MOCTIHHOTO

CTpyMmy.
bi0m. 7, i1. 4, Tabi 1.
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UDC 004.832

Shapovalova S.l., Baranichenko O.M. Distributed component-oriented production
system for controlling of hierarchical object // System technologies. N 4(159) - Dnipro,
2025.- P.3 - 10.

The architecture of an industrial dispatch control system for a hierarchical object is pro-
posed, consisting of four levels: programable logical controllers, system servers, the main
server and automated workstations. Presented production object control system’s architecture
for levels of system servers, consisting of the lower, component and system levels, and pro-
duction system’s architecture for automated control at the main server level, consisting of the
complex and system levels. The advantage of the proposed method over the generally accept-
ed finite state machine model is shown: an increase in correctness by 16%, an increase in the
share of fully automated actions by 15%.

Ref. 8, fig. 2, table. 1.

UDC 631.365.22+621.317

Fedotova M.O., Trushakov D.V., Berezyuk I.A. Skrynnik 1.O., Zavoruyev R.S. Stages
of synthesis of the automatic control system of a fluidized bed dryer // System technolo-
gies. N 4(159) - Dnipro, 2025.- P.11 — 18.

Fluidized bed drying is a very effective method for fine materials. It provides intensive
heat and mass transfer, which allows achieving high productivity. The introduction of auto-
mated control systems plays a key role in achieving stability of technological processes. At
the same time, the fluidized bed itself is a dynamic system where the behavior of the material
depends on many factors such as air velocity, particle size, humidity and temperature. This
makes process control difficult, as even small changes in one parameter can lead to significant
changes in others due to the existing cross-couplings. This work is a generalization in plan-
ning the methodology for synthesizing ACS by the process of drying sunflower seeds in a flu-
idized bed grain dryer, which is a complex dynamic multidimensional object with a delay.
Moreover, the synthesis stages take into account the design features of the dryer, its operation
in various modes, in particular in the stabilization mode, and the situation with the inability to
fully measure the output signals of the object. All stages synthesis by the drying process in a
fluidized bed dryer are based on the application of the basic principles of the modern theory
of automatic control of complex technological processes.

Bibl. 9, ill. 2.

UDK 533.6.013.14 : 629.1.025.3

Syrotkina N.P., Vasyliv S.S., Muzyka L.V. Classification of drones and their engines
/I System technologies. N 4(159) - Dnipro, 2025.- P.19 — 25.

The paper relevance is determined by the research of unmanned aircraft, engines and
fuel for them. Current functional methods of classifying unmanned drones for military and
security purposes are reviewed. The classification of unmanned vehicles with organizational
and technical marks is shown. The division into homogeneous and heterogeneous is consid-
ered. It is shown that the classification of fuels by structure is divided into nitrocellulose, mix-
ture, modified. The principles of engine timing schemes are reviewed. It is shown that charges
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made from mixture solid rocket fuel can be used in two variants: with an insert charge and
with a charge bonded to the body. The research aim is current state analysis of drones, en-
gines and fuel for unmanned vehicles.

Bibl. 5., ill. 3.

UDC 004.8

Kupin A.l., Kosei M.P. Comparison and optimization of spatial models of swarm in-
telligence // System technologies. N 4(159) - Dnipro, 2025.- P.26 — 36.

The study is dedicated to the comparison and optimization of spatial models of swarm
intelligence and their importance for the development and optimization of multi-agent sys-
tems. The research examines the scientific achievements in this field and the continuous ex-
pansion of the application possibilities of such systems. Based on the analysis of scientific
literature, the necessity of combining interdisciplinary approaches to solve complex problems
using swarm intelligence has been preliminarily established. Further research involves an in-
depth study, comparison, evaluation, and optimization of swarm intelligence models in the
context of various applied tasks.

Bibl. 10, ill. 4.

UDK 004.94

Rudyk O.Yu., Poberezhnyi M.M., Kaplun P.V., Gonchar V.A. Application of comput-
er-integrated technologies in modern engineering systems // System technologies.
N 4(159) - Dnipro, 2025.- P.37 — 45.

By means of SolidWorks Simulation determines the dependence of the maximum stress
acting on the gear block of the drum of the UVN-74 vacuum spraying installation at full load
on the number of finite elements of its model. To solve the static problem, the parameter “at

nodes” is set for the Jacobian check, and to obtain reliable results, the “curvature-based” mesh
creation algorithm is activated. To avoid errors related to mesh density, the optimal number
and size of finite elements were selected. Analysis of the stress diagram established that this
loading mode occurs within permissible limits, but exceeding the total displacements by more
than permissible ones can lead to unpredictable results during the operation of the gear block.
To determine the exact values of the total displacements, their probing at critical points was
used.

Bibl. 12, ill. 4.

UDC 658.58

Romanenko O.0., Kupin A.l. Proposal for a general classification of maintenance
approaches // System technologies. N 4(159) - Dnipro, 2025.- P.46 — 55.

Existing classifications for maintenance are considered. It has been determined that de-
spite significant advancements in this field, there is still no consensus on how to classify
maintenance approaches. Based on the conclusions drawn from the analysis of literature
sources, a classification has been developed that could become universally accepted.

Ref. 23, fig. 10, table. 1.
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UDC 621.771

Dobriak V.D., Uhriumov Yu.D., Stasevskyi S.L., Mazur L.A., Uhriumov D.Yu. Tech-
nology of preparation of sleeve ends before pilgrims rolling // System technologies.
N 4(159) - Dnipro, 2025.- P.56 — 74.

The paper considers the issues of improvement of hot pilgrim rolling of pipes by means
of preparation of front and rear ends of sleeves. The presence of a gap between the sleeve and
mandrel increases transverse variance and reduces pipe accuracy during pilgrim rolling. In the
present article the issues of preparation of the front and rear ends of the sleeves to ensure the
alignment of the sleeve and mandrel in the process of Pilgrim rolling are comprehensively
considered. The preparation of the front ends of the sleeves is proposed to be carried out on a
slant-rolling piercing mill by idle rollers of the swaging device located on the output side of
the piercing mill. In the work a new technology of preparation of front ends of sleeves provid-
ing their reduction by idle rollers without compression along the thickness of the sleeve wall
IS proposed.

Bibl. 11.

UDC 004.89:004

Liushenko L.A., Monko O.S. Construction of a task-oriented database for electricity
consumption dynamics forecasting // System technologies. N 4(159) - Dnipro, 2025.-
P.75 — 84.

This article presents an approach for building a specialized database in a software expert
system that forecasts electricity consumption. After analyzing available data, it applies ad-
vanced cleaning, transformation, and feature engineering techniques to ensure reliable meas-
urements and improve overall predictive accuracy. A key advantage is the iterative structure,
which allows adding or modifying variables as needed. Experimental validation on real con-
sumption data shows that the specialized database design has high accuracy of forecasting
outcomes, making it a promising solution for dynamic conditions within the energy domain.

Bibl. 13, illus. 4, tabl. 0.

VIIK 004.8

Shopskyi O.M., Golovatiy R.R. Application of machine learning models for early
detection of emergency situations based on streaming big data // System technologies.
N 4(159) - Dnipro, 2025.- P.85 — 98.

The study explores the potential of machine learning models, particularly deep learning,
for the early detection of emergency situations through the analysis of streaming big data
from sensor networks (IoT) and social media. A hybrid LSTM-CNN model is proposed,
achieving high accuracy (F1=0.90) and minimal detection latency (=5.5 s). A comparative
analysis of traditional methods (threshold detectors, SVM) and modern deep learning algo-
rithms (LSTM, LSTM-CNN) was conducted using synthetic and real-world data. The superi-
ority of deep learning over classical approaches in terms of speed and reliability of anomaly
detection is demonstrated.

Bibl. 14, tabl. 2, fig. 1.
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UDC 004.9:373018.43.5

Savon O.E., Palaguta K.O. Problems of functioning of modern distance learning
systems // System technologies. Regional interuniversity collection of scientific works. -
Issue 4(159). - Dnipro, 2025. - P.99 - 107.

Informatization of modern society is one of the most important features of the process
of its development, which includes the formation and development of the intellectual potential
of each person, improving the form and content of the educational process, the introduction of
modern technologies and educational tools that allow solving modern educational tasks at the
highest level.

Bibl. 16.

UDC 004.932

Mishchenko M.S., Hnatushchenko Vik. V. Comparative analysis of methods for
water body detection on satellite images // System technologies. Regional interuniversity
collection of scientific works. - Issue 4(159). - Dnipro, 2025. - P.108 - 113.

Modern approaches to the extraction of water bodies from multispectral satellite images,
particularly Sentinel-2, are considered. A comparative analysis of spectral water indices
(NDWI, MNDWI, AWEI) and classification algorithms, including threshold segmentation
methods and machine learning techniques with a focus on U-Net neural networks, has been
conducted. It is shown that combining indices with automated processing methods ensures
high accuracy and result stability. The findings have practical significance for environmental
monitoring and water resource management.

Bibl. 8.

UDC 528.88:630*162.5

Kavats O.0., Kavats Y.V., Sergieieva K.L., Fenenko T.M., Dibrii D.A. Satellite
monitoring and assessment of the degree of pollution of water bodies under the influence
of military operations // System technologies. Regional interuniversity collection of
scientific works. - Issue 4(159). - Dnipro, 2025. - P.114- 124.

The primary modern methods of monitoring water bodies, their pollution status, and the
impact of military operations on them are investigated. Generally accepted, standardised
methods for assessing water quality in water bodies include ground-based sampling, which is
inefficient and expensive under certain conditions. Due to the full-scale invasion and active
military operations, as well as the occupation of territories, this method loses its relevance.
The study aims to determine the indicators and characteristics of the processes leading to
changes in surface waters and to assess the degree of pollution of water bodies under the
influence of military operations. The most suitable approach for practical use over large areas
is the remote approach, which combines ground and satellite measurements to detect pollution
in water bodies. The paper describes the main spectral water indices and data sets that can be
used to apply satellite monitoring methods. The availability of archival data opens up the
possibility of comparing the results obtained and analysing the factors influencing the state of
the water bodies. Using the example of the man-made disaster at the Kakhovka HPP, the
adaptability of indices for identifying areas with surface water pollution in the Black Sea
basin is analysed. The results show that the NDTI spectral index should be used to assess the
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impact of military operations and evaluate surface water contamination. Compared to the
NDWI, the surface water turbidity index allows the identification of areas with contamination
due to signs caused by natural or man-made processes. The NDWI spectral index fixes the
boundaries of water bodies without detailing the pollution on the water surface due to changes
in transparency, color, or other characteristics. The work describes data sets and demonstrates
the potential of using satellite monitoring to analyse large areas.

Bib. 21.

UDC 004.942

Myrhorod V., Hvozdeva I. Mathematical description and optimization of automatic
control systems using pulse width modulation of signals // System technologies. Regional
interuniversity collection of scientific works. - Issue 4(159). - Dnipro, 2025. - P.125 - 134.

An approach is proposed for the adequate description of the processes of state change
and optimization of complex discrete automatic control systems (ACS), in which the
conversion of control signals into a sequence of pulses with time modulation is used.
Requirements for actuators in many cases of practical use produce the need to use such a
conversion to achieve proportional regulation of the output action in accordance with the
input control signal. The description of discrete automatic control systems of the specified
type is generalized and an equivalent transformation of the discrete equations of their motion
is proposed. The specified transformation allowed to take into account the change in the
length of the control pulses for the linear continuous invariant part of the automatic control
system.

Bib. 8.

UDC 004.4

Zhurba A., Bratchenko A. Development of a software system for calculating
methods of game theory. Analysis of the influence of optimism-pessimism indicators and
probable scenarios on the optimality of strategies in games with nature // System
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The article discusses a software system for researching and visualizing the statistical
correlation of the results of choosing optimal strategies in a game with nature, considering the
speed of calculations, changes in the “optimism-pessimism” indicator and various
probabilistic scenarios. This software product was created with the Python programming
language using the Tkinter library in the Microsoft Visual Studio 2019 integrated
programming environment. It implements the selection of optimal strategies according to the
Wald, Hurwitz, Bayes, Laplace, and Savage criteria, considering the speed of calculations.
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Babachenko O.l., Kononenko H.A., Podolskyi R.V., Safronova O.A., Safronov O.L.
Correlational studies of the kinetics of fatigue destruction of railway wheel metal in the
delivery condition with different strength levels // System technologies. Regional
interuniversity collection of scientific works. - Issue 4(159). - Dnipro, 2025. - P.148 - 157.

Correlation analysis makes it possible to identify linear relationships between changes
in steel characteristics, which is especially important when long-term experiments are limited.
For railway metal products, this helps predict fatigue crack growth and prevent failures. This
study analyzes the influence of chemical composition (carbon, manganese, vanadium,
phosphorus, silicon, sulfur) and mechanical properties (elongation, hardness, impact
toughness) on the parameters Kth, Kfc, K*, and n. Strong correlation relationships were
identified. The parameter n is the least sensitive to mechanical properties. Further research is
needed to gain a deeper understanding of the influence of impurities and to establish
functional dependencies.
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Regional interuniversity collection of scientific works. - Issue 4(159). - Dnipro, 2025. -
P.158 - 165.

This article highlights the application of artificial intelligence techniques to predict
hydrocarbon reservoirs from 3D seismic images. The study reviews current advances in Al
for seismic data interpretation, including convolutional, recurrent, graph neural networks, and
transformers. The authors analyze the existing limitations, including problems with the
quality and quantity of training data, difficulties in generalizing and interpreting the results.
The article discusses methods of pre-processing and feature engineering of seismic images,
strategies for working with limited data, and outlines promising areas for future research in
this area.
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scientific works. - Issue 4(159). - Dnipro, 2025. - P.166 - 171.

The paper analyzes and defines the current state of technologies in creating graphic
images and outlines the main problems that need to be solved. Key aspects of working with
2D and 3D graphics are highlighted, and the features of their combination are determined.
Modern IT solutions in this area are analyzed, which makes it possible to assess the available
technologies and their limitations. In particular, it was found that most existing software
products are focused mainly on 2D graphics, while the integration of 3D elements remains
insufficiently implemented or difficult for non-programmer users. The analysis identified the
main shortcomings of the current technologies, including limited use of 3D objects in 2D
compositions, insufficiently effective graphic layer management tools, and the lack of a
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centralized search and reuse mechanism for materials. To solve these problems, possible ways
of improvement were considered, including implementing a web application with extended
support for 3D graphics, intuitive interfaces, and an integrated resource search system.
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Prokopovych-Tkachenko D., Zvieriev V., Bushkov V., Khrushkov B. Data distillation
in machine learning: mathematical model and optimization methods // System
technologies. Regional interuniversity collection of scientific works. - Issue 4(159). - Dnipro,
2025. - P.172 - 188.

The article explores the concept of data distillation in machine learning, an approach
aimed at creating compact yet efficient datasets without significant performance loss. The
increasing volume of data plays a crucial role in modern deep learning, but its processing
requires substantial computational resources. Data distillation seeks to reduce dataset size by
selecting the most informative samples, optimizing the training process, reducing redundant
information, and improving model generalization. The proposed mathematical model
formalizes data distillation as an optimization problem that involves selecting a subset that
minimizes information loss. Various evaluation criteria are applied, including the gradient-
based approach, which analyzes the impact of individual samples on model training through
changes in the loss function gradient; the entropy-based approach, which measures model
uncertainty concerning specific samples; and the representative subset method, which
minimizes the distance between the original and distilled datasets. The study examines key
distillation methods, such as generative models (GANSs, diffusion models), active learning
(data selection based on entropy levels), and clustering methods (K-means, DBSCAN) for
determining representative samples. Experimental analysis demonstrates that using a distilled
dataset can reduce data volume by a factor of ten while decreasing model accuracy by only
about 2%. Additionally, training time is reduced by a factor of eight, significantly improving
computational efficiency.
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Shynkarenko V.l., Chyhir R.R. Constructive-synthesizing modelling of a
thunderstorm front using a genetic algorithm // System technologies. Regional
interuniversity collection of scientific works. - Issue 4(159). - Dnipro, 2025. - P.189 - 199.

The developed constructors as part of the multiconstructor are intended for realistic
modelling of the front of thunderstorm (lightning) activity. The construction features are the
use of a multiconstructor, which is a shell for other constructors, and a parametric constructor,
which allows the multiple use of one constructor with different initial data (formal
parameters) in one project. The modelling of fractal time series that determine lightning
flashes was performed using a genetic algorithm. The peculiarity of this algorithm is the
encoding of chromosomes with text and numeric parts.
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Ivanov O., Guda A., Sablin O., Shynkarenko V. Constructive-synthesizing modeling
of recovery energy distribution based on fuzzy logic // System technologies. Regional
interuniversity collection of scientific works. - Issue 4(159). - Dnipro, 2025. - P.200 - 211.

Previously, a general constructive-production model of a direct current traction power
supply section was developed and enriched with information on the attribute values of its
constituent elements. In this work, based on expert data, a system for managing the
distribution of regenerative energy is formed using constructive-production modeling and
fuzzy logic. The developed constructive-production model allows for the creation of a text file
in FTL format, which serves as an input for the fuzzyTech system. FuzzyTech enables fuzzy
inference mechanisms, taking into account the condition of electrical equipment and the train
operation situation on the power supply section, to determine the distribution of regenerative
energy by controlling the state of switches at direct current power supply substations.
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