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UDC 0.04+0.07

P.P. TROKHYMCHUK, O.M. VILIHURSKYI, O.M. ZAMURUIEVA
Lesya Ukrainka Volyn National University

MAIN PROBLEMS OF EVOLUTION THE CYBERNETICS
AND COMPUTER SCIENCE

The problems of evolution the cybernetics and computer science are analysing. Short historical analysis
of this problem is representiung. It is including Greek abacus, the Peruvian system of nodal counting Kipu. The role
of Blaise Pascal and Wilhelm Leibniz in establishing the foundations of computer science is noted. The next stage in
the development of computer science was the research of Charles Babbage and Lady Ada Lovelace. It was Ada Lovelace,
who initiated the programming procedure. The concept of cybernetics as the management of ships originated in Greece.
In the 19th century, it was formulated as a science of management by F.-M. Ampere and B. Trentowski. It was completed
by N. Wiener, according to whom cybernetics is the science of control in the living and non-living world. Later, cybernetics
became the basis of computing. In its bowels, the theory of automatic regulation was expanded and the foundations
of modern information theory were formulated. As F. George showed, cybernetics is a synthetic science that includes
a number of sciences that are needed to solve the relevant problem. Research has been conducted on the development
of the hardware base of modern cybernetics and computer science: from pebbles, nodules and bones to modern
optoelectronic systems. Modern computer science has a somewhat broader meaning as defined by N. Wiener. The main
task of modern computer science is the formalization of the thesis of the Canadian philosopher L. Hall “Everything
that comes from the head is intelligent”. In this case, along with the elementary base, programming received significant
development. Along with narrow-profile programming languages (Fortran, Pascal), the system programming languages
C and cross-hierarchical programming (Python have been created. The structure of computer science has also changed
significantly. The further development of computer systems is obviously related to the reduction of time and simplification
of the procedure for obtaining the necessary information. Possible ways of implementing this are also discussed.

Key words: cybernetics, computer science, evolution, hardware, software, polymetrical analysis, Python.

ILII. TPOXMMYYVYK, O.M. BUII'YPCBKHIA, O.M. 3AMYPYEBA

BonmHchkuit HatlioHaNbHUH yHiBepcuTeT imMeHi Jleci Yikpainku

OCHOBHI ITPOBJIEMHY EBOJIIOIIT KIBEPHETUKH TA KOMIT'IOTEPHUX HAYK

Y emammi npoananizosano npobremu esontoyii kibepnemuku i ingpopmamuxu. Ilooano kopomxuil icmopuunull
ananiz yiei npobnemu. Croou 6xooums abak, nepyancobka gyznuxosa cucmema paxyuky Kiny. Biosnauaemocs pons Bresa
Hackans i Binveervma JIaioniya y cmeopenti ocnog ingopmamuru. Hacmynnum emanom y po3eumky iHgopmamuxu
cmanu oocniodcenns Yapnvsa be6bioca 1i nedi Aou Jlasneiic. Came Ada Jlasnetic iniyiroeana npoyedypy cmeopeHts npo-
epamyeanns. [lonamms Kibepnemuku sk ynpasiinus kopaonamu eunuxio 6 I peyii. ¥ 19 cmonimmi 6ono cgpopmynvosano
Ak nayka npo ynpaeninus ®.-M. Aunepom i b. Tpenmoscokum. Hozo 3asepuwus H. Binep, 32idno 3 akum kibepremuxa —
ye HaAyKa npo YnpaeiiHHs JHeusum i nedxcueum ceimom. Ilizniwe Kibepremuxka cmaia 0CHOB0I0 0OHUCTIOBAIbLHOI MEXHIKU.
Vit nadpax posuwuperno meopito asmomamuuHo20 pe2ynosanHts ma chopmyiboO8aHo OCHOBU CYHACHOT meopil ingopmayii.
Ak noxkazae D. Jicopoorc, Kibepnemuka € CUHMEMUUHOI HAVKOIO, SIKA 6KIIOUAE HUZKY HAYK, HEOOXIOHUX OJi5l PO36 A3AHHS
8i0nosionoi npoonemu. Ilposedero 00CnioNCceHHs Wod0 PO3BUMKY anapamuoi 6asu cyuacHoi KibepHemuxu i iHgopma-
MUKU. 8i0 KAMIHYUKIB, 8V3IUKIE i KICMOK 00 cyyacHux onmoenekmponuux cucmem. Cyuacna ingpopmamura mae oeujo
wiupuie 3uavenns 3a eusnavennsim H. Binepa. Ochosnum 3a80anuam cyuachol inghopmamuru € popmanizayis mesu Kanao-
cbko2o ¢hinocogpa JI. Xonna: « Ve, wo tioe 6io 2onosu, € posymuumy». Ipu ybomy nopso 3 enemeHmapuoro 6azoio 3Ha4Ho2o
possumky Habyno npocpamyeanns. Ilopsao iz eyzekonpoinonumu moeamu npoepamyseanns (Fortran, Pascal) cmeopeni
Mosu cucmemnozo npoepamyeanns C, C** i migciepapxiunozo npozpamysanns (Python). 3uauno sminunacs i cmpykmypa
Komn tomeprux Hayk. Tlodanbuiuii po3eumox KOMn 10OmepHUX CUCMeM, 04e6UOHO, NO8 A3AHUI 31 CKOPOUEHHAM Yacy i Cnpo-
W eHHAM npoyedypu OmpumMantsa Heooxionoi ingpopmayii. Taxodc 062060pIOIOMbCA MONHCIUST WLAXY i1 peanizayii.

Kniouosi crnosa: cunmes, Kibepnemuxa, inpopmamura, wmyyHull inmeniexm, CUCMeMHULl anaiiz, NoaiMempuyHuLl
ananiz, npunyun Moiceesa, Ilatimon.

Introduction
In the main problems of evolution the cybernetics and computer science wu must select next
aspects: problems of calculation (computation; problem of organization this calculations and area

https://doi.org/10.32782/mathematical-modelling/2023-6-1-1
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of possible applicagtions these calculations) [1-23]. These three aspects are determined by the level
of development of civilization at one or another period of its existence. It should be noted that these
three aspects are characteristic of all epochs to one degree or another. Therefore, we will analyze
the evolution of cybernetics and informatics based on this point of view.

Short historical analysis of this problem is representiung. In is including Ancient
Egyptian, Sumerian, Indian, Chinese, Antiquity, Jewish, Peru and other civilizations, including
mythology, Pythagorian, Plato and other systems, Greek abacus, the Peruvian system of nodal
counting [2; 16; 23].

The role of Blaise Pascal and Wilhelm Leitzbnitz in establishing the foundations of computer
science is noted [2; 12—16; 23].

The next stage in the development of computer science was the research of Charles Babbage
and Lady Ada Lovelace [2; 3; 12-16; 23]. Ada Lovelace was initiating the programming procedure.

The concept of cybernetics as the management of ships originated in Greece [2; 16; 23].
In the 19th century, it was formulated as a science of management by F.-M. Ampere [2; 16; 23]
and B. Trentowski [17]. It was completed by N. Wiener, according to whom cybernetics is the science
of control in the living and non-living world [11]. Later, cybernetics became the basis of computing.
In its bowels, the theory of automatic regulation was expanded and the foundations of modern
information theory were formulated. As F. George showed, cybernetics is a synthetic science that
includes a number of sciences that are needed to solve the relevant problems [4]. Research has been
conducted on the development of the hardware base of modern cybernetics and computer science:
from pebbles, nodules and bones to modern optoelectronic systems.

Modern computer science has a somewhat broader meaning as defined by N. Wiener [12-15].
The main task of modern computer science is the formalization of the thesis of the Canadian
philosopher L. Hall “Everything that comes from the head is intelligent” [1; 2; 16]. In this case,
along with the elementary base, programming received significant development. Along with narrow-
profile programming languages (Fortran, Pascal), the system programming languages C and cross-
hierarchical programming (Python [9; 10]) have been created [11-15].

The structure of computer science has also changed significantly. The further development
of computer systems is obviously related to the reduction of time and simplification of the procedure
for obtaining the necessary information.

Possible ways of implementing this are also discussed.

Main results

The history of computer science began long before the modern discipline of computer science,
usually appearing in forms like mathematics or physics. Developments in previous centuries alluded
to the discipline that we now know as computer science [12—16]. This progression, from mechanical
inventions and mathematical theories towards modern computer concepts and machines, led to
the development of a major academic field, massive technological advancement across the Western
world, and the basis of a massive worldwide trade and culture.

It is certain that the analysis of the evolution of computing methods and systems should begin
with ancient civilizations [2; 16].

Thus, in ancient Egypt, the elements of algebra were introduced and a universal coded system
of calculations was created, which is called the tablet of the god Thoth. Based on this, the god Thoth
taught the Egyptians to count, write and cultivate the Earth. The first two provisions were deciphered
using the methods of modern information theory. Roughly speaking, this tablet was the prototype
of the first computer [2; 16].

Spherical geometry, astrology, the basics of matrix arithmetic and the abacus were created
in ancient Sumer, which was widely used in Mediterranean civilizations by both the Phoenicians
and the Greeks [2; 16].
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Matrix calculation was needed for compiling astrological tables. In addition, computational
methods were needed for the development of building mechanics (Egyptian pyramids, temples)
and irrigation [2; 16].

The earliest known tool for use in computation was the abacus, developed in the period between
2700 and 2300 BCE in SumerThe Sumerians’ abacus consisted of a table of successive columns
which delimited the successive orders of magnitude of their sexagesimal number system. Its original
style of usage was by lines drawn in sand with pebbles. Abaci of a more modern design are still used
as calculation tools today, such as the Chinese abacus [2; 16; 23].

In the 5th century BC in ancient India, the grammarian Panini formulated the grammar of Sanskrit
in 3959 rules known as the Ashtadhyayi which was highly systematized and technical. Panini used
metarules, transformations and recursions [23].

The phrase “Numbers rule the world” belongs to Pythagoras. It was the Pythagorean school
that connected you with numbers. In general, the Pythagorean school was a synthesis of the esoteric
Egyptian ritual system and the open Sumerian and Indian ones. In 1980-83, German archaeologists
excavated several cities with octagonal houses and half-eight houses in the quarter. the civilization
existed in the 6th — 5th centuries BC, but does not fit into any of the known civilizations at the time.
It is likely that they were the Pythagoreans [2; 16].

Plato attached great importance to mathematics. It was his classification of numbers that was
the first attempt to describe existing knowledge using mathematics. According to Plato, there are
three types of numbers: mathematical (pure mathematics), sensory (applied mathematics) and ideal
(numerology, from a modern point of view, numerical coding of information) [2; 16].

The classifications of Aristotle and Euclid played a significant role in the development of modern
science [2; 16]. Thanks to Aristotle, the classification of modern sciences began and the foundations
of formal logic were developed, which was the completion of the works of Socrates and Plato. From
this point of view, formal logic can be considered formalized rules for conducting a dispute. Euclid
first classified mathematical disciplines and created an axiomatic method of their description, which
is practically relevant in successful mathematics.

From an organizational point of view, an important role in the creation of science was played
by the Alexandria Museum, which was created by a friend of Great Alexander in Alexandria, Egypt.
From the 3rd century BC to the 4th century AD, it was an organization for the development of, as it is
now commonly called, Hellenic culture. Here, science developed along the lines laid down by Plato
and Aristotle, since Aris totel was Ptolemy’s teacher [2; 16].

The Antikythera mechanism is believed to be an early mechanical analog computer. It was
designed to calculate astronomical positions. It was discovered in 1901 in the Antikythera wreck
off the Greek island of Antikythera, between Kythera and Crete, and has been dated to circa
100 BC [12-15; 23].

The traditions of the Alexandria Museum were continued in the Muslim world (Baghdad
Caliphate, Merage, Morocco, Cordoba, Granada, etc.). The fact is that, according to Mohammed,
every Muslim man and woman should learn from everyone, even the Chinese. In this respect, Islam
was much more tolerant of science than medieval Christianity. Only later, during the Renaissance,
the same traditions began to be revived in Christian countries. The reason for this was both the crusades
and the cultural contacts of the Saints. And so it turned out that the Greek Alexandrian manuscripts
were translated not from the Greek language, but from the Anabian language, into Latin [2; 16].

Mechanical analog computer devices appeared again a thousand years later in the medieval
Islamic world and were developed by Muslim astronomers, such as the mechanical geared astrolabe
by Abi Rayhan al-Biriini, and the torquetum by Jabir ibn Aflah. According to Simon Singh,
Muslim mathematicians also made important advances in cryptography, such as the development
of cryptanalysis and frequency analysis by Alkindus. Programmable machines were also invented by
Muslim engineers, such as the automatic flute player by the Banii Misa brothers [12—15; 23].
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The first scientists who studied the principles of cybernetics are Su Song, Heron of Alexandria
and Ctesibius [12—15; 23]. The latter invented the first artificial automatic control system — a water
clock [12-15; 23].

However, further expansion of computing science and the creation of the ideological basis
of modern computing were developed in Europe [2; 16].

It should be noted that the first mechanical robot that could pronounce the simplest words was
constructed in the 13th century R. Bacon [2; 16].

Technological artifacts of similar complexity appeared in 14th century Europe, with mechanical
astronomical clocks [23].

When John Napier discovered logarithms for computational purposes in the early 17th century,
there followed a period of considerable progress by inventors and scientists in making calculating
tools. In 1623 Wilhelm Schickard designed a calculating machine, but abandoned the project, when
the prototype he had started building was destroyed by a fire in 1624. Around 1640, Blaise Pascal,
a leading French mathematician, constructed a mechanical adding device based on a design described
by Greek mathematician Hero of Alexandria. Then in 1672 Gottfried Wilhelm Leibniz invented
the Stepped Reckoner which he completed in 1694 [2; 16; 23].

In the 17th century, the rules for constructing any theory were formulated (Descartes’ method
and Newton’s four rules of inference in physics). Roughly speaking, this is the procedure of Euclidean
axiomatization. Thanks to this, it became possible to realize R. Bacon’s thesis that “science is as much
science as there is mathematics in it” [2; 16].

Charles Babbage is often regarded as one of the first pioneers of computing [3; 23]. Beginning
in the 1810s, Babbage had a vision of mechanically computing numbers and tables. Putting this into
reality, Babbage designed a calculator to compute numbers up to 8 decimal points long. Continuing
with the success of this idea, Babbage worked to develop a machine that could compute numbers with
up to 20 decimal places [3; 23]. By the 1830s, Babbage had devised a plan to develop a machine that
could use punched cards to perform arithmetical operations. The machine would store numbers in
memory units, and there would be a form of sequential control. This means that one operation would
be carried out before another in such a way that the machine would produce an answer and not fail.
This machine was to be known as the “Analytical Engine”, which was the first true representation
of what is the modern computer [3; 23].

Ada Lovelace (Augusta Ada Byron) is credited as the pioneer of computer programming
and is regarded as a mathematical genius [3; 23]. Lovelace began working with Charles Babbage as
an assistant while Babbage was working on his “Analytical Engine”, the first mechanical computer.
During her work with Babbage, Ada Lovelace became the designer of the first computer algorithm,
which had the ability to compute Bernoulli numbers [3; 23], although this is arguable as Charles
was the first to design the difference engine and consequently its corresponding difference based
algorithms, making him the first computer algorithm designer. Moreover, Lovelace’s work with
Babbage resulted in her prediction of future computers to not only perform mathematical calculations,
but also manipulate symbols, mathematical or not. While she was never able to see the results of her
work, as the “Analytical Engine” was not created in her lifetime, her efforts in later years, beginning
in the 1840s, did not go unnoticed [3; 23].

Following Babbage, although at first unaware of his earlier work, was Percy Ludgate, a clerk to
a corn merchant in Dublin, Ireland. He independently designed a programmable mechanical computer,
which he described in a work that was published in 1909 [23].

Two other inventors, Leonardo Torres Quevedo and Vannevar Bush, also did follow on research
based on Babbage’s work. In his Essays on Automatics (1914), Torres designed an analytical
electromechanical machine that was controlled by a read-only program and introduced the idea
of floating-point arithmetic [11-15; 23]. In 1920, to celebrate the 100th anniversary of the invention
of the arithmometer, he presented in Paris the Electromechanical Arithmometer, which consisted
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of an arithmetic unit connected to a (possibly remote) typewriter, on which commands could be
typed and the results printed automatically. Bush’s paper Instrumental Analysis (1936) discussed
using existing IBM punch card machines to implement Babbage’s design [11-15; 23]. In the same
year he started the Rapid Arithmetical Machine project to investigate the problems of constructing
an electronic digital computer [11-15; 23].

Up to and during the 1930s, electrical engineers were able to build electronic circuits to solve
mathematical and logic problems, but most did so in an ad hoc manner, lacking any theoretical rigor.
This changed with switching circuit theory in the 1930s. From 1934 to 1936, Akira Nakashima, Claude
Shannon, and Viktor Shetakov published a series of papers showing that the two-valued Boolean
algebra, can describe the operation of switching circuits [11-15; 23]. This concept, of utilizing
the properties of electrical switches to do logic, is the basic concept that underlies all electronic
digital computers. Switching circuit theory provided the mathematical foundations and tools for
digital system design in almost all areas of modern technology [11-15; 23].

While taking an undergraduate philosophy class, Shannon had been exposed to Boole’s work,
and recognized that it could be used to arrange electromechanical relays (then used in telephone
routing switches) to solve logic problems. His thesis became the foundation of practical digital circuit
design when it became widely known among the electrical engineering community during and after
World War II [11-15; 23].

Since the values stored by digital machines were not bound to physical properties like analog
devices, a logical computer, based on digital equipment, was able to do anything that could be described
“purely mechanical”. The theoretical Turing Machine, created by Alan Turing, is a hypothetical device
theorized in order to study the properties of such hardware [11-15; 23].

The mathematical foundations of modern computer science began to be laid by Kurt Godel with
his incompleteness theorem (1931). In this theorem, he showed that there were limits to what could
be proved and disproved within a formal system. This led to work by Gddel and others to define
and describe these formal systems, including concepts such as mu-recursive functions and lambda-
definable functions [11-15; 23].

In 1936 Alan Turing and Alonzo Church independently, and also together, introduced
the formalization of an algorithm, with limits on what can be computed, and a “purely mechanical”
model for computing. This became the Church-Turing thesis, a hypothesis about the nature
of mechanical calculation devices, such as electronic computers. The thesis states that any calculation
that is possible can be performed by an algorithm running on a computer, provided that sufficient time
and storage space are available [11-15; 23].

In 1936, Alan Turing also published his seminal work on the Turing machines, an abstract digital
computing machine which is now simply referred to as the Universal Turing machine. This machine
invented the principle of the modern computer and was the birthplace of the stored program concept
that almost all modern day computers use [11-15; 23]. These hypothetical machines were designed
to formally determine, mathematically, what can be computed, taking into account limitations on
computing ability. If a Turing machine can complete the task, it is considered Turing computable.

The Los Alamos physicist Stanley Frankel, has described John von Neumann’s view
of the fundamental importance of Turing’s 1936 paper, in a letter: I know that in or about 1943
or ‘44 von Neumann was well aware of the fundamental importance of Turing’s paper of 1936...
Von Neumann introduced me to that paper and at his urging I studied it with care. Many people
have acclaimed von Neumann as the “father of the computer” (in a modern sense of the term) but
I am sure that he would never have made that mistake himself. He might well be called the midwife,
perhaps, but he firmly emphasized to me, and to others I am sure, that the fundamental conception
is owing to Turing [23].

John V. Atanasoff (1903—1995) created the first electric digital computer, known as the Atanasoft-
Berry computer [11-15; 23].
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The world’s first electronic digital computer, the Atanasoff—Berry computer, was built on the lowa
State campus from 1939 through 1942 by John V. Atanasoff, a professor of physics and mathematics,
and Clifford Berry, an engineering graduate student [11-15; 23].

In 1941, Konrad Zuse developed the world’s first functional program-controlled computer, the Z3.
In 1998, it was shown to be Turing-complete in principle. Zuse also developed the S2 computing machine,
considered the first process control computer. He founded one of the earliest computer businesses in
1941, producing the Z4, which became the world’s first commercial computer. In 1946, he designed
the first high-level programming language, Plankalkiil. Now progrming languaages are more complex
[11-15; 23]. They eveloped in next way — Algol — Fortran — Pascal — C C*™" — Python [9; 10; 13].

In 1948, the Manchester Baby was completed; it was the world’s first electronic digital computer
that ran programs stored in its memory, like almost all modern computers. The influence on Max
Newman of Turing’s seminal 1936 paper on the Turing Machines and of his logico-mathematical
contributions to the project, were both crucial to the successful development of the Baby [11-15; 23].

In 1950, Britain’s National Physical Laboratory completed Pilot ACE, a small scale programmable
computer, based on Turing’s philosophy. With an operating speed of 1 MHz, the Pilot Model ACE
was for some time the fastest computer in the world®?®”), Turing’s design for ACE had much in
common with today’s RISC architectures and it called for a high-speed memory of roughly the same
capacity as an early Macintosh computer, which was enormous by the standards of his day. Had
Turing’s ACE been built as planned and in full, it would have been in a different league from the other
early computers [11-15; 23].

Claude Shannon helped creating the foundation of information theory [2; 16].

The first actual computer bug was a moth. It was stuck in between the relays on the Harvard
Mark II [23]. While the invention of the term ‘bug’ is often but erroneously attributed to Grace Hopper,
a future rear admiral in the U.S. Navy, who supposedly logged the “bug” on September 9, 1945, most
other accounts conflict at least with these details. According to these accounts, the actual date was
September 9, 1947 when operators filed this ‘incident’ — along with the insect and the notation “First
actual case of bug being found” (see software bug for details).

Cybernetics as a science has combined such areas as: control system, biology, neurology,
mechanical engineering, etc. Engineer Harold Black gave rise to electronic control systems with his
famous works. In 1927, his works were published, which described how, using negative feedback,
amplifiers can be controlled. It was later used in artillery and radar control schemes during World
War 11 [2; 16; 23].

In the form in which it is known today, cybernetics began to take shape in 1940. This was
due to the work of such prominent scientists as W. Ashby, W. Walter, McCulloch and Wiener. We
should not forget about John von Neumann, a scientist who became famous for his work in the field
of mathematics and computer science. He made the most important addition — he introduced such
a concept as a cellular atom and its self-reproduction. The father of cybernetics is called the scientist
from the USA N. Wiener. In 1948 he published a book called Cybernetics [2; 11; 16; 23].

Rough chema of Cybernetics as synthetic science is represented in Fig. 1 [5; 11].

Really, this synthesis may be change. Now we have physical cybernetics [19], economical
cybernetyics, etc. [2; 16].

The term artificial intelligence was credited by John McCarthy to explain the research that
they were doing for a proposal for the Dartmouth Summer Research [8]. The naming of artificial
intelligence also led to the birth of a new field in computer science. On August 31, 1955, a research
project was proposed consisting of John McCarthy, Marvin L. Minsky, Nathaniel Rochester,
and Claude E. Shannon [8]. The official project began in 1956 that consisted of several significant
parts they felt would help them better understand artificial intelligence’s makeup.

McCarthy and his colleagues’ ideas behind automatic computers was while a machine is capable
of completing a task, then the same should be confirmed with a computer by compiling a program to
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perform the desired results. They also discovered that the human brain was too complex to replicate,
not by the machine itself but by the program. The knowledge to produce a program that sophisticated
was not there yet [8].

Fig. 1. A schem that roughly illustrates the areas of intersection of the main disciplines that feed cybernetics [4; 11]

The concept behind this was looking at how humans understand our own language and structure
of how we form sentences, giving different meaning and rule sets and comparing them to a machine
process. The way computers can understand is at a hardware level. This language is written in binary
(1s and 0’s). This has to be written in a specific format that gives the computer the ruleset to run
a particular hardware piece [8].

Minsky’s process determined how these artificial neural networks could be arranged to have
similar qualities to the human brain. However, he could only produce partial results and needed to
further the research into this idea [8].

McCarthy and Shannon’s idea behind this theory was to develop a way to use complex problems
to determine and measure the machine’s efficiency through mathematical theory and computations.
However, they were only to receive partial test results [8].

The idea behind self-improvement is how a machine would use self-modifying code to make
itself smarter. This would allow for a machine to grow in intelligence and increase calculation speeds.
The group believed they could study this if a machine could improve upon the process of completing
a task in the abstractions part of their research.

The group thought that research in this category could be broken down into smaller groups. This
would consist of sensory and other forms of information about artificial intelligence. Abstractions in
computer science can refer to mathematics and programming language.

Their idea of computational creativity is how the program or a machine can be seen in having
similar ways of human thinking. They wanted to see if a machine could take a piece of incomplete
information and improve upon it to fill [8].

Logic played a significant role in the development of computational sciences. Probably
precisely because of the fact that W. Leibniz tried to build a universal calculus with the help of formal
logic [2; 16]. Already in the 19th century, Boolean logic was created, which was introduced into
computer science as a binary number system. Later, Russell’s inductive logic types were developed,
which made it possible to describe more complex systems with the help of logic [2; 16]. In the early
stages of the development of computer technology, this was enough. The pinnacle of this line
of research can be considered Kleene’s metamathematics, in which the theory of recursive functions
was developed. Russell and Whitehead put logic in the foundations of mathematics. However, Godel’s
incompleteness theorems showed the futility of this approach. In the end, it turned out that no single
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derivative of modern mathematics can be the basis of all mathematics. In 1948, Whitehead abandoned
this concept in favor of an organismic approach. Some believe that Godel’s incompleteness theorems
should be included in the theoretical foundations of computer science [2; 16].

The evolution of general theoretical approaches in computer science can be traced on the basis
of S. Kleene [20] and S. Wolfram’s [21] Metamathematics. If in the first book the main emphasis is
on logical doctrine, then in the second book on a group of mathematical disciplines that are basic in
computer programs. And that approach is intuitionistic too. However, S. Wolfram points out that it is
necessary to bring computer science closer to physics [21].

However, at the current stage of the development of science, this was not enough. The need to
shift mathematics to physics was expressed by many people, and even physical cybernetics arose
in this way. This leads to the conclusion that it is not worth returning to the Euclid-Newton line in
computer science, taking into account all the pros and cons of previous research [2; 16].

We cantalk about the convergence of information theory and physics on the basis of the generalized
de Broglie ratio [2, 16, 22] ¢ g

et (1)
about the equality of ordered and disordered information in closed system. Here S, is an action,
S, — entropy, 7 — Planck constant, k, Boltzmann constant [5; 7; 8].Therefore, it makes sense to
consider dimensionless relations not as elements of dimensionless entropy or action, but as elements
of a generalized information [2; 16; 22].

This ratio is valid for closed systems. For open systems, we can formulate the following
principle [2; 16]:

88, >0. 2)

If §, =S, we have Shennon law of information theory and Klimontovich criterion of open
systems [2; 16].

In addition, relation (1) is the rationale for the introduction of information numerosity (simple,
technical and generalized) as the quantifiers of relevant calculation operations, cells as we can see
from (1) include relevant quanta of physical processes.

A theory, which include physical and other processes in procedure of computation, can be
a polymetric analysis — a theory of variable measure or a theory with a variable hierarchy [1; 2; 16].
The main components of this theory are: functional numbers (generalization of quadratic
forms); generalized mathematical transformations (quantitative and qualitative, responsible for
single-hierarchical and multi-hierarchical calculations), information grids built on generalized
constructive elements (algebraic combination of functional numbers and generalized mathematical
transformations). the theory of information calculations, based on the principle of optimal information
calculations (mathematical forms may be various, including (2)), the polymetric theory of measure
and measurements (synthesis of the theories of measure and analysis of dimensions into a single
system) and the hybrid theory of systems (practically systems of possible formalization of knowledge).
The theory itself is based on two criteria: the criterion of completeness (the criterion of the layout
of the system based on its completeness) and the criterion of simplicity (the criterion of the optimality
of this layout, which includes the criterion of the optimal amount of information) [1; 2; 16].

Since the basis of polymetrics is the completeness of the system in a more general sense,
as in K. Godel, and in addition, it is connected with the complexity of the system, then of course
the polymetric method can be laid at the basis of computer science. With the help of the hybrid
theory of systems, it was possible solve the S. Beer centurial problem in cybernetics (the problem
of information complexity). Unlike Russell’s inductive logical types, the number of which can
be arbitrarily large. in the hybrid theory of systems, the number of types is finite, but the number
of implementations can be arbitrarily large [1; 2; 11; 16].
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In an epistemological sense, Godelian completeness and Occam’s edge are equivalent to
the fourth rule of the Newtonian four rules of inference in physics. However, unlike logic, Newton’s
fourth law can be applied to almost all sciences without exception. Thus, in computer science, we can
move from Leibniz’s concept to the more general Euclid-Newton [2; 16].

However, since the polymetric analysis has a variable hierarchy, it is possible to create any
number of Kleene or Wolfram-type systems based on it. The approaches of Kleene and Wolfram
are inductive, and polymetric analysis is deductive. Therefore, this method can be considered as
a deductification of intuitionism as well.

In whole Polymetrical Analysis and possible computer sciences must satisfy six conditionswith
point of conditions, which are formulated for the general theories (theories of everything) [1; 2; 11; 16]:

1. It must be open theory or theory with variable hierarchy.

2. This theory must be having minimal number of principles.

3. It must based on nature of mathematics (analysis, synthesis and formalization all possible
knowledge).

4. We must create sign structure, which unite verbal and nonverbal knowledge (mathematical
and other) in one system.

5. We must have system, which is expert system of existing system of knowledge and may be
use for the creation new systems of knowledge.

6. Principle of continuity must be true for all science.

These conditions must be used for the creation any dynamic science, which can be presented as
open system.

Conclusions

The problems of evolution in cybernetics and computer sciences are analyzed. Short histarical
analysis this problem in ancient civilizations is observing.

Role antiquity and middle age scientists in the development of computer science is showing. Role
of B. Pascal, W. Luibniz, Ch. Babbage and A. Lovelace researches in the development of computer
science is discussing.

Development of logica line of cybernetics and computer science and its limitations is observing.
Evolution of inuitionism line in computer science on the example Kleene and Wolfram systems is
representing. Short analysis Cybernetics as synthetic system is giving.

We show the necessary of search more universal concept of computer science. Thi concept is
basin on six rules. As example of this concept, polymetric analysis is representing.
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YK 004.08

B.B. I'PULIVK, B.1. 3AJIOPOXHIIMI

Haunionanenuii yHiBepcuteT «JIbBiBChbKa MOJTITEXHIKa»

JOCJIJP)KEHHSA TEOPII 30BPAKEHbD:
MNOMNEPEJIHS OBPOBKA - BUJIIJIEHHS KPAIB

Ynpoooear oecamunime posnizHasants 00paszie ma onpayio8anHHs 300palcetb 30Kpema 3aTUUAEMbCs AKMYATbHUM
3a60aHuAM. Cb0200HT MU MAEMO 000pe npopobienull meopemudHul hyHoamenm 6a308ux NOHAMb, onepayii i nompeoy
sicmasnennsi 6azo8ux onepayii nepedobpodKu 6XioHol (nowamrosol) ingopmayii, wo donyckae egpexmusne 3acmocy-
6anmsL meopii po3niznasanus. Y pobomi agmopu nooaoms Yacmrosull po3e 30K, 00CIIOUSUU MOICTUBOCTT Oecsimu
onepamopie UOieH s Kpaie (KOHMYpPie), NOPIGHAIOMb NOGEOTHKY ONEPAmopie y PI3HUX YMOBAX, 30KpeMa YMOSAMU € PI3HI
3HaueHHs JianaszoHie sUOUMo20 cnekmpy. Buoumuil cnekmp nodineno na womupu dianazonu, sxi eoekmueHo cnpuima-
OMbCA CBIMIOYYMIUBOI Mampuyero seokamepu. Li dianazonu 8ionosioaroms 0enHoMy ocgimaento. JJocaioiceno maxi
onepamopu. NOKpaweHHa Kpais 3a donomoezoto ouckpemuoi piznuyi (Edge Enhancement by Discrete Differencing), noea-
pupmiune sussnenns kpaio Yonnica (Wallis logarithmic edge detection), susignenns kpaie i ainiti Frei-Chen (Frei-Chen
edge and line detection), oemexmop xkpaio Kipwa (Kirsch Edge detector), cnpsimosane susnauenns kpaio (Directional
edge detection), dobymox piznuyi cepeonix (Product of the difference of averages), susenenns kpaie mpiwun (Crack Edge
detection), susaenenns kpaie Mappa-Xinopema (Marr-Hildreth edge detection), susenenusi 10KanibHO20 Kpaw 6 mpusu-
MmipHux 306pasicennsx (Local Edge Detection in three-dimentional images), sussnenns iepapxiunozo kparo (Hierarchical
edge detection). J[na nposedenHs 0ocniodicenb po3pobieHo cucmemy adanmugHo20 NOULYKY ONMUMAIbHO20 0emeKmopa
Kpaio 300padicentst 8i0no6ioHo 00 pisHs oceimients. [ls cucmema npuznauena s pobomu 3 6e0-Kamepoio NepcoHalb-
HO20 KoMn tomepa abo cmapm@ona, eudileHHs Ha Hitl 00 €Kmi6 i 6 NOOANbUOMY HAKIA0EHHs HA HUX Qitempis. Y Kinye-
oMYy nIOCYMKY cucmema 6yode niodupamu OJisk NeGHO20 OCGIMACHHSA HAUKpawull Memoo, sikuti 0yno susnavexo. [looano
Memoou il pezynomamu. Poboma oxonntoe pospobKy 1l 3acmocysants Memooi 6UOLIeHH s Kpaig 0Jist BUABLEHHSL CYMMEGUX
03HAK Ma 0cobnuBoCmel Ha 300PANCEHHSX, BUKOPUCHIOBYIOUY A0ANMUBHUL NIOXIO, HA GIOMIHY 8i0 YCMAIEHOI NOCIi008-
Hocmi nonepeonvoi 06pobKu. 3a80anHs, po38 a3aHi Nio 4ac NPo8edeHHs O0CTIOHNCEHHA. Peari308aHO Memoou UOLIeHHs
KIIOYOBUX XAPAKMEPUCMUK 00 €KMA, peanizo8ano YacmuHy anauimuyno2o 10pa 3 00 €KmusHoI0 OYIHKOI, KA € KPAujoio
3a MSE ma PSNR i ix naubnuxcuux éapiayii, 30Kpema UKOPUCMAHO [HOeKC cmpykmyphoi cxooicocmi (SSIM). Peani-
308aHO YACMUHY AHATIMUYHO20 A0PA 3 NPUTUHAMMA PIUEHHA 34 Pe3YIbMAMaMu 00 EKMUBHO20 OYIHIOB8AHHS, WO OdN0
3MO2Y A0anMUEHO BUSHAYAMU ONMUMATLHUL AI20PUMM 3HAXOOJICEHHS 00 '€KmIig y noii ysazu, cmeopena 6aza 6ekmopig-
eManoHi6 TI0OCbKO20 CNPULIHAMMA 00 €KMIB, PO3POONIEHO HABUATbHUL CKIAOHUK NIO YAC HABYAHHS KOMN TOMEPHO20 30pY
JIH0OCLKUX NOHAMb 00pazie yugp.

Kniouosi cnosa: nopisnanms, 8uoinents KOHMypie Ha 300padNCeHHsX, KOMN TOmepHull 3ip.

V.V. HRYTSYK, V.I. ZADOROZHNII

Lviv Polytechnic National University

RESEARCH OF IMAGE THEORY: PREPROCECION - EDGE DETECTORS

For decades, pattern recognition and image processing, in particular, has remained an urgent task. Today
we have a well-developed theoretical foundation of basic concepts, operations and the need to comparison of basic
refining operations of the input (initial) information, which allows the effective application of the theory of recognition.
In the paper, the authors present a partial solution, having investigated the possibilities of ten operators for selecting
edges (contours). The work compares the behavior of operators in different conditions. In particular, the conditions are
different values of the ranges of the visible spectrum. The visible spectrum is divided into four bands, which are effectively
perceived by the light-sensitive matrix of the webcam. These ranges correspond to different spectrums of daylight. The
following operators were investigated in the work: Edge Enhancement by Discrete Differentiating, Wallis logarithmic
edge detection, Frei-Chen edge and line detection, edge detector Kirsch Edge detector, Directional edge detection,
Product of the difference of averages, Crack Edge detection, Marr-Hildreth edge detection, local edge detection in three-
dimensional images (Local Edge Detection in three-dimensional images), hierarchical edge detection (Hierarchical
edge detection). To conduct research, a system of adaptive search for the optimal image edge detector according to
the level of illumination has been developed. This system is designed to work with a web camera of a personal computer
or smartphone, selecting objects on it and then applying filters to them. As a result, the system will select the best
method that has been determined for certain lighting. Methods and results are presented in the paper. The work covers
the development and application of edge extraction methods to detect significant features and features in images using
an adaptive approach as opposed to a fixed sequence of pre-processing. The tasks were solved during the research:
the methods of identifying the key characteristics of the object were implemented, implemented a part of the analytical
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core with an objective estimate that is better than MSE and PSNR and their nearest variations. In particular, the structural
similarity index (SSIM) was used. A part of the analytical core for making a decision based on the results of an objective
evaluation was implemented, which allowed adaptively determining the optimal algorithm for finding objects in the field
of attention, a database of reference vectors of human perception of objects was created, and an educational component
was developed for training computer vision with human concepts images of numbers.

Key words: evaluation, edge detectors, computer vision.

ITocTanoBka nmpoodeMu

Mertoro pobOTH € TOCHiIKEHHS MOXKIMBOCTI/€(heKTUBHOCTI 3acTocyBaHHA K3 3 amanTuBHUM
MOIIIYKOM KJIFOUOBUX XapaKTEPUCTUK — KpaiB 0e3 MmonepeaHboi ckeaeTusallii, 30kpeMa, y HopiBHAHHI
€(heKTUBHOCTI PI3HUX METO/IIB MOIIYKY KIIFOYOBHX XapaKTEPUCTHUK MOPIBHSAHO 3 TPAAULIIMHUM 3aCTO-
CYBaHHSIM YCTAaBJICHOTO MEXaHI3My HepesoOpoOKu. bijbi eTanbHO AOCHIHKEHHS MOXKHA OMUCATH
Yyepe3 BU3HAYCHHS HOTo CKiTaiHuKiB. OTXe, TOCTi, SKH MU O9iIKy€EMO TTOOAYUTH, TOBUHEH BOJIOAITH
TaKUMU (QYHKIISIMU:

— aJanTUBHUH MOIIYK KOPUCHUX O3HAK;

— 00poOKa Ta BUSBICHHS KpaiB 300paKeHHS;

— onpalroBaHHs 300paxeHHs 10 MeTonamuy;

— BUSIBJICHHSI HAHKPAIOTO METOY /ISl TIEBHOTO PiBHSI OCBITJICHHS;

— aBTOMATH3aIlisl IPOLEAYPHU aganTalrii.

AHaJIi3 0CTaHHIX J0C/iIKeHb Ta MyOikanii

YHponoBx IeCSTHIIITh orpalioBadHs o0pa3iB [1] 1 300paxens [2] 30kpeMa 3aJIUIIAEThCS aKTy-
aJbHUM 3aBJaHHSM [3].

[TigrpyHTSIM 10 IIOTO €, TIO-TIEepIIIe, TE, IO BI3yaIbHUN CIIEKTP — II€ OCHOBHE JKEPEIIo iH(op-
Mallii; mo-apyre, Te, 0 TEXHOJIOT1] MOCTIHHO MOKPAILYOThCA (CTIOYaTKy O1HApHI 300pakeHHsI, TOTIM
rpajatii cipocTi, MOTIM KOJILOPOBI, MOTIM KOJILOPOBI 3 MONINOJICHOIO MAIITPOIO, a B pa3i Mepexoy Ha
OJTHOATOMHI MPOIECOPH CUTYAITSl 3HOBY KapAMHAIBHO 3MIHUTHCS ). [IpoOnema cuaxpoHizaiili podotu
PO3IMOAUIEHUX 0 BChOMY CBITY KOMaHJ € JIUIIE JOAATKOBUM apryMEHTOM HEOOXiTHOCTI YHiika-
il IpeACTaBICHHs MHOKUH Ta onepaniii Haq HuMU. KoHIleniis aganTHBHOTO MOIIYKY KIFOYOBUX
XapaKTEPUCTUK BUKOPUCTOBYE METOIM BU/IICHHS KITFOUOBUX XaPAKTEPUCTUK — BUIIIJICHHS JIHIN, K1
JAI0Th 3MOT'Y 3HAXOAUTH CYTTEBI O3HAKW M 0COOIMBOCTI O€3 HEOOXITHOCTI B SIBHIM 00p0oOIIi CTPYK-
Typu 00’ekTa [4]. 30epiraloun eTajJoHu, CHCTeMa HABYA€THCSl BU3HAUYATH XapaKTEPUCTHKH, sIKI Hal-
Kpallle OMHICYIOTh 00’ €KTH Ha 300paXEHHSX, IIJITXOM aHaIi3y BEJIMKOTO 00CATY TaHMX.

Leit miaxia Mae BETUKHUIA OTEHIIIAN y 6araTtbox cdepax, BKIIOUAOuu MEAUIUHY [ 5], pOOOTOTEXHIKY,
6e3meKy ToIo. 3aCTOCOBYIOUM CUCTEMY aJIAlITUBHOTO TOIIYKY KIIFOUOBUX XapaKTEPUCTHUK, MU MOXKEMO
JOCATTH HOBHX PIBHIB TOYHOCTI 1 €()eKTUBHOCTI B pO3Ii3HaBaHHI 00’ €KTIB Ta aHai31 300paXKeHb.

VY po0oTi aBTOpU AOCHIKYIOTh MOKIMBOCTI 1€l CHCTEMH Ta il MOTEHLINHHI nepeBaru mnopis-
HSTHO 3 TPAIUIITHIMU METOAaMHU KOMIT IOTEPHOTO 30py. BUKOpPHCTOBYIOYH HOBITHI aJTOPUTMHU 1 TEX-
HOJIOT1i, aBTOPU IPAarHyTh 3pOOUTH KPOK YIEepea y PO3BUTKY KOMIT IOTEPHOTO 30Dy, LI00 CTBOPUTH
0111 e(heKTUBHI Ta HalIHHI CUCTEMH JUIs aHalli3y 300pakeHb Y Pi3HUX cepax KUTTS.

[Ipatst mporoHye 3aXOIIIMBI MOXKIUBOCTI TOCII/PKEHHS M IHHOBAIIH y Taixy3i KOMIT I0TEpPHOTO
30py. Peamizartis mi€i cucTeMu po3kpruBa€e HOBI MEPCIIEKTUBHU 1HOTO IMAXOAY Ta HOTO MOTEHITIAI JTst
BUPILLIEHHS CKJIAJIHUX 3aBJaHb y Cy4YaCHOMY IIM(pPOBOMY CBITI.

AKTYyaJIbHICTb JOCTIPKEHHS HA/I3BUYAIHO BUCOKA B CYYaCHOMY CBITI, JIe 300pa)KCHHSI Ta BiJIeO
€ OJHUMHU 3 OCHOBHHUX JKepen iHpopMallii Ta BEJIMKOT KUIBKOCTI JTaHuX [6].

VYBeneMo BU3HAUEHHSI KIJIBKOX 3aBJIaHb, SIKI PO3B’s3aH1 B IPOLIECI OCHOBHOT'O JTOCIII/PKEHHS.

Komm’rorepHuii 3ip — 1€ raixy3b MTYYHOTO 1HTEIEKTYy i 00pOOKH 300pakeHb, siKa 3aliMaEThCs
00p0oOKOI0, aHATI30M 1 PO3YMIHHSAM Bi3yalbHOI 1H(pOpMAIii 3 BUKOPUCTAHHSIM KOMIT IOTEPHUX aJIro-
pUTMIB 1 MeToiB. BoHa BK/IIOYae po3poOKy alrOpuTMIB 1 CUCTEM, SKi JAIOTh 3MOTY KOMII FOT€pam
«OauuTH» 1 PO3yMITH 300pakKeHHSI Ta BIZICO TaK CaMo, sSIK 11e pPOOIATh Jitomu [7].
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Po3mizHaBaHHsa 00’€KTIB — II€ 3aBIaHHS KOMIT FOTEPHOTO 30Dy, SIKE MOJArae B imeHTH]IKaIii
Ta Knacudikaii 06’ exTiB Ha 300paskeHHsX a0o Bineo [8].

IcHye KinbKa cioco01B BUPILIEHHS 3aBIaHHsI, 10 PO3MIAAaeThes [9]:

— xiacuikallis Ha OCHOBI 03HaK, TaKUX SK JIokanbHI madnonu (LBP), opieHTOBaHI rpagieHTH
ryctunau (HOG), perpecis, kinacrepusaitisi, 3MeHmeHHs: BumipHocTi [10] Tomo. [nst mpocroro ori-
HIOBAaHHA KOCTI MOxkHa Bukopuctati PSNR ab6o MSE, a nns ckiaaHimmX 3aBJaHb 3aCTOCOBYIOTh
HEHPOHHI MepexXi 3 epeadyero Bar: BUKOPUCTAHHS MONEPETHHO HaBUCHUX HEMPOHHUX MEPEX, TAKUX
sk Convolutional Neural Networks (CNN), i3 nepemadero Bar, siki orepeIHb0 HaBUCHI Ha BETUKUX
Ha0opax maHuX, Takux sk ImageNet. [{e# miaxin, BigoMuii sIK epeaada HaBYaHHS, Ja€ 3MOTY BUKO-
pUCTOBYBaTH Baru, HaOyTi Ha BelTuKoMYy HaOopi aanux [11], ansa eheKTUBHOTO po3mizHaBaHHS 00’ €K-
TiB Ha HOBHX 300pakeHHsX [12];

— N71s BUSIBJICHHS 1 KJacu(ikallli Tako)k BUKOPUCTOBYIOTH CII€111aJ1i30BaH1 I€TEKTOPU 00’ €KTIB,
taki sk Single Shot MultiBox Detector (SSD), You Only Look Once (YOLO) abo Region-based
Convolutional Neural Networks (R-CNN);

— KOoMOIHAIlsl METOMIB: 4acTO €(EKTUBHUM € KOMOIHAIlIS JACKUILKOX METOIIB PO3Ii3HABAHHSI
00’ekTiB. Hanpukiaza, MOXKHA MO€HATH JAETEKTOp 00’ €KTIB Uil JOKaji3alil AUITHKU 1HTepecy Ha
300pakeHHi 3 K1acu(pikaTopoM Ha OCHOBI O3HAK IS 1IeHTU(IKAIlT KOHKPETHUX 00’ €KTIB.

3BUYaliHO, 11€ HE BUYEPITHUHN NepeiK, ajle BOHU MPEACTABIAIOTh JESKI 3 MOMYISPHUX Ta e]ek-
TUBHHUX METOJIB JUIsl po3Mi3HaBaHHs 00’ €KTiB. Bubip KOHKPETHOro MiIX0O1y 3aJIeKHUTh BiJl KOHKpET-
HOTO 3aB/IaHHS, TOCTYITHOCTI JaHHUX 1 PECypCiB, a TAKOXK BiJ BAIIOl €KCIIEPTU3H B LIl Tay3i.

Merta nocaiizkeHHS
MeTo10 n0c/1iAKeHHs € BUBYCHHSI MOJKIIMBOCTI/€(eKTUBHOCTI 3acTocyBanHsa K3 3 amanTuBHUM
MOUTYKOM KJTFOYOBHUX XapaKTEPHCTHUK — KpaiB 0e3 MomnepeHbo1 CKeIeTH3allil.

Buxiaa ocHOBHOT0 MaTepiaJry J10CTiIKeHHS

Jlii po3B’si3aHHS MOCTABJIEHOTO 3aBAAHHS NEPIIMM KPOKOM IIPOBEIEMO OIS MIIXOAY PO3Ii3-
HaBaHHA 00 €KTIB, 110 0a3yeThCs Ha OLIHIOBAaHHI BUIJICHHS KOPUCHUX O3HAK (JI1HIHM) y KOHKPETHUX
Jiarma3oHax BUIIEHOTO CIEKTPY, MOXKe OyTH peai3oBaHa 3 BUKOPUCTAHHSIM METO/IIB OOpOOKH CHT-
HaJiB. 3arajJbHUM OMKUC:

1. BunineHnHs CekTpy: Cro4aTtky BHKOHYETHCS MPOLIEC BUIUICHHS CHEKTpasibHOI 1H(OpMarii
3 00’ €KTIB, Ky 3a3BUYail 31HCHIOIOTH 3 JOTIOMOTO0 CIIEKTPAJIbHUX CEHCOPIB a00 crieKTporpadiyHux
MetoniB. Ile Moxe OyTH BHKOHAHO, HANPHUKIIAM, 32 JOIMIOMOTOIO CHEKTpanbHOI (oTorpadii, rimep-
CHEKTPAIbHOTO 300paskeHHsI a00 CIEKTPaIbHOTO aHaslizy curHaiis [13].

2. CermeHTallisi Ta BUJAUICHHS [1alla30HIB: MIC/Is OTPUMAaHHS CIEKTPAIbHUX JaHUX 3aCTOCO-
BY€ETHCSl TIPOIIEC CErMEHTAallll, SKHi PO3MALIse CIEeKTpaabHy 1H(QOpMAILIiI0 Ha OKpeMi Aiana3oHu abo
KaHaJIM BIAMOBIIHO 10 BU3HAYEHUX NapameTpiB. Hampukiaz, 1ie MoXXyTh OyTH KOHKPETHI Jiana3oHu
JOBKUHU XBUJI1 UM (DIIIBTPU JJIs1 BUIUICHHS MIEBHUX CIIEKTPAIbHUX XapaKTEepPUCTUK [9].

3. BuninieHHst KOpUCHUX O3HAK: Ha IIbOMY €Talli 3aCTOCOBYIOThCS aJITOPUTMU M METOIH IS OLi-
HIOBAaHHS BUJIUJICHHS KOPUCHHMX O3HaK (JiHIN) y KOXKHOMY fiara3oHi. Lle Moxke BKIOUaTH MeToau
00pOOKHM CUTHAITIB, aHAITI3Y XapaKTEPUCTHK 1 BU3HAYEHHS CTPYKTYpHU. Hanpukiam, MOXyTh 3aCTOCO-
ByBatHcs ¢uisTpu ['abopa [14], neperBopenns Dyp’e, BeiiBneT-aHani3 abo 1HII METOAU IS BUII-
JICHHSI KOHKPETHUX O3HaK [15].

4. BuxopucranHusi kinacudikatopa: OTpUMaHi KOPUCHI O3HAKH MOXYTh OyTH BHKOPHCTaHI IS
HaBYaHHS Ta BUKOPUCTAHHS Kiacuikaropa, SKUH 37aTHUM po3Mi3HaBaTH W KIacu(iKyBaTu 00’ €KTH
BI/ITTOBITHO 70 331aHUX KJIaciB a00 kKareropiid. st Iboro MOXXyTh BUKOPHUCTOBYBATHCS METO/IM MAIIIUH-
HOTO HAaBYaHHS, TaKl SIK HEHPOHHI Mepexki, METO ONOpHUX BeKTOpiB (SVM), pimrydi aepeBa ToIo.

5. OnTuMi3anis Ta HaJIAITyBaHHS: B IPOLEC] po3Mi3HaBaHHs i Kinacugikallii 00’ €KTiB ISl KOH-
KpETHUX J1ala30HiB CIIEKTPY Moe OyTH MOTpiOHA ONTHUMI3allisl Ta HAJIAIUTYBaHHS TapaMeTpiB, 11100
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JOCSTTH Kpaloi TOYHOCTI W HaaiiHOCTI. 1le MoXke BKIIFOUaTH ONTHMI3aIlii0 MapaMeTpiB Kiacudika-
TOpa, MiA0ip ONTUMAIBHUX METO/IIB BUUIEHHS 03HAK 1 MONepeIHI0 00pOOKY CIEKTpaIbHUX JaHUX.

VY poboti nocaipkeHo noBeninky 10 MeToniB Momnryky Kpais:

Edge Enhancement by Discrete Differencing. Ileit MmeTon BUKOPHUCTOBYE TUCKpETHE AU EpEH-
LIFOBAHHS IS IM1JICUJICHHS KpaiB Ha 300pakeHHl. BiH 004MCIIOE Pi3HUIIIO 3HAYEHb CYCIAHIX IMiKCe-
JiB y 300pakeHHI, 1110 BKa3ye Ha 3MiHY SCKpaBocCTi. Lle Moxke OyTH 31liCHEHO, HAIPUKIIA/, MIJITXOM
BUKOpHUCTaHHS orneparopa Cobens abo oneparopa PoGeprca.

Wallis logarithmic edge detection. OcHOBHa i/1es1 METOLy TIOJIATAE Y BUKOPUCTAHHI JIorapupmi-
HOTO NIEPETBOPEHHS JJIsl TOKPAIEHHS Bi3yaJIbHOI SKOCTI 300paXkKeHHs i BULJICHHS IPaHULb 00’ €K-
TiB. Jlorapudmiune nepeTBOpeHHs 300paKeHHsI 3MEHIITY€ KOHTPACT 1 3ITIa/IKy€ SICKPaBICTh, AI0UH
3MOTY Kpallle BUAUIATH PI3HUIIO MIXK MIKCEISIMH Ha TPAHHULIl 00’ €KTIB.

Anroputm Wallis norapudMivHOTO BUSBIEHHS IPAHEH CKIATa€ThCS 3 TAKUX KPOKIB:

1. KonBeprartiis 300paxxeHHsI B rpajaiiii ciporo (grayscale).

2. 3acTtocyBaHHS JOrapuU(PMIYHOTO IEPETBOPEHHS /10 TPAJAIiid Ciporo 300paskeHHs.

3. Bukopucranns ¢insrpa BullyKyBaHHs (enhancement filter), Takoro six ¢ineTp aycca, s
MOJIAJIBIIOTO MOKPAIIEHHS KOHTPACTY.

4. 3acTocyBaHHs Olleparopa BUSBJICHHS I'paHel, Hanpukiaz, oneparopa Codens abo oneparopa
PoGeprca, 11 BUAUICHHS] KOHTYPIB 00’ €KTIB.

5. IToporoBa 06po0Ka /1711 BIIOKPEMIICHHS TPAHULb Bl PEIITH 300paskeHHS.

6. OmparfroBanHsl i 1HTEpPIPETallis pe3yJbTaTiB BUSBICHHS T'paHEH 3aJIC)KHO BiJ KOHKPETHUX
oTped 3aCTOCYBaHHS.

Merton Wallis norapupmidHOro BUSBICHHS TpaHel Ja€ 3MOT'Y MiKPECIUTH TPAHULIl 00’ €KTIB HA
300pakeHHI1, CIIPUSIOUN MOJIMILIEHHIO X BI3yaJIbHOI SIKOCTI ¥ MoJanblIoMy aHamizy abo oOpobii. Bin
MOyKe OyTH BUKOPUCTAHUH Y PI3HUX TaTy3s1X, BKIIIOUAaI0YH KOMIT FOTEPHE 30POBE CIIPUUHATTS, 00pOOKY
300pakeHb, po3Mi3HaBaHHs 00pa3iB Ta iHIII 3aBJAHHS, /1€ BAXIIMBO BUALIUTH KOHTYpPH 00’ €KTIB.

Frei-Chen edge and line detection. Lleit meTon 0a3yeTbcsi Ha BUKOPUCTAHHI OIEpaliil 3ropTku
1 MacoK, 1110 BUKOPUCTOBYIOTHCS AJIsl OI[IHIOBAHHS I'PaJIi€HTA SICKPABOCTI MIKCEIiB 1 BU3BHAYEHHS HasIB-
HOCTI rpanullb. AnroputMm Frei-Chen moxke OyTu 3acTocOBaHUi 10 300paKeHb y rpajallisix ciporo
a00 KOJIbOPY.

OcnoBHi kpoku MeTofny Frei-Chen BkIt04aroTh Take:

1. Konseprartito 300paxkeHHs B rpajaiii ciporo (ado po30uTTs Ha okpemi kaHamu RGB s
KOJIbOPOBUX 300paeHb).

2.3actocyBanHs Macok Frei-Chen no rpanatiii ciporo 300paskeHHs A7l OOUMCIICHHS TpajieHTa
SCKpaBOCTI miKcelniB. Lli Macku BUKOPUCTOBYIOTHCS JIJIs OI[IHIOBAaHHS T'Pa/li€HTa BOCKMH HANPSMKIB.

3. O04HCIIeHHs] MarHITYIU TPaJII€HTA, 0 BKa3y€ HAa CHITy TPAHUIIb HA 300pa’KeHHI.

4. 3actocyBaHHs TOPOroBoi 0OPOOKH JUIsl BITOKPEMIIEHHS IPaHULlb BiJl peiiTu 300paxenHs. Le
JI0TIOMarae BUIUTATH 3HAYYII TPAaHUIIl Ta JIiHii.

5. Iloganbira o6poOKa pe3yabTaTiB, Taka K IMiJICHJICHHS KOHTYPiB a00 BIKUIAHHS IITyMY, MOXKE
OyTH 3aCTOCOBAHA JIJIsl MOJIIIIEHHS SIKOCT1 BUSBJICHHS I'PaHHIIb.

Merton Frei-Chen BusiBieHHs rpaHeil i JIiHIN € IOMYISIPHAM y 0araTboX raiys3sx, A€ BasKJIHBO
BUJIUIUTH TPAHUL{ # JiHiT Ha 306paskeHHsIX. MIOro 3acTOCOBYIOTh y KOMITIOTEPHOMY 30pi, 06po6Li
300pakeHb, PO3Mi3HaBaHHI 00pa3iB, Bi3yalbHI HaBiramii, a TakoXX y 0ararbox iHIIUX ranys3sx, Je
BaYXJIMBO aHaJII3yBaTH i BUKOPHUCTOBYBATH I'PaHULIl Ta JIiHI B 300paXKeHHSIX.

Kirsch Edge detector. Anroputm Kipma 6a3yeTbcss Ha BUKOPHUCTaHHI MAacok abo saep, 1o
MaloTh BaroBi KOE(Ili€HTH, I OL[IHIOBAaHHA Ipaji€eHTa sicKpaBocTi mikceniB. Lli Mmacku po3pobeHi
JUTs BA3HAYCHHS HAIIPSIMKY Ta CHJIM TPAaHUIlh Ha 300payKeHHI.

OcHoBHI kpoku anroputmy Kipiia BKITIO4al0Th Take:

1. KonBeprartito 300paxeHHst B Tpafarii ciporo (abo okpemi kaHaimu RGB mist konmsopoBux
300pa’keHb).
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2. Buxopuctanss BocbMu Macok Kipia, KojkHa 3 IKUX BIJIIOBIJJa€ IEBHOMY HAIIPSIMKY TPAHUIIL
(0°,45°,90°, 135° 1 ix obepHeni HanpsiMkH). KoxkHa Macka Mae BaroBi koe(ili€HTH, SIKi BUKOPHCTO-
BYIOTBCS JIJISl 3TOPTKH 300paskeHHS.

3. 3ropTka KO’KHOI MacKH 3 rpaJalisMu c1poro 300pakeHHsI 1151 OTPUMAHHS BarOBaHUX 3HaUY€Hb
rpajiieHTa Ha KO)KHOMY ITKCEJIi.

4. O0uMcneHHs! MarHiTyAu IPal€HTY HUIIXOM Y3SITTS MaKCHMaJIbHOIO 3HAYE€HHS CEepeJl Baropa-
HUX TPaJlI€HTIB [T KOXKHOTO HAIPSMKY.

5. 3acTtocyBaHHS OPOrOBOi OOPOOKH [Tt BITOKPEMIICHHS TPAHUIIb B/l PELITH 300paskeHHS.

6. [Tonanbina o6poOKa pe3ysbTaTiB, Taka K MiACUICHHS KOHTYPIB a00 BIAKUIAHHS [TyMY, MOXKE
OyTH 3aCTOCOBAHA JIJIsl MOJIIIIEHHS SIKOCT1 BUSBICHHS I'PaHULIb.

Anroputm Kipma BusBIEHHS TpaHei € e(EeKTHBHUM 1 HIMPOKO BUKOPHCTOBYETHCS B Traiy3i
KOMIT FOTEPHOTO 30py, 00poOKH 300pa)keHb, po3Mi3HaBaHHS 00pa3iB 1 0ararboX IHIIMUX rajay3sx, Ae
BAXXJIMBO BHUJIUJTUTH TPAHUI Ha 300paskeHHSAX. BiH 1ae 3MOry TOYHO BUSIBIATH TPAHMIN B Pi3HHUX
HanpsIMKax 1 CIpHUs€ TOTIMIICHHIO SKOCTI aHalli3y i 00poOKH 300pakeHb.

Directional edge detection € TexHiKOI0O 0OpPOOKH 300paKeHb, sKa CIPSMOBaHA HA BUSBIICHHS
IpaHuIb 00’ €KTIB 3aJI€KHO BiJ iX HAMpsIMKY a0bo opieHTarii. Llel miaxia nae 3Mory BUIUIMTH TpaHi
300pakeHHsI B IEBHUX 3aJaHUX HANPsSMKax a00 BU3HAYUTH OPIEHTALIIIO TPAHMIII.

OCHOBHI KPOKHU B METO/I1 BUSIBJICHHSI I'PaHEH 3a HalPsIMKOM MOKYTb BKJIFOUaTH TaKe:

1. KonBeprauito 300paxkeHHs B rpajamii ciporo (abo oxpemi xanamu RGB s xonbopoBux
300pakeHb).

2. BuznaueHHs HanpsiMKy abo opieHTalii rpaHi, Ky HeoOXimHO BUABHUTH. L{le Moxke OyTH BKa-
3aHO SIK KOHKpeTHU# KyT (Hampukiamd, 0°, 45°, 90°, 135°) abo sk miana3oH KyTiB.

3. 3actocyBaHHs (ibTpa a00 Macku, 110 BIJANOBIAAE 3aJaHOMY HaIpsMKy rpati. Lleit ¢inbtp
3a3BHYal Ma€ BaroBi KOe(IIi€HTH, sIKIi BAKOPUCTOBYIOTBCS JIJIsl STOPTKHA 300paKeHHS.

4. 3ropTKa BXiHOTO 300pa’KeHHS 31 CIeLiaTbHOI0 MACKOIO JJISl BUJUICHHS TPAHULb Y 3aJaHOMY
Hanpsamky. Llei Kpok 3a3BUYail BKJIFOYAE 3rOPTKY 3 BUKOPUCTAHHAM ONEPaTopa, TAKOTO SIK OMepaTop
Cobemst abo omepatop Ilproitra.

5. BukopucTaHHs TOPOroBOi 00pOOKH Isl BIOKPEMIICHHSI TPAaHUIIb BiJl PEIITH 300paKeHHSI.

6. [Tonanbina o6poOka pe3ynbTaTiB, Taka K MiJACHICHHS KOHTYpPIiB a00 BIAKUAAHHSA IIyMY, JUIS
HOJIMIIEHHS SKOCTI BUSBICHHS IPAHULb 32 3alaHUM HAIPSMKOM.

3acTocyBaHHSI BUSBICHHS IpaHEd 32 HAIPSIMKOM MOXKe OyTH KOPHCHUM JUIs PI3HUX 3aBJIaHb
00po0KH 300paxeHb, TAKUX SIK PO3Mi3HABaHHS 00’ €KTIB, CErMEHTallis 300pa)KeHb, aHaNi3 TEKCTYp,
pexoHcTpykuis 3D moneneit tomo. Lleit MeTox mae 3Mory BHOIpPKOBO BMSBISATH TpaHi B 3a/laHUX
HanpsiMKax, 10 PO3IIUPIOE MOXKIIMBOCTI aHai3y 300pakeHb Ta 00poOku iH(opMmarii npo dhopmy
1 opieHTaIli0 00’ €KTIB.

Product of the difference of averages € meTonom 00poOkH 300pakeHb, SIKU BUKOPUCTOBYETHCS
JUTSL BUSIBIICHHS TPpaHel 1 KOHTYpiB Ha 300pakeHHsX. [{eit MeTon 6azyeTbest Ha OOYHMCIICHH] PI3HHMII
Cepe/IHIX 3HaYeHb MIKCEIIB Y JBOX PI3HUX PerioHax 300pa)KeHHs Ta iX MOJAIbIIIOr0 MHOKEHHS.

OcHoBHi kpoku Metony PODA BKITIO4alOTh Take:

1. Po3ninenns 300paskeHHs Ha J1Ba pi3HI perionu abo BikHa. L{i perionn MoxyTh OyTH BUOpaHi
BUITaJIKOBO 200 3a3/1aJierib BU3HAYEH] 3aJIC)KHO BiJ] KOHKPETHOTO 3aCTOCYBaHHS.

2. O6GuHCNEeHHS CePEeHHOTO 3HAYECHHS MIKCENB Y KOXKHOMY 3 PErioHiB.

3. O0uncIeHHs Pi3HMLI MK CepeHIMH 3HAUCHHSIMH TIKCEITIB y TBOX PETiOHAX.

4. MHOXEHHS PI3HHUII CepeHIX 3HAYEHb MiKceiB Ha 300paxenHi. Lle mae kapry, A BeIUKi 3Ha-
YEeHHs BKA3yIOTh Ha HAsBHICTb IPAHUIIb 200 KOHTYIB.

5. 3acTocyBaHHS IOPOroBOi OOPOOKH 10 OTPUMAHOT KAPTH AJIs BUALUICHHS 3HAYYLIUX TPAHULIb
a00 KOHTYPIB 1 M030aBIICHHS BiJ IIyMYy.

6. [Toganpira oOpoOka pe3ynbTariB, Taka sIK MIJCHICHHS KOHTYpiB ab0 3’€JIHaHHS PO3PHBIB,
Moyke OyTH 3aCTOCOBAHA IS MOJIIIIEHHS SIKOCT1 BUSBJICHHS TPAHULIb 1 KOHTYPIB.
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Meton PODA € npoctum, ajne eheKTUBHUM CIIOCOOOM BHSIBIICHHS TPaHel 1 KOHTYpIiB Ha 300pa-
’KeHHsIX. MOTo 3aCTOCOBYIOTH Y 6araThoX raily3sx, BKIIOUAIOUM KOMIT'IOTEpHHl 3ip, 06po6Ky 306pa-
YKEHb, pO3ITI3HaBaHHs 00pa3iB, CETMEHTAIIIIO Ta aHaJ13 300paXKeHb, a TAKOXK BI3yalbHY HABITalliO TOIIIO.

Crack Edge detection € meTomom 0OpoOKHM 300pakeHb, CIIPSIMOBAHUM HA BUSBICHHS W BUJII-
JICHHA TpaHuLlb 00 KOHTYPIB TPIIMH HA MOBEPXHX a00 CTpyKTypax. Lleil MeTos1 BUKOPUCTOBYETHCS
B PI3HMX Traiy3sX, TAKUX K 1HXKEHEepis, Fe0sIoris, KOHTPOJIb SKOCTI MarepiaiiB, Bi3yaJlbHUN 1HCIIEK-
MIWHWI aHAaJi3 TOLIO.

OCHOBHI KPOKHU BUSIBJIEHHS KPalOK TPIIIMH MOXKYTh BKITIOUATH TaKe:

1. IlinroToBKY 300pa>keHHS: 300paXKeHHsI, Ha IKOMY HEOOX1THO BUSBUTU KpaWKH TPILIUH, M-
JaeThbes Monepeanin 06poOili, Takiil sk GiabTpanis mymy abo BUAaleHHS HECYTTeBOI iH(opmailii.
Ie mosxe OyTH TOCSTHYTO 3a JOMOMOTOI0 (DiBTpPiB, TakuX K (GinsTp ['ayca abo mexiannuii GpinbTp.

2. Bubip merony BUSIBJICHHs KpailoK: iCHYe 0arato pi3HUX METOJIIB, SIKI MOXKYTh OyTH BUKOpH-
CTaHi JUIs BUSIBIICHHS Kpailok TpimuH. Lle Moxke BKITrouaTi MeToau, Taki sk oneparopu Colens, ore-
paropu Kanni, MeTonu, 3acHOBaHI Ha MOP(OIOTIYHHUX ONepallisx, abo alrOpuTMH, 110 BUKOPHCTOBY-
I0Th HEUPOHHI MEPEKi.

3. 3acTtocyBaHHS METOJY BHSBICHHS KpailoK: 0OpoOKka 300pakeHHs 3 BUKOPUCTaHHSIM 00pa-
HOTO METOJy BHSIBIIEHHS KpaloK TpimuH. Lle BKItOUae BUKOPUCTAHHS OMNeEpariii Tpaiie€HTy, mopo-
rOBOi 0OpOOKM ¥ THIIMX Omeparii Iy BUILJIEHHS TpaHUIlb a00 KOHTYPIB, SIKI BKa3ylOTh Ha HasB-
HICTb TPIILUH.

4. ITocTtoOpoOKa pe3ynabraTiB: OTpUMaHi TpaHMIll a00 KOHTYPH TPIIIUH MOXKYTh OyTH ITiJIaHi
oAb 00pOOIl I MiJCUIIEHHS, 3 €aHaHHA, (iIbTpalii myMmy ado BHIAJICHHS HEMOTpiO-
HUX JIE€TAJIECH.

Meton BUSBIEHHS KpalOK TPIIIMH 3aJ€KUTh Bl crielu(IKK 3aCTOCYBaHHS W MOXE Bapito-
BaTHUCS 3QJICKHO BiJl BXITHUX JaHUX 1 BUMOT JIO TOYHOCTI ¥ e€()eKTHBHOCTI. BUKOpHCTaHHS TaKOTO
METOJy € 3MOTY aBTOMaTH3yBaTH MPOLIEC BUABICHHS TPIIIKH, HOJTIMIIUTH €(EKTUBHICTh 1 TOYHICTh
OLIIHIOBaHHSI, JI0NIOMara€ YHUKHYTH MOXJIMBHX HETaTHBHMX HACIIJIKIB, OB’ S3aHUX 13 TPIIIMHAMU
B PI3HUX JIOMEHAX.

Marr-Hildreth edge detection. Lleit meTon BHKOpHCTOBYE JarjaciaH (uUIBTpaIiio Ta omepa-
TOp TayClaHCHKOTO 3IVIaJKYBaHHS ISl BUSIBJICHHS KpaiB Ha 300paxeHHi. CroyaTtky 300pa)KeHHS
3MIAKYETHCS 32 JOTIOMOTOI0 TayClaHCHKOTO (PLIBTPA, a MOTIM 3aCTOCOBYETHCS ONEpaTop Jariaciana
JUTSL BUJTIJICHHSI KpPaiB.

Local Edge Detection in three-dimensional images. Lleit meTon 3aCTOCOBYIOTH JUIsSI BUSIBJICHHS
KpaiB y TPUBUMIPHUX 300pakeHHAX. BiH MOYke BUKOPUCTOBYBATH KOMOIHAIIIO TPUBUMIPHOTO (iIBTpY-
BaHHSI, TPA/IIEHTHUX METO/IIB 1 TOPOTOBOT 0OPOOKH, 100 BUILIHTH Kpai 00’ €KTIB Y TPETHOMY PO3MIpi.

Hierarchical edge detection. L{ei MeTO1 BAKOPUCTOBYE i€papXiuHUMA TIX1/1 A0 BUSBICHHS KpaiB
Ha 300pakeHHi. BiH po3misiiae 300paykeHHs Ha pi3HUX MaciITabax 1 pi3Hil po3aiIbHIN 31aTHOCTI, 110
Jla€ 3MOTY BUSIBJISITH Kpai pi3HUX pO3MipiB 1 JeTajeil Ha 300paxeHHi.

Sk mopiBHSAIBHY Tporenypy BukopuctaHo meton SSIM (Merom cTpyKTypHOi MOmiOHOCTI).
3a yactuny rpadiunoro intepdeiicy Bianosigae 6id6mioreka CV2, BoHa 1a€ MOKIIMBICTh aHATI3yBaTH
300paXCHHsI, PO3IMi3HABATH 00 €KTH Ta B3a€MOIISITH 3 BEO-KaMeporo.

Jlnst kpamoi Bizyastizallli eKCrepuMeHTIB TI0JJaMo JilarpaMy MOTOKIB JaHuX. JliarpaMa moToKiB
JAHUX — 11€ TaKa Jiarpama, 10 BUKOPUCTOBYETHCS JJIs1 MOJICIIOBAHHS I ONKCY MMOTOKIB IaHUX y CUC-
TeMi. BoHa onomarae Bi3yani3yBaTH, K J1aHl PyXalOTbCs Y€pe3 CHUCTEMY, K BOHH OOpOOIISAIOTHCA
Ta K B3aEMOJIIOTh KOMIIOHEHTH CHCTEMH MK COOOIO Ta i3 30BHIIIHIMU CYTHOCTAMH (puc. 1).

Ha wiit niarpami 300pa)eHo, 1110 BCE MOYMHAETHCS 13 3alUTYy KOPUCTYBa4a HA BXIJ Y CUCTEMY.
[Ticnst uporo oMy noTpiOHO BUOpATH, 1110 JaJli BIH X04€ 3pOOUTH: CTBOPUTH €TaJIOHU Y BIAPUIBTPO-
BaHi 300paskeHHs. [licis cTBOpeHHX Bi(iIbTPOBaHUX 300pakKeHb BiIOYACThCS (hOPMYBaHHS PE3yIb-
TaTiB TOPIBHSAHB, SIKI B MOJAIBIIOMY 00paxXyIOThCs, BA3HAYUTHCS HAMKpaIInii 13 HUX, YC1 JJaHi TIepeBi-
PAIOTHCS 3 TAOJIUIEIO PE3YIBTATIB, IOTIM MOYKHA MEPENNIIHYTH PE3YJIbTaTH HAMKpaIX METO/IIB.
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dikcauia odekTie _ 3BepereHHs
g ETanoHis
KopucTyead
DiKkcaLia oGeKTiB J0epexeHHn MopigHAHHA 300paseHs ‘DUDM}'BQHHF‘
»  BIAQINETPOBaHMX PE3synsTaTis
300paxeHe NopiBHAHL

OGpaxyBaHHA JaHKX

h 4

Mepesipka JaHuK
Pesip BusHa4eHHA

Hakpalloro MeTogy

I Y

Tabnuuysa pesynsratis

Y

Y

MNepernag
pesynerartis
HalKpalMx MeToiB

Puc. 1. liarpama noTokiB 1anux

Pesynbraru MoxHa TOOGAYUTH HA PUCYHKY 2, 1€ B niepiuuii croBrnelp «Brightnessy 3anucyerbes
THUI OCBITJICHHS, Y Ipyruil cToBnenpb «Brightness value» 3amucyerbes 3Ha4eHHS! OCBITICHHS, B Tpe-
ThoMy — «Etalon» 3anmucyeTbcst Ha3Ba €TanoHy, 3 SKUM MOPIBHIOBAJIN. Y CTOBMIIX, K1 3aJTAIITHIIHCS,
3aMUCYIOTh PE3YJbTaTH MOPIBHSHb.

Puc. 2. PesyabraTu nopiBHsiHb 3anucani B Excel gaiin

Ha pucynky 3 300paskeHa Ta0nuiis, y sIKy 3alicaHi 1aHi TOPiBHSHB 300pakeHHS 3a THUITY OCBIT-
neHHs «CBITIIO», 3HAYEHHS SKOTO J0piBHIOE 129.

Puc. 3. PesyabraTu nopiBHsHb 3anucani B Excel ¢aiij 3a neBHOro Tumy ocBiT/IeHHs
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Ha pucynky 4 3anucani qaHi 1iJ 4ac €KCIIEPUMEHTY JIJIsl TUITY OCBITICHHS «Jlyke CBITIION, yci
JlaH1 3aMKMCcaHi y BIAMOBIIHI JJI1 HUX CTOBIIIII.

Puc. 4. PesyabraTu nopiBHsHb 3anucani B Excel ¢aiij 3a neBHOro Tumy ocBiT/IeHHs

Ha pucynky 5 300pakeHa Tabnu4ka 3 JaHUMH Ul PIBHS OCBITJICHHS « TeMHO», pPiBEHb OCBIT-
JIEHHS sIKOTo A0piBHIOE 113, naHi 3anucani Ha OCHOBI MOPIBHSAHB 10 METO/IB Ta €TaTOHHUX 300pa’KEHb.

Puc. 5. PesynbraTu nopiBHaHb 3anncani B Excel ¢aiij 3a neBHOro Tumy ocBiT/IeHHs

Ha upomy pucynky 300pakeHi naHi JUlst piBHS OCBITIIEHHsS «Jly’ke TeMHO». TakuM 4MHOM,
CBITJIOBHH JIEHB TOMIJICHO HA 4 YAaCTHHU, KOXKHA 3 SKUX BiJIMOBIJIa€ MEBHOMY Jiana3oHy BHIUMOTO
cniekTpy. J{ms KoKHOTO J1iana3oHy (3a MOCTaHOBKOIO 3aBJIaHHS) Mepe0adaBcs «CBii» ONTUMATbHUN
MeToa. J{JIs1 KOHTPOJII0 BUKOPUCTOBYBAJIM «pydHE» BUIUICHHS JiHiM. [HIIMMU coBaMu, eTajJoHOM
CIIyTY€ JIONIChKE CIPUAHSATTS ClieHUu. L[e Mae cTBOpUTH aaliTUBHICTH CHCTEMH IO 30BHINIHIX YMOB
SIK €JIEMEHT QJIAITUBHOCTI CUCTEMH Ha PiBHI IEPET0OPOOKH.

VY poGoTi mpoBe1eMO NOPIBHSUIbHE JTOCIIIPKEHHS] METO/IIB BUIIIEHHS TPAHUIIb.

I'padiuno 06’eHaHI pe3ynbTaTH 3a BCIMa OCTIAaMU TIOJJaHO HA PUCYHKY O.

Puc. 6. I'pagix pe3ynsraTiB MeToaiB
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OTpuMaHuii pe3yJbTaT € JOBOJ1 HEOUIKyBaHUM, OCKUIBKH Mepeadavdau, mo sl KOKHOTO fia-
Ma30Hy OCBITJICHHs Oyze CBiif onmTHUManbHUI MeTon abo OfMH METOA Ha JBa Aiama3oHu. OHAK, SK
BUSIBUJIM TE€CTH, Y BCIX «HOMIHAIISAX» mepeMir metoa Maapa-Xinbnebepra. Lleit meton He € Haii-
HOBIIITUM, OJTHAK B YKpaiHCBHKIH JIiTepaTypl BiH 3yCTPIYa€ThCs 3HAYHO PIiJIIE 3a 1HII METOIHU, IO
JOCITIJKYBAJIUCS 32 IIUX CAMUX YMOB.

BucHoBku
PoGora BusiBisie moTpeOy MPOJOBKHUTH TOCIHIHKEHHS i MOPIBHATH OCHOBHI METOJIH, L0 3yCTPi-
YaloThCsl B YKPAiHCBKIM JIiTEpaTypl, OCKUIbKH 1CHY€E BHUCOKA BIPOTITHICTb, IO JESKI 3 MOMYJISPHUX
B YKpaiHi METOMIB € TIPIIUMU 32 IHIII B yCIX KOMOIHAIlIAX (SK 1 € HaHKpalll B yCiX KOMOIHAIIAX).
Tomy 0c00:1MBO BaXJIMBO YHUKHYTH BUKOPUCTAHHSA METO/IIB 13 TOTAaHUMU XapaKTEPUCTHKAMU B TyXKe
aKTyaJIbHOMY ChOTOJTHI 3aBIaHHI KOMIT IOTEPHOTO 30pYy.
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YIK 625.88

B.B. IVMAHCEBEKA, O.A. HABAPEHKO

OnecbKa aepkaBHa akajeMisi Oy[AiBHUIITBA Ta apXITEKTypH

PO3PAXYHOK TAPAMETPIB MAJIOPO3MIPHUX EJIEMEHTIB
MNOKPUTTIB NIMOXITHUX JOPI)KOK I MAJIAHUYUKIB
31 SMIHEHOIO HU’KHbOIO OCHOBOIO

OO0nuM i3 HAUOLTLUWL NOWUPEHUX PILleHb VIAUMYBAHHA NIUOXIOHUX OOPINCOK, MAUOAHYUUKIE, NPUOYOUHKOBUX mepU-
Mopiil € 3acmMOoCy8anHs NOKPUMMIG, WO CKAAOAIOMbCA 3 MANOPOIMIPHUX HeapMosanux demonnux naum. Takuii eubip
N08 A3aHUlL 3 eKOJI02IYHOIO YUCHOMOIO, eCIMEMUYHOI0 NPUEADIUGICINIO NOKPUINIMIG, MOJICTUBICINIO iX 1€2K020 PO30UPaAnHS
Ul 3aMiHU 3PYUHOBAHUX elleMenmis. [[ns 3anobicants deopmayism y 00POACHbOMY 00531 3 MALOPOIMIPHUX HIUM 3ANpO-
NOHOBAHO GUKOPUCIMOBYBAMU NAUMU, WO BUKOHAHI 3a HOBUMU KOHCMPYKMUBHUMU DIlleHHAMY, a came, Ha GIOMIHY 6i0
MPAOUYITHUX NAUM §3 NIOCKOIO HUMICHLOIO OCHOBOIO, 3ACIMOCOBYEAMU NAUMU 3i 3MIHEHOIO 2e0MEMPUYHOI0 0CHOB0IO. IIpo-
6e0eni paniule O0CIIONCEHHS BKA3YIOMb HA Me, W0 UKOPUCIAHHS 3aNPONOHOBAHUX NOKPUMMIE 3YMOBUMb NOKPAUEHHS
iXx AKicnux xapakmepucmux. Ane 0 6U2OMOGLEHHA NAUM 30 HOGUMU KOHCMPYKMUGHUMU DIWEHHAMU NOMpiOHO none-
PeOnbO po3paxysamu ix napamempu.

Y pobomi posensnymi 0sa eapianmu moodenei naum i3 K6aOPAMHOW POPMOIO 6 NAAHI, ale 3i 3MIHEHOK HUJIC-
HbOIO 2€0MEMPUYHOI0 OCHOBO0I0. Y nepuiomy eapianmi HUMNCHA OCHO8A CKAA0AEMbCA 3 MPbOX PEOPUCUX NPUSMAMUY-
HUX elleMeHmig, y Opy2omy — 3 N amu YOmupuepaHHux nipamioaibHux en1emMenmis, po3maulo8anux y uaxo8omy nopsioxy.
s 3anobicanns 0odamrogum eumpamam Ha OEmMoH 3a PaXyHOK 3MIHEHOT HUIICHbOI OCHOBU NPONOHYEMbCA 3ANUMUMU
00°em makum camum, AK i 01 AHANO02IYHOI MPAOUYITIHOT NAUMU 3 NIOCKOIO OCHOB010, 3 0OHAKOBUMU PO3Mipamu i (pop-
MOIO 6 NAAHI, ane 3HUUMU 00 €M 6epXHbLOI NPUSMAMUYHOL YACMUHY NAUMU HA GETUYUHY 00 €MY HUICHLOI OCHOGU 34
PAaxyHOK 3MeHwen s gucomu ii 0iunoi cmoponu. [[ns 3pyuno2o i meuoko2o npoeedenHs po3paxyHKie napamempie mMaio-
PO3MIDHUX RAUM i3 peOPUCMO0 ma pugQieHoro (3 NipamioarbHUX eleMenmia) HUNCHbOI OCHOBOK BUBCOEHO VHIBEePCANbHI
Gopmynu, aki nos’sa3y1oms midic coboio napamempu UCOm, 00BICUHU pebep, KVMi6 Npu 6epuitii 6 N03008ICHLOMY nepe-
MUHI 11 Kymie HaXUTYy eleMeHmi8 HUMCHbOI OCHOBU, d MAKONiC 2abapumHux po3mipie nium y niavi. Ompumani popmynu
nepegipeHo 0.1 3 ACYBAHHA NAPAMEmpI8 PO3IAHYMUX MoOelell naum npu mpvox sunaokax kymis (120°, 90°, 60°) npu
6EPUIUHAX Y NO3008IICHLOMY nepemuni. Pesyniomamu po3paxynkie napamempie 30icnucs 3 mumu, uo npoeeoeHi 3a 00no-
MO2010 mpaduyitinux memoodie oouucaenna. Pospobneni popmynu modxcna 3acmocogysamu 01s OMpUMAHHs Hapamempie
060X 3aNPONOHOBAHUX BAPIAHMIE NAUM K6AOPamHOI hopmu 6 naani 3a 6y0b-AKUX 3HAYEHbL CMOPOHU K8AOpama ti Kymie
npu 8epuLUHi 8 NO3008CHLOMY NEePEemUti el1eMeHmMi8 HUNCHbOI OCHOBU.

Kniouosi cnosa: manoposmipni bemonni mpomyapHi niumu, HUJICHs 0CHO8A, PeOPUCMUL NPUSMATNUYHULL eleMeHN,
RIpamioansHuil enemenm, UCOma NPUMAamuiHoi 4acmunu.

V.V. DUMANSKA, O.A. NAZARENKO
Odesa State Academy of Civil Engineering and Architecture

CALCULATION OF PARAMETERS OF SMALL-SIZED PAVEMENT ELEMENTS
OF FOOTPATHS AND AREAS WITH A MODIFIED UNDERSIDE SURFACE

One of the most common solutions for the construction of footpaths, areas, adjacent territories is the use of coatings
consisting of small-sized unreinforced concrete paving blocks. This choice is associated with environmental cleanliness,
aesthetic appeal of coatings, the possibility of their easy disassembly and replacement of destroyed elements. To prevent
deformations in pavement made of small-sized paving blocks, it was proposed to use blocks made according to new design
solutions, namely, in contrast to traditional paving blocks with a flat underside surface, use paving blocks with a modified
geometric base. Previous experiments indicate that the use of the proposed pavements will lead to an improvement in
their qualitative characteristics. But for the manufacture of plates according to new design solutions, it is necessary to
first calculate their parameters.

The paper considers two variants of square-shaped paving block models in plan, but with a modified lower
geometric base. In the first version, the underside surface consists of three ribbed prismatic elements, in the second, of five
tetrahedral pyramidal elements arranged in a checkerboard pattern. To prevent additional costs due to the modified
underside surface, it is proposed to leave the volume the same as for a similar traditional paving block with a flat base with
the same dimensions and shape in plan, but reduce the volume of the upper prismatic part of the paving block by the volume
of the underside surface by reducing its height lateral side. For convenient and quick calculations of the parameters
of small-sized paving blocks with ribbed and corrugated (from pyramidal elements) underside surface, universal formulas
have been derived that relate the parameters of heights, rib lengths, angles at the vertex in the longitudinal section
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and inclination angles of the elements of the underside surface, as well as overall dimensions of the paving blocks in plan.
The obtained formulas are verified to determine the parameters of the considered plate models for three cases of angles
(120°, 90°, 60°) at the vertices in the longitudinal section. The results of parameter calculations coincided with those that
were carried out using traditional calculation methods. The developed formulas can be used to obtain the parameters
of the proposed two variants of square-shaped paving blocks in plan for any values of the side of the square and the angles
at the vertex in the longitudinal section of the elements of the underside surface.

Key words: small-sized concrete paving blocks, underside surface, ribbed prismatic element, pyramidal element,
height of the prismatic part.

IMocTanoBka npodieMu

OcTaHHIMH POKaMH TI0 BCHOMY CBITY BEJIMKE 3HAUEHHS MPHUIUISETHCSA SKOCTI W HAJIIMHOCTI
JOPOXKHBOTO OJATY HACEJICHUX MYHKTIB. [IOKPUTTS 3 Malopo3MipHUX €JIEMEHTIB JUIsl OyIiBHUIITBA
JOPIKOK, MailaHYMKIB Ta 1HIIKUX MIIIOXIAHUX TEPUTOPIN MaroTh OaraTo mepeBar Haj acQayibTode-
TOHHUMHM. AJie 1HOJI B IIMX NOKPUTTAX BUHMKAIOTH PI3HOTO TUITy pyHHYBaHHS, 1110 OTpedye MpoBe-
JICHHS TIOUTYKiB HOBHX KOHCTPYKTUBHUX PillICHb.

3anpornoHOBaHO JIEKIbKa BapiaHTIB KOHCTPYKTUBHUX PIlIEHb 13 IUIUT, 110 MalOTh 3MiHEHY I'€o-
METPUYHY OCHOBY (puieHy i3 3yO4acTHX MipamilajJbHHUX €JIEMEHTIB 1 peOpHUCTy 3 MPU3MAaTHUYHUX
esieMeHTiB). J{71st mpoBenieHHs 1a00paTOpHUX EKCIIEPUMEHTIB, HATYPHHX JOCIIHKEHB 13 3aCTOCYBaH-
HSIM TTOKPUTTIB, BUKOHAHMX 32 HOBUMU BapiaHTaMH, 1 TOJAJIBIIIOTO 1X YIIPOBAIKEHHS Y BUPOOHHIITBO
noTpiOHEe OTPUMaHHS J10JJATKOBUX rabapUTHUX MAapaMeTpiB 3alpOIIOHOBAHUX IUTUT. be3nomMunkoBui
PO3PaxXyHOK IMapaMeTpy BUCOTH OI9HOI CTOPOHU KOXKHOI 3 Mojiesiel moTpeOye yBaru it BUTpar NeBHOL
KUIBKOCTI yacy. ToMy MOocCTano NUTaHHS 3HAXO/PKEHHS (OpMyIl AJIs 3pYyYHOI0, IIBUAKOTO i TOYHOTO
o0uucIIeHHsI HeOOX1THOTO MapaMeTpy 3aJIeXKHO Bl MOZEN] ITUTH 31 3MIHEHOI0 T€OMETPUYHOIO HUXK-
HBOIO OCHOBOIO.

AHAaJI3 0CTaHHIX JOCTIIKEeHb Ta MyOJiKamii

[ToxpuTTS DOpIT € OMHUM 13 KIIFOYOBHX €JIEMEHTIB Omaroyctporo mict. Ha BuOip KOHCTpYK-
TUBHOTO PIIIEHHS MOKPUTTS BIUIMBAa€e Oarato (akTOpiB, HANPHUKIAA, KaTeropis ByJIuIll (AOpOTH),
MaKCHMaJlbHa BEJIMYMHA BEPTUKAIBHO MPHUKJIAJACHOTO HABAHTAKCHHSI, KIIIMAaTHYHI YMOBH, Xapak-
TEPUCTUKU I'PYHTIB TOWIO. Jl0 MIMIOXITHUX JOPIT 1 MaJaHYMKIB BUCYBAIOThCS BUMOTH CTOCOBHO
€KOJIOTIYHOCTI1, €CTETUYHOI MPUBAOIUBOCTI, PYHKIIIOHATBHOCTI, MIITHOCTI i JJOBroBiYHOCTI. ONTH-
MaJbHUM BapiaHTOM KOHCTPYKTHBHO-TEXHOJIOT'TYHOTO PILICHHS, IO 3aJ0BOJIbHSIE IUM BHUMOTaM,
€ pILIEHHS, 32 SIKOTO BEPXHIN IIap JOPOXKHBOTO OASITY BUKOHAHUM 13 MAJIOpPO3MIPHUX ILUIUT, 10
SKUX Hajiexkatb (irypHi enemeHTd MocTiHHsA (DEM) [1]. Lli eneMeHTH BUTOTOBIISIIOTH 13 OCTOHY,
KU € eKOJIOTIYHO YUCTUM MarepiajoM. ExeMeHTH MOXyTb OyTH pi3HOMaHITHUX (HOPM, TOBIIMH
1 po3MipiB y IUIaH1, MaTH PI3HOKOJIBOPOBE 3a0apBIEHHS, a 1€ J1a€ 3MOT'Y BJIALITOBYBAaTH MOKPUTTS
pI3HUX OpHAMEHTIB 1 popM, 1110 pOOUTH HACENEH] MYHKTH O1IbII MPUBAOIUBUMU JJIsI MEIIKAHIIIB
1 TOCTEeH HUX MICT.

[Tix "ac ekcruryarallii MOKPUTTIB HA HUX BIUIMBAIOTh BEPTUKAIBHO W TOPH30HTAIBHO CIIPSMO-
BaHI HaBaHTAKEHHS. 3a HEMPaBUIHLHUX YMOB €KCILTyaTallii MIIOXiTHIUX JOP1KOK 1 MaliJaHUYMKIB Bif-
OyBaeThCs X pyiiHyBaHH:. OHIEO 3 IPUYHMH TaKUX 1e(PEKTIB € HEMPAaBUIHHO 00paHe KOHCTPYKTHBHE
pimenHst mokputTs. [lix yac BizyasbHOTo OOCTEXKEHHS MOKPUTTIB MioXigHuX 30H 13 ®EM (sx y
HaceJleHUX MyHKTax YKpaiHW, TaK 1 3a KOPAOHOM) Y J€SIKMX BUIAJKaxX crocTepiranucs aedopmartii,
710 SIKMX HAJIeXKAaTh 3CYB, 3aIIa{UHH, PO3XUTYBAaHHS, TPIIIMHHU, pyHHYBaHHS OKPEMHUX €JIEMEHTIB a00
IUTAX TIJITHOK TMOKPUTTS (puc. 1, 2). Jlynsa 3amoGiranHs 3CyBy TPaAUIiHHUX IUIAT CTOCOBHO IOYaT-
KOBOTO TTOJIOKEHHS 110 IEPUMETPY TUISTHKH MOKPUTTS NOTPiOHO mependavyaTH >KOPCTKE 3aTUCKAHHS,
HAIpHUKIA[, 32 JOMOMOTO0 OOPTIB UM OOpAropiB. Aste mi (iKCYI0Ui eJIeMEHTH i JI€0 HaBAaHTAKCHb
MOXKYTb PO3XUTYBATHUCS, 110 MPU3BOAUTH J10 PyHHYBaHHS NOKPUTTIB. BIUIMB BepTUKaNbHUX HABaHTa-
KEHb, Habarato OUTBIINX, HDK PO3PAXyHKOBI, IPU3BOAUTH JI0 OCIIAaHHS €JIEMEHTIB MOKPUTTSI, BUHHK-
HEHHSI B HUX TPIllIUH TOIIO.

https://doi.org/10.32782/mathematical-modelling/2023-6-1-3
31



ITPUKIIA/THI ITHNTAHHA MATEMATHYHOI' O MOAEJIFOBAHHA T. 6, Ne 1, 2023

Puc. 1. ledpopmanii giissHku TpoTyapy 3 Majopo3mipHux miut, boarapis, Conssunmii 0eper

Puc. 2. PyiinyBanHs qijistHKH TpoTyapy 3 GirypHux ejaeMeHTiB MocTinHsA, [Tonbuia, M. Kocusin

JIist mMiABUIIEHHST HECYYOl 37]aTHOCTI 1 3MEHIICHHS TOPU30HTAIBHOTO 3CYBY Ta BIJIXWJICHb BiJ
MIPOEKTHOTO TOJOKEHHS €JIEMEHTIB BEPXHBOTO APy TOPOKHBOTO OASATY 3aIPOIIOHOBAHO ITiJ| Yac
YJIaIITyBaHHS TOKPUTTIB, 3aMiCTh TPaJULIHHHUX IUTUT i3 TUIACKOIO OCHOBOIO, BAKOPHCTOBYBATH TUTUTH
31 3MIHEHOIO T€OMETPHYHOI0 (HOPMOIO HMKHBOT OCHOBH [2; 3].

OpHuM 13 BapiaHTIB OKPHUTTIB € TaKi, y SIKUX HIDKHS OCHOBA TUIUT CKJIAJAETHCS 3 peOPUCTHX
(puc. 3) abo mipaMiganbHuX (puc. 4) enemMeHTiB. Y pasi 301IbIIEHHS IO HUKHBOI OCHOBH TUIUTA
MOXKE CIIpUIIMATH Ta MepeaaBaTé HaBaHTAKEHHS Ha 30UTbIICHUI 00’ €M HIMKUYE PO3TAIIOBAHHX IIApiB
JIOPO’KHBOTO OSATY, TOOTO 3pOCTE Hecyda 3MaTHICTh MOKPUTTH [3; 4]. Dopma HMKHBOT OCHOBH TIPH-
3BOJIUTH JI0 JIOAATKOBOTO YUIUIBHEHHS JPiOHO3EPHUCTUX IIAPIB OAATY IiJ MOKPUTTAMH, IO TAKOX
crpusie 30UTBIICHHIO HECYYO01 3aTHOCTI. 3MiHEHa (hopMa OCHOBH Oyj1e TEPEIIKOIKATH TOPH3OHTAIb-
HOMY 3CYBY IUIUT NMOKPHUTTS B pa3i BIUIMBY Ha HUX TOPH30HTAJIBHOTO HABAHTAXXEHHS Bij KOJIICHOTO
TpaHcnopry [5].

Puc. 3. EkcnepuMeHTAIbHUI 3pa30K MJIMTH
3 TPhOMA peOPUCTUMHU NPU3MATHYHUMH eJIeMeHTAMM B HU KHIiI 0CHOBI
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Puc. 4. 3oBHimHi BUIIAA MojieJ1i IVIMTH 3 M AThMa 3y0UacTHMH eJIeMeHTAMHU B HUKHil 0CHOBI
(MakerT 3 namnepy i ekcnepuMeHTAJIbLHU 3pa30K i3 0eTOHY)

Jnist 3armo0iranHs JOAATKOBUM BUTpaTaM Ha OETOH (32 paXxyHOK 301IbIIEHOTO 00’ €My HIKHBOT
OCHOBH) 00’€M 3ampOINIOHOBAHUX €JIEMEHTIB MOKPHUTTS IMOBUHEH OyTH HE OUTBIINM, HIXK 00’ €M IJis
BUTOTOBJICHHS TPAJAULIAHUX TUTUT 13 IJIOCKOI0 OCHOBOIO 3 TAKUMH CaMUMH po3MipamH i (HopmMoro
B IUTaHi. 3aBAaHHS MOJKHA BUPIIIUTH IIJISIXOM 3MEHIICHHS BUCOTH O1YHO1 IpaHi €IeMEHTIB MOCTIHHS.
Ane ans OTpUMaHHS L[bOTO MapaMeTpa AJs TOI UM 1HIIOT 3alpOIIOHOBAHOI Mozienl Oyae BUTPaueHO
6araro yacy JIsl IPOBEACHHS PETENbHUX PO3paxyHKiB. ToMy MOTPiOHO 3HANTH OUIBII 3pyYHHIA CITO-
ci0 AJIs JIETKOTo 1 IIBUJKOTO OOYHMCIIEHHS MMapaMeTpa BUCOTH OI1YHOI MOBEpPXHI OETOHHUX IUIMT 31
3MIHEHOIO T€OMETPUYHOIO (POPMOIO HUXKHBOT OCHOBH.

Merta nocaixzkeHHS
MeTor0 10CTiIZKeHHSI € OTPUMAaHHS YHIBEpCaJbHUX (HOpMYI Ui OOUMCIIEHHS TabapuUTHHUX
napaMeTpiB MaJIOPO3MIpHUX IUIUT 13 peOpUCTOIO (i3 MPU3MAaTHYHUX €JIEMEHTIB) 1 pudIeHoro (3 mipa-
MIJaJIbHUX €JIEMEHTIB) HI>KHBbOIO OCHOBOIO Il MOKPUTTIB MIIIOX1AHUX TEPUTOPIH.
3aBIaHHs JOCATAETHCS LUISIXOM TOIIYKY 3aJIe’KHOCTI MIX CO0OI0 MmapamMeTpiB BHCOT O14HOI
MOBEPXHI MAJIOPO3MIPHUX TUINT, JOBKUHHU pedep, KyTiB MPHU BEpIIMHI B MO30BKHHOMY MEPETHHI,
KyTIB HaXUJIy €JI€MEHTIB HUKHBOI OCHOBH, a TAKOX TradapUTHUX PO3MIPIB IUTUT Y TUIAHI.

Bukiaa ocHOBHOI0 MatepiaJy J10CTiIKeHHS

[lepen HaMu mOCTaIO MUTAHHS TMOIIYKY (OpPMYIH [UIS 3pyYHOTO PO3paxyHKy BHUCOTH OIYHOT
CTOPOHH IUTMTOK 31 3MIHEHOI0 T€OMETPHYHOIO OCHOBOIO 32 YMOBH, 110 00’ €M 3alIPOTIOHOBAHUX TLTH-
TOK Ma€ OyTH TakuM, SIK 1 TpaJAUIliiHA TUTUTKA 3 TAKOK caMOoi0 (hOpMOIO Ta po3MipamMu B TUIaHi. 3po-
3yML1J10, 1100 33JOBOJILHATH IIiil YMOBI1, BUCOTA O1YHOI CTOPOHH 3alPONOHOBAHUX MOJIENIEeH Mae Oyre
3MEHIIIeHa.

Po3rnsiHeMo aBa BapiaHTH IUIMT MOKPUTTS, 3alpOIIOHOBAHUX paHIIIe: 3 PeOpPHCTOI0 HUXK-
HBOIO OCHOBOIO 3 TPhOMa NMPU3MATUYHUMU €JIeMEeHTaMH (puc. 5) 1 3 pudIeHOI HIKHBOIO OCHOBOIO
3 I1’AThbMa TMipaMiIaTbHUMU elieMeHTaMu (puc. 6). Y miaHi BOHH MaloTh popMy KBajapara. ToBIIMHA
TPaIUIIHHUX (PIrypHHUX eJIeMEeHTIB (i3 TIackor 0CHOBO0), 3riaHO 3 JICTY b B.2.7-238:2010, moxe
OyTu TpuitHATOO Bix 5 10 10 cMm, 110 3aJIeKUTh BijJ Marepiany mapy OCHOBH i MOKPUTTIMH JOPIT
1 MaiilaH4YMKiB, HABAHTAXXCHHS HA JTOPOXKHIH OJIAT TOIIO.

[To3Haunmo rabapuTHi po3MipH, Je 8 — CTOpOHa KBajapara, b — Bucora 6iuHOT cTopoHu (O3
ypaxyBaHHS 3MiHEHOT HW)KHBOT OCHOBH). BuOepemo sk npukian TpaauiiiHy TUIMTKY 31 CTOPOHOIO
KBajJpaTa B 1aHi 12 cM i Bucororo 6iuHoi croponu 5 cm. Tozi 06’em OeToHY, HEOOXiTHUH I BUTO-
TOBJICHHS TaKO1 IUIUTKH, PO3paxyeMo 3a Takoro ¢opmyioro (1):

V=5-12-12=720cm’; b=5cm;a=12cwm. (1)
Posmssaemo HCpH_II/Iﬁ BapiaHT — MOJCJIb IIJIMTKHU 3 pe6pI/ICTOIO HWKHBOKO OCHOBOIO 3 TPpbOMa

pU3MaTHYHUMH eneMeHTamu (puc. 5). Pospaxyemo ii rabaputhi po3mipu. Ilpu ipomy 6yaemo npu-
IyCKaTH, 110 @ = const 1 V — BUTpara 6eToHy = const, Toi:
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)

——O e

B

Puc. 5. Po3paxyHkoBi napameTpu MojaeJi IVIUTH KBAAPaTHOI popmu B 1uiani
3 TPHbOMA NPU3MATHYHUMU PeOPUCTUMH eJIeMEHTAMM B HUKHIiil 0CHOBI

Puc. 6. Po3paxyHkoBi mapameTpu Moesi IJUTH KBaApaTHOI (hopMHU B MiIaHi
3 I’ATbMa NipaMiTaabHUMH eJleMeHTaMU B HUKHIiH 0CHOBI

OO6uncanMo Taki rabapuTHI po3Mipy MO IITUTKH 3 PeOPHCTOI0 OCHOBOIO:
a

) ’

a

6sin(%). @

OTtpumani popmynu € yHIBEpCATLHUMU ISl OyIb-SIKUX KYTIB 3.
Po3rstHeMO Tpu OKpeMi BUTIAIKH:

h

C =

1) = 120°
h:%zl,ISCM; c=%z2,3ch; b=5—121\2/§%4,42CM;
2) B =90°
h=12 —2cm: c= X < 2.83em: b=5-—2 —dowm;
6 2 12-1
3) B =60°
12-3 3
h=—"—=346cMm; c=2 2=4cm; b=5—-—F~3,26cMm.
63 V3

Po3rnsitnemMo npyruii BapiaHT — MOJENb IUTUTKH 3 pUGIICHOI HIDKHBOIO OCHOBOIO 3 I SIThMa
3yO04acTUMHU eJIEMEHTaMH TipaMigaibHOi GOpMHU, PO3TAIIOBAHUMH B IIaXOBOMY THOPAIKY (pHC. 6).
OcHoBa KOKHOT 3 IT’ITHOX Mipamia Mae popMy KBaapaTa 31 CTOPOHOIO a/3 Ta KyTOM HaxMIly O14HHX
IPAHEN 10 OCHOBH (.
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KopucTtyrounch no3HaueHHsIMU 3 MONEPEAHBOT0 PO3PAXyHKY, OTPUMYEMO Taki popmyinu:

a-tgo
b=51-———|,
( 162 J )
a-tgo
h=——"7".
. (6)

BiuHi pebpa KO’KHOTO 3 MipamiajJbHUX €JIEMEHTIB JOPIBHIOIOTh:
a
|OS|=gﬂ/2+tg20L. (7)

Po3misineMo okpemi BUIIaJIKK pO3PaXyHKY BUCOTH O1YHOT CTOPOHHU MOJIEI 13 3y0UacTux eeMeH-
TiB TipamizanbHOi hopMu mpu a@ = 12 ¢M 1 KyTi Ipu BEPIIUHI MipaMiTy y BEpTUKATHHOMY MIEPETHHI 3
120°, 90° 1 60°. 3’sicyemo Bucoty mipamign h = |SK|, po3paxyemo nomxuHy OiuHOro pebpa mipa-
Migu |OS| Ta 06unCcIIMO BHCOTY OiuHOT cTOPOHHU D KOKHOT 3 MOJIEIel TUTUTOK:

23
3
a=45"(B=90°):2cm h=|SK

a=60 (B=60 J:2-3~3,46cm

a=30°"(B=120"):2- \Ez3,06cM
a=45(B=90"): 2~ 3~3,46cm (|OS[;
a=60°(B=60°):2-\/5~4,47cm

a=30°(B=120°): ~1,15¢cm

b

a=30°(B=120"):5 1—% ~4,79cm
162 -3
. . 12
a=45"(B=90 ):5[1——-1jz4,63CM b.
162
a:60°([3=60°):5(1—£-\BJz4,36CM
162

Pe3ynbraT po3paxyHKiB napameTpa BUCOTH O1YHOI CTOPOHH ITUTUT 31 3MiHEHOIO OCHOBOIO 34 3aIpo-
MTOHOBAaHUMH (POPMYJIaMH MOPIBHSUTA 3 THMHU CaMHMH MapaMeTpaMH, ajie OTPUMAHUMH TIiJT 9ac po3pa-
XyHKY 3a TPaJUIIIHAM METOJOM (KOJIM BiJ] 3HAYEHHS 00’ €My IUTUTKH 3 IIACKOI0 OCHOBOIO BiIHIMAeMO
3HalIeHui 00’ €M eJIeMEeHTIB HIKHBOI OCHOBH I OTpHMaHe YMCIIO JUTMMO Ha TIJIOILY BEPXHbOI OCHOBU
TUTATKH). 3’5ICOBAHO, [0 OTPUMaHI MapaMeTpH € OJHAKOBUMH, IO JIA€ 3MOTY PEKOMEH/TyBaTH BHBE/ICHI
(hopmynH 11 POBEICHHSI PO3PAXYHKIB MATIOPO3MIPHUX TUTUT KBaAPaTHOI (GOpMH y BUPOOHUIITBO.

BucHoBku
VY crarTi po3mISHYTO J1Ba BapiaHTU NOKPUTTIB MILMIOXITHUX TEPUTOPIN 13 MATOPO3MIPHUX IUINT,
HIDKHSL OCHOBA SIKMX CKJIAJJA€THCS B MEPIIOMY BapiaHTi 3 TPhOX MPU3MATHYHHX, a B APYTOMY 3 I’ SITH
nipaMiJlalbHUX eJIeMeHTiB. BuBeaeHo yHiBepcaiabHi GOpMYIH I 3pyYHOTO OOUMCIICHHS BUCOTH
614yHOi CTOPOHU I pebpa OCHOBM JIBOX BapiaHTIB Mozenel miaut. OtpuMaHi GopMyau MOB’SI3yI0Th
MiX cO00I0 TapaMEeTPH BUCOT, TOBKUHH pedep, KyTiB HAXWUITy €JIeMEHTIB, [0 PO3TAIIOBaHI B HUKHIN
OCHOBI, 1 Ta0apUTHI PO3MIPH IUIUT Yy TIJIaHI.
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0O.A. XKXYPAH, JI.C. D°OHAP, O.C. KOHOBAIJIOB, B.O. [TAHIH

Harionanbuuii yHiBepcuteT «Ofechka MOTITEXHIKA»

AHAJII3 PUSUKIB IT-TPOEKTY BEBPECYPCY
JJ1 KOMYHIKAIIL OCBITHIX 3AKJIAJIIB

Memoro Oocniodxcenus € ananiz pusuxis, nog azanux iz peanizayicio IT-npoekmy aominicmpysanns eebpecypcis,
NPUSHAYEH020 O/ NOKPAWeHHA KOMYHIKAYIl Midc OC8IMHIM 3aK1A0OM i cmeurxonoepamu. BuxopucmauHs OH-1alH
COYIATLHUX MEPEHC MOHCe CRPOCTNUMU PO3NOBCIOONCEHHS HOBUH Kaghedpu, 3000ymKie 3000y6a4ie | GUKIA0AUI8, YIiKAGUX
nooitl, NPono3uYiti HAGUAKHS, CIMAJICYEAHH, Yuacmi 6 KOHKypcax moujo. CmeopenHs CmMOpIiHOK Y COYIanbHUX Mepexcax
oacmbs 3M02y CIMPYKMypHOMY NiOPO30iny 00NOMO2MU GUNYCKHUKAM 3ATUMAMUCS 8 KOHMAKMI, 3HAXOOUMU MONCIUBOCI]
cnignpayi, 0OMIHIO8AMUC 00CEIOOM, A MAKONC OP2AHIZ308Y8AMU 3VCMPIUL, 3aX00U MA CRIIbHI NPOEKMU 8 PeaibHOMY
orcummi. Ocnoemi npuyunu nesdau IT-npoekmie Modicymo GKIIOYAMU MaKe: NO2aAne YRPAGIIHHA, HeOOCMAMHE 3AYYeHHS
3aYiKasieHux cmopiH, HeOOCMAMHIll AHANI3 BUMO2, 3MIHU BUMO2 NI 4aAC PO3POOKU, HEOOCHAMHIO KOMYHIKAYII0 mMoujo.
Vei yi gpaxmopu € puzuxamu wooo yeniwnocmi peanizayii npoexmy i 6iono8iOHOCMI 3aniaH08aAHUM NOKAZHUKAM 3d 6ap-
micmio, yacom, mepminamu abo saxocmi. Kpim moeo, nio uac ynpaeninua npoEKmHUMU pUUKAMU 6aPMO 6PAX0BYEAMU
moii ghaxmop, wo dinvwicme [T-npoexmis yHiKanvhi, a iH0O0I 3aeani He Maome ananozie. Came momy il pusuKu OJist KOHC-
HO2O 3 MAKUXx npoeKmie maroms ocobaugicme. Bascaugo posensoamu pusuxu IT-npoexmy gebpecypcy 0ns KOMYHIKayii
OCBIMHIX 3aK1a018, YPAXOBYIOUU OP2AHI3AYIUHI 0CODIUBOCTI Tl CMPYKMYPHUX NIOPO30INi6 HABUATLHO2O 3AKAA0Y | 81ACHIU-
8ocmi coymepedsic ma inmepHem-Ccniiky8anHs, d Makodlic npodiemu, AKi BUHUKAIOMb Y NPOYeci GUKOPUCMAHHS CINOPOHHIX
6e0-pecypci6, Ha AKI BUKOHABYI He MOJICYMb GNAUGamu. Y cmammi npoeedeHo KOMNIAEKCHUU 0271510 NOMEHYIIHUX PUSUKO-
BUX cumyayit, wo Moxcymo euHukHymu. Busnaueno 4 pusuxu éHympiuinvoeo i 4 pusuxu 308HiuHb020 cepedosuyd npo-
exmy. [ns kodcHo20 i0eHmu@ikosano2o pusuKy 3’ sco6aHo npuduny 1o2o UHUKHeHHs — hakmop pusuxy. Hatiuacmiue
axmopamu pusuxy 06paro2o npoekmy € 10cbKi pecypcu il popc-madxcop. Iliocymrosuil ananiz pusukie 0ae 3mozy pos-
podHUKaM, YNpAGHiHYaM | 3aYiKasienumM CMOPOHAM Kpawje 3p03yMImu 6adCIUGICMb acnekmie be3nexku ma niaHy8amnHs
ona yeniwnoi peanizayii 3anpononosanozo IT-npoekmy 3 MiHIMI3aYi€r0 MONCIUBUX HE2AMUBHUX HACTIOKIS.

Kmouosi cnosa: IT-npoexkm, 3axkaao euwoi oceimu, ynpasninns npoekmamu, SWOT ananiz, puzuku, coymepeici.

O.A. ZHURAN, L.S. FONAR, O.S. KONOVALOY, V.O. PANIN
Odesa Polytechnic National University

RISK ANALYSIS OF AN IT PROJECT FOR A WEB RESOURCE AIMED
AT COMMUNICATION IN EDUCATIONAL INSTITUTIONS

The aim of the conducted research is to analyze the risks associated with the implementation of an IT project for
the administration of web resources aimed at improving communication between educational institutions and stakeholders.
The use of online social networks can facilitate the dissemination of departmental news, achievements of students
and teachers, interesting events, educational offers, internships, participation in competitions, and more. Creating pages
on social networks will allow the department to help graduates stay in touch, find collaboration opportunities, exchange
information, and also organize meetings, events, and joint real-life projects. The main causes of IT project failures
can include poor management, insufficient engagement of stakeholders, inadequate requirement analysis, changing
requirements during development, insufficient communication, and more. All these factors pose risks to the success
of project implementation and adherence to planned metrics in terms of cost, time, deadlines, or quality. Additionally,
in managing project risks, it is important to consider that most IT projects are unique and sometimes have no analogs.
Therefore, risks for each such project have their own specificity. It is crucial to examine the risks of an IT project for
a web resource in communication with educational institutions, taking into account the organizational characteristics
and structural departments of the educational institution, properties of social networks and online communication, as
well as the problems arising from the use of third-party web resources that project executors cannot influence. Within
the article, a comprehensive overview of potential risk situations that may arise is conducted. Four internal and four
external environmental risks of the project are identified. For each identified risk, the cause of its occurrence — the risk
factor is determined. The most common risk factors for the chosen project are human resources and force majeure.
The cumulative risk analysis enables developers, managers, and stakeholders to better understand the importance
of security aspects and planning for the successful implementation of the proposed IT project while minimizing potential
negative consequences.

Key words: IT project, higher education institution, project management, SWOT analysis, risks, social networks.
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IHocTanoBka npodiaemMu

[omynsapHicTh comiaNbHUX MEPEX cepes MOJIOAI, 3100yBayiB Ta abiTypi€HTIB MOCTIIHO 3pOCTaE.
Bumy1ieHi yMoBU AUCTaHIIIMHOTO HABYaHHS, 0OMEKEHOT coltiai3allii, maHaeMis, BiiiHa — yCe 11€ OCTaH-
HIMM POKaMM 3HAYHO MiJIBUIIIIO BKIMBICTh OH-JIAlH COLIATBHUX MEPEXK /sl CIUIKYBaHHS, OLIYKY
iHpopmarii Ta BiArykiB. HeMoxMBiCTh HaBYaTHCS B ayIUTOpHOMY (hopmaTi [uist 3100yBadiB, BiBiLy-
BaTH JHI BIIKPUTHX JIBEPEH /17151 a0ITYpIEHTIB, €BaKyallisi Ta pyWHYyBaHH 3aKJIaJiB OCBITH Uepe3 BIHY —
yce 11e HEeraTUBHO BIUIMBA€E Ha SIKICTh CIIJIKYBaHHS, CaMOpeaizallii, COIiaIbHOrO pPO3BUTKY MOJIOII.

HaykoBo-BHKIIaIalibKuii CKJIaJ TAKOXK BiA4yBa€ Ha coOl HACHIAKK OH-JTAaliH OCBITH, IPOOIEMHU
OpraHizariifHOTo Ta BUXOBHOTO XapakTepy i yac poOOTH 31 CTYICHTaMH Yepe3 HEMOXKIIUBICTh CITiJI-
KyBaTHUCs HAXKHBO.

BuxopucranHs OH-JIaliH COLIAJIBHUX MEPEK MOKE JOTTOMOITH BUPILIUTHU ACSIKI 3 IepeIlueHnx
po0IeM, TOKPAIIUTH SKICTh CIIJIKYBaHHs, CIIPOCTUTH JOBEACHHSI HOBUH KadeapHu, 3100y TKiB 3100Y-
BadiB 1 BUKJIAauiB, I[IKaBUX MO/iH, MPOIMO3UIIii HABYAHHS, CTAKYBAHHS, y4acTi B KOHKypcax TOMIO.

Takox akTUBHA Yy4acTh OCBITHIX 3aKJIaJIB Y COLMEpEKax 30UIbLIy€e OXOIUIEHHS MOTEHLINHUX
a0ITypi€eHTIB 1 iXHIX OaTbKiB, MABHUIIY€E 0013HAHICTh CYCIIJIBCTBA M HAYKOBOI CHIJIBLHOTH TPO 3]10-
OyTku Kadenp, IHCTUTYTIB Ta yHiBepcUTeTy 3arajoM. CTBOPEHHs CTOPIHOK y COLIAIbHUX Mepexax
JacTh 3MOry Kadeapl 3a1yduTy Olibllle yBaru 1 CTBOPUTH CBIM YHIKaJIbHHUM IMIJIK Ce€peJl CTYACHTIB,
CHIBpOOITHUKIB 1 rocTeil. 3100yBayi, SKi BKE 3aKIHUMIM HABYAHHS, MOXKYTh 3aJIMIIATHCS B KOHTAKTI
gyepes3 colliaibHI Mepexi, 3HaXOAUTH MOXJIMBOCTI CHIBIpaIli, 0OMIHIOBATUCS JOCBIJIOM 1 MiATPUMY-
BaTH 3B 430K 31 CBOEIO0 HABUAJIbHOIO YCTAaHOBOIO, @ TAKOX OPraHi30BYyBaTH 3yCTpil, 3aX0/11 Ta CI1JIbHI
MIPOEKTH B PEaIbHOMY KHTTI.

AHaJIi3 0CTaHHIX J0C/TiIKeHb Ta myOrikanii

BuxopucTanHs coIialbHUX MEpPex Ta HIIUX BeO-pecypciB A KOMYHIKaIlli OCBITHIX 3aKJIa/iB
31 3m00yBauaMu — X CTBOPEHHs, aAMIHICTpYBaHHs Ta MPOCYBaHHS — MOXKHA po3rsinatu sk [T-npo-
€KT. Y CBOIO 4epry, Oy/ib-aKui IPOEKT, 0€3yMOBHO, Ma€ PU3UKH 11010 HOTO peatizaliii.

V BiTUM3HAHIN HAayKOBIH JIITEPaTypi PO3IITHYTO KOHIIENTYasIbHI OJ0KEHHS YIPABIIHHS PU3H-
kamu [ T-nipo€eKTiB 3 ypaxyBaHHS 0COOIMBOCTEN BIUTUBY YKPaiHCHKOTO 30BHIIIHBOTO cepeaoBuia [1].

3aranpHa XapakTEePUCTHKA METOIB 1 MEXaHI3MIB pearyBaHHs Ha pu3uKu [T-poeKTiB BUCBIT-
JIeH1 aBTOPaMU B MONEPEIHIX JOCTIKeHHAX [2].

3pocTaHHsl BHKOPUCTAHHS IM(PPOBHX TEXHOJOTIH Maibke B yCiX cdepax >KUTTS MPHU3BEITH
JI0 TOTO, IO BEJIMKAa YacTHHA OCOOMCTHUX, KOPIOPATHBHUX, (DIHAHCOBHX 1 KOH(IACHIIIHHUX JaHUX
Tenep 30epiraeTbest Ta 00pOOINIAETHCS OHJIANH. Y CBOIO YEpTy, 3pOCTAIOTh 3JI0YMHHU Ta 3JIOBXKHBAHHS
ocobucToro iHpopmariro. 3anodiranas KiOep3IOYMHHOCTI 1 Oe3meka i YaCc BHKOPHUCTaHHS BeO-
TEXHOJIOT1M JUCTAHIIITHOrO HAaBYaHHS € IEpIIOUEProBUMH 3aBJaHHIMU B YIPABIiHHI NPOEKTHUMU
pusukamu y chepi IT [3].

V¥ poborax [.B. PimHsk po3misgae pu3uKy MPOEKTY SIK OaratoacrekTHy CUCTEMY Ta IPOMNOHYE
BHKOPUCTOBYBATH JIJIsI aHAJII3y METOU iMITAIITHOTO MO/IeIfoBaHHS [4—5].

3a JaHUMU AESKHX JOCHTIKeHb, Omu3bko 50% ycix IT-mpoekTiB yBaXkaroTbcs HEBAAIMMH,
TOOTO BOHU 3aBEpPUIYIOThCA a00 3aTPUMYIOTHCS 3 OPYLIEHHSIM TepMiHiB, OI0mKeTy abo creundika-
uiid. bauzpko 70 % mpoekTiB 3a3HAIOTH 3aTPUMOK y TepMiHax abo BaprtocTi [1]. Ha xanb, 3apa3 Big-
CYTHsI yKpaiHChbKa CTaTHUCTHKA IIOJ0 YCIIITHOCTI peanizanii [T-mpoekTiB i mpuunH iX HeBaay. Takox
CyyacHa HeCTaOlIbHICTh 30BHIIIHBOTO CEPENOBHUIA CUIBHO BIUIMBAE HA X1/ peani3alii MpOeKTIB
1 TAKOXK 3HMIKYE 1X PE3YJIbTaTUBHICTb.

BuxopuctanHs BeO-T€XHOJIOT1H B OCBITHBOMY CEpeIOBHILI MA€ CBOI EpEeBaru i HeOIiKu [6; 7.
OcHoBHI npuunHU Hepjad IT-mpoekTiB MOXKYTh BKIIIOUATH IOTaHE YIPABIiHHSA, HEJOCTATHE 3aITy-
YEHHs 3allIKaBJICHUX CTOPiH, HETOBHUI aHaJli3 BUMOI, 3MiHM BUMOT IiJ] 4ac PO3pOOKH, HEAOCTATHIO
KOMYHIKaIlif0 TOmo. Yci 1i (akTOpH € pu3MKaMH 100 YCHIIIHOCTI peaii3amii MpoekTy i Biamo-
BIIHOCTI 3aIlJJaHOBAaHUM ITOKa3HUKaM 3a BapTICTIO, YacoOM, TepMiHaMH abo sikocti. KpiM Toro, mifg
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Yac yIpaBJIiHHS IPOEKTHUMH PU3UKaMH BapTO BPaxOBYBAaTH TOM (pakTop, 1m0 Outbmicts [ T-ipoekTiB
YHIKaJIbHI, a 1HO/I1 B3araii He MatoTh aHajoriB. Came TOMY i pU3MKHU /7151 KOKHOTO 3 TAKMX MPOEKTIB
MaloTh CBOIO OCOOJIUBICTb.

Merta nocaixzkeHHs

MeToro TpOBENEHOTO AOCIHIKEHHSI € BUKOHAHHS JETaJbHOTO aHai3y PU3HKIB, IMOB’S3aHUX
13 peasizalliero BeO-pecypcy, MPU3HAYCHOTO I MOKPAIISHHS KOMYHIKaIli MK OCBITHIM 3akJja-
70M 1 crelikxonaepamu (3100yBayamu, aOiTypi€eHTaMM, BUIYCKHHUKaMH, CIIBpOOITHHKAaMHU, pobo-
TOAABLSMH Ta 1H.). Y CTarTl NPOBEIEHO KOMIUIEKCHUM OMIAJ MOTEHLIMHUX PU3MKOBUX CHUTYallii,
10 MOXYTh BUHUKHYTH ITi/T 4ac pOo3pOOKH ¥ eKcrutyaTallii mporo Bed-pecypey. [lincymkoBuii anami3
PU3UKIB J1a€ 3MOTY PO3POOHHMKAM, YIPABIIHIIM 1 3aI[iKaBICHUM CTOPOHAM KpaIlle 3pO3yMITH BaxK-
JMBICTh acTEKTIB O€3MeKH Ta IUTaHyBaHHS JJIs YCIIIIHOI peasizalii 3anpornoHoBaHoro IT-mpoekty
3 MIHIMI3ALI€0 MOKIUBUX HETATUBHUX HACHIIKIB.

Buxiaa ocHOBHOT0 MaTepiaJty J0CTiKeHHS

OcTtaHHIMU poKamH 3100yBadi TOCUTh YaCTO CAMOCTIMHO CTBOPIOIOTH IPYNH CIIIKYBAaHHS IS
OJHOTPYITHUKIB, OJJHOKYPCHHKIB 200 3arajibHi IpyIu Juis 3100yBayiB 4i a0iTypi€HTIB TOTO YH 1HILIOTO
HaBUAIBHOTO 3aKiaay. HaitgacTime ajis mbOTro BHKOPHCTOBYIOTH OH-JIAMH COIIaibHI Mepexi abo
Mecenkepu: Tenerpam-kananu, Discord, Instagram, Facebook, Instagram, Twitter Tomro. baxxanus
CTIUIKYBATHUCS, AUTUTHCS HOBUHAMH, BPAXKCHHSAMH U 1HIIOIO iH(OPMALIIEI0 — BaXKJIMBE MMUTAHHS IS
PO3BHUTKY OyIb-s1KO1 0COOMCTOCTI. AJie 4acTO Taki Ipynu MaloTh CyTo HeOpMaIbHUIA XapakTep 1 He
HecyTh 1H(OpMaIiiiHOT IHHOCTI 3 MONISALY IOHECEeHHs /10 ciiBpobiTHUKIB BH3, 3100yBauiB abo abi-
TypieHTiB oinilinoi iHpopmarii Y1 MOTOYHUX HOBUH OKpeMoi Kadenpu.

Merta IT npoekrty nosisirae B CTBOPEHH1 1 aIMIHICTpyBaHHI CTOPIHOK Kaeapu MTydHOTO 1HTe-
JeKTy 1 aHasi3y JaHuX [HCTUTYTY IITYYHOTO iHTENEKTY Ta poboToTexHiKM HarioHanbsHOTO yHIBEpCH-
TeTy «Onecpka MoJiTexHikay B TPhOX COIianbHIX Mepekax. [l koxknoi onnaitn mepesxi (Facebook,
Twitter, Instagram) npu3HaY€HO OKPEMOTO aIMIHICTPATOPa, a TAKOXK KEPIBHUKA IPYIIH.

VYXBaJjieHHsI POEKTHUX DILIEHb 3a3BHYail B1IOyBA€ThCS B yMOBaX PU3UKY Ta HEBU3HAYEHOCTI.
OCHOBHMMM NIPUYHUHAMU 1X HAsABHOCTI €:

— BIJICYTHICTh MOBHOI 1H(MOpMAIIIl MPO MPOIYKT MPOEKTY, MPOEKTHE CEPEIOBHIIE, HEMOKIIHU-
BiCTh TOYHOTO OLIIHIOBaHHS HEOOX1THUX JJIsi pOOOTH MapaMeTpPiB MPOEKTY;

— HEMOXJIMBICTh a0COIFOTHOTO MPOrHO3YBaHHS BCIX YNHHUKIB, 10 MOXKYTh BIULTMHYTH Ha IIPOEKT;

— HasBHICTh Cy0’€KTUBHUX YHMHHHKIB, OB’ I3aHUX 3 IHTEPECAMU CTEUKXOJIIEPIB.

bararoacnexkTHiCTh PU3HMKY SIK CKJIQHOTO SIBHILA 3yMOBIIIO€ ICHYBAaHHS KIJIbKOX BH3Hau€Hb
MOHATH PU3HKY 3 Pi3HUX NODISNiB. HaBeneMo BU3HAUSHHS PU3UKY 32 KIIACHKOIO TIPOEKTHOTO yIIPaB-
ninHg 3 PMBOOK.

Pu3uk npoekty — 11 HeBU3HA4YEHA OISl a00 yMOBa, HACTaHHS SIKOi HETATWBHO YU TMO3UTHBHO
TMO3HAYAETHCS Ha IUISIX MMPOEKTY, 3MICT1, PO3KJIaTy, BAPTOCTI Ta sIKOCTI [8].

Haii0inpina yBara B IpOEKTHOMY PU3UK-MEHEPKMEHTI MPHUILISEThCS caMe HeraTUBHIM PU3H-
KaM. YKe Ha eTarli IUTaHyBaHHs KePIBHUKOBI MPOEKTY Tpeda 11eHTH(IKYBaTH, TpOaHaIi3yBaTH PU3UKU
11 00paTu MeTo[| pearyBaHHs Ha HUX 3 METOIO HIBEJIIOBAHHS HETaTHBHOIO BIUIMBY PU3HMKY Ha IIPOEKT.

Jis ineHTudiKyBaHHS PU3MKIB Y KOHTEKCTI aHAIIi3y NMPOEKTIB, Y TOMY YHCI1 i y po3poOLi BeO-
pecypcy Uit KOMyHiKallii OCBITHIX 3aKiajiB, Moxke Oyt Bukopuctanuii SWOT-anani3 [9].

SWOT-anani3 na€e 3Mory po3nIsIHy TH BHYTPIIITHI i 30BHIIITHI aCTIEKTH IIPOEKTY, OLIIHATH HOTO CHITBH1
Ta c1abKi CTOPOHH, A TAaKOXK BU3HAYUTH MOMKIMBOCTI M 3arpo3u. Yci Ll pU3MKU Ba)XXJIMBO aHATi3yBaTH
Ta BKJIIOYMTH JI0 TUTaHY YIPABIIHHS PU3MKaMU JUIsl 3a0€3MeUeHHsl YCHIIHOI peaizaii npoekty. Hampu-
KJIaJ1, IJ1s1 BHYTPILITHIX PU3HKIB MOKYTh OyTH po3p00JIeHI TUTaH! PEe3ePBHOTO TUIAHYBaHHS B pa3i BTpaTH
KITIOYOBHX 0C10 a0 BipaxyBaHHS CTYIEHTIB. /|71 30BHILIHIX PU3HUKIB MOXKYTh OyTH PO3IISTHYTI TUIAaHU
PE3EpBHOTO KOIIIOBAaHHS CEPBEPIB 1 PE3EPBHUX ILISIXIB JOCTYIY. 3 ypaxXyBaHHSM BUSBICHUX CUJIbHUX
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CTOPIH, CJTa0KHUX CTOPiH, MOKJTMBOCTEH 1 3arP03 MOYKHA PO3POOUTH KOHKPETHI CTpATerii JAJ1s yIpaBIiHHS
pusukamu. Hanmpukinaz, po3missHyTH MOXITUBICTb TiITOTOBKH KOMaHIH 0 MOKJIUBUX BUKJIHKIB.

BusnaueHi pyu3Mku BHYTPIIIHBOTO i 30BHIMIHBOTO cepenoBuiia [T-npoekTy A NpoeKTy, 110
O3S Ia€ThCS, MOaHOo B Ta0M. 1.

Taomus 1
Pu3uku BHYTPIilIHBOTO Ta 30BHIIIHBbOTO cepenoBuina IT-npoexty
CepenoBHIIe TPOEKTY Pmsukn

3BUTbHEHHS BHKJIa/1a4a
BingpaxyBanHs cTyjeHTa

BuyTpims R .
yTpuime JlixBimauis xadeapu abo iHCTUTYTY
Oco0ucTa IUCIUILIIHA BUKOHABIIIB
BincyTHicTh iHTEpHET-TOCTYITY
. BigcyTHicTb I BiCY 4 «ITaIHHA HOT B
3oBHILIHE JICYTHICTB JIOCTYITY JIO CEPBICY Uepe3 «Ima » MOTO cepBepy

BiacyTHICTh MOCTYITY 10 CepBiCy depe3 HOro BiIacHi OJO0KyBaHHS
broxyBaHHS JOCTYIY JI0 CEPBICY Yepe3 YHECEHHS HOT0 10 «JOPHOTO CITUCKY» CaWTIB

Jiie KO)KHOTO 11eHTH()IKOBAHOTO PH3MKY BH3HAUYEHO MPUYMHY HOTO BUHHKHEHHS — (pakTop
PH3HKY, TPOBEICHO KiIacu]ikalliro pu3uKiB 32 03HAKaMH: Yac Jii Ta KepoBaHICTh (TaoII. 2).

Tabmuns 2
Kaacudikauisi pusuxis

Pusux DaxkTop pU3UKY Yac nii KeposanicTb

. JIronchki pecypcu [Ticns 3amyck .

3BUILHEHHS BUKJIaqada - pecyp YCKY Keposanwuit
MiANPUEMCTBA MIPOEKTY

. JlroncwKki pecypen [Ticns 3amyck .

BinpaxyBanHs cTyneHTa o pecyp yery Keposauuii
MiANPHEMCTBA MIPOEKTY

S . . . Bech yac icHyBaHHA .

JlikBimaris kadenpu abo iIHCTHTYTY HisneHicTs BH3 Y KepoBanuii
MIPOEKTY

. . . Bechb yac icnyBaHHs .

OcobucTa TUCIUIUTIHA BUKOHABLIB Ocobuctuii pakTop HpO€KT§,’ Keposanwuii

BincyTHiCTh iHTEpHET-TOCTYILY Bech yac icnyBaHHS

dopc-MaxopHi 00CTaBUHU He kepoBanmit

y BUKOHABIIIB MIPOEKTY
BincyTtHicTs nocTymy 10 cepBic . Becb yac icHyBaHHs N
ey  AOCTYILY 10 CCPBICY ®dopc-MakopHI 00CTaBUHU Y He kepoBanuii
yepes «IaJIiHHs Horo cepBepy HPOEKTY
BincyTtHicTh nocTymy 10 cepsicy HismpHicTh mianpueMcTBa- | Bech yac icHyBaHHA He kepoBamuii
4epe3 HOoro BiIacHi OJIOKYBaHHS BJIACHUKA CEPBICY HPOEKTY P

BrokyBanHs nocTymy 70 cepBicy
Yyepe3 YHECeHHs HOoro 10 «40pHOTO
CITHCKY» CaMTiB

3aranpHOzAEpKaBHA NoniTuka | Beck yac icHyBaHHS

o He kepoBanuit
1 3aKOHOJaBCTBO IIPOEKTY

OCHOBHUMHM 1HCTPYMEHTAMH SIKICHOTO aHaJIi3y PU3HKIB € MAaTPUI HMOBIPHOCTI i BIUTUBY (peii-
TUHTY PU3UKIB Ha MiJCTaBl KOMOIHAIIT Ta OI[IHIOBAHHS 1X IMOBIPHOCTI Ta CTyneHs BIUUBY) [10].

Bu3HaunMo paHT KOKHOTO 1ICHTH(IKOBAHOTO PU3HMKY 3aJICKHO BiJ IBOX IMOKAa3HUKIB: IMOBIp-
HICTh HACTAHHS PU3MKY Ta HOro BIUIMBY Ha MPOEKT. [licas Bu3HaueHHS MMOBIPHOCTI Ta BILTUBY IS
KOYKHOTO PU3UKY BOHH KOMOiIHYIOThCS. Lle momomarae BU3HAYNTH 3arajlbHAN PU3UKOBAHUHN PaHT ISt
KOXHOTO PHU3HKY.

Pesynprar 1boro BU3HAYEHHS PAHTIB PU3HMKIB MOXYTh OyTH BUKOPHCTaHI Ul TONATBIIOTO
MJIaHyBaHHS W pO3pOOKH CTpaTeriid yrmpaBiiHHSI pu3uKaMu. Takox 1€ JormomMarae BUSHaYUTH, Ha K1
PU3UKH MOTPIOHO 3BEPHYTU OCOOIMBY yBary, sIKIII0 BOHU MalOTh BUCOKUI piBEHb BIIMBY Ta HMOBIp-
HocTi. CTyniHb pU3MKY BU3HAYEHI K JOOYTOK IMOBIPHOCTI MOSIBU PU3HKY ¥ BeTHMuuHH BTpar. OTpu-
MaH1 pe3yJIbTaTy MpeCTaBIeHo B Ta0mI. 3.

https://doi.org/10.32782/mathematical-modelling/2023-6-1-4
40



ITPUKIIA/THI ITHNTAHHA MATEMATHYHOI' O MOAEJIFOBAHHA T. 6, Ne 1, 2023

Pan:kyBaHHSI pU3HKIB IPOEKTY

Tabmuns 3

Pusuk

PHU3HKY

IMOBipHICTH TTOSIBH

Benuuuna BTpar

CryIiHb BIUTUBY
PH3HKY

PiBens 3arposu
PH3UKY

3BiJILHEHHS BUK/Iaga4a

ImoBipHa 3

Cepenns 3

TTomipawmit 9

Bunpasnanuii 9

BinpaxyBaHHs cTyeHTa

MaioiimoBipHa 2

MinimansHa 1

IrHopoBanwuii 2

ITpuitHsTHHN 2

JlikBinanis xadenpu
a0o0 IHCTUTYTY

CnabotimoBipHa |

MaxkcumaibHa 5

Hes3naunuii 5

Bunpasnanuii 9

Oco0ucra gucIuILIiHa
BUKOHABI[IB

ImoBipHa 3

Cepenns 3

[omipuuii 9

Bunpasnaunuii 9

BincyTHicTh iHTEpPHET-IOCTYITY
Yy BUKOHABIIIB

ImoBipHa 3

MinimansHa 1

IrnopoBanwmii 3

Ipuitnaruuii 2

BincyTHicTh nocTymy 70 cepBicy

JI0 4YOPHOTO CITMCKY) CalTIB

. . MauoiiMoBipHa 2 Huzbka 2 IrnopoBanwmii 4 | IpuitaaTHuii 2
yepe3 «HaJliHHs HOoTo cepBepy
BigcyTHicTh 10CTYITy 710 CEpBicC L . N N
JACYTH JIOCTYILY J10 CCpBICY CrnabotimoBipHa | Bucoka 4 IrnopoBanwmii 4 | IpuitaaTHuii 2
4yepe3 HOro BiIacHI OJIOKYBaHHS
BrokyBaHHS TOCTYITy JI0 CEpBicy
4yepe3 YHeCEHHS Horo CnaboiimoBipHa 1 Bucoxka 4 IraopoBanwmii 4 | Ilpuiinarauii 2

Bruus pusuky Ha pe3ynbratuBHICTH I'T IpOEKTY 3yMOBIIIOETHCS 3MIHOK 3HAYE€Hb CKIIAJHHUKIB
TPUKYTHHMKA YIPABIIHHS MPOEKTaMHu (dac (time), BapTiCTh (cost), 3MICT (score) MPOeEKTY). 3HAYECHHS
3MIHM MapaMeTpiB, 110 B1A0YBalOTHCSA SIK PE3YJbTAT BILUIUBY PU3HKY, BU3HAYAIOTh €KCIIEPTHUM IILIS-
xoM. Jly1s agMiHICTpYBaHHs TPhOX COLIATbHUX MEPEX, SKIIO PO3INIJaEMO BIUIMB PU3MKIB Ha Mapa-
METpU MPOEKTY (Yac, BapTiCTh, 3MICT), MOXKHA OOTPYHTYBAaTH CUJIY BIUIMBY Tak (Tadi. 4).

Tabmuns 4
OOrpyHTYBaHHS CHJIH BILTUBY
ITapametp UYac BapricTb 3micT
6
CunbpHUM BIUIUB, OCKUIEKU 2 3
3BUILHCHHS BTpaTa BUKJIa][a4a MOXKE . . Cnabuii BILUIUB, MOYKIIBI
. .| CnaOkuii BIUIMB, MOKIIUBICTh . L
BHKJIa/1a4ya MIPU3BECTH JI0 HEOOX1THOCTI . . k 3MIiHHU B 3MICTi MaJIo
. S 3aMIHHUTH BiAOBIJAIBHY 0CO0Y .
epepo3noalTy 000B’SI3KiB 3aJIe)KaTh BiJl BUKOHABIIS
1 9acy iHIIMX WICHIB KOMaHIH
3 2 1
. o o CnaOKuii BIUIMB, MOKJIUB1 BincytHiii BB,
BinpaxyBanns | CrnaOkuil BIUIUB, MOXKITUBUH . . .
. . HE3Ha4HI J0/IaTKOBI BUTPATH |BiJlpaxyBaHHS CTY/ICHTA HE
CTyJIeHTa HEBEJIMKHH MTePepOo3MOILT 4acy - .
Ha B3a€MOJIIO 3 IHITUMU Ma€e CYTTEBO BILUIMBATU Ha
JUTsE pOOOTH HAJT IPOEKTOM .
CTYJACHTaMH 3MICT IPOEKTY
9 8 7
JlikBigamis CuibHUI BILTUB, MOXYTh . . |CepenHili BILIUB, MOXITUBI
. CWILHHIN BILIUB, MOXKJIUBI . .
kadenpu abo | 3HAIOOMTHCS 3HAYHI 3YCHILIS . . 3MIiHH B TIpOrpami Ta
. .| BEJHKI JIONATKOBI BUTPATH Ha - . .
IHCTUTYTY | JJIsl aianTarlii mpoeKTy JI0 3MiH . . . | 3MICTi IPOEKTY TIi/T HOBI
O aJIarTaIliio Ta 3MiHH B ITPOEKTI
Y CTPYKTYpPI YHIBEPCHTETY YMOBHU
3
4 2 -
OcooOucra - . . . CnaOkwii BIUIUB,
. Cepenniit BIUIUB, MOXKJIUB1 CnaOKuii BIUIMB, MOKJIHB1 . .
JUCITUILTIHA D . ) . JUCIMITIIHA BUKOHABIIIB
. HEBEJIMKI BIIXWIICHHS B rpadiky [HE3HAUHI JOIaTKOBI BUTPATH Ha
BHKOHABIIIB He MMOBHHHA BIUIMBATH Ha
po0OTH Hal IPOEKTOM KOHTPOJIb .
3MICT MPOEKTY
BincytHicTh 7 5 7
inTepHeT-  |CuibHMI BIUTMB, MOXJIHBA BTpata|  CepeiHiil BIUTUB, MOXITUBI CusbHU BIUIUB, JOCTYII
JIOCTYITY pobouoro yacy i mepepuBaHHs JIOIATKOBI BUTpATH Ha JIO PECYPCIB JUIS TIPOEKTY
Y BUKOHABIIIB B po0OTi HaJT MPOEKTOM 3a0e31eYCHHsI IHTEPHET-JIOCTYITY| MOXe OyTH 0OMEKESHUM
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3akinyeHHs Taonui 4

cepBicy uepe3
«IagiHHg HOro

TepepuBaHHs pOOOTH HAT
MIPOEKTOM Yepe3 HEIOCTYIHICTh

[Tapamerp Yac BapricTb 3mict
BincyTHicTh 7 6 5
JOCTYILy 110 CunbHU BIUIMB, MOXJIMBE

CepenHili BIUTMB, MOKJIUBI
JTOJIATKOB1 BUTPATH Ha

CepenHiii BIUTHB, 3MiHI
B 3MICTi MOXYTb OyTH

cepBicy uepe3
fioro BiacHi

CepenHili BIUTHB, MOYJIHBI
HEe3Ha4HI TIepepBH B poOOTI HAJT

. BiJTHOBJICHHSI pOOOTH cepBepa oOMexeHi
cepsepy cepaicy
BincytHicTh 5 4 4
JIOCTYIY 10 CepenHili BIUIHB, MOXKYTh

CepenHili BIUTHB, MOYJIHBI
JIOMIATKOBI BUTPATH Ha

BUHHUKHYTHU 3MiHH B 3MICTi
gyepe3 0OMEeKEHHS

cepBicy uepe3
YHECEHHs HOoro
JI0 «4OPHOTO

CwibHHH BIUTMB, MOXKITHBI
nepepBy B poOOTI HaJ[ POEKTOM
Yyepe3 0OMEeKEHHsI JIOCTYITY

MPOEKTOM BIJTHOBJIEHHS JOCTYII
OJIOKyBaHHS P a Aoctyry JIOCTYyIy
5
biiokyBaHHs . .
7 CepenHiii BILIHB, MOKIUBI
AOCTyIy 110 7

CwiibHHH BIUTMB, MOXKITHBI
JIOJIATKOB1 BUTPATH Ha
3a0e3meueHHs JOCTYITy 10
IHIINX pecypciB

3MIHH B 3MICTI 4epe3
O0OMEXEHHS JIOCTYIy U
BUKOPHCTAHHS 1HIIHNX
CEPBICIB 3 IHIITMMHU

CIIMCKY» CaWTiB

BHMOT'aMH JI0 3MICTY

BuxopucroBytoun aani Tabnuui 3, moOyayeMo AiarpaMu pU3MKIB JUIsL KOXKHOTO 3 MapameTpiB
TpUKYTHUKY IT-TpoexTy, Ha SIKUX B110Opa3MMO CTYMEHI BIUIMBY CHUTYyalllll pU3UMKy Ha BIJAIOBIIHI
napameTpH (puc. 1).

Cdopmonana Tak iHpopmaliiiHa TaHEeIb HAOYHO JIEMOHCTPY€E CHITY BIUIMBY BU3HAYCHUX (DAKTO-
P1B PU3UKY MPOEKTY.

[pyHTyrO4HCH Ha WMOBIPHOCTI HACTAHHS TOTO YM IHIIOTO (AKTOPY PH3HKY, MOKEMO POOMTH
BHCHOBOK IIIOJI0 PU3MKOBAHOCTI MPOEKTY 3arajioM 1 TOUIJIBHOCTI HOTr0 BIPOBAKEHHS.

VY HaBesieHOMY MPOEKTI HAHOUIBII BIUIMBOBI PU3UKH CIIa00NMOBIPHI, TOMY MOXHa 00paTH Takx-
TUKY pearyBaHHs Ha HUX — NPUHHATTS PU3HKY.

BucHoBku

Y po6oti 06paHO BapiaHT 11eHTU(DIKYBaHHS PU3UKIB MPOEKTY, SIKUH MOJISTAE B CTBOPEHHI i aaMi-
HICTpYBaHHI CTOPIHOK Kadeapu MITyYHOTO IHTEIEKTy i aHalli3y JaHUX [HCTUTYTy IITYYHOTO iHTe-
JIeKTy Ta podororexHiku HamionanbHoro yHiBepcurery «OJiecbka MOJTITEXHIKa» B TPhOX COLIAIbHUX
Mmepexax (Facebook, Twitter, Instagram), 3actocoBytoun merog SWOT-ananizy.

BusnaueHo 4OTHPH PU3UKH BHYTPIIIHBOTO M YOTHPU PU3UKHU 30BHIIIHBOTO CEPEIOBUINA TPO-
exty. JIIsi KOKHOTO 171eHTH()IKOBAHOTO PHU3UKY BHU3HAUYEHO MPUYMHY HOTO BHHUKHEHHS — (haKToOp
pusuky. Haifuacrime pakropamu pu3uKy oOpaHOro MPOEKTY € JIFOACHKI pecypcu Ta hopc-Maxop.

[IpoBeneHo kiracu@ikaiio pU3MKIB 32 O3HAKAMH: 4Yac Mil, KEPOBAHICTh. YCI PU3WKU MarOTh
BIUIMB TPOTATOM yChOTO ICHYBAaHHS TIPOEKTY. BHYTpINIHI pU3UKH 0OpaHOTO MPOEKTY, HA BIAMIHY Bif
30BHIIIIHIX, KEPOBaHi.

Ha ocHOBiI oTpuMaHUX NaHWUX HAWOLIBIN BIUIMBOBI HA YCIINIHICTh MPOEKTY 3a BCiMa TphOMa
rapamMeTpamMu 4ac, BapTiCTh, 3MICT — CUTYaIlisl PU3HKY: JiKBiaamis kadeapu abo iHCTUTYTY, BIICYT-
HICTh IHTEPHET-JIOCTYIY Y BUKOHABIIIB 1 OJIOKYBaHHS JOCTYIY JI0 CEPBICY Uepe3 YHECEHHS HOro J0
«YOPHOTO CITUCKY» CAWTIB.

Haiimen1e BIuIMBarOTh Ha YCIIIIHICTD MPOEKTY 3a TapaMeTpaMH 4acy, BApTOCTi Ta 3MICTy Mapa-
METpHU 0cOOUCTa TUCIMITIIHA BUKOHABIIB 1 BiipaXyBaHHs CTYy/IEHTA.

[IpakTryHa HIHHICTH JOCTIKEHHS TTOJIATAE B MOKIIMBOCTI TOJATBIIIOT0 BUKOPUCTAHHSI PO3POO-
neHuX malnoHiB Ta iHbopMaIitHIX NaHeNel A aHaTi3y PU3UKIB aHATIOTIYHUX MPOEKTIB.
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Puc. 1. Bnius cutyaniii pu3uky Ha 4ac (a), Bapricts (6), 3MicT (B)

https://doi.org/10.32782/mathematical-modelling/2023-6-1-4
43



ITPUKIIA/THI ITHNTAHHA MATEMATHYHOI' O MOAEJIFOBAHHA T. 6, Ne 1, 2023

10.

Cnucox BUKOPHUCTAHOI JiTepaTypH
JlazapeBa C.®, Tkauenko M.A. Yrpasninas pusukamu [ T-npoexTiB B YkpaiHi B CydacHUX yMO-
Bax. QopmysarnHs punkosux eionocur ¢ Yxpaini. 2015. Ne 6(169). C. 169-174.
Kypan O.A., I'maa M.I. Ynpasninns pusukamu B [T-npoexrax. Project, Program, Portfolio
Management. P3M. 2016. Vol. 1. C. 46-48.
®onap JI.C., Konoranos O.C., ®ininmor €.I. Jocnimkenns 3arpo3 iHpopMaliitHoi 6e3nekn
IpU BUKOPUCTaHHI BEO-TEXHOIOT1H AUCTAHIIMHOTO HaBYaHHSA. [IpUKiaoui numanHts mamema-
muyno20 mooeniosanns. 2022. T. 5. Ne 1. C. 101-107.
Pimnsix [.B. Cuctema ynpapininas pusukamu [ T-ipoexTiB. Ingpopmayitini cucmemu ma mepedxici :
30ipH. HayK. npaib. JIbBiB : BunaBuunTeo HarionansHoro yHiBepcuteTy «JIbBiBChbKa momiTex-
Hika», 2011. C. 250-259.
Pimusax [.B. 3acrocyBanHs iMiTalliiHUX MOACNCH A ynpaBiiHHA pu3ukamu IT-mpoekTis.
Ingpopmayiiini cucmemu ma mepexci : 30ipH. HayK. npaiib. JIbBiB : BunaBaunrso Hamionans-
HOTO yHiBepcuTeTy «JIbBiBchbKa nomitexHikay, 2010. C. 171-181.
Hazap M.M. Crnemnudika TCHUXOJIOTIYHOTO BIUIMBY HABYaHHS KOPUCTYBadiB Mepexi [HTep-
HeT. Ocgima oOopociux 6 Ykpaini : wmarepiamu IX Mixnap. Hayk.-npakT. koH}. (Kwuis,
11-17 Bep. 2008 p.). Kuis : EKMO, 2008. C. 102—-104.
Cepena X.B. OcHoBHI npuHIUIH 0OYI0BU 1HPOPMAIIITHUX CUCTEM OCBITH Ha OCHOBI BeO-TeX-
HOJIOTIH. Asmomamuzayisi ma Komn 10mepHO-iHmMe2po8ani MexHoN02li Y eupoOHuUYymei ma
ocgimi: cmaw, O00CACHEeHHs, Nepcnekmueu po3sumky . marepianu BceykpaiHChkOi HayKOBO-
npakTu4HoOi IHTepHeT-koH(pepeHwii / Yepkacbkuii HallloHaNbHUN yHIBepcuTeT iMeHi bormana
XMmenpHuIbKoro. Yepkacu, 2013. C. 203-205.
A Guide to the Project Management Body of Knowledge (PMBOK® Guide). 7% Edition. Project
Management Institute, 2021. 250 p.
HInsxra O.M. SWOT-anani3 sik iHCTpyMEHT CTPaTeriyHoro MEHEeDKMEHTY MiAPUeEMCTBA. Eko-
Homiunuti npocmip / TlpuaHINPOBCHKA epKaBHA akaaeMis OymTiBHUITBA Ta apxiTekTypu. 2012.
No 68. C. 301-309. URL: http://nbuv.gov.ua/UJRN/ecpros 2012 68 35 (mara 3BepHEHHS:
20.08.2023).
JACTY IEC/ISO 31010:2013 (IEC/ISO 31010:2009 IDT). KepyBanust puznkom. MeToau 3araib-
HOTO OIIIHIOBAHHS PU3HKY.

References
Lazareva, S.F. & Tkachenko, M.A. (2015). Upravlinnia ryzykamy IT-proektiv v Ukraini
v suchasnykh umovakh — [IT Project risk management in Ukraine under modern conditions].
Formuvannia rynkovykh vidnosyn v Ukraini. Vol. 6(169). P. 169—174. [in Ukrainian]
Zhuran, O. A. & Hlava, M.H. (2016).Upravlinnia ryzykamy v IT-proektakh — [Risk
Management in IT Projects]. Project, Program, Portfolio Management. P3M. Vol. 1. P. 46-48.
[in Ukrainian]
Fonar, L.S., Konovalov, O.S. & Filippov Ye.H. (2022). Doslidzhennia zahroz informatsiinoi
bezpeky pry vykorystanni veb-tekhnolohii dystantsiinoho navchannia — [Research on
snformation security threats in the use of web technologies for remote learning]. Prykladni
pytannia matematychnoho modeliuvannia. Vol. 5. Is. 1. P. 101-107. [in Ukrainian]
Rishniak, I.V. (2011). Systema upravlinnia ryzykamy [T-proektiv — [IT Project risk management
system]. Informatsiini systemy ta merezhi : zbir. nauk. prats. Lviv : Vydavnytstvo Natsionalnoho
universytetu “Lvivska politekhnika”. P. 250-259. [in Ukrainian]
Rishniak, I.V. (2010). Zastosuvannia imitatsiinykh modelei dlia upravlinnia ryzykamy
[T-proektiv — [ Application of Simulation Models for IT Project Risk Management]. Informatsiini
systemy ta merezhi : zbir. nauk. prats. Lviv : Vydavnytstvo Natsionalnoho universytetu “Lvivska
politekhnika”. P. 171-181. [in Ukrainian]

https://doi.org/10.32782/mathematical-modelling/2023-6-1-4

44



ITPUKIIA/THI ITHNTAHHA MATEMATHYHOI' O MOAEJIFOBAHHA T. 6, Ne 1, 2023

6. Nazar, M.M. (2008). Spetsyfika psykholohichnoho vplyvu navchannia korystuvachiv merezhi
Internet — [Specificity of psychological influence of training of Internet users]. Osvita doroslykh
v Ukraini : IX Mizhnar. nauk.-prakt. konf., (Kyiv, 11-17 ver. 2008 r.). Kyiv : EKMO. P. 102-104.
[in Ukrainian]

7. Sereda, Kh.V. (2013). Osnovni pryntsypy pobudovy informatsiinykh system osvity na osnovi
veb-tekhnolohii. Avtomatyzatsiia ta kompiuterno-intehrovani tekhnolohii u vyrobnytstvi
ta osviti: stan, dosiahnennia, perspektyvy rozvytku : Vseukrainska naukovo-praktychna
Internet-konferentsiia / Cherkaskyi natsionalnyi universytet imeni Bohdana Khmelnytskoho.
Cherkasy. P. 203—-205. [in Ukrainian]

8. A Guide to the Project Management Body of Knowledge (PMBOK® Guide). 7™ Edition. Project
Management Institute. 250 p. [in English]

9. Shliakhta, O.M. (2012). SWOT-analiz yak instrument stratehichnoho menedzhmentu
pidpryiemstva. [SWOT analysis as a tool of strategic enterprise managemen]. Ekonomichnyi
prostir. Prydniprovska derzhavna akademiia budivnytstva ta arkhitektury. Vol. 68. P. 301-309.
URL: http://nbuv.gov.ua/UJRN/ecpros 2012 68 35 (accessed 20.08.2023).

10. DSTU IES/ISO 31010:2013 (IES/ISO 31010:2009,IDT). Keruvannia ryzykom. Metody
zahalnoho otsiniuvannia ryzyku.

XKypan Onena AmnaromiBHa — K.e.H., JOIEGHT Kadeapu IUTYYHOTO IHTENEKTYy
Ta aHanizy naHux HamionaneHoro yHiBepcutery «Onechka moiiTexHikay, e-mail: juran@ukr.net,
ORCID: 0000-0001-8487-9072.

@®onap Jlogpmuna CepriiBHa — K.T.H., JOLEHT Kadeapu MITyYHOTO IHTENEKTY
Ta aHai3y AaHux HanionaneHoro yHiBepcutety «Onecbka noitexHikay, e-mail: fonar 1 s@ukr.net,
ORCID: 0000-0002-7478-6742.

Konoanos Onekcannp CeprifioBud — acmipaHT Kadeapu MITyYHOTO IHTENEKTY Ta aHali3y
nanux HamionanpHOro yHiBepcuteTy «Ojechka moiirexHikay, e-mail: akonovalov.lux@gmail.com,
ORCID: 0000-0001-8023-9633.

[Tanin Biktop OnexcanapoBud — acmipaHT KadeapH IITYYHOTO 1HTEIEKTy Ta aHaji3y JaHHX
HamnionansHoro yniBepcureTy «Omechbka MoJiTexHika», e-mail: panin.8§142017@stud.op.edu.ua.

Zhuran Olena Anatoliivna — PhD in Economics, Associate Professor at the Department
of Artificial Intelligence and Data Analysis of the Odesa Polytechnic National University,
e-mail: juran@ukr.net, ORCID: 0000-0001-8487-9072.

Fonar Liudmyla — PhD in Technology, Associate Professor at the Department
of Artificial Intelligence and Data Analysis of the Odesa Polytechnic National University,
e-mail: fonar | s@ukr.net, ORCID: 0000-0002-7478-6742.

Konovalov Oleksandr Serhiiovych — Graduate Student at the Department of Artificial
Intelligence and Data Analysis of the Odesa Polytechnic National University,
e-mail: akonovalov.lux@gmail.com, ORCID: 0000-0001-8023-9633.

Panin Victor Oleksandrovych — Graduate Student at the Department of Artificial Intelligence
and Data Analysis of the Odesa Polytechnic National University, e-mail: panin.8142017@stud.op.edu.ua.

https://doi.org/10.32782/mathematical-modelling/2023-6-1-4
45



ITPUKIIA/THI ITHNTAHHA MATEMATHYHOI' O MOAEJIFOBAHHA T. 6, Ne 1, 2023

YIK 681.5

JL.K. )KYYEHKO

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

CUCTEMA IMTPOI'PAMHOI'O KEPYBAHHAA
INPOLOECOM BUITAJIIOBAHHA BYIVTIEHEBUX BUPOBIB

IIpoyec sunanioanns € 0OHUM i3 OCHOBHUX MEXHOLO2IUHUX NPOYeCi6 Y UpOOHUYMSI yereyesux aupooie. OckinbKu
yeti npoyec XapaKxmepusyemoCs 3HAYHUMU eHeP2OGUMPAMAMU, BUHUKAE AKMYAbHe HAYKOBO-MeXHIuHe 3a60aHH s NiOGU-
WeHHA epeKmusHOCMI NPoYecy 6UNAIIO8AHHA 8Y2leyesux 6upoois, AKa NONAAE 8 SMEHUUEHHT eHEP2OCRONCUBAHHSL.

Ananiz nassnux cucmem Kepyeamms npoyecom SUNATIOBAHHA Gy2leyesux supodie 0as 3moey GUAGUIMU HeOONiKU
ocmanHix i cpopmyniosamu 3a80anHsA O0CIONCEHHS, CNPAMOBAHE HA PO3POOIEHHS HOBOI CUCmeMU NPoSpamMHO20 Kepy-
BAHMSL YUM NPOYECOM 3 MEMOIO NIOBUUJEHHS 11020 PeCypCo- Ul eHepeo30epedCcenHts.

Y cmammi 3anpononosana cucmema NPOSPAMHO20 KepY6atiHis nPOYECoM GUNAIOSANHS. 6Y21eY e6ux 6Upo0is, AKa, Ha
8IOMIHY 8i0 HAABHUX cucmeM, 0e meMnepamypHuu epagpix npoyecy 3a0acmuvcs «epyuny» na OCHO8I 00C8i0y onepamopa-
MexXHON02a, 0A€ 3M02y PO3PAXOEY8AMU Ui Peanizosysamu ONMUMATLHUN meMnepamypHull epagix 3ei0Ho 3 UOPAHUM KpU-
mepiem OnmMuManbHOCMI.

Memoio 0ocriooxcenns cucmemu KepysamnHs 0Y10 NPOAHANIZYeamu OUHAMIKY 3MIHU mMeMnepamyp y XapakmepHux
MOYKAX 3a20MOBOK, WO GUNATIOIOMbCS, A MAKOIC GNIUE MPUBAIOCI NPOYECy SUNANIOBAHHS U Haaawmyeans JIK-pezy-
JAIMOpA Ha nepenao memnepamyp y 3a20moeyi, oe yeil nepenao MakCUMAanbHui.

IIposedeno docniodicenns enaugy napamempis narawmysanns JIK-pezynamopa cucmemu npocpamioz2o Kepy6eanns
Ha OUHAaMIKy memnepamyp y XapakmepHux moukax 3a20moeoK i Ha eumpamu naiuea 6 npoyeci eunanioganus. Ilpeo-
cmagiena cucmema nPOSPAMHoO20 Kepysanhs nepeddavac po3paxyHox KepysanHs 00 no4amky mexHouo2iuHo2o npoyecy
BUNANIOEAHHSA Ul peanizayiio po3paxoeanoi npospamu 6e3 360pomno20 36 ’a3ky. Tum camum GiOCYmHs MOAHCIUGICIb Ypa-
Xysanis 30ypenb pizHoi npupoou, sKi nIUEAIOMb HA MEXHONO0IYHUL npoyec. Y 36 513Ky 3 YuM NOKA3aHA OOYLIbHICHb
nooyoo6u cucmemu KepyeanHs npoyecom BUNANI0BANHS 8V2lleyesUx 8Upo0i6 peanbHO20 Yacy.

Kniouosi cnosa: gyeneyesi 6upobu, npozpamue Kepyeanns, cucmema kepysanns, JIK-pezynamop.

L.K. ZHUCHENKO
National Technical University of Ukraine “Igor Sikorsky Polytechnic Institute”

PROGRAM CONTROL SYSTEM
OF THE PROCESS OF CARBON PRODUCTS BURNING

The burning process is one of the main technological processes in the production of carbon products. Since this
process is characterized by significant energy consumption, there is an urgent scientific and technical task of increasing
the efficiency of the process of burning carbon products, which consists in reducing energy consumption.

The analysis of the existing control systems for the process of burning carbon products made it possible to identify
the shortcomings of the latter and to formulate a research task aimed at developing a new program control system for this
process in order to increase its resource and energy saving

The article proposes a program control system for the process of burning carbon products, which gives preference to
existing systems where the temperature schedule is set “manually” based on the experience of the operator-technologist,
which allows to calculate and implement the optimal temperature schedule in accordance with the selected criterion
of optimality.

The purpose of the research of the control system was to analyze the dynamics of temperature changes
at the characteristic points of the fired blanks, as well as the influence of the duration of the firing process and the settings
of the LC- regulator on the temperature difference in the billet, where this difference is maximum.

A study of the influence of the setting parameters of the LC regulator of the program control system on the temperature
dynamics at the characteristic points of the workpieces and on the fuel consumption during the burning process. The control
system is presented, the calculation of control before the start of the technological process of burning and implementation
of the calculated program without feedback. Thus, there is no possibility of taking into account drilling of various nature,
which affect the technological process. In this regard, the expediency of building a real-time control system for the process
of burning carbon products is shown.

Key words: carbon products, program control, control system, LC-regulator.
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IHocTanoBka npodaemMu

AHauni3 cbOTOZICHHOT MPAKTUYHOI peaji3alii mpolecy BUMATIOBAHHS BYIJICLIEBUX BUPOOIB CBij-
YUTH MPO Te, M0 ek mporec € GakTuaHo HekepoBanuM [1-3]. Ilicias po3MimieHHs majgbHUKA Ha
4Yepro.iil kaMmepi (Mmicis 4oro Kamepa CTae «KaMeporo IMiJi BOTHEM») MPOIIeC BUITAIOBAHHS TPUBAE
MEeBHUI Yac 3a MAaKCUMAJIBHOI BUTPATH MajuBa. TpHUBAIICTh [IHOTO MPOIIECY 33IA€THCS OMEePATOPOM-
TEXHOJIOTOM Ha OCHOBI BJIACHOTO JIOCBIY 1 CTATUCTUYHHUX JaHUX, HAKOTUYCHUX Ha TIOTEPEIHIX KaM-
naHisx BunamoBanHs. Takuil minxin 3abe3neuye MaKCUMailbHy MPOAYKTUBHICTD €4l BUIMATIOBAHHS
1010 BUPOOIB, 110 OOPOOISIOTHCS.

[Ipu 11bOMYy, SIK CBIAYUTH NMPAKTHUKA, 00’ EKTUBHI IOMUJIKK B TEXHOJIOTIUHIN peaizailii nepediry
MpOIIeCy Ta HOro TpUBAJIOCTI MPU3BOIATH, 3 OHOTO OOKY, 10 IEPEBUTPAT EHEPrOHOCIB, a 3 1HIIOTO —
JI0 3HAYHOI KUJIBKOCTI OpaKy KiHIIEBOI MPOTYKIIii.

HasiBHI cucTeMu KepyBaHHS MPOLIECOM BUIATIOBAHHS, KOPOTKHM aHal3 SIKUX HaBe/lIECHA BHIIIE,
PO3MIAAAI0TH TUTAHHS SKOCTI IPOAYKIIIi Ta eHepro30epeKeHHs OKPEMO OJIHE Bijl OHOT0, 0e3 KOMII-
JIEKCHOTO TiIXOy 110 iX PO3B’S3aHHS B paMKaX ONTUMAIIbHOI CHCTEMHU KepyBaHHSI.

CtBOpeHHIO Oy/b-SKO1 ONTUMAIbHOI CUCTEMHU KEpyBaHHS, Y TOMY YHUCII CUCTEMHU ONTHMAllb-
HOTO KepyBaHHsI MPOLIECOM BHUITATIOBAHHS ByIVIELIEBUX BHPOOIB, Nepeaye eTar (popMyTOBaHHS 3aB-
JIAHHS OTITUMAJIEHOTO KEPYBaHHS, SIKE B I[bOMY pa3i Mae nepeadadaTy KOMIUIEKCHE BUPIIICHHS TUTaHb
eHepro30epeskeHHs MPOoliecy BUIMATIOBAHHS i 3a0e3eueHHs MOTPiOHOT SKOCTI BYyIIEHEBOT MPOAYKIIIi.

Jo6pe Bigomo [4—7; 8], 1110 BCi TEXHIKO-€KOHOMI4HI MOKa3HUKH MPOLECY BUTIATIOBAHHS BYIJIE-
[IEBUX BUPOOIB MOB’s13aH1 3 TEMIIEPATypPHUM PEKUMOM Horo peamizarii. Tomy Hagami ais peamizamii
ONTUMAJIFHOTO KePYBaHHS MPOIECOM BUTATIOBAHHS MiUIATAIOTh BU3HAYEHHIO TeMIIepaTypHUi rpa-
¢biK 1 TPUBANICTH IIBOTO MPOLIECY.

Konu roBopumo 1ipo TemriepatypHuii rpadik, Tpeda BUSHAYUTH, PO Ky TEMIEPATypy U Y SIKii
TOYIl Mevi KWae MoBa. 3 OISy Ha 3HAUHY PO3MOAUICHICTh TEMIIEPaTypHOTO MOJIs Tedl BUMAI0-
BaHHA [7; 8; 9; 10—12], y pi3HUX To4Kax medi TemreparypH Ta rpadiku ix 3MiHH OyIyThb CYTTEBO
BIJIPI3HSTHCS.

3a pesyiabraTaMu MOMepenHix nocmikenb [7; 9; 10—12] BumaeThcsi IOIUIBHUM, TO-TIEPIIIE,
mig 4ac BUOOpPY TPHBAJIOCTI MPOIECY BHITAJIIOBAHHS OPIEHTYBATUCS HA HIDKHIO TOYKY 3arOTOBKU
B «XOJIOIHIN 30HI», e Temreparypa HaiimeHnma. [lo-gpyre, mis 3amo0Oiransas Opaky ByTJICIIEBHX
BUPOOiIB MOTPIOHO KOHTPOJIOBATH 3ar0TOBKY, y SIKii TIepernaj] TeMIeparyp MakKCUMaIbHUMA.

[Tepexycim moTpiOHO 3’sCYBaTH, K caMe MOXYTh OyTH cpopMoOBaHI TemmeparypHuil rpadik
1 TpUBAJICTh Tpoliecy BunaidtoBaHHs. ChOTOAHI Ii BHM3HA4YaJIbHI TEXHOJIOTIUHI MOKA3HHUKHU 3a/a€
OTIepATOP-TEXHOJIOL. AJie TaKui Miixia, 6e3yMOBHO, € Cy0’ €KTMBHUM 1 HOTO pe3yJabTaTUBHICTh 3aje-
JKUTH B1Jl KBaidikallii ornepaTtopa-TeXHOIOra.

AHAaJi3 0CTaHHIX J0CTIIKeHb Ta MyOaiKamii

Ha »aJib, CbOTO/THI ITUTAHHIO CTBOPSHHS 1 YIPOBA/KEHHS CUCTEMH KEPYBaHHS ITPOIIECOM BHUTIA-
JIIOBaHHS BYTJICIIEBMX BUPOOIB MPHUIIEHO HEJAOCTATHHO yBaru. BigoMi poOOTH pHUCBSYECH]I B OCHOB-
HOMY MUTAHHAM a00 KOHTPOJIO 32 TEMIIEPATYpPHUM pPEKHMMOM Iedi BUITAJIIOBaHHsA, a00 oprasizamii
CaMoro MpoLEeCy BUTIAITIOBAHHS.

Tak, y nocnipkenHi [5] onrcana po6ota 1Box 1u(y31iHUX NaIbHUKIB, 1110 BCTAHOBIIEHI B CKJIIe-
niHHI KamepH, pu Tucky rasy 3000 Ila, mo gaBano 3Mory BeCTH MPOIIEC BUMIATIOBAHHS 32 3aJJaHUM
rpadikom 3 TounicTio —50 ... + 30 °C. KonTposb npoiiecy 3B0UBCS /10 BUMIPIOBaHHS TeMIIEpaTypH
i CKJIEMIHHAM KaMepH i 3amucy Moka3iB Ha BTOPUHHOMY mpuiaji (camomnucii). OueBuaHO, 110,
KpiM HU3BKOI TOYHOCTI JOTPUMAaHHA Tpadika BUIMATIOBAHHS 3arOTOBOK, TaKUW CIIOCIO KepyBaHHS
MIPU3BOJIMB /10 HEBUITPAB/IaHO BUCOKOI IEPEBUTPATH MTAJIMBA 1 3HAUHOT0 OpaKy 4epe3 JOCUTh BEJIUKHMA
neperna;j TeMreparypu o BUCOTI KaMepH.

VY 3B’3Ky 3 MPaKTHYHOIO HEMOMKJIMBICTIO PEryIIOBAaHHS CIIBBIAHOIICHHS MOBITPs/Ta3 depes
0COOIMBICTh KOHCTPYKIIIT Tedi, a came MiJICOCy MOBITPS Ha KOHTAKTI CKIICIMIHHS 3 KaMeporo Iedi,
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y pobotax [5—7] HaBeIeHO TeoOpeTUYHE OOTPYHTYBAHHS JOIUIBHOCTI BUKOPUCTAHHS CUCTEMH IMITYJTh-
CHOTO CHAJIFOBAHHS MaJMBa JUIs OaraTokaMepHUX Teueil BUMAIIOBAHHS, IO MPU3BOANTDH, HA TyMKY
aBTOPIB, 1O 3MEHIIICHHS TIEPEeBUTPATH NayMBa. Y Tpaili [8] mogaeTbest oOTpyHTYBaHHS JTOIUTBHOCTI
CTBOpPEHHSI CUCTEMH KEepPYBaHHS IMPOLIECOM BUMAIIOBAHHS BYyIIErpadiTOBUX 3arOTOBOK 13 BHUKOPHC-
TaHHSM CUCTEMH IMITYJbCHOTO CIIAFOBAHHS MTaJTNBA.

3 IOCIiKEHb OCTAHHIX POKIB BapTO BUALIUTH podotH [6; 8; 9]. Y HUX 0O0TpyHTOBAHO OIIIh-
HICTh CHMHTE3Yy CHUCTEMH KepyBaHHs Ha 0a3l IITYyYHUX HEUPOHHUX MEPEX AJI BUPIIMICHHS 3aBIaHHS
BHU3HAYCHHS] MMOBIPHOCTI JIe(heKTiB y 3aroTOBKax. Po3B’s3aHe 3aBHaHHsS 0OMEXKEHOCTI HEOOXiTHUX
JUTST HAaBYAHHS HEHPOHHOT MEPeki JaHUX IIITXOM 3aCTOCYBaHHS OCOOJNHMBOI CTPYKTYpH — aBTOCH-
konepa. [lopiBHsIHO 13 cucTemMor0 kepyBaHHs 3 kKiacuuHuM [1I/I-perynsatopom po3pobrieHa cucrema
3a0e3nedyye MEHIy BUTpATy MajuBa JUIs TOCSTHEHHS MPOAYKIIii HeoOXiTHOI SKOCTI. 3ampornoHoBa-
HUH peryysarop 3a0e3redye MEHII Mmepenajn Ta MPUPOCTH TeMIIepaTyp MPOTATOM yYChOTO MPOIECY
BUTIATIOBAHHS.

Meta aociixxkeHHs
Merta gociizkeHHsI CHCTeMU KEpyBaHHS — IMpOaHaTi3yBaTW AMHAMIKY 3MIHH TeMIepaTyp
y XapaKTepHUX TOYKAX 3aroTOBOK, IO BUIATIOIOTHCS, @ TAKOXK BIUTMB TPHUBAJIOCTI MPOIECY BHUIMA-
moBaHHS ¥ HanamrtyBanb JIK-perymaropa Ha mepernan Temmeparyp y 3aroToBIli, /€ IIed mepernan
MaKCUMaJIbHUM.

BuxkJiag 0oCHOBHOTo Marepiajy J0CaiKeHHs

Cucmema npozpamnozo Kepysamms

Hapa3si npornoHy€eTbest 1HIIHIHA T1X1]T, BAXOASYN 3 PEKOMEHIAIIH 1010 IBUIKOCTI ITiIBUIIICHHS
TEeMIIepaTypH, HaJaHuX y mpansgx [6; 7]. 3Halo49u MOYATKOBY TeMIEpaTypy 1 MpUHAMaIOYM MEeBHUI
3aKOH 3MI1HM TeMIIEpaTypHy B IPOLIeCi BUMATIOBAHH (JIIHIHMIA, KyCKOBO-TIHIMHUH, JIIHIHHUIH 13 HacH-
YEeHHSIM TOIIO0) MOJKHA C(OPMYBATH HIyKaHUH TemneparypHuii rpadik. [Ipu nbomy TpuBamicTs npo-
LleCy BUIIAJIFOBaHHS Mae OyTH 3a/laHa.

V Takiif MOCTaHOBIII 3a7ja4a ONTHUMAJIBHOTO KepyBaHHS MPOIECOM BUIAIIOBAHHS SIBJSIE COOOI0
3aJ1a4y JIIHIHHO-KBaApaTUYHOTO KEPYBaHHS 3 BIJIOMUM KpUTEpieM onTUMaibHOCTI [13]:

= f[q(T(t)—Tm (r))2 +ru’ (1)]dt (1)
a00 y IMCKPETHOMY BHIJISI I 0 N
J = 1a(T (k) =T, (k)) +rs (k). @)

ne 71, — TPUBAIICTb NpOLECY BI/IHa{(H:IOBaHHSI, T (r) , I (k) — TeMIeparypa B KOHTPOJBHIM TouIll
B MOMeHT 4yacy 0 <t<7, i IuckperHuil MOMEHT 4acy K Bixnosiguo; 7, (r) 1 (k) — 3a7aHa TEM-
neparypa B KOHTPOJIBHIH TOYII B MOMEHT 4Yacy T Ta B TUCKPETHUI MOMEHT K BiAMOBIHO; ¢, r — napa-
meTpu HanamryBanus JIK-perymnsaropa; T, = NAT (AT — Kpok auckpeTnsanii).

3a HasSBHOCTI MaTeMaTHYHOI MOENI MPOIECy BUIAIIOBaHHS, Hanpukiaa [6; 7], onTuMaib-
HUH 3aKOH KepyBaHHA u, ~ MO)Xe OyTH pO3paxOBaHUI Ha MOYATKy TEPMIYHOI OOPOOKH 3aroTOBOK
y «Kamepi MiJ BOTHEM», BUKOPUCTOBYIOUM CTaHJApTe MporpamHe 3abesneueHHs [14], i kepyBaHHs
MIPOLIECOM BHUIAJIIOBAHHS MOKE OyTH peai3oBaHe y BUIVISAI MPOTPaMHOr0 KEpyBaHHS.

PesynbTatu npoBeeHOI0 JOCIIIKEHHS OJAAHO Ha PUCYHKaxX 1—4.

Toukw 1 12 — BiANOBIAHO BEPXHS 1 HIDKHS TOUYKH 3aTOTOBKH, SIKa PO3TAILIOBAHA B «Tapsuiil 30H1»
3 HaWBUIIMMU Temrieparypamu. Came pi3HUIS TeMIeparyp y IHX TOYKax (opMye MaKCUMaTbHHN
nepenaj, SKMi € MpeaMETOM LbOro J0CHiKeHHs. Touka 3 — HMXKHSI TOYKa 3arOTOBKH B «XOJIOAHIN
30Hi», Jie TeMIlepaTypa HaitMeHmIa. Temneparypa B Liii ToULl BU3HAYAE TPUBAIICT MPOLIECY BUITAIIO-
BaHHs. [Iporiec BumamoBaHHs BBa)KaBCs 3aBEPIICHUM, KOJIM TemriepaTtypa B Toulli 3 gocsirana 1300 °C.
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T =120
qg=1
=5
Puc. 1
Tk=144
q:
r=5
Puc. 2

Sk cBimuarh HaBeIEHI PE3yJbTATH, XapakTep MUHAMIKH TeMIIeparyp y BCIX TOYKaX, IO PO3-
IS AI0THCS, MPAKTUYHO HE 3aJIKUTh Hi BiJl TPUBAIOCTI MPOIECY BUIAIIOBAHHS, Hi B/l MapaMeTpiB
HanamrtyBanns JIK-perynaropa. BogHouac 30inblieHHsT TpUBaIOCTI BunanoBanHus (puc. 1, 2) mpu-
3BOAMTH JI0 3MEHIICHHS MaKCHMaJIbHOTO TIEperaxy TeMIeparyp y HauOuIbIn «HeOe3meuHii» 3aro-
TOBIII, IO €, 0€3yMOBHO, TIO3UTUBHUM MOMeHTOM. OJHaK Tpeba mam’sTaTd Mmpo Te, M0 B I[HOMY
BUIIAJIKy 3MEHIIYEThCS 3arajbHa MPOJYKTUBHICTh BUPOOHHUIITBA 3aralIOM.
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Tk=120

q=45

r=>5
Puc. 3

Tk=120

qg=1

r=50
Puc. 4

CyTTeBHil BIUIMB Ha MaKCUMaJbHMUU Iepenaj TeMIepaTryp Mae HajJalUTyBaHHs Iapamerpa g
perymnstopa (puc. 1, 3). 30ibIIeHHs HOTo BEIMYMHU 3MEHIIY€ MaKCUMAJIbHUHN Mepena, 1o B MpuH-
ATl € OY9iKYBaHUM PE3YJIETATOM.

3MiHa napamerpa I GakTHUHO He BIUIMBA€E HA IMHAMIKY MaKCUMaJIbHOTO IIepenaay TeMieparyp
y 3aroToBlli, 3aTe J1a€ 3MOT'y BUTpayaTy MeHIle najausa (puc. 4).

https://doi.org/10.32782/mathematical-modelling/2023-6-1-5
50



ITPUKIIA/THI ITHNTAHHA MATEMATHYHOI' O MOAEJIFOBAHHA T. 6, Ne 1, 2023

Hagenena Bulie cucrema nporpaMHOro KepyBaHHs IPOLIECOM BUIIAJIFOBAHHS BYIJIELIEBUX BUPO-
61B Mae cBoi Hefomiki. OJTHUM 13 HUX € Te, 1110 TPUBATICTh MPOLIECY BUMATIOBAHHS 33/1a€ThCS CYy0’ €K-
TUBHO, III0 MOX€ MPHU3BECTHU /10 MOTIPUIEHHS TEXHIKO-€KOHOMIYHUX MOKAa3HUKIB MPOLECY Ta SIKOCTI
BYTJICIICBUX BUPOOIB.

Bapro 3a3HaunTH, 10 €NEMEHT «Cy0 €KTUBHOCTI» Y BH3HAYEHHI TPUBAJIOCTI MPOLIECY BHUIMA-
JIOBaHHS MOYKHA YCYHYTH, BUKOPUCTABIIM 3MIHY €HTPOIii ByIJIELIEBUX BUPOOIB SIK KPUTEPIH TpH-
BasIocTi mpouecy [15]. 3a Takoro miaxomy po3paxyBaTd MOTPIOHY TPUBANICTh MOXHA 3a JOIOMO-
TOK0 TAKOTO iTE€PaLiMHOrO anropuTMy: 1) 3ajaTv MOYaTKOBY TPHMBAICTh T,, AKa HaEpe] MEHINA 3a
norpidny (T, <100 ron.); 2) po3s’s3aru 3anaqy (1) abo (2); 3) pospaxyBary 3HaUYEHHs TEMIIEPATYPH
B KOHTPOJIBHIH TOYIIl HAPUKIHII KaMIIaHii MPOIeCy BUMAIIOBAHHS; 4) po3paxyBaTH BIANOBIAHE 3Ha-
4€HHs eHTpomii E, ; 5) 3HalTH Pi3HUIIIO EHTPOIIi HAIPHUKIHII IPOIIECY BUIATIOBaHHA E, Ta Ha morme-
penabomy kpoui E, ; 6) axmo AE=E, ~E, <0, 10 T, — norpiOHa TpuBagicTh NPOLECY BUIIAIIO-
BanHs; 7) akmo AE> 0, 1o T, = T, + 87 (87 — kpok auckperusauii) — E, = E, ta nepeiitu 10 m. 2.

BucHoBku

3anpornoHoBaHa CUCTEMa MIPOrPAMHOT0 KepyBaHHS MPOIECOM BUIATIOBAHHS BYIVICLIEBUX BUPO-
01B, Ha BIAMIHY BiJl HasiBHUX CHUCTEM, JIe TEeMIIEpaTypHuil rpadik mporecy 3al1aeTbcs «BPYUHY» Ha
OCHOBI JIOCBiJly OIEpaTOpa-TEXHOJIOra, Ja€ 3MOTY PO3paxOBYBAaTH W peasli3oByBaTH ONTHMAaJIbHHUN
TeMIiepaTypHuil rpadik 3rigHO 3 BUOpAaHUM KPUTEPIEM ONTUMAIBHOCTI.

301IbIICHHS TPUBAJIOCTI MPOIIECY BUMATIOBAHHS MPU3BOAUTH 0 3MEHIICHHS MaKCUMAIBHOTO
nepenaay TeMIlepaTyp Yy 3aroToBKax, IO CHpHse 3amo0iraHHio Opaky rotoBoi mpoaykiii. OmHak
TpeOa BpaxoByBaTH, 1110 11€ 3017IbIIEHHS MOXE MMPU3BECTH 0 3MEHIICHHSI TPOAYKTUBHOCTI BUPOOHHU-
I[TBA 3araJIOM.

[TpoBeneHO AOCIIPKEHHST BILTUBY NapamerTpiB HajamtyBanHs JIK-perynastopa Ha quHaMiKy
TEMIEPATYp Y XapaKTEPHUX TOUKAX 3aTOTOBOK 1 HA BUTPATH IMajJlBa B MPOIECI BUMATIOBAHHS.

[IpencraBnena cucreMa MPOTPAMHOTO KEpyBaHHS Iependadae po3paxyHOK KepyBaHHS 0
MOYaTKy TEXHOJOTIYHOTO IMPOIIECY BUIIATIOBAHHS W peati3alliio po3paxoBaHOi MporpamMu 0e3 3BO-
POTHOTO 3B’s13Ky. THM caMUM BiZICYTHSI MOXKIIMBICTh ypaxyBaHHs 30ypeHb pi3HOI IPUPOIH, K1 BILTH-
BAIOTh Ha TexHoJoriyHmii nporec. Llle Oinpine ckmagHOCTEH BHHHKAE B pa3i BIIKITIOUCHHS €JIEK-
TPOXKUBIICHHS, 1[0 CHOTO/IHI B TIEP10J] /1ii BOEHHOTO CTaHy HE € YUMOCh HE3BUUHUM.

Po3B’s13atu 11e 3aBaaHHs MOKHA TTOOY/I0BOIO CHCTEMU KepyBaHHSI IPOLIECOM BHUITATIOBAHHS BYT-
JIeTIeBUX BUPOOIB PETBHOTO Yacy, 10 i Mae OyTH MPeIMETOM MOJAIBIITNX JTOCIIIKCHb.
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€.K. 3ABAJIBHIOK, O.H. POMAHIOK

BiHHUIbKHUT HAIlIOHATBHUN TEXHIYHUN YHIBEPCUTET

T.I. KOPOBEMHIKOBA

HarmionanpHuit yHiBepcuTeT «JIBBiBChKA MOMITEXHIKA

BUCOKONPOJIYKTUBHE HEHPOMEPE/KEBE 3A®PAPEOBYBAHHSA
TPUBUMIPHUX ®IT'YP HA OCHOBI MOJEJII PIX2PIX

Y emammi pospobneno dsoemanuy cucmemy 3 eeHepamugHux Hetipomepedic 0Jia 3aghapoo8yeans mpueUMIpHUX
ieyp. llpoananizosano nepesazu i HeOORIKU CMAHOAPMHUX NIOX00i68 00 pendepuHey mpusumMipnux soopasicers. Onu-
CaHo 0cobaUBOCI HEUPOHHO20 pendepunzy. Posenanymo Helipomepedscesi Hanpamu cenepayii 3aghapbosanux 306pa-
JHCeHb I3 ceoMempUYHUX OaHUX hieyp i 080BUMIDHUX eCKi3i8, OMPUMAHHA 2eOMeMPUYHUX OaHUX 13 300padicenb. Onu-
cano ocobaugocmi 06y008U 1l GUKOPUCTIAHHS 2eHEPAMUBHUX 3MA2ANbHUX HeUpoMepedlc 05l (POPMYBAHHS 300PaACEHb.
Obtpynmosano HeobXioOHicmb po3POOKU HOBUX MEMOOI8 HEUPOHHO20 PEeHOePUH2Yy O NIOGUWeHHs NPOOYKMUGHOCI
3apapbogysants nogepxoHL MpusuUMipnux gieyp. Onucano 3anponoHosany cucmemy Hetipomepexnceso2o 3apapoosy-
eanHs izyp, wo exouae modeni Pix2Pix, onsa ¢hopmysanns 306padxcens i nokpaujenus ix skocmi. Pozpobneno naoip
OJ151 MPeHYB8AHHS HellpoMepedCi Ha OCHOBI MACUBY (])lzyp ShapeNet. 3anpon0H06aH0 00 ’emHe noodawHs iHgopmayii npo
sepuuny Qizypu, wo suKopucmosyemvbcs Ha 6x00i Helipomepedcesoi cucmemu. Onucano apximexmypu eenepamopa
u ouckpuminamopa Pix2Pix oas 3aghapbosysanus Qicyp. Hasedeno ingopmayiio npo mpusanicms mpenyeanus Hell-
pomepedici ma guxopucmani mempuxu noxubxu. I106yoosano epadix 3sminu noxubox OucKkpuminamopa i eenepamopda
nio yac mpenysanns Pix2Pix ons 3agpapbosysanns ¢icyp. 3a donomozoiw mempuku SSIM i mecmosoeo nabopy ¢icyp
obuucieno pigensb akocmi eenepayii 300pasxcens. Onucano apximekmypu eenepamopa ma ouckpuminamopa Pix2Pix
0151 NOKpAWeHHs AKOCMI 1l MACUmMAaOy8anHs 2eHepOo8aHux 300pasiceHs. 1106y006ano epagik 3smiHU Mempux nomu-
JIOK 2eHepamopa ma OUCKpuminamopa nio uyac mpenyganusa Pix2Pix ona niosuwenna axocmi 306pasicenv. Hasedeno
NPUKAAOU 32eHEPOBAHUX OBOETNANHOIO HelPOMepexcesol0 cucmemolo 30opasxcens 3agapbosanux gicyp. Ha ocnosi
mempuxu SSIM oyineno aAxicmv 32eHepoganux Ha Opyeomy emani cucmemu 300padxcens. Ilopisuano weuoxicmo
3agapbosysanns gicyp 3a 00nomMo2o 3anponoHoarnoi cucmemu i penoepa Blender Eevee. Pospobnena netipomepe-
Jrcesa cucmema 0de 3mMo2y eeHepy8amu peanliCmuyHi 300paxdceHus ma nioeuwumu npooyKmusHicms 3aghap6o8ysants
nogepxonsv Qizyp.

Knrouosi crosa: penoepune, neliponnuii penoepune, Pix2Pix, cenepamusHi netipomepesrci, 320pmKo86i Helpomepexci.
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HIGHLY PRODUCTIVE NEURAL SHADING
OF THREE-DIMENSIONAL FIGURES USING PIX2PIX MODEL

In the article the generative neural networks-based two-stage system for three-dimensional figures shading is
developed. The advantages and disadvantages of standard three-dimensional images rendering approaches are analyzed.
The features of neural rendering are analyzed. The neural research directions of generating shaded images from figures’
geometrical data and two-dimensional sketches, getting geometrical data from images are examined. The features
of architecture and usage of generative adversarial networks are described. The need in the development of new neural
rendering methods for increasing the productivity of three-dimensional figures’surfaces shading is justified. The proposed
system for figures neural shading that contains Pix2Pix models for images formation and improving their quality is
described. The development of dataset based on ShapeNet figures array for neural network training is described. The
proposed volumetric representation of figures’ vertices information that is used as neural system input is examined.
The architectures of generator and discriminator of Pix2Pix for figures shading are described. The information about
neural network training duration and used error functions is provided. The plots of discriminator’s and generators
error functions changes during the Pix2Pix training for figures shading are built. Using the SSIM metric and test figures
dataset the image generation quality level is evaluated. The architectures of generator and discriminator of Pix2Pix for
improving the quality of generated images and their scaling are described. The plots of generator’s and discriminator s
error metrics changes during the training of Pix2Pix for images quality improvement are built. The examples of generated
by two-stage neural system shaded figures images are provided. Using the SSIM metric the quality of generated by
the second system s stage images is evaluated. The speed of figures shading using the proposed system and render Blender
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Eevee are compared. The developed neural system allows to generate realistic images and improve the productivity
of figures’ surfaces shading.
Key words: rendering, neural rendering, Pix2Pix, generative neural networks, convolutional neural networks.

IMocTanoBka npodiemMu

OpHi€ro 3 TOIOBHUX BUMOT JI0 CYYacHHUX TPUBUMIPHHUX TpadiuHUX CUCTEM € BUCOKA MPOTYKTHB-
HICTh (hopMyBaHHS 300pakeHb. LIs BUMora oco0nMBO BaXJIMBa B CUCTEMax peanbHOro yacy. Ha mpo-
IYKTUBHICTB (hOpMyBaHHS 300pa)KeHb 3HAUHO BILTUBAE BUOIp METO/IIB Ta alTOPUTMIB peHaepunry [1],
10 XapaKTePU3YETHCSI HAHOUIBIITOK 00YHMCITIOBAIBHOIO CKIIATHICTIO cepejl eTarniB rpadiyHOro KOHBE-
epa. HaiiOiib111 3aTpaTHOIO OMepalii€lo peHaepuHry € 3adgapooByBaHHs [2] moBepxHi 00’ exTa. 3adap-
OOBYBaHHSI IOBEPXHI 00’€KTa BKIIIOYAE PO3PaxXyHOK HOpMajel BEpILINH I€OMETPUYHUX NPUMITHUBIB,
THTEPIOJISAIII0 HOpMAJICH, PO3PaxXyHOK JJIs KOXKHOT TOUKH HAIPsIMiB OCBITIICHHS, BITOUTTS JI0 CITOCTE-
piraua, 13epKajgbHOrO BiIOUTTSA. MeTonu, 0 MiABUIILYIOTh IIPOIYKTUBHICTD 3a(hapOOBYBaHHS MTOBEP-
XOHb 00’€KTIB, MalOTh HAOIMKEHO 30epiraTti piBeHb SIKOCTI Bi3yasi3alii OpUriHaIbHUX METOIIB.

Tomy akTyanpHOIO € po3poOka HOBHUX METOMIB 3adapOoByBaHHS 00’€KTiB, IO 3abe3revarhb
BHCOKOTIPOAYKTUBHE (POPMYBAHHS peaTiCTUYHUX 300paKeHb.

AHAaJIi3 OCTAHHIX T0CTIIKEeHb Ta MyOaikamin

OCHOBHMMH JBOMa TPaJULIHUMU Mixonamu [3] 10 peHIEepUHTY € pacTepu3allis Ta TpacyBaHHS
npoMeHiB. Pactepusartis [3] nossirae B Tpancdopmaliii TpUBUMIPHOT CYKYITHOCTI T€OMETPUYHUX PUMITH-
BiB 00’€KTa y IBOBUMIpHUI MacuB 3adapOoBaHux mikceniB. Komip KoKHOTO mikcemst BpaxoBye iH(popma-
LIFO TIPO OCBITJICHHSI, Marepiajl MOBEPXHi, MOIOKEHHs kKamepu. MeTon 3abe3nedye mBuiie popMyBaHHs
300paxKeHHs IOPIBHSHO 3 TPaCyBaHHAM IMpoMeHiB. Hemomikom miixoay € HelocTaTHO TOYHE BioOpa-
YKEHHsI B3a€MOJIii IPOMEHIB CBIT/IA 3 00’ €KTaMH CLIeHU. BUKOpUCTaHHS TpacyBaHHS poMeHiB [3] 3a0e3-
nieuye (opMyBaHHs (OTO PEATICTUUHHIX 300pakeHb. 3 KaMepH 4epe3 OKPEMHi TIKCEeTb HATPaBIISEThCS
poMiHb (200 My4OK MPOMEHIB) /10 MOBEPXHI 00’€KTa CIICHH. 3a PaxXyHOK B3a€MOJIii IPOMEHSI 31 CIIEHOIO
MOXKE MOJISITFOBATUCS HOTO BIIOUTTS, 3aJI0MJI€HHS uM ONIoKyBaHH:. Ha 0CHOBI 11i€1 B3aemMotii popmyeThest
3Ha4YEHHs KOJIBOPY Mikcenss. OCHOBHUM HEIOIKOM METOy € BUCOKA OOYHCITIOBAJIbHA CKIIAHICTh, TOMY
YacTO TPACyBaHHs MPOMEHIB 3aCTOCOBYETHCS JIHIIIE IS (GOPMYBAHHS BUCOKO PEATICTUUHUX CIIECH.

TpetiM miaxonoM 10 GopMyBaHHs TPUBUMIPHUX 300pa’keHb HA OCHOBI F€OMETpii CIIEHU € PeH-
JIEPUHT 13 BUKOPUCTAHHAM HeMpoMepex (HeHpoHHU peHaepuHr [4]). 3a 101oMOror0 HaTpEHOBAHUX
HEWPOMEPEIK MOXKIIUBE OUTBII MIBUIKE (POPMYBaHHS 300paKeHHs, HIXK 3ac00aMH CTaHIapTHOTO PEH-
JICpUHTY, 3 HEBEJIMKUMHU BTpaTaMH B sIKOCTI Bizyasizauii. HemonikoM migxody € Te, o Helpomepe-
JKeBa TeHepallis, Ha BIMIHY BI1J] pacTepu3allii Ta TpacyBaHHS IPOMEHIB, HE € JIETEPMIHICTUYHOLO.
Tomy mig gac hopMyBaHHS 300pakKeHb MOXITHBI MOMUJIKHU. [IepuM 13 TphOX OCHOBHHX HAMPsMIB [ 5]
HEHPOHHOTO PEHIIEPUHTY € TeHepallist 300pakeHHs 13 300pakeHb. BXimHUM 300pakeHHSIM MOXKYTh
yBa)kaTUCSl MAJIOPO3MIpHI AaHi 1po (irypy ado ii kpecnenns. pyruit HanpsMm [S] HEeHPOHHOTO peH-
JIEpUHTyY monArae y (opMmyBaHHI 300pakeHb BIIHOCHO T€OMETPUYHUX AaHuX. Cepel MOXKIMBUX
¢dopM [5] monanHs reomeTpii 00’ €KTa BUALISIOTHCS BOKCENIbHA CITKa, XMapa TOYOK, MOJIITOHHA CITKA.
BukopucranHs Ha BXOII HeHpOMepeKi TeOMETPUYHHX NaHUX TOPIBHSIHO 3 BUKOPUCTAHHSM JIBOBH-
MipHHUX 300pakeHb 3a0e3medye OiIblll MOBHE B110OpaKEHHS MPOCTOPOBHUX 0COOIMBOCTEN 00’ €KTIB.
Tperiii HanpsM [5] HaJIEKUTH 10 3BOPOTHOTO PEHACPUHTY Ta MOJSATa€ B OTPUMAHHI T€OMETPHYHUX
naHux Girypu 13 300paxenHs. CTaHIapTHUM IMIXOAO0M JI0 TeHepallii 300pakeHb € BUKOPUCTAHHS
GAN (generative adversarial networks — reneparuBHux 3maranbHux Heiipomepex) [6]. GAN e nBo-
areHTHOIO CHCTEMOI0, IO MOJISITa€e B 3MaraHHi reHeparopa i TMCKpuMiHaTopa. 3aBIaHHsIM reHeparopa
€ 3TeHepyBaTH 300paKeHHS TaKO1 IKOCTI, 1110 TUCKPUMIHATOP HE 3MOXKE BIJIPI3HUTH BiJ] CIIPABKHBOTO.
3a3Buuail reHeparop € KOMOIHAIlI€l0 3rOPTKOBOI Ta 3BOPOTHOI 3rOPTKOBOI HEHpoMepek (HapuKiai,
U-Net), ITUCKpUMIHATOP € 3TOPTKOBOIO HelipoMepekero. [l 00poOku 300paskeHb 3aCTOCOBYIOTHCS
orepailii IBOBUMIPHHUX 3TOPTOK, a IMiJ yac 0OpoOKH 00’€MHUX JTaHUX 3aCTOCOBYETHCS TPHUBHMIpPHA
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3ropTKa. [HITUM MiX010M A0 reHeparlii 300pakeHb € MPsSMe BUKOPUCTAHHS [ 5] KoMOiHaIlii 3ropTKo-
BOI Ta 3BOPOTHOI 3rOPTKOBOI HEMPOHHUX MEPEK.

OckiTbKY HEHPOHHUH peHIepUHT 3a0e31edye BUTpalll y MPOIYKTUBHOCTI [ 7] popMyBaHHS pealric-
TUYHHUX TPUBUMIPHUX CIIEH, aKTyaJIbHOIO € PO3p0OKa CHCTEM HEUPOHHOTO 3adapOoByBaHHS 00’ €KTIB.

Merta nocaiizkeHHS
Merta craTTi — po3po0OKa HEIpOMepPEKEBOI CUCTEMH, 110 320€3MEeUNTh ITiIBUILICHHS ITPOTYKTHB-
HOCTI PEHJCPUHTY TPUBUMIPHUX 300paKeHb.

BukJiag ocHOBHOTo Marepiajy J0C/aiaKeHHs

Po3riisinemMo 3aranbHy apxXiTeKTypy CUCTEMH HeWpoMmepexeBoro 3adapOOBYBaHHS MOBEPXOHb
TPUBUMIPHUX QITyp.

Jls1s BUCOKOIPOYKTHBHOTO HeWpomepekeBoro 3adapOoByBaHHs (iryp 3arpornoHOBAHO BUKO-
PHUCTaHHS CUCTEMH 3 JIBOX reHepaTtuBHUX Helipomepex (GAN). ApxiTekTypy o0paHo 3 ypaxyBaHHIM
crpsimoBanocTi GAN Ha reHepariito 300pakeHb.

Cxemy cuctemu 300paxkeHo Ha puc. 1. Ilepia Heifpomeperxka Ha BXoAl mpuiMae TPUBUMIPHY
iHpopMaLito mpo BepurHU (irypH, Ha BUXOAL (popMyeThCs 1BOBUMIpHE 300pakeHHs 3adapOoBaHOT
Gbirypu po3mipom 64x64x3. Jlpyra HeripoMmepexa maciirtadye TeHepoBaHe 300paXeHHs 10 pO3MIpy
256%256%3 Ta miABUIILY€E PIBEHb HOTO SKOCTI.

Puc. 1. Cxema 3anponoHoBaHol HelipoMepe:keBoi cucTeMu 3a¢gpap0oByBaHHsI TPUBUMIPHUX (iryp

Ile 3abe3mneuye migBUIIEHY €()EKTUBHICTh TPEHYBaHHS HEHpPOMEpexKeBOi CUCTEMH W JOCHUTH
BUCOKY SIKICTh TeHEPOBAaHUX 300paKEHb.

TpenyBansuuii HaOlp chopmoBanuii Ha ocHOBI BUOIpku 3 1041 TpuBHMipHOI Qirypu HAOOpY
.obj ¢aitni ShapeNet [8]. B ocHoBHOMY BuOipKa HabOpy BKJIOUae (irypu aBToMoO11iB, MeOMiB,
JiTaKiB. 3 KOXKHOTO .0bj (aiiay Habopy 3UUTy€eThCsI HAOIp BEPIIMH 1 MOJAETHCS Y BUIVISAL Ky0Oa uucen
po3MipHICTIO 64%64%64 (3HaYeHHS BUOpaHi 3 ypaxyBaHHAM 00YHCIIIOBATIBLHOT CKJIATHOCTI 1 TOUHOCTI
nofgauHs ¢irypu). O6’eMHe MOAAHHS TPUBUMIPHUX (Giryp oOpaHO 3 METOIO MOBHOILIIHHOTO BigoOpa-
KEHHS X IPOCTOPOBUX XapPAKTEPUCTHUK.

OpuHuLg 03HaYa€ HAsBHICTh BEpUIMHU (Irypu B €1€MEHTI 00’ €My, HyJIb O3HAYa€ BIJICYTHICTb
BepIIKHU B eneMeHTi. [Tonain Ha 64 mpoMixKKH 1o KOXKHIH 3 0celd 311iCHIOEThCS BITHOCHO MAaKCUMAaTb-
HUX 1 MiHIMAJBHUX CBITOBHUX KOOpIMHAT BepunH Habopy. Habip cdopmoBaHux 00’€MHUX NOAAHB
(biryp cTaHOBHUTH BX1J{HI TPEHYBaJIbHI 3HAUEHHS MEPIIOTO eTamy HeiipomepexxeBoi cuctemu. Ha puc. 2
300pakeHO NpUKJIaa 00’ €MHOTO MOoAaHHS Qirypu aBToMoOLIs (ABOBUMIPHA MPOEKIIis).

Puc. 2. IIpoexuisi 00’eMHoro noganus Hadopy BepmuH ¢irypu aBromo0insg

[{imp0BMMHM 3HAUCHHSIMH HEHPOMEPEKi MEPIIIOTro eTanmy CUCTEMH € 300pakeHHs 3adapOoBaHUX
TpUBUMIPHUX (iryp po3mipoM 64x64 (puc. 3). ns 3adapOoByBaHHS BUKOPHUCTAHO MPOrpaMHUNA
3aci6 Blender 3.3, rpadiunuii neuryH Eevee, Mmonens ocBitinenns [1lmika.
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Puc. 3. llpuxknag uijiboBux 300pakeHb TPEHYBAaJIbHOI0 HA00PY

st ciporienHs 3adapOoByBaHHS BBAXKAETHCS, IO MOJIOKEHHS KaMepu cTajie, KoJip 3adgap0o-
BYBaHHS YepPBOHH.

Jns eramy 3adapOoBYBaHHS TPUBUMIpHHX (iryp oOpaHO apXiTeKTypy Ha OCHOBI I'€HEpaTHB-
Hoi Heripomepexi Pix2Pix [9; 10]. Ha puc. 4 300pakeHO cXeMy CKJIaJ0BOi reHeparopa, 1o BiJMOBi-
nae 3a popMyBaHHs 300pakeHb. Ha BXin reHeparopa nonaerscsi ¢hopMOBaHUN TPUBUMIPHUH 00’ €M
posMipHicTIO 64x64%x64x1 (InputLayer). Hax xyOom 3miiicHIoeThest TpuBHMipHA 3ropTka (Conv3D),
po3MipHICTh cTae 32x32x32x64. Hax pesyasTaroM 3rOPTKH OOUMCITIOETHCS (DYHKIIS aKTHBAIl
Leaky ReLU. Tpuui BUKOHYETbCS MOCHTIJOBHICTh 3 TPUBUMIPHOI 3TrOPTKHM, MaKeTHOI HOpMai3amii
(BatchNormalization), Leaky ReLU. Jlani 3mificCHIOETBCS TPUBHMIpHA 3rOpTKAa Ta 3aCTOCOBYETHCS
¢dynkis aktuBarii ReLU. Po3mipHicTh maHux crae 2x2x2x512. Po3noynHaeThCs IPOIIEC 3BOPOTHOT
3ropTKU. YOTHPH pa3u MOBTOPIOETHCS MOCIIIOBHICTh KPOKIB, 3a SIKO1 3/11HCHIOETHCS TPUBUMIpPHE TpaH-
crioHyBaHHs 3ropTkoBoro 1mapy (Conv3DTranspose), makeTHa HopMai3allis, oreparisi BUKIIOUCHHS
(Dropout, 3ano0irae nepeHaBUCHHIO HEWpOMEpeKi), KOHKaTeHaIlis 3 BIAMOBIIHAM 3a PO3MIPHICTIO
pe3ynBTaToOM eTamy 3ropTkH, 3acrocyBanHs ReLLU. lani po3mipHicTio 32x32x32%128 3a 70MOMOT00
Conv3DTranspose mepeTBOPIOIOTECSA B KyO po3mipom 64x64x64x1. Tlicis BugaJeHHS OAMHHUYHOTO
BUMIpy Ky0a 70 HbOT'O 3aCTOCOBYIOThCS JBi omepallii 1BoBuMipHOi 3ropTku (Conv2D). Po3mipHicTs
Kyba crae 64x64x3. OcTaHHIM €TaroM NIEPETBOPEHB € 3aCTOCYBaHHS /10 Ky0Oa (QyHKIIiT akTuBaIlii tanh.

Ha puc. 5 300paxkeHo cxemMy CKJIaJ0BOi TUCKpUMIHATOpA, 10 BiApizHie chopmoBani y Blender
300pakeHHs Giryp BiJ 3reHepoBaHuX. Ha BXiJq TUCKpUMiHATOPa MOJAIOTHCS TEH30P reoMeTpii dirypu
PO3MIpHICTIO 64%64x64x1 1 TeH30p 300paskeHHS PO3MIPHICTIO 64%64x3%1. O0uIBa TEH30pHU 00’ €IHY-
IOTBCSI B TEH30P pO3MIpHICTIO 64X64x67x1. JIBi4l Hal TEH30POM 31HCHIOIOTHCSI TPUBUMIPHA 3TOPTKA
it 3actocyBanHs QyHKIIi Leaky ReLU. Tpudi moBTOPIOETHCS MOCIIAOBHICTD 13 TPUBUMIPHOI 3TrOPTKH,
nakeTHOi HopMmautizarii Ta 3actocyBanHs Leaky ReLU. ITicist HacTymHOT TPHBUMIPHOT 3TOPTKH PO3MIp
TeH3opa ctae 4x4x5x1. Jlo TeH30pa 3aCTOCOBYEThHCSI CUTMOiTHA (QYHKITIS akTHBaIlii. BuximHuit TeH30p
JMCKPUMIHATOpa BUKOPUCTOBYETHCS Il BU3HAYCHHS, UM € 300pa’keHHsI 3TeHEPOBAHUM.

Jnis TpenyBaHHA HelipoMepexi Bukopuctano 100 iTepariii, koxkHa 3 sskux Biitodana 1041 kpok.
TpuBamicTe omHOro Kpoky — Omussko 90 mc. Buxopucrano tpu ¢yukmii momunku — dl, d2, g.
d1 e GiHapHOIO KPOC-CHTPOIIIEIO Ta MOJAE 3AATHICTh JUCKPHUMIHATOpA BUSBIATH cTBOpeHi y Blender
300pakeHHst. 2 TakoX € OIHAPHOIO KPOC-CHTPOITIEIO Ta MOAAE 31aTHICTh JUCKPUMIHATOPA BUSABIISTH
3reHepoBaHi 300paXeHHs. ( TIoJ]a€ TOYHICTh TeHepallii 300pakeHb 1 moeanye MeTpuky MSE (mean
squared error) 31 3MarajJpHOIO MMOXMOKOIO (BioOpaxae 34aTHICTh FeHepaTopa «OOMaHIOBATH» JHC-
kpuMiHarop). Ha pucyHky 6 300paxkeHo rpadik 3minu d1, d2, g mijg yac TpeHyBaHHs HEHpOMepexKi.

TecToBuit Habip A TepeBipKH poOOTH HeHpoMepeki BKITtodae 77 map 00’ emiB diryp (Bubipka
3 Habopy ShapeNet [8]) 1 HUTLOBUX 300paXeHb.

Ha puc. 7 306paxeno napu chopmoBanux y Blender i renepoBanmx 300paxxeHb Ha OCHOBI Piryp
TECTOBOTO Habopy.

Jlis omiHIOBaHHS SIKOCTI TeHepallii 300pakeHb 3 (iryp TecTOBOro HabOpy BHKOPHUCTaHO
MeTpuky SSIM [11; 12], m1o BpaxoBye CTPYKTYypHY MOAIOHICTh MiXK 300paskeHHAMU. OLIHKOIO SIKOCTI
reHepariii € BiJICOTOK 300pa)keHb, IO BiANOBiAalOTh piBHAM MeTpuku MOS [13; 14] «uymoBo»
Ta «100pe». 3nauenus SSIM miamazony [0.93,1] BinnmoBigaroTs [11] MOS «aynoBo», 3HaueHHS fdia-
nazony [0.85,0.93] — MOS «no0pe», 3nauenns aianazony [0.75,0.85] — MOS «npuitHsaTHO». Bin3bko
85 % renepoBaHuX 300pakeHb BIAMOBITAIOTH OI[IHKAM, BUIINM 3a «TpUHHATHO». 100 % renepoBaHux
300pakeHb BiMOBIIAIOTH OIlIHKaM, HE MEHIIINM 32 «IIPHHHSATHOY.
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[ input_385 | input: [ [(None, 64, 64, 64, 1)] |
| putLayer | output: | [(None, 64, 64, 64, 1)1 |

[conv3d 248 input: | (None, 64, 64, 64, 1)
| ConvaD | output: | (None, 32, 32, 32, 64)
[1eaky re lu_203 | input: | (None, 32, 32, 32, 64)
| LeakyRelU | output: | (Nene, 32, 32, 32, 64)
[ conv3a_2a9 [ input: | (None, 32, 32, 32, 64)
| ConviD | output: | (Nene, 16, 16, 16, 128)
[ batch normalization 223 | nput: | (Nene, 16, 16, 16, 128)
[ BatchNormalization output: | (None, 16, 16, 16, 128)
[leaky_re_lu_204 [ input: | (None, 16, 16, 16, 128)
I LeakyReLU output: | (None, 16, 16, 16, 128)
[ conv3a_250 [ input: [ (None, 16, 16, 16, 128) |
| Conv3D cutput: (None, 8, 8, 8, 256)
[ batch_normalization_224 | input: | (None, 8, 8, 8, 256) |_I
| BatchNormalization | output: | (Nene, 8, B, B, 256) |
I leaky_re_lu_205 | input: (None, 8, B, 8, 256) ]
| LeakyReLU output: | (None, 8, 8, 8, 256) |
[ conv3a_251 [ input: [ (None, 8, 8, 8, 256)
| ConvaD | output: | (None, 4. 4, 4, 512)
| batch_normalization_225 | input: (None, 4, 4, 4, 512)
| BatehNormalization output: | (None, 4, 4, 4, 512)
[1eaky re lu 206 [ input: | (None, 4, 4, 4, 512)
| LeakyRelU | output: [ (Nene, 4, 4, 4, 512)

[(None, 4, 4, 4, 512), (None, 4, 4, 4, 512)] ‘

[ conv3a_252 | input: [ (None, 4, 4, 4, 512)
| ConvaD | cutput: | (Nene, 2, 2, 2, 512)
| activation_155 | input: | (None, 2, 2, 2, 512)
Activation | output: | (None, 2, 2, 2, 512)
[ conv3d_transpose 110 ] input: | (None, 2, 2, 2, 512)
| Conv3DTranspose output: | (None, 4, 4, 4, 512)
batch_normalization_226 input: (None, 4, 4, 4, 512)
BatchNormalizati utput: | (None, 4, 4, 4, 512)
[ dropout 88 | input: | (None, 4, 4, 4, 512)
| Dropout | eutput: | (Nene, 4, 4, 4, 512)
[ concatenate_111 | input:
Concatenate | output:

(None, 4, 4, 4, 1024)

activation_156 | input:

IT

(None, 4, 4, 4, 1024) ]

| Activation | output

. | (None, 4, 4, 4, 1024) |

[ conv3d_transpose 111 [ input: | (None, 4, 4, 4, 1024) |
| Conv3DTranspose output: | (Nene, 8, 8, 8, 256) |
[ batch_normalization_227 | input: | (None, 8, 8, 8, 256)
‘ BatchNormalization output: | (None, 8, 8, 8, 256)
| dropout_89 | input: [ (None, 8, 8, 8, 256)
| Dropout | output: | (None, 8, 8, B, 256) |
[ concatenate_112 [ input: | [(None, 8, B, B, 256), (None, 8, 8, 8, 256)] |
| Concatenate output: (None, 8, 8, 8, 512)
activation_157 | input: | (None, 8, 8, 8, 512) |
Activation output: | (None, 8, 8, 8, 512) |
[ conv3d_transpose 112 | input: (Nons, 8, 8, 8, 512)
| Conv3DTranspose | output: | (None, 16, 16, 16, 128)
[ batch_normalization_228 | input: | (Nene, 16, 16, 16, 128)
| BatchNormalization output: | (None, 16, 16, 16, 128)
[ dropout_90 [ input: [ (Nene, 16, 16, 16, 128)
| Dropout | output: | (Nene, 16, 16, 16, 128)
[ concatenate 113 [ input: [ [(None, 16, 16, 16, 128), (None, 16, 16, 16, 1281 |
| Concatenate | output: | (None, 16, 16, 16, 256)
[activation_158 | input: | (None, 16, 16, 16, 256)
| Activation | output: | (None, 16, 16, 16, 256)
[ convad_transpose 113 | input: [ (None, 16, 16, 16, 256) |
|  ConvaDTranspose | output: | (Nene, 32, 32, 32, 64) |
[batch_normalization_229 | input: | (Nene, 32, 32, 32, 64)]
| BatchNormalization output:_| (None, 32, 32, 32, 64)| B

| dropout_91 [ input:

Dropout

(None, 32, 32, 32, 64) |
|

| output: [ (None, 32, 32, 32, 64)
Tw
[ concatenate 114 | input: [ [(Nene, 32, 32, 32, 64), (None, 32, 32, 32, 64)] |
| Concatenate [ output: (None, 32, 32, 32, 128)
[(activation_159 | input: | (None, 32, 32, 32, 128) |
| Activation sutput: (I:Dne, 32, 32, 32, 128) |

[ convad_transpose_114 [ input: | (None, 32, 32, 32. 128) |
| ConvaDTr output: | (None, 64, 64, 64, 1) |
[ reshape_22 | input: | (None, 64, 64, 64, 1) |
| Reshape | output: | (None, 64, 64, 64) |
[ convad a4 ] lnputztl (None, 64, 64, 64) |
|_ConvzD | output: | (None, 64, 64, 32) |
[convzd a5 anur.:* (None, 64, 64, 32) |
| ConvzD | output: | (None, 64, 64, 3) |
[[activation_160 [ input: [ (None, 64, 64, 3) |
Activation output: | (None, 64, 64, 3) |

Puc. 4. Cxema renepaTuBHoi ckj1a10B01 Pix2Pix
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[(None, 64, 64, 3, 1)]
[(None, 64, 64, 3, 1)]

input:

[(None, 64, 64, 64, 1)] input 384

[(None, 64, 64, 64, 1)]

input_383 input:

Inputlayer | output:

/

InputlLayer | output:

concatenate_110

input:

[(None, 64, 64, 64, 1), (None, 64, 64, 3, 1)]

Concatenate

output:

(None, 64, 64, 67, 1)

conv3d_ 242 input:

(None, 64, 64, 67, 1)

output:

(None, 32, 32, 34, 64)

Conv3D

(None, 32, 32, 34, 64)
(None, 32, 32, 34, 64)

leaky re lu 198 | input:

LeakyRelU

output:
(None, 32, 32, 34, 64)
(None, 16, 16, 17, 128)

;

input:

conv3d_243 | input:

Conv3D

output:

(None, 16, 16, 17, 128)

leaky re lu 199
(None, 16, 16, 17, 128)

LeakyRelLU

output:

I

(None, 16, 16, 17, 128)
(None, 8, 8, 9, 256)

|

input:

conv3d 244 | input:

Conv3D

output:

8, 9, 256)
8, 9, 256)

(None, 8,

batch_normalization_220
(None, 8,

BatchNormalization

output:

;

input:

(None, 8, 8, 9, 256)

leaky re lu 200
(None, 8, 8, 9, 256)

LeakyRelU

output:

I

input:

(None, 8, 8, 9, 256)

conv3d_245
(None, 4, 4, 5, 512)

Conv3D

output:

I

input:

(None, 4, 4, 5, 512)

batch_normalization_221
(None, 4, 4, 5, 512)

BatchNormalization

output:

;

input:

(None, 4, 4, 5, 512)

leaky re lu 201
(None, 4, 4, 5, 512)

LeakyRelU

output:

I

input:

(None, 4, 4, 5, 512)

conv3d_246
(None, 4, 4, 5, 512)

Conv3D

output:

(None, 4, 4, 5, 512)
(None, 4, 4, 5, 512)

batch_normalization_222 input:

BatchNormalization

output:

;

input:

(None, 4, 4, 5, 512)

leaky re lu 202
(None, 4, 4, 5, 512)

LeakyRelU

output:

I

input:

(None, 4, 4, 5, 512)

conv3d_247
(None, 4,4, 5, 1)

Conv3D

output:

A
input:

(None, 4,4, 5, 1)

activation_154
(None, 4,4, 5, 1)

output:

Activation

Puc. 5. Cxema quckpuminaropa Pix2Pix
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Puc. 6. I'padix 3minum [0.93,1] mix yac TpenyBaHHs HeiipoMepeski

Puc. 7. 3renepoBaHni Ta copmoBani y Blender (cnipaBikHi) 300pa:keHHs1 TecTOBUX (iryp

Po3rstHeMO eTan mokparieHHs IKOCT1 Ta 301IBIICHHS PO3MIPy TeHEPOBAaHUX 300paKEeHb.

Ornucana apxiTekTypa HEHpoMepeki Ui TeHepallii 300pakeHHs 3 00’ €My TPUBUMIPHOI dirypu
3abe3neuye KiHIeBY PO3MipHICTh 64x64. Takox sIKICTh TeHEPOBAHHUX 300paskeHb HETIOBHOIO MIpPOIO Bifl-
TMIOBIIA€ SIKOCTI IIUTHOBUX 300pakeHb. TOMY BasKIIMBOIO € MOYKIIMBICTD 301IbIIEHHS 300paKeHHS 3 TIOKpa-
IICHHSIM PiBHS HOTO SKOCTI. SIK KIHIIEBHIA po3Mip 300paskeHHs 00paHOo po3MIpHICTh 256%256. JIis mokpa-
IIEHHS SIKOCTI TeHEPOBAaHUX 300pa’kKeHb aHAJIOTIYHO BUKOPUCTaHO apxiTtekTypy Pix2Pix [9; 10].

Ha Bxoni reneparopa HelipoMepeki MOJAEThCSl T€HEpOBaHE 300pa)keHHS po3MipoM 64x64
nocepen OUTOro KBazpary po3mipoM 256x256. 3amicTh omepariii TPUBUMIPHOI 3TOPTKH, BUKO-
PHUCTOBYIOTbCS Omeparii ABOBUMIPHOI 3rOPTKH, OCKUIBKU B LIbOMY BHUIAJKy OOpOOJIS€THCS IBOBU-
MipHe 300paxkeHHs. BXigHe 300paxeHHs miA1ae€ThCsl JBOBUMIPHUN 3TOPTLI, A0 PE3yIbTaTy 3rOPTKU
3actocoByeThest (hyHkiis Leaky ReLU. IllicTh pa3iB MOBTOPIOETHCS MOCTIIOBHICTE 13 TBOBUMIPHOI
3TOpTKH, MaKeTHOI HOpMadi3zalii Ta 3actocyBaHHs Leaky ReLU. ®da3a 3ropTku 3aBepIIyeThCS 1BO-
BHUMIPHOIO 3TOPTKOIO Ta 3acTocyBaHHAM (yHk1ii ReLU. Po3MipHicTh TeH30pa cTaHOBUTH 1x1x512.
Jlani Tpu4i MOBTOPIOETHCS TOCIIIOBHICTh 31 3BOPOTHOI JIBOBHUMIPHOI 3rOPTKH, IMAKETHOI HOpMaJIi-
3alii, BUKIIIOUEHHs, 00’ €IHaHHS TEH30pa 3 BiNOBITHUM PE3yJabTaToM (a3u 3TOPTKHU, 3aCTOCYBAHHS
ReLU. Yotupu pasu MoBTOPIOETHCS aHAJIOTIYHA TOCIIOBHICTh 0e3 onepailii BukitodeHHs. OcTan-
HIMU eTaraMy reHepaTropa € 3BOpPOTHA JBOBUMIpHA 3TOPTKa i 3acTocyBaHHs (YHKIIIT akTHBaIlii tanh,
micns 9oro popmyeTnes GiHambHe 300pakeHHs po3MipoM 256%256%3.

Ha BXix muckpuMiHaTopa moAarThCs 3reHepoBaHe reHeparopoM i chopmorane y Blender 300pa-
KEHHS po3MipoM 256x256%3. 300paxkeHHs 00’ €AHYIOTbCA B TeH30p po3Mipom 16x16x1. Ilicns nBo-
BUMIpPHOI 3TOPTKH TeH30pa i 3acTocyBanHs Leaky ReLU 4oTupu pa3u moBTOPIOETHCS MOCIIIOBHICT
3 JIBOBUMIPHOI 3rOPTKH, MaKeTHOI HOopMaui3anii, Bukopuctanus Leaky ReLU. Ilicis agBoBuMipHOT
3TOPTKH TEH30p Mae po3mip 16x16x1. Jlo TeH30pa 3aCTOCOBY€ETHCSI CUTMOI/IHA (DYHKIIISI aKTUBALII.
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Cxema apxiTEeKTypH CKJIaI0BO1 AucKkpuminaTopa Pix2Pix 300pakena Ha puc. 8. Cxema apXiTek-
TYPH CKJIa/10BOi reHepatopa Pix2Pix 300paxkeHa Ha puc. 9.

Puc. 8. Apxitektypa nuckpuminaropa Pix2Pix st mokpamieHHs AKOCTi reHepOBaHUX 300pakeHb
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. 256, 256, 311 |

[Timone.
256, 256, 3 |

[t
T icNene,

input 5
Taputiayar | o

[conv2a 6 [ mput: | (Nenw. 256, 256, 3

| ConvaD | outpur: | (None, 128, 128, 64)

[Tealey_ro tu_5 [ imput: | (None, 128, 128, 64)

[ LoaloReLU | output: | (None, 128, 128, 64)
|_convzd 7 | input: | (None, 128, 128, 64
| Convep [outpur | von=, 64, 64, 126
[Barch norm i 64 128
[ BatchNormalization 64, 128
[leaky_re_lu_6 64, 128)
[ LoakyReLU | cutput | (None. 64. 64, 128)

[Sonvza_s [ input: [ (Nene, 64, 64, 128)
| Convap [ eutput: | (None, a2, a2, 256)
[Baten 5 | mput: | (None, 32. 32, 2561
[ BatchNormatization | cutput, 3z, 32, 2560
[Meaky_re_tu_7 | input: 56)
[ LoalyRaLU | output: | (Nona, 32, 32, 256)
[cenvaa_s [ input. | (Nane, 33, 33, 356
[ Convzp | output: [ (None, 16, 16, 512)
malization 6 | input. | (None, 16, 16, 512)
Gutput: | (None, 16, 16, 512)
input: | (None, 16, 16, 5123
output. | (None, 16, 16, 512) |
[conv2a 10 | input: | (None, 16, 16, 512 |
| Convzp | eutput: | vona, 8. 8, 512)
[ Batsh_normalization_7 | input: | (Nene, 8, 8, 512)
[ BatcnNormatzation | output: | (Nene, 8, 8, 512)
(Nona, 8, 8, 512)
(None, 8. B, 512)

[comvza 11 [ mpur.
[ Convep | outpur
[Baren n & [ ampur
| Batchnommatization | outpuat
[entey_ro tu 10 | inpur
LealyReLU | output: | (None, 3.

[convzaiz

(None, 4, 4, 512)

input:

(None, 2, 2, 512)

(Nona, 2, 2, 512)

(Nonw, 2, 2, 512)

Toatey ro tu 11| input: | (Nome. 2. 2. 513)
| LeakyReLU output: | (None, 2, 2, 512)
[Senv2a 13 [ input: | (Nonw, 2, 2, 5121
[ Conveb | output. | (None, L. 1. 512)
[sctivation 1 | input: | (None. 1, 1. 512)
[Activar Sutput: | (Nonw, 1, 1, 5121
[Sonvza transposs | input: | (Nons. 1, 1. 5127
[ConvzoTs utput: | (None, 2. 2. 512>
[ateh_normalization 10 | tnut. | (None. 2. 2. 5121
i output: | (None, 2, 2, 512)
[aropout | input: | (Nona, 2. 2. 512)
[Dropout [ eutput: | (None, 2. 2. 512
[concatenate 1 | imput. | ((None, 2, 2. 512), (None, 2, 2, 51211
[ Concatenata | eutput: (None, 2, 024y
| mctivation 3 | inpub: | (Nene, 2, 2, 10345 |
[“Activation | output: | (Neme, 2, 2, 1024) |

[convad_manapera_

input. | (None, 2. 2, 1034) |

ConvZDTranspose

(Noue. 4. 4.512) |

batch_normalization 11

(None, 4, 4, 512) |

BatchNormalization (None, 4, 4, 512)
[[Aropou_t (None, 4, 4, 512) |
[Dropout | eutput: | (Nene, 4. 4. 512> | —
5 [ impur | [(Nene, 1. 4. 512), (Nene, 4. 4, 5131 |
[ Concatanata | outpur: (Noma, 4. 4, 1024)
[ activation 3 | input. | (None. 4. 4, 1024) -
Activation | output: | (None, 4, 4, 10241
[conv2a_transpose 2 | input: | (None, 4, 4, 1024 |
| ConvzDiianspose | owtput: | (None, 8. 8. 512) |
[Toaten i 12 [ inpur. | (Nowe. 5, 8. 512 |
BatchNormalization | output: | (None. 8. 8. 512
T T ke
[ Dropout | output: | (Non=. 8. 8, 5121 |
[concatenate 3 | input: | [(None, 8, 8, 512), (Nons, 8, 8, 5121 |
cutput: (None, 8,8, 1024)
input: | (None, 8, 8, 1024) |
output: | (None, B, 8, 1024) |
[convza transpose 3 | input: | (None. 8, 8, 1024)_|
[ Convz [output | (None. 16, 16, 512) |
[ bateh_normalization_13 | input: | (Nene, 16, 16, 5121 |

BatchNormalization | sutput: | (Nene, 16, 16, 512) | -

[(None, 16, 16, 512), (None, 16, 16, 512)] |

[concatenate 4 | imput:

[CConcatenata | autput (None, 16, 16, 1024)
[activation_5 | input: | (Nona, 16, 16, 1024) |
Activation | output: | (None, 16, 16, 1024) |

(None, 16, 16, 1024) |

[convaa_tranepase_d | inpur:
[ Comvantranepome | output | (None, 32, 32, 256 |
[baten 14| input: | (None, 32, 32, 256) |
BatchNermalization | cutput: | (Nane, 32, 32, 256 | ~
[[concatenate 5 | input: | [(None, 32, 32, 256), (None, 32, 32, 2561 |

(None, 32, 32, 512)
(None, 32, 32, 512) |
(Nonw. 32, 32, 5121 |

=
[activation 6 |
[Activation |

neatonate

[convzd_transposs_5 | input: | (None, 32, 33, 513)

[ ConvzDiranspose | output: | (None. 64, 64, 128)
[Batch_normalization_15 | input: | (None, 64, 64, 128)
output: | (None, 64, 64, 128)

[(None, 61, 64, 128), (Nonw. 64, 64, 1261 |

[natenate & | imsut:
outpur (None, 64, 64, 256 |
activation 7 |_input. | (None, 64, 64, 256) |
[TActivation [ outout | (None, 64, 64, 256) |
[convzd_transpese_6 | input: | (None, 64, 64, 256) )
| ConvzbTranspose | output: | (None. 126, 128, 641
[ batch_normatization_16 | input: | (None, 128, 128, 64)
BatchNormalization | output: | (None, 128, 128, 64)
[[concatenate_7 | input: | [(None, 128, 128, 64), (None, 128, 128, 64
| Concatenate | outpus: (None, 128, 128, 128)
[activation_8 | input: | (Nene, 128, 128, 120) |
[ Activation | output: | (None, 128, 128, 128) |

[convZa_tranapose_7 | mput: | (None. 128, 126, 126) |

(None, 256, 256, 3)

[ ConvabTear
activats | (Mone, 256, 256, 31 |
Activation | sutput: | (None, 256, 256, 31 |

Puc. 9. ApxitekTypa reHeparopa Pix2Pix 1151 nokpaimeHHs IKOCTi reHepoBaHUX 300pakeHb
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TpenyBanns Pix2Pix a1 miABUIIICHHS SKOCTI TeHEpOBaHUX 300pakeHsb 3aiicHioBaocs 100 ite-

pariii, KokHa itepauis BMmimyBasia 1041 kpok. TpuBaiicTs KpoKy craHoBmia Onmus3bko 80 mc. Tpe-
HyBaJbHHIA HaOip BKimovae 1041 3reHepoBaHe NepIo0 HEHpOMEpeKero 300pakeHHs Ta BiAMOBIIHI
chopmonani y Blender 11115081 300pakeHHs po3MipoM 256%256%3.

Ha puc. 10 300paxeno rpagik 3minu d1, d2, g nmix yac TpeHyBaHHS HEHpPOMEPEKi sl IiABU-

HIEHHS SKOCTI TeHEPOBAHUX 300paKEHb.

Puc. 10. I'padix 3minu d1, d2, g mix yac TpeHyBaHHs HelipoMepe:xi
JJISl iABMILEHHS IKOCTi reHepOBaHMX 300paskeHb

TecToBuit HaOlp /Il IEPEBIPKH TOYHOCTI POOOTH Apyroi HelpoMepeki BKiIrodae 77 map reHe-

POBaHUX 1 IIJILOBUX 300paxeHb po3MipoM 256x256%3.

Ha puc. 11 300paxxeHO NpHUKIaIM MOKPALICHUX TEeHEPOBAHUX 300pa’keHb HEHPOMEPEKEI0

(Ha OCHOBI Qiryp TECTOBOTO HabOPY).

N —

Puc. 11. [Ipukiaau nokpauieHNX reHepOBAHUX 300paKeHb IPYrol0 HelipoMepeKero

Cnucox BUKOPHUCTAHOI JiTepaTypH
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piamu VII MixnapoaHoi HaykoBo-TipakTHuHOI KoH(Mepenuii. Kuis, 2022. C. 44-47.
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YIK 519.688:519.6:514.752

A.B. KAJITOXHSK

3anopi3bkuii Hal[lOHAJILHUN YHIBEPCUTET

NIABUINEHHA EPEKTUBHOCTI OBYUCJ/IEHD
Y POSINOAIVIEHUX KOMIIIOTEPHUX CUCTEMAX
3A JOITOMOI'OIO BIBJIOTEKH MPI

Pozsumox obuucnrosanvHoi mexnixu, aka Xapaxmepuzyemocs 30bUWeHHAM KIIbKOCMI OAHUX | MACUBHUM pPI3HOMA-
HIMHUM RApanenizMom, Ucy8ac neped po3pooHuKamu Hoei sukauxku. Tpaouyilino, po3pooieHHs Macumabo8aHux npo-
2PaAM BUKOHYEMbCSL HA 0OUUCTIOBANLHOMY SIOPI, I2HOPYIOUU NPOOYKMUGHICTb MOOent08ans. [list 000amkie i3 MeHuum
BUXOOOM, HIJIC 3apA3, YYEHI MOJNCYNb aAPXI8yEamu pe3yibmamu Mooenogants 0is nodairvuol inmepnpemayii. Oonax 0ns
npozpam eKkCmpemanbHo20 Macumaody 6UXiOHi OaHi Hacmo MiCmsms 3aHa0mo 6azamo OaHux 0Jis 30epieaHHs 8 OCHOGHI
nam’ami abo oomediceHi WUpuHoIo cmyeu 8600y-6u6ody. Omoice, 3apas ichye nompeba 6 po3poonenti Macumado8anux
000amKis, AKi BKIH0UAIOMb MOOENOBAHHS, IMIMAYito, AHANi3 i 8I3yanizayiro.

Memoto docnioscenus € po3pobieHHs napaneibHO20 Po3No0iIeH020 Memody MOOel08AHHS 2eOMEeMPUUHUX 00 €K-
mie i3 GUKOPUCIAHHAM QYHKYIOHATbHO20 nioxody 6ioniomeku MPIL. YV cmammi nodano onuc pobomu aneopummy «map-
wupyrouux Kyoie» y po3nooiienii cucmemi, RPOaHAIi308aH0 61ACMUSOCMI | NPAKMUYHE 3ACMOCYS8AHH Ni0 4ac no0y008uU
00’ €Kmis i3 BUKOPUCMAHHAM NapaienvHo2o npozpamyeants oioniomexu MPI it OpenMP. IIpoananizoéano po3pobnerns
epexmuHo2o NapaneirbHo20 NPOSPAMHO20 KOMROHEHMA, KU, OKPIM NPAMO20 PEHOEPUH2Y, 0d€ 3M02y eheKmusHo 30e-
pieamu, Oyoysamu 2eomMempuiri MoOei 1l Modce B0OHOUAC BUKOPUCOBY8AmU Kinbka npucmpois. Tlooano npuxkiadu
nobyoosu 06 ekmig y cepedosuwyi Qt Creator.

Li pesyromamu 6y0yme KOPUCHUMU ON51 MEOPEMUUHUX | NPAKMUYHUX OOCAIONCEHb BI3VAILHO20 NPEeOCHAsieH s
Mmooernetl i3 poznodinenoro nam smmio. Mooeni, nodyoosani 3a 00nomM02010 00CKOHALEHO20 ANCOPUMMY «MAPULUPYIOHUX
KY0i6», 0arons MONCIUBICIb PO36 A3amu 0esKI 3a60aAHH MOOENI0BANHS 0€3 BETUKUX GUIMPAN YACY | NPULIHAMU HANEHCHI
PiuierHs cmoco8Ho nody008u 0b 'ekmig.

Omoice, n06y008a MpUBUMIPHUX 00 '€KMIE 3a OONOMO20I0 YHKYIOHATbHO20 NIOX00Y Modice bymu Oinbul epekmug-
HO0 3a805KU UKOPUCTIAHHIO DibniomeKu po3nodintenozo nioxody MPI.

Kniouosi cnosa: «mapwupyioui kyouy, posnooinena nam smo, MPI, R-gynxyii.

A.V. KALIUZHNIAK

Zaporizhzhia National University

COMPUTATION EFFICIENCY ENHANCEMENT
IN DISTRIBUTED COMPUTER SYSTEMS WITH THE MPI LIBRARY ASSISTANCE

The development of computing technology, characterized by an increase in the amount of data and massive
and diverse parallelism, poses new challenges to developers. Traditionally, the development of scalable applications has
been carried out on the computer core, ignoring simulation performance.

For applications with lower output than currently available, scientists can archive simulation results for later
interpretation. However, for applications of extreme scale, the data output often contains too much data to be stored in
the main memory or is limited by the 1/0 bandwidth. Hence, there is a current necessity to develop scalable applications
that include modeling, simulation, analysis, and visualization.

The objective of the study is to develop a parallel-distributed method of modeling geometric objects using
the functional approach of the MPI library. This article is focused on the description of the operation of the “marching
cubes’ algorithm in a distributed system, the analysis of its properties and practical application in the construction
of objects using parallel programming of the MP1 and Open MP libraries.

The development of an effective parallel software component is analyzed, which, in addition to direct rendering,
enables efficient storage and construction of geometric models and is able to use several devices simultaneously. The
examples of building objects in the Qt Creator environment are also presented.

The results will beneficial for theoretical and practical research on the visual representation of models with
distributed memory.

Models built by means of the improved “marching cubes™ algorithm enables to solve some modeling problems in
a time-consuming way and make appropriate decisions regarding the object construction.

Therefore, 3D objects building based on a functional approach can be more efficient by using the MPI distributed
approach library.

Key words: “marching cubes”, distributed memory, MPI, R-function.
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IHocTanoBka npodaemMu

Po30uTTs Ha i30MOBEpXHiI € (YHIAMEHTAILHOIO OTEpaIliero uis 0ararb0X HAyKOBHX JOCIi-
JoKeHb. Hampukinana, 130MoBepxHi Jal0Th 3MOTY MEPEBIPSITH OCOOIMBOCTI TKAHUH 1 (JOPMHU OpraHiB
y MEIMYHOMY aHali3i, GopMy 1 B3a€MOII0 MK MOJIEKyJaMH B rporpamax OioiH(popMaTuku i mic-
IIeBi ONa/in 3a pe3ysIbTaTaMy BUMIPIOBaHb TIOTOJHHUX PaioIOKaTopiB.

[30moBepXHI CKaISIPHUX TIOJIIB, BUBHAYCHUX HAJl KYOIYHUMH CITKaMH, € BOKJIUBUMH B IIHPO-
KOMY J1iara3oHi 3aCTOCYBaHb, TAKUX K MEAMYHA Bi3yauizauis, reodizuuna 3iomka, (isuka i oOuuc-
JroBasibHA TeoMeTpis. OcHOBHA mpoliieMa Moyirae B TOMY, IO KiJIBKICTh €JIEMEHTIB 3pOCTa€e CTO-
COBHO HIUTBHOCTI BHOIPKH, a BEJIMUE3H1 0OCATH JaHUX BHUCYBAIOTh )KOPCTKI BUMOTH J0 TIOTY>KHOCTI
00poOKH Ta MPOMyCKHOI 31aTHOCTI maM’sTi. Lle 0coOaMBO cripaBeAIuBO Ui IPOTpam, sKi moTpedy-
I0Th IHTEPAKTUBHOI Bi3yai3alii CKaJsIpHUX IOJIIB.

30UIbLICHHS FE€TEPOreHHUX, MACOBO MapajelbHUX apXITEKTyp YCKIaJHUIIO JOCSITHEHHS MacIll-
TaboBaHOCTI i mopraruBHOCTI. HaykoBi 00UMCITIOBAJIbHI MPOrpaMH TPAJUIIIHO MOKIIAIal0ThCS Ha
616mi0oTrexu OpenMP 1 MPL.

AJte BUMaratu BiJl po3pOOHHUKIB TPOTrPaMHOTO 3a0€3MeUeHHS SBHO KEPYBaTH 1€papXissMH mam’ sITi
i1 0OMeXKyBaTH MEePEeMIILIEHHS JAHUX CTAa€ BCe OUIBII OOTSHKIMBUM 1 MEHII TepeHOCHUM. [lomupenHs
HOBUX 1HCTPYMEHTIB, IOCTYITHUX PO3POOHUKY, 010J110TEK 1ajIi MOXKIIUBICTh €()eKTUBHO MUCATHU MPO-
MYKTHBHI AoAaTku. HaBiTh 13 HOBUMHU IHCTPYMEHTaMU JIESK1 aITOPUTMH MOXKYTh HE MacIlITa0yBaTHCS
B T€TEPOTEHHHUX CEpelOoBUIIax ab0 pi3HMX MapayiebHUX mapaaurMax. Po3ymiHHS BIUTMBY BHOOpPY
IHCTPYMEHTY Ha MPOAYKTUBHICTh y peajlbHUX Mporpamax /10 peaizallii € HeoOX1IHUM ISl po3po0-
neHHs eeKTUBHUX mporpam [1].

AHaJIi3 0CTaHHIX J0C/TiKeHb Ta myOikanii

CydacHuil pO3BHUTOK JaB 3MOTy MPOBECTHU OaraTo AOCHIIKEHb LIOJ0 OOpOOKH 00’ €MHUX
nanux Ha rpadiunux nporecopax (GPU), ockinbku rpadivHi mporecopu creniaabHo po3podiieHi
JUIsl BAKOHAHHS BEJIMKUX OOUMCIIIOBAIbHUX 3aBJIaHb 13 BUCOKUMHU BUMOTaMHU JI0 MPOIYCKHOI 3/1aT-
HOCTI mam’4Ti, Oylylounuch Ha MpocToMy i MacoBoMy mapaieini3mi 3amictb CPU. O6’emHa TpaHc-
TSI — e OJHA 3 TeXHIK Bi3yasizallii CKaJspHHUX IOJiB, SIKa YCHIIIHO peaii3oBaHa Ha Tpadid-
HUX IIpoLiecopax.

Jlnis 3ao11a/KeHHS Yacy Ta 3MEHIIEHHS BUTpAT peaji3oBaHO (DYHKIIOHAJIBHUM MiAX1J reome-
TPUYHOTO MOJICTIOBAaHHS B PO3MOAIJICHUX KOMIT IOTEPHUX CUCTeMax i3 Bukopuctanusm MPI it anro-
PUTMY «MapIIUPYIOYNX KyOiB». 3a1J1 Kpaloro BUBYCHHS MPOIYKTUBHOCTI Bi3yasi3allii B YMCIICH-
HUX pobouunx mporecax i cucremax Bukopuctano OC Linux.

IcHye Oarato anbTepHATUBHUX AITOPHTMIB, TakuxX sk meron «Ckemi», meron «Kawneiipo»
Tta «MT6», ane i yac BUPIIMICHHS MPUKJIAJIHUX 3aBAaHb, TIOB’I3aHMUX 13 Bi3yalli3alli€r0 reoMeTpuy-
HUX 00’€KTiB, Kpallle 32 BCE BUKOPHCTOBYBATH aJTOPUTM «MapLIMPYIOUHX KyOiB», TaK SK Ba)KIHMBa
TOTIOJIOT1YHA TOYHICTh OJIEP>KYBaHOI TOBEPXHI.

Meta aocaixxeHHs
MeTo10 qocCHiTKeHHsI € PO3POOJICHHS MapajelbHOTO PO3MOAITICHOTO METOMY MOJEITIOBAHHS
TEOMETPUYHUX 00’ EKTIB 13 BUKOPUCTAHHIM (YHKITIOHATBHOTO Mmiaxoay 0i0miorekn MPI.

Buxkiaa ocHOBHOTO MaTepiaJy 10CTaiIKeHHS
1. «Mapmupyrwui kyom». TpuBuMipHa moOy10Ba MOBEPXOHB 300paKeHb — BAXKJIMBE 3aBaHHS,
SKe Ba)KKO pealli3yBaTh Ha MPAKTULI. 3 YCIX METOMIB BUJIYYCHHS IMOBEPXOHb 31 CKAJSPHUX TIOJIB
AITOPUTM «MApIIMPYIOUUX KyOiB» HANOUIbLI MOMYISPHUM 3aBISKH MOT0 MPOCTOTI. Y CTaTTi po3-
IJISIA€THCS 3aCTOCYBAaHHS PO3MOAUIEHUX 00YHCIIeHb 3a Jornomoroto 6iomiorekun MPI it anroputmy
«MapIIMpyro4Ynx KyoiB». Po3pobieno HaaiiiHui Ta epeKTUBHUN aITOPUTM AJIs TOOYI0OBH TOBEPXOHB
300pakeHb 3a JOMOMOTOI0 (DYHKIIIOHATBLHOTO T1AXO0TY.
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«Mapmupyroui KyOu» € HalOLIbII IUPOKO BUKOPUCTOBYBAHOIO TEXHOJIOTIEIO JIJIsi BHILICHHS
130MOBEPXHI 3 TPUBUMIPHUX CKAJIIPHUX TOJIB, K TAKOXK Ha3MBaIOTh 00’ €MHUMHU HaOOpaMH JTaHUX.
O06’emunii Habip JaHWX — L€ TPUBHMIPHHNA MAacHB KyOiYHHX €JIEMEHTIB, KOMIPOK 31 3HAUCHHSIMH,
IIOB’13aHUMH 3 BiCbMa KyTaMHU. [30M0BepXHs — 1€ MOBEPXHs, Ha sIKill yCl1 TOUKH MarOTh 3HAYEHHS, 1110
JOPIBHIOIOTH 33JaHOMY KOPHCTYBaueM IOPOTOBOMY 3HAYCHHIO [2].

Komipka neperrnHaeThCs 130M10BEPXHEL0, SKILO BOHA MICTUTh 00M/1BAa 3HAUEHHS BUIIE Ta HUKYE
3a pIBHO3HAYHY. AJITOPUTM «MapIIMPYIOYHX KyOiB» BUTATYE 130IMOBEPXHIO IO YacTHHAX, 00po0Is-
104X KOMIpKH OJHY 32 OIHOIO.

ANTOpUTM TpHUIyCKA€, 10 BUXIAHI JaHI € AUCKPETHUM TPUBHUMIPDHUM PETYISPHUM IOJEM
JlAaHWX, BU3HAU€HUM Ha AaHuX. Komm kyO mepeTvHae MOBEpXHIO, aIrOPUTM CIOYATKY OOUUCIIIOE
nepeciyHi BepIIMHU MOBEpXHi i pedep KyDOa 3a JOMOMOTr0o0 TEXHIKU JTIHIKHOT IHTEPIIONSALIT, a MOTIM
3’€IHY€ BEPIINHHU, 1100 YTBOPUTH TPUKYTHUKH, K1 € allpOKCUMAIli€to moBepxHi B KyOi. ITicist o0xomy
BCiX KyOiB BUJUISETHCS MOBHA MOBEPXHSI.

Anroput™m 00po0Isie KOKHY KOMIpKY HE3aJICXKHO, Y Pe3YJIbTaTi OJfHA i Ta K BEPIIMHA MOXKE OyTH
o04YHCIIeHa IO YOTHUPHOX Pa3iB y CyCiaHIX KoMipkax. OOUKCIICHHS TOBTOPIOBAHUX BEPIIUH € CEPI03-
HUM HEJIOJIKOM, OCKUTBKH JAyOIIOBaHHS NaHUX 30UIBIIYE PO3MIp 130MOBEpXHI 0€3 J0AaBaHHS Oylb-
K01 KOpucHOI iHpopmarii. JlyOmoBaHHS MOXKe CHPUYMHUTH 3HA4YHI MPOOJIEMH 3 MPOAYKTHBHICTIO
Bi3yaJtizallii 1301OBEepXHi 1 HACTYITHUX eTariB 00poOku [3].

Tomy 3anpornoHOBaHO pilleHHs s €()eKTUBHOTO PO3B’A3aHHS 11i€i MpoOIeMH 3a JI0IIOMOT0I0
BUKOPHCTAHHS KUTBKOX JOTIOMKHUX CTPYKTYp JaHuX. KoopauHaTi BepMHU 0OUMCITIOIOTHCS JIUIIE
ITiJT Yac MEPIIOro PO3IIsAY BIAMOBIAHOTO aKTUBHOTO pedpa. KoopanHaTty BCTaBISIIOTHCS B TAOIHUIIO
BEPIIUH, a 1HAEKC, 10 BIAMOBIJA€ MOJOXKEHHIO BEpPIIMHU B TaOmuIl, 30epira€ThCsi B MpaBUIIbHIN
MO3ULIT OJHIET 3 T’ ATU CTPYKTYP JaHUX JIOMOMIXKHOTO MacuBy (puc. 1).

VY 3aranpHiil KoMipIli (TOOTO KOMIpITi, SIKa HE 3HAXOAUTHCS Ha MEX1 00’ €MY) MOMEPEaHBO PO3-
DISIHYTO JeB’ATh pedep. TakuM yuHOM, 3arajbHa aKTUBHA KOMIpKa MO)KE CTBOPUTH He OIbIIE HIXK
TP HOB1 BEpILIMHU. 3HAYECHHS B JIONOMIKHUX CTPYKTYpax JaHUX OHOBIIOIOTHCA ITiJ1 Yac MOAAJIbIIOL
00pOOKH BCIX KOMIPOK.

void MarchingCubesOriginal(int ncellsX, int ncellsY, int ncellsZ, float minValue, QVector<QVector4D>
&points, Intersection intersection, QVector<Triangle> &triangles)

r
1

printf("Original\n™);
int numTriangles = @;
int YtimeZ = (ncellsY + 1) * (ncellsZ + 1);

triangles.resize(3 * ncellsX * ncellsY * ncellsZ);
for(int i=8; i < ncellsX; i++) Ixis
for(int j=2; j < ncellsY; j++)
for(int k=2; k < ncellsZ; k++)

1

QVector4D verts[&];

int ind = i*YtimeZ + j*(ncellsZ+1) + k;
verts[@] = points[ind];

= points[ind + YtimeZ];

= points[ind + YtimeZ + 1];

= points[ind + 1];

= points[ind + (ncellsZ+1)];

= points[ind + YtimeZ + (ncellsZ+1)];

= points[ind + YtimeZ + (ncellsZ+1) + 1];

= points[ind + (ncellsZ+1) + 1];

Puc. 1. Peanizaunis anropurmy

[TapanensHa 00poOKa € BIAMOBIAHUM MIAXOAOM JUIS BUPIIIEHHS MpoOneMu 30UIbLICHHS PO3-
Mipy IaHUX, 1 MPUCTPOi, OcHamIeHi rpadiuanmu npouecopamu (GPU), € BinmoBinHOO mIaT¢hopMoro
IUIS BAKOHAHHS aHaNi3y JaHHUX TapajelbHO HaJ CTPYKTYPOBAHUMH JaHUMH SIK 00 €MHUMH Ha0o-
pamu ganux. OKpiM NPOAYKTUBHOCTI, OakaHi IiepeBary.
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Oco0auBOCTAMHE TapAJISILHOT peastizallii anropuTMy «Mapmupyrdux kyois» mist GPU e maci-
TaOOBaHICTh Y BXiIHUX HAOOpax JaHUX, IKa MOXKe 00pOOITIOBATUCS, MaTH BUCOKY SIKICTh OTPUMAaHUX
130II0BEPXOHb 1 MOXKIIUBICTD MIAKIIOYATH MIPOrpaMHe 3a0e3eUeHHs 0 PI3HUX Bi3yasi3alii.

2. Peagizanisi po3nonisieHoro miaxony. Sk crangapt MPI mupoko npuidHATUN Y BUCOKONPO-
JTYKTUBHHUX OOUMCITIOBAIBHUX CHCTEMaX, OCKIIbKU BiH 3a0e3Ieuy€e He3alIeKHY BiJl MOBU TUIATHOPMY.
Bin 3abe3neuye 3B’s3ku 3 moBamu C, C++ 1 Fortran, o poOUTh HOTO MOKJIMBUM 1HCTPYMEHTOM
y npaktuill nporpamyBaHHs. MPI mae Taki mepeBaru, sk xopoia MOOITBHICTb 1 BUCOKA €(heKTHB-
HICTb, 1 MOYK€ BUKOPHCTOBYBATHCS B TETEPOTeHHUX cepeloBHIaX. [cCHye 6arato pi3HUX O€3KOIITOB-
HUX, e(peKTUBHUX 1 MpakTUyHUX Bepciit MPI [3].

VY napajnenbHOMY NpOrpaMyBaHHI ICHY€ IIICTh HAHOUIbII YacTO BUKOPUCTOBYBAHUX 0a30BUX
inTepdeiicie MPI. Po3pobnenns nporpam y po3nofisieHiil cucTeMi yCKIIQHIOETHCS Yepes3 mpodiaemy
pecypciB (KUIBKICTh BY3JiB, IX apXiTeKTypa, €()eKTUBHICTH), BUBHAYAIOThCS BXKE B MOMEHT 00po0-
JICHHS MEpEKel0 BUKOHAHHS 3aBAaHHA. Takoxk, He3Ba)KalOuM Ha BUCOKHMH piBEHb MPOTYKTUBHOCTI
6i0miorekn MPI, cama TexHosorisi Ma€ HEJOMIKH (CKJIAAHICTh HAIMCAHHS MpPOTpaM, HEOOXiTHICTh
HaaMipHOT cierudikallii TUIB JaHUX Yy MepeIaHuX MOBITOMIICHHSIX) [4].

[TapanensHa peanizanis «MapHIMPyOUUX KyOiB» po3pobiieHa IIIsiXoM noainy 3D-ckaiaspHOro
300paskeHHsI Ha MPSIMOKYTHI CeKIIii. BXiHI mapaMeTpu KepyroTh pO3MipOM KOKHOTO PO3JILTY B3IOBXK
X, ¥ 1 Z. ITotiM KokeH po3in oOpobsieThest okpemo. Koken nmotik MPI 3amoBHIO€ JToKanbHI BUX1AHI
3MIHHI TOYKH, HOpMaJi i TpUKYTHUKH. ToukH it HOpMasi MiCTATh BEKTOP CITKU. TPUKYTHUKH MICTATh
BEKTOp 13 TPilKM IHIEKCIB, JI¢ IHAEKCH CTOCYIOTHhCS 3HAYCHb Yy TOYKax i HOpMamsax. KokeH moTik
00po06isie po3ainu, nmpusHadeHi omy MPI (puc. 2).

std::vector<TriangleForMPI> triangle_mpi;

int YtimeZ = (ncellsY + 1) * (ncellsZ + 1);
int total_size = ncellsX * ncellsZ * ncellsY;
QVector4D verts[&];

Qvector3D intverts[12];

if(id == MASTER_ID)

[ int local_size = total_size / nb_procs;

int start_l = local_size * id;

int numTriangles = @;

for(int l=start_l; 1 < start_l + local_size; l++)

int cubeIndex = int(@);
for(int n=2; n < 8; n++)
if(verts[n].w() <= minValue) cubeIndex |= (1 << n);

if(edgeTable[cubeIndex] & 1) intVerts[@] = intersection(verts[@], verts[1], minvalue);
for (int n = @; triTable[cubeIndex][n] != -1; n+=3) {
Triangle tmp;
tmp.p[@] = intVerts[triTable[cubeIndex][n
tmp.p[1] = intVerts[triTable[cubeIndex][n
tmp.p[2] = intVerts[triTable[cubeIndex][n]
tmp.norm = QVector3D: :crossProduct(tmp.p[1
tmp.norm.normalize();
TriangleForMPI local triangle mpi;
local_triangle mpi.pl x = tmp.p[@].x();
local_triangle mpi.pl_y = tmp.p[@].y();
local triangle mpi.pl z = tmp.p[@].z();
numTriangles++; })
MPI_Request request;
MPI_Isend(&numTriangles, 1, MPI_INT, MASTER_ID, @, MPI_COMM WORLD, &request);
MPI Isend(triangle mpi.data(), numTriangles, ptype, MASTER ID, 1, MPI COMM WORLD, E&request);
if(id == MASTER ID)

1;
1;

+2I
+1]
.];
]

- tmp.p[@], tmp.p[2] - tmp.p[€]);

Puc. 2. Peanizauiss po3noaisieHoro miaxoay ajJropuTrMy «Mapupyo4ux Kyois»
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[Ticnst Toro sk yci po3auii oOpoOIeHo, JTOKaJIbHUN BUX1A MOTPIOHO 00’ €THATH 3 IIIOOAIBHHUM.
Jlist 3pydHOCTI 00paHo MPOCTHH, ajie eeKTUBHMIA crioci6. Konn kojkeH MoTik 3aBeplye 3a0BHEHHS
JIOKaJIbHOTO BUBOJY, IIeH BUBIJ JONAETHCS O II00ATBHUX TOYOK, HOPMaJel i TPUKYTHUKIB, A€ 103~
BOJICHO JIO/IaBaTH JI0 TJI00AILHOTO BUBOAY JIMIIE IO OJHOMY ITOTOKY 3a pa3 (puc. 3).

std: :vector<TriangleForMPI> global_triangle mpi;
int global_numtriangle = @;
global_triangle_mpi.resize(120002);
for(int i = @; i < nb_procs; i++)
int numtriangle = @;
MPI_Status status;
MPI_Recv(&numtriangle, 1, MPI_INT, i, @, MPI_COMM_WORLD, &status);
global_numtriangle += numtriangle;
TriangleForMPI* buffer;
Triangle tmp;
tmp.p[@].setX(buffer[s].p1 x); } }
global _triangle mpi.clear();
global_triangle_mpi.shrink_to_fit();}
MPI_Type_free(&ptype);
MPI_Finalize();

Puc. 3. Tpiauryasuis po3noaineHoro miaxoay 3a gonomororo MPI

Leit anroputm He po3poOIeHUI 1Sl SIBHOI METH Hapajeli3My, y HbOMY € KiIbKa HEJJOJIKIB, K1
MEPELIKO/KAI0Th MACIITA00BAHOCTI.

B anroputmi KiHIEBHH po3Mip HE BH3HAYCHO 3a3/1ajeriib, TOMY BHXIiJHI JaHi, copmoBaHi
napajieiabHO, MaloTh OyTH 00’€IHaHI, 110 CIPUYMHSIE MapajelibHe By3bKe MICIE Ta CTBOPIOE TOBTO-
proBaHi ToukH. Kpim Toro, BUXiJiHi MaCUBH HE MOXKYTh OyTH MPaBWJIBHO PO3MOALIEHI, TOMY 3Ha/10-
OMBCSI AMHAMIYHUN PO3MOALT TaM’SITi.

[TpoanamnizyBaBIIM NPUCKOPEHHSI POOOTH ANTOPUTMY «MapIIUPYHOUYMX KyOiB» 3a JIOTIOMOTOIO
MPI 3 pi3HUMM MOTOKaMU Ha KOXKHOMY BY3J1 BHUJHO, LIO JIiHIS MOKa3ye MPUCKOPEHHS 3a 4acoM
y cexkyHaax (puc. 4).
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NOTOKH

Puc. 4. llopiBusinasa pod6otn MPI 3i 3miHOI0 B MOTOKaX

OueBunno, mo ko MPI macmitaOyerbest kpaie, B oouncioBansHoMy Kiactepi Ha OC Linux
He Hwkde 3a Bepcii 20.0 1 3 BUKOPHUCTAHHSAM OJHAKOBUX ITApaMETPIB CEpBEpY, HIK y KiacTepi, Je
MIPOTYKTUBHICTh OOYMCIIOBATBHUX MamuH pizHa. Tectu MPI mpoBoammmcs Ha AEKUTBKOX By3Jax.
OCKITbKH KOKEH KOJI MPAIIOE HaJl OKPEMHUMH PO3/LTIaMHU 3arajbHOTO 300payKeHHS MapaJieIbHO OJTHA-
KOBO, OYIKY€TBCSI, IO PE3YJIBTATH IPOAYKTUBHOCTI OyyTh IOMIOHMMH. J[7151 MpOBEIEHHS 1O CITIIPKEHHS
BHUKOPHCTOBYBABCS OOUMCIIIOBAaTILHUN KJacTep, sIKuil ckianascs 3 1Box cepsepiB Intel (R) Core(TM)
17-4770 CPU @ 3.40GHz 8 simep 1 Bizyauizalisi reoMeTprUIHOI Mojieni 3 po3outTsim 240 (puc. 5).
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Puc. 5. IloOynoBa reomerpuuHoi moaei B cepegosuili QT Creator

[Ticns unranHs nanux 300paxeHHs kog MPI xomiroe maHi po3aiay 300pakeHHsI B KOXKEH MPo-
necop. Lle mBuaka onepartiisi Ha OAHOMY OOUMCITIOBATHLHOMY BY3IIi, sIKa Mi3HIIIE MOXKE MaTH J10/1aT-
KOBI Ie€peBary.

BucHoBku

OTxe, MpeaCcTaBIeHO MapaleIbHUN aJITOPUTM MOOYIOBH F€OMETPUYHUX 00’ €KTIB 33 JOMOMO-
rot0 (PYHKIIIOHATBHOTO MAXOAY B PO3MOAUICHIN CUCTEMI, €(hEKTHUBHICTD SKOTO TIEPEBEPIIyE KIlacud-
HUll anroput™ y yaci. CkanspHe 1oje po30UBa€eThCs Ha KibKa YaCTHUH, 3aCTOCOBY€ETHCS JUIsl KOXKHOT
YaCTUHH B PI3HUX Iporecax 3a gonomoroto MPI. Hutku Bukonanus mig yac po6otu MPI — nosro-
TpUBaJIi Mpolecu (Ha BIAMIHY BiJl JUHAMIYHO TIOPO/DKEHUX MOTOKIB), € CHMETPUIHUMHU 32 CBOIMH
MOXJIUBOCTAMU U BUKOHaHHAM. HenocratHe ycBinomienHs cumetpii npouecis MPI moxe cripuun-
HUTH J10 Hee(PeKTUBHUX 1 HeMacmTaboOBaHUX pilieHb. EXCIEpUMEHT Mmokasye, 1o Ha e(eKTHBHICTh
TaKOXX BIUIMBA€ 0OpaHa apXITEKTypa Ta MPOAYKTUBHICTh KOMII'FOTEPHOI CUCTEMH.
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B.A. KIOCAK, B.®. ICAEB, C.C. ITAJIBHUK

OnecbKa aepkaBHa akajaeMisi OyAiBHUIITBA Ta apXITEKTypH

MPOTHO3YBAHHS TEPMIHY EKCILUIYATAIIL TPYBOIIPOBOY
MICJSI ABAPIMHOT'O PEMOHTY

Cmamucmuka nokasye, ujo KilbKicme agapiti Ha mpyoonpoeooax Mae meHoenyito 0o 3pocmans. Biomosu eukiu-
KaHi 6 OCHOGHOMY KOPO3IUHUM 3HOCOM i CIAPIHHAM MPYOONnpoeoois, HeOOCKOHANUMU KOHCMPYKMUGHUMU PilleHHAMU,
8UPOOHUMUMU Oehekmamu mpyd, Oepekmamu OYOI8EIbHO-MOHMANICHUX [ PEMOHMHUX POOIM, GUHOIO 00CIY208YI0U020
nepconany u iHwumu npusunamu. Piznomanimui depexmu na cminkax mpyb6onpoeoody, 32pynosami abo cyyiivhi KOpo-
3IIHI GUPASKU SHUIICYIOMb HeCYYy 30amuicmb mpybonposoody i MOJICYmMb npuzeecmu 00 noiomMox. Aeapii 3 pospugom
mpybonposoody mpaniisilomecs 8lOHOCHO PIOKO, ajlie HABIMb He3HAYHUL PO3PUE MOdice 3a80amu eIute3Hol WKoou yepes
300pYOHEHHs HABKOIUUHBLO20 CEPeO08UIYd, MONCIUG] BUOYXU Ma Nodicexci, 3aeudens odell i NOpYUleHHs NOCMABOK
Hagmu, 2asy il Hagpmonpodykmie cnoxcusayam. Takum YUHOM, NIOMPUMKA YILICHOCMI TIHIUHOI YacmuHu mpyoonposeooie
€ 00HI€I0 3 20N106HUX NPoOIeM mpybonposionozo mpancnopmy. Yacmo mpyoonposoou, 0cooaU80 NPOMUCIOBI, MAIONb
nepghopayitini poznomu. Tomy weuoxke ma Axicre yCyHeHHs YUX NOUIKOOIHCEHb MAE 8eNUKe SHAUEHH.

Asapii enympiwinbonpomuciogux mpyoonpogooie uacmo CcynpoGoOACYIOMbCs SEIUKUMU 6Mpamami Haghmu
11 3a0pYOHEeHHAM HABKONUUHbO2O cepedosuuya. Tomy npobnema agapitiHoeo pemMormy HAgQmonpoMucio8ux mpybonpoeo-
0i6 € Oyice 8adCIU60I0 ma akmyanvhol. Haubinew npocmum i nowupenum cnocobom yCyHeHHs asapiinux cumyayii na
Oiouux mpybonpogooax € 3acmocy8ants pisHo20 pooy HAKIAOHUX eNeMeHmi6 I CMAaNegUX 3a2yUOK.

Haseni memoou npozno3yeants pecypcy mpyoonpoeooy 3 ypaxyeaHHIM YUKIiYHO20 HABAHMAICEHHS 6a3yI0mbCs
Ha gioomomy pisHanHi manoyuxaosoi eémomu Koghpina-Mencona. Ilpu yvomy nouamkosumu 0CHOSHUMU NAPAMEMPAMU
€ amnuimyoa degopmayii € ma 6iOHOCHe 38ydicenHs Y. Takuil nioxio OoyinbHULl Ok OOMENCEHUX MUNLIE eleMEHMIE KOH-
CMPYKYIL, 015 AKUX MOJICHA BUSHAUUMU TOKANbHI (y Micyi Oepekmy) 3navenns € ma y. OYiH08anHA T0KAIbHO20 3HAYECHHS
& 0711 KOHCMPYKIMUBHUX elleMeHmie mpyoonpogooie € npooieMamudHum xoua 6 momy, wo paoiycu Oiibuocmi 6epuit
oeghekmis NpaKmuyHo He MOXUCYmo Oymu usHadeHi. ¥ pobomi 3anponoHo68ano memoo OYiHI08aANHA MATOYUKIOB0I 6IMOM-
HOT 0068208iUHOCTNT NOWKOOIICEHUX MPYO NICAS ABAPIIHO20 PEMOHMY.

Kniouosi cnosa: asapiiinuii pemonm, pecypc mpyoonpogooy, pisuanus Koggina-Mencona.

V.A. KIOSAK, V.F. ISAIEV, S.S. PALCHYK
Odesa State Academy of Civil Engineering and Architecture

FORECASTING THE DURATION OF OPERATION OF THE PIPELINE
AFTER AN EMERGENCY REPAIR

Statistics show that the number of accidents at pipelines tends to grow. The failures are caused mainly by corrosion
deterioration and ageing of pipelines, imperfect design solutions, manufacturing defects in pipes, defects in construction-
assembly and repair works, fault of operating personnel and other reasons. Various defects on the pipeline walls, grouped
or continuous corrosion sores reduce the pipeline’s load-bearing capacity and can lead to failures. Pipeline rupture
accidents are relatively rare, but even a minor rupture can cause enormous damage due to environmental contamination,
possible explosions and fires, loss of life and the disruption of oil, gas and petroleum product supplies to customers.
Maintaining the integrity of the linear part of pipelines is therefore one of the main challenges in pipeline transport.
Often pipelines, especially industrial pipelines, develop perforating faults. Therefore, prompt and qualitative elimination
of these damages is of great importance.

The breakdowns of in-field pipelines are often accompanied by big losses of oil and pollution of the environment.
Therefore, the problem of emergency repair of oil-field pipelines is very important and urgent. The most simple
and widespread way to eliminate emergency situations at operating pipelines is to apply different kinds of overlaying
elements and steel plugs.

The existing methods for prognosis of pipeline life taking into account cyclic loading are based on the known
Coffin-Manson low-cycle damage equation. In this case the initial basic parameters are amplitude of deformation &
and relative contraction y. From our point of view, such approach is expedient for limited types of structural elements,
for which it is possible to determine local (in the defect place) values of & and y. The estimation of local value ¢ for
structural elements of pipelines is problematic if only because radii of most defect tops practically cannot be determined.
In the paper a method of evaluation of low cycle fatigue life of damaged pipes after emergency repair is proposed.

Key words: emergency repair, pipeline life taking, Coffin-Manson equation.
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IHocTanoBka npodiaemMu

Buxopuctannst TpyOOIIpOBOIIB ISl TPAHCIIOPTYBAHHS BEIMKOI KITBKOCTI IPUPOTHOTO Ta3y JJist
MIPOMHMCIIOBUX 1 KOMEPIIMHUX I[1JIeH 1 TOOYTOBUX CIIOKMBAU1B € HAIIMHUM CITOCOOOM TPAaHCTIOPTYBAHHS
e”eprii. HaxiiiHicTe TpyOONpOBIAHOTO TPAHCIOPTY BU3HAYA€ HEMEPEPBHICTh pOOOTH MiJIPUEMCTB.
HesBaxxaroun Ha 3pocTarodi BUMOTH /10 Oy/IIBHUIITBA i €KCIUTyaTallii IPOMHUCIOBUX TPYOOIPOBO/IIB,
aBapii Ha JIFOYMX Ta30MPOBOAAX TPAILISIOTHCS 3 PI3HUX MPUYUH (HETOIKU Oy/1IBEIbHO-MOHTAKHUX
po0iT, Opak BUpOOHMIITBA TPYO 1 TPYOOIPOBIAHOI apMaTypH, KOPO3is, IPUPOJIHI SIBUILA, TOPYIICHHS
MPaBMJI €KCIUTyaTallii TOIo) 1 IX JIKBialis OB s3aHa 3 TUMYACOBOIO 3yIIMHKOIO T'a30IPOBO/IIB.

Tomy 30epekeHHsI Mpale31aTHOCTI JIHIHHOI YaCTUHU TPyOOIIPOBOIIB € OJHIEID 3 OCHOBHHUX
npo6ieM TpyOONpOBITHOTO TpaHCIOPTY. Benuke 3HaueHHS Mae ONepaTUBHE Ta SIKICHE YCYHEHHs
MOIITKO/KEHB, 1110 BUHHUKIIU, TAK SIK aBapii Ta aBapiifHi 3yHHKH CYIPOBOIKYIOTHCS 3HAYHUMHU €KOHO-
MIYHUMH BTpaTaMu i 3a0pyTHEHHSIM JOBKIJUIS.

Haiibinpii mpocTUM 1 MOMIMPEHUM METOJOM YCYHEHHsS aBapiiHUX CHUTyalid Ha IFOYUX
TPyOOIIPOBO/Iax € 3aCTOCYBAaHHS PI3HOTO POy HAKJIaJAHUX eleMeHTiB. CyyacH1 TEXHOJIOT1I 3aCTOCy-
BaHHS PEMOHTHUX HAKJIaJHUX €JIEMEHTIB 3HIKYIOTh pecypc 0e3MeuHO01 eKCIuTyaTailii TpyOonpoBoIiB,
a JIesiKi 3 HUX 3aCTOCOBYIOTHCS SIK TUMYacoBi. HasBHI MeToaM mporHo3yBaHHs pecypcy TpyOompo-
BOJIIB 3 YpaxyBaHHSM IIUKJIIYHOTO HaBaHTAKEHHs 0a3ylOThCS HA BIJIOMUX PIBHSHHSIX MaJIOIUKIOBOT
BroMu Koddina-MaHcoHa.

PiBastHHS ManonukiioBoi Bromu Koddina-MeHcona € 6a30BOF0 OCHOBOIO JIJIsl HASBHUX METO/IIB
MPOTHO3YBaHHS pPeCypcy TpyOONPOBOIIB 3 ypaxyBaHHIM IUKIIYHOTO HaBaHTaKeHHs. Lle piBHAHHS
NIOB’sA3y€ BUXIHI 0a30B1 MapamMeTpH — aMILTITYy AedopMaliiif € Ta BITHOCHE 3BYKEHHS . 3 OIS LY
MOXJIMBOCT1 BU3HAYCHHS MPAKTHYHO OI[IHIOBAHHS JIOKAJILHOTO 3HAUEHHSI € ISl KOHCTPYKTUBHUX €Jie-
MEHTIB TPYOOIIPOBOLY TPOOIEMATUYHUM Yepe3 TPYAHOIIl 3HAXOKEHHS PaalyCy 3aKpyIyIeHHs O11b-
mocTi BepiuH AedexriB. Tomy Takuil METOA € JAOLUIBHUM JJIsi TAKUX KOHCTPYKTHBHUX €JIEMEHTIB,
JUTSL IKUX MU MOXKEMO BU3HAYHUTHU B MICITI IEPEKTY JIOKAIbHI 3HAUYCHHS \ 1 €.

[Tix wac mocmipKEeHHS pecypcy TpyOOnpOBOAY MiCIs aBapifHOTO PEMOHTY 3 BHKOPHUCTAHHSIM
HaKJIQJHUX EJIEMEHTIB TaKi BUMipU 3poOuTH BaKKo. Lli ckiIaHOCTI mPpU3BOAATH 0 TOTO, IO perya-
MEHTOBaHI METOAM PO3PaxXyHKy MaJOIUKIOBOI JOBTOBIYHOCTI TPyOOIPOBOIIB B OCHOBHOMY BapTo
3apaxoBYBaTH JI0 KaTeropii TCOPETUYHUX NMPUHAWMHI JIJ1s1 00’ €KTIB TPyOOIIPOBITHOTO TPAHCIIOPTY.

Cka3zaHe BU3HAya€ HEOOXIJHICTh TMONIYKY IHIIMX IiJXOJIB /IO OI[IHIOBaHHSA JOBIOBIYHOCTI
TpyOompoBoniB. ToMy 3aBIaHHs pO3pOOIECHHS METOIUKH OILIHIOBAHHS MaJIOIUKIIOBOI JOBrOBIYHO-
cTi TpyO 13 MOMIKOKECHHSIMH, SIKI aBapiifHO BIIPEMOHTOBAHI 13 3aCTOCYBaHHSIM HaKJIQJHUX €ICMEH-
TiB, 1 11 3aCTOCYBaHHS Il IPOTHO3YBAHHS CTPOKY CIIY>KOM ra3onpoBiTHUX TPYO, 10 PO3MISAIAETHCS
B pOOOTI, € aKTyaJIbHUM.

AHAaJI3 0CTAHHIX J0CTIIKEeHb Ta MyOJaiKamii

Pi3HOMaHITHI IPUYUHY 1 TUIIH B1IMOB, 1110 BUKJIMKaH1 KOPO31€10, OyJI1 MPEAMETOM JI0CI1IKEHHS
BEJIMKOI IPYIH BYCHHUX 1 ITUPOKO BioOpakeHi B HAyKoOBiH JiTeparypi. Kopo3iliHuii BIJIUB MiCTUTH
3HAYHY 3arpo3y Uisi CUCTeM TPyOOTpPOBOIIB, SIKa MOXKE MPUBECTU 10 BTPAT TePMETHUHOCTI. Pi3Hi
TUIU M1AXO/A1B 10 aHaJI3y NPUYUH KOpo3ii BUBYEHI B poOoTi [1] s mexaHiuHux cucreMm. OTpumani
HUMHU JIaHI BUKOPUCTOBYBAJIM JUIsS IPOTHO3YBaHHs aBapiil. Pi3HI TUIM OIIHOK aBapiiHUX CUTYyallii
3aCTOCOBYBAJIM 3 ypaxyBaHHIM iX 0COOJMBOCTEN JJIsi Pi3HOTO POy MOILIKOMKEHb. 3alPOIIOHOBAHO
JIeK1JIbKa HAyKOBUX METOIB 3aJJI1 KOHTPOJIIO TIOSBICHHS TPIMIMH IMiJI BIUTMBOM HABKOJHWIITHHOTO
CepeIoBHINA 3 KPUTEPISIMH OI[IHIOBAHHS CTPOKY CITY>KOH 3aJIe’KHO BiJl yMOB eKcIutyaraiii [2].

Po3paxyHk# Ha MIIHICTh €JI€MEHTIB KOHCTPYKIIiH, 1110 TepeOyBatoTh Mif] AI€10 TOBrOTPHBAINX
NUKJTIYHUX HAaBAaHTAXEHb, ITOIaHO B po0oTI [3], e mpumyckanu 6e31edeKTHICTh MaTepiaaiB 1 BTOMHE
pyliHYBaHHs B KJAaCMYHOMY DPO3YyMiHHI IbOTO sBMINA. TakoX BiJIOMI €KCIEpUMEHTabHI JOCHi-
JDKEHHSI, 32 pe3ylbTaTaMu SIKUX y4eHi OyayBasld TpaHWYHI JiarpaMy MUKITYHOT MIITHOCTI €JIEMEHTIB
KOHCTPYKIIiH 13 TpIlIIUHAMH, TOOTO TX 3aJIUIITKOBOT IIUKIIYHOT MIITHOCTI [4].
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VY nocnimkeHHsax [S5] po3po0OiieHa aBTOMaTHYHA CHCTEMa OI[IHIOBaHHS aBapiiHUX CUTyaIliil Ha
TpyOOmnpoBosax, sKa JJa€ MOXJIMBICTh ONEPATOPY B PEKUMI peajbHOTO yacy mpuiiMartu HeoOXinHi
pimeHHs. MoXJIMBOCTI CUCTEMU OLIIHIOBAaHHS aBapiHUX CUTyalill MOXYyTb OyTH MOJEPHI30BaHI
y 3BUYAaMHUX CHCTEeMaxX LUIIXOM OTPHUMAaHHS JaHMX 3a JOMOMOIOK0 CIEKTPaJbHOIO aHalli3y Ta CIe-
HianbHUX NpuOopiB. Y mpami [6] TOCHITHUKY ONUCAIM Pi3HI NMPUUYMHU BUTOHUEHHS CTIHOK TPYO,
a TaKoXX po3pOOMIIM METOAM iX PEMOHTY 1 POTHO3YBaHHSI LIBUAKOCTI BUTOHYEHHSI CTIHKM HA OCHOBI
JTAHUX BUMIPSHHS. Y pe3ysbTaTi KPOITKOI Iparli BU€H1 3 PI3HUX KpaiH 3yMiJIA y3araJdbHUTH i 00’ €11-
HaTU Pi3HI METOU MPOTHO3YBAaHHS peCypcy AJIs Pi3HUX BUAIB TPYyO, sIKi BUKOPHUCTOBYIOTHCS B Ta30-
MPOBITHUX cUcTeMax. Moesb U1l OIIHIOBAaHHS TEXHIYHOTO CTaHy TPYOOTPOBITHUX CUCTEM I ABOI-
HOTO 3aJIsIraHHs 3alIPOIIOHOBAHA B po0oTi [7].

4. Cikopcbka, M. Xoakesud, JI. Ma B cTaTTi po3mISIHYIH MOXIIMBOCTI BUKOPUCTAHHS IS 1HXKe-
HEpPHUX 3aB/IaHb O13HEC MOJIEII TPUPIBHEBOTO MPOIIECY. 3aPOIMIOHOBAHUN METOJ A€ 3MOTy o0OpaTh
MAX0XKY MOJIENb JUIsl OUCY TPUPIBHEBOT MOZIE1 aBapiitHoi cuTyaii [8]. Y poOori [9] 3anpornoHoBaHO
HOBHH IiJIX1Jl MPOTHO3YBAHHS IJIACTUYHOTO PyWHYBAaHHS TPYO i3 BUKOPUCTAHHSIM METOIY CKiHUCH-
HUX €JIEMEHTIB IS 24-mroiiMoBo1 Tpyou. [1loOynoBa Monmenel, OCHOBaHMX Ha CTAaTUCTUYHUX JAHUX
JUIs OLIIHIOBaHHS aBapiiiHMX cuTyauiid, 3ampononoBaHa B crarti [10]. [Ipocta Monens 3pocTanHs
TPIIIMH M 9ac MPOTHO3yBAHHS aBapiHUX CUTYallill y ra30TPaHCIIOPTHIN CUCTEMI 3 BUKOPUCTAHHIM
0aileciBCHKOT MEpEXi 1 METOMY CKIHUCHHHMX €JIEMEHTIB BUKOpHCTaHa B mparti [11].

B VYkpaini BaroMuii HayKOBUI BHECOK Yy BUPILIEHHS IIbOTO MUTAHHS 3pOOMIM Taki BUEHI, 5K
A. Aiibunnep, I1. boponaskin, A. Kopmak, B. Kypoukin, H. Mamommn, B. I'pyns, . Tumkis,
JI. Inamak, B. IBaciB, €. Kpmxaniscbkuii, b. binoopan. Bapro Big3HauuTH, 10 B HAYKOBHX IIpa-
sx [12; 13] gocaikeHo BIUIMB PEKUMHHX MapaMeTpiB poOOTH HEI30TEPMIYHOTO T'a30MPOBOAY Ha
HOT0 TPOIYCKHY 3[aTHICTh, PO3IISTHYTO MPOOJIeMH MPOTHO3YBAaHHS TOBrOBIYHOCTI TPyOOIPOBOIIB
3 ypaxyBaHHsSIM MaJIOLMKJIOBHUX HaBaHTaxeHb. B IHcTuTyTi enextpo3BaproBanHs iM. €.0. Ilarona
PO3po0JIEHO METOJ] YBapIOBAaHHS B JIUISIHKY TPYOONpPOBOAY 3 OJHOIIAPOBUX TPyO OaraTomapoBux
BCTaBOK. Y pa3l pyHHyBaHHS L€l MUISHKA BHYTPIIIHIM TUCKOM L€ METOA Aa€ 3MOry 3yHUHHUTH
JABUHHUH Mpoliec NOUIMPEHHs TPIILMHY B OararomapoBUX BCTaBKax.

Ha ocHOBI iiMOBipHICHUX METO/IIB B YKpaiHi po3po0iIeHo raixy3eBuil CTangapT NPOrHO3yBaHHS
TEXHIYHOTO CTaHy MEXaHIYHHX CUCTEM, SIKHI JOIMyCKa€e 3aCTOCyBaHHs 1 11 TpyO [14].

CpboroziHi MpoBECHO YMCIICHHI HOBI TOCHTIKeHHsI e(eKTiB TPyO 1 MPOTHO31B aBapiitHUX CUTY-
aIfiif Ta30npoBOAIB HA OCHOBI CTATUCTUYHMX JAHHX 3a JOMOMOTOI0 CY4aCHUX METOMIB 3 ypaxyBaH-
HSIM pi3HUX (akTopiB. AJle MTUTaHHS €KCIUTyaTallitHOi HaJA1MHOCTI i JOBrOBIYHOCTI pOOOTH ra3onpo-
BOJIIB € TOCUTh 3HAYUMUM 1 BOXKJIUBUM, TOMY MOTpeOy€e MONAIBIIOT0 JETaJbHOIO Ta MONTHOIEHOro
BUBYCHHS 3 BUKOPUCTAHHAM HOBHUX HAYKOBUX JIOCSTHEHbD.

Merta gocJaigkenHs

Ha pirounx MaricTpainbHUX TPyOOIIPOBOMIAX MPOIEC KOPO3IMHOTO PO3TPICKYBaHHS TIij HAIpYy-
JKEHHSIM PO3TATHYTHUM y Yaci Ha IeCITKUA pokiB. ChOToH1, KOJU BHYTPIIIHIN THCK 1 JiaMeTp TpyO
3pocCTae, el mMpoIeC «MOIOAIIAEY, BUKIUKAOYH pyiHyBaHHS micis 20 it MeHIIe poKiB poOOTH TPYOH.

[Ilo6 mpomec ¢dopMyBaHHS TpPIMIMHU MIr BiIOyTHCS, HEOOXiJHA OJHOYACHA HASBHICTH
Takux (aKkTopiB:

— i UMKIIYHUX Hapy>KeHb J0CTAaTHHOI KITBKOCTI;

— KOpO3iifHO-aKTHBHE CepeIOBUIILE;

— Marepiaji, SKAi HeCIIPOMOXKHUH JI0 ONOpy KOpo3ii (TpyOHI cTaii Hajle)KaTh 0 TAKUX MaTepiaiB).

[Ipotiec BUHUKHEHHS ¥ PO3BUTKY TPIIIMHA MOKHA TTOALTUTH Ha TPU €Talu: 1HIIIIOBaHHS, PO3-
MOBCIOJKEHHsI (CTaOlIbHE MOBLIbHE 1 MIBUJKE KaTacTpodiuHe) Ta 3ynuHka. Ha koxxHOMy 3 erariB
TIiCHs BUABJICHHS TUISTHKU PYWHYBaHHS BOHH MIUIATalOTh peMOHTY. OJHUM 13 OCHOBHHMX METO[IIB
PEMOHTY € 3aCTOCYBAaHHS HAKJIQJHUX €JIEMEHTIB (PEMOHTHHUX T1JIb3, XOMYTIB, JJATOK TOIIO) 1 cTale-
BHX 3anIylIOK. Takuil peMOHT yBaXatOTb TUMYACOBUM.
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Merta noctizkeHHS MOJISATA€ B TAKOMY:
— aHaji3i yMOB eKCIUTyarallii MaricCTpajibHUX TPyOOIPOBO/IIB i BCTAHOBJICHHS OCHOBHHX IPH-
YUH iX pyWUHYBaHHS;
— BUBYCHHI €()eKTUBHOCTI PEMOHTIB 3a JOMOMOTOI0 HAKJIaJHUX €IEMEHTIB;
— HaBEACHHI MPHUKIAJY 3 IMiIPaXyHKOM KiJIbKOCTI IMKJIIB HABAaHTAKEHHS, SIKi POUIYTh 10 pyH-
HYBaHHS aBapiHOI JUISTHKY IICIIs PEMOHTY 13 3aCTOCYBaHHIM HaKJIQJHUX €JIEMEHTIB.

Buxkiaa ocHOBHOT0 MaTepiaJty J0CTiIKeHHS

["a3oTpancriopTHa cuctemMa YKpaiHW 3HAaXOIUTHCS B eKcIuTyararii B cepeaabomy Bim 30 1o
52 poKiB 3aJI€KHO BiJl TEPMiHY BBEIEHHS B JiI0 ii CKJIaJHUKIB. 3a Yac eKCIUTyarallii 3HayHa 4acTUHA
MaricTpajabHUX T'a30IIPOBO/IIB 1 TEXHOJIOTIYHOTO O0JIaJHAHHS BUYEpITalia CBiil pecypc, HEOJHOPA30BO
MiJIsITaia MOTOYHOMY Ta KalliTalbHOMY PEMOHTaM 1 3acTapijia MOPaJIbHO.

VkazaHi TepMiHHM eKCILTyaTallii ra30npoBo/IiB Ta 00’ €KTIB Ta30TPAHCIIOPTHOI CUCTEMH BUMara-
10Th BKJIQJICHHS 3HAYHUX KOIUTIB AJIsl MIABUILEHHS HAAIMHOCTI i MIATPUMKH 1X Y TEXHIYHOMY CIIPaB-
HOMY CTaH1, BUKOHaHHS TEXHOJOTIYHUX PEIIAMEHTIB 3 MepeKauyBaHHs ra3y. 3MEHILIEHHsI 00’ €MiB
MIPOKAYKHU Ta3zy 4yepe3 ra3oTPaHCHOPTHY CUCTEMY, HEPIBHOMIPHICTh HABAHTAXXECHHS CTA€ 1€ OAHUM
JOKEPEIIOM ISl TIIBUIIIEHHS aBap1HHOCTI TPyOOTIPOBO/IIB.

VY cBiTi 1151 001Ky aBapiii Ha TPyOOIPOBOIaxX iICHYIOTh pi3HI opraHizarlii. MeTa nux opraHisa-
il peecTparlisi, CHCTEMaTH3aIlisl Ta aHAJI3 TPUYUH HECTIPABHOCTEH Y Ta30MPOBOIAX.

VY 1982 poui wIicTh €BpONENHCHKUX OMEPaTOPiB ra30TPAHCHIOPTHUX CHUCTEM BUCTYNMIIM 3 iHi-
11aTUBOIO 300py JaHUX MPO HEHABMUCHI BUKUIM rasy i3 CHCTEM TPAaHCIOPTHUX TPYyOONPOBOIIB.
s criiBripans oginiitHo odopmiieHa nuisixom crBopeHHst EGIG (€Bporneiicbka rpyna Janux npo aBa-
pii Ha ra3ompoBoAax).

Merta 1i€i iHIIIaTUBU MOJATANIa B TOMY, 1100 3a0€3MeYUTH HIUPOKY OCHOBY JUIS PO3PAXYHKIB
MOKAa3HMKIB Oe3MeKn TPYOONPOBIAHUX CUCTEM Y €BpOIi, TAKUM YUHOM 3a0€31euyr0uH JOCTOBIpHY
KapTUHY KIJIBKOCTI, 4acTOTH 1 Xapakrepy iHuaeHTiB. Choromni EGIG 06’ eqnye ciMHaaISThH onepa-
TOPIB ra30TPAHCIOPTHUX CUCTEM €BPOINHM Ta Ma€ BEJIUKY, 310pany 3 1970 poky 6a3zy gaHuX nmpo iHIM-
JICHTH Ha Ta3omnpoBojaax. 3rigHo 31 3BiToM EGIG, mpuunHu aBapiii Ha €BPONEWCHKUX ra30mpoBOIaX
posmnonuieHi Tak (puc. 1).

0,14 - M 30BHILIHE BTPYYaHHA
0,12 -
H Koposia
0,1 -
M KOHCTpYKUiiHNI aedekT
0,08 / NopyweHHa maTepiany
| ABapifa yepes NOMUKY
0,06 nepcoHany
0,04 - B Pyx rpyHTY
0,02 - B |HWi npuunHM Ta
HEBIZOMI NPUYNHM
0 -
) ) G
> Y4 N &
v v v v
O S P N
N N N D

Puc. 1. [IpnynHn nepBMHHNX BiIMOB HAa €BpoNelicbKUX rasonposoaax (3riano 3i 3sirom EGIG [15])

Puc. 1 nemoHCTpy€e 4acTOTy BIIMOB 3a NPUYMHOIO IHIIUIEHTY. X04ya 4acTOTa BIIMOB 3MEHIIIH-
Jacs 3 pOKaMH, 3arajibHa TEHJACHIS PO3MOALTY BUTOKIB 32 IPUYMHAMH 3aJIUIIAINCA HE3MIHHUMU:
B OCHOBHOMY OyIu aBapii, Kl BUKJIMKaH1 30BHIIIHIM BTPYYaHHSIM.
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3 nmiarpamu BUJIHO, IO III€ OJHA 3 MEXaHIYHUX IOJIOMOK, III0 3yCTPIYarOThCsl HAaWJacTilIe B pi3-
HUX Ta30BUX TPYOOIIPOBOIAX, BUKIMKAHA KOPO3i€t0 00TaIHAHHS 1 CHCTEM.

Puc. 2 moxka3sye, mo kopo3isi B OUTBIIOCTI BUTIAJIKIB MPU3BEIIA J0 BUTOKY 3 MAJIMX OTBOPIB 200
TpimuH. [TomiyeHa ay»ke Masa KilbKicTh OTBOPIB 1 JIMIIIE OJUH PO3puB TpyOompoBoay. Lleit po3puB Ha
TpyOonpoBoi, moOynosanomy 10 1954 poky, BUKITMKaHUN BHYTPILIHBOIO KOPO3i€I0 TPyOOIPOBOLY,
SIKUH CIIOYaTKy BUKOPHUCTOBYBABCS JIJISl TPAHCIIOPTYBAHHS KOKCOBOTO a3y W HE € perpe3eHTaTHBHIM
JUTSl 3BHYAHHUX BUITAJIKIB KOPO3ii.

M 30BHILIHE BTPYYAHHA

0,1 -
W Koposia
0,08 -
B KOHCTPYKUiMHMI aedekT
0,06 / NopyLeHHs maTepiany
0,04 - ABapia yepes NoOMUIKY
nepcoHany
0,02 -
B Pyx rpyHTY
0 A 1 1 1 ]
Hesigomo OTBip Manuit Pospus B [HWi npuunHM Ta
oTBip/TpiwmHa HEeBIAOMI NPUUNHKN

Puc. 2. [lepBuHHa yacToTa HeCPaBHOCTel, NpUYKHA i po3Mip BUTOKY (2010-2019) [15]

Jnst 3amo6iranHst OUTBIIOCTI BIIMOBAM y TIOBCSIKIEHHIM poOOTI HA3eMHHUX 1 MOPCHKUX 00’ €KTIB
po3po0IieH] Ta 3aCTOCOBYIOTHCSI YMCICHHI BHYTPILIHI TEXHIUHI BJOCKOHAJIeHHs. MeToau i MeToo-
J0Tii aBapiiHUX POOIT MOCTIHHO 3MIHIOIOTHCS 3AJIEKHO BiJ MICIIEBHX BHMOT 3 YpaxyBaHHSM HasiB-
HOTO 00J1a/IHaHH Ta MEepCOHay JUlsl HOro BUKOpUCTaHHs. He3MIHHUM 3a1MIaeThesl MparHeHHs M-
BUIIICHHS HAJIMHOCTI PEMOHTIB, 3a0€e3MeUeHHs TapaHTIHHOrO CTPOKY €KCIUTyaTalii 3 OJHOYaCHUM
3HWKEHHSIM COO1BapTOCTI PEMOHTHHX POOIT.

Po3misiHeMO 3aKOHOMIPHOCTI 6araTolMKIOBOI Ta MAJIOLIMKIIOBOI BTOMU METAJly CTOCOBHO TPYO-
HUX CTaJiell 3 ypaxyBaHHSAM 0COOIHMBOCTEH HANPYKEHOTO CTaHy METaly KOHCTPYKTUBHHX €JIEMEHTIB
TpyOOIIPOBO/AIB.

ITix BTOMOIO MeTanmy po3yMITMMEMO CTYIiHb IOIIKOAKYBAHOCTI CTPYKTYpH MeTaily 3a Oara-
Topas3oBoi aii Hanpyr. Hanpyru mMoxyTh OyTH HOpMajibHUMH, JOTUYHMMHU a00 E€KBIBaJCHTHUMH.
HeoOxiqH0 BpaxoByBaTH, 110 TPAaHUYHI HAMPYTH, 1110 0araropa3zoBO MPHUKIAAAIOTHCS, JJIsT HAUOLIBIIT
NOLIMPEHUX BYTJICLIEBUX 1 HU3bKOJIETOBAaHUX CTallell y KiIbKa pa3iB MEHIII 3a pyHHIBHI Hallpyru 3a
OZIHOPA30BOTO HABAHTAXKEHHS.

binpuricTs 3anponoHOBaHUX PIBHSAHB MAJOLUKIOBOI BTOMHU MOB’SI3yIOTh YUCIIO LIUKIIB A0 pyH-
HyBaHHA N, aMIUNTy1y [UIaCTUYHUX JAedopmaliii &, TpaHn4Hy Aedopmanio €,, 30KpeMa, TaKNMH
€ piBHsAHHS OpoBaHa:

Neg,, = const ; (1)
Koddina-Mencona:
N"g, =C,, (2)

ne m, ta C — KOHCTaHTH.
Koncranra C, 10B’13aHa 3 TPaHMYHOIO IIACTUYHICTIO METAIY:

C :lg :l]n ! , (3)

u 2 np 2 1 _ \lj
Jie \y — BITHOCHE 3BY)KEHHS B pa3i pO3pHBY 3pa3Ka.
HI,I[(?TaBJ'IHIO‘H/I B PIBHAHHS KO‘(.i.)(l)l.Ha-MeHCOHa CyMapHy aMILTITy1y nepopmariii € = ¢ ; te, e
€,— aMILTITy1a MPYKHOI Aepopmallii, piBHAHHS JOBIOBIYHOCTI 3aIIUCYIOTh Y TAKOMY BHIJIS:

https://doi.org/10.32782/mathematical-modelling/2023-6-1-8
77



ITPUKIIA/THI ITHNTAHHA MATEMATHYHOI' O MOAEJIFOBAHHA T. 6, Ne 1, 2023

1
1
e= N e, +2L, @)

IS G-I — MCXKa BTOMHU.

[HOMI 1Ie PIBHSHHS MOAAIOTh B YMOBHHX Halpyrax:
1

G:=8~E=%m{/ﬁ~8np+6_l. (5)

IlokasHuk cTymeHs M, B oux (opMysax 3ajJ€KHTh BiJl MEXaHIYHMX XapaKTEPHCTHK METaly.
Crasti 3 BUCOKMM MOKa3HUKOM M XapaKTEPU3yIOThCS HMKIUM BiTHOMIEHHAM THMYACOBOTO OTOPY JI0
MeXI1 IITMHHOCTI. Hampukian, i3 miABUIICHHIM c,3700 oo 1400 MITa KoeiIieHT m, 3MIHIO€TBCS BIJT
0,50 10 0,65. s 3anexHicTh anpokcuMyeThes popmynoro: m = 0,5 +0,0002 (o, —700). 3aysaxumo,
0 TapameTp M, KOpere 3 KoedimientoM aedopmaiiinoro sminnenns m. 3a m<0,15 m =0,2.
3a m>0,15 mapamerp M JiHIKHO 3aneXUTh Big KoedimieHra aeQOpMalifHOTO 3MIIHEHHS:
m=0,2+2,4 (m-0,125) [14].

MeHcoH Ha OCHOBI Je(hopMalliiHOTO Ta CHJIOBOTO KPHUTEPIiB 3alpOINOHYBaB OUIbII 3arajbHe
PIBHSHHS MAJIOIIMKJIOBOI BTOMH B aMIUTITY/IaX MOBHOT 1eopmartii:

g, =SN " +TN',

ne S, s, T# t — KoHCTaHTH MaTepially, IpUYOMY JJIsi 0araTbox Marepiais:

§=0,12; S=3,5%;t:0,6; Teln

l-y
JIOBroBiYHICTh €IEMEHTA BU3HAYAETHCS IHTETPYBAHHSAM PiBHSHHS
hy,
dh
= [ ——, (6)

mp o
hy Cc ’ (AKIS)
ne h,Ta h,_— BuxinHa Ta KpUTMYHA IMOMHH TPIILMHAY.
PiBHsHHS (6) MOXKHA MTOJJATH B TAKOMY BHIJISIII:

Nmp = NO ’ Kn7 (7)

ne K 'y nepimomy HaOIMKEHHI JIOPIBHIOE holhkp, N, Bu3Ha4aeThCs 3 PiBHAHHA (7) 3a IOYATKOBOTO
3HAYECHHS KOe(]illl€HTa IHTEHCUBHOCTI e opMaliiii NmpKl.(SO) :
N, = hkp—ohonc. (8)
(k)
3 ypaxyBanusam K, i N=t/v us popmyna Moxe OyTH NPEICTaBICHA B TAKOMY BHIJISI:
_ B, - M, (nh _1) )
p ng >
v-n, - C (K(O))
e tp — 4ac JI0 pyHHYBaHHs €JIEMEHTa; J — TOBIIMHA €IEMEHTA; nh=hkp/ho; V — 4acToTa IHKIJIB
HaBaHTAKCHHSI.

HaBenemMo KOHKpETHHI TpUKIIaJl po3paxyHKiB. Hexaili KOHCTPYKTUBHUII €IIEMEHT IpaIlfoe 3a
IyJIbCYFOUOTO HyJILOBOTO LMKy HABAaHTAKEHHS 3 MAKCMMAJILHOK HAIpPYyrow o, . IO JOPIBHIOE
pobouomy 0,. Y 1upomy poboua Harpyra CTaHOBUTH o, = 0,670, To6T0 0= 201 MIla. Koedimient
nedopwmariiiinoro 3mintHeHHs M = 0,23, a BITHOCHE 3BY)KeHHS i = 52 %.

[Ipu 3a3HaueHWX BUXIIHUX JaHUX TapaMeTPU UUKIIYHOI TPIIMHOCTIHKOCTI JOPIBHIOIOTH
n =1,23iC =1,116-10" 3a naHuMu JiarHOCTUKH, TI0YATKOBA IIMOUHA TPIIIMHONOAIOHOTO IeheKTy
h, = 3,8 mMm. [lani 3HaxoAMMO KPUTHYHY IMOMHY JAe(eKTy, IO Bianosigae poOounii Hampysi o,
Craip 171'C HaneXuTh 0 KaTeropii MIaCTUYHUX CTalIeH, Ha Ky IapaMeTp TPIIUHOCTIKOCTI o, [14]
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JIOPIBHIOE OIMHUIT (amp =1,0). Lle roBopuTh Mpo TE, 110 €IEMEHT (Tpy0a) 3 MPOTSHKHUM TPIIITUHOIIO-
ni0HUM aedeKkToM pyHHYBaTUMEThHCS 3a TAKMX THUCKIB, 32 IKMX B 0cJIa0IeHOMY Iepepi3i Mojiesi BUHU-
KaloTh CEPE/IHI HANPYTH, ONIM3BKi 32 BEJIMYUHOIO 10 TAMYACOBOTO OIOPY MeTaly G, . [HImuMu ciopamu,
MIITHICTh TaKMX €JIEMEHTIB IPOMOPIIIHHO 3aJIeKaTUMe BiJl CTYTICHS MOCITa0ICHHS CTIHKH:

c, =o' (1—?}. (10)
0

ITifcTaBIIsAI04 M 1e PIBHAHHS, 3aMICTb G, 3HAYCHHS POOOIOT HAMPYTH G, OTPHUMYEMO h = -8 MM.
VY 11poMy BiTHOCHA TIHOWHA 1ePEKTY JOPIBHIOE 1| o 0,71, a mouarkoBe 3Hauenus 1, = 0,275.

Hami  Bu3HauaeMo KkoediuieHT iHTeHcuBHOCTI nedopmanin K . Ilpu nm, = 0,275 3a
I'OCT 25.506-85 3naxonumo nonpasHy ¢pynkuiro Y, = 2,85. Toxi koedilieHT iIHTEHCHBHOCTI aedop-
Marliif JopiBHIOBaTUMeE:

K. =201,/0,0038 - 2,85 ~ 35MIla~/M. (11)
[Tpu oMy KO€(IIIEHT IHTEHCUBHOCTI AedopMaltiii Oyie piBHHIMA:
2
[ 27 0,0304. (12)
300

3riaHo 31 3HakinennM 3Ha4eHnsaM K, 3a popmyii (12) snarigemo Nmp:
-3
038 (9.8-3,8)-10
mp
9,8 1,116 -10™ - (0,0304)
Ile ymMcnO LMKIIB HABAHTAKEHHs BIINOBINA€ HylbOBOMY LHMKIY HaBaHTaxenus: P . = 0;
P =P,neP — poboumii Tuck (P . =335 MlIla). 3amxeHHs aMILUTITYId KoedillieHTa IHTEHCUBHOCTI
nedopmMariiii yiBidi mpu3BOAUTE A0 3pOCTaHHs JTOBIOBIYHOCTI Maiixke y 2,5 pasza. 3a 4acTOTH UKIIIB
HaBaHTAXEHHS 1 = 365 MUKIIB/piK Yac A0 pyHHYyBaHHS t =42 poxy. Takum 4MHOM, MPOBEACHO
OIIIHIOBAHHS MMapaMeTPiB KIHETUYHOTO PIBHIHHS MAJIOIUKIOBOT TPIIIUHOCTIHKOCTI i oTpuMano (op-
MYJIH JJ1s1 PO3PAaXyHKIB PECypCy €JIEMEHTIB 3 TPIILMHONOAIOHUME J1e(heKTaMHU.

~ 1531 HukKm.

1,23

BucHoBku

[IpoananizoBaHO yMOBH eKcIUTyartalii TpyOONpOBOIIB 1 BCTAHOBJIEHO, 1110 OCHOBHOK HPUYH-
HOIO X pyHHYBaHHS € BTOMHI i KOPO31i{HO-BTOMHI MOIIKOKeHHS. HasiBHI ChOTO/IHI METOIM ITPOTHO-
3yBaHHSI JJOBTOBIYHOCTI TPYOOIIPOBO/IIB BUMArarOTh YIOCKOHAJICHHS, OCKIJTBKA HE MOXYTh MTOBHOIO
MIpOIO BpaxyBaTH BCi eKCILTyaTauiifHi (hakTopH. 3aCTOCYBaHHS CUCTEMH KOMIIEKCHOT'O MOHITOPUHTY
TEXHIYHOTO CTaHy MariCTpaJbHUX 3BapPHUX TPYOOIIPOBOIIB i CBOEUACHHI PEMOHT HOTO YacTHH 3a0€e3-
revyarh 3HWKEHHS PiBHS 3aBYaCHOTO KOPO31MHOTO 3HOCY BY3IIiB, 30UIBIIIEHHS MI)KPEMOHTHOTO CTPOKY
TEXHOJIOT1YHOTO O0JIaIHAHHS ¥ MiABUILIEHHS PiBHS HOro 6e3MeYHOl eKCITyaTarii.

VY crarTi mykany BIANOBIIb HA MUTaHHS, HACKUIBKY BAAJIUM € 3aCTOCYBaHHS HaKJIaJHHUX elle-
MEHTIB HiJ1 Yac peMOHTYy TpyOonpoBoxy. Ha KoHKpeTHOMY NMpHKIal IPOJEMOHCTPOBAHO AJITOPUTM
BH3HAUEHHSI 3AJIMIIKOBOTO PECYpCy TPYOOIPOBOAY MiCIsl PEMOHTY.

TakuM 4MHOM, y CTaTTi BUpIIICHA aKTyaJlbHE HAYKOBO-TEXHIYHE 3aBJAaHHS 32 METOIIOM, KU
BUKOPHUCTOBYBaB piBHsIHHSA Koddina-MeHcoHa, 10BeIeHa JII€BICTh PEMOHTY JIe€(EKTiB Ta30MpOBOIiB
3a JIONIOMOTOI0 HAKJIaJHUX €JIEMEHTIB, yCTAaHOBIIEHO, 10 KUTBKICTh IUKIIIB, SIKI IPOUIYTh A0 pyHHY-
BaHHS Ae(PEKTHOI TUITHKU TPyOOIPOBOIY, MOYKE CTAHOBUTH JIEKLIbKA POKIB.
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B.O. KOHJIPATEL[b, A.M. MALIYI1, O.M. CEPBYJI, M.O. ®PEJJOTOBA

IenTpanbHOYKpaiHCHKUI HAIlIOHATBHUN TEXHIYHUH YHIBEPCUTET

MATEMATHUYHE MOJEJIOBAHHS OB’€EMY 3AXOIIJIEHOI 1034 NYJbIIHU
3ABUTKOM KUBUJIBHUKA B PA3I IOBOPOTY CUCTEMMU KOOPIAUHAT

Ha 36acauysanvuux ¢pabpuxax Yrpainu 6 nepuiux cmaoiax pyoonio2omosku npo0yKmuHicib noOpiOHeHHs pyou
Modice 3HAHO 3MEHWLY8AmUcs GHACTIO0K NYIbCcayiti mamepiany 6 bapabani Ky1b06020 MAUHA Ni0 YAC 3A6AHMANICEHHS PYOU,
nicKi6 cnipanvbHo2o Kiacugikamopa, 600u il Kyiv. ¥ npoyeci ananizy 0Cmantix 00Caiodicets i nyonikayit yCmaHosieHo,
WO NPAKMU4HO 3HAUOEHO pilenis 3anodieants GUHUKHENHIO NYTbcayill Ni0 4ac 3a6aHMAXNCEHHs 6 MAUH 8UXIOHOT pyou,
800U 1l Kynb. OOHAK YbO20 He MONCHA CKA3AMU WoOO0 3A6AHMAICEHHS NICKIE CRipanbHo20 Kaacugikamopa. 3 02naoy
Ha me wjo Cmammsl CNPAMOBAHA HA PO36 A3AHHA NPOOIeMU 3A8AHMAICEHHA 6 KYIbOBUL MAUH NICKI8 MEXAHIYHO20 Chi-
PanbHo20 Kiacugikamopa, ii mema € akmyanibHo. JJoCnioHceH A GUKOHAHI 8 MeXNCax pO3pOOLeHHs HAYKOBOI meMamuKy
LlenmpanvHoyKpaincbko2o HAYioOHATbHO20 MeXHiYH020 YHigepcumenty. Memoio pobomu € 6cmaHo61eHH MOICIUBOCHIL
HANaumy6aHHs 3a6UMKo8020 JHCUBUILHUKA HA NPOYeC 3aXONIeHHs 003 NYIbNU 6 NPULLMAIbHOMY NPUCHPOL NOBOPOMOM
cucmemu KOOpOUHam 3agumxka. Y npoyeci 00caiodcents UKOPUCTNAHO MemoOU NOPIGHANHA, aHANI3Y, Meopii K)Ibo8UX
MIUHIG, Mmeopii NoOPiOHeHHS Mamepianie, meopii aBMoOMAmuyHO20 KePy8aHHsl, MAMEMAMUUHO20 MOOCTIO8AHH S, AHAI-
MUYHOI 2eomempii, meopii NIOCKUX KpUsux, meopii 6usHaueHux inmezpanis. /[oedero, ujo nickoguil NOMiK Moxjce CUIbHO
BNAUBAMU HA CIMAH NYIbAU 6 KYIbOGOMY MIUHI. 3a6UMKOBULL JICUBUILHUK, NOOLIAIOUU PO3GBAHMAICEHHS CNIPAILHO2O
Kaacugikamopa, modice noiecuumu cCumyayiio, 0OHaK GiH cam € 04cepenom 30Y04CeH ST MONCIUBUX KONUBAHL NYIbNU
8 KYIb08OMY MAuHi. Y npoyeci 00CHiONHcenHss GUHAYANU NO300BIHCHT NIOWI 3AXONIeHOI 003U NYIbnU 8 cmapiil i HOBill
(nosepreniu na Kym @) cucmemi Koopouxnam, sKi, 8i0nosiono, oopisuioioms 0,002059 ym. ke. 00. i 0,001449 ym. ke. 00.
OcKinvKku n03006CHA NIOWA NOGHICIO XAPAKMEPUIVE 3AXONNEHY 003y NYIbNHU, MO CYOHCEHHA MOICHA poOUmu 3a
OMPUMAHUMY OAHUMU. 3 OKPEMUX OAHUX GUOHO, WO 00 €M 3aXONNEHOI 003U Ni0 4aAC NOBOPOMY CUCMEMU KOOPOUHAM HA
xkym 10° 3HauHO MeHwUl NOPIBHAHO 3 NOKA3HUKOM 06e3 nosopomy. 3MeHueHHs 00 MY 3aXONieHoi 003U 3a8UmMKoM nio
uac nogopomy cucmemu koopounam cmanosums 29,63 %, wo cymmeeo. Lle necamusno eéniune Ha npooyKMuGHIiCmb
JACUBUTILHUKA | npU3GEOe 00 nepegumpamu ejleKmpoenepeii na mpancnopmyeanus nyibnu. Omoice, y npoyeci npogedenux
00Ci0XHCEHD YCMAHOBNEHO, WO HANA200HCEHHS 3A8UMKOBUX HCUSUTLHUKIE HEOOYINbHO 30TCHIOBAMU NOBOPOMOM CUC-
memu koopouram. Heobxiono pospobumu opuzinanvruil nioxio gopmysants npoginto 3aeumxa i Gaszu 6CMaHO8IeHH s
ti020 nouamxy O 3a0e3nevyeHHs ONMUMALbHUX NAPaAMEempie 3a6UmKo6020 icuguivHuxa. Ilepcnekmugoio nooarbuux
00CI0HCEHb € PO3POOIEHHS MAKO20 NiOX00Y popmy8anHs npoinio 3a6umka i 0OTPYHMYBAHH L1020 BCIAHOBIEHHS CINO-
COBHO 3A6AHMAIICYBANLHOI 2OPNOBUHU MAUHA.

Knouosi cnosa: 3a6umko8uil H#CUSUILHUK MAUHA, PO, HATAWINYEAHHS, MATNEMAMUYHE MOOENO8ANH S, 3AXON-
aena 003a, nO8OPOM cucmemu KOOpouHam.

V.O0. KONDRATETS, A.M. MATSUI, O.M. SERBUL, M.O. FEDOTOVA

Central Ukrainian National Technical University

MATHEMATICAL MODELLING OF THE VOLUME OF THE CAPTURED SLURRY
DOSE BY THE FEEDER CURL WHEN THE COORDINATE SYSTEM IS ROTATED

At concentrators in Ukraine in the first stages of ore preparation ore grinding capacity can be significantly reduced
due to pulsations of material in the drum of the ball mill during the loading of ore, sands of the spiral classifier, water
and balls. In the process of analysing recent studies and publications, it was found that practically solutions have been
found to prevent the occurrence of pulsations during the loading of feed ore, water and balls into the mill. However,
the same cannot be said for the loading of spiral classifier sands. Given that the article is focused on solving the problem
of loading the sands of a mechanical spiral classifier into a ball mill, its topic is relevant. This research was carried out
within the framework of the development of scientific topics of the Central Ukrainian National Technical University. The
purpose of the work is to establish the possibility of adjusting the snail feeder to the process of capturing pulp doses in
the receiving device by rotating the curl coordinate system. The methods of comparison, analysis, theory of ball mills,
theory of grinding materials, theory of automatic control, mathematical modelling, analytical geometry, theory of plane
curves, theory of definite integrals were used in the research process. It has been proven that sand flow can strongly
influence the condition of the pulp in the ball mill. The snail feeder, dividing the discharge of the spiral classifier can
alleviate the situation, but it is itself a source of excitation of possible pulp oscillations in the ball mill. In the process
of the study the longitudinal areas of the captured pulp dose in the old coordinate system and in the new (rotated by
the angle ¢) coordinate system were determined, which are respectively equal to 0.002059 conditional square unit

https://doi.org/10.32782/mathematical-modelling/2023-6-1-9
82



ITPUKIIA/THI ITHNTAHHA MATEMATHYHOI' O MOAEJIFOBAHHA T. 6, Ne 1, 2023

and 0.001449 conditional square unit. Since the longitudinal area fully characterises the captured pulp dose, judgements
can be made on the basis of the data obtained. The individual data show that the volume of the captured dose when
the coordinate system is rotated by 10° is significantly less compared to that without rotation. The reduction in the volume
of captured dose by the curl when the coordinate system is rotated is 29.63 %, which is significant. This will negatively affect
the feeder performance and lead to overconsumption of electricity for pulp transport. So, in the process of the conducted
researches it has been established that it is inexpedient to adjust the snail feeders by rotation of the coordinate system.
It is necessary to develop an original approach of curl profile formation and the phase of its beginning establishment to
ensure optimal parameters of the snail feeder. The prospect of further research is the development of such an approach
of curl profile formation and justification of its installation relative to the mill feed throat.
Key words: snail mill feeder, profile, setting, mathematical modelling, captured dose, coordinate system rotation.

IlocTranoBka nmpodJjaemMu

VYkpaina BupoOIisie 3Ha4Hy 4aCTKy CBITOBOTO OOCATY 3a130PYIHOT CUPOBHHHM JIJIs YOPHOT METa-
Ayprii. YHaAcCHiIOK HEYXHJIbHOTO 3MEHILIEHHS 3amaciB 0araTux 3ai3HUX pyA 13 JAPYroi MOJOBHHH
MUHYJIOTO CTOJITTS Bce O1IbIlIa YacTKa 3aJ1i30pyAHOT CUPOBUHH BUPOOIAETHCS 3 O1HUX 3aTi3HUX Py
LUIAXOM iX 30araueHHsl B OCHOBHOMY Ha MarHitoz0arauyBajibHuX ¢adbpukax. Taki TEXHOIOT14HI Mpo-
LIeCHU NMOTPeOyI0Th TOHKOTO MOJAPIOHEHHS BUX1IHOT PYIU 10 PO3KPUTTS BKPAIUIMH KOPUCHOTO KOMIIO-
HEHTY, [0 TOTpeOy€e BUTPATH BEINYE3HOI KITLKOCTI €JIeKTpOeHeprii, Kyib 1 pyTepiBku. OcoOnuBo 11e
CTOCY€TBhCS TIEPIIOi CTaAll moApiOHEHHS BUXITHOT pyau Oe3mocepeinbo Ha 30aradyBaibHIN hadpwuii,
Jie TEXHOJIOTIYHHI Mpoliec BiI0yBa€ThCS B KYJIbOBUX MIIMHAX, IO MPALOIOTh Y 3aMKHEHOMY LMK
3 MEXaHIYHUMH OJHOCITIpaTbHIMH KiIacu(ikaTopaMu. YHACIIAOK MIKiIHBOI i pi3HUX (pakTOpiB HA
BITUM3HSHUX 30aradyBaibHUX (pabprKax JOMYyCKAEThCS MEPEBUTPAYAHHS EICKTPUIHOI EHEPTii, Kyilb
1 pyTepiBKH B mporiecax NoApiOHEHHs pyay, 1110 3011blIy€e cOO1BapPTICTh O/IHIET TOHHU TOTOBOTO 3ai-
30pyAHOTO KOHIIEHTPATy Ha piBHI 65 % yMmicTy 3ami3a i CTaBUTh BITYM3HSIHY METAIyPriiHy IPOIyK-
1if0 B HEBUT1/IHI YMOBH Ha CBITOBOMY pHHKY. [lokpamuTy cuTyaliiro MO>KHa JIiKBiIaIieo abo 3MeH-
IIEHHSM BIUIMBY IIMX (hakTOpiB. AHaJi3 MMOKa3ye, M0 TaKuX (PAKTOPiB MOKH 110 € 3HAYHA KIJIBbKICTb.
OpmHMUM 13 HEX 1 JOCHTh BarOMUM € BUHHKHEHHS IyJIbcallii MaTepiaiay B OapabaHi KyJI»0BOTO MIIMHA
ITi]T 9ac Horo 3aBaHTaXeHHs. [Ipu 11boMy mporiec B3aeMOoIii MOJIOIBHUX T (KYJTb) 13 PYJAHHM MaTepi-
aJIOM BIAXWISETHCS BiJl ONTUMAIBHOTO PEKUMY: €IEKTPOCHEPris, Ky i (yTepiBKa BUTpAYaroThCs,
a Matepiaj HellomopiOHI0EThC. BuHUKATH mynbcaliii MOXKYTh i1 BIUTMBOM 3aBaHTA)XCHHS B MIIMH
BHXIJTHOT APOOJIEHOT py/IH, MICKIB CHipaJIbHOTO Ki1acudikaTopa, BOaU Ta KyJdb. OCKUIBKH 3aBUTKOBHI
KUBHJIBHUK OKPEMUMH JI03aMU ITOJAa€ B MJIIMH HaWOUIBIIY KUIBKICTh MaTepially, sika y J1Ba i HaBiTh
O1sIbLIEe pa3iB MOXKE NMEPEBUIILYBATH BUX1/IHE KUBJICHHS, 00’ €M OJHOPA30BOi 3aXOIJICHOT 103U MOXKE
BUKJIMKATH IMyJbcallii mynpiu B 6apabaHi, TOMy TeMa CTaTTi € akTyanbHO. Kpim Toro, neit 06’em
3aXOIUICHOI JTO3M BU3HAYA€ MPOILYKTUBHICTh KyJIbOBOTO MJIMHA, a IPO]iJIb 3aBUTKA — PIBHOMIPHICTh
yBeZIeHHs B OapalaH marepiaily, 110 BIUIMBA€E HA BEIUYMHY Mynbcaliid. CTaTTd BUKOHaHA B MeXax
TEMAaTUKU HAayKOBUX HOCHIIKeHb L{eHTpanbHOyKpaiHCHKOTO HalllOHAJIBHOTO TEXHIYHOTO YHIBEpCH-
TETY, 30KpeMa 3a TeMoro «OnTuMizallis mapaMmeTpiB 3aBUTKOBOTO KMBHMJIBHHMKA KYJIbOBOTO MIJIMHA
MYJIBIIOI0 SIK KEPOBAHOTO O0’€KTa B PYAOIIATOTOBIN 3a JIBOCTAAIMHUM ITUKIOM» (peecTpamiiHuit
Homep 0123U102951).

AHAaJIi3 OCTAHHIX JOCTiIKeHb Ta MyOaiKanii

Ha BXiJl KyJbOBOTO MJIMHA 3aBaHTAXYIOTHCSl BUXIJIHA pyAa, MICKU Kiacudikaropa, Boia U Kyl
Ha 3aMiHy CHpaIbOBAaHOTO MOJIOJBHOTO 3aBaHTaKEHHS Ta (DyTEpiBKM TEXHOJOTIYHOTO arperary.
Hacamnepen mokpammTy MOKa3HUKH PYAOIIATOTOBKY B MEPIINX CTAIAX TMOAPIOHSHHS PyIH MOXE
OINITUMI3allisl BAKOPUCTAHHA €Heprii Ta MarepiajiiB y KylIbOBUX MiIMHAX. Y po0OoTi [1] BukoHaHO aHa-
i3 BITYM3HSIHOTO W 3apyOi’KHOTO MPAKTHYHOTO JOCBIAY PYIOIIArOTOBKH, BHOKPEMIICHO (hakTopH,
SIK1 MOXKYTh BIUIMHYTH Ha MOKPAIEHHS CHEPTeTHYHOI €()EKTUBHOCTI MOAPIOHEHHS PYIH KYJIbOBHMH
MJIMHAaMHU. MeTOI0M TMHAMIYHOTO MPOTrpaMyBaHH 3/11HCHEHA ONTUMI3alLlis €HEPreTUYHOT e(hEeKTHB-
HOCTI TOPIOHEHHS PyAH KYJIbOBUMH MIIMHAMHM, JI€ PO3IVIsIAiocs NeB’siTh craniil. [lokazaHo, mo
e(eKTUBHICTh pOOOTH KyJIbOBOI'O MIJIMHA MOYKE MOKPAIIMUTHUCS 10 2,5 pa3a MOPIBHAHO 3 HASIBHUM
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BapiaHTOM. BiMOBiIHO 10 TaHUX MPOIECY ONTUMI3AIlii, 3aIIPOITIOHOBAHO NMUISIXHM peai3alii mokpa-
IICHHS] eHePreTHYHOI e()eKTUBHOCTI MOAPIOHEHHS PYIU B KYJbOBUX MJIMHAX Y BUIVISAL IECTH T1JIOK,
SIKI MOXKYTh 3a0€3I€UUTH Pe3yiIbTaT, BUXOASUN 3 MO0akKaHHS 1 MOXKIIMBOCTEH MiAnpueMcTBa. AHa-
13 MOKa3ye, 110 JOLUIBHUM € KOMIUIEKCHE eHeproe()eKTuBHE 1HBapiaHTHE KepyBaHHS MEBHUM KOH-
KPETHUM IIMKJIOM PYIOIIArOTOBKHM 30arauyBanbHOi (pabdpuku. IlepcrekTnBo0 mopaibIuX OCHi-
JOKCHBb y 1IbOMY HaIlpsiMi € peasi3allisi 3alpoNOHOBAHMX TUIOK OpraHi3aiii mpoiecy noapiOHeHHs
PYIH 3aJIe)KHO BiJI YMOB KOHKPETHHUX 30arauyBajbHUX (haOpuK 1 po3poOICHHS BiAMOBITHUX CHCTEM
€HeproeeKTUBHOTO 1HBapiaHTHOTO KepyBaHHS iX TexHojorisiMu. OJHAK 3armpoIrOHOBaHI MiAXOAU
HEMOXXJIUBO €()EKTHBHO peaiizyBaTH 0e3 1030aBICHHS HEIOMYCTUMHX 32 aMIUTITYIOI0 1 4aCTOTaMHu
nynbcalliil MaTepialbHUX Mac y 6apabaHi KylTbOBOTO MIIMHA.

Po3risiHeMo MOXKIIMBICTh BAHUKHEHHS IyJIbCalliid BiJl KO)KHOTO (hakropa. TpancnopTHa cuctema
T0/IaBaHHS PyIM B KyJIbOBHIl MIIMH € JOCHTh CKIJHOIO. i 3ac00M po3poOsIoTh JaBHO i HOCATIH
BUCOKOTO piBHS JockoHaocTi. [IpobiemMy 3aBaHTaKeHHSA-pO3BAaHTAaXEHHs OYHKEPIB 13 CUIIKUM MaTe-
piaJioM TakoX po3B’sI3yIOTh JaBHO, JOCATHYTI Baromi pesynbratu [2; 3; 4]. Teopis po3pobiaeHnx
Ta EKCIIEPUMEHTAILHO MTEPEBIPEHUX TEOPETUUHHUX MOJOKEHB CTOCYEThCS JJOOPE CUITYYOi CyMiIi — I1e
CUIIKMI Marepiall, sIKHil Ma€ HEBEJIMKY BOJOIICTh 1 Manuil ymicT ToHKUX (pakuiil. [Toyanu mocmi-
JDKYBATH TPOLIECH BUTIKAHHS CUITKMX OAHOPITHUX MaTtepianiB. JloCHiKeHHIO BUTIKAaHHS 3 OyHKepiB
CHUTIKOTO (PpaKIiifHOTO MaTepiady 31 3HAUHUM yMICTOM JAPIOHUX KJIAciB, 10 SIKOTO HaJeXaTh ApOOIIeH]
pyaM, yBary mpakTUYHO HE NpUIUIIN. BomHoyac 0coOMMBOCTI po3TallyBaHHS Marepiajlly Ha KOH-
BEEPHIH CTpivlli, MPUYUHH, IO HOTO BUKIMKAIIM, HIXTO HE BHBYaB. Pe3yiabraTu TakuxX JOCHTIKECHb
1oJ1aHo B po6ori [5]. Y mpaiii [6] ycTaHOBJIEHO, 1110 €eKT 3MIHU KPYITHOCTI APOOJIEHOT py/I BUHUKAE
B Ipolieci 11 po3BaHTaXEHHS 13 MIIIHAPUYHUX HAKOMMYYBaJIbHUX OyHKepiB. OCKUIBKU TEXHOJIOTIUHE
o0nagHaHHS IPOOUIIFHOTO MPOIIECY B pa3l BUKOPUCTAHHS CIIEIialbHUX OyHKEpiB cTabiizye cepe-
HBO3BAXKEHY KPYITHICTh PY[IM, TO BOHa HAa KOHBEEPHIN CTPIUIll HE 3MIHIOBATUMETHCS, IO CTAOLTI3YyE
YMOBH pOOOTH KyJIbOBOTO MiiHa. OJTHAaK y IPOLIeci CIIPalOBaHHSA POOOYHX TOBEPXOHB APOOMIBHOTO
oOJlaiHaHHS cepeTHhO3BAYKEHA KPYIHICTh PyAH Ha BXOJI KyJbOBOTO MJIMHA MAaTHME TCHJCHINIO 710
IUIAaBHOTO 30UIBLIEHHS, 1110 BUMarae KOHTPOJIIO IbOTO MapaMeTpa. Y po6oTi [7] 3anpornoHOBaHO Mij-
X1J1 10 BUMIPIOBAaHHSI CEpEeHBO3BAKEHOI KPYITHOCTI IpoOaeHol pyau. Y Takii cuTyarii Barome 3Ha-
YEHHs Ma€ ¥ TOYHICTh KOHBEEPHUX Bar. Ha Heomiku KoHBeEpHHX Bar yKazyeThesi 3 1977 p. YV 1986 p.
BIJIMIUE€HO, 1110 HEJIOJIKOM KOHBEEPHHUX Bar € HeJOTPUMAaHHS rapaHTOBaHOI MOXMOKH BUMIPIOBAHHS
B OCHOBHOMY 4Y€pe3 HEraTUBHUH BIUTUB CTYIICHS HEPIBHOMIPHOCTI pO3TalllyBaHHS MaTepialy Ha KOH-
BeepHIN cTpiuii. Takuil HeOMIK KOHBEEPHUX Bar MPAaKTUYHO JIIKB1JOBAHO MOKPAIICHHSIM PIBHOMIp-
HOCTI pO3TallyBaHHs Marepialy W 3axoJamH, 3anpornoHoBaHUMHM B mpausx [8; 9; 10]. Takuii cran
BUPIIICHHS 3aB/IaHHS TApaHTOBAHO 3a0€3IEUUTh BIJICYTHICTh MyJIbCAIlill pyqJHOTO Marepiany B Oapa-
0aH1 KyJb0BOTO MJIMHA.

[Tynbcanii Bix mozpadi BOAM B KyJbOBUH MIIMH BHU3HAYAIOThCS CHCTEMOIO aBTOMATHYHOI CTa-
Oumizarii po3pi/pkeHHs myasnu B OapabaHi. 3TigHO 3 MiTXOJ0M CTa0LTi3aIli PO3PIIKSHHS MYJIbIIN
B KyJIbOBOMY MJIMHI, BUKJIaJIeHOMY B miparti [11], mig yac mompiOHEHHSI KOHKPETHOTO PI3HOTHITY PYIH
1 IIaBHOI 3MiHM i CepeHbO3BAKEHOI KPYITHOCTI MyJIbCallii 10 KaHaly Mojadyi BOAU B TEXHOJIOTIY-
HOMY arperati BAHUKHYTH HE MOXYTb.

TpaauiiiiiHO B KyJIbOBI MIIMHH KYJII HA 3aMiHY CIIPAIlbOBAaHOTO MOJIOJIBHOTO CEPEIOBHINA Ha BiT-
YU3HSAHUX 30arauyBaibHUX (pabpuKax yHOCSATH OIMH pa3 Ha 100y abo HaBiTh OJMH pa3 Ha TPU J0OU.
Maca Kkyinb, cripalibOBaHUX 3a OJHY a00 Tpu J00U, BU3HAYAETHCS TOHHAMM, IO MPU 3aBaHTAKECHHI
B MJIMH 30y/DKY€ BEJIMKI MyJIbcallii MaTepiary BIPOJOBK 3HAYHOTO Yacy. Lle pi3Kko BiaXHIIs€ yMOBH
NOAPIOHEHHS PYIH Bl ONTUMAJIbHUX 1 IPU3BOAUTS J0 MEPEBUTPAYAHHS EIEKTPOCHEPTil, KYIb 1 QyTe-
piBku. Y po6ori [12] qoBenena MOXIMBICTh CTabI13a11li ONTUMAIBHOTO PI3HOPO3MIPHOTO KYJIHOBOTO
3aBaHTaXEHHs 0apabaHHOTO MJIMHA PeasIi3alli€ro alfOPUTMIB OIIHIOBaHHS HOTO cTaHy. TyT ToBeeHa
MOXJIUBICTh MOIITYYHOI MOJa4il pi3HOPO3MIPHUX KyJb Y MJIMH 32 KOPOTKUN TepMiH poOOTH, IO HE
30y/DKye€ TyJIbCcalliii MaTepiaabHOTO CEPEOBUIIA B TEXHOJIOTTYHOMY arperari.
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[Ticku cmipanapHOTO Kiacu(pikaropa BiIPI3HAIOTHCS MUKIIYHOK IOJAYE0 1 BEJIMKOK IMPOIYK-
THUBHICTIO, OCKUIBKU LIUPKYJTIOI0YEe HABAHTAXKEHHS B IbOMY IMKJII MOAPIOHEHHS MOXKE B KiJIbKa pa3iB
MIEPEBUIIYBATH BUXIJHE >KUBJICHHS MJIMHA PYyA0I0. 3Ba)KalOUuM Ha T€ 10 B MEXAHIUYHUX CIIPaIbHUX
Kiacudikaropax BUKOPUCTOBYIOTH JIBO3aX1HI CITipali, 32 OAMH iX 00epT y MICKOBHIA 5K0J100 BHUIIITOB-
XYIOTBCS JIB1 JI03H IICKIB, SIK1 3MILTYIOTbCA 3 JI0JAaHOIO BOJIOIO i HAIXOAATH Y MPUIMaIbHUI MPUCTPIN
3aBUTKOBOTO JKMBWJIbHUKA KYJbOBOTO MIIMHA, CTBOPIOIOYHM B HHOMY 3MIHHHI PIBEHB IYJIBITH 3aJICKHO
BiJl LIMPKYJIOIOUOTO HaBaHTAKEHHs. 3pO3yMLJIO, IO MPSIMO B MIIMH TaKe LUKJIIYHE PO3BAHTAKEHHS
Kiacu(ikaTopa MoAaBaTH HEMOXKJIMBO, 3BAKAIOUM HAa BUHUKHEHHS MyJbCalliid MyNbIU. 3aBUTKOBHN
KUBHJIBHUK JICIIO MOXKE TIOCTa0UTH TaKWi BIUTMB Ha KYJTbOBHIA MJIFH, yPaXOBYIOUH HOTO OCOOIHBOCTI.

3aBUTKOBHH >KUBWIBHUK [13] siBisie coboro yepmak crmipaibHOi (OpMHU 3 KPyIIIUM OTBOPOM
y OOKOBIH CTIHII JUIs 3aBaHTAXXEHHS 3a4EPIIHYTOro Marepiany B MinH. DnaHenb KUBUIbHUKA 00JI-
TaMU KpIMUThCS 10 Handu 6apadbana MiiMHa Tak, 11100 0TBOpU Handu i skuBUIbHUKA 30iranucs. Kop-
IyC )KUBUJIBHUKA BUTOTOBIISIETHCS 3 JIMCTOBOI CTaJIl a00 BIAJIMBAETHCS 3 JIETOBAHOTO 4aByHy. Ha kiHIi
Yyepraka )KUBHIbHUKA KPIMTUTHCS 3MIHHHNA KO3HUPOK 13 MapraHIEBUCTOI CTali a0 3 JISTOBAHOTO YaBYHY.
BHyTpilHs MoBepXHs KUBUIbHUKA (DyTEpy€eThCS CTAIEBUMHU JIMCTaMU. 3aBUTKOBI )KUBUIIBHUKU BUTO-
TOBJISIFOTBCSL OJIHO-, IBO- 1 TpUuyepnakoBUMHU. [lomepeyHuii mepeTuH MiX CHipalsiMH KUBHIbHHKA
NPSIMOKYTHHH. 3aBUTKOBI KMUBHJIBHUKH JAIOTh 3MOTY 3aBaHTa)KyBaTH Marepiall, 10 HAJXOIUTh Ha
MONIPiIOHEHHSI, 3 OLIBIII HU3BKOTO PIBHSI, IO JA€ MOXKJIUBICTh YCTAHOBIIOBATH MIIMHU B 3aMKHEHOMY
LUK 3 KiIacugikaropamu. 31e01IbIION0 BUKOPUCTOBYIOTH JBOYEPIIAKOBI 3aBUTKOBI JKUBUIIBHHUKH.
AHaoriuHi BU3HAYEHHS 3aBUTKOBUX JKMBWJIBHUKIB JAIOTHCS W B IHIIMX JITEPATYpPHUX DKEpENax.
Ile roBopuTh IpoO Te, 110 3aBUTKOBUI KUBUIBHUK PO3IVISIAETHCS K KU JONOMIKHUM eJIeMEeHT
y TEXHOJIOTTYHOMY JIaHIIF031 UKIIIB oApiOHeHH. O HaK OUIbII yBaXXHUN aHANI3 MTOKA3ye, 1110 3aBUT-
KOBHI )KUBMJIBHUK OapaOaHHUX MJIMHIB MAa€ CBOI KOHKPETHI XapaKTEPUCTUKH I TOBUHEH PO3IIIsiIaTHCS
SIK PIBHOIIIHHUI KEPOBaHMUM 00’ €KT MOPS 3 IHITUM TEXHOJIOTTYHUM OOJIaTHAaHHAM. 30KpeMa, HiJie He
BKa3y€ThCs, 1110 11€ 32 3aBUTOK, SIKI HOTO XapaKTEPUCTHKH, SIK KOHKPETHO BiH MOBUHEH MIPUEIHYBATHCS
1o 6apabaHHOrO MJIMHA. 3pO3yMLJI0, IO MiJl Yac BUXOMY KIHIA 4Yepraka 3 MOBEPXHI IyJbIU B MPH-
HMalbHOMY MPHUCTPOI KUBUJIbHUKA 3aBUTKOBUH €JE€MEHT (3aXBaTHWH OpraH) MOBMHEH BiJl MacHUBY
pLAMHU BIAALIUTH TIEBHY ii 103y. Bennunnaa 3axoruieHoi 103w Oyle BU3HAYATHCS MpodiieM 3aBUTKA
1 MOYaTKOBOIO HOT0 YCTAHOBKOIO 3a MEBHOTO piBHs Mynbnu. L{i ABa mapameTpu 3aBUTKa MOBUHHI OyTH
BIJIOMI, OJTHaK PO HUX MOBa He BeieThCsl. Hallb1bI MpocTHM cr1ocoO0M HaaroyKeHHs 3aBUTKOBOTO
KUBUJIbHMKA HA TIPOLIEC 3aXOIUICHHS /103 MYJIBIHM B NPUHMAaIbHOMY MPHUCTPOI B MOYATKOBOMY CTaHI
€ TIOBOPOT CHCTEMH KOOPAMHAT 3aBUTKA. J{JIs1 TOBEIEHHS MOYIIMBOCTI TAKOTO MiIXOy HaJIarOKeHHS
TEXHOJIOTIYHOTO arperary HeoOXiIHO 3IIHCHUTH MaTeMaTHYHEe MOJETIOBaHHS 00’€My 3aXOIUIEHOi
TI03U TTYJIBIIHA 3aBUTKOM KMBUJIbHUKA TIPH TOBOPOTi CUCTEMH KOOPAMHAT.

Meta gocJuaigkeHHs
MeTOIO I[OCJ'Ii)I)KeHHﬂ € BCTAHOBJICHHS MO)KJII/IBOCTi HaJIaH_ITyBaHHSI 3aBUTKOBOT'O JXUBUJIbHUKA
Ha TPOIEC 3aXOIUICHHS 703 MYJbIHA B MPUUMAIBHOMY MPUCTPOI MOBOPOTOM JACKAPTOBOI CHCTEMH
KOOpAMHAT 3aBUTKA.

BuxJiian ocHOBHOTo Marepiasy

3aBUTKOBI1 )KUBWJIBHUKU BUKOPHCTOBYIOTb JUIsl [TOJa41 PiJIKOr0o MaTepiaty 3 HUKHbOI BIAMITKY Ha
NeBHY BEPXHIO. 31e01IbIIIOT0 TaK OPTaHi30BYETHCS T01a4a MYJIBIU B KYJIbOBHI MIJIMH, 110 KHUBUTHCS
MCKOBUM TPOIYKTOM KJIacH(pikaTopiB. 3aBUTKOBUN KUBUIBHUK MPUETHYIOTH 10 OapabaHa MiIMHA,
1 BIH o0epTaeTbCcsi pa3oM i3 HUM. Y mpoleci poOOTH piBeHb MYNBIU B NPUHMAIBHOMY MPUCTPOT
3aBUTKOBOTO JKMBWJIBHUKA 3MIHIOETHCS. [IpH IIbOMY 3MIHIOETHCS ¥ MPOIEC 3aXOIICHHS JTO3H Pif-
KOro marepiaiay 3aBUTKOM. O0’€M 3aXOIJIEHOT 03U 3a MEBHOTO PiBHS IMYNbIU H HNIMPUHM 3aXBaT-
HOTO OpraHa OJHO3HAYHO XapaKTEepHU3YETbCs ii IUIOIIEI0 MO30BXKHBOTO Mepepidy B 3aBHUTKY, IO
BHUXOJUTH HA TIOBEPXHIO PIAMHM. IMITaIlls 3aX0OIJIEHHS 103U P1IKOTO MaTepialy 3aBUTKOM IMOKa3aHa
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Ha puc. 1, a, Je TIoma Mo310BKHBOTI0 Mepepizy 3aXOIJICHOI J03M 3allTpuxoBaHa. BoHa oOMmexeHa
piBHEM TynblM H, B IpUAMaIbHOMY MPUCTPOI (psiMa AB) 1 yactuHor npodimro 2 3aButka. I1po-
i 3aBUTKA 2 B TTOYATKOBIH TOUIl A )KOPCTKO 3’ €IHAHUM 13 )KOPCTKUM eJieMeHTOM 1, mo obepra-
eThcsl HaBkoJio Touku O. ITix yac ob6epToBoro pyxy enemeHTiB 1 1 2 BimOyBaeTbCs 3aXOIJICHHS 103U
piakoro marepiany i 3aBIsSKd NPo(diIO 3aBUTKA 2 (HAa PUCYHKY HE IOKa3aHO) BiJJOYyBA€THCS TPaHC-
MOPTYBaHHA 11 10 Touku O, 1€ 301HCHIOETHCS] PO3BAHTAXEHHSI P1JIKOTO MaTepialy Ha BUIIOMY PIBHI.
Mix Beprukammo OO, 1 KOPCTKUM €IEMEHTOM 1 CTBOPHOETHCSA KT 0, NPOIOPLIOHAIBHUN PiBHIO
nynenu H,, y npuiiManbHoMy npucTpoi. Ynm Buimm Oyzne pieHb M, TUM OinbminM Oyse KyT o.
I3 puc. 1, a BuaHO, WO B pasi 3MiHK PiBHA MyJIbNHU [, B IpUMaIbHOMY IIPUCTPOi TOYKA A 3MiHIOE
CBOE€ TOJIOKEHHS B IIPOCTOPI i HE MOXKE OJHO3HAYHO XapaKTepHU3yBaTH HaJAro/pKyBallbHI Iapame-
Tpu npucTporo. Tomy Hazmamo il MEBHOro (hiKCOBAHOTO OJHO3HAYHOTO TOJIOKEHHSI, TTOBEPHYBIIN
JKOPCTKMH €JIEMEHT | y BEPTUKAJILHE MOJOKEHHS, CyMICTUBIIM HOr0 3 BEPTHKAILHOKW Biccio OO0,
1 IEPEMICTUBIIM OTHO3HAYHO MPOodib 3aBUTKA 2 W 3aXOIUICHY HUM J03Y piakoro marepiary. Take
MOJICJTIOBaHHS IOKA3aHO Ha puc. 1, 0, e 10aTKOBO NPUBEICHI OCi IEKapTOBOi CUCTEMH KOOP/AMHAT X,
y 1 ipsima AB, nponoBxeHa 10 Touku C, 110 SABJIsIE COO00 MPOMIHb, SIKHI BIANOBIJIA€ PIBHIO MYJIbIIH
B 3aBMTKOBOMY JKMBUIIbHUKY ¥ MPOXOAUTS MiJ KyTOM o 110 oci abcuue O X na puc. 1, 6. Touka B na
puc. 1, 6 Bignosigae Touui B Ha puc. 1, a.

Puc. 1. ImiTauis (a) i mogenoBanHs (0) 3aX0NJIeHHA 103 PiIKOro Marepiaay 3aBUTKOM:
1 — sxopcTKMii eleMeHT I0B/KHHOI0, 110 A0PiBHIOE pagiycy R o0epTanHs 3aBUTKA; 2 — Npodijb 3aBUTKA

Le monoxeHHs PO 1TI0 3aBUTKA JJa€ 3MOTY JAOCHTIKYBAaTH BILTMB Ha 3aXOIUICHHS 7103 PIAMHA
B IIPUIMAIILHOMY TIPUCTPOT i Yac BUKOHAHHS TICBHUX HAIArODKYBaJIbHUX Jiil. Hampukinan, MoxHa
3MIACHUTH TapajelibHe MepeHeCeHHsI CUCTeMH KoopauHatr (puc. 1, 0), ii MOBOpOT HAa MEBHUM KT,
MOBOPOT 1 apajieabHe MEPEHECEHHsI CUCTEMU KOOP/NHAT.

3MiiCHUMO TOBOPOT CUCTEeMHU KoopawHatr (puc. 1, 6) Ha kyT ¢. g maremaTtnyHa oreparis
JIEMOHCTPYEThCS Ha puc. 2. JloCiiKeHHs] BHKOHAEMO, HANIPUKIaa, Ha podini 3aBuTtka 1 (puc. 2),
110 onucyeThest pyHkiiero y=x¥. Lle piBHsHHs y=X* clipaBe/IMBE B HOBIiii (OBEPHEHIH HA KYT () CHC-
TeMi koopauHat Y', X'. Y cTapiil cucteMi KOOpAWHAT X, Y HOro HeoOX1THO MOJaTH, YPaxOByIOUH KyT
oBoOpoTy ¢. bynb-ska Touka, Hexail 11e Oyae Touka B (puc. 2) nmepeTuHy KpuBoi mpoiao 3aBUTKA
i ipsIMOT, 110 BU3HAYEHA KyTOM HAXMITy O IO OCi a0CIHMC, y CTapiil CHCTeMI 3a OJJHAKOBHX OJUHHIIb
MacmTaly Ha OCSX MaTUMe TaKi 3aJIe)KHOCTI BU3HAYCHHS 3HAYCHb KOOpAuHAT [ 14]:
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Vg =X, SINQ+ Y, cosQ, (1)
Xy =X, COSQ— Y, sing, 2)

’ ’ (XY . .
fie Xy, — KOOP/IMHATH TOUKH B 'y noBepHEHIH Ha KyT @ CHCTEM1 KOOPJMHAT; X, Y, — KOOPIMHATH
TOYKHU By cucTeMi KOOpAUHAT 0e3 MOBOPOTY; ( — KyT MMOBOPOTY KOOPIMHAT.

Puc. 2. IToBopoT cucTeMu KOOPAMHAT i3 NMpogijieM 3aBUTKA ¥ 32aX0ILICHOIO 103010 PiIKOro MartepiaJy:
1 — npo¢iib 3aBUTKA

VY HOBIli (MOBEpHEHIN HA KyT () CHCTEMi KOOPJIWHAT JJis TOUKU B (puc. 2) Oyae crpaBeinBa
3aJISKHICTD I POQLII0 3aBUTKA!

’ !’ k
Yy =(x)- 3)
JloOyBim KopiHb K 3 J1iB01 i ipaBoi 4acTuH (3), OTPUMAEMO PIBHSHHS:

xp =4y . 4)

Pipusnus mpsmoi y=xtga, e tgo=k, — kyToBuii xoedilieHT HaXuiIy IPAMOi, O MPOXOAUTH
Yyepe3 MoYaToK KOOPAWHAT 13 HAXWJIOM T KYTOM 0O JIO Oci aOCuuc y cTapiii cCUCTeMi KOOpIWHAT
1 IepeTHHAETHCS B TOUL B 3 KPUBOIO, 1110 BU3HAYa€ Mpo(diiab 3aBUTKA, Ja€ 3MOTY 13 3aimyyeHHsaM (1)
1 (2) 3amucaryu Take CIiBBITHOIICHHS:

Xy sin@+ yj, cos@ = (x}, cos@— y;, sing)1ga (5)
abo
5 (cos@+singrga) = xj (cospigo —sin¢), (6)

3BIJIKU: ; .
, , COSQIgOoL—sin
R (7)
COS + sinQrgo

[TincraBumo (7) y (4) 1, BUKOHABIITN TIEPETBOPEHHS, OTPUMAEMO:

o = choswtgq—51n¢ . )
COS @+ singzgo
3 ypaxyBaHHsM (8) 3a piBHSIHHSM (7) OTPUMAEMO:
. k
, CoS(prgaL —sin
y3=k1[ e ‘PJ . 9)
COS @+ sinQsgo

OTxe, KOOpAUHATU TOUYKU B y HOBI KOOpJUHATHIA CUCTEMI MOXKHA BU3HAYATH 3a 3aJI€KHOC-
Tamu (8) 1 (9), a B crapiii KoopAUHATHIN cucTeMi — 3a 3HAMACHUMH X, 1)), Ta Bupasamu (1)1 (2).

3 piBHstab (8) 1 (9) BHIHO, 110 B 3arajibHOMY BUMAJAKY (OCOOJUBO 3a HemapHUX K) HeoOXiqHO
BUKOHATH YMOBY:

cosQIga > sing. (10)
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[TonmimuMmo By 1 ipaBy yacTuHy HepiBHOCTI (10) Ha COSQ Ta OTpUMAEMO:
sing
CoSQ

ga >

abo rga > 1go, (11)

3B1IKM 0> @. TOOTO KyT MOBOPOTY CUCTEMH KOOPJIMHAT OBUHEH OyTH MEHIINM 32 KYT ¢, [1I0 BU3Ha-
Ya€eTHCS PIBHEM ITYJIBITH B IPUHMAIEHOMY MIPUCTPOi 3aBUTKOBOTO YKUBUIILHHKA.

SIk11o Ha MiHIMaIbHOMY 3Ha4€HHi piBHA mynbnu [, = 0,1 m, kyT o = 14°50°, tg14°50" = 0,2648,
KyT ( MOXXHA NMPHUAHATH Ha piBHI KyT @ = 10°. Toxmi cos10° = 0,9848; sin10° = 0,1736; npuitMmemo
k=3, T06T0 y = X3.

BianoBigHo 10 mpudHATHX YMOB 1 3anexHoctei (8) 1 (9), koopauHaTH TOUYKH B y HOBIH CHC-
Temi koopauHar Oynyth X, =0,2908 ym.ox., ¥, =0,024594 ym.0x., a B crapiii cucTeMi KOOpAUHAT
3a Bupasamu (1) i (2) — X, =0,2821 ym. ox., y, = 0,074706 ym. on. Bapro 3ayBaxutu, 1o B pasi
MMOBOPOTY CHCTEMH KOOPAMHAT Ha KYT () MPOLIIb 3aBUTKA 3MIHIOE CBOE MOJIOKEHHS Ha OUIBII KPYTE,
TOMY BiH OLJbII TOYHO OMHUCYETHCS BUpPaA3oM Y = X3, 3a sikuM Horo moOyaysanu. HaBnaku, y cra-
piit cuctemi KoopAMHAT MPO(ias 3aBUTKA CTaB OUIBII MOXMIUM 1 HOTO Kpallle OMHCYyBaTh BHPA3OM
y = X°. Hanpuknan, 3a aprymenty X, = 0,2821 ym. ox., y, cranosus 0,074706 ym. ox. SIkmio npuii-
HaTu X, = 0,2821% 10 y, = 0,079580 ym. ox., mo Ha 6,5 % Oinbure 3a oTpuMane 3a (1) 3HaYEHHAM.
Le nomycTMO B TakuX IOCHIKEHHAX. ToMy B cTapiil cucteMi koopauHar Y, X OyeMo 3acTOCOBY-
BaTH 3aJICXKHICTh Y = X°.

BusnaunMo miioii no30BXKHIX Mepepi3iB 3aX0IUIEHUX 103 MyJIbIU B CTapiil 1 HOBIHM cucTeMax
koopauHar. L1i miomi MoXHa BU3HAYUTH SK PI3HULIO IO TPUKYTHUKIB OBX', i OBX, Ta BiaNoBiz-
HEX IM oL (iryp, CTBOPEHUX NpodineM 3aBUTKa, Bicamu abcuuc i Biapiskamu BX', 1 BX .

[Tnoma Tpukytauka OBX, y crapiii cuctemi koopaunar S, .= 0,5y ,X, = 0,010538 ym. kB. o

[Inoma tpukytHuka OBX', y HOBili (HOBEpHEHIH Ha KyT @) CHCTEMi KOOPAMHAT
Y'OX'S ., = 0,5y, X', =0,00357692 ym. kB. ox.

Busnaunmo mitonti ¢iryp miix KpuBOIO 3aBUTKa, TOOTO 3Haiemo miomii ¢irypu, oOMexeHoi
Biccro a0cImc, BiIpi3kaMu MpsSMUX X = g 1 x = b, mapajieiabHUX OCi OpauHAT, i rpadikoM QyHKIIi
Y = f{x) 114 3HaueHs X € [a, b]. Taxi ¢irypu SBIsi0Ts CO60I0 KpUBOMiHiiHI Tpamernii. Ix 6iuni Biz-
PI3KM MOXYTh BUPOJDKYBaTHCS B TOUKHU. Bigomo, kxonu dyHKuis f(x) HeBin eMHa Ha BiIpi3Ky [a, D]
1 HemepepBHa HA HbOMY, TO BU3HAYCHHWH iHTerpai Bij wiel QyHKIIT B Mexax Bij a 10 b uncensHo
JIOPIBHIOE TUTONII BiMOBIMHOT KpuBOMiHiiHOI Tpanerii [15]. ToOTo BU3Ha4YeHMI 1HTETpad MOXHA
pO3DIISIIAaTH SK TPAHMINIO 1HTETrpaidbHOI cyMu (QyHKUIT f{x) Ha Bigpisky [a, D], mix sikoro po3yMitOTh
CyMy HOOYTKiB JOB)KMHH KO)KHOTO €JIEMEHTAPHOIO Biapi3ka Ax, Ha 3Ha4YeHHs QyHKUIi f(X) B 10BiJIb-
Hil Toui foro nmpoTskHOoCTi [15]. SIkmmo dyHKiis f{x) HeBia eMHa Ha Biapi3Ky [a, b], To iHTerpaibpHa
cyma S BHpaxac Ionty (irypu, sika CKIafacThCs 3 NPUEIHAHUX OJHMH JI0 OJHOTO NPAMOKYTHHKIB,
OCHOBaMH SIKHX CIYTYIOTh €IEMEHTAPHI BiIPi3KH /X, a BUCOTaMH — 3Ha4eHHs (QyHKIIT B 00paHuX
TOYKax Ha IMX Bigpizkax [15]. Bimomo [15], koau dyHKIis f(x) HemepepBHa Ha Biapis3ky [a, b], To
TPaHMI IHTErpalibHOI CyMH iICHY€ W HE 3aJIe)KHTh Hi Bijl criocoOy po3OuTTs BiApi3Ky [a, b] Ha erne-
MEHTapHI YaCTHHH, Hi BiJ] BUOOPY TOYOK Ha HUX. B OKpeMHx BUNaIKax Ii TOYKH MOXKYTh 30iraTucs
3 ITOYaTKOM a00 KIHIIEM eJIeMEHTapHOTO Bijpizka. OIHAK 31 301IBIICHHSIM KITBKOCTI 72 €IEMEHTApHUX
YaCcTHH Ha BiJPi3Ky [a, b] iHTerpanpHa cyma Bce TOUHIIIE BiNOBIA€ IO KPUBOJIIHIMHOT Tpamnertii,
OCKIJIbKY JIOBXKHHA €JIEMEHTAPHUX BiJIPI3KIB CKOPOIYETHCSI.

Busnaunmo mapaMeTpu IS OI[IHIOBaHHS TUIOIII KPHWBOJIIHIMHOI Tpamelii B cTapiii cucremi
koopauHar. IIpuiimemo 10BkHHY eneMeHTapHoro Biapizka Ax, = 0,03 ym. ox. OcranHii enemenTap-
HUH BiJpi30K Oy/ie BU3HAYATHUCS 3aJIMIIIKOM 3arajibHOTO BiIPi3Ky [&, b]. YHACTi 10K 3MiHHU MTOJIOKESHHS
KPUBOJIIHIMHOT Tpanemii B cTapiii CHCTEMI KOOPAWHAT 3aBUTOK Oy/e OmucyBaTHCs (PyHKIHER Y = X7,
Opaunary (yHKUii BU3HAYaTUMEMO B KiHIII BiIPi3KiB Ax,. JlaHi pO3paxyHKiB 1JIs OLIHIOBAHHS ILIOLI
KPHUBOITIHIWHOT Tparerii npuseneMo B Tabnwmi 1. BiqnosigHo 10 gaaux Tadbmumi 1, mioma KpuBoi-
HIAHOT Tpamewuii B cTapiil cucTeMi KoopauHar cranosuna S, .. = 0,008479 ym. k. ox.
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Tabmuus 1

Jani ouiHIOBaHHS NJIOIIi KPUBOJIiHIHHOI Tpaneuii B cTapiil cucreMi KOOpaAMHAT
JloBK1Ha eJeMeHTapHHX Bipi3kiB Ax, ym. ox. |0,03]0,03|0,03/0,03|0,03|0,03| 0,03 | 0,03 | 0,03 | 0,01
Aprymentu GyHKIi Y = X%, X, yM. O 0,03]0,06{0,09|0,12]0,15{0,18| 0,21 | 0,24 | 0,27 0,28
3nauenHs QyHkuii y x10, ym. og. 9 | 36 | 81 |144|225|324 | 441 | 576 | 729 | 784

[lomi enemenTapuix 27 | 108 | 243 | 432 | 675 | 972 | 1323|1728 | 2187 | 784
HOpsIMOKYTHHKIB S X107, ym. KB. 011

[Inoma KpuBoOIiHIKHHOT

0,008479
Tpaneuii S, , yM. KB. OfI.

JlaHi omiHFOBaHHS IO KPUBOJIHIKHOT Tparelii B HOBi# (TOBepHEHIH Ha KYT () CHCTEMI KOOp-
JIMHAT MO/1aHo B Tabmuil 2. BignmosigHo 10 qaHUX TaOiuil 2, TI011a KPUBOIIHIHHOT Tpanelii B HOBii
CUCTEMIi KOOpJAMHAT CTAaHOBUIJIA SKTH =0,002128 y™m. kB. ox.

Tabnuus 2
JlaHi oniHIOBaHHS MJIOLII KPUBOJIiHITHOT Tpanenii
B HOBIii (TIOBepHEeHili HA KYT () cUCTeMi KOOPAMHAT

JloBxHMHA eeMEHTapHUX

S 0,03{0,03{0,03 (0,03 0,03 | 0,03 | 0,03 | 0,03 | 0,03 | 0,02
BIZIPI3KiB Ax,, yM. O11.

Aprymenru ¢yskmii y = X, x, ym. ox.|0,03{0,06] 0,09 | 0,12 | 0,15 | 0,18 | 0,21 | 0,24 | 0,27 | 0,29
3Hauenss QyHkiii y x10°, ym. on. | 27 | 216 | 729 |1728| 3375 | 5832 | 9261 | 13824 |19683 | 24389

Tlnom enemerTaprix 81 | 648 | 2187|5184 |10125|17496 | 27783 | 41477 | 59049 | 48778
HPsIMOKYTHHKIB S 10, ym. KB. Of1.

[Inomma kpuBomNiHiHOT

0,002128
Tpamenii S, , yM. KB. OJL.

ITo3noBKHs MII0I11A 3aXO0IJIEHOI J03H P1JIKOT0 MaTepiaiy B CTapii CHCTEMI KOOPJMHAT 10PIBHIOE:
S =Ssc = Skre =0,002059 ym. k8. on. (12)

[To310BXHS IO 3aXOIUIEHOT 03U PIKOro Marepiaiy B HOBiM (IOBEpHEHIN Ha KYT () CHC-
TeM1 KOOpJIUHAT JIOPiBHIOE:

Sor =Say =Sk =0,001449 ym. k8. ox. (13)

OCKUTBKH TIO3IOBXKHSI TUIOINA MTOBHICTIO XapaKTEPHU3Ye 3aXOIUICHY 103y PIAKOro Marepiaiy, TO
CYIKEHHsI MOXKHa poouTH 3a Bupazamu (12) 1 (13).

3 mpuBeIeHUX BUPA3iB BHUIHO, 110 00’€M 3aXOIUICHOI 03U B pa3i MoBOpoTy Ha KyT ¢ = 10°
CUCTEeMH KOOPJIWHAT 3HAYHO MEHIIUI MOPIBHIHO 3 TIOKa3HUKOM O€3 TIOBOPOTY. 3MEHIICHHS 00’ €My
3aXOIUICHOI /1031 3aBUTKOM B pa3i MOBOPOTY CUCTEMHU KOOPAMHAT CTaHOBUTH 29,63 %, 110 CYTTEBO.
e HeraTuBHO BIUIMBAE HA MPOAYKTUBHICTb KUBUIbHHUKA I MPU3BEJIE /10 IEPEBUTPATH €IEKTPOCHEP-
rii Ha TPaHCTIOPTYBAHHS ITYJIBIIH.

BucHoBku
OTxe, y mporeci MPOBENCHHUX JOCHIHKEHb YCTAHOBJICHO, IO HAJATO/KCHHS 3aBUTKOBHX
YKUBWJIbHUKIB HENOIIJILHO 3IHCHIOBAaTH MOBOPOTOM CHUCTeMH KoopauHat. HeoOximHo po3poOuTH
OpuUriHanbHUM miaxia GopMmyBaHHsA NpodiI0 3aBUTKA M a3y BCTAHOBIEHHS MOro mouyarky s
3a0e3MeYeHHs ONTUMAIBHUX MTapaMeTPiB 3aBUTKOBOTO KUBHIIbHHKA.
[TepcnieKTUBOIO OJATIBIITNX JI0CIHKEHB € PO3POOJICHHS TAKOTO MiaX0ay (opMyBaHHS PODITIO
3aBUTKA i OOTPYHTYBAHHS HOTO BCTAHOBJICHHS CTOCOBHO 3aBaHTAKyBalbHOI TOPIIOBUHH MIIMHA.
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YK 004.02+621.391

B.M. KOPYUHCBHKUI

JlHinpoBchkuil HallloHa bHU yHiBepcuTeT iMeni Onecst [oHyapa

®LIBTPALIS 3ABAJI BATATOCHEKTPAJIBHUX IM®POBUX CUTHAJIIB:
ONTUMIBALIMHUN MIIXIT

Y emammi npononyemuocs memoo npuenivenns adumusHux 3a6a0 Ha Yu@posux pacmposux 300padicenHtsx, ompu-
MAHUX Y O08LIbHIl KIIbKOCI CHEKMPANbHUX IHMEPBanie NPOMIHHA — HOCIA 8100601 ingopmayii. Memoo 6azyemobca Ha
KomMnpecii KoOi8 SICKpasocmi 300padiceib, OnMuMizo8anii 3a 0eoma kpumepismu. 1) minimizayis 6ionocHoi ingopma-
Yitinoi' enmponii ckomMnpecosanozo 306paxcens. CmocoeHo nepeunno2o (0e3nocepednbo 3apikcoeano2o) 300paxcensl,;
2) maxcumizayis 8iOHOWEHHS CUCHANLHOIL eHepeil iHghopmamusHoeo cueHany, 30epexdcenoi 8 CKoMnpecosanomy 300pa-
JiceHHl, 00 CUeHaNbHOI enepaii 3a8aou (6IOHOUEHHSL «CUSHAL/WYMY).

Peanizayis npononosanozo memoody exkuiouae maxi emanu: NOOAHHA MHOICUHU 300paAdNCEHb CREKMPATbHUX KAHA-
718 €OuHUM bazamosumipnum ceomempuunum oo ’ekmom (BI'O) y suenadi macusy Oanux, ynopsaoKo8aHux 3a pacmpom
i cnekmpanvnumu inmepeanamu, poseopmia Ileano-Iinbbepma BI'O 3 ompumanusim 00HOBUMIPHO20 YUDPOB02o cue-
HALY, KOMIPecisi yuposux 3HaueHb pO32OPMKU 3d 3A3HAUEHUMU KPUMEPISIMU, PEKOHCMPYKYIs KOOi6 SICKPA8oCmi CKOM-
Npeco8anux 300paniceHb CHEKMpPAIbHUX KAHANI8 (QYHKYIOHATbHUM NepemB8OpeHHAM, 0OEPHEHUM CINOCOBHO GUKOPUCTIA-
HO020 30 KOMApeCcii.

Dinompayis 3a6a0 3 0OHOYACHOK KOMAPECIEN YUPDPOBUX KOOI8 ACKPABOCHI 300padiCeHb peaniz08and Ha OCHOBI
PO3KNA0I8 Yux KOOi6 N0 OUCKPEMHUX OPMOHOPMOBAHUX (DYHKYIOHATbHUX OA3UCAX, OOHYIIHHA YacCmuH KoeqiyieHmis po3-
K1ady U HACMYynHOi PeKOHCMPYKYIi pO3noodinie acKkpagocmi 300padicens. Busnauenns nopozcie ooHyninusa koepiyicumis
PO3KNA0I8 YUPDPOBUX PIGHIE ACKPABOCMI CHOPMYTbOBAHO Y 6USIA0L OBOKPUMEPIATbHOT ONMUMI3AYIHOT 3a0ayi MIHIMI-
3ayil’ 8i0XUIEHb 8IOHOCHOI IHPOPMAYIUHOT eHmMPONii CKOMAPECOBAHO20 300PANCEHHS CIMOCOBHO GUXIOHO20 300DANCEHHS
Ma BIOHOWEHHS « CUSHAT/UWLYMY VY CKOMIPECOBAHOMY 300padiceHHi 6i0 Hanepeo 3a0aHUX 3HaA4eHb.

Ilpononosanuii memoo 3abe3neuye KOMIPOMIC MIdC BUMOAMU 30IIbUIEHHS BIOHOWEHHS «CUSHAL/WYM» | 30epe-
JICEHHSL IHGHOPMAMUBHOCINT CUHME308AHUX 300pPAICEHL CINOCOBHO NEPEUHHUX GUOOBUX OAHUX.

3icmagnenns piznux OUCKpemu308aHux QyHKYiOHATbHUX 6A3UCI8 AK OCHOBU OJis1 KOMNPeCii po3nooinie ACKpasocmi
NOKA3ANI0 HAUOLIbWY eheKmUBHICIb 3a 3a3HaYeHuUMU Kpumepiamu dasucy Xapmii.

Kniouosi crnosa: 6azamocnekmpanvhe 300pasicensi, iHopmayitina 6i0Cmans, GIOHOUEHHS «CUSHAT/UWYMY, PO3-
eopmxa Ileano-I'inbbepma, ouckpemmue opmoHopmosane nepemeopeHHs.

V.M. KORCHYNSKYI

Oles Honchar Dnipro National University

NOISE FILTERING OF MULTISPECTRAL DIGITAL SIGNALS:
OPTIMIZATION APPROACH

The article proposes a method of filtering additive noise on digital raster images obtained in an arbitrary number
of spectral intervals of radiation — the carrier of species information. The method is based on compression of image
brightness codes, optimized according to two criteria: 1) minimization of the relative information entropy of the compressed
image relative ama the primary (directly fixed) image; 2) maximizing the ratio of the signal energy of the informative
signal stored in the compressed image to the signal interference energy (signal-to-noise ratio).

The implementation of the proposed method includes the following steps: representation of a set of images
of spectral bands by a single multidimensional geometric object (MGO) in the form of a data array, ordered by raster
and spectral intervals; Peano-Hilbert reamer of MGO with obtaining a one-dimensional digital signal; compression
of reamer values according to the specified criteria; reconstruction of brightness codes of compressed images of spectral
bands by functional transformation inverse to that used by compression.

Noise filtering with simultaneous compression of digital brightness codes of images is implemented on the basis
of decompositions of these codes on discrete orthonormalized functional bases, zeroing the part of the decomposition
coefficients and subsequent reconstruction of image brightness distributions. Determination of thresholds for zeroing
coefficients of schedules of digital brightness levels is formulated in the form of a two-criteria optimization problem
of minimizing the deviations of the relative information entropy of the compressed image with respect to the original
image and the signal-to-noise ratio in the compressed image from predetermined values.

The proposed method provides a compromise between the requirements of increasing the signal-to-noise ratio
and preserving the informativeness of the synthesized images in relation to the primary species data.
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Comparison of different discretized functional bases as the basis for compression of brightness distributions showed
the greatest efficiency according to the specified criteria of the Hartley basis.

Key words: multispectral image, information distance, signal-to-noise ratio, Peano-Hilbert reamer, discrete
orthogonal transformation.

IlocTranoBka nmpodJjaemMu

Posrsnatorscest ndpoBi pacTpoBi 300pakeHHs, 3a(iKCOBaHI BOJHOUYAC Y IEKUIBKOX CIIEKTPaJIh-
HUX Jiana3oHax eNeKTPOMArHiTHOrO MPOMiHHS — HOCis BUAOBOI iHdopmarii. 3 mo3uiiii Temarny-
HOTO aHaJi3y TaKHX 300pakeHb IX HalBaXXIIMBIIINM 1H()OPMAIITHUM ITOKa3HUKOM € PO3pi3HIOBaIbHA
3MIaTHICTh, KA 301IBIIYETHCS 31 3MEHIICHHSIM JIOBKWHUA XBWII MpoMiHHsA. Dikcaris Takux Oararo-
CHEKTPaIbHUX 300paKeHb HEMHUHYYE CYMPOBOKYEThCS (DOPMYBaHHSIM Ha HHUX rpadiuHUX 3aBal,
3yMOBJICHUX HECTAOUIPHOCTSAMHU CEPEIOBHUINA IMOIIMPEHHS MPOMIHHA, HASBHICTH SIKUX YTPYIHIOE
TEMaTUYHUIN aHalli3 Ta 1HTeprpeTaiio 300paxeHb. Bemnka po3MipHICTH pacTpy, 3a0e3rnedyBaHa
CYy4aCHHMH 3aco0aMH JUCTaHIIHHOTO 30HyBaHHA, MOTPeOy€e 3HAYHUX OOYMCITIOBATIHLHUX PECYPCIB
JUTSL X aBTOMATH30BAaHOTO aHANI3y. Y 3B 43Ky 3 IIUM aKTyalbHA JIBOEIMHA TIpoOIeMa QinbTparii rpa-
(hbiuHUX 3aBa] HA TAKKX 300paKCHHIX Y MOETHAHHI 3 KOMITPECIE€r0 (CTUCHEHHSM ) 300paXeHb 32 YMOBH
30epeskeHHs piBHs 1HPOPMATUBHOCTI, HEOOX1THOTO IS IX JOCTOBIPHOTO TEMATUYHOTO aHAII3Y.

AHAaJIIi3 OCTAHHIX J0CHIIKEeHb Ta MyOaiKamin

[MuTanuam npurHiyeHHs Qinprparii rpadiuHuX 3aBaj Ha PaCTPOBUX 300pakeHHX 1 KoMIpecii
TaKUX 300pa)kKeHb MPUCBAYCHA 3HAUHA KIIBKICTh OCIHIPKEHb, Y SKUX Ii MATAHHS PO3TIISIAIOTHCS
okpemMo — 0e3 X 3B’s3ky. Uucnenni anroputMu (usTparii rpadiyHux 3aBaj; 0a3yrOThCS Ha PI3HUX
BapiaHTax JiHIMHOT Ta HENiHIMHOT 00pOOKH KOJIB SICKPABOCTI 300pakeHb 0e3 3B 3Ky 3 KOMITPECI€I0
UppoOBUX 300paXKeHb (IUB., HaNpuKiIag MoHOrpadiro [1]). BimbmricTs BiZoMux MeTOAIB KOMHpecii
nupoBUX cUTHAJIB 0a3y€e€ThCsl HA X PO3KJIaAl IO OJHOMY 3 OPTOTOHAJIBHUX JUCKPETHUX (YHKITIO-
HanbHUX 0a3uciB [2—4]. [IutanHs, MOB’s3aH1 3 NEPETBOPEHHSM PiBHS 3aBajl 3a Takoi KoMmpecii, He
PO3TIISAATUCS.

Merta nocaixzkeHHs
Merta cTarTi nossirae B po3poOaeHHI METOLy MPUTHIUEHHS TpadivyHuX 3aBajl (IIIyMiB) Ha pacTpo-
BUX ITU(PPOBHUX 300paXCHHSX, 3a(PIKCOBAHUX Yy JOBUIBHIN KUTBKOCTI CIIEKTPaJbHUX 1HTEPBAIIB IPO-
MiHHS — HOCISl BUI0BOI iH(OpMaIlii, ONTUMAIBHOTO 332 KPUTEPIIMU MaKCUMi3allil BITHOIICHHS «CUTHAI/
urym» (SNR) 1 miniMizanii iHpOpMamiiiHOT BIIMIHHOCTI BUXIAHUX 1 CHHTE€30BaHUX 300pakeHb LIUIIXOM
KOMITpECii BUX1THUX 300paKeHb 13 KOHTPOJIBOBAHUM pIBHEM 30€peKeHHS 1X 1H(OPMATUBHOCTI.

Buxiaa ocHOBHOT0 MaTepiaJy J0CTiIKeHHS
CyKyIHICTh pacTpOBUX 300paxkeHb, MoJaHuX Ha pacTpi po3mipom N x M mikceniB 1 3a¢ikcoBa-
HuX y K ciekTpanbpHUX iHTepBanax, MogaeMo MacuBoM D, . .. CTOBII SKOIO OTPUMAaHi PO3TOPTKOIO
pacTpy CrieKTpaJbHUX IHTEPBAJIB y3/10BXK HOro psaakiB. [yt penykiii BuMipHocti D BHUKOPHUCTO-
BY€eMO #oro po3roptky V(X), orpumany 3a anropurmom Ileano [5].
311CHI0OEMO PO3KJIAJ OTPUMAHOI PO3TOPTKU MO 33JaHOMY JUCKPETHOMY OPTOHOPMOBAHOMY
6a3ucy (BUKOpHCTOBYBaIUCs 0azucy Yodma, XapTii i IUCKPeTHE KOCHHYCHE NepeTBOpeHHs [2]):

V(x)=gcn~un(x), 1)

ne U (X) — 6asucHi ¢yHKii; C — KoeiieHTn po3Kiaany; L — 1oBk1uHa pO3TOPTKH. L
31iiiCHUMO TIEPETBOPEHHS MHOXKMHHU Koedinientis posknany (1): C =c¢ mpu n=1T;C =0
npu N > T. Kommpecist 311HCHIOETBCS 0OEpHEHUM TIEPETBOPEHHSIM:

Vc(x):gckﬂk(x). 2)

N-Mxk
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3a Mipy iH(pOpMaIliiHOI BIIMIHHOCTI CKOMIIPECOBAHOTO CHUTHAIIY 3 PO3IMOAIIOM YacTOT HOTO
esleMeHTIB P(X) BiJl MIEPBUHHOTO CUTHAIY 3 PO3MOILIOM YacTOT ¢(X) MPUIHATO BIIHOCHY €HTPOIIIO
Kynebaka-Jleiibmepa [6]:
p(x)

L(pllg)=[ p(x)-log,| == |-dx, (3)
¥ q(x)
e P(X), g(X) — BIAMOBIIHO, T'YCTUHU PO3MOALIIB 3anexHocTel V(X) 1 V (X).

Busnauenns nopory 7 oOHyaiHHS Koe]ilieHTiB po3kiany (1) hopmynoemo sk onTuMizalinHy
3aJa4y 3a KpUTEPisIMU MiHIMi3alii BiIXUJICHD BiJl HaNlepe 3aJaHuX 3Ha4€Hb BIIHOCHOI iH(OpMAITiii-
Hoi eHTpomii Ta SNR pe3ynbTyro4oro 300pakxeHHsI CTOCOBHO BUX1IHOTO 300paKeHHS.

PexoHCTpyKIIisl EepeTBOPEHUX 300paskeHb CHEKTPAIbHUX KaHAJIIB 3/1HCHIOETbCS O0CpHEHUM
B1J100pakeHHsAM [leaHo 3 HACTYMHUM MEPETBOPEHHSM, 3BOPOTHIM 10 niepeTBOpeHHs (1).

TecTyBaHHS 3alPONOHOBAHOIO METONY 3/AIHCHIOBAIOCS 3 BUKOPUCTAHHSAM OPTOHOPMOBAHMX
6a3uciB Youmma, Xapmii it TUCKPETHOTO KOCHHYCHOTO TIEPETBOPEHHSI.

Ha pucynkax 1-4 nogani 300paxeHHsI YOTUPbOX CHEKTPAIbHUX KaHAIIB Ta aINTUBHOIO raycCiB-
CBKOT'O LIIYMY 3 PI3HUMHM JUCTIEPCISIMH.

Puc. 1. 300paxkeHHns ciekTpajbHoro kanaiay 0,77 mxm — 0,88 mxm, rucnepcist mymy 0,04

Puc. 2. 3o00pa:xkenHst cnexkTpajbHoro kanauay 0,64 mxm — 0,72 mxm, aucnepceist mymy 0,04
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Puc. 3. 300pakenns cnekTpajbHoro kanaiay 0,52 mxm — 0,61 mxm, 1ucnepcis mymy 0,0225

Puc. 4. 300pa:xkeHHst cnexkTpajibHoro kanauay 0,45 mxm — 0,53 mxm, 1ucnepceis mymy 0,0169

Ha pucynkax 5-8 HaBeneHi 300pa’keHHs, BIATBOPEHI 3a BHUKOPHCTAHHS OPTOHOPMOBAHOTO
6asucy XapTii 3 MoporoM OOHYJIHHSA KOE(QIIIEHTIB po3Kiady, mo 3ade3neuye SNR Ha menmie 3a
6,9771 nb Ta BimHOCHY iH(MOpPMAaIIiitHy eHTpomito L ( 2l q) He Oinbire Hixk 0,4917 OiT.

Puc. 5. BinnoBiene 300paskeHHsi cnekTpajabHoro kanaiuy 0,77 mxm — 0,88 mxm
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Puc. 6. BitnoBsiene 300paskeHHsi cnekTpajabHoro kanaiuy 0,64 mxm — 0,72 Mkm

Puc. 7. BiznoBJieHe 300paskeHHs crieKTpaJibHOro kanaiy 0,77 mxm — 0,88 Mmxm

Puc. 8. BinnoBiene 300paskeHHsi cnekTpajabHoro kanaiuy 0,77 mxm — 0,88 mxm

SIK BUIUIMBAE 3 HABECHOT POLIELyPH KOMIIPECii, Y pa3i 301IbIIEHHS TOpOory OOHYTIHHS KoedirieH-
TiB po3kJay po3roptku [leano-I" 1p0epTa 3MEHIIYIOTHCS K MOTY>KHICTh 3aJIMILIKOBOTO LIyMY, TaK 1 BiJ-
ctadb KynpOaka-Jleiibiepa Mk BUXiHUM 1 BITHOBJICHUM 300payKEHHSIMH. I3 1[bOTO BUIUIMBAE, 1110 MK
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SNR i mi€ro BificTaHHIO icHY€e 0OepHEeHa 3a1eKHICTh. Ha pucyHKy 9 1141 3a1€XHICTh TIOKa3aHa CTOCOBHO
JMCKPETHUX (QYHKIIOHAILHUX Oa3uciB Youmia, XapTii Ta AUCKPETHOTO KOCHHYCHOTO ITEPETBOPEHHSI.

Puc. 9. 3anexnicts ingopmaniiinoi Bincrani Bix BinHomennss SNR y BifHOB1eHUX 300paxkeHHAX

3anponoHOBaHUN MeTOoA 3abe3ledye ONTUMAJIbHUN KOMIIPOMIC MiX BHMOraMH MiHimi3amii

iHpOopMaLifHOI BIIMIHHOCTI BUXITHOTO Ta BiJHOBJIEHOTO 300pa’keHb 1 JOCATHEHHS 3aJaHOTO 3Ha-
yenHs BigHomreHHas SNR.

BucHoBku
3anponoHOBaHO HOBHI METON MPUTHIYEHHS rpadivyHUX 3aBaj] Ha 0araroCleKTpalbHUX IH}-

POBUX 300paKEHHSAX, ONTUMI30BaHUM 3a 1HPOPMALIITHUM Ta eHepreTHYHUM KpuTepisiMu. BonHnovac
3a0e3Meuy€eThCsl EKOHOMIsI OOUHCITIOBAIEHUX PECYPCiB, HEOOX1THUX JIJIs1 aBTOMAaTH30BAHOTO TEMaTHY-
HOTO aHaji3y OararocnekTpaibHuX IUGpoBUX 300pakeHb. [lomanbiii mociimkeHHs 3a npobiema-
THKOIO CTarTi OyIyTh CIpsIMOBaHI Ha 30UTBIICHHS MPOMYCKHOT 3/aTHOCTI 1HPOPMAaLIHHIX KaHAJIIB
nepeaavi 0araroCeKTpatbHUX MUPPOBUX 300paKeHb TUCTAHIIIHHOTO 30HYBaHHS.

e
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0.C. MASMAHIIIBUII

HauionanpHuit HaykoBUil LEHTP «XapKiBChKUH (I3UKO-TEXHIYHUN IHCTUTYT»

MOJEJIOBAHHS PO3NOBCIOJKEHHS MJIOCKOI EJEKTPOMATIHITHOI
XBHUJII B HEOJHOPITHOMY HEIIOITIMHAIOYOMY CEPEJOBHUIII

Y pobomi npeocmaeneno ananimuyni piwenns napaboniynozo pienauusa Icimapy ons @yHKyii KocepeHmHocmi
€1eKMpPOMASHIMHO20 NOJIA, WO ONUCYIOMb YACOGI 61ACMUBOCII IMIYIbCY HA 6UXO0I HEOOHOPIOHO20 HEeOUCUNAMUBHO20
cepedosuwya. 3uatioeno ssnutl supas Qynxyii I pina 3aedanns. Iokazano, wo uacosa wacmuna Gyuxyii I pina mae inea-
pianmny ghopmy. Hasedeno maxootc pesyromamu 4ucenvHux po3paxyHkie gopmi 00CHioHCy8anHux 4acosux iMnyIbeie Ha
8UXOO0L NPO20HOB0I OlsiHKU cepedosuwya. [lokazano, wo nioxio, sukopucmanutl y mooeni Icimapy 01 onucy mumuacosor
e8oIoYil 02UHAIOYUOI MOHOXPOMAMUYHO20 eeKMPOMASHIMHO20 IMNYIbCY 8 OOHOPIOHUX HEOUCUNAMUBHUX Cepe0O08ULYaAX,
Modice Oymu po3suHenull /i BUKOPUCIIAHHS 8 HeOOHOPIOHUX HeOUCUNAMUBHUX cepedosuax. 3pobneno cnpody epaxy-
8amu 6nIUG HEOOHOPIOHOCII CepedosUWA HA OPMY PEe3VIbMYIOH020 IMNYAbCY. [ eupiuienHs noCmasieno2o 3a60aHHs
nompiono nodoaramu mpyoHoOWi, N08 a3ani 3 00UUCTEHHAM KOHMUHYATbHO20 THMe2Pand, o 8UHUKAE, Y NPOCmopi ougy-
sitHux mpaekmopiu. Lle oano moxciusicmo ompumamu sienuil upas ons yuxyii I pina 3as0anns 1 nodyodyeamu oouucio-
8ANILHULL AN2OPUMM, HA 6A3I AKO20 NPOGEOEHO HUZKY YUCENbHUX eKCnepuMenmis. Ananiz pe3ynomamie podomu nposeoeHo
Ha niocmasi anapamy KeaopamuyHux IHmezpaibHux QYHKYIOHANIs, wo 0A3YI0mMbCs HA PIUEHHAX CIOXACMUYHUX Ouge-
peHyianvHux pisHaHb. I3 meopii nodionux yHkyionanie ompumaro, wo eci nontocu Qyukyii I pina G(t) npocmi, ¢yuk-
yia G(t) momodwcro dopisuroe Hymo npu t = 0 (prykmyayitina oinanxa), gyukyia G(t) mae ooun maxcumym i 08i Mmouxu
nepeeuny (ocnoena oinsnka), pyuxyis G(t) Mae eKCROHeHmMHY acCUMNMOMuKy npu t— o (nepugepiiina oinanka). Busueno
iH8apianmui 4acoei 61acmusoCmi 02UHAIOY0L MOHOXPOMAMUYHUX €1eKMPOMASHIMHUX IMIYIbCI8, WO PEECMPYIOMbCsL NICTI
NPOXOOHCEHHs KPi3b NAOCKULL Wap pO3Cilo8aNbHO20 HEOOHOPIOH020 cepedosuuya, modmo enacmueocmet, AKi 3a1uma-
FOMbCsL He3AMIHHUMU 8 pasi eapiayii napamempie cepedosuuyd, 30Kpema po3nooiny KOHYeHmpayii yeHmpie, ujo posciornb.

Kniouosi crnosa: ¢ynxyii I pina, moHoxpomamuuri enekmpoMasHimui iMRYIbClU, po3CilosaibHe HeOOHOPIOHe cepe-
Odosuuge, pieHauHa Icimapy, yuxyia xoeepenmuocmi, gopma pes3yrbmylouo2o iMHYIbCy, THBAPIAHMHA Nd2eppiBcbKa
@opma, uucenvhi excnepumenmu.

0.S. MAZMANISHVILI

National Science Center “Kharkiv Physical-Technical Institute”

SIMULATION OF PLANE ELECTROMAGNETIC WAVE PROPAGATION
IN AN INHOMOGENEOUS NONABSORBING MEDIUM

The paper presents analytical solutions of the parabolic Ishimaru equation for the electromagnetic field coherence
function, which describe the temporal properties of a pulse at the output of an inhomogeneous non-dissipative scattering
medium. An explicit expression for the Green s function of the problem is found. It is shown that the time part of the Green s
function has an invariant Laguerre form. The results of numerical calculations of the shape of the studied time pulses
at the exit of the span of the medium are also presented. The paper shows that the approach used in the Ishimaru model
to describe the temporal evolution of the envelope of a monochromatic electromagnetic pulse in homogeneous non-
dissipative scattering media can be developed for use in inhomogeneous non-dissipative media. An attempt was made to
take into account the influence of the inhomogeneity of the medium on the shape of the resulting pulse. To solve the stated
problem, it was necessary to overcome the difficulties associated with the calculation of the resulting path integral
in the space of diffusion trajectories. This made it possible to obtain an explicit expression for the Green's function
of the problem and construct a computational algorithm, on the basis of which a number of numerical experiments
were carried out. The analysis of the results of the work was carried out on the basis of the apparatus of quadratic
integral functionals based on the solutions of stochastic differential equations. From the theory of similar functionals,
it is obtained that all poles of the Green's function G(t) are simple, the function G(t) is identically equal to zero at t = 0
(fluctuation region), the function G(t) has one maximum and two inflection points (main region), the function G(t) has
exponential asymptotics at t— oo (peripheral region). The paper studies the invariant temporal properties of the envelope
of monochromatic electromagnetic pulses recorded after passing through a flat layer of a scattering inhomogeneous
medium, i. e. properties that remain unchanged when the parameters of the medium vary, in particular, the distribution
of the concentration of scattering centers.

Keywords: Green s functions, monochromatic electromagnetic pulses, scattering inhomogeneous medium, Ishimaru
equation, coherence function, resulting pulse shape, invariant Laguerre form, numerical experiments.
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ITocTanoBka npodiemMu

Huxue nmocTaBieHo i po3nIsIHYTO 3aBAaHHA PO (HOpMY IMITYIIbCY, IO MOMIUPIOETHCS B HEOAHO-
piAHOMY H HEMOIIMHAIOYOMY CEepEeIOBHILI THITY, 1[0 PO3CiIO€E. Y pOOOTI K BUXITHUI BUKOPHCTAHO
€JIEKTPOMArHITHUN IMITYJIBC y BUIVIsSIL O-(DYHKIIIT II0/10 HAMIPSIMY NOIIMPEHHS. TaKuM YHHOM, 11eThCA,
1o cyTi, mpo ¢yHKIio [piHa po3mstHyTOTO 3aBAaHHS. IMITYIECH MPOXOJATH KPi3b IIap TOBIIWHU L,
1110 MICTUTh PO3CIIOBAJIbHI LIEHTPU 3 JOBUIBHUM MpodineM KOHIeHTpalii p(Z) y340BX 0Ci pO3IOBCIO-
JDKEHHS Z, IPY IIbOMY CaMe PO3CIFOBaHHS BBAXKAETHCSI MATOKYTOBUM [ 1; 2].

[Tix gac po3misiy MPUWHSTO TaKi MPUITYIIICHHS:

— BUXiJHA (CTapTOBa XBUJIS) € MIOCKOIO;

— TOKAa3HUKHU CEepeOBHIINA, Oylaydn 3MIHHHUMHU B MPOCTOPIi, € MOCTIHHUMU B Yaci; Il XapakTe-
PUCTHKH MOKJIAJAaTUMYThCS BIIOMUMU Ta 3a1aHUMU;

— IMPOCTOPOBI XapaKTEPUCTHKH CEPEIOBUILA a3UMYTaIbHO CUMETPHUHI 1010 HAMIPSIMKY MOIIH-
PEHHS BULIPOMIHIOBAHHS;

— pO3IISIHYTE BUIPOMIHIOBAHHS SBJIsiE COO0I0 MOHOXPOMAaTMYHY XBWJIIO 3 IMITYJIbCHOIO
OTHHAI0YOIO.

Tpere npunymieHHs 03Ha4Yae, MO XapaKTEPUCTHKU CEPEOBHINA 3MIHIOIOTHCS MIapaMH, rapa-
JeNbHUMH 10 PPOHTY BUX1THOT TUIOCKOT XBHIII. Hikdue My 0OMeXUMOCS UM MPUMYIIEHHSIM, MaIO4YH
Ha yBa3i OTpUMaHHs PEe3yNbTaTiB MPUHIIUIIOBOTO TUIAHY.

Y po60Ti pO3MISTHYTO YacOBI BIACTHBOCTI OTMHAIOYOI MOHOXPOMATUYHUX EIEKTPOMArHITHUX
IMITYJIBbCIB, IO PEECTPYIOTHCS MICIIS MPOXOHKEHHS KPi3b TUIOCKUIA IIap HEOAHOPITHOTO CEPEIOBUINA,
10 po3citoe. Y 1IbOMYy OCOONHBY yBary 3BEpHEHO Ha TaKi BIACTUBOCTI, SIKI MOJKHA HAa3BaTH iHBapi-
AQHTHUMH, TOOTO Ha BIACTUBOCTI, XapaKTEpHi JIs BCIX aHAII30BaHUX CEPeOBUII. 3aBAsku iHPopma-
1ii Mpo 1HBapiaHTHI BIACTUBOCTI CTa€ MOXJIMBHUM JIOJIaTKOBA MEepeBipKa BiIMOBIAHOCTI JOCBIAUYEHUX
JMaHWX 1 X 1HTepIpeTallis, He TOB’s3aHa 3 KOHKPETHUMH IapaMeTpaMU CEpeOBUINA PO3TOBCIO-
JoKeHHs. Taki BIacTUBOCTI mepeaaBaibHOl (DyHKIIT, SIK TO3UTHBHA BU3HAYCHICTh, 3BEPHEHHS B HYIIh
Ha MOYaTKy IMITyJbCy Ta Ha Horo nepudepii, €AUHICTH MAKCUMYMY I HasBHICTH JIMILIE JBOX TOYOK
MIEPETHHY, € SIKICHUMU O3HAKaMH H JIETKO 1IeHTU(IKYIOThCS.

AHAaJI3 OCTAHHIX JOCTIIKEeHb Ta MyOJiKaii

3anmauy npo dynkiito [piHa cepenoBuIa, MO MICTUTh IIEHTPH, IO PO3CIFOIOTH, MOXKHA 3apa-
XyBaTHu 70 KJacuIHUX. Pi3HI (i3uuHi i 00UMCITIOBANIBHI aCMIEKTH IIi€T TPOOIeMH BXE TaBHO 0OTrOBO-
PIOIOTHCSI B HayKOBUX (paxoBUX BUAAHHAX [1—6]. PiBHSAHHSA, SKI OMMCYIOTH MOLIMPEHHS IMITYJIbCIB,
Iy’Ke CKJIaJlHi, TOMy OTPUMaHHS MOBHUX aHAJTITHYHUX PIIICHb MOCTABICHOTO 3aBIAaHHS € MUTAHHAM
Maii0yTHbOrO. SIK mpaBmio, y IyOJiKalisiXx HABOAATHCS TOYHI BUpa3d AJS MEPUIMX CTATUCTHYHHUX
MOMEHTIB OI'MHAIOUO0i IMITyJbCcy a00 AesKi BHpa3u, CIpPaBeJIMBI B paMKax OOpaHUX HAOIMKEHb.
HasiBHi % TOYHI aHAIITUYHI BUpa3u NPEACTABIICHI IEPEBAKHO Y BUIIISL/II KOHTUHYAJIbHUX 1HTETPAJIiB
1/a00 po3KJIaiB y HECKIHUCHHI psAan. Y TUX poOOTax, J¢ HaBEJAECHO aHAJITUYHE PIIICHHS 3aBIaHHS
B SIBHOMY BUIJISIZIL, BOHO, SIK IIPaBHJIO, HAJICKUTH IO CIIPOLICHUX Mojiesnieil. J{ist BUpileHHs BUX1THUX
PIBHSHb BUKOPUCTOBYIOTh YHCEIbHI METO/IH.

Merta nocaixkeHHs
Merta poOoTH nosidrae y BUBYCHHI 1HBaplaHTHUX TUMYACOBUX BJIACTUBOCTEN OTMHAIOY0i MOHO-
XPOMaTUYHMX €JIEKTPOMATHITHUX IMITYJIbCIB, III0 PEECTPYIOThCS IMICHS IPOXOAKEHHS KPi3b II0CKUN
1ap PO3CiFOBAIBHOTO HEOAHOPITHOTO CePEIOBUIIA, TOOTO BIACTHBOCTEH, SIKI 3alTUIIAIOTHCSI HE3MIH-
HUMH B pa3i Bapiallii mapaMeTpiB CEpeIoBHUIIa, 30KpeMa PO3IMOALTY KOHIICHTpAIIil IEHTPIB, 10 PO3-
citoroTb. OcoONUBY yBary MpUIUIEHO MO3I0BXKHIM (4aCOBUM) PO3MipaM Pe3yJIbTYIOUOrO iMITYJIbCY,
10 BU3HA4Ya€ HOro BIACTUBOCTI.
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Bukiaa ocHOBHOr0 MarepiaJy 10CTiIKeHHS
1. Buxioui nonoycenns
Huxue nmocTaBieHo i po3nIsIHYTO 3aBAaHHA PO (HOpMY IMITYIIbCY, IO MOIIUPIOETHCS B HEOAHO-
pPIAHOMY Ta HEMOITIMHAIOUOMY CEPEOBHIIIl THITY, 110 po3citoe. OGroBopruMO 3a3HaUEH1 BUIIIE TTPHITY-
IICHHS] 1 OOMEXKEHHs, 10 BUIIMBAIOTH 13 HUX, HA JIIJITHKY 3aCTOCYBaHHS PE3YJIBTYIOUHX BHUPA3iB.
V niniiinoMy HaOmmoxenHi Buxignui |, () Ta immynse Ha Buxofi 13 cepenosuina I(t) nos’s3aui Bino-
MUM BUpa3oMm [1]:

1(f)= j G(t—1)1, (" dr', (1)
i3a dopmoro | (t) moxkna BusHaunTy I(), sxmo BusHavena ynkuis I'pina G(7 - ¢).
[epeiinemo 1o popmymoBanns BuxigHux piBHAHb. Lllykana ¢ynkumis ['pina € @yp’e-o6pazom
JIBOYACTOTHOI (PyHKI[IT KorepeHTHocTi [

G(1) = i [T(o,)exp(-io,Hdo, . )

Hani s dynkuii Iy ¢i3uynii cutyarii, o po3nisgaeThesi, HOUIMPEHHS IIOCKOT eJIeKTpoMar-
HITHOI XBHJI1 B TU(QY31HHO-PO3CIIOBATIHLHOMY HETIOTIMHAIOYOMY CepeoBHUII MaeMo [1]:

g+iaa—2+b(z)r2 I'z,r;m,)=0 3)
0z or’ o .

Tyt a =k, / 2k* K — XBHIIbOBE UMCII0 MOHOXPOMATHYHOI XBHUIi, IO TIOMHUPIOEThCS; K, = ,/C;
¢ — HIBUAKICTH CBITJIA;

b(z)=(4a,) ' p(2)5,(2)K, 4)

e p(Z) — KOHIEHTPAIlis PO3CIOBAIBHUX IIEHTPIB; G (Z) — MEPEPi3 PO3CIIOBAHHS; o, — KyTOBHii mapa-
METp PO3CIIOBAaHHS, a SIK apryMeHTH (YHKII KorepeHTHocTi I' BkazaHi MO3IOBXKHS KOOpAWHATa
MIOIIMPEHHS Z 1 IOTIEPEYHUI BEKTOP I

PiBasiaas (3) € nudepeHmiabHUM PIBHSHHSIM Y YacTKOBHX MOXITHUX MapaOOIivyHOTO THITY
3 MOTeHIiaoM KBajaparudHoro Buay U(z, 1) = b(2)r?, kpyTiCTh SKOTO 3aJICKUTh BiJl KOOPIMHATH Z,
i moyarkoBoro ymoBoro I'(z= 0, r) = 1, mo 3a0e3neqye BnactusicTs Qynxuii [pina G(z—1')|,_ =06 (1—1').

PiBHsiHHA (3) HAJIEKUTH 10 Kjacy PiBHSAHb X1/UTa ¥ y 3araJilbHOMy BHNAQAKy HOTO aHaiTHY-
HUX PO3B’s3KiB notenuiany U(z, ') JOBUILHOTO BHLy OTPUMATH HE BAAETHCS. [CTOTHUM BUSBISETHCS
TE, IO 3 MOTEHIIATy KBaJPAaTUYHOTO BUAY arnpokcumMariiine pimenHs ¢yHkuii [pina G(t) molymy-
BaTH MOXKJTUBO.

2. Pignannsa onsa 0éouacmomnoi ynkyii kocepenmmuocmi

PosmsiHemo map, mo po3citoe, TOBIIMHA SKOTO (Y370BXK oci Z) mopiBHioe L. Po3i6’emo moB-

xuny L na N ginsnok {A }: L= ZLAH .

Hexaii Benmuunnu p(z) Ta 6(2) 3anani Ta € 6esnepepBHUMH QyHKIisME Z. BubepemMo IiIsHKH
A =z -z ,n=1,.,N Tak, mob nepenaru Bci ictoTHi aeran norenuiany U(z, r), i nozHadaumo
b =Db(z,), p,=p(z,)Tac =o(z). Maroun Ha yBa3i Bunagok N >> 1, 3amiaumo B notenniani U(z, 1)
YCl 3HAYEHHS, IO JIEKATh YCEPEAnHi KOKHOI N-i minsnku, 1 < n < N, na Benmuunny U(Z, ), e
z = Z;:l A, —mpaBa Mexka JUISHKU.

OTrpuMaHuii TakuM YMHOM moTeHIian U(z, ), mo € KyCKOBO-IOCTIHHOIW (YHKIIIEW BiI Z,
BUKOPHCTOBYBaTUMEMO HIKYE B ampoOKcHMalliiiHomy piBHAHHI (6). Temep HaOMM3UMO pilIeHHS
piBusnnsa (3) dynkuiero I'\(z, r; ©,), MO € PINIEHHAM aNMPOKCUMALIHHOIO PIBHAHHS 31 IIMATKOBO-
nocrikinum 3a Z Bupazom U, (z , 1) nus morenuiany U(z, r):

0z

o . 0o _
—+1a8?+UN(z,r) I'y(z,r;o,)=0, ®))
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3 ymosoro I' (0, r; o) = 1. SIkmio Gyne 3Hakineno pimenns piBHsHHs (5) 1u1s [, To oTpiOHa ByHKIis
KOTEPEHTHOCTI Oy/ie BUILTUBATH 3 HHOTO B Mexki mpu N — oo, PiBHsIHHIO (5) eKBiBaJICHTHA TIOCIIiIOB-
HICTb PIBHSIHb:

2
9 ial U 20 [Ty (r0,) =0, n=1..N, ©6)

oz or
PIIIEHHS SKMX BU3HAYAKOTHCSA IIOYATKOBOK yMOBOIO I (2 =0, I; ® ) = 1 1 IaHIF0)KKOM rPaHUYHKMX YMOB!
yn+l(Zn):yn(Zn)5 nzla"'aN’ (7)

ne Y (2) — dynkuis I' (z, r; o) Ha N-i JUTsHIL.
IMepeiinemMo 10 BHUpIIIEHHS PO3rOPHYTOI CHCTEMH PiBHHB (6). PO3mIsHEMO i3 IIEI0 METOO
JOBLIBHY N-Y JTIJISHKY:
o . 0
—+ia—+Uy,(z,,r) |['y(z,r;0,)=0. (8)
oz or
Hauni# ginsauinoreniian U 3anexuTs BifikoopauHatuZ sk signapamerpa, U, (z, r)=b(z)r’=b r?,
ne b= (4ap)‘1p(zn).css(zn)k2. Takum YHHOM, KOXKHE 3 piB:HﬂHL (8) € mapabomiyHEM piBH}IHH}IM‘y Jacr-
KOBHUX TOXIJIHUX 31 IIMAaTKOBO-ITOCTIHHKM 3a Z noTeHItianoM. [IlykatuMemMo po3B 30K N-T0 PiBHAHHS
Ha inTepBai (2, Z )y BUDIAAL

fzz) exp[ 22 ]. ©)

Lls dopma mrykaHoro po3s’sizka 00yMOBJIeHa MapaOOoNiYHOK BIACTHUBICTIO MOTEHIIany 3a I.
I3 (8) 1 (9) BuIUIMBarOTh TaKi piBHAHHS Ui BBeaeHUX QyHKi f(Z) Ta g(2):

1 d(2)

I (zr;o,)=

- +diag()=0, BO | 4iag?(2)+b =0, (10)
f(z) dz dz
Posrisinemo criouatky npyre piBHsSHHS i3 cuctemu (10), 110 € cTaHIApTHUM PiBHSHHAM PikkaTi.
Hexaii g = g(z,), Toai Juist BCIX N pO3B’sI3aHHS 1IbOTO PIBHAHHS 3 TIOYaTKOBOIO YMOBOK (Z, ) = ¢
110 BuriuBace 3 (7), Take:

n-1°

_ g, —(4ia/b,)" tg({J4iab,(z~z,.,))

z s 11
¢ 1+(4ia/b,)"" g, te(J4iab, (z~z,.,)) (v
a Ha iioro npaBoMy KiHIIi:
g, —(4ia/b,) " 1g(, [4iab A,) 12)

1+ (4iafb,)" g, , ta(\[4iab,A,)’

VY cBoto yepry, pyskiiis f(z) 3HaxoquThes 3 (9) 3a JONOMOTOI0 KBaJpaTypH 3 MOYATKOBOK YMO-
Boto f(z ) =f ., nef  — sHadvenns Qynkuii Ha mpaBomy KiHui momepenanboi (N — 1)-i ginguku:

—];(Z) = Cos ( |4iab, (z - Zn—l)) +./4ia/b, g,  sin (« |4iab, (z - zn_l)), a Ha Moro npaBoMy KiHLI:

n-1

fn:[cos( diab, A, )+ [4iafb, g, , sin 4iabnAn)] 1. (13)

Orxe, dynkuis korepentnocri I' (z, r; o ) npu Z =z, = L nopisHioe:

1

FN(ZN,r;wd)=f—eXp(gNr2), (14)
N

npu npoMy nocnigossocti {f } i {g } BU3HayaroThCsA 3 peKypeHTHMX cmiBBigHOmeHs (11) i (12),

a Takox novarkoux ymos f (0) = 119,(0) = 0. 3oxkpema, y Touni npuiiomy, ko r = 0 iz = L, maemo:

7 (1 ) (1

Iy(Lro,)=

https://doi.org/10.32782/mathematical-modelling/2023-6-1-11
103



ITPUKIIA/THI ITHNTAHHA MATEMATHYHOI' O MOAEJIFOBAHHA T. 6, Ne 1, 2023

3. @ynukuia Ipina
Hexaili T, — yac momMpeHHs MOYaTKOBOI TOUKM iMITysbCy. Tomi QyHKIIis IMITyIbCHOTO BiATYKY
(pynxmis I'pina) Taxa:

1 T exp(—io, (1—T))

GN(t)_anw fyv(o,0,)
npu upomy y ¢ynkuii f = f (0, ,) 3a3Hauena 3anexHicTh fK BiJl Pi3HUIEBOI YaCTOTH ®, (3MiH-
HO 1HTErpyBaHHs), TaK 1 BiJl YACTOTH (» MOHOXPOMATUYHOTO IMIYJbCY. 3 PEKypPEHTHOT'O CIiBBiIHO-
meHHs (13) BuruiiBae:

do, , (16)

N-1

fy= H[cos( diab A, ) +.J4ialb g, sin( 4iab A, )} : (17)

[Tpunyctumo  nai, n:11u0 byukiis  b(z) — magka  (pi3ki  Mei  KOHIIGHTparil
pimcyrsi),  Tomi ta(9,) = (tg (9,1)~tg(\/4iab, A, ))(1 +1g(0, ) tg(\4iab, A, ))1 ne
te(o,) = J4ia/b, g 1enae @, , =@, —+/4ia/b A , 110 IPU3BOIUTH IO PIBHOCTI ¢, = —Zivzl 4jab A,

1

TOMy g, =——F—=18
Jdia/b,

JIOBHO 3HAWUIEMO:

N . . o . . .
(Zj=1 diab; A j). ITincraBnsitoun 1eit Bupas y cmisBinHowmeHHs (14), noci-

£ = cos(z:’:l 4iabnAn). (18)

Ockinbku ab, = (p, 6,0 d)(80ch)*1, nep, =p(z,)ic, =oc/z,), o s mykanoi Gpyrxii [ 'pina orpumaemo:
< —io,(t-T

G(;):ij exp (i, (1~ 1) do, . (19)

2% cos(Vio, 3 4,(0,0,)/2at,0))

2 _ N . . . :
Posmissemo Bupasz v’ = Z,,=1An (p,o,) / (20 ,¢) . Cyma B iioro npasiii yactuti B Mexi N — oo
MIEPETBOPIOETHCS HA IHTErpaL:

2 = (20cpc)_'/2j p(z)o (z)dz (20)

1 % exp(—io,(t—T
110 J1a€ G(t):—j p(~iw, (- 11)
2n s, cosyJio,T

mykaHui Bupas aia GyHkiii ['pina, mo ¢popmMaabHO 30Ira€ThCs 3 BIIOMHUM PIICHHSIM piBHSIHHS ICi-
Mapy [1; 2] ans ogHOPIHUX PO3CIFOBAIIBHUX CEPEIOBUILL:
1 fexpls(-T,

| plse =], @1

ch/st

Lleii Bupa3 3anexuTh Big ABOX mapameTpis T, i 1. [lepmmii Biinosigae 3a 4ac NpUXOLY IMITYIbCY
SIK IIUJTOTO ¥ IOPIBHIOE BiTHOIICHHIO JOBXHHH MUISXY JI0 IIBUIKOCTI CBiTIIA C. Jlpyruii BU3HAUae po3-
mupeHHs iMmyascy. HaBenemo e ogHe npeactasieHHs st GyHkiii [ pina:
1 f exp[n(-T,)/]
2niT —ioo Ch \/ﬁ

d, . BUKOPUCTOBYI0UH 3aMiHY ), = IS, OTPUMAEMO OCTATOYHO

¢= 2mi

—ioo

G(t) = dan. (22)

Tyr: 5
T =LJc, r:zL( | p(z)G(z)dz] . (23)
a,cly

P
Otpumani dhopmynu (22—23) BiApi3HAIOTHCS Bija BioMoro pe3ynsrary Icimapy [1; 2] Tum, mo
BOHU CIIPABEJINBI ISl HEOTHOPITHUX CEPETOBUIIL.
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4. Dizuuna inmepnpemauin
ImmynibCy 13 3aaHOr0 4acoBOK 3aekHiCTIO | (1) BiamoBinaTMMe iMITylIbC Ha BUXOMI 13 cepe-
JIOBHIIIA, IIIO OMTUCYETHCS BUPA3OM:
1 ¢, Texpls(t—1'-T)]
1= [ 1@ |
2mi ¢ o ch+/st
Hexait mmommay Z = 0 cTapTOBUiA IMITYJIbC TocAT Y MOMeHT vacy t = 0. [Tommprotouncs y cepe-
JIOBHILII, III0 PO3CIIO€, BiH JOCITHE MomuHu Z = L 1 B upomy micui matume gopmy |(t). [Ipoanani-
3yEMO TIapaMeTPH LOTO IMITYILCY. [3 i€l0 METOI BU3HAYMMO 3HAUYEHHS TEPIINX TPHOX MOMEHTIB

ds . (24)

<t”> = .[0 t"I[(t)dt, n=0,1,2. Ilpu upomy npuiiMemo, He OOMEXYIOUU CIIIBHOCTI, 10 CTApPTOBUMI

IMITyJIbC MA€ 3aMaceHy €HEeprilo 3a BEIMYUHOIO YHCENbHO piBHY onuHuIl. L{ikaBi MoMeHTH OynemMo

BiJpaxoByBaTy BiJ T,:
1

(t=t'-T)")=(- nds”mszo' (25)

3 ypaxyBaHHSM IPUITYLICHHS PO OJMHWYHY CHEPTil0 CTapTOBOTO iMITynbCy mpu N = 0 s
HyIIbOBOMY MOMEHTY 3Haiizemo (1) =1, mo Bianosizae mpuAHATIH MOJENi NOMMPEHHS BUIIPOMi-
HIOBaHHs 0e3 normuHaHHs. Jlani 3 (25) oTpumaemo:

(t-1)), =%r+<t'>0, (26)

3B1JIKM BUILIMBAE, 10 CEPEIHIH 3a IMITyJIbcOM MOMEHT HOTO IIPUX0y A0piBHIOE T, + 1/2 (3 ypaxyBaH-
HSIM IIEPIIOr0 MOMEHTY CTapTOBOTO iIMITYJIbCY <t > ).
3perToro, mpyu N = 2 3HaiIeMO ISl CepeTHbOT TPUBATIOCTI IMITYIIBCY /D,

D, =((t-1)%), =%+ D, @)

ne \/HO — CEpeIHs TPUBAIICTh BUXIIHOTO iMITynbCy. Takum yuHOM, 10 aucnepcii D 101a€eThes

) . . . A .
BeMUMHA T7/6. SIKIO0 BUXIAHUHI IMITYJIbC K QyHKIis yacy € o-dynkuiero, L(t') = 8(t'), To B pesysbrari
MOLIMPEHHS B PO3CIIOBAILHOMY CEPEAOBUIIII HOTO CepeiHs TPUBATIICTh CTAHOBUTHME:

\/_—r/\/—— (j Wdz) . (28)

OTxe, TPUBAIICTD IMITYJILCY Blz[06pa>1<ae HOSI[OB)KHI Bapiallii KOHIIEHTpAIlii CepeIOBHIIIA, 110 PO3-
ciroe. B okpeMoMy BUIA/IKy OTHOPITHOTO B3JIOBXK OCIi Z CEPEIOBHINA, KOJU P(Z) 1 6(Z) MOCTIiHI, OTPEMAEMO:

JD, =(po,L)(N24a c) ", (29)

TOOTO TYT CEpeHS TPUBAIICTh IMITYIIbCY 3POCTAE MPOTOPIIIIHO KBaIpaTy MPOTrOHOBOI BijcTaHi [1].

3Bakalo4yM Ha 3HAYHE PI3HOMAHITTS BapiaHTIB apaMeTPiB CepeOBHUIIA, IO PO3CIIOE, YUCETbHE
MOJICITIOBaHHS MTPOBEIEMO, BUKOPUCTOBYIOUH BIJIHOCHI 3HaueHHS. Sk poGody (GopmMyity BUKOPUCTO-
BYEMO TaKy:

Lt Fexpliu(t—1'—L/v)]
1,1)=—— j I (1) dt j T du, (30)

ne L — goexuHa mpoieHoro nuisixy (poHTY 30HAYIOUOTO IMITYJIbCY O MOMEHTY t, V — IIBHJIKICTb
IMITyJIbCY, a caM IMITYJIbC BUOEpPEMO 3 TayciBChbKOi (hopMHu:

1 2
I,(m) = s eXP[—;?], (31)
3 TUCTIEPCIEI0 )
(v .

ne N(z) — edexTHBHA MITBHICTD HEHTPIB PO3CIIOBAHHS CEPEIOBUIIIA.
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Bubepemo ¢opmy 30HIYyHOUOrO iMmynbCy rayciBcbkoro (31), mo mae gucnepcito T = 0,05
1 mommproeThes 31 mBHaKicTIO V = 0,09. Ha puc. 1 Ha inTepBani 1 <z < 4 noka3zaHo MpHUKJIAI YTBO-
peHHs 4 e diB poscistHOT XBWITi Ha BUOpanux Biacransx (L= 0,9, 2,1, 3,3, 4,5) y pa3i BiACyTHOCTI
pO3CifoBaIBLHUX IIEHTPIB (3ropu) i y pasi ix HasBHOCTI Ha BiacTausax (L= 1,5, 1,8, 2,1, 2,4) (3Hu3y).
VY npyroMmy BUNAAKy BUJHO IWHAMIKy (OpMyBaHHS IIIeH]iB po3cisHOI XBHI, y SKHX XBOCTOBA
YyacTHHA pO3TallloBaHa B nepudepiitii JuisHii yacy t.

trace 1
“““ trace 2
=== trace 3
- trace 4

N(z)
L)
i

0.51

b

CimeiicTBo TUMuacoBux immyasciB I(t,L);
IMpodiab 30uu po3citoBanus  L=0,9 (inist), L=2,1 (kpanku), L=3,3 (Tupe),

L=4,5 (myHkTHP)

1 trace 1
“““ trace 2

H = === trace 3
5 --=-= trace 4

N(z)
Ll
iy

0.5 =

[

T |V
L."_"""‘":“‘:.',*r----a-.-.-.-..._.,. .

z 0 1 2 3 4

4

CimeiicTBo TuMuacoBux immyascis I(t,L);
Ipodian 30uu poscitoBanus  L=1,5 (ninis), L=1,8 (kpanku), L=2,1 (Tupe),
L=2,4 (myHKTHP)

Puc. 1. 3Bepxy — BUNIAI0K BiICYyTHOCTI LIEHTPIB, 110 PO3CiIOIOTH,
3HU3Y — PO3CiloBaJIbHE cepeloBHIIe HA iHTepBaJi 1 <7 <4

3 cimeiictBa kpuBux I(t, L), HaBegeHMX yHW3y Ha puc. 1, BUIHO, IO BOHU MArOTh JIarepiB-
CBbKY BJIAcTUBICTH [6; 7], a came: QyHKLis /(7, L) ToToXKHO 10piBHIOE HyIoO 1ipu t = 0 (duykTyamniiina
ninsHka), GyHKisA /(7, L) Mae onuH MakCHMyM 1 JIBI TOYKH TNepernHy (OCHOBHA MAiNsSHKA), (QyHK-
1ist /(#, L) Ma€e eKCIIOHEHTHY aCUMIITOTHKY TpH ¢ — oo (IepudepiitHa TiITHKA).

3 dhopmyn (22) — (23) BUAHO, 10 MOXKIMBUN PO3IIISI PI3HUX BUIIB 3aJIC)KHOCTI KOHIIEHTpaIlii Ta
repepizy po3CiroBaHHS BiJ MOTOYHOT KOOPIWHATH Z.

BucHoBkn
Ha 3akiH4eHHs B1J3Ha4UMO, 1110 PO3BUTKOM 3aIIPOIIOHOBAHOI0 allPOKCUMAIIIITHOTO MIIX0y CTO-
COBHO TIPOIIECIB, SKi BINTMBAIOTh HAa YaCOBE 3aTATYBAHHS €JIEKTPOMATHITHHX IMITYJIbCIB, MOXE OyTH
BpaxXyBaHHS 3racaHHs BUIPOMIHIOBAHHS B pa3i HOro MOMMUPEHHS B HEOIHOPITHOMY MOTIHHAIOYOMY
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cepenouili [4]. MaTeMaTHYHOIO OCHOBOIO MIPH LIbOMY HOCIYTY€E BpaXyBaHHsI B 1apaboIiiyHOMY piB-
HsHHI (3) J0AaHKa, TIOB’A3aHOTO 3 MOTIMHAHHSM, MPU IbOMY KOe(DIliEHTH PIBHSIHHS MOXYTb 3aje-
JKaTH BiJ] TIO3I0BXHBOT KOOPAUHATU. 3a3HAYUMO TAKOX, IO aHaJli3 €BOJIOLIT ()OPMU THUMUYACOBOTO
IMITYJIbCY B pa3i HOTo MOIIMPEHHSI JA€ MOKIIUBICTh CYIUTH PO MIPOCTOPOBUI PO3MOILT XapaKTepHc-
THK PO3CIIOBATHLHOTO CEPEOBHINA B3JOBK OC1 PO3MOBCIOIKCHHSI.

e
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YIK 681.52

J.B. MOCBIITAH, O.0. IOPKO

KpemeHuylpKuii HalioHaNBHUH YHIBepcuTeT iMeHi Muxaiina OcTporpacbkoro

MNOBYJIOBA TA MOJEJIOBAHHS ABTOMATU30BAHOI CUCTEMU
MNO3UIIOHYBAHHA 3AI'OTOBKH

Y pobomi pozensnyma mooicnusicmes asmomamuzayii 00H020 3 KAIOUOBUX €LeMEHMI8 MEeXHON02IUHO20 Npoyecy
BUCOMOGIEHHS TUCTNOGUX MOBCMOCMIHHUX demainel i3 pugpmamu mMemooom WmMamMnoeKu, d came mpaHcnopmy6anHs
U NO3UYIOHYBAHHA 3A20MOGKU. Aemomamusayis npoyecy GU2OMOGIEHHs MOECIMONUCMOBUX Oemalell, Y MoMy Yucii
1l 00epACYSAHUX 30 OONOMO20I0 NPOYECI8 BLNbHO20 POPMOYMEOPEHHS, 3 KOHCIMPYKYIUHUX | cneyianbHux cmanetl € akmy-
ANLHUM 3A80AHHAM CYUACHO20 MawuHo06yoyeanns. CKiao i nociioosHicmb OCHOSHUX ONepayill y3a2albHeH020 MexHoN0-
2IYHO20 NpoYecy A8MomMamu308aH020 6ULOMOGLEHH MAKUX 0emaell € BIOOMUMU, MONCYINb MAMU OEKiNbKA KAACUYHUX
piwiens, ane 04esUOHO, WO KIIOYOBUM MOMEHMOM € eman GUSOMOBIeHHs 0emaJi i3 3a20MOBKU, OCKIIbKU MONCIUBICIL
ti02o asmomamu3zayii ma KepyeanHs HUM Y PeaibHOMY 4dci € 8UPIUATLHOIO JIGHKOI0 CUCEMU A8MOMAmu3ayii 6cbo2o
npoyecy 3azanom. Taxe 6auenns wo0o UPIUEHHSA 3A3HAYEHO20 RUMAHHA A 11020 NOOAIbUE 00CTIONCEHHS Ul MOOeNI0-
BAHHS 8 YMOBAX HAABHO20 OONAOHANHS PEANbHUX SIMUUSHAHUX SUPOOHUYME, WO 3ATUMUTUCA menep Y pobouomMy cmani,
0ano ModxcIugicms no6y008uU HPONOHOEAHOT CIMPYKMYPU ASIMOMAMU308AHOI CUCeMU NO3UYIOHYBAHHS 3A20MOBKI.

3anpononosana cmpykmypa cucmemu agmomMamu308aH020 nepemiyyerHs il NO3UYIOHY8AHHs 3A20MOBKU MA 6U20-
mosenoi demani Ha 6CIX emanax MexHoN02i4H020 npoyecy ii UeomosIenHts, AKUL 6a3yemvCsa Ha 3aCMOCYBAHHI POlb-
eaney 6e3 npueody. Pospobnena ¢ynxkyionanvna cxema u aneopumm pobomu asmopuso8aHoi cucmemu mpaHcnopmy-
6aHH Ma NO3UYIOHYBAHHA 3420MOGKU, NPOGedeHO ii MooenosanHs 6 cepedosuwyi Labview. Pe3ynomamu mooentoeanis
BUABUIIU MONCIUBICIMb peanizayii npoyecy 3a 00nomMo2o0 epasimayitino2o poiveanay 6e3 npueoody 3 pyuwiem, skuil 30i-
cHI0€ nepemiwents 3azomosku. Cmeopenuii ipmyanvHuti npuiad Ojia MoOeno8ants npoyecy nepemiujenns 00 ekmy
6300824 POOOHU020 NOJISL 3 KOHMPOTIOBAHHAM U020 NONONHCEHHS. 3d OONOMO2010 OUCKPEMHUX OAMYUKIB, 008I8 MONCIUGICIb
nidibpamu payioHanbHi 8eIUYUHU 3A0AHUX WBUOKOCME HA PI3HUX OLIAHKAX OISl YCYHEeHHs HeDANCAHUX nepexioHux npo-
yecie i MiHiMI3ayii yacy 0ocmagku ob ’ekma 00 3a0anoi OLIAHKU po6OU020 NOTA.

Knuouosi cnosa: cucmemu agmomamuunozo KepyeanHs MexHoI0TUHUM NPOYEecoM, MOOenio8anis, einvhe ¢op-
MOYMEOPEHHS, TUCIOBE WMAMNY GAHHS.

D.V. MOSPAN, 0.0. YURKO
Kremenchuk Mykhailo Ostrohradskyi National University

CONSTRUCTION AND SIMULATION
OF THE AUTOMATED BILLET POSITIONING SYSTEM

Thiswork considers the possibility of automating one of the key elements of the technological process of manufacturing
thick-walled sheet parts with rifts by the stamping method, namely, transportation and positioning of the workpiece.
Automation of the manufacturing process of thick-sheet parts, including those obtained by means of free forming processes,
from structural and special steels, is an urgent task of modern mechanical engineering. The composition and sequence
of the main operations of the generalized technological process of automated manufacturing of such parts is known
and may have several classic solutions, but it is obvious that the key point is the stage of manufacturing the part from
the blank, since the possibility of its automation and its control in real time is a crucial link of the automation system
of everything process as a whole. Such a vision regarding the solution of the mentioned question and its further research
and modeling in the conditions of the existing equipment of real domestic productions, which remained for the time being
in working condition, made it possible to build the proposed structure of the automated workpiece positioning system.

The proposed structure of the system of automated movement and positioning of the workpiece and the manufactured
part at all stages of the technological process of its manufacture, which is based on the use of a roller conveyor without
a drive. The functional scheme and algorithm of work of the authorized system of transportation and positioning
of the workpiece were developed, and its simulation was carried out in the Labview environment. The simulation results
showed the possibility of implementing the process using a gravity roller conveyor without a drive with a driver that
moves the workpiece. The created virtual device for simulating the process of moving an object along the working field
with monitoring its position with the help of discrete sensors proved the possibility of choosing rational values of specified
speeds in different sections to eliminate unwanted transient processes and minimize the time of delivery of the object to
a given section of the working place.

Key words: systems of automatic control of the technological process, modeling, free forming, sheet stamping.

https://doi.org/10.32782/mathematical-modelling/2023-6-1-12
108



ITPUKIIA/THI ITHNTAHHA MATEMATHYHOI' O MOAEJIFOBAHHA T. 6, Ne 1, 2023

IHocTanoBka npodaemMu

CyuacHe MamMHOOYTyBaHHSI XapaKTepU3Y€EThCs Oe3MepepBHUM YCKIIaIHEHHIM BHPOOIB, 3pOC-
TaHHSM BHUMOT IIIOJIO iX HAJIMHOCTI, SIKOCTI ¥ TEXHIKO-€KOHOMIYHUX IMOKAa3HUKIB. Y HOMEHKJIATypi
JUCTOBUX JIeTajel, siKi BUTOTOBJISIOTHCS BarOHOOYIIBHUMHU Ta aBTOMOOUTEHUMU MiANPUEMCTBAMH,
y 3B’S13Ky 3 BUPOOHHUIITBOM OPOHBOBAHOT TEXHIKM BUHUKJIA 3HAYHA IMOTpeda B TOBCTOIMCTOBUX JETa-
JISIX, BUTOTOBJICHUX 13 KOHCTPYKIIMHUX 1 CHEIIabHUX CTajiel. 3HauHa YacTHHA TaKUX JeTajel Mae
€JIEMEHTH KOPCTKOCTI. 3ampoBaHKeHHs BUPOOHHUIITBA [IUX JIeTajeil CTUKHYIOCSA 3 HU3KOK CKJIaj-
HOIIIB, MTOB’SI3aHUX 13 HECTIHKICTIO Mpouecy (GOpMOYTBOPEHHS, HEAOCTATHICTIO B HAsIBHOTO 00a-
HaHHS 3yCWJUIS IITAMIIOBKH, YTBOPEHHSI Topy ¥ MOPYIICHHS CYLIUIBHOCTI MaTepiaay 3aroTOBKH TTijT
gac nedopmarii.

3acBO€HHS BUPOOHMIITBA HOBOI HOMEHKJIATypH JeTaineld morpedye B HANUKOPOTIIl TEPMIHU
CTBOpPEHHSI HAYKOBO OOTPYHTOBAHUX PEKOMEHAAIM MIOA0 MPOEKTYBAaHHS TEXHOJIOTIYHUX MPOIIECIB,
IITaMIIiB, OCHACTKH i 1HCTpyMeHTIB. OIHUM 13 €(peKTUBHUX LIUIAXIB BUPIIICHHS O3HAYEHUX 3aBIaHb
€ aBTOMATHU3AIlIs SIK OKPEMUX CKJIAJHUKIB TEXHOJIOTTYHOTO MPOIIECY, TaK 1 BChOTO MPOLIECY 3arajioMm.
ToMy muTaHHS aBTOMarH3allii TEXHOJIOTIYHOTO MPOIIECY BUTOTOBIEHHS TOBCTOCTIHHHMX JeTanel i3
pudTaMu METOIOM IITAMITYBAHHSI € aKTyaJIbHUM.

AHaJIi3 0CTaHHIX J0CJIIKeHb Ta myOaiKamii

VY pobotax [1; 2] mpencraBieHo B MepIIoMy HaOIMKEHHI CKIIAJ 1 OCIiA0OBHICTh OCHOBHHX OIIe-
parliif y3araJbHEHOTO TEXHOJIOTIYHOTO IMPOIECY aBTOMATH30BAHOTO BHTOTOBJICHHS TAaKUX JIE€TAJICH.
3HauHe Miclle B [IbOMY IPOLECI HAJIEKUTh ONepalisM TPAaHCIOPTYBaHHS W MO3MILIOHYBAaHHS 3aro-
ToBOK. [Ipryomy 3a pesynpratamu po3IIsAly TEXHOJIOTIYHUX 1 MEXaHIYHUX OCOOIMBOCTE BUTOTOB-
JIEHHS TaKUX JIeTaJIel, MpeICTaBlIeHHX y nmpatsix [3; 4], yci 03HaueHi onepaliii BAKOHYBaJIUCS BPYUHY.
OueBUHO, 110 BIPOBAKEHHSI aBTOMAaTMYHOI CUCTEMH, sIKa O Jjajia 3MOTr'y 3/11iCHIOBATH CUHXPOHI30-
BaHE MEPEMIIICHHS Ta MO3MIIIOHYBAaHHS 3ar0TOBOK 1 BUTOTOBJICHUX JI€Talel Ha BCIX €Tarax Mnpouecy
(BKJIFOUAOYH BX1THUM 1 BUX1AHUI KOHTPOJIb TTApaMETPIB 3arOTOBKU i BUTOTOBJICHOT JIeTalll), CYTTEBO
MOJIMIIMIO O MBUIKICTB 1 AKICTh (YHKIIOHYBaHHS BUPOOHUIITBA.

Mera pociriasKeHHs

Metoro poOOTH € PO3IIsiL CTPYKTYPH CUCTEMHU aBTOMAaTH30BAHOTO MIEPEMIILIEHHS Ta TO3UII0HY-
BaHH 3aT'OTOBKH i BUTOTOBJICHOT JIeTalli Ha BCIX €Tarax TeXHOJOTIYHOTO MPOIECY ii BUTOTOBIICHHS,
KU 0a3yeThCsl HA 3aCTOCYBAaHHI pOJIbTaHTy 0€3 MPUBO.LY.

JU1sl TOCSATHEHHS METH MPOTIOHYETHCS BUPIIIUTH HACTYTIHI 3aBJJaHHS:

— po3poOuTH (PYHKIIOHAIBHY CXEMYy CHCTEMH TICPEMINICHHS Ta IO3UIIOHYBAaHHS 3aro-
TOBKH (1eTai);

— PO3pOOUTH AJITOPUTM 1 TEXHOJIOTIUHY MOCIIIOBHICTD J1iH MMiJ] 4ac peanisalii mpouecy nepemi-
IICHHS Ta MO3UIIIOHYBAaHHS 3arOTOBKH Ha POJILIaHTOBIH cucTeMi Oe3 IPUBOY.

Buxkiaa ocHOBHOI0 MaTepiary J0CTiIKeHHS

[Ipormec TpancmopTyBaHHs 3arOTOBOK (J1eTajieif) 3a TOMOMOTOI0 POJIBIaHry € J00pe BIIOMHM
1 He moTpelye JOJATKOBMX KOMEHTapiB. Y IIbOMY pa3i WAETHCS MPO 3aCTOCYBAHHS TPaBITAIIHOTO
ponbranry (06e3 HpUBOAY), PyX 3aroTOBKH B3JIOBX SKOTO i3 3aJaHOI0 MIBUAKICTIO (TIPHUCKOpEH-
HsIM) 3a0e3MedyeThCcsl 30BHIIIHIM pyurieM. [lo3uiioHyBaHHS 3arOTOBKH 3/IHCHIOETHCS 32 JIOIIOMO-
TOI0 HANpPSIMHUX, YCTAHOBIIEHUX IEpe]l BXOJOM Yy poOOody 30HY W ONTUYHO-EIEKTPOHHHUX JATUHKIB
KOHTPOJIIO PO3MIIIEHHS 3aTOTOBKH B pOOOUiii 30Hi.

Ha puc. 1 npencrapnena ¢pyHKIiOHAIbHA CXeMa IPOITOHOBAHOT CHCTEMHU TIEPEMIIIICHHS Ta TI03H-
L[IOHYBaHHS 3arOTOBKHU Ha IUISHII (JOPMOYTBOPEHHS JeTati (Ha MaTpHIll mTamiy 3).

Anroput™M poOOTH CHUCTeMH, MOOYJOBaHOI 3a CHHTE30BaHOIO (PYHKIIOHAJIHHOIO CXEMOIO,
MOAAHO Ha puC. 2.
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) O <

L

KonTtponep

—-| BKEA

Puc. 1. ®ynkuionaabHa cxema: 1 — pymiii; 2 — 3aroroBka; 3 — MaTpuIs; 4 — poJIbIraHr;
A1, 12, 13, 14 — onTHYHO-e1eKTPOHHI JATYUKH NMOJI0KeHHsT; /IS — 1aTUuK THCKY CHCTeMH «BHIIITOBXYBAHHSD)
aerati 3 marpuni; EJl — enexrpnunnii npuryH pymisi; BKEJ] — 6i0k kepyBanns EJ|

Puc. 2. Aaropurm podoTH CHCTEMH NepeMillleHHsI Ta NO3UIIOHYBAHHS 3ar0TOBKH (1eTaJti)

Haruuk J[1 curhamizye mpo HasBHICTh 3arOTOBKM B MOYaTKOBiK mo3uuii pyxy. Komm crmpa-
1poBYye natduk J12, 6ok xepyBaHHs enexkTpuuHumu apuryHom pyuis 1 (BKEJL) (puc. 1) nounnae
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3MEHIITYBaTH MIBUIKICTh IMEPEMIIICHHS 3aTOTOBKH 2 Y 30HY (JOpMOYTBOPEHHS (110 Marpuili 3). 3akoH
O3HAYEHOI 3MIHU BU3HAYA€THCSI KOHTPOJIEPOM, BUXOSYM 3 YMOB 3a0€311eUeHHs ONTUMAIBHOTO TO3H-
[[IOHYBaHHS 3arOTOBKH B po0Oouiii 30Hi. [licns cnparnpoByBaHHs nardynka /I3 momaeTbes KoMaHaa Ha
3ammycK mramity (ToOTo Ha MepeMillIeHHsI TyaHCOHY 1 3[IIHCHEeHHs TTpoiiecy (OpMOYTBOPEHHS IeTalll).
Haruuk /14 € HeoOXigHUM AJis 3a0e3MeUeHHs] MOXKIIMBOCTI TIOBEPHEHHSI 3aTOTOBKH J0 po00U0i 30HY
B pasi ii MpOXO/KEHH Aalll, HIXK 1€ nepeadadaeTbes TEXHOMOTYHUM LukiIoM. Jlatuuk /15 dhopmye
CUTHAJ MPO BUIITOBXYBaHHS TOTOBOI AeTalli 3 MAaTPUIll Micis 3aBepIleHHs Mpolecy (hopMOyTBO-
PEHHS, 1110 3a0e3Medy€e MOMKIIUBICTS i1 HOAATBIIOTO MEPEMIILIEHHS POJIBIAaHTOM 3a JOIIOMOTOIO PYIITis.

Ha puc. 3 mokazaHo TeXHOJOTIYHUN MK BUTOTOBJICHHS JACTaNl Yy BUVISAL IIBUIAKOCTI TIEpeMi-
IICHHSI 3aTOTOBKHU POJBIaHroM Bif yacy. @akTUUHO, pHC. 3 BiAA3EpPKAIIOE TaXorpamy poOOTH eleK-
tponsuryHa EJI (puc. 1). i mpocToTH inrocTpariii mporecy NpuiHATO, IO MBUIKICTH 32 CHTHAJIOM
natauka /{2 3MeHITyBaTUMEThCSI CTPUOKOM Yy JIBa PasH.

Wenakicts, mfc
k=]
[
=

; Yac, ¢

Puc. 3. Taxorpama po0oTH eJIeKTPONPHUBOY IepeMillleHHs 3aT0TOBKH 10 POJIbIAHTy

3rigHo 3 Taxorpamoro (puc. 3), y mpomibkok vacy 3 0 t, 3aroToBka mepeMintyeThCs 31 MIBUIKI-
CTIO V,. Y MOMEHT yacy t, cripanboBye naryuk JI2 i mBUAKICTL CTpHOKOM 3MiHIOETBC 110 0,5V, , 3a6€3-
MeYyI04YH MOKJIMBICTh TOUHILIOTO MO3UI[IOHYBAaHHS 3arOTOBKH B po0Oouiii 30H1 (MaTpuii). s nporo
€JIEKTPONPUBOJL PYIIis, SIKUHM BIMOBIAA€E 3a MEPEMIIIICHHS 3aTOTOBOK Y3[IOBXK POJIBraHTy i BUKOHY-
€TbCS Ha OCHOBI aCHHXPOHHOTO eJeKTpuuHOoro nBuryHa EJI, MOBHHEH mpaioBaTH Mij KepyBaHHIM
BEKTOPHOTO NEPETBOPIOBAaYA YacTOTH [S].

[TpoBenemo crpoieHe MoJIeNIOBaHHS 00’ €kTa KepyBaHHs (puc. 4). SIknio Ha 00’€KT Maco M
nie 30BHIMHA cuna F, To maemo npuckopenns @ = F/ m. Ha moyarky pyxy 00’ext Habupae miBu-
KIiCTh (V < V, — MEHIII€ 33/IaHOi BEJIMYMHH), CHJIa 30Ira€ThCs 3 HAMPAMOM pyXy 00’€KTa i BeJIMYMHA
npuckopeHns Oyzne momarnoro (8 = +a ). Konn 06’ext Habepe 3amany mBHAKICTH (V = V, = const),
TO, HEXTYIOYH TEPTSAM KOB3aHHS, MAaTUMEMO a=(), TOOTO 00’€KT PyXa€eThCs 3a IHEPLIEIO 3 TOCTIHHOIO
BHAKICTIO [5]. OCKUIBKH ITi/T YaC MOJICITIOBAHHS Yac 3MIHIOEThCS 3 ISIKUM KpokoM dt, To KpoK 3MiHK
MBHIKOCTI cTanoBuTHME dV = a - dt i kpuTepiem HabOPY MIBUAKOCTI OyJe BUKOHAHHS TaKO1 YMOBH:

—a,-dt/2<(v-v)<a, -dt/2.

l\/z la

Vz S
S| Cucrema »  Aeuryns . N 06 ex
> kepysaHHs , :(:ZCTemoro > a
> pyBaHHs v

Puc. 4. CTpykTypHa cxema BipTyaJbHOI0 NPHJIALY
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Ko 06’eXT mepeBUIINTE 3aaHy IIBUAKICTH (V > V), TO 30BHIIIHA cuia F Oyne BUKOHYBaTH
raabMiBHY JIiI0 ¥ BEIMYMHA IPUCKOPEHHs Oy/e Bix’eMHo (2 = -4 ).
ToOTo (hopmyna 3akOHY 3MIHU IPUCKOPEHHS MaTUMe TaKUi BUIJISIL:
ar, SIKIIO (v—vz) <0
a=140, skwo—a,-dt/2<(v—v. )<a,-dt/2;
—a;, SKIIO (v —vz) > 0.
Peanizamito mux yMOB 3aJ€KHOCTI BETMYMHU MPUCKOPEHHS 00’€KTa BiJl 3HAYEHHS MOTOYHOI

IIBUAKOCTI B cepenowuili Labview BHKOHAEMO 3a JOMOMOTOIO JIBOX BKJIaJeHUX CTPyKTyp Case
Structure (puc. 5).

Puc. 5. 3aBnanns BeTHYMHU NPUCKOPEHHS

Bennuuny nepemiriieHHs Ta MBHIKOCTI OyZIEMO PO3Pax0BYBaTH 3a BIIOMUMH (DOpMyJIaMy KIHEMAaTHKH:
2
at
s=s0+v0t+7, v=y,+tat,

ne t=dt, s, Ta v, — nonepeani 3Ha4eHHs iTepawiii IIAXy Ta MIBUAKOCTI YMOBHOTO LUKITy. Po3paxyHok
3a (hopMyllaMH pealli3oBaHoO 3a Jonomororo crpykrypu Formula node (puc. 6).

L
E i =

Movatkosa

LUEMAKICTE

e[ 0.30, Default

Lo [floats;
- float v; =
< 5 =sD+vlt+a 2

1 w=vl+a™;

J! } Boolean
[ECELY
- (>

Pyx zaroToeku

Puc. 6. baok-giarpama BipTyaJibHOI0 NPUCTPOIO

Bennunna 3a1aH0i IBUAKOCTI V, 3aJI€XKUTH BiJI TPOMIEHOTO HIJISAXY, IO KOHTPOJIOETHCS YOTUPMa
JaTYUKaMHU, SIKI 3HAXOMSATHCS B KOHTPOJBHHUX TOYKaX. BU3HaueHa MOCHIIOBHICTh CHPAllbOBYBAHHS
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JATYMKIB 3a 3a/laHUM aJTOPUTMOM, 1110 3HAXOAUTHCS B IPUCTPOI KEPYBaHHS, 3MIHIOE 3HAUCHHS 3a/1a-
HOT MIBUIKOCTI [6]. MaeMo Taki eTamnu:

— y pasi CIpaltoBaHHs MEPIIOTO JaTyhKa 00’ €KT TOYNHAE PyX, MOCTYNOBO HAOMUpae MBUAKICT
10 BEIMYUHU V,, 3 MPUCKOPEHHAM a. OOMEKEHHAM € CIIPalbOBYBAHHs JPYroro 1aT4uKa, sKui 3Ha-
XOIMTBCS HA BIJICTaHi S ;

— y pasi cIipaioBaHHs IPyToro JaTduka 00’ KT 3MEHIIY€ IBUIKICTh, PyXalOuuCh 32 iHEPILETO,
J10 BEJIUYMHH V.

— 'y MIiCIIi 3ylIMHY PO3TaIlOBaHUMK JaTYMK 3 HA BIJCTaHi S,;

— JaT4vK 4 pO3MIlly€ThCs 3a JaTYMKOM 3 Ha BIJICTaHi S, i CUTHAJII3Y€e PO MPOCYBaHHsA 00’ €KTa
Jaii 3araHoBaHoro Mictd. [Ipu nboMy 3ajaHa MBUAKICTH 3MIHIOE HAIIPSIM 710 BEIMYUHU (—st).

3anexHICTh 3a/1aHOT IMBHUIKOCTI B/ BiIcTaH1 OyJe MaTH BUTIISL;

V., akmo 0<s<s;;

z12
V_,, AKIIO §; <85 <83
0, AKIO 5, <5 <55;

-V SIKIIO §5 <S.

z3°

Peanizarniiro 1ux yMOB 3aJ€KHOCTI 3a/1aHOT IIBUAKOCTI Bif BiJcTaHi B cepenoBuini Labview
BUKOHAEMO 3a JomoMoroto ctpykrypu Case Structure, y siKiii CTBOPEHO YOTHPH BiKHA 3 yKa3aHUMU
YUCJIOBUMHU JianazoHamu (puc. 7). Mexi Jiana3oHiB BU3HAYAIOTh MICI[S PO3TAIlyBaHH JaTYMKIB Ha
nuiaxy o0’exra [7]. YBaxkaeThcs, 1o 00’ eKT Oyzie BCTAHOBICHUM Ha 3aJlaHe MiCIIe, SKIIO CIIPAIIOBaB
JaTYuK 3 32 HEAKTHBHOTO JaT4YrKa 4 1 MBHIKICT PyXy 00’ €KTa MopiBHIOE (.

3BOpPOTHA

FOEL |

Puc. 7. 3anexHicTh 3a1aH0l BUAKOCTI Bl BiAcTaHi il YMOBHM 3yNUHKH BipTyaJabHOIro NpuJaaay

Bisyaunizauis pyxy 00’ekta BukoHaHa 3a gornomoroio XY Graph, Ha sskoMy 00’ €KT CHUMBOJITYHO
300paK€HO Y BUIVISLII IPSIMOKYTHHKA, III0 PyXa€ThCs [TOB3 AATYMKU-1HIUKATOPH, K1 pO3TalllOBaH1 Ha
HeoOXiTHUX BiJCTaHAX. Y pa3i CIpalbOBYBaHHS JaTUMKa 1HIUKATOP 3MIHIOE CBill KOMIp HA 3€JICHHIA.
Ha moni rpadika TakoX po3TalIoBaHUN YMCIOBUH 1HIUKATOpP, KU JMHAMIYHO BijoOpaskae Benu-
YUHY 3a7aH01 MBHUAKOCTI (pHC. §).
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Puc. 8. Bizyanizauisi pyxy 06’exra
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Takox peanizoBaHO JUHaMIuHE BimoOpa)keHHS B 4aci rpadiyHUX 3aJICKHOCTEH IIBHIKOCTI
i mepeMitieHHs 00’ exTa. J{is1 611bII HAMISAHOTO TpadiuHOTO MPEACTaBICHHS HANPsIMY pyXy 00’ €KTa
TaKOXK OyIy€ETHCS 3aJIEKHICTh MIBUKOCTI BiJl TPOUIEHOTO NUIAXY (puc. 9).

DaKTUYHa WBNAKICTE

vit) 3agaHa WenaKICTE - <) Plot 0

LUBMAKICTE

I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 I 1
005 1152253354455 55665 775885949510
wnax

Puc. 9. lunamiune Binoopaxenus B uyaci rpadiunnx 3amnexuocreii V(t), s(t) Ta v(s)

3aranbHUIA BUTTIS JTUITHOBOT MTaHE 1 KOPUCTYBa4a CTBOPEHOTO BiPTyaIbHOTO TIPHJIATy HABEECHO
Ha puc. 10.
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Puc. 10. JIuuboBa nanejib KOPUCTYBa4a

BucHoBku
Y po6OTi pO3IIISTHYTO CTPYKTYPY CHCTEMH aBTOMAaTHU30BAHOTO MIEPEMIIIICHHS Ta MTO3UITIOHYBAHHS
3aroTOBKH ¥ BUTOTOBJICHOI JIETajli Ha BCiX €Talrax TEXHOJOTTYHOIO MpOoIIecy il BUTOTOBJICHHS. Y Mpo-
1ieci BUKOHAaHHSI C()OPMOBAHOI METH POOOTH PO3po0SIeHO (YHKIIOHATBHY CXEMY CHCTEMH IepeMi-
LIEHHSI Ta TO3UI[IOHYBaHHS 3arOTOBKH, AJITOPUTM 1 TEXHOJIOTIYHY MOCIIIOBHICTh Il Mij yac peai-
3ar1ii MpoIecy MepeMilleHHs Ta MO3UIIOHyBaHHS 3aTOTOBKH Ha POJILTAHTOBIM CUCTEMi O3 MPUBO.Y.
Takox CTBOpEHO BipTyaJdbHHMIA MpUIIaJ A MOJACTIOBAHHS MPOIECY MEepeMilleHHS 00’ €KTa B3IOBK
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po6OYOro Mo 3 KOHTPOJIKOBAHHAM HOTO IOJIOXKEHHS 3a JOINOMOIOK TUCKPETHUX JATUYMKIB, SIKHH
Jla€ 3MOTy Mii0paTH parioHa bHI BEITUYMHU 33JaHUX IIBUIKOCTEH Ha PI3HUX IUISIHKAX JJIs yCy-
HEHHsI HeOaKaHMUX MEePEeXiTHUX MPOIECIB 1 MiHIMI3aIlil Yacy MOCTaBKH 00’€KTa 10 3aJaHOi JUITHKH
po60oYOTO OIS,
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A.B. HEB30OPOB, 0.B. CKJISIPEHKO, 51.0. KOJIOJIIHCBKA, P.O. SPOBUI

[TpuBarHuii BUIMIA HaBYAIBHUN 3aKIa «CBPONEHCHKUIA YHIBEPCUTET»

OCOBJUBOCTI AHAJITUYHOI'O 3ABE3NEYEHHA EKCIIJIYATAILIT
THOOPMAIIMHUX CUCTEM TA OBJAJHAHHS B CYYACHUX YMOBAX

o npiopumemnux 3a60aHb HAYKOBO-MEXHIUHO20 XAPAKMeEDY, 8UPIULEHHS AKUX CIMEOPIOE YMOBU 01 600CKOHALCHHS
npoyecy excnayamayii CKIaoHux mexHiuHux cucmem ma oONAOHAHHA, HATeHCAMb MAKI. YRPOBAONCEHHS CYUACHUX and-
pamuux 3aco6ig, Memoois i NPOSPAMHO-ANLOPUMMIYHO20 3d0e3nedeH s NAPAMempPUYHO20 KOHMPONIO il Ola2HOCY 8AHHS
00n1a0Han s, 3ac00i8 I GIONPAYbOBAHUX MEXHON02I 3ACMOCY8AHHS MEMOOI8 HEPYUHIGHO20 KOHMPOIIO elleMeHmis (azpe-
2amie), y AKUX y npoyeci ekcniyamayii 6UHUKaoms 6ioMosu. Bupiwenns yux 3a60ans nompebye 3acmocy8ants auaii-
MUYHUX, CIMAMUCIUYHUX MA THUUX MeMOo0I8 I nioX00i6 OJis 6U3HAUEHHS 1 OYIHIOBAHHS NOKAZHUKIE HAOIIHOCMI CUCTEM.
Came 00cniodceHHI0 NUMAHbL AHATIMUYHO20 300e3nedeH s eKCIYyamayii CKIa0Hux, 30Kpema iHpopMayiiunux, cucmem
i mexHiuHo020 0ONAOHAHHSA NPUCBAYUEHA CIIAMMAL.

Y ecmammi eusnaueno ocobnusocmi anarimuunoco 3abesnevenns excniyamayii iHgopmayiunux cucmem i mex-
HIYH020 0ONAOHAHHS 8 YMOBAX CYUACHUX BUKIUKIG, HABCOCHO GU3HAYCHHS NOKA3HUKIE HAOIIHOCMI U OYIHIOBAHHS PIGHS
0e36i0MOBHOCMI CKIAOHUX MEXHIYHUX 00 €Kkmig. AHANI3 HAYKOBUX NPAYb 3a YIEH MEMOI GUAGUS, U0 HAPA3ZL HEOOCMAN-
HbO 00CTI0JCEH I 1 GIOCYMHI YIMKO OOIPYHMOBAHI PEKOMEHOAYI] 000 8PAXYBAHHS GNIUBY HA GETUYUHY CIAMUCMUYHO20
OYIHIOBAHHS NOKAZHUKA HAOILIHOCMI 8UPODY KATIEHOAPHO20 MEPMIHY 11020 eKcniyamayii nopso iz Hapobimkom. Aemopamu
3aNpPONOHOBAHO HAYKOBUL NIOXI0, AKUL 0d€ 3M02y 30IUCHUMU AKICHe OYIHIOBAHHS PIBHA HAOIUHOCMI WO000 NONepeoHix
nepiodig excniyamayii. Ilpu ybomy ne 8paxo8yemuCs NaU8 HA CIMAMUCMUYHE OYIHIOBAHHA NOKAZHUKA iHINEHCUBHOCMI
excnyamayii. Cmamucmuyni 0ami npo 6i0OMO6U MAa HECNPAGHOCTE OMPUMYIOMbCSL 3a HECMADIILHUX YMO8 Cnocmepe-
JICEHb, WO ZHAYHO BNAUBAE HA MOYHICMb I 0CMOGIPHICMb OYiHI08aHHS. OOHUM I3 YACMKOBUX 3A80AHb OOCTIONCEHHS
€ 800CKOHANIEHHS MEMOOUKU CIAMUCMUYHO20 KOHMPOIIO HAOIUHOCMI acpe2amie mexHiuH020 00NA0HAHHS 3 YPAXy8aH-
HAM 8NIUBY IHIMEHCUBHOCHI eKCIIYyamayii ma HecmabilbHUX YMO8 CHOCHEPENHCEHD.

Knrouosi cnosa: excniyamayis, oOiacnocmy8anHs, HAOIUHICMb cucmem, KOHMPOIb NAPAMEMpI8, NOKA3ZHUKU
HaoiuHoCMmi.

A.V.NEVZOROYV, O.V. SKLIARENKO, Ya.0. KOLODINSKA, R.O. YAROVYI

Private Higher Educational Establishment “European University”

FEATURES ANALYTICAL SUPPORT OPERATING EQUIPMENT
IN MODERN CONDITIONS

The priority tasks of a scientific and technical nature, the solution of which creates conditions for improving
the process of operation of complex technical systems and equipment, include: the introduction of modern hardware,
methods and software and algorithmic support for parametric control and diagnostics of equipment, means and proven
technologies for the application of methods of non-destructive control of elements (units) that fail during operation. Solving
these tasks requires the use of analytical, statistical, and other methods and approaches for determining and evaluating
system reliability indicators. This article is devoted to the study of analytical support for the operation of complex, in
particular, information systems and technical equipment.

The article defines the features of analytical support for the operation of information systems and technical
equipment in the conditions of modern challenges, provides the definition of reliability indicators and evaluation
of the level of failure of complex technical objects. The conducted analysis of scientific works on this topic revealed that
currently there are insufficiently researched and there are no well-grounded recommendations on considering the impact
on the value of the statistical assessment of the product reliability indicator of the calendar term of its operation along
with the earnings. The authors proposed a scientific approach that allows a qualitative assessment of the level of reliability
in relation to previous periods of operation. At the same time, the impact on the statistical evaluation of the exploitation
intensity indicator is not considered. Statistics on failures and malfunctions are obtained under unstable observation
conditions, which significantly affects the accuracy and reliability of the assessment. One of the partial tasks of the research
is to improve the methodology of statistical control of the reliability of technical equipment units, considering the influence
of the intensity of operation and unstable observation conditions.

Key words: maintenance, diagnostics, reliability of systems, control parameter, reliability indicators.
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IHocTanoBka npodiaemMu

Cepen BaKIMBUX 3aBJaHb yIO0CKOHAICHHS €KCILTyaTallii Ta OliHIOBaHHS piBHS 0€3B1IMOBHOCTI
CKJIAJTHUX 00’€KTIB 32 TEXHIYHUM CTAHOM € BJJOCKOHAJICHHS CUCTEMU 30UpaHHs, 00pOOKH i aHai3y
iH(pOopMaIlii Ipo TEXHIYHHIA CTaH 1 HaliiHICTh 00NaTHAHHS.

CBo€vacHe BHSIBIICHHSI MOMEHTIB BUHUKHEHHS JeTPpaIalliiHAX MPOIIECiB, 10 BUSHAYAIOTH TEp-
MIHH TI€pEX0/ly B TPAHUYHUHN CTaH 1 € IHIWBIAyaTbHUMU JJISI KOXKHOTO THITY BHPOOiB, € OCHOBHOIO
METOI0 KOHTPOJIO PIBHS HaIIHHOCTI TEXHIKM Ha 1IbOMY eTami ii ekcruryaraiii. [luranns 3abe3mne-
YEeHHsl eKCIUTyaTamii Ta HaZiHHOCTI iH(QOpMAamiifHUX CHUCTeM Ta OOJNaJHAHHS TOCTAIOTh OCOOIUBO
TrOCTPO B YMOBaxX Cy4aCHUX BUKJIMKIB, OCOOJIMBO II€ CTOCYETHCS 00 €KTIB KpUTUYHOI 1H(DpacTpyK-
Typu. ToMy 3aCTOCYBaHHS aHATITHYHUX METO/IB 1 MIAXOMIB JUIsi BUSHAYECHHS U OI[IHIOBaHHS MOKa3-
HUKIB HAJIMHOCTI € aKTyaJbHUM MPHUKIIATHAM 3aBIaHHSIM ChOTOJCHHS, CaMe TaKOMY JOCIiIKEHHIO
1 TIpUCBSIYCHA CTATTSI.

AHaJIi3 0CTaHHIX J0C/TiIKeHb Ta MyOaikanii

Bu3HadueHHs MOKa3HUKIB Ta OI[IHIOBAHHS PIBHs HaIIHHOCTI (0€3BiIMOBHOCTI) 1H(MOpMAIITHIX
cHCTEM Ta 00J1aIHaHHs HAJIeKaTh J10 3aTpeOyBaHUX Ta aKTyaJIbHUX HAMPSAMIB JOCIIIKEHb, CIPSIMOBA-
HUX Ha 3a0e3Me4YeHHs CTaOUTbHOCTI M O€3IEeKH eKCIUTyaTallii CKJIaHUX TeXHIYHNX cucteM. OcoOamBo
TOCTPO MOCTAOTh MUTAHHS 0€3B1IMOBHOI pOOOTH, OE3IEKH i BiTHOBIIOBAHOCTI 00’ €KTIB KPUTHYHOT
1H(PPACTPYKTYpH B YMOBaX Cy4yacCHHX BIHCHKOBUX BHKJIMKIB 1 IPOTUAIT 30poiiHill arpecii pociiichKol
¢denepanii. OCHOBHI TEHJIEHIII], 1110 MPOCTEKYIOTHCSI B HAYKOBHUX JOCIIKEHHSIX y LIbOMY HampsiMmi,
30CepeKeH] Ha BUSHAYEHHI OCHOBHUX TOHSTH 1 TOKa3HUKIB HAIHHOCTI, aHaJIi31 pU3HKIB Ta OLIHIO-
BaHHI HajiHOCTI [1-7]. BOHM po3mIsAaoTh pi3HI MIX0AM A0 BU3HAYEHHS KPUTEPIiB OLIHIOBAHHS,
BKJTFOYAIOYX MMOBIPHICHI MOJIEIIl, CTAaTUCTUYHI METOIM ¥ 1HIII aHaMITHYHI iHCTpyMeHTH [7; 11; 12].
Buxopucranns GopMaabHUX METOIB 1 BepHudiKkallii Cripusie BUSBICHHIO i BUMIPABICHHIO MOXKIIMBUX
MOMHJIOK 1 tepekTi. [eski myOmikariii 3a i€t TeMOIO MPUCBIYCHI CHCTEMaM BUSIBJICHHSI Ta BiTHOB-
JICHHS, SIK1 JOTIOMAraroTh pearyBaTH Ha IOMIJIKH W BITHOBJIIOBATH poOOTYy iH(POPMAIIHHUX CHCTEM
13 MiHIManbHUMU 3aTpuMKamu [9; 10]. V Oaratbox TOCHIIKEHHSIX PO3IVISNAIOTHCS METOIU TECTY-
BaHHS Ta BaJIJalii, IKi Jar0Th 3MOTY MEPEBIPUTH POOOTY 1HPOPMAIIITHIX CHCTEM 1 X KOMIIOHEHTIB.
i MmeToau BKIHOUAIOTH (DYHKI[IOHANIbHE TECTYBaHHS, HABAaHTa)KyBaJIbHE TECTYBaHHSI, TECTYBaHHS Ha
HAJINHICTH Ta 1HII TeXHIKU [4—06].

3aranpHUil aHai3 MyOJiKaIlii BUABISAE, IO MUTAHHS 3a0€3MEYeHHsT HAAIMHOCTI iH(OpMaIIii-
HUX CHCTEM Ta OOJaJHAHHS € aKTyaJIbHOI MPOOIEMOI0, JOCHIIHUKHU MPAIIOTh HaJl pO3pOOIIcH-
HSIM HOBUX METO/IIB, IHCTPYMEHTIB 1 AXOAIB /Ui 3a0e3neueHHs CTaOlIbHOCTI i Ge3neku iHpopma-
LHIHHUX CHCTEM 1 TEXHIYHUX O0’€KTIB y CydyacHUX yMoBax. JloChikeHHS BKIIIOYAIOTh aHAJIITHUYHI,
(hopManbHi, CTATUCTUYHI i eKCTIEPUMEHTANIbHI MIAXOAH, a TAKOXK 30CEPEIKYIOThCS Ha MPAKTUIHHUX
ACTeKTaX, TAKUX SIK aHAJI3 PU3HKIB, BUSBICHHS HECIIPABHOCTEH, BiTHOBIICHHS Ta O€3MeKa CUCTEM.

VY TexHiuHi# niteparypi [3—5] 3aradbHONPUMHITUM yBaXKa€TbCs MIAX1J1 0 OL[IHIOBAaHHS MOKa3-
HUKIB HaJIHHOCTI TEXHIYHUX BUPOOiB (IHTEHCUBHOCTI BIIMOB, TTapaMeTPy MOTOKY BiIMOB) SIK (DyHKITi{
HapoOITKy 3a PiI3HUX 3aKOHIB PO3IMOJLTY Yacy M BiIMOBaMHU. MeTOIM CTaTUCTUYHOTO OIIHIOBAHHS
MMOKA3HUKIB 3a PI3HUX IJIaH1B BUIPOOYBaHb (CIIOCTEPEKEHD) HAa HAAIMHICTD 3aKPIIJICH] B JepKaBHUX
cTaHaapTax Ykpainu [6]. Ane, sk MpaBWiIO, Ha MPAKTHUIll peajbHI YMOBH €KCILTyaTallli TeXHIKH He
BIIMOBIZIAIOTH ’KOHOMY IUIaHy, yCTAaHOBJICHOMY cTanmapTom [7; 10].

Jlesiki aBTOpH B1IMIYAIOTh, 10 (i3UMYHE 3HOLIYBAHHS TEXHIYHUX BUPOOIB BUHHKAE SIK IiJ] Yac
iX BUKOPUCTaHHS 32 MPU3HAYEHHSM — 3HOIIIYBaHHsI 1-T0 POy, Tak i Mij 9ac MpocToiB (30epiraHHs) —
3HOIIYBaHHs 2-10 pony [3; 4].

AHai3 JiTeparypu CBIAYUTH MPO BIICYTHICTH YITKO OOIPYHTOBAHUX PEKOMEHAIIIN 1010 Bpa-
XyBaHHS BIUIMBY Ha BEJIMYMHY CTAaTUCTHUYHOTO OLIHIOBAHHS MOKa3HMKA HAJAIMHOCTI BUPOOYy KalsleH-
JIApPHOTO TEPMiHY HOTO eKCIUTyaTallii mopsy i3 HapoOiTKOM.
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Merta gocJuaigkeHHs
MerToro OCHIKEHHS € HaBeJICHHS! 0COOIMBOCTEH aHATITUYHOTO 3a0e3MedeHHs eKCITyaTanii
iH(opMaIIHHUX CUCTEM 1 TEXHIYHOTO OONaJHAaHHS B Cy4YaCHHX YMOBax, BU3HAYEHHS IMOKA3HHKIB
HAJIIHOCTI 1 OLIIHIOBaHHS PiBHSA 0€3B1IMOBHOCTI CKJIAJHUX TEXHIYHUX 00’ €KTIB.

BuxkJiag 0ocCHOBHOTo Marepiajy J0CaiKeHHs
Jnis OLiHIOBAaHHS HaIMHOCTI TEXHIYHUX BUPOOIB BUKOPUCTOBYIOTh YCTAHOBJICHI CTaHAAPTAMU
IMOKA3HMKH, 110 M0aHi B Ta0. 1.

Tabmnis 1
OCHOBHI IOKa3HUKHN HAMIMHOCTI
Brnacrtusicts | [Toka3HuK | [TozHaueHHs
OnuHnYHL
IMOBipHICTb 0€3BiAMOBHOT pOOOTH P(t)
IHTEHCHBHICTD BIJIMOB A1)
be3BiaMoBHICTH [TapameTp MOTOKY BiZIMOB Z(t)
CepenHiii HApoOITOK JI0 BIJIMOBU T,
CepenHiii HapoOITOK Ha BiTMOBY T,
CepenHiii pecypc T
J1OBTOBIUHICTE Excryarariinuii pecypc (cepeaniit CTpok CiIyxom) T
['aMMa-BiICOTKOBUH CTPOK CIYXKOHU T,
IMOBIPHICTb BIJHOBJICHHSI : .
PemoHTONpUAATHICTD [HTEHCHBHICTb BiTHOBJICHHS u(t)
CepeiHsl TPUBAJIICTH BIJIHOBJICHHS T
36epenyBanicTs Cepez[Hiﬁ TeplinH 36§pemyBaHOCTi ' T
['amMMa-BiZICOTKOBHH TepMiH 30€pexyBaHOCTI T,
KomrnekcHi ‘
. . Koedimient roroBHOCTI K
be3B1IAMOBHICTB P - :
i PEMOHTONIPHIATHICTH Koeinmem OMepaTHBHOI FOTOBHOCTI K
KoediLieHT TeXHIYHOTO BUKOPHCTAHHS K.

3 Tabn. 1 BUIUIMBAE, 10 OJUHUYHI MOKA3HUKU HAAIMHOCTI (HampHKIaJd, peMOHTONpPHUAAT-
HICTH) XapaKTepU3YIOTh TIBKH OJHY 3 BIIACTUBOCTEW TEXHIYHOTO 00’€KTa, TOJI K KOMILJIEKCHI
MOKa3HUKHN XapaKTEPHU3YIOTh JIEKUIbKAa BIACTUBOCTEH 1 Hamami OyayTh BUKOPHUCTOBYBATHCS SIK
OCHOBHI JJisl OILIIHIOBaHHSA €(pEeKTUBHOCTI (DYHKIIOHYBaHHS CKJIAJAHMX TEXHIUHHUX OO0 €KTIB 1 iX
byHKIiOHANBHUX cucTeM. J[0 IUX MOKAa3HUKIB HaJleXkKaTh TakKi: Koe(ilieHT TOTOBHOCTI, Koedilli-
€HT ONEPaTUBHOI TOTOBHOCTI, KOS(IIIEHT TEXHIYHOTO BUKOPHCTAHHS W KOC(IIIEHT 30epeKeHHS
edextuBHOCTI [1].

Koeinient roroprocri K (t) npuiiHATO BU3HAYaTH K iIMOBIPHICTH TOTO, 110 00’ €KT Oyse mepe-
OyBaTH B Tpale31laTHOMY CTaHi B Oy/b-IKUH TOBUTbHUIM MOMEHT 4acy, OKpIM 3aIJIaHOBAaHUX IEpio-
B, YIPOJOBXK SKUX 3aCTOCYBaHHS 00’€KTa 3a MPHU3HAYCHHSAM He nependadaeTses [2]. 3anexHicTh
K (1) Bi yacy 4acTo Ha3MBaOTh HECTAIIOHAPHUM KOE(iliEHTOM FOTOBHOCTI ((PyHKII€F0 TOTOBHOCTY).
OTpumaTu BUpa3 JjIsl HECTAI[IOHAPHOTO Koe(ilieHTa TOTOBHOCTI B aHAJITUYHOMY BHIJISI JIOCHUTH
CKJIQ/IHO, Y 3aTaJIbHOMY BHUIIAJIKy BiH Ma€ BUTIISI [2]

t

KzzP(t)+IP(t—r)-m8(r)dl, (1)
0
1€ o (T) — mapameTp MOTOKY BiJHOBJIEHD.

[Topsi 13 UM 1711 OyIb-SKMX 3aKOHIB PO3IMOALTY HapOOITKY MiXK BiIMOBaMH Ta Yacy BiJHOB-
JIEHHS MO’KHA TOBECTH, 10 CTAI[lOHAPHUI KOe(DilliEHT TOTOBHOCTI Ma€ BUTJISII:
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v - M(T) 2
. ,
M(T,)+M(T,)
e M(TO) — MaTeMaTUYHe CIOJIBaHHS 4acy 3HAXO/KCHHS 00’€KTa B Mpalle3aTHOMY CTaHi; M(T) —
MaTeMaTUYHE CIIOJIBAHHS Yacy BIJHOBJIEHHS 00’ €KTa.

[opsan i3 K (t) ACTY BBoauThCs KoedinieHT oneparuBHOi roToBHOCTI K (1, t+1) sk iMOBIpHICTHL
TOT0, 1110 00’ €KT Oy/1e 3HAXOAUTHUCS B MPAIle3/1aTHOMY CTaHi B JOBUTLHHI MPOMIXKOK 4acy, KpiM 3aruia-
HOBaHMX IEPIOAIB, YIPOJOBXK SKHX 3aCTOCYBaHHS 00’€KTa 3a MPU3HAYCHHSIM He nependadaeTnes, 13
LIbOTO MOMEHTY Oy/ie IpaltoBaTH 0€3B1IMOBHO BIIPOAOBX 33JJaHOTO IHTEpBaIy Yacy T:

Ke(t;t+r):P(t+r)+jP(t+r—x)w8(x)dt. (3)

Jlis mociiJKeHHST BIUIMBY BIIPOBQ/IKEHUX METOIB 1 PEKHUMIB TEXHIYHOTO OOCIIyTrOBYBaHHS
il peMOHTY Ha €(PEKTUBHICTh MPOIIECY TEXHIYHOI EKCILTyaTallil 3aCTOCOBYIOTh 1€ OJIMH KOMIUICKCHUN
MOKa3HUK HAJIMHOCTI — KOE(IIEHT TEXHIYHOTO BUKOPUCTaHHsA K , SKWii JOPIBHIOE BIJIHOLIEHHIO
MaremarnyHoro cnoniBanis (MC) yacy nepeOyBaHHs 00’€KTa B Ipale3/aTHOMY CTaHi 3a JAESIKUN
nepion excrutyaranii M(T,) 1o cymum MC uacy mepeOyBaHHs 00’€KTa B Npale3aTHOMY CTaHi Ta
CYMapHOTO Yacy IMPOCTOIB Ha BCIX BHAX MPO(UIAKTHIHUX 1 PEMOHTHHUX POOIT:
M(T,)+ M(T,,)’

e M(Tnp) — CyMa MaTeMaTHYHHUX CTIOiBaHb Yacy MPOCTO0 00’ €KTa Ha IEPIOJUIHHX, PETIIAMCHTHHX,
CE30HHUX Po0OTax, MiJl 4ac MPOBEACHHS JOPOOOK, PEMOHTIB, YCYHEHHsI HECIIPAaBHOCTEH TOIIO.

Ha mpaktuimi B mporeci excruryaTarili TeXHIYHUX 3aco0iB /i OIliHIOBaHHS O€3B1JIMOBHOCTI
BUKOPUCTOBYIOTb, SIK IPABUJIO, TOKA3HUKH IHTEHCUBHOCTI BIJIMOB, ITapaMeTpa MOTOKY BiIMOB, cepe/l-
Hill HAPOOITOK /10 BiZIMOBH, CEPEHIi HApOOITOK HA BiJAMOBY.

Jli ouiHIOBaHHS piBHS HaIHHOCTI (0€3B1AMOBHOCTI) BITHOBIIIOBAHUX 00’ €KTIB BUKOPHUCTOBY-
I0Th XapaKTEPUCTUKH TIOTOKY BiJIMOB: ITapaMeTpa MOTOKY BiIMOB Z a00 HapoOiTKy Ha BiIMOBY T ;:

p=2T=2 5)

b

I n

.=

Jie N — cymMapHa KUTbKICTh BIIMOB 1 TIOIITIKO/PKEHb, 1110 BUSBIICHI 3a AOCTIIKYBaHUH MEepio]] 4acy eKc-
IUTyaralii T CyKylmHOCTi OTHOTUITHUX BUPOOiB; t, — CyMapHe HanpaloBaHHs CyKyIHOCTI OHOTUITHUX
BHPOOIB 3a TOH K€ Mepioj yacy T.

[Ipunyctumo, 110 Ha BUP1O BIUIMBAIOTH JIBa HE3aJIekKHI MOTOKH BiAMOB. [lepminii moTik BigMOB
OB’ sI3aHUH 13 HApOOITKOM, APYTUi — 13 KaJeHIapHUM YacoM HOro ekcruryaraiii. OOuaBa MOTOKH
€ IPOCTIIIMMH 3 BIANOBIAHMMH IHTEHCUBHOCTAMH Z, 1 Z,. [Ipu npomy BHpIO sBse c00010 00’ €KT 31
3MIHHUM PEKHUMOM €KCILTyaTallii.

3 ypaxyBaHHSIM HaBEJCHHX MPHUIYIIEHb Y NEAKIH JiTeparypi MOXKHA 3HAWTHU Take TPaHUYHE
CITIBBITHOIICHHS [8]:

3BI1JIKH OTPUMYEMO:

— 1

%_Zl+Zz+K1. ©)
Koedinient 0<K,<1 xapakrepusye iHTEHCHBHICTb TEXHIYHOI €KCIUTyaTalii BUpoOy 3a 4yac T,

1l BU3HAYAETHCS 32 BUPA30M:

1,-T,-T

e 6ion npocm

K,
T

e

, (7)

N~
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ne T, — KanenaapHuii yac ekcrutyaraiii BupoOy 3a repion (pik, mispivys), rom.; 1., — cepeanii yac
TO BupoOy 3a Toii xe nepiox, roa.; 7, — cepe/Hiii 4ac BIIHOBICHHS BUPOOY 3a nepiof, roa.; 7, P
Cepe/IHii yac MpoCTOIOBaHHS BUPOOIB 3a nepiof] 0e3 3acTOCyBaHHS 3a MPU3HAUYCHHSIM, TO/1.; t — cepen-
Hili HapoOITOK BHPOOY 3a Mepio, TOI.

3a cBoiM 3micToM K| cx0kuii Ha Koe(illieHT IIIaHOBAHOTO 3acToCyBanHs K ,, aje ocTanHii ypaxo-
BY€ HapOOITOK, IO IUTAHYETHCS, 1 HE BPAXOBYE Yac MPOCTOIOBAHHS 0€3 3aCTOCYBaHHS 32 TIPU3HAUCHHSIM.

3a momoMororo Bupasy (7) MO)KHAa BUKOHATH SIKICHY Ta KUTbKICHY OITIHKY BIUTHBY 1HTEHCUBHOCTI
ekcrutyaranii BupoOy K, Ha mokasnuk Horo HaaiinocTi (6e3BiamMoBHOCTI) T,

SxkicHo 13 (7) BUAHO, 10 B pa3i 30IbIIEHHS] IHTEHCUBHOCTI €KCIUTyaTallii CyKyImHOCT1 BUPOOiB
K, 3011bLIy€ThCS YHMCENBHUK 1 J0OYyTOK y Cymi 3HaMEHHMKA (z'K)), ae y 3B’43Ky 3 TuM, 110 Z,<I,

YMCEBHUK 3pOCTAE MIBUIIIE, TOMY OLiHKa 1) TEX 301IbIIYE€ThCS:
KT
z,+z,+ K, )

Hapnaku, y pasi 3MEHIIEHHS iHTEHCHMBHOCTI €KCIUTyaraiii cykymHocTi BupoOiB K, | ominka
CEPENHBOTO HAPOOITKY Ha BiAMOBY 7)) TEX 3MEHIIYEThCS:

K
z,+2z,+ K, \’

TakyM YMHOM, CTAaTUCTHYHUN MOKA3HHMK HAAIMHOCTI 3MIHIOETHCS 3aJ€KHO BiJl IHTEHCUBHOCTI
eKCIUTyaTallii, Xo4a peaqbHUi piBeHb HAAIMHOCTI IPU [[LOMY 3AJHUIIAETHCS HE3MIHHHUM.

Posrssnemo rpannuHi Bunaaku. O4eBUIHO, 110 3a JOCTAaTHHO BUCOKOT IHTEHCHBHOCTI BiJ0yBa-
€ThCS MIBUJIKE BUYEPIIAHHS peCcypcy BUPOOY 3a HapoOITKOM, BiJICYTHI TpHUBaJIl MPOCTOi O€3 3acToCy-
BaHHSI 3a IPU3HAYEHHSIM, TOMY IHTEHCUBHICTH ITOTOKY BiJIMOB, ITOB’I3aHUX 31 CTApIHHAM MaTepialiB,
Z,—0. YV 1b0My BUIAJIKY, K BUIHO 3 BUpasy (7), MAEMO Take:

K, 1= =71, (8)

K = =T,. (9)

n--1, (10)

TOOTO MIXKIIEPIOAMYHE OLIIHIOBAHHS Ja€ 3MOT'Y JOCUTh TOUHO OLIHUTHU peasibHUil piBEHb OE€3B1IMOB-
HOCTI ¥ He 3aJIe)KUTh BiJl 3MiHU IHTEHCUBHOCTI 3aCTOCYBAaHHS.

[Hma cripaBa, SIKIIO iIHTEHCUBHICTD ekcIuTyaTarii Maia [9—10]. ¥V upoMy BHIagKy MaroTh MicCIe
JIOBrOTPHBAIl MPOCTOi 0€3 3aCTOCYyBaHHS 3a MPU3HAYEHHSM, BiJOYBA€THCS IHTCHCHUBHE CTApiHHSI
MatepiajiB BUpoOy Ha eTarli, KOJU JOCATAEThCSI BUYEPIAHHSI PECYpCy 3a KaJeHJapHUMU TePMiHAMHU
CITy’kOH B pa3i iCTOTHOTO 3aJIUIIKY PeCcypcy 3a HApoOITKOM. Y TPaHUIHOMY BHIIAJIKY, KOJIH CITOCTEPi-
raroThCA BUCOKI 3HaUeHHs Z, ipu Z,— (), Bupas (7) HabyBae BUIVISAY:

K
_ 1
L,=—1,
Z
110 CBITYMTH PO MPSIMO TPOTIOPITIHY 3aJICKHICTh OIIIHKH ITOKa3HKKA (6) BiJl IHTEHCMBHOCTI €KCILTyaTallii.

BucHoBku

CrarTs npucBsYCHa JOCTIPKEHHIO METO/IIB 3a0€3MeUeHHS HaIHHOCTI 1HPOPMAIlIMHUX CUCTEM
1 TexHigyHOTO OOMagHaHHSA. BusHadeHo, 1m0 nmutaHHs 0€3BIIMOBHOCTI €KCILTyaTallil CKIaJHUX CHC-
TEM € 0COOJIMBO aKTyaJIbHUMHU B YMOBAX CY4aCHHUX BUKJIMKIB 1 TOTPEOYIOTh Y10CKOHAJICHHS M1IX0/I1B
1 po3p0o0JIeHHST HOBUX METOMIB Ta IHCTPYMEHTIB ISl 3a0€31eUYeHHs CTa0lIbHOCTI, O€3MeKn W HaIii-
HOCTI CHCTEM, 30KpeMa iH)OpMaIiHUX 1 TEXHIYHUX 00’ €KTIB 3 ypaxyBaHHSM BUMOT CbOTOJCHHS.

OTtpumaHi B pe3ynbrari 00pobaeHHs 1HpopMallii 3HaYeHHs MOKa3HUKIB HAAIMHOCTI 3a mepiof
eKCIUTyarallii, Ik MPaBUIIO, MOPIBHIOIOTHCS 3 BIAMOBITHUMU 3HAYEHHSIMU MMOKAa3HUKIB 32 TMOIEpeIH]
nepionu. Takuil miaxiz Aae 3MOry SIKICHO OIIHUTH PiBeHb HAIIWHOCTI IIONO MOMEpENHiX MepioiB
excruryaraiii. [Ipu 1ipoMy, sk 3a3Ha4YeHO BUIIE, HE BPAXOBYETHCS BIUIMB HAa CTATHCTHYHY OINHKY
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MOKa3HUKA IHTEHCHBHOCTI ekcruryaramii. CTaTUCTHYHI JaHl PO BIAMOBH W HECIPABHOCTI OTPH-
MYIOTBCS 32 HECTAOITPHUX YMOB CIOCTEPEKEHb, 10 3HAUYHO BIUIMBAE HA TOYHICTH 1 JOCTOBIPHICTH
oriHku. OAHUM 13 YaCTKOBUX 3aBIaHb JOCIHIKEHHS € BIOCKOHAJIEHHS METOJIUKH CTAaTHUCTUYHOTO
KOHTPOJIIO HAJIHHOCTI arperariB TEXHIYHOTO OOJaJHAHHS 3 ypaxyBaHHSM BIUIMBY IHTEHCHBHOCTI
eKCIUTyaTallii Ta HeCTaOUIbHUX YMOB CIIOCTEPEKEHb.
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YK 004.932

T.B. PATYIIHAK, O.B. ITTAJMEHKO, A.A. OMEJIBMYK

Jlep>kaBHUI TTIOIATKOBUI YHIBEPCUTET

A.C. BUIHEMIPCBKA

TaBpilicekuii HalioHABHUH yHiBepcuTeT iMeHi B.1. Bepraacbkoro

TEXHOJIOTISA CTBOPEHHSA BIPTYAJIbHOI COEPUYHOI 3D-MTAHOPAMU
JIJIs1 COIIAJIBHOI MEPEKI FACEBOOK

CmeopenHns mpusuMipHux naHopam 0de 3mMo2y KOpUCHy8a4am OmpumMamu epaxcaroyuii imepcusnuil egpexm i 6io-
yymms npucymuocmi. 3a805KuU pO3GUMKY NPOSPAMHO20 3a0e3neyents il BION0GIOHUX AN20PUMMIE CIBOPEHH MPUBUMID-
HUX naHopam 3i 36udaunux gomoepahiii cmano 6inbuL OOCMYNHUM.

3d-nanopamu 3nariuiu 3acmMocy8anis @ pisHUX 2any3ax, MaKux K mypusm, Hepyxomicmb, GipmyanbHa peaibHicmb,
8ideoicpu, ouzatin ma apximexmypa. Tpueumipni nanopamu € sazxcrusum eremenmom y VR ma AR-oooamxax. Kopucmy-
8ayi 8UMA2AIOMb IHMEPAKMUSHOO Ul 3AXONTUBO20 KOHMEHMY, WO CNOHYKAE NONYIAPHI coyianbHi Mepedci ma eed-catimu
6nposaddicysamu il REOMpumyeamu 3d-mexHonoeii.

Y pobomi docnidocyemvca numanns cmeopenns gipmyanvroi cpepuunoi 3d-nanopamu oas coyianvhoi mepesnci
Facebook. 3anpononosano mexnonozito cmeopenns sipmyanvHoi cpepuunoi Id-nanopamu 3 00nomo2oio cyyacHux yugh-
Posux iHcmpymenmie. Axmyanbuicme 3anponoHOBAHOI MEXHON02I] 3yYMOGIEHA PO3GUMKOM 2any3i Yyupposo2o Ou3auny
1l KOPUCMYB8AYbKUM NORUMOM Y COYLAILHUX MEPENCAX HA HOBL MeXHON02Ll 00pobru epagiunol ingopmayii.

Ha nepwomy emani posenanymo mexuiuni nputiomu 1 ocobnueocmi npoyecy gomozpadyeanis npuminjenns na
36uuaUHUl homoanapam.

Ha opyzomy emani éuxonyemuvcs 0210 cyuacHux yughposux iHCmpymeHmis 015l 3uUBants homoxaopie y chepuuny
PO320PMKY, 6UKOHYEMbCA 3ULUBAHHSA (POMOKAOPIE 34 CMAHOAPMHUM ANOPUIMMOM, KU 6A3VEMbCA HA MAMEMAMUYHUX
Memooax obpobKu KoNboposozo 30opaxcenus hopmamy RGB i 6xntouae noutyk KOHMpOabHUX MOYOK HA KOHCHOMY (homo-
Kaopi, 3icmasneHHs maKux moyox, GUPIGHIOBAHHS MA 3MIULYBAHHS 300PAdHCEHb.

Ha mpemvomy emani npo8ooumscs KOpeKyis Memaoanux Qainy-po3eopmru 3 ypaxysanHam eumoe 00 napamempie
300pasicenHs, AKI HeOOXIOHI OJist PO3NI3HABAHHS 1l OeMoHcmpayii 3acobamu coyianvrol mepedici Facebook.

Ha uemegepmomy emani nposooumscs mecmosa nyonikayis gipmyanvHux cgepuunux 3d-nanopam y coyianbHit
mepedxci Facebook.

Kniouosi cnoea: 3d-nanopama, cghepuuna nanopama, mexmonoeis CmeopenHs cepuuHoi nanopamu, 3uUeanHs
300paxcenv y NnaHOpamy, 3UUBAHHA PACIIPOBUX 300padCcetb, MAMEMAMUYHI Memoou 3UUBAHHS PACTIPOSUX 300PAXHCEHD,
yudposi incmpymenmu 06pooKu epaghiunoi inghopmayii.

T.V. RATUSHNYAK, O.V. HLADCHENKO, A.A. OMELCHUK
State Tax University

Ya.S. VYSHEMIRSKA
V.1. Vernadsky Taurida National University

TECHNOLOGY FOR CREATING A VIRTUAL SPHERICAL 3D-PANORAMA
FOR THE SOCIAL NETWORK FACEBOOK

Creating three-dimensional panoramas allows users to get an impressive immersive effect and a sense of presence.
Thanks to the development of software and corresponding algorithms, the creation of three-dimensional panoramas from
ordinary photos has become more accessible.

3D panoramas have found application in various industries such as tourism, real estate, virtual reality, video
games, design, and architecture. Three-dimensional panoramas are an important element in VR and AR applications.
Users demand interactive and engaging content, which encourages popular social networks and websites to implement
and support 3D technologies.

The work explores the issue of creating a virtual spherical 3d panorama for the Facebook social network. The
technology of creating a virtual spherical 3d panorama with the help of modern digital tools is proposed. The relevance
of the proposed technology is due to the development of the field of digital design and user demand in social networks for
new graphic information processing technologies.

At the first stage, we consider the techniques and peculiarities of the process of photographing a room with
a conventional camera.

At the second stage, an overview of modern digital tools for stitching photo frames into a spherical scan is
performed, stitching of photo frames is performed according to a standard algorithm, which is based on mathematical
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methods of processing color images in RGB format and includes the search for control points on each photo frame,
comparison of such points, alignment and mixing of images.

At the third stage, the metadata of the scanning file is corrected, taking into account the requirements for image
parameters, which are necessary for recognition and display by means of the Facebook social network.

At the fourth stage, a test publication of virtual spherical 3d panoramas is carried out on the Facebook social
network.

Key words: 3d-panorama, spherical panorama, technology for creating a spherical panorama, stitching images
into a panorama, stitching of raster images, mathematical methods of stitching raster images, digital tools for processing
graphic information.

IMocTanoBka npodiemMu

3d-nmanopama — 1e miIocke (Goro300paxkeHHs, sKe 3i0paHe 3 NeKUTbKOX (OTOKampiB y cde-
pHUUHY, KyOiuyHY 200 HMTIHAPUYHY MPOEKIIIO 3 METOI0 OTPUMAHHS BIpTyaJbHOI MOJEII MPEIMETHO-
MIPOCTOPOBOTO CEPEIOBUINA. BipTyanbHa MOJENb peati3yeThesi 3acobaMu iHGOpMAIIHHIX TEXHO-
norii Flash, QuickTime, DevalVR, Java a6o JavaScript numsixom po3mizHaBaHHS ¥ JeMOHCTpaIii
3d-manopamu Ha KOMIT'FOTEPHUX MPUCTPOsX. 3d-MaHOPaMU CTBOPIOIOTH 3 METOIO 30UIBIICHHS KyTa
ONISY TPEIMETHO-IIPOCTOPOBOTO CepeoBHINa (TpuMinieHHs abo mauamadTy) adbo MiABUINECHHS
JeTajizamii 300paKeHHsI.

Po3pizustors Taki Buau 3d-nanopam: cdepuuni — 3 kytom oy 360° o ropuzonTani ta 180°
110 BEPTHUKAJI1; IWIIHIPUYHI — 3 KyToM orsany 360° mo ropusonTaiti ta 6au3bko 150° mo BepTHkami,
3 0OMEKEHHSM OIVIsIIy TI0 BEPTUKAJIl — KyT OIVISIy TaKUX MaHopaM MeHIe Hixk 360° mo ropuzoHTami
ta 10 180° mo BepTuKai, KyOiuHi.

[lepeBaramu cdepuyHUX MaHOpaM € JIETKE YIpaBIiHHA W NepeJaBaHHs pPeaTiCTHYHOCTI.
[lepernsanatoun chepudHi maHopaMu, KOPUCTYBAY MOXKE CAMOCTIHHO 3MIHIOBATH HAINPSIMOK MOTIISY
Ta MepeMimarucs B OyIb-sIKy TOUKY 300paKeHHSI.

Cdepuyni maHopaMu € cydacHUM 3aco00M repenaBanHs rpadiuHoi iHopmalii i MatoTh BeJu-
KMl TIONMUT Ha pUHKY HU(poBOro nusaiiHy. BapTo BiA3HAYUTH MOMYISPHICTH TAKUX MPOEKTIB, SIK
«ABTeHTHYHA YKpaiHay» [1], y pamkax sSIKoro po3po0ieHo caifT i3 maHopamMaMu My3eiB Ykpainu, abo
«BipryanpHuii Mmy3ei mam’sTi BiitHU» [2], Ha caliTi IKOTO 310paHo ceprydHi TaHOPAMH 3pyHHOBaHUX
MICT YKpaiHH IiJ] yac pOCiiChKO-yYKpPaTHCHKOT BIHHH.

Hampsimu Bukopuctanust 3d-maHopam y ramysi HugpoBOro au3aifHy MOCTIMHO OHOBIIOOTHCS,
cepell HUX, 30KpeMa, CTBOPEHHS BIPTyaJIbHOI PeajbHOCTI 3a JOMOMOTOI CHEIiaJbHUX IIOJIOMIB 200
OKYJIAPIB; MOXJIMBICTD Ieperyisiny 3d-nmaHopam OyaiBii ab0 TepUTOpil YCTaHOBU Ha CaiTi; pO3MIILEHHS
3d-manopam wmicmeBocti Ha kaprax Google 3a BkazaHOI0 aJpecor0; HAIOBHEHHS KaTayioriB 3d-maHopam
3 aKTyaJIbHUX MICIIh CBITOBOI KapTH Ha CIIEIialli30BaHUX pecypcax, 30kpema 360cities.net abo Roundme.
com, 13 IKUX MOKHA 3/11CHIOBATH Meperisi, peaaryBanus 3d-nmanopaMu (j107aBatu TeKCT, (oTo, Bifeo)
it orpumanns URL-aapecy 3d-nmanopamu Juis po3MILIIEHHSI HA CTOPOHHIX caifTax; mo0OyoBa BipTyalib-
HUX EKCKYpciii Ha ocHOBI 3d-tanopam [3—5]; myOmikartis 3d-maHopam y T0omn#cax ComiaabHIX Mepex [6].

3a manumu nocminHux rpyn Meltwater i We Are Social [7], y cBiTI epeBaKHO BUKOPUCTO-
BYIOThCS TaKi COIllalibHI MEpexi Ta MeceHmkepH, sk Facebook, YouTube, WhatsApp, Instagram,
WeChat. Cepen HUX TITBKH colliajdbHa Mepeka Facebook Hamae kopucTyBauaM MOXKIIUBICTH TyOJTi-
KyBaTu i nepernsigatu chepuyuni naHopamu. Tomy TexHomoris noOynoBu chepuynoi 3d-nmaHopamu
JUIs corianbHOT Mepexi Facebook € akTyallbHUM MUTaHHAM 1715 Taly31 KOMI IOTEPHUX HayK.

AHAaJi3 0CTaHHIX J0CTIIKeHb Ta MyOaiKamii
Jns ctBopenHst 3d-maHopaM BUKOPUCTOBYIOTH MEPEBAKHO J1Ba criocodu: (otorpadyBaHHs Ha
crieriainbHi kKamepu 360°; dhoTo3iioMKa Ha 3BUYAHUE (hoToarapar 3 MojaIbIIUM 30UpaHHAM (Tak
3BaHHUM CKJICIOBAHHSM a00 3IIMBaHHSAM) OTOKAIPIB.
3mmBaHHs 300pakeHb — 1€ NMPOLIEC CTBOPEHHS CLIEHHU 13 HIMPIINM OIJIAIOM 13 AEKIIbKOX 300pa-
KEHb, AKI MEePEeKPUBAIOTHCSA, TOOTO MAIOTh CHUIbHI CErMEHTU. AJTOPUTMH 3IIMBaHHS 300pa)KeHb
0a3yl0ThCs HA MAaTEMaTHYHUX METO/IaX 1 MAIOTh JIBA OCHOBHI €TaIy: BUPIBHIOBAHHS Ta 3MIIITyBaHHS.
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Orisi1 aNropuT™MIB 3IIMBAHHS BUKJIAIEHO B PpOOOTAX TAKUX 3aKOPIOHHHUX YUEHHUX, Ik M. Brown,
D.G. Lowe, M. Fu, M.V.S. Sakharkar, S.R. Gupta [8—10]. /leTanbHo onrcaHo OKpeMi aJropuTMu
B poOOTax Takux HAayKoBIiB, ik M. Meng, S. Liu [11] Ta M.J.R. Aguiar, T.d.R. Alves, L.M. Honorio,
I.C.S. Junior, V.F. Vidal [12].

Tak, y poOori [11] ans 31umBaHHs y BUCOKOSIKICHE c(hepryHe TaHOpaMHe 300pakeHHs (hoTorpa-
(biif, 3po0IIEHIX KaMePOI0 3 00’ EKTUBOM THUITY «pUO’STY€ OKO», 3alPOTIOHOBAHO aJITOPUTM Ha OCHOBI
ACUMETPUYHOTO JBOHAMPSAMHOIO ONTHYHOTO MOTOKY. [Iparto [12] mpucBsiueHo aHami3y Cy4acHHX
0101HCTIPOBAHUX AJITOPUTMIB, 3aCTOCYBAHHS SIKUX 3/1aTHE MOKPAILIUTH PE3yJIbTaTH BUPIBHIOBAHHS
TOPIBHSHO 3 BIJIOMUM YHCEIHLHUM MeTo/IoM JleBenOepra-MapkBapra.

Oxkpemi TUTaHHS 100 3IIKMBaHHS 300paXKeHb 13 BUKOPUCTAHHSIM JIETEKTOPIB 1 JECKPHUITOPIB
KOHTPOJLHUX (KITFOUOBUX, OCOOIMBUX) TOYOK BHBYAIIM TaKi BITYM3HSHI HAYKOBII, sik B.O. ['opoxo-
Barchkuii, A.A. Bacuibsuenko, K.I1. Manbko, P.I1. [Tonomapenko, [.B. [Tymuenxo, K.I'. Conoguenko.

JleTekTopoM Ha3MBAIOTh METO/] BU3HAUEHHSI KITFOYOBOT TOUKH, 10 BULIAE ii HA (DOHI 300paKeHHSI.
JIeCKpUITOPOM € METOJ, KU 3a0e31euy€e BUITyYEeHHs KITFOYOBHX TOUOK JBOX 300payKEeHB 1 TIOPIBHSIHHS
iX MK CO0010; ICCKPUITOPH TIOBHHHI 3a0€311eUyBaTH 1HBAPIaHTHICTHh 3HAXOKSHHSI BIIOBITHOCTI MIXK
KJIFOYOBUMHM TOUKAMHM II0JI0 IEPETBOPEHb 300paxeHb. Y poOoTi [13] po3misiHyTO OCHOBHI METOIH, SIKi
BUKOPUCTOBYIOTH i1 yac moOyaoBu nerexTopiB i neckpuntopiB: FAST (Features from Accelerated
Segment Test), SIFT (Scale Invariant Feature Transform), ORB (Oriented FAST and Rotated BRIEF),
AKAZE (Accelerated KAZE), BRIEF (Binary Robust Independent Elementary Features), BRISK
(Binary Robust Invariant Scalable Keypoints); roqoBHUM 00’€KTOM IBOTO JTOCTIDKCHHS OyB dYac,
BUTPAYCHUI HA 3HAXOPKEHHS KIIFOYOBUX TOYOK 1 IMOPIBHIHHS 1X HA CXOXKICTh. Y mpariax [14; 15] npo-
aHaJi30BaHO 0COOIMBOCTI HOBITHIX JIeTekTopiB ocobnmBux Touok ORB, BRISK i BupimeHo 3apaanHs
kiacudikarii 300pakeHb Ha 0a3i CTPYKTYPHOTO OTHCY Y BHIVISIII MHOKUHHU OCOOJIMBUX TOYOK.

Merta pocaiizkeHHs
VY cTaTTi pO3KpUBAETHCS TEXHOJIOT1SI CTBOPEHHS C(hEPUUHOT TAHOPAMU MTPUMIILIEHHS JIsl AEMOH-
cTparlii B corianbHoi Mepexi Facebook crmocobom 3HIMaHHS Ha 3BMYaliHUN doToamapar i3 mojaajib-
IIMM 3LIMBAHHAM (OTOKAIPIB.

BuxkJiag ocHOBHOT0 MaTepiajy J0C/iKeHHs

TexHomnorisi cTBOpeHHs chepruUHOT MaHOpPaMU MPUMIILIEHHS s couianbHoi Mepexi Facebook
Ma€ JIeK1JIbKa eTaliB.

[lepmmii eran — 3HIMaHHA. TexHIYHI MPUHOMH W OCOOIUBOCTI TPOIECY 3HIMAHHS PO3TOPHYTO
BUKJIaZieHO B poborax [5; 16]. Kamepa ¢oroamapara BCTaHOBIIOETHCS BEPTHUKAJIBHO HA MAaHOPAMHY
TOJIOBKY, ITI0 JIa€ 3MOTY 00epTaTh KaMepy HaBKoJIO Oe3napanakcHoi Touky. [1i gac mporecy hoTo3ioMKr
pOOUTHCS HEOOX1THA KIIBKICTh (POTOKAIPIB MPUMIIIICHHS 3 TOBOPOTOM 1/a00 HaXujIoM Kamepu (puc. 1).

Puc. 1. ®ororpadyBanns npuMillieHHs HAa 3BHYaiiHuill doToanapar

https://doi.org/10.32782/mathematical-modelling/2023-6-1-14
126



ITPUKIIA/THI ITHNTAHHA MATEMATHYHOI' O MOAEJIFOBAHHA T. 6, Ne 1, 2023

Jlis HanmamTyBaHHS KPOKY OOepTaHHs aHOPaMHOI FOJOBKM NOTPIOHO BU3HAUUTH KyT, y pasl
MOBOPOTY Ha SIKUN KaMepa (ikcyBaTuMe KOKHE Take MmoBepTaHHsA. L{e 3HaueHHs 3aJeXuTh Bij KyTa
omsiay 00’ ekTHBa U po3mipy mMarpuili ¢oroamapara. Hampukman, ais Goroanapara 3i CTaHIapTHAM
00’€KTUBOM PEKOMEHAYEThCA KPOoK 3iioMku y 30°; y TakoMy pasi BapTo 3poOUTH TpH psiau (HoTorpa-
¢iit o 12 xaapiB y KOXKHOMY, a TakoxX (oTo 3eHiTy i Hagupy (puc. 1). «[lepekpurts cyciqHiX 3HIMKIB
Mae Oytu He MeHIne HiK 20-25%. YV aeskux BuUmaakax, mob 3a0e3MeyuTH SKICTh TaHOPaMH, 30171b-
IIYIOTh TepeKpuTTs A0 nonoBuHu kaapy (50%)» [5]. Tomy mig yac dororpadyBaHHs 3ariaHOBaHY
KUTBKICTB KaJIpiB MOXKe OyTH 301JIbILIEHO.

VY poboti HaBeneHO pesyasraru (hororpadyBaHHs NPUMILIEHb [lepKaBHOTO MOAATKOBOIO YHIBEp-
curety: aynutopii 2201221 (puc. 2, 3). 3pobneHo 29 dhorokanpis ayauropii 220 1 26 hoTokaapiB ayauro-
pii 221. ®oro3sitomka nposenena y 2018 pori st miaroroBku 3d-Typy yHIBEPCUTETOM 10 HOTO CTOPIvYS;
11 MaTepiaiu HaOyu HOBOI LIHHOCTI Y 2022 porii, KOJIK B XOJ11 POCIMChKO-YKpaiHChKOI BIFIHU pOCIMCHKI
BiliChbKa OKyIyBaJX MicTo [pmiHb Ta 00CTpinamu 3pyiHHYBalIM LIEHTPAILHUIN KOPITYC YHIBEPCUTETY.

Puc. 2. ®otorpadysanns aynuropii 220 /[ep:xaBHOro nogaTkoBoOro yHiBepcurTeTy

Puc. 3. ®ororpadpysanns aynuropii 221 /lep:xaBHOro nNogaTKoBOro yHiBepcuTeTy

Hpyruii etan — 3mmBaHHSA (OTOKaAPIB y po3ropTky (cueny). Otpumani ¢poTokagpu MOTpiOGHO
3i0patu y chepuuHy po3roptky 3d-maHopamu 3a JOTIOMOTO0 KOMII FOTEPHUX TporpaM (HarpHKIIa,
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PTGui ab6o AutoPano) B aBroMmarnuHOMy a00 HariBaBTOMaTHYHOMY PEKHMIi. 3ITMBAaHHS B TAKUX MPO-
rpamax 0asy€Tbcs Ha MaTeMaTHYHHUX MeToJax OOpOOKH KolbopoBoro 3o00paxkeHHs (gopmary RGB
1 B1IOyBa€ThCA 32 TAKUM aJITOpUTMOM [8—12]: MONIYK KOHTPOJILHUX TOYOK Ha KOKHOMY 300pakeHHI,
31CTaBJICHHS TOYOK, BUPIBHIOBAHHS 300pa’ke€Hb, 3MIIITyBaHHS 300paKeHb.

VY HamoMy BUNAJKy A7l 3MIMBaHHS (POTOKAAPIB BUKOpUcTaHo nporpamy Kolor Autopano Giga
v2.6.0 ML Portable, npencraBneny Ha pucyHKy 4. J[ns 3aBaHTaXeHHS B poOOUy AUISHKY HpOTpamMu
rpynu GOTOKAAPiB MOTPIOHO CKOPUCTATHCS KHOMTKOKO « BuOparu 300paXkeHHs» 3 MyHKTY MEeHIO «Daiiim.

Puc. 4. 3aBanTaxkenns rpynu ¢orokaapis y nporpamy Kolor Autopano Giga v2.6.0
Jani norpiOHO BUKOHATH KoMaHIy «CTBOPUTH», y pe3yabTaTi 4oro Oyae moOyaoBaHO «HYOPHO-

BUI» BapiaHT chepuyHOi po3ropTKH. Pesynbrarn podoTu nporpaMu B aBTOMaTHYHOMY PEXKHMI TiCIIs
BHKOHaHHS KoMaHI1 « CTBOPUTH» TIPEJICTABIICHO Ha pUCYHKax 5 1 6.

Puc. 5. Posroprka chepuunoi 3d-nanopamu aynuropii 220
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Puc. 6. Po3roptka cepuunoi 3d-nanopamu aynurtopii 221

[Tig gac ¢oro3itoMku Ta 3MUBaHHA (POTOKAAPIB MOXKYTh BUHUKATH JIESKI MOXUOKH, OTHCaHI
B po6ori [16]. Y mporpami Kolor Autopano Giga v2.6.0 € MOXXJIMBICTh BUTIPABUTH iX, CKOPUCTABIIHCH
koMaH010 «PemaryBarm» (puc. 7).

Puc. 7. Bunpasienns noxu0ok Ha nanopami y nporpami Kolor Autopano Giga v2.6.0

[Ticns BunpaBieHHs moxubok (abo 3a iX BIACYTHOCTI) MOTPiOHO BUKOHATU KOMaHAy «3i0patu
aHOpaMy», MO3HAYECHOIO BIAMOBIAHOIO MIKTOrpamMol0 . Y BiKHI HaJaIITyBaHHS MOXKHA yTOUYHUTHU
BHUCOTY W IIUPUHY MaHOpaMu, MHUOUHY Koibopy, ¢popmar 300paxenns (JPEG, TIFF, PNG, PSD),
PO3IUIbHY HIUIBHICTh MIKCeNiB, (opMar 3MmillyBaHHA. Y pe3ynbTari poOOTH MpPOrpaMu Ha OCHOBI
«4OPHOBOTO» BapiaHTa chepruuHoi po3ropTku Oy/ie 3aBepIIeHO 3MIMBaHHS (POTOKAAPIB Y SIKICHY cde-
PHUUYHY PO3TOPTKY.
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Tperiii eTan — miAroToBKa MeTagaHux (ainy-po3roptku. Po3mizHaBaHHS W JI€MOHCTpAIliO
(ailry-po3ropTku 3aiHCHIOIOTH 3ac00u couianbHol Mepexi Facebook, 11 boro BOHM 3BepTarOThCs
1o metanganux (aiury. Tomy Metanasi aitry-po3ropTku TOBUHHI MaTH HEOOX1IHI TapaMeTpH, cepen
SIKUX BOKJIMBUMHU € IMAPUHA W BUCOTa 300paykeHHs BiamoBimHo 6000x3000 mikceris.

s penaryBaHHs IIUX MapaMeTpiB MoxkHa Bukopuctatu peaakrop Adobe Photoshop: uepes
nyHKT «File» BuOpatu xomanny «File Infoy», ekcriopryBatu metanani y ¢aitn dpopmary XMP, Bia-
KPUTH HOT0 TEKCTOBUM PEIAaKTOPOM 1 BCTABUTHU HaBeJIeHUH KoJ (pHcC. 8) Mmicis TPEeThOro psjika; 30e-
pertu Qaiin i3 metananumu; y penakropi Adobe Photoshop iMmopryBaru 111 1aHi 3HOBY B TaHOpaMy
1t 30epertu ii. Takox HEOOX11HO BUKOHATH 3MIHY po3Mipy 300pakeHHs, BianosigHo, 6000x3000 mik-
celliB yepe3 MyHKT MeHIo «Image» KoMaH1010 «Size».

<rdf:Description rdfzabout=""xmlns:GPano="http://ns.google.com/photos/1.0/panorama/"=
<GPano:Cropped ArealmageHeightPixels=3000</GPano:CroppedArealmageHeightPixels=>
<GPano:Cropped ArealmageWidthPixels=>6000</GPano:Cropped ArealmageWidthPixels=
<GPano:FullPanoHeightPixels=3000</GPano:FullPanoHeightPixels=
<GPano:FullPanoWidthPixels=6000=/GPano:FullPanoWidthPixels=

</rdf:Description=

Puc. 8. ®parmenT Metaganux paiiay-posroprku chepuunoi 3d-nanopamu

YerBepruii eran — myOmnikaris (aiay-po3ropTku B couianbHii Mepexi Facebook. BukonyeTsces
I1J] 4aC CTBOPEHHS JIONUCY IUISXOM CTaHJApTHOTO JOJaBaHHs CBITIMHH/BIJEO.
PesynbraTtu po6oTH MPOAEeMOHCTPOBAHO HA PUCYHKY 9 1 3a mocuinanHsaMmu [18].

Puc. 9. lly6aikauis ¢aiiay-po3roprku B couiaanHiii mepe:ki Facebook

BucHoBku
3anpornoHoBaHa TEXHOJOTiA CTBOPEHHS BipTyalbHOI cdepuyHoi 3d-maHopamu BiAnoBigae
KOPHCTYBAllbKOMY TTOIUTY B COLIIAIbHUX MEpekax Ha HOBI mu(poBi TexHomorii 00podku rpadivnoi
iH(popMmarii. [lepciekTHBOIO CTBOPEHHS TaKUX MMAHOPaM MoxXe OyTH po3poOKa Ha IX OCHOBI BIpTyallb-
HUX eKcKypcii [4; 5; 17].
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Buknagena B cTarTi TEXHOJIOTISE MOXKe OyTH KOPHCHOI Ui 3700yBadiB BHUIOI OCBITH

ranysi 122 «Komm 1oTepHi HayKu», sIKI HAaBUAIOTHCS 32 OCBITHROIO Mporpamoro «TexHomorii mugpo-
BOTO IM3aHY».
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YIK [519.711+536:621.9]

A.B. VCOB, M.B. KVHILIIH, 10.1. 3AMYHMK

Harionaneuuii yHiBepcuteT «Ofechka MOTITEXHIKA»

THOOPMAIIVMHE 3ABE3INEYEHHSA TEXHOJIOTTYUHUX MOXKJIMBOCTEM
JJs BE3AE®EKTHOI OBPOBKH BUPOBIB 13 MATEPIAJIIB,
CXMJIBHUMX A0 TPIIMUMHOYTBOPEHHAA

Memoro pobomu € inghopmayitine 3a0e3neueHHs MmexHON0IYHUX MOXNCUB0oCmell 01 be30ehekmHoi 06poOKuU 8Upo-
0i6 i3 Mmamepianis, CXUNbHUX 00 MPIWUHO YMBOPEHHS, MOMY WO IX NOBEPXHEBULl Uap MAE CNAOKOEMHI OedeKmiL CImpyK-
mypHo20 abo MexHon02iuH020 noxooycents. Miynicmo 6upobie i ix QYHKYIOHANbHI MONCIUBOCII 3aeXcamb 6i0 Heo-
OHOPIOHOCMI Tl OeheKMmHOCMI CMPYKMYPU MAmMepiaie, i3 SIKUX 60HU 6USOMOGISIIOMbCS. Y maKux Mamepianiax € 6enuKa
KLIbKICMb PI3HUX MIKPOOeheKkmig, sIKi QhopMyHomsbCsi 8 NOBEPXHeBOMY uapi demaell no X00y MmexHOI02IYHUX onepayitl ix
odepoicants. 3nudcenns 6paxy Ha QiHiwHux onepayiax 0aHux mamepianis, NiOBUWEHHS eKCIYAMAYIUHUX 61ACMUBOC-
metl 8UpoDI8 i3 YUx Mamepianie € aNCIUBUM HAPOOHO2OCNOOAPCHKUM 3A80AHHAM, BUDIUUEHHS K020 3YMOBIIOE 3HAYHY
EKOHOMII0 MamepianbHux pecypcis, mpyoomicmkocmi i cobisapmocmi gueomosients oemaneu. Hasaeni cbo2ooHi ingop-
Mayiini 6i00MOCMI NPO MENJ08L NPOYECU AIMA3HO-AOPAZUBHOL 0OPOOKU OMPUMAHT 6 NPUNYWEHHI 0OHOPIOHOCIME Mame-
pianis, wo wiighyiomscs, i He 8pAX08YIOMb HAAGHOCMI 0eh)eKmie mexHonN02iuHol cnadkosocmi eupoodis. Denomenono-
2IUHULL NIOXIO Y BUBYEHHI NPUYUH MPIWUHOYMBOPEHHA MAMEPIAie, CXUTbHUX 00 Yb020o 8UOY 0edhekmis, He 0ae 3Mo2u
PO3KpUMU MEXAHIZM 3aPOOIHCEHHS 1l PO3GUMKY WNighy8anvHux mpiwjut. Bubip memoody docaioscenns mexanizmy mpiwgu-
HOYMBOPEeHHS IPYHMYEMbCA HA MIKPOOOCTIONCEHHAX, N08 A3AHUX I3 HeOOHOPIOHOCIAMU, SAKI DOPMYIOMbCA 8 NOGEPXHe-
oMy wiapi Oemanell ni0 Yac NONepPeoHix MexHOI02IUHUX Onepayii.

Y pobomi eupiweno maxi 3ae0anns. Busueno mexanizm opmyeanms wiihysanibHux mpiiut y nO8EpXHesoMmy uapi
mamepianig i cniagie, CXUibHux 00 MpiWUHOYMEOpeHHs i 4ac aimMazHo-adpasusHoi 06podKuy, 3 YpaxyeamHsm none-
PeOHIX onepayill i cnaoKosux HeOOHOPIOHOCMEN, WO BUHUKAMb npu ybomy. Pospobneno mamemamuuny mooens, ska
ONUCYE MEPMOMEXAHIUHI NPoyecu 8 NOBePXHesoMY wapi nio uac wiigyyeanus oemanet i3 Mamepianie i cniagie 3 ypaxy-
BAHHAM IX HEOOHOPIOHOCMEl, WO BNIUBAIOMb HA IHMEHCUBHICMb PopmMy8anHs winighysanoHux mpiwjun. Ompumano pos-
DAXYHKOBI 3a1eHCHOCTI MIdC KpUmepiem mpiyyuHoCmitikocmi ti OCHOBHUMU KePIGHUMU MeXHON02IYHUMU NApaMempami.
3a sidoomumu xapakmepucmuxamu cnaoko8ux Oegexmis SU3HAUEHO 2PAHUYHI 3HAUEHHA MEePMOMEeXaHiyHux Kpumepiis,
wo 3abezneuyoms HeoOXIOHY AKICMb NOGEPXOHb 8UP0DIE, o 0bpobasitombcss. Cmeopeno ingopmayiiny 6azy 0ist nPOEK-
MYBAHHS MEXHONLOSIUHUX ONepayitl WaiQyeanHs Mamepianis, siKi Maoms CHAOKO8i HeOOHOPIOHOCMI, Wo 3abe3neyyoms
MAKCUMATbHY NPOOYKMUBHICHb 3a 3a0e3neden s HeOOXIOHUX NOKA3HUKIE akocmi. Ha ocHosi ompumanux KpumepianbHux
cniggioHoulenb N0OYO00B8AHO AN2OPUMM 3a0e3NederHs MeXHON02IYHUX ModcIugocmell 05 bezdepekmHoi 0bpobKu supo-
0i6 i3 Mamepianis, CXUIbHUX 00 8MPAMU AKOCMI NOBEPXHEB020 WLApY OemdaJell.

Kniouosi crosa: ingopmayiiine 3abe3neuennss, mexHoio2iuni MoNcIusocmi, bezoepekmua obpodra eupobis, npu-
niKu, MpiuuHOYmMeEopeHHs, MoOeli, HeOOHOPIOHICMb.

A. V. USOV, M.V. KUNITSYN, Yu.l. ZAYCHYK
Odesa Polytechnic National University

INFORMATION PROVISION OF TECHNOLOGICAL OPPORTUNITIES
FOR DEFECT-FREE PROCESSING OF PRODUCTS MADE
OF MATERIALS PRONE TO CRACK FORMATION

The work aims to provide information on technological possibilities for defect-free processing of products from
materials prone to cracking since their surface layer has hereditary defects of structural or technological origin. The
products’ strength and functionality depend on the inhomogeneity and defectiveness of the structure of the materials
from which they are made. Such materials have many different micro defects formed in the surface layer of parts during
the technological operations of their production. Reducing marriage in the finishing operations of these materials
and increasing the operational properties of products made of these materials is an essential national and economical
task, the solution of which leads to a significant saving of material resources, labour intensity and cost of manufacturing
parts. The currently available information on the thermal processes of diamond abrasive processing is obtained based
on the homogeneity of the polished materials. It does not consider the presence of defects in the technological heredity
of the products. The phenomenological approach in studying the causes of cracking of materials prone to this type
of defect does not allow to reveal the mechanism of genesis and development of grinding cracks. The choice of the method
of investigation of the mechanism of crack formation is based on micro-research related to inhomogeneities, which are
formed in the surface layer of parts during previous technological operations.
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The following tasks are solved in the work. The mechanism of the formation of grinding cracks in the surface
layer of materials and alloys prone to crack formation during diamond-abrasive processing has been studied, taking
into account previous operations and hereditary inhomogeneities that arise. A mathematical model has been developed
that describes thermomechanical processes in the surface layer during grinding of parts made of materials and alloys,
taking into account their inhomogeneities, which affect the intensity of the formation of grinding cracks. Calculated
dependences between the crack resistance criterion and the main controlling technological parameters were obtained.
According to the known characteristics of hereditary defects, the limit values of thermomechanical criteria, which ensure
the necessary quality of the surfaces of the processed products, are determined. An information base has been created to
design technological operations of grinding materials with hereditary inhomogeneities, ensuring maximum productivity
while ensuring the necessary quality indicators. Based on the obtained criterion ratios, an algorithm was built to ensure
technological capabilities for defect-free processing of products from materials prone to loss of quality of the surface
layer of parts.

Key words: information support, technological capabilities, defect-free processing of products, cautery, cracking,
models, heterogeneity.

IMocTanoBka npodieMu

Pi3H1 TeXHOJIOT1YHI Omepallii CIPUSIOTh BAHMKHEHHIO B TTIOBEPXHEBOMY IIapi CIIaIKOBUX aedeK-
TiB, IO SIKUX HAJEKaTh HEMETAJICB] BKIFOUCHHS, (PJIOKCHH, MTOBITPSHI MOPU, MIKPOTPIIIIUHHU yCAJIKO-
BOTO XapakTepy (BHUIUIAaBKa), fe(opmartiss KpUCTaIIYHUX 3€PEeH, TPIITUHU JIIKBAIIHHOTO TTOXOHKCHHS
(TOKOBKa, MPOTATYBAHHS ) KPYITHO3EPHUCTICTh, ckymueHHs kapoiais (TO, TMO, XT0), ckonu, BUpUBH,
CiTKa MOBEPXHEBUX TPIILMH, BHYTPIIIHI TPILMHU, BiAMIAPOBYBaHH /(DiHINIHI omeparii/, mpumnaim.

Ili nedexrn, Oyayun KOHIIEHTpAaTOpaMU HANpPY>KCHHs, 3yMOBIIOIOTH TPIIIMHOYTBOPEHHS SK
y mporeci 00poOku Marepiaiy, Tak 1 i yac Horo eKcIuTyararii.

Oco06nuBO 3HAYHI BTpaTu Big Opaky yepes cnaakoBi AedexTn Ha (iHimHuX onepartisx. -
(dyBanHs, Oyayuu J71st OUTBIIOCTI JIeTalleld OCTAaTOYHOIO OTIEPAIIi€ro, M0 3a0e3Meuye CyTTEBE IMiIBU-
IICHHS eKCIUTyaTallifHUX BJIACTUBOCTEN 32 PaXyHOK BHCOKOI TOUHOCTI, HU3bKOI IOPCTKOCTI, CYIPO-
BOJDKYETHCSI BUCOKOTEMITEPATYPHUM BIUIMBOM, III0 MPHU3BOAUTH JI0 MPHITIKAHHS Ta 3HAYHOTO OpaKy
BiJI BUXOy MPUJATHUX BUPOOIB Yepe3 yTBOPEHHS TPIIITHH.

3HMKEeHHs Opaky Ha (DIHIIIHMX olepalifix IMX MarepiajiB, MiJABHUIIEHHS EKCIUTyaTalliitHUX
BJIACTUBOCTEH BUPOOIB 13 MHUX MaTepialiB € BaXJIMBUM HAPOAHOTOCIIONAPCHKUM 3aBIaHHSM, BUPI-
IIEHHS SIKOTO 3YMOBJIIO€ 3HAYHY €KOHOMIIO MaTepiaJIbHUX PeCypcCiB, TPYAOMICTKOCTI i COOIBapTOCTI
BUI'OTOBJICHHS JCTAJICH.

HaykoBa mpo6iema mossrae B iHpopMaIiiiHoMy 3a0e3MeUYeHHI TEXHOJIOTTYHUX MOXKIIUBOCTEH
1010 BU3HAYEHHS BILTUBY CMAJIKOBUX Je(eKTiB, chOpMOBAHUX HA MOMEPETHIX 3arOTIBEIbHUX OIle-
pauisx, onepauisx TO, TMO i HaHeceHHs MOKPUTTIB Ha TPIIIMHOCTIHKICTh MOBEPXHEBOTO MIApPY Mij
yac nutiyBaHHs Ta BA3HAUEHHS ONTUMAIBHUX TEXHOJIOTTYHUX YMOB 00OpOOKH, 3 ypaxyBaHHSIM HaKoO-
NUYEHb, MaTepiaiiB 1 CIJIaBiB, 0COOIMBO CXMWJIBHUX /0 TPIIIUHOYTBOPEHHSI B MPOILIEC] HUTI(yBaHHS.

YcraHoBneHHS 3aKOHOMIpHOCTEH (hopMyBaHHS HITi(YyBaTbHUX TPIIIKH MijJ yac 0OpoOKu JeTa-
Jeil 13 MaTepiaiB 1 CIUIaBiB, CXUIBHUX J10 IHOTO BUAY I€(EKTIB, 3 ypaxyBaHHSIM CIIaJKOBUX MIKpOHE-
01B OTpPUMAaHHS 3ar0TOBOK, 1 Ha I[iif OCHOBI po3po0Ka iH(pOpMaIiiiHOTO 3a0e3MeUeHHs TEXHOIOTTUHIX
yMOB 0e31edeKkTHOro nutiyBaHHS.

AHAaJi3 0CTaHHIX J0C/iIKeHb Ta MyOJaiKkamii

Onepatis nutiyBaHHS — OCHOBHA 00pOoOHa orepaliisi BayKKO HaBaHTaKEHUX JIeTallel 13 BUCOKOMILI-
HMX CTasIeH 1 CIUIABIB, /10 IKMX HAJIS)KaTh 3y0UacTi Kojeca, BaJIH, IITaMIIH, €IEMEHTH €IeKTPUYHUX MaIlIUH,
eneKkTpoHiku Tomo. Liit onepartii miagaoTbest TAKOK BUPOOH, 10 poOOUMX MOBEPXOHb SKUX BUCYBAIOTh
TABHILEH] BUMOTH MO0 TOYHOCTI, IIIOPCTKOCTI, IO ICTOTHO BIUIMBAIOTh HA iX eKCILTyaTalliiiHi BIacTH-
BocTi. /1o Takux BUpOOIB HaJIeXKaTh JIeTalli 31 3HOCOCTIHKMMU OKPUTTSIMHU, BUCOKO KOSPIIUTUBHI MAarHITH
Tty FOH/IKT, siki BUKOPHCTOBYIOTBCSI B CyYaCHHX EIEKTPUYHUX MAIlIMHAX, IPHJIaJIax, anaparax.

CXUIBHICTh METAIIB JI0 YTBOPEHHS TPIIIWH 1] Yac miTi(pyBaHHS 3aJICKUTh B METaTypriitHOT
Ta CTPYKTYPHOI CIIaJKOBOCTI, SIKa BU3HAYA€THCS CIIOCOOAMM BUIUIABKH Ta CTYNEHEM PO3KHUCIICHHS,
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(ha30BUMU MEPETBOPEHHSMH B CIUIaBaX, PEKUMAMH TEPMIYHOI, XIMIKO-TEpMId4HOI 0OpOOKH TOIIO.
[Tpu nboMy napameTpam, 1110 BPaXOBYIOTb 3aJI€KHICTh HAPYKEHOTO CTaHY BiJl CTPYKTYPHUX CKJIAJI-
HHUKiB, € Ha0ip Mexaniunux xapakrepuctuk (K, ., K., K, K ) mexanikn pyinanii.

BiaminHOIO ocoOnmBicTIO omeparlii nuliyBaHHS € BUIIJICHHS BEIUKOI KIJIBKOCTI TEIUIOTH,
OCHOBHA YaCTHHA K01 CIIPUIMAETHCSI 0OPOOITIOBAHOIO AETAJUTIO i BUKIIMKAE HA OKPEMUX i TIISTHKaX
CTPYKTYpHI1 3MiHU — nipuniku. L1 nedexTn 3yMOBIIOI0TH 3MEHIIIEHHSI BUX1THOI TBEPIOCTI MOBEPXHI,
YTBOPEHHS PO3TATYBAJIbHUX 3aJIMIIKOBUX HAIPYKEHb, 3HUKYIOTh KOHTAKTHY BUTPUBAJIICTh, BTOMHY
MIIHICTB aetanei [1; 2].

Jl1s1 BeMKOT IpyIy METAIB 1 CIUIABIB, HE CXWJIBHHUX JI0 CTPYKTYPHHUX MEPETBOPEHb y MPOILeci
00po0OKkH X 1uTihyBaHHIM, XapaKTEPHUM BUIOM Opaky € nedeKkTu THILY TPIllluH, [0 iICTOTHO 3HUXKY-
I0Th eKCILTyaTaliifHi BIaCTUBOCTI BUPOOIB.

XapakTep Ta IHTEHCUBHICTh TPIIIMHOYTBOPEHHS y BHpoOax Oarato B 4YOMYy BHU3HAYarOThCS
TEO(h13MYHUMHU BIACTUBOCTSIMHU OOpOOIIOBAHUX MaTepialiB, IX CTPYKTYpOIO, CIaJKOBICTIO IMOTe-
penHiX 1 MOoAaibIINX TEXHOJIOTIYHMX olepaui, ix mapamerpamu. Ilin yac excrutyararii geranei,
MOBEPXHEBUH 1IAp AKX MICTUTh LLTI(QYBaIbHI TPILUHU, pYHHYBaHHS BUPOOiB B110yBa€ThCs 3a Mic-
LSIMH TX CKYITYEHHS.

SIKICTBh TIOBEPXHEBOTO MIApy (POPMYETHCS i BILTABOM TEPMOMEXaHIUHUX SBHIIL, 110 CYTPOBO-
JUKYIOTH (DiHaNIBHI onepairii. Tomy B pobotax [1; 3—7] sk OCHOBHMIA TTOKa3HUK (DI3UKO-MEXaHIYHOTO
CTaHy OOpOOJIIOBaHUX MOBEPXOHb BUKOPHUCTOBYETHCS TEIUIOHANPY)KEHICTh ajIMa3HO-a0pa3uBHOT
00po6ku. Ha migcraBi po3pobiaeHnX HUMH MOJIeIIei TeMIepaTypHUX TOJIiB BUBYAJIH 3aKOHOMIPHOCTI
YTBOPEHHSI 1e(PEKTIB TUITY MPHUITIKIB 1 TEXHOJIOTIYHI MOXKJIMBOCTI X YCYHEHHS 3aJI€KHO BiJT Teriodi-
3UYHMX BJIACTMBOCTEH 00pOOIIOBAaHUX MaTepiaiiB, TEXHOJIOTTUHUX MapaMeTpiB iX 00poOKu.

OpHak HasBHI HWHI MOJENI TEIUIOBHX MPOIECIB alMa3HO-aOpa3uBHOI OOpOOKH OTpuUMaHi
B IPUITYIIECHHI OJHOPIAHOCTI MaTepiajiB, 0 NUTIPYIOTHCS, 1 HE BPaXOBYIOTh HAasBHICTh JIedek-
TiB TEXHOJOTIYHOI CIagKoBOCTI BUPOOIB [2; 8]. V 3a3HaueHNX poOOTax CTaH MOBEPXHEBOTO APy
JeTajal po3IVISJAEThCS B OCHOBHOMY 3 SIKICHOTO OOKYy a0O OIIHIOETHCS B KOXKHOMY OKPEMOMY
BUMNAJKY €KCIIEPUMEHTAIbHUMU MeTOlaMHU. TakK, CXUIIBHICTh MarHiTHUX CILIaBiB J0 TPILIMHOYTBO-
peHHs miJ yac oOpoOKHM iX HUTiyBaHHSAM MOB’A3YIOTh 3 OCOOJIMBOCTSAMU iX MarHiTHOI Ta KpUCTa-
JIYHO1 CTPYKTYpPH, MPU3HAYEHOI /ISl OTPUMAaHHS BUCOKMX MarHiTHUX BiacTuBocTel [9]. BimcyT-
HICTh Oy/Ib-SKMX KUIBKICHUX 3B’S3KIB TPIINIMHOCTIMKOCTI MarHiTiB 3 IHIIUMH BJIACTHBOCTSAMH HE
Jla€ 3MOTH OJHO3HAYHO KOPHCTYBAaTHCA HasBHOIO iH(oOpMaliifHoo 6a30t0 6e31edexTHOi 00poOKu
nutipyBaHHAM. € ITOCHIKEHHS BIUIMBY CTPYKTYPHUX MEPETBOPEHb Yy CTAlSX HAa YTBOPEHHS ILIi-
(byBanbHUX TPILIMH, 3TITHO 3 SKUMHU HASIBHICTh BEIUKOI KIIHKOCTI ayCTEHITY B IiAMIOBEPXHEBOMY
mrapi [eTanei Mpu3BOAMUTD 10 YTBOPEHHS PO3TATYBAJIbHUX HAIIPYKEHb, IO PEai3yI0ThCs y BUIIISAII
KpUxkux Tpimux [10].

CTpyKTypHI IEpEeTBOPEHHS Ha MaTepiajiax BUPOOiB HE MOXKHA BBAXKaTU «CaMOCTINHOIO» IPUYH-
HOIO BUHMKHEHHS LTI (DyBaTbHUX TPIIIMH, OCKUIBKY CTPYKTYPHI HAIIPY>KEHHS JOCATAIOTH PYHHIBHUX
3Ha4YeHb, (HOPMYIOUUCH MTPOTATOM 3HAYHOTO MPOMIXKKY dacy. [1lmidyBaHHS XapaKTepu3y€eThCst KOPOT-
KOYACHICTIO, BEJIMKMMU IIBUAKOCTSAMU HArpiBYy i OXONOPKEHHS, 3a AKMX CTPYKTYPHI 3MiHM HE3HAYHI,
a TePMOMEXaHIYHI HAPYXECHHS J0CATAI0Th TPAHUYHHUX 3HAYCHb.

MexaHi3M yTBOpPEHHS TPIIIMH Y TOBEPXHEBOMY IIapi JIeTajei 13 MOKPUTTIMH MOSICHIOIOTH JII€10
TUMYACOBUX PO3TATYBAJbHUX TEMIEPATypPHUX HANpyXKeHb, 110 MEPEBUIIYIOTh IPAHUYHI 3HAUEHHS,
a BIJIIapOBYBaHHS MOKPUTTS BiJl OCHOBHOTO METATy — JI€I0 3aJHIITKOBUX HANpPYXEHb y MOBEPX-
HeBoMy mmapi [11]. Po3mistHyTI ipu 11bOMY MOJIEN1 HaIpy)eHO-Ie(OopMOBaHOTO CTaHy AeTaneH 13
MOKPUTTAMHU HE BPAXOBYIOTh IIMATOYKOBY HEOJHOPIIHICTH (IOKPUTTA-MATPHULLS ), TOBHICTIO BIICYTHI
JOCIIJKEHHS BITUBY HEOJHOPIAHOCTI MOKPUTTS HA MEXaH13M aeekToyTBopeHHs [11].

DeHOMEHOJIOTIYHUN MiAXi Y BUBYCHHI NMPUYUH TPIITUHOYTBOPECHHS MaTepiaiiB, CXHUJIbHHUX
710 LBOTO BUAY JE(EKTIiB, HE J1a€ MOXIUBOCTI PO3KPUTH MEXaHi3M 3apOJUKEHHS W PO3BUTKY IILTi-
¢yBanpHUX TpiliMH. Bubip Merony AOCHIAKEHHS MEXaHi3My TPILIMHOYTBOPEHHS I'PYHTYEThCS Ha
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MIKPOJOCIIIDKEHHSX, MOB’A3aHUX 13 HEOMHOPIAHOCTIMH, AKi (POPMYIOTHCS B TIOBEPXHEBOMY IIapi
JeTasied mij yac MonepeHIX TEXHOIOTTUHUX ONepalliid.

[HTEeHCHBHICTH OSBU TPIILIKH 0arato B YOMY BU3HAYAETHCS HAsIBHICTIO PI3HOMAHITHUX HEOAHO-
PIAHOCTEH, 1110 BUHUKAIOTh Y IOBEPXHEBOMY LIapi MO X0y TEXHOJIOr1i BUTOTOBIEHHS AeTani. Ocoo-
JMBO HEOE3NEUHUMHU 3 MOMISATY 3apOPKEHHS TPILIMH € TaKi CMaJKOBl Je(peKTH, K (IOKEHHU, TOCTPi
MIOPO’KHUHU, IOMEHH, CTOPOHHI BKJIIOU€HHA. ToMy noOyoBa Teopii TPILIMHOYTBOPEHHS 111 4ac 1Ti-
(GyBaHHS 3 BUKOPUCTAHHSIM KPUTEPIiB MEXaHIKU pyHHYyBaHHS MOXKIIMBA JIMIIE HA OCHOBI MOIINOIE-
HOTO BHUBYEHHS MEXaHI3My 3apODKECHHS TPILIMH y BEpPIIMHAX KOHIIEHTPATOPIB, AKUMHU € METalyp-
TiiiH1, CTPYKTYpHI i TEXHOJIOTI4HI 1e(hEeKTH.

Jlns ympaBiiHHA SIKICTIO JeTadi A 4Yac nutiyBaHHS HEOOXiIHO BHUBYMTU 3aKOHOMIPHOCTI
(opMyBaHHS TEPMOMEXaHIYHOTO CTaHy IOBEPXHEBOTO IIApy 3 YpaxyBaHHSAM HOro HEOJHOPIIHO-
cTi. Bucokonpoaykrusae Oe3nedekTHe nuTipyBaHHS MaTepialiiB, UYyTAUBUX J0 TPIIIMHOYTBOPEHHS,
HeoOXiTHO 3MIWCHIOBATH 3 ypaxyBaHHSM HACHIAHHMX Ne(EeKTiB Ha TPAaHUYHUX pPEXHUMax 3a 30epe-
KEHHSI PIBHOB2XHOTO CTaHy, IO 1€ HE BUKJIMKAIOTh YTBOPEHHs TpimuH. Jloci Hemae iHpopMartiii-
HOTO 3a0€3IMeYeHHS TEXHOJOTIUHUX MOXIIMBOCTEH /s Oe3nedexTHoi 00poOoku BUpoOiB 13 Marepia-
JiB, CXUIBHUX JI0 TPIILIMHOYTBOPEHHS.

ITin yac mOCTaHOBKHY 3aBIAaHHSI ITiIBUIIEHHS SKOCTI (QIHIIIHUX OTepalliil eTaieil BUHUKA€e mpoo-
JieMa OIiHIOBaHHS BILUTMBY HEOJHOPITHOCTEH, BUOOPY TEXHOJIOTIYHUX MapaMeTpPiB, sIKi BUKITIOYAIOTh
neeKTOyTBOpEeHHsI Ha 00poOioBaHuX nmoBepxHsax. Llupoka HOMEHKIIATypa MarepiajiB, CXHUJIBHUX
710 TPIIIMHOYTBOPEHHS, PI3HOMAHITTS iX BIACTHBOCTEH, pO3MipH, Opi€HTAIlisl, pPO3MIIIEHHS i pO3-
MOJIUT CITAJIKOBUX JC(EKTIB CIPHUSIN TOMY, IIIO CHOTOJHI BiJICYTHI PEKOMEH/AII] 3 YCYHEHHS ILIi-
(dyBaNIbHUX TPILIMH MiJl Yac 0OpOOKH MOBEPXOHb BUPOOIB. Y 3B’SI3KY 13 MM HEOOXIAHO PO3pOOHUTH
iHpopMariiiHe 3a0e3redeHHsT ONTUMI3allil TePMOMEXaHIYHOTO CTaHy IOBEPXHEBOTO IIapy BHPOOIB
3 ypaxyBaHHSAM CIAJKOBUX NE(EKTIB, 0 YHEMOXIHUBIIOIOTh BUHUKHEHHS 1€()eKTiB THUILYy TPIIIUH
1 IpUMiKiB Ha (PIHINTHUX Omeparisax.

Tomy 3aBraHHs BU3Hau€HHS 1H(OpMaLIHOIO 3a0€3MeYeHHs] TEXHOJIOTYHUX YMOB Oe3nedex-
THOTO 1LTi(pyBaHHS BUPOOIB, MaTepiasid IKUX CXUJIbHI 0 1e()EKTOyTBOPEHHS, € aKTyaJIbHIM.

Merta nocaixzkeHHS

MeToro nociipkeHHs € po3poOka iHpopMaIiitHOTO 3a0e3MeYeHHsT TEXHOJOTIUHUX MOXKIIH-
BoCcTel mns Oe3nedexrHoi oOpoOKM BHPOOIB, Marepianu SKUX CXHJIbHI 7O TPIIIMHOYTBOPEHHS,
3 ypaxyBaHHSM iX HEOTHOPITHOCTEH, Mo (GOPMYIOTHCS B TIOBEPXHEBOMY IIapi JeTasiell 1Mo Xoay iX
BUTOTOBJICHHS.

JlocArHeHHs 11i€1 MeTH BUMarajo MOCTaHOBKH i BUPILICHHS TAKUX OCHOBHUX 3aBJaHb:

1. BuBuntu mexaHizM (GopMmyBaHHs 1e(eKTiB y MOBEPXHEBOMY IIapi AeTaliell 13 MarepialiB
1 CrNaBiB, CXWJIBHUX JO TPIIIMHOYTBOPEHHS Mia 4ac oOpoOkH ix mumidyBaHHAM 13 ypaxyBaHHSIM
MOTIEPETHIX OTepaLii 1 CriaAKOBUX HEOAHOPIAHOCTEH, 10 BUHUKAIOTH IIPH LIbOMY.

2. Po3poOuTi MaTeMaTH4Hy MOJIEIb, SIKa OTIUCY€E TEPMOMEXaHIYH1 IPOIECH B TIOBEPXHEBOMY IIapi
i1 yac nuUTiyBaHHs JeTaleil 13 MaTepiaiiB 1 CIUIaBiB 3 ypaxyBaHHAM iX HEOJHOPIAHOCTEH, 110 BIUIU-
BAaIOTh Ha (JOPMYBaHHS ILTi(QyBaTbHUX MPHUITIKIB 1 TPIIIUH, 1 BU3HAYUTH KPUTEPIi 1e(DEKTOyTBOPEHHSI.

3. CTBOpUTH aITOPUTM 3a0€3MeUEHHS TEXHOJOTIYHNX YMOB IUTI(YBaHHS MaTepialliB, IKi MAlOTh
CMaJIKOB1 HEOJHOP1THOCTI, 10 320€31eUyI0Th MaKCUMaJIbHY IPOIYyKTUBHICTh 32 YMOBH 3a0€3MEUCHHS
HEOOX1HUX ITOKA3HUKIB AKOCTI.

Bukiaa ocHOBHOI0 MatepiaJy J0CTiIKeHHS
[1ix wac BubOpy i 0OTPYHTYBaHHI MaTeMaTHYHOI MOJIEIi BPaXOBYBaIH, III0 MPOIEC NUTi(hyBaHHS
JieTajel CynpoBODKY€EThCA K TEIUIOBUMHU, TaK 1 MEXaHIYHUMHU siBUIaMU. OJJHAaK N1epeBaKHUI BILIUB
Ha HarpyXeHo-1e(opMOBaHUI CTaH MOBEPXHEBOTO APy HaJal0Th TEMIIEpATypHi MOJIsl. 3 OINIsiAy Ha Te
10 OCHOBHA Maca MOBEPXHEBOI0 1Iapy MeTally MiJl Yac HUTiyBaHHS 3HaXOJUTHCS B IPYKHOMY CTaHi,
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MOKHA CKOPHUCTAaTUCS MOJEIUII0 TEPMOIPYXKHOIO Tiia, L0 BioOpaXkae B3a€MO3B’SI30K MEXAHIYHUX
1 TETUIOBUX SIBUII MPU KIHIIEBUX 3HAYEHHSX TEIUIOBUX MOTOKIB. Tak SIK IS TOCIIKEHHS TepMOMe-
XaHIYHOTO CTaHy MPOIUTI(POBAHUX MOBEPXOHb BAKIIMBOIO € 1H(HOPMAITS PO MOMIMPEHHS TEMIIEPATyP
1 Hanpy>keHb 3a NIMOMHOIO Ta HAIIPSIMOM PYXY 1HCTPYMEHTY, TO PO3IIIAAETHCS MJI0CKA 3a/a4a.

[Tig yac ckmaganHs po3paxyHKOBOI cxeMH (puc. 1) AOMyCKaeThCs, 110 JIeTallb TUIY 3aTOTOBOK
Moyke OyTH IojJjaHa y BUIVISJII KyCKOBO-OIHOP1THUX YMOBHHMX IIIapiB 3 PI3HUMU BIIACTUBOCTSIMH, PO3-
TalOBaHUX Ha OCHOBHOMY Marepiajli-MaTpHIIi, 1[0 Ja€ 3MOTy BUBYATH TEPMOMEXaHIYH1 MPOIECH T
yac nuTiyBaHHA AeTane i3 KiIbkoMa THUIIAMU TTOKPUTTIB, 3aBTOBIIKM Aa K, HAHECEHUX Ha OCHOB-
Hui Matepiai. Taka cxema BU3Ha4ae TEIJIOB1 Ta AedopMalliiiHi yMOBHU CIIOJIy4YEHHS I1apiB 3a MEKaMHU
ix posminy —a_k.

BB HeogHOpinHOCTEH Y BUDIIAI (ha30BHUX MEPETBOPEHBb HECTIHKUX CTPYKTYP, MIXK3EPEHHUX
IUTIBOK, MEK KOHTYPY CIIQJIKOBUX ayCTEHITHUX 3€pEeH, KapOiTHOI CTPOYEYHOCT1, HEMETaJIeBUX BKIIIO-
4YeHb, PAKOBUH, (DIOKIHIB Ta 1HMKX Ae(EKTiB, 10 BUHUKAIOTH y MOBEPXHEBOMY IIapi, HasIBHOCTI
B IIOBEPXHEBOMY IIapi BKIIOYCHD 1 AE(PEKTIB y BUIVISII yMOBHHX TpiluH (puc. 1).

Puc. 1. Po3paxynkoBa cxema /JIsl BU3SHAYEHHS] TEPMOMEXaHIYHOI0 cTaHy HAa (iHIIIHUX omepamisx
mia yac o0poOKku BHPOODIB 3 6araTomiapoBUMH MOKPHUTTIMH, BEPXHiii Iap AKHX Ma€ CNAAKOEMHI AedeKTn

Cucrema piBHSHB, 1[0 BU3HAYAIOTH TEIUIOBHH 1 HANPy>KeHO-Ae(POPMOBaHUHN CTaH IIiJ Yac ILTi-
(hyBaHHS TOBEPXHI JACTANCH 13 MOKPUTTAMHU, BEPXHIH IIap AKUX Ma€ HEOTHOPITHOCTI THUITY BKJIIFOUCHb
1 TpiluH, MiCTUTH Take [3]:

PiBHsIHHS HECTAIIOHAPHOI TEIIJIOMPOBITHOCTI:

or ,(o’T 0°T) 0<x<oo;

RS Rl 1
ot ox*> oy’ ) —o<y<ow, M
PiBHsiHHS nipy»HOCTI Jlame B mepeMileHHsIX:
0 1 u v

————+Au=B"—u(x,y)=—;v(x,y)=—; 2
ox 1-2u0 (57) =557 (%0)=5c @

4G (1+ 2 z
6_®;+A‘7_BT6_T;BT:M%;A:6_2+8_2’ (3)

oy 1-2u oy 1-2p dx” dy
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ne T (X, Y, T) — TeMIiepaTypa B TOYIIl 3 KOOpAUHATAMH (X, Y) 1 B OyIb-sIKHH MOMEHT 4acy T; a — TeM-
TEpaTypONpPOBIAHICTL Marepiaiy; a, — TEMIIEPATypHUH KOeDilienT JTiHidHOrO po3mMpenHs; 1, G —
2 2
nocTiitHi Jlame; v, V — KOMIIOHEHTH BEKTOpa MepeMillieHb TOYkd (X, Y); A :8_2+8_2 — ormepa-
ox~ 0oy
top Jlamnaca.
[TouaTKoBi yMOBH IS IOTO 3aBIaHHS MOXKHA B3SITH y BUTIISIL:

T(x, Y, 0). 4
I'panuuHi yMOBU sl TeMIepaTypHuX 1 JedopMaliiHUX MOJIB, 1[0 BPaXOBYIOTh TEIJIOOOMIH
13 MOBEPXHI 1032 30HOK0 KOHTAKTY IHCTPYMEHTY 3 JICTAJUTIO ¥ IHTCHCUBHOTO TEIUTOBUIUICHHS B 30HI
00p0OKH, MarOTh BUTJISL;
or _ q(».1)
ox

,y|<a*,—ka—T+vT=0, y|>a*, (5)
ox

6, (%, 3,7) [,op= T, (%,3,7)[,,=0, (6)

ne ¢(Y, T) — IHTEHCUBHICTb TEIIJIOBOTO ITOTOKY, 10 (POPMYETHCS B pe3yJIBTaTi B3aEMO/I11 KoJIa 3 JETaIIIO;
A — Koe(illieHT TEMIONPOBiAHOCTI MaTepiay, Mo UUTiQyeThes; 2a — AOBKUHA 30HH KOHTAKTy KoJla
3 06pOOIIOBAHOIO MOBEPXHEID; Y — KOCILIEHT TEMIOOOMiHY 3 HABKOJIMIIHIM CEPENOBHILEM; G, Ty~
HOPMAJIbHI Ta JOTUYHI HAPyKECHHS.

YMOBHU CHOTY4€HHS 1apiB (HOKPUTTIB):

= JUIS TEMIIEPATyPHUX OB . ]

k-l k oT oT
T (ak —O,y,t) = T(ak +0,y,t); kk_q _x(ak —O,y,t) =\, a—x(ak +O,y,r); (7.1)

= 151 ieopMaliiifHUX TOJTiB
k-1

k k-1 k k-1 k
v;(a,—0,y)=v,(a,+0,y); o.(a,—0,y)=0.(a,+0,y); Tu(a,—0,y)=10(a,+0,y), (7.2)

e A, — TEIIONpPOBiAHICTL K-To Imapy; o, — ToBIMHA K-TO 1mapy; {))kj — KOMIIOHEHTH MNepeMillIeHb
B k-My mmapi.

JI71st mOBEpXHEBHX MIAPiB, [0 MAIOTh CTPYKTYPHI 1 TEXHOJIOTIYHI HEOTHOPIAHOCTI, YMOBH PO3-
PUBHOCTI pIlICHHS 3aJI€KHO Bij TUTY Ae(heKTy OyIyTh:

* Ha BKJIFOYEHHSX

v=0,0,#0;, v=0,7,, #0; (8.1)
* Ha TPIIUHONOAIOHUX JedeKTax
c,=0,0#0; 1,=0,v=0. (8.2)

['paHnYHO PIBHOBaXKHUU CTaH MOBEPXHEBOTO MIapy, 10 Ie()OpPMYETHCS, OLIHIOBABCS KiIacHy-
HUMH KPUTEPISIMHU MIITHOCTI.

3 HasgBHUX KPUTEPIiB PyHHYBaHHS, SKI BPaxOBYIOTh JIOKaJIbHI (h13MKO-MEXaHI4HI BIACTUBOCTI
HEOJHOPIIHUX MaTepiaiB, HAMOUIBII MPUHHATHUMH [T IIHOTO BUTIAJIKY € KPUTEPIl CHIIOBOTO MiIXOY,
MOB’s13aH1 3 BUKOPUCTAHHSAM MOHATTA KoedimienTa iHTeHcuBHOCTI Hampyxkenns (KIH) [7; 12; 13].
Konu naBanTaXeHHs TPU3BOAUTH 10 TOTO, IO iHTEHCHBHICTH HANpyXeHb K| crae piBHOIO rpaHuy-
HOMY 3Ha4eHHIO K| , TO TPIMHONOMIOHUH IE(DEKT EPETBOPIOETHCS HA MAriCTPAJIbHY TPIILHMHY.

MopentoBaHHS BIUIMBY BHXIAHOT IIIMaTKOBOi OHOPITHOCTI MarepiaiiB, 1m0 HUTI(QYyrOTbCS
(meraseil 13 TOKPUTTSAMH), HA TEPMOMEXAHIYHI TPOIECH 3IIACHIOETHCS METOAOM PO3PUBHHUX
pitess [5; 6; 14]. [1ix HUMU pO3yMIIOTHCS Taki PIllIEHHS, K1 3aJOBOJIBHSIIOTH PIBHIHHIO TEIUIOMPO-
BigHOCTi Dyp’e Ta npyxHocTi Jlame Bcroau, KpiMm Mex nedekTiB. Y pa3i mepexoay depe3 KOpIoH
HEOIHOPIAHOCTEH TOJIs 3MIIIEHB 1 HANMPYKeHHS 3a3HAIOTh pO3puBHU | pomy, TOOTO 3’SBISIOTHCS iX
ctpubku (v), (V), (G,), (’L’Xy>.
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3acTocyBaHHS y3araJibHEHUX NepeTBopeHb Dyp’e 3a 3MiHHUMH X, Y 10 piBHIHB (1)—(7) 3 ypa-
XyBaHHSM (8) 71a€ 3MOTy OTPUMATH PEKYPEHTHI CIIBBIIHOIICHHS, 1110 3B’ A3YIOTh 3MILLICHHS i HaIpy-
*eHHsI B K-My miapi 3 Hanpy»KeHHSIMHU Ta 3CyBaMH, 1110 (OPMYFOTHCS B IEPIIOMY IIapi i1 €0 HecTa-
IIOHAPHUX TEMIIEPaTypHHUX TIOJIIB.

BB HeoHOPIAHOCTEH y TOBEPXHEBOMY IlIapi cTajei i CIulaBiB HAa IHTEHCUBHICTH TPIIIMHO-
Ta CKOJIOYTBOPEHHS MiJl Yac HUTIYBaHHS JOCIIDKYEThCS TaKk. B yMOBax HEpIBHOMIPHOIO HarpiBy
B [IOBEPXHEBOMY IlIapi BUHUKAIOTh TEIUIOB1 JedopMarlii, Kl CIPUUYUHSAIOTH TEMIIEPAaTypHE Hampy-
xeHHs. [1i fiero ux Hanpy>keHb, 10 KOHIEHTPYIOTHCS B MICLISIX pO3TalIyBaHHS e(eKTiB, 1 BiOy-
Ba€ThCS YTBOPEHHS NUTI(PyBaIbHUX TPILUH.

Haii6inpmuii iHTepec CTAaHOBUTH MOBEAIHKA HAMPYKEHb B OKOJI BEpIIMH Je(EeKTiB TUIY Tpi-
IIMH, TOCTPUX BKIIOYEHb, CTPYKTYPHUX HEIOCKOHAJOCTEH, TOOTO 0COOIMBOCTEH HAaIpyXeHb 3a
y — *l,. Xapakrep nons HanpysxeHb y 6e3nocepenHiil 61U3bKOCTI Bil KiHIS Je(EKTY, OTPUMAHOIO
B paMKax KJIACHMYHOI Teopii MPYKHOCTI, BU3HAYAETHCS KOe(DilieHTaMU 1HTEHCUBHOCTI HaNpPyXeHb
K, =iK [5; 6; 13; 15].

Tak, nocmipKeHHS iIHTCHCUBHOCTI HAIIPY)KeHb Y BEpIIMHAX JeeKTy ToBKHHOW 2|, po3Tamosa-
HOTO Ha TIMOMHI o, Koti Ha moBepxHi Tina (X = 0, |y| < ") 3aganuii TeI0BUI MOTIK ¢, a0 3MOTY
BCTaHOBUTH FPAHUYHE 3HAYCHHS [[LOTO TTOTOKY ¢, 32 SIKOTO BKAa3aHH (KT MOYNHAE PO3BUBATHCS
B MaricTpajbHy TPIIIHUHY:

23 (1-v)K, o)
o,Elmls"

B3aemuwmii BIUIMB 1eEKTIB Ha IHTCHCUBHICTh HAIPYXXCHb BUSIBIISIETHCSI B Pa3i po3TallyBaHHS
iX i3 BiAPUBOM OJMH BiJ OAHOTO TPOoXH Oinbmie @° = 1/3. [Ipu nboMy HaliMEHIIIa TPIIHHOCTIHKICTh

*

. . . ) T T
Marepiany JOCITraeTbes, SIKIIO0 AePEeKTH OPI€EHTOBAHI MO0 OMH OTHOTO MiJ KyToM ¢ = P + 7 I'eo-

METpis 1 BIACTUBOCTI BKJIIOYEHb MOKYTh CTBOPIOBATH YMOBH SIK FaJIbMyBaHHS, TaK 1 PO3BUTKY IILTi-
(GyBanbHUX TPIMKH. SIKIIO TEIJIOBUH MOTIK CHPSMOBaHUI mapajenbHO OUIbININA OCl eNINTUYHOrO
BKJIFOUCHHS 1 TIPSMOJTIHIHOT TepMOi30JIb0BaHOI TPIIIMHM, TO TIPH Koe]IIlieHTI JIIHIHHOTO TeMIiepa-
TYPHOTO PO3MIMpPEHHs 0,° BKIIOUYEHHs OiblIoro, Hix ocHoBHOro, marepiany oM(a® > o), 36i1b-
IIEHHS )KOPCTKOCTI J10 3p0cTanns K| 10710 pi3HUX BIAHOCHH KOE(IIIEHTIB TEMIONPOBIIHOCTI, CKJIa/I-
HUKIB Marepiaiy.

Le npu3BOAUTH 10 3HWKEHHS TPIIIMHOCTIHKOCTI MOBEpXHEBOTO I1apy. /s nedexris tumy Tpi-
IIIMH, 110 B IIapi 3 MEHIIMM KOEPILIIEHTOM 0, OpIEHTALA Ie(YEKTY CUIBHO BILIMBae Ha BennuuHy KIH.

VY pasi 3HAYHOTO BHUAJIECHHS TPIIIMHHM, PO3TAIIOBAHOI B OLIBII >KOPCTKOMY IIapi Bija JiHIT
posniny, KIH K| mpuiiMae MakcMMaibHi 3Ha4€HHs, KOJU N€(PEKT OPIEHTOBAHMH MapalebHO ik
JIiHIT, @ 3 HAOJMKEHHAM TPIIIMHKU 10 MEXi po3ainy MakcuMyMm K| [10CAra€Tbes, KOJIM BOHA CTa€
NEePIEeHINKYISIPHOIO LiH MeXi. SIKIIO K TpillliHa 3HAXOAUTHCS B MEHII KOPCTKOMY MaTepiai, TO
MakcuMyM K| nocsAraeTbCs, KoM IEPIEHANKYIApHA TpitmHua Hinii posaity. Koedinient K, crae
MaKCHMaJIbHUM MPH KyTax MIXK JIIHIEIO pO3/UTy HIapiB, OJIM3bKUX A0 T/6, HE3aJIeKHO BiJ BIAHOCHOI
YKOPCTKOCTI IIapiB.

s 6e3nedextHoi 0OpoOKM cTanel i CIuIaBiB, 0 MAIOTh TPILIMHOMOAIOH] Je(eKTH Ta BKIIIO-
YEeHHS, MMiJT YaC BHOOPY pexuMiB OOpOOKH W XapaKTEPHUCTHK IHCTPYMEHTY BapTO KepyBaTHCS Tpa-
HUYHUMH 3HAYCHHSIMH TEIUIOBOTO MOTOKY, 110 (opMyeThes B Ipolieci mutidyBaHHs, 00 CraIKoBi
neeKTH He BUMIIUIN 3 PIBHOBA)KHOTO CTaHY.

Hacnpasnai moBepxHeBuil map nutipoBaHUX MaTepiaiiB MICTUTh HEOJHOPIAHOCTI i 1e(PEeKTHICTD
CMaJIKOBOT'O MOXO/KEHHS, 1110 BOJIOJIFOTh TUM Y1 1HIIMM CTYII€HEM BUIAAKOBOCTI. OCOOIUBO ICTOTHA
CTOXaCTUYHICTh MiKpoHeomHOpiaHOCcTel y crtaBax FOHJIK T, memeHTOBaHMX CTaNsAX, pI3HOMAHITHIX
MOKPUTTAX. Y IIbOMY pa3i BUKOPUCTOBYIOTh TNOTE3y HalcIabmoi JaHku — AedeKTy 3 HalOIbIIIM
Tr€OMETPUYHUM PO3MIPOM.
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BrnuB KOHCTPYKTHBHHX MapaMmeTpiB IHCTPYMEHTY Ha TEPMOMEXaHIYHHI CTaH MOBEPXHEBOTO
IIapy BH3HAYaBCS 3a JOMOMOTOI0 MOJENbHOI 3a1a4i (1)—(5) 1 T paHUYHUX YMOB Y BUTJISIIL:

q(y,T):%[H(y)—H(y—za*)]z":o(wkz—vkpr), (10)

ne H(y) — ¢ynkuis Xesicaiina; o(y) — nenpra-¢ynkuisa [ipaka; N — KiIbKICTh 3€pEH, IO MPOXOAAThH
it

utn

y 30HI KOHTAaKTy 3a yac T= ; A — TEIUIONPOBIIHICTh MaTepiaay BUPOOY; exJt - Temnosuit

Vi
MOTIK BiJl OIMHUYHOTO 3€pHa; Vg Vi L, POKEMH nuTiyBanHs, 28" — JOBKHHA IyTH KOHTAKTY KOJa
3 getawtio; |* — Bijctanb Mixk pixkydnmu 3epHamu. OTprUMaHi TECOPETUYHO ¥ MiATBEPIKEHI eKCIICpH-
MEHTAJILHO MaKCUMAJIbHi 3HAY€HHS MUTTEBOI TEMIIEPATYpH T, Bill OMMHUYHMX 3€PEH JI0 TIOCTIHHOTO
CKJIasHuKa — T, KI BUKOPMCTaHI HaJasli K KPUTEPIasbHi IMiJl 9aC IPOTHO3yBAHHS YMOB YTBOPEHHS
nedeKTiB TUMY MPUIMIKIB 1 ITHOUHU 1X 3aJIaraHHS.

BriuB TEXHONOTIYHOT CIAJKOBOCTI HAa TPINIMHOCTIMKICTH MeETaliB IMif 4ac nutidyBaHHS
BHBYAJIM 32 JONIOMOI'0X0 [IapaMeTpa MEXaHiKu pyHHyBaHHs K, , 110 BpaXOBy€ 3aJI€KHICTh HAIIPYKEHO-
ne(hOpMOBAHOTO CTaHy BiJl CTPYKTYPHHX CKJIaIHUKIB ITOBEPXHEBOTO HIapY.

[TigBuIeHHsT MIITHOCTI CTasiell 31 3pOCTaHHSAM YMICTy BYIJICLIO 200 3HIDKCHHS TeMIEpaTypu
BIJITYCTKH ITICJISA 3arapTyBaHHs 3aKOHOMIPHO NIPU3BOAUTS 110 criaay K , a oTxke, 10 TIOCUIIEHHS IPOo-
1ecy TPIIMHOYTBOPEHHS Mif Yac iX nuridyBanus. s JOCATHEHHS HAJIGKHOTO PIBHS TPIIIMHOCTIH-
KOCTI ITIJIKOM BHIIPaBIaHUM € BUKOPUCTAHHS BHCOKOI BIAITyCTKH I MOKPAIICHHS TAKUX CTaJel mepen
¢dinimHMME oniepartisiMu. Taki 3aX0/Iu Tar0Th 3MOTY YCYHYTH CXWJIBHICTD WX CTAJICH /10 MOSBH IILTi-
(byBajIbHUX TPILIKH.

Crani B cTadi 000pOTHOT BiAIYCKHOI KPUXKOCTI OCOOJMBO CXWJIBHI /IO iIHTGHCUBHOTO BUHHK-
HEHHs NUTi(QyBadbHUX TPIiKH. [[OCHIPKEHHS MOBEPXOHb PYWHYBAaHHS 3pasKiB 31 CTaji B IIbOMY
CTaHI MOKa3aJiu, 10 30UIbLICHHS TPUBAIOCTI BIAMYCTKU BUKJIMKAE CYTTEB] 3MIHU B MIKpOOY/lyBaHHI.
VY He3axuIeHii cTaii TPIIMHNA PO3BUBAIOTHCA TI0 B’SI3KOMY MIKPOMEXaHi3My, a B CTaHi 000pPOTHOI
BIIMMYCKHOT KPUXKOCTI1 MEPEBAXKAIOYNM CTABAJIO PYHHYBAHHS MUISIXOM MDXK3EPEHHOTO CKOJTY M po3Tpi-
CKYBaHHS KapOiHUX YaCTUHOK.

BrumiB gominiok Ha TPIIMHOCTIMKICTE CTalleH 1 CIIJIaBIB € 3HAYHUM.

Tak, 30kpema, ycTaHOBJIEHO HeraTuBHUM BIUIMB yMicTy cipku (0,008-0,009 %) y BUCOKOMIITHUX
cransax tuny 18X2H4BA Ha ix TpimmHocTiikicTs. Ha mijncTasi gaxkrorpadiuHux J0CTIIKEHb MTOKa-
3aHO, 0 OCepeaKaMU MIKPOPYWHYBAHHS B IIUX CTAJIAX € CYJIb(iaHI BKIIOUYEHHS.

JleryBaHHs cTajei, 10 CYNPOBOMKYEThCS MOAPIOHEHHSM 3€pHA, CIPHsIE MEBHOI MIpOIO
3pocTanHio K, .

[TigBUIIICHHS] YUCTOTH CIUIABIB IO JIOMIIIKAX 3aBXAH MOEIHYE 3 OJTHOYACHUM 3POCTAHHSM Tpi-
ITUHOCTIAKOCTI i KOPOTKOYACHOT MIITHOCTI. TakuM ke CIPHUATIUBUM (HAaKTOPOM Yy 3HIIKEHHI CXUJTh-
HOCTI CTajiel 0 TPIIIMHOYTBOPEHHs MijA yac iX nuripyBaHHS € 0OpoOKa MOBEPXHEBOIO LIapy Ha
HaapioHe 3epHO. [loapiOHEHHS 3epHA CTaNli MUISXOM HUKIIYHOI eJIEKTPOTEPMIYHOI 0OpOOKHU Bij
15 — 6ana (I-2 mxm) 3a6e3neuye miasumenns K na 40-50 % 1 Buxix npuaatHux BUpoOiB i3 MaTepia-
JiB, 110 0COOIMBO YYTNIMBI 10 HUTiI(YBaTbHUX TPIMIKH, 301UTbIIYEThCA Y 2,53 pa3u.

YcyHeHHS 3epHOTPaHIUYHOT KPUXKOCTI, J0 SIKOT CXHMJIbHI BUCOKOMIIIHI CTUIABY, MOXKHA 3/IIHCHUTH
I1JIBUIIICHHSIM TEMIIEpaTypH BIAMYCTKA a00 BUCOKOTEMIIEPATYPHOIO TEPMOMEXAHIYHOI 00pOOKOI0,
o crpusie aeopmarii Mex ayCTeHITHOIO 3€pHa, YHACHIOK 4Oro IMaaKi Mexl MiigaroTbes ¢par-
MeHTanii i HabyBaroTh crierdiunoi 3youarocti. Lle mpu3BOaUTH 10 3pOCTaHHS MIIIHOCTI TPaHULIb Ta
YCYHEHHSI 3¢pHOTPAaHUYHOTO PYWHYBAHHS IMi/1 Yac NuUTi)yBaHHS TaKWUX CIUIABIB.

KinbKicHI OLIHKK TPIIIMHOCTIMKOCTI MarHiTOTBEPAUX CIUIABIB MPOBOAWIM 3AJIEKHO BiJl CIIO-
cO0IB OTPUMAaHHS 3aroTOBOK (pHC. 2) 1 MOAAIBIIO] iX TepMOOOpOOKH Ha y-¢a3y, TepMOMArHITHOI
00poOku Ha & + &' a3y 3a pi3HUX PEKUMIB BIIITYCTKH 1 IBUAKOCTI OXOIOMKeHH. KOHTpOThOBaHUMH
napaMeTpamMu TPy LBOMY OyIii 3HAYCHHS HANPY)KCHHS BUTHHY G, , PO3TATYBaHHS G, Koedirienta K|
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1 XapaKTEPUCTHKM MAarHiTHUX BIACTUBOCTEH — KOEPIMTUBHA CHMIIa MaTepiaiy IO HamarHideHocTi h
1 3amMiukoBa inayKuis B . ExciepuMentanbHi nani cBiggars, mo snavenns K, pisHi 1y1s MOHO- i 1ojti-
kpuctaniB FOHJIKT y crazii 3arorisini. Lle mosicHIOETBCST TUM, 1110 BIJICOTKOBHI YMICT HEMETaJIEBUX
BKJIIOUEHb y CIUIaBaX, OTPUMAHUX PI3HUMH crocoOamMM, 3MIHIOEThCS B Mexkax. DazoBuil ckiiag ux
CIuIaBiB 3MiHIO€ 3Ha9eHHs Koedinienta K| . Tak st nomikpucranis y suxignomy crani K, =30 MIla m,
TOII SIK HAsBHICTH Y-(asu miasuinye K 1o 97 MIla m. Yeranosneno, mo y-¢pasa, Oyayuu miacTuyHi-
11010, TOPIBHSHO 3 OCHOBHOIO MaTPHIIEIO IIbOT'O CIUIABY CIIPHSIE TaIbMyBAHHIO MIKPOTPILIUH.

Puc. 2. CTpykTypa TexHoJ1oriudoro npouecy Bupoouuursa maruitis KOHIAKT

Tomy aHami3 CTPYKTYpH TEXHOJIOTTYHOTO MPOIIECY BUTOTOBIICHHS MAarHiTiB € BAKJIMBUM €TallOM
y BUSBJIICHHI PE3€pPBiB MiJBUIIEHHS BUXOAY NMPUJAATHUX MArHITIB HA ONEpaLisix OCTaTOYHOro nutidy-
BaHHS, TaK SIK OCHOBHI 1I€(EKTH — TPIIIMHO- 1 CKOJIOYyTBOPEHHSI — BUHUKAIOTh CaMe IIiJ1 Yac 0CTaTo4-
HOT 0OpOOKU IMX MArHITiB.

3aroToBKH MOCTIHHUX MAaTHITIB 31 CIUTABIB alTHIKO i THKOHAIL OJIEPKYIOTh MIEPEBAKHO METOJIOM
uTTs. ChOTO/IHI BUKOPUCTOBYIOTDH TaKi CIIOCOOM JIUTTS — BIIKPUTHI 1 BakyyMHUHN. Haiibiibm nomm-
PEHHUM BIJIKPUTUM CIIOCOOOM JIMTTA € MiIaBKa [9].

@paxkrorpadiyHuil aHaIi3 3/1aMiB y cTaHi Y-(pa3u BHUSBISE, [0 30HA pyWHYBAaHHS Ma€ iHTEp-
KPUCTAJIIYHUAN XapakTep 13 BUPAKCHUMH JIHIIMU KOB3aHHS. OHAK HasBHICTH 1€l (a3u B CIUIaBi
FOH/JIKT 3Hmxye koepuuTuBHy cuity Ha 40 %, 3aJIMIIKOBY MarHiTHy iHAyKuLito — Ha 15-20 %, Makcu-
MaJbHy MarHiTHy eHepriro oureine Hixk Ha 60 %. ToMy 1l CIIaBY MiANAIOTHCS HATAT TSPMOMATHIT-
Hiit 00poO11i. OCOOMMBICTIO CTPYKTYPH BUCOKO KOEPIIMTHBHOTO CTaHy CILIABIB, IO PO3TIISAIAI0THCS,
€ TIepiloJIMUHEe YepryBaHHS ENINTHUYHO 0Opa3HUX YaCTHHOK a'-(Pa3u, OTOUEHHX MaTpulero a-hasu.
[onanmera 0O6poOka mMX CIUIaBiB HUTiGYBAaHHSIM BHKIWKAE (OPMYBaHHS NEPEKTIB THITY TPIIIMH
y oBepxHeBOoMY mapi. [I[pyuoMy iHTEHCHBHICTD TPIIIUHOYTBOPEHHSI OB’ s13aHA 3 PEXKUMAMU TEPMO-
00poOKH, Ki, Y CBOIO YEpTy, BIUTUBAIOTH HAa PO3MIpH YaCTHHOK a'-¢a3u it Hanpsm TMO 1mono mo3-
JOBKHBOI mogayi i yac nutidyBanHsd. [[oMIHYyIOUMMH TEXHOJOTTYHUMH TapaMeTpaMH, 110 BILIHU-
BalOTh HA TPIIIMHOCTIMKICTD 1 KOHTAKTHY TEMIIepaTypy, € TIIHOMHA IUTi(PyBaHHS Ta XapaKTePUCTUKH
kona. Tak, y pasi nuridyBaHHs 3 Pi3HOIO ITHOWHOIO aTMa3HUMHU KOJAMU TPIIIMHOCTIHKICTH BHMIi-
PIOETHCSI HE3HAYHO, HA BIAMIHY BiJl /1alla30Hy 3MIHU KIC i 9ac o0poOku komamu 24A25CM18KS.
KoHTakTHa Temmneparypa B epIIOMY BHITAKY iICTOTHO HIXKYA, HIX Y IPYTOMY.
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Ha ocHoBi moOymoBaHOi MOJei BUBYEHO MEXaHi3M BHHUKHEHHS NUTIQYBAJIBHHMX TPIIIUH 13
MO3MIIIH BIUTUBY reoMeTpii Ta (pi3MuHUX BIAaCTUBOCTEH a'-(hasu Ta i opieHTallil 00 HAPSAMKY IILTi-
(yBaHHS X MArHiTIB y BUCOKO KOEPIUTHBHOMY CTaHi. [Ipy IboMy BUKOPHCTaHI TaKOX YMOBH PiB-
HOBar" CTPYKTYPHUX CKJIAJIHUKIB @'-(pa3u 3a1eKHO BiJl TOMIHYIOUHX (GAKTOPIB MPOIIECy MUTIPYBaHHS
1 B’a3kocTi pylHyBaHHs K| , MarHiTy, BAKOHAHHSA KX HE MPU3BOAMTH JO0 BUHMKHEHHS TPIIIMH Ha
00pOOITIOBANIEHIH TTOBEPXHI.

Po3poOka TeXHOJIIOTTYHMX KpUTEPIiB I yIpaBIiHHS mpoiecoM Oe3nedexTHoro nuiidyBaHHS
3aiiicHeHa Ha 0a3i BCTAHOBIEHHUX (PYHKI[IOHAIBHUX 3B S3KIB MIXK (Di3MKO-MEXaHIYHUMHU BIACTHUBOC-
TAMU 0OpOOJIIOBAHUX MaTepialliB Ta OCHOBHUMHM TEXHOJIOTTYUHUMU MapaMeTpaMH.

SkicTh 00pOOTIOBAaHMX TMOBEPXOHb Oyle 3a0e3MeueHo, SKINO 3a JOMOMOTOK KEPIBHUX TeX-
HOJIOTIYHUX TapaMeTpiB MigiOpaTd Taki TEXHOJOTIUHI YMOBH OOpOOKM (pEeKUMH, MaCTUIBHO-
OXOJIO/KYBAJIbHI CEPEAOBHUIIIA i XapaKTEPUCTHKH IHCTPYMEHTY ), IO MTOTOYHI 3HAYCHHS TEMIIEPaTypr
uutipyBanus T(X, Y, 1) T (x y,A) TEIJIOBOTO TOTOKY ¢(Y, T), HanpyxeHb 6(M) 1 koediuienra K= He
NepeBepIIyBaTUMYTh CBOIX TPAaHUYHHUX 3HAYEHb.

Peanizanig cucreMun oOMexyBallbHUX HEPIBHOCTEH 3a BETMUMHAMU CaMOl TeMIepaTypH i miu-
OWHMU 11 TOMUPEHHS Y BUTJISIIL:

C kl L+Kkl v
T(x,y,r)=ﬁkzz;‘H T—U—kp x H J. f X, P, T, r)dr <[ ] : (11)
C kl L+kl N .

L B e X s R S R

Cv X n,1) e'C ’) 2 .
T,(0,y,7)=——2_ + N s (yo—1) | Lande <[T]5 (13)

(0.7 nxzf LT ¢ 2n(t- \/n b [ (15 )J ndr<{7}

Cvo, o |o v .[Dt

(L, 0)=—2 =] 1- - = <[T 14

J1a€ 3MOTY YHHUKHYTH YTBOPEHHS IILTi(pyBaIbHUX MPHITIKIB 1 MOXKE ITOCITYTYBaTH OCHOBOIO JUIS IPOEK-
TYBaHHS LMKJIIB ILTiI(YyBaHHS 32 TETNIOBUM KPUTEPIEM.

OO6pobky marepiaiiB 1 cruiaBiB 0e3 HUTi(QyBaJIbHUX TPIIIMH MOXHA 3a0€3MeYnTH, K10 oOMe-
KHUTH TPAHUYHUMHU 3HAUEHHSIMH, 1110 Q)opMyIOTLCﬂ B 30H1 IHTEHCUBHOT'O OXOJIO/PKEHHSI HAPyKESHHS:

O (%,7) = ZG1 Yo Terf \/a <[o,]. (15)

V pasi 1oMiHYI0YOro BIUIMBY CHaJIKOBOT HEOIHOPIAHOCTI HAa IHTEHCUBHICTh YTBOPEHHS LUTI(Y-
BAJIBHUX TPIIIUH HEOOXITHO KOPUCTYBATHUCS KPUTEPISIMH, 10 CTPYKTYPH SKHX BXOAATH JETEPMIHO-
BaHI 3B’S3KM TEXHOJIOT1YHHMX IMapaMeTpiB 1 BJIACTUBOCTI CaMHX HEOAHOpITHOCTEH. SIK Taki MOXKHA
BUKOPHCTOBYBAaTH OOMEKEeHHS Koe(illieHTa IHTEHCUBHOCT1 HAalPy>KEeHb:

1 /l+t
=——|.[—oc.,0.dt<K 16
n\/?;[, [—t 7 fe (16)

abo 3a0e3redeHHs 3a JIOTMOMOIOI0 KEpPiBHUX TEXHOJOTIYHUX NapaMeTpiB T'PAaHUYHOTO 3HAYCHHS
TEIJIOBOTO MOTOKY, 32 SIKOTO 30€piraeThcsi piIBHOBAara CTPYKTYPHHUX Je(EKTiB:

. Pv
= el ‘/_M{’ (17)
\/ tgr Hl\/_cs

YmoBu 6e3nedekTHOro NuTihyBaHHS MOYKHA pealtizyBaTH, BUKOPHUCTOBYIOUH 1H(POPMAITIIO TIPO CTPYK-
Typy Marepiaiy, mo o0opooisieTses. Tak, y pa3i IpeBaItO0U0ro XapakTepy CTPYKTYPHHUX HEIOCKOHAIOCTEH
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JOBKHUHOIO 2|, TX peryjsipHOro po3TalllyBaHHS II0/I0 30HH KOHTAKTy IHCTPYMEHTY 3 JICTAJUTFO MOYXKHA SIK
KpHTepiaabHE CIiBBIHOIICHHS BUKOPUCTOBYBATH YMOBY PiBHOBAaru Ae(hexTy y BUIIISIL:
K¢
ly < 3 (18)
x[GT, (1+v)a, |

VY wiif hopMyi TEXHOIOTIYHA YACTHHA MICTUTHCS Y 3B 3Ky 3 BEJIMYMHOIO KOHTAKTHOI TeMIIe-
parypu T, 3 ymoBamMu 006pOOKH.

Haseneni HepiBHOCTI MOXKYTh OyTH iH(pOpMAITiiHOK 0a30F0 JJIsl BUSHAUYEHHS 3B’ 3KIB TeMIIeparyp-
HOTO i1 CHJIOBOTO TOJIIB 13 KEPIBHUMH TEXHOJIOTYHUMH MTapaMeTpamMu. BoHM 3a1at0Th JUISHKY MO€AHAHb
LMX [IapaMeTpIB, K1 BIAMOBIAI0TH OTPUMAaHUM TEPMOMEXaHIYHUM KpuTepisiM. [ IpH 11boMy BpaxoBYyIOThCS
BJIACTUBOCTI MaTepiairy, o 00poOsE€ThCS, 1 TapaHTY€EThCS 3a0e3MeUeHHST HEOOX1THOT IKOCT1 BUPOOIB.

Ha ocHOBI OTpUMaHUX KpUTEpiaJbHHUX CHIBBIJHOIIEHH MOOYIOBAHO aJTOPUTM 3a0€3MEUCHHS
SIKOCT1 TIOBEPXHEBOI'O IIapy AeTajiedl mia yac HUTipyBaHHS 3 ypaxyBaHHSIM MaKCHUMaJIbHOT MPOIYyK-
TUBHOCTI 00poOKH (puc. 3).

O6'eKT ynpaBniHHa
TexHonoriyHa cucrema (TC)

MpocrTip cTaHiB

4 Y 4

A

Di3nKo-MexaHi4Hi BnacTuBoCTi
o6pobntoBaHoro Matepiany
netani

\

TexHi4Hi XapakTepucTukn Pexumn 06pobku (kepyroui XapaKTepucTuKu iIHCTPYMEHTY
o06po6Horo obnagHaHHs napametpu TC) (4acTkoBO KepoBaHi napameTpu)

\ 4

Mpouec mMexaHiyHOT 06pobku [«

v

dopmanisauis npouecy
3aeaaHHs ineHTudikauii

A Y A

KpuTepii SkocTi MexaHiuHof
06po6ku

paHnyHO AONYCTUMI 3HAYEHHS

OnTumizauis ynpasniHHs T3
LA yip napametpis T3

Puc. 3. Aaropurm 3a6e3ne4eHHs1 SIKOCTi MeXaHiYHOI 00po0KH
32 ONTHMAJIBHO AONMYCTHMHX NapaMeTpPiB TEXHOJIOTiYHOI CHCTeMH

BucHoBku

VY pe3ynbrari BUKOHAHUX JOCIIKeHb CTBOPEHO iH(opMalliiiHe 3a0e31eueHHs] TEXHOIOTTYHUX
MOXXJIUBOCTEH Jy1st Oe3neexkTHOT 00poOKH BUPOOIB 13 MaTepiaiiB, CXUIBHUX /IO TPIITUHOYTBOPECHHS,
10 MOJISITa€ B YCTAHOBJIEHHI PO3PAaXyHKOBUX 3aJIe)KHOCTEW 1100 BU3HAUEHHs BIUIMBY CIAJKOBUX
nedexTiB, chOPMOBAHHX BiJl MOMEPEIHIX ONepanii, Ha TPIIMHOCTIHKICTh TOBEPXHEBOTO LIApy TiJ
yac nuriyBaHHs, TEXHOJIOTIYHUX YMOB OOpPOOKH 3 ypaxyBaHHSM HAaKOIMMUYECHUX IMOIIKOIKECHb 1 HEO-
JTHOPITHOCTEH MarepiajiB i CIUIaBiB, 0COOIMBO CXWIBHUX JI0 TPIIIMHOYTBOPEHHS B Ipolieci nutidy-
BaHHS, 10 Ma€ BaroMe HapOHOTOCIIONAPChKE 3HAYCHHS JIJIS 3HIKCHHS Opaky Ha (iHIITHUX ornepa-
IisIX 1 TBUINEHHS eKCTUTyaTaI[iiHUX BIACTHBOCTEH JIeTalIeld MalllyH.

1. BuBueHo MexaHi3M (hopMyBaHHS Je(EKTIB y MOBEPXHEBOMY IIapi JeTaliell i3 marepiaiiB
1 CIJaBiB, CXMJIBHHMX 10 TPIIIMHOYTBOPEHHS MiA 4ac oOpoOkM ix nutiyBaHHSM, 3 ypaxyBaHHSIM
MOTIEPEIHIX Omepaliil 10 CHaJKOBUX HEOAHOPITHOCTEH, 1110 BUHUKAIOTh MIPH L[bOMY. YCTaHOBJIEHO,
0 nutihyBaIbHI TPILIMHYA MAIOTh TEIIOBY IPUPO/LY, TOMY SIK KpuTepii 6e3nedexkTHoi 00poOKu HeoO-
X17JHO BUOMpATH TETUIOB1 KPHUTEPIi.
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2. Po3pobieHo MaTeMaTUYHy MOJIENb, SIKa OMKUCYE TEPMOMEXaHIuHI MMPOLIECH B IOBEPXHEBOMY

mapi mij yac nutidyBaHHs AeTanei i3 MarepiaiiB i CIUIaBiB 3 ypaXyBaHHSIM 1X HEOTHOPIIHOCTEH, 1110
BIJIMBAIOTh Ha (opMyBaHHs HUTIPyBaIbHUX TpiluH. [Ipyu 11boMy BHeplie OTpUMaHO PO3paxyHKOBI
3JIE)KHOCTI MIDK KPUTEPIEM TPIIIMHOCTIMKOCTI 1 OCHOBHUMH KEPIBHUMHU TEXHOJIOTIYHUMU TTapameT-
pamu. 32 BIJOMUMH XapaKTEPUCTUKAMU CIIAJIKOBUX Je(PEKTiB BU3HAYCHO IPAHUYHI 3HAUCHHS TEIUIO-
BOT'O MOTOKY, 110 3a0€31e4yl0Th He0OX1/IHY SKICTh HITI(OBAHUX TTOBEPXOHbD.

3. Ha ocHOBI OTpUMaHUX KpUTEPiaIbHUX CIIBBIIHOIICHB MOOYIOBAHO aJITOPUTM 3a0€3TECUCHHS

TEXHOJIOTTYHUX MOXIIMBOCTEH /1715t Oe31e(hekTHOT 00poOKM BUpOOIB 13 MarepiaiiB, CXUIBHUX JI0 BTPATH
SIKOCT1 MIOBEPXHEBOTIO IIAPy JIeTalei, 3 ypaxXyBaHHSIM MaKCUMaJIbHOI POIYKTUBHOCTI OOPOOKH.
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YK 539.3

H.O. IPELIbKA, A.O. PAMCBKUIA

XMeNbHUIBKUI HAI[IOHATBHUN YHIBEPCUTET

B.B. MOPO3

XMeNbHUIIBKUI KOOTIepaTUBHUI TOPTOBEIHHO-CKOHOMIYHIH IHCTUTYT

INOBYAOBA PO3B’AA3KIB OCHOBHUX PIBHAHB
JIHEAPU30BAHOI TEOPII MPYXHOCTI AJISI KIJIBIIEBUX TLJI

Y ecmammi npedcmasneno memoo nob6y0osu po3s 'sa3Ki6 OCHOBHUX PIGHSAHb JIIHEAPU308aHOL Meopii npysicHocmi OJis
min (wmamnie) Kinbyesoi ghopmu 3 00LIbHUM KOHMYPOM nonepeuro2o nepepisy. Poze azku eunucano 6 cucmemi kpyeo-
BUX YUNTHOPULHUX KOOPOUHAM OJisl RPYHCHO20 CKINYEHHO20 KINbYeB020 WMAMNA 3 NOYAMKOGUMU (3ATUUKOSUMU) HANDY-
JHCeHHAMU 8 pa3si sicecumempuyHoi degpopmayii wjooo eeomempuunoi oci mina. Ilodanuii memoo nodyoosu modxice 3acmo-
co8y8amucs nio 4ac O00CIIONCeHHA NPOCMOPOGUX GICECUMEMPUUHUX CMAMUYHUX KOHMAKMHUX 3a0ay JIiHeapu3068anoi
mMeopii npys#cHocmi 8 KOOPOUHAMAX NOYAMKOB020 0ePOPMOBAH020 CINANY OISl CHIUCTUBUX | HECIMUCTUBUX MIT Y 8UNAOKY
00HOPIOHUX NOUamMKo8UX Hanpyscens. Lle dacms 3mo2y 6uAGUMU 6NIUE NOYAMKOBUX HANPYICEHb HA KOHMAKMHI XAPaK-
mepucmuKy mii i NOCAPUAMUY NIOSUWEHHIO HAOIIHOCI 1l 008208IUHOCMI IHICEHEPHUX CNOPYO [ KOHCMPYKYIIL.

Baoicauso eiomimumu, wo 8paxyanus noYamKoGUX (3aiUUKOBUX) HANPYICEHb V MeNcax NiHeapuzoeanoi meopii
NPYIACHOCII iICMOMHO 3MIHIOE NOCIMAHOBKY MA 3HAYHO YCKAAOHIOE PO36 A3AHHS KIACUYHUX KOHMAKMHUX 3a0ad. Tomy
pe3yibmamu, 3anponoHo6ari ¢ CIAmMmi, MOJICHA GUKOPUCINOGYBAMU Ni0 4AC PI3HUX NOCMAHOB0K NOOIOHUX 3a0dad, Oe
€ wmamnu Kirbyegoi abo nagimsv yunindpuynoi gopmu. Ompumani po3e’i3Ku MOHCYMb MAKOHC CYMMESO OONOMOSMU
6 pasi 6UEeOeHHs aHANIMUYHUX 3aedCHOCmel Ol KOMIOHEHI6 HANPYICeHO-0eopMOBAH020 CMAHY CKIHYEHHUX Kilb-
Yesux wWmamnia i3z NOYAmKoBUMU (3ATUUUKOBUMY) HANPYICEHHAMU NPU 3A0080NEHHI 2DAHUUHUX YMOB8 KOHKDEMHOI KOH-
MaKmuoi 3a0aui.

Po36’a3ku ompumano y euensaoi eapmoHitiHux QyHKYil, wo 3a00801bHAIOMYb pigHAHHA Jlannaca. Bonu eusedeHi 3a
00NOMO02010 MeMOoOy pO30iNeHHs 3MIHHUX (Memody Pyp’e) ti adanmosani 011 3a00601eHHs SPAHUYHUX YMOB8 KOHKDEMHUX
KOHMAKMHUX 300a4.

Ymoeoro icnysanns eOunozo pose si3Ky 0CHo6HO20 OupepenyianbHo2o pieHAHHA TiHeapu308anoi meopii npysicHocmi
Ol CMUCTUBUX | HECIMUCTUBUX ML € YMOBA CUNLHOL eiNMUYHOCMI PiBHAHb. Ypaxosylouu ye, 3a2albHi po36 sI3Ku Kilble-
8UX Ml NPeOCMABUMO Y 080X MONCIUBUX Gapianmax, a came: 1)y 6unaoxy pisHux Kopemnie oughepeHyianbHo2o piGHAHHSL
2) y 8unaoxy HepisHux tio2o koperis. Taxuii nioxio no6yoosu 0ag 3mo2y UKOPUCTNIAMU OMPUMAHI pe3YTbImamuy 015 4iuc-
JN08UX QOCTIOAHCEHb KOHMAKMHOL 63aEMOOIT NPYICHUX MKl Y BUNAOKAX O0BLIbHOT CIMPYKIMYPU IX NPYIAHCHO20 NOMEHYIATY.

Kniouosi cnosa: xinvyesi wimamnu, 1iHeapu306ana meopis NPYICHOCMI, KOHMAKMHI 3a0ayi, NO4amKosl Hanpy-
JHCeHHS, 3ANUUIKOGI HANpYdiceHHs, pieHanHA Jlanaaca, Memoo po3oinens 3MIHHUX.

N.O. YARETSKA, A.O. RAMSKYI
Khmelnytskyi National University

V.V.MOROZ

Khmelnytskyi Cooperative Trade and Economic Institute

CONSTRUCTION OF SOLUTIONS OF THE BASIC EQUATIONS
OF THE LINEARIZED THEORY OF ELASTICITY FOR RING BODIES

A method of constructing solutions of the basic equations of the linearized theory of elasticity for bodies (stamps)
of ring shape with an arbitrary cross-sectional contour is presented. The solutions are written in the system of circular
cylindrical coordinates for an elastic finite ring stamp with initial (residual) stresses for the case of axisymmetric deformation
relative to the geometric axis of the body. The presented method of construction can be used in the study of spatial
axisymmetric static contact problems of the linearized theory of elasticity in the coordinates of the initial deformed state
for compressible and incompressible bodies in the case of uniform initial stresses. This will reveal the influence of initial
stresses on the contact characteristics of bodies and contribute to increasing the reliability and durability of engineering
structures and structures.

1t is important to note that taking into account the initial (residual) stresses within the linearized theory of elasticity
significantly changes the formulation and significantly complicates the solution of classical contact problems. Therefore,
the results proposed in the article can be used to solve similar problems where there are annular or even cylindrical
stamps. The obtained solutions can also significantly help in the derivation of analytical dependencies for the components
of the stress-strain state of finite ring dies with initial (residual) stresses when the boundary conditions of a specific
contact problem are met.

https://doi.org/10.32782/mathematical-modelling/2023-6-1-16
147



ITPUKIIA/THI ITHNTAHHA MATEMATHYHOI' O MOAEJIFOBAHHA T. 6, Ne 1, 2023

The solutions are obtained in the form of harmonic functions that satisfy the Laplace equation. They are derived
using the method of separation of variables (Fourier method) and adapted to meet the boundary conditions of specific
contact problems.

The condition for the existence of a single solution of the basic differential equation of the linearized theory
of elasticity for compressible and incompressible bodies is the condition of strong ellipticity of the equations. Taking
this into account, we will present the general solutions of ring bodies in two possible variants, namely: 1) in the case
of equal roots of the differential equation; 2) in the case of unequal roots. This construction approach made it possible to
use the obtained results for numerical studies of the contact interaction of elastic bodies in cases of arbitrary structure
of their elastic potential.

Key words: ring dies, linearized theory of elasticity, contact problems, initial stresses, residual stresses, Laplace
equation, method of separation of variables.

IMocTanoBka nmpodeMu

Y po6oTi npencTaBIeHo METO1 TOOYI0BU PO3B’SI3KiB OCHOBHUX PIBHSHB JIIHEAPU30BaHOI TeOpil
MIPY’KHOCTI JUISI TUT KUTbLIEBOI ()OPMHU 3 AOBIIBHUM KOHTYPOM IOTIIEPEYHOTO MEpepi3y B 3arajbHOMY
BursiAl. Taki po3B’si3KM BUKOPUCTOBYIOTH IiJI Yac JOCHIKEHHS KOHTAKTHOI B3a€MOJIi MPY>KHUX
CTHCIMBHMX 200 HECTHCIMBHX KUIBLEBHUX TUI 13 HOYATKOBUMH HAIIPY>KEHHAMH B MeKaxX Teopii BeIH-
KHX TOYaTKOBHX (KiHLIEBUX) AedopMarliiil i JBOX BapiaHTIB Teopii MaJMX MOYATKOBUX Jedopmariii
JiHeapu30BaHOi Teopii MPYKHOCTI MPH TOBUIbHIN CTPYKTYpI MPYKHOTO MOTEHITIAITY.

BaxnuBo BiAMITHTH, 1110 BpaxXyBaHHS OYAaTKOBUX (3AJIMIIKOBUX) HAIIPY>KEHb y MEXax JIIHeapH-
30BaHOI TeOpii MPY>KHOCTI ICTOTHO 3MIHIOE MMOCTAHOBKY i 3HAYHO YCKJIAJHIOE PO3B’3aHHS KJIACHIHUX
KOHTAKTHHX 3aJiad. ToMy pe3ysbTaTH, 3alpOolOHOBaHI B CTAaTTi, MOYKHA BUKOPUCTOBYBATH ITiJT Yac Pi3-
HUX MOCTAaHOBOK MOAIOHMX 3a/1ad, JIe € IMITaMIH KiIbleBoi a00 HaBiTh MWIHAPUYHOI popmu. OTpu-
MaHi PO3B’SI3KM MOXKYTh TAKOX CYTTEBO JIOTIOMOTTH B IPOIIECI BUBEICHHS aHAITUYHUX 3aJICKHOCTEH
JUTSI KOMIIOHEHTIB HaIIPYXEeHO-1e(OPMOBAHOTO CTaHy CKIHUEHHHUX KiTBIIEBHUX ITAMIIIB 13 TOYaTKOBUMH
(3aTMILIKOBUMM) HANPY>KEHHSMHU IIPU 3a/I0BOJICHHI TPAHUYHUX YMOB KOHKPETHHX KOHTaKTHHUX 3a/1ay.

Tak, HarTpuKIIaa, HEOOXITHICTD Y pO3B’ 3Ky i€l 3a7a4l MOXKe BUHHKATH i1 4ac pO3paxyHKiB Ha
MIIHICTh 1 BUBHAYEHHS! KOHTAKTHUX HAIMPY>KEHb 1 IePEMIIEHb IS MPY>KHUX KOJIOH Oy/IiBENb, TUMO-
BUX TPYO, TpaiupeHb, BOJAOHAMIPHUX BEXK Ta IHIIMX BUCOTHUX CHOPY/ 13 MiomBaMH 3 (pyHIaMEHTIB
Ha BITPOBE HaBaHTA)XEHHS a00 HaBaHTA)XEHHS B1Jl BIIACHOI Baru.

AHAaJi3 OCTaHHIX J0CTIIKeHb Ta MyOaiKamii

3arporoHOBaHUN METOT ITOOYTOBH PO3B’SI3KIB JIJIST KUTBIIEBUX T 3aCTOCOBYBABCSI TT1JT 4ac JOCITi-
JDKEHHS. HU3KU NIPOCTOPOBUX BICECUMETPUYHUX CTAaTUYHUX KOHTAKTHUX 3a/1au JIIHEapU30BaHOI TEO-
pii IPYXHOCTI B KOOpJMHATAaX MOYATKOBOTO 1e(OPMOBAHOIO CTaHy JAJsl CTUCIUBUX 1 HECTHUCIHUBUX
TU1 y BUNAAKY OAHOPIIHUX NovaTkoBUx aedopmariii [1-3]. [Togibuuit meton nodynoBu po3B’si3KiB,
aJsie Juls LWITIHAPUYHUX TiJ BUKOPUCTAHO B Ipasix [4; 5]. 3amydeHHs Teopii piBHAHb MaTeMaTUYHOT
¢bizuku [6; 7] nano 3Mory oTpUMaTH aHATITHYHI Ta YUCIOBI PO3B’S3KM BKa3aHMX KOHTAKTHHX 3a7ad,
a TAKOXK BUSIBUTH BILTUB TIOYATKOBHX HANPY)KEHb HA KOHTAKTHI XapaKTEPUCTHKH TiJI, [0 B3AEMOIIOTb.

3aranom noOya0oBa aHATITUYHUX PO3B’SA3KiB JJIs KUTbLEBUX (2 B ACSIKUX BHUIAIKAX 1 IS [IUITiH-
JIPUYHUX) TUT € TMATPYHTAM MiABHIIEHHS HAIIMHOCTI i JOBTOBIYHOCTI 1H)KEHEPHUX CHOPY[ 1 KOH-
CTPYKLIH, OCKUIBKM BUKOPUCTOBYETHCS B Oararb0X KOHKPETHUX KOHTaKTHUX 3a1a4ax [4; 8—10], akty-
QJIBHICTh SIKUX OYEBH/IHA.

Mera nocJiazKeHHs
V 3arajbHOMY BUIJISAAI MOXKHA MOOYyBaTH aHANITUYHI PO3B’SA3KM OCHOBHOTO JU(epeHLiab-
HOTO PIBHSHHS JIIHEAPU30BAHOI TEOpii MPYKHOCTI JJIsi CTHCIUBUX 1 HECTUCIMBUX TUT (IITAMITIB)
KUTBIIEBOT ()OPMH 3 TOBUTBHUM KOHTYPOM IIOMEPEUHOTO TMepepi3y, YPaxoBYIOUH MPHU 1IbOMY YMOBY
ICHYBaHHsI € JMHOTO PO3B 3Ky — YMOBY CHJIBHOT €JIINTUYHOCTI AU epeHLialbHUX PIBHAHD [4].
[IpencraButy po3B’sI3KM KITBIEBUX TUT y IBOX MOXKJIMBHUX BapiaHTaX: y BHIIAJKY PIBHHX KOpe-
HiB TU(epeHITaTbHOTO PIBHIHHS 1 Y BUMAAKy HEPIBHUX HOTO KOPEHIB.
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Ha npukiazai 4ncinoBoro po3s’si3Ky KOHTaKTHOI 3a/1a4l PO TUCK IPYKHOT'O KUIBLEBOIO LITaMIIa
Ha TPYXXHUHA MIBIPOCTIp 13 MOYATKOBUMH (3aJIMIIKOBUMH) HApy>KeHHAMHU [ 1] mpoBecTH yncenbHUN
aHaJi3 i rpadivHO MPEACTAaBUTH B 0€3pO3MipHUX KOOPAWHATAX HAMPYKEHHS B KiIBIIEBOMY IITAMIIi Ta
HAOT0 KOHTAKTHI IEPEeMIIICHHS.

Buxiaa ocHOBHOI0 MatepiaJty 10CTiIKeHHS

Ilobyoosa po3eé’a3Kie 6 ananimuuHoMy 6u2iA0i

[IpencraBumMo 3aranbHi pO3B’s3KH JIHEAPU30BAHOI TEOPii MPYNKHOCTI 1100 CTATUYHOI 3a/1aul
[1-5] anis cTUCTUMBHX 1 HECTUCIMBHX T1J1 Y BUMAAKY BICECUMETPUYHOT eopMartii.

Jns nocnimxenns GyaemMo 3aCTOCOBYBaTH KoopauHaTu aedopmosatoro crany Oy, (i =1, 2, 3),
K1 TIOB’s13aH1 3 JIArpaHyKEBUMHU KOOPJIMHATaMHM X, (IIPUPOIHOTO CTaHy) CHBBIIHOIIEHHAMHU: Y, = AX,,
(i=1,2,3), ne A, (i=1,2,3) - xoediuieHTH BUIOBKEHHS, 0 BU3HAYAIOTH EPEMIlIIEHHS TI0YaTKO-
BOTO (3aJIUIIIKOBOTO) CTaHYy.

Crniupatourchk Ha [4], ocHOBHE nudepeHIialbHe PIBHSAHHS JIIHEApU30BaHOI TEOpii MPYKHOCTI
3aMuIlIeMO y BUTIISIII:

L' U =0, (1)

, (o;/.aﬁaz / 0y,0y; — IS CTUCIMBHX T,
’He Lm(l = , 2 .

Kma / GyiayB — IJIS1 HECTUCIUBHX TIJI;
U_—nepeminenHs no HopMaJi Ta IOTHUHilH 10 KOHTYpY MOMEPEYHOro Nepepisy B ILIOLIMHI y, = CONSt,

mlijaﬁ, K'ijo:B — CIfHaHHI/I'KI/I TEH30PiB MOYJIIB MPY>KHOCTI YETBEPTOTO MOPSIIKY, 1[0 MAIOTh BIACTUBICTh
Oijop — O pajic Kijop — K pogic 5
3acToCyBaBIIIM ONEPaTOPHUN METO, PO3B’s130K (1) MaTume Burisz [4]:
ut =odet|L,|/o(L, )@, (k=13), 2)
ae O — (byHKIIIT, K1 BU3HAYAIOTHCS 3 TAKUX PIBHSIHb:
det|L,|@* =0, (k=13). 3)

VYpaxoBytouu (2), 3aranbHui po3B’ 130K IPOCTOPOBUX CTATUYHUX 3a/1a4 ISl CTHCIMBHUX 1 HECTHC-

JMBHX T1J1 BUPAXKAEMO, sIK 1 B [4], uepe3 po3B’a3Ku TuEepeHIiaIbHOTO PIBHAHHS:
b, 0 b, 0 , 0 .
AI-'_é,;l2 2 A1+ 22 2 A1+EC:>32 2 q)k :0’ (4)
0 0 0
3 Vs Vs

ne A =0°/0yl+0°[0y}, E7 (i=1,2,3)— KOpeHi BM3HAYATLHOTO PiBHAHHS (4), 3HAYEHHS SKHX
MoJiaHi B mparisx [4; 5] aist CTHCITUBUX 1 HECTUCITMBUX TiJl.

puitmemo dyrkuiro ®* y popwmi:

Q' =07=Y, O°=% ()
[Tpudyomy mis ocecumerpuunux 3anada W =0, 3 [4], (4), (5) orpumaemo:
, 0 . 00 ).
Al+§22 ay32 Aﬁif ay32 x=0. (6)

Bigznaunmo, mo s BCIX TOTEHINATIB HAWMPOCTINIOT CTPYKTYPH Y BHIMAJAKY CTHCIMBHX
i nectucausux Tin [4] yci enmuuunn £ (i =1,2,3) 3 (4) noaaTHi (X04 Lie He € 0KA30M 3arajlbHOTO
nosnosxkeHHs1). OIHUM i3 3araibHuX oOMeskeHb Ha Benmuunn & (i =1,2,3) € Bumora, mo6 po3s’ 130K
JIIHeapU30BaHOI 3a/1a4i OyB €TMHUM (OJTHE 3 OCHOBHHUX MPHUIYIIEHb MEXaHIKA KOHTAKTHOI B3aEMO/II1).
Axanemik O.M. I'yzem [4; —10] mokasas, 110 YMOBOIO ICHYBaHHSI € JMHOTO PO3B’s3KY JIHEAPH30-
BaHOI TeOpli MPYKHOCTI AJIsl CTUCIIMBUX 1 HECTUCIUBUX TL1 € YMOBA CHJIbHOI €JIIITUYHOCTI PIBHSHB (4):

Re&’ >0, Im&’*=0,i=23. (7
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VYpaxoByrouu (7), MOXKJIMBI JIBa BapiaHTH MIPEICTABICHHS 3araJibHOTO Po3B 53Ky (4) abo (6):
1) Bunayiok pisnux kopewis (&; =&) [4]:

- - L 00 ). b 00 ).
X=% ViAo A1+§22_2 X1:09 Al"'izz_z X2:0; (8)
0y 03
2) Bumajiok HepiBHUX KopeHis (&, #E7) [4]:
- . b 07 ). . 00 ).
X:X1+X2’ Al-i_éz 2 Xlzoa A1+§3 > XZZO- (9)
0ys 0y;

VBenemo 3MiHHI:
&‘12=n3a &Izzznp&_:;z:nz: (10)

Y cucTeMi KpyroBux WMIHAPHYHMX KoopamHar (r,0,z) (i=1,2), ne z, =v.'y,, v, =n,,
(i=1,2)BUNMIIEMO 3aTajlbHl PO3B’A3KM B 3pYy4YHIM (oOpMI Ui CKIHYEHHOrO KIJBLEBOIO Tija
y BHIAJIKY BiceCUMETpHUHOI Horo nedopmartii BigHOCHO reomeTpruHoi oci. Kpim Toro, Oymemo BBa-
JKaTH, 1110 TTOYaTKOBI (3aJIUIITIKOB1) HAMPY>KEHHsI PIBHOMIPHO JiIOTh Y3/I0BXK KOOPJIUHATHUX OceH I, 0,
BUKOHY€ETHCSI YMOBA OHOPITHOCTI TIOYATKOBUX HAINpyKEHb.

I[J'fﬂ BHIIA/IKIB (S), (9) rapmoniuni GyHkuii y , (i=1,2) npeaCTaBUMO y BUIIAI CYMH iHIIHX JBOX
TapPMOHIYHUX (PYHKIIIH:

%=, +D,, (11)
X =Py + Dy, (12)
AK1 € po3B’si3kaMu udepeHianpHoro piBHaHHS Jlamaca [6; 7]:
2 , 0 10 ,0 .
Vo, =0, Vi=—+-——+ (k,j,i=12). (13)

P Vi 25
or~ ror oy,
Yacrkosi po3B’s3ku (11)—~(12) mudepenmiansuux piBHsaHb (13) OyneMo nrykaru METOIOM pO3Ii-
neHHs 3MiHHUX (MeTozoM Dyp’e) [6; 7] y BUDIIsIAL 10Oy TKY:

©,=RZ,, (I,j=12). (14)
3HaieMo po3B 30K D, :
@, =R, ("Z,,(»3), (15)
[incraumo (15) y (13) i noninumo na v’ R, Z,, , 3Haiiaemo:
w1
R11+;R11 Zlﬂl 5 16
VR 7, Ve (16)
Jie Y; € BIACHMM 3HAYEHHSM 3a/1a4i (KOHCTAHTOIO).
OnepxuMo Taki piBHAHHS:
R}, +r_1R11 _ViZYIQcRn =0, Z}) +Yi211 =0, (17)
[epure piBasHHS (17) € piBHAHHAM beccens [6; 7], po3B’sI30K SKOTO 3aMUIIEMO Y BUTTISIL:
R, (r)=A 1, (y,vr)+B K, (yvr), (i=12), (18)

ne 1,(y,v,r)— dyukiis Beccens yssHoro aprymenty, K, (x)— ¢ynkuis Makjnonansaa, 4", B —
CTaJli BEJINYMHH, 1110 BU3HAYAIOTHCSI BPAXOBYIOYH I'PAaHUYHI YMOBH KOHKPETHOT KOHTAKTHOI 3a/1a4i.

Jns muUTiHAPUYHUX TUT BapTO 3pOOUTH 3ayBask€HHS, L0 PO3B’A30K mepuioro piBHsAHHS (13)
NOBUHEH OyTH oOMexeHuM npu ' = 0, Tozti koHcTanTy B! MOTpiGHO MPUPIBHATH 10 HYJISA, TAK K
K,(0) =00 [lys KUIBLIEBUX TLI IILOI'O POOUTH HE OyaeMo.
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Hpyre piBusinas (17) € 3BuuaiinuM nudepeHIiaibHIM PIBHSAHHIM 31 CTATMMU Koe(illieHTaMH,
PO3B’SI30K SKOTO MA€ BUTIISL;

Z,,(yvz) = Csin(y,vz)) + D, cos(y,v,2,), (19)
ne C,,D, — craii BeJIMYKMHY, IO BUSHAYAOTHCS 3 TPAHMYHUX YMOB KOHKPETHOT KOHTaKTHOI 3a/1aui.

[I{o6 po3B’si30k (19) 3a10BONBHSIB KOHKPETHI TPAaHWYHI YMOBH 3a/1a4, PO3B’SI3yIOTh 3a7ady
Itypma-Jliysinns [6; 7] i 3Hax0aaTh ¥, . 3BicH:

D, = (AIEI)[() (Yvir)+ B}EDKO (Yvr))S (vviz), (i=12), (20)
ne S,(y,viz,) = Cysin(y,v,z,) + D, cos(y,v,z,), (i=12).
Qynkuio @, 3HaX0AUMO aHAIOTIYHO, 5K 1 i (15), nume (16) MaTume BUDIAA:

1
R +—R "
12 14 12 Zl2 — 2

—_— =—a, 21
Vilez Z, ' .
e oci — IIIe OIHE BJIACHE 3HAUCHHS 3a/1a4i (CTayia BEIMYUHA).
Onyckaroun Buknaaku (17)—(19), onepxumo:
O, = (Tk(l)Jo (1) + 7—Jv((z)Yo(OLkr))‘sz (0yz), ((=12), (22)
ne J,(x)— ¢ynkuis  beccens  mificHoro  aprymenty, Y (x)—  ¢ynkuis  Heiimana,
S,(a,z,) = E,sh(o,z,)+ F,.ch(a,z), (i=12), T\",T”) — crani Benuuunu, 110 BU3HAYAIOTHCS 3 IPa-

HUYHUX YMOB KOHKPETHOI KOHTAKTHOI 3aj1a4i.
AHAJIOTTYHO 3HAXOUMO PO3B’SI3KH 1715 perntu PpyHkii (14).
Taxoxx J71s1 33]JOBOJICHHS TPAHUYHUX YMOB KOHTAKTHHX 3a]1a4 JIiHEapU30BaHO1 TEOpii MPYKHOCTI
HEeoOX1IHO miaibpary 1me mpocTinry rapMoHiiiHy ¢yHKiio. Taky ¢yHKLio migdepeMo y BUITISAIL:
Iy 2 2 2 2
X =A,(r" =2z )+Cyz,(3r° =2z). (23)
ne A,,C,— craili BeIM4UHY, 1II0 BU3HAYAIOTHCS 3 IPAHUYHUX YMOB KOHKPETHOI KOHTAKTHOI 3a/aui,
i =1, ays BUNajKy piBHUX KOPEHIB (8), a 1711 BUNIaJAKy HEpIBHUX KopeHiB (9) i = 1,2.
OTtxe, ypaxoByroun (23), MOXKEMO KOHCTaTyBaTH, II0 3arajbHi pO3B’S3KH PIBHSAHHSA (6) 1Uis

KIJIBIIEBOTO TiJIa 3aJI€KHO Bia KopeHiB (10) BU3HauaIpHOTO piBHSHHS (6) MAatOTh BUTJISI;
JUIsl pIBHUX KOPEHIB 1, =1,

7, = Ay =221+ Cyz (3 ~227) +

+Z {[AIEI)IO (vowr)+ A/EZ)KO (YIS (vviz) + [Tk(l)Jo (o) + Tk(z)Yo(ak”)] S, (O(‘kzl)}ﬂ
S o (4
X, =A,(r" =2z )+ Coz,(3r° =2z, )+
+z {[B/EI)[() (ywir) + B/EZ)KO (vevin1S, (yovz) + [VVk(UJo (o, r)+ I/V/c(2)Y() (a,r)]S5(a, 2, )}:
=1

ne WO, WP — crani BenMYMHM, O BU3HAYAKOTHCS 3 TPAHMYHUX YMOB KOHKDETHOI KOHTAKTHO
3agaui, S;(a,z) = N, sh(o,z)+ M,ch(a,z).
3aranbHuii po3B 30K (8) MaTUMe BUTIIS!

7= (L4240 —223)+ Cyz, (3r7 = 222+
+Z {[(AIEU 2B, (yonr) + (A7 + 9,2 BEOK (1,0,2)18, (7,0,7,) + (25)
=
HTO Ty (o) + Y, (00,18, (0, 2) 4+, 2, [0 T (o, r) + W2 Y (04, 1)]S, ((XkZ1)} .

ne WO, W® — crani BenuuMHM, 0 BU3HAYAIOTHCA 3 IPAHAYHAX YMOB KOHKPETHOI KOHTAaKTHOT
3agadl, Ss(a,z,)= N sh(o,z)+ M ch(a,z).
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JU1st HepIBHUX KOPEHIB 1, # 7, :

%o = Ay (r* =22])+ Cz,(3r” =22]) +

+Z {[AIEI)IO (vwr)+ A/£2)Ko (YIS, (voviz) + [Tk(l)‘]o (o, r)+ Q(Z)Yo (o)1, (0, z, )}a

k=l (26)
¥, =A4,* =22)+C,z,(3r* =227) +

+ D ALB T, (v,var) + BEK (1,518, (1,0 2,) + IV (0 ) + Y (00,)] Sy (00, 2,) -
k=1
3aranbHuii po3B 30K (9) MaTuMe BUTIISA!

7=24,(" -z -2)+ C,) (5,31 =22)) + 2,37 =22)) ) +

+y {[A,ﬁ”]o (y o)+ AP K (y )18, (v,ov,2) +[BO L (7,v,7) + B K (7,v,0)18,(v,v,2,) + (27)
k=1
T (0,) + TEY, (0,18, (0, 2) 4T (e, + DY (0, r)]S, (0, 2,)

OTxe, TOOyIOBaHO 3arajibHi aHAJIITUYHI PO3B’A3KH OCHOBHOTO JAM(epeHIiadbHOTO PiBHSAHHS
JIiHEapu30BaHOT TEOPii MPYKHOCTI (6) 1151 CTUCTUBUX 1 HECTUCIMBUX TUT K1bIIEBOT (hOPMU 3 TOBLIIb-
HUM KOHTYPOM TIONIEPEYHOr0 Iepepisy.

Yucnoeuii po3e’a3ok

Ha npuknami po3B’s3Ky KOHTAKTHOI 3aja4i TPO THUCK MPYKHOTO KUIBIIEBOTO IITaMIa Ha IMiBII-
POCTIp 13 MOYATKOBUMH (3aJIMIIKOBUMH ) HAPYXEeHHAMH [ 1] MpoBeieHO YMCIIOBUI aHAai3 1J1s TOTEH-
uiany Tpenoapa npu HAaCTYNHUX 3Ha4YeHHsAX mapameTpi: R =1-107m, R, =2-107 M, H =1-10"m,
A =0.7,08 09 1; 1.1, 1.2; 1.3, ie R <r<R,, R, —BHYTpIIHIA pajiyc KiIbIEBOTO mTamma, R, —
30BHIIIHIN pajiiyc KiIbLIEBOTO mITamMmna, H — BUCOTa KiJIbI[EBOTO IITaMIIa.

ANTOpHUTM PO3B’S3KY peanizoBaHO y BUIIISLII porpaMu y naketi Maple 17.

. ) I~ .
Ha puc. 1 npezacraBieHO po3Mnoiiil KOHTAKTHOTO IMEPEMIIICHHS _TU D ming kinbuesum
€
2
IITaMITOM Ha MEX1 KOHTaKTy B 0€3p03MipHUX KOOpPAWHATAX, /Ie ITyHKTHPHA KPUBA BIAMOBI A€ KUIbIIE-
BOMY LMJIIHIPY 0€3 MOYaTKOBHMX HanpyXeHb (A, = 1), a CylibHa — 3 TOYATKOBMMH HAIPY)KEHHIMH.

AWM

1
Ha puc. 2 npexncraBieHo HanpyKeHHS 59

IPH Pi3HUX 3HAYEHHSAX Z,.

. . A .
Puc. 1. KonTakTHi nepemMimeHHs —? U,” nin kireueBum mramnom
€
2
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S

1 ~
FQB(;I-)DDE

/‘1 "~ 100v,

0ot
. H

1 ~_ Fpaa— _V_H
/M_"l__
4!

TN

1 ~
Puc. 2. Hanpyxenns ; Qg? B KiJIbLIeBOMY IUTaMIIi

BucHoBku

VY crarTi B 3araqbHOMY BUIVIAJI MOOYIOBAaHO aHAJITHYHI PO3B’S3KH OCHOBHOTO AH(epeHLi-
QJIIBHOTO PIBHSIHHS JIIHEAPU30BaHOI TEOPii MPY>KHOCTI ISl CTHCIMBHX 1 HECTUCIMBHX Ti KiJIBIIEBOT
(opMH 3 JOBUIBHUM KOHTYPOM IONEPEYHOro Nepepidy 3 ypaxyBaHHIM IPU I[bOMY YMOBH 1CHYBaHHs
€IMHOTO po3B’s3Ky (7). PO3B’A3KM KUIBLIEBUX TiJ MPEACTABIEHO Y JBOX BUMAJIKax: 1) JUIis piBHUX
KOpEH1B piBHAHHA (6); 2) 171 HEPIBHUX KOPEHIB PIBHIHHS (6).

Ha npukiani po3s’si3Ky KOHTAKTHOI 3aJja4l PO TUCK MPY>KHOTO KUIBLEBOIO IITaMIa Ha MPYyX-
HUH MIBIIPOCTIp 13 MOYaTKOBUMH (3aJIMIIKOBHUMM) HAMIPYKEHHSIMH [ 1] mpoBeaeHO YMCenbHUM aHali3,
SIKUH TpeCcTaBlIeHUI y BUITIsAL rpadikiB y 0€3p0o3MipHUX KOOpJMHATAX 3 METOIO LIKOCTpallii Hampy-
JKEHb 1 KOHTAKTHUX MEPEMIIICHb Y KUTBIIEBOMY IIITAMITI.

3 rpadikiB BUHO, 110 IPU CTAJIOMY 30BHIITHBOMY HaBaHTA)KEHHI I0YATKOB1 HANPY KEHHS BILUIH-
BalOTh Ha OCHOBH1 KOHTAKTHI XapaKTEPUCTUKU K1IbIIEBOTO IITAMITy. TaKuM YHHOM, OTpUMaHi pe3yib-
TaTU MOXXYTb OyTH BUKOPHUCTAHI [l AOCTIJDKEHHS HU3KH IHIIMX KOHTAKTHUX 33/a4, Y SIKUX MOIe-
PeIHBO HANpPYKEHI KiJbIIEB] IITAMITH B3aEMOJIIOTH 13 IPYKHUMHU a00 )KOPCTKUMH TiJIaMH.
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