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V.I. HOROBETS, V.I. DUBROVIN
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J.V. TVERDOHLIB
Freshcode Zaporizhzhya

DETECTION OF UNAUTHORISED ACTIONS AND ATTACKS IN NETWORKS
OF THE METHOD OF WAVELET ANALYSIS

Behavioural methods based on the models of "normal” functioning of an information network. The principle of work
is in identifying differences between the current state of the information system functioning and the one that is thought to
be examplary for this network. Any discrepancy is seen as an intrusion or anomaly.

Perspective method for detecting unauthorised invasions must have high accuracy of detection known and unknown
types of cyberattacks, perfectly own accuracy of decision-making, that is low number of false positives.

The detecting cyberattacks method based on wavelet analysis (WA) proved itself well in struggling against non
stationary signals. The wavelet transform (WT) has a self-adjusting moving frequency-time window, but equally well
reveals both low-frequency (LF) and high-frequency (HF) characteristics of the signal on different time scales. Wavelet
filters allow not only to fight against noise, but also to extract the necessary components of the signal.

Today s society cannot do without information technology. IT plays a major role in and is an integral part of every
sphere of our life. Current development of the information society is inextricably linked with collecting, processing
and passing huge amounts of data, and converting data into a product that has significant value. This is the main reason
behind the global shift from the industrial society to the information society. The invention of the Internet has led to
a significant increase in international communication in various spheres of human life.

On the other hand, along with a large number of benefits, there has been a significant number of threats related
to the current technology. There are currently multiple threats now on both national and international level. Therefore,
different mechanisms for protecting cyberspace are now part of many countries’ national strategy

Network anomalies are so varied that they cannot be categorized using one simple classification. The number
of attacks, their power and complexity are increasing. Malicious users are looking for radically new ways of network
intrusion and the existing methods of cyber protection often turn out to be inefficient. [1].

Keywords: wavelet basis, wavelet analysis, wavelet filter, de-noise suppression, network traffic, sinusoid, network
anomaly.

B.I. TOPOBELDB, B.I. IYBPOBIH

HarmionaneHuit yHiBepcutet «3amopizbka [TomiTexHika»

10.B. TBEPJOXJIIb

Hapuanbauii nentp Freshcode M. 3amopixoxs

BUSIBJIEHHS HECAHKIIIOHOBAHUX I TA ATAK
B MEPEKAX METO/IOM BEHBJIET-AHAJII3Y

Tosedinkosi Memoou 3aCHOBAHT HA MOOEISIX « HOPMALbHO20» (DYHKYIOHY8aHHs iHgopmayiinol mepedxci. [Ipunyun
pobomu nNonsA2A€ Y GUAGNIECHHI BIOMIHHOCMEL MIJIC NOMOYHUM CIAHOM QYHKYIOHYS8AKHS IH(POPMAYIHOL cucmemu ma mum,
SAKULL 86AAHCAEMBCS 3PA3KOBUM 071 Yiei mepedici. ByOv-axa Hegionosionicmy po32i0aembes K 6MOPeHeHHs a00 aHOMAis

Ilepcnexmugnuti Memoo 6uUsABIeHHS HECAHKYIOHOBAHUX 8MOPSHEHb NOBUHEH MAMU BUCOKY MOYHICMb GUABTIEHHS
8I0OMUX MA HEBIOOMUX MUNi8 Kibepamax, 60100imu 6€3002aHHOI0 00CMOGIPHICIIO NPUUHAMM PileHb, MOOMO HUSLKUM
YUCTIOM XUOHUX CRPAYbO8Y6AHb.

Memoo eusisnenns mepedicegux amax Ha 0CHOSI eeligiem-ananizy (BA) dobpe sapexomendysas cebe 6 6opomuoi 3
Hecmayionapuumu cuenaramu. Betienem-nepemeopennsi (BI1) eonodic camonanazo0icy8anrbHuM pyXoMUM 4dCmomHo-
4acoeuM iKHOM, 0OHAKOBO 000pe sussnse K Husbkouacmomui (HY), mak i eucoxouacmomui (BY) xapaxmepucmuxu
CUSHANYy Ha pi3HUX yacogux macwmadax. Betgnem-ginompu 003601510mb He MilbKu OOpOMUCs 3 wymamu, die i
sums2yeamu HeoOXiOHi KOMNOHEHMU CUSHATLY.

Cb0200HI cyuacHe cycninbcmeo 6xce He Modice o0itumucs Oe3 iHpopmayitinux mexnonoziu. Bonu euxonyoms
20/I06HY POb MA € HEeBI0'€EMHOI0 YacCmuHolo 6cix cep dcumms noouny. Huwniwmiti pozeumok ingopmayiinozo
CYCRiNbCMBA HEePO3PUBHO NOB'3aHUll 3 HeoOXIOHicmIo 300py, 0bpobKku I nepedaui genuuesHux 00'emis iHpopmayii,
nepemeopeHHAM iHopmayii y moeap, AKull mae 3Hauny eapmicme. Lle 2onoena npuyuna 2n06anvHoeo nepexody 6io
iHdycmpianeHo2o cycnitbemsa 00 ingopmayitinozo. Ilossa écecéimmnvoi mepesici Inmepnem cnpuuununa macuimabne
3DOCMAHHS MIJICHAPOOHUX CRINKYBAHb Y PIZHUX Cepax T00CbKO20 HCUMMNISL.

3 iHwo20 60Ky, nopad i3 6enUKOW KITbKICMIO nepesae 3 A8UNACs 3HAYHA KIIbKICMb 3aepo3, No8 s3aHUuX i3
DYHKYIOHYBAHHAM CYYACHUX MeXHONO02IN. [lane siguuye npu3geno 00 noseuU 3HAYHOI KLIbKOCMI HeDe3nek, SIKi 6padcaronbs
CYCRiNbCMBO SIK HA HAYIOHANbHOMY DIGHI, Mak I midicHapoonomy. Omoice, 3 ’a6unacsi nompeba 6 Mexanizmax 3axXucmy

https://doi.org/10.32782/ mathematical-modelling/2022-5-1-1
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Kibepnpocmopy, SKi ONUCYIOMbCs 8 HAYIOHANbHUX CMpAmezisx ceimosux 0epicas, Wo 6 CE0K uepey NPUCBIYEHI
3a6e3ne4eHHIo U020 3axucny.

Bioomi mepedcesi anomanii HacminbKu pisHOMAHIMHI, WO IX HE MOJNCHA KAmMe2opu3yeamu 3a 00NOMO20i10 OOHIEL
npocmoi knacugixayii. [Lleudxko 3pocmac KinbKicme amak, ix NOMysiCHiCMb ma CKAAOHICMb. 3106 MUCHUKY ULYKAIOTb
NPUHYUNOBO HOBI MemoOU He3AKOHHUX 6MPYyuaHs y Mepexcy I 0ydce 4acmo iCHyIoui 3acodu 3axucmy 6UAsIAiombCs
oezcunumu neped numu [1].

Knouosi cnosa: eetignem-o6azuc, eeligiem-ananis, eeusiem-@iibmp, uyMonoOasieHHs, Mepedcesutl mpagqik,
cunycoioa, mepexicesa aHOMAaisl.

Problem formulation

This article offers an approach for analysis of digital production security based on evaluation
of a posteriori probability for change point in time-series, which are based on the change point
coefficient values of digital wavelet-transform in the network traffic time-series. These time-series
make it possible to consider the network traffic from several points of view at the same time,
which plays an important role in the task of detecting network attacks. The attack methods vary
significantly; therefore, in order to detect them it is necessary to monitor different values of various
traffic parameters. The proposed method has demonstrated its efficiency in detecting network service
denial attacks being realized at the application level..

Types of network attacks

Detecting network attacks is crucial because they can result in data breach or data tampering. Normally,
one of the signs of a network attack is the appearance of a network anomaly. Network anomalies might be
caused by different reasons including malicious users, incompetent users, hardware and software defects.
There are visible anomalies that can be seen in information systems malfunctioning, and anomalies which
have no visible signs but can lead to a system failure in the long run. Network anomalies can be divided
into two groups: software and hardware anomalies and security issues (figure 1) [2].

Normal work of network devices and PC users can be described by a certain system of behaviour.
The work users perform is normally defined by their working responsibilities, which implies using
the same network resources, certain activity of the network devices, the direction of the inbound/
outbound traffic on the ports of the network switches, routers, servers, and firewalls. As a rule, users
use the same information resources in the local network: corporate portals, email and files servers.

Network attacks can be divided into active and passive ones. Active attacks have a visible
influence on the system resulting in changing its state. Examples include malware that is inserted in
a program, tampering with the data on a webpage, blocking a network service by bombarding it with
requests. The defining feature of active attacks is that they leave traces.

Memory storage is changed, there are strange diagnostic messages, apps start working
incorrectly, they might freeze or crash altogether, there are weird surges in activity in the network
traffic properties and other static data about the system’s performance. However, a carefully planned
active attack can go unnoticed if the specialists who are in charge of network protection have no
thorough understanding of the consequences of such attacks.

Hetwork anomaliss

Safoware and hardware 1
rejection Security issues

Configuration errors Software errors Viral activity Metwork scanning l
Problems
Hardware failure o productivity Network worms Hetwork modifiers
and squipment

denial-of-service
attack

Fig. 1. Basic types of network anomalies [2]

https://doi.org/10.32782/ mathematical-modelling/2022-5-1-1
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Passive attacks do not disrupt normal functioning of the system-they have to do with collecting
information about the system and eavesdropping on the intranet traffic. In many cases, passive attacks
leave no traces, so they are hard to detect and they often go unnoticed [3].

DoS-attack and DDoS-attack

Active attacks include two highly common attacks: a denial-of-service attack (DoS-attack)
and a distributed denial-of-service attack (DDoS attack).

In a DoS-attack, the system that was designed to process the requests of legal users suddenly
stops doing this or does so with significant delays, which is equivalent to denial of service. A denial
of service can occur as a result of malicious actions when overload is created deliberately: a barrage
of requests is sent to a computer being attacked by the attacking computer. This barrage of requests
«floods» the computer under attack causing an overload and, eventually, making it inaccessible.
Blocking happens as a result of exhausting the resources of the CPU, operating system or bandwidth.

The malicious user can dramatically increase the negative effect of conducting a DoS-attack by
stealing the computing power for their own use. In order to do this, the malicious user gains control
of the computer, instals special malware into it and activates it. In this way, the malicious user takes
hold of part of the computing power of the computer under attack without the computer’s owner
being aware of it.

DDoS attack

Attacker Compaters

8-y

Malicious Traffic

--------- . Wternet Target Server
o E o E S e y— ,
B B & - S '
Real Users *
|?‘ ‘?! Clean Traffic A

Fig. 2. An example of a DDoS attack [4]

In this case, the owner of the computer under attack suffers no other losses apart from a fall
in computer’s performance. For a more powerful attack, the malicious user gains control of several
computers, synchronises their work and directs a common barrage of requests from these computers
to the computer they want to target. An attack of this kind is called a distributed denial-of-service
attack (DDoS attack).

Spoofing

When carrying out network attacks, it is important for the malicious user not only to achieve their
goal, which is doing harm to the object being targeted, but also to cover their tracks. One of the main
ways of doing this is replacing the content of packages, or spoofing. In particular, in order to hide
the location of the source of malicious packets, the malicious user changes the value of the sender’s
address field in the packages’ headers. Since the sender’s address is generated automatically by
the system’s software, the malicious user makes changes to the respective software modules in a way
to be able to send packages with any [P-addresses from their computer [5].
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Attacker
real IP: 1.1.1.1 Internet-Router
source: 3.3.3.3
. destination: 2.2.2.2
I IP IP
source (spoofed): 3.3.3.3
degumionz)z.z.z.z
source: 2.2.2.2
destination: 3.3.3.3
trusted Host Victim
IP: 3333 .|pf 2222
(might be target of DoS-attack) (possible security breach)

Fig. 3. An example of spoofing [4]

Algorithms and ways of detecting network anomalies

When researching normal behaviour, a profile that describes a network’s normal performance
needs to be created. This statistics can be received from network devices such as network switches,
firewalls, and proxy servers with the help of active monitoring. Then this data needs to be analyzed
and stored in a database. Any deviation from the rules of the profile that has been created needs to be
subjected to the analysis of the network anomalies detection system. The analysis shows that there are
numerous algorithms for detecting network anomalies. These algorithms are described below.

Algorithm based on discrete WT (wavelet transform) with the use of statistical criteria. In
this algorithm, a sliding window method is used (W1 and W2), which lets one increase the chance
of detecting insignificant anomalies. The main advantage of this algorithm is that an attack is well
detected on any level of CWT decomposition (an F-factor detects an attack most notably).

The Brodsky-Darkhovsky algorithm of detecting anomalies. When selecting a standard mode, it is
the noises that detect the special influence. When selecting the algorithm in the sliding window mode,
the total number of obstacles decreases, and the surges that signal the beginning and end of the influence
are more notable. For practical usage, it is better to use the algorithm in the sliding window mode.

The algorithm based on the sum of squared wavelet coefficients. The biggest effect is detected
when using the Haar coefficients of approximation for wavelets on the higher levels of decomposition.
Increasing the size of the analysis window can lead to the increase of the correct detection of an anomaly,
but the likelihood of erroneous detection increases as well.

The algorithm based on the maximum of squared wavelet coefficients. This algorithm is less efficient
than the one based on the sum of squared wavelet coefficients. The most informative display of an attack in
this algorithm can be achieved by approximation coefficients with the use of the Haar wavelet.

Another way of detecting attacks is using a firewall. A firewall is a combination of software
and hardware that isolates the internal network from the Internet. It allows certain packets to pass
while blocking others. A firewall lets the network administrator control access to the corporate
networks, which happens externally as well as control the resources of the admin network by regulating
the incoming and outgoing traffic.

All firewalls fall into three categories::

+ traditional packet filtering firewalls;

* circuit-level gateways;

* application-level gateways.

In packet filtering firewalls all the incoming and outgoing traffic of the internal corporate network
passes through a router in which packets are filtered. A packet filtering firewall checks every datagram
and determines what needs to be done with it based on the rules defined by the network administrator.
The network administrator configures the firewall based on the organisation policy.

https://doi.org/10.32782/ mathematical-modelling/2022-5-1-1
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Circuit-level gateways monitor the TCP connection and do the filtering based on this information.
All the current TCP connections are monitored in a special connections table. If the incoming packet
does not belong to the current connection, it will be declined by the firewall.

Application-level gateways that are aimed at providing more localized security combine
the features of packet filtering firewalls and application-level gateways. An application-level gateway
is a server that works on the application level and through which all the application data, both incoming
and outgoing, passes. Several application-level gateways can work on one hosting, but each each
gateway is a separate server with its own set of processes [4].

Intrusion detection systems

Intrusion detection systems let one detect various attacks, including tracerouting, port scanning,
TCP scanning, DoS-attacks, worms and viruses as well as attacks on the operating system’s or certain
applications’ vulnerabilities.

An organization’s network can have several such systems. When they work simultaneously,
they work in sync, sending messages about suspicious network traffic to the CPU which collects
and systematizes this data and informs the administrator if necessary. Intrusion detection systems can
be signatures-based and anomaly-based.

Signature-based systems have large databases of the attacks’ signatures. Each signature is a set
of rules that describes ways of fighting the attacks. This system analyzes each packet that goes through
it and compares it to the signatures from the database. If the packet matches the signature, a warning is
generated. The downsides to this approach are that the system is helpless against unregistered attacks,
the matches with the signatures can turn out to be not an attack and when comparing a packet with a large
collection of signatures, the system may perform poorly under the strain and miss malicious packets.

An anomaly-based system creates a profile of reliable traffic that works in a normal mode. Then
it detects streams of packets that have static peculiarities. For instance, a disproportionate increase
in packets or an abrupt surge of intensity in port scanning. The main benefit of these systems is their
ability to detect new attacks that have not been previously described, yet it is incredibly hard to
differentiate between normal traffic and unusual one.

Network-based
IDS System

Port
Mirroring 4
(SPAN)

Network Switch Firewall Network Router

1
Attack ‘

Attacker
Fig. 4. An intrusion detection system [4]

Wavelet properties
A wavelet is a mathematical function that allows a signal to be divided into different frequency and time
components. The term «wavelet» that stands for «a little wave» appeared relatively recently- it was introduced
in mid 80s by Grossman and Morlet who were analyzing the properties of seismic and acoustic signals [6].
The graph of the function looks like a wave-like oscillation with an amplitude that decreases
to zero far from the origin. However, in a general case the signals analysis is done in the frame
of wavelet-coefficients (Scale-Time-Amplitude) [7].
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Fig. 5. Morlet wavelet [8]

WT is an integral transform that is a mix of a wavelet function with a signal. Wavelet
transformation converts a signal from a temporal representation to a time-frequency one [9].

A method of converting a function (or signal) into a form that makes some of the output signal
quantities more amenable to study, or allows the output data set to be compressed. WT is quite
similar to the Fourier transform (or more like the windowed Fourier transform) but with a completely
different evaluation function. The main difference is: the Fourier transform decomposes the signal into
components in the form of sines and cosines, that are functions localised in Fourier space; however,
WT uses functions localised in both real and Fourier space [10].

In numerical and functional analysis, DWTs refer to WTs in which wavelets are represented by
discrete signals (samples).

The first DWT was invented by the Hungarian mathematician Alfred Haar. For an input signal
represented by an array of 2" numbers, the Haar WT simply groups the elements by 2 and forms sums
and differences from them. Sums are grouped recursively to form the next level of decomposition.
The result is 2" — 1 differences and 1 total.

This simple DWT shows the general useful characteristics of wavelets. First, the transformation
can be performed in nlog2(n) operations. Secondly, it not only decomposes the signal into some
semblance of frequency bands (by analysing it at different scales), but also represents the time domain,
that is, the moments of occurrence of certain frequencies in the signal. Together, these properties
characterise the fast WT — a possible alternative to the usual fast Fourier transform. When accepting
the condition of randomness of the signal X, the spectral density of its amplitude Y is calculated based
on the Yates algorithm:matrix Y=matrix(£X), the reverse is also true matrixX=matrix(xY).

FWT is an implementation of WT using arbitrary scales and practically arbitrary wavelets.
The wavelets used are not orthogonal and the data obtained during this transformation are highly
correlated. For discrete time sequences, this transformation can also be used, with the restriction that
the smallest wavelet transfers must be equal to the data discretisation. It is sometimes called discrete-
time GDP (DT-CWT) and is the most commonly used method for calculating CWT in real-world
applications. We calculate the convolution of the signal with a scaled wavelet. For each scale, we
obtain in this way a set of the same length N as the input signal.By using M arbitrarily chosen scales,
we are getting an NxM field that directly represents the time-frequency plane.The algorithm used for
this calculation can be based on direct convolution or on convolution using multiplication in Fourier
space (this is sometimes can be called Fast wavelet transform).

The choice of wavelet to use in time-frequency decomposition is the most important thing to
do. By doing this choice, we can influence the resolution of the result by time and frequency. This
does not change the basic characteristics of the WT (low frequencies have good frequency resolution
and poor time resolution; high frequencies have poor frequency resolution and good time resolution),
but you can slightly increase the overall frequency or time resolution. This is directly proportional
to the width of the wavelet used in real and Fourier space. For example, if a Morlet wavelet is used
(the real part is a decaying cosine function), then one can expect a high frequency resolution, since
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such a wavelet is very well localised in frequency. However, using the Derivative of Gaussian (DOG)
wavelet, we will get good localisation in time, but poor in frequency.

FWT is commonly used for signal analysis. That is why it is widely used in scientific research
of physical processes.

Advantages of WT

By conducting an analysis of the WT theory and comparing them with the main "opponent" —
the Fourier transform, it was concluded that, despite the great role of the Fourier transform, the WT
provides certain advantages in the analysis and processing of signals, which are:

* WTs have almost all the advantages of Fourier transforms;

» wavelet bases can be well localised both in terms of frequency and time;

* unlike to Fourier transforms, wavelet bases have quite a lot of various basic functions,
the properties of which are oriented towards the solution of various tasks.

The disadvantage of WT is their relative complexity.

It is possible to conclude about the expediency of using WT to analyse and process signals for
further detection of possible unauthorised actions or attacks in the network [11].

Processing of informational signals using WT

The number of different wavelet functions is very large, but not all of them may be suitable for
the analysis of the input signal of the network.

Given that the signal, which has undergone analog-digital conversion, is presented in the form
of statistical data — for effective processing of discrete signal segments, the WT must be discrete.

For successful decomposition into approximating (approximating) cAj and detailing cDj
coefficients, the wavelet family must possess a scaling function that determines a rough approximation
of the signal and generates approximation coefficients, as well as a wavelet function y(t) that
determines signal details and generates detailing coefficients [12].

From the orthogonal wavelets presented in the PyWavelets package, you can select a group
of orthogonal wavelets with a compact carrier (of finite length):

* Dobesha wavelet — «dby;

+ Simlet wavelet — «symy;

» Coiflet wavelet — «coif»;

* Haar wavelet — «haar».

These types of wavelets have the following main parameters:

* the scaling function y(t) exists;

 functions y(t) and ¢(t) have a compact support;

* the function y(t) has several zero moments.

These four wavelet functions were used to analyse and process the input traffic signal. The results

of the first-level decomposition of the input signal by different wavelets can be seen in the pictures 6-10.
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Fig. 6. The input signal Fig. 7. The first level of signal decomposition
from the data format *.csv into HF and LF using the Simlet-5 wavelet
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Fig. 10. The first level of signal decomposition into HF and LF using Haar-5 wavelet

Based on this, it is possible to conclude about the expediency of using the wavelet function
of the 5-order Dobeshe family for the analysis and processing of signals for further detection
of possible unauthorised actions or attacks in the network.

Analysis of the input signal with a selected wavelet function

To analyse the input signal, it is necessary to make a multi-level decomposition of this signal
and obtain HF and LF graphs. Then choose the most informative level of decomposition. The
approximation coefficients (cA) are the output of the low-pass filter (averaging filter) of the DWT.
The detail coefficients (cD) represent the output of the high-pass filter (difference filter) of the DWT.
The results of the multi-level decomposition of the signal by the Dobesha-5 wavelet function are
shown in the pictures 11-15.

Based on the results of multi-level decomposition of the signal, it can be concluded that the higher
the level of decomposition, the shorter the output signal of LF and HF. By approximating the input
signal, you can see in which intervals the signal behaves abnormally.
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A practical example of anomaly detection using WA

WA is classified as a behavioural attack detection method. This is a method that is based on the use
of information about the normal behaviour of the system and its comparison with the parameters
of the observed behaviour [13].

In practice, the average values of the following values aggregated for five-minute intervals were
used as output data: the number of bytes per second, the number of packages per second, the number
of flows per second, and the average size of a TCP package. In each case, the collected data was a discrete
sequence of the frequency-time signal, which, according to the proposed BA algorithm, was decomposed
into a hierarchy of several layers. For each of the extracted signals, the time variable was independent [14].

The presence of sharp amplitudes in each of the signals presented corresponded to certain groups
of anomalies:

« anomalies caused by errors in network equipment settings, as well as equipment failure (G1);

* network attacks represented by the denial-of-service class (G2);

 congestion in the network (flash crowd), which arise as a result of sudden surges, for example,
at times of increase in legitimate requests for downloading new software (G3);

* other anomalies, which include the exchange of large amounts of data, errors when recording
traffic on the sensor or sending data to the NetFlow collector, which allows for analysis of network
traffic at the session level (G4).

Three components of the primary signal were identified [14]. The LF component of the signal
captured long-term network anomalies, which lasted for several days. The mid-frequency part had
zero mathematical expectation and was intended to analyze fluctuations within one day. The HF part
corresponded to small short-term changes, which can be considered as noise.

After splitting the original signal [14], the procedure for calculating the local variance within
a sliding window of 3 hours was applied to its first two components. Next, the threshold analysis method
is used. Anomaly is identified if the peak point of the last signal exceeded the specified threshold.

As a result of the study, it was concluded that the presented types of anomalous events can be
identified at specific, inherent frequencies. Thus, coarse-grained anomalies of the G1, G2, and G4
classes are recognized at high and medium frequencies, while low- and medium-frequency signals
correspond to the G3 class anomalies [10].

The disadvantages of WA can be called — the ambiguity of the choice of basis functions, the high
computational complexity when calculating the coefficients of the signal decomposition. The task
of correctly assigning the size of the window is non-trivial. As noted, if the size of the sliding window
is much larger than the duration of the anomaly, then the frequency spike corresponding to it can be
smoothed out, and thus the attack will be missed. Otherwise, if the size of the window is too small,
then a flow of meaningless anomalies is inevitable.

Conclusion

WTs have practically all the advantages of Fourier transforms. Wavelet bases can be well
localised both in frequency and in time. When highlighting well-localised multi-scale processes in
the signals, only those large-scale levels of decomposition that are of interest can be considered.

Wavelet bases, in contrast to the Fourier transform, have many different basic functions,
the properties of which are aimed at solving various problems. Basic wavelets can be both finite
and infinite carriers implemented by functions of different smoothness.

The disadvantage of WT is the ambiguity of the choice of basis functions, great computational
complexity when calculating the signal decomposition coefficients. The task of correctly assigning
the size of the window is non-trivial. As noted, if the size of the sliding window is much greater
than the duration of the anomaly, then the frequency spike corresponding to it can be smoothed out,
and thus the attack will be missed. Otherwise, if the size of the window is too small, then an inevitable
flow of meaningless anomalies.
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A THREE-DIMENSIONAL MODELING OF THE THERMAL FIELD DURING
WELDING THERMAL CYCLE

In this paper finite element modeling of welding thermal cycle is studied. The finite element method (FEM) is
the dominant discretization technique in structural mechanics. FEM simulations are nowadays useful to predict such
things as the weld pool shape for various combinations of process parameters from the temperature distribution plots.

One of the important problems in welding engineering is to construct a mathematical model for the computer simulation
of welding process. During the welding process, because of the heat input transferred to the material, heat transmission
inside the work-piece and heat exchange with the external environment occur. Numerical simulation of heat manufacturing
processes is preferred to analytical methods for modeling in welding technology. In fact as the welding arc interacts with
the surface of the work-piece during its passage, very rapid series of heating and cooling cycles are achieved. Therefore
it results to be difficult to adopt analytical model technique to investigate about the process. Instead numerical models
are suitable to assess the thermal cycles and their relationship with process parameters. Welding was done with different
modes to analyze and predict the geometry, the shape of the seam and the depth of weld penetration. For the calculation
of the thermal conditions accompanying the process of melting the metal surface, a mathematical model was used, which is
based on the differential equation of heat conduction in a three-dimensional Cartesian coordinate system.

In this work the simulation of the thermal field during the TIG welding process of V123 titanium alloy joint is
presented. The thermal analysis is concentrated on the prediction of the heat transfer in the weld. A distributed volume
heat-source was validated on the basis of the comparison with the experimental specimen cross section. The temperature
distribution in the overall weldment, the shape and size of the fusion zone, heat affected zone, the maximum cooling
speeds in different parts of HAZ were predicted. Based on quite satisfactory results, this work shows, that FE simulations
can enable faster, less costly, and more optimized product development, as well as examinations of product performance
that would not be possible even using very detailed prototypes.

Key words: finite element method, mathematical modeling, thermal fields, welding.

O.M.T'YMEH, L.b. CEJIIHA
HarmionanpHU TeXHIYHUN YHIBEPCUTET YKpaiHU
«KuiBCchKwif MOMITEXHIYHUN iHCTUTYT iMeHi [ropst CikopchKoTo»

TPUBUMIPHE MOJIEJIOBAHHSA TEITJIOBOI'O ITOJIA
I YAC TEPMIYHOI'O HUKJTY 3BAPIOBAHHSA

YV oaniu pobomi docniodcyemuvcsi CKiHUeHHO-eNeMeHmHe MOOENO8AH S MEPMIYHO20 YUKITLY 36apro8anHs. Memoo
ckinyennux enemenmie (MCE) € Oominyrouum memooom ouckpemusayii 6 6yoigenvHitl mexaniyi. Mooenosanns MCE
Cb020OHI KOPUCHE OJIsL RPOSHO3Y8ANHS MAKUX peyell, SIK hopma 36apro6anbHoi 6aHHU OJis PI3HUX KOMOIHAYil napamempis
npoyecy Ha 0CHOBI epagikie po3nodiny memnepamypu.

OoHiero 3 8adcIuBUx npodiem MmexHiKU 38aproaHHs € noby008a MamemMamuyHoi mooeni OJid KoMn 1omepHo2o
MOOENO8AaHHsL RPOYECy 36apiodants. ¥ npoyeci 36apiosanisi 3a paxyHoK HAOX00ICEeHHs Menid 00 Mamepiday 8i00y6acmucs
nepeoaya menia 6cepeoury 3a20MmosKu i menio0oMiH i3 306HIWHIM cepedosunjem. HucenbHoMy MOOENO8aAHHIO MENIOBUX
BUPOOHUYUX Npoyecie HadamMy nepesazy neped AHANIMUYHUMU MeMmOoOdMU MOOENOBAHHS 8 MeXHON02Il 36apPH6AHHS.
Dakmuuno, OCKINbKU 38apPI0BANbHA OV2ad 83A€EMOOIE 3 NOBEPXHEI0 3a20MO8KU Ni0 4ac ii NPOXOOHCeHHS, 00CALAEMbCA
dydrce WBUOKA Cepisi YUKIIG HAZPIBAHHA MA OXON0OJNCeHHS. ToMY 8AdCKO NPUIHAMU MEXHIKY AHANIMUYHOI Mooeni
ona docnioacenus npoyecy. Hamomicmo uucenvni mooeni npuoamui 01 oyiHKU MepMIYHUX YUKII6 ma iX 36 3Ky 3
napamempamu npoyecy. 36apro6aniisi RPOBOOUNOCS 6 PIZHUX PENCUMAX OJisL AHATIZY MA NPOSHO3YEAHHSL 2eOMempii, hopmu
wea ma enuOUHYU NPONIAGIEHHs Wed. /LIl pO3PAXYHKY MENI08UX YMOE, WO CYNPOBOOICYIOMb NPOYEC NIAGIEHHS NOBEPXHI
Memainy, 8UKOPUCHIAHO MAMeMAMUYHy MoOelb, KA 06a3yembcs HA OUpepeHyiarbHOMY PIBHAHHI MenionposioHOCmi 8
MPUBUMIPHITI OeKaPMOBill cucmemi KOOpOUHam.

YV yiti pobomi npedcmaeneno mooenosanus meniogozo noias nio uac npoyecy TIG 3saprosarnHs 3 €OHAHHS
mumarogozo cnaasy BT23. Tepmiunuu ananiz 30cepeddceruil HA NPOSHO3Y8AHHI Mmenjionepedayi y 368ApHOMY
wei. Posnodinene 06’emue Odxcepeno menia NIOMEEPONCEHO HA OCHOBL NOPIGHAHH 3 NONEPEUHUM Nepepizom
excnepumMenmanbHo2o 3paska. 11poeno306ano po3noodin memnepamypu 6 36apHOMY 8Upobi 3a2aiom, hopmy ma posmip
30HU NPONJIABILEHHSL, 30HU MENI08020 8NIUBY, MAKCUMATbHI WUBUOKOCI 0X01000iceHs 6 pisHux yuacmunax 3TB. Basyrouucs
HA 00CUMb 3A008IILHUX PE3YIbMAmMax, ys pooboma noxasye, uwo mooeniosanns FE mooice 3abe3neuumu weuouty, meHul
dopoey ma Oinbut ONMUMI308aHY PO3POOKY NPOOYKMY, d MAKONC nepesipumu npooyKmuGHICmb npooyKmy, ujo oyno o
HEeMONCIUBO HABIMb 3d OONOMO20I0 OYice 0eMalbHUX NPOMOMUnis.

Kniouosi cnosa: memoo ckinueHHUX enemMenmia, Mamemamuine MOOeo8anHs, Meniosi Nois, 36apIOGaHHs.
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Introduction

The finite element method (FEM) is the dominant discretization technique in structural mechanics.
The basic concept in the physical interpretation of the FEM is the subdivision of the mathematical
model into disjoint (non-overlapping) components of simple geometry called finite elements or
elements for short. The response of each element is expressed in terms of a finite number of degrees
of freedom characterized as the value of an unknown function, or functions, at a set of nodal points.
The response of the mathematical model is then considered to be approximated by that of the discrete
model obtained by connecting or assembling the collection of all elements. The disconnection-
assembly concept occurs naturally when examining many artificial and natural systems. For example,
it is easy to visualize an engine, bridge, building, airplane, or skeleton as fabricated from simpler
components. Furthermore, FEM has become a powerful tool for the numerical solution of a wide range
of engineering problems. Applications range from deformation and stress analysis of automotive,
aircraft, building, and bridge structures to field analysis of heat flux, fluid flow, magnetic flux, seepage,
and other flow problems [1, 2].

Objective of the research

For this study high-strength titanium alloys were chosen. The use of titanium alloys has been
expanding in the aerospace, power-generation, medical, chemical plants, and marine applications due
to their superior mechanical and corrosion properties. This is due to several unarguable properties
such as excellent corrosion resistance, bio-compatibility, good temperature performance and high
specific mechanical resistance that made these alloys almost irreplaceable in many applications.
Joining processes play a fundamental role in the productive scope of many industries and many
welding techniques have been studied and developed to process this alloy. The main welding process
for titanium alloys is gas tungsten arc welding (GTAW), also known as tungsten inert gas (TIG)
welding [3-5].

One of the important problems in welding engineering is to construct a mathematical model for
the computer simulation of welding process. During the welding process, because of the heat input
transferred to the material, heat transmission inside the work-piece and heat exchange with the external
environment occur (Fig. 1). Numerical simulation of heat manufacturing processes is preferred to
analytical methods for modeling in welding technology. In fact as the welding arc interacts with
the surface of the work-piece during its passage, very rapid series of heating and cooling cycles are
achieved. Therefore it results to be difficult to adopt analytical model technique to investigate about
the process. Instead numerical models are suitable to assess the thermal cycles and their relationship

with process parameters [6-11].
;, 1 3

i

e

Fig.1. TIG welding process
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Results

FEM simulations are nowadays useful to predict the weld pool shape for various combinations
of process parameters from the temperature distribution plots. In this work the simulation of the thermal
field during the TIG welding process of VT23 titanium alloy joint is presented. The thermal analysis
is concentrated on the prediction of the heat transfer in the weld. A distributed volume heat-source
was validated on the basis of the comparison with the experimental specimen cross section. The
temperature distribution in the overall weldment, the shape and size of the fusion zone, heat affected
zone, the maximum cooling speeds in different parts of HAZ were predicted. To compare simulation
results with the experimental values, welding of titanium alloy VT23 was carried out. VT23 plates
of size 200x100x10 mm were prepared.

Welding was done with different modes to analyze and predict the geometry, the shape of the seam
and the depth of weld penetration.

For the calculation of the thermal conditions accompanying the process of melting the metal
surface, a mathematical model was used, which is based on the differential equation of heat
conduction in a three-dimensional Cartesian coordinate system. The finite element thermal simulation
of TIG welding was performed on 10 mm thick VT23 titanium alloy. The size of model used for
the experiment was 200x100x10 mm (Fig. 2).

Fig. 2. Three dimensional finite element model meshes

The plate is symmetrical about the plane passing through the weld line. The geometrical model
is divided into various regions. The fine mesh is made in the weld region to apply heat flux accurately.
The region way from the weld line is meshed with a coarse mesh. A three-dimensional finite element
mesh model as shown in Figure 3 is used for the FE analysis. 2D mesh is used for creation of heat
source fitting for the thermal analysis [12].

POST26

VALU

Fig. 3. Calculated welding thermal cycle
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The material database is created based on the temperature related thermo-physical and mechanical
properties of the material are taken from literature. The double ellipsoidal heat source parameters
are obtained by the iterative manner. The obtained heat source is adjusted and saved in the function
database for the use of weld wizard. After obtaining the heat source parameters for the simulation, final
FE simulation is carried out using ANSY'S and the results are obtained. Based on the results, isotherms
of maximum temperatures were built, using which we determined geometry and dimensions of weld
penetration zone, HAZ polymorphic transformation. Comparison of the results of the calculation
forms of penetration zone with the experimental data showed satisfactory reproducibility.

19.7679 800 900 1668
€50 8580 1000 7200

Fig. 4. Verification of developed FE model

As shown in Figure 4, developed mathematical model allowed to study effect of different
welding modes and changing of welding heat input on the size and geometry of the penetration zone
and heat affected zone. The simulation allowed to evaluate similarity to existing experimental results
in studies related to welding processes [13], showing the temperature distribution of the work piece,
and the cooling curves at the point of highest temperature and on the fusion line.

Obtained results of TIG welding using various modes are shown in Figure 5.

vvvvvv

Fig. 5. Calculated data of mathematical modeling of TIG-welding:
a —1=220A, U=11V, n=0.43; b — I=306A, U=11V, n=0.43;
¢ —I1=350A, U=12V, n=0.43; d — I=420A, U=12V, n=0.43
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Conclusions
Finite element model was created for tungsten inert gas welding process based on differential

equation of heat conduction in a three-dimensional Cartesian coordinate system. The results from
the FE thermal analysis have been validated by comparing them to experimentally obtained cross-
section of titanium alloy welded joint VT23. Based on quite satisfactory results, this work shows, that
FE simulations can enable faster, less costly, and more optimized product development, as well as
examinations of product performance that would not be possible even using very detailed prototypes.
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T.C. KATAJIIN, AT IIITIOPTA

HauioHanbHuii TeXHIYHUI yHIBEpCUTET «/IHIPOBCHKA MOIITEXHIKA»

O.B. BIULIOBA

VYkpalHChKHll Iep>KaBHUH YHIBEPCUTET HAyKU 1 TEXHOJOTIH

[.B. IIEPBMHA

JIHITPOBCHKUI JepKaBHUN arpapHO-€KOHOMIYHHH YHIBEpCHTET

BPAXYBAHHS HEJIHIMHUX BJACTUBOCTEW MATEPIAJIIB
NP MATEMATUYHOMY MOJAEJIFOBAHHI

AxmyanvHicmv ma 3ampedy8anicms aHAAIMUYHUX A YUCETbHO-AHATTMUYHUX NI0X00I8 8 3a0a4ax Cy4acHoi meo-
il npysicHocmi, no8’A3aHux 3 6paxye8anHiIM HEeNiHIUHOCT Mamepianie, He GUKIUKAE JHCOOHUX cymHigis. Taxa nosedinka
NPUMAMAHHA KOMROZUYITHUM Mamepianam pisHux euodieé (apmosanuil bemoH, ckionaacmuxu). Heninitinicme mae oymu
8pAX08AHA, HANPUKIAO, NPU CKIAOHOM) HABAHMANCEHHI, GNIUBI 308HIUHbO20 CePedosUUyd, eKCMPEMalbHOMY 32UHI KOH-
cmpykyii ma in. 3 yiei mouku 30py 0ysrce 8aHCIUBOIO OISt PO3BUMKY CYUACHUX MEXHONO02I NPOeKMYy8anHts i 0yOieHuymaeda
€ po3poOKA aHANIMUYHUX MemOo0i8, OCKIIbKU 80HU 00pa3y 003601A10Mb NOOAYUMU OOIPYHIMOBAHI HAOIUNMCEH] pe3Yilb-
mamu, a maxKoxHc MOX*CYmMbv Cryey8amu O NepesipKu YUCENbHUX PO3PAXYHKIS.

Aemopu y ceoix nonepednix pobomax [1] edice pozensadanu nIOCKi ma npocmoposi 3a0aui 3 ypaxy8anHsM 2eome-
mpuunoi Heninitinocmi. [lompioHo 3a3Hauumu, wo 3anPoONOHO8AHULL NIOXIO0 MOdice OYmu 3acmoco8aHul 00 Po36 sI3aHHs;
3a0au, 8 AKUX 3a1IUUKO8I Oedhopmayii 8i0ieparoms 3HAUHY POb (32UH MOHKUX NAACMUH Ma 000N0HOK). []yjice 8adciusum
MOMEHMOM € 8epughikayisis OMpUMAanUx pe3yivmamis, OYiHKa adeK8amHocmi ma moyHocmi po3poonenux memoois. Aemo-
pamu pobomu 3a82cou RPUOLIAIACL 0COONUBA Y8a2a YuM NUMAHHAM. 3anpononosanuti A.B. Ilasnenkom ma pozsunymuti
1020 yuHaMuU nioxio [2-4] 6aecamopazo6o npoxoous anpodbayiio Ha 3a0a4ax pizHo2o pPiGHs CKAAOHOCMI. 3acnoéanull
Ha 10esX aCUMRMOMUYHO20 IHME2PYBAHHS 30 MATUM NAPAMEMPOM, WO NOG SI3AHUL 3 QI3UUHUMU XAPAKMEPUCIUKAMU
Mmamepiainy, Memoo 003601U8 36eCmu 3a0ayi NiHIUHOI meopii npysCHOCMI 00 NOCIIO08HO20 PO36 S3Y6aAHHs 3a0ay meopil
NOMeHYiany, wo € HaubiIb pO3GUHYMUM PO3OLIOM MameMamudnol Qizuxu. 3acmocysanna 0ano2o nioxody 0ae 3mozy
038 ’A3amu psA0 HOBUX CKIAOHUX 3a0aU, ceped nepedaz MOXMCHA 8KA3AMU | MOJMCIUBICINb AHANIZYEAMU HANPYHCEHO-0e-
Gopmosanuii cman bazamowiaposux miin 3 NIOKPINIIOYUMU eleMeHMAMU.

B 3anpononosaniii cmammi 3a 00nOM02010 pO3pOOIEHO20 aA8Mopamu nioxody po3e s3yiomvcs  3a0adi Ost (i3uuHo
HEHITIHUX Mamepianie, 6 KUX 3aKoHU 0eqhopMy6anHts He 8ionosioaroms 3axkoHy I yKka, mobmo 3an1eiucHICMb MIdiC HANPYHCeH-
HAMU ma degpopmayiamu € HeninitiHow. Kpiv moeo, 6paxogyemvcs YuwiiHOpUUHA AHI30MPONis Mamepiauy min 63aeMOOL.

Knrouosi crnosa: acumnmomuunuti Memoo, maiuil napavemp, Qisuuna HeiHiliHiCmb, YULHOPUYHA AHI30MPONIs,
MoOenbHa 3a0aud.

T.S. KAGADIY, A.H. SHPORTA
Dnipro University of Technology

O. BILOVA
Ukrainian State University of Science and Technology
I. SCHERBINA

Dnipro State Agrarian and Economic University

CONSIDERATION OF NONLINEAR PROPERTIES OF MATERIALS
IN MATHEMATICAL MODELING

The relevance and demand of analytical and numerical-analytical approaches in the problems of the modern theory
of elasticity, related to taking into account the nonlinearity of materials, does not cause any doubts. This behavior is
characteristic of composite materials of various types (reinforced concrete, fiberglass). Non-linearity must be taken into
account, for example, with complex loading, the influence of the external environment, extreme bending of the structure,
etc. From this point of view, the development of analytical methods is very important for the development of modern
design and construction technologies, as they immediately allow you to see reasonable approximate results, and can also
serve to check numerical calculations.

The authors in their previous works [1] already considered planar and spatial problems taking into account
geometric nonlinearity. It should be noted that the proposed approach can be applied to solving problems in which
residual deformations play a significant role (bending of thin plates and shells). A very important point is the verification
of the obtained results, assessment of the adequacy and accuracy of the developed methods. The authors of the work
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always paid special attention to these issues. Proposed by A.V. Pavlenko and the approach developed by his students [2-4]
has been repeatedly tested on problems of different levels of complexity. Based on the ideas of asymptotic integration
for a small parameter related to the physical characteristics of the material, the method made it possible to reduce the
problems of the linear theory of elasticity to the sequential solution of the problems of the potential theory, which is the
most developed branch of mathematical physics. The application of this approach makes it possible to solve a number of
new complex problems, among the advantages it is possible to specify the possibility of analyzing the stress-strain state
of multilayer bodies with reinforcing elements.

In the proposed article, using the approach developed by the authors, problems are solved for physically nonlinear
materials in which the laws of deformation do not correspond to Hooke's law, that is, the dependence between stresses and
deformations is nonlinear. In addition, the cylindrical anisotropy of the material of the interaction bodies is taken into account.

Keywords: asymptotic method, small parameter, physical nonlinearity, cylindrical anisotropy, model problem.

ITocTtanoBka nmpodJjemMu
3aranbHi CIIBBITHOLICHHS HENIHIHHOI Teopii MPYKXHOCTI MOJENIOIOTh HACTUIBKH CKJIaTHI
MPOIIECH, IO B 1HKEHEPHIN MPAKTUIIl HUMH KOPUCTYIOTHCS HE YacTO, OCKUIBKM BUHHMKAE MOTpeda
B OOIPyHTYBaHHI IOCTAHOBKH 3a/1a4, a MICJs 3aCTOCYBaHHsS YMCEIbHUX METOMIB y Bepuikamii
pe3ynbTariB. Y 3B'A3Ky 3 IIMM BEJIHMKE 3HAYEHHS Ma€ po3poOKa HAOIMKEHUX YMCEIbHO-aHATITHIHUX
Ta aHATITUYHUX MiAXOMIB, IO BPaXOBYIOTh OCOOJMBOCTI MOBEMIHKA OKPEMHUX BHIIB KOHCTPYKIIiH
Ta X €JIEMEHTIB.

AHAaJIi3 OCTAHHIX TOCTIIKeHb | myOJikani

OcobnuBocti (pi3MuHO HEMiHIMHOT Teopii mpyxHocTi Oyau copmynasoBani P. Kaynepepom,
SKHI OTPUMaB Ha 11 OCHOBI PO3B'sI3aHHS IIMPOKOTO Koia 3a1a4. CBii moganbmii po3BUTOK (hi3HUHO
HeJiHilHa Teopis orpuMana B pobotax I. A. I'enieBa, A. A. Inptomuna, JI. M. Kauanosa ta iHImmx
BUYEHUX. METOI0 H0CIIKEHb OCTAaHHIX POKIB € BpaxyBaHHs CKJIaJHUX BIACTUBOCTEH Marepiais, 110
HaONMKae MaTeMaTHYHy MOJENb 10 peasibHuX 3anad [4-8]. Hampuknan, B [4-8] 3amporoHoBaHi
METO/IM PO3B'A3aHHS KOHTAKTHHUX 3aJiad 3 BpaxyBaHHSAM CKJIaJHUX BJIACTUBOCTEN MarepiaiiB (BKIIO-
YEHHs1, HEeNIIHIHHICTb, B'S3KONPYXKHICTh, aHI30TPOMis). Y3araJbHEeHUH aBTOpaMU Ta 3aCHOBAHUM Ha
116X aCUMIITOTUYHOTO 1HTErPYBaHHS 332 MAJHMM IapaMeTpoM, IO OB’ sI3aHUH 3 (Pi3MUHUMH Xapak-
TEPUCTUKAMH MaTepiary, METO/ JO3BOJIMB 3BECTH 3aJladi JiHIHHOI Teopli MPYKHOCTI (B'I3KOMPYXK-
HOCTI) J10 IOCIIOBHOTO PO3B’sI3yBaHHs 3aJa4y Teopii nmoreHuiany. PO3BUTOK Ta MOIMIMPEHHs KJIaciB
3aa4 Ta METOJIB iX pO3B’sI3aHHA 13 ypaxyBaHHAM (Di3MYHO HENiHIHHUX 0COOIMBOCTEH MarepialiB
BHCBITJICHO B poOoTax [6-10].

Merta nocaixzkeHHS

3a3BHYail B CKJIQJIHUX BHIQJKaX PO3B'SI3aHHSA 3a/1a4 aCHMITOTHYHUM METOJIOM OOYHCIIOETHCS
TUIBKH NepIle HaOMMKeHHs, 1HOAl Apyre. ['0I0BHUI 3MICT APYroro HaOMM>KEHHS — L€ Kpalle 3po3y-
MITH Tiepiie. AJie BKe IMICHs TepIIoro eTarmy oO0YHCIeHb METO]] Ja€ 3aJ0BiIbHI pe3ynsraTi. Takuid
BHCHOBOK I110/I0 TOYHOCTI 3aITPOTIOHOBAHOTO MiIXOAY HEOJHOPA30BO TOBOJMBCS Ha KJIACHYHUX HPH-
KJIa/1ax, 1110 J03BOJISIOTH MOPIBHAHHA. MeTa 1i€l poO0TH — pO3BUHYTH METOA 30ypeHHs, e(eKTHB-
HICTh SIKOTO BXK€ HEOJIHOPA30BO JIOBOJIWIACH, HA BHUIMAJIOK aHI3OTPOITHHUX MarepiaiiB 3 (pi3UIHOIO
HEJIIHIAHICTIO.

BuK/1aJeHHsI 0CHOBHOI0 MaTepiajy JA0C/i/KeHHA
VY po6orti [5] MeTo 3acTOCOBAHO /10 TUIOCKUX 3aJ1ad, 1€ BPaXOBY€EThCS KPUBOJIIHIMHA aHI30TPO-
mist Marepiaiy. B sikocTi MOAenbHOI po3MIsAHYTa 3aj[a4a Ipo OJHOBICHE PO3TATHEHHS aHI30TPOIHOI
TUTACTUHM 3 KPYyroBUM OTBOpOoM. KOHTYp OTBOpY BUTBHHIA BiJl 30BHIIIHIX 3yCHJIb, 2 HA HECKIHUECH-
HOCTI Ha TUIACTUHY JIIOTh PO3TATYIOUH 3YCHJUIS 3 IHTCHCHBHICTIO p. 3arajbHUN PO3B’SI30K 3a/1a4i
B1JIHOCHO Hampy>KE€Hb M€ BUTIIS

1 1 , 1 1
T e ot
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G, = g(l +%j—§{1+(l+gl/z)ﬁ +8{(1+81/2)r(]}5_1) —ﬁ}+0(sz) cos20,

. 1 1 . 1 1 .
T 2—2{1—8]/2 (1+al/2) - ——+8(1+8]/2) — —— +0(82) sin20.
2 (l+s ) r (l+£ ) r(l’g)
r r
ne ¢ —Manuii napametp. OctanHi GOpMyIH — 1€ IePII YIeHH PO3BUHEHHS] TOYHOTO PO3B'SI3KY B Psijl
3a creneHsMHU ¢. Ha KOHTypi OTBOpY KpUBOJIHIMHO-aHI30TPOMHOI IUNIACTUHU HANPY>KEHHS MaloTh

BUITIAA:

o,=0, T,

[Tpu ng (Ge)max=P+§[(2+8’l/2)+8(8’l/2)+0(82)J.

VY Tabmuui 1 HaBeJeHI MOPIBHSAHHS HYJbOBOTO HAOIMKEHHS, OTPMMAHOTO 3allPOTIOHOBAHUM
METOJIOM, 3 BIJOMUM TOYHUM PE3yJAbTaTOM JJIsi MaKCHMaJbHOTO HAIPYKEHHS Ha KOHTYpI OTBODY.
IIpu npomy nmoxubka 1 (o,) Ha KOHTypi (& =0) He nepebinburye 1% npu e =1/4 1 Oyne MeHIIe
0,3% npu ¢ =1/9.

=0, o, = p—g[(?.+a"/z)+s(s"/2)+0(szﬂcos26.

Tabmuns 1

[TopiBHSHHS aCHMIITOTUYHOTO Ta TOYHOTO PO3B'S3KIB
JUTSE MAaKCUMAJIbHOTO HATIPYXXCHHSI Ha KOHTYPi OTBOPY

€ BIHO,MHH Toq,HHH ACUMITTOTHYHUH PO3B'I30K IToxubOka

PO3B'SI30K PO3B's30K
1/3 (i3oTpomnHuii o
Marepiai) 3p 3p 2.85p 5%
1/4 - 3,22p 3,25p =~ 0,93%
1/9 — 3,658p 3,667p ~ 0,24%

HaBiTh B Hali0i1blll HECTIPUATIUBOMY AJIS 3aIIPONOHOBAHOTO MiAXOAY BHUMAJKY 130TPOIHOTO
Marepiany (mapamerp & HalOUIbIIMIA) TOXHUOKa He mepedibiye 5%.

EdexTuBHICTH 3aITpONOHOBAHOTO MiIXOMY, JOCTATHHO BHCOKA TOYHICTH PE3YNBTaTiB MpHUBEIA
70 i7el y3arajJbHEHHS METOIY Ha BHIIQJIOK HENIHIMHUX MarepialiB, 30KpeMa AJisi Takux, e Mae
MicIle BiXWJIEHHS Bij 3akoHy ['yka. BoHU BiJlirpatoTh 3Ha4Hy pojib B Cy4yacHii TexHimi. Lle MoxyTh
OyTH B'I3KONPYKHOIIACTUYHI MaTepiaiu, ado JAesiKl 3MO/IeIbOBaH1 MaTepiajiv 31 IBHUJIKOIO 3MIHOKO
BJIACTUBOCTEH Ta 1H. 3B'SI30K MiX AedopMaIiisiMy Ta HAIPYKCHHSAMH MPU [IbOMY MOXKe OyTH Pi3HO-
MaHITHUM, 1 BIJMOBI/IHI 3a7]a4l MEXaHIKH, K MIPABUIIO, IPUBOIATH 0 HE3MOJAHHUX MAaTeMaTHYHUX
TpyaHouIiB. B TOM e yac, 3aCTOCYBaHHS TaKMX MaTepiaiiB moTpedye po3poOKH METOAIB MaTema-
TUYHOTO MOJICIIOBAHHS JJIsl PO3B'SI3yBaHHS MPAKTHYHO BaXXJIMBUX 3aJ1a4 Ta BUABJICHHIO TOJATKOBUX
pe3epBiB MILIHOCTI Marepiaiy.

®di3nyHa HENHIWHICTh MaTepiaay MOXKe 10 Pi3HOMY BiOOpakaTHCs Yy BHpa3ax 3B'sI3Ky aedop-
Malii Ta HanpyxeHb. KilacuuHul BUIMAJOK, KOJIM HeliHIMHA YacTHHA 3alucaHa y SIBHOMY BUIVISAL
y JOTUYHUX HANPYKEHHSX:

_ . — K
o, = Ae,,0y = Aey,0, = A, (elz + C2e12)9 (K > 1)

ne C, — neska craia.
VY3aranpHEHHST MeTOy 30ypeHb Oyi0 po3poOICHO sl BUTIAJKY, KOJIH 3aKOH MK HampyKeH-
HSMU Ta AeopMalisiMi 3alMCaHui HACTYMMHUMU aHATITUHYHUMU 3aJI€KHOCTIMU:

op=A4W), oy-= Az(Sy)K’ 8y, = A]Z(uy +8,)%, (1)
ne A, A, (4,) — cram marepiaiy, aHaJOTd MOAYJIB NPYKHOCTI (3CyBY) B JIIHIKHOMY OPTOTPOITHOMY
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MPY>KHOMY Marepiaji B3J0BXK IOJOBHUX HANpPSMKIB aHI30TPOIi, IO CIBHIAAAIOTh 3 JEKAPTOBHUMH
KOOpIMHATaMH X,y ; k — CTaJa.
[Ticns migcTaHOBKY y piBHSHHS piBHOBaru Bupasis (1) Mmaemo
(u)y +eg(u, +98,)) =0, &(u, +9,); +4(9,); =0,
(o= A,/ A,q=4,] A).

[TuTaHHs PO BU3HAYEHHS HAMNPYKEHO-Ie(OPMOBAHOTO CTaHY MPYKHOTO (PI3UYHO HENIHIHHOTO
OpPTOTPOITHOTO Tijla 3BOAMTHCS 10 1HTETPYBaHHS PiBHSHb PIBHOBAru i CyMiCHOCTI AedopMaliiii npu
BIJIMOBIAHUX KPAlOBUX YMOBAX.

Jls peanbHUX OPTOTPOITHUX MaTepiaiiB g, < 1 1 el mapaMeTp MOXKHA PO3IIIAIATH K MaJIUH.

BpaxyBaHHs KpuBOiHIHOT aH130TPOIIi BUKIHKAE 10IaTKOBI TPYAHOIII. PO3MIsIHY TO HaIIpyKeHo-
ne(OopMOBaHMI CTaH IMJIACTUHKU 3 KPUBOJIHIHOIO aHI130TPOMI€10, TOJIOBHI HAIIPSIMKH SIKOi CITiBIIa1a-
I0Th 3 KPUBOJIIHINHUMU 130METPUYHUMH KOOPAUHATAMU &, M :

x = Re[a(Q)] = x(&,m), y = Im[a(0)] = ¥(&,M), 2 = (),

, 2
(z=x+ip,i=e""i=-1) @
Jlnist BUNaIKy moyisipHUX KOOPAMHAT (LIMITIHAPUYHA aHI30TPOIIis ) MAaEMO
o(¢) = RG,x = Re*cosn, y = Re*sinn; H = Re®,
3
l"}l:iﬁzl,rﬁzzi%:O,R:const. ®)
H ot H on
H — napamertp Jlame.
BpaxoByroun 3anexHocTi (1) Ta piBHSIHHS
" Ref| oe )7 Reflom " Ref | og  on ’
OZIEP>KUMO . .
o, = AR e [Z—gj ,G, = AR e™ (? + uj ,
gl
. 4
o, = A,R "™ (a_v + ou_ v] ,
ac  on
Toxi piBHSHHS piBHOBaru HaOyBalOTh BUIIISAY:
o (ouY of(ou av Y (ov Y ou’)
—| = teo—| —+—-v| —q| —+u| +(1-x)| | =0,
ac\ o8 on\on g on g (5)

ofov ) o(ov ou ov ou )
g—| —+u| +eg—| —+—-v| —g(2-x)| —+—-v| =0.
onlon PACEE ot on

[Ticns po3ieruieHHs HanpyXeHo-1e(OPMOBAHOTO CTaHy Ha Bl CKJIa/I0B1 3 pI3HUMH BIaCTUBOC-
TSIMHU Y HYyJIbOBOMY HaOJM>KEHHI 32 MaJIMM I1apaMEeTPOM g, MAEMO
(0:7), +(030), —a(n’) =0.a(1), =0
off = e AR e (UL)" ol = e AR e (V)0
012]’0 = goixAlzRiKe_KE)] (Ur:;O )K
(U2, =0a(v), + (2°), =0,
Glzio = SO_KAlR_KeiKéz (Uézz,o )K ) (5%’20 = 8(;% AzR_K(Kéz (VnZ;0 )K )

20 _ . -x Kk —KE 2,0 \*
), =gy AR e (V20
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BBaxkaroun x =1-¢,, Ie ¢, — I1Ie OIMH MaJIMi TapaMeTp, BBEAEMO HOBI He3aJIeKH1 3MiHHI

& =& +0,E,m), m =mn +¥(E,m), (6)

[Ticns 3HaxomkeHHs PyHKIINH U,V, e,y y BUITISAAL PSAIB 32 TApaMETPOM ¢, Y HYJIbOBOMY Ta Iep-
IOMY HAOJIMKEHHSX, SIK 1 JUIs JIIHIMHO Npy>KHUX MaTepialliB, MPUXOIUMO 10 IHTEIpYBaHHs PIBHAHb
Jlammaca BimHOCHO OCHOBHUX (yHKITIH. JloBeeHa MOXKIIMBICTh MMOCTAHOBKU KPaWOBUX 3aad JUIs
OCHOBHUX (DYHKITIH.

SIKmo HanpyXeHo-1e(OpMOBaHHMI CTaH HE 3aJeKUTh BiJl KOOPAMHATH m, TOMAI PiBHAHHA (5)

HaOyBarOTh BUINISLY
d(du) « duY
) o e0-0(Z] <o

didv Y ., (dv Y _ 7
da[dé j e K)[d_g j 0.

[Ipu ubomy
—a .
Ak i(d_gj on = AR

= A,R e ‘“é(dv vj :
dg

(8)

SIkio 1oTHYHI HANPYKEHHS TOPIBHIOIOTH HYITIO, TOA1 cucTeMa (7) MepexoauTh B OJTHE PIBHIHHS

£[8] wro-c(2]

Po3mykyroun u y BUDIIAIL PsZIiB 3@ TAPAMETPOM &, , OJEPKHUMO, 1110 B KO)KHOMY HaOJIMKEHHI
Tpeba po3B'sA3yBaTy 3BHUAiiHe NiHiiTHE MudepeHIiaibHe piIBHIHHSA, y IpaBiil YaCTHUHI SKOTO MICTSThCS
B1JIoMI1 (PyHKIIT, 3HalJICH] B MONEPEIHIX HAOIMKEHHSIX.

Skmo nepemimenHs « =0, Toai cuctema (7) IepexoauTh B PIBHSIHHSI

d (dv - dv -

Bl el A 2 k)| = - = 1

da[da Vj + K)[da Vj v (10
a CiBBIAHOMIEHHS (8) MalOTh BUTJIS

g dv -
6, =6, =0,6, = A,R e i[dé V] .

3aranbHuii po3B's130K piBHAHHS (10) JE€rKO 3HAXOIUTHCS:
1K (2

y=—Cr Kee +Ce",
ne C,C, — TOBUIBHI CTaJIl, IO BU3HAYAIOTHCS 3 KPAOBUX YMOB.

Po3ristHyTO MpUKIaa mpo HampyKeHO-AePOPMOBAHUN CTaH OPTOTPOIHOI TUIACTUHU 3 IMIIiH-
JPUYHOIO aHI30TPOITI€I0, IO MOCTA0IeHa KPYTOBUM OTBOPOM pajiycy R, MpU BCEOIYHOMY PO3TATY-
BaHHI Ha HECKIHYEHHOCTI 3yCWIIIMU 1HTEHCUBHOCTI p. KOHTYp OTBOpY BiJIbHUH BiJ] 30BHIIITHHOTO
HABaHTAXXCHHS. 3HAWJCHO PO3B'S3KU JUIS MEPEMIlIEHh Ta HAMpPY)XeHb Yy HYJIHOBOMY Ta MEPIIOMY
HabnmxeHHAX. 30KpeMa, Ha KOHTypi otBopy (§=0) o, =0, ,, =0

Gy =P {1+\/7—a,( + g flnq]+o(al)}

c, = p[2—a1 +0(s,2)].

anpu g=0,
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Sxmo g =0, TO NPUXOAUMO [0 JIHIMHOI 3a/1aul 1 OAEPIKYEMO KJIACUYHE AJIS IbOIO BHUIAIKY
3HAUEHHs KOHLIEHTPALlil Hallpy>KeHb, 110 JTOPIBHIOE JBOM.

V BUNaJKy, KOJIM Ha KOHTYpi 0TBOPY (& = 0) 3aJaHi JOTUYHI HANPYXKeHHS o), = T, a HA HECKIH-
YEHHOCT] Halpy>KEHHsS JOPIBHIOIOTh HYJIO, JTOTUYHE HANPYKEHHS Ta KOMIIOHEHTa 3MIILEHHS V
BU3HAUYAIOTHCS 3 (hopmyi

1

T V' x (24
Gy :Toezé,v:—R(—o —e & )‘t’.
4, ) 2
SIK110 nacTUHa Mae BUINIAJ Kijblis, HA BHYTPILIHLOMY KOHTYpI sikoro (£=0) o, =7, , a Ha
30BHIIIHBOMY (£ =&,) v =0, MacmMo

1

o, =Te*v= R[Z—OJ gei (e’%g —eh )
12

Konu Ha BHYTpIlIHbOMY KOHTYpI KifblLid (& =0) 3aJaHe NepeMillieHHs Vv =YV,, a Ha 30BHIll-
HBOMY KOHTYPI (§ =&,) v =0, Toxl po3B’ 30K HA0yBac BHIVIATY

: «

v,e _2 _2 _2 _

v=—t l(e e *é),clz =A, (2V0/KR(€ <& —1)) e’
e -

BucHoBku
Hageneni po3B'si3kM MOAEIbHHMX 3a/1a4 Ta BUKOHAHI MOMKJIMBI I'DAaHUYHI MEPEXOau JOBOAATH
e(EeKTUBHICTH 3aIPOIIOHOBAHOTO Yy3araJlbHEHHS MeTo/a 30ypeHb Ha BUIMAJ0K BpaxyBaHHS HEJiHIN-
HUX BJIACTHBOCTEH MarepialiB.
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AJIEKBATHICTB MPOLECY MOBYAOBU CEMAHTUYHOI MOJEJII
JOKYMEHTY HA OCHOBI HECTPYKTYPOBAHOI BA3U 3HAHb

Po3spobka npukiadnux npoepamuux cucmem agmomamuiHoi 0oOpooKu mekcmie Mae Ha y6asi GUOIp mo2o uu iHuo2o
MexaHizMy onucy ma peanizayii mooeni npupoonoi mosu, oocmyntoi 011 oopooxu EOM. Ockinvku, mosa € docums He
Ghopmanizosanoro cucmemoro 3 HecmabiIbHICNIO | HeOOHOPIOHICIMIO BIACHUX NPABUIL, MO 20108HOI0 NPOOIEMOIO NPU pea-
ni3ayii maxux mooeneil € CKIAOHICG ONUCY CEMAHMUYHUX XAPAKMEPUCUK MEKCIY HA PIGHT ale0pUmMIUHO20 YA6TeH .
YV oucepmayivinitt pobomi [1] 6ye peanizosanutl nioxio 0o no6y0oeu npoepamHoi ceManmuyHol Mooeni OOKyMeHnma, siKa
bazyemuvcs Ha cmpykmypi eiopuonoi cemanmuunoi mepedxci. Heobxionicmeo i easxciugicme yiei Mooeni 8uxooums HAcAm-
nepeo i3 aHanizy ICHyIOUUX aHALO02I8 | ANOPUMMINHUX NI0X00i8 00 N0OY008U CeMAHMUYHUX Mepexc OOKYMeHma — yci
80HU AOO DA3YIOMbCA HA CIOBHUKAX, ADO He NPopooeHi 01a (prekmueno bazamux epyn mosu. Pospobnenuti nioxio 6asy-
€MBCA HA ANCOPUMMIE TAMEHMHO-CEMAHMUYHO20 AHATIZY, U0 O03B0AE 3HAXOOUMU CEMAHMUYHT 8I0NOBIOHOCI HA OCHOBI
80206UX XAPAKMEPUCMUK MeKCmY | pobOmi 3 NPpoeKyiamMu Koopounam O 6a306ux Mexkcmosux oOUHUYb Ha OBOMIpHill
naowuni. Bukopucmanus maxo2o nioxody 0o pobomu i3 ceMaHmuyHuUMU Xapakmepucmukamy mekcmy € iHHO8ayitinum
He MiIbKU Mmomy, wo cepa 3acmocy8ants 1ameHmHO-CEeMaAHMUYHO20 aHANI3Y 8 NepuLy 4epey CmocyEmucs 3a0ay Kid-
cugixayii 0okymenmie, mooi AK y Hauliti MOOei 1020 BUKOPUCMANHS 0YI10 3MIHEHO, [ MU HAOTUNCAEMO He OOKYMeHM 00
MepmiHy, a peueHHs 3 OOKYMeHMi8 00 MmepmMiHie OOKYMeHma, a i oMYy, Wo aleopumm NOEOHYE y cobi bazamo cneyugiu-
HUX 000AMKOBUX emanis, wo € HemunoguUMU 015 nioxodie nobyoosu cemanmuunoi mooeni doxymenmy. Mosa tioe npo
BUKOPUCMAHHSL ANIOPUMMIE Kaacmepusayil, i3 6i0nogioHuMU memooamu OJisi 6USHAYEeHHs HeoOXIOHUX OJis Hei napame-
mpie, aneopummié CUHMAKCUYHO20, MOPGON02IUHO | npocmoposoco ananizy oanux [1]. Ompumaruil nioxio 0038o/se
oyoysamu cemMaHmuyHi MoOeii HAYKOSUX mekcmie 6e3 6y0b-aKkoi NonepeoHboi CeMaHmMuyHOI po3mimKu abo CKIa0aHHs
CeMAHMUYHUX CLOBHUKIB, AKI MICMAMb y CB0EMY CKAAOI KINbKICHI NOKAZHUKU CEMAHMUYHUX XAPAKMEPUCTIUK TeKChY,
Wo 3HAYHO CNpowye npoyec noOYO08U cucmem ABMOMAMUYHOI 0OpoOKU mexkcmis. JocniocenHs, nposedene y OaHitl
cmammi cmocyemsvcs nepesipku CHPOMONCHOCT MO0l BUKOHY8AMU CB0€ (PYHKYIOHATbHE NPUSHAYEHHS, WIAXOM HOOY-
008U IT kpumepiie adekeamuHocmi i NepesipKuL ix UKOHAHHS ULTISIXOM NPOBEOEHHSL 8ION0GIOHUX eKCNEPUMEHMIE.

Kniouosi cnosa: cemanmuuna mepedca, asmomamuyna oopooKka mekcmy, cucmema 3anum-6ionogios, 2enepayis
mexcmy.

Y.R. KOVULIN
Alfred Nobel University

ADEQUACY OF THE PROCESS OF BUILDING THE SEMANTIC MODEL
OF THE DOCUMENT BASED ON AN UNSTRUCTURED KNOWLEDGE BASE

The development of applied software systems for automatic text processing implies the choice of one or the
other mechanism for describing and implementing a natural language model available for computer processing. Since
language is a rather unformalized system with instability and heterogeneity of its own rules, the main problem in the
implementation of such models is the difficulty of describing the semantic characteristics of the text at the level of
algorithmic representation. An approach to building a programmatic semantic model of a document, which is based on
the structure of a hybrid semantic network, was implemented in the dissertation [1]. The necessity and importance of
this model comes primarily from the analysis of existing analogues and algorithmic approaches to the construction of
semantic networks of a document. All of them are either based on dictionaries or have not been developed for language
groups with a rich inflectional morphology. The developed approach is based on the algorithm of latent semantic analysis,
which allows finding semantic correspondences based on weight characteristics of the text and working with coordinate
projections for basic text units on a two-dimensional plane. The use of such an approach to work with the semantic
characteristics of the text is innovative not only because the algorithm combines many specific additional stages that
are atypical for approaches to building a semantic model of a document, but also because the scope of application of
latent semantic analysis primarily concerns the tasks of document classification, while in our model, its use has been
changed, and we approach not the document to the term, but the sentence from documents to document terms. It is a
question of the use of clustering algorithms with appropriate methods for determining the necessary parameters for it,
algorithms of syntactic, morphological and spatial data analysis [1]. The obtained approach makes it possible to build
semantic models of scientific texts without any previous semantic marking or compilation of semantic dictionaries, which
contain quantitative indicators of the semantic characteristics of the text, which greatly simplifies the process of building
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automatic text processing systems. The research carried out in this article concerns the verification of the model's ability
to fulfill its functional purpose by constructing its adequacy criteria and the verification of their implementation by
conducting relevant experiments.

Keywords: semantic network, automatic text processing, request-response system, text generation.

IlocTranoBka nmpodJjaemMu

['0110BHOIO CKJIAJHICTIO BIPOBA/XKEHHS MPOLIECY aBTOMAaTHYHOT 0OpOOKH TEKCTIB y NMPUKIIAIHI
MporpamMHi MPOIYKTH € HEOOXiAHICTh MOOYTOBH CEMaHTHYHOT MOJIEIi JTOKYMEHTIB, JOCTYITHOI ISt
00poOku komm ' roTepoM. OKpeMo CITif] BiI3HAYUTH YCKIIATHEHHS, TTOB’ sI3aHE 13 BIACTUBOCTAMU (IIEK-
cii Ta TUTIOJIOTIT MOPSAKY CIIB MOBH JOKYMEHTA, Yepe3 10 MOJIENl, CTBOPEH1, HAPUKIIA, JJIsl aHT-
JHCHKOI MOBH, HE € 3aCTOCOBHMMH JIsI IOKYMEHTIB CJIOB’SIHCHKOIO MOBOIO. Uepes 1ie, TOJJIOBHUM
M1X0/I0M JI0 CTBOPEHHS CEMaHTUYHHUX MOJIEJICH TOKYMEHTIB CJIOB’ ITHCbKMMHU MOBaMH € py4Ha M0o0y-
JI0Ba CEMaHTHYHOI CTPYKTYPH TEKCTY, sIka MO)Ke OyTH Tpe/cTaBlieHa Y BUIISAI OHTOJIOTIYHOT pO3-
MITKH 200 CEMaHTHUYHUX CIIOBHHKIB, 1 BUMara€ BUKOPHCTAHHS BEJIMKOTO OOCATY PYy4YHOI mparti Jist
iX ckimagaHHA 1 MoIyKy (axiBIiB y NpUKIaaHii JiHrBicTUIl. Lle 3HauHO yCKIaIHIOE BUKOPUCTAHHS
aBTOMAaTU4YHOi 0OPOOKU TEKCTIB Ta 0OMEXY€e 3aCTOCYBaHHS MOJENI JUIsl JOBUIBHOI KOJIEKIIT ceMaH-
TUYHO HECTPYKTYPOBAHMUX TEKCTiB. [IuTaHHS pO3pOOKH CXOKUX MOJIEJeH YsIBICHHS TEKCTIB A iX
MOJAJIBIIOT KOMIT I0TepHOi 00p0oOKM NoaH1 y 6aratbox poboTax, sKi CTOCYIOThCS raly3ei ITYyYHOTO
IHTEJIEKTY, MaTEMaTHYHOTO MOJIEIIOBaHHs Ta 00poOKu npupoiHoi MOBU. Cepel] BITYN3HIHUX BUCHUX
ciTij Big3HauuTH HayKoBi po3pooku H.H. JIeonTheBoi, M.B. Mo3srororo, B.A. Ty3oBa, [.O. Mensuyka,
0. 1. Anipecsina, cipssMOBaHi Ha MaTeMaTUYHE MOJICITIOBAHHS CEMaHTUYHUX BIACTUBOCTEH TEKCTy Ha
OCHOBI1 OHTOJIOT1M Ta CEMaHTUYHMX CJIOBHUKIB. 3apyO1’H1 aHITIOMOBHI MOJIEJII MPEACTABIECHHS TEK-
CTiB BIJIIIITOBXYIOTBCS BiJ] JKOPCTKOTO TOPSIIKY CIIB Y MOBI, Ik Hampukiag B podorax N. Chomsky.
[IpoBenenuii anamni3z HasBHOI Y BIAKPUTOMY JOCTYII HAyKOBO-TEXHIYHOI JIITEPATypH 1 TOKyMEHTaIii
MOKa3aB, 10 ICHYI0Y1 MOJIENI MPECTaBICHHS CJIOB’THOMOBHHMX TEKCTIB CHPSIMOBAaHI caMe Ha OIHC
CTPYKTYpPOBAHUX 3HAHB, 1 HE JJO3BOJSIOTH MOBHICTIO aBTOMATU3yBAaTH MPOIEC OMUCY CEMaHTUYHHUX
BJIACTUBOCTEH Ta aJlaliTUBHOTO TOAABAaHHS HECTPYKTYpOBAHUX 3HAHb 1O MOIIYKOBOi CUCTEMH. YCi
BOHM MAlOTh Ha YBa3l 3aJly4y€HHs 3HAYHOI KIJIbKOCTI JIIHTBICTUYHHUX 3HaHb 1 BAKOPUCTAHHS TOIEpe-
JTHBOT CEMaHTHYHO1 PO3MITKH, CTBOPEHOI JIIHT'BICTOM-€KCTIEPTOM BPYYHY. 3 1HIIIOTO OOKY, 3apyOikKH1
MOJIeJli OpIEHTOBAHI B MEpIy Yepry Ha 0OpOOKYy aHITIOMOBHHUX TEKCTIB 1 HE MOXKYTh OyTH 3aCTOCO-
BaHI ISl IPEICTABIICHHSI CJIOB’STHOMOBHHMX TEKCTIB. TakKMM YMHOM, BIJICYTHICTh LIJIKOM aBTOMAaTHY-
HUX MOJieNiel TPeICTaBlIeHHs CIOB’ SHOMOBHHUX TEKCTIB JI03BOJISIE 3pOOUTH BUCHOBOK TPO T€, L0 Ha
CHOTOJIHIIIHIN IeHB 33/1a41 PO3POOKH CEMAaHTHYHOI MOZETI IOKYMEHTa Ha OCHOBI HECTPYKTYPOBaHOT
0a3u 3HaHb 1 MEPEBIPKU ii aIEKBATHOCTI € AKTyaJIbHUMHU 1 IPAKTUYHO 3HAYMMHUMH.

Meta aocaixkeHHs
Po3pobutu kputepii a1eKBaTHOCTI MAaTEMAaTUYHOT MOJIEN1 IPEICTABIICHHS CEMAHTHYHUX BJIACTH-
BOCTEH TEKCTIB Ha OCHOBI HECTPYKTYPOBaHO1 0a31 3HaHb, Ta JIOBECTH 11 CIPOMOXKHICTh MPALIOBATH 13
CEMaHTHYHUMU XapPaKTEPUCTUKAMHU TEKCTY IIIJISIXOM BUKOHAHHSI BIIMOBITHUX €KCIIEPUMEHTIB.

AHAaJIi3 OCTAHHIX TOCTIIKeHb | myOJikami

[epeBipka agekBaTHOCTI PO3pOOIEHOI CEMAaHTUYHOI MOJIENI TEKCTY 1 po3po0iIeHoi Ha ii OCHOBI
MIPUKJIAJHOI IPOrpaMHOI CUCTEMH BUKIIMKAE psiji ckiagHouliB. CripaBa B TOMY, 10 KJIACUYHI CEMaH-
TUYHI MEPEXi, SKi BUKOPHUCTOBYIOTBHCS ISl OHTOJIOTI3aIlii 06a3u 3HaHb TECTYHOTHhCS IMOPIBHIHHIM 13
JIESKUM «30JIOTUM CTaHIAPTOM», BITHOCHO SIKOTO 1 BHPAaXOBYIOThCS KPUTEpii YCHIIIHOCTI MOOY/10BU
ceMaHTU4HOI Mepexi [2]. TIpore, y HamoMy BUMAKy, TAaKUN MIX1] MOXKE BUKOPUCTOBYBAaTHUCS JIUILIE
npu 6e3nocepeTHHOMY 3aCTOCYBaHHI OTPUMAHOI MOJIEIT, 1110 BIJICYHE MUTaHHS il CEMaHTUYHUX BJIACTH-
BOCTEHl B LIUIOMY Ha APYTUi TulaH. Ba)knuBIIMM e MUTaHHAM, 10 TIOCTAa€ HAa [bOMY €Talli, € mepe-
BIpKa 3aJICKHOCTI MOZIEJII CaMe BiJl CEMAaHTUYHHUX XapaKTEePUCTUK TEKCTY, a HE B1Jl HOrO0 CTATUCTUYHOTO
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4aCTOTHOTO nopTpety. Tomy Oy10 NPUHHATO PIlLIEHHS PO NPOBEAEHHS Py €KCIIEPUMEHTIB, CIIPSIMO-
BaHMX, B MEPIIY Yepry, Ha cripoOy BBECTH CUCTEMY B OMaHy, OyITyr0uM MOJIEl CEMAaHTUYHO HEBIPHUX
JIOKYMEHTIB 1 TOPIBHIOBATH 1X 3 OTPIMAHUMH PE3yJIbTaTaMu Uil KOPEKTHUX TEKCTIB.

Buxonsuu 3 11poro, HalO1IbIN MOKA30BOIO MEPEBIPKOIO € 31CTABJIICHHS 13 aBTOMAaTHMYHO 3reHe-
POBaHUM TEKCTOM, a caMe, 00poOKa TEKCTY, HOOY0BAaHOTO 32 JIOMOMOror aBromaruuHoro SEO-re-
HepaTopa TeKCTy. [ eHeparop TEKCTy — e KOMI'IOTEpHA Mporpama, 1o CTBOPIOE TEKCTH, KOPEKTHI
3 TOYKHU 30py OLIBIIOCTI HOPM MOBH, aJie, sIK MPaBHIIO, 1030aBieHi ceHcy [3]. IHoal y unTava, KU
MIPALIIOE 13 3reHEPOBAaHUM TAKOI0 MPOTPaMOI0 TEKCTOM, MOXKE CKJIACTHCS BPa)KE€HHsI, IO e TeKCT
€ OCMHCJICHUM 1 CEMaHTUYHO OB’ I3aHUM, OCOOJIMBO SIKIIO TEKCT MAa€ TEMATHKY, 3 SIKOIO YUTAY CJIa00
O3HAaWOMJICHUH. [CHYIOTh pi3H1 BUJIM F€HEPATOPIB TEKCTY, L0 PO3PI3HAIOTHCSA CBOIMU MOMIINBOCTAMU
(HampuKJaa, 1esKi 3 HUX MOXYTh CaMOCTIMHO (hopMyBaTH HOBI ciioBa). [eHepallist TEKCTy HIITXOM
CKJIaJJaHHS 3 TIOBHICTIO BUMAJKOBHX CIIIB JIA€ CMITTEBHH pE3yNbTar, 0e3nIy3auid Ui PO3yMiHHS
JIIOIMHOIO, TOMY 3a3BHYail 3aCTOCOBYETHCS FeHepallis 3a Bpy4YHY HallMCAaHUMU (ppa3aMU-111a0JIOHaMU.

BuK1a1eHHSI 0CHOBHOI0 MaTepiay A0C/izKeHHA

3aranpHHIA poriec OOYI0BH MOJIEITI Ma€ JTHIMHY CTPYKTYPY, sKa ITO/IiJICHa Ha TP PiBHS 00pOOKH
JOKYMEHTY: CUHMAKCUYHUI pigens, sIKUiA 00’ €Hy€e y co01 IesiKi TUITOBI 3a1a4i 00pOOKH TEKCTY, Taki
SK BUJIUICHHS CJIB 1 PeYeHb i3 BXIIHOTO TEKCTY, BU3HAUCHHS CTEM, 3Ba)KyBAHHS E€IIEMEHTIB TEKCTY,
ABTOMAaTUYHE BU3HAYCHHS YaCTUHH MOBH, TOIIO; CeMAHMUYHUIL Pi6eHb, SIKUI pealti3ye y co0i KOMITO-
HEHT JIaTeHTHO-CEMAaHTUYHOTO aHaJi3y 1 JOAAaTKOBI 3aCO0M 1HTEIEKTyaabHOI 0OPOOKH TaHUX, 3aBASKH
SIKMM Bi10yBaeThCs (hopMyBaHHS (DiHATTBHOT CEMaHTHYHOT MOJIENI BXITHOTO TEKCTY; PieHb 6UECOCHH,
SKUil Bi/OBIa€ 3a BioOpakeHHs 1 30epeKCHHS OTPUMAHOI CeMaHTUYHOI Mojeli y 6a3y 3HaHb. Foro
JIeTalbHUM onuc HaBeneHo Y poOorti [1]. Pe3ynasrarom BUKOHaHHS MpoOLECY HaJl HECTPYKTYpOBAaHUM
HayKOBHM TE€CTOM € CEMaHTHYHA CTPYKTYPa, MPEACTaBICHA CYKYITHICTIO MHOXKHH TePMiHIB 7 1 CyKy-
HICTIO MHOYKHH PeYeHb S , 3B 130K MK IKUMH BU3HAYAETHCSI MATPHIICIO CEMAHTUYHKX Bar W :

T - {Tl{tl oty b T, }}’

S ={S s s b Sidsy s 1 (1)
{WTpWs1}7 {WTzawS1} {WTn7WSl}
- ) . . ,
Wrisws,ts Wras W, b - {wy,, g, }

e t...t, — MHOXHMHA KOOPJMHAT CTEM, IO (OPMYIOTH KIACTEP-CTEMY, S, ...Ss, — MHOXKHHA KOOP/H-
HAT PEYCHb, IO POPMYIOTH KIIACTEP-PEYEHHS, W, — KIJIBKICTb TOUOK Y KIIACTEpPI-CTeMI, S, — pO3Mip
KJIacTepa peueHHs, wy; — Bara 3B’ 13Ky MK KJIACTEPOM-CTEMOIO 1 KJIIACTEPOM-PEUEHHSIM, I — KUIbKICTh
KJIACTEPIB-CTEM, M = N — KUIbKICTh KJI1aCTE€PIB-pPEUCHb.

I'padiunmit pe3ynpraTr poOOTH eTammy BUBEISHHS 300pakeHuid Ha puc. 1. PesynbTyroua ceman-
THUYHA MOJEINIb CKIIAJEThCS 13 KiacTepiB-cTeM (mo3HayeHo Ha pUCyHKY sk WordCluster), no sikux
IIPUB’sI3aHE 3HAYEHHS KUIBKOCTI CTEM y Kiactepl (300pa)keHe Ha PUCYHKY Y KBaJpaTHUX JIy’KKax),
Ta KJIacTepiB-peueHsb (Mo3HaueHO Ha pUCyHKY sk SentenceCluster), siki OB’ s13aHi 13 KJ1acTepaMu-CTe-
MaMH CEMaHTUYHHMM BiJHOIICHHSM, Bara sIKOro IO3HaueHa y KpyIJIuX JTyXKKax.

J1s OLIHKY aJIeKBaTHOCT1 OTPUMaHOI MoJieNi cuctema OyJia mepeBipeHa Ha TEKCTaxX, CTBOPEHUX
B pPe3y/IbTaTi TeHepyBaHHS Ha OCHOBI 1M1a0IOHIB CMHOHIMI3aITii. JIJ1s 1boro OyB BUKOPUCTAHHH CEpPBiC
[4], 1o 103BOJISIE€ CTBOPIOBATH TEKCTH 32 OOPAHOIO TEMATHUKOIO TA PO3MIPOM.

Oco06nUBICTIO 3r€HEPOBAHOTO JOKYMEHTY € 33I0BUIbHA JIJISi CHCTEM CTAaTHYHOI 0OPOOKH TEKCTY
4acTOTHA KapTuHa. Hanpukiaa, po3misitHeMO 4aCTOTHI IOPTPETH IBOX TEKCTIB OJHAKOBOT'O PO3MIpY, K1
HaBezieHi B Ta0nmuil 1. [pyHTYIOUMCh Ha YaCTOTHHUX TIOPTPETaX JOKYMEHTIB, 38 YMOBH iX OJIHAKOBOTO
po3Mipy, MOXHa 3p0OUTH BUCHOBOK, LII0 O0M/1Ba TEKCTH MalOTh TEMaTUYHY CIPSIMOBAHICTh «KOCMOCH
1 mepIuii TeKCT MPUCBIYCHHUM TEM1 TaJaKTUYHOTO PaJiOBUIIPOMIHIOBAHHS, a IPYTHI — acTepoiiB,
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Puc. 1. CeMmaHTHYHA MO/IeJIb /ISl TEXHIYHOIO TEKCTY
3i CHILHUMH CEMAaHTHYHHUMH 3B’ SI3KaAMH

OJIHAK I1€ HE 30BCIM TaK, OCKIJIbKH MEPUIMI TEKCT € aBTOMaTHYHO 3T€HEPOBAHUM TEKCTOM, a IPYTHid —
CEMAaHTUYHO BAXJIMBUM 3HAHHSM, IIO JIHCHO OMHUCY€E TEMY acTepoimiB. 3 IbOTO BUTHKAE TiNOTE3a
PO MEPUINI KpUTEPii a1eKBAaTHOCTI MOZIEN, IKUIl MOJKHA C(POPMYITIOBATH HACTYITHUM YHHOM: SIKIIIO
MOJIeNIb OPIEHTYETHCS HE TUIBKM HAa CUHTAKCUYHUI 1 YaCTOTHUH, a i HA CEeMaHTHYHUH piBEHb PO3y-
MIHHS TEKCTY, TO Y TpoLieci poOOTH i3 3reHepOBAaHUM TEKCTOM, Ha BiJIMiHY BiJ] CEMAaHTUYHO 3B’ I3HOTO
TEKCTY, IOBUHHI B11I0YTUCS 3MIHM KUIbKICHUX XapaKT€PUCTHK CEMAaHTUYHUX BJIACTHUBOCTEW CTBOpE-
HO1 MOJIEJi, 32 YMOBH OJTHAKOBOI CTHJTICTUYHOI CIIPSIMOBAHOCTI 1 OMU3BKUX (PI3UUHUX 00’ €MiB 000X
TEKCTiB. 3aJy1d ii mepeBipKu OyII0 MPOBEACHO Psijl EKCIIEPUMEHTIB 13 3T€HEPOBAHUM TEKCTOM 1 MOPIB-
HSTHHSI OTPUMAHHX PE3YNBTATIB 13 CXOKUMU CEMAHTUYHO HOPMAIIbHUMH TEKCTaMH.

Tabmurs 1
YacToTHI MOPTPETH 3r€HEPOBAHOTO TEKCTY 1 3HAHHS
Joxyment1 JlokymeHnT2

CnoBo Bara CnoBo Bara
PajtioBunpoMiHIOBaHHS 88 acTepoiiB 92
TaJaKTUIHOT 87 ICHYIOTB 23
JDKEpea 83 IUIAHETHI 22
00'eKTiB 53 TIOBEPXHIO 18
OIITHYHE 44 3€MHO]1 18
3BaHUX 42 3ITKHEHHS 17
3ipKH 42 3QUTATITATIHICS 18

Po3auBuMOCH NiesiKi MpUKIIAAN OTPUMAHUX pe3yNbTariB. Pe3ynbrar 00poOKu aBTOMaTuyHoO 3re-
HEpOBAHOI'O JOKYMEHTY HaBeIeHO Ha puc. 2. He3Baxkarouu Ha Te, 1110 He TiIJIbKU 00CST aBTOMAaTHYHO
3reHepPOBAaHOrO TEKCTY CITIBIAaB 3 MPHUKIAIOM TEKCTY i3 puc. |, HaBeJeHUM paHilie, a i Horo Tex-
HIYHA CIIPSIMOBAHICTh, OTPUMaHa CEMAHTUYHA MOJIETIb Ma€ 3HA4YHI SICKPaBO BUPAXKEH1 BIIMIHHOCTI.

ITepur 3a Bce, MOBa iij1e PO KUIBKICTh KJIACTEPIB-CTEM, KIIACTEPIB-PEUCHb, 1110 MAIOTh 3B’ SI3KH 13
KJIaCTepaMU-CTEMaMHU, Ta Bary IMX 3B’ s3KiB — KIJIbKICTh «BIIBHUX)» KIIACTEPIB CTEM 1 iX 3araibHa Kijb-
KICTbh 3Ha4YHO NEPEBUIILYE aHAJIOTIYHI MMOKAa3HUKH y €TaJOHHOro TeKcTy. OCKUIbKH y HaIliil Mosen,
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Puc. 2. CeMaHTHYHA MOJIeJIb /1JI51 ABTOMATHYHO 3reHepPOBAHOI0
TeXHIYHOI0 TEKCTY 3i CJIA0KUMHU CEMAHTHYHUMHU 3B’ SI3KAMM

caMe IIi JaHH1 1 BUpaKaroTh KIIbKICHI XapaKTePUCTUKN CEMAaHTUYHUX BIACTUBOCTEH TEKCTY, TO JJIS
OLIIHKH pOOOTH MOJIeTIel Ha 3TeHEPOBAaHUX TEKCTaX OyJ0 BUKOHAHO MOMAPHE MOPIBHSHHS YUCIOBUX
3HAYCHb CEMAaHTUYHHUX MOJIEIICH 3reHepOBAHOTO TEKCTY 1 3HAHHS II0/I0 3HAYEHHS CePeaHBOT0 Koedi-
IIEHTAa CEMaHTHYHOI 3HAYYIOCTI Mozeni | (2):

fmm( 1+1)
H(D)_;.fmax( Hl)
N
(D, D) = min] 200 2V | @

D D,

fmax(Dlsz) = max m m

N, ’ Ny,

Je X w,,— Bara BCiX CEMaHTUYHHX 3B’SI3KiB B MOJIeJi 3HaHHS D, N, — KiJIbKICTh KJIACTEPIB B MOJIEITI
3HaHHA D, f . (DI,D ) Sax (D), Dy) — QyHKILIT, IKi NOBEPTAIOTH MiHIMAJIbHE 1 MAKCUMaJIbHE 3HAYEHHS
BiIHOCUH, N — KUIBbKICTh €KCTICPUMEHTIB.

Jlane 3HaAYCHHSI XapaKTEePHU3y€e PO3MOIiIT CEMaHTUYHHX MITOK JOKyMeHTa (KIACTepPiB-CTEM)
I10/I0 CEMAaHTUYHUX 3B’SI3K1B, 1 MOKA3ye€ 3aJICKHICTh IIbOTO 3HAYEHHS JIJIS1 ITap TEKCTIB B KOPITYCl 3HAHb
D={d,...d,} . KoehilieHT CEeMaHTUYHOI 3HAYYILOCTI MOJEN OyB po3paxoBaHuil st D, — KOPILyCy
aBTOMaTUYHO CTBOPEHMX JOKYMEHTIB, D, — KOPITyCy 3HaHb i D,, — KOPIIyCY, B AKOMY 3iCTaBIIS€ThCS
3T€HEePOBAHUMN TEKCT 1 3HAHHS MK c00010. JloCiPKeHHs TToKa3alu, 1m0 3MiHU KoedillieHTa ceMaH-
TUYHOI 3HAYYIIOCTI AJIsI KOPIYCY 3r€HEPOBAHOTO TEKCTY 1 KOPITyCYy 3HaHb NPU MOPIBHSIHHI TEKCTIB
OJTHAKOBHUX PO3MIpiB MPAKTUIHO HE BiJOYBa€THCS: pg( ) 0,911 ta p,(D,)= 0,932 BignosiaHo.
OpHak, SIKIIO MOPIBHIOBAaTH MK COOOI0 3HAHHA 1 3T€HEpPOBAaHUN TEKCT, OYEBHIHE 3HAYHE IaJ[IHHS
3HaueHHs Koe(illieHTa 10 p,, (Dg,) = 0,335. Lle BigOyBaeThCcs 4yepe3 Te, M0 HA BIAMIHY BiJ 3TeHe-
POBAHOTO TEKCTY, CEMAaHTHYHI MITKU 3HAHHS MAlOTh 3HAYHO OUIBIIY Bary i BiAMOBITHO 00’ €THYIOTH
OLTBIITY KUTBKICTh CEMAaHTUYHO TOB’SI3aHUX TEPMIHIB, ITiIBUIYIOYN TAKHM YHHOM CEMaHTHYHY 3Ha-
qymiicte Mozaesi. Yepe3 3HauHO OUIBIIY KIJIBKICTh KJIACTEPIB-CTEM B MOJAEISAX 3T€HEPOBAHOTO TEK-
CTY, MATBEP/XKY€ETHCS TOJIOBHA 1/1€s1 BUKOPUCTAHHS MOJIETI B 33/1a4aX aBTOMaTUYHOT 00pOOKH 3HAHB
B CHCTEeMax IeHeparlii BiMoBiel — TEpMiIHH HE 00’ €THYIOThCSI B CEMAaHTUYHI MITKH, OCKUJTBKH HE

https://doi.org/10.32782/ mathematical-modelling/2022-5-1-4
38



ITPUKIIA/THI ITHNTAHHA MATEMATHYHOI O MOJE/IFOBAHHA Ne 5.1, 2022

ICHY€ HISIKOTO CEMaHTHYHOTO 3B’SI3Ky 3HaHb B IMOYAaTKOBOMY TEKCTi, III0 HAOYHO IMOKA3y€ aJeKBaT-
HICTb pO3p0o0JIEHOT MOIETTI.

OxpeMoI0 1 BaXKITMBOIO TIEPEBIPKOIO aJIEKBATHOCTI aITOPUTMY NOOYIOBA CEMaHTHYHOI MOAET1
TEKCTy € OIlIHKa CEHCOBOI MICTKOCTI CEMaHTHYHHX MITOK gokyMmeHTy. ChopmynboBaHa Trimoresa
Ma€ Ha yBas3i, 110 YTBOPEHI CEMaHTUYHI MITKH JOKYMEHTa MalOTh HaWOUIbIIY KUIbKICTh MEPETHHIB
13 CEMaHTUYHUMHU KOHTYPAaMH TOMi, KOJM BOHHU MICTATh HAMOULIBITY KUTBKICTh CEMAHTHYHO 3HAYH-
MHUX CTEM y CBOEMY CKJIafi. SIKIIO I1e TaK, TO OTPUMaHa MOJIEb CIIPOMO)KHA aBTOMAaTHYHO CKJIaJIaTh
CEMaHTHYHI Te3aypyCH IMOHSATh, BCTAHOBIIOIOUM BIAMOBITHOCTI MK HaO0OpaMu pe4YeHb Ta CEeMaH-
TUYHOIO MITKOIO JOKYMEHTY, Peai3yloun MPH IbOMY CXEMY PO3YMiHHS a0CTPaKTHOTO MOHSTTS 3aB-
JSIKK Ha0O0py 3HAYMMHUX CITiB. Po3mistHemMo nipuinag 0OpoOKH TEXHIYHOTO TEKCTY, TeMaTHKa SKOTO CTO-
CYETbCS TEMH KOCMOCY, a CaMe — KOCMIYHOTO PEJIKTOBOTO BUIIPOMiHIOBaHHS (pHC. 3).

etz SentenceCluster2

(5)

SentenceCluster0 "l

ntencaClusted

(5)

SentenceCluster3
(1)

ford Chestudd [118]

WordCluster0[118]

WordCluster1[119]

wedClustart (18]

WordCluster3[118]

rasdClustas3 [118]

WordCluster2[119]

SentenceClusterl

Puc. 3. CemanTuHa Moge/b TeKeTy «PeslikroBe BHIIPOMiHIOBAHHS»

Ha puc. 3 3006paxeHna ceMaHTH4HA MOJIENIb TEKCTY, HA OCHOBI SIKOi BUJTHO, 1110 KJacTep-cTemMa i3
HOMepoM «(0» Mae HalOLTBIIlY CyMapHY Bary 3B’s3KiB 13 CEMaHTUYHUMHU KOHTYPaMH, HIXK 1HIII, a KJlac-
Tep-cTeMa i3 HOMEpOM «3» HE Ma€ NIEPETUHIB 13 CEMAaHTHYHUMHU KOHTypaMu cteM. Toji, BiAIOBITHO
JI0 TIMOTE3H 10 TEPEBIPAETHCS, HYJIBOBHH KiIacTep Mae OyTH HaliH(GOPMATHBHIIINM 1 OHO3HAYHO
BKa3yBaTu CBOIM 3MICTOM Ha TEMATHKY TEKCTY, a TPETiil KiIacTep — MaTh y CBOEMY CKJaJli HeiH(op-
MaTHBHI 1 CEMAaHTUYHO HEOMHO3HA4YHI cTeMU. J[iliCHO, TIOPIBHSBIIN KJIACTEPU MK COOO0, MOXKHA
MOOAYUTH 3HAYYILY PI3HHUIIIO — HYJIBOBHM KJIACTEpP MICTUTh CTEMH (BCECBIT, PEIIIKTOBE, TpaBiTaIliii-
HUX, CYITyTHUKOBUX, BUTIPOMIHIOBAaHHS, KOCMIYHE Ta 1H.), IO HE TIILKH MIOB’s13aHi 13 TOJIOBHOIO TeMa-
THKOIO TEKCTY, a 1 CEMaHTHYHO TIOB’s13aHI MK COOOIO Tay3eBOIO CIIPSMOBAHICTIO. 3 1HIIOTO OOKY,
KJIacTep, 110 HE MOTPANKB y CEMAaHTHUHY MEPEKY, He IPECTABIISIE HISIKOI CEHCOBOT LIIHHOCTI, Ha BECh
KJIacTep MPHUCYTHS JIMIIE OJHA CTEMa, II0 MA€ BITHOLIEHHA J0 TEMU KOCMOCY (TEJIeCKOIl), 1HIII —
SBIISIIOTH COOOI0 CEMAaHTHYHO y3arajbHEHi CIIOBa, 110 HE BU3HAYAIOTH HisKOI MPEMETHOI Tajy3i.

Ornrcana o1iHKa CEHCOBOI MICTKOCTI CEMaHTHYHUX MITOK JJOKYMEHTY HE OOMEXKYEThCS KiTbKOMa
TecTamH, 1 Oyia mpoBezieHa sl OKPeMOoi TeCTOBOT 0a3u 3HaHb, OCKUIBKM CaMe BOHA BKa3ye Ha 3aJIexk-
HICTh CTPYKTYPH CEMAaHTHYHOI MEpeXi 1 CEeMaHTWYHUX BIACTHBOCTEH JOKyMeHTy. s mporo Oyro
MEePEeBIPEHO 65 CEMaHTUYHHMX MOJEJCH, s SKUX Oylno po3paxoBaHO KOe(IIEHT cepelIHbOl ceMaH-
THUYHOI EMHOCTI € (3) IO KOXKHii1 3 TeM — eKoHOMiKa, (hirocodis, iHpopMalliiiHi TEXHOIOTIT 1 aCTPOHOMIS:

s Vi
¢ = 0 ]\]rv L 3)

ne N, —KUIbKICTh TEPMiHIB, CEMAaHTHYHO ITOB'sI3aHUX 3 TEMATHUKOIO 3HAHHS B KJIACTEPi-CTEMi 3 HAlO171h-
II0}0 3ar AJIbHOI0 BAarot0 3B's13K1B 3 KJIACTEpaMH-PEUCHHAMU (CHIIbHI KIacTepu ), N, —KUIbKICTb TEPMiHIB,
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CEMaHTHYHO MOB'sI3aHUX 3 TEMATUKOIO 3HAHHS B KJIACTEPI1-CTEM13 HYJIbOBOIO 3arajIbHOI0 Baroro 3B's13KiB 3
KJIacTepaMU-pedeHHsAMHE (cialki kiiactepu), N — 3arajbHa KUIbKICTh IPOBEIEHUX TECTIB IS 3a/1a-
HOI TEMH.

Jlanuii koedilieHT TOKa3ye, Yy CKUIBKM pPa3iB MIIJIBHICTh CEMAHTHYHO BAXKJIMBUX TEPMIHIB
B CUJIBHMX KJIaCTe€pax MEepeBUIIYE HIUIbHICTh CEMAHTUYHO BOXKJIMBUX TEPMiHIB B CIIA0OKUX KJIacTepax.

OTtpumaHi pe3yJbTaTH PO3paxyHKy CEHCOBOT MICTKOCTI [Tt KOYKHOTO TEMAaTHYHOTO HA0OPY TEK-
CTiB MOKa3yIOTh, IO Y MPOBEACHUX T€CTaX KIJIbKICTh CEMAHTUYHO 3HAYHUX TEPMIHIB y CEMaHTUYHO
CHJIBHUX KJIaCTepax 3HaYHO MEePEBUIIYE KITbKICTh TEPMIHIB Y CEMAaHTUYHO CIIa0KUX KJ1acTepax, He3a-
JISKHO BiJl KUIBKOCTI, pO3MIipy Ta TEMaTHYHOI CIIPSMOBAHOCTI JOKYMEHTIB: JJIT TEMATUKH «EKOHO-
Mika» (15 TOKyMEHTIB) KUIbKICTh TEPMIHIB Y CHJIBHUX KJIaCTepax y cepeaHboMy y 2,98 pasu Oinbla
HIXK Yy cnabkux, /Ui TeMatuku ¢igocodis (21 noxkymenr) y 3,37 pasu, Al TEMATUKU «aCTPOHOMIS»
(24 noxymenTa) y 3,47 pa3u, A TEMaTUKU «iHPOpMaLiiiHi TeXHOOTi» (5 TOKyMeHTiB) y 4,44 pasn.
[Ipu mpoBeneHH1 AOCIIHKEHb HE BpaxOByBajach Bara creM ado ix Oy/Ib-sIKe CHHTAaKCUYIHE CITIBBITHO-
IIEHHS 13 TEKCTOM — TOB’513aH1 TEPMIHU OLIIHIOBAJIUCS JIUILIE 3 TOUKH 30py HAJIEKHOCTI 10 TEMaTUKU
JOKYMEHTY, TOMY OTPHMaHi pe3yJbTaTH BKa3ylOTh Ha LIJIKOM aJeKBaTHE ()OPMYBaHHS CEMaHTHUYHUX
MITOK JJOKYMEHTY — KUIBKICTh CEMAaHTHYHO 3HAUMMHX TEPMIHIB y KJACTEPi-CTeMi MPsSMO MPOIOp-
1ii{Ha 10 KUTBKOCTI Ta Bard OB’ SI3aHUX 13 HUM CEMAaHTHMYHHUX KOHTYPIiB peueHb y MOOyA0BaHUX MOJIe-
JSIX JJOKYMEHTIB, 10 JIOBOAMTH 3aJICKHICTh CTPYKTYPH CEMaHTHYHOI MEpEXi caMe BiJl CEeMaHTHYHOI
CKJIQJIOBO1 TEKCTY, 1 IOBOAMTH i1 aJICKBATHICTb.

BucHoBku

J171s1 OIIHKHM OTpUMaHUX 3a JJOTIOMOTOI0 CEMaHTUYHOT MOZICITI pe3y bTariB Oyna chopmyaboBaHa
Ta BUKOHAHAa MOETaHa MepeBipka CeMaHTHUYHUX BIACTUBOCTEH po3po01eHo1 Mozieni /Uil BU3HAYCHHS
3aJIS)KHOCTI Came BiJl CECMAHTUYHUX, a HE BiJl YACTOTHUX XapaKTePUCTHK JOKyMEHTY. BukoHanuii psin
MOPIBHSJIBHUX TECTIB JOBIB, 110 OTPUMaHa MOJIENb € a/IeKBaTHOIO 1 MOXE 3aCTOCOBYBATUCS 3aiJis
0€3CI0BHUKOBOTO YHIBEpCAIBHOTO MiAXOY 0 KUTbKICHOTO OMUCY CEMAaHTHYHUX BIACTUBOCTEH TEK-
cTy. BectanoneHo, 1o yepe3 3HauHO OLTBITY KUTBKICTh KJIACTEPIB-CTEM B MOJICIISIX XaOTHYHO 3T¢HE-
POBAaHOTO TEKCTY MIATBEPAXKY€ETHCS TOJIOBHA TiIIOTE3a BUKOPUCTAHHS CEMAaHTHYHOI MOJEII B 3aja-
yax aBTOMaTMYHOi OOpOOKH 3HaHb B CUCTEMax reHepallii BilMoBiiel — TepMiHM HE 00'€IHYIOThCS
B CEMaHTHYHI MiTKH, OCKUTBKH HE ICHY€ HISIKOTO CEMaHTUYHOTO 3B'SI3KYy 3HaHb B I0YaTKOBOMY TEKCTI,
110 HAOYHO TOKa3ye aJIeKBaTHICTh Po3po0iieHoi Mozelni. byiio BcTaHOBIEHO, IO KUTBKICTh CEMaH-
THUYHO 3HAYMMMX TEPMIHIB y KJIacTepi-CTeMI MPSMO MPOIOPIIiiiHA 10 KITBKOCTI Ta Baru MoB’A3aHuX 13
HUM CEMAHTUYHUX KOHTYPIB PEUCHB Y MOOYIOBAaHUX MOAEIISX TOKYMEHTIB, 1110 JOBOJHTD 3AJICKHICTH
CTPYKTYpU CEMAHTUYHOI MEPEXI caMe BiJ] CEMaHTHUYHOI CKJIaZ0BOI TeKCTY [5]. 3aBAsKM LIbOMY CTa€e
MOXJIMBUM IOJI0aTH 0OMEKEHHSI TIyMauyHO-KOMOIHATOPHOTO CJIOBHUKA, 1110 HAKJIaIaB CTPOT'l paMKU
BUKOPHUCTAHHS JIIHTBICTUYHUX 3HAHb HAa CTBOPEHHS MPHUKIATHUX MPOTPaMHUX MOJENEH, 1 3acToCy-
BaTH MapaJurMu M’sIKOro po3yMiHHs JICOHTEBOI AJI1 aBTOMATUYHOI I'eHepallii TeKCTiB, aBTOMaTHY-
Hoi Kiacudikamii JOKyMEHTIB 1 IHIIMX 3aBIaHb aBTOMAaTUYHOI 00OpOOKH TEKCTiB [5].
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M.b. JIITBIHOBA, O.. LITAHBKO

XepCoHChKHI HaBYAJIbHO-HAYKOBHH IHCTUTYT
HaunionansHoro yHiBepcuteTy KopabieOyyBaHHs iMeHi aaMipaia Makaposa

MOJIEJTIOBAHHSA ®I3UYHUX BJJACTUBOCTEM HEHTPY EL2 B APCEHI/I
TAJIIIO 3A PE3YJIBTATAMU BUCOKOTEMIIEPATYPHOI AU ®Y31i JOMIIIIOK

Bugueno npupody ennugy ionany ma oughysii Oomiuiox amomie Kaomito i celeny Ha 3MIHY K8AHMOo8oi eghekmus-
HOCMI BUNPOMIHIOBAHHA, WO IHOYKYeEmbes yenmpamu EL2 6 monokpucmanax apcenioy eanito. Bukopucmano nopieHaisHy
MEMOOUKY 8UCOKOMeMNepanmypHoi Ou@y3ii 0oMiuiox 8 ymogax eaxyymy i ammocghepu muwi'sky. 3a ooepicanumu pe3yiv-
mamamu 30iUCHEeHO MOOETIOBAHNS CIPYKIMYPHUX, GUNPOMIHIOBAIbHUX MA THWUX Qizuunux eracmusocmell yenmpie EL2
6 MOHOKpUCIANLAX apceHioy 2anito. Bcmanosneno, wjo xapaxkmep i cmeninb 3MiHU K8AHMOBO! eeKmugHOCmi UNpoMi-
HIOBAHHS Yepe3 Yi YeHmMpU GU3HAYAIOMbCS 8AKAHCIUHUM CKIAOOM KPUCMALIE | 00YMOBIEHO BIPOCIOHICIIO YOpMYBAHHS
Komnaexcie EL2-0omiwika.

Jna 0ocnioxcerv OVIU BUKOPUCMAHT KPUCMATU HANIBI30NI0I04020 HeleeosanHo2o GaAs n-muny npogionocmi, uo
supoweni memooom Hoxpanvcokozo 3 opienmayicto (100) i numomum onopom p=7*107-2x10° Om*cm. Konyenmpayisn
yenmpie EL2, wo ¢ enuboxumu oonopamu, 6 nux cmanosuia N=(1.2-1.8) <105 cm?. Veeoenns oomiwxu cereny abo
KAOMIt0 30IUCHIOBANOCA 8 3pA3KUu moswuno ~2 mm npu memnepamypi 900°C npomsieom 4-8 2o0un 3 nooanvuum 3azap-
myganuam. Taxodc npoeoouscs KOHMpPOIbHULL BIONAT 3pA3KIE be3 yeeoeHHs domiuok. Bin eiodysascs y eakyymi ma npu
HAOMIPHOMY MUCKY NApié Muwi'aKy 8 mux dce yMo8ax, wo i npu ougysii ceneny ma kaomiro. Busuenns ma mooenosanus
MexaHizmie hopmysanus cnekmpie pomontominecyenyii, cenekmuerHo2o 30y0xceHHs ToMiHecyenyii ma ¢omoaacinus
sunpominiosanta yepes yenmpu EL2 npoeoounocs 3a cmaHOapmuumu MemoouKamil.

3pobaenuti ananiz ompumanux O0auux 3 nozuyii mooemosanns cmpykmypu yeumpie EL2. Bcmanoeneno, wjo
6 Kpucmanax 3 oegpiyumom 2aniio noonusy anmucmpykmyprux oegexmie As ., (amomu muw'aky na nosuyii 2aniio) sna-
xooamucs eaxaucii Ga. ¥ mou camuil yac 30inbueHHs. KOHYeHmMpayii 6aKancitl MUuL'sKy 6U3HAYAE came ixX JOKAni3ayir
nobnusy anmucmpykmyprux oegpexmis As . Omoice Hatbinbw 6ipo2iOHUM GUPTUEHHAM NUMAHHA CHOCOGHO CKAAOY YeH-
mpy EL2 € me, wo umo8ipHicms ymeopeHHs KOMNJIEKCi8 Ne8HO20 CKIAOY 8UHAYAEMbCA KOHYEHMPAYIEI TUX YU THUUX
MouKosux Oeghexmis 6 Kkpucmani. 3mina KoHYenmpayii MouKogux Oeghexmis 00yMOGIIOE 3MIHY CIMPYKIMYPU KOMIIEKCY
AsGa-moukosuii Oeghexm Ha KOpUcnb 0oMinyiouo20 degpexmy abo 6iocymuicmos mouko6o2o degpexmy noonusy As.; .

Kniouosi crnosa: apcenio eanito, MoOent08aHHs, AHMUCMPYKMYPHUL OedeKm, mouKkosuil degexm, 0omiuKu, Oudy-
318, izuuHi 61ACMUBOCTII.

M. B. LITVINOVA, O. D. SHTANKO
Educational-Scientific Institute of Admiral Makarov National University of Shipbuilding

SIMULATION OF THE EL2 CENTER PHYSICAL PROPERTIES
IN GALLIUM ARSENIDE ACCORDING TO THE RESULTS OF THE IMPURITIES
HIGH-TEMPERATURE DIFFUSION

The nature of the annealing and diffusion effects of impurities of cadmium and selenium atoms on the change of
the radiation induced by EL2 centers quantum efficiency in gallium arsenide single crystals was studied. A comparative
technique of high-temperature diffusion of impurities in vacuum and arsenic atmosphere was used. According to the
obtained results, modeling of structural, radiative and other physical properties of EL2 centers in single crystals of
gallium arsenide was carried out. It was established that the nature and degree of change in the quantum efficiency
of radiation through these centers is determined by the vacancy composition of the crystals and is determined by the
probability of the formation of EL2-impurity complexes.

Crystals of semiinsulating unalloyed n-type GaAs conductivity grown by the Czochralsky method with (100)
orientation and resistivity p=7x10’-2x10° Om xcm were used for the research. The concentration of EL2 centers, which
are deep donors, in them was N=(1.2-1.8) x10'° cm™. The impurity of selenium or cadmium was introduced into samples
with a thickness of ~2 mm at a temperature of 900°C for 4-8 hours followed by quenching. A control annealing of
samples without inclusion of impurities was also carried out. It took place in a vacuum and under excessive pressure of
arsenic vapors under the same conditions as during the diffusion of selenium and cadmium. The study and modeling of
the mechanisms of formation of photoluminescence spectra, selective excitation of luminescence and photoquenching of
radiation through EL2 centers was carried out according to standard methods.

An analysis of the obtained data was made from the point of view of modeling the structure of EL2 centers. It
has been established that Ga vacancies are found in gallium-deficient crystals near As . antistructural defects (arsenic
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atoms at gallium positions). At the same time, an increase in the concentration of arsenic vacancies determines precisely
their localization near As., antistructural defects. Therefore, the most likely solution to the question regarding the
composition of the EL2 center is that the probability of formation of complexes of a certain composition is determined by
the concentration of certain point defects in the crystal. A change in the concentration of point defects causes a change in
the structure of the AsGa-point defect complex in favor of the dominant defect or the absence of a point defect near As,.

Key words: gallium arsenide, modeling, antistructural defect, point defect, impurities, diffusion, physical properties.

ITocTanoBka nmpoodeMu
HeneroBanmii apceHin rajiiro € OIHUM 13 HaMiBIPOBITHUKOBUX CIIOJIYY€Hb, 10 ITHPOKO BUKO-
PHUCTOBYIOTHCSI J1s1 CTBOPEHHS €JIEMEHTIB BUCOKOYACTOTHOI IHTEIPaJIbHOI MIKPOEJIEKTPOHIKH 1 IETEK-
TOPIB 10HI3YyIOUOTO BHUIIPOMIHIOBaHHS. AHTUCTPYKTYpHi Aedektn EL2 BimirparoTb OCHOBHY pPOJIb
y BU3HAYCHHI HAMIBI30JIOI0UYMX BIACTUBOCTEH MOHOKPHUCTAIIIB HEJIETOBAHOTO apceHiay ramuito. Jlani
PO CTPYKTYPHI Ta PEKOMOIHAIIIHI XapaKTePUCTUKU LUX IEHTPIB CIPHUSIOTh OTPUMAHHIO SIKICHUX
KPHUCTAJIB 13 33JaHUMH BJIACTUBOCTSIMHU.

AHaJIi3 0CTaHHIX J0CTi/zKeHb i myOrikanii

HesBaxaroun Ha TpuBase BuBdeHHs 1IeHTpY EL2, Binkpuroro me 1963 p. Ta i1eHTH(IKOBAHOTO
K TUOoKuil 1oHop y 1976 p., noci He icHy€e €AMHOT TyMKH PO #oro cTpykrypy [1-6]. [Tounnaroun
3 1982 0cHOBOIO pI3HUX MOAENEH LBOr0 LEHTPY € aHTUCTPYKTYPHUN JA€PEKT — MUILLI'SK Ha MO3ULIT
Tajiro As, [7-8]. Onnak no TETePINTHLOTO Yacy OAHI aBTOPH BBaxkaroTh, 1o EL2 — 1ie i301p0BaHi
nedexru As . [1,2], iHIIi BBOXKAKOTh iX KOMILIEKCAaMU AS . 3 MKBY3JIOBUMU aTOMaMHU MHII'SAKY AS,
(As_-As) [3], abo 3 Bakaucismu raniro V. (As -V ) [4] abo 3 OABIHMM BaKaHCIHHMM CKJIAJIOM
(As,-V, V. [5]. IcHyrOTh TakoX JaHi, 110 J03BOJISIOTH TOBOPUTH Mo teHTpu EL2 sk cim'to nedek-
TiB As_ +X [6], sIKi B IpOLECi TEPMOOOPOOKH MOKYTh 3MIHIOBATH CBil CKJIaJl 10 €J€MEHTY X.

PexomOinaniiiHi mporecu 3a yuactio LeHTpiB EL2 iH1yKy10Th 0SIBY B CTIEKTpax HU3bKOTEMIIEpa-
TypHoi (T=77 K) doTomominecueHii CMyru BUIPOMiHIOBaHHS 3 €HEprieo MakcumyMy hv_~0.65 eB,
sKa € cynepriosuniero cmyrzhv ~0.631hv_~0.68 B (puc. 1 (a)) [1]. [lepuia 3 HMX BUKJIMKaHa BUIIPOMi-
HIOBAJIbHUM 3aXOIUICHHSIM BUIBHUX €JIEKTPOHIB € 3apspkeHnmu aepexramu EL2" (mepexin e—>EL2Y),
Jpyra — BiTbHUX Aipok h HelTpansaumu nedexkramu EL2° (mepexing h—EL2°) (BcTaBka Ha puc. 1(a)).
Ha edexTuBHicTh pekoMOiHaLlli Yepe3 HEHTPH, 10 PO3IVISIAI0THCS, BIUTUBAIOTH psi pakTopi. Hacam-
nepen, ue npouecu camonudysii B GaAs. udy3is Bl HOBEpXHI KPUCTANIIB BaKaHCIH MUILI'AKY ]
qac BUCOKOTeMIIepaTypHoi TepMooopoOku (TO) marepiady B yMOBaxX BakyyMy BUKJIMKA€ 3MEHIIEHHS
koHneHtpariii nearpis EL2 (N ) BHachmigok peakiii

AsGa+VAs < VGa+ AsAs, (D)

Ta 3HWKEHHS iHTEHCHMBHOCTI BMIpoMiHioBanHsa 3 hv =0.65 eB (10.65). Hapnaku, dopmysanns
Hopux nentpis EL2 mpu TO 3a ymoB HammMumikoBoro Tucky mapiB As (p, >9.8-10* Ila) Bene
1o 36inbmenns I [2].

Takox BiJIOMO, 110 3HMKCHHS IHTEHCHBHOCTI BUIIPOMiHIOBaHHA 3 hv_~0.65 €B mae micue min
yac yBeeHHs 10 KpuctaiiB GaAs aTomiB Miji, 1110 3yMOBJIeHO macuBattiero aedextis EL2 y pe3yib-
tati popmyBanHs KoMiiekciB EL2-Cu [3]. OngHak BIJIUB IHIIUX JOHOPHHX 1 aKIIENTOPHUX JTIOMIIIIOK
Ha e(peKTUBHICTh pEKOMOIHAIIIT Yepe3 IICHTPH, 10 PO3IIAIAIOTHCS, € MAJIOBIIOMUM.

EL2

Meta po6oTn
MerToro po0oTH € 3a pe3ynbTaTaMy MOPIBHSUIBHOI AUQY3ii TOMIIIOK CelIeHy 1 KaaMilo B yMOBax
BaKyyMy Ta arMoc(epu MUNI'SIKY B MOHOKPUCTAIIA apCEHITy Tallito MPOBECTH MOJACIIOBaHHS (i3nd-
HUX BiacTUBOCTEH 1eHTpiB EL2.

BuK/1aJeHHSI OCHOBHOI'0 MaTepiajy A0C/iKeHHA
Hawmu 6ynu BukopucTani Kpucranu HamiBizomtorodoro Henerosanoro (HIH) GaAs n-tumy nposij-
HOCTI, 1110 BUpOIIeHi MeTonoM Yoxpanbcbkoro 3 opienTaitieto (100) i mutomMum oropom p=7x1072x108
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OmxcMm. Konnienparist nentpis EL2 Oyna 3HalieHa METOIOM ONTHYHOTO MTOTJIMHAHHS KBaHTIB CBIT/Ia
3 eneprieto hv=1.04 eB [7] i cranoBuia N=(1.2-1.8)x10'® cm~. BuxigHa pi3HHIIS IHTEHCHBHOCTEH CMyT
®JI 3 hv_~0.63 i hv_~0.68 €B mnpu 77 K e nepesuiryBana 6%. OCKiIbKM B CIIEKTPANIbHIA JIIAHII,
110 BUBYACTBCS, TAKOXK MOXKYTh OyTH CMYTH, IO 1HIYKYIOThCS aromamu kucHio [4, 5] (hv_~0.63 eB),
HaMHU TaKoX OyJI0 MPOBENICHO JIOCIIKEHHS CIIEKTPiB cesleKTUBHOTO 30ypkeHHst DJI. Pesynbratu doto-
raciHHS BUIPOMIiHIOBAIBHOI pekoMOiHarii yepe3 nedexru EL2 1o i micis BBeAeHHS JOMILIKH B 3pa3Ku
JIO3BOJIJIM TIOB'SI3aTH BC1 BUSBJICH] B 111l po0OTI edekTu 3 rieHTpamu EL2.

VBeneHHsI JOMILIKH (cenenHy abo KaMiro) 3/11HCHIOBAIOCS B 3pa3Ky TOBIIUHOIO ~2 MM IIPH TEM-
neparypi 900° C mpotsrom 4-8 ToIWH 3 TOAAIBIINM 3arapTyBaHHsIM. HaaxomKeHHs JOMIIIKY Bij-
OyBasocs 3 TepmiuHo HaruiieHoro mapy Cd (Se) ToBumHo0 1 MKM, 1110 3a0e3meunino yMoBu audy-
3if 3 mocriiiHorO /HKepena. [ToBepxueBuii map Ga2Se3, mo yrBopHuBcs micas audysii Se, BUuaamsum
B KHUCJIIOTHOMY TPaBHUKY.

Judy3is 1oMIIIOK MPOBOAMIIACA Y BaKyyMi Ta MPU HAJIMIPHOMY THCKY MapiB mumr'sky. I1pu
TEpMOOOPOOIIi 3pa3Ku MOMILIATKCS B KBAPLIOBI aMITyJIH 3 poOoouumM 00'eMoM ~4 cM™, sKki Oysu more-
PEINHBO 3HEKUPEHI 1 MPOTPYEH] B APCHKIH TOPUIIT, 10 3HUKYBAJIO HEKOHTPOJILOBAHE 3a0pyTHCHHS
KPHUCTAJIB MiII0. AMITYJIH BigkadyBaaucs 10 TucKy <107 ITa. J{jist CTBOpEHHS HAUTUIIIKOBOTO TUCKY
napiB As y HUX MicTuiiacs 1o0aBka MuLI'sIKy Macoro 20 Mr. OCKiIbKH 3HaUeHHs KoedimienTa qudys3ii
ans fomimok npu temneparypi 900°C (D =310 em*-¢!, D, =7-10" cm?c-1 [6]) € icTOTHO HUKYHUM,
HiK U1 BakaHcid mum'saky (D, =1-10 em,-c'), nudysis y Bakyymi 3a0e3neuyBajia HaJXOKEHHS
JIOMIIIIKH B KPUCTAJIU 3 Je(PILIUTOM MHII'SKY, a IPU HaJMIPHOMY THCKY MapiB As — B KPUCTAJIHU 3 HOTO
Ha/UTUIIIKOM.

Tako MPOBOAWBCS KOHTPOJIBHUHM BiAmas 3pa3kiB 0e3 HamwICHHs ToMimKu. BiH BigOyBaBcs
y BaKyyMi Ta IpU HaJMIpHOMY THCKY MapiB MHUILI'SIKY B THX € yMOBaXx, 110 1 npu Audy3ii ceneHy
ta kaaMito. KoHleHTpartiiro HociiB 3apsay 3 n > 10'° cm~ Bu3Ha4am 3a MiBIIMPUHOIO KPAOBOi CMYTH
@JI mpu 300 K [1].

Busuenns cnekrpiB ®DJI ta cenextuBHOrO 30ymkeHHs mominecuenuii (C3JI) mpoBoaunocs 3a
cranmapTHaMH Metomukamu [8]. J[xepenom 30ymkenns ®JI OyB remiii-HEOHOBUH J1a3ep i3 TOBXKH-
HOIO XBWI BurnpomiHtoBaHHs 0.63 mxM. J{ns orpumanus cnektpiB C3JI BukoprucToByBasiacs jgamima
KI'M noryxnictio 60 Br. Cenexrusae BuieHHs cMyr 30yuKkeHHs Hamisumpunoo w, <0.8 meB
notyxHicTio 4-6 MBT B 061acti hv_ =1.0-1.52 B 3uilicnroBanocs monoxpomaropom MJIP-2. Tnren-
cuBHICTh BunipomintoBanns (1) npu 77 K B o6nacti 3Ha4ens hv_>1 eB peectpyBanacs 3a 1010MOroro
®EY-68, a mpu hv_< 1 eB — 3a nonomororo repmanieoro poroxiona ®JI-9I, mo oxonomkysascs.
Jani BinOyBaBcs aBTOMaTUYHHUI MEpEepaxyHOK 3HAUYEHb BIJHOCHOI IHTEHCHBHOCTI BUITPOMIHIOBAHHS
Iarb:Im/Iex (Iex— BIJINOBI1/IHA IHTEHCUBHICTH 30ymkeHHs DJT).

[Ipu BuBYEHHI oTOraciHHSA BUIPOMiHIOBaHHS uepe3 neHTpu EL2 3pa3zok crnouarky HarpiBaBcs
1o T=(155+5) K i BurpumyBaBcs npu Takiit remneparypi 10-11 xB. IToTiM BiH pi3KO 0XOJOIKYBaBCs
IIponeypa moBTOPrOBAIACS NMEPE BUSHAYEHHAM KOXKHOTO HOBOro 3HaveHHs [ (hv_ ), kpok Bumipro-
BaHb cKnanas Ahv, =2 meB.

Mooenv eunpominroeannusn uepe3 yenmpu EL2

a. HIH GaAs (n-mun npogionocmi). Ilpu BnacHomy 30yxenHi @JI y cranioHapHOMY BUTIAJIKY
IHTEHCUBHOCTI CMYT JIFOMiHECHeHIii, o oOymoBieni aedexramu EL2" (I ) 1 EL2° (I, ) (puc. 1(a))
€ onHakoBuMH [ 1, 3]:

I0.68210.63' (2)

Tomi y BUCOKOOMHOMY HEJIETOBAaHOMY MaTepiai:
Io&acho ’ NELz"' 3p, (3)
I, ,;=cn"-N_ . -én=cn"- (N, —N_ o)sn, 4)
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Puc. 1. Cmyra sunpominosanus 3 hv_~0.65 eB
npu T=77 K B cniextpi ®JI kpucraaiB apceniny raJiro:
a) — po3KJIajl HAa CKJIA/I0Bi 3 MaKkcUMyMaMu BUnipominioBanus Ha 0.63 i 0.68 eB.
Ha BcraBui moka3aHo BiAnoBiIHi onTHYHI Mepexonu;

b) —3mina I . B pesyabrari BBeaenns kaamito (N_,=8-10"7 cm);
¢) —3mina I B pesyabrari BBenenns ceaeny (N =3-10" cm).
Kpusi: 1 — suxigni HIH kpucraam;

2 — TO B BakyyMmi 0e3 1oMilIKH;

3 —TO B atMocdepi As Ge3 1oMilIKH;

4 — toMilIKy BBeJIeHO B BaKyyMi;

5 — nomimky BBegeHO B aTMOcdepi As

I arb.units

Jie 5n U 8p — HEPIBHOBAXKHI KOHIIEHTPALlli €JIEKTPOHIB 1 IipoK (3n,8p>>n , p.; N, p, — IX pIBHOBaXHI
KOHIIEHTpaIlil); cn* u ¢’ — Koe(illieHTH BUIIPOMIHIOBAJILHOTO 3aXBaTy €JIeKTpoHiB aAedexkramu EL2*
u aipok nedexramu EL2°, BinmosinHo; N+ UN o= KOHIICHTpAIIi1 X 1e(PeKTiB; N, , —ix cymapna
KOHIIeHTparlis. 3 Bupasis (2), (3) 1 (4) BuruuBae, mo

Cpo " N0 8p=cn™(N, — N 0)-0n, (5
Nj,; 0= (ent+8Ny, ,-6n) / (¢ *-0p + cn’-6n). (6)

OCKIIbKHU cp°<<cn*, 10 N, ,0=N_ ., 1, IK HACJIi/IOK,
Lo6s™ Cp0 ’ NELz'Sp : (7)

0. GaAs(Cd). B Hu3bKOOMHOMY Matepiali 3 p-THIIOM POBIIHOCTI (p >>0n,0p) B piBHOBa31 BCl LIEHTPH
3AIOBHEHI JPKAMH 1 PIBHOBAXKHA KOHLCHTAlLL N, =0, a HEPIBHOBAXHA — ON ,o<<N_, ,. Tomy B ymoBax
JHIMHOT peKoMOIHaLLIT HOCITB 3apsi/ly IHTEHCHBHICTb BUTIPOMIHIOBaHHS 4epe3 1ieHTpu EL2 cknanae:

I, =€, "(N ,-0N_ 0)on ~ ¢ N -dn. (8)

B. GaAs(Se). B HHU3bKOOMHOMY MaTepiali n-TUIly IPOBIIHOCTI (N >>3n,5p) BCI IEHTPH 3alIOBHEHI
€JIEKTPOHAMH, PIBHOBa)KHA KOHIIEHTPAIIis N, =0 1N N, Toni 13 (2) BUILIMBAE, 110

EL2

EL20
¢, 0Ny ,+-0n = ¢ *(Ny, ,otON, ,0)-0p. 9)
Ockinbku Ny o>>N_ 00, TO B yMOBaXx JiHIHHOI peKOMOIHaLlii HOCIiB 3apsiy:
Lis=¢," N, ,*0p. (10)

Pe3ynomamu nopienanvnoi ougy3ii domiuiok
Hudyszis kanmiro. Ilicnst audysii aTomiB KaaMilo MOBEPXHS KPHUCTANIIB XapaKTepH3yBajacs
p-TUIIOM IPOBiAHOCTI. JIeryBaHHs B yMOBax BakyyMy BUKIHKaio 3HMKeHHs 10.65 Tiero x miporo,
mo i 6e3 pomimku (puc.1(b), kp.2, 4). [Ipu HanmipHomy TucKy napu As audysis Cd npuzBonuna
710 3MEHIIEHHS] IHTEHCUBHOCTI BUIIPOMIHIOBaHHA 4epe3 leHTpu EL2, a Bignan KOHTPOJIbHUX 3pa3-
KiB 0e3 JOMIIIKK — A0 Horo 30uibmeHHs. 3HadeHHs [0.65 Ha mOBepXHi JIETOBAaHUX KPUCTaIIB Oyiu
Ha 2-3 TOpSIIKKM HIKYE 3HAUCHb, [0 XapaKTepHi A Bianady 6e3 nomimku (puc. 1(b), kp.3, 5).
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Iy65,arb.units

16 BT 1 L aal 1 1
107 1018
Cd,Se, €M 0 1 1 ! )
0.9 1.1 1.3 1.5 1.7
hv,,, eV
Puc. 2. 3mina I 3a/1esH0 Bix KoHUeHTpaUii TOMilIKH: Puc. 3 Cnextp C3JI npu T=77 K:
4 — Cd; 5,6 —Se; 4, 5 — atmocgepa As; 6 — BaKyym. a) —moJiocu 3 hv  =0.68 eB;
Pospusni ainii rpadixa signosinarors I b) — mosocu 3 hv =0.63 eB.
1- y BuXigHoMy KpucTaJi; 1- y BuxigHOMy KpucTAaJIi;
2 —micast TO B atmocdepi As 6e3 qomimku; 2 — micas audysii kagmiro B atmocdepi As;
3 —micaa TO B Bakyymi 0e3 qoMimku 3 — micasa qudysii ceneny B atmMocdepi As

3anexnicth 10.65 B KOHIEHTpaLii TOMIIIKK MoKa3ana (puc. 2, kp.4), o BiIOyBaeThCS 3HU-
wenus [ (N,) 31 30UIbIIEHHAM BMICTY aTOMIB KajgMil0 B KpucTai. OCKUIbKM Ha MOBEPXHI JIETO-
BaHMX KPHUCTAJIIB CIOCTEPIraeThCs JIiHIHHA pPEeKOMOIHAIS HOCIIB 3apsiay, a 4ac iXHbOTO KHUTTS
(t.=(2-3)-10"°c) mano 3mintoBaBcs nopisHaHo 3 HIH GaAs (ue cBi4uTh IpO BiACYTHICTh HOBHX,
01111 €PEeKTUBHUX KaHAJIIB BUIIPOMIHIOBaJIbHOI Ta O€3BUITPOMIHIOBAJIbHOT peKoMOiHalli1), TO 13 CITiB-
Bignowens (10) i (11) Bunmsae, mo [ ~N_ . Tomy sumwkenns [ micna TO B atmocdepi As, K
i mpu neryBanHi Cu [1], BUKiInKane 3HMKEHHSIM KOHIIEHTpaLii i301p0BaHuX 1eHTpiB EL2 BHACTIIOK
yTBOpeHHs komiuiekciB EL2-Cd.

HiticHo, ockinpku atomu Cd y GaAs 3aiimarots Bakancii Ga, TO 10 CKJIaay KOMIUIEKCIB BOHH
MOXXYTh BXOIHUTH SIK EL2—CdGa. Sk 3a3Hauvanocs, 3HaueHHS koedimieHnTa qudysii s Cd ictoTHO
HIDKYE, HDK /17151 BakaHcii Munr'aky. Tomy MokHa BBaXkaTH, 110 KaaMii TudyHaye B 00J1acTh KpUcTana
Jie IPU HaZIMIPHOMY THCKY mapiB As 3HMKYEThCs [V, ] 1, BIINOBiAHO 10 Bupasy [2]:

[V.J[V.]l=kp, (11)

(v, J1[Vg] — xonnenrpanii Bakauciii As i Ga), 3pocrae [V | (zediuut ranito) [6]. 30inbIeHHs
urcna V., 1mobmu3y aHTUCTPYKTypHHX AedeKTiB As. chpuse yTBopeHHI0 Kommiekcis EL2-Cd .
V Toii xe yac nudysis y BakyyMi BiIOyBa€TbCsl B IOBEPXHEBY 00NACTh KPUCTaANA 3 BUCOKOKO [V, |
1, BiMOB1HO, HU3bKOKO [V . ]. lle Bu3Hauae Many WMOBIpHICTH GopMyBanHs KoMIutekciB As_ -Cd
i BBestenns Cd ne piimmBac Ha ..

Jugpysis ceneny. Ilicist BBEIEHHS aTOMIB CeJICHY IMMOBEPXHS KPUCTAIIIB XapaKTEepHU3yBaslacs N-TH-
oM npoBinHocTi. Jludysis B ymoBax BakyyMmy NPU3BOAMIIA 10 3HHKEHHS [ . OLIBIIOI0 MIPOIO, HIK
Bignan 3paskiB 6e3 gomimku (puc. 1(c), kp.2, 4). YV Toit camuii yac audysis Se y armochepi As
BHMKJIMKasa 30uiblienns I ., momo 3nadens OesnominikoBoro Bianany (puc. 1(c), kp.3, 5). O6unsa
e(eKTH MOCHITIOBAIMCS 31 3pOCTaHHAM KOHIEHTpauii gomimku (NSe) (puc. 2, xp.5, 6).

B ymoBax niniiinoi pexomOiHarii HOCIiB 3apsiTy, KOJIM 4ac UTTs T B 0OJIACTI JIEryBaHHs S¢ Bi/IOBi-
nas sHauennsam y HIH GaAs, 3 (8) 1 (11) Burumisae, mo I ~N_ , 13mina [0.65 Bu3HavaeThes 3MiHOIO N, .

301/IbIIICHHS IHTCHCUBHOCTI BUIIPOMIiHIOBaHHS uepe3 neHTpu EL2 micns mudysii Se B atmoc-
(depi MuII'sKy, HaliIMOBIpHIIIe, BUKIMKAHO YaCTKOBUM BUTICHEHHSIM aTOMIB AS JIOMIIIIKOIO, 1110 BOY-
JOBYEThCS B MiArpaTky Mumi'siky [6]. [Ipu 11boMy BUTICHEHI aTOMU MOXKYTh 3aiiMaTh BaKaHCIi raito,
YTBODIOIOYM aHTHCTPYKTYPHI IeheKTH (K 3a3Ha4anocs, [V, | 30inblryerses O moBepxHi KpucTa-
niB ipu TO B armocdepi As).
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3menenns [ BHacminok audysii ceneny npu TO y Bakyymi MOXKHA, SIK y BUTIAIKY 3 KaMieM
Ta MIJII0, TIOB'SI3aTH 31 3HIDKEHHSIM e()eKTUBHOCTI BUNIPOMiHIOBaHHS uepes3 nedektu EL2 y pesynb-
TaTi yrBopeHHs komiuiekciB EL2-Se. Crpasni, cenen nudyHnaye By3namu miarpatka As [7] 1 Moxe
yrBoproBaru komruiekcn EL2-Se, . Ilpu TO y Bakyymi, B pe3ynbrari BUIbOTY MHUII'SKY, JOMIIIKa
noTpamsge B 001acTh KpucTaia 3 BUCOKoIO [V, | (medinntoM As) i KOMIIEKCOYTBOPEHHS 00yMOB-
JIEHO THM, 10 BAKAHCIT AS MPUCYTHI MOOIM3Y aHTUCTPYKTYPHUX HA€PeKTIB As . OCTaHHE MOKIIMBE,
AKIIO HMOBIPHICTL peKoMOIHawii Mixk As 1V, (Bupas (1)) MeHie oquuuil, T06TO ICHY€ MOTEHIIIH-
HUM Oap'ep /1t Takoi pekoMOiHaIIii.

Domoeacinnsa eunpominosants yepez yewmpu EL2. TleBHHI BHECOK y BUIPOMIHIOBAHHS
3 hv _~0.63 eB, nopy4 i3 nepexramu EL2, MoxyTh BHOCHTH atomu KHMCHIO. Jlns 3'aCyBaHHs CTy-
MeHs BIUTMBY wi€l gomimku (a0o Oymb-sKuX iHIHMX Ae(EeKTiB, M0 3yMOBIIOIOTH BUIIPOMIHIOBAHHS
3hv _~0.63-0.68 ¢B [8]) Ha oTpumaHi B 111 poOOTI pe3ynbTaTh OyJI10 JOCIIHKEHO CIIEKTPH CENEKTHB-
HOTO 30YIKEHHSI CMYyT J'IIOMiHeCI_[e.HI_I.i'l. (C3JD) 3 hvm=0.§3 (I,06) 1 hv_=0.68 (?B (L 068) Y KUIBKOX
KOHTpPOJIbHUX KpucTanax GaAs 10 1 micisg BBeeHHs AoMiku B HUX. Ha criekrpi C3JI HIH GaAs npu
T=77 K (puc. 3 a, b, kp. 1) Buano, mo y obmacti hv_~1.102-1.458 eB mae miclie NPaKTUYHO MOBHE
racins L. oes 1 HEIOBHE TaCiHHSA L, o6 ITicna BBenenns aromiB Se a0o Cd 3 MakCUMAaJIbHOKO JUIS
uiei po6orn konnenrpaniero NSe (NCd) senmvmamen [, tal . (xpusi 2, 3 Ha puc. 3) B obnacri
(boToraciHHs He BIAPI3HSUINCA BiJl BIIOBIIHUX 3HAYEHb Y BUXITHUX KpHCTaJaX.

Binomo, mo edexr racinns Bunpomintosanus 3 hv =0.63 1 hv =0.68 eB npu hv_~1.1-1.45 ¢B
BU3HAYa€eThCs nepexofoM aedektiB EL2 10 onTuyHO HEaKkTMBHOTO MeTacTabunbHOTrO ctaHy [1].
3anuuikose (micis (ororacinbs) BUNpoMmiHroBaHHA 3 hv =0.63 €B, naliiMoBipHille, BU3HAYAETHCS
aromamu KMCHIO [S] (edext dororacinns KucHeBo-o0ymoBnenoi cmyru hv =0.63 €B nyxe manuii
MOPIBHSTHO 3 Tako0 X cmyroro aedekry EL2). IcnyBanHs (hoToraciHHs i Toi (pakT, 10 BBEACHHS 5K
KaJIMif0, TaK 1 CEJIEHy HE 3MIHIOE€ BEJIMYMHM 3aJTUIITKOBOI IHTEHCUBHOCTI [ 1l Ile cBiquuThH

arb.0.63 arb.0.68"
po Te, WO 3MiHu I . B MOMIIIKOBIH uy3iiHii 3001 00ymoBieHi nepexramu EL2.

BucHoBku

3a pe3ynbTaTaMu MOJIENIIOBaHHS (Di3MUHUX BIAacTUBOCTEN IeHTpiB EL2 Ha 0CHOBI MOPIBHAIBHOT
MeTOAMKHU Audy3ii JOMIIIOK B yMOBax BaKyyMy Ta arMoc(hepu MUNI'SIKY B MOHOKPUCTAIH apCeHIy
raJlifo BCTAHOBJIEHO HACTYIIHE.

1. Migp € HE €IMHOIO JOMIIIKOIO, 110 BUKIMKAE 3MiHY KBAaHTOBOI €()EKTHBHOCTI BHIIPOMIHIO-
BaHHs yepe3 Aedextn EL2 B kpuctanax GaAs. BBeneHHs akiienTopHOT JOMIIIKH KaIMII0 TPU3BOAUTH
710 ii 3HMKEHHsI B KpUcTajax 3 Ae(pilUTOM rajito 1 He 3MIHIO€ il BETMYUHU B KpUCTasax 3 1e(iluTom
Mur'sky. EQext BUKiankanuil 3HI>KEHHSIM KOHLEHTpalii 1301b0BaHuX 1eHTpiB EL2 BHaciq0K yTBO-
penns kommtekcis EL2-Cd_ .

2. VYBeneHHST IOHOPHOI JIOMIIITKK CeJIeHY 301TbIITye KBAHTOBHI BHXiJ] BUIIPOMIHIOBAHHS Yepes3
nedexrn EL2 y kpuctanax 3 aedinuroM raiito i 3HIKY€E HOTo B KpUCTajax 3 Ae(IMTOM MHUII'AKY.
[epmmii ehexT, HalliMOBIpHIIIe, 00yMOBIEHHH 301IbIIEHHAM KOHIIEHTpallii eHTpis EL2 B pe3ynsrari
BUTICHEHHS! JIOMIIIKOKO aTOMIB AS 3 IIArPaTKU MUIL'SKY; IPyTUi — yTBOPEHHsM KomIutekcis EL2-Se, .

3. MoxIuBUM BUPIILIEHHSIM MUTAHHS PO CKiIa] KoMIUIeKciB AsGa-TOUuKOBUH 1e(heKT € HACTyII-
HUM: 3MiHa KoHIeHTpauii TJl (BakaHCiit Ta MDXKBY3€JIbHUX aTOMIB) Y KPUCTalli 3yMOBJIIOE BiIMIOBIIHY
3MiHy B CTPYKTYPi KOMIUIEKCIB Ha KOPUCTh JIOMiHYr040ro sedekry ado Biacytnicts T/ mobnusy As . .
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0.C. MASMAHIIIBUIL, M.I. PELHETHAK

Haunionansnuii Haykosuit Lientp «XapkiBebkuii ®izuko-Texuignuit [Hetuty ), Xapkis, Yipaina

®OPMYBAHHA 30bPA’KEHDb EJJEKTPOHHUMMU ITYYKAMMU,
IO EMUTOBAHI KATOAAMMW HELHUJIIHAPUYHOI ®OPMU
B MATHITHOMY MOJII MATHETPOHHOI TAPMATH

Posensinymu moocausi nanpsamu moouikayii macnempoHHoi eapmamu SK 0dcepend eleKmpoHHO20 NOMOKY
¢ Kamooamu,, popma AKux 8iOPI3HAEMbCA 8i0 AKCIANbHO-cUMempudHoi yurinopuynoi gpopmu. O6'ekmom danoi pobomu
€ GUBUEHHS NapaMempie eleKmpOHHO20 NYYKa, eMimo8aH020 MAKUMU KAMOOAMU, NPU 1020 MPAaHCNOPMYBAHHI 6 IHIMeH-
CUBHOMY 2PAOIEHMHOMY MASHIMHOMY NOJI conenoioa i nodyoosa 0OUUCTIOBATLHOT MOOENi PYXY eleKmMPOHH020 NONOKY
6 obnacmi nos. YOOCKOHanNeHHs MA2HeMPOHHOL 2apmamit, o NONA2AE Y 3ACMOCY8AHNT IHIMEHCUBHUX MASHITNHUX NOTIG
3 NIOBUULEHUM 2PAOIEHMOM IXHbOI HANPYICEHOCHI, 0AE MONCTUGICING PO3NAHYMU HOBL A6UUA 8 NPOCMOPOGIN KAPMUHI
eBoI0Yii eeKMPOHHUX NYUKIB, A MAKOIC OOCIIOUMU 6NAUE CIMAPMOBUX XAPAKMEPUCUK YACMUHOK NpuU eMicii Ha mun
mpaekmopiti enekmponie. Memoto Odocuiddcenb cmano cmeopeHHs MameMamuiHux ma npocpamMHux Mmooenell pyxy
MaKux eleKmpoHHUX NYUKIG 3 eHepaielo 8 0ecsimKu KeB y maznimuux nonsx obpanoi kougicypayii, 0ocuioxcents gop-
MY8aHHA 300padcelb MpAcKmopitl eneKmponie nyuka 6i0 NOYAMKO8UX YMO8 ma po3nooiny MAeHIMHO20 NOJA 830084C OCi
cucmemu. Bukopucmosano mamemamuyni ma yucenvri Mooeni nepemeopenHs 00CIOHUX OaHUX AHATITMUYHUMU QYHKYI-
amu. Y pobomi na ocHogi caminbmono8o2o popmanizmy pyxy enekmponie y MasHimHoMy noii CUHINE308aHO NPOSPAMHUTLL
3acib, wo 00360A€ NPoGecmMU HucelbHe MOOENOBAHHL OUHAMIKU eNeKMPOHHUX NOMOKIE y MACHIMHOMY NOJi CONeHO-
ioa. Hasoosmuvca pesyibmamu 4ucensHo20 MOOENI0BAHHA PYXY eleKmpoHHo20 nomoky. Ompumani pesyibmamu mooe-
JIOBAHHSL CEIOYAMb NPO MOJACIUGICMb 30 YMOG eKCHEePUMEHNY 6CIANOSUMU PEXCUMU 300padicers, NepcnekmueHUx Os
KopezyeanHs cmpyKmypHo-@azoeux eracmusocmeti mamepiany miweneti. Ilomix enexmponie na uxo0i mMaenempoHHiil
eapmamu 8i04ysae nepedy008y padiaibHO20 po3NoOLLY, KA BUSHAYAEMbCI 6UOOM MASHIMHO20 NOJISL MA 1020 2PAJIEHMOM
6 Kanani mpauncnopmyeanns nyuka. Ilpu ypomy gopma nonepeunozo posnooiny Ha cmapmi maxkodic mpancihopmyemscs
8i0N08IOHO 6NIUBY NONA. Y pobOmi HA NPUKAAOAX YUCETLHO 00CAIONHCEHA eBONIOYIsA NONEPEYHUX PO3MIPIE eleKMPOHHO20
nyuKd, wo opmyemvbCs MAeHempOHHOIO 2apMamolo 6i0 KoHgizypayii MazHimHo20 nouo 8 Kanaii mpaHcnopmy6anHs
yacmunok. Tloxkazano, wo 3i 3pOCManHAM MAKCUMATLHOT amnaimyou ma/abo epadienma nona egpexm padiaibHo2o nepe-
meopenns (Poxycysanna abo oeoxycysanns) nyuxa € oinowr gupadxcenuil. Haseoeni pesynvsmamu 6Ka3yioms Ha MOic-
augicmo POKYcy8anHs, a Mmakoxic 0epoKyCy8anHs, eleKmpoOHHO20 NYUKA, AKUL eMIMO8aHull Kamooamu MiliMemposux
diamempis, ugo Modice OYymu GUKOPUCHIAHO NPU ONPOMIHEHHI NOBEPXOHb YUNIHOPUYHUX 3PA3KIE, SKI po3milyeHi 8 obnacmi
Hapocmaiouo2o abo cnadaroio2o MazHimHo2o nois.

Kniouosi cnosa: enexmponnuii Ny4oK, MAcHEmMpOHHA 2apMamd, O0HCepeio eleKmpoHis, OUHAMIKA HacmoK,
epadicHmue mMacuimue noie, Mamemamudie MoOeno8anHs, 00ceioueni Oami.

0.S. MAZMANISHVILI, M.G. RESHETNYAK
National Science Center “Kharkiv Institute of Physics & Technology”, Kharkiv, Ukraine

FORMATION OF IMAGES BY ELECTRONIC BEAMS, WHAT IS EMITTED BY NON-
CYLINDRICAL CATHODES IN THE MAGNETIC FIELD OF THE MAGNETRON GUN

Consider the possible directions of modification of the magnetron gun as the source of electron flow with cathodes,
the shape of which differs from the axially symmetrical cylindrical shape. The object of this work is the study of the
parameters of the electron beam emitted by such cathodes during its transport in the intense gradient magnetic field of
the solenoid and the construction of the computational model of the movement of the electron flow in the field region. The
improvement of the magnetron gun, consisting in the application of intense magnetic fields with the increased gradient
of their intensity, makes it possible to consider new phenomena in the spatial picture of the evolution of electron beams,
as well as to investigate the influence of the starting characteristics of particles during emission on the type of electron
trajectories. The purpose of the research was to create the mathematical and software model of the movement of such
electron beams with the energy of tens of keV in magnetic fields of the chosen configuration, to study the formation of
images of beam electron trajectories from the initial conditions and the distribution of the magnetic field along the axis
of the system. Mathematical and numerical models of experimental data transformation by analytical functions are used.
In the paper, based on the Hamiltonian formalism of the motion of electrons in the magnetic field, the software tool
was synthesized that allows for numerical modeling of the dynamics of electron flows in a magnetic field of a solenoid.
The results of the numerical simulation of the movement of the electron flow are given. The obtained simulation results
indicate the possibility of establishing image modes promising for correcting the structural and phase properties of the
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target material under experimental conditions. The flow of electrons at the output of the magnetron gun undergoes the
rearrangement of the radial distribution, which is determined by the type of magnetic field and its gradient in the beam
transport channel. At the same time, the shape of the transverse distribution at the start is also transformed according
to the influence of the field. In the work, the evolution of the transverse dimensions of the electron beam formed by the
magnetron gun from the configuration of the magnetic field in the particle transport channel is numerically studied
using examples. It is shown that with the increase in the maximum amplitude and/or field gradient, the effect of radial
transformation (focusing or defocusing) of the beam is more pronounced. The given results indicate the possibility of
focusing, as well as defocusing, the electron beam emitted by millimeter-diameter cathodes, which can be used to irradiate
the surfaces of cylindrical samples placed in the region of the increasing or decreasing magnetic field.

Keywords: electron beam, magnetron gun, electron source, particle dynamics, gradient magnetic field, mathematical
modeling, experimental data.

Beryn

OnpoMiHIOBaHHS ITyYKaMH €JIEKTPOHIB € 3aJaHUMHU MTapaMeTPaMy JTAF0Th MOXITUBICT KOPEryBaTh
CTPYKTypHO-(ha30BUl CTaH y MOBEPXHEBUX IIIapax 1 3MIHIOBATH CTPYKTYPHI BIACTUBOCTI Matepiaiis. [Tpu
LIbOMY KOJIO 33/1a4, JUIsl PO3B'SI3aHHS SIKUX BUKOPUCTOBYIOTHCS €JIEKTPOHHI ITyYKH, OCTIHHO PO3ILUPIO-
erpca. OCHOBHA 3ajjaua TOJISIra€ B €KCIIEPHUMEHTAIbBHOMY JOCIHIDKEHHI Ta YUCEITbHOMY MOJETIOBaHHI
JTMHAMIYHUX €JICKTPOHHHUX ITOTOKIB, a TAKOK BUBYCHH1 MOYKIJIMBOCTI Ta €()EKTUBHOCTI (POKYCYBAHHS ITyUYKa
IIPY TPAHCIIOPTYBaHHI Y MarHiTHOMY I10J1i MarHeTpoHHii rapmari [1, 2, 3]. Ha ocHOBI LUX AOCIIDKEHb
OyIyTh OTpHMaHi HOBI JaHi 0 (JOPMYBaHHIO Ta TPAHCIIOPTYBAHHIO MIUIBHUX €NEKTPOHHHUX TPyO4aThx
MyYKiB MAJIOTO pO3MIpy NP PI3HUX PO3MOALIAX MArHITHOTO TOJTIO B KaHAJI1 TPAHCTIOPTYBAHHS ITy4Ka.

Ha ocHOBI MarHeTpoHHOI rapMary 3 BTOPUHHOEMICIHHUM KarojioM OyB CTBOPEHHI MPHUCKOPIOBAY
€NIeKTPOHIB, SIKMH BUKOPHCTOBYE OCHOBUH €NEKTPOHHHI MyYOK JJIsi OMPOMIHEHHS! METAJIEBUX MillleHEeH
[3]. SIx o0'exT moCiKEHHS] MAarHETPOHHA rapMara Mae Ty IepeBary, 1110, 3 OTHOr0 OOKY, BOHa MOXe OyTH
Mou(iKoBaHa /I IPOBEICHHSI €KCIIEPUMEHTIB PI3HOTO THUILY, 3 IHILIOTO OOKY, HE3BaXKatOUH Ha CKJIaJHICTh
BUKOHAHHS aHAJIITUYHOTO JIOCHTI/PKEHHS, JUIi OTPHMaHHS KUTbKICHUX 3aJISKHOCTEH IUTKOM MOXKITBE
3aCTOCYBaHHS OOUMCITIOBATILBHUX METOIIB Ta MOPIBHIHHS YHUCIIOBHUX PE3YJIBTATIB 3 TAHUMH €KCIICPUMEHTY.

OnHi€l0 3 MOXKJIMBUX HanpsiMiB MoaM(Dikalii MarHeTpOHHUX rapMaT € BUKOPUCTAHHS JDKepera
€JIEKTPOHHOTO TMOTOKY — KaTomu, (hopma SKHX BiAPI3HSAETHCA Bifl aKCiaTbHO-CUMETPUYHOI LMITiH-
npuaHoi Gopmu. O0'ekToM TaHOiI pOOOTH € BUBUEHHS MapaMeTPiB €ICKTPOHHOTO IMy4YKa, €MITOBA-
HOTO TaKMMHU KaTO/aMH, IPU MOTO TPAHCIOPTYBAaHHI B IHTEHCUBHOMY I'PAaJi€EHTHOMY MarHiTHOMY
moJIi cosieHoina i moOyaoBa OOYMCIIOBAIBHOT MOZIENTI PYXy €JEKTPOHHOTO MOTOKY B 00JACTi MOJS.
MeTo10 TOCIiIKeHb CTajI0 CTBOPEHHSI MaTeMaTHYHOI Ta MPOTPaMHOI MOJIeTIeH PyXy TaKHUX €IeKTPo-
HHHUX IYYKiB 3 €HEepri€io B JAECIATKH KeB y MarnitTHux nossx oOpanoi koHpirypamii, J0CaiKEeHHs
(opMyBaHHS 300paKeHb TPAEKTOPIH €IEKTPOHIB ITyUYKa Bifl TOYATKOBUX YMOB Ta PO3IOILITY MarHiT-
HOTO TIOJIsI B3/IOBXK OC1 cCMUCTeMHU. Y poOOTi Ha OCHOBI TaMUIBTOHOBOTO (hopMati3aMy pyXy €JIeKTPOHIB
y MarHiTHOMY I0JIi CHHTE€30BaHO MPOrpaMHUI 3acid, 110 03BOJIsIE MPOBECTU YHCEIbHE MOJENIO-
BaHHS JMHAMIKU €JIEKTPOHHUX MOTOKIB y TPaieHTHOMY MarHitHoMy moui. HaBonsTees pesynsraru
YHCEIFHOTO MOJICIOBAHHS PYXy €JIEeKTPOHHOTO MOTOKY. OTpHMaHi pe3yinbTaTH MOJEIIOBAaHHS CBif-
YaTh PO MOXKJIUBICTH 32 YMOB €KCIIEPUMEHTY BCTAHOBUTH PEKUMH 300pakeHb, NEPCIEKTUBHUX IS
KOpETyBaHHS CTPYKTYpHO-(a30BHX BIACTHBOCTEH MaTepiary MillleHEH.

AKTyanbHICTh JOCIIPKEHb 00YMOBIICHA MOYKJIUBICTIO BUKOPUCTAHHS €JICKTPOHHUX MTYYKiB, 110
(OpMYIOTHCSI MArHETPOHHOIO I'apMaTol0, K MOXKYTh OyTH 3aCTOCOBaHI MpPU CTBOPEHHI HaIlHHUX
JDKEpeT eNEKTPOHIB ISl HAyKOBUX JTOCIIIKEHb PUCKOPIOBAIILHOI TEXHIKM Ta iX 3aCTOCYBaHHS NpU
CTBOPCHHI MIEPBUHHUX €JIEKTPOHIB, 3aMICTh TEPMOEMICIHHOTO OOKOBOTO KaTOYy, U1l 30y/PKEHHSI BTO-
PUHHOT eMicli B MarHETPOHaX 3 XOJIOJHUM KaTOJIOM.

Cran npo0iemMu
EnexTpoHnHi myuyku pi3HOi KOH(Irypaii Ta iIHTEHCUBHOCTI IIMPOKO 3aCTOCOBYIOTHCS B €JIEKTPO-
HHO-TIPOMEHEBUX TEXHOJIOTisIX, BUCOKOBOJIBTHIN iMIynbcHIN HBY-enekTpoHili, nmpruckoproBaibHin
TeXHiI Ta iHme [1-4], mpu 11bOMY KOJIO 3aBAaHb, IJIs BUPIIICHHS SIKUX 3aCTOCOBYIOTHCS €JICKTPOHHI

https://doi.org/10.32782/ mathematical-modelling/2022-5-1-6
50



ITPUKIIA/THI ITHNTAHHA MATEMATHYHOI O MOJE/IFOBAHHA Ne 5.1, 2022

IIyYKH, MOCTIHHO po3MIMpPIOEThCA. [IpOBOAATECSA AOCTIKEHHS 3 €IEKTPOHHUMH ITyYKaMU 3 PI3HUMHU
eHeprisMu Ta npocTopoBoto koHpiryparmieo. ¥ HHI[ XDTI BUKOPUCTOBYIOTHCS JKEpena eleK-
TPOHIB 3 XOJIOAHUMH KaTOAAMH, IIO MPAIIOIOTh Y PeXXUMi BTOPUHHOI €Micii, MOMIIIeH] B CXpeIIeHi
€JIEKTPUYHI Ta MarHiTHI MOJIs, IIPU LIbOMY SIK JDKEPEJIO eJIEKTPOHIB BUKOPUCTOBYETHCS MArHETPOHHA
rapmara. BropuHHoeMiciHHUI MeXaHi3M reHepalii my4ka Takuid rapmari, BHacliJoK Horo ciaOko
pYHHIBHOI [Tii Ha MaTepiasl KaTtoaa, 3yMOBIIIOE 30€pEKEHHS eMiCIHHUX BIACTUBOCTEW €JIEKTPOHHOTO
JpKepesa IpOoTAroM TPUBAJIOTO 4acy. YIOCKOHAJIEHHsSI MarHETPOHHOI IapMaTH, 110 HOJISIrae y 3acTo-
CYBaHHI IHTEHCUBHUX MarHiTHUX TOJIB 3 MiJBUIICHUM IPaIiEHTOM iXHBOI HAMIPYKEHOCTI, Ja€ MOXK-
JMBICTh PO3IISIHYTH HOBI SIBUILA B TIPOCTOPOBIM KaPTHHI €BOJIOII] €IEKTPOHHUX ITyYKiB, a TAKOX
JOCTIINTH BIUIUB CTAPTOBUX XapaKTEPUCTUK YACTHHOK IPU eMicii Ha THUIl TPAEKTOPIN eJIEKTPOHIB.

AHaJIi3 0CTaHHIX pe3yJabTaTiB i mydaikanin
Ha ocHOBI MarHeTpoHHOI rapMaTy 3 BTOPUHHOEMICIHHUM KaTOJOM CTBOPEHO €JIEKTPOHHUI MpH-
CKOpIOBaY, B SIKOMY BHKOPHCTOBYETHCSI OCHOBHUH €JIEKTPOHHHUM Iy4YOK JUIS OMPOMIHEHHS METaJeBUX
MimeHel [3-5], 3 MepCIeKTUBOI0 OMPOMIHEHHS BHYTPIIIHBOI HMTIHAPHYHOI MTOBEPXHI 32 JOTIOMOTOIO
panianpHoro mmy4dka. [ToGynoBano nporpaMHuii 3aci0, BAKOPUCTaHHS SIKOTO Ja€ 3MOT'Y POMOJIETIOBATH
OCHOBHI 3aJIEKHOCTI pyXy €JIEKTPOHHOIO ITy4Ka y 3a/[aHOMY COJIEHOIaIbHOMY MarHiTHOMY 1o [6, 7].

D®opMyJTIOBAHHSA METH JOCTIIKEHHS
Y po60Ti HABOASTHCS PE3yNBTATH JOCIIKEHHS JUHAMIKY €IEKTPOHHOTO My4Ka B KaHaJl TpaH-
CIIOPTYBaHHS Ta Pe3yJIbTaTH YNCEIHLHOTO MOJICTIOBAHHS PyXY €JIEKTPOHHOTO MOTOKY. J{oCIiIKy€eThCs
MOXXJIUBICTh KEpYBaHHS MapaMeTPiB Ta TUITy PYyXy €JIEKTPOHHOTro Mmydyka oOpaHoi ¢hopMH y Tpaji-
€HTHOMY MarHiTHOMY IOJIi IIUISIXOM IIJI€CIPSIMOBAHOTO PETYIIOBAHHS MMOYATKOBUX YMOB TIPU €MICii.
MeToro TOCTIKEHHS € BUSBICHHS TaKUX PEKUMIB POOOTH MarHETPOHHOI TapMaTH, y SKUX MOXJIABA
peaiizallisi HOBUX THITIB TPAEKTOPIN PyXy €JIEKTPOHHUX ITyUKiB.

T'onoBHMII MaTepiaj gocaiIzKeHHS

VY pobotax [3, 7] mokIagHO PO3KPUTA CXeMa MAarHETPOHHOI rapMaTH Ta METOIHU MOJICITFOBAHHS
pyxXy 4acTuHOK B Hei. Ha puc. 1 HaBeneHo HaOip MPUKIIAAiB PO3MOILUIIB MarHiTHOTO MOJIS Y30BX OCi
MarHeTPOHHOI TapMaTH 1 KaHally TPAHCIOPTYBAaHHS Iy4Ka, IJISl SIKAX MPOBOAMINCS €KCIIEPUMEHTH
Ta YUCEJIbHE MOJICTTIOBAHHS PYXY €JIEKTPOHIB, IO EMITOBaH1 KaTOAaMH MUTIMETPOBHUX JlIaMETPiB, IPH
X TpaHCIIOPTYBaHHI B37I0BX cucTeMU. Ha pUCYHKY /Ul KOXKHOTO 3 MOJIIB BKa3aHi 3HAYEHHS CTPYMIB
(B aMmiepax) B KOTYIIKaX YOTUPHOX CEKIIiil CONEHOIa.

Byno BUKOHAHO MareMaTHYHE MOJCIIOBAHHS JMHAMIKM ITydKa 1 TIOPIBHSIHHS HOTO pe3ysIbTaTiB
3 OTPUMaHMMHU JJAHUMHU JOCBITy. 3aCTOCYBaHHS PO3pOOJIEHOrO MPOTPaMHOTO 3aco0y, 3aCHOBAHOTO
Ha aHAJITHYHOI MOJIENI PO3MONLTY MarHiTHOTO TOJS Y3I0BX OCI COJICHOIAa, JO3BOJIMIIO, CIIHPAFO-
YKMCh HA MAacHB 3 JOCIIJHUX JaHUX Ha OCl TPAHCHOPTYBAHHS €JIEKTPOHIB, BCTAHOBUTH aMILIITYILy
f(z) Mar"iTHOTO TOJS Ta i1 MOXIAHY df(z) / dz sk aHamiTU4HI (QYHKLIT O310BKHBOI KOOPIAUHATH Z.
Byno mpoBeneHo uncensHi MOIETIOI0YI PO3PAXYHKH 110 TUHAMIII €JICKTPOHHOTO ITyYKa B PO3TIISHY-
TUX MarHiTHUX NOJsIX. B moOynoBaHOMY IIPOrpaMHOMY CEpEOBHUIII BUKOPUCTOBYBAJIUCS YUCETbHUN
Mmeton Monre-Kapio i metox Pynre-Kyrru.

OTpuMaHO pO3B’A30K MPSAMOI 3a/1a4i MOJICITIOBAHHS TPAEKTOPIH €IEKTPOHIB IS 33/1aHUX IT0YaT-
KOBHX YMOB 1 mapaMmeTpiB cucteMu. HaBeieHO po3paxyHKOBI 3aJIKHOCTI PO3MOILTY MTydKa eJIeKTPO-
HiB (00car BuOipku 10 500 yaCTHHOK) y IUIOMIMHI MillIeHi.

UmncenpbHO NOCTIKeHA 3aJIeKHICTh paialIbHIX PO3MIPIB €IEKTPOHHOTO ITydYKa pi3HOI (hopmH,
1110 (hOPMY€ETHCSI MATHETPOHHOKO TapMaTolO B KaHaJl TPAHCIIOPTYBAHHS IIPU OJHOPIAHOMY, ClIajiato-
YOMY Ta HapOCTAlOUOMY MarHiTHOMY IOJIi.

Ha puc. 2a nokazana nmociIOBHICTh PO3PaxXyHKOBHX IMOTEPEUYHUX TEPETHH PO3IOJLUTY ITydKa
B OJIHOPITHOMY Mar”iTHOMY TIOJIi, a Ha pHC. 2b MpuBeaeHa PO3PAXYHKOBA 3aJICKHICTh CEPEIHBOTO
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Puc. 1. Po3nogiim cojieHOiZaJIbHOT0 MArHiTHOTO mMoJist B
BJ0OBX oci rapmarn (kpusi 1...5)
(niameTp kaTona DC=3 MM, aiameTp aHoaiB D A=15 MM i 50 mm),
1-B,=(35,47,30,75 A), 2 - B,=(25,41,26,0 A), 3 — B,=(15,28,14,30 A),
4 - B,=(15,28,14,0 A), 5 - B.=(37,50,40,0 A)

paziyca r my4ka eJIeKTPOHIB MUTIMETPOBOTO PO3MIPY BiJl KOOPAUHATH z. PO3paxyHKH BHKOHAHI IS
T10JIsI, HABEJIEHOTO Ha puc. 2 (kpuBa 1). 3 pUCYHKIB MOKHA OQYUTH, III0 TIPH 3MECHIIICHH] aMILUTITyIH
MAarHiTHOTO MOJIS CEPeAHIN pajlyc mydKa 301IbIIy€eThCS.

m
1

0.1 02 03

Puc. 2. a — po3paxyHKoBi nonepe4Hi nepeTuHu po3noAily My4ka B OHOPIIHOMY MATHITHOMY HOJIi,
niamerp karoaa D =3 mm, niamerp anona D =15 mm, B=(35,47,30,75 A); b — po3paxyHKoBa 3aJIe:KHICTh
cepeHbOro pajiyca r my4ka BiJi KOOPAMHATH

Byno npoBeneHo uncenbHe MOAETIOBAHHS 1711 BUNIAJIKY ABOX KOH(]Irypariil MarHiTHOro moss,
3 SKUMHU TIPOBOJIMIINCS JTOCII/PKEHHSI €BOJIOLIT pajiajJbHUX PO3MIpIB €NEKTPOHHOTO MyYKa, SKUN
TeHEPYETHCS MarHETPOHHOIO TapMaToro. UucenbHI pOo3paxyHKH MPOBOAMIMCS 3 METOK MOJEIIO-
BaHHs PyXy YaCTMHOK Ha iHTepBaii Big z,=120 MM Ha cTapti 10 z=285 MM Ha (iHilI IpU PI3HUX
MakcuManabHuX amrutityaax (0,27 T 1 0,37 T) rpafieHTHOTO MarHiTHOTO IMOJISl B KaHAJI TPAHCIOPTY-
BaHHSI €JIEKTPOHHOTO NOTOKY. KoHirypaitist 000X rpafiieHTHIX MarHiTHHX ITOJIiB HaBe/IeHA Ha pHUC. 3.
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[Tepme 3 HUX hopmyBasiocss Habopom cTpymiB B=(15,28,14,30 A) B KOTyIIKax COJEHOIIA CyMIiCHO
3 MOCTIHUM Mar"iToM M (nuB. puc. 3a). Jlpyre MartiTae moie (GopMyBaiocs 3a JOTOMOTOI TaKOTO
K Habopa ctpymiB B=(15,28,14,30 A) B KOTyIIKax COJICHOiJa, ajje CyMICHO 3 JIBOMa MOCTIMHHUMH
MarHitamu M+M (nuB. puc. 3b).

0.4
Cgm@
0.3
= ° o
:. mr 0. o .
o}
| oy

Z, mm

a b
Puc. 3. Po3nonisin rpaiieHTHOr0 MarHiTHOro MoJisi B3A0BK OCi rapMaTH Ta BJIACTHBOCTI My4Ka;
a — HapoCTaloye MarHiTHe Mojie CTBOPEHO CyMiCHO COJIEHOIA0M 3 MOCTiIifHUM MarHiTOM;
b — HapocTaloue nmojie CTBOPEHO CYMiCHO COJIEHOIA0OM 3 IBOMA MOCTiHHMMH MarHiTaMu

ByB po3misiHyTHi BUIIAIOK 3 JIBOX KaTOMIB PajlycoM R =2 MM KOKHHH 3 HEHTPAaMHU B TOYKAX
(6 MM, 6 MM) Ta (-6 MM, -6 MM) Ha IIJIOIIMHI CTApTy. Pe3ynbraT MOJETIOBaHHS IS BUIIAIKY ITUX
JBOX IIJIIHAPUYHUX KaTOAIB HaBEIEHO Ha pHC. 4.

Ha puc. 4a moxxHa GauyuTH MMOYATKOBI PO3MOJIIN YACTHHOK €JIEKTPOHHOTO IyuKa, sIKi Oyiau
00paHO OHAKOBUMHU JJII 000X MOJIB.

Ha puc. 4b 300paskeHa MOCIiAOBHICTh NOMEPEUHUX MEPETHH My4Ka Ui 000X BUIAIKIB MOJS.
3 pucyHKIB 4b MOxHa 0auuTH, 10 MPO(]UII MydyKa BIJICIIIKOBYIOTh PO3MOALIN MAarHiTHUX MOJIIB
B3JIOBXK OCl CUCTEMH Z.

Ha puc. 4c nokazaHo 3aJIeKHOCTI CepeJHbOTO pajiiyca mydka »=r(z) aas 000X IOJiB Bij M03-
JIOBXKHBOI KOOpAMHATHU z (KBaJpaTuK — cTapT pyXy). MoxkHa OauuTu 3Ha4YHE 3MEHILIEHHS PO3MIpiB
my4ka B 00J1acTi, B KM 301UIbIIAIACS aMIUTITyJla MAarHITHOTO TMOJIsSI. TaKMM YWHOM, 31 3pOCTaHHSIM
MaKCHMaJIbHOI aMIUTITYIM Ta/abo rpajieHTa mojis e(ekT paaialbHOro GOKyCyBaHHS IMydKa € OLIbII
BUPAKEHUM.

3 MeTor0 NOpPIBHAHHA OyJI0 IMPOBEIEHO YMCEIbHE MOAEIIOBAHHS /s BUNAJAKY KOHQIrypauii,
sKa MICTUTh YOTHUPH KBaJpaTHUX KaTojaa (AMB. pHC. 5a) Ta JABOX KOH(Irypamii MartiTHOTO IMOJIS.
YucenbHi po3paxyHKu POBOJAUIIMCS 3 METOKO MOJIETIFOBAHHS PyXY YaCTHHOK Bijt Z,=120 MM Ha cTapTi
1m0 z=285 MM Ha (iHimm npu pizHUX MakcuMmanbHuX amrutitygax (0,27 T 1 0,37 T) mapocrarouoro
MarHiTHoro nosisi. Kondiryparist 060X rpajiieHTHUX MarHiTHUX MOJiB HaBeACHa Ha pHc. 3.

Pesynbratn MmomenmoBaHHs IS BUTIA/IKY HABEICHO HA PHUC. 5.

Ha puc. 5a MokHa 6a4nuTH OYATKOBI PO3MOALIN YaCTHHOK E€JIEKTPOHHOIO IMy4Ka 3 4 KBajpar-
HUX KaToJa, ki Oyau 0OpaHO OAHAKOBUMHU JJIs1 000X MOJMIB.

Ha puc. 56 300paxeHo mnornepeyuHi NepeTUHU YaCTUHOK ITy4Ka JyIsi 000X BUTIAAKIB MOJIs. 3 pUCYH-
KiB 5h MOkHa 6a4uTH, 1110 TPOdITI MyYKa BiJCTIAKOBYIOTh PO3IOALINA MarHiTHUX MOJIB B3JOBXK OC1
CHCTEMH Z.

Ha puc. 5¢ mokazano 3ajexHOCTI CepeHBOTO pajiyca mydka »=r(z) 1js 000X MOJiB BiJl MO3-
JIOBKHBOI KOOPAMHATH z (KBaJpaTHK — CTapT Pyxy). MokHa 0auuTH TOMITHE 3MEHIIICHHS PO3MIpiB
myyka B 00JacTi, B AKiil 301IbIIMIACS aMILIITyJa MarHiTHOrO mouisg. TakuM 4uHOM, 31 3pOCTaHHSAM
MaKCUMaJIbHOI aMILTITY/IM Ta/a00 rpajieHTa nojs Mae Miclie €peKT paaiaibHOro GOKyCyBaHHS ITyyKa
oOpaHnoi KoHpiryparrii.
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3 puc. 5c Ta puc. 4c MoxHa 3pOOUTH BUCHOBOK, 110 3arajibHa TEHCHIIIs TaKoro eexry 3anu-
IA€ThCS HE3MIHHOIO IS PI3HUX CTAPTOBUX T'YCTHH €IEKTPOHHOTO MyJKa.
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Puc. 4. Po3noniyii rpaiicHTHOr0 MATHITHOTO MOJISI B30BK OCi rapMaTH Ta BJIACTHBOCTI Iy4Ka;
BUIIA/I0K 3 IBOX KATOAIB pajiycom RC=2 MM KOKHUIi 3 HeHTpaMM B Toukax (6 MM, 6 MM) Ta (-6 MM, -6 MM) Ha
ILUIOLIMHI CTAPTY; JiBOPYY — HAPOCTAal04e MATHITHE M0JIe CTBOPEHO CyMiCHO COJICHOIA0M 3 IMOCTIHHIUM MATHITOM;
NMPaBopPy4 — HAPOCTaI0Ye 1M0Jie CTBOPEHO CYMiCHO COJIEHOIIOM 3 IBOMA MOCTiHHUMH MAarHiTaMu;

a — NOYATKOBi PO3MOALIM YACTHHOK ITY4YKa;

b — nocaiOBHICTHL MONEPEYHNX MEPETHH IIyYKa;
¢ — PO3PaxyHKOBI 32J1€:KHOCTI cepeJHLOr0 pajiyca r ny4ka BiJl KOOpAMHATH Z
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Puc. 5. Po3noniii rpaiieHTHOr0 MATHITHOTO MOJISI B3I0BK OCi TAapMAaTH Ta BJACTHBOCTI IMy4YKa

B BUNIaJKYy KOH(pirypauii, sika MicTUTBh 4 KBaJpATHUX KATO/AA;
JIBOPYY — MATHiTHE 10J1¢ CTBOPEHO CYMICHO COJICHOII0M 3 MOCTIifHUM MarHiToMm;

NPaBoOPyY — M0JIe¢ CTBOPEHO CYMiCHO COJICHOIIOM 3 IBOMA MOCTIi{HUMH MarHiramu;
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BucHoBku
[ToTik eneKkTpOHIB HA BUXO/1 MarHeTPOHHIN TapMaTH Bia4yBa€ MepeOyI0By pagiaiIbHOTO PO3-
MOJILTY, SIKa BU3HAYAETHCS BUJIOM MArHITHOTO TMOJISI Ta HOTO rpa/iieHTOM B KaHal TPAHCIIOPTYBAHHS
mydka. [Ipu oMy popma morepedHoro po3moaiTy, 0OpaHoOTro Ha CTapTi, TAKOK TPAHCHOPMYETHCS
BI/IMOBITHO BIUIMBY MOJIs. Y poOOTI HA MPHUKIIAAaX Pi3HUX (POPM MOMEPEUHOTO PO3MOIITY Ha CTapPTI
YHCENIbHO JOCIIPKEHa EBOMIOIS TOMEPEYHUX PO3MIPIB EIEKTPOHHOTO IMydKa, 0 (HOpMYyeEThCS
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a — NOYATKOBi PO3MOI/IM YACTHHOK IYy4Ka;
b — nocJiOBHICTH MONEPEYHNX NMEPEeTHH MyYKa;
¢ — PO3PaxyHKOBI 32/1€:KHOCTI cepeIHLOr0 pajiyca r my4ka Bil KOOpAMHATH
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MarHeTpPOHHOIO TrapMaToro BiJl KOH(ITrypallii MarHiTHOTO MO0 B KaHAJI TPAHCTIOPTYBAHHS YaCTHHOK.
[Toxazano, 1110 31 3pOCTaHHIM MaKCUMAaJIbHOI aMILTITyAM Ta/abo rpajieHTa noss eekt paaiaabHOro
nepeTBopeHHs ((poKycyBaHHs a00 AeOKyCyBaHHS) IMy4Ka € Oibln BUpaxkeHu. HaBeneHi pesyib-
TaTU BKa3yIOTh Ha MOXKIIMBICTh (POKYCYBaHHS/1e(OKYCYBaHHs, €JIEKTPOHHOTO Iy4Ka pi3HUX (hopm,
KM eMITOBaHUH KaToJaMH MUIIMETPOBHUX JIiaMeTpiB, 10 Moxe OyTH BUKOPHCTAHO IPH OIMpPOMi-
HEHHI MOBEPXOHB 3pa3KiB, sIKi po3MillleHi B 00JacTi MarHiTHOTO IOJISI.
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YIK 621.398

JI.A. HATOBCBKHUIA, I'T. JOLEHKO

XepcoHChKa JiepyKaBHa MOPChKa aKaeMist

MATEMATUYHA MOJAEJIb CITOCTEPITAYA JJI$1 CUCTEMM YIIPABJIIHHSA
YTPUMAHHAM ITOJTOXEHHSA CYJHA

Y cmammi posensioaemoca cunmes mooeni cnocmepizaia 0s Cucmemu Kepy8amnHs NONOICEHHAM CYOHA HA OCHOBI
BUKOPUCTNAHHA KOMNILEKCHOI MOO€Nl, W0 CKAA0AEMbCS 3 080X CKAAOOBUX. MOOENI CUCmeMy Kepy8anHsa NO3UYIOHYGAHHS
ma mooeni, wo 0036075€ peazysamu Yill cucmemi Ha 308HIUHI NOOPAZHUKU Y 8USTISIOT NEGHUX NO2OOHUX YMOB.

Mooeni oyinku KitbKiCHUX ma sKICHUX NOKA3ZHUKIE CYHACHUX CUCIMeM YAPAGIIHHS CYOHOM 3ACHOBAHI HA 3ACMOCY-
8aHHI Yy3a2aNIbHEHOT MAMEMAMUYHOT MOOeN, AKa MOdCce HADYBAMU PI3HUX (OpM 3A1eHCHO 8I0 6NAUBY YUCTEHHUX (aKmO-
PpI6 Ha iX cmpykmypy ma napamempu.

Cyuacni cucmemu ynpasninus CyOHOM ma CYOHOBUMU eHePeemUYHUMU YCMAHOBKAMU € A8MOMAMU3068AHUMU MeX-
HIYHUMU KOMNJIEKCAMU 8UCOKOI CKIAOHOCH, WO NPUSHAYEHT Ol e(heKmU8H020 BUKOHANHA ONepayill, AKi 6USHAYAIOMbCs
NPUSHAYEeHHAM MA Cneyugpixoio pobomu cyoHa 8 KOHKPEMHUX YMOBAX.

Bucoxomouni cucmemu nosuyionysanns Cmeopeni Ha OCHOGL 3aMKHYMUX CUCEM YNPAGTIHHA 3 6UKOPUCTIAHHAM
PID ma PID? peaynisimopis y cucmemax niOmpumxu mseu ma nojojiCeHHs. CYyOHd.

Mamemamuuna mooens CyOHa € CKIAOHOK CUCMEMOIO HEMIHIIHUX OUpepeHYIaNbHUX DIGHSHb, IHMe2PYBAHHS SKUX
MOACIUBE TUULE YUCENLHUMU MEMOOAMU 3 CNPAMOBAHICINIO HA PE3YIbINAMU, NPUOAMHI 015 GUPIUEHHS RPAKMUYHUX 3A60AHb.

Y yiu cmammi asmopamu eupiwyemoca axkmyanvHe 3a80aHHA SUKOPUCIAHHA CROCMeEpieayd 3a 308HIUWHIMU
Gaxmopamu npu no3uyionysanHi cyona, 3a60aHHAM AKO20 € NOOAHHA KOPUSYBATLHO2O CUSHATY 00 OCHOBHOI cucmemu
VAPAGNINHA 3 YPAXYBAHHAM 6NAUBY HA NOTOMHCEHHS CYOHA NO20OHUX YM0o8. OOHUM i3 Cnocobie piulents 3anponoHO68aHo
BUKOPUCINOBYBATNU MOOEND, WO 00360IIAE BUKOPUCIIOEY8AMU NOMOYHI (hakmopu 30ypenHs, wjo 0ilomb HA CYOHO, MA 2eHe-
pyeamu Kopucy8amHs Oasl CUCMEMU NO3UYIOHYBAHHA 3 YPAXYBAHHAM NPOSHO3Y WOOO0 3MIHU 3HAYEHb YUX (axmopis.
Y pobomi npedcmaeneni pezyromamu y 8uenadi epagpixie smiHu 6i0XUNeHHA No3uyii CyoHa, ujo 6a3yomscs Ha OMPUMAaHiil
Modeni cnocmepieaya, cunmes AKoi maxk camo onucanuil y cmammi. Taxkodxc y cmammi NOKa3aui NOpieHANIbHI pe3yibmamu
3 GUKOPUCMAHHAM cnocmepieaya i 6e3 1020 UKOPUCAHHSL.

Knrouosi cnosa: cyono, mooens, Kepy8anisl, cucmema ynpagiinmsa, nO3uyioHy8anis, cnocmepieay, KOHmponep.
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MATHEMATICAL MODEL OF THE OBSERVER FOR THE VESSEL POSITION
MAINTENANCE CONTROL SYSTEM

The article considers the synthesis of the observer model for the ship position control system based on the use of a
comprehensive model consisting of two components: the positioning control system model and the model that allows this
system to respond to external stimuli in the form of certain weather conditions.

Models for estimating the quantitative and qualitative indicators of modern ship management systems are based
on the use of a generalized mathematical model, which can take different forms depending on the influence of numerous
factors on their structure and parameters.

Modern control systems for ships and ship power plants are automated technical complexes of high complexity,
designed to effectively perform operations that are determined by the purpose and specifics of the ship in specific
conditions.

High-precision positioning systems are based on closed control systems using PID and PID?2 controllers in traction
and position support systems.

The mathematical model of the ship is a complex system of nonlinear differential equations, the integration of
which is possible only by numerical methods with a focus on results suitable for solving practical problems.

In this article the author solves the urgent problem of using an observer of external factors in the positioning of the
vessel, whose task is to provide a corrective signal to the main control system, taking into account the impact on weather
conditions. One solution is to use a model that allows the use of current disturbance factors acting on the ship and to
generate adjustments for the positioning system based on the forecast of changes these factor s values. The paper presents
the results in the form of graphs of changes in the deviation of the position of the vessel, based on the obtained model of
the observer, the synthesis of which is also described in the article. The article also shows comparative results with the
use of the observer and without its use.
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AHAaJi3 0CTaHHIX JOCTIIXKeHb | myOsikanii

@inprparis Ta OIiHKA CTAaHY € BAXIMBUMH (YHKLISIMHU JUISI BCIX BUIIB CUCTEM KEpyBaHHSI.
BuMipstHHii CHTHAI Ty’Ke 4aCTO MIiCTUTh IITYM, SIKHI MOKE€ HETQTUBHO BIUTMHYTH Ha MPOAYKTHBHICTh
KOHTpOJIEPa, SIKIIO0 HE BPaxyBaTH I[OTO B CHCTEMaxX AMHAMIUYHOTO MO3MIIIOHYBaHHS a0 MpH MIBap-
tyBaHHi [ - 3]. OCHOBHUMU MPU3HAYCHHSIMH OI[IHIOBAUiB CTaHy (CIOCTEpIiradiB) y CHCTeMax yIpaB-
JTIHHS yTPUMAHHSM TTOJIOKCHHS CY/THA €:

— BinHoBneHHs HeBUMIipsSHUX NaHuX. [l 6ararbox Croco0iB BUKOPUCTAHHS BaXKIIMBI CTaHU
MPOIIECiB HE BUMIPIOIOTHCS. TUIOBUMU MPUYMHAMH LIBOTO € BiACYTHICTh 3pyYHHX JaTYHKIB, 00 Mij-
BHIIICHA BAPTICTh iX 3aCTOCYBaHHA. Y TaKMX BUIIAJIKaX MOXHA 3aCTOCYBaTH CKJIaJIHI MeTOU (piIbTpa-
11ii Ha OCHOBI MOJIeN1 — OIliHKY cTaHy. OCHOBHE MPU3HAYECHHS OI[IHIOBAYa CTaHY IMOJIATAE B TOMY, 11100
BiTHOBUTH HEBUMIPSHI CUTHAJIM Ta BUKOHATH (DIIBTPALIiIO IO TOTO, SIK CUTHAJIU OyIyTh BUKOPUCTaHI
B CHUCTEMI1 KepyBaHHSI 31 3BOPOTHUM 3B’ SI3KOM.

— Po3zpaxyHok Ha BUXIiJ] CHCTeMU KepyBaHHS 3 Jay. byb-sikuii BUI 001aIHAHHS BUXOIUTS 3 JI/Ty Bifl-
TIOBI/THO JI0 TIEBHOI YaCTOTH BiMOB. [I0CBi/I MPOMHUCIIOBUX 3aCTOCYBaHb ITOKA3aB, 1110 O/IHA 3 HAWYACTIIINX
TMIOJIOMOK CHCTEMHU YNPaBJIiHHS CIPUYMHEHA HECHPABHICTIO ATYUKIB. Y KPUTUYHMX JUIsl OE3MEeKH 3acTo-
CYBaHHSI Ha MOPI PaNTOBE BIIKIFOYEHHS CHCTEMH KEePYBaHHS MOKE TIPH3BECTH JI0 HEOE3MEUHNX CHUTYALlii,
SIKITIO HE BiIOYJIEThCS aIeKBATHA 3aMiHa CHTHATY. 3aCTOCOBYIOUH (DUTHTPH HA OCHOBI MOJIETi, CHTHAIT MOXE,
MPUHANMHI Ha JISIKUI NIepio] 4acy, 3aMIHUTH BUMIPIOBAHWI CUTHAJT LIUISIXOM ITPOTHO3YBAaHHS MOZIEL.

— @inpTpanist XBuIib. Pyx MOpChKHX CyldeH MOXHa PO3AUTHTH Ha HU3bkoyacToTHY (HY) ckia-
JIOBY Ta CKJIaJI0BY 4acTOTH XBHIb (XY). st OLIbIIOCTI 3aCTOCYBaHb MO3ULIOHYBaHHA pyX XY He
niysrae KoHTpodto. [IprauHOIo 1IbOT0 MOKe OyTH Te, Mo pyX XY He Mae 3HaYCHHS ISl KOHKPETHOT
orepariii, abo 110 CY/THO HE Ma€ AOCTATHHOI MOTY>KHOCTI Ta MOTY>KHOCTI TATH, 11100 B3araii 3A1HCHUTH
MOMITHY KOMITeHcallit0. OCTaHHE € HAUTTOMIUPEHIIIOK MPUIHHO0. TOMY OIITBHO BUKOPUCTOBYBATH
¢biabTpaniio Ay koMieHcanii BBy XY.

BuK/1aJeHHs] 0OCHOBHOI0 MaTepiajy A0C/i/KeHHA

3 BUIIIECKA3aHOTO BUIUIMBAE, 110 TOIIILHO PO3AUIATHA MO MOPCHKUX CyJIeH Ha MOJIETh HU3b-
koyacToTHy (HY) Ta Monens xBunboBoro BmuBy (XY). Heniniiini piBassaass HY pyxy oOymoBneHi
CepeHIM 3HAYEHHSM 2-TO MOPSAAKY 1 MOBUIBHO 3MIHHUMH XBHJIBOBHMH, IIOTOYHUMH Ta BITPOBHMU
HaBAHTA)KCHHSIMH, a TAKOXK CUiIaMu JIBUTyHa. Pyx cynHa XY 3yMOBIeHUI XBUIbOBUMHU HAaBaHTAXKECH-
HsAMH 1-ro mopsaaky [3]. [Insg nmpoekTyBaHHS criocTepiraya Ta KOHTpoJiepa Ha OCHOBI MOJIeNi JOCTaT-
HBO BUBECTH CIPOIIECHY MaTeMaTUYHYy MOJIEIb, MOJIEIIb KEPYIOUOTO 3aBOY, SIKa, TUM HE MEHIII, TOCUTh
JieTallbHa, 11100 OnmucaTy OCHOBHI (PI3WYHI XapaKTEPUCTUKU IUHAMIYHOI CUCTEMH.

HusbkoyacToTHa MOJiesb onucaHa B [3] Ta Ma€e BUITISLL:

MV +CRB(V)V + CA(Vr)Vr + D(k,Vr) +G(1”l) = Tenv +Tm +Ti + Trhr > (1)

ne Mv — y3araibHeHi cuiH iHepiil; Cp,(v)v— y3arampHeHi cunu Kopiomica 1 TOUEHTPOBI CHIIH;
D(k,v,) — y3araJapbHEeHI CWIIH 3aTaCaHHs Ta TOTOYHI ciH;, G(n) — y3araJbHEHI BiITHOBIIOBAJIbHI CHIIH;
1,,, — HABAaHTA)XEHHS HABKOJIMIITHHOTO CEPEIOBHIIA, K1 MOBLIEHO 3MiHIOIOTHCS, 38 BUHSATKOM ITOTOY-
HUX HaBaHTAXXEHb, 1110 JIIOTh HA CYAHO; T, — HABAHTAKEHHS MPU MIBApTYBaHHI;, 1, — HABAHTAXECHHS
BiJl piBHS JIbOMY; 1, — y3araJbHEHI CHJIA, CTBOPEHI MPOIYIbCUBHOI CUCTEMOIO.

Cnpoctumo (1) 1 oTpuMaemo HeliHIHHY MOJeNb ycTaHOBKM KepyBaHHs HY mpu mommnaxkax,
XUTAHHSX 1 PUCKAHHAX I110JI0 HYJOBOI IIBUAKOCTI Cy/IHA!

M= R(y)v )
My + D(v) + R (w)G(n) = © + R ()b, 3)

T T 3 . T o . o
ne v=[uv,r] ,n=[xyy] ,be R — BeKTOp 3MilleHHs, Ta T=t,,T,7, | — KepyrOumii BXiTHUII BEK-
Top. [Ipu 11boMy MOZIETTE CHCTEMHU YIIPABIIHHS € HEJIIHIMHOIO Yepe3 MaTPHUIlI0 0OCpTaHHS:
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cy -sy O
R(y) =|sy cy 0
0 0 0

Js HU3BKO IIBUKICHUX BapiaHTIB MaTPUIl BU3HAYAIOTHCS BIAMOBIAHO:

m-X, 0 0
M= 0 m-Y, mx;-Y, |,
0 mxg — N, I.-N,
-X, 0 0 -X, 0 0
D= 0 -Y -Y |,G= 0 -Y, 0
0 -N, -N, 0 0 -N,

st Mojieni XBHIJIBOBOTO BILIMBY BHUKOPHUCTOBYIOTHCSI CHHTETHYHI MPOIECH, KEpOBaHI OLIHM
ITYMOM, IO CKIAJAr0ThCs 3 HE3B S3aHMX TapMOHIMHMX KOJMBaHb 13 3aracaHHsAM. Moenb 3aru-
meThbest y GopMi IPOCTOPY-CTaHY:

&m = émAm + Ewwm >
Mo = Clas

ne m, € R’ — BEeKTOp BUMIPIOBaHHS MTOJIOKCHHSI Ta OpieHTall, w, € R> — Bekrop Oinoro mymy [ayca
3 HyJIbOBHUM CEpeIHIM 3HaueHHsIM, &, € R®. ToOTO, 11s BimoOpakeHHs 30ypeHHS XBHJIb JIOCTATHBO
JiHIAHOT Momeni apyroro npsiaky. Tomi, cucremua mMarpuist A, € R*°, marpuns 30ypens E, e R*i
MaTpHIls BUMIpIOBaHb C, € R*3amunryThes:

0 1
A _ 3x3 3x3 , 4
? LQ? - 2AQ} ©®
03x3
G, = [O3x3 ]3x3]7 E, = |:Km }, (5)
ne Q = diag{o,, o,, o,}, A=diad{C, C, C,}, K =diag{ K ,K ,K . }. 11 mMoxens Bianosigae:

_ Kus (6)
s*+ 20,0, + @

3 NpaKkTUYHOI TOUKH 30pYy, napaMeTpu XY Mojieni € BiIHOCHO MOBUIBHO 3MIHHUMH BEJIMYMHAMHU
3aJIeXHO BiJI MEPEBAKAKOUOTO CTaHy Mops. SIK IpaBwIIO, MEPioay XBWIb Ti , 0 BiATIOBIIa€ 9acTOTI
XBWIb o, =2n / T,, 3HaXO[AThCS B JAiana3zoHi Big 5 10 20 cekyH, a BIAHOCHUHN Koe(]illieHT 3aTyXaHHS
Ci — B pianasowi Bix 0,05 1o 0,1. Tomy, 3 1esikor0 Mipor0, MOYKHA BUKOPHCTOBYBATH aJallTUBHI CXeMHU
CTOCTepiradiB UIsi pi3HUX MOPCHKUX YMOB, aji€ MIPH HEBEIMKUX JTOBKHHAX XBUIIL.

Jnsa peanizauii nporHo3yBaHHs, a00 yNepemKeHHs, MOXHA BUKOPUCTATH MOJEIb IEPIIOro
nopsaky Mapxkosa [4]:

et (5) =
,

i

b=-T' ' +Ew,,

ne b e R’, w,— Bektop Oinoro mymy [ayca 3 HylIbOBUM CepeiHIM 3Ha4YeHHsM, T, € R*’— niaroHanbHa
MaTpHIIS MOCTIHHKUX Yacy 3MilleHHs, E, e R** — niaronanbHa MaTpuils MaciTadyBaHHs. Taka Mozienb
3MIIIEHHS BPaxOBY€ MOBLILHO 3MIHIOBaHI CHJIM Ta MOMEHTH Yepe3 XBUJIHOBE HABAHTAXKCHHS 2-TO
MOPS/IKY, OKEaHChKI Tedii Ta BiTep. Kpim Toro, Mojiens 3MillIeHHS TaKOK MOKe OyTH MpeJICTaBlIeHa K
BUTIAJKOBE OyKaHHS, TOOTO Tiporiec Binepa:

b=E,w,.
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PiBHSIHHS, siIKE BIAMOBITAa€ 32 BUMIPIOBaHHS HEOOX1THOT TATH MA€ BUIIISI:

y=m+n,t+v,

ne v e R —Bekrop Oinoro mymy ['ayca 3 HyJbOBHM CEPEIHIM 3HAUCHHSIM.
B pesynbrari, KiHIieBa MOZIENb YIIPABIIHHS 3 YpaXyBaHHSIM CIIOCTepiraya, 3amuieThCs:

g, =¢,4, +Ew,,
n=R(y)v,
b= E,w, (7
MYy =-D(v) - R"(y)G(n) + T+ R" ()b,
y=n+CgE+v

st anpoOarrii Mojeni BUKOpPHCTOBYBaBcs HemiHiWHUN PID-perynstop. ExcnepumenTanpHa
yCTaHOBKA HaBeJleHa Ha puc. 1.

Baceiin

T'emepatop
BITDY

1 s

P {
Y I'eneparop XEHIE

Puc. 1. EkcnepumeHTaibHA YCTAHOBKA: Maca MakeTy — 15 kr;
JoB:xuna makery — 1,2 M; nepiog XBuJb -7c.

ExcniepMeHT BUKOHYBaBCS B TpH (pa3u:

— Eran 1: 6e3 xBuib. Crioyatky cyiHo 30epirae notrpiOHe mojokeHHs 1 Kypc 0e3 BIUIMBY HaBKO-
JHIITHBOTO cepenoBuIIa Ha cynHo. OpieHTOBHHI Kypc cTaHOBUTH -140 rpamxycis. [Ipu 300pi nannx
BKJIFOYAETHCSI reHeparop BiTpy. Crioctepirad He Tparlroe.

— Eran 2: mosBa xBuib. Yepe3 1650 cexyHn 3amyckaeTbcsi TeHepatop XBwib. Ha 1mii ¢asi
MH MOXEMO 1O0aYUTH poOOTY CIIoCTepiradya 3 ypaxyBaHHSIM KOMIIeHcaii BiTpy Ta 0e3 ypaxyBanb XY.

— Eram 3: BiTep, XBUJI1, CIOCTEpiray Mmparroe MmoBHICTO Ticis 2760 cexyHI.

Ha puc. 2 300paskeH0 BUMIpsIHI BIAXUICHHS MTOJIOKEHHS Ta KypCy, HAHECEH1 pa3oM 13 BiANOBI-
HUMH nTporaozamu HU-gactuHm Mojeni ciocrepiraya.

Edexr Bukopucranas HU+XY moneni mo6pe BUAHO HA pHC. 3, BIAXWICHHS 3HAYHO 3MEHIITY-
I0ThCS T Yac etay 3.
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BHMipsHe Ta OUHKYBaHe BUIXH/IEHHS X-IomokeH s, HI PospaxyHKOBe CHIIA 3MIMIEHHS miA Hac crrecky (KH)
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Puc. 2. BigxusieHHs moJio:keHHsI Ta Kypcy: BUMipsiHi, ouikyBaHi Ta 6axkaHi

BiIXH/IeHH B X - HAIPAMKY 3anana Tara mpu crutecky (KH)
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0.1 40
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Puc. 3. Pe3yabraTu npu BUKopucTaHHi ciocTepiraya 3 HY ta XY ckiaagoBumu
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Jlo Toro , 30UIBIICHHS YacTOTH BHUMIPIOBaHb IOKa3ye MpPOTpecHBHE NporHo3yBaHHs HY
npu aktuBizanii XY yactuau Moneni cnocrepirada. OTke BHUIHO, IO BHUKOPHCTAHHS CIIOCTEPi-
rada B MOJIEJIi BIUTMBY XBHJIb HA CYJHO 3HAYHO MIABUIIYE PE3YJIBTATH CTATUIHOI MOJEII KepyBaHHS
MPU PI3HUX CTaHAX MOPCHKOI MMOBEPXHI.

BucHoBku

VY pesynbraTi BceOiUHOTO aHalizy nmpoodiaeMaTHKu O0e3MeKr MOPEIJIaBaHHS NIPH PI3HUX CTaHaX
MOPCBHKOT TTOBEPXHi, MOKHA 3pOOWTH BUCHOBOK, 1[0 BUKOPUCTAHHS CIOCTEpirada B MOJEIi BILUTUBY
XBWJIb Ha CYJTHO 3HAYHO ITiIBHIILY€ PE3yJIbTaTH CTATHYHOI MOJIeITi KepyBaHHS. E(ekT cykymmHOTro BUKO-
PHUCTaHHS MPU Pycl MOPCHKUX cyAeH Hu3bkouacToTHOI (HY) ckiamoBoi Ta cki1ajoBOi YaCTOTU XBUJIb
(XY) B mozeni 1oOpe BUIHO, IO BiIXUICHHS 3HAYHO 3MEHIIYIOTHCS IiJ Yac yIpaBIiHHS JUHAMIY-
HUM ITO3UII0HYBAaHHSM PyXOMOTO 00’ €KTY BOJTHOTO TPAHCIIOPTY B TE€TEPOTCHHO 30ypEeHOMY JIOKATBHO
00MEKEHOMY MPOCTOPI aKBATOPii TEXHOMIPUPOAHOTO KOMILIEKCY.
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YIAK 514.18

O.M. ITABJIEHKO, E.I. MYPTA3IEB, B.M. BEPEILIATA
MeniTonosbChKuil iepikaBHUH 1e1aroriuHui yHiBepcuTeT iMeHi bornana XmeabHUIBKOTO
Menimononvcoka wikona npuxkiadnoi eeomempii imeni Bonooumupa Hatiouwa

TOUYKOBI IOJITHOMHU AAK KOMIIO3UIIMHI TEOMETPAUYHI MOJEJII

Haoano o3nauenus mouxosux noninomis, 6kasyemuvcs, wo ix pieHAHHA € 0e36i10HOCHUMU W00 8UXIOHOI cucmemu
KOOpOUHam, a ymeopromucs 6i0HOCHO OA3UCHUX MOYOK OUCKPEMHOI KPUBOi Ha OCHOBI AKOI CK1a0aemuvcsl yetl Mo4Ko8ull
noninom. Y 3a2anbHomy 6uenadl 3anucano piGHAHHSA OOHONAPAMEMPUUHO20 MOYK06020 noainomy. Hadano oznauenns
00HONApamempudHUX XapaKmepucmudHux Qyuxyitl i ix upasu y 3a2anbHomy 6uiAol, NOKA3aHO NOCTIO08HICMb napame-
mpu3ayii Kpueux niniil 01 USHAYEHHA napamempie y Oa3ucHUX mouKax 3 Memoio iXxub02o 3aCmocy8ants 015 0OOUUCTIeHHs
xapakmepucmuynux @yuxyit. Haoano nocnioosunicme nepemsopenns xapakmepucmuunux ¢yuxyit y BH-kxoopounamu
00HONAPAMEMPULHUX MOUKOBUX NONIHOMIB, SIKY HA36ANO 2aPMOHI3AYICIO XAPaAKMePUCTNUYHUX YHKYIU. 3 auKopucman-
Ham BH-koopounam, y 3azanvhomy 6ueisaodi, HAOAHO PIGHAHHA 2APMOHI308aH020 MOYKOB020 NONIHOMY. Brazyemucs na
nepeseazu 3acmocy8anHs 2ApPMOHI308aHUX MOYKOGUX NONIHOMIG Neped He2apMOHIZ08AHUMU.

Haoaecmycs, y 3aeanvhomy euenaoi, pigHaAHHA 080NAPAMEMPUYHO20 MOUKOBO20 NOIHOMY Ma 1020 XapaKmepuc-
MudHUX GYHKYIL Ona ycix 6a3ucHux mouox sa oboma napamempuunumu Hanpamavu U ma V. Haconouwyemocs, wo
KOJICHA OA3UCHA MOYKA BUXIOHOI OUCKPEMHO NOOAHOI NOBEPXHI 0bUpacmvCs tuule 8 MiCYsAX nepemuHy KapKacie niHill,
VMBOPEHUX 3a 080MA NAPAMEMPUYHUMU Hanpamamu. Hepes ye KodcHa 6a3ucha mouka Mac 08i Xapakxmepucmuuti hyHK-
yii, mobmo 8U3HAYAEMbCA 08OMA KOOPOUHAMAMU Y BIONOBIOHOCMI 00 KOJNCHO20 i3 napamempudHux Hanpamis. Pospo-
oneno, y 3a2arbHoMy 6U2iA0l O 080X NAPAMEMPUUHUX HANPAMIE, MEMOOUKY O0UUCTEHHS 3HAUEeHb NAPAMEmpI8 ) 6Cix
11020 6A3UCHUX MOUKAX, AKI BUKOPUCIOBYIOMBCA, Y NOOATUOMY, 015l CKAAOAHHA BUPA3I6 XAPAKMEPUCIUYHUX PYHKYILL.
Haceonowyemucs, wo peanizayis onepayiit MHOJCEeHHS Xapakmepucmudnux @yukyit ma bH-koopounam midxc coboro i Ha
0a3ucHi mouKku 05l CKAAOAHHs MOYKOBUX NONITHOMIS, HaUlinuie 30IUCHI8amu y Komnomampuyunii ¢opmi. Haoaromocs,
¥ 3a2anbHOMY 8UTIA0I, NPUKIAOU MHOMCEHHS MIdHC CODOI0 KOMNOMAMPUYb NAPAMEMPUUHUX | MHONUCEHHS KOMNOMAMPUYT
moukoeoi Ha napamempuyny. [Ipu ybomy, Ha2onouyemsbcs, wjo onepayii MHONMCEHHs 080X KOMIOMAMPUYb 30IUCHIOIOMbCS
Je NOMIdIC IXHIX enemenmis, AKi Maioms 0OHAKOBUMU YU MO OOUHAPHI, YU MO NOOBIHI iHOeKcU. 36epmacmvcs yeaza Ha
0coonUBOCMI 2aPMOHIZAYLT 0BONAPAMEMPULHUX XAPAKMEPUCMUYHUX GYHKYIN | moukosux noninomie. Haoaemocs 3aeann-
HUll 8U271510 2APMOHI3068AH020 08ONAPAMEMPULHO20 MOYKOE020 NONTHOMY.

Knrouosi cnosa: moukosi noninomu, xapakmepucmuuri @yurkyii, BH-koopounamu, KoMno3uyiiiHa iHmepnonsayis,
2APMOHI3068AHI MOYKOET NOJTHOMU.

O.M. PAVLENKO, E.G. MURTAZIIEV, V.M. VERESHCHAHA
Bogdan Khmelnitsky Melitopol State Pedagogical University
Melitopol School of Applied Geometry named after Volodymyr Naidysh

POINT POLYNOMS AS COMPOSITE GEOMETRIC MODELS

The definition of point polynomials is given, it is indicated that their equations are irrelevant to the original
coordinate system, but are formed relative to the base points of the discrete curve on the basis of which this point
polynomial is formed. In its general form, the equation of a one-parameter point polynomial is written. The definition of
one-parameter characteristic functions and their expressions in a general form is provided, the sequence of parametrization
of curved lines for determining parameters at base points with the aim of their application for calculating characteristic
functions is shown. The sequence of transformation of characteristic functions into BN-coordinates of one-parameter
point polynomials is given, which is called harmonization of characteristic functions. With the use of BN-coordinates,
in a general form, the equation of the harmonized point polynomial is given. The advantages of using harmonized point
polynomials over non-harmonized ones are indicated.

The equation of a two-parameter point polynomial and its characteristic functions for all base points along both
parametric directions U and V are provided, in general form. It is emphasized that each base point of the original discretely
presented surface is chosen only at the intersections of the line frames formed along the two parametric directions. Because
of this, each base point has two characteristic functions, that is, it is determined by two coordinates in accordance with each
of the parametric directions. A method of calculating the values of parameters at all its base points, which are used, in the
future, for compiling expressions of characteristic functions, has been developed, in a general form, for two parametric
directions. It is emphasized that the implementation of the operations of multiplication of characteristic functions and
BN-coordinates between themselves and on base points for the compilation of point polynomials is best carried out
in compomatrix form. In a general form, examples of multiplication of parametric compomatrixes and multiplication
of a point compomatrix by a parametric one are provided. At the same time, it is emphasized that the operations of
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multiplication of two compomatrices are carried out only between their elements, which have the same either single or
double indices. Attention is drawn to the peculiarities of the harmonization of two-parameter characteristic functions and
point polynomials. A general view of the harmonized two-parameter point polynomial is provided.

Key words: point polynomials, characteristic functions, BN-coordinates, composite interpolation, harmonized
point polynomials.

ITocTtanoBka nmpodJjemMu

OpHiero 13 mpoOiieM TPATUIIHHUX METOMIB IOJIHOMIQJIBHOI 1HTEPIONAIii € BHHUKHCHHS
HEKOHTPOJHOBAHOI OCHWIIALI] Ha 1HTEPIONSHTAX, sKa CIOTBOPIOE (OpMY KpPUBOI 3a BEITUKOI Kijlb-
KOCTI By3JiB iHTepnoisuii. /i yHUKHEHHS 1€l OCHMIIALIT 3aCTOCOBYETHCS MOMIICHHS BUXITHOI
JMCKPETHO TOaHOI KPUBOi Ha JIEKUIbKA CETMEHTIB, IO SKUX 3aCTOCOBYETHCS CIUIAWHIHTEPITOJIALIS,
30KpemMa HepiBHOMIpHI panioHanbHi B-crmaitnu (NURBS). Hapasi nivoro minmoro Hixk NURBS-Tex-
HOJIOT1i B aBTOMaTH30BAHUX CHCTEMaX MPOEKTYBaHHs 1 BUPOOHUITBA He icHy€e. OnHaK, uid Mojiene
3 BEJIMKUMU JaHUMH TaKe MOIIICHHS PU3BOAUTH 0 30UTBIICHHS PECYPCOEMHOCTI MPOTPaMHUX MPO-
nyktiB. Kpim Toro, B-crutaiiHu yTBOPIOIOTH 3310BUTBHY (DOpMY KPHBOI ajie BOHA HE TIPOXOIUTH Yepe3
yCi BUXIJIHI TOYKH. Buxomsuun 31 ckazaHOTO, BUHHUKAE TpoOiieMa B HEOOXITHOCTI pO3pOOKH HOBUX
METO/IiB IHTEPIOJIALIL, IKi O OHUM PIBHSHHIM, 0€3 CETMEHTYBAaHHS OMUCYBAIU O, IPOXOIIYH Yepes
yC1 TOYKH, FTEOMETPHUYH1 00’ €KTH JTOBUIHHOI OPMHU 32 Harlepel BA3HAUEHUMHU YMOBAaMU, MaJI BEJTUKY
KUIBKICTh BY3JI1B IHTEPHOJIALIT 1, IPU I[bOMY, BUCOKHMI CTEMiHb IHTEPIIOJSHTA, HABITh 32 HAIBHUX HA
HBOMY TOYOK ITEPETHHY, HE BUKJIMKAB O BEIIMKAX aMILUTITY]l BIIXHJICHHS BiJl TOYaTKOBOTO TUCKPETHO
MOJJAHOTO TEOMETPUYHOTO 00’ €KTY, SIKi O CTBOPIOBAIM HOr0 B aHATITHYHOMY MoAaHHI. B okpemux
BHITAJIKaX, JJI1 BA3HAYEHOT KUTBKOCTI 0a3MCHUX TOYOK, ITI0 3a7a4y paHiiie OyJio po3B’sI3aHO y Kepe-
JlaxX, Ha SK1 BKa3yBaTUMETHCSI Yy aHAIII31 OCTAHHIX JOCHipKeHb. OHaK, Y 3arajlbHOMY BUTJISIL, IS 71
0a3uCHUX TOYOK, 115 TpodiemMa y AaHii CTaTTi, BUKJIAJAEThCSI BIIEPIIIE.

AHAaJi3 0CTaHHIX JOCTIIXKeHb | myOsikanii

OpHUM 13 OCHOBHUX NIPHU3HAYEHh KOMITO3UIIIHHOTO TeOMETPUIHOTO MonentoBanus [1], [2], [3]
€ onndpoByBaHHS TpadiYHUX PIIICHB MIJISTXOM YTBOPEHHS, 3aMiCTh HUX, OOUYHCIIIOBAILHUX aJITOPUT-
MiB 3 METOIO aHaJIi3y BEIMKHX 0a3 JaHUX.

[TinrpyHTSIM 11 BAHUKHEHHST KOMITO3HIIIHHOTO T€OMETPHYHOTO MOJICITIOBAHHS CTAJI0 TOYKOBE
yncnenHs: bamoou-Halimuma (toukoBe bH-uucnenns) [4], [5]. I3 3rajaHux HayKOBHX HampsiMiB,
y IbOMY aHaJi3i, KOPOTKO TOPKHEMOCS aHaji3y JIMIIE TOTO Marepiaiy, SKHH y TOAabIIoMy Oyne
3aCTOCOBAHMI B OCHOBHOMY TEKCTI CTATTI.

Kommo3uiiini reoMeTpuyHi 06’€KTH He € GyHKIISIMU apIyMEHTIB y CHCTeMaX KOOPAMHAT. IX piB-
HSIHHSI YTBOPIOIOTHCS BITHOCHO 0a3MCHHUX TOYOK, SIKI TTOYATKOBO JAMCKPETHO BU3HAYAIOTH ITi 00 €KTH.
bazucHumE ToukamMu € MiHIMaJIbHA TX KUTBKICTb, 1[0 HAJIEXKATh 00’ €KTY, sIKa 3[1aTHA IIOPOTUTH BECh KOH-
TUHYYM HOTO MHOKHHH, 32 3aCTOCYBAaHHIM IIEBHOTO AJITOPUTMY, 10 BIATBOPIOE (hOPMY IILOTO 00’ EKTY.

YTBOpeHHs O/IHOMAPAMETPHYHHX Ta JIBONAPAMETPUIHUX TOUYKOBHX MOJIIHOMIB 3/ICHIOETHCS
IIUISTIXOM 33aCTOCYBAaHHS KOMIIO3HIIIMHUX MaTpPHIlb (KOMIIOMATPHILh), SIKI € Pe3yabTaToM oun(prBy-
BaHHS (napaMeTpnaaun) JUCKPETHOTO KapKacy 0a3MCHUX TOUOK TreOMETPHYHOTO 00’€KTY 1 SIBJIAIOTH
co0or0 mpsMOKyTHI Tabmuii. ToOTO, KOMIOMAaTPHIll BPaxoBYIOTh T€OMETPHYHI 0COOIUBOCTI popMHU
BHXIJJHOTO KapKacy TOYOK. Y KOMITOMATPHIISIX MOKHA 3aMiHIOBAaTH OKPEMi €JIEMEHTH — TOYKH, HE
Yinarouu pemTH eneMeHTiB. [l03HaYaroThcst KOMIOMATPUIll TOABIHHUMU KBAJPAaTHUMHU JTy>KKAMHU:

[[AH = [[’7417 1] - OJTHOPO3MIpHI KOMIIOMATPHIIl TOYKOBI;

[[” ]] [[ ’)]] — OJIHOPO3MIpH1 KOMIIOMATpPHULI TapaMeTPUYHI;

=1/

[[4]] :[ i J — IBOPO3MipHI KOMIIOMATpPHIII TOYKOBI;

Ixm _

[[a (U ,V)]] [[ ; (U V)]] — JIBOPO3MIpHi KOMITOMATPHIIi TTApaMETPHYHI.
Ixm i=1,1;j

5 \
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Hapanwii TyT 3HaK piBHOCTI BKa3ye, 1110 MOKHA 3aCTOCOBYBaTH O0OH/IBa BapiaHTH IMO3HAYEHbB SIK
PIBHO3HAUHI B 3aJIEKHOCTI BiJl TEKCTY.

VY IBOPO3MIpHUX KOMIIOMATPHISAX TOYKOBHX €JIEMEHTH — 0a3MCHI TOYKH OOMPAIOTHCS JIUIIE
y MiCISIX TIepeTHHY pebep Kapkacy JIiHiIM MOBEpXHi. [HaeKcallis eJIeMEeHTIB KOMIIOMAaTPHIlh 3iiC-
HIOETHCS Y BIAMOBIIHOCTI 1O HOMEPIB pedep KapKaciB JiHil MOBEpXHi Ta MOXe He 30iraTucs 3 iXHIM
MICIIE3HAXOKEHHSIM Yy caMiii KOMITOMATPHII BiTHOCHO 11 PsAAKIB 1 cToBMIB. ToOTO, KOMITOMATpPHIII
YHOPSIKOBYIOTHCSl Yy BIATIOBIAHOCTI 10 KapKaciB JIiHIM IMOBEPXOHBb 3a JIBOMA ii MapaMeTPUIHHUMHU
HanpsiMamMH. Buxonsuu 3 11p0ro, oneparii HaJl KOMIOMaTpPULSIMU 31HCHIOIOTHCS Yyepe3 BiAMOBIIHI
orepariii HaJl IXHIMH €JICMCHTAMH 3 OJTHAKOBHMH 1HJICKCAMU Y1 TO OAWHAPHUMHU, YU TO IMOJABIHHIMH.

ToukoBe BH-uncrenHs: € aHajgoroM BEKTOPHOTO YHCIEHHS, Y SIKOMY 3aMICTh BEKTOPIB OIepy-
I0Th BIJTHOIICHHSM JOBXMH BiJpi3KiB. MeTpuunuii oneparop Tprox Touok (MOTT) y ToukoBOMYy
BH-uncnenHs € aHanoroM CKasipHOTO 100y TKY BEKTOPiB BEKTOPHOTO uncieHHs. 3a nomomoru MOTT
OyZeMo BH3HAYaTH JIOBKHHH BIIPI3KIB y KoopauHATHOMY Tpunpoctopi. Ognak, MOTT Bukopucro-
ByeThCs i y n-npoctopi. [TosHauaetsest MOTT: 4, — uutaeThess: «curma 4,A; npu Bepimsi A ».
SKmo y AoMImHROMY 1HJIEKCI JIBiYi 3amMcaHa OJlHA 1 Ta caMa Jiitepa Zj;Az , To Takuit MOTT nopis-
HIOE KBaJIpaTy JTOBXKHHHU Bifpi3Ky (A A4,), To0TO 25, =(A4A4, )2. JIJist cipoIIieHHs 3aIUCiB, Y 1bOMY
BHIIA/IKY T103HAYCHB, 3aCTOCOBYIOTHCS JIMIIIEC HICKCH, a JiTepa: » 4» HE 3aIHCyeThes X = (A4, ),
10610 414 =" . Poskpusaetscss MOTT y ToukoBiit pOpMi HACTYITHAM YHHOM:

S =5(A4,4)(A4,4) =2(A4,4,) . 3Biakins y KoopanHaTHiN GOPMi VIS 7-IIPOCTOPY MOKEMO
BU3HAYUTH JIOBXKUHY BIIPI3KY (4 ,4)= \/(1,-71 LY + (22 Gy “3,) + ot (g -} » N© HaTy-
paJbHUMU YUCJIAMH [TO3HAYEHO HOMEP KOOPAUHAT 7-IIPOCTOPY TOYOK A, Ta A;. JloB:KHHA BiIpi3Ky
Bu3HaueHo yepe3 MOTT y TpunpocTopi MaTuMe HACTYITHUN 3aITHC:

(Ai—lAi) = \/(xi—l - X )2 + (yi—l - )i )2 +(z, -2 )2

Merta nocaixzkeHHs
I3 3acTOCYBaHHSM KOMIO3ULIHIX MaTPHUIlh TOYKOBUX 1 TApaMEeTPHUYHUX PO3POOUTH i BUKIIACTH,
y 3araJikHOMY BUIVISAAL U 77 0a3MCHUX TOYOK, METOJ] YTBOPEHHS OIHONIApaMETPHYHMX Ta JBOIIapa-
METPUYHHUX TOYKOBUX MOJIHOMIB.

Bux/jageHHs1 0CHOBHOIO MaTepiaJy 10CiXKeHHS

PiBHAHHS TOYKOBUX MOJIHOMIB YTBOPIOIOTHCS Yy MapaMeTpuuHiil ¢opmi sk cyma JOOyTKiB
0a3MCHUX TOYOK reOMEeTPUYHOI Pirypu Ha XapaKTepUCTHUYHI (YHKIIiT, 10 CKIIAJAI0THCS OKPEMO ISt
KO’KHOI TOYKHM T€OMETpUYHOi (irypu 3a pesyibTaTamu ii mapamerpwusaiii. B pesynbrari goro pis-
HSIHHSI TOYKOBHX TIOJIIHOMIB € 0€3BITHOCHUMM ILIOJI0 BUXIJHOI CUCTEMH KOOPJMHAT, & yTBOPIOIOTHCS
BITHOCHO 0a3MCHUX TOUOK. KoopAaMHaTamMu TOYKOBHX IOJIIHOMIB € 3HAYEHHS XapaKTEPUCTHUYHUX
GbyHKIIIHA 71 TapaMeTpiB TOTOYHOT TOYKH.

PiBHSAHHS OIHOMApaMETPUUHOTO TOUKOBOTO MOJIHOMY Ma€ HACTYIHUN BUIIIS:

!
L=2A-p(1), 0<r<1, (1)
i
JI¢ [, — NO3HAYCHHS IIOTOYHOI TOYKH;
A, _ GasucHi TOYKK BUXiTHOT JIMCKPETHO TOJIaHO1 KPUBOT;
p; (t) — xapakTepucTHyHI QyHKIIT 11 KOXKHOI 3 0a3UCHUX TOYOK;
[ — KUTBKICTh CKJIAOBHX (0a3MCHUX TOUOK) TOUKOBOTO TIOJIHOMY.

XapakrepuctuyHa (DyHKINSI YTBOPIOETBCS Y BUIVISAL APOOY, YMCEIBHUK 1 3HAMEHHHUK SKOTO
SBJISIIOTH CO00I0 JOOYTKM PI3HUIL MMapaMeTpiB, JI€ 3MEHIIYBaHI IUX PI3HULb € MapaMeTpu YcCixX
0a3MCHUX TOYOK KPUBOI KPiM Ti€l, IS IKOT yTBOPIOETHCS 1151 XapaKTepuCTHYHA (QYHKIIIS, a Bi €MHH-
KaMU € y YUCEJIbHUKY — IOTOYHUI MapaMeTp, y 3HaMEHHUKY — NapaMeTp 0a3uCHOI TOUKH, AJIS SKOi
YTBOPIOETHCS 111 XapaKTEPUCTUIHA (DYHKILIS.
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Iapamerpu ¢,, aus i = 1,/ Ga3sMCHUX TOYOK KpHUBOI BU3HAYAIOTLCA 3a PE3yJbTaraMH il mapame-
TpHU3aIlii.

Buxonsuu 31 ckazaHoro, BUpa3 XapakTepUCTUUHUX (YHKLIN y 3arajJbHOMY 3amucy ajs 6as3uc-
HUX TOYOK KPHBOT JIiHIT MaTUME HACTYITHUNA BUTIISL;

_k L0<r<1, (2)

1€ ¢ — IOTOYHHI MapaMeTp KOMIMO3UIIIHOT KpUBOT;

!, — 3HAYCHHS NapaMeTpiB y Oa3UCHUX TOYKaX JAUCKPETHO MOJAHOI KPHUBOT;

!4y — 3HAYEHHs mapaMeTpy y 6a3uCHil TOYL, IS SKOT YyTBOPIOETHCS XapaKTEPUCTHYHA (DYHKILIS;

(7)#i — 1eii 3amMC BKa3ye, 1110 BUKOPUCTOBYIOTHCS YC1 3HAYEHHS MTapaMeTPiB, OKPIM TOT0, 1HAEKC SIKOTO

30iraeThCs 3 iHAEKCOM 0a3MCHOT TOUKH B JIy>KKaX, IS IKO1 CTBOPIOETHCS XapaKTEPUCTHYHA (DYHKIIISL.
JIi1s1 3HAXOKCHHS 3HAYCHD IApaMeTpiB 4, 1urst i = 1,/ y Ga3HCHUX TOYKAX JUCKPETHO MOJAHO]

kpuBOi A, i =1,/, yrBopuMo cynpoBinHy namany niniro (CJIJT), y310Bk TaHOK siKOT OymeMo 3aiiic-

HIOBATH MMapamMeTpu3ailiro quckpeTHo noganoi kpusoi ([II1K). [TozHaunMo 1oBKHUHY KOXKHOI 13 JJAHOK

CJl uepe3 A, nnst i =2,1. Tomi, 3 BAKOPUCTAHHSIM METPUIHOTO oreparopa Tpbox Touok (MOTT),

3HAIEMO MOAY/Ib JOBKUHU KOKHOI 3 tjaHOK CJLJI:

Ai—l,i :Vzii_l ’ i:ﬂ' (3)

Tyt y (3) Hymepaitisi 1HIEKCIB i TOYMHAETHCA 13 UpH “2” yepe3 Te, MO JOBKUHA MEePIIol
nanku CJIJI 3akam nopiBHIOE HyIIO, TOOTO A = 0.
BusnaunmMo cymapHy J0BKHMHY — i yCix TaHOK CyNpoBiaHOT TaMaHoi JIiHiT:
! /
i-1
Ll,l = Z\]Zii = ZAH,I‘ ’ (4)
i=2 i=2
Bpaxosytoun (3), (4) BU3HAYUUMO CYKYIHICTh MapameTpiB f,, j=1,/, /11 KOKHOI 3 Oa3uCHHX
TOYOK A, i=1,/:
A

A=A BN IAEEN) ©
Ll,l

[Tincrapmsroun mapamerpu (5) y (2), AicTaHEMO BUPA3H XapaKTePUCTHUHUX (QYHKLIN A KOXK-
HOI 13 Ga3MCHUX TOYOK 4., cepex skux 4 =0; 4 =1, a Bci pemra 3nadens 4, must { =2/ -1 marots
3HaueHHs 0 <t <1. IIpu ipomMy, cyma 3Ha4CHb MApaMeTpiB #; B yCiX 0a3MCHUX TOUKAX 3aBXK/IH JOPIB-
HIO€ OJIMHUILL:

/
S p(t) -1, (©6)
i=l1
a MOMIK 0a3MCHUX TOYOK — MOYKE BiIXMIIATHCS BiJ OJMHUII, TOOTO:
/
Yop(t)=1- (7)
i=1

st Toro, mobu cyma xapakTepucTHuHUX (QyHKIiH (7) TOpiBHIOBATA OJAWHUIL 1 TOMIX Oa3Hc-
HUX TOYOK, HEOOX1JHO X TapMOHI3yBaTH, IEPETBOPUBIIHN KOXKHY 3 HUX Y bamoou-Haiiauma koopau-
naru (BH-koopaunary), siki mosHaunumo b, (¢), i=11:

b(;):pf_(’),izﬂ,Ostsl. (8)
pi(t)

/
i=1
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D (t) _
b(t)=—7"—— J,0<t<1. (8)
2.n(1)
. o i=1 o . . o
BpaxoByroun (8), HerapMoHi30BaHUI TOUKOBUIA 1TOJIIHOM (1) mepeTBOPUTHCS y rapMOHI30BaHUI
LIJIIXOM 3aMiHH B 3aIUcCax:

L= Z A-b(t), 0<r<l- )
[Ipu 1pOMY, y TapMOHI30BaHOTO TO‘IKOBOFO nomninomy (9) cyma BH-koopauHar 1opiBHIOE O/1H-
HMI 1 B 0a3UCHHUX TOYKaX A, 1 TOMDK HUMH Zb 1)=1, a 11e o3Hayvae, mo bH-kooparHaTH TOYKOBOTO

MIOJTIHOMY BIJIMOBIZIAI0OTH BUMOIaM L1010 npOCToro BIJIHOILICHHS TPbOX TOUOK, TOOTO SIBIISIOTH COOOIO
1 (yHKIIIOHAJIBHI, 1 YMCIIOBI 1HBapiaHTH MapaJieIbHOTO MPOEKTyBaHHs. TakuM ynHoM, BH-koopauHatn
TapMOHI30BaHOTO OTHOMIAPAMETPHYHOTO TOYKOBOTO TMOJIIHOMY (9) 1 y MpOCTOpi, 1 Ha HOTO MPOEKITISAX
MaroTh OJJHAKOBUH 1 3amKC, 1 3HAYECHHSI 1715 TapaMeTpy IMOTOYHOI TOUKH, OTXKeE iX BUpa3u He MOTPeOyIoTh
YKOTHHX TTEPETBOPEHb IiJ] Yac MapaieIbHOTO MPOEKTYBAHHS TOUKOBOTO TOJIIHOMY YU TO Ha OCI TMPOEK-
1i{, Y¥ TO Ha TUIONTMHY MIPOEKIIIN. A TIe Ha/la€ 3HAYHUX TIepeBar y MpOBEACHHI aHaITi3y KOMITO3UIIIHHUAX
KPHUBHUX JiHIN, HOJAHUX Y BUIVISAI OJJHOMAPAMETPUYHUX FapMOHI30BaHUX TOUKOBHUX TOJIIHOMIB.
PiBHsAHHS 1BOMapaMEeTPUYHOTO TOYKOBOTO MOJIIHOMY Ma€ HACTYITHUN BUTIIS:

ZA(U -, (U qy( ), 0<U:V <1, (10)

irj=1 ij=(if)
ne L, — IMO3Ha4YeHHs MOTOYHOI TOYKU Ha TIOBEPXHI,
A; — 0a31CHI TOYKH BUXIJTHOI JUCKPETHO MOJAHOI IIOBEPXHI;
p;(U), q;(V) — xapakTepucTh4Hi QyHKIIi JIA KOXKHOI 3 0a3MCHMX TOYOK 3a JBOMa IapaMeTpuy-
HUMHU HanpssMamu U ta V;
[, m — KUIbKICTh Oa3MCHUX TOYOK KOYKHOTO 3 pedep KapKaciB JIiHIN 3a mapaMeTpUYHUMU HapsMaMu
Urta/;
i:j — 1eH 3amuc 03Hadae, mo oO0uIBa IHICKCH PO3MOYNHAIOTH CBIH BIJIIK 3 OJMHUIIL
U :V — o3Hadae, 1o 00M1Ba TIOTOYHI TTapaMeTPH 3HAXOIATHCS Y BU3HAYCHUX MEXKaX;
ij # (i) — LeH 3amuc O03HaYae, 0 YTBOPIOBaHI OOMIBI XapaKTEPUCTHYHI (YHKIIT BUKOPUCTOBYIOTh
yCl 3HaYCHHS TTapaMeTpiB 0a3UCHUX TOYOK OKPIM TOTO, TOJBIMHUHN 1HJIEKC SIKOTO 30iraeThes 3 MO/ABIH-
HUM 1HJIEKCOM 0a3MCHOT TOYKH, JUTSI SIKOT 111 XapaKTEPUCTHUHI (PYHKIIT CTBOPIOIOTHCS.
VTBOpeHHs XapakTepucTHYHUX GyHKuii p, (U) Ta g, (V') € aHaaoriyaum 10 YTBOPEHHSA p, (1)
i3 (1) Ta (2).
[Tapamerpu U; ta V;, nis i =1,/; j=1,m,y Ga3uCHHUX TOYKaxX A , BA3HAYAIOTHCS 32 pe3ybTa-
TaMu TapaMeTpu3alii pedep KapkaciB JiHii, BIIMOBIAHO, 32 TapaMeTpUUYHUMU HampsmMamu U ta V.
Buxonsun i3 cka3aHoro, BUpa3 XapakTepUCTUUHUX (DYHKIIIH B y3araJbHEHOMY 3alHCi U yCiX
0a3MCHUX TOYOK Kapkacy pebep, 3a mapaMeTpruyHUM HanpsiMoM U, MaTHMe HACTYITHUH BHUIJISI:

, j=1lm,0<Uc<1, ne (11)

U — noToyHuil mapameTp 3a HaApsIMOM;

U, — 3HaYEHHs IapaMEeTPIB B yCiX, KPIM OHi€i, 0a3MCHUX TOYKaX;

U\, — 3Ha4CHHS mapaMeTpy y 6a3uCHI TOUL, JUIS SIKOT YTBOPIOETHCS XaPAaKTEPUCTHYHA (YHKILISE

ij # (i) — 11eH 3ammnc BKasye, 10 BUKOPUCTOBYIOTHCS yCl 3HAYEHH ITapaMeTPiB, KPIM TOTO, IIOABIHHMIH
1HIEKC SKOTO 301raeThCs 3 MOJABIMHUM 1HAEKCOM 0a3UMCHOI TOUKH, B AY)KKaX, [T IKOI CTBOPIOETHCS
1151 XapaKTePUCTUIHA QYHKIiS.
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AHaJOr1YHO 32 NapaMeTPUYHUM HApSIMOM V MaTUMEMO:

m

[10-v)

G (V)= i=11,0<V <1, (12)

V¥ (12) no3HaueHHs € aHajIorYHUMH K 1 (11) TiabKM A HanpsMy V.

Amnanoriuno (3), (4), (5), 3a mapamerpuyHuM HanpsiMoM U, 11 KOXKHOTO j-TOro pedpa oouuc-
JIMMO 3HAYEHHs MAPaMETPIB B yciX Horo 6asucHux Touka — U, . [l KOXHOro j-Toro pebpa mosHa-
4YUMO JIOBKHHY KOXKHOI i3 1aHok iforo CJIJT uepes A/, .

Moy TOBXKUH:

A{,if] = \/Z:l ) i:fl’ j=1,

s

CyMapHa JI0BXKHHA:
! _
L, =Y A, j=lm. (13)
i=2

Jst K0KHOI 3 6a3MCHUX TOYOK A; J-TOro pedpa 0OUMCIMMO 3Ha4E€HHs apaMeTpiB 3a HarpsaMoM U:

i=21;t=21. (14)

Amnanoriuno (13), (14) 3a mapaMeTpuaHUM HAIPSIMOM V, JUTsI KOKHOTO 1-TOTO pedpa 00uncInmMo
3HAYEeHHs TapaMeTpiB ¥ y BCiX HOro 0asMCHUX TOUKax A, . Jlns mporo, 1us KOKHOIO i-Toro pebpa
IO03HAYMMO JIOBKUHY KOJKHOTO i3 1aHoK #oro CJLJT uepes A’ .

Moy TOBXUH:

A=, j=2m, =11,
CymapHa 1oBXKHUHA:
ML =N Li=1. (15)
j=2

Crparouncek Ha (15), 1 koxHOI 0a3MCHOI TOUKH A, 1-TOro pedpa, 0OYMCIHOEMO 3HAYECHHS
napaMeTpiB 3a TapaMEeTPUIHAM HAIIPSIMOM V.

y=j
St
1=2
[TincraBnsarouu 3HauenHs (14) B (11) 1 (16) y (12), a motim pazom (11) 1 (12) B (10), nicranemo
IIyKaHUH TBOTIapaMeTPHYHUI TOYKOBUH MOIIHOM, SIKUH OJHUM PIBHSHHAM KOMIIO3HIIHHO 1HTEPIIO-
JIIO€, 3a Harepe BUBHAYCHUMHU TOYKaMU, CETMEHT TIOBEPXHI JOBIIBHOI (JOpMHU.
Sk 6aurmo, ToukoBuit oniHoM (10) MiCTUTH TOAaHKY, SIKi € MoOyTKamu. Pearnizariito omnepartii MHO-
KEHHSI XapaKTePUCTUIHUX (DYHKIIH MDK COOOIO 1 JBOMapaMeTPUUHHUX XapaKTEPUCTHYHUX (YHKIIH Ha
0a3uCHI TOYKW HaWKpaIlle 3I1HCHIOBATH Y KOMITIOMarpuuHiil popmi (KOMIO3HIIIHHO-MAaTpU4HIKA Ghopmi):

L2y )] as )] = (25 (V) 4, (V)]]=[[a (V. 1)]]- (17)

i=Ll;j=1,m i=1,/;j=1,m i=l,/;j=1,m i=L1;j=1,m
[Tpu upomy, y (17) enemenTH, 110 € JOOyTKaAMU XapaKTePUCTHUHUX (PYyHKIIH (i3UIHO TEpeMHO-

’KyBaTH HE MOTPIOHO. 3acTocoBaHe No3HadeHHA a, (U,V) mporo no0yTKy HEOOXIJHO CIpHIAMATH SK
CKOpoYeHHs 3anucy. Kpim Toro, 3MiHCHIOETHCSI MHOKEHHS €JIEMEHTIB JIUIIE 3 OJHAKOBUMH IOJIBIii-
HUMU THIACKCAMH.

VYci enemeHTH-0O0YTKH ABOMapaMeTpudHoi kommomarpuiii (17) sBisitoTe cobOoro mapame-
TpUYHUN (YHKI[IOHATBHUI 0a3uc ABOMAapaMeTpUyHOro To4YKoBOTO momiHomy (10). Pesymerarom

j=2m,i=11. (16)
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MHOKEHHS KOMIIOMAaTPHUIIi TOYKOBOT [[A,.j ]] Ha KoMromarpuio napamerpuuny (10) € komnomarpuis
reomerpuanoi dirypu [[L,]]:

(L] = ,][ ,:(

L1

,jj]] ([4,-a,UV)]].0<U ¥ <1. (18)

Y xomnomarpuili moBepxHi (18) MHOKEHHS €JIEMEHTIB A, Ta a; (U,V') 3A1HCHIOETHCS JINLIE MK
TUMHU, Y SIKUX 301raeThCcst MOABINHI iHACKCH " i "

["apmoHi3zaliist ABOMapaMeTpUIHOTO TOYKOBOTO moiHOMY (10) 311HCHIOETHCS Yepe3 rapMoOHi3a-
1if0 pedep KapKaciB JIiHIM MOBEPXHI OKPEMO 3a KOXKHHUM 13 TapaMETPUIHUX HAMPSMIB aHAJIOTTYHO (8):

p;(U)
i
;p,-j(U
NV _
AV

jZ’::p,-j(V
(5 4(v I+ 0V 1]=[[o V)]] @1)

b, (U) =

y

, j=1Lm,0<Uc<]1. (19)

~
()
IN
<
IN
—

by (V) = (20)

§ \

T T =17
[Migcrasmsiroun B (10) enemenTr kommomarpwuili (21), mo € BH-koopauHaramu, gictanemo rap-
MOHI30BaHHH JIBONIApAMETPUIHUI TOYKOBHH ITOJTTHOM:
I,m
L,=> A;-b,(UV),0<U:V<1. (22)
ij=1
3ayBa)KMMO, 1110 TapMOH13allisl IBONapaMeTPUYHOIO TOUKOBOIO MOJIHOMY 32 MapaMeTpUYHUMHU

HanpsiMaMM y370BX kapkaciB jiHi (19), (20), (21) MICTUTb JesiKy TOXHOKY y MOPIBHSAHHI 3 CYLiIb-
HOIO HOT0 TapMOHI3AII€r0, OTHAK € MEHIII PECYPCOBUTPATHOIO TTiJ] Yac MpOTrpaMHOI peari3ariii.

BucHoBku

VY 1poMy JOCHIKEHHI 3alpOMOHOBAHO METOJ KOMITO3UIIIHHOI IHTePHOJIAMil NUIIXOM YTBO-
PEHHS XapaKTEPUCTHUYHUX (DYHKIIIH, IO SIBJISIIOTH COO0I0 (PYHKITIOHATBHUIN 0a3UC OTHOTIapaMeTpHy-
HUX Ta JBOMAapaMETPUYHUX TOUKOBHUX MOTIHOMIB. TOUKOBI MOMIHOMHU 3/1aTHI OTHUM PiBHSHHSM, 0€3
MOJIIIEHHSI BUX1THOT TeOMETPUYHOT (DirypH Ha CETMEHTH, OTIMCYBATH AUCKPETHO MOAaHI TeOMETPUYHI
00’ ekTH TOBLILHOT (hOpPMH, 32 Harlepe/] BU3HAYCHUMH T€OMETPUYHUMH YMOBAMHU, 11 Oy/Ib-sIKO1 (PiHIT-
HOT MHOXMHHU 0a3ucHuX To4ok. [Ipu 11bOMy, HaBITh 32 HAIBHUX HEKOHTPOJIHOBAHUX TOUOK MEPETHHY
Ha rpadiky 1[bOro TOYKOBOTO MOJIHOMY € BiJICYyTHIMH BEJIMKI aMIUTITYIM KOJIMBaHb, SKi O CIIOTBOPIO-
BaJIM MEepeOIr MPOIIECy, IO OMUCYETHCS IIMM TOYKOBHM IOJIiIHOMOM. Ha Hamry mymKky, Take BigOyBa-
€ThCS uepe3 Te, MO0 (PyHKIIOHATbHUN 0a3uC TOYKOBUX MONIHOMIB, KU CKIAA€Thes 13 YCIX HOro
XapaKTePUCTUIHUX (PYHKIIIH, YTBOPIOETHCS BUXOISYN 13 TEOMETPUIHUX OCOOTMBOCTEH BUXIiTHOTO
JUCKPETHO TMOJAAaHOTO T€OMETPUYHOTO 00’ €KTY, BPaXOBYIOUH iX y MOBHIiHM Mipi. ToO6TO, 0cOOIMBOCTI
reOMETPUYHOT0 00’ €KTY 1 PyHKIIOHAIBHUIN 6a3UC TOYKOBOT'O MOJIIHOMY, 1110 aHAJIITUYHO OMHUCYE 1eH
00’€KT, 3HAXOAATHCS y MOBHIN 37aroai. ToMy, 3a HaAsIBHUX HEKOHTPOJIBOBAHUX TOYOK INEPETHHY, HA
TOYKOBOMY TIOJIIHOM1 HE BUHUKAIOTh KOJIMBaHb HOTO ()OPMHU 3 BETUKHUMH aMILTITyJIJaMH, 5IKi O CTIOTBO-
proBanu GopMy BUXIJTHOTO F€OMETPUUHOTO 00’ €KTy. | HaBmaku, y OUIBLIOCTI TpaaULItHUX METO/IB
noJiHOMIaJIbHOT iHTEepHoALii QyHKI[IOHATBHI 0a3UCH € OEPHIITEHHIBCHKUMU, SIKi ICHYIOTh cami 1o
co0i K OKpeMi MaTeMaTh4dHi 00’ €KTH 1 HISIKUM YMHOM HE BPAaXOBYIOTh T€OMETPHYHI OCOOIIMBOCTI
BUXIJTHOTO JAUCKPETHOTO 00’ €KTY, 10 IHTEPIIOJIALIT SKOTO IX 3aCTOCOBYIOTh. Uepes e BUHUKAIOTh Ha
IHTEPIIONITHTAX, MOOYA0BaHUX TPAJAUIIIMHUMUA METOAAMH IMOJIIHOMIAIEHOT IHTEPIONISIT, OCIHIISIis
3 BETMKUMH aMInTiTynamu. OTxe, po3poOKka Teopii TOUKOBUX IMOJIHOMIB PO3B’si3ye Oararo mpobiem
3B’sI3aHUX 3 0OPOOKOIO 1 aHAI30M MPOIIECIB 3 BETUKUMU 0a3aMH TaHUX.
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M.P. [IETPUK, I.51. MYJIPMK, M.B. BAUMHCHKUH, I.51. CTAJIHUK,
M.IL IIIATYPCBKHNH, B.O. JIMKO

TepHOIINTBECHKUH HAIlIOHATHHAN TeXHIYHIN yHiBepcuTeTi iM. . [Tymios

BUCOKONPOJAYKTUBHI METOJAM TA IH®OPMAIIMHI TEXHOJOI'TI
MOJEJIOBAHHSA TA IHIEHTU®IKAIII IAPAMETPIB AHOPMAJIbHUX PYXIB
NI AI€10 3BOPOTHUX KOI'HITUBHUX BIIJINBIB

Hogi memoou mooentosantsi sukopucmosyromucs 0Jist 3a0e3nederts nioxoo0y 00 NPOeKmysanHs Yuhposux 0iacHoC-
MUYHUX cUCmeM 300p08 s Olisl RAYIEHMIG I3 HeBPONOSIUHUMU 3AXEOPIOGAHHAMU. AKMYANbHUM 3A460AHHAM € CMBOPEHHS
HOBUX NPOSPAMHO-ANAPAMHUX DileHb 01 MeOUYUHU Md d8MOMAMU308AHUX OIACHOCMUYHUX cucmem 05 i0eHmugika-
Yii' HOBUX ABUWY OP2AHIZMY Ma 300p08 s A0OUHU. Bascnusum € docnidcenns Hetipo-oio-cucmenm 3i feedback-36 azxom,
108 SI3aHUX 3 AHANI30M CMaHy ma noeedinku T-06 ekmis (nayienmis 3 03HaAKamMu mpemopy) nio KOSHIMueHUM 6NAUEOM
HeUpOHHUX 8V31i8 KOPU 2071081020 MO3KY.

B cyuacnux ymosax ocobnusa ysaza npuoiisicmecs HOBUM YUDPOSUM cucmemam OIlaeHOCTUKY MA JiKY8AHHS
6 meouyrnomy 3acmocysanti. Cnpoekmosana mamemamuina Mooeib HAHOMeOUYHOL cucmemy OpieHMoBAHA HA BU3HA-
YeHHS napamempie AHOPMAIbHUX pyXie nayicHmis i3 cumnmomamu mpemopy (T-o00’ekmis), UKIUKAHUX He2AMUBHUMU
BNAUBAMU NEBHO20 HADOPY HEPBOBUX GY3II6 KOPU 20JI06HO20 MO3KY. Busnauenns napamempie yux 6naugie okpeciumso
WIIAXY GUPIWEHHS NPOOTIeMU.

Aemopamu onucano mooeni cusHalie, OMPUMAHUX 8 AKOCHI 6XIOHUX OAHUX OISt ONPAYIO8ANHS (DUCYHOK nayieHma
mecmy cnipani Apximeoa), npoananizo8aHo MOYHICMb Ma eQeKMUSHICIb Memooie KoMN 10mepu3068an020 aHaizy cmy-
nenio mpemopy. OnuUcCano OCHOBHI pe3yibmamu MOOeN06ANHS, OMPUMAHO YACMOMHI XAPAKMEPUCTNUKY, AMNIIMYyOu
KOMUBAHHS, 8IOXULEHHs 8I0 HOPpMU MA iHWI NOKA3HUKU. Po3pobnero sucokoepexmuerny inghopmayitiny mexHonoeio ois
OYIHKU HeBPONI02IYHUX PYXi6 TI0OUHU HA OCHO8I 2IOpUOHOI MOOeNi aHaNi3y X8UTbOBO2O CUSHATY 3 YPAXYBAHHAM KOSHIMUG-
HO20 360pOMHO20 38 A3KY HElPO8Y3ilié KOpU 207108HO20 MO3KY.

3 suxopucmarnnam eiopuonux nepemeoperv Oyp’e peanizosano WeUOKiCHe aHAIMUYHEe PIUEHHS MOOei Y 6eKMop-
HIUl POpMI, WO 003601I5€ GUZHAUAMU e/LEMEHMU PYXI8 HA KOJCHOMY GIODI3KY CKIAOHOI CRIPAIbHOI Mpaekmopil, uo 6UKo-
HYEMbCA NAYIEHMOM 34 OONOMO2010 €IeKMPOHHO20 Nepa HA YUpposomy nianwemi. , ma ioenmudikysanu napamempu
00CTIOHCYBAHUX HeUpoCUCceM 3i 360POMHUM 36 SI3KOM.

Knrouosi crnoea nesponociuni pyxu, mpemop, mamemamuyne MoOen08AHH, KOSHIMUBHI 360pOMHI HeUpo38'a3Ku,
aHOMAIbHULL PYX, 2pa@iuHuil nianuiem, elekmpoenyeanozpama, oiaenocmuka, 2iopuone nepemeopenns Dyp'e, ana-
pamue ma npoepamue 3a0e3nedents, KoMn 1omepHe MOOeI08aANHs.

M. PETRYK, I. MUDRYK, M. BACHYNSKYY, I. STADNYK, M. PIDGURSKYI, V. YAMKO

Ternopil Ivan Puluj National Technical University

HIGH-PRODUCT METHODS AND INFORMATION TECHNOLOGIES FOR MODELING
AND IDENTIFICATION OF THE PARAMETERS OF ABNORMAL MOVEMENTS
UNDER THE INFLUENCE OF REFUSED COGNITIVE INFLUENCES

New modeling techniques are used to provide an approach to the design of digital health diagnostic systems for
patients with neurological diseases. An urgent task is the creation of new software and hardware solutions for medicine
and automated diagnostic systems for identifying new phenomena of the body and human health. It is important to study
neuro-bio-systems with feedback, related to the analysis of the state and behavior of T-objects (patients with signs of
tremor) under the cognitive influence of neural nodes of the cerebral cortex.

In modern conditions, special attention is paid to new digital systems of diagnosis and treatment in medical
applications. The designed mathematical model of the nanomedical system is focused on determining the parameters
of abnormal movements of patients with tremor symptoms (T-objects), caused by the negative effects of a certain set of
nerve nodes of the cerebral cortex. Determining the parameters of these influences will outline ways to solve the problem.

Authors described the models of the signals received as input data for processing (drawing of the patient of the
Archimedes-spiral test), analyzed the accuracy and efficiency of the methods of computerized analysis of the degree of
tremor. The main modeling results are described, frequency characteristics, oscillation amplitudes, deviations from the
norm and other indicators are obtained. A highly effective information technology has been developed for the evaluation
of neurological movements of a person based on a hybrid model of wave signal analysis taking into account the cognitive
feedback of cerebral cortex neuronodes.
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With the use of hybrid Fourier transformations, a fast analytical solution of the model in vector form was implemented,
which allows determining the elements of movements on each segment of a complex spiral trajectory performed by the
patient using an electronic pen on a digital tablet. , and identified the parameters of the studied neurosystems with feedback.

Keywords: neurological movements, tremor, mathematical modeling, cognitive feedback, abnormal movement,
graphics tablet, electroencephalogram, diagnosis, Fourier-hybrid transform, hardware and software, computer simulation.

ITocTtanoBka nmpodJjemMu

VY cuny Toro, 1o Hapasi BiICyTHI METOIM MPOTPECUBHOTO Ta IIBUAKOTO TECTYBaHHS Ta aHAJI3y
JAHUX JUIsl TIarHOCTYBAaHHS 3aXBOPIOBaHb HA TPEMOP, 3allIKABJICHICTh 0 CHCTEM JAHOTO TUMY 31
CTOPOHM MEAMYHHX 3aKJIa/IIB € JOCUTh BUCOKOI0. TaKkoX CHCTEMH JIaHOTO CHPSMYBAaHHS Jal0Th PO3-
IIMUPEHI MOXIIMBOCTI JJISl OI[IHKM OTPUMAHUX PE3YJIbTATIB IarHOCTHKH HE TIIBKH B MEXaxX JAaHOTO
3aXBOPIOBAHHS, a  CTaHY 3/I0POB’s MAIIEHTA 3araJioM.

3 MEeTOI0 MOJaHHs MaTeMaTHYHOTO PO3B’sA3KY y (popMi peanizalii npoueaypu GyHKIIOHAIbHOT
imeHTUdIKaIi] aMILTITYTHIX KOMIIOHEHTIB 1 (a30BOT MIBUIKOCTI MOUIMPEHHS XBUJII aHOPMAJIbHOTO
HeBpanTiuHoro pyxy (AHP) sk ¢yHKIii gacy B paMkax JEKOMITO3HIIT MOJIET 3 ypaxXyBaHHIM YMOB,
110 BIJIOMI CJIiJH (JaHi criocTepeskeHHs y popmi mudpoBux ganux AHP-pyxiB nauieHTa) po3B’s3Ky
JUIE KOYKHOTO CETMEHTa 3 TMOOYJIOBOIO CHUCTEM IOYaTKOBO-KPAaHOBHX 3amad (MiKpOMOAENei) s
MOCTIJOBHUX CETMEHTIB KPUBO1 PYXY.

AHaJIi3 cTaHy J0CTi>KeHb P00/JeMH AaHOPMAJIbHUX HEBPOJIOTiYHHUX PYyXiB

HogitHi iH(pOpMaIIiitHi TEXHOJOTIi Ta METOIM MOJCTIOBAHHS B PO3POOIT KOMIT IOTEPHOI JiarHOC-
THYHOI CUCTEMH TOKPALYOTh BUPILIEHHS IPOOJIEMH JIIKyBaHHS KPUTUUHHMX 3aXBOPIOBaHb Y CBITI, 0C00-
JIMBO JIFOZIEH, ypaKeHUX HEBPOJIOTIYHUMH 3aXBOPIOBAHHIMH, TAKMMH SIK aHOMAaJIbHI HEBPOJIOTIUHI pyXU
(AHP) abo TpemTiHHA Ta iX eKCTpeMayibHi (OpMH. y BHUIVISAI XBOpoO Ausbireiimepa, [lapkincona [1].
AHP - HeGarkaHi KOIMBaIbHI PyXU MEBHOI YaCTUHM TUIa (PYK, OpraHiB MOBH, OUYHHX SIONYK), 1110 BUHU-
KaroTh BHACIIIIOK MUMOBLUTBHOTO CKOPOUSHHS M's13iB JIFouHH [2]. O3HaKaMu MOPYILIEHb PEryIsIlii pyXiB
JIIOMHY € 30UTBIICHHS 1X aMIUTITY/IH, 3MiHa 4acTOTH 1 (JOpMH KOJIMBaHb. AHami3 1ux mapamerpiB AHP
Mae BUpIIIaJIbHE 3HAYEHHS 715 pO3YMIHHS poii JUCGyHKLIT 3BOpoTHOTO 3B’ 513Ky (feedback) B HeiipoHHmx
By3J1ax KOpH rojioBHOro Mo3ky (KI'M) y mporiecax KOTHITUBHOTO KOHTPOJIIO PYXiB JIFOMUHU Ta PAHHBOTO
BUSIBJICHHST HEUPOMOTOPHUX posnaniB. CkinaaHicTs inenTrdikamii AHP momnsrae B He1oCKoOHAIOCTI ICHY-
FOUMX METOJIIB JIIarHOCTUKH, IX HU3bKIH TOYHOCTI, @ TAKOXK Y BIJICYTHOCTI MaTeMaTUYHUX 1 MPOrpaMHUX
3aco0iB iIeHTU]IKAIlIT HepPBOBO-3BOpOTHOTO BILIHBY KI M-By3:1iB Ha 1X IOBeMiHKY [2]. JlocimimKkeHHs Hel-
pocucTeM, TOB’s13aHl 3 aHAJII30M TOBEIIHKH TMAIEHTIB 13 cuMiitomMmamu Tpemopy (T-00’exTH), mpoBoau-
JHCS PAAOM AOCIIIHUKIB, Takux sk Pullman S.L., Legrand A.-P., Vidailhet M. (ESPCI Paris Tech, ICEM
CNRS), Ban JIx.-C., Jlyi E., Xayber6eprep /l., Kanogin /1. Ta iami. [2-5]. Tyt ocHOBHY yBary Oyiio
MIPUIUICHO aHAJIi3y TTapaMeTpiB BIIHOCHO HOPMAJILHOTO CTaHY Ta IMOBEIIHKH MAIlIEHTIB 3a JTOTIOMOTOIO
KJIACUYHUX METOIB U(ppoBoi 00poOKu Ha O0CHOBI mepeTBopeHHst Dyp’e [5-12]. OnHak Taki METOIN Ha
CBhOTOJIHI BKE BUUEPIIAIN ce0e 1 He JI03BOJISTIOThH aHAJI3yBaTH aHOMAJTbHI CTaHU 31 CKIIAJHOO, BAXKKOIIPO-
THO30BAHOIO TMOBEJIIHKOIO, sIKa MTPUTaMaHHa pealbHUM T-00'eKTaM 3 BUCOKUM CTyTIEHEM Tpemopy. Uepes
HEJJOCKOHAJIICTh TAKUX METO/IB BitOyBaeThesi Brpara 60-80% BakinBoi iH(opMallii 3 0rucy peasbHOro
CTaHy MAali€HTIB, IO Jie-(aKTo 3yMOBIIIOE HU3bKY SIKICTh TAKOTO aHAJIi3Y.

Merta nocaiizkeHHs

Jns koHgirypamnii Moaeni izeHTudikamii BUKOpUCTOBYBaIN (GparmMeHTH Tpaekropii AHP cmi-
paIBHOTO THIY TOCHIKYBaHOTO T-00’€KTa, 371HCHIOBAaHY HUM Ha MU(PPOBOMY TpadidHOMY IUIaH-
meti. MozentoBaHHs Ta ineHTH]ikamio napamerpiB pyxiB AHP mpoBoxmnm B pamkax 3aBaaHHs
inenTudikarii napamerpis korHiTuBHUX feedback- BrumBiB EEI-BekTopa curnanis KI'P Ha cermenTn
tpaektopii AHP, po3pobGienoro 3a qomomoroto riopuanoi moaeni AHP. [{ns mobynosu inenTrdika-
LiiHOI Mojieni BUKOpUcTOBYBaBcs (hparment ciixy AHP nocmimkyBanoro T-00’ekra, BUKOHAHUN
HUM €JICKTPOHHUM TIE€POM Ha IHTEPAaKTUBHOMY IIU(PPOBOMY TUIAHIIETI.
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MeToro JaHOTO JTOCTIHKEHHS € pOo3pO0Ka TIOPHIHOT aHAITHYHOT MOJIETT, STKa 3a0e31euyBarume Id-
OOKY JIEKOMITO3HUILIIO CHCTEMH 0e3 MOPYIIEHHS ii ILUTICHOCTI Ta 3B'SI3KIB, 110 HE 3MIHCHIOETHCS KITACHIHUMU
MeToIaMH OOPOOKH CUTHAIB, IO MPUBOATH J10 Brpatn 60-80% iH(opMariii mpo peanbHuii cTaH 00 €KTY.
MerogaMu MallIMHHOTO HaBYaHHS HEOOXI1IHO MOMEPEIHBO YTOYHUTH BaroBi Koe(MiIlieHTH BIUTMBY HaOOPIB
1M(POBUX 3AIUCIB CUTHAJIB KOTHITUBHHX BIUIMBIB HEMPOBY3/iB KOPH TOJIOBHOTO MO3KY MAIll€HTa Y XO7l
BUKOHAHHS HMIM TECTOBUX MPUKJIAJIIB PUCYBAHHS CIIPATIBHUX TPAECKTOPIH Ha IT(PPOBOMY TUTAHIIICTI.

IIpononoBani migxoau aBTopis 10 BUpieHHst npodaemu anajaizy AHP
i/l 1i€10 3BOPOTHUX KOTHITUBHUX BIJIMBIB OCHOBHOTIO JOCTiI:KEeHHS

ABTOpaMU 3aIpOITIOHOBAHO BUCOKOMPOAYKTHBHY 1H(OpMaIIiiHy TexHonorio gociimkeHHs AHP,
noOy0BaHy Ha OCHOBI TOpHUIHOT MOZIENI aHaNi3y CUTHAJIB HEMPOCUCTEMH, SIKa OMMCY€E CTaH 1 MOBe-
niaky 3D enementiB Tpaektopiiit AHP T-00’ekTa 3 ypaXyBaHHSM KOTHITHBHI €()EKTH HEPBOBOTO 3BO-
poTHOTO 3B's13KY ieHTH(]iKOBaHUX BY3J1iB KI'M 3 BUKOPHCTaHHSAM KOMIT FOTEPHOTO TECTYBaHHS PyXiB
T-00’exTa, 1110 pOOUTH CIIPOOU BIATBOPEHHS IIAOJOHHMX TECTOBHUX TPAEKTOPiH (y BUINIAAL cripaii
Apximena Ta iH. TeCTiB). 32 JOMOMOTOIO METO/IB TiOpHIHHUX TIepeTBOpeHb Dyp’e MOOYyI0BaHO HIBH/I-
KICHI aHaJITH4YHI pO3B’s3KM Moxeni aHanizy AHP y Bumisaal BekTopHHX (YHKITNH, SKi BU3HAYAIOTh
€JIEMEHTH TECTOBUX TpaekTopiil pyxiB T-00’ekra Ha kokHOMY cermeHTi AHP [13-16]. Ha ix ocHoBI
3aIPOITIOHOBAHO BHCOKOTIPOIYKTHUBHI aNrOpuT™MH ineHTudikamii napamerpisB AHP s mokoMmnoHeHT-
HOT OIIIHKU €(heKTiB HEHPO-3BOPOTHOTO 3B’ SI3KY, SKi JI03BOJIIIOTH PO3MapasIeItoBaTH OOYMCIICHHSI.

Cnoci6 300py nanux AHP 3a qonomoror rpagiuynoro mianmera. SIKicHe OIIHIOBAHHS Xapak-
TepucTik AHP muisixom Ta KiTbKICHOTO MOKpAIIEHHST CXeM KOMIT toTepHoro tectyBanHs AHP Bumarae
3HaHHS TOYHOTO TOJIOKEHHSI eJIEKTPOHHOTO Tepa T-00’€ekTa, 1110 MPOXOIUTh TECT Ha IU(POBOMY ILIaH-
IIeTi Ta TUCKY Iepa Ha MOBEPXHIO IUTAHIIETa sIK (PYHKINT Yacy BIPONOBX yCi€l TPUBATIOCTI EKCIIEPUMEHTY.

Jlns BuzHaueHHss koopawHaT X 1Y, Ta Z Ak QYHKIIA dYacy IbOro HEOOXigHE BUKOPUCTAHHSI
rpa¢iqHOrO IUIaHIIeTa 31 CIeialbHO AJalTOBAHUM MPOTPaAaMHUM 3a0€3MeUeHHsM, 110 3a0e3rneuye
BHCOKY YaCTOTY 1 TOYHICTh 300py AaHuX. 3 nuX nMpuuuH OyB oOpanwmii rpadivanii ruranmer HUION
KAMVAS PRO 16. Horo aktuBHa 30Ha (Bianosizae 345 x 194 MM) cyMicHa i3 3araibHOIPUIiHS-
TUMH MOJIEJISIMU IIKaIK oliHKKU TpeMopy Pana-Tonoszu-Mapina (FTRS) [4]. Pinep mae po3ainbHy
3patHicTh BBeneHHS niepa 5080 Ipi, Tounicts 0,25 MM 1 MIBUAKICTH po3Mi3HaBaHHA 0 266 TOYOK
B CEeKyHy (3TiHO 31 crienudikaiisiMu BuUpoOoHuKa). KpiM Toro, qaHuii miaHmeT 103BoJIsI€ BigoOpa-
KaTu TUCK Tiepa Iijl 4ac MaJroBaHHS Ha IUIOIIMHI Ta BUMIPIOBaTU pyxH Ha BiacTadi 10 10 MM Hax
MTOBEPXHEIO TIepa, 110 TO3BOJISIE Bi3yalli3yBaTh pPyXH Mali€HTa B IPOCTOPi Ta CHITy HATUCHEHHS Tepa
Ha MOBEPXHIO IJIAHIIETA.

Puc 1. BisyanbHe npeactaBiends Bukopuctanisa rpadgiunoro niaanmera HUION KAMVAS PRO 16 B Tecti

Jas nocaimkenns ejsektpoennedanorpapiunux (EEI) curnanie KI'M o0pano koM’ ro-
tepuuii enekrpoeHnedanorpap HEMPOKOM — mn’are mnokomiHHS po3po0IeHUX KOMILJIEKCIB
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KOMII'FOTEpHOI enekTpoeHIedanorpadii. Ennedanorpad B koMriekci Mpu3HaYSHUH I peeCTpaltii,
nornubneHoro ananizy ta inrepnperanii EEI" 1 Buknukanux norenuianiB (BIT), mpoBeneHHs pizHO-
MaHITHHAX aHATi31B 17151 HAYKOBUX JTOCIIIKEHb.
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Puc 2. BisyanbHe npeacTaBiieHHsI pouecy 300py JaHUX Bix exekTpoeHnedaiorpagpivHoro KOMILIEKCY
NeuroCom

[lonom Ju1st aHAi3y KOHITUBHUX CUTHAIIB KOPU TOJIOBHOTO MO3KY 13 BCTAaHOBJICHOIO arapaTrHo-
MPOrpaMHOI0 TIATGOPMOIO BHpOOHMKA 3a0e3meuye 16-kaHanpHUH Bi10ip eHiedanorpam i nepeaady
iX Ha MepCOHAJILHUI KOMIT IOTEP 3a BIANOBIIHUM MPOTOKOJIOM. IIporpamMHe KOHIUIIFOBAaHHS CUTHA-
niB EEI" 1 moctobpo6xka BinOyBaeThest Ha [1K. Jlani 30epiratoTbes sk y HEOOpOOJIEHOMY TEKCTI, TaK
1y Bi3yasi30BaHOMY IIPEJCTABICHHI B KO)KEH MOMEHT 4acy. JlaHi 3UUTYIOThCS 3 KOKHOT'O KaHay Bij-
BeIeHHs 3 iHTepBasioM 2 Mc (dacrora 500 I'm).

['6puana monens 3a0e3nedye KiIbKICHI aMIUTITyAHO-4acToTHI Xapaktepuctuku AHP. [lns Bpa-
XyBaHHs KOorHiTUBHUX feedback-BrmBiB Ha moBeninky AHP cuctemMu BUKOPHCTOBYIOTHCS OTpUMaHI1
uudposi Habopu iHaukatopiB EEI'-curnanis, sSiki CHHXpPOHHO 3 pyXOM eJIeKTpoHHOro repa T-00’ekra
HAAXOIATh Bi 16-TH elEeMEHTHOrO BEKTOpa YacOBUX MOCIIOBHOCTEH CUTHAJIB, IO MOCTYNAIOTh
Bl EEI'-cencopiB, BcTaHOBIEHUX Ha BU3HaueHUX Ha HelpoBysinax KI'M. Bekrop EEI'-curnanis
B IIJIoMy BU3Havaro auHamiky AHP miis koskHOTrO j-TO cermenTa ckinaanoi AHP- tpacu, ne j =1,nl1 —
HoMmep notoyHoro cermenta AHP, nl — kinbkicTe cermeHTiB po30utTs yciei Tpacu AHP (puc. 4)
Y Mozeni po30uTTs MOXKe OyTH BCTAHOBIICHO aBTOMATUYHO Oy/b-SIKUM CIIOCOOOM, 3 Oy/1b-5IKOKO KiH-
11€BOIO KUIBKICTIO CEIMEHTIB. IX JIOBKMHA TAaKOK MOe OyTH Pi3HOIO 3a]Ie)KHO Bijl BUOOpPY piBHS
Aetaiizauii AUTHOK pyxy. Citijl 3ayBakKUTH, 1110 3T'1JHO KOHLIEMIII] 3aIIpOIIOHOBAaHOI rOpUAHOI MozieN,
xorHiTuBHI feedback-BrunBu BexTop EEI'-curnamniB BIuiMBaroTh TIIbKM Ha OTOYHI cermeHT AHP-
Tpacu, 10 CHHXPOHI30BaHi M0 Yacy MPOXOHKEHHS 31 3HaueHHs MU KomrioHeHTiB EE -Bektopa Ta 00y-
MOBJIIOIOTh BU3HAUEHY CIIa/IHY €CTIOHCHIIIAIbHY MICIISIIIF0 Ha MaiOyTHI JIJISTHKH KOJIMBHOTO pyXy (Ha
MIPOMICH] IJITHKY PyXYy Il BIUTMBH BiJICYTHI, 11O IPUPOIHEO).

One way cooperation

Puc 3. LntocTpauiss BUKOPUCTAHHS T0CTiTHUIIbKOTO o0naaHanHA 3. [idpuaHa maTeMaTHYHA MOJeIb aHATI3Y
T-00’exta AHP 3 ypaxyBaHHAIM KOTHITUBHHX Helipo-3BOpOoTHUX BIUIMBIiB By3aiB KI'M
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["Opunnuii Mmogensuuit anaiiz AHP, moOymoBaHuit Ha OCHOBI KOHIIETIIIIT MTOIIUPEHHS XBUIHOBOTO
CHUTHaJIy, BU3HA4Ya€ [MOCETMEHTHUI Onuc enemMeHTiB TpaekTopii AHP 3 ypaxyBaHHSM MaTpuili KOTHi-
tuBHUX feedback-BrmnBiB BekTopa curHamniB HeiipoBysniB KI'M na cermentax AHP [13]. B ocHoBI
peaizarii JeXHUTh METO/] BU3HAYECHHS MOJIOKEHHS eJIEKTPOHHOTO I1epa, 3 JJOIIOMOTOIO SIKOro T-00’€KT
BIZITBOPIOE TPAEKTOPIIO pyXy IabnoHy (cmipaii ApxiMena) Ha eKpaHi IHTepaKTUBHOTO TuiaHmeTa [14].

Visualisation de I'influence des composants du vecteur de neurosignaux $5(t) sur les éléments
de MNA-trace ( 1 J),j 1,n

S0 Sa(0) $3(0) Si)  Spa) S, ()

EEG ‘ v s ——— g

.{--_____
/

7

/

ANM}\/\/\A* }\/\\]\(\é/\

Iy 5 Iy [ER. ;—1 (e

maximpact of §; tozone (_y,1;) min inpact of 5 to zone final (Ing,l,,iﬂ)
Puc. 4. Cxemarusanist Ta BidyaJizanis noyacoBux koruiruBuux feedback-BminBi koMIoHeHTiB BeKkTOpa 3B’A3KiB
EET -curnaJjis HelipoBy3ais KI'M Ha okpemi enremenTn AHP-Tpacn (] 0> l ) Jj= 1 ,n1 B pamkax riopuanoi
. . J-12%
monesi AHP-anaizy

Binxunenns tpaekTopii pyXy mnepa BijJ maOnoHy Mae ckiaany ¢opmy (puc. 4) i gae orudpo-
BaHy iH(OpPMAIIito I BUSHAYCHHS HEBPOJIOTTYHOTO cTaHy T-00’ekra. Cini pyXy nepa po30HBaeThCs
Ha MPOCTIII eIEMEHTH 3 METOI0 JieKommo3ulii ckinagaux AHP-pyxiB y cxemaru3zariii moxgeni. Kiib-
KICTh MOJIIJIOK 3aJIEKHO BiJl CKIIAAHOCTI 300pakenHs AHP MoxxHa BuOHMpaTH TOBUIHHO.

Onuc mareMaTH4YHOI Mojesii PyHKIiOHAAbHOI iteHTHdikanii AHP
Jlis mpencTaBleHHs MAaTEeMaTHYHOTO PO3B’A3KY Y BUTVISIL peatizalii mporeaypu GyHKI[IOHAb-
HO1 iIeHTUdIKaII] aMIUTITYTHUX CKJIaZOBUX 1 (pa30Boi mBHIKOCTI po3moBciomkeHHs xBuwin AHP sk
(byHKIIIH Yacy B paMKax JESKOMITO3HIIIT MOJIETIi, BPaXOBYOUM YMOBH, 1110 BiJIOMI TpacH (AaHi crocTe-
pexxeHHs y Bursiai udposux nanux AHP-pyxiB T-00’ekTa) po3B’s3Ky AJisl KOKHOTO K-ro cerMeHTa,
OTpUMaHa HACTYITHA CUCTEMa MPSMUX IMOYATKOBO-KPAMOBUX 33134 (MIKpOMOJEIEH) ISl TTOCTi0B-
Hux cermeHTiB AHP [13]:

82 ) 2

=7 U u (t,z)= b uk+S(tz) (1)
3 MOYaTKOBUMHU YMOBaMHU:
ou —_—
u, (1, =0, & =0 Jk=1n +1 2
k ( Z)L:() ot o 1 ( )
KpaiioBi yMoBH Ha KO’)kHOMY 3 TOHKHX cerMeHTiB AHP no z:

u, (t,z)|z:1k = UL/H , u, (t,z)|z:[k = U[k, k=Ln +1 3)

Bubip ¢ynkuionana-neB’si3ku. BBakaemo, mo kommnoHeTd (a30BOi MIBHAKOCTI TMOIIH-
penns xsuini AHPb,, k =1,n +1 kpaiioBoi 3amadi (3.3)-(3.5) € HeBimomumu (YHKIIISIMU BiJI dacy.
[Ipn BigOMHX 3HAYEHHSX MOJOXKEHHS Iepa u,(f,z) B TOYKaX crocTepexeHHs Ha cermeHTax AHP
Y € Q. k=Ln +1:
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u(nz), =U, (12) . )

Jie IoYaTKoBO-Kpaiiosa 3amava (6.1)-(6.4) moxke OyTH pO3IISTHYTa ISl KOXKHOT TOYKHU Z JJIsi KOKHOTO
TOHKOTO k -r0 cermenta upacu AHP i nonsrarume B 3HaX0XKaA€HHI QyHKIIA

boeD, e D={v(r): v, eC(a, ). v>0k=Tn+1].

DyHKIIOHAN-HEB A3Ka BIAXUIICHHS PO3B’A3KYy BiJl HOro ClifiB Ha v, € Q, , 3riaHo [14] zanm-
HIEThCS Y BUIVISIL:
1 T
-2 ! ("uk t,2,b,)-U;[] )dt (5)

MeTtoauka po3B’si3aHHA NPSIMOi KpaiioBoi 3axa4i inenTudikanii. [loOymoBa Ta MaTemaTHIHe
OOTpYHTYBaHHSI PO3B’s3KY 3aja4i 3MIHCHIOETHCS IUIIXOM BHKOPUCTAHHS CKIHUEHHOTO 1HTETpalib-
Horo neperBopenHs Dyp’e. 3acrocyBaBmu A0 3aaa4i (6.1)-(6.4) iHTerpansHi oneparopu [13]:

Flu (t,2)]=[" e (t,2)V, (B 2)dz = Uy, (0)

k-1

1 = Vm mo
P 0] 0 0 P < 0) ©
2 UI m
F [;—Z (1, Z)} =BV +B,U, 1= (1) 7 [ = B0+ B,U, =B, (1)U,

mmn

0 |V|| = I[V B,,,,Z] dZ_—h sinB(l, —=4,)=0

lkl

Ve(Bn»2)=sinB, (z-L_,) B, =

Po3p’s130x 3amadi (6.1)-(6.4) micis HU3KK MEPETBOPEHB OACPKaHO y GopMi 3pydHiil 1 edek-
THUBHIN JUIsl YMCIIOBHX ITEpallifHUX PO3pPaxyHKIB JII1 BUKOPUCTAHHS B IMpoIeaypax iaeHTHdIKaril
napamMeTpiB:

2 & 1-cos(bB,!
uk(t’z):A_[Z:;) B(k )

1
bB,, )
MeTton po3B’si3aHHs CIPsDKEHOT KpaioBoi 3amadi AHP

VY BIAMOBITHOCTI 3 BUXIJHOI MPSIMOIO TOYATKOBO-KpaiioBoro 3amadero (1.1)-(1.5), cnigyroun
[14] nyst koxHOTO HAOMMKEHHS PO3B’SI3KY, BBOAUMO JI0 PO3MISIY CHPSKEHY 4acOBO-KpaloBy 3a/1a4dy:

U

. " ! Uk
sinB,, (7 - Ikl)[s ( ((_1) _])+U”k" {1_(_1) WMD 7

az(l)k(t 2)+b 2<|>,((t )= (u,fk—U,:)Z:YkS(z—yk), k=1n+1 (8)
ymoBamu nipu t =T ¢, (t’Z)H =0 9)

Ta KPaHOBMMH yMOBAMH NIEPLIOrO POMY JUISl KOXKHOIO HaOMMKeHHsT D)), , PO3B’AA3KY:
b (12, =0 o (2), =0, (10)

AHATITHYHUIN PO3B’SI30K CIIPSHKEHOT qaCOBo-KpaﬁOBo'l' 3ama4 (6.10) -(6.10) orpumyemo y Bursii [ 14]:

R -U;).

e

8(z—v,)dedr, (11)
Tk
ne:
Sh kam (t ~ T)
Ah m=0 kam
Po3B’s30k (11) crpspxenoi 3anmadi (8)-(9) micast iHTErpyBaHHS 1 HU3KH MEPETBOPEHb KOHBEP-
TyeMo y (hopmi 3pydHiii 1 ePEeKTUBHIN I YUCTOBUX ITEPAIlIHHUX PO3PaXyHKIB JIJI1 BUKOPUCTAHHS
B Ipolieypax iAeHThdikamii mapaMeTpis:

H, (1-12,8)= sinB,, (&1 )sinB, (z-1,).
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~ 2 & 1-ch(bB,(T-1))
A (bB,)
dopMyiM aHaIITUYHUX BUPa3iB IpaJlieHTIB (PyHKIIOHAJIA-HEB A3KH
Bupasu KOMIIOHEHTIB Tpaji€HTIB @yHKuiOHaHa-HeB';BKH JUTs HeoOXimHUX KoedimieHTiB bk:

T I

VA-JJ¢<ro w«@am (13)

0l
g 3apau pyHkunioHaabHoI iteHTHiKALIT q)opMme JUIsL KOMIIOHEHTIB I'pa/li€HTIB (PyHKIIIO0-
HaJly HeB SI3KH K (PyHKIIT BiJ 9yacy ab0 KOOpAMHATH, OTPUMYEMO, 3HIMAIOUH BIJIITOBITHUN IHTETpas
notunzy (13)

sinB,y,sinp, (z -4 ) (U; —up ) k=Tn +1 (12)

J¢ao a0z (14)

/kl

VI, (2) = f¢ , z) uk(t )t . (15)
Tyt mopmaHi TOUHI aHATITHYHI BUPa3u KOMIIOHEHTIB nmlHTerpanLHon Bupasis (14), (15):

L T

o? 2 & . « 1 m " Ul”‘
a_ZZUk (t,2)= _E,;)B’" (1-cos(bB,1))sinB, (z—1_,)| Sk —(kam)2 ((_1) - 1) +U, [1 -(-1) WMJJ

Peryasipusauiiini Bupasu a1 n+1-ro KpoKy BHU3HAYEHHS 1A€HTU(DIKYIOUOi 3a7€KHOCTI.
3 BUKOPHCTaHHSIM METONY MiHIMaJbHUX MOXMOOK JUIsi BU3HAUEHHS 3aJIeKHOCTI (DYHKIIOHAIBHOI
imenTHdIKaIil KOMIIOHEHTH aMIUTITYIHOTO KOe]illieHTa KOJMBHOTO PYXy CHUTHAIY &' sSIK KOHCTaHTY
(mapameTp) Ha BiApi3Ky abo y BUIIsAlL (DyHKI[IOHANBHOI 3aJIEKHOCTI BiJ 4acy t 4u z, ab0 BiJ IBOX
3MIHHUX JJIs1 KOKHOTO k -To enementa AHP k =1,n +1. 30kpema, anst GyHKIIOHATIBHOI 3a1€KHOCTI
BiJI Yacy ¢ MaeMO TaKUH peryisipu3aliiiiii BUpas3u:

||le (t’yk’bk)_U/: ’

7 (o),

Marpuunuil anropuT™ i1eHTr(IKaLllT BEKTOpa aAalTUBHUX KOE(IIIEHTIB BIIMBY MaTPHULI KOT-
HiTuBHUX EEI curnamniB Ha BekTOp cermeHtiB Tpaektopii AHP

dopmyna 3B’SI3Ky BEKTOp CETMEHTIB TPAEKTOPii KOIMBHOIO PyXy EJICKTPOHHOrO Iepa
[4,(1)], j=Ln+1 3 marpunero marpumi curnanis ceucopis EEG [S,(r)], i=1m j=1Ln+1,
ne m — kinpkicts ceHcopiB EEI" (B Hamomy Bumaaky m =16) , n+1 — 3aranbHa KiJIbKICTh CEIMEHTIB
TPAEKTOPIii pyXy Iepa B3I0BK KOOPAWHATH Z:

u (1,2) S, (1) S,(1) .. S

i (1,2) _ Sulr)  Snlt) o S (1) || ) (17)

un+1 (t’ Z) Sn+l,1 (t) Sn+l,2 (t) o Sn+1,m (t) am

sinB, v, sinp, (24 )(Up —uy ), k=1,n +1

b (1) = B (1) = VI3 (1)

t(0.T), k=Tn. (16)

5
—_
~
~
R

3BiCH 3HAXOIUMO:

oy Sll(t) A (t) Sim (t) U (t’z)
o | _ S, (1) S, (1) S, (1) u (1,2
oy Sn+1:l‘ (t) S (t) Sn+1,; (’) U, (f Z)
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Aoo:
] [Su(®) Su(t) o Soa®] [ u(n2)
a | _| S () Sn(t) o S, ()] | w(t2) ' (18)

o S (1) Sua(t) o S (2) U, (t,2)

[lepemuoxyroun B mpaBiii vactuHi (18) emeMeHTH Marpuib 3a NPaBUIAMH MHOXKEHHS,
OTPUMYEMO BEKTOp 3HA4eHb KOEQIIIEHTIB aJaNTHBHOTIO BILIHBY [S,.j (t)], i=Lm j=1n+1 Ha
[u;(1)], j=Ln+1:

3

i
i

L) u (,2)+ S, (1) wy (1,2) + ..

R

-+ 1,n+1 (t)'”ml (t’z)
a | _| Sy () -u (t,2)+ S, (1) uy (t,2)+ ...+ S'z,n+1 (t)-u,, (t,z) (19)

o, S, (1) u (1,2)+ 8,5 (1) -u, (1,2)+ ...+ S‘mM (t)-u,., (1,2)

(1), i=1m; j=1n+1-eneMeHTH OOEPHEHOI MATPHLII (s7)" , IHAEKC 7' —3HAK TPAHCTIOHYBAHHS MATPHLIL.

BucnoBku

[HdopmariitHy TeXHOJIOTIF0 PO3pOOIIEHO HAa OCHOBI TiOpumHOi Monmeni AHP-anami3y Heiipo-
CHCTEMH, sIKa OIUCYE CTaH 1 MoBeniHKY T-00’€KTiB 3 ypaxyBaHHAM KorHiTuBHUX feedback- BiimBiB
KI'M. 3a nonomororo Merony riOpuaHux neperBopeHb Oyp’e moOyJ0BaHO aHATITHUHUN PO3B’ 30K
MoOJIeNll y BEKTOPHOMY BUIVISiAI, BHU3HAYa€ €IEMEHTH TPaeKTopiil Ha koxxHOMYy cermeHTi AHP. Ha
OCHOBI LILOTO 3aIIPOIIOHOBAHO BUCOKOC(EKTHBHI aJITOPUTMH 11eHTH(IKAIIT TapaMeTpiB JOCIIIKyBa-
HUX CHCTEM 3BOPOTHOTO 3B’s13Ky. Ha BiAMiHY Bij 3arajJlbHONPUNHHATOTO KIACHYHOTO CTaTUCTUYHOTO
Ii1X01y 0OpOoOKHM CUTHAIIIB, 3aIIPOITIOHOBAHA T10pUIHA MOJIENTh OPIEHTOBaHA HA TIIMOOKY JIEKOMIIO3H-
LiI0 cucTeMu Oe3 MOpYIIeHHS i1 IIIICHOCTI Ta BCIX BAXKIMBHUX 3B's13KiB. KpiM TOro, 3aBIaHHs 1IbOTO
CIIOCTEPEIKEHHSI MOJISTaE B TOMY, III00 PETENHHO MEPEBIPUTH MEXaHI3MU Ta BIOCKOHAIMTH METOIU
300py Ta aHaji3y JaHWX, OTPUMAHKX 13 CHIPAJbHUX MATIOHKIB TamieHTa. Takuil miaxia 1a€ MOXKIIU-
BICTh OLIBII SIKICHO OMMCATH CKJIAJHI MpuxoBaHi MexaHizMu AHP 3 Bennkoro KiTbKiCTIO BHYTPILIHIX
3B’s13K1B 1 KOTHITHBHUX feedback- BruBiB KI'M, 3a06e3meunTi BUCOKUA CTYITIHb TOBHOTH JIaHUX.
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OPTIMAL TECHNOLOGIES OF AWNING STRUCTURES TAKING
INTO ACCOUNT VARIOUS CHARACTERISTICS OF THE PARAMETERS

The work deals with the issue of computer modeling and some physical properties of modeled objects. Issues related
to membrane awning structures, which are relevant nowadays, are also considered. Geometric modeling is considered as
a direction of mathematical modeling, which includes the description of geometric images and the execution of certain
operations on them in two-dimensional, three-dimensional or multidimensional space. The requirements for design tools
and solving the problem of finding the optimal cutting of structural materials for the production of technical objects are
analyzed. The characteristics of awning structures, the possibilities of forming, the use of various materials and the com-
bined options of combining the awning with other materials are considered. The use of awning structures makes it possible
to create not only small architectural forms, quickly assembled mobile structures that are easily transformed according
to the change of functional purpose, but also to form new types of objects. Modern technologies combine the advantages
of industrial construction methods with the individualization of the form, opening the way to the use of awning structures.
Membrane coverings, as one of the modern trends in presenting a new form of roofing, create new spatial characteris-
tics of architectural objects. Therefore, in order to solve the theoretical problems of calculating a high-quality awning
structure, it is necessary to use special methods based on the use of the equilibrium state of membranes. Providing a wide
variety of forms, this type of coating has wide prospects for use on a par with other architectural and structural systems.
Ukraine has potential opportunities for the use of awning structures in the design of original objects. An informational
model of commensuration of architectural form elements established on the basis of informational modularity of ratios
of dimensional structure elements is proposed. The practical value of the method lies in the possibility of direct design
of the awning surface, in contrast to other known methods, which proceed from rigid boundary conditions.

Key words: computer modeling; tent construction, surface; spatial membranes.

I'M. CMAKOBCbHKA

HartionanpHui TeXHIYHUN YHIBEpCUTET YKpaiHu
“KuiBcbkuil mosiitexHiuHuid iHCTUTYT iM. Iropst Cikopcbkoro”

ONTUMAJIbHI TEXHOJIOT'TI TEHTOBUX KOHCTPYKIIIA 3 YPAXYBAHHSAM
PI3BHUX XAPAKTEPUCTHUK ITAPAMETPIB

Y pobomi pozenanymo numanna komn'tomeprnozo mMooenosants ma OesKi Qizuuni 61acmugocmi Mooenbo8aHUX
006'exmis. Taxooic po3ensa0aomocs NUMAaHHA, N0G I3AHI 3 MEMOPAHHUMU MEHMOBUMU KOHCMPYKYIAMU, AKI € AKMYaTbHUMU
6 Hawt yac. I eomempuune MoOeNo8aHHs PO32NAOAEMbC AK HANPAMOK MAMEMAMULHO20 MOOENI0BANHS, WO 6KIIOUAE ONUC
2eomempuiHux 00pa3sia i BUKOHAHHA HAO HUMU NeBHUX Onepayill y 0808UMIDHOMY, MPUSUMIDHOMY A60 6A2amo8UMIPHOMY
npocmopi. IIpoananizosarno éumozu 00 3acobié NPOeKmMy8anHs ma eupiuleHHs 3a0ayi NOULYKy ONmuMaibHo20 PO3KPOIO
KOHCMPYKYIUHUX Mamepianieé ONi 6u20MmoslieHHs MexHiunux o0 ’ekmie. Posenanymo xapaxmepucmuku meHmogux
Ccnopyo, MONICIUBOCMI (POPMOYMBOPEHHS, 3ACMOCYB8AHHA PISHOMAHIMHUX Mamepianie ma KOMOIHO8AHUX 6apiaHmie
NOEOHAMHA MeHmy 3 THWUMU mamepiaramu. 3acmocy8ants MeHmMosUx KOHCMPYKYil 0ac MONCIUBICING CMEOPIOBAMU
He quwe Mani apximekmypHi gopmu, weuoKo30ipHi MOOIILHI CROPYOU, AKI J1e2KO MpAHCHOPMYIOMbCs 8i0N0GIOHO 00
3MIHU PYHKYIOHATbHO20 NpUSHAUEHHA, a U popmysamu Hosi munu 06 'exmig. Cyuachi mexnonozii noeoHyoms nepesacu
iHOyCcmpianeHUX memooieé OyOieHuYmea 3 iHOUGiOyanizayicio Gopmu, iOKPUBAIOHU ULIAX 00 GUKOPUCIAHHS MEHMOBUX
KoHcmpyKyit. Membpanni nokpumms, sK OOUH 13 CYYACHUX HANPIAMKIE NpeocmasiieHHs HOB80I opmu NOKpIsli,
CMBOPIIMb HOBI NPOCMOPOSI XAPAKMeEPUCMUKU apximekmypHux 06 ’ekmis. Tomy, wo6 eupiwumu meopemuyti
3a0a4i pO3PAXYHKY AKICHOI MeHmo8oi KOHCMpPYKYii HeoOXiOHe 3aCmMOCY8AHHA CNeYidIbHUX Memoois, U0 OCHOBAHI HA
BUKOPUCTNAHHI PIBHOBAIICHO20 cmany MeMOpan. 3abe3neuyiouu wupoxe posmaimms @Gopm, yeu 6ud NOKPUMM MAe
WUPOKI NepCcneKmuely 6UKOPUCTNAHHA HA PI6HI 3 THUWUMU aPXIMEeKMYPHO-KOHCMPYKMUSHUMU Ccucmemamu. YKpaina
MA€E NOMEHYIUHI MOJICTUBOCII 3ACMOCY8AHHA MEHMOBUX CIMPYKMYP NpU NPOEKMYSAHHI OPUSIHATLHUX 00 €KMIE.
3anpononosano iHghopmayiliny MoOenb CniBpOIMIPHOCH eleMeHmi8 apXimeKmypHoi hopmu, Wo 6CMaHOBIIMbCS HA
niocmaei iHopmayiuHoi MOOYIbHOCMI CRIBBIOHOULEHb elleMeHmi8 po3mipHoi cmpykmypu. [Ipakmuuna yinHicms memooy
NoNsA2AE 8 MONCIUBOCTNI NPAMOSO NPOEKMYBAHHS NOBEPXHI MEHMY HA GIOMIHY 8I0 IHUUX 8i00MUX MemOoOi8, AKI 6UX00Mb
3 JICOPCKUX SPAHULHUX YMOB.

Kniouogi cnosa: komn tomepre MOOeNO6aHHs, MEHMOEA KOHCMPYKYIs, NOGEPXHS, NPOCMOPOGi MEMOPAHU.
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Formulation of the problem

Analysis of the latest research and publications by domestic and foreign scientists showed that
technical means are becoming more complicated, and construction materials remain standard. This
leads to new requirements for design tools, which must solve the task of finding the optimal cutting
of structural materials for the production of technical objects [1]. However, despite the availability
of a large number of scientific works on this problem, from the point of view of graphic training
of future engineers and technicians, this category is insufficiently studied.

Geometric modeling is considered as a direction of mathematical modeling, which includes
the description of geometric images and the execution of certain operations on them in two-dimensional,
three-dimensional or multidimensional space [2]. The theoretical basis of geometric modeling is
differential and analytical geometry, topology and sections of computational mathematics. Geometric
modeling studies methods of constructing curved lines, surfaces and bodies, methods of performing
various operations on them, and methods of controlling numerical models [3,4].

Recently, light, cost-effective awning structures have become more and more popular. They
belong to the class of soft shells. Such constructive systems are spatial membranes with zero bending
stiffness, which consist of complex surfaces of double curvature. These coatings can resist only
in tension. Therefore, their perspective is obvious due to the presence of a whole set of positive
properties in them, which favorably distinguishes awning structures from traditional ones, such as
metal, reinforced concrete, etc. Such properties include: mobility, multi-functionality, lightness, a short
period of construction (erection) and dismantling, as well as an expressive, attractive and modern
appearance. For choosing design solutions, an important factor is the service life of awning structures,
as well as its cost. The term of use depends on the choice of fabric for the shell. The fabric itself has
different strength and elasticity in all directions of load application. Therefore, for stressed structures,
materials with low creep will be better, because the previous stress can be lost if the fabric is stretched
or deformed [5].

The processes of geometric modeling and engineering analysis of similar structures have
their own specifics. In contrast to traditional structures under given boundary conditions, the shape
of a stretched fabric surface of negative Gaussian curvature is unknown at the very beginning, and can
only be calculated using appropriate methods. Another difference is that, due to their specificity,
surfaces of double curvature, unlike linear surfaces, are reflected on a flat area only approximately. This
complicates the construction of their cutting maps. The awning surface has a number of undesirable
properties, such as the presence of "dead" zones, uneven load distribution, stress concentration in
individual points, etc.

Thus, the factors that provide a wide variety of positive properties of soft shells are at the same
time the reasons that significantly complicate the process of analysis and design of awning structures.
Therefore, in order to solve the theoretical problems of calculating a high-quality awning structure, it
is necessary to use special methods based on the use of the equilibrium state of membranes.

Main results

The current computer-aided design systems are difficult to imagine without the widespread use
of graphical tools. This is due to the fact that geometric models not only visually process objects
and processes, which allows the simplest way to achieve the desired results of their optimization, but also
serve as the basis for coordinating mathematical and other descriptions of various industrial products.

Some programs, such as KOMPAS and others, include specialized modules for solving
specific problems, namely, for building sweeps of technical forms for industry. In our country,
the peak of development of tent construction falls on the mid-90s. For a long time, the development
of awning structures was held back due to the inconsistency of domestic awning materials with
the high requirements for structures of this type, such as light resistance, strength, variety of colors
and durability . Now there is a stormy interest in architectural structures made of fabric, which is
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due to the need of modern society for these structures. The service life of structures is an important
factor in the choice of solutions, manufacturing features and cost of an architectural fabric structure.
The service life is more dependent on the choice of fabric for the shell. The fabric is a non-uniform
material in different directions and has different strength and elasticity in all directions of load
application. Table 1 summarizes the comparative properties of the materials. When assessing the cost,
the cheapest material has the highest value. All of these materials are composites.

Tabl. 1
3
s| ] &
. | @ | 2| 3 . Term of
=l I
Fabric type 58| € S Typical use service Remark
wn 5] 8
.=
S
. . A large selection of products,
Composite polye;ster with 51313 ]| 4 Temporary, 3-15 years resistance to UV radiation
PVC coating long term .
and fire resistance
Glass fabrlc. with PVC 4 14313 From temporary to 5-15 years | Available in limited quantities
coating permanent
. . . 25 years .
Fiberglass with Teflon coating| 4 | 5 | 5 | 1 Permanent oF more The most durable material
Fiberglass fabrlf: with silicone 3054l From long-term to 20 years Low strength of seams was
coating permanent found
Multi-layer material based on From long-term to . .
fiberglass with Teflon coating 335 permanent 20 years Relatively new material

The strength of the material is provided by a mesh fabric base, which is sealed and protected by
a coating or film. Plastic, PVC and polyester materials are prone to degradation under the influence
of UV radiation, while fiberglass and fiberglass mesh degrade with prolonged contact with moisture.

The two main methods of attaching the fabric sheath to the anchoring devices are with ceramic
cable or with clamps. Some shell designs use both methods of attachment. Inflatables sometimes
have cuffs and cables with a panel that covers the fabric and extends beyond the cable. Tensile
structures are usually made to order, while anchoring and connecting devices are also made to order.
However, basic products such as clamping devices have become more standardized. Some materials
of the frame and connecting devices were borrowed from other industries, such as space frames
and marine equipment.

When determining the appropriate design aesthetics, the following aspects are taken into account:

1) Tensile structures are flexible, and their elements must be designed for deflection under load;

2) Tensile structures weigh many times less than other buildings, and most of the materials used
are translucent;

3) lateral forces in tensile structures play a greater role than in conventional building structures;

4) It should be ensured that the physical decomposition of the force vector (direction angle
and magnitude) on each element is accurate.

5) The details, material specifications and reaction forces acting on the connected members
of the structure shall be developed in consultation with an engineer or representative of the design
firm or manufacturing firm capable of designing such structures.

In recent years, the construction design of fabric structures has been improved due to
the widespread use of computer technology. The first stage of the design process using computer
modeling is to determine the acceptable geometry of the shell surface. Then a mesh model of the shell
is developed. This graphic model is prestressed. The reaction of the shell is analyzed by the interval
method or by the method of repetitions. Real loads are checked on the model (wind load, load during
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rain and snowfall), and stresses are calculated for the purpose of choosing the fabric and design
of the supports and base.

Applications of fabric structures include short-lived and temporary frame-fabric structures used
in agriculture for the construction of greenhouses, greenhouses, and storage facilities. Improved
materials have allowed these structures to be used for garbage and waste treatment facilities, tennis
courts and swimming pools. More sophisticated structures with complex geometry are used for
outdoor concert and sports halls, as well as larger structures such as administrative buildings, medical
institutions, shopping malls and airports. Fabric structures do not replace traditional structures, but
their unique qualities allow them to perform certain building functions very efficiently. With the use
of elastic membranes, the surface of the roof'is visually perceived as a finish and part of the architecture
at the same time. The shape of the roof in this case is an integral part of the architectural style. That
is why the quality of its surface, its ability to self-clean, its immunity to pollution and the influence
of environmental factors, as well as the process of wear and tear over time are essential factors when
choosing architectural solutions for a particular house or structure.

There is no generally accepted classification of architectural structures made of fabrics, so one
of the versions is considered. Of course, in practice there are also various combinations of the proposed
classification, as well as the harmonious integration of fabric with other materials (glass, concrete, brick,
etc.) in order to create an original image of the building and at the same time reduce its cost (Tabl. 2).

Tabl. 2
Frame steel, aluminum, concrete, wood, pneumatic frame,
In the presence/ composite
absence of a frame Cable a system of supports and tension elements
Frameless air-filled
. Summer
By d f lit
y degree of seasonality year-round
Stationary
By degree of mobility Transformed
Mobile

hotels, shopping centers, exhibition centers, summer
cinemas, playgrounds, air-support structures, hockey
rinks, tennis courts, train station and airport terminals,
By overall dimensions warehouses for storing materials and equipment, hangars
medium awning structures pavilions, tents, cafes, canopies
textile facades, interior elements (stretch ceilings,
partitions, furniture)

large awning structures

light awning structures

Conclusions

In global practice, the range of application of architectural structures made of fabrics has
significantly expanded, thanks to the increase in the quality of the materials used (both coatings
and load-bearing frames). In addition, it becomes possible to solve such urgent problems as alternative
energy sources, energy saving and air purification of premises from pollutants. The topic of using
architectural structures made of fabrics in Ukraine is not yet sufficiently developed. The trend
of slowing down in the development of awning construction should be eliminated, it is necessary
to revise the attitude towards similar structures taking into account local conditions, these structures
should be introduced into the architecture and design of Ukraine.

Cnucox BUKOPHUCTAHOI JiiTepaTypu
1. TIlankoBa JI. A. CrocoOu CTBOpPEHHS YHIBEPCAIBHOTO 1HCTPYMEHTAPIIO ISl KOMIT IOTEPHOTO
MoznemntoBaHHs. [Ipobnemu ynpasninms. 2006. 6. C. 2-5.

https://doi.org/10.32782/ mathematical-modelling/2022-5-1-10
85



ITPUKIIA/THI ITHNTAHHA MATEMATHYHOI O MOJE/IFOBAHHA Ne 5.1, 2022

2.  PaiikoBcbka I. T'eomeTpudHe MOJEIIOBaHHS — OCHOBA KOHCTPYKTOPCHKOTEXHOJIOTIYHUX 37Ii-
onocreit. Hosa neo. oymka: Haykoso-memoouynuil xcypran. 2013. 1. 2. C. 68-70.

3. Tlwmorun B.B. Mojens K KITFOYOBE MOHSATTS T€OMETPO-TpadiqHOl M AroTOBKH. Mamemamuune
mooemosanns. 1994. 6. 5. C. 21-36.

4.  Gale S., Lewis W. J. Patterning of tensile fabric structures with a discrete element model using
dynamic relaxation. Comp s and Structures. 2016. 169. P. 112-121.

5. XaipymwuH A.A. Jlerkue TEeHTOBbIE KOHCTPYKIIMHM B OPTaHU3AIMU TOPOJACKON cpenbl. JJuzaiin-
pesio. 1999. 2.

References

1. Pankova, L. A. (2006). Sposoby stvorennia universalnoho instrumentariiu dlia kompiuternoho
modeliuvannia. Problemy upravlinnia. 6, 2-5.

2. Raikovska, H. (2013). Heometrychne modeliuvannia — osnova konstruktorskotekhnolohichnykh
zdibnostei. Nova ped. dumka: naukovo-metodychnyi zhurnal. 1 (2), 68-70.

3. Pyliuhyn, V.V. (1994). Model yak kliuchove poniattia heometro-hrafichnoi pidhotovky.
Matematychne modeliuvannia. 6 (5), 21-36.

4. Gale, S., & Lewis, W. J. (2016). Patterning of tensile fabric structures with a discrete element
model using dynamic relaxation. Comps and Structures. 169, 112-121.

5. Khairullyn, A.A. (1999). Lehkye tentovye konstruktsyy v orhanyzatsyy horodskoi sred Dyzain-
reviu. 2.

CwmaxoBcbka ['anna MukosnaiBHa — acmipanTka kadeapu nudpoBUX TEXHOJIOTIH B €HEPIEeTHII],
HaBuanbHO-HAayKOBUH IHCTHTYT aTOMHOI Ta TEIUIOBOi eHepreTukH, HarioHaabHMH TeXHIYHUN
yHiBepcuTeT Ykpaiau « KuiBcbkuii mosnitexHiuHu# iHCTUTYT iMeHi [rops Cikopcbkoroy, e-mail: anna-
07@ukr.net, ORCID: 0000-0003-3900-4431.

https://doi.org/10.32782/ mathematical-modelling/2022-5-1-10
86



ITPUKIIA/THI ITHNTAHHA MATEMATHYHOI O MOJE/IFOBAHHA Ne 5.1, 2022

YK 004.89; 004.94

H.O. COKOJIOBA, B.B.I'HATYHUIEHKO, M.C. MIIIEHKO, O.A. ATAMAHYYK

HauioHanbHuii TeXHIYHUI yHIBEpCUTET «/IHIPOBCHKA MOIITEXHIKA»

MOJAEJIIOBAHHSA ITOBEAIHKHA HEIT'POBUX IIEPCOHAXIB
HA OCHOBI ITYYHOTI'O IHTEJIEKTY

Komn'tomepni ma sioeo-iepu — 00un 3 HaubitbUWUX cecMeHmie iHOYCmpii po3eas, AKU CMPIMKO pPO36UBAEMbCS
y ocmanti poku. Hasimo nandemis nivina na xopucme yiti eanysi. Pisnomanimms i2op epasicae, kopucmyeaui 6axicaromo
OMpUMy8amu SIKICHULL PI3HOMAHIMHUL KOHMEHM, 8adCIUBOI0 YACMUHOIO SIKO20 € HeigpO8i NePCOHAICI.

Heizposuii nepconasic — ye nepconadic, Keposanuii npoepamoio abo mavicmpom. Heizpogi nepconaoici (0obposuu-
Ui abO 80POHCI 00 2pasys) CyeyIOmb 8ANCIUBUM 3ACOO0M CIBOPENHs i2p060i ammocdepu, 60HU MOMUBYIOMb SPABYIE
pobumu mi yu iHwi 0ii, € OCHOBHUM Odicepenom iHghopmayii npo ieposuil ceim ma crodicem epu. Mooenrogants Oill Heiepoux
NePCOHAICI8 € BAdCIUBOIO 3a0ayelo NPu po3podyi ieop 01 NOKPAWEHHs AKOCMI 2pu ma DINbUO020 3a00680NEHH 2PABYIE.
B cyuacniii pozpobuyi icop ons supiuenns yiei 3a0aui 6UKOpUCmMo8yioms aneopummu wmyunozo inmenexmy (LLI), ¢ momy
YucHi MawUHHe HAGUAHHA, HANPUKLAO, OJisl CMBOPEHHS «PO3YMHUXY Domis, sKi 6y0ymb bopomucs i3 epasyem. leposutl
LI He 30amuuil Ha MUCTEHHS YU MBOPUICMb, 1020 Oii 3yMOGIeHi pO3POOHUKAMIL, iH NIONAUINOBYEMbCA IO CUMYAYIIO
ma 3MIHIOE NOBEOTHKY 3aNeNCHO 6I0 Konmekcmy. OCHOGHUMU NIOX00aMU Y PO3POOYL NOGEOIHKU HEIZPOBUX NePCOHAICIE
€ cmeopenHs Ha pyHOamenmi bazoeux konyenyit LI enachux piwiens 01 MOOENOBAHHS NOBEOIHKU NEPCOHANCIS.

Jana poboma npucesuena MoO0eno8anHI0 NOGEOIHKU HEIZPOBUX NEPCOHAICIE 3 BUKOPUCMAHHAM AN20PUMMIE
WmyyHo20 inmenexnty, 30kpema oepesa nogedinku ma arcopummy A* nowtyky. [epeso nosedinku doszsonsc neiepogomy
NepPCoHanicy NpuitMamu pilenHs 6 3aJedCHOCMI 60 cmaHy cepedosuuia ma peazysamu Ha 11020 3minu. Ilepeminyenns
€ BAIICIUBOIO YACMUHOI NOBEOIHKU HeiepO8UX NEPCOHACIB, AKI Halluacmiule HeKepOoB8aHi pasyem, aie 4acmo J02iKa epu
suMazae nepemiuyents HatuKopoOMmuuM Mapupymom 3a0asa ounamiku epu. Ilposedena inmezpayis 3mo0envbosarnoi noge-
OiHKU Y 8dice icHYI0Ui 8ibHI MoOeni ieposoeo pywis Unity, 006edena kopekmua poboma noutyKy HauKopomuo2o uwisxy 3a
aneopummom A*, 6paxoeyrouu pizni Keticu Omouyo4020 cepedosuyd ma camo20 NepPCoOHAdICY, a MAaKodic NPaye30amuicms
cucmemu nasieayii mioc cyenamu. Po3pobneni mooeni nogedinKku MONCHA y NOOANbULOMY AO0 IHmMe2pySamu y 8ice iCHYIoUi
Mmodeni, abo UKOpUcmamu npu CMEOPeHHI HOBUX i20p MAa NePCOHAICIB.

Kniouosi cnosa: pospobdxa icop, Heiepogi nepcoHaici, MoOento8aHHs NOBeOiHKU, WMYyYHUL iHmenekm, depesa noge-
OIHKU, NOULYK HAUKOPOMULO20 ULTSXY.

N.O.SOKOLOVA, V.V. HNATUSHENKO, M.S. MISHCHENKO, O.A. ATAMANCHUK
Dnipro University of Technology

MODELING THE BEHAVIOR OF NON-PLAY CHARACTERS BASED
ON ARTIFICIAL INTELLIGENCE

Computer and video games are one of the largest segments of the entertainment industry, which has been developing
rapidly in recent years. Even the pandemic benefited this industry. The variety of games is impressive, users want to get
high-quality diverse content, an important part of which are non-game characters.

A Non-Player Character is a character controlled by a program or wizard. Non-Player Characters (friendly or
hostile to the player) serve as an important means of creating a game atmosphere, they motivate players to take certain
actions, and are the main source of information about the game world and the plot of the game. Modeling the actions
of Non-Player Characters is an important task in game development to improve game quality and enhance player
satisfaction. In modern game development, artificial intelligence algorithms are used to solve this problem, including
machine learning, for example, to create «smarty bots that will fight with the player. Game Al is not capable of thinking
or creativity, its actions are determined by developers, it adapts to the situation and changes behavior depending on
the context. The main approaches in the development of the behavior of non-game characters are the creation of own
solutions for modeling the behavior of characters based on the basic concepts of AL

This work is devoted to modeling the behavior of Non-Player Character using artificial intelligence algorithms,
in particular the Behavior Tree and the A* search algorithm. A Behavior Tree allows a Non-Player Character to make
decisions depending on the state of the environment and react to its changes. Movement is an important part of the
behavior of Non-Player Characters, which are often not controlled by the player, but often game logic requires movement
by the shortest route for the sake of game dynamics. The integration of the simulated behavior into the already existing
free models of the Unity game engine was carried out, the correct work of finding the shortest path according to the A*
algorithm, taking into account various cases of the environment and the character itself, as well as the functionality of
the navigation system between scenes was proven. The developed behavior models can be further integrated into existing
models or used in the creation of new games and characters.

Keywords: game development, Non-Player Character, behavior modeling, artificial intelligence, Behavior Tree,
shortest path search.
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IHocTanoBka npodiaemMu

CTBOpEHHS irop — O/IMH 13 HAaHOUTBIIMX CErMEHTIB 1HAYCTpii po3Bar, MaclITabl SIKOTO MOXKHA
MOPIBHSTH 3 KIHOTHAYCTpi€l0. A 3a IIBHUJKICTIO 3pOCTAaHHS 3a OCTaHHI I'ATh POKIB 1HAYCTPIis irop
cyTtTeBo i1 Bunepemxkana. ¥ 2020 pomi 3a ouinkamu Google cBiToBUi pUHOK irop 3pic Ha 23,1% —
1ie OyB HAMBHIIUI MOKA3HUK 3a JCCATHWIITTS 1 OyB omineHuit y $177,8 mipa, odikyBajocs, 1o 10
2024 poky puHOK gocsrHe $218,7 mipa, Ipu IbOMY CepeIHBOPIYHUNA TEMI 3pOCTaHHS CTaHOBH-
tume 9,64% [1]. 3a nanumu 6purtancbkoro BugaHHa Games Industry y 2022-My pHMHOK OLIIHIOBaBCS
y $184,4 mupx [2]. 3a pik 1eii noka3Huk Bias Ha 4,3%. HaiiOinbmie mpubyTKy reHepyrTh MOOUTBHI
irpu (50%). 3a HUMH HAYTh KOHCONBHI (28%), 3aBaHTaxkyBaH1 uu (i3uuHi [IK-irpu (21%) Ta 6pay-
3epHi [IK-irpu (1%). 94,2% nponaxis irop Oynu nudppoBumH, auiue 5,8% npunasno Ha Gpi3uydHi Komii.
Ha ITK ¢i3uuHi irpu Maiixe He KymytoTh (2%), Ha KOHCOJISIX KyyioTh 28%. Haii0inb1e mpogaBanacs
FIFA 23 (Benuka bpuranis), Call of Duty Modern Warfare 2 (CILIA), y SAnonii — Splatoon 3.

B ymoBax mannemii irposa iHaycTpis, sika y 2020 po1ii BUIIUIa Ha MEPILy MO3UILIO 32 PIBHEM
3arpeOyBaHOCTI 1 3aJMINAETHCS TaM 1 3apa3, He3BaXKalOUK Ha HeBenmke naainag y 2022 porii, napye
PO3pOOHMKaM Irop LIAHC 3HAWTH CBOO Hilry. HaBiTh B yMOBax BiiiHM €BpOIEHCHKI Ta 1HINII KOMIIa-
Hii OynM He TMPOTH MOUIUPUTH CBOI poOoui Micus AN yKpaiHIiB [3], ToMy po3poOKa aaropuTmiB
3 BUKOPUCTAHHIM HITYYHOTO 1HTEJIEKTY JJIs irpoBoi iHAyCTpii € akTyansHO. [Ipu po3poliii irop aBa
IUISIXW: CKOPUCTATUCh OBHICTIO ToTOBUM L1 200 % B34TH TOTOB1 KOHIIETIIIT Ta HA X OCHOB1 CTBOPIO-
Batu BnacHui LI, binbin momynsapHUM B cepeoBHIL PO3POOHUKIB € APYTUN MIAXI.

AHaJIi3 0CTaHHIX AOCTIAXKEHb I myOmikamin

[Tyynuit iHTENEKT 3MaTHUI TpaHcPopMyBaTH poOouuil mpoiec y po3poodui irop (reiimies,
ann. games development, GameDev). [ eHepaTuBHII qU3aiiH — HOBA TEXHOJIOT1S IPOEKTYBAHHS, KA
JI03BOJISIE TEHEPYBATH TPUBUMIPHI MOJIEIN1, TPEAMETH, JIFOIEH, 11111 BCECBITH Ta IEPEHOCUTH Oe31moce-
penubo 10 3D nBuryHa. SIk iHCTpyMeHTapiii B FeHepaTUBHOMY JIU3aiiHi BUKOPUCTOBYIOTh HEHPOHHI
Mepexi. HeliponHa Mepeska MOKe HaBiTh 3MiHUTH croci® cTBOpeHHs1 3D-KOHTEHTY B irpax Ta reHe-
pyBaTH KaJpu IPU B PEKUMI PeasIbHOTO Yacy Ha OCHOBI 3BOPOTHOIO 3B’SI3KY B1Jl KOpUCTyBada. Taky
MOKJIMBICTh HaJACTh HOBA apXiTeKTypa — Bapianiiini aBroenkonepu (VAE). Lle reneparuBna Heiipo-
Mepexa, sika BAMTHCS 300paxkaTtu Ta BOy1oByBaTu 00’ €KTH y moTpiOnuii npocrtip. [Ipukiamom Takoro
3aCcTOCYBaHHS HEHpOHHOI Mepexi € mpoekT Enhancing Photorealism Enhancement [4], B sikomy rpa-
¢ika rpu GTA V nepeTBoproeThes Ha O1IBII peagicCTUYHY Ha OCHOBI HEHPOHHOTO PEHAEPUHTY, OCHO-
BOIO SIKOTO € HaBYAaHHS Ha LTI HU3LI GoTorpadiii MiCbKHUX MeH3axiB.

[ TyyHu# IHTENEKT y CHIBIPALll 3 Xy/I0’)KHUKAMU TaKOXK 3/1aT€H IPUCKOPUTH 1/ICET€HEPALIii0 TPU
po3pobi koHuenTiB 3D-mozaenelt, aBromarulyBaT nepenecenns 2D-cketuiB y 3D-monemni [5]. Tak
excrieptu NVIDIA npesentyBanu Texnonorito Image2Car -iHCTpyMEHT AOCTYITHHUH SK pO3MIHUPEHHS
B Al Toy Box B NVIDIA Omniverse, sikuil nepeHocuTs Mozeisb 13 2D B 3D 1 cTBOpIOE TOUHY TpH-
BUMIpHY MOZIeNIb aBTOMOO1JIs 32 (POTO, BIATBOPIOIOUM BCi MpoMopIlii [6] Ta aHOHCYBana IHCTPYMEHT
Audio2Face Ha OCHOBI IITyYHOTO IHTEJEKTY, SIKH CTBOPIOE PEANiICTUYHI BUpPa3U OOIUYYS 3 ayJio-
¢aitny Ta manens Blender, sika cnpsiMmoBaHa Ha ONTUMI3aLlilO CLIEHU.

Jlns ctBopeHHs TaHAmadTiB Half9acTile BUKOPUCTOBYIOTH aBTOMAaTH30BaHUM CIIOCIO HA OCHOBI
QITOPUTMY TIPOIENYPHOI TeHepallii, sIKuii cTBOproe mabmonHuil nmanmmadt. s BinTBOpeHHs
B TaKOMY I11a0JIOH1 MEBHOTO CTUJIO, IKUW cX0kuil Ha Anbpnu un Kapnatu B Haroai crae MaliMHHE
HaBuaHHs, sike 103Boisie LI renepyBatu nanamadT 3a 3pa3koM o0y JOBaHUM XyJOKHUKOM [7].

Takox L1 He3aminuuii mpu po3poOiii pexxumiB HaByaHHS, pexxuMiB PVE (Player vs Environment)
1 PvP (Player vs Player). Konu rpaBeus po3nounnae rpy, Hanpukiag World of Tanks, sikiio Bin HoBa-
YOK, TO IOTPAIUISIE B PEKUM HABYAHHS, J1e HOMY MOTPIOHO BUKOHATH MEBHI MPAKTUYHI Jii. 3 1HIIOTO
00Ky, € IPOTUBHUKH Ta COIO3HUKH, SIKI UEKAIOTh BiJl IPaBLs MOTPIOHUX i, BUIKIKAIOTh, CTPLIAIOTH
Ta B3a€EMOJIIIOTH 13 rpaBiieM. BoHM JomomMararoTh HABUMTH rpaBils 6a30BUX MexaHik. B mporieci ocHo-
BHOT I'pH, TIOKHU JIOCBily y TpaBlis HeOararo, BiH 4aCTO HAaTparuisie Ha 00TiB-CyNEePHUKIB, K1 CUIIBHIII
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3a HaB4aIbHUX O0TiB. Jlam, okpim pexxumy PvP, 6arato rpaBmiB o6uparots pexxum PVE, ToOTO Tpy
3 cepeaoBuleM, 1o cyti rpy nporu L. OcHoBHuME migxogamu Kommanii Wargaming y po3poOiti
€ Goal Oriented Action Planning, Behavior Tree, Utility System [8].

Merta nocaiizkeHHs
MeTo10 10CTiIZKeHHSI € MOJCTIOBAHHS OBEIIHKM HEIrPOBUX IEPCOHAXKIB Ta MPOTpaMHa iHTe-
rparis i 70 irpoOBOTO PYIIis.

OcHOBHA YyacTHHA

B sikocTi pymrist Tpu Ui TECTYBaHHS PO3pOOJICHOI MOBENIHKK HEIrPOBUX MEPCOHAXKIB (aHTII.
Non-Player Character, NPC) Oyno o6pano Unity — 3 ogHOro OOKy, Il iHCTPYMEHT JUIsl pO3pOOKH
BiJICOIrOp 1 3aCTOCYHKIB, 3 1HIIOTO OOKY, PyIIiii, HA SKOMY BOHH TPAIIOIOTh. 3aCTOCYHKH, CTBOPEHI 32
noriomororo Unity, miarpumytots DirectX Ta OpenGL. Unity — kpocrutarhopMHUE pyIiIii, SKUid 103-
BOJISIE IEPEHOCUTH CTBOPEHI MPOEKTH Ha Pi3HI MIaTGopMHU s 3amycKy (MOOUIbHI MPUCTPOi, pi3Hi
oTepamiiHi CUCTEMH), TAKOX BiH Ma€ 3pyYHHN KOMIUIEKCHH iHTepdelic. IrpoBa yorika 3acTOCyHKY
NULEeTbCs MOBOKO C#.

Mopne/iroBaHHsI MOBeIHKH HeirpOBHX NMEPCOHAKIB

Cepen HEIrpoBHX MEPCOHAXIB BUIAUIAIOTH OOTIB — Bopoxkux 10 Tpasis LlI-nepconaxis, 110
HaOJIMKAIOTHCS 32 MOXKIIMBOCTSIMH JI0 IFPOBOTO MEPCOHA)Ka, Ta MOOIB — BOPOXKUX J0 TPABLS «HU3BKO-
iHTenexkryansHux» LI-nepconakiB. MoOM B3a€EMOIIOTH 3 TPABIIMH Y BEJIMKUX KUTBKOCTSIX, TPaBellb
iX 3HMIIYE 3apajid O4YOK JIOCBITY, apTe(akTiB ad0 MPOXOMKEHHS TepuTopii. B Oyab-sikuii KOHKPETHUI
MOMEHT Yacy I'paBIl0 MPOTHCTOITh HEBEJIMKA KUIBKICTh 0OTiB. BOoTH cKiaaHilI B mporpaMyBaHHI HIX
MOOW Ta IPY>KHi 10 TPaBIsl HEIrPOBi IEPCOHAXI, IKUX Tak 13ByTh NPC, Biipi3Hst0un Bijg MOOIB Ta OOTIB.

HepeBo noBeninku — 11e GopmarizoBaHuid miaxia noOymoBu noemainku NPC. Horo ocobu-
BICTb IOJISITA€ B TOMY, 1110 BC1 CTAHU MEPCOHAXKA OPraHi30BaH1 y BUITISAI IEPEBONONIOHOT 1€papXiuyHOi
CTPYKTypH. J{epeBo OBEAIHKH MICTUTH Y CO01 yCi MOXUINBI cTaHH, y sikux Moxe Oyt NPC [9, 10].
Konu y rpi BinOyBaeTbest sikachk mois, LI nmepesipsie, B skux ymoBax 3HaxoauThest NPC, 1 mepedupae
BCi CTaHHU y TIOIIyKaX TOTO, IO Mifii/e Ui HUHIIIHBOI cuTyarlii. JlepeBo moBeaiHKM BiAMIHHO Mij-
XOIUTH ISl TOTO, 1100 cucteMarnsyBaru ctanu NPC B irpax, B sIkux € 037114 MexXaHiK Ta TeiMIuIei-
HUX eneMeHTIB. Y cutyaiii, ko NPC Oepe yuacTs y mepecTpiiiii, HoMy He MOTpiOHO Oyzie mryKaTh
BIJINIOBIHY 10 y Tl narpymoBanHs. Takuil miaxin gonomarae 3po0utu noseainky NPC gyiiHoro
JI0 CUTYyaIlii B rpi Ta 3a0e31euye IaBHUH Mepexi MK Pi3HUMHU CTaHAMH. 3aMIiCTh BU3HAYCHHS KiH-
1IEBOr0 Ha0Opy CTaHIB NMEPCOHAKY BU3HAYAETHCS JIEPEBO BY3JiB 3 TUIKAMU 3 PI3HOIO MOBEIIHKOIO.
JlepeBa MOBEIIHKY JI03BOJISIOTH 3pOOUTH MPIOPUTETH /il MPOCTUMU: OCKUJIBKU YCHIIIHICTD JOUIpHIX
BY3JIiB BH3HAUAE Te, SIK MPAIIIOE TUIKA, a OTXKE, 1 IEPEBO, IMOETHAHHS CKIQJICHUX «1» Ta «abo» 0e3-
nocepeaHbo Jaae Habip MpiOpUTETHUX (PYHKIIIH, K1 HATUBHO OOPOOJISIOTH MOCIIJOBHOCTI, Mepepu-
BaHH Ta pe3epBHi BapiaHTU. KpiM TOro Taka CTpyKTypy AOCUTb JIETKO YUTAETHCS Ta Bi3yasi3y€eThCs —
JOCTaTHBO CJIIIKYyBaTH 32 TJIKAMU 32 MIPIOPUTETOM 1 Ha KOXKHOMY BY3J1i IEPEBIPATH, UM YCIIIIHA BOHA
YU Hi, 100 3HATH, Y4 MOXKHA MPOIOBKHUTH IO TUIKY UM Tpeba rnmeperTH 10 HacTynmHOi. Ale HalO11b-
IIOI0 MIEPEBarolo JepeB MOBEAIHKH € Te, 110 BOHU YK€ MOAYJIbHI Ta MaclITabOBaHi: BUIASAIOUN
a00 J10/1at09 M TUIKY, (PaKTUIHO JIOa€MO 200 BUIAISIEMO (PYHKIIIFO JIJIsl IEPCOHAXA; TaK CaMO JIOCUTh
MIPOCTO CKOMIIOBATH ITIIIEPEBO Ta BCTABUTH ii B 1HIIIE MICIIE, 00 CKOIIFOBATH Ta BCTABUTH YaCTUHY
noBeiHKH. JlesKi miaepeBa MOXKyTh OyTH HaBiTh TOBHICTIO CAMO/IOCTaTHIMU aBTOHOMHUMH OiTaMu
irpOBOT JIOTIKH, SIKi ITOTIM MOXKHA TIOBTOPHO IMITOPTYBaTH Ta IMOBTOPHO BUKOPHCTOBYBATH B JIEPEBi
MOBEIHKH 1HIIIOTO TMEePCOHaXa, 00 IMBUIKO peanizyBaTd GparMeHTH CUCTEMU (HAIPUKIIAI, CJIiTy-
BaHHSI 3a LJUTIO, MAaTPY/IIOBaHHSA MK HAOOPOM TOYOK).

Kpim TOTO, Taka MOAYIBHICTh O3HAYA€, M0 MOXKHA OyyBaTé JEPEeBO MO YaCTUHAX 1 MAaTH CTpa-
TET1k0 IMOCTYIOBOTO MPOEKTYBaHHsA. Ha BimMiHy BiJ KIHIIEBUX aBTOMATiB, /I, 32 BU3HAYCHHIM, CTAaHU
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MaKCHMaJIbHO 130J1b0BaHI OJIMH BiJl OTHOTO HACKIJIBKH 1€ MOYKJIMBO, JIEPEeBa MOBEIIHKY Ha0araTto OUIbIIT
THYYKI BiJl BATOKY iH(popMmarlii mixk By3namu. He3Baxkaroun Ha Te, 1110 KO3KEH BY30J1 BUKOHYETHCS CaM IO
co01 Ta H1BE BIACHUM >KUTTSIM, JIOCUTh YacTO € MIEBHUHM CTaH CIUTBHUX JAHUX, JI0 SIKOTO MO>KHA OTPH-
MarTu JOCTYI i3 PI3HUX TOUOK JIepeBa, 00 MaTH TI00abHi (X04a ¥ 3aJIeKHI Bl KOHTEKCTY) 3MiHHI.

Jns iHTerparii po3pobiaeHoro JepeBa MOBENIHKKA OyinH MOEIHAHI BXKE iICHyIO4a MOAETh Ipa
y CTHJII PIT Ta BJIACHI cleHU. Sk 00'ekT TecTyBaHHs OyB 00panuii NPC-oxopoHelp, sIkuii naTpymoe
JIOKAIIIIO Ta aTaKy€e€ MOHCTPIB, SKIIO Ti 3HAXOISTHCS B 3aJIaHOMY pajiyci.

Peanizanist fepeBa MoBeliHKY BUKOHYBAJIacs B J[Ba €TaIM:

1. BusHaueHHs 3arajbHOI apXiTEKTYpH, SIKa MOXXE BHKOPHUCTOBYBATHUCS Oy/lb-SKHM JEPEBOM
MOBEIIHKH Pa30M 13 KiJTbKOMa CKJIaJICHUMU By3JIaMHU.

2. Po3po0ka KOHKPETHOI CTPYKTYpH Ta WOTO BY3JIiB A€peBa MOBEIIHKN OXOPOHIIS.

Ha nepmiomy erani OyB cTBopeHuit aromapuuii 6a3oBuil kiac Node C#, sikuii npejacraisie
OKpPEMUH €JIEMEHT y JIepEB1 Ta MOXKE MaTH JIOCTYT SIK JIO JIOYIPHIX, TaK 1 10 OaTbKIBCHKUX €JIEMEHTIB,
Ma€ CTaH By3J]a, SIKHH BUKOPHUCTOBYE MEpeNiK 1 MOxke 30epirati, OTpUMyBaTu ad0 OYMILATH CILIbHI
nani. J{pyruii ocHoBHUI1 00’ €T — Ki1ac Tree, sikuii € MonoBehaviour 1 MicTUTh OCHIIaHHS HA KOpe-
HEBUII B30I, AKMil CaM PEKYpPCUBHO MIiCTHTB yce JepeBo. oMy HOTpiOHO juIile BUKOHYBAaTH JIBi
pedi: micnst cTapty OymyBaTH IE€peBO MOBEMIHKH BIAOBIIHO JO BU3HAYCHO! (DYHKIIIT yCTAaHOBKH
Ta y BIATOBITHOMY METO/I1 3@ HassBHOCTI B)K€ MOOY0BAHOTO JIepeBa, OLIHIOBATH HOTO CTaH MOCTIHHO.
ANroput™ narpyJaroBaHHs OTpeOye TOUOK LUIAXY /71l BAKOPUCTAHHS, a TAKOX ITOCHJIAaHHS Ha Tepe-
TBOPEHHS areHTa, sikuil Bukonye 1o fito. [Toseninky NPC s BusiBiIeHHs! BOPOTiB MOOIM3Y Ta mepe-
MIIIEHHS IO BU3HAYEHOT 11111 BU3HAYAIOTH J1Ba By31H JepeBa: By30i1 CheckEnemyInFOVRange, sikwuii
MOBEPTAE YCIIiX, AKIIO € IPUHANMHI OJUH BOPOT MMOOIN3Y Y MO BUIUMOCTI a00 TIOMUIIKY, Ta BY30JI
TaskGoToTarget, sikuii Iepemilrye OXOpOHIIS A0 3HANIEHOT IIiTi.

Komnu oxoponenb HaGnuxaeTbest Tyke OJIM3bKO 10 BOPOra, 1 el BOPOT MOTPAIuIS€e B 30HY HOTO
aTaky, OXOPOHELb IOBUHEH MEPEKIIIOYAETHCS B PEXKUM aTakHM 1 33J1aBaTu MEeBHOI KON Bopory. s
peanizanii IUX Al JepeBO MOBEIIHKY Ma€ By30J MEPEBIPKU IS /11afla30Hy aTaKu Ta By30J1 3aBAaHHS
s paxrnanoi ataku CheckEnemylInAttackRange, sIKiio BiH He 3HaXOUTh 1111k, BIH 3a3HA€ HEBAYI.
Inakie, sIKI0 BOPOT AOCUTH OJIN3BKO, BiH JIOCSTHE YCHIXY

Pesynbraru inTerparii po3po0iieHoro aepeBa MoBeIiHKM HaBeIeH1 Ha puc. 1.

Puc. 1. Pe3yabTaT BUKOHAHHS CLIEHH 3 TeCTYBAHHS MOBEIIHKU aBTOMATUYHOIO BUSIBJIEHHS Ta ATAKYBAHHS
BOPOTiB: a) pe:KMM NATPY.IIOBAHHA; 0) pe:KUM aTaKM Ha BOPOriB

NPC-oxopoHeIb CrovaTKy marpylitoe€ MICIEBICTh 3a 3aJaHUMU TOYKaMHU, IOTIM TIOMIYa€e CKe-
neTiB Ta arakye ix. [licns 3HMINEHHS BCIX MOHCTpPIB OXOPOHEIh MOBEPTAETHCS B MIOYATKOBE MiCIE
Ta MPOAOBXKYE MATPYIIIOBATH.

MopnentoBanHs BUOOpY HalKparoro misixy ais NPC

Jlii HeirpoBoro nepcoHaxy 0e3nocepeHbO MOB'sI3aHl 3 HOro 3aBJaHHAM: 1€ MOXKe OyTH ynap
y OmmKkHBOMY OO0, 3aiHATTS OUIBLI BUTIIHOI MO3WILII ISl CTPIASHUHH, JOTOMOTa COIO3HUKY.
Hezanexxno Bia 3aBAaHHS areHT Ma€ JICTaTUCS MICI BUKOHAHHS Jii — JJIs1 BOTO HOMY MOTpiOHA
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iH(opMarliss Tpo HABKOJUIITHE CEPEIOBHUINE. 3a3BUYAll Taki JaHi MICTAThCSA B HaBIramiliHINA CITIII
(NavMesh) — e ocob6imBa kapra, 1e 3a3HaueHo, 1e NPC moxyTh nepecyBatucs. [loBepx HaBiramiii-
HOT CITKM MOXKE PO3TAIIOBYBATUCS CHCTEMA BY3IIiB, SIKa 3ACTOCOBYETHCS Y TOMY, 11100 NPC KopekTHO
BHUKOHYBAJIU CLIEHApii OBEIHKH.

AnroputMm A* [10] € omHUM 13 HAUTTOMYJISPHINIMX AJITOPUTMIB ITOITYKY, KM YaCTO BUKOPHUCTO-
BY€THCS B PI3HUX Taiy3sX 1HOPMATHKH, 30KpeMa 1 B 3a7a4ax IITY4YHOTo iHTesekTy [11], 3aBasku
CBOill €()eKTUBHOCTI Ta aBTOHOMHOMY XapakrTepy. BiH BHKOPUCTOBYE CTPYKTYpYy NAHUX CITKH IS
BUKOHaHHSI MEBHOr0 o0xoay rpada, 1mod 3HalTH HaWKOpOTLIMHI HUISX MDK JBOMa ToukaMmu. Bin
CIIpUIMAEThCS K po3mmpeHHs anroputmy Encrepa Jlevikctpu [10]. Onnak, Ha BiAMIHY BiJ ajro-
putMy JlekeTpH, anroputM A* BUKOPUCTOBYE €BPUCTHUKY (JIOTMOMIKHY (YHKIIIO) JUIs YIIPABIIHHS
MIOIITYKOM JJIS IOCSITHEHHSI KpaIioi MPOAYKTUBHOCTI.

AJNTOpPUTM BIJBIJIy€ BEPIIUHHU, 5IKi, MBHU/IIE 32 BCE, BEAYTh HAWKOPOTIIUM IIJISTXOM JI0 METH.
Taxi BepmHU BU3HA4YaI0ThCs 3a hopmyiioro (1):

F(x) =G(x) + Hx), (1)

ne F'(x) — MiHIMaJllbHa BapTICTh MEPEXO/Ly IO HACTYIHOI BEPILIMHH, YUM MEHILIE QYHKIIS, TO «OIHKIe»
BEpIIIMHA CTOITh y uep3i BiaBiAyBaHHs; G(X) — 1€ BapTICTh NUISIXY BiJl TOYATKOBOI BEPIIMHU 1 JI0 Oy/Ib-
AKOi 1HIIO1; H(X) — 11e eBPUCTUYHUI MOKA3HUK BapTOCTI NIISXY BiJl BEPLIMHU X 1 0 KIHIIEBOI BEPILIMHU.
O6uucmoroun F(x), 3a x 6epeThCst CyCiHs BXKe BiJBiaHa BEpIIMHA, TOOTO aJrOPUTM OOUHMCIIOE Bap-
TICTh BCHOTO IUISIXY Y BCIX CYCIIHIX BEPILUUH 1 3yNUHSE BUOIp Ha Till, y KOi MiHIMaJIbHA BapTICTh.

VY A* BUKOPUCTOBYETHCS CITKa, JI¢ KOXKHA KIIITUHKA € «ITPOX1AHOI0» a00 «HempoxiaHowy. 1106
3HANTH LUIAX MK JBOMa TOYKaMHM, Tpeba crioyaTtky OOYMCIMTH BIJCTaHb MK HUMH, TOOTO HEOO-
X1THO BKa3ary, sik OyZeMO BUMIPIOBATH BiJICTaHb MiX JIBOMA JIOBUTBHAMH KIIITHHKAMU B CITII [6].

[lepeBaru anroput™My: HIBUAKUH MOIIYK HA BIIKPUTHX MPOCTOPAxX, HOTO yHIBEpCAIbHICTh. €U~
HUM CEpHO3HHUM HEJOJIIKOM € Te, 110 BCI BY3JIH, 110 YTBOPIOIOTH OOYMCICHUN NUIAX, 30€piratoThCst
B IIaM’SITi, III0 MOKE MOTPeOyBaTH BEIUKOI KITBKOCTI TTaM’STi JUIsi OOYHCIIEHHS MapIIpyTy.

Mopenb nepeMilieHHs: HeirpoBOro MePCOHAXKY 13 3aCTOCYBaHHAM anroputMmy A* Oyna peaizo-
BaHa y HEBEJIMKIH Ipi, BC1 CLIEHU K0T MalOTh pi3HUH 1HTEep(elc Ta TECTYIOTh IHTEIEKTyalbHY MOBE-
JIHKY HEIrPOBOTO MEPCOHAKY.

VY nepuii clieHi KOpUCTyBad MOXe KepyBaTH MapCcoOXo1oM (machaHaepoM) KypcopoM MU JJist
JOCSITHEHHSI pOJKEBOTO cBiTia (puc. 2, a). NPC aBroMaTHuHO Criye 10 Kypcopa MHII, 0Ouparodn
caMuil epeKTUBHUI MapHIpyT 3riAHO anroputMmy A*. Jlnist 3py4HOCTI I'paBlis € Kamepa, sika JI03BoJIs€
OIVISIaTH CLIEHY B JIEKUIBKOX peXHMMax: pexuM | — BioOpakeHHs ABOX Kamep: 3BepXy Ta BiJ| Tpe-
ThO1 0co0u (puc. 2, 0), pexxuM 2 — BiJOOpaKeHHs TUIBKM BUY 3BEpXY, PEKUM 3 — 3MiHa KaMepH Ha
BUJI BiJl TpeThOi 0cobu. [lepuiuii pesxum € IOYaTKOBUM Ta MPH 3MiHI PEKHUMIB, 0 HHOT'O HEMOXKITUBO
MOBEPHYTHUCH. KON HATHCKAETHCST KHOTIKA KaMEPH, YEPTYEThCS PEKUM 2 Ta 3.

a) 0)
Puc. 2. TecTyBaHHsI 3HAXOMKEHHS HAWKOPOTIIOTO MIJISIXY 10 32 {aHOI TOYKU:
a) mapcoxija (macganaep); 6) pe:KuM KaMepHu NMepuioi cueHu
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VY npyriii crieHl TecTyeThCsl MepeMimieHHs nacdanaepa 3 BUOOPOM MapuIpyTy MepeMillleHHS
MiXK 00’€KTaMu AJIsl TOCSTHEHHI BU3HAYEHOI TOUKH (OTHOTO 3 CHUHIX JIIXTapiB) 33 sl IEPEKIIOYCHHS
Ha HOBY clieHy (puc. 3).

|
Puc. 3. TecTyBaHHSI 3HAXO/IUKEHHSI HANKOPOTIIONO LIIAXY 3 BUOOPOM MapIIpyTy nepeMillleHHsI Mixk 00’ €KTaMu
Tpets crieHa — 11e KIMHATa 3 MEePEIIKOAaMu, sika Bi3yalli3ye MOBEIIHKY MO 3MiHI MapIIpyTy Hac-

(danaepa npu 3ITKHEHHI 3 repemmkoaamMu. [Ipu TocarHeHHI ToTy0oro JIiXTaps, i1e IepeKIIIoYCHHS Ha
HOBY CIICHY.

Puc. 4. TecTtyBaHHS MOBEIIHKHU MO0 3MiHI MapIIPYTy NpH 3iTKHEHH] 3 MepenKoIaMu

VY 4gerBepTiil ClieHI Ha TOMI 3 PI3HUMH 00 €KTaMH MOXYTh IEPEMIIyBaTUCh JIBa MapCOXOAU
(puc. 5). 115 cuieHa HasIBHO AGMOHCTPYE B3aEMOZIIIO IBOX 00’ €KTIB IrpOBOTO IITYYHOTO IHTENIEKTY (TIpH
MOIIYKY KpaIloro MapuipyTy) Ta 3a00poHY Ha MepeMillleHHs OJHOMY 3 HUX Y BH3HA4YCeHiH 00JacTi.
[Ipu noCATHEHH] YePBOHOTO JIIXTapsi, 1€ ePEKIIOUCHHS HAa HOBY CIICHY.

Puc. 5. Bzaemonis 1Box 00'exTiB irposoro LI
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[T’sita cuieHa — 11e mosie 3 pi3HUMH 00’ €KTaMHU, SIKi TEHEPYIOThCSI PAHJIOMHUM IUISIXOM, TI0 SIKOMY
MEPEMIIIYETbCS MapCcoXij, OOMparouM MaKCHMaJbHO MIBUJAKHIA MapuipyT, oOXoas4yu i 00’€KTH
(puc. 6). Lls ciieHa HasSBHO IEMOHCTPYE B3a€EMOJII0 00’€KTa IrpoOBOTO MITYYHOTO IHTEJICKTY TPHU
MOIIYKY KpPaIloro MapuipyTy Ta BEJIMKOI KUIBKOCTI repentko. [1pu 1ocsSrHeHH 4epBOHOTO JIiXTaps,
il IepeKIIIOUeHHsI Ha HOBY CIICHY.

Puc. 6. [lomyk MakcMMaJIbHO IIBHAKOT0 MAPMIPYTY NPH BeJIHKIH KiIBKOCTI NepemKosy

s memoHcTpariii MOXKJIMBOCTI BUKOpPUCTaHHs nachanmiary y 2D-npocropi Oyma cTBopeHa
I0CTa CIIeHa TPU — 11€ ABOBUMIPHUH MPOCTip 3 OOTOM, SIKUH MEPEMINIYETHCS M0 HHOMY I10 paHiIie
3aJlaHuM Jioporam (oOuparoun HalKpariii nuisx, puc.7).

]

(1]

[ I I I
[T T T T

[T

Puc. 7. IBoBumipHa Bisyanizanis muisiXiB nepeMinieHHs1 HEiIrpoBOro NePCOHAKY

BucHoBku

Y po6oTi Oyi10 po3p0o0IIeHO MOJIENh ITOBEIIHKH HEIrPOBOTO MEPCOHAKY, sika OyJia MpOTeCTOBaHA
NUSIXOM 1HTETpallii 10 Bke iCHyro4uoi rpu. TecTyBaHHs MIATBEPAUIO KOPEKTHY pPOOOTY aJIrOPUTMY
MOBEJIHKU 00’ €KTIB, iX B3a€MOJIi OIMH 3 OJIHUM, BIANPALIOBAHHS Pi3HUX KEHCIB OTOYYIOUOTO cepe-
JIOBHUIIIA Ta BIJICYTHICTH Bi3yaJbHUX JE(PEKTIB pOOOTH alTOPUTMY.

Po3pobiena miHi-Tpa Ha OCHOBI ICHYIOUHMX MOJIEJICH HEIrPOBUX MIEPCOHAXKIB IMiATBEpAMIIA €(hEK-
TUBHICTh 3aCTOCYBaHHA A™* anropuTMmy HOLIYKY HaWKOPOTIIOTO LUIAXY B PI3HUX ITPOBHUX YMOBaX.
HanpsimoM moaibImx JOCHTIKEHb € PO3MIMPEHHS irPOBOTO 3aCTOCYHKY JI0 CTabUIbHOI Bepcii 3 UiT-
KHM OIIOBIIaHHSIM Ta CIOKETOM, JIOOTPAIFOBAHHS 3arajbHOTO irpOBOTO Ta JAW3AHHY KOXKHOTO PiBHS
JUISL IOKPAIIEHHS B3a€MOJI1 3 KOPHCTYBaueM Ta CTBOPEHHS BiacHUX 3D Mojenel Ta iHIINX iIrpOBUX
pecypciB (aceTiB) 3aMiCTh OE€3KOIITOBHUX.
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M.O. TEPEIIIYK

KuiBchkuii HallloHAILHUIN yHIBEpCUTET OyIiBHUITBA 1 apXiTEKTypH

CTPYKTYPHO-IAPAMETPUYHI TEOMETPUYHI MOAEJII IIOBEPXOHDb
KYIIOJIIB TIPABOCJIABHUX XPAMIB

Huniwmin eman poszsumky Ykpainu xapaxmepu3yemuvcs CKAAOHUM ICHYIOUUM CYCHITbHO-eKOHOMIYHUM CIMAHOM,
Nno8 A3aHUM 13 BillCbKOSUMU OiAMU HA Mepumopii Hawioi depicasu. Y Oanull yac 8enuxa KilbKicmbs jarooel CmpiMKo
O0YX08HO NOGEPMAEMBCA 00 BIUHUX XPUCMUAHCLKUX YiHHOCmeu. Tomy 6 b6azambox micmax i cenax Kpainu iHmMeHCUugHo
8IOPOOICYIOMBCS NPABOCIABHL XPAMU, [HWLE KVIbIMOGL CNOPYOU, 30IUCHIOEMbCSL IX pecmaspayis, 001aumosyomscs Micyst
nanomuuymea mowo. Ilpu yvomy axmyanvHuUMu € NUMAanHsA pepopmMySanHs YepKoGHO20 YNPAGIIHHA, HANEHCHOI peop-
2aHI3aYil XPUCTUAHCLKUX 2poMad Yy 6uisi enapxit ma napaii 3 Memoio ix 600CKOHANEeHHs. Yeniunomy UKOHAHHIO
BKA3AHUX 3A60ANb CNPUAIOMb KOMN T0OmMepHi iHghopmayitini mexnonoeii, 30Kpema 3acobu 2eoMempuyHo20 MoOeuo8aHHs.
Ocmanui cmanoeiames 00Hy 3 QYHOAMEHMATbHUX OCHO8 8i0N08IOHO20 NPOSPAMHO20 3a0e3nedeH s 018 A8MOoMamu306a-
HO20 NPOEKMYBAHHS PI3HOMAHIMHUX 00 '€KMI8 i npoyecis.

YV npasocnasniii apximexmypi Kynonu, wo ygiHuyOms XpUCMUSIHCOKI Xpamu, i0ieparoms 0CcoONugy npogiony poib.
s mooett yi 6y0ieenvHi KOHCMPYKYIL yocobaooms maki HebecHi oopasu sik boe, aneenu, cesami i m. 0. Y danomy eunaoxy
0080711 8ANCTUBE 3ACMOCOBYBAHI 0O EMHO-NPOCMOPOBI APXIMeKmMypHI Popmu, SIKI NOBUHHI MAMU NeGHY THOUBIOYATbHICMb.
3asnauena ocobnusicms cnpuse NiOBUUEHHIO CUMBONIYHOL CBAMOCMI NPABOCIABHUX XPAMIB, HANAUIMOBYE NPU iX 8I0BI0)-
8aHHI napaghiaH Ha Oyxo8He NiOHeceHHs i npacHeHHs 00 T00CbKOI 0ockoHarocmi. Tomy npopodnanHa 6a2amvox NPOEKMHUX
6apianmis onpaybo8yEaHUX KYnoiie ma euoip i3 HUX ONMUMAIbHO20 AGIAE CODOIO AKMYAIbHY HAYKOBO-NPUKIAOHY 3A0aHY.

IIpoepecusnoro meHOeHYicio 6 OKpecIeHOMY NIaHi € MeMOOON02is CMPYKIMYPHO-NAPAMEMPULHO20 POPMOYMEOPEHHSL.
Buxnadeni oani mamepianu cmanoisms npoo06HCeHHs NONEPEOHIX 00CIONCEHb A8mMopa 6 PO3SIAHYNIOMY HANPAMKY, pO3-
BUBAIOMb GUCGIMIIEHT paniul Y aimepamypi 8I0N0GIOHI pesyrbmamu. Y cmammi makodic 6U3HAYEHO WISAXU NOOAIbULO2O
PO3BUMKY 3ANPONOHOBAHUX 2€OMEMPUUHUX MOOeNel Ollsl ABMOMAMU30BAHO20 NPOEKMYBAHHS NPABOCIAGHUX XPAMi6, y00-
CKOHANEHH S BUKOPUCTIOBYBAHUX NPU YbOMY CROCODIB, NPUTIOMIE MA ANOPUMMIE KOMN TOMEPHO20 (hOpMOYMEOPEHHS.

Krouosi crosa: agmomamu3zoeane npocKmysants, ceomempuine Mooento8anis, KOMn 1omepui inpopmayitini mex-
HONORIT, NO8epXHi KYNOis, NpagoCIagHi Xpamu, CmpyKnypHo-napamempuine QopmoymeopenHs.

M.O. TERESCHUK

Kyiv National University of Construction and Architecture

STRUCTURAL-PARAMETRIC GEOMETRIC MODELS OF DOMES SURFACES
OF ORTHODOX TEMPLES

The current stage of Ukraine's development is characterized by a difficult existing socio-economic situation associated
with military operations on the territory of our state. Currently, a large number of people are rapidly spiritually returning
to eternal Christian values. Therefore, in many cities and villages of the country, Orthodox temples and other religious
buildings are being intensively revived, their restoration is being carried out, places of pilgrimage are being arranged, etc.
At the same time, the issues of reforming church administration, proper reorganization, with the aim of improvement, of
Christian communities in the form of dioceses and parishes are relevant. The successful implementation of these tasks is
facilitated by the available computer information technologies, in particular, geometric modeling tools. The latter constitute
one of the basic foundations of proper software for computer-aided design of various objects and processes.

The domes crowning Christian temples play a special leading role in Orthodox architecture. For people, these
building structures represent such heavenly images as God, angels, saints, etc. In this case, the applied volumetric-spatial
architectural forms, which should have certain individuality, are quite important. This feature helps to increase the
symbolic holiness of Orthodox temples, sets up parishioners for spiritual elevation and aspiration for their own human
perfection when visiting them. Therefore, the study of many design variants for the researched domes and the choice of
the optimal one from them is an actual scientific and applied task.

The progressive trend in the outlined plan is the methodology of structural-parametric shaping. The following
materials are a continuation of the author's previous research in the considered direction and develop the corresponding
results previously covered in the literature. The article also defines the ways of further development of the proposed
geometric models for the automated design of Orthodox temples, the improvement of the methods, techniques and
algorithms used for this computer shaping.

Keywords: automated design, geometric modeling, computer information technologies, dome surfaces, Orthodox
temples, structural-parametric shaping.
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IHocTanoBka npodiaemMu
VY 3B’s13Ky 3 HUHIIIHBOIO HANpPYKEHOIO COILIaIbHO-eKOHOMIUYHOIO CUTYyaIli€l0 B YKpaiHi, CripH-
YUHEHOI0 BIMCHKOBUMHU JIISIMH, BCE OUIbIIE HAIIUX JIOJEH 3BEPTAIOTHCS IO BIUHUX TYXOBHUX XpH-
CTUSHCBKUX IIHHOCTEH. OcTaHHE OOYMOBIIOE HEOOXIMHICTh OyMIBHUIITBA HOBUX Ta BiAHOBJICHHS
3pyHHOBaHUX IMpaBOcIaBHUX XxpamiB. Kymonu B HUX BiITBOPIOIOTH HEOECHI 00pas3u i TOMy MarOTh
BEJIMKE CUMBOJIIYHE 3HaYeHHS sl apadisH. BigomMo Takox, 1m0 06’ €MHO-TIPOCTOPOBI apXiTEKTypHI
(dhopMHU KyJIBTOBUX CIIOPYJ BIAITParOTh OCOOIUBO BAKIIMBY POJIb Y PEIITIHHOMY IJIaHI, BAMArarTh
HaJieXHOT 1HAMBIAyanbHOCTI. [Tomani GakT 00yMOBIIOIOTH aKTyaJIbHICTh €()eKTHBHOTO BUPIIICHHS
OKpeclieHO1 MPoOIeMH CTOCOBHO MiBUIIIEHHS SKOCTI PO3MISIHYTUX 00’ €KTiB, 3MEHILIEHHS! BUTpAT Ha

X MPOEKTYBAaHHS, BUTOTOBJICHHS Ta MOAAJBIIY €KCILTyaTalliko.

AHAaJIi3 OCTAHHIX TOCTIIKeHb | myO/ikani
VY BunanHi [ 1] po3misiHyTO MUTaHHS HALIIOHAIBHOT 1IEHTHYHOCT] YKPAiHCHKUX XPUCTUSHCHKUX Xpa-
MiB, Bi/ITIOBITHUX TPaIUIIiii Ta HOBATOPCTBA. [ITFOCTpAaIlil HATTeKHUX BITYM3HSHUX CIIOPY/ IIOJAHO y TIparti[2].
VY ny6mikartii [3] mpoaHasizoBaHo (popMOyTBOpeHHsI 0aHEBUX, TOOTO KYTOJIbHUX, 3aBEPIICHD IIEPKOBHUX
OymiBenb. [lokaszaHo, 1m0 came 11l KOHCTPYKINT 3a0e3MeuyoTh 1HIUBITyaTbHICTh MPABOCIABHUX XPaMiB.
VY pobori [4] nocnimkeHo pizHi GOpMHU KyTIomiB (KOHYCHY, AHIIENOII0HY, MaKiBKY, IMOY/IBIACTYy, TPyLLIONO-
Ti0HY, TpaHYaCTy TOIIIO), ICHYI0UI IX SIPYCHOCTI (OTHO-, IBO- 1 TPUSAPYCHI), KUIBKICTB Yy Xpami (OI1H, 1Ba,
TpPH, I1’SITh, CIM, JA€B’SITh 1 TPUHAALATD). Y BUIAHHI [5] BUCBITIIEHO 6a30B1 TEOPETUYHI TOJIOKEHHS METO-
JIOJIOT1i CTPYKTYPHO-TIAPAaMETPUIHOTO TEOMETPUIHOTO MOJICTIOBAaHHA. Y MyOmikamisx [6, 7] BUKIaAeHO
BI/IMIOBITHO HOT0 3aCTOCYBAaHHS JUIs BIITBOPEHHS y TIPABOCIIAB’ 1 OpraHi3aliifHOro KJIacTepHOro TEPUTOPi-
ILHOTO YIIPABIIIHHA. Y CTATTI [8] 3aIpOMOHOBAaHO CHOCIO CTPYKTYypHO-TIApaMETPUIHOT TOOYIOBU MTOBEP-
XOHb KYIOJIIB PABOCJIABHUX XPaMiB JIJIsl aBTOMATH30BAHOTO ITPOEKTYBAHHS.

Meta gocJiaigkeHHs
OcHoOBHE 3aBIaHHS JaHOi POOOTH MOJSATrae B IMOJAHHI MAaTeMaTHMYHOTO OMKMCY TeOMETpUY-
HUX BJIACTHBOCTEH MPOEKTOBAHMUX KYTIONIB, 30KpeMa, CTOCOBHO OOYMCIICHHS IUION] iX MOBEPXOHBb
Ta 00ME)XXyBaHHX OCTAHHIMH 00’ €MiB 3ac00aMM KOMIT FOTEPHHUX 1HPOPMAIIMHUX TEXHOIOTIN. Takox
B aKIIEHTYBaHHI YBard Ha IIMX BETUYMHAX SK CKJIaJOBMX KOMIIOHEHTaX CTBOPIOBAaHMX BapiaHTHHX
CTPYKTYypHO-TIapaMETPUUYHUX MOJIeNeH, IKi BUKOPUCTOBYIOTHCS JUIsl IPOBEICHHS BiIOBITHOI Oara-
TOACTIEKTHOT ONTUMI3allii 3a3HAYEHUX TEXHIYHUX 00’ €KTIB.

BukiageHHs1 0CHOBHOI'O MaTepiagy 0CTiIKeHHS
VY BunanHi [8] po3mIsIHYTO HACTYITHY MHOXKHUHY (DOpM KYTIONiB:

DK = (DK, = (PK,), (1)

ne @K = KD — konycna, PK, = AD — aiiyenodiona, PK, = M® — maxiska, PK, = [P — yubyivbyacma,
@K, = I'D — epywonodidua.

Sk Ga3oBy TBIpHY JiHIIO ISl ONPAIlbOBYBAaHUX MOBEPXOHH 0OEPTaHHS 3aCTOCOBAHO BEKTOPHY
napaMeTpUIHy KPUBY JPYTOTO MOPSIKY

(I-u)’ry + 2wu(l — w)r, + u’r, @)
(1-u)’ +2wu(l - u) + u?
1e 17Xy, Voo Z)s 17X V), 2)), T,=(X, V,, 2,) — PAJIlyC-BEKTOPH B JIEKAPTOBIH cUCTEMI KoopauHaT Oxyz
BEPIIMH XapaKTePUCTHYHOI 1aManoi; w =0 — Baropuii koediuient Bepiuunu 1 ; u€[0, 1] — mapamerp.
Jns GopM KymodiB, IO aHAMI3YyIOThCSI, BUKOPUCTAHO CKJIAJCHUI TBIPHUN KOHTYp 13 MaKCH-
MaJIbHUM YUCIIOM KOMIIOHEHTIB BUIVISAY (2), sIKe TOPIBHIOE TPHOM, a came:

TK:(TK,')}\]TK :(TKi):l;' (3)

r(u) =

Ha puc. 1 moka3aHo esiki NpUKIaaA1 HaJeKHUX TBIPHUX 3 XapaKTePUCTUYHUMH 1X BEPIIMHAMU
JUISL IEBHUX KYTIOJIIB.
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a 0 B
Puc. 1. [lesiki cTpyKTypHO-IapaMeTPH4Hi BapiaHTH TBipHOro KoHTYpY (3):
a — aiiuenoaionuii; 6 — MakiBka; B — HMOYJIbYACTHH

Sinenonionomy Kymnoay (puc. 1, a) BIANMOBITa€e OUH €IEMEHT MHOKHHHU (3) 3 BaroBum koedi-
uienToM w #0, T00TO Jyra KpUBOi Apyroro mopsaxy. Jlis MakiBku, 1uB. puc. 1, 6, 101aTKOBO MaEMO
e Biapisok npsmoi (w =0). [ubynbuacra popma (puc. 1, B) CTBOPIOETHCA ABOMA KOMIIOHEHTAMH,
SIK1 3a0€3MeUy0Th HasIBHICTh TOYKM Teperuny. [Ipuiiomu peanizarii IIaakoCcTi MEPIIOTO MOPSIKY
PO3DISIHYTUX CKIIQJACHUX OOBOJIIB 3aralbHOBIIOMI.

Ha puc. 2 HaBeieHO MOBEpXHI1 KYTIOJIB, K1 BIANOBIJAIOThH HONEPEIHIM 300paXKEHHSIM.

Puc. 2. Kynosau:
a — siiinenonioHuii; 6 — MakiBKa; B — HUOYJIbYACTHH

[Monani ¢irypu B mekapToBiii cuctemi koopauHat Oxyz 3 BEpTUKAIBHOIO BICCIO OOEpTaHHA Z
Ta TBIPHUM KOHTYPOM Y IUIOIIMHI OXZ ONUCYIOTHCS 3aJI€KHOCTAMU:

r(u,v) = (x,5,2), x=x(u)cosv, y=x(u)sinv, z=2z(u), (4)

ne uel0, 1], ve[0, 2n] — mapamerpu; x(u), z(¢#) — BeTHUUHH 3TigHO 3 BUpazamu (2) i (3).

3a ¢opmynoro (4) BU3HAUaOTHCS i pemita 06’ ekTiB (1).

YV 6aHeBuX 3aBepIIEHHIX IPABOCIABHUX XPaMiB KyIIOJIM CIIMPAOThcs Ha 6apadaHH, 110 SBIAIOTH
c00010 BEpPTUKAIBbHI KPYTOBI IIJIIHAPHYHI 200 rpaHHI MPU3MATHYHI TOBEPXHI 3 OCHOBAMH y BUTJISIII
MpaBUJILHUX 0aratokyTHHKIB (nuB. puc. 3). Tak Ha puc. 3, a 300pakeHO MOEAHAHHS T'PAHYACTOTO
6apabana Ta 1MOYIFYACcTOrO KyToJa, a Ha puc 3, 6 J0AaTKOBO MPOLTIOCTPOBAHO 1€ OJIUH SPYC, IKUN
BKJIFOYAE KPYTOBUH IMITIIHAPUYHUEN OapabaH i sifrernonionuii Kymon. MoxKIIMBI TakoXK 1HII KOMOi-
Hallii mpoaHa i30BaHUX BUIIE MOBEPXOHb. Hampukiaa, MakiBKU 3 MWJIIHAPUYHUM a00 rpaHYaCTHM
O6apabaHOM. AKIIEHTYeMO yBary, 110 pO3IISIHYTI MPOEKTHI (irypu, 3a3BU4aid, pi3HATbCA HE TUIBKU
CBO€EO hopMoto, a it po3mipamu.

a 0
Puc. 3. Iloennanns 6apadanis i kKynoJis:
a, 0 — 01HO- Ta ABOsSIPyCHe O0aHHe 3aBepPLICHHS XpaMy
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OOuncneHHs MEeTPUYHHUX XapaKTEPUCTHK KYIOJIiB MPABOCIABHUX XpaMiB CTAHOBHUTH T'OJOBHE
3aBJaHHA JaHoi myOsikarii. CTOCOBHO HMIIIHAPUYHUX OapabaHiB 1uioma ix O14HOT MOBEpXHI po3pa-
XOBYETBCS 32 BITOMOIO (hOPMYIIOF0

S =2nRH, (5)

ne R — paniyc ocHoBu, H — Bucora,
ao00’eMm

V = nR*H. (6)

L1e >k cTocyeThcs MpU3MAaTHYHUX OapabaHiB 3 n O1YHUMU rpaHsmMu. HanexHi BeIMYMHN BU3HA-
YarOThCS CIIBBITHOLIECHHIMU

S = 2RnH sin(%), (7)
n
ne R — pajaiyc KoJia, OIMCaHOTO HaBKOJIO OCHOBH OapabaHna, H — fioro Bucora,
2
y = MRH 6o 25, (8)
n

[Tnomi Ta 06’€MHU YaCTUH KYTIOJiB, 1110 BiIMOBIIAIOTH OKPEMUM KPUBHM (2), 00UHUCITIOIOTHCA 32
BHpa3aMH

S = sz‘. x(u)\x'"(u)? + 7' (u)* du, 9)
V= nj x*(u) - Z'(u)du, (10)
Ae '
) = 2((1 —w (1 -2u)((1- u)zxg + 2w u(l — u)x, + u’x,) L =D, + wi (1= 2u)x, +ux, j’
p p
2(u) = 2((1 w1 =2u)((1- u)zzg + 2w u(l —u)z, + u’z,) . (u -1z, +w,(1-2u)z, +uz, j’
p p

p=0-u)+2wu(l —u)+u’.

Hanani orpumani 3a popmynamu (9) 1 (10) BenuuuHM MiACYMOBYIOTBCS JJIs1 BCIX KPUBHX 3aCTO-
COBAHOI'0 TBIPHOTO KOHTYpY (3). Y BUIIaJKy KUIBKOX sIpycCiB KymouiB 3ayiexHocTi (5) ... (10) Buko-
PHCTOBYIOTHCS HAJICKHY KUIBKICTh pa3iB.

[IpoimocTpy€emMo 3anporoHOBaHUN MaTeMaTHYHUH arapar Ha npukiazi puc. 3, 6. Hexail y Huk-
HbOTO ITiHApUYHOTO Oapabana b1 pagiyc R=3000 mwm, a Bucora H=2000 mM. Ha mifcTasi criBBij-
HoteHs (5) 1 (6)

S5, =2nRH =2r-3000-2000 mm® = 3,77 10" mm* = 37,7 m°, (11)

Vi = TR H = r-3000 - 2000 MM® ~ 5,655-10" mm® = 56,55 . (12)

Beakaemo, 1o TBipHa ALENONIOHOrO Kymojaa BU3HAYa€Thes BepiuuHamu 1,=(3000, 0, 2000),
r,=(3000, 0, 4000), r,=(1200, 0, 4000), 1e KOOPAMHATH B MM, Ta BaroBuM koediuienrom wil=0,7071.
Tomi, 3rigHO 3 BUpa3oMm (9)

1
S = 2nj x(ux' () + 7' (u)’du ~ 4,44 -10" um* = 44,4 m*. (13)
0
Binnosinuo 10 ¢popmymnu (10)
1
Vi = [ X () - 2'(u)du ~ 4,39410° wnr’ = 43,94 ur°. (14)
0

Jns rpandacroro 6apabana b, maemo paaiyc R=1200 mm OnmcaHoro HaBKOJIO OCHOBM KOJa
ta Bucotry H=1400 ymm. Ha mincrasi 3anesxxnocteit (7) 1 (8)
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Sy, =2RnH sin(%) = 2~1200-8~1400-sin(%) o ~1,029-10" an? =10,29 42, (15)
n

2 2
y nRH G 2n 8120071400 o O
? 2 n 2 8
Huwxrs TBipHA IMOYIIBYACTOrO KyTI0J1a BU3HA4aeThes BepiunHamu 1,=(1200, 0, 5400), r =(2300, 0, 6200),
r,=(1000, 0, 7200), 1e KoOpAMHATH B MM, Ta BaroBuM Koediientom w =1. 3riamo 3 Bupasom (9)

)~ 5,7-10° mm’ =5,7 a’. (16)

1
S = 2m[ XWX () + 2'(u) du ~ 2,07 107 mw® = 20,7 w4, (17)
0

Biamosigao 1o Gpopmymu (10)
1
Vik, = nI x*(u)- 7' (w)du ~ 1,287 - 10" mm® =12,87 »°. (18)
0

Bepxnst TBipHa IMOYIB4ACTOrO Kyriona BusHavaeThest Bepiumnamu r,=(1000, 0, 7200), r, =(400, 0, 7661),
1,=(400, 0, 8500), e KoOpAMHATH B MM, Ta BaroBuM Koedirientom w,=1. 3rigHo 3 Bupasom (9)

1
S = 271:I x(u)x'(u)? + 7' ()’ du ~ 5,57 - 10° um? = 5,57 M>. (19)

0

Bignosigao mo ¢opmymnu (10)
1
Vik, = nsz(u) - Z(u)du ~ 1,45 -10° un® = 1,45 »°. (20)
0

Ha ocnogi Beiuums (11) ... (20) 6auumo, 110 30BHIIIHS TUIONIA 0aHEBUX 3aBEPIICHb CTAHOBUTH
S =85 +8 g 48 548y +8 p,= (37,7 +44,4+10,29+20,7+5,57) m* = 118,66 »>, (21)

aix 00’em
V=V stV gtV s 4V i +V = (56,55 +43,94 457 +12,87 +1,45) a* =120,51 2. (22)

Benuuunu (21) ... (22) nyis npoaHasizoBaHOTO BapiaHTa MPOEKTOBAHOTO XpaMy CYTTEBO BILIHU-
BAIOTh HE TUIBKHM HA WOTO 1H/IMBIIyallbHICTh Ta €CTETUYHUIN BUIISL, ajle i Ha Taki TEXHIUHI 0COOIH-
BOCTI pO3IIISIHYTO1 OyiBii SIK ii MIIHICTh, JOBTOBIYHICTb, €()EKTUBHICTH (DyHKIIIOHYBaHHS, BapTiCTh
3BEICHHS, MONAJBIIOT eKCIUTyaTalii 1 T. 7. 3a3Ha4eH1 BIACTUBOCTI JIOBOJII YacTO MAlOTh CyIepeusIu-
BUIl Xapakrep, TOMY HOTpeOyIOTh 31IHCHEHHs HaJIeXKHOI OararoacnekTHOi onTtumizaiii. OcTaHHe
OB ’s13aHO 3 MOTpebaMu MPOBEICHHsI 0araTboX iTepamiifHuX po3paxyHkiB. OIHUM i3 POrPEeCUBHUX
HanpsIMKiB y LIbOMY IUIaHI € KOMII' IOTEpHE CTPYKTypHO-TlapaMeTpuuHe ¢popmoyTBopeHHs. Hasene-
HUI BUILE MaTeMaTUYHUI anapar 3py4yHO aJanTyeThCsl 10 BKa3aHOI METO0JIOri aBTOMaTH30BAHOTO
MPOEKTYBaHHA. ¥ ii paMKax iICHYIOTh HaJI€KHI NEPCIEKTHBH HAIIPALIOBAHHS BiJIIIOBITHUX HOBUX IPO-
JQYKTUBHHUX CIIOCOO1B, MPUHOMIB Ta aJrOPUTMIB FEOMETPUYHOTO MOJIEITIOBAHHS.

BucHosku

CraTTio NPUCBAYEHO aKTyalbHIM mpobnemi OyniBHUIITBA i BIIHOBJIECHHS B YKpaiHi 3pyiHOBa-
HUX IiJ] Yac BOEHHUX Ji} IPaBOCIIAaBHUX XPaMiB, 30KpeMa (OpMOyTBOPEHHIO iX OaHEBUX 3aBEPIICHbD.
['0J10BHOIO METOIO MPH I[bOMY € 3MEHIIEHHS BUTPAT Ha PO3POOJISHHS, 3BEICHHS Ta MOJAAJbIIy €KC-
TJTyaTalliio BKa3aHUX OyIiBeb 3 OMHOYACHUM ITIIBUIIEHHSM 1X €CTETUYHO1 i TEXHIYHOI JOCKOHAJIO-
CTi 32 paxyHOK €()eKTUBHOTO aBTOMAaTHU30BaHOTO MpOeKTyBaHHsA. [logaHo MaTemMaTuuHmii anapar ass
OOUYHUCIIEHHSI TUIOI KYTIOJIbHHUX ITOBEPXOHb Ta 0OMEKYBaHUX HUMH 00’ €MiB 3aC00aMU KOMIT IOTEPHUX
1H(pOpMaLIHHUX TEXHOJIOT1H. AKIIEHTOBAHO yBary Ha 3a3Ha4€HHMX BEJTUYMHAX SIK CKJIAI0BUX KOMIIO-
HEHTaX BapiaHTHUX CTPYKTYPHO-MApaMETPUUHUX MOJIENICH, 1110 BAKOPUCTOBYIOTHCA AJIs IPOBEACHHS
BIJIMOBIAHOI 0aratoacrekTHOI ONTUMI3aIlii PO3MISHYTUX TEXHIYHMX 00’€KTiB. 3a3Ha4eHO, IO Mep-
CMEKTUBAMH TOJAJIBIINX HAYKOBHX JOCIIIKEHh MOXe OyTH OIpallfoBaHHS Mpopi3iB y OapabaHax
KYIOJIiB, pi3HOBH/IIB XPECTIB, AKI BIHYAIOTh XpaMu, 1 T. 1.
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Hauionanbhuii yHiBepcurer OnechKa NOMITEXHIKA

JTOCJIIKEHHS 3AT'PO3 ITHOOPMAIIMHOI BE3NEKH NP BUKOPUCTAHHI
BEB-TEXHOJIOTTHA JUCTAHIIHHOTIO HABYAHHSI

Memoro nposederozo docnidxcenns € ananiz cmawny desnexu eukopucmarnus Google Classroom 6 ynieepcumemi
«O0ecvka nonimexHikay ma 3miH y aominicmpyeanti HasyanoHoi niamgopmu 3a 2020-2022 poxu 6 ymosax eumyuieHo2o
KApaumumy, 60€HHO20 CIMAHY Ma OUCMAHYIUHO20 HAGUANHA. AKMuUGHe 8npo6aoddicentss OUCMAHYIUHO20 HAGUAHHS GUMA-
2ae 0ocniodicents 3axucmy ingpopmayii npu oomini ma 36epieanni danux. OOHIEIO 3 cucmem OUCMAHYIUHO20 HABUAHHSL
yrigepcumeny «QOoecvra nonimexwixa» € Google Classroom. OcrosHa nepeeéaza — 0e3KouMoGHICMb Cepeicis, aoMiHi-
CMPY6anHs 3aK1a00M, 6Xi0 3a 00NOMO2010 36uyalino2o akkayumy Gmail. Pemenbno npodymana cmpykmypa aominicmpy-
8aHHA ma opeanizayii pobomu cepsicy € UpiulanrbHOW 071 eheKmueHo20 ynpasiinus oonikosum sanucom G Suite for
Education. Axkmyanvnoro npobnemoro € cmeopeHHs 0C8imHb020 NPOCMOpPY 3a 00NOMO20I0 8e0-MeXHON02Il Ma Op2aHi3a-
yia 6e3neuno20 00Cmyny KOpUCmyeayié 0o pecypcie. Bajdicnueum achekmom makodlc € NCUXON02iYHUull ma nedazo2iuHutl
acnekm GUKOPUCTAHHSA OUCMAHYINIHO20 HABYAHHA, AKE MOJCe NPOBOOUMUCH 8 CUHXPOHHOMY, A60 ACUHXPOHHOMY GUOL.
Y pobomi nposedeno docnioscenus 3a2po3 inghopmayiinoi Oesnexu 6ed-mexnonoeit oucmanyitinozo Haguanus Google
Classroom 0na kopucmysayie ma nopienanHa 3ax00ie aominicmpysanus y 2020-2022 pokax. [{nsa npomudii akmyansHum
3aepo3am 05 cucmem OUCMAHYIIHO20 HABUAHHA YHIGePCUMemY | 3MEHUEHHs PUSUKIE 8 MedHCcax 0OnyCmumMoz0, UKO-
PUCTOBYIOMbCA PI3HI Mexanizmu i 3acobu 3axucmy ingopmayii, opeanizayiliHo-npaso8o2o, MexHiuHo20 ma npoepamHo2o
xapaxmepy, AKi ROGUHHI 8paAX08yeamu pso ocodonueocmet, nog'azanux 3 npoyecom ix gynxyionysanna. Cucmema ouc-
ManHyiuHol oceimu yHisepcumemy nosukHa Oymu 0ocmynta 0jisi 3000y6auis, GUKIAOAYI8 Ma AOMIHICIPAmopis Yinooo-
0060. 3abesneuenns 3axucmy 6io 3a2po3 HOSUHHO 30IUCHIOBAMUCA AK HA emani npoeKmysants i po3podku camoi cucmemu
OUCMAHYITIHOL 0c8imu, MAax i 8 NPoyeci 020 eKCHIYamayii, ma GHECeHHAM, Y pa3i HeOOXIOHOCMI, COEUACHUX KOPe2Y8aHb.
Ipoananizosano aominicmpysants cucmemu Oucmanyiuroi oceimu yHisepcumemy « O0ecoka nonimextikay ma 3pooneni
Maxi 6UCHOBKU A peKoMeHOayii 018 NOKpaujeHHs inghopmayitinoi besnexit.

Kniouosi cnosa: cucmema Oucmanyitino2o Hauauwus, 3axkaad euwoi oceimu, saxucm ingopmayii, Google
Classroom, se6-mexnonozii, aOMiHicmpyanHs.

L.S. FONAR, O.S. KONOVALOV, E.G. FILIPPOV
Odesa Polytechnic National University

STUDY OF INFORMATION SECURITY THREATS AT USED WEB TECHNOLOGIES
OF DISTANCE EDUCATION

The purpose of the research is to analyze the state of security of using Google Classroom at the Odesa Polytechnic
University and changes in the administration of the educational platform for 2020-2022 in the conditions of forced
quarantine, martial law and distance learning. The active implementation of distance learning requires research on
information protection during data exchange and storage. One of the distance learning systems of Odesa Polytechnic
National University is Google Classroom. The main advantage is free services, institution administration, login using
a regular Gmail account. A carefully thought-out structure of administration and organization of the service is crucial
to the effective management of the G Suite for Education account. An urgent problem is the creation of an educational
space using web technologies and the organization of secure user access to resources. An important aspect is also the
psychological and pedagogical aspect of the use of distance learning, which can be conducted in a synchronous or
asynchronous form. In the work, a study of threats to the information security of Google Classroom distance learning web
technologies for users and a comparison of administration measures in 2020-2022 was carried out. Various mechanisms
and means of information protection, of an organizational, legal, technical and programmatic nature, are used to counter
actual threats to the university's distance learning systems and to reduce risks within the permissible limits, which must
take into account a number of features related to the process of their functioning. The distance education system of the
university should be available to students, teachers and administrators around the clock. Ensuring protection against
threats should be carried out both at the stage of designing and developing the distance education system itself, as well as
during its operation and making, if necessary, timely adjustments. The administration of the distance education system of
the Odesa Polytechnic National University was analyzed and the following conclusions and recommendations were made
for improving information security.

Keywords: distance learning system, higher education institution, information protection, Google Classroom, web
technologies, administration.

https://doi.org/10.32782/ mathematical-modelling/2022-5-1-13
101



ITPUKIIA/THI ITHNTAHHA MATEMATHYHOI O MOJE/IFOBAHHA Ne 5.1, 2022

IHocTanoBka npodiaemMu

AKTyanapHOIO IPOOIEMOIO CHCTEMH BUIIOI OCBITH B YKpaiHi 3a OCTaHHI POKU € aHaJi3 BUKOPH-
CTaHHs BeO-TEXHOJIOr1H /Ul AUCTaHLIHHOTO HaBYaHHS B YMOBaX MaH/1eMii Ta BOEHHOTO cTaHy. Bumy-
IIeHUH mepexis 6araTtbox 3aKiajiiB OCBITH Y BEO-MPOCTip BUMArae aHaiizy Oe3meKu KOpUCTYBAHHS
PI3HOMaHITHUMH CepBicaMu. BaxXJIMBUM € TOCITIKEHHS 3arpo3 iHpopMaIliitHoi Oe3neku AJist epco-
HaJIbHUX JaHUX CTYJICHTIB Ta BUKJIQ/Ia4iB, CHCTEM OIIHIOBaHHs, 300py Ta 30epiraHHs JaHux. Takox
BUKOPUCTAHHS OH-JIAMH CEpBICIB Y OCBITI MiJBUIINY€E BUMOTU MO aBTeHTHUIKalii KOpUCTyBadiB, 60
JUCTAHIIIITHE HABYaHHS Y 0araThoX BUMAJAKAX YCKIATHIOE 00’ EKTUBHICTH OILIHIOBAaHHS 3HaHb. Pazom
3 TUM, BUKOPHCTAHHS BEO-TEXHOJIOIH MOXe MOJETUTH 301p 1aHUX, 3MEHUIUTH ManepoBUi JI0KY-
MEHTOO0OIr MiXK BUKJIaZjadyeM Ta 3400yBauaMu, CIPOCTUTH IOCTYII IO MaTepialiB, JEKIiNd, METOAUYHUX
BKa31BOK Ta 1HOJII HABITh MOKPAIMTH KOMYHIKAI[il0 MK YYaCHUKaMHU HaBYAJILHOTO Iporecy. MeToro
MIPOBEICHOTO JTOCIIKEHHS € aHalli3 cTaHy Oe3neku BukopructanHs Google Classroom B yHiBepcH-
TeTi «OechKa MoJiTeXHiKa» Ta 3MiH Y aIMiHICTpyBaHH1 HaBYaJIbHOI miardopmu 3a 2020-2022 poku
B YMOBaX BUMYIICHOTO KapaHTHHY, BOEHHOTO CTaHy Ta JUCTAHIIHHOrO HaBYaHHS.

AHAaJi3 0OCTaHHIX JOCTIIXKeHb | myOsikanii

Buxkopucranns Be6-TexHonorii nucranmiitnoro Hapdanus (BTIH) nagae moxuBicTh 3100yBa-
yaM OTPUMYBATH HEOOXiH1 3HAHHS BIJJAJICHO Bl HABYAJIHLHOTO 3aKJIaly B Oy/lb-SKUI 3pyYHUI Yac.
[IpaBa Ta 000B'sA3KK yyacHHKIB HaB4ansHOTO Tipouecy npu BTIH perymtorotbes «IlomoxeHHSIM Mpo
ncTaHIiiiHe HaBdyaHHs» [ 1] Ta 3akoHOM YKpainu mpo BuIly ocBity [2].

[Ipu BripoBaPKEHHI CUCTEM AUCTAHIIIMHOTO HABUYAHHS MEepe]] 3aKIIa0M Ta 3100yBauaMu OCBITH
MOCTAIOTh MPOOIeMU J0OOPY MPOTrpaMHHX 3ac001B Ta paIlioHaTLHOTO BUKOPUCTAHHS OCBITHIX 1H(OP-
MaIiiHUX pecypciB, CTBOPSHHUX Ha ix OCHOBI [3, 4]. ToMy akTyaibHOIO MPOOIEMOIO € CTBOPCHHS
OCBITHBOTO IPOCTOPY 3a JOIOMOTOI0 BEO-TEXHOJIOT1H Ta opraHizallis 6e3Me4YHOro JOCTYIy KOPUCTY-
BayiB 70 pecypciB. BaJIMBUM acleKTOM TaKOX € ICUXOJIOTTUHUM Ta MeAaroriyHui acrekT BUKOPH-
CTaHHS TUCTAHLIKHOTO HAaBYAHHS, SIKE MOXKE TIPOBOJAUTUCH B CHHXPOHHOMY 200 aCHHXPOHHOMY BH/II.

OpranxizaniifHa miaTpUMKa 37100yBaviB 3 00Ky BHKIaaa4a IiJ] Yac JIUCTAHIIIHOTO BUKIIAIaHHS
KypcCiB AUCLHUIUTIH B IEPEeBaXKHIM OLIBIIOCTI OPMYE TO3UTHBHY Ta JPYKHE CEPEIOBUIIEC HABYAHHS.
HeoOxigHo 3abe3mnedyBaTy HasBHICTH 3aCO0IB ONEPATHBHOI €JIEKTPOHHOI KOMYHIKalii y4acHUKIB
HABYAJILHOTO IPOLIECY 3 aJAMIHICTPALlll0 HaBYAJILHOTO 3aKjaay, BUKJIazaueM, Mix coboro. Haliuac-
TillIe 11€ MOXKJIMBO OpraHi3yBaTH 3a JJOMOMOT00 (opyMy, yaty, eIeKTPOHHOT MOIITH, CTOPIHOK B COLIi-
ATBHHUX MEpexax, MECCEeHKEpIB ToIlo [5, 6].

Pazom 3 TuM, BUKOpUCTaHHS BeO-TEXHOJIOTIN y JUCTAHIIITHOMY OCBITHBOMY CEpPEIOBHILI Ma€e
cBoi nepesaru [7 - 12]: MOXIUBICTb 30epiraTi BeJIMKI MAaCUBHU JAHUX, CIIPOLIEHHs MyOumikarii, po3-
MIIEHHS HAaBYAJIBHUX MaTrepialliB, 0€3MepepBHICTh OCBITHHOTO MPOIECY, TPYIIOBA CIPSMOBAHICTD
(KOpIIOPaTUBHICTH), CIIJIbHA POOOTAa BHKJIAJAYiB 1 CTY/ICHTIB, aKTHBAIlisSl CAMOCTIHHOI AISUTBHOCTI,
MOKJIMBICTh 1HTETpallii HABYAIbHUX TUCIUILTIH TOIIO.

Mera nocJiazKeHHs
Mertoro poBeIeHOT0 AOCHIKEHHS € aHaji3 cTaHy 6e3neku BukopuctanHs Google Classroom
B HamionanesHomMy yHniBepcuteTi «Onecbka MoNiTEXHIKa» Ta 3MiH y aJMIHICTPYyBaHHI HAaBYaJIbHOI
wiardopmu 3a 2020-2022 poku B yMOBaxX BUMYILIEHOTO KapaHTUHY, BOEHHOTO CTaHy Ta JUCTaHIIIH-
HOTO HaBUAHHS Ta HaJaHHS pEKOMEHAIIM AJs miaBUIEeHHS iHpopMalliiiHOT Oe3MeKkn KOpUCTyBayiB

peCcypcey.

BukiageHHs1 0CHOBHOIO MaTepiaty 0CTiIKeHHS
Buxopucranus Google Classroom [13, 14] y ocBiTHBOMY Tiporieci Bignosiaae [1]: me indopma-
IMHO-KOMYHIKAI[I{H1 TEXHOJIOTI{ JUCTAHI[IHHOTO HAaBYaHHS — TEXHOJIOT1l CTBOPEHHS, HAKOTTMYCHHS,
30epiranHs Ta AOCTYIY A0 BeO-pecypciB (€IEKTPOHHUX PECYPCiB) HaBUATIBHUX JUCIHILIIH (TIporpam),

https://doi.org/10.32782/ mathematical-modelling/2022-5-1-13
102



ITPUKIIA/THI ITHNTAHHA MATEMATHYHOI O MOJE/IFOBAHHA Ne 5.1, 2022

a TaKoX 3a0e3MeueHHs opraHizarlii 1 CylpoBOy HaBYaILHOTO MPOIIECY 3a IOIIOMOTOI0 CIIeIiaii30Ba-
HOTO NPOrpaMHOro 3a0e3neueH s Ta 3ac001iB iHPOPMaIiTHO-KOMYHIKAI[IITHOTO 3B’ 53Ky, Y TOMY YHUCIi
Iareprery. Google Classroom J03BOJSIOTH MPAIIOBATH 31 JOOyBadyaMH SIK B aCHHXPOHHOMY PEXHUMI,
TaK 1 B CHHXpOHHOMY — 3a onomoroto cepsicy Google Workspace for Education Fundamentals, 1ie
Habip Oe3KOIITOBHUX IHCTPYMEHTIB 1 cepBiciB Google, po3polieHux cremiaabHO A HaBYaJIbHUX
3aKJIaIiB 1 OpraHi3amiii, o 3aiMalThCSA JOMAIIHIM HaBuYaHHIM. KoH(ineHiiHICTh MepcoHaTbHIX
JAaHUX KOPUCTYBaviB 3a0e3meuyeThes cepBicamu kommanii Google Ta aaMiHicTparli€ero.

JlaHi KopuCTyBa4iB, sIKi CTBOPIOIOTECS B cepBicax Google Classroom, abo 3aBaHTakeHi Ty/Iu, IU}-
pytoTbest ripu 30epiranHi. Kpim toro, Bei cepBicu G Suite nparrorots uepes mpotokoi HTTPS, Tomy nani
TaKOXK 3aXMIICHI TP Mepeaadi MK eHTpaMu 0OpOOKH JJaHUX Ta MPH JOCTYIIl 3 OKPEMOTO TIPUCTPOFO.

Oprani3artiiiti 6J10KU J103BOJISIOTH PO3MOIUIATH Ha CETMEHTH KOPUCTYBAYiB Ta HaJJaBaTH Pi3HO-
MaHITHI TIOCTYTH, HAJIAIITYBaHHS Ta JO3BOJIM PI3HUM KOpUCTyBayaM. PeTenpHO mpoaymaHa CTpyK-
Typa aJAMIHICTPYBaHHS Ta opraHizaiii poOOTH CEpBICY € BHPIMIAILHOI i €()EKTHBHOTO yIIPaB-
niHHs o6mikoBuM 3amucoM G Suite for Education. Ha moyarky BrpoBaskeHHS cepBicy B HAUaTbHOMY
3aKJa1i B KoHcoum aaMinicTpatopa Google Bci kopuctyBadi i mpucTpoi 00'eqHaH1 TUIIe B OWH Opra-
HI3AIIHHUN MAPO3/ILI, e MiaPO3/iT Ha3UBaIOTh OPraHi3aliitHUM MiIPO3A1IOM BEPXHBOTO PIBHSI.
Tomy Ha MoyaTkOBOMY €Tarli BCi HaJAIITYBAaHHS aJMIHICTPATOpa 3aCTOCOBYIOTHCS JI0 BCIX KOPHCTY-
BauiB Ta MPHUCTPOIB y OOITIKOBOMY 3aITUCI.

[I{o6 cTBOpUTH Pi3HI HAJAIITYBAHHS JUIsl PI3HUX I'PYI KOPUCTYBa4diB a00 MPUCTPOIB, HEOOX1THO
JIOIaTH MiJPO3/ALT HUXKYOTO PIBHS, IS I[bOTO BUKOPUCTOBYIOTH Tpymnu. Oprauizanmiiini O1oku mep-
IIOTO PiBHS OPraHi30BaHi 32 POJISIMU «CTYJACHTI Ta «BUKIIAIadi».

JIns1 KO)KHOTO KOpHCTyBava (CTyIEHTa Ta BHKJIaJada YHIBEPCUTETY), SIKOMYy HEOOXITHO CTBO-
PUTH OKpEMHI akayHT, MOTPIOHO oaTh 10 TabiMIll HACTYNHY iH(GOPMALlil0 B CTOBIMII: iM'sl, TIpi3-
BHIIE, ajpeca eJICKTPOHHOI MOIITH, IIISAX JO OPTaHi3aI[iifHOTO MM ApO31iay. 3aOBHUBIIN TaOIHIIFO, ii
30epiratoth sk ¢aiin CSV (.csv) B kogyBanai UTF-8.

[Torenmiiini 3arpo3u iHdopmarlii CUCTEeMH BIAJILTY TEXHOJIOTIH JUCTAaHLIHHOTO HAaBYAHHS
(BTIH) BuknageHo y tadmn.l.

Konmu agminicTpaTop mepeBipsieTe BHKJIaaadiB, BiH 3a00pOHSE «HE BUKIIAIAdy» CTBOPIOBATH
Knacu. SIkmo BHK/Iazad MOMHIIKOBO 11eHTH(]IKYBaB ce0e K «CTYAEHT», aJMiHICTpaTrop MOBHUHEH
BJIACHOPYY JO/IaTH BUKJIaga4ya B rpyny «Buxiagadi», 1o HagaTH MOXIIMBICTh CTBOPIOBATH KIIACH.
V 3aranpHOMY BHIAJIKYy AJIMIHICTPAaTOp MOXE BKa3aTH, XTO Ma€ MPaBO B YHIBEPCUTETI CTBOPIOBATH
Knacu. MonuBi Taki BapiaHTH HaJIalITyBaHb:

l.Item 1

2. Item 2

3.Item 3

abo:

— BCI1 B IIbOMY JIOMEHI (BHKJIaJa4i Ta CTY/ICHTH);

— BUKIIAJadyi, sIKi OYIKYIOTh IMiITBEP/KSHHS 1 IePEeBipEeHI BUKIIAaui;

— TUTBKY TIEpEBipEHi BUKIIA1aui.

B yniBepcuteti «Opechbka momTexHikay cTBoproBaT Kiacu MOXXyTh TUIBKY TIEpEBIpEH] BUKIIa1aui.

310BMHUCHUK, SIK 30BHIIIHIH TaK 1 BHYTPIIIHIN, TPH peaizallii aTaku MO)Ke MepeciIilyBaTH TaKi L

— TIEpEBUILEHHS MPHUBLIEIB;

— OTPUMaHHS HECAHKIIIOHOBAHOTO JIOCTYITy JI0 PECYPCIB;

— OTPHUMAaHHs KOHTPOJIO HAJl KypCOM;

— OTPHUMAaHHS JOCTYITy 10 BHYTPIIIHbOT CHCTEMH YHIBEPCHUTETY;

— KpaJl’KKa IHTEJIEKTyaIbHOI BIIACHOCTI;

— KpaJiKKa OI[IHOYHHMX MaTepiais,;

— OTPHUMAaHHS JOCTYIIy JI0 IEPCOHAIBHUX JaHUX;

— PO3TOJIONICHHS IEPCOHATBHUX JaHUX;
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BHECEHHS 3MiH JI0 0a31 JaHUX HaBYAJIBHUX BIJOMOCTEH 3 OLIIHKAMHU Ta MOJIYJISIMH,
— OTPHUMAaHHS HECAaHKIL[IOHOBAHOT'O JIOCTYITY JI0 CIyk00BO1 iH(pOpMAIlii HABYAIFHOTO 3aKIa1y;
MOPYIIECHHS UTICHOCTI 200 3HUIIICHHS] HABYAJIbHUX MaTepialliB;

— MOPYIIEHHS IITICHOCTI a00 3HUIICHHS JTaHUX PO HaBYAJIbLHUHN ITPOILIEC;
MOPYIICHHS JTOCTYITHOCTI /10 MaTepialiB HaBUAIbHUX KypCiB Il KOPUCTYBauiB.
[Ipu peamizarii arak 3TOBMUCHHUK MOKE BUKOPUCTATH:

— ypa3iaMBOCTI B BeO-A0aTKaxX

ypasIMBOCTI B CepBicax;

— cnadKi mapouti;

— HEJOJIIKM MpoIiecy ayTeHTU(IKAIIIT;

— TMOMMJIKU B KOHQITypallii 1 aaMiHICTpyBaHHI;

— IIKiJUTMBE IPOTPaMHE 3a0€3MEUCHHS;

— cabKOCTI CHCTEMH 3aXUCTy iH(popMarrii;

— craM, QiIiHr

Tabmuis 1
[ToTen1iiini 3arpo3u BeO-TEXHOIOTIH AUCTAHIIIHHOTO HAaBYaHHS
Enement BT/IH 3arpo3u Hacnigxu

. . . ITigpoOxa mixkcaritoBux 3anuTiB — CSRF, ataku | Tlopymenns koH}pigeHIiHOCTI
Beb6-iatepdetic (0OMiH AP . . ’ Py .. Piner .

. . . Ha Opay3ep KIIi€HTa, BiJaIcHe BUKOHAHHS IUTICHOCTI 1 IOCTYITHOCTI

iH(pOopMalli€ero, JOCTYII 10 KypCiB g . .. . o 7
i marepiazis) KOJy 1 BiJiMOBa B 00CIIyrOByBaHHI CEpBICIB iHpopmarii i cepBiciB BeO-
web-1onaTkiB, criam, (ilmHr. IOJATKIB.

Ceprep BT/IH (mincucremu: . . - . - .
. ITepebip mapodis, MmiBUINCHHS TPUBLICTB [MopyuieHHsT KOH(IACHIIIITHOCTI,

YIPaBIiHHS HABYAIbHUMHU . . . .. .

KOPHUCTYBaYiB, TOMUJIKH aJIMIHICTPYBaHHS, IUTICHOCTI 1 JOCTYITHOCTI

KypcaMmu; TeCTyBaHHSI, . .
L. CKaHyBaHHSI ITOPTIB. inpopmanii, mpouukHeHHs B IC.
KaJIeH/1ap, a/IMiHICTPYBaHHS1)
. BHUITAAKOBE a00 HAaBMUCHE BUIAIEHHS / . . , .
baza nannx (HaB4anbHi KypcH, .. . BinmoBsa Big 3000B'13aHBb 1
. moaudikamig ganux B BJI 1 )xypHamax T
CIHCKH aKaIeMIUuHUX TPYII, . . CKOEHUX JIif, MOPYILICHHS
. .. TPaH3aKIi#, Kpaai’KKa MEPCOHATbHUX TaHHX,
MepcoHabHi 1aHi, 610moTeKH, . . > | aBTOPCHKOTO MpaBa, MOPYIICHHS
. . HECAHKIIOHOBAaHHI IOCTYITY 710 0a3u JaHUX i .. .. . 2. .
BiJIOMOCTI) . IITICHOCTI 1 KOH(1ASHIIIHHOCTI.
JKYpHAJIIB.

Jlist IpoTUAIl aKTyaJ bHHM 3arpo3aMm JUIsS CHCTEM JUCTAHIIIMHOTO HAaBYaHHS YHIBEPCUTETY
1 3MEHILIEHHS PU3HKIB B MEKaxX JIOMMYCTUMOTO, BUKOPUCTOBYIOThCS Pi3HI MEXaHI3MU 1 3aCO0H 3aXUCTY
iHpopMallii, opraHizamiifHO-IPaBOBOTO, TEXHIYHOTO Ta MPOTPAMHOTO XapaKTepy, SKi HTOBUHHI Bpaxo-
BYBaTH Pl 0COOTMBOCTEH, TIOB'I3aHUX 3 MPOIECOM iX (PYHKIIIOHYBaHHSI:

— CHCTeMa AMCTaHIIMHOT OCBITH YHIBEPCUTETY MOBUHHA OyTH TOCTYIIHA JAJIs 3100yBayi, BUKJIa-
Ja4yiB Ta aJIMiHICTPATOPiB MLI0T000BO;

— MDKMepexeBl ekpaHu 1 3acTtocyBaHHS SSL He 3aBkIu 3a0e3MeuyloTh 3aXHCT Bif 37I0MY
CUCTeMH JUCTAHIIMHOI OCBITH, OCKIJIBKU JOCTYI A0 BeO-CalTy 3 30BHIIIHIX MEpPeX MOBUHEH OyTH
3aBXKIH BIAKPUTHH;

OTxe, 3a0e3neUeHHs 3aXUCTY BiJ] 3arpo3 MOBHUHHO 3/11MCHIOBATUCS SIK HA €Tarll IPOEKTYyBaHHS
1 po3poOKH caMOi CUCTEMH TUCTAHIIIITHOT OCBITH, TaK 1 B MpoLieci HOTO eKCILTyaTallii Ta BHECEHHSIM,
y pa3i HeoOXiTHOCTi, CBOEUACHUX KOPET'yBaHb.

VYV 2020 pori npueaHaTucs 10 Kypcy MOKHa Oyio HacTymHUMH criocobamu [15]: mepeiitu 3a
MIOCUJIAHHAM, SIK€ BIJIPABICHO BUKIJIagauyeM; BKa3aTu KOJA Kypcy, HaJaHUI BUKJIaJa4ueM; MPUHHITH
3aIpoIlIeHHs, Ha/liCJaHe BUKJIaJa4eM Ha eJIeKTpoHHY momty. Y 2021 pori mosiTuka gocTymy Oyna
3MiHEHA Ta 3apa3 npueaHaTucs 10 Kiiacy Mo)kHa JIHIe 3a 3alponIeHHSIM, BUCIIAHUM BUKJIA1a9eM Ha
€JIEKTPOHHY MOIITY M0 YHIBEPCUTETCHKUM akayHTaM. Llei crocib 3axuinae nani Kypcy BiJl JOCTYILY
CTOPOHHIX KopucTyBauiB. [Ipu 3anmpoleHHi cTyAeHTIB A0 TPy BUKJIaa4a 3 JIOMEHY YHIBEpCHUTETY,
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oMy He 000B’SI3KOBO 3HATH 200 OKPEMO 30MpaTH eIEKTPOHHI MOMITH KOYKHOTO CTYJIEHTA, JIOCTAaTHBO
JIMIIIE 3HATH TPI3BUIIIE Ta iM 51 — BC1 aKayHTH BXKE BHECEH1 aJIMiHICTPAaTOPOM JI0 CUCTEMU Ta BUKJIa1a4
MOY€E 3HAHUTH MOTPIOHOTO CTyeHTa 0€3 HOTO MOIITH.

B yHiBepcuteti «Onechbka MojiTexHiKay CHCTeMa HaJlallTOBaHA TaK, IO BUKJIAIA4 CaM CTBOPIOE
IPyIH Ta JIO/IAa€ 10 HUX KOPUCTYBadiB, TPyl Moke OyTH JieKuibka. Bukianay Moxke 107aTH iHIIOTO
BUKJIaJ[a4a YHIBEPCHUTETY B IPYITY IO YHIBEPCHUTETCHKOMY aKayHTY, aJle He MOXKE JIOAATH BUKIIAIadiB 31
cTopoHHIMH akayHaTamu (y 2020 potii 1151 MOXKITUBICTS Iiie 30epiraiack). Lls 3a00poHa Takox MmiABHIILy €
3aXUCT JITAaHUX Ta YHEMOXKJIMBIIIOE CTOPOHHIM JOCTyn 10 KOH(iAeHIianbHOo1 iH(opMalil (HanpHukian
0COOUCTI 1aH1 CTYACHTIB IPYII, 0 SIKMX MOMUJIKOBO 3aIIPOCHIIA CTOPOHHBOTO BHKJIA1a4a).

V¥ 2020 B rpynax 1o MarepiajiiB Kypcy OKpemMo Oyiii HaJIallTOBaHI HACTYIHI apaMeTPH: SIKIIO
BUKJIa/Ia4 HaJIaB JIOCTYI JI0 TPYIU KOPUCTYBaueBi 3 0COOUCTHM OOJIIKOBHM 3aICOM (HE 3 JOMEHY
YHIBEPCHUTETY), TO oMy Oyle HaJaHWW JOCTYI J0 MEPerisiLy JTOKYMEHTIB TpynH, aje Oyne mistu
3a00poHa Ha BUKOHAHHS TeCTiB. Lle 1aBano MOKIMBICTh HAJIAITYBATH Meperisiy GhaiiaiB sl WiCHIB
IpyId, HE3aJIEXKHO BiJ TOTO, uyepe3 sIKUil akayHT OyB BUKOHAHUIl BXiJ, TOKYMEHTHU JJIS MEepersay
Oynu TOCTYTHI Y Oy/Ib-sIKOMY BHIIQ/IKY, @ Ha IPOXO/KECHHS TECTY HAJIAaIITOBAaHHA 3aXUCT, SIKUH TIepe/i-
OauaB, 10 CTYJACHT MOBUHEH NepeOyBaTH B rpyIi came 3 akayHTy yHiBepcuTeTy. Ane 3 2021 poky
MeperIsy)l TECTIB TaKOXX MOXJIMBUHM JIMIIE 3 YHIBEPCUTETCHKUX AaKayHTIB, IO 30UIBIIMIO 3aXHUCT
iHpopMallii BiJi CTODOHHBOTO JIOCTYILY.

BucHoBku

[IpoananizyBaBmu aAMiHICTPYBaHHS CUCTEMH JUCTAHLIWHOI OCBiTH yHiBepcuTeTy «Omecbka
MOJIITEXHIKA», MOYKHA 3pOOUTH TaKi BUCHOBKH Ta PEKOMEH/IaIlii:

— HaJAIITYBaHHS JEKUIbKOX OOJIIKOBUX 3allMCIB aJMIHICTPATOpIB Ta CyNepaaMiHICTpaTopiB
MOXKE JTOTIOMOT'TH IPHU BTpaTti abo 371aMy 0OIIKOBOTO 3alHUCy CyINepaaMiHiCTpaTopa;

— HEeoOXiTHO O0OB’S3KOBO BUMAaraTu JIBOCTAIHY MEPEBIpPKY A7 OOTIKOBUX 3aIllMCIB Ta BUKO-
PHUCTOBYBATH KJII04i O€3MEKH s IBOETAMHOI ayTeHTU(IKaLT;

— HeoOxiHa 3a00poHa KOPUCTYBAaHHS OOJIIKOBUM 3allMCOM CyIepaaMiHicTparopa AJisi MOBCSK-
IEHHUX IH;

— HEeoOXI1JJHO HaJIalITyBaTH MOIMEpe/KEHHs aJMIHICTpaTopa MO eNeKTPOHHINA MOMITI AJs Bij-
CTEXKCHHS aKTHMBHOCTI TOTCHI[IWHUX PHU3UKIB O€3MEeKH, HANPHUKIAJ], MiA03pUIMX crnpobdax BXOTy
B CHCTEMY, 371aMy MOOLTFHUX MPUCTPOIB 200 3MiH, BHECEHUX IHIIUM aJIMIHICTPATOPOM;

— 3abopona goxasatu a0 rpyn Google Classroom CTOpOHHIX BHKJIQZa4iB Ta CTYAEHTIB IMOCH-
JTFO€ 3aX0/1M O€3IEeKU Ta 3aXUCT NEPCOHATIBHUX TaHUX KOPUCTYBauiB;

— SIKIIO HEOOXIAHO BHUIAIUTH OOJIIKOBHU 3alyC BHKJIAJa4a, TO TMOTPIOHO MEPEKOHATHCS, IO
fioro Knacu 3 marepiasiaMu Ta poOoTamMu Mo JTUCHUIUIIHAM OUIbIIE HE BUKOPHUCTOBYIOTHCS CTY/CH-
TaMH a00 1HIIMMU BUKiIagadyamu. Skmo Kiac BUKOPUCTOBYETHCS, HEOOX1AHO MepeaaTu IpaBo BOJIO-
JIHHS 1HIIOMY BUKJIaa4yeBi, 1100 He BTPATUTH JTOCTYI 0 JaHUX.
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A K. SIIEHKO, B.1. IYBPOBIH, JL.IO. JIEMHETA

HarionanpHuit yHiBepcUTET «3amopi3bka MOJITEXHIKa»

AHAJII3 TPA®IKY IIPOI'PAMHO-BU3HAYEHUX MEPEX
3A IOMMOMOTI'OIO EHTPOIIII

Ipoepamno-eusnauena mepeaca (SDN) — ye nioxio 0o cmeopenns mepesici, sika 6UKOPUCTIOBYE NPOSPAMHI KOHMP-
onepu abo iHmepgheticu npuxIaOHo2o npozpamyeants (API) ona 38’a3Ky 3 6a308010 anapamuoilo iHOPACMPYKMYypoo
ma HanpsiMKoM mpagixKy 6 Mepedici 3amicmb QI3UYHUX MapuPymu3amopis i KOMymamopis.

IIpoepammo-8usnaueni mepedsici BUKOPUCOBYIOMb YeHMPAIi308aHULL KOHMPOep, momy 3a0e3nederns Ha0iuHoCcmi
11020 pobomu Mae dysice BaANCIUGE 3HAUEHHS OISl PYHKYIOHYBAHHS MEPEICI.

Tumanns b6e3nexu cmae 0coonUBo 20CMpUM, KOIU KLIbKICIb KOPUCHY8ayie mepedici 3pocmac. OOHicio 3 HallOinbuux
i HatmowupeHiwux 3a2po3 0Jis RPOSPAMHO-8USHAYEHUX MEPEXC € AMAaKa po3nooiieHol 8iomosu 6 0bciyzosyeanti (DDoS).

L]ob eussumu mepedxcesi amaxu, MONCHA BUKOPUCTIOBYSAMU CIIAMUCIUYHI XAPAKMEPUCTIUKU MEPEINCeB020 Mpd-
@iky, maxi ax cepedHe 3HauenHs 8UbIpKU, oucnepcisa sudipku, Kpumepiii xi-keadpam ITipcona ma meopemuxo-inghopmayivna
Mmipa — eumponisi. KinbKicHo eHmponis Xapakmepuszyemcsi 3a 00nomo20r0 enmponii po3nodiny timogipnocmeti K. [llennona.

Inghopmayiiina enmponis — ye Mipa HESUZHAYEHOCMI, NOB'SI3aHA 3 BUNAOKOBOIO éeluyunOl0. Enmponis xapakmepuzye
LLMOBIPHICb, 3 KO 6CIAHOGTIOEMbCSL MO YU IHWUL CIAH, € MIPOH XA0MUYHOCMI Yy He3sopomHuocmi. Yum oinvuia xaomuu-
HiCmb cucmemu, mum euwje 3Ha4YeHHs1 eHmponii, | HABNAaKu.

Ipoepamui Komniexcu 6a3yiomovcs HA OCHOBI eHMPONINHOZ0 AHANIZY MePeXce8UX OaHUX, 3ANUCAHUX OAMYUKAMU
NetFlow. Tunogi oamuuku niokmouaromscs 0o nopmie TAP avo SPAN na komymamopax. [lomoxu ananizyromscs npo-
mseom Qikcosanux inmepaanie uacy. 3iopani nomoku peecmpyromsca 6 6a3i 0aHux, a nomim ananisyromoca. Pinompu
aHoManitl nepeddayeti 3a HanpsAMKOM, NPOMOKOLOM i niomepedicero. Jlani po3apaxo8yemvcsi 3HAUEeHHSA eHMPOnii 000AmMHUX
i 8i0 eMHUX 3HAUEHb O OISl PO3NOOLNLY XAPAKMEPUCTIUK PYXY.

Ha emani sussnenns cnocmepesicysana eHmponis NOPI6HIOEMbCA 3 MIHIMALIbHUMUY A MAKCUMATbHUMU 3HAYEH-
HAMU, Wo 30epicatombcsi 8 NPoini, i usHauaemscs nopie anomanii. Ilopoeosi snauenns menwe 0 abo dinvwe 1 6xasy-
10Mb HA HEHOPMANbHY KOHYEHMpayilo abo oucnepcito i0no8ioHo.

OO0HuM i3 piutensb O 8UABLEHH MAKUX AMAK € 6UKOPUCTIAHHA eHmponii cunmesy. Lletl memoo dozeonse euasiamu
DDoS-amaxku 3a uac, 61usbkuil 00 peaibHo20, a 3HAYCHHs. eHmpOonii 0Jisl HOPMAIbHO20 | WKIOIUB020 MPAPIKY GIOpPI3HSI-
1omuca Ha 90%.

Kiouosi cnosa: eusignennss anomainiil, ewmponis, mepexcesull NOMiK, SUMIPIOSAHHSL MEPeNce6020 mpaiky, npo-
epamno suznavena mepedxca, DDoS-amaxa.

A.K. YATSENKO, V.I. DUBROVIN, L.Y. DEYNEGA
Zaporizhzhia Polytechnic National University

ANALYSIS OF SOFTWARE-DEFINED NETWORK TRAFFIC USING ENTROPY

Software-defined networking (SDN) is an approach to building a network that uses software controllers or
application programming interfaces (APIs) to communicate with the underlying hardware infrastructure and route
network traffic instead of physical routers and switches.

Software-defined networks use a centralized controller, so ensuring the reliability of its operation is very important
for the functioning of the network.

The issue of security becomes especially acute when the number of network users increases. One of the biggest and
most common threats to software-defined networks is a distributed denial of service (DDoS) attack.

To detect network attacks, statistical characteristics of network traffic such as the sample mean, sample variance,
Pearson's chi-square test, and the information-theoretic measure entropy can be used. Quantitatively, entropy is
characterized using the entropy of C. Shannon's probability distribution.

Information entropy is a measure of uncertainty associated with a random variable. Entropy characterizes the
probability with which a certain state is established, it is a measure of chaos or irreversibility. The greater the chaos of
the system, the higher the value of entropy, and vice versa.

Software complexes are based on entropy analysis of network data recorded by NetFlow sensors. Typical sensors
connect to TAP or SPAN ports on switches. Streams are analyzed during fixed time intervals. The collected streams are
registered in a database and then analyzed. Anomaly filters are provided by direction, protocol, and subnet. Next, the
entropy value of positive and negative values of a for the distribution of motion characteristics is calculated.

In the detection step, the observed entropy is compared with the minimum and maximum values stored in the profile,
and an anomaly threshold is determined. Threshold values less than 0 or greater than 1 indicate abnormal concentration
or variance, respectively.

One solution to detect such attacks is to use fusion entropy. This method allows you to detect DDoS attacks in a time
close to real, and the entropy values for normal and malicious traffic differ by 90%.

Keywords: anomaly detection, entropy, netflow, network traffic measurement, software-defined network, DDoS-
attack.
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IHocTanoBka npodaemMu

OnnuMm 13 Halie(heKTUBHIMIKX 1HAWKATOPIB aHOMAJIBLHOI MOBENIHKA MEpEXi € aHami3 Tpadiky
B peaJIbHOMY 4Yaci. BUsiBlICHHS aHOMaUTii — 1€ BUSIBJICHHSI CITIOCTEPEIKEHb, SIKI HE BiJIMOBIAIOTH OYi-
KyBaHiil moBediHIi. [IJis IbOT0 BUKOPUCTOBYIOTHCS Pi3HI MapaMeTpu MepexeBoro Tpadiky, Taki sk
aJipecy Ta MOPTH JPKEpelia Ta MPU3HAYCHHS, KUTbKICTh ITiIKITFOYeHb TOIIO.

[TporpamHo-Bu3HaueHa Mepexa (software-defined network, SDN) — ne minxia a0 nodynosu
Mepexi, Ika BUKOPUCTOBYE MPOTrpaMHi KOHTpoJiepu abo iHTepdelcu MpUKIagHOro MporpaMyBaHHs
(application programming interface, API) mis 3B’43Ky 3 OCHOBHOIO arapaTHOIO iHPPACTPYKTYPOIO
Ta MapLIpyTH3aLii MEPEKEBOro Tpadiky 3aMiCTh PI3UYHUX MapLIPYTU3ATOPIB 1 KOMYTATOPIB.

Mepexi nepeaadi JaHUX € MiclieM, sIke 0OMeKy€e 3pOCTaHHs MPOAYKTUBHOCTI AOAATKIB 13 3poc-
TaHHSIM KIJTbKOCTI KOpUCTyBadiB. Y mepexax SDN 3apnaHHs komyTallii Tpadiky Ta 3aBJaHHS yIpaB-
JIHHS CyBOPO po3auieHi. KoHTponep BUCTyIae JKepeoM KepyroUoi JIOTIKH.

IcHye Tpu yacTuHM TUNOBOI apXiTekTypu SDN:

* TIporpamu, sIKi HaJlal0Th 3alUTH pecypciB ado iHPOpMAaLIito PO MEPEXKY B LIIOMY;

* KOHTPOJIEPH, SIKI BUKOPUCTOBYIOTH 1H(hOpMaLlito 3 mporpam, o0 BUPILIUTH, K MaPIIPYTU3Y-
BaTH MakeT JaHUX;

* MEpeXeBi NPUCTPOT, KI OTPUMYIOTh iH(POpPMAILiIO BiJl KOHTpOJIEpa PO Te, KyAu OyiIu nepemi-
IeH] JIaHi.

[TporpamMHO-BU3HAYEHI MEPEkKi BUKOPUCTOBYIOTh LIEHTPATI30BaHUN KOHTPOJIEP, TOMY 3abe31e-
YeHHSI HaJ[IHHOCT1 HOTO pOOOTH Mae JyKe Ba)XJIMBE 3HAYCHHS JIsl PyHKIIOHYBaHHS Mepexi [ 1].

[Turannst Ge3neku crae 0COOJMBO TOCTPUM, KOJIM KUIBKICTh KOPHCTYBadiB MEPEXi 3pOCTaE.
OpnHiero 3 HAMOIBIINX 1 HAWMOIUPEHIIINX 3arpo3 Ui IPOrPaMHO-BU3HAYEHUX MEPEX € aTaka po3-
nofiinieHoi BigMoBu B oocimyroByBanHi (distributed denial of service, DDoS).

DDoS-araka — xakepcbka araka Ha KOMIT FOTEPHY CUCTEMY 3 METOI BHBEAEHHS il 3 jany. Lle
CTBOPEHHS TaKMX YMOB, 32 SIKHX YECHI KOPUCTYBadl HE 3MOXKYTb OTPUMATH JIOCTYN O CUCTEMHHUX
pecypciB (cepBepiB), a0o 11eii ocTym Oyne yekiaaanenuit [2]. BiH Moxke 3HUIIHUTH TOCTYITHI MEepEKeBi
CITy’)KOM KOpPHCTYBaua, CEpHO3HO 3arpoxyroun Mepexi. Ko 3I0BMUCHUKN HAJICHIIAIOTh Y MEPEXKY
IIKIJUTMB1 TAKETH JaHUX, 3BUYaiiHui Tpadik He Moxke OyTH 00poOIeHHii uepe3 CIIOKUBAHHS MepexkKe-
BUX pecypciB. Y pe3ynbTaTi Mepexki Ta cepBepH OJIOKYIOTHCS, a 3BUYaliHi MOCIYTH MePEPUBAIOTHCS.
SDN uacro € mimenH:o st DDoS-310BMHCHUKIB Yepe3 LEeHTPai30BaHUN KOHTPOIb.

=== spN controller

. Forwarding Device with Decoupled Control

Software
. Forwarding Device with Embedded Control control

-\'\.
.
. -

. .

-

Traditional Network Software Defined Network

Puc. 1. Binoxpemiene kepyBanusi B SDN npotu TpaanuiiiHoi mepexi [3]

EdextuBHUM criocOOOM BUSIBIICHHS aTakK y Mepexax € aHami3 Tpadiky. BumiproBanHs mapame-
TpiB Tpadiky Ta iX aHaji3 JOMOMOXKE HaM BUACHO BU3HAYUTH PU3HK aTaKH.
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BuBdenHs aHOMaITiif HA OCHOB1 €HTPOITIT BUBYAETHCS SISl BAOCKOHAJICHHS TPATUIIIAHUAX IT1]1X0-
JIiB 710 aHaJIi3y MEPEKEBOTO MOTOKY Ha OCHOB1 00CSTY Ta MPaBHIL

AHAaJIi3 OCTAHHIX JOCTIIKeHb | myOJikani
Xapakrep pyXy 3aJIeXHThb BiJ 6ararbox (pakTopiB, TaKUX SIK yac 100u abo 1eHb THXKHA. MeToau
aHaJizy JaHWX JTO3BOJISIIOTH 32 HOTO MapaMeTpaMy BUSBIATH aHOMAaJbHHN Xapakrep Tpadiky. Bia-
MIHHOCTI M)XK HOPMaJIbHUM 1 aHOMAJIbHUM 1HTEpHET-TpagiKoM MPOTATOM JIHs MOKa3aHo Ha puc. 2-3
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|
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10000 \ b

Packets 1000 il = FUT
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m Day2

|
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1 4+

PELELI LIPS PP OS PSSP PP

Time
Puc. 2. lIpo¢dins HopMmanabHOro Tpagiky 3a KinbKicTio nakeTis [4]
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Tirne

Puc. 3. Jleritumuuii i anomaabHuii Tpadik 3a kinbkicTio naketis [4]

BumHo, mo araku BuaHO Ha mpodisi Tpadiky sk panTosi miku. OIHAK MOLIYK 32 aTaKaMH BPyYHY
Hee(eKTUBHHM, OCKUIBKHU 11e Oy/1e TOBIILHUI MPOIIEC 13 BUCOKOK WMOBIPHICTIO TIOMUJIKH.

Jns ananizy Tpadiky BUKOPHUCTOBYIOTHCS Pi3HI METOMH, TakKi sIK: BeHBIeT-aHali3, KJIACTEpHUN
aHai3 Ta iHpopMaIliifHa EHTPOTIIis.

BeiiBier anasis

BeiiBner-anani3 nondrae B noOynoBi KOe(illi€HTIB, AKi BUKOPHUCTOBYIOTbCS B PO3KJIA/l BUXIiJ-
HOTO CHTHANY 3a 0asucHuMH (QyHKIisiMA. CUTHAJIOM MOKHA BBa)KATH IHTCHCHBHICTH MEPEIKEBOTO
tpadiky [5] abo mani npo criBBigHOmEHHs [P-anpec npusHauenHs [6]. BukonanHs BeWBieT-mepe-
TBOPEHHS JI03BOJII€ BUAUTUTH HAOLIbII 3HAYYITY 1H(OPMALIiO SK CUTHAI, 110 BIANOBIIa€ KOJINBAH-
HSIM 3 BHUCOKOIO aMIUTITYZIOO, 1 ITHOPYBAaTH MEHII KOPUCHY 1H(POPMAIIII0 B KOJIWBAHHIX 3 HU3BKOIO
aMILTITY/IO0 SIK IITYMOBY CKJi1aoBy. Konreniro BetiBieTra BBenu [ pocecman 1 Mopie (puc. 4).

BeliBner-nepeTBOpeHHs Iy’Ke CXOKe Ha BIKOHHE epeTBopeHHst Dyp’e, ajne MeTo 1 BUKOPHCTO-
BYIOTh iHIII (DyHKIIT OIiHKY. BeiiBneT-nepeTBopeHHs, Ha BiIMiHy Bix nepeTBopeHHss Pyp'e, HE po3-
KJIaJla€ CUTHAJI Ha CKJIAJ[0B1 Y BUIVISA/Il CHHYCIB 1 KOCMHYCIB, @ BAKOPUCTOBYE OCOOIIMBOCTI, JIOKAII30-
BaHi SIK B peaJlbHOMY NPOCTOPi, TaK 1 B pocTopi Dyp'e.
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Morlet Wavelet
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Puc. 4. Beiipiier Mop.e [7]

I[lepeBara BeiBiIeT-IEPETBOPEHHS OJIATAE B TOMY, III0 BOHO MTOKPUBAE (Ha30By IUIONIMHY KOMip-
KaMU OJTHaKOBOI IO, ane pizHoi ¢popmu. Lle no3Bossie HaMm 100pe JToKaTi3yBaTl HU3bKOYACTOTHI
JIeTajli CUTHAIy B YaCTOTHIM 00macTi (JOMiHyO4i TapMOHIKHK), 2 BUCOKOYACTOTHI JeTalli B 4aCOBIN
o0macTi (panToBi CTPUOKH, MIKH TOIIIO).

Henonikamu BeliBieT-aHali3y € HEOJHO3HAYHICTh BUOOPY 0a3ucHMX (PyHKIIIH, BUCOKA 0OUHC-
JTIOBaJIbHA CKJIAIHICTh NPU OOYUCIICHHI KOeQIIieHTIB po3KiIaaanHs curHaiy. Kpim Toro, 3aBmanHs
MPaBUIILHOTO HAIANITYBaHHS PO3MIPY BiKHA HE € TpUBIaIbHOIO. SK 3a3Ha4ueHO B [§], AKIIO po3Mip
KOB3HOTO BikHa Ha0arato OUIBIIMKA 32 TPUBAJICTh aHOMAJIii, TO aTaka Oyjie MpPOMYyIIEeHa, OCKUIbKU
CIUIECK YaCTOTH, IO BiAMOBia€ TPUBAIOCTI, MOXKe OyTH 3IIIa/pKEHHH. [HakmIe, SKmo po3mip BikHA
3aHAATO MaJIH, TO TOTIK O€3IITy3IUX aHOMAaJIIi HEeMHUHYYHH.

Kaacrepunii ananis

CyTb KJIaCTEpHOTO aHaJIi3y MOJISATAE Y BUAUICHH] 3 MEPEKEBOTO TpadiKy TaKUX XapaKTEPUCTHUK,
SIK1 JIO3BOJISITH PO3IIIUTH KiacudikoBaHi 00'ekTH (TIakeTH, 3'€JHAHHS) HA TPYIH, IO BIAMOBIIAIOTH
HOpMaTbHOMY (DYHKIIIOHYBaHHIO MEPEKEBO1 B3aeMOii. YCI 1HIII eK3EeMIUISIPH, K1 HE MOTPAIUIIIOTh
y CKOHCTPYHOBaHI TUISHKH, KIacu(DIKyIOThCS K aHOMaJIbHI [9].

Po3pi3HstoTh iepapxivHi (armoMepamiiHui 1 po3IiIoOBUi) Ta HelepapxiuHi (MeToa k-cepenHix,
JIBOETANHUN KJIACTEPHUIN aHalli3, METOJ HalOIMKYOTo Cyciia) METOM KJIacTepHOro aHamizy. OnHak
3araJIbHONIPUIHATOI KiTacu(ikallii MeTO/iB KJIACTEPHOTO aHaJIi3y He iCHY€E, 1 BOHH BKJIIFOYAIOTh 0arato
AJITOPUTMIB MAalTMHHOTO HAaBYAHHS, SIKI BUPIIMIYIOTH MPOOJIEMYy MOALTY CyKyHMHOCTI Ha OTHOPIJIHI

rpymnu (puc. 5).
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Puc. 5. lIpukiaan kiaacrepis
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Benukoro nepeBaroro KjacTepHOIo aHaji3y € Te, 110 BiH J103BOJIsiE po30UBaTU 00’€KTHU HE 3a
OZTHUM TNTapaMeTpoM, a 3a IIIUM HabopoMm o3Hak. KpiMm Toro, kjaacTepHuit aHai3, Ha BIIMiHY BiJ O171b-
[IOCTI MATEMATHYHMX 1 CTATUCTHYHUX METOIB, HE HAKJIAJa€ KOJHUX 00OMEKEHb Ha THIT 00'€KTIB, 1110
PO3MIAIAIOTHCS, 1 JO3BOJIIE PO3IIISAATA HAOIP BUXIIHUX JAHUX MPAKTUYHO JTOBIILHOTO XapakKTepy.
Knacrepuuii aHami3 103BoJIsiE€ PO3MISIATH TOCUTh BEIUKUNA 00CsT iH(OpMAIIii 1 pi3Ko CKOpOUdyBaTu
BeJHKI 00csaTH iHdopmarii, pobisiun IX KOMIIAKTHUMH 1 HAOYHUMH.

OCHOBHUMH HEIOJIKaMH KJIACTEPHOTO aHalli3y € YIepeKEeHI BHOIPKHM Ta BUCOKI MOMUJIKH
BUOIpKHU. SIKIIO Ki1acTepu, 110 MPEACTaBISIOTh BCIO CYKYITHICTb, Oynu c()opMOBaHi Ha OCHOBI ymepe-
JDKEHOI JYMKH, BUCHOBKH OO BCi€1 CYKYITHOCTI TaKOX OYyyTh yIepeyKeHUMH.

Indopmauniiina earpomnist

EntponiiiHuii anani3 BUKOPUCTOBYEThCS IIPU BUSBJICHH] aTak sl JOPMyBaHHS CTATUCTHYHOTO
KpPUTEPIiI0, 00 MEePEeBIPUTH, M HAICKHUTD AOCITIKYBAaHUH €K3eMIUISIp /10 Kiacy BiaxuieHs [10].

OcHOBHa 171es1 METO/Ty TOJIsirae B OOYA0B1 MO, sika O MaKCHMi3yBaJia 3HAYEHHSI SHTPOITI].
Lle BiAMOBiZAa€ MPUITYIIEHHIO, 10 31 30UIBIIEHHAM KIJIBKOCTI YHIKaJIbHHUX 3aIIMCIB BOHU PIBHOMIPHO
PO3MONUISIOTHCS BITHOCHO OOpaHUX KJIACiB MHOKHHH, IO TIPU3BOJUTH 70 3pPOCTAHHS €HTPOTIII.

[[{o6 BusiBUTH aHOMaTii, aBTopHu [11] crodaTky 3aCTOCOBYIOTh METOJI MAKCUMAaJIbHOI €HTPOITI{
JUIsL CTBOPEHHSI HOPMaJIbHOT MOJIENI, B sIKi 00OpaHi KJacu MEpeKeBUX IaKeTiB MaloTh HalKparui
piBHOMipHHUH po3mnoain. [ToTiM yMOBHA €HTPOIis BUKOPUCTOBYETHCS JJISl BUSIBICHHS BIIMIHHOCTEH
MDK PO3MOIIOM KJaciB MakKeTiB y MOTOYHOMY Tpadiky MOPIBHSHO 3 PO3IMOAIIOM, OTPUMAHUM 3a
JIOTIOMOTO0 METO/Ty MAaKCUMAaJIbHOI €HTPOITIi.

OcHOBHa TIepeBara CHTPOIIII TOJSATae B TOMY, III0 BOHA JO3BOJISIE BCTAHOBIIIOBATH Pi3HI Bard
JUIs aTpHOYTiB, BU3HAYAIOYM BaXIIMBICTH KOXHOIO TapaMeTpa Julsd MOTOYHOIO 3aBlaHHs. Ii BBaka-
I0Th NMPHUIATHUM JJIS1 BCIX MPOLIECIB MPUHHATTS pillleHb, 1110 BUMAaraloTh BU3Ha4YeHHs Baru. EHTpo-
mist MOXKe 3a0€3MeUnTH KUTBKICHY Mipy BMICTY iH(opMarlii, sika MO>ke MOPIBHIOBATH Ta aHAi3yBaTu
e(eKT BUKOPUCTAHHS PI3HUX CTAaTUCTUYHUX MOEJCH, alrOpUTMIB 1 MOB’SI3aHUX HAJAIUTYBaHb: 10
HIDKYA EHTPOIIsl KpUTEPIto, TO OUIBII HiHHY 1H(pOpMAaLlit0 MICTUTh KpUTepiil. MeTos1 BUMIpIO€ HEBU-
3HAYCHICTh 3MIHHHX 1 OI[IHIO€ BIUTHB OCHOBHUX (DAKTOPIB HA PE3yiIbTaT.

OCHOBHUM HEJIOJIIKOM METOY OIIIHKH €HTPOITHOI Baru OyJja BUCOKA Yy TJIMBICTh 3HAYYIIOCTI
710 3HaYE€Hb €HTPOMIl Pi3HUX KpUTepiiB. Ajie 3HAYEHHS EHTPOMil MOKa3alu BUILY YYTIHUBICTH IS
OLIIHKY Baru /10 HA0OPiB TaHUX BUILOI PO3MIPHOCTI, HIX 10 MEHIIUX po3MipiB [12].

B pe3ynbrari aHanizy Oyj0 BUPIIIEHO BUKOPHCTOBYBATH 1H(OpPMAIiiiHy €HTPOIIiIO 1JIs aHa-
713y Tpadiky.

Meta pocJaiaKeHHs

OcHOBHa MeTa JIOCIIIKEHHS — TOBECTH, IO MiXiJ, 3aCHOBAaHUI HA HTPOIMii, MiAXOAUTH IS
BUSIBJICHHSI CyYaCHHMX HIKIITTMBHUX MPOTrpaM, CXOKMX Ha OOTHET, HA OCHOBI aHOMAJIbHUX MEPEKEBUX
11a0JIOHIB.

[I1o0 BUSABUTH aTaKH y MEpeKi, BU MOXKET€ BUKOPUCTOBYBATHU ii CTATUCTUYHI XapaKTEPUCTUKU
SK ITapaMeTpy MEepekeBOro Tpadiky, Taki SK cepeHe 3HaYCHHS BUOIPKH, TUCTIepCist BUOIPKH, KpUTe-
piii xi-kBaapart [lipcona ta TeopeTuko-iHpopMaliitHa Mipa — enTpomis. KinbKicHO eHTporis Xapak-
TEPU3YETHCS 3a IOTIOMOTO0 eHTpoIii po3noaity iimoipHocteit K. [lleHHOHA.

Merta mnossirae B ToMy, 00 MiABUIIMTH €(PEKTHBHICTh CHCTEM BHSBICHHS BTOPTHEHb, CHC-
TEM BHSIBJICHHS aHOMAJIIH 1 CHCTEM yIpaBIiHHS 1H(OPMAIITHOK 0€3MeK0I0, TPOBECTH TECOPETUIHI
Ta €KCIEPUMEHTAJIbHI JOCIIKEHHS 010 MOXIIMBOCTI BUKOPUCTAHHS OOYHCICHHUX y PeaJbHOMY
Yaci 3HaueHb iH(pOpMaIliitHOT eHTpotii K 6a30BO1 aTakH 1 IHAMKATOP MEPEKEBHUX TOCITYT.

[ndopmariitna eHTpoITiE — 1€ Mipa HEBU3HAYEHOCTI, TOB'I3aHa 3 BUIIAJKOBOIO BEIUYHHOIO.
Entpomnis xapakTepu3sye HMOBIpHICTB P, 3 IKOIO BCTAHOBIIIOETHCS TOW UM 1HIIUHN CTaH, € MIPOIO Xa0-
TUYHOCTI 4H He3BOpoTHOCTI [13]. UM OibIia XaOTHYHICTh CUCTEMH, TUM BHIIE 3HAUCHHS EHTPOTTI],
1 HaBMaKU.
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Zp(x)loga ( S (1)

ne X — 3HaK, SKU MOYKE PUAMaTH 3HAYCHHS { X R
p(x,) — QyHKIis KMOBIPHOCTI pE3yIbTaTy X,
1 — KITbKICTh MOXKJIMBHUX CTaHIB.

3 METOI0 BUSBJIICHHS aHOMAJIiil 3a3BHMUail BUKOPUCTOBYIOTHCS BUOIPKOBI IMOBIPHOCTI, OLliHEH1
KUTBKICTIO BUMAJIKIB X 1 Y 4aCOBOMY BiKHI /. 3HAUEHHsI €HTPOIIIi 3aJIe’KUTh BiJ] BUNIAAKOBOCTI (BOHA
J0CSITa€ MaKCUMYyMY, KOJIM MMOBIPHICTh p(xl.) OJHAKOBA IS BCiX xi), a TakoXX Bijg 3HaueHHs n. 1100
BHUMIPIOBATH JIUIIIE BUITAIKOBICT, CJI1/1 3aCTOCOBYBATH HOpMai30BaHi POpPMH.

BukianeHHs1 0CHOBHOIO MaTepiay 0CTiIKeHHS
Jlist wiei pobotu Oyno po3pobieHo mporpamMHe 3a0e3MedeHHs U PO3paxyHKy eHTporii. B siko-
CTl BUXIIHUX JIAHUX JUIsI TECTYBaHHS MPOTPAMHOTO 3a0e31edeHHs Oy B3sIT1 3HAYEHHS IMapaMeTpiB
MozentoBaHHs DDoS-araku, oTpuMaHi npu po3po011i METOAMKH EHTPONIHUX aociikeHb babeHko
T. B. [14]. Ix MoxHa mo6auuTty B Tabmmmi 1.

Tabmuis 1
[Tapamerpu monemoBanss DDoS-araku
. . Po3mip mociimoBHOCTI TpuBasicTh 300py MaKeTiB
No nocnigoBHOCTI =
(maxery) HopmanbHuil pexum Pexxum MozienroBaHHsI aTaku
1 50 000 15 2
2 100 000 30 3
3 150 000 60 5

KinpkicTh makeTiB 3a CEKyHIY € HAHOIIbII OUEBUIHUM MMOKa3HUKOM HasiBHOCTI a0 BiJICYTHO-
cti DDoS-araku. i mapameTpu 103BOJISIIOTH aHai3yBaTu Tpadik 3a 4acoM 300py MEBHOI KUIBKOCTI
naketiB (50000, 100000, 150000). [Ins ekciepuMeHTY TakoX aoaanu omilito, mo 50 000 makyHKiB
30uparoTh 3a 145 xBunmH. He3Bakaroum Ha Te, 110 1e He araka, BU3HAHHS TaKOi MOJIii aHOMaJIbHOIO
JI03BOJIUTH 3aBUACHO BHUSIBUTH NMPOOJIEMHU B Mepeski (Hanpukiaa, 301l oOnagHaHHS).

OKpiM KIJIBKOCTI ITAKETIB 3a CEKyHAY, aHaizyBanucs [P-anpecu mxepena ta npuzHadeHHs. Imo-
BIpHICTh aTaKW € BUCOKOIO B TaKWX BHITJIKax: a00 aHOMAJIbHO 0araro MmakeTiB HAAXOISTh 3 OJIHi€l
aapecu (DoS), abo anomasibHO 6araTo 3anuTiB HAAXOAATh Ha ofHY ajapecy (DDoS). Anani3 nekinib-
KOX TMapaMeTpiB MiIBUIUTH TOUHICTh BUSBICHHS.

3a MU apaMeTpaMu po3paxoBY€EThCs 3HAUEHHS eHTportii. [Ticis 1boro 3HaueHHs MOPiBHIO-
€TbCS 31 3BUYAHUM mpodiieM Tpadiky HUIIXOM pO3paxyHKy MOpPOry aHOMaiii. 3HaYeHHS PI3HUX
napameTpiB (MakeTiB 3a CEKyHAY, afpec JKepesa Ta MpU3HAYEHHs) aHali3yIOThCS pa3oM 1 BU3HaYa-
€TbCS OCTATOYHA IMOBIPHICTh aTaKH.

ApXiTeKTypa KiHIIEBOIO MPOrpaMHOro KOMIUIEKCY HaBe/leHa Ha puc. 6.

. OBYUCNEHHA N A
—» Hopmanizauis [—» Knacudgikayia
@ Baza AaHuX EHTpOnil

Mpogink
QINLTPH HOpPMankHOro
Tpadiky

Puc. 6. Cxema nporpaMHoro KOMILJIEKCY
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Kinnesuii mporpaMH#i KOMIUIEKC 30MpaTuMe JaHi, 3apeectpoBani naturkamu NetFlow. Turmosi
JaTYMKH, TaKl sIK MapLIpyTU3aTOpH a0o crieriaibHi JaTyuku (Hanpukian, Softlowd), OymyTs migkiro-
yeni 10 moptiB TAP ab6o SPAN Ha komyTtaTtopax. [Toroku OymyTh aHamizyBaTucs IpoTsarom (Qikcosa-
HUX 1HTEpBaIiB Yacy (kKoxkHI 5 XBwiIMH). 310paHi TeMu OymyTh 3apeecTpoBaHi B 0a3i manux. [licms
LIOTO J0 310paHuX JaHux Oy1yTh 3acTOCOBaHI (PiIbTpU BUOOPY (PyHKIIIH, 11006 OTpuMaTu HEOOXiaH1
XapaKTepUCTUKHU (TIAKETH 32 CEKYHY, aJpecH JpKepena Ta mpu3HadyeHHs Toulo). [ToTiM 11 KoKHOTO
rnapamMeTrpa 0OO0YMCITIOIOThCS 3HaYeHHs eHTporii. Ha eram HopMaiizaiii 3Ha4eHHs Opory 00YHCITIO-
€ThCS 32 JJOIIOMOTOI0 3BUYaifHOro npodinto Tpadixy. Ilicas o6urcIeHHs MOPOroBUX 3HaYE€Hb MOXKHA
Kiacu(]iKyBaTH BUNIAIOK 1 BU3HAYHUTH, YU XapakTep Tpadiky € 3T0BMUCHUM YH Hi.

Po3pobnene nporpamHe 3a0e3neueHHs Ma€ BUSBIATA aHOMaJIbHY TTOBEIIHKY MEPEXi 3a po3pa-
XOBaHUM IOPOTOBUM 3Ha4eHHsM. 15 mocmiioBHOCTEH 1-3 y pexkuMi MOJIETIOBaHHS aTaky 3HAYCHHS
MaroTh OyTH BiJl’EMHUMHU, TOJI SIK JUIS TIOCTITOBHOCTI 4 y peKMMi aTakd BOHH MarOTh OyTH OLTBIIMMU
3a 1. JIyi1 HOpMaJIBHOTO PEXXHUMY MOPIT Mae OyTu B aianaszoHi Bix 0 mo 1.

Pesynbratu po3paxyHKy MOopory HaBeJleHi B TaOui 2.

Tabmurs 2
PesynbraTu knacudikarii
. . Po3mip nocuigoBHOCTI Po3paxoBanuii mopir
Ne mocniioBHOCTI -
(maxery) HopmanbHuit pesxxum Pexxum MozienntoBaHHs aTaku
1 50 000 0,08 -0,18
2 100 000 0,4 -0,15
3 150 000 0,96 -0,08
4 50 000 0,96 1,12

BunHo, 0 3HAYCHHS MMOPOTY YiTKO BKA3y€ Ha HASBHICTh aHOMAail — 3HadYeHHs MeHIre 0 s
aHOMAaJIbHOI KOHIIEHTpallii Ta 3HaYeHHst Oinbiie 1 1yt anomanbHOT aucnepcii. Lle miarBepaxkye edek-
TUBHICTB 3alIPOITIOHOBAHOTO METO/Y BUSIBIICHHS aTaK.

Po3zpaxoBaHi moporu MoxyTh OyTH BUKOPHUCTaH1 B OAAJIBIIIOMY aHai31 Bcboro Tpadiky. Bpaxy-
BaHHSI KIJILKOX TTapaMeTPiB JOIMOMOXKE 3pOOUTH aHalIi3 OUIbII TOYHUM 1 BUSBUTH JDKEpEna mpoosem.

BucHoBku

3aBnanHs pO3pOOKH IPOTrPaMHOTO 3a0e3MeueHHS 17151 BUSBJICHHSI LIKIIITUBOTO TpadiKy € Ha/13BU-
YaifHO BOKJTMBUM SIK JIJIsl 3BUYANHUX, TaK 1 U TPOTPaMHO-BU3HAUYEHUX MepeK. KpiMm Toro, mutaHHs
0e3IeKH Ta 3aXUCTY B TPOTPAMHO-BH3HAYCHNX MEPEKaX € HaJ3BUIAHO BAKIIMBUM, OCKIIBKH YIIPaB-
JHHS LEHTpai3oBaHo B KOHTpolepi SDN, mo poOuTh iHoro Bpa3nuBUM 110 aTak. AHalli3 Ha OCHOBI
EHTPOIIi1 JI03BOJISIE BUSIBUTH 3arpO3H HA PaHHIM CTall Ta BYACHO YCYHYTH JKEPEIIO MPOOIeMH.

VY 1iii cTaTTi po3MIAAAI0TECS MOXKIMBOCTI BUKOPUCTAHHS €HTPOMIT I aHamizy Tpadiky mpo-
rpaMHO BU3Ha4YeHOI Mepeki. EnTpomniiinuii aHani3 € moTy>KHUM 1IHCTPYMEHTOM y 00poTh0i 3 Mepexe-
BUMH 3arpo3aMi, TakuMu sik DDoS-araku.

EnTponiitnuii anani3 6yB po3poOiaeHHil A5l BUSIBIIEHHSI aHOMaJIbHOT NOBEIHKU Mepexi. Kisb-
KICTb MaKeTiB 3a CeKyHy, [P-aapecu mxepena Ta mpu3HaueHHs MAaKeTiB BUKOPHUCTOBYBAIHCS SIK BX1/IHI
3HAUEHHS JJIs aHaJIi3y, OCKIIBKH BOHHU € HalOUIBII SCKPAaBUMH 1HIUKATOpPAMH HAIBHOCTI YU BiJCYT-
HOCTI ataku. Pe3ynprar o04rCIIeHHs] €HTPOIIT TOPIBHIOETHCS 31 3BUYAHUM TpodisieM Tpadiky.

VY poboTi 3amponoHOBaHO apXiTEKTypy MpOTrpaMHOro KomIuiekcy. Take mporpamue 3abesre-
YEHHS JI03BOJIUTDH MMIJABUIIUTH O€3MEeKy B MPOTrpPaMHO-BU3HAUYECHUX MEPEKax 1 3HU3UTH BPa3IMBICTh
koHTposepa SDN no DDoS-arak.

Hanani ninanyeTbcst BIOCKOHATUTH POOOTY MPOrPaMHOT0 KOMILIEKCY. Jlo aHami3y miaHyeThCs
Jofaty OUIbIIE TTapaMeTpiB, TAKUX K CEPEIHs] TPUBATICTh MOTOKY, KUIBKICTh BXIIHUX 1 BUXITHUX
3’€JHaHb Ha XOCT.
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Kpim Toro, mnanyerbcs po3poOUTH aIrOpUTM OLIIHKY HAOOPY OTpUMAaHUX 3Ha4eHb. Takuii anro-

pPUTM BpaxoOBYBaTUME Baru mapameTpiB, TOMy HaWOLIbII OYEBUIHUN MOKA3HUK aTaku MaTHUMe Hai-
OUTBIINIA BIUIUB HAa BUX1J PE3YJbTATY.
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